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Abstract
We study the use of lattice Boltzmann (LB) methods for simulation of turbulent fluid
flows motivated by their high computational throughput and amenability to highly
parallel platforms such as graphics processing units (GPUs). Several algorithmic
improvements are unearthed including work on non-unit Courant numbers, the force
operator, use of alternative topologies based on face and body centered cubic lattices
and a new formulation using a generalized eigendecomposition that allows a new
freedom in tuning the eigenvectors of the linearised collision operator. Applications
include a variable bulk viscosity and the use of a stretched grid, our implementation
of which reduces errors present in previous efforts. We present details for numerous
lattices including all required matrices, their moments the procedures and programs

used to generate these and perform linear stability analysis.

Small Mach number flows where density variations are negligible except in the buoy-
ancy force term allow the use of a highly accurate finite volume solver to simulate
the evolution of the buoyancy field which is coupled to the LB simulation as an
external force. We use a multidimensional flux limited third order flux integral
based advection scheme. The simplified algorithm we have devised is easier to im-
plement, has higher performance and does not sacrifice any accuracy compared to
the leading alternative. Our algorithm is particularly suited to an outflow based im-
plementation which furthers the stated benefits. We present numerical experiments
confirming the third order accuracy of our scheme when applied to multidimensional

advection.

The coupled solver is implemented in a new code that runs in parallel across mul-
tiple machines using GPUs. Our code achieves high computational throughput and
accuracy and is used to simulate a range of turbulent flows. Details regarding turbu-
lent channel flow and sheared convective boundary layer simulations are presented

including some new insight into the scaling properties of the latter flow.
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Chapter 1

Introduction

This thesis concentrates on three distinct but closely interwoven aspects of the lat-
tice Boltzmann (LB) method, theoretical, computational and practical. We have
established a thorough framework analysing these methods while also developing a
more general treatment of the collision term allowing individual selection of eigen-
vectors and adjustment of eigenvalues for selected lattices. Our methodology ex-
poses new techniques to deal with non-isotropic lattices, to increase accuracy and
to independently vary parameters such as bulk viscosity and thermal diffusivity.
We also present an accurate treatment of the external force term within this frame-
work. The process of linear stability analysis is detailed and is used to establish the
stability characteristics of various schemes. Chapter 3 is dedicated to this analysis

as well as the literature review of LB methods.

The LB method has been increasing in popularity as a means of simulating fluid flow.
The explicit and local nature of calculations has been attractive to numericists, al-
lowing highly efficient parallel implementations. The method has been successfully
adapted to massively parallel computing architectures such as graphics processing
units [262, 258, 244|, also achieving high performance on traditional parallel ma-
chines [189, 173, 164]. The kinetic nature of the LB method opens the door to

implementation of additional physics at the particle level and the method has en-



joyed success in simulating flows involving multiple phases or components, reacting
species and complex geometries such as porous media as well as particle laden flows,
thermal flows and microfluidics. Thorough reviews of the method and its applica-
tion to the range of problems mentioned, as well as incompressible and compressible
fluid dynamics are presented in Annual Reviews [38, 2] and books [255, 234]. The
LB method is based on the Boltzmann equation which describes the underlying
particle kinetics responsible for dilute gas flow at a more fundamental level than
the Navier-Stokes equations, giving researchers optimism that the method may be
applied to a larger range of parameters including high Knudsen number, highly
non-equilibrium flows such as rarefied gases, microfluidics and shocks. Some of
these applications are discussed in Chapter 3 however we will note at this stage
that the single relaxation time method as it is commonly encountered, is only able
to simulate the athermal Navier-Stokes flows at a small Mach number. Chapter 2

gives the theoretical background for the lattice Boltzmann equation.

The properties of LB methods are closely tied to the collision operator and to the
ability of the underlying lattice to correctly represent higher order moments of the
particle population f;. Chapter 3 covers in detail the implementation of lattice
Boltzmann methods. The quantity f; is a discrete probability distribution function
(PDF) representing the probability of finding a particle with a particular momentum
at a particular place and time. Moments of a PDF are integrals or sums over the
distribution weighted by powers of the independent variable, in this case velocity.

The zeroth order moment is the density,

q
mei =P
1=0

The first order moments are the fluid momenta,

q
m E Ciafi = PUq.
=0

Since the discrete PDF f;(z,, t) is an approximation of the continuous PDF f(cq, Zq, 1),



a considerable source of difficulty comes from selecting an appropriate set of dis-
crete velocities c¢;, that can reproduce all of the required higher order moments.
A discrete set of ¢ velocities can only support at most ¢ independent moments,
the map between particle populations and moments can be specified by a matrix

multiplication,
q
§=0

Many commonly encountered LB methods use a lattice that only correctly recovers
the equilibrium moments up to the second order. Third order moments are partially
recovered but a cubic velocity deviation, which is assumed to be negligible when
the Mach number is sufficiently small remains. The fourth order moments which
appear in the energy equation are not recovered correctly and thus the methods are
only able to recover the athermal Navier-Stokes equations. The resulting scheme is
a compressible solver that is only accurate in the incompressible limit. The constant
temperature means that acoustic perturbations are not physically accurate. These
methods are nevertheless an attractive means of simulating incompressible flow due

to their simplicity, lack of computational effort and parallel efficiency.

Incompressible fluid dynamics is the small Mach number limit of compressible fluid
dynamics. As the speed of sound increases, the density fluctuations required to
produce a given pressure get smaller. In the limiting case, as the speed of sound
approaches infinity, the density fluctuations become infinitesimally small and the
density can be considered constant everywhere except in the pressure term where
it is multiplied by a term proportional to the speed of sound squared. When the
speed of sound is much larger than the fluid velocity, these propagations take a
negligible amount of time compared to the characteristic time scales of the flow.
It is as though the pressure adjusts itself instantly to maintain a divergence free
velocity field. Additional work is required in order to simulate the propagation
of these acoustic perturbations over the whole domain when using a compressible

scheme to approximate an incompressible fluid. Schemes must have a sufficiently



small time step to capture all features of the flow. The Courant number,

B uAt

Cr=3s

must typically be kept below some limit. As the characteristic velocity increases,
the required time step becomes smaller. For a compressible solver at a small Mach
number, the relevant velocity is the speed of sound (cs) which is related to the

characteristic stream velocity within the flow (ug) by the Mach number,

Ma = @.

Cs
The time step is inversely proportional to the Mach number, a ten fold reduction in
Mach number requires ten times as many time steps. In practice, an infinitely small
Mach number cannot be achieved using this method so a sufficiently small value
must be chosen so that no compressible effects are introduced. Simulations using
the LB method typically use Mach numbers of order 1072 to 107!, Another issue
with using a very small Mach number is that the acoustic velocity scales become
much smaller than the mean flow velocity and the density perturbations likewise
become much smaller than the mean density. Care must to be taken to ensure that

these scales can be sufficiently captured by the floating point representation used

in the code.

A typical Courant number required when using LB methods can be illustrated by
making the common assumption that Az, At and the speed of particles ¢;, are
one. Any other values that allow particles to stream directly from site to site in
one time step give the same result. The speed of sound for most lattices on a cubic

grid contained in this thesis is taken to be,

1
s = —= ~ 0.5774
V3

If we use a common value of Ma = 0.1 this means that the maximum velocity is



around,

Umax ~ 0.05774.

Since Az and At are one, this also gives a Courant number of 0.05774 which com-
pares reasonably with some explicit methods but implicit methods used in incom-
pressible simulations can do much better. If the Mach number needs to be further
reduced, the comparison becomes even less favourable for LB and other artificially

compressible methods. We further discuss performance results in Section 5.1.

Incompressible schemes are not completely immune to this additional effort, they
typically need to solve a Poisson equation at each time step in order to generate a
pressure field.

0000 P = —0npupgdpu,

There are many different algorithms, some of which are described in Section 4.3
however they all require the solution of a similar equation at least once per time
step if not more. Comparing these schemes to artificially compressible LB methods,
they represent a trade-off allowing a larger time step but more numerical operations
per time step. We have found that this works out favourably for the artificially
compressible LB method only when parallel efficiency is taken into account, the LB
methods tend to scale better to parallel architectures due to the local nature of
calculations. Another caveat is that performance results are highly dependent on
which schemes are selected for comparison, performance tuning and code optimiza-

tion.

The order of accuracy of LB methods depends on the accuracy of the underlying
model, as well as the accuracy of the velocity discretization and of the numerical
scheme used to solve the advection of particles. Many commonly used LB methods
including all in this thesis are second order accurate in space and Mach number.
Higher order methods are an area of ongoing research. Other issues include oscilla-
tions and stability and the reliance on a uniform grid. There has been considerable

research into LB schemes on non-uniform grids including our own work on the use



of a rectangular lattice however there appears to be no simple solution.

In order to simulate buoyancy driven flows using the Boussinesq approximation, we
use a highly accurate finite volume scheme to solve the advection-diffusion equation
for temperature as a scalar. The numerical scheme we use is significantly more
adept at simulating scalar advection than the LB equation for a scalar. This scheme
is a third order accurate multi-dimensional flux integral based scheme which I have
derived named NEWTOPIA. It is based extensively on Leonard’s [144, 143] UTOPIA
scheme. The scheme is presented as as an outflow implementation which is easier to
program and offers higher performance than traditional implementations. This ad-
vection scheme, coupled with Thuburn’s [242] multi-dimensional flux limiter, results

in a highly accurate and stable algorithm. Details are covered further in Chapter 4.

The superiority of finite volume method for the advection of a scalar motivates
the search for a similar scheme for the Navier-Stokes equations. Unfortunately, the
compressible NS equations require the solution of a Riemann problem at control
volume boundaries significantly complicating the construction of difference schemes
compared to the advection-diffusion equations. The formulation of a non-oscillatory
difference scheme in this context is much more complicated. In order to make a
comparison, we have developed an athermal compressible code based on the nu-
merical scheme of Kurganov and Tadmor [129]. Our code does not solve the energy
equation because it is meant to somewhat match the simulation capabilities of the
low Mach number athermal LB schemes considered in this thesis. This finite volume
scheme is significantly more complicated and roughly seven times slower than the
LB method although it is more stable and able to be used at any Mach number.
The finite volume scheme is also able to be extended to solve the full Navier-Stokes

equations without too much additional effort.

I have developed a lattice Boltzmann code as well as a number of utility programs
designed to aid in the theoretical study of LB methods as well as in their imple-
mentation. The simulation code runs on conventional multi-core processors using

a shared memory parallel processing model, as well as on massively parallel graph-



ics processing units (GPU’s) which use a single instruction multiple device (SIMD)
processing model. The code also uses domain decomposition in order to run on a
cluster of such machines. It is written in the C programming language, switching to
CUDA for GPU programming and using MPI for domain decomposition. The utility
programs 1b_moment and 1b_pert are covered in Chapter 3 which is dedicated to
LB method theory. The 1b_moment program aids in the analysis of lattices and the
creation of the matrices required to implement our method. The 1b_pert program
performs linear stability analysis on a lattice over selected parameters such as mean

background velocity and relaxation rates.

Finally, the code is put to practical use in Chapter 5. Test cases including lami-
nar and turbulent channel flow, Taylor-Green vortex flow and the sheared convec-
tive boundary layer (SCBL) which is a commonly occuring flow in the atmospheric
boundary layer are simulated. We have uncovered some new insight into the scaling
behaviour of the SCBL. The high computational throughput of our schemes is also

discussed in this section.



Chapter 2

The equations of fluid motion

The motion of fluids, including gases and liquids, at the macroscopic and larger
scales results from the microscopic motion of a large system of molecules. In this
chapter, we will cover the equations governing fluid motion and various methods of
simulating fluid flow ranging from the direct simulation of the motion of individual
particles to the continuous Navier-Stokes equations. We do this in order to frame
where our lattice Boltzmann (LB) methods fit into this landscape, in order to make
clear the assumptions made during theoretical work and in order to allow com-
parison to competing methods. We start with a probabilistic particle description
and show how the conservation of mass, momentum and energy on a particle level
give rise to a set of conservation equations for the hydrodynamic variables, p, u,
and e. The equations derived are not fully specified in terms of the hydrodynamic
variables, the stress tensor and heat flux tensor are defined in terms of moments
of the particle distribution and need a series of assumptions about the behaviour
of the fluid to arrive at a closed form. If the system is close to equilibrium, the
thermal energy is equally partitioned between all available degrees of freedom (
and described by one temperature. This allows an equation of state of the form
P(p,T) to link the energy and momentum equations. A linear relationship between
stress and strain and a linear relationship between temperature gradient and heat

flux then completely specify the unknown tensors in the hydrodynamic conservation



equations leading to the Navier-Stokes equations.

Particle methods such as molecular dynamics, Boltzmann solvers and direct simu-
lation Monte Carlo methods aim to solve the underlying kinetics directly without
invoking the hydrodynamic variables. Molecular dynamics is the most straightfor-
ward, the exact motion of each particle in the system is simulated directly. This
approach can capture all characteristics of the fluid flow however since the number
density of an ideal gas at standard conditions is 2.7 x 10% m~3, the computational
difficulties are considerable. The direct simulation Monte-Carlo method (DSMC)
attempts to improve computational efficiency by replacing a large number of parti-
cles with a single simulation particle. Deterministic collisions between real particles
are replaced with probabilistic collisions between any particles in the same region
of space, usually defined by a grid of cells. The Boltzmann equation describes the
particles in terms of a probability distribution function which is subject to a differ-
ential transport equation. The effect of collisions among particles is captured via a
collision integral. The simulated particles of the DSMC method can be thought of as
basis functions representing the probability distribution function of the Boltzmann
equation. The probabilistic collisions of the two methods are also similar and both

are also restricted to dilute gases.

Terminology and notation is established in this chapter and will be referred to with-
out explanation subsequently. With this background in place, we will then cover the
lattice Boltzmann method specifically in Chapter 3 including our unique solutions to
several problems that are encountered. We will also pay some additional attention

to finite volume methods used to solve the continuous equations in Chapter 4.

We discuss the regions of applicability of the Boltzmann and Navier-Stokes formu-
lations as well as approximations that allow their application to other situations.
An example of this is our use of the lattice Boltzmann methods to simulate incom-

pressible fluids that are far from being dilute gases.



2.1 Tensor notation

We will use a simplified variant of Einstein summation notation to denote ten-
sors. Greek subscripts (o, 3,7, etc.) will be used to denote spatial dimensions
and summation over repeated indices is implied. These subscripts are different to
the Roman bold subscripts that will represent particle population indices, those
do not have implied summation. Tensor notation allows for the compact represen-
tation of differential equations and also simplifies the description the moments of
the equilibrium distribution. On the other hand, tensor notation is not well suited
to neatly expressing the discrete sums of various factors multiplied by the discrete
particle distribution function. The correct value for the third order moments of the
equilibrium distribution function used by single relaxation time, athermal discrete

Boltzmann methods is shown below to illustrate both of these features,

q
m Z CiaCipCiy[it = RT (80805 + dardps + 0as0py) plis + pUalstis.
i=0
The left hand side is a sum over all ¢ particle populations, each term in the sum is a
product of the equilibrium probability distribution function f{? for the i particle
and three of that particle’s velocity components, for example mc;,cizCiy f;?. If we
consider all possible combinations of different components of velocity, the result is a
rank three tensor with DIM? distinct combinations. The correct value for this tensor
required for the LB method to simulate the Navier-Stokes equations is given on the
right hand side demonstrating the implied summation over the repeated index o
resulting in a rank three tensor in terms of a;, 5 and . The Kronecker delta has a

value of one only if the indices match, it is equivalent to the identity matrix,

1 ifa=p
dap =
0 otherwise.
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Multiplication of the Kronecker delta by another tensor amounts to simply replacing

the repeated index with the other one in the delta,

5a5ua = ug,

Sagdgy = Ag,.

The trace of a matrix can be written,

OapAap

Vector cross products are written in terms of the Levi-Civita symbol |7]. The rank
and dimension of these symbols are equal and the value is one when the indices
are even permutations of 1,2,3,...n, negative one for odd permutations and zero
otherwise. The cross product makes use of the Levi-Civita symbol of rank and
dimension three. In this case the even and odd permutations also happen to be

cyclic and anti-cyclic permutations,

;

+1 for {o, 8,7} ={1,2,3} or {2,3,1} or {3, 1,2}
fasr =41 for {a, .7} = {3,2,1} or {2,1,3} or {1,3,2}

0 otherwise

\

Then,

V X W = EqByUpWs~.

The cross product of two dimensional vectors is found by treating them as three
dimensional vectors with one component equal to zero, the resulting vector is normal

to the two dimensional plane shared by the original vectors.
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2.2 Molecular dynamics

The most physically accurate results can be obtained by directly simulating the
motion of each particle in the system and its interaction with other particles. These
are referred to as molecular dynamics (MD) simulations and they are in principle
able to capture all possible characteristics of the problem with the drawback being
that the calculations are extremely onerous. In this section we briefly discuss MD
techniques as an aside in order to later contrast them to lattice Boltzmann methods

which are obtained by a series of simplifications.

The particles form a discrete system where each can be described by a position and
velocity, six degrees of freedom in three dimensions. The particles may also possess
internal degrees of freedom such as angular momentum or vibrational energy. As-
suming the intermolecular forces are short range compared to the spacing between
molecules, the motion of particles can be separated into a streaming phase, where
the particle travels through space, possibly under the influence of some external
force such as electromagnetic fields or gravity until it collides with some other par-
ticle. This is in contrast to an n-body problem where each particle in the system
constantly interacts with every other one. During the subsequent collision phase,
the particles briefly interact, exchanging momentum and perhaps energy or even
undergoing a chemical reaction before continuing along their path beginning an-
other streaming phase. In general there may be more than one particle involved
during a collision especially for more dense matter. When considering gas flows, the
collisions are generally short range, elastic interactions unless there are electromag-
netic effects which can cause long range interactions between many particles. Even
electromagnetic effects may be approximated by considering the combined effect of
all particles as a force field that can be discretized over volumes and acts during

the streaming step.

The number density of an ideal gas at standard conditions is roughly 2.7 x 10%°m 3.

To get an idea about just how many resources are required to perform these sim-

12



ulations, assume double precision floating point values taking up 8 B are used to
store each of the six degrees of freedom, then in order to model a problem at the
engineering scale, say a cubic meter of ideal gas would take 1.3 x 10'® GB of mem-
ory. According to the TOP 500 supercomputer list, as of 2014 the world’s fastest
supercomputer is the Tianhe-2 [1] which has 1.024 x 10 GB of memory, a shortfall
of the order of 10'2. Even if Moore’s law continues it will take hundreds of years for
the worlds largest supercomputers to reach this size and with transistor sizes fast
approaching the limiting size of single silicon atoms it is not clear if the miniaturiza-
tion trend can even continue. Without getting into questions about the theoretical
limits of computation [146, 136, 107|, it seems quite unlikely that silicone based
digital computers will ever be able to come close to simulating something like a

cubic meter of ideal gas using molecular dynamics.

The MD method can include chemical reactions between molecules and has found
applications in chemistry and biology. For example, MD simulations can be used to
simulate the interaction between various proteins or drugs and DNA [176]. In these
situations, there are a much smaller number of molecules of interest that interact in
much more complicated ways than in typical gases. A large statistical sample may
not be required. Despite the fact that it is not feasible to simulate engineering scale
fluids problems using molecular dynamics, the method is used in order to predict
properties that are used in higher level models. Some simple examples of such
properties are the dependence of viscosity or thermal coefficient on temperature
and density which can be deduced analytically for some simplified models such
as hard spheres but must be calculated or measured for more complicated gases.
Tokumasu and Matsumoto [245] use MD simulations to determine several properties
of non-polar diatomic molecules at a moderate temperature including the collision
cross section and the probability density functions of translational and rotational

energy after collision. These parameters can then be used in DSMC models.

Molecular dynamics is itself only an approximation to the more complicated under-

lying quantum mechanics, the numerical simulation of which is generally considered
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to be intractable [78|. Each quantum particle is described by a three dimensional
probability distribution rather than a point location. The problem becomes ex-
ponentially more difficult because the probability of a particle existing at a point
depends on the state of each other particle in the system. The number of variables
required to simply store the probability distributions of N particles at P discrete
locations is P. Since the number of discrete locations must be at least N but likely
some large constant factor greater, the complexity is O(N?). Each subatomic par-
ticle must also be simulated so for example, one Helium atom is actually 6 particles.
Storage for the wave function of only two Helium atoms on a 10 x 10 x 10 three
dimensional grid (probably far too small) would require around 1 x 10 GB, al-
ready unfeasible. Increasing the number of Helium atoms to four and the number
of grid points to 2000 requires 1.6*3 GB, 25 orders of magnitude greater than the
cubic meter of ideal gas was already established as likely impossible. There is some

optimism that quantum simulators will lead to advances in this field [145, 167, 53].

Leaving aside quantum considerations which are not used in practice, since MD
simulations are computationally expensive, means of simplification are sought. One
such technique is to replace the gas with an equivalent gas that has a lower number
density. This procedure requires a detailed knowledge about the relationship be-
tween the fluid properties and the molecular model in order to fine tune any free pa-
rameters while keeping the desired fluid properties constant if possible. Chapman-
Enskog [36] theory predicts that for a small Knudsen number, the viscosity a dilute

gas of hard spheres is,

5 R, I m 5 [mkgT 1

F=16V e~ 16V 7 &

If the number density n is multiplied by «, the mass must also be multiplied by
a~ ! in order to to keep density constant. In order to maintain viscosity, d must be
multiplied by a7 . The molecular spacing is ns so the ratio of molecular spacing

to diameter will scale like,

1
= 12,

ol

1
~ (4
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The gas will become more dilute and the Knudsen number will increase as the
number density is decreased. The Chapman-Enskog procedure used to predict the
viscosity becomes invalid at higher Knudsen numbers placing a limit on this sort of

replacement.

This process of replacing a fluid by an equivalent one that is easier to simulate
may not always be possible particularly if a simple equation governing the relevant
properties such as the one above is not available. Rather than replacing a number of
smaller molecules by a larger molecule, the Boltzmann equation and DSMC methods
replace a collection of molecules by a basis function representing their statistical

properties.

2.3 Continuous conservation equations

When the smallest length scales of the problem are large enough and contain a
sufficient number of molecules, the macroscopic behaviour becomes independent
from the underlying particle behavior and can be described in terms of continuous
density, velocity and energy fields. Just as the mass, momentum and energy of
individual particles are conserved, so too are the corresponding fields which are

defined over small control volumes,

These control volumes are made arbitrarily small in the formulation of differential
equations using the continuous approach. Despite this, they must also be consid-
ered large enough to contain a sufficient number of molecules to neglect statistical
fluctuations. Density represents the mass per unit volume and the stream velocity
U, is the average particle velocity. The total energy per unit mass of the system of

particles e [Jkg™'] can be broken down into a thermal component ey, and a hydro-
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dynamic component epyq which is a function of the stream velocity. The thermal
component can be further broken down into a translational component e, which
is responsible for fluid pressure and an internal component e;,; which represents

energy stored in the internal degrees of freedom such as vibration and rotation.

€ = €hyd T Eth,

€th = €tr 1+ Cint-

In this thesis we will not consider any cases where the particles have internal degrees
of freedom, in these cases e; is zero. The translational thermal energy is a function
of the thermal velocity (also referred to as the peculiar velocity) ¢, which represents

the particle’s deviation from the stream velocity due to thermal fluctuations.

/
Cia = Cia = Uaq,

1
Pew = SAT Z MiCio Cins
eV
1

PEhyd = §puaua.

The total energy due to particle velocity e, is the sum of the translational thermal

energy and the hydrodynamic energy,

pec = peyr + PEhyd,

1 1
= T Axr Z mys (Cia - ua) (Cia - uoc) + ZPUU,
2AV vt 2
- A7 2 7 i + gy St g
T 9AV L MiCiaCia — Ua AV L MiCia T UaUa AV L mg 2puaua,

1
= YN Z MiCiaCia-
ieV

The thermal energy of an ideal gas is related to temperature. According to the

equipartition theorem, at equilibrium, the thermal energy is equally distributed
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amongst each of the ¢ degrees of freedom [16],

¢
Eth — éRT,
3
Ctr — §RT
Since each degree of freedom contains the same amount of energy, one temperature

can fully describe the fluid. For an ideal gas, this temperature links the pressure

and density via the ideal gas equation of state,

2
P =pRT = gpetr.

The conservation equations for a system of particles will now be introduced. We will
assume a system of homogeneous particles with mass m. The probability distribu-
tion function (PDF) for particles f(cq, Zqa,t) gives the expected number of particles
with velocity between ¢, and ¢, + dc, and with position between z, and z, + dx,.

The hydrodynamic variables, previously defined over control volumes can now be

defined as,
p=m / f dcg,

PUa :m/caf dcon

1
pec = mé/cacaf dcg.

The transport equation for the PDF is,

of  Of F.of
E‘Fcaa_xa‘F?a—ca —C(f) (21)

The collision operator C(f) represents a gain and loss due to collisions with other
molecules. The collision operator conserves mass, momentum and energy. The

second and third terms represent advection of particles and the effects of a body
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force F,. These terms can be understood by considering the total differential of f

in phase space,

of of

of
df = Syt + 5 dra + 5
df af of | Fudf

dt ot o, " p dey

dcy, (2.2)

This transport equation is a form of Liouville’s theorem.

The PDF can be discretized over a set of distinct velocities, the hydrodynamic
variables are then expressed as sums over the discrete PDF values and discrete

velocities,

q
p=my_ fi
i0

q
Py =M E Cia fi,
=0

1 q
P = m§ ZO C,;aciafi.
1=

The corresponding transport equation is,
(‘%f,- + Cmaafi =C;+F; (24)

The force term is now written as a discrete operator since the basis particles cannot
be accelerated, their velocity is constant. By considering the integral of the force
term in the continuous transport equations, the desired moments of the discrete

operator may be set equal to the moments of the continuous force term,

/q(ca) dca Zqz

Integration by parts is used and the PDF is assumed to approaches zero as velocity
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approaches oo,

+oo
/ &ﬁdca: q&f _Q/fﬂdca
1% Oca — 0o 1Y aca

1%
Jq
/ fa—cadca.

Fa
p

By setting ¢; to be m, mc;, and %mcmcw and using

aacﬂ - 6aﬁ (25)
O0aCBCy = 0a3Cy + 0aryCp (2.6)
OaCBCyC5 = 0aBCyCs + 0ayCaCs 4 0asCaCy (2.7)

we arrive at the correct moments for the force operator,
q

1=0
q

m Z CiaFi = F,

=0

m Z CiaCipFi = UaFg + ugly,

+ 575(RT(5045 + uau5)F5

q
m Z CiaCipCipFi = ORTF, + ugugk, + 2uqugkp
i=0

=2el,+2RTF, + 2UQU5F5

If internal energy is included, then

q
m E €int,iFi = 0
=0

since the force term is independent of internal energy.
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Without making any further assumptions about the behaviour of the particles other
than that they can be described in terms of a continuous PDF and considering the
conservation of mass, momentum and energy during collisions, it is possible to arrive
at a set of continuous conservation equations that describe the fluid low. Summing
Eqn. 2.4 over all velocities weighted by mass gives the continuous conservation of
mass equation,

Oip + Oapue = 0.

Since the velocity is independent of position, we can move the velocity inside the

derivative,
q q
m E Ciaaoafi = maoa E Ciozfi
i=0 1=0

The continuous analogue makes this clearer, velocity is another phase variable like

position. It is also the integration variable,

/caﬁafdca zaa/cafdca.

Summing the same equation weighted by mc;, gives the equation for continuous

conservation of momentum,
Opug + Osllyp = Fy.
The momentum flux tensor is defined as,
q
Il =m Z CiaCipfi
i=0

Substituting the definition for peculiar velocity and using the knowledge that,

leads to,

(9tpua + 35puau5 — 850043 =0.
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The stress tensor,

q
J— / / .
JQIB = —m E Ciaciﬁf'“

i=0
can be further decomposed into an isotropic component P’ and a traceless compo-

nent o,

oI~
P :mgzcmcmfizgpetr
i=0

Oap = 0ap — P'.

This fluid pressure P’, defined in terms of the translational velocity is only equal to
the thermodynamic pressure at equilibrium when the equipartition of energy theo-
rem is valid. One important case when this is not true is for polyatomic gases where
the bulk viscosity is not zero. For these gases, the temperature corresponding to
internal degrees of freedom may not have time to reach equilibrium with the trans-
lational energy. In this case, the pressure tensor while still defined in terms of the
translational energy now must contain a correction proportional to the volumetric

strain and the bulk viscosity.

P =P—0o",

= pRT — 1’0 uq

Except for simple cases such as monatomic gases, the bulk viscosity is difficult to

predict theoretically and to measure experimentally (Section 2.6).

Weighting the sum by the total particle energy, %mcwcm + Mmeint 5 gives,

1 q q
Orpe + aozém ZO CigCipCia fi + Oam ZO CiaCint,i fi = UalFy.

21



Substituting the peculiar velocity,

1 q
dipe + 8a§m Z(c’wc;ﬁ + 2upcig + upug)(Cig + ta) fi
=0

q
/
+ aauapeint + aam g Ciaeint,'ifi = uaFa-

=0

Introducing the heat flux tensor,

q
1
o =mY iy (50’1-50;[3 + 6int,i) fi
i=0

and using previous definition of the stress tensor leads to,

Ope + Opugpe — OuUpoap + 0ala = UaFy.

Splitting the stress tensor as before and summarising all three equations,

Op+ Ouptg =0
——
divergence
Dy pua + Oppuqup + 0o P’ —0soss = Fy
—— A

convective ~ pressure shear
acceleration stress

Oipe + Oquigpe + Oqua P’ — Oaupoy s + 0ala = taFy
—_—— —— ) S~

advection flow viscous heat
work dissipation flux

(2.8)

(2.9)

(2.10)

The first two terms in the energy equation give an advection equation for energy,

the third term gives the change in energy due to flow work. The fourth term is

the viscous dissipation due to the stress tensor, the change in momentum created

by the stress tensor in the momentum equations also causes a change in energy,

transferring kinetic energy from the bulk fluid motion to thermal energy. The final

term, the heat flux at this stage is a general flux term, represents the diffusion of

thermal energy.
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The conservation equations for a system of particles are remarkably close to the
Navier-Stokes equations, all that is required is a description of the stress tensor o,z

and the heat flux tensor ¢, in terms of the hydrodynamic variables p, u, and e.

2.4 The Boltzmann equation

The Boltzmann equation is the combination of the previously described transport

equation with Boltzmann’s famous collision integral,

of of | F. of do
E—i—caa—% p e /// /Q f'fi— ff1 Vrel Qdevl (2.11)

gain loss

The loss component is the integral over all other velocities v; of the two particle
probability f f; representing the likelihood of finding two particles with the specified
velocities. The two particle probability is assumed to be the product of two single
particle PDFs fi5 = fifo in what is known as the molecular chaos or Stosszahlansatz
assumption. This means that particle populations are uncorrelated, the PDF of one
velocity is completely unrelated to another. The loss term is then multiplied by
the relative velocity, particles with a higher relative velocity are more likely to
collide. The final factor is the differential cross section, since each other term is
independent of the solid angle the integral over all solid angles can be replaced by

the total collision cross section o7,

The gain component is similar however it integrates over all possible post collision
velocities, these vary with solid angle and with the other pre-collision velocity v;.
If the collisions are isotropic, scattering molecules into all solid angles with equal

probability, then the collision integral can be simplified,

= //vl(f/f{ — ffi)viaordo;.
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If the momenta and positions of the particles were known precisely enough, then
in principle the exact post collision velocities could be calculated as in molecular
dynamics simulations. This is usually described in terms of an impact parameter
b and a scattering angle # as shown in Figure 2.2. Small uncertainties in the
impact parameter can lead to large uncertainties in scattering angle. The Boltzmann
equation describes the collision process in terms of an average over a large number
of particles. By definition, the regions over which the equation is defined must be
significantly larger than the size of a single molecule making it impossible to predict
the impact parameter and hence all values must be considered. As an aside, due to
Heisenberg’s uncertainty principle, it is not possible to know a molecule’s position
and momentum precisely so it is useful that the statistical mechanics approach does

not depend on the exact positions.

2.4.1 Hard sphere gas collisions

The simplest possible method used to model collisions between gas molecules as-
sumes that they are hard spheres. There is no force between molecules until they
make contact at which point they bounce off each other. The velocity of the center

of mass remains constant as does the magnitude of the relative velocity,

1
Ccm,a - é(cl,a + 02,a>7

Crel,a = Cl,a — C2,-

All that changes during collision is the angle of the relative velocity so the post

collision relative velocities are,

Croe = |Cra| sin ¢ cos ¢,

rel,x
C;el,y = ’Crel‘ sin C sin ¢7 (212)
C;el,z = |Crel| COS C
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Figure 2.1: Collision sphere representing all possible post collision velocities.
The post collision velocities are,

/
Cl,a = Cem,a + écrel,ow

1 /
C2,a0 = Ccm,a — écrel,a'

This is illustrated by the collision sphere shown in Figure 2.1. The diameter of
the sphere is the relative velocity and it is centered around the center of mass so
the range of post collision velocities v] and v} can be found by taking any two

diametrically opposite points on that sphere.

The angle between the incoming and outgoing velocities is referred to as the scat-
tering angle 6 and will lie in the collision plane. It is important to predict the
functional relationship between the impact parameter b and the scattering angle.
Figure 2.2 shows a typical collision in the center of mass frame so that the aver-
age velocity appears to be zero. The relationship between impact parameter and

scattering angle is,
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Figure 2.2: Collision between two hard shell molecules in the center of mass frame.

This relationship is used to calculate the differential cross section which is used in
the Boltzmann equation to represent the probability of two particles scattering into

a particular solid angle.

The differential cross section is calculated using the formula (see Chapter 14.5 in

Taylor [240]),

do b |db
dQ  sin(0) |df|
For hard spheres, this reduces to,

do _ ,2cos () sin(3) _
aa sin(6) -

The differential cross section does not depend on the angle so the scattering is

isotropic. The total collision cross section is,

47 dO'
or = —dQ) = 4702,
’ /0 Q)
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Similar calculations may be performed for other models such as the inverse power

law.

2.4.2 Chapman-Enskog expansion

The Boltzmann equation has been studied extensively using both theoretical and
numerical techniques. Efforts have focused on a variety questions ranging from sta-
tistical mechanics and thermodynamics through to fluid dynamics with considerable
overlap. Some properties of the Boltzmann equation can be solved analytically in
order to derive the gas properties such as viscosity. It can be shown that an ideal

gas at thermal equilibrium will have a Maxwellian velocity distribution,

feq(C/ ) . 1 %GX _ ‘C/a|2
o) =P\ oxRT P\ TaoRT

The Chapman-Enskog (CE) procedure expresses the particle population in terms
of its departure from the equilibrium distribution as a power series in some small

parameter € that can be taken to be the Knudsen number,
f=fa4efMWyp @y

Assuming that the fluid is close to equilibrium allows one to discard all terms of

2 making it then possible to calculate the stress tensor, heat

higher order than e
flux tensor and transport coefficients for a variety of collision models including the
simple hard sphere model [6, 95]. Some other examples of the CE procedure are
covered in textbooks [16, 195, 36, 34| and early research papers [33, 71|. Muntz [161]

also gives a review of several methods of solution for the Boltzmann equation.
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2.4.3 Grad’s method

Grad’s method [89, 88, 36| is another technique developed to analyse the Boltzmann
equation. Grad continues the process of taking moments of the Boltzmann equation
to include the second order, third order and potentially even higher order moments.
The resulting equations express the rate of change of each moment in terms of a
flux term and in the case of non-conserved moments, also a source term due to
collisions. This process can be continued up to higher and higher rank tensors,
each balance equation depending on successively higher rank tensors. Reinecke and
Kremer [196] give a generalization of the method that goes up to an arbitrary order.
Closure is achieved by expressing the equilibrium distribution in terms of a finite
order Hermite polynomial. Due to the orthogonality of the Hermite polynomials,
it works out that the Hermite coefficients at a particular order are related to the
moments of the same order. Thus by limiting the representation to a particular
order, all higher order moments can be expressed in terms of lower order moments.
Grad’s method usually refers to a 13 moment system with third order Hermite
polynomials where the third order coefficients are proportional to the rank three
heat flux tensor. Reinecke and Kremer generalize the method to 13 + 9N moments

and 3 + N order Hermite polynomials.

Assuming that the pressure tensor and heat flux tensor are negligible unless divided
by the relaxation time, the Chapman-Enskog values are obtained. The two methods

give the same results.

Since the Grad moment equations may be formulated using an arbitrary number
of moments and with the Navier-Stokes equations and the Burnett equations being
obtained by lower order approximations, it is expected that as the order of approxi-
mation is increased, the Grad moment equations can more closely approach the true
solution to the Boltzmann equation than lower order approximations. One of the
ambitions of this method is to represent hydrodynamics far from equilibrium such

as shock waves, more accurrately than the Navier-Stokes equations. Continuous
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solutions for a finite shock thickness are sought. Grad showed early on that his 13
moment method does not admit a continuous solution to shock waves above a crit-
ical Mach number [90] and it has more recently been shown that adding moments

does not improve this situation [203].

The second order Chapman-Enskog solution possesses a so called H-theorem, a
property H which represents entropy can be shown to increase with time as the
system approaches equilibrium [36]. Neither the higher order Chapman-Enskog
solutions nor the higher order Grad methods have been shown to have an H-theorem
and hence may not increase entropy. Bobylev [17] has shown that the linearised
Burnett equations do possess a H-theorem and Struchtrup et al. [233| have shown

the same for linearised Grad equations.

2.4.4 Computational techniques

There have been a large variety of computational methods used to approximately
solve the Boltzmann equation. The main sources of difficulty are the highly mul-
tidimensional collision integral and the discretization of phase space. Attempts at
solution can be very roughly split into two categories, attempts to simulate the
Boltzmann equation as accurately as possible and attempts to simplify the simula-
tion as much as possible while retaining some desired quality. Accurate simulations
are extremely computationally intense and severely limit the resolution of the do-
main. The discrete velocity Boltzmann simulations of Morris et al. [159] discretize
phase space into as many as 100 velocities in each direction, a total of 10,000 ve-
locities. Despite their method being accelerated by using a Monte Carlo approach
to evaluate the collision integral, they are still limited to a small physical domain
of 200 cells in one dimension. Meanwhile, the simplest lattice Boltzmann methods
represent phase space using only 19 velocities and replace the collision operator with
a single relaxation towards equilibrium. These simulations only afford a very rough
approximation of the Boltzmann equation, approaching the athermal Navier-Stokes

equations in the low Mach number limit. They do not correctly model the energy
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equation let alone non-equilibrium effects. The ease of calculation allows domains
comprising tens or hundreds of millions of cells and the direct numerical simulation

of turbulent flows [262].

The most direct approach is to discretize the entire phase space, solve the differen-
tial transport equations which is easy and then solve the collision integral which is
extremely difficult. This is referred to as the discrete velocity Boltzmann method.
Palczewski et al. [168] have proven the consistency of these schemes. A common
way to accelerate the evaluation of the collision integral is to use a Monte Carlo
sampling where a random subset of collisions are calculated. An early example of
discrete velocity Boltzmann scheme with Monte Carlo collisions was by Yen [259]
in 1971. Inamuro and Sturtevant [112]| solved the collision term directly. Velocity
space was discretized over as many as 13% discrete velocities and shock wave simu-
lations were performed over 60 cells in one dimension. Platkowski and Walus [184]
detail an efficient technique used to calculate the collision term and have simulated a
one dimensional shock tube with 10? discrete velocities and 50 cells. They have also
verified that their scheme correctly reproduced the analytic solution for the time
evolution of the spatially homogeneous Boltzmann equation with a particular ini-
tial condition. Kowalczyk et al. [128] compare discrete velocity Boltzmann schemes
against molecular dynamics and direct simulation Monte Carlo simulations showing
general agreement between the methods. Morris et al. [159] use Monte Carlo col-
lisions for their discrete velocity method and present an interpolation technique to
solve the problem of post collision velocities that do not lie on the grid. They also
simulate a Mach 10 shock which requires a larger range of particle velocities for the
high temperature gas and a fine resolution of the velocity space for the low temper-
ature upstream gas. Their simulation used 100 velocity points and 200 cells and
found good agreement with accepted DSMC results. Discrete velocity simulations
take longer than a corresponding DSMC simulation but provide a smooth unsteady

solution in contrast to the noisy solution of DSMC methods.

The collision operator can be greatly simplified by replacing it with a relaxation
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towards local equilibrium.

Cf)=w(f“=1)

This is also referred to as the Bhatnager Gross Krook collision (BGK) operator [13] or
the single relaxation time SRT collision operator. This assumption naturally limits
the region of applicability by requiring that the fluid remain close to equilibrium
however the requirements for the discretization of phase space can be significantly
relaxed because now all that is required is the representation of the moments that
appear in the CE expansion. The SRT collision operator is a first order approximation
to the Boltzmann collision integral. Higher order approximations [179, 95| are not

used much in practice even though they offer improved accuracy.

If the velocity set is chosen so that particles stream exactly from one lattice site to
the next, then the transport equation is simplified resulting in lattice Boltzmann
methods [12]. If the discrete velocities are chosen freely and do not land on other
lattice sites, these are referred to as off-lattice Boltzmann methods. Surmas et
al. [237] detail a number of lattices of each type. Lattice Boltzmann methods will

be discussed in more detail in Chapter 3.

Lattice gas cellular automata (LGCA) are only mentioned in passing for their his-
torical significance. Discrete particles travel along a grid and are allowed to collide
if more than one particle meet at a site. Collisions are calculated based on the con-
servation of mass, momentum and energy. The fluid behaviour naturally emerges if
the lattice possesses sufficient isotropy [65, 64, 67, 82, 66|. There is a large amount
of statistical scatter. It is remarkable that a simple two dimensional model with
only 6 possible velocities can produce a turbulent energy cascade similar to real
hydrodynamic behaviour [70]. One interesting feature is that while a 6 velocity
hexagonal lattice can be used in two dimensions, there is no suitable lattice in three
dimensions. It is possible to use a four dimensional face centered hypercube with
24 velocities for three dimensional simulations [66]. These methods predate lattice

Boltzmann methods and have also been entirely superseded by them.
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2.5 Direct simulation Monte Carlo (DSMC) method

Direct simulation Monte Carlo (DSMC) methods were developed by Graeme Bird [16]
as a means of simulating gas dynamics at a particle level, with a greater computa-
tional efficiency than molecular dynamics. The summary below is sourced largely
from Bird’s book and a succinct paper summarising the method by Alexander and
Garcia [4]. The DSMC method tracks the motion of virtual particles that each rep-
resent a collection of Fy real particles as they undergo a series of collision and
streaming steps. The streaming step occurs over a discrete time step during which
particles freely stream according to their velocity and any external force, the time
step must be small enough that the particles are unlikely to have collided during
that time. The domain is discretized into cells in which collisions are calculated in
a probabilistic fashion. Since each virtual particle represents many real particles,
the collisions are calculated on the basis that the position of each particle in the
cell is not known exactly. The probability of any two particles in the cell colliding
is given by,
At

Pcol = FNO-TCT‘_
Ve

where op is the total collision cross section, ¢, is the magnitude of the relative

velocity and V, is the volume of the cell.

Rather than testing each pair of particles, there are several ways to improve com-
putational efficiency. The NTC method calculates an expected maximum number

of collisions,

1. -
§NNFN(O-TCT)

At

maxvc-
where N is the number of particles in the cell and N is the average number of parti-
cles in the cell. This number of pairs are selected at random as collision candidates.

The probability of a collision occurring between candidates is then,

oTCp

(UTCr>max
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The post collision velocities are calculated based on the molecular model, for ex-

ample, we have already described hard spheres in Section 2.4.1.

For molecules with no internal energy, the conservation of momentum and energy
lead to post collision velocities that lie on the collision sphere with the formula given
in Equations 2.12. For a deterministic collision, the scattering angle depends on the
impact parameter however since the exact locations are not known, these angles are
chosen from a random variable to give the expected probability distribution. The
scattering for hard spheres is isotropic so ¢ is uniformly distributed between 0 and
27 and ( is a random variable with the probability distribution,

1
P(¢) = 5 sing

The desired distribution for ( can be achieved by creating a random variable ¢

distributed between 0 and 1 and calculating,

cos( = ¢,

sin( =+/1— ¢

The virtual particles continue to stream and collide in this way and the hydro-
dynamic variables are calculated by summing over control volumes as set out in

Section 2.3.

The hydrodynamic fields will have some statistical noise inversely proportional to
the number of virtual particles present in the cell. For typical simulations with
around 20 particles, the scatter is significant. A variety of techniques can be used to
smooth the results if a steady state solution is sought. The noise may be removed
by taking a large temporal average. For a deterministic unsteady flow, several
simulations may be performed to arrive at an ensemble average. Another option is
to average over some time interval although this may introduce smearing. Cave et
al. [30] have an interesting technique with the acronym DREAM where an ensemble

average is constructed about a desired point in time by repeatedly restarting the
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flow from some previous time.

Although the DsSMcC algorithm makes no mention of the Boltzmann equation, it is
derived under similar dilute gas assumptions of two particle collisions and molecu-
lar chaos and uses similar probabilistic collisions. The Boltzmann equation makes
the molecular chaos assumption explicit by replacing the two particle distribu-
tion function with the product of the corresponding single particle distribution
functions f1o = fi fo while the DSMC method makes the assumption implicitly since
the only factor affecting the likelihood of a collision between two particles of a par-
ticular velocity is the number of those particles in a cell. The virtual particles of
the DSMC method can be considered as basis functions representing the particle
PDF of the Boltzmann equation. It has been shown that solutions obtained using
the DSMC method approach solutions to the Boltzmann equation as the number of

particles increases [251, 15].

2.6 Continuum equations

Recalling the continuous conservation equations,

Op 4+ Oupu, =0
——
divergence
(9tpua + 85puau5 + (%P’ — 850'26 = Fa

convective pressure shear
acceleration stress

Oype + Oqugpe + Ogtig P — OatipTyg + Oala = UaFy
—_—— —— . PN

advection flow viscous heat
work dissipation flux

The stress tensor 0,3 was previously decomposed into the pressure tensor P’ and

the traceless shear stress o4,

Uaﬁ = 0'25 — P’(Sag.
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Instead, we will express the stress tensor as a sum of the thermodynamic pressure
P and the viscous stress o which has a traceless component ¢7,5 and an isotropic

component o,

OaB = O'Iaﬁ — P(Sag,

The pressure tensor is the sum of the thermodynamic pressure and the volumetric
viscous stress,

P/:P_O-vﬁ.

«,

The volumetric shear stress is zero for gases with no internal degrees of freedom

and is sometimes neglected. We will further discuss this term later in this section.

The viscous stress tensor for a Newtonian fluid is linearly proportional to the rate

of strain tensor €,g,

/
Oap = Haprs€ys

1
€ap = 5 (Gatip + Optia)

The rate of strain tensor can be expressed as a rate of volumetric expansion tensor
€o,5 and a traceless rate of shear tensor €; 5 simply by subtracting the trace multiplied

by the identity matrix d,p,

€ap = egﬁ + 5257

v 1
€op = géaﬂavuw

o1 1
Ea,B = 5 (aaUB + 3gua) - géaga,yu,y.

Assuming an isotropic fluid, the viscosity must be an isotropic tensor, the general
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form for an isotropic tensor of rank four is,

Hagys = 11700505+ 1! 0ar0ps + 1170050,

This isotropy requirement significantly reduces the number of degrees of freedom

required to specify viscosity from 3* to two, the shear viscosity,

S

1
W= ()

and the second viscosity u°,

1
Oap = H'0ap0stty + ) (1" + 1) - (Oaup + Opua)

= 1190050,y + 1° (Daug + Oguy) -

The viscous stress tensor can likewise be split into a volumetric viscous stress com-

ponent o, 5 and a traceless viscous shear stress component oy,
v vV 0 2 s
Oap = H'e" = dag | 1+ 1" | Oyuy,
S S S S 2
oo = P = p’ | daug + Ogtiq — géa/g&,uw .
We will use p” for the bulk viscosity, a distinct term which is related to the second

viscosity by,
pt =l (2.13)

The volume viscosity coefficient represents the viscous resistance of the fluid to pure

volumetric expansion or contraction. The gradient of the stress tensor is then,
030ap = —0a P + (,uo + ,us) OaOyty + 117030504,

1
= —0,P + (pf’ + g;ﬁ) OOy + 11703051,
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The latter form is more frequently encountered although the bulk viscosity term is

also frequently dropped.

The role of the volume viscosity coefficient p¥, introduced in Eqn. 2.13, has been
the subject of significant research and is not as well understood as shear viscosity.
Stokes’ original formula for sound attenuation of plane waves ignored bulk viscosity
although he had some reservations about this assumption [243]. We have already
shown that ¥ = 0 for monatomic gases. For these, there is only one temperature, it
is proportional to the translational energy and gives rise to the pressure. For gases
with internal degrees of freedom, there is also one temperature at equilibrium when
the equipartition theorem is true. However in situations away from equilibrium, such
as at very short timescales, the temperature corresponding to internal energy may
not match the temperature corresponding to translational energy, this manifests
as the bulk viscosity. We note that even neglecting bulk viscosity, plane waves
propagating in a multidimensional medium will experience attenuation since the
deformation has both a volume expansion component and a shear component. For

such a flow, the rate of volumetric expansion will be,

Oyuy 0 0
" 1
€aB — g 0 Oy Uy 0
0 0 Oyuy
and the rate of shear matrix will be,
2 0, uy 0 0
1
Ezg = g 0 —8Ium 0
0 0 — Oy Uy

so even in the absence of a bulk viscosity, the shear viscosity will create some

dissipation.

The ratios of bulk to shear viscosity range from zero to the order of one for air to

several thousand for CO, with reference values appearing in papers (243, 120, 60].
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Early experiments involving a supersonic shock shows good experimental agreement
using a value of ¥ = 0 for Argon and pu = 2/3u° for air [216]. The volume viscos-
ity coefficient in general depends on temperature and density. For high frequency
acoustic perturbations, the assumption of local thermodynamic equilibrium (LTE)
may no longer be valid. As the time scales involved approach those of the under-
lying relaxation to thermodynamic equilibrium, the coefficient begins to depend on

frequency [91, 243|.

Measurement of bulk viscosity has been difficult due to experimental uncertainty
in the attribution of measured dissipation to various mechanisms including scatter-
ing [243] and heat conduction [120, 91]. Results may also be sensitive to impurities,
experiments with air are particularly sensitive to humidity [120, 91]. Graves and
Argrow [91] also mention alternative methods proposed to measure bulk viscosity
by various authors. Cramer [60]| has recently estimated bulk viscosities for a range
of fluids from a theoretical basis. Single relaxation time (BGK) solutions to the
Boltzmann equation give a value of u° = 0 or p® = 2/3u* which is not generally

correct although it does come close for some gases such as air.

The pressure term is related to density and temperature by an equation of state,

P(p,t)

For an ideal gas the familiar equation of state is,

P = pRT

where R is the specific gas constant calculated using the molar mass M,

R:

2|
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The temperature is then in turn a function of the thermal energy,

2€th
— <_R7

Where ( is the number of degrees of freedom of each molecule.

The final piece of the puzzle required to arrive at the Navier-Stokes equations is
the heat flux tensor which is proportional to the conductivity and the temperature
gradient.

o = — k0T
Here k is the thermal conductivity.

The full Navier-Stokes equations for an ideal gas are then,

Oip + Oaptia =0
Opu + Oppugup = 0sop + Fy
Ope + Oquape = KOO0 T + Onupoas + UaFy

(2.14)
3

P = pRT
2e — Uy Ug,

(R

2
Oap = —0apl + <'uv - _'us) OapOyuy + 1° (Oaus + Ogua)

T =

The momentum equation may be written as,
Orpi + Oppugus = —0, P + (uo + ,us) 0a0sup + 11°0305uq + F,

Other equations of state can be used and several simplifications exist such as in-

compressible flow which will be discussed in a subsequent section.
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2.7 Isothermal flow

If temperature variations are considered negligible, the density and momentum
equations can be solved independently of the energy equation. The pressure is then
purely a function of density. This is a highly non-physical assumption. Even when
density variations are small, the local rise in temperature due to adiabatic heating
causes a significant increase in pressure. In fact, Newton famously mis-predicted
the speed of sound by assuming that the compression waves were athermal rather
than adiabatic. Despite the assumption being invalid, it is used by many of the
most common lattice Boltzmann schemes, including many of those that we will use.
The errors introduced by the athermal assumption become negligible as the effects

of density perturbations become negligible in the incompressible limit.

The speed of sound [31] is given by,

The derivative must be taken adiabatically because the time scales of acoustic per-

turbations are not long enough for any heat transfer to occur. Using the cyclic

(@). (). (&),

we can express the adiabatic derivative in terms of the athermal derivative,

chain rule,

) <8P) _ &)e (%)p(g—g)p_c_p@z?)_

)p_cv p
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Using the ideal gas equation of state, the speed of sound is,
c> = yRT.

Even for small perturbations, the coupling between energy and momentum is cru-

cial.

If the flow is forced to be athermal, then the adiabatic index disappears from the

speed of sound and the pressure may be written as,
P =cp.

Many common lattice Boltzmann methods and artificial compressibility methods
simulate this form of the Navier-Stokes equations. They cannot accurately simulate
flows where compressible effects are important but the errors become insignificant in
the incompressible limit so they can be used as a means of simulating incompressible

flows.

2.8 Incompressible flow

If density variations in the fluid are small enough, density can be considered as
a constant whenever it appears in the Navier-Stokes equations other than in the
equation for pressure. When the speed of sound is large, small variations in density
can cause a large change in pressure. For these flows, the pressure can be treated
as another variable and the density as a constant. Assuming that the following

derivatives commute,

(%&Uu = 3t0aua =0
8a8585ua = 8505(3@%& =0.
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Taking the divergence of the momentum equation leads to the pressure Poisson
equation (PPE).

0a0ppuntis + 0000 P = 0n F. (2.15)

The pressure is no longer a thermodynamic variable related to density and tem-
perature, its value is determined entirely by the velocity field and the boundary
conditions. In fact, if we define a projection operator that returns the divergence
free component of a vector field, we can express the incompressible Navier-Stokes

equations without referring to pressure at all.

Any vector field g, can be decomposed into a divergence free, incompressible compo-
nent which is the curl of some other vector field €,3,0sh, and a curl free, irrotational
component which is the gradient of a scalar d,¢. This is called the Helmholtz de-
composition or the Hodge decomposition. There may also be a third component,
called the Laplacian field that can also be written as the gradient of a scalar 9,1

and is both divergence and curl free.

Ga = gaﬁ'yaﬁhfy + aa¢ + 604#"

The Laplacian component can be calculated by setting its divergence to zero and

solving the resulting Laplace equation,

0Duth = 0.

Hence it does not depend on the original vector field at all, only on the boundary
conditions. When the boundary conditions are zero, the Laplacian component is
also zero so it is sometimes neglected in discussions with these sort of boundaries.
The curl free component can be determined by taking the divergence of the vector

field and solving the resulting Poisson equation for ¢.

00000 = 0nYa-
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The divergence free component may then be calculated by subtraction from the
original field. We can define a projection operator P(g,) which returns the incom-

pressible component of a vector field,

P(ga) = 5aﬁ’yaﬁh’y = Ga — aa(b + &ﬂb-

Assuming a divergence free velocity field, the momentum equations can be seen as a
Helmholtz decomposition of this kind. The incompressible component is 0;pu, and
the irrotational component and Laplacian component combined are the pressure
gradient 0, P:

OrpUa + 0o P = pr0sdsu, — puslsu,,.

In terms of the projection operator, the NS equations are now,

Oipue = P(prdsdsue — pugdpuy).

Pressure does not appear at all.

In order to solve the PPE, it is necessary to supply boundary condition informa-
tion for pressure. This may appear to conflict with the notion that the pressure
at the boundary is an unknown quantity to be calculated, however a Neumann
type boundary condition can be arrived at by taking the normal component of the

momentum equations at a boundary.

NaO0a P = —0iphata + prog0snaiie — puglsngte.

At a no-slip wall where velocity is zero, this gives,

Mo O0a P = pr0s0pnaiiy.
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In other words, for a wall normal to the x direction,
0, P = pv0,0,u,.

The solution of Laplace’s equation with this boundary condition can be thought of
as the Laplacian component of the pressure, while the solution of the PPE with a
zero gradient boundary condition gives the irrotational component. Neglecting the
Laplacian component of pressure is a common approximation that give acceptable

results under some circumstances.

Incompressible fluid dynamics only depends on the gradient of the pressure, the
addition of any constant does not produce any effect on the flow field. This gives us
confidence that a Neumann boundary condition, where the normal gradient at the
wall is specified, is appropriate since any constant added to give a Dirichlet bound-
ary condition would be inconsequential. Gresho and Sani [94] provide a thorough
discussion about pressure boundary conditions and also show that if the pressure
boundary condition is derived from the momentum equation as shown, then the

solvability of the Poisson equation is guaranteed.

2.9 Regions of applicability

Dense gases and liquids, those where the mean space between molecules is of the
same order as the molecular diameter can be treated by a continuum approach as
soon as the characteristic scales exceed the molecular length scale by a sufficient
amount. Bird [16] gives the standard deviation of density for a system of n particles
as v/n—1 which gives around 3% for a system of 1000 particles or 0.1% for a system
of 1 x 10° particles which he selects to represent the cutoff between statistical

fluctuations being significant or not.
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The molar density depends only on temperature and pressure,

At atmospheric pressure and a temperature of zero degrees Celsius, this gives us

the standard number density for an ideal gas,
fio = 44.61504mol m™3 or mny = 2.686781 x 10%° m~3. (2.16)

One million ideal gas molecules, enough to neglect statistical fluctuations will be

contained in a cube with edge length 3.3 x 107 m.

Dilute gas flows are characterised by a large average distance between molecules
d compared to the molecular diameter d. Bird [16] uses a value of §/d = 7 as
a rough boundary between dense and dilute gases. Collisions in dilute gases are
mostly binary, due to the large separation between molecules and the short range
of interaction. It is unlikely to find three or more molecules in the same place
at the same time. Another assumption that can be made is that of molecular
chaos where the one particle distribution functions are uncorrelated. In this case
the two particle distribution function is simply the product of two one particle
distribution functions. Dilute gases under these assumptions can be approximated

by the Boltzmann equation.

Dilute gases exhibit a unique feature, the mean free path is significantly larger than
the molecular diameter giving rise to a regime where the characteristic scales are
large enough to remove statistical fluctuations but too small in relation to the mean
free path to allow the gas to reach thermal equilibrium. It is often said that the con-
tinuum hypothesis breaks down for these flows however this is a bit of a misnomer
since the fluid still obeys the continuous hydrodynamic conservation equations we
have described. In these situations the equilibrium assumption breaks down. The
continuum hypothesis may still be valid in a sense that the length scales of interest

are large enough that the problem may be described in terms of continuous variables
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as indeed they are in the Boltzmann equation. The assumptions that breakdown
are the equation of state, stress-strain relationship and the heat flux vector that
allow the closed form of the Navier-Stokes equations to be derived from the con-
servation equations. The Burnett and hyper-Burnett equations may be a better

approximation for such flows.

The Knudsen number,

Kn— 2.
"=

gives the relationship between the mean free path A and the characteristic size of flow
L. The Boltzmann equation can be analysed using Chapman-Enskog (CE) theory
which assumes that the gas is close to equilibrium and that particle populations
can be expressed as a small perturbation from this equilibrium. The size of the
perturbation in this analysis is proportional to the Knudsen number. Based on
CE theory, it is possible to predict the equation of state, the stress tensor and
the heat flux vector including the transport coefficients, the viscosity and thermal
conductivity. This link between the Boltzmann equation and the Navier-Stokes
equations breaks down as the Knudsen number increases. The Knudsen number is
thus a good indicator of the breakdown of the equilibrium assumption. Bird [16]
gives a value of Kn < 0.1 for the continuum assumption to be valid. High Knudsen
number flows may be better simulated by including more terms in the CE expansion

leading to the Burnett and hyper-Burnett hydrodynamic equations [85].

This CE breakdown is not the only sort that can occur. Even for Euler type flows
where the viscosity is not important, at high enough Knudsen numbers, the pressure
tensor becomes anisotropic. The amount of thermal energy in each direction varies
and the form of the stress tensor breaks down. Bird describes the breakdown of
equilibrium for high Mach number expansions [14] based on results obtained using
DSMC simulations. The radial temperature of the expanding flow diverges from
the average temperature at a particular Knudsen number. A summary of other
methods used to predict the breakdown of the Navier-Stokes equations is given by

Macrossan [149].
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Figure 2.3: Regions of validity for various approximations, based on Bird [16].

Higher Knudsen numbers can be encountered in rarefied gas flows where the mean
free path is larger or in micro fluid flows where the characteristic lengths are smaller.
Another situation where high Knudsen number flows may be encountered is in heat
pipes [27]. At some stages of operation the vapor pressure of the gas and hence
the density is very low, combined with the small scale of these devices the Knudsen
number can be quite high. Deviations from thermal equilibrium can also occur in
other situations. As mentioned, bulk viscosity is a non-equilibrium phenomenon.
Rapid compressions, expansions and shocks are other examples of flows that can

deviate from equilibrium.

These various regions are plotted in Figure 2.3. The Navier-Stokes approach can
be used in the dense region as well as the dilute region at a small Knudsen number.

The Boltzmann approach may be used in the dilute region at a high or low Knud-
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sen number although as we have seen, the single relaxation time approximations of
the Boltzmann collision operator will limit it to small Kn only. Even though the
Boltzmann method is not valid for dense gases or liquids, for a sufficiently small
Knudsen number the scheme approaches the Navier-Stokes equations so in practice
it may be used despite the breakdown of its assumptions. In that case the transport
parameters cannot be predicted based on kinetic theory but an equivalent gas with
matching parameters can be substituted. In the region where statistical fluctua-
tions are significant, neither the Boltzmann or Navier-Stokes approaches are valid,

molecular dynamics simulations are one option that may be suitable in this region.

In Chapter 5 of this thesis, I use the athermal lattice Boltzmann method to simulate
incompressible fluid dynamics such as those encountered in liquids, quite far away
from the types of flows intended to be modelled by the Boltzmann equation. This
hydrodynamic solver is coupled to a finite volume scheme that solves an advection
diffusion equation for a scalar. Under the assumptions that flow work and heating
due to viscous dissipation are negligible and that the kinetic energy of the flow is
also negligible, the energy equation reduces to a simple advection diffusion equation
for a scalar. Under the Boussinesq approximation, the changes in density due to
temperature only affect the fluid via the force due to buoyancy. The scalar buoyancy
field can also be used to represent buoyant effects due to changes in concentration of
some mixture such as saline water. Details about the lattice Boltzmann and finite

volume schemes developed for this thesis are presented in the chapters that follow.
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Chapter 3

Lattice Boltzmann methods

The lattice Boltzmann (LB) method is based on the Boltzmann equation 2.11 which
captures a wide range of dilute gas dynamics flows including compressible and rar-
efied gases and can also be used to approximate incompressible fluid dynamics for
other continuous substances such as liquids. A series of assumptions is made in
order to reduce the Boltzmann equation (BE) to a more tractable form reducing the
range of applicability in the process. The majority of LB methods use a linearised
collision operator that replaces the collision integral by a relaxation towards local
equilibrium. This limits the simulations to a small Knudsen number but allows
a radical reduction in the number of velocities required to represent phase space.
Methods that seek to solve the full collision integral are referred to as discrete ve-
locity Boltzmann equation methods. These need to be able to represent all pre and
post collision particle velocities in phase space using tens or hundreds of velocity
samples in each direction, the resulting storage requirement of thousands or mil-
lions of samples per grid point severely limits the feasibility for three dimensional
simulations. Instead of accurately representing the entire velocity phase space, the
linearised collision operator only depends upon the first four moments of the equi-
librium distribution so it is sufficient to ensure that these can be independently
represented by the velocity basis chosen. Many of the commonly used lattices take

the simplification one step further and neglect the fourth order moments which only
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appear in the energy equation, opting only to simulate the athermal Navier-Stokes
equations, a non-physical approximation which is mostly used as a stepping stone

allowing the simulation of incompressible flows in the small Mach number limit.

The final simplification that results in the lattice Boltzmann method is made by
only selecting velocities that are integer multiples of the lattice size so that the
advection of particles can be replaced by simple streaming from one lattice site to
another. The collision term is replaced by a first order upwind approximation, the
influence of the collision operator is calculated at the start of the time step then
the post collision PDFs stream to the next nodes in their path. This is sometimes
referred to as a collide and stream process and greatly simplifies the numerical

implementation.

[T =+ Ay (f;" = ff’t)

Numerical errors introduced by first order upwind advection are reduced to zero in
the exact Lagrangian streaming case with a Courant number of one. In this Chapter
we also analyse the case of non exact streaming, when the Courant number is less
than one we find that the accuracy remains second order since diffusive errors can
be absorbed into a redefined viscosity. Likewise the first order errors introduced by
the upwind collision operator are also absorbed by a redefined viscosity as shown

in this Chapter.

Calculation of LB methods can be further simplified by replacing the collision matrix

with a single relaxation time 7 multiplied by the identity matrix,

1

f;c-i-,t—i- _ ff’t + ; (f'ieq _ ff’t) )

This is often referred to as the single relaxation time (SRT) method or the Bhatnager

Gross Krook (BGK) [13| method.

The hydrodynamic properties of these lattice Boltzmann methods depend heavily
on the choice of velocity basis vectors. The most common nomenclature for these

velocity sets is DQ notation where D is the number of physical dimensions and Q
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is the number of velocities, for example the two dimensional set of 9 velocities is
referred to as D2Q9. In Section 3.5 we will cover a more specific extension to this

naming system that we have devised.

3.1 The discrete velocity Boltzmann equation with

linearized collision operator

The discrete velocity Boltzmann equation only considers a discrete set of velocities
fi(z4,t) rather than a continuous phase space significantly reducing the dimension-
ality of the equations by exchanging three velocity dimensions for a set of ¢ discrete
velocities,

ofi ofi

BN + Ciaé_% =C; + F;.

The advection term is similar to the continuous BE, however the force term must now
be represented as a discrete operator JF; since it is no longer possible to accelerate
particles in response to the applied force. We have seen (Chap. 2, Sec. 2.3) that
the moments of the force operator in discrete space can be calculated by assuming

that they are equal to the moments of the force term in continuous space,

F,of <
/Q(Ca)7a_cadca — Z%an
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resulting in,

q
mZ]—] == 0, (31)
=0

q
m Z Cioc]:i = Fa, (32)
=0
q

m Z Ciocciﬂ]:i = UQFB + UﬂFa, (33)

=0

q

m Z CinCipCipFi = 2eF, + 2RTF, + 2u,upFj. (3.4)

=0

Another way to arrive at the same correct values for these moments is to observe the
terms appearing in the conservation equations obtained by multi-scale expansion
and make the moments equal to values which reproduce the correct hydrodynamic
behaviour. Guo et al. have used the latter approach in their paper [98, 41|. There
has been a wealth of research published about the force term in the lattice Boltz-
mann equation. Most of these papers have correctly identified the above moments
of the force operator however few have realised additional errors are introduced by

the discretization or the simple solution which we will discuss in section 3.4.3.

This is the first appearance of a common pattern, that LB methods can be analysed
either from a top down perspective where the Boltzmann equation is assumed to
be correct and the implementation is designed to approach it, or from a bottom
up perspective where a multi-scale expansion is applied to the scheme and various
parameters or additional terms are tweaked to give the desired behaviour in the
hydrodynamic limit. The former approach naturally appeals because it is more
rigorous however the latter approach can quickly yield practical results despite the
shortcoming. For example, the equilibrium distribution can be modified so that
Poisson or advection-diffusion equations are approximated at a particular order in
the multi-scale expansion (3.9), this may involve some hand waving in order to

justify the use of the multi-scale expansion.

A method for calculating a discrete approximation to the equilibrium distribution is
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required. One necessary condition on the discrete distribution is that its moments
must match the moments of the continuous distribution however it is not immedi-
ately clear weather this is a sufficient condition to guarantee the convergence of the

scheme towards a solution of the Boltzmann equation.

3.2 Equilibrium distribution

The steady state Boltzmann equation may be solved in order to determine the

velocity distribution of a dilute gas at equilibrium, this is the famous Maxwell

3
1\? e [2
eq( /) — _ 1
[ ) p(szT) eXp( ORT )

Moments of the Maxwell distribution may be calculated by first considering some

distribution,

standard Gaussian integrals. The one dimensional case may be calculated as the
square root of the two dimensional Gaussian integral using a transformation to

polar co-ordinates to calculate the latter,

Making the substitution,
w= M2 du=2\rdr

leads to the result,

2 = i " /OO e " dudf
2A O 0 ’
ﬂ_ x

= X/o e " du,



Thus the multi-dimensional Gaussian integrals are,

I' = /Re_’\”c2 dr = <§>§7
I? = /R? e +v?) dxdy = <§> ,

3
IP = / e A (2% +y7+2%) drdydz = <Z> °.
R3 )\

Odd moments of the Gaussian are zero since the product of an odd function and
an even function is odd and a symmetric integral of an odd function is zero. The
even moments may be calculated using integration by parts,

[e’¢) 2n+1 o [e’¢) 2n+1
Hn — 2n  —\z? dr = o —Az? . z —92)\ —Ax? d
/ e x o T 1¢ I 1( x)e x

2\ > A

—00

T on+1

—00 2

Using the fact that Hy = I,

= (2= D=3 3)),
7w (20)@2n-1)2n—2)...(2)(1)
Ant39n (2n)(2n —2)...(4)(2)
7w (20)@2n-1@2n—2)...(2)(1)
A+ gn (n)(n—1)...(2)(1) ’
7 (2n)!

= )\n+%4n . o

The first three values are,



These can be used to calculate the fluctuating moments of the Maxwellian distri-

bution which are required in the analysis of Boltzmann methods.

) = (2) e (AP)

3
I
/]R3 c, g fU(c,) dd, = p (;) H; (Hp)?0as = RTpSag,

/3 ¢, cc, fU(cs) des = 0,
R

/1 1 I re / / )\ %
/ Cacﬁcvcdf q(cc) dcc =P (;) (H1)2H0<5a5575 + 0ar0p5 + 0as0py)
R?)

= (RT)*p(8as0s5 + 0ar 055 + Gaslpy)-
For example, if « = § = x and v = § = y then,
/Rs cfc;ffeq(c'c) dc;
3
2N 2
= (—) /0;2 exp (—Ac}) dc;/c;f exp (—Ad)) dc'y/ exp (—Ac?) dd,
n R R R

= (RT)p.

Since the Maxwell distribution only depends on the fluctuating component of the
particle velocity ¢, = ¢, — u, and noting that odd moments of the fluctuating

velocity are equal to zero allows the velocity moments of the equilibrium distribution
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to be calculated. The discrete moments should correspond directly,

q
S [ s
i=0 R3
q

Zciafieq = /

i=0 R
q

Z Ciaciﬂfieq = /]1&3 Coccﬂfeq<dy) de = /RS(C; + Ua)(CQa + uﬂ)feq(clw) ddy?

=0

cafeq(c%) deg = / (c, + ua)feq(c},) dcllg = Plg,
3 R3

— [ (Gl a1 e,
R

= RTpdos + puaug,

q

ZCiaCiﬁcwffq :/ CaCpCy [(c5) des,
R3

=0
= [ (el us)(€ )£ de
R
— /3(c’ac/ﬁ + cup + Ct + uoéug)(c’V + uy) fYc§) dc,
R

= (5015(575 + (5a7(555 + (5a5557)RTpu5 + PUUBU,
q

Zcmcwcmciﬁf{eq = / Cacgcycéfeq(clg) de,
R3

=0
= [ () e+ e+ ) +us) )
= /R3 (Uatip + ugc,, + Uy + €, Cj)
(uyus + u(;c’7 + w5 + c;cg)feq(clg) dc’C7
= /R3 (UaUptiy s + UaUgc,,Cs 4 UgUsCCL + ULyl Cs
+ U UsCHCL, + Uty CCs + UyUsCpCy + ¢, Cac. cs) fU(c;) det,
= puqugty s + pRT (Ugugldys + Ustslay + UgltyOns + UalsOpy

+ Uqtiy 05 + UyUsOas) + (RT)?(0apdys + Oardss + 0asdpy)p-

The full fourth order moment does not appear in the multi-scale expansion, only
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the contracted fourth order moment is required,

q

Zciaciﬁciﬁciwfieq = / CaCpcacy f(c5) des,
R3

=0
= puugugiy + pRT (Ugty 4 Ugtgday + Ualy + Uty
+ Bty + tgtiy) + (RT)?(0ary + 300y + Gany) P
= puatgtgtiy, + pRT(Tuauy, + ugusdas) + 5(RT) 00y p,

= 2peugt, + ART pugt, + 2RT Sy pe + 2(RT)?6 4 p.

Siebert et al. [220] have tested LB schemes which are only able to correctly represent
the reduced fourth order moment and found no worse results compared to schemes

which are able to capture the full fourth order moment.

Noting these constraints, it is possible to reformulate the method so that only the
moments of f;? are referred to. This approach is called the multiple relaxation time
(MRT) method or the generalised lattice Boltzmann method. No further work is

required to implement such a scheme.

The more common approach is to formulate an explicit expression for the equilib-
rium distribution, the equilibrium moments of which should match those above. It
is common to make use of ‘lattice tensors’ in the process. These are formed by
assigning weights W; to the discrete velocities, velocities with the same magnitude

are typically assigned the same weight. Any freedom in selecting weights is used to

o7



ensure that the lattice tensors are equal to the isotropic tensors below,
q
> owp=1, (3.5)
i=0

zq: Wicia =0,
i—0

q
Z Wicwcw == RT(Saﬁ,

=0
q
Z WiciaCipciy = 0,
=0
q
Z Wicmcigcmci(; = (RT)2 ((5a5575 + 50‘7(555 + 5a5(5,37) .

1=0

In general, a lattice with higher order isotropic lattice tensors is able to represent

higher order equilibrium moments.

A common explicit form drops third order and higher velocity terms and uses a

2
s

constant temperature. We use c; rather than RT' in order to convey that these

athermal methods use a constant speed of sound and temperature.

2
e Ciallg Ciala UaUg
[t =pWs |14+ ==+ (Ciatia)”

2 4 2
cs 2c; 2cz

Assuming that weights can be found to construct the required lattice tensors, then
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we can quickly verify that the equilibrium moments up to rank three are,

q
ca_ (1, 2l Ualla) _
q
Zciafieq = PUq,

1=0
q

D ciacisfi" = p <C§5aﬂ + €5 (0ap055 + 0ar055 + Gasdpy)

i=0
— 205 Uy Uy
Q
s 2¢2 )7

s

U~Us
4
2c;

) 1 1 1 1
=p | cibap+ §5a5u7u7 + 5 Ualis + S Ualis — §5agu,yu,y :

=p (C§5a5 + uauB) ,
q

Y CiaCiscin Ji" = pel (5apdas + GarOs5 + Sasdsn) Us.

i=0
Note that we expect errors proportional to the velocity cubed due to the incomplete
representation of the third order moment. We have not considered the fourth order
equilibrium moment since energy is not conserved using these athermal methods.
Thermal methods require the rank 6 tensor to be isotropic in order to correctly

recover the fourth equilibrium moment.

It is straight forward to see how the terms in the equilibrium distribution are chosen
for the example above, the construction of more complicated distributions that re-
cover higher order moments correctly requires a more generalized procedure. There
is also the question of how well the discrete distribution approaches the continuous
one. He and Luo [103] and Shan and He [212]| have shown a general methodology for
deriving equilibrium distributions including the one above. They use the isotropic
lattice tensors (Eqn. 3.5) to form a set of discrete Hermite polynomial tensors which
are orthogonal under the weights W;. The continuous equilibrium distribution is
expressed as a series of Hermite polynomials, the coefficients are then calculated us-
ing a form of Gauss-Hermite quadrature which takes advantage of the orthogonality

of the Hermite tensors.
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Philippi et al. [178] go into considerably more detail on the topic. They consider
the discrete Hilbert space in some detail proving that norm preservation under this
space guarantees the orthogonality of the Hermite polynomials for Bravais lattices.
Hence the ability to construct an equilibrium distribution is also guaranteed. The
Gauss-Hermite quadrature already mentioned is not accurate when the temperature
varies, Philippi et al. propose a method of quadrature based on prescribed abscissas
in order to resolve this problem. A similar approach is also presented by Shan et

al. [213].

This Hermite tensor series is expected to approach the continuous distribution as
the order increases. The expression of the equilibrium distribution as a sum of
Hermite polynomial tensors bears some similarity to the Grad method discussed
in Section 2.4.3. The orthogonality of the Hermite polynomials is also a vital
component of Grad’s method. It is speculated that the properties of the discrete
Hilbert space outlined by Philippi et al. might prove important to accuracy however
we note the absence of tests demonstrating any benefit. We also note the existence
of several correctly functioning schemes that do not preserve the orthogonality of

the Hilbert space.

Hermite polynomial based methods only consider equilibrium distributions which
can be expressed in terms of isotropic tensors. It is possible to find counter exam-
ples, lattices whose equilibrium distribution is not expressed in terms of isotropic
tensors but whose equilibrium moments are correct, see Section 3.5. More gener-
ally, assuming that the lattice vectors corresponding to equilibrium moments up to
a certain order are linearly independent, one is always able to construct a trans-
formation matrix between the discrete equilibrium distribution and its moments
which can be used to convert between one and the other. Such lattices may not

necessarily possess an isotropic lattice tensor of the same order.

eq _ ar. . req eq _ ar—1, eq
m, —]\/[”fj, fj —Mji m,
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A concrete example is the D3Q13 lattice which does not have a symmetric lattice
tensor of rank four but is nevertheless able to recover the second order equilibrium
moment. D’Humieres, Bouzidi and Lallemand [62] introduced this lattice using a
moment based method in 2001 however we are not aware of anyone who has shown
an explicit formula for the equilibrium distribution as we have calculated in Sec-
tion 3.A.3. In this case the rank four lattice tensor includes non-isotropic terms
proportional to the rank four delta function d,4,5. This delta function is one only
if all four indices are equal and although it prevents an equilibrium distribution
expressed purely in terms of Hermite tensors, it can be resolved by using a corre-
sponding rank four delta term in the equilibrium distribution that will be presented
below in Section 3.A.3. In other cases such as when a rectangular lattice is used, we
have used the collision operator to correct the same sort of anisotropic errors. An-
other counter example is the D2Q13 lattice which Philippi et al. [178] claim cannot
be used for third order methods. We will demonstrate a set of orthogonal vectors
which prove the existence of an equilibrium distribution for this lattice 3.A.2. The
rest of the work presented in this thesis centers around the MRT method which does

not require the use of explicit equilibrium distributions.

3.3 Chapman-Enskog expansion

We consider the Chapman-Enskog expansion of a discrete velocity Boltzmann equa-

tion with SRT collision operator.

L e
Oifi + CiaOnfi = = (fi'— fi) + Fi

The results from this section will be used as a foundation from which other results
will be derived by considering additional terms in subsequent sections. This simple

example contains fewer calculations and quickly illustrated key points. Summing
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the discrete BE over all basis particle directions gives,
Osp + Oaptia = 0. (3.6)

Thus the conservation of mass equation is easily recovered. Multiplying each term

by ¢;» and summing gives,

q q
Orpua + 03 Z CinCigfi = Z CiaFi = Fa.
=0

=0

The second order moments are equal to the momentum flux tensor II,
q
Haﬁ = Zciaci,ﬁfi-
i=0

These conservation equations do not depend on the collision operator as long as it
conserves mass and momentum. In order to get an expression for the momentum
flux tensor, using the methods of Chapman and Enskog, a multi-scale expansion in
terms of a small parameter € is performed. The small parameter in the Chapman-

Enskog method is the Knudsen number,
fi= "+ e+ 0(E), (3.7)
Derivatives are also redefined as,
O = €0y, + €0, and 0, = €0y,. (3.8)

Now gathering O(e) terms in the BE gives an expression for the first order non-
equilibrium term,

fi(l) =7 (Fz — 8,51 f,ieq — Ciaamffq) . (39)
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The momentum equation at O(e) is,
q
@tlpua + 8,3 Z C,’acigffq = Fa. (310)
=0

Substituting the Maxwellian equilibrium distribution gives the equilibrium momen-

tum flux tensor,

q
Z CiaCipfi? = pRT00p + puyug.
i=0

The momentum equation at O(e) recovers the non-linear advection and pressure

terms in the NS equations,
Oy, Pl + Opugup = —RT0up + F,.

This is also referred to as the acoustic time scale.

In order to determine the remainder of the stress tensor and the heat flux tensor,

terms of order O(e?) must be considered,
q
i + 05 Y CiaCigfi = 0. (3.11)
i=0
Substituting in the expression for first order non-equilibrium terms (Eqn. 3.9) gives,

q q q
atqua = 7'05 {87 Z Ciacigci,yfieq -+ 8t1 Z Ciacigf;q — Z CianFi} . (3.12)
=0

=0 i=0
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The following identities are used,

0iabc = bedya + acdb + aboc,
= bcoya + cOyab — bedsa + boyac — beo,a,
= —bco,a + co,ab + bo;ac.
0yabed = bed,ad + ado;be,
= —bcoiad + cOyabd + boacd.

Time derivatives are recast as space derivatives,

q

Oy Z CiaCipfi' = Oy (RTpdas + puqug),
i=0
= —RT6030,pty + UqugOypty + UaOrpug + ugdiplig,
= —RT 0,30, pty + uqugOyptiy + tuo (—RTOgp — Oy pugu, + Fp)
+ ug (—RT0np — Oypusuy + F,),
= —RT (8a80ypty + 1a08p + ua0ap) — Oy pUatsts,

-+ UQFB —+ u5Fa.

The second moment of the force operator should take its previously calculated value,
q
Z CianFi = uaFg + UﬁFa.
i=0
The third order moments should match those of the Maxwellian distributions,
q

Z cmcigcmffq = RT (5aﬂ5'y6 + 6a7555 + (5a5(557) PUs + PUqUB Uy .
=0
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These allow us to simplify the expression,

q q q
Os {8v Z CiaCipCiy fi* + Oy Z CinCigfiT — Z CiaCiBFi}

i=0 i=0 i=0
= (95 {RTav (5av555 + 5a565'y) pus — RT (uaaﬂp + uﬂaap)} )
= RT0g {Oupus + 0ppua — (uaOsp + uplap)} ,
= RT 03 (pOaup + pOsuy) . (3.13)

Thus, the second order in € terms recover the viscous terms in the Navier-Stokes
equations,

O, ptie, = TRT (03pOaup + Oppdsuy,) ,

with shear and bulk viscosities of
2
VP =RTT and V' = gys.

These terms are referred to as the diffusive time scale with the sum of both time

scales resulting in the Navier-Stokes equations.

We assume that there is no internal energy and multiply by the total kinetic energy,
%Ciaciaa

1 q 1 q
drpe + 5(% Z CiaCipCipfi = ) ZO CiaCiati = UaFy.

=0

At order ¢ we have,

1, < )
0t1P€ + éaoa ZO Ciaciﬁciﬁfiq = uocFaa

1 1
8t1pe -+ §8a(55,yRT ((5a5575 —+ 5a,y(5,35 + 50455/37) pus + §8apUQU5u6 = UoF,

5! 1
O, pe + §RT8apua + §8apuau5uﬂ = uoF,.

Since ey, = %RT,

Oy, pe + Outig (pe + P) = uyF,.
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These terms represent the advection of energy by the flow and the flow work. At

order €2,
P (1)
1
Orype = —50a ZO CiaCigCisfi (3.14)
1 q q q
= T§aa (@1 Z ciacigcigfeq + 87 Z ciacwcwcﬂf‘aq - Z ciacwchi> .
1=0 1=0 1=0

The mixed time and space derivative needs to be recast in terms of space derivatives

again,

1 q
550@1 Z CinCipCipf !

i=0
= %(%&1 (BRT pug + pugugug) ,
= 0,04, ptge + RT 0,0 puig,
=0, (—uaeﬁtlp + Uq Oy, pe + €0y, priq — (RT)?0up + RTF, — RTaﬁpuauﬁ) ,
= Ou(uaedspug + ugusFz — undgugpe — RTuy0ppug

— eRTO,p + eF, — edgpuqus — (RT)*0up + RTF, — RTOgpuqug),
= O0n(—0gpeuyug — RTu,0ppus — RTOspunug

— eRTOup — (RT)?0np + eFy + RTE, + ususFp).

(3.15)

The fourth order Maxwellian provides a nice cancellation of terms in Eqn. 3.15 as
does the expected form of the forcing term Eqn. 3.1. The remaining terms at O(e?)
are,

O, pe = RTT(20,05puatg — Oatiadapiis — 0005 ptatis + Onpdat).

Using the identity,

1
§8a6au5u5 = aau58au5,
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we arrive at,

Ot pe = RTT(—0apupOptia — OaptipOatis — pOaOnrpn).

Combining first and second order in € terms results in,

Orpe + Outia(pe + P) = RTT(—0apuplptia — OaptipOatis — pOaOnbin) + UaFy.

These are the continuum hydrodynamic equations for a monatomic gas with no

internal energy and the following parameters,

v® = RT'T,

(¥ 2 S

v = =1’
3
3 2

K= §(RT) P,
2

T = ﬁeth.

The specific heat for a monatomic gas gives a relationship for Prandtl number,

Cp——RT,
o= _3prr
pPCp 5
Q 3
Pr=—=-=0.06
" v 5

3.3.1 Thermal methods

Lattice Boltzmann methods offer an attractive means for simulating thermal hy-
drodynamics due to their roots in the Boltzmann equation. Within the theoretical
framework presented thus far, the main requirement for simulating thermal hydro-

dynamics is the ability to represent the equilibrium moments up to the contracted
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rank four tensor. Moments up to a third order are sufficient to simulate athermal
hydrodynamics and as noted, some commonly used lattices lack the freedom to cor-
rectly set even the third order moments, making do with a partial representation of
the third order moments. Higher order equilibrium distributions can also be useful
in eliminating third order errors which cause problems when simulating multi-phase

flows [180, 152].

We have shown in Section 3.10 that is is possible to correct for errors introduced by
an incorrect equilibrium distribution by selecting suitable eigenvectors and eigen-
values for the collision operator. Another approach, used by Prasianakis and Kar-
lin [186, 187], is to introduce corrections to the evolution equation based on the
gradients of the hydrodynamic fields in order to correct errors introduced in the

equilibrium moments.

A rigorous framework has been established for thermal lattice Boltzmann methods
by Shan et al. [213] and Philippi et al. [178]. Within this framework, the equilibrium
distribution must be expressed in terms of Hermite polynomial tensors, a condition
that is more strict than simply being able to represent the equilibrium moments
but which may not be necessary. A higher order polynomial basis is expected
to improve the approximation of the continuous distribution. When these higher
order terms take their Maxwellian values, the terms introduced approach some
higher order hydrodynamics such as the Burnett equations or higher order Grad
equations. These additional terms may still be considered errors compared to the
Navier-Stokes (NS) equations and may be a source of instability. Alternatively, these
moments may be set to minimise deviations from the NS equations or maximise

stability. In any case, the ability to adjust higher order moments is advantageous.

We will list several lattices which have been reported over the years for use with
thermal lattice Boltzmann methods. Most velocity sets will be referred to using
the previously mentioned DQ notation. This notation is ambiguous with regards
to exactly which velocities are used or the topology, there are infinitely many ways

to pick a given number of directions in space, to avoid this ambiguity we will
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introduce a more precise terminology in Section 3.5. We have not converted all
lattices mentioned in this section to our more precise terminology. Chen, Ohashi and
Akiyama [40] reported in 1994 that a D2Q13 lattice on a square grid was sufficient to
model the full thermal equations. Unfortunately the fourth order moments are not
correctly represented by this lattice. Vahala, Vahala, Pavlo and Martys (246, 174]
found that a D2Q13 model on a hexagonal grid, rather than a square grid was more
isotropic but still could not fully recover the Maxwellian moments. They found
that a D2Q17 grid using an octagonal basis was required. This lattice does not
align with grid points and hence is one of the first so called “off lattice” schemes. A
simple streaming operation from site to site is no longer possible and the advection
of particles must be solved using a second order or higher scheme in order to prevent
the introduction of spurious terms into the CE expansion. The advantage in using
a velocity basis that does not tile space is that there is more freedom in choosing
velocities. Some authors such as Shim and Gatignol [218] have used the D2Q13
lattice on a hexagonal grid as recently as 2011. Their shock tube simulations exhibit

some oscillations.

McNamara et al. [153, 154] have shown that increasing the velocities to two units
along the co-ordinate axes can allow the D3Q27 lattice to capture the reduced fourth
order Maxwellian moments. We have discovered, as detailed in Section 3.A.6, that
also extending the (1,1,0) family of velocities to (2,2,0) results in a lattice which
tiles space using a truncated octahedral unit cell and also allows the reduced fourth

order Maxwellian to be simulated.

Watari and Tsutahara [253| have determined a fourth order accurate D2Q29 and
D3QT77 lattice. Shan et al. [213] present several lattices that recover the Maxwellian
moments up to the third order for both on lattice D2Q17 and D3Q39 and off lattice
D2Q12 and D3Q27 schemes. Philippi et al. [178| found on lattice two dimensional
D2Q25 and D2Q37 lattices that recover the reduced and full fourth order Maxwellian
moments using Hermite tensors. The D2Q37 lattice from this paper is frequently

used in subsequent literature and is believed to be the minimal Hermite tensors
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based fourth order lattice. Philippi et al. [179] also present two dimensional lattices
that support fifth (D2Q53) and sixth (D2Q81) order Maxwellian moments again
using Hermite tensors. Their work uses a second order collision model in order to
improve the accuracy of the solution requiring the Maxwellian moments up to sixth

order in order to simulate thermal flows.

Siebert et al. [220] also look at the D2Q17, D2Q25 and D2Q37 lattices, testing
over a range of temperatures and noting that the reduced fourth order lattice is
no worse than the full fourth order one. Rubinstein and Luo [202] also present a
derivation of higher order lattices including a D3Q51 lattice capable of recovering
up to fourth order moments of the equilibrium distribution. Surmas et al. [237]
use a similar technique to Philippe et al., they give an overview of many of the
aforementioned lattices as well as introducing new reduced fourth order velocity
sets, the on lattice D3Q59 set and the off lattice D3Q33 set. They also expose
new full fourth order velocity sets, the on lattice D3Q107 set and the off lattice
D3Q52 and D3Q53 sets. This illustrates the substantial reduction in complexity
offered by the off lattice scheme. They perform numerical tests using a shock
tube with temperature ratio of 4:3 and density ratio of 8:1. Gan et al. [84] use
a highly accurate WENO finite difference scheme and a D2Q19 scheme which uses
three velocity groups in 6 directions. Although their scheme is formulated as an off
lattice finite difference Boltzmann scheme, it is not clear why since their 19 chosen
velocities do align with a hexagonal grid. They also present a successful shock tube

simulation with a temperature ration of 5:4 and a density ratio of 8:1.

The stability of lattice Boltzmann schemes with additional velocities can be com-
promised. Work by Chikatamarla, Karlin and Asinari [42, 121, 43, 44| evaluates
the stability of potential lattices based on an entropy principle to arrive at stable
lattices that are unfortunately not fully fourth order accurate. In one dimension,
they use a D1Q5 lattice which uses {0, 1, 3} velocities rather than the usual {0, 1, 2}.
The one dimensional case is then generalised to a D2Q25 and D3Q125 lattice, the

latter can be pruned down to D3Q41. They note that the D1Q7 lattice would be the
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minimum required to capture the fourth order moments and hence fully simulate
compressible flows however they do not present details about this hypothetical lat-
tice. Shim [217] reviews these methods as well as those of Philippi et al. [178, 179]
and several off-lattice schemes mentioned. Shim also notes that the methods of

Karlin are only third order accurate while Philippi are fourth order.

Works by Sbragaglia et al. [206] and Scagliarini et al. [207] concentrate on the
discrete lattice effects and the forcing term. They also use the fourth order D2Q37
Hermite lattice of Philippi et al [178§].

The BGK collision operator will result in a fixed Prandtl number, this can be remi-
died by using a multiple relaxation time (MRT) collision operator [133, 134, 266].
Zheng et al [266] present a MRT method based on the D2Q17 lattice and test using
using low speed Couette flow, Poiseuille flow and a lid driven cavity. The simula-
tion of a shock tube or other strongly compressible flow is a notable omission. Shan
and Chen [211]| develop a more general multiple relaxation time collision operator
for the Boltzmann equation based on a Hermite expansion where the eigenvalues
are independent of the velocity basis. They test their method on a shear wave
confirming the ability to set the desired Prandtl number. Although claimed to be
independent of the velocity basis, their method relies on the orthogonality of the

Hermite polynomials which indirectly sets constraints on the lattice used.

Prasianakis and Karlin [186, 187| present a method which uses a low number of ve-
locities (D2Q9) and adds correction terms based on finite difference approximations
to the deviation terms in order to simulate low speed thermal flows, the stability
of their method is also verified using a shock tube simulation. Although their anal-
ysis appears to fully recover the Navier-Stokes equations, they state a caveat that
“In two dimensions, the nine populations are found to be adequate for a successful
simulation of subsonic compressible flows” hence it is not clear whether the method
works well for high speed compressible flows. Prasianakis et al. [188| also apply this
method of corrections based on finite difference approximations in order to restore

Galilean invariance for athermal methods.
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All of the thermal methods mentioned feature a linear or constant dependence of
viscosity (v) and thermal conductivity on temperature (7'). This corresponds to a
Maxwellian model [36],

v=Cp-T.

The thermal conductivity () follows the same form resulting in a constant Prandtl
number. There are several more accurate models, one that is encountered in text-

books such as Cengel and Turner [32] is the Sutherland model,

Cl-T3/2
O THCy

Other models may be created based on the nature of particle interactions and the
Boltzmann equation include the Lenard-Jones model or the Lorenz model discussed
in Chapter 10 of Chapman and Cowling [36]. Over a small enough temperature
range or if the effect of the variation in properties with temperature is not considered
the most important feature of the low under consideration, the linear approximation

may be sufficient.

If compressibility effects are not important, then the problem can be greatly simpli-
fied by decoupling the energy equation from the momentum and density equations.
These are referred to as “hybrid thermal” simulations. When it is assumed that the
energy equation does not affect momentum or density in any way, this is referred
to as the passive scalar approach. The Boussinesq approximation assumes that the
only significant effects of changing energy occur via the associated density changes
and buoyancy effects which are treated as an external force. The energy equation is
often simplified to an advection-diffusion equation dropping compression work and

viscous heating terms although these can in principle be included also.

He, Chen and Doolen [101] use a novel method that includes compression work
terms and viscous heating by performing a coupled LB simulation for internal en-
ergy. Shan [210] uses an LB simulation for the temperature field treating it more

simply as an advection-diffusion equation. Guo, Shi and Zheng [97] employ a sim-
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ilar approach. Others have performed LB simulations of the advection-diffusion

equation alone [110, 265, 157|.

A finite-difference approach may also be used to solve the advection-diffusion equa-
tion [80, 134, 122, 164|. Lallemand and Luo [134] present MRT methods using a
D2Q33 lattice which are able to simulate thermal hydrodynamics however they

note that hybrid thermal LB methods offer increased stability.

Most of the lattices I have implemented in the code are isothermal and use the
Boussinesq approximation to approximate the effects of buoyancy. The scalar buoy-
ancy field is solved by a highly accurate finite volume scheme detailed in Chapter 4.
As we will explain, our scalar solver has a higher order of accuracy and greatly im-
proved stability compared to LB methods for advection and diffusion. One lattice
that has been implemented is able to simulate full thermal hydrodynamics, that is

the bcc_d3q27_abc lattice which is fully detailed in Section 3.A.6.

3.4 Discretizing the space and time

In this section we will analyse additional effects which are introduced by the dis-
cretization of space. Here we present a new scheme I have devised in order to
eliminate errors that arise when non-Lagrangian streaming is used. We will also

cover the effect of lattice discretization on the force operator.

3.4.1 Lagrangian streaming

The conventional space and time discretization used results from letting the discrete
velocities be integer multiples of the lattice so that the advection term may be
replaced by a simple shift in space. The effect of the collision term over the course
of the time step is approximated in an upwind fashion by its value at the start of
the time step.

x T x 1 T T
fi+,t+ :fz ,t+Qi,t+§<Fi ,t+Fi +,t+)
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We have included what we call the averaged force operator which combines upwind
and downwind terms in the correct ratio. This force operator is not often encoun-
tered although it is required for an accurate representation as will be shown. Taking

the first two terms of the Taylor expansion of this discrete equation gives,

1 1
O fi + OaCinfi + §atatfi + §aﬁaﬁciaci,8fi + 0:0uCia fi

1 1
- Qz + Fz + §aaciaFi + §3tFZ + O(Es). (316)

The underlined terms represent second order errors introduced to the Boltzmann
equation by the discretization. Additional second order terms added to the RHS of

the conservation of mass equation are,
1 1 L 1
Onp =+ = 50,0up — 50005 z_; CiaCip ;" = O Oaptia + 50nFu.

Using the equation for conservation of mass (Eqn. 3.6) we can rearrange,
1 q
8t2/0 = 5804 <8t1pua + aﬁ 2_; Ciocciﬁfieq - Fa) .

The bracketed terms sum to zero at the same order in e. It is apparent from this
equation that the averaged force operator was required in order to allow complete

cancellation of terms proportional to 0, F,.

Additional second order terms added to the RHS of the conservation of momentum

equation are,

1 1 d ) ! .
Optia =+ = 5000y plia — 5050, > CiaCigCir i = 04,05 ) Ciatis [
1=0 =0
+ 18 Eq F; + 18 F,
5 CiaCipl's T 3 a-
2 62 - B 2 t1

Using the first order equation for the conservation of momentum (Eqn. 3.10) we

74



can similarly rearrange,

1 q . q . q
Opy Pl = -+ — iaﬁ (37 Z CiaCipCin [i' + O Z CiaCipfi! — Z CiaCiBFi> .
=0

1=0 =0

The averaged force operator is again required to cancel 0,F, terms. The identity
from Eqn. 3.13 is applied to find that the second order errors amount to a negative

viscosity contribution,

1
Opy Pl = -+ — §RT (03p0aug + 0ppOsuy,) -

1
S=RT —— .
v R (T 2)

3.4.2 A non-unit Courant number — Our corrected scheme

The total viscosity is now,

Lattice Boltzmann methods typically have a Courant number of exactly one so
that particles stream directly from one site to the next. We extended the analysis
of the previous section to a more generalized advection scheme. We discretize the
advection term using a second order central difference and then add a diffusion
term proportional to a. This scheme generalizes to the first order upwind scheme
fora = % and the Lax-Wendroff scheme for a = %. We have also added an inertia
like term which turns out to be necessary in order to restore the accuracy of the
first order upwind scheme when the Courant number is not unity. This correction
term is initially written with an unknown factor # which is then shown to be
necessarily equal to f = a — %. Once the negative viscosity terms introduced by
the discretization error are accounted for, the Lagrangian scheme, the Lax-Wendroff
scheme and our corrected first order upwind scheme all have second order accuracy
in space and time. We find that the use of a non-unit Courant number can suppress

some numerical instabilities that come about as a result of artificially conserved

quantities. In this section we also introduce a more general force term which uses
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first order approximations to correct new errors introduced by our scheme. Again,
we begin with variables ar and fr and finally express these in terms of o. The

force term reduces to the form from the previous section for the Lagrangian case.

We will use the Courant number,

_ HciaHAt

Cr = ,
|[Azq||

(3.17)

to simplify equations whenever the grid spacing Az, appears. The central advection

scheme with added diffusion,

ofi Afi
ot ous
fm,t+ . fx,t fx+,t . fxf,t fx+,t + fﬂ?*,t . 2fw,t
_ Ji i nti i 12ti i i
= At + || ciall o[ Atin]] allcial| |AZia|[2
1 x,t+ x,t CI‘ -+, r—,1t OCCI'2 x+,t r—,1t x,t
= — | . = f> — (= ) — T SN 9 fD
At |:f7, fz + 2 (fq, fz ) At (fz +fz fz ) 9
becomes the Lax-Wendroff scheme when o = %,
ofi ofi
ot + C’“axa
1 x,t+ x,t CI‘ x4+t r—,1 CI‘2 z+,1t r—,t x,t
= — | T — D — (=) = — (T L P .
] LA AR (Al e B TP R
The same scheme reduces to the first order upwind scheme when o = QACtr,
8 7 8 7 ]- xT x x xrT—
_f+cza_f —_ |:f'l, iy _f’L ’t+CI' (f'L ot _f’l, 7t):| .

ot or, At

Our scheme including the inertia like term and force operator is written,

M AU PO F it SN [P ) i il
At o Azl i Az 2
fft’tJr _2f'x’t+f'x’t7 x—,t x,t
d i UREESY O MY
+6 AtQ 1 + 1
— Qp||Cal||— T —_—.
F [AZial] FTAL
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The Courant number is substituted where convenient and the co-ordinate axes are
shifted by one grid unit in order to avoid needing to Taylor expand the collision

term. In effect the Taylor expansion is done about the collision center.

1

x x4+, Cr z++, x, CYCI"2 z++, z+, x,
Kt(fi+7t+_fi+t)+2_At<fi++t_fi t) _A_tz(fi-‘r-‘rt_in-‘rt_’_fi t)
_ﬂ T+, T+, T4t — z, 2+,
+At2 (fi+t+_2fi+t+fi+t ):Qit+Fi+t
_arCr et raty | BF e pets

Collecting like terms,

1 B -1 2aCr* 28 (B
i+ [ = s var,t - e ?c+,t I
fi <At + AtQ) + /i <At T AR At2) + /i (At2
Cr a Cr? —Cr aCr?
flf++,t o ‘.Z‘,t o _ Q:F,t
i (2At AP ) i (2At INE ) i

(- e (258) e (B) o

Substituting in the Taylor expansions and again only using the first order terms
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when multiplied by the force operator,

A

1 8 At ?
<Kt + A_t2> [f’ + AtO, f; + 6 oCiafi + 8t8 Ciafi
A At?

atatfz C a 8ﬁczaczﬁf11

+ (__1 + 205 Cr - ﬁ) |if1, a Czafz At 8 aﬁclaclﬁf"f:|

At At? At? 2012
s A At2
+ (@) |:f'b Ataﬁfz a Czafz - 3t8 Czafz
At? A
—atﬁtfz 9Cr 28 @gcmc,ﬁf,}

Cr aCr? A 2At2
+ (E A2 ) |:fz a zafz 8 8ﬁczacz,8fz:|

n —Cr aCr .
INt i =

+ (1 - ar Cr — B—F) |:F7, + A—aacmF,}
Cr

afp Cr BF At
(228) o (%) [ 2o+ 0]

Collecting terms,

At At
atfz + 0, Czafz ata czafz (7 + ﬂ) atatfi + (a - Oé) aaaﬁciaciﬂfi

At
=0+ F; + (a — OéF) OuCiaFy + Bro: F;.

As before, the terms introduced by discretization error are underlined. The space
and time derivatives of the force term can be individually adjusted by the constants

ar and SBr respectively.

Additional second order terms added to the RHS of the density equation are,

At At
@Qp — ataapua — (7 -+ ﬁ) @@p

Cr
At At
_ (a — Oé) 0, 8ﬁzcmczgf + (C_ — OéF) 0, F,.
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Using the equation for conservation of mass (Eqn. 3.6) we can rearrange,

at2p:_(§_g— )&gaapua

Cr 2
At I . At
— (a — a) 8a@5 Z Ciacfwfiq + (& - OéF) 8aFa.

i=0
It is clear that in order to cancel the additional terms we need,

At
7—1—5:@ and ap = a.

This results in,
Do = Ao, (o AN ““_p
o) = — a—a - L PU + 5Zcmcwfi — Iy |,
1=0
which again sums to zero.
Additional second order terms added to the RHS of the conservation of momentum

equation are,

At I
0, cx:"'__aa 1aCq o — 0,0 a
to PU crt B;C cipl; QOO0 PU

At . w0 (At -
_ G —« @;87 ; ciacwcmfi + a -« 8/3 ; CiaCigFi + BFatFa.

By using Eqn. 3.10 again and setting Sr = o we arrive at,

atzpuoz =
At g . a . q
+ (CY — E) aﬁ O ZO Ciaciﬂfiq + a’y ZO CiaCiBCi'yfiq — ZO CiaciﬁFi . (319)

Eqn. 3.13 is again applied to find that the second order errors amount to a negative
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viscosity contribution,

At
at2pua = ...+ (a — C—) RT ((%p@ ug + 65p85ua) .

The total viscosity is now,

At
= RT - =—.
1% (7’+a C)

T

With the additional variables all expressed in terms of «, our scheme is written as,

1 20 Cr? 2cv « 1
T+,t+ T+t T+,t—
/i (zm*@)ﬂi (At2 —@)ﬂ“i (E_E)
Cr a Cr? —Cr  aCr?
.93++,t o :T,t o _ Qa.:’t
L (2At AP ) i (2At INE ) i

+ F (1 — % (Cr +1)> + F (O‘A(ir> + FH (%) . (3.20)

When a = % the Lax-Wendroff based scheme is,

1 cr? 1
T+,t+ e
/i (At) i (At At)
Cr Cr? —Cr Cr?
x4+t [ - ?c,t _ ) = @,t
L (2At 2At) i (2At 2At) =

1 C C 1
+ Fim-‘r,t (2 21') + Fxt (71‘) + F,,:$+7t+ <§> ] (321)

When a = At the modified upwind scheme is,

Cr 1 1 1
ot [ MT T+t— B
i <At Cr At) i (2CrAt 2At)
x,t CI‘ x ,t

1 1 1 1
F?H—,t Far N F.iv‘f',t-i- — ). 929
T (2 QCI) * (2) T 2Cr (3:22)

Both of these reduce to the Lagrangian case when Cr = 1.

1 1
T+, t+
/i <2At+QCrAt>
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3.4.3 Force term

As we have demonstrated in the previous sections, the moments of the force operator
must be correctly set up to second order in order to avoid the introduction of errors
into the multi-scale expansion of the Boltzmann equation. Martys et al. [150] showed
quite early on that the correct form for the force operator can be deduced using

Hermite polynomials.

The upwind collision operator and Lagrangian streaming typically used in lattice
Boltzmann methods introduces a discretization error which contains terms propor-
tional to the force operator. As we have shown in the previous section, averaging
the force operator over two points in space and time is sufficient to cancel these er-
rors. The earliest reference we have found that correctly identifies this requirement
is the textbook by Wolf and Gladrow [255], hence we will refer to this scheme as
the WG force term. Despite its straightforward nature and early publication in a
textbook, many papers that have since been published have missed this technique.
In fact, Cheng and Li [41] published this exact scheme in 2008 seemingly unaware of
previous work. Du and Shi [69] sample at 3 locations to arrive at a similar scheme
in 2006. Around the same time as Wolf and Gladrow, Buick and Greated [22] pre-

sented a review of several methods, none of which ultimately eliminate all errors.

Ladd and Verberg [132| identify another means of cancelling discretization errors
which involves redefining the momentum which is used in calculation of the equi-

librium distribution,

q
At
PUZ = Z Ciafi + 7Fa~
=0

Guo, Zheng and Shi [98] compare many forcing terms and also use this technique
in their scheme. Similar conclusions are reached by Mohamad and Kuzmin [158],
Kuzmin et al. [130], Silva and Semiao [221]| and Silva and Semiao [222]. Son et
al. [227] implement an immersed boundary condition treating the force operator
using this redefined momentum technique. None of these authors mention the WG

scheme.
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3.5 Lattice topologies and order

The velocity set chosen to discretize phase space plays a crucial role in lattice
Boltzmann methods. The velocities are typically chosen so that in one time step
particles stream an integer number of grid units and hence just move from point to
point in a Lagrangian fashion. The lattice sites must therefore tile space, in this
thesis we will consider square and hexagonal lattice topologies in two dimensions
and cubic, body-centered cubic (BCC) and face-centered cubic (FCC) topologies
in three dimensions. The unit cells for hexagonal, square and cubic lattices are
the same shapes. The unit cells for the body-centered cubic lattice are truncated
octahedra and for the face-centered cubic lattice are rhombic-dodecahedra. The
non-unit Courant number schemes discussed in Section 3.4.2 are also subject to
the same lattice restrictions since the analysis assumes no mixing between particle

populations during streaming and a uniform Courant number for all particles.

Table 3.1 compares the different lattice topologies, of particular interest is the ratio
of the major sphere to minor sphere diameter which represents how uniformly that
lattice tiles space. The Cartesian square and cubic lattices are the worst in this
regard with a large difference in resolution between the grid aligned direction and
diagonal. Thus the hexagonal and bcc lattices have the most isotropic resolution
in two and three dimensions respectively. The BCC lattice may be decomposed into
two cubic sub-lattices, each offset by half a grid unit in each direction from the
other. Likewise, the FCC lattice can be split into four sub-lattices, each is offset

from the others by half a grid unit in two directions.

Using a cubic lattice and a structured grid allows the location co-ordinates of a
point to be determined based on three indices ix, iy and iz. The neighbours are
determined by considering offsets in each direction as demonstrated in Figure 3.1.
Using the BCC lattice, an index il is introduced in order to represent the sub lattice
a site belongs to in order to efficiently store and address data. The co-ordinates and

neighbours can then be found as demonstrated in Figure 3.2. Neighbours in the
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2D SQUARE HEXAGONAL

Unit cell Square Hexagon
Number of edges 4 6
Minor circle (dyyin) 1 1
Major circle (daj) V2 2 \/lg
Anaj © Amin V2~ 1.41 Z~ 115
3D CUBIC BCC FCC

. Truncated Rhombic
Unit cell Cube octahedron  dodecahedron
Number of faces 6 14 12
Minor sphere (dyin) 1 V3 1
Major sphere (dyaj) V3 V5 V2
a * i VB~ \i~129 VE~ 14l

Table 3.1: Lattice topologies.

same sub-lattice are simply offset in the Cartesian directions however neighbours in
the opposite lattice are offset along diagonals. We introduce a new set of indices jx,
jy and jz which represent locations in the opposite lattice, calculated in a way that
places them offset in the positive direction along all axes. This calculation assumes
that the “one” lattice is offset in the positive direction from the “zero” lattice and
that one and zero integers are used to represent the sub-lattice index. The opposite

lattice index j1 can simply be found using the not operator.

If the alignment restriction is relaxed, then we arrive at the previously mentioned

self = *(f + ix + iy*nx + iz*nx*ny);

X dx*(float)ix;

y dy*(float)iy;

z dz*(float)iz;

Sy = nx;

Sz = nxX*ny;

nbr_0 = *x(f + (ix+1) + iy *sy + iz xsz); // (+dx, 0, 0)
nbr_1 = *(f + (ix-1) + iy *sy + iz *sz); // (-dx, 0, 0)
nbr_2 = *(f + ix + (iy+1l)*sy + iz *sz); // ( 0O,+dy, O0)
nbr_3 = *x(f + ix + (iy-1)*sy + iz xsz); // ( 0,-dy, 0)
nbr_4 = *(f + ix + iy *sy + (iz+1)x*sz); // ( 0, 0,+dz)
nbr_5 = *x(f + ix + iy xsy + (iz-1)*sz); // ( 0, 0,-dz)

Figure 3.1: Pseudocode to determine location and neighbours for cubic structured
grid.
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self = *x(f + ix + iy*nx + iz*nx*ny + il*nx*ny*nz);

+

b'e dx*x((float)ix*2. (float)il);

y dy*((float)iy*2. + (float)il);

Z dz*((float)iz*2. + (float)il);

Sy = nx;

SZ = nxX*ny;

sl = nx*ny*nz;

nbr_0 = *x(f + (ix+1) + iy xsy + iz xsz + il*sl); // (+2dx, 0, 0)
nbr_1 = x(f + (ix-1) + iy *sy + iz *sz + il*sl); // (-2dx, 0, 0)
nbr_2 = *(f + ix + (iy+1)*sy + iz xsz + ilxsl); // ( 0,+2dy, 0)
nbr_3 = *x(f + ix + (iy-1)*sy + iz *sz + ilxsl); // ( 0,-2dy, 0)
nbr_4 = *(f + ix + iy xsy + (iz+1)*sz + ilx*xsl); // ( 0, 0,+2dz)
nbr_5 = *(f + ix + iy xsy + (iz-1)*sz + ilx*sl); // ( 0, 0,-2dz)
jx = ix + 1il;

jy = iy + il;

jz = iz + 1il;

jl = 'il;

nbr_6 = *x(f + jx +  jy xsy + jz *sz + jl*xsl); // (+dx,+dx,+dx)
nbr_7 = *(f + jx +  jy xsy + (jz-1)*sz + jl*sl); // (+dx,+dx,-dx)
nbr_8 = *(f + jx + (jJy-1)*sy + jz *sz + jl*xsl); // (+dx,-dx,+dx)
nbr_9 = *(f + jx + (jy-1)*sy + (jz-1)*sz + jlxsl); // (+dx,-dx,-dx)
nbr_a = *x(f + (jx-1) + jy xsy + jz xsz + jlxsl); // (-dx,+dx,+dx)
nbr_b = *(f + (jx-1) + jy *sy + (jz-1)#*sz + jl*sl); // (-dx,+dx,-dx)
nbr_c = *(f + (jx-1) + (jy-1)*sy + jz *sz + jl*sl); // (-dx,-dx,+dx)
nbr_d = *(f + (jx-1) + (jy-1)*sy + (jz-1)*sz + jlxsl); // (-dx,-dx,-dx)

Figure 3.2: Pseudocode to determine location and neighbours for BCC structured
grid.

off-lattice schemes. The D3Q33 and D3Q53 lattices of Surmas et al. [237] and the
D3Q27 lattice of Shan et al. [213] maintain velocity directions which are aligned
with a Cartesian lattice sites but with magnitudes that are not integer multiples of
grid spacing and hence do not allow exact Lagrangian streaming. Other off-lattice
schemes use unit cells that do not even tile space such as the octagonal D2Q17
scheme introduced by Vahala, Pavlo et al. {246, 174] or the icosahedral D3Q13
scheme of Shan et al. [213] or Tamura et al. [239].

The number of velocities in the set is also equal to the number of degrees of freedom
in terms of moments of the particle distribution that can be specified independently.
As we have seen in the preceding sections, the Chapman-Enskog (CE) procedure
places requirements on the moments of the equilibrium distribution. Equilibrium
moments up to the second order always need to be set. The third order moments
in principle also need to take their correct Maxwellian values however a common

simplification is to allow a linear dependence on the first order moments (momen-
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tum) which introduces errors that are proportional to O (u?®). These athermal,
small Mach number hydrodynamics simulations thus only require the second order
moments to be linearly independent. The third order errors may be eliminated by
correctly specifying the third order equilibrium moments however this is of lim-
ited use unless the energy equation is also correctly solved since thermal effects
will also become important at larger Mach numbers. The full thermal hydrody-
namic equations are modelled by also specifying the reduced fourth order moments
> ¢y CinCincip. The full fourth order moments are not strictly required although
they may affect higher order errors and stability. The results of Siebert et al. [220]
“did not show any meaningful difference” between full and reduced fourth order
Maxwellian lattices. Higher order moments are required in some situations such
as multi-phase flows or higher order CE expansions approaching the Burnett and
hyper-Burnett equations. The Hermite tensor approach and Grad method predict
improved accuracy as increasingly higher order moments are correctly represented.
The higher order collision operator of Philippi et al. [179] requires equilibrium mo-

ments up to sixth order.

The number of unique moments of order s with dimension DIM is equal to the

number of unique combinations of s lattice vectors and can be calculated using the

()

The binomial coefficient gives the number of ways of selecting £ elements from

multiset coefficient,

n possibilities without repetition,

n\ n! Mk
k) Kl(n—k)! Kk

The multiset coefficient gives the number of ways of selecting k£ elements from

n possibilities allowing repetition,

()= (7)==
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Each Total
Lattice vectors 2D 3D 2D 3D

Co 1 1 1 1
Co, 2 3 3 4
Calp 3 6 6 10
CaCRCy 4 10 10 20
CyCyCaCp 3 6 13 26
CaCBCyCs 5 15 15 35
CaCBCyCsCe 6 21 21 56
CaCRCyC5CCE 7 28 28 &4

Table 3.2: Number of moments at each order and cumulative total.

The rising and falling factorials are,

n®=n.-(n+1)-(n+2)---(n+k—1),

ng=n-n—1)-(n—=2)---(n—k+1).

The number of unique moments at each order and the sum of all moments required
up to that order are listed in Table 3.2. This gives a lower bound on the number of
lattice velocities required however simply having enough velocities is not a sufficient
condition. Each lattice vector up to the desired order must be tested to make sure
it it linearly independent to all others up to that order. Hence most velocity sets
have a larger number of velocities than these minima would suggest. Also, the
Hermite tensor approach [213, 178] places a more stringent restriction on the choice
of lattice, that is the ability to construct Hermite polynomial tensors at the chosen

order.

The procedure for testing linear independence of lattice vectors for a given velocity
set is straightforward, we simply make sure each of the lattice vectors in turn are lin-
early independent using a program I have developed called 1b_moment. Although it
is possible using hand calculations, large velocity sets become onerous and mistakes

may be difficult to detect. The code has been developed using the free software
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symbolic algebra programming language Maxima.

Lattices are often identified using a DQ terminology where D is the number of
physical dimensions and Q is the number of velocities. This information alone
is insufficient to identify a lattice. We use a more precise terminology, first the
lattice neighbours are assigned letters based on which symmetric group they belong
to. These groups are detailed for square (Table 3.3), hexagonal (Table 3.4), cubic
(Table 3.5 and Table 3.6), Bcc (Table 3.7) and Fcc (Table 3.8) topologies. We
also illustrate these families in Figure 3.4 to Figure 3.14. A single letter subscript
indicates that the closest neighbour from that group is used, additional neighbours
from the same group may be created by using integer multiples, in this case a bit
field is appended with a one signifying that neighbour is used, the right most bit
represents the nearest neighbour. We also prefix the lattice with a 3 character
identifier, sqr, hex, cub, bcc and fcc in order to identify the topology. Using this
terminology the commonly used cubic lattices are cub_d3q15_ac, cub_d3q19_ab

and cub_d3q27_abc.

Figure 3.3 illustrates what is typically referred to as the d2q9 lattice. Using our
notation this is the sqr_d2q9_ab lattice. Figure 3.4 shows a large number of lat-
tice neighbours for the square two dimensional topology. By taking the ‘a’ and
‘b’ neighbours, the sqr_d2q9_ab lattice is obtained. This figure and correspond-
ingly Figure 3.5 which shows the hexagonal topology can be used to visualise all
other lattice combinations. The figures that follow also illustrate three dimensional

lattices.
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Figure 3.3: Hlustration of typical d2q9 lattice.
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Figure 3.4: Illustration of sqr_d2q61_al11liblilcdef lattice.
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Figure 3.5: Illustration of hex_d2q55_al11bllcd lattice.

Figure 3.6: lustration of cub_d3933_allbc lattice.
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Figure 3.7: Illustration of cub_d3q99_alllblicde lattice.

Figure 3.8: Illustration of cub_d3q179_all1lbliclidefgh lattice.
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Figure 3.9: Illustration of bcc_d3q27_abc lattice.

Figure 3.10: Ilustration of bcc_d3q65_allbllcd lattice.
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Figure 3.12: Illustration of fcc_d3q19_ab lattice.

92



Figure 3.13: Illustration of fcc_d3g55_allbc lattice.

Figure 3.14: Illustration of fcc_d3q135_allbcdef lattice.
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neighbour count co-ordinates distance

S (1 0 (o) !

7 : E 1-3 E 1’_3 V2 ~ 141
C 8 (5 G ol p i V52
DS (D (o iy VOB
B8 (3 (o (0D oy VB30
R i U O I SV LT R

Table 3.3: Lattice neighbour families — square lattice.

We also list a sequence of nearest neighbours for the same topologies in Table 3.9
to Table 3.13. A selection of lattices up to sixth order and including some of the
previously mentioned Hermite lattices are detailed in Table 3.14 to Table 3.18, these
tables also detail the number of unique directions and how many unique velocity
magnitudes are present in each set. The lattices listed in these tables are far from
an exhaustive list, they were mostly developed by trial and error in an effort to
maximise the order of moments. We have not listed all lattices that were tested.
The data in these tables suggests that in order to effectively increase the order,
there is a balance between adding new directions and new magnitudes. Adding a
new family of neighbours adds several new directions and one new magnitude while
adding a new magnitude for an existing family does not add any new directions.
For example, even though the cub_d3q107_a1011b11c11dh lattice has 107 velocities
and 9 magnitudes, it only has 75 directions which results in fifth order accuracy.
Meanwhile the cub_d3q99_a100bcdfg lattice has 99 velocities and 99 directions and
is sixth order accurate despite only having 5 velocity magnitudes since the a100 and

f neighbours both have a magnitude of 3.

Searching for velocity sets that are able to capture hydrodynamics with a minimum

number of velocities, the fcc_d3q13_a lattice stands out as having exactly the min-
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neighbour count co-ordinates distance

0, 2) (3a, 1) (-3a, 1)

(

A 6 ( 0, -2) ( 3a, -1) (-3a, -1) 2
( 3a, 3) (-3a, 3) ( 6a, 0)

B 0 ( 3a, -3) (-3a, -3) (-6a, 0) V2~ 3.46
( 9a, 1) ( 6a, 4) ( 3a, 5)
( 9a, -1) ( 6a, -4) ( 3a, -5)

¢ 12 ga 1) (6a, 4) (-3a, 5 VB~5
( _ga: _1) (—63., _4') (_Sa, _5)
(12a, 2) (9a, 5) (3a, 7)
( 12a, -2) ( 9a, -5) ( 3a, -T7)

D 12 (-12a, 2) (-9a, 5) (-3a, 7) V52 ~ 721
(-12a, -2) (-9a, -5) (-3a, -7)

Table 3.4: Lattice neighbour families — hexagonal lattice.

imum number of velocities. A drawback of this lattice is that it is not a Hermite
lattice and hence the usual explicit equilibrium distribution cannot be used. It is
possible to use a modified distribution we have developed in Section 3.A.3 or to
use the MRT method. If the same basis velocities are used on a cubic lattice, it
will result in 4 decoupled fcc simulations. The bcc_d3q15_ab and cub_d3ql5_ac
second order lattices are also fairly computationally efficient however the cubic ver-
sion possesses a staggered invariant that creates stability issues [261, 191, 119]. The
bce version, first seen in [5] does not suffer from the same problems. The cub, bcc
and fcc lattices all have 27 speed reduced fourth order lattices, the cubic version
being the less commonly encountered cub_d3q27_al0bc lattice of McNamara et
al. [153, 154| which has the velocities along the Cartesian axes increased to two.
These lattices compare very well with the minimum of 26 velocities required, the
minimal reduced fourth order Hermite lattices cub_d3q59_al11blic1l from Sur-
mas et al. [237] requires more than twice the number of velocities. The minimal
third order Hermite lattice cub_d3939_al111b10c from the same paper is actually
able to represent the reduced fourth order moments but does not possess the re-
quired isotropy for use as a reduced fourth order Hermite lattice. Similarly the full
fourth order cub_d3q107_a1011bl1c11dh Hermite lattice from the same paper is

actually able to represent the fifth order moments.
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(-2, 0, 1) (0,-2, 1) (o0, 1,-2)
(-2, 0,-1) (0,-2,-1) (0,-1,-2)
(2,1, 1) (1,2, 1 (1,1, 2
(2,1,-1) (1, 2,-1) (1,-1, 2)
(2,-1, 1) (-1, 2, 1) (-1, 1, 2)
(2,-1,-1) (-1, 2,-1) (-1,-1, 2
(-2, 1, 1) (1,-2, 1) (1, 1,-2)
(-2, 1,-1) (1,-2,-1) (1,-1,-2)
(-2,-1, 1) (-1,-2, 1) (-1, 1,-2)
(-2,-1,-1) (-1,-2,-1) (-1,-1,-2)

V6 ~ 2.45

24

(-2,-2, 1) (1,-2,-2) (-2, 1,-2)
(-2,-2,-1) (-1,-2,-2) (-2,-1,-2)

Table 3.5: Lattice neighbour families — cubic lattice.
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neighbour count co-ordinates distance

(3,1, 0 (1,3,0 (1, 0, 3)
(3,-1, 0) (-1, 3, 0) (-1, 0, 3)
(3,0, 1) (C0,3,1) (o0, 1, 3)
(3, 0,-1) Co0, 3,-1) (0,-1, 3
G 2 (31,0 (1,-3, 0) (1, 0,-3) V10~ 3.16
(-3,-1, 0) (-1,-3, 0) (-1, 0,-3)
(-3, 0, 1) (0,-3, 1) (o0, 1,-3)
(-3, 0,-1) (0,-3,-1) (0,-1,-3)
(3,1, 1) (1,3, 1) (1,1, 3)
(3,1,-1) (1, 3,-1) (1,-1, 3)
(3,-1, 1) (-1, 3, 1) (-1, 1, 3
(3,-1,-1) (-1, 3,-1) (-1,-1, 3)
H 24 (-3, 1, 1) (1,-3, 1) (1, 1,-3) Vi1~ 3.32
(-3, 1,-1) (1,-3,-1) (1,-1,-3)
(-3,-1, 1) (-1,-3, 1) (-1, 1,-3)
(-3,-1,-1) (-1,-3,-1) (-1,-1,-3)

Table 3.6: Lattice neighbour families — cubic lattice (continued).

If we use the MRT method, then an explicit formula for the equilibrium distribution
is not required, the method may be implemented using the moments alone. It
is always possible to figure out an explicit equilibrium distribution by inverting
the moment matrix although a simple form involving symmetric tensors like that
obtained using the Hermite approach may not be forthcoming. As we have shown
in Section 3.A.3, it is also possible to construct an equilibrium distribution for some
lattices that do not possess the isotropic tensors usually required by the Hermite

tensor approach.
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Table 3.7: Lattice neighbour families — body centered cubic lattice.
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Table 3.8: Lattice neighbour families — face centered cubic lattice.
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index neighbour distance total

1 Ay 1.00 )
2 By 1.41 9
3 A, 2.00 13
4 C 2.24 21
) By 2.83 25
6 As 3.00 29
7 D, 3.16 37
8 £y 3.61 45
9 Ay 4.00 49
10 Fy 4.12 o7
11 B3 4.24 61

Table 3.9: Ordered lattice neighbours - square lattice.

index neighbour distance total

1 Ay 2.00 7
2 By 3.46 13
3 A 4.00 19
4 Ch 5.29 31
5 As 6.00 37
6 By 6.93 43
7 D, 7.21 95

Table 3.10: Ordered lattice neighbours — hexagonal lattice.

index neighbour distance total

1 A 1.00 7
2 B 1.41 19
3 Cy 1.73 27
4 Ay 2.00 33
5 D, 2.24 57
6 ol 2.45 81
7 B, 2.83 93
8 As 3.00 99
9 F 3.00 123
10 G, 3.16 147
11 H, 3.32 171
12 C, 3.46 179

Table 3.11: Ordered lattice neighbours — cubic lattice.
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index neighbour distance total

1 Ay 1.73 9

2 By 2.00 15
3 Cy 2.83 27
4 D, 3.32 o1
) A 3.46 29
6 By 4.00 65
7 £y 4.36 89
8 Fy 4.47 113

Table 3.12: Ordered lattice neighbours — body centered cubic lattice.

index neighbour distance total

1 Ay 1.41 13
2 By 2.00 19
3 Cy 2.45 43
4 As 2.83 25
) D, 3.32 79
6 Ey 3.46 87
7 Fy 3.74 135

Table 3.13: Ordered lattice neighbours — face centered cubic lattice.

Lattice Order Directions Magnitudes
sqr_d2q9_ab ond 9 2
sqr_d2q13_allb 3rd 9 3
sqr_d2q17_alibl1 4" reduced 9 4
sqr_d2q17_a101b11 4 yeduced 9 4
sqr_d2q17_abc 4th 17 3
sqr_d2q25_abcd 4th 25 4
sqr_d2q25_al0bcd 5th 25 4
sqr_d2q33_al0bcde 6th 33 5
sqr_d2q53_a10111b11lcdf 7th 33 10

Table 3.14: Various lattices and their order — square.

Lattice Order Directions Magnitudes
hex_d2q7_a 2nd 7 1
hex_d2q13_ab 4t reduced 13 2
hex_d2q25_abc 5th 25 3
hex_d2q37_abcd 6" 37 4

Table 3.15: Various lattices and their order — hexagonal.
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Lattice Order Directions Magnitudes
cub_d3ql5_ac nd 15 2
cub_d3q19_ab 2nd 19 2
cub_d3q21_allc ond 15 3
cub_d3qg21_bc ond 21 2
cub_d3qg27_abc ond 27 3
cub_d3q27_al0bc 4 reduced 27 3
cub_d3q39_alllbc 4" reduced 27 5
cub_d3q39_al111b10c 41 reduced 27 5
cub_d3q45_allcd 4" reduced 39 4
cub_d3q59_allibiicil 4" reduced 27 7
cub_d3g45_allice 4th 39 4
cub_d3q51_abcd 4th 51 4
cub_d3q75_abcde 4th 75 5
cub_d3q75_a100bcde 5th 75 5
cub_d3q99_a100bcdef 5th 99 5
cub_d3q107_a1011biiciidh 5th 75 9
cub_d3q99_a100bcdfg 6th 99 5
Table 3.16: Various lattices and their order — cubic.
Lattice Order Directions Magnitudes
bcc_d3ql5_ab ond 15 2
bcc_d3q21_ac ond 21 2
bcc_d3q27_abc 4" reduced 27 3
bcc_d3q47_allbd 4" reduced 39 4
bcc_d3qg53_allcd 4 reduced 45 4
bcc_d3q43_bcd 4th 43 3
bcc_d3q45_ablld 4th 39 4
bcc_d3q49_bilcd 4th 43 4
bcc_d3qg53_alibiid 4th 39 5
bcc_d3q57_al0blicd 4th 51 5
bcc_d3q73_blicdf 4th 67 5
bcc_d3q69_ablidf 5th 63 5
bcc_d3q93_abiidef 5th 87 6
bcc_d3q99_abcdef 6h 99 6

Table 3.17:  Various lattices and their order — body centered cubic.
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Lattice Order Directions Magnitudes

fcc_d3ql3_a 2nd 13 1
fcc_d3q19_ab ond 19 2
fcc_d3q27_abe 4t reduced 27 3
fcc_d3qg43_abce 4th 43 3
fcc_d3q67_abed 4th 67 4
fcc_d3q75_abcde 5th 75 2
fcc_d3q87_al01bcde 5th 75 6
fcc_d3q93_al01blicde 5th 75 7
fcc_d3q99_a101bllicde 5th 75 8
fcc_d3q99_alllbcde 5th 75 7
fcc_d3q99_abcef 5th 99 5
fcc_d3q99_abdef 5th 99 5
fcc_d3q111l_bcdef 5th 111 5
fcc_d3q115_abcdf 5th 115 5
fcc_d3ql17_acdef 5th 117 5
fcc_d3q123_abcdef 6th 123 6

Table 3.18: Various lattices and their order — face centered cubic.

3.6 The collision matrix

The analysis from the preceding sections assumed the single relaxation time collision

operator to simplify the exposition;

Q; (20, 1) — %(fi (2art) — f5 (20, 1)). (3.23)

The more general linearized collision operator;

i (o, t) ZAU fi (o, t) — f5° (Zast) ), (3.24)

Jj=

may be used in its place so long as the following conditions are met: firstly, the

zeroth order and first order lattice vectors should be left eigenvectors of the collision
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matrix.

q
§ 0 0
=0
q

E CiaAij = /\lcja~

=0

This will ensure conservation of mass and momentum.

3= 303 ) 7 o),

=0 =0
q

=20 Y (f (@art) = F5" (30, 1)) =0,

j—O

ZC’LQQ _chza ij fg Lo, )_f (xa,t)),

=0 =0
=M ) ol fi (@art) = £ (a:t) ) = 0.

=0

The first two sets of eigenvalues are not important. The second order lattice vectors
should also be left eigenvectors of the collision matrix, they should all have the same

eigenvalue and its value will determine the viscosity,

q
_ 1
Z CiaciﬁAijl =, Gatis:
2

1=0

The first off-equilibrium term (Eqn. 3.9) now becomes,
Z Aig 15 = (F; = 0, £{" = CiaOo, £,
— Z A (Fy = 00 57 = CjaOay £57) -
3=0
Substituting into Eqn. 3.11,

q
8t2pua + c% Z Ciaciﬁfi(l) =

=0
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leads to,

q q
atzpua + aﬁ Z CiaCip Z Az_gl (FJ - 8t1f;q - Cjaaa1f;q) = 0.
i=0 §=0
Substituting the previously mentioned eigenvalues results in a form identical to

Eqn.3.12 however with /\% instead of 7,

1 q . q . q
Oy Pl = )\—35 {37 Z CiaCigCiy fi* + O Z CiaCipfi" — Z CinCigFs ¢ .
2 i=0 i=0 =0
Thus the shear and bulk viscosities are,

_ RT 2

s )\—2 and v = gV .

[ al—
Similarly, the eigenvalues corresponding to the rank 3 lattice vectors A3 affect the

thermal diffusivity in Eqn. 3.14,

1 q
atzpe + §aa Z; Ciaciﬂciﬁfi(l) =0,
1=

1 q q - . .
8t2,06 + éaa Z CiaCipCip Z Aijl (Fj - 8751 qu - Cjaaalqu) = 0,
=0 j=0

q q q
atzpe = 2%\38& {@1 Z Cz‘acwciﬁfeq + 8w Z Ciaci,b’ciﬂci'yfeq - Z CiaciﬂciBFi} .
i=0 i=0 i=0
As well as controlling the thermal diffusivity, A3 also controls the coefficient for
viscous heating. This introduces a source of error if A3 is set differently to Ay in
an effort to change the Prandtl number as proposed by some earlier works [133,
134, 211]. Zheng et al. [266] have remedied the problem by combining the modified
equilibrium moments of Guo et al. [96] with multiple relaxation times in order to
achieve a variable Prandtl number scheme. Machado [148] goes into considerable

additional detail regarding equilibrium distributions for a variable Prandtl number.

An interesting feature of the collision matrix is that the coefficients may only de-
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pend on the angle between velocities if the solution is to be isotropic, for example,
Ginzbuorg and Adler [86] show that there can only be 5 unknowns in the collision
matrix, corresponding to collisions between particles separated by 60, 90, 120 and
180 degrees. Some of the early works on lattice Boltzmann methods [109, 108] also

utilized this constraint.

3.6.1 Eigendecomposition

In the preceding section we assumed that the eigenvalues of the inverse of the
collision matrix could be set to prescribed values. The purpose of this section is to
demonstrate the method we have developed in order to achieve this. We will briefly

summarize some concepts in order to establish nomenclature.

The motivation for this is that the collision operator used in the MRT method [133,

62, 63| is typically written as,

94

Aij (f5 = f7%)
M7'SM). (f; — £,

( i j
(

MTT’lS) ) (mj = me.q) )

iJ J

Here the moments m; of the particle probability distribution function f; are ob-

tained by multiplication by the M;; matrix,

mg; = Mijfj‘

As mentioned in section 3.2, the equilibrium particle distribution f°? does not need
to be calculated, only its moments do and using the moments directly also avoids
one matrix multiplication. As we will show the S matrix is a diagonal matrix of
eigenvalues. It is important to emphasize that the method in the following section
is different to the usual MRT procedure even though it is based upon it. Our method

is more generalized and allows completely arbitrary adjustment of eigenvalues and
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eigenvectors. Our method also offers significant performance improvements due to

the sparse decomposition we introduce.

An orthogonal matrix is an invertible square matrix made using an orthonormal
set of vectors. For such a matrix, the inverse and transpose are equal and both are
also orthonormal matrices. If the rows of a matrix form an orthonormal set so do
the column vectors,

B'B=1, = B'=B"1

In our case, we make use of a related type of matrix whose rows form an orthogonal

set which has not been normalized,
MMT' =T, = MT'=M'T

In this case, T' is a diagonal matrix. The inverse of this type of matrix is also easy
to find based on the transpose and is typically used in the implementation of the

MRT method.

The Gram-Schmidt procedure is used to create an orthogonal set from the linearly
independent set. It takes each vector v; in a set and makes a corresponding vector

u; that is orthogonal to all previous vectors,
i—1
Ui = Vjp — Zprojuja (Uia>-
j=1
Here the projection operator gives a vector whose magnitude is a dot product be-

tween v, and the unit vector u, and whose direction is also .,

) . UgU . U
proj, (Vo) = vgliglia = ﬂua, where 1, = —

U,VU7 A /UﬁUﬁ

I have developed a program called 1b_moment which takes an input set of vectors,
grouped into a matrix N and performs the Gram-Schmidt procedure finding a

triangular transformation matrix () which when multiplied by the original matrix
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forms an orthogonal set, grouped into the matrix M.

M=Q N

During program execution, if any resulting basis vector v;, is zero, then this means
that its original vector u; was not linearly independent relative to the previous vec-
tors, useful for checking the maximum order supported by a lattice as we discussed

in previous sections.

A square matrix A with dimension ¢ that has ¢ distinct left eigenvectors n; with

eigenvalues s; can be written in a form called the eigendecomposition,

A=N"1SN.

Here N is a matrix whose rows are left eigenvectors n;,

n;

ns

S1 0 0

0 S92 0
S =

0 0 Sq
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This can be verified by looking at the rows,

nlA S111q
IIQA Solly
NA = ‘ = . = SN.
n,A 514
Similarly for right eigenvectors,
A=NSN.

Where N is a matrix whose columns are right eigenvectors n;,

).

The diagonal matrix S consists of right eigenvalues s; as before,

Ny ...

N = <ﬁ1

o o

Aflg 821012 Ce SqIOlq> =NS.

AN = (Aﬁ1

’Aﬁq) = (s

The lattice Boltzmann method requires setting left eigenvalues and eigenvectors of

the inverse collision matrix,

At =N"1S7IN,
A=N"19N.

If the eigenvectors are also orthogonal with N - N7 = T then,

Al = NTT7157IN,
A= NTT71SN.

This is the form typically used in order to implement MRT methods. Eigenvalues

corresponding to each of the orthogonal eigenvectors may be set individually in
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contrast to the single relaxation time method where all eigenvalues are equal and

A=uwl.

A disadvantage of this method is the lack of freedom in choosing eigenvectors im-
posed by the orthogonal requirement. I have made a simple yet novel and extremely
useful modification that not only allows the choice of any eigenvectors without any
additional complexity, it also allows the action of the collision operator to take
on a more general form where lattice vectors can be transformed into any linear

combination of other lattice vectors.

Consider the orthogonal matrix M obtained using the Gram-Schmidt procedure.
Usually MRT methods use these as the eigenvectors of the collision matrix. Instead,
we perform an eigendecomposition based on the input vectors N and use the or-
thogonal matrix and the transformation matrix in order to arrive at a convenient

expression for the inverse of V.

M =Q@N,
N=Q M,
Nfl — Mle — MTTle — NTQTTle'

We can substitute this definition for N~! into the collision matrix,

A=NTQTT'QSN.

Although there are additional matrix multiplication present, in practice there is a
performance improvement if these matrix multiplications are expressed in a sparse

form. We have gone one step further and decomposed N into two sparser matrices,

N = N,N,.

Even for conventional MRT methods we have demonstrated performance improve-
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Lattice Dense Orthogonal Factorized

sqr_d2q9_ab 162 7 64
fcc_d3ql3_a 338 123 78
cub_d3q15_ac 450

bcc_d3ql5_ab 450 191 121
cub_d3q19_ab 722

cub_d3q27_abc 1,458 705 274
bcc_d3q27_abc 1,458 737 331

Table 3.19: Number of operations required to calculate the collision matrix for
lattices considered in this thesis.

ments using a sparse factorization with the savings in floating point operations
shown in Table 3.19 which lists the number of operations required in order to im-
plement a dense matrix, the orthogonal matrix and our factorization for each of the
lattices that appear in this thesis. A naive implementation would calculate the in-
verse A matrix directly taking ¢® multiplications and the same number of additions.

Implementation details are presented for a range of lattices in Section 3.A.

For example, using the cub_d3q27_abc lattice, the total floating point calculations
can be reduced from 1,458 for a dense matrix multiplication down to 274 with
our factorization. Apart from the increase in computational efficiency, the lower
number of factors may also result in lower rounding errors accumulating per time
step which is an ongoing concern in the implementation of LB methods where large

and small numbers orders of magnitude apart need to be summed.

A further optimization along these lines is hard coding the factors into the program
at compile time rather than reading the matrix from memory. Although the matrix
will most likely be cached well by modern CPUs, hard coding the operations can

offer advantages for GPUs and eliminates branching and indexing of the matrix.

In some cases it is not desirable to express the action of the collision matrix in

terms of eigenvectors. Instead, a more general form transforms a set of vectors into
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another linear combination of the same vectors. The most general such matrix is,

BO,O BO,l . BO,q Co BQ,()CO -+ BO,1C1 + -+ B(]’ch
By Biq ... DBy Cy Biopco + Bijicy + -+ + By
Bq,O Bq71 e Bq,q Cq Bq70C0 + Bq,lcl 4+ 4+ Bq,qu

3.6.2 Bulk viscosity

One application where the individual adjustment of eigenvalues and vectors is useful
is when the bulk viscosity needs to be adjusted. Although the bulk viscosity is not
expected to significantly influence the solution of low Mach number simulations as
presented in the results of this thesis, it may affect the stability of these simulations
and is important in compressible simulations which are an intended application of
the lattices and multiple relaxation time methods presented in this Chapter. Using
the eigendecomposition we have developed it is possible to tune the bulk viscosity
in a way that is not possible using other multiple relaxation time formulations. In
this case the action of the collision matrix on the rank two lattice vectors needs to

take the following form,
CiaCigAs; = TaCjaCis + Ty0asdysCinCis. (3.25)

Here we use the notation that 7 is the inverse of the eigenvalue A. The off-

equilibrium momentum equations then become,

O, pliq = ToRTOg (pOsup + pdgue) + THRT 0 (pOyus + pOsu ),

Oy P, = ToRT 05 (pOaug + pOguig) + 275 RT 00 pOsugs.
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The additional term proportional to 75 is the same form as the second viscosity, a

term which is often zero (Sec. 2.6). The second viscosity is,
° = 2RTT;,

Bulk viscosity is related to the second viscosity,

0+

v’ Ve,

GV )

-
Té—|—§2>.

2RT

VRS

This method does not produce a corresponding change in the viscous heating term

of the energy equation.

In matrix form, Eqn. 3.25 can be written as,

CoCa coe (24 T7) ) 75 0 0 0 CoCa
CyCy . TS (12 + 7%) 5 0 0 0 CyCy
ez | A | 75 5 (o4+7) 0 0 0 C.Cy
CzCy o 0 0 0 7 0 0 CrCy
CyCy o 0 0 0 0 m» O CyCs
CyCs . 0 0 0 0 0 73 CyCs

This relationship already has a similar form to the previously described eigende-

composition,

CA™' = BC,
Al =C7'BC,
A=C'B7'C.
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The C' matrix and its inverse are dealt with in the usual way using an orthogonal
matrix transformation. The only difference in this case is that instead of a diagonal

matrix, the matrix B is a block diagonal matrix,

B, 0 ... 0 Bi* 0 ... 0

0 By ... 0 0 By' ... 0
B = ., B '=

0 0 B, 0 0 B!

Almost all of the blocks are diagonal and hence trivial to invert except for B, which

is inverted using Gauss-Jordan elimination,

(70 +71) T T
By = T (10 + 71) T ;
T1 T1 (10 +71)
(10 +27) —T —T1
BQII; —T1 (10 + 27) —T1

70 (70 + 371)
—T1 —T1 (7'0 -+ 27'1)

3.7 Linear stability analysis

The stability of lattice Boltzmann methods has been the subject of considerable
research. Sterling and Chen [231] describe a method of linear analysis to determine
stability. Lallemand and Luo [133] use the technique to analyse the accuracy of their
schemes as well as stability. Banda, Yong and Klar [10] use a similar method to
develop a stability notion which they then show is satisfied for a range of commonly
used schemes. Their stability structure is further developed by Rheinlaender [197].
Entropy concerns are also critical to the stability of lattice Boltzmann methods, they
are used by Chikatamarla and Karlin [42] to determine stable lattices noting their
lack of reliance on Gauss-Hermite quadrature. Brownlee, Gorban and Levesley [20]

present a mathematically rigorous treatment of the stability of lattice Boltzmann
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schemes including entropic concerns among other things in their analysis. They
identify several mechanisms for instability and provide methods of stabilization.
We use basic linear analysis because it has accurately predicted stability issues that

we have encountered.

We begin with the first order upwind time advancement with variable Courant

number.
filxg + Ay, t + At) = (1 — Cr) fi(zo + Aza, t) + Cr f; (24, 1) + AtQ; (T4, t) .

() is the linearised collision operator,
q
Qi (xa; t) = Z Aij (fj (SL’a, t) - f;q (LUQ, t)) :
§=0

The overall aim of the analysis is to form a linear recurrence relation describing the
evolution of the flow field subject to some disturbance to the mean uniform flow.
The method is then assumed to be stable if the recurrence relation remains bounded
as time advances. We have not analysed our modified time stepping scheme since
the inertia like correction term introduces a second time level into the recurrence
relation complicating analysis. We seek to determine the stability boundary as the

mean background velocity is increased.

The linearised collision operator €2 represents the effects of collisions between par-
ticles as a linear combination of other particles (f;) and their equilibrium values
(f{%). This operator is still not suitable for the formation of a linear recurrence

relation since the equilibrium values themselves (f;?) are non-linear in f;.

In order to proceed we need an expression for €2 that is linear in f; so we split the

particle distribution functions into a mean (f;) and perturbation (f;) component,

fi=fi+ [},
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then perform a Taylor expansion about the mean flow,

3 L an r 72
(f;) = 9 () + Y- Fe g () + 0 (7).
k=0

Now since f; is a constant, so is the Jacobian matrix J,

o0 ,
Jik = o7, (fi), Qu(fy)~ fr- T

We transform to Fourier space using the notation that f(¢) = F{f(z)} and use the

translation property,

h<xa) - f(xoz - Ta) = ﬁ({a) = e—Qm'mSaf(fa)'
We introduce a new translation matrix 7,

6—2m’Aacia5a if 1 = .7

Tij (604) =

0 otherwise

so that
F (fi (o + Azg, t + AL)) = fi (€art + AL) - Tij (&) -

The evolution equation reduces to,

~

fi (art + A1) - T (&a)
= (1 - CI‘) fz (fayt) : T’ij (fa) + Cr fz (£a7t> + Atfg/ <£a7t) ' Jw

Splitting f, into its flow and perturbation components, all of the flow components

cancel out and we are left with,

fi(art + At) = fi (&a,t) - [(1 = Cr) Iij + Cr T (o) + At Ty; (£a)] -
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This is now a matrix recurrence relation of the type,

n+1 __
Ty

n : : n __ AN 0
= Aij -z with solution z} = A}, - x;
We will use the criteria that Aj; remains bounded as n grows as a measure of

stability. Expressing A7, in terms of its eigendecomposition,
A" = PD"P".

An equivalent condition is that D" remains bounded. Since D is a diagonal ma-
trix comprised of the eigenvalues z; of A, we require that each eigenvalue remains
bounded when raised to an arbitrary power.

lim 2}’ = lim exp (nlog(z;)) < oo
n—oo n— o0

= Re(log(z;)) <0

This means that the real component the logarithm of each of the eigenvalues must

be less than zero.

All that remains is to calculate the Jacobian matrix for the LB scheme under consid-
eration. When using the generalised LB method, it is easier to work in the moment

space,
q
m; = E Mijfj-
j=0

Derivatives are redefined,
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Thus the Jacobian matrix is then calculated,

o0

Jij =
Bmk

(fi) Mi;,
With the collision operator in the following form,

Qi (fo) = MJlSlmMn_m%n [fn - ffzq (fo)] )

Qi (mn) == Mizlslm [mm - migz (m’n)] ’

the Jacobian matrix is,

_ 0 ot /=
Jij = Mulslma—m (M — mai] (M) Mij,
_ omsd
:MillSlm [mk_ amk (mn) Mkj.
We confine the derivatives to the matrix,
omgd
C('rn M) = (1 n)-
k (M) o (M)

Now the matrix A from the recurrence relation is,

(1= Cr) Iij + CrTy;" (&a) + AtMy " S [Imn — Crn (mf/"

o

)] Mnk:Tk_jl (604) :

We need to make sure that the real part of the logarithm of each of the eigenvalues

of this matrix is less than zero to guarantee stability. The matrix depends on the

wavenumber of the perturbation &, (the inverse of the wavelength) and the moments

of the mean flow m;.

The eigenvalues depend strongly on the wavenumber of the perturbation and on the

mean background velocity. Shorter wavelengths and larger background velocities

being less stable. These results agree qualitatively with our observations during

simulations which show the development of instabilities at a particular dominant

frequency in regions with a large mean flow velocity. We search a three dimensional

118



Figure 3.15: Channel flow instability using bcc_d3q27_abc lattice, w = 1.9964 and
Umax = 0.058 prior to blowup.

parameter space for the least stable wavenumber during each test. While earlier
work by Lallemand and Luo [133] restricted their search to directions aligned with
the flow, our results indicate that the least stable perturbation is rarely aligned with
the flow direction. This corresponds well with observations of unstable simulations,
with an example shown in Figure 3.15 which show patterns at an angle to the
mean flow field. The simulation shown in this figure used the single relaxation time
method, it was initially expected that the MRT method could be used to improve
the stability properties of simulations however we cannot report any success in this
area at this stage. We anticipate that further work exploring the parameter space

in a more rigorous manner may yield improved stability.

I have developed a FORTRAN program called 1b_pert in order to perform linear
stability analysis on the lattices presented in this thesis. The program has several
modes of operation, the results obtained in this section are the result of sweeping
over a range of relaxation factors w and determining the maximum stable back-
ground velocity at each data point. We use a bracketing approach to determine
the maximum velocity. Each iteration begins with an interval that consists of one
stable and one unstable velocity, the boundary lies somewhere in that interval. The

midpoint of the interval is then tested and depending on the result a new interval of
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Figure 3.16: Stability boundary for sqr_d2q9_ab lattice.

half the size is constructed. The results below use 10 such bracketing steps in order
to achieve a sufficient resolution of the boundary. We have run our tests searching
integer wavelengths in the range 2, 3,4, ... 20, typical wavelengths are between two
and five. The largest wavelength observed in any test has been 16 giving us confi-
dence in our choice to restrict the search to wavelengths below 20. Increasing the

number of wavelengths to search requires an O (n?) increase in computational time.

Figure 3.16 shows the stability boundary for the sqr_d2q9_ab lattice, in agreement
with practical experience, the maximum stable velocity reduces to zero as the relax-
ation factor approaches two, the value corresponding to zero viscosity. The figure
shows the increased stability of our moment system compared to the more common
system found in the original paper by Lallemand and Luo [133]. Both moments
systems use the same lattice and result in the same moments up to third order, the
differences lie in the fourth order and higher moments. This illustrates the impor-
tant effect of higher order moments on the stability of the lattice. These higher
order effects are not explained by the second order multi-scale expansion. The fig-

ure shows results using a Courant number of one, the usual Lagrangian streaming
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Figure 3.17: Stability boundary for fcc_d3q13_a lattice
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Figure 3.18: Stability boundary for cub_d3q15_ac lattice.
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Figure 3.19: Stability boundary for bcc_d3q15_ab lattice.
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Figure 3.20: Stability boundary for cub_d3q19_ab lattice.
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Figure 3.21: Stability boundary for cub_d3q27_abc lattice
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Figure 3.22: Stability boundary for bcc_d3q27_abc lattice.
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used for LB methods as well as a Courant number of 0.9 obtained using the first
order upwind difference scheme from Section 3.4.2. In this case and in all cases that

follow a reduction of Courant number improves stability as shown.

Figure 3.17 shows the reasonably good stability of the fcc_d3q13_a lattice using
the moment system of D’Humieres et al. [62]. In comparison, Figure 3.18 and
Figure 3.20 show poor stability of the cub_d3q15_ac and cub_d3q19_ab schemes
using the moment set from D’Humieres et al. [63]. Our experience with these lattices
using the BGK collision operator indicate good stability which leads us to believe
that the poor stability shown in these results is due to the moment basis that was
chosen. Figure 3.19 shows that our bcc_d3q15_ab moment system has reasonably
good stability until a relaxation factor of 1.85, our experiments have confirmed this.
Figure 3.22 shows that our bcc_d3q27_abc moment system has a relatively poor

stability, this has also been verified experimentally.

3.8 Boundary conditions

Our work has used periodic, slip and no-slip boundary conditions aligned with the
grid. Periodic boundary conditions are simple to implement, the particles simply
stream to the next node in their path taking into account the topology of the do-
main. The boundary may lie on a node as shown on the left hand side of Figure 3.23
resulting in a domain size of n — 1 or on a link as on the right hand side with a

domain size of n. My code uses link type periodic boundaries.

The literature is filled with hundreds of papers detailing different implementations
of the non-slip boundary. A search for “lattice Boltzmann boundary condition” on
the Web of Science brings up roughly 1,300 results. The simplest way to implement
a no-slip boundary condition is by a bounce-back rule at the wall. This rule is a
leftover from LGCA where bouncing particles back from walls would enforce zero
momentum at all times. Another simple boundary condition is to maintain the

boundary nodes at the Maxwellian distribution at the correct temperature, this is
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Figure 3.23: Periodic boundary conditions, node and link type.

often referred to as a “diffuse boundary” and is commonly used in other gas dynamic

schemes, it does not result in a no-slip condition but rather has some slip velocity.

It was early recognized that the bounce back boundary condition does not accurately
model a no-slip wall [86]. The location of zero normal velocity is close to the node
itself but the location of zero tangential velocity is offset by close to half a lattice
unit. Second order effects introduce errors that further change the wall location
as a function of the derivatives of the flow field. One of the earliest efforts to
formulate an accurate boundary condition was in 1991 by Cornubert, D’Humeieres
and Levermore [59]. They applied a blend of specular reflection and bounce back
rules in order to ensure a constant slip velocity, resulting in a rule that could also be
applied to LGCA in a stochastic fashion by deciding if a particle should be bounced

back or reflected according to a random variable.

Some of the earlier efforts concerning bounce back boundary conditions also referred
to node-type and link-type bounce back boundary conditions [59]. Figure 3.24 shows
both types, for the case of a node-type boundary, the particle streams to a fictitious
node in one time step, then its direction is changed and it streams back to the
original node taking two streaming operations in total. The link type boundary
reverses the direction of the bounced back particle in one time step, as if it bounced
from a wall half a lattice unit away. Link type bounce back conditions are the most

common however it has been suggested that there are stability differences between
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Figure 3.24: Node and link type bounce back boundary conditions.

the two [59]. Our code uses link-type bounce back boundary conditions.

Skodros [223| experimented in 1993 with augmenting the collision operator using
derivatives of the hydrodynamic fields in order to restore higher order accuracy
at the boundaries which are set to a Maxwellian distribution. The derivatives
can be calculated by finite differences or found using the exact solution if that is
known for the flow field. They found reduced numerical stability when using second
order finite differences. Skodros also used his enhanced collisions to initialise the
flow field which usually lacks non-equilibrium information if initialized using purely
an equilibrium distribution. As could be expected, they found the best accuracy
when using the exact values of derivatives and found that using a pure equilibrium
distribution at the wall was less accurate as the relaxation rate diverged from one
and non-equilibrium effects become more important. Augmenting the LB method
with finite differences has also been proposed by Prasianakis et al. [186, 188] as a
way to restore Galilean invariance and gain higher order accuracy using otherwise

unsuitable velocity sets. Latt [135] also use a finite difference approximation for the
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non-equilibrium terms in their BC.

One of the earlier efforts to correct the slip velocity present in the bounce back
boundary condition was by Ziegler [269]. The slip component is eliminated by
setting the two opposite tangential velocities to be equal to the average of the other
velocities and then lets the boundary undergo collisions. The modified method
shows a slightly improved error using a limited test of channel flow although it is

not clear that second order errors are eliminated.

Ginzbourg and Adler [86] analysed the behaviour of the bounce back BC in response
to theoretical Poiseuille and stagnation flows and confirm that the location of zero
tangential velocity is halfway along the link to within a second order for a specific
value of the third order eigenvalue of the collision matrix. On the other hand, the

location of zero normal velocity is generally not at the same point.

In 1995 Noble et al. [163] devised a simple boundary condition for the hexagonal
D2Q7 lattice by noting that only two velocities are unknown at the boundary node.
If the density at the node is also unknown, then there are exactly three equations in
three unknowns required to specify the unknown velocities and density. Some tests
using Poiseuille flow are presented. This BC cannot be applied in principle to other
lattices and it is not clear that second order terms have been dealt with. Ginzbourg
and D’Humieres [87] have noted that Noble’s scheme suffers from the same second

order errors as the bounce back rule.

Inamuro et al. [113] calculate only unknown particles using a Maxwellian distri-
bution, the velocity used in the calculation has an added counter slip component
so that the total velocity at the node is as desired. This boundary condition can
be generalized to other lattices including three dimensional ones although some at-
tempts to do so [135] have not been able to find an explicit formulation for the
required counter slip velocity. Latt also found that there are still second order
errors present in this scheme however that they should not affect simulations in

practice [135].
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Chen, Martinez and Mei [39] propose an extrapolation condition. A layer of ghost

nodes outside of the fluid region are maintained by extrapolation,
fghost _ beound o fﬁuid
1 (2 (2 *

The idea assumes that if the velocity gradient is linear, there will be a zero velocity
at the boundary. It is not clear that second order errors are accounted for and our

experiments indicate stability problems with this scheme.

Ginzbourg and D’Humieres [87] have used a precise theoretical analysis to arrive
at what they call the “local second order boundary” (LsOB). Using the same multi-
scale expansion as in the derivation of the LB method itself, the desired values of
higher order moments (the momentum flux tensor) are calculated based on expected
values for derivatives at the wall. Values at the wall, which is offset by some
distance from the boundary node are converted to values at the node using Taylor
expansion. The resulting linear system of equations for the unknown populations at
the wall can then generally be solved. We have also performed calculations, shown
later in this section that show the somewhat unexpected result that the non-zero
components of the momentum flux tensor can be calculated using only the known

particle populations for the D2Q9, D3Q15, D3Q19 and D3Q27 lattices.

The LSOB works for arbitrary positions and inclinations of the wall and for the
most simple case of a non-slip wall, the coefficients used in the linear system remain
constant and form an explicit method. Although it is based on a more rigorous
framework than other methods, the LSOB does have one drawback, that mass is
not conserved at the boundary. It is not clear that the linear system is solvable for

other lattices not discussed in the paper.

Zou and He [270] bounce back the non-equilibrium distribution. This has become
one of the more popular second order accurate boundary conditions. They note

that the bounce back BC works well for relaxation rates close to one.

Guo, Zheng and Shi [100, 99| (Gzs) superimpose the non-equilibrium moments from
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the nearest neighbour on to the desired equilibrium distribution at the wall. This BC
was intended to be used for curved boundaries, in that case, the prescribed velocity
needs to be calculated by an extrapolation technique discussed in the paper and
the non-equilibrium moments are also extrapolated. The order of accuracy of this
scheme is unclear however it does offer improved accuracy compared to the bounce
back BC [235|. Unfortunately this boundary condition does not conserve mass at

the boundary.

The Gzs BC, like many of the more accurate boundary conditions including the LSOB
aims to be applicable for general curved boundaries however we are only concerned
with the case of a flat wall aligned with the grid. One possible modification to the
GZS boundary to enforce mass conservation might be to adjusting the density at

the wall to balance the populations streaming out of the domain.

Filippova and Hannel [79] propose an immersed boundary type scheme where nodes
outside the flow are maintained at a velocity set so that the interpolated velocity
at the boundary is zero. Their scheme deals with second order terms by a form
of non-equilibrium extrapolation. Mei, Luo and Shyy [156| review the Filippova
and Hannel boundary condition exploring the stability concerns introduced by the
extrapolation. They improve the stability of this boundary condition with an im-

proved choice of parameters.

Latt and Chopard [135] give an overview covering schemes by Inamuro et al., Zhou
and He, their own “regularized BC” and their own finite difference based schemes
which are based on earlier work by Skodros [223]. In their regularized scheme, they
calculate the non-equilibrium momentum flux tensor based on the bounce back off
non-equilibrium distributions in a manner similar to Zou and He. The populations
at the wall node are then set to a superposition of the equilibrium distribution with

a term that recovers the first order non-equilibrium momentum flux tensor.

In order to match the correct hydrodynamics at the wall up to second order, the
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Figure 3.25: Node on a boundary using the D2Q9 lattice.

density, velocity and momentum flux tensor,

— 11¢? (1
Haﬁ — Haﬁ + Haﬁ’
q
5 =) ciatipfi" = 0app + puaus,
i=0
q
M = > CiaCip ) = 2p (Datug + Optta)
i=0
must all be correctly specified. At a no-slip wall, all velocities u, are zero and all

derivatives tangential to the boundary are zero. For example, in two dimensions for

a boundary in the y direction,

I, = cgp + ZCipawum,
I, = Cipa

IL,, = pOyu,.

Using the common low Mach number Cartesian lattices, the momentum flux tensor
turns out to be fully constrained. Consider the D2Q9 lattice with a node positioned
on the wall as in Figure 3.25. After collision and streaming as usual, the dashed
particle populations (fs, f5 and f;) are unknown since they would have streamed

from within a solid wall.
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Population ¢, ¢,
Jo 0 0
fi 0 1
f> 0 -1
I I 0
fa —1 0
VE I 1
fo -1 1
fr 1 -1
Is -1 -1

Table 3.20: Velocities for the D2Q9 lattice.

The specification of x momentum gives,

pu, =0=fs— fa+ f5s— fe + fr— fs,

= fstfs+fr=Jfi+ fo+ [s
This constrains the density to,
p=fotfi+t -+ fa=fi+tfot2(fat fo+ fo).

The specification of y momentum adds the constraint,

puy =0=fi— fot+ fs+ fo — fr— Js,
=>f—fi=-h+f—fet[s

The unknown terms in the momentum flux tensor are thus constrained,

Mo = c2p+2c2p0u, = fs+ fat fs+ fo+ fr+ fo =2(fa+ fo + fs),
[y =pOpuy = fs — fo— fr+ fa=—fi+ fo—2(fc + f2).
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Population ¢, ¢, ¢, Population ¢, ¢, ¢
fo 0 0 0 f19 1 1 1
fi 0o 0 1 J20 1 -1 1
fa 0 0 —1 fo1 1 1 -1
f3 0 1 0 foo 1 -1 -1
f1 0 —1 0 fo3 —1 1 1
fs 1 0 0 fo4 -1 -1 1
fe -1 0 0 fos —1 1 -1
f7 0 1 1 f26 -1 -1 -1
fs 0 —1 1
fo 0 1 -1
fio 0 -1 -1
fu 11 0
fo -1 1 0
J13 I -1 0
fu -1 -1 0
fis 10 1
fis -1 0 1
fir 10 -1
J1s -1 0 -1

Table 3.21: Velocities for the cub_d3q27_abc lattice.

The known component of the momentum flux tensor constrains f3,

My =cp=f+fatfotfotfrt+fs=h+fat fat2(fo+fs) = fs

:>f3:f1+f2+f4+2(f6+f8)_cip:p(l_cg)_f4‘

The remaining distributions f5 and f; can then be determined. These constraints
are not met by any of the boundary conditions we are aware of however the I,

and II,, constraints are met by the bounce back and Zou-He conditions.

In three dimensions the values of the momentum flux tensor at a wall aligned with
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the yz plane are,

I = Cgp + QCipaxuacy

2

I, = cp,
II.. = p,
Loy = pOsuy,
.. = pdyu.,
I,. = 0.

Using the cub_d3q27_abc lattice with velocities from Table 3.21, the unknown
distributions are now f5, flly f13, f15, f17, flg, fgo, f21 and f22. It is clear that

similar constraints can be placed on the unknown momentum flux terms.

2(f6 + frz + fia + fi6 + fis + foz + foa + fos + fos,
2(—fi2 + fia — fos + foa — fos + fo6),
2(—f16 + fi1s — fo3 — foa + fos + fo6)-

Ha:ac
IL,,
HJBZ

Thus all the non-equilibrium momentum flux terms can be calculated without
knowledge of the missing particle populations. In this case, the 6 remaining equa-

tions are not sufficient to fully constrain the 9 unknown velocities.

3.9 Initialization

The most simple way to initialize a lattice Boltzmann simulation is to use equilib-
rium values. The non-equilibrium component of the momentum-flux tensor will not
be correct as it will not contain the required gradient information. Skodros [223]
uses an enhanced collision operator to add gradient information which is obtained

using finite differences of the flow field. Another approach is to “thermalize” the
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flow after initializing with equilibrium values, the procedure is described below.

By treating the fluid velocities u,, as constant and leaving only density as a conserved

moment, the evolution equation will satisfy a Poisson equation for pressure [26, 155],
0P = X (0400 P + pOa0suaug) — 2 pOaily.
In the steady state limit 9,P = 0 and in the incompressible limit d,u, = 0 leaving,
0000 P + p0s0suqus = 0.

The steady-state momentum flux tensor will approach the correct hydrodynamic

value.

This scheme could also be used as a means of solving the pressure Poisson equation
for the incompressible Navier-Stokes equations. A variation may also be used to
solve the advection diffusion equation. The equilibrium moments are set to the

following values,

q
E eq __
gi - ¢a
=0
q
eq __
E Ciagi _¢uon
=0
q
eq
E CiaCipJ; ~ @-
=0

Chapman-Enskog expansion shows that the scalar ¢ solves the advection diffusion

equation [97, 110, 265, 157],
01 + Opttqd = 00,0, 0.

The diffusivity coefficient o depends upon the collision operator and the second
order equilibrium tensor. As we shall cover in Chapter 4, lattice Boltzmann methods

are significantly less adept both in terms of accuracy and stability than state of the
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art finite volume schemes at simulating the advection diffusion equation.

3.10 Stretched grid

We have been motivated to investigate means of implementing a stretched grid by
our channel flow simulations which require significantly finer resolution near the
wall. The grid we use is stretched, with a different grid spacing in each Cartesian
direction however it is still uniform — that is the grid size does not vary. Using the
techniques we have developed, we have successfully simulated laminar channel flow
(Section 5.2), turbulent channel flow (Section 5.7) and Taylor-Green vortex flow

(Section 5.4).

The interpolation supplemented LB method [102, 104, 68, 219, 131] uses particle
locations that no longer coincide with grid points after advection so interpolation is
used to reconstruct the populations at grid sites. Second order or higher interpola-
tion must be used in order to maintain the second order accuracy of the LB method
and results can be improved by using a least squares interpolation [219, 131]. These
methods have had success at higher Reynolds numbers however they require sig-
nificant additional computational effort and reduce stability. Another approach is
to use local grid refinement, using smaller cube elements [79, 232, 189|. Grid re-
finement does not allow the use of non-rectangular elements and has been shown
to successfully simulate fully turbulent three dimensional flows [200, 189]. There
have also been previous efforts to use a rectangular lattice [19, 267] however our

approach is the most accurate so far.

We consider the use of a stretched grid with the common second order low Mach
number d2q9, d3q15, d3q19 and d3q27 lattices. The third order moments for these

lattices are not correct for a rectangular grid since it is inevitable that

q

2
E Cia:cixc'ixfi = Az Uy -
1=0
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Our solution is to introduce a correction term via the eigenvalues of the collision
operator. Higher order lattices with a larger number of velocities that allow indi-
vidual setting of third order moments do not suffer from this problem. Zhou [267]
has published a paper on the rectangular lattice Boltzmann method using the D2Q9
lattice however has neglected these errors completely as pointed out in the reply
by Chikatamarla and Karlin [45]. Zhou has produced a follow-up paper [268] jus-
tifying the use of their scheme despite the additional errors that are introduced by
benchmarking a selection of flows. Bouzidi et al. [19] have a similar scheme to ours
however the moment basis they have used results in the introduction of additional
error terms. Our method is more accurate than those of Zhou or Bouzidi et al. in
theory as well as in practice as shown by our numerical experiments in section 5.4.
The main improvement over the scheme of Bouzidi et al. is in the choice of moment
basis. Bouzidi et al. use the linear combinations of lattice vectors c,c, + ¢,c, and
CaCy — CyCy as eigenvectors which does not allow sufficient freedom to independently

adjust the relaxation rate of the second order moments as required.

Consider a matrix A with two eigenvectors,

1

¢1 = 5 (Cx:z: + ny) s Cox = wl + ¢27
1

¢2 = 5 (C:c;t - ny) ) Cyy = 77Z)1 - ¢2-

and corresponding eigenvalues A; and Ay. The effect of left multiplication by this

matrix on the lattice vectors is now,

A+ A AL — A
Acxcx - >\11/11 + /\27/}2 = . —; QCxCx - 2 2cycy7

Al — A A+ A
Acycy = M1 — Xatpy = ! 5 26:50:0 + & —; 2cycy.

There is no way to individually adjust the coefficients of the second order lattice
vectors. Bouzidi et al. do not provide a multi-scale expansion for their scheme
instead showing their analysis of the dispersion relation which is claimed to be

sufficient proof of its accuracy.

136



We introduce the following rank two tensors in order to allow analysis of these new

sources of error;

Az? 0 0 A0 0

sq -1 _ _
deg =1 0 Ay 0 [ Apz=]0 X, 0
0 0 Az? 0 0 !

We also generalise these to diagonal rank four tensors,

das = o
TR i a=B=7y=04.
-1 -1
)\aﬁ'yé - )\aﬁ
The third order moments are,

q

Z CiaCipCiny [i1 = [ci(&lg&,g + G055 + 0aspy) — 3C20apys + dfxqﬁw} PUs.
=0

An anisotropic term which will cancel errors is introduced by setting eigenvalues
Azzs Ayy and A, corresponding to eigenvectors ¢;;Ciz, CiyCiy and c;.c;, differently

to )\27

q
Z CiaCiﬁA;jl = )\glcmcw + (/\;ﬁlec - )\Eléagec) CieCic -
7=0

Substituting into Eqn. 3.11 and adding additional terms due to discretization (Eqn. 3.19),

atQ PUa =

At q . q . q
()\2_1 +a — @) 85 {aq/ Z Ciaciﬁcivfiq + atl Z Ciacigfiq — Z CianFi
=0 =0 =0

q q q
+ (Adgec = A2 ' 0apec) 95 {5% Y ciccicCin i+ 0 Y cicicfiT =) Ciecich'} :
=0

i=0 =0
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The terms inside curly brackets can be simplified using Eqn. 3.13,

q q q
Os {a'y Z CiaCipCiy fi* + Oy Z CinCigfiT — Z CiaCiBFi}

=0 1=0 =0
= ;05 (Dapug + Ospua) — ¢ (uapp + ugdap)

-+ (95&7 (diqﬂwé — 3035(1575) pus + O (ug) .
Expanding leads to,

At
Opy Pl = C° <)\2_1 +a— ﬁ) 05 (pOaus + pOsy)

At s
+ ()\2_1 +a-— a> 050y (dofgrs — 3¢0agns) g

+ Ci (Agﬁleg - )‘2_150z/36C> 95 (Depug¢ + O¢pue)
— 2 (Aogec — A2 M Oapec) O (ucdep + ucdep)

+ ()\;,g’eg“ - )\glaaﬁﬁg) 8687 (dig'yé - 3c§6€C75) pus + O (U3) ’

The contribution from the anisotropic rank four terms can mostly be set to zero by

setting each of the eigenvalues A,., Ay, and .. to,

A 2 _ 2
Mo = — G . (3.26)
23+ (o — &) (3¢2 — Aa?)

These values solve the equation,

(o= BE o) (A7 =36 26 (02 = 31) o

The shear viscosity is unchanged,

Vi =c? i—i—oz—g
s /\2 Cr )
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Figure 3.26: Stability boundaries for stretched grid using sqr_d2q9_ab lattice and
various aspect ratios (Az : Ay).

An anisotropic error term,

2 (Aagec — A3 MOapec) O3 (uedcp + ucdep)

remains unresolved but is expected to be small when density fluctuations are small
and for moderate grid aspect ratios. We have successfully simulated laminar channel
flow (Section 5.2), turbulent channel flow (Section 5.7) and Taylor-Green vortex
flow (Section 5.4) in order to confirm the stability and accuracy of the scheme
and confirm the improved accuracy compared to the scheme of Bouzidi et al. We

suspect that these anisotropic errors are responsible for the reduction in stability

experienced at larger grid aspect ratios.

We have performed linear stability analysis on our stretched grid schemes. Fig-
ure 3.26 shows stability results obtained when a mean velocity in the x direction

was considered, these results use a Courant number of 0.9 in all cases. In gen-
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eral, stability is reduced as the grid is stretched. The stability is more sensitive
to changes of grid in the x direction which is aligned with the mean velocity. As
grid size is reduced, there appears to be a hard lower limit near a value of half
beyond which the scheme is completely unstable with a maximum velocity of zero
for all relaxation factors. There does not appear to be a corresponding upper limit.
While maximum velocity does decrease for larger grid sizes, even at an aspect ratio
of 10 the maximum velocity is still not zero. Not shown, results using our three

dimensional cub_d3q27_abc lattice and a stretched grid are almost identical.

3.A Appendix - List of lattices

3.A.1 sqr_d2q9_ab

We have developed the following data for the sqr_d2q9_ab lattice. The basis vectors

are;

Ng = ¢C
Ny = Cy
Ng = Cy
nsg = Ci
_ 2
nygy = Cy

Ny = CgCy

2

Ng = C$Cy

2

nr = ¢yC,

2 2

ng = Cny

The T matrix is,

T = diag(9, 6,6, 18, 18,4, 12, 12, 36).
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1

1

1
A |
11 1 1 1

1

1

1

1

49 add operations

Table 3.22: Lattice vector matrix /N for the sqr_d2q9_ab lattice.

4 add operations

Table 3.23: Lattice vector matrix N for the sqr_d2q9_ab lattice.

1 1-1-1

1-1-1 1

1 -1 1-1
.o 11 1 1
41 add operations

Table 3.24: Lattice vector matrix N*! for the sqr_d2q9_ab lattice.

1 .
1 .
A
-2 . . 3 .
-2 . . . 3 .
B A
B
-2 . ... 3 .
4 . . -6-6 . . . 9

7 add operations
12 mul operations

Table 3.25: Transformation matrix ) for the sqr_d2q9_ab lattice.
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1111 1 1 1 1 1

1 -1 .01 -1-1 1

. .1 -1 1-1 1-1

-2 1 1-2-2 11 1 1
-2-2-2 1 1 1 1 1 1
e 1 1-1-1

-2 2 . 1-1-1 1

.. .22 1 -1 1-1

4 -2-2-2-2 11 1 1

64 add operations
15 mul operations

Table 3.26: Orthogonal basis matrix M for the sqr_d2q9_ab lattice.

The orthogonal vectors for the sqr_d2q9_ab lattice are;

%:CO
¢1:Cx
w2:cy

Yy = 32 — 223"
Yy = 303 — 2020
¢5 = CzCy

Vg = 3CxC§ — 2Ay%c,
Y7 = 3c, 2 — 2Az%c,

Vg = 903:073 — GAZBQCz — 6AY* 2 + 4A2% Ay?
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The resulting equilibrium moments for the sqr_d2q9_ab lattice are;

eq _
mgl = p
m{d =
1 = PUg
ms! = pu
2 =p Y

my! = p(3c2 — 2A2%) + 3pu,u,

mi? = p(3c2 — 2Ay%) + 3puyu,

mg' = pugy

mg! = pug (371 — 2Ay°)

ms = pu,(3y, — 2A2%)

mg! = p(972 — 6c3(Ax? + Ay?) + 4422 Ay?)

+ pugg (973 — 6AY%) + puyu, (9y3 — 6Ax?)

The orthogonal matrix required 64 add operations and 15 mul operations to calcu-
late, a total of 77 operations. The factorized matrix N°N'Q requires 4+41+7 = 52

add operations and 12 mul operations to calculate, a total of 64 operations.

The temperature and speed of sound are constant for this lattice with values,

1
RT = = -.
CS 3
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1 1 1 1 1 1 1 1 1 1 1 1 1
1 -1 . . -2 . . 1 -1 -1 1
1 -1 . . 2 -2 1 -1 1 -1

2

1 1 -1 -1 4 4 -4 -4 . . .
1 -1 -1

. 1
1 -1 8 -8 . 1 -1 -1 1
1 -1 8 -8 1 -1 1 -1
1 -1 1 -1
. 1 -1 -1 1
1 1 1 1 16 16 16 16 2 2 2 2

1 1 -1 -1 16 16 -16 -16
Table 3.27: Lattice vector matrix N for the sqr_d2q13_al1b lattice.

3.A.2 sqr_d2q13_allb

The data presented in this section is incomplete, it is included to show existence of

the equilibrium distribution. The basis vectors for the sqr_d2q13_a11b lattice are;

Ng = CO

ny = Cp

Ny = Cy

ng = Ci

ng = Ci — Cz
Ny = CxCy
Ng ::Ci

ny = C?:j

ng = CyCi
Ng = Cfo/
Ny = ci + c;j
nyp = Ci — C;j
Nio = cicz
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. -65

1 .

1 .
. 1 .
-28 1

. -19 .

. -19

. -8
. -8 . .
336 . -365
12 -23

Table 3.28: Transformation matrix () for the sqr_d2q13_al1b lattice.

1

-28 -15
1

. -12

.o=2
336 48
. -48
4 -2

Table 3.29: Orthogonal basis matrix M for the sqr_d2q13_al1b lattice.

1 1 1
-1 . .
1 -1

-15 -15 -15
1 -1 -1
12 . .
. -12 12
.22

2 . .
48 48 48
-48 48 48
-2 -2 -2

1

5

1

C D
0D
. CD

(1/13)

C D
D
. /7
. 1/
. (1/9)
. (1/9)
. /7
. (/17
1 (1/27)

1 1 1 1 1 1 1 1 C 1
2 - . . 1 -1 -1 1 ¢ 1
. .2 -2 1 - 1 -1 1
24 24 24 24 -2 -2 -2 -2 (1/13)
4 4 -4 -4 . . . (1
. . 1 1 -1 -1 1
18 -18 . -12 12 12 -12 ( 1/7)
18 -18 -12 12 -12 12 ( 1/7)

1 -1 1 -1 (C1/3)

. . . . 1 -1 -1 1 (1/3)
108 108 108 108 -240 -240 -240 -240 (1/77)
12 12 -12 -12 . . /17
1 1 1 1 (1/9)
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The T matrix is,

308 216 216 4 4 5184 576 4
T = diag(13,14,14, —,68,4, —, —, =, =, ——, == = )-
la‘g( 37 ) Y 13 ’687 Y 7 Y 7 73’3’ 77 ) 1779)

3.A.3 fcc_d3ql3_a

The fcc_d3q13_a lattice was first introduced as a moment based method in 2001
by D’Humieres et al. [62]. We have developed the sparse decomposition for this
lattice. This lattice uses the minimum possible number of velocities required to
recover low Mach number athermal hydrodynamics and as such has enjoyed appli-
cation in performance critical applications such as GPU computing [244]. Karlin and
Asinari [121] have developed a novel ‘quasi-equilibrium’ approach to allow the use
of this lattice without the need for a moment based method. Petkov et al. [177] have
attempted to use this lattice with a conventional equilibrium distribution without

correcting for the anisotropic errors. The basis vectors for the fcc_d3q13_a lattice
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11111111 11111
1-1-1

[N
[N
|
[
|
[N
[N

t1-1 1-1 1 1-1-1 . . . .
1-1 1-1 1-1 1-1

11 1 1 1 1 1 .
.o 1 11 1 1 1 1
1-1-1 1 .
.. . .1 -1-1 1
e T T
1 1-1-1 . -1 -1 1 1

-1 1-1 11 1-1-1 . . . .
.o -1 1-1 1 1-1 1-1
97 add operations

Table 3.30: Lattice vector matrix NV for the fcc_d3q13_a lattice.

are;

Ng = CO
ny = Cg
Ng = Cy
ng = C,
nygy = Ci
Ny = CZ
Ng = Cz
N7 = CxCy
ng = CpCy
Ng = CyC,
N = cw(cz — ci)

ni = c,(c — )

N = (2 — c2)

The T matrix is,

T = diag(13,8,8,8,624,24,8,4,4,4,8,8,8).
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1 L 1
1 . .o 1
1 .1
1 1
1 1 .
1 .
1 .
B
B
B
B |

9 add operations

Table 3.31: Lattice vector matrix N° for the fcc_d3q13_a lattice.

i 711111 11 1 11 11
1-1-1

[y

61 add operations

Table 3.32: Lattice vector matrix N' for the fcc_d3q13_a lattice.

3 add

Table 3.33: Transformation matrix Q° for the fcc_d3q13_a lattice.
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-24 . . .13 .
-1 3

2 add
3 mul

Table 3.34: Transformation matrix Q' for the fcc_d3q13_a lattice.

[N
[N
|
[
|
[N
[
[N
|
[
|
[N

1-1 1-1 1 1-1-1 .

. .. 1-11-1 1-1 1-1

-24 2 2 2 2 2 2 2 2 2 2 2 2

1111 1 1 1 1-2-2-2-2

-1-1-1-1 1 1 1 1

1-1-1 1 .

. 1-1-1 1

.. 11100

1 1-1-1 -1 -1 1 1

... -1 1-1 1 1 -1 1-1
106 add
17 mul

Table 3.35: Orthogonal basis matrix M for the fcc_d3q13_a lattice.
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The orthogonal vectors for the fcc_d3q13_a lattice are;

%:CO
U = ¢y
wQZCy
3 =c,

g = 13c2 — 24c°
Py = 305 -

R

¢7 = CyCy
¢8 = CzCy
1/}9 = CyCy

1o = o — )
i = cy(c — )

Y12 = ¢:(c; — )
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The resulting equilibrium moments for the fcc_d3q13_a lattice are;

€q __

my = p
€eq __

ml = PUg
€q __

My = Py
€q __

mgz" = pu,

my! = 13p(ul 4+ u +uZ) — 11p
= p(2? — a2~ u2)
it = ol 1)
med = pugu,
a

e
mg = Pz,

€q __
My = PlyU,

eq _
myy =0
eq _
my; =0
eq _
mys =0

The orthogonal matrix required 106 add operations and 17 mul operations to
calculate, a total of 123 operations. The factorized matrix N°N'Q°Q! requires
9+ 614 3+ 2 =75 add operations and 3 mul operations to calculate, a total of 78

operations.

The temperature and speed of sound are constant for this lattice with values,

1
RT = ¢ = —.
CS 3
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The lattice vectors are equal to,

q
St
=0

q
> Wicia =0,
=0
q
Z WiCiaCip = C30ap,
i=0
q
> Wiciatigeiy =0,
i=0

q
Z WiCiaCiBCi’yCi(s = C;L ((5a5575 + 50‘7555 + 5a5(557) — Ci(sa@,yg.
=0

The rank four delta term can be dealt with by using the modified equilibrium

distribution that we have developed,

. CiaUq 1 Uy Ug
fiq = sz |:1 —+ cg —+ Q_Cfgl (5a7566 —+ 504575) CiaCigUnUs — Cg

The equilibrium moments take their correct values, only the rank zero, and two
moments involve different terms to the standard distribution from Section 3.2. The

calculation for the rank zero moment is straightforward,

q 2
e C Ua U
> i =0p <1 + 5oq (9ay085 + Oapys) dagtiyus — = ) )
i=0 s

s

2

S S

c? U U
=p (1 + ?2575U7U§ — 2 ) = p.
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The calculation for the rank two moment contains more terms,

q

D ciacinfi' = 9(03504,3 — 0ap

1=0

UyUy

2

CS

U~Ug
2ct

S

U,
+ c‘s1 (005076 + Oar0ps + 0asOpy — Oaprs) Orsec ch) ?

+ €5 (8apdys + Oarps + 00508y — Sapas)

1 1
= p(c§5a5 — 00U Uy + §5a5uyuy + uqug — édaﬁwguyu(g
1 1
+ §5a5u7u7 + 5(5&575%1@ ,

= p (Zbap + uaup) -
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3.A.4 bcc_d3qlb5_ab

We have developed the following data for the bcc_d3q15_ab lattice. The basis

vectors are;

Mg = ¢C
ny = Cp
Ny = Cy
ng = C,
Ny = Ci
nyg = Cz
Nneg — Ci
N7 = CzCy
ng = CxC,
Ng = CyCy
Nio = cxcz
nyp = CyC?E
Nio = CZCx

The T matrix is,

T = diag(15, 16, 16, 16, 360, 192, 64, 8,8, 8, 16, 16, 16, 8, 288).
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-2 . 1 1 1 i -1 -1 -1 -1

2 -2 . 1 1 -1 -1 1 1 -1 -1

2 -2 1 -1 1 -1 1 -1 1 -1

4 4 1 1 1 1 1 1 1 1
4 4 1 1 1 1 1 1 1 1

4 4 1 1 1 1 1 1 1 1

1 i -1 -1 -1 -1 1 1

1 -1 1 -1 -1 1 -1 1

1 -1 -1 1 1 -1 -1 1

1 1 1 i -1 -1 -1 -1

1 1 -1 -1 1 1 -1 -1

1 -1 1 -1 1 -1 1 -1

1 -1 -1 1 -1 1 1 -1

1 1 1 1 1 1 1 1

139 add operations

Table 3.36: Lattice vector matrix N for the bcc_d3q15_ab lattice.

1 .
2 . 1
2 . 1
2 . 1
4 . 1
4 . 1
4 . 1
1 .
1 .
1 .
1

6 add operations
6 mul operations

Table 3.37: Lattice vector matrix N° for the bcc_d3q15_ab lattice.
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i -1 -1 -1 -1 1 1
-1 1 -1 -1 1 -1 1
-1 -1 1 1 -1 -1 1
-1 -1 -1 -1

-1 1 -1 1 -1 1 -1
-1 -1 1 -1 1 1 -1
1 1 1 1 1 1 1

L N T = = = S =SSO
=
-
-

91 add operations

Table 3.38: Lattice vector matrix N' for the bcc_d3q15_ab lattice.

3 add operations

Table 3.39: Transformation matrix Q° for the bcc_d3q15_ab lattice.
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1 .
. . . 1 .
-16 . . . 5 .
-1 3 .
1 .
1 .
1 .
1 .
-1 2 .
-1 2 .
-1 2 .
. 1
-8 1 9

7 add operations
8 mul operations

Table 3.40: Transformation matrix Q' for the bcc_d3q15_ab lattice.

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 -2 1 1 1 i -1 -1 -1 -1

2 -2 . 1 1 -1 -1 1 1 -1 -1

. 2 -2 1 -1 1 -1 1 -1 1 -1

-16 4 4 4 4 4 4 -1 -1 -1 -1 -1 -1 -1 -1
-4 -4 8 8 -4 -4

-4 -4 4 4 . . . . . . . .

1 i -1 -1 -1 -1 1 1

1 -1 1 -1 -1 1 -1 1

. 1 -1 -1 1 1 -1 -1 1

-2 2 . . 1 1 1 i -1 -1 -1 -1

-2 2 . 1 1 -1 -1 1 1 -1 -1

-2 2 1 -1 1 -1 1 -1 1 -1

. . . . . . . 1 -1 -1 1 -1 1 1 -1

-8 -4 -4 -4 -4 -4 -4 4 4 4 4 4 4 4 4

147 add operations
44 mul operations

Table 3.41: Orthogonal basis matrix M for the bcc_d3q15_ab lattice.
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The orthogonal vectors for the bcc_d3q15_ab lattice are;

o = c
U1 =c,
Py = Cy
Y3 =c,
Yy = bc — 16¢°

>~ Cx
VY7 = ¢y
g = cpCs
thg = CyCy

P10 = 264C; — Ca
V11 = 2¢,¢2 — ¢,
P1g = QCzci —c,
Z/)13 = CgCyCy

_ 922 2 0
P14 = 9c;c; + ¢, — 8¢
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The resulting equilibrium moments for the bcc_d3q15_ab lattice are;

eq _
mgl = p
m{! =
1 = PUg
ms! = pu
2 *py
msl = pu
3 = PU,

my’ = 5p(uj +uy +ul) — 6p

ms? = pl2u —u )

i = plu? )

eq 1
myp = gpuw

eq 1
M = 3Pty

eq 1
myy = gﬂuz
mis =0

mi§ = plug +uy +uZ) —2p

The orthogonal matrix required 147 add operations and 44 mul operations to
calculate, a total of 191 operations. The factorized matrix N°N'Q°Q! requires
6+ 91 + 3+ 7= 107 add operations and 6 + 8 = 14 mul operations to calculate, a

total of 121 operations.

The temperature and speed of sound are constant for this lattice with values,

s

9
RT = ==,
%73

This is the only value that allows the correct form for the third order moments,
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Ca;CZ and c,c? which are both equal to,

(0,0,0,0,0,0,0,1,1,1,1,—-1,—-1,—1,—-1).

The third order lattice vector ¢ is also dependent,

3 2
¢, = 4c; — 3czCy,.

In order for the third order equilibrium moments to take their correct values,

q

D CiaCinCinfi" = (apds + 0agbys + Sasdrs) peius, (3.27)
=0

equation 3.27 implies a constraint on the speed of sound,

3c2 =4 -3¢, 02—2

S 3 °
The fourth order lattice vectors c2c?

2 2 2.2
25, €3¢, and ¢yc; are all equal to

(0,0,0,0,0,0,0,1,1,1,1,1,1,1,1).

The conclusion from this is that the only form possible for the fourth order equi-

librium moment is to be proportional to,

(00805 + Oapdys + 0agdas) -
The fourth order vectors ¢;, ¢, and ¢} are also dependent,

4_ 42 22
c, = 4c; —cc;,

4_ 4.2 22
¢, = 4dc, — ¢,

4_ 42 _ 22
c, = 4c, — c,c..
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The only solution is,
q
> CiaCigCinCis i1 = (8apdys + Gagdas + 6aplds) pei.

1=0

The previously calculated value for the speed of sound works once again,

: 4
§ : eq __ 4 _
Cixcizcixci:cfi - 3005 = 5P

. 3
1=0
q
eq 4 4
C'ixc'iwcizcizfi = pCg = 5,07
=0
q
. eq 2 2
Cixcw:fi = pCg = 5,07
=0
q q q
eq __ eq €q
E CizCizCizCizf; =4 E CizCixl; — 3 E CizCizCizCizf;
=0 =0 =0

The other directions can be similarly verified.
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3.A.5 cub_d3q27_abc

We have developed the following data for the cub_d3q27_abc lattice. The basis

vectors are;

Ng = ¢ N1 = CxCyCsy
— _ 2.2
ny = Cy nyy = czcy
2 2
Ng = Cy Nnig = C,.C,
2 2
ng = C, Mg = Cycz
2 2
ny = Cw Mo = CICyCZ
— 2 _ 2
Ny = Cy No1 = CnyCZ
— 2 2
nNg = C, Mg = C,CyCy
— _ 2.2
N7y = CgCy To3 = C$CyCZ
— 2.2
ng = CpCy Nog = C,C.Cy
— _ 2.2
Ng = CyC, Moy — CyCZCx
— 2 _ 222
N = Cny Tog — CQCCyCZ
2
N1 = CxC,
_ 2
N2 = CyC,,
_ 2
N3 = CyC,
2
Ny = C;C,
N1y = CZC2

The base lattice vector matrix N is shown in table 3.42.
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1-1-1 1
-1

-1
1-1-1

1

-1
-1

1 1-1-1

1-1-1

1

1
-1

1

1
-1

1-1-1

1

1

1 -1 -1

1

1-1-1-1-1

1 1 1

1
1

1-1-1

1

1 1-1-1

1-1-1

1-1-1

1

1-1-1-1-1 1
-1 1-1-1
-1 1-1-1
-1
-1

1-1-1

1

1
1
-1
-1

-1
-1

1
1

1

1-1-1

1

1-1-1

1
1

1
1
-1
-1

1-1-1
1-1-1

1
1

1

1-1-1

1
1
-1

1
1
1

1-1-1
1-1-1
1-1-1

1 -1

-1

1

1
1-1-1

1-1-1-1-1
1-1-1

1

1

1

1-1-1-1-1
1
1-1-1

1

-1

1

1-1-1

1

1 -1

1
1-1-1

-1
-1

1

-1

343 add operations

Table 3.42: Lattice vector matrix NV for the cub_d3q27_abc lattice.
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30 add operations

Table 3.43: Matrix N for the cub_d3q27_abc lattice.
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1-1-1

1

1-1-1

1

1-1-1

1

1

1-1-1

1

1-1-1

1

1-1-1

-1 1

1

1-1-1

1
1-1-1

1-1-1-1-1
1-1-1
1-1-1-1-1

1
1

1

1 1 -1
1-1-1
1

1-1-1

1 -1
1

1
1-1-1

-1
-1

1

-1

151 add operations

Table 3.44: Matrix N'! for the cub_d3q27_abc lattice.
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1 .
. 1
-2 3
-2 3
-2 3 .
1 .
1 .
1 .
-2 3
-2 . 3
-2 3
-2 . 3
-2 3
-2 3 .
. 1
4 . .-6-6 . . . . . . .. . .09 .
4 . . . -6 . -6 . . . . . . ... .09 .
4 . . . . -6-6 . . . . . . . . . . . .09
. -6 9
. -6 9
-6 . 9
4 . -6 -6 9
.4 . . . . . . . . . -6 -6

.4 0 . .. . . . =6-6 . . . . L.
-8 . . 121212 . . . . . . . . . .-18-18-18

37 add operations
56 mul operations

Table 3.45: Transformation matrix @) for the cub_d3q27_abc lattice.

166

.27



-1 1-1-1

1

-1
-1

1 1-1-1

1-1-1

1 1 -1

-1

1-1-1

1

1
-1
-2

1-1-1

1-1-1 1 1

1

1
-2

1

1 -2 -2
-2

1
-2

1
1

-2
-2

-2

-2

-2

1
-2
-2

1
-2
-2

-2
-2
-2

1

1

1 1-2-2
-2 -2

1
-2

1 -2
-2

1
-2

1

1 -2

1

1-1-1-1-1

1 1 1

1
1

1 -1 -1

1

1 1-1-1

1-1-1

1-1-1

1

1-1-1-1-1 1
-1 1-1-1
-1 1-1-1
-1
-1

1 -1 -1

1

1 -2 2 2

-2

1
1

-1
-1

1
1

-2

1-1-1
-2 2 2

1
1

1
1
-1
-1

1-1-1
1-1-1

1
1

-2

1

1-1-1

-2 2 2
1-1-1

1-1-2 2

-2 2

-1

1

-2 2 -2 2

2

1
1
-1

1
1
1

1-1-1
1-1-1
1-1-1
1
1

-2 2
1

-1

1

-1

-1

1

-2 2

1

-2
-2

-2
-2

-2
-2

-2
1 -2

-2

-2

-2

-2 4 4

1 -2 -2
-2
-2

1
-2
-2

1
-2
-2

1
-2
-2

-2

-2

4 -2
4

1

1
-2

1
-2

1
-2

-2
-2

-2 4 4 -2
-2

-2

1

1
-6

-2

4 4 4 -2

-3 -3 3 3

-3

-3
-3

-6 6 6 3 3

-3
-3

-3
-3

-3 3 3

3 3

-6 6 6

-6

-3
-1

3 3 3 3 -3
1 -1 -1

1

1 1
1-1-1

1

-2 2

-2 2

-2 2

-6 6 6

-6

.-2 2

-2 2

1 -1

1
1-1-1

-2 -1
-1

-2 2 2

-2 2

-4

1

-1

1

1

-2

-2 2 2-2-2 2 2-2
-2 -2 -2

-2

-8 4 4 4 4 4 4
512 add operations
193 mul operations

-2 -2

-2 -2

-2

-2

-2

Table 3.46: Orthogonal basis matrix M for the cub_d3q27_abc lattice.
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The T matrix is,

T = diag(27, 18, 18,18, 54, 54, 54, 12, 12, 12, 36, 36, 36, 36, 36, 36,

8,108,108, 108, 216, 216, 216, 72, 72,72, 216).

The orthogonal vectors for the cub_d3q27_abc lattice are;

Py = P10 = 3caC) — 2047 ¢,
V1 = Cyp Y1 = 3(:3603, —2A%%¢c,
Yo = ¢y Y12 = 3¢,c2 — 2Axc,
VY3 =c; Y13 = 3ey,c2 — 2AzZ%¢,
Yy = 32 — 20220 Y1y = 3c.c2 — 2Ax%c,
Vs = 3¢, — 2817 P15 = 3e.c) — 207,
g = 3¢ — 202 P16 = C2CyCs

Y7 = CaCy

Vs = ¢t

Yy = ¢yC,
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Y17 = QCicz — 6A:U2c§ — 6Ay*c + 4Az* Ay

Y1 = 9c2c? — 6AT 2 — 6AZ%C + AN AL

Y19 = 96563 — 6AY*c? — 6Az2c§ + 4Ny A L

Yoo = 9c2eyc, — 6Azc, e,

Yo = QCZcch — 6AY2c,c,

Vg = 9c2c e, — 6AZ%c,c,

03 = 9c2 e, — 6A* e, — 6AY e, + AN AyPe,

=y y T

Yoy = 93P c, — 6AZ* e, — 6AZ2Pe, + AN A2
T-z7Y z7Y Y Y

Vo5 = 922 ¢, — 6AY? e, — 6AZ% e, + AAYP AR e,
y©z z y

Pog = 2702022/ 2 — 8AT? Ay A2

—18(Az?clc + Ayl + AP cc))

+ 12(A° Ay + AP AZPE + Ay? Azl

The resulting equilibrium moments for the cub_d3q27_abc lattice are;

mg! = p my! = pugy

mit = pu, mt = puyu
eq __ eq __

My = PUy My = Py,
eq

m3 = pPu,

my! = p(3c2 — 2A2%) + 3puyu,
mg! = p(3c2 — 2A9%) + 3pu,u,

mg! = p(3¢2 — 2A2%) + 3pu,u,
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mig = puz(3n — 2Ay%)
my{ = pu, (3 — 2A42%)
myy = puy (3 — 2082%)
mis = puy(3m — 242%)
mi§ = pu.(3m — 2A2?)
mi§ = pu.(3n — 2Ay%)
miE =0

mit = p(97: — 6c;(Ax? + Ay?) + 4A2Ay?)
+ pugtis (973 — 6AdY?) + puyuy(9y; — 6Adz?)
m = p(97, — 62 (Ax? + A2%) + 4A2° A7)
+ pugty (93 — 6A2%) + puu, (93 — 6Az?)
mig = p(972 — 6c;(Ay® + A2%) + 4Ay°A2%)
+ puyty (973 — 6A2%) + pusu. (973 — 6Ay?)
5 = puyus (97 — 6A7?)
my{ = pugu.(974 — 6Ay%)
mys = pugit,(97s — 6Az%)
m5% = pu.(97s — 671 (A2 + Ay?) + 4A22Ay?)
mah = pu, (975 — 671 (Az® + A2?) + 4Az*A2?)
mat = pug (975 — 671 (Ay® + A2?) + 4Ay°Az?)
maot = p[2776 — 1872 (Az? + Ay® + A2?) — 8AT*Ay*Az?
+ 122 (AP Ay? + Az? Az + Ay*Az?)]
+ pugty (27v7 — 1873(Ay? + AZ?) + 12A12A%?)
+ puyy (27v7 — 1873(Az® + Az?) 4+ 12A22Az?)

+ puzu, (27y7 — 1873 (Ax? + Ay?) + 12422 Ay?)
The orthogonal matrix required 512 add operations and 193 mul operations to
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calculate, a total of 705 operations. The factorized matrix N°N'Q requires 30 +
151 + 37 = 218 add operations and 56 mul operations to calculate, a total of 274

operations.

The temperature and speed of sound are constant for this lattice with values,

1
RT =¢* = -.
Cs 3
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3.A.6 bcc_d3q27_abc

We have developed the following data for the bcc_d3q27_abc lattice. The basis

vectors are;

Ng =20¢ N1g = CxCyCy

ny = Cy Nog = (Ci + C12/ + Cg)Ci
ng = ¢y no = (¢ + ¢+ 2)c)
Nng = C, Nog = (Ci + 6124 + Cz)Cg
ng=c: nys = (¢ + ¢ + ey
ns = c; noy = (2 + ¢ + 2)eacs
ng = c ngs = (¢ + cz + cz)cycz
N7 = CzCy Nog = cicz + cicg + cici
ng = C,C,

Ng = CyC;

N = Ci

ni = C$C§

N2 = CmCz

nig = Cg

Ny = CyCi

N5 = cycg

Nig — Ci

niy = czcz

nig = CzCi

The base lattice vector matrix N is shown in table 3.47.
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The T matrix is,

T = diag(27, 48, 48,48, 1512, 576,192, 72, 72, 72,
240,2 560, 512, 240, 2 560, 512, 240, 2 560, 512,

8,272160, 18432, 6 144, 14 400, 14 400, 14 400, 1 244 160).

The orthogonal vectors for the bcc_d3q27_abc lattice are;

Yy = 1o = 260 — T,

1= ¢ P11 = 5(CaC + caCl) — 265 — 8y
Py = ¢y P13 = CaC) — CoC

P =c, P13 = 203 — Ty

Y4 = 3c2 — 16¢" U1a = 5(cyCs + ¢ycl) — 2¢) — 8¢,
Y5 = 30; —c P15 = ¢, ¢t — ¢ C2

g = c2 — 612/ Y16 = 262 — Te,

7 = cpey Y17 = 5(e.c® + CZCZ) —2c3 —8e,
g = cpC, Y1g = c,c2 — 02012/

g = CyCy g = CyCyCy
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Voo = 21t — 219¢2 + 440c¢

Y91 = 9cic — 3ch, — 60c; + 20c2

e = 135(chcl + et + chc2) — 5Tc,, + 228¢2 — 320¢

The resulting equilibrium moments are;

eq _
my = p
eq _

mi? = pu,
ms! = pu
2 = PUy
eq _

ms! = pu,

my! = 3(3pRT + puj + pu;, + pu?) — 16p

mg! = 2pu — pul — pu?

mg! = puZ — puj,

my! = pugu,

mg! = pugu,

mg' = puyu.

m{§ = (6RT — 7)pu, + 2pu

mi] = (4RT — 8)pu, + Spuyu;, + Spugu’ — 2pu’
mi3 = pug(uy — uZ)

mis = (6RT — 7)pu, + 2pu2

mis = (4RT — 8)pu, + 5puyuz + 5puyui — 2pu?y’

mig = puy(u = uy)
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m{t = (6RT — 7)pu., + 2pu?

m$% = (4RT — 8)pu,, + Spu.u’ + 5puzu§ —2pu?
mig = pus(ug — uy)

miy = pugu,u,

msh = 21| puy + 6RTpu? + 3(RT)*p + pu, + 6RT pu; + 3(RT)*p

+ pul + 6RT pu’ 4+ 3(RT)?*p
+ 2(puiul + pRT (ul + uj) + (RT)?p + puiul + pRT (u} + u?) + (RT)?p
+ puiu? + pRT (ul, + uZ) + (RT)?p)

— 219(3pRT + pu, + pu 4 puZ) + 440p
= 21(puy + puy + pus) + 42(puiu + puiul + puu?)
+ (210RT — 219)(pu + pu, + pu?)
+ (315(RT)? — 657RT + 440)p
msi = 9(puiul + pu, + puiul, + pRT(u2 + u + 6u + u> + u) + 5(RT)*p)

— 3| puy + 6RTpu? + 3(RT)*p + pu, + 6RTpu’ + 3(RT)*p

+ put + 6RT pu’ + 3(RT)?p)
+ 2(puZul + pRT (ul + uy) + (RT)?p + puiu? + pRT (ul + u2) + (RT)*p
+ puiu? + pRT (ul, + uZ) + (RT)?p)
— 60(RTp + puz) + 203pRT + pul + pu, + pu?)
— G — B+ pud) B+ i) — 6ul
+ (42RT — 40)pu? + (20 — 21RT)(pu + pu?)
mss = 3(puiu? + RTpul + RTpu? + (RT)?p — puin; — RTpu’ — RTpui, — (RT)?p
+ put + 6RTpu® + 3(RT)?*p — pus — 6RT pu’ — 3(RT)?p) — 20pu? + 2002
= 3(puiu? — puiul + puy — puy) + (21RT — 20)(pu? — pu?)
= [3(u} 4+ ul +u2) + 21RT — 20] (pu? — pu?)

mss = 9(puiu, + 3RT pusuy,) + 9(pugux + 3RT puyu,)
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+ 9(puuzu, + RT pugu,) — 67pugu,
= [9(u2 4 u +u2) + 63RT — 67| pu,u,
myt = 9(pudu, + 3RT pugu,) + I pudu, + 3RT pugu.,)
+ 9(pu§uzuz + RT pugu,) — 67puyu,
= [9(u? 4 ul + uZ) + 63RT — 67| puyu.
mos = 9(pu3uz + 3RTpuyu.) + 9(puiu, + 3RT pu,u.)
+ 9(pulu,u, + RT puyu,) — 67pu,u,
= [9(u? 4 u +u2) + 63RT — 67] puyu..
mss = 135(puiu’ + RTpu’ + RTpu. + (RT)?p
+ puiu? + RTpu’ + RTpu? + (RT)?p
+ puiu? + RTpu’ + RTpu? + (RT)?p)

— 57 | puy + 6RT pul + 3(RT)?p + pu,, + 6RT pu;, + 3(RT)?p

+ put + 6RTpu’ + 3(RT)*p
+ 2(puiui + pRT (ul + u.) + (RT)?p + puiu? + pRT (ul + uZ) + (RT)?p
+ puiui + pRT(uz +u?) + (RT)?p)
+ 228(3RT'p + pul + pu; + pu?) — 320p
= 21(puzuy + puzu; + puyu’) — 57(pug + puy, + pu)
(228 — 300RT)(pu’ + pu + pu?) + (—450(RT)* 4 684RT — 320)p

The orthogonal matrix required 410 add operations and 327 mul operations to
calculate, a total of 737 operations. The factorized matrix N°N'Q°Q! requires
45 + 163 + 12 + 23 = 242 add operations and 52 + 37 = 89 mul operations to

calculate, a total of 331 operations.

The temperature for this lattice is variable.
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Chapter 4

Finite volume schemes

In this chapter we will consider the solution of the advection-diffusion equation and
the Navier-Stokes equations using finite volume schemes. We first review temporal
schemes before moving to flux-integral methods which are used specifically to solve
the advection equation. We use flux integral methods, particularly our NEWTOPIA
scheme to simulate the evolution of the buoyancy field using a Boussinesq approxi-
mation. A highly accurate scheme for advection of the buoyancy field is particularly
important in high Prandtl or Schmidt number buoyancy driven flows which can be
encountered in the environmental [226] as well as high Schmidt number passive
scalar transport problems [209]. The scheme we present is third order accurate, is
truly multidimensional and is total variation diminishing due to the use of a flux
limiter, thus the accuracy and stability are superior to lattice Boltzmann schemes
for advection diffusion equations [210, 101, 97| which are at best second order accu-
rate and suffer from stability issues. The finite volume scheme we present, due to
its explicit and local nature, is also able to be implemented efficiently on highly par-
allel implementations, especially the graphics processing units (GPU’s) that we use
in our code. Lattice Boltzmann methods do not offer any performance advantage

in this case

We describe incompressible projection methods as well and compressible methods
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as alternatives to the LB method for the solution of the Navier-Stokes equations. In
the final section, we compare our graphics processing unit (GPU) implementation
of the compressible Kurganov-Tadmor scheme to our LB implementation. We have
chosen lattice Boltzmann methods to solve the Navier-Stokes equations mainly for
parallel performance reasons due to their explicit and local nature. As we will
explain, incompressible Navier-Stokes solvers require non-local communication to
solve the pressure Poisson equation. While it is possible to formulate compressible
solvers in an explicit and local manner, the pressure-velocity coupling significantly
increases computational effort. We find a large increase in performance comparing

LB methods with even the simplest compressible solver we have implemented.

Consider the scalar advection diffusion equation,
8t¢ + 6aua¢ = aaaaagb'

Integrating over a control volume with volume AV,

AVO,¢ + // o O (Ua — adne) AV = 0.

Using the divergence theorem, the volume integral becomes a surface integral,

AV O, + # (Ua® — @0nP) No dS = 0.
S

Assuming a polyhedral control volume with n faces, the integral can be expressed

as a sum,
q

. 1
8t¢ + A_V ; [uagzﬁ — ozaa(b]i n,;aSi = 0. (41)
This is referred to as the semi-discrete form since the temporal derivative has not

yet been discretized.
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4.1 Time stepping schemes

Considering only the time derivative we seek to approximate the solution to the

ordinary differential equation,

d
d—tu(x,t) = f(u(z,t),z,1).

The change over one time step may be treated as an initial value problem and solved

by integrating,

t+At d t+At
/ —u(x,t)dt = / f(u(z,t),z,t)dt,
t dt t

LA (4.2)
u(z,t + At) — u(z,t) = /t f(u(z,t),z,t)dt.

The solution amounts to finding the best possible approximation to the integral on

the right hand side.

4.1.1 FEuler methods

The simplest possible solution is to assume that the value of f(u(xz,t),x,t) is a
constant, its value can be approximated by the value at the start of the time step

to form the forward (or explicit) Euler method,
u(z,t + At) — u(x,t) = Atf(u(x,t),z,t).

This is an explicit scheme, meaning that the only unknown is the value of u at the
next time step. Approximating the value of f using the new value of u gives the

backward (or implicit) Euler method,

u(z,t + At) — u(z,t) = At f(u(z, t + At), z,t).
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Like all implicit methods, the value of u at the next time step must be found
by solving an equation or a system of equations. When applied to partial dif-
ferential equations, the function f will include spatial derivatives of u which are
approximated in terms of surrounding points resulting in a large system of coupled
equations at each grid point. This can be treated as a matrix inversion problem if

the terms are linear.

4.1.2 Higher order polynomial methods — Linear multi step

In order to improve accuracy, the function may be represented by a higher order
polynomial. For example, using two points in time, f may be approximated by
a straight line, using three points allows a parabola. Integrating the resulting
polynomial over the time interval gives a scheme with the same order of accuracy
as the polynomial. Using values from previous time steps only gives an explicit
scheme, these are referred to as Adams-Bashforth schemes. First, second and third

order versions are shown below,

u" Tt — " = Atf(u, x, "),

1
== 8t ) = ) ),

32

1
12f(u”,x,t") o gf(unfl7 x,tn,fl)

utt — " = At(

5
+ Ef(u"_2,x,t”_2)>.

Here we have introduced the notation,

" = u(z, t 4+ At).
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Including the new time step gives an implicit scheme referred to as Adams-Moulton.

The first, second and third order Adams-Moulton schemes are,

un—i—l —ut = Atf(u”“n:,t"“),

1
u"tt — " = At§ (f(u”“,x,t"“) + f(u", x, t”)),

5 2
un-I—l —u" = At (Ef(un+17 iL‘,tn+1) + gf(un,flj,tn)

1

Another common name for the second order Adams-Moulton scheme is the Crank-
Nicolson scheme or the trapezoid rule. The Euler schemes are equivalent to the first

order versions of these schemes.

4.1.3 Runge-Kutta methods

The Runge-Kutta methods are another family of time stepping algorithm that can
provide higher order accuracy. Rather than using values of u at previous time steps,
a series of partial time steps are performed and combined to form a more accurate
estimate. For example, the midpoint rule is a second order Runge-Kutta scheme.
First the Euler method is used to estimate u mid time step, then that estimate is

used to calculate f and hence the total change,

ki = Atf(u”, z,t"),
1 1
]{?2 = Atf (Un + ékh J],tn + éAt) s

u" Tt —u = k.

The intermediate calculations require additional calculations compared to the multi-
step methods already mentioned that use information from previous time steps.

Another second order Runge-Kutta method is also referred to as the modifier Euler
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method or Heun’s method,

ki = Atf(u”, z,t"),
ko = Atf(u™ + ki, z,t" + At),

1
un-i—l —u" = 5(]{31 + k’g)

The Runge-Kutta methods with s steps can be generalized by the following formula,

s
Un+l —u" = E bzkz
=1

where each of the k; are an approximation for the time integral of f.
i1
ki = Atf (u" + Z a;ikj, x, t" + ciAt> )
j=1

Each coefficient k; only depends on those that came before as seen by the upper
limit of ¢ — 1 in the summation above. The coefficients may be presented neatly in

a Butcher tableau |25, 23, 24].

C2 | Q21

C3 | az1 G32

Cs | Qg1 Qg2 .. Qgs-1

by by ... bs_1 b

In general, an explicit Runge-Kutta method with s steps can be made accurate up

to order s by considering a Taylor expansion. The second order methods may be
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expressed using the tableau below.

Three notable values are a = % giving the already mentioned midpoint method.

N —=

O NI
—

a = 1 gives the modified Euler method, also referred to as Heun’s method.

N[
N

o = 2 gives Ralston’s method [194] which minimises error.

The classic fourth order method, sometimes referred to as the RK4 method is given

by the tableau.

0

111

3|3

1 1

310 3

110 0 1
1 1 1 1
6 3 3 &

Like the second order methods, there are also multiple fourth order methods.
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The Runge-Kutta methods can also be extended to implicit schemes. The difference
is that now each k; can depend on each other one. These implicit relationships must

then be solved by some means,

ki = Atf (Un + Z (Iijlfj, xZ, t" -+ CZAt> .

j=1

Upper triangular and diagonal entries are now included in the tableau.

Ci|am; a2 ... Qi
Ca | Q21 Q22 ... Q25
Cs | s1 As2 ... Qg

by by ... b

The simplest such method is the backwards Euler method with tableau.

The Crank-Nicolson method or trapezoidal rule, which we have also seen as a second
order Adams-Moulton scheme is also a second order Runge-Kutta method with

tableau.

The update may be written as,

k1 = Atf(u”,:c, tn)a
1
]{52 = Atf (Un + 5(]61 + kg),l',tn + At) s

1
u”+1 —ut = §(k1 + k’g)
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Substituting the overall update into the equation for ks gives,
kQ = Atf(u"+1, Z, t" + At)

An important family of RK methods are the Gauss-Legendre methods. These are
highly stable and accurate with order 2s and are suitable for the solution of stiff

equations. The tableau for the second order Gauss-Legendre method is below.

[}
i L

The tableau for the fourth order Gauss-Legendre method is below.

1 1 1
5_6\/5 éll éll_é\/g
1 1 1 1

N =

N =

In contrast to implicit Adams-Moulton methods, inplicit RK methods have an in-
creased computational cost due to the calculation of intermediate steps however
they have advantages in stability and accuracy. Dahlquist [61] introduced the con-

cept of A-stability.

“A k-step method is called A-stable, if all solutions of (the scheme) tend
to zero, as n — oo, when the method is applied with fixed positive h to

any differential equation of the form,

dx
— = QX
dt q Y

where q 1s a complex constant with negative real part.”

Although not a necessary property, this stability criteria is important to certain
classes of differential equations. The highest order A-stable Adams-Moulton meth-

ods is of order two while A-stable Gauss-Legendre RK methods can be constructed
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to any order [61].

4.2 Flux integral methods

The time stepping schemes from the previous section are well suited to solving
general differential equations. It is possible to tailor a scheme more specifically
for the advection diffusion equation by considering the integral over one time step

(Eqn. 4.2) of the semi-discrete finite volume form (Eqn. 4.1).

_ -~ 1 q t+AL
To,t + At) — ) (x4, t) + — / Ue® — 0, dt | 150,5; = 0.

ewt +80 = 3lrat) + gy 3 ([ ot —a2ud

Flux integral methods assume that the velocity may be treated as a constant over

the course of a time step and within the vicinity of the face under consideration. In

that case, the time integral can be replaced by a time averaged face value implied

by the brackets <>,

B Ata
Axni

st + A = 9 (a0 1)+ [ (@),

<8a¢> Nio = 0.

Here we have used the normal grid size Ax,;, and the normal Courant number ¢,

Si
Ar, ., = ——
xnz AV’
- um-At
nt — A,Inz N

Due to the constant velocity assumption, the time average can be replaced by an

average over the flux integral parallelogram, or parallelepiped in three dimensions

W=z JJ] oW

The FIP is shown schematically in Figure 4.2, ¢; is the Courant number in the

(r1p),

transverse direction. The variables £ and n are scaled so that the cell is uniform
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and of unit size, thus the volume of the FIP is equal to ¢,.

W= [|] oavin. (4.3)

In one and two dimensions the volume integral is a replaced by a line or surface
integral as appropriate. Some one dimensional schemes that can be derived using
this approach include the first order upwind scheme, the second order Lax-Wendroff
scheme and the third order QUICKEST scheme. Results obtained in two and three
dimensions by applying one dimensional schemes to each dimension are generally
not satisfactory, showing reduced stability and accuracy. A common solution, oper-
ator splitting, involves performing partial updates in each direction using the latest
update in the calculation of the flux terms at each stage. Various techniques have
been devised to reduce error introduced by this approach [142|. Flux integral meth-
ods avoid the need for operator splitting or any other additional effort by taking
into account spatial variations in all directions simultaneously. Semi-Lagrangian
schemes [190, 250| are another technique that takes into account motion in all di-
rections, these schemes trace back the path of a Lagrangian particle at the previous
time step, typically using some method more accurate than the constant velocity
assumption of flux integral methods, then the value at the Lagrangian point is de-
termined using interpolation and used to update the new cell value. A drawback
of semi-Lagrangian methods is that they are not conservative in contrast to flux

integral methods which are conservative.

4.2.1 Outflow implementation

The flux integral formulation as we present it invites a new computer implemen-
tation with the goal of reducing redundant calculations. While the calculation of
face fluxes is nothing new, the formulas presented in this section for the NEWTOPIA
scheme are novel. In conventional update schemes the interpolation within a cell is

performed on average three times in two dimensions and four times in three dimen-
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sions during each time step in order to calculate face values for different cell updates.
We have found performance increases up to a factor of two from our outflow based
implementation which iterates over control volumes in two passes. During the first
pass the interpolation (Eqn. 4.4) is calculated in each cell and any outflow face has
its flux integral calculated using the direct integrals presented below. Since each
face is an outflow to precisely one cell depending on flow direction, each face flux is
calculate precisely once. During the second pass, the face fluxes are used in order to
update the cell value. Pseudocode for this implementation is shown in Figure 4.1.
Branching is also restricted to four if statements which determine whether a face is
an outflow or not. There is no upwinding required to figure out the stencil as there

is using a conventional update implementation.

Each cell needs to store three variables in two dimensions. It’s cell average scalar and
the north and east fluxes. South and west flux values are read from the neighbours.
This scheme stores 3 values per cell as opposed to two values (old and new) for
conventional time stepping schemes. In three dimensions four values must be stored
per cell. The advantage is that the interpolation and associated memory access is
only done once per cell. Caching is expected to mitigate some of the memory
access cost however there are also savings in floating point operations. Numerical
experiments, which will be further discussed in Section 4.2.6, show an increase in
speed up to a factor of two (Table 4.2). At small grid sizes where caching is more
effective there is a smaller difference with the speed improvement increasing up to

a maximum of twofold for larger grids.

4.2.2 Two dimensional advection schemes

The order of accuracy of flux integral schemes is determined by the order of in-
terpolation used in the FIP. Polynomial interpolation up to the second degree is

considered with the value of ¢ within a cell is approximated by the formula,

¢ = C1 + Cof + C3n + C4€% + Csn® + Ceén. (4.4)
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/* Allocation. */
= (double*)malloc (2*nX*nY*sizeof (double));

u
phi

phi_flux

/* Initialization. */

/%

*/

/* Time stepping loop. */
for (iT=0; iT<nT; iT++) {

/* First pass. */
for (iX=1; iX<(nX-1); iX++) for

id = iX * nY*iY;

C_1 = *(phi + id);

C_2 = 0.5%( *(phi + id + 1)

/*x ... x/

u_face_rgh

u_face_1ft

/*x ... %/

if (u_face_rgh > 0.)
*(phi_flux + id)

if (u_face_1ft <= 0.)
*(phi_flux + id - 1)

if(u_face_top > 0.)
*(phi_flux + id + nX#*nY)

if (u_face_bot <= 0.)
*(phi_flux + id + nX*nY -

0.5%(*x(u + id)
0.5%(*x(u + id)

/* Second pass. */
for (iX=1; iX<(nX-1); iX++) for (iY=1;

id = iX * nY*iY;

*(phi + id) -= (*(phi_flux
- *(phi_flux
+ *(phi_flux
- *x(phi_flux
}
/* Boundary conditions. */
VA BN Vi

Figure 4.1: Pseudocode for outflow scheme.

+ o+ o+ o+

(double*)malloc( nX*nY*xsizeof (double));
(double*)malloc (2*nX*nY*sizeof (double));

(iY=1; iv¥<(nY-1); iY++)
- *(phi + id - 1) );
+ *x(u + id + 1));
+ *(u + id - 1));
= u_face_rgh*( C1 +
= u_face_1ft*( C1 +
= u_face_top*( C1 +
nX) = u_face_botx( C1 +
iY<(nY-1); iY++)
id)
id - 1)

id + nX*nY)

id + nX*nY - nX));

195



(—0.5,0.5) (0.5,0.5)

(—=0.5,—0.5) L. .

Figure 4.2: Flux integral parallelogram.

The change of co-ordinates is such that £ and n are centered within the control vol-
ume and the grid size is equal to one in each direction. The use of non-dimensional
co-ordinates and Courant numbers allows the same formulas to be used for non unit
grid sizes. The integral generally covers space spanning multiple control volumes.
Leonard’s original UTOPIA scheme [144] treats each control volume separately. We
use a more simple formulation where the approximate functional form within the
cell is assumed to extend outside of the cell for the purpose of calculating the flux

integral.

The flux integral is calculated by using the following range of integration within the

FIP,

£ & — &, n:no(§) = m (&),
&= 0.5 — cn, Mo (§) = (f—t (£ —0.5) — 0.5,
& = 0.5, m(§) = i (€ —0.5) +0.5.

n
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The following identities,

(a+b)* — (a — b)* = 4ab,
(@a+0)°—(a—0)°=(a+Db) (a® +2ab+b*) — (a — b) (a* — 2ab + b?),
= 4a®b + 2b (a2 + b2) = 6ab + 2b°,
a? — (a —b)* = 2ab — V?,
@ —(a—b’=a>—(a—0) (a* — 2ab + %),
= 3ab — 3ab® + b°,

are used in order to evaluate the definite integrals,

€18 = eu, e = 1
21€ 2 271m(§) Ct
€18 = -, )G =2 (%) € - 03)
2
316 _ 3 3 3 31m(&) _ Ct _ o 1
@18 =3e - daea N9 =s (_) (€~ 05+

We will consider the integration of each term separately,

&
. / / €y dnde,
10(&)

- C1 de,
o

= C’lcn.

&
I = / / Cat dn de,
10(§)
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& prm(é)
L[ [ cana
& Jno(§)

1 = 21m (&)
= 30 | PTG ae

. ol IS ¢ 1
= 0355 [5 _5]50 = 0355

1
= —Cgﬁctcn.

& pm(é)
L= [ e anas
& Jno(€)

&1
= Cy€ dg,
o
L oroge
- C4§ [53] &1) 9
1 1 1
= C4ch — 045031 + 0456731.

& pni(é)
I = / / Con? iy d,
& Jno(&)
1 & 371m1(§)
= 055/50 7 i) 46

&1 Cr 2 ) 1
:cg,/go ((E) (€—05) +E> de,
2

2
(cn —-c, —cn),
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oNnww| dnw | dn

oww | ow | ¢c

dsww | dsw | ¢s

Figure 4.3: Flux integral neighbours.

/ / Cotn iy e,
&o 770(5

C 5 &[] de,

o fe(2)e-rs
- (—)(ém - W),

1
_Oﬁgcht C’G cnct

Depending on which constants are included in the interpolation and on which way
the constants are defined, various schemes can be obtained. The neighbours are
referred to using conventional east, west, north and south notation as shown in
Figure 4.3. The face values are determined by summing all of the applicable integrals

(I1, I, etc.) then dividing by ¢, as per Eqn. 4.3.

The first order upwind scheme is obtained by setting,

= ow,
02203204205206:()-
(9) = ow.
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The Lax-Wendroff scheme [137, 138] is obtained by using a downwind bias.

C1 = ow,

Cy = (¢ — dw),

03204205206:()-

() = ow + 3 (1= ) (e — bw)
:%<¢C+¢W>_Cn%(¢0_¢W)'

A central approximation of the gradient results in Fromm’s method [83], a second

order upwind scheme.

C(1 - ¢W7
Gy = 5 (6 — dww),

C3=0y=C5 =Cs=0.

(6) = ow + 3 (1= ) (b — dww).

Adding the curvature component results in Leonard’s QUICKEST scheme [140, 141].

Ch =¢W—i(¢c—2¢w+¢ww)7
Co = = (¢c — dww),

(bc — 20w + dww)

C3=0C5 =Cs =0.

N =N =

Cy =

(6) = ow + 3 (1~ ) (b — dww)

+(¢C—2¢W+¢WW)-( ————— Cn+—0),

(66 + bw) — eu (60 — ow)

— (1= &) (e — 20w + dww).

DN | —
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The following three schemes are new multidimensional schemes that we have de-
vised. Taking the Lax-Wendroff scheme and adding an upwind biased transverse

gradient term results in the following two-dimensional second order scheme.

Ci = 9w,

Cy = (¢c — dw),
Cs = (dw — dsw),
C,=Cs=Cs=0.

(6) = 5 (B + ow) — ea; (90— bw) — ceg (ow — bsw).

Taking the Fromm scheme and adding a central transverse gradient term results in

the following two-dimensional scheme,

Cl - (bW?
02 = %(QSC - ¢WW) )
Cy = 5 (b — bsw),

Cy=C5 =Cs = 0.

(@) = ow + 411 (1—=cn) (bc — dww) — Cti (Onw — dsw) -

Taking the QUICKEST scheme and adding centrally calculated transverse gradient,

transverse curvature and twist (n) terms results in our third order multidimensional
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scheme NEWTOPIA.

Ci = dw — E (Pc — 20w + dww) ! (Onw — 20w + dsw),

24 Y
Co =1 (60— dww),
Cy = 5 (bw — dsw),
Ci= 5 (60 — 20w + bwww).
Cs = 7 (bww — 26w + bsw),
Co= 1 (& — dwww — b+ dsww).
1

(6) = 3 (60 + ow) — ey (60 — w)
1

-5 (1—¢}) (e — 20w + dww) — Cti (Onw — Psw)

+ C?é (Onw — 20w + dsw)

[\)

+ %1 (%Cnct - ict) (on — dNww — @5 + dsww) -
Leonard’s UTOPIA scheme [144] is obtained in a slightly different way. The flux
integral is calculated in two parts with a different interpolation function used in
each cell that the FIP intersects. Taking the difference between the triangular
segments in ¢y and ¢gy introduces higher order derivative terms. Despite the
cross term Cg not being included in the interpolation, a cross difference term still
appears in the scheme due to the difference in normal gradient between the two
triangular segments. A transverse third derivative (second last) term and third

mixed derivative (last) term are likewise introduced. The latter two are fourth
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order terms which increase the maximum allowable Courant number of the scheme.

= bw — 5z (B0 — 26w + bww) — 57 (Gnw — 20w + dsuw)

Cy= 5 (60— dww).
Cs = %(cbsz Psw)
Ca= 3 (90 — 20w + dww),
Cs = % (onw — 20w + dsw),
Cs = 0.
(6) = 5 (9 + 0w) — cu (90 — ow)
— 5 (1= ) (9o = 26w + dww) = 5 (6w — bsw)
~a(§ - ecg ) (mw = 26w + ds)
~ar (- eng ) (60— 0w = o5 + dsw)
+a (5 - 25 ) (o — 20w + oww) — (65 — 20 + b))

+ ¢ (112 ¢ 214> (Onw — 30w + 3dsw — dssw) -

An earlier version of the UTOPIA scheme which was introduced by Leonard, MacVean

and Lock [143] uses different coefficients and drops the fourth order terms.

(6) = 5 (6c + 9w) = en (60 — ow)
(1—cb<¢o—2¢w+—mmy»—q§<¢w-—¢ﬂw
~ oy (1= c0) (9w — 26w + dsw)
1= ) (60— bw — 95 + dow)

This form has been encountered in other work such as Thuburn’s multidimensional

limiter [242].
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4.2.3 Three dimensional advection schemes

In three dimensions, the interpolation takes the form:

¢ = C1 + Cof + C3n + C7¢ + C1&? + Csn* + CsC* + Coén + Co&C + Chron¢.  (4.5)

The limits of integration are similar to the two dimensional case although there are

two transverse velocities,

£: 6 — &, n:no (&) = m(§),
S =05—co M) =" (§—0.5)-05,
& = 0.5, m (€)= (€~ 05) + 0.5,

n

C:6 () = G(&),
G (&) =2 (€~ 0.5) - 05,

G (&) =2 (—-05)+05.

Cn

With some calculations being based on previous results, the flux integrals are equal

to,

&1 ¢i(&
I - // / Cy dC dndg,
&o Co(€
_ / Cy de,
&o

= C’lcn.
&1 ¢1(¢)
I — / / / C3€ d¢ dnde,
50 Co(€
= sz dg,
o
1 &1
= 025 |:£ i|£ )
1
= 025 (Cn 62)
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1 1
= C'chicﬂ - C’Gé—Lcncﬂ.
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& rm(€)  pCi(é)
Lo — / Cron¢ d¢ dnydé,
[€

& Jno(€) 0(§)
1 & m© )
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The following three schemes are new three dimensional schemes that we have de-
vised. The notation used to specify neighbours in the following section is different
to the previous section. Here we use ¢/ to refer to the cell that the interpolation
is centered around. The neighbour in the positive x direction is ¢'*#* and similarly
for other directions. Taking the Lax-Wendroff scheme and adding two upwind bi-
ased transverse gradient terms results in the following two-dimensional second order
scheme. The direction of the upwind and downwind biases used in calculating the

constants must be adjusted depending on the direction of the transverse velocities
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and depending on which face value is being calculated.

C = ¢i’j’k,
Cy = (¢i+,j,k _ ¢i,j,k) 7
Oy — (¢i,j,k _ (bi,jf,k) ,
Cn = (qbi,j,k _ ¢¢,j,k—) ’
C,=0C5=Cs=Cs=0Cyg=Cyp=0.
1 1

1
(¢) =C1 + 025 (1—cp)— 0350151 - C7§Ct2-

l i+,5,k i,k 1 i+.gk gk
(6757 4 ¢794) — oy (@79 = ¢7F)

2
1 . o 1 o o
J— Ct1§ (¢Z7]7k _ (bz»J*:k) _ Ct2§ (¢Z7]7k _ (bz».%k*) .

() =

Taking the Fromm scheme and adding a central transverse gradient term results in
the following three-dimensional scheme. In comparison to the Lax-Wendroft based
scheme, this scheme may result in a larger stencil being used although if the outflow

based algorithm is used, there is no difference in stencil size.

Cy = gk,

02 — 5 (¢z+,],k . ¢’L—,],k> ,

C3 _ 5 ((bl,]+,]€ _ (bz,jf,k) 7

07 — 5 (¢Z,j,k+ _ ¢z,j,k—) 7
04205206208209201020-

1
(¢) =C1 + 025 (1—c,) — C3 e — Crzcp,

1

2

<¢> _ ¢i,j,k+}l(1 _Cn) (¢1+Jk ¢z ]k)
(¢

l (¢i,j+,k o (bi,]— ) Co

t,0,k+ _ 44,5,k—
1 7).

— G

Ny

Taking the QUICKEST scheme and adding centrally calculated gradient, curvature

and twist (£n) terms in both transverse directions results in our third order three
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dimensional scheme NEWTOPIA.

. 1
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4.2.4 Diffusion

If a zeroth order interpolation is used, the value of ¢ in each cell is assumed to be
a constant, hence there is no first order diffusion scheme. A linear interpolation
results in the conventional second order central scheme for diffusion, the transverse
gradient does not contribute. Using second order interpolation in order to calculate
the diffusion term can result in a third order scheme. Calculations for this scheme
have not been performed. We use the second order central diffusion scheme in all

our simulations.

4.2.5 Flux limiters

Total variation diminishing (TVD) schemes [238| are a second order accurate means
of simulating systems of hyperbolic conservation laws which do not introduce any
spurious oscillations typical of second order and higher schemes. No new extrema
are introduced and the magnitude of existing extrema are not increased. Although
TVD schemes had been introduced prior (eg. van Leer [249]), Sweby [238] showed
that they could all be expressed as different limiter functions within the same frame-
work. These schemes are presented as a linear combination of the first order up-
wind (FU) scheme and the central Lax-Wendroff (Lw) scheme [137, 138] combined
according to a limiter function ) where ¢y = 0 implies the upwind scheme and ¢ = 1

implies the Lw scheme.

¢ =™ + (1 —¢) o™
The limiter function varies in response to the successive ratio,

¢"t — o7

r =

- ¢x_¢x7

The range of values that satisfy the TVD property can be plotted on a ¢ —r diagram
(also called a Sweby diagram) and using the fact that all second order schemes can

be expressed as a linear combination of the Iw scheme and the upwind Warming
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and Beam [252| scheme, the second order accurate region can also be plotted on
the Sweby diagram. Most limiters of interest lie in the intersection of the second
order and TVD regions. The Sweby diagram and some common limiters are shown in
Figure 4.4. Second order TVD limiter functions include Van Leers limiter [249], Roe’s
minmod and the superbee limiters [198], the Osher limiter [35] and many others. All
second order accurate, the different limiter functions exhibit varying characteristics,
for example Roe’s superbee limiter is compressive, it sharpens interfaces without
introducing new extrema. Fringer, Armfield and Street [81] have tested various
limiters applied to the advection of a buoyancy field particularly studying the effect
of compressive limiters on the conservation of background potential energy. Another
related family of schemes are the flux corrected transport schemes [18, 260, 111].
These use a two pass algorithm to blend the first order upwind and some higher

order scheme in order to eliminate new extrema.

We will use Thuburn’s multi-dimensional limiter [242]. This limiter, like Leonard’s
one dimensional ULTIMATE limiter [141] is derived under under the assumption of
the scalar advection equation. As such these limiters are not applicable to general
systems of conservation laws. Leonard notes that the TVD region is too restrictive
and finds a more relaxed set of limits that can increase the order of accuracy,
essentially by reducing the application of the limiter. This improvement is only
applicable to pure advection and is not an oversight of the TVD framework. Leonard
presents his limiter using a so called normalized variable diagram which is similar to
a Sweby diagram which introduces the possibility of other limiter functions within

these revised acceptable bounds.

The Thuburn limiter is derived by applying logic to the finite volume form of the
advection equation with the goal of preventing the formation of new local extrema.
Unlike the previously mentioned TVD limiters, there are no free parameters in the
Turburn limiter, it simply seeks to find the widest possible limits that will prevent
the formation of new extrema. It is likely that there exist some parameterization

analogous to a multidimensional Sweby diagram that could produce other limiter
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functions with similar properties.

(us)

7,max

The first step in Thuburn’s limiter is to calculate the upstream maximum ¢
(us)

and minimum ¢; . at each face. While Thuburn suggests considering only the

transverse neighbour in the upwind direction, we have found better results using
both transverse directions. For example, the upstream neighbours we use for the
face shown in Figure 4.3 would be ¢nw, ¢w and ¢sw, The downstream cell from
any inflow face is simply the cell under consideration ¢, it is used in the first

approximation to the inflow bounds,

ol = min (002, 0)

qb(.in) = max( (us) )
Next the face value ¢; is set to the face value of the base scheme, ¢§base)
¢i _ d)’gbase).

The face value is constrained to lie between the inflow bounds,

61 = min (93,050, )
¢i; = max (cbi, ¢£l,:1)n> -

The flux limiter will only shift the face value closer towards the upstream maximum

so the inflow bounds may optionally be revised at this stage,

o, = min (603, 6:)
o, = max (6, 61)

This modification significantly relaxes the limits imposed by the limiter improving
accuracy however it introduces a new data dependence. Omitting this step allows

the outflow bounds to be calculated at the same time as the outflow face values
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of the basic scheme, hence the flux limited outflows can be calculated in one pass.
We will refer to this as the “one pass” limiter. In order to adjust the inflow bounds
using inflow face values from the basic scheme, outflow face values from adjacent
cells must be known. This requires the limiter to be applied in a second pass,
the basic outflow values having been calculated during the first. There is also an
additional storage requirement, as the flux limiting pass writes out its limited face
values, the values from the basic scheme are overwritten, cells which are updated
later will then use flux limited face values in their inflow limits. In our testing, we
have not seen any negative effect resulting from allowing this to occur however in
order to prevent any unintended consequences from this interdependence we have
used additional variables to store the flux limited outflows. Parallel implementations
may not allow the programmer to specify the update order of cells. This data access
problem bears some similarity to the difference between Gauss-Seidel and Gauss-
Jacobi schemes, the order of updates can be disambiguated for the former using a
red black checkerboard pattern where red nodes are updated first followed by black.
Nodes of the same color have no interdependence. There also exists the possibility
of performing additional passes where inflow bounds for each face could be further
narrowed to lie between the basic value and the limited value from the previous
pass, we have not tested this modification yet. We use separate storage in what we

will subsequently refer to as our “two pass” scheme.

Now that the inflow bounds have been specified, the maximum and minimum cell
value are calculated. Using the physical intuition that no new extrema should be
introduced, these limits are calculated based on the previously calculated maxima

and minima in the upstream neighbourhood of the cells faces,

— i (wp) (up) (up)
¢min = Inin < O,min’ ¥1,min> * * > (bn,min )

_ (wp) i (up) (up)
¢max = max ( O,max? ¥1,max? " * 7¢n,max :

By considering the total flux into the control volume during one time step, a set of

215



outflow bounds may be derived,

¢£?r;1:13 = Z% Q§ + Z Cz¢£,11:a)x - ¢max (1 + Z Ci — Z Ci) )
out L in in |

out

9255?1::;2 = Z% o+ Z ngzsi,lrrl)n — Puin (1 + Z Ci — Z ci> )
out ? L in in |

out

Finally, the face values are constrained to lie within the outflow bounds,

6 = min (6, 6o )
¢i = max (¢i> ¢£°,;1f13 > -

4.2.6 Numerical experiments

We set out to test the stability, accuracy and speed of our NEWTOPIA advection
scheme and the outflow implementation both with and without Thuburn’s limiter.
We have also tested the UTOPIA scheme for comparison. We find minimal differ-
ence between the NEWTOPIA and UTOPIA schemes with the counter intuitive result
that the NEWTOPIA scheme showed slightly improved accuracy, despite Leonard’s
UTOPIA scheme having some fourth order terms present. The outflow implemen-
tation achieves a significant performance improvement, particularly with larger do-
main sizes. Thuburn’s limiter functions as expected, preventing the introduction
of any new local extrema and reduces the order of accuracy to second order as
expected. We have tested three benchmark cases, a rotating cylinder, a constant
velocity Gaussian hill and a Taylor-Green vortex flow field with a step change in

scalar.

All experiments were performed on a quad core Intel i5 950 CPU using four processes.
The cPU clock speed was 2,667 MHz while the memory speed was 1,333 MHz. The
operating system used was Arch Linux with Linux kernel 4.1.6 and gcc 5.2.0 was

used to compile the code.
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The rotating cylinder test aims to verify the ability of the scheme under test to
capture a discontinuous change in the scalar. Square domains with 300 — 1200 cells
in each direction are used. The grid size is unity so the domain size [, corresponds
to the number of cells. The diameter of the cylinder, dy = 0.1 x [ and the cylinder
is offset from the center of rotation by ry = 0.35 x [y. The rotational velocity w is
chosen so that tangential velocity at the center of the cylinder, u = 0.525 while the
maximum velocity in the domain occurs at the corners and is approximately one,
with a time step of half this leads to a maximum Courant number of half at the
corners of the domain and approximately a quarter at the center of the cylinder.
The gradient of the scalar normal to the boundary is set to zero. The simulation

was allowed to progress until the non dimensional time,

t* = tw,

reached a value of 2.5.

Table 4.1 shows the Ly norm of the error over the domain compared to the exact
solution at the end of the simulation. The third order schemes have a similar
error while the flux limited schemes improve accuracy by a few percent. There is
no difference between the accuracy of the one pass and two pass flux limiters. The
errors are plotted against grid size in Figure 4.5. Although the errors do reduce with
grid size, due to the poor resolution of the discontinuity no asymptotic convergence
is observed. The beneficial effect of the flux limiter is apparent in the visualization of
Figure 4.6 demonstrating that the over and under shoot of the third order schemes

is eliminated by the flux limiter.

The performance of various schemes in terms of mega updates per second (MUPS)
is shown in Table 4.2 and Figure 4.7. This performance metric is obtained by
dividing the total number of cell updates by the time taken. The performance
of all schemes is reduced as the number of cells is increased as a result of cache
effects becoming less dominant. The outflow implementation is significantly faster

at all grid sizes with a performance improvement of roughly 5 MUPS. Using larger
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NEWTOPIA NEWTOPIA
Cells UTOPIA NEWTOPIA ) )
(1 pass lim) (2 pass lim)
3002 2.049 x 1072 2.032 x 1072 1.948 x 1072 1.948 x 1072
4207 1.837 x 1072 1.822 x 1072 1.747 x 1072 1.747 x 1072
600> 1.617x 1072 1.604 x 1072 1.537 x 1072 1.537 x 1072
8407 1440 x 1072 1.428 x 1072 1.369 x 1072 1.369 x 1072
12002 1.269 x 1072 1.259 x 1072 1.208 x 1072 1.208 x 1072
Table 4.1: L2 average error for various schemes and grid sizes — Rotating cylinder
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Figure 4.5: L2 average error for various schemes and grid sizes — Rotating cylinder
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Figure 4.6: Rotating cylinder advection test. Top shows over and under shoot of
NEWTOPIA and UTOPIA schemes in blue and red. Flux limited schemes, shown in
bottom panel, remain bounded.
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NEWTOPIA NEWTOPIA NEWTOPIA

Cells UTOPIA NEWTOPIA (outflow) (1 pass lim) (2 pass lim)

3002 13.40 15.04 18.00 14.37 12.17
4202 10.20 12.13 15.04 11.87 9.379
6002 7.676 9.718 14.18 7.987 6.693
8402 4.787 6.087 10.73 7.703 6.644
1200  3.165 5.044 9.506 5.923 6.075

Table 4.2: Update speed in mega updates per second (MUPS) — Rotating cylinder

20
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Figure 4.7: Update speed in mega updates per second (MUPS) — Rotating cylinder

domains, as the overall speed of all schemes is reduced, this 5 MUPS improvement
becomes more significant representing a doubling of performance. The flux limited
implementation is also an outflow based implementation and despite the additional
calculations involved in flux limiting, the one pass limiter is nevertheless faster than
the standard implementation of the basic schemes. The two pass limiter is slower

as expected.

The advection of a Gaussian hill by a constant velocity is designed to test the
asymptotic convergence of the schemes under test. The same range of domain sizes
from the rotating cylinder test is used and the velocity is set at 45 deg to the grid
with the time step such that the Courant number is half. A periodic boundary
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condition is used and the scalar is initialised to a Gaussian hill according to the

‘/L‘Oé'ra
¢ = exp (_232) :

The parameter was set to B = 0.05 x 5. The gradients are sufficiently well resolved

formula,

by the chosen grid sizes that there is no over or undershoot using the third order
UTOPIA or NEWTOPIA schemes as shown in Figure 4.9 and asymptotic convergence

is observed. The simulation was allowed to proceed until the non dimensional time,

Uo

=12,
lo

reached a value of 0.83.

Figure 4.8 shows the error behaviour of all tested schemes with respect to grid size
on logarithmic axes. The dashed lines indicate second and third order asymptotic
convergence slopes. Error values are presented in Table 4.3 with the divided differ-
ences shown in the last row. The divided difference is equal to four for a second
order scheme and eight for a third order scheme. The gradient of both the UTOPIA
scheme and our NEWTOPIA scheme indicates third order accuracy, a divided dif-
ference of 7.98 confirms this. The flux limiters degrade accuracy somewhat, with
the two pass limiter having minimal effect, a divided difference of 7.55 indicates
that the order of accuracy remains close to third order. The one pass limiter has
a more significant effect. With a divided difference of 6.36 the accuracy is still
closer to third order than to second. This may be considered a reasonable trade off

considering the reduction in computational effort and memory required.

We have also performed a simulation of a step change being advected by a Taylor-

Green vortex. The velocity field used is a constant velocity variation of the Taylor-
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NEWTOPIA  NEWTOPIA
Cells UTOPIA NEWTOPIA ) .
(1 pass lim) (2 pass lim)
3002 7.286 x 107° 6.733 x 107° 9.922 x 107° 7.303 x 107°
42072 2.672 x 107° 2.469 x 107° 4.045 x 107° 2.746 x 10~°
6002 0.131 x 1078 8437 x 107 1.577 x 10™® 9.741 x 1076
8402 3.343 x 1075 3.089 x 107 6.609 x 1079 3.731 x 1076
12002 1.141 x 107% 1.055 x 1075 2.644 x 1076 1.353 x 1076
Divided 7.98 7.98 6.36 7.55
difference

Table 4.3: L2 average error for various schemes and grid sizes — Gaussian hill
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Figure 4.8: L2 average error for various schemes and grid sizes — Gaussian hill
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Figure 4.9: Gaussian hill advection test. Top panel shows NEWTOPIA and UTOPIA
schemes, no over or under shoot present. Flux limited schemes are shown in bottom
panel.
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Green vortex velocity, shown in Eqn. 5.6,

u(z,y,t) = wgcos(kox) sin(koy),
v(x,y,t) = —ugsin(koz) cos(koy),
ko == lal

The characteristic length [y is equal to the domain size. Periodic boundary condi-
tions are used and the time step and characteristic velocity are chosen so that the

Courant number is,
U()At 1
Cr= = —.
" Ax 2

The scalar field is initialized to a square wave with wavelength equal to domain
size and with the step changes coinciding with the centers of vortices as shown in

Fig 4.10. The scalar field at non dimensional time,

t* =t— = 5.83,

using 840 cells is shown in Fig 4.11. Results using the UTOPIA and NEWTOPIA
schemes are indistinguishable so only one is included. Both schemes effectively
capture the sharp gradients generated and exhibit some slight over and under shoot
as shown in blue and red. As with the rotating cylinder test, the flux limiters

effectively prevent this inconsistency.
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Figure 4.10: Taylor vortex advection test — Initial scalar field.
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Figure 4.11: Taylor vortex advection test. Top shows over and under shoot of
NEWTOPIA and UTOPIA schemes in blue and red. Flux limited scheme, shown in
bottom panel remains bounded.
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4.3 Projection methods

Projection methods, also referred to as fractional step methods or predictor-corrector
methods are commonly used to simulate incompressible fluid flow. The solution of
the pressure field is de-coupled from the solution of the velocity field. The pressure
is no longer considered a free thermodynamic variable related to density, instead
the density is constant and the pressure is a scalar field whose gradient enforces
a divergence free velocity. In the low Mach number limit, the speed of sound is
sufficiently high that the time taken for acoustic perturbations to reach equilibrium
is effectively instantaneous allowing changes in one part of the domain to instantly
be communicated to the entire domain. It is possible to express the incompressible

Navier-Stokes equations as a projection without using pressure at all.

Chorin’s projection method [47] is the classic example. Approximating the time
derivative with a first order Euler finite difference allows the velocity at the next
time step to be written in terms of the velocity and pressure at the current time
step,

utt = ub, + At (=0, P + prdzdsul, — pujiosul,) .

a —

The pressure at the next time step can then be calculated based on this velocity
and the Poisson equation for pressure (Eqn. 2.15). Chorin’s method is sometimes

written in terms of an intermediate velocity,
up, = ul, + At (prdsdsuy, — pugsuy,) .

The Poisson equation that must be solved is then the equivalent,

1
D.0.P = —o.u*
aYo At Oéua

and the true velocity is found by the correction,

ult = ul, — Ato,P.

o
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A more accurate time stepping scheme such as the second order implicit time cen-

tered Crank-Nicolson scheme may be used on the momentum,

1
— (ul —ul) + E(aaPt+ + 0o P* + pug dgug” + pujdpus,
— prs05ug" — prdsdsug) = 0
and mass equations,
Opult = 0.

In order to arrive at a linear system, the advective terms may be linearized. The
resulting linear system contains DIM + 1 unknowns, u5" and P'* and has the same
number of equations so it can be solved in principle. Unfortunately the problem is

poorly conditioned [248] so direct solution is not often used.

An iterative scheme may be used to determine a solution,

1
— (uf, —ul) + 5(6aPt+’k + 0o P' + pujdsul, + pujdsuy,
— prOs0suy, — prdsdsu,) = 0
with the next velocity estimate corrected,

1

1
Al

utojr _ UZ) — _E(aaPH»,kJrl _ 8apt+,k).

The pressure correction is solved in terms of the intermediate velocity,

1 1
——0uuly = 5 (0a0o P — 0,0, P "
At = 5 )

or directly,
1 t+, k+1 t 1 * t * * t t
5(8a8aP + 0,0, P") = §(pu8585ua + prdsdpu,, — puzdgul, — puzdguy,).
As the pressure correction approaches zero, the pressure and velocity approach
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the second order time accurate values of the Crank-Nicolson scheme. Van Kan’s
method [248] is equivalent to the first iteration of this scheme and it is shown in
his paper that only one iteration is sufficient to give an approximation for velocity

that is second order accurate in time.

The iterative procedure is in some ways similar to Patankar’s SIMPLE algorithm [172,
170] which was formulated as a means of solving the steady state equations using
finite volumes. Patankars work also spawned the SIMPLER (revised) method [171]
and the SIMPLEC (consistent) method [247]. Jang et al. [116] give a comparison
between these schemes and Issa’s PISO scheme [114]| which is likewise similar to two
iterations of the pressure correction method. Bell [11] also presents a very similar
algorithm where one iteration gives a second order accurate velocity field that can
be further iterated to give a more accurate pressure. There is a small but key
difference in that Bell calculates the mid timestep pressure directly which results
in his scheme missing the factor of 1/2 in the pressure correction equation. There
are other schemes too, Runge-Kutta (RK) schemes may be implemented in a similar
fashion to Chorin’s method where a PPE is solved for each partial time step based

on the velocity calculated in the RK method [204, 205, 118|.

Armfield and Street [8, 9] discuss these schemes and demonstrate their accuracy
using numerical experiments. He and Sun [106] produce some rigorous results on
the convergence of these schemes in the context of a finite element Galerkin dis-

cretization. He [105] extends this work to include non-smooth initial data.

The simplest pressure boundary condition, often used at no slip walls is a zero
normal gradient. This amounts to dropping the term 0, P = prd,0,u, and may be
an acceptable approximation if the viscosity is small although Gresho [92] has the

following to say,

114

. the scheme thus appears to be both hare brained and doomed.”

Despite the harsh words, Gresho goes on to show that the errors introduced by this

BC are minor especially away from the wall. Kim and Moin [123] use a BC involving
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the pressure from the previous time step.

The iterative schemes mentioned above do not solve a Poisson equation for pressure
but rather a Poisson equation for the change in pressure between iterations of
the inner loop. Since this correction approaches zero, the zero gradient boundary
condition is appropriate. Likewise, since the intermediate velocity approaches the
actual velocity, using the velocity BC on the intermediate velocity is also natural.
These simple boundary conditions are sufficient to give second order accuracy in
both space and time even when only iteration of the algorithm is performed as
shown in the original papers [248, 11] and is also confirmed by many subsequent
papers such as Gresho [92], Gresho and Chan [93], Shen [215, 214] and Armfield

and Street [8, 9] to name a few examples.

4.4 Compressible schemes

The advection terms in the compressible Navier-Stokes equations (Eqn. 2.14) cannot
be solved by the flux integral schemes of this chapter. Boundaries between finite
volume cells represent Riemann problems that must be solved at each time step. The
second order TVD schemes, mentioned in Section 4.2.5 can be used in order to create
a monotonic reconstruction within cells (sometimes called a MUSCL reconstruction)
which is then used with a Riemann solver such as Roe’s approximate Riemann
solver [199] or a Riemann free scheme such as the Kurganov and Tadmor (KT)

scheme [129] or its predecessor the Nessyahu and Tadmor (NT) scheme [162].

There are also a family of so called artificial compressibility (AC) methods, originat-
ing with Chorin’s scheme [46]. These schemes do not attempt to solve the inter-cell
Riemann problems correctly and generally need to employ some means of stabi-
lization [192, 165| to yield acceptable results. Ohwada et al [166] compare these
AC schemes to low Mach number lattice Boltzmann (LB) schemes by analysing the
diffusive and acoustic timescales of the former using a type of multi-scale analysis

typically employed in the analysis of LB methods. They perform numerical experi-
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ments using a Taylor-Green vortex and find improved accuracy using AC methods

as expected due to their use of a higher order difference scheme.

In order to compare the performance and effectiveness of LB methods to compress-
ible methods, we have implemented the KT scheme using the midpoint rule (a second
order Runge-Kutta scheme) for time stepping and the MINMOD limiter function. We
have simplified the governing equations by assuming a constant temperature. While
this is a non-physical assumption, it was chosen in order to make the scheme similar
to the LB methods we are comparing against. We have copied the implementation
details directly from the original paper [129]. It is also possible to use higher order
time stepping schemes from Section 4.1 however again, we have not done so in order

to keep a similar order of accuracy to the LB methods we are comparing against.

Due to the explicit and local nature of these schemes, a similar characteristic to
LB methods, good performance on graphics processing units (GPUS) is expected.
We have found that the programming effort required to implement the KT scheme
on the GPU is higher than for LB methods, this is true even with the simplified
governing equations and time stepping scheme we have chosen. The performance
is significantly lower, time taken is increased by 731% in our test below. The
main advantages of the KT scheme is in its stability and potential for higher order
accuracy, even when extended to thermal compressible flows with discontinuities.
We have decided to continue our use of lattice Boltzmann methods as a quasi-

incompressible solver due to their high performance.

We have run a sample problem using our GPU based KT scheme and benchmarked
it against a cub_d3q19_ab lattice based LB method, also programmed for the GPU.
The test was performed on a machine running Arch Linux with Linux kernel version
4.1.6, gcc version 5.2.0 and an Nvidia GTX580 GPU running driver version 352.41

and CUDA version 7.5.18.

The domain size used for testing was [ = 222 cells with periodic boundaries. The

sample problem is a zero velocity initial condition with a step change in density
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within a sphere centered in the domain. This test was chosen to demonstrate the
ability of the KT scheme to deal with discontinuity. The density jumps from 1.0
outside the sphere to 1.1 inside the sphere. The viscosity is 1.6835 x 1073, this
corresponds to a relaxation factor of 1.98 for the LB method. The time step and
grid size are unity. The speed of sound is 0.57735 for the LB method and has to be
reduced to 0.26943 with the KT scheme to ensure stability due to the CFL condition,
this number was chosen so that the speeds of sound of the two schemes were related

by a neat number,
¢ 150

<70

The non-dimensional time is defined as,

tr=1tx —.

Pseudocolor plots of the density at two non-dimensional times are shown in Fig-
ure 4.12 and Figure 4.13. Due to the both the faster update speed and its higher
speed of sound, the lattice Boltzmann solver took 22.5 seconds while the KT scheme
took 164.4 seconds, making the LB solver 731% faster overall. It is clear that the
lattice Boltzmann scheme suffers from spurious oscillations near the sharp density
gradients however these do not ultimately lead to any catastrophic failure. If the
solution is sufficiently well resolved, the LB method will not introduce these oscil-
lations. The LB method uses significantly more memory. The KT scheme uses 8
values per cell, new and old density and velocity while the LB scheme must store
23 values, the 19 particle velocity probability distribution functions, density and 3

velocities.

232



Figure 4.12: Ball test at t* = 0.1820 with lattice Boltzmann simulation in top panel
and Kurganov-Tadmor scheme in bottom.
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Figure 4.13: Ball test ¢t* = 0.3641 with lattice Boltzmann simulation in top panel
and Kurganov-Tadmor scheme in bottom.
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4.5 Boussinesq approximation — OQur coupled scheme

The Boussinesq approximation assumes that density is constant except in the buoy-

ancy term where the body force per unit volume due to gravity is,

kg
Ba:pga (m282) 9

where g, is the acceleration vector due to gravity. It is convenient to subtract the

component due to the average density which has no effect on an incompressible

solution,

Ba = ga(p — po)-

We replace the density variation with some scalar,
p—pPo=9.
The evolution of the scalar follows the advection diffusion equation,
01 + Opttqd = 00,0, 0.

The buoyancy force density is coupled to the lattice Boltzmann solver via the force

term,

Fa:Ba:¢ga-

We will use a lower case b to denote the buoyancy force per unit mass, the acceler-

e (3)

The scalar density can be used to represent changes in temperature or concentration

ation due to buoyancy,

when dealing with mixtures of components with different densities such as salinity
gradients in water. We have found that third order flux integral schemes with

Thuburn’s flux limiter for the buoyancy scalar coupled in this way with lattice
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Boltzmann methods for the hydrodynamic equations results in a highly capable
solver for buoyancy driven flows. This solver has been implemented to work in
parallel across a cluster of machines with graphics processing units and achieves
high computational throughput and parallel efficiency. We will present numerical

simulations of various buoyancy driven problems in Chapter 5.
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Chapter 5

Numerical simulations

This chapter begins with a section outlining the performance of our code. Next
we discuss laminar channel flow and Taylor-Green vortex flow simulations which
aim to verify the order of accuracy of the lattice Boltzmann schemes. Next we have
simulated turbulent channel flow in order to benchmark our code against established
direct numerical simulation results. We also show linearly forced homogeneous
turbulence. We present some figures showing various simulations performed of
Kelvin-Helmholtz and Holmboe instabilities, Rayleigh-Benard and Rayleigh-Taylor
convection. We finally present simulations over a range of parameters of sheared

convective boundary layers.

5.1 Performance

I have developed a code named BX that uses the lattice Boltzmann methods and
coupled finite volume buoyancy solver that have been discussed in previous sec-
tions. The code has been written mostly in the C programming language with code
that executes on the graphics processing units (GPUs) using Nvidia’s CUDA lan-
guage. Domain decomposition using one dimensional slicing is performed in order

to run in parallel across multiple machines communicating using MPI. Xian and
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Takayuki [258] have investigated the use of two and three dimensional slicing using
pencils and cubes in order to increase parallel efficiency finding better results with
higher order decomposition as expected. We have calculated that for domain sizes
currently feasible on our cluster, parallel communication overhead is not a signif-
icant issue with one dimensional slicing. Our numerical experiments also support

this assertion.

Thanks to generous funding from my supervisor, I have set up a small cluster to
perform the simulations presented in this thesis. The cluster consists of 8 ma-
chines which have been obtained after being superseded from the school’s cluster.
They use Intel E8400 Core 2 Duo processors. The outdated processors are not a
problem since minimal calculations are performed on the cPU. We have purchased
8 Nvidia ¢TX580 GPUs which perform the bulk of the calculations. Parallel effi-
ciency has been improved by fitting the machines with an Infiniband interconnect.
After testing several versions, OpenMPI 1.6.5 was determined to work optimally
with the other libraries and Infiniband hardware. I have set the machines up run-
ning Debian Linux 7 and found optimal stability using an older version of Nvidia’s
drivers (295.75) and CUDA (4.2). The cluster uses standard UNIX utilities, NIS to

synchronise logins and NFSv4 to provide a shared filesystem.

Performance results in terms of mega lattice updates per second (MLUPS) are pre-
sented in Table 5.1. Where multiple GPUs are used the performance is listed per
card. The column labeled “Update” specifies the lattice Boltzmann update algo-
rithm used. Most LB methods use what is known as the two-step algorithm where
the collision step is performed locally and then streaming is performed in a second
pass. The Lagrangian nature of streaming allows an in place swap to occur between
adjacent lattice sites. This two-step algorithm only needs to store one copy of the
lattice data however performance is slightly degraded since lattice data needs to
be read during each pass. In contrast, the two-lattice update algorithm keeps two
copies of lattice data, swapping between the two at each time step and updating in

one pass increasing performance.
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Tests were performed using a domain size of 480 x 152 x 80 nodes in the z, y and 2
directions. Our code always ensures that array dimensions in the primary indexing
direction are a multiple of 32 in order to maximise performance on Nvidia’s GPU
architecture. In cases where the domain size in the x direction is not a multiple of 32
we manually pad all arrays. This procedure also ensures optimal memory alignment.
As a result, performance does not significantly depend on domain size as long as
the total number of nodes is sufficiently high. This is because the GPU needs a large
number of threads to be ‘in flight’ compared to the number of individual processing
units so that execution may be overlapped with memory access in order to hide
latency. The domain we have used results in around 6 million threads which is

ample.

Comparing the performance of the cub_d3q19_ab lattice between two types of CPU
and two types of GPU makes the high throughput of the GPU apparent. The speed
up moving from the Intel i7 920 CPU using all four cores to the GTX580 is a factor
of 130 in single precision and 50 in double precision. The large difference between
single and double precision results is due to the architecture of the Nvidia GTX
processors. The double precision performance is crippled by the manufacturer to a
factor of one eighth of the single precision performance by laser cutting the relevant
circuits on the die in order to drive sales of more expensive Tesla models. Tests
using the same lattice comparing performance of the GTX285 and GTX580 show the
large increases in performance which have been characteristic of GPU development

cycles.

Parallel scaling for the cub_d3q19_ab lattice is between 97% and 100% as shown by
the performance figures such as GTX580 x 2 meaning the per card performance when
running across two GPUs. We have overlaid parallel execution and communication
using threads in order to eliminate latency. Due to our implementation, there is no
performance penalty using multiple machines as long as the interconnect bandwidth

is sufficient, as is the case for our cluster and other clusters that we have tested.

These speeds are impressive when compared to traditional incompressible finite-
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volume based Navier-Stokes solvers. We have tested Puffin, a highly developed
incompressible finite volume based research code [126]. Performance of this code on
a similar turbulent channel flow configuration has been measured at 0.8 MLUPS per
Intel Xeon processor core. In this context we can achieve higher overall throughput
on a single GPU using our LB code than we could using the finite volume code on
128 processor cores of a research cluster. The Courant number used in simulations
must also be taken into account, the finite volume simulation was performed using
a Courant number of 0.15 while the LB method used an effective Courant number
of 0.057 closing the performance gap. We calculate the rate of simulation time to
wall time and compare a single GTX580 to a single Intel Xeon processor core in
order to obtain a speedup factor of 70:1 for our code. In other words a single GPU

is equivalent to around 70 CPU cores.

We have also tested Flamenco, a state of the art compressible finite volume code [241].
This code achieves around 0.02 MLUPS per Intel Xeon processor core. This code
remains stable using a Courant number up to one due to it’s use of a strong stability
preserving Runge-Kutta tine stepping scheme. A Mach number of 0.1 is used, as
with lattice Boltzmann simulations in order to reduce compressibility effects results
in an effective Courant number of 0.1 compared to incompressible simulations. A
comparison of simulation time per wall time between the single GTX580 and a single
Intel Xeon processor core running FLAMENCO results in a 4200:1 speedup factor

using our GPU code.

It should also be noted that the double precision performance of the GTX580 is
severely crippled by the manufacturer, the same manufacturer also supplies GPUSs
with four times the double precision throughput however we have not tested those
devices at present. The GTX580 is also an aging model from 2010, newer models

by the same manufacturer offer significantly improved performance.

Addition of the flux limited NEWTOPIA scheme results in approximately 40% per-
formance penalty due to the additional effort of calculating updates to the buoyancy

field. These results are shown in rows where the “Buoyancy” column contains the
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Lattice Prec. Update Buoyancy Proc. Speed

(MLUPS)
cub_d3q19_ab float two step - x6 1090t 24
cub_d3q19_ab  double two step - x6 1090t 2.1
cub_d3q19_ab float two step - i7 920 3.2
cub_d3q19_ab  double  two step - i7 920 3.0
cub_d3q19_ab float two step - GTX285 71
cub_d3q19_ab  double  two step - GTX285 42
cub_d3q19_ab float two step - GTXH80 428
cub_d3q19_ab  double two step - GTX5H80 149
cub_d3q19_ab float two step - GTX5H80 x 2 422
cub_d3q19_ab  double  two step - GTX5H80 x 2 145
cub_d3q19_ab float two step - GTX580 x 4 428
cub_d3q19_ab  double two step - GTX580 x 4 145
cub_d3q19_ab float two step - GTX580 x 8 422
cub_d3q19_ab  double  two step - GTX5H80 x 8 145
cub_d3q19_ab float two step fluxlim GTX580 258
cub_d3q19_ab  double  two step fluxlim GTX5H80 91
cub_d3q27_abc  float two step - GTXH80 300
cub_d3g27_abc double two step - GTX580 105
cub_d3q27_abc  float two lat - GTX580 308
cub_d3q27_abc double two lat - GTX5H80 127
cub_d3q27_abc float two lat MRT - GTX5H80 336
cub_d3q27_abc double two lat MRT - GTX5H80 129

Table 5.1: Performance of various solvers, settings and platforms (per processor for
multiple GPU cases).

text fluxlim. Other simulations are for hydrodynamics only. The explicit and local

nature of the NEWTOPIA scheme means that the parallel efficiency is similarly high.

Tests using the cub_d3q27_abc lattice demonstrate the high computational effi-
ciency of our MRT eigendecomposition. The two lattice algorithm improves perfor-
mance from the two step algorithm and then the MRT algorithm improves perfor-
mance again. Typically MRT algorithms have worse performance than conventional
single relaxation time techniques due to the number of matrix operations required.
As explained in the previous chapter, our sparse matrix implementation dramati-

cally reduces the number of operations required.
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5.2 Laminar channel flow

Laminar channel flow is used to test the numerical accuracy of lattice Boltzmann
methods. This simple steady state flow requires either a pressure gradient or equiv-

alently a body force to overcome friction at the wall. The analytical solution is,

4 A
U = Uo 1—§ y—§ )

The x momentum equation gives a relationship for the body force,

F, = —pr0zisu,,

Sugpv
F, = 2

The flow only has gradients in the y direction and no contribution from the advec-
tive terms of the Navier-Stokes equations meaning that the full capabilities of the
numerical scheme are not utilized or tested, only the balance between viscous terms
and the body force is tested. We have performed simulations using the standard
single relaxation time LB method with Lagrangian streaming and our modified time
stepping scheme with a maximum Courant number of one half. The modified time
stepping scheme has been tested using both the first order upwind and second order

Lax-Wendroft differencing.

The simulation uses the no-slip, bounce back boundary condition at the walls with
a channel height of . The domain is cube shaped with a uniform aspect ratio.
Simulations were performed in three dimensions using the cub_d3q19_ab lattice

however the flow is one dimensional with no gradients in the span-wise or stream-
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Figure 5.1: Centerline error vs non-dimensional time for laminar channel low with
192 grid points and a Mach number of 0.08.

wise directions which use periodic boundaries. The Reynolds number,

Re:uié,

v

was set to one in all tests in order to ensure laminar flow. The non-dimensional
time is defined by,
U

t=t—.
o

The flow was allowed to evolve from a uniform zero velocity initial condition until
a steady state, represented by t* ~ 3 was reached. By this stage the error value,
printed using eight significant figures every 200 time steps was not changing. The
time development of error is illustrated in Figure 5.1. Double precision arithmetic

was used in all simulations.

Mach numbers ranging from 0.02 — 0.1 were tested using a variety of grid sizes
ranging from 64 — 192 nodes. As shown in Figure 5.2 the Mach number depen-
dence is linear. This observation is at odds with the supposed second order in Mach

number accuracy of LB methods however the trend is clear — perfectly straight lines
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Figure 5.2: Centerline error vs Mach number for laminar channel flow with 128 grid
points.

on linear axes for all tests. These results are also inconsistent with the results from
the next section using Taylor-Green vortex flow which find the Mach number depen-
dence closer to second order. Figure 5.3 shows second order grid size dependence
as expected using zero Mach number extrapolated solutions. The Lax-Wendroff
scheme has lower error magnitude but the same order of accuracy. Again these re-
sults are not in agreement with Taylor-Green vortex simulations of the next section
which show the upwind scheme being more accurate. A possible mechanism that
might confound Mach number error dependence is errors that are related to the
relaxation rate. As the Mach number is decreased, the viscosity has to be simul-
taneously decreased in order to maintain the desired Reynolds number. We have
found reduced stability and the introduction of non-physical oscillations in other
simulations when viscosity was decreased. Although no oscillations were observed
in this test, it is nevertheless possible that errors inversely proportional to viscosity

were unaccounted for.
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Figure 5.3: Centerline error vs grid size for laminar channel flow, zero Mach number
extrapolation.

5.3 Travelling wave

In analysing acoustic problems, a common simplifying assumption is that the flow

consists of small acoustic perturbations with zero mean velocity,

—_— /
Uy = Uq + U,

— /

p=D+p.

This allows us to some non-linear terms that arise in the Navier-Stokes equations
to be dropped. Assuming zero viscosity, the small signal acoustic wave equation is

obtained.

ﬁ@tu’a -+ (%P = O, (51)

O’ + poyul, = 0. (5.2)
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Using the simplified equation of state,
P=cyp,

and taking a time derivative of Eqn. 5.1 and a space derivative of Eqn. 5.2 results
in,

OyOpul, — ciaaﬁﬁu/’g =0.

Likewise a similar equation for the density perturbation is obtained.
0,0, — 20,0up’ = 0.
These are standard forms of the wave equation, restricted to one dimension,
0,00’ — 20,01’ = 0. (5.3)
A general solution is found by setting,

é-:x_cst)

n =2+ cst.

Using the chain rule,

9 o 9D

IR 0 _ond 060
ox  Oxdn  Ox 0

ot oton | otoc

_ 0.0 _. <2_2)
on  9E “\on  0¢)’

90 (o0 9N[0 0 00 [0 9\[0 0
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Substituting the partial derivatives into the one dimensional wave equation Eqn. 5.3

results in,
0%/

noE "

The general solution to which is a combination of any twice differentiable functions

F and G,

u'(§,m) = F(§) + Gn)
' (z,t) = F(x — cit) + Gz + c4t). (5.4)

Viscous damping may also be included,

POy, = —0o P + pr0s0auy + prydadsus,

Op' + pogul, = 0,

although the travelling wave solution Eqn. 5.4 is no longer applicable. Combining

the momentum and density equations as before,
OyOpul, — ci@aaﬁufg = 10,050,uy + 140,0,05Uj
Restricted to one dimension again,
0,0 — 20,00 = (v + 1) 0,0, 0,1

Solutions using travelling sine waves with an added exponential decay term are
tested. The density will also need to have cosine factors to balance terms appearing

in the time derivative.

u' = uge”*{sin(k(z + cpt)) + sin(k(z — c,t))},
P =e " Asin(k(z + cpt)) + Csin(k(z — cpt))

B cos(k(x + ¢pt)) + D cos(k(x — ¢pt)) }.
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Here, ¢, is now the phase velocity which may not be equal to the speed of sound c;.

Opu’ = ugke™*{cos(k(z + c,t)) + cos(k(z — cpt))},

op' = e — aAsin(k(z + cpt)) — aB cos(k(z + cyt))
+ kepAcos(k(x + cpt)) — ke, Bsin(k(x + cpt))
— aC'sin(k(x — cpt)) — aD cos(k(x — cpt))

(
— kepC cos(k(x — cpt)) + ke, Dsin(k(z — ¢pt)) }.

In order to cancel the sine terms the following relationships are obtained,

—aA
—aA = —ke,B, J J—— ,

ke,
—aC' = ke,D, p=2¢

ke,

In order to balance the conservation of mass the following relationships are obtained,

B _ o —uoﬁk o auOﬁkj
—aB + Akcp = —uopk, A= ma B = o2 + /{:2027
kcp P P
b o - c uopk o _Quopk
—aD — cp, = —1U =2 =792 122
P 0PR; 5_2 i kcp7 a? + k2c2
Cp

The equation for density is then,

L R e " sin(k(z — cpt)) — sin(k(z + ¢
Sy ey { sin(k(@ = 1)) = sin(k(z + 1))

+ kicp cos(k(x — ¢pt)) + ki% cos(k(x + cpt))}.
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Substituting into the differential equations,

0,0,u' = —ugk®e " {sin(k(x + c,t)) + sin(k(x — c,t))},
o = uge”*{ ke, cos(k(x + cpt)) — ke, cos(k(z — c,t))
— asin(k(z + cpt)) — asin(k(x — ¢,t))},
Qo = uge " — K> sin(k(z + ¢pt)) — k> sin(k(z — ¢t))
— ake, cos(k(z + cpt)) + ake, cos(k(xz — ¢pt))
+ a?sin(k(z + cpt)) + o sin(k(z — c,t))
— akep cos(k(x + ¢pt)) + akey, cos(k(z — )},
00,00 = —ugk*e™*{ ke, cos(k(x + cpt)) — ke, cos(k(z — cpt))

—asin(k(xz + ¢pt)) — asin(k(x — cpt))}.

Equating sine and cosine terms respectively gives,

2 22 | 272 2
a” —k cp—l—csk = Vot k",

2ake, = Vtotk?’cp.

These imply that,

and

4 4 2 1.4
l/ k V k Vg tk
“tot™ ]{Z2C2 C2 ]{72 “tot™ Cp 62 o )

5.5
4 D S 2 s 4 ( )
The dispersion relationship Eqn. 5.5 results in a different rate of propagation de-
pending on frequency. The sine wave (and cosine) solutions are thus only affected by

an attenuation rate however more complicated waveforms will now also be deformed

by the dispersive effects.

At this stage we have implemented a standing and traveling wave initial condition
and performed several simulations to verify the speed of sound. We have confirmed

the speed of sound of the bcc_d3q15_ab, cub_d3q27_abc and bcc_d3q27_abc lat-
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tices. Future work will be to confirm dispersion relationships for various schemes.

5.4 Taylor-Green vortex

The two dimensional Taylor-Green vortex (TGV) is used as a more advanced test
for the order of accuracy of LB methods. In contrast to laminar channel flow, the
TGV has gradients in two directions resulting in a more thorough test utilizing both
advective and viscous terms of the Navier-Stokes equations. The analytical solution

to this time varying flow is given by,

ka:g vt

u(z,y,t) = wuge cos(koz) sin(koy),

72]6(2) vt

v(x,y,t) = —ugpe sin(kox) cos(koy), (5.6)

2
P(ﬂj‘, Y, t) = PO + %6_4’6?}” COS<2kO$) COS(Qkoy).

We have used a wavelength equal to the domain size,

k(] = lal

Various simulations were performed however unfortunately, a clear picture regarding
the order of accuracy has not emerged [263]. The following results were obtained
at a Reynolds number of 10 using grid sizes of 96, 128 and 256 cells. Result were
also obtained using a stretched grid with a 2 : 1 aspect ratio and our rectangular
grid scheme described in Section 3.10. Stretched grid simulations use the nominal
number of nodes in the y direction and half that number in the z direction. Both
stretched and normal grid simulations were performed using the multiple relaxation
time collision operator. The flow was initialized to the zero time solution of the
governing equations (Eqn. 5.6). The simulation was allowed to proceed until the
non-dimensional time,

t* = 2kjut,
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Figure 5.4: Error vs time for Taylor-Green vortex simulation, Re = 10 and Ma =
0.025 and Ma = 0.0125 with 256 nodes.

reached a value of,

- 1, = t'=—In (1) ~ 1.3863.

4 4

An example of the error behaviour with respect to time is shown in Figure 5.4. The
oscillations observed in the solution are not consistent with an accurate numerical
solution. The period of oscillation in all cases is consistent with an acoustic wave
with wavelength equal to half the domain length, /2. We suspect that these
oscillations are related to initialization since the amplitude decays with time. We
have attempted to thermalize the flow in order to initialize the non-equilibrium

moments as explained in Section 3.9 however results did not improve noticeably.

The error behaviour as a function of Mach number is shown in Figure 5.5. Different
characteristic regions are observed. For small Mach numbers around 0.1, the slope
appears to be close to second order. As the Mach number continues to be reduced,
a point is reached where the slope rapidly changes. In this region, at Mach numbers
of around 0.003, the slope indicates an order of accuracy worse than first order. In

particular there are some anomalous data points at the transition between the two
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Figure 5.5: Error vs Mach number for Taylor-Green vortex simulation, Re = 10,
various grid sizes and schemes shown.

regions, for example the 128 normal grid simulation at a Mach number of 0.05 and
the 256 node normal grid simulation at a Mach number of 0.0125 exhibit lower lower
error than the general trend. We suspect that a new mechanism comes into play at
these very small Mach numbers, perhaps due to the larger relaxation factors that
must be used in order to maintain a constant Reynolds number as the Mach number
is reduced. We observe that the effect is less pronounced in our other simulations
at a Reynolds number of one shown in Figure 5.7 where relaxation factors are
lower, this is consistent with our hypothesis that the anomaly is caused by a high

relaxation factor.

At all grid sizes and Mach numbers the error of our stretched grid scheme are
larger than for a uniform grid. Despite these seemingly disappointing results, our
scheme is significantly more accurate than the rectangular grid method that has
been published by Bouzidi et al. [19]. As we have explained in Section 3.10, our
rectangular LB method eliminates errors introduced by the choice of eigenbasis.
Figure 5.6 shows a comparison of error behaviour between our scheme and the

scheme of Bouzidi et al. using a Mach number of 0.00625, a Reynolds number of
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Figure 5.6: Error vs time for Taylor-Green vortex simulation, Re = 10 and Ma =
0.00625 with 256 nodes.

10 and a grid size of 256 x 128 for the rectangular grids and 2562 for the uniform

grid. Our scheme is an order of magnitude more accurate.

We have also performed additional experiments in order to further test the accuracy
of the difference schemes we have devised which were introduced in Section 3.4.2.
The error results were taken at the same non-dimensional time, t* = In (0.25)

however a Reynolds number of one was used in this case.

Results using a grid size of 128 are shown in Figure 5.7. Again, the slope indicates
second order accuracy for Mach numbers near 0.1 with the order of accuracy de-
creasing as the Mach number is reduced further. In this case the change in order
of accuracy is not abrupt. The previously mentioned anomalous behaviour is not
apparent until the very smallest Mach number in this case. The most accurate re-
sults are generally obtained using Lagrangian streaming, in other words a Courant
number of unity. Our modified Lax-Wendroff (Lw) scheme with a reduced Courant
number only shows improved error at the smallest Mach number. This is in con-
trast to the laminar channel flow experiment which showed the best accuracy using

our modified Lw scheme. Figure 5.8 demonstrates that these simulations did not
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Figure 5.7: Error vs Mach number for Taylor-Green vortex simulation, Re = 1, 128
nodes and various schemes shown.

show the same oscillations as the aforementioned tests at a Reynolds number of 10.
More investigation is required in order to fully understand the error behaviour of

LB methods when used to simulate Taylor-Green vortex flows.
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Figure 5.8: Error vs time for Taylor-Green vortex simulation, Re = 1 and Ma =
0.025 and Ma = 0.0125 with 128 nodes.

5.5 Initial condition perturbation

The velocity perturbation field uP* is formed by taking the curl of a three dimen-
sional random noise field n.,
ugert = 5,15“,85717.
Using the identity,
8a5a576ﬁa7 = 0, ‘v’av.

The divergence of the velocity perturbation field is thus zero and it is suitable for

the initialization of incompressible flow.

The random noise field is smoothed by applying the diffusion equation. This is

equivalent to a low pass filter.
on 0’n
—_— = —
ot ox?

The diffusion equation is solved using a simple finite difference method operating
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smoothing.

just under the Von-Neumann stability limit [37],

At ! + ! + ! < L
! —.
Azx?  Ay?  AzZ? 2

The diffusive length and time scales are related by,

(5.7)

These can be used to adjust the cutoff frequency.

As shown in Figure 5.9, the random noise field initially has a roughly uniform
distribution of energy vs wavenumber. Although uniformly distributed “white” noise
can be used directly [226, 224|, we have found that having energy present at the
smallest scales is undesirable. Some numerical schemes, including LB methods,
generate oscillations due to dispersive errors which may grow with time causing
instability when the shortest length scales are unable to be sufficiently resolved. As
shown in Figure 5.9, 100 iterations is sufficient to ensure that no energy (within

the limits of numerical truncation) remains at the Nyquist frequency. The number
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of iterations of diffusion can be tuned to give the desired cutoff frequency using

Eqn. 5.7. Visualizations of the resulting velocity field are shown in Figure 5.10.

Some applications, such as the simulation of homogeneous isotropic turbulence
require the energy spectrum of the initial velocity to better approximate turbu-

lence [201, 264]. It is common to use the Passot-Pouquet [169] spectrum given

by,
16 u2k? 2k2
E(k) = 0 4 exp <— ) :

ViR R

Phases are uniformly randomised and a reverse Fourier transform is used in order

to generate a velocity field from the spectral data.

257



Figure 5.10: Pseudocolor plots of velocity perturbation field, no smoothing (top),
10 iterations of diffusion (mid) and 100 iterations of diffusion (bottom).
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5.6 Gathering statistics

Statistics are saved at adjustable intervals. The following procedure allows conver-
sion of these statistics to equivalent ones over a larger time interval. For example
during channel flow simulations, mean and fluctuating velocity profiles are saved at
a selected time interval. Saving at each time step would be excessive especially due
to the small effective Courant number of LB simulations. Once the simulation has
been completed and a suitable window has been selected over which to determine
the fully developed statistics, the saved profiles must be converted to mean and

fluctuating profiles over this new period.

In the case of mean profiles taken on xz planes, increasing the period of time

averaging is trivially simple,

| nXinzol
ﬂ],t — n WU 5.kt
XZ 0 k=0
1
<>t == u;,
j 9,
nr
teT

Consider a disjoint set of np, discrete time periods,

TA:{TI,TQ,...,T}L,... T }

9 nTA
Then the mean over T4 is simply,
’VLTA
US>t = — Y <u>it
J n J
Ta

The fluctuating velocity profile which varies in the y direction is defined,

Wi gkt = Wikt — Uje
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It averages out to zero over planes,

(Uigks — Ujz) * (Wigps — Ujz) 7 0.

A new symbol «/7 is introduced, the prime indicates fluctuations from the temporal
and spatial average,

" _ - T
u’i,j,k,t - ui7j7k7t - <u>] :

This is in contrast to the hat which only indicated deviations from the spatial
average. The desired mean over some time period of the fluctuations squared where
the fluctuations are also based on the mean from the same period is not simply

equal to the mean of the instantaneous fluctuations squared.

1 1 nX—-1nZ-1
AaTNA T — T
<u’u’>j = — E — E E (um,k,t — <u>j) . (ui,j,k,t — <U>j ),
TLT Nxz <
teT =0 k=0
I 1 J—
~— T _ =
<UU>J = ﬁ Ulj ¢,
teT

T ==_ T
<u'u'>; # <ai>; .

The desired mean quantity can be calculated based on the saved instantaneous
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values using,

nX—-1nZ-1
—— T 1 1 _ B o
<uu'>; = — e (ui,j,k,t = Ujp + Ujp — <u>; )
nT Nxz =
teT i=0 k=0
_ _ __T
(i ke — Wiy + Wjp — <u>; )} ;
1 1 nX—-1nzZ—-1
=— § — E § [(uwkt — 1) - (Wigike — Wja)
nT Nxz =
teT i=0 k=0
_ — —__ T _ —_T\2
+ Q(Uz‘,j,k,t — uj7t) . (uﬂ — <u>; ) + (uj’t — <u>j) }
Using,
nX—1nZ—-1
i=0 k=0

the relationship can be simplified,

—F 1 =~ — _ 2
<> = 3" i + (W — <u>])’):
teT
The second term takes into account deviations of the spatial mean from the com-
bined spatial and temporal mean. The same technique can be applied to a set of

time averages,

nr,
— 1 — 2
<Uu> = —) [<u’u’>]r” + (<u>ih — <u>11) }
nry 3

This procedure can be generalised to any product of two properties and any ensem-

ble average over a collection of other averages.

5.7 Turbulent channel flow

We have performed direct numerical simulations of turbulent channel flow using
a variety of configurations in order to further benchmark our code. The domain

is a rectangular prism with periodic boundaries in the streamwise x and spanwise
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z directions and solid wall boundaries in the wall-normal y direction. The half
height of the channel ¢ is equal to one. Results are obtained for streamwise domain
lengths of 27 and 47 and spanwise widths of 7 and 4/37 and compared to the

spectral results of Kim, Moin, Moser and Mansour {124, 160].

Details of the domain size and lattice resolutions used here, and those of Moser et al.,
are given in Table 5.2. The first column of the table lists code-names for each scheme
tested, these codes summarise configuration information. The first number is equal
to the number of nodes in the y direction followed by either an n suffix indicating a
normal cubic grid or an s suffix indicating a stretched grid with a reduced grid size
in the y direction. Our stretched grid simulation uses the multiple relaxation time
method we have developed in Section 3.10. Stretched and normal grid simulations
that use the cub_d3q27_abc lattice as indicated by the q27 code use our multiple
relaxation time collision operator. Simulations using the cub_d3q19_ab lattice are
assigned the q19 code and all use a single relaxation time collision operator. Two
different domain sizes are used, the streamwise domain length is used as the next
code, either 4pi or 2pi. Our implementation requires the use of a uniform grid size,
even when using a stretched grid resulting in a coarser mesh at the wall compared
to the simulations of Moser et al. which use a nonuniform grid. The distance to

the node closest to the wall is given in terms of wall units,

Ury
yt ==
1%

The uniform grids result in a slightly higher wall normal resolution in the centre of
the channel and a much higher resolution in the streamwise and spanwise directions.
The last code indicates the boundary condition used, the Guo boundary condition
(gb) places the first node at a distance of one from the wall while the bounce back
boundary condition (bb) places the first node at a distance of half from the wall

hence resulting in a reduced y;! , value for a given grid size.
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Codename ﬁ—z N, N, N, I, I, L, Niot v
092n-q19-2pi-gb 1 92 288 176 2 27 « 4.6 x 105 3.82
092n-q19-4pi-gb 1 92 576 198 2 47 4/3x 10.4 x 105 3.82
112n-q19-2pi-gb 1 112 352 176 2 27 m  6.9x10° 3.16
112n-q19-4pi-gb 1 112 704 234 2 47 4/37m 18.0x 10° 3.16
132n-q19-2pi-gb 1 132 416 212 2 27 «w 11.6 x 10° 2.69
142n-q27-4pi-bb 1 142 896 296 2 4w 4/3wm 37.7x 105 1.27
152n-q19-2pi-gb 1 152 480 246 2 27 7 17.8 x 10 2.35
160n-q27-4pi-bb 1 160 992 333 2 4m 4/37 529 x10° 1.13
178s-q27-4pi-bb 1.4 178 800 266 2 47 4/3wm 37.9x 10° 1.01
Moser et al. — 129 128 128 2 4w 4/3m 2.1x 105 0.05

Table 5.2: Configurations tested. All simulations use Re, = 180.

5.7.1 Parameters

The flow is defined by the Reynolds number Re . based on the friction velocity ..
All simulations are performed at Re, = 180. The wall shear 7, is related to the
applied body force f which drives the flow, by a static balance of forces as,

di
S =1y = 1 —
Jo=r udy

y=0

Here u is the average streamwise velocity over xz planes. The friction velocity u.,

and corresponding Reynolds number Re , are defined in terms of f as,
Tw fo
Ur = - = )
V » p
e, et _ 3 [10
v v\ p

Lattice spacing and time step are both fixed at one in lattice units. The size of the

domain ¢ is determined by the resolution, while the viscosity and the body force

remain variable.

The Reynolds number is specified, with the added constraint that the Mach number

should be below some threshold in order to decrease the compressibility error. The
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Mach number plays a similar role to the CFL number,

At - Umax

CFL =
Az

With At and Az both equal to one in lattice units, the relationship between CFL

number and Mach number is,

CFL = Umax,
B 1
Cs = ﬁ?
Ma — tmax _ CFL 3 X CFL.
CS CS

We use a Mach number of 0.1, equivalent to a CFL number of approximately 0.05774

for all simulations.

5.7.2 Results

The friction velocity turnover time is defined as,

., 0
= —.
Uy

As shown in Figure 5.11, parameters such as wall shear and peak turbulent kinetic
energy (TKE) reach steady values after approximately 30 turnover times. This devel-
opment period depends on the initial condition used. We have used our smoothed,
divergence free perturbation from Section 5.5 and a 1/7 power law velocity profile.
In order to be certain that fully developed conditions have been reached, we allow
the simulation to progress for 200 turnover times and then sample statistics for a
further 200 turnover times. This is a drastically longer sampling period than the 10
turnover times used for the entire original simulation of Kim et al. [124]. Although
the sampling period is not specified by Moser et al. [160], they do mention that the
sampling period is marginal and the statistics contain wiggles. This highlights the
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advantage of our code, extremely long running simulations are made feasible.

Streamwise TKE spectra along the centerline and at a location near the TKE peak
are shown in Figure 5.12. The wavenumber in these plots is defined in terms of

wavelength \ as,

The spectra of Moser et al. and of our simulations are similar overall, our sim-
ulations use a significantly higher streamwise resolution resulting in profiles that
extend further into the dissipation range. The spectra at y™ = 19 show closer
agreement than the centerline spectra. The gradient of the 5/3 power law is also
shown for reference. One possible cause for the differences in spectra may be due
to compressibility effects. It is possible that the Mach number of 0.1 which was
used was not sufficiently small to eliminate all compressibility effects which would
be more pronounced in regions of high mean velocity near the centerline. This ob-
servation is consistent with the larger deviation of our spectra from those of Moser

et. al. at the centerline.

Figure 5.13 shows mean velocity and TKE profiles in wall units for a large number
of configurations. Overall, results are quantitatively similar to those of Moser et
al. and approach them as the resolution is increased. A log-law region is appar-
ent in the mean velocity profile for values of y* greater than approximately 30.
We have not found significant difference between the small and large domains (2pi
and 4pi codes) when all other factors are accounted for. Both domain sizes are
shown for the 112n-q192-xxx-gb simulations and the results are virtually on top
of each other. There is a significant difference between results obtained using the
Guo and bounce back boundary conditions (gb and bb codes). We attribute the
superior accuracy of the bounce back boundary condition simulations to the place-
ment of a node at half grid spacing from the wall. It seems that the height of the
TKE peak is closely related to the placement of the first fluid node. The stretched
grid simulation achieves accurate results however it is not clear if there is any im-

provement compared to a traditional square grid. Both the 142n-q27-4pi-bb and
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Figure 5.11: Time variation of wall shear, peak TKE and centerline velocity for
142n-927-4pi-bb simulation.
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Figure 5.14: Pseudocolor velocity field of 142n-q27-4pi-bb simulation at ¢* = 277.

178s-q27-4pi-bb simulations use the same number of cells however the latter has a
finer resolution in the wall normal direction due to the stretched grid. Both of these
simulations achieve similar results. This simulation demonstrates the stability and
accuracy of the stretched grid scheme I have devised in Section 3.10. This is in con-
trast to other rectangular lattice methods which have not demonstrated turbulent

flow simulations. A visualisation of the velocity field is shown in Figure 5.14.

5.8 Sheared convective boundary layer

The sheared convective boundary layer is an environmentally occurring fluid flow
consisting of a convective boundary layer topped by a stably stratified shear flow.
The velocity profile is characterised by a series of layers moving away from the

surface. The layer closest to the surface is the boundary layer followed by a mixed
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Figure 5.15: Various example velocity and buoyancy profiles for the sheared con-
vective boundary layer.

layer then a shear layer and finally the free stream which has a uniform velocity
profile. The buoyancy field is characterised by surface convection in the boundary
layer followed by a fairly uniform region in the mixed layer and then a stratification
beginning at the velocity shear layer and continuing into the free stream. Charac-
teristic velocity and buoyancy fields from our simulations are shown in Figure 5.15
with further details to be presented subsequently. Research efforts have concen-
trated on parameterizing the rate of entrainment for use in larger scale simulations
or other environmental and engineering models. There are many possible variations
to this flow. In the case of zero mean velocity, this is referred to as the convective
boundary layer (CBL). There has been considerably more progress characterizing
the CBL. Research has progressed along three fronts, field observations of actual
weather events, large eddy simulations and experiments using wind tunnels and

water channels.

We consider flows driven by a geostrophic wind. Such flows can be approximated
as a flow with a constant velocity leading to the formation of a boundary layer. All
of the numerical studies mentioned assume that there is a pre existing inversion in
the potential temperature. Some studies assume that the lower fluid has a uniform
density, followed by a step jump at the inversion and then a linear stable stratifi-
cation in the stable atmosphere |72, 73, 117, 74, 75, 76, 182, 125, 228, 181|. Others
assume a linear stable stratification throughout the domain [56, 57, 183, 58, 236].

The density profile used by Pino et al. [182] was based on field observations on a
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particular day and later work [181] made use of the same data. Other studies cited
do not justify their choice of density profile. The characteristics of the inversion

strongly influence the behaviour of the system.

The formation of an inversion may occur due to numerous mechanisms including
night time surface cooling, moving warm fronts or as a result of atmospheric subsi-
dence — that is a negative mean vertical velocity. Inversions due to surface cooling
often occur during the night when the surface loses heat due to radiation and hence
cools the boundary layer forming a stable stratification. Winds will lead to mixing
however turbulent transport will be inhibited by the stratification. This flow, com-
monly referred to as the stable boundary layer (SBL) has been extensively studied
and has been shown to lead to an almost linear potential temperature profile in
a large section of the boundary layer between 30% and 100% of boundary layer
height. There is a sharper gradient near the surface [77|. Churilov has published
several papers [48, 49, 50, 51, 52| analysing the stability of stratified shear layers
with an inflection free velocity profile. These flows have an interesting property

that they are stable in the absence of stratification.

Once developed, the SCBL may be thought of as having two distinct components,
the convective boundary layer at the ground, a mixed layer and a stratified shear
layer. There may exist some limit, where the separation between these regions is
large enough that they can be treated separately. For example, it may be possible
to approximate the mixing in the shear layer while neglecting the dynamics below

it in the mixed layer.

The convective boundary layer will grow in thickness along the spanwise direction
beginning as a laminar Blasius profile and then undergoing a transition to tur-
bulence and continuing to grow with an ever increasing Reynolds number. The
shear layer will also grow along the streamwise direction. Depending upon the
Richardson number and Reynolds number, the shear layer may thicken in a lami-
nar fashion or mixing may be accelerated by shear instabilities. For a shear layer

with sharp changes in velocity and buoyancy, the stability behaviour is dependent

271



on the Richardson number (J). Low values of J, will lead to a Kelvin-Helmholtz
(KH) type instability while higher values may either be stable or subject to a Holm-
boe (H) type instability [226]. Either unstable mode will lead to increased mixing
and potentially turbulence production. Although most research has concentrated
on Richardson numbers below 5, it has also been shown that a secondary Holmboe

mode is present at J as high as 20 [3].

Stratified shear flows have typically been simulated in a periodic box large enough
to fit one or more wavelengths of the dominant unstable mode [254, 225, 175, 29,
226, 21, 224, 3, 28, 55|. When boundary layers are simulated in a periodic domain,
it is usually referred to either as a “temporal” simulation or “parallel flow” [230].
These simulations cannot capture any streamwise spatial variation and hence do

not capture effects such as asymmetric entrainment of plane mixing layers [151].

In contrast “spatial” boundary layer simulations use some prescribed inflow con-
dition followed optionally by an area designated for flow development and then a
region of interest. These simulations can be broadly grouped into simulations that
aim to capture the transition to turbulence and those that aim to generate tur-
bulence as an inflow. Simulations using a laminar inflow require sufficient spatial
extent for turbulence to develop and thus are limited to lower Reynolds numbers.
The transition to turbulence is typically accelerated by introducing a perturbation
ranging from synthetic turbulence [193, 115] to more accurate techniques including
passing wakes [257| or periodic patches of isotropic turbulence [256]. The last two

techniques are somewhat similar to the use of trip wires in wind tunnel experiments.

The method of Spalart [229] transforms a rectangular domain using a change of
variable in order to allow stream-wise gradients to develop in a periodic box. Using
this method Spalart produced DNS results that have been widely used as reference
data ever since. Although some early studies have reported success using parallel

flow [127], most contemporary works focus on spatial simulations [208, 139].

Lund, Wu and Squires [147] devised a method of turbulent inflow generation where
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a simplified form of Spalart’s transformation is used to run a temporal simulation,
the purpose of which is to provide input data for a downstream spatial simulation.
The spatial simulation is performed using a domain 2.4 times the stream-wise length
of the periodic simulation. Lund et al. achieved results that agree quite well with
those using the Spalart method and superior to results obtained using a purely
periodic ‘parallel’ upstream section. They note that a parallel development may be

used given a sufficient development zone of around 10 boundary layer thicknesses.

5.8.1 Parameters

The simulation is fully specified by a combination of fluid properties, boundary
conditions and initial conditions. The relevant fluid properties are viscosity v,
thermal diffusivity o and density pg. The boundary conditions are a no-slip wall
with prescribed buoyancy flux Biur ¢ at the ground and an infinite domain extending
vertically. The infinite domain is approximated by a free-slip boundary with an
inflection free buoyancy profile used to allow a constant buoyancy gradient in the
vertical direction. The initial conditions are a constant velocity uy and a constant
buoyancy gradient ‘fi—f. These parameters are summarized in Table 5.3 and visualised
in Figure 5.16. The streamwise, spanwise and surface-normal directions are the =z,

y and z coordinate axes.

The free stream velocity and buoyancy stratification may also be viewed as bound-
ary conditions and the initial condition being that the boundary layer height is zero.
In some cases, it may be desirable to begin the simulation with some pre-existing
velocity and buoyancy profiles, in this case these profiles will introduce additional

parameters.

We perform a temporal simulation with periodic boundary conditions in the span-
wise and stream-wise directions. The domain size used is significantly larger than

the largest expected flow feature.

The six parameters specifying the fluid properties and boundary conditions are
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\\

Parameter Unit Description

v m?s! viscosity

a m2s~! thermal diffusivity

00 kg m—3 density

Bgury kgm~'s™® buoyancy flux at the surface

U ms! free stream velocity

b kgm™3s™? buoyancy stratification

Table 5.3: Parameters used in the DNS simulation
Velocity Buoyancy
U

::l _____

A\

Fluid
properties:

v,a,p

Figure 5.16: Parameters used in the DNS simulation
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made up of three fundamental properties so using the Buckingham II theorem, the
problem may be equivalently specified using three non-dimensional parameters. The
repeating variables are chosen to be v, uy and ésw ¢ and the remaining variables

are expressed in terms of these.
o] =[v] = I, =Pr=".
o

The Prandtl number Pr relates momentum and buoyancy diffusivity. Length and

time are expressed as,

] = Bns] 2 2 11y P,
[Cfl_f] = [ _)surf]% : % = H3 = is&f

The third group II3 and first group Pr are combined to give what we have called
the buoyancy shape III,

Bsurf

dB °
S

Hl:l_Ig-le

The buoyancy shape is represented by the Cyrillic letter Sha (for shape), we have
found the shape factor to be the most important influence on the characteristic
shape of the flow field. For III = —1 the buoyancy field will maintain a linear
gradient. Increasing I will result in a larger gradient at the wall. For the laminar

case, the hydrodynamic fields and the buoyancy field are decoupled. The buoyancy
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field can be characterized using the following dimensionless parameters,

dB\ ! t
B __ o= *B _ 7
= po(dZ) ) t _tBa
VP =V, o=
Yy
dB B
BB:— B B*B:—.
a7 BB

Normalizing by these characteristic scales allows all laminar profiles without con-
vection to collapse to one solution specified by I1I and time as shown in Fig. 5.17.

The velocity profile will scale according to the following viscous scales,

U

v *V

U = Uo, u )

pov =L
29 TR
ug t
v

[ 2 Vo

Yy =, Yy =
Up )

The laminar solution is not dependent on the second non-dimensional group, only
the shape of the buoyancy field depends on III. Due to the periodic boundary
condition, the velocity profile is not a Blasius boundary layer but a more simple

solution to momentum diffusion only.

The Reynolds number for boundary layer flows may be based on a number of length

scales including the 99% length 0, the displacement thickness,

or the momentum thickness,
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Figure 5.17: Velocity
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The resulting Reynolds numbers are,

(SUO 0* Up 9“0

Res = —— or Reg = or Rey=—.
v v

All of these boundary layer length scales will increase from their initial value as
the simulation progresses changing with them their respective Reynolds numbers
and other dependent dimensionless numbers. We express the second group Il; as a

combination of other parameters in order to yield some insight into its significance,

L _@v_ & _

M3 wugpo  ufpoRej Rej’
111

My = —2. (5.8)
Pr Rej

Here J is some bulk Richardson number relating the bulk stabilising energy across

a shear layer to the generally destabilising kinetic energy.

_ ABs§

5
Po Uy

J

AB;s is the difference in specific buoyancy across the boundary layer with charac-

teristic length 0. Given a uniform initial stratification, this can be simplified to,

dB
ABs = — - 0.
* T dz
The stability ratio (SR) uses the Monin-Obukhov length (Lyo) to describe the

relative contributions of shear and buoyancy effects in the boundary layer,

5 3
SR = -2 with Lyo = —zf0
LMO /‘sturf

The von Karman constant s is roughly 0.41. The wall shear will change over
time, influenced mainly by the boundary layer height but also by the turbulent
structures that ordinarily depend on Reynolds number but will also depend on

buoyancy parameters.
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In order to predict the wall shear, additional information regarding the velocity
profile is required. The law of the wake has been shown to accurately predict mean

velocity profiles for a range of wall bounded shear flows [185, 54|,

et () (3)

Evaluating at y = ¢ and approximating f by the log law results in,

uy 1 (5u7> 211
— =—1In +c+ —.
K

Ur K v

The equation above has three constants, x ~ 0.41 is the von Karméan constant,
¢ ~ 5.2 is the log law constant. These have been experimentally derived for wall
bounded boundary layers and it is tempting to see how well it works in this case
despite the immediately obvious problem that the mean velocity profile of the SCBL
is significantly different to a normal boundary layer far away from the wall. The
wake parameter IT also depends on the flow, Coles [54] predicts a value of 0.5 for a

zero pressure gradient boundary layer however Pope [185] uses a value of 0.55.

Lattice Boltzmann simulations are weakly compressible requiring a sufficiently small
Mach number in order to minimise errors. Thus we add one additional variable,
the speed of sound ¢, and a corresponding non-dimensional parameter, the Mach
number,

Up

Ma = —.

Cs

Flow parameters used by Conzemius and Fedorovich [56] (C&F) will be used as a
guide in selecting the parameter range for study. Physical parameters are specified
by C&F rather than non-dimensional ones, we calculate the non-dimensional pa-
rameters previously discussed in this section using the following values of kinematic

viscosity, thermal diffusivity and density at 1 atm and 25° C,

vy=1562x 107 m?*™!, a=2141x10"°m? ' and p=1.184kgm>.
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The simulations by Cc&F were allowed to proceed until the boundary layer reached
approximately 60% of the 1.6 km domain height, around 960 m. They studied three
initial conditions for velocity; zero velocity, constant shear and constant velocity.
The initial velocity in the last case is 20 ms™! leading to a Reynolds number of

around 10°.

The potential temperature, a measure of the buoyancy of air based on both tem-
perature and pressure is used by C&F rather than a direct buoyancy field as used
in our simulation. The potential temperature flux g can be related to the buoyancy

flux using equation,

—

L 6
B = pog—.

ref

The potential temperature fluxes used in CF are 0.03, 0.1 and 0.3. Using the law
of the wake to predict a friction velocity u, = 0.752, these fluxes correspond to

stability ratios of 0.91, 3.0, and 9.1.

The potential temperature gradients of 0.01, 0.003 and 0.001 used by C&F are
equivalent to bulk Richardson numbers of 0.75, 0.23 and 0.075 using the formula,

dB _ pog df
dz O dz’
By g db
poud Ul O dz

J:

The characteristic length scale used in our simulations is half of the domain height.
The Richardson number specified will take the desired value when the boundary
layer reaches that height. Although we have specified our simulations in terms of
this Richardson number, an alternative choice that does not depend on boundary

layer height is the second non-dimensional group Il,. The two are related by Eqn 5.8.

The buoyancy flux into the domain at the top boundary Etop is set to,

= dB

top:Oé'E
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Codename SR J 111 II,

Al 6.520 0.50 2.42 3.23 x 1078
A2 9.770 0.75 242 4.84 x 1078
A3 13.05 1.00 2.42 6.46 x 10°8
B1 19.52 0.50 7.25 9.67 x 1078
B2 2930 0.75 7.25 1.45x 1077
B3 39.05 1.00 7.25 1.93x 107"

Table 5.4: Parameters used in various SCBL simulations.

in order to maintain the correct buoyancy gradient.

5.8.2 Results

We will present the results of six direct numerical simulations which were performed
using periodic boundary conditions and a range of parameters detailed in Table 5.4.
The stability ratio and Richardson numbers selected are similar to those used by
Conzemius and Fedorovich [56] however our DNS needs to be run at a much lower
Reynolds number since all turbulent length scales must be fully resolved. All simu-
lations were performed using Re s = 1500 and Pr = 0.73. Only two out of the three
parameters SR, J, I1I and II; may be specified, the rest being dependent. The first
and second batch of numerical experiments are each run for a fixed values of III in
order to demonstrate the similarity of simulations based on this parameter. The
domain size used for all simulations was 608 x 302 x 190 nodes in the streamwise
x, spanwise y and surface normal z directions. The streamwise direction is around
27 times the mixed layer height and the spanwise domain size is approximately 7
times the mixed layer height noting that the mixed layer height never exceeds 50%
of the domain height. These values were chosen based on experience with chan-
nel flow simulations. These simulations were performed using the single relaxation
time collision operator and the cub_d3q19_ab lattice. The scalar buoyancy field

was solved using our third order multi-dimensional flux limited NEWTOPIA scheme.

Velocity and buoyancy profiles for various Richardson numbers are shown at a series
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of times for III = 2.42 in Figure 5.18. The times are scaled using the buoyancy
time scale t?. Figure 5.19 shows the same data for III = 7.25 simulations. The
development of distinct boundary layer, mixed layer (the upper part of the boundary
layer below the shear layer) and shear layers is apparent. There is considerable
agreement between profiles at different Richardson numbers at the same value of

III. Pseudocolor plots at the same values are shown in Figure 5.21 and Figure 5.22.

The time development of shape factor, defined as 6*/6, displacement thickness (0*)
and momentum thickness (f) are shown in Figure 5.23. The shape factor and
momentum thickness evolve according to the buoyancy time scale while the dis-
placement thickness evolves according to the viscous time scale. Once again there
is remarkable agreement between simulations at the same value of III. Figure 5.20
shows velocity and buoyancy profiles from Conzemius and Fedorovich [56] for com-
parison. As we have explained, our parameters do not exactly match those of C&F,
in particular due to our lower Reynolds number chosen to facilitate direct numerical
simulation rather than large eddy simulation, thus the figure only serves to show

qualitative agreement between our simulations.

The scaled plots presented in this section combined with the preceding dimensional
analysis represent the first steps towards establishing a scaling relationship relating
various parameters of the flow to the non-dimensional variable III. The parame-
terization will also depend on the last dimensionless group Il, although the III
dependence is expected to dominate. Further simulations in this parameter space
are required in order to arrive at the functional form for this parameterization. Our
code is well suited to carry out this further investigation due to high computational

throughput.
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Figure 5.18: Velocity and buoyancy profiles at various times for I ~ 2.42.
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Figure 5.19: Velocity and buoyancy profiles at various times for I ~ 7.25.

284



1200 —

800 —

z (m)

400 —

OLOD

\ “o
0 _._.---'-'c""“-q%

-2 -1 0 1 2 3
-0.02 -0.01 0 0.01 0.02 0.03
296.8 297.2 297.6 298 298.4 298.8

10 12 14 16 18 20

Ri, w'0' (K m s7), 0 (K), # (m s™)

Figure 5.20: Comparison velocity and buoyancy profiles from Conzemius and Fe-
dorovich [56].

285



Figure 5.21: Pseudocolor velocity plot of III = 2.42, J = 0.75 simulation at t*Z
values of 45, 90 and 180.
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Figure 5.22: Pseudocolor velocity plot of III = 7.25, J = 0.75 simulation at t*Z
values of 45, 90 and 180.
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Figure 5.23: Time dependence of shape factor, displacement thickness and momen-
tum thickness.
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Chapter 6

Conclusion

Our study of lattice Boltzmann (LB) methods for the simulation of turbulent fluid
flows has uncovered several algorithmic improvements. We have presented new non-
unit Courant number schemes based on the second order Lax-Wendroff scheme and
the first order upwind scheme which use an additional term to cancel errors that
are introduced into the multi-scale expansion. These have been tested and shown
to improve stability and accuracy. We address the order of accuracy of the force op-
erator which has been the subject of considerable debate. The accuracy of the force
operator is maintained when using our modified difference schemes. We have pre-
sented alternative topologies based on face and body centered cubic lattices which
offer computational improvements compared to the typical cubic lattice. A new
formulation of the multiple relaxation time collision operator has been presented.
A generalized eigendecomposition has been used which allows a new freedom in
tuning the eigenvectors of the linearised collision operator. Applications include a
variable bulk viscosity and the use of a stretched grid, our implementation of which
has reduced errors present in previous efforts. Our stretched grid implementation
has been tested using Taylor-Green vortex flow and turbulent channel flow. We
have included full details including all required matrices and moments for a wide
range of lattices including new ones based on the body centered cubic lattice. We

have performed linear stability analysis on several of the included lattices.
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Small Mach number flows where density variations are negligible except in the buoy-
ancy force term allow the use of a highly accurate finite volume solver to simulate
the evolution of the buoyancy field. The solver is coupled to the LB simulation as an
external force. We use a multidimensional flux limited third order flux integral based
advection scheme. The simplified NEWTOPIA algorithm we have devised is easier to
implement, has higher performance and does not sacrifice any accuracy compared
to the original UTOPIA scheme it is based on. Our algorithm is particularly suited
to an outflow based implementation which further simplifies implementation and
results in additional performance improvements. Our algorithm is also well suited
to the implementation of Thuburn’s [242] multidimensional flux limiter which is
outflow based. We have presented numerical experiments confirming the third or-
der accuracy of our scheme when applied to multidimensional advection. We have
also confirmed that the multidimensional flux limiter reduces the order of accuracy

to somewhere between second and third order.

The coupled solver is implemented in a new code that runs in parallel across mul-
tiple machines using GPUs. Our code achieves high computational throughput and
accuracy and has been used to simulate a range of turbulent flows. The code cur-
rently runs on Nvidia’s CUDA enabled hardware however we have ported an older
branch to use OpenCL. We have also developed two utility programs used to cre-
ate and analyse collision matrices and to perform linear stability analysis of LB

methods.

Details regarding turbulent channel flow have been presented demonstrating correct
turbulent kinetic energy profiles and spectra. Our stretched grid scheme has been
developed in order to improve grid resolution near the wall, we have successfully
used it to simulate turbulent channel flow using moderate grid aspect ratios. We
have also performed simulations of the sheared convective boundary layer and found
new insight into the scaling properties of the flow, finding close agreement between

results using the same shape parameter.

Future work includes further analysis concerning the effects the eigenstructure of the
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collision matrix on the stability and accuracy of LB methods. Based on preliminary
investigations and on previous research [134], we anticipate stability improvements
are possible as a result of tuning the eigenvalues corresponding to higher order
moments. Our eigendecomposition allows tuning of eigenvectors as well as eigen-
values potentially allowing further stability and accuracy improvements. We also
intend to further test and characterize our newly developed lattices. We believe
that Thuburn’s limiter can be generalized in order to create a new family of lim-
iters similar to the one dimensional total variation diminishing schemes. Further
exploration of the sheared convective boundary layer parameter space is expected to
yield a parameterization of the flow properties such as boundary layer growth and
entrainment rate in terms of relavent non-dimensional parameters. We also plan
to port our solvers to Intel’s Xeon Phi architecture and update our OpenCL port.
Our code has been setup to simulate a variety of other flows which have not been
presented in this thesis. We plan to publicly release the code and flow configuration

files using an open source license.
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