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Abstract

Designs of proposed fusion reactors, such as the ITER project, typically involve the use of liquid
metals as coolants in components such as heat exchangers, which are generally subjected to strong
magnetic fields. These fields induce electric currents in the fluids, resulting in magnetohydrodynamic
(MHD) forces which have important effects on the flow. The objective of this SBIR project was to
develop computational techniques based on recently developed lattice Boltzmann techniques for the
simulation of these MHD flows and implement them in a computational fluid dynamics (CFD) code for
the study of fluid flow systems encountered in fusion engineering.

The code developed during this project, solves the lattice Boltzmann equation, which is a kinetic
equation whose behaviour represents fluid motion. This is in contrast to most CFD codes which are based
on finite difference/finite volume based solvers. The lattice Boltzmann method (LBM) is a relatively
new approach which has a number of advantages compared with more conventional methods such as the
SIMPLE or projection method algorithms that involve direct solution of the Navier—Stokes equations.
These are that the LBM is very well suited to parallel processing, with almost linear scaling even for
very large numbers of processors. Unlike other methods, the LBM does not require solution of a Poisson
pressure equation leading to a relatively fast execution time. A particularly attractive property of the
LBM is that it can handle flows in complex geometries very easily. It can use simple rectangular grids
throughout the computational domain — generation of a body-fitted grid is not required.

A recent advance in the LBM is the introduction of the multiple relaxation time (MRT) model;
the implementation of this model greatly enhanced the numerical stability when used in lieu of the single
relaxation time model, with only a small increase in computer time. Parallel processing was implemented
using MPI and demonstrated the ability of the LBM to scale almost linearly.

The equation for magnetic induction was also solved using a lattice Boltzmann method. This
approach has the advantage that it fits in well to the framework used for the hydrodynamic equations, but
more importantly that it preserves the ability of the code to run efficiently on parallel architectures. Since
the LBM is a relatively recent model, a number of new developments were needed to solve the magnetic
induction equation for practical problems. Existing methods were only suitable for cases where the fluid
viscosity and the magnetic resistivity are of the same order, and a preconditioning method was used to
allow the simulation of liquid metals, where these properties differ by several orders of magnitude. An
extension of this method to the hydrodynamic equations allowed faster convergence to steady state. A
new method of imposing boundary conditions using an extrapolation technique was derived, enabling
the magnetic field at a boundary to be specified. Also, a technique by which the grid can be stretched
was formulated to resolve thin layers at high imposed magnetic fields, allowing flows with Hartmann
numbers of several thousand to be quickly and efficiently simulated.

In addition, a module has been developed to calculate the temperature field and heat transfer.
This uses a total variation diminishing scheme to solve the equations and is again very amenable to
parallelisation. Although, the module was developed with thermal modelling in mind, it can also be
applied to passive scalar transport. The code is fully three dimensional and has been applied to a wide
variety of cases, including both laminar and turbulent flows. Validations against a series of canonical
problems involving both MHD effects and turbulence have clearly demonstrated the ability of the LBM
to properly model these types of flow.

As well as applications to fusion engineering, the resulting code is flexible enough to be applied
to a wide range of other flows, in particular those requiring parallel computations with many processors.
For example, at present it is being used for studies in aerodynamics and acoustics involving flows at
high Reynolds numbers. It is anticipated that it will be used for multiphase flow applications in the near
future.
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Summary

The objective of this Phase II SBIR project was to develop a computational fluid dynamics (CFD) code
to simulate three dimensional fluid dynamics problems in complex geometries, with an emphasis on
modelling the types of flow of relevance to fusion engineering. In particular, liquid metals are used as
coolants in many designs, and magnetohydrodynamic (MHD) effects due to high magnetic field strengths
need to be properly dealt with for application to these designs.

The code developed during this project, MetaFlow, uses the lattice Boltzmann method (LBM)
to solve the equations governing the fluid motion. This is in contrast to most CFD codes which are
based on finite difference/finite volume based solvers. The LBM is a relatively new approach which
has been widely developed and investigated in research institutions and universities, and has a number
of advantages compared with more conventional methods such as the SIMPLE or projection method
algorithms. These are that the LBM is much easier to parallelize and is much more scalable for very
large problems. This is because LB methods only require that a grid point share data with a small number
of surrounding neighbours during a computation, whereas equivalent continuum CFD methods, (e.g. the
widely used projection method of Temam, 2001) involve solution of an elliptic Poisson-type equation
that requires extensive non-local data. Furthermore, solution of the Poisson equation takes up 80-90%
of CPU time. As this is not required in the LBM, MetaFlow is much faster per time step. A particularly
attractive property of the LBM is that it can handle flows in complex geometries very easily. It can use
a simple rectangular grid throughout the computational domain — generation of a body-fitted grid is not
required. This is because the LBM maintains high accuracy at cut-cell boundaries in a Cartesian grid,
eliminating the need for the complex boundary-fitted grids required in a conventional CFD code.

A number of variants of the LBM are available. Most codes, including the only commercial LBM
code, Exa Corporation’s PowerFlow, use the single relaxation time (SRT) model. However, a recent
development is the multiple relaxation time (MRT) scheme. This is a much more advanced model which
exhibits far better stability and better accuracy than the SRT. For this reason an MRT-based scheme was
formulated and implemented in MetaFlow, and successfully tested for a variety of cases, including large
eddy simulation (LES) of turbulence, using a Smagorinsky model with wall-damping for the unresolved
scales of motion. Investigation of the performance of the code revealed the following:

e The MRT was more stable than the SRT by a factor of about three (on the basis of the maximum
flow rate for a particular problem)

e Comparisons of execution speed showed MetaFlow to be faster than a finite difference based code
by a factor of about three (on a per time step per grid point basis)

e Almost linear scaling could be achieved on a parallel supercomputer with distributed memory

These findings were in keeping with those found by other researchers in the field. The superior stability
of the MRT makes it much easier to simulate more complex flows, particularly turbulent cases. It also
avoids certain unphysical behaviour found with the SRT which could be the reason why LBM has not
received wider acceptance to date, in particular for turbulence simulations.

The LBM also allows complex flows and physics to be incorporated and models for MHD have
been developed and included in the MetaFlow code. The MHD solver uses a similar lattice-Boltzmann
type approach to the flow solver, and this fits in naturally to the code. Also, by using an LB approach
for the MHD preserves the ability of MetaFlow to run efficiently on parallel architectures. Very little
work had previously been done on LBMs for MHD, and whilst existing models from the literature
were adequate for some simple flows and problems of academic interest, they proved unsatisfactory for
application to more general problems of interest to fusion engineering, in particular. A number of new
innovations were needed, and these included:
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e Existing models were restricted to flows with magnetic Prandtl numbers, Pr,,, of order one. In fu-
sion applications, Pr,, is typically several orders of magnitude lower. In response to this, a method
based on a preconditioning algorithm with an adjustable scaling parameter has been developed to
enable the simulation of flows with low Pr,,. This model also allows more rapid convergence to
steady-state flows.

e A new method of imposing boundary conditions has been formulated. This involves using an
extrapolation technique and enables the magnetic field at a boundary to be specified.

e A technique by which the grid can be stretched was formulated to resolve thin layers at high
imposed magnetic fields. This allowed flows with Hartmann numbers of several thousand to be
quickly and efficiently simulated.

The approach was found to be efficient in dealing with three-dimensional high Hartmann (Ha)
number MHD flow problems, an area where conventional approaches have significant limitations.

In addition, a module has been developed to calculate the temperature field and heat transfer.
This uses a total variation diminishing (TVD) scheme to solve the equations and is again very amenable
to parallelisation. Although, the module was developed with thermal modelling in mind, it can also be
applied to passive scalar transport.

In support of the code, a graphical user interface (GUI) has been written so that the user can easily
input the problem specification. Also, a module for reading and processing CAD files was incorporated,
in order that complex geometries could easily be imported into the code. Also, the GUI links to MatLab,
allowing rapid visualisation of the results.

An extensive set of validation and other simulations have been performed, and some of the key
results are summarized . For turbulence modelling, these have included LES of channel flow with a
free surface and the flow through a square duct. Comparison with benchmark results showed very good
agreement, even for the more challenging case of the duct flow, where the characteristic secondary flows
were correctly predicted.

For MHD flows, the 3-D lid driven cavity provides an excellent test of a code, since, unlike many
other test cases, all the terms in the equations are non-zero, i.e. it is a fully 3D MHD problem.

Case 2
e U
F4

Case 1 y
X

Cavity is unit cube

Figure i: Lid driven cavity; orange arrows denote applied magnetic field.

Figure 1 shows the arrangement of this case. The flow in a cube is driven by a moving lid and
a magnetic field is applied in a direction perpendicular to the motion. Figure ii shows velocity profiles
calculated for Case 1 with low magnetic Reynolds number and compares them with those obtained by
the MHD group at UCLA based on a finite difference method. The Hartmann number was 45 and the
Reynolds number 100 (both based on length of a side of the cube). Note that the scales have been
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Figure ii: Velocity profiles for lid-driven cavity. Profile taken through centre of y-z plane (upper graph),
centre of x-y plane (middle) and centre of x-z plane (bottom). Re=100, Ha=45. (Case 2.)

normalised such that the sides of the cube and the lid velocity are unity. Good agreement with available
data is shown.

Another case done was of fully-developed turbulent flow through a pipe entering a magnetic
field. The parameters were chosen to correspond to those being used in a recent experiment performed
at UCLA. This computation used a large domain size of 2400x120x 120 grid points and this was run in
parallel on 32 processors on the DOE NERSC supercomputer Bassi. With this domain size, a length of
twenty diameters was simulated, and Fig. iii shows the mean velocity profile and turbulence statistics 15
diameters into the region with the magnetic field. A Hartmann number of 20 (based on the pipe radius)
and Reynolds number of 5000 (based on mean velocity and diameter) was used and the profiles are in
the direction parallel to the field and through the pipe centre.

It can clearly be seen that the turbulence is greatly suppressed by the magnetic field. This is what
is expected and the results were in line with preliminary results from the experimental programme. At
the position where the statistics were gathered (15 diameters downstream, as in the experiment), the flow
is not likely to be fully developed, and further suppression of the turbulence downstream is expected,
with flattening of the velocity profile.

A series of tests were done for Hartmann flow using our new stretched grid model. Figure iv
shows the velocity and induced magnetic field for a Hartmann number of 10 000 (based on half the
channel width). Very good agreement between MetaFlow and the analytical solution can be seen for this
case, which used 192 points. The error in the velocity at the centre was about 0.5%.

The results of the simulation of an MHD flow through a square duct are shown in Fig. v. This
case had insulating walls and was run at Ha=500 — with a 128 x 128 grid this only took a few hours on a
single processor PC. Naturally much higher Hartmann numbers could be run on parallel machines.

Two dimensional plots of field and the velocity are shown in Fig. (v). Over the central region,
the velocity profile can be seen to be very flat, with the induced field having a constant gradient. These
observations are in keeping with expected trends and quantitative comparisons with analytical solutions
were in good agreement (as discussed in the main text).

One example involved the 3-D CFD simulation of a section of a thermal blanket. A cross section is
shown schematically in Fig.vi. In this cell, there is a central region of lead-lithium (PbL1i) surrounded by
an insulating layer, another channel with PbLi and finally ferritic steel. The PbLi enters at a temperature
of 400°C and is subjected to heating by the neutron flux, as are the other materials; the cell is 1.4m long.
Figure vii shows the predicted induced magnetic field and flow velocity, and Fig. viii and ix show the

vi
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Figure iii: Profiles of mean velocity and rms fluctuations along z axis through centre. Solid line is
LBM for no magnetic field, crosses DNS of Eggels et al. (1994) Ha=0 and dashed line LBM with
Ha=20, Re=5000. U, V and W are streamwise, spanwise and wall-normal components, respectively,
with applied field was z direction.

predicted temperature. The results are discussed more thoroughly in the main text.

The work is expected to lead to several publications. Journal articles will include one paper on
the MRT model, one on a study of turbulent duct flow performed with our code, and two papers on
the the advances we have made in MHD modelling. In addition, a paper on the MHD aspects was
recently presented at the American Nuclear society meeting, and a paper on turbulence modelling has
been accepted for a major conference on turbulent flows in Germany later this year.

In conclusion, the code has shown itself capable of accurately simulating a variety of problems,
including turbulent and MHD flows and has demonstrated its efficiency on parallel machines. The code
is now in a state from which it can used for studies of MHD systems of interest to fusion engineers,
particularly at high Hartmann numbers in 3D, and it is hoped that it will be usefully employed in this
application. In addition, the code is now being further developed with funding from NASA for aero-
acoustic applications (noise from aircraft components). In the near future, it is expected that the code
will be applied to some cases for the Nuclear Regulatory Commission. At present, we are forming a
consortium of companies in chemical process industry to extend our code to deal with the simulation of
flow and transport processes of interest to them. The lattice-Boltzmann based code — MetaFlow — in this
work appears to be promising for simulating large scale 3D CFD problems of interest to the engineering
community.

vil



0.02f 1r

0.015¢

D 0.017

0.005¢

-5 4 -3 -2 -1 0

10 10 10
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Figure vi: Schematic diagram showing cross-section of thermal blanket module.
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1 Introduction

The objective of this Phase II SBIR project was to develop a computational fluid dynamics (CFD) code
to serve the needs of the fusion community. More specifically, the ITER project will use liquid metals
in its heat exchangers, and computational tools to model the flow in magnetic fields where magneto-
hydrodynamic effects dominate will prove valuable. The code developed, MetaFlow, uses the lattice
Boltzmann method (LBM) to solve the equations governing the behaviour of fluids. This is in contrast
to most CFD codes which are based on finite difference/finite volume based solvers. The LBM has a
number of advantages compared with more conventional methods such as the SIMPLE or projection
method algorithms. These are that the LBM is much easier to parallelize and is much more scalable for
very large problems. This is because LB methods only require that a grid point share data with a small
number of surrounding neighbours during a computation, whereas equivalent continuum CFD methods,
(e.g. the widely used projection method of Chorin, 1968 and Temam, 2001)) involve solution of an ellip-
tic pressure Poisson equation, and require extensive non-local data. Furthermore, solution of the Poisson
equation takes up 80-90% of CPU time in both our experience and that of others (e.g. Madhabushi &
Vanka, 1991; Premnath et al., 2002). As this is not required in the LBM, MetaFlow is much faster per
time step. A particularly attractive property of the LBM is that it can handle flows in complex geometries
very easily and can use a simple rectangular grid throughout the computational domain — generation of a
body-fitted grid is not required. This is because the LBM maintains high accuracy at cut-cell boundaries
in a Cartesian grid, eliminating the need for the complex boundary-fitted grids needed in a conventional
CFD code.

The code used the multiple relaxation time (MRT) model, a state-of-the-art lattice Boltzmann
formulation which was originally developed by d’Humieres et al. (2002) and extended by Premnath
and Abraham (2006) and Premnath and Pattison (2007). This method has been found to have clear
advantages over earlier models using a single relaxation time (SRT). The use of multiple time scales
in this model results in better accuracy, and, more importantly, it is substantially more stable than SRT
models for more challenging problems in CFD, particularly those involving turbulent flow. We believe
that our code is set to become the first commercial code to use the MRT implementation of the LBM.

The report is organised as follows. Section 2 presents the overall elements of the code developed
in this work. A particularly important aspect of the work was the simulation of liquid metal flows with
magnetohydrodynamic (MHD)effects. Earlier researchers (Dellar, 2002; Breyiannis and Valougeorgis,
2004) had developed and used basic models for solving the equations of MHD within the lattice Boltz-
mann framework, and these were extended significantly in the work here to allow their application to
practical problems. Section 3 and 4 detail the models used and the techniques developed within this
project to allow their application to bounded flows and low magnetic Prandtl number fluids, representing
liquid metals of interest to fusion engineering problems, and for steady state cases. A key feature of
the approach taken here was again that grid points only need exchange data with nearest neighbours,
allowing fast and efficient execution on parallel machines.

The potential application of MetaFlow to heat exchangers in ITER and other applications neces-
sitated development of a suitable scheme for solving the equations governing the transport of heat. Due
to the requirement of efficient execution on parallel architectures, an explicit scheme was required, with
greater fidelity through control over numerical errors. Section 5 discusses the total variation diminishing
(TVD) scheme which was developed and implemented in the code, that addresses this aspect.

Section 6 deals with the implementation of a stretched grid scheme within our 3D lattice Boltz-
mann MRT model. This proved to be computationally efficient and highly effective in resolving the thin
layers characteristic of high Hartmann number flows.

MetaFlow is intended to be used for a variety of problem types, and has been designed so as to
be flexible in the types of scenario it can handle and the geometries that can be modelled. Section 7



Module Algorithm Section

Flow solver 19 velocity Lattice Boltzmann MRT model 3.1
Boundary conditions 32
Preconditioning algorithm for steady-state 34
Subgrid-scale turbulence model for LES 3.3
MPI parallel processing 3.5

MHD model 7 velocity LBM model for magnetic induction | 4

Boundary conditions 4.2

Low Prandtl number algorithm 4.3

Stretched grid model for high Ha flows 6
Thermal module | TVD scheme 5

Table 1: Main functions embedded in MetaFlow code.

discusses the import of complex geometries from CAD files — more information on running the code can
be found in the users manual (see www.metah.com). Section 8 presents an example of a computation
of flow through a section of a thermal blanket, and the report is wrapped up with the conclusions in
Section 9.

Supporting information is given in the appendices. Appendix A lists the papers arising from this
project. Appendices B through E provide the details of the major components in the MRT model, with
Appendix F discussing the optimised solution procedure. Appendix G discusses a method for obtaining
strain rates directly from the LBM (i.e. without taking finite differences). The methodology used for
accelerating convergence to steady-state is presented in Appendix H. A particularly valuable procedure
developed was the extension of this method to stretched grids, and the interpolation procedure is given in
Appendix I. The perturbation field used to initialise velocity fields in order that turbulence would develop
is listed in Appendix J, and Appendix K presents a formulation of the magnetic induction equation in the
general case of spatially varying electrical conductivity.

2 Overview of MetaFlow Code

The main functionalities of the code are illustrated schematically in Fig. 1.

The user specifies the problem to set up using a windows based graphical user interface (GUI).
This GUI generates an ascii file which is then read in by MetaFlow. Since this is an ascii (i.e. human
readable) file and is provided with embedded comments, it can be edited directly by the user, useful
when working on remote supercomputers for which the GUI is not supported. Geometry input can be
specified in two ways. One is for the user to set up a grid directly which can be imported into the code;
the other is to use a CAD package to generate an STL file. The latter approach is of course the preferred
method for complex geometries. The MetaFlow user manual discusses user input in more depth, and
section 7 describes the import of geometry from CAD files.

The core code includes solvers for the fluid equations, magnetic induction equation that are based
on LBM, and heat transfer, based on a hybrid finite difference LBM approach. Table 1 lists the principal
features, along with the sections where more information can be found.

Several output files are generated by MetaFlow. These include monitor files, where parameters at
requested locations are output each time step, a convergence history file, and a debug file which provides
information useful to identify any problems. Files with fields such as pressure, velocity and magnetic
field are generated at user-defined intervals, as are restart files. The GUI is coupled to MatLab, which



enables data visualisation to be performed relatively easily using MetaFlow’s standard output files.

| MetaFlow GUI |

CAD files | ASCll InputFile | | Restartfiles |

\

METAFLOW

Initial Processing

*Read CAD files and detect fluid/solid regions
*Find walls and inflow/outflow boundaries
*Process input file and allocate memory
*For parallel jobs, distribute workload among CPUs
Flow Solver
*MRT 19 velocity solver
*Smagorinsky turbulence model with wall damping
*Preconditioner for steady-state cases
«Stretched grid capability
MHD Model
*Uses 7 velocity lattice Boltzmann algorithm
«Stretched grid capability for high Hartmann numbers
Heat Transfer
*Total variation diminishing (TVD) scheme

«Can be used for passive scalar transport

Debug & ¥ )
monitgr s Output files Restart files

A 4
MatLab-based
postprocessor

Figure 1: Principal functionalities of MetaFlow lattice Boltzmann code.

As mentioned earlier, referring to Fig. 1, we now discuss the main modules including the “flow
solver”, based on the lattice Boltzmann method (Section 3), the “MHD model” based on the LBM
(Section 4) and the "heat transfer model” based on the TVD scheme (Section 5). In each of these
sections, validation of the methods used is included.



3 Lattice Boltzmann Model for Hydrodynamic Fields

3.1 Basic equations

The approach taken in this work is to solve the equations governing the flow of fluid using the lattice
Boltzmann method (LBM). The LBM is a relatively recent approach based on kinetic theory for solving
fluid mechanics and other physical problems (Succi, 2001; Chen and Doolen, 1998). In brief, the LBM
consists solving the evolution equation of the distribution function f, of particle populations as they
move and collide on a lattice. In the most advanced formulation currently available, the MRT, the
distribution function is calculated using the equation (d’Humieres et al., 2002; Premnath and Abraham,
2006):

— — — e 1
fa( xr + €a5t7t + 5,5) - fa( T ,t) = — E Aa[g (fg - fﬂq) + E ([ag — 5A05> Sg(st. (1)
B B

Figure 2: Three dimensional, 19 velocity (D3Q19) lattice used for LBM.

Here, the left hand side of Eq. ( 1) corresponds to the change in the distribution function during
a time interval ¢;, as the particles stream from location T to their adjacent location T + eld;, with a
velocity e, along the characteristic direction cv. At this point is is worth noting that the commonly used
SRT model uses a scalar relaxation parameter in place of the tensors A,z and there is no summation for
the terms on the right. Also note, however, that the implementation of Eq. (1) does not involve direct
summation as shown, but through a highly optimised procedure that exploits certain properties of A,
(see Appendix F).

We consider a three-dimensional, nineteen velocity (D3Q19) particle velocities set, shown in
Fig. 2, given by

<O7070) O{:l
¢a =14 (£1,0,0),(0,£1,0),(0,0,+1) a=2---.7 )
(£1,41,0), (£1,0,£1),(0,+1,+1) a=38,---,19,

The Cartesian component c of the particle velocity e,, is given by ¢ = d,./d;, where &, is the lattice time
step. The corresponding vector of distribution functions f at a location may be written as

f = [fo, fi, for- -, f1s]"- (3)

4



The first term on the right hand side (RHS) of Eq. (1) represents the cumulative effect of parti-
cle collisions on the evolution of distribution function f,. Collision is a relaxation process in which fg
relaxes to its local equilibrium value f;q at a rate determined by the relaxation time matrix A,3. The
MRT has a generalized collision matrix with multiple relaxation times corresponding to the underlying
physics: The macroscopic fields such as densities, momentum and stress tensors are given as various
kinetic moments of the distribution function. For example, collision does not alter the densities p and
momentum 7 — pu, while the stress tensors relax during collisions at rates determined by fluid proper-
ties such as viscosities. The components of the collision matrix A,z in the MRT are developed to reflect
the underlying physics.

The second term on the RHS of Eq. (1) introduces changes in the evolution of distribution function

due to external force fields F' such as gravity or some driving force through a source term S,. In this
term [, is the component of the identity matrix /. The source term S, may be written as (Premnath and
Abraham, 2006)

Sa:< ]pC2]) ]foeq’M(paﬂ))a (4)

where M (p, W) is the local Maxwellian

& (@) 1T 3 o]
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and ¢, = 1/+/3c is the speed of sound of the model. By neglecting terms of the order of O(Ma?) or
higher in its in Eq.(4) it may be simplified as (Premnath and Abraham, 2006)

9 .
Soz = Wq _2(6ax_ux)+c_4(eoc'u)eaz Fx+
- 9 z

— —
Wa C_Q(eocy_uy)‘l'g(ea'u)eay Fy+

We, C_Q(eaz_uz)+c_4< )eaz Fz (6)
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where I, F, and I, are the Cartesian components of the force field.

Note that for convenience, Eq. (1) may be considered as being composed of two steps, viz. colli-
sion and streaming steps, which may be given as:

ro— e 1

BTty == A (s~ 1)+ 3 (Iaﬁ - 5Aaﬁ) S5 (-
5 5
fOA(?—i_a(st;t—’—(st) _fa(?at) (7_b)

respectively. In Eq. (7-a), f. refers to the post-collision distribution function.
The local macroscopic density and velocity fields are given by
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and the pressure field p may be written as
p=cp. (10)

The physics behind the kinetic equation Eq. (1), and in particular, the collision matrix A,z will
become more transparent when it is specified directly in terms of a set of linearly independent moments

~ —~ ~ o~ o~ ~ 7t
f instead of the distribution functions f, i.e. through f = |fy, f1, fo,..., fis| . The moments have

direct physical 1mp0rt to the macroscopic quantities such as momentum and viscous stress tensor (The
components of f are provided in Appendix B). This is achieved through a transformation matrix 7: f =
7Tf (d’Humi‘eres et al., 2002). The elements of 7 are given in Appendix C. Each row of this matrix is
orthogonal to every other one. The essential principle for its construction is based on the observation
that the collision matrix A becomes a diagonal matrix A through A = TAT ! in a suitable orthogonal
basis which can be obtained as combinations of monomials of the Cartesian components of the particle
velocity directions e, through the standard Gram-Schmidt procedure. As a result, this is a refinement
over the earlier relaxation approaches through collision matrices (Higuera 1989a, 1989b) in that the
relaxation is directly specified for the moments, in the spirit of the moment method by Grad (1949).
The transformation matrix 7 is maintained row-wise orthogonal instead of orthonormal to reduce the
floating-point operations involved in normalization. Thus, the collision matrix in moment space is greatly
simplified and the description of the dynamics of fluid flow can be naturally related to the underlying
physical model, which can be characterized through relaxation process of various fields based on kinetic
theory (Grad, 1949).

The collision matrix in moment space may thus be written as

A = diag (so, 51,52, -, 518) (11)

where sg, s1, So, . . ., S1g relaxation time rates for the respective moments. The corresponding compo-
~ e Tt

nents of the local equilibrium distributions in moment space f¢¢ = [ oL L ffg} are functions

of the local density and momentum fields and is given in Appendix D. When there is an external force
field, as in Eq. (4) represented in particle velocity space, appropriate source terms in moment space S
need to be introduced. In an earlier work, the functional expressions of S in terms of force and velocity
fields for the three-dimensional, fifteen velocity (D3Q15) particle velocities were derived (Premnath and
Abraham, 2006). In this report, we summarize the final expressions for S for the D3Q19 model in Ap-
pendix E. Effectively, due to collisions and the presence of external forces, the distribution functions in

moment space, or simply the moments, are modified by the quantity —A (? — ?eq> + ( I—1 /2K> Ss,

A multiscale analysis based on the Chapman-Enskog expansions (Chapman and Cowling, 1964)
shows that in the continuum limit the GLBE corresponds to the weakly compressible Navier-Stokes
equations with the density, velocity and pressure. The macrodynamical equations can also be derived
through an asymptotic analysis under a diffusive scaling (Sone, 1990; Junk, 2001; Junk et al., 2005).
The transport properties of the fluid flow, such as bulk ¢ and shear v kinematic viscosities can be related
to the appropriate relaxation times through either Chapman-Enskog analysis of the GLBE or the von
Neumann stability analysis of its linearized version (Lallemand and Luo, 2000):

2 /(1
S - 12
C 9 (82 2) ty ( )
1/1
v o= = (— — —) 0, (£ =09,11,13,14,15. (13)
3 85 2
Notice that from Eq. (13) s9 = s11 = S$13 = S14 = 515 to maintain isotropy of the stress tensor

and s, determines the magnitude of bulk viscosity. The rest of the relaxation parameters do not af-
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fect hydrodynamics but can be chosen in such a way to enhance numerical stability to simulate higher
Reynolds number problems for a given grid resolution, in particular for the bounded turbulent flow con-
sidered here. Based on linear stability analysis (Lallemand and Luo, 2000), the following values for
the other relaxation parameters are determined (d’Humieres 2002): s; = 1.19, so = s19 = s12 = 1.4,
sy = 8¢ = sg = 1.2 and s14 = s17 = s1z = 1.98. For the conserved moments, the values of the relax-
ation parameters are immaterial as their corresponding equilibrium distribution is set to the value of the
respective moments itself. However, with forcing terms it is important that they be non-zero (McCracken
and Abraham, 2005; Premnath and Abraham, 2006). For simplicity, we set s) = s3 = s5 = s7 = 1.0.
It may be noted that all relaxation parameters have the following bound 0 < s, < 2. In this paper,
we employ the above values for the relaxation parameters. It may be noted that when all the relaxation
times are equal, i.e., s; = sy = ... = s;5 = 1/7, where 7 is the relaxation time, the MRT reduces
to the single-relaxation time (SRT) model. The SRT, first proposed to model collision process in the
continuous Boltzmann equation by Bhatnagar, Gross and Krook (1954) was introduced in the LBE in
Qian et al. (1992) and Chen et al. (1992) . This form of LBE is also referred to as the BGK-LBE. Owing
to its apparent simplicity, it is in more common use. However, in particular for turbulence simulations
with a subgrid scale (SGS) model, as will be shown later, the MRT has marked advantages when com-
pared with the SRT: for a given resolution, MRT is more accurate and much more numerically stable
with a insignificant additional computational overhead, thereby allowing higher Reynolds numbers to be
reached than possible with the SRT.

On the subject of computational efficiency, it is important to note that the implementation of
Eq. (1) does not involve direct summation as shown, but through a highly optimised procedure that
exploits certain properties of A,z (see Appendix F).

3.2 Boundary conditions

For solid wall boundaries, the simplest boundary condition is the bounceback scheme. In this method,
the populations are simply reflected:

fa(@,t+0) = fa(@,1) (14)

where @ is the direction opposite to «. In this equation, f. is the distribution function after the collision
step (and before the streaming step). This scheme is suitable for flat walls where the direction is parallel
to a coordinate axis plane. In this situation, the wall is located half way between two nodes, and for this
reason it is sometimes known as the halfway bounceback scheme.

A number of different options are available for curved boundaries. Those tested in this work were
those by Mei et al. (1999), Guo et al. (2002), Bouzidi et al. (2002) and Lallemand and Luo (2003a). All
these methods are based on applying interpolations/extrapolations around position of the boundary and
then executing bounce-back type conditions at the boundary location. After assessment, we chose the
so-called interpolated bounce back scheme (Bouzidi et al., 2001) due to its robustness. It specifies the
distribution functions for the incoming particle directions from the wall in terms of a parameter ¢, where
q represents the fractional distance of the wall from the near-wall lattice node in comparison with the
lattice spacing (see Fig. 3). The first-order implementation of the scheme is:

fal@,t +0t) = 2qfo(x,t) + (1 — 2¢) fs(x — €0t t)  for ¢ <0.5 (15)
fa(z,t + 0t) = 2—1qfa(a:,t) + 2q2; 1f@(ar:,t) for ¢>0.5 (16)
(17)



and the second-order version is:
1

+(1 —2¢)(1 4 2¢) fa(x — eadt, t) + q(1 — 2¢) fu( — 2e,0t,t) for ¢ < 0.5(19)
_ 1 s -1z 1=2¢,
falxyp, t+0t) = ET 1)fa(m,t) + . falx,t) + T 2qfa(:v eyot,t) for g > 0.5(20)

In practice, very little improvement was found by using the second order scheme over the first order,
though both schemes gave substantially better results than just using the bounceback (to which the above
reduces for ¢ = 0.5) in which curved boundaries are resolved in “staircase” fashion.  For inflow
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Figure 3: Wall boundary implementation for cut-lattice cells.
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Figure 4: Implementation of inflow, outflow, and symmetry boundary conditions.

boundary surface with a specified velocity u;,, , extended bounce back (Ladd, 1994) that adds appropriate
momentum to the particle populations is implemented (see Fig. 4):

3 € - Uin
FalZ,t+6,) = (1) + 2wapin 02“ 1)

For outflow boundaries, an extrapolation method (Chen et al., 1996) is employed

fal@,t+6,) = 2fx(T, 1) — [a(¥ — eadi,t) + 2wapin 856'2“"" (22)
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in which the equilibrium distribution in the collision step for the boundary lattice nodes are specified
in terms of the no-gradient conditions for the macroscopic quantities. For a symmetry surface (see
Fig. 3), we use the condition fz(x,t + d;) = f.(Z,t). After implementation of these methods, initial
computations were carried out for a set of cases involving laminar flows to assess the suitability. These
tests yielded results that were in excellent comparison with analytical solution and other computational
solutions, demonstrating the suitability of these approaches.

3.3 Subgrid scale (SGS) turbulence modelling

We have implemented the standard Smagorinsky model to perform large eddy simulations (LES). The
eddy viscosity v; for this model can be written as

v = (C,A)?S, S =+/25;;5; (23)

where C is a constant (this was set to 0.12 for the work described in this report). Here, A is the cut-off
length scale set equal to the lattice-grid spacing, i.e. A = d,, and S;; is the strain rate tensor given
by S;; = 1/2(0;u; + O;u;). In LBM, the strain rate tensor can be computed directly from the non-
equilibrium part of the moments, without the use of finite-differencing of the velocity field. Recently,
Luo derived the expressions for the strain-rate tensor in terms of moments for the D3Q19 model of GLBE
without forcing term in Yu et al. (2006). In this report, we extend the results for GLBE with forcing term
and the final results are summarized in Appendix F. This procedure for calculation of strain rates in the
MRT model is fully local in space and is computationally efficient, particularly for complex geometries.
The eddy viscosity 14 is added to the molecular viscosity 1, obtained from the statement of the problem,
through the characteristic dimensionless number, such as shear Reynolds number for turbulent channel
flow problem, to yield the total viscosity v (i.e., ¥ = 1y + v4). Subsequently, the relaxation times may be
obtained from Eq. (13). When such eddy-viscosity type SGS models are used to provide additional con-
tributions to the relaxation times, the MRT model can be considered to be “coarse-grained” and it can be
readily shown that the macroscopic dynamical equations of fluid flow corresponds to the filtered equa-
tions with the SGS Reynolds stress represented through the eddy viscosity. The distribution functions,
or equivalently, the moments, including the hydrodynamic fields, can be considered to be grid-filtered
quantities. An alternative approach is to directly apply filters to the moment representation of the GLBE
and rigorously “derive” SGS models essentially from kinetic theory under appropriate scaling (Ansumali
et al., 2004);

To account for the damping of scales near the walls, following an earlier work (Moin and Kim,
1982), we have implemented the van Driest damping function

A—s {1 exp (_Z—iﬂ (24)

where 2zt = zu, /1 is the normal distance in wall units from the wall, where wu, is the friction velocity
related to the wall shear stress 7, through u, = /7, /p, and A* is taken equal to 25. While this approach
has some empiricism built-in, for simple wall-bounded turbulent flows, such as the problem considered
here it has been shown to be reasonably accurate in prior work based on the solution of grid-filtered
Navier-Stokes equations. Also, as will be shown later in this report that the MRT model is able to
reproduce turbulence statistics in the near-wall region reasonable well using this damping supplemented
to the SGS model. A more advanced approach is to use dynamic SGS models (e.g., Germano et al.,
1991; Zhang et al., 1995; Salvetti and Banerjee, 1995) for LES, and this is a subject for future work.

3.4 Accelerating convergence to steady-state
The equations so far presented have been for the general case of transient flows. For steady state cases,

it is possible to reformulate the equations such that they can be solved more quickly with computational
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methods. This can be done by introducing a pre-conditioning factor ~ into the Navier—Stokes equations:

2(p'u,) + lV - (puu) = lVp + lV (prVu) + 1F (25)
ot gl v g Y
where F' is a body force that may include contributions from external forces such as buoyancy or MHD
effects. A suitable preconditioned MRT model is developed that recovers Eq. (25) (Premnath and Patti-
son, 2007) By adjusting the parameter -, the speed at which convergence to steady state can be achieved
can be considerably reduced. The lower the value of -, the faster the speed up — a value of 7 = 1
corresponds to the transient solution with no acceleration. The minimum value of 7 that can be used is
determined by the maximum fluid velocity — for flows with low mach numbers, much lower values can
be used without stability problems creeping in. MetaFlow automatically computes a suitable value of .
The details of the implementation are given in Appendix H.

Figure 5 shows how the value of v influences the rate at which convergence of the computation
takes place. The case chosen was a simple pressure-driven flow, plane Poiseuille flow and results are
shown for two different viscosities. These show a considerable speed up. Note that the viscosities have

been normalised with the grid spacing and time step, as will be the case for most the plots discussed in
this report.
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Figure 5: Effect of v on the rate of convergence of plane Poiseuille flow.

A thorough investigation of the preconditioning was undertaken as part of the project, and a
detailed discussion is presented in the paper by Premnath and Pattison (2007).

It should be noted that the preconditioning approach taken here was based on work in a paper
by Guo et al. (2004); however it was noticed that their method was limited to cases with constant body
forces (no spatial variation), and this shortcoming is corrected here. Moreover, their approach is limited
to the SRT model which has been generalised by Premnath et al. (2007) for the MRT model.

3.5 Parallelisation and performance on a multiprocessor cluster

A key advantage of using the LBM over finite difference/finite volume (FD) methods is that they are very
amenable to parallelisation. MetaFlow has been parallelised using the Message Passing Interface (MPI)
technique for distributed memory machines. The key step involved in parallelisation is to divide the
computational domain into a number of subdomains, each of which is assigned to a different processor.
After each time step, each processor exchanges data with a number of other processors. In the LBM,
computations only require information from nearby adjacent points (and in some cases from points two
nodes away). What this means is that a processor only needs to exchange data with the processors
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dealing with adjacent sub-domains; in most cases this means they need to transfer data to two or perhaps
eight other processors. This contrasts with other schemes where each processor may have to receive
information from every other processor. This can place a limit on how many processors can usefully be
employed.

A series of tests were performed by running a simple channel flow case with a Smagorinsky
SGS turbulence model on the NCSA machine at Urbana—Champaign. It was found that as long as the
width of the subdomains remained reasonable large (above about 12 points) the proportion of time spent
communicating stayed low, as would be expected. Figure 6 shows the speed of the computer simulation
as a function of the number of processors used. A factor of about 14 was achieved with 16 processors,
which should be considered very good — if the number of points in the streamwise direction had been
a multiple of 16 (to ensure equal distribution among the processors), even better performance would be
expected.

Grid Resolution: 270x135x47
47" Parallel Machine: IBM p690 cluster
at NCSA
12 4
10
o
=
2 s
Q.
(/2]
6 o
4 4
2 o
0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Number of Processors

Figure 6: Variation of computing speed with number of processors.

Another test was to compare the speed of our LBM with that of a finite difference code. The
code selected for comparison was an established LES solver which used a second order finite difference
scheme (Salvetti and Banerjee, 1995; Salvetti et al., 1997). The simulations were set to run the same
number of grid points for the same problem, channel flow with a Smagorinsky turbulence model. Both
the codes were run on a single processor of AMD Athlon 2000 dual processor computer running the
Linux operating system. The GNU compiler with the -O3 optimisation was used and checks were made
to ensure that the results were reproducible — it was found that the times taken did not vary significantly
(within about 1%).

Grid Size LB code | Finite Difference | Ratio
270 x 135 x 47 516 2015 39
180 x 90 x 32 153 505 33
135 x 135 x 92 510 1824 3.6
135 x 270 x 47 516 1849 3.6
90 x 45 x 32 38 88 2.3

Table 2: Computational times of MRT and FD codes running LES of a turbulent channel on a single
processor.

Table 2 shows the times required for 100 time steps for each code. It shows that as far as the
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computational cost per grid node and per time step is concerned, the MRT code runs faster than the
FD code employed. Despite being substantially more complex, the MRT only about 30% slower than
the SRT, probably because the nature of the MRT permits many optimisations to be performed. The
limiting time step was also examined, for the MRT it was found to be at a CFL number of about 0.42,
whereas the FD code became unstable at about 0.35. However the accuracy at the largest time steps
may not be so good. In any case, GLBE implementation is competitive as compared to the FD code.
An important point to note here is the elimination of the need to solve the time consuming Poisson-type
equation for pressure field by the GLBE, but which is inherent in most of the FD methods. It is also
interesting to observe that a very recent work based on a LBE for DNS of turbulence flows reported it
to be competitive in terms of run-times when compared with the Chebyshev-spectral methods on single
processors (Lammers et al., 2006).

After the MRT model had been implemented in our code, it soon became clear that it was much
more stable than the earlier SRT model. Simulations of some of the more challenging cases suggested
that it was more stable by a factor of about three, a value in keeping with previous work. Also, for the
simple case of turbulent channel flow, it did not produce the spurious spikes in turbulent fluctuations near
the wall which had been observed with the SRT implementation on relatively coarser grids. To obtain a
more quantitative assessment of the stability, tests were made with a lid-driven cavity flow. Following the
example of d’Humiceres et al. (2002), the lid velocity was imposed by setting the distribution functions
at the lid to the equilibrium distribution function. This method is more stable than alternative methods
for setting the velocity, but it should be noted that it is unsuitable for setting velocities where there is
a component normal to the wall, for which the Ladd (1994) scheme discussed earlier is recommended.
In these tests, the velocity of the lid was gradually increased until the computation failed (i.e. crashed
or showed unphysical behaviour). If the velocity was increased slowly enough, the point at which this
occurred was found to be reproducible. Table 3 shows the velocities at which the computation became
unstable — it is clear that the MRT performed much better than the SRT on this test. Furthermore, it
should be noted that the transition to turbulence takes place at a Reynolds number of about 12 000, so
the SRT was unable to reach the turbulent region on any of the runs, whereas the MRT was, when similar
grid resolutions are maintained.

Grid | Viscosity | Maximum velocity | Maximum Re Ratio
64% | 0.0005 | 0.0295 0.149 3776 | 19100 | 5.1
643 0.001 0.059 0.232 3776 | 14848 | 3.9
643 0.002 0.123 0.385 3936 | 12320 | 3.1
963 | 0.0005 | 0.0265 0.188 5088 | 36096 | 7.1

Table 3: Point at which LBM became unstable for lid driven cavity flow.

3.6 Validation examples

As part of the development of the LBM code, numerous validation studies have been performed. Some
examples with turbulent flow are briefly discussed in this section. More thorough analyses are being
submitted to journals as papers.

3.6.1 Turbulent channel flow

The channel flow case involved the simulation of a free surface flow with a shear Reynolds number
Re, = u,H/v where H is the channel depth, v is the molecular viscosity, and u, the friction velocity.
The case is documented fully in Premnath et al. (2007), but the main results are presented here too.

A schematic diagram of the channel flow problem with the top surface being considered as slip
surface is shown in Fig. 7.
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Figure 7: Schematic diagram of channel flow simulation.

As shown in this figure, the computational domain is chosen with appropriate aspect ratios to
sample wall-layer streaks adequately and to let proper decay of two-point correlations (Kim, Moin and
Moser, 1987). We considered a uniform grid, and chose the height H to be resolved by 45 grid nodes
such that spacing in wall units becomes 4.08. The first grid point inside the fluid is half this distance
from the wall, 2.08 wall units. The computational domain thus consists of 270x 135x45 grid points.

The initial mean velocity is specified to satisfy the 1/7th power law with initial perturbations
superimposed to initiate turbulence. The perturbations are specified such that they satisfy divergence
free velocity field (Lam, 1989; Lam and Banerjee, 1992). The flow is driven by pressure gradient in
the x or streamwise direction. The friction velocity can be related to the gradient by dP/dx = pu?/H.
The computation was run until a dynamically steady state was achieved, then continued for a sufficiently
long time to collect statistics.

Figure 8 shows the computed mean velocity profile as a function of the distance from the wall
and compares it with predictions for the viscous layer and log law regions. The axes are normalised
with wall units (/) and friction velocity. It can be seen that the computations agree reasonably well
with the viscous sub layer and log-law wall scalings, there is a slight overprediction, but this is generally
expected with LES.
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Figure 8: Comparison of the computed mean velocity profile with scaling laws for fully-developed
turbulent channel flow at Re, = 183.6.

Figure 9 shows the comparisons of the components of the root-mean-square (rms) streamwise,
spanwise and wall-normal velocity fluctuations, respectively, computed using LBM with DNS (Kim,
Moin and Moser, 1987) and experimental (Kreplin and Eckelmann, 1979) data. Computed results agree
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reasonably well with prior data.
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Figure 9: Root-mean-square streamwise velocity fluctuations for fully developed turbulent channel flow
at Re, = 183.6.

3.6.2 Turbulent flow through a square duct

Turbulent fluid flow through a square duct is characterised by the existence of net flows in directions
perpendicular to the bulk flow. These circulations, frequently termed secondary flows of the second kind,
also arise in turbulent flow through channels of other non-circular cross-sections, but are not found in
laminar flows. Although long recognised to be associated with the turbulence, the exact cause of these
circulations has been a subject of debate, though it is generally recognised to be associated with gradients
in the Reynolds stress in the cross-sectional plane. A more detailed explanation is given by Huser
and Birigen (1993) who describe the mechanisms in terms of the interaction of turbulence structures
generated at the wall.

In a square duct, these secondary flows manifest themselves as a set of eight vortices, each one
enclosed by a wall, a corner bisector and a wall bisector. The general features are not sensitive to the
Reynolds number, except that it should be high enough that the flow be fully turbulent. The velocities
associated with these flows is relatively small, of the order of 1% of the mean streamwise velocity, and
thus significantly smaller than the turbulent velocity fluctuations. However, since they do lead to net
flows in directions perpendicular to the walls, they can have a significant effect on heat transfer and
passive scalar transport. Despite their weak nature, these secondary circulations are therefore of great
interest to a number of engineering problems.
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Figure 10: Schematic diagram showing geometry modelled.

The prediction of these secondary flows is relatively difficult. For example, the ability of RANS
to capture the secondary circulations is dependent on the relations used for the stresses, for example a
simple k-e model will not reveal these motions. Since the coefficients in Reynolds stress models are
problem-specific and often not well known, they are not well suited for predicting phenomena which are
particularly sensitive to parameter choices.

This was chosen as a validation case for the LBM as the prediction of these secondary flows is
quite challenging, and would be a good test of whether our model could properly capture the turbulent
behaviour. DNS data of Gavrilakis (1992) and Huser and Birigen (1993) were available for comparison,
as was LES of Madabhushi and Vanka (1991). The full analysis can be found in Pattison et al. (2007),
and a selection of the results is presented here.

A schematic representation of the geometry used is shown in Fig. 10. The Reynolds number used
was 300. This is defined as Re, = u,w/v where w is the duct width and the mean friction velocity
is calculated from the imposed pressure gradient as pu? = w |dP/dx|/4. The dimensionless viscosity
(normalised by the grid spacing and time step) was set to 0.001.

Periodic boundary conditions were applied in the x (streamwise) direction, and no-slip conditions
in the other two directions. The use of grid points within the wall meant that the boundary was half a
grid spacing from the outermost points, thus the effective width was 72 grid separations. A uniform grid
was used for the simulation, though it should be noted that stretched grids can be used with the LBM
(Premnath and Abraham, 2004). The choice of domain proportions followed the recommendation of
Huser and Birigen (1993), who found that a streamwise extent of about six times the duct width was
sufficiently long to yield accurate simulations.

For the initial conditions, an approximate velocity field was set up, based on the 1/7 power law.
As with the channel flow case, in order to initiate turbulence, a perturbation profile with sinusoidal
fluctuations was superimposed on this, chosen so as to satisfy continuity.

The simulation was run using the MRT model with a pressure gradient providing the driving
force. A single processor Pentium IV machine was found to be sufficient for this. The computation was
run until a dynamically steady state was reached, and then continued for a period of over 100 000 time
steps over which statistics were collected.

Three main sources of data were used for comparisons with the MetaFlow simulations, and they
are summarised in Table 1. The DNS of Gavrilakis was performed at the same Reynolds number as our
simulation and these results are likely to be very accurate. Comparisons with Madabhushi and Vanka’s
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data are included to enable the performance of the LBM LES code to be judged against that of a pseudo—
spectral LES code.

Figure 11a shows contours of the streamwise velocity in the cross-sectional plane. In this plot, the
velocity has been averaged over both time and the length of the domain. Figure 11b shows the secondary
velocities (the non-streamwise component); in this case, and in all other plots unless otherwise stated,
statistics were also averaged over the eight similar octants.
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Figure 11: Mean velocities in the cross-sectional plane: (a) streamwise velocity contours (b) secondary
velocity vectors.

Secondary flow vectors Figure 11b clearly shows the expected vortex moving in a sense such that
fluid moves toward the corner along the corner bisector and away from the wall along the wall bisector.
The vortex is centred at about (0.45, 0.18) where the numbers in parenthesis are the y and 2z coordinates
normalised with respect to the half width. This compares well with Gavrilakis’s DNS which gave the
centre at (0.5, 0.2). Madabhushi and Vanka’s LES predicted the centre at (0.55, 0.25) and Huser and
Birigen’s DNS, (at higher Reynolds number) at (0.4, 0.2). The plot also suggests the presence of a small
vortex very close to the corner — this was also noticed by Gavrilakis.

The contours of streamwise velocity can be seen to bend toward the walls near to the corners. This
is a characteristic of duct flow and is associated with the secondary flow. The secondary vortex transports
faster—moving fluid from the central region toward the corners along the corner bisectors while slower—
moving fluid from the vicinity of the wall is advected toward the centre near the wall bisectors, resulting
in the bulge in the contours.

Figure 12 shows the mean streamwise velocity along the wall bisector. To be consistent with the
data with which it is compared, the velocity is normalised using the local friction velocity at the wall
bisector, calculated as u? = 7/p where 7 is the wall stress and p the density. Distance is plotted in terms
of wall units v/u., where v is the viscosity. When compared with Gavrilakis’s DNS, the mean velocity is
slightly overpredicted, as is often the case with the lower resolutions used with LES. Huser and Birigen
used a lower resolution in the wall-normal direction than Gavrilakis and the is the likely reason for the
higher velocity predicted, though there could also be Reynolds number effects. Also, Huser and Birigen
had performed a preliminary DNS at a coarser resolution, and this had given higher velocities than the
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Figure 12: Mean streamwise velocity along wall bisector. Lines are MetaFlow predictions, circles Huser
& Birigen, triangles Madabhushi & Vanka, and crosses Gavralakis.

final DNS.

Figure 13 shows the secondary velocity plotted along a corner bisector, normalised with the mean
friction velocity, u,. The results are compared with those of Gavrilakis, and good agreement can be seen.
The secondary velocity exhibits a minimum close to the corner, which is indicative of a small secondary
vortex in this region. Gavrilakis also observed such a vortex in the region close (y < 0.1w/2) to the
corner, but did not provide any quantitative values for the secondary velocity in this region. Profiles for
the spanwise (y) component of velocity are plotted as a function of z for fixed values of y in Fig. 14.
Comparisons are made with both DNS results Gavrilakis (1992) and experimental data (Cheesewright
et al., 1990) taken at a similar, though slightly lower, Reynolds number.
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Figure 13: Magnitude of secondary flows vv/2 = w+/2 along a corner bisector. Circles are DNS data
from Gavrilakis.

Turbulence statistics are presented in Fig. 15 which shows the root mean square (rms) velocity
fluctuations along a wall bisector, together with data from LES and DNS for comparison. The level of
agreement with the DNS data can be seen to be good, and MetaFlow shows significantly better agreement
with the DNS data than the other LES, despite the fact that MetaFlow was run with a much coarser
resolution in the important near-wall region. The variation in rms velocities is very similar to that found
in other wall-bounded flows and comparisons with plane channel data can be found in Gavrilakis’s paper.
Gavrilikas raised the question of whether the friction velocity at the wall centre, u,, or the average friction
velocity, u., should be used for the normalisation of the data, and noted that agreement with channel data
was best if u, was used near to the wall and u, farther out.

In conclusion, the MRT model has demonstrated its ability to simulate turbulence in these test
cases, and its ability to capture the secondary flows in the square duct is particularly encouraging.

17



0.8
E 0.6
N
N 04
0.2

-0.01 0.01
1
0.8f 2Y/W=0.8
= 06
N
N 0.4
0.2
0
-0.01 0.01
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4 Lattice Boltzmann Model for Magnetic Induction Fields

4.1 Basic equations

Magnetohydrodynamic effects are of particular importance to many systems of interest to fusion re-
searchers, since liquid metals are commonly used. In these flows, the equations of motion take the same
form as in non-MHD flows, but the body force term includes a component due to the Lorentz force
arising from the interaction of induced current with magnetic induction. The hydrodynamic equations
are:

dp
dpu
7tV (uu) = VP + F + V- (20pS) 27)
where the contribution to the body force term F' from the Lorentz force is given by:
1 1
FLorentz:JXB:V' _2_BBI+—BVB (28)
H H

The magnetic field, B, can be calculated from the magnetic induction equation. The form nor-
mally used for this is:

%_’f 4+ V. (uB - Bu) = nV’B (29)

where 7 is the magnetic resistivity or diffusivity, defined by » = 1/ou and o and p are the electrical
conductivity the magnetic permeability respectively. Note that the above equation assumes constant 7;
in practical situations, liquid metals may flow through channels with insulating walls, rendering this
assumption invalid. A rigorous derivation of the equations from Maxwell’s equations and Ohm’s law
was carried out to identify what extra terms may need to be included when 7 is a function of spatial
coordinates, and this is presented in Appendix K. The extra terms do not appear to have been included
in most other MHD codes, but may be incorporated in the next version of MetaFlow and the effect is
assessed.

Using the LBM, the equation for the magnetic field can be solved in a similar fashion to the
fluid dynamic equations. A solution procedure based on that of Dellar (2002) was incorporated into
MetaFlow; in this model, a vector distribution function h is employed, and the following equation is
used for its evolution:

ﬁi(x,t) = hi(x,t) — [hi(x,t) — h{'(x,1)]/Tm (30)

hi(x + et +1) = hy(x, 1) (31)

The values with a tilde are known as post-collision values, as was the case with the hydrodynamic equa-
tions. The relaxation time 7,,, which is a function of the conductivity and permeability of the medium.

1 ot

Tm =

In practical implementations of this scheme, it is found that only seven directions are required;
these are taken to be directions parallel to the axes and a zero vector, i.e. the first seven directions used
in the lattice used for the fluid dynamic calculations.

19



The equilibrium distribution functions h;? are calculated through:

m
aj

hel = w, [B + 2 (u;B; - B, ul)} (33)

The magnetic field can be recovered from the model by taking zeroth kinetic moments:
Bi=Y ha (34)
The current can be calculated in two ways. One is of course from taking the curl of the magnetic

field. The other, which avoids the need to taken finite differences, is to extract the current from the higher
kinetic moments:

Je=—1 CQT eme Chifok — Cordi) (35)
where
bm
> emged = (u;Bi — Bjuy) (36)
a=0

A number of validation cases have been used to assess the performance of MetaFlow for flows
with MHD effects. These range from one dimensional Hartmann flow to three-dimensional lid-driven
cavity with an imposed magnetic field. In this report, results for the most demanding case, the MHD
lid-driven cavity, are shown — other validations have been presented in papers arising from this work (see
Appendix A).

4.2 Boundary conditions

For the induction equation, no suitable formulations for the boundary conditions could be found in the
literature. Dellar (2002) had used a reverse bounceback scheme for the boundaries, but this method was
only suitable for a limited range of geometries and did not allow an induced component in the direction
parallel to the imposed field.

A new method of applying boundary conditions for the applied field was therefore formulated.
The approach taken was similar to the extrapolation scheme used for the fluid flow. This is an extrapola-
tion method and is similar to that described by Chen et al. (1996), except applied to magnetic field rather
than fluid fluxes. The procedure is:

e for nodes on domain boundary (e.g. point a in Fig. 16), calculate post-collision values, ho using the
imposed field By in place of that calculated from the zeroth moment of the distribution functions,
appearing through the equilibrium distribution (see Eq. 33).

e calculate the post-advection values, h,, using the extrapolation scheme

ho(x,t + 0t) = 2h,(x,t) — ho(x — €4, 1) (37)

In practice, since the distribution function has seven direction vectors, only one of which points
into the domain, only one distribution value for each face is calculated is calculated with the above. For
reasons of stability it was found that the two points neighbouring a face on which the magnetic field
should be imposed should have the same electrical conductivity. For example to impose a insulating
wall boundary condition, in Fig. 16), the grid points a and b should both lie within the solid region
(which of course is assigned a very low conductivity). The insulating boundary will then lie midway
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between points b and c. In practice, with this scheme that one more extra layer of grid points than might
otherwise have been needed is required. Conducting walls can also be similarly modelled handled by
selecting appropriate values of the conductivity for the wall.

e b wall

Bo Computational domain boundary

Figure 16: Boundary of flow in MHD case.

4.3 Application to steady-state MHD flows with low magnetic Prandtl numbers

One problem that had not previously been addressed by other researchers working on the LBM was that
the timescales for the induction and the flow equations differ by several orders of magnitude for most
practical situations. The magnetic Prandtl number is often used to describe this. This quantity is defined
as the ratio of the viscosity to the resistivity:

Pr,, = — (38)

For a liquid metal, the Prandtl number may typically be of the order 10~7, with the fluid dynamics
being dominated by convection and the magnetic induction by diffusion. The relaxation time for the
fluid flow go as the reciprocal of the viscosity and for the magnetic induction as the reciprocal of the
resistivity. Appropriate treatment to handle this large disparity is required to ensure stability of the
system. A method that overcomes this problem and allows “real” metals to be modelled was derived by
introducing a scaling factor in a preconditioning approach that also allows faster convergence to steady
state. Essentially this involves introducing a preconditioning factor +,, and a scaling factor y, such that
the induction equation becomes:

0B 1
92 L XA V. (uB - Bu)= —1V’B (39)
ot Vi Y
and the current must then be calculated with:
1
J=—VxB (40)
XMHm

In this above, x is a scaling parameter to change the effective Prandtl number, Pr.s = xPr, and
vYm 18 @ parameter that can be used to speed up the rate of convergence to a steady state. It should be
noted that this approach is strictly only valid for steady state problems, which is often the case in fusion
MHD problems, though in practice transients could be modelled provided the parameters are adjusted
such that the magnetic field relaxes much more rapidly than the flow field. The relaxation parameter 7,,,
becomes

1 4n, ot
Tm == + ———

41
2 Yy 0x? @1

Note that the computation will become unstable as 7,,, increases too far above one and will lose
accuracy. Similarly, it will become unstable as 7,, approaches 0.5. A full study of the effect of this
scheme on the stability and convergence rates of the LBM is presented in one of our papers (Premnath
and Pattison, 2007) but a few of the results are also given here. Appendix H provides more details, along
with the equations used for the steady-solution hydrodynamics.
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Other equations that need modification are the relation for the equilibrium distribution and the
current

o deg! X
Jk = o €ijk Z Oﬁ,gﬂék - 6211923@) (43)
X T
where
b"n
> emgt = X (4;B; — Bjuy) (44)
a=0 Tm

One of the first tests was to check the model performance for Hartmann flow, the flow between two
parallel plates with a magnetic field applied in the wall-normal direction. This flow, which is equivalent
to Poiseuille flow with an imposed field, is characterised by the Hartmann number, Ha, given as

Ha = ByL, |~ (45)
pv

where L is a length scale, in this case the half-width of the channel. Figure 17 shows the profiles of
magnetic field and velocity along the wall-normal direction, and comparison with the analytical solution
shows very close agreement. In these simulations, the magnetic resistivity was set equal to the viscosity
and the effective Prandtl number is set to the desired value by varying the scaling factor Y.

m 1Y\ (6x)?
()

where ,, can be adjusted such that it accelarates convergence while maintaining numerical stability.

X 10
2 : : : . — ; : : : ;
2% o Preconditioned MRT-LBE Y= Y =0.05 o Preconditiond MRT-LBE
—— Analytical solution X = Pr =1.0x 107 —— Analytical solution
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Figure 17: Magnetic field (left) and velocity (right) profiles for Hartmann flow at Ha=71.6.
Figure 18 shows the effect of the hydrodynamic preconditioning parameter v magnetic induction

preconditioning parameter -y,,, on the convergence rate for two problems, Hartmann flow and a lid driven
cavity with a magnetic field applied; both cases were started from rest. The residual error is a measure
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of the difference in the velocities at successive time steps. For cases with low -, this is higher at first
because of the accelerating effect of the preconditioning, but later on it becomes much lower as the cases
with low ~y approach the converged solution earlier. Both cases used v = +,,. Tests had found that
setting the convergence parameters in the flow and induction equations to be the same gave the fastest
convergence (when using equal viscosity and resistivity), and it can be seen that an order of magnitude
decrease in compuational effort results from the preconditioning algorithm.

0

10 ‘ ‘ 10°
x=pr, =10 X =Pr_=5625x10"

107 | v=0004 v=0.015
= n = 0.004 = n=0.015
S R
L0 &10°
z ®
510'6 2
5 5
o D
<10 B1070)
° S
7] k7]
[0)
T 10 &

-12
10 . 107 ) ) .
0 2 4 6
10 100 10 10 10° 10° 10 10° 10°
Time step, t Time step, t

Figure 18: Convergence to steady state for Hartmann flow (left) and a 3-D lid driven cavity (right).

4.4 Validation examples
4.4.1 MHD flow in a circular pipe — Gold problem

One case for which an analytical solution is available is the laminar flow through a pipe with a magnetic
field imposed in the direction perpendicular to the axis. This is often known as the Gold problem after
an early paper (Gold, 1962). The arrangement is shown in Fig. 19.

] :

Figure 19: MHD flow in a pipe (Gold problem).

Ul

Figure 20 shows the velocity profiles for the directions parallel and perpendicular to the imposed
magnetic field for a Hartmann number of 10 (based on pipe radius); 80 grid points were used to resolve
one diameter. Good agreement with the analytical solution can be seen.

4.4.2 3D MHD flow in a lid-driven cubic cavity

A true 3-D MHD validation case is provided by the lid-driven cavity. In the cases presented here, the
flow is in a cubic box with a the top lid moving in the = direction and the magnetic field applied either
in the y or the 2 direction as in Fig. 21.

Figure 22 compares the results for Case 1 (field perpendicular to lid) for low and high Pr. These
show velocities through the centre of the cube faces. Significant differences can be seen, demonstrating
the effect of Pr on the flow. This is an important result, as most codes use a reduced formulation in
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Figure 20: Velocity profiles for directions parallel (left) and perpendicular (right) to applied field
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Figure 21: Schematic view of lid-driven cavity problem.

which non-linear terms in the MHD equations are neglected, corresponding to low Pr. Tests with our
code showed that when the induced magnetic became comparable with the applied field, the value of
Pr started to influence the results. Thus, below the value at which the induced field becomes small, the
results will become insensitive to Pr. Figure 23 shows the value of « in the central plane (¢ = 0.5), which
indicates the presence of side wall jets for this case.

Figure 24 compares the results for Case 2 (field in spanwise direction) with those obtained with
a finite difference code (Morley et al., 2004). Good agreement can be seen, although there is a slight
departure for the case with the profile of u against y; this is most likely a consequence of the resolution
used in the LBM (128?) and examination of runs with different resolutions upheld this.

4.4.3 Turbulent MHD pipe flow

This case involved the simulation of a turbulent flow through a cylindrical pipe as in Fig. 25. A fully
developed flow entered a pipe; at the inlet, there was no magnetic field, but further downstream it entered
a region where a field was imposed perpendicular to the pipe axis. In the simulations, a linear variation
from zero to the desired strength was made over a distance of two pipe diameters. This arrangement
is similar to the recent experiments at UCLA (Morley, 2006, private communication). Statistics were
collected downstream to see how the field had affected the turbulence.

The inlet conditions were obtained by running a pressure-driven pipe flow simulation with period
boundary conditions in the axial direction. After a statistically steady state had been reached, the flow
field on one cross sectional plane was output every time step for 5000 time steps. The Reynolds number
based on the bulk velocity was 4900.

The domain size used for the computation was 2400x 120 120 and this was run on 32 processors
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Figure 22: Comparison of results of lid-driven cavity problem (Case 1) for low and high Pr.

on the NERSC supercomputer Bassi. With this domain size, a length of twenty diameters was simulated,
and Fig. 26 shows the mean velocity profile and turbulence statistics 15 diameters into the region with
the magnetic field. A Hartmann number of 20 (based on the pipe radius) was used and the profiles are in
the direction parallel to the field and through the pipe centre.

It can readily be seen that for the case with no MHD, the LBM overpredicts the turbulence and
there is a corresponding underprediction in the velocity. Studies showed this was a resolution effect,
with the error changing roughly as the square of the grid spacing. The choice of boundary conditions
on the curved wall may have played a part — very little work has been done on turbulent flows in curved
geometries with the LBM. While the boundary conditions are known to work well for laminar flows, the
situation for turbulent flows is unclear, and there may be some staircasing effects.

The velocity profile shows some flattening, the profile is not as flat as is the case in (laminar)
Hartmann flow, but it could be that with a longer pipe the profile would become flatter. At 15 diameters
downstream, the flow would not be expected to be fully developed. The overall velocity appears to be
slightly lower, but one should keep in mind that this is for a line through the pipe so this does not imply
mass loss. All three components of turbulent fluctuations are substantially reduced and the peaks shifted
away from the pipe wall, and these trends are consistent with preliminary results from UCLA (Morley,
2006, private communication).
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Figure 24: Comparison of results of lid-driven cavity problem (Case 2) with those of a finite difference
code.
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5 Heat Transfer and Passive Scalar Transport

Many fluid flow problems encountered in fusion engineering, such as flows in thermal blankets or the
liquid walls of fusion chambers involve the transport of large amounts of heat. In such cases, one
approach to modelling the thermal transport is to solve the advection—diffusion equation:

%+v.<uh):v-(WT)+s (@7)

where h is the specific enthalpy, u the velocity, « is the thermal conductivity and S is a source term,
which may arise from, for example, chemical reactions or neutron absorption. A similar equation can be
written for the transport of a fluid constituent. For the calculation of the density of a component s, ps,
the equation used is:

0ps
ot

where p is the total density, D is the diffusion coefficient, and S is again a source term. This can be due
to chemical reactions, or, particularly for the case of tritium breeding, nuclear reactions.

Since Egs. (47) and (48) are of the same general form, the same method will be used for their
solution. The subsequent discussions in this section will be applicable to both the heat transfer and the
mass transport equations. For simplicity, the discussion of the solution procedure will use the generic
form of the advection—diffusion equation:

WLV () =V (VN S (49)

The approach taken here was to use a hybrid approach in which the lattice Boltzmann equation
was used to calculate the velocity field and a finite difference scheme for Eq. (49). Although it is
possible to solve this equation directly within the LB framework, in practice problems such as numerical
instabilities make a hybrid scheme the preferred choice (Lallemand and Luo, 2003b).

One of the principal motivations for using an LB solver in MetaFlow was to allow the code to run
efficiently on parallel supercomputers with large numbers of processors. In order that Eq. (49) could be
solved without requiring additional data packets to be sent, an explicit method was required. Although
at first sight Eq. (49) appears to be very straightforward to solve, given that the velocity field is specified,
it does present potential difficulties. Simple central difference schemes are unstable for low diffusivities
and care must be taken to avoid the introduction of numerical diffusion in upwind differencing schemes
(Press et al., 1997), which are typically employed to control numerical dispersion errors.

+ V- (ups) =V - (DspV(ps/p) + S (48)

5.1 Solution of advection equation by TVD scheme

We employ a total-variation diminishing (TVD) scheme to represent the advection step in the transport
equation, so as to maintain sharpness of profiles with controllable numerical dispersion error. The ap-
proach taken here was to start by considering a simple one-dimensional case with no diffusion or source
terms. Figure 27 shows a control volume around node 0. The upstream node is denoted by the suffix
W and the downstream node by E. Lower case letters are used to identify the upstream and downstream
faces of the control volume. The approach taken here was to start by writing expressions for the values
of ¢ on the faces, averaged over the period from ¢ to §t:

b = dw + (G0 — dw)(0.5 + u/2) (50
be = o+ (Pr — ¢0)(0.5 +1/2) (5D
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where ¢ is calculated at ¢ and & = udt/dx is a dimensionless velocity, which is obtained by solving the
MRT-LBM as discussed in previous sections. Note that the above uses upwind differencing and assumes
flow from W to E; the formulations can easily be modified for flow in the opposite direction by switching
W and E (and w and e) and reversing the sign of u. There are other expressions which can be used for
¢ and ¢, and a discussion of these, along with the principles on which the derivation of our scheme
was based, can be found in (lecture notes).

Figure 27: Control volume for scalar equation.

Considering the fluxes across the faces w and e, the value at t + dt, ¢}, is:

¢6 = gbO + ﬂ(gbw - ¢e) (52)

substituting the relations for ¢,, - ¢. leads to:

$o = do — w(¢o — pw) — 0.5a(1 — @) [(pr — ¢o) — (¢o — dw)] (53)

The application of this equation to problems in can lead to numerical problems, with spurious
oscillations developing in regions in which there exist large changes in the gradients of ¢. For example,
for a case initially having a top-hat profile with values of » = 1 and ¢ = 0 inside and outside the hat, use
of Eq. (53) leads to negative values of ¢ at the trailing edge. In cases where there is enough diffusion,
these negative regions are damped out, but with low or no diffusion (as in Eq. (53) the ripples propagate
out and grow, making the whole computation unstable.

At this point, it is useful to note that a finite scheme developed by Succi et al. (1999) for solving
the scalar equation in a hybrid LB model was originally incorporated into our model. This scheme
was found to be unstable for cases with low diffusion where there were sharp changes and had to be
abandoned. Inspection of validations presented in the original paper revealed oscillations in such regions
which grew in time, and if the validations had been continued longer, we expect that they would have
failed.

The usual way to deal with this problem is to introduce flux limiter functions W () to constrain the
flux at the faces of the control volume (Leveque, 1990, 2002; Toro, 1999). Equation (53) then becomes:

do = o — U(do — dw) — 0.50(1 — @) [¥(rw)(dpr — o) — V(rp)(¢o — dw)] (54)
where 7y and 7p are consecutive gradient functions, defined as:
_ ow — dww
e op — ow (>3)
op — dw
_ 56
i w— (0

Many different forms of the flux limiter ¥ have been proposed, and a comparison of some of
them can be found in the paper by Suratanakavikul and Marquis (1999). As well as satisfying certain
conditions to ensure physically realistic behaviour, the function should be such that it preserves sharp
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changes in ¢ and avoids numerical diffusion without leading to instabilities. For this work, the superbee
limiter was chosen:

U(r) = max[0, min(2r, 1), min(r, 2)] (57)

Up to now, we have just considered one dimensional flow. In the implementation in our three
dimensional code, ¢ was updated by applying Eq. (54) in turn in all the coordinate directions, updating
¢ after each step.

5.2 Incorporation of diffusion and source terms

Equation (54) does not contain the diffusion or source terms. However, these may be added relatively
easily, through a central differencing for the diffusion term and local explicit values for the source term.
The following equation is used for the remaining terms and also includes a correction term for compress-
ible flows:

Gigh = Pije ( Aistgk = Aigk) + ki1 (Xiige — /\i,j,k)> dt/dz?
+ (kﬁ% gLk = Aigk) TR (Nijo1k — k)) dt/dy?
+ (kmg gkt = Nigik) K1 (Xije—1 — A, k)) dt/dz*
+ [ Pit1gk( Witk — Wijk) — Pic1jk(Uic1jk — Uijk)) /(2d)
+ (Pigrre(Uigere — tigr) — pig—1k(Wij—1k — wigk)) /(2dy)
+ (,Oi,j,kﬂ(ui,j,kﬂ - U”kz) - pi,j,k—l(ui,j,k—l - ka)) /(de)} %
+ Sdt 7 (58)
where ¢; ;. is the value after performing the advection step in the three directions. Some care needs to be

taken in the calculation of the diffusion/conduction term where k£ changes. It was found that calculating
the value of k as

1 11!

ki1 =2 + } (59)
3 |:ki+1,j,k: ki jx

avoided any problems at discontinuities. In the implementation of Succi et al.’s (1999) model, it had

been found that Succi’s model was only suitable for constant £ and led to severe problems when there

were discontinuities, but when the diffusion term was cast in the way described here, it worked well.

However, as mentioned previously, there were other problems with Succi et al.’s method.

5.3 Validation examples

This section presents some of the cases used for testing the code. The validations presented cover all
aspects of scalar transport, advection, diffusion and reaction, and include a few standard problems where
data from comparison are available.
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Diffusion Test Case

A test to check on the diffusion part of the formulation was undertaken in which the evolution
of a step profile over time was calculated. This problem considered the diffusion of a tracer whose
concentration was initially unity for x < 0 and zero for x > 0. The diffusion coefficient was 0.1
when normalised with the time step and grid spacing, and the simulation was run for 100 000 iterations.
Figure 28 compares the computed profiles with those from the analytical solution, which is (Arcidiacono
et al., 2006):

1 A €T
1A erfc( _4Dt> (60)

culicenuauulil
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Figure 28: Evolution of temperature profile over time. Results for 100 (triangles), 1000, 10 000, and
100 000 time steps (squares). Lines are MetaFlow predictions and symbols are values from analytical
solution.

The excellent agreement between the code results and the analytical solution verifies the suitabil-
ity of the solution scheme.

Advection with no Diffusion

An important test of any advection/diffusion solver is to see whether it can preserve sharp changes.
A useful test is to start with a top hat profile in a uniform velocity field and track the evolution of the
concentration or temperature for the case of zero diffusion/conduction. Some smoothening at the sides is
inevitable, but it is important to check that the central region does not decay. One example is illustrated
in Fig. 29. In this case a square region of side 13 grid points centred on (106.5, 56.5) was assigned an
initial temperature of 400K, 100K above that of the rest of the domain. The flow field had a velocity
of 0.2 (normalised with the grid spacing and time step) in both the x and y directions and the simu-
lation was run for 500 time steps during which the hot region moved 100 grid points in each direction.
The central region can be seen to be still flat, with a peak temperature of 399.8K, which is what is desired.
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Figure 29: Temperature field after 500 time steps.

Flow Between two Heated Plates

A classic problem in heat transfer is that of a fully developed flow entering a region where it is
subjected to heating. The case undertaken in this study is illustrated in Fig. 30; in this case, the flow
was between two parallel walls and a constant heat flux was applied by the heating elements. The flow
entered the heated region with a parabolic velocity profile and constant temperature, and temperature
profiles 5, 10 and 15 channel widths downstream from the start of the heated zone are shown in Fig. 31.
The channel width was resolved with 64 grid spacings. Results from MetaFlow are compared with an
analytical solution for large z (Bird et al., 2002), and it can be seen that the agreement far downstream is
excellent.

Taylor Dispersion

If a miscible fluid is suddenly injected into a fluid flowing through a channel, a small region
with a high concentration of the solute will result. As this region travels along the channel, it gradually
broadens. The axial dispersion is a result of both diffusion and (for non-uniform velocity profiles)
convection, since the diffusion causes the solute to move to regions with different velocities. This case is
known as Taylor dispersion and is discussed by Deen (1998). It can be shown that, for sufficiently long
observation times, the dispersion coefficient is given by:

Pe?
K=D (1 + Fo) (61)

where Cj is a constant which depends on the flow profile and the Peclet number, Pe=UyH /D is defined
in terms of the peak velocity Uy, the channel width, /7, and the molecular diffusion coefficient D. The
term involving Pe reflects the effect of hydrodynamic stretch resulting from the flow shear, and at high
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Figure 30: Flow between parallel plates. Fluid enters with parabolic velocity profile and constant tem-
perature.

Pe is the dominant term.

A series of numerical experiments were performed in which a point source was introduced into
the centre of a square duct in which there was fully developed flow. Figure 32 shows the evolution of
the concentration field for a case with Pe=92. As the introduced fluid diffuses away from the centre, it
moves into regions with lower velocity leading to the comet tail appearance.

For a quantitative test of the dispersion, the code was set to calculate variance of the concentration
in the axial direction 0® = [(x — T)?c where ¢ is the proportion of introduced fluid at . This can be
related to the dispersion coefficient through K = 02 /2t. According to Eq. (61), the relative dispersion,
K /D — 1, should vary linearly with Pe? and this is indeed seen in Fig. 33. The constant Cj is the ratio of
the value of the ordinate to the abscissa and this was found to be about 530, the numerical computations
gave values ranging from 517 to 551, a very small variation when one considers that the simulations
spanned an order of magnitude change in Pe.

Falling Liquid Film with Chemical Reaction

Another validation considered the case of absorption of a gas into a falling liquid film and its
subsequent reaction. This is illustrated in Fig. 34 where the liquid film enters a region where there is
a gas present which dissolves in it and then undergoes an irreversible first order reaction. A example
of such a situation would be the absorbtion of carbon dioxide by a concentrated aqueous solution of
sodium hydroxide. Figure 35 shows the concentration profiles of the absorbed gas at different positions
downstream from the entrance point. The computed profiles are compared with the analytical solution
given by Bird et al (2002) for large 2

c_ cosh [\/m(l - x/L)} .

o cosh [\/m}
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Figure 31: Temperature profile across channel. Results for 5, 10 and 15 channel widths. Lines are
MetaFlow predictions and symbols are values from analytical solution for large z.

where £y is the rate constant for the reaction with the liquid. The agreement at large z can be seen to be
very good.
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Figure 32: Concentration profiles after 2200, 4400 and 8800 time steps for Pe=92.
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Figure 33: Concentration profiles after 2200, 4400 and 8800 time steps for Pe=92 Variation of relative
dispersion with Péclet number.
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Figure 34: Falling liquid film with absorbtion of species from gas.
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Figure 35: Concentration profiles at different stations downstream. Concentrations normalised to unity
at surface.
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6 Non-Uniform Grid Stretching in LBM to Resolve Thin Hartmann Layers

The use of nonuniform grids is desirable in many applications and is important in regions of flow where
sharp gradients are present. Magnetohydrodynamic flows at high Hartmann numbers provide examples
where stretched grids are likely to result in very high savings in computational time. The regions with
high gradients are contained within very narrow layers close to the wall, with the flow being relatively
constant outside these layers. Figure 36a shows an example of a stretched grid where higher resolution
is achieved in the wall-normal direction near the wall.

In their basic form, the LBE formulations are restricted to uniform grids in that the minimum
streaming distance of the particle populations in one time step is exactly equal to the minimum lattice
spacing. In other words, the discretization of the configuration and particle velocity spaces are coupled.
This lockstep advection of particle populations is a feature inherited from its predecessor, i.e. the lattice-
gas automaton (LGA) (Wolf-Gladrow, 2000) and is not necessary for the LBE. It was realized that
the LBE are actually simplified forms of the Boltzmann equation and hence can be solved without the
coupling of the physical and particle velocity spaces and can in principle be implemented on any mesh
(Cao et al., 1996). Thus, it was proposed by He et al. (1996) that the collision step can be computed
locally on the lattice grids in the usual manner; after the collision step, the particle distributions move
according to their velocities é,; although the advected distance of the particle distributions may not, in
general, coincide with the mesh spacing (as shown in the example in Fig. 37). The distribution functions
in these locations can always be computed using interpolation; after interpolation, the collision and
streaming steps are repeated. It has been shown that, if the interpolation method is at least of second-
order, the Navier-Stokes equations can still be recovered from LBE (He, 1997). Thus, the order of
interpolation schemes should not be lower that the order of accuracy of the LBE.

To improve the computational efficiency, here we employ a variant of this original interpolation-
supplemented LBE, in which the streaming and the interpolation steps are carried out in two distinct
steps. Here, we combine them in one step - the interpolated-streaming step. Also, the original approach
was applied to the SRT-LBE. However, inspection of the method shows no reason why it cannot be
applied in a similar manner to the MRT and the induction equation, and this is indeed what was done
in this project. A second-order Lagrange interpolation was employed in the implementation, which is
are carried out in the respective upwind directions for the particle velocity directions. An example of
this implementation for one particle velocity direction, including the interpolation coefficients in 3D, is
given in Appendix L.

An alternative method for variable grid spacing is what we shall term the multiblock method, in
which local grid refinement is applied in regions requiring higher resolution, such as around boundaries.
This is illustrated in Fig. 36b, where the grid spacing is reduced by a factor of two in the regions close
to the walls. There is also a change in the timestep used so that the coarse region uses a step as twice
as long as the fine region. A second order interpolation scheme is used to ensure continuity between
the coarse and fine regions, and this is discussed further by Fillipova and Hénel (1998) and Lu et al.
(2002). Transformation relations for the distribution functions on the fine and coarse grids. Although
this approach allows higher resolution in regions of interest, it does not permit non-cubic grids.

In constrast, the ISLBM does allow non cubic grids, though it is not suitable for stretching grids
in any coordinate direction relative to the others, i.e. for non-rectangular meshes. However, this does
not pose a problem for many cases of practical interest. On the other hand the need to use the same,
small grid spacing in the streamwise and spanwise directions, would limit the effectiveness of local grid
refinement for 3-D applications. Moreover, the ISLBM is relatively easy to implement and naturally
amenable for parallel implementation and for this reason was employed in this project.
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(a) Variable grid for use with ISLBM (b) Locally refined grid

Figure 36: Different types of grids for the LB method.

51
a=1 a=7 |=>ia=7

B

(=200 [G-Lik) (G k)~ T=~=(X, (. /.k).
a=7 a=17 a=17 Y, (G, j.k),
2,0..6)

(i=2,j-LK)[(-1j-Lk) [Gj-Lk)
a=17 a=17 a=17

(=2,/-20[G-1,j-2,0) |G, j-2k)

[

z X

Figure 37: Illustration of a second-order upwind Lagrangian interpolation for a particle velocity direction
(a= ") to implement non-uniform grids in the LBM.

6.1 MHD Flow between parallel plates at high Hartmann number

Following preliminary tests with non-MHD flows to ensure the ISLBM was working correctly, a series of
studies was carried out with MHD flows. The case described here was a simple Hartmann flow between
two insulating parallel plates, where the magnetic field is applied perpendicular to the plates. For this
case, there is an analytical solution for the velocity v and the induced magnetic field B;

dP L | p [1—cosh(Haz/L)/cosh(Ha) 63)
V= ——— | —
dx By \ ov tanh(Ha)
dP L
B, = & P2 1Gnh(Ha 2/L)/ sinh(Ha) — 2/L] (64)
dx BO
where dP/dz is the driving pressure gradient, p density, o electrical conductivity, v kinematic viscostity
and f1op magnetic permeability. The coordinate 2 is defined such that = = —L on the lower plate and

z = L on the upper plate. The Hartmann number is defined as:

Ha = BoL, |~
pv
The solution is discussed in depth Miiller and Biihler (2002), who also give the more general
solution for finite conductivity walls and a square duct. Note that at very high Hartmann numbers,
computer code may fail to solve the above equation, since the terms inside the hyperbolic functions
become to large. In this situation, approximate (asymptotic) forms for high Ha can be used (this is also
addressed by Miiller and Biihler).
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The grid used should be set such that several points lie within the Hartmann layer, with the grid
point separation increasing to large values outside this region. One suitable formulation is due to Roberts
(1971) in which a uniform grid (i.e. with equally spaced points) Z in the range 0 < Zzj; < 1is transformed
into a stretched grid z:

(B+2a)[(B+1)/(3— 1)) _ g4 2q

z=2L -
2o+ 1) {1+ [(5 + 1)/(8 - 1)) =/ )

(65)

If the parameter « is used to control where the points cluster. With a@ = 0, only points near z = 2L are
spaced closely; with o = 0.5, points are closely spaced at regions near z = 0 and z = 2L. The parameter
[ determines the degree of stretching, and Smolentsev et al. (2005) suggest using a value

o

Ha -1

In practice, this was found to give grids in which the spacing was far too small near the walls.
The above recommendation was based on the assumption that that the dimensionless boundary layer
thickness (corresponding to the Hartmann layer in this case) is ~1/Ha. Inspection of profiles generated
suggested that a the boundary layer thickness, /L, was actually ~5/Ha, though the definition of the end
of the layer is somewhat arbitrary.

In the Hartmann flow computations presented here, the relation used was modified to become:

=lars]

With this factor, flow velocities predictions within 1% of the analytical solutions could be obtained by
the lattice Boltzmann code.
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Figure 38: Velocity (U) and magnetic field (B) profiles for Ha=100; line LBM, circles analytical. 96 grid
points.

Figures 38—40 show the velocity and induced magnetic field profiles for Hartmann numbers span-
ning two orders of magnitude of 100, 1000, and 10 000. The coordinate 2 in these figures runs from O at
the wall to 1 at the centre. Figure 38 uses a linear scale, but the other two use a logarithmic scale for the
abscissa since the Hartmann layers are very narrow in these cases. The comparison with the analytical
solution is very good, and all cases predicted the centreline velocity to within 0.5%; the locations of the
circles correspond to the grid points so it can be seen that about 10 points are used to resolve this layer.
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Figure 39: Velocity and magnetic field for Ha=1000; line LBM, circles analytical. 128 grid points. Log
scale used for abscissae.
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Figure 40: Velocity and magnetic field for Ha=10 000; line LBM, circles analytical. Log scale used for
abscissae. 192 grid points.

In all cases, the use of a stretched grid considerably reduced the number of grid points by an order of
magnitude or more. For the Ha=10 000 case, use of a uniform grid would have required 85 000 points
to achieve the same near wall resolution, but in this simulation only 192 points were used to span the
channel (total was actually 196 points because extra points are needed for bounding walls) — a drastic
saving in computer resources.

6.2 MHD flow in insulating duct at high Hartmann number

Another test case used was the flow through a square duct with insulating walls at a high Hartmann
number (in this case Ha=500). Duct flow velocity profiles are again characterised by a flat central region
with narrow layers with high gradients near to the walls. The width of the layers adjacent to the walls
perpendicular to the applied field direction (the Hartmann layers) varies as 1/Ha, but for those parallel
to the field (the side layers), the width varies as 1/ vHa. The case was resolved by using 128 grid
points in each direction, and Fig. (41) shows the velocity profiles obtained with MetaFlow along the
wall bisectors along with the analytical solutions. The velocity at the centre differs from the analytical
solution by about 2%, rather more than that in the earlier simulations. The reason for this is that the ideal
grid distribution required for the y and z directions are rather different and the stretching profile used
was a compromise. Use of a few more grid points in the y direction would be expected to significantly
reduce the discrepancy.
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Figure 41: Velocity profiles along wall bisectors for duct case at Ha=500, left: side layers and right:
Hartmann layer; line LBM, circles analytical solution. Field applied in z direction. Note that for clarity
the right graph has log scale for the abscissa, and axes are normalised by the duct half-width.

The profile through the side walls was calculated with the following approximate formula, taken
from Moreau (1990)

u=up(1+n*)(1 = erf(n/v2)) — n\/2/mexp(—n*/2) (66)

where 7 is a dimensionless distance = y+/Ha/2, with y being the distance from the wall, normalised
with the duct half width. The velocity uy is the velocity at the centre for the equivalent case with no side
walls. This solution is also given a thorough discussion by Miiller and Biihler (2002), but readers are
warned that during the course of this analysis, the equation given in their book was found to contain a
typographical error.

Two dimensional plots of field and the velocity are shown in Fig. (42). Over the central region,
the velocity profile can be seen to be very flat, with the induced field having a constant gradient. These
observations are in keeping with expected trends.
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Figure 42: Induced field (Bx) and velocity (U) plots for square duct case at Ha=500.
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7 Input of Complex Geometry

Two methods for specifying the geometry to be simulated are available for the MetaFlow code. The
first is for the user to supply an ascii file sequentially listing all the grid points and specifying (by
means of an index) which material is at each point. This is a very easy and useful method for simple
geometries, as are often used for validation cases. However it does have shortcomings — information on
the exact location of boundaries cannot be supplied, so the code simply uses the bounceback scheme for
solid/fluid boundaries, which is equivalent to taking the wall to lie halfway between grid points and can
lead to inaccuracies where walls do not align with coordinate axes. Also generation of such a file for
complex geometries is not easy.

The other method, which is expected to be more commonly used, is to import the geometry from
a CAD file. After consideration of the file formats available, the one selected for use by MetaFlow was
the STL format, since virtually all CAD suites either produce this format directly, or the files can be
subsequently converted into STL form. In an STL file, the surface of a body is rendered as a series of
triangles — a simple example is shown in Fig. 43. For simple geometries only a few triangles are required,
for example a cube can be constructed with just 12; for complex shapes many more triangles may be
used, especially if high resolution of curved surfaces is needed.
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Figure 43: Illustration of surface triangulations as used in STL files.

The method used to generate the grid and boundary information is best illustrated with a simple
case. Consider the situation in Fig. 44, where the flow through a pipe is to be modelled. The user
would supply an STL file with the pipe geometry and specify the boundary of the computational domain
(dashed line in the figure). In most cases, the domain need only extend a very short distance beyond the
sides. The user must also specify a point within the pipe and a point outside and the material there (fluid
or solid). In the general case, the user will specify the material in each continuous region by specifying a
point in that region and the index of the material there, except that there is an option to set all unspecified
regions to a particular material.

The procedure followed by the code is:

1. Code opens STL file, checks if it is in ascii or binary format and reads in triangles.

2. A Cartesian grid is generated to fit the size of computational domain requested — spacing is user
defined

3. All grid points are checked to see if they are on the surface of a triangle (in practice within a set
tolerance of it). These points are set aside to be dealt with later.
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Figure 44: Schematic diagram showing cylinder and computational domain (dashed line).

4. Starting from the user-specified point, neighbouring grid points are checked to determine whether
they are in the same continuous region. This is done by finding whether a line from one grid point
to the other passes through a triangle. This procedure is repeated for all neighbouring points found
to be in the same region, until all the points within the region are found.

5. Step 4 is repeated for all the other continuous regions.

6. Points found to be on the boundary in step 3 are assigned to neighbouring regions. Where they lie
between a fluid and solid region, they are assigned to the fluid region.

7. On grid points adjacent to solid regions, the distances from the wall required for the boundary
condition routines are calculated.

8 Example of 3D MHD Simulation for a Thermal Blanket Section

One case undertaken that is relevant to a current fusion engineering problem was the simulation of a
section of a thermal blanket (e.g. Smolentsev et al., 2006). A cross-section of the geometry for the
problem tackled is shown in Fig. 45 (Morley, 2006, Private Communication). The widths of the layers
are assumed to be uniform around the perimeter, and the cell is 1.4m long. Liquid lead/lithium flows
through the central region which is surrounded by the flow channel insert (FCI), a layer of a silicon
carbide composite designed to provide thermal and magnetic insulation. This is in turn surrounded by a
layer of Pb/Li with the outer casing being ferritic steel.

Conditions and thermophysical properties were set to be similar to those in the design. The sim-
ulation assumes the mean Pb/Li inlet velocity to be 0.1ms~! with a temperature of 400°C. It it subjected
to heating from the neutron flux, taken to be

" = 3.92exp(—0.35y) + 2.1 Ferritic Steel (67-a)
" = 14.33exp(—0.90y) + 4.0 PbLi (67-b)
¢" = 5.3lexp(—0.52y) + 1.6 SiC (67—)

with the heating rate ¢"”” in MW and the distance from the front wall, y in cm. The heat transfer coefficient
at the outer walls was taken to be 4000Wm 2K ™! with the external temperature rising linealy from 305
375°C for the front wall; for all other walls, a temperature of 375°C was used.
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Figure 45: Schematic diagram showing cross-section of thermal blanket module.

The computations are currently underway, using the NERSC parallel supercomputer Bassi. How-
ever, some preliminary results are presented here. In both the y and z directions 118 grid points were
used, with the nodes clustered such that they were close at the liquid wall and the outer boundaries. The
Roberts stretching formula was used in the central Pb/Li core flow, and exponential stretching in the
other regions. Uniform spacing of the nodes in the streamwise (z) direction was used.
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Figure 46: Induced field (Bx) and velocity (U) plots on cross-section of TBM module.

A pressure gradient was imposed to drive the flow. It was found that during the convergence
process, the velocities fluctuated greatly though the amplitude of these fluctuation did decay rapidly. To
avoid numerical problems, the pressure gradient was ramped up in stages. The reason for the fluctuations
is not clear, but is thought to be associated with the preconditioning methdod used to accelerate conver-
gence to steady state. Very similar behaviour was observed by Smolentsev et al. (2005); in both codes,
these fluctuations were only observed when there were conducting walls. A Hartmann number of about
100 was used. Due to the dependence of the viscosity on temperature, the effective Ha increased along
the length of the channel. In practice, higher Hartmann numbers would be used in the real situation, but
here the objective was to obtain a similar flow distribution for the purposes of calculating the temperature
profile, and value used here was high enough that the Hartmann and side layers were small compared
with the central region. Naturally, higher Ha flows could be simulated with more grid points and the
used of more processors with parallel jobs.
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Figure 46 shows the induced field and the velocity profile on a cross-section of the cell. The
velocity can be seen to have peaks near the side walls — this is due to the finite conductivity of the
SiC composite in the FCI, and peaks would not be observed for a perfectly insulating FCI. In the other
direction, there is a very steep climb in the velocity near the walls (the Hartmann layers). The velocity in
the narrow channels is low compared with the main channel, and is higher in the sections perpendicular
to the applied field. The induced magnetic field shows the usual steep climb at the outer walls and
a constant slope over most of the rest of the domain. Note the presence of a step near z = 0, this
corresponds to the FCI which has low electrical conductivity, inhibiting changes in the field.

Temperature profiles at z=0.7m and z=1.4m are shown in Fig. 47; these stations correspond to
planes halfway down the channel from the inlet, and at the end of the channel. The profile taken on an
x — y plane through the centre is shown in Fig. 48. The temperatures are highest in the regions near the
front wall, where the volumetric heating is greatest, and elevations in the temperature can also be seen
to peak in the FCI. The two plots are broadly similar, though the the temperature in the central region is
higher in the second plot than the first. In fact, the temperature in the core flow increases roughly linearly
with distance from the inlet to reach about 440°C at the end. One can also observe dips toward the front
and back of the core flow region — these locations correspond to the side wall jets where the flow is
faster. It should be noted that these are preliminary results — subsequent runs on the supercomputer with
slightly different parameters and higher resolution are expected to show somewhat lower peaks in the
region around the FCI.
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Figure 47: Temperature at 0.7m (left) and (1.4m right) from inlet.

These initial results with the MetaFlow code for the thermal blanket problem are encouraging.
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Figure 48: Temperature on x — y plane through centre of duct.

9 Summary, Conclusions and Outlook

In this report, the development of three-dimensional CFD code for the simulation of complex flows has
been documented. The core solver is based on the lattice Boltzmann method and uses the most advanced
formulation available, the recently developed multiple relaxation time (MRT) model. This is supple-
mented by a lattice Boltzmann based models for MHD flows and a TVD scheme for heat transport. A
key feature of all the numerical schemes used within MetaFlow is that they allow efficient parallelisation
for modern supercomputers with distributed memory architectures.

The MRT implementation of the fluid solver has proven its accuracy in validation exercises in-
volving a range of different flow scenarios. As well as a number of laminar cases, large eddy simulations
(LES) of turbulent flows have been performed using a Smagorinsky model for the unresolved scales with
wall damping. Excellent agreement with benchmark data has been found, including the challenging case
of duct flow, where the secondary flows were successfully captured.

To put the present work in perspective, accuracy, stability and cost of MRT computations were
compared with those of the single relaxation time (SRT) LBM — which is in more common use presently
— with MRT showing significant advantages for eddy capturing simulations. For a given resolution,
the MRT model was found to be more accurate and markedly more stable numerically — by at least a
factor of 3 in Reynolds number for turbulent flow problems tested in this project, than the SRT-LBM.
Also, after careful optimisation, the additional computational overhead of using the MRT in lieu of
SRT-LBM was found to be small, between 10% and 30% depending on the machine tested. Thus,
significantly higher Reynolds number simulations are possible than with the SRT-LBM. Moreover, the
parallel performance tests carried out for up to 16 processors showed near linear scalability. In addition,
the MRT implementation was found to be competitive when computational cost comparisons were made
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for a single processor with those of a finite-difference method (FDM) for LES. For the same case, and
the same number of grid nodes employed and for the same number of time steps, the MRT was found to
be faster than the FDM, by a factor of about 3 in a range of cases tested.

A key feature of MetaFlow is the incorporation of models for magnetohydrodynamic flows. As
with the flow solver, the magnetic induction equation solver uses a lattice Boltzmann type approach.
This fits well into the framework used for the flow calculations, in particular permitting efficient par-
allelisation. A number of extensions to the existing (and rather limited) LB models for MHD were
developed. These advances allowed the application to wall-bounded flows and fluids with low magnetic
Prandt]l number, and a technique was developed to accelerate convergence of flows to steady-state. By
use of appropriately stretched grids, flows with Hartmann numbers of several thousand could be effi-
ciently simulated. Examples performed with MHD effect included duct flows, flow through a section of
a thermal blanket and the simulation of turbulent flow through a pipe. Comparison of computed results
with prior data, where available, showed good agreement.

The trend in computing is currently to be toward the use of supercomputers with very large
numbers of processors. The lattice Boltzmann method is very well suited to this sort of computation,
with almost linear scaling of computing speed with the number of processors. This is in contrast to other
CFD techniques based on finite difference or finite volume, methods where the need to solve a Poisson-
type pressure equation hampers the ability to efficiently parallelise. Also, the MRT model has proven to
perform very well, and avoids the stability problems of earlier models which may have prevented wider
acceptance of this method before. In view of this, lattice Boltzmann codes can be expected to become
increasingly popular in the solution of very large computational problems in CFD and MHD.
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B Components of Moments for the D3Q19 Lattice

The components of the various elements in the moments are as follows d’Humieres et al. (2002):

h=e k=€ fi=i fi=e  h=i f-u
]/(\.7 =Jz .[\.8 =gz .]i9 = 3Prz .]ilO = 3Tz ]ill = Puww L.12 = Tww
J13=Pey  Jra=Dpy: fi5=0Pec Jre=ms  frr=my  fis=m.

In addition to the conserved hydrodynamic moments, viz., density and components of momentum (p, jz, Jy
and j,), we have the following non-conserved moments, some of which have direct physical import and are all
relaxed during collision process: various components of the symmetric traceless stress tensor (3pyz, Puww, Py, and
Dyz» Where py, = pyy — P22, and Zi:r’y’z pii = 0), components of heat flux, ¢., g, and g., Kinetic energy (e),
square of kinetic energy (e?), and the rest are based on certain combinations of polynomials of the momentum.
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C Transformation Matrix for the D3Q19 Lattice

The transformation matrix 7 can be written as (d’Humiéres et al., 2002):

i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1]
-30 -1 -11 -11 -11 —-11 -11 8 8 8 8 8 8 8 8 8 8 8 8
2 -4 -4 -4 -4 -4 -4 1 1 1 1 1 1 1 1 1 1 1 1
0 1 -1 0 0 0 0 1 -1 1 -1 1 -1 1 -1 0 0 0 0
0o -4 4 0 0 0 0 1 -1 1 -1 1 1 1 -1 0 0 0 0
0 0 0 1 -1 0 0 1 1 -1 -1 0 0 0 0 1 -1 1 -1
0 0 0 —4 4 0 0 1 1 -1 -1 0 0 0 0 1 -1 1 -1
0 0 0 0 0 1 -1 0 0 0 0 1 1 -1 -1 1 1 -1 -1
0 0 0 0 0 —4 4 0 0 0 0 1 1 -1 -1 1 1 -1 -1
T = 0 2 2 -1 -1 -1 -1 1 1 1 1 1 1 1 1 -2 -2 -2 =2
0o -4 -4 2 2 2 2 1 1 1 1 1 1 1 1 -2 -2 -2 =2
0 0 0 1 1 -1 -1 1 1 1 1 -1 -1 -1 -1 0 0 0 0
0 0 0o -2 =2 2 2 1 1 1 1 -1 -1 -1 -1 0 0 0 0
0 0 0 0 0 0 0 1 -1 -1 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 1
0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 1 0 0 0 0
0 0 0 0 0 0 0 1 -1 1 -1 -1 1 -1 1 0 0 0 0
0 0 0 0 0 0 0 -1 -1 1 1 0 0 0 0 1 -1 1 -1
. 0 0 0 0 0 0 0 0 0 0 0 1 1 -1 -1 -1 -1 1 1

From this transformation matrix, a diagonal scaling matrix E, whose elements correspond to the sum of
the inner products of the elements of the respective row of 7 can be constructed. This L, which is given in the fol-
lowing, is useful in actual implementation of the MRT as the transformation matrix 7 itself is never used directly
in calculations in order to optimize the computational speed:

L= diag (19,2394, 252,10, 40, 10, 40, 10, 40, 36, 72,12, 24,4, 4, 4,8, 8, 8)

It may be noted that since 7" is row-wise orthogonal, its transpose 7° t is related to its inverse 7 ~! through 7! =
TtL. Thus, the inverse of the transformation matrix is never need to be carried out explicitly, but can always be
substituted by the product of the transpose of the transformation matrix and the diagonal scaling matrix L. This
scaling matrix will be useful in the optimization strategies discussed in Appendix G in this report.

D Equilibrium Distributions in Moment Space for the D3Q19 Lattice

The equilibrium distributions in moment space for each of the 19 discrete particle velocity directions for the D3Q19
lattice, which are functions of the conserved hydrodynamic fields, i.e. fluid density p and momentum, ji(= pug)
are as follows (d’Humieres et al., 2002):

fi=p
%queq:—llp—l—lf)(W) j’éqzeleq:?)p_Q(M) ’\eq:j

» 2 2 » 3 x
’;eq = ng = _%]$ qu =Jy qu = qzq = _%jy
i S = it = -G
fod = 358 = 3 (— pt) i = pit, = B2 fis = mik = 1ol
fig =pif = 1 fii = pgt = 2 fid = pil = falz
Afgzmiq: Af?zmzqzo Afgzmiqz()
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E Source Terms in Moment Space for the D3Q19 Lattice

Earlier work (Premnath and Abraham, 2006) derived the source terms explicitly in terms of force field for the
D3Q15 lattice. In this project we are using the D3Q19 lattice which was found to have greater numerical stability
characteristics for simulating turbulent flows than that with the D3Q15 lattice. We derived the expressions for the
source terms §a representing the external force field F' = (F, Fy, F,) imposed on the fluid in moment space
explicitly and only summarize the results below for brevity:

3 9 o -
Sa = Wq |:CQ (60@ — ’U,z) + 074 (ea . u)eom:|
3 9 . 3 9 .
+  wa [62 (eay — uy) + a (6o - W) eay] + Wa LQ (eaz — uz) + a (6o - U)e€qz (E-1)
S = [So, S1, 52, . .., S1s]" (E-2)
. PN 1t
S = [50751,52, . -7518] (E-3)
S=7S (E-4)
So =0
Sy = 38(Fpuy + Fyuy + Fouy) Sy = —11(Fyug + Fyuy + Fouz) S35 = F,
Si=-2F, S5 = F, Se = —2%F,
S, =F, Ss=—2F, So = 2(2F,u, — Fyu, — F.u.)
§10 = —(2Fuy; — Fyuy — Fuy) §11 = 2(Fyuy — FLu;) §12 = —(Fyuy — Fou;)
§13 = (quy + Fyux) §14 = (Fyuz =+ quy) §15 = (quz + qux)
Sis=0 Si7=0 Sig=0

F Optimization of Computational Procedure for Solution of the MRT-LBM
with Forcing Term

Before we discuss the optimized computational procedure for solution of the MRT-LBM, some useful expres-
sions are developed in this regard. For brevity in presentation, define the following column vectors representing
distribution functions, their local equilibrium values and corresponding source terms, respectively, for the D3Q19
lattice:

f:[f07f17f27"'7f18]t (F_l)
£e0 = (59, f19, f59, . £t (F-2)
S°1 = [S57, 89,850 ..., S]] (F-3)

Also, define the Cartesian components of the particle velocity directions and spatial location:

€ = [€0i7eli762i7'-~7618i]t7 i € {fl?,y,Z}, T = (xaya Z) (F4)
Thus the effect of particle collisions, which provides amongst other things the viscous behavior of the fluid, and

the imposed forces through the source terms can be represented by the “effective” collision column vector (see
Eq. (1) in the main text)

1
W(?i) = —A (f — feq)(?yt) + <I — 2A> S(?,t) (F—S)
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So the column vector representing the post-collision distribution functions may be written as (see Eq. 7—a in the
main text)

fzn=fzyt®=y (F-6)
and the streaming step can be represented through

-
e i5oven = f@ 05 = (€, ey, €z) (F=7)

Transform the column vectors given in particle velocity space to moment space, defined by the “hat” symbol,
through the transformation matrix 7° given in Appendix C

~

f=7f f9=7f7 S=78 (F-8)
Since A = TAT 1, @™ (7,1 in Eq. (F-5) can be written in moment space as

~ [N~ 1-~\ ~
W(Yi) = Til |:—A (f - feq> _ + <I - 2A) S(Y,t):| (F—9)

(1)

Using the row-wise orthogonal property of the transformation matrix, we can write the inverse in terms of
the transpose

Tl=T'L (F-10)
wzy=T1'q (F-11)
where
~ i e PO PSR
= [—[, R(F-7 q)(? )t <L - of 1A) s(m] (F-12)

To simplify notation, let us define a “scaled” diagonal relaxation matrix in moment space

=LA (F-13)

which may be written by substituting for L' from Appendix C.

&g (1 1 T 1 1 1 1 1 1 1 1
= M9\ 19°9 93941 2522 107 10°4 1077 10°% 1077 10°% 3679 72710

1 1 1 1 1 1 1 1 )

—S11, 7512, —513, =514, 7515, =516, 5517, 5518 (F-14)

12 24 4 4 4 8 8 8

Thus, Eq. (F-12) can be rewritten as

i~ . 1\ ~
4= [—r (f - feq) ot (c—l - 2r> S(?,t)] (F-15)

(@'t
Equations (F-11), (F-14) and (F-15), which are in moment space, are computationally more efficient than
Eq. (F-5), which is in particle velocity space, for the effective collision step.
Now, from Egs. (13) and (12) in the main text, some of the relaxation parameters of the relaxation matrix
A= diag(so, $1,- - -, S18) can be related to the transport coefficients and modulated by eddy viscosity as follows:

9. 1
spl =8l = 5t 5 (F-16)
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89 = 811 = 513 = 814 = S15 = Sy, (F-17)

where

1 1
s;l=3v+ 5 =30+m)+3 (F-18)

Here, eddy viscosity v4 is given by the standard Smagorinsky SGS model modified by the van Driest wall damping
as discussed in section 3.3 in the main text. The strain rate tensors required in the SGS model are computed directly
from the non-equilibrium part of moments given in Appendix G. vg is the molecular kinematic viscosity and is
specified from the statement of the problem through dimensional group such as Reynolds number.

Other parameters can be tuned to enhance numerical stability at higher Reynolds numbers for a given lattice
grid resolution. Based on the von Neumann stability analysis of the linearized MRT-LBM, the following values
for the other relaxation parameters are determined (d’Humigres et al., 2002): s; = 1.19, so = s19 = s12 = 1.4,
sq4 = S¢ = sg = 1.2, and s16 = s17 = s18 = 1.98. For the conserved moments, the values of the relaxation
parameters are immaterial as their corresponding equilibrium distribution is set to the value of the respective
moments itself. We could set so = s3 = s5 = sy = 1 for simplicity. It may be noted that all relaxation parameter
have the following bounds 0 < s, < 2. In this project we use these values for the parameters.

With this prelude, the procedure to perform LES through an optimized MRT is as follows:

For every lattice node representing fluid region, at time step ¢

1. Compute the 19 elements of the forcing term column vector in moment space, S. (This is explicitly given in
—
terms of imposed force field F' = (F, F,,, F.,) and velocity field & = (uy, uy, u,) in Appendix E).

2. Transform distribution function in particle velocity space to moment space through f=TF. Here, explicit
matrix multiplication must be avoided as matrix 7 contains several zeroes and common sub expressions,
involving only integers. In other words, express each of the 19 elements of f directly by the expanded form
as a group of terms involving the elements of f (most compact version).

3. Compute the 19 elements of the equilibrium distributions in moment space fed which are given in terms of
the algebraic expressions of the conserved hydrodynamic fields, i.e. local fluid density and momentum (see
Appendix D).

4. Obtain the 19 elements of the diagonal relaxation matrix in moment space A modified by the Smagorinsky
SGS model. See Eqgs. F-16 and F-17 and discussion therein.

5. Obtain the 19 elements of the “scaled” diagonal relaxation matrix [ from Eq. (F-14).
6. Compute the intermediate column vector q in Eq. (F-15).

7. Perform the “effective” collision operation by updating the column vector zo in particle velocity space in
Eq. (F-11). As in Step 2, the matrix multiplication in © ;) = 7'q must not be carried out explicitly.
Since 7 is just the transpose of 7, all the possible properties pertaining to 7 stated in Step 2 must be
exploited. Thus, express each of the 19 elements of zwdirectly by the expanded form as a group of the most
compact terms involving the elements of q.

8. Compute the 19 elements of the post-collision distribution function in particle velocity space f through
Eq. (F-6).

9. Perform “streaming” step in particle velocity space through Eq. (F-7). This updates the 19 elements of the
distribution functions at f for the time step ¢ + J;.

10. In the streaming step given in Step 9, if for particle velocity directions ex, where ez = —eq, the incoming
distribution function is from a boundary node, apply appropriate boundary conditions.
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11. Compute hydrodynamic fields p, 7(: p ) and p from the updated distribution functions through Egs. 8-
10. These quantities represent the grid-filtered fields as SGS effects are modeled by means of eddy viscosity
through effective relaxation times in the collision step.

12. Repeat steps 1 - 12.

G Local Computation of Strain Rate Tensors through Non-equilibrium
Moments in the MRT-LBM with Forcing Term

In this section, we derive a procedure for calculating the strain rate tensor from the MRT-LBM with forcing terms
directly through the non-equilibrium part of the moments. They can be obtained by using the Chapman—Enskog
analysis (Chapman and Cowling, 1964; Premnath and Abraham, 2006).
The non-equilibrium part of the distribution function may be written as

f— e~ £, (G-1)
First order expansion yields
N ~ _ ~ ~ 1\ ~
£ = 31 (ato + Elai) fea + <A - 2) S (G-2)
where . -
Dt:diag(8t0,8t0+6—f~V,...,8t0+e—1§~V> (G—3)
Eai = TeaiT (G-4)
D; = TD,T " = diag (81507 Oy + Z1i0s, - -, O + élBiai) (G-5)

The above equation for £ can be simplified considerably by noting that

j2 j2 j2
O, <;> ~ 2u, Fy, O ;y ~ 2u,Fy,, O (p) ~ 2u, I, (G-6)
5750 (]Ip]y) ~ U;pr + 'LLny, 8150 <]?;7Z> ~ Usz + Usza ato <j3;72> = uﬁFZ + uZan (G_7)
Orop = —OkJk, (G-8)
Thus the non-equilibrium part of moments related to viscous stresses may be written as
1 k] 5, . 1 1\ 4
FW=e® == o, (—11p+1922%) £ 295, b+ (= =2 ) 8, (G-9)
S1 P 3 S1 2
2(1) (1) 1 Je— 72 2 . . . 1 1\ ~
fo ' =3pys = _g O P + 3 (202 — ay]y —0.Jz) ¢ + ;9 ) So (G-10)
] 1 Je—J2\ 2 1 1\
AV =plh =0, [ =) + % Bydy — 0:42) ¢+ (— — 5 | Sun (G-11)
s11 p 3 s11 2



1 N1 . 11\ -
iy =) = - {ato <*7 Jy) + 3(azgy+ayyx)} + < _ 2) Sis

p 513
A = = {o (22) 4§ @+ 0+ (51 - 5 ) Bu
J?(é) = pg(clz) = _315 {3t0 <jxpjz> + % (O + 3zjz)} + <3115 — ;) Sis
Simplifying this further, we get
fl(l) = _i;iakjk - *51

21 . . 1~
J/i)(l) - _gg (36x]x - ak]k:) - 559

21 ) ) 14
My = =55 304y = 0:52) = 55u

1 11 ) ) 14
A1(3) =-3 (azjy + ay]:v) — 5513
513 2

3
1 11 1~
]?1(4) = _g 514 (ay]z + az]y) 5514

A(l):_}ia' o.i _l:g\
15 3315( e Jz + 02z) 5”15

(G-12)

(G-13)

(G-14)

(G-15)

(G-16)

(G=17)

(G-18)

(G-19)

(G-20)

By solving the above set of equations for components of various velocity gradients or strain rate tensors,

we get

Sex = —3;/) "D 195075 |

Sy = _7(13;) :23@5"“’) —19 (39%”6” = 3811%?8‘1))}
6 = g ) 0 s3]
Sy> = —23[)814%26(1)

Sz = —;psmﬁ%eq)

(G-21)
(G-22)
(G-23)
(G-24)
(G-25)

(G-26)

where iALgLeQ) is the non-equilibrium part of the moments supplemented by source terms (representing forces, see

Appendix E).

~ ~ o~ 14
R = fo— Jat+ 58, € {1,9,11,13,14,15)

eq)

Expressions for fa, A

(G-27)

and S are given in Appendices B, D and E respectively. From these expressions

the eddy viscosity, v, needed in the Smagorinsky SGS model (Smagorinsky, 1963) can be calculated as follows:
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v = (CA)? S| (G-28)
where

S| = /25,55 (G-29)

= /282 + S, + 5% + 282, + 5% + 5) (G-30)

The use of Egs. (G—21-G-30) circumvents the usual finite difference calculation of the derivatives of
velocity fields, i.e. S;; = % (Oju; + Oju;), and thus presents a completely local procedure. As a result, it becomes
computationally efficient for complex geometries. The expressions for calculating strain rate tensor presented here
generalises those presented in a recent work by Yu et al. (2006) for the case of MRT-LBM with forcing term.

H Accelerating Steady-State Convergence of Flow and Magnetic Fields

through Preconditioning

For the case of steady state flow, the equation solved is:

0 1 1 1 F
—(pu)+ -V - (puu) = ——Vp* + =V - (pvVu) + — (H-1)
g \PW + DV (puu) = == SV prVu) 4 =

where the pre-conditioning parameter y controls the acceleration of convergence.
The preconditioned Navier—Stokes equations can be recovered by solving the pre-conditioned MRT-LBM

. . e~ 1y e
F(x + eadt, t + 6t) — F(z,t) = —TA (f . fe%P) T T(I- §A’)P$S(5t (H-2)

where the terms for ?eq, A’ and 1?3 become

-2 -2 -2 -2 -2 -2

7eq,P Zeq,P Jztiy+I req,P Jxti,+7 7eq,P .
P = P = _11p+19 <7 = ) RY =3p—%4 (7 - ) 37 =l
req,P 2 req,P . req,P 2 req,P _ -

4 = —3Jz 5 —Jy 6 — 3y 7 T Jz
feq,P _ _gj J’Eeq,P _ (22— (52+342)] req,P [2j2—(524342)] 7eq,P [72—352]
8 3JZ 9 vp 10 xx vp 11 vp
feaP _ o Uy=i2] feqP _ jay FaP _ i FeaP _ s
12 7 78 4p B 4 7 v 5
req,P _ req,P _ req,P _

16 =0 17 =0 180 =0

The relaxation matrix alters due to preconditioning and can written as:

~/

. / / / / / / / / !/ / / / / / / !/ / / /
A= dmg[SOa S1y 825 535 45 Sy, S65 575 585 59, 31075117312751378147315751675177318]

The scaling matrix P for the source terms becomes:

~ 111111111 1 1 1 1 1 1
PS = diag[0777 77777777 77777777777?707070]
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where the components or source terms are given by

~

So=0

§? = 38(Fyuy + Fyuy + Fou,) Sy = —11(Fyu, + Fyuy + Fou,) 83 = F,

Si=-2F, S5 = F, Se = —2F,

Sy = F, Sy = —2F, So = 2(2Fpuy — Fyuy — Fu.)
Si0 = —(2Fu, — Fyuy — Fou.) 81 = 2(Fyuy, — Fouy) Sio = —(Fyuy, — Fou.)

Si3 = (Fpuy + Fyuy) S14 = (Fyu. + Fouy) Sis = (Fyus + Foug)

Si6=10 Si7=0 Sis =0

The macroscopic variables, such as density p, velocity u, and pressure p*, can be expressed as:

p= fa (H-3)
1 F.:0t
pu:Zeafa+§Tt (H-4)
p* =cp

and the modified transport coefficients as:

1 1
v=T12 216, k=0911,13,14,15
3 Sk 2
2v[1 1
I i F ¥
9 S1 2
For SRT-LBM, the preconditioning leads to
1 eq Lo
fa(.’B + eaét) - fa(xut) = —;[fa(ili,t) - fa (:I),t)] + (1 - ?)Sadt (H_S)
eo-u (eq-u)?  u? 5 1,
€q 1 — = — H-6
e[t gt St ] e (1o
where the source term is given by
<eak o ’Yk> Early Fext k
S = Wq Cak | —— (H-7)

Extension to MHD flows

To accelerate steady-state convergence for simulations of flows with MHD effects, the magnetic induction
equation is modified to become:

0B 1
92 L X¥.(uB-Bu)= —V - (yVB) (H-8)
ot Tm Tm
In this equation, ,, is a preconditioning parameter for the magnetic induction equation. The parameter x is a
scaling factor and is varied to adjust the effective Prandtl number, Pry, o = xPrp,.

The equation for the distribution function h is

1
hai(x + el ot,t + 6t) — hai(x,t) — — (hai(z, t) — bl (2, 1)) (H-9)

Tm
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where .l is modified due to preconditioning and Prandtl number scaling to become

4e™
hed = wq [B +—Z X (u;B; — uiBj)] (H-10)
2 Ym

The magnetic resistivity, 7;,, is related to the modified relaxation time 7, through

2
c 1
nm:’7m4 <Tyln_2> ot

The current density J can be calculated by taking into account the magnetic Prandtl number scaling:

11
Jk = (VXB)
X Hm
1 I
- c2 WZ( mhaj) (H-11)
where
Zeg‘]hfg— (u]B Bju;) (H-12)

and the Lorentz force that appears in the precondltloned MRT-LBM for flow computation is:
Flrorent- = J X B (H—13)

More details of the preconditioned MRT-LBM formulation and results, including MHD effects, can be found in
Premnath and Pattison (2007).

I Use of Nonuniform Grids in MRT-LBM through Second-Order Lagrangian
Upwind Interpolation

In the following, we discuss an example of the post- interpolated-streaming step value of the distribution function
corresponding to the direction o = 7 for the D3Q19 lattice shown in Fig. 2. Considering second-order upwind
interpolations along the respective Cartesian coordinate directions, we get (see Fig.37)

frige = 1.4k [bl,i,j,kfli,j,k + b2,i,j—1,kf7»i7j*17k + b3,i,jf2,kf77iyj*2:k
+ a9k [bl,i—l,j,kf77i—17j7k + by g 1k fri-1i—1k + b3,i—1,j—2,kf7,i—1,j—2,k]
+ Ak [bl i—2,4, kf77i—27j7k + b2,i72,j71,kf77i—2,]'—1,k + b3,i72,j72,kf77i—27j—2»k] -1

Here, the “tilde” refers to the post-“effective” collision values of the distribution function (i.e., including forcing
terms) obtained by executing the collision step in moment space in the MRT-LLBM as discussed in Appendix F.
The upwind Lagrange interpolation coefficients in Eq. (I-1) are given below:

| Kk~ Km1m +02) Xin(ingk) — (Xmi-2,i.0) + %) 12)
PIE T (X +07) = (X +02) | | (Ximige +07) = (Xingiozp) + 02)
a;. ., = Xinigik) = Xom(i k) +02) 1T Xonijr) — (Ximi—2,0) + 07) (L3)
PR (XG40 7)) = (Xingigm) +02) | | (X140 +02) = (Xin(i—2,im) + 02) |
P Xontigt) = Kmiigwy +02) [ Kinigy = (Xingi-14m) + 07) 1)
SR (Xngi—20) +02) = Xy +02) | | (Kingioz,im +02) = (Xngio1im +07) |
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and

b | YmGsk = Vg1 +99) Yontigik) = Ymgij—2. + 0y) ws)
PR (Y +09) = Vnig—i) +09) | | VG +09) = (Ymgij—2) + 09)
e = Yiuiigt) = Ymigw) 709) 11 Yingogn) = VimGog—2 + ) (6)
2hak i (Yingij—16) +6Y) = (Yomiji) + 5y)_ _(Ym(i,jfl,k) +6y) — (Yingij—2.) + 5y)_
T Yon(igk) = Yok + 0Y) 1T Yt — Vngij—1a) + ) @
SR Ytz +09) = Vmgign) +09) | | V-2 +0y) = Vinij—10) +0y)

Similarly coefficients cl—Z ik c£ ik c?: ik can be developed for the z direction which are needed for
certain other particle directions. In the above, dx, dy and dz, are the streaming distances based on the particle
velocity ¢ during a time interval 0t, i.e. 0z = cdt, 0y = cdt, 6z = cbt. Xp(ijkys Yim(ijk) a0d Zp(i sk are the
physical coordinates of grids. In general, the grids would be stretched such that X, (; j ) — Ximi—1,,k) # 07,
Yotigk) — Ym(i—1,k) 7 0y and Zy,; 56y — Zm(i—1,j,k) 7 0z. In a similar way, if the particle velocity directions
are flipped as compared to the above, as in for e.g., in the calculation of the interpolated-streaming values of
f8,i,5, (see Fig. 2), the respective interpolation coefficients are then based on the corresponding upwind directions,
, and b;;i,j,k'

C ¥ + + +
e ay; g Gy and ag; ;pand by, by,

J Initial Perturbation of Velocity for Turbulent Channel Flow Simulations

The initial velocity perturbation employed for turbulent channel flow simulations is (Lam, 1990)

/ s 2mz 2rx\ . 2y n 1 Adrx\ . 21y n 2rx\ . 47y

Uy =¢€elysin | — | [cos [ — | sin | —= —cos | — |)sin | —= cos | — |sin [ —=

0 ! Ls I Ly 2 I Lo I Lo
/ I 27z 1 . 2rx 21y n 1 . 4y 21y n 1 . 2nx 4y ]

vg = —€Losin [ — | [=sin | — | cos [ —= —sin | — | cos [ —= —sin| — ] cos | —=
0 2 Ls ) |2 Ly Ly ) "2 L Ly) 4 Ly Ly )|
/ 2 2 2 4 2 2 4 |
wy = —€Ls [1 + cos (;Z)] [Sin (f) sin (223/) + sin (;Tlx) sin <[7;y> + sin <I:x> sin (Zj)

where L1, Lo and L3 are the streamwise, spanwise and wall-normal lengths of the computational domain.

These initial perturbations contain products of the first odd and even modes and satisfy continuity. In
general, the solutions (in the statistical sense) should not depend on the particular choice of initial conditions.
However, it has been found that if the above initial perturbations are used without the second or third terms, not all
higher Fourier modes will be excited through nonlinear interactions in subsequent time steps.

K Derivation of Generalised Magnetic Induction Equation with
Spatially Varying Electrical Conductivities
Here we provide the derivation of the magnetic induction equation with variable electrical conductivities (Prem-
nath, 2006). Consider Faradays law relating the dynamics of magnetic induction B to the electric field E
0B =-V xE (K-1)
When Ohm’s law

E-Y _uxB (K-2)
g
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is applied to Eq. (K-1), where J is the current density, o = o(Z) is the spatially varying electrical conductivity
and u is the velocity field, it becomes:

J
0B = -V x < —u X B> (K-3)
g
or 7
8tB—V><(u><B):V><<> (K-4)
g
Now, let us apply the Ampere-Maxwell law
1
J = M—V x B (K-5)

where (., is the magnetic permeability. Let us first simplify the left hand side of Eq. (K—4). Using the vector
identity:
Vx(AxB)=A(V-B)-B(V-A)+(B-V)A—-(A-V)B (K-6)

and using divergence-free/solenoidal constraints on the velocity and magnetic fields,

V. -B=0; V-u=0
-Vx(uxB)=—-[B-V)u—(u-V)B]=—[V:-(Bu)—V:(uB)]=V - (uB — Bu) (K-7)
Substituting Eq. (K-7) into Eq. (K-4), we get
OB+ V - -(uB - Bu)=-V X ((T;V X B> (K-8)

letn = 1/(opm), where n = n(&) is usually called the magnetic resistivity, and using this, equation (K-8)
may be rewritten as:

B+ V- (uB - Bu)=-V x (nV x B) (K-9)

The right hand side of Eq. (K-9) can be simplified, while considering that the resistivity, 7, is a spatially
varying quantity. This is the magnetic induction equation with variable conductivity.

To simplify Eq. (K-9), let us first rewrite it in index notation. Then we will explicitly provide the compo-
nents in compact form, from which the components in Cartesian coordinates may be readily obtained. Considering
the usual summation convention for the repeated (i.e. dummy) indices, and noting that cross-products can be writ-
ten in terms of permutation tensor, we write Eq. (K-9) in index notation:

o B; + 6j (UjBZ' — Bjui) =S (K-10)

where
Si = —€ij0i{n€rim0 Bm }- (K-11)

Here, €;;, is the Levi-Civita permutation tensor, whose value for even and odd permutations, when indices 7, j and
k are distinct, are +1 and -1 respectively; and otherwise zero. Indices ¢ through m represent one of the Cartesian
component directions, i.e. {i,7,...,m} € {z,y,z}. Rewriting equation (K-11) and considering the permuting
property of the permutation tensor, we get:

Si = —eijkerim0i{n0Bm} = exijenimd;{ndBm} (K-12)
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Now, we employ the well known identity of the permutation tensor products
€kpq€krs — 5pr6qs - 5p56q7‘ (K-13)

in Eq. (K-12). The terms on the right hand side of Eq. (K-13) such as 4, are the Kronecker delta tensor, sometimes
also called the substitution tensor, whose value is unity if both the indices are equal and zero otherwise. We get

Si = —€kij€rim0i{nOBm} = —(i10jm — 0im0;1)0;{n0Bm} = —0i10m0;{ndBm} 4+ dim0;10;{ndBm} (K-14)

Using the substitution property of the Kronecker delta tensor, i.e. ;;I'; = I';, in equation Eq. (K-14), we can
considerably simplify it to:

Si = —0j{ndiB;} + 0;{nd;Bi} = 0;{nd; Bi} — 0;{nd;Bj} (K-15)

When the divergence-free condition for the magnetic induction is imposed, i.e. 9;B; = 0, the term
0;{n0;B;} in Eq. (K-15) modifies to (0;B;)(d;n). So, an alternative form of Eq. (K-15) is

Si = 0;{n0; B;} — (0iB;)(9;m) (K-16)

Thus, substituting Egs. (K-15) and (K-16) into Eq. (K-10), we obtain two equivalent forms for the generalised
induction equation in index notation

0¢B; + aj(UjBi — Bjui) = 8j(’l76jBl') — 6j(778iBj) (K-17)

O Bi + 0;(u;j B; — Bju;) = 0;(n9;B;) — (9:B;)(9;m) (K-18)

The final term in Eqgs. (K-17) and (K-18) is the additional term with respect to the standard induction equation for
constant conductivity, i.e.
8tBi + 8j(UjBi — Bjui) = 8j(n8jB,~) (K—19)

Thus, to properly account for spatial variation of electrical conductivities or magnetic diffusivities, it ap-
pears from this short note that additional terms that are included on the right of Eqgs. (K-17) and (K-18) should be
added to the standard form of the magnetic induction equation, Eq. (29).

To clarify things further, we provide in the following the expanded forms of Eqs. (K—17) and (K—18) for
three-dimensional (3D) problems. The Cartesian components corresponding to Eq. (K-17) are:

OBy + 0y(uyBy — Byuy) + 0,(u.By — Byuy) = 03(n0,By) + 0y(n0yBy) + 0.(n0. By)
—  [0:(n0xBz) + 9y (10, By) + 0-(nd.B.)] (K-20a)

OBy + Oy(ugzBy — Bguy) + 0.(u,By — Byuy) = 0;(n0yBy) + 0y(ndyBy) + 0,(nd.By)
—  [0:(n0yBz) + 0y(ndyBy) + 0.(ndy B.)] (K-20b)

0B, + 0:(uyB. — Byu.)+ 0y(uyB, — Byu,) = 0;(n0:B>) + 0y(n0yB.) + 0.(n0.B.)
—  [0:(n0.Bz) + 0y(n0.By) + 0.(n0.B.)] (K-20c)

Similarly, we write the components corresponding to the equivalent generalized induction equation, i.e. Eq. (K-
18) as

0By + 0y(uyBy — Byuy) + 0.(u.By — Byuy)
= 0;(n0yBy) + 0y(ndyBy) + 0.(n0.B)
—  [(02B2)(02m) + (0:By)(0yn) 02 By) + (02 B:)(0:n)] (K-21a)
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0By + 0y(uzBy — Byuy) + 0. (u;By — B,uy)
= 0;(n0yBy) + 0y(ndyBy) + 0.(nd.By)
[(0yBz)(9zm) + (9yBy)(0yn) 9= By) + (9yB-)(0:n)] (K-21b)

0B, + 0y(uxB. — Byu,)+ 0y(uyB, — Byu.)

= 0:(n0:B.) + 3y(nasz) + 0.(n0,B.)
[(9:Bz)(0xm) + (0:By)(9yn) 02 By) + (0. B:)(0:n)] (K-21¢)
As before, the terms within the square brackets in Egs. (K-20) and (K-21) represent the additional terms with
respect to the standard induction equation for constant conductivity. Inspection of these two equations indicates

that Eq. (K-20) is in conservative-like form and may be more suitable for numerical implementation for multi-
material magnetohydrodynamic (MHD) problems that involve use of variable conductivities.

If L and Uy are the length and velocity scales, respectively, then Re,, = UpL/n = pmoUyL is the
magnetic Reynolds number. For liquid metal MHD, generally, Re,, < 1 and so the total magnetic induction B;
may be split into the applied field, BzA and induced field B}, i.e. B; = BzA + B!. In such cases, the generalized
induction equations for the total field, i.e. Egs. (K-20) or (K-21), may be reduced in terms of induced field as
the unknown quantity by neglecting higher order terms of the smaller quantities, i.e. B{ so as to simplify their
numerical solution. We thus obtain the “reduced form” of the generalized induction equation from Egs. (K-20)
and (K-21), respectively, as

Oy BL + 9y(uyBL' — Bitug) + 0.(u. By — Bilug)

= 9:(n0yBL) + 0, (ndyBL) + 0.(nd.BL) — [0:(n0:BL) + 0y(nd:B)) + 0.(nd. BL)]  (K-22a)

atB; + &c(uxByA — Buy,) + (9,Z(uZB;/4 — Bu,)
=0y (nazBé) + ay(nayB;) + 82(776235) — [0 (nayBi) + ay(nayBé) + (9z(773y3§)] (K-22b)

0 B! + 0y (up B2 — Bu.) + 9y (uy B — Biu,)
= 0: (10, B) + 0y (n9,BL) + 9.(nd. B) — [0:(nd.By) + 8,(nd.By) + 8:(nd.BL)]  (K-22¢)

and

B + 8, (u, B2 - B;‘ux) + 0.(u.BA — BAuy,)
= 0:(n0BL) + 8, (ndyBL) + 9.(nd.BY)
[(0:B) (@) + (9B, ) (9yn) 0 By) + (8 BL)(8.1)] (K-23a)

OBy + Ou(ue By — Bituy) + 0.(u.B — Bluy)
= 0:(n0uB)) + 0, (ndyB)) + 0.(no.B))
— [(0yB1)(0am) + (8, B})(9ym) 02 B,) + (9, B)(0:m)] (K-23b)

8 B! + 0,(u, B — BMu.) + 9y(uy B2 — Bilu.)

= 0:(nd:BL) + 0,(nd,BL) + 0.(n0.B)
— [(0:B)(8:n) + (8:B})(9yn):By) + (9. BL)(8.n)] (K-23c)
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As before, between these two equations, Eq. (K-22) is more likely to be suitable for numerical solution
owing to its “conservative-like” form.

It may be noted that while the additional terms with respect to the standard form may have influence for
the general case of 3D problems, a simple analysis would show that they dropout at least for the classical 1D
Hartmann flows or for fully-developed MHD flows even when we consider variable conductivity in the direction
transverse to the flow. In any case, solving the generalized set of equations for magnetic induction - full or
reduced, which maintains all the electrodynamical laws for multi-material MHD problems intact and required in
general situations, appears to be a very challenging task. Some important factors to be considered that are specific
to numerical solution of generalized induction equation include: (i) the equations should be made available in
conservative form, in which case the starting point could involve Eq. (K-20) or (K-21). (ii) In contrast to that of
standard induction equation for constant conductivity, the components equations for the generalized case are fully
“coupled” with one another; For e.g. inspection of Eq. (K-20a), i.e. the equation for component B, shows that its
RHS, through the additional terms within square brackets, contains all the possible components, i.e. B, By and
B., which make the system of induction equations coupled, a factor of great importance when they are attempted to
be solved using a fully-implicit procedure. Consideration of just these two factors implies that developing suitable
numerical solution techniques for general cases would be quite challenging.

As an example, in the following we just make an attempt to obtain the finite difference discretization of
the first additional term within square brackets in Eq. (K-20b). It is the cross-derivatives [0, (70, B;)] in “quasi-
conservative” form. In this first attempt, we use a naive strategy, i.e. full stencil instead of the usual half-stencil
used for the inner derivative:

M0y Bz)(i41,4,k) — M0y Bz) (i-1,j,k)
L(i41,5,k) — L(i—1,5,k)
Nt 1.5.k) Oy B ) (i41,5,k) — Ni—1,5.k) Oy Ba) (i-1,5.k)
L(i+1,5,k) = L(i—1,5,k)

[8z(778y3x)](i,j,k) ~

S Bw(i+1,j+1,k)_Bz(i+1,j71,k):| o |:Bm(ifl,j+1,k)_Bw(i—l,j—l,k)
. (i+1,5,k) Y(it1,54+1,k) ~Y(G+1,5—1,k) M(i~1,5,k) Y(i—1,54+1,k) ~Y(i—1,j—1,k) (K-24)

This discretisation leads to variables residing only on diagonal nodes on the computational molecule, and
does not use those that are on the primary coordinate directions. At the very least, in conjunction with the other
discretised terms, this strategy entails solving on a larger computational stencil than that for the standard induction
equation. It may also cause undesirable numerical consequences, such as chequer-boarding, as the variables on the
principal coordinate directions are absent. An alternative attempt could be to try discretising the inner derivatives
using a half stencil, i.e. at (i +1/2, j, k) and (i — 1/2, j, k), and then use some form of averaging, such as tht used
in finite-volume methods, to obtain the values at “half” nodes, e.g. (i + 1/2,j + 1/2, k). In this latter strategy, we
can introduce influence of variables at nodes along the principal coordinate directions. In any case, because of the
coupled nature of the system of equations, solving their discretised versions using a fully implicit strategy could
require use of “time-splitting” procedures. Other obvious, albeit simpler, possibilities include trying semi-implicit
or explicit techniques, which could pose significant limitation on the Hartmann number of the flow that could be
resolved. These difficulties mean unique opportunities for the development of suitable numerical techniques for
the solution of the generalised induction equation — challenging tasks for the future.
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