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Introduction

In hydrodynamic regimes, fluid flows can be described by standard models such as Navier-
Stokes or compressible Euler equations. However, some regimes cannot be qualified as hy-
drodynamic and the continuum equations are not able to correctly describe the dynamics
of the flow. The parameter that dictates whether or not a flow is hydrodynamic is the
Knudsen number Kn. It is defined as the ratio between the mean free path A between the
particles and the characteristic length of the physical problem L. When this number goes
to zero, the hydrodynamic regime is reached. For large Knudsen number (usually higher
than 1072), the regime is qualified as rarefied and it is well described by the kinetic theory
and in particular by the Boltzmann equation, an integro-differential equation governing
the evolution of the so called distribution function in the phase space [13].

Traditionally, an important field of application of kinetic theory has been the motion of
objects in the rarefied layers of the atmosphere, such as re-entry problems in aerospace
engineering. Indeed, in these cases, the Knudsen number is large, because the mean free
path is of orders of magnitude larger than the characteristic length of the space vehicle.
Recently, however, a huge new field of applications of kinetic theory has begun to develop
in the modeling of fluid flows in nanotechnology, for example to build Micro-Electro-
Mechanical-Systems (MEMS) [14], which are present in accelerometers, micro pumps or
micro engines: in this case, the Knudsen number is large because the scale of interest L is
so small that the ratio A\/L is of order one and microscopic effects cannot be neglected.
Approximate methods of solution for the Boltzmann equation have a long history tracing
back to Hilbert, Chapman and Enskog [I3] at the beginning of the last century. The
mathematical difficulties related to the Boltzmann equation make it extremely difficult to
treat; in particular, analytical solutions in most relevant situations are hard (and some-
times impossible) to find. Most of the difficulties are due to the multidimensional structure
of the collision integral. In addition, the numerical integration requires great care since

the collision integral is at the basis of the macroscopic properties of the equation. Further
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difficulties rely on the presence of stiffness, like in the case of small mean free path or of
large velocities.

For such reasons many realistic numerical simulations are based on Monte-Carlo tech-
niques. The most famous examples are Direct Simulation Monte Carlo [6], which is a
particle solver especially efficient in the rarefied regime. However, the computational time
requirement increases very rapidly as the hydrodynamic regime is reached. The number
of collisions increases and a strong restriction appears on the time step. For this reason,
attempts have been made to derive numerical solvers for the Boltzmann equation which
are not based on particles.

Among deterministic approximation, one of the most popular methods is represented by
the so called Discrete Velocity Models (DVM) of the Boltzmann equation [10) 46]. These
methods are based on a Cartesian grid in velocity and on a discrete collision mechanism
on the points of the grid that preserves the main physical properties. Unfortunately DVM
are not competitive with Monte Carlo methods in terms of computational cost.

A reduction of computation time is possible by considering simplified models of the Boltz-
mann equation. A particularly successful model is the BGK model [§], in which the col-
lision term of the Boltzmann equation is replaced by a relaxation term, simpler to treat.
The BGK model by construction reproduces several physical properties of the Boltzmann
equation and is consistent with the hydrodynamic limit at the continuous level, i.e., for
very small Knudsen numbers the Euler limit is recovered. The numerical schemes used to
solve the BGK model that fulfill this property are called asymptotic preserving (AP), after
the pioneering work by Jin [31]. For small relaxation time, a strong restriction on the time
step exists also for the BGK model, but it can be easily treated by using implicit schemes.
Among these implicit schemes, we have to mention Implicit-Explicit Runge-Kutta meth-
ods (IMEX)[40, 42]. We focus here our attention on implicit semi-Lagrangian schemes for
the BGK equation [49, 50, [51].

This thesis presents high order shock capturing semi-Lagrangian methods for the nu-
merical solutions of BGK-type equations. The starting point is the work of Santagati
and Russo [49, 51]. They have developed implicit semi-Lagrangian schemes for the one-
dimensional BGK model. The key idea of the semi-Lagrangian formulation is to integrate
partial differential equations along the characteristics and then its main advantage is that
PDEs become ODEs along such curves. Moreover, semi-Lagrangian schemes allow us to
use large time steps, avoiding the classical Courant stability condition. Contrary, the
main drawback is that some interpolation is required in order to reconstruct the solution

on the feet of the characteristics. The need for a spatial reconstruction could become a



drawback when we are looking for high order methods. Indeed, the computational cost
can increase considerably. In detail, in [49 51| these problems are dealt with L-stable
diagonally implicit Runge-Kutta (DIRK) coupled with a WENO-type spatial reconstruc-
tion. The choice of DIRK methods allows to avoid strong restrictions on the time step,
and the use of a WENO reconstruction allows to preserve accuracy also in stiff regime and

in presence of discontinuities.

In the present thesis some substantial improvements of these semi-Lagrangian schemes
for the BGK equation are proposed, together with some new applications.

First of all, we tried to reduce the computational cost, due mainly to the interpolation
technique. We investigated two directions [24]: the use of multi-step methods instead of
DIRK methods and the development of particular semi-Lagrangian schemes that avoid
completely spatial interpolation. In the development of high order methods, we observed
that the number of spatial interpolations required at each step increases as the order of
the method. In particular a DIRK method required 1, 3 or 6 interpolations at each time
step to obtain respectively a first, second or third order method. Instead, using multi-step
methods, such as backward differentiation formula (BDF) methods, the number of inter-
polations is 1, 2 and 3, respectively. Thus the use of BDF methods reduces considerably
the computational cost, in particular for high order.

The study of methods that avoid interpolation also deserves attention [24]. Interpola-
tion techniques in semi-Lagrangian schemes are required because in general the feet of
the characteristic lines are not grid points. Thus if we want to avoid interpolation, we
have to find a trick in such a way the feet of characteristics coincide with the grid points.
This can be obtained imposing some restriction on the choice of the time step. Numerical
experiments show that schemes without interpolation can be cost-effective, especially for
problems that do not require a fine mesh in velocity.

Then we investigated some applications and extensions to more physical interesting prob-
lems of the numerical schemes proposed for the one dimensional BGK equation. By means
of the Chu reduction [15], we extended the schemes to more realistic physical domains,
3D in velocity. Moreover, we considered boundary-value problems and we studied the
treatment of reflective and diffusive boundary conditions. Finally, the methods have been

extended to different BGK models for inert and reactive gas mixtures.

The thesis is organized as follows. We start by recalling the Boltzmann equation, its main
physical properties and the BGK model in Chapter 1. In Chapter 2 we introduce the
basics of the Runge-Kutta methods , multi-step methods, WENO reconstruction. Next in
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Chapter 3, we present the high order semi-Lagrangian schemes for the BGK equation and
their properties. The extension of the methods to treat boundary conditions is presented
in Chapter 4. Finally, applications of the numerical schemes to BGK-type equations for

gas mixtures both inert and reactive, are described in Chapter 5.



Chapter 1

The Boltzmann equation and the
BGK model

Historically, kinetic theory arises for the mathematical modeling of rarefied gas dynamics.
What is a rarefied gas?

A gas can be thought as a collection of a huge number of molecules moving freely in
space, tending to occupy all the available volume. In the trajectory of a molecule one can
distinguish two phases: a phase of free motion, in which the molecule is not affected by
the presence of other molecules, and a phase of collision, strongly localized in space and
time, in which the molecule collides with another molecule, significantly deviating from
the path that would be followed in free flight. The size of the region of space in which
the collision takes place is of the order of magnitude of the radius of action of the internal
forces, which in turn is of the order of the molecular dimensions. Denote by d this typical
size and by A the mean free path of the molecules, that is the average distance between

two subsequent collisions. When

d
- 1
)\<< )

the molecule is spending most of its time in the phase of free flight with collision practically
localized and instantaneous, we are in presence of a rarefied gas.

Kinetic theory represents a mesoscopic approach which lies between the macroscopic and
the microscopic one, looking at both aspects. Kinetic theory takes into account collisions
between particles, but describes their motion without following the individual trajectories
and using instead probabilistic considerations and methods of statistical mechanics, which

quantify the collective effects in an appropriate balance equation, the Boltzmann equation.

11
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1.1 Boltzmann equation

The Boltzmann equation is named after the Austrian physicist and mathematician Ludwig
Boltzmann, who proposed it in 1872 for the first time [I3]. The unknown is the distribution
function f(t,x,v), defined in the phase space, (t,z,v) € RT x RP x RN where D and N
denote the dimension of the physical and velocity spaces respectively. The Boltzmann

equation reads as

of B
E‘i‘v'vxf_Q(f,f) (1'1)

with initial data

f(t,@,0) = fo(z,v),
and describes the time evolution of a monoatomic rarefied gas of particles which move
with velocity v € RY in the position z € RP at time ¢ > 0. The term v - V,f is the
so-called streaming term, which describes the free flight of the particles.
The bilinear collision (integral) operator Q(f, f), which describes the binary collisions of

the particles, acts over the velocity variable only
ArHe) = [ [ Bewi@)iw) - foswldde.  02)
RN J§2

In the above expression, €2 is a unit vector of the sphere S? and (v, w’) represents the post-
collisional velocities associated with the pre-collisional velocities (v,w). The collisional

velocities satisfy microscopic momentum and energy conservations
o Hw =v+w, [P+ ) =)+ ] (1.3)

Moreover, each collision satisfies of course microscopic mass conservation. The above

system of algebraic equations has the following parametrized solution

1 1
=St wt - wlQ), W=t w— o wl), (14)

where |v — w| is the relative speed and €2 is the unit vector of the post-collision relative
velocity v/ —w' = ¢'.
The collision kernel B(v, w, ) is a non negative function which characterizes the details of
the binary interactions and depends only on |v —w| and on the scattering angle x between
pre- and post collision relative velocities v — w and v —w' = |v — w|Q, with
v—w)-
cosy = Q
v —wl

The collision kernel has the form

B(ana Q) = |U - U)|O’(|’U - w|7 COSX)a
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where the function o is the scattering cross-section. In the case of inverse k — th power

forces between particles, the collision kernel has the form
o(|v — w], cosx) = ba(cosy)[v — w2, B(v,w, Q) = bacosx)l — wl*,

with @ = (k —5)/(k — 1). For k > 5 we have hard potentials, for k& < 5 we have soft

potentials. The special situation k = 5 gives the Maxwellian model with

B(v,w,Q) = by(cosx).

1.2 Physical properties

1.2.1 Macroscopic moments

The Boltzmann equation, thanks to the mesoscopic nature of the kinetic approach, takes
into account the microscopic collisions between the particles, giving us macroscopic in-
formation about the time evolution of the process involving the gas. Indeed, once the
distribution function f is known, one is able to recover the macroscopic fields such as
macroscopic density p(t,x), macroscopic velocity u(t,z) and macroscopic temperature
T(t,x).

The distribution function, from a physical point of view, tells us how the molecules of the
gas are distributed in the phase space. Therefore, to obtain the numerical density n(t, x)
in the physical space, since f(t,x,v) is the number of molecules in = at time ¢ and with
velocity v, the total number of molecules in x at time t is given by

n(t,x) = f(t,z,v)dv.
RN

Then the mass density, or macroscopic density, is given by p(t,x) = mn(t, x), where m is
the particle mass. This gives us another key interpretation about the distribution function.
Indeed

/ ;f(taxav)dvzlv
R

~ n(t,x)
so f/n can be seen as a probability density with respect to the kinetic variable v, that is,
1
— f dv is the probability to find out a particle in dv, at time ¢, in the position z.

n
Now, following the same argument, the mean velocity of the gas is given by

1
u(t,z) = 1) /RNvf(t,x,v) dv.

Therefore, the momentum density is

pu = / muv f(t,z,v)dv.
RN



Chapter 1. The Boltzmann equation and the BGK model 14

The kinetic energy density is

1
E(t,x) :/ —mo? f(t,z,v)dv.

RN 2
The kinetic energy F(t,x) is related to the temperature T'(¢, z) by the underlying relation

1 N

E = —pu® + —pRT,

o PU + 5P
where R is the gas constant, that is related to the Boltzmann constant Kp by the expres-
sion Kg = mR.
Resuming, the first macroscopic fields (density, momentum, kinetic energy) can be com-
puted in this way:

(p, pu, BT = (fo(v)), where ¢(v) = (m, mu, %mv2>T, (g9) = /]RN g(v) dv. (1.5)

1.2.2 Collision invariants and Maxwellian equilibria

The macroscopic moments considered in (1.5) are relevant to molecular properties which
are conserved by collisions, the so called collision invariants. Hereafter, we assume that
f € B, where B denotes the space of admissible functions for the distribution function f.
Essential properties of the elements of B are positivity and integrability. From one case

to another, smooth properties will be specified.

We consider a class of function ¢(v), smooth respect to v, and we compute the weak

form of collision operator Q(f, f)

| Qu.pste)av. (1.6

We observe that, if ¢(v) is a molecular property, (1.6) represents the production of this

molecular property due to collisions. For any test function ¢(v) it can be proved [13] that

/Qf,
1

- 4/ B(v,w, Q[f () f(w') = f(v) f(w)][o(v)) + d(w') = $(v) — $(w)] dQ dw dv
RN xRN xS2
(1.7)
where we have omitted the explicit dependence from ¢ and x for the sake of simplicity.
In particular, we can choose 1, v, and v? as test function. Due to the microscopic mass,

momentum and energy conservation (1.3) one can obtain easily that

/Qf, 0,
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/ QU fvdo =0,
RN

/ Q(f, f)vidv =0, (1.8)
RN

in others words, there is no production of mass, momentum and energy due to colli-
sions. The molecular properties which do not vary through collisions are called collision
invariants, according to the following definition

Definition 1.1. Each test function ¢(v) which satisfies

d(v) + p(w) = ¢p(v') + d(w') V(v,w,Q) € RY x RN x §? (1.9)

is called collision invariant.
The following results can be proved [13]
Theorem 1.2.1. Let ¢ € C° be a collision invariant. Then there exist unique a, ¢ € R,
and b € RN such that
p(v) =a+b-v+cv’. (1.10)

Lemma 1.2.2 (Boltzmann’s lemma). Let W[f] be the function

Wirl= [ 17QU. v (L.11)

Then W{f] satisfies the following two properties:
[f]<0 VfeB,
[f]=0& f()f(w) = fv)f(w) Y(v,w,Q)eRY xRN x §?,

where v and w' are given by (1.4.)

- W ]
- W]
Proof. By (1.7) for ¢(v) = In f we have
-Wlfl =

= i / B(v,w, Q)[f (') f(w') = f(v) f(w)][In(f (') f(w')) = In(f(v) f (w))] dQ dw dv
RN xRN x§2

L B (L) (01

where B(v,w, Q) and f are positive. Because the function g(z) = (r — 1) Inz with z > 0

- 1> f)f(w)dQdw dv,

satisfies

- g(z)>0 Vx>0,
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-g(x)=0ez=1,

the thesis is proved. O
Definition 1.2. The distribution functions f € B such that

Q(f, f(v)=0, VveRY

are said equilibrium distributions.

Through Boltzmann’s lemma 1.2.2 it is possible to state the following equivalence:
f is a collision equilibrium < In(f) is a collision invariant.
Thanks to Theorem 1.2.1 we get:
f is a collision equilibrium < Ja, ¢ € R,and b € RY such thatln f(v) = a+b-v 4 cv?

& Ja, c € R,and b € RVsuch that f(v) = e®T0vter”,

The last expression characterizes all the possible collision equilibria. Since f must be
integrable, ¢ must be strictly negative. Computing the macroscopic fields of the collision

equilibria, we get

p(t,$) ‘U—U(t,$)|2
t,x,v) = M(p,u,T)(t,x,v) = exp| — ———— |, 1.12
Jtv) = Mlpw Tt 2,v) = G p e &P ( 9RT(t, ) (1.12)
where p, u and T are the macroscopic density, velocity and temperature. The functions
(1.12) are the so-called Maxwellian distributions. If (1.12) does not depend on x and ¢ we
have an absolute Maxwellian, otherwise a local Maxwellian. The H-theorem, given in the
next section, will focus on the trend to equilibrium of the distribution function, solution

of the Boltzmann equation.

1.2.3 H-theorem.

In this paragraph we investigate the effects of the collisions on the time evolution of
the distribution function. The H-theorem is one of the most important results in this
framework. It is based on the introduction of a function, the H function, which is directly
related to the irreversibility of the physical process and to the entropy of the system. We
focus on the effects of the collisions and then we consider the Boltzmann equation in a
spatially uniform state (V,f = 0) with no external forces

of

S QU f), (113)
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Let H[f] : B — R be the H-function defined as follow,

H[f] = f(t,v) In(f(t,v)) dv. (1.14)

RN
Definition (1.14) shows that the H function depends only on time ¢. The time derivative

leads to
d _d B af 10f
@H[f](t) - a RN f(t,U) 1H(f(t71))) dv = /RN <at lnf + ffat) dv
d
= [ mseupydvs g [ rao=wisl, 1.15)
RN t JrN
Therefore, thanks to the Boltzmann’s lemma 1.2.2, the Boltzmann H-theorem states that
OH
o S 1.1
o =0 (1.16)

and the equality holds only if and only if f is a collision equilibrium, that is, a local
Maxwellian.

Boltzmann’s H-theorem implies that the H function is a Lyapunov function for the local
Maxwellian.This stresses the importance of the Maxwellian distribution functions, because

each state evolves in time towards them.

1.2.4 Entropy inequality

Instead of considering (1.13), if we take into account the complete Boltzmann equation
(1.1), we obtain the entropy inequality by the same steps of the previous paragraph.
Let ¢p(v) = —RIn(f) = —% In(f) be a test function. We define the entropy s as

_ __Ks _ K8
s-/RN f)p(v)dv = p RNflnfdv— p H, (1.17)

where H is the H-function. Now, we define the entropy flux A and the entropy production

by
h= —I::/RNvfln(f)dv,
KB KB
=22 [ Qs s do =~ EWr) 2 0

The weak form of (1.1) with ¢(v) = —% In(f) is

Y —

0
&(ns)—kv-h—z.

Due to the Boltzmann’s lemma and the entropy production expression, the last equation
becomes

aat(ns)—}—v-hzo (1.18)

that is the entropy inequality.
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1.2.5 Fluid limit

By (1.8), if we multiply the Boltzmann equation by the collision invariants ¢(v) = m, mv,

%va and integrate on velocity space we obtain

0

5t L, fow)dv+ w( /R () dv) =0. (1.19)

These equations describe the balance of mass, momentum and energy. The system of five
equations is not closed since it involves higher order moments of the distribution function

f, in addition to p, u, and 7.

Let L be a characteristic length of the problem, and A the mean free path. From the
comparison between A and L we can deduce important information about the behavior of

the gas. Let us define

A
Kn=2.
"=

The parameter Kn is called the Knudsen number. If Kn ~ O(1), that is L ~ A, the
particles cover a relative long distance between two subsequent collisions and the evolution
is governed mainly by the free flow, namely by the streaming operator in the Boltzmann
equation. In this case we state that we are in a rarefied regime. On the contrary, if
Kn — 0, that is A << L, the particles will undergo a great number of collisions on a
macroscopic significant distance. This is the regime where the evolution is governed by
collisions and it is called hydrodynamic or fluid regime. In order to point out the different
scaling between the physical quantities in different regimes, it could be useful to consider

the dimensionless scaled Boltzmann equation

of 1
Vel = QU f) (1.20)

where, for simplicity, we denote by the same symbols the physical dimensionless quantity

used.

As Kn — 0, the collisions become more and more important and (1.20) formally be-
comes Q(f, f) — 0, and thus f approaches the local Maxwellian. In this case the higher
order moments of the distribution function can be computed as function of p, u, and T
and by (1.19) we obtain the closed system of compressible Euler equations

dp B

3}
%—sz-(pu@u—kpf)zo
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OF

N 1
p=pl, FE= EpRT-f— ipu2

where p is the gas pressure and ® denotes the tensor product.

The rigorous passage from the Boltzmann equation to the compressible Euler equations has
been investigated by several authors. Among them we mention [12} 38]. Higher order fluid
models, such as the Navier-Stokes model, can be obtained from the Boltzmann equation

using the Chapman-Enskog and the Hilbert expansions.

1.3 BGK model

One of the main shortcomings in dealing with the Boltzmann equation is the complicated
structure of the collision integral (1.2).

It is therefore not surprising that alternative, simpler expressions have been proposed for
the collision term; they are known as collision models, and any Boltzmann-like equation
where the Boltzmann collision integral is replaced by a collision model is called a model
equation or a kinetic model [13].

The idea behind this replacement is that a large amount of detail of the collisions (which
are contained in the collision term) is not likely to influence significantly the values of
many experimentally measured quantities. That is, unless very refined experiments are
devised, it is expected that the fine structure of the collision operator can be replaced by
a blurred image, based upon a simpler operator which retains only the qualitative and
average properties of the true collision operator.

The most widely known collision model is usually called the Bhatnagar, Gross and Krook
(BGK, 1954) model [§], although Welander proposed it independently [58]. The idea

behind the BGK model is that the essential features of a collision operator are:

e the true collision term satisfies Eq. (1.8). Hence the BGK collision term must also

satisfy them;

e moreover, the BGK model must satisfy the Boltzmann H-theorem (1.16), with equal-
ity holding if, and only if, f is a Maxwellian.

As we have seen in section 1.2.2, this second property expresses the tendency of the gas to
a Maxwellian distribution. The simplest way of taking this feature into account seems to
assume that the average effect of collisions is to change the distribution function f by an

amount proportional to the departure of f from a Maxwellian M[f]. So, if € is a constant



Chapter 1. The Boltzmann equation and the BGK model 20

with respect to v, the BGK model reads as the following initial value problem

0
87{+U‘vxf:QBGK[f] =

m | =

M~ f), (t,z,v) € RT x RP x RV
(1.21)

f(O,LU,’U) = fO(:U>v)a

where D and N denote the dimension of the physical and velocity spaces respectively,
and ¢ is the relaxation time, that is of the order of the Knudsen number; M denotes a
local Maxwellian. Therefore it has the same form of (1.12), but it depends on auxiliary

parameters p, @ and T'. His expression is:

_ p _ (w—a)?
M= Wexp < ST > (1.22)

The free parameters p, 4 and T, are introduced in such a way that the BGK relaxation
operator satisfies the main properties of the collision operator Q(f, f). First of all, the
collision operator of the Boltzmann equation satisfies (1.8), therefore, also for the relax-
ation operator Qg [f], the functions 1, v and v? must be collision invariants. In this
way, the new operator does not have production of mass, momentum and energy. Thus,
it is needed that the weak form of Qg [f] vanishes for ¢(v) = 1, v and v2, that is

/(l,v,UQ)M(U)dv:/ (1,v,v%) f dv. (1.23)
RN

RN

By (1.23) we obtain p = p, & = v and T = T, namely auxiliary parameters are the true

moments of the distribution function f, and therefore

v—u(t,x 2
M = M(p,u,T)(t,z,v) = (27rRT(€,a;))N/2 exp ( - M) (1.24)

The relaxation time €, in general, can be a function of the local state of the gas. For
instance, it can be inversely proportional to the density and depending on the temperature
[4]:

and hence varying with both time and space coordinates. Throughout the thesis, first
in chapter 3, it is assumed to be a fixed constant for simplicity. However, when we will
consider gas mixtures, the collision frequencies may vary with both time and space coor-

dinates.

The BGK model (1.21) with M given by (1.24) is a consistent approximation of the

Boltzmann equation. Indeed, it satisfies the main properties of the Boltzmann equation
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[8, 58], such as conservation of mass, momentum and energy, as well as entropy dissipation
and equilibrium solutions.

The equilibrium solutions are clearly Maxwellians, indeed

Qpcrlfl =0« f = M[f].

The H-theorem is satisfied also for the BGK model. Indeed the Boltzmann’s lemma can

be easily proved:

/]RN Qpcerkl|fl(v)In f(v)dv <O0. (1.25)

Proof.

/RN Qpck[f](v)In f(v) dv = /R In f(v) (M[f](v) - f(v)) do —

- /. <1nf(v) M) (m) (Mm (v) - f<v>) do —
L (9 s

/RNln(M[f])(M[f] _f> do = 0

because f and M|f] have the same macroscopic fields.

where we used

The last inequality holds because the function (x — 1)Inx is always positive except in

x = 1 where it vanishes. Therefore, we can conclude that

| Quanlflo)n fo)dv <0 vr e s,

and

/RN Quoxlflw)n fw)dv =0 & f(v) = M[f](v).
0

As a consequence, the H-theorem and the entropy inequality are satisfied also for the BGK

model.

We observe that the nonlinearity of the BGK relaxation operator is much worse than
the nonlinearity of the collision term Q(f, f). In fact, the latter is simply quadratic in f,
while the former contains f in both the numerator and the denominator of an exponential
(p, uw and T appearing in M|[f] are functions of f).

The main advantage in using the BGK collision term is that for any given problem one

can deduce integral equations for the macroscopic variables p, u and 7. These equations
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are strongly nonlinear, but simplify some iteration procedures and make the treatment of
interesting problems feasible on a high speed computer.

The BGK model contains the most basic features of the Boltzmann collision integral, but
has some shortcomings. Some of them can be avoided by suitable modifications, at the
expense, however, of the simplicity of the model. A first modification can be introduced
in order to allow the collision frequency to depend on the molecular velocity. This modifi-
cation is suggested, for instance, for physical models, such as rigid spheres, where ¢ varies
with the molecular velocity and this variation is expected to be important at high molec-
ular velocity. Formally the modification is quite simple, but some problems arise. All
the basic properties are retained, but to ensure the conservation of mass, momentum and
energy, the density, velocity and temperature that now appear in the Maxwellian M|f]
are not the local density, velocity and temperature of the gas, but some fictitious local
parameter, different from p, v and T, which allow us to ensure conservation properties.
Analogous considerations will be done when BGK models for gas mixtures will be intro-
duced, in Chapter 5.

A different kind of correction to the BGK model is obtained when we want to adjust
the model to give the same Navier-Stokes equations as the full Boltzmann equation; in
fact, the BGK model gives the value Pr = 1 for the Prandtl number (the ratio between
the conductivity and the viscosity), a value that is not in agreement with both the true
Boltzmann equation and the experimental data for a monatomic gas (which agree in giving
Pr~ %) In order to have a correct Prandtl number, further adjustable parameters are re-
quired. Without going into details, this problem can be fixed by resorting to the so-called
ES-BGK model [29], but in the present thesis we shall restrict to the classical BGK model.

These two aspects, the lower computational complexity and possibility to reproduce the
hydrodynamic limit, explain the interest in the BGK models over the last years. With-
out expecting to be exhaustive, we refer for instance to [41l 57, [42], 60, B7, Bl B9] and
the references therein for a more in-depth analysis of the various aspects (theoretical and

numerical) of BGK models.

1.4 Chu reduction

An interesting simplification that can be introduced into the BGK equation concerns, for
1D problem in space, the possibility to describe problems in 3D velocity space by means
of a system of two equations in one-dimensional velocity space. The idea is known as Chu

reduction [15] and can be applied under suitable symmetry assumptions.
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We consider the BGK equation (1.21) with N = 3 in a domain with axial symmetry with
respect to an axis (say, 1 = x), in the sense that all transverse spatial gradients vanish,
and the gas is drifting only in the axial direction. In such cases, distribution functions
f(t,x,v) depend on the full velocity vector v = (vy,va,v3) (i.e molecular trajectories are
three-dimensional) but dependence on the azimuthal direction around the symmetry axis is
such that all transverse components of the macroscopic velocity u vanish (i.e. uz = usz = 0).

Let us introduce the new unknowns
g1(t,z,v) = / f(t,z,v)dvadvs, go(t,x,v) = / (v3 +v3) f(t, x,v) dvadvz,  (1.26)
R2 R2

each depending only on one space and one velocity variable v = vy. Multiplication of
(1.21) by 1 and (v3 + v3) and integration with respect to (va,v3) € R? yields then the
following system of BGK equations for the unknown vector g = (g1,92), coupled with

initial conditions

dgi , 9gi 1 o
5 TV, = E(M[f]l gi), (t,z,v) eRy xR XR, (1.27)

9i(0,z,v) = gio(x,v), i=1,2.
The BGK system (1.27) describes a relaxation process towards the vector Maxwellians
(M[f]1, M[f]2), which is obtained by Chu transform of (1.24) with N = 3 and has the
form
(M[f]1, M[f]2) = (M[f]1,2RT M[f]1),
where

i = LD (- —u<t,x>>2>.

J2rRT(L ) 2RT(,2)

The macroscopic moments of the distribution function f, needed to evaluate M][f]; are

given in terms of ¢g; and go as:

1
p:/gld’U, u:/vgldv,
R P JR

1
3RT:[/(v—u)2g1dv+/92dv].
PLJR R

The following relation holds:

[ =il - g vt [ alf)a = g2 dv=o. (1.28)
R R
Indeed
3RTp = /R(v —u)2M[f]y dv + 2RT/RM[f]1 dv,
and also

3RTp:/(v—u)2g1dv+/g2dv.
R R

Taking the difference we obtain (1.28).
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Chapter 2

Basic numerical methods for

evolutionary PDEs

In this chapter we will briefly recall some tools used in this thesis for the numerical
solution of the BGK equation. The semi-Lagrangian technique is inspired by the method of
characteristics for first order systems of linear PDEs. In order to derive a numerical method
from this general idea, several ingredients should be put together, mainly a technique for
ordinary differential equations to track characteristics, and a reconstruction technique to
recover pointwise values of the numerical solution. To this end, in the first part of this
chapter we present one-step and multi-step methods for ODEs, with particular attention to
Runge-Kutta and BDF methods. Then we present non oscillatory interpolation techniques,
such as ENO and WENO, needed in the numerical treatment of discontinuous solution
of evolutionary PDEs. Finally, the basic ideas of semi-Lagrangian schemes for PDEs are

presented.

2.1 Runge-Kutta methods for ODEs

We begin this section by introducing the generic numerical scheme for ODEs of first order®.

We have to numerically solve the following problem
v =gy, g:RxR™—R"

y(0) = yo, t € [0,T]. (2.1)

This problem is well posed when g(¢,y) is a Lipschitz function with respect to y, uniformly

in t. Fixed a time step At, the continuous interval [0, T] is replaced by a discrete point set

LA higher order equation may be always written as a first order system.

25
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{t"} defined by t" = nAt, n € N. The numerical solution in this points will be denoted by
y" = y(th).

A numerical method is an equation that, starting from the discrete values {y"*!177, j =
0,...k, k € N}, allows to evaluate the discrete solution at time ¢"*1. If k, the so-called step-
number, is equal to 1 the method is one-step, otherwise it is called a multi-step method.
In detail, we will examine Runge-Kutta schemes, that are a class of one-step methods,
and the Backward Differentiation Formulas (BDF) schemes, that belong to the multi-step
methods family.

2.1.1 One-step methods for ODEs

The main feature of a one-step method is that the numerical solution 3!

depends only on
the numerical solution at the previous time step. So, a one-step method can be formulated
as follows,

Yt =yt AR,y YT At g), (2.2)

where ® represents the numerical method. If ® does not depend by y™*! the method is
explicit, else it is implicit.

Of course a good numerical method must be able to converge to the exact solution of the
problem, in the limit of the time step length approaching to zero.

Definition 2.1. The method defined by (2.2) is convergent in ¢ € [0,T] if

lim_|y" — y(t)] = 0.
iy =y (2)]

The method is called convergent in [0, 7] if is convergent V¢ € [0, 7.

Of course convergence must be required for every numerical method. Here we introduce
briefly a necessary condition to get it. To this aim we have to introduce the concept of
consistency.

Let o(t, At) be the error obtained applying (2.2) to the exact solution in ¢ with step At,
y(t + At) = y(t) + At®(t,y(t); At, g) + o(t, At).

The local truncation error is defined as
o(t, At)
At
Definition 2.2. A method @ is consistent with the ODEs (2.1) in [0,T] if d(h) — 0 as
At — 0 where

d(t, At) =

d(h) = mal‘0§t§T|d(t, At)|

Definition 2.3. A method is of order of consistency p if d(h) = O(hP).
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Theorem 2.1.1. If the function ®(t,y; At) defines a consistent method in [0, T] of order
p, and if it is Lipschitz Yh < hg, ho > 0, then the method is convergent in [0,T] with order

p.

2.1.2 Runge-Kutta methods

Runge-Kutta methods are an important family of implicit and explicit methods, which are
used in temporal discretization for the approximation of solutions of ordinary differential
equations.

In general, given a integer v (number of stages), a v-stage Runge-Kutta (RK) method has

the following form:

14
ki = g(t" + c;At, y" + Zaijk‘j) 1=1,..,v
=1

i=1

In other words, a RK method is completely characterized through its Butcher’s table

c| A
bT

where A = (a;;) is a v x v matrix and ¢ = (1,--+ ,¢,)T and b= (by,--- ,b,)T are vectors.
k; are called RK fluxes. When a;; = 0 for ¢ > j we have an explicit method (ERK).
If a;j = 0 for @ > j and at least one a;; # 0, we have a diagonal implicit RK (DIRK)
method.In all other cases we speak of an implicit (IRK) method.

Usually, the coefficients satisfy the following relations:

v v

szzl and cl-:Zaij izl,...,V.

i=1 =1

The first is a consistency condition and ensures that at least first order accuracy is achieved;

the second one greatly simplifies the derivation of order conditions for high order methods.

Definition 2.4. A Runge-Kutta method (2.3) has order p if for sufficiently smooth prob-
lems (2.1)
ly(to + At) —y1)] < CRPH,

i.e., if the Taylor series for the exact solution y(tg + At) and for y! coincide up to (and

including) the term hP.
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To recover the order conditions about the coefficients of the Butcher’s table we have to
compare the Taylor series for the exact and numerical solution. This part is very technical
and we refer to [27] for more details. Here are listed the conditions to achieve order 1, 2
and 3.

- First order condition:
> bhi=1. (2.4)
- Second order condition:

z 1
;bzc@ = 5 (2.5)

- Third order conditions:

v v

ZZbiaijCj = é, ;blcf == é (26)

j=1i=1

Of course to obtain second and third order the conditions for the smaller order must
be satisfied. Thus, to obtain third order we have four conditions. The number of the
conditions grows with p. The construction of higher order RK formulas is not an easy
task. For instance, to achieve order 4, 5, 6, the number of conditions is respectively 8, 17,
37. Thus, to build a high order method one can increase the number v of stages, but in
this way also the computational cost increases. Hence, one always tries to minimize the
number of intermediate stage.

Let us focus now on the stability properties of the RK methods.

2.1.3 Stability analysis for Runge-Kutta methods
Explicit methods

We consider the famous Dahlquist test equation
v =Xy, yo=1 2z=At\ (2.7)

Using a simple explicit Euler’s method to solve (2.7) we have

with
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Hence it is immediate to observe that the numerical solution y"*! is bounded if the

argument z lies in the region
S={z€C:|R(2)|<1}={2€C:|z+1| <1}

which is the circle of radius 1 and center (—1,0) on the complex plane. The function
R(z) is called the stability function of the method. It can be interpreted as the numerical

solution after one step for (2.7). The set
S={zeC:|R(z)| <1} (2.8)

is called the stability domain of the method.
The following theorem can be proved:
Theorem 2.1.2. If an explicit RK methods is of order p, then

2

z G +1
R(z):1+z+§+~--+g+0(zp )

and if p=v

22 Fid

ot (2.9)

R(z):1+z+2! )

Implicit methods

Now, if we use the simple implicit Euler’s method to solve (2.7) we have

_ 1
142

R(z)

This time, the stability domain is the exterior of the circle with radius 1 and center
(+1,0). The stability domain thus covers the entire negative half-plane and a large part
of the positive half-plane as well. The implicit Euler method is thus more stable than the
explicit one.

Proposition 2.1.3. The v-stage implicit RK method

14
ki=g(t" + ciAt,y" + Zaijkj) i=1,..v
j=1

yn-i-l _ yn + Atzbzkz

i=1

applied to (2.7) yields y"* = R(2)y™ with

R(z) = 14 2bT(I — zA) e,
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Moreover, can be proved that for implicit method the stability function satisfies

R(z) det(I — zA + zeb")
T T dat(I — 2A)

(2.10)

It is to observe immediately that the stability function is rational with numerator and
denominator of degree < v.

The Dahlquist equation is stable if the eigenvalues A lie on the entire complex half-plane
C~.

Definition 2.5. A numerical method is said A-stable if the stability domain .S is such
that S D C~.

A RK method with (2.10) as stability function is A-stable if and only if

|IR(iy)| <1, Yy e R

and R(z) is analytic for Rez < 0.
We have to notice that, by (2.9), an A-stable method must be implicit.

2.1.4 L-stability

Although some methods admit a stability region that coincides exactly with the negative
half-plane, not always these represent the best solution. This is due to the behavior of
the rational function R(z) when z — oo in case of stiff problems. This phenomena can be
avoided if L-stability is required,

Definition 2.6. A numerical method is said L-stable if it is A-stable and

lim R(z) =0.

Z—00

A useful tool to construct an L-stable Runge-Kutta method is given by the following
theorem:
Theorem 2.1.4. If an implicit Runge-Kutta method with nonsingular A satisfies one of

the following conditions:
Ay :bj, ] = 1,...,V, (2.11)
a1 :bl, i:1,...,8,

then R(oco) = 0. This makes A-stable methods L-stable.
Methods satisfying (2.11) are called stiffly accurate.
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2.2 Multi-step methods

The birth of multi-step methods is due mainly to J. C. Adams [27, 28]. In contrast
to one-step methods, where the numerical solution is obtained solely from the differen-
tial equation and the initial value, a multi-step approach consists of two parts: firstly, a

starting procedure which provides 3, -, y" ! at time ¢!, -, ¢!

, and, secondly, a multi-step
formula to obtain an approximation to the exact solution y(t™). There are several pos-
sibilities for obtaining the starting values. Adams actually computed them using Taylor
series expansion of the exact solution. Another possibility is to use any one-step method,
e.g. a Runge-Kutta method. It is also usual to start with low-order multi-step methods
and very small step size.

Two family of multi-step methods can be considered. One is based on numerical integra-
tion of the integral equation of (2.1) using some qradrature formula. The other one is
based on interpolation. The Adams methods belong to the former, instead, the Backward

Differentiation Formulas (BDF) methods belong to the latter one.

2.2.1 Adams methods

We suppose that the solution is known at time t",--- "7 and we wants the numerical
solution y"*! at time ¢"*!. We consider (2.1) in integrated form,
tn+k
v =y )+ [ glt(o) (212
tn—j

On the right hand of (2.12) appears the unknown solution y(¢). But since the approxima-
tions ", - - -,y 7 are known, the values g; = g(t*,y") fori = n—gq,--- ,n are also available
and it is natural to replace the function g(¢,y(t)) in (2.12) by the interpolation polynomial
of degree ¢ through the points (¢¢,%%), for i = n — q,--- ,n. Skipping the technical steps,

available in [27], one obtain the following general form for the Adams multi-steps methods

q
yn+k = yn_J + At Z Bignfi- (213)
i=0

Varying the values of k and j, the Adams methods achieve different features and names:
e 7=0, k=1: explicit Adams or Adams-Bashforth methods;
e j=1,k=0:implicit Adams or Adams-Moulton methods;
e j=1, k=1: Nystrom methods (explicit methods);

e j =2 k=0: Milne methods (implicit methods).
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2.2.2 BDF methods

The Backward Differentiation Formulas (BDF) methods are linear implicit multi-step
methods that, for a given function and time, approximate the derivative of that func-
tion using information from already computed times by interpolation, thereby increasing
the accuracy of the approximation. These methods are especially used for the solution of

stiff differential equations.

Assume that the approximation y"*179, ...,y to the exact solution of (2.1) are known. In
order to derive a formula for 4!, we consider the polynomial p(t) which interpolates the

n+1

values {(t',4")|i =n—q+1,...,n+ 1}. The unknown value 3! will now be determined

in such a way that the polynomial p(t) satisfies the differential equation at t"*!, i.e.
¢ (") = gty ).

Skipping the details, present in [27], the general form of the BDF method is

q
Z Qiynt1-i = Atg(t™ Ty, (2.14)
i=0

For the sake of completeness we give the formulas related to ¢ =1,2,3:

g=1, Yy —y"=Atg(t" Y, (2.15)
3 1

¢=2, Syt =2t 4 oyt = gy, (2.16)
11 1

qg= 37 Fyn-‘rl _ 3yn 4 gyn—l _ gyn—Z — Atg(t"+1, yn-i-l)' (2.17)

2.2.3 Local error and order conditions
The general theory of multi-step methods studies the following difference equation

q q
> iynri = ALY Bigntis (2.18)
i=0 i=0

which includes all previously considered methods as special cases.
Definition 2.7. The local error d(y,t, At) of the multi-step method (2.18) is defined by

d(y,t, At) = [y(t"*!) — ",

where y(t) is the exact solution of (2.1) and y™*! the numerical solution obtained from
(2.18).
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Once the local error of a multistep method is defined, one can introduce the concept of
order in the same way as for one-step methods.
Definition 2.8. The multi-step method (2.18) is said to be of order p if for all sufficiently

regular functions y(t), we have
d(y,t, At) = O(AtPTY).

Our next aim is to characterize the order of a multi-step method in terms of the free
parameters «; and ;. Dahlquist was the first to observe the fundamental role of the

polynomials
q
p(z) = Zaiz’, o(z) = Zﬁiz’.
=0 i

They will be called the generating polynomials of the multi-step method (2.18).
Theorem 2.2.1. The multi-step method (2.18) is of order p, if and only if one of the

following equivalent conditions is satisfied:
e > jai =0 and Y0 it = kY1 Bk fork=1,-- ,p;
o p(e?t) — Ata(ePt) = O(APTY) for At — 0;

. i(jz) —0(2) =0((z = 1)P) for z— 1.

Remark 1. The conditions for a multi-step method to be of order 1, which are usually

called consistency conditions, can also be written in the form

2.2.4 Stability and the first Dahlquist barrier

High order and a small local error are not sufficient for a useful multi-step method. The
numerical solution can be unstable even though the step size At is taken very small. The
essential part is the behavior of the solution as n — oo (or At — 0) with nAt fixed. From
(2.18) for At — 0 we obtain

aqynJrq + qu_1y"+q71 +---+a9=0. (2.19)

This can be interpreted as the numerical solution of the method (2.18) for the differential
equation
y =0.

We put 3/ = 27 in (2.19), divide by 2", and find that z must be a root of p(z).
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Lemma 2.2.2. Let z1,--- ,2 be the roots of p(z), of respective multiplicity my,--- ,my.

Then the general solution of (2.19) is given by
Yy =pi(n)l + -+ pi(n)z) (2.20)

where the p;(n) are polynomials of degree mj — 1.

Formula (2.20) shows us that for boundedness, and therefore stability, of y™, as n — oo,
we need that the roots of p(z) lie in the unit disc and that the roots on the unit circle are
simple.

Definition 2.9. The multi-step method (2.18) is called zero-stable if the generating poly-

nomial p(z) satisfies the root conditions; i.e.
- The roots of p(z) lie on or within the unit circle;
- The roots on the unit circle are simple.

The following theorem can be proved about the relation between the stability of multi-step
methods and accuracy order.
Theorem 2.2.3. The k-step BDF formula (2.14) is stable for ¢ < 6, and unstable for
q=>T.
Theorem 2.2.4 (The first Dahlquist barrier). The order p of a stable linear g-step method
satisfies

e p<q+2ifq is even,

e p<q+1ifqisodd,

o p <q if By/aq <0 (in particular if the method is explicit.)

2.2.5 A-Stability for multi-step methods

If we applied method (2.18) to the Dahlquist’s test function 3’ = Ay we obtain

(o — By F - (a0 — pBo)y™ =0, = AAL (2.21)

The characteristic equation of the difference equation (2.21) is therefore

p(z) = po(z) =0, (2.22)

which depends on the complex parameter u. The difference equation (2.21) has stable
solutions iff all roots of (2.22) are < 1 in modulus. In addition, multiple roots must be
strictly smaller than 1. We therefore formulate

Definition 2.10. The set S of u € C such that all roots z;(p) of (2.22) satisfy |z;(p)] <1
and multiple roots satisfy |z;(p)| < 1, is called the stability domain or region of absolute
stability of method (2.18).
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Definition 2.11. A multi-step method of the form (2.18) is A-stable if S O C™.

BDF methods are A-stable only for ¢ < 2, see [28]. For ¢ = 3,4,5 and 6, we see that the
methods loose more and more stability, even if for ¢ = 3 only a very small part of C™ in
not included in the region of the absolute stability. For ¢ > 7, as we know, the formulas

are unstable anyway.

2.3 High order non oscillatory reconstruction

The new class of numerical methods to solve the BGK model of the Boltzmann equation,
that we will introduce in Chapter 3, is based on a semi-Lagrangian formulation of (1.21)-
(1.24). As we will see in the next sections, this formulation permits in principle to solve
the problem along characteristics, by tracking them back until the initial time. The feet of
characteristics generally will not be grid nodes, so interpolation is needed to reconstruct
the distribution function from the values on the grid nodes. In this section we are going
to introduce the numerical reconstruction adopted.

In order to obtain high order accuracy and to ensure the shock capturing properties of the
proposed schemes near the fluid regime, a suitable nonlinear reconstruction technique for
the computation of the numerical solution outside grid points is required. The numerical
technique used, developed in [I1], is based on a ENO (Essential Non-Oscillatory) tech-
nique reconstruction. As the name suggests, their development is due to the necessity to
reconstruct a function, given by a discrete set of data, which exhibits discontinuity. In this
case in fact classical high order Lagrange interpolation methods are oscillatory. Of course,
these oscillations lead to numerical instability. Different ways have been proposed in the
past to solve this problem. One consists in the introduction of artificial viscosity to reduce
the oscillations, but this affects the solutions of the problems. Another way consists in the
use of slope limiters [34]. In this case the goal was to eliminate the oscillations completely.
The greater disadvantage of this method is that accuracy decreases to first order near the
discontinuity. ENO (essentially non oscillator) and WENO (weighted ENO) methods [53]
prevent formation of oscillations, still guaranteeing high order accuracy. Both methods are
based on the reconstruction of piecewise smooth functions by choosing the interpolation

points on smooth side of the function.

The original ENO and WENO techniques proposed by Shu [53], starting from the cell
averages values of the unknown function, aims to reconstruct the unknown function at cell
boundaries. Since we are interested in reconstruction for a generic point of the grid, we

refer to WENO reconstruction developed by Carlini, Ferretti and Russo [I1] by reporting
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the general framework for its implementation. In the following sections we introduce this

techniques.

2.3.1 The ENO approximation

Let us assume there is a smooth function u(x), and we know only its cell averages {u;}.
Then we want to construct in each cell j a polynomial p; of a given degree m — 1 (i.e.
pj € 1)

pj(z) = u(z) + O(Az™). (2.23)

In particular, we shall be interested in evaluating this polynomial at cell boundaries:
uj_+1/2 =DPj ($j+1/2)7

U;__l/2 = pj(xj—l/ﬂ)
Such polynomial is constructed as follows. Take m adjacent cells, that include cell j. Let
these cells be denoted by j —r,j —r+1,--- ,j+ s withr+s+1=m, r,s > 0. Then

impose that

1 Ti41/2 ) )
<pj>l:<u>l:Ax/ w(z)de, l=j—mr-,j+s. (2.24)

1-1/2
These m independent conditions uniquely determine a polynomial of degree m — 1. Let
us show that indeed this polynomial satisfies condition (2.23). This is easily shown by
defining

a primitive of u(z). The left bound a is not relevant. We choose it so that a = x;,_; /5. At

the right edge of cell ¢ one has:
U(ziyiy2) = Az Z Uy
J=Ja
Let Pj(z) € Iy, and let Pj(zi11/2) = U(Tit12), i =3 —r—1,---,j+s. These m + 1
conditions uniquely determine P; € II,,. Furthermore, from interpolation theory, one has
P(x) = U(x) + O(Az™"),
and therefore
p(x) = P'(z) = U'(z) + O(Az™) = u(z) + O(Az™).

Polynomial p(z) therefore satisfies (2.23) and (2.24).

There are m such polynomials. For example, for a polynomial of degree 2 one can choose
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cells j —2,7j—1,4,or j—1,5,7+ 1, or 5,5+ 1,5 + 2. Which one should be chosen for
the reconstruction? This is exactly where ENO comes into play. First, observe that for
a given stencil, polynomial P(z) can be computed using the divided difference of the
function U(x) :

~ U@iyay2) —Ulmiay2)

Ulz; 1/2,x | = = Uy
- s li4+1/2 19
i Tit1/2 — Ti—1/2

therefore first and higher order divided differences of U can be computed by {@;}, without
using function U explicitly. Likewise, computation of p(z) can be performed using divided
differences that make use only of {@;}. The main purpose of the primitive function U(x)
is to find the proper stencil. The idea of ENO construction is the following. Take cell j,
and construct a linear function between point (x;_1 /2, U(x;_1/2)) and (zj11/2, U(7j41/2))-
Let us call it P;(z). Then add one point, either to the left obtaining

R(z) = Pi(z) + Ulzj_3/2,Tj_1/2,Tjy1/2)(T — Tj_1/2) (T — Tj11/2)s

or on the right, obtaining

R(z) = Pi(2) + Ulzj_1/2, Tjr1/2, Tjazpel (@ — 2j-172) (2 — Tj41/2)-

Then choose the one which is less oscillatory, i.e. the one with the smallest second deriva-

tive. Therefore, extend your stencil by:

r—r+ Vi Uz g/0, 5 170, %100l < |Ulzj_1/2,Tj41/2, Tj43)2]
or

s — s+ Lif [Ulzj_3/2, 2172, Tj1,2]l > [U[Tj-1/2, 1172, Tjr3/2] -
Then one can repeat the procedure by adding one more point to the stencil, either to the
left or to the right, comparing the size of the next divided difference. The net effect of
this procedure will be to choose a stencil that uses the smooth part of the function in the
reconstruction.
For a given degree m — 1, there are m possible stencils. For each of them there are two sets

n and ut as a linear combination of

j+1/2 j=1/2
cell averages on the stencil. These coefficients can be computed once and used later. Once

of coefficients [53], {¢,i}, {¢ri} that compute u

the stencil is chosen (i.e. r is defined) by the ENO procedure, then one knows which set

of coefficients c¢,; one has to use. The expression for ujjrl /2 and u;r_l /2 for each choice of
the stencil are of the form
m—1
uj_-‘rl/2 = E Criﬂj—r—i-ly
i=0
m—1

+ o ~ —
uj—1/2 — E Crilhj—r41-
=0
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2.3.2 The WENO approximation

In the ENO reconstruction one chooses a stencil with m nodes to construct a polynomial
of degree m — 1, in order to reach an accuracy of O(Az™) in the cell. However, the
total number of points involved is 2m — 1. With all these points, a much more accurate
reconstruction is possible. Suppose, for the sake of argument, that m = 3, and that we
use a parabola to reconstruct the function u(z) in the cell j. Let g denotes the parabola
obtained by matching the cell average in cells k — 1,k, k 4+ 1, i.e. gr(z) is obtained by
imposing
(), =w, l=k—-1kk+1.

Then for our polynomial p; € IIs we can use either ¢;_1,¢;, or gj+1. Each choice would

give us third order accuracy. We could also choose a convex combination of gz,
_ . J J J
Pj = wW_1qj-1 + Wpqj + wWiqj+1,

with o/ 1 —I—wg —i—w{ =1, wlj >0,l = —1,0,1. Every such convex combination would provide
at least third order accuracy.

We can choose the weights according to the following requirements:

i) in the region of regularity of u(x) the values of the weights are chosen in such a way
to have a reconstruction of the function at some particular point with higher order
of accuracy. Typically we need high order accuracy at points x; + % and z; — %.
With two more degrees of freedom it is possible to obtain fifth order accuracy at
point ;1 /5 (instead of third order).

We shall denote by Cfl, Cf, Cfr the constants that provide high order accuracy at
point ;13 :

1
pi(Tjp1/2) = Z CHgjan(it12) = u(xjt12) + O(R°),
k=—1
and C, k = —1,0,1 the corresponding constants for high order reconstruction at

pOil’lt .’13]',1/2,

1
pi(Tj_12) = Z Cp Grk(Tj—1/2) = w(wj_1/2) + O(h?).
k=—1

The value of these constants can be computed, and are given by

_ 3 _ 3 _ 1
Cf:cflzﬁ’ c(f:cozg, ct = T



39 2.3. High order non oscillatory reconstruction

ii) in the region near a discontinuity, one should make use only of the values of the cell

averages that belong to the regular part of the profile.

This is obtained by making the weights depend on the regularity of the function in the

corresponding cell. In WENO scheme this results in setting

al = .07’“, k=-1,0,1,
(By +9)?
and }
J
wl =

2 0‘{’

with & a properly small parameter, usually of order 1076. Here §), are the so called
smoothness indicators, and are used to measure the smoothness or, more precisely, the
roughness of the function, by measuring some weighted norm of the function and its

derivatives. Typically

2 . 2
) Tjy1/2 dla.
Bl Z/ J Aa:Ql_l( CIg+k($)> dz, k= —1,0,1.

l
I=1"%j-1/2 dz

The integration can be carried out explicitly, obtaining

13 1
B = 15 (s = 2051+ 05)° + 4 (T2 — 451 +37;)°,
13, _ _ 2 _ _ 2
Bo = ﬁ(uj—l —2uj + Ujq1)” + Z(Uj—l — Ujy1)”,
13 _ _ _ 2, L, = m 2
P = 5 (@ = 21 + Uji2)” + 7385 — U1 +Uj12)"

With three parabolas one obtains a reconstruction that gives up to fifth order accuracy in
smooth region, and that degrades to third order near discontinuities. A detailed descrip-
tion of ENO and WENO reconstruction can be found in the Chapter 4 of [53].

2.3.3 General WENO reconstruction

In the previous sections the WENO reconstruction method has been introduced. This
allows us to obtain a non oscillatory high order interpolation near particular points of the
computational grid, the cell boundary. Now the question concerns the WENO method for
a generic point of the grid. To this aim we refer to a recent result by Carlini, Feretti and
Russo [II]. In the following two sections we present as the second-third (WENO23) and
the third-fifth (WENO35) order interpolation work.
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2.3.4 Second-third order WENO interpolation (WENO23)

We suppose that {u;} is given in each grid point z;. To construct a third order interpolation

we start from two polynomials of degree two, so that
IV"(z) = wrpr(z) + wrpr(z),

where pr,(x) and pr(z) are second order polynomials relevant to nodes xj_1,xj, xj41 and

Tj,Tjy1,Tj4+2, respectively, see Fig. 2.1. The two linear weights Cr, and Cr are first degree

pL
-\
-~
T
—e——————e& — 0 —0 —— @& ———
Lj-1 Zj Tj+1 Lj+2
N ~~ e
PR

Figure 2.1: To reconstruct the unknown function in # we need the polynomials p;, and pg.

polynomials in x, and according to the general theory outlined so far, they read as

Tj42 — X r—Tj-1
Cp ="~ COp="_71"".
3Ar 0 F 3Ax
the expressions of oy, agr, wr, and wr may be easily recovered from the general form.

The smoothness indicators have the following explicit expressions

13, 16, 2 , 13 13 19
Br = Uit T U + Ui — U1 S — U,
13, 16, 25, 13 13 19
PrR= gtve T 3 Ui+ 5U — 5t + ity — Ui, (2.25)
where
C(z)
ag(x) = ——~= (2.26)
(Br +9)?
(with & a properly small parameter, usually of order 107%), and then the nonlinear weights
read as
Wy = _o(@) (2.27)

2 ()

2.3.5 Third-fifth order WENO interpolation (WENO35)

To construct a fifth order interpolation we start from three polynomials of third degree:

IV"|(x) = wrpL(x) + wepe(z) + wrpr(T),
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where the third order polynomials pr(x), pc(x) and pr(z) are constructed, respectively,
ON Tj_2, Tj_1, Tj, Tj41, ON Tj_1, Tj, Tj41, Tjy2, and on xj, Tjy1, Tji2, T;4+3. LThe weights

CL, Cc and Cpg are second degree polynomials in z, and have the form

o = @)@ —z548) o (2 25-2)(2 — Zj48)
20Az2 re 10Az2 ’
Cp= )@= zi)
20Ax2 ’
while the smoothness indicators S and Sr have the expressions
61 , 331 2 331 2 61 2 141 179
BC’ = gu + 30 + 30 ]+1 + — 45 j+2 20 S Uj—1Uy + 30 on Uj—1Uj4-1
293 1259 179 141
Tg0 1t T Tgp WL T g i T g ke,
407 2 721 , 248 61 2 1193 439
PR =504+ g Wt T g e T g s T g s gy e
683 2309 309 553

TR0 WIS T T W12 T g U143 T e U243,
and [, can be obtained using the same set of coefficients of Sr in a symmetric way (that
is, replacing the indices j —2,--- ,j+3 with j+3,--- ,j—2) and oy and wy are computed
as in (2.26) and in (2.27).

2.4 Semi-Lagrangian schemes

The semi-Lagrangian technique for the approximation of first-order partial differential
equations is based on the method of characteristics for advection equation, which ac-
counts for the flow of information in the model equation.

At the numerical level, the semi-Lagrangian approximation mimics the method of char-
acteristics, looking for the foot of the characteristic curve passing through every node,
and following this curve for a single time step. This procedure provides methods which
are unconditionally stable with respect to the choice of the time step. In this section we
present this approach through some model problems.

A basic and very intuitive example to show as the semi-Lagrangian formulation works is

the linear advection equation:
w(t,z) + f(t,z) - uy(u,x) = g(t,x), (t,x) € (to,T) x R. (2.28)

Here, f : (to,T) x R — R is the drift term and g : (t9,7") x R — R is the source term. We
look for a solution w : (9, T) x R — R satisfying the initial condition

u(to,x) = up(z), = €R. (2.29)
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This is a classical model describing the transport of a scalar field, e.g. the distribution
of a pollutant emitted by one of more sources (represented by g), and transported by a
water stream or a wind (represented by f).

The physical interpretation is better clarified through the method of characteristics which
provides an alternative characterization of the solution. In the simplest case, for g(t,z) =0

and f(t,z) = c¢ (constant) the solution is given by the well known representation formula

u(t,z) = uo(x —c(t —to)) (t,x) € (to,T) x R. (2.30)
In fact, assume that a regular solution u exists. Differentiating u with respect to t along
a curve of the form (¢,y(t)), we obtain

Sl y() = e (1 9(0)) - 30) + el (0), (231)

so that, since u solves the advection equation, the total derivative (2.31) will identically

vanish along the curves which satisfy

y(t) = c.

Such curves have the physical meaning of flow lines along which the scalar field u is
transported. They are known as characteristics and, in this particular case, are straight
lines. Then, to assign a value to the solution at a point (¢,z) it suffices to follow the
unique line passing through (¢, z) until it crosses the z-axis at the point z = x — ¢(t — to),
z being the foot of the characteristic. Since the solution is constant along this line, we get
expression (2.30). Conversely, it is easy to check that a function of x and ¢ in the form
(2.30) satisfies with (2.28) f(t,z) = ¢ and g(t,z) = 0, provided uyg is differentiable.

2.4.1 Simple semi-Lagrangian examples of approximation schemes

Now we try to give some basic ideas (in a single space dimension) about the approxima-
tion schemes for the model problems introduced above, the linear advection equation at
constant speed ¢ (to fix ideas, we assume that ¢ > 0):

up + cugy =0 (t,z) € (0,7) xR

2.32
u(0,2) = ug(r) x€R. (232)

The more classical method to construct an approximation of (2.32) is to build a uniform
grid in space and time (a lattice) with constant steps Az and At, covering the domain of

the solution:

{(t",xj) = (nAt,jAz), ne N, n < %, Jj € Z}.



43 2.4. Semi-Lagrangian schemes

The basic idea behind all finite difference approximation is to replace every derivative by
an incremental ratio. Thus, one obtains a finite dimensional problem whose unknowns are
the values of the numerical solution at all the nodes of the lattice, so that the value uy
associated to the node (", x;) should be regarded as an approximation of u(t",z;). For
the time derivative, it is natural to choose the forward incremental ratio

() = u(t + At,zi —u(t,x)

which allows, starting from the solution at the initial time ¢y, to compute explicitly the
approximations for increasing times t* > ty. Writing the forward incremental ratio in time

at (t",z;), we get
utth
")~ L 2.33
wlt", ) = (2.33)

For the approximation of u, we have several possibilities, like

no_ N
N“J’H U

ug (1", 5) ~ (right finite difference)

Az

u — " 1

ug (t", xj) ~ L ——I—  (left finite difference)

Azx

u o —u"

ug (¢, zj) ~ 2 +12 A -1 (centered finite difference)

x

which are all based on the values at the nodes (", xy).
In this case , the choice of the approximation for u, crucially affects the convergence of
the numerical solution to the exact solution. Although centered finite difference would
in principle provide a more accurate approximation of the space derivative, given the
time derivative approximation (2.33), the only choice which leads to a convergent scheme
[33, 34] is to use the left incremental ratio if ¢ > 0, the right incremental ratio if ¢ < 0,
which corresponds to the so-called upwind scheme. In conclusion, for ¢ > 0, we obtain a
scheme in the form

uth

J j—i—C] J

=0. 2.34
At Ax 0 (2.34)

A different way to construct the approximation of (2.32) is to consider the advection term
as a directional derivative and write

u™(x; —cd) — u?

J
4]

cug (t", xj) ~ —

where § is a small positive parameter, and u” denotes an extension of the numerical

solution (at time t™) to be computed outside the grid points. Coupling the forward finite
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difference in time with this approximation we get
n+1 _n
j U

u u™(x; —cd) —u”

J

0
At § ’
and finally, choosing § = At, we obtain the scheme

u?“ = u"(x; — cAt). (2.35)

This is the semi-Lagrangian scheme for (2.32), which could also be deduced from a dis-
cretization of the representation formula (2.30). Contrary to finite difference approach,
semi-Lagrangian schemes use points which may not be grid nodes (z; — cAt in our ex-
ample), thus the corresponding values of the numerical solution need to be reconstructed
by some interpolation technique. In section 2.3 we have already presented the high order
interpolation techniques used to achieve high order semi-Lagrangian numerical schemes

developed in chapter 3.

2.4.2 CFL condition for semi-Lagrangian schemes

In 1928, long time before the theory of convergence of numerical schemes for PDEs had
become an established matter, Courant, Friedrichs and Lewy published a paper in which
the concept of domain of dependence [33), [34), 48] was singled out as a key point for the
convergence of numerical schemes. To sketch the general idea, we first define the analytical
domain of dependence Dy(t,x) of the solution u at a point (¢, z), as the smallest set such
that, if the initial condition ug of (2.32) is changed on the set R?\ Dy(t, ), u(t, x) remains
unchanged. The discrete counterpart of this set is the numerical domain of dependence
DdA(t,x), for a point (¢,x) = (t",z;) in the space-time grid, which is the set of all nodes

x; such that ug(x;) affects the value u]'.

The Courant, Friedrichs and Lewy (CFL) condition states that, for any point (¢, x), the
condition that the analytical domain of dependence must be included in the numerical
domain of dependence, is a necessary condition for stability.

The proof of the CFL condition is very simple: if the analytical domain of dependence is
not included in the numerical one, then there exist a subset of Dy(t,2) which have non
intersection with DdA(t7 x). Therefore, since any change in the value of ug in this subsets
modifies the value of u(t, x) but not the value of the numerical approximation, the scheme
cannot be convergent.

On the other hand, by the Lax equivalence theorem (which was stated about thirty years
later) [33] B4] the CFL condition is also a necessary condition for stability. Indeed, since

a consistent scheme is convergent if and only if it is stable, if a consistent scheme violates
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the CFL condition, then this scheme is unstable.

One of the most interesting advantages of the numerical schemes based on a semi-Lagrangian
formulation is that they allow to achieve stability without strict restrictions on the time
step.

If we look at the upwind scheme (2.34), that can be written in the following way:

Wt = — e —

j 7 Azr (u] 7 1)7 (236)

we can observe that the numerical domain of dependence is composed by z; and x;_1. The
analytical one depends on the choice of the time step. A relative big time step could take
the foot of characteristic with velocity ¢ > 0 outside the grid cell [z;_1,x;], and therefore
could violate the CFL condition. So, intuitively, the CFL condition for the upwind scheme
states that

%‘; <l & At< % (2.37)
The stability of the scheme can be checked in various ways. A rigorous one that can be
used, since the equation and method are linear, is Fourier analysis. We look for a solution
of the form

u; = pels, (2.38)

where i = v/—1 denotes the imaginary unit. Assume ¢ > 0. Then, substituting (2.38) in

(2.36) we have

At ;
= _— — 7'5
p=1 xc(l e's)

=1— X1 —cos§) —iAsin¢,

where A = cAt/Ax. Performing the calculations one has
Ipl> =1 —2X(1 — A\)(1 — cos€).

Because 1 — cosé > 0 and A > 0, it is [p|> < 1if 1 — A > 0, and therefore if A < 1 that is
the same of (2.37).

So, if we introduce the Courant number, denoted by CFL, the upwind scheme is stable if

At = CFLAY.
C

where CFL< 1.

In the same way, we can compute the CFL condition for the semi-Lagrangian scheme

for the advection equation expressed by (2.35). As we can see, in this case the numerical
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domain of dependence is composed by x; and by the foot of the characteristics x; — cAt.
Therefore, in this case, the numerical domain of dependence is not fixed, but depends on
c and At. In this way the analytical domain of dependence will be always included in the
numerical one, and to achieve numerical stability there is no need for restrictions on time
step choice.

This is the more relevant feature of numerical schemes based on a semi-Lagrangian for-
mulation. The possibility to choose CFL numbers greater than one or more, without
losing stability properties, makes them very interesting from a computational point of

view, because the computational cost decreases substantially.



Chapter 3

Semi-Lagrangian schemes applied
to BGK equation

In this chapter we develop and test high order numerical schemes for the BGK equation,
based on a semi-Lagrangian formulation. This chapter is an extended version of the paper

[24], submitted for publication.

3.1 Lagrangian formulation and first order scheme

Initially, we shall restrict to the BGK equation in one space and velocity dimension (namely
D =N =1in(1.21),(1.24)). In the Lagrangian formulation, the time evolution of f(¢, x, v)

along the characteristic lines is given by the following system:

a1

L=~ - ),

dr 3.1
i, (3.1)

z(0) =2z, f(0,z,v)= fo(z,v), t>0, z,v € R.

For simplicity, we assume constant time step At and uniform grid in physical and velocity
space, with mesh spacing Ax and Awv respectively, and denote the grid points by t" = nAt,
;=20 +1Ax,i=0,--- Ny, v; = jAv, j = —N,,--- , N,, where N; +1 and 2N, + 1 are
the number of grid nodes in space and velocity, respectively, so that [xg,zx,] is the space
domain. We also denote the approximate solution f(t",z;,v;) by fl’;

Relaxation time € is typically of the order of the Knudsen number, defined as the ratio

between the molecular mean free path length and a representative macroscopic length;

47
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thus, the Knudsen number can vary in a wide range, from order greater than one (in
rarefied regimes) to very small values (in fluid dynamic regimes).

For this reason, if we want to capture the fluid-dynamic limit, we have to use an L-stable
scheme in time. An implicit first order L-stable semi-Lagrangian scheme (Fig. 3.1) can

be achieved in this simple way

The quantity fl”] ~ f(t", x; — vjAt,v;) can be computed by suitable reconstruction from
{f%}; linear reconstruction will be sufficient for first order scheme, while higher order
reconstructions, such as ENO or WENO [I1], may be used to achieve high order avoiding
oscillations. The convergence of this first order scheme has been studied in [49].

M| f]zJrl is the Maxwellian constructed with the macroscopic moments of f"+1:

n+1 n+1
n n Pi (vj —u'™)
M[f]z]+1 :M[f](xlavjat +1) = \/7—1—161']9(— ;RTTH_l >
2 RTT" :

This formula requires the computation of the discrete moments of f**!, through a nu-

merical approximation of the integrals in (1.5). This is obtained in the following standard

way !

N
1 v
u?-ﬁ-l — Z fn+1A’U
pZ j:_ v
Ny
EM = Z vF T A, (3.3)
2

From now on, we will denote formulas in (3.3) with the more compact notation: m[f;**!] =

(p;L+1 (pu)nJrl En+1)

moments related to the distribution function f.

where, in general, m[f] will indicate the approximated macroscopic

!Computing the moments using this approximation of the integrals has the consequence that the discrete

n+1 n+1
H i Vi—u,
Maxwellian Mi’;“ =2 - ea:p(—( 1 ’nﬂ ) does not have the same discrete moments as ]”“r1 The
\/ 2xRTT 2RT;

discrepancy is very small if the distribution function is smooth and the number of points in velocity space
is large enough, because midpoint rule is spectrally accurate for smooth functions having (numerically)
compact support. However, for small values of N,, such discrepancy can be noticeable. To avoid this
drawback, Mieussens introduced a discrete Maxwellian [37, [36]. The computation of the parameters of
such Maxwellian requires the solution of a non linear system. A comparison between the continuous and
discrete Maxwellian can be found, for example, in [2]. Here we shall neglect this effect, and assume that,

using eq. (3.3), M[}H and f"Jrl have the same moments with sufficient approximation.
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Now it is evident that Equation (3.2) cannot be immediately solved for .Itisa

fo
7

non linear implicit equation because the Maxwellian depends on f"*! itself through its
moments. To solve this implicit step one can act as follows. Let us take the moments of
equation (3.2); this is obtained at the discrete level multiplying both sides by ¢;Av, where

= {1,vj,v; 21 and summing over j as in (3.3). Then we have

S - es = 2Ll - ey,

J J

which implies that

Z n+1 Zfz]¢]a

J
because, by definition, the Maxwellian at time t"“ has the same moments as f"*! and

we assume that equations (3.3) is accurate enough. This in turn gives

m[ /i) = m[f7]. (3.4)

Once the Maxwellian at time t"*! is known using the approximated macroscopic moments
m| fﬁ], the distribution function fg-“ can be explicitly computed

€ 2’]‘ + AtM;}H
e+ At

fn-i-l (35)

This approach has already been used in [49, 50, 51], and in [42] in the context of Eulerian

schemes.

Figure 3.1: Representation of the implicit first order scheme. The foot of the characteristic does not lie

on the grid, and some interpolation is needed to compute f[;
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3.2 High order Runge-Kutta methods

The scheme of the previous section corresponds to implicit Euler applied to the BGK
model in characteristic form. High order discretization in time can be obtained by Runge-
Kutta or BDF methods.

In [50, B5I], the relaxation operator has been dealt with an L-stable diagonally implicit
Runge-Kutta scheme [28]. DIRK schemes are completely characterized by the triangular
v x v matrix A = (a;;), and the coefficients vectors ¢ = (1,--- ,¢,)T and b= (by,---,b,)7,
which are derived by imposing accuracy and stability constraints as described in Section
2.1.2 [28].

DIRK schemes can be represented through the Butcher’s table

c| A
bT

Here we consider the following DIRK schemes

i y 0 0
al a 0 (1+7)/2 | (1—7)/2 0
RK2= 1|1-a a, RK3= 7 wre
1 1—-6—~ 0 ~
l-a «
‘1—5—7 6 v

which are a second and third order L-stable schemes, respectively [5]. The coefficient « is

V2
a=1-—=,
2

while 7 is the middle root of 623 — 1822 + 9z — 1, v ~ 0.4358665215, and 6§ = 3/2v% —
5y +5/4 ~ —0.644363171. Both RK schemes have the property that the last row of the
matrix A equals b’ therefore the numerical solution is equal to the last stage value. Such
schemes are called “stiffly accurate”. An A-stable scheme which is stiffly accurate is also
L-stable, as seen in section 2.1.4 [28]. Applying the DIRK schemes to the characteristic

formulation of the BGK equation (3.1), the numerical solution is obtained as

Firt = £ L A bk Y, (3.6)
—1
where .
w0 (v,0) (v,0)
Kij = E(M[Fij ]_Fij )

denote the RK fluxes on the characteristics z = x; + vj(t — t"1), and

)4
W) _ pvn) (¢.k)
FY =™ 4 ALY apK;
k=1
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are the stage values; the first index of the pair (v, ¢) indicates that we are along the v-th
characteristic and the second one denotes that we are computing the ¢-th stage value.
Moreover f.(f”n) = f(t", x; — e, Atvj, vj).

In a standard DIRK method, the ¢-th stage value, say F w, ), is evaluated by solving
(1:0)

an implicit equation involving only Fij , since the previous stage values have already
been computed, due to the triangular structure of the matrix A. In our case this is not
so easy, because if the point corresponding to stage ¢ along the characteristics is not a
grid point, it is not possible to compute the moments of the Maxwellian at that point in
space-time; indeed, after multiplying by ¢; and summing on j, the elements of the sum are
computed in variable space points, so we cannot take advantage of the useful properties
of the collision invariants. For this reason, we need two kinds of stage values: the stage
value along the characteristics, Fi(f’z), and the stage values on the grid, Fi(f’e) (
3.2 and 3.3).

Second and third order RK schemes are described below.

see Figure

3.2.1 Second order Runge-Kutta method

The general form of RK2 is (see Fig. 3.2)
F = 18 At KO 4 b K3). (3.7)

1,1)

First we compute Fz(j in the grid node by

F(l 1) £ (1 n) + AtallM( b
K €+ Ataqq '

The Maxwellian Mi(jl’l) =M [Fi(jl’l)] can be evaluated by means of the macroscopic mo-

(Ln)]

ments m{f;"], using an argument similar to the one adopted in (3.4). f-(l-’n) = f(t", x; —

Z?]
c1v;At,v;) can be computed by a suitable WENO space reconstruction at time ¢" [I1]; in

Section 2.3.3 we reported the WENO reconstructions adopted in these cases.

Once the implicit step is solved, the Runge-Kutta fluxes K;j.z’l) =

1 (L)) _ p(11) : . : . .
E(M [F}; 7] — F;;") are computed by high order interpolation on the intermediate nodes

#) along the characteristics. Then the second stage value can be computed by

) )

n 1
FPP = (07 4 At (a21K‘ Vb anZ(MIFSY) - ﬂ?’”))- (3:8)

(2.2)

Equation (3.8) cannot be immediately solved because the Maxwellian depends on FZ-]

itself. However, if we take the moments of both sides of equation (3.8), we can compute the
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tn+1

tn —|— ClAt

tni

Figure 3.2: Representation of the RK2 scheme. The black circles denote grid nodes, the gray ones the

points where interpolation is needed.

moments of Fi(j2’2) since the elements of the sum on j containing the Maxwellian M [Fi(jz’Q)]

are now on fixed space points. Indeed

n At

J J

thus the moments are given by m[Fi(.z’Q)] =m| fi(?’n) + AtaglKi(?’l)], S0 we can compute

M [Fi(f’z)], and solve the implicit step for Fi(f’z)

Notice that fi”j'H = Fi(jw), because the scheme is stiffly accurate, i.e the last row of the

matrix A is equal to the vector of weights.

3.2.2 Third order Runge-Kutta method

The RK3 scheme works in a similar way, and Fig. 3.3 shows the procedure.

Algorithm (RK3)
- Calculate fi(j-’n) = f(t", 20 = 2; — crv;At,v;), fg’n) = f(t", 3% = 2; — cou; AL, vy),
fi(’?]’-’n) = f(t", 2% =z — v;At, vj) by interpolation from f7;
- Calculate Fz-(jl’l) in the grid node using the technique (3.4), (3.5), with At replaced by
c1At. Given Fi(jl’l), one can evaluate the Runge-Kutta fluxes Ki(jl’l) = é (M[ﬂ(jll)] -

0D

P ) in the grid nodes and then calculate K Z(JQ Y and KS’ 1) by interpolation from

K,(jl’l) in 704 = z; — (¢ — c1)vjAt and #0) =g, — (1 - c1)vjAt, respectively;
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- Calculate Fi(f’z) in the grid node using RK2 scheme described in the previous section
1
with time step coAt. Given Fi(Jz’Q), one can evaluate KZ-(J-Q’Q) = - (M[Fi(f’Q)] - Fi(j?’2)>
€

2’2) ] ~(6) =
J

in the grid nodes and then calculate K (3:2) by interpolation from K.

ij
T; — (1 — CQ)UjAt;
- Now one can update f;}“ using (3.6), taking into account that the method is stiffly

accurate and using the properties of the collision invariants to solve the implicit step.

Summary of the Runge-Kutta schemes

Three schemes based on RK are tested:

- scheme RK2W23: uses WENO23 for the interpolation and RK2, as described above,

for time integration;

- scheme RK3W23: uses WENO23 for the interpolation and RK3, as described above,

for time integration;

- scheme RK3W35: uses WENOS35 for interpolation and RK3 for time integration.

Remark.

In practice, the Runge-Kutta fluxes can be computed from the internal stages. For exam-

ple, using RK2, we have

F.(.l’l) _ f(l’n)

1 o
K(.l,l) = (M F<(-1’1) _ F'('lvl) _ Y 2
1] E( [ 1) ] 1) ) Atan

The latter expression can be used in the limit € — 0, with no constraint on the time step.

3.3 BDF methods

In this section we present a new family of high order semi-Lagrangian schemes, based
on BDF. The backward differentiation formulas are implicit linear multistep methods for
the numerical integration of ordinary differential equations ' = ¢(t,y), and they had
been recalled in Section 2.2.2. Using the linear polynomial interpolating y™ and 4" ~! one
obtains the simplest first order BDF method (BDF1) that corresponds to backward Euler,
used in Section 3.1.

Here the characteristic formulation of the BGK model, that leads to ordinary differ-

ential equations, is approximated by using BDF2 and BDF3 methods, in order to obtain
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n+l — (3:3)
ij = Ej
tn—i—l
t" + CgAt
"+ ClAt —
" —

Figure 3.3: Representation of the RK3 scheme. The black circles denote grid nodes, the gray ones the
points where interpolation is needed.

high order approximation. The relevant expressions, under the hypothesis that the time

step At is fixed, are:

4 1 2

BDF2 = yn+1 — gy’n _ gynfl + gAtg(yn+1,tn+1), (39)
18 9 2

BDF3:= ¢"* = T AT A 1+ﬁ Y 2+ Atg( nl gy, (3.10)

Here we apply the BDF methods along the characteristics.

3.3.1 Second order BDF method.

The numerical approximation of the first equation in (3.1) is obtained as

4 1 2 At
o +1 _ n,1 n—1,2 “
BDF2:= i = Sfy — 51 —

(MfIE = £, (3.11)
where fn_(s_l)’s ~ fen=G=D gy — sv;At,v;), can be computed by suitable reconstruction
from { f (o= 1)} high order reconstruction will be needed for BDF2 and BDF3 schemes,
and again we make use of the WENO techniques [I1], recalled in Chapter 2, for accurate

non oscillatory reconstruction.
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To compute the solution from equations (3.11), also in this case one has to

fot
ij
solve a non linear implicit equation. We can act as previously done for the backward
Euler method, by taking advantage of the properties of the collision invariants. Thus we
multiply both sides of the equation (3.11) by ¢; and sum over j, getting
4 1 e 2At
+1 1 1,2 +1 +1
S (s gt o = S MU - £,

- 3
J J

which implies that

4 1o
S =3 (Bf;; - )@,
J
so in Equation (3.11) we can compute M| f”'H] with the usual procedure, adopting the

approximated macroscopic moments

4 1 .-
O B = ml g - e, .12

Once the Maxwellian M| fg“] is computed, the distribution function value f{;ﬂ can be
easily obtained from schemes (3.11) for BDF2. The procedure for BDF2 is sketched in
Fig. 3.4 and described in the following algorithm.

Algorithm (BDF2)

- Calculate f;.~ b2 = f(n 1 By = @ — 2054, 05), f;l = f(t", &1 = x; — vjAt,v;) by

interpolation from f.?_l and [ respectively;

- Compute the Maxwellian M| f{}“] using (3.12) and upgrade the numerical solution
f‘n‘-&-l'

A similar algorithm is obtained using BDF3, as we will see in the next subsection.

3.3.2 Third order BDF method.

The numerical solution of the BGK equation in (3.1) is obtained as

18 9 2 6 At
n+1 n— 12 “Z o 2,3 M n+1 n+1 1
where f" ; S~D:% can be computed by suitable reconstruction from { fn (o= 1)}.

To compute the solution f;j‘*l from equation (3.13) we need again to take moments of
such equation
18 2 6AL
> (f”“ g ¥ ¥ 3) 6j = (MU = 1565,

11e
J J



Chapter 3. Semi-Lagrangian schemes applied to BGK equation 56

tn—i—l |

tni

tn_l |

To Z1 Ty Tit+1

Figure 3.4: Representation of the BDF2 scheme. The black circles denote grid nodes, the gray ones the
points where interpolation is needed.

which implies that

18 9 2
E : n+1 o § : n,1 n—1,2 n—2,3 )
(fij )¢] - (wa B ﬁ i + ﬁfw >¢]’

J

fn+1

so in Equation (3.13) we can compute M| ij | with the usual procedure, adopting the

approximated macroscopic moments

18 9 2

1 1 1 1 —1,2 2,3

O B = m| Rt = By 2 pnoss]

Once the Maxwellian M| f;}“] is computed, the distribution function value f;}“ can be

easily obtained from schemes (3.13) for BDF3. This procedure is sketched in Fig. 3.5.
To compute the starting values le for BDF2 and ilj, 2-2]- for BDF3 we have used, as

predictor, Runge-Kutta methods of order 2 and 3, respectively.

Summary of the BDF schemes

Three schemes based on BDF are tested:
- scheme BDF2W23: uses WENQO23 for the interpolation and BDF2, as described

above, for time integration;



57 3.3. BDF methods

- scheme BDF3W23: uses WENQO23 for the interpolation and BDF2, as described
above, for time integration;

- scheme BDF3W35: uses WENQO35 for interpolation and BDF3 for time integration.

T T fn-i—l
9 i1 o
tn+1 g . Y

tn

tn—l

tn—Q

73 7@ O T Tit1

Figure 3.5: Representation of the BDF3 scheme. The black circles denote grid nodes, the gray ones the

points where interpolation is needed.

At variance with Runge-Kutta methods, BDF methods do not need to compute inter-
mediate stage values, and the implicit step for the Maxwellian is solved only once during
a time step. Moreover, we have to interpolate in less out-of-grid points (for instance, we
have to perform only 3 interpolations in a time step using BDF3, versus 6 interpolations
needed to advance one time step using a DIRK method of order 3). This makes BDF

methods very efficient from a computational point of view.

Remark

Using a scheme based on a Eulerian formulation, only one reconstruction is necessary at
each time step, at variance with 3 or 6 reconstructions needed for the third order semi-
Lagrangian BDF or Runge-Kutta methods, respectively. Nevertheless, semi-Lagrangian
schemes are competitive against Eulerian ones, because the former do not have to fulfill the
classical Courant restriction on the time step (CFL < 1). In rarefied regime, for instance,
it is possible to use CFL ~ 10 with semi-Lagrangian schemes, and they turn out to be
more efficient than Eulerian schemes. In the solution of Riemann problems in fluid regime
semi-Lagrangian schemes work well using CFL < 2 — 3. In this case semi-Lagrangian and
Eulerian schemes are comparable from a computational point of view. A more detailed

study on this argument is under investigation.
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3.4 Semi-lagrangian schemes without interpolation

As we can observe, the cost of the schemes presented above is mainly due to the interpo-
lation, especially when we use high order interpolation techniques.

In order to reduce the computational cost we look for schemes that avoid interpolation.
The key idea is to choose discretization parameters in such a way that all the characteris-
tics connect grid points in space. This is obtained, for example, by choosing AvAt = Ax
(see Fig. 3.6).

v = Av
tn+1 ‘
v9 = 2Av
vy = 3Av
tn - & ¢
Ti—3 Ti—2 Ti—1 T;

Figure 3.6: Tmplicit first order scheme without interpolation.

This choice corresponds to solve the equation at each characteristics by implicit Euler,
thus resulting in a first order method in time. In order to increase the order of accuracy
one can resort to BDF or RK time discretization. We have to observe that with the choice
AvAt = Az, which corresponds to have CFL = N,, BDF2 and BDF3 can be easily
applied in this setting. More difficult is the construction of higher order RK schemes that

avoid interpolation.

3.4.1 Construction of suitable high order Runge-Kutta schemes which
avoid interpolation

The use of higher order RK schemes requires indeed that the stage values lie on the grid
as well. This is obtained by imposing AvAt = sAx, s € N. In this case the coefficients of
the vector ¢ must be multiples of 1/s. Moreover we need a L-stable scheme. We can easily
recover a L-stable scheme building an A-stable stiffly accurate method, by Theorem 2.1.4,
that is, imposing that the vector b is equal to the last row of the matrix A. Furthermore,
looking for high order methods we have also to impose accuracy and stability constraints
(2.4), (2.5) and (2.6) on the coefficients of the Butcher’s table. If we satisfy all these

conditions, we will have a high order L-stable DIRK scheme that avoids interpolation.
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Looking for a second order scheme, we have examined the following possible choices for

the vector ¢
1 ¢=(1/2,1), where s = 2;
2 ¢=(1/3,1), where s = 3;
3 ¢=(2/3,1), where s = 3.

Respectively, we obtain the following DIRK schemes:

121/2 0 1/3]1/3 0 2/3]2/3 0
Tv= 1|1 0 To= 1 [3/4 1/4 T3= 1 |3/2 -1/)2
1 0 [ 3/4 1/4 [3/2 -1/2

Instead, looking for a third order scheme, we have examined the following possible choices

for the the vector c
1 e=(1/4,1/2,1);
2 c=(1/4,3/4,1);
3 c=(1/2,3/4,1);

Respectively, we obtain the following DIRK schemes:

1/4]1/4 0 0 1/4 | 1/4 0 0

o 212 0 o0 3/4|325/3 -1291/12 0
YTl 173 2/9 2T 1| 59 /3 1/9
[4/9 1/3 2/9 | 5/9 1/3  1/9

1/211/2 0 0
C3/401/2 1/4 0
1 |5/3 -4/3 2/3

| 5/3 -4/3 2/3

As

Here s = 4. With s = 3, that is ¢ = (1/3,2/3,1), the system of the constraints giving a
third order L-stable DIRK scheme that avoids interpolation, have no solutions.
As we can notice, the scheme T} is the implicit midpoint scheme. It is well known that

the midpoint scheme is not L-stable because its stability function is

_142z/2
11— 2z/2

R(z)
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that does not fulfill Definition 2.6 as z — oco. The others schemes, Ts, T3, A1, Aa, As
are stiffly accurate by construction. By Theorem 2.1.4, if they are A-stable, they will
be L-stable. In Fig. 3.7 the stability regions of such schemes are shown. Recalling that
a Runge-Kutta scheme is A-stable if the A-stability region includes C~, by Fig. 3.7 we
can deduce that only the schemes Ts and As are A-stable and therefore they are L-stable
DIRK schemes avoiding interpolation of second and third order, respectively.

Using schemes that avoid the interpolation, the choice of the time step is determined by
the other discretization steps, and the CFL number is fixed to sN, for DIRK schemes,
whereas is Nv for each BDF methods. This means that we have very large time step for
DIRK schemes. The semi-Lagrangian nature of the family of schemes introduced in the
previous sections, allows us to use large CFL numbers. Nonetheless, for example, choosing
N, = 20, the use of schemes with s = 4 leads to CF'L = 80. In these cases, i.e. scheme As,
some instabilities arise in the numerical solution, but using a fine space grid we are able to
obtain good numerical solution. The high number of space points is not a computational
problem, because these schemes does not require interpolation and for this reason are very
efficient from a computational point of view. We notice that the BDF schemes do have
not this problem because in this case s = 1. Moreover these schemes are very simple to
implement and therefore each time step can be advanced very efficiently.

A comparison with more standard semi-Lagrangian methods that make use of interpolation
will be presented in the Section 3.6 on numerical results. Numerical experiments show
that schemes without interpolation can be cost-effective, especially for problems that do
not require a fine mesh in velocity. In particular, BDF3 without interpolation appears to

have the best performance in most tests.

3.5 Chu reduction model

The schemes presented before have been extended to treat problems in 3D in velocity,
1D in space, in slab geometry. The starting point is the Chu reduction [15] introduced
in Section 1.4, which, under suitable symmetry assumption, allows to transform a 3D
equation (in velocity) in a system of two equations 1D (in velocity), to which the schemes
previously introduced can be applied.
The system of BGK equations to discretize is the following:

dgi  0gi

E—i_vax

zé(M[f]i—gi), (t,z,v) € Ry x R xR, (3.14)

gS(O,CU,’U) = gS,O(IBaU)a s = 172
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3.5. Chu reduction model
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Figure 3.7: Stability regions (cyan regions) of DIRK methods avoiding interpolation. Left column: third
order DIRK methods (from the top to bottom: Ai, Az, A3); right column: second order DIRK methods
(from the top to bottom: T, T5). The stability regions of As and T% include C~, thus, schemes A3 and
T> are A-stable.
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The discrete version of the first order implicit scheme of (3.14) is

At
1 =~ 1 1
95y = Ges + —(MI5 =gl s=1,2. (3.15)

To solve the implicit step we have to compute m[g?j_l]. The density ,0?“
n+1

i

and the momen-
tum (pu) can be easily computed multiplying the first equation of (3.15) by 1 and v;

and summing over j. In this way we get

P?H = Av Z 91> (PU)?H = Av Z V91 ij-
J J

To obtain the temperature Ti"H, instead, we have to multiply by (v; — u;)? and by 1
respectively the first and the second equation of (3.15), and than summing over j.

Now, using the discrete analogue of (1.28):
Bv ) (v —w) (MG = gl ) + o)y (M55 = g5) =0,

J J

one can compute the temperature Ti"H in this way:

3RP?HTZ'”H = Av Z(Uj — uj)2§{z7ij + Av Z 93ij-
J J

Once the new moments p?“, (pu);“r1 and Ti”Jr1 are computed, we can solve the implicit

step and upgrade the numerical solution.
In a very simple and similar way is possible to extend the high order numerical schemes

introduced before.

3.6 Numerical tests

We have considered two types of numerical tests with the purpose of verifying the accuracy
(test 1) and the shock capturing properties (test 2) of the schemes. Different values of
the Knudsen number, represented by the relaxation parameter €, have been investigated
in order to observe the behavior of the methods varying from the rarefied (¢ >~ 1) to the
fluid (¢ ~ 107%) regime. We use units for temperature such that R = 1.

In the first part of the section we consider the 1D model and we explore the choice
of the optimal CFL. A comparison between semi-Lagrangian schemes with and without
interpolation is also presented. The second part of the section is devoted to the results
obtained by the method applied to the 1D space-3D velocity case in slab geometry (Chu

reduction).
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3.6.1 Test 1: regular velocity perturbation
This test has been proposed in [42]. Initial velocity profile is given by
u = 0.1exp(—(10z — 1)?) — 2exp(—(10z + 3)), = € [-1,1].

Initial density and temperature profiles are uniform, with constant value p =1 and T = 1.

The initial condition for the distribution function is the Maxwellian, computed by given

RK1L method, Ll norm Density error at different mesh RK1L method, L1 norm Density order at different mesh

o NX=320—640
1k i
* N_=640-1280 099 @ 8%
X o + *
0 ooo O 00° + 2o
+ N,=1280-2560 T 00N e * %0 oo
— _ * vy
o NX—2560 5120 sl * P " + |
2L o S0 0 000 O 66 1 *
3 * ox
* Rk kR 0(} $
* 0 o » N =320-1280
+ L SN S ** O 06 x 1
+ * 0 > + NX:64O—2560
o 0 0 0000 o0 ¢ + o ‘D - _
1 R S L U o N =1280-5120
°0 00 * * O g4 E
o * * * * + +
*x% +¢+
o + . 5 0
+4 OOO 0.2k b
o o
L Oo 4
| | | | | | | oluw | | | | | |
10° 10° 10" 10° 107 107 10° 10" 10° 10° 10" 10° 107 107 10° 10"
Knudsen number Knudsen number

Figure 3.8: L; error and accuracy order of implicit Euler methods coupled with linear interpolation,

varying e, using periodic boundary conditions.

macroscopic fields. To check the accuracy order the solution must be smooth. Using
periodic or reflective boundary conditions, we observe that some shocks appear in the
solution around the time ¢t = 0.35, so the accuracy order has been tested using a final time
ty = 0.32, that is large enough to reach thermodynamic equilibrium. In all tests N, = 20
velocity points have been used, uniformly spaced in [—10,10]. For the time step, we set
At =CFL Az /Vpq, and we have used CFL= 4. The spatial domain is [—1, 1].

We have compared the following method:

- First order implicit Euler coupled with linear interpolation (see Fig. 3.8);
- RK2W23 and BDF2W23 as second order methods (see Fig. 3.9);

- RK3W23 and RK3W35 (see Fig. 3.10), BDF3W23 and BDF3W35 (see Fig. 3.11) as
third order methods;

The Figures 3.8-3.11 show the Ly error and the rate of convergence related to macroscopic
density of the schemes using periodic boundary conditions. The same behavior is observed

when monitoring the error in mean velocity and in energy.
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RK2W23 method, L1 norm Density error at different mesh

RK2W23 method, L1 norm Density order at different mesh

%

Figure 3.9: L, error and accuracy order of RK2W23 and BDF2W23,

conditions.

Remarks

Knudsen number

Knudsen number

varying &, using periodic boundary

- In most regimes the order of accuracy is the theoretical one.

More precisely all

schemes maintain the theoretical order of accuracy in the limit of small Knudsen

number, except RK3-based scheme, whose order of accuracy degrades to 2, with
both WENO23 and WENO35 interpolation. Some schemes (RK2W23, RK3W35,
BDF2W23, BDF3W35) present a spuriously high order of accuracy for large Knudsen

number. This is due to the fact that for such large Knudsen number and small final
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3.6. Numerical tests
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Figure 3.10: L; error and accuracy order of RK3W23 and RK3W35, varying ¢, using periodic boundary

conditions.

time most error is due to space discretization, which in such schemes is of order higher

than time discretization. The most uniform accuracy is obtained by the BDF3W23

scheme.

Most tests have been conducted with periodic boundary conditions. Similar results

are obtained using reflecting boundary conditions (see Fig. 3.12). The numerical

technique used to deal with reflecting boundary conditions is explained in detail in

Chapter 4.
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3.6.2 Optimal CFL

The semi-Lagrangian nature of the scheme allows us to avoid the classical CFL stability
restriction. In this way, one can use large CFL numbers in order to obtain larger time
step, thus lowering the computational cost. How much can we increase the CFL number
without degrading the accuracy?

Consistency analysis of semi-Lagrangian schemes [I8] shows that the error is composed

by two part: one depending on the time integration and the other depending on the

interpolation.
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Figure 3.11: L; error and accuracy order of BDF3W23 and BDF3W35, varying ¢, using periodic bound-

ary conditions.
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Figure 3.12: L, error and accuracy order of RK3 and BDF3 methods coupled with WENQ23, varying

€, using reflective boundary conditions.

Therefore, if we use a small CFL number, the time step will be small and the error will be

mainly due to the interpolation. On the other hand, if we use a big CFL number, the error

will be mainly due to the time integration. This argument leads us to think that there is

an optimal value of the CFL number, that allows us to minimize the error. The following

Figures 3.13-3.14 show this behavior. Each picture shows the Lo error of the macroscopic

density of the previous smooth initial data, varying the CFL number from 0.05 to 20. The

grid of the CFL values is not uniform because we want to work with constant time step
until the final time, that for this test is set to 0.3. The Knudsen number is fixed to the



Density error

Density error

1.8

1.6

14

12

0.8

0.6

0.4

0.2

1.8

1.6

14

12

0.8

0.6

0.4

0.2

Chapter 3. Semi-Lagrangian schemes applied to BGK equation 68

_, RK2W23 methods, L2 Density error varying CFL number BDF2W23 methods, L2 Density error varying CFL number
x 10
T T F 0.01 T T
+ L, density error + L, density error
L 4 0.009F B
L | 0.008F B
* 0.007 f
L . B
.
9 00061 B
r 10
2 0.005( g
+ a
r 1€
& 0.004- 1
L + 4
¥
0.003f B
+ +
L+ B
i 0.002} + B
A + +
+ +
r + 1 oo001f . * 1
dhttrs o+ T
. . . . . . . . . . o . . . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

CFL number CFL number

_, RK2W35 methods, L2 Density error varying CFL number _,BDF2W35 methods, L2 Density error varying CFL number

x 10 x 10
T : : : T F 4 T : : : T
+ L2 density error + L2 density error
r 1 35 1
+
3l i
+
L i +
* 5 25F + 1
=
r 1 ©
2 2f + 1
L + {1 2
©
0O 150 + 4
- + 4
+
L + i ir 1
+
+ +
L . i 05F N B
Fhdat patt *
. . . . . . . . . . 0 . . . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
CFL number CFL number

Figure 3.13: Optimal CFL number. Left RK2, right BDF2. From top to bottom: WENO23, WENO35.

value 1074,

When the accuracy in space is not much larger than in time, as in the case of RK2W23,
RK3W23, BDF3W23, an evident optimal CFL number appears, since in such cases inter-
polation error and time discretization error balance.

If space discretization is much more accurate than time discretization, the optimal CFL
number decreases. Note that with the same formal order of accuracy, the optimal CFL
number is larger for schemes based on RK than for schemes based on BDF, because RK

have a smaller error constant.
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Figure 3.14: Optimal CFL number. Left RK3, right BDF3. From top to bottom: WENO23, WENO35.

3.6.3 Test 2: Riemann problem

This test allows us to evaluate the capability of our class of schemes in capturing shocks

and contact discontinuities. In particular, we are interested in the behavior of the schemes

in the fluid regime. Here we illustrate the results obtained for moments, i.e density, mean

velocity and temperature profiles, for ¢ = 1072 and ¢ = 1076 (see Fig. 3.15-3.16). The

spatial domain chosen is [0, 1] and the discontinuity is taken at x = 0.5. Free-flow boundary

conditions are assumed. The final time is 0.16. These tests have been performed using

N, = 30 velocity nodes, uniformly spaced in [—10, 10]. As shown in Fig. 3.15 and 3.16,
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the schemes are able to capture the fluid dynamic limit for very small values of the relax-
ation time, relevant to regimes in which the evolution of the moments is governed by the

Euler equations.

3.6.4 Semi-Lagrangian schemes without interpolation

As discussed in Sec. 3.4, semi-Lagrangian schemes avoiding interpolation are very advan-

tageous from a computational point of view. In Figure 3.17 we compare the CPU time and
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Figure 3.17: CPU time and L; error varying Ng.

the Ly error of the schemes with and without interpolation. At third order of accuracy
the relation between CPU time and error is better for the scheme without interpolation
using N, = 20. The relative effectiveness of such schemes with respect to the ones that
require interpolation decreases when increasing the number of velocities, because the CFL
depends on N, in this case. However, these results are just indicative, as the schemes
should be implemented efficiently. Figure 3.18 shows the error and accuracy order in
Li—norm relevant to schemes without interpolation. As we can observe, the theoretical
accuracy order is reached as the spatial mesh becomes finer. Indeed, even if the CFL

number is fixed to s, At decreases when Ax decreases. We just want to remark that a
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Figure 3.18: L; error and accuracy order of T2, BDF2 and BDF3 methods without interpolation,

Knudsen number

€, using periodic boundary conditions related to the 1D problem.

varying
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spatial reconstruction is not needed, because the feet of the characteristics coincide with

grid points, so no spatial error is introduced.

3.6.5 Numerical results - Chu reduction

Also for the problem 3D in velocity we have considered two numerical test, that are aimed

at verifying the accuracy and the shock capturing properties of the schemes.

RK3W23 method, L1 norm, Density error at different mesh

RK3W23 method, L1 norm, Density order at different mesh

o
*
+

o

NX=16£)—320
Nx:320—640
N, =640-1280
N, =1280-2560

35

25

¢ o¢ 9 29

* *

@ o83 o e & Obe ® 83K & B

O 00 0000 6 g4
o, 000 90 3 -
* *OE K ke 4 * xy 52 = 2 * NX—160—320—640 H
3 * * kg > N _=320-640-1280
+ + + o+ 4+ * ¢ 000 o %‘ . *
oy, * * 2 15 o N =640-1280-2560)|
L + R L + + 8
o 0 0 0 o000 o oo +, * *** N
(¢]
(o] o O -
L o . 000 i 1
o ++
3 o o E 0.5 B
[o)e]
E L L L L L L L E 0 L L L L L L L
10° 10° 10" 10° 107 107 10° 10" 10° 10° 10" 10° 107 107 10° 10
Knudsen number Knudsen number
BDF3W23 method, L1 norm, Density error at different mesh BDF3W23 method, Ll norm, Density order at different mesh
. . 35 -
¢ N_=160-320
N, =320-640 Lk
3 * N =o2U- i * ok oew e
x 00 P99 o o o ]
+ N =640-1280 T 99 99w 2% 06 0 000 g see & @
L x H *ox ok KK
o NX=1280—2560
[ ] 25 —
O 00 0000 0 o, o
s % &% w0 004 B, * N =160-320-640 ||
* *OK O Xk L2 4 o x
e © . > + N =320-640-1280
L % ¥ 1 3
e e ey ® 600 L * % s o N =640-1280-2560||
[ + N e + + ] [a)
[e] O O 0O ooo o oo ++ * *** +
(¢]
o 4
r [e] OO . . Ooo o] 1 1
o + 4 o]
L o Ooo 4 05 1
E. L L L L L L L 3 0 L L L L L L L
10° 10° 10" 10° 107 107 10° 10 10° 10° 10" 10° 107 107 10° 10

Knudsen number

Knudsen number

Figure 3.19: L: error and accuracy order of RK3 and BDF3 methods coupled with WENO23, varying

€, using reflective boundary conditions related to the 1D space-3D velocity problem.

Different values of the Knudsen number have been investigated in order to observe the

behavior of the methods varying from the rarefied to the fluid regime. The initial data for
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test 1 are the same of the corresponding test problem 1D in velocity, whereas the data for
the second one is a Maxwellian, having now the following initial macroscopic moments:
(pr,ur,Tr) = (1,0,5/3), (pr,ur,Tr) = (1/8,0,4/3). As in the previous cases, free-flow
boundary conditions are imposed. The final time is 0.25. This test has been performed
using N, = 30 velocity nodes uniformly spaced in [—10, 10].

We will show only the order of accuracy related to the schemes RK3W23 and BDF3W23
(Fig. 3.19) using reflective boundary conditions, since we get essentially the same results
of the 1D case. In this test CFL= 2 and the final time is 0.4. Regarding the Riemann
problem we will show a comparison with the solution of the gas dynamics, for ¢ = 1079,
see Fig. 3.20. As shown by the results, also in this case the scheme is able to capture
the fluid dynamic limit for very small values of the relaxation time, relevant to regimes in

which the evolution of the moments is governed by the Euler equations.

3.7 Hybrid order schemes

In the previous section we have seen that the high order numerical schemes proposed
are able to capture the correct fluid limit as € — 0, also in presence of shock and contact
discontinuities. In these cases we have used a small CFL number, for instance CF'L = 3,4,
see Section 3.6.3. If we use higher CFL number, we observe that some instabilities arise
near the shocks in the macroscopic fields’ profiles. This is a drawback from a computational
point of view because it forces the use of small time step. Numerical instabilities mainly
come from the high order temporal discretization, and not from spatial interpolation.
Indeed, numerical tests performed by coupling high order in time and low order in space,
show the same behavior, and thus the responsible can not be the spatial interpolation.
To overcome these difficulties we have developed a hybrid scheme coupling low and high
order schemes [44]. Indeed, we observe that the results obtained by means of the first
order scheme, both in rarefied or fluid regime, do not present any oscillations, even if we
use high CFL numbers. Thus, the basic idea of hybrid schemes is to use low order in the
regions where the instabilities are present, and high order elsewhere. The instabilities are
localized near the shocks, thus to choose when low order schemes must be used we resort to
the smooth indicators 8 (2.25). The smooth indicators are zero if the function is constant
and much greater as the function present discontinuities. In this way, fixed a tolerance
tol, when 8 > tol we use first order scheme, elsewhere high order. Fig. 3.21 and 3.22 show
the numerical results using the same initial data of Section 3.6.3. The basic schemes used
are RK2W23 and BDF2W23. The correction to low order is fixed to 3 = 107°.

As we can see by the numerical results, by means of this trick, we are able to use large
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Figure 3.21: RK2W23 scheme. Riemann problem in 1D space and velocity ca
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BDF2, t

,t. =0.16, CFL=2, N =200, N =60, Kn=107%
fin X v
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Figure 3.22: BDF2W23 scheme.

Riemann problem in 1D space and velocity case.
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L-relative errors Lq-orders
N, Density Velocity Energy | Density | Velocity | Energy | Correct.
II order | without | correction
20 - - - - - - 07.
40 3.318e-03 | 2.648e-01 | 9.239e-03 - - - 07
80 1.234e-03 | 1.179e-01 | 3.656e-03 | 1.426 1.167 1.337 07.
160 2.015e-04 | 2.057e-02 | 6.685e-04 | 2.614 2.519 2.451 07
320 3.287e-05 | 2.901e-03 | 1.151e-04 | 2.616 2.826 2.538 07
640 7.265e-06 | 5.260e-04 | 2.455e-05 | 2.178 2.463 2.229 07
1280 1.806e-06 | 1.173e-04 | 5.842e-06 | 2.007 2.164 2.071 07
II order with correction | § > 1073
20 - - - - - - 0.387.
40 3.265e-03 | 2.601e-01 | 9.074e-03 - - - 07
80 1.234e-03 | 1.179e-01 | 3.656e-03 | 1.403 1.141 1.311 07
160 2.015e-04 | 2.057e-02 | 6.685e-04 | 2.614 2.519 2.451 07
320 3.287e-05 | 2.901e-03 | 1.151e-04 | 2.616 2.826 2.538 07
IT order with correction | f > 1074
20 - - - - - - 4.277.
40 3.438e-03 | 2.700e-01 | 9.076e-03 - - - 1.497
80 1.449e-03 | 1.357e-01 | 4.264e-03 | 1.246 0.992 1.089 0.0017
160 2.022e-04 | 2.060e-02 | 6.691e-04 | 2.841 2.720 2.671 07
320 3.287e-05 | 2.901e-03 | 1.151e-04 | 2.616 2.826 2.538 07
640 7.265e-06 | 5.260e-04 | 2.455e-05 | 2.178 2.463 2.229 07
II order with correction | 3> 107°
20 - - - - - - 10.637
40 2.750e-03 | 2.521e-01 | 8.514e-03 - - - 7.417
80 2.305e-03 | 1.773e-01 | 5.593e-03 | 0.254 0.507 0.606 3.28J.
160 6.610e-04 | 5.094e-02 | 1.762e-03 | 1.802 1.799 1.666 0.627
320 6.866e-05 | 5.617e-03 | 2.185e-04 | 3.267 3.181 3.011 0.0017
640 7.254e-06 | 5.254e-04 | 2.454e-05 | 3.242 3.418 3.155 07
1280 1.806e-06 | 1.173e-04 | 5.842e-06 | 2.005 2.163 2.070 07

Table 3.1: RK2, N, = 40, Kn = 107%, CFL = 4, Ty = 0.16, interpolation WENO23. Accuracy order

obtained for different choices of the tolerance. The last column represents the percentage of points (z;, v;)

where is used first order.
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L-relative errors Lq-orders
N, Density Velocity Energy | Density | Velocity | Energy | Correct.
II order | without | correction
20 - - - - - - 07.
40 3.147e-03 | 2.780e-01 | 1.006e-02 - - - 07
80 1.838e-03 | 1.709e-01 | 5.742e-03 | 0.776 0.702 0.809 07.
160 4.321e-04 | 4.778e-02 | 1.507e-03 | 2.088 1.838 1.929 07
320 1.050e-04 | 9.650e-03 | 3.818e-04 | 2.040 2.307 1.981 07
640 2.774e-05 | 2.025e-03 | 9.573e-05 | 1.920 2.252 1.996 07
1280 7.167e-06 | 4.686e-04 | 2.397e-05 | 1.952 2.111 1.997 07
II order with correction | § > 1073
20 - - - - - - 0.7/
40 3.096e-03 | 2.727e-01 | 9.561e-03 - - - 07
80 1.838e-03 | 1.709e-01 | 5.742e-03 | 0.752 0.674 0.735 07
160 4.321e-04 | 4.778e-02 | 1.507e-03 | 2.088 1.838 1.929 07
320 1.050e-04 | 9.650e-03 | 3.818e-04 | 2.040 2.307 1.981 07
IT order with correction | f > 1074
20 - - - - - - 5.057
40 3.035e-03 | 2.697e-01 | 9.167e-03 - - - 1.557
80 2.096e-03 | 1.816e-01 | 6.020e-03 | 0.533 0.570 0.606 0.0017
160 4.323e-04 | 4.778e-02 | 1.507e-03 | 2.277 1.926 1.997 07
320 1.050e-04 | 9.650e-03 | 3.818e-04 | 2.041 2.307 1.980 07
640 2.774e-05 | 2.025e-03 | 9.573e-05 | 1.920 2.252 1.996 07
II order with correction | 3> 107°
20 - - - - - - 10.377%
40 2.457e-03 | 2.628e-01 | 8.561e-03 - - - 7.39/.
80 2.436e-03 | 1.910e-01 | 6.287e-03 | 0.012 0.460 0.445 3.277.
160 9.040e-04 | 7.314e-02 | 2.471e-03 | 1.430 1.385 1.347 0.637
320 1.422e-04 | 1.273e-02 | 4.980e-04 | 2.668 2.521 2.310 0.0017
640 2.774e-05 | 2.025e-03 | 9.574e-05 | 2.357 2.652 2.379 07
1280 7.167e-06 | 4.686e-04 | 2.397e-05 | 1.952 2.111 1.997 07

Table 3.2: BDF2, N, = 40, Kn = 107°%, CFL = 4, Ty = 0.16, interpolation WENQ23. Accuracy order

obtained for different choices of the tolerance. The last column represents the percentage of points (z;, v;)

where is used first order.
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time step also in fluid regimes. Of course, one may ask: how much does accuracy order
decrease? Tables 3.1 and 3.2 show the accuracy orders of the same hybrid schemes applied
to a smooth initial data using different tolerance. We can observe a small degradation of
the accuracy order. However, increasing the number of grid points, the schemes tend to
avoid corrections to first order and high order is recovered. Therefore, we can conclude
that, using large time step together order reduction, we lose a bit of accuracy, but we

obtain a numerical scheme that does not present oscillation.
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Chapter 4

Gas-surface interaction and

boundary conditions

In many applications the gas moves in a region bounded by one or several solid bodies,
and in these cases boundary conditions have to be prescribed to characterize the behavior
of the gas near the wall. In the following sections we shall investigate the conditions which
must be satisfied by the distribution function f at the boundary 0D of the region D where
the motion of the particles takes place. The theoretical investigations of the gas-wall in-
teraction are exceedingly difficult because of the complexity of phenomena taking place at
the wall.

In this thesis we refer to the boundary conditions proposed by Maxwell. In a appendix to a
paper published in 1879 [13] B85] he discussed the problem of finding a boundary condition
for the distribution function. As a first hypothesis he supposed the surface of a physical
wall to be a perfectly elastic smooth fixed surface, having the apparent shape of the solid
without any minute deviations. In this case the gas molecules are reflected in a specular
way; therefore the gas cannot exert any stress on the surface, except in the direction of

the normal. The condition read as:
fs=ft,z,v) = f(t,z,v —2n(n- (v —1p))), =€ ID, (v—1vp)-n >0, (4.1)

where n is the unit vector normal to the surface at x and vy is the velocity of the wall,
which is non zero if we are dealing with a moving boundary.

Maxwell noticed that assumption (4.1), known as specular reflection boundary condition,
means that the gas can exert any stress on the surface only in the direction of the normal.
This assumption is extremely unrealistic and can only be used in particular cases, since

in many situations the gas can exert stresses also in oblique directions to the surface, that

83
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cannot be represented as perfectly reflected.

This is why he introduced another type of boundary conditions, corresponding to a more
complex gas-solid interaction. As a second model for a real wall, Maxwell considers a
stratum in which fixed elastic spheres are placed so far apart from one another that any
one sphere is not sensibly protected by any other sphere from the impact of molecules.
He also assumes the stratum to be so deep that every molecule which comes from the gas
toward such wall must strike one or more of the spheres; when at last the molecule leaves
the stratum of spheres and returns into the gas, its velocity must of course be directed
from the surface toward the gas, but any magnitude and direction of the velocity will take

place with the same probability. So, the boundary condition read as

Pb v — v ]2
— f(t — _ VT Ul
fa=1(tz,0) 2wRﬂpr< ORT,

where Ty is the temperature, pp the density and v, the velocity of the wall. This model is

>,x€8Dﬂwn>Q (4.2)

known as diffusive reflection boundary condition.

Finally there is also a more complicated intermediate situation which is devoted to

n 11}

wall wall

Figure 4.1: Left: specular conditions; Right: diffuse conditions.

be more physically realistic. Maxwell postulated that he prefers to treat the surface as
something intermediate between a perfectly reflecting and perfectly absorbing surface,
and, in particular, there is a fraction of the gas which accommodates to the temperature
of the wall and another one which is reflected by the solid. The mixed boundary condition
reads:

F(t2.0) = (1= a)fs + afa (4.3)
where a € [0,1] is called the accommodation coefficient. It represents the tendency of the
gas to accommodate to the wall. It means that the fraction (1 — «) of molecules satisfies
specular boundary conditions whereas a fraction « satisfies diffuse boundary conditions.
If @« = 0 we have specular boundary condition and the re-emitted stream does not feel
the boundary, while if & = 1 we recover diffusive boundary condition, and in this case
the re-emitted stream has completely lost its memory of the incoming stream (except for

conservation of the number of molecules).



85 4.1. Numerical treatment of the boundary conditions

4.1 Numerical treatment of the boundary conditions

In this section we will investigate the numerical treatment of the boundary conditions. The
techniques are exposed in the mono dimensional case and at the first order of accuracy
in time. The extension to high order schemes is only matter of technicality and does not

present conceptual difficulties.

4.1.1 Specular reflection

We assume that the boundary is static, i.e. v, = 0 in (4.1). Each particle hitting the wall
is immediately reflected by the wall with same tangential velocity and opposite normal
velocity:

Urefl =V — 2n(n - v)
where v, f; is the particle velocity after reflection and v the particle velocity before reflec-
tion. This holds true for each particle such that v -n > 0. For v - n < 0, the distribution
function on the boundary is already known from the inner cell. The distribution function

for the boundary points has to be computed only for v - n > 0. Therefore the numerical

ghost points n+1

tn+1 /_/% 2aj
’ v > 0

// //
t’n /// ///
,,,,, —./—;.7 - — -
—I9 —T17 T1 T2
Ty — 0

Figure 4.2: Discretization of specular reflective conditions.

discretization of the specular reflective condition is very easy. For the sake of simplicity
we suppose that the wall is placed in xp = 0. It is enough to consider some ghost points
to extend the distribution function beyond the wall and use as many ghost points as the
value of the CFL number. The ghost points will be placed symmetrically with respect
to the wall, and if —z, is the ghost point symmetric to z, the value of the distribution
function on —xz, will be f;—ﬁ
the feet of the characteristics by considering the extension of the impinging characteristics

whereas in x4 one has fi';. In this way we can compute
I

(dashed lines in Figure 4.2) beyond the wall without the need of considering the reflected

characteristics. If we use a low order scheme in time as in Figure 4.2 a linear interpolation



Chapter 4. Gas-surface interaction and boundary conditions 86

is enough.
In an analogous way it is treated the extension to high order of accuracy. In this case the

high order scheme will be coupled with a high order interpolation.

4.1.2 Diffusive condition

In this section we deal with the numerical approximation of solutions of kinetic BGK
equations in a bounded domain with diffusive boundary conditions. We propose two tech-
niques, the first is based on an iterative procedure, the second is a tentative to improve
the first one, avoiding the iterative procedure. The techniques proposed do not make use

of ghost points and for this reason are self-consistent procedures. We have to distinguish

tn—l—l /‘

Figure 4.3: Discretization of diffusive conditions.

three types of spatial cells: those that are far enough from the wall, for which the char-
acteristics fan does not ever touch the wall; the cells close enough to the wall, for which
only a part of the fan of the characteristics touches the wall, and then the cell located at
the wall, where a special treatment is needed.
First of all we compute the values of the distribution function at the wall. Let us assume
that the boundary is located on the left, at position z; = 0 with temperature 7;. We
assume that the solution at time t™:
{ Z,z =1,....,Nz, 7 =—Ny,..., Nv} is known, together with and the density at z;, = 0, py.
The density pgjﬂ is computed by imposing zero mass flux at ¢t = "1, 2, = 0, that is
> vjfg;*l = 0, where
.2
e if v; > 0,
frt = (4.4)

r At n+1 n+1 . )
ZJL-—F?(Mbj — Iy ) ifv; <0
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The Maxwellian Mg}“ cannot be computed in the usual way. We shall therefore use an

iterative procedure. Let

pl()o)Ebj for v; >0,
0) _
foj’ =
Ng = f(t",x; —vjAt,v;) forv; <0

with Ey; = exp(—vjz/ZTb)/(Qwa)lﬂ. Imposing >, Ujflfj(.)) = 0 one determines p(®). Once

p® is known, one computes the moments mg)) = Zj vfflqu), 8 = 0,1,2. From the

moments one computes the Maxwellian MZSJQ). Then one can iterate untill convergence:

oV B, if v; > 0,
(k) _
1=
x k—1 k—1)\ .
3+%(Mb(j )—fb(j ) ifv; <0
Finally we set fg}“ = limg_ 00 fb(f) and pZ“ = limp_y00 pl()k). Once the density at the new

time ¢"*1 has been found, one can then compute the function at other grid points, as

follows. Let us consider, for example, point x; in the previous figure. Then one has:

‘;7; + %(MZ;H — fg.Jrl) if 7 = x; — ’UjAt >0,

it = (45)

ij
Jo; = (Gijp;;H_l +(1- eij)pl?)Ebj if Z;; <0.

The geometrical factor 6;; = 1 — x;/(vjAt) can be computed for each velocity.

The Maxwellian M;}H may be computed by using an iterative procedure similar to the

one used for the computation of p?“. Starting from
fN‘,Z if i’ij > 0,
) _

fgij if :Z’ij < 0,
one computes the moments m(ﬁo) => y vf fi(;)) and then MZ-(JQ). Given fi(f_l), compute

iy At =l ek, if 7 > 0,

7 € i %

for, + U=GDAE =1 p Dy ez <0,

€ iJ %
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Finally we set fZT]‘.H =limp 00 f z(]k)

The main drawback of this approach relies on the iterative loops. Indeed, the iteration
may be slow if ¢ << At because in the iteration one has:

( ;TJL + %Mi(f_l) £ F S0
Al i =Y,
o 1+ =
fij = 9
—0;:)A k—
faij + %Mf 1) o
0., A if Zi; <0,
( 1+ ==
At At

and the coefficient

& = A may be very close to 1.
3

An improvement can be achieved by the following technique that avoids iterative pro-

cedures. Let us assume that the boundary is located on the left, at position xp = xp, with

Figure 4.4: Mono dimensional phase space. The discretized distribution function is defined in
[r,ZR] X [Umin, Umae]. The distances |z, — Zp| and |zr — Zr| IS UmesAt. In the central region (ligth
gray) the characteristics fan does not touch the boundary. In the dark gray regions (outflow region) we
can extrapolate the distribution function from the central region. For the inflow region (white region) we

use information coming from the wall.

temperature Tp. We assume that we know the solution at time t" and the density at xr,

Py
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First of all we can compute the distribution function at time ¢"*! where the characteris-
tics fan does not touch the wall (light gray region, Fig. 4.4) using the technique described
in the previous chapter. Then one can compute the distribution function at the outflow
region (dark gray region, Fig. 4.4), where v -n < 0, for the spatial grid nodes whose
characteristics fan touches the wall, by extrapolation. A natural way to extrapolate the
distribution function is by means of Lagrange polynomials. However, when a shock goes
out of the boundary, the high order extrapolation may lead to severe oscillations near the
shock. To prevent this, we would like to have a lower order accurate but more robust ex-
trapolation. Therefore, a WENO type extrapolation [19, 54] will be applied and described
in the next section.

Now, we can compute the distribution function at the inflow boundary in a very sim-
ple way making a little modification to the expression (4.4). We define the distribution

function at the boundary in this way:

g}"’l(obtained by extrap.) if v;-n <0
fg‘j+1 _ (4.6)
pg+1Ebj if vjen > 0.

The main difference between expressions (4.4) and (4.6) is that in expression (4.6) the
Maxwellian at time t"*! does not appear, therefore there is no need for iterative loops.
The unknown is only pZLH, that can be easily computed imposing zero mass flux at the
boundary:
+1
n+1 Zvj~n<0 ,Ujfl:;'

o= . (4.7)
b Zvj-n>0 vijj

As last, we have to update the distribution function at time

t"*1 in the spatial grid nodes

whose characteristics fan touches the wall at the inflow (white region, Fig. 4.4). In this

case we define the distribution function in the following way:

f{bj—i_l(obtained by extrap.) if vj-n < 0

1 fgij if vj-n>0 and Zi; < 0.

)

(4.8)

interpolation between f‘gij and

*in the inner cells (light gray region) if v;-n >0 and Z;; > 0.

(i

Also in this case the main difference between expressions (4.5) and (4.8) is that in expres-

sion (4.6) the Maxwellian at time "+ does not appear, therefore there is again no need
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for iterative loops to compute the macroscopic moments of the Maxwellian.

The main advantage of the second technique is that the computational time does not in-
crease as the relaxation parameter approaches to zero, but remains constant. Moreover,
the formulation is self consistent (mass conservation is maintained), and the numerical

technique explained in Fig. 4.4 has to be used only for few grid points near the boundary.

4.2 Inverse Lax-Wendroff technique

A good technique available in literature to treat diffusive boundary conditions due to Filbet
and Yang [19], is the Inverse Lax-Wendroff method. This technique is useful when the
numerical scheme foresees the employment of ghost points. In particular, it is applied to
compute the values of f at the ghost points for the inflow boundary. In this case we cannot
approximate f by an extrapolation, since the distribution function at the interior points
cannot predict the inflow. Filbet and Yang in [19] extended the inverse Lax-Wendroff type
procedure proposed in [55] B0, [59] for solving kinetic equations. At the left boundary zp,
a first order Taylor expansion gives

+0(Az?).

0
F50) = fung + (&~ 1) g

T=x]

Hence a first order approximation of f at ghost points g is

of
foj = farj+ (xg — «'UL)%

T=x]

To obtain the values on the ghost points it is necessary to approximate the first spatial

derivative. By reformulating the Boltzmann equation we have

off  _1( of 1
or ‘J‘aﬁﬂ“’”)

r=x], T=x],

Now, instead of approximating the first spatial derivative, one has to compute the time
derivative and the collision operator in x = x. An approximation of the time derivative
and of the collision term can be computed explicitly using the values of f at previous
time instants at the boundary. In the numerical test section a comparison between the

technique proposed in this thesis and the inverse Lax-Wendroff method is investigated.

4.3 Numerical test

In this section, we present a variety of test cases in 1D showing the effectiveness of our

method to get an accurate solution of the BGK equation set in a bounded domain with
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diffusive boundary conditions. The numerical results have been obtained using BDF2

scheme coupled with the treatment at the boundary which not uses iterative procedure.

4.3.1 Smooth solutions

First of all, we consider a smooth initial data to compute the order of convergence in L?
norm of our numerical methods. As smooth initial datum fy we consider the following
po(z)

2
folw.v) = FE = exp ( - “2> z € (~0.5,0.5), v € [~10,10],

with a density po(z) = 1+ 0.1cos(2mx). We consider purely diffusive boundary condi-
tions with a wall temperature T;, = Tr = 1. The solution is expected to be smooth for
short time and then may develop a discontinuity at the boundary, which may propagate
in the physical domain. We perform several numerical simulations on a time interval
[0,tf] with ¢ty = 1, N, = 20, CFL number equal to 4 and a grid space varying with
N, = 40,80,...,1280. In Tables 4.1, 4.2 we compute the error and the accuracy order in
L? norm of our numerical methods, varying the Knudsen number ¢ from rarefied to hy-
drodynamic regimes. The error is computed making the differences between two solution
obtained by two different meshes, N, and 2N,. We can clearly see the expected second
order convergence in rarefied regime; as the Knudsen number approaches zero, the order
decreases because some discontinuities arise near the wall. Moreover, we verify that our

scheme is also second-order accurate at the boundary.

Lo relative errors

N, e=1 |e=10"1|e=5-102]e=102|e=103|e=5-107* | e=10"*

80 | 2.803e-3 | 1.662e-3 2.234e-3 6.590e-3 | 1.583e-2 1.708e-2 1.823e-2

160 | 1.601e-3 | 5.328e-4 7.921e-4 2.885e-3 | 1.033e-2 1.222e-2 1.443e-2

320 | 7.076e-4 | 1.613e-4 2.541e-4 1.026e-3 | 4.909e-3 6.664e-3 9.753e-3

640 | 2.398e-4 | 4.556e-5 7.650e-5 3.540e-4 | 1.799e-3 2.782e-3 5.668e-3

1280 | 6.838e-5 | 1.213e-5 2.143e-5 1.246e-4 | 5.713e-4 9.143e-4 2.494e-3

Loy orders
160 | 0.8074 1.6417 1.4960 1.1917 0.6160 0.4828 0.3375
320 1.1784 1.7239 1.6403 1.4905 1.0736 0.8758 0.5652
640 1.5611 1.8239 1.7317 1.5360 1.4483 1.2602 0.7828
1280 | 1.8103 1.9083 1.8356 1.5060 1.6549 1.6054 1.1841

Table 4.1: Relative errors and convergence rate of the distribution function in the whole domain, in L?

norm.
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Lo relative errors at the boundary

N, e=1 e=10"1|e=5-102|e=102|e=103 | e=5-10*| =104

160 | 3.012e-4 | 5.294e-4 1.103e-3 5.047e-3 | 1.520e-2 1.742e-2 1.994e-2

320 | 7.176e-5 | 2.013e-4 4.428e-4 2.197e-3 | 6.871e-3 8.201e-3 1.040e-2

640 | 1.754e-5 | 4.876e-5 1.175e-4 7.093e-4 | 1.931e-3 2.344e-3 2.870e-3

1280 | 4.405e-6 | 9.080e-6 2.300e-5 1.920e-4 | 5.068e-4 7.384e-4 9.022e-4

Lo orders at the boundary

320 | 2.0697 1.3944 1.3172 1.1995 1.1462 1.0872 0.9391
640 | 2.0323 2.0461 1.9135 1.6314 1.8309 1.8065 1.8579
1280 | 1.9938 2.4250 2.3533 1.8852 1.9300 1.6667 1.6696

Table 4.2: Relative errors and convergence rate of the distribution function at the boundary, in L? norm.

4.3.2 Flow generated by a gradient of temperature.

Now we consider a test case of more interesting physical meaning. We suppose to be in
presence of a hot wall, that will generate a flow towards the interior. The initial data is
the one used in [19], that is

folz,v) = 002(79:) exp ( - v;), z € (—0.5,0.5), v € [-10, 10],

with a density po(z) = 1 and Tp(xz) = 1+ 0.44(z + 0.5). We consider purely diffusive
boundary conditions with a wall temperature 77, = 1 and Tr = 1.44. We perform numerical
simulations on a time interval [0,t;] with ¢; varying from a test to another (varying the
Knudsen number the equilibrium is reached at different time), NV, = 20, CFL number equal
to 4 and a grid space varying with N, = 100. In Fig. 4.5 we can see the temperature and
pressure profiles at different Knudsen numbers that are in good agreement with the results
presented in [19] and obtained with the inverse Lax-Wendroff method. More precisely, the
boundary layer (Knudsen layer) appears in the profiles of the macroscopic quantities. We
can observe it without zoom in the pressure profile, because the pressure is almost constant
in the bulk of the gas. Moreover, we can observe that the magnitude of the boundary layer
is of the order of € and it tends to disappear in the fluid limit (¢ — 0). Lastly, we perform
a similar test, with the only difference that Ty(x) = 1. In Fig. 4.6 we can observe the heat
wave that propagates in the temperature profile, caused by the difference of temperature

between the right wall and the gas.
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Figure 4.5: Stationary solution of the temperature and pressure profiles generated by a temperature
gradient obtained at t; = 10 if ¢ = 107" and at t; = 75 if ¢ = 5- 1073, The magnitude of the Knudsen

layer is of the order of €.

4.4 WENO type extrapolation

The WENO type extrapolation used to the treatment of diffusive boundary is the one
developed in [19, 54, 55, 56]. The key point of WENO type extrapolation is to define
smoothness indicators, which are designed to choose automatically between the high or-
der accuracy and the low order, but more robust, extrapolation. Here we describe this

method in spatially 1D case.

Assume that we have a stencil of three points S = {z1,z2,23} and denote the corre-

sponding distribution function by fi, fo, f3. Instead of extrapolating f at the point x.,
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by Lagrange polynomial, we use following Taylor expansion

2
_ (xex - xf)k dkf
Jeo =) T

k=0 w=1y

We aim to obtain a (3—k)-th order approximation of % denoted by fg(k), k=0,1,2.

T=x
Three candidate sub—stencils are given by

Sy =A{x1,...,xp41}, r=0,1,2.

In each sub-stencil S,, we could construct a Lagrange polynomial p,(z) € P,.(R)

¢

po(x) = f1,

pi(x) = fi + 2L (@ — a),

| pa(@) = i+ Ll (@ —w1) + B (0 — ) (@ — ).

We now look for the WENO type extrapolation in the form

2
dkp, (z
19 =3 T ),

r=

where w, are the nonlinear weights depending on f;. We expect that fg(k) is (3 — k)-th

order accurate in the case f(x) is smooth in Sy. The nonlinear weights are given by

— Qr
o Zgzo as’

with 0
RN

where ¢ = 1079 and f3, are the new smoothness indicators determined by fy = Az?,
Br=(f2— f1)?

13, 16, 2, 13 13 19
B2 = 12f1 + 3f2+ 12f3 3f1f2+ 6f1f3 3f2f3,

and dy = Az?, dy = Az, and dy = 1 — dy — dy. For more details see[54, (55| [56].
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Figure 4.6: Temperature profile. Wave generated by a temperature gradient obtained at different time

instants. ¢ = 107*, CFL=2, N, = 100, N,, = 20.
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Chapter 5

BGK models for gas mixtures and

semi-Lagrangian approximation

Most of the BGK models have been considered in the case of a single species gas. This
seems an important limitation, recalling for example that the atmosphere must be at
least considered as a binary mixture of Oxygen and Nitrogen. Although the extension
of the Boltzmann equation to a mixture of gases has been well known for a long time,
this is not the case for the BGK equation. Considerable troubles are encountered if one
tries to extend the BGK philosophy, originally devised for a single species gas, to a gas
mixture [52, 21I]. Indeed, one faces immediately very basic drawbacks such as loss of
positivity of temperature and breakdown of the indifferentiability principle. An accurate
and detailed discussion on the subject may be found in [3], where the authors propose a
simple and very interesting consistent BGK-type model for gas mixtures which overcomes
all previous difficulties. In this Chapter kinetic and BGK equations for both inert and
reactive gas mixtures are presented. Moreover, numerical results, obtained by means of

the semi-Lagrangian schemes proposed, are shown.

5.1 Boltzmann equation for inert gas mixtures

We consider now a gas mixture of L different species G, s = 1,---, L. The kinetic de-
scription is given by L Boltzmann equations for distribution functions f*(¢, x,v), (¢, z,v) €
Rt x R? x R3

af®

o T Val*=Q% s=1.- L (5.1)
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where
L

QS:ZQST(fsafr)a 8:17"'7L7

r=0
and

Q) = [ [ Bl U@ ) = @) )] d2 o

is the usual scattering collision operator for the binary (s, ) interaction.
We introduce notations for macroscopic quantities that will be used later on: m? is the
molecular masses, n° the number density, p® the density, u® the average velocity, T° the

temperature of species s. One has:

nS — fs d/U, pS — msns
R3
S 1 S
u’ = — vf®dv
ns R3

1
n*KpT® = -m® | (v—u®)?f*dv.
3 R3

Then we also have global quantities for the mixture, the number density n, the total
density p, the mean velocity u, scalar pressure p or temperature 7T, which are expressed

in terms of single component parameters by
L L L
n = E n’, p= E p’ = E m®n®,
s=1 s=1 s=1
L
]' S,.8,,8
u=- E m°n’u’,
P s=1

L L
1
p=nKpT = g nSKBTS—I—g g m*n® (u® — u)?.

s=1 s=1

Of course the Boltzmann equation for mixture has to satisfy the indifferentiability princi-
ple. It states that, when all the masses m® and cross-sections B*" are identical, the total
distribution function f = ZSLZI f? obeys the single species Boltzmann equation. Notice
also that the macroscopic quantities associated to f are n, v and T in this case.

For multispecies gases, we have to keep in mind that for each species mass, momentum
and energy are not necessarily conserved. If we suppose that there is no chemical reaction

between the species, the mass of each species is conserved

Q*dv=0, s=1,--,L (5.2)
R3
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Each species may nevertheless exchange momentum and energy with the others, so the
species momentum and energy cannot be conserved in general. Such rates can be made
explicit for Maxwellian molecules [13]. In detail, the exchange relations can be computed

and one obtains [3, 22]:

L
S Sd: sr, sr_S. T T_S 5.3
[ 00Q o = DTt (0 = ), (5.3)

ST ].
n°n’ [2KB(TT—TS)+ (M mu’)-(u" =) |, (5.4)

ms +m”

m’ L 2u
g VA=)
R r=1

where p*" is the reduced mass

S s
ST __ m-m
K J——

and v;"(g) = v;°(g) are the microscopic collision frequencies
™
vi' (9) = vi°(9) = 27Tg/0 o*"(9,x)(1 — cosx)*sinxdx, k=0,1, (5.5)

with 1" < 215" and o stands for differential cross section and g is the relative speed.
Actually, under the hypothesis of Maxwellian molecules (6" (g, x) o« 1/g) the microscopic

collision frequencies are constant with respect to the relative speed g. Of course

L L
1
Z m*vQ@Q°dv=0 and Z —mf?Q% dv =0
s=1 R3 s=1 R3 2

that is, the momentum and the energy of the global mixture are conserved. Thus, in a

mixture without chemical reaction there are L 44 collision invariants, relevant to the mass

of each species, to the total momentum and total kinetic energy.

The equilibrium in the mixture is obtained when all @° = 0. Then @*" = 0. It can
be proved that if for two species s and r Q%" = Q™ = 0 then f® and f" are Maxwellians
with common velocity and temperature. The conclusion is that at global equilibrium, all

distributions are Maxwellians of the form

ms 3/2 mé|v — ul?
S __ S _
fr=n (27TKBT> eXp< OK 5T > (56)

with common velocity u and temperature 7'
In a spatially uniform state (V. f = 0), the H-theorem can be proved choosing the following
H-function [3]

H= fIn(f?) dv, (5.7)
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and, in the case of mixture, the entropy inequality is

Z Q@ In(f*)dv <0.

5.2 BGK models for inert gas mixtures

After the introduction of the BGK model for one-species gas, many attempts have been

made to extend the BGK model to gas mixture. The trivial extension

of®
ot

+v-Vf=v3(M°—f°%), s=1,---,L

where v*® is the species collision frequencies and M? is the local Maxwellian with density,
momentum and temperature of the species s is not consistent because it does not reproduce
equilibrium conditions v®* = v and T° =T Vs.

Among the pioneering BGK models for mixtures we can cite [26, 52, 2I]. The models
presented in [26, 52] have an important drawback: when all species are identical one
does not recover the BGK equation for a single gas, that is, they do not satisfy the
indifferentiability principle. In [2]] a different model overcoming this drawback is proposed,
but positivity is lost. Here we present two consistent BGK models for inert mixtures which

overcome all previous difficulties.

5.2.1 The BGK model of Andries, Aoki and Perthame

The first consistent BGK model for inert mixtures, satisfying the main properties of the
Boltzmann equation for mixtures, such as positivity, indifferentiability principle and en-
tropy inequality, was introduced in [3]. The key idea is that instead of approximating
each binary collision operator (between specie s and r) by a BGK-type equation, only one
global operator is introduced (i.e., taking into account all the species r) for each species
s. The model is built as follows. The relaxation occurs toward a Maxwellian distribution

Mg, ie.,
af®
ot

where f* is the distribution function of the species s, M is an auxiliary local Maxwellian

+U'vfo:QSBGK:VS(MS—fS), S = 1, ,L, (58)

depending on velocity vector variable v, molecular masses m®, Boltzmann constant Kp

and disposable parameters ng, ug, T

s 3/2 s
— m _ m —_ 2 — “ e
My = ng <27TKBT5) exp < (v —us) >, s=1, , L. (5.9)
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(Note the subscript s, while actual macroscopic fields have a superscript s).
At last, v, represents the inverse of the sth relaxation time, possibly depending on macro-
scopic fields, but independent of v. The authors in [3] emphasize that the choice of v is

crucial. In particular the model is well defined with the total collision frequency

Zu“ r (5.10)

With this choice of v it can be proved [3] that the positivity of the temperature is en-
sured. The above auxiliary fields ng, ugs, Ts are determined from the corresponding actual
moments of the distribution functions f* (namely number density n®, mass velocity u®
and temperature T of each component) by requiring that the BGK model prescribes the
same exchange rates by collisions of the Boltzmann level given in (5.3)-(5.4). By (5.2) of
course ng = n®Vs, since fR3 Q%ax = ns — n® must be zero. Following [3], we now impose
that the Boltzmann equation (5.1) and its approximate model (5.8) prescribe the same
exchange rates (5.3) and (5.4), that is:

/ m*vQpar dv :/ m*vQ® dv
R3 R3

or equivalently
L
msnsus _ msnsus — E VfTMSTnS,rLT(uT’ _uS)
r=1
and

1 1
- imsUQQSBGK dv = /RS §mSU2QS dv

or equivalently

3 3 1 1
Vs [”SQKBTS - nsiKBTS + ns§msu§ - nsms(us)ﬂ =

2 3 1
= Z Vfrmnsnr |:2KB(TT — T + §(mrur + miu®) - (u" — us):| )

Upon introducing the auxiliary symmetric matrices

L
SST _ 67‘3 — Vfrﬂsrnsnr — 55 § :I/SZ/LSIRSTIT

l
AT = AT = SKByfrmsi —0*"3Kp Z vy e + poe— n°n’,
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where 6°" denotes the usual Kronecker symbol, the parameters determining all attracting

Maxwellians M, read explicitly as

S [msnsus+ Zg” r] (5.11)

msns
r=1

L
2 3 1 ) 51
T, = S K [nszKBTS - §ms[ns(u5) —n®(u®)”] + A Z’ysrTr—i—

ST

4
1
— g %n n"(mfu® 4+ m"u")(u" — us)] . (5.12)
Vs £t mf+m

Under the hypothesis (5.10) Andries, Aoki and Perthame proved in [3] that the temper-
atures (5.12) are positive. The above scheme guarantees that the BGK approximation
fulfills the main features of the actual collision operator. Obviously the conservation
equations are recovered by construction. Moreover, the main properties, such us indiffer-
entiability principle, H-theorem and entropy inequality are recovered. The H-theorem can

be proved using the same H-function (5.7) of the Boltzmann level [3]. Indeed,

7 atz F In(f%) dv < 0.

As a consequence, in the time evolution the BGK model pushes the distribution function
towards the local equilibrium M?, where M? is the L+ 4-parameter family of Maxwellians

distributions given in (5.6) with global mass velocity u and temperature 7.

5.2.2 A new BGK model for inert mixtures

In the previous model for inert mixtures, have been introduced 4L auxiliary parameters,
namely «® and 7%, s = 1,---,L in order to recover the same exchange rates of the
Boltzmann level and the correct conservation equations. Now we introduce a new BGK
model which does not reproduce the species exchange rates of the Boltzmann level, but
only the conservation of total momentum and kinetic energy. In this way, one obtains a
BGK model of the form

af®

ot

+v-Vaof® = Qhar = vs(My — f%), s=1,---,L, (5.13)

where now the attractors M s are fictitious Maxwellians

~ ms 3/2 ms )
M32ﬁ8<m) eXp(— oK T(’U—’a) ), 521,"‘ ,L, (514)
TINB B
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defined in terms of L + 4 (instead of 5L) auxiliary parameters n®, s =1,---, L, 4, and T.
The main difference with the previous BGK model is that now the attractor M, have com-
mon fictitious velocities and temperature @ and 7. In other words, the model pushes the
gas towards a full, instead of partial, equilibrium. Once again, the auxiliary macroscopic
fields depend on the actual macroscopic fields of f® and are determined in such a way to
satisfy the conservation of mass, momentum and energy. Of course s = n® since we are
considering inert mixtures. Imposing the total conservation of momentum and energy we

obtain
L ~
Z/ mvQpzar dv =0 (5.15)
s=1 R3
or equivalently
L
Z vsm®n®(u —u®) =0
s=1

and for the energy
L

D

s=1

1 ~
- §mSU2QSBGK dU =0 (516)

or equivalently

Lo 3 -1 3
Z Vs [2m5n5ﬁ2 + §nsKBT - imsrﬁ(us)2 - insKBTs = 0.
s=1

Therefore, the parameters determining the Maxwellians (5.14) read explicitly as

L SpaS,,S
SE vemtntu

, 5.17
Sy vsmens 10

u =

7 Zle ven® [%ms((us)2 — %) + %KBTS] £ 13
= 5 7 - ) (5.18)
§KB Zs:l Vsh

As the BGK model of Andries, Aoki and Perthame, the above scheme satisfies the main
properties, such us positivity, indifferentiability principle; also the H-theorem and entropy
inequality are recovered.

As regards positivity, we have to prove that 7 in (5.18) is positive.

Theorem 5.2.1. The global temperature T (5.18) is positive.

Proof. We observe that T is positive is and only if

L 2 L
<Zasus) < Zas\us\z (5.19)
s=1 s=1
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where 3% o, = 1. Indeed,

L

T>0s ) vn'lm((u')? — @) + 3KpT*] > 0 &
s=1

@Z%nmu <ZI/S )2 +3KpT*] &

z o +3KBT1

where
VS,’,LSmS
Qg = ——,
L SmhS S
SLvenem

Expression (5.19) follows observing that @ = ZSL:1 asu®.

Now we prove by induction that (3 agu®)? < S°F | agfu®?, with u® = (ug, ug,u3) €
R3, ZS 1os =1, a,>0Vs.

Case L = 2.

= (aqul + anu?)? + (ozlu; + ozzuz)Q + (aqul + agu?)? =

= af | (uh)? + (u})? + (u)?] + a3 [ (2)? + (ud)? + (ud)?] +

+2a1a2u u +2a1a2u Uy, +2041a2u1 2,

(alul + a2u2)2 — a1]u1|2 — oz2|u2|2 =

= (af = o) | (uh)? + (up)? + (ub)?] + (03 — az)[(u2)? + (u2)? + (u2)?] +

+2a1a2u u + 2a1a2u u + 2a1a2u1 2 =

= —gan|(uh)? + (uh)? + (ul)? + (u2)? + (u2)? + (u2)*+
—2(u})2(u)? — 2(u})(u)? - 2(ul)?(u2)?| =

= —ajan [(uglc —u2)? + (u; - uZ)2 + (ul — “2)2} = —aul —u?2 <0.
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Finally, supposed that the property holds for L — 1, now we prove it for L.

L -1
Z asu’® = (1—arg) Z Bsu® + apu® = yiwi + yows,
s=1 s=1
where
« L Loy
S s 1 s
g y = = ].,
b= ZBS e

s L
m=1-ar, v =ar, leE Bsu®,  wo =u".

Then, we obtain

Zas 2 <yl + elwaf? = (1 - ar)(Y Beu’)? + apfulf?
L—1

<(l1-ap) Zﬁs|u8|2+aL|uL2 Zozs|u5|2

s=1

The H-theorem can be easily proved.
Theorem 5.2.2. Let

L
H=>Y [ fIn(f)dv.
s=1 IR3
Then H <0, and H = 0 if and only if f5 = M,

Proof.

. L ~
=y |, @oexcn(r)dv =
L ~
= s s )1 *)d
S [ et i)

We observe that from conservations (5.15) and (5.16) follows that

L
> / Qo In(M*) dv = 0.
s=1 R3

Then we can write

i = Z [, @baxln() = m(a1)] o = Z [ = pom () a

1 R
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L
B ~ B fs fs
_;ys/RgM <1 Ms)ln(Ms)dugo.

The last inequality holds because the function (x — 1)Inx is always positive except in

x = 1 where it vanishes. O

As a consequence, the time evolution pushes the distribution function towards the local

equilibrium M?, where M?® is the Maxwellian distribution

ms\ 32 m ,
M'S: S — —_ :1 DY L
w(gmger) o (- gglv-w?) s=Le L

with global mass velocity v and temperature 7.

5.3 BGK model for reactive mixtures

Now we introduce an extension of the previous BGK model (5.8), due to Groppi and Spiga
[25], to the much more complicated problems, significant for applications, in which gas
components may undergo chemical reactions.

The main difference with the inert BGK model is that now also exchange of mass and of
energy of chemical link have to be considered. In particular, the authors in [25] deal with

a four species gas mixture and with the reversible chemical reaction
Al 4 A% = A3 + AL (5.20)

Molecules A® are endowed with an energy of chemical bond E* and may also interact with
any, different or equal, species r = 1,--- ,4 by elastic scattering.

The system of Boltzmann equations describing these processes has been derived and inves-
tigate in [47]. Here we just recall that there exist seven independent collision invariants,
and they may be chosen as three combinations of number densities n® + n”, for instance
(s,r) =(1,3),(1,4),(2,4), (relevant to the balance between reactants and products), the
global mass velocity and the internal (kinetic plus chemical) energy. Consequently, we get
seven exact, non-closed, macroscopic conservation equations. Correspondingly, we have

now a seven-parameter family of Maxwellians

s 3/2 s
S _ s m o m . 2
M?*(v)=n <27TKBT> exp( 2KBT(U u) ),

as collision equilibria, with equilibrium densities bound together by the well known mass

nln2 (12 3/2 AE
n3n4 = <,u34> eXp <M>, (521)

action law of chemistry
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where AF is the energy threshold AE = — Z;l:l ME® >0 (with Al =X2= -3 = -\ =
1) to be overcome in the endothermic reaction, conventionally assumed to be the one from
the left to the right in (5.20). A strict entropy inequality for relaxation to equilibrium has
also been established in terms of the H functional [47]

4
= SIn(£5/(m®)3). dv .
H—;/Rsfl(f/( Y).d (5.22)

5.3.1 The BGK model of Groppi and Spiga

The main structure of this BGK model for reactive mixture is similar to (5.8), (5.9) and
(5.10). The substantial differences consist in expression (5.11) and (5.12), since now also
the chemical exchange rates have to be considered. As a consequence, here the single
number densities n® are not conserved quantities, and therefore also number density of
the attracting sth Maxwellian is different from that of the actual distribution function. In
detail, under the assumption of tempered reaction regime, the parameters determining all

Maxwellian M; read explicitly as [25]

)\S
ns =n’+ 8, (5.23)
Vg
1 & A®
mPnsus =mPnfu’ + =3 £+ Tmus, (5.24)
Vs 121 Vs
4
3 3 1 1
neg KBl = n* g KpT* = om’lneus = n*(u’)’] + - ;Wm

4
1
— g Vfr'uinsrf(msus +m'u") - (v —ut)+
v

s o mS _j’_ m’l’
X[ M —m?® AE \ 3%~ AB/K5T
A (25
Vs M KgT f‘(§7 m)
1 .. 3 1—XNM—-—m?
— —KgT — ———AF 2
+om'n® + S Kp 5 7 } (5.25)
where 32
2 3 AFE mlm?
_ 34 3.4 AE/KgT 1,2
S = 1/12 EF (2, M) |:n n (Tng’rn4> e / BL nmn :|, (526)

iy
viz(g) = 2mg /0 o33 (g, x) sin x dx;,
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I' denotes an incomplete Gamma function, M = m! + m? = m? + m*.

This BGK model is a robust approximation of the Boltzmann-type kinetic equation de-
scribing the reaction mixtures, since it correctly reproduces equilibria (including mass
action low) and conservation equations. As regards the H-theorem, an analytical proof
using the H function (5.22) is still lacking in [25], due to the considerable difficulties in-
troduced by the chemical reaction. However, numerical results show the expected trend
of the H-functional.

5.4 Numerical treatment

The numerical methods presented in Chapter 3 have been successfully extended to the
case of inert and reactive mixtures. We have considered problems 3D in velocity (here
we denote the full velocity vector v = (v1,v2,v3)), 1D in space, in slab geometry. The
starting point is the Chu reduction [15] introduced in Section 1.4, which, under suitable
symmetry assumption, allows to transform a 3D equation (in velocity) in a system of two
equations 1D (in velocity).

For the sake of simplicity, we fix L = 4, and discretize the BGK model of Andries, Aoki and

Perthame; the discretizazion of the other BGK models described in Section 5.2.2 is similar.

5.4.1 First order SL scheme for the AAP BGK model

Let us introduce the new unknowns

gi(t,x,v) = fi(t, z,v) dvadus, gS(t,x,v):/ (v3 4+ v3) f5(t, z,v) dvadvs,  (5.27)
R2 R2

each depending only on one space and one velocity variable v = v1. Multiplication of (5.8)
by 1 and (v3 + v3) and integration with respect to (v2,vs) € R? yields then the following

system of BGK equations for the unknown vector ¢° = (g7, g5), coupled with initial con-

ditions
9a*  9q°
égtz +U((§; :Vs(Ms,i_giS>7 (t7$7v)eR+XRXR7
(5.28)
97(0,z,v) = gfvo(a:,v), s=1,..4, i=1,2.

The BGK system (5.28) describes a relaxation process towards the vector Maxwellians
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(Mg 1, Ms2), which is obtained by Chu transform of (5.9) and has the form
2KpT,
(Ms,la MS,Q) - <M57 nﬂl;SMs),

where

YA (. b m 2 1,4

To determine the auxiliary parameters us and Ts we have to solve (5.11) and (5.12). Rela-
tions (5.11) and (5.12) involve fundamental macroscopic moments of distribution functions

%, n®, v® and T, which are given in terms of g7 and g3 as

1
¥ = 1 dv, f=— 1 dv,
n /glv U ns/vglv

3SKpT* 1 v s /
- — d Sdvl.
e ns[/R(v u®)%g; dv + | gadv

Now we apply the first order SL scheme to the system (5.28). In this case it reads as

,n+1 ~S, 1 1 ,n+1
giiy = 9uy H AW (MO ot ), s =14
(5.29)

s+l _ ~sn n+1 n+1 s,n+1 _
92i; =Gyt Atusﬂ-j (Ms,Z,ij — 9o ), s=1,..,4,

where gf{; = g7 (t", x; — vjAt,v;) and g;g = g5(t", x; — v;At,vj). The main drawback is
how to solve the implicit equations in (5.29), where the Maxwellians now depend on the

auxiliary fields.

By integrating over v the first equation of (5.29) for s = 1,--- ,4 we obtain n®"+! = 75"

and then the collision frequencies v, at time "1 can be evaluated.

The first task is to compute the fictitious mean velocities u?*!. To this end we recall

s
that
Us = 71 v s d?)
ns g1 9

L

1 1
Ug = —— I:msnsus + ; waur]'

S r=1
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Thus, if we multiply by v and then integrate on v the first equation of (5.29) for s = 1,...,4

we obtain (omitting the indexes relevant to the discretization)

nsu’ = Bsas + At Vs(nsus - nSUS)7 s = 17 Ce 74’ (530)

s,n+1

but, since n = n>", one obtains

u® =0+ Atvg(us —u®), s=1,---,4, (5.31)

then using (5.11) one has

4
1
uS:ﬁS+AtVS<msnSV Zfs’"u’") s=1,---,4, (5.32)
5 r=1
from which
1,1 1,1
11 mn 1 12,2 13,3 14,4 _ _MN -
<£ At )u + U+ EPuC + € At
2,2 2,2
21,1 92 MM 2 23,3 | ¢24,4 _ VTV -9
§u—|—<§ At>u+£u+§u Ap U
(5.33)
3,3 3,3
31,1 4 ¢32 2 33 MM\ 3 e3404 TV o3
§u+§u+<§ At)u—i—ﬁ Ap U
4,4 4,4
41,1 42, 2 43,3 44 MM 4_ My
§u+§u+§u+(§ At> A U

Thus we have to solve the system Au = b, where
A=¢ L di (m. xn)
=§— = .
A7 iag(m. x n

1

b= *Kt(m

* M.k Q)

where, in general, the notation a stands for (a', a2, a?,a*)T, and a.xb = (a'b', a?b?, a®v?, a*b*)7T.
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Known the actual mean velocities, by (5.11) we are able to update the fictitious mean ve-

locities at time "1,

Now we have to compute the fictitious temperatures 77*!. To this end we recall that

3KpT® 1 . .
= ns[/R(u—u )2g1dv—i—/Rgzdv], (5.34)

2 3 1 1 &
|:TLSKBTS - 5Tnsns[(us)Q - (us)Q] + ; Z’YSTTT"F
S r=1

T 3n°Kp| 2
1 4 /J/ST
+V75 ; Vfrmnsnr(msus +m"u")(u" — us)} .

Thus, computing the species temperatures at time ¢"*! by using (5.34) and replacing the

marginal distribution function g; and g2 by their expression in (5.29) one obtains:

3n*KpT®  3i°KpT* | 3n° KT, 3n°KpT

+ Aty <n5(us—us)2 ) s=1,..4 (5.35)

mSs ms ms ms
~ ms
T — Atvg(Ty — T%) =T° + Atvg—-(us —u®)? s=1,..4 (5.36)
3Kp
We denote
mS
v Gkl
B = o [(w)? — (u)?
3Kp
4
2 1 T IUST T r,.r r
V= 3 2 e ™ (M I (W — )
thus (5.36) becomes
IAt & }
TS _ T Z,YSTTT =T°+ Atvg(as — Bs +7vs) s=1,..4 (5.37)

r=1
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Thus we have to solve the system Au = b, where

3Kp .
A=n— 228
7= Sap diag(n)
_3KBnT

YN}

(TT + Atvp (o — Br —i—'yT)) r=1,..4.

Once the actual temperatures are known, by (5.12) we are able to update the fictitious
temperatures at time ¢"+1.

In such a way we solve the implicit step. In analogous way it is possible to treat the other
BGK model (5.13) for inert mixtures with relations (5.17) and (5.18).

The extension to higher order schemes, once how to solve the implicit step is clear, is an
easy application of the schemes presented in Chapter 3. Numerical results in Section 5.5

are performed using the BDF2 scheme.

5.4.2 Sketch of the first order SL scheme for the reactive BGK model

The structure of the scheme is the same of the inert case. The solution of the BGK models
for reacting mixtures described in Section 5.3.1 leads to additional drawbacks, since we
have also auxiliary number densities ng, given in terms of the actual macroscopic fields
in equation (5.23), and the computation of the auxiliary fields now requires the solution
of a transcendental system of equations at each time step and at each spatial node, due
to the exponential term relevant to the mass action law (5.21), appearing in the term
S in the equations (5.23)-(5.26). Moreover, we do not get three uncoupled linear 4 x 4
systems, one for densities, one for the velocities and one for the temperatures, as in the
inert case. Indeed, each equation depends on all the twelve actual fields, since all of them
involve the term (5.26). As a consequence, the equations do not decouple, and we have a
12 x 12 non linear system. Solve this non linear system by Newton method is prohibitive,
owing to the very complex expressions of the auxiliary fields (5.23), (5.24) and (5.25). To
overcome these difficulties we adopted an iterative procedure, similar to the one used for
the treatment of the diffusive boundary conditions in Chapter 4. At the step k = 0, we
suppose to have

gy =y

s,n+1,0

(5.38)
_ ~5n
92.ij = 925"
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s,m +1 s,n+1

2,ij
the actual fields and therefore of the auxiliary fields at time t"*!. Then we iterate the

With this first approximation of 9y;; and g we compute a first approximation of

procedure

s,n+1,k s,n+1,k—1 sn+1,k—1  sn+lk—1
—ng]—l—AtV (M )

g
i :f—i—l k s,n+1,k—1 1513—&-1 k=1 i:‘f-i-l k—1 (539)
n
g2 7 - 92 ] +Atl/ (MQ K% 2,13 )’

until convergence. Fixed a tolerance tol, we stop the iterations when the 2-norm of the
difference of two consecutive iterates is smaller than tol for each marginal distribution
function g¢f, g5, s = 1,...,4. The number of iterates depends on ¢/At. It increases as
€ — 0, and decreases as At — 0. Thus, if we do not use very large CFL number we can
simulate fluid regime with a reasonable number of iterations without affecting the compu-

tational cost.

In a straightforward way we can extend these numerical scheme to high order schemes.

Numerical results are performed using the BDF2 scheme.

5.5 Numerical results

We have used the numerical test proposed in [I]. We consider a mixture of four monoatomic

gases with the following values of the molecular masses:
my = 58.5, mg =18, mgz =40, my = 36.5.

We present some results for the following Riemann problem for both reactive and non-

reactive cases. The collision frequencies for elastic scattering are the same used in [1]:

1 =500, uo = 600, VO =200, vt =100,
=400, 2% =500, v2*=3800,

V33 =400, v3* = 300,

4 =600,

with v§" = v§° and v{" = 1j" for s,r = 1,...,4. The above frequencies will be multiplied

by a factor 1/¢ in the numerical experiments, where ¢ is the Knudsen number, to simulate
by varying ¢ both rarefied and fluid regimes. The chemical collision frequency is 1/12 =0

in the non-reactive case, whereas we set 33 = 100 in the reactive case. The initial data
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are chosen as Maxwellians reproducing the following macroscopic fields:

(1,0,5/3), = <0.5,

(po, uo,po) =
(1/8,0,1/6), x> 0.5,

(1/10,2/10,3/10,4/10), x < 0.5,
(,0017,002”003,004) = (5'40)
(1/80,2/80,3/80,4/80), x > 0.5,

Up; = 0, 1= 1, ...,4.

The presented results are obtained using BDF2 scheme, the best performing due to the
low number of interpolation required. In Figure 5.1 we present the result obtained in the
inert case. In this case, we set N, = 30, N, = 200, CFL = 2. In Figure 5.1 we compare
the result obtained with the two BGK models for inert case presented in subsections
5.2.1 and 5.2.2, respectively. The results are in good agreement with the ones present in
[1]. We can observe that at the final time ¢; = 0.2, for £ = 107! that implies in our case
ve ~ 1072, left column in Fig. 5.1, the equilibrium is not yet reached and species velocities
and temperatures are not yet relaxed to common values. Instead, we can observe that for
e = 1072 (vs = 1073, right column in Fig. 5.1) at the same final time we are closer to
the equilibrium, namely species velocities and temperatures almost overlap and give the
mean velocity and temperature of the mixture. In Fig. 5.2 the differences between the
mean velocity and temperature of the mixture and the species velocities and temperatures
are plotted. We can observe that the differences are smaller for the BGK model (5.13),
with respect to the ones obtained by the BGK model of Andries, Aoki and Perthame.
This is due to the fact that the BGK model (5.13) relaxes towards the attractors (5.14),
characterized by the presence of a common velocity and temperature. Instead the BGK
model of Andries, Aoki and Perthame relaxes towards attractors with different velocities
and temperatures, then species velocities and temperature equalize later.

Fig. 5.3, 5.4, 5.5 and 5.6 are relevant to the case of reactive mixture. We use a energy
threshold AFE = 500. The results are relevant to the BGK model described in subsection
5.3.1. We can observe the variation of the number densities (Fig. 5.5) for different values of
€. The density of the mixture is conserved, whereas the species densities are not, according
to conservations. The variations of the profiles for different values AFE are shown in Fig.
5.7 and 5.8. In Figure 5.7 we report the global density p and densities p' and p? at time
t = 0.2 for non reactive e reactive case with AE = 0, 500, 1000. The global moments of
the inert mixture overlap the profiles obtained for AE = 0, whereas this is not the case for
the single components of the gas. The higher AF, the greater the variations with respect

to the inert case. The results obtained are in good agreement with those obtained in [1]
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with a different numerical technique (splitting, lower order).
Finally, in Tables 5.1 and 5.2 we present the accuracy order obtained using BDF2 scheme
for the BGK model presented in subsection 5.3.1. The test is performed in order to show

the efficiency of the iterative procedure used in presence of the reaction to solve the implicit

step arising from the discretization.

L4 relative errors

N, | global n global u global T’ n
40 | 6.5535e-03 | 3.9862e-01 | 4.2436e-03 | 54
80 | 2.5973e-03 | 1.7275e-01 | 1.8118e-03 | 33
160 | 6.6116e-04 | 4.0854e-02 | 4.3127e-04 | 21
320 | 1.3625e-04 | 8.1096e-03 | 8.9780e-05 | 14
640 | 2.6564e-05 | 1.4325e-03 | 1.8282e-05 | 11
L orders
80 1.3353 1.2063 1.2278
160 1.9739 2.0801 2.0708
320 2.2788 2.3328 2.2641
640 2.3587 2.5011 2.2960

Table 5.1: Relative errors and accuracy order approximating the reactive BGK model of Groppi and
Spiga, using BDF2. CFL =2,¢ = 1071, (vs = 10_2). 1 denotes the average number of iterations.

In this case, as smooth initial data we use the Maxwellians reproducing the following

initial macroscopic fields.

1 4
)= T = o

p Iy "(sj(ﬂf)’

)= & [oxn ( ~ (rar-1+2)) 2000 (- (3= 5) )]

s=1,....,4, where o5 = (10,13,16,19). We use CFL = 2, N, = 30, tol = 10~® as tolerance
to stop the iterations. In Tables 5.1 and 5.2 n denotes the average number of iterations

performed during each time step.
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Figure 5.1: Inert mixtures. Comparison of the species macroscopic fields, densities, velocities and

temperatures, using (5.40) as initial data, obtained from the numerical approximations of the BGK model
of Andries, Aoki and Perthame and the one presented in Section 5.2.2. Left column & = 10™!; right column
e=10"2.
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Figure 5.2: Inert mixtures. Differences between mixture velocity and species velocities in the top.

Differences between mixture temperature and species temperatures below. Left ¢ = 107!, right ¢ = 1072
We can observe that the differences are smaller for the BGK model presented in Section 5.2.2, respect the
ones obtained by the BGK model of Andries, Aoki and Perthame.
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Initial gas densities, A E=500
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Figure 5.3: Representation of the initial species densities profiles using (5.40) as initial data.

L4 relative errors

N, global n global u global T' n

40 | 7.3747e-03 | 4.3970e-01 | 4.8548e-03 | 395
80 | 3.1298e-03 | 1.9845e-01 | 2.1617e-03 | 218
160 | 1.2041e-03 | 7.0644e-02 | 7.5636e-04 | 120
320 | 3.3898e-04 | 1.8127e-02 | 2.2317e-04 | 68
640 | 7.1701e-05 | 3.0637e-03 | 5.3147e-05 | 40

L orders

80 1.2365 1.1477 1.1673

160 1.3782 1.4901 1.5150

320 1.8286 1.9624 1.7610

640 2.2411 2.5648 2.0701

Table 5.2: Relative errors and accuracy order approximating the reactive BGK model of Groppi and
Spiga, using BDF2. CFL =2, ¢ = 1072, (vs = 10_3). 1 denotes the average number of iterations.
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Evolution of densities, A E=500, tﬁn:2, e=10"1
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Figure 5.4: Reactive mixtures. Numerical approximation of the BGK model of Groppi and Spiga.
CFL =2, N, = 400, N,, = 60, t; = 2. Species densities profiles: top ¢ = 107", low € = 10~%. With respect

to Fig. 5.3 we can observe the variation of the species densities due to the reaction (5.20).
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Density mixture, A E=500, t. =2, g=10"1
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Figure 5.5: Reactive mixtures. Numerical approximation of the BGK model of Groppi and Spiga.
CFL =2, N, =400, N, =60, t; = 2. Global mass density profiles: top € = 1071, low e = 1073,
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Evolution of single gas velocities, A E=500, t.n:2
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Evolution of single gas temperatures, A E=500, tﬁn:Z

130

Temperature mixture, A E=500, tﬁn=2, e=10_1
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Figure 5.6: Reactive mixtures. Numerical approximation of the BGK model of Groppi and Spiga.

CFL =2, N, = 400, N, = 60, ¢ = 107", t; = 2. Left: species macroscopic fields; right: global macroscopic
fields. Top: velocity; below: temperature.
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Figure 5.7: Reactive mixtures. Numerical approximation of the BGK model of Groppi and Spiga.
CFL =2, N, = 200, N, = 60, ¢ = 1072, t; = 0.2. Global mass density p and density p°, s = 1,3 (gases 1
and 3) for different values of AFE. The global density when AE = 0 overlaps that of non-reactive case.
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Conclusions and Perspectives

This thesis focuses on high order shock capturing semi-Lagrangian methods for the nu-
merical solutions of BGK-type equations.

The methods are based on L-stable schemes for the solution of the BGK equations along
the characteristics, and are asymptotic preserving, in the sense that they are able to cap-
ture the fluid dynamic limit.

Two families of schemes are presented, which differ for the choice of the time integrator,
Runge-Kutta or BDF, respectively. A further distinction concerns space discretization:
some schemes are based on high order reconstruction, while others are constructed on the
lattice in phase space, thus requiring no space interpolation.

Numerical experiments show that schemes without interpolation can be cost-effective, es-
pecially for problems that do not require a fine mesh in velocity. In particular, BDF3
without interpolation appears to have the best performance in most tests.

We investigated some applications and extensions to more physical interesting problems
of the numerical schemes proposed for the one dimensional BGK equation. By means of
the Chu reduction [15], we extended the schemes to more realistic physical domains, 3D in
velocity. Moreover, we considered boundary-value problems and we studied the treatment
of reflective and diffusive boundary conditions. Two numerical techniques to deal with
diffusive boundary conditions are presented. The numerical results obtained are in good
agreement with the ones present in literature [19].

Finally, the methods have been extended to different BGK models for inert [3] and reactive

[25] gas mixtures in three dimensional velocity space.

Future plans includes extension of such schemes to problems in several space dimensions
and treatment of more general boundary conditions, the case of moving boundaries. More-
over, applications of these schemes to the numerical approximation of other BGK equations

for mixtures of rarefied gases are in progress. In particular, we will investigate the dis-
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cretization of the BGK model [23], that is the extension to the reactive case of the inert
BGK model (5.13).

Furthermore, on the modelling side, other BGK approximation could be developed and
then numerically solved by means of the schemes investigated in this thesis, like for in-
stance multitemperature models. Typically, relaxation to thermodynamical equilibrium
in a gas mixture might occur on different scales: for instance, when masses are disparate,
a first Maxwellization step within each species is followed by a slower equilibration of ve-
locities and temperatures [22]. Indeed, when vibrational and chemical relaxations proceed
at the slower gas-dynamic time scale, a one-temperature gas flow description is not valid
any more [32]. On the other hand, a multi-temperature approach is needed in several
problems of aerothermodynamics [9] or in plasmas at high temperatures [45]. A BGK
model for mixture, characterized by attractors with auxiliary species temperatures and
only one auxiliary global velocity, thus at an intermediate stage between the two BGK for

inert mixtures considered in this thesis, could be suitable to describe such problems.
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