Downloaded from orbit.dtu.dk on: Apr 10, 2018

Technical University of Denmark

=
—
—

i

Topology optimization and lattice Boltzmann methods

Ngrgaard, Sebastian Arlund; Sigmund, Ole; Lazarov, Boyan Stefanov; Engelbrecht, Kurt

Publication date:
2017

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Ngrgaard, S. A., Sigmund, O., Lazarov, B. S., & Engelbrecht, K. (2017). Topology optimization and lattice

Boltzmann methods. Kgs. Lyngby: Technical University of Denmark (DTU). (DCAMM Special Report; No.
S230).

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://orbit.dtu.dk/en/publications/topology-optimization-and-lattice-boltzmann-methods(7ef0f4bc-2828-40c8-b503-062337574ef5).html

HE

Topology optimization and lattice
Boltzmann methods

Sebastian Arlund Norgaard
DCAMM Special Report No. $230
October 2017

DTU Mechanical Engineering
Department of Mechanical Engineering







Topology optimization and lattice
Boltzmann methods

Sebastian Arlund Ngrgaard

Kgs. Lyngby 2017
DCAMM Special Report No. 5230



Topology optimization and lattice Boltzmann methods
October, 2017

PhD student:
Sebastian Arlund Ngrgaard

Main supervisor:
Professor Ole Sigmund
Department of Mechanical Engineering, DTU

Co-supervisors:
Senior Researcher Boyan Stefanov Lazarov
Department of Mechanical Engineering, DTU

Associate Professor Kurt Engelbrecht
Department of Energy Conversion and Storage, DTU

© 2017 Sebastian Arlund Ngrgaard

Technical University of Denmark

Department of Mechanical Engineering

Building 404, DK-2800 Kgs. Lyngby, Denmark
Phone: +45 45 25 25 25, Fax: 445 45 25 19 61
E-mail: info@mek.dtu.dk, URL: www.mek.dtu.dk

MEK-PHD: ISSN 0903-1685, ISBN 978-87-7475-506-7



This one is for Elena, my Sunday smile.






Preface

This thesis is submitted as part of the requirements for obtaining the degree of Ph.D.
from the Technical University of Denmark (DTU). The work was carried out between
September 1, 2014 and October 31, 2017, at the Department of Mechanical Engi-
neering, DTU. The supervisors on the project were Professor dr.tecn. Ole Sigmund,
Senior Researcher Boyan Stefanov Lazarov (both DTU Mechanical Engineering), and
Associate Professor Kurt Engelbrecht (DTU Energy). The research was conducted as
part of the TopTen project, funded by the Danish Councel for Independent Research,
grant DFF-4005-00320.

In addition to the time spent at DTU Lyngby Campus, a month-long research
stay was conducted in the SciComp group at TU Kaiserslautern, Germany, under
the supervision of Prof. Dr. Nicolas R. Gauger.

Completing this thesis would have been impossible without the generous help and
friendship offered by many kind individuals. I would like to thank my supervisors for
the help and encouragement they have offered in the course of this work. I especially
thank Ole Sigmund for his help and guidance in the final months of finishing this
thesis, and for believing in me when I myself did not.

I would like to thank Nicolas Gauger, Max Sagebaum, Tim Albring, and my
office-mate Emre Ozkaya for the hospitality and great help they offered at TU
Kaiserslautern.

I would like to extend my thanks to a number of my colleagues or former colleagues,
who have all provided professional help or simply good company at various stages of
the project: Christian Lundgaard, Jeroen Groen, Rasmus Ellebaek Christiansen, Said
Zeidan, Joe Alexandersen, Anders Clausen, Erik Andreassen, Christopher Nellemann,
and Niels Frandsen. A special thanks to Said Zeidan for our numerous interesting
conversations, and to Rasmus Ellebaek Christiansen for the best game of Tetris that
Singapore Airlines has ever seen.

I offer my sincere gratitude to my wonderful friends and family: my parents Kim
and Susanne, and my siblings Alexander and Amalie, for always supporting me and
being there when I need you most. I also thank all of my extended family for all the
good times we have had together. I thank my close friends Jens Lilleskov Nielsen and
Tue Hammer Lerche for all the good times, as well as my “homegirls”, Astrid Elme
Breum, Caroline Boeg, and Peter Brylov Christensen. Finally, a special thanks to
my girlfriend Elena Bossolini, who enriches my life greatly with her warmth, humor,
and generosity, and without whom I could not have finished this project. You are a
true treasure.

Kgs. Lyngby, October 31, 2017
Sebastian Arlund Ngrgaard






Abstract

This thesis demonstrates the application of the lattice Boltzmann method for topology
optimization problems. Specifically, the focus is on problems in which time-dependent
flow dynamics have significant impact on the performance of the devices to be
optimized. The thesis introduces new topology optimization problems for both
isothermal and thermal flows, and it is demonstrated that topology optimization can
account for unsteady flow effects during the optimization process.

The introduced optimization problems are solved using a gradient based approach,
and the design sensitivities are computed using a discrete adjoint approach. To
handle the complexity of the discrete adjoint approach more easily, a method for
computing it based on automatic differentiation is introduced, which can be adapted
to any lattice Boltzmann type method. For example, while it is derived in the context
of an isothermal lattice Boltzmann model, it is shown that the method can be easily
extended to a thermal model as well.

Finally, the predicted behavior of an optimized design is compared to the equiva-
lent prediction from a commercial finite element solver. It is found that the weakly
compressible nature of the lattice Boltzmann method leads to a discrepancy in the
predicted outcomes. Further research is required to determine which prediction is
more accurate, and what implications the discrepancy has for the optimized designs.
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Resumé

Denne afhandling demonstrerer anvendelsen af lattice Boltzmann metoden til topolo-
gioptimeringsproblemer. Mere specifikt er fokus pa problemer for hvilke tidsaftheengige
vaeskestrgmninger er betydningsfulde for ydeevnen af de apparater der skal optimeres.
Afhandlingen introducerer nye topologioptimeringsproblemer for bade isotermiske
og termiske vaeskestrgmninger, og det demonstreres at topologioptimering kan tage
hgjde for tidsathsengige stromningseffekter under optimeringsprocessen.

De introducerede optimeringsproblemer lgses ved hjelp af en gradient baseret
fremgangsmade, og design sensitiviteterne beregnes med en diskret adjoint metode.
For nemmere at handtere kompleksiteten af den diskrete adjoint metode, introduceres
en fremgangmade til at beregne den baseret pa automatisk differentiation, som kan
tilpasses til enhver lattice Boltzmann model. For eksempel vises det at fremgangsma-
den nemt kan tilpasses til en termisk lattice Boltzmann model, pa trods af at den er
udledt for en isotermisk model.

Endelig sammenlignes den forudsete adferd af et optimeret design med den
aekvivalente forudsigelse fra en kommerciel finite element Igser. Det konstateres at
lattice Boltzmann metodens svagt kompressible natur fgrer til en uoverensstemmelse
mellem de forudsete resultater. Yderligere forskning er pakraevet for at afggre hvilken
forudsigelse der er mest ngjagtig, samt hvilke konsekvenser uoverensstemmelsen har
for de optimerede design.
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]_ Introduction

1.1 Motivation and goal

Fluid devices which manipulate or control the dynamic flow behavior of a variety
of fluids are ubiquitous in the modern world, with many important applications
in e.g. in-door climate control, refrigeration, printing, et cetera. Many of these
applications involve some sort of temperature control, an obvious example being the
heat sink and/or fans present in laptops. Due to the highly non-linear nature of
fluid dynamics, many of these devices use designs which are based on engineering
experience, but are not necessarily optimal.

The topology optimization method is capable of generating optimized designs
without necessarily needing to start from a well defined initial design and optimizing
from there. The method has been applied to fluid dynamics design problems in
numerous works, but the majority of these exclusively focus on optimizing for steady
state fluid flow. Many fluid systems of engineering interest are dynamic in time,
and thus exhibit unsteady flow behavior. This cannot be accounted for when using
steady state optimization. The available literature on unsteady flow optimization is
relatively sparse, however, likely due to the high computational cost of simulating
these systems.

The lattice Boltzmann method is an alternative method of simulating fluid flows,
which is based on kinetic theory. It is an explicit computational scheme which
is well suited for parallel execution, meaning it can potentially simulate unsteady
flow systems more efficiently than traditional fluid flow solvers. The goal of this
thesis is to apply the lattice Boltzmann method to unsteady fluid flow topology
optimization problems, starting with problems without temperature dependence and
later extending to the more complicated case of thermal problems. The parallel
implementation of the method allows solving optimization problems at a larger
scale than has previously been presented in the existing literature on unsteady flow
topology optimization, potentially paving the way for the discovery of designs which
perform better than existing, non-optimized variants.

1.2 Structure

The document is structured as follows: chapter 2—4 are theoretical, covering the
basic physical theory, the lattice Boltzmann method, and topology optimization,
respectively. These chapters are included to make the text self-contained, and can be
skimmed or skipped if the reader is already familiar with their respective topics. The
novel scientific contributions of the present work are presented in chapter 57, which
cover topology optimization for unsteady isothermal flow problems, the application of
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automatic differentiation for computing the design sensitivities, and unsteady thermal
flow problems, respectively. Chapter 5 and 6 summarize the findings of the two
papers published as part of this work, [P1] and [P2], respectively. In addition, chapter
5 documents some extensions of the work presented in [P1], which are unpublished.
Meanwhile, chapter 7 is composed wholly of unpublished material. Finally, chapter 8
summarizes the findings presented in the thesis and offers some additional discussion,
and suggestions for future work.

1.3 A readers guide

This thesis covers a broad range of scientific topics, each deep enough that entire
books could be (and have been) written about them. It has been the goal of the
author to make the text reasonably self-contained, but since no-one would want to
read a thesis which is 500 pages long, the coverage given here is by necessity not
comprehensive.

Because of this, each chapter begins with a short overview of the material
covered, and—just as importantly—the material which will not be covered; in both
cases references will be provided so that the interested reader might pursue further
details. The text assumes that the reader has some degree of familiarity with partial
differential equations, optimization theory, numerical methods, and linear algebra.
Knowledge of computational fluid dynamics would also be advantageous.



2 Physical theory

The goal of this chapter is to cover the physical concepts needed for further develop-
ment, as well as the partial differential equations (PDEs) which govern the dynamics
of the physical systems of interest. The purpose is not to go into the details of the
derivation of these equations, but merely state them for future reference. The chapter
will cover two major topics: continuum fluid dynamics, covered in section 2.1, and
kinetic theory, covered in section 2.2. The material on continuum fluid dynamics
is based on [1,2], while the material on kinetic theory is based on [3-5]. These
sources contain much more extensive details on the equations given below, including
derivations, should this be of interest to the reader.

In addition to the core PDEs of continuum fluid dynamics, section 2.1 also
covers non-dimensionalization of said PDEs, as well as the essential non-dimensional
numbers associated with this process. It does not cover any of the conventional
methods for solving the governing equations numerically, such as the finite difference
method [6], the finite element method [7-9] or the finite volume method [10, 11].
Since the lattice Boltzmann method derives from the kinetic theory of gases, this
document would be incomplete if some exposition of this topic was not given. Despite
this, it should be strongly emphasized that the lattice Boltzmann method—for the
purposes of this thesis—is a means to an end, namely the efficient simulation of
continuum dynamics. Therefore, the section on kinetic theory is kept brief, covering
only the key ideas and equations necessary to present the lattice Boltzmann method
in a self-contained manner. Readers interested in an in-depth study of kinetic theory
may consult the references given in the first paragraph above, as well as [12,13].

As stated above, the end goal is to simulate continuum dynamics by means
of a method which derives from kinetic theory. This implies that there is some
connection between the two physical models. A common mathematical technique for
linking them is the so-called Chapmann-Enskog expansion [14-16], which is a type
of asymptotic expansion. In the modern literature, this technique is often applied
directly to the discretized lattice Boltzmann equation, and results derived from this
application will be discussed in chapter 3. That said, the method was originally
developed to analyze the continuous Boltzmann equation directly. For details on
this, the reader is referred to [17].

2.1 Continuum fluid dynamics

The continuum treatment of fluids approximates the fluid medium to be modelled as
an infinitely fine collection of fluid particles. This view fits well with our intuitive,
everyday experience of fluids. Despite the modern understanding that fluids are,
in fact, comprised of a finite number of discrete particles, i.e. atoms and molecules,
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the continuum model is widely applicable across numerous engineering disciplines.
Generally speaking, the continuum model is valid if the smallest fluid volume of
interest—which may be small compared to the overall system size—is still very large
compared to the size of individual fluid particles. To put this in perspective, a 0.05 mL
droplet of water contains of order 1.5 sextillion (= 1.5 x 10%!) water molecules; indeed,
the miniscule size of atomic particles means that the continuum model remains a
very good approximation even for system sizes at the pm level.

2.1.1 Governing equations

The continuum model allows the fluid to be modelled in terms of macroscopic
quantities: the density p, the pressure p, the velocity u, and if needed, the temperature
T. The temporal and spatial variation of these quantities are modelled using a set of
PDEs.

The first PDE is the continuity equation, which expresses the conservation of
mass: 5
a—’t’ LV (pu) = 0. (2.1)
A large class of fluidic systems can be modelled as incompressible, meaning that the
density p is constant for all times and spatial positions. In this case, (2.1) simplifies
to

V-u=0. (2.2)

Compressible fluid dynamics is in itself a huge area of study, and shall not be covered
in detail in this thesis. Nonetheless, it should be noted at this stage that the lattice
Boltzmann method is weakly compressible, which means that in practice one cannot
use it to simulate a fluid with p being truly constant. More details on this will be
given in chapter 3.

The second PDE is the celebrated Navier-Stokes equation, which expresses the
conservation of momentum. Here, it is given only in its incompressible form relevant

to this thesis:
ou

p (at + (uw- V)u> = —Vp+ pViu, (2.3)
where p is the fluid viscosity. Given appropriate initial and boundary conditions, (2.2)
and (2.3) form a solvable system of equations for the dynamics of p and u. However,
if the density p is not constant—as in the lattice Boltzmann method—an additional
equation is required. This requirement is fulfilled by the equation of state, which
relates the pressure p to the density p and temperature T. The most well-known
equation of state is the ideal gas law, given by

p = pRT, (2.4)

where R is the ideal gas constant.
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In the case where the fluid system to be modeled is not of uniform temperature
(isothermal), an additional equation is needed to solve for the temperature 7. The
simplest such equation is the temperature advection-diffusion equation:

% +V - (uT) = DV?T, (2.5)
where D is the temperature diffusivity. Like the continuity and Navier-Stokes
equations, (2.5) expresses a conservation law, in this case the conservation of energy.
The validity of (2.5) rests on the assumption that temperature gradients do not
significantly influence the velocity field w. In this type of flow—referred to as a forced
convection flow—there is only a one-way coupling between the velocity field and the
temperature field; that is, the velocity field affects the dynamics of the temperature
field, but the converse is not true.

2.1.2 Dimensionless numbers

This section will briefly introduce the various dimensionless numbers relevant for the
characterization of the fluid flow simulations presented later. An in-depth discussion
of the flow characteristics at various values of these numbers are beyond the scope of
this thesis.

As discussed, the continuum model makes the assumption that the relevant fluid
domain sizes are large compared to the size of the individual fluid particles. Following
the exposition by Kriiger et al. [5], this is formalized by considering the following
hierarchy of length scales:

1. The size of the fluid atom or molecule, L,.

2. The mean distance traveled by fluid particles between successive particle
collision, also called the mean free path, L.

3. The typical length scale of gradients for relevant macroscopic properties, L.
4. The system size, Lg.

These length scales have the typical ordering L, < Lys, < Lo < Ls. However, for

very small scale system sizes, it is feasible that Ly, ~ Lo. The ratio between these
two length scale defines the Knudsen number:
me

Kn = =22, 2.6

o (26)

For the continuum model to be accurate, it is required that Kn < 1; conversely, for

Kn > 1, a more fine grained model of the fluid is appropriate. This model is provided

by kinetic theory, which is the subject of section 2.2.
Another assumption made by equations (2.2)—(2.3) is that the fluid is incom-
pressible. For this to be a good approximation, compression waves in the fluid must
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travel much faster than the bulk advection in the fluid. The Mach number provides
a measure of this. It is given by

Ma — [0l (2.7)

Cs

where |ug| is the characteristic velocity magnitude for the flow, and ¢; is the speed
of sound. In practice, the incompressibility assumption is usually valid if Ma < 0.1.

While the Knudsen and Mach numbers provide some measure of the accuracy of
the simplifying assumptions underlying the Navier-Stokes equations, there are other
factors which influence the actual dynamics described by the Navier-Stokes equations.
One important such factor to consider is the well-known Reynolds number, which is
defined as the ratio of inertial to viscous forces acting in the fluid. It is given by

L
Re — [4ollo. (2.8)

14

where v = p/p is the kinematic viscosity. The Reynolds number is important
because the dynamics of moving fluids vary wildly at different Reynolds numbers.
At low Reynolds number, the flow is laminar, which is characterized by smooth,
slowly varying fluid motion. Meanwhile, high Reynolds number flows are turbulent,
characterized by rapidly varying—even chaotic—flow behavior.

In the case of thermal fluid flow, the Prandtl number is also relevant. It is defined
as the ratio of momentum to thermal diffusivity, i.e.

Pr= (2.9)

As a final comment, note that the choice of characteristic length and velocity
scales are somewhat arbitrary. Often, the length scale is chosen as the length of some
geometrical feature in the fluid domain, while the velocity scale is chosen to be equal
to the velocity at a boundary where it is known. The important part is that one
must always document these choices.

2.1.3 Non-dimensionalization of the governing equations

In order to decouple numerical solutions of the Navier-Stokes equations from the
arbitrary choice of units, it is common practice to put them in so-called dimensionless
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form. This is achieved by introducing the following dimensionless quantities:

T = L—Oa:, (2.10a)
-1
t=—t, (2.10Db)

to

1 to
U=—u=—1u, 2.10c
1

p=——=p. 2.10d
P P|U0|2p ( )

With proper rescaling of the derivative operators, this results in the dimensionless
Navier-Stokes equations, given by

Vs =0, (2.11)

The advantage of this is that it allows decoupling the results of fluid dynamics
simulations from the (arbitrary) choice of units. Indeed, the law of similarity states
that two incompressible flow systems have the same dynamics (in dimensionless
units) if they have the same geometry and Reynolds number [18].

2.2 Kinetic theory

As covered above, in the continuum model of fluid dynamics, the fluid is modeled at
a macroscopic level. This means that the bulk dynamics of the fluid can be described
in terms of the spatial and temporal variations of pressure, velocity, and temperature.
It is not necessary to know or care about the microscopic fluid particles, even though
the macroscopic behavior emerges from their dynamics. This is crucial because the
sheer number of atomic particles means that it is completely impractical to model
fluid systems of realistic size by considering each particle individually.

While the continuum model is widely applicable, there are nonetheless cases
in which the approximation is not sufficiently accurate. Rather than drop down
completely to the scale of individual atoms, kinetic theory considers the statistical
distribution of particles. This is often referred to as the mesoscopic scale in the
literature.

2.2.1 The particle distribution function

In kinetic theory, the fundamental state variable is the particle distribution function,
flx, & t). It can be interpreted as a generalization of the density p(x,t): the
distribution function f(x, &, t) represents the density of particles moving with velocity
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£ at position x and time ¢t. As a consequence, the macroscopic density can be found
as the zeroth order moment

pla ) = / fl@,€.1) dé. (2.13)

Likewise, the macroscopic momentum density can be found as the first order moment

ol tyu(a, t) = / €f(@.€,1) de, (2.14)

while the macroscopic energy density is given by the second order moment
1
pla.E.t) = 5 [ €160 de. (215)

where F(x,t) is the total energy of the fluid, which is comprised of two components:
the kinetic energy, %qu, associated with the bulk motion of the fluid, and the
internal energy due to the thermal motion of the particles. The internal energy
density associated with the latter can be found by

p(x,t)e(z,t) = /va(:B,ﬁ,t) de, (2.16)

where e(x, t) is the internal energy, and v = € — w is the relative velocity.

2.2.2 The Boltzmann equation

For a dilute monoatomic gas, the dynamics of the distribution function f(x,&,t) can
be described by the Boltzmann equation:

of

ot

where Q(f) is the collision operator. The full collision operator as derived by

Boltzmann is a complicated integral expression which will not be reproduced here

because it does not yield any particular insight relevant to this thesis; in practice, the

collsion operator is always approximated in order to make solving (2.17) tractable.

One important consequence of the Boltzmann equation is that in the absence of

external forces, the distribution function will tend toward an equilibrium distribution,
fe4(x,v,t). This is the famous Mazwell-Boltzmann distribution, given by

1 8/2 v?
€q = _—
f Uz, v,t) =p (27r T) exp ( 5 T) ) (2.18)

where R is the ideal gas constant.
In order for an approximate collision operator 2 to be physically valid, it must
satisfy the following requirements:

+&-Vi=Q(f) (2.17)
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1. The distribution function f must tend towards the equilibrium function (2.18).

2. The collision operator must conserve mass, momentum, and total as well as
internal energy. That is,

/Q(f) d¢ =0, (2.19a)
e ag—o. (2.19b)
/52 Q(f) d€ =0, (2.19¢)
/v2 Q(f) dg =0. (2.19d)

A very simple—and very common—example of such a collision operator is the
Bhatnagar-Gross-Krook (BGK) operator [19], given by

0f) = =27 - 19, (220)

where the time constant 7 is the relazation time. For the purposes of this thesis, it
should be noted that (2.20) is used extensively in lattice Boltzmann simulations.






3 The lattice Boltzmann method

In this chapter, the key ideas necessary for implementing and applying the lattice
Boltzmann method will be presented. Since the application of the lattice Boltzmann
method for topology optimization constitutes a large part of the novelty of the
research presented in this thesis, the details of the method will be presented in some
detail. As a result, this is the longest theoretical chapter of this thesis. Nevertheless,
the coverage in this chapter is far from comprehensive. Because the focus of this work
is on application, the theoretical results presented will be—as in chapter 2—simply
stated without derivation.

The chapter covers the following topics: section 3.1 gives a brief introduction to
the history of the lattice Boltzmann method; section 3.2 explains the discretization
of particle velocities and describes the most commonly used lattice; section 3.3 states
the lattice Boltzmann equation itself, and shows how to compute the macroscopic
solution variables from the lattice Boltzmann state variables; section 3.4 discusses
the choice of collision operator, and states the two most commonly used operators;
section 3.5 provides some details on how to actually implement the lattice Boltzmann
method, and refers to further resources for the reader interested in highly efficient
implementation strategies; section 3.6 discusses how to enforce boundary conditions
in the lattice Boltzmann method; section 3.7 shows how to non-dimensionalize lattice
Boltzmann simulations; finally, section 3.8 details the formal accuracy of the method,
and provides some discussion of the additional sources of errors inherent in the
method. Much of the exposition is based on the books [3,5], as well as on numerous
journal papers which will be referred in the relevant sections. In addition, each
section will refer to additional resources in the literature should the reader wish to
delve deeper into a particular topic.

As a final comment, note that this chapter will only cover the “classical” lattice
Boltzmann method, which numerically solves the incompressible Navier-Stokes equa-
tions (2.2) and (2.3). The method can be extended to also cover thermal flows, i.e.
equation (2.5). However, discussion of this topic will be deferred to chapter 7, since
the material presented beforehand does not require it.

3.1 Introduction

The lattice Boltzmann method originated from so-called lattice gas cellular au-
tomata [20], which—as the name implies—is a type of cellular automata, a model
in the vein of Conways famous “game of life”, which was found to be capable of
simulating fluid dynamics. This type of model seems to have been largely displaced
by modern lattice Boltzmann methods, which can in fact be derived independently
from lattice gas cellular automata, though early papers on the method were writ-

11
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ten from the perspective that the lattice Boltzmann method is an evolution of the
cellular automata method [21,22]. The interested reader may refer to the book by
Wolf-Gladrow [23] for a detailed account of the connection between the two methods.
The lattice Boltzmann has been the subject of a fair amount of research interest
since its introduction. This is motivated by its algorithmic simplicity, suitability
for parallel implementation, and potential for faster performance over conventional
methods [24]'. In addition, the lattice Boltzmann method is well suited for complex
geometries, and can be relatively easily extended from incompressible Navier-Stokes
flow to more complicated physical systems, e.g. porous media [25-27], or multiphase
flows [28,29]. Due to the surge of interest in GPU computing, a number of papers
on lattice Boltzmann GPU implementations have also appeared, since the highly
parallel nature of the method lends itself well to this type of hardware [30-32].

3.2 Velocity discretization

If one wishes to solve the Boltzmann equation (2.17) numerically, it is not sufficient to
simply discretize it in time and space, as is the case for the Navier-Stokes equations.
This is because the Boltzmann equation has an additional continuous component:
the particle velocity &. The first order of business is therefore to somehow discretize
the particle velocity space; essentially, the velocities which the particles are “allowed”
to move with need to be restricted to a finite set. This discrete set of velocities is
what is denoted as the “lattice” in “lattice Boltzmann”. Deriving the requirements
which ensure that the necessary physics are retained in the lattice is an involved
theoretical exercise, and will be omitted. Instead, the main results are simply stated.

A velocity lattice consists of a finite set of velocities ¢;, a corresponding set of
numerical weights w;, and a constant cs such that

S w =1, (3.1a)
> wicia =0, (3.1b)

Z:Uicmcig = cgda[g, (3.1¢c)

Z ;icmciﬁcm =0, (3.1d)

D CiatigCinCis = ct(0apdys + Sardps + aslpy), (3.1¢)

Z wiczmcwcwci(;cm =0. (3.11)

7

INote that the cited paper is from 2006, its conclusions are likely outdated. To the authors
knowledge, no newer benchmarks exist.
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Above, Greek letters correspond to Cartesian coordinates of the velocity vector c;
and 0,4 is the Kronecker delta. It can be shown that the parameter c, is equal to
the speed of sound in the lattice Boltzmann simulation, hence why the notation has
been reused.

For most practical lattice Boltzmann simulations described in the literature, a
limited set of “standard” lattices which are already known to satisfy the require-
ments (3.1) are almost always used. Interestingly, there exist usable lattices which
do not satisfy all the requirements (3.1) [33], but these require modification of the
collision operator to compensate, and have not been considered for this thesis.

3.2.1 The D2Q9 lattice

For the 2D simulations presented later, the so-called D2Q9 lattice (two dimensional,
nine velocities) will be used. The weights and velocities associated with this lattice
are listed in equation (3.2), and depicted in figure 3.1.

(0,0), i=0,
Az .
e =1y | (FEL0), (0.£1), i=1234, (3.2a)
(£1,=+1), i=5,6,7,8;
4
§7 1= Oa
1
w; = §7 = 17273547 (32b)
1 .
%7 = 57 63 7; 8a
Az 1
Cs = > (320)

() (=)
N
O Ow@
'@@

Figure 3.1: Visual illustration of the D2Q9 model. This figure originally appeared in
the publications [P1] and [P2].
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On an equidistant Cartesian grid with grid point separation Az, the D2Q9 lattice
is simply the collection of velocities that can travel to the nearest neighbors of a given
point in the time At. For the purpose of lattice Boltzmann simulations, a common
choice for Az and At are the so-called “lattice units”, in which Az = At = 1.

3.3 The lattice Boltzmann equation

At its core, the lattice Boltzmann equation is simply a finite difference discretization
of the Boltzmann equation (2.17). The key result is that if the fluid system of interest
is operating at sufficiently low Mach and Knudsen number, one can evaluate the
integrals (2.13) and (2.14) numerically in order to obtain the values of the macroscopic
quantities p and u. As mentioned in section 2.1.1, the lattice Boltzmann method
is weakly compressible, meaning that there will be density fluctuations in the fluid
domain; these fluctuations directly relate to pressure differences through the state
equation

p=cip. (3.3)
The values of p and u thus obtained will approximately satisfy the Navier-Stokes
equations (2.2) and (2.3).

Like in the previous section, the derivation of the lattice Boltzmann equation will
not be covered in this thesis. Instead, the result will simply be stated. The equation
is given by

filz; + At t+ At) = fi(zj, 1) + Qi(f (25, 1)), (3.4)

where f; is the distribution value corresponding to the particle velocity ¢;, and €Q; is
a discretized collision operator. Equation (3.4) is an explicit time-stepping scheme
for the distribution function f, given appropriate initial and boundary conditions.

Once the distribution values f(x,t) is known at each grid point, the macroscopic
values can be evaluated by

p(.’I}j,t) :Zfi(mjvt)7 (3.5)
play (e 1) = 3 euhia, ) (36)

This is the basic framework of the lattice Boltzmann method, though well-defined
collision operators and boundary conditions are still needed to actually use it in
practice.

3.4 Collision operators

The choice of collision operator is an important one for the purpose of performing
lattice Boltzmann simulations. It has implications for the accuracy, stability, and
execution time of the simulation.
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3.4.1 BGK operator

The BGK operator was already introduced in section 2.2.2. For the lattice Boltzmann
method, it retains the same basic form as the continuous version, (2.20), that is

3

QPO = 2 (f; — 139, (37)

where the equilibrium function f;® is generally truncated up to second order in u:

ci-u  (c;i-u)? w-u
< — ip |1 — . 3.8

The BGK is the most common collision operator used for lattice Boltzmann simula-
tions due to its simplicity and ease of implementation.

Relating the lattice Boltzmann method to the Navier-Stokes equations is a
theoretical exercise that will not be covered in this thesis; the interested reader may
refer to e.g. [23,34] for these details. The main result needed from this theoretical
ground work is the relation between the relaxation time 7 and the kinematic viscosity
v. It is given by

A 1
T= czuA—xtQ + 7 (3.9
With this 7, the dynamics simulated by the lattice Boltzmann method will approxi-
mate that of the incompressible Navier-Stokes equations with kinematic viscosity v
to second order accuracy in time and space. However, the issue of accuracy in the
lattice Boltzmann method is more subtle than the simple statement above would
suggest. This is discussed in further detail in section 3.8.

3.4.2 MRT operator

The idea of the multiple relazation time (MRT) operator is that the distribution
values f; are mapped to a vector of derived moments; for instance, the density (3.5)
is one such moment. These moments can then be relaxed with individual relaxation
times, unlike the BGK operator, in which all moments are relaxed with the rate 1/7.
This allows for increased accuracy and stability, at the cost of a higher computational
complexity of the collision operator. The theoretical details of this operator may be
found in [35, 36].
The collision operator is given by

OVET[f(2,1)] = MT'SM([f(,t) — f*I(x, 1)), (3.10)

where M and S are matrices. M is the mapping from distribution into moment
space, while S contains the relaxation times for the various moments. For the D2Q9
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lattice, they are given by

1 1 1 1 1 1 1 1 1
-4 -1 -1 -1 -1 2 2 2 2
4 -2 -2 -2 -2 1 1 1 1
0 1 o -1 0 1 -1 -1 1
M=|0o -2 0 2 0o 1 -1 -1 1|, (3.11)
0 0 1 o -1 1 1 -1 -1
0 0o -2 0 2 1 1 -1 -1
0 1 -1 1 -1 0 O 0 0
0 0 0 0 o 1 -1 1 -1
S = diag(0, 51, 52,0, 546, 0, 546, 578, 578), (3.12)

where the s values are the different relaxation rates for the individual moments.
For the purpose of simulations, s;g is the equivalent of 7, so this relaxation rate is
determined by the kinematic viscosity v via (3.9). The other relaxation rates can be
tuned independently in order to maximize stability and accuracy. The reader may
refer to [36,37] for linear stability analyses.

3.4.3 Other collision operators

The two collision operators described above are the most commonly used in appli-
cations, and have been used almost exclusively for the problems presented in this
thesis. Of course, these two are not the only available options. Notable examples are
the so-called entropic collision operators operators [38,39], lattice Boltzmann with
regularized pre-collision [40], and the cascaded collision operator [41,42]. Of these,
only the cascaded collision operator has been considered in the present work, and
even so it was mostly used as a data point for the discussion of performance in [P2].
Lattice Boltzmann with the cascaded operator does seem to be remarkably stable
though, so further investigation of its potential would definitely be warranted.

3.5 Implementation

In concrete implementations, the lattice Boltzmann method is often split into two
steps: collision and streaming. The collision step is purely local, and transforms the
distributions at each grid point according to the collision operator 2:

filwj,t) = fa;,t) + Qi(f (25, 1)), (3.13)

where tilde is used to denote the post-collision state. The transformed distributions
are then shifted to neighboring grid nodes in the streaming step:
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Figure 3.2: Illustration of streaming on a D2Q9 lattice. Left: prior to streaming, the
distribution values, represented by red dots, are gathered at the central node. Right:
following the streaming step, the distributions are shifted along the velocity vectors
¢; to the nearest neighbor nodes. Note that the resting velocity ¢q is not depicted,
since its associated distribution simply remains in-place.

The shift of distributions according to the streaming step is illustrated in figure 3.2.
The simplest way to implement the collision and streaming steps is using two
separate arrays. Collision is then performed on the first array, and the subsequent
streaming step shifts the distributions by copying from the collision array to a second
streaming array. This approach is nice because it is very easy to implement, and it is
still reasonably efficient. On the other hand, using two arrays means that the memory
requirement of the method is doubled, and it is necessary to traverse the grid twice
in order to complete a single time-step. There are more sophisticated algorithms
available [43-45], which allow the collision and streaming steps to be computed using
a single pass over a single array. These algorithms inevitably increases the complexity
of the implementation though. While the author did implement the algorithm by
Latt [43], the code was eventually reverted to using the naive algorithm, since the
performance gain was found to be negligible compared to the increase in complexity.

3.6 Boundary conditions

The topic of boundary conditions in the lattice Boltzmann method is complicated by
the fact that one cannot straightforwardly impose boundary conditions directly on
the distribution functions f; themselves. This is because the end goal is to simulate
Navier-Stokes dynamics, where boundary conditions are generally imposed on the
macroscopic quantities p or w. The distribution values, however, are comprised of a
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greater number of state variables. This implies that while the macroscopic quantities
can be uniquely determined from the distribution values, the reverse is not true.
Therefore, some sort of simplifying assumptions have to be made in order to derive
boundary conditions for the distribution values from boundary conditions for the
macroscopic quantities.

Boundary conditions for the lattice Boltzmann method are typically applied
immediately following the streaming step. Since the streamed distributions arrive
from all immediate neighbor nodes, only those distributions which would have arrived
from “outside” the simulation domain are unknown following the streaming step,
see figure 3.3. Because of this it is generally not necessary to determine all the
distribution values at the boundaries following the streaming step, but only a subset.

\N

Inflow unknowns

Outflow unknowns

Z

Figure 3.3: Ilustration of the unknowns at the boundaries of a simple flow geometry,
using the D2Q9 lattice. Note that the unknowns depend on the location of the
boundary. This figure originally appeared in [P1].

Boundary conditions for lattice Boltzmann is a large topic, to the point where
it could be considered its own sub-field. Here only some very simple boundary
conditions which have been used extensively for the work presented in this thesis are
covered.

3.6.1 No-slip boundaries

No-slip boundary conditions can be dealt with very easily using the so-called bounce-
back boundary conditions. Under these conditions, it is assumed that the distributions
which would propagate out of the domain during the streaming step hit the no-
slip wall and are reflected back in the opposite direction. That is, the unknown
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distribution values are determined as
filzj,t+ At) = fu(zy,1), (3.15)

where f; is the distribution associated with the opposite velocity of f; (e.g. fir = f3).
The bounceback boundary conditions are a very useful tool because they are simple
to implement for all boundary locations, and because they handle corner nodes
(where there are five unknown distributions rather than three) without any additional
modifications.

3.6.2 Velocity and pressure boundaries

Besides no-slip boundary conditions, the most common type of boundary conditions
are so-called Dirichlet conditions on velocity or pressure. That is, some known value
of the velocity or pressure is imposed on the boundary. Indeed, no-slip conditions are
simply a specific case of this, with u = 0. Note that in the lattice Boltzmann method,
fixed pressure boundary conditions are equivalent with fixed density boundary
conditions, due to the relation (3.3),

A simple method for imposing Dirichlet boundary conditions has been introduced
by Zou and He [46]. Here, the idea is demonstrated by showing how to implement a
velocity boundary condition, but the method can also be used for pressure boundaries.

The idea is illustrated by means of a concrete example: consider the “west”
boundary on the left of figure 3.3. Following the streaming step, the unknowns are p,
f1, f5, and fs. To compute these, a system of four equations is needed to solve for the
four unknowns. The macroscopic variables equations (3.5)—(3.6) provide three such
equations. The system is closed by what Zou and He refer to as the non-equilibrium
bounceback assumption, which asserts

fl(ZBj,t) — fq(ccj,t) = fg(illj,t) - f;q(iﬂj,t). (316)

Solving this system of equations yields the Zou/He velocity boundary conditions on
the west boundary:

_Jot+ fot fat2(fs+ fo + fr)

plj;t) = —a , (3.17a)
fi(mj,t) = f3 + %pﬂz, (3.17D)
fs(@j,t) = fr+ %(ﬁ; - fo)+ épaz + %pﬂy, (3.17¢)
fa(@j,t) = fo + %(fz — fa) + épﬂx - %pﬂy. (3.17d)

Above, u, and u, are the 2 and y components of the fixed boundary velocity. Note
that the spatial and temporal arguments for the variables have been omitted on the
right-hand side for brevity. Similar boundary conditions may be derived for velocity
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boundary conditions of different orientations, as well as for pressure boundaries,
though they will not be listed here.

3.7 Non-dimensionalization of lattice Boltzmann

As mentioned in section 2.1.3, non-dimensionalization of the Navier-Stokes equations
is a useful way to decouple numerical solutions from the choice of units. Of course, the
same applies to the lattice Boltzmann method. However, as mentioned in section 3.2.1,
it is convenient to implement the lattice Boltzmann method in terms of “lattice units”
in which the distance between nodes Ax and the time-step At are both taken to be
unity. As shown by Latt [47], it is possible to map between these two representations
easily. If a non-dimensional system has been defined in which the reference length Lg
and reference time ¢y are both unity (which also implies |ug| = 1), then the relevant
parameters in lattice units are computed with the mapping

At
Up, b = T;f
Aty 1 (3.18)
Up = —5 —
tb Az%Re’

where Axy and Aty are the sizes of the of the lattice units in the original non-
dimensional reference units. For example, if the reference length Ly was discretized
into N, lattice nodes, then

Azg=1/(Ng — 1). (3.19)

This mapping is useful since it makes it relatively easy to make consistent comparisons
between numerical solutions obtained from the Navier-Stokes equations and those
obtained by the lattice Boltzmann method.

3.8 Accuracy of the lattice Boltzmann method

As mentioned in the opening of chapter 2, linking the lattice Boltzmann method to
the incompressible Navier-Stokes equations requires asymptotic expansion techniques,
e.g. the Chapmann-Enskog expansion. Carrying out this asymptotic expansion on
the lattice Boltzmann equation reveals that the lattice Boltzmann method is a second
order accurate approximation of the incompressible Navier-Stokes equations in both
time and space [5, 34].

This simple assessment is nowhere close to the complete story regarding the
accuracy of the lattice Boltzmann method, however. There are additional error
sources which arise because the lattice Boltzmann method is not a direct discretization
of the incompressible Navier-Stokes equations. In addition to the truncation error
related to the time and space discretization, there is also an error term related to
the relaxation time 7 (see [5] for a detailed discussion of this for several collision
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operators), as well as the so called compressibility error, which arises because the
lattice Boltzmann method is weakly compressible.

The compressibility error scales as O(Ma?), meaning that ideally the Mach
number should be kept as low as possible. An interesting consequence of this is
that since the Mach number is grid independent, it is not possible to improve the
accuracy of a lattice Boltzmann simulation indefinitely by refining the discretization
arbitrarily in either space or time, since eventually the compressibility error would
dominate. Decreasing the compressibility error at the same rate as the truncation
error requires scaling the time-step according to

At x Az?, (3.20)

which is often referred to as diffusive scaling in the literature. Interestingly, this
means that the lattice Boltzmann is in practice only first order accurate in time.
Furthermore, to the authors understanding, it is possible to completely eliminate the
compressibility error in the case of steady state simulations [46,48], but this does
not seem to apply for unsteady simulations [49,50].






4 Topology optimization

The purpose of this chapter is to document the essential ideas of topology optimization
which will be needed in the subsequent chapters. It is meant as a brief overview of the
topic and is by no means comprehensive. The reader is referred to the book [51] for
thorough exposition, as well as the various journal papers referenced in this chapter.

The chapter is structured as follows: section 4.1 gives an informal introduction to
topology optimization with the density method and provides some literature review;
section 4.2 goes more into the mathematical details of the optimization problem, and
provides more formal exposition on density based topology optimization; section 4.3
covers the adjoint method for computing the gradient; section 4.4 introduces the
projection filter, which is used extensively in the optimization problems presented
later, as well as the robust formulation of a topology optimization problem; finally,
section 4.5 briefly discusses the method of moving asymptotes, which is the algorithm
used for solving the optimization problem.

This chapter only discusses the density based method of topology optimization.
For discussion of other approaches, the reader is referred to the review paper [52].
Furthermore, the reader is assumed to have some knowledge of numerical optimization,
which is covered in many textbooks, e.g. [53].

4.1 Introduction

Topology optimization is a sub-discipline of the engineering field of structural opti-
mization. Informally, the goal of structural optimization is to optimize the structure
or shape! of some engineering feature, in order to maximize its capacity to fulfill its
desired purpose. This capacity is typically constrained by the underlying physics,
which is modeled using PDEs. Thus, structural optimization problems are formu-
lated as PDE constrained optimization problems. Structural optimization can be
split into three sub-disciplines: size optimization, shape optimization, and topology
optimization. The differences between them are illustrated in figure 4.1, using a
circular geometry as a basis.

In size optimization, only the radius of the circle can change, the basic form
of the circle is always preserved. Conversely, shape optimization may change the
external boundary of the circle but may not introduce new internal boundaries
by creating new holes or features separated from the external boundary. Finally,
topology optimization allows full design freedom: the circle can in principle be
changed into any arbitrarily complicated geometry.

In order to set up the problem mathematically, some way of representing the
state of the design is needed. For numerical optimization, the design is represented

I1The word “shape” is used here in its informal sense of the external appearance of an object.
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Figure 4.1: Conceptual illustration of the different forms of structural optimization
on a circular design.

by a finite vector of design variables, which describes the design in some manner. For
size optimization, the design variables would simply be the size or sizes in question,
e.g. the radius in the example of the circle. For shape optimization, the choice of
design variables is less obvious. One possibility would be to use a finite collection of
points which lie on the boundary of the shape. This representation would of course
only be approximate, since interpolation between the points would be required to
recover the shape. In the case relevant for this thesis—topology optimization—there
is likewise a number of possibilities available that (approximately) represent the
design topology as a collection of design variables. In this thesis only the so-called
density based approach is discussed.

Informally, the idea of this approach is to partition the design area—often called
the design domain—into a discrete mesh of elements, each of which are assigned a
numerical value corresponding to the element being either “solid”, i.e. containing
design material, or “void”, i.e. without design material. These numerical values then
comprise the design variables. For fluid flow problems, the void phase corresponds to
a fluid element, i.e. an element in which fluid can flow freely, whereas solid corresponds
to rigid material where no fluid can flow. In order to solve the problem numerically,
the requirement that each element must be either solid or fluid is relaxed to allow
“in-between” states. This allows solving the optimization problem using gradient
based methods.

Topology optimization as a scientific field originates with the seminal paper
by Bendsge and Kikuchi [54], and has since been applied to a wide variety of
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physics constrained design problems, including problems in fluid dynamics. The first
application of topology optimization to fluid problems was published by Borrvall and
Petersson in 2003 [55], who investigated Stokes flow problems. Their work has since
been extended to laminar Navier-Stokes flows [56,57]. Using the lattice Boltzmann
method to solve problems in topology optimization was pioneered by Pingen et
al. [58], solving problems similar to those presented by Borrvall and Petersson.
Others have investigated topology optimization with the lattice Boltzmann method
using a level-set approach [59-61].

Several more recent publications have focused on extending the work presented
in the above papers to more complicated fluid dynamics, notably thermal flows.
Andreasen et al. applied topology optimization to a thermofluidic mixer [62], while
Alexandersen et al. have investigated passive heat sinks [63,64]. In addition, there are
publications which have investigated thermal problems using the lattice Boltzmann
method [65].

A commonality of all the papers presented above is that only steady state flow
solutions have been considered. At present, there are only few publications which
have considered topology optimization for unsteady flow problems, likely due to the
high computational cost associated with these problems. The seminal papers in this
area are by Kreissl et al. [66], and Deng et al. [67], published within two months of
each other in 2011. Since then, the works by Deng et al. has been extended to flows
with body forces [68]. To the best of the authors knowledge, no other publications
have subsequently appeared, except for the contributions presented in this thesis.

4.2 Optimization problem
Mathematically, a topology optimization problem may be formulated as follows:

min ¢(v,s),

R(v,s) =0, PDE constraint, (4.1)
$4.00<s; <1,Vje{l,...,Ng} design variable constraint,
Cr(v,8) <0, Vk € {1,...,N.}, additional constraints,

where ¢ is some function which measures the capacity of the structure to perform its
desired purpose, often referred to as the objective function in the literature; v is a
vector of physical state variables associated with the system, and s is the vector of
design variables, which characterize the topology of the system. These variables are
defined on the discretized physical domain €2, and design domain Qg4 C €, respectively.
As mentioned in section 4.1, the optimization problem is constrained by the physics
of the problem, which are modeled using PDEs. This is formulated as an equality
constraint, R(v,s) = 0, where R is the residual of some numerical discretization
of a PDE (or system of PDEs), properly arranged to have a zero right-hand side.
The design domain is discretized into N, design variables, each with a value in the
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range s; € [0,1]. For the purpose of this thesis, s; = 0 shall always denote a solid
domain, while s; = 1 shall always denote a fluid domain. Finally, the optimization
problem may have an arbitrary number N, of additional constraints, given by the
functions C;. A constraint commonly seen in the topology optimization literature is
the volume constraint, which states that only a limited fraction of the design domain
can be occupied by the optimized structure.

A solution to equation (4.1) should ideally be a vector of design variables where
all values are either zero or one. However, the design variables are allowed to vary
continuously between these two end-points; this makes the derivative g—;’; well defined,
enabling the use of gradient-based numerical methods for solving the optimization
problem iteratively. This also implies that the model PDE represented by R(v,s) =0
must allow each element to continuously transition from the solid state to the fluid
state, with values in s; €]0, 1] representing some ficticious state in-between. In some
cases, these transitional states can be ascribed physical meaning [69], but otherwise
various penalization methods are used to ensure that the optimizaton algorithm will
converge to a fully discrete 0, 1-solution, often called “black and white” solutions
in the literature, contrary to solutions which contain “grey” elements. Chapter 5
discusses the details of how this is achieved with the lattice Boltzmann method.

4.3 Sensitivity analysis

In order to run any gradient-based optimization algorithm, the actual gradient vector
i—ﬁ obviously needs to be evaluated. The derivatives collected in the vector are often
termed the sensitivities in the literature. An efficient way of computing the sensi-
tivities is the so-called adjoint method [70]. With this approach, the computational
cost of evaluating the sensitivities is similar to the cost of determining the physical
solution vector v, i.e. solving R(v,s) = 0.

A way to explain the adjoint method is to add a Lagrange multiplier times the

residual to objective function, that is
P(v,8) = p(v,s) + )‘TR(vv 8), (4.2)

where A is a vector of multipliers. Since R = 0, this is does not change the value of
. Differentiation of (4.2) with respect to an arbitrary design variable s; yields

dp  Op Oy dv [ OR ORdv
do _dv  Op QU yr (0%, ORdv ) 4.
ds, 0s, " ovds;  \ 25, " 9vds, (43)

The term C’f—s”j is difficult to evaluate, but rearranging (4.3) to

dp  Op 7 OR dy 70R\ dv
— A =) — 44
ds;  0Os; + ds; + Ov + ov ) ds;’ (4:4)
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it becomes apparent that the troublesome terms with % can be eliminated by
J
solving the following adjoint problem:

or\" 90\ "

) A= (‘0 . (4.5)

88]' ov
While the adjoint problem is simple to state, in practice it can be quite challenging
to derive the adjoint problem for a concrete numerical scheme. Specifically, this is
true for the lattice Boltzmann method due to the highly non-linear nature of the

collision step. In chapter 6, a generalized approach for adjoint sensitivity analysis of
the lattice Boltzmann method, utilizing automatic differentiation, will be presented.

4.4 Filtering of the design variables

One problem which can arise in density based topology optimization is that the
optimizing algorithm is free to modify the design on the length scale of a single design
element, which can lead to undesirable features such as checkerboard patterns [71].
A common way of mitigating this issue is to apply a transformation—commonly
called a filter—to the design variables in order to smoothen the final design. The
interested reader is referred to [51] for detailed discussion of this issue.

4.4.1 Projection filter

In this thesis, the focus will be on the so-called projection filter [72]. This filter works
by projecting a smoothened version of the design field according to

, _ tanh(3n) + tanh(3(sy — 1)
%= tanh(3n) + tanh(8(1 —n)) ’ 0

as given in [73]. Here, s is the value of the smoothed design field at node j,
controls the strength of the projection around the threshold, and 7 determines the
threshold location, see figure 4 in [P1].

The smoothened design field sV is obtained by applying a weighted averaging
around each element [74,75], that is

) ~ Ykewn,, H(@k)sk
! Dken,, Hl(@e)

(4.7)

where s7 is the value of the design variable after smoothing, N ; is comprised of the
design elements within radius r of s;, H(xx) is the weighting, given by

H(xzy) =1 — @K — ], (4.8)



28 CHAPTER 4. TOPOLOGY OPTIMIZATION

and x; and xj are the center point coordinates of the elements s; and s;. Note
that the smoothening operation defined by (4.7)-(4.8) can be implemented more
efficiently [76], but this was not done for this work since it was never found to be a
significant contributor to the total run-time.

4.4.2 Robust formulation

An extension of the projection filter is the so-called robust formulation of the topology
optimization problem (4.1). In this formulation, the optimization problem is written
as a min-max problem:

min max {¢(v, s?), o(v, sV), p(v, sh)},
s€Qy

R(v., s?) = R(v;, s}) = R(vg, s5) =0, (4.9)
st.¢0< S <1, W S {1, .. ~7Ndcsign};
Cr(v,s) <0, Vk e {1,...,N.}.

Here, the subscript e,i, and d correspond to eroded, intermediate, and dilated design
fields, which are obtained with an application of the projection filter with < 0.5,
n = 0.5, and 1 > 0.5, respectively. That is, one design vector s is mapped to three
different design realizations. The min-max formulation ensures that it is always
the worst design realization driving the optimization. This means that the end
result of the optimization is a design which performs well for the n values of the
intermediate, eroded and dilated design. If the end result also performs well in the
entire range of n values spanned by the eroded and dilated design, and there are no
topology changes when 7 varies, then the design performs robustly under uniform
spatial variations, though none of this is guaranteed. For detailed discussion, see
the papers [73,77]. This method of robust optimization can be further extended to
account for non-uniform variations [78] by using a spatially varying projection value,
n(x), rather than a constant one. An application of this will be demonstrated in
chapter 7.

As a final comment, note that the robust formulation is in no way restricted
to three realizations; this was merely chosen because it is a common choice in the
literature, but any number of realizations can be used, given sufficient computational
power.

4.5 Solving the optimization problem

In this thesis, the optimization algorithm of choice is the method of moving asymp-
totes (MMA), introduced by Svanberg [79]. This algorithm and its extension, the
globally convergent MMA (GCMMA) [80], are extensively used in the topology
optimization field to the point of being almost ubiquitous. The implementation of
MMA documented in [81] has been used for all the problems presented later. The full
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mathematical details of the MMA are beyond the scope of this thesis; the interested
reader may refer to the original papers. Here we simply note a few details of the
MMA for later reference.

The MMA approximates the solution to the general nonlinear programming
problem

JJpinJo(s),
LS s S v (1), (4.10)
Ci(s) <0, Vk € {1,... N},

by finding an approximate solution to the modified problem

N,
= d
min  fo(s)+ 2+ Z (Clcyk + kl/i) ;

SER™ y,z 1 2

s?‘in <s;5 < s;mx, Vie{l,...,n}, (4.11)
s.t.Q Cr(s) —arz —yr <0, Vk € {1,... N},

y=>0,22=0,

where y and z are “artificial” variables, and a, ¢, and d are user-defined constants.
Ideally, this modification should not affect the final solution, though it depends
somewhat on the choice of constants. The choice of constants also allows some
flexibility in the kinds of problems which can be solved. Specifically, the robust
problem (4.9) can be solved using MMA. This is done by re-writing (4.9) to

min z
seR”,z

o(v,8;)+ K —2<0, Vr € {e,i,d},

s;-“i“ <y <SP Vi e{l, . ), (4.12)
Cr(s) —arz—yr <0, Vk € {1,... N},

y=>0,220,

where K > 0 is a constant value which ensures that ¢(v, s,.) + K > 0. This problem

may be solved with MMA by defining fo(s) = 0, as well as proper choice of the
constants a, ¢, and d.






Unsteady flow topology
5 optimization [P1]

This chapter summarizes the essential results presented in [P1]. In addition, un-
published results which further extend the pump problem introduced in [P1] are
presented.

The chapter is structured as follows: section 5.1 briefly introduces the lattice
Boltzmann model for porous media used to distinguish between fluid and solid nodes
in the optimization; section 5.2 states the form of the objective function used for all
of the subsequently presented problems; section 5.3 summarizes the findings for the
first example problem introduced in [P1], using topology optimization to design an
obstacle which results in a specific downstream flow pattern; section 5.4 discusses
the findings of the second example introduced in [P1], topology optimization for a
simple model of a fluid pump; finally, section 5.5 describes extensions of the pump
problem which have been implemented following the publication of [P1].

The references relevant to this chapter are given in the individual sections. Note
that the adjoint approach to lattice Boltzmann used in [P1] is not covered here,
since it was found to be difficult to extend and maintain the code implementing this
approach. A more robust and general approach was subsequently developed; this
approach is covered in chapter 6.

5.1 Lattice Boltzmann for porous media

As mentioned in section 4.2, it is necessary to distinguish between which design nodes
are fluid, solid, or “grey”. Since the standard lattice Boltzmann method described
in chapter 3 can only represent the fluid state, some modification of the method is
needed in order to achieve a smooth transition between states.

In previous work on fluid topology optimization with Navier-Stokes based finite
element solvers, this problem has been solved by modeling the design domain as
a porous material, with varying degrees of porosity in each fluid element. In this
approach, the Brinkman equation for fluid flow in porous media should be satisfied
in solid regions. It is given by:

1 v
-Vp=——u+iVu 5.1
SV = Ut iV, (5.1)
where K is the permeability of the medium, and ¥ the effective viscosity. The
permeability controls how easily fluid can flow through the porous medium. When
using this model for topology optimization, the solid regions are assigned a very
low permeability, approximately making the porous medium equivalent to a solid

31
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medium in which no fluid can flow. Note that choosing a too low permeability for
solid regions can lead to numerical problems, however. Modeling the solid regions
in this way works well in many cases, but is not perfect since it does not prevent
diffusion in the solid regions. For further details on how to implement this approach
in a finite element based Navier-Stokes solver, the reader is referred to the literature,
e.g. the original paper by Borrvall and Petersson [55].

Implementing the porous media based approach in the lattice Boltzmann method
does not require any extensive modification of the core method. In fact, one of
the much touted advantages of the method is that it handles complicated porous
media well. In the literature, various porous media modifications of the method are
available [25-27,82]. In the present work, the so-called partial bounceback model
presented by Zhu and Ma [27] is used, since it has been found to be very robust and
stable. This method is inspired by the bounceback boundary condition described in
section 3.6. It works by modifying the collision step, so that in porous nodes, a fraction
of the post-collision distributions is bounced back in the opposing velocity direction.
In fully solid nodes, the distributions are scattered equally in each direction, which
theoretically leads to a permeability of zero. Specifically, the collision step (3.13) is
modified as follows:

filwsot) = £+ So(s)UF5 1) = fas, ), (52)

where
fic(mjvt) = fi(mjvt) + Q(-f(mj’t))

is the unmodified post-collision state, i’ is the index corresponding to the velocity
opposite of ¢, and g(s;) is a continuous function g : [0,1] — [0, 1]. This function is
used to control the transition from solid to fluid nodes, ideally in such a manner
that intermediate states (“grey” nodes) will be sub-optimal. In structural mechanics,
the SIMP (Solid Isotropic Material with Penalization) power-law function [83] is
near-ubiquitous for this purpose. Conversely, in fluid mechanics, the following convex
function is similarly common:

‘1—5—7
Jsj+,y’

g(s) =1—s (5.3)

where 7 is an adjustable parameter which allows some degree of control over the
penalization of grey nodes. This function was introduced by Borrvall and Petersson
in their seminal 2003 paper. While (5.3) was originally formulated in the context of
minimal pressure drop problems, it is quite versatile, and has been used for all the
problems presented in this thesis.
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5.2 The unsteady optimization problem

For the optimization problems presented in this thesis, the following general form of
the objective function—based on the one given by Kreissl et al. [66]—is used:

Ny

p= Zz(t,v,s), (5.4)

t=0

where z is some function of the state in each time-step and N; is the number of
time-steps. This general form is sufficiently flexible to express the objectives of all
the problems presented in this thesis.

5.3 Obstacle flow control

This section summarizes and discusses the results for the first numerical example
presented in [P1].

5.3.1 Problem description

The idea of this problem is to reproduce the downstream vortex flow pattern of
flow past a cylinder with a topology optimized obstacle. The problem is setup by
initially computing the flow past a cylinder and saving the average velocity in a
predefined downstream area in memory. In the subsequent optimization iterations
the realized profile of the current design is compared to this reference flow profile.
The computational domain for the problem is illustrated in figure 5.1.

The full statement of the optimization problem is given by

N, )
: u(x;,tn) — Urer(T;, ¢
msanzlog E E [u(z;,tn) ref (T, tn) || ’

N,, M
n=No jEM mitA

N,
1 s
_ _ 5.5
GO—N—SZsk 0.9 <0, (5.5)
s.t. k=1
Gl - Ap - prref S 07
0<s,<1, Vk=1,...,N,.

Here, M denotes the nodes in the measuring domain, and M 4 denotes its area. The
deviation from the reference velocity is computed over N,, = Ny — Ny time steps.
The problem is constrained by the volume constraint Gy which constrains the amount
of fluid allowed in the design domain, corresponding to the fluid amount around
the reference obstacle. Additionally, the constraint (G is a pressure drop constraint,
with Ap being the time averaged pressure drop in the cavity. The reference pressure
drop Apyes is the pressure drop in the cavity for the cylinder, and £ is a constant
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Figure 5.1: Illustration of the computational domain for the obstacle flow control
problem. Originally appeared in [P1].

tolerance parameter (above paragraph quoted from [P1]). In words, the object of
the problem is to minimize the difference between the flow profile computed with
the designed obstacle, and the flow profile precomputed with the cylinder obstacle,
i.e. the vortex shedding profile. The logarithm is used to prevent numerical issues
close to a difference of zero.

The motivation for this problem was to construct a problem which was suitably
challenging, and which had an explicit time-dependent component. The problem has
the advantage that it has a known globally optimal solution, while still exhibiting
interesting non-linear behavior in the form of the downstream vortex shedding. So
while the problem is somewhat academic in nature, the aim was for it to serve as a
non-trivial test problem for the unsteady optimization framework.

5.3.2 Summary of results

Despite the fact that the problem has a known globally optimal solution, the problem
turned out to be more challenging than initially anticipated. Nonetheless, it was
shown to be possible to achieve a fairly good reproduction of the desired flow profile.
Figure 5.2 gives a comparison of the streamlines for the reference and an example
design, while figure 5.3 gives a more quantitative comparison over all the simulation
time steps.

It was not managed to recover the known (but not necessarily unique) global
optimum—namely the original cylinder—even from initial designs which were only
slightly perturbed from the reference.
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(b) Obtained profile.

Figure 5.2: Qualitative comparison of streamlines from the cylinder reference and an
example design. Originally appeared in [P1].

5.3.3 Discussion

In order to achieve the results depicted in figures 5.2 and 5.3, the design space had to
be severely restricted. Specifically, the pressure drop restriction had to be introduced,
and a very large filter radius compared to the size of the design domain was needed.
Even with these restrictions in place, convergence to a well defined design was slow
and required a very gradual increment of the projection value § (equation (4.6)),
otherwise the design could effectively be unrecoverably ruined on the increment
step. At Reynolds numbers sufficiently high for vortex shedding dynamics, any given
(realistic) downstream flow profile can likely be reproduced to reasonable accuracy
with a very large number of possible designs. Indeed, if we consider figure 5.3, it
seems that the optimization has converged to a local minimum which reproduces
the period of the vortex shedding well, but fails to hit the correct amplitude. These
factors of non-linear behavior and non-uniqueness of solutions combine to make the
problem quite challenging.

5.4 Passive fluid pump

This section summarizes and discusses the results for the second numerical example
presented in [P1].

5.4.1 Problem description

This problem investigates a simplified model of a passive pump in which the goal is
to redirect a cyclical input towards an output channel. The computational domain is
depicted in figure 5.4.
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Figure 5.3: Plot of the average velocity magnitude in the downstream measuring area
as a function of time, for the cylinder reference and an example design. Originally
appeared in [P1].

The problem is formulated as follows:

Ny
= $ 8 i

n=0x,; €l oy

1 e
Go= — s —V <0,
s.t. 0 Ns’; 4§ o

0<sp<1, Vk=1,...,N,.

(5.6)

Here, I'ou denotes the set of grid points at the pump outflow boundary, and Lqyu
denotes the length of the boundary. Once again, a volume constraint on the amount
of allowed fluid in the design domain is applied to the problem (quoted from [P1]).

5.4.2 Summary of results

Compared to the cylinder problem described in section 5.3, achieving good results
for the pump problem was significantly simpler. Figure 5.5 illustrates the working
of an example design via streamlines from both the inflow and outflow cycle of the
pump, while figure 5.6 contrasts the output of the pump with the cyclical inflow.



5.4. PASSIVE FLUID PUMP 37

ILin

Design domain

IIOATOSOY
mopino dumg

L,

4

Ly

Figure 5.4: Illustration of the computational domain for the pump problem. The
cyclical input at the top needs to be redirected towards the “Pump outflow” boundary.
Originally appeared in [P1].

A set of similar results were found: all included the basic feature of an initial
narrowing of the inflow channel into a central reservoir, with blocking “arms” on

either side to passively control the motion of the fluid.

5.4.3 Discussion

The pump problem is interesting from a topology optimization perspective because
the task in this case is to shape the design domain such that the flow exhibits a certain
behavior. Essentially, the flow in this case is a means to an end, rather than being
the end objective itself, meaning that there is a greater possibility for novel, possibly
counterintuitive designs which might otherwise not be imagined. Interestingly, the
final design does look to take advantage of vortex-like structures to avoid excessive
fluid reentering from the output during the outflow phase.

It is also very interesting from an engineering perspective, since pumps are
ubiquitous in many areas of application. Of course, real pumps are more complicated
than the simplified model used here, but this also means that the problem is well
suited for further extension and refinement. The work which has been done on this
is documented in section 5.5.

The paper and the problem introduced within it has generated some interest from
the research community. The pump problem was adapted to a 3D finite element
implementation by Villanueva and Maute [84]. In addition, going by Google Scholar,
at the time of this writing, the paper has been cited in seven other publications,
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Figure 5.5: Representative streamlines during the inflow and outflow cycle of an
optimized design. Originally appeared in [P1].
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Figure 5.6: Plot of the average flow output on the outflow boundary compared to
the cyclical input at the inflow boundary. Originally appeared in [P1].
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mostly related to topology optimization for thermofluidic systems. This indicates that
there is significant interest in unsteady flow optimization for thermal applications.

5.5 Extension of the pump problem

Following the publication of [P1], various ways to extend the pump problem have
been investigated. Rather than giving a full account of the details of these extensions,
the aim of this section is to summarize the major findings of this work, discuss which
conclusions can be drawn from these findings, and provide an outline for possible
future research.

The extensions investigated can be summarized as follows:

1. Applying the robust formulation described in section 4.4.2 in order to obtain a
design for the pump which performs robustly under uniform variations.

2. Since real life pumps typically displace fluid against a pressure drop, gravity or
other external forces, the pump problem was modified to account for this by
implementing a way of modeling external forcing in the simulation.

3. Verifying the physical model by comparing it to the solution computed by a
commercial finite element solver.

All these lines of investigation shared a similar simulation setup, which is described
next.

5.5.1 Simulation setup

The simulation setup is similar to the one described in [P1] and shown in figure 5.4,
but in order to facilitate direct comparison with the solution of a commercial finite
element solver, the non-dimensional formulation of the lattice Boltzmann model
introduced in section 3.7 is used.

The length of the inflow channel is set to be the reference of length unity in the
model. Similarly, the time for completing a single cycle of the top inflow is set to
be the reference time, so that one cycle takes one unit of non-dimensionalized time.
With the choices in place, the node separation may be computed using (3.19), while
the time-step is computed using the diffusive scaling (3.20). Then the number of
time-steps for a cycle may be computed as 1/At, while the maximal inflow velocity
and viscosity may be computed using (3.18).

Unless otherwise noted, the Reynolds number in the results presented below is
80, and the simulation time is five cycles of the inflow. The characteristic length
and velocity is the inflow length and maximal inflow velocity, respectively. The flow
solutions were computed using the MRT collision operator. In all cases, the strength
of the projection is controlled by using the S-continuation strategy described in [P1].
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5.5.2 Robust optimization of the pump

The simple robust optimization of the pump is mostly a straightforward extension of
the work already presented. Two examples of robustly optimized designs are shown
in figures 5.7 and 5.8. The resulting designs are generally share many similar traits
with the ones already presented in [P1]. Shown are two different designs at different

(a) Eroded design. (b) Intermediate design. (c) Dilated design.

Figure 5.7: Example result of a robust optimization of the pump problem on a 235
by 235 grid. The eroded, intermediate, and dilated designs use the n values 0.3, 0.5,
and 0.7, respectively.

rarara

s

) Eroded design. ) Intermediate design. ) Dilated design.

Figure 5.8: Example result of a robust optimization of the pump problem on a 468
by 468 grid. The eroded, intermediate, and dilated designs use the n values 0.3, 0.5,
and 0.7, respectively.

levels of mesh refinement. The computational cost of simulating several realizations
of the design is mitigated by the fact that each realization can be simulated in
an embarrassingly parallel fashion. For example, the optimization result shown in
figure 5.8 was computed using 72 cores, with 24 cores assigned to each realization.
Once the objective and sensitivities have been computed for all realizations, the
MMA algorithm is run on all 72 cores to update the underlying design field.
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Figure 5.9: Computed objective of the pump design in figure 5.8 as a function of the
projection value 7. There is a clear degradation in performance outside the range

spanned by the three realizations. Each realization is indicated by the marked data
points.

The result of the optimization procedure is robust across the range n € [0.3,0.7],
as shown in figure 5.9. Outside of this range, the performance degrades noticeably,
although the pumping action (i.e. a net outflow at the right boundary) is retained.

5.5.3 Pumping against an external force

As described in the opening of this section, pumps typically work against an external
force which counteracts the fluid displacement induced by the pump. Besides
the motivating factor of making the pump model slightly more realistic, it is also
interesting from a topology optimization perspective to see if the introduction of such
an external force changes the topology of the optimized design in a significant way.

Figure 5.10: Example of an undesirable optimized design for the pump problem with
enforced pressure drop.
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(a) Ap=1x1073.

(b) Ap=5x 103

C3aza
=

(c) Ap=1x10"2

Figure 5.11: Examples of optimized designs on a 468 by 468 grid, for different values
of Ap. Like in previous figures, the n values are 0.3, 0.5, and 0.7, respectively.

One way to introduce the external forcing is to enforce a pressure drop across
the design domain by using density boundary conditions (recall that density and
pressure are proportional in the lattice Boltzmann method) at the two outflows,
with a difference Ap between them. That is, the left outflow will have a constant
density po = 1, while the right will have the density po + Ap. One problem with this
approach is that it can lead to undesired local minima in which the left boundary is
“sealed off”, see figure 5.10 for an example.

This pathological behavior becomes much more likely when Ap is increased. A
likely cause of this is that the cyclical pumping action needs of order one cycle to
“get going”, while the initial pressure drop will cause an immediate burst of flow
towards the left outflow, causing the optimizer to close it off to prevent the formation
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of a strong flow in an undesired direction.

This undesired optimization behavior is mitigated by the following strategy: an
initial optimization is performed at a low value of the pressure drop, in this case
Ap =1 x 1073, The resulting design variables are then used as the initial guess in a
subsequent optimization, this time with Ap = 2 x 1073. This procedure is repeated,
with Ap being incremented by 1 x 1072, up to a final value of Ap =1 x 1072.

With this strategy in place, no undesired “sealed oft” local minima were observed.
Some examples of the obtained designs are shown in figure 5.11. Not all the designs
in the sequence described are shown, merely representative examples. To further
classify the performance of the different designs, in figure 5.12, the performance is
plotted as a function of Ap.

x1072
T
2 - |
)
=
8 O -------m--- .
=
)
— Ap=1x1073
—2r —— Ap=5x10"2 |
Ap=10x1073
| | | | | |
0 1 2 3 4 5
Ap x1072

Figure 5.12: Plot of the performance of the designs optimized at different values of
Ap, as a function of Ap. The dashed line indicates the threshold for a net outflow
from the pump.

The plot reveals a few things of note. First, the design optimized for Ap = 5x 1073
is globally worse than the one optimized for Ap = 1 x 1072, This indicates that,
unsurprisingly, the problem of sub-optimal local minima is still present. Secondly,
while the design optimized for Ap = 1 x 1072 retains the pumping action for
comparatively larger values of Ap it performs worse than the other designs for lower
values of Ap. Note also that the designs optimized for higher Ap do not actually
have a net outflow at the values they are optimized for.
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5.5.4 Comparison to a finite element solution

In the course of implementing the extensions described above, it was discovered
that in some cases the resulting designs exhibited unphysical behavior, in which the
average output of the pump would grow without bound as the number of time-steps
increased. This is in some sense an unavoidable consequence of formulation of the
problem combined with the potential for unstable solutions in computational fluid
dynamics. That is, if during the optimization there is a design which causes numerical
instability, that optimization run will likely result in an unphysical result because
the instability is beneficial to the objective function. Nonetheless, the occurrence of
such designs motivated investigating how well the flow solution as computed by the
lattice Boltzmann method matched that of a more conventional method, in the case
the finite element method.
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Figure 5.13: Mesh for the pump design as generated by COMSOL Multiphysics.

The design which will be used for comparison is the one shown in figure 5.7b.
The finite element solution is computed using COMSOL Multiphysics version 5.2.
The COMSOL model is implemented using non-dimensional units, which can be
mapped to the corresponding lattice Boltzmann solution as described in section 3.7.
The design is converted from the VTK to the STL file format (which COMSOL
supports) using Paraview version 4.3.1. The mesh generated by COMSOL is shown
in figure 5.13.

The COMSOL model has been solved using the default solver settings found in
the laminar flow module. In order to compare the two solutions, the average outflow
at the pumping outlet has been plotted as a function of time in figure 5.14.

As is readily apparent from figure 5.14, there is a large discrepancy between
the COMSOL and lattice Boltzmann solutions. The exact cause of this is not
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Figure 5.14: Comparison of the average outflow as a function of time, as computed
by the lattice Boltzmann method and COMSOL.

known as of this writing. However, figure 5.14 does reveal a crucial difference in the
two solutions: the weak compressibility of the lattice Boltzmann method causes a
“build-up time” before the final cyclical behavior emerges, whereas the finite element
solution immediately exhibits the final cyclical solution. Indeed, discounting the
phase shift caused by the initial delay of information transfer from the inflow to the
outflow, the final cyclical behavior of the two solutions seem to match up rather
well, albeit at different amplitudes. This points to the discrepancy between the two
solutions being caused by the weakly compressible nature of the lattice Boltzmann
method. It was already mentioned in section 3.8 that completely eliminating the
compressibility error associated of the lattice Boltzmann method is known to be
impossible, and the result shown here may well be a manifestation of this fact. Which
of the two simulations is more accurate—both from a theoretical as well as practical
perspective—is currently unknown, and would be an interesting and highly relevant
avenue of further research.
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6 automatic differentiation [P2]

This chapter summarizes the automatic differentiation based adjoint approach to
the lattice Boltzmann method presented in [P2]. As discussed in the opening of
chapter 5, naive application of the adjoint method as presented in section 4.3 results
in adjoint code which is difficult to extend and maintain. The approach presented
here enables the generation of adjoint code for arbitrary lattice Boltzmann models,
though some caveats do apply, especially with regards to the computational efficiency
of said adjoint code.

This chapter cover the following: section 6.1 gives a brief introduction to automatic
differentiation by means of simple examples, based primarily on the textbook by
Griewank and Walther [85]; section 6.2 summarizes the main result from [P2], and
provides some more in-depth details not found in the paper; similarly, section 6.3
provides details on how to implement adjoint boundary conditions, which was also
not covered in great detail in the original paper; finally, section 6.4 offers some closing
comments and discussion.

As a final comment, note that the method presented here (as well as the naive
approach used in [P1]) are example of a discrete adjoint methods; this means that
the adjoint problem (4.5) is derived from the discretized version of the PDE to be
solved. This is also sometimes referred to as a “discretize then optimize” approach
in the literature. Conversely, an “optimize then discretize”, or continuous adjoint
approach involves deriving the adjoint problem directly from the continuous PDE.
This approach is not covered in this thesis, but for the interested reader a few
journal papers describing continuous adjoint methods for lattice Boltzmann are
available [61,65,86].

6.1 Automatic differentiation by example

Consider a function F : R® — R™, with a well-defined Jacobian F’ : R" — R™X",
This function is referred to as the primal function (i.e. the function to be differen-
tiated). We can imagine evaluation of this function taking place on some abstract
computational machine in a finite number of underlying computations; this set of
computations is denoted the evaluation trace. The reader may refer to [85] for a
formal definition of the evaluation trace. Each step in the evaluation trace should be
simple to differentiate on their own. It is then possible to differentiate the (arbitrarily
complicated) function F' by computing a series of simple derivatives and propagating
them along the evaluation trace via the chain rule. This powerful idea is demonstrated
by example in the following. These examples originally appeared in [P2].
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6.1.1 Forward mode

In the forward mode, the computation proceeds starting from the input vector z € R™.
Consider the function

f(z) R = R?,
y1 = cos(cos(z)), (6.1)
Y2 = exp(y1)-

An evaluation trace for (6.1) may be written like so:

vy = cos(z),
vy = y1 = cos(v1), (6.2)
v3 = Yo = exp(v2).

The entire trace may then be differentiated by differentiating the intermediate variable
v; and applying the chain rule:

01 = —sin(x),
'[)2 = yl = —sin(vl)i)l, (63)
1.)3 = y'g = exp(v2)1'12,

in this way, even though the full expression for f/(x) is never “written down”, its

exact value is nevertheless obtained at x.
In general, the forward mode evaluates the expression:

j = F'(z)i, (6.4)

where # € R" is denoted the seed direction.

6.1.2 Reverse mode

As one might expect, in the reverse mode, the differentiation starts from the output
vector y = f(x) € R™. Define the adjoint variable, v; = Oy/0v;, which may be
computed by going through the evaluation trace in reverse order!.

Consider the function

g(x1,29) R? 5 R,

y = cos(cos(z123)), (6:5)

1Formally, the adjoint variables actually denote the variation, v; = 0y/d6;. See [85] for full
details.
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with the evaluation trace

v = T1,
V2 = T2,
2
vz = v3, (6.6)

vgq = cos(v1v3),

vs = cos(vy).

The reverse mode is now computed by evaluating v;, starting from the end:

75 = 1,

U4 = —Us sin(vy),

U3 = —y sin(v1v3)vy,

~ dg B (6.7)
Uy = P 20302,

V] = 8%91 = —0y sin(vyv2)v3.

In general, reverse mode evaluates the expression:
L =g T F'(z), (6.8)

where y € R™ is denoted the weight functional.

6.1.3 Closing remark

The point of these simple examples is not to show some alternative way to derive
derivatives, but that the machinery powering the forward and reverse modes can
be automated and implemented in software. Discussing implementation details of
automatic differentiation packages will be omitted here, but the reader may refer
to [P2] for a slightly more in-depth discussion, and of course the already cited [85]
for thorough coverage. In addition, a list of implementations for many programming
languages may be found at the website [87].

6.2 Adjoint method with automatic differentiation

As mentioned, this section summarizes the main result of [P2]. This summary is
given in subsection 6.2.1. The following subsection provides some additional details
not found in [P2], namely an alternative way of deriving the adjoint streaming step,
while subsection 6.2.3 discusses checkpointing strategies.
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6.2.1 Main result

The main idea of the derivation, following Liu et al. [82], is to split the residual
R(v, s) into a series of computational steps, and then introduce Lagrange multipliers
for each step. That is, for the lattice Boltzmann method, the method is split into the
collision, streaming, and boundary condition step, yielding the following Lagrange
multiplier objective:

t f’ _’_AZ"R?tream_’_o_t RbC+Tt Rcolhslon (69)

Dﬂz

t=0

where the t subscript denotes the value of the vector in time-step ¢, and A, o, and 7
are all distinct Lagrange multipliers. Note that the notation f is here preferred over
v for the state variable, since this is the common notation in the lattice Boltzmann
literature. From here, the derivation proceeds equivalently to the one starting
from (4.2) in section 4.3, and the reader is referred to [P2] for the full details. The
end result is the following adjoint collision step:

7 0Qf (z),1),8;] 0z, fi,8)

o(x;, )T =7(x;,t + . 6.10
B 7 [ETR) ) () (610

Following the adjoint collision step, we have the adjoint boundary step

aw[fstream(x . t)
Az, )" = o(z;,t)" Dor 6.11
(mﬁ ) U(wj’ ) afStream(ﬂfj, t) ( )
and finally the adjoint streaming step

Ti($j7t) = )\l(iliZ —eiAm,t—At)7 (6.12)

that is, the adjoint streaming step is backwards in time and in the opposite direction of
the primal streaming step. Above f denotes the distribution values at the beginning of
a new time step, while f5t7¢am denotes the distribution values following the streaming
step, but prior to the application of boundary conditions. The operator 1 denotes a
generic boundary condition operator (see section 6.3 for a specific example of adjoint
boundary conditions).

Finally, the sensitivities may be evaluated by the expression

op 0z Q[ f(x;,1), 55

as; E:‘*+T(%J) 7,

5o (6.13)

t=0

The important point is that the expressions (6.10) and (6.13) (which are both highly
non-linear) both contain terms which are exactly of the form (6.8), and can therefore
be evaluated with the reverse mode of automatic differentiation.
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It is important to note that since the collision step is purely local, automatic
differentiation is only applied on local operations as well. In this way a large
limitation of many automatic differentiation packages is bypassed: namely that they
do not directly support external libraries or parallel primitives such as MPI calls.
This is ideal in our case since the parallel implementation is based on the PETSc
framework [81].

6.2.2 A note on adjoint streaming

The adjoint streaming step (6.12) is derived in [82], and the result was stated without
derivation in [P2]. Their derivation—while correct—makes use of a slightly counter-
intuitive assumption about the extent of the computational domain, and also does
not describe how to deal with bounce-back boundaries of the form described in
section 3.6.1, at least to the authors understanding. Here, an outline of a slightly
different derivation is given, which accounts explicitly for the bounce-back boundary
conditions as described in this thesis.

The idea of the derivation is that the streaming and bounce-back steps are simply
a permutation of the vector of post-collision distribution values. Thus, the residual
of the streaming step may the written as a matrix-vector product, like so:

Ritream — Mstreamft _ fiﬂ;tream — 07 (614)

where MSteam ig the sparse permutation matrix for the streaming and bounce-back
step. When deriving the adjoint method, the relevant term is then the summation

Ny ~ Ny
t 87(,0% _ 2 AT pgstream _ T _ (615)
= 0f 05 o t t ?

which, since the summands are mutually independent, implies the adjoint streaming
step
7 = (Mstream)T ), (6.16)

In other words, the permutation matrix for the adjoint streaming and bounce-back
step is simply the transpose of the primal matrix. This results in exactly the streaming
step (6.12) in the interior, and an adjoint bounce-back which is opposite in direction
to the primal bounce-back step, as one might intuitively expect.

6.2.3 Checkpointing

Though it might not be immediately clear from the above equations, the above
adjoint method (indeed any adjoint method for a time-stepping scheme) must be
evaluated “backwards in time”. That is, the evaluation of the Lagrange multipliers
must start at the final time-step N;. Since the collision operator €2 is non-linear
in f, the adjoint collision step (6.10) will itself be a function of f. This implies
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that the time history of f must be either stored in memory or made available by
recomputation during the adjoint evaluation. Note that this is not the case for the
adjoint streaming step since it is not a function of f, while for the adjoint boundary
step it depends on whether ¢ is non-linear in f, see section 6.3.

Setting aside the question of the adjoint boundary conditions for the moment, the
pre-collision distribution values must in any case be available to compute the adjoint
collision step. Naively storing the whole history in memory does not scale well, but
recomputation increases the computational cost of the adjoint method. Fortunately,
there are algorithms available which minimize the amount of recomputation necessary
to complete the full adjoint evaluation. An early example of such an algorithm is
REVOLVE [88], which computes a provably optimal layout of checkpoints, from
which recomputation takes place. For the work presented in this thesis, the newer
algorithm by Wang et al. [89] has been used. This computes the same optimal
checkpoint layout as REVOLVE, but has the added feature that the total number of
time-steps need not be known in advance. We shall use this to our advantage in the
thermal problem presented in chapter 7.

6.3 Adjoint boundary conditions

Like the adjoint collision step (6.10), the adjoint boundary step (6.11) is of the
form (6.8), which means it can be evaluated by the reverse mode of algorithmic
differentiation. For relatively simple boundary conditions such as the Zou/He
boundary conditions (3.17), which are linear in f, it is generally relatively easy to
derive and implement the adjoint boundary conditions by hand. For the concrete
example at hand—equation (3.17)—one may derive the following adjoint boundary
condition:

1
C(wjvt)_ 1—u ’
Uy U U U 2Uy
ﬁ w],t = <6 — 2y> CO’l + <6+2y) CO’7+?C08,

Ao(xj,t =02+%(07—01)+ﬁ, (6.17)
o3+ o7+ 2p,

M(xj,t) = 04 + 08 + 2P,

As(xj,t) = o5 + 01 + 2p,
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Note that the spatial and temporal argument has been omitted from the right-hand
side, as in (3.17). Since (3.17) is linear in f, the adjoint boundary condition is
independent of f. This is advantageous because it means that only the initial
state of the distributions variables at time-step ¢ needs to be known to evaluate the
adjoint time-step. Thus only this state needs to be considered in the checkpointing
algorithm. While there certainly are non-linear boundary conditions available in
the literature (e.g. Latt et al. [90], Malaspinas et al. [91]), and these do have better
stability properties than the linear Zou/He boundary conditions, using them would
add an additional layer of complexity to the adjoint code, since the post-streaming
distribution values would need to be available when computing the adjoint boundary
step. This in turn means that these values either need to be stored as a checkpoint or
recomputed from other checkpointed values. All of this is certainly possible, but—in
the view of the author—the added complexity is not worth it unless the additional
stability of these boundary conditions was absolutely necessary.

6.4 Discussion

While automatic differentiation has been applied quite extensively for other types of
design optimization than topology optimization [92-94], to the authors knowledge,
only few papers have applied it to topology optimization [95,96]. Its applicability
in any given concrete case of course depends on the difficulty of implementing
hand derived adjoints, but the potential utility of completely automating sensitivity
computations can scarcely be understated. In the present work, utilizing automatic
differentiation did require some up front work, but implementing the approach
described above significantly reduced the work required for implementing adjoint
code going forward, since the approach is generic and can be adapted to any lattice
Boltzmann model which follows the “collide and stream” time-stepping structure.
A specific example will be shown in chapter 7, where the approach is adapted to a
thermal lattice Boltzmann model.






Unsteady thermal flow topology
7 optimization

This chapter documents the work done on topology optimization of heat regenerators
as part of the thesis work. These results are unpublished, and therefore can be
considered wholly new material distinct from what is covered in the publications
submitted with this thesis.

Unlike the results presented in the previous chapters, the problem presented
here requires simulation of a thermofluidic system. Therefore, section 7.1 covers
how to simulate such a system using the lattice Boltzmann method, by means of a
so-called double distribution model. Section 7.2 follows on this by discussing the
consequences the extension of the lattice Boltzmann method to thermal systems
has from a topology optimization perspective. That is, how solid and fluid nodes
are handled in the thermal model, and how to adapt the adjoint method presented
in chapter 6 to the extended model. Subsequent sections then focus on the actual
topology optimization problem: section 7.3 gives a brief introduction to regenerator
devices; section 7.4 describes how a topology optimization problem for the regenerator
was formulated and implemented; based on these initial findings, section 7.5 extends
the problem to robust optimization for non-uniform variations; finally, section 7.6
discusses various ways to further investigate the problem beyond the initial findings
presented here.

The theoretical sections of this chapter are mainly based on various papers on
thermal lattice Boltzmann models [97-99], as well as the book [100]. Like in previous
chapters, the main results are simply stated, without going into the details of the
theoretical derivation. The focus is exclusively on the double distribution approach
to thermal lattice Boltzmann. An alternative method for implementing thermal
lattice Boltzmann models is the so-called multi-speed approach, in which the lattice
is expanded to include velocities that travel farther than to nearest neighbor nodes
in a single time-step [101]. This type of model has not been considered for this work
since it forces a constant Prandtl number and is reported to have poor stability
properties [102].

7.1 Thermal lattice Boltzmann model

The double distribution lattice Boltzmann model, as the name implies, adds another
set of distribution values to the lattice Boltzmann model, which in this case governs
the dynamics of the temperature field in a thermofluidic model. The additional
set of distribution values are advanced in time according to their own collision and
streaming step, coupling to the isothermal model through the macroscopic values.
In this thesis, the temperature dynamics of interest are governed by the advection-
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diffusion equation (2.5), with a one-way coupling achieved by the presence of the
fluid velocity w in (2.5).

To separate the distributions associated with the temperature from the “standard”
distributions associated with density and velocity, the following notation shall be
used:

gi(x; + c; At t + At) = gi(xj, t) + (g(x;, 1)), (7.1)
where II(g(x;,t)) is the thermal collision operator. The temperature 7" is computed
like the density in standard lattice Boltzmann, that is

T(xj,t) = Z gi(xj,t). (7.2)

7.1.1 Thermal lattice

Because the advection-diffusion equation is a simpler dynamical equation than the
Navier-Stokes equation (2.3), a correspondingly simpler lattice than the D2Q9 lattice
can be used. For this thesis, the D2Q5 lattice has been used in the thermal simulations.
Its weights and velocities are listed in equation (7.3) and it is illustrated in figure 7.1.

Az |(0,0), © =0,
ci=— ) (7.3a)
At | (£1,0), (0,4£1), i=1,2,3,4;
1
=, 1=0,
w;=1{3 (7.3b)
) 1= 17 2a 37 47
Ax 1
Cg = Eﬁ (73C)

(@)
(@)=

Figure 7.1: Visual illustration of the D2Q5 model.

Clearly, the D2Q5 lattice is simply the D2Q9 without diagonal velocities (and
different corresponding weights).
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7.1.2 Thermal collision operators

The simplest thermal collision operator available is similar to the BGK operator (3.7).
It is given by

1
IPeK = ——(9: = 9", (7.4)

with the equilibrium function

¢ = w,T (1 + cic;“) . (7.5)

S

Likewise, an MRT-like operator is available for the thermal lattice Boltzmann
model [98]. It is given by

M (g(z;,1)) = M~ 'SM(g — g*9), (7.6)
with
1 1 1 1 1
o 1 0 -1 0
M=|0 0 1 0 -1}, (7.7)
-4 1 1 1 1
o 1 -1 1 -1
S = diag(0,512,512,53,54). (78)

Like in the standard lattice Boltzmann method, the relaxation time is related to a
macroscopic material parameter, in this case the diffusivity:
At 1

! _ 2
T =812 = CsDiAm2 +3 (7.9)

7.1.3 Thermal boundary conditions

Since the D2Q5 does not contain diagonal velocities, there is only one unknown
distribution value after streaming on non-corner boundaries. This makes it trivial to
implement a Zou/He style boundary conditions for fixed temperature boundaries. In
addition, bounce-back boundary conditions can be used to approximate Neumann
boundary conditions [98]. This approach has been found to be inaccurate, however,
in cases where there is a strong fluid flow (i.e. a high value of |u|) on the boundary.
In that case, it is better to use the method for Neumann boundaries given by
Malaspinas [103].

7.2 Thermal lattice Boltzmann for topology optimization

In the present case of applying the thermal lattice Boltzmann method to topology
optimization problems, there are a few additional considerations to take into account.
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7.2.1 Material interpolation

Like in the case of the isothermal problems, where the partial bounceback model
described in section 5.1 was used to facilitate a smooth transition between the solid
and fluid states, the thermal model needs to somehow distinguish between these
states as well. This is achieved by adapting the method used by Alexandersen et
al. [63] to the lattice Boltzmann model. In this approach, the thermal diffusivity
varies smoothly between the diffusivity of the fluid and that of the material. The
ratio between their diffusivities are denoted
D

= .1
CD Dmat , (7 0)

where Dy, is the diffusivity of the material. The diffusivity of node j is then given
by
; 1 -1 +1
h(S]‘): SJ(CD< +€) )+ ’
Cp(1+ 53])
D(s;) = Dh(s;), (7.12)

(7.11)

where h(s;) is a so-called RAMP interpolation function [104], and § is a convexity
factor which can be adjusted to penalize intermediate variables. Unlike the partial
bounceback model, this approach does not directly alter the thermal collision operator
IT directly. Rather, the prior to the collision step, the diffusivity in the node is
computed with (7.12), and this value is then used to compute a node-local relaxation
time using (7.9). The collision step is then computed as normal.

7.2.2 Adjoint thermal lattice Boltzmann

The automatic differentiation approach presented in chapter 6 is perfectly applicable
to the thermal lattice Boltzmann model, since it does not change the fundamental
“collide and stream” execution of the algorithm. In the adjoint streaming step, there
are simply a larger set of distributions which will be streamed backwards in space
and time, and the two collision steps can be concatenated into a single step like so:

Qotar ([f (2. 1) g(z;,1)]T) = [QF(2;,1) Mg(a;, 1) (7.13)
This “total” collision operator is then readily differentiated (as required in the adjoint
collision step (6.10)) by the reverse mode of automatic differentiation.

7.3 Regenerators

In this chapter, the thermal devices for which optimization will be attempted are the
so-called regenerative heat exchangers, commonly known simply as regenerators. As
the name suggests, regenerators are a specific type of heat exchanger. In regenerators,
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heat from a hot fluid is stored in an intermittent storage medium, called the regen-
erator matrix, before it is transferred to a cold fluid. The device functions by fluid
flowing through it in two phases: first, hot fluid flows through the device, transferring
its heat to the storage medium inside; second, cold fluid flows through, absorbing
the heat stored in the medium. Regenerators are used in a variety of important
applications, e.g. dehumidifiers, electronics cooling, and magnetic refrigeration.

Heat regenerators are typically grouped into three classes: monolithic, stacked
parallel plates, and packed spheres. Detailed discussion of the advantages and
disadvantages of each class of design is beyond the scope of this thesis, but the reader
may refer to e.g. Duprat and Lopez for an analysis of the trade-offs associated with
each design [105]. In this thesis, the focus will be on the parallel plate regenerator,
and this will be the starting point from which optimization will be performed.

The performance of regenerators may be classified by means of a so-called single
blow experiment [106]. The idea of this experiment is to pump fluid of a fixed
temperature through the regenerator, then forcing a sudden change in the temperature
of the fluid, and measuring the temperature response at the outlet of the regenerator.
A good regenerator should then equilibrate to the new temperature as fast as possible,
since a short equilibration time indicates that the transfer of heat from the regenerator
matrix happens swiftly. A simple model of the single blow experiment shall be used
as the basis for the optimization process.

7.4 Topology optimization of regenerators

In this section the basic setup of the optimization problem as well as some initial
results are covered.

7.4.1 Simulation setup

We consider a simplified model of a single blow experiment for a parallel plate
regenerator. The simulation domain is depicted in figure 7.2. In this model, the fluid
is flowing from left to right, driven by a fixed density drop Ap (recall that this is
equivalent to a pressure drop) imposed by density boundary conditions on both ends.
The full simulation proceeds according to the following steps:

1. If this is the first iteration, the domain is initialized with zero velocity every-
where, but with a linearly decreasing density from the inflow to the outflow.
Otherwise, the steady state solution from the previous iteration is used to
initialize the flow. The temperature is initialized to a uniform value in the
entire domain.

2. A steady state flow solution is computed at uniform temperature. This is done
by a “pseudo time-stepping” approach, i.e. the flow is evolved forward in time
using the standard lattice Boltzmann time-stepping algorithm until a steady
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Ldesign

I Design domain Initial plates

7

Ly

Figure 7.2: Tlustration of the computational domain for the regenerator problem.
The dashed lines show an example of an initial parallel plate design, but this is
merely used as an initial guess for the optimization.

state is reached. The flow is considered to be in steady state once the criterion
If: — fi—1lloo < € is satisfied, where € is some small tolerance.

3. Once the steady state solution is found, the temperature at the inflow is changed
suddenly, and the flow simulation is allowed to run for an additional fixed
number of time steps, in order to analyze the transient response to the sudden
temperature change.

The dynamics of both the isothermal and thermal distributions are simulated
using their corresponding MRT collision operator. The advantage of the above
approach is that it allows for full reuse of the machinery already developed for the
isothermal problems. As mentioned in section 6.2.3, the checkpointing algorithm [89]
which has been implemented for this work does not need to know a priori the exact
number of time-steps performed in the simulation. If the steady state analysis takes
Nteady time-steps, and the fixed number of time-steps for the transient analysis
iS Niransient, the adjoint analysis can step backward through the history of the
N¢ = Ngteady + Niransient Steps “as if” the number /V; had been known all along.

As a final implementation detail, in order to avoid numerical difficulties, we do not
use a true step change in the temperature at the inflow, but rather the temperature



7.4. TOPOLOGY OPTIMIZATION OF REGENERATORS 61

change happens according to
TO, t < N@teadyv

. 7T(t — Nitead )
T(t) = < 1q AT —_ seady/
( ) 0+ sin ( 2 Neamn

TO+AT7 Nsteady+Nramp <t§Nt )

) P Nsteady <t< Nsteady + Nrampa (714)

where Nyamp is some fixed (small) number of time-steps in which the temperature
change happens, and AT is the temperature change.

7.4.2 Objective function

In order to actually optimize a design using the simulation method described above,
some figure of merit for the performance of the regenerator is still needed. In other
words, an objective function needs to be formulated. According to Jensen et al. [107],
the most general figure of merit is the so-called regenerator efficiency, defined as the
ratio between the total energy transferred from the regenerator matrix to the fluid
in a single blow to the total energy stored in the matrix, i.e.

Etransfered
Etotal ( )
such that a theoretical perfect regenerator would hve an efficiency of 1. Jensen et al.

compute the effectiveness as a function of time using the formula

t .
_ fO qt dt
Etotal

x(t)
where ¢; is the heat transfer rate across the plate/channel interface. Computing
the efficiency in this manner would be quite difficult in the present context of
density based topology optimization, since some approximate scheme for tracking the
boundary or boundaries between the fluid and the solid matrix would be necessary.
The two papers [105,106] offer some alternative figures of merit for heat regenerators.

Based on these papers, we formulate the following approximation of the regenerator

efficiency:
> jea,(1 = s;)(T() — To)

ZjeQd(l —5;)AT
In this formulation, the efficiency is approximated as the ratio of the weighted sum
of the temperature change in each node, over the weighted sum of the theoretical
maximum in each node. The weight (1 — s;) is there since only the temperature of
the solid matrix is of interest. In the topology optimization problems where (7.17)
was applied, the actual objective function is ¥~ !, evaluated in the final time-step. In
addition, in all the results presented below, a volume constraint is in place which
constrains the material fraction allowed in the design domain to be equal to the

fraction of the initial guess.

: (7.16)

X(t) = (7.17)
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7.4.3 Results

The result of a “standard” (i.e. not robust) optimization is shown in figure 7.3. The
relevant numerical parameters are in table 7.1.

(a) Initial guess.

(b) Optimized design.

Figure 7.3: Result of simple topology optimization on the regenerator problem.

L, 550 L, 140

Ldesign 350 Ap 0.05
Th 2 AT 2

Ntransient 25000 Nramp 200
¢ 1 5 1

Re 30 Pr 0.71

Cp 0.0025 € 1x 1077

Table 7.1: Numerical parameters for the regenerator problem. All physical parameters
are in lattice units. For the Reynolds number, the characteristic length is the inflow
length, and the characteristic velocity is the maximum velocity of a Poiseuille flow at
density drop Ap.

The result in figure 7.3 seems to indicate that the initial parallel plate solution is
already very close to a local minimum. The predicted improvement in regenerator
efficiency of the optimized design is less than one percent. This is supported by the
following quote from Jensen et al. [107]:

“Parallel-plate regenerators with small dimensions (...) are receiving
interest for several application because of their theoretically high thermal
performance (...) with low pressure drops. (...) Although the theoretical
performance of parallel plate regenerators is high, the experimentally
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measured performance is typically less than what is expected. It is
generally accepted that flow maldistribution of the heat transfer fluid
caused by non-uniformity in the flow channel widths is one of the causes
of this discrepancy.”

While the above quote indicates that the parallel plate design is already very good
for its purpose, it suggests that the design is not robust to non-uniform variations.
This motivates the work presented in the next section.

7.5 Robust optimization of regenerators

Motivated by the findings of the previous section, this section describes the application
of non-uniform robust topology optimization [78] to the regenerator problem.

7.5.1 Non-uniform variations

The robust optimization for non-uniform variations still makes use of the robust
formulation (4.9), but the projection variable n is now made a function of space,

1= ().
The projection field is computed in the following way: for each realization in the
robust optimization, evaluate the function

Y(z,y) = Z of (A; cos(wix) + B;sin(wix))
- (7.18)
+ Z 07(Cjcos(wiy) + Djsin(wiy)),

j=1

where the factors A, B,C, D ~ N(0,1) are normally distributed random variables,

and the constraint
m

> o))+ Z(oé-’)2 =1, (7.19)

i=1

is satisfied. The variables w® and w? are predefined frequencies at which variations
occur. For each realization, Y (z,y) is computed, and 7(z,y) is then determined as

77(95, y) = %(nmax - 77min) (1 + erf (Y(\i%y)>> + Nmin, (720)

where erf is the Gauss error function:

x

erf(z) = % 3

exp(—t?) dt, (7.21)
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which is used for computing the cumulative distribution function of the normal
distribution. The parameters My, and Nymax are predefined minimum and maximum
values for 7.

The method of determining 7n(z,y) allows modeling of “wave-like” non-uniform
variations. An example application is shown in figure 7.4 for a parallel plate structure.

(a) Reference.

A
=3
=

— —
) (¢}
~ ~~
— fon)

Figure 7.4: Example realizations created by applying the non-uniform projection
filter to parallel plates shown in figure 7.3a. The wave-like nature of the non-uniform
variations is clearly seen.

One challenge associated with this kind of robust optimization is that since
random variables have been introduced, it is essentially a kind of Monte Carlo
method. Such methods have the weakness that a large number of samples (of order
hundreds) are generally needed in order for the method to converge. Since the
equivalent of a “sample” in this case is a single design realization, the computational
cost of having a hundred or more realizations would be enormous, even though the
individual realizations can be computed in an embarrassingly parallel fashion, as
described in section 5.5.2. To counteract this somewhat, rather than sampling using a
pseudo-random number generator, the samples are generated from a Sobol sequence,
a so-called quasi-random or low discrepancy sequence [108,109]. Using this type of
sequence speeds up the rate of convergence for Monte Carlo methods by traversing
the sampling space in a more structured manner, ensuring that the space is “covered”
using fewer samples.
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7.5.2 Results

Now that the means to generate design realizations with non-uniform variations are
in place, robust topology optimization can be performed on the regenerator problem.
Two sets of results are presented. Both have the same simulation setup (as described
in section 7.4.1), but differ in the initial guess used for the design. In both cases, the
optimization has been performed on 20 realizations, though only a representative
sample will be shown here. The two sets of results are shown in figures 7.5 and 7.6,
respectively.

Figure 7.5: Example results obtained with a thick plate design used as initial guess.
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Figure 7.6: Example results obtained with a thin plate design used as initial guess.
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The results shown should be considered preliminary since they exhibit a number
of problematic features. The individual realizations all have topology differences,
which is especially pronounced in the second set of results. This could potentially be
mitigated by using the double filter introduced by Christiansen et al. [77]. Moreover,
there is no particularly clear physical interpretation which can be made of the designs.
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Nonetheless, from a purely numerical perspective, the lattice Boltzmann simulations
predict an average of 22% improvement in the regenerator efficiency, compared to
the initial guess, for the first set of results, and an average improvement of 30% for
the second set of results. Despite this, more investigation into this problem is clearly
needed.

7.6 Discussion

To conclude this chapter, various ways forward from the current state of the investi-
gation into the regenerator problem are proposed.

We will postpone discussion of the problems already touched on for a moment
and focus first on a purely practical matter: the optimization runs for the regenerator
problem are very computationally costly. This is especially true in the early stages
optimization, where computing the steady state solution can often take of order a
hundred thousand time-steps, which then have to be reversed for the adjoint analysis
(including recomputation done by the checkpointing algorithm). This problem
diminishes as the optimization starts to converge, since the design change between
iterations is quite small, which means that the steady state computations will converge
in a relatively small number of time-steps. Nonetheless, steady state computations
account for a very large portion of the computational time, and speeding up this part
would most likely yield the greatest return on time invested to realize the speed-up.
A multigrid method for computing steady state solutions using the lattice Boltzmann
method has been proposed by Mavriplis [110], which is reported to compute steady
state solutions much faster than the pseudo time-stepping approach. This was
attempted implemented by the author, but unfortunately the implementation is not
functional as of this writing.

Increasing the computational speed of the optimization runs would be a worthwhile
pursuit because it would allow for a faster iteration time in producing new results.
This would allow more rapid prototyping of potential solutions for the modeling
issues discussed below. It would also be absolutely essential if one was to extend the
problem to 3D.

Regarding the modeling of the problem, the thermal model used is quite simple,
since it is based on the advection-diffucions equation (2.5), rather than a fully coupled
model. It could well be that a more advanced model is necessary to fully capture
the physics necessary to model and optimize the regenerator in a satisfying way.
Considering the findings of section 5.5.4, it is likely necessary to conduct a more
in-depth study of this type of thermal modeling with the lattice Boltzmann method,
both from a theoretical and practical perspective. Another potential benefit of such a
study would be additional insight into the best way to formulate the problem: there
might well exist a more natural and/or precise objective function for the problem
than (7.17), for example.
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In conclusion, it seems that there is good potential for the application of topology
optimization to this problem, but there are significant challenges associated with the
modeling as well as the implementation quality which ideally must be overcome in
order to proceed.






8 Closing discussion

In this chapter, the major findings presented in this thesis are summarized, along with
discussion of remaining issues for the application of the lattice Boltzmann method for
topology optimization as the author sees them. Finally, it offers concluding comments
and possible avenues of future research.

8.1 Summary

This thesis presents a framework for topology optimization of unsteady fluid flow
systems using the lattice Boltzmann method. The gradients needed for the optimiza-
tion process are computed using a discrete adjoint approach which utilizes automatic
differentiation to differentiate the non-linear collision steps in the method.

The applicability of the framework has been demonstrated on a number of unsteady
flow problems, including both isothermal and thermal systems. The optimization
process consistently converges to a design which is numerically superior to the initial
design. Despite this, there are lingering issues regarding the efficacy of the physical
simulation. It was shown in chapter 5 that predicted behavior of an optimized
design can differ significantly from a conventional finite element simulation. In the
case of the thermal problems, no direct comparison was made with a finite element
simulation, but the obtained designs are hard to interpret physically.

Despite these as yet unresolved problems, the implemented simulation code is
able to simulate fairly large unsteady flow systems in a reasonable amount of time,
utilizing parallel computation, checkpointing, and in the case of robust optimization,
distribution of each design realization to its own group of computational cores. There
is definite potential for applications in topology optimization at a truly large scale.

8.2 Comments on implementation

A large part of the work for this thesis was spent on implementation work for the
lattice Boltzmann framework as described. The code utilizes the PETSc library,
which provides convenient parallel data structures for numerical codes. However,
the functionality provided by PETSc is primarily centered around linear algebra
solvers, which are not directly applicable for the lattice Boltzmann method. It is
likely that significant flexibility and performance could be gained by implementing,
or—even better—utilizing already implemented data structures specialized for lattice
Boltzmann. Several open source lattice Boltzmann libraries exist, but it is not known
by the author if the code could be easily adapted to topology optimization. In any
case, some implementation effort would be needed to adapt other dependencies,
e.g. MMA, to such a code. Such an effort might well be worth it, since it would allow
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access to an ecosystem of lattice Boltzmann code, rather than having to implement
everything from scratch.

8.3 Future work

As already discussed in some detail, understanding the discrepancy between solvers
will be a very important issue to resolve going forward. Beyond that, a few possible
extensions of the present work will be listed here.

The most obvious extension would be to implement a 3D version of the opti-
mization framework described here. The tools developed for this thesis, e.g. the
automatic differentiation based adjoint approach and the checkpointing algorithm,
would transfer directly to a 3D implementation. The main issue, then, is the large
increase in computational cost when transitioning to 3D.

While the increase in computational cost is inevitable, there are a few techniques
available to reduce the problem somewhat. In the current code, only rectangular
domains are supported. This leads to a fair amount of wasted computing time in
e.g. the pump problem, which has fixed solid domains to account for the inflow and
outflow channels. It would be more efficient to completely exclude these areas from
the simulation, but this would require support for non-rectangular computational
domains. Note that this would require a major restructuring of the code, since
the current implementation depends on PETSc data structures which only support
rectangular domains, cf. the discussion on implementation details above.

A more exotic extension would be investigating local grid refinement methods for
the lattice Boltzmann method [111]. This would allow overall computational savings
by placing more grid nodes in areas which are expected to exhibit more complicated
dynamics. This is likely to greatly increase the complexity of the implementation,
however.

Finally, regarding the thermal models, it would be interesting (possibly even
necessary) to investigate more advanced thermal models [112,113] than the simple
advection-diffusion model used for this work.

8.4 Conclusion

In conclusion, this thesis shows the applicability of the lattice Boltzmann method as a
tool for topology optimization, but further work is required to realize the full potential
of the method. Since relatively little work on unsteady flow optimization has been
done, it is not clear as of this writing whether the lattice Boltzmann method offers a
significant advantage over conventional Navier-Stokes based methods. Certainly, the
traditional methods are much more well established, which might make them more
practical for the foreseeable future. In the view of the author, an in-depth study of
the trade-offs between the two methods would be well warranted.
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1. Introduction

The lattice Boltzmann method (LBM) has gained increasing attention in recent years as a viable alternative to Navier-
Stokes (NS) based methods for computational fluid dynamics. In this paper, we present a method for topology optimization
of fluid domains subject to unsteady flow conditions using the LBM. The topology of the domain is represented using
the density approach, in which each point of the discretized domain is assigned a value between 0 and 1, representing a
fully solid and fluid node, respectively [1]. In contrast to previously published work on fluid domain optimization with the
LBM, which has focused on steady-state formulations of the optimization problem, this work considers an unsteady flow
formulation, and presents optimization problems in which unsteady effects have a significant influence on the optimized
topologies.

The topology optimization methodology was originally developed as a design tool for structural mechanics [1,2], and
since its inception it has been applied to a variety of physical domains, including the optimal control of fluid flow problems.
Borrvall and Petersson first applied topology optimization to Stokes flow problems in 2003 [3], and since then, additional
studies have extended their work to laminar Navier-Stokes flow at moderate Reynolds number [4,5], and to large scale prob-
lems solved using parallel computation [6]. Furthermore, there are numerous published studies applying the methodology
to more complicated fluidic devices, such as fluid switches [4], and microfluidic mixers [7,8].

In the majority of previous works, the flow solutions are approximated by numerically solving the NS equations. Recently,
however, the LBM has become a popular alternative to traditional solvers. For a thorough introduction, the reader is referred
to the books by Sukop and Thorne [9], and Wolf-Gladrow [10]. In contrast to the continuum assumption of the NS based
approach, the starting point of the LBM is the Boltzmann transport equation of kinetic theory. Discretization of this equation

* Corresponding author.
E-mail address: sebnorg@mek.dtu.dk (S. Nergaard).

http://dx.doi.org/10.1016/j.jcp.2015.12.023
0021-9991/© 2015 Elsevier Inc. All rights reserved.
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yields an explicit time marching scheme which can compute approximate solutions to the incompressible NS equations
for low Mach number flows. The method is attractive because it is algorithmically simple, lends itself well to parallel
implementation, and is relatively easy to extend to more complicated physics, such as porous media [11-13], or multiphase
flows [14,15]. The use of the LBM for topology optimization was pioneered by Pingen et al. [16], who used the density
approach to topology optimization. The work is extended to multiphase flow problems by Makhija et al. [8]. In addition,
a number of studies have investigated a level-set based optimization approach using the LBM [17-19].

For gradient-based optimization, a common technique for computing the necessary gradients is the adjoint method. There
are two main approaches to this technique, the “discretize then optimize” approach, in which the adjoint problem is derived
from the discrete lattice Boltzmann equation, and the “optimize then discretize” approach, in which the adjoint problem
is derived from the continuous Boltzmann equation and then discretized. In this paper, we adopt the first approach. The
discretize then optimize approach was first used by Tekitek et al. [20] for finding optimal parameters for a lattice Boltzmann
model, while Krause et al. [21] applied the discretize then optimize approach to flow control problems.

Regardless of the computational method used to obtain flow profiles, the vast majority of studies on fluid topology
optimization have only considered steady-state flow. On the other hand, many fluidic systems of interest are dominated
by unsteady flows and do not permit steady-state solutions. Only few studies have been published treating such systems,
however. An implementation of unsteady flow topology optimization using a discrete formulation of the objective function
has been presented by Kreissl et al. [22], while Deng et al. presented a continuous formulation [23]. Both of these studies
computed the flow profiles by a finite element discretization of the NS equations. While Yonekura and Kanno [24] have
presented a method for computing steady state designs using transient information, to the authors’ knowledge, there are
no published works which apply the LBM to topology optimization of unsteady flow problems. In addition, the above works
consider problems in which unsteady effects have little influence on the topology of the computed solutions. In the present
work, problems with inherent unsteady characteristics will be presented. The problems considered are restricted to two
spatial dimensions, but the method is readily extensible to three-dimensional problems.

Following the work of Kreissl et al. [22], the unsteady flow topology optimization problems considered in this paper may
be written in the time-discrete form:

Nt
: 0 N¢ _ h
minZ(f0,.... fM ) = x (Zz“(t“,f",sp )),

n=0
s, satisfies design constraints G; <0,

s.t. f", satisfies the governing equations, R" =0, (1)
for the given s, Vn € {0, ..., N¢},

where s is a vector of design variables, and sP! is a vector of physical variables associated with the fluid medium at each
design element. The physical variables are obtained from s by a continuous mapping X : s — sP". The vector f" is the fluid
state at time step n € {0, ..., N¢}, and R" = 0 is the residual vector of the governing equations at time step n. The objective
Z is given by a differentiable function x which depends on a sum of contributions z" in each time step. The functions G;
represent the design constraints.

The rest of the paper is organized as follows: section 2 contains a brief overview of the governing equations of the lattice
Boltzmann method, including the treatment of boundary conditions and modeling of fluid and solid domains. Section 3
covers the adjoint sensitivity analysis for the case of an unsteady objective function. In section 4 a brief overview of filtering
techniques by means of a proper choice of the mapping X is given. The introduced concepts are demonstrated in section 5
with two numerical examples. Finally, section 6 offers a summary of the results as well as concluding remarks.

2. Governing equations

Unlike the Navier-Stokes equations, the LBM models the motion of a fluid as an ensemble of microscopic particles. The
state of the system is given in terms of a distribution function, from which macroscopic quantities such as density and fluid
velocity can be obtained by computing its moments.

2.1. The lattice Boltzmann method

As shown by He and Luo [25,26], the discrete lattice Boltzmann equation with Bhatnagar-Gross-Krook (BGK) collision
operator [27] reads:

fa X+ ca A, t + AL) = fo (%i, 1) — %[Lx(xi, ) — fal(®, D1, )

where 7 is the relaxation time, ¢, belongs to some discrete set of lattice velocities, and f, = f(%;,€q.,t) and fod =
fe9(x;, ¢y, t) is respectively the distribution function and local equilibrium associated with the corresponding velocity. For
this work, the common D2Q9 scheme (Fig. 1), which partitions two-dimensional velocity space into nine discrete velocities,
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Fig. 1. The D2Q9 model.

has been applied. The discrete velocities are given by:

[co, €1, €2, €3, €4, €5, Cp, €7, €8]

_§010—101—1—11 3)
“At|0O01T 0O -1 1 1 -1 -1}
For simplicity, the step sizes Ax and At may be taken to be in “lattice units”, meaning that Ax=At=1.
Typically, equation (2) is separated into a local collision step
- 1
Jo®i,0) = fo (i, 0) = —[fa @i, ) = fo' (%, D1, (42)
followed by a global propagation step
Fo(Xi+ € AL, t+ AD) = fo (i, 1). (4b)
From equation (4) the corresponding residual vectors may be written as
RO — fO _ finit
1
R" = fn _ S[fnfl + ;(fnq _ feq,n—l)L (5)

where S is the streaming operator, which shifts the distribution values as in (4b), and f init js the vector of initial distribution
values.

In this work we apply the incompressible lattice Boltzmann method introduced by He and Luo [28]. In this model the
equilibrium distribution f€9 is given by the following second order expansion of the Maxwell-Boltzmann distribution:

fal®i,t) = wg (p + po [3(ca u)+ g(ca ‘u)? — ;uz]) : (6)

where p is the macroscopic density, which fluctuates slightly around the constant value pg, u is the macroscopic velocity,
and w, are weights that depend on the discretization in velocity space. For the D2Q9 lattice, the weights are given by

4/9, fora =0,
we=11/9, forae{l,2,3,4}, )
1/36, fora € 5,6,7,8).

Without loss of generality, the constant term py may be taken to be unity. The macroscopic parameters, i.e. density, velocity,
pressure, and viscosity can then be evaluated as:

8
P@i, )= fulit), (8a)
a=0
8
Pou(xi, ) =y €q fo(®i,1), (8b)
a=0
p@i, 1) = p(Xi. 1), (80)
2
V= (‘L’ _ l) 2807 (8d)
2 At
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Inflow unknowns

Outflow unknowns

/

Fig. 2. Illustration of boundary conditions in a rectangular domain. At the boundary nodes, the incoming distributions need to be determined by some
scheme depending on the type of boundary.

where p is the scalar pressure, v is the kinematic viscosity, and c; is the lattice speed of sound for the D2Q9 lattice. It can
be shown that, in lattice units, c2 =1/3.

Assuming low Mach number flow, it can be shown—e.g. by the Chapman-Enskog expansion [29,10] or asymptotic anal-
ysis [30]—that the macroscopic values obtained by the above numerical scheme solve the incompressible NS equations for
an isothermal fluid to first order accuracy in time and second order accuracy in space.

2.2. Boundary conditions

Enforcing boundary conditions in the LBM requires special treatment, since the governing equations describe the dynam-
ics of the distributions functions f;, but hydrodynamic boundary conditions are typically given in terms of the macroscopic
properties of the fluid. For a general introduction to the implementation of boundary conditions in the LBM, the reader is
referred to the book by Succi [31]. In this section, only the boundary conditions relevant to the numerical examples shall
be discussed.

The basic idea of the implementation is that on the boundaries, there are certain velocity distributions that are unknown
after the streaming step, since they can be thought of as having entered the computational domain from “outside”. Which
distribution values are unknown depends on the orientation of the boundary, as illustrated in Fig. 2.

For inflow boundaries, a velocity inlet condition is imposed, using the method described by Zou and He [32]. Assuming
a bounceback condition in the non-equilibrium part of the velocity distributions normal to the boundary (e.g. f1 — ffq =
f3— f;q for an inflow on the west boundary as in Fig. 2), a closed system of equations is obtained. In the case of an inflow
on the west boundary, solving this system for the unknowns yields

2
fl:f3+§,00ux» (9a)
1 _ 1 _ 1
f5=gﬂoux+§pouy+§(f4—f2)+f7, (9b)
1 _ 1 _ 1
f8=é,0011x*Epouy+5(f2*f4)+f6, (9¢c)

where iy and uy is the prescribed velocity in the x- and y-direction, respectively. Similarly structured equations may be
derived for other boundary orientations. These boundary conditions are also applied for no-slip closed boundaries, by simply
setting iy =iy =0 in (9).

For open boundaries, the zero normal shear stress (ZNS) boundary condition, also known as the no-friction condition,
is imposed. This is a Neumann type boundary condition, and a method for implementing it in the LBM has been derived
by Junk and Yang using asymptotic analysis [33]. Their derivation gives a more general scheme for the computation of
boundary values, but here the equations shall simply be given in the form relevant to this paper, i.e. two dimensional
flow with BGK collision operator. For an outflow located on the east boundary (Fig. 2), the unknown distributions may be
computed as:

f3@, ) = F53(1, u(x,t — AD)) — vt ' — 1)

X (frx,t — A0 — fri@®,t — Ab), (10a)
fe@,0) = Fg(1, u(x, t — At)) —2vt " (we/w3)
X (frx,t — At — fri@x,t — Ab), (10b)
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frx,0) = F33(1, u(x, t — AD) — 2vT (w7 /w3)
x (fi(x,t = At — fix.t — AD), (10¢)

where

eq 9 2 35
Fo(p,u) =w; (,0+/00 [3(01‘ -u) + E(Ci “u) — T D .
Again, equations of similar structure can be applied for different boundary orientations.

As a final remark, we note that in general, corner nodes need to be treated as special cases, since there are effectively
five unknown distribution values rather than three. In the numerical examples, all corner nodes are no-slip nodes, and the
on-grid bounceback scheme as described in [31] is applied. In this scheme the unknown distribution values are simply set
equal to the known values in the reverse directions, i.e.:

fi< f3, fae fa, fs< f1. fo < fs. (11)

This simple scheme ensures that the no-slip condition is satisfied provided that the initial distribution values for opposite
velocities are equal.

2.3. Modeling fluid and solid domains in the LBM

For the purpose of topology optimization, the above LBM needs to be modified to allow for a continuous transition
between fluid and solid nodes in the optimization procedure. One way to achieve this is to modify the method such that in
solid regions, the Brinkman equation for flow in porous media is satisfied:

1 v
Vp=——

— u+vviu, 12
0 Kt (12)

where K is the permeability of the medium, and ¥ is the so-called effective viscosity.

One approach which obeys the Brinkman equation in solid nodes is to adopt a partial bounceback formulation of the
LBM. Partial bounceback models were first suggested by Dardis and McCloskey [34,35]; they are probabilistic meso-scale
models in which a bounceback like term dependent on the permeability of the lattice node is added to the collision step.
In this work, the partial bounceback model presented by Zhu and Ma [13] is adopted. The modified collision step has the
form

Fa®,0) = FS@i, 0 + gPMIFS i, 0) — FS @i, D], (13)

where

1 e
fo=Fa®i0) = —[fa@®,0 - felxi. 0]

is the original post-collision value, fg, is the post-collision value in the direction opposite fy, as per (11), and g € [0, 0.5]
is the fraction of particles bounced back at the node i. One can then choose g : [0, 1] — [0, 0.5] to be a continuous function
such that

£0)=05, g(H=0,

with s?h =1 corresponding to a fluid node, which recovers the standard collision step, and s}?h = 0 corresponding to a
solid node, where a bounceback like collision step is obtained. Following Borrvall and Petersson [3], the following convex
interpolation function is chosen:

1
g™ =05 (1 —sPh ph+y ) (14)
s +Vv

where y is an adjustable parameter which allows controlled penalization of intermediate permeabilities in the optimized
designs. Increasing the value of y results in a more linear scaling, which causes a greater penalization of intermediate
values, see Fig. 3. While the function (14) was formulated by Borrvall and Petersson specifically for minimal dissipation type
problems, it has also been found to work well for the numerical examples given in the present work.
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Fig. 3. Plot of the interpolation function (14) for different values of y. Higher values result in more linear scaling and thus penalize “grey” design variables
more.

3. Adjoint sensitivity analysis

A key component of the topology optimization procedure is the efficient evaluation of the gradients of the objective
function and constraints with respect to the design variables. A method commonly used in topology optimization for de-
termining the gradients is the adjoint method, which allows for all of the sensitivities to be computed from the transposed
solution of a single linear system of equations.

Following the derivation by Kreissl et al. [22], the time discrete quantities are collected in column vectors:

2=1zo,..., 2",

R=[R®,....RV]T,

F=0F M,

=0, ... ANgT, (15)
where A", n € {0, ..., N;} is the vector of Lagrange multipliers at time step n. The adjoint equation for objective functionals

of the form (1) is then given by

IR\ a2\ o
(—A> X:—(—f) ox, (16)
af af 0z

Since the LBM is an explicit time marching scheme dependent only on the state in the previous time step, the Jacobian
dR/d f is a band matrix. For the initial step R® we have

R |1, forj=0
L (17)
of 0, forj#0,

where [ is the identity matrix. For subsequent time steps, n > 0, the following notation is introduced:

c', forj=n-—1,
=1D", forj=n, (18)
0, forj¢{n—1,n}.

JR"
afi

Equation (16) may then be written in matrix form by performing the substitutions

1 (Cl)T
dHT (T

T
(8—13 = (DHT - , (19)

(cNy?
(DNyT
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5= . (20)

T ©2°/8 fOT (9% /92°)
()5
of (02N /o fNT 9 /02M)

The band structure of the matrix (19) allows the adjoint problem to be conveniently solved backward in time, starting by
solving for ANt:

azN\T oy
Nt _ (pNey—T
ANt = (D) (ath> PR (21a)
Subsequent A" may then be solved by backward substitution:
AN = (Dn)—T " T 37)( _ (Cn+1)Tln+l (21b)
aft) oazn '

Once A has been fully determined, the gradient with respect to the physical variable sP? may be computed by

dz 9z <33>T 02 5,7 0R (22)
ph = .. ph a5 ph ph”
ds; sy, 0z asy, asy,

While the matrix form of equation (16) neatly illustrates the overall structure of the adjoint problem, implementing the
adjoint analysis using matrix routines requires assembling the matrices D" and C" in each time step. The computational
cost of such an implementation quickly becomes intractable as the number of time steps considered increases. Alternatively,
it is possible to exploit the local nature of the lattice Boltzmann equation to derive explicit expressions for the Lagrange
multipliers in each time step, thereby bypassing the need for matrix routines entirely; in this way the adjoint problem
can be solved on the same time scale as the forward problem. A detailed derivation of a discrete adjoint lattice Boltzmann
method has already been given by Liu et al. [36], who applied it to steady-state fluid topology optimization problems. Below
we give an outline of the derivation of the explicit adjoint expressions, including the treatment of the boundary conditions
described in section 2.2, which to our knowledge have not been covered before.

3.1. Derivation of adjoint equations

For the purpose of this derivation, we will consider an arbitrary objective of the form (1). From (21) it is apparent that
there will be a contribution from the source term (9z"/d f")(dx/dz") for each multiplier A, (x,t). We will denote this
contribution

t T
9z ) ax (23)

dfax,t)) 8zt

Beyond this ubiquitous contribution, it is necessary to derive different equations for interior nodes and each type of bound-
ary node. The various types will be considered in turn.

Gax,0) = —<

3.1.1. Interior nodes

Since the interior nodes only require information about distribution values in the previous time step, the factor (D")~T
in (21b) can effectively be considered to be an identity term for the purpose of the interior nodes. What is left to consider is
then the term (C**1)TA™1 = (3R™1/9 f")TA"+1. The non-zeros terms for a given node will be at the neighboring residuals,
i.e. the nodes where information has been propagated to. Specifically, the individual Lagrange multipliers may be obtained
as

8
IJR;j(x+ciAt, t + At
A (X, 1) =G (X, 0) = Y e )kj(x+cht,t+At), (24)
= 9 fu(®.1)
where « € {0, ..., 8} corresponds to a multiplier for each distribution value at the node. Because of the non-linearity of the

collision step, the sum of differentials in (24) results in a quite formidable expression. A practical way to implement this is
to automatically generate the code for evaluating it using a computer algebra system, e.g. Maple.

3.1.2. Inflow boundaries

We will consider an inflow on the western boundary of the domain, such that the unknown distributions are computed
by (9). The necessary adjoint computations on this boundary differ from those of the interior nodes in one significant way:
since three distributions are computed using distribution values from the same time step, the matrix factor (D")~T can no

91



298 S. Nergaard et al. / Journal of Computational Physics 307 (2016) 291-307

longer be considered an identity. This can be handled by multiplying the set of nine Lagrange multipliers in each inflow
point by a 9 x 9 matrix. For a west inflow, the matrix is

10000 0 00 O
01000 0 00 O
00100 -300 1
-r 01010 0 00 O
A:(%):oooo1%00—%, (25)
’ 00000 1 00 O
00000 0 10 1
00000 1 01 0
00000 0 00 1

that is, the inverse transpose of the residual Jacobian at the point x. The nine multipliers at each inflow node are then
found by computing (24) and multiplying the result with the matrix (25). For the bounceback condition on the corners, the
Lagrange multipliers may be computed similarly.

3.1.3. Open boundaries
For the open boundaries, the unknown distributions are computed using only information from the previous time step,
just like the interior nodes. Thus, a matrix like (25) is not needed. Rather, equation (24) needs a slight adjustment:
A (X, 1) = Gy (X, 1)
Z ORj(x+cjAL, t + Al)

Aj®R+ CjAL L+ AL)

ehs 0fa(x,t)
JORi(x, t + At
- %Mx,wm) (26)
feh fa X, 1)

here A; refers to the set of velocities that can stream to a neighbor within the domain, and A, is the set of unknown
distributions. For an open boundary on the east part of the domain, As = {0, 2,3,4,6,7}, and A, ={3,6,7}.

3.2. Implementation

The resulting algorithm for obtaining the objective and sensitivities is summarized by pseudo-code in Algorithm 1. Note
that equation (24) results in expressions which depend on f(x,t), meaning that the backward time stepping in the adjoint
problem requires the value of the state variable f" in every time step n € {N¢, Ny — 1, ...}. In this work, we have taken the
naive approach of simply storing the full history in memory. For larger scale problems (i.e. in 3D), storing the entire history
of the forward analysis would be prohibitively memory intensive. However, the memory requirement can be significantly
reduced—at the cost of extra computation—by implementing a checkpointing algorithm, cf. [37,38].

Algorithm 1 Compute Z and dZ/ds.

forallne{1...N;} do
Advance current time step from n — 1 to n by the lattice Boltzmann equation (2).
Save the vector f" in memory.
end for
Compute the objective Z by equation (1).
forall ne {N;...1} do
if n = N; then
Compute ANt by (21a).
else
Advance current time step from n to n — 1 by equation (24).
end if
end for
Compute dZ/dsP" by equation (22).
Compute dZ/ds from dZ/dsP" by the chain rule (see section 4).

4. Filtering
For topology optimization problems in unsteady fluid dynamics, taking the physical and design variables to be equal,

ie. s =sP" can lead to numerical problems in the optimization procedure. Since the design and physical variables are
equivalent, the optimizer can add features to the design on the length scale of a single grid point. This makes it very difficult
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Fig. 4. Plot of the projection function (27) with a threshold of n = 0.5 for different values of 8.

to obtain reasonable solutions, because the large search space combined with the objective functions non-linear response
to the design variables makes it unlikely that the optimization procedure will converge to a well defined design. Rather,
designs will typically converge to local minima with poorly resolved topologies. This pathology arises in both the numerical
examples given below. To alleviate such issues, several regularization techniques have been proposed in the literature [1].

For this work, in order to regularize the optimized design and obtain a discrete 0/1 result, a Heaviside projection filter
is applied. Several variation of this idea have been described in published works [39-41]. The steps necessary for applying
the projection filter are briefly described below.

4.1. Threshold projection

In order to obtain a black and white solution, the following smoothed Heaviside function given by Wang et al. [42] is
applied:
oo _ tanh(Bn) + tanh(B(sy’ — 1))
! tanh(8n) + tanh(B(1 — 1))

Here, S8 is a control parameter for the function which determines the steepness of the region around the threshold, see
Fig. 4, and n gives the threshold for the projection, so that values above 1 are projected toward 1 and values below are
projected toward 0. Note that in the limit 8 — 0, s¥ = sF’h, so that the unprojected variable is recovered. The variable s‘}"
refers to a smoothing of the design variables given by the weighted averaging

J J
w_ ZkeNe_j H(xk)sk

(27)

v _ , (28)
T Yen,  H@o

where N ;j is the neighborhood of elements within a filter radius r, and H(xy) is the weighting factor given by
H@®) =1 — [ — %51, (29)

where x; and x; are the center point coordinates of the design elements j and k.
Once the design variables have been mapped to the physical variables by applying the projection technique, the sensi-
tivities of the objective function with respect to the original design variables can be computed using the chain rule:

ph w
g
Sk JeNe as] sj Sk
where
asy H(xy)

Si_ X) 31
ISk Dgen,,; H®e) 1)

We emphasize that the projection filter does not necessarily ensure mesh independence in the final design [42]. This can
be alleviated by employing the robust formulation given by Wang et al. [42], or by geometric constraints as presented by
Zhou et al. [43], but application of these techniques to fluid topology optimization has yet to be investigated.
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Fig. 5. Illustration of the computational domain for the flow control problem. Note that the downstream section of the computational domain is much
longer than the figure would indicate, but this is irrelevant for illustrative purposes.

4.2. B-continuation

As shown in Fig. 4, increasing the value of the parameter 8 has the result that the threshold function (27) will project
a greater range of values towards a pure solid or fluid node. Therefore, ideally the value of 8 should be large in order to
ensure a crisp black and white design. However, using an initially large value of g typically leads to numerical problems
such as design oscillations, since the sensitivities for design variables near the threshold n will be comparatively large.
Instead, a common strategy is the B-continuation approach. The optimization is run with an initially small value of g; the
parameter is then periodically increased to facilitate proper convergence to a black and white design. This strategy has been
employed for both the numerical examples given below.

5. Numerical examples

The topology optimization framework is now exemplified by two numerical examples. In both cases, a domain is consid-
ered where the fluid is initially at rest, and all distribution functions are at their equilibrium values.

The design is updated in each iteration by the method of moving asymptotes (MMA), due to Svanberg [44]. The domain
is initialized to some initial design guess (which will be detailed below), and the optimization procedure is considered to
be converged if

’”*sm_llloo <e, (32)

where m is the current iteration step, and € is some small tolerance parameter. For the examples below, the value € = 10~*
has been used.

IIs

5.1. Controlling flow past an obstacle

For the first numerical example, we consider a problem that exhibits significant unsteady effects, but in which an exact
(but not necessarily unique) global optimum is known to exist. It is well known that even at relatively moderate Reynolds
numbers, in the wake of an obstacle, complicated flow patterns can arise. The goal of this problem is to control the topology
of an obstacle in order to recover a given spatial and temporal flow profile. The geometry of the problem is shown in Fig. 5.
To obtain a reference flow profile, an initial simulation is run with a cylindrical obstacle (as shown with a dashed contour
in Fig. 5). The flow is allowed to develop for a set number of time steps to ensure that vortex shedding has started. For the
remaining time steps, the temporal profile of the velocities in the measuring area is then saved. During the optimization
procedure, we seek to minimize the time-averaged difference between the reference velocity profile and the profile of the
obstacle generated by topology optimization.

Mathematically, the optimization problem is formulated as follows:

N; 2
. llu Xy, tn) — Uret(Xn, tn) ||
mst =log Z Z )

n=No heM NmMA
Go= - 20 sh" —09<0,
SL1G1=Ap—EApr<0, (33)

0<sy<1, Vk=1,...,Ns.
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Table 1
Numerical parameters used for the
flow control example.

Ly 400

Ly 100
Lmeasure Ly /4

d Ly/5
No 10000
N¢ 15000
Y 1.0

3 15

r 0.1
Bmax 1.4

Here, M denotes the nodes in the measuring domain, and M, denotes its area. The deviation from the reference velocity
is computed over N, = Ny — Ng time steps. The problem is constrained by the volume constraint Go which constrains the
amount of fluid allowed in the design domain, corresponding to the fluid amount around the reference obstacle. Additionally,
the constraint Gq is a pressure drop constraint, with Ap being the time averaged pressure drop in the cavity. The reference
pressure drop Apges is the pressure drop in the cavity for the cylinder, and & is a constant tolerance parameter.

Because the spatial and temporal flow profile is dependent on the obstacle in a highly non-linear way, design features
on length scales down to one node can have significant effects on the flow in the wake of the obstacle. Therefore, in order
to regularize the problem, filtering is applied.

To ensure convergence to a black and white design, the S-continuation approach described in section 4.2 is employed.
The initial value of B =1 is used, which is increased by the constant factor 1.4 every 50 iterations until a maximal value

max = (1.4)1° is reached. For the projection, the value n = 0.5 has been used. Note that in order to ensure the existence
of a globally optimal solution, the reference velocity is obtained by performing projection on the initial cylinder, with the
value of B set to its maximum value, and then measuring the resulting flow profile.

As the initial design, the design domain is initialized to be equal to the volume fraction everywhere. For the purpose
of the filter, the vertical length L, will be considered scaled to unity, so that a filter radius 0 <r <1 may be chosen
independently of the mesh refinement. The remaining numerical values used for the problem are listed in Table 1, and
example obstacle designs are shown in Fig. 6. For these examples, the Reynolds number with respect to the initial cylinder
diameter is 60.

From the examples in Fig. 6(b)-6(c), it is clear that the projection filter as well as the B-continuation strategy is essential
to ensure convergence to a well defined black and white solution. In all cases, the known global optimum is not found, but
with projection a reasonable obstacle is obtained for different sizes of the measuring area.

The convergence history for two of the examples is given in Fig. 7. The spikes in the plot are due to the g-continuation,
but it is apparent that these oscillations become smaller and smaller as the optimization progresses. For a larger measuring
area we observe that the final objective has a higher value, since increasing the amount of points in which the velocities
should match makes the optimization problem harder. That is, increasing the measurement area results in a mathemati-
cally stronger objective which is more difficult to minimize. It is not immediately clear which one of the two examples
provides the “best” reproduction of cylindrical vortex shedding, however. We discuss this further below. In both cases, the
pressure drop constraint is initially violated, but this is handled within 10 iterations of the MMA algorithm, after which
both constraints are fulfilled for the remainder of the optimization procedure.

Note that for both examples in Fig. 6(d)-6(e), the obstacle is shifted to the left compared to the reference obstacle. As can
be seen in Fig. 8, the phases of the vortex shedding match up quite well in spite of this, even though the magnitudes differ.
As is apparent from Fig. 9, the more elongated shape of the computed obstacle results in a longer “tail” in the immediate
wake of the obstacle, so that the vortices still match up fairly well in spite of the computed obstacle being shifted to the
left.

To conclude this section, some additional comments should be made about the formulation (33). If we consider the
two examples in Fig. 6(d) and 6(e), it is clear that the relative difference between their shape is quite small, and yet the
difference in terms of the objective function is substantial. Indeed, it turns out that if the objective of the design optimized
for a 5 x 5 measuring area is computed using a 9 x 9 measuring area, this design actually performs better than the design
specifically optimized for the 9 x 9 area. Given the relatively small difference in the two designs, this demonstrates the
non-linear nature of the problem and the likelyhood that the optimization algorithm will end up in a local minimum.
However, as Figs. 8 and 9 demonstrate, the performance of such minima can still be quite good.

5.2. A fluid pump

For the second example, we consider the problem of optimizing a simplified fluid pump. The basic idea is to have
a vertical inflow on which a periodic inflow is imposed, and then optimize the interior domain to ensure that fluid is
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(a) Reference, Z = —oco

(b) No filter (s = sP"), 5 x 5 measuring area,
Z = —9.1115.

(¢) Unprojected design (8 =0),5 x5 (d) Projected design, 5 X 5 measuring area,
measuring area, Z = —9.8705. Z = —11.1305.

(e) Projected design, 9 X 9 measuring area,
Z = —9.6096.

Fig. 6. Example designs for the flow control problem. Only the design domain is shown.

log Z
|
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-10

| |
0 500 1,000 1,500
Iteration

Fig. 7. Convergence plot of the objective for the examples in Fig. 6(d) and 6(e).
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Fig. 8. Comparison of the reference and attained profile for the obstacle shown in Fig. 6(e).

(b) Obtained profile.

Fig. 9. Qualitative comparison of the velocity magnitude contours of the reference design (Fig. 6(a)) and a computed obstacle (Fig. 6(e)) in a single time
step. The blue contour line indicates the obstacle. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

transported horizontally from the left inlet of the domain to the right outlet. More precisely, a sinusoidally varying parabolic
inflow with maximal velocity umax given by

Uy (t") = Umax Sin(Tt" /L), (34)

is imposed, where v is some frequency. The computational domain is illustrated in Fig. 10.

The goal is to maximize the horizontal velocity at the open boundary marked “pump outflow”. The second open bound-
ary will effectively act as a reservoir from which additional fluid can enter the domain. The optimization problem is
formulated as follows:

Nt
. 1
msan=—NL Z Z Uux(%i, tn)
trout n=0x;€lout

_ 1 Ns ph
st 00T W 2 S~V =0

(35)
0<sy<1, Vk=1,...,Ns.

Here, "oyt denoted the set of grid points at the pump outflow boundary, and Lo, denoted the length of the boundary. Once
again, a volume constraint on the amount of allowed fluid in the design domain is applied to the problem.

As with the obstacle design problem, projection is applied in order to regularize the design and ensure a black and white
solution. Once again, the value n = 0.5 is used for the projection function, and the value of g is iteratively increased during
the course of the optimization procedure. The design variables are initialized to be equal to the volume fraction everywhere.
The remaining numerical values for this problem are listed in Table 2. The Reynolds number with respect to the top inflow
length is 80.
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Fig. 10. Illustration of the computational domain for the fluid pump problem.

Table 2
Numerical parameters used for the
pump example.

Ly 204

Ly 204
Lin 25

N¢ 8000
Y 0.5

r 0.03

v 400
Umax 0.05
Bmax 1.4

(a) V=0.8,7Z=-280x 1072 (b) V=0.7,27=-271x 1072 (c) V=06, Z=-248 x 10~2

Fig. 11. Example pump designs for different values of the volume fraction.

Example designs for this problem for different values of the volume constraint V are shown in Fig. 11. The imposed
flow from the top is cyclical, consisting of an inflow phase in which fluid is flowing into the domain from the top, and an
outflow phase in which fluid is sucked out from the top; an optimized design needs to account for both these phases. Each
design in Fig. 11 exhibits the same basic feature of a narrowing of the inflow channel, and a reservoir in the middle which
is “shielded” by a protrusion on the left. The performance of the design example in Fig. 11(a) is illustrated by the Figs. 12
and 13. Fig. 12 shows the pump output as a function of the imposed pumping velocity. Note that after the first few cycles,
the output is never negative, meaning that fluid never flows back into the domain at the output, even during the outflow
cycle. The mechanism by which this is achieved is shown by streamlines in Fig. 13. During the inflow cycle, fluid from the
top flows towards the pumping outlet, while additional fluid is pulled from the left reservoir (left open boundary) towards
the central reservoir. During the outflow phase, fluid from the central reservoir flows toward the pumping outlet, while fluid
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—— Pump output (horizontal)
----- Pumping velocity (vertical)
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Time step

Fig. 12. Performance of the pump design in Fig. 11(a) as a function of time.
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(b) Example streamlines during the outflow cycle.

]
u_max

(a) Example streamlines during the inflow cycle.

Fig. 13. Streamlines of the flow in the design in Fig. 11(a) during selected timesteps in the inflow and outflow phase. Note that the velocity magnitude has

been scaled so that |umax| =1.

from the left reservoir flows in a vortex like path around the top inlet; this fluid is then transported towards the pumping
outlet during the next inflow phase.

6. Conclusion

Fluid topology optimization using the lattice Boltzmann method has been successfully applied to problems which exhibit
significant unsteady effects. The topologies of the computed solutions were described by the density approach, while the
fluid-solid boundary conditions were imposed by a partial bounceback model. By solving the lattice Boltzmann equation,
and the corresponding discrete adjoint equation, the objective function as well as the design sensitivities were determined
in a computationally efficient manner, which allowed solving problems where many time steps were needed to resolve the
dynamical effects. In addition, the necessity of a transformation of the design variables in order to ensure convergence to
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well defined designs has been demonstrated. It is emphasized that the applied map from design to physical variables does
not guarantee mesh independence of solutions, but is nonetheless necessary for obtaining well defined designs. While the
proposed formulation can be extended to 3D problems, the increase in both computational cost and memory footprint is
likely to pose a significant challenge.
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Abstract The goal of this article is to demonstrate the
applicability and to discuss the advantages and disadvan-
tages of automatic differentiation in topology optimization.
The technique makes it possible to wholly or partially auto-
mate the evaluation of derivatives for optimization problems
and is demonstrated on two separate, previously published
types of problems in topology optimization. Two sepa-
rate software packages for automatic differentiation, CoDi-
Pack and Tapenade are considered, and their performance
and usability trade-offs are discussed and compared to a
hand coded adjoint gradient evaluation process. Finally,
the resulting optimization framework is verified by apply-
ing it to a non-trivial unsteady flow topology optimization
problem.
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1 Introduction

Automatic differentiation, also at times called algorithmic
differentiation, is a technique that, according to Griewank
and Walther (2008) “has been rediscovered and imple-
mented many times, yet its application still has not reached
its full potential”. Automatic differentiation (AD) allows
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for the exact evaluation of the Jacobian of an arbitrar-
ily complicated differentiable function, by partitioning the
function into a sequence of simple operations, which are by
themselves trivially differentiable. This process can be auto-
mated by software, allowing developers to focus on the solu-
tion of the problems requiring differentiation, rather than
the derivation and implementation of code for evaluating
derivatives. This potential for easily evaluated derivatives
makes AD very useful for design optimization, especially
for highly non-linear problems (Albring et al. 2016; Nemili
et al. 2014; Zhou et al. ; Ozkaya et al. 2016). Despite this,
to the authors knowledge, there have been only few appli-
cations of AD for density based topology optimization—the
only example the authors are aware of is the paper by
Laniewski Wollstrok and Rokicki (2016). Thus, the aim of
the presentation is to discuss the application details and to
demonstrate AD for two topology optimization problems in
computational mechanics.

An extensive review of topology optimization itself is
beyond the scope of this paper, but the interested reader is
referred to the monograph by Bendsge and Sigmund (2004),
as well as the more recent review paper by Sigmund and
Maute (2013).

1.1 Automatic differentiation

The goal of this section is to give a brief introduction
to AD. For an extensive and more general treatment, the
reader is referred to the introductory text by Griewank and
Walther (2008). To simplify the discussion, assume a con-
tinuous function F : R” — R™, with the Jacobian matrix
F' : R* — R™ " Further assume that a routine (i.e. a
particular computer implementation) exists to evaluate F.
In the AD literature, F is often called the primal func-
tion. Even though F may be arbitrarily complicated, its
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concrete implementation may be decomposed into a series
of simple operations (e.g. additions, multiplication, elemen-
tary functions such as the trigonometric functions) which
are individually easy to differentiate exactly. The differen-
tiated value of each operation can then be propagated to
the next by the chain rule. This idea of propagation can be
applied in two ways, either starting from the input vector
x € R", which results in the forward mode, or from the out-
put vector y € R™, which results in the reverse mode. Since
the full mathematical details of AD are beyond the scope of
the paper, each mode will be demonstrated by means of a
very simple example.
For the forward mode, consider the function

fx):R—> R?,
Y1 = cos(cos(x)),
y2 = exp(y1). )]

An implementation of (1) might evaluate the function like
so:

v = cos(x),
y1 = cos(vy), 2
v3 = y2 = exp(v2),

v2

where the variables v; can be considered intermediate val-
ues or “computational steps” taken to evaluate the function.
Using these steps, the derivative of f with respect to x can
be obtained as:

U] = —sin(x),
vy = y1 = —sin(vy)v1, ©)]
U3 = Y2 = exp(v2)1y,

where the dot denotes differentiation with respect to x.
In general, the forward mode allows the evaluation of the
expression:

y=F(0i, “

where x € R"*! is called the seed direction.
For the reverse mode, consider the function:

g(x1, 1) : R* - R,

y= cos(cos(xm%)), 5)

a possible evaluation procedure for this function is:

v = X1,
V2 = X2,
v = 03, (©6)

vy = cos(vivs),

vs = y = cos(vs).
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The adjoint variables, v; = 9dy/dv;, may now be evaluated
by stepping through the evaluation (6) in reverse order:

vs = 1,
U4 = —Ussin(vy),
U3 = —v4sin(v1v3)vy, @)

Uy = 9g/0x2 = 2030y,

U] = 90g/dx1 = —vg sin(vyv3)v3.

In general, the reverse mode evaluates the expression:

i =3TF W), ®)

where 7 € R"™*! is termed the weight functional.

Note that the two examples given above are intentionally
simplistic, as they serve only to demonstrate the principle of
AD at the most basic level. Evaluating more sophisticated
functions, one has to consider issues such as branching,
potential instabilities caused by differentiation close to sin-
gularities or discontinuities, and the influence of round-off
errors on the final result. Dealing with these things is an
active area of research which is beyond the scope of this
paper. The authors simply note that none of the examples
shown in the following sections exhibit pathological behav-
ior, and that the gradients obtained with AD in all cases have
been verified by a finite difference check.

The expressions (4) and (8) above are general, but by
choosing a standard basis seed direction or weight func-
tional (e.g. x = [1 00 ...]T), (4) and (8) allow the
evaluation of a column or row of the Jacobian matrix,
respectively. While both modes have similar mathemati-
cal properties, evaluating the reverse mode requires more
memory since intermediate values and operations must be
stored in order to step through them in reverse order. AD
packages supSigmund2013porting the reverse mode gener-
ally provide a storage object—often called a tape—which is
responsible for storing the information necessary to reverse
the function F.

For topology optimization, the function of interest is typ-
ically the objective function, Fopjective : RM¢ — R, where
Ny is the number of design variables. This makes the reverse
mode the obvious choice, since the sensitivities

' /
1 | Fojective 9Fdbjecive
objective ds; ds, -

can be computed with a single evaluation of the reverse
mode (8), in the same manner that hand derived adjoints
allow. It should be stressed that for topology optimization,
Ny is typically much larger than in other structural opti-
mization problems, since in size and shape optimization the
geometry of the design is represented by a much smaller
number of parameters. In addition, note that the reverse
mode is not fundamentally different from a hand derived
discrete adjoint approach; its purpose is to reduce the burden
of implementing the adjoint.
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Generally, there are two approaches to implementing an
AD package: source transformation and object overload-
ing. Source transformation, as the name implies, provides
a program which takes as input the source code to be
differentiated, and outputs new source code which eval-
vates the derivative of the original source. An example
of this type of implementation is Tapenade (Hascoét and
Pascual 2013; Tapenade website 2016), which provides a
convenient online server on which users can upload their
source code, which will then get differentiated and served
back. The advantage of this approach is that the differ-
entiated code can be inspected directly, and if necessary,
the user can manually optimize it to improve the execu-
tion speed of the application. Of course, if one chooses to
do this, some convenience is sacrificed since the differenti-
ation procedure is no longer fully automatic. Additionally,
should the source code for the primal function change, the
source transformation procedure—possibly including hand
optimization—must be repeated.

The second approach, operator overloading, takes advan-
tage of a feature of certain programming languages (notably
C++ and Fortran 90) which allows the user to define basic
operations such as addition and multiplication on user-
defined types. This is exploited in AD libraries to provide
types which perform both primal and differentiated compu-
tations. The function to be differentiated is then overloaded
to accept these library types as input—rather than intrinsic
floating point types such as double in C++. The result-
ing values can then be queried for their gradient as well
as primal values. While this approach is typically slower
than source transformation, it was shown by Hogan (2014)
that in C++, expression templates could be used to achieve
execution speeds which are competitive with source trans-
formed code. The great advantage of this approach is the
convenience. The code for evaluating the primal function
can be reused without further implementation effort to eval-
uate the gradients. Furthermore, any modifications made to
the primal code will be immediately reflected in the dif-
ferentiated output, without requiring further involvement
from the user. An example of this type of implementa-
tion is CoDiPack (CoDiPack website 2016). The CoDiPack
library is header only, meaning that the code can simply be
included in the application code to be differentiated, with-
out any pre-compilation step. For further information, the
interested reader is referred to the CoDiPack website cited
above as well as Albring et al. (2015a, b). The two pack-
ages presented above will be used to solve the optimization
problems presented in this paper. For a much more complete
list of AD packages, the interested reader is referred to the
online list available at the AutoDiff website (2016).

The remainder of this paper is organized as follows:
first AD is demonstrated for a relatively simple 1D wave
propagation problem in Section 2. The example allows for

easy comparison between hand written adjoint differentia-
tion and fully automatic differentiation. The readers familiar
with traditional adjoint analysis applied to transient topol-
ogy optimization problems will identify immediately the
similarities between the tape (the storage object in AD) and
the storage of the forward solution in transient optimization
problems. In the following Section 3 the applicability of AD
is demonstrated for more complex optimization of transient
fluid mechanics problems (Ngrgaard et al. 2016), where the
explicit form of the Jacobian of the state equations includ-
ing the boundary conditions is practically impossible to be
derived by hand. The advantages and the disadvantages of
AD are discussed and demonstrated in details, and finally
the article is completed with a topology optimized example
of a fluid device for oscillatory fluid input.

2 Application to transient wave propagation
problems

The goal in this section is to demonstrate AD for well
known one dimensional wave propagation problem (Dahl
et al. 2008; Lazarov et al. 2011). The aim of the exam-
ple is to compare and discuss the applicability of AD for
complex topology optimization problems where significant
amount of time is spend on derivation and implementation
of sensitivities. The optimization problem is given as

T
J(s,u) = f z (s, u)dr,
0

1[0, T],
ie{l,...,Ng}, ©9)

min :
s
s.t.: r(f,s,uu,i) =0,
g (s,u,u, i) <0,

5 € Dad,

where, r (¢, s, u, u, i) = 0 is the discrete form of the con-
sidered linear elastic state problem written in residual form,
u is a vector with nodal displacements, 0 is a vector with
nodal velocities, i is a vector with nodal accelerations, s is
the design vector with relative element densities, J (s, u) is
the objective function and g; (-) ,i € {1,..., Ng}is a set of
additional constraints. The residual form is given as

rt,s,u,u,u)=1f¢) —[M(¢s)i+C(s)u+K(s)u],
(10)

where the mass, damping and stiffness matrices M (s),
C (s), and K (s) are obtained by standard finite element
assembly procedures. For every element the local matrices
are obtained using linear interpolation between the matrices
for two different materials, i.e,

M(s), = (1 —se) Mo + seMji, an
C(s)e = (1 —50) Co +5.Ci, 12)
K (), = (1 —s¢) Ko + s.Ki. (13)
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Fig. 1 Optimization setup.
Absorbing boundary conditions
are applied at both ends of the
wave guide

An external excitation is applied as a time dependent nodal

force in the middle of the computational domain

t_1)2

w0,
t <0,

cos(2m fo(t — to))e_a(

f(t)={0,

where # is the center of the wave packet in the time domain,
fc is the central frequency, and § defines the bandwidth
(Dahl et al. 2008). The excitation generates two Gaussian
wave packets propagating towards the two ends of the wave
guide. The set up is shown in Fig. 1. The selected objective
is to minimize an integral of the squared displacements in
a region of the design domain for a selected time interval.
The optimization results in periodic band-gap structures as
demonstrated in Dahl et al. (2008) and shown in Fig. 1, with
a period depending on the wavelength of the waves prop-
agating through the wave guide. As these results are well
known and investigated in details in the literature, study and
discussion of the optimized design will be omitted here and
the focus will be shifted on the sensitivity analysis.

The gradients of the objective in (9) can be obtained
using adjoint analysis as shown in Dahl et al. (2008), and
are given as

Ty
[ z (s, u)dz _
o  0se

T .
/‘ XT[BM(s)ﬁ+ dC(s)l.l+ dK (s)
0

as,
where the Lagrange multipliers vector A (t) = A (T — 1) is
obtained as the solution of the following equation

14

u] de, (15)

a8, as,

M2 + CA + K& = rel0,T],

9z (t,u)
Tou (16)

with initial conditions X = 0 and X =Oand 7 = T — 1.
2.1 Time integration

As no analytic solution to (10) exists in the general case, the
vectors of displacements, velocities and accelerations are
obtained numerically at discrete time steps. Here the time
derivatives are computed based on finite difference scheme
and at the n™ time step they are given as

fl,, — “u+12;l;u—] , (17)
iin — Wil *ZAI-;;%*’U»I—] (18)
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Absorbing boundary conditions

f@t)

Design domain

Inserting (11) and (14) in (10) and rearranging the terms
results in

1 1
—M+-——C
<At2 BTN, )u"“

2 1 1
e () u (v
19

The above equation provides the solution at time #,+ using
the system response at time steps n and n — 1. The integra-
tion starts with ug = 0 and u_; = 0. The time step is chosen
based on the Courant-Friedrichs-Lewy (CFL) condition

Ax

At < Atp = —, (20)
c

where Ax is the distance between the finite element nodes
and ¢ is the wave speed. The same scheme is applied
for solving the adjoint (16). The second derivative for the
sensitivity analysis at = 0 is computed as ii = M~ !f (0).

The Lagrange multipliers sequence can be obtained
from (16) by stepping backward in time. First, the
forward solution is computed for each discrete point
ug, ug, ..., uy,_1, uy,, and as second step the adjoint equa-
tion is computed with right hand sides depending on the
forward solution. As final step the sensitivities are evalu-
ated based on (15). For more details the interested readers
are referred to Dahl et al. (2008); Elesin et al (2012, 2014);
Lazarov et al. (2011).

The great advantage of the adjoint approach, compared
to for example finite difference derivatives, is that all sen-
sitivities can be evaluated by solving the adjoint problem
once. As noted above, however, the same is true of the
reverse mode of automatic differentiation, since the objec-
tive function is of type J : RN — R. For the numerical
implementation, the discrete form of the objective J is

T
J:/ (s, u) ~ ) (s, u(t) At 1)
0

i

The discretization (19) is sufficiently simple that it can eval-
uated as a simple stencil type computation, as is illustrated
in Algorithm 1.
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Algorithm 1 Evaluating the wave propagation objective

u_1=0,uy=0.
forallr € {0, At,2At,...,T}do
foralle € {0,..., N, — 1} do
Compute local value u(x,, t;) by (19).
end for
J <~ J+z(s,u)At.
end for

The key feature of Algorithm 1 is that it is relatively sim-
ple to implement without the need of any external linear
algebra libraries. This makes it very simple to automatically
differentiate the evaluation of the objective function. Using
the operator overloading approach, the problem can be sim-
ply differentiated in a black box manner without the need of
deriving and implementing the adjoint method. As an aside,
note that even if a linear algebra library was required, C++
libraries such as Eigen (Guennebaud et al. 2010) support
linear algebra on arbitrary numeric types, and thus would
allow automatic differentiation as well.

In order to allow the application of operator overload-
ing AD, our implementation of Algorithm 1 was converted
into a C++ template, thus allowing the implementation
to use the numeric types provided by CoDiPack. After
this, the code must perform some calls to the tape type
provided by CoDiPack, before and after the call to the
function evaluating Algorithm 1. These additional calls
add very little code and are described in the CoDiPack
tutorial (CoDiPack website 2016). The differentiation pro-
cedure using CoDiPack yields identical sensitivities to those
yielded by evaluating the adjoint expression (15). Com-
parative performance measures are shown in Table 1. The
code was compiled with GCC 5.4.0 with -02, and the
performance was measured on an Intel Core i7-3720QM
processor.

As expected the memory and the computational time
grow proportional to the number of the time steps for the
AD and the hand coded example. Comparing the perfor-
mance of AD with CoDiPack to the hand coded adjoint,
CoDiPack is roughly 1.5 to 1.8 times slower. Considering
that the development time needed to obtain the derivative
code is essentially zero, this seems like a modest price to
pay, though this would of course depend on the specifics of
the problem and the performance requirements. The mem-
ory requirements of the AD solution, however, is more
than an order of magnitude greater than the hand coded
equivalent. This is because the tape structure implemented
by CoDiPack must store, in addition to all solution states
ug, Uy, ..., uy,, all operations needed by the computation
in order to reverse them. Whether this memory requirement
is an intractable issue depends on the nature and size of the
problem one wishes to solve. For a research problem such
as this, the memory requirement of AD is available on many

modern personal computers, and the advantage of being able
to differentiate a code without spending any significant time
deriving, implementing, and debugging an adjoint solver
can hardly be emphasized enough. Even in cases where AD
does not scale to the desired problem size, it would still be
a useful tool for prototyping the optimization problem and
verifying the derivation and implementation of an adjoint
code. As a final point, note that the large memory foot-
print of CoDiPack is due to the fact that we are solving a
transient problem. This means that the tape structure redun-
dantly stores the time stepping operations once for each time
step taken. Thus, steady state type problems would require
significantly less memory. In addition, CoDiPack is actively
developed and future optimizations might address this issue.

In the above discussion we considered a problem which
readily lent itself to black box automatic differentiation.
In the next section, we will consider a more complicated
example, in which automatic differentiation is applied to an
already existing parallel code.

Table 1 Performance measurements comparing AD to the hand coded
adjoint for the wave propagation problem

Automatic differentiation Hand coded adjoint
2500 timesteps
Memory 1.0 Gb -
Wall time 6s 425
Relative time 1.43 1
5000 timesteps
Memory 2.1 Gb 0.07 Gb
Wall time 13s 85s
Relative time 1.52 1
10000 timesteps
Memory 4.2 Gb 0.15 Gb
Wall time 26s 16s
Relative time 1.625 1
20000 timesteps
Memory 8.5Gb 0.27 Gb
Wall time 50.53 s 3246
Relative time 1.55 1
30000 timesteps
Memory 12.8 Gb 0.43 Gb
Wall time 88s 48's
Relative time 1.83 1

The number of elements is N, = 900. The memory utilized for AD
can be significantly reduced to the level of the hand coded adjoint by
introducing checkpointing as discussed in Section 3.2
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3 Application to lattice Boltzmann

In this section, we will focus on a more involved example
of automatic differentiation applied to the lattice Boltzmann
method (LBM). While there has been work to apply AD to an
already existing parallel LBM code (Krause and Heuveline
2013), the LBM implementation presented here uses a few
components from the open source topology optimization
code presented by Aage et al. (2015), and thus uses the
PETSc library (Balay et al. 2016a, b) for execution in par-
allel. In this case, neither source transformation (i.e. with
Tapenade) nor operator overloading (i.e. with CoDiPack)
are naively applicable, since they do not interface directly
with PETSc. A different strategy than simple black box dif-
ferentiation is required (Sagebaum et al. 2013). For lattice
Boltzmann, it is possible to derive an adjoint method in
which the local operations can be differentiated with AD. In
this way, the AD code is only invoked within the main loop,
which decouples the code from external library calls.

3.1 The lattice Boltzmann equation

The lattice Boltzmann method is a method for computing
fluid flows based on kinetic theory, rather than continuum
dynamics. A thorough introduction is beyond the scope of
this paper, but the interested reader is referred to e.g. the
book by Succi (2001). LBM is an explicit time-stepping
method, based on the equation

fa(xi +eqAx, 1+ A1) = Q[ f(x;, )],

ael0,...,N, -1}, (22)

where f € RM is a set of distribution values associ-
ated with a discrete set of particle velocities e,. The right
hand side models particle collisions and is known as the
collision operator. There are numerous different collision
operators available in the literature (Bhatnagar et al. 1954;
D’Humieres 1994; Geier et al. 2006; Latt and Chopard
2006), and a large class of lattice Boltzmann models differ
only in the collision operator, while the left-hand side—
known as the streaming step—remains unchanged. The
collision operator is in general highly non-linear in f;
indeed, this is part of the reason automatic differentiation is
attractive for the lattice Boltzmann method. For the purpose
of density based topology optimization, (22) is modified as
follows:

falxi +eqAx,t + A1) = QLf(xi, 1), s(x)],

aef0,..., Ny — 1}, (23)

where s(x;) = s; determines whether the grid point x; is a
fluid or solid node. This modification of the collision step
is to enforce an immersed no-slip boundary in the solid part
of the domain. Again, numerous models to achieve this are
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available in the literature (Ladd and Verberg 2001; Spaid
and Phelan 1997; Zhu and Ma 2013), and the modification is
typically orthogonal to the choice of “base” operator, leav-
ing a high number of possibly combinations that are all valid
collision operators.

The macroscopic variables of the flow governed by (23)
can be computed by

pxi ) =Y fulxi,0), (24)
P, DU(xi, 1) = Y eq fulxi 1), (25)
pxi, ) = ¢ p(xi, 1), (26)

where p, p, u are the macroscopic density, pressure, and
velocity, respectively. The lattice Boltzmann method is a
weakly compressible method, and the macroscopic pressure
is proportional to the macroscopic density, with a propor-
tionality constant equal to c?, the speed of sound squared.
The numerical value of this constant depends on the choice
of velocity discretization.

One attractive feature of the lattice Boltzmann method
is that the algorithm has high spatial locality: the collision
step requires only local information while the streaming step
requires only nearest neighbor information. This makes it
ideally suited for execution in parallel.

Time stepping in the LBM can be executed in either a
collide and stream fashion, in which the collision step is
executed followed by the streaming step, or conversely in
a stream and collide fashion. For the purpose of topology
optimization, we choose the stream and collide approach.
The reason for this is that the objective is a function of the
macroscopic values, which are evaluated during the colli-
sion step. Hence, by performing stream and collide from
timestep n to n + 1, the macroscopic variables are also in
the correct state at step 7+ 1. A function of the macroscopic
variables can then be conveniently evaluated following the
stream and collide procedure.

e @ @
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Fig. 2 The D2Q9 model
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In residual form the LB scheme can be written:

R;[ream(xi’ [) — fofollision(xi + ey, 1+ AZ)—

f(:tream(xi’ l‘) — 0’ (27a)
Rbc(x,-, 1= w[fs{ream(xi’ -
i =0, @70)
ReoVsion (. s 1) = QLf (xi, 1), 51— 270

fcollision(xi’ 1 =0.

Above, f denotes the initial state of distributions at
timestep 7, fISOM denotes the post-collision state, and
oM denotes the post-streaming state. On interior nodes
f = [ on boundary nodes, however, there are
unknown distribution values, which are computed in the
boundary value step (27a). Here ¥ simply denotes a generic
boundary condition operator. For the LBM, there are many
different operators available for different kinds of bound-
aries (Inamuro et al. 1995; Junk and Yang 2008; Latt et al.
2008; Zou and He 1997).

3.2 Automatic differentiation of lattice Boltzmann

As mentioned above, because the LB code relies on an exter-
nal library, it is not feasible to differentiate the code in a
black box manner. Instead, the discrete adjoint method is
applied to obtain an adjoint lattice Boltzmann method in
which the local collision step can be evaluated with auto-
matic differentiation. A similar derivation was given by
Faniewski Woltstrok and Rokicki (2016).

Following Kreissl et al. (2011), we consider an objective
function for unsteady flow of the following form

N,
T=Y "zt f,.9). (28)

t=0

where N, is the number of time steps,
fi = [f(xo, 1), f(x1,1),...]1s the vector of state vari-
ables (i.e. the LBM distributions) at timestep ¢, and § =

Fig. 3 Computational domain
for the pressure diode problem

po + pr(t)

[s0, 81, . ..] is the vector of design variables. To derive the
adjoint LBM, Lagrange multipliers are added to (28):

N N
— T pstream
FE RStk 29)

T pbc T pcollision
+0; R+ 1, R} .

Taking the derivative with respect to the design variable s;
yields:

af _ o) N aJ Af,
= T 2o af, s
Bj f)fc‘)] ision
s (30)
5j o fsteam

i

For an optimal design, we must have d.J /ds; = 0, Vi. Since
each term in (30) is mutually independent, this implies that
each summand must be zero.

From the residuals (27), we then have:

ﬂ af’_o
af, ) asi

(€Y

Nt 7 Ny )~
aJ d Ry
LRI o L
=0 af; dsi =0 af,

where 1 is the identity matrix. Since the collision €2 is purely
local, this implies

az(t, f;, )
afxi, 1)

T QS (xi, 1), i
df(xi, 1)

o(xi, )T =1(x;,

(32

This is the adjoint collision step. Notice that the first sum-
mand on the right-hand side of (32) is of the form (8), mean-
ing that it can be evaluated exactly with one computation of
the AD reverse mode.
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Continuing, we further have:

Ni

Z 9 f 9 f ?tream

stream o
af; dsi

t=0
N stres
’ a,'/, afbtredm
T T t
= - , 33
; (a' afirem t> dsi 49

Y PR L4 W A CT )|
Alx;, 1) =o0(x;, 1) afstream(xi,t)

) (34

which is the adjoint boundary step, assuming the boundary
function ¢ is purely local. This could again be evaluated by
AD, which would be advantageous for complicated bound-
ary conditions such as the regularized boundary conditions
(Latt et al. 2008). For simpler boundary conditions such as
those presented by Zou and He (1997), or the frequently
applied “bounce back” no-slip condition, it is quite simple
to derive this step by hand.

Differentiation of the final step leads to the adjoint
streaming step, which was shown by Liu et al. (2014) to be
given by

Ta(Xi 1) = ha(X; — ey, t — Al), (35)

that is, the adjoint streaming is backwards in time and in
the opposite direction of the primal streaming. Finally, the
sensitivities can be evaluated by

~ Nt
a0J _ 0z 1,789 36)
as,- Py 35,‘ 3S,’
o a2 7 IQLf (i, 1), 51]
= E — +rxi,t) ————, 37)
=0 35,‘ as,'

with the final equality again being due to the local nature of
the collision operator 2. This completes the adjoint lattice
Boltzmann method, its implementation is summarized by
pseudo code in Algorithm 2.

The adjoint lattice Boltzmann algorithm step backwards
through time to evaluate the Lagrange multipliers and thus
the sensitivities. Note that at each timestep, the primal vec-
tor f, must be known in order to evaluate the adjoint lattice
Boltzmann step. As a consequence, the full time history
of the primal solver must be available. Naively, this means
that the full history must be stored in memory. While such
a strategy is feasible for small problems, it does not scale
well. As an alternative, parts of the history can be recom-
puted during the adjoint evaluation. With this strategy, only
selected time steps are stored in memory. These time steps
are typically referred to as checkpoints. The rest of the time
steps are then recomputed starting from the nearest check-
point as they are needed. The papers by Griewank and
Walther (2000) and Wang et al. (2009) both describe prov-
ably optimal algorithms for checkpoint placement. With
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Table 2 Numerical parameters for the example problem

Ny 350 Ny 125
Nin 75 N; 20000
£0 1 Ap 0.01
w 1000 Vﬂuid 0.6

Y 1 Filter radius 6

these algorithms, the cost of re-computation grows only log-
arithmically with the memory saved. For example, allocat-
ing 20 checkpoints for an objective requiring 200 time steps
to evaluate reduces the memory requirement by an order
of magnitude compared to the naive approach, but only
increases the computational cost of the adjoint evaluation by
a factor of log 10.

Algorithm 2 Adjoint lattice Boltzmann with AD

forallr € {N;,...,0} do
Obtain f, by reading from memory or performing nec-
essary re-computation.
forallx;, i €{0,..., Ny — 1} do
Compute adjoint collision step by (32).
Add contribution to sensitivity dJ/ds; by (36).
if x; is a boundary node then
Compute adjoint boundary conditions by (34).
end if
forallx;, i € {0,..., Ny — 1} do
Perform adjoint streaming by (35).
end for
end for
end for

Note that Algorithm 2 is executed in collide and stream
order. This is a consequence of our choice of the stream
and collide order for the primal solver. Had we chosen
collide and stream for the primal solver, the adjoint algo-
rithm would have to be executed in stream and collide
order.

It should be emphasized that Algorithm 2 can be used to
differentiate a large class of LB models, as long as the model
follows the basic structure of a local collision step and a
shifting streaming step. More complicated models which
follow this basic structure include thermal lattice Boltz-
mann (Bartoloni et al. 1993; Guo et al. 2002; Mezrhab et al.
2010), as well as lattice Boltzmann for multi-component
flow (Asinari 2006; Parker 2008).

3.3 An example problem
The main challenge in implementing the adjoint LBM

introduced above is the evaluation of the adjoint colli-
sion step (32). Of course, the collision operator could
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Fig. 4 Example results at
different Reynolds numbers

. 'l . "

Tk | el

(a) Re = 100.

be differentiated by hand, but as noted above, the equa-
tion can be evaluated by applying the reverse mode of
automatic differentiation. In this section, we will test
our implementation against an example problem, followed
by an evaluation of the performance of different AD
implementations.

For the sample problem, the collision operator €2 applied
is the multiple relaxation time (MRT) operator (D’Humieres
1994), operating on the common D2Q09 lattice (nine discrete
velocities in two dimensions). For this lattice, the velocities
are given by

[eo, €1, €2, €3, e4, €5, €6, €7, €3]

_AxJ010-10 1-1-11
a 111 —1-1}

arlooto (38)

the set of velocities defined by the D2Q9 lattice is illustrated
in Fig. 2.

In order to enforce the no-slip condition on the solid part
of the domain, we use the partial bounce back collision oper-
ator introduced by Zhu and Ma (2013). In this model, the
base collision operator €2 is modified to

QLf (xin 1), sile = QUF (X0, O]+ 38(s) %
(QLf xi. D)o — QF X0, Do),
39

where the index —« indicates the discrete velocity opposite
to the index «, i.e. e = e3; the function g(s;) is contin-
uous and satisfies g(0) = 1 and g(1) = 0, so thats; = 0
corresponds to a solid node, while s; = 1 corresponds to
a fluid node. Here, we use the following convex function
introduced by Borrvall and Petersson (2003):

14y
si+y’

gsi)=1—s; (40)
where y is an adjustable parameter which allows penaliza-
tion of intermediate values of s;. Increasing y increases the
penalization of intermediate values.

The example problem considered is an unsteady flow
problem with an objective function of the form (28). The
computational domain for the problem is shown in Fig. 3.
The problem is inspired by the work on fluid diodes by Lin
et al. (2015).

The computational domain consists of two narrow chan-
nels, the left side with prescribed density (and therefore
pressure, since p o p in LBM), and the right side with a

(b) Re = 250.

Neumann boundary on the velocity. The enforced density
on the left is oscillating, with oscillations given by

. [ 2mt
Poscillating(t) = po + pr(t) = po + Apsin (7) s 41)

here, Ap is the amplitude of the oscillation, and w is the
period. We now seek to maximize the average outflow at
the right end, subject to a volume constraint on the amount
of fluid in the design domain. That is, the optimization
problem is formulated as:

. 1 N, -
ming J = — 4 S i,
. }\];; > i 8i — Viwig <0,
sit.y
[ satisfies (27),

42

where Viiq is the allowed fraction of fluid in the design
domain, and i, is the spatially averaged x-component of
the velocity at the right outlet. In order to regularize the
design, and obtain a fully black and white solution, the pro-
jection filter (Guest et al. 2004) is applied. To compute
the Reynolds number, the characteristic length is defined
as L = Nj,, and the characteristic velocity is taken to be

Velocity Magnitude

(b) pr <0,

Fig. 5 Sample streamlines during the inflow and outflow phase for
the result at Re = 250
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Fig. 6 Average outflow 0.03
velocity of the optimized design - ;:‘X::“i;i‘::;‘y
at Re = 250 as a function of |
time. Also shown are the ’
average inflow velocity, and the
density variation Ap 0.01},
5 i
< 0.00
N
3 :
—0.01
—0.02
0,03
0.0: 2
Ucharacteristic = 0.01. The choice of characteristic veloc-

ity is somewhat arbitrary, since no set velocity is directly
imposed anywhere in the domain, but agrees well with
the observed order of magnitude of velocities in the final
designs. The remaining numerical parameters used are listed
in Table 2.

Two example designs at different Reynolds numbers
are shown in Fig. 4. Both have the same basic structure,
but higher Reynolds number results in slightly more intri-
cate side channels in the final design. In order to better
understand the working principle of the designs, sample
streamlines are shown in Fig. 5, both for the case of the
oscillatory term in (41) being negative (p, > 0), and pos-
itive (p, < 0). From the figure, it is observed that even
though the oscillating pressure on the left side results in
fluid periodically flowing both in and out at the boundary,
the right boundary only ever acts as an outflow. It appears
that the side “arms” of the design act as a deposit for fluid
during the outflow phase of the left boundary; this deposited
fluid then flows towards the desired outlet when the pres-
sure oscillations reverse. In Fig. 6, the average outflow is
plotted as a function of time. It is observed that the cyclic
behaviour observed in Fig. 5 does indeed repeat throughout
the whole time history.

3.4 Performance of AD implementation
To close this section, the performance of different AD

implementations will be reported. The performance is mea-
sured according to the following methodology: since reverse

5000 10000 15000 20000
Timestep

AD is applied only in the adjoint collision step (32), we
will only measure the computational time of this step. The
adjoint collision step is implemented in a simple C++ for
loop, no attempts have been made at optimization for mem-
ory accesses. The performance metric will be the average
collisions per second (CPS) in a single iteration of the exam-
ple problem presented above. Since the adjoint collision
step is purely local, we will consider only the single core
performance and thus ignore any parallel message passing
overhead. The performance is measured on an Intel Xeon
X5660 processor.

In addition to the MRT collision operator used above, we
will consider the commonly used Bhatnagar-Gross-Krook
(BGK) collision operator Bhatnagar et al. (1954), as well
as the more recent cascaded collision operator by Geier
et al. (2006). Both operator overloading and source trans-
formation implementations of the adjoint collision (32) will
be considered. For operator overloading, CoDiPack will be
used. For source transformation, the online tool Tapenade
will be used. For Tapenade, two versions will be considered:
the “raw” source transformation output, and a version of the
source transformed output which has been hand optimized.
All kernels have been compiled with GCC 4.8.5 with -03.
The results of the performance measurements are listed in
Table 3.

As is apparent from Table 3, unsurprisingly, the best
performance also comes from the implementation which
requires the most effort. While the CoDiPack implemen-
tation cannot compete with Tapenade in terms of speed, it
should once again be reiterated that using Tapenade involves

Table 3 Results of performance measurements for adjoint LBM with AD. Higher CPS (collisions per second) is better

Problem size: 350 x 125, 20000 timesteps BGK MRT Cascaded
CoDiPack 1.12 x 10° CPS 0.631 x 10° CPS 0.481 x 10° CPS
Tapenade 4.18 x 10° CPS 4.32 x 10° CPS 1.17 x 10° CPS
Tapenade (optimized) 12.27 x 10° CPS 7.56 x 10° CPS 4.23 x 10° CPS
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a trade-off between implementation time and running time.
Even if a good optimized collision routine is implemented
with the help of Tapenade, any changes in the source code
for the primal collision step will not be reflected in the
adjoint code. Conversely, with CoDiPack, any optimizations
made to the primal collision source code will immedi-
ately result in better adjoint performance with no additional
implementation effort.

4 Discussion and conclusion

In this paper, we have demonstrated the application of auto-
matic differentiation to two different classes of problems for
topology optimization. While the AD promise of completely
black box differentiation of numerical codes is certainly
tantalizing, achieving this does require that the code has
been written with the application of AD in mind. For codes
where this is not the case, some additional implementation
work will be necessary. At best, it is simply a matter of
parametrizing core routines to accept generic numeric types
(e.g. turning core routines into templates). For more compli-
cated codes, which might have external dependencies which
are unrealistic or even impossible to modify, a significantly
greater implementation effort could be required. Whether
this time investment is worth it will of course be project
dependent.

While the above considerations does limit the appli-
cability of AD to some extent, many research codes are
developed from scratch in order to solve a single well-
defined problem. In these cases, getting the derivatives of a
function for “free” can greatly decrease the time required to
solve a particular problem; even in cases where black box
differentiation is not possible, AD might be still be applica-
ble with a bit more up front work. This was demonstrated
in the lattice Boltzmann example above. Here, some work
was required to derive and implement the AD supported
adjoint method, but once this was done, it became possi-
ble to differentiate any lattice Boltzmann type method with
little additional work.

The final point to consider is the issue of performance.
In both problems presented, there is a trade-off between
performance and development time; in both cases it is possi-
ble to improve performance by implementing a hand tuned
adjoint code (either by derivation or by optimization of the
output from Tapenade). However, even if these performance
improvements were strictly necessary in order to solve the
problem within a realistic time, the less performant version
would still be useful for prototyping and validation. Dur-
ing development of the optimized Tapenade routines for
lattice Boltzmann, the CoDiPack adjoint collision imple-
mentation was used as a reference known to give the correct
answer. This greatly eased development, since any mistakes

introduced during the tuning of the code were immediately
caught.

As with all things in software development, automatic
differentiation is a technique which comes with advantages
and disadvantages. In the view of the authors, it is a pow-
erful tool that can be used to great advantage in many
types of problems in topology optimization, and should be
considered as a useful supplement to hand derived adjoints.
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