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ABSTRACT

Lattice Boltzmann (LB) Methods are a somewhat novel approach to Computational
Fluid Dynamics (CFD) simulations. These methods simulate Navier-Stokes and
magnetohydrodynamics (MHD) equations on the mesoscopic (quasi-kinetic) scale by
solving for a statistical distribution of particles rather than attempting to solve the
nonlinear macroscopic equations directly. These LB methods allow for a highly
parallelizable code since one replaces the difficult nonlinear convective derivatives of
MHD by simple linear advection on a lattice. New developments in LB have significantly
extended the numerical stability limits of its applicability. These developments include
multiple relaxation times (MRT) in the collision operators, maximizing entropy to ensure
positive definiteness in the distribution functions, as well as large eddy simulations of
MHD turbulence. Improving the limits of this highly parallelizable simulation method
allows it to become an ideal candidate for simulating various fluid and plasma problems;
improving both the speed of the simulation and the spatial grid resolution of the LB
algorithms on today’s high performance supercomputers. Some of these LB extensions
are discussed and tested against various problems in magnetized plasmas.



TABLE OF CONTENTS

Acknowledgments . . . . . ... iv

Dedication . . . . . . . . . v

List of Tables . . . . . . . . . . vi

List of Figures . . . . . . . . . . . e vii
CHAPTER

1 Imtroduction . . . . . . . . L 2

2 Derivation of Lattice Boltzmann . . . . . . . . . . . ... ... .. 7

2.1 Deriving Boltzmann . . . . . . .. ... Lo 7

2.2 2 Theorem . . . . . . ... 10

2.3 Boltzmann Equilibrium . . . . . ... ... 0000 11

2.4 Discrete Boltzmann Distribution . . . . . . . . ... ... L. 12

3 LB Procedure . . . . . . .. 15

3.1 Stream and Collide . . . . . . . .. ... 15

3.2 Lattice Velocities . . . . . . . . . 17

3.3 Moment Basis Representation . . . . ... ... ... ... ... ..., 19

3.4 Derivation of the Navier-Stokes Equations . . . . ... ... ... ... 21

4  Magnetohydrodynamics . . . . . . . .. ..o 28

4.1 MHD Magnetic Equation . . . . . . .. ... 0000 30

4.2 MHD Fluid Equations . . . . . .. .. .. ... o 32

4.2.1 Continuity Equation . . . . .. .. ... ... ... 32

4.2.2 Momentum Equation . . . . .. ... .00 0000 33



4.3 Dellar’s lattice Boltzmann MHD model . . . . . . . . .. .. ... ... 35

4.3.1 Lattice Velocities . . . . . . . . .. ... oL 37
4.4 Return to MHD equations . . . . . . .. . ... ... ... ... ... 38

441 V-B=0 ... . . 38
Characteristics of Simulations . . . . . . . .. ... .. ... ... 40
5.1 Energy Spectrum . . . . . .. ... 41
5.2 Kelvin-Helmholtz Instability . . . . .. ... ... ... ... ... ... 43

5.2.1 Analytic Solution . . . . . . ... ... 44

5.2.2  KH Simulation Results . . . . . .. .. ... .. ... .. 50
Partial Entropic MRT LB Model . . . . . . . ... ... ... ... ..... 54
6.1 Multiple Relaxation Time (MRT) . . . .. ... ... ... ... .... 55
6.2 Entropic Method and its Partial Extension to MHD . . . . . . . .. .. 58
6.3 Partially Entropic LB-MHD Simulations . . . . . ... ... ... ... 62

6.3.1 Magnetized Kelvin-Hemholtz Jet Instability . . . ... ... .. 62

6.3.2 Chen et. al. Profile . . . . ... .. ... 0 oL 66

6.3.3 Biskamp-Welter Profile . . . . . . ... ... ... ........ 68
6.4 Conclusion . . . . . . . .. 69
Large Eddy Simulations . . . . . .. .. ... oo 71
7.1 Relative Scales. . . . . . . . .. 71
72 Costof DNS . . . . . . . o 72
7.3 Filtering . . . . ..o 74
74 Early LES . . . . . .. 7
7.5 Advancesin LES . . . .. .. ..o 79
LES model for LB MHD . . . . . . . .. .. ... 81
8.1 Filters and Filter Widths . . . . . . .. .. ... .. ... ... ... 84

i



8.2 Moment Basis Representation for LES LB-MHD . . . . .. ... .. .. 85

8.3 Derivation of LES MHD Equations for LB MRT . . . .. ... ... .. 89

8.3.1 Filter expansion . . . . . . . . . ... 89

8.3.2 Knudsen expansion . . . . . . ... 91

8.3.3 Final filtered LES-MHD equations . . . . . . ... ... ... .. 93

8.4 Preparing LES for Simulation . . . . . . ... ... ... ... .. 94

84.1 Filtering LB . . . . . . ... 98

8.5 LES-LB-MHD Simulation . . . .. .. ... ... ... .. ....... 99

8.6 Conclusion . . . . . . . . . 106

9 Conclusion . . . . . . . L 108
APPENDIX A

MRT Chapman-Enskog Expansion in LESMHD . . . . .. ... ... ... ... 109
APPENDIX B

Local Spatial Derivatives . . . . . . . . . . . .. 122
APPENDIX C

Entropic Derivation for LB . . . . . . .. .. .00 125

Bibliography . . . . . . .. 129

Vita . . o o 134

iii



ACKNOWLEDGMENTS

I would like to first thank God for His provision and planning. I never expected to arrive
at this point in life as blessed as I am. I would also like to thank my wife for her love,
respect and patience as I finish my graduate studies. I would like to thank all of my
family and friends for their continued support. And finally, I would like to thank my
advisor George Vahala for his guidance and teachings in both physics and the Word.

v



I present this thesis in honor of my loving and supportive wife.



LIST OF TABLES

3.1 Table of cubic lattice types.

vi



3.1

5.1
5.2
5.3
5.4
5.9

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

7.1
7.2
7.3

8.1
8.2
8.3
8.4
8.5
8.6

LIST OF FIGURES

D2Q9 Lattice Representation . . . . . . .. ... ... ... ... ...

A Model Energy Spectrum . . . . . ... ...
Concept Diagram of the KH Instability . . . . . ... .. ... ... ....
Initial profile of KH LB jet simulation. . . . . . . .. .. ... ... ....
KH LB simulation of a moderate velocity jet . . . . . . .. ... ... ...
KH LB simulation of a high velocity jet . . . . . . .. ... ... ... ...

Entropic MRT evolution in LB MHD of a weakly stabilized KH jet .
Spectral Plot of Entropic MRT KH Simulation . . . . . .. ... ... ...
Magnetic field line comparison in EMRT simulation against Chen Fig. 6a .
Magnetic field line comparison in EMRT simulation against Chen Fig. 4a .
Evolution of magnetic field lines in EMRT simulation of Chen Fig. 4a . . .
Comparison of current lines in Entropic MRT simulation of Biskamp . . . .
Plot of 4* in Entropic MRT simulation of Biskamp . . . . . ... ... ..
Plot of energy dissipation over time for the Biskamp-Welter profile . . . . .

Relative Size of DNS Energy Scales . . . . . .. ... ... .. ... ....
1D Filtering Example . . . . . . . . . ... o
2D Filtering Example . . . . . . . . . ..

Lattice vectors for D2Q5 . . . . . . . . . ..o
Initial Vorticity Profile of LES-LB-MHD Simulation . . . . . .. ... ...
Comparison of Vorticity Evolution in the KH jet between DNS and LES .
A late time vorticity comparison between DNS and LES . . . . .. .. ..
A late time spectral comparison between DNS and LES . . . . . . . . . ..
A late time current line comparison between DNS and LES . . . . . . . ..

vil

64
65
65
66
67
68
69
69

75
76
76



COMPUTATIONAL METHODS OF LATTICE BOLTZMANN MHD



CHAPTER 1

Introduction

When considering the flow of liquids such as ocean currents, the flow of a gas over
an airfoil, or the flow of plasma either on the sun or in a tokamak fusion reactor, it is
important to be able to understand, predict and eventually control these flows.

The flow of liquids and gases can be described by the Navier-Stokes equations which

appear as

ap o
oi .. 1
E‘f‘(u-V)U— ;VP—FV'QVS. (1.1b)

where p is the fluid density, @ is the fluid velocity, p is the pressure, v is the kinematic
viscosity, and S is the rate of strain tensor in which S = % <V€[ + (Vﬁ)T>. The Navier-
Stokes equations were discovered when Newton’s second law was applied to fluid motion.
Stress was brought in by assuming that it is related to the sum of a diffusing viscous term
(~ Vi) and a pressure term (p).

Plasmas found in fusion reactors and on the sun are made up of ions and electrons.



These plasmas can be modeled using magnetohydrodynamics (MHD), a model similar to
the Navier-Stokes equation which includes magnetic field influences. The MHD equations

are defined as

ap ,

el . = 1.2

o TV (p) =0 (1.22)
a_ﬁ_i_(g.v)g—_lv —éx(VxE)—l—VQuS (1.2b)
ot A |

where B is the magnetic field which evolves according to the MHD induction equation

—

%—f — V x (ﬁ X é) + V2B (1.3)
and 7 is the resistivity.

Both sets of equations can be solved analytically for only a few set of initial conditions
due to existing nonlinearity. In order to solve the vast majority of relevant geometries
which cannot be determined analytically, computation is required to determine solutions.
This is known as computational fluid dynamics (CFD) and is typically done by modeling
a fluid over a spatial lattice of discrete points and evolving the system over discrete units
of time. This approach is successful in modeling the fluid, but the computational cost in
CFD tends to scale poorly for turbulence simulations that require high accuracy.

Modern High Performance Computers (HPCs) are built around many processing co-
res (on the order of 10,000s to 100,000s). As new HPCs are produced, the number of
processing cores in these machines continues to increase rapidly while the speed of each
core has little, if any, improvement. HPCs require highly parallelized code in order to take
advantage of the potential speedups from adding more cores to the newer HPC models.
Communication between processing cores has a very high latency rate (on the order of

microseconds) compared to the latency rate of simply reading values from memory (on the
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order of nanoseconds). A highly parallelizable code will attempt to minimize interprocessor
communication in order to decrease the total computation time.

Solving the set of MHD equations at a lattice site requires a solution to many spatial
derivatives. The difficulty with CFD is that the convective nonlinear derivative is spatially
dependent (#- V1 is dependent on @ at the lattice sites). Thus one can not easily find a syn-
chronization between processors performing this evaluation. However, the linear advection
in lattice Boltzmann has perfect synchronization and hence excellent parallelization.

LB is a novel, alternative approach to CFD which models fluid on the mesoscopic scale
as a distribution of particles wherein each distribution is delineated by a discrete position
and momentum. The lattice Boltzmann procedure stems from the lattice Boltzmann
equation

Ouf:+ Oucasfy = = (fi — ) (1.4)

where « follows Einstein summation and corresponds to each of the spatial dimensions,
[ is the value of f; at equilibrium where i denotes the velocity component, e,; represents
a unit vector for each velocity ¢, and 7 is the relaxation rate related to viscosity by v =

c? (7’ — %) upon performing Chapman Enskog expansions on LB, and ¢, is the sound speed.

S

The LB procedure follows two main procedural steps based on equation (1.4) at each

timestep:

1. Stream each distribution along the spatial lattice according to each distribution’s mo-
mentum. This corresponds to the advective term in the lattice Boltzmann equation
(Oaaifi) and can be simply described as a transfer/movement of data between nearest

neighbors on the lattice.

2. Locally collide all distributions with the same spatial position on the lattice. This
corresponds to the right-hand side of the lattice Boltzmann equation (% (fi — feq))

)

where each distribution relaxes towards a locally prescribed equilibrium f;* defined by
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the moments at each lattice point (sec. 3.3).

The LB method features some great improvements over the classical CFD methods.
Besides the great improvement in parallelizability due to the advective term and the simple
two step process of LB, there is also the short code length of LB. A minimal LB code
consists of about 1,000 lines making it very easy to write, debug, and edit.

Another notable feature is that simple LB is designed to run at lower fluid velocities
(subsonic speeds) and requires more discrete distribution velocities to run at higher fluid
velocities. This problem exists because a distribution of particles would have to move more
than one lattice site per timestep without a collision in order to model the higher velocities.
Increasing the number of discrete distribution velocities will require a greater computati-
onal cost and is typically undesirable. Therefore research [1, 2] has been pushing LB into
the supersonic and transonic regime while attempting to minimize the computational cost.

A general downfall to LB is that it is designed as a positive definite system in order
for the sum of the distributions to be equal to the fluid density. If any of the fluid
distributions become negative due to a number of factors, the simulation will become
unstable and break down. A new model of LB MHD partially developed by myself and
based on work by Karlin et. al. [3] is introduced in order to improve the overall stability of
a simulation. This stability improvement is introduced by separating the single relaxation
time (SRT), 7, into multiple relaxation times (MRT), one for each distribution f;. In
MRT, the relaxation rates are so chosen that they do not affect the viscosity of the fluid.
In the case of this new model, the relaxation times are also then chosen as a function of
maximum entropy. This model allows distributions prone to becoming negative to have a
shorter relaxation rate without modifying the underlying MHD equations where a longer
relaxation rate will slow the overall change of a distribution’s value. This new model is a

partial maximization of entropy; partial because it only maximizes the fluid’s entropy, not



the magnetic field’s entropy.

A second problem expected to occur in CFD and LB is the computational cost re-
quired of highly accurate simulations whose cost is calculated as the product of the total
number of spatial grid points and timesteps. As a gridsize increases, so does the computa-
tional cost. Large eddy simulations (LES) are a technique designed to increase simulation
accuracy without increasing the number of gridpoints which leads to a minimal increase
in computational cost. The approach is to model the naturally generated subgrid scales
of motion by some form of subgrid viscosity. While many LES models exist for CFD
and some exist for LB, very few (if any) exist for LB MHD while taking advantage of its
features. A new LES model for LB MHD, developed by myself and based on theory by
Ansumali [4], is presented in chapter 8.

This paper begins by deriving the lattice Boltzmann equation from kinetic first princi-
ples in chapter 2. An explanation on how to use LB as a simulation method with variations
of some of its features is presented in chapter 3. Then, chapter 4 will derive the MHD
equations along with its application in LB. chapter 5 will cover some analytical theory
on the turbulent energy spectrum and the Kelvin-Helmholtz instability. The new model
on improving LB MHD stability by directly maximizing entropy in the fluid velocity is
in chapter 6 along with corresponding simulation results. The concept behind the theory
of large eddy simulations is explained in chapter 7. Finally, a new LES technique for

LB-MHD is presented in chapter 8 along with simulation results.



CHAPTER 2

Derivation of Lattice Boltzmann

Gases are a statistical distribution of many (N >> 1) small particles, whose pro-
bability is given by the N-body distribution function. This can be broken down into a
BBGKY hierarchy and which under certain conditions can be approximated by kinetic
equations (and l-particle distribution functions). A mathematical probability distribu-
tion function can be built to describe the probability that a particle exists in a phase
space location at a specific time fy (1,2,...N,t) where 1,2,... N represents the coor-
dinates ¥y, Ts, ... TN, D1, P2, ...Pn. This function allows the tracking of every particle in
the system. Integrating the distribution function over a given phase space provides the

normalized probability of all particles in all space such that

_ 3N 3N
1_//fN(1,2,...N,t)da: A 2.1)

2.1 Deriving Boltzmann

A change in the particle distribution function can occur due to external forces and

particle collisions. The total change of a distribution, D, f = fl—’:, is broken into a set of
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partial derivatives using the chain rule on each component of the distribution function.

The Liouville equation defines the precise evolution of the distribution function which is

defined as

i N ﬁ N F:
Dify = at+2— Vit 2 0 Vi | v (1,2, N 1)

7

N ex N col
= 8t+z%'vfi+z<a® t Zi?w). 5

7

where fy is the distribution of the full system of particles N, ¥; and p; are respectively
the position and momentum of the i*" particle, ®¢*! is the potential of the i*" particle due
to an external force and @f;?l is the inter-particle potential between particles ¢ and j. The
Liouville equation tracks the position and momentum of every particle and evolves the
distribution for the system [5]. The number of particles in an environment can add up to
more than 10?. With such a large number of particles, it’s impossible to track each one
through time, even in a simulation.

An approach to tracking fewer particles in each distribution comes from the BBGKY
hierarchy. Although, the BBGKY hierarchy describes the evolution of the system using
distributions of fewer than N particles, the hierarchy is a precise equation equivalent to
the Liouville equation. For a subset, s of the total number of particles N, the BBGKY

equation becomes

N (0t~ 0P
at‘FZE'V@‘I‘Z( 8{1_3'1 +Z 89?Z -V f8(172v"'37t)

? J

col

- - Z Vpl/ ZS—H * for1 dTs41 dpssa

where fs is the distribution function for a subset, s, of particles such that fs (1,2,...s,t) =

[ fn da?, da?,, .. dafdpd, dpl,, ... dp},. The BBGKY hierarchy tells us that the evo-



lution of just one particle requires the knowledge of a second. And the evolution of a
second requires a third which continues until the entire system is required to be tracked.

Boltzmann introduced closure to the BBGKY hierarchy by assuming uncorrelated
particles, except at their binary collision. This assumption is appropriate for a neutral
rarefied gas with very short range but strong interaction potential. Collisions between more
than two particles are considered to be far too rare to significantly effect the macroscopic
state of the gas. Thus for a 2-particle distribution function, one can reduce it to a product

of 1-particle distribution function together with the pair correlation term P

f2 (1727t) :fl (Lt) fl (Qat)+P(172vt) (24)

The 1% term on the right hand side is the result if particles 1 and 2 were totally uncorrelated
lideal gas| i.e., statistically independent of each other. The pair correlation P (1,2,1)
tells how particle 1 is correlated to particle 2. Under the molecular chaos assumption,
Boltzmann then deduced that the evolution of the 1-particle distribution function can be
given by

st

07,

O + % -Vaz + Ve | 1 (@1, 01,1) = (0uf1) oo (2:5)

where (0, f1),,, is the rate of change in the 1-particle distribution function due to particle
‘1’ colliding with other particles in the gas at position Z;. A precise definition of the

particle collision term is
N
@)=Y [y (RGNS - AEIAG) a2 P5EF (20)
J

where primed values represent post-collision states, ¢g1; = |p1 — pj| = ‘ P — }7}|, o is the



differential scattering cross-section and df2 is the solid angle of the collision. Although
the evolution of the distribution is now greatly simplified, the collision term requires a
pairwise comparison between every particle in the system to determine if any collision has

occurred, making the collision integral nonlinear and difficult to use.

2.2 2 Theorem

An approach to simplifying the collision term came about as a side effect Boltzmann’s
FC-Theorem. Boltzmann’s 77-theorem is similar to a negative entropy of the system
derived from the assumption of molecular chaos. For f; — fiIn f; then integrating over

phase space, the LHS of the Boltzmann equation (2.5) becomes

07

= aq)ext
/ / &P Py [@—F%-Vil—k L -vﬁl] filn fy (2.7)

The second and third terms can be transformed from volume integrals to surface integrals

such that

- (I)ezt
0, + // &Epy dE, - %fl In f1 + // 4’z d%, - aaTifl In f1 (2.8)
1

fi = 0 as p1 — oo and ¥; — oo so the surface integrals in the second and third terms

equal 0. 7 is defined as

o= / / f (7.5, In fy (7, 5.1) i d (2.9)

Observing how 7 changes over time,

10



It can be proved [5] that the RHS collision term of (2.5) is shown to be < 0 forcing
d; 7 < 0. This is significant because it shows that a statistical distribution of particles
under molecular chaos will tend towards an equilibrium (when d;5¢ = 0) and can thus
be considered irreversible since d;.7# cannot be positive. This corresponds with the ir-
reversibility stated in the second law of thermodynamics. A bridge now exists between
the microscopic and macroscopic scales of statistical mechanics/thermodynamics thanks

to Boltzmann’s 57 theorem.

2.3 Boltzmann Equilibrium

The concept of an equilibrium, determined from the collision term of (2.5) when
LA = 0, requires fi(1)f1(2) = fi(1)f,(2) for fi(i) where i represents the coordinates
of particle 7. If the log is taken of this equation, we find the In f is a collisional invari-
ant; meaning that In f1(1) + In f1(2) = In f;(1) + In f,(2) can be defined by conservation
equations g + s, = p) + p, and %—l—% = %—i—%. Iflnf=A (17_ §)2+1n0] or equi-
valently [f = C exp (—A(ﬁ— 5)2)], then f can be replaced with the Maxwell Boltzmann

distribution

/ ~ N2
F= fed = (27:]L%T>3 2exp (_—(UQR;) ) (2.11)

with n as number density, & as macroscopic velocity, R = % is the ratio of Boltzmann
constant k over mass m, and temperature is 7. The choice of these variables is made by

choosing the lowest order moments of the distributions to reflect the conserved hydrody-

11



namic quantities. This corresponds to

/f(f, 7,t)dv® = p (2.12a)
/ﬁf(f, 7, t)dv® = pi (2.12b)
/ @ £ 7,0 d0* = L2 QRT . (2.12¢)

For an isothermal model, T" has no significance. The collision term may now be approxi-
mated by the Maxwell Boltzmann distribution when the system is close to equilibrium.
Bhatnagar, Gross and Krook (BGK) discovered a short-hand, linear way of relating

a particle collision to the equilibrium state. The BGK operator appears as

(0ef1) ey = =7 (f1 = 1) (2.13)

where 7 is a relaxation time related to the viscosity. Rather than making pairwise compa-
risons with every distribution to determine the collisional state, one simply compares the
current distribution against its equilibrium. The BGK collision operator greatly simplifies
the kinetics and shows up at the fluid level in the effect on the viscosity through 7. If one
is interested in kinetic properties of the gas, then these are butchered by the BGK collision
operator. The Boltzmann equation becomes

j st

D 505 _ e
atJrEl'vflJra—@'Vﬁl (@ pt) == (= ) (2.14)

2.4 Discrete Boltzmann Distribution

In many applications, including here, there is no need to introduce external forces

simplifying ®°** = 0 in (2.14). At this point, It is instructive to integrate (2.14) along

12



particle trajectories. In this Lagrangian picture

Dy F #(8). 50), 1) = [0+ Va] f(75.0) = -2 (F = f9) (2.15)

T

The Lagrangian derivative following the particle trajectory is simply the free-streaming

trajectory

with trajectory parametrization to the Eulerian description at: ¢ = ¢/, ¥(t) = &, and

¥(t) = ¢. Thus, on integrating (2.15) along Lagrangian trajectories,

t+At t+AL
/t ds Dyf (#(s), fl(s), ) = — / at (f - 1<) (2.17)

-
yields

1 t+At
fo(F 4 GAL L+ AN~ fi(E 1) = — / ds [f (2(s).8) — f9(2(s),8)]  (218)

The notation has been simplified since the kinetic velocity is constant along trajectories of
(2.16) and hence is not explicitly shown in the distribution functions. Instead a change in
notation for simplicity has occurred for the remainder of this paper. The distribution f; is
now denoted as the distribution with discrete velocity ¢;. In a lattice representation, the
nodes at & will be connected to their neighbors ¥ + ¢;At, where ¢; are the discrete veloci-
ties on the specifically chosen lattice (and which now replace the continuous independent
variable 7).

While there are various approximations one can make on the collision term in (2.18),

the simplest, under the assumption that At < ¢, is to treat the integrand as slowly varying

13



and evaluating it at the lower terminal

Fo @+ GALE+ A — [i(E 1) = — 2L [ (7,8) — 92, 1) (2.19)

T

By evaluating at the lower terminal, a simple explicit finite difference scheme is available to
solve. 5 The final lattice Boltzmann equation is acquired by relabeling 7 in non-dimensional

units.

Fold+ G+ AT = £ (50) — — (fi— £ (2.20)

(2

The procedure of converting the lattice Boltzmann equation (2.20) into a useful si-

mulation will now be discussed.

14



CHAPTER 3

LB Procedure

We now have an equation for lattice Boltzmann derived from kinetic theory. How
do we implement this equation in a simple way to produce a meaningful simulation? In
this chapter, the basic LB simulation procedure will be explained. And the accuracy of
LB will be shown as the Chapman-Enskog procedure is used to derive the well-known

Navier-Stokes equations which govern basic fluid dynamics.

3.1 Stream and Collide

Implementing the lattice Boltzmann equation (LBE) in a simulation is rather simple.

The LBE
Fo@ o+ EAL T+ A = fi(70) — - (i~ [ 3.1)

will evolve fluid particle distributions across a spatial grid at each timestep (At). In mo-

deling this behavior, we can perform operator splitting, separating the equation according

15



to the dimensions of change.

FEE U+ AL = [E0) = = (5 (@0 — [ (0, ) (3.22)

fi (T4 ALt + AL) = f1 (T, t + At) (3.2b)

where p and @ are respectively the density and macroscopic velocity of the fluid at position
Z. (3.2a) represents a change in the time dimension and (3.2b) represents a change in the
spatial dimension. From the perspective of the particle distributions, these are described
as the collide and stream equations respectively for (3.2a) and (3.2b).

These two steps would be taken consecutively for every timestep in the simulation
with (3.2a) relaxing a group of distributions at a single spatial point and (3.2b) simply
moving (streaming) particle distribution data from one spatial point to the next. As these
steps are taken, it can be seen that this model is extremely parallelizable [6, 7] given
that the collision equation only requires local data at a single lattice site and the stream
equation is simply an advective movement of said local data across the lattice. On HPCs,
the spatial domain is decomposed allowing each process to hand a spatial subdomain of
the simulation. MPI is needed to pass the streaming information to neighboring processes.
As this interprocess streaming is performed simultaneously for all processes, the algorithm
is well parallelized.

The LB procedure is in essence inverse statistical mechanics. The nonlinear problem
is being embedded into a higher dimension kinetic space, while minimizing the number of
phase velocities needed. The gain is that the nonlinear convective derivatives in Navier-
Stokes and MHD are replaced by linear advection in kinetic space. The nonlinear terms
are then introduced into LB as simple quadratic algebraic nonlinearities in f°.

Given the evolution of a LB fluid, we can extract useful information at the end of

each timestep (just after streaming or before collision) by a process of taking moments.
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The conserved moments (p, pi) of the lattice Boltzmann distribution (f) are necessary
to evaluate the equilibrium function (f°?) at every timestep and so the process of taking
conserved moments becomes an unofficial third step in the lattice Boltzmann procedure.

The conserved moments for any lattice are defined similar to (2.12) as

p=My=>fi , pi=M =3.CFf (3.3)

and only requires spatially local distributions (same as the collision equation). This means
the lattice Boltzmann method (LBM) remains extremely parallelizable even when taking
moments.

h

The procedure to take an " moment M; is

8
M=) Tyf; (3.4)
=0

for some transformation matrix T whose size is determined by the total number of discrete

distribution velocities. The transformation matrix 7" will be discussed shortly.

3.2 Lattice Velocities

A lattice can take any isotropic geometric shape [2, 8]. The tendency has been to push
the geometries to be as simple as possible while remaining isotropic and using space-filling
lattices to prevent interpolation (which can cause numerical errors). In two dimensions,
this has resulted in square and hexagonal lattices to be most commonly used in research.

In one dimension (1D), only three moments are required to properly reproduce the
physical evolution equations (1 density, 1 velocity dimension, 1 element of the stress ten-

sor). This 1D lattice can be easily represented in the D1Q3 lattice as shown in table
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3.1.

On a square lattice, as used throughout this thesis, we can discretize the fluid distri-
bution velocity ¢ in the four cardinal directions to maintain isotropy. In this most simple
case, we find that a change of basis to hydrodynamic moments only produces four inde-
pendent moments (velocity and shear stress in the x and y directions). Although we have
four distribution velocities for the fluid, they equate to only one speed and prevent the
fluid from reaching a Maxwellian equilibrium distribution.

Adding one resting velocity to the square lattice allows a better approximation for the
equilibrium to approach a Maxwellian distribution, thus making the simulation more sta-
ble, but still only provides five independent moments in a moment transformation (velocity
and shear stress in the z and y directions and density). According to Chapman-Enskog, we
need at least six moments (1 density, 2 velocity dimensions, 3 elements of symmetric stress
tensor) for 2D modeling. Without all six moments being stored, the Chapman-Enskog
expansion for the lattice will not match the proper macroscopic fluid evolution equations.
In order to maintain isotropy for a lattice, four more discrete distribution velocities must
be added to the four corners of the square. This velocity discretization on a square lattice
now meets all requirements for accurate modeling and resembles Fig. 3.1. In the D2Q9
lattice (2 dimensions, 9 distribution velocities), there are a total of 3 distribution speeds
as can be found in table 3.1.

With an hexagonal 2D lattice, we instantly meet the minimum number of lattice
velocities and maintain isotropy. In order to improve stability by ensuring more than one
distribution speed, a seventh rest velocity may be added. At the cost of a more complex
hexagonal lattice (compared to a square lattice), the number of velocities can be reduced
from 9 to 7 for a given fluid.

In 3D, the minimum number of moments is 10 (1 density, 3 velocity dimension, 6
elements of symmetric stress tensor), allowing for a large number of 3D cubic lattice
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Lattice Name | Lattice Velocities Speeds (Quantity)
D1Q3 (0), (£1) 0(1),1(2)
D2Q9 (0, 0), (£1, 0), (&1, £1) 0(1), 1 (4), V2 (4)
D3Q15 (0, 0, 0), (£1, 0, 0), (£1, £1, £1) 0 (1), 1(6), V3 (8)
D3Q19 (0, 0,0), (1,0, 0), (1, 1, 0) 0 (1), 1 (6), V2 (12)
D3Q27 (0,0, 0), (1, 0,0), (£1, £1, 0), (1, 1, 1) | 0. (1), 1 (6), V2 (12), V3 (8)
TABLE 3.1: Table of cubic lattice types.
options.

3.3 Moment Basis Representation

The bulk of work in this thesis uses the 2 dimensional 9-bit (D2Q9) phase space
velocities ¢; for the density distribution, (Fig. 3.1). The D2Q9 lattice naturally uses a
given equilibrium function along with a corresponding set of weights w; and lattice speed
of sound ¢; calculated using Hermite polynomials. The choice of f;4 is made as a truncated
small velocity (low Mach number) expansion of the Maxwell-Boltzmann distribution whose

factors before each term are determined by the lattice weights and speed of sound [9]. The

LB f for the D2Q9 lattice is

9 3
[t =wip |1+ 3(& @) + 5 (& @)’ - 5a%| i =0,..8 (35)
with lattice speed of sound ¢, = \% and lattice weights: wy = %, Wy 4 = %, and ws g = %.

To construct the moment space, it is natural to first choose the conservation moments
(the zeroth and first moments of f;) [10, 11]. Omne then chooses the remaining higher
moments to form an independent basis. The 1-1 mapping between the distribution space
(f;) and the moment space (M;), as stated in (3.4), is given by a constant T matrix. For

the simplest choice of moments used throughout this thesis, the specific form of this 9 x 9
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AW

FIG. 3.1: D2Q9 Lattice Representation. The kinetic lattice vectors for 2D LB-MHD
are, in our D2Q9 model, & = (0,0),(0,£1),(£1,0), (£1,+1). w; are appropriate weight
factors dependent on the choice of lattice: for speed 0, wy = %; for speed 1, w; = %; and

for speed V2 , w; = .

T-matrix is

1 11 1 1 1 1 1 1 1
Ca 0 1 0 -1 0 1 -1 -1 1
¢ 0 0 1 0 -1 1 1 -1 -1
CaCy O 0 O 0 O 1 -1 1 -1
T=| & |=l0o 1 0o 1 0 1 1 1 1 (3.6)
c o 0o 1 0 1 1 1 1 1
ey, o 0 o0 0 0 1 1 -1 -1
CaCh o 0 0 0 0 1 -1 -1 1
e o 0 o0 o0 0 1 1 1 1

where the  and y components of the corresponding 9-dimensional lattice vectors are just

c, ={0.1.0,—-1,0,1,—1,—1,1 c, =1{0.0.1,0,—1,1,1, -1, -1} . (3.7)
{777 b Bl | M 7}7 'y {7777 b B | ) }
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The first three fluid moments are simply the collisional invariants - being nothing but
the conservation of density (the 15 row of the T-matrix) and momentum (the 24 and 3™

rows of T). In particular, the moments can be written in terms of the conserved moments:

M= My=p M = My = pu, M5% = My = pu,
ME =iy, MR =3Gmits -
M;* =3 (3puz+p) Mg = pu,

1

MY = 3pu, Mg" = $p (14 3u + 3u 2)

3.4 Derivation of the Navier-Stokes Equations

Using Chapman-Enskog Expansion, it is possible to derive the macroscopic Navier-
Stokes equations from the mesoscopic moments of (3.8). We begin by Taylor expanding
the left hand side of the LBE (3.1). The precise definition of this terms is

— 1

k=0

(046 V) (1) (3.9)

Substituting this expansion into the LBE, we find the lowest order equation yields no

information, and we proceed to first order.
=1 ek 1 e
Zk:_ (0 +7-V) fi<x7t):_;(fi_fi ) (3.10)
k=1

The LBE is now defined solely in terms of derivatives in (3.10), allowing the expansion
of the time derivatives and f’s into smaller contributions. The contribution of each term
will be relative to the smallness parameter € for (¢ < 1). This breaks down the LBE into

contributions from various time scales where the lowest time scale is Euler (ideal), and
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then follows the transport time scale.

0 — 0 + 200 + .. (3.11a)
0o — €0, (3.11b)
FofO+ef® 2@ 4 (3.11c)

In this notation, the O(1) terms in the LBE (3.10) provide the equation

o1): 0= —% (f}o) - ffOI> . (3.12)

proving the relationship fe4 = f(©),
Conserved quantities such as p and pu are collisional invariants, meaning that they
remain unchanged (conserved) during particle collisions. In order to preserve these quan-

tities, they are solely defined by the lowest order distributions f°4. Specifically,

p=>_f (3.13a)

pii = Z G fi (3.13b)
with
0= Z F® (3.14a)
— Z g (3.14b)
for k£ > 0.

Inserting these expanded terms (3.11) into (3.10) we find the next two lowest order

equations corresponding to the ideal evolution (without dissipation) time scale and the
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dissipative time scale respectively are

1

o) : "0 +e- v =y (3.15)
| 2 1

O): A f +&- ViV + o1 + 2 (afo) 4 V) 1O =252 316)

The O(g?) equation can be further simplified by substituing the O(e) equation into the

fourth term resulting in

1 1 1
o 450 o 104 3 (00 46 V) (1) =2 D

Simplified, the O(g?) equation becomes
1 1
2. 1) 40) B 0, = o) 0 _ L@
o) : o7 f; +(1 27) (at + ¢ v) fi —f; (3.18)

If the O(g) (3.15) and O(g?) (3.18) equations are now recombined we get

> o) O RN o_ 1o, o
(O +¢-V)f +(1 27_) <at +¢ v)fz = 7_<f1 +fz> (3.19)

the final combined evolution equation with ideal and dissipative terms.

Derivation of the Continuity Equation

Now, we can recover the Navier-Stokes equations by taking the conserved moments
from the combined evolution equation (3.19). We will start with the zeroth moment to
recover the density equation. It should be noted that ¢; commutes with the 0; and V

operators and the partial derivatives can be factored out of the sum. Taking the moments
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term by term, and using (3.13) and (3.14) we find that

0 = £(0) R YFOFe ) L, e
Z[atfi V-G +(1 )(at 1+ aGf) = == (1 + 1 )1 (3.20)

- 27
B 1
Simplified, the continuity equation is
Oop+V-pi=0 (3.22)

which is the Navier-Stokes equation governing the evolution of fluid density.

Derivation of the Momentum Equation

Next, the first conserved moment of (3.19) will prove to be the more difficult equation
but will result in the Navier-Stokes momentum equation. To begin, we take the first
moment of (3.19) by multiplying through by ¢ and then summing over i. The momentum

equation initially takes the form

Z 8t5z‘fi(0) + Z V- @@f}o)

. X (3.23)
(0) > £(1) > (1)) _ > (1) | 2 (2
+; <1 - ;) (&f cf; +V-acf; ) = - ; - (Cifz‘ + G f; )
Opii + V- TIO (1 — %) (0+Vv-IW) =0 (3.24)

In order to evaluate the non-conserved moments that have appeared II(® and IV, we need
to be able to evaluate a moment’s equilibrium. The second and third moment equilibria are
evaluated below using (3.5). Henceforth, Greek indices will be used for vector components

and Roman indices will be used for lattice components. It is important to note here that

24



CoiCaiCoi = Coi TOr some dimension o.

1
E CaiCpifit = HZ% =p <5a5§ + uau5) (3.25)
§ : e pu Plq pu
Caicﬁic'yifiq = 6047?/3 + 657T + (Soéﬁ?’y (326)

%

With I1° evaluated above (3.25) and set to I1(?) via (3.12), we simply need to deter-
mine I, This is found by taking the second moment of the O(e) equation (3.15) which

appears as

L L 1,

; a§°>cicif§°> + ; C;C;C; - Vfi(o) = — ; ;cicifi(l) (3.27)
and solving for ) . ¢;C; fi(l). The first term in (3.27) is found by applying the chain rule to
the specified non-conserved equilibrium in terms of the conserved equilibria as shown in
(3.28). The solutions to the resulting time derivatives of the conserved quantities are then
plugged in from their corresponding O(¢) moment equation (3.15). Summation convention
is used only over the Greek indices which give the vector nature of the fields. Because LB
functions in the low velocity limit (@] << Ma), simplification of these derivatives to O(u?)
is allowed.

oI o114
6(0) 2iCai 0) _ a(O)Heq _ ap 3(0) ap
Ei: t C Cﬁfz t af ap t p+ apu’y

1 1
8§0)HZ% = <5a5§ + uaug) (=V - pt0) + (barus + 05 Uq) (—V)\p <5M§ + uAuw)) (3.29)

0 pu, (3.28)

OV, ~ 2 6.6V - pil + usVap + uaVsp) + O(u?) (3.30)

W

Now that the first term of (3.27) is determined, the second term can be found by

simply substituting in the equilibrium term (3.26) found previously. And so the final
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solution to IV is found by substituting (3.30) and (3.26) into (3.27).

M) =~ [~ (0asY - il + usVap + +uaV5p) + Vapus + Vopua + 865V - pil]  (3.31)
af 3

Halﬁ) = —% [—usVap —uaVap + Vapusg + Vapu,] (3.32)

) — —%p [Vaus + Vsl (3.33)

The LB derived momentum evolution equation is now solved by substituing 1) (3.25)

and TIV (3.33) into (3.24).

1 1
Orpus + Vop <5a5§ + uau5) — % (1 — Z) Vap (Vaus + Vgu,) =0 (3.34)
O+ V - p (Ud) = —Vg + 3\ 3 Vap (Vausg + Vuy) (3.35)

The form of the LB derived momentum evolution equation can be further simplified below

to precisely match the Navier-Stokes momentum equation

Owpil+ p (il - V)il = —VP + 2V - vpS (3.36)

where S is the strain rate tensor with S,z = % (Vaug + Vgu,), P is the pressure evaluated

as P = £, and v is the kinematic viscosity evaluated as v = % (7‘ — %)

It is possible to further simplify the momentum equation if we assume incompressible
Navier-Stokes with uniform density (p). Separating out the diffusive term

Opt + V- p(@d) = =VP +v ((Vp) - (V@) + (V) - (Vp) + p (Vi +VV - 7)) (3.37)

and applying the assumption that Vp — 0 and V - & — 0, we find a simpler form to the
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momentum equation for a given problem.

Ot + p (@ -V)id = —VP + vp (V@) (3.38)

This chapter has shown how LB functions as an extremely parallelizable fluid simula-
tion method and has even proven it’s accuracy in reproducing the well-known Navier-Stokes
equations. In CFD, one has to deal with the nonlinear convective derivative (4 - V) i, while
in LB one is dealing with the passive linear advection ¢; - V for the fixed lattice vector
¢;. As mentioned in chapter 1, parallelization is a critical factor which sets LB apart from

other CFD methods, allowing it to maximize the use of modern HPC’s.
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CHAPTER 4

Magnetohydrodynamics

Plasma is a state of matter in which the constituents of a gas are ionized typically into
electrons and ions. What makes the description of a plasma difficult is the huge range in
both length and time scales that are possible. For a simple hydrogen plasma with densities
10* m~3, temperatures of 1 keV, magnetic fields of 3 T and plasma lengths of 0.5 m, one
finds that length scales range from the 0.5 m down to the Debye length of 7 x 107° m,
while time scales range from the electron times 3.5 x 107! s to ion cyclotron and Alfven
times of 2 x 107® s, to resistive time scales of 2 ms and Ohmic decay times of 3 s [12].

This makes it impossible to devise a practical computationally feasible model to cover
all the parameters ranges. Hence one is forced into simplified restricted subsets of models,
with some overlapping others. The BBGKY hierarchy is unmanageable and so some form
of low order closure is hoped for. One of the simplest BBGKY closure models is to ignore
all binary-particle interactions, while retaining the collective effects in the system. This
will lead to the Vlasov equation, coupled to the Maxwell equations. One of the difficulties
of the Vlasov model is that it is still time-reversible (as is the underlying equations of

motion of all the particles underlying the plasma) and hence no H-theorem exists nor the
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tendency for the plasma to move towards a thermal equilibrium. In the time scales longer
than the particle collision times, one must now consider equilibration effects, typically
requiring (kinetic) velocity-space diffusion. This requires the consideration of binary par-
ticle collisions. At this order of closure, the BBGKY hierarchy leads to the Fokker-Planck
equation and to its plasma cousin, the Balescu-Lenard equations. The Balescu-Lenard
extension of the Fokker-Planck equation now includes renormalized potential interactions
terms due to the collective nature of the plasma. These equations do possess an H-theorem
and can (in principle) lead to thermal equilibrium. Generally these equations are too com-
plex and computationally straining, leaving one to seek other models if near-equilibrium
problems are of interest.

The simpler models are the fluid representations of the plasma. Binary collisions
and (non-destructive) plasma instabilities will typically drive a plasma to relaxation in the
kinetic-velocity space while maintaining spatial gradients that resolve on longer time scales.
Within these time scales the plasma is well approximated by local Maxwellian velocity
distributions [viewing binary collisions as local]. These quasi-Maxwellian distributions
have the nice feature of being described by the first few moments: mean density, mean
velocity and thermal (kinetic) temperature. An attempt is made to take moments of the
kinetic equations and form a hierarchy of moment equations which themselves need further
closure approximations. This description is now in the realm of fluid equations. One would
expect that the simplest accurate plasma model would be the two-fluid MHD model, made
up of one set of fluid equations for the ions which is coupled to the fluid equations for the
electrons. The neutral particles which exist can be marginalized, treating them as higher
order effects. Beyond this two-fluid MHD model, the one-fluid MHD model is an even
simpler plasma model that is remarkably robust in its predictions. The one-fluid MHD
model, where the different species are averaged, is the model that is of interest in this

thesis.
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The previously derived Boltzmann equation (2.5), altered to include the long-range

forces will serve as the basis for deriving the MHD equations

(4.1)

d 0 . . F B
E‘f = (a + ;- Vz + o Vi) fi = (0ifi)col

In MHD, the long range forces are governed by the Lorentz force. Rewriting the Boltzmann

equation, we have

J q (= u = B
(a —f—UZ‘ . Vf—f— E <E+ E X B) . VU) f - (atfi>col (42)

where E is the electric field, @ is the macroscopic plasma velocity, and B is the magnetic

field.

4.1 MHD Magnetic Equation

Deriving an equation governing the evolution of the magnetic field begins with Ohm’s

law, assumed to state that the Lorentz force is equivalent to the product of resistivity and

current density.

(4.3)

E+-xB=nJ.

ol

where J is the current density and 7 is the resistivity. Substituting Ohm’s law (4.3) into

Ampere’s law

. AnxJ 10E
B="24-%22 4.4
VX c + c Ot (44)
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we have a new relation for the current density

. 4 T 18 ﬁXé—C’f}j
vxpodml 1 ( ) (4.5)
c c? ot

In non-relativistic simulations, ¢ > ||, or considering only low frequencies, the second
term on the RHS is negligible. We can absorb the remaining coefficients into the current,

defining it in terms of “natural” units as

—

VxB=J (4.6)

From here, Ohm’s law (4.3) can be combined with Faraday’s law

- 10B

to recover the induction equation in MHD

—

%_lf:vx(ﬁx1§>—Vxnf (4.8)

where “natural” units are used, J is the current density and 7 is the resistivity. J can be
replaced with the previous solution for the current density (4.6), simplifying the induction

equation to

—

0B = =
€€:Vx(ﬁxB>+ﬂﬂB. (4.9)
where 7 is considered to be constant.

The induction equation provides the evolution of the magnetic field over time in MHD.

It is worth noting that V-V x (U X é) = 0, making V- B=0 automatically satisfied for
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all future time when no resistivity is present.

4.2 MHD Fluid Equations

The MHD fluid equations are recovered from the MHD Boltzmann equation (4.2) by

taking moments (2.12) according to the procedure mentioned in sec 3.3.

4.2.1 Continuity Equation

The zeroth moment of the Boltzmann equation (4.2) becomes, term by term

/ dsU 8tf = @/ d3'U f = (9tp (410)

o0 [e.9]

where p is the macroscopic fluid density. The second term is

/OO d%ﬁ-vxf:vx-/oo dv (5f) = V - (pil) (4.11)

—00

where o is the macroscopic fluid velocity. This relation exists because V- = 0. The third

term is
< . F > BT e
/ d%—-va:Z/ v | =2f —/ v LV, - F=0 (4.12)
oo m —~ J- m e oo m

which goes to 0 because f — 0 as v — 00 and V,, - F =0 for the Lorentz force.

Finally, the collision term defines the relationship between particles of different spe-
cies. Two defining rates are the rate of ionization and the rate of change in momentum.
The rate of ionization/recombination describes the production or annihilation of particle

number /mass. The ionization rate for all species modeled must sum to zero. Also, the rate
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of change in momentum occurs due to collisions with other particle species and will be set
to zero if all species modeled have the same mass. Since the current MHD model consists
of only one species, these values are set to zero and the collision term can be replaced by
the simple BGK operator used in LB just as before (2.13). All orders of contribution in
Chapman-Enskog of the collision term for the zeroth moment are zero according to the
procedure outlined in sec. 3.4.

The resulting MHD continuity equation can thus be written as

ap L
a5 + V- (pt) =0 (4.13)

4.2.2 Momentum Equation

The momentum equation exists as the first moment of (4.2). Similar to the continuity

equation, term by term, the first term is

/ &P 8,0f = at/ v Of = dpil (4.14)

—00 o0

The second term is the divergence of the second moment of f; (2.12c)

/ oV, =V, - / B (5f) = V - (pilid) + VP (4.15)

—0o0
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where P is the macroscopic fluid pressure P = 2pRT. The third term representing the

Lorentz force is

- - a=-+00
3 2 - 3
/_Oodvva Z/ d“v UE —/_ dU—V (F)
:0—(/ d%ivv F+/ d3v—F v, (4.16)

:0—<o+ﬁﬁ):—nﬁ
m

where n is the number density. The first term on the right-hand side of (4.16) is zero since
f scales as exp (—v?) near equilibrium according to (2.11). The second term of (4.16) is
zero since V,, - F = 0, leaving the solution —nF.

MHD is prone to quasi-neutrality, meaning that locally the number density of ions is
approximately equal to the number density of electrons, n;, = Neee. Since the charge of
ions and electrons are opposite, this implies that E is balanced and can be equated to zero
(E — 0), leaving nF = nq% x B = J x B where J is the current density. The Lorentz

force can be further simplified using (4.6). In “natural” units, the third term is

*zfxéz(é-v)é—%VBQ (4.17)

As stated before, the collision term is replaced with the BGK operator according to
(2.13). The first moment of this operator at the hydrodynamic time scale equals zero,
however, following the same procedure in sec. 3.4, the viscosity shows itself at the viscous
time scale in Chapman-Enskog expansions of order O(g?). Following the Chapman-Enskog
procedure as before, the viscosity can be inserted with the same result as for Navier-Stokes
into the momentum equation as 2V -vpS where v is the dissipation rate and S is the strain-

rate tensor with Sus = 5 (Vaug + Vaua).

34



The resulting MHD momentum equation is

ou

N
pEer(g.v)g:—VPnL(B-V)B—§VBQ+2V-VPS (4.18)

In summation, the dissipative, resistive MHD equations are

%—FV'ﬁzo V-B=0 (4.19a)
o7 . . . N
pa—k(u-V)u:—Vp—l—(B-V B+2V - vpS (4.19b)
0B . N
E_<B~V>u—(u~V)B+nVB (4.19¢)
p

where V - B is included from Gauss’s law for magnetism, the %82 term is combined with
the pressure P to become a new pressure p, and the evolution of pressure is stated in the
adiabatic case with v as the ratio of specific heats taken to be 5/3. The stated energy

equation is only applicable in the absence of shocks and heat conduction.

4.3 Dellar’s lattice Boltzmann MHD model

Lattice Boltzmann has been extended to include MHD by Dellar [13]. Because MHD
includes a third evolution equation which governs the magnetic field, his concept was to
create a magnetic distribution which evolves alongside the fluid and governs the magnetic
field. This new distribution would have only the magnetic field as a conserved moment
and would evolve in the same manner as the fluid. Ideally, the conserved moments make
up the lowest moments of a distribution. In order to accommodate the vector magnetic
field in the zeroth moment, Dellar made the distribution a vector distribution. This means

that in 3D, there would be three magnetic distributions evolving alongside each other and
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the fluid.

Dellar’s magnetic field LB equation is

— — 1 — —C
atgi + 8a€aigi = 7__ (gl - gzq) (420)
g

where g; is a vector distribution with ¢ denoting the discrete velocity component of the

a

magnetic lattice €; (similar to ¢;), ¢;°! is the value of g; at equilibrium, and 7, is the

2
s

(1, — 1) and ¢, is the speed of sound of the

relaxation rate related to resistivity by n = ¢ 5

lattice. The importance of the vector magnetic distribution approach is that it is able to
enforce the critical V - B = 0 constraint automatically and not need divergence cleaning
as required by standard CFD algorithms.

Physically, this kinetic model for the magnetic field has no direct analog, especially
since “collisional” effects in the magnetic field represent the resistivity. A simplistic ap-
proach to rationalizing the concept is to imagine that the individual particles create their
own magnetic field which follow them as they move through space. The fluid distribution
describing the collection of particles can be mimicked for the collection of corresponding
magnetic fields. The total contribution of generated magnetic fields in a local region sum
to represent the macroscopic magnetic field of that region. Lattice Boltzmann is not at-
tempting to model the true kinetics of the system, instead it tries to model the MHD
equations at the macroscopic scale in a mesoscopic kinetic form. Some butchering of the
kinetics is justifiable as long as they recover the MHD equations in a Chapman Enskog
expansion.

The fluid equilibrium must be modified such that a force balance occurs between the
pressure gradient and the quasi-neutral Lorentz force (VP — Jx B = 0) with J defined

in (4.6). The equilibrium is then expanded in Hermite polynomials as found in [9]. In 2D,
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the new fluid equilibrium appears as

. 1, L 1, 1 w; (132, L =\2
fit = wip (14—;02"’&—1—@(0@"“)2_@“2) +204 (5‘3’ |Ci|2_ (Ci'B> ) (4.21)

where ¢, is the speed of sound of the lattice and is typically set to ¢ = \/Lg

The magnetic equilibrium can be set to any simple distribution where the zeroth

moment is equal to the magnetic field

> ai = Ba (4.22)

and the first moment is equal to the Lorentz tensor

Z Caify = UaBs — Baug . (4.23)
This distribution in 2D is
Cai
g;? = W; <B,3 + ? [uaBg — BQUB]) (424)

to cubic error in terms of « and B.

4.3.1 Lattice Velocities

The new magnetic vector distribution only has one conserved moment per vector
component in any dimensional space. Following the rules from sec. 3.2, in 2D, only three
moments are required from each vector component to reproduce the induction equation (1
magnetic field and 2 elements from the quasi-neutral Lorentz tensor). In 3D, this becomes
four moments (1 magnetic and 3 elements from the Lorentz tensor). As can be seen, the

magnetic vector distribution requires fewer moments and can take advantage of a smaller
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number of lattice vectors than the scalar fluid distribution. It is then possible to run a
simulation with the fluid on one type of lattice and the magnetic field simultaneously on
a second type of lattice, as long as the conserved moments (p, u, E) can be defined at all
points on both lattice types. An example would be if the fluid is run on the D2Q9 lattice
while the magnetic field is run on the D2Q5 (with missing corner velocities from D2Q9)
lattice. The points on the D2Q5 and D2Q9 lattices overlap, allowing the macroscopic

variables to be easily defined at every point in both lattices.

4.4 Return to MHD equations

Recovering all three MHD equations from the new distributions is performed just as
before in sec. 3.4. The scalar fluid distribution reproduces the continuity and momentum
equation in the same way as before since the only change is in the equilibrium. One notable

change is that the second moment’s equilibrium has become

1 1
Z caicpifi = 1 = (5a5§ + 'LLQUﬁ) + §B25a5 — B,Bj . (4.25)

The induction equation is found in the same manner as the fluid by following the steps

found in sec. 3.4 for the magnetic vector distribution at the zeroth moment.

4.4.1 V-B=0

In general, when dealing with ideal MHD, the Maxwell equation, V-B= 0, tends to be
satisfied implicitly. As resistivity is incorporated, we typically find that V - B = 0 must be
manually enforced in simulations. In order to enforce this physical law in resistive MHD,
a process called divergence cleaning must be employed. Divergence cleaning is performed

by subtracting the “unphysical” part of the magnetic field represented as V¢ where the
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magnetic field is represented as B=VxA+ V¢. Subtracting this unphysical quantity
requires the Fourier transform, a bottleneck step in parallel computation.

Divergence is satisfied automatically in Dellar’s model. According to [13], the diver-
gence of the magnetic field was found to be < 10716 in numerical experiments using 64-bit
(17 digit) IEEE floating point arithmetic. This precision is explained by maintaining that
the trace of the first moment is zero to second order in the Chapman-Enskog expansion.
At third order, a lack of isotropy occurs, but as stated, this error was found to be incre-
dibly small and thus negligible. This automatic precision of V - B in resistive MHD is an

important improvement over CFD for extreme parallelizability.
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CHAPTER 5

Characteristics of Simulations

This chapter will focus on some of the simulation characteristics used to verify the
accuracy of the new LB models expressed in this thesis. T'wo important characteristics ex-
plored here are related to the energy spectrum of turbulent flows and the Kelvin-Helmholtz
instability. Firstly, the energy spectrum of turbulent flows in 2D and 3D for both Navier-
Stokes and MHD are expected to carry certain predictable quantitative and qualitative
attributes, if enough time to evolve has elapsed. These attributes exist regardless of a
flow’s initial conditions.

The second set of characteristics used pertain to the simulation of the Kelvin-Helmholtz
(KH) instability. The early time evolution of many instabilities can be predicted analy-
tically with a certain level of accuracy by linearization. Given that these instabilities are
some of the only ways to analytically predict the evolution of turbulent flows, they are
crucial in verifying the accuracy of turbulence models and simulations. In this thesis, the

Kelvin-Helmholtz instability is used to verify accuracy in each model.
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5.1 Energy Spectrum

The energy spectrum of an evolved turbulent system can be an important indicator
of simulation accuracy. As new models are created, they are typically expected to follow
“universal” spectral forms. A simulation without these expected spectral forms can be
ruled as not modeling physical fluids unless a theory predicts otherwise. Much work has
gone into predicting the spectra of evolved turbulent systems.

The energy spectrum of a spatial simulation can be generated by taking the Fourier
transform of the full simulation space. This is done separately for each vector component of
the fluid momentum (square root of kinetic energy /pu,) and magnetic field (square root
of magnetic energy B,,) to obtain the kinetic spectrum and magnetic spectrum respectively.
The Fourier transform has changed the grid dimensions from spatial position (z,y, z) to
wavenumber (k,, k,, k.). The square root of the total energy for a particular wavenumber
is then the surface elements drawn out by some radius & from wavenumber (0,0,0). The
components of the kinetic spectrum can then be squared (multiplied by its own conjugate),
added to other components, and normalized for the one-dimensional kinetic spectrum of
the system. The same steps can be done for the magnetic spectrum and adding the two
spectra together provides the total energy spectrum of the system.

An example of a total energy spectrum is presented in Fig. 5.1 with log-log scaling,
allowing the spectra in the inertial subrange to be exhibited by a straight line. The plot
shows three basic regions of motion: the energy containing range made up of large scale
mixing in the fluid, the inertial subrange at the intermediate scale, and the dissipation
range where fluid motion is dissipated into heat. Each range plays an important role in
the evolution of the system but none are as frequently used in verifying simulation accuracy
as the inertial subrange; since the inertial subrange is the only range that has “universal”

characteristics for all simulations.
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FIG. 5.1: A model energy spectrum. Most of the energy is in large scales on the left
side while the dissipative range on the right has very little energy. In the inertial subrange,
energy cascades over time to smaller scales and maintains an average slope of k=5/3.

According to the second Kolmogorov similarity hypothesis, any turbulent flow at
sufficiently high Reynold’s number will produce an energy-spectrum function in the inertial

subrange equal to

E(k) = C*3 =53 (5.1)

where C'is a universal Kolmogorov constant supported by experimental data to be C' = 1.5
and ¢ is the rate of dissipation [14]. This slope is well accepted and frequently used as a
measure of model/simulation accuracy.

Similarly, the energy containing range at small k is expected to have a slope of £kP°
with po = 2, while the dissipation range is expected to decay very rapidly at large k,
E(k) ~ k=®/3¢7* [14]. These slopes are much more difficult to measure since the slope
approaches k=% as k approaches the inertial subrange and so they are not typically used
to verify model accuracy.

The inertial subrange is an intermediate scale in which energy is typically transferred

from the large-scale energy containing range to the small-scale dissipation range. This
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cascading of energy to smaller scales explains why larger vortices typically break up into
smaller vortices. The exception to the rule occurs in 2D Navier-Stokes where inverse
cascading occurs transferring energy from small scales to large scales. In 2D Navier-
Stokes, small vortices with the same spin direction will join over time until only two large
vortices of opposite spin remain due to the existence of enstrophy as a conserved quantity
(as viscosity — 0), where enstropy is the mean square vorticity. This implies that models
designed to measure the small scales more accurately are better used in direct cascade
systems rather than 2D Navier-Stokes. Simply changing the 2D Navier-Stokes model into

a 2D MHD model allows direct cascading to occur.

5.2 Kelvin-Helmholtz Instability

A Kelvin-Helmholtz instability is one that exists due to a shear velocity difference.
The simplest picture of such an instability (Fig. 5.2) can be imagined as a fluid that
has been separated into a lower and upper portion, labeled 1 and 2 respectively. The two
fluids are separated vertically (£) with their own respective density (p) and velocity (@). To
create the Kelvin-Helmholtz instability in this model, the velocity of each fluid is assumed
to be mainly in the horizontal (Z) direction parallel to the plane of separation of the fluids
(zs). As the two fluids move past each other, vortices begin to form from variations in the
fluid velocity which signify an unstable flow. This instability will continue to grow and
incite turbulence in Navier-Stokes fluids. However, a MHD fluid can be stabilized amidst
a Kelvin-Helmholtz instability if a strong magnetic field exists parallel to the direction of
flow. This stability can be explained by the fact that (@ x B ) = 0 when the vectors 4 and B
are parallel. When 4 begins a transverse flow, those particles will begin cyclotronic motion

about the magnetic field lines, while the overall flow velocity will be maintained. The size

of the cyclotronic orbits will be determined by a ratio of flow velocity vs magnetic field
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strength. A weak magnetic field will allow large cyclotronic orbits which result in wider
vortices and greater instability of MHD flow while a strong magnetic field will enforce
tight cyclotronic orbits and prevent wide vortices from manifesting. The derivation of the

analytic solution for the dispersion relation of the KH instability of a MHD fluid follows.

N>

X

»
>

FIG. 5.2: Diagram of two-fluid Kelvin-Helmholtz instability for MHD fluid.

5.2.1 Analytic Solution

The linear stability of the KH instability can be determined analytically via the dis-

persion relation. A perturbed plane wave solution is assumed for the MHD quantities
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il — Ui + ¢ sige!Famthyy=wt) (5.2a)

B — Byi + ¢ he!Favthyy=wt) (5.2b)
p — p+ g dpeilherthyy=wh (5.2¢)
p — p+ e dpetkeathyy—wt) (5.2d)
Zs = 2g + £ 0z et TRyy—wt) (5.2e)

where O(1) terms only vary with respect to Z and z; is the vertical position of the boundary
between the two fluids. The perturbed plane wave solutions are inserted into the MHD

evolution equations from Chapter 4 but slightly edited to include the effects of gravity

3= Ly (iv)p (5.32)
0 —pu+p(u-V)u= ——Vp + ( ) B + §op (5.3b)
ot P
a = — — =
B = <B : v) i— (@ -V)B (5.3¢)
d 0 . B
Eézs = a&s +(U-V)ozs = w(zs) (5.3d)

where ¢ is the gravitational acceleration equal to —¢gz, the z, equation is derived using
the derivative chain rule, and w(z) is the vertical component of the perturbed velocity
0t = (u,v,w) of the fluid at height z. After inserting (5.2) into (5.3) while ignoring O(g?)

terms, the MHD equations become
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i (kU —w)dp+wd,p=0 (5.4a)

ip (kU — w)u+ p(0,U)w = —ik,dp (5.4b)
ip (kU —w)v —iBy (kyhy — kyhy) = —ik,0p (5.4¢)
ip (kU — w)w — By (ikyh, — 0,h,) = —0,0p — gdp (5.4d)
—iwh = iBokyu + h.0.Ui — iUk,h (5.4¢)
iUk, —w) dzs = w(zs) (5.4f)

Following the procedure in Chandrasekhar [15], the momentum equations are further
simplified through linear combinations of (5.4) and the incompressibility equation V@ = 0.

Equation (5.4e) can be written explicitly for each component of the magnetic field h as

k. Bo 10, U

S (“ - W——ww> (550)
kaO
kmBO

The expressions for h (5.5) and the continuity equation (5.4a) are then inserted into the v
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(5.4¢) and w (5.4d) momentum equations

, k.B2 k,0.U .
7% (ka - C«J) UV — ]{72[]——(,() (f — ka—_ww> = —zky5p (56&)
1 0,
ip (kU — w)w + kB30, | ——— (u — Za—Uw
k.U —w kU —w
, (5.6b)
_ ikiBy 95— d.p
kmU—ww— =P ng:mU—ww
where & = ik,v — ikyu (5.6¢)

and & represents the vorticity of the fluid. The vorticity can be rewritten in terms of the
w momentum by multiplying the u (5.4b) and v (5.6a) momentum equations by —ik, and

+1k, respectively, then adding the equations together so that

¢ kadU

= ka_ww (5.7)

Substituting the vorticity in terms of the w momentum (5.7) back into the v momentum

equation (5.6a) reduces it to
ip (kU —w)v = —iky,op (5.8)

Now that the v momentum equation is simplified, we will combine the u (5.4b) and
v (5.8) momentum equations by multiplying them respectively by —k, and —k, and then

adding them together to obtain
p (kU — w) 0w — pk, (0.U)w = ik*Sp . (5.9)

Using the two definitions of vorticity, (5.6¢) and (5.7), as well as the incompressibility
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equation, V - @ = 0, we can build a useful relation relating ik?u to the w momentum for

further simplifications.

o ki@zU
ik‘u = — (k0w + k?yf) =— | k0w + mw (5.10)

Now this new relation can be used to simplify the w momentum equation (5.6b) further

by first multiplying (5.6b) by —ik? as

1
ik20.0p = pk? (koU —w) w = kok? B30 (‘ , (Zu U w))

kIUQ—;u ) kU —w (5.11)
_kak"By w + kQ—aZp w
U —w' IV U —w
and then applying the ik2u relation (5.10). The new w momentum is
o,w k2w
2 g9 _ 2 2 2 _
ik*0.0p = pk* (k.U — w) w + k;Bj {82 (—kmU—w) —k:acU—w}
(5.12)

o, U 0.p
k3 RB2 _ |l
f°@<@ﬂhwfw>+g kU —w"

Finally, the v and w momentum equations are combined by replacing the dp term in (5.12)

by (5.9), producing

az {p (kacU - (,U) azw - pkx (azU) w}

0, w k2w
o _ 2 2 = _
= pk* (k.U — w)w + k3B {az (ka —w) U~ w} (5.13)

0, U 0.p
KB, (—2— L
e (%Jﬂwfw)+g U —w'

This is the ultimate MHD evolution equation for the KH instability where all MHD equa-

tions have been combined into one, allowing the production of a dispersion relation. Inte-
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grating this equation (5.13) over z at z = 0, we get the final dispersion relation.

o,w w
— = 22 = 2 Y
Ao {p (kU —w)0,w} = kiByAg (ka — w) + gk“Ao(p) (km — W)o (5.14)

where Ag(z) defines a difference of the parameter x across the boundary layer at z = 0.
In order to solve this equation across the fluid border, a general solution is needed
for the w momentum. The general solution is found by identifying the quantity conserved
across the fluid border. Using equation (5.4f), we find the conserved change over the
boundary 4z, = ﬁ The boundary conditions are then defined for the general solution
such that the extreme upper (z = +00) and lower (z = —o0) boundaries reduce w to 0 and
0zs1 = 0zso at the boundary where z = 0. With these boundary conditions, the general

solutions for the lower and upper w are respectively

wy = A (kU —w)et™™ (2 <0) (5.15)

wy = A (kU —w)e ™ (2>0) (5.16)

The Aq functions can now be solved across the fluid border using the general solution

to w. The dispersion relation is simplified to become
p1 (kUy — w)2 + po (kU — w)2 = gk (p2 — p1) + 2k2B3 (5.17)

as we assign subscripts distinguishing the quantities of the two fluids (1 for lower fluid and
2 for upper fluid).

At this point, I will set p; = ps = po as the fluid density is unchanged across the
boundary layer (z = 0) for all problems modeled in this thesis. Under these conditions,

the gravitational field plays no role. The KH dispersion relation with a uniform magnetic

49



field parallel to fluid flow is then

B 1 )
(U +05) [ 21 = 4 (U~ ) (5.18)

N | —

x

This relation shows that = will remain strictly real and thus stable under the condition

By

Vi =
A \/p—o

1
> §|U1 — Uy (5.19)

where V) is the Alfvén velocity (in simplified units). Further discussion on the Kelvin-

Helmholtz instability for a MHD fluid can be found in Chandrasekhar [15].

5.2.2 KH Simulation Results

(a) (b)

FIG. 5.3: Initial profile of the KH jet instability simulated in LB. (a) Profile of the
initial jet’s vertical speed [u,(z) = Upsech? (2z)] (blue) and vorticity [V x @] (orange)
along the horizontal axis of the simulation grid. (b) A 2D plot of the initial vorticity of
the KH jet (red is positive, blue is negative).

In this section, a basic proof of concept simulation for LB MHD is provided as an
example of functionality. This example is also meant to be used for comparison against
the LB MHD models presented later in this thesis, which all use the KH instability as
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t = 50k steps t = 150k steps t = 500k steps

(a) No magnetic field present

(b) Strong magnetic field parallel to flow

FIG. 5.4: KH LB simulation of a moderate velocity jet with gridsize L = 512,
magnetic field strength By and fluid velocity U.

a measure of accuracy. The KH instability is modeled as a jet of fluid with an upward
vertical velocity against a motionless fluid background. The initial profile of the jet is
presented in figure 5.3 with velocity u,(x) = Uy sechQ(zf’rx). It is worth noting that in 2D
MHD, the vorticity (V x @) and current (V x B) are solely in the 2-direction (in or out of
the plane).

Figure 5.4a shows the evolution of the KH instability where no magnetic field is
present. As can be seen, the jet eventually breaks up. Figure 5.4b shows the same
simulation with a strong magnetic field parallel to the flow of the jet. The jet initially

appears to become unstable but eventually stabilizes in a wider stance. The widening of
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t = 50k steps t = 150k steps t = 500k steps

(a) No magnetic field present

(b) Strong magnetic field parallel to flow

FIG. 5.5: KH LB simulation of a high velocity jet with gridsize L = 512, magnetic
field strength By and fluid velocity 2.5U,. Numbers are compared against those used in
figure 5.4.

the jet occurs when eq. (5.19) is not satisfied. Although the magnetic field is strong, it is
not strong enough to stabilize the initial high velocity of the jet. As the instability grows,
the kinetic energy of the jet is spread more thinly over the transverse space causing the
maximum fluid velocity at the center to drop. Once the maximum fluid velocity drops to
become equal with the Alfvén velocity, the jet finally stabilizes in its new, wider stance.
A second set of simulation results are shown in figure 5.5 with a much higher initial
velocity (2.5Up) and the same magnetic field strength (By). With no magnetic field present
(Fig. 5.5a), the jet breaks up wildly to the point of breaking symmetry. The inverse

cascading of 2D Navier-Stokes can also be clearly seen as the four small orange vortices at
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t = 50k combine into two moderate-sized orange vortices at ¢ = 150k and finally into one
large orange vortex at ¢ = 500k. When the vertical magnetic field is present (Fig. 5.5b),
small striating vortex bands can be seen initially at ¢ = 50k. These bands result from
direct cascading of energy to small scales in MHD and a lack of initial KH stabilization by
the magnetic field. As mentioned in the previous paragraph, the jet velocity lowers as the
jet widens until the jet velocity drops below the Alfvén velocity. Since the initial velocity

was much higher, so is the final width of the jet.
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CHAPTER 6

Partial Entropic MRT LB Model

The lattice Boltzmann (LB) algorithm has proven to be an extremely interesting
method for the solution of Navier-Stokes [16] flows because of its simplicity, extreme pa-
rallelizability and accuracy. One of the major constraints on LB is that it is prone to
numerical instability in certain parameter regimes. There is no inherent mechanism to
enforce the LB distribution function to remain non-negative in time, particularly in strong
turbulence simulations. In this chapter, a new entropic multiple relaxation time (MRT)
model is presented for LB MHD with the goal of improving stability. While this new model
will not enforce the scalar distribution to remain non-negative, it will reduce the tendency
of certain distributions to become unstable without changing the MHD equations. This
is done by dynamically adjusting the individual relaxation rates of certain distributions
as a function of minimum fluid entropy without changing the transport coefficients in the

MHD equations [3].
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6.1 Multiple Relaxation Time (MRT)

The LB equation (3.1) and specifically, the collision step of the LB method (3.2a)
assumes that all fluid distributions, regardless of velocity, approach equilibrium at the
same rate. This single relaxation time (SRT) is represented by a single 7 used for all
distributions. Although this approach has had great success and simplicity for the LB
method, exploration of multiple relaxation times (MRT) has opened the door to greater
stability improvements for the LB approach in general.

There are quite a few MRT extensions [17-20] of the original SRT LB-MHD model of
Dellar [13]. However, for simplicity, we shall work with only an SRT model for the vector
magnetic field distribution g, and an MRT model for the scalar distribution function f;,

where the subscripts denote the velocity streaming directions

(O + Oyeqa) fi = Zj X;j (f;q - f]) (6.1)
O+ 0yen) Gi = Y (*,c(e‘” - g’k) (6.2)

with the moments
S fi=p , S fiéo=pi and Y, i =B (6.3)

It is convenient to employ the summation convention only over the Greek indices which
give the vector nature of the fields (v = 1,2 for 2D), while the Roman indices run over the
corresponding (kinetic) lattice vectors ¢;, ¢ = 0..8 for the 9-bit model in 2D (see Fig. 3.1).
Summation over the Roman indices will always be made explicit. lej is the MRT collision
operator for the evolution of f; while Y’ is the SRT for the evolution of §,. The MHD

viscosity and resistivity transport coefficients are determined from these kinetic relaxation
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rates.

It is well known that the minimal LB representation of MHD equations on a square
lattice is a 9-bit velocity streaming for f; and just 5-bit streaming for gi. This is because
1 is defined from the first moment of f; while B is defined as the zeroth moment of g 1t
is convenient (and helpful for numerical stability) to employ the 9-bit streaming model for
both kinetic equations. To recover the MHD equations in the Chapman-Enskog limit of
the (discrete) kinetic equations, we take the well-known choice of relaxation distribution

functions f{* and g

[t =wp {1 + 3 (G - ) —i—g(a U)Q — ;ﬂa} + —w; {%EQE? — <§@)2} (6.4)
7D — [§+3{(5k @) B — (ak-é) ﬁ}] (6.5)

for ¢ and k£ = 0..8.

In MRT-LB it is natural to perform the collisional relaxation in moment space (be-
cause of the local conservation of mass and momentum constraints) and the streaming in
the distribution space f;, gx. There is a 1-1 map between these spaces. For the moment ba-
sis it is obvious to include the conservation moments (the zeroth and first moments of the
fi and the zeroth moment of g), while the remaining higher moments are somewhat arbi-
trary [10, 11]. In particular, we consider the same constant 9 x 9 T- matrix that connects
the scalar distributions (f;,7 = 0..8) to their moments (M;,7 = 0..8) as for the vector mag-
netic distributions (g, k = 0..8) with their moments (N, k = 0..8). The transformation

follows from section 3.3 and equations (3.4) and (3.6)
M; = Z?:o Tyfi . No= 22:0 TrqJq (6.6)
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with

1 1 1 1 1 1 1 1 1 1
Ca 0 1 0 -1 0 1 -1 -1 1
cy 0 0 1 0 -1 1 1 -1 -1
CrCy o o0 o0 o0 0 1 -1 1 -1
T=| & |=l0o 1 0 1 0 1 1 1 1 (6.7)
2 o 0 1 0 1 1 1 1 1
e, o 0 o0 0 0 1 1 -1 -1
e 0o 0 0 0 0 1 —1 —1 1
cc o 0 o0 o0 O 1 1 1 1

where the Cartesian components of the corresponding 9-dimensional lattice vectors are

just

¢, =10,1,0,-1,0,1,—1,-1,1} , ¢, ={0,0,1,0,—1,1,1,—-1,—1} . (6.8)

For the scalar distributions, the 15 row of the T-matrix is just the conservation of density
while the 2 and 3™ rows are just the conservation of momentum (2D). For the vector
magnetic distributions the 1% row of the T-matrix is the only collisional invariant.

With this moment basis, the MRT collisional relaxation rate tensor X ;j is diagonalized
with the T'— matrix as a similarity transformation. It is convenient to denote this diagonal
matrix with elements X;d;;. In the D2Q)9 phase space, the relaxation rate X; is associated
with the corresponding moment M;, j = 0..8. Similarly for the magnetic distributions in
SRT, there is just a single collisional relaxation rate for each magnetic moment Nk, and
this will be denoted by Y.

In particular, the equilibrium moments can be written in terms of the conserved
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moments:

Mgt = My=p M = M,y = pu, My* = My = puy,

M3 = puyu, — B, B, M =

: (6.9)
Mz* =3 (6pui +2p+3 (B2 —B2))  Mg* = 3pu,
M7 = 3pus M= 1p (14 3u2 + 3u2)
N3 = Nuo = B, N = w,By — By N3 =, B, — uaB,
N =0 N =25 NG = Ea (6.10)
Nt =3 (uyBa —uaB,) Nit =4 (u,By —uaB,) Ng=1%e,  a=uzy

6.2 Entropic Method and its Partial Extension to MHD

The Karlin group [3, 21] introduces the entropic procedure for Navier-Stokes flows by
separating the scalar lattice Boltzmann distribution into various moment-related groups.

In particular,

fi=ki+si+h; , i=0.8 (6.11)

where the k; distributions correspond to those distributions with conserved moments, the
s; distributions correspond to the stress/shear moments, and finally the h; distributions

correspond to the remaining higher order moments. Thus for the k; distributions
8 2
ki=> Y TpTwf; . i=0.8 (6.12)

with the m—summation running from m = 0, 1,2 since there are 3 conserved moments.

Similarly for s; and h;. The s; distributions corresponding to the stress/shear moments
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will come from the set

si€{d,dUt,dUq,dUtUq} (6.13)

where d is the deviatoric stress, t is the trace of the stress tensor, and ¢ represents the
third order moments. Here we choose, for simplicity, the moment contributions s; to be

dUt so that

8 5
si=Y Y T Twif; , i=0.8 (6.14)

§=0 m=3
Moments 3, 4, and 5 are each second order moments in the D2(Q)9 model, and thus represent
the second order quantities (d U t). The moment contributions to h; are then all the

remaining moments that do not contribute to either k; or s;. Thus
8 8
hi=» Y TpTuwf; ., i=0.8 (6.15)

Karlin et. al. [3, 21] now consider the entropy of the post-collisional state, and intro-
duce a parameter v which yields an extremal to this entropy function. In MRT only some
of the relaxation rates affect the transport coefficient under Chapman-Enskog expansions
[14]. The transport coefficient in Navier-Stokes simulations is first affected by the stress
related distributions (s;). The tunable parameter v is introduced to replace the relaxation
rates for the higher order moment effects arising from the (h;) distributions. In particular,

one moves from the standard post-collisional distributions

fi= filt+1) = fi+26(ff* = f) (6.16)
to  f = fi—28As; — fyAh; (6.17)
where 3 is related to the kinematic viscosity as v = % <% — 1) and As; = s; — si%,

Ah; = h; — b, while for the conserved moments Ak; = k; — k{* = 0.
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In order to maximize the entropy S [f]

SU%=—§:ﬁm<£). (6.18)

one now writes the entropy in terms of the post-collisional state and the v parameter. The

critical point of the entropy [3, 21] determines the tunable parameter + from

1— Ah; — (28 — 1) As;

}:Amm.1+( ) @6-DAs) (6.19)
: fi

This is a rather computationally expensive root-finding procedure having to be done at

every point of the grid and at every timestep. Karlin et. al [3, 21] noted that if one invokes

the simple small argument expansion log(1 4+ z) = x + ... one can then readily determine

the entropic factor algebraically. The parameter determined algebraically is denoted by

*

v

o 1\ (As|Ah)
(2-3) (mnian (6:20)

i

where the inner product (A|B) = Z (6.21)

A more complete derivation is provided in Appendix C. On substituting v* back into the
new post-collisional state (6.17), a maximal entropy state has been determined for Navier-
Stokes flows. The Karlin group successfully tested this approximation for the tunable
parameter v*(Z,t) in various simulations of 2D and 3D Navier-Stokes [3, 21]. One thus
sees that this entropic algorithm is a subset of MRT - but it has a dynamic entropic
parameter determined at every lattice point and every timestep algebraically for entropic
stabilization as opposed to the static relaxation times for typical MRT models.

Clearly, this analysis does not simply carry over to LB-MHD with possible non-positive
vector magnetic distributions. Hence we make the ansatz for our partial entropic algo-
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rithm that the entropic parameter in LB-MHD is still determined by Eq. (6.20) for the
corresponding LB-MHD Ah and As. The validity of our ansatz will now be tested against
various 2D MHD simulations.

Summarizing, our partial entropic LB-MHD algorithm consists of the following steps

(c.f., Karlin et. al. [3]):

1. Compute the conserved moments (p,u,B) (Eq. 6.6, 6.9, 6.10)
2. Evaluate the equilibria (f;* (p,u,B),g:;* (p,u,B)) (Eq. 6.4)
3. Compute s and s (Eq. 6.12, 6.13)

4. Compute As; = s; — s;°

5. Compute Ah; = h; — hi* = f; — fi%— As;

(2

6. Evaluate v* (Eq. 6.20)

7. Relax (Collide): f; (Eq. 6.17), and corresponding g, .

Standard LB-MHD is recovered for entropy parameter: ~(Z,t) = const. = 2. As
mentioned earlier, there is no attempt made to find a corresponding maximal entropy
state for the magnetic distribution function since the magnetic field in most problems of
interest undergoes field reversal. (e.g., in magnetic field reconnection..). However the effect
of working with the maximal entropy state for the particle distribution function will have
direct effects on the evolution of the magnetic field due to the coupling of the B-field in

the relaxation distribution function f°? as well as the coupling of the fluid velocity @ in

-,

g
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6.3 Partially Entropic LB-MHD Simulations

We first have benchmarked our partially entropic LB-MHD code against our earlier
(totally non-entropic) MRT LB-MHD simulations of a Kelvin-Helmholtz jet instability in
a magnetic field [17]. Here we show the physics recovered by the variations in the partially
entropic parameter v* and its variations away from the MRT value of v*(Z,t) = 2.0 for
sufficiently weak axial B that the jet is unstable. Some runs were then performed to
examine the increased numerical stability in the parameter regime of the mean velocity «
and magnetic field B due to the partially entropic algorithm. Following this we consider
the interplay between Kelvin-Helmholtz instability and the tearing mode instability and
qualitatively compare our results to that of Chen et. al. [22]. Finally we qualitatively

compare our simulations with the Biskamp-Welter profile.

6.3.1 Magnetized Kelvin-Hemholtz Jet Instability

We now consider the partially entropic-LB-MHD algorithm for the breakdown of a
Kelvin-Helmholtz jet in a weak magnetic field. In our simulations, the initial parameters
are so chosen that there is a direct cascade of energy to small spatial scales (indicating the
existence of a magnetic field) but the magnetic field is sufficient weak so as not to stabilize
the jet. This simulation in general is to be compared with the KH simulation in section

5.2.2. The initial conditions are given as
i(t = 0) = Upsech®(z)g, B(t=0)= Byj (6.22)

see figure 5.3 for a graphic profile of initial conditions.
The evolution of the vorticity, w, the current, j, and the entropic stabilization pa-

rameter ~* for this 2D jet is plotted in Fig. 6.1. With the (dimensionless) choice of
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By = 0.005Uy, the jet breaks into a Kelvin-Helmholtz vortex street (¢ < 266k). There is
then further symmetry breaking as the vortex street is broken up, leading to vortex-vortex
reconnection (ala 2D Navier-Stokes turbulence), as well as the generation of small scales
eddies (characteristic of 2D MHD) for ¢ > 266k. One notices that the partial entropy
parameter v* in Fig. 6.1 deviates from the ordinary LB-MHD value of v*(Z,t) = 2 where-
ver there are significant number of small eddies. These are regions of steep gradients and
it is in these regions where the partial entropic stabilization of the simulation occurs. It
is important to note that this partial entropy stabilization is occurring from local infor-
mation at each lattice site. This is reminiscent of LB where gradients can be computed
from local moments of perturbed distributions: e.g., in large eddy simulation modelings
in the Smagorinsky model, the mean velocity gradients are determined from simple local
moments. For stronger magnetic fields, the jet will be stabilized and is of little interest
for our partial entropic-LB-MHD model, [17]. A spectral plot of the total energy of the
Kelvin-Helmholtz simulation at ¢ = 500k is presented in Fig. 6.2 with a slope of k3. This

spectral plot corresponds to the final timestep in Fig. 6.2.

Stability Improvements from the Entropic Algorithm

Some numerical stability boundaries were investigated between ordinary LB-MHD and
our partial entropic-LB-MHD with the v* parameter on a grid of 1024% for the Kelvin-
Helmholtz jet. We found that the partial entropic-LB-MHD algorithm permitted a max-
imal mean velocity ﬁO,max to be increased by a factor of 2 in a purely Navier-Stokes
turbulence simulation (i.e., no B-field) while the velocity maximum could be increased by
a factor of 8 when there was a strong stabilizing B-field. As regards the magnetic field
(at fixed (70), the partial entropic-LB-MHD algorithm permitted an increase by a factor of
2 in EO. In the partial entropic-LB-MHD algorithm the viscosity could become arbitrary
small, while ordinary LB-MHD the minimum stable viscosity was 10> when By = 0, and
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FIG. 6.1: Entropic MRT evolution of a Kelvin-Helmholtz jet with very weak
axial magnetic field: By = 0.005U;. The column 2D plots are the vorticity w, the
entropy parameter v*, and the current j. The jet is unstable forming a von-Karman like
vortex street (time ¢ = 44k). These vortices start to generate secondary smaller vortex
streaks (¢t = 80k) - where the entropy factor becomes important. The vortex street then
becomes unstable (t = 344k) with vortex-vortex reconnection dominating shortly after
the break-up of the vortex street. However by ¢ = 500k strong subsidiary vortices are
generated because of the 2D MHD turbulence with significant corresponding regions of
variations of the entropic parameter away from 2. Note that the color scheme is held
constant for all time snapshots. Spatial grid 10242
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FIG. 6.2: Spectral plot of the Entropic MRT Kelvin-Helmholtz simulation at
t = 500k where gridsize is 1024? and the slope of the dashed line is k=17

1072 when there was a strong stabilizing ﬁo, No substantial stability limits were found on
the achievable minimum resistivity.

It should be stressed that the computational overhead of computing this entropic
parameter v* is quite small, primarily because it is determined algebraically from local

information only.

FIG. 6.3: Magnetic field line comparison in EMRT simulation against Chen Fig.
6a. A snapshot of the (a) magnetic field lines (and velocity fields) from a Chen et. al.
[22] supersonic Alfvenic simulation, their Fig. 6a, compared to our (b) entropic LB-MHD
simulation on 10242 grid for the same initial profiles.
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FIG. 6.4: Magnetic field line comparison in EMRT simulation against Chen Fig.
4a. A snapshot of (a) the magnetic field line contours (and velocity field) for zero initial
shear, Chen et. al. [22] Fig. 4a, and (b) from our entropic LB-MHD algorithm on a 10242
grid.

6.3.2 Chen et. al. Profile

Chen et. al. [22] has considered the linear and nonlinear evolution of Kelvin-Helmholtz
(velocity shear) vs. the tearing mode (magnetic shear) instabilities in 2D compressible
MHD. Their closure includes an evolution equation for the enthalphy as well as various

resistivity profiles using standard CFD techniques. Their initial profiles are

uy(z,t =0) = —Uptanh(z), By(x,t=0)= Bytanh(z). (6.23)

Thus our comparisons can only be qualitative, and we only consider the Chen et. al.
[22] simulations when they keep their resistivity constant. Typically, when the velocity
is below the Alfven speed, it stabilizes the tearing mode and so reduces the reconnection
rate. However, if the velocity is above the Alfven speed the Kelvin-Helmholtz instability
sets in. In our first partial entropic LB-MHD simulation, we consider super-Alfven velocity

shear flow and the Kelvin-Helmholtz induced magnetic islands due to reconnection in Fig.

66



Timestep: 0 Timestep: 8000 Tigsfep: 32000

i

Times‘fep: 16000 Timestep: 24000

) |

IU )

Timestep: 8000

Timesfrg p: 4}8000 Timestep: 56000
| I

FIG. 6.5: Evolution of the magnetic field lines from our partial entropic LB-
MHD code of Chen et. al. [22] Fig. 4a with zero initial shear velocity in a uniform
magnetic field. Snapshots of the field lines are presented at each 8000 (8k) LB timesteps.
Grid 10242,

6.3. In Fig. 6.3a we show the simulation results of case 13 in Chen et. al. for the magnetic
field lines and compare them to those arising from our partial entropic LB-MHD model
for resistivity n = 0.001, Fig. 6.3b.

For the case of no initial shear, large magnetic islands are formed. A corresponding
snapshot is given of the magnetic field lines from the case 5 simulation in Chen et. al., Fig.
6.4a, and from our entropic LB-MHD model, Fig. 6.4b. In Fig. 6.5 we show the partial
entropic LB-MHD evolution of the magnetic field lines for this initial zero velocity shear
flow parameter set of Fig. 6.4. It seems for the case considered here, the enthalpy equation

in Chen [22] does not play a significant role.
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6.3.3 Biskamp-Welter Profile

We now consider the model of Biskamp and Welter [23] for decaying 2D MHD turbu-

lence, using their initial profiles

t(x,y,t =0) = Uy [sin(y + 0.5)z — sin(z + 1.4)7] (6.24)

—

B(z,y,t =0) = By [sin(y + 4.1)& — 2sin(2z + 2.3)7] (6.25)

(These are a generalization of the canonical Orszag-Tang vortex). A snapshot of the
current lines are shown in Fig. 6.6 and compared with those from the Biskamp-Welter

simulation. In Fig. 6.7 we plot the corresponding 2D entropy parameter v*(z,y) at this

FIG. 6.6: Comparison of current lines in Entropic MRT simulation of Biskamp
[23] case A;. Snapshot of the current lines from (a) partial entropic LB-MHD code on a
grid of 10242 at time = 226k, (b) Biskamp-Welter, Fig. 11a

time snapshot. The lattice points at which v*(x,y) # 2 correspond to points where there
are effects of in our partial entropic LB-MHD algorithm. The energy dissipation rate for
this Biskamp-Welter case is shown in Fig. 6.8. This can be compared with figure 20 in
[23].
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FIG. 6.7: Plot of the entropic parameter v* in an entropic MRT simulation of
Biskamp [23] case A; after 226k timesteps on a 10242 grid. v = 2.0 corresponds to
ordinary LB-MHD. Lattice points with v* # 2.0 correspond to the effects of the partial
entropic LB-MHD algorithm.
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FIG. 6.8: Plot of energy dissipation over time for the Biskamp-Welter profile.
6.4 Conclusion

The Karlin [3, 21] entropic Navier-Stokes algorithm has been extended to LB-MHD
and tested on 3 different problems: velocity shear flows exhibiting Kelvin-Helmholtz and /or
tearing instability, a generalized Orszag-Tang vortex and magnetized jet instability. The
partial entropy algorithm is applied only to the particle distributions while in using a vector
distribution for the magnetic field one must allow for magnetic field reversals. Hence, the
new partial entropic MRT LB MHD model is not fully entropic. The algorithm clearly
extends immediately to 3D, but because of the much greater computational costs we

have restricted our simulations to 2D for we can still capture turbulence effects of the
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generation of small scale motions since in 2D MHD energy cascades to small scales. Good
agreement has been found with the CFD simulations of Chen et. al. and Biskamp and
Welter. The partial entropic algorithm permits much larger ranges of velocity and magnetic
field amplitudes than could be found in standard LB-MHD algorithms. This greater
numerical stability is achieved at a quite small increase in computational costs since Karlin
et. al. have determined a simple algebraic approximation to the full entropic parameter.
This approximation is then carried over as an ansatz for our 2D LB-MHD model. Moreover
the extreme parallelization of this partial entropic LB-MHD algorithm is retained since

*

this algebraic entropic parameter v* is determined purely from local information at each
lattice site. The accuracy of the under-resolved Navier-Stokes simulations of Bosch et. al.
[24] portend that this new (partial) entropy method could be a possible subgrid model
in itself. In some sense, this is the spirit behind pushing the magnitude of U, and B.
There is no claim on improved accuracy for this model. This partial entropic LB-MHD
algorithm is a subset of MRT models in which there is now a dynamical relaxation rate

determined for quasi-stabilization of the fluid flow by a well-defined procedure as opposed

to the standard static MRT relaxation rates.
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CHAPTER 7

Large Eddy Simulations

In the previous chapter, the partial entropic MRT method was introduced to improve
the stability and the possible accuracy of the LBM. In this chapter, large eddy simulations
(LES) are introduced to address the specific problem of computational cost of simulations.

A brief history and explanation for the need of LES are covered.

7.1 Relative Scales

Passing a problem from the physical world into an LB simulation requires an under-
standing of relative scales. To simplify the relationship between physical (with subscript p)
and LB (no subscript) scales, the non-dimensional scales (with subscript d) are introduced.

The relationship between the physical and non-dimensional scales is

t
to =2, TO:T—p , U :T—Oud Vp:_OVd (71)

where ty, and ry are scaling factors between physical and dimensionless values which are

typically set to 1 and v is the viscosity. The relationship between the non-dimensional and
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LB scaled counterparts is

L t r
==, tlz_ ; U:%Ud ) V:ﬁyd (72)

where L is the number of LB cells required to equal length r; and ¢ is the number of
timesteps required to equal time t4. Similar to ¢y and 7, the non-dimensional variables r4

and t4 are arbitrarily set to 1 for simplicity when no physical scale is being referenced.

7.2 Cost of DNS

A proper choice of L is necessary in order to fully resolve the dynamics of a problem.
A typical, fully resolved (L > L,,;,) simulation is considered a direct numerical simulation
(DNS). Lyin needs to be large enough that all scales of motion are included down to the
dissipation of kinetic motion into heat. The smallest microscale where this occurs is known

as the Kolmogorov length scale, defined as

3\ /4 3
M = <ﬁ) for ¢=—4 (7.3)

where ¢ is the dissipation rate. The Kolmogorov length scale (1) can be used to find
the lowest required resolution and thus the minimum required length to fully resolve a

problem. In LB units, 1, becomes

LI AN
LB = (F) (7.4)

1

Since 7y p represents the smallest turbulent motions with units one over length, this

value provides the lowest resolution required for a fully resolved DNS. The minimum
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gridsize for said resolution is

1\ 3/4
Loin = 4 = (U—) = Re?/4 (7.5)
LB v
with the Reynold’s number defined as
UL

where U is the fluid velocity, L is the characteristic linear dimension (typically width) and
the Reynolds number (Re) is a dimensionless ratio which characterizes a specific problem.
In 2D LB, the minimum number of required gridpoints is (L,i,)? = Re*? and for 3D LB,
(Lnin)® = Re®*. This is problem for turbulent simulations as the Reynolds number can be
very large for physical turbulent flows. For example, the red spot in Jupiter’s atmosphere
has Re = 10'? by estimating the velocity on the order of 100 m/s, the kinematic viscosity
of hydrogen on the order of 107°m?/s, and a height of the atmosphere on the order of 100
km.
Along with the minimum gridsize required to use in memory, the computational cost
of a DNS scales as Re® according to Pope [14]. This shows that a DNS generally has a
very high computational cost. In general, the computational cost to simulate any system is
proportional to the full number of cells (L for a cubic grid) times the number of timesteps
(t). This formula can be written as
C=LPt=1LP <L2ﬁ> = o2 (7.7)
v v
If, for example, the number of cells along each dimension were doubled (L — 2L) for

increased accuracy in a 2D system without changing the Reynold’s number (v — 2v), the
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computational cost would be

C = (20)% = 4L ((2L)22”—d> =gt (7.8)

14 14

Just doubling the linear size of a 2D LB grid without changing the Reynold’s number will
quadruple the amount of computational time spent calculating one timestep and halve the
value of a single timestep, making the total computational cost 8 times greater!

At this point, it is important to note that nearly all computational effort in DNS is
expended on the smallest dissipative motions. Figure 7.1 shows the ratio of energy scales
in a full DNS. Notice that the dissipation range takes up 99.98% of the phase space while
the energy containing range and the inertial subrange which carry most of the energy and
anisotropy take up only a small portion at the center. A standard energy spectrum is
presented in Fig. 5.1 showing the amount of energy in each of these ranges. Although
most of the energy is found at large scales and cascades to smaller scales, some energy
backscattering occurs. This means energy at smaller scales can affect larger scales due to
nonlinearity in the convective term and qualitatively explains why high resolution in the

dissipative range is required.

7.3 Filtering

One approach to further reducing the minimum required gridsize is a technique called
Large Eddy Simulation (LES). This technique applies low-pass filters to all fields, removing
the high frequency scales and lowering their perceived resolution. An example of filtering
1D data is shown in Fig. 7.2. As can be seen, the filtered field line U has smoothed the field
line U, allowing the representation of U to be shown on a low resolution plot. Similarly, an

example of 2D filtering is shown in Fig. 7.3. As the DNS data in Fig. 7.3a is filtered, the
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FIG. 7.1: Diagram showing the relative size of the energy scales in a full DNS
[Cited from Pope [14], Fig. 9.4].

filtered data in figs. 7.3b and 7.3c is perceived to be of lower resolution and can actually
be represented on lower resolution grids. The definition of filtered quantity U relative to

its counterpart U is
U= /G(r, x)U(x — r,t)dr (7.9)
where G(r,x) is some filter function normalized such that

/ Glr,x)dr = 1. (7.10)

A very commonly used filter function is the Gaussian. It is favorable because of it’s

similarity in both real space and phase space. The normalized Gaussian is defined as
6 \"* 6r2
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FIG. 7.2: 1D Filter Example cited from Pope [14].

The upper thin curve corresponds to the exact field U, and the upper bold curve corre-
sponds to filtered field U. The lower thin curve around 0 is the deviation v’ = U — U.
Note that the filtered fluctuations w’ are nonzero as shown by the bold curve around 0.

FIG. 7.3: 2D filtering example. Velocity field of DNS simulation from Lu et. al. [25].
(a) DNS without a filter applied. (b) DNS filtered using Box filter with filter width A = &.
(¢) DNS filtered using a Box filter with a coarser filter width A = &.

where D is the number of dimensions of the Gaussian and A is the filter width which

defines the strength of the filter. The Gaussian filter is also used for its nice isotropic
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properties where the zeroth, first, and second moments have known simple values

/G(r,x)dr =1 (7.12a)

/rG(r,x)dr =0 (7.12b)
2
/roﬂ"[gG(r,x)dr :%5a5 . (7.12¢)

Other filter functions can be ideal for certain simulation or LES techniques. The sharp
spectral filter is a simple cutoff filter in phase space but is entirely non-local in physical
space and the converse is true of the box filter. Filtering does not automatically pro-
vide closure to LES, as will soon be discussed, and so some filters have specific analytic
approximations to closure, such as the Pao filter, but can be difficult to use.

For reference, the difference in a field before and after it is filtered is defined as

u'(x,t) = U(x,t) — U(x, t) (7.13)

and it is important to note that a filtered difference is not zero (as it would be if the filter

was an averaging procedure)

W(x,t) = Ux,t) — Ux,t) = Ulx,t) — U(x,t) £ 0. (7.14)

7.4 Early LES

Applying a filter to a field will lower the field’s resolution but does not change the
minimum resolution required of the simulation. So in order to perform a filtered simula-
tion with a lower resolution, we need to know how to evolve the subgrid elements (those

required elements in the dissipation range removed by the low-pass filter). Essentially, in
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filtered Navier-Stokes, the gridsize would be reduced according to the filter width. Each
filtered field would evolve as standard Navier-Stokes at each grid point, then an additional
evolution term would be included to evolve the subgrid motions and maintain the accu-
racy of a higher resolution simulation. This approach was pioneered by Smagorinsky when
he proposed an ad-hoc solution for the subgrid evolution. Creating the new evolution

equations requires the existing equations to be filtered.

du+ (u-V)u=-VP+rvViu (7.15)

du+ (u-V)u=-VP+ vV (7.16)

To provide closure to the filtered Navier-Stokes equations above and to have standard

evolution in the filtered terms as described above, (u - V) u needs to be replaced such that

(u-V)u=(u-V)u+ 097 (7.17)

where 7;; = W;u; — u;uj. 7;; now presents a closure problem whose solution is now assumed

by Smagorinsky to be related to the rate of strain tensor .S;; such that

Tij = —2OSA2

where gij = % (0;u; + 0;u;), ‘g‘ = \/23’@-]- S'ij, vr is a parameter representing the “subgrid
viscosity”, and C is the unknown Smagorinsky constant which is a factor specific to each
problem. This definition was chosen for the subgrid evolution because the small scale
regime is dominated by diffusion. Determining this Smagorinsky constant was originally
determined through trial and error. However, much work has gone into a mathematical

approach to finding Cs with previous LB-LES-NS modeling [26, 27] concentrating on the
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Smagorinsky closure for the subgrid stresses.

7.5 Advances in LES

Early advances in LES were quickly made to find a solution to C for specific filters,
such as the sharp spectral filter and Pao filter. The drawback here is that many of these
filters can be difficult to use in certain circumstances and typically requires some level of
approximation. Further advances in LES would determine C by limiting the filter width.

A very large filter width where % — o0 has the property Cy — 0. The filtered field
U tends to the mean (U) with this approach and is very inaccurate at higher Reynold’s
numbers [14]. At high Reynold’s number, the large filter width forces the inertial subrange
to be modeled inaccurately by the subgrid evolution terms.

The Clark model requires a very small filter width (7% < 1) allowing the filter function
to be Taylor expanded about the filter width. When a Gaussian filter is used, the second
order subgrid term (according to the Gaussian isotropic properties (7.12)) becomes

A2
12

Tij = U,Z‘Uj — uin =

On U0 U, (7.19)

removing the need for Smagorinsky’s constant altogether. When Smagorinsky’s model is
used with the same small filter width, conflicting values for C are found for different filter
functions [14]. These conflicting results show that the Smagorinsky model provides a poor
description of the residual stresses at a detailed level. However, the wide usage and success
of the Smagorinsky model and its derivative models have shown that the ad-hoc form is
relatively accurate.

Recent advances [28, 29] in LES have found a general solution numerically for the

Smagorinsky constant, regardless of filter function. The approach applies a test filter U
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to the filtered evolution equations to yield doubly filtered equations. The error between
the first filter and the test filter is then minimized to precisely calculate C at every
timestep. Although a general solution provides the most accurate results for a given LES
problem, the computational cost is comparatively high since the filtering and minimization
is recalculated at every timestep.

Mixed models are another recent advancement which attempts to combine various
LES models for greater accuracy and lower computational cost. LES is a useful and
almost necessary extension to Navier-Stokes and MHD for simulating physical flows since

DNS can require high computational cost to be fully resolved.
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CHAPTER 8

LES model for LB MHD

Computational methods are stretched to the limit in trying to solve problems of
strong turbulence [4, 28, 30-32]. Direct numerical simulations (DNS) attempt to solve
the evolution equations by resolving all the scales excited in the turbulence. Hence, in
strong turbulence, DNS will quickly run into resolution problems: one will not be able
to resolve all the excited scales all the way down to the dissipation scales. Basically, the
computational cost of DNS scales as the Re?®, where Re is the Reynolds number of the
flow. (The Reynolds number is basically the ratio of the nonlinear to linear terms in the
equations).

There have been attempts to extend Smagorinsky’s ideas to MHD, similar to those in

section 7.4 [29, 33-36]. The filtered MHD equations, Eqs. (8.1-8.3), contain the unknown
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subgrid stress tensors (8.4, 8.5), To(fg and Téb).

V-u=0 , V.-B=0 (8.1)
du+(u-Vyu=-Vp+ (B-V)B+vViu+V.7® (8.2)
B=B-V)u—(u-V)B+nV?B+V.71®, (8.3)

where v-7<v>:[(a-V)a—m}—[(E-v)E—m} (8.4)
v.7<b>:[(@V)E_m}_[(ﬁvm_m}. (8.5)

As a first step one could invoke the Smagorinsky’s ad-hoc closure scheme to the filtered
MHD equations and so resolve the subgrid stress tensors, Egs. (8.6) and (8.7), by relating

them to the mean strain rate tensor, Eq. (7.18), and the mean current, Eq. (8.8) :

% = _2C5,A? ’ 5‘ Sus = —20, Sug (8.6)
To(fg = —2055A2 ’j_} jaﬁ = _277t jag (87)
Top=1 (aﬁﬁa - aaég) (8.8)

Another closure scheme proposed by Carati et. al [29] permits the backscatter of
energy from the subgrid to resolved scales. This cross-helicity based closure takes the

form

(v) ol gv gt Mg a
=) = _204,A \Saﬁ S2ol Sas = —214 S (8.9)
T\ - —11/2 =% -
7'52 = —2CgA%sgn (j-w) | j -] / Jap = —2m Jup (8.10)
where 5;,5 = S_’aﬁ , 525 = % ((%Ea + 0a§5> , w=Vxu (8.11)

Ansumali et al. [4] realized that the 2 limit processes in LES for a LB representation

of Navier-Stokes turbulence (the Chapman-Enskog expansion in the Knudsen number,
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Kn, and an expansion in the filter width, A) do not commute. The typical approach of
first performing the Chapman-Enskog limit on LB (to reproduce the fluid equations) and
then perform the filtering will lead to the closure problem. However, Ansumali et al. [4]
first performed the filter-width A expansion directly on the LB equations. This was then
followed by the usual Chapman-Enskog expansion to recover the final fluid equations. By
requiring that the effects of the subgrid stresses first enter the evolution equations at the
transport level one can get a closed form final expression for the LES equations as well as
determining the required scaling of the filter width A in terms of the Knudsen number Kn.
It should be noted that Ansumali et al. [4] restricted their analysis to 2D Navier-Stokes
turbulence in which the energy is inverse cascaded to large scales. It is also interesting to
note that Pope [14], has discussed the expansion of the filtered Navier-Stokes equation in
terms of the filter width A. The practical problem is that this would force us to perform
filtering in the dissipate range - and thereby placing a very heavy burden on the LES
solution to be useful in turbulence simulations, basically turning the LES into a DNS.
Here we extend the ideas of Ansumali et al. [4] to MHD. For simplicity, we restrict our
analysis to 2 dimensional (2D) MHD - since in 2D MHD turbulence energy is cascaded to
small scales as in 3D MHD turbulence. Hence there is a need for subgrid modeling in 2D
MHD unlike 2D Navier-Stokes turbulence in which there is an inverse cascade of energy
to large scales. In Sec. 8.1, we introduce the Gaussian filter and perform expansions
in the filter width A to evaluate nonlinear filter averages. In Sec. 8.2, we discuss the
transformation of the LB-MHD algorithm into the moment basis, permitting a multi-
relaxation collision model for the density/velocity distributions while we use a single-
relaxation model for the vector magnetic distribution function first introduced by Dellar
[13]. In Sec. 8.3, the MHD equations are derived from the new LES-LB-MHD model.
We first filter the LB-moment equations and present the details, for brevity, of the 3rd
moment, M 3. An expansion is then made in the usual Knudsen number, Kn, to move
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from the LB-MHD representation to the macroscopic dissipative equations for MHD. In
order that the subgrid effects first affect the dynamics at the transport time scales one
must scale the filter width A ~ (’)(Knl/ 2). Sec. 8.4 then discusses preparations of the
LES-LB-MHD model for actual simulation. And finally, Sec. 8.5 discusses the simulation

results of the LES-LB-MHD model in 2D.

8.1 Filters and Filter Widths

The backbone of any LES [14, 26-44] is the introduction of a spatial filter function to
smooth out field fluctuations on the order of the filter width A. Consider a filter function,
G (7, A), which averages over scales of width A, so that the filtered field X is given by the

convolution integral, as found in Eq. (7.9)
X (7', A) = / X (7 —7) G (F,A) dF (8.12)

where 7 and A defines a location on the lattice and the filter width respectively. For

convenience, we shall use the Gaussian filter function (7.11) which is sharply peaked about

G(FA) = (&) : exp (-%’j) (8.13)

with the isotropic properties

r=20

[Z GFA)dF=1, [ GFEA)FIF=0, [ G(FA)rarsdi=500s  (8.14)

e}

Taylor expanding the dynamical field X (7' — 7) about ¥ = 7 in Eq. (8.12) and then
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performing the Gaussian weighted polynomial integrals one immediately finds [14]

_ A?
X=X+ 50X+ o(A") (8.15)
Similarly, it can he shown
. __ A2 _ _ )
(XV) = XV + = (9:X) (8:7) + 0(a") (8.16)

and

()2 5 05) 0
B - (8.17)
L2 (5 (0) o7 (0) - 0D oo

for arbitary fields X, Y, and Z.

8.2 Moment Basis Representation for LES LB-MHD

The single relaxation LB-MHD model of Dellar [13] is extended to incorporate multiple
relaxation times (MRT) similar to section 6.1 but with a different transformation matrix
used for simplicity in the derivation. The derivation is done in 2D for simplicity, and it is
readily extended to 3D, but with the complications of a larger number of lattice velocities.
However, unlike the 2D Navier-Stokes work of Ansumali et. al., 2D MHD exhibits the same

energy cascade to small scales as in 3D. The LB equations for the distribution functions
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fi, of the density and mean velocity, and g, for the magnetic field are

(8t + &ch) fz = Zj S;j (f;q — fj) (818)

(01 + 0,Cok) G = 83 (3" = Gn) (8.19)

with the moments Y, f; = p, >, fi€i = pu, and >, G = B. In these equations the
summation convention is employed on the vector nature of the fields (using Greek indices).

Roman indices correspond to the corresponding lattice vectors for the kinetic velocities ¢;

(Fig. 3.1) and C, (Fig. 8.1). s,

;; and s, are the collisional relaxation rate tensor for
the density and the collisional relaxation rate scalar for the magnetic field distributions,
respectively. The choice of these kinetic relaxation rates will determine the MHD viscosity
and resistivity transport coefficients.

To recover the MHD equations, one must make an appropriate choice of phase space
velocity /magnetic field lattice vectors and appropriate relaxation distribution functions.
An appropriate choice for 2D MHD is the 9-bit phase space velocities (D2Q9) as seen
in Fig. 3.1 for the density distribution and the simpler 5-bit velocities (D2Q5) for the
magnetic field distribution as seen in Fig. 8.1. The simpler lattice for the magnetic field
distribution arises since the magnetic field B is the zeroth moment of gx while the mean
fluid velocity is determined from the 1st moment of f;. To recover the MHD equations

in the Chapman-Enskog limit of the (discrete) kinetic equations, an appropriate choice of

relaxation distribution functions fi* and g,;* is presented in equations (4.21) and (4.24)
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and repeated here explicitly for the lattice systems

9 3
D2Q9 ffq:wip{1+3(5i-ﬁ)+§(a 6)2—5172}
0 ) (8.20)
2w _é%,?_(é.;) | —
+2w [2 C; c ,0=20,..,8
D2Q5: g =w,|B+3{(Cy-7) B~ (Cv- B)af|.k=0,..4 (8.21)

Magnetic Lattice Representation
D295

y 21;

X

FIG. 8.1: The magnetic lattice vectors (D2Q5) for LB-MHD in 2D are Cj, =
(0,0),(0,£1) , k=0...4. w; are appropriate weight factors dependent on the choice of
lattice: for speed 0, wy = %; and for speed 1, w; = % with lattice speed of sound ¢, =

-

Typically these equations are solved by split-operator methods: streaming and collisio-
nal relaxation. The 1-1 constant transformation matrices T and T,, chosen for convenience
in derivation, permit the mapping between the distribution space (f;, gx) and the moment

space (M;, Nk) The transformation equations are

M; = ijo Tifi + Ne=30 o Tmrad (8.22)
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with the choice of the moments

1 1 1 1 1 1 1 1 1 1
Co o 1 0 -1 0 1 -1 -1 1
¢y o 0 1 0 -1 1 1 -1 -1
Caly o 0 0 0 0 1 -1 1 -1
T = 2 —c2 =0 1 -1 1 -1 0 0 0 0|82
3caCl — 2¢, 0o -2 0 2 0 1 -1 -1 1
3cyc? — 2¢y 0o 0 -2 0 2 1 1 -1 -1
4-1-9(c2 42 —2c2c2) 4 =5 =5 =5 -5 4 4 4 4
4-1-4(c +c)) +3ckc; 4 0 0 0 0 -1 -1 -1 -1
1 11 1 1 1
C 0 1 0 -1 0
and Tw=|¢C, |=]l0 0 1 0 -1 |[. (8.24)
C? 0 1 0 1 0
Cy o 0 1 0 1

For 2D LB-MHD the T-matrix is a 9 x 9 matrix, due to the lattice choice D2Q9, and
the T, matrix is a 5 x 5 matrix, due to the lattice choice D2@Q5 for the magnetic field

representation. The x and y components of the 9-dimensional lattice vectors are

¢ ={0,1,0,—-1,0,1,—1,—-1,1} , ¢, ={0,0,1,0,—1,1,1,—1,—1} (8.25)

while the x and y components of the 5-dimensional lattice vectors for the magnetic distri-
bution are

C.={0,1,0,-1,0} , C,={0,0,1,0,-1} . (8.26)

In the moment basis, the collisional relaxation rate tensor in MRT is diagonalized from
s;j to s; similar to that in section 6.1 where the MRT collisional relaxation rate tensor

s;j is diagonalized with the T'— matrix as a similarity transformation. It is convenient to
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denote this diagonal matrix with elements s;0;;. In the D2Q9 phase space, i = 0..8 for s;

corresponding to the respective moment M;. The collisional relaxation rate scalar for the

/

magnetic field in SRT, s, is equal for all magnetic moments, ]\7k, just as it has been for

m?

g, so we will define the relaxation rate for the magnetic field in moment space to be s,,

’

for completeness in notation where s, =s,,.
The first three fluid moments are nothing but the collisional invariants - being nothing
but the conservation of density (the 15 row of the T-matrix) and the conservation of

momentum (the 2°¢ and 3'¢ rows of T). For the T, matrix only the 1°* row is a collisional

invariant. In particular, the moments can be written in terms of the conserved moments:

ng = MO =p ng = —pquPUy — BxBy ng = —PUy

M= M, = pu, Mo = sl Dlem) g2y g2 e = glove)tlon)” (8.27)
Uy 2 U 2

M= My = pu, M= —pu, ngzgp—ii(p ):;(P v)

N =Nao=Ba NS =puBo — puaBy N3 = pu,Ba — pusB, (8.28)

eq _ B eq _ B
Noz = 5 Nos = 5

8.3 Derivation of LES MHD Equations for LB MRT

8.3.1 Filter expansion

Using the transformations, Eq. (8.22), the LB Eqs. (8.18, 8.19) are transformed into
the moment basis M, ... Mg and ]\707 - ]\74. Thus there will be a set of 9 scalar moment
evolution equations for the fluid (D2Q9) and 5 vector equations for the magnetic field
(D2@5). We present the details for just one of these moments, the time evolution of the

3' fluid moment Ms, as the others are done similarly. Appendix A follows the procedure
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below explicitly for every moment, not just the M3 moment. On filtering the evolution

equation for Mz
— 1 — 1 — —eq)  —
0, M + 50, (2 M, + Mﬁ) + 30, (2 M, + M5> _ s (M; D _ Mg) (8.29)

where the problem of closure arises from the evaluation of the M :(;Q) in the collision term.

)

From Eq. (8.27) for Méeq , and the filtering expansions Eqgs. (8.16, 8.17), we obtain

RS — (_ﬂ“w P“y) ~(B.B,)

P
DUy PUy = — A? - .
= Pl BB+ = [(9siz) (Dsy)
057 Y iy (95) (530
S Uy PU
-0 (5 @i+ iy 05— ) )
AQ

- = (9B.) (9:B,) + 0(8%).
It is convenient to rewrite this in the form (for a general moment)

Mgeq) — Mi(eQ) (MO,MDM%NM)’N@/O) + A2 MEA)

(8.31)
where MZ-(GQ) (]\70, My, My, N0, ]Vyo) is just those moment expressions in Eq. (8.27, 8.28)
but now a function of the filtered conserved moments rather than in their the unfiltered

forms, while the A2 M - is the term arising from the fact that

(2

M z(eq) £ Mi(GQ) (M 05 M 1, M 2, N 205 N y0>. Indeed for the 3rd moment we have

MéeQ) <M07M1,M2,N$0,Nyo> = pux—_puy — Ew Ey (832)
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—n)  A? _ _
NN = - (s (05

Dp) ([ — o . o puzpuy, (Op
050 (5 @ny) -+ iy 0ui) — 0 | (5.33)
A% .
T (0:5:) (9:5,)
8.3.2 Knudsen expansion

We now expand the filtered LB Egs. (8.29) in the standard way that the fluid equations
are derived from the LB by introducing the small parameter € which is just the Knudsen
number (basically the ratio of the mean free path to the macroscopic length scales). Using
multi-time scale analysis, with the advection time scale at O(e) and the transport time

scale at O(g?), one has

0, — 0" + 20" | 0 — <0,
0, 77 = SO =z (8.34)
i teMi 4. Np= Ny +eNp +..

In order that the eddy viscosity /resistivity terms come into the filtered fluid equations at

the transport time scale and not earlier, one must choose A? to be on the order of the
—(A —(A

Knudsen number (A ~ +Kn), with A2 M; '~ 5M:(3 !

The filtered LB equations are now separated into their respective order e, and &2

equations. For M 3

—@©0) 1 — —(0 1 — —(0
O(e) : 9OMY + 30s <2M2+Mé)> + 30 <2M1 4 ML )>

S (8.35)
_ 1 1 — 1 1 —
O(e?) - 3t(0)M:(),1) + 50 || 1— =56 M(()‘l) +20 || 1555 Mél)



where at O(1), MY (MO,Ml,MQ,NxO,]VW) — M.

(2

—(0
In general, the unknown terms in the O(g) equations must now be determined : M l( ),

MSA), 8t(0)]\7£0), and ]\71(-1). The ]\750) and ]\71@) terms are determined as above in Egs. (8.32,
8.33).

The zeroth order time derivatives of the conserved filtered moments M, 0.2 and N a0
can be determined by solving the O(e), Eq. (8.35), in their corresponding moment repre-

sentation

8" My = —8, M, — 8, M. (8.37)

The remaining zeroth order time derivatives of the non-conserved filtered equilibria M 3.8

and N, 4 can then be found by differentiating with respect to the filtered conserved

equilibria:
—(0) —(0)
) — — — = — oM, — oM, —
R (MO, M, My, N Ny0> = 200 9O, + L 9Oy,
oM, oM, (5.38)
oMY o oM o= M o~ |
+ L0 My + ——=—0 N + —=—0" N 0
8M2 a z0 a 0

Since our current LB algorithm itself is accurate to (’)(Ma?’), where Ma is the Mach
number, these derivatives need only be evaluated to O(Ma3). Having determined the
zeroth order time derivatives of the conserved moments, one substitutes this into the

—(0
appropriate equation. The solution for 8§0)M é ) is

_ ML, - -
90N = o ( L2 BB, + 0(&)) — 0+ O(Ma). (8.39)
0

Finally, the perturbed moments, M W

, » can be calculated by substituting the previous

results into the @(e) moment equation (8.35) and solving for M 7(;1). The solution for M ;1)
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is (with M;A) ~ A?%)

T

1 [ 1./ — — S N
- <a§°)M§0) + 50, (200, + M) + 0, (2 M, + Mé”)) e

_ SLS?) {&]\72 + @]\71} + 12\;0 [<3ﬁl\71) (8/3]\72>
U - (8.40)
_@%—M(O M, <8,3]\72> + M, (05]\71> B MlMQA_gagMJ
o 0

With the O(e) equations for the conserved moments fully resolved, we must now

determine the O(g?) equations for the conserved moments by solving for the unknown

8t(1)]\7 EO). This is determined by substituting these results into the O(e?) moment equations

and then solving for 8§1)J\750). For 8t(1)]\70 we find

(07 Mo + 6, M, +0,M>) + "My =0 — 9V My=0 (8.41)

8.3.3 Final filtered LES-MHD equations

Similarly one proceeds with these steps to determine the filtered MHD equations
using the O(e) and O(£?) equations for the conserved moments. The final evolution of the

continuity (p), momentum (pu) and the magnetic field (B) in our LB-LES-MHD model,

after considerable algebra, are (with summation over repeated Greek subscripts)
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Op+V-pu=0, V-B=0 (8.42a)

8t(,(ﬁ)+V~(p ;_)” )z—V;B—kV-(BB)—;V(B-B)—k(S—&-V)V(V-p_u)+z/v2p_u

—_

w

v {gﬂgp 05 () @5 ()~ 222 (7 03 () + 05 () — a2 ) ||
{5+ 55 -2 5 s ) @ () - 22 (27w 00 () - - 22 )]}

127 b
o {5V 1@B) )] - V- (08 (0B}

(8.42D)

(8.42¢)

In this isothermal model, the equation of state connecting the pressure to the density is
p = pc2 = £, in lattice units (¢, is the sound speed). The transport coefficients (shear
viscosity v, bulk viscosity £ and resistivity 1) are determined from the LB-MRT relaxation
rates:

1 1 1 1

_tr r_ 1 1 8.43
Y735 6 3s, 6 (8.43)

f=—2—-— — = (8.44)

(8.45)

8.4 Preparing LES for Simulation

The LES model has now been derived by first filtering the lattice Boltzmann (LB)

representation of MHD [13, 17, 18, 45-49] after which one applies the Chapman-Enskog
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limits to recover the final LES-MHD fluid equations, in essence extending to MHD the
2D Navier-Stokes (NS) LES-LB model of Ansumali et. al. [4]. A technical difficulty with
the Ansumali et. al. model is that in 2D NS there is an inverse energy cascade to large
spatial scales thereby rendering subgrid modeling non-essential. In 2D MHD, however, the
energy cascades to small spatial scales as in 3D - and so makes it attractive to perform the
LES-LB-MHD simulations in which there can be a substantial amount of excited subgrid
modes. Here we present some preliminary LES-LB-MHD simulations of our model and
compare the results with some direct numerical simulations (DNS). As Ansumali et. al.
[4] did not perform any simulations on their LES-LB-NS model, these are the first such
LES-LB simulations when one has first filtered the underlying LB representation, followed
by the conventional small Knudsen number expansion.

If one wished to restrict oneself to a single relaxation (SRT) LB model for the particle
distribution function, then (%4 + 55 — 31%3) = 0 since s3 = s4 = S5 = S¢ = S7 = Sg, and the
subgrid V (pu - pu) terms of order A? cancel. It should also be noted that one recovers the
standard (quasi-incompressible) LB model for the particle distribution function by setting
§ = 2v with A — 0.

The order A%-terms in the above equations are the new subgrid closure terms de-
termined by the LES-LB-MHD. We just note V - B = 0 is maintained automatically to
machine accuracy [13]. The nonlinearities in the MHD equations are recovered by poly-
nomial powers of u and B in the relaxation distribution functions.

This model has some similarity to the Clark model [37] because we have also expanded
the closure term over a small filter width. The main difference is that Clark applies an
ad-hoc closure approximation for the eddy viscosity, however our method approaches the
problem from kinematic first principles to solve for the eddy viscosity leaving only the filter
width as a variable. While Vreman et al. [38] suggests that all LES based on Clark model

will be inaccurate, Girimaji [43] also suggests that the availability of nonhydrodynamic
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variables can potentially lead to a more accurate closure in LBM-LES.
We now summarize our computational LB-LES-MHD model that underlies Egs. (8.42).

For the 2D MHD simulation, we consider an LB model with 9-bit lattice

!

O+ Oyeyi) fi = 22555 (Fi0 = f3) . 1=0..8 (8.46)

(O + 0v¢y1) Gi = 8, (G5 —Gi), 1=0...8 (8.47)

with the moments ) . f; = p, >, fi¢i = pd, and >, gi = B. Here the summation
convention is employed on the vector nature of the fields (using Greek indices) while for
Roman indices, correspond to the corresponding lattice vectors for the kinetic velocities
G, there is no implicitly implied summation. The lattice is D2Q9 (Fig. 3.1) which are just
the axes and diagonals of a square (along with the rest particle i = 0). s;j are the MRT
collisional relaxation rate tensor for the f; while the SRT s, is the collisional relaxation
rate for g;. These kinetic relaxation rates determine the MHD viscosity and resistivity
transport coefficients. (Of course, more sophisticated LB models can be formed by MRT
on the gi equations, but for this first reported LB-LES-MHD simulation we will restrict
ourselves to the simpler SRT model)

A convenient choice of the relaxation distribution functions, will under Chapman-

Enskog, yield the MHD equations

1= _ 2
£ i [1+3<a.a>+§(a a)z—;aﬂ + g [232@2—(3 ) },z—o, L8 (8.48)
i = wi[B+3{(@ @) B~ (& B)a}],i=0,.38 (8.49)

where the w's are appropriate lattice weights. In the operator-splitting solution method of
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collide-stream, it is most convenient to perform the collision step in moment-space (because
of collisional invariants of the zeroth and 1st moment of f;, and the zeroth moment of g;.),
while the streaming is optimally done in the (f;, g;)-space. Moment space (M;, ]\72) is

defined by

Mi=305 0Tifi o Ni= o Tl (8.50)

with the 1-1 constant transformation matrices, T given by Eq. (8.23) and T, given by

1 1 1 1 1 1 1 1 1 1
Co o 1 0 -1 0 1 -1 -1 1
¢y o 0 1 0 -1 1 1 -1 -1
CzCy 0 0 0 0 1 -1 1 -1
Tw=| & (=10 1 0 1 0 1 1 1 1 (8.51)
c o 0 1 o0 1 1 1 1 1
e, o 0 0 o0 0 1 1 -1 -1
CC o 0 o0 O o0 1 -1 -1 1
cc o 0 0 0 0 1 1 1 1

The x and y components of the 9-dimensional lattice vectors are

¢, =1{0,1,0,-1,0,1,-1,-1,1} , ¢, =1{0,0,1,0,—1,1,1,—1,—1} (8.52)
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In terms of conserved moments, we can write

ME = My=p M= pp ME = —pu,
qu = M, = pu, qu — (Puw)2;(P“y)2 _ Bg + B; M;q — _3(Pux)2';(P“y)2 (853)
Uy 2 U 2
M= My = pu, M= —pu, ngzgp—3(p ):(P v)
N = N, = B, NG=0 N =1(puyBo — puaB,)
Nt = puy By — pua B, N = % Ny = % (puzBo — puaBy) (8.54)

eq _ eq _ B eq _ B
Noz = puyBo — puaBy  Nys =7 Nyg =73

8.4.1 Filtering LB

In applying filtering to the LB Egs. (8.46) and (8.47), only the nonlinear terms in
the relaxation distributions, Eqs. (8.48) and (8.49), require further attention. Moreo-
ver since collisions are performed in moment space, we need first to transform from f°9,
G4 to M (D), N©D and then apply filtering in terms of the filtered collisional invariants
]\70, ]\71, ]\72, ]vxo, ]vyo using the perturbations in the filter width A from equations (8.16)
and (8.17). This produces a filtered moment equilibrium which can now be written in the
same form as in Eq. (8.31)

@

M = M (Mo, Mo, Mo, Noo, Nyo) + A2 MY i=0..8 (8.55)

98



—(eq)

where the O(A?) term arises from the nonlinearities. In particular for the M, term, the

equilibrium for the third moment in the simulation’s collision step would be defined as

MV PPy B R
P

A? . s p _ _

+ 1 | 0s ) (0 ) ~ P (s 0 ) + iy (0 ) -

Y

12 p
A2

- (9:B.) (0:B,) + 0 (&) .

fmﬁﬁ%(aﬁﬁ))}

(8.56)

just as in Eq. (8.30). Similar definitions would exist for the other filtered equilibrium
moments. These new definitions for the equilibrium allow the LES-LB-MHD model to be

simulated.

8.5 LES-LB-MHD Simulation

The filtered LB equations are now solved, with streaming performed in distribution
space and collisions in moment space. As this is the first simulation on the LB-filtered-
LES approach, a significant number of simplifications have been made. The first thing
is to restrict the evolution of the filtered scalar distribution function to an SRT collision
operator. In this case the relaxation rates s; are all equal so that the 3rd term in Eq. (8.42b)
is automatically zero. Moreover since nearly all LB simulations are quasi-incompressible at
the fluid level, the (filtered) density gradients in the moment representation of the collision

operator are neglected. Thus, for example, M :(;Q) is now approximated in simulation by

Méecﬂ — % — §$ Ey

8.57)
A2 L AQ _ _ (
125 (9 ptiz) (05 puy) — 45 (8,3 Bz) <3ﬁ By) +0 (A1) .
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Also, since the last term in Eq. (8.42¢) is dependent on the filtered density gradient, its
effects at the filtered MHD level will not be significant when the filtered LB system is

coded.

FIG. 8.2: Inmitial vorticity profile of the LES-LB-MHD simulation: U, =
Up sech? (27“432) and B, = By where By = 0.005U.
Red denotes positive vorticity, while blue denotes negative vorticity.

Many of the spatial derivatives in the filtered equilibria (as found in Eq. (8.57)) can
be determined directly from strictly local, perturbed moments. An example procedure
in finding a spatial derivative for this LES-LB-MHD algorithm from the local, perturbed
moments can be found in Appendix B. There is a little subtlety in that not all the spatial
derivatives in the filtered collision moments can be determined from local perturbed mo-
ments [13, 30]. This limitation is thought to arise from the low D2Q9 lattice. It is expected
that on a D3Q27 lattice the linearly independent set of derivatives can be represented by
the now larger number of local perturbed moments.

While the filtered LB equations are solved, resulting in the filtered LES MHD Egs.
(8.42), there is some similarity in the final MHD model with that of the “tensor diffusivity”
model of Miiller-Carati [29]. However it must be stressed that a first principles derivation
of the eddy transport coefficients from a kinetic (LB) model is being performed while
Muller-Carati propose an ad hoc scheme of minimizing the error between two filters at

each time step in their determination of their model’s transport coefficients.
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t = 400k t = 200k
t = 800k t = 400k
t = 1.56M t = 780k

(a) DNS (20482) (b) LES (10242 A = 2)

FIG. 8.3: Comparison of the vorticity evolution in the unstable magnetized KH
jet between DNS and LES -LB-MHD simulations.

(a) On the left, the DNS simulation on grid = 2048

(b) on the right, the LES simulation on grid = 1024% and A = 2.

There is excellent agreement between DNS and LES simulations with time scaling tpng =
2tres due to the chosen grids.
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(c) DNS 20482 (d) LES 1024%, A =2

FIG. 8.4: A late time vorticity snapshot comparison between (a) DNS on grid
= 1024? at t = 780k, (b) LES on grid = 1024* with A = 1, at ¢t = 780k, (c) DNS on grid
= 2048% at t = 1.56M, and (d) LES on grid = 1024% at ¢t = 780k but with filter width
A =2.
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(a) DNS 10242 (b) LES 10242, A = 1

4 K -14 K
1 5 10 50 100 500 1000 1 5 10 50 100 500

(c) DNS 20482 (d) LES 10242, A =2
FIG. 8.5: A late time spectral comparison between (a) DNS on grid = 1024% with
slope k1% at ¢ = 780k, (b) LES on grid = 1024% with A = 1 and slope k=% at ¢t = 780k,
(c) DNS on grid = 2048% with slope k=17 at ¢ = 1.56 M, and (d) LES on grid = 10242
with slope 571 at ¢ = 780k but with filter width A = 2.

The filtered LB equations are now evolved in time for the profile of a magnetized
Kelvin-Helmholtz instability in a sufficiently weak magnetic field so that the 2D velocity
jet is not stabilized [15]. The initial jet velocity profile is U, = Ujsech? (3£4z). The
corresponding vorticity is shown in Fig. 8.2. The initial Reynolds number is chosen to be
Re = UyL/v = 50k = const., with Uy = 4.88 x 1072 and By = 0.005U,. The viscosity
and resistivity on a grid of 1024% are v = 1 = 1073 and scale with the grid to maintain a
constant Re and a constant magnetic Reynolds number UyL/n. The initial perturbation
to the fields are: U, = 0.01Uysin (34z), B, = 0.01Bysin (¥4z), U, = 0.01Uj sin (¥4y),
and B, = 0.015;sin (2%4y). Note that initially V - B=0=V.U.

In Fig. 8.3, the evolution of vorticity in time is compared from DNS on a 20482 grid
with that determined from the LES-LB-MHD model on a 10242 grid. The DNS simulations
are determined by solving the direct unfiltered LB Eqs. (8.46) and (8.47). For constant

Reynolds number simulations at different grid sizes, the kinematic viscosity is adjusted
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(c) DNS 20482 (d) LES 1024%, A =2

FIG. 8.6: A late time snapshot current comparison between (a) DNS on grid = 10242
at t = 780k, (b) LES on grid = 10242 with A =1, at t = 780k, (c) DNS on grid = 2048
at t = 1.56 M, and (d) LES on grid = 10242 at ¢ = 780k but with filter width A = 2.
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appropriately. Thus on halving the spatial grid, a DNS time step of 2ty corresponds to
time step o in LES-LB-MHD.

At relatively early times the jet profile width slightly widens while within the vorticity
layers the Kelvin-Helmholtz instability will break these layers into the familiar vortex street
(Fig. 8.3). Since a weak magnetic field insufficient to stabilize the jet has been chosen,
the vorticity streets break apart with like vortex-vortex reconnection (Fig. 8.3). There is
very good agreement between DNS and LES-LB-MHD with filter width A = 2 (in lattice
units) on a grid L/2.

Finally, the corresponding vorticity (Fig. 8.4), total energy spectrum (Fig. 8.5), and
current (Fig. 8.6) plots are shown at t = 780k for simulations on 10242 grids and their
counterparts on 20482 grids at time t = 1.56M. Four cases are considered: (a) DNS on
10242, (b) filtered LB-LES-MHD on 1024? grid and small filter width, A = 1, (¢) DNS on
2048% and (d) filtered LES-LB-MHD on a 10242 grid but with filter width A = 2. The
effect of the filter width A in our LB-LES-MHD model on the evolution of the vorticity is
evident when comparing Fig. 8.4b to Fig. 8.4d - both in location and strength of the main
vortices as well as in the fine grained small scale vorticity. As the filter width increases to
A = 2 (Fig. 8.4d), there is stronger agreement now with the DNS (Fig. 8.4c) on L? grid
with the LES-LB-MHD filtered model on (L/2)? grid. This shows that the subgrid terms
are now influencing larger scales with some accuracy. The spectral plots (Fig. 8.5) are
somewhat similar in all simulations with a very localized Kolmogorov energy spectrum.
Presumably this is because the turbulence is limited and relatively weak. There appears
to be good agreement in both the vorticity and current between DNS and LES-LB-MHD

with A = 2 on half the grid.
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8.6 Conclusion

Ansumali et. al. [4] have developed a rigorous closure model for 2D Navier-Stokes
turbulence by first filtering the LB moment equations and then performing the long-
wavelength long-time Knudsen expansion. The resulting closure model requires that the
filter width A ~ O(Knl/ 2). In principle their algorithm can be readily extended to
the D3Q27 LB model of 3D Navier-Stokes turbulence where subgrid modeling is now
critical. The Ansumali et. al. [4] LES-LB algorithm has been extended to 2D MHD by
incorporating the vector distribution function LB representation of Dellar [13]. Because
there is a direct energy cascade to small scales in 2D MHD, the model was restricted to
2D turbulence and the LB Navier-Stokes representation was extended to include multiple-
collisional-relaxation rates. The development of a 3D LES-LB-MHD would be somewhat
tedious but straightforward. In the new 2D-LES-LB-MHD model, the new subgrid-terms
are written in vector form and one notes that they take the form of the Smagorinsky
tensorial corrections. This is somewhat to be expected since Taylor expansions have been
made in the filter width resulting in a similar closure term to the Clark model.

Some preliminary 2D filtered SRT LB-MHD simulation results have been presented
based on an extension of ideas of Ansumali et. al. [4] that leads to a self-consistent LES-LB
closure scheme based solely on expansions in the filter width A and invoking the constraint
that any eddy transport effects can only occur on the transport time scales. There is
very good agreement between DNS and the LES-LB-MHD models. This warrants further
investigation of other filters used in LES, as well as in dynamic subgridding commonly
used in LES of Navier-Stokes turbulence. Finally, an exploration of the effects of MRT on
this LES algorithm should be quite interesting as a somewhat unexpected term related to
the gradient of a pressure appears in the subgrid viscosity. This term reveals that higher-

order moments (not stress related) can have a first order effect on the subgrid viscosity
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when MRT is employed. Given that this subgrid pressure term relies on the existence
of higher order moments, it suggests that the extra parameters in lattice Boltzmann (ie.
the distribution velocities/moments) are introducing new physics naturally absent from
LES in computational fluid dynamics. It would be very interesting to see whether this
new term enhances the LES accuracy or increases stability at even higher Reynold’s flow.
Further study could include how this term effects other, well-established LES approaches

in computational fluid dynamics. These ideas are under consideration.
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CHAPTER 9

Conclusion

As the future draws closer, plasmas can be modeled more accurately with better
hardware and diligent research in modeling. Two new models have been presented which
expand the previous capabilities of LB MHD. A partial entropic approach to MRT in LB
MHD with the goal of increased stabilization will expand the domain applicability for
the LB method. And an LES model for LB MHD will provide for more realistic, high
accuracy problems to be modeled at a lower computational cost. These are the potentials
of the new models but more work is still to be done in testing to find each model’s relative
accuracy and computational cost. Further work can also extend these models to 3D and
determine whether local perturbed moments in 3D can fully describe every element of the

fluid momentum gradient. This work will be under future consideration.
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APPENDIX A

MRT Chapman-Enskog Expansion in
LES MHD

A full derivation of the filtered MHD equations is provided in detail for the LES model
found in chapter 8. Some equations are typed smaller so that they will fit on the page.

The MHD LB equations are defined as

(00 + 0yeyi) fi = Z Sij (fi* = 1i) (A.1a)
J
(Or + 0y€4i) Gi = Z S (G — Gi) (A.1Db)
J
where S;; is the fluid relaxation tensor in velocity space and S, is magnetic relaxation

tensor in velocity space.

Following the steps in section 3.4 to produce an O(g) and O(g?) similar to (3.15) and
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(3.18), the LB equations with separated scales appear as

1
0@ : oS+ -V =Y

7

2y . A1) £(0) I W AN o_ 1.
0@ : 9, +(1 27)(8,: +6-V) S =
for the fluid and

1
0(8) : at(o)g»i(o) 1 - ng-(o) _ __g—]»i(l)

Tg
1 1
O?): Vg9 + (1 - —) (aﬁo) +8- V) g =_—g®
27,4 Tq

for the magnetic field.

(A.2)

(A.3)

The transformation matrix is defined for fluid in (8.23) and magnetic field (8.24).

Using the transformation equation from (8.22), a change of basis in the LB equilibrium

equations supplies a new set of equilibrium equations in the moment basis.

M?EO) = M]ij(\)@ B.,B,

MiO) — MlQ]\;[OMQQ _ Bg +B§
M? = —M

M = — M,

M = — 3M12]\;0M22

M = g My — 3M12]\;0M22
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NY=NJ =0 (A.7a)

NO = MlByAZOMsz (A.7D)
NG = e (AT
NO — NO _ % (A.7d)
NO = NO = % (A.7e)

The filter of field products (XY') and (£F) are defined in equations (8.16) and (8.17)

and repeated here

. __ A2

(XV) = XV + 5 (9:X) (927 +O(a") (A.8a)
(7) =% + oz %) (o7
- T~ (A.8)
. <8BZZ> X (957) + 7 (%) - — ) Sﬂz) +o(a)

The filter equations can be directly applied to the previously found equilibrium mo-
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ment equations (A.6) and (A.7) to become

My b 12 0
— — — — (A.9a)
_ (aj_jj 0) M,y (05305 + My (9501 — MlMQJ\_gjﬁM°> )]
O _ Mlﬂ%oﬂf ~Bl+B. - § [(aﬁéxf - (aﬁéy)Q]
2 _ —
12\70 [(C’%Ml)z - (3ﬁM2>2 (A.9b)
_ —2  —2 —
G (o ) - o) - L))
Méo) - _ (A.9c¢)
MéO) — M, (A.9d)
= o {T 2 () o)
— —9  — — (A.9e)
e e (O )
_ oy — (A.9f)
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N =Ny =0 (A.10a)

~ AL (W (35B,) + By (0531) — Mo (35B.) — B (3532)  (A.20b)

M, 12M
_ 3,%\040 <]\72 <8ﬂ§$> + B, (85]\72) — M, <8gl§y> - B, (35J\71> (A.10c)
(M:B., - MiB, ) (950,
My
NS? _ ngi) _ l_;w (A.10d)
N;%) _ Ng(/i) _ Bz)y (A.10e)

Next, determine the lower order time derivative of non-conserved moments by using

the chain rule on the non-conserved filtered equilibrium equations (A.6) (A.7).

at(O)MEO) (M13M27M33-§I7§y) =

v v i (0) —(0) (A.11a)
OM, . 4 M = OM, — M, — oM.
L9\ My + ———0{" M, + ———0" M + ——=—08" B, + ———8\"B,
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a0 = o (MA%M 2 _B,B,+ o(ﬁ)) =0 (A.122)
—(0 M2 — M2 =2 -2

oOMY =8 (1]\7 2 _B.+B.+ 0(52)> 0 (A.12b)
_ _ M, M B B MMy = =

oOM = — oM, =0, (0 LA y) + 0y ( — — B:cBy> (A12¢)

— — — —2 =2 2
_ _ MMy - = M, M. B B
0OMY = — 9O, = o, ( 1\1_4 2 BxBy> +a, (0 y 22y B y) (A.12d)

—2 —2
_ M+ M
oMY = — 30 <1i2 + 0(3)) 0 (A.12¢)
My
1 M+ M
oM = — 28 <5M Yk 2) 50 (A.12f)
0
OONY = oON) = 0 (A.13a)
— M,B, — MsB.
oONY = o© ( 10y — 200 +0(52)> 0 (A.13b)
My
— MyB, — MB
oONY = 5© ( 20 Ly +O(52)> -0 (A.13c)
My
— — — MyB, — MB
JONY — goF0 _ Lpop _ 1, (M2Ba - MiBy (A.13d)
3 3 M,
050 _ 20x0 1oz 1 M,B, — M>B,
8t Ny3 = 615 Ny = gat By = —gam yMO (AlSe)

The filtered evolution equations at order O(e) (A.2 and A.4) can be written by trans-

forming the LB evolution equations at O(e) to a set of moment equations. Filtered Evo-
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lution equations at order O(e).

0O Mo + 8,M" + 8,03 =0

— —2 =2 52 P e
8t()M1+ax<3 +ﬁ;—7x+ >+8y< i — BBy | =0

— — — —2 =2 52
— MMy = = My M, B. B
a§°)M2+ax< ]\1_4 Z—BxBy>+8y <°+_2+m—y> =0

O 1, — 1 = =@ A2 _ _
OMy + 30: Mo+ 30, My = =50y + —— [(aﬁMl) aﬁMQ)

E] B 12,

_ _ _ ) 3A2 2 2
oM — 20,0, — 20,Ms = —s; M, — [(aﬁMl) + (9500,

12M,
_ ) T -
_ (553\_2?0) (2]\71 (aﬁl\Z) + 90, (851\72) B (M1 +MA%2 (aﬁMO))
8§O)M(O) - %81]\71 B %%MQ = SgMél) - 1??/[_20 {(%le + (%J%)Q
_ (8],3\_2\:0) (2]\71 (aﬂﬂl) + oM, (0/3J\72) - (Ml +MA%2 (aﬁMo))
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(A.14a)

(A.14D)

(A.14c)

(A.15a)

(A.15b)

(A.15c¢)

(A.15d)

(A.15e)

(A.15f)



0B, + 0, (MQB”C MlBy) =0 (A.16a)
0
0"B, + o, (MlByA% M2Bm> =0 (A.16b)
0
— 1 — —
o ONY 4 50:B. = U e (A.16¢)
)0 1, = —(1)
N,y + S0yBy = —sn 2N (A.16d)
050 1, 5 ~ A? TAYY: 7 (9.5
AR+ 30, S = 0 (08) (05.) - (08 (05,
O Mo) ,_ , o,
— (MO) <M2 <8ﬂBI> + B, (35M2) — M, (agBy> — By (85M1) (A‘lﬁe)
(MQET, - M1§y> (aﬁﬂo)
My
O8N L 1y B, — N 4 A (0,05, (0:8.) — (0531, (955
t x2 3yw—_3Nx2 x2+2M0 piL2 pLx s BLY
dMo) ,
- <_) (M2 (aﬂ3m> + B, (aﬁMz) — M, (aﬁBy) - B, (aﬁMQ (A.16f)
0
(M2B, — M1B,) (95Mo
My
8§O)N;%) = —SN,xgﬁg (A.16g)
—(0) —(1)
0N, = —sn 3Ny, (A.16h)
—(0 M1B, — MsB, —1 ,
OON + 0, ( ! - 2 ) = —sny3N oy (A.161)
0
— MyB, — M1B — .
at(O)Ng(c(jl) +8y( - i : y) = _SN,LL‘4N:(E4) (A.16])
0

Follow the same method for conserved O(e?) moment equations (A.3 and A.5) as O(¢)
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above. Filtered evolution equations at O(g?) for conserved moments.

AP

2

2

a0

(-5 )

5N7y2> ]\7(1)]

(
[(-75) _53] vor[(1-75

m - % (17

1

y2

) o [(1-3) 5] o

LG (-2) ] o

(A.17a)

(A.17b)
(A.17¢)

(A.17d)

(A.17e)

The full equations for conserved moments (combining all respective moment equations

for O(e) and O(e?)).

8,51\70 +8z]\71 +8y]\72 =0

M1 + s
+ 8y
OMs + 9,
+ 0,
By + 8s

OBy + 8y

{%(1‘554)Mi”+—

A7A1_40_2 BB {1 823)1\75})}] o
SRR ey
:MA%J\? BB, +e{(1-2) )
£ (1- 22 ) R0 4 g, M2BZA;OM_
'Mléyﬁoﬁzéx b (ot JVE,?—

-y

o3

(A.18a)

(A.18b)

(A.18c)

(A.18d)

(A.18e)

Now, find the perturbed moments by directly solving the lowest order moment equa-

tions (A.15 and A.16) for the perturbed moments. Perturbed moments solved to O(Ma2)

from O(e) equations are
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iy = - o {0.M+0,M } + A [(9sM1) (05015)
_ (85_]\?0) (]\71 (85]\72> + M, (65M1) _
2 (o) (8
- 3254 0 M,y — 8y1\72} + 12\;0 [(aﬁﬂly B (8ﬁj\72>2
(o) (2.7\71 (0,71 - 277 (9511) -
2 [lomy - (]
MY = 8158§°)J\71 + 3iaxz\70 —0
MY = ;a§°)M2 + 5o =0
]\7(71) _2 {8xl\71 +8yM2} _ 1?;A20 [(aﬁﬂl)Q T (8[3]\72>2
(af\_x ) (m (9530, ) + 231, (9500) - (
MY = 328 {agﬂl + ayz\%} - ?Esat(“)m fﬁ; [(aﬁMl) (aﬁMg)2

(D)

My

( (04110) + 247, <%M2)0 - @MO))]
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(A.19a)

(A.19D)

(A.19¢)

(A.19d)

(A.19e)

(A.19f)



Fo_ 1 0B

3SN 1
_3(112) = = ?m}/wayéy
N - _ 38;‘111 0,8, — o [(95012) (95B.) — (9503
- C) (5, (0,3« 5. (07 - 7. (05,) - B, (07
(Mggm - J\71§y) ((9/3]\70)
o
—(1) 1 = A — = —
Naz = = 3sNa2 ! 12M, [(8’8M2) (835@) B (65M1
-C) (5 (0,5 + . (08) - 7, (05 - 5 (070
(1\7255,; — Mléy) (851\70)
o
R = =g ol0B - L, (M B
W = =g l"By = oo (D
N z(/i) == szlv,y4 098, - _3511V,y4a“"‘ (MlByJ\%oMﬁx)

(A.20a)

(A.20Db)

(A.20c)

(A.20d)

(A.20e)

(A.20f)

(A.20g)

(A.20D)

The final MHD equations are found by inserting the perturbed moment values (A.19
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and A.20) into the evolution equations. The final MHD equations are

Mo + 8y My + 8,Ma =0 (A.21a)
0 M1 + 0, [MO + fo - E; + % +e {% (1-3) {—3% {0:M1 - 0,05} + A {(331\71)2 — (95M2)

-z [@8)" - (0oB) T} + 55 (- ) {2 foit vaniia} - S [(007)" + (00T
57 o) o o L)) )

5 (-9 {3 ot it} - S [(06) ¢ (0077

) (o) s o - LD I Y

vo, |ME% BB, {(1- %) {5 {0 0T} + (5 [(000T:) (950T2)

_(930) (m (9532 + 2 (0,711 W)} 2% (95.) (aﬁéy)}” _o

Mo Mo 12
(A.21b)
— = =2
otoso [Boe T B B0 {5 oo o 5 [om) - ()
o
0 (s o) - o) - LD )
—%2 [(%EZ)Q - (86521)2} } +5:(1-3) % {0:001 + 0,05} - _20 [(aﬁMl) + (0537)

O (s o oy - (T TD T )
L= {2 o ain) - 22 [(0n) + (0uiro)

8 i) ) )
cor Mt e {0 ) s e s}« ST [(00) (07%)
<3%Af°> (m CEARSACSS AM_M(W))} 3z (05 (9sB) } ] =0

(A.21c)
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MsBa — V15,

Mo
be 1o ) {*33;962 0,Bot o [(957) (95B:) — (971) (955

- (8‘;7]?0) (M2 (95B.) + Bo (953>) = M1 (953, ) ~ By (9511

(.5, - .5,) (aﬁf%)ﬂ H o

Mo

=Y SN,z1 1 =
0¢Bz + 02 1-—= — Oz By 10)
’ + |:E( 2 ) { 35N,x1 }:| * %

atEy + Oq %{@ +e (1 _ SN2,y1> {7351\1%1 azgyf 12\;0 [(aﬁﬂ2> (‘%Ez) _ (85]\71> (3;3§y>
_ (8%]\:()) (1\72 <83§x> + B, (83M2> - M, <8ﬁ§y) _ Ey (8[-;]\71)

AR B CEN o oo 2 (-] -0

In simplifying the MHD equations above, they become

Otp+V-pu=0

B (p9) + V- (P_“ﬁﬂ_“) = -Vp+V (BB)- V(B B)+ (5+%1/)V(V-p_u)+uvzﬁ

-V {eyﬁi T % [(f’ﬁ (P) (95 (p) ~ % (ﬂ_u (95 (7)) + (95 () i — p—up—u%)} }
(2 -2 2 o ) - (0 ) - 22 (27 (0 ) - 2 )}
A LY (0sB) - (94B)] - [958 (0,))}

= pu x B — AZ 6 — -
8tB:V><<pu; >+77V2B+V><[_ T {(95 (pm)) x (95 B)
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(A.22b)

(A.23a)

(A.23b)

(A.23¢)



APPENDIX B

Local Spatial Derivatives

Calculating spatial derivatives typically requires information from neighboring nodes.
In lattice Boltzmann, it is possible to calculate the spatial derivative of a conserved quantity
locally using perturbed moments. Perturbed moments are necessarily determined midway
through Chapman-Enskog (A.19 and A.20). The fluid and magnetic perturbed moments

without the LES filters from Appendix A are respectively

1
My = — {0 My + 0,M1} (B.1a)
3
m_ _ 2
MY = — = {8, My — 9,My} (B.1b)
384
1 1
MY = Z0 My + —0, M, = (B.1c)
Sy 355
1 1
M = =0 My + —0,My = 0 (B.1d)
S6 386
2
MY = — {0:M, + 0, My} (B.1e)
7
m _ 1 D o), _ 2
MY = — {0, My + 8,M,} — —0\" My = = {9, M, + 0,M,} (B.1f)
383 358 S8
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NY = — o 1axBx (B.2a)
1
Nitg) = - 35n 28yBy (B.Qb)
7y
1
NY = — e 18xBy (B.2¢)
7y
1
N = — L (B.2d)
1 1 M,B, — M, B
NG ==~ B, = 9, | ————— B.2
3 3SN.23 ! 3SNa3 | M (B-2¢)
1 1 M,B, — M, B
NY — — _ Op, = — ) 27w 17y B.2f
o 3SN 24 3SNwa | My ( )
1 1 M,B, — M,B
NG ==- 0" B, = 9, [ —L 2 B.2
v3 35nys ¢ 35Ny M, (B.2g)
1 1 M,B, — M,B,
Ny ==~ B, 0p | —L—2 (B.2h)
33N,y4 3SN7y4 MO

These perturbed moment equations can be solved directly for a strictly local set of

equations describing each spatial derivative. One set of solutions from these equations is
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found to be

0,B, = — SSN,xlNﬁ) (B.3a)
0,B, = — 350Ny (B.3b)
0By, = — 33N,y1N£) (B.3c)
3yB$ = — 38N,x2Nx(§) (B3d)
O, My + 0, My = — 354 ML (B.3e)
1 1 1
oMy = — |5 (1= 2 )M+ (1= ) Ml - 2 (1= 2) M)
2 2 30 2 5 2 (B 3f)
2 3 '
- (5r-¢) () 2
1 1 1
O My = — |—= (1 _ ﬁ) MO 4 — (1 _ ﬁ) MY 2 (1 _ ﬁ) M
2 2 30 2 5 2 (B.3g)
2 3 '
- (5” - §> (—554]\/[45 )) /2v
1 1 MyB, — M B
NG = = B, = g, | ==y B.3h
v 3sNas | 3sNw3 My (B-3b)
1 1 MsB M B
N(l) — _ 8(0) = P 2Dg 1Dy B.3i
v 3sNaa | 3Nz © My (B-31)
1 1 M,B, — M;B
N(l) _ _ (O)B B ax 1Py 2Dz B.3i
3 35nys | 353 M, (B-3))
1 1 M,B, — M>;B
NY = = Op = 9, [ iy e B.3k
v 38Ny4 v 38Ny4 Mg ( )

where My = p, My = pu,, and My = pu,,.
In determining the simulation value of a perturbed moment, it can be simply calcu-

lated as the difference of a moment from its equilibrium

MY = — MO (B.4)

(2
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APPENDIX C

Entropic Derivation for LB

This appendix derives the solution for v* found in section 6.2.
The relative entropy of a distribution of particles with discrete positions and momenta,

such as in lattice Boltzmann, is defined as

S:—Zfilnﬁ : (C.1)

where f; is a distribution of the fluid at some lattice site with velocity i, and W; is a
normalized vector of lattice weights (D, W, = 1).

Entropy is naturally a concave function. We know this because the derivative of
—ulogu is the strictly decreasing function — (1 +logu) on u € [0,1]. A sum of concave
functions remains concave and so we can say that (C.1) is concave since f; is a positive
definite distribution defined as f; € [0, 1].

We begin by substituting the postcollisional state
fi = fibl=fi—B(Q2As; +~Ak) (C.2)
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into the relative entropy equation (C.1) to produce a new postcollision entropy equation

which is explicitly a function of ~;

S = = 30 (i~ B 28 + 98 n (EZACEEIRNN oy
with § related to the original relaxation rate and the fluid viscosity as [ = % = ﬁ’

As; = s; — ;4 and Ah; = h; — hi%.
Using the property, f; = k; + s; + h;, we find that f; — f7* = As; + Ah; and the

postcollision entropy equation (C.3) can be modified to

Shl = - Y (i — B (288 +7AR) In (ffq+(1—25)A;+<1—76)Ahi> en

7

To lowest order in u, f;® is linear with respect to W;. It can be shown that

[t =pWi (14 O(u)) . (C.5)

Expanding this equation about u = 0 and p = 1, f{* ~ W,;. So W; in (C.4) can be replaced

by [ to become

Shl=- Z (fi = B(2As; +vAh;)) In (1 + (C.6)

)

(1—2B)As; + (1 —18) Ahi)
fit '

Since entropy is naturally a concave function, it can be maximized by setting it’s

derivative to zero.

oy fi

()

950] o= S pan + Y pAkIn (1+ “‘wwsi“l_wmhi) ()

This equation can be simplified to the critical point defining maximum entropy if we look
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at how the post-collisional scalar distribution, fz-' , changes with respect to 7. It is evident
that the conserved moments are unchanged during a collision which allows us to specify

the constraint

D L= fi=r. (C.8)

We can now remove the > . Ah; term from (C.7) by substituting the derivative of (C.8)

with respect to v, which appears as

872f Z 5 B(20s; +vAh)) =Y BAR; =0 . (C.9)

7

The critical point defining maximum entropy is thus shown to be

+ (1 —98) Ahz‘) .

7 (C.10)

0S8 [’V] (1 - 25) As;
oy :O:;Ahiln <1+

From the critical point, determining a solution for v is relatively straight-forward. We

As;
i

Ah;

7o to lowest order so we can
1

and

begin the solution by expanding the equation about

remove the troublesome (In) term. This results in

Ah; As;
0= (Ah; — BAR,) 7 + S (Ah; —28Ah;) fs . (C.11)
Now, a terminology is introduced to simplify the summed terms where
(X|Y) = Z feq (C.12)
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and (C.11) becomes
0= (1—~p) (Ah|AR) + (1 —25) (As|Ah) . (C.13)

Dividing (Ah|Ah) and solving for v we get the final solution.

L1 (1N (Aslan)
v =5+ (5-2) (zan (€10
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