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Introduction

Mathematical models for multi-agent systems have attracted a lot of attention in re-
cent years and many papers in this framework have been published.

It is clear that one of the most interesting aspects regards the possible applications
to several fields and the beneficial outcomes in every day life. For example, a good
mathematical treatment of vehicular flows and crowd dynamics can have some pos-
itive effects, respectively, on the sustainability of traffic and evacuation problems.
Other significant features of collective motion [1] can be reproduced and analyzed,
such as swarming, flocking and synchronization, and models in different research
fields, like biology [2] and economy [3], can be proposed.

All these phenomena and scenarios can be modeled at different levels depending on
the number of agents in the group. Microscopic discrete descriptions following the
evolution of each agent are used when the number of agents is small. Mesoscopic
and macroscopic models seem more appropriate when the number increases and the
collection is more comparable to gases, fluids and granular media.

Mesoscopic approach is based on the study of the distribution function of agents
(probability density in the phase space) whose evolution is governed by an integro-
differential equation of Boltzmann type. Hydrodynamic equations for major macro-
scopic fields (for instance number density and mean velocity of the crowd) may be
consistently deduced from kinetic equations by suitable asymptotic limits.

Such different levels of description have been originally devised for ideal gases,
where the particles play the same role of agents in the previous case. One can follow

a more classical approach which analyzes a gas as a continuum and just involves the
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macroscopic global quantities. Otherwise, a different strategy at the mesoscopic level,
typical of kinetic theory, can be adopted [4]. In this last case one can bear in mind the
particle dynamics and this approach can combine the positive aspects of microscopic
and macroscopic levels. These tools may be generalized to mixtures of different gas
species (possibly undergoing also chemical reactions) [5, 6] and here these different
approaches will be proposed to analyze the so-called multi-temperature models. It is
indeed well-known that in thermally non-equilibrium conditions a single-temperature
model is not efficient to describe several physical situations in which a wide spec-
trum of temperatures appears in a natural way. A multi-temperature description arises
spontaneously when component masses are very disparate, for example in physics of
plasmas at high temperature [7] and for hypersonic vehicles at high altitude [8].
These arguments will be developed in this thesis which can be seen divided in two
parts: some results about collective dynamics will be discussed in the first part (chap-
ters 1-2) while multi-temperature descriptions for gas mixtures will be presented in
the second one (chapters 3—4).

* PART I - CROWD DYNAMICS

We are interested to propose a model able to correctly reproduce the dynamics of
a crowd in bounded domains (for example rooms and corridors) and in presence of
obstacles, and also to discuss the emergence of some behaviors induced by panic.
Starting from some models developed in last years ([9, 10]), we propose a very simple
description of the evolution of a small crowd of N agents governed by a set of ordinary
differential equations

Xi:V,'

ey
Wel —v; 1 :
=Y Yy (x—x]|) =1 N

T N~

J#
where (x;,v;) denote position and velocity of the i—th agent, v?e? is the velocity
which the i—th agent tends to, while the sum takes account of the interactions be-

tween agents by means of the generalized Morse potential U.
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In chapter 1 we show how the set of preferential directions {e?} can be determined
a priori by using the strategy proposed in [11]; more precisely, by a suitable Poisson
problem (with Dirichlet and Neumann boundary conditions) one can take account of
the geometric restrictions of the domain: walls and exits as well as the presence of
obstacles in the walking area. This problem is solved by a standard finite element
technique in finite spaces of B-spline functions.

In addition, a modification of the production terms is proposed to model the emer-
gence of panic and some distinctive features, like delay in evacuation dynamics, are
discussed.

In chapter 2, we concentrate on scenarios involving a larger number of agents. The
first step is the presentation of a mesoscopic model deduced as suitable (mean field
or grazing collision) limit of the previous microscopic one [1]. The evolution of the
distribution function f in the phase space is described by a Boltzmann-like integro-

differential equation

d
A vVt = 0(1.)) @

where Q is the collision integral operator. Numerical results can be obtained by using
Monte Carlo methods [12] which are really useful to reduce the required computa-
tional resources. As usual in kinetic theory problems, this approach is based on a
suitable splitting of the problem in transport and collision steps.

Finally, a tentative macroscopic extension, in which crowd can be seen as a con-
tinuum, is proposed. The most natural way is to obtain it by considering the weak
formulation of the kinetic equation introduced before and using suitable approxima-
tions to get a closed set of balance laws. Some numerical results are proposed in a

one-dimensional space.
* PART II - MULTI-TEMPERATURE GAS MIXTURES

Some multi-temperature models have been presented in recent literature in differ-
ent frameworks such as rational thermodynamics. In several papers by Ruggeri et
al. [13, 14] the starting point to deduce this kind of descriptions is the assumption
according to which, in homogeneous mixtures, each constituent obeys the same bal-

ance laws as a single fluid. By means of standard tools of kinetic theory we are able
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to justify this assumption recovering multi-temperature descriptions as hydrodynamic
limits of Boltzmann equations.
In this regard, we propose [15] to model a mixture of 0 monoatomic gases in pres-
ence of a two scale collision process; the set of Boltzmann-type kinetic equations
describing the evolution of the distribution functions f; in phase space is scaled as
v V= Wlp Al s i=heae O
where € is a small parameter (Knudsen number) and /;; is the integral collision oper-
ator for collisions between particles of species i and j. The factor 1/€ amplifies the
effect of this part of the collision operator and hence interactions within each compo-
nent are made dominant.
In chapter 3, starting from this model we aim to include some essential ingredients
like chemical reactions (in particular we concentrate on bimolecular reversible ones:
(1,2) = (3,4)) and internal structure for molecules to take non-translational degrees
of freedom into account. We show a possible extension of the previous model to these
inelastic phenomena and their limitations [16].
A set of macroscopic equations at Euler level is deduced by a consistent hydrody-
namic limit and suitable approximations. The resulting (multi-velocity and) multi-
temperature models are commented on and some robustness tests, like entropy dissi-
pation and relaxation to equilibrium, are discussed.
In chapter 4 the proposed hyperbolic systems of balance laws for reactive and in-
ert mixtures [17, 18] are used for the analysis of the classical problem of the shock
wave structure. Occurrence of smooth solutions and the presence of discontinuities
(so-called subshocks) is discussed for varying parameters. In spite of the different ap-
proach, our results are in agreement with those presented in extended thermodynam-
ics [19]. The most attractive aspect of this work concerns the possibility to obtain, in
particular regimes, weak shock profiles undergoing more than one jump discontinuity
and to build up them via suitable numerical techniques.



Chapter 1

Microscopic discrete description
for crowd dynamics

1.1 Introduction

The study of mathematical models for multi-agent systems is of great theoretical and
practical interest and many papers in this framework have been published to describe
the emergence of significant collective behaviors like swarming, flocking and syn-
chronization. Many applications have been proposed in several fields like biology
[2, 20], economy [3], opinion formation [21, 22, 23], traffic problems [24, 25] and
social sciences [26, 27]. We refer to [1] and to [28] for a review of some of the math-
ematical approaches and applications presented in last years.

One of the most interesting aspects in collective human dynamics is the practical util-
ity of these models to prevent some disastrous phenomena like stampede induced by
panic which can lead to the death of people who are crushed or trampled down by
others. In particular, an efficient way to deal with obstacles has a crucial role in evac-
uation dynamics. In fact, empirical data, although rare, show that in these situations
the presence of obstacles can generate a spontaneous self-organization of people and
hence a faster and more organized escape.

In addition to panic situations, other behaviors have been addressed mathematically;
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for example, pedestrians moving in opposite directions form lanes, as it happens in
shopping centers, or flow is slower when a bottleneck occurs.

All these phenomena can be studied at different levels and several approaches can be
introduced.

In presence of a small number of agents a microscopic description has to be preferred
and agents dynamics can be studied one by one at each time. This is not possibile as
the number of agents increases both from a theoretical point of view - the crowd is
more comparable to gases and fluids than to a discrete collection of agents - and from
a practical one - limited computational resources.

For these reasons mesoscopic and macroscopic models have been proposed; in the
first case evolution is described by a suitable distribution function in phase space
while in the second one crowd is modeled as a continuum.

In this work, we shall propose a simple microscopic model which takes account of the
geometric configuration of the environment (walls, obstacles, exits) and of the inter-
actions between agents. Starting from it, a mesoscopic description can be deduced as
a suitable (mean field) limit of the previous microscopic equations. The evolution can
be governed by a Boltzmann-type equation whose integral collision operator takes an
appropriate interaction rule into account. Finally, using the weak formulations of the
last kinetic model, a set of macroscopic balance laws can be obtained for the evolu-
tion of density and mean velocity of the crowd.

At each level some test cases and relevant results will be presented.

We shall consider classical Runge-Kutta methods to simulate the evolution of the
dynamical system for the microscopic description while at mesoscopic and macro-
scopic level splitting techniques will be needed. In these last cases we have to split
the problem and to solve two different sub-problems: transport and collision steps.
Monte Carlo methods will be useful for the mesoscopic description while numerical
tools for hyperbolic systems, like Lax-Friedrichs method, will be adopted for the sys-
tem of macroscopic equations.

Before starting the analysis of the model we shall propose in next sections, it is im-
portant to justify the assumptions we shall do later. The basic idea is to combine the

positive aspects of the microscopic models proposed in [9] and in [10]. Let us show
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pros and cons of these descriptions.
In [9] the motion of N agents is described by the following set of ordinary differential

equations
X,‘ =V;
(1.1)
miv; = (00— B ||vil|) vi = VU (x)

Ixi =
— (1.2)

where ¢, and ¢, represent the attractive and repulsive potential ranges and C, and C,

fori=1,...,N, with the generalized Morse potential

% —x;]
0

— —C,exp

Ux) =Y, {Crexp

J#i

the respective amplitudes.

From the physical point of view, when two agents are too close they aim to repulse
each other; on the other hand, when agents are quite spread in the whole space they
tend to bring themselves closer to others and to go on together (see for instance bird
swarms). Hence we would like to reproduce short range repulsion and long range

attraction, and to this aim in the Morse potential it is necessary to consider
([
C:=—>1 and E::Z<1' (1.3)
a

Different scenarios correspond to different choices of these ratios and a detailed anal-
ysis has been presented in [9].

According to us, this mean of repulsive and attractive effects seems a good way to ap-
proximate interactions between humans: especially in panic situations, people tends
to move together avoiding to crush or trample down the others.

The term (a — 3 |v;|) v; represents the tendency of agents to move along a desired
direction with a desired velocity. In [9] the quantities o and 3 have been consid-
ered constant but this choice is unrealistic in situations involving walls or obstacles.
Therefore, if one is interested in practical applications, a modification is required.

In this respect, one can follow the approach proposed in [10] where equations for
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velocities are replaced as follows

v? (1) e’

miv; :mi¢+2ﬁj+2ﬁw (1.4)
T i w

In addition to interaction forces f;; between agents, the authors introduce a set of
functions f;,, which treat the interactions with the walls . Moreover, the desired veloc-
ities can be considered as suitable functions of time, both in magnitude and direction.
This approach can reproduce correctly a wide range of behaviors but it requires also
many computational resources; in fact, at each time, one has to evaluate the position
of every single agent with respect to the others and with respect to walls and he has
to compute both tangential and normal components in the interaction forces.

In order to reduce the computational cost and to simplify the model, we propose the

following dynamical system

X,':V,'

(1.5
Vi = wWe' ():) —V; ~VU (x)

0,0
ivi

o N . . .
where the set of directions {e?}i:1 can be determined a priori and it takes account of

the geometrical domain, while term U is the previous Morse potential.

1.2 Construction of the desired directions

As proposed in [11], the desired velocity field {e?}ican be obtained as gradient of a
suitable scalar potential # which identifies attractive and repulsive zones. This poten-

tial, denoted by u, has to satisfy the Poisson problem
Au=0 + Boundary conditions (1.6)

In the applications we shall see later, the more appropriate conditions seem to be

* constant positive Dirichlet boundary conditions in correspondence of exits (at-

tractive zones)
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* homogenous Neumann boundary conditions along the walls (repulsive zones)

In particular, the last one is useful to control the normal component of the desired
velocity when agents are close to the walls.

Here, for sake of simplicity, we confine ourselves to analyze the case of a geometric
domain without obstacles. The occurrence of them will be discussed later.

Therefore, the problem we have to solve is

Au=0 1InQ

(1.7)
u

u=g=1 onlp and — =0 only

on

where Q is a bounded domain, I'p and I'y denote, respectively, Dirichlet and Neu-
mann boundaries, with Tp UTy = ' = dQ and g is the assigned Dirichlet datum (in
this case the unit function).

Supposing the existence of a function #g, called extension of g over I', such that

3 §_ 0) and introducing the new
n

variable ii = u — Zg, one can write the problem in the easier way

Z8|r,, = g (and for convenience we suppose also

Al = —A%g inQ

(1.8)
il

=0 onIp and — =0 onIy

on

At this point, we can solve numerically the Poisson problem by a Faedo-Galerkin
technique [29] based on the weak formulation of the previous equation and on the
approximation of it in suitable finite dimension spaces.

We have to introduce a test function space V = H}D and hence, using integration by

parts and boundary conditions, the weak problem reads as
/ Vi -VvdQ = —/ VZg-VvdQ vev. (1.9)
Q Q

From now on, an accurate choice of the finite space which approximates V will have

a crucial role.
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It is important to choose the test functions in such a way that the corresponding
discrete problem has a simpler form and the approximate solution can be managed
easily. In our cases, it is necessary to compute a %' solution u because the velocity
field is obtained as gradient of it; moreover, choosing functions with compact sup-
port, the matrix in the discrete problem will present many zero entries.

For these reasons, we concentrate on the basis of B-splines whose restrictions are
polynomial of degree 2. In 1-D case B-spline functions can be introduced by a recur-

sion formula; starting from the piecewise constant functions

1 if Xj §x<xj+1
By (x) = (1.10)

0 otherwise

one can define

X—X;j Xitk —X
Bji(x) = 7131.7](_1 (x)_|_1+7

Bj+l,k—1 (X) (111)
Xjt+k—1 —Xj Xjtk —Xj+1

where {x j} denotes a suitable decomposition of the domain. We are interested in 2-
D problems and a basis in the bidimensional space can be computed by products of
elements of 1-D case.

Let us denote with {@ (x,y)} the basis of B-spline functions whose restriction on I'p

is zero and hence the approximate solution we are looking for reads as

Up (x,y) = ch(Pk (x,y) where Ok (xvy) = Oy (x) Pji (y) (1.12)
k
The approximate solution must satisfy the discrete problem

/Vﬁh‘v"hdg = —/ VZg-Vv,dQ Vv, €V (1.13)
Q Q

where V), C V is the space determined by {¢x} and {V},}, constitute a cover of V.
Testing the previous equation with the elements of the basis of Vj,, one can deduce
the following linear system

A-c=b (1.14)
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where
Ay = /Q Ve (5,5) - Vo (x,7) dQ (1.15)
and

by = —/ VRZg -V (x,y)dQ (1.16)
Q

The solution of the linear system gives a unique approximation in Vj, because the
matrix A is non-singular (its entries are obtained as products of the elements of the
basis). One can also notice that the matrix A will present many zero entries because
of the compact support of the functions ¢.

1.2.1 Example

As example, let us consider a simple domain Q = [0,1] x [0, 1] with just one exit

only in {1} x [1/3,2/3] (Figure 1.1). For convenience, we suppose an uniform de-

Ty ‘

Figure 1.1: A square domain with a single exit.

composition of the domain with step % in both directions and we use the function
Hg = 2x> —3x> +2 to take boundary data into account.

With reference to Fig. 1.2, an element of the basis can be written as

P (x,y) = @i (x) @), () (1.17)
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Figure 1.2: Uniform decomposition of the (extended) square domain; the generic
element ¢ of the basis has support [x;, _1,%; 42| X [Vj,—1,Yj+2]-

where k = (ix —2) (N+2) + ji and 1 < iy, jx < N+ 2. The support of ¢;, and ¢,
are respectively the intervals [x;,_1,x;,42] and [y;,—1,yj+2]; hence ¢ is non-zero in
(Xi—1,%i+2) X (¥j,—1,Yj+2) and entries Ag in the matrix A are non-zero if |iy —if| <
2 or | jx — je| < 2. For this reason, just few integrals have to be solved; more precisely
one has to compute

1 Xi Xit1 Xi42

/ ;i (x)dx = / @i (x)dx+ ¢; (x)dx+ ¢; (x)dx

0 Xi1 Xi Xit1 (1.18)
_h N 2h n Q _h

6 3 6
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and the products of element of the basis
1 Xi Xit1 Xit2
[ewa= [ @war [ gwa [ gwa
0 Xi—1 X; Xit1
_ b9 b1l
20 20 20 20
1 Xit1 X2
[ owenma= [ amenmart [ amenmar  119)
Xi Xit1
_ 130 13613
© 120 120 60
1 Xi+2 h
| oenmar= [ awenmda=
0 Xit1
and of their derivatives
1 Xi Xit1 Xi2
/ 7 (x)dx = / o7 (x) dx+ / @F ()dx+ [ @F(x)dx
0 Xi—1 Xj Xit1
BRI
" 3h 3h 3h h
1 Xit1 Xit2
[ oenwar= [ awen @at [ e o @dx 120
0 Xi Xi+1
ot 1t _ 1
6h 6h 3h
Xi+2 1

1
/0 i (x) @2 (x)dx = @i (x) Piy2 (x)dx = ——

6h

Xit1
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As concerns the term b, one has to evaluate

/le(lx)(Pi(x)dx:/):iIX(lx)(Pi(x)der/;Hx(lx)(pi(x)dx

Xit2 1
+/ x(l—x)(pi(x)dxzﬁ [—6x7 + 6x;+ 1 (4x; —2 — h)] (1.21)

Xit1

h 1
+2 (22101 = 1=h) + 5 (6375 — 6x140 — h (8xi42 — 4 — 3h)]

The relevant discrete problem has a block band matrix

[ D, E F 0 0 0 0 0 0 0 0 0 |
E Dy 2 F 0 0 00 0 0 0 0
F 2E Dy+D, 26 F 0 -~ 0 0 0 0 0 0
1
A=360
0 0 0 0 0 0 0 F 26 D\+D, 2 F
0 0 0 0 0 0 0 0 F 2 Dy E
0 0 0 0 0 0 00 0 F E D

) 1(i.zz)
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whose blocks have the same band structure
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Blocks Dy, D,, E and F are extracted by the corresponding blocks Dy, D,, E and F
removing some rows and columns because of the presence of a Dirichlet condition
onIp.

As concerns term b, it takes the form

=
5
b
6
by&
= i where & = | (1.24)
' 6
b
vE s
" 2 (h-2) 2 (135~ 10)
B2 (h—2 h* (13h— 10
b = =—-b ) by = = —bn-
: 12 N 12 N (1.25)
b; = h*[(2i—3)h—1] for i =3,4,...,N —2.

In figure 1.3 the approximate solution and the related desired velocity field show that

the exit is an attractive zone and agents can’t go through the walls.

(a) Potential (b) Velocity field

Figure 1.3: Potential and velocity field related to a square domain with a single exit.
A potential well in correspondence of the exit reproduces the desired attractive effect.

The same technique can be used for different configurations. In figure 1.4 a square
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domain with two symmetric exits and the related potential are plotted. Also in this

case, the technique catches correctly the presence of attractive and repulsive zones.

EEEEEE
pEss

(a) Domain (b) Potential

Figure 1.4: Potential and velocity field related to a square domain with two symmetric

exits. Also in this case the attractive zones present a potential well.

To confirm that this procedure is a good way to treat geometric restrictions, one can
solve a simple model in which the interactions are neglected. The system of ordinary

differential equations seen before reduces to

X,‘ =V;
' 0_y, (1.26)
Vi= —

We consider the first geometric domain and, for convenience, we suppose that all par-
ticles share the same value of the desired velocity magnitude and the same relaxation
parameter: v? =10 = constant and 7; = T = constant for all i = 1,...,N. From now
on, out of the domain, the desired velocity for each agent is the actual velocity and
hence the self-propelling term vanishes. We fix N = 40 and we simulate two different
situations corresponding to different relaxation times. We solve numerically by using

a classical explicit Runge-Kutta method of order 4 [30]: the approximate solution of

y=f(ty) (1.27)
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at time step k+ 1 can be deduced as follows

1
P =g (2K 4 2k +ha) k=0,1,...n—1  (1.28)
where
h k
kl = hf (tkayk> ) k2 = hf (l‘k—|—2’yk+£>
(1.29)
h o ke L
k3:]’lf tk+§,y +E 7k4:hf(tk+h,y +k3)

Figures 1.5 and 1.6 show that this approach is efficient provided that a small parame-
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Figure 1.5: Agents dynamics without interactions: case T = 0.1. A small value of 7
guarantees that agents do not cross the walls reproducing correctly the evacuation
dynamics.

ter T has been chosen. This means that each agent has to adapt its own velocity to the
desired one as fast as possible and this was predictable if one would consider an ini-
tial configuration in which some agents are near the walls. In fact, in these situations
an agent who moves towards the walls can cross the walls if he does not adapt his

own velocity as fast as possible to desired one which is tangential to the boundary.
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Figure 1.6: Agents dynamics without interactions: case T = 1. In presence of a larger
value of 7 agents can not adapt quickly their own velocities to desired ones and some

of them can cross the walls.

1.3 Basic microscopic model

From now on let us consider the complete dynamics in which all phenomena are
taken into account.

The first step is to determine a good choice of parameters in Morse potential. We
confine ourselves to the case C, = 1 and C, = 2 (and hence C = 2 in (1.3)) and we
vary parameters ¢, and ¢, for different fixed values of £.

The interactions forces act along the direction connecting the two involved agents.
As concerns the strength of these forces, some trends of the strength versus distance
are shown in figure 1.7 where positive values correspond to repulsion while the neg-
ative ones are related to attractive effects .

In both cases we can notice that, for a fixed ¢, the range in which distance admits
positive values is wider as the parameters ¢, and ¢, increase; at the same time, the
maximum attraction strength decreases. The optimal value for the threshold which

separates repulsive and attractive effects has to be determined in each single case
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Figure 1.7: Potential strength for different values of the parameters: £ = 1/10 on the
left, ¢ = 3/4 on the right. Trends show that parameters can not be chosen a priori and
the choice depends on the features of each domain.

because of the different geometric characteristics of the domain. For example in the
previous square domains with unit side the choice ¢, = 0.3 and ¢, = 0.4 seems un-
suitable; in fact attractive effects come into play just for distance values greater than
1 and just repulsion has a significant role in the dynamics within the domain.

As concerns the mentioned domain with a single exit, we fix £, = 0.01 and ¢, = 0.02
(and hence £ = 0.5).

As shown in Fig.1.8, crowd evacuation is described correctly and, in spite of strong
repulsive effects, (almost) no agents cross the walls and sliding effects along the
boundary are reproduced. Moreover, at the exit agents move together and cluster
avoiding in this way an immediate dispersion outside the domain. One can notice
that cluster effects were predictable; in fact, dynamics out of the domain is governed
only by the Morse potential and hence, as noticed in [9], the choice of parameters
(C,¢) implies cluster formation.

In this case we have assumed that each agent interacts with every single component

of the crowd but this choice seems to be unrealistic. For this reason it is suitable to
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Figure 1.8: Dynamics of a crowd of 60 agents. Evacuation is correctly reproduced

and no agent moves across the walls.

introduce a restriction on the number of interactions. It is reasonable to suppose that
an agent interacts with the ones that it can see.
For this purpose, we introduce the concept of perception cone as illustrated in Fig.1.9.
For the i-th agent, its position determines the cone vertex while its velocity vector in-
dividuates the limiting directions by rotations of angle —6 /2 and 6 /2. Formally, the
i—th agent will interact only with agents in

% = {yE R ZiY) Vi cos(G/Z)} (1.30)

|(xi = y)|]vil

As clearly shown in Fig.1.9, by using this approach, interactions are not symmetric; in
fact it may happen that xg € %4 but x4 ¢ %5 or vice versa. The dynamics in presence
of a perception angle 6 = 7/6 is proposed in Fig.1.10 and, unlike the previous case,
the same initial configuration does not lead to cluster phenomena at the exit because
a lower number of interactions is admitted. Moreover, the presence of a perception
region introduces a delay in evacuation dynamics (about 3.25%); probably, a smaller
perturbation to the tendency to adapt velocity to the preferential one implies that

agents look soon for the exit and hence an obstruction occurs close to the exit causing
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Figure 1.9: Perception region as infinite cone of angle 6 and vertex individuated by

the agent position.

=}
o
=}
n
n

Figure 1.10: Crowd dynamics in presence of a perception angle (0 = 1/6). A lower
number of interactions is admitted and evacuation dynamics is slower than the basic

case.



1.4. Panic in evacuation situations 23

a delay in the evacuation.
Obviously, the perception region can be described in other ways; in the next section
we shall use also an easier form in which the perception zone is just a disk whose

center is determined by the agent position and radius is fixed.

1.4 Panic in evacuation situations

As mentioned above, one of the most interesting aspects in the simulation of col-
lective dynamics is the prevention of disastrous phenomena induced by panic and,
therefore, it is important to mathematically reproduce this aspect.

For this purpose, we consider the approach proposed in [10] in which the panic im-
plies a perturbation of the desired velocity by means of the average direction of agents
in a neighborhood. To justify this assumption, one has to consider a situation in which
pedestrians have to leave a smoke-filled room. In this case walls and exits are not vis-
ible at long range and hence they lose their utility as reference point. Therefore each
agent tends to put his trust in people around him. For this reason every pedestrian

moves along the following direction
Norm [(1—p;) el + p; < e; > (1.31)

which is a linear combination of the desired velocity e? and of the average direction
< e; >; of the neighbors in his perception region. The weight p; is the panic pa-
rameter and it expresses the level of confidence in people around. Small values of p;
correspond to individualistic behavior: one tries to maintain his preferential direction
but modifies slightly his velocity just to avoid crowding; greater values privilege col-
lective motion neglecting the natural tendency to move towards the targets that one
wants to reach.

In our simulations agents share the same constant panic value, p; = p = constant.
Figure 1.11 still shows that evacuation is possible but panic introduces a delay (about
3.79% with respect to the case in absence of perception region and panic).

The presence of panic is strictly related also to other phenomena like symmetry

breaking.
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Figure 1.11: Crowd dynamics in presence of a perception angle and panic (6 = 7/6
and p = 0.8). In presence of panic a delay arises in a natural way in the evacuation

dynamics.

Let us consider a room with two symmetric identical doors and usually, in normal
conditions, one can notice that people use them in the same way. Some empirical ob-
servations show that the presence of panic induces agents to move together towards
one of the two exits neglecting the other one. As before, the dominance of collective
motion with respect to the individualism introduces a delay due to the obstruction of
the selected door.

The same behavior has been observed also in different frameworks like biology.

As shown in [2], a collection of ants in a circular cell with two symmetric exits aban-
don using both exits in approximately equal proportions; if one introduces a repellent
fluid, panic is created and one of the two exits is more used than the other one in the
escape dynamics.

We test our approach on this particular biological problem; in this case we use a cir-
cular perception region instead of the previous infinite cone and, for convenience, we
consider a square domain.

Figure 1.12 shows that, for small values of the panic parameter p, individualistic be-
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Figure 1.12: Positions and velocities for escaping ants in presence of panic : p =0.25.

Dynamics is very similar to the basic case in absence of panic.

havior is dominant; the introduced perturbation does not have a significant role in the
evolution and agents tend to move as in absence of panic. Possible clustering effects
are due to the interaction Morse potential.

In figures 1.13, 1.14 increasing values of p implies that dynamics is characterized
essentially by the collective motion and agents tend to share a common value of ve-
locity neglecting the main objective, i.e. evacuation, introducing in this way a delay.
Moreover for greater values of p the symmetry breaking is correctly reproduced and

just one exit is used during the escape.

1.5 Domains with obstacles

One of the most interesting and practical aspects in modeling crowd dynamics is how
to describe mathematically the presence of obstacles in the domain and the way the
agents interact with them.

In fact experimental data show that each obstacle can have different characterizations;

it can play a ‘negative’ role, in the sense that it can be obstructive and it can delay the



26 Capitolo 1. Microscopic discrete description for crowd dynamics

02 0 02 04 06 08 1 02 0 02 04 06 08 1 02 0 02 04 06 08 1

t=0 t=05 t=1

A

. ) ’ W 7

s \x\\j\?gp\ 08 “} x’g/{/z 06 ;\ 5(\} //%
A W7 W 47

04 AT A o4 7 o 5

02 0 02 04 06 08 1 02 0 02 04 08 08 1 02 0 02 04 08 0B 1

Figure 1.13: Positions and velocities for escaping ants in presence of panic : p = 0.7.
Agents still separates in two similar groups but it is interesting to notice that, in each

group, agents tend to share a common value of velocity.

escape, or, sometimes, it can be seen as a ‘positive’ obstacle, causing an unexpected
faster evacuation of the crowd.

In this respect one can recall a classical example of positive role; in panic situa-
tions, splitting an exit in two parts by means of an obstacle can induce a spontaneous
self-organization in the crowd and hence the evacuation occurs in a faster and more
organized way.

The most natural way to deal with obstacles is to interpret them as holes in the do-
main and hence their edges constitute part of the boundary. This ‘inner’ boundary
can be treated in the same way of the ‘outer’ one considering suitable Dirichlet or
Neumann conditions.

The main problem of the approach we have seen before is to find a suitable extension
Z g whose restriction is equal to the boundary datum g and it results very complicated
in the case of a inner-outer boundary. Moreover, once an appropriate extension can
be found, then this function could present some oscillations hardly manageable from

a numerical point of view.
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Figure 1.14: Positions and velocities for escaping ants in presence of panic : p = 0.8.
Dynamics is dominated by the collective motion; agents move together towards one

exit only sharing a common value of velocity.

For these reasons we try to bypass the problem as follows.

The main feature we want to reproduce is the impossibility for the agents to get
through the obstacles and to do that it is sufficient to have some peaks for the poten-
tial function in correspondence to them. In fact, the corresponding gradient will push
away agents towards lower potential zones.

A very simple way to realize that is to find an extension just related to outer bound-
ary (this results easier because few conditions have to be satisfied) and to modify it
adding some simpler functions which simulate the potential peaks. Therefore, starting

from the Poisson problem in absence of obstacles
Au = —AZg (1.32)

one can obtain a similar problem in presence of them

Au=—A|Zg+) v (1.33)
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where {y;} characterize the presence of obstacles. We choose to model peaks by
using B-spline functions whose supports are located around the positions of the ob-
stacles and this modification corresponds to impose a (not-well specified) Dirichlet

condition on the inner boundary.

Figure 1.15: A corridor with two obstacles.

We test our approach in the case of a corridor with two obstacles inside (Figure 1.15).
Simulations in figure 1.16 show that the repulsive effects are correctly reproduced,
no agent gets through the obstacles and slide along the walls can be noticed. One can
observe also that the presence of an obstacle has some effects only when an agent
is very close to it; to have a longer range effect it is sufficient to consider a B-spline
function around the obstacle whose support is wider than it. Finally, one can notice
that the crowd does not gather once it overtakes the obstacles and, maybe this is re-
lated to a too wide exit. Numerical simulations in presence of smaller exits are in
progress.

Managing obstacles and walls by means of a potential function can seem complicated
and easier ways to proceed are desirable. For this reason, our first idea was to simulate
interactions with the domain by means of a suitable Morse potential in which repul-

sive effects were reproduced by choosing C, = 0 while the attractive ones by posing
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Figure 1.16: Dynamics of a crowd in a corridor in presence of obstacles. No agent

moves across the obstacles and sliding effect are correctly reproduced.

C, = 0. Unfortunately this approach can’t reproduce the desired sliding effects.






Chapter 2

Mesoscopic and macroscopic
models for crowd dynamics

2.1 Kinetic description

In the previous chapter we have proposed a simple model for collective motion and
we have discussed some features like the geometric restrictions and the presence of
panic in evacuation phenomena. This approach seems the most natural way to treat
the dynamics when the crowd is composed by a small number of agents and it gives
a more realistic representation of pedestrian movement.

As this number increases (for example in a collection of fishes or bacteria) continuum
models are necessary, both from a theoretical and a computational point of view; in
fact simulations for a large population is really difficult and it requires many com-
putational resources because of the increasing number of differential equations. For
this reason different approaches are required and they are based on the analysis of the
evolution of other quantities: distribution functions at kinetic level and density and
mean velocity at macroscopic one.

The first step is to propose a mesoscopic description of the problem by considering
a distribution function for agents in the phase space: f = f(x,v,t) where x, v € R?

denote respectively position and microscopic velocity. Its evolution is governed by
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a Boltzmann-type equation which will be deduced by means of standard tools of
kinetic theory (grazing collision limit or mean field limit). Later, we shall propose
a macroscopic model obtained by the previous kinetic one by using hydrodynamic
limit procedure and suitable closure assumptions.

Before presenting the kinetic and macroscopic model, let us remind the microscopic
description from which we shall deduce the other ones. We consider a set of N agents

who move according to the following system of ordinary differential equations
Xi =V;

2.1)

i = (Vi) fg_VU (11 =[]}

The quantities

(2.2)

U (Hx,-—xjH) = C,exp (—W) —C,exp (—W) (2.3)

denote respectively the self-propelling term and the Morse repulsion/attraction po-

and

tential and describe respectively the tendency of agents to move along preferential

directions and the interactions between agents.

2.1.1 Derivation of Boltzmann-like equations

The key point to deduce kinetic models from the corresponding discrete ones is the
description of the binary collisions involving two generic agents.
In our problem, let assume that two agents in position, respectively, X and y who
move with velocity v and w modify their own velocities according to the interaction
rule

vVi=%(x,v;y,w) and W' =% (y,w;x,v) 2.4)

where v* and w* denote post-interaction velocities and

(%, v;y,W) = v+ [.7(v) = VU ([x—y]])] (2.5)
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is obtained by approximating derivative by its different quotient and 7 indicate the
strength of the interaction.

The evolution is described by a Boltzmann-like equation

[%{”'V"f] (x,v,1) = Q(f. f) (%,v,1) 2.6)

whose collision operator Q takes the interactions into account and it has the following

form

1 1
o(f.f) = S/Rd/Rd [Wf(X,V*,f)f(y,W*J)

_f(vaat)f(y’Wat) dey

2.7)

where v, and w, are the pre-interaction velocities which generate v and w as post-
interaction ones and € is a small parameter (typically a Knudsen number); moreover
J is the jacobian matrix of the transformation which links pre- and post-interaction
quantities. The factor 1/€ implies that motion is strongly influenced by interactions
between agents.

The presence of the jacobian matrix can be avoided by using the weak formulation;
this means that a distribution function f is a weak solution of the problem with initial

datum fj if it satisfies

d

= (p(x,v)f(x,v,t)dxdv—i—/ [v-Vyo (x,V)] f (X,v,t)dxdV =
ot R2d

. R (2.8)

= / [(P(X7V*)_(p(va)]f(xav7t)f(va7t)dXdVdeW
E JRrad

for every ¢t > 0 and for every smooth function ¢ with compact support, and such that

lim o (x,v) f(x,v,1)dxdv = ¢ (x,v) fo (x,v)dxdv (2.9)

t—=0" JR2d R2d
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Now, let us consider the Taylor expansion of ¢ (x,v*) — ¢ (x, V) at the right-hand side
of (2.8); stopping at the second order one has

[ 1003 = 0 (x.¥)) (x.v.0) (v wor) vy =

— [ V() (v IS (vur) £ (3w dsdvdydw +
R4d

(2.10)

1/ & %9 (x,9) h h

4o TOENY) ey (=) | x

2 Jpua ]’ll Zh’d:o 8\/1”...81/2" : d
h+...4hy=2

X f(x,v,t) f(y,w,t)dxdvdydw

ERRER)

where V= 0v+ (1—0)v*, 0 < 6 <1 and the sum denotes all possible choices of
exponents h; such that 0 < h; <2 Viand hy + ...+ hy = 2. After noticing that

Vi—v=n[s () -VU([x-yl)] = 07" (2.11)

one can rewrite the interaction term as follows

1

! / [0 (%) = 0 (5, V)] £ (%, v.1) £ (v, w,1) dxdvdydw —
E R4d

= g (Vv (x,v) .91} f(x,v,1) f(y,w,t)dxdvdydw+
R4d
2 2 2 < (2.12)
n 99 (x,7)

2e Jpu iy hg=0 8\/1“...81/2"
h]+...+hd:2

(ZH" ...

x f(x,v,t) f (y,w,t)dxdvdydw
Let us consider a small interaction strength

2
n <1 such that g =A and 77? <1 (2.13)
and, hence, the interaction operator can be approximated only by the first order term.

The resulting equation is associated to the strong form one

‘;{H.vxf:A{WXU*p)-va—Vv~[Y(v>f]} (2.14)
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where * denotes the x—convolution and

px,t)= [ f(xv,0)dv (2.15)
R4

is the density function in the configuration space.
The same equation can be deduced in a different way by using the mean field limit
technique.

Let us introduce the atomic distribution function given by

1
N !

1

™=

N (x,v,1) = O(x—x;(1))d(v—v;(1)) (2.16)

Il
—

where 0 denotes the Dirac delta distribution. Now, let us consider a test function
¢ € 63 (R*) and we compute the derivative of the L? (R*?) —product

2.17)
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Noticing that

1 N N
N ; HX XJH Z’ VU (Ix—yl) o y—xj)>X:VU*pN(X,t) (2.18)
XX i, ox
one can conclude that the atomic distribution function satisfies

d

T {0,0) = (FN 1), Vxp -V Vi@ S (V) VU p"-Vyp)  (219)

which, in strong form, can be read as

N
%Jr VN ={(VxU xp)-VyfN =Vy- [Z(v) ]} (2.20)

Passing to the limit, under suitable hypothesis of convergence, one can obtain again

equation (2.14).

2.1.2 Numerical methods

Computing numerical solutions of Boltzmann-like equations has a very expensive
cost because of the large number of variables and of the presence of a nonlinear mul-
tidimensional collision integral. Therefore, a numerical scheme in which a suitable
decomposition of the multidimensional domain is required, seems impracticable.
For this reason, since 1970’s [31, 32], the main approaches to solve numerically gas
dynamics equations are based on probabilistic Monte Carlo methods. This kind of ap-
proaches presents many advantages: first the computational cost is strongly reduced
with respect to the order of number of involved agents; second these methods do not
require artificial boundary conditions (in principle every position and velocity are ad-
missible).

In presence of bounded domains one has to impose suitable boundary conditions and
the most natural choice is a sort of impermeability condition which prevents the mass
flux through the walls. In our numerical simulations, under suitable choices of the
initial configuration, this condition is guaranteed by the self-propelling term which
takes account of the geometrical restrictions of the domain.

We refer to [12] for an overview of direct simulation and time relaxed Monte Carlo
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techniques.
As in many of these methods, the starting point of our procedure is a splitting of the

problem in two different steps

* transport part

af B
Loivvy =0 .21)

which will be solved by the exact free flow of the sample particles x; (# + Ar) =
X; (1) +vi(r)Ar

* collision part

af
Fri Q(f.f) (2.22)

for which we use a Monte Carlo scheme.
The first step in Monte Carlo methods for kinetic equations is to select some values of
the variables which are compatible with the initial datum. For this reason, before dis-
cussing the chosen algorithm, let us present the acceptance-rejection method which
will be useful later to sample. The idea is really simple and we present that in 1-D
case.
Let f be defined in (a,b) and let fi,x be a constant such that fiax > f (x) for ev-

ery x € (a,b). Let us consider two sequences of random numbers {n;} and {7;},

uniformly distributed in (0, 1), and let us proceed as follows
* from {n;} we generate the sequence {x;} in (a,b) by using

xi=((b—-a)ni+a (2.23)

* from {7;} we generate the sequence {y;} in (0, fmax) by using
Vi = fmaxTi (2.24)

o if y; < f(x;) then x; is accepted; otherwise it is rejected.
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The sequence of the accepted x; is a sample compatible with the initial datum.

Now, we are ready to discuss the Monte Carlo algorithm. We consider a Nanbu-like
asymptotic method in a symmetric version as proposed in [33] whose main utility is
the low computational cost, reducing complexity from O (N 2) (expected cost for a
system of N interacting particles) to O (N).

In order to justify the algorithm that we shall present in the sequel, one can notice
that, splitting the collision operator in gain and loss term, the collision step can be
rewritten as follows

af 1
i GV V] (2.25)

where Q" denotes the gain part and
U= f(x,v,t)dxdv (2.26)
R2d

is assumed constant without loss of generality (1 = 1).

At this point, if one consider a forward Euler scheme, the discrete equation reads as
At At
= (1 —g> ' 0T (2.27)

This means that an agent does not interact with the other ones with probability 1 —
At /€ while interactions occur with probability At /e.

We are interested in small values of € and hence a natural choice is Ar = €. A solution
of (2.27)in [0,T], nyot = T /At and At = €, is given by

» sampling from the initial distribution fy: (Xg,vg) withk=1,...,N
e forn=01tone —1

— set N, = Iround (N/2)

— select N, random pairs (i, j) of agents uniformly without repetition at

time level n

— compute the post-interaction velocities v; and v for each pair (i,j) with

strength 17 = € by using the interaction rules
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i i Vi Vi
who changed their velocities; otherwise (x; ™, v/ ™) = (!, v)

— set (x!T1 vt = (x,v}) and (X'?“ v’?“) = (x’? v*f) for all agents

* end of cycle

where Iround denotes the integer stochastic rounding.

2.1.3 Numerical simulation

We consider now a mesoscopic model for two different situations presented in the
previous chapter.

In the Monte Carlo method described above we sample N = 5000 agents and we
choose a time step Ar = 0.001.

Figure 2.1 shows that evacuation is correctly reproduced. In fact, starting from an

08 08 08

06 5 06

0.4 0.4

02 02 0.2

Figure 2.1: Mesoscopic description of the evacuation of a crowd in a domain with two
exits. As in the microscopic case, the crowd separates in two different comparable

groups and exits are used approximately in the same way.

initial configuration in which the population is concentrated in the middle of the

walking area, dynamics divides agents in two different groups moving in opposite
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directions. No panic phenomena have been introduced and hence the two identical
exits are used in the same way and groups are comparable.

Also in figure 2.2 evacuation dynamics is correctly reproduced as expected. Unlike

Figure 2.2: Mesoscopic description of the evacuation of a crowd in a domain in pres-
ence of obstacles. Obstacles are avoided by the entire crowd and sliding effects are

correctly reproduced.

the previous case, now the walking area presents some obstacles in the middle which
are avoided by the entire population moving towards the exit. Sliding effects occur

also at mesoscopic level.

2.2 Macroscopic description

2.2.1 Derivation of the model

Now we are interested to deduce a set of partial differential equations to describe the
crowd dynamics at the macroscopic level. The starting point is the previous kinetic

model 5
vV = AU *p) Vof Vo LZ WS} @2®)
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It is well-known that kinetic descriptions are very expensive from a computational
point of view when the distribution functions are defined in “ high” dimension spaces
as seen in the previous applications where positions and velocities are vectors in R?.
In this regard, by taking the hydrodynamic limit, one can reduce the complexity of
the problem by reducing its dimensionality.

As usually done in kinetic theory, we are interested in the evolution of the macro-

scopic quantities defined as moments of the distribution function f

pu:/ vf(x,v,t)dv and de:/ (v—u)?f(x,v,t)dv (2.29)
R R

where p, u and T indicate, respectively, density, mean velocity of the crowd and T
gives a measure of the deviation of v with respect to u.

In order to obtain macroscopic equations, we have to consider the weak formulation
of the Boltzmann-like one (2.28).

By using the unit constant as test function in the weak form, one can notice that the
right-hand side in (2.28) vanishes. As regards the left-hand side, one can observe that

/aa{(X,V,t)dv+/V-fo(x,v,t)dv
ap (2.30)

— jt/f(x,v,t)dv+Vx./vf(x,v,t)dv = §+Vx-(pu)

under suitable assumptions. Therefore, density satisfies the usual continuity equation

% Ve (pu) = 0 (231)

Now we use the identity ¢ (v) = v as test function to deduce a macroscopic momen-

tum equation; at the left-hand side, we obtain

i(pu)+Vx-(pu®u+P) (2.32)

where ® denotes the tensor product and P is a tensor which takes account of the
moments of order 2.

In order to have a closed set of partial differential equations, we assume that
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* fluctuations are negligible i.e. T (x,#) =0
= diagonal part of P vanishes

* the velocity distribution is monokinetic i.e. f (x,v,7) = p (x,7) 0 (v—u(x,?))
= non-diagonal part of P vanishes

As concerns the right-hand side, by using integration by parts, one has

/(VXU*p)-vavidv =
oU
L[ (G n) e =% o (5 o) e

U oU
= —; <8xj*p> /f5ijd" =P <(9x,*p>

and analogously

_ / Vo[ (%) f (V)] vidv = p. (u) (2.34)
where
S (u) = Voeo(:)_“ (2.35)

and e’ (x) is the field of the desired directions.

Summing up, mass and momentum equations fulfill

ap B
W—i—vx-(pu) =0

(2.36)

gt(pu)+Vx'(pu®u) =p (u)—p (VxUxp)

2.2.2 Numerical methods

For sake of simplicity, from now on, let us consider the 1-D formulation of the previ-
ous macroscopic model

dp 0 B
g*‘a(l’ u) =0

(2.37)
d d d
E(P“)‘Fa (pu?) = p# (u)—p (axU*P>
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or, equivalently,
dp 0
o T ox (pu) =0

(2.38)
du u

E—Fua = .7 (u)— <;XU*p>
It is easy to prove that this set of partial differential equations constitutes a hyperbolic
system and it is well-known that finding analytical and numerical solutions is really
hard, especially when some discontinuities appear.
Before presenting the numerical technique we will use in the sequel, the first step is
to consider a suitable splitting of the problem.

From the previous system we deduce two different sub-problems

dp 0 ap

9P L 9 _ 9P _ 9

o Tax P =0 R

A: B: (2.39)
u u du 0
E—i—uazo at—y(u)—<axU*P>

Step A (transport step) takes the hyperbolic structure into account but it neglects
source terms. The system of balance equations reduces to a system of conservation
laws. On the other side, step B (collision step) includes interactions between different
agents or between agents and domain but it just takes account of time-dependence.
In this case partial differential equations become ordinary differential equations.

As concerns step B, a simple forward Euler scheme has been implemented.

As regards the hyperbolic system A, besides difficulties due to non-linearity, the main
purpose is a good treatment of possible discontinuous solutions. For these reasons we
choose to work with Lax-Friedrichs method [34]. Let us introduce it in a generic case.

Let us suppose we want to solve the non-linear problem

Ju 0
= + gf(u) =0 (2.40)

where u = u(x,t) is the unknown field. Let us indicate by U an approximation of the

exact solution u: one has U} = u(x;,1") where {x j}j and {t"}, denote, respectively,
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suitable decompositions in space and time. The discrete solution at time step n + 1

can be computed as follows

1 k
U;“Ll = (U;l_l—i- ;l+1) o [f( _7+1) _f(UJr'l—l)] (2.41)

2
where k and & are time and space discretization steps.
It is easy to notice that computations in the first and last knots require to assume some
boundary conditions; for this reason we shall extend the solution in a constant way
by taking the values in boundary knots.
Let us show now the reason for which Lax-Friedrichs scheme seems a good choice.

We shall say that a method is in conservation form if it can be written in the form

k
n+l _ rm_ ° n n n _ n n n
Uit = Uf = 2 [F (U U pirse s Ufg) = F (Ut U U )]
(2.42)
where F is a function of p+ ¢+ 1 arguments and it is called numerical flux function.
This requirement guarantees that the algorithm does not converge to non-solutions.

Noting that Lax-Friedrichs can be rewritten by using the following numerical flux

h 1
F(Uj,Uj1) = E(Uj—UjH)‘*‘i f(Uj)+ f(Uj1)] (2.43)

one can conclude that it will build up a physical solution.

2.2.3 Numerical simulations

In this section we analyze the evolution of the problem (2.37) for different initial
configurations in 1-D space.

As concerns the initial velocity let us fix the same datum in every situation and we
consider the constant function ug (x) = —1 Vx. This means that agents move in the
opposite direction with respect to the positive desired one 0 = 1.

As regards density datum we consider some functions po with unit total density (the
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integral of py over the domain is equal to 1)

&) pol) = 1if —1/2<x<1)2

0 otherwise

lif -3/4<x<—1/4and 1/4<x<3/4
(B)  po(x) = (2.44)
0 otherwise

©  pols) = 2 if1/4 <x < 3/4

0 otherwise

All the simulations show that a sufficiently small spatial step is required; in fact,

!

4 08 06 D04 02 0 02 04 06 08 1 1 08 406 D04 02 0 02 04 06 08 1

02 0.1 0 [iX] 0.2 0.3 0.4 04 045 05 055 06 065 07 075 08 085 09

Figure 2.3: Evolution of a crowd with initial configuration A.

a small number of points in the space discretization introduces oscillations in corre-
spondence of discontinuities. Moreover a suitable small time step has to be coupled.
In each figure one can notice that, at the beginning, dynamics tend to regularize the

initial piecewise constant data until they assume a Gaussian-like profile or, in other
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Figure 2.5: Evolution of a crowd with initial configuration C.

words, agents tend to concentrate in a small neighborhood around a position.
Then this profile moves as a wave adapting its direction to desired one and, in this

way, the initial tendency to move in the opposite direction is totally absorbed by the
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self-propelling term.

At last, one can notice some oscillations around a position which gets us suppos-
ing the existence of an equilibrium configuration of Gaussian type. Hence, in other
words, the tendency of agents to adapt its own velocity to the desired one is balanced

by the particle interactions.






Chapter 3

Multi-temperature models for

inert and reactive gas mixtures

3.1 Introduction

It is well known that in thermally non-equilibrium conditions a single temperature
model for a gas mixture is not valid and more accurate models of kinetics, gas dy-
namics and transport properties are required [35]. For example, a multi-temperature
description arises spontaneously when atomic masses of components are disparate, in
physics of plasmas at high temperature as well as in several problems of aerothermo-
dynamics [7, 8]. Clearly a multi-temperature approach presents many practical dif-
ficulties such as measuring the temperature of each component or handling a larger
number of variables; nevertheless a macroscopic theory of homogenous mixtures is
developed in the framework of rational thermodynamics [36] and it is based on the as-
sumption that each constituent obeys the same balance laws as a single fluid [13, 14].
At this point a consistent formal derivation of multi-temperature fluid-dynamics is de-
sirable and it can be obtained as an asymptotic limit starting from suitable kinetic de-
scriptions [4, 37]. In this regard, some hydrodynamic models, even for reactive gases,
were already considered [38] but they were all leading to some single-temperature de-

scriptions. In order to avoid this restriction, it is clear that one should deal with a gas
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in which equilibration within each species is faster than equalization of species pa-
rameters in the gas as a whole. Of course, the task becomes quite heavy if one wants
to include also other processes like the occurrence of chemical reactions or take ac-
count of the internal molecular structure [39, 40].

In this chapter, first we recall a very simple model for a mixture of monoatomic gases
which takes into account just elastic mechanical interactions. We consider a two-scale
process where the fast dominant phenomenon is constituted by resonant collisions
between particles of the same species; interactions involving different components
belong to the slow process [15]. At the kinetic level, rescaled equations for a mixture

of O components read as

afi 1 .

a—J:—i—v-VXf,-:gli,-[ﬁ,ﬁ]+21,-j[ﬁ,fj] fori=1,...,0 (3.1)
i

where f; denotes the distribution function of the i—th species and /;; is the collision

operator related to interactions between species i and j. It takes the form

Lilfi, fi] = // Bij (g,n-2') [fi (v°) f; (W*) = £; (V) f; (W)]dwdA'  (3.2)

and it involves the collision kernel B;; depending on the relative speed g = |[v —w|
and on the deflection angle /i - #’. Finally, Knudsen number € is a small parameter and
its role is to amplify the effect of resonant collisions.

Starting from the previous set of integro-differential Boltzmann-like equations we
deduce a macroscopic description by a hydrodynamic limit (¢ — 0) and by a suitable
closure at Euler level. The evolution of the macroscopic quantities turns out to be
governed by a multi-velocity and multi-temperature set of partial differential equa-
tions and one has to handle Q mass densities, velocities and temperatures.

Later we shall extend the model to the reactive case when components undergo the

following bimolecular reversible chemical reaction
(1,2) = (3,4) (3.3)

which involves four different species (Q > 4). We suppose that each component is

endowed with an internal energy due to the chemical links Ej; the quantity AE =
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Es+ E4— E] — E; is fixed positive and it represents the activation energy of the en-
dothermic reaction. Under the assumption AE = 0, some interesting results, like hy-
drodynamic equations at Euler level and existence, uniqueness and stability of equi-
libria, have been deduced [15]. Also a single-velocity and multi-temperature model
can be obtained by the previous general one assuming the equalization of species
velocities and it can be tested on classical problems, like the steady shock waves
problem [17].

At the end we shall propose a possible extension to polyatomic gases [16] by consid-
ering a discrete set of energy levels to mimic the internal structure. The finite spec-
trum can be replaced by a continuous one and some results, like the determination

and analysis of production terms, have been presented recently [41].

3.2 Monoatomic inert gases

In this section we recall the main features of a multi-temperature description for a
non-reactive mixture of monoatomics gases and we refer to [15] for more details.
The starting point is the set of Boltzmann-type equations governing the distribution
functions of the involved species

dfi 1 .
a]: —|—V-fol- = Elii [f,,fl]—l-ZIlJ [fl,fJ] for i=1,...,0 (3.4

J#i

where I;; is the elastic scattering operator for (i, j) encounters. The quantity € is a
small parameter and it represents the ratio of the mean free path of the collisions
within each single species to any of the other characteristic lengths which are sup-
posed to be longer than the previous one.

One can prove [4] that collision equilibria for the whole equations (3.4) are provided

by the seven parameter family of Maxwellians

M) =n (22:;)3/2 exp [_% (v —u)z] (3.5)

sharing common values u and 7', respectively, for mass velocity and temperature.

Moreover, entropy dissipation and stability of equilibria are given by the Lyapunov
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function for mixtures

Y
Hif] =Y [ filogfidv (3.6)
i=1

As usual, macroscopic fields for each species are defined as moments of the relevant
distribution function and we want to propose a description of their evolution.

We are interested in the hydrodynamic closure in the asymptotic limit € — 0 of (3.4)
and in particular we concentrate on the zero-th order approximation (at Euler level).
The first step in this regard is determining the collision invariants and equilibria for
the dominant part of the collision operator. It is not difficult to prove that the local

equilibria solving [; = 0 Vi constitute a 5Q—parameter family of local Maxwellians

N\ 3/2 )
Mi(v) = m; (2’;’;% ) exp {—’"’ <v—u,~>2} 37

with free parameters n;, u; and 7; and that such dominant operators admit 5Q indepen-
dent collision invariants corresponding to preservation of number density, momentum
and kinetic energy within each single species.

In order to obtain a macroscopic description for the mixture, one can use collision
invariants as test functions in the weak form of (3.4) whose production term at the

right-hand side becomes

/‘Pi (V)4 [fi, fi] (V) dv = ///Bij (&:7-7") (@i (vij) — @i (V)] fi () f; (W) dvdwdi
(3.8)
where @; indicates the generic collision invariant and v, v;; are, respectively, pre- and
post-collision velocities.

The set of partial differential equations for densities n;, mass velocities u; and tem-
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peratures 7; results

8n,-

W +VX . (nl'ui) =0
)
5 (piw;) + V- (pi; @u;) + Vi -Pi = Y Ry;
J#i
d (1 3 1 3
\ o <2piui2+2niTi> + Vx- |:<2piu,'2+2niTi> ui—l—Pi'ui—I-(Ii] = J;iSij

3.9
where P; and q; denote respectively pressure tensor and heat flux for the i—th com-
ponent; R;; and S;; are integrals of the collision kernels B;; (i # j) representing mo-
mentum and energy exchanges between particles of different species.

The previous system is not a closed set of equations and a closure is required. It can
be done in a natural way at different levels of accuracy by a suitable expansion of the
distribution function f; around the corresponding local equilibrium M;. The easiest
approximation is the zero-th order one, obtained just by replacing f; by M; in the
non-hydrodynamic fields P; and q; and in the collision contributions. This implies
that the stress tensors get a diagonal form, P; = »;T;1, and the heat fluxes q; vanish.

Hence this lead us to the following system of Euler-type equations

8n,~

§+VX- (niui) =0

0

o5 (piw;) + Vx - (piw; @ w;) + Vx (0, T;) = j;iRij (3.10)
(1 , 3 1 5

= | o + 0Ty | + Vs || i+ 50T | ui| = ij
at<2plul+2n,Tl)+ [<2pul+2nT>u} j;iSJ

where now R;; and §;; are suitable integrals of the collision operators /;; with Gaus-
sian M;, M; in place of actual distributions f;, f;. Source terms at the right-hand side
depend on the collision kernel or, in other words, on the way we describe the inter-

actions between particles. From now on we suppose to model particles as Maxwell
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molecules for which moments of the collision kernels become constant.
In order to compute integrals at the right hand side one can notice that the product of

Maxwellians can be cast as

Mi(V)Mj(W) - <2IZT117;> (2’;’;]7}) . (3.11)
X exp [—nij (Gij+ 78— 6ij)2} exp {—/31']' [g— (u _uj)]z}

where

m; 2T, 27\ !
nij 7ﬁ1} <l+j>

2T ni; m;

(o) o (e )
. _ 0= — | —=—uw+—=u;
W=y \arar ) % T g\ T 2

and G;; is the center of mass velocity o;;v+ @;iw, L;; = mjm;/(m;+m;) is the re-

(3.12)

duced mass and @;; = m;/(m; +m;) is the mass ratio. Since dvdw = dG;;dg, the
integration over G;; € R? may be performed explicitly and, under the assumption of
Maxwell molecules, also integrations over g can be computed and hence slow colli-

sion terms read as

R;j = —pijmn;Bij (w; —u;) (3.13)
and
_ T,—T;
Sij = —uijnin;B;; | (oju; + aju;) - (Ui—llj)+3miij (3.14)

where B;; is the constant collision frequency for (i, j) interactions
PN 4 PO N
B,j = BO —B1 ij = / (n‘n’) B;; (g,n'n/) di’ (3.15)

An important robustness test concerns the study of equilibria and their stability. It

may be easily proved that equilibria are characterized by
* equalization of species velocitiesu; = uy = ... = uy

* equalization of species temperatures 7y = 1, = ... = Ty
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Existence and uniqueness of the configuration of equilibrium are guaranteed once the
initial configuration has been fixed. Moreover a Lyapunov function correctly repro-
duces entropy dissipation and relaxation to the equilibrium. This function is obtained
by the restriction of the mixture Boltzmann H-functional to the subspace of the dis-

tribution functions defined by the local Maxwellians M; and it reads as

3 ni; 3
H= zi:ni {lognﬁ—zlog <27rTi> - 2] (3.16)

In order to show that H is a Lyapunov function for this problem, one has to prove that

H<0 (H=0if H=H%) and H-H%>0 (3.17)

where H® is the value of the function H in the equilibrium state.
As concerns the first inequality one can notice that

‘ 0| 0 O uiminivi;
H==) =) (Sj—Rju) =} Y =—+=x
i=1"1 j=1 i=1j=1 i

i i

(3.18)
[ w Gt g + 350 g = Y Y e
! J 1] JUEJ m,—{—m] 1 ! J ]
JFi
and
ij oy gii _ LMV |Ti—1; T —Ti
j ji— 3
s mi+m; [ T; " T;
— (=) - (ojui+ o) —ui- (0 —wy)]
1
WijninVij
— lTjJ = [(w; —w;) - (ogjmi+ o) —w; - (w; —uy)]
HijminVij 2 2
=3 I T2 4 TiT,— T,
(gt 0T T G19
a.. a..
+ HijninVij [—TJ; (wi—u)*— 7:] (u; — “j)z]
Hijnin;Vij 2
(mi+mj)TiTj(l 2
_ Hijringvij (mjom; (i —u)?<0
m;+m; T; T; ' /
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As regards the second inequality, it is sufficient to recall that Boltzmann functional
admits minimum when the distribution functions are Maxwellian-type functions shar-
ing the same value for mass velocities and temperatures and to notice that the function
H is nothing else but the Boltzmann functional restricted to a subspace in which the

minimum is included.

3.3 Reactive case

An important extension of the previous model concerns the occurrence of chemical
processes in the evolution of the mixture. For sake of simplicity, we introduce a single

reversible bimolecular reaction
(1,2) = (3,4) (3.20)

and only four participating species are considered. We suppose also that each com-
ponent has an internal energy E; due to the chemical links.
We follow the previous scheme to analyze this reactive case starting from the Boltzmann-

type equations which are scaled as follows

%+V Vifi = =Lilfi, fil+ Y_1ij Ui fi] + i f] fori=1,...,4 (321)

ot J#i

The production term takes account of the chemical interactions and takes the form

// Shk Blh;((g?ﬁ.ﬁ’)x
X[(lﬁ)f( )fk< ) fl()fj(W)]dvdﬁ’

where Uis the unit step function, 63" 2AE /u;j and (i, j, h, k) is one of the following

(3.22)

sequences
(1,2,3,4) , (2,1,4,3) , (3,4,1,2) , (4,3,2,1) (3.23)

The occurrence of the endothermic reaction is strictly related to the internal energy.

In fact, the quantity AE = E3 + E4 — E1 — E, represents an activation energy and it
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introduces a threshold for the endothermic reaction: it may occur if the impinging
kinetic energy overcomes a potential barrier proportional to AE.

As in the previous inert case, also for the reactive one it is possible determining

equilibria
) =ni (5 )3/2e 5 (v—u)’| (3.24)
; =ni| —— Xp | — == (V— .
l "\2nT Pl7ar
where number densities are related by the classical Mass Action Law
3/2
”””::<“”) AEIT (3.25)
n3ny U3g

One can reproduce also the stability of equilibria and the entropy dissipation by a

Boltzmann H-functional in chemical version

4 .

Hifj =Y ﬂ%<ﬁ>m (3.26)
i=1 m;

We can pass to the hydrodynamic limit of (3.21) when & — 0; the evolution of the 20

macroscopic fields is governed by a set of partial differential differential equations

( 811,'

5, T Vx () = 0i

d
E(piui)‘l‘vx'(piui®ui)+VX'Pi = ;Ri1+Ri
J#i

gt (;Piuiz + ;niTi) + Vx- [(;qu,z + zanl> u; +P;-u;+ Qi:| = ;Sij +85;

' (3.27)
where Q;, R; and §; denote the exchange of mass, momentum and energy due to
the chemical reaction. A first difference with respect to the inert case is that in the
reactive frame number densities are not preserved across the reaction and a source
term Q; appears.

As in the previous section a closure procedure is required and at Euler level, under



58  Capitolo 3. Multi-temperature models for inert and reactive gas mixtures

the assumption of Maxwell molecules, the macroscopic equations become

( al’li

W‘va'(niui) = 0

d

E (piui> + Vi (piui ®ui) + Vi (niTi) = ;Rij +R; (3.28)
J#i

2—1-2+§n-T-+V 1-2+§7‘u-—ZSHS-

ot zplui it X 2qui 2”1 i il = o ij i

where the source terms are integrals of the Boltzmann (inert and reactive) operators
with f; replaced by M;.

The integrations at the right-hand side are not possible in the most general case but
for the density equations. It is easy to see that

O1=0=-03=—-04 (3.29)

and then conservation of pairs of densities (for instance n; — ny, n| +ns, ny +ny) are
reproduced as the conservation of total density.
A closed analytical form can be deduced only in some special cases discussed in the

following subsections.

3.3.1 Vanishing activation energy

When the activation energy AE = 0, one can compute explicitly all the source terms

in Euler-type equations. More precisely, one has

1 (1+2) 1(1-2)
3 3
Qi = By [(Z;i) npng — <Z;j> ninj] (3.30)

where By is the moment of the reactive collision kernel of orderOand 41 = A, =1 =

—A3 = — A4 are the stoichiometric coefficients. Moreover

Hi2 0129
R; = By <> N O j (mpay, + myuy)

H3a
54,

(1) ?

b 7

—By (“]2 ) ninjmu; + B <“12 > npng Mk (0 — ag)
H34 U34

(3.31)
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and

l(l—i—li)
4
Si = Bo <[,L12> npny.

1
JiEn S (g + 0 e)* + = Qi (wy, — w)?

2

3 3
+ =04 (o T+ o Tic) + = i (O Ty +- 04 T)
2 2 (3.32)

” %(]—l[) 1 3 ‘u 3+in
—By (HZ> nin; <2ml~ul2 + 2Ti> + B (iéj) M1 Uk

(Th — Tk)}

X | (ogpreay, 4+ ogpuy ) - (U —ug) +
[(hkh ntik) - (uy, — uy) ——

where (i, j,h,k) €{(1,2,3,4),(2,1,4,3),(3,4,1,2),(4,3,2, ) L, i=h=1=—A3 =
—A4 and B; is the moment of the reactive collision kernel of order 1

By = / (A-7) B3 (g.2-A') dit (3.33)

which is constant under the assumption of Maxwell molecule.

It is not difficult to prove that

YR=0 and ) Si=-AEQ; =0 (3.34)
i i

and hence total momentum and total energy are preserved also in this reactive case.
Existence and uniqueness of the configuration of equilibrium is guaranteed once the
initial configuration is fixed and it is characterized not only by the previous conditions
of equalization of mass velocities and temperatures but also by the so-called Mass

Action Law in a simpler form (corresponding to AE = 0)

s _ (2 539

n3ny Uza

This equation is easily deduced by the continuity equations. The equalization of

species velocities and temperature can be proved by rewriting conditions

ZRij—i-R,-:O and ZSij+Si:0 (3.36)
i J#i
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as suitable homogenous linear systems whose matrices are negative definite.
As in the previous section, one can reproduce entropy dissipation and relaxation to

equilibrium by using the Lyapunov function

n; 3 m; 3
H=Ynllog| =% ]+=>1 —= 37
e O

obtained as the restriction of reactive Boltzmann H-functional to the subspace of local

Maxwellians (the sketch of the proof is the same as that in the inert case).

3.3.2 Single-velocity and multi-temperature case

Some recent results in rational thermodynamics show that there are significant phys-
ical scenarios in which the mechanical relaxation time is shorter than the thermal one
i.e. the equalization of species velocities is faster than the equalization of tempera-
tures so that a single-velocity and multi-temperature Euler description is useful to
describe the last stage of the evolution [42].

Under the assumption of equalization of mass velocities, one can rewrite the Euler

system as follows

( 8n,~ o
o7 + V- (nu) = Q;
0
> (pu) + Vx- (pu®u)+Vy (nT) = 0 (3.38)

d (1 3 1 5

o <2Pi”2 + 2niTi> + Vx- [<2Piu2 + 2niTi> U] = ;Sij +S;

where the balance equations for momenta are replaced by the conservation of global
momentum and n =Y ;n;, p = Y,;mn; and nT =Y ;n;T;.

Also in this case, source terms have a closed form. In energy equations one has that

mechanical terms reduce as follows

S,‘j = —3(Xij(inl’lil’ljB,'j (T,—Tj) (339)
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As concerns chemical source terms
2
01 = —=By

- <F‘12)3/26Xp (AE>
VT H34 o313+ o Ty

3 AE 3 AE
xI'\ oy ———— | —niml'| =, ————
27 o315 + 034 Ty 2 o T + o

(3.40)

and

O1=02=-03=—04 (3.41)

For i = 1 (and similarly for i = 2) the reactive energy exchange rate becomes

M

e 3/2n . m 3/2 ma 3/zlm 5
H3q 304 2717T3 2717T4 2 !
2AE 2AE \ 12
< [[{B G2+2&<2+—>}<1+ ) +
//{ O{ 347 021 Hi2 & H34 u34g2

1/2 DAE
+ 2By <@> G34~g(1+ 2)}x
Hi2 H348

2
X exp [— 134(G34 + Yug —u) } exp(—Paag?)dGaudg
m N2 my N2 1
- om m o B
"1"2<2nn> <27tT2> g muox

//(G]2+a2lg)2U (ng %)

X exp [— M2(Gi2 + n2g— u)z} exp(—Pi2g?)dGadg

(3.42)

and again patient and careful calculations allow an explicit result in terms of incom-

plete gamma functions. Analogous steps are in order for S; (and similarly for S4)
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m 3/2 m 3/2 1
83 =minz <27L'T1> <27L'T2> EmSX
2AE
Sl o))

Hi2

12 2AE \ 172
+2B1 043 <&> G12'g<1_72> }
H34

Hi28
2AE
xU (g - E) exp [— M2(Giz+ Y28 — u)z] exp(—Pi2g?)dGodg

(e 3/2n (m 32 1 my \ 2 lm .
H34 304 27'L'T3 27'L'T4 2 30
. 2AE \ /2
/ (G34+a43g)2 <1+ >

Hzag?

(3.43)

X exp [— 34(G34 + Y348 — “)2} exp(—P34g”)dGa4dg

It is possible to summarize all the exchange rates in the energy equations in a single
expression involving stoichiometric coefficients

3(144;)
1 ii 4 Ai+1)AE 3T, 1;
S, 71’1’1,‘30 <'uj> nhnkexp< ( + ) ) hk
VT Mk

2(on Ty + i i) my Ty + my Ty
T, — T, 3 AE
C-aMiag +/1,~)uhk<’<h> AE 4+ r( )
ml my Ty, + my, T, 27 oy Ty, + o Tk
2
T, — Ty Hij <5 AE >
+ 2 (o Ty + oy T _ — ||z, ———————
( ki Ch hk k) [‘uhk <kah +thk> ml2 27 oy Ty + oy T,

3(1-%)

Mnk 4 ( (I—QLI)AE >
— | = nn;exp| —————— | x
(ﬂij) TP o )

;iTi + 0T}
3TT; i+m)T? 3 AE
[N (X071 VAN NG
m;T; +m;T; m;T; +m;T; 2" 0T + 04T

(mi+m)T]* (5  AE
24 (0T 0 T)) |:iji+miTj 2" a;iTi + oyT;

1432
Hij 4 (Al — I)AE
_2( 2L O B
</.Lhk> ;0 jinpni b1 €Xp <2( X

on Ty + O Tic)

}

X 3+ AE (T —Tn)
2 oy T, + oy T k Ry

(3.44)
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Because of the total energy conservation in each reactive encounter, we get

S14+ 8 + 53+ 84 = —01AF (3.45)

3.4 Polyatomic gases

In this section we try to extend the previous model for inert monoatomic gases to
polyatomic ones as proposed in [16].

Let us start from the kinetic model for internal state transitions [39] in which each
species s, s = 1,..., 0, is endowed with a discrete internal structure of N energy levels
to mimic non-translational degrees of freedom. The Q x N components are labeled
according to a single index and ordered in such a way that the s—th species can be
regarded as the equivalence class of the indices i which are congruent to s modulo
Q. We denote with E; the energy of the state i and they are monotonically increasing

hk the net increase

with their index in the frame of each species. Let us denote by AE;

of internal energy
AE}f = Ey+E—E;—E; (3.46)

related to the general binary interaction
(i,j) = (h,k) (3.47)

where i, j,h,k=1,...,ON.
The evolution of the distribution functions is governed by a set of Boltzmann-like

equations

%+V-VX fi=Jfl= Y // K7™ (] (v, w, 7 )dwdA', 1<i<QON (3.48)

Jt (j.hok) €D;

with the collision operator

K7™ ] (v,w,i') =© (gz - 61-’}-") Bl (g, i)

(ﬁ;ffh (vA) e (w) —ﬁ-(v)fxw)] o
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where (v, w) indicate pre-collision velocities, g = |v — w| is the relative velocity with

it = (v—w)/g, and the post-collision velocities (V?;‘ , wf’;‘) are related to the pre- ones
by
szjk = OjV+ OjiW + Oy, g?]kfll
(3.50)
Wfl}( = OV + Oj;W — O glhjkﬁ/
i 1/2
where gf’;‘ = [‘u”(g2 - Bi}j‘-k)] . The unit step function ® introduces a threshold
hk
for the collision strictly related to the activation energy AE[;" by means of 5;}" =

2AE[ /.
The set D; is made up by all triplets (j,h,k) with h =i and k = j and it can be split

in two subsets

fast
Dias

(j,h,k) eDji=j=h=k}

3.51)
(j,h,k) € Diyi # j,h=ik= j} = D;\ D/

{
{

slow
Di

characterizing fast phenomenon within each species and slow process which takes
account of interactions between different components. Moreover, it is possible to
subdivide the set le “’in two subsets: the first for the elastic collisions (when 7 = i
and k = j) and the second (when & # i and k # j) for the inelastic ones which provide
for a change of internal energy level. For this problem equilibrium configurations are

Maxwellian-type functions sharing a common value for velocities and temperatures

M) =n; (22;)3/Zexp [—Z—;(V—u)z] Vi=s,s=1,...,0

(3.52)
N E;—E; E; —E;
wezmer () =g ()

where Z; is the partition function. A strict entropy inequality for relaxation to equi-

librium can also be established in terms of the classical H—functional

0
H= ZZ/filogfidv (3.53)

s=1li=s
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As done in the basic model, we are interested in a two-scale collision process. For

this reason we modify the previous system of kinetic equations as follows

d2fi

TV Vafi = J,-f ]+ ] (3.54)
where
T = [7 K™t (v, w,i')dwdA', 1<i<ON
i, k) Df‘”’
L1 (3.55)
J;Yl(lw[f] — //Kl]hk ,ﬁ/)deﬁ,, ISISQN
j h k eDslun

As seen before, we can deduce a macroscopic description by the hydrodynamic limit
when € — 0 and by a suitable closure.

The first step is determining the collision invariants for the dominant part of the colli-
sion operator which turns out to be suitable linear combinations of mass, momentum

and total energy of each species s

@i (v) = as+bs~msv+cs<2

1
msvz—i—E,-) Vi=s, Vs=1,...,0 (3.56)

where a;, by and ¢, are free parameters and hence collision invariants constitute a
space of dimension 5Q.

Also local collision equilibria for the dominant operator have a crucial role; they
are Maxwellian-type functions depending on species macroscopic fields and they are
given by

N mg 3/2 g 2 E;—E
M;(v) = T <27ITS) exp |:_2Tv( —uy)” — T (3.57)

Vi=sandVs=1,...,0.
Now we are ready to formulate the weak form of the Boltzmann-type equations by
using as test functions the usual basis for the space of collision invariants; for each

fixed s =1,...,0 we consider the three following options

b;=0,¢,=0 ; ag=c;=0 ; a;=0,b;=0 (3.58)
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Therefore one has

IN;

a ( ?uﬁ) _0
J
3 (psus) + Vi - Z (pw;@u;+P;) = Ry

i=s

(3.59)

J 1, 3
E [Z <2pi“i + znin‘i_Eini)

I=s

1 3
+ Vi {Z |:<2piui2+2niTi +Eini> ui+Pi‘ui+qi:| } =S5

i=s

where momentum and energy exchange rates are given by

R=LY L (v
r#sih=s j.k=r (3.60)
X Bhk( i) © <g2 - 3,-’}") f:(v)fi(w)dvdwdi'

Sy = ///{ my vz} —I—Eh—E,}
szk r (3.61)

x B?}‘ (¢,7-7)® (g - s,f;.k) £V fi(w)dvdwar'

The lowest order hydrodynamic closure is obtained by replacing the distribution func-

and

tions with the fast collision equilibria in all moments and integrals. As concerns mo-

ments, one has

Y pwi@uw; =pusuy, Y Pi=NTI, Y P;-u; = N,Tu,, q; =0

i=s i=s i=s (362)
Y Emni = N:E(T,) , Y Emini = NiEs (T;) u,
i=s i=s

where

Eq( ZEe p( Ei- E> (3.63)

S
represents an equilibrium average of the energy states within the species s and ac-
counts for the correction to the energy law for the s-th molecules due to the non-

translational degrees of freedom.
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Euler equations for the present model of a polyatomic gas mixture read then as

dN,
S+ V- (Vo) =0
d
ot (Psus) + V- (psuy @ug) + V(N T) = Ry
d 3 (3.64)
8t< psit? +2NT+NE (T)>+

2,3 -

+ Vi Epsus +§Ns71v + N E; (T:v) ug | =S
and now source terms are known functions of the macroscopic fields
Rsr = *.usr /// g— 6hk Al)
i,h=s jk=r
x® (g . 5.’1.") Bl (g,ﬁ ) 1) Y (w)dvdwdi!
(3.65)

Ey—E;
Ssr = _.usr /// |: sr - 5hk A/) + = ar55hk — L !
i,h=s jk=r Msr

X © (g - 6,.’;.’<) B (g,2-#) £ (v) £ (w)dvdwdi!

where G, = o,V + Q,xW is the center of mass velocity.
Integrations with respect to the unit vector 7’ € S*> may be computed separately lead-

ing to the angular moments of the collision kernel

t

B (g):/ (A-7) BI¥ (g.7-A') dit (=0,1 (3.66)
52

Other integrations can be performed in an easier way by a suitable change of variables
which involves the center of mass velocity Gy, and the relative velocity g7 and by

noticing that the product of Maxwellians can be cast as

M;(v)M;(w) =

o N N; nig : my : ex E;—E Ej —E, % (3.67)
Z,(T) Z,(T,) \2xT; ) \2a1,) P T, T, '

(
(G + %8~ 85r)? | exp { Bl (u, —u,)P}

X exp [ Nor
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where

2T, 2T\ ! o [ 1 1
hr = <nf+ m > =y <2T_2T>
) r nSV N r (3.68)

This allows to push further analytical manipulations leaving only a final one-dimensional
integral with respect to g which depends on the form of the collision kernel; more

precisely, one has

R = ; Ry = Z Rsr — urH (369)

where

R — Ugr 1 Ns' Ny %
T 2V P, w2 % (1) 2, (T))

Ei—E, Ei—E)\ [ _
ELev{ ) [t

i,h=s j.k=r

(3.70)
X { (2Bslus —u g —1)exp [_Bsr (& —uy— Ur|)2} +
+ (zﬁsr‘us - ur‘g‘i‘ 1)exp [_ﬁsr (g+ ’us - ur‘)Z} }gdg
We can rewrite the source term as follows
R.. — Hsr 1 Ns Nr x
SN [33r/2\us —u,2Zs (Ty) Z (T;)
(3.71)

x Y ) exp

( Ei—E, E,—E
i,h=s jk=r

BB X - )
) r

where we have set A, = le/ 2 lug —u, |

-1
ﬁw_<ln+2E> (3.72)

mg  my,
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x {(2As,x “1)exp [— (x— AS,)Z] + (2Agx+ 1)exp {— (x+AS,)2} }xdx
(3.73)

Analogously the energy exchange rate can be written as

Ss=Y Sy (3.74)

LN N
VE A, Z,(1) Z,(T;)

X

L Eew (B g an)
where |
v = /O 0 (= Burdl) { o By B (B x) +
+ [ty (Ep— Ei) — Oy (B — Ej)|xB}1 ( 371/2x> }X (3.76)
x {CXP [— (x—Asr)z} —exp [— (x+AS,)2} }dx
and

m m 1 1 1 mg my
We hope to find a closed analytical form of the source terms for a 51mple model of
the collision kernel.
If we consider a Maxwell molecule type of interaction for a given collision, hence we
have
Bl () = K/ = constant (3.78)

and after some cumbersome manipulations one gets

th 2f hk{A3 91 (ﬁsr;Asr) - <A3r - ;) t9\2 (BsraAsr) +

3.79)
Bsr6h ﬁ3 (ﬁShAS") }
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for 51.}]’." > 0, where

Z1 (Ber Agy) = 1 — erf(\//W+Asr) +erf(\/[Tgl];!<_Asr>

2
2 2
- \/ﬁxr6,'h~k+A.vr \/ﬁsr i rr
%(lBsr,As»:e( o) e (V) (3.80)
2T
: ) (o)
73 (Bsr»Asr) — 2\/5

Unfortunately, under the assumption of Maxwell molecules, not all the integrations
in R can be done explicitly; in fact not only Xi’}k is involved but also its reciprocal X,
whose collision kernel is related to the first one by the microreversibility condition

i\ 1/ .
<1+g”2> Blf (g - #') = By (g0 - ) (3.81)
and then also the integral

Xiljc = Kz}}k/o <x Jrﬁsrshk) V2 {(ZAS,X— 1)exp [— (fosr)z} +

+ (2Agx+ 1) exp [— (x—l—Asr)ﬂ }dx

(3.82)

with 51-’}" > 0 has to be solved; but this seems not amenable to any of the most common
elementary or special functions.

Also for the energy exchange rates one can compute explicitly
3
YIE = B, VT [ o (A2 2) Z1 (B )

+ (1 + ﬁsrai]}k +A32r) ﬁZ (Bsr,Asr) + \/ Bsrai]}kAsrﬁa (ﬁsr,Asr) (383)

+ k¥ [0 (Ep — E — 1) — 04 (Ex — Ej)] V%
X [ sr</’l (ﬁshAsr) +3?2 (,BSraAsr)]

but the microreversibility does not make the reciprocal collision term manageable.



Chapter 4

The steady shock problem for

multi-temperature gases

In this chapter we want to test some of the fluid-dynamic models presented in the
previous one on a very classical problem like the steady shock waves on a one-
dimensional space, in which mass velocities become scalar. The shock problem has
been investigated extensively in different frameworks like the extended thermody-
namics and many results on the occurrence of smooth solution and discontinuities
(the so-called sub-shocks) have been presented [19, 43].

The interesting point is that, actually, the formation of sub-shocks is usually not ob-
served at the kinetic level (see for instance [44, 45] for reactive BGK approaches).
This discrepancy with respect to macroscopic models is due to the fact that hydro-
dynamic descriptions are obtained through proper closure procedures which neglect
many dissipative effects.

The steady shock problem is studied identifying the limiting equilibria related by the
Rankine-Hugoniot conditions, and investigating the basic features of the evolution
equations (that become in this frame a dynamical system of ODEs), with particular
emphasis on possible singularities and on eigenvalues of limiting equilibria. We are
mainly concentrated in discussing the presence of smooth and discontinuous solu-

tions for varying parameters and on the occurrence of possible relevant bifurcations
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versus the Mach number.

4.1 One-velocity and multi-temperature description

In this section we consider a reactive mixture of four monoatomic gases undergoing

a bimolecular reversible chemical reaction
(1,2) = (3,4) 4.1)

in which each single component is endowed with an internal energy E; where AE =
Es+E4—E|—E; >0.

We have seen before that, starting from a kinetic description in presence of a two-
scale collision process, it is possible to deduce a macroscopic model at Euler level for
the unknown fields n; (number densities), u; (mass velocities) and 7; (temperatures)
[17]. As anticipated, there are physical scenarios in which the thermal problem can
be separated from the mechanical one or, in other words, the equalization of species
velocities is faster than the equalization of temperature; in this regard, Landau showed
that this faster mechanical relaxation is true for plasmas [42]. This is the physical
regime that will be addressed here, and in this frame the deduced set of Euler-type

equations read as

( 8ni
W + VX . (I’l,‘l.l) = Q,‘
d
5; (Pw)+Vx- (pu®u) +Vx (nT) = 0 (4.2)

J <1 , 3 > 1,05
— | 5o+ STy | + V- || 5p + 50Ty Ju| =Y Sij+S;
1 \2 2 2 2 =

4
01=0=-0s=-0s , }}S=0 , }Si=-0AE 43
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and, under the assumption of Maxwell molecules, source terms have a closed analyt-
ical form described in (3.39), (3.40) and (3.44).

Starting from the system of equations above and by using relations on source terms,
one can obtain some conservation laws which express the preservation of suitable
combinations of densities (for example (1,3), (1,4) and (2,4)), global momentum
and total energy. It is convenient to reformulate the problem by coupling these con-
servations with balance laws for one of the number densities (for example ;) and
three of the species energies (for example second, third and fourth species). In this
way, in the one-dimensional steady shock problem the unknown fields are governed

by the following set of ordinary differential equations

%(mu) =01

%[(ni—i-nj)u] =0 (i,7) = (1,3), (1,4), (2,4)

% (pu*+nT) =0 (4.4)
% (;pu3 + ;nTu—i-lﬁ;EiniM) =0

% (;pibﬁ + zniTiu> = ;Sij+5i i=2,3,4,

with limiting conditions x — =oo given by equilibrium points, in which of course all

species share a common value for temperature 7+ and Mass Action Law is fulfilled

+o+ 32
TE=T% i=1,..4 L (“12) exp <Ni> 4.5)
X3 X4 Uzq T

where x; = n;/n indicates the concentration of the i—th species. Each state can be
expressed in term of density n*, temperature 7+, two out of the four concentration
fractions xl-i, and velocity ™, which also define the relevant sound speeds and the

corresponding Mach numbers via [46]

4 1 2 (AEN2
SpETEN /2 Y15 +35(59) +
ci:ai<§i> SRS Maf = (46)
p Zizlf"‘i(ﬁ) ¢
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In order to obtain physical shock solutions, the entropy flux condition imposed by
the H-theorem must be fulfilled and this gives some restrictions on the admissible
values of upstream Mach number, Ma™ > 1, which is equivalent to impose entropy
Lax conditions [47].

Conservation laws in the set of ODEs gives a relation between downstream (+) and
upstream (—) parameters (called Rankine-Hugoniot conditions) which can determine
the downstream state in terms of the upstream one. A detailed analysis has been
presented in [46] and we just recall few features.

In particular one has

- . nt o opt u
xl.*:xl. + LAy i=1,...,4, F:F:F 4.7
where A1 = A4, = 1 = —A3 = —A4 and the parameter Ay is proved to be in a one—to—

one relationship with #~ and then with the upstream Mach number, and determines

uniquely 7 via (4.5). Finally

(i f) e () T
U = <”_T_)1/2 [,ﬁ 1—(n+/n—)(T+/T—)]1/2 (4.8)
p ) I T=/m)

Moreover, by using the 5 conservation equations, one can eliminate 5 variables,

namely all #; and 7', in terms of u

p ()P4 T p-

n, u

nj = — LN T = — u—"—u’ (4.9)
u n-u n
where
e S ot (Lo e S ) !
N_AE 20 u u 2(p (u)+nT)+<2p (u)+2nTu)u}
(4.10)

In this way, the system of ordinary differential equations reduces to the sub-system
of four balance laws which have to be rewritten in terms of the remaining unknowns

u, T», Tz, Tx. The crucial problem is the first equation which reduces to the form

iF(u) =G6(u,,1;,Ts) lim u(x) =u*

e Jim 4.11)
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where G is nothing but Q; and F (1) = nju can be rewritten as a polynomial of degree

2inu

1 5 1 5
Flu)=nyu == 12p w1 =2 (p () +n T )utop () +5n T u
4.12)
Hence its derivative is linear and it vanishes in
. Sp (u)+n T
u=-
8 p u-

4.13)

Hence the vector field of the dynamical system is singular on the hyperplane u = u*,
which might or might not interfere with the admissible phase space.

It is easy to check that 0 < u™ < u~; in fact, by using relations (4.7) one can prove
that

AE N XX AE -
zlog(ml 2 ) <log(mZ 2L )| = — —= T">T (4.14)
T X3 1 xrs) T
where m = (/.134//,L12)3/2. By using (4.8) one has
N V)
U < <” d ”) (4.15)
p~ n
and hence
w ont p ) 5, 2. 2 5, o
== > —g(a)(Ma) >§((x) > 1 (4.16)

1
<~ Ma™ § ? (4.17)

One can notice that for slightly supersonic flows when upstream Mach number is in
the interval (1,1/a ™) the singularity does not interfere with the phase space, thus
the vector field is regular and a smooth solution for the steady shock is allowed. But,
as soon as u~ increases and the Mach number exceeds the threshold 1/a~ > 1, a

smooth solution is ruled out, and one has to search for weak solutions, presenting
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jump discontinuity.
In order to study weak solutions, one has to look for a piecewise smooth profile in
the separate intervals (—eo,0) and (0, 4oo) (discontinuity at some point x can always
be shifted to the origin), satisfying limiting conditions at oo, and whose limits for
x — 0 and x — 07, labelled by m and p superscripts, respectively, fulfil the con-
straints following from the differential equations themselves. Since the source terms
at the right hand side of the energy equations (4.4) are bounded functions, those equa-
tions imply continuity of the quantities under the derivative operator across the jump,
namely

Vo omys oS mgpmom _ L prpy3 05 pop -

S Pi (u™) +§niTi u" =5 p; (u?) +§niTi u? i=2,3,4. (4.18)

This is not true for the velocity field since F’ (u) vanishes at u = u*; however, the

same technique as before yields the constraint F (u™) = F (u”) from which

uP +u™

prw T
‘ _

pu-

5
=3 (4.19)
This last equation means that the singular value u = u* exactly represents the mid-
point of any admissible jump.

The jump in the velocity profile implies corresponding discontinuities in the gas num-
ber density n = n~ u~ /u and in the temperature T'; there is instead no jump for the
concentrations J;, since the single continuity equation (the first of (4.4))may be writ-

ten as
i _ M

dx n—u-

01 (4.20)

where now the right hand side is a bounded function of x and it leads to x” = x.

In order to construct smooth and weak solutions, an useful tool is the analysis of the
stability of the limiting equilibria which, in this case, can be performed easily with
the help of symbolic manipulation.

In all cases that have been investigated (a reference case is illustrated in Fig.4.1), all
eigenvalues of the downstream state have negative real part. The same happens for
the upstream state as long as Ma™ > 1/~ (weak solution regime) but, as soon as

Ma™ descends below this bifurcation value (possible smooth solution), the upstream
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Figure 4.1: Real part of the eigenvalues of the upstream equilibrium versus Mach

number on a physical (a) and stretched (b) scale.

Jacobian matrix exhibits one positive eigenvalue, while the other three keep negative
real part. In addition, the transition is singular in the sense that an eigenvalue diverges
to —eo when Ma™ approaches the threshold from above, and re—appears from +oo
after the crossing. This suggests the following scenario which will be confirmed by

numerical experiments.
e CaseMa™ < 1/a~

In these configurations the upstream equilibrium is a saddle with a one—dimensional
unstable manifold and a three—dimensional stable manifold, and the only way to
reach it running backwards towards —eo is to follow the unstable manifold, tangent to
the one—dimensional unstable eigenspace. That manifold represents the unique non—
constant solution of our shock problem fulfilling the upstream condition, and enters
the phase space, where it is attracted by the asymptotically stable downstream equi-

librium, providing the sought heteroclinic orbit, and the smooth shock profile.
e CaseMa™ >1/a”

Now the upstream equilibrium is itself asymptotically stable, and the only admissible

solution satisfying the upstream condition is the constant solution, which of course
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can not reach the downstream equilibrium for x — +co. The only way to do that is
through a jump discontinuity, governed by (4.18) and (4.19), where necessarily p;",
u™, nf", T/" must coincide with p;, u™, n;, T,” . A simple calculation yields then the

corresponding values reached across the jump

N} -7-
up:2u*—u_:p (w”)"+5n

4p u~
4.21
p_ U o L mum b ~ “2h
Ti = npup T +§ml npup (u ) —(M ) 1:27374
i i

where n? (as well as all other quantities of interest) are determined by u”. At this
point, the state after the jump is a point in the phase space attracted by the asymptoti-
cally stable downstream equilibrium, and a smooth trajectory joins it to that state for
Xx — —oo. This builds up the sought weak shock wave solution, with a jump disconti-
nuity from upstream equilibrium to an intermediate non—equilibrium state, followed
by a smooth tail leading that state to the downstream equilibrium.

This scenario does not seem predictable at kinetic level and it seems strictly related

to the simple hydrodynamic closure at Euler level.

4.1.1 Numerical simulations

We present some shock profiles resulting from the numerical integrations of the
macroscopic differential equations which can be made non-dimensional by rescaling
the involved quantities in terms of typical values (indicated by ~). Choosing T = AE,
and accordingly i = (AE/ m)l/ 2. the parameter AE disappears at all and the dimen-
sionless equations differ from the dimensional ones by the presence of a factor i/ BiiL
in front of space derivatives. In order to obtain a universal set of equations we choose
L=i/ Bii. In conclusion, we consider equations (4.4) as dimensionless and with AE

understood to be unity. In addition, we normalize in such way that
* u(0) = (u"™ 4 u")/2 for smooth solutions

* discontinuity is located in x = 0 for sub-shocks
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Figure 4.2: Mass velocity (a) and species temperature (b) versus x when Ma™ = 1.01.
We are in presence of a slightly supersonic regime and the predicted smooth profiles

for the involved quantities are reproduced.

All the simulations have been made up by forward integrations by means of classical

Runge-Kutta methods. We consider as reference case the bimolecular reaction
H,O+H = OH+H, (4.22)
for which the (dimensionless) masses result
m=18 m=01 my=17 my=0.2 (4.23)

and hence m; + my = m3 + m4. We consider the upstream configuration by fixing

n~ = 1.85 and the concentration fractions
X =04324 x, =0.4865 x; =0.0270 x, =0.0541 (4.24)

The Mass Action Law gives 7~ = 0.1688 and then o~ = 0.9421; therefore, the bi-
furcation value for Mach number is 1 /o~ = 1.0614.

The first choice for Mach number is Ma™ = 1.01, it corresponds to Ay = —0.0008
and it implies «~ = 0.5369, u™ = 0.5283 and T+ = 0.1701.

Fig. 4.2 shows the very smooth shock profiles for u and 7; in this slightly supersonic
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Figure 4.3: Mass velocity (a), global temperature (b), number densities (c¢) and
species temperature (d) versus x when Ma™~ = 1.06. The chosen value for Mach num-

ber is close to the bifurcation one but still in the ‘smooth’ region.

scenario. The solution has been found numerically starting from a close neighbor-
hood in phase space of the upstream equilibrium, choosing an initial point in the
direction of its one—dimensional unstable eigenspace (we recall that upstream state is
a saddle); in this way, the phase trajectory leaves the neighborhood along the unstable
manifold, and moves, for x — 4o, to the downstream equilibrium, which is always
asymptotically stable.

We increase Mach number choosing a value very close to the bifurcation one but
still in the smooth region: Ma™ = 1.06. In this case Ay = —0.0046, u~ = 0.5635,
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Figure 4.4: Mass velocity (a), global temperature (b), number densities (c) and
species temperature (d) versus x when Ma™ = 1.065. The chosen Mach number is
still close to the bifurcation value but it is greater than it. A jump discontinuity ap-

pears and it involves mass velocity and temperatures.

ut =0.5128 and T™ = 0.1766. The profiles in Fig.4.3 are of the same type as in
the previous case; they are still smooth but they present a much sharper edge cor-
responding to higher values of derivatives. This is explained by the presence of a
much higher positive eigenvalue which makes detachment from the upstream equi-
librium much faster. Moreover, one notice possible occurrence of overshooting in
some species temperatures.

Now we increase further the Mach number passing through the threshold. We con-
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Figure 4.5: Mass velocity (a) and species temperature (b) versus x when Ma™ = 1.15.
A higher value of Mach number corresponds to a wider and more evident disconti-

nuity.
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Figure 4.6: Species temperature versus x for a different upstream configuration (a)

and for a different chemical reaction (b) for fixed Mach number Ma™ = 1.1.

sider a value for Mach number close to the bifurcation one but greater than it: Ma™ =
1.065, from which Ay = —0.0050, u~ = 0.5662, u™ = 0.5114 and T+ = 0.1772. In
this case, singularity enters the phase space and a jump appears; this discontinuity

can be seen as a development of the previous sharp edge (see Fig4.4).
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The last case concerns the choice of Mach number Ma™ = 1.15 for which the jump
discontinuity enlarges, overshooting effects are more evident and a much larger spread
among species appears across the shock front (see Fig.4.5).

Similar trends can be reproduced also for different upstream configurations or for dif-
ferent chemical reactions. In figure 4.6(a) trends of species temperatures are shown

for a different upstream equilibrium
x =025 , x, =035 , x5 =025 , x, =0.15 (4.25)

which implies a different critical value for upstream Mach number (1/a~ = 1.0227).

In fig. 4.6(b) also the chemical reaction is changed and we consider the following one

NO+CO, = NO,+CO (4.26)

whose relevant masses are m; = 3, my = 4.4, mz = 4.6 and m4 = 2.8. In this last
case critical upstream Mach number decreases further (1/0~ = 1.0049) and hence
Ma™ = 1.1 becomes comparatively higher which explains the larger jump disconti-
nuity. Moreover, now masses are more balanced; this implies larger exchange rates

and then a faster relaxation to downstream equilibrium.

4.2 Multi-velocity and multi-temperature binary inert mix-

ture

In this section we want to investigate the steady shock problem for a non-reactive gas
mixture in which hydrodynamic variables are densities, velocities and temperatures
of each species. This application can seem simpler than the previous one because of
the absence of non-conservative processes (the chemical reaction) but the presence of
different velocities provides several interesting phenomena even in a mixture of only
two components. Results are in agreement with those presented in the framework
of extended thermodynamics [48] and smooth solutions as well as sub-shocks of
different kind can be discussed. The generalization of this (multi-velocity and multi-

temperature) analysis to an higher number of (inert and reactive) gases seems very
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cumbersome, and it will be matter of future research.
The basic multi-velocity and multi-temperature model proposed in the previous chap-
ter is the starting point; in the steady version macroscopic fields are governed by the

following set of ordinary differential equation

d
. (mu;) =0
d
a (nzuz) =0
d 2 )
e [Pl (u1)*+mTi| =Rz
d 2 7 (4.27)
g [Pz (u2)"+mTr| = —Ri2
d |1 5 |
T [zpl (u1)3+§n1T1M1 =512
d 1 5 ]
T [zpz (2)* + Enszuz =S

where terms R, and Sy, are provided by (3.13) and (3.14).
As before, the shock solution must join two limiting equilibrium states at 4-co char-

acterized by a common value for mass velocities and temperatures
uf=uy =ut  TE=T7 =T (4.28)

Therefore, each equilibrium configuration is totally determined by fixing number
densities 7", n5, common velocity u* and temperature T*. These quantities define

the relevant sound speeds ¢* and the corresponding Mach number Ma*

) 3p* (u*)’

+\2
(Ma ) - (Ci)z - Sn:l:Ti

(4.29)

From the set of ODEs (4.27) one can deduce easily four independent conservation
laws: the first two equations, the sum of third and fourth equations (reproducing mo-
mentum conservation) and the sum of fifth and sixth one (energy conservation). As

seen in the previous section, these conservations establish some relations between
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upstream (-) and downstream (+) parameters (Rankine-Hugoniot conditions)

nfut =n;u, s=1,2
pr (u*)z—i-rﬁT+ =p- (u7)2+n*T* = A (4.30)
p* (u+)3 +5n THut =p~ (lf)3 +5n T u =:«P

whose solution in terms of upstream Mach number is given by

—\2 —\2
nf = (:/I(M; ) 3 ng, s=1,2, ut = (T(aM) ;3 u-
a ) + a
4.31
L (Ma )’ 4+3)(5(Ma )’ —1) @30
= 16(Ma~)? !

Moreover, conservation laws are valid for all points of the shock profile; hence, fixing
the upstream configuration, the solution must fulfill the constraints

niuy=nju

npuy =Ny U

) 9 T (4.32)
P1 (Lt]) +l’l1T1+P2(M2) +nT=p (u ) +n T

P1 (M1)3 +5n1T1u1 +p2 (M2)3 +5n2T2u2 = p_ (u_)3 +5n T u

These relations allow to express four of the sixth unknown fields in terms of the
remaining two. The first two give
. i=1,2 (4.33)

Ui

Third and fourth conservations can be seen as a linear system for temperatures 77 and
T>. Unfortunately the determinant of this system is proportional to #; — u, and it can
vanish if velocities share the same value. It is not possible to impose u; # u because
we want to determine an orbit joining two limiting equilibria which are characterized
by the equalization of species velocities.

Hence, a different approach is required. Our strategy consists in studying a system of
three ordinary differential equations; this means that just three of the four conserva-

tions are used to reduce the problem. In addition, we introduce also the new variables
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T=—n and 0=T—-T» (4.34)
in place of 71 and T;
PO ) P )
T,=T+260 and T=T-- (4.35)
n n
At this point, we can write ny, np and T in terms of u;, u, and 6 by using the first
three conservations; in particular one has

. KA Tuy P, up) ugu
L UCRIADIT (4.36)
(n1 uz +n, ul) u- nyuz +n, uy

where & is a constant defined in (4.30). Skipping some details, one can rewrite the

problem in terms of u;, u, and 0 as

d
A-Yp (4.37)
dx

where y = (uy,u2,0)", b= (R12,512,—S12)7, and the matrix A is

:721 {Pl (ur)? _anI} —:712 [Pz (u2)* —nsz] %
5 5 5
pi(u1)*~ 5%1 [Pl (ul)z_anl} —3 r::; [Pz (u2)* —flsz} Enmnizul
5 5 5
—5’;2;12 [Pl (ul)z—n1T1] P (u2)*~ 5%2 {Pz(uz)z—nsz} _51’117;72142 |
(4.38)
Its determinant
1
det(A) = 1% [Spl (u1)? — Sanl] [3p2 (u2)? — 5n2T2} (4.39)
vanishes in correspondence of (M;)? = 1 or (M,)? = 1, where
(My)* = 3p; (u5)* / (5n,Ty) (4.40)

denotes the Mach number we would have if we considered the evolution of s-th

species only. In all points in which matrix A is regular and one can compute its
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inverse, it is possible to set, in this way, the system of ODEs in normal form

dug  SRpus—2S1

= , s=1,2
dx 3Ps (us)z - SnsTs
4o B 2 R12ps (Ms)3 ) |:ps (us)2 _nsTs} (4.41)
dx s=1 Ngllg |:3pv (us)z - SnsT{|

One can notice that, by a long computation, a suitable combination of these equations
can reproduce correctly the last conservation law i.e that conservation in (4.31) not
used in the reduction technique.

It is clear that possible smooth solutions can exist only if denominators
Dy = 3ps (us)* — STy = STy (M) — 1], s=1,2 (4.42)

do not vanish during the evolution. An analysis of these quantities in the equilibrium
configurations can give some indications on the existence or not of smooth profiles;
in the limiting states parameters are known and hence a detailed investigation can be
presented.

Let us introduce concentration ¢ = n; /n~ and mass ratio & = m; /my. We suppose

a < 1 but analogous considerations are possible also for & > 1. One can write

o 1
(MT)ZZ; (Ma™)?, (MZ_)ZZ’)*/ (Ma™)?, Y=ac+1—c (443)
and, under the assumption ¢ < 1, one has that M| <M, and a <y < 1.

As concerns the downstream equilibrium, it is not difficult to show that Mach num-

bers are given by

—\2 -\2
a (Ma")"+3 1 (Ma™)"+3
M )?=— % My)? =~ % (4.44)
Y 5(Ma")"—1 Y 5(Ma )" —1
Once the configuration in the upstream equilibrium is fixed, for Ma™ = 1 we have

(M[)?=(M])?>=a/yand (M;)* = (Mj)? = 1/y; for fixed values of the concen-
tration ¢, (M )% and (M5 )? will linearly increase up to +oo, while (M;")? and (M3 )?
will decrease, respectively, up to the limiting values a/(5y), 1/(5y) for varying Mach
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5 ~=1 111

Figure 4.7: Bifurcation values Ma, and Ma," versus concentration ¢, for mass ratio
a=0.1(¢=0.8 and c* = 0.6905)

number (Maf)2 from 1 to +oo.
It is easy to see that .@1* < 0and &, >0 for any Ma™ > 1. Existence of a smooth
shock wave is then possible only for Mach numbers such that ;" < 0 and %, > 0.

It is clear that
« 97 <0only for (Ma~)> < (Ma; )* = 7/«
* as concerns %,
— if ¥ < 1/5 then it is positive for any Ma~
— if y> 1/5 itis positive only for (Ma™)* < (Mau_)2 =(y+3)/(5v—-1)

Bifurcation values Ma, and Ma," are plotted in Fig. 4.7 in a reference case.
It can be checked that

1
Ma, <Ma, < c>c*:7[9—o¢—\/a2+62a+1] (4.45)

10(1 — o)

Summing up, we have the following scenarios which will be confirmed by numerical

simulations
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 if @ > 1/5, setting m = min {Ma;,Maﬁ’} and M = max {Ma;,Maﬁ’ }, a smooth
solution is allowed for 1 < Ma™ < m, a solution with one jump is possible for
m < Ma~ < m, while for Ma™ > m two jumps are required in order to over-

come singularities of both denominators &, and %;;

« if @ < 1/5, this scenario does not change as long as ¢ < ¢ = 4/[5(1 — a)],
whereas for ¢ < ¢ < 1 a smooth solution is allowed for 1 < Ma™ < Ma,, oth-

erwise we may look only for a weak solution with a jump discontinuity.

As seen in the previous section, discussing stability of equilibria has a crucial role. A

numerical investigation of several cases has shown that

* in the upstream configuration (-) one eigenvalue is positive and the other is

negative for Ma~ < Ma, , while they become both negative for Ma™ > Ma,

* in the downstream state (+) eigenvalues are both negative for Ma™ < Maﬁ’,
when Ma, exists, while one of them becomes positive for Ma™ > Maﬁ’

Therefore, the different regions in Fig. 4.7 present the following scenarios

* Region I: the downstream equilibrium is asymptotically stable while the up-
stream one is a saddle with a one-dimensional unstable manifold. The only
way to reach the equilibrium at oo is following the unstable manifold of the
upstream state, getting then attracted by the stable downstream one. This guar-
antees the presence of smooth shock solutions.

» Region II: both equilibria are asymptotically stable, hence no smooth solution
can join the two limiting configurations. The only admissible profile satisfying
the upstream condition is the constant one and it can reach the downstream

state just through a suitable jump discontinuity consistent with conservations.

* Region III: the upstream equilibrium is stable while the downstream one is a
saddle. The solution starting from the upstream state is again constant, then a
jump discontinuity is necessary, but the downstream state can not be reached by

a smooth tail; once more it might be possible that the tail undergoes a further
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discontinuity leading eventually the solution to the limiting equilibrium by a

second tail on its stable manifold.

* Region I'V: both equilibria are saddle points; no smooth solutions can exist be-
cause of the singularities analyzed above. It is possible to find a jump disconti-
nuity in which the solution moves from the unstable manifold of the upstream

equilibrium to the stable manifold of the downstream one.

As in the previous case, jump discontinuities seem unpredictable at kinetic level and
strictly related to the hydrodynamic closure. Moreover, as far as we know, the occur-
rence of profiles with two discontinuities is investigated for the first time.
Now we are interested in investigating how the configurations on different sides of a
jump are related. If we know the fields on one side of the jump (labelled by super-
script *), the corresponding ones on the other side, denoted with superscript e, are
given by
pr () +niTe = K|

Pt (u})’ +5niTrut = k¥ (4.46)

p3 (u3)® + Sn3T3us = K
where k4 := p? (u*)* +n*T;* and kB := p?* (u*)® + 50 T*u*. By simple manipulations,

one has that u} must fulfill the algebraic equation

4piui (u5)* = Skus + kY =0 (4.47)
with solutions
2
. . . * 1k +5]’l*T* _
Uy =uy, or Uy = pl ( 14)p*u* 11 =uj. (448)
14

Then, the expressions for temperatures are

. Kk (02
Tl. — k?_k?ul , Tz. — kg_pZMZ (”2) , (449)
4dnjuj Snyu;
and finally we get a quadratic equation for 135 analogous to (4.47) that has the follow-

ing roots

2
us =u;, or us = P2 (uz)p;* M2 g, (4.50)
242
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91
Four outputs for velocities after the jump are possible
(MT,ME) ) (MT,IZz) ’ (’217”3) ’ (ﬁlvﬁQ) 4.51)
where the first corresponds to continuity and hence it has to be discarded. A discon-
tinuity is necessary to avoid vanishing denominators but occurrence of other, even
several, jumps may not be excluded at this point.

Finally, for species undergoing discontinuity it can be noticed that

*w'rT* 1 ()2 4+ 5 T*
D¢ =3piuiud —SW% =—= PP: (u:)z—Sn:Ts*} p; (u5)” 4 5n5T;
Uy U

: 4p;ug (4.52)
—— 3p () 5Ty | =~ 75,

namely the relevant denominator changes sign keeping the same magnitude.

4.2.1 Numerical simulations

Figure 4.8: Mass velocity (a) and species temperature (b) versus x. In region I smooth
profiles for velocities and temperatures can be built up.

In this subsection we shall present some shock profiles resulting from the numer-
ical integration of (4.27) via Runge-Kutta methods. Solutions are normalized in such

way that u; (0) = (u* +u~)/2 for smooth profiles, while for solutions with only one
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Figure 4.9: Mass velocity (a) and species temperature (b) versus x. In region II a jump
occurs and the discontinuity just involves species 1.

Figure 4.10: Mass velocity (a) and species temperature (b) versus x. In region III two

different jump discontinuities occur and they involve separately just one of the two
components.

jump, this is located in x = 0.
We consider a mixture of Helium and Argon whose dimensionless masses are re-

spectively m; = 4 and m; = 40 (a = 0.1). We fix the upstream configuration n; =
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Figure 4.11: Mass velocity (a) and species temperature (b) versus x. In region IV a
jump occurs and the discontinuity just involves species 2.

0.753, n, =0.247, u= = 1.63 (thus n= = 1 and ¢ = 0.753) while T~ changes for
varying upstream Mach number Ma™. As first case, we consider Ma™ = 1.75 close
to the lower bifurcation value (m = 1.7593) but still in the smooth region; we have
T~ =6.7107, nf =1.5215, n; =0.4991, u™ = 0.8067, T+ = 11.8834 and profiles
for mass velocities and temperatures are shown in Fig. 4.8. Trends show a fast detach-
ment from an almost constant profile. One of the two species temperatures overshoots
the equilibrium value and this is related to the disparate masses chosen before; more-
over there is a point during the evolution in which 71 = 75> but u; # u and then
temperatures split again, reaching then the common value 7.

Now we increase Ma~ by taking a value in region II (Ma™ =2, T— = 5.1379,
ny = 1.7211, nj = 0.5646, u™ = 0.7131 and T" = 10.6772). Now both equilibria

are asymptotically stable, so the unique solution consistent with the upstream config-

uration is the constant one withu; =up =u- and 1 =T, =T".

We recall that 2 2;" < 0 and %, 2, > 0 and hence the unique possible choice of

velocities after the jump is (u],u3) = (i1, u}) which changes the sign of 2, and not
of 2, (and in which u, remains continuous) (see Fig. 4.9).

We increase further the upstream Mach number crossing also the second bifurcation
value (M =2.3309,Ma™ =5, T~ =0.8221, n{ =2.6893,n; =0.8821,u™ =0.4564,
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T+ =17.1355). In this case Z; 2, <0 and Z; 9, < 0; again the constant profile
is compatible with the upstream configuration. Numerical simulations show that a
jump with a discontinuity of both velocities does not enter the stable manifold of the
downstream equilibrium and hence a profile with just one jump is not an admissible
weak solution for our problem.

We are able to build up a shock solution with two discontinuities (Fig. 4.10). The first
one has the same features of the case of the region II, a constant upstream profile,
followed by a jump in which (u},u3) = (ii1,u3); then we consider a tail originating
from it; on the other hand, we move backward from +co starting tangent to its stable
manifold. We can notice that there exists one pair of points, one belonging to the
solution after the first jump while the other one to the stable manifold of oo, that
fulfill conservations (4.46). In this way, we build up a second jump consistent with
the conservation laws. Finally, one can observe that the first jump changes the sign of
2, only while the second discontinuity changes the sign of %, only.

To investigate shock profiles in region IV, we change upstream configuration and tak-
ing a different concentration (n; = 0.4, n, = 0.6 and ¢ = 0.4). We consider Ma™ =2
which gives T~ = 10.2025, n{ =0.9143, n5 = 1.3714,u" =0.7131, T+ =21.2021.
A weak solution with one jump involving species 2 (2, %, < 0) can be computed
using on one side the stable downstream manifold (in the backward direction), and on
the other side the solution tangent to the upstream unstable manifold (in the forward
direction) (Fig. 4.11).
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