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Strong Stability with respect to weak limit for a
Hyperbolic System arising from Gas Chromatography

C. Bourdarias * M. Gisclon fand S. Junca *

Abstract

We investigate a system related to a particular isothermal gas-solid chromatography process,
called “Pressure Swing Adsorption”, with two species and instantaneous exchange kinetics. This
system presents the particularity to have a linearly degenerate eigenvalue: this allows the velocity
of the gaseous mixture to propagate high frequency waves. In case of smooth concentrations with
a general isotherm, we prove L! stability for concentrations with respect to weak limits of the
inlet boundary velocity. Using the Front Tracking Algorithm (FTA), we prove a similar result for
concentrations with bounded variation (BV) under some convex assumptions on the isotherms. In
both cases we show that high frequency oscillations with large amplitude of the inlet velocity can
propagate without affecting the concentrations.

Key words: systems of conservation laws, boundary conditions, BV estimates, entropy solu-
tions, linearly degenerate fields, convex isotherms, Front Tracking Algorithm, waves interaction,
geometric optics.

MSC Numbers: 35L65, 35167, 35Q35.

1 Introduction

“Pressure Swing Adsorption (PSA) is a technology used to separate some species from a gas under
pressure according to the molecular characteristics and affinity of the species for an adsorbent
material. Special adsorptive materials (e.g. zeolites) are used as a molecular sieve, preferentially
adsorbing the undesired gases at high pressure. The process then swings to low pressure to desorb
the adsorbent material” (source: Wikipedia).

A typical PSA system involves a cyclic process where a number of connected vessels containing
adsorbent material undergo successive pressurization and depressurization steps in order to produce
a continuous stream of purified product gas. We focus here on a step of the cyclic process, restricted
to isothermal behavior.

As in general fixed bed chromatography, each of the d species (d > 2) simultaneously exists under
two phases, a gaseous and movable one with velocity u(t,z) and concentration ¢;(¢,x) or a solid
(adsorbed) other with concentration ¢;(t,x), 1 < i < d. We assume that mass exchanges between
the mobile and the stationary phases are infinitely fast, thus the two phases are constantly at
composition equilibrium: the concentrations in the solid phase are given by some relations ¢; =
qi(c1, ..., cq) where the functions ¢ are the so-called equilibrium isotherms. A theoretical study of
a model with finite exchange kinetics was presented in [E] and a numerical approach was developed

in [f.
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In gas chromatography, velocity variations accompany changes in gas composition, especially in
the case of high concentration solute: it is known as the sorption effect. In the present model, the
sorption effect is taken into account through a constraint on the pressure (or on the density in this
isothermal case). See [B1] and [BF] for a precise description of the process and [[[(] for a survey on
various related models.

The system for two species (d = 2) with three unknowns (u, ¢1, ¢2) is:

d(er +qi(cr,e2)) +0z(uct) = 0, (1)
ez +g5(c1,c2)) +0z(uce) = 0, (2)
cit+c2 = p(t), 3)

with suitable initial and boundary data. The function p represents the given total density of the
mixture. The experimental device is realized so that it is a given function depending only upon
time and in the sequel we assume that p = 1 (which is not really restrictive from a theoretical
point of view). First existence results of large solutions satisfying some entropy criterium in the
case of two chemical species were obtained in [87 H] In the previous system, it appears that we can
expect strong singularities with respect to time for the velocity w. For instance, let ¢1 (¢, 2) = ¢; be
a constant, co(t,2) =1 — ¢y, u(t,x) = up(t) where wuy is any L function, then (c1, 2, u) is a weak
solution of ([)),(f]), (). So we can build solutions with a strong oscillating velocity for this system.
Furthermore high oscillations of the incoming velocity wu slightly perturb the concentration as we
will see. Notice that we seek positive solutions (¢1, ¢2), thus, in view of (B) with p =1, ¢1, co must
satisfy
0 S C1, C2 S 1.

We use the following notations, introduced in [[f: we set ¢ = ¢; € [0,1] and

gi(c) = ¢(e,1—¢), 1=1,2,
hic) = qlc)+ (o),
I(e) = c+qle).

Adding () and (f)) we get, thanks to (§):
A (q1(c) + q2(c)) + Opu =0,
thus our purpose is to study the following system:

OI(c) + Oz(uc) = 0,
O¢h(c) + O,u = 0,

supplemented by initial and boundary data:

c¢(0,x) = ¢o(x)€[0,1], x>0,
c(t,0) = o(t)€]0,1], t>0, (5)
u(t,0) = wup(t) >0, t>0.

Notice that we assume in (f) an incoming flux at the boundary, i.e. ¥t > 0, uy(t) > 0. In the case
where the first species is inert, that is ¢; = 0, the I function reduces to identity.

System ([f) has a null eigenvalue as the system exposed in [[f], but, instead [ff], we cannot
reduce this system to a single equation for general solutions with shocks. In [E] is studied another
interesting 2x2 system with a linearly degenerate eigenvalue which modelises some traffic flow. As
in [, i, [td, 13, ], the zero eigenvalue makes possible the existence of stratified solutions or the
propagation of large-amplitude high frequency waves. Usually, for genuinely nonlinear conservation
laws, only high oscillating solutions with small amplitude can propagate: see for instance @, E]

In this paper we prove, for large data, that the velocity is a stratified solution in the following
sense: u(t, x) = up(t) v(t, x) where v is as regular as the concentration ¢ and more than the boundary



data up. This decomposition for the velocity allows high oscillations with large amplitude for
velocity to propagate, without affecting the concentration. For this quasilinear system we have
propagation of high oscillations with large amplitude for velocity as in a semilinear system, see for
instance [@, @, @], and we have strong profile for u with double scale as in [@]

This also permits to pass to the weak limit for  at the boundary and to the strong limit in the
interior for the concentration. For the smooth case, we have no restriction on the isotherms, but
for the realistic case with shock-waves, we restrict ourselves to the classical treatment of hyperbolic
systems: eigenvalues are linearly degenerate or genuinely nonlinear. Furthermore we obtain better
interaction estimates when the shock and rarefaction curves are monotonous. It is the case for
instance for an inert gas and an active gas with the Langmuir isotherm. We conjecture that our
result is still valid for general isotherms with piecewise genuinely nonlinear eigenvalue.

The paper is organized as follows. In Section E we recall some basics results from [E] concerning
hyperbolicity, entropies, weak entropy solutions of System (H)

In Section , we study the case where concentration is smooth and the velocity is only L*°.

In the remainder of the paper we study the case with only BV concentrations. In short section
H we briefly expose the Front Tracking Algorithm (FTA) for System (ff).

SectionE is devoted to the study of both shock and rarefaction curves. We state the assumptions
that we need to perform estimates with the Front Tracking Algorithm. These assumptions restrict
us to convex (or concave) isotherms and we give some examples from chemistry. We obtain the
fundamental interaction estimates in Section E and BV estimates for v in Section ﬂ Finally, we
obtain sérong stability for concentration with respect to weak limit on the boundary velocity in
Section .

2 Hyperbolicity and entropies

In order the paper to be self contain, we recall without any proof some results exposed in [E]

It is well known that it is possible to analyze the system of Chromatography, and thus System
(E), in terms of hyperbolic system of P.D.E. provided we exchange the time and space variables and
u > 0: see [@] and also [@] for instance. In this framework the vector state will be U =
where m = uc is the flow rate of the first species. In this vector state, u must be understood as
u p, that is the total flow rate.

In the sequel, we will make use of the function f = ¢ co — g2 ¢1 introduced by Douglas and al.
in [Pg, written here under the form

fle) = qea—qeer=q(c) —ch(c). (6)

Any equilibrium isotherm related to a given species is always increasing with respect to the corre-

ou*
sponding concentration (see [2g) i.e. aqz

> 0. Since ¢ = ¢1 and ¢ = 1 — ¢, it follows:

7 202 gj. (7)
Let us define the function H by
H(c) =1+ (1=c)qi(c) —cqgy(c) =1+qi(c)—ch'(c). (8)
From (), H satisfies H > 1 and we have the following relation between f, H and h:

f'(e) = H'(c) = h(c).



2.1 Hyperbolicity
Concerning hyperbolicity, we refer to [Rd, Bd, Bd]. System () takes the form
h(m/u)

0,U + 0,®(U) = 0 with U = ( “m ) and ®(U) = o ) (9)

The eigenvalues are:

0 and A= 0©
u

3

thus in view of (E) the system is strictly hyperbolic. The zero eigenvalue is of course linearly
. . B (c)
degenerate, moreover the right eigenvector r =
: ght cig (it
H(c)
u2

) associated to A satisfies d\ - r =
f"(c), thus X is genuinely nonlinear in each domain where f” # 0.

Proposition 2.1 ([d] Riemann invariants)
System (ﬂ) admits the two Riemann invariants:

—h
¢ and w=In(u)+g(c) =L+ g(c), where ¢'(c) = and L = In(u).
Furthermore this system can be rewritten for smooth solutions as:

By + @ die=0,  Oy(ln(u) +g(c)) = dow = 0. (10)
2.2 Entropies

Dealing with entropies, it is more convenient, as shown in [E], to work with the functions
G(c) = exp(g(c)), W = exp(w) = uG(c).

Notice that G is a positive solution of HG' + h'G = 0.
Denote E(c,u) any smooth entropy and @ = Q(c, u) any associated entropy flux. Then, for smooth
solutions, 0, F + 9;Q) = 0. Moreover:

Proposition 2.2 ([d] Representation of all smooth entropies)
The smooth entropy functions for System (E} are given by

E(cu) = ¢(w)+uy(c)

where ¢ and v are any smooth real functions. The corresponding entropy fluxes satisfy
Q'(c) = N(c)v(e)+ H(c)v' (o).

Moreover, in [ff], the authors looked for convex entropies for System (ff) (i.e. System ({) written
in the (u, m) variables) in order to get a kinetic formulation. The next proposition gives us a family
of degenerate convex entropies independently of convexity of f or of the isotherms.

Proposition 2.3 ([g] Existence of degenerate convex entropies)
If ¢ is convex or degenerate convex, i.e. "' >0, then E = u(c) is a degenerate convex entropy.

There are some few cases (water vapor or ammonia for instance) where the isotherm is convex.
There is also the important case with an inert carrier gas and an active gas with a concave or
convex isotherm (see [E, E, @]) In these cases, the next proposition ensures the existence of A-
Riemann invariants which are also strictly convex entropies. In such cases, w is monotonous with
respect to z for any entropy solution.



Proposition 2.4 ([d] When \-Riemann invariant is a convex entropy)

There are strictly convex entropy of the form E = ¢(w) if and only if G” does not vanish.

More precisely, for « > 0, Ey(c,u) = u® G*(c) is an increasing entropy with respect to the Riemann
invariant W. It is strictly convex for « > 1 if G” > 0 and for a« < 1 if G” < 0.

Unfortunately, when G has an inflexion point such system does not admit any strictly convex
entropy. When one gas is inert, it is always the case if the sign of the second derivative of the
isotherm changes. See for instance [E] for the BET isotherm.

Remark 2.1 In general, System () is not in the Temple class. It is the case if and only if f"
does not vanish and O, W = 0 for all entropy solution ([{1]). For instance, System (}) with two
linear isotherms is in the Temple class.

Proposition 2.5 ([E] Non Existence of strictly convex entropy)
If sign of G” changes then System (ﬂ) does not admit strictly convex smooth entropy.

2.3 Definition of weak entropy solution

We have seen that there are two families of entropies: u(c) and ¢(u G(c)).

The first family is degenerate convex (in variables (u, uc)) provided ¢ > 0. So, we seek after weak
entropy solutions which satisfy 0, (vt (c)) + 0:Q(c) < 0 in the distribution sense.

The second family is not always convex. There are only two interesting cases, namely +G"(¢) > 0
for all ¢ € [0,1]. When G” > 0 and « > 1, we expect to have 9, (u G(c))* < 0 from Proposition
But, the mapping W +— W is increasing on R*. So, the last inequality reduces to 8, (u G(c)) < 0.
In the same way, if G” < 0, we get J;(u G(c)) > 0.

Now, we can state a mathematical definition of weak entropy solutions.

Definition 2.1 Let be T > 0, X >0, u € L>((0,T) x (0, X),R"), 0 < c(t,x) < p =1 for almost
all (t,z) € (0,T) x (0, X). Then (c,u) is a weak entropy solution of System ([})-({}) with respect
to the family of entropies wi(c) if, for all convex (or degenerate convex) 1):

5} 5}
2 (@) + Q) < 0, (1)
in D'([0, T[x[0, X[), where Q" = HY' + h'y, that is, for all ¢ € D([0,T[x[0, X]):

T X
/ / Dath + Q(c) 0ud) dt dx + / wn(t) ey (1)) 6(t, 0) dt + / Q(co(x)) 6(0, ) da > 0.

Remark 2.2 If £G” > 0 then uy = +uG(c) is a degenerate convex entropy, with entropy fluz
Q =0, contained in the family of entropies u(c). So, if G keeps a constant sign on [0,1], (¢, u)

has to satisfy:

+ 8% (uG(c)) <0, if £G" >0 on[0,1]. (12)

Notice that the entropies u(c) and the entropy uwG(c) are linear with respect to the velocity u.

2.4 About the Riemann Problem

The implementation of the Front Tracking Algorithm used extensively from Section @ requires some
results about the solvability of the following Riemann problem:

Ozu+ Oth(c) = 0,
(13)
Or(uc) +0I(c) = 0,
o c(t,0) = ¢t elo,1],
c(0,z) =c” €[0,1], x>0, { W(t.0) = ut >0 t>0. (14)
We are classically looking for a selfsimilar solution, i.e.: ¢(t,z) = C(z), u(t,z) = U(z) with

t
z = — > 0. The answer is given by the three following results ([f]).
x



Proposition 2.6 Assume for instance that 0 < a < ¢~ < ¢t <b <1 and f” > 0 in]a,b[. Then
the only smooth self-similar solution of )—) is such that :

Cz) = c_, 0<z<z,

ic’ H(C)

= O Zo <z < zy, (15)
C(Z) = C+) 2y <z

+ c 1" -
where z+ — H(c") 2= — ot e with ®(c) :/ ‘Z((g d¢. Moreover u~ = H(i ) and U is

ut z
given by:
U(z) = u_, 0<z< 2z,
H(C
U(z) = M, 2o <2< 2y, (16)
z
U(z) = Ut 2y < .

Proposition 2.7 If (¢7,c¢T) satisfies the following admissibility condition equivalent to the Liu
entropy-condition ([29)):

Fet) = Fe) _ ()~ f(e)

ct —c - c—c~

for all ¢ between ¢~ and c*,

)

then the Riemann problem @)—@) is solved by a shock wave defined as:

e i 0<z<s, _Jum i 0<z<s,
C(Z)_{CJr if s<z ’ U(Z)_{u+ if s <z )

where u~ and the speed s of the shock are obtained through

[f] 1+h_—s— [f] 1+ht
u~ [(] u=  ut]d ut

)

where [c] =cT —c, [fl=fT = f" = f(c") = f(c7), hT = h(c"), h~ = h(c™).

Proposition 2.8 Two states U~ and U™ are connected by a contact discontinuity if and only if
c¢™ = ¢ (with of course u™ #u™), or ¢™ # ¢t and f is affine between ¢~ and c*.

It appears from these results that we can build a weak entropy solution of the Riemann problem
([£3-([4) in a very simple way (see [d]), similar to the scalar case with flux f, for any data. In
particular, if f” has a constant sign (which is the framework in Section E), the Riemann problem
is always solved by a simple wave.

3 Case with smooth concentration

System (H) has the strong property that there exist weak entropy solutions with smooth concentra-
tion ¢ on (0,T) x (0, X) but not necessarily smooth velocity u, for some positive constants T" and
X. Furthermore, ¢ is the solution of a scalar conservation law.

3.1 Existence of weak entropy solutions with smooth concentration

For this section, we refer to [[[q], [[5]. We have a similar result in [§] but only with smooth velocity.
Here, we obtain by the classical method of characteristics existence and uniqueness of a weak
entropy solution with smooth concentration and only L* velocity.



Theorem 3.1 (Unique weak entropy solution with smooth concentration)

Let To > 0, X >0, ¢g € WH([0, X],[0,1]), e, € W>2([0, To], [0,1]), Inup, € L>°([0, Tp], R).

If co(0) = ¢ (0) then there exists T €]0,Ty| such that System {)-(}) admits a unique weak entropy
solution (c,u) on [0,T] x [0, X] with

ce whe([0,T] x [0, X],[0,1]), Inu € L>=([0,T], Wh2([0, X],R)).
Furthermore, for any ¢ € C1([0,1],R), setting
F'(c) = (H(c)G(c))™! and Q" = HY' + h'y,
(c,u) satisfies:

Ou(up(c)) + 0:Q(c) = 0,  x(uG(c)) =0, (18)

Osc + up(t) G(cy(t)) 0z F(c) = 0. (19)

Proof: we build a solution using the Riemann invariants and we check that such a solution is
an entropy solution. Next, we prove uniqueness.
Using the Riemann invariant W = u G(c) (0,W = 0) and the boundary data we define u by:

w(t) Gla(d)
b ) = =Gt )

so u is smooth with respect to z. Then, the first equation of (@) can be rewritten as follows:

u_ up(t) G(ep(t))
H(c) H(c) G(c)

Orc + p0zc =0, with p=A"1= = u(t, c). (20)
We solve @) supplemented by initial-boundary value data (cg, ¢p) by the standard characteristics
method. Let us define, for a given (7, ), X (-, 7,z) as the solution of:

W = u(s,c(s, X (s,7,2))), X(r,7,x) = .

d
Since d—c(s,X(s,T, z)) = 0 from (RQ), we have
s

X(s,7,x) =x —b(s,7) F'(c(T,x)) with b(s,T) / (0)) do.

Now, for some T € [0, Tp] defined later on, we split 2 = [0, T] x [0, X] according to the characteristic
line T issuing from the corner (0,0), i.e. we define the sets Q* = {(t,2) € Q, +(z—X(¢,0,0)) > 0}.
Since 9, X (t,0,z) =1 —b(t,0) F"’(co(x)) Oz co(x), b(0,0) = 0 and b(.,0) € W1 °°(Q1), the mapping
x +— X(¢,0,z) is a Lipschitz diffeomorphism for 0 < ¢t < T with T €]0,Ty] small enough. Then
we define on QF, for each ¢ € [0,T], &(t,x) such as X (¢,0,&(t,z)) = x. Then we have c(t,z) =
co(&(t,x)) on QF. Furthermore 9,6 = —95,X/0, X and thus c is Lipschitz continuous in time and
space on 7.

We work in a similar way on 2~ and ¢ € WH°(Q7). Since ¢ is continuous on I' from the compa-
tibility conditions co(0) = ¢;(0) we have ¢ € WH*°(Q).

By construction (c, u) satisfies ([L() rewritten as follows:

Oz Inu = —9,9(c), udyc+ H Ore = 0.

These equations imply:

O = —udpg(c) = —ug'(c) Ozc = —ug'(c) (— atc) = —h/(c) Oyc = —0;h(c).



Now we check that (¢, u) satisfies (@) Let 1 be a C' function. Using the identity Q' = h'yp + Hy'
and the previous equations we have:

e (up(c) + 0, Q(c) = YOpu+ut) Opc+ Q e =1 (Opu+ h' dc) + " (udpc+ H dyc)
= Px0+19' x0=0.

By the way ([[§) implies ([[1)), so (¢, u) is an entropy solution of System ().

We now prove the uniqueness of such a weak entropy solution.

Precisely, if ¢ € W1>([0,T] x [0,X],[0,1]) and Inu € L>((0,T), Wh>(0, X)) satisfy ([1)) in
D'([0, T[x[0, X[) with initial-boundary data cg,cp, up then we show that (c,u) is necessarily the
previous solution built by the method of characteristics.

Choosing the convex functions 1(¢) = £1 and ¥(c¢) = ¢ we obtain ([f). The main ingredient to
conclude the proof is the fact that u admits a classical partial derivative only with respect to x.
Thus classical computations with smooth functions to obtain ([L() as in the proof of Proposition @
are still valid. Now (¢, u) satisfies ([L0)), which implies from the beginning of the proof of Theorem
B.1 that (¢, u) is our previous solution. O

Remark 3.1

1. Notice that T, X are only depending on || In(up)|| Lo, [|collwre, [[collwr.co. Thus, if (uf)gcocq
is a sequence of boundary velocity data such that (Inwug) is uniformly bounded in L*°(0,Ty),
and if (¢§), (c§) are some initial and boundary concentration data uniformly bounded in W1
with the compatibility condition at the corner co(0) = ¢p(0), then there exist T > 0 and X > 0

and Lipschitz bounds for ¢, Inu® on [0,T] x [0, X| independent of €.

2. Asin /E], we have a global solution with smooth concentration if X is genuinely nonlinear (for
instance an inert case and a Langmuir isotherm), with monotonicity assumptions on ¢y and
Cp.

3.2 Strong stability with respect to velocity

In case of a Lipschitz continuous concentration, we now give a strong stability result for the con-
centration with respect to a weak limit of the boundary velocity.

Theorem 3.2 (Strong stability for smooth concentration)

Let be Ty > 0, X > 0, ¢co € WH>([0, X],[0,1]), ¢, € WL2°([0,To],[0,1]) such that co(0) = c3(0),
and (Inuj)oce<1 a bounded sequence in L*°(0,Ty). Then, there exists T €]0,Ty| such that System
{) admits o unique weak entropy solution (c¢=,uf) with ¢¢ € Wh>°([0,T] x [0, X],[0,1]),Inu¢ €
L ([0, T], Whee([0, X],R)) and with initial and boundary values:

(0,2) = co(x)€][0,1], x>0,
E(0) = )01, t>0, (21)
us(t,0) = wug(t)>0, t>0.

If (u) converges towards Ty, in L>°(0,Ty) weak—+ when € goes to 0, then (c°) converges in
L°°([0,T] x [0, X]) towards the unique smooth solution of

Osc + 1y (t) G(cy(t)) 0xF (c) = 0, c(t,0) = ep(t), c(0,x) = co(x). (22)

Furthermore we have:

Glen(t))

Glelt, 1)) =0

L~ ([0,T]%[0,X])

lim

e—0

us(t, @) — ug(t)

Proof: thanks to Theorem B.1, there exists 7' > 0 such that System (§), with initial and boundary
values (@) admits the unique weak entropy solution (c®,u®) with smooth concentration in the



previous sense on [0, 7] x [0, X].

Since (¢) is bounded in W, up to a subsequence, (¢°) converges strongly in L™ to c. Using ([L9))
in conservative form, we can pass to the limit and get (@) Problem (@) has a unique solution by
the method of characteristics. Thus, the whole sequence (¢®) converges. We recover the last limit
for u® thanks to 0,(uG(c)) = 0. O

Notice that if @, is a constant function for instance uf(t) = wup(t/e) with u, periodic we can
compute the concentration with only using a constant velocity (the mean velocity) as in liquid
chromatography.

t
An example from geometric optics: if uf(t) = wp <t, —> where uy(t,0) € L*>((0,T),C°(R/Z)),
5

1
infu, > 0, we have a similar result with Equation (R3) for ¢ where m,(t) = / up(t,0) df and a
0

profile U:
t
u(t,z) = U (t,x, E)

4 Front Tracking Algorithm

lim
e—0

= whnere X =Uu M
=0 where Ult,,6) = us(t,6) g

In Section E, where ¢ is smooth and Inwup is in L°°(0,T'), we have seen that there exists a smooth
function v such that

u(t,z) = wup(t)v(t, z). (23)

Furthermore c satisfies the scalar conservation law (@) For only BV data we cannot expect to
obtain such a scalar conservation law for the concentration, except in the case of linear isotherms. In
that case, the scalar conservation law (@) and System (E) have the same solution for the Riemann
Problem, but linear isotherms are of a poor interest from Chemical Engineering point of view. The
first interesting case is the case with an inert gas and a Langmuir isotherm, first mathematically
studied in [f.

Nevertheless we guess that (RJ) is still true with v € BV. From [§, ] we have yet obtained BV
regularity with respect to x with a Godunov scheme. To get BV regularity with respect to t we
will use a more precise algorithm to study wave interactions, namely a Front Tracking Algorithm
(FTA).

The Front Tracking method for scalar conservation laws was introduced by Dafermos, [% The
method was extended to genuinely nonlinear systems of two conservation laws by DiPerna [R1]. For
our purpose, we do not use the generalisation to genuinely nonlinear systems of any size by Bressan
[ or Risebro [BJ].

The FTA is much more complicated when an eigenvalue is piecewise genuinely nonlinear, see
[E, EI, @] Then, we restrict ourselves to the case where A is genuinely nonlinear, which allows us
to treat some relevant cases from the point of view of chemical engineering like an inert gas with a
Langmuir isotherm, two active gas with a binary Langmuir isotherm for instance. For this purpose
we work in the framework exposed in the recent and yet classical Bressan’s Book [E] In this
framework we assume f”/ > 0, then a Riemann problem presents only two waves:

1. a contact discontinuity with speed 0,

2. a rarefaction wave with speed A > 0
or a shock wave with speed between A\~ and AT, characteristic speeds associated to the left
and right states, respectively.

Let be § > 0. A é-approximate Front Tracking solution of System (@) is a pair of piecewise constant
function ¢®(¢,z),u’(t, x), whose jumps are located along finitely many straight lines ¢ = t,(z) in
the ¢ — z plane and approximately satisfy the entropy conditions. For each z > 0 and " > 0, one
should thus have an estimate of the form:

5 (1 v - G210 ) < O0) (24)



where [u] = u™ —w~ is the jump across a jump line, and the sum is taken over all jump for = fixed.
Inequality (@) implies that (¢’,u%) is “almost an entropy solution”:

() 4 Db (c®) < O(6). (25)

That’s enough to get an entropy solution “issued from FTA” when § goes to zero.

Since we want to only use piecewise constant functions, it is convenient to approximate a
continuous rarefaction wave by a piecewise constant function. For this purpose, the rarefaction
curve is dicretized with a step of order § and then (P4) still holds.

We now briefly describe an algorithm which generates these Front Tracking approximations.
The construction starts on the initial line = 0 and the boundary ¢ = 0 by taking a piecewise
constant approximation of initial value ¢;(t), up(t) and boundary values co(x). Let t; < --- < ty,
Z1 < --- < Tp be the points where initial-boundary values are discontinuous. For each a =
1,---, N, the Riemann problem generated by the jump of initial constant values at (t,,x = 0)
is approximately solved on a forward neighborhood of (¢4,0) in the ¢t — z plane by a function
invariant on line ¢t — t, = ax, for all positive a, and piecewise constant. Notice that the boundary
is characteristic, then we have only one wave associated with the speed A in the corner (0, 0).

The approximate solution (c?,u°) can then be prolonged until z; > 0 is reached, when the
first set of interactions between two wave-fronts takes place. If x1 > Z; we first have to solve the
characteristic boundary Riemann problem at (¢ = 0, = #;). Since (c®,u%)(., 1) is still a piecewise
constant function, the corresponding Riemann problems can again be approximately solved within
the class of piecewise constant functions. The solution is then continued up to a value x5 where
the next characteristic boundary Riemann problem occurs or the second set of wave interactions
takes place, and so on.

According to this algorithm, contact discontinuity fronts travel with speed zero, shock fronts
travel exactly with Rankine-Hugoniot speed, while rarefaction fronts travel with an approximate
characteristic speed. However, one exception to this rule must be allowed if three or more fronts
meet at the same point. To avoid this situation, we must change the positive speed A of one of the
incoming shock fronts or rarefaction fronts. Of course this change of speed can be chosen arbitrarily
small and we have again Inequality (@)

Notice that, for 2 x 2 system the number of wave-fronts cannot approach infinity in finite = > 0.
DiPerna shows in [@] that the process of regenerating the solution by solving local Riemann
problems yields an approximating solution within the class of piecewise constant functions that is
globally defined and that contains only a finite number of discontinuities in any compact subset of
the ¢ — x quarter plane ¢ > 0,z > 0. We then do not consider non-physical fronts as in [@] for
general n X n systems with n > 3.

5 About the shock and rarefaction curves

In this section we state our assumptions to use the FTA with large data. Precisely we work in
classical hyperbolic case, namely, eigenvalues are linearly degenerate or genuinely nonlinear. We
assume:

H(c)

A= is genuinely nonlinear i.e f is convex on [0, 1]. (26)
Actually X is genuinely nonlinear for f” # 0, but since f = ¢1q2 — caq1 (see ([])) we can assume
that f” > 0 exchanging the gas labels 1 and 2 if necessary.

Our analysis of wave interactions in Section E is more precise with monotonous A-wave curves, then
we also assume:

A-wave curves are monotonous. (27)

To state precisely this last assumption let us introduce some notations. Let (c_,L_) be a left
constant state connected to (¢4, L) a right constant state by a Ad-wave curve. In the genuinely
linear case, with Assumption @), A-wave curve is a rarefaction curve with ¢ < ¢4 or a shock
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curve with ¢ > ¢;. The sign of [¢] = ¢4 — ¢_ comes from the general study of the Riemann
problem in [E] From the Riemann invariant w = Inu + g(c) and the Rankine-Hugoniot conditions
a A\-wave curve can be written as follows (see [{]):

[L] _ L+ L = III’U,+ —lnu. = T(C+,C_) _ { ;([‘zlzj)(g(CJr) - g(C—)) Siscei < Ct (28)

We give an explicit formula for S in Lemma [.1]
Notice that we use only one Riemann invariant, namely c, to write A-wave curves. Indeed L = Inwu
and ¢ have quite different behavior as seen in [E, E] and this paper. Furthermore we can give some

simple criterion to have monotonous A-wave curves. For instance, as ¢’ = —h'/H, the rarefaction
curve is monotonous if and only if A is monotonous. A chemical example, investigated in [E is the
K c
case of an inert gas (¢1 = 0) and an active gas with a Langmuir isotherm: ¢;(c2) = Q2 . }2
Co
For this case we have
oS a8
" !/
>0, h' <0, —>0>— 29
/ Oc_ ey (29)
The first condition of (29) gives us (24) and the last one gives us (7).
Notice that if we exchange labels 1 and 2 for gas, Inequalities (E) simply become:
aS oS
1 !
<0<h, —<0<—
f 3 — - 8C+
Let us give some isotherm examples such that (@) is satisfied.
Proposition 5.1 For the following examples, Assumptions @), @) are valid:
1. one gas is inert: g1 =0, and the other has a concave isotherm: q/2/ <0,
2. two active gas with linear isotherms: ¢} (c1,c2) = K;ci, i = 1,2,
Qi Kic;
3. two active gas with binary Langmuir isotherms: qf (c1,c2) = = 1,2, where

1+ K1 + K202
positive constants Q1,Q2, K1 > Ko satisfy: Q1K1 < Q2K>.

Furthermore, for two active gas with binary Langmuir isotherms, X\ is genuinely nonlinear, i.e. (@)

is satisfied, if Q1K1 # Q2Ko>.

The first case is the most classical case when only one gas is active and his isotherm has no inflexion
point, for instance the Langmuir isotherm.

The second case is less interesting in chemistry and only valid when concentrations are near con-
stant states.

For the third case, notice that K; > K5 is not really an assumption (exchange the labels if neces-

sary).

Proof of Proposition @: we use some technical Lemmas postponed to Subsection @ The
point is to satisfy (29).

1. Case with an inert gas: we have h = ¢q2, f(c) = —ch(c), f' = =h —ch/, f" = =21 — ch”,
vﬁich implies b’ = ¢4 <0, h” = ¢3” <0 and then f” > 0. We conclude thanks to Lemmas and

2. Case with linear isotherms: linear isotherms are ¢1(c) = Kic, g2(c) =
0, K3 > 0 then ¢i(c) = K1 2 0, g3(c) = —K2 < 0, W'(c) = ¢i(c) + QQ(C)
2(Ky — K1). We assume K7 < Ko, then we have b’ <0 < f”. Since ¢;” = 0,
thanks to Lemmas @ and @

K Ko(1 —
3. Case with a binary Langmuir isotherm: we have ¢;(c) = @ 1c7 q2(c) = W
Ki(1+ K Ky(1+ K
where D =1+ Kic+ K2(1 —c¢). Then ¢;(c) = %22) >0, gh(c) = —% <0,
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W (c) = qi(c) + ¢5(c) < 0 if and only if Q1K1 (1 + K2) < Q2K>(1 + K1),

201K (14 Ky) (K — K
q{(c) = QuiG (1 + g)( 2 1)§OifandonlyifK12K2,

D
2Q2K5(1 + K1) (K1 — K»)

4y (c) = 3 > 0if and only if K7 > Ko,
2(QaKo — Q1 K1) (1 + K1))(1 + K
() = (Q2K2 — Q1 %(3 KD+ KD > 0 if and only if QK5 > Q1 K.
K 1+ K
Since Q1K1 < Q2K,, we get f7 > 0 and % < ?2 1< 11K1 because K7 > Ks, so we have
1 2

Q1 K21+K1

e W <0 N lude with L Jand B3, -
Q: S K11k, P =0 Nowwe conclude wi emmas [.3 and .5

5.1 Technical lemmas about shock curves

We express the shock curves as follows.

Lemma 5.1 We have exp{S(c4,c_)} = Z—; = ZIZ;, where hy = h(ct) and o = % + 1.
Proof: first, from the Rankine Hugoniot conditions: A = M, ie [h] = M, we
, [c+aq(c)]  [h] [uc]
obtain
v letq@]—c (B
o+ 30
Rl ) e 0

where [c] = ¢y —c_ and [h] = h(cy)—h(c—) = hy —h_, and we get (B{) thanks to the following
computations:

[ulle+ar(e)] _ [e+a(e)]

e+ q(e))—c-[h] = [c+aql)]-c ([ue] = c-[ul)

] [
[,
cta@l - el = fer (o] - e I RO gy
T
Rewriting (B() we get
u— et a@l—cilhl o]+l —cilh] _ [ml+d+eq (b —hy)
e ra@l el lalFld—c(i] ]+ +o(ho —hy)
_ o) cuhe ld 4 hoey [+ ol _a+h
(] +cho+lc] = e [fl+[d]+hile]  a+hy
which concludes the proof. ([

We need to know the sign of oo + h before studying the sign of — %
ct

Lemma 5.2 Ifh' <0 and cx <c<c_ then a+ h(cy) > a+h(c) > a+ h(c_) > 0.
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[/]

Proof: since ' < 0 and ¢y < c¢— we have h(cy) > h(c—) and it is enough to show that d +
¢
1+ h(c—) > 0. This inequality is equivalent to [f] + [c] + [c]h(c—) < 0 because [c] = ¢4 — c— < 0.
Since f(c¢) = q1(c) — ch(c) the inequality is equivalent to [¢1] + [c] < c4[h]. We know that ¢ > 0,
¢y < c_, h <0 then [¢1] <0, [c] <0, [h] >0 and then [g1] + [c] < 0 < c4[h]. O

Lemma 5.3 If ' <0, if f is convex and if ¢4 < c— then we have (cy,c-) <0.

e

: = _ (M) g L O athy
Proof: we have S(cy,c_) = [L] = In(uy) — In(u_) = ln(u7) an deru.  Perath

to Lemma p.]. A calculus gives O athe ! <—§—a[h] + R (e )(a+ h)> Now
C+

Ocy a+ h_ (a+h_)?

thanks

0
8_04 > 0 because f is convex, next [h] > 0 since b’ < 0 and ¢4 < ¢—. Lastly a + h_ > 0 from
C+
oS
Lemma .9 and we get 8—(C+’ c_) <0. O
C+

The following result concerns the case with an inert gas:

Lemma 5.4 If g1 =0 and ¢3 <Othen§—s>Ofo7"c,>cJr

Proof: if g1 = 0 then f(c) = —ch(c), h(c) = q2(c) then h'(c) = ¢5(c) < 0. By a direct computation
and thanks to Lemma , we have

e _ =l _[d-clbl 4l _ 1
o el T el T o
[r] [d
But (%i_ 7] <0, [c] decreases then Z—J_r increases with respect to c_. O

In the case of two active components we have the following result:

Lemma 5.5 If ¢, <0<q, and if f is convez then (,;?—S(CJF,C,) > 0.

Proof: let be ¢ between ¢y and c¢_. From Lemma we have:

u(c)=M+1+h(c+)>O, U(C)ZM+1+h(0)>O
Cy —C Cy —C

We rewrite S using the functions u,v. With Lemma EI we get immediately:

_ [f1/lc]+1+hy

e = ()
. <U(C)>
vieo) )’
The function f is convex, so u is increasing. jFrom equality f(c) = g1(c) — ch(c) we have
(v(e) =D(es —¢) = aley) —erhley) — arlc) + ch(e) + h(e)(ey —¢)

= qlc+) = a(c) — cq(hleq) — h(c)).
Recall that h(c) = q1(c) + g2(c), so we have:
(v(e) =D(er —c) = aqilet) —aq(c) — e (qilet) + q2(ct) — qi(c) — q2(c))
= (I—cp)qiles) —qi(e)) — e (g2(ct) — q2(c)).
Finally, v(c) — 1 = (1 — ¢1) % (c4) —aqi(e) c g2(c+) — q2(c)

Cy —C Cy —C

with 0 < ¢y < 1. Now, ¢; is concave

. . . . u . . 98
and go is convex, so v is decreasing. Finally, — is increasing and — > 0. O
v
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6 Interactions estimates

In this section we study the evolution of the total variation of L = In(u), denoted TV L, through
waves interactions. It is a key point to obtain some BV bounds and a special structure for velocity.
Let us denote (co, Lo), (c1, L1), (c2, L2), three constant states such that:

e the Riemann problem with (cq, Lg) for the left state and (c1, L1) for the right state is solved
by a simple wave W,

e the Riemann problem with (c¢1, L1) for the left state and (c2, L2) for the right state is solved
by a simple wave Wj,

e W, and W, interact.

Just after the interaction we have two outgoing waves W, W5, and the intermediary constant
state (¢}, LT). We denote by TV L the total variation of Inu just before interaction:

TVL = |Lo— Li| +|L1 — Lao|.
We denote by TV L* the total variation of Inu just after the interaction:
TVL* =|Lo— Lj| + |L] — Lo|.

We use similar notation for the concentration.
Denote by a_ the negative part of a: a_ = max(0, —a) = — min(0, @) > 0.
We have the following key estimates:

Theorem 6.1 (Variation on 7V Inu and TVec through two waves interaction)
Assume @) Then there exists I' > 0, a true constant such that:

TVL* < TVL+T |CQ — Cl| |Cl - Cg|, (31)
TVe: < TVe. (32)

Furthermore, if @) is also satisfied then:
TVL* < TVL+T(c1 —co)- X (2 —c1)—, (33)
in addition, if S, from (@), satisfies the following triangular inequality:
S(ea,c0) < S(c2,¢1) + S(er,co)
when co > ¢1 > ca, then
TVL* < TVL. (34)

Inequality (BJ) means that the total variation of ¢ does not increase and Inequality ([B3) means
that the total variation of Inu does not increase after a wave interaction except when two shocks
interact. In this last case the increase of TV Inw is quadratic with respect to the concentration
variation.

Such estimates are only valid when f has no inflexion point. Else, A-wave curves are only
Lipschitz and we loose the quadratic control for the total variation of L.

Proof of Inequality (@) the decay of the total variation of the concentration is straightfor-
ward since c is constant through a contact discontinuity, i.e. ¢} = cp :
TV =lcg —cf| + |cf —co| = |e2 —co| <o — ] +]e1 — 2l = TVe. O

Proof of Inequality (B1)): this proof is much more complicated. We only assume (Pf). The
proof is a consequence of the following lemmas.

Lemma 6.1 If a A-wave interacts with a contact discontinuity then we have TVL* =TV L.
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Proof: it is the simplest case. We have ¢; = ¢2 from the contact discontinuity, so, with 7" defined
in (29), L1 — Lo = T(c1,c0) = T(ca, co) and, since ¢f = cg, we have Ly — L} = T(c2,¢}) = T(ca, o).
Then

Ly — L} = Ly — Lo,

which implies Ly — Ly = L] — Lo and TVL* =TV L. O
Lemma 6.2 There exists a constant T' > 0 such that, for all cg,c1,co € [0,1]:
T (c2,c0) = T(c2,c1) = T(er,co)| [ST [ ez —ex || e1 = col.
Proof: we define R by R(a, 3) = T(ca,c0) —T(c2,c1) —T(c1, co). We have to prove that R(«, 3) =
O(af), where a = ¢1 — ¢, 8 = ¢1 — ca. We denote ¢ = ¢z, b = c1, a = cg. We have T' € C3([0,1],R)
since A is genuinely nonlinear and T'(b,b) = 0. We apply the Taylor’s formula:
T(c,a) = T(b—B,b+a)=T(bb)— BhT(b,b) + adoT(b,b)

1
+/ (1 —t)(B%0%S + a?05T — 2a80%,T) (b — t6,b + ta)dt,
0

T(bya) = T(b,b+a)="T(b,b)+ adT(bb)+ /01(1 —1)a?93T (b, b+ ta)dt,
T(c,b) = T(b—B3,b)=T(b,b)— BT(b,b)+ /01(1 —1)329%T (b — 15, b)dt,
R(e, ) = T(c¢,a)—T(c,b) —T(b,a)
= —T(b,b)+ /01(1 — ) (B2(OFT (b — tB,b + ta) — 07T (b — t5,b)) +
Q2(D2T (b — tB,b + ta) — 2T (b, b+ ta)) — 2a30,0:T (b — t3,b + ta))dt.
Since
OIT(b—tB,b+ta) — BT (b—tB,b) = O(ta) =0(a),
03T (b —tB3,b+ta) — 03T (b,b+ta) = O(tB) = 0O(B),
NRT(b—t3b+ta) = O(),
we conclude that R(a, 3) = O(B%a + a?8 + aff) = O(ap). O

To conclude the proof of Inequality (@) it suffices to use the next lemma.
Lemma 6.3 If two A-waves interact then we have TVL* < TV L+ Tlca — 1| |e1 — ¢ol-
Proof: by definition of TV L and TV L* it suffices to prove that
LY = Lo+ O(|ez — e |ex = col),

since TV L* = |L2 - Lﬂ + |L31F - L0| < |L2 - L0| + 2|L31F — L0| < TVL+ 2|L>{ - L0|
Indeed, we have: Ly — Lo = T(c1,¢0), Lo — L1 = T(ca,¢1), La — LT = T(ca,¢f) = T(ca, cp). Next:
L2 — LO = T(CQ, Cl) + T(Cl, Co) and then

LT — LO = T(CQ, Cl) —|— T(Cl, Co) — T(CQ, Co),

which allows us to conclude the proof of Lemma @ with Lemma . (I
The proof of Inequality (@) is now complete. O

Proof of Inequalities (B3), (B4):

we assume again (P7) and also (9) to fix the signs. There are more cases to study:
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e first, we have yet studied in Lemma the interaction of a shock wave or a rarefaction wave
(A-wave) with a contact discontinuity (1-wave): the contact discontinuity is “transparent”
since TV L* = TV L and the concentration variation is also invariant.

e second, we study the interaction of a shock wave with a rarefaction wave (A-waves with
different types): see Lemmas @7 @, E and @ We get TV L* < TV L and the concentration
variation decreases. It is the only case where TV L and TV ¢ decrease.

e finally, we study the interaction of two shock waves. In this situation TVL* > TV L and TVe¢
is invariant.
Furthermore, if S satisfies some “triangular inequality”, we get TV L* =TV L.

In order to simplify the notations we denote by D a contact discontinuity, R a rarefaction wave and
S a shock wave. “ RD — DR ” means that a rarefaction wave coming from the left interacts with
a contact discontinuity and produces a new left wave, namely a contact discontinuity, and a new
right wave, namely a rarefaction.

Since a contact discontinuity has a null speed and a A-wave has a positive speed, the only cases for
Wi, Wy are: RD, SD, RS, SR and SS.

For the resulting waves W{, W5, there are 7 cases.

The first two cases RD — DR and SD — DS have yet been studied in Lemma .

Lemma 6.4 In the case RS — DR, TV L decreases i.e. TVL* < TV L.

Proof: at the beginning, we have a rarefaction, then ¢y < ¢y, Lo > L1, and a shock, then cs < ¢,
Lo > Ly. After the interaction, we have a contact discontinuity, then ¢ = ¢}, and a rarefaction,
then ¢f < cg, LT > L. Finally, we have ¢y = ¢} < ¢2 < ¢ then g(cp) = g(c}) < g(e2) < g(er). We
can write

TVL = |Lo—Li|+|Li—Ls|=Lo— L1+ Ly~ Ly,

TVL* = |Lo—Lj|+|L2—L7|=|Lo— L] |+L]— Lo.

There are two cases:
e the simplest is Lo > L], then TVL* =Ly — L]+ L] —La=Lo—La < Lo — L1 <TVL,
e the second case is Ly < Li. Let us define Ly by

Lo— Lo =L} — Lo,

then Lo — Ly = Lt — Ly = g(c2) — g(c}) = g(ca) — g(co) < gle1) — gleo) = Lo — Ly because
[L] = —lg] for a rarefaction and cj = cp. Since shock curves are decreasing, we know that
Lo>Ly,80TVL* = LT—LO—FLT—LQ =Lo—Lo+Lo—Lys < Lo—L1+Lo—L,=TVL. O

Lemma 6.5 In the case RS — DS we get TVL* <TVL.

oS
Proof: this case needs the assumption e > 0. At the beginning, we have a rarefaction: ¢; > ¢g

and L1 < Ly with a shock: ¢; < ¢; and ig > Ly. The state (ca, L2) is connected with a shock
(c5,L}): ea < cf and L} < Ly. The state (co, Lo) is connected with a contact discontinuity (cf, L}):
¢o = ¢;. Finally, we have co < ¢ = ¢ < ¢;. ThenTVL =| Lo—Ly | + | Li— L2 |= Lo— L1+ La— I

S
and TVL* =| Lo— L} |+ | Lo — L} |= Lo — L+ | L} — Lo | . But, with the assumption, — > 0,
c

S(CQ,CO) = S(CQ,CT) =Ly — LT < S(CQ,Cl) = Ly — Lq then LT > L.
There are two cases:

o if Lo> L} then TVL* = Lo — L} + Ly — L} < Lo — Ly + Ly — Ly = TV L,
o clse Lo < L} then TVL* = —Lo+ L} + Ly — LY = Ly — Lo < Ly — L1 < TVL. O

Lemma 6.6 In the case SR — DR we have TVL* <TVL.
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Proof: in the beginning, we have a shock who interacts with a rarefaction then ¢; < ¢g, L1 > Lg
and co > ¢q1, L1 > Lo.

After the interaction, we have a contact discontinuity then ¢y = ¢] and a rarefaction then cy > ¢}
and L7 > Ls. Finally, we have ¢; < ¢g = ¢f < cg. Since ¢’ > 0, we have g(c1) < g(cg) < g(ca).

For a rarefaction [L] = —[g] then Ly — L} = g(c}) — g(c2) = g(co) — g(c2) because ¢ = ¢y,

Ly — L1 = g(e1) — glea) < glco) — g(c2) because ¢1 < ¢ and g’ > 0.

So we have: Ly — L1 < g(cf) — g(ce) = Lo — L} and

TVL=| Ly — Ly | +|L2—L1 |=L1—L0+L1—L22L1—L2,

TVL® = L — Lo | +| Lo — L |=| L — Lo | +L; — Ls.

There are two cases:

e the first is LT > Lo then TVL* = Lf —Lo— Lo+ L} =2L% —Lo— Lo = —(La— L)+ L — Lo
< —(La—L1)+Li—Lo+Lo—Lo<—Lo+Ly—Lo+L1+Lo—Ly=2L1—Lo—Lo=TVL,

e the second caseis L7 < Lo then TVL* = —L] + Lo — Lo+ L] =Lo— Ly <Ly — Ly <TVL.
O

Lemma 6.7 In the case SR — DS, TV L decreases i.e. TVL* <TVL.

This situation is illustrated in Fig. EI

Proof: it is the most difficult case. At the beginning, we have a shock then ¢; < ¢y and
Ly > Lg. The shock interacts with a rarefaction then cs > ¢; and Ly < L.
We then have TVL:| L1 —LO | + | LQ—Ll |: L1 —L0+L1 —LQ.
The state (c2, Lo) is connected to (¢}, L]) by a shock then ¢p < ¢f and LT < Lo.
The state (co, Lo) is connected to (¢}, L7) by a contact discontinuity then ¢y = cj.
Finally, we have ¢1 < ¢a < ¢} = ¢, S(c1,c0) = S10 > S(ea,¢0) = Sa0 = S(c2,¢f) = Lo — L,
Ly — Lo = S10 > S20 = Ly — L7, because 8—S < 0.

(90_,_

There are two cases:

e if Ly < Lj (see Fig. [}, left) then Ly < L; and
TVL* :| LI—LO | +|L2—L>{ |:LT—L0+L2—LT =Lo—Lo< Ly —Lo<TVL,
e if L} < Ly (sce Fig. [ right) then we define Ly by Ly — Lo = Soo = Lo — L} < S19 = L1 — Lo

and TVL* =| Li—Lg | + | Ly—L3 |= Lo—Li+Lo— Ly = Lo—Lo+5% < Li—Lo+L1—Lo =
TV L. O

contact discontinuity
*

rar efaction

C,

\ M

Figure 1: case SR — DS.
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Figure 2: SR — DS: first case, left, and second case, right.

The following case is the only one where TV L increases, except if S satisfies a ”triangular
inequality”.

Lemma 6.8 In the case SS — DS we have
TVL*=TVL +2 maX(Sgo - 521 - SlO, O) =TVL + 2max(L0 - LT, O) Z TV L.

Proof: at the beginning, we have a shock: ¢; < ¢g and L; > Lg. It interacts with an another
shock: ¢y < ¢1 and Lo > L.

The state (c2, Lo) is connected to (¢}, LT) by a shock then ¢y < ¢f and LT < Lo.

The state (co, Lo) is connected with with (¢}, L) by a contact discontinuity then ¢y = ¢f.

Finally, we have ¢ < ¢1 < c¢p =¢] and Lo < Ly < Ls.

With Ly — L1 = 831 >0, Ly — Ly = S190 >0, Lo — LT = S99 > 0, we have:

TVL=| Lo — 14 | +|L1—L0 |=L2—L1+L1—L02521+510,

TVL* =| LQ_LT|+|L>{_LQ |=|520|+|L*1<—L2+L2—L0 | 2520+|—520+L2—L0|.
There are two cases to study:

o if —Soq+ Lo — Lo >0 ie. SQOZLQ—LT§S21+810:L2—LO i.e. L0<L>{
then TVL* = SQQ—SQQ+L2 —Lo =L2 —LO ZTVL,

e else L] < Lg and we have

TVL® = S+ S20 — Lo+ Lo =280 — 2Ly +2Lo+ Lo — Lo
= 2(520 — (Lg — Lo)) +TVL,= 2(520 — S — SlO) +TVL
= 2(L0 — LT) +TVL,

which conclude the proof of Lemma @ O
The proof of Theorem .1 is now complete. O

7 BV estimates with respect to time for the velocity

In System ([I)-()-(H), there is no partial derivative with respect to ¢ for u. Nevertheless, the
hyperbolicity of this system ( with x as the evolution variable) suggests that a BV regularity of the
”initial” data u; for x = 0 is propagated. Furthermore, in the case with smooth concentration, the
Riemann invariant u G(c) suggests that when Inwy, is only in L>°(0,T), we can hope u(t, z)/up(t)
to be still BV in time for almost all z. We prove that this BV structure of the velocity is still

valid with some convexity assumptions, using a Front Tracking Algorithm (FTA). We conjecture
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that this structure is still valid for the general case without convexity assumption or, better, with
a piecewise genuinely nonlinear eigenvalue A = H(c)/u. But, in this last case, the FTA becomes
very complicated (see Dafermos’ comments in [20]).

7.1 The case Inw, € BV(0,7T)

We first precise the notations used in the next theorem. We define the function ¢; on (0,7) by

(s) = co(s) if0<s<X
e = ep(—s) Hf0<—-s<T "’

and we set TVey = TVer[-T, X].

There exists a positive constant  such that if (c_, L_) is connected to (¢4, L) by a A-wave then
|Ly —L_| < vlcy —c—|. That is an easy consequence of (2§). Indeed, it is yet proven in [f], Lemma
3.1, with an inert gas, or in [E], Lemma 4.1, for two active gases.

The constant I" comes from Theorem EI

Theorem 7.1 [Propagation of BV regularity in time for the velocity]

Assume ). If lnu, € BV(0,T), if co,c € BV and if (u,c) is a weak entropy solution of
System ([)-(3)-A3), coming from the Front Tracking Algorithm, then ¢ € BV ((0,T) x (0, X)) and
u € L*((0,7),BV(0,X)) N L>((0,X),BV(0,T)). More precisely:

max( sup TV,c(t,.)[0,X], sup TV}C(.,x)[O,T]) < TVey,

0<t<T 0<z<X
sup TV, Inu(t,)[0,X] < TVinu,+~TVey,
0<t<T
T
sup TVilnu(.,z)[0,7] < TVInuy+2yTVes + = (TVer)?
0<z<X 2

Compared to [}, ], the new result is that u(t, z) is BV with respect to time if u; is in BV (0, T) i.e.
the last inequality of the Theorem [.]. With the Godunov scheme used in [, ] we do not obtain
such time regularity for the velocity. It is the reason why we use the FTA to get more precise
estimates. Notice that we consider a local (in time and space) problem for reasons of realism: we
could consider a global one as well, i.e. for (t,z) € (0, +00)2.

Proof: The easiest BV estimate on the concentration c¢ after interaction (estimate (@) in
Theorem @), which is always valid independently of the velocity u, yields to a control of ¢ in
LBV, N LBV, as in [fJ], since A waves always have a positive speed. From Lemma 4.8 of [f]
p.80 (ore more simply Lemma 3.1 of [§] p. 557) we get Lg%, N LBV, bounds for the velocity
u. Tt follows, from a natural adaptation of the estimates and compactness argument of the proof
of Theorem 5.1 p 563. in [§] or Theorem 6.1 p.83 in [{], that there exists a subsequence which
converges to a solution of the initial boundary value problem with the prescribed data cg, ¢y, up
when & goes to zero, thanks to the approximate entropy inequality (@) Furthermore, as in B, E],
we recover strong traces at t = 0 and z = 0.

Notice that this existence proof is also valid without any BV assumption on the velocity at the
boundary: we only need Inwu, in L°°(0,T).

The BV estimate with respect to time for Inw, i.e. the third estimate in the theorem, is a
consequence of two following lemmas. O

Let (u,c) be an entropy solution coming from FTA. For § > 0, representing the distance from
the boundary x = 0 or ¢t = 0, let us define:

B Inu(t=lsl,x=0) if —T<s<0
L(s;0) = { hhu(t=0x=s) f0<s<X ~’
TVL0) = limsupTVL(.,0)[-T,X].
6—0

For piecewise data, TV L(0) is the total variation of Inw just before the first interaction.

19



Lemma 7.1 Before wave-interactions we have TVL(0) < TV Inup + 2y TVey.

Proof: it suffices to prove this inequality for a piecewise constant approximate solution issued
from the FTA. We discretize [0,7] and [0, X] as follows:
T=51>58"">8,>8+1 =0<8Spt2 <---<sy=2X.

Fori=1,---,m let us define the following piecewise approximations of ¢ and In u:
1 8 1 8
= 7/ cp(t)dt, L; = 7/ In(up(t))dt.
Si = Si+1 Js; Si = Si+1l Jsi
Since t = 0 is a characteristic boundary we define only ¢; fori=m+1,--- ;N — 1 by:

1 5
ci = 7/ co(x)dx.
5i = Sit1 Js;ps

For i < m we solve the i** Riemann Problem with left state (c;, Li) and right state (c;11, Li+1) and
we denote by ¢, L} the intermediary state. Indeed ¢} = ¢;41 since ¢ is constant through a contact
discontinuity. From Lemma 3.1 p. 557 of [§] (or Lemma 4.1 p.78-79 of [[] for two active gases) we
know that:

ILi — Li| < vlei =il =7lei — cigal.
We now estimate the total variation of Inu for the i*” Riemann problem:

|Li = L] + |L7 — Lis1] |Li = L{| + (IL7 — Li| + |Li = Lisal)

<
< 2vlei = cigpr| + |Li — Liga]-

Now, we look at the corner ¢ = 0, x = 0 and ¢ = m. There is only a A-wave since the boundary is
characteristic. With the left state (¢, L) and only (¢m41) for the right state, the resolution of
the Riemann problem gives us a new constant value for Inu, namely L,,+1 = L},. We have again
the estimate |L,, — L*| = |Limy — Lint1| < vlem — ¢my1|- Sofori=m+1,m+2,--- /N —1 we
define L; solving the characteristic Riemann problems with the estimate:

|Li — Liv1] < 7lei — ciqal

Summing up with respect to ¢, we obtain the total variation on L just before the first wave inter-
action:

TVL < > (2ylei—cipal + [Li = Ligal) + > vlei — cipal
<m >m
< TVinuy+2yTVey.

r
Lemma 7.2 We have the following estimate: TVL < TV L(0) + §(TVC])2.

Proof: we prove this estimate for any constant piecewise approximation built from the FTA. The
same estimate is still true passing to the limit.
First, we enumerate the absolute value of the jump concentration initial-boundary value from
the left to the right:
Q; = C; — Cj—1 iZl,-~',N.

Notice that we have N + 1 constant states for the initial-boundary data: (cg, Lo), - , (e, Ln).
From Theorem @, the increase of the total variation of Inw is governed by following inequality
TVL* < TVL + T|oy—1||a] if the wave number ¢ — 1 interacts with the wave number i. Since ¢
is constant through a contact discontinuity (c¢ is a 2-Riemann invariant) and the jump of ¢ adds
up if two A-waves interact, we consider only interaction between A-waves. Indeed we neglect that
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interaction with rarefaction has the tendency to reduce TV L.
We measure the strength of A-wave with the jump of ¢ through the wave. We have positive or
negative sign whether we have a rarefaction wave or a shock wave.

Let (a )1 <i<n_p e the strength of the A-wave number i (labeled from the left to the right) after
0

the interaction number k. We have a; = «; and denote by j* the index such that the interaction
number k occurs with the A-wave number j* and j* +1 where 1 < j, < N —k. For 1 <i< N —k,
the strengths of A-waves after the interaction number k& > 0 are given by:

oszl if i < j*

k k—1 k=1 oo
o = af b4 alith ifi=gk

k—1 s ik

o ifi>j

and the increasing of TV L is less or equal than I'S* where, from Theorem @,

S=0,  SF=8"1 4|l

Let us define the integers I¥ as follows:
19 =i and at each interaction
Jh G i< gk,

‘ szl if i=j% . N—-k+1
Notice that after each interactions with two A-waves, there is only one outgoing A-wave. Thus, the
number of A-waves decreases at each interactions, which proves again (see [@]) that the number of
interactions is finite and the FTA is well posed.

By induction, we see that: af = Z oy where IV =1 <15 < ... < l%7k+1 =N-k+1,

<i<ik

19 =i and I¥ is non decreasing with respect to k. Now, from the definition of S*, we can deduce
that:

Sto= S N aillayl, (35)

(i,5)€J*

where J* = {(i, j); lk 1<z<lk+1_]<lk+2}
Let us check that:

S* = 3 Jaillayl, (36)

(i.5)elk

where ) =1°c ' c..-.cI*¥'cIfc---cI={(@7);1<i<j<N}L
It is true for k = 0. It is true for all k if I*~' N J* = @) and then I* = I*~1 U J*. The point
is only to prove that I*=1 N J*¥ = (). Terms |o;||a;| in the last sum of (@) have indexes ¢ and j

which appear in two consecutive intervals, i.e. l;.“,:l <1< lf < <5< k- k+2 and after, for i = j*,
B =11 and if, = lf+21 So i and j live in the same interval and then terms |o;||c;| cannot
appear again in S*¥*1, S¥+2 . since such intervals are not decreasing.
The same is true for all indexes in I*¥. They can appear at most one time in S*. We then have
IF=1nJk = and (BA) is true.

We easily estimate S*, which concludes the proof:

LA ) 2 )
Sk < Z |Oéi||aj|§§ZZ|ai||Oéj|:§(ZlOéZ) <3 TVcI) i

(i,4)el i=1j=1
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7.2 The case Inu, € L>(0,T)

For Inuy € L™ and ¢y, ¢, € BV we get a BV structure for the velocity.

Theorem 7.2 [ BV structure for the velocity] We assume (4).
If lnu, € L*°(0,T), if co, b € BV and if (c,u) is a weak entropy solution issued from the FTA,
then

Inax( sup TVye(t,.)[0,X], sup TVtc(.,a:)[O,T]> <TVer
0<t<T 0<e<X

and there exists a function v and constants v, I' > 0 such that u(t,x) = up(t) x v(t,z) with

Inv e {L>((0,X),BV(0,T)) N L>=((0,T),BV(0,X))} c BV((0,T) x (0, X)),

sup TV, Inw(t,.)[0,X] < ~TVey,

0<t<T
r
sup TV;lnv(.,z)[0,T] < 2yTVer+ = (TVer)?.
O<z<X 2
) ) ) u(t,z) . ) . )
The new result in this theorem is that @ is BV with respect to time, although u; is not
Up

assumed to be BV, but just in L°°. The other regularity properties have yet been proved in [E, E]

Proof: the first estimates for ¢ are easily obtained as in Theorem @ since the total variation
of the concentration does not increase after an interaction. The existence proof of such entropy
solution follows the beginning of the proof of Theorem @ which is a natural adaptation of the
existence proof from [E, E] with only L velocity.

We now study the new BV estimates for v. We can define v by the relation u(t,x) = up(t)v(t, z)
because up > 0. Let be M = Inv and M, = Inv(-,z = 0). The initial total variation of M on z =0
is TV M, = 0 since v(t,x = 0) = 1.

We approach u;, with a piecewise constant data (thus in BV) and we show that the BV estimate
for M is independent of u;. Notice the fundamental relation:

[L]=Inuy — Inu_ =In(up(t) vy) — In(up(t) v-) =Invy —Inv_ = [M].

The equality [L] = [M] implies that the A-waves (R§) are the same in coordinates (¢, L) and (¢, M).
Then, Theorem @ is still valid replacing L by M. We then can repeat the proof of Theorem EI
to get BV estimates for v. O

8 Weak limit for velocity with BV concentration

When c is only in BV, we cannot reduce System @) to a scalar conservation law for ¢ as in section
E. Indeed, since the shock speeds depend on the velocity, we have a true 2 x 2 hyperbolic system.
Nevertheless we can state following stability result.

Theorem 8.1 (Stability with respect to weak limit for the velocity )

Let (In(uf)) .., be a bounded sequence in L>(0,T'), such that

up = up in L0, T) weak *.

Let be ¢y € BV((0,X),[0,1]) and ¢, € BV((0,T),[0,1]). Let (¢, u®) be a weak entropy solution of
System (f}) on (0,T) x (0,X) issuing from the FTA with initial and boundary values:

cc(0,2) = colz), X >z>0,
cc(t,0) = o), T>t>0,
us(t,0) = uf(t), T >t>0.
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Then, there exists (u(t, ), c(t,x)), weak entropy solution of System (f]) supplemented by initial and
boundary values:

C(O,I) = CO(I)a T > 07
c(t,0) = ¢a(t), t>0,
u(t,0) = m(t), t>0,

such that, when € goes to 0 and up to a subsequence:

(t,x) —  cft,x) strongly in L*([0,T] x [0, X]),
u®(t,z) — wu(t,x) weakly in L>=([0,T] x [0, X]) weak *,

ut(t,z) = ui(t) x v(t,z) + o(1) strongly in L*([0,T] x [0, X]), where v(t,x) =

For the convergence of the whole sequence we need the uniqueness of the entropy solution for
initial-boundary value problem: (), ().
Proof: from Theorem [[.4 we know that u®(¢,2) = uf
(¢®)o<e are uniformly bounded in BV ((0,T) x (0, X)). Then, up to a subsequence, we have the
following strong convergence in L*((0,7) x (0, X)): v° — v, ¢ — c.

(c®,u®) is a weak entropy solution for (E) means for all ¢ such that ¥” > 0 and @ such that
Q' = h/yp + Hy' we have in distribution sense: 0, (u®(t, )y (c®)) + 0:Q(c®) < 0,which is rewritten
as follows: 0, (uf(t)ve(t, 2)¥(c)) + 0:Q(c®) < 0. Passing again to the weak-limit against a strong
limit we get: 9, (Wp(t)v(t, z)1(c)) + 0:Q(c) < 0. ie. (c,u =T, X v) is a weak entropy solution for
System (E) We also can pass to the limit on initial-boundary data.

Since there exists § such that 0 < § < uf < 671, v°(¢t,z) — v(t,x) means us(t,x)/u(t) —
v(t,z) — 0 and also means u®(t, ) — uZ(t) x v(t,z) — 0, which concludes the proof. O

(t)v=(t, x) where the sequences (Inv®)g<. and

N

An example of high oscillations for velocity: as an example of weak limit we consider the case
of high oscillations for velocity on the boundary.

1
Let be uy(t,0) € L>=((0,T),C°(R/Z,R)), up(t) = / up(t, 0)df and assume infu, > 0. With
0

t
up(t) = up (t, g) and the same notations as in Theorem B.1 we have:

e first, oscillations do not affect the behavior of the concentration since (¢°) converges strongly
in L' towards c and the limiting system depends only on the average i, and not on oscillations;

e second, (u®) converges weakly towards T, (t) X v(t,2) and we have a strong profile for u¢:

lim =0, where U(t,z,0) = up(t,0) X v(t, ).

t
u(t,x) = U (t, x, —)
e—0 £
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