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1 Introduction

1.1 Introduction to the thesis

Rarefied and non-equilibrium gas flows represent an open research challenge as
physics, mathematical modeling as well as computer science requirements have to
be taken into account simultaneously in order to provide an accurate and efficient
description. In fact, the nature of these flows is such that physical phenomena
which are typically not encountered when studying flows under continuum condi-
tions emerge. The velocity slip and temperature jump at the walls, non-Fourier-like
transport of heat, or the suppression of convective motions also for conditions only
slightly departing from the continuum ones, are some of the most common ones.
The peculiarities of rarefied gas flows require that, in order to properly capture
them, specific mathematical models have to be employed. While for continuum
flows, the Navier-Stokes equations represent an accurate model to study the fluid
motion, in case of rarefied gas flows, a more fundamental approach should be
invoked and the solution of the Boltzmann Equation (BE) should be sought. How-
ever, the mathematical complexity of the BE, and the associated computational
effort required to generate a direct numerical solution of it, limits the applicab-
ility of such an approach to relatively simple flow set-ups. Therefore, alternative
methods, but still stemming from the BE, have to be adopted.

Rarefied and non-equilibrium gas flows assume also an important role in the de-
termination of the performance of several high-tech industrial processes, such as in
material processing tools, and products, such as micro- and nano-electromechanical
systems. In these applications, it is often possible to detect an additional feature:
the gas flows are characterized by a large range of rarefaction and non-equilibrium
effects, and, therefore, they possess an intrinsic multi-scale nature.

In this view, this thesis involves aspects related to the physics and modelling of
flows presenting variable rarefaction conditions, and to the development of novel
hybrid numerical methods, coupling the Lattice Boltzmann Method (LBM) and
the Direct Simulation Monte Carlo (DSMC), to study such flows. It also involves,
as a feasibility study, the application of the method to a concrete flow set-up
of industrial interest, which implies several characteristic length and time scales,
and complex boundary conditions. This latter application challenges commonly
adopted numerical approaches.
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1.2 Approaches to the modeling of fluid motion

In this section, we provide a brief overview about some of the mathematical models
commonly used to deal with rarefied and non-equilibrium flows. In chapter 2, we
will focus on the description of two methods, the LBM and the DSMC, which we
will use to define the hybrid method subject of this work.

The nature of a flow in terms of rarefaction and non-equilibrium effects is generally
classified according to the so-called Knudsen number, Kn. This dimensionless
number is defined as the ratio between a molecular length scale, i.e. the mean free
path, A, and a flow-related length scale, L:

Kn = T (1.1)
The mean free path A represents the average distance traveled by a moving gas
molecule between two successive collisions, and it is inversely proportional to the
gas density. The characteristic flow length scale, instead, can be defined in two
ways. Taking into account an overall dimension of the flow, e.g. the height of a
channel, a single global Knudsen number, Kng, can be defined. Instead, if the
scale L is defined according to the macroscopic flow gradients as

Q

L=__%
|dQ/de)’

(1.2)

a local Knudsen number, Kny, can be defined.

In Eq. (1.2), @ might be chosen as the gas density, velocity, temperature, or also
other hydrodynamic quantities and ¢ is the smallest hydrodynamic length scale.
The choice of @, then, may depend on the features of the studied flow.

Based on these definitions, it is possible to specify different flow regimes. This
traditional way to classify the flows is based on the appearance of flow phenomena
typical of each regime, as well as on the mathematical models used to describe
such flows. In Fig. 1.1, a graphical representation of the different flow regimes, and
the corresponding models used to describe them is shown. It has to be mentioned
that this scheme has only a descriptive nature and does not want to represent a
precise and comprehensive treatment of the subject, which, indeed, can be found
elsewhere, [1-3].

It is customary, therefore, to classify, based on a phenomenological point of view,
the gas flows into the hydrodynamic (Kn<0.01), slip (0.01<Kn<0.1), transition
(0.1<Kn<10) and free molecular regime (Kn>10).

From a mathematical point of view, a very fundamental approach to the description
of fluid flows would require to represent the gas as a collection of N particles in a
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Figure 1.1: Schematic representation of the numerical methods, derived from the Boltzmann
Equation (BE), commonly adopted to deal with flows at different levels of rarefaction. While
the BE is able to span the complete Kn range, the models derived from it provide accurate
and efficient flow representations in a limited range of Kn. The acronym S.-B. stands for Super-
Burnett, while the summation f© +ef® +€2f® 4. .. indicates the Chapman-Enskog expansion
formalism. The nomenclature z-M is typically employed to classify the different models falling
under the so called Moments Method. Here, x identifies the number of hydrodynamic moments,
and, correspondingly, equations, involved in the model. More details about this picture are
provided in the text of section 1.2.

box of volume V' at temperature 7' and interacting via an intermolecular potential
®(r), where r is the particle separation, and where, for simplicity, a possible velocity
dependence of the potential has been dropped. If any relevant length scale of the
system is much larger than the de Broglie wavelength, A = h/p, where h is the
Planck constant and p is the particle momentum, the dynamics of such particles,
which can be treated as point-like objects, is governed by the Newton equations
of motion for the particle position, x;, and velocity, §;, for each particle ¢ under
the effects of the potential ® and possibly external forces, both included in the
force term F;:

dXZ'

— £ 1.3
ol (13)
dg;, F;

b=, 1.4
dt m (1.4)

Providing proper initial and boundary conditions, these equations could be numer-
ically integrated in time so to obtain a set of 6 N functions of time (x;(t), &;(t)),
thus producing a complete picture of the state of the system.
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Such approach is the one which is at the basis of the Molecular Dynamics simula-
tion method, [4].
However, taking into account the order of magnitude of N (which is in the order
of the Avogadro number, ~ 10?3 for standard pressure conditions), it is clear that
such approach does not represent a viable possibility from a computational point
of view, when one wants to simulate macroscopic scale flows. In fact, also under
very rarefied conditions, N is generally a very large number.
In addition to this, even if we would be able to track the system composed of N
particles over a sufficiently long time, this huge amount of information would be
of little help. In fact, in the vast majority of the cases, we are interested on observ-
ables such as density, velocity and so on, which are indeed derived as statistical
averages over a large number of individual molecular informations. It is therefore
functional to the description of the system to shift from an individual-molecule
approach to a statistical one where we are interested in the collective behavior of
an ensemble of molecules.
Under the framework of such an approach, therefore, the main aim is to determine
the probability to find a molecule at position x with velocity & at time ¢. Such
probability, generally indicated as f(x,&,t), is the central object of the kinetic
theory of gases, since when, in 1872, the Austrian scientist Ludwig Boltzmann
derived an equation describing the temporal evolution of f in terms of microscopic
interactions, [5], the celebrated BE, which reads as:

of

o TE VR +F - Vef=Q (1.5)
In Eq. (1.5), the left-hand side represents the streaming motion of the molecules
along the trajectories connected with the force field F and the right-hand side
takes into account the effects of two-body collisions among molecules. A complete
description of the derivation of this equation, and the applied assumptions, can
be found in textbooks such as [6].
Our interest here is to indicate, as done in the top part of Fig. 1.1, that the BE is
a tool capable to describe a flow at any rarefaction condition as determined by the
Knudsen number and as bounded by the fully continuum flow condition (Kn—0)
and the collisionless or free-molecular flow regime (Kn—o00).
Even if the search for a solution of the BE has dramatically decreased the required
computational effort with respect to the individual-molecule approach, the direct
deterministic numerical simulation of the BE is still a very challenging task.
Several methods have been developed to tackle this task. Some of them are based
on the Discrete Velocity Method (DVM), where the phase space (x, &) is discretized
so that the resulting equations can be solved numerically, [7-9|. Traditional DVM
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prescribes that the discretized BE is explicitly solved, thus constraining the time
step and the cell size to be compliant with the molecular scales. As a consequence,
the DVM works well for highly rarefied gas flows, but becomes computationally
very expensive for near-continuum conditions. Therefore, in order to have an
efficient DVM at any Kn, the so-called asymptotic preserving (AP) schemes have
been proposed, [9-11].

Besides the DVM, several other methods, directly derived from the BE, appeared.
As indicated in Fig. 1.1, it is possible to distinguish between those methods, which
we name "continuous equations models", based on a macroscopic theory which
involves the solution of a system of coupled partial differential equations and
describing the evolution of the physical system via macroscopic quantities such
as density, velocity and temperature, and those methods which make use of the
concept of particles, computational objects representing a large amount of real
molecules, and that can be named "particle-based methods".

The continuous equation models can be further split in two main approaches: the
Chapman-Enskog (CE) method, and the Moments Method (MM).

Both methods start from the definition of transport equations for the moments of
the distribution function, f, see e.g. [3] for the derivation of such equations. Upon
writing five of such transport equations for the conserved moments, namely the
density, velocity and temperature, it is evident that such conservation laws contain
eight additional quantities, i.e. the components of the stress tensor and of the heat
flux vector, once an equation of state relating pressure, density and temperature
has been included. This set of equations, therefore, is not closed. The difference
between the two approaches is the way in which the closure issue is handled.

In particular, the CE prescribes that the system of equations is limited to the five
expressing the conservation laws and finds relations between the stress and the
heat flux in terms of the lower-order variables and their local space derivatives.
The basic idea of the CE method, independently developed by Chapman, [12, 13|,
and Enskog, [14, 15], is to expand the distribution f into a series in the formal
smallness parameter ¢ as

F=fFO0 pefp® 4 2p@) 4 3503 (1.6)

In Eq. (1.6), € plays the role of the Knudsen number (the procedure, in fact, is
generally performed on the dimensional BE) and f () is the so-called Maxwellian
distribution which encompasses a local equilibrium state, a condition that micro-
scopically corresponds to the case for which any direct/inverse collision is balanced
by another inverse/direct collision. Under such state, therefore, the right hand side
term of the BE is equal to zero. The terms f® in Eq. (1.6), with ¢ > 0, instead,
represent the perturbations with respect to the state at the order 7 — 1.
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By inserting in the BE the relation of Eq. (1.6), truncated at the desired order, it
is possible to derive a closed set of equations. While the main variables are the
same at any level of the expansion, the relations which link the main variables to
the stress and the heat flux vary according to the order of the expansion. So, for
example, truncating the series at the 0-th order, the Euler equations are recovered
and the stress and the heat flux are absent.

Truncating the expansion to the first order leads to the classical well-known Navier-
Stokes-Fourier laws with explicit expressions for the viscosity and heat conductivity
as a function of the pressure and temperature, and where the stress and the heat
flux are linear functions of the velocity and temperature gradients, respectively.
It is intuitive to understand that increasing the order of the truncation, more non-
equilibrium effects could be dealt with. The method has been further developed
up to the second order, recovering the so-called Burnett equations, [16, 17|, but
only partly to third order, which yields the super-Burnett equations, [18]. These
last two sets of equations, however, are not widely used for a number of reasons,
including that no proper boundary conditions for the equations are known and
they are unstable for transient problems, [19]. It is therefore customary to stop the
truncation at the first order (thus recovering the classical Navier-Stokes-Fourier
equations).

The other approach falling under the continuous equation models is the Moments
Method. A comprehensive treatment of it can be found in [3]. Here, we just want
to shed some light on the differences between the CE and MM approaches.

The MM prescribes to solve additional transport equations for the stress and the
heat flux variables. The moment equations are obtained by firstly multiplying the
BE by mc™, where m is the molecular mass and ¢(™ is the rank-n tensor such
that ¢ =1, ¢ =¢ —u (intrinsic velocity as difference between the molecular
and fluid velocities), ¢® = (¢ — u)(£ — u) and so on, and by subsequently per-
forming an integration over the velocity space.

The structure of the moment equations so obtained is such that the equation for a
given moment contains the next higher order moment as its flux and the previous
lower order moment are present in the source term. Therefore, since the equation
at order n contains the moments at the order n + 1, the moments equations are
coupled and form an infinite set of equations. In addition, the production terms,
originating from the collision process and which vanish only for the equations
corresponding to the conserved moments, are related to the distribution function
f. To have a complete set of equations, therefore, it is also needed to express the
production terms in terms of the moments, [20]. This can be generally done if a
relation between the moments and f is known. It is with this perspective that
Grad, [21], proposed to solve the closure problem by expanding the distribution
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function f into Hermite polynomials. Once the order of the expansion is chosen,
the truncated distribution function can be used to compute the fluxes and the
production terms as functions of the moments and, therefore, the system of the
moment equations is closed. Again, in [3], a rigorous derivation can be found.

At this point, it is natural to ask which moments, and how many, one has to take
into account. Indeed, there is not a conclusive answer to such question, and it
is not an objective of this work to look for such answer. However, it is intuitive
that taking into account more non-equilibrium effects, the number of moments
should increase. As demonstrated in [3], the number of moments, and consequently
of equations, cannot be chosen arbitrarily, but, for example, meaningful sets of
equations involves 5, 13, 26, 45, 71, 105, 148, 201, 265, 341, 430, ..., moments.
It is interesting to notice that, in order to describe largely non-equilibrium flows,
the number of moments may become so large that other methods, notoriously
computationally expensive, such as DVM, may become more efficient.

Moreover, the physical meaning associated with each moment is quickly lost. In
fact, we can have a direct physical intuition only for the first 13 moments (involving
density, velocity, temperature, stress, heat flux). This, indeed, represents also a
challenge when imposing boundary conditions.

Finally, it is possible to link the CE and MM approaches: the 5-equation sys-
tem generated via the MM corresponds to Euler equations as derived from the
CE method when stopped at the 0-th order. Analogously, the 13-moment system
provides a description equivalent to the one provided by the Burnett equations,
and the 26-moment system correspond to the super-Burnett equations.

With respect to the formulation of Grad, the MM has witnessed several advance-
ments, which helped to extend the range of applicability of the method, such as
the regularized 13 moments formulation (R13), [22], and the divergence-based
closure procedure, [23].

After this brief description of the continuous equation models, we can pass to the
description of the discrete particle-based methods. In Figure 1.1, we indicate as
particle-based methods only those two that we will adopt in the rest of this work,
i.e. the LBM, [24, 25], and the DSMC, [1, 26].

However, many more particle-based methods to simulate fluid flows have appeared
in literature, such as the Smoothed Particle Hydrodynamics (SPH, [27]), Dissip-
ative Particle Dynamics (DPD, [28]), Stochastic Rotation Dynamics (SRD, [29])
but these methods are not relevant for the type of flows of interest here.

As the description of the LBM and DSMC methods is subject of chapter 2, here
we will mention only few details.

First of all, the DSMC, a mesoscopic stochastic simulation method, represent the
de facto standard when dealing with rarefied and non-equilibrium gas flows. How-
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ever, from a computational point of view, it becomes more and more expensive as
the Knudsen number approaches 0, i.e. the flow approaches continuum conditions,
due to the fact that molecular scales have to be taken into account when defining
the simulation grid and the time step duration. From the other side, the LBM,
which also represents a mesoscopic approach to the simulation of fluid flows, while
it is particularly efficient when dealing with continuum flows, requires more and
more modelling efforts as Kn increases.

These two methods, therefore, appear to be complementary as they provide their
best at the two opposite limits of the Kn range. Moreover, since they share com-
mon kinetic theory roots, they can be seen as ideal candidates to construct a
hybrid method taking advantages from both methods and allowing to simulate
flows characterized by variable non-equilibrium conditions.

Before concluding this section, it is interesting to point out that the LBM might
be interpreted as a special formulation of the DVM as proposed in [30]. Moreover,
in the formal derivation of the method, presented in chapter 2, we will also make
use of the same technical tool proposed by Grad to solve the closure issue for the
MM: the distribution function f is expanded in a series of Hermite polynomials.

1.3 Research objectives

The study of rarefied and non-equilibrium gas flows still represents a challenging
task due to the complexity of the required modelling and numerical tools. There
are, therefore, many open questions related to this field of research. In this thesis,
we address some of such questions, and, in particular, we will deal with the following
ones:

e Can we understand what are the limitations for the LBM in describing flows
at finite Kn as a function of the number of lattice discrete velocities?

e Can we define a hybrid method which takes advantage of the peculiarities of
the LBM and DSMC methods to simulate flows characterized by a large range
of non-equilibrium effects? Is it possible to construct coupling algorithms
between the LBM and the DSMC able to transfer also non-equilibrium
information?

e Can we implement these algorithms in an efficient way in a single code
infrastructure?

e Can we take advantage of the efficiency of the developed hybrid method
to open up the possibility to investigate with high accuracy the physics of
realistic flows within industrial applications?

10
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In the next chapters, we will provide answers to such questions.

1.4 Thesis outline

This thesis is organized as follows. In chapter 2, we introduce the basics of the
LBM and DSMC methods. While we present the LBM in a rigorous way taking
advantage of Grad’s formulation of the single particle distribution function f as
expansion in Hermite polynomials, and of the Gauss-Hermite quadrature tool to
evaluate the coefficients of such expansions, we introduce the DSMC in a more
practical way, underlining the criteria to be fulfilled in order to obtain an accurate
numerical solution.

In chapter 3, we present the results of the validation of the DSMC code developed
during the PhD project. The code is benchmarked against typical rarefied gas
flow tests. Few details about the implementation of the code, which took into
consideration the full compatibility with the already existing LBM code and its
treatment of flows in complex domains, are also provided.

The proposed presentation of the LBM and DSMC methods in chapter 2 is also
instrumental to the comprehension of the content of chapter 4, where we introduce
the coupling algorithms able to transfer non-equilibrium information from the
LBM to the DSMC and vice versa. The proposed recipes are tested in a Poiseuille
flow set-up by using two different LBM models (the D3Q19 and the D3Q39 lat-
tice), that are able to recover the same description level as guaranteed by the
Navier-Stokes equations and the Burnett equations, respectively.

In chapter 5, we discuss the implementation of the coupling algorithm into an
hybrid method based on the domain decomposition technique. While the LBM is
applied to the whole flow domain, the DSMC is adopted only in those regions where
non-equilibrium effects are stronger. The method is tested against the classical
Couette flow problem, and the large increase in the efficiency of the hybrid method
when compared to the DSMC applied to the whole flow domain is demonstrated.
The proposed hybrid model is further tested in chapter 6 against a 3D flow set-up
of industrial interest. Such application represents a challenge both from a mod-
elling point of view, as a wide range of rarefaction conditions are simultaneously
present in different regions of the flow, as well as from a computational point
of view, as the flow requirements are such that more than 100 milions cells and,
consequently, billions of particles have to be used. For each tested method, i.e.
LBM, DSMC, and the hybrid LBM-DSMC, the specific strengths and weaknesses
are described. In particular, the hybrid LBM-DSMC method, while reproducing
with good accuracy the solution provided by the DSMC, is able to substantially
reduce the computational cost to reach the final solution (more than a fourfold

11
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reduction in wall clock time).

In the last chapter, chapter 7, we summarize our main results, underline the cur-
rent limitations of the proposed hybrid method and we propose strategies and
approaches to overcome such limitations.

Finally, in the appendix A, we present the results about the estimates with DSMC
of the fluctuations associated to the evaluation of the macroscopic hydrodynamic
variables. This is done to guarantee that in the passage of information between
the LBM and the DSMC, and vice versa, also the contributions from the fluctu-
ations are also correctly included. The results are then compared with standard
equilibrium statistical mechanics theory.

12



2 Lattice Boltzmann and Direct
Simulation Monte Carlo numerical
methods

In this thesis, we use two numerical tools to simulate flow fields under non-
continuum, non-equilibrium gas conditions: the Lattice Boltzmann Method (LBM)
and the Direct Simulation Monte Carlo (DSMC) approach.

This chapter provides an introduction to these methods, which share the same
common roots based on the kinetic theory of gases. Starting from a brief discus-
sion about the analogies and differences between the methods, we describe the
basic steps characterizing the specific algorithms which are implemented within the
code used throughout this thesis. For the LBM we rigorously derive the connection
between the order of the discretization of the BE, under the Bhatnagar-Gross-
Krook (BGK) collision operator, and the accuracy at the macroscopic level of the
resulting discrete Boltzmann equations. For the DSMC, instead, we follow a more
practical approach, specifying the typical simulation set-up conditions associated
to each step of the algorithm so to obtain an accurate numerical solution.

2.1 Analogies and dissimilarities between the DSMC
and the LBM

In this chapter, we provide some introductory elements to describe the LBM
and DSMC methods. Exhaustive treatments of the two methods can be found in
[1, 24, 25].

While the DSMC method represents the standard numerical method for the simu-
lation of rarefied gas flows, the LBM has recently emerged as a popular numerical
tool for computational fluid dynamics able to provide an accurate solution to the
Navier-Stokes equations. It has been successfully used in a wide range of flow ap-
plications both for single and multiphase laminar flows, [31], flow in porous media,
[32], as well as turbulent flow applications, [33-35]. More recently, it has been ex-
tended also towards flows characterized by finite rarefaction and non-equilibrium
effects, [36-39].

13



2 Lattice Boltzmann and Direct Simulation Monte Carlo numerical methods

It is important here to underline that both methods share a common origin based
on the kinetic theory of gases. This will prove beneficial not only for the develop-
ment of the coupling algorithm, but also, for example, when treating boundary
conditions. In fact, particle-surface interactions can be modeled in a similar way
in the two methods and at a more fundamental level than in classical solvers for
the Navier-Stokes equations.

Not rigorously speaking, both DSMC and LBM methods aim to determine the
fluid motion as described by the BE. In few words, the BE is a transport equation
for the probability distribution function, f(x,p,t), which represents the probabil-
ity that a particle occupies a given region of space, d®x, centered at the position
x, and a given region of momentum space, d>p, centered at the momentum p, at
a given instant of time ¢. For details about the derivation of such an equation the
reader should refer to [6].

In the framework of DSMC and LBM as BE solvers, both methods are based on a
splitting algorithm scheme. If we consider, just for simplicity, the force-free form
of the BE:

0f(x,€,1)
ot

(1) _
T @ @1

f(X,E,O) = fO(X7£)7

+¢

where € = p/m is the velocity of the particle, m is the mass of the gas molecules,
@ is the term related to the collisions between particles and fy(x, &) represents a
given initial condition, we can split the problem into two steps: a free flow step
(i.e. streaming of the particles) in which we solve the collisionless BE over a time
interval At:

8h1 (X,ﬁ,t) 8h1(x,£,t)
ot e 0x
hl(xv 57 O) = fO(X7 5)7

—0, (2.2)

and a collision step during which we solve a space homogeneous BE:

8h2(x7£7t) _
] (2.3)

h?(xv 57 O) = hl(X7 £7 At),
for which the initial condition ha(x,&,0) is represented by the solution of the
previous free flow step, hi(x, &, At). The final solution ha(x, &€, At) after one time

interval At represents an approximate form of the solution of the BE, f(x,&, At).
A graphical representation of the application of such splitting algorithm is provided
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2.1 Analogies and dissimilarities between the DSMC and the LBM
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Figure 2.1: Graphical representation of the splitting algorithm scheme applied to DSMC and
LBM: while the treatment of the streaming step is common to both methods, but only in the
sense that the particles move undisturbed in the domain, the treatment of the collision step is
very different. In DSMC, stochastic simulated binary collisions between particles residing in the
same collisional cell are performed (see the encircled particles). In LBM, instead, the collision
phase is reduced to a relaxation process towards a local equilibrium as determined by the fluid
density and velocity. For the LBM, a classical two-dimensional lattice with 9 discrete speeds
(commonly termed as D2Q9) is shown.

in Fig. 2.1 where the DSMC and LBM streaming and collision steps are depic-
ted. From Fig. 2.1, it is also possible to identify some of the dissimilarities which
distinguish the two methods. The main feature which clearly differentiates the
LBM from the DSMC is the drastic reduction of the degrees of freedom of the
velocity space. In LBM, particles at each lattice site, x, can propagate during the
streaming step only along a finite number of directions with assigned speed &,
where the index a represents one of the possible allowed directions. In DSMC,
instead, the velocity space is not constrained to any predetermined set of discrete
velocities.

At this stage, a clarification about the concept of "particle" in LBM is needed, as in
the following pages we will also use the terms populations or discrete distributions
as synonyms of the term particle. A particle in the LBM framework represents a
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2 Lattice Boltzmann and Direct Simulation Monte Carlo numerical methods

given amount of real molecules which all have the same velocity and are located in
the same position within the domain. This definition is basically the definition of
the single particle distribution function f(x,&,t) as evolved within the BE. In this
sense, both the LBM and DSMC particles represent the same physical and math-
ematical quantities. In fact, also in the DSMC method, a computational molecule
represents a (very large) number of real molecules that are moving along the same
direction with the same speed. Again, the difference resides in the streaming step.
In LBM the particles are forced to move exclusively along prescribed directions
with an assigned speed, while in the DSMC the particles are free to span the whole
phase space.

The treatment of the collision step is also different in the two methods. In the
LBM, it is reduced to a relaxation process whose dynamics is generally determined
by a single parameter (the so-called relaxation time) incorporating all the inform-
ation about the collision process. In the DSMC, instead, this process encompasses
stochastic binary collisions between particles sufficiently close. More details about
this step will be provided in the next sections.

2.2 Basics of the DSMC method

In analogy with other numerical methods, DSMC does not refer to a single method,
but to a vast class of different schemes. In the in-house developed DSMC code
used for the simulations of this study, we employ a classical method originally
developed by Bird, [1], named No Time Counter (NTC) algorithm. This popular
algorithm is one of the several schemes described in literature to determine the
number of potential collision pairs during a time step. Other common schemes
are, for example, the time counter, [40], the majorant collision frequency, [41], the
Bernoulli trials scheme, [42]. The NTC scheme was chosen as it represents a good
compromise between accuracy and efficiency. Further details about it are presented
in the paragraph dealing with the collision step.

In Fig. 2.2, a typical flowchart for a DSMC simulation employing the NTC al-
gorithm and for a steady-state flow simulation is illustrated. We briefly go through
the indicated steps.

Initialization of the simulation

During the initialization phase, the grid composed of sampling cells and collisional
subcells is created. The sampling cells network provides the geometric areas and
volumes to evaluate the macroscopic flow properties by sampling the microscopic
properties of the computational molecules (mass, momentum, energy) according
to classical kinetic theory. The collisional subcell network, instead, is used by the
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Figure 2.2: Typical DSMC simulation flowchart for the NTC algorithm and for steady state
flow. The represented order of the operations, Move-Collide-Sample (MCS), is the classical one,
but other options exist. For example, the Move-Sample-Collide (MSC), where the order of the
collision and sample steps is inverted, and the Move-Sample-Collide-Sample (MSCS), where two
sampling operations are performed in a single time step are two other possibilities. While the
latter shows better performance in reducing the noise on the measurements of the higher order
hydrodynamic moments, we still employ the MCS scheme. This, in fact, has shown to have the
same accuracy for the lower order conserved moments (density, momentum, temperature) as
guaranteed by the MSCS scheme, [43], while requiring less computational effort. In the graph,
tsteady represents the estimated transient time characterizing the studied flow. Flow properties
are sampled only after this phase is complete. The simulation continues until a predetermined
number of time steps is performed so that the cumulated time reaches the final simulation time,
tsim. In case the flow does not possess a final steady state, or the transient phase before reaching
the final state is of interest, the averaging over time is not performed. To reduce the statistical
noise, instead, an ensemble average among independent DSMC simulations may be performed.

collision process model in the sense that only those particles located in the same
subcell are allowed to interact. The distinction between cells and subcells stems
mainly from a computational cost consideration. In fact, in order to correctly
reproduce the transport of momentum and energy due to collisions, the collisional
subcell size, Az, should be at most comparable in size to the microscopic molecu-
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2 Lattice Boltzmann and Direct Simulation Monte Carlo numerical methods
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Figure 2.3: Schematic representation of a sampling cell comprising 4x4x4 collisional subcells.
Only particles residing in the same subcell are allowed to interact. It is also a common practice
to assign the values of the hydrodynamic moments , e.g. the density p, the momentum pu, the
shear stress o, evaluated by sampling the molecular information within a sampling cell, to the
center of such cell, represented here by the red dot. This way to discretize the flow domain allows
to reduce the required computational effort, but at the cost of a reduced resolution.

lar scale, i.e. Ax ~ A, where )\ is the molecular mean free path. One of the rules
of thumb typically employed in DSMC simulations, actually, prescribes for the
collisional cell that Az < A/3, [1]. However, in order to get a less computationally
expensive simulation, it is customary to relax such requirement when dealing with
the definition of the sampling cell network.

Fig. 2.3 shows a sketch of a typical sampling cell which comprises 4x4x4 collisional
subcells. The following example further illustrates this aspect. Consider that a
gas composed of Argon atoms occupies a square box of size L=1 mm at a pres-
sure p—102 Pa and at a temperature T—273 K. According to the Hard Sphere
(HS) model, the mean free path is about A=6.3 pm, and, based on the prescribed
rule of thumb, Az—2.1m. Hence, to fully discretize the domain, at least 1.1-108
cells should be employed. However, if the decoupling between the collisional and
sampling cells is applied, and, a 4x4x4 collisional subcell per each sampling cell is
adopted, 1.7-10% sampling cells can be used. Clearly, this option allows to reduce
the computational cost at the expense of the flow field resolution which will be
inevitably lower.

Once the grid has been defined according to the above consideration, the cells can
be populated with the particles. This step involves to assign to each particle a
random initial position within a cell and to sample the three velocity components
from a probability distribution function (pdf) taking into account the local flow
properties. Several possible pdfs can be used at this aim. The most commonly
used is the Maxwell Boltzmann (MB) distribution, f(&,{u,T}). However, this is
not the only option. As we will see in chapter 4, in the algorithm of the hybrid
LBM-DSMC method, the velocity of the particles generated in the buffer layer
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2.2 Basics of the DSMC method

is sampled from a Grad distribution, f(&,{u,T,P,Q}), which takes into account
also the information related to the local shear stress tensor, P, and heat flux, Q.
In other hybrid methods not dealing with the LBM, instead, a Chapman-Enskog
distribution truncated at first order, f(&,{u,T, Vu, VT'}), where Vu and VT rep-
resent the flow velocity and temperature gradients, is generally employed when
generating particles in the buffer layer at the boundary between the coupled meth-
ods, [44].

It has still to be decided how many particles will be generated. Again both numer-
ics and physics can help in suggesting a rule of thumb. In most of the simulations,
in fact, about 20 particles per sampling cell are thought to be sufficient so to reduce
the risk of repeated collisions between the same particles and to reduce the noise
present in the measurement of the hydrodynamic moments. Related to this last
aspect, it should be emphasized that the presence of noise on the hydrodynamic
moments is not an artefact of the numerical method, but it is strictly related to the
stochastic nature of DSMC when dealing with the collision step and the interaction
with boundaries. If the simulation aims at the mean flow properties, the noise can
then be reduced through averaging (time averaging if the steady state solution
is sought or ensemble averaging if the transient behavior is studied). Moreover,
it has been demonstrated, [45], that the fluctuations present on the conserved
hydrodynamic moments are correctly reproduced by the DSMC as they show the
same behavior as predicted by the equilibrium statistical mechanics theory, [46].
In relation to this, in appendix A, we show some validation results obtained using
the in-house developed DSMC code.

As already mentioned, each DSMC particle represents a large number of real mo-
lecules. But how many? Going back to the example used before to set up the grid,
each sampling cell has a volume equal to about 9.3-:107'® m? and would contain
2.5-10% real Argon atoms. It is then trivial to see that, if 20 particles per cell
are used, each DSMC particle represents about 1.25-10° real Argon atoms, and,
therefore, still a very large number.

Streaming step

At this stage, it is possible to enter inside the time loop during which the sequence
of streaming and collision steps is performed. The pre- and post-streaming con-
figurations of the particles within the domain are shown in Fig. 2.4. During the
streaming phase, the particles’ positions are updated according to their velocity
and the imposed time step. If external forces are not present, it is possible to
integrate the equation of motion via the Euler method:

xXi(t + At) = x(t) + &AL, (2.4)
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Figure 2.4: Particles configuration before (red dots) and after the streaming step (green dots).
Particles are free to stream along any direction with any speed.

The duration of the imposed time step At is closely related to the space dis-
cretization Az. In fact, to minimize inaccuracies in the collisional transport,
At ~ te = M v, where v is a typical microscopic velocity such as the most
probable velocity: v = vy, = (2kpT/m)"/2. Usually a stricter condition is applied
as it is imposed that the time step is smaller than the residence time for a particle

in a cell. Therefore:
Az

(vmp + Uy)
where Uy is the estimated flow velocity. The typical time step duration, then, is
set as At = t,es/4. In this way, it is very probable that a particle will at most

move only to a nearest neighbor cell during one time step, thus reducing possible
errors related to an excessive collisional transport.

At < tres = (2.5)

Boundary interactions

During the time step, the interactions with solid boundaries are also performed. In
this thesis, we will mainly apply two models, or a proper combination of them, to
deal with interactions between particles and walls: the specular and the diffuse wall
models. The main idea of such models is to mimick real gas-surface interactions
using simplified mechanisms. In Fig. 2.5, the sketches graphically representing
such models are depicted. To be noted that other more complex interactions are
available in literature, such as the Cercignani-Lampis-Lord (CLL) model, [47, 48],
which provides a good interaction model when thermal effects play an important
role.

The first step, common to both boundary conditions, requires to evaluate the
residual time step, At*, that the particle will stream once it is re-emitted from
the wall, and the position where the particle hit the wall. The knowledge of the
position at which the particle-wall interaction occurs is a valuable information
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Figure 2.5: Representation of the gas-surface interactions for a flat wall: specular (left) and
diffuse (right) models. The diffuse model assumes that, as soon as the particle hits the wall, it
reaches the equilibrium with the wall conditions. At* is the residual time step that the particle
has still to stream after the interaction with the wall occurs and &, is the particle velocity
component along the direction normal to wall against which the interaction takes place. U,, and
T., are the velocity and temperature of the wall, respectively. The yellow semi-circle graphically
represents the fact that, for the diffuse wall case, there is an equal probability of reflection in any
direction. A combination of these two models is also commonly employed to better reproduce
the characteristics of realistic solid surfaces.

when computing surface-based higher order moments such as the shear stress
or the heat flux at the walls. The specular wall model, implicitly assuming that
the surface is perfectly smooth, prescribes that, once a particle hits a wall, the
velocity component normal to the wall is reverted while the other two components
are unchanged. The diffuse wall model, instead, assuming a microscopically rough
surface, prescribes that the post-interaction velocity components are sampled from
a biased Maxwellian distribution in the frame of reference of the wall. For the
sketch of Fig. 2.5, right panel, such distributions have the following form:

m mé?
Piz (fw) = _m&c €xp (_ 2kBTw) ) (2-6)

_ m m (§ - Uw)2
B m mg§
Pe, (&) =\ /72%% exp (— 2kBTw> : (2.8)

where T, and U, are the wall temperature and translational velocity. These
relations also assume that there is an equal probability of reflection in any direction.
Once the particle velocity components are re-computed according to the wall
conditions, it will stream for the residual time step, At*.

The treatment of the open boundaries (more specifically imposed pressure and
mass flow rate boundary conditions) will be described in chapter 3 of this thesis.
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Sorting and indexing particles

Once the particles have completed the streaming process and the boundary con-
ditions have been applied, they are sorted and indexed into the cell and subcell
networks. This is required for two reasons:

1. The particles are sorted into the collisional subcells since the intermolecular
collisions are performed only between particles in the same subcell.

2. The particles are sorted into the sampling cells since the macroscopic fields
are computed evaluating the properties of particles residing in the same
sampling cell

Collision step

At this stage, collisions between particles within the same collisional subcell can
be performed. Again, many different models are available in literature. All models
have in common the same approach: explicit intermolecular forces are replaced
with stochastic collisions. The simplest model is the so-called Hard Sphere (HS)
model for which fully elastic interactions between two particles are assumed to
occur. The aim of this step is to determine the post-collision velocities €] and
&5 satisfying the detailed balance of momentum and energy, see e.g. Fig. 2.6 for
a graphical representation of the pre- and post-collision particle velocity. The
conservation of momentum, in fact, imposes three constraints in the form:

mi&y + ma€y = mi&y + me€y = (m1 +m2)€.n, (2.9)
while the conservation of energy imposes a further constraint:
mi€; +me&l = mi€}” + maks’. (2.10)
Moreover, the magnitude of the relative velocity should remain unchanged:
€01 = 1861 — &of = 1&7] = [€1 — & (2.11)

In order to fully define the post-collision relative velocity &, the collision solid
angle has to be properly set. For the HS model, the scattering is isotropic in the
center of mass frame of reference, i.e. all the directions for & are equally probable.
Therefore, we can express £ as:

& = &,| [(sinx cos ) X + (sin x sin @) ¥ + cos xz], (2.12)
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ma

Figure 2.6: Sketch representing the pre-collision, &, €5, and post-collision, &7, €5, particles
velocities. The velocity of the center of mass, €., expressed by Eq. (2.9), as well as the pre- and
post-collision relative velocities, €., €, which obey the constraint given by Eq. (2.11), are also
indicated. According to the kinematic relations for elastic collisions and to the stochastic model
employed to mimick the real intermolecular forces, it is possible to calculate the post-collision
velocities employing the relations in Egs. (2.12) and (2.13). Note that in DSMC, it is not required
that the two particles touch in order to have a collisional event. To draw the sketch, two particles
of equal mass have been considered.

where the azimuthal angle ¢ is uniformly distributed between 0 and 27 while the
distribution for the elevation angle x is of the form:

1.
P (x)dx = 5 sinx dx.

Once the angles have been sampled, the post-collision velocities can be set:

Once the mechanics of collisions is defined according to the chosen interparticle
potential, the total number of collisions to be performed among the particles
residing within the same collisional cell has to be determined. To do this, as
mentioned before in this section, we make use of the NTC algorithm. For such
model, we pre-determine, according to the collisional subcell conditions, the number
of attempted collisions as:

IN(N —1)

Mcand = 5 AV (O'Tgr)max At7 (214)

where o7 is the collision cross-section (o7 = wd? for HS where d is the molecular
diameter), N is the instantaneous number of particles in the subcell and AV is the
subcell volume. An attempted collision between two randomly selected partners
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is then accepted with probability:

UTfr

7(0'T£r)max . (2.15)

P(§1,€2) =

The denominator of Eq. (2.15) represents the maximum of the product of the
relative velocity and the collision cross-section and it is a collisional subcell-based
quantity continuously updated. Moreover, Eq. (2.15) also expresses the fact that
pairs with larger relative velocity are more probable to collide.

It should be realized that one important consequence of such HS model is that
the resulting computational gas presents macroscopic transport coefficients, such
as the dynamic viscosity, pu, which are function of the temperature as T% with
a = 1/2. However, experimentally, it is known that « is different from 1/2 and
generally it is close to 3/4. It is possible to recover such dependency by changing
the collision mechanism: if the diameter of the molecules, and therefore the collision
cross-section, is expressed as an inverse power law function of the relative velocity

as: o
d= dref <£Tg6f> (216)

then, macroscopically, one recovers the following relation for the gas dynamic

viscosity:
T «
= pireg (Tf) (2.17)
re

where fi,¢¢ is the dynamic viscosity at the reference temperature 7. It has to be
noted that the value of a in Eqs.(2.16) and (2.17) is the same, [1]. This modified
version of the Hard Sphere model is named Variable Hard Sphere (VHS) model.
As already mentioned, other models are also available such as the Variable Soft
Sphere (VSS) model, the Maxwell model, the Generalized Hard Sphere (GHS)
model. In [1], details on these models can be found.

Sampling and averaging flow properties

According to the Move-Collide-Sample (MCS) scheme, after the streaming and
collision steps, the flow macroscopic properties are evaluated. Such measurements
are performed by statistical sampling since the DSMC always provides a fluctuating
flow field. If volume-averaged measurements are employed, as done in our code,
then the average moments can be evaluated as:

N(s,t)
HE) =53 1o D &), (218)
s=1 =1
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where S is the number of acquired samples, N () is the number of particles residing
in the sampling cell and ~ is a generic microscopic property. Using the relation of
Eq. (2.18), the standard hydrodynamic moments are evaluated as:

p=(m), (2.19)
u = (m&)/p, (2.20)
T = ;Z; <;<m§2> - ;pu2> : (2.21)
0ap = (M€ — Ua)(§5 — up)). (2.22)

It is now natural to ask: How many samples should be taken so to reduce the noise
on the measurements of the moments to an acceptable level?

To evaluate such number, one can take into account the fact that the fluctuations
present on the instantaneous value of the measured moments follow the equilib-
rium statistical mechanics theory (for the conserved quantities). So, for example,
considering one of the flow velocity components, u;, it is possible to evaluate a
fractional error as, [45]:

o/ (0ud)
B, =% = ~o 1L (2.23)
luil VS| VSN Ma

where Ma=u;/cs is the Mach number and c¢s = /yRT is the speed of sound of
the gas, with v = ¢, /¢, the specific heat ratio and R the ideal gas constant. From
such relation, it is clear why the classical DSMC is computationally expensive for
low-speed flows. In fact, if a 1% fractional error is desired and 20 particles per cell
are used, then S = 500 if Ma=1, a value typical of aerospace applications, while
S =5-108% if Ma=0.001, a value typical of microscale flows.

In addition to this consideration, one should also take into account that two
successive samples should be temporally uncorrelated. This is generally done
performing the sampling operation with a prescribed frequency and not at each
time step. Typical frequencies might be one sampling operation every 10 time
steps. The just mentioned criterion, that is achieving a prescribed level of statistical
accuracy on the measurement of the flow properties, could be used to define a
convergence condition to decide when to stop the simulation. The computation
will continue performing the sequence of steps just described until a sufficiently
large number of samples, and, therefore, a sufficiently low statistical noise on the
measured quantities, is achieved.

It should be noted that, recently, in literature, several attempts to improve the
convergence properties of DSMC for low speed flows have appeared. In particular,
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the low-variance deviational method has been proposed in [49, 50|, while the DSMC-
IP (Information Preservation) has been proposed in [51]|. They could represent a
useful extension of the hybrid LBM-DSMC method presented in this work as the
(very) low speed flows could be simulated more efficiently.

To conclude, historically, the DSMC aim was to consistently and accurately mimick
the physical phenomena connected to the gas molecular transport rather than to
solve an underlying mathematical model. However, as a remark which justifies the
validity of the method also from a theoretical point of view, it should be mentioned
that, under the conditions of a large number of particles per cell and for sufficiently
small time and space discretizations, the DSMC method provides a solution which
is equivalent to the one given by the Boltzmann equation, as demonstrated in [52].

2.3 Basics of the LBM method

While we presented in a rather phenomenological way the basics of the DSMC
method implemented in our code, we now introduce the basics of the LBM in a
more rigorous and mathematically consistent way. Following this approach, it is
possible to systematically derive higher-order approximations to the continuum
BE so that the resulting macroscopic moments equations, at each level of discret-
ization, give rise to the Navier-Stokes hydrodynamics and to those representations
beyond it, [37]. It has to be noted that the treatment which we report here is based
on a series of papers, published in the last 20 years, which are at the basis of the
mathematical foundations of the LBM, [37, 53, 54]. This approach to consistently
derive a LBM model, in turn based on Grad’s method, [21], to represent the single
particle probability distribution function, and on Gauss-Hermite quadratures to
evaluate the coeflicients of such expansion, is not the only one. For example, the
entropic LBM formulation, as proposed by Karlin and co-workers, [55-57|, has
recently proven its validity as an alternative approach. However, for the purpose of
the hybrid LBM-DSMC, the formulation proposed here is the one which guarantees
a consistent derivation of the coupling algorithms between the two methods and,
therefore, it is the chosen one. Such treatment, moreover, allows to demonstrate
that, despite the extreme reduction in the degrees of freedom of the microscopic
velocity space, the resulting system of equations provides a correct fluid dynamic
description avoiding drawbacks typical of the conventional higher-order hydro-
dynamic formulations.

To illustrate the derivation of the Lattice Boltzmann Equation model based on
Grad’s method to expand the single particle distribution function and on Gauss-
Hermite quadratures to evaluate the coefficients of the expansion, we start from
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the BE which is given by:

o eV HF Ve =0, (2.24)
where F is the force field and the right hand side, the so-called collision operator,
represents the effect of intermolecular collisions. In Eq. (2.24), the dependency of
the distribution function f from the position, x, microscopic velocity, &, and time,
t, has been dropped for ease of notation. The expression of the collision term, Q,
is a complicated integral and even introducing the Boltzmann ansatz of molecular
chaos and neglecting multi-body collisions, it is still very complex to handle as it
can be seen inspecting the following relation:

Q- / ' — £V g0(g, Q)d0dE. (2.25)

In Eq. (2.25), f' and f* represent the post-collision distribution function (for
the two-body collisions) while f and f! represent the pre-collision ones; g is the
relative speed between two particles, o is the collision cross-section and €2 is the
collision solid angle.

Due to the complexity of the collision term, it is therefore customary in LBM to
apply the so-called BGK model, [58], which prescribes to replace such collision
mechanism with a relaxation process towards a local equilibrium. In essence,
because of the collisions, the BGK model assumes that the distribution function
will tend to the local Maxwell-Boltzmann equilibrium distribution function given

by:
fe= (2771?)D/2 exp (_(E 5T ) > (2.26)

and, therefore, the term f/f'! in Eq. (2.25) may be replaced by fd f'¢d:1 = fed fea.l,
where the last equality holds because of the equilibrium condition (i.e. any dir-
ect/inverse collision is balance by another inverse/direct collision). Under these
assumptions, it is possible to re-write the integral in Eq. (2.25) as:

Q= f / o1 go (g, Q)d0dE — f / Flgo(g, Q)d0dE (2.27)

Finally, if the difference between the two integrals in Eq. (2.27) may be neglected,
the BGK collision term becomes:

Q=—21f- s, (2.28)

27



2 Lattice Boltzmann and Direct Simulation Monte Carlo numerical methods

where 7 is the so-called relaxation time which incorporates information about
the collision frequency, and it is directly used to determine the gas transport
coefficients.

The classical BGK model is characterized by a single relaxation time, and, indeed,
it represents the standard formulation employed in LBM. This, however, has as
consequence the fact that all the gas diffusivities have the same numerical value,
see e.g. [25] for a demonstration of this feature of the BGK model. To overcome
such limitation, more sophisticated collision kernels, such as the Multi Relaxation
Time (MRT) model appeared in literature, [59, 60]. However, since here we are
interested in isothermal single phase gas flow applications, and, therefore, the only
relevant diffusivity is the kinematic viscosity, we will nonetheless employ the Single
Relaxation Time (SRT) BGK model. The solution of the BE, either in its original
formulation, Eq. (2.24), or under the BGK approximation, where the collisional
term is expressed by Eq. (2.28), allows to calculate the conventional hydrodynamic
variables as:

p=mn(x.t)=m [ ag=m [ jude. (2.200)
pux,t) = m [ sedg =m [ jorede (2.290)
pet.t) = gm [ Fle—ulde = gm [ fole—uPdg,  (2290)
P(x,t) =m / feede, (2.29d)
Q(x,t) =m / fecede, (2.29¢)

where the integrals are intended to extend over R3, and ¢ = £ — u is the intrinsic
velocity. Note that the first three relations of Egs. (2.29) involve the moments
corresponding to the conservation laws of mass, momentum and energy, e, while
the last two express, respectively, the momentum flux tensor, in turn connected
to the shear stress tensor, and the third order momentum flux tensor, in turn
connected to the heat flux vector.

Grad’s expansion method

Given the system of equations (2.24, 2.26, 2.29), we look for solutions by expand-
ing the single particle distribution function f (x,&,t) in Hermite polynomials, as
originally proposed by Grad in [21].

A unique feature which justifies the use of Hermite polynomials as expansion
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basis is that the expansion coefficients correspond to the moments — or a proper
combination of those — of the distribution up to the given degree, [21]. In terms
of the dimensionless Hermite orthonormal polynomials in the velocity space &, one
can express the single particle distribution function as:
=1
_ —am) (n)
fx&t) =w(®) Y —a ()" (), (2:30)

n=0

where w(€) is the weight function associated with the Hermite polynomials:

(&) = iy D(—E - £/2). (231)

(2m)

al™(x,t) and H™ (&) are the n-th rank symmetric expansion coefficients and
Hermite polynomial tensors, respectively. The first Hermite polynomials are given
by:

HO(€) =1,

1Y) =¢,

(2) S (2'32)
Hij (&) = &5 — dij»

g’i(ﬁ) = &&i&k — &ibj — ik — Er0ij,
where ;5 is the identity tensor. Additional details about the properties of Hermite

polynomials are reported in Appendix 4.B.
By definition, the expansion coefficients are given by:

ﬁ%xwz/fwﬁwﬂwﬁws (2.33)

By inserting into Eq. (2.33), the expressions for the Hermite polynomials provided
in Eq. (2.32), it can be seen that the coefficients correspond to the usual hydro-
dynamic variables:

a® = [ rie =p,

a) = [ fede = pu
(2.34)

a® = [ (€~ 8)d =P + plu - 5),

a® = [ 1€ - €8)dg = Q+ ua® — (D~ pu’,
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where represents the dimensionality of the problem.
It is also possible to express the hydrodynamic variables in terms of the expansion
coeflicients:

p=al,
pu— alh),
pe = % afY) — p(u? - D)|, (2.35)

P =a® — pu®-4),
Q=a® —ua® 1 (D —1)pu?,

where, in the relation for the energy variable, pe, the summation over the repeated
indices is intended.

From the above considerations, it is evident that if we are able to compute the
coeflicients of the expansion, we essentially have a complete knowledge of the flow
field at the desired level of accuracy through the knowledge of f(x,&,t). Before
defining a way to compute such coefficients, we can notice that due to the mutual
orthonormality of Hermite polynomials, the leading moments of f(x, &,t) up to the
N-th order are preserved by truncations of the higher-order terms in the Hermite
expansion of f(x,&,t). Therefore, we can approximate f(x,&,t) by its projection
onto the subspace spanned by the first N leading Hermite polynomials without
affecting the first N moments:

N

fOe 6t = N6 =w(©) Y —a® x OHDE).  (236)

n=0

Here, up to N-th order, fN(x, &,t) has the same velocity moments as the original
f(x,&,t). This has as an important consequence the fact that a fluid-dynamic
system can be fully constructed by using only a finite set of macroscopic variables,
i.e. the hydrodynamic moments.

The next step in the construction of the LBM is to recognize that the truncated
distribution function of Eq. (2.36), or, equivalently its expansion coefficients, can
be completely and uniquely determined by its values at a set of discrete values of
the microscopic velocity &, [37].

This is valid because using the truncated series fV into Eq. (2.33), the integrand
function can be written as:

N & OH™(€) = w(€)p(x. &, 1) (2.37)
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where p(x,&,t) is a polynomial of degree < 2N in £. Applying the Gauss-Hermite
quadrature, the coefficients a(™, in fact, can be precisely expressed as a weighted
sum of the functional values of p(x,&,t):

q q
W n
al) = / W(E)p(x, & t)dE =Y wap(x,&,,t) = Y w(é)f%c,sa,t)%( (&)
a=1 a=1
(2.38)
where w, and §,, a = 1,...,d are the weights and abscissae of a Gauss-Hermite

quadrature of a degree > 2N. The set of discrete function values fV(x,&,,t)
completely determines the coefficients of the truncated distribution and, therefore,
its first N moments, once the values of the weights, w,, and the location of the
quadrature abscissae, §,, are known. The same procedure followed for the non-
equilibrium distribution functions, f(x,&,%), can be applied to the equilibrium
distribution functions, f¢4(x, &,t). In fact, we have that:
M1
FOUx € 1)~ fON(x 6,1) = w(€) ) Ea(eq’") (x, )1 (). (2.39)

n=0

where
alea.0) — P

aleel) = pu,
a(€02) = plu? + (T —1)3],
al®3) = plu® + (T —1)éul].

(2.40)

The explicit expression of the f¢I(x, &, t) is, therefore:

Fea(e) = w(&)p{l Tt 2[(€ P+ (T 1)(E - D)]

2!
§-u

T30

(€ u)?—3u*+3(T—1)(& —D—2)] +- - } (2.41)

If an isothermal system is considered, and by setting 7" = 1, then Eq. (2.41) reduces
to

feq(E)ZW(E)p{1+€'u+1[(S'U)Q—uﬂ +£'7u[(€_u)2_3u2] +}

2! 3!
(2.42)
Note that imposing 7' = 1 means that we are setting a uniform homogeneous
temperature in the system.
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If, for example, we truncate the expansion at the order N = 2, then Eq. (2.42)
further reduces to

feq(f) = w(f) {1 + & -u+ 21' [(5 . u)2 _ UQ] } . (2.43)

This expression, as it will be evident in the next sections, is at the basis of the
standard formulation of the equilibrium distribution functions used in LBM.
Finally, the same projection procedure onto the Hermite polynomial subspace
spanned by the first N polynomials can be applied to the forcing term:

«NOw@M{F£+CP£Mr©F~H+$£”RF£WWNQHK}%~},
(2.44)
where we have introduced the following definition F(§) = —F - V¢f.
Recalling Eq. (2.38), and the definitions of the moments of the (truncated) distri-
bution function, we have:

o a wafN(Sa)
e

_ d wafN(Sa)Ea
W‘; w(€)

N wafV(€,)€.8
P—l—quZ w aaa7
2

= wafV(€,)E
2ok

(2.45)

p(DT +u?) =
Defining f,(x,t) = wa fN (x,&,,t)/w(&,), the above relations become:

Ja,

ki
M-

a

< |

1
fa€a
1

pu =
a

q

P+mf:§:h&&,

(2.46)

p(DT + u? Z fa2,
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where (x,t) has been dropped for ease of notation. Eq. (2.46) represents the usual
way to evaluate the hydrodynamic moments in any LBM code.

At this point, however, we still need to write the evolution equations for the f,.
By directly evaluating the BE, Eq. (2.24), at the Gauss-Hermite abscissae, &,, it
is possible to obtain a BE-like relation for each of the f,;:

af. 1 .
et Vafo= Mo 4 Fy (a=1od)  (24)

where, on the right-hand side, we have:

= S O —unp {14 €k g (€ WP -+ (T - (€ - D)
+5“3'! Sl w2 =3+ 3(T - 1) —D—2)] + - } (2.48)
and
F, = wéaa)F(ﬁa) = wap {F &, + (F-£)(u-&)—F-u

1
5,27 (P £ )HP(€,) — 2Fe, | +- - } (2.49)
If we assume an isothermal system and we truncate the series at the second order,
then Eq. (2.48) assumes the form:

w(€a)

Eq. (2.50) has the same form as the discrete equilibrium distribution functions if
the classical derivation is used, i.e. the Taylor expansion around zero fluid velocity,
u = 0, up to the second order of the exponential form of the MB distribution, Eq.
(2.26), see e.g. [24, 25]. In the derivation presented here, however, it is obtained
following a completely different route. The result obtained with the present for-
mulation, in fact, corresponds to a defined order of accuracy for the macroscopic
moments. Moreover, approximations higher than the second-order can be sys-
tematically constructed with the present approach without a posteriori matching
intended macroscopic dynamics.

In summary, Eqs.(2.46)-(2.49) form a closed set of differential equations governing
the set of variables f,(x,t) in the configuration space.

fer = Y peae ) — wap {1 e ut (e, w2 - ] } (2.50)

2!
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Accuracy determination: matching Hermite and Chapman-Enskog
expansions

Closely related to the previous steps, a natural question which might arise at this
point is: At what order N should the series in Eq. (2.36) be truncated?

To answer such question, it should be noted that the accuracy and range of validity
in the resulting macroscopic hydrodynamic behavior are indeed strictly related
to the order of truncation, and each level of truncation represents a well-defined
approximation to the BGK-BE. It is intuitively clear that the level of accuracy
is increased if higher-order terms in the truncated expansion are retained and if
quadratures of sufficient algebraic precision are employed. However, it is important
to determine an estimate about the ability of different levels of truncation to recover
macroscopic physical effects associated with different level of departure from the
equilibrium state.

The technical tool useful to perform such analysis is the Chapman-Enskog (CE)
expansion. It can be used to infer a condition for the terms retained in the truncated
Hermite basis required for describing flows at a certain level of non-equilibrium.
According to the classical CE procedure, the single particle probability distribution
function, f, can be expanded in powers of a smallness parameter, €, measuring
the extent of the departure from equilibrium conditions, as:

f:f6Q+6f(1)_|_€2f(2)_|_...+6kf(k)+,,, (2.51)

Without entering into the details of the derivation, if Eq. (2.51) is inserted into the
BE, it is possible to derive recurrence relations between the coefficients a(™ (x, t) at
the different orders of truncation in both Hermite and Chapman-Enskog expansion
series:

akJrl Z oMal L pval"™ vl _ppaln Y| (2.52)

The rigorous derivation of such recurrence relation is presented in [37]. In Eq.
(2.52), the index k indicates the order of truncation in the Chapman-Enskog series,
while the index n indicates the order of truncation in the Hermite series.

It is possible to interpret the relation in Eq. (2.52) as follows: the n-th Hermite
term in f*) depends on the accuracy of the (n + 1)-th terms in f* =1 and, sub-
sequently, the n-th hydrodynamic moment at the k-th Chapman-Enskog level is
satisfied if the MB distribution is accurate up to (n+ k)-th order terms in Hermite
expansion. This relation clearly defines a rule that allows approximations to the
BE at any level of the CE expansion to be constructed by retaining terms at a
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sufficient order in the Hermite expansion and by using a Gauss-Hermite quadrat-
ure of sufficient algebraic precision.

Exploiting the relation of Eq. (2.52), it is now possible to draw a table, Table
2.1, where information about the order in the CE expansion level, Hermite series
truncation and recovered macroscopic equations are collected.

To be noted that the Chapman-Enskog expansion tool is used to compile Table
2.1 only as an indication to measure the order of accuracy; the resulting kinetic
equations, therefore, do not suffer from the closure problems encountered in the
conventional representations. Moreover, the Navier-Stokes representation for the
momentum equation is strictly recovered if n = 3. However, if the truncation of
the Hermite expansion is stopped at n = 2, the introduced error is related only
to a compressibility effect. If the flow velocity is small with respect to the speed
of sound, therefore, the error can be safely neglected, [37].

The last two columns of Table 2.1, whose meaning will become clearer in the next
paragraph, report the minimum required lattice size, in 3D, able to reproduce the
intended macroscopic behavior and the relative computational cost with respect
to the D3Q19 case. The almost linear scaling with the number of discrete speeds
has been directly found in this investigation, see chapter 4, for the passage from
19 to 39 speeds. The data relative to the D3Q121, instead, is inferred assuming
that the same almost linear scaling is valid. This table, therefore, should be read
as follows: given a 39-speed lattice, the resulting macroscopic behavior guaranteed
by its application will follow the Navier-Stokes level of description for the energy
equation and the Burnett level of description for the momentum equation. It will
be also about two times more expensive than the D3Q19. Moreover, the expansion
in Hermite polynomials of the equilibrium distribution should include the terms
at least of order four. Note also that here are considered only those lattices corres-
ponding to quadratures with integer abscissae, due to the clear advantage from
the algorithmic point of view that such choice guarantees, as Cartesian grids can
still be adopted. One important information contained in Table 2.1, and which is
clearly visible from Eq. (2.52), is that, macroscopically, the energy equation lags
one level behind in terms of the Chapman-Enskog expansion with respect to the
momentum equation. For example, for the D3Q39 lattice, the resulting momentum
field will be compatible with a Burnett level of representation, but the energy field
will be compatible only with a Navier-Stokes level of representation.

Now that a clear and rigorous relation between the order of truncation of the
Hermite series expansion and the corresponding macroscopic equations is avail-
able, the question about how many equations in the form of Eq. (2.47) are required
to achieve the desired accuracy has to be answered. In other words, how can we
define the Gauss quadrature algebraic precision needed to be able to evaluate the

35



2 Lattice Boltzmann and Direct Simulation Monte Carlo numerical methods

k-th order n-th order Macroscopic Comput
in CE in Hermite . P Lattice put.
. equation cost
expansion exp.
Momentum
1 3 Navier-Stokes D3Q19 1.0
Energy
1 4 Navier-Stokes D3Q39 2.1
Momentum
2 4 Burnett D3Q39 2.1
2 5 Energy Burnett D3Q121 6.6
Momentum
3 g Super-Burnett D3Q121 6.6

Table 2.1: Comparison between the required orders of truncation for the Chapman-Enskog
expansion, the Hermite series and the recovered macroscopic fluid dynamic equations. The table
is compiled using the recurrence relation of Eq. (2.52). The column Lattice indicates the lattice
model needed to recover the required order of truncation. In this context, the concepts of lattice
and quadrature are synonims. The column Comput. cost indicates the relative computational
cost with respect to the D3Q19 case which represents the minimum lattice model needed to
recover the Navier-Stokes equations representation for the fluid momentum. It is relevant to note
that, given a lattice, i.e. a Gauss-Hermite quadrature, the corresponding macroscopic description
as determined by the Chapman-Enskog expansion shows that the energy equation lags one level
behind with respect to the momentum equation.

coeflicients a,gn) at the required k-th and n-th levels?

Previously, we have already underlined that to accurately evaluate the coefficients
of the Hermite expansion truncated at the order N requires Gaussian quadratures
with degree n > 2N. Considering Table 2.1, to reproduce an isothermal Navier-
Stokes level of description requires a quadrature of a degree of precision greater
than six; if, however, compressibility effects can be assumed to be negligible, then
N=2 and it is sufficient a quadrature of degree larger than four. The compressibil-
ity error, at macroscopic level, in fact, is in the form 7u?V - u, and, therefore it is
of order O(Ma?), [37], where Ma is the Mach number defined as the ratio between
the flow speed and the gas speed of sound, Ma—u/c;.

Examples of quadratures of this type are provided in Appendix 2.A at the end of
this chapter. A typical candidate is represented by the E%% in the three-dimensional
case and E%S in the two-dimensional case. The notation of the indicated quad-
ratures should be read as follows: in E}, ms D is the dimensionality, m is the
algebraic precision and ¢ is the number of abscissae of the quadrature. Note that
the classical D3Q19 symbol indicates the same model as the E%%

We are now ready to perform the last step in order to construct a fully consistent
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LBE model. Eq. (2.47), which can be written for each abscissa £,, is a discretized
(in the velocity space only) version of the full BE. We have to discretize it also in
the configuration space (x,t) in order to be solved numerically.

If a first-order upwind finite difference scheme is used to discretize the left-hand
side of Eq. (2.47), we have:

Ofa
ot

+&, - Ve = [falx + §ALE+ AL) — fa(x,1)] (2.53)

and, if the usual unitary time step is chosen, then the standard form of the Lattice
Boltzmann equation can be recovered:

Fulbs b €t +1) = fulxt) = 1 [fulot) — fi0e 1)), (254)

which is evolved on a special grid that is invariant under the transformation x —
x+&,, meaning that if x is a node of the grid, x+§&, are also nodes of the grid. The
quadratures of Table 2.2 in Appendix 2.A all satisfy such requirements. It should
be noted that despite the formal first-order approximation of the discretization,
the model achieves a second-order accuracy because of the absorption of the
propagation error into an effective viscosity v = (7 — 1/2), [61, 62]. After this
final step, we are ready to implement Eq. (2.54) into a numerical code.

At this tage, we can summarize the steps performed so far: starting from the BE and
introducing the expansion of the f(x, &, ) in a Hermite polynomials series, we were
able to determine a set of discrete values of the microscopic velocity such that the
system of related discrete Boltzmann equations provides a macroscopic description
at the desired level of accuracy in terms of the CE expansion. Realizing that such
set can be found through Gauss-Hermite quadrature, and further discretizing in
time the discrete Boltzmann equations with a first-order upwind scheme, we ended
up with a system of explicit lattice Boltzmann equations which can be solved on
a special grid, invariant under the transformation x — x + &§,. In Fig. 2.7, a
representation showing the meaning of the f,(x,t) as evolved in the LBM is
sketched.

It is now natural to ask why the LBM should be used to simulate a fluid-dynamic
system instead of other conventional methods and if it presents advantages. First
of all, one should realize that with respect to other methods the non-linearities
are local and the non-localities are linear. In fact, the non-local operations, i.e. the
streaming step, involve only the shifting of data to adjacent nodes. Moreover, due
to the special characteristics of the grid, the streaming step is an exact operation.
This should be compared with other methods where the discretization scheme used
to discretize the advection term, inevitably introduce approximations. All the non-
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PDF (¢,,¢,): example of sampling f, for a 2D case # particles in correspondence of c obtained from DSMC pdf

150

100

(a) DSMC approach: complete distribution (b) LBM approach: discrete distributions,
function f(x,&,t) fa(x,1), at the quadrature abscissae

Figure 2.7: Representation of the discrete distribution functions, fq(X,t), as the values of the
single particle distribution function, f(x,€,t), evaluated in correspondence of a set of predeter-
mined microscopic velocities, €,. In (a), the full pdf is extracted from a DSMC simulation, and
the black dots are placed in correspondence of the quadrature abscissae, &, for a D2Q9 lattice.
In (b), the full pdf has been removed and only the quantities which evolve within the nine Lattice
Boltzmann equations of the kind of Eq. (2.54), i.e. the discrete distributions, are visualized. It is
evident the drastic simplification in the description of the flow system. However, the derivation
presented here guarantees that the knowledge of the values of the discrete distribution functions
is sufficient to obtain a correct macroscopic description of the flow problem. For the D2Q9 model
shown here, such description is the same as the one provided by the Navier-Stokes equations
for two-dimensional flows. The data are collected in a DSMC cell located in the centerline of a
Poiseuille channel flow.

linearities are also local, in fact the collision step, which requires to compute terms
at least in the form u?
performed on a node-based way and no information from neighboring nodes is

as present in the equilibrium distribution functions, is

required.

Lattice Boltzmann Method algorithm

After having rigorously derived the Lattice Boltzmann Equation, we provide a
brief description of the steps involved in the algorithm implemented in our code.
At this aim, it is helpful to follow the scheme of Fig. 2.8. It is again underlined
that such scheme shows several similarities with the DSMC scheme drawn in Fig.
2.2.

Initialization of the simulation. During the initialization phase, the lattice con-
stants, more specifically the weights, w,, and the abscissae of the quadrature, &,
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Set up lattice nodes net- .
work and lattice constants ] Lattice ﬂBOltZ}inann—BGK
l owchart

Initialize the discrete
distribution functions

!

Adjust boundary nodes pop-
ulations to pre-flight values

[ Perform collisions: re- J

[ Stream (gather) populations ] e e e

i L

Regularize non- Measure the hydro-
equilibrium populations dynamic moments

: i

Evaluate the equi- [ Output of results ]
librium populations

Figure 2.8: Typical LBM simulation flowchart. Comparing it with the DSMC flowchart, Fig. 2.2,
the analogies are evident. After the initialization phase, the sequence of the steps involving the
application of the boundary conditions, streaming of the populations to neighboring nodes, eval-
uation of the equilibrium distributions, collision and measurement of the relevant hydrodynamic
quantities is performed until the final time step is reached (t > tsim.) or a convergence criterion
is fulfilled. Note that with respect to the standard LBM commonly presented in literature, this
flowchart includes one more step, the regularization step, which is briefly described in the next
paragraphs.

more often called discrete velocities, are set according to the chosen lattice model.
The grid, moreover, is also automatically defined, in the sense that the discrete
distribution functions, f,, during the streaming step, will shift from a node to a
neighboring one according to the relative discrete velocity &,.

Boundary conditions: pre-flight adjustment. Defined the initial state of the
system, it is possible to enter the time loop during which the sequence of streaming
and collision steps is performed.

Before performing the streaming step, we first apply the boundary conditions,
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VQ

Figure 2.9: Lattice and boundary configuration. The solid wall is placed at x = 1/2 (red line).
The 2D projection onto the x — y plane of the D3Q19 lattice is shown here. From an algorithmic
point of view, before the streaming step, the discrete distributions colored in blue are unknown
and they are evaluated according to the specific chosen combination of specular and diffuse
reflection as prescribed by the Eq. (2.55). Hollow circles represent the so-called ghost nodes
(physically outside of the fluid domain) where the boundary conditions are imposed, while the
filled circles represent the fluid nodes.

adjusting the values of the distribution functions according to the specific chosen
boundary condition implementation.

In the same way as done for the DSMC simulations, we will mainly apply specular
or diffuse wall boundary conditions, or a proper combination of those, so to be
able to reproduce the experimentally found value of a Tangential Momentum
Accommodation Coefficient, TMAC. The diffuse wall boundary conditions in LBM
essentially mimick what is commonly done in DSMC, i.e. as soon as a population
streams within a wall, it is re-emitted at the equilibrium conditions prescribed
by the wall velocity and temperature, [63|. Also the treatment of the specular
boundary conditions follow a similar approach as done in DSMC.

It is interesting to note that it is possible to recover the slip velocity at the wall
prescribed by any slip model provided that the fraction of each boundary condition
component is properly chosen. In Appendix 6.B at the end of chapter 6, we show
how this can be done for a D3Q19 LBM model when Navier-Stokes equations level
of description is intended to be reproduced.

In Fig. 2.9 we represent a typical condition found at a wall where we want to
apply a combination of specular and diffuse boundary conditions. In this case, the
unknown distributions at the fluid node (1, 5), namely fi1, f7, fs, fi1, and fi3, can
be determined according to the value of the accommodation coefficient o:
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Figure 2.10: Streaming step visualization: scatter scheme. The discrete distributions in one
grid node, whose value is represented by the length of the arrows, shift to the neighboring nodes
according to the relative discrete velocity. If properly implemented, the scatter (shown here)
and gather (shown in Fig. 2.1) schemes are analogous. However, the treatment of the boundary
conditions, in particular the order of the operations for the streaming step and the application
of the boundary conditions, is reverted in the two cases.

f=cf (puw) + (1 —0) f3
fr=0 5 (puy) + (1 - 0) f;
Js = o J5 (puw) + (1 — o) fiy (2.55)
fu = f5? (pouw) + (1 - 0) fiy
fis = o f{5” (p,uw) + (1 - 0) fiy

where with f¥ the post-collision distributions are indicated. In Eqgs.(2.55), the first
term at the right-hand side is the diffuse reflection contribution while the second
term is related to the specular reflection.

Streaming step. With the populations correctly set at the boundary nodes,
the streaming step is performed and each population, according to the related
quadrature abscissa, shifts to a neighboring node. In Fig. 2.1, the so-called gather
scheme, for which

fa(X,t) — fa(x - Savt)v

is shown. If properly implemented, the other option, i.e. the scatter scheme, rep-
resented in Fig. 2.10, and for which

fa(X,t) — fa(x + gavt)v

provides an equivalent result.
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2 Lattice Boltzmann and Direct Simulation Monte Carlo numerical methods

Regularization step. It can be recognized that the usual LBM algorithm, which
carries out a sequence of streaming and collision steps, when viewed as a projec-
tion of the continuum BGK-BE into the (truncated at order N) basis, HY, as
described in the previous sections, introduces an error due to the fact that the
non-equilibrium distributions, f,, differently from the equilibrium distributions,
<1 do not automatically lie entirely within the HY. The regularization procedure,
firstly proposed in [38], can be applied to ensure that also the non-equilibrium
part lies in the same subspace. If the post-streaming distribution is splitted as:

fa=fo+ 13, (2.56)

the regularization acts to convert the f, to a new distribution JZ which now lies
entirely in HY. In few words, such process removes from the f, all those moments
that cannot be accurately evaluated by the available quadrature and which could
contain numerical discrete artefacts. If we use the classical D3Q19 lattice, for all
the considerations we mentioned about the algebraic degree of precision of the
quadrature, the single particle distribution function can be truncated at the order
N =2 and so we can expand the f! as:

2
ry 1 n n
fézfé:wazma’( IHM g=0,...,18 (2.57)
n=0
where now

18
a™ =>"fH"E,) n=0,..,2 (2.58)

a=0

The first two coefficients, actually, are zero due to the null contribution from
the non-equilibrium distribution to the mass and momentum, which are, indeed,
conserved quantities. The 2-nd coefficient, instead, is given by:

18
a® =3 fiE.L, (2.59)
a=0

Moreover, due to the orthonormality of the Hermite polynomial basis, the regu-
larized distribution f! provide the same second-order fluxes as the original f:

18 » 18
> FiE. =D fikka (2.60)
a=0 a=0
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Figure 2.11: Example of the effectiveness of the regularization procedure in removing the
excessive slip velocity. (a) Poiseuille channel flow for Kn=0.15. As the bounce-back boundary
condition is imposed and, therefore, a no-slip condition is expected at the wall, it is evident the
influence of the regularization (blue symbols) when compared to the standard LBM formulation
(red symbols) in enforcing the prescribed velocity boundary condition. In the standard LBM, in
fact, an artificial slip velocity at the walls at ©/H=0 and x/H=1 is observed. (b) Evaluation of
the slip velocity at the wall as a function of Kn for the bounce-back wall boundary condition in
the case of regularized (blue symbols) and standard LBM (red symbols). A large reduction of
the undesired slip velocity is achieved over a large range of Kn. The same behavior is found also
for the diffuse boundary condition (not shown here).

This is an essential step to preserve the required non-equilibrium properties af-
fecting the macroscopic flow. With the definition of Eq. (2.59), the discrete non-
equilibrium distributions projected onto H? are fully specified by:

~ (2) 18
frmwe |8 S e | (2.61)
b=0

Finally, incorporating the regularization procedure into the LBM modifies the
LBE in Eq. (2.54) as

fa(x4+E&,,t+1) — fa(x,t) = (1 - i) F1(x,t) 4 Fa(x,1) (2.62)

where also the body-force term should be projected onto the same basis. For H?,
one has
Fy = wepF - (€, +ug€, —u). (2.63)

Such procedure demonstrated to be very useful for the simulations presented in
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2 Lattice Boltzmann and Direct Simulation Monte Carlo numerical methods

Figure 2.12: Collision step visualization: a re-arrangement of the populations towards a local
equilibrium is performed. This operation is based on the BGK collision model as described in
section 2.3 and it is a local operation, not requiring any information from the neighboring nodes.

this thesis. One of the main advantages guaranteed by the method is the reduction
of the excessive slip provided by the standard LBM at the walls, see Fig. 2.11a
and 2.11b. Another advantage, as will be shown in the chapter 6, is connected
to the removal of discrete artifact effects due to compressibility (high Ma flow
conditions).

Of course, this procedure comes at a larger computational cost, which can be
quantified in about a doubling of the wall clock time to perform the same number
of time steps, when compared with a standard LBE.

Collision step and measurement of the hydrodynamic moments. Finally, it is
possible to perform the collision step, once that the equilibrium distributions have
been updated according to Eq. (2.50). As already mentioned, since the BGK-BE
model is employed, the interparticle collisions are replaced by a relaxation pro-
cess for the non-equilibrium distributions towards a local equilibrium constructed
according to the local density and velocity. In Fig. 2.12, a representation of such
process is depicted. It is then possible to measure the hydrodynamic moments
as shown in Egs. (2.46). Note that for the conserved moments, it is irrelevant to
measure the hydrodynamic moments before or after the collision step, but this is
not the case for the non-conserved ones.

The simulation will continue to run until e.g. a pre-defined criterion on the accuracy
of the solution is met or the final time step is reached.

2.4 Conclusions

In this chapter, we provided an introduction to the numerical methods that will
be used to construct the hybrid model presented in the next chapters.
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2.A Gauss quadratures

While we approached the theoretical foundations of the LBM following a rigorous
mathematical treatment, in turn based on Grad’s method for the definition of the
single particle distribution function as a series in Hermite polynomials and on
Gauss-Hermite quadratures for the evaluation of the coefficients of the series, we
employed a more phenomenological way to present the DSMC.

We also showed the several analogies, as well as dissimilarities, between the two
methods stemming from the common kinetic theory roots. Such common origin,
in fact, plays in favor of the LBM as a promising numerical method to be coupled
to the DSMC in order to make more efficient the simulation of non-equilibrium,
non-continuum gas flows.

2.A Gauss quadratures

The mathematical tool of the Gauss quadrature is an essential ingredient to con-
struct the Lattice Boltzmann Equation model. Few details are reported here; the
complete treatment can be found in 37, 64].

Given a polynomial function f(&), the Gaussian quadrature seeks to obtain the
best evaluation of the integral

b
/ w(€)F(€)dx

choosing the optimal set of abscissae &,, a = 1,...,n, such that:

b n
JREGHGTE (2.64)

a=1

where w(§) is a weighting function — in the present case it is given by Eq. (2.31)
— and w, is a set of constant weights. The estimate in Eq. (2.64) has an algebraic
degree of precision of degree m if an exact equality holds in that relation for
any f(&) of degree up to m. The choice of £, should maximise the precision for
the given number of abscissae n. The optimal abscissae of the n-point Gaussian
quadrature are the roots of the n-th corresponding orthogonal polynomial, and
the weights are given by:

<Pn—17 Pn—1>
Pn—l(fa)P/m(fa)’

Eq. (2.64) has an algebraic degree of precision of 2n-1. In one dimension, the
Gauss-Hermite quadrature is the Gauss quadrature over the interval [—oo, c0]

P =dP,/dx. (2.65)

Wq =
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Quadrature Abscissae &, Weights w,
3 0 2/3
1,5 +v/3 1/6

0 8/15
E}, +/5 — /10 (7+21/10) /60
+v/5+ /10 (7-21/10) /60

Table 2.2: Numerical values of the abscissae and weights of Gauss-Hermite quadratures. The
quadrature symbol E"D,m can be read as follows: D is the dimensionality of the flow problem, m
and q are the algebraic degree of precision and the number of abscissae of the chosen quadrature,
respectively. As already mentioned, to recover the isothermal Navier-Stokes equation, m should
be larger than 4 and therefore the quadrature Ei;, is sufficient.

“—>r — o >
D1Q3 D1Q5

Figure 2.13: Graphical representation of the E3 5 (left) and Eig (right) quadratures. They
correspond to the common monodimensional lattices named D1Q3 and D1Q5, respectively. From
these quadratures, using production formulae, it is possible to determine the quadratures, and
therefore the lattices, also for higher-order dimensions.

with respect to the weight function of Eq. (2.31). The corresponding polynomials
are the Hermite polynomials and the abscissae of the n-point quadrature are the
zeros of H(™. The weights, therefore, are defined as

n!

[nH(=D (&))" 200

Wq =

In Table 2.2, the numerical values of the abscissae and weights of some Gauss-
Hermite quadratures are reported. Actually, such quadratures correspond to the
classical D1Q3 and D1Q5 lattices, graphically represented in Fig. 2.13. It should be
noted that no known generalizations for higher dimensions of the Gauss quadrature
theory exist. However, from one-dimensional formulae it is possible to derive,
through production formulae, extensions to two- and three-dimensional cases. So,
for example, using the one-dimensional formula Ei5 of Table 2.2 in two- and
three-dimensions, it is possible to derive the quadratures E3,5 and E%%, see Table
2.3, which correspond to the most used lattices D2Q9 and D3Q19.
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2.A Gauss quadratures

Quadrature Lattice stencil Algel.:)r:alc N-th (.)rder n
precision Hermite exp.
Ejs D2Q9 5 5
B3 D2Q21 7 3
B3 D3Q19 5 5
E5% D3Q39 - 3

Table 2.3: Examples of two- and three-dimensional quadratures and related lattices. The al-
gebraic precision and corresponding order of truncation in Hermite expansion are also reported.
Combining this table with the information of Table 2.1, it is possible to determine what lattice
should be employed to recover the desired level of accuracy at macroscopic level. It has to be
noted that, in general, the zeros of Hermite polynomials are irrational, but the abscissae of the
quadratures listed here are grid points of Cartesian coordinates. Such property is highly desirable
from an implementation point of view, as it allows to maintain the classical Cartesian grid with
equidistant nodes.
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3 Development and validation of the
DSMC solver

The DSMC code used in this work has been developed during the PhD project.
In this chapter, we provide few implementation details, underlining the peculiar
treatment of the streaming step. In fact, each step is divided into a sequence
of substeps whose duration is such that a particle cannot move further than a
distance equal to a cell size. This algorithmic choice, done in order to preserve
a full compatibility with the LBM code for the treatment of flows in complex
geometries, ensures the efficiency of the parallelization and particle-boundary
interaction routines. In addition, we present the results of several validation tests
typically encountered in rarefied gas flow literature. These include the study of the
formation of the Knudsen layer in proximity of a solid surface, the evaluation of
the shear stress for the Couette flow problem and the lid-driven cavity flow under
a wide range of rarefaction conditions. Finally, the implementation of pressure
and mass flow rate boundary conditions is tested for a plane channel flow.

The LBM code used during this PhD project, instead, has been adopted in the past
years to study a broad range of fluid mechanics problems, including, e.g. turbulent
flows, [35], multiphase and multicomponents fluid flows, |65, 66|, solid particle-
laden flows, [67]. For this reason, in the present work, we provide results about the
validation of the LBM code only in relation to the extension of it towards flows
characterized by a finite Kn number. Such results are included in the chapters 4,
5, and 6.

3.1 DSMC code: implementation details

In section 2.2, we presented the steps at the basis of the DSMC method.

In this section, we provide few details about the specific implementation of the
DSMC code used in this work. As it will be mentioned also in chapter 6, the
algorithmic choices behind the DSMC code implementation were mainly driven
by the constraint that it should preserve a full compatibility with the treatment
of flows in complex geometries as handled in the LBM code, especially in relation
to the application of the boundary conditions. In the LBM implementation, in
fact, at each node the value of a flag field specifying whether the node is a "fluid"
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3 Development and validation of the DSMC solver

Substepping routine algorithm

1. V particle j, compute the substep duration
Aty j=min, (cell _size; /u;)

2. Evaluate the number of substeps nsteps; as Atpsmc =
floor(%) Atadyj + Atresidual,j = nsteps; Atagyj +

adv,j
Atrcsiduaul,j

3. Advance each particle j by Atagy ;

4. If the particle j has completed its nsteps; substeps, re-
move j from the list of particles that still need to stream

5. If a particle j interacts with a domain boundary, apply
the boundary condition and go to point 1. Atpgyc now is
the left part of the initial time step

6. Once all the particles have completed the nsteps; sub-
steps, the collision step is performed

Table 3.1: Steps of the substepping routine algorithm adopted in the DSMC code. For each
particle j, the duration and number of substeps needed to complete a full time step is calculated
based on the grid cell size and the particle velocity. In the same code routine where particles
stream, the boundary conditions as well as the inter-process communication, in case a particle
enters the domain assigned to another process during a substep, are applied.

or "wall" node is assigned according to the flow domain geometry. The position
where the wall boundary condition is applied, then, is placed half-way between
a fluid and a wall node. The same procedure has been implemented also in the
DSMC code so that a cell can be assigned a wall or fluid condition in the same
way as done in the LBM code.

One of the main features of the current DSMC implementation is the splitting
of the streaming step into substeps sufficiently short so that a particle can move
at most to the nearest-neighbor cells, thus imitating what is routinely done in a
LBM code adopting a single shell lattice. In this way, two advantages are achieved:
firstly, a frame layer, a single cell wide, would be sufficient to treat inter-process
communication, and, secondly, only the particles residing on a fluid cell adjacent
to a wall cell will be checked for eventual interactions with the walls.
Algorithmically, the substepping routine is described in Table 3.1. The advection
substep time duration At,qy j is evaluated, for each particle, as the minimum cell
residence time based on the particle velocity components and the cell size along
each coordinate direction. To each particle, therefore, a specific number of substeps,
nsteps;, to (sub-)stream before completing the full advection phase is attributed.
A further measure to improve the efficiency of the algorithm is that as soon as
a particle has concluded its advection phase (and eventual interactions with the
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3.1 DSMC code: implementation details

walls), it is excluded from the list of particles that will be further treated. In
addition, the algorithm guarantees that the case of multiple interactions with the
walls is automatically handled.

An example of application of the algorithm is shown in the series of plots of
Fig. 3.1, where the particles still to be treated after each successive substep of a
single time step are depicted. Initially, Fig. 3.1a, all the particles reside within the
flow domain (black cloud completely covering the domain). After the first substep,
(b), some particles have streamed into the wall cells (orange dots) and some others
will have completed their advection phase and so disappear from the subsequent
plots. The steps in Table 3.1 are repeated until all the particles streams for the
required Atpgpyc. In the last substep, Fig. 3.1i, a single particle is left (indicated
by the green arrow). This will eventually stream for its remaining part of the time
step, Atresidual,j~

Note that the number of represented substeps in Fig. 3.1 is generally not en-
countered (and should not occur) in a well-defined simulation, but it has only
the scope to represent the application of the algorithm. The Atpgymc, in fact, is
too large to produce an accurate final solution. For a properly set up simulation,
instead, it is possible to find a distribution of nsteps as it will be presented in
Fig. 6.5, where it is shown that almost all the particles will substep at most twice.
The proposed implementation is generic in the sense that it can handle any geo-
metry. Two possible strategies to define the flow geometry are currently available.
The first possibility, which can be defined as the "hard-coding" option, prescribes
to define a routine within the code where the scalar field relative to the fluid /wall
condition associated to each cell is set according to the desired geometrical con-
figuration. This option is used to determine the geometry in the simulations in
chapters 4, 5, and 6. Other examples of such approach are shown in Fig. 3.2.
The second option, instead, allows one to import geometries constructed with
Computer-Aided Design (CAD) softwares. In Fig. 3.3, the process to translate a
3D CAD drawing into the scalar field needed within the DSMC code to determine
the fluid /wall regions is shown.

In order to further increase the computational efficiency, the streaming step, as well
as the particle interactions with the domain boundaries (walls, open boundaries,
...), the inter-process communication operations and the indexing of the particles
within each cell, are performed in a single "fused" routine.

The other routines implementing the steps described in section 2.2, i.e. the collision
step and the evaluation of the hydrodynamic quantities, are performed separately.
Finally, the implemented DSMC code, which is fully parallelized with Message
Passage Interface (MPI) on a three-dimensional Cartesian toroidal processor grid,
presents good scaling parallel efficiency, as well as the capability of running very
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large simulations as demonstrated in chapter 6, where the results from simula-
tions run over thousands of cores involving hundreds of millions of cells, and,
consequently, billions of particles, are reported.

Cross section of a voxelised cylinder - nstep,g, = 0 Cross section of a voxelised cylinder -- nstep,g, = 1 Cross section of a voxelised cylinder -- nstep,g, = 2

(b) (c)

Cross section of a voxelised cylinder -- nstep,g, = 3

X

(f)

Cross section of a voxelised cylinder -- nstep,g, = 8

(2) (h)

Figure 3.1: Sequence of the substeps needed to stream for a whole time step Atpsmc. The plots
refer to a section of a circular geometry defined using the "hard-coding" option. the staircase
nature is visible as the circle radius is discretized with only 8 cells. The red squares indicate the
flow domain cells, while the blue squares indicate the wall cells. Black dots represent particles
that reside, at the end of each substep, in a cell within the flow domain; orange dots represent
the particles which streamed outside the flow domain, and, therefore, undergo an interaction
with a boundary. As nsteps; increases, the number of particles which need to further stream
decreases until, for the case reported here, only one particle is left for nsteps=8, as shown in (i).
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| i

(a) Flow within a circular pipe. (b) Flow around a sphere.

Figure 3.2: Examples of application of the "hard-coding" option for the definition of the flow
domain into the DSMC code: (a) Fluid velocity magnitude field for a force-driven flow within a
circular pipe. The simulation domain is discretized with about 2.75 million cells and 55 millions
particles are used. (b) Vertical velocity component of the flow on the vertical plane passing
through the center of a sphere, and horizontal component on a similar horizontal plane (red
indicating positive velocity and blue negative velocity). On the fluid, a body force is applied. The
domain is discretized with about 500,000 cells and it is initially populated by about 10 millions
particles.

(a) CAD drawing  (b) Points cloud (c) Flag field (d) Velocity field

Figure 3.3: Sequence of the operations needed to import a generic geometry drawn in a CAD
software into the DSMC code. Starting from the CAD drawing, (a), in correspondence of the
geometry surfaces, a cloud of points is generated, (b). Such cloud of points is translated into
the DSMC grid and at those cells within whose volume at least one point is present, the status
of wall is assigned, (c). The domain is now fully defined and the simulation can start after
the proper boundary conditions are imposed. In (d), for example, the velocity magnitude field,
obtained imposing the values of the pressure at the upper and lower boundaries is shown. The
simulation grid is composed of more than 70 millions cells and the initial number of particles is
about 1.4 billions. The calculation is performed on 720 CPUs using the broadwell partition of
the Dutch national supercomputer, Cartesius. Such partition is composed of 32-processors nodes
with E5-2697A v4 Intel Xeon Processor (2.6 GHz clock frequency) and with 64 GB of memory.
The import operation, (a)-(c), required about 15 minutes to be completed. The calculation to
get the final solution, shown in (d), took about 6 hours.
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3 Development and validation of the DSMC solver

3.2 Validation test cases for the DSMC code

In this section, the results about several tests performed in order to validate the
developed DSMC code are presented. The tests cover classical problems typically
encountered in rarefied gas flow literature.

3.2.1 Power-law velocity profile in the Knudsen layer

An important feature typical of a gas flowing over a solid surface is the formation
of the so-called Knudsen layer. Within such layer, which extends to a distance in
the order of one mean free path from the solid surface, molecules collide with the
surface more frequently than with each other [68]. Consequently, in this region,
the probability distribution function of the molecular velocities is significantly
perturbed from an equilibrium state. This ultimately results in clear rarefaction
phenomena: the gas at the surface shows a finite velocity relative to the surface
itself, the so-called slip velocity, and it displays a non-Newtonian behavior. Such
non-Newtonian behavior, however, is a flow-related property, rather than a real
gas property, [69].
The Knudsen layer formation and its structure are the subject of several studies,
performed with various numerical and analytical tools, |70-77]. In particular, in [78|
and in [79], the results from DSMC calculations and the solution of the linearized
Boltzmann equation for a shear flow past a solid wall, respectively, showed that
the bulk gas velocity w parallel to the wall is accurately described by a power-law
relation in the form

u o y<, (3.1)

where y is the normal distance from the surface and a ~ 0.8. The behaviour
prescribed by Eq. (3.1) is found to be valid up to about one mean-free path from
the surface.

Several collisional models have been adopted to verify such behaviour. For example,
in [78] and in [79], the HS model is used. In [80], instead, the VSS is adopted. Here,
we employ a VHS approach with the aim to verify that the power-law description
in Eq. (3.1) is only weakly dependent on the employed interaction model, thus
confirming that the law in Eq. (3.1) is a physical phenomenon emerging from the
Boltzmann equation.

From a microscopic point of view, the VSS and VHS model share the same inverse
power law behavior for the molecular diameter, d:

d= dref (Cr,ref/cr)u (32)
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where ¢, is the relative velocity between colliding molecules, the exponent v de-
pends on the particular gas under consideration and the subscript "ref" denotes
the reference values at the reference temperature. The two collision models, how-
ever, differ for the formulation of the collision deflection angle law. For both cases,
such law can be defined as:

x = 2cos ! (b/d)l/ﬂ, (3.3)

where b is the distance of the closest approach in the center of mass frame of
reference of the undisturbed trajectories of the molecules undergoing the collision.
For the VHS model, 8 = 1 holds, while, for the VSS model, the value of S lies
between 1 and 2 and it is chosen so that the simulated gas has the ability to
reproduce the diffusion coefficient experimentally measured for the real gas.
Going back to the macroscopic results, an important consequence of Eq. (3.1) is
that there exists a velocity gradient singularity at the surface. This is consistent
with the results in |72, 81|, where the same feature was found when using the
linearized BGK model equation.

As done in the other mentioned works using the DSMC, 78] and [79], the Knudsen
layer is studied employing the Couette flow problem set up. In Fig. 3.4, the
geometry used for the DSMC calculations is shown: two walls are put into motion
with opposite velocity.

In order to avoid interferences between the Knudsen layers generating from each
wall, the wall separation, H, should be sufficiently large in proportion to the mean

Uwall

L 4

Knudsen layer

Knudsen layer

A

Uwall

Figure 3.4: Geometry of the flow domain used in the DSMC simulations to study the Knudsen
layer formation. The bulk flow velocity u is a function of y only. Such variable represents the
displacement from the midplane where y=0. The walls are located at y = +H/2 and they are
assumed to be diffusively reflecting. Periodic boundary conditions are applied along the other
directions.
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Parameter Value
number of cells Neen=1000
initial number particles/cell 100

initial number density

ng—[0.008 — 2.656]x10%3 m~3

wall velocity

Uwa =30 m s

wall temperature Towan=273 K
wall Mach number 0.098
molecular mass 6.63x10~2° kg
molecular diameter (VHS, Argon) 4.17x107 m
Kn number [0.4 — 0.0125]
total particle moves ~10"2

Table 3.2: Summary of the parameters of the DSMC simulations for the study of the Knudsen
layer formation. The number of employed cells is sufficient to obey the classical DSMC rules of
thumb on grid resolution also for the most demanding case (Kn=0.0125). It is kept constant for
all the examined cases. The flow Kn is set according to the initial number density, no. In fact,
the mean free path, )\, is defined, based on the VHS model as:

N = 2(5 — 2w)(7 — 2w) w m 1/2
- 15 mno ) \ 2nksT ’

where w=0.81 is the VHS viscosity index for Argon, m is the Argon mass, and y is the viscosity
coefficient, [1]. The imposed wall velocity, uwaili, Is such that the Mawan=0.1, where Mawan =
Uwall/Cs, With cs the gas speed of sound. This value allows to limit the flow temperature variations
due to dissipation, and, therefore, to exclude any potential thermal effect on the measured velocity
profile. For any investigated Kn, the increase of temperature has been verified to be less than
1.5K.

free path, i.e. the Knudsen number (Kn=\A/H) should be sufficiently small.

In Table 3.2, the simulation parameters for this study are collected. In Fig. 3.5, the
velocity profiles normalized with the imposed wall velocity are plotted for several
Kn. Besides the presence of a slip velocity, the non-linearity of the velocity profile
while approaching from the centerline (y/H = 0) towards the wall (y/H = 1) is
evident for any investigated Kn.

In order to let emerge the mentioned power-law behavior of the velocity profile,
a transformation of coordinates is necessary. In particular, we define the new
coordinates as:

(3.4)

1 1 U
vt=—_=-——1, 3.5
vKn <2 uwau> ( )
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Figure 3.5: Gas velocity as a function of the normal distance from the midplane, y/H = 0, for
the Couette flow problem of Fig. 3.4 and with Kn as parameter. Half of the domain is shown
and, for clarity of visualization, only few data points are plotted. For any investigated Kn, a
non-linear velocity profile is found in proximity of the wall (within the Knudsen layer) located
at y/H=0.5. An increasing velocity slip is also observed while Kn increases.

where 7 is a normalized midplane velocity gradient given as

N [ZZLO. (3.6)

Uwyall

The value of v is found performing a linear regression on the velocity profile for
distances larger than 3\ from the walls. For those cases for which 3\ is larger
than H/2, the regression analysis is performed using data for which —H/10 <y
< H/10. In Fig. 3.6a, the behavior of @ — @(0), where @(0) is the velocity at the
channel midplane, versus g is plotted on a double logarithmic scale for Kn=0.20.
It is evident that, for § < 1, the velocity profiles follow the proposed power-law be-
havior. In Fig. 3.6b, the exponents obtained for each Kn are plotted and compared
with the results available in literature. In particular, the found results agree well
with those obtained using DSMC and employing the VSS interaction model, [79],
as well as those obtained the solution of the linearized Boltzmann equation for a
hard sphere gas, [73, 82|. The error bars in Fig. 3.6b represent the 99% confidence
intervals for the regression calculations. For the first Kn value, equal to 0.0125, the
error bars extend from 0.60 to 1.14. It is also evident that the error decreases with
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Figure 3.6: Knudsen layer formation: (a) Velocity profiles after the transformation of coordinates
proposed in Egs. (3.4, 3.5) and for Kn=0.20. The straight continuous line represents a power-law
relation in the form of Eq. (3.1), with the slope equal to the exponent of such law (o = 0.81 for
Kn=0.20). The dashed horizontal line for § = 1 represents a guide for the eye rather than a clear
distinction between the inner Knudsen layer and the external flow region. (b) The values of the
exponent «, evaluated from the simulations performed with the present DSMC code and using
the VHS collisional model (red squares), are plotted along with reference data for several Kn.
A good agreement is found when comparing the results of simulations performed with another
DSMC code using a VSS particle interaction model, [79] (DSMC-VSS in the caption), and with
the solution of the linearized Boltzmann equation for a hard sphere gas. In [82] a=0.806 (in the
legend indicated as BE-HS, LH1989), while in [73] a=0.799 (in the legend indicated as BE-HS,
Siewert2003). The error bars represent the 99% confidence intervals for the regression calculation
of the quantity ~ from the fitting of Eq. (3.6). The width of the error bars for the data obtained
from the present DSMC code results rapidly shrink while increasing Kn due to the larger number
of data points present within the Knudsen layer. The fact that the results from the different
methods show a good agreement confirms that the collisional model has a limited influence of
the determination of the velocity profile within the Knudsen layer.

increasing Kn. This can be attributed to the fact that the number of cells available
to fit the power-law within the Knudsen layer, given by KnN,¢y;, increases with
Kn, leading to a smaller error in the regression calculations.

To conclude, the results provided by the present DSMC code show that the ex-
pected power-law behavior for the velocity profile within the Knudsen layer is
accurately recovered. Moreover, by using a different molecular interaction model,
VHS instead of HS or VSS, it was confirmed that the found power-law description
is only weakly dependent on the chosen collisional model, thus suggesting, as stated
in [79], that the power-law behavior is a physical phenomenon emerging, at least,
for all monoatomic gases within the framework of the Boltzmann equation. It
should also be noted that the underlined difference in the collision deflection angle
law, as expressed in Eq. (3.3), has a limited influence on the viscosity cross-section
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and therefore on the gas viscosity coefficient, while it has a large effect on the
diffusion cross-section, i.e. on the self-diffusion coefficient, [1, 83]. This may be
seen as a possible explanation of the fact that different molecular interaction mod-
els provide similar results for the investigated problem where only the viscosity
coefficient plays a role.

3.2.2 Shear stress model

We also validated the DSMC code against literature shear stress models for rarefied
gas flows. We employ a Couette flow problem set up to investigate the effects of Kn
on the shear stress. A new set of simulations is performed to study this problem.
In particular, we adopt a hard-sphere collisional model for the computational
particles, assumed to represent an Argon gas (molecular mass m = 6.63726 kg
and dps = 3.66719 m). The flow domain wall surfaces are maintained at T,,=273
K and a fully diffuse reflection is enforced for the molecule-wall interaction. The
initial fluid temperature is also set at 273K, while the initial fluid density is set
according to the desired Kn number and uniformly within the flow domain. The
grid resolution is such that a minimum of 3 cells per mean free path is ensured.
Each cell is initially populated with 30 particles. The time step is chosen to be
five times smaller than the particle residence time in a cell, based on the most
probable velocity at the initial temperature. The domain walls are put into motion
with opposite velocity, u,, and once the steady-state is reached, macroscopic
flow variables are sampled every 10 time steps. At least 1.0 x 10% samples are
cumulated. A wide range of Kn is investigated, spanning from almost continuum
flow conditions (Kn=0.0125) up to the free molecular flow regime (Kn=14.0). The
imposed wall velocity, u,, is such that the Mach number, defined as Ma,, = wu,,/cs,
where ¢, is the gas speed of sound at the initial temperature, is kept equal to 0.1
for any Kn. As mentioned in the previous paragraph, this is done to guarantee
an isothermal condition, and, as a consequence, any temperature effect on the gas
dynamic viscosity related to the particular chosen molecular interaction model can
be excluded. Even in the most extreme case, in fact, the fluid temperature increase
with respect to the initial temperature, is less than 1.5K. As underlined in [85],
the shear stress for the Couette flow is characterized by two asymptotic behaviors
for the limit cases of the continuum flow condition and the free molecular flow
regime. According to the classical constitutive law for the Navier-Stokes equations,
the shear stress is proportional to the velocity gradient and it is given by:

du 2u
Try,cont = M@ = _Mﬁw- (37)
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Figure 3.7: Variation of the normalized shear stress as a function of Kn for the Couette flow
simulations (blue symbols) compared with the analytical relation, Eq. (3.9), obtained in [84]
from the solution of the linear Boltzmann equation and using a hard-sphere interaction model.
A very good agreement (maximum deviation about 1% for the DSMC data with respect to the
analytical solution) is found over the whole investigated Kn range.

In Eq. (3.7), p is the dynamic viscosity and H is the channel height.
At the other extreme, in the free molecular flow regime, the shear stress is given

as, |86]:
[2RT,
Try,co = —PUw T (38)

where p is the fluid density, and R is the specific gas constant.

In order to match the two extremes in a single model, which can then be used
also for engineering applications, several relations appeared in literature. Both
empirical relations, see e.g. [85] and [87], as well as analytical solutions are available.
In particular, in this section we compare the results provided by the present DSMC
code with the analytical solution provided in [84] and expressed as:

aKn? + bKn
aKn? + cKn +d’

(3.9)

Moy =

where 7., is the shear stress normalized with the free molecular shear stress, given
by Eq. (3.8). In Eq. (3.9), the coefficients a, b, ¢, and d depend on the inter-particle
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collision model, and, for the case of hard-sphere particles, they are given by:
a=1.3056, b=2m, c¢=17.5939, d=nm. (3.10)

In Fig. 3.7, the results from the DSMC simulations are plotted together with the
analytical solution provided by Eq. (3.9). A very good agreement is found over
the whole range of the investigated Kn numbers as the maximum deviation from
the reference solution, in fact, is at most 1%.

3.2.3 Lid-driven cavity flow

The cavity flow problem is a common benchmark test for the validation of con-
tinuum flow numerical solver, [88, 89|, but it can also serve as a validation test for
the present DSMC code. In fact, the effects of rarefaction on the flow properties
have been investigated by means of a variety of numerical tools.

In [90], the problem is treated by adopting a Discrete Velocity Method (DVM) to
solve the linearized Bhatnagar-Gross-Krook kinetic equation in order over a wide
range of rarefaction conditions.

In [91], instead, the so-called Discrete Unified Gas Kinetic Scheme (DUGKS), a
finite volume scheme for the solution of the Boltzmann equation with the BGK
collision model, characterized by a flexible mesh adaptation for the particle velo-
city space, is employed. A good agreement for the velocity field with the reference
DSMC solution, [92], is found.

A finite difference scheme to compute the solution of the regularized 13 moment
equations (R13), as proposed in [93, 94], is adopted in [95]. The results found show
a reasonable accuracy with the DSMC data for the temperature field also for a
flow in the transition flow regime (Kn~0.4).

Despite the variety of the employed approaches, the DSMC solution, however, is
generally used as the benchmark one. In this paragraph, therefore, we adopt the
DSMC results from [92, 96] as the reference for the validation of the present code.
For all the simulations whose results are reported here, the gas is assumed to
consist of monoatomic molecules corresponding to that of Argon with mass m =
6.63 x 10726 kg. The variable hard sphere collision model is used, setting a refer-
ence particle diameter equal to d=4.17x10710 m.

In order to ensure the accuracy of the computed flow variables, the DSMC guidelines
on space and time discretization have been followed. In Fig. 3.8, the geometry
configuration of the square cavity, of size L, is shown. Fully diffusive reflection is
imposed at the cavity walls. The top lid moves with a fixed tangential velocity U,,
in the positive z-direction while the other walls are stationary. The wall temper-
ature and the initial gas temperature are set to T,, = Ty = 273 K.
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Figure 3.8: Geometry of the flow domain used in the DSMC simulations to study the cavity flow
problem. The top wall is moving with a positive velocity along the z-direction, U,,. The dashed
vertical line is placed at /L = 0.5, while the dotted horizontal line is located at y/L = 0.5. A
large scale vortex occupying the whole domain (represented by the circular arrow) is expected
to develop.

A wall Mach number, based on the lid velocity and the speed of sound evaluated
at the wall temperature, can be defined as:

Uw

May, = —%
= AR,

(3.11)
where v and R are the specific heat and gas constant for Argon, respectively.
The rarefaction conditions are adjusted by varying Kn, defined as

_ %

K
"

(3.12)

The desired Kn value is achieved by changing the mean free path A¢ which, in
turn, is set by properly fixing the initial gas density pg according to the typical
relation for VHS particles, [1]:

) :2(5—2w)(7—w)@ m 1/2 (3.13)
0 15 oo \ 21kpTy '

where pg represents the reference dynamic viscosity at the initial temperature Tj.
To validate the present DSMC code, the impact of the lid velocity and Kn on the
flow behavior are investigated.
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Influence of the lid velocity

At first, the influence of the lid velocity is verified. The flow velocity components,
u and v, in the - and y-directions, normalized with the wall velocity as

u v

Uw’ Uy ( )
are shown in Figs. 3.9a, 3.9b and 3.9¢, 3.9d for Ma,,=0.16 and Ma,,=0.65, re-
spectively. In both cases, Kn=1.0. With the considered value of Kn, the two Mach
numbers provide values of the Reynolds number, calculated on the basis of the lid

velocity as:

Re = pOS‘“L, (3.15)
0

equal to about 0.3 and 1.2. The velocity profiles U(y/L) and V (z/L) are plotted
along the centerline axis drawn in Fig. 3.8 as the dashed vertical line (x/L = 0.5)
and the dotted horizontal line (y/L = 0.5), respectively. A very good agreement
is found between the present DSMC code results and the reference DSMC data,
[92], for both the velocity components profiles and for both the values of the wall
Mach number.

For illustration purposes, the velocity vectors overlaid on the velocity magnitude
field, in turn normalized with the lid velocity, are shown in Fig. 3.10. In Fig. 3.11,
finally, the velocity profiles obtained from the simulations at the two investigated
Mach numbers are compared in the same graph. The U profile is characterized by
a velocity slip at the upper and lower walls. Moreover, it is interesting to verify
that this profile is largely unaffected by the significant change in the lid velocity.
A more evident effect caused by the larger lid velocity, instead, is visible on the V'
velocity component. Increasing the lid velocity reduces the symmetrical behavior
about the vertical line crossing the cavity center as it is also typically found for
the continuum case when Re >0.

Influence of the Knudsen number

After having analyzed the impact of the lid velocity on the flow field, the effects
on the flow properties induced by rarefaction are studied. In particular, keeping
constant the wall Mach number Ma,,=0.16, six simulations characterized by Kn
ranging from the slip regime (Kn=0.1) through the free molecular regime (Kn=8),
are performed. In Figs. 3.12a and 3.12b, the U and V velocity profiles, measured
along the horizontal and vertical axis passing through the center of the cavity,
are plotted for the different tested Kn. As expected, the slip at the wall, for both
U and V, increases while increasing Kn. More in details, for the U profiles, this
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Figure 3.9: Lid-driven cavity flow: U and V' velocity components plotted along the sections at
x/L=0.5, (a), (c), and at y/L=0.5, (b), (d), for the two investigated Ma,,. The initial gas density,
set homogeneously within the flow domain, is such that Kn=1.0. A very good agreement with
the reference DSMC data, [92], is obtained. At the top wall (y/L=1), a large slip velocity due to
the rarefaction conditions is measured, (U 220.415 vs U=1.0 at continuum flow conditions). A
large slip is also present at x/L=0, 1 for the V velocity component.

rarefaction effect is particularly evident at the wall located at y/L = 1. In fact,
already for Kn=0.1, the fluid velocity is about 35% smaller than the imposed lid
velocity. Also for y/L = 0, the fluid velocity U shows a non-zero value for all the
investigated Kn numbers. For the V' velocity profiles, it is also clear that the slip
velocity at the walls for both z/L = 0 and /L = 1 increases while increasing Kn.
To conclude this section, the cavity flow has been used as a validation test for
the present DSMC code. The impact of the rarefaction conditions and of the lid
velocity have been investigated finding a very good agreement with the reference
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Figure 3.10: Lid-driven cavity flow: velocity vectors plotted on top of the velocity magnitude
field, and normalized with the lid velocity, for the Ma,,=0.16 and Kn=1.0 case. A vortex occupying
the whole flow domain develops. The maximum flow velocity, found in proximity of the top moving
wall, is only 0.415 times the imposed wall velocity. Such large velocity slip is the typical result
of the substantial rarefaction conditions present for the performed test.
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Figure 3.11: Lid-driven cavity flow: comparison of the U and V' velocity components for the two
investigated Ma,, at Kn=1.0. While the influence of Ma,, is rather limited for the U component,
in fact the same slip velocity at the walls at y/L=0 and y/L=1 is measured, a larger effect is
visible on the V' component.
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Figure 3.12: Lid-driven cavity flow: the influence of the rarefaction conditions is measured.
(a) U velocity profile at x/L=0.5; (b) V velocity profile at y/L=0.5. All the simulations are
performed with Ma,,=0.16. For readability, the comparison with the reference data from [92] is
shown only for Kn=0.1. A good agreement is found for the present DSMC code. A similar level
of accuracy is reached also for the profiles at the other investigated Kn numbers. The main effect
of rarefaction conditions is to increase the slip velocity.

data from [92].

3.2.4 Flows with open boundary conditions

The implementation of open boundary conditions in a particle-based method,
namely the imposition of a desired pressure or mass flow rate at the inlet/outlet
sections of the flow domain, faces difficulties related to the fact that macroscopic
flow variables have to be imposed by properly setting the number and the micro-
scopic properties of the sampled particles, such as their velocity and internal energy.
In this work, moreover, we are mainly interested in the simulation of subsonic flows
within microchannels and this poses further challenges in the proper definition of
the inlet /outlet boundary conditions with respect to the classical boundary condi-
tions employed in the DSMC method, which are suitable when simulating external
high speed flows. In this last case, in fact, one is free to specify all the macroscopic
flow properties, defining the so-called stream boundary condition. Particles, in fact,
are simply removed when they cross inlet or outlet boundaries and a given number
of particles are injected into the cells at the inlet and the outlet, according to a
Maxwellian distribution, provided that the macroscopic velocity, temperature and
number density at those locations are known. Eventually, in the case of vacuum
conditions, particles are just removed as soon as they cross the inlet or outlet
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boundaries.

In contrast, at the inlet section of a subsonic flow, information on one of the
macroscopic flow variables has to come from the interior part of the flow domain.
At the outlet section, then, only one of the macroscopic flow properties can be
specified, while all the other needed flow properties must be obtained from inside
the flow domain.

Two types of inlet boundary conditions for subsonic flows have been proposed in
literature: one in which the pressure and temperature of the incoming flow are
prescribed (pressure boundary condition) and one in which the mass flow rate and
temperature are specified (mass flow rate boundary condition). For each of these
two types, several implementations are available.

As underlined in [97], in all pressure boundary condition treatments, information
about the streamwise velocity is obtained from within the flow domain. This mac-
roscopic velocity, then, represents the mean velocity of the sampled particles. The
streamwise velocity can be accessed in a variety of ways: instantaneous calculation
of the average velocity of the particles crossing the inlet boundary, [98-100]; use of
the continuum characteristic line method to compute the streamwise velocity at
the location of the inlet boundary, [101]; O-th order extrapolation of the streamwise
velocity, [51, 102, 103]. This last approach is also the method implemented in the
present work.

We provide now few details about the implementation of this kind of inlet pressure
boundary condition. The following discussion assumes that the problem is defined
so that the inlet/outlet surfaces are normal to the xz-component of the mean flow
velocity vector but the implementation can be easily extended to arbitrarily ori-
ented boundary surfaces by considering the component of the inflow vector that
is normal to the boundary face.

The instantaneous, streamwise velocity in each cell j along the inlet boundary,
Uin,j, is obtained by calculating the average of the streamwise velocity component
of each individual particle, u, ;:

1 Np,;
Um,j = Uj = ~ Z Up,j- (316)
va] p=1

In Eq. (3.16), Np; is the number of particles in the cell j. Since we are interested
in obtaining steady-state solutions, the instantaneous values are averaged over
time.

The inlet number density, n;, is determined, using the ideal gas equation of state,

67



3 Development and validation of the DSMC solver

from the imposed pressure, p;,, and the temperature, T3, as:

Pin
Jp— , 3.17
ftin k‘BTm ( )

where kp is the Boltzmann constant.
The values of Ujy, ;, nin and T, are then used to calculate the number of particles
to be injected in each cell j, see e.g. [102]:

Nin Con M
N, = M7 AtA 1
in,j 2\/77‘_ t Atace, (3 8)
where )
U2 . o o
M = exp <_ C}j) + \/%%:: [1 ierf<%’:>] , (3.19)

Con = /2kT/m, (3.20)

with (), the most probable molecular speed, At the simulation time step, Aface
the area of the cell face that lies on the inlet boundary. The particle velocity
C = (up, vp, wp) is then sampled from a Maxwellian distribution in the form

2up L 2,29
e Mexp( cz [(up:FUmJ) —i—vp—i—wp] . (3.21)

4
m

The plus sign in the Eqgs. (3.19) and (3.21) is for the upstream case (particles
flowing into the domain through the inlet boundary), and the minus sign is for the
downstream case (particles flowing into the domain through the outlet boundary).
For what concerns the mass flow rate boundary condition, two approaches are
available. The first method, reported in [99], prescribes that the average density
in the cells along the inlet boundary is obtained by weighting the sampled density
in each cell by the height of the cell. The average density is then used at the inlet,
along with the assumption of constant velocity magnitude across the inlet and the
specified total mass flow rate, to compute the inflow velocity.

In the second approach, reported in [97] and implemented also in this work, the
assumption of a uniform velocity magnitude across the inlet surface is replaced
with a uniform mass flux, /A, across the inlet surface, where i and A are the
desired mass flow rate and total area of the inlet boundary, respectively. The mean
streamwise inlet velocity at each cell face is calculated from Eq. (3.16) and the
inlet number density at each cell face is given by:

m  Ng

R -4 .22
Nin,j Uin,jA M7 (3 )
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where Ny is the Avogadro number and M is the gas molecular weight. The values
of n, ; and Uy, j are used to calculate the number of the sampled particles at
each cell face by using Eq. (3.18) and the velocity components of each of those
particles using Eqgs. (3.19) and (3.21).

As underlined in [97], during the transient phase of the simulation, it is possible
that the velocity provided by Eq. (3.16) becomes negative, meaning that the
direction of the average flow velocity at the inlet is pointing out of the domain.
When this occurs, the inlet velocity is not updated and the value from the previous
time step is used also at the current time step.

With respect to the last issue, in the present implementation we impose a stricter
condition. In fact, to avoid that, in the case U;j, ; is close to zero, a large number
of particles is generated in a single time step, a minimum allowable streamwise
inlet velocity, Vins, is initially set in the simulation.

Fig. 3.13 shows the probability distribution function of the injected number of
particles per cell, Njj, j, at each time step. The data for three different V,;; are
shown. It is clear that the closer the Vj,;; to zero, the more probable that a large
number of particles is generated at each time step, this representing an issue from
the computational point of view. Ideally, the closer the Vj,;; to the value of the
streamwise flow velocity provided by the final solution, the better for the solution
to efficiently reach the final solution.

Several approaches have been proposed in literature also for the subsonic outlet
boundary conditions in order to allow a constant pressure to be specified. They all
share the same idea that the particles entering the domain are modeled as having
come from an equilibrium reservoir at the specified pressure. The other properties,
required to fully characterize the reservoir, are the density and the flow velocity
components and they can be obtained from the domain interior. The different
approaches vary according to the way in which such required flow properties are
calculated at the outlet. A possible method involves a combination of the estimates
of the average velocity of the particles crossing the outlet boundary, [99]. Another
method considers the 0-th order extrapolation of the macroscopic properties in the
first cell along the outlet to the boundary surface, [51], and finally the possibility
to use the continuum characteristic line method to compute the macroscopic
properties at the outlet boundary, [98, 100-102]. This last approach is also the
one implemented in this work. The use of the theory of characteristics implicitly
assumes that the flow is locally inviscid and adiabatic. Following the formulation
in [104], the macroscopic flow variables can be obtained at each cell j at the outlet
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Figure 3.13: Mass flow rate boundary conditions: probability distribution function of the
number of particles injected at each time step per cell. The initial threshold velocity, Vinit, is
used as parameter. For Vin;:=0.5 m/s, up to 1000 particles per time step per cell are injected.
This extreme number is sensibly reduced when the threshold velocity is increased to 5 m/s when,
at most, about 180 particles are injected. The average number of particles expected to be injected
is 100 and it is based on the prescribed mass flow rate. The bin width is equal to 5 particles.

(pO)j pj + ]9(1_;;]" (3.23)
(Uo); = Uj + pp" 5, (3.24)
]850
Vo); = Vi, (3.25)
(To); = (pp)o‘R’ (3.26)
073
(no); = (i;)j , (3.27)

where V' is the flow velocity component normal to the outlet surface and ¢, is
the speed of sound. From these values, using Eqgs. (3.18-3.21), the properties of
the particles entering through the outlet boundary can be determined. A full
treatment to derive the relations of Eqgs. (3.23-3.27) can be found in [104, 105].
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Finally, few additional considerations on the number of sampled particles for both
the inlet and outlet boundary conditions are needed. As underlined in chapter 6,
instead of injecting a number of particles as determined by the value provided
by Eq. (3.18), we inject a number of particles determined by sampling a Poisson
distribution with the mean given by Eq. (3.18). This, indeed, is more consistent
with the physics of the system as, from equilibrium statistical mechanics, [46], we
expect that the number of particles leaving a reservoir at equilibrium conditions
during a fixed time interval, to be Poisson-distributed. Moreover, it has been
shown in [106] that this procedure eliminates possible non-physical non-equilibrium
effects originated from correlations of momentum and density fluctuations when
injecting a number of particles as obtained from Eq. (3.18). In the remaining
part of this section, we present the results of the validation of the just described
inlet /outlet boundary conditions for the case of a 2D plane channel flow. Firstly, we
investigate the case of the pressure boundary condition, and, then, the case of the
mass flow rate boundary condition. Results obtained from the present DSMC code
are compared with those obtained from other DSMC codes and with analytical
relations when these are available. Finally, few remarks about compressibility and
rarefaction effects on the pressure distribution within the channel flow are drawn.

Pressure boundary condition

The first test aims to validate the implementation of the pressure boundary condi-
tions. The simulation set-up is described in Table 3.3 and it prescribes the flow of
a gas composed of Oy molecules within a microchannel at slip flow conditions. The
domain geometry is shown in Fig. 3.14. As reported in Table 3.3, while the cell size
along the direction transversal to the flow, which is the direction of greatest gradi-
ents in the flow properties, is based on the requirements for an accurate DSMC
simulation, the cell size along the main flow direction is greatly enlarged, consid-
ering the small ratio of the gradient length scale along the flow and transversal
to the flow directions. In Fig. 3.15, the results obtained with the present DSMC
code are compared with the DSMC data from [51] and with the analytical results
provided in [107|. The analytical relation is obtained from the solution of the
Navier-Stokes equations supplemented with first-order slip boundary conditions.
For the pressure distribution along the flow direction x, one has:

9 _ N\ 2 N\ 2 9 _ )

3@): <6Kno U+pl> -z <p> ~ 1+ 12Kn, "(“-1)
Do \L g Do L Po g Po
2—0

— 6Kn, . (3.28)
g
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3 Development and validation of the DSMC solver

Parameter Value

Gas O9
Channel length, L, pm 15.0
Channel h, H, pm 0.53

Inlet pressure, Pa 2.5 x 10°
Outlet pressure, Pa 1.0 x 10°
Time step, s 1.0 x 1071
Twai, K 300

Tin, K 300
Number of cells 80 x 50
Number of particles per cell 100
Viscosity index, w 0.77

VHS diameter, m 4.07 x 10710
VHS reference temperature, K 273

Wall accommodation coefficient, o 1

Table 3.3: Pressure boundary conditions validation: summary of the parameters of the DSMC
microchannel simulations. The flow domain is discretized with 80 and 50 cells along the axial and
transversal directions, respectively. The microchannel aspect ratio, defined as the ratio between
the length and height of the channel, AR=L/H, is equal to AR=28.3, and so sufficiently large to
allow a fair comparison with the analytical results derived in [107]. The gas is composed of O3
molecules and the VHS interparticle collision model is adopted. Each cell is initially populated
with 100 particles and the initial pressure field is fixed at the average value between the inlet
and the outlet pressure values.

where the pedices ¢ and o indicate quantities at the inlet and outlet conditions,
respectively.

A very good agreement is found with the numerical DSMC results from [51]. We
underline that the pressure profile within the channel is not linear. We will come

Inlet yT Outlet
k T |
L H
_5: ------------------------- -_——-

Figure 3.14: Microchannel geometry. The dimensions in SI units, as well as the pressure values
at the inlet and outlet sections, are reported in Table 3.3.
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Figure 3.15: Validation for the pressure boundary conditions: comparison among the numerical
data provided by the present DSMC code (red circles), the reference DSMC, [51], (black triangles)
and the analytical relation for the pressure distribution, Eq. (3.28) (blue line). The simulation
settings are reported in Table 3.3. From the inlet and outlet imposed pressure, and from the
height of the channel, the inlet and outlet Kn reported in the plot can be calculated. The dashed
green line represents the linear pressure distribution between the imposed pressures. The actual
profile deviates from the linear one. Later, we will show that this is due only to a compressibility
effect.

back later on this point trying to clarify that this effect is not a rarefaction effect,
but, rather, a compressibility one. A small deviation from the analytical pressure
distribution is found. This can be attributed to the fact that the local Kn while
approaching the outlet section becomes larger, going beyond the range of validity
(slip flow regime) for the analytical results. In Fig. 3.16, the distribution of the
axial velocity at the channel centerline as obtained from the present DSMC is
compared with the DSMC results in [51] and in [97], as well as with the analytical
solution provided in [107], and reported here:

xy 1dp 9, 2—0 H?

In Fig. 3.29, dp/dz is the pressure gradient evaluated from Eq. (3.28). Also in
this case, a good agreement with the reference data is found and, as previously
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Figure 3.16: Validation for the pressure boundary conditions: comparison among the numerical
data provided by the present DSMC' code (red circles) as well as from [51] (indicated as Cai
et al. (2000) in the legend, black triangles) and from [97] (indicated as Farbar et al. (2014)
in the legend, green squares) and the analytical results for the axial velocity at the channel
centerline, Eq. (3.29), blue line. The simulation set-up conditions are reported in Table 3.3. A
close agreement with the analytical results is found for the present DSMC data. A clear deviation
starts to appear while approaching the outlet section at x/L = 1 as the Kn goes beyond the
slip flow regime limit. Note also that the present DSMC data appear to be much less noisy than
those from the other two references, [51] and [97].

detected for the pressure distribution, the present DSMC data and the analytical
solution start to diverge while getting closer to the outlet section at /L = 1. This,
again, can be explained invoking the increasing Kn.

In Fig. 3.17, the pressure and axial velocity contours within the microchannel are
visualized.

Mass flow rate boundary condition

We now consider the case of the mass flow rate boundary condition. The same
simulation set-up used for the pressure boundary condition is employed here, apart
from the inlet condition where, instead of a fixed pressure value, we impose a given
mass flow rate. For validation purpose, this value is chosen to be equal to the one
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(b) Axial velocity, U(z/L), [m/s].

Figure 3.17: (a) Contours of the pressure p/p.(z/L), and (b) of the axial velocity U(z/L) in
the microchannel for the simulation settings reported in Table 3.3 and applying the pressure
boundary conditions at the inlet and outlet. At any given section z/L=const., the pressure
distribution is constant over the channel height.

we calculate from the pressure boundary condition simulation as

H
m:/o pU (y)dy. (3.30)

The value obtained from the DSMC simulation when pressure boundary conditions
are applied is equal to 2.18 x 107° kg/s and it is very close to the value of 2.17
x 1075 kg/s, obtained from the analytical relation:

H3wp? i 2 2—0 i
h=——"°2 [(Z)] —14+12Z—K =1 3.31
" QAULRT,, ((po) M (po ) ’ (a31)

derived in [107] and where w is the channel depth.

In Fig. 3.18a, the pressure distributions obtained from the simulations using the
two boundary conditions are plotted. A very good agreement between the two is
found, meaning that the mass flow rate boundary condition provides the expected
results. Finally, in Fig. 3.18b, the centerline axial velocity is plotted, again finding
a good agreement with the DSMC data from [97] and the analytical solution,
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(a) Pressure distribution. (b) Axial velocity distribution.

Figure 3.18: Validation for the mass flow rate boundary conditions: (a) comparison among
the pressure distributions obtained imposing the pressure (red triangles) and the mass flow rate
(black circles) boundary condition, respectively. The imposed inflow mass flow rate is computed
as the value obtained from the pressure boundary condition simulation using Eq. (3.30). Since a
very good agreement between the two curves is found, the validity of the implementation of the
mass flow rate boundary condition is confirmed. (b) Axial velocity distribution at the channel
centerline for the mass flow rate boundary condition as obtained from the present DSMC' (red
circles) and from the reference DSMC data (black triangles), [97]. A clear entrance effect is visible.
The analytical profile plotted here is the one obtained when imposing the pressure boundary
condition, Eq. (3.29), and, therefore, it does not show the entrance effect. With respect to the
reference data, [97], the results of the present DSMC are closer to the analytical solution.

excluding the entrance area. For z/L < 0.05, in fact, a clear entrance effect is
visible. This is present because of a uniform mass flux, /A, across the inlet
surface, is imposed.

Compressibility and rarefaction effects

Finally, we examine the influence of rarefaction and compressibility on the pressure
distribution along the microchannel centerline. As already mentioned, the pressure
shows a non-linear variation. This evidence is sometimes erroneously attributed to
the influence of the gas rarefied conditions, see e.g. [108]. In fact, the non-linearity
is solely a compressibility effect as underlined by the analytical solution provided
in [107]. This can be also proven numerically by performing DSMC simulations at
several pressure ratios while keeping fixed the Kn at the inlet and outlet conditions,
and varying the rarefaction conditions while keeping constant the pressure ratio.
In Fig. 3.19a, the pressure profiles obtained from the DSMC simulations charac-
terized by different values of the pressure ratio are collected. It is evident that the
smaller the pressure ratio, and therefore the compressibility effects, the closer the
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(a) Pressure profiles. (b) Pressure difference profiles.

Figure 3.19: Effect of the pressure ratio (PR) on the linearity of the pressure profile for the
microchannel flow: (a) DSMC pressure distribution along the microchannel with the pressure
ratio (PR) as parameter while keeping constant the Kn (Kn;=0.044 and Kn,=0.109 at the inlet
and outlet sections, respectively). The smaller the pressure ratio, the closer the distribution to a
linear profile, the proper one for an incompressible gas flow. (b) Difference between the actual
pressure profile and the linear one, then further normalized with the linear distribution, while
keeping constant the Kn and changing the pressure ratio (PR). The continuous lines represent
the analytical relation of Eq. (3.28) and the dashed lines represent the DSMC data. It is clear
that the compressibility effects act in the sense of increasing the non-linearity of the pressure
profile.

pressure distribution to a linear profile. This is also confirmed by inspecting the
plots of Fig. 3.19b, where the difference between the actual profile and the linear
one, then normalized with the linear profile, is plotted for each pressure ratio. The
smaller the pressure ratio, the smaller the quantity plotted in Fig. 3.19b, meaning
that the non-linearity of the pressure profile decreases. It has to be noted that
in a standard DSMC simulation, the computational gas follows the ideal gas law,
and, therefore, the only way to vary the compressibility is to limit the pressure
differences within the flow. The effects induced by the rarefaction conditions are
also evaluated. In particular, looking at the plot of Fig. 3.20, it is clear that the
larger the Kn, the closer the pressure profile to the linear one. Therefore, it is
confirmed that the non-linearity of the pressure profile can be attributed to the
gas compressibility. Concluding this section, we have validated the implementa-
tion of open boundary conditions in the present DSMC code. In particular, the
pressure boundary condition, for which the pressure at the inlet is prescribed, and
the mass flow rate boundary condition, for which the mass flow rate at the inlet is
imposed, have been tested against analytical results for the slip flow regime and
other reference DSMC data finding a good agreement.
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Figure 3.20: Influence of the rarefaction conditions on the linearity of the pressure profile for
the microchannel flow. While the pressure ratio is kept constant, the indicated values of the Kn
at the inlet and outlet conditions, Kn; and Kn,, are obtained by adjusting the height of the
microchannel. The main result is that the larger the Kn, the more linear the pressure distribution.

3.3 Conclusions

Concluding this chapter, we firstly provided few details about the implementation
of the algorithm adopted in the DSMC code developed during the PhD project.
We underlined that the peculiar treatment of the streaming step phase, which
allows the particles to move at each substep not further than a distance equal
to the cell size, thus mimicking the LBM approach, ensures the efficiency of the
parallelization routine and of the particle-wall interactions.

We then focused on the validation of the DSMC code against classical problems
encountered in rarefied gas flow literature. In particular, the tests covered the
formation of the Knudsen layer within the flow field in proximity of a moving wall.
The main result is that the present DSMC code is able to reproduce the typical
power-law velocity profile within such layer.

We also tested the capability of the DSMC code to accurately evaluate the shear
stress field for a Couette flow problem. The obtained results show a very good
agreement with the reference analytical relation over a wide range of rarefaction
conditions spanning from the near-continuum to the free molecular flow regime.
The lid-driven cavity flow was also considered as a good validation test benchmark.
A good agreement with the results provided by another DSMC code were found
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3.3 Conclusions

while varying the rarefaction conditions and the compressibility effects induced by
the cavity lid motion.

Finally, the implementation of the pressure and mass flow rate boundary conditions,
needed to simulate the flow subject of the study in chapter 6, is tested against
analytical and other DSMC codes results for a plane channel flow. A very good
agreement is found for both the velocity and the pressure distributions with respect
to the reference data. The influence of the compressibility of the gas and of the
rarefaction conditions on the non-linearity of the pressure profile is also clarified.
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4 Coupling DSMC-LBM:
methodology

In this chapter, we present the methodology at the basis of the coupling between the
Direct Simulation Monte Carlo and the Lattice Boltzmann Method. We derive the
two-way mapping algorithms to exchange information between the two methods
showing that a proper truncation of the expansion in Hermite polynomials of the
single particle distribution function, in turn strictly related to the employed LBM
model, allows to transfer also non-equilibrium contributions. We then validate the
proposed approaches for two different LBM quadratures, namely the D3Q19 and
the D3Q39, underlining that the latter is able to reproduce the results from DSMC
for a Poiseuille flow up to Kn=0.25 with good accuracy. Finally, we evaluate the
influence of the inclusion of the DSMC fluctuations on the measurement of the
hydrodynamic moments as well as the effect of different temperature levels on the
coupling algorithms.

4.1 Coupling methodology

We present the formulation of a kinetic mapping scheme between the Direct
Simulation Monte Carlo and the Lattice Boltzmann Method which is at the basis
of the hybrid model used to couple the two methods in view of efficiently and
accurately simulate isothermal flows characterized by variable rarefaction effects.
Owing to the kinetic nature of the LBM, the procedure we propose ensures to
accurately couple DSMC and LBM at a larger Kn number than usually done
in traditional hybrid DSMC-Navier-Stokes equation models. We show the main
steps of the mapping algorithm and illustrate details of the implementation. Good
agreement is found between the moments of the single particle distribution function
as obtained from the mapping scheme and from independent LBM or DSMC
simulations at the grid nodes where the coupling is imposed.

The content of the sections 4.1-4.2 of this chapter has been adopted from G. Di Staso, H.J.H.
Clercx, S. Succi, and F. Toschi. "DSMC-LBM mapping scheme for rarefied and non-rarefied
gas flows," J. Comput. Sci., vol. 17, pp. 357-369, 2016, [109]. The content of the remaining
sections 4.3-4.4, instead, covers validation tests propedeutical to further extend the range of
applicability of the present hybrid model towards transient and non-isothermal flow problems.
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4 Coupling DSMC-LBM: methodology

Research in gas flows characterized by a large range of scales and by disparate
levels of non-equilibrium effects poses a challenge to statistical physics modelling
and rises interest in industry for simulating flows in micro-, nano-electromechanical
systems and in material processing tools [110-112]. The extent of the departure of
a flow from the equilibrium state is traditionally measured in terms of the Knudsen
number:

i , (4.1)

where A is the gas mean free path, £ is the smallest hydrodynamic characteristic
scale and () is a fluid dynamic quantity of interest such as the gas pressure, ve-
locity, temperature [113]|. According to the Knudsen number, the gas flows can
be classified into the hydrodynamic (Kn< 0.01), slip (0.01<Kn<0.1), transition
(0.1<Kn<10) and free molecular regime (Kn>10). The kinetic description of gases
based on the Boltzmann equation, valid at any Kn, allows to cover flow conditions
from the very rarefied to the hydrodynamic limit [6]. The two limits, rarefied
and continuum, have traditionally been studied numerically by approximating the
Boltzmann equation via the Direct Simulation Monte Carlo (DSMC) [1] or by solv-
ing the Navier-Stokes equations which can be derived from truncation at first order
of the Chapman-Enskog procedure [83]. While the DSMC method is particularly
suited to rarefied gas flow (transitional regime), its computational costs make it
unpractical to study hydrodynamic flows [111]. Conversely, the continuum descrip-
tion of the flow provided by solving the Navier-Stokes equations and applying the
no-slip boundary condition is not accurate whenever Kn>0.01 [44]. Corrections
to the boundary conditions of Navier-Stokes equations such as to reproduce the
velocity slip and temperature jump at the gas-surface interface in case of slip flow
regime are often not accurate and may also predict incorrect qualitative beha-
vior of the flow [114, 115|. Moreover, the derivation of extended hydrodynamic
equations employing higher-order Chapman-Enskog approximations (Burnett and
super-Burnett equations) have shown limited success [44]. Alternatively, macro-
scopic transport equations can be originated from moments expansion methods
such as the Grad’s method [3, 21]. However, difficulties in imposing boundary
conditions for those moments without a clear physical meaning, as well complexity
in the resulting systems of equations, prevent the application of the method for
the simulation of flows of industrial interest.

It is therefore evident that whenever the flow presents a large range of Kn, due to
the current computational and modelling limitations of the available methods, a
multiscale hybrid model has to be used.

When dealing with multiscale models, domain decomposition techniques represent
the most natural way to handle the problem. Within this approach, the domain

A A AR
Kn = NQ‘CM
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4.1 Coupling methodology

is decomposed according to a continuum breakdown parameter between regions
where continuum-level macroscopic equations (either Euler or Navier-Stokes equa-
tions) are valid and regions where substantial non-equilibrium effects are present
and kinetic methods, typically DSMC, are needed (see Refs. [44, 116-122]). Then
a special treatment is imposed to couple the flow fields in the areas of overlap
between the different regions, e.g. [123-125].

For completeness, the domain decomposition technique is not the only method
adopted in the literature as alternative approaches are proposed. For example
in [126], the Boltzmann equation is solved for a short period of time to obtain
the rate of change of the average flow variables which are then used to update
the continuum-level velocity field. In [127], instead, macroscopic equations are
modified so to include effects due to kinetic contributions which take into account
perturbations from the equilibrium state of the velocity distribution.

The approach that we introduce here follows the domain decomposition technique
as commonly done in models proposed in literature but with the difference that
the flow at the continuum level and at moderate rarefied conditions is simulated
with the Lattice Boltzmann Method (LBM).

Moreover, since it has been largely demonstrated that LBM, due to its intrinsic
kinetic nature, is an accurate and efficient numerical solver not only for flows at
Navier-Stokes description level but also for flows at finite Kn number (see Refs.
[36, 38, 39, 128-137]), the present model has the advantage, over the other hybrid
methods which use traditional Navier-Stokes solvers, that the need for using the
computationally expensive DSMC solver can be postponed to larger values of Kn.
This is equivalent to say that the size of the domain where DSMC solver is still
needed can be significantly reduced, thus improving the overall computational
efficiency of the simulation.

In this work we principally focus on the most delicate aspect of any hybrid coup-
ling model, i.e. the two-way extraction and transfer of information at the interface
between the two numerical methods. The mapping schemes we developed, in fact,
allow to pass from DSMC to LBM domains and vice versa correctly transferring
also the non-equilibrium information. The amount of non-equilibrium information
that can be passed is then essentially determined by the LB model and in partic-
ular by the chosen set of discrete velocities and the isotropy conditions the set is
able to fulfill.

Simulations performed to validate the mapping scheme show that an accurate
transfer of information is achievable for flows up to Kn=0.25 for a 39-points
Gauss-Hermite quadrature with sixth-order isotropy (D3Q39), under the assump-
tion that the flow is isothermal, i.e. no external heat source is present, and viscous
dissipation or other thermal effects are negligible.
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4.1.1 Mapping schemes

Both the LBM and DSMC methods aim to determine the fluid motion as described
by the Boltzmann equation. As discussed in chapter 2, the main feature which
clearly distinguishes the LBM from the DSMC is the reduction of the degrees of
freedom of the velocity space. In fact in the LBM, particles at each lattice site x
can only propagate along a finite number of directions with an assigned speed &,
while in DSMC the velocity space is not constrained to a set of discrete velocities.
Before introducing the mapping scheme between the DSMC and LBM, we note
that in order to quantitatively reproduce DSMC solutions for finite-Kn number
flows, the LB model needs three basic ingredients:

1. kinetic boundary conditions, |63, 137-141];
2. higher-order lattice (HOL), [37, 38];
3. regularization procedure, 38, 142].

Few words on the two lattices used in this work are in order. The conventional
D3Q19 LB model, satisfying isotropy conditions up to the fourth order, is able to
describe the flow up to the Navier-Stokes level of description. In order for LB to
accurately simulate rarefied gas flows, it is essential that the set of discrete velocities
satisfies higher order isotropy conditions. In this work we shall take a step further,
beyond the standard D3Q19 model, requiring that the lattice satisfies isotropy
conditions up to the sixth order. A lattice able to fulfil this requirement, and
still maintaining the Cartesian coordinate implementation is the D3Q39 model as
described in [37]. In Table 4.1 the D3Q39 lattice discrete velocities &, and weights
w, are collected. For comparison, the same is done also for the D3Q19 model.
The main idea at the basis of the mapping scheme is that the single particle
distribution function f(x,&,t) can be expanded in terms of the dimensionless
Hermite orthonormal polynomials, (), in the velocity space & as [3, 21, 37]:

oo

FO060) = (@)Y —at (e O (€), (4.2

n=0

where w(&) is the weight function associated with the Hermite polynomials, and
a(™ are the n-th rank tensors representing the dimensionless expansion coefficients

defined as:
a® = [ fx &M (€)de. (4.3)

The first coefficients of the series, due to the definition of the Hermite polynomials
(see Appendix 4.B for the definition of Hermite polynomials), can be identified
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LB model &, W a
D3Q19 (0, 0, 0) 1/3 0
(£1, 0, 0) 1/18 1-2
(0, £1, 0) 1/18 3-4
(0, 0, £1) 1/18 5-6
(£1,41,0) 1/36  7-10

(£1,0,4+1)  1/36 11-14
(0, £1, +1)  1/36  15-18
D3Q39 (0, 0, 0) 1/12 0

+1, 0, 0) 112 1-2
0, +1, 0) 1/12  3-4
0,0, +1) /12 5-6

7-14

+2,0,0)  2/135 15-16
0,42,0) 2/135 17-18
0,0,+2)  2/135 19 -20
(£2, £2,0)  1/432 21-24
(£2,0, +2)  1/432 25-28
(0, £2, £2)  1/432 29 - 32
(£3,0,0)  1/1620 33-34
(0, £3,0)  1/1620 35- 36
(0,0, +£3)  1/1620 37-38

(
(
(
(£1, £1, +1)  1/27
(
(
(

Table 4.1: Sets of discrete velocities and weights for the D3Q19 model (lattice speed of sound,
¢? =1/3) and the D3Q39 model (c2 = 2/3). While the D3Q19 model features a so-called single-
shell lattice, meaning that in the streaming step only the first nearest neighbors nodes are involved,
the D3Q39 model presents a three-shell lattice. From an algorithmic and implementation point
of view, the D3Q39 model requires to adapt the routines for the application of the boundary
conditions, as well as the routines related to the code parallelization. The collision step, instead,
being a local operation, does not require any adaptation.

as the hydrodynamic moments (or a combination of those) of the distribution
f(x,€,1):
a® = [ i€ MO €d6 = [ 1ix.6,0)¢ = . (44)

al) = / Flx, € HHW (€)dE = / F(x, €. 1)&dE = pu (4.5)

a® = / F(x, €, U (€)dg = / F(.6,1) (66 — 26) dE =P + p(uu — 28)  (4.6)
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a® = / F(x, & t)HP (£)de = / F(x,&,t) (66€ — c3€0) d& =
Q +ua® — (D - 1)puuu

(4.7)

and analogously for the higher-order coefficients. In Eqs. (4.6) and (4.7), d repres-
ents the identity tensor while P and Q represent the full second and third order
moments which have the usual appearance if the intrinsic velocity, ¢ = &€ — u(x, t),
is used:

P = m/fccdc (4.8)
Q= m/fcccdc (4.9)
Due to the orthonormality of the Hermite polynomials,
1
fx &) = Y% 6,1) = w(€) Z_% —a UM (E) (4.10)

and fN(x, &, t) has the same leading N velocity moments as the complete f(x, &, t).
It is possible now to describe the two mapping procedures:

- the DSMC2LB (or projection) step that allows to project the DSMC hydro-
dynamic variables (fine level of description) onto the LBM discrete distribu-
tions (coarse level of description);

- the LB2DSMC (or reconstruction) step that allows to reconstruct from
the LBM discrete distributions (coarse level), the continuous, truncated,
distribution function (fine level) from which the velocities of the DSMC
particles can be sampled via an acceptance/rejection method.

It has to be noted that the following procedures can be extended to any suitable LB
stencil whose discrete speeds are actually abscissae of a Gauss-Hermite quadrature.

4.1.2 DSMC2LB mapping scheme

Firstly, we present the DSMC2LB projection step. As a remark, the main char-
acteristic of this coupling step is that, instead of directly using information from
DSMC particles, namely their velocities, we chose to adopt a different approach
which uses the DSMC hydrodynamic moments, and Grad’s formalism, to determ-
ine the discrete non-equilibrium distribution functions to be advanced in time by
the LB solver. In this way, not only the coupling step is fully consistent with the
LB Grad’s formalism, but it has also the advantage to reduce possible stability
issues related to the large fluctuations inherent to the DSMC representation. More
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considerations on stability issues are given in section 4.1.4. In correspondence with
the DSMC cells/LBM nodes where the coupling occurs, the cumulative averages of
the DSMC hydrodynamic variables, properly scaled (see Appendix 4.A on how to
perform such scaling), are used to compute the coefficients agIS)MC of the truncated
distribution f35;c(x,&,t) in Eq. (4.10).

We now take advantage of the fact that the distribution fI])VSMC(X,S,t) can be
completely and uniquely determined by its values at a set of discrete velocities
and, if the Gauss-Hermite quadrature is used, then the coefficients agLS)MC can be
expressed as:

afidyic = / P (%, € H ™ (£)de =

-1 (4.11)
Z W(ﬁa ) f]%)VSMC (Xv 5(17 t)H(n) (ga)’
a=0 a

where w, and §, are the weights and abscissae of a Gauss-Hermite quadrature of
algebraic precision of degree > 2N, and d is the total number of discrete velocities
of the quadrature. The definitions of the first hydrodynamic moments in the LBM
are:

p= fo pu=7)_ fuk, (4.12)
P= Z fagaga — puu, Q= Z fagaéaga — puuu

and similarly for higher-order moments.

Comparing Eq. (4.11) with Eq. (4.12) and recalling the definitions of the Hermite
polynomials (™ and that the coefficients a(™ are the velocity moments of the
fN(x,€&,t), or a proper combination of those, it is immediate to see that the
discrete distributions are the scaled values of the continuous distribution function
evaluated at the Gauss-Hermite quadrature abscissae §,:

N
fosmezLB (X, t) = wafDSi\fé(};’ Sart). (4.13)

In essence, once the f]])VSMC(X7 &, t) is built from the DSMC hydrodynamic moments
according to Eq. (4.10) and evaluated at the quadrature abscissae, fgy (X, €, 1),
the discrete (non-equilibrium) distributions to be supplemented to the LBM solver
at the coupling nodes can be computed from Eq. (4.13).
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4 Coupling DSMC-LBM: methodology

4.1.3 LB2DSMC mapping scheme

The inverse reconstruction step (LB2DSMC) requires that, at the LBM lattice
nodes/DSMC cells where the coupling occurs, the velocities of the DSMC particles
are sampled from a continuous distribution function.

At those lattice sites, the LBM discrete non-equilibrium functions fi,4, are used
to compute the coefficients of the expansion in Eq. (4.10):

d—1
a) =Y fipa(x, HM(E,) (4.14)

a=0

These allow to build the continuous truncated distribution fﬁ\]%(x, &, t). To gener-
ate the velocities of the DSMC particles, the distribution should be sampled.
Several algorithms can be employed to this aim. We chose to adopt an accept-
ance/rejection algorithm similar to the one presented in [125]. However, while in
[125] a Chapman-Enskog distribution was sampled, in the present case a Grad’s
distribution has to be sampled but, nonetheless, most of the steps presented there
can be used here.

The Grad’s velocity distribution, truncated up to order NN, can be written as

gN(X7€7t) = 9(0)(£)G<X757t) (415)

where ¢(©) (&) is the weight function associated with the Hermite polynomials

2
g0(€) =w(g) = (%;D/? exp (—i) (4.16)

with D being the dimensionality of the flow problem. Eq. (4.16) represents also a
global Maxwell-Boltzmann distribution at thermodynamic equilibrium (here we
set a constant temperature 7' =1 as we are interested in isothermal flows).

At thermodynamic equilibrium G(x,&,t) = 1, while away from that condition, it
can be expressed as:

G &.1) = 1+ Sl HO ) + alH (€) 4+ ) HV(E)  (417)
The steps followed in the generation of the velocities of DSMC particles are out-
lined in Table 4.2. Some comments on those steps. The acceptance/rejection
method needs to define an envelope function (&) such that v(&) > g(&) for any
£. In step 3, an amplitude parameter C' is set. In this way it is guaranteed that
the function v(€) = Cg(¥(€) envelops most of the Grad’s distribution function
below it. The larger this parameter, the less probable is the chance that G(x,&,t)
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Sampling acceptance/rejection algorithm for the
Grad’s distribution LB2DSMC

1. Compute the coefficients

a’f]%,ij = Z JiB,a(&a,i€a,j — 0ij) (4.18)

a

and similarly for the higher-order ones

2. Find
2 3 N
M = max (’ai&ij , aié’ijk ey aiB?ijkmD (4.19)
3. Set the parameter
C =1+30M (4.20)

4. Sample a try particle velocity &;,, from the Maxwell-
Boltzmann distribution ¢(*)(€) using e.g. the Box-Miiller
transformation method

5. Accept the &, if CR < G(x,§;,,,t) with R a uniform
deviate in the interval [0, 1) otherwise reject it and go back
to step 4

6. Generate the DSMC particle velocity as

2%kpTosuc \ />
V; LB2DSMC = (mmMC &y T ULB (4.21)

Table 4.2: Steps of the sampling acceptance/rejection algorithm for the LB2DSMC reconstruc-
tion mapping scheme used to generate the velocities of DSMC particles from LBM data. For the
D3Q19 case, the order of the coefficients of Eqgs. (4.18) and (4.19), stops at the second one, while
for the D3Q39 case, the terms up to the third one are retained.

is larger than the envelop function, but at the same time, the smaller the efficiency
of the sampling method since the efficiency is equal to 1/C. In step 6, the particle
velocity is generated as the sum of the thermal velocity and of the local fluid
velocity. In Eq. (4.21), the thermal velocity is determined according to the temper-
ature value and to the molecular mass of the gas as set in the DSMC simulation.
Apart from the velocity, also the number of the DSMC particles, Nrgapsmc, must
be set in order to guarantee conservation of mass at the coupling sites so that the
density from LBM and DSMC, appropriately scaled, match with each other.
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4 Coupling DSMC-LBM: methodology

In Figure 4.1, the schematic showing the main steps involved in both the mapping
schemes is drawn.

It is interesting to try to identify sources of inaccuracy in the proposed mapping
scheme. In the reconstruction and projection steps, in fact, some information is
inevitably lost. In particular, in the LB2DSMC reconstruction step, the truncated
distribution, f{§ (x,&,t), is derived from the discrete distributions, fipa(x,t).
This truncated distribution is such that only the first NV moments are the same as
those of the non-truncated continuous distribution f (x, &,t), with the value of N
essentially depending on the particular quadrature used. The moments of order
higher than NV, in fact, will not be the same as those of the original continuous dis-
tribution. This, in turn, reflects in the fact that the DSMC particles will be given
a velocity which is sampled from a distribution which accurately recovers up to
the first N moments. If, then, the sampling process were perfectly able to sample
the velocity distribution fﬁ% (x,&,t), then also the moments computed from the
velocities of the particles would be perfectly reproduced in the limit of an infinite
number of independent samples. However, since only a finite number of samples
can be obtained, measurements of moments will be affected by statistical noise
which will be also present in the discrete distribution functions fpsmcors,q(X,t).
Analogously, in the DSMC2LB projection step, the loss of information derives from
the fact that only the first NV moments are used to evaluate the truncated discrete
distributions fpsmcoLs,a(X,t), while, in principle, the DSMC solution possesses
information on all the moments up to N — oo. The truncation, again, is performed
according to the algebraic degree of accuracy of the particular LB quadrature. To
be more precise, this does not imply that moments of order larger than N cannot
be evaluated but it means that they are not accurately computed. If the so found
discrete distributions were used to build a continuous distribution from which to
sample the velocities of the DSMC particles, then the source of inaccuracy would
be mainly related to the acceptance/rejection algorithm and in particular on the
choice of parameter C' in Eq. (4.20) which determines the extension of the envelope
function ~(&).

A further remark on the coupling steps is warranted. While the DSMC method
has direct access to the temperature field, in order for the LB to accurately simu-
late also thermal effects, different approaches can be followed. Among those, three
main strategies can be envisaged: the double distribution function approach where,
besides the usual distribution function for the velocity field, a second distribution
function is used for the temperature or internal energy field and standard lattices
are used, [143]; the multispeed approach where lattices possessing higher isotropy
conditions are used, [144]; the mixed method where the velocity field is studied
with the usual LB model while the energy equation is solved by different numer-
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LB2DSMC DSMC2LB
LBM LBM
fLB,al(x, t) fDSMCQLTB,a(x, t)
al™(x, 1) féVSMC(L €at)
&%(i&t) A (% )
(N, VJ%LBQDSMC (p), (pu), (P), (Q))psmc
DSMC DST\TC

Figure 4.1: Schematic showing the main steps of the top-down LB2DSMC reconstruction (left)
and bottom-up DSMC2LB projection (right) mapping schemes as described in sections 4.1.2
and 4.1.3. The symbol () represents the cumulative average measurements over time of the
hydrodynamic moments from the DSMC solver. On the left scheme, N is the number of particles
sampled in a cell where the coupling occurs. To each particle, j < N, a velocity v;, sampled as
described in Table 4.2, is assigned. On the right scheme, for the D3Q19 case, only the terms up
to (P), i.e. the momentum flux tensor, are included. For the D3Q39 case, instead, also the term
(Q), i.e. the third order momentum flux tensor, is included, allowing to evaluate the expansion
coefficients up to ag;MC(x, t).

ical method, usually finite-difference or finite-volume methods, [145]. Within the
present multiscale scenario, the most natural among the three aforementioned
schemes is the multispeed one, as it derives from the Hermite expansion approach.
The extension to non-isothermal flows of the present coupling schemes, however,
will be subject of future works.

4.1.4 Stability issues for the coupling schemes

When dealing with the DSMC2LB coupling step, concerns about stability issues
arise. Those are essentially related to the fact that fluctuations on the DSMC
hydrodynamic variables may harm positivity of the LB equilibrium distribution
functions. For the particular flows discussed in this paper, as we are interested
in the stationary state, we choose the cumulative DSMC moments to build the
single particle distribution function of Eq. (4.10). This choice, combined with
the fact that the studied flow is at low Mach number, practically, staves off the
aforementioned risks. For flows where the transient flow is of interest, or for which a
stationary state does not exist, the instantaneous DSMC moments should be used
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4 Coupling DSMC-LBM: methodology

in Eq. (4.10). Also in this more demanding case, positivity of the LB equilibrium
distribution functions can be guaranteed if a sufficiently large number of particles is
employed. Fluctuations on hydrodynamic variables can be estimated by applying
equilibrium statistical mechanics consideration, see [45]. For example, referring
to fluctuations of the fluid velocity components within a cell, it is possible to see
that the distribution of fluid velocity components realizations follows a normal
distribution with standard deviation given by:

(4.22)

where kp is the Boltzmann constant, m is the gas molecular mass, (T") and (N) are
the mean local temperature and number of particles, respectively. For the settings
of the simulations reported in next sections, it is easy to see that the instantaneous
fluid velocity is such that Ma < 0.3 for 99.7 % of the possible realizations (3¢ rule
is applied). Moreover, from Eq. (4.22), it is also evident the role of the number of
DSMC particles in decreasing the intensity of the fluctuations. As a consequence,
to guarantee the positivity of equilibrium distributions, a slightly larger number of
DSMC particles than what would be strictly necessary for the method to provide
accurate results may be needed.

4.1.5 Numerical results of the coupling schemes
Comparison between DSMC and LBM

To understand and determine the extent of the overlap region where both DSMC
and LBM provide comparable accuracy in simulating rarefied gas flows, we per-
formed independent force-driven plane Poiseuille flow simulations with two parallel
plates at x = 0 and x = H and compared results obtained from D3Q19 and D3Q39
LB models with DSMC data. Even if the flow is strictly monodimensional, we used
three-dimensional solvers since our final aim is to be able to simulate more complex
flows. This choice reflects in the fact that double periodic boundary conditions
are imposed along the y— and z— directions.

Tests are performed at different Kn number, based on channel height, while keep-
ing constant the Ma number, based on the flow centerline velocity, umq,: Ma =
Umaz/Cs = 0.1. The Ma number is set to a value able to guarantee that the lattice
equilibria in LBM, expressed as a second-order (D3Q19) or a third-order (D3Q39)
expansion in Ma number of the local Maxwellian, are positive defined, but it is
still sufficiently high to prevent DSMC simulations from becoming impractically
computationally expensive.
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Moreover, as a result, this allows to treat the flow as isothermal. From DSMC
simulations, in fact, the temperature increase is never found to exceed 0.5K, which
is fairly negligible as compared to the reference temperature 273K.

In the BGK-LBM simulations, we set the flow Kn number imposing the relaxation
time 7 according to the relation [146, 147]:

r= \ﬁ £ KnH+0.5 (4.23)
8 cs

where ¢/c; is equal to /3 for the D3Q19 model and to \/3/72 for the D3Q39 model,
and H is the number of lattice sites along the channel height. Once Kn and H are
set, 7 is also set. For both D3Q19 and D3Q39 models, kinetic boundary conditions
and regularization procedure are applied.

In the DSMC simulations, we set the Kn number imposing the height of the
channel, H, and the mean free path A. To set A\, a proper number density n and
a collision model should be defined. In the case of Hard Sphere (HS) model, the
relation between A and n (at equilibrium) is given by [1]:

1
A= ———— (4.24)
\/iﬂ'dfefn

where d,¢f is a reference molecular diameter. The determination of A from Eq.
(4.24) and estimates on the molecular speed allows to define the space and time
discretizations.

Once the number of cells along the channel height is determined from DSMC
parameters, an equal number of lattice sites is imposed in the LBM simulation so
that the cells centers in DSMC and the LBM lattice sites overlap.

In Figure 4.2, the velocity profiles along the direction of the forcing, obtained from
the LB models and DSMC, normalized with the centerline velocity, are shown for
Kn=0.15. The velocity profiles are normalized with the applied forcing (pg) and
then the DSMC velocity profile is used as a reference for the LB velocity profiles.
This is done to acknowledge the different speed of sound in the two lattices.

In the DSMC an Argon-like gas has been simulated and the grid resolution, kept
the same for all performed tests, is based on the requirements of a DSMC simula-
tion at Kn=0.05. In all the DSMC simulations, 100 computational molecules are
initially placed in each cell of the domain.

LB solution has been considered as converged to the final solution once the fol-
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Figure 4.2: Velocity profiles of the planar force-driven Poiseuille flow for Kn=0.15. The LBM
results with both the D3Q19 and D3Q39 models are compared with the DSMC solution. For
the LB models, the regularization procedure is applied. Fully diffuse reflection is imposed at the
walls, x/H = 0 and x/H = 1. The profiles are normalized with respect to the centerline velocity
provided by the DSMC results. The D3Q39 model is able to reproduce the DSMC data more
accurately than the D3Q19 model. This can be justified considering that the truncation of the
expansion includes terms up to the third ones for the D3Q39, while for the D3Q19 only those
up to the second order are included. Note that for readability, the error bars on the DSMC data
are not reported, but they are in the order of about 1% of the centerline velocity.

lowing criterion is fulfilled:

Z |u(xi,t‘)u—(xlzf;i|,t ~ Dl _ 96 (4.25)

In Eq. (4.25), u(x;,t) represents the fluid velocity at the lattice nodes at time ¢.
For DSMC, instead, a 1% fractional error on fluid velocity components is set as
the requirement to assume the solution as converged. Plots similar to the one of
Figure 4.2, have been drawn also for other Kn numbers but they are not reported
here. It is more informative, in fact, to inspect the relative errors between DSMC
and LBM data as done in Figure 4.3. The relative error is defined as:

Ay — VLBM — UDSMC (4.26)
VULBM

and it is shown for simulations at Kn=0.10-0.25.
In the plots of Figure 4.3, moreover, the boundaries of the Knudsen layer (black
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dashed vertical lines) are also drawn. The Knudsen layer is a region in proximity
of a solid wall which extends within the flow domain up to a distance of the order
of one mean free path. Inside this region non-equilibrium effects of the flow are
stronger [68, 79].

The D3Q19 model, recovering only up to the Navier-Stokes equations level of
description, shows to depart from the DSMC solution also within the bulk of
the flow and the error increases as the Kn number increases. The D3Q39 model,
instead, is able to reproduce the DSMC data to a much better degree of accurary.
However, already at Kn=0.25, it is possible to notice some deviations especially
within the Knudsen layer as the maximum relative error is about equal to 7.5%.
This behavior can be explained taking into account that non-equilibrium effects
at an order higher than the third may start to play a role.

With this statement, we do not imply that LBM is able to reliably simulate
rarefied gas flows only for Kn<0.25, but that with the current LB model we found
reasonable agreement with DSMC data up to that Kn number. With larger Gauss-
Hermite quadratures, in fact, being able to go beyond the third-order in Hermite
polynomials expansion guaranteed by the D3Q39, further non-equilibrium effects
should be correctly captured. However, we decided not to go further because the
next quadrature possessing a high enough algebraic precision to allow an accurate
fourth-order in Hermite polynomials expansion involves 121 discrete speeds [148].

4.1.6 Numerical results for the DSMC2LB mapping scheme

Having concluded that the LBM D3Q39 model provides, for the problem at hand,
a reasonable accurate solution for Kn < 0.25, we analyze results related to the
mapping scheme step that allows to project the DSMC hydrodynamic variables
onto the LBM discrete distribution functions for the D3Q39 lattice (DSMC2LB
projection step).

To be noted that the unit conversion as delineated in Appendix 4.A to pass from SI
units, proper of the DSMC method, to the lattice units, proper of the LB method,
is applied during the simulations. To validate the procedure outlined in section
4.1.2, we ran two sets of independent DSMC and LBM simulations under the same
force-driven plane Poiseuille flow with Ma based on the centerline velocity equal to
0.1 and for several Kn numbers. We verified the accordance between the discrete
distributions functions as computed from the LBM, fip,, and as obtained from
the DSMC2LB projection scheme, fpsmcars,q, applying Eq. (4.13). In Figure 4.4,
a sketch showing the procedure to compare the fig, with the fpsmcorp,q is de-
picted. Data refers to the first fluid node/cell in proximity to the wall located in
proximity of the wall at = H. In Figure 4.5 the ratio fpsmc2LB,a/ fLB,q is plotted
for all discrete speeds a =0,...,d — 1 and for Kn=0.15 and Kn=0.25. The larger
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Figure 4.3: Relative error between LBM results and DSMC data, according to Eq. (4.26) for
Kn=0.10 - 0.25. The dashed vertical lines represent the boundaries of the Knudsen layer, assumed
to extend over one mean free path from the walls. The largest deviations of the LBM data with
respect to DSMC occur, for both the investigated lattices, within the Knudsen layer. The error
bars present in the plots are due to the statistical noise present in the reference data from the
DSMC simulations. Such error bars are calculated as one standard deviation for the distribution
of the instantaneous flow velocity after S=3600 samples are cumulated. The error bars are at
most in the order of 1% with respect to the centerline flow velocity.

errors that can be detected are about equal to 2% (fpsmcarB 36/ fLB36 ~ 1.02)
and to 5% (fpsmcaLs 36/ fuB,36 ~ 1.05) for the simulations at Kn=0.15 and 0.25,
respectively. Most of the other ratios are such that the error is below 1%.

The error bars present in the plots derive from the fact that we use the DSMC
hydrodynamic moments to build the truncated distributions f]])VSMC(X, £,,t) and
those are inherently characterized by statistical noise.

We also note that the larger error bars are present for the discrete speeds with lar-
ger module. This may be attributed to the fact that the magnitude of the discrete
distribution function, f,, is smaller the larger the module of the corresponding
discrete speed, §,, while the statistical noise does not depend on the particular
discrete speed.

It is difficult, however, to understand if the projection mapping scheme is providing
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f (xt=t)

DSMC2LB,a

1

DSMC2LB

I
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Figure 4.4: Schematic representing the procedure used to compare the discrete populations
built from the DSMC' hydrodynamic moments following the projection DSMC2LB algorithm,
fpsmcarB,a(x,t = ty), with the discrete populations obtained from an independent LBM simu-
lation, frp,a(x,t = ti), under the same flow conditions, namely Kn and Ma, at time t = t;.

accurate results only from the comparison of the discrete distributions, f,. So it
is more informative to compute the hydrodynamic moments from fi5,, and from
fpsmc2r.B,q- The first few moments are reported in Table 4.3. It can be seen that
a good matching is found always within the error bars.

Concluding, the projection mapping scheme is able to pass from the DSMC hy-
drodynamic quantities to the LBM discrete distributions preserving a reasonable
level of accuracy.

Kn=0.15 p [Lu] puy [Lu] Py + puguy [Lu
LBM 1.0 0.0282 -0.0151

DSMC2LB 1.002 + 0.007 0.0277 + 0.0042 -0.0146 £ 0.0027

Kn=0.25 p [Lu] puy [Lu Py + puguy [Lu
LBM 1.0 0.0352 -0.0180

DSMC2LB  0.999 + 0.007 0.0340 + 0.0042 -0.0167 £ 0.0024

Table 4.3: Comparison between the first few moments as computed from fpsmc2rB,« 0btained
from the projection mapping scheme and from the LBM simulations, frs,., by using the defin-
itions in Eq. (4.12). The same data shown in Fig. 4.5 are used here. The moments, expressed
in lattice units, and evaluated from the fpsmcz2iB,a discrete distributions, reproduce within the
error bars the moments found by using the f1,B . discrete distributions.

4.1.7 Numerical results for the LB2DSMC mapping scheme

We now move on to analyse the results related to the mapping scheme that allows
to reconstruct from the LBM discrete distributions, f1, 4, the continuous truncated
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Figure 4.5: Ratio fpsmc2rB,a/ fLB,« Where fpsmcar,a are computed from Eq. (4.13) for plane
Poiseuille flow at Kn=0.15 (top) and at Kn=0.25 (bottom) for a grid node located in proximity of
the channel wall. The largest differences (ratio different from 1.0) are present for the populations
with the largest indices. This can be explained considering that those populations are the ones
involved in the evaluation of the higher order coefficients, as expressed in Eqs. (4.11-4.12). Note
also that the symbols are not placed symmetrically with respect to the axis fpsmc2rB,a/ fLB,a=1
because the node where data are collected is the one in proximity of the wall. The error bars are
evaluated as one standard deviation for the distributions of each fpsmcorp,a population after
S=3600 samples are collected.

distribution function from which, in turn, the velocities of the DSMC particles
can be sampled (LB2DSMC reconstruction step).

The unit conversion as delineated in Appendix 4.A to pass from lattice units, proper
of the LB method, to the SI units, proper of the DSMC method, is applied during
simulations. As done for the previous step, to validate the procedure outlined in
section 4.1.3, we ran two independent set of DSMC and LBM simulations under the
same force-driven plane Poiseuille flow with Ma—=0.1 and for several Kn numbers.
As shown in Figure 4.6, we compared the velocity distribution functions as obtained
from the DSMC simulation collecting the velocities, v;psmc, of the particles
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(Nj’vj)LBZDSMC(X’t:tk)
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LBM fLB,a(X’tZO) fLBqa(X,t:tk)
DSMC (Nj,vj)DSMC(x,tZO) time (Nj,vj)DSMC(x,t:tk)

Figure 4.6: Schematic representing the procedure used to compare the distribution function
of the velocity component, v; psymc, obtained from a DSMC simulation with the distribution
function of the velocity of the particles, vj LB2psmc, obtained from the reconstruction mapping
algorithm LB2DSMC, under the same flow conditions, namely Kn and Ma, at time t = tx.

residing at the cell close to the domain wall, and as obtained from the velocities of
the particles sampled from the velocity distribution function built as in Eq. (4.15)
using the algorithm outlined in Table 4.2, v, 1,gopsmc. In Figure 4.7, in particular,
the distributions for the velocity component along the direction of the forcing, v,,
are compared for Kn=0.15 and Kn=0.25, respectively. The mean and the standard
deviation for the two cases are collected in Table 4.4. The velocities of the particles
are collected for both cases after a steady-state condition has been reached. The
deviations between the means, about 4% for the case at Kn=0.15 and about 5%
for the case at Kn=0.25, are in line with the deviations that are present in Figure

Kn=0.15 (v,) m/s o, m/s

DSMC 10.1 238.6
LB2DSMC 10.5 239.3
Kn=0.25 (v,) m/s o, m/s

DSMC 12.8 238.8
LB2DSMC 13.4 239.6

Table 4.4: Comparison of the means and standard deviations of the distributions of Figures
4.7, expressed in DSMC units. Data, obtained collecting 3600 samples, refer to a node close to
the domain wall and for the D3Q39 model. For each sample, 100 particles are generated. The
comparison for both the statistics show a good agreement between the two datasets (DSMC,
LB2DSMC). Note that, as mentioned at the point 6. of the Table 4.2, when sampling the particle
velocity from the reconstructed distribution, thermal noise is added. For the simulations reported
here, T=273K, and, therefore, the theoretical standard deviation, equal to o = \/kpT/m=238.4
[m/s] for Argon, is well reproduced for both the datasets.
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Figure 4.7: Distribution functions for the y-component, vy, of the velocity of the particles,
expressed in DSMC units, as obtained from the DSMC simulation and from the reconstruction
mapping scheme using the algorithm LB2DSMC outlined in Table 4.2 for Kn=0.15 (top) and
Kn=0.25 (bottom). Data refer to a cell close to the domain wall. In both cases, a good accordance
is found allowing to accurately reproduce not only the expected mean (the flow velocity), but
also the standard deviation, in turn linked to the flow temperature, as further demonstrated in
Table 4.4.

4.3. The standard deviations of the two distributions differ for about 0.3% for both
the cases. Related to this, it has to be recalled that the temperature of Eq. (4.21)
is the reference temperature imposed in the DSMC simulation. The magnitudes of
these standard deviations are compatible with the reference temperature (T=273
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4.1 Coupling methodology

K) and the molecular mass (m = 6.63 - 10725 kg) for the gas used in the DSMC
simulation.

It is important, however, that also the distributions of the realizations of the fluid
velocity as obtained from DSMC and from the reconstruction mapping scheme
match with each other. These are evaluated calculating the fluid velocities as
the instantaneous average velocity from all the particles velocities residing in the
chosen cell (for the DSMC data, samples are taken once every 50 time steps so
that they are uncorrelated). Also in this case, data are collected once the flow has
reached a steady-state condition.

In Figure 4.8, the fluid velocity distributions are plotted for the case Kn=0.15.
Both the mean and standard deviations of the distributions obtained from the two
methods are in good agreement, demonstrating that the LB2DSMC reconstruction
step correctly maps the discrete LB distribution functions into the velocities of
the DSMC particles.
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1.5e-02
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Figure 4.8: Flow velocity distribution functions for the y-component, u,, expressed in DSMC
units, as obtained from the DSMC simulation and from the reconstruction mapping scheme
using the algorithm LB2DSMC outlined in Table 4.2 for Kn=0.15, for a cell close to the wall.
As obtained for the microscopic velocity distributions, see Fig. 4.7, also the distribution of the
flow velocity realizations, generated by collecting the instantaneous average flow velocity from
the velocity of the particles residing in the cell, show a good agreement between the two cases.
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4.2 Breakdown parameter for the hybrid model

The determination of the location where the coupling between the two methods
is performed should be based on the identification of a breakdown parameter able
to detect when the local non-equilibrium effects can no longer be accomodated
within the given LB scheme. In the literature related to existing hybrid models,
several definitions of the breakdown parameter are offered. The vast majority of
these is based on the evaluation of the local density gradient, see e.g. [117]. This
choice is justified by the fact that those hybrid models are generally applied to
compressible flows problems. Such type of parameter, however, is not suitable for
the LB method as, in its usual formulation, which is also adopted in this work,
LB is a solver for weakly compressible flows. It is therefore needed to determine
a different way to measure departure from the Navier-Stokes level of description
(or Burnett, or even Super-Burnett level of description, if higher-order lattices are
used).

While on a practical ground, it appears appropriate to place the interface between
the two methods at least one mean free path away from the walls, a more rigorous
approach might be based on the evaluation and comparison, between the LB and
DSMC, of the coefficients of the Grad’s expansion related to higher order moments,
namely from the 2"? order on, since these are no longer associated with microscopic
invariants.

The implementation of such switching criteria, that should also take into due
account the presence of fluctuations in the DSMC hydrodynamic moments, and
which requires additional verification, will be subject of future work.

4.3 D3Q19 lattice case

While in the previous sections we mainly investigated the performance of the coup-
ling schemes when using a D3Q39 lattice, in the remaining part of the chapter we
focus on the application of the coupling scheme when a D3Q19 lattice is adopted.
This lattice, in fact, is the most employed one in literature, and it will be also
adopted in the chapters 5 and 6 to validate the hybrid model. The main aim of
this section, therefore, is to understand up to which rarefaction conditions we can
safely apply the coupling recipes for the D3Q19 lattice.

As already discussed, the main difference between the D3Q39 and D3Q19 lattices
is that the distribution function, as expressed in the series of Eq. (4.10), is trun-
cated at the second order when adopting the D3Q19 lattice, while also the third
order contributions are included in the D3Q39 case. So, for the D3Q19 case, the
isothermal Navier-Stokes equations are recovered.
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4.3 D3Q19 lattice case

Since we will consider a (force-driven) Poiseuille flow for all the performed tests
on the coupling schemes, we first compare the velocity profiles obtained by both
the regularized and standard LBM formulations, with the DSMC solution and the
reference data provided in [149] for several flow Kn numbers. Diffuse boundary
conditions are applied at the walls and the initial temperature is 273K. In Figs.
4.9a-4.9c¢, the results of such comparison are shown. It should be noticed that
the velocity profiles obtained by each method are normalized with the centerline
velocity provided by that method. This is different from what has been done for
the plots in Fig. 4.2, where the velocity profiles are normalized with the centerline
velocity obtained from the DSMC simulation. In the present comparison, in fact,
we aim at verifying the accordance of the velocity shape profiles with the refer-
ence data rather than the mass flow rate, as done in the comparison of Fig. 4.2.
Observing the plots of Fig. 4.9, the very good accordance of the DSMC results
with the data from the reference [149], obtained from the direct simulation of
the linearized Boltzmann equation, is evident for any investigated Kn. For the
simulations with the LBM, instead, a different behavior is observed when adopting
the regularized or the standard formulation. In fact, while for the smallest invest-
igated Kn (Kn=0.10), the two formulations provide similar results and both are in
a reasonable accordance with the reference data, increasing the low Kn number
let emerge the differences between the two LB models, where the regularized one
shows a much closer agreement to the references than the standard model. In
particular, the (excessive) slip velocity at the walls is drastically reduced when
adopting the regularization procedure.

We are now ready to apply the previously described coupling schemes using the
D3Q19 lattice for the force-driven Poiseuille flow case. At first, we report the
results relative to the DSMC to LBM projection step (DSMC2LB step described
in the section 4.1.2), verifying the accordance between the discrete distribution
functions as computed from the LBM, fi 4, and as obtained from the DSMC2LB
projection scheme, fpsmcerB.q, applying Eq. (4.13) where N = 2. Similarly to
what is shown in Fig. 4.5, the ratios fpsmcouB,a/fiB,e for a = 0,...,18 are re-
ported in Fig. 4.10. The data refer to a node located in proximity of the channel
centerline and a comparison is made between the results obtained by adopting a
standard LB model and a regularized LB. In the case of perfect agreement, then
fpsmcaLBa/ fuBe = 1.

The application of the regularization procedure sensibly reduces the difference
between the projected distributions, fpsmcerB,q, and the distributions from the
LBM, fiB,q, also when increasing the Kn number. In fact, while for the standard
LB model the error can be as high as the 8%, for the regularized LB model such
error is always below 0.6% also for Kn=0.25, as shown in the plot of Fig. 4.10d.
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Figure 4.9: Comparison among the velocity profiles for a force-driven Poiseuille flow at three
different Kn (a) Kn=0.10, (b) Kn=0.20, (c¢) Kn=0.40, obtained via four numerical methods: the
standard D3Q19 LBM (green dashed line), the regularized D3Q19 LBM (blue line), the DSMC
method (black circles) and the direct simulation of the linearized Boltzmann equation, based on
a finite difference method (red triangles, data from [149]). Both the DSMC and the method used
in [149] employ a hard-sphere collision model. Diffuse reflection boundary conditions are applied
at the walls at x/H=0 and x/H=1. The profiles are normalized with the centerline velocity. The
our code well reproduce the reference data from [149]. For the LBM
data, instead, the influence of the regularization procedure in reducing the excessive slip at the

DSMC data generated with

walls is clearly visible.
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Figure 4.10: Ratio fpsmc2LB,a/ fLB,o for the D3Q19 lattice at the centerline node for a force-
driven Poiseuille flow as obtained from a standard (red dots) and a regularized (blue triangles)
LB formulation at (a) Kn=0.05, (b) Kn=0.15, (c) Kn=0.25. Note the very different y-scales
when passing from Kn=0.05 to Kn=0.25. In (d), the data obtained from the regularized LB
for the investigated Kn are collected in a single plot. A small error, below 0.6%, is found in
correspondence of any discrete distribution, &,. The set of speeds for the employed lattice is
reported in Table 4.1.

It should be noted, however, that due to the flow set-up and to the fact that the
data refer to a node in proximity of the centerline, the contributions on the discrete
distributions due to the moment of order N = 2, i.e. the momentum flux tensor,
are absent (besides the pressure contribution).

In order to verify also such effects, we repeated the same measurements for a node
in proximity of the wall. Due to the flow set-up, in fact, this node is the one where
the shear stress assumes the maximum value, and, therefore, it represents the most
challenging node to test the coupling schemes.

In Fig. 4.11a, we compare the ratios fpsmcerB,q/fLB,a for the centerline node
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Figure 4.11: (a) Comparison between the ratios fpsmc2LB,e/ fLB,a for Kn=0.05 at a centerline
(red dots) and a wall node (blue triangles). Since the flow is in the slip regime, the ratios
are always very close to 1 and only small differences are visible between the two nodes. (b)
The ratios fpsmcarB,a/ fLB,« evaluated at the wall node are plotted for the three investigated
flow Kn. The larger the Kn, the larger the errors present in the ratios relative to the discrete
distributions contributing to the evaluation of the shear stress. Note that only the data obtained
from the regularized LB formulation are shown here. For Kn=0.15, an error as large as 3% on the
populations contributing the most to the evaluation of the shear stress (fo and fi0) is present.

and for the wall node when Kn=0.05. As expected, since the flow is in the slip
regime, the data from the two nodes are close to each other and the error is below
0.5% for any discrete distribution. In Fig. 4.11b, we also checked the influence
of the Kn number. When increasing Kn, in fact, the errors increase sensibly and
discrepancies up to 6% are found for the discrete distributions contributing to the
calculation of the shear stress tensor terms which, for the construction of the flow
set-up, has only one non-zero component. This behavior can be explained taking
into account the reasons outlined in section 4.1.1: as the D3Q19 lattice can recover
only up to the Navier-Stokes level, it cannot provide an accurate description of
rarefied flow conditions as those encountered for the largest Kn number values
investigated here. In such cases, indeed, a lattice fulfilling a larger set of isotropy
conditions, e.g. the D3Q39 lattice used in the above sections, is needed.

In the analysis presented so far, we exclusively dealt with the case of steady-state
flow conditions. This allowed us to determine the single particle distribution func-
tion given by Eq. (4.10), and then the discrete distributions to be supplemented
to the LBM solver, fpsmcors,q, making use of the DSMC moments averaged over
time. This, evidently, permits to decrease the statistical noise of the final solution.
However, as underlined in the section 4.1.4, in the case in which the transient flow
is of interest, or when a stationary state does not exist, the instantaneous DSMC
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Figure 4.12: Influence of the inclusion of the DSMC fluctuations on the LBM discrete distribu-
tions: (a) Evaluation of the ratio of Eq. (4.27); (b) Evaluation of the ratio of Eq. (4.27) with o,
normalized as in Eq. (4.29). Data refer to a force-driven Poiseuille flow for a node in proximity
of the wall. The flow conditions are such that Kn=0.10 and Ma=0.10 (based on the centerline
velocity). The standard deviations shown here are calculated using S=3600 independent samples.
The three levels in the standard deviations shown in (a) can be linked to the number of DSMC
moments needed to evaluate the discrete distributions fpswycars,a, as shown later in Table 4.5.

moments should be employed in Eq. (4.10).

We can now pass to investigate the effects of the fluctuations present in the meas-
ured DSMC moments in the evaluation of the discrete distributions.

In Fig. 4.12a, the following quantity is plotted:

<fa> o, (4.27)

(fa)

where (f,) represents the mean value of the population a obtained through the
instantaneous DSMC moments, via the relation (fpsmcarp.q (0, pu, P)), and o,
represents the standard deviation calculated as:

1 S

7= | g7 O s = ) (1.25)
i=1

In Eq. (4.28), the f,, are the discrete distributions a evaluated from the instant-
aneous DSMC moments for the sample i and the summation is extended over the
total number of the collected samples S, which amounts to 3600.

It is interesting to note that 3 different levels of the magnitude of the standard
deviation o, are present. In particular, they appear to depend on the magnitude
of the discrete velocity &,. This behavior can be better understood inspecting Fig.
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fa | Caz | Cay | Ca, DSMC moments
0 0 0 0 p

1] 1 0 0 P, pu, Py

2 -1 0 0 Py pu; Pra

3 0 1 0 P, pv, Pyy

4 0 -1 0 P, pv, Pyy

) 0 0 1 o, pw, P,

6 0 0 -1 o, pw, P,
] 1 0 | p, pu, pv, Pug, Pry, Pyy
8 1 -1 0 Py pu, pv, Pry, Pry, Pyy
9 | -1 1 0 | ps pu, pv, Peg, Pry, Py
10 -1 -1 0 py, pU, pu, PSC$7 ny; Pyy
] 1 0 L | p, pu, pw, Py, Py, Py,
12 -1 0 1 P, PU, pW, Pmma P:ch, Pzz
13 1 0 -1 p; pu, pw, Pacza szw Pzz
14 -1 0 -1 Py Py pw, Pry, Przy Py
15 0 1 1 P, pv, pw, Pyy, Py, P,
16 0 1 -1 P, pU, pW, Pyya Pyz> Pzz
17 0 -1 1 Py PU, pW, Pyya Pyz> P..
18 0 -1 -1 Py PU, pW, Pyya Pyz; P,

Table 4.5: List of the DSMC hydrodynamic moments involved in the evaluation of each discrete
distribution f, for an expansion in Hermite polynomials up to the 2"% order and for the D3Q19
lattice. For the discrete distribution corresponding to the quadrature abscissa equal to zero, only
the density plays a role. For the discrete distributions corresponding to the quadrature abscissae
aligned along the grid axis, a=1, ..., 6, also the flow momentum and the terms on the diagonal
of the momentum flux tensor, in turn connected to the pressure, are needed. Finally, for the
evaluation of all the other discrete distributions also the shear stress terms are included.

4.12b where the standard deviation is now rescaled as
Oq

1+ &

*
04 =

(4.29)
Upon such rescaling, the standard deviations o, show to have the same magnitude.
The reason behind the presence of larger standard deviations for the discrete dis-
tributions, f,, associated to the discrete velocity &, with larger module can be
explained taking into account that to calculate the values of the f, according to
the Grad’s expansion in Hermite polynomials, see Eqs. (4.10, 4.11, 4.13), a larger
number of DSMC hydrodynamic moments is involved. In the Table 4.5, for each
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discrete distribution, f,;, the needed DSMC moments are listed. In particular, for
the distribution fy, for which the related discrete velocity has magnitude equal to
0, just the density p determines the value of fy and therefore only fluctuations on
p will affect the fluctuation on fy. For the discrete distributions f, with 1 < a < 6,
which correspond to the discrete velocities with magnitude equal to 1, also the
momentum pu and the Pj; terms of the momentum flux tensor are required. Then
also the fluctuations on those moments will reflect on larger fluctuations on the
corresponding f,. Similarly, for the discrete distributions f, with 7 < a < 18,
which correspond to the discrete velocities with magnitude /2, also the out-of-
diagonal terms P;j; of the momentum flux tensor are involved. This said, the main
objective of such analysis is to try to understand if potential stability issues related
to the use of the instantaneous values of the DSMC hydrodynamic moments in
the DSMC2LB step of the hybrid model may arise. Such issue is essentially related
to the condition that the discrete distributions must be positive. Inspecting Fig.
4.12a, it is possible to see that for the discrete distribution fy, the fluctuations
are such that the instantaneous realizations of fy could become negative with a
probability of 1 over 10?3 samples (equivalent to 100, assuming a normal distribu-
tion for the fy). Similarly, for the discrete distributions fi, ..., fg, the probability
that the instantaneous realization of the discrete distribution becomes negative is
equal to 1 over 1.7 - 105 (equivalent to 50). Finally, for the discrete distributions
f7, ..., f1s such probability is equal to 1 over about 370 samples (equivalent to 30).
From these considerations, therefore, it cannot be excluded the case of negative
valued discrete distributions. However, it has to be noted that a single occurrence
of a negative instantaneous realization of a discrete distribution does not immedi-
ately reflect into a stability issue as it was verified in the present simulation where,
indeed, negative values for the discrete distributions f7,..., fis were measured,
but this did not lead to any numerical instability phenomenon. The stability, in
fact, may be harmed if the flow conditions are such that the discrete distributions
constantly assume negative values. This situation may occur if the flow Mach
number is sufficiently high, being the Mach number smaller than 0.3 a typical
rule-of-thumb in order to avoid such occurrence.

While it is important to verify that the discrete distributions remain positive, it
is rather difficult to understand if the projection mapping scheme DSMC2LB is
providing accurate and physics-consistent results. At this aim, in fact, in analogy
to what done in section 4.1.6, it seems to be more informative to compute the (in-
stantaneous) values of the Grad’s expansion coefficients, i.e. of the hydrodynamic
moments or a combination of those, calculated from the discrete distributions
fDsSMc21.B.q, in turn evaluated via the instantaneous DSMC hydrodynamic mo-
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ments as described by the following scheme:

(0) 1) (2)
PDSMC; UpsMmc; Ppsmc = fDSMCZLB,a = ApsMC2LB’ ADSMC2LB® ADSMC2LB*

In Fig. 4.13, the probability distribution functions (pdf) of (some of) the expansion
coefficients of the Grad’s distribution up to the second order are plotted. All the
data are expressed in lattice units and refer to the same simulation of Fig. 4.12.
If the projection mapping scheme is sufficiently accurate, then the pdfs of the
expansion coefficients should provide physics-consistent results. In particular, in
Fig. 4.13a, the pdf of the 0** order coefficient, a(?), is shown. Note that a(®) = p
and, since the fluctuations in the density are linked to the fluctuations in the
number of DSMC particles in a cell, which is a (positive) integer number, this pdf
is defined only for discrete values of p. Moreover, since the number of particles in a
cell is Poisson random variable, then also the a(?) pdf follows a Poisson distribution.
The indicated average value of the density (a(?) = (p) = 1.0002 is very close to
the expected value (a(o) = p = 1.0 when the density from DSMC is converted
in lattice units), and, analogously, the standard deviation of the pdf follows the
prediction from equilibrium statistical mechanics, [45, 46]:

p
Op = 0400 Nk (4.30)
In fact, given that N = 150 particles are present on average in a cell (this is the
number of particles initially populating each cell of the domain), and the density
is equal to 1.0, then the expected standard deviation of the density pdf amounts
to 8.165 - 10~2, which is very close to the measured one, as indicated in Fig. 4.13a
(0,0 =8.16-1072).
In Fig. 4.13b, the pdf of the y-component of the 15¢ order coefficient, al(/l), which
is the component aligned with the forcing on the fluid, is shown. By definition,

ag(,l) = pv and therefore the drawn pdf corresponds to the one for the y-component

of the fluid momentum. The indicated average value, <a§})> = (pv)=0.0152, is
very close to the expected value obtained from the DSMC, pv = 0.0155, once it
is converted in lattice units. Note that similar pdfs can be obtained also for the
other two components of the fluid momentum. For example, for the z-component
{(pu) = -1.7-10~*, which is two orders of magnitude smaller than the y-component
and very close to the theoretical value of 0, as there is no forcing on the fluid along
this direction.

In Figs. 4.13c-4.13d, the pdfs of the zz- and zy-component of the 2"¢ order

coefficient, agc) and a;?;), are plotted. Due to the flow conditions, these coefficients
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Figure 4.13: Evaluation of the probability distribution functions of the coefficients of the
Grad’s expansion as obtained from the discrete distributions, fpsmc2rB,q, Wwhen the instantaneous
DSMC moments are used: (a) a® = p = fpsmcaLB,a, (b) aél) = pv = Y fDSMC2LB,aCa,y,
(c) a2 =p= > fpsmc2LB,aCa,zCa,zs (d) afy) = Poy = Y fDSMC2LB,aCa,xCa,y. Data refer to a
force-driven Poiseuille flow for a node in proximity of the wall and they are expressed in lattice
units. The flow conditions are such that Kn=0.10 and Ma=0.10 (based on the centerline velocity
and oriented along the y-direction with the walls normal to the z-direction). For all the shown
cases, a good agreement is found between the expected values of the means, as imposed by the
flow, and of the standard deviations of the distributions, as dictated by equilibrium statistical
mechanics considerations.

are related to the hydrodynamic variables as follows:

al2) = Poy + puu+p = p, (4.31)

agy) = Ppy + puv = Pyy,.

The first equality in Eq. (4.31) is valid because u = 0 (the forcing is along the
y-axis). Similarly, the second equality in Eq. (4.31) holds because u = 0. For the
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pdf of ag«), plotted in Fig. 4.13c, the average value is given by (ag)) =p =0.3344,

which, indeed, is very close to the value of the pressure provided by the DSMC
(p = 0.3340 in lattice units), and, in addition, provided by the ideal gas equation
of state proper of the LBM, p = pc? = 0.3333. Also in this case, equilibrium
statistical mechanics considerations can help in order to evaluate the correctness
of the measured standard deviation of the pdf for the pressure. In particular, one

has [45, 46]:
[~
Op = O'aa(vzw) ~ N p. (4.32)

Considering that Argon is the simulated gas (y = 1.67), then 0,=3.528 - 1072,
which is in very close agreement with the measured value indicated in Fig. 4.13c,
0, =3.530- 10~2. Similar pdfs can be drawn for the other ii components of the

second order coefficient a(?.

Finally, in Fig. 4.13d, the pdf of the zy-component of the 2"¢ order coefficient,
ag(fy), is plotted. The indicated measured average value <a§fy)> = Py = —0.0089 is
indeed close to the value obtained from DSMC (P,, = —0.0086 in lattice units).
Also the measured standard deviation of the distribution is in close agreement

with the analytical prediction provided in [45]. In fact:

0P, =0 ) ~ (4.33)

gy \/N ’

and, for the problem at hand, Eq. (4.33) gives the value of 2.73 - 1072, which can
be compared with the measured value of 2.64 - 1072.

For all the other out-of-diagonal components of the 2"¢ order coefficient, al(?), the
average values are very close to zero while the measured standard deviations are
close to the prediction provided by Eq. (4.33), as expected.

After having treated in depth the DSMC2LB mapping scheme, we can now invest-
igate the results provided by the LBM to DSMC reconstruction step (LB2DSMC
step described in the section 4.1.7) when the D3Q19 lattice is used. In particular,
as done for the D3Q39 case, we will investigate if the imposed reconstruction
step is accurate enough to reproduce the natural molecular velocity distribution
function that an independent DSMC simulation would generate under the same
flow conditions. To investigate this issue, we focus on the comparison between
the molecular velocity pdf obtained via the sampling procedure of the Grad’s
distribution given by the Eq. (4.10) and the molecular velocity pdf generated by
collecting the molecular velocities as obtained by the DSMC. It has to be noted
that these two distributions are, in principle, different. In fact, in the framework
of the Grad’s distribution, while the pdf of the sampled molecular velocities is
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Figure 4.14: Comparison between the molecular velocity probability distribution functions as
obtained via the reconstruction step, (a), and from a DSMC simulation, (b), for a force-driven
Poiseuille flow with Kn=0.10 and Ma=0.10 (based on the centerline velocity). The average
molecular velocity as well as the value of the standard deviation (providing an indication of
the thermal velocity) are well reproduced for the sampled pdf of the molecular velocities. The
flow velocity provided by the LBM is also shown for reference. In fact, the values indicated as
(vLB2pSsMc) and vim show a good accordance. Here, (vrLp2psmc) represents the flow velocity
calculated as average over the particles velocity sampled from f(x,vy,t) reconstructed via the
LBM populations, and vi,gm is the flow velocity as calculated by an independent LBM simulation.
The data refer to a node/cell in proximity of the wall and the velocities are expressed in SI units.
On average, 150 particles are present in the cell and, in total, about 5.4-10° samples are collected.

reconstructed using only the terms up to the second order, the pdf from the pure
DSMC molecular velocities contains information from all the orders up to N — co.
It is intuitive to understand, therefore, that the further the flow is from the out-of-
equilibrium conditions accurately described by the Navier-Stokes equations, the
largest the difference between the two distributions.

In Fig. 4.14, the two molecular velocity pdfs obtained in the just mentioned ways
are compared. The data refer to a force-driven Poiseuille low with Kn=0.10 and
Ma=0.10 (based on the centerline velocity) and for the molecular velocities of
particles residing in a node/cell in proximity of the wall, once the steady-state
final solution has been reached. In particular, the Fig. 4.14a shows the pdf of the
molecular velocities along the forcing direction, sampled from the reconstructed
pdf obtained from Eq. (4.10) once the coefficients of the series are evaluated from
the (D3Q19) LBM discrete distributions. The Fig. 4.14b, instead, shows the pdf
of the molecular velocities collected from a DSMC simulation under the same flow
conditions.
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The indicated results show that the mean value of the sampled pdf, i.e. the flow
velocity, is very close to the value expected from the LBM. Similarly, the value of
the standard deviation of the sampled pdf is close to the expected value. In fact,

the thermal velocity is given by:
T
o= \/ki, (4.34)
m

which for the imposed initial temperature (T=273 K) and for the simulated gas
(Argon, m=6.63 - 10720 kg) is equal to 238.4 m/s. Therefore, a less than 0.3%
mismatch is found for the sampled pdf, as well as for the natural DSMC pdf. This
latter difference can be attributed to the finiteness of the number of collected
samples.

Finally, it has to be noted that the shown pdfs are normalized such that

/OO f(x,vy,t)dv, = 1. (4.35)

Moreover, the sampling process prescribes that the molecular velocities can be
sampled only in the interval (vy) — 40 < vy < (vy) + 40. In terms of a normal
distribution, this means that about 0.06% of all the possible molecular velocities
cannot be generated. However, as demonstrated by the reported results, this has
a very small, if not negligible, influence on the sampled molecular pdf.

Similar pdfs can be plotted also for the molecular velocities along the z- and
z-directions and an analogous very good agreement for both the average value
and the standard deviation is found when comparing the sampled and the natural
DSMC pdf.

4.4 Effect of the temperature on the mapping schemes

As already mentioned in the previous discussion, the present implementation of
the hybrid method is limited to flows where the thermal effects are negligible.
Such limitation is essentially linked to the LBM side of the model. In fact, when
adopting the Grad’s formalism and the Gauss-Hermite quadrature technique, the
molecular velocity, &, or, more precisely, the abscissae of the quadrature, &,, are
measured in units of a characteristic velocity, ¢, = v/RT, which, indeed, is the
speed of sound of the gas within the lattice. Allowing for the flow temperature
to change, and therefore also for the speed of sound to change, would reflect into
a series of complications, such as that the node points of the computational grid
would not be anymore equidistant, thus introducing algorithmic complexity for
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the LBM implementation. As discussed in section 4.1.3, several approaches can be
followed to overcome this difficulty and the extension of the present hybrid method
to include the treatment of the thermal effects will certainly allow to enlarge the
possible areas of application of the hybrid model.

In this section, we will investigate if varying the initial temperature of the gas, but
still keeping it uniform within the flow domain, i.e. the flow is isothermal, leads
to any difference in the accuracy of the proposed mapping schemes. Should the
coupling scheme be unaffected by the different imposed "energy" levels, i.e. the
initial temperature, then it would mean that the coupling schemes are indeed able
to respect the mentioned peculiarity of the Grad’s formalism in conjunction with
the Gauss-Hermite formalism.

In particular, we tested three different temperatures: T=273 K, T=323 K and
T=373 K for both the DSMC2LB and the LB2DSMC mapping schemes in the
case of a force-driven Poiseuille flow for which Kn=0.05 and Ma=0.10 (based on
the centerline flow velocity). The employed lattice is the D3Q19. We adopted such
low flow Kn number to be sure that the chosen D3Q19 model is capable to handle
the flow non-equilibrium effects without introducing any error.

In Fig. 4.15, the results relative to the LB2DSMC step are shown. In the left
column, the pdfs obtained by collecting the molecular velocities along the forcing
direction, &,, sampled from the truncated pdf of Eq. (4.10) according to the scheme
in Table 4.2 are shown for the three tested temperatures and reported in lattice
units. The choice to use this kind of units is done to demonstrate the most
interesting feature: the three pdfs are essentially the same as indicated by the
close agreement for the measured mean value and the standard deviation for the
three temperatures. This feature would not be visible in case of a different choice of
the units of the molecular velocities. This, indeed, is confirmed by the pdfs drawn
in the right column of Fig. 4.15 where the molecular velocity is now expressed in
terms of SI units. It has to be noted that, as expected, the standard deviation
becomes larger as the temperature increases, see Eq. (4.34), but also that the mean
value increases due to the fact that the simulations are characterized by the same
Ma number.

Finally, we investigate the influence of the temperature for the DSMC2LB mapping
scheme. The same flow set-up employed for the tests of the LB2DSMC step are
used here. In Fig. 4.16, the ratio between the discrete distribution functions as
obtained from the DSMC2LB projection scheme, fpsmcorp,q, and as calculated
from the LBM, fi,B,4, are compared for the three mentioned temperatures. A very
good agreement is found when passing from T=273 K to T'=323 K and finally to
T=373 K. This further confirm the fact that the fluid temperature is irrelevant
from an accuracy point of view as long as the flow is isothermal.
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Figure 4.15: Comparison between the molecular velocity probability distribution functions as
obtained via the reconstruction LB2DSMC step and expressed in lattice units (left column) and
in SI units (right column). The data refer to a node/cell at the centerline of the flow channel
and for Kn=0.05 and Ma=0.10. The plots in (a)-(b) refer to T=273 K, in (c)-(d) to T=323 K,
in (e)-(f) to T=373 K. The indicated standard deviations, 0., , are in close agreement with the
expected values, calculated from Eq. (4.34). In fact, for T=273 K, 239.1 m/s (measured) vs 238.4
m/s (expected); for T=323 K, 259.2 m/s vs 259.3 m/s; for T=373 K, 278.7 m/s vs 278.6 m/s.

116



4.5 Conclusions

1.005

1.004 °

>
X»r e
(13

—
S
S
(98]

>0

X
® X»

1.002 |

» e
"o
[ ]
® PX

> @K

® > X

1.001 2 3.( «

fosmcars o/fLB.a

1.000

0.999 r

A
[ ]

*
0.998 1 1 1 1 1 1 1 1 1 1 1 1 1 1
012345678 9101112131415161718

&
T=273K ® T=323K 4 T=373K x

Figure 4.16: Ratio between the discrete distributions as evaluated from the DSMC2LB step,
fpsmc2LB,a, and as obtained from the LBM, f1B ., when the temperature of the simulated gas
for the DSMC simulation is equal to 273 K (red circles), 323 K (blue triangles), 373 K (black
asterisks). The same accuracy is found regardless of the tested temperature. The data are from
simulations characterized by the same flow conditions indicated in the caption of the Fig. 4.15.

4.5 Conclusions

We developed a kinetic mapping scheme based on Grad’s moments method and
Gauss-Hermite quadrature in view of coupling the DSMC and LBM models to
simulate isothermal flows with non-uniform rarefaction effects. The main steps of
the mapping algorithm between DSMC and LBM in order to allow an accurate
passage between the two methods domains were discussed. To extend the range of
applicability of LBM beyond the Navier-Stokes equation level, and thus postponing
the passage to the DSMC solver, the need for adopting a high-order lattice (D3Q39)
and a regularization procedure for the LBM is demonstrated by finding a good
agreement between the DSMC and LBM velocity profile for plane Poiseuille flow
up to Kn=0.25. As a proof of concept of the hybrid method, a simpler version of
the mapping scheme which enforces the passage through local equilibrium states
has been performed for the simulation of a plane Poiseuille low at Kn=0.05. We
have also estimated that the adoption of the hybrid scheme significantly increases
computational efficiency with respect to a DSMC simulation performed over the
whole domain by a factor equal to 1.7 for the flow conditions shown in the test
case. We have also applied the same coupling recipes validated for the D3Q39
quadrature to the D3Q19 lattice, finding that the regularization procedure is of
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fundamental importance in order to extend the coupling applicability to the slip
flow regime. We have also evaluated the effects of the inclusions of the natural
fluctuations present in the DSMC moments on the coupling method finding that,
for the flow speeds typically encountered in well-defined LBM simulations, such
inclusion does not reflect in potentially critical stability issues.

Finally, changing the fluid initial temperature for the DSMC simulation does not
imply any degradation in the precision of the coupling methodology as long as the
temperature is constant throughout the domain.

4.A Scaling factors

To be able to apply the proposed methods also in engineering contexts and with
experiments, we decided to employ in the DSMC simulations dimensional variables
with SI units. This implies that, prior to any transfer of information between LB
and DSMC, a proper conversion from lattice units to SI units, or vice versa ac-
cording to the fact that the DSMC2LB or LB2DSMC mapping scheme is involved,
has to be performed.

The basic elementary conversion scales are introduced here:

- Length scale
Since in LB we assume the lattice spacing Az as the space unit and since we
impose that the centers of the DSMC cells overlap with the LB sites, then
the length scale is set as:

Ly = Azpsmc  |m], (4.36)

where Azpgye is the linear distance between the centers of two adjacent
DSMC cells. Note that this implies that, at least in the buffer layer, the
DSMC cells are cubic;

- Time scale
Similarly, the time unit within the LB simulation is the elementary lattice
time-step. The physical value can be defined through the speed of sound
within the lattice, cg, and of the gas in the DSMC simulation, a, as

Cs
To = _Awpsuc 8- (4.37)

- Mass scale
As the mass within the DSMC cells/LB nodes where coupling occurs must
be conserved, and assuming the lattice particles are given a unit mass, then
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the mass scale can be defined as follows:

Fn psmc Npsmc m

Za fLB,a

where Fy psmc is the number of real molecules represented by one DSMC
particle, Npgmc is the number of DSMC particles in a cell, and m is the gas
molecular mass.

My = |ke], (4.38)

From these three scaling factors, it is possible to derive all the other physical
conversion scales.

4.B Hermite polynomials

The n-th order Hermite polynomial is defined according to Rodrigues’ formula,
[64], as:
(e = ) v (4.39)
w(§)
which is a rank-n tensor and a polynomial of degree n in §. In Eq. (4.39) w(§) is
the weight function associated with the Hermite polynomials in D-dimensional
Cartesian coordinate &:

1 £2
w() = (2m)D2 exp <—2) . (4.40)
The first Hermite polynomials, therefore, read as:
HOE) =1, (4.41)
HY() =, (4.42)
H(f (&) = &5 — 8y, (4.43)
HOLE) = &6 — Eidjr — &0 — Exdiy. (4.44)

The Hermite polynomials form a set of orthonormal basis of the Hilbert space of
the functions of & with the inner product (f,g) = [ wfgd§.

Moreover, any function which is square-integrable can be expanded in terms of
the Hermite polynomials.
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5 Hybrid DSMC-LBM solver for
monodimensional flows

In this chapter, we present the application of the coupling methodology presented
in chapter 4 to a Couette flow.

Hybrid particle-continuum computational frameworks permit the simulation of gas
flows by locally adjusting the resolution to the degree of non-equilibrium displayed
by the flow in different regions of space and time. In this chapter, we present
a new scheme that couples the Direct Simulation Monte Carlo with the Lattice
Boltzmann method in the limit of isothermal flows. The former handles strong
non-equilibrium effects, as they typically occur in the vicinity of solid boundaries,
while the latter is in charge of the bulk flow, where non-equilibrium can be dealt
with perturbatively, i.e. according to Navier-Stokes hydrodynamics. The proposed
concurrent multiscale method is applied to the dilute gas Couette flow, showing
major computational gains when compared to the full DSMC scenarios. In addition,
it is shown that the coupling with LB in the bulk flow can speed up the DSMC
treatment of the Knudsen layer with respect to the full DSMC case. In other words,
LB acts as a DSMC accelerator.

5.1 Application of the coupling methodology

The need for the development of fast and accurate numerical methods to simulate
gas flows characterized by a broad range of time and space scales represents a
general challenge to statistical physics modelling. Moreover, despite the success
demonstrated by computer simulations at the microscopic level, the computational
requirements of the microscopic numerical methods, such as Molecular Dynamics
(liquids) and direct simulation Monte Carlo (DSMC; gases), are still prohibitive for
many practical applications where macroscopic scale flow problems are of interest.
It is therefore evident that, for such kind of problems, where to properly simulate
large scale flows it is essential to provide an accurate microscopic description, a
multiscale approach, consisting of the use of different models for each relevant

The content of this chapter has been adopted from G. Di Staso, H.J.H. Clercx, S. Succi, and
F. Toschi, "Lattice Boltzmann accelerated direct simulation Monte Carlo for dilute gas flow
simulations," Phil. Trans. R. Soc. A, vol. 374, p. 201602256, 2016, [150].
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scale, is needed. In order to link large scales to local microscopic properties, a
variety of scale bridging techniques have been developed, which can be broadly
classified as either sequential or concurrent. In the former class of methods, the
continuum treatment conveys all microscopic details into appropriate constitutive
relations or laws [120, 126, 127, 151|, and systems are then simulated separately
at the different levels of resolution. In the latter class, which is the one relevant to
the present work, systems are analyzed in a single simulation at different levels of
space and time resolution. Within this approach, which has been implemented to
investigate a vast spectrum of physics problems, including hard matter [152-154],
soft matter and molecular fluids [155-158], as well as dilute and dense fluid flow
problems [44, 117, 119, 159-161] and fluctuating hydrodynamics [162, 163], a small
region of the domain is analyzed at a finer scale level whereas the remaining part
is treated on a coarser and computationally less demanding level; a hand-shaking
region and appropriate exchange of information schemes, then, enable the coupling
and communication across the different parts.

When investigating multiscale dilute gas flow problems, the most common ap-
proach is to adopt a solver of the continuum Navier-Stokes equations, [44| or Euler
equations [117] for the part of the domain where the flow exhibits a small devi-
ation from equilibrium, and rely on kinetic methods, typically the DSMC, wherever
substantial non-equilibrium effects are present. While this coupling has led to a
number of interesting results, it is plausible to expect that the replacement of the
Navier-Stokes equations with a lattice kinetic solver, such as lattice Boltzmann
(LB), may prove convenient in several respects. In particular, as well documented
in [164], the kinetic nature of LB is reflected in a complete disentangling between
non-locality and non-linearity, i.e. kinetic transport along molecular trajectories
(free-streaming) is linear, as opposed to non-linear hydrodynamic advection along
fluid material lines. Moreover, diffusion emerges from relaxation to local equilibria,
with no requirement for second order spatial derivatives. Both features may offer
significant advantages in practical implementations, especially in connection with
solid boundaries. In this work we depart from the models proposed in literature
as the flow at the continuum level is simulated with the efficient LB method in
the BGK single relaxation time formulation, [58]. Although both DSMC and LB
bear strong links to the Boltzmann kinetic equation, they show major differences
in purpose and mathematical structure. Indeed, while DSMC is poised to solve
the actual Boltzmann equation by retaining microscopic realism, the LB was ini-
tially devised to retain only the symmetry/conservation constraints required to
reproduce the hydrodynamic equations in the low-Knudsen-number hydrodynamic
limit. Thus, LB could be regarded as a Navier-Stokes solver in kinetic vests. It is
only recently that higher-order versions of the LB method have been developed,
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which prove capable of capturing (some) non-equilibrium effects beyond the hy-
drodynamic picture [37, 144, 165|, but such higher-order versions are not relevant
to this work. The main feature which distinguishes the LB from the DSMC is
the coarse graining operated at the level of the microscopic velocity space, as the
degrees of freedom of the velocity space itself are largely reduced. In fact, while, in
LB, probability distributions at each lattice site x are allowed to propagate only
along a finite set of directions with an assigned speed §,, in DSMC particles are
grid-free.

5.2 Coupling schemes

The most important steps of any hybrid model are the definition of accurate proto-
cols to exchange information between the different solvers at the overlapping region
and the decomposition of the computational domain into the particle, continuum
and overlap domains. For what concerns the first issue, as LB involves the solution
of kinetic equations for the single particle distribution function evaluated at a set
of discrete microscopic velocities, fq(X,t), and not directly the hydrodynamic mo-
ments or their fluxes as in classical Navier-Stokes equations solvers, we developed
specific mapping schemes that allow information to be passed from the DSMC
to the LB domains and vice versa, correctly transferring also non-equilibrium
information. In chapter 4, the implementation details are extensively presented.
Here, for completeness, we briefly recall the most important features.

The basic idea of the mapping schemes is founded on Grad’s moments method
[21] and on Gauss-Hermite quadratures [64]. According to Grad’s formalism, the
single-particle distribution function f(x,&,t) can be expressed as a series in the
dimensionless Hermite orthonormal polynomials, H (&), in the velocity space & as:

N

FO660) = Y066 1) = w(€) Y —ma™ (x V() (1)

n=0

where w(&) is the weight function associated with the Hermite polynomials and
a(™ are the rank-n expansion coefficients tensors, which, in turn, can be identified
as the hydrodynamic moments (or a combination of those), e.g. al0) = 0, all) = ou,
a® = P + p(uu — ¢28), where p is the fluid density, u is the fluid velocity, P is the
momentum flux tensor, ¢s is the speed of sound, and § is the identity tensor. In
Eq. (5.1), we took advantage of the orthonormality of the Hermite polynomials to
truncate the series at the order IV: the complete and the truncated distributions
have the same leading N velocity moments, [37].

Starting from this common ground, the two mapping schemes can be established
(see also Fig. 5.1, left panel, for a schematic representation of the schemes). In
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particular, the projection step (DSMC2LB) allows one to project the DSMC hydro-
dynamic moments (fine level of description) onto the LBM discrete distributions
(coarse level of description). In correspondence of the overlapping region, where
both descriptions are accessible, the coefficients a(™ in Eq. (5.1) are computed us-
ing the DSMC moments. In fact, because the distribution fV(x, &,t) is completely
and uniquely determined by its values at a set of discrete velocities, one has:

qg—1
(n) = Ya (n)
2 =2 el e DR ), (5.2)

where w, and &, are the weights and abscissae of a Gauss quadrature of algebraic
precision of degree > 2N and ¢ is the total number of discrete velocities. From
inspection of Eq. (5.2) and taking into account the classical procedure in which
moments are computed in LBM, we immediately see that the non-equilbrium
discrete distributions to be supplemented to the LBM at the coupling nodes
are the scaled values of the continuous distribution function evaluated at the
quadrature abscissae,

wa fV(x,€,,1)
RO= e
It is now possible to define the order N at which the distribution in Eq. (5.1) is
truncated, as this is directly related to the algebraic precision of the quadrature. As
in this work we present results for the D3Q19 lattice only, we set N=2, because the
proposed quadrature is able to correctly compute the distribution moments up to
the momentum flux tensor, P. It can be shown, [166, 167] that the resulting solution
generated by the LBM is at an isothermal Navier-Stokes level of description.
The inverse reconstruction step (LB2DSMC) allows one to reconstruct from the
LBM discrete distributions (coarse level), the continuous, truncated distribution
function (fine level) from which, in turn, the velocities of the DSMC particles can
be sampled. At the coupling nodes, the LBM non-equilibrium populations f,(x,t)
are used to determine the coefficients of the expansion in Eq. (5.1):

(5.3)

qg—1
a™ =3 falx, U™ (E,) (54)

a=0
(cfr. Egs. (5.2) and (5.3)). From the knowledge of the coefficients, the truncated
distribution fV(x,&,t) is also known. An acceptance/rejection algorithm is then
used to generate the velocities of the particles, which, eventually, will evolve ac-
cording to the DSMC rules. It should be noted that the zeroth- and first-order
coefficients in Eq. (5.4) are routinely available in the LBM implementation, be-
cause they are used to evaluate the equilibrium distribution functions. In this
work, therefore, as only the second-order coefficient terms have to be computed on
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Figure 5.1: (Left). Schematic showing the passages from DSMC to LBM, and vice versa, through
Hermite formalism. (Right). Pictorial representation of the hybrid simulation domain. On the
right the pure LBM region (gray area), and on the left the high resolution region (DSMC, red
area) where the DSMC2LB step is performed; in the middle, the buffer region (reservoir of
particles, blue area) where the LB2DSMC step is performed via the generation of particles. The
black dots represent the DSMC particles, whereas the gold dots represent the particles sampled
from the distribution of Eq. (5.1). Note that the LBM extends over the whole domain and a
two-level grid is therefore adopted.

purpose, the computational overhead for this coupling step turns out to be very
limited.

The domain decomposition is strictly related to the information exchange strategy
implemented at the interface between the different methods. In the proposed
scheme, to enforce a stronger coupling between the two methods, we extend the
LBM to cover the whole simulation domain, whereas the DSMC is confined only
within some regions of the domain. In this way, a two-level grid is obtained (Fig.
5.1, right panel). A few basic subroutines define the implementation of the hybrid
simulation adopting the illustrated projection and reconstruction steps. During
the time integration of the LBM equations, the discrete distributions f,(x,t) are
advanced on a coarse time level increment, Aty gy, over the whole domain, includ-
ing the part that lays underneath the DSMC region. Then the DSMC domain is
integrated, and it is advanced to the new time on the LBM level through a sequence
of fine level time steps, Atpsme. The ratio between the two time steps, depending
on the LBM lattice spacing and the DSMC particle characteristic collision time,
defines the number of sub-cycles the DSMC should run for each LBM time step.
The LBM solution information in proximity of the fine level grid is passed to the
DSMC via the imposition of proper boundary conditions on the particle simula-
tion domain. At the beginning of each DSMC integration step, in fact, particles
are generated within the buffer region by sampling the Grad’s distribution built
according to the reconstruction step. The particles, in both the DSMC and the
buffer regions, are allowed to stream for one fine level time step. If a particle from
the DSMC region crosses the interface, that particle will contribute to the fluxes
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of mass and momentum for the LBM discrete distributions corresponding to the
node where the crossing occurred so that the populations will be corrected as:

R
falx,mAtLpy) = f7(x, mAtLEM) + > Afa(x,iAtpsme) (5.5)

i=1

where f are the populations before the application of the correction, R is the ratio
between the LBM and DSMC time step durations, and the correction contribution,
> Afq, can be evaluated from Eq. (5.1) for n > 1 (only the fluxes are exchanged).
After the moving of the particles, those still in the buffer region, or that moved
into it, are discarded and collisions among the remaining particles are performed.
Finally, the DSMC solution in the fine level region is transferred to the LBM in
the overlap region (red area in Fig. 5.1, right panel) using the outlined projection
step , overwriting the LBM discrete distributions for the lattice nodes in this area
with the discrete distributions obtained from DSMC. A new integration of the
LBM equations can then be performed.

5.3 Numerical results

To test the proposed hybrid method, we consider the steady isothermal Couette
flow problem. The flow is driven by the walls, located at /H =0 and z/H =1
moving with a velocity uya) such that May,n=0.1, where H is the channel height.
The isothermal condition is guaranteed by the negligible viscous dissipation gen-
erated by the moving walls. The DSMC particles are treated as argon-like hard
spheres (diameter dyof = 3.66 - 1071 m; mass m = 6.63 - 10~26 kg). The reference
temperature Tyer and the speed of sound, ¢, are 273 K and 308 m/s, respectively.
The reference density is set so that Kn=0.10, based on the channel height equal
to 1 mm. At the reference density, 100 particles are initially placed in each DSMC
cell, which, in turn, is of length 0.1Ag, Ag being the mean free path. As shown
in Fig. 5.2, the flow domain is decomposed in such a way that DSMC extends
over a region in proximity of the walls, where stronger non-equilibrium effects
are expected to occur, equal to a and the pure LBM domain extends over the
remaining part of the domain. For the results of the simulations of this work, each
buffer region occupy a width equal to the length of a DSMC cell. To enforce on
the LBM domain the flow Kn number, we set the relaxation time 7 according
to the relation 7 = /7/8 ¢/cs Ny + 0.5, [146, 147], where c/cs = /3 for the
D3Q19 lattice and Ny is the number of nodes along the channel height. DSMC
and LBM grids are then set, so that the centers of DSMC cells and the LBM
nodes, in the overlap regions, are located at the same positions x. In order for
the LBM to accurately simulate such flow, it is fundamental to implement proper
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Uwall

Uwall

Figure 5.2: Sketch of the Couette flow problem. Colours identify the different simulation regions:
DSMC (red area) extends over the fraction « of the total domain; the pure LBM region (gray
area) extends over the remaining 1 — a part of the total domain. The buffer region (blue area) is
also shown. The sketch of the velocity profile is also reproduced: within the Knudsen layer, due
to non-equilibrium effects, a nonlinear behaviour is expected, as shown in section 3.2.

wall boundary conditions, namely diffuse reflection of populations impinging into
the walls, [63], and the regularization procedure, [38, 142], which, projecting the
non-equilibrium discrete distributions onto the same Hermite polynomials basis
used to project the equilibrium populations, allows to get rid of the moments not
sufficiently supported by the lattice. Based on the test conditions investigated
here, five fine level time integration steps for the DSMC are performed between
two consecutive coarse level time integration steps for the LBM.

Taking into account the characteristics of the tested flow, a few additional consid-
erations about the fluxes exchanges at the DSMC-LBM interface as prescribed by
Eq. (5.5) are due. One disadvantage of imposing the fluxes across the coupling
interface, instead of the related densities, resides in the fact that fluxes show lar-
ger statistical noise, [45]. As a means to increase the signal-to-noise ratio of the
fluxes exchanged at the DSMC-LBM interface, besides from using the cumulative
averages over time, justified by the steady-state nature of the investigated flow, we
choose to evaluate them by averaging over the cell volumes, instead of measuring
across the interface surface, see [44] and [168]. Moreover, it has to be noted that,
for the tested case, there is no net mass flux across the interface. Nonetheless, we
also impose and test the mass flux conservation constraint across the DSMC-LBM
interface. We also avoid to implement fitting of the mean moments profiles so to
faster damp out fluctuations, as done in [120] and [151], since such practice cannot
be easily extended to complex flows.

The proposed flow problem is at Kn=0.10. While the rarefaction effects for the
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5 Hybrid DSMC-LBM solver for monodimensional flows

tested conditions can be treated within the bulk of the flow by implementing
appropriate boundary conditions for the coarse level solver, non-continuum effects
produced by the flow gradients in proximity of the walls cannot be captured by the
classical D3Q19 model, so a microscopic description is needed. The flow considered
here, therefore, appears appropriate to validate the proposed hybrid model, as a
separation of scales is naturally present. In the bulk of the flow, in fact, the hydro-
dynamic variables vary substantially over the macroscopic scale, in turn dictated
by the domain geometry; close to the walls, especially within the Knudsen layer,
those changes take place at a length-scale much closer to the molecular one. In the
literature, several analytical solutions for such uniform shear stress flow have been
proposed for both the case of Maxwell molecules, based on the moment-hierarchy
method, [169, 170], and for the BGK collision term formulation, [171, 172]. In
particular, for the latter case, which is of interest here, it was found that, within
the bulk of the flow, for distances greater than at least a mean free path from
either wall, a normal solution, i.e. a solution constructed by the Chapman-Enskog
method, exists, at Navier-Stokes order, for a Kn based on channel height smaller
than about 0.2. From a mathematical point of view, and within the Grad’s form-
alism, this is equivalent to saying that, whereas the bulk flow can be accurately
described by a single-particle distribution function truncated at the order N = 2,
the flow at the wall requires that the distribution should include terms above
the second-order ones. However, a clear connection between the rarefaction and
non-equilibrium conditions and the order at which the series in Eq. (5.1) should be
truncated is still missing, [3]. From all these considerations, it appears reasonable
that the DSMC domain should cover at least one mean free path from the walls,
le. a/2> ).

Fig. 5.3, left panel, shows the velocity profiles, u(x/H), averaged over time and
normalized with respect to the wall velocity, as obtained by a full DSMC simula-
tion and by a hybrid simulation when the DSMC region extends over a mean free
path away from both walls (aw = 0.2) and the buffer region is 0.1\g wide. A good
agreement between the two profiles is found as can be see from the inset of Fig.
5.3, left panel, where the relative error, defined as:

3 _ upsmc(z/H) —a(z/H)
Adle/H) = ipsmc(z/H) >0

is plotted. The largest error, in fact, is below 2%, whereas, in the case of a full LBM
simulation (orange dots in the inset of Fig. 5.3, left panel), a 5% error is found to
occur within the Knudsen layer. This result is obtained strictly maintaining mass
conservation within the system. In Fig. 5.3, right panel, in fact, the instantaneous
number of particles present in the DSMC region is compared with the averaged one
which, in turn, deviates from the initial one by less than 0.05%. More importantly,
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Figure 5.3: (Left). Comparison of the velocity profiles averaged over time and normalized with
the wall velocity, Uwaii, from a hybrid simulation (oo = 0.2, blue line) and a full DSMC simulation
(red dots). In the inset, the relative errors as defined in Eq. (5.6) for a hybrid and a full LBM
simulation are shown. (Right). Instantaneous number of particles within the DSMC region versus
time step: mass conservation, on average, is strictly obeyed. The average (N) deviates from the
initial number of particles less than 0.05%.

we also measured the speed-up provided by the hybrid scheme versus full DSMC
(a =1) as a function of the parameter a.

In Fig. 5.4, such speed-up is compared with the speed-up one would obtain by
just summing up the computational times required for the DSMC to run over the
« fraction of the domain and for LBM over the whole domain. The computational
times are recorded when the solution reaches a global error, for both the velocity
and shear stress profiles, 6,y (x/H), below 3% with respect to a reference full
DSMC simulations. The global error for the velocity is defined as:

(zi/H) _uref(xz/H)l 1
Z fna/ B N = (57
and analogously for the shear stress. The reference DSMC simulation has cumu-
lated enough statistics to confine the difference between the maximum and the
minimum values of the shear stress below 0.02%. The recorded times are then
averaged over several realizations of the tested flow. It is possible to see that a
substantial speed-up is achieved by applying the hybrid method. More interest-
ingly, the required computational time, tyypriq, is smaller than what would be just
the sum of the times required for DSMC to run over the « fraction of the domain
and for LBM over the whole domain, t; gy ipsme- In particular, for o = 0.2, more
than a sixfold reduction with respect to a full DSMC simulation is achieved. It
has also to be noted that the computational overhead, due to the fact the LBM
extends over the whole domain and not just over (1 — «), is very limited. For the
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Figure 5.4: Speed-up as a function of the parameter o comparing the computational times
required to fulfill the convergence criteria of Eq. (5.7) for the hybrid method. The error bars
represent one standard deviation for the computational time of 100 simulations. Blue symbols
denote the speed-up obtained by the hybrid method with respect to the full DSMC simulation,
whereas red symbols denote the speed-up obtained by simply summing the times required for
DSMC to evolve over the o part of the domain and LBM over the entire domain. In the inset,
the found extra-gain is also shown. At a = 0.2, a 25% extra speed-up is achieved by the hybrid
method.

tested conditions, in fact, a full LBM simulation is about 80 times faster than a full
DSMC simulation, performed over the whole domain. The measured extra-speed
up, defined as trBm4DsMC/tHybrid, Was found to be 25% for o = 0.2 and 16% for
a = 0.36. Such computational extra gain may qualitatively be explained by con-
sidering that the LB information processed in the bulk provides a higher quality,
less noisy, input to the DSMC in the Knudsen layer than bulk DSMC alone. Thus,
LB serves as a sort of DSMC-accelerator. Finally, a clarification about the flow
domain decomposition technique and its range of applicability is due. This type
of hybrid approach is a suitable choice to analyze multiscale problems if the flow
features a bulk region for which a constitutive model is known to be accurate, but
it may become not an efficient nor an accurate method if such a condition is not
fulfilled. This would be the case, for example, of the Couette flow at a larger Kn
number than the one presented here. For such condition, it is known that rarefac-
tion effects spread also across the bulk of the flow and the classical Navier-Stokes
equations can no longer accurately reproduce the flow properties found in the
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bulk. To overcome this limitation, however, the kinetic roots of the LBM may
help. In fact, whereas LBM was specifically designed to solve the Navier-Stokes
equations, [166, 167|, in the last decade various groups have begun to explore the
possibility to extend the LB methodologies towards non-equilibrium flows beyond
Navier-Stokes hydrodynamics by adopting higher-order lattices, |37, 144, 165]|, or
introducing further modelling so to mimick effects of free particle streaming, [36].
This is also equivalent to say that, if a higher-order lattice is adopted, the size of
the domain where the DSMC solver is still needed can be significantly reduced,
thus further improving the overall computational efficiency of the simulation. In
this view, it should be pointed out that the coupling strategy proposed here can
be directly applied to any suitable lattice, provided that the discrete speeds are
abscissae of a Gauss-Hermite quadrature.

A remark on the range of application of the proposed hybrid method is in order.
While the DSMC can correctly predict thermal effects, the LB model employed
here is not able to reproduce such effects, thus limiting the current implementation
to isothermal flows. To overcome such limitation, essentially stemming from the
lack of sufficient isotropy of the lattice, different strategies may be envisaged. In
particular, three main approaches have appeared in literature to extend the LB
method to thermal flows: the mixed approach, where the velocity field is solved
using a usual LB model and the energy, or temperature, equation is solved by
adopting a different numerical method such as finite difference or finite volume
method [145]; the double distribution function approach, where a second lattice
is adopted for the energy field [143]; and the multispeed approach, where a single
lattice fulfilling higher-order isotropy conditions is used [144|. The most natural
choice among the proposed methods is the multispeed scheme as it shares with
the present hybrid model the common Hermite expansion approach.

5.4 Conclusions

In conclusion, a novel multiscale hybrid scheme for dilute gas flow simulations
relying on the DSMC accuracy for the regions of the flow where a microscopic scale
description is needed and on the efficiency of the LBM for the parts of the flow
where hydrodynamic properties evolve over macroscopic scales has been proposed.
The method, which is based on Grad’s formalism and Gauss-Hermite quadratures,
enables the flux exchange across the LBM-DSMC interface, conserving both mass
and momentum. We applied the hybrid formulation to the steady Couette flow
and we found that, alongside a good agreement with a full DSMC solution, up to a
sixfold reduction of the computational time cost can be achieved. The application
of such model could also open the way to study macroscopic flows characterized
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5 Hybrid DSMC-LBM solver for monodimensional flows

by the presence of local regions where non-equilibrium effects are strong, and,
therefore, the method is not restricted to classical micro-mechanical systems. This,
indeed, will be the main topic of the chapter 6.
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complex flows

In this chapter we extend the applicability of the coupling methodology presented
in chapter 4 and then applied to the case of a monodimensional flow in chapter 5
to a complex three-dimensional flow.

We present the results of a comparative study performed with three numerical
methods applied to a flow in a complex geometry characterized by compressibility
and large rarefaction effects. The employed methods, all based on the kinetic
theory of gases, are the Lattice Boltzmann Method in a regularized formulation,
the Direct Simulation Monte Carlo approach and the hybrid method coupling
the LBM and the DSMC presented in chapters 4, 5, in this chapter extended to
the case of simulations involving many particles and complex geometries. Owing
to the common kinetic nature shared by the employed methods and to their
implementation in a single code infrastructure, a detailed comparison of the results
can be performed on a quantitative ground. The numerical results permit to
determine, for the studied flow problem, the range of applicability in terms of a
geometry-based Knudsen number for the present LBM formulation. The need to
employ the hybrid method is justified by the very large computational cost of the
DSMC simulation. Finally, good scalability properties of the parallel algorithms, as
well as the large computational cost reduction guaranteed by the hybrid method,
while providing an accurate solution, are demonstrated.

6.1 Introduction

The solution to the standard Navier-Stokes equations accurately reproduces the
real flow behavior under continuum flow conditions and for cases where non-
equilibrium effects can be dealt with perturbatively with respect to the equilibrium
state. Whenever such assumptions are not met anymore, i.e. typically when the

The content of this chapter has been adopted from G. Di Staso, S. Srivastava, E. Arlemark,
H.J.H. Clercx, and F. Toschi, "Hybrid lattice Boltzmann-direct simulation Monte Carlo
approach for flows in three-dimensional geometries," Comput. & Fluids, vol. 172, p. 492-509,
2018, [173)].
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molecular-level spatial scales (molecular mean free path, \) are comparable to the
macroscopic ones (domain geometry or hydrodynamic characteristic length scale,
L), the Navier-Stokes equations fail to provide a reliable description. The defin-
ition of the Knudsen number as Kn = \/L leads to the usual classification into
hydrodynamic (Kn<0.01), slip (0.01<Kn<0.1), transitional (0.1<Kn<10) and free
molecular regime (Kn>10). While the Navier-Stokes equations, eventually supple-
mented with adequate slip boundary conditions, can be applied up to the slip flow
regime, [114, 115], for conditions in the transitional flow regime, the flow descrip-
tion needs to be based directly on a more fundamental ground, the Boltzmann
equation, [6]. Among the several numerical techniques applied to approximate the
Boltzmann equation in the rarefied regime, the Direct Simulation Monte Carlo
method, [1], has demonstrated to be the most successful and adaptable to a wide
range of applications. However, due to its particle-based nature and explicitness
of the interparticle collision process, the computational cost becomes prohibitively
large for the near-continuum regime.

It has to be mentioned that other numerical methods have been proposed to
simulate flows in the transitional regime, such as those based on extended hydro-
dynamic equations using higher-order Chapman-Enskog approximations, [174], or
those originated from moments expansion methods such as the Grad’s method,
[3, 21]. However, difficulties in imposing boundary conditions as well as the com-
plexity of the resulting systems of equations hindered their application to the
simulation of flows of industrial interest. In addition to these modelling consider-
ations, in a non-negligible amount of industrial applications, such as micro- and
nano-electromechanical systems or material processing tools, it is not possible
to clearly and a priori determine that the flow is entirely within the continuum
limit, but a range of non-equilibrium /rarefaction conditions are encountered. The
approach to simulate a gas flow showing these characteristics using the DSMC,
therefore, faces a very large computational burden. Under such circumstances,
because of the current computational and modelling limitations, a hybrid method
coupling continuum and rarefied flow solvers has to be employed.

The DSMC method has been already coupled to classical Navier-Stokes and Euler
equations solvers in the past, [44, 116, 119]. The main drawback of such coupling
schemes, however, resides in the separation of both temporal and spatial scales
evolved in the two methods, especially when large non-equilibrium effects are
present. The approach to use LBM as the solver for the continuum part goes in
the direction to reduce such separation, in fact, due to its kinetic theory roots,
shared with the DSMC, the coupling between the two methods can be performed
at the microscopic scales relevant for the single particle velocity distribution func-
tion instead of the macroscopic field scales, as done in the previous models. In this
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view, the LBM has already shown to be able to capture some phenomena typical
of rarefied gas flows, [36, 165].

In chapter 4, we presented the coupling schemes that allow the two-way extraction
and transfer of information at the interface between the LBM and the DSMC,
and, in chapter 5, we applied them to a monodimensional flow case using a do-
main decomposition technique. In this work, we extend it to the case of complex
three-dimensional geometries involving a large number of computational particles
and we validate the hybrid LBM-DSMC model, both in terms of accuracy and
computational cost, for an industrial application where DSMC method is reliable
but time consuming and the continuum methods are fast but less accurate or even
inaccurate.

The rest of the chapter is organized as follows: In section 6.2, the analogies between
the LBM and DSMC methods and the coupling algorithm are reviewed. section
6.3 describes additional details with respect to those given in chapter 3, about the
treatment of complex geometries in DSMC and hybrid methods. In section 6.4, we
present the investigated flow problem and the results obtained individually by each
method are compared in terms of mean field hydrodynamic quantities. Finally, in
section 6.5, the computational cost associated to each method is analyzed.

6.2 Review of the hybrid LBM-DSMC coupling method

For a comprehensive treatment of the DSMC and LBM methods, the reader should
refer to the reference books from Bird and Succi, respectively, [1, 24|. Here, we
will briefly delineate the analogies, and differences, characterizing the two methods
which are relevant for the hybrid method formulation. Both methods propose to
determine the fluid motion as described by the Boltzmann equation by making
use of a splitting algorithm approach: a free-flight phase, in which particles move
undisturbed and unaware of the other particles, is followed by a phase during
which the microscopic state changes according to the prescribed collision mech-
anisms typical of each method. Although the two phases both occur in the LBM
and DSMC, they are enforced in very different ways. In fact, for the streaming
phase, the main feature which clearly distinguishes the LBM from the DSMC is
the drastic reduction of the velocity space degrees of freedom: while in DSMC
particles are free to stream with any possible velocity, in LBM they are forced to
propagate only along a finite set of directions with a pre-determined speed. Even
more evident, it is the dissimilarity for the collision phase: in DSMC it involves
stochastic binary collisions between close enough particles, in LBM, under the
BGK approximation, which is used in the present work, [58], it is reduced to a
relaxation process towards a local equilibrium. It can be easily understood that
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the assumptions made in the LBM allow to boost numerical efficiency, but they
also suggest a qualitative explanation why the LBM in its classical and minimal
formulation cannot go beyond a Navier-Stokes level of representation, [166, 167].
The formalization proposed by Shan and coworkers, [37], which describes the LBM
according to the Hermite expansion representation of the velocity distribution
function and Gauss-Hermite quadratures for the selection of the set of discrete
velocities, is fundamental for the formulation of the hybrid model. A further neces-
sary step to treat large non-equilibrium effects, i.e. the regularization procedure,
firstly proposed in [38], is also included in the present implementations of the
LBM and hybrid methods. The main idea behind this technique is to ensure that
the non-equilibrium part of the discrete distributions lies entirely within the same
Hermite polynomial basis over which the equilibrium distributions are projected.
Conceptually, such process removes from the non-equilibrium discrete distribu-
tions all those moments that cannot be accurately evaluated by the available
quadrature and which could contain numerical discrete artefacts. The advantage
of the application of the regularization procedure in increasing the stability prop-
erties of the LBM when simulating high-Reynolds number flows has been recently
demonstrated in [142, 175]. In this chapter, we will rather exploit the properties of
the regularization in overcoming existing defects in conventional LB models when
simulating flows characterized by finite (weak) compressibility and rarefaction ef-
fects. In particular, as we will employ a D3Q19 lattice, the regularized LBM model
will incorporate up to the second-order hydrodynamic moments, and, therefore,
it can be adopted only in the limit of isothermal flows and when compressibility
effects are not strong. Several approaches have been proposed in order to extend
the applicability of the LBM towards high-Ma number flows. Amongst the most
promising ones seems the implementation described in [176], as it provides very
good comparisons with references also in the case of large supersonic flows. The
main features of such scheme are the adoption of the entropic LB formulation,
[56], and the construction of the local discrete equilibrium distribution functions
maintaining the exponential form of the Maxwell-Boltzmann equilibrium distribu-
tion, rather than the typical polynomial form. Another interesting feature of such
approach is that the streaming phase and the locality of the collisional process
operations are kept unmodified. The inclusion of such implementation will be
subject of future work.

As already mentioned in chapters 1 and 3, the implementation of the DSMC
method adopted in this study features a standard no time counter (NTC) al-
gorithm, [1], for the evaluation of the number of the attempted collision events
that will occur between two computational particles residing at each time step in
the same collisional cell. In the present DSMC implementation, however, the treat-
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ment of complex geometries and of the wall boundary conditions is not standard
in the sense that it has been developed so to mimick the same approach which
is adopted in the LBM implementation. More details about this aspect will be
provided in section 6.3.

The full treatment and validation of the hybrid LBM-DSMC model can be found
in chapters 4 and 5. Here, for completeness and self-consistency of the chapter,
only few details are provided. The model consists of two main features: the map-
ping procedures needed to transfer the information about the local flow properties
from LBM to DSMC and vice versa, and the implementation of the coupling al-
gorithm based on the flow domain decomposition method. In Fig. 6.1, a flowchart
representing the hybrid model algorithm is shown. The step for the LB2DSMC
transfer of information requires that at the lattice nodes/DSMC cells where the
coupling occurs, the velocities of the DSMC particles are sampled from a continu-
ous distribution function, see Fig. 6.1 (node a.). Taking advantage of the Hermite
formalism, the coefficients agg of the expanded (in Hermite polynomials) velocity
distribution function can be computed via the discrete non-equilibrium fi,g q(x, t)
as:

al" (x,1) ZfLBa (x, )H™(&,), (6.1)

where H (™ (£) is the Hermite polynomial of order n and d represents the number of
discrete velocities £, of the employed lattice. Since the knowledge of the coefficient
is tantamount to know the distribution itself, the DSMC particles velocities can
be sampled via an acceptance/rejection algorithm from the velocity distribution
function reconstructed using the coefficients expressed by Eq. (6.1), which assumes
the following form:

o0

Fle&1) =€) Y il (e M (&) (62)

n=0

The coupling scheme for the DSMC2LB communication, see node 5. of the flow-
chart in Fig. 6.1 prescribes, at the end of the DSMC subcycling, to project the
cumulative averages of the DSMC hydrodynamic variables onto the LB discrete
distributions taking advantage of the fact that the coefficients of the velocity dis-
tribution functions expanded in Hermite polynomials can be evaluated from the
knowledge of the hydrodynamic variables themselves. The expansion coefficients,
in fact, are given by

" = / £, €, ™ (€) e, (6.3)
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Figure 6.1: Flowchart for the hybrid LBM-DSMC model for steady state flows. For each LBM
time step, m, (node 3.) the DSMC sub-cycles for a number of DSMC time steps equal to qpsmc-
During each substep, both the LB2DSMC and the DSMC2LB passage of information are applied,
see nodes a. and c. After the DSMC subcycle is completed, the hydrodynamic moments, as
cumulated during the DSMC subcycle, are projected onto the LBM distributions, see node 5. The
computation continues until the solution convergence criterion is met. Note that the DSMC2LB
step features two different phases: node 5., the projection of the DSMC hydrodynamic moments
onto the LBM basis (described in chapter 4), and, (node c.), the evaluation of the fluxes of density
and momentum associated to the DSMC particles crossing the interface between the LBM and

the DSMC (described in chapter 5).
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Figure 6.2: Schematic showing a typical domain decomposition. The LBM grid extends over
the whole domain, while the DSMC is solved only in a restricted area (red squares represent the
centers of the DSMC cells, filled with black particles). In this area, the DSMC hydrodynamic
moments are projected onto the LBM lattice. The buffer layer (blue squares) acts as a boundary
condition for the DSMC area as the orange particles are sampled from a velocity distribution
function reconstructed from the information provided by the LBM, i.e. the coefficients of Eq.

(6.1).

where p, pu, P, ¢s and & are the density, the momentum, the momentum flux
tensor, the speed of sound and the identity tensor, respectively. Once the velocity
distribution function constructed from the coefficients of Eq. (6.4) is known, it
can be evaluated in correspondence of the lattice discrete velocities £, and finally
supplemented to the LBM solver at the coupling nodes as:

JfosMc—LBM,q (X, 1) = wafDSxé();’ €or ) , (6.5)

where w, are the lattice weights and w(€) is the weight function associated with
Hermite polynomials.

It should be emphasized that the order n in Eq. (6.1) and Eq. (6.3) is strictly
related to the lattice employed and, in particular, to the algebraic precision of the
corresponding Gauss quadrature. For the present case n = 2 since we will adopt a
D3Q19 lattice. Moreover, in Eq. (6.4) the following assumption is made, p = pc2,
so to mimick the LBM ideal gas equation of state.

Finally, the hybrid method prescribes the determination of the domain decompos-
ition, i.e. the allocation of a part of the domain to be solved by the DSMC. In
Fig. 6.2, a pictorial representation of the domain decomposition is shown. In the
proposed scheme, the LBM extends over the complete simulation domain, while
the DSMC regions are confined only in those parts of the domain where non-
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equilibrium effects are stronger, so that a two-level grid is obtained. As shown in
the scheme of Fig. 6.1, after the LBM discrete distributions f,(x,t) are integrated
on a coarse time level increment over the whole domain, At;,gm, including the part
below the DSMC area, the DSMC part is advanced to the new time at the LBM
level through a sequence of fine level time steps, Atpsyc. At the beginning of each
DSMC time step, particles are generated within the buffer layer, located at the
interface between the DSMC and the LBM, by sampling the reconstructed and
truncated velocity distribution function, Eq. (6.2), obtained from the coefficients
of Eq. (6.1). The particles within the DSMC domain, and the buffer layer, stream
for one Atpgmc and proper boundary conditions are applied to the particles tra-
jectories, see node b. of Fig. 6.1. As soon as a particle crosses the interface between
the DSMC and the LBM areas, it will contribute to the mass and momentum
fluxes for the LBM populations corresponding to the node where the crossing
occurred so that a correction to those populations is applied in the form:

dDSMC

fa(x,mAtLpy) = fi (x, mAtLpm) + Y Afa (%, gAtpsuc) (6.6)
q=1

where f are the uncorrected populations at the LBM time step m, and the
correction contribution A f, at each DSMC time substep, ¢, can be evaluated as:

2
1 o n
Afo (x, ¢Atpsmc) = wq Z o] ](DS)MC (x, ¢Atpsmc) H™ (&,) . (6.7)

n=1

In Fig. 6.3, a schematic representation of the steps involved in the correction phase
is depicted.

After the streaming phase, the particles outside the DSMC domain are removed
and collisions among the remaining particles are performed, see nodes d. and e. of
the flowchart of Fig. 6.1. At the end of the DSMC subcycle, the DSMC solution
is projected at the LBM level in the overlap region. Afterwards, a new LBM time
step is performed until the convergence criterion, or the prescribed final time step,
is reached.

6.3 Treatment of complex geometries and wall
boundary conditions

Several approaches may be pursued in LBM and DSMC to treat complex geomet-
ries and the related boundary conditions, each having advantages and drawbacks
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Figure 6.3: Steps involved in the correction of the LBM populations due to the fluxes of mass
and momentum originated from particles crossing the interface between the DSMC and LBM
areas. At each DSMC time substep q, (left figure), particles may cross the interface between
the DSMC and the LBM, and the related fluxes of mass and momentum are stored during the
whole DSMC subcycle composed of qpsmc DSMC time substeps (center figure). At the end of
the subcycle, the LBM populations are corrected to take into account the stored information via
Eqgs. (6.6) and (6.7) (right figure).

from computational and accuracy points of view.

For the LBM, the standard Cartesian grid implementation prescribes to represent
the solid object walls with a staircase approximation so that they are assumed
to be placed in correspondence of the midpoints of boundary links between solid
and fluid nodes. An improvement of this approach is represented by interpolated
boundary conditions, [177], which has the aim to reduce boundary location depend-
ency from the relaxation time and then from the fluid viscosity. The immersed
boundary method has been also introduced, [178], especially in conjunction with
moving objects, for which a Cartesian grid is used and external forces localized
at the object surfaces have to be imposed to satisfy the intended boundary condi-
tions. This last approach is also used in DSMC, see e.g. [179], but, instead of the
evaluation of the fictitious forces, it requires to recompute the effective volumes of
the cells cut by the geometry surfaces, to achieve the correct molecular collision
frequencies. Another approach commonly employed in DSMC, and similar to what
is done in LBM, is the staircase representation of the geometry for which the
object walls coincide with the surfaces of the Cartesian grid cells, [1, 180|. Finally,
non-Cartesian body-fitted meshes can be localized in proximity of the object so
to better approximate its shape, [181].

Given such a variety of options, the choice of the method to handle complex geo-
metries is movitated by the fulfilment of some criteria, keeping in mind that the
final aim is to simulate flows adopting the already developed hybrid method. The
first criterion is related to the full compatibility of the implementations for the
LBM and DSMC. This automatically rules out the possibility to adopt a body-
fitted mesh since the LBM, in the present formulation, adopts a Cartesian grid.

141



6 Hybrid DSMC-LBM solver for complex flows

_
(a) Geometry as defined in the LBM code

Xi

(b) Geometry as defined in the DSMC code

Figure 6.4: Comparison between the geometry as obtained in the LBM (a) and DSMC (b)
codes; as it can be clearly seen, the walls, present at the interface between the red and blue areas,
are localized exactly in the same position. The only difference, not relevant for the determination
of the wall location, is that in the DSMC code the cells which are not fluid cell nor wall cells, but
are needed to fill in the remaining part of the simulation box, are defined as empty cells, since
particles cannot enter those cells (green area).

The immersed boundary method has also to be excluded due to the fact that, for
the LBM, the method has been essentially used in conjunction to the enforcement
of a no-slip boundary condition at the geometry walls, while in the rarefied regime
we deal with flows showing a finite slip velocity at the surface.

Also the interpolated boundary conditions approach has to be dropped because,
depending on the order of interpolation, more than one grid spacing is required.
For the staircase representation, instead, only one node is required to impose the
intended wall boundary condition. Moreover, under this last approach, the possib-
ility to include a slip velocity in the LBM solution has been already demonstrated
and it can be considered well established, [137, 143]. These considerations drove
the implementation to handle complex geometries in LBM, DSMC and the hybrid
method adopting the staircase implementation.

Under this approach, the definition, from an algorithmic point of view, of a geo-
metry both in DSMC and LBM corresponds to the proper definition of a scalar
field which attributes the status of fluid or wall to a cell/node, as described in
chapter 3. In Fig. 6.4a-6.4b a representation of the geometry which will be used in
the simulations of section 6.4 as obtained in the LBM and DSMC code is shown.
The location of the position where the wall boundary conditions are imposed,
placed at the interface between fluid and wall cells/nodes, is the same in the two
cases.

The domain, in LBM, DSMC, as well as in the hybrid model, is currently static-
ally decomposed into Cartesian blocks and each block is simulated by a process,
with inter-process communication performed via the Message Passage Information
(MPI). In the LBM implementation, when using a D3Q19 lattice, a single layer of
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frame nodes surrounding each block is sufficient to perform the streaming phase
across the contiguous processes.
We apply to the DSMC code a similar implementation in the sense that particles
are transferred to contiguous processes only once they land in a frame cell. In
order to do this, however, it is needed to guarantee that a particle streams at
most one cell away. This is possible if one complete time step is divided into &
substeps so that during each substep the particle trajectory along each coordinate
axis direction is not larger than the cell size along that direction.
In Fig. 6.5, the distribution of the number of substeps for a time step, set according
to the DSMC rules-of-thumbs, is evaluated for the conditions of the simulations
of section 6.4. Almost all the particles at the conclusion of the time step still
reside in the same cell (k=0) or, at most, have moved to the next neighbor cell,
k=1. Only a limited number of particles — less than 1.5% — will have to stream
for a larger number of substeps (k>1). Therefore, in practice, the computational
overhead due to the fact that more than one cycle over a (small) fraction of the
particles is needed to complete the streaming phase is limited. Such overhead can
be more than compensated by the possibility to use only one frame of ghost cells
to handle the inter-process communication. In addition, the substepping feature
allows to verify if an interaction between a particle and a surface occurred, and
eventually apply the particle-surface boundary conditions, only to the particles
residing within the fluid cells adjacent to the walls. Additional details about the
implementation of the algorithm, in particular of the streaming step phase, were
provided in the section 3.1.
The definition of the interactions between a gas molecule and a surface, needed
to determine the related momentum and energy transfer, and therefore to real-
ize proper boundary conditions, is very complicated as it requires the complete
knowledge of the scattering kernel, including the molecular structure of the sur-
faces. Such level of detail, though, is not accessible to the DSMC nor to the LBM.
However, from a macroscopic mean field point of view, it is sufficient to know
some average parameters, i.e. the so-called accommodation coefficients in order
to characterize gas-wall interactions. In particular, as in this work we deal with
flows which can be assumed isothermal, we are interested only in the Tangential
Momentum Accommodation Coefficient (TMAC), defined as:

Ti — Tr

Op = , (6.8)

Ty — Tw

where 7;, 7 and 7, are the tangential momentum of incoming particles, reflected
particles and of the wall, respectively. Two classical limits, specular and fully diffuse
wall boundary conditions can be recovered. For the specular case, the tangential
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Figure 6.5: Distribution of the number of substeps, k, for the time step, Atpsmc, used for the
simulations presented in section 6.4. For most of the particles, at the end of the time step, they
will stream to the next neighbor cell (k<1). Only about 1.5% of particles will stream further
(k>2). A similar distribution should be found for any other geometry and flow conditions, as it
is dictated by the requirements to obtain a well resolved simulation.

velocity of the particles reflected from the wall is unchanged so that 7, = 7. and,
therefore, o, = 0. For the fully diffuse case, instead, the particles are reflected
from the wall with, on average, a velocity equal to the wall tangential velocity, so
that 7. = 7, and, therefore, o, = 1.

Due to the common kinetic theory roots, we can include in the DSMC and the
LBM the just described treatment of the gas-surface interaction in a similar way.
In particular, for the DSMC a particle will be reflected from a wall diffusively with
probability o, or specularly with probability (1-0,). Analogously, for the LBM we
apply a combination of diffuse and specular boundary conditions as:

fi=ofit+ (1 —0)f, (6.9)

where f{9 is the discrete equilibrium distribution function and f*, is the post-
collision distribution function corresponding to the population with discrete velo-
city specular with respect to the wall.

The value of ¢ in Eq. (6.9), however, is not, in general, the same as o, in Eq. (6.8),
if the intended macroscopic slip velocity is the one provided by a slip model such
as the well-known Cercignani’s second-order model, [182]. In the Appendix 6.B
to this chapter, a full treatment of the method to correct for this difference and
therefore to correctly reproduce the slip velocity with the LBM is provided.
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6.4 Comparison study: LBM, DSMC and hybrid
method

In this section the results obtained from the simulations performed with the regu-
larized LBM, the DSMC and the hybrid LBM-DSMC method, applied to a flow
test case characterized by large rarefaction and moderate compressibility effects,
are compared. In Fig. 6.6, the top view and a vertical section of the flow domain
geometry are drawn. The geometry basically consists of two circular parallel disks
with radius equal to Ry separated by the distance H. The gas flow inlet is realized
in the upper disk through a circular duct whose radius is equal to R;. The outlet
is placed at a minimum distance of L/2 from the centerline of the inlet section.
If the inlet radius R is taken as reference, then Ry/R; = 15, L/Ry = 40, and
H/R; = 0.6. The flowing gas is hydrogen and a large pressure difference across the
flow domain is present, reflecting into a large variation of the rarefaction conditions.
In fact, using the height H between the disks as the characteristic length scale and
using the variable hard sphere (VHS) model to compute the gas mean free path,
A, one has Kn;, =0.07 and Kng, =£1.6, so ranging from an almost continuum
condition to the transitional flow regime.

For the gas-surface combination of the present test case, a TMAC equal to 0.83 was
found experimentally. Finally, the numerical results obtained from the three nu-
merical methods (LBM, DSMC and the hybrid method, all fully three-dimensional)
are compared with a reference solution obtained from an axisymmetric DSMC
simulation performed with the dsmcFoam code, [181], and with experimental data.
The pressure levels found in the device are obtained via capacitance manometers.
Uncertainty on the measurements is estimated to be in the order of 2%.

LBM results

Before presenting the results of the LBM simulation, it has to be clarified that
while in the DSMC the collision frequency is automatically adjusted according to
the local conditions, this is not the case for the LBM. In fact, if the relaxation time
7 is kept fixed also when the fluid density changes, then the collision frequency
would also be constant throughout the domain. This microscopic mismatch has
as a consequence that, macroscopically, the dynamic viscosity of the gas, pu, is a
function of the local conditions. More specifically, it is a function of the pressure:

1 1
u=pv:p0§<7—2>=p<f—2>, (6.10)
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Figure 6.6: Simulated geometry: top and side views. The flow inlet is realized through a circular
duct while the outlet is located at the lateral outer surfaces of the simulation box. Both sketches
are taken from the LBM simulation: red areas represent the wall nodes, while the blue areas
represent the fluid nodes. At the interface between the two areas, the wall boundary condition
is applied. R1 identifies the radius of the circular flow inlet; R2 is the radius of the two parallel
disks realizing the channel through which the gas flows. At R2, a large expansion is present. The
geometrical dimensions of the device are such that a very large scale simulation is necessary.
Moreover, the flow conditions impose the presence of a large range of non-equilibrium and
rarefaction effects ranging from an almost continuum condition at the inlet (Kn;, =20.07) to a
transitional one at the outlet (Knout ~1.6).

which contradicts one result of the Chapman-Enskog theory, [83], i.e. the fluid
transport coefficients, including the dynamic viscosity, are a function of the tem-
perature only. To be able to respect this requirement, i.e. keeping constant the
dynamic viscosity throughout the domain, as the flow is assumed isothermal, the
relaxation time 7 must be a function of the local density as:

rx)= 5+ ”p((’;o)) (T (x0) — %) , (6.11)

where xq is a reference position at which the reference relaxation time 7 (xq) is
defined. Finally, setting the relaxation time is tantamount to define the mean free
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path, A (x). For VHS particles, [1]:

— LW — W m 1/2
M) = 202 )u<xO><2ﬂkBT> , (6.12)

which, in the LBM, becomes:

W20 (coy - 1) (£) o

In Eq. (6.13) w is the viscosity index equal to 0.67 for hydrogen, [1]. The reference
conditions are those relative to the outlet section.

Besides the slip flow boundary conditions applied at the walls as expressed in Eq.
(6.9), at the inlet and outlet sections, we impose that the non-equilibrium discrete
distributions are set equal to the equilibrium distributions evaluated at the local
conditions:

A (Xo) =

f=71(p,n). (6.14)

Sensitivity analysis has been performed in order to determine the simulation grid
resolution able to provide an accurate solution. The analysis is based on the fact
that a sufficient resolution shoud be guaranteed for the flow within the channel
between the two disks. 24 nodes along the channel height were found to guarantee a
sufficient accuracy, see also Fig. 6.31 where it is shown that a good agreement with
Cercignani’s second order slip model is found for ¢ = 1. Once this discretization
is established, then also the discretization for all the other relevant geometrical
features are automatically set since in the LBM the grid nodes are equispaced. In
total, the test geometry is discretized with a 1600x52x1600 grid. This discretiza-
tion will be also used for the DSMC and hybrid method full scale simulations.

In order to compare the LBM simulation results with the reference DSMC sim-
ulation results, we analyse three main mean field hydrodynamic quantities: the
velocity magnitude and pressure profiles taken at half-height of the channel between
the two disks, y = H/2, and the pressure profile taken at the floor of the flow
domain, y = 0. In this last case, experimental data are also available. It has also
to be noted that while the reference DSMC data are taken from an axisymmetric
simulation, the LBM, as well as our DSMC and hybrid method simulations, em-
ploys a cubical box and, therefore, the outflow section is not equidistant from the
radial position, r = Ry. To reduce this difference, which can potentially lead to
mismatches, we perform an average over the angular positions with a 1° angular
discretization. Even if it is expected that the outflow boundary condition has
a small influence on the flow within the disk, as at least 200 nodes are present
between the radial position r = Ry and the outflow section, we nonetheless applied
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the procedure described above.
The simulation is stopped, and data are analysed, once the steady-state condition
is established, i.e. the following criterion is met:

lu(x;,t) —u(x;,t—1)] 1 _6
<1 15
Z |uxz,t—1)| N <10 (6.15)

where the sum extends over the grid nodes 1.

In Fig. 6.7, the flow velocity magnitude at the central section, y = H/2, obtained
with the LBM when using o, = 1 and the experimentally found value o, = 0.83 are
compared with the reference DSMC axisymmetric simulation (for which, indeed,
o, = 0.83 is enforced). A close agreement is found for the LBM simulation up to
about Kn=\/H=0.1. For radial positions at which Kn>0.1, the profiles start to
diverge and a smaller velocity magnitude for the LBM is found. The large value
found in correspondence of the radial position r = R; is very well reproduced. If

we define an error as

’udsmcFoam - uLBM’ 7 (6.16)

’udsmcFoam ’

then the maximum error, for radial positions such that Kn<0.1, is localized in
proximity of r = 0. The influence of the application of the correct accommodation
coefficient in reducing the error is evident. However, up to a 30% error is found in
proximity of r = Ry. This mismatch can be largely attributed to the fact that the
D3Q19 lattice is used, and it cannot well reproduce large non-equilibrium effects
especially present in proximity of the walls. For comparison purpose with classical
Navier-Stokes equations solvers, we performed a simulation of the same flow set-up
using a commercial CFD solver (Star-CCM+) where a second-order slip boundary
condition is applied at the walls. The obtained velocity magnitude profile is also
reported in Fig. 6.7. It is clear that the two peaks in correspondence of the sections
at r = Ry and r = Ry are recovered. However, an appreciable gap is present and
the CFD solver provides smaller velocity values throughout the domain.

In Fig. 6.8 and 6.9, the pressure profiles obtained at y = H/2 (centerline section)
and y = 0 (floor section) are compared with the reference simulation data. For
this last profile, the available experimental data are also plotted. For the y = H/2
profile, the LBM profile follows closely the reference one and for the radial position
at which Kn=0.1 the error, defined analogously to Eq. (6.16), is about 5%. As
found for the velocity magnitude, while the radial position gets further from the
inlet the error increases, and the pressure level is always higher. For the pressure
profile at the floor, a good accordance is found for the LBM with respect to the
experimental data also for positions much further than the one at which Kn=0.1.

148



6.4 Comparison study: LBM, DSMC and hybrid method

4 J
00 4 LBMo =1 ——

LBM 0v=0V-83 ..........
dsmcFoam

Kn=0.1
350

Z 300
8 250 Fi
= B
& 200
£
2 150
2
2100

50 F 1

y=H/2
0 1 1
R, R,

r

Figure 6.7: Velocity magnitude profile measured at y = H/2 along the radial direction, r, within
the flow domain. The results obtained with the regularized LBM for o, = 1 (red continuous line)
and o, = 0.83 (blue dashed lined) are compared with the reference DSMC data (orange dash-
dotted line) obtained using dsmcFoam. The radial position at which Kn=A/H=0.1 is reached is
also shown. Larger velocities are obtained when applying the partial slip wall boundary condition,
as expected. Up to a 30% error with respect to the reference DSMC data is measured in the area
of the disk in proximity of r = Ry for the LBM with o, = 0.83. Note that the LBM velocity
magnitude data have been converted into SI units as explained in Appendix 6.A. Also the data
from the commercial CFD solver (StarCCM+, named NS-Slip in the legend, green dashed line)
are reported and lower velocity values, with respect to our LBM and reference DSMC data, are
found throughout the domain.

However, for radial positions at mid-way between the inlet and the position r = Ra,
the error in comparison with the experimental data becomes relevant. Finally, it
is important to underline that the LBM results are taken from a simulation where
the regularization has been applied. We show in Appendix 6.B the importance of
this procedure in reducing the artefacts related to the rarefaction effects (excesive
slip velocity at the walls). Now, we show that the regularization is beneficial also
in reducing artefacts due to non-negligible compressibility effects. In Figs. 6.10a-
6.10b, the flow velocity magnitude field in a region in proximity of the inlet is shown.
The suppression of the discrete artefacts, due to the limited number of the speeds
of the employed lattice, and related to the expansion of the gas in correspondence
to the inlet edge is evident. This result is even clearer when comparing, as done
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Figure 6.8: Static pressure profiles measured at y = H/2 along the radial direction, r. The
error in the LBM data with respect to the DSMC data, at the location where Kn=0.10, is less
than 5%, but it increases with the radial distance. Note that the LBM data have been converted
to SI units so to be easily compared with DSMC results. Also note that, even if the error looks,
at first sight, limited, nonetheless it causes a large difference in the velocity profile.

in Figs. 6.11a-6.11b, the field of a local Knudsen number defined as:

Vul

Cs

Kngp = A ’ ; (6.17)

which, indeed, makes use of the spatial derivatives of the velocity magnitude and,
therefore, it is particularly sensitive to discontinuities in that field. Note also that
this parameter will be used to provide a guideline for the determination of the
flow domain decomposition when applying the hybrid method.

DSMC results

A very important aspect of large DSMC simulations, moreover characterized by a
large variation of the pressure level, as in the present test case, is to properly set
up the initial conditions so to limit the duration of the transient phase, but still
preserving an accurate simulation.

In Appendix 6.C, we treat in more details how we defined the initial pressure
field within the flow domain in order to reduce the simulation computational cost.
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Figure 6.9: Comparison of the static pressure profiles measured at the floor of the device, y = 0,
among the LBM, reference DSMC' and experimental results. The LBM results show a good
agreement with experimental data in the area close to the inlet.

Here, we only assert that we chose to initialize the simulation with an exponential
pressure profile. This option is chosen so to have a starting configuration closer
to the final expected one. In Fig. 6.12, in fact, the initial exponential profile (blue
dash-dotted line) is compared with the final pressure profile (orange dotted line)
as well as two other possible initial choices. As the initial number of particles is
proportional to the integral along the radial coordinate of the mentioned curves, it
can easily be envisaged the advantage to start with the pressure field set according
to the exponential profile. Another aspect to be considered is the total number
of particles evolved in such a large simulation. According to the rules-of-thumb
of the method, in order to reproduce the correct physical collisional frequency, to
avoid the possibility of repeated collisions for the same couple of particles and
to reduce the number of samples to obtain a given statistical uncertainty on the
measurement of the hydrodynamic moments, 20 particles per cell should be present.
If we set for the cells in proximity of the outflow, where the pressure is about 1
Pa, the requirement to have 20 particle, then, for the cells in proximity of the
inflow, where the pressure is about 25 Pa, on average, 500 particles per cell will
be present, forcing the total number of particles to be in the order of ten billions,
making the simulation extremely expensive from a computational point of view.
Therefore we relax this requirement, setting the number of particles at the outflow
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Figure 6.10: Comparison between the Mach number field in a section of the flow field within
the geometry shown in Fig. 6.6: detail of the inlet region. In (a), the field as generated by using
a standard D3Q19 LBM model, and in (b) by using a regularized LBM model are respectively
shown. The reduction of the discrete effects related to the expansion of the gas at high-Ma
number in proximity of the inlet section, caused by the finiteness of the lattice set of speeds,
and manifested by a discontinuous Mach flow field at the outer edge of the jet originated from
the inlet, is evident. Note that these snapshots are taken at an early stage of the simulation
when the flow field is still developing. It is during such phase, in fact, that the application of the
regularization procedure may also help in improving the stability of the method.

cells to eight. Clearly, this will impact the solution: in fact a larger number of
samples will be needed to reach the required statistical uncertainty (about 60%
more time steps, but the total number of particles will be reduced by a factor 2.5).
For what concerns the repeated collisions issue, we can assume that it is not very
compelling as in the outflow region the Kn number is very large and therefore the
number of collisions is rather small.

The fully resolved DSMC simulation grid has the same discretization used for the
LBM simulation, i.e. it comprises 1600x52x1600 cells and, in total, more than
133 milions of cells. The initial number of particles is Nparticles = 2.6 X 10°. Note
that the proposed discretization fully respects the common prescriptions to have
the cell size smaller than the collisional mean free path also for the conditions
present at the inlet, where the largest values of the pressure are found.
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Figure 6.11: Comparison between the fields of the local Knudsen number, Kn; ,, defined in
Eq. (6.17) in a section of the flow field within the geometry shown in Fig. 6.6: detail of the
inlet region. In (a), the field as generated by using a standard D3Q19 LBM model, and in (b)
by using a regularized LBM model are shown. Compared to Fig. 6.10, the effectiveness of the
regularization in reducing artefacts related to the high-Ma number flow is even more evident.
The velocity gradient magnitude, in fact, due to a discontinuous velocity field present when the
regularization is not applied, is very large at the outer edge of the jet originated from the inlet
section. The maximum value of the Kn;, when not using the regularization (Kn;, = 0.74) is
about twice the value found when applying the regularization (Kn;, = 0.38). This paramter
will be also used to define a guideline to determine the domain decomposition for the hybrid
method, and therefore its accurate evaluation is particularly important. As visible in (b), when
the regularization is applied, the largest values of Kn; , are found in proximity of the walls.

The simulation convergence criterion is set differently with respect to the LBM case.
In fact, the DSMC simulation is stopped after having cumulated enough statistics
so to reach 1% fractional error on the smallest velocity magnitude (~150 m/s
occurring at a section half-way between r = R and r = Ry). Using equilibrium
statistical mechanics considerations, [45], it is possible to estimate a fractional
error for a velocity component as:

< 5u§ > 1 1
By, = 24 = (6.18)

" wl VS| VSN Ma’
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Figure 6.12: Visualization of the three possible initial pressure profiles imposed within the
flow domain. The total number of particles for each initial configuration is proportional to the
area below the curves and it directly reflects in the required computational cost associated with
the transient phase before reaching the steady state condition. Note that the case of constant
profile but at a pressure equal to zero, which corresponds to an initially empty domain, has been
ruled out due to computational reasons: as soon as the number of particles increases, expensive
memory allocation operations should be performed.

where N is the average number of particles, S is the number of required samples
and Ma=u; /¢, is the Mach number. Using Eq. (6.18) with the above mentioned
conditions, it can be seen that at least 40,000 samples are needed. Since a sample is
taken every 5 time steps, at least 200,000 time steps should be completed. To this
number, the time steps needed to extinguish the initial transient phase have also
to be added. The duration of such phase is determined based on the evaluation of
an advective scale for the particles to move within the flow domain from the inlet

to the outlet: .
2

tadv ~ )
mp

where v, is a characteristic microscopic velocity (the most probable value for
a Maxwell-Boltzmann distribution). From this relation, it is possible to consider
the transient phase completed after 80,000 time steps. Therefore, at least 280,000
time steps are needed to fulfill the criterion of Eq. (6.18).

In Fig. 6.13, the flow velocity magnitude profile evaluated at the centerline, y =
H/2, and obtained with the in-house DSMC code is compared with the reference
simulation data. As done for the LBM results, the profile is obtained averaging
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Figure 6.13: Velocity magnitude profile measured at y = H/2. A very good agreement between
the reference (red dashed line, named dsmcFoam) and the in-house DSMC simulation data (blue
continuous line, named DSMC present study) is found up to r close to R. At this radial position
the error, defined in a way similar as in Eq. (6.16), is about 8%.

over the angular positions. A very good agreement is found between the current
and the reference axisymmetric DSMC simulations also in correspondence of the
stagnation area at r = 0. The largest error, similarly defined as for the LBM data,
is found in proximity of the second peak at r = Ry and it is equal to about 8%.
In Fig. 6.14, the pressure profile is compared with the reference DSMC solution
for the centerline section y = H/2. The behavior is well reproduced, including
the change of concavity occurring at r = Rj, but the pressure is slightly shifted
towards higher values. The same occurs when comparing the pressure profile for a
section at y = 0. In this case, however, a closer agreement to the experimental data
with respect to the reference solution is found, at least in the central part of the
domain. For the stagnation area, r = 0, a difference of about 1 Pa, corresponding
to about 4% error, is found when comparing with the experiments.

Finally, in Fig. 6.16, a visualization of the pressure field at the section y = H/2
is shown, from where it is possible to see that the cubic simulation domain has
little influence on the flow. This is also confirmed in Fig. 6.17, where the difference
between the pressure along the directions a and b of Fig. 6.16, normalized with
the pressure profile averaged over the angular positions, (see blue continuous line
in Fig. 6.14), is shown. At most, a pressure difference equal to 1.2% is measured
for r = Rs.
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Figure 6.14: Comparison of the static pressure profiles measured at y = H/2 for the in-house
developed code (DSMC present study) and the reference axisymmetric one (dsmcFoam). While
the shape is well reproduced, slightly larger values are found.
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Figure 6.15: Comparison of the static pressure profiles measured at the floor of the device,
y = 0, for the in-house developed code (DSMC present study) and the reference axisymmetric

one (dsmcFoam). Available experimental data are also included and a closer agreement is found
for the in-house DSMC results.
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Figure 6.16: Visualization of the pressure field for the section aty = H/2 for the present DSMC
study. The fact that the simulation domain is a cubic box does not appear to affect the flow
within the disk. The directions a and b, which will be used to quantitatively measure such effect,
are also shown.
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Figure 6.17: Pressure difference between the measurements along the directions a and b of Fig.
6.16, normalized with respect to the pressure averaged over the angular positions for y = H/2.
For r = Ry, the maximum difference (~1%) is found. The plot confirms the small influence of
the cubic domain on the flow field. Even smaller discrepancies may be found further enlarging
the expansion volume for r > Rsy. Noise on the measurements is still noticeable because of the
finiteness of the number of statistical samples.
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Hybrid LBM-DSMC method results

In order to apply the hybrid method to this test case, the last step to be specified
is the definition of the decomposition of the domain and the related allocation to
each method of the different parts of the flow domain. At this aim, the location
at which the coupling between the LBM and DSMC methods occurs is based on
the simultaneous fulfilment of two criteria: the geometry based Knudsen number,
Kn, is larger than 0.1 and the local Knudsen number, Kn; ,, as expressed in Eq.
(6.17), is also larger than 0.1. While the first criterion is based on the already
demonstrated capability of the LBM to accurately simulate the flow field up to the
mentioned level of rarefaction, the second one may seem arbitrary as it should be
based on a clear and precise metric to define the breakdown of the Navier-Stokes
equations level of representation. However, this last aspect is still subject of study
and a universal criterion has not been found yet, but it seems to be a function of
the particular flow problem under investigation. It has to be noted, moreover, that
in literature several breakdown parameters are presented and most of them are
based on the evaluation of the local density gradient, see e.g. [117]. This approach,
which is suitable for hybrid models applied to compressible flow problems, it seems
to be not appropriate for the LBM, as, in its usual formulation, it is a solver for
weakly compressible flows.

To verify this statement, we compare two possible definitions of the local Knudsen
number: the one given in Eq. (6.17) and the following one:

Kn;, = A ‘V’f . (6.19)

While the definition given in Eq. (6.17) considers the scale over which the velocity
magnitude field encounters relevant variations as the proper hydrodynamic scale,
in Eq. (6.19) such scale is determined according to the variation of the density
field. In Fig. 6.18a and 6.18b, we plot the distributions of the Kn; , and Kn; , at
two radial positions, r = Ry and r = (3/4)L, respectively.

It is evident that large variations of both the local Knudsen numbers occur for
r = R;. However, since at this section the global Knudsen number, based on the
domain height is equal to 0.07, we assume that the flow can be accurately described
by using a Navier-Stokes level of representation, and, therefore, LBM is in charge
to solve the flow in this section. Moving downstream, instead, the behaviour of
the two local Knudsen numbers is sensibly different. In fact, at r = (3/4)L, where
the global Knudsen number is equal to 0.4, the Kn; , profile is essentially constant
throughout the domain height, while the profile of Kn,, is able to capture the
non-equilibrium effects associated with the wall presence. The superiority of Kny,,
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Figure 6.18: Profiles of the local Knudsen number defined according to Eq. (6.17), Kny ., (red
continuous line) and to Eq. (6.19), Kn; , (blue dashed line) evaluated at two radial positions: (a)
r = Ry; (b) r = (3/4)L. At r = R, the global Kn based on the domain height, is lower than
0.1, and, therefore, the flow is solved by the LBM only. At r = (3/4)L, instead, Kn—=0.4 and the
DSMC solver is adopted when Kn; ,, > 0.1. The vertical dashed lines are placed in correspondence

of the nodes where Kn; , = 0.1. It is clear that the definition based on the density variations is
not a suitable one for the present flow set-up. In fact, Kn;,, is nearly constant throughout the
domain height, thus not detecting the non-equilibrium effects due to the wall presence.

over Kn; , in detecting the non-equilibrium effects, therefore, is clear.

The threshold of Kn,;, = 0.1, as already mentioned, is somewhat arbitrary. How-
ever, it is based on the balance between accuracy and computational efficiency
and on the results of low resolution simulations of the same flow set-up. It is
evident, in fact, that a larger value of the threshold, allowing a smaller area to
be solved by the DSMC, would provide a more efficient calculation, but at the
expense of the solution accuracy. On the contrary, a smaller value of the threshold,
while guaranteeing a more accurate solution, would require larger computational
resources.

Finally, it should be noted that also other definitions of the local Knudsen number
have been investigated in [183]. In particular, the criterion there proposed is based
on the difference between the hydrodynamic near-equilibrium fluxes and the actual
values of the stress and heat flux as evaluated from the molecular solver.

The evaluation of such local Knudsen numbers and the comparison with the defin-
itions of Egs. (6.17) and (6.19), will be subject of future work.

The application of the two criteria cited above, i.e. the geometry based Knudsen
number larger than 0.1 and the local Knudsen number based on the velocity mag-
nitude gradient larger than 0.1, allows to define a domain decomposition where
the DSMC is essentially limited to the regions close to the walls. In Fig. 6.11b
and 6.18b, it was already evident that Kn;, shows the largest values in proximity
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of the walls. This finding can be further understood qualitatively comparing the
velocity profiles at the radial position r = (3/4)L obtained from the LBM and
DSMC simulations as done in Figs. 6.19a-6.19b. It is evident that the LBM has
a velocity profile with lower velocities in proximity of the walls with respect to
the DSMC solution. Applying such criteria to the same grid used for the LBM
and DSMC simulations (1600x52x1600), the number of cells within the DSMC
domain is about 19 millions, while the LBM extends over 92 millions of nodes,
meaning that the fraction of the number of DSMC cells over the number of LBM
nodes is a =2 0.2.

Finally the buffer layer between the pure LBM and DSMC domains is only 1 cell
wide. As it was already understood in chapter 4, one cell is sufficient to accurately
generate the DSMC particles from the LBM fields. This is essentially due to the
fact that the time step duration is chosen based on physics arguments such that
only very few particles can move further than two cells away and therefore, ac-
cording to the proposed algorithm, only very few particles could reach the DSMC
area starting from a buffer layer cell placed further than one cell away from the
DSMC area. The total number of buffer layer cells is about 2.5 millions.

In order to have a fair comparison, in terms of computational cost, with the DSMC
simulation, the initialization of the fields of the hybrid simulation is done in a way
similar to the one used in the DSMC simulation: the initial pressure profile is an
exponential function of the radial coordinate. This will also induce an exponential
variation with the radial coordinate of the number of particles in the cells occu-
pied by the DSMC method so that the initial number of DSMC particles is about
500 millions. As done in the LBM simulations, we will stop the hybrid method
simulation when the following convergence criterion is fulfilled:

i utit) —utit =Dl 1 0 (6.20)
Z. (i )] N
where the sum extends over the whole grid nodes 1.

The effects of the fluctuations proper of the DSMC method, in fact, are largely
reduced when using the hybrid method, and so it is possible to use a criterion as
that of Eq. (6.20).

As done for the LBM and the DSMC simulations, we will evaluate the accuracy
of the final hybrid solution comparing it with the reference solution provided by
the DSMC axisymmetric code.

In particular, in Fig. 6.20, the flow velocity magnitude measured at y = H/2 is
shown. As usual, the plotted profile is an average over the angular positions. It can
be seen that the profile is very close to the reference one throughout the domain.
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Figure 6.19: Velocity profiles along the disk channel height measured at a radial position
r = (3/4)L. On the left, the velocities normalized with the maximum velocity, obtained from the
in-house DSMC' and LBM simulations. LBM velocity profile shows smaller values in proximity
of the walls. On the right, the non-normalized profiles are shown. The vertical dashed lines
represent the location at which the coupling should occur according to the defined criteria on
Kn and Kn; .
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Figure 6.20: Velocity magnitude profile measured at y = H/2. A very good agreement between
the reference DSMC results (dsmcFoam, red dashed line) and the hybrid simulation (Hybrid
LBM-DSMC, blue line) is found. The largest error occurs, as for the LBM and the in-house
DSMC, in proximity of the expansion part of the domain localized at r = Ra.
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Figure 6.21: Comparison between the static pressure profiles measured at y = H/2 obtained
by the reference DSMC' axisymmetric code (red dashed curve) and the hybrid model code (blue
continuous curve). Slightly larger values for the static pressure are found with the hybrid method.

The largest error occurs, as in the LBM and DSMC simulations, in correspondence
of the radial coordinate r = Ry. The hybrid model, therefore, is able to provide a
solution with an accuracy comparable to the one provided by the in-house DSMC
code. This is also confirmed when comparing the pressure profiles at y = H/2 and
y = 0 as done in Fig. 6.21 and 6.22. For this last case, the hybrid model is able
to reproduce the experimental data in a large part of the domain in a closer way
than the reference DSMC can provide. In Fig. 6.23a and 6.23b, the pressure field
obtained from the hybrid method simulation in a vertical section is shown. The
smooth passage from one method to the other is visibly guaranteed.

Finally, in the series of Figs. 6.24-6.26, the results obtained from the different
numerical methods are collected in the same plots. The main result is that the
hybrid method is able to provide a solution which has an accuracy comparable to
the one provided by the in-house DSMC implementation over large part of the
flow domain.

In the next section, the computational cost associated with each method and their
parallel performance are discussed.

6.5 Computational costs

When dealing with hybrid continuum-DSMC methods — but the same reasoning
can be applied to any hybrid method coupling a fast, but not accurate enough
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Figure 6.22: Comparison between the static pressure profiles measured at the device floor, y = 0,
as obtained by the reference DSMC' axisymmetric code (red dashed curve) and the hybrid model
code (blue continuous curve). For the hybrid method, a good agreement with the experimental
data is found.

numerical scheme with a more computationally expensive, but accurate method —
aside the requirement that the hybrid method provides a solution with an accuracy
comparable to the DSMC solution, we also require it is sensibly less computation-
ally demanding than the DSMC itself, when this last method is applied to the
whole simulation domain. Actually, any hybrid method owes its existence only
because of this last feature. In this section, we will analyze the computational
costs associated to each of the three employed numerical methods as well as their
parallel efficiency.

As a remark, all the following considerations are architecture-dependent. There-
fore, all the simulations whose results have been reported in this chapter were run
on the broadwell partition of the Dutch national supercomputer, Cartesius. This
partition has 32-processors nodes with E5-2697A v4 Intel Xeon Processor (2.6
GHz clock frequency) and with 64 GB of memory. Inter-node communication is
guaranteed by a Mellanox ConnectX-3 InfiniBand adapter providing 4x FDR res-
ulting in 56 GBit/s bandwidth. Note also that different architectures may provide
different results.

LBM computational cost

We start our consideration from the LBM case. As already mentioned, the LBM
has proved itself, due to its intrinsic nature, to be a very efficient fluid-dynamic
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Figure 6.23: Pressure field in a section at © = L/2 and close to the inlet obtained with the

hybrid method. It is not possible to clearly identify the areas where DSMC or only LBM is

applied, meaning that the solution is smooth when passing from one method domain to the
other.
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Figure 6.24: Comparison among the velocity magnitude profiles provided by the three different
numerical methods employed in this study and the reference DSMC data (dsmcFoam) fory = H/2.
The three solutions are close to the reference one (orange dot-dot-dashed line) when Kn<0.1.
After this section, the LBM solution (blue dashed line) starts to largely diverge, while the in-
house DSMC code (black continuous line) and the hybrid LBM-DSMC method (red dot-dashed
line) are closely reproducing the reference solution.
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Figure 6.25: Comparison among the static pressure profiles provided by the three different
numerical methods employed in this study for a section at y = H/2. All the methods provide
larger values of the pressure with respect to the reference one (dsmcFoam); however, the hybrid
method show a pressure profile very close to the in-house DSMC code.

solver. Moreover, the same reasons allow to obtain a very good parallel scaling
performance. In Fig. 6.27, the scaling properties of the code used to simulate the
flow within the studied geometry are shown.

As the simulation is very large, in fact more than 133 millions nodes defined the
grid, we ran it on 256 processors and, therefore, a total of 8 broadwell nodes
was needed. With such resources, the simulation took about 10 hours to fulfil the
convergence criterion defined in Eq. (6.15).

DSMC computational cost

The DSMC method is, in general, a very expensive method due to its particle-based
and Monte Carlo nature. Moreover, this also leads to difficulties in reaching very
good parallel scaling performances, as a large amount of inter-processor communic-
ations may be required. Since the present DSMC code has been newly developed,
we performed several tests to verify the parallel scaling efficiency of the algorithm.
Such verification includes two tests: one to verify the strong scaling efficiency of
the DSMC code and one to assess the influence of the number of particles per cell.
In Fig. 6.28, the results of the strong scaling parallel efficiency test are plotted
for two different configurations: the blue triangles refer to the data obtained for
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Figure 6.26: Comparison of the numerical solutions with the experimentally determined pressure
measured at the floor of the flow domain, y = 0. The in-house DSMC, as well as the hybrid
method show a closer agreement to the experimental data with respect to the reference DSMC
(dsmcFoam).

the flow configuration of section 6.4 (called 3D complex flow in the legend); the
red circles refer to the data obtained from a simple three-dimensional box in
equilibrium conditions at T=300 K and with Ar as gas (called 3D box). In both
cases, a good scaling performance is achieved. The larger value of the scaling ex-
ponent found for the 3D complex flow case (~0.9) with respect to the 3D box case
(~0.8) can be explained considering that the 3D complex flow case is much more
computational intensive than the 3D box case and, therefore, the inter-processor
communication costs can be more easily compensated. In Fig. 6.29, instead, we
plotted the results for the test about the influence of the number of particles per cell
for a smaller two-dimensional flow setup which confirmed a good scaling efficiency.
Adopting such configuration allowed to span a large range of parameters using
a small amount of computational time on the Cartesius supercomputer. Finally,
about the computational cost, to run the DSMC simulation over the studied geo-
metry required much larger resources than the LBM one. In fact we ran the same
grid resolution on 1600 processors and, therefore, a total of 50 nodes was needed.
With such resources, the simulation took about 120 hours to fulfil the defined
convergence criterion of 1% fractional statistical error on the velocity magnitude
measurements. We can therefore say that the DSMC simulation required about
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Figure 6.27: Strong scaling parallel efficiency for the LBM code. The parallelization efficiency
is measured in terms of MLUPS (Million Lattice Updates per Second) and, besides the code
implementation per se, it depends also on the domain size and physics features involved in the
test. The data refer to simulations under the same flow and domain configuration presented in
section 6.4. The scaling exponent with the number of CPU cores is 0.88.

75 times more resources than the LBM simulation: 1600 N, x120 h / (256 N,,x10
h) = 75. A similar ratio was also found for the test reported in chapter 4. This is
also the reason why only up to N, =256 cores wered used to draw the plots of Fig.
6.27 (LBM data), while, for the DSMC code, the scaling performance is tested up
to few thousands core, Fig. 6.28.

Hybrid method computational cost

The computational cost of the hybrid LBM-DSMC method is largely dependant
on the flow domain decomposition and in particular on the fraction of the domain
occupied by the DSMC method. In chapter 4, we found that a very large speed-up
was guaranteed by the application of the hybrid method. In fact, for the particular
flow setup there investigated, which was characterized by a = 0.2, i.e. the DSMC
occupied 20% of the total number of grid cells, we found a 6-fold speed-up, even
larger than the expected value of 4.8 based on the simple addition of the time spent
by DSMC and LBM to evolve 0.2 and 0.8 part of the total domain, respectively.
The hybrid simulation of the present geometry, for which o 2 0.2, was run with the
same number of processors as the DSMC simulation: 1600 processors. In order to
fulfil the convergence criterion in Eq. (6.20), it took about 29 hours. This number
essentially tells that it was possible to achieve a ~4.15 factor in the reduction
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Figure 6.28: Strong scaling parallel efficiency for the in-house DSMC code: wall clock time per
time step as a function of the number of CPU cores. The data refer to two different set-ups.
The first data-set (red circles, named 3D box in the legend) refer to a three-dimensional box in
equilibrium conditions at T=300 K and with Ar as gas, composed of more than 16.7 millions of
cells (256% resolution) and more than 335 millions of particles (20 particle per cell). The second
data-set refer to the configuration of section 6.4 (blue triangles, called 3D complex flow). The
data are normalized with respect to the N, =128 case for the 3D box and for N, =400 for the 3D
complex flow case. For the 3D box case, the scaling exponent is 0.8 and it is maintained up to
4096 cores. For 8192 cores, the performance degrades sensibly because of the limited number of
particles evolved in a single core. For such case, the run time is dominated by inter-processor
communication. For the 3D complex case, instead, the scaling exponent is 0.9 and it is constanly
maintained over the whole range of the investigated number of CPU cores.

of the computational time with respect to the full DSMC simulation. Even if it
was not possible to replicate the very good results of chapter 4, it is still a quite
remarkable achievement.

Several reasons may be put forward to explain the non-perfect scaling of the
reduction of the computational cost, but the most probable one is essentially
related to the domain decomposition imposed by the hybrid algorithm. i.e. to a
load balance issue. In fact, due to the proposed domain decomposition, a certain
amount of processors may not be involved at all in the code routines related to
the hybrid method, in the sense that they fully reside within the area where only
DSMC or LBM is used. This means that those processors will just wait the other
processors performing the operations related to the hybrid algorithm. This clearly
introduces an overhead which may result in a loss of efficiency. In the case of
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Figure 6.29: Strong scaling parallel efficiency for the in-house DSMC code: influence of the
number of particles per cell (ppc in the legend) on the wall clock time per time step as a function
of the number of CPU cores. Data refer to a two-dimensional force-driven channel flow with Ar
as flowing gas (Kn=0.1) and with a 1024x 512 grid resolution. Data are normalized with respect
to the N, =16 case. 5.2 millions of particles are evolved. The same scaling exponent found in the
3D box case and shown in Fig. 6.28, is achieved also under this configuration. All the curves
follow the same trend, besides the case with the smallest number of particles per cell, 10 ppc,
that saturates after N,=1024. For this specific case, where only about 5,000 particles per process
are present, it is expected that the time spent for inter-process communications represents a
relevant part of the total time spent to perform one time step.

chapter 4, instead, all the processors had exactly the same workload and, therefore,
this issue was not present at all.

Another, more physical reason, apart from the just mentioned load balance issue,
may be related to the fact that, in the present case, the DSMC area is concentrated
in proximity of the walls, where the velocities are smaller, while in chapter 4, due
to the different flow test setup, the DSMC area was present where the velocities
were the largest. This reflects directly in the amount of time steps required to
meet the convergence criterion.

Despite the non-perfect scaling, it should be emphasized that the hybrid model
was able to provide an appreciable speed-up also for a very large simulation. In
Table 6.1, the just mentioned results are collected.

Finally, as done for the LBM and the DSMC code, we performed a parallel scaling
efficiency test also for the hybrid code. We ran the same flow set-up presented in
section 6.4 using an increasing number of CPU cores. The results of such test are
shown in Fig. 6.30. Also in this case, a good scaling property of the implemented
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Method CPUs Comp. Time [h] Scaling
LBM - D3Q19 956 (1600) 10 (L.9) 0.013 (0.016)
DSMC 1600 120 1

Hybrid LBM-DSMC 1600 29 0.242

Table 6.1: Collection of the information related to the computational cost for the three different
numerical methods employed in this work. If the cost in terms of N, x h for the DSMC is
normalized to 1, then the hybrid method costs 0.242 and the LBM 0.013. This last evaluation
does not take into account the fact that the LBM simulation used 256 cores. If the information
contained in Fig. 6.27 are used, then the data for 1600 cores can be extrapolated (see data in
parenthesis for the LBM case). It is evident the advantage provided by the hybrid method with
respect to the DSMC case, as well as that LBM is much faster. All the data refer to the same
grid resolution (1600x52x1600).

code is obtained.

6.6 Conclusions

In this chapter, a comparative study employing three numerical methods based
on the kinetic theory of gases, namely the Lattice Boltzmann Method, the Direct
Simulation Monte Carlo approach and a hybrid LBM-DSMC method, applied to
a flow in a complex geometry, is presented. Due to the common implementation
in a single code infrastructure, the comparison of the results can be performed in
a more rigorous and simpler way, as demonstrated, for example, by the fact that
the same routines are used to define the scalar field representing the geometry of
the flow domain.

For the particular, challenging, flow problem studied here, where both strong rar-
efaction and compressibility effects are present, it is recognized that the regularized
LBM D3Q19 model is able to accurately reproduce the reference solution up to
Kn=0.1. The application of the regularization procedure is fundamental in re-
moving discrete artefacts due to excessive rarefaction and compressibility effects
which cannot be accurately resolved with the employed lattice. The DSMC novel
implementation specifically developed to treat 3D complex geometries shows a
very good agreement with the reference DSMC axisymmetric solution over the
whole flow domain. Finally, the application of the hybrid LBM-DSMC method
allowed to sensibly reduce the computational cost, more than a four-fold reduction,
while providing equally accurate results with respect to the case of the DSMC
applied to the whole flow domain.

In the near future, it is planned to extend the range of applicability of the hybrid
method both in terms of computational optimization and physical modeling. In

170



6.A Conversion of units from LB to SI and vice versa

Hybrid LBM-DSMC g

g Fit
: |
=
E
E:
=
E
i g

0.1

256 512 1024 2048 4096

Number of CPU cores, Np

Figure 6.30: Strong scaling parallel efficiency for the hybrid code. The data refer to the sim-
ulation set-up presented in section 6.4 and are normalized with respect to the wall clock time
needed to perform a single time step with N, =512 cores. The scaling coefficient is 0.9, similar
to those already found for the LBM and DSMC solvers.

particular, an adaptive dynamic load-balancing can be beneficial in further redu-
cing the computational cost, while the inclusion of thermal and compressibility
effects into the LBM side of the method can enlarge the range of applicability of
the present model towards, for example, high-Ma number flows.

6.A Conversion of units from LB to S| and vice versa

In chapter 2, we already presented the method to pass from lattice units to SI
units. Here, we formalize the procedure.

For the problem investigated in this chapter, it is sufficient to take into account
three basic physical dimensions: mass [M]|, length |L| and time [t|. Any physical
quantity ¢ is characterized by its dimension [¢], which, in turn, can be expressed
as a product of the basic dimensions, i.e. [¢] =M2LAt7. To start with, the first step
of the procedure is the selection of the characteristic scales for the basic physical
dimensions. The most natural characteristic length, mass and time scales are the
following: H, representing the channel height between the two disks, pg ;nH 3 where
pg.in is the gas density at inflow conditions, H/cs, with ¢, the speed of sound of the
gas (Hz at the reference temperature of 295 K). Using these scales, any physical
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quantity [¢] can be made dimensionless via the following relation:

¢
(pganH?)* (H)" (H/es)?

where ¢* now is dimensionless and the exponents «, 8 and = are determined
according to the dimensions of the physical quantity ¢.

We can now assign to the parameters used to define the characteristic scales their
values in SI units: H=6 mm, pg ;,=2.05 - 1075 kg/m3, ¢s=1305.4 m/s, and in LU:
H =24, pgin=3, cs—1/4/3. Note that the value of the density in LU is arbitrary
while the value of H is chosen so to have enough resolution along the height of the
expansion channel.

Finally, the values of H, py i, and c¢s in LU and SI units can be used to determine
the scaling rules between LB and SI and vice versa.

¢* = (6.21)

6.B Implementation of slip boundary conditions in
LBM

In section 6.3, we cited that the tangential momentum accommodation coefficient,
0y, cannot be directly used within the LBM boundary condition represented by
Eq. (6.9). This is due to the fact that an artificial excessive slip is produced by the
discretized version of the diffuse boundary condition as demonstrated in [143]. This
is also shown in Fig. 6.31, where the slip velocity for a force-driven laminar channel
flow is plotted as a function of the parameter o in Eq. (6.9) wich represents the
relative fraction of diffuse and specular reflection boundary condition (o=1, fully
diffuse; =0 fully specular). The theoretical curve present in Fig. 6.31, derived in
[143] for the LB equation in its standard formulation, i.e. without regularization,
and for the channel flow case, is given by the relation:

2-0 [6 32
U, =2 =4 U\fKn + 25Kn? — A2 (6.22)
uQ o T T

where ug = aH?/(8v) is the centerline velocity obtained in the continuum limit
and u, is the slip velocity. Here, a is the forcing magnitude on the fluid, H is
the number of nodes along the channel height and v is the kinematic viscosity.
From Eq. (6.22), the linear and quadratic dependence from the Kn=\/H as well
as the quadratic dependence from the the grid resolution, A = 1/H are evident.
As already mentioned, since we are using a D3Q19 lattice, we want to reproduce
a second-order slip boundary condition for which the usual relation between the
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Figure 6.31: Force-driven channel flow with a height discretization equal to H=24 nodes for
Kn=0.1: the slip velocity normalized with the hydrodynamic limit (Kn—0) of the centerline
velocity as a function of the fraction of specular and diffuse reflection is compared when using the
regularized LBM (blue square symbols) and the standard LBM (red circles). The blue symbol
for o = 1, indicated as DR on the x axis, shows that the found slip is close to the result of the
2 order model from Cergignani, [182], U22>:0.53664, only when applying the regularization
procedure. For such case, the difference is about 5%. The slip velocity, instead, is about 22%
larger if the standard LBM is used. This means that, in general, o # o, that is the numerical and
physical accommodation coefficients are not the same. As reference, the slip velocity obtained
from the Maxwell 1°* order model is also included. The red continuous line represents the
theoretical values provided by the LBM (Theo), while the blue dashed line represents the fit of
the data from regularized LBM simulations (Fit REG). As already demonstrated in section 2.3,
the application of regularization is effective in reducing the excessive slip velocity.

slip velocity and the Kn number for a channel flow is provided by:
U, = 4A1Kn + 8A,Kn?. (6.23)

Comparing Eq. (6.22) and Eq. (6.23), therefore, it is possible to derive the diffuse
reflection fraction, o, and consequently the specular reflection, 1 — o, needed to
reproduce the intended slip velocity model characterized by the coefficients Ay

and As: ,
7w [ A? 8 B
o=2 |:1 + g (Kn + Al + (2A2 — 7T> KH):| . (624)

173



6 Hybrid DSMC-LBM solver for complex flows

There is a vast literature about the determination of the coefficients A; and As as
a function of the o, based both on theoretical considerations and experimental
evidences. A thorough treatment of the subject is available in [112]. Here we
choose to follow the analytical approach developed by Cercignani and co-workers
in [184, 185], where a variational technique is applied to the Boltzmann equation
based on the linearized collision operator. In particular, two different kinetic models
of the collisional operator are compared: the Bhatnagar-Gross-Krook (BGK) model
and the Cercignani-Lampis kernel for a hard-sphere gas (CL-HS).

In Figs. 6.32a and 6.32b, the first- and second-order slip coefficients as a function of
the accommodation coefficient o, obtained in [184] and [185] for the two collision
kernels are plotted. While the different kernels do not significantly influence the
first-order coeflicient, the second-order coefficient is particularly affected by the
chosen model.

For affinity with the LB method we use, which also adopts the BGK approximation
for the collisional process, we employ the results of such model to calculate the
two coefficients.

As underlined in [185], in order to take into account the Knudsen layer contribution
to the flow rate for a Poiseuille flow, the second-order coefficient should be modified
so that Ay = A, + & and £ ~ 0.296. From the so-obtained coefficients, evaluated
in correspondence of the accommodation coefficient o, proper of the gas-surface
combination, the fraction o of the diffuse reflection can be computed from the
analytical relation of Eq. (6.24) when using the classical LBM or from the fit
present in Fig. 6.31 (blue dashed line) when using the regularized LBM. Deriving
an analytical relation also for the regularized LBM is subject of a future study.

6.C Set-up of initial conditions to speed-up the DSMC
simulation

As mentioned in section 6.4, the proper definition of the initial pressure field is very
important to reduce the time steps needed to extinguish the transient initial phase.
Several small resolution simulations were conducted to investigate such aspect
before running the fully resolved simulation. In Fig. 6.12, three possible initial
profiles were shown: the case of a constant pressure, equal to the maximum pressure
value, the case of a profile linearly changing along the radial distance, between the
maximum and the outflow pressure and a profile exponentially changing with the
radius. In Fig. 6.33, the number of particles evolved in the simulation for each of the
tested initial pressure profiles is plotted: in the transient phase, a very large number
of particles is removed, especially for the case of a constant pressure profile. The
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Figure 6.32: (a) First- and (b) second-order slip coefficients for the model of Eq. (6.23) as a
function of the accommodation coefficient o,,. Red symbols represent the analytical expressions
in the case of BGK collisional operator, [184]. Blue symbols, instead, represent the analytical
expressions in the case of CL-HS kernel, [185]. It is clear the small effect of the different kernels on
the first-order coefficient, A1, while a much larger effect is present in the case of the second-order
coeflicient, As. The vertical dashed line in (a) and (b) is drawn for o, = 0.83, which is the value
experimentally found for the gas-surface combination of the geometry investigated in section 6.4.
The intersections with the plotted curves for the BGK model provide the values of A; = 1.573
and Az = 0.605 and therefore, taking into account the Knudsen layer contribution, § ~ 0.296,
Az = 0.901.

175



6 Hybrid DSMC-LBM solver for complex flows

3.5e+09

C(;nstant p‘rofile _
Linear profile ------
3.0e+09 Exponential profile - |

2.5e+09 1

2.0e+09 1

Npamcles

1.5e+09 1

1.0e+09

5.0e+08 L L L L L L L
0 1000 2000 3000 4000 5000 6000 7000 8000

Time step

Figure 6.33: Evolution of the number of particles within the fluid domain for constant, linear and
exponential initial pressure profiles in the early stage of the DSMC simulations. The application
of an initial condition closer to the final one allows to speed-up the initial transient phase as a
smaller number of particles has to be evolved. Note that these tests were performed in a grid with
a smaller resolution with respect to the simulations of section 6.4: 1000 x 48 x 1000 = 4.8 - 107
cells. Note also the orders of magnitude of the number of particles: hundreds or even billions of
particles. The possibility to initialize the pressure field starting from vacuum conditions was not
considered in order to avoid too frequent memory allocation operations.

simulations, moreover, ran for 2 hours using the same computational resources, and,
while the case with an exponential profile ran for more than 7,000 time steps and
the case with a linear profile performed 5,000 time steps, the constant initial profile
performed only about 2,000 time steps. The exponential case, therefore performed
40% more time steps than the linear case and 350% more time steps than the
constant case. Once the transient phase will be extinguished, the computational
wall clock time per time step will be the same since the same final solution will be
generated regardless of the initial condition, but the cumulated duration will be
smaller for the exponential case. The full scale simulation, therefore, is initialized
with an exponential pressure profile.

176



7 Concluding remarks and outlook

In the present thesis, we focused on questions related to the study of rarefied and
non-equilibrium gas flows, a research field which still represents an open challenge
from physics, mathematical modelling as well as computer science points of view.
To address some of such questions, we proposed a new hybrid model combining two
well established mesoscopic numerical methods, namely the Lattice Boltzmann
Method and the Direct Simulation Monte Carlo. In this chapter, we first summarize
the main results obtained by applying the developed hybrid model to study flows
showing a large range of non-equilibrium and rarefaction effects. In addition, we
underline the current limitations, essentially related to the isothermal assumption
for the LBM side of the model, and we propose some directions to overcome such
limitations.

7.1 Conclusions

In this thesis, we reported our findings related to the development and application
of a new hybrid model to study flows characterized by a large range of rarefaction
and non-equilibrium effects. The proposed hybrid model couples in a single tool
two mesoscopic methods, the LBM and the DSMC, which can be interpreted as
two different approaches to discretize the Boltzmann equation.

The most important results of this thesis are summarized here by answering the
questions that were already posed in chapter 1.

e Can we understand what are the limitations for the LBM in describing
flows at finite Kn as a function of the number of lattice discrete velocities?
(chapters 2, 4)

The basic formulation of the LBM, the well-known D3Q19 model, aims to provide
a flow description at the (isothermal) Navier-Stokes equations level. In this view,
upon the application of proper wall boundary conditions, flows in the slip regime
(Kn<0.1) may be accurately simulated. However, the LBM, due to its kinetic
theory origins, is not limited only to such flows. In fact, as shown in chapter 2,
it is possible to construct LB models which can deal with flows at larger Kn.
This can be achieved by adopting higher-order lattices. In few words, adopting
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the Grad’s expansion in Hermite polynomials of the single particle distribution
function and interpreting the lattice velocities as the abscissae of a Gauss-Hermite
quadrature, it is possible to systematically derive hydrodynamic systems going
beyond the Navier-Stokes equations representation. In chapter 4 we showed a
comparison between the results obtained from the application of the D3Q19 and
D3Q39 lattices with the DSMC for a Poiseuille channel flow at several values of the
Kn number. The D3Q39 lattice, representing the next step beyond Navier-Stokes
equations, is able to reproduce with a good accuracy the reference DSMC results
up to Kn=0.25, and, therefore, to some extent within the transitional flow regime,
thus confirming the theoretical predictions presented in chapter 2.

e Can we define a hybrid method which takes advantage of the peculiarities of
the LBM and DSMC methods to simulate flows characterized by a large range
of non-equilibrium effects? Is it possible to construct coupling algorithms
between the LBM and the DSMC able to transfer also non-equilibrium
information? (chapter 4)

chapter 4 is devoted to the consistent definition of the bi-directional LB2DSMC and
DSMC2LB coupling schemes and to their validation. To establish them, we took
advantage of the peculiarities of the LBM to construct schemes able to transfer non-
equilibrium informations between the two methods. In fact, instead of adopting the
Chapman-Enskog approach to represent the single particle probability distribution
function, as routinely done for standard Navier-Stokes-DSMC hybrid methods (i.e.
those not involving the LBM), we chose to use the Grad’s formulation, which
expresses the velocity pdf in a series in Hermite polynomials. As shown in chapter
4, the coefficients of such expansion can then be directly evaluated via the weighted
summation of the discrete populations evolved in the LBM. The order at which
the series is truncated, in turn closely related to the amount of non-equilibrium
information which can be transferred between the LBM and the DSMC, is then
determined by the chosen lattice, and, more precisely, by the degree of accuracy
of the quadrature possessed by the lattice, as in depth shown in chapter 4. There,
we also showed the results about the validation of the two schemes for a Poiseuille
flow up to Kn=0.25. In particular for the LB2DSMC scheme we proved that the
pdf of the microscopic velocity of the DSMC particles, as generated by sampling
a pdf constructed using the LBM discrete distributions, closely reproduces the
pdf of independent DSMC simulations. Analogously, for the DSMC2LB scheme,
we showed that the discrete distributions, as provided by projecting the DSMC
hydrodynamic variables onto the Hermite polynomials basis accessible to the
chosen lattice, are in good agreement with the discrete distributions generated
by independent LBM simulations for the same flow set-ups. Therefore, it can
be concluded that the developed coupling schemes are capable to provide an
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accurate way to pass information between the LBM and the DSMC including
non-equilibrium contributions.

e Can we implement these algorithms in an efficient way in a single code
infrastructure? (chapters 3, 4, 5, 6)

The coupling algorithms validated in chapter 4 are just one element of the hybrid
model. In chapters 5, 6, we discussed the implementation of the coupling algorithms
into the hybrid method based on a domain decomposition technique. While the
LBM is applied to the whole flow domain, the DSMC is adopted only in those
regions where non-equilibrium effects are stronger. In chapter 5, we applied such
domain decomposition technique to a Couette flow so that the DSMC is employed
in the flow domain only within the Knudsen layer, present in proximity of the walls.
The main result of the test is that a large speed-up in the spent computational time
to achieve the final solution is obtained, while preserving a good comparison with
respect to a reference DSMC simulation. In fact, up to a sixfold reduction of the
computational time cost is achieved. Such result is particularly significant because
it could be obtained thanks to the integration within the same code infrastructure
of the numerical codes as well as to the fact that the DSMC code has been
specifically implemented to match the LBM algorithmic choices, in particular for
what concerns the treatment of flows in complex geometries. Such treatment is
discussed in chapter 3.

Moreover, in chapter 6, we applied the hybrid method to a three-dimensional flow
of industrial interest and we further defined the criteria used to identify the flow
domain areas where the non-equilibrium effects are stronger and that, therefore,
should be assigned to the DSMC part of the model. Such criteria are based both on
a global Kn number, Kn, defined according to a characteristic geometrical length
scale, and on a local Kn number, Kn;. Two formulations of Kn; are investigated,
finding that, for the nature of the problem at hand, the Kn; based on the flow
velocity magnitude gradient provides a better indication for the need to switch to
the DSMC. Also for this problem, a large speed-up (more than a fourfold reduction
in the wall clock time with respect to a full DSMC simulation for the same flow
set-up) is achieved while preserving a good agreement with the reference DSMC
results.

e Can we take advantage of the efficiency of the developed hybrid method
to open up the possibility to investigate with high accuracy the physics of
realistic flows within industrial applications? (chapters 3, 6)

One of the main reasons that pushes the research towards the definition of hy-
brid models is to provide more efficient alternatives to physically accurate but
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computationally expensive numerical methods. In chapter 6, we showed that with
the DSMC code implemented during the PhD work, we are able to perform ac-
curate fully three-dimensional simulations which are orders of magnitude larger
than what could be achieved by a popular DSMC code, dsmcFoam. In fact, due
to limitations in the computational efficiency, with the latter code only the corres-
ponding axisymmetric problem could be simulated. However, even if the efficiency
needed to perform such large scale simulations is not easily accessible to many
DSMC codes available to the scientific community, a single full DSMC simulation
presented in chapter 6 costed about 200,000 computational hours. The investig-
ated application, featuring a large range of non-equilibrium conditions, however,
was particularly suitable to be studied with the hybrid method presented in this
thesis. The application of the hybrid model, in fact, allowed to reduce by more
than four times the computational cost and about 50,000 computational hours
were needed to get a solution with a good accuracy with respect to the reference
DSMC solution.

From a practical and industrial point of view, this means that in the same time
frame during which a single DSMC simulation runs, four possible alternative
designs may be studied if the hybrid model is used. It is therefore evident that
the increase of the efficiency in the design process could be guaranteed by the
adoption of the hybrid model.

7.2 Outlook

In this work, we presented a novel hybrid model which combines the accuracy of
the DSMC method in dealing with flows characterized by large non-equilibrium
and rarefaction effects, with the efficiency of the LBM when non-equilibrium effects
can be dealt with perturbatively. As a newly develop method, however, extensions
and improvements may be pursued in order to enlarge the range of applicability
of the current implementation. In this view, what follows discusses some possible
new directions.

Extension to non-isothermal flows: The present formulation of the hybrid
model, due to the chosen LB model, is limited to isothermal flows. As shown in
chapter 4, when adopting the Grad’s formalism and the Gauss-Hermite quadrature
technique, the molecular velocity, €, or, more precisely, the abscissae of the lattice
quadrature, £, are measured in units of a characteristic velocity, cs = v/ RT, which,
indeed, is the speed of sound of the lattice gas. Allowing for the gas temperature
to change, and therefore, also for the speed of sound to change, would reflect into a
series of complications such as the fact that the grid nodes would not be equidistant
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anymore. This, as it can be argued, would introduce algorithmic complexity for
the LBM implementation. As reported in chapter 4, several methods recently ap-
peared in literature in order to overcome this limitation, including the multispeed
and the two distribution functions approach. In particular, the approach which
considers the adoption of higher order lattices (multispeed approach) seems to
be the suitable one to extend the current framework, as it is based on the same
Grad’s formalism.

DSMC for low speed flows: In several applications, the presence of a large
range of rarefaction effects is associated with low speed flows. The standard DSMC
formulation is not suitable for very low speed flows, as a large number of samples
are needed to make emerge the macroscopic flow velocity from the thermal mo-
lecular speed. In such cases, the hybrid method we propose here may be adopted
to speed up the simulation. However, in the case the two flow characteristics, low
speed and rarefaction conditions, are present in the same areas of the flow domain,
the hybrid method would be strongly slowed down by the DSMC requirements.
In order to increase the efficiency of the DSMC method under such conditions,
several approaches appeared in literature, being the low-variance method, [49, 50],
and the Information Preservation method, [51], two promising options. Also this
extension would allow to enlarge the range of applicability of the hybrid model.

Extending the coupling algorithms to other numerical methods: The
proposed coupling algorithms needed to pass information from the LBM to the
DSMC and vice versa are sufficiently general that they may be applied also to
other combinations of numerical methods. In fact, the applications of the coupling
schemes proposed here to the combination of a Molecular Dynamics code to the
LBM has recently appeared, [186]. Another possible combination which could be
considered would involve the coupling of the DSMC with a Moments Method
(MM) model. In fact, also the latter method is based on the expansion of the
single particle velocity distribution function into Hermite polynomials. Therefore,
the only modification with respect to the LBM case would reside in the way the
coefficients of the expansion are evaluated. While for the LBM those are calculated
via the weighted summation of the discrete distributions, for the MM case, the
coeflicients should be calculated through the moments themselves.
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A Fluctuations on hydrodynamic
moments: DSMC study

A.l1 Relations for fluctuations at equilibrium

General expressions for the evaluation of the macroscopic hydrodynamic variables
and the associated statistical fluctuations in DSMC have been reported in several
works, [1, 45, 187-190]. The understanding of such evaluations assumes particular
importance for those situations where the number of statistical samples is limited.
An example is provided by the evaluation of the temperature for simulations using
temperature-dependent collisional model, [191], or the instantaneous evaluation
of the average number of simulated particles used to determine the number of
collisions to occur during a time step, [1]. Another example is the case of hybrid
methods where the instantaneous macroscopic properties are required when the
DSMC is couple to a continuum solver.

While all the main results shown in the present thesis refer to the solution of
steady-state flows, in section 4.3, we presented the first results related to the case
in which the instantaneous values of the DSMC hydrodynamic properties are used
in the projection DSMC2LB step. In particular, we demonstrated that this coup-
ling step is still accurate (and stable), see Fig. 4.12. Analogously, we were also
interested in showing that the molecular velocities generated via the reconstruction
LB2DSMC step is such that the measured hydrodynamic properties — calculated
as averages of the molecular velocities of the particles present in a cell — and their
distributions are physically accurate, e.g. the conserved moments distributions
follow simple equilibrium statistical mechanics considerations, see Fig. 4.14. All
the considerations explained there were based on the assumption that the present
DSMC implementation correctly reproduces both the instantaneous and average
evaluations of the macroscopic properties, as well as their distributions. In this
Appendix, we will show few results to support such assumption.

We first take into consideration the expressions for evaluating the distributions of
the instantaneous values of typical hydrodynamic properties. We then examine the
related statistical error for the same quantities. All the data in this Appendix are
taken from a force-driven Poiseuille simulation for which Kn=0.05 and Ma=0.10
(based on centerline velocity). The molecular information are collected in a cell
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Figure A.1: Comparison between the distributions of the flow velocity components, V, and V,,
as obtained by DSMC (symbols) and from Equilibrium Statistical Mechanics (ESM) (lines). The
forcing on the fluid is along the (positive) y-direction as demonstrated by the shifted distribution
for V.

in proximity of the wall after the flow reaches a steady state condition. In Fig.
A.1, the distributions of the instantaneous flow velocity components V, and Vj,
obtained from DSMC are compared with the theoretical prediction from equi-
librium statistical mechanics (a normal distribution). The velocity components
realizations are obtained as cumulative averages of the velocity of the particles,
v;, in a cell as:

Nsam es N(t)
Zj:l P i vilty)

Vi = . (A.1)
Nsamp es
Z]’:1 1 N(tj)
For these variables, the standard deviation is given by:
kp(T)
= . A2
ov; (N (A.2)

As visible from Fig. A.1, both the standard deviation and the mean found from
the DSMC simulation closely reproduce the expected values. In Fig. A.2, the
distributions of the number of particles, N, in a cell and of the temperature, T,
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Figure A.2: Comparison between the distributions of the number of particles, N, and the
temperature, T', as obtained by DSMC (symbols) and from equilibrium statistical mechanics
(ESM, lines). Note that while the distribution for T is a normal distribution, the distribution for
N is a Poisson one.

are shown. Once the distribution for NV is known, then the distributions for the
number density, n, and the mass density, p, can be readily found. In fact,

n = NFy/Vol, p=nm, (A.3)

where Fjy is the number of real molecules, of mass m, represented by a single
DSMC particle. Vol is the volume of a computational cell. The distribution of N
obtained from the DSMC (red circles in Fig. A.2) is compared with the theoretical
prediction (continuous black curve), which represents a Poisson distribution. In
fact, as underlined in [45|, N is a Poisson random variable. For the set-up of the
test, both the numerical mean and the standard deviation of the distribution are
in close agreement with the predictions: (N) = 149.9 vs the expected value of
No = 150; on = /(N) = 12.24 vs the expected value oy = /(Ny) = 12.25.
The distribution for 7" obtained from DSMC (blue triangles in Fig. A.2) is also
compared with the theoretical prediction (dashed black curve). It has to be noted
that the evaluation of the temperature is strictly defined only for equilibrium flows
and the equilibrium temperature of a flow, T', is calculated based on the thermal
fluctuations of the particles velocity. When the sample size is sufficiently large,
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and considering only the translational modes, the mean and standard deviation
are given by:

T = g (V24 V7 V2) = (V) = (1) = (V2)?). (4.4
2T)
op = 3N (A.5)

In Eq. (A.4), (V) are the average flow velocity components evaluated as cumulative
average, [187]. These expressions become invalid when the sample size is limited,
and for such case one has, [190]:

N, samples <N > m

T p—
Nsamples<N> -1 3kB (<

VPV 4+ V2) = (V)2 = (V)P = (V)?)  (A6)

The distribution of the temperature realizations, then, follows a y?—distribution
in the form:

3ANsaLm les<N> 1
f(T) = p( = 2(3Nsamples<N>—1)/2F [(3Nsamples (V) — 1)/2]
((3Nsamples<N> - 1)T> (3Nsamples (V) —1)/2 exp < (3Nsamples(N) — 3)T >
(T) 2(T) ’

(A7)

The standard deviation, then, becomes:

o= 20 1 o s

The distribution of Eq. (A.7) approaches the corresponding normal distribution,
with the same mean and variance when the sample size increases. In Fig. A.2,
indeed, a normal distribution is used as the theoretical reference, finding a good
agreement with the DSMC data (mean of the DSMC data equal to 272.8 vs the
expected value of 273, and the standard deviation of the DSMC data equal to 18.3
vs the expected value of 18.2).

Finally, in Fig. A.3, the statistical errors for the temperature, E7, the number
of particles, E, and the flow y velocity component, Ey,, as obtained from the
DSMC simulation and the theoretical predictions are compared. In particular, one
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Figure A.3: Comparison between the statistical errors as obtained from the DSMC' simulation
and the theoretical predictions of Eq. (A.9) for the temperature, Er, the number of particles,
En, and the flow y velocity component, Evy, .

has, [45]:

| 2(T) | kp(T) (V)
Er=\l—+—57+—", Bv, =\|——7——, EN=4{/ —. A9
T 3<N>Nsamples Vo m<N>Nsamples N Nsamples ( )

The scaling of the statistical errors with the number of independent samples is
well reproduced.

In principle, if the molecular information to evaluate the macroscopic properties
are sampled at each time step, then the samples would be statistically dependent,
and, as a consequence, there would be correlations among the flow properties.
As underlined in [190], dependent samples show larger statistical errors than in-
dependent samples when the sample size is the same. In order to evaluate the
time correlations among the flow properties, it is possible to use the correlation
coefficient defined as:

(0adb)
V/(6a2) (502)

where da = a — (a) and analogously for b. a and b represent two flow properties.
For the present flow set-up, if the number of time steps between two consecutive

corr(a,b) = (A.10)
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samples is 50, then, one has, e.g.:

corr(Vy,T) = —0.002, corr(V,,V,) = —0.019. (A.11)

A.2 Conclusions

Considering a force-driven Poiseuille flow, it was found that the present DSMC
implementation is able to provide accurate results for the evaluation of the fluc-
tuations and the statistical errors for the macroscopic flow properties, as classical
equilibrium statistical mechanics relations are recovered. This result paves the way
to the implementation of the hybrid method when the instantaneous evaluations
of the hydrodynamic properties are needed, as shown in section 4.3.
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Summary

Hybrid discretizations of the Boltzmann equation for the dilute gas
flow regime

This PhD thesis deals with the development and validation of a hybrid model
coupling the Lattice Boltzmann Method (LBM) with the Direct Simulation Monte
Carlo (DSMC) to study gas flows characterized by variable rarefaction and non-
equilibrium effects. This kind of flows represents an open research challenge from
the physics, mathematical modeling and computer science points of view. From
the physics point of view, in fact, several peculiar phenomena, not encountered
under continuum flow conditions, appear when rarefied conditions are present. The
velocity slip and temperature jump at a solid surface are just two of the most
common ones.

The modeling of such flows, moreover, requires a different approach with respect to
the continuum flow case since the classical Navier-Stokes equations are not valid
anymore. A more fundamental method, based on the Boltzmann equation (BE),
is therefore required. However, the direct numerical simulation of the BE is a very
expensive task from the computational point of view. Alternative approaches have
to be sought.

It is in this view that we developed a hybrid model that couples two mesoscopic
numerical methods, the LBM and the DSMC, in order to accurately and efficiently
simulate such type of flows.

In this thesis, we introduced the basics of the two methods, the LBM and the
DSMC, underlining their common kinetic theory roots and the reasons why they
represent ideal candidates for such hybrid model. The implementation and valida-
tion of the DSMC code developed during the PhD project was briefly described.
Such implementation was driven by the constraint that a full compatibility with
the treatment of flows in complex geometries, especially in relation to the applic-
ation of the boundary conditions as done in the LBM, had to be preserved. The
performed validations showed very good results for some classical rarefied gas flow
tests (Knudsen layer formation in proximity of a solid surface, shear stress evalu-
ation for several rarefaction conditions, cavity flow under rarefaction conditions,
pressure-driven channel flow in slip flow regime).

We then introduced the coupling algorithms needed to exchange information on
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the flow between the LBM and the DSMC. Such algorithms are based on the
Grad’s formalism to represent the single particle velocity distribution function via
a series expansion in Hermite polynomials and on the Gauss-Hermite quadrature
technique to evaluate the coeflicients of the expansion. The validation performed
on the coupling schemes showed that the proposed algorithms provide an accur-
ate transfer also of non-equilibrium contributions up to Kn=0.25 for a D3Q39
lattice and to Kn=0.10 for a D3Q19 lattice. The coupling schemes were then
integrated within a single code infrastructure and were applied to a Couette flow
after the domain was assigned to the LBM or DSMC solver based on a domain
decomposition technique. Employing the DSMC only within the Knudsen layer,
located in proximity of the solid walls, allowed to obtain up to a sixfold reduction
of the required computational time with respect to a DSMC simulation over the
whole domain, while still preserving a good solution. The same hybrid model was
then applied to a more realistic three-dimensional flow of industrial interest. Such
flow posed challenges both from the modelling and the computational points of
view, thus representing a good validation test benchmark for the proposed hybrid
model. In fact, several characteristic length and time scales, i.e. a large range
of rarefaction and non-equilibrium conditions, were present. Moreover, the flow
characteristics, in particular the level of pressure within the flow domain, were
such that a very large scale simulation, involving hundreds of millions of cells and,
therefore, billions of particles, was needed. The domain decomposition was based
on the evaluation of a local Knudsen number in turn defined according to the
local gradient of the flow velocity magnitude. We showed that the application of
the hybrid method allowed to obtain an accurate solution when compared with a
DSMC simulation performed over the whole domain at a fraction of the required
computational cost (more than a fourfold computational time reduction).
Finally, we discussed about the limitations of the current hybrid method imple-
mentation, principally related to the isothermal assumption on the LBM side of the
model, and we delineated ways on how to overcome such limitations. Perspectives
to extend the proposed coupling schemes to numerical methods different from the
LBM and the DSMC were also suggested.
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