N

N

Blow up for a 2x2 strictly hyperbolic system arising
from chemical engineering

Christian Bourdarias, Marguerite Gisclon, Stéphane Junca

» To cite this version:

Christian Bourdarias, Marguerite Gisclon, Stéphane Junca. Blow up for a 2x2 strictly hyperbolic
system arising from chemical engineering. 2009. hal-00403226v1

HAL Id: hal-00403226
https://hal.science/hal-00403226v1

Preprint submitted on 9 Jul 2009 (v1), last revised 10 Mar 2010 (v2)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00403226v1
https://hal.archives-ouvertes.fr

Blow up for a 2 x 2 strictly hyperbolic system arising
from chemical engineering
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Abstract

We consider a 2x2 hyperbolic system of conservation laws modeling heatless adsorption
of a gaseous mixture with two species and infinite exchange kinetics, close to the system of
Chromatography. In this model the velocity is not constant because the sorption effect is
taken in account. Our aim is to construct a solution with a velocity which blows up at the
characteristic boundary. This phenomenon only occurs in particular but physically relevant
cases.

AMS Classification: 35165, 35L67, 35Q35.
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1 Introduction

This paper deals with the construction of a blow up solution for a one dimensional 2x2
hyperbolic system of conservation laws related to a particular isothermal gas-solid chro-
matography process, called “Pressure Swing Adsorption” (PSA), with two species. Each of
the two species simultaneously exists under two phases, a gaseous and movable one with
a common velocity u(t, ) and concentration ¢;(t,2) > 0 or a solid (adsorbed) other with
concentration ¢;, 1 < i < 2. One may consult [@] and [@] for a precise description of the
process, and [fj] for a survey on various related models.

In gas chromatography, velocity variations accompany changes in gas composition, es-
pecially in the case of high concentration solute: it is known as the sorption effect. Here,
the sorption effect is taken into account through a constraint on the pressure that is, in this
isothermal model, on the total density:

c1 +c2 = p(t), (1)
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where the function p is given (this is actually achieved in the experimental or industrial
device). This constraint expresses that the total pressure depends only on the time. In the
sequel we assume that p = 1.

We assume that mass exchanges between the mobile and the stationary phases are in-
finitely fast (instantaneous exchange kinetics) thus the two phases are constantly at com-
position equilibrium: the concentrations in the solid phase are given by some relations
qi = q}(c1,c2) where the functions ¢f are the so-called equilibrium isotherms. A theo-
retical study of a model with finite exchange kinetics was presented in @] and a numerical
approach was developed in [E]

With these assumptions, the PSA system reads:

[\
~

di(er + qi(cr,2)) + Du(ucr) = 0, (
O(ca + g5(c1,¢2)) + Oz (uca) 0,
c1+ co

o
—~
= W
=

Notice that ¢;, co must satisfy 0 < ¢q, co < 1.
Adding (@) and (B) we get, thanks to ({):

Oi(qi (c1,¢2) + qz(cr1,¢2)) + 0pu =0,

i.e. the constraint (ﬂ) leads to an integral dependency of the velocity upon the concen-
trations. We denote ¢ = ¢; then ¢z = 1 — ¢ and the unknowns are the velocity u and the
concentration c. We write the PSA system under the form:

Ozu+ 0th(c) = 0, (5)
Or(uc)+0I(c) = 0, (6)
with
h(C) = QT(Ca 1- C) + q;(cv 1- C),
I(c) = c¢+4¢i(c,1—=0).

In the sequel we denote
q1(c) =q¢i(c,1—¢) and ¢a(c) =g5(c,1—c).

As any equilibrium isotherm related to a given species is always increasing with respect to

da*
the corresponding concentration (see [@) ie. 8% > 0, we have:
G
¢ 20> g5 (7)

PSA System (})-(f]) is completed by initial and boundary data:

c(0,2) = co(x)€]0,1], x>0,
c(t,0) = a(t)€]0,1], t>0, (8)
u(t,0) = wp(t) >0, ¢t>0.

Notice that we assume in () an influx boundary condition, i.e. ¥t > 0, up(t) > 0 and we
choose ]0, +oo[ instead of |0, 1] as spatial domain for the sake of simplicity.



It is well known that it is possible to analyze the system of Chromatography, and thus
PSA System, in terms of hyperbolic system of P.D.E. provided to exchange the time and
space variables: see [@] and also [@] for instance. In this framework, with evolutive variable
x instead of ¢, the system is strictly hyperbolic and has a null eigenvalue. Thus {t = 0} is a
characteristic boundary.

We obtained in [E, E] an existence result for weak global entropy solutions with large BV
data for the concentrations and only L* data for the velocity: as in [@, @, EI, E, @],
the zero eigenvalue makes possible the existence of stratified solutions in the sense that
u(t, ) = up(t) v(t,x) where v is as regular as the concentration ¢ and more than the “initial”
data uy (see [fl]). As we will see below, we cannot expect in general to have weak global
entropy solutions with L data for the concentrations because it is possible, in that case,
to build a blow up solution for some particular isotherms related for instance to ammonia
or water vapor. Furthermore, the blow up takes place only at the characteristic boundary
{t = 0} becomes twice characteristic and only the velocity blows up.

In literature ([@, @]), there are examples of blow up for one dimensional strictly hy-
perbolic systems of partial differential equations. For 2 x 2 strictly hyperbolic system there
are few examples (R4]). In [B], R. Young built a very nice example involving two Burgers
equations, linearly coupled at the two boundaries. In our example the blow up takes place
only at the characteristic boundary {¢t = 0}, which becomes twice characteristic, and only the
velocity blows up. As H.-K. Jenssen and R. Young ([E]), we loose the strict hyperbolicity
of the system at the blow up point.

The aim of this paper is to present this example of blow up for a class of PSA systems.
The paper is organised as follows. In Section 7 we give an overview on PSA System (E)-(E)
and specify our assumptions. In Section |3 we investigate the conditions on PSA System
(H)-(@) to be or not to be in the Temple class: indeed there is no blow up for such systems.
In Section ff we state, prove and comment the main result of this paper about a blow up of
velocity in L*°.

2 The PSA System

2.1 General properties

In this section, we recall briefly some properties of PSA System (f])-(f]). For more details
and explanations we refer the reader to [, E, E, E]

PSA System is hyperbolic with variable z as the evolution variable. In particular, the
mathematical boundary condition is now related to the set {¢ = 0} and the mathematical
initial data to the set {z = 0}.

The two eigenvalues are 0 (linearly degenerate) and A = H(c)/u where

H(c) =1+ ¢i(c) — ch/(c).
There is a “natural maximum principle” for the concentration c:
0<c<1. (9)
Thanks to () the function H satisfies

Ve e [0,1], H(c) > 1.



PSA System (f)-(f) admits the two Riemann invariants ¢ and w = In(u) + g(c) where g
satisfies

9'(c) = -7 (10)
Indeed, for smooth solutions:

O,c + Ao = 0,
{&Ew = 0. (11)

In the sequel we make use of the Riemann invariant
W =uG(c) = e,

where
G(c) = exp(g(c)).

The smooth entropies are w1 (c) with entropy-flux Q(c) such that Q'(c) = ¥(c) h'(c) +
Y'(c) H(c) where 1 is any smooth real function such that ¢”(¢) > 0. Then for any weak
entropy solution we have:

9z (utp(c)) + 0,Q(c) < 0. (12)

Remark 2.1 In particular, if G” keeps a constant sign, sgn(G")W is a degenerate convex
entropy, with entropy flur Q = 0, i.e. we have sgn(G") 0, W < 0 for any weak entropy
solution.

2.2 Main assumptions

PSA System has the strong property to admit a positive Riemann invariant W = u G(c) > 0,
which is also an entropy. This Riemann invariant plays a key-role in the blow up mechanism:
provided we ensure that W is non decreasing we can expect, in view of (E), the velocity u to
increase and blow up. Then our first assumption is:

G" < 0 (H1).

(H1) means, as seen above (Remark P.1)), that —WW is an admissible degenerate convex
entropy for weak entropy solutions (with a zero entropy-flux) i.e. 9, W > 0.

In contrary, notice that in some cases, for instance an inert gas and an active gas with a
Langmuir isotherm as in [, we have G” > 0, then W is bounded and there is no blow up
for the velocity in L.

The next hypothesis is useful to the construction of our blow up example in a classical
hyperbolic framework of Lax with monotonous shock and rarefaction curves as in [ﬁ]

h' # 0, everywhere (H2).

Assumption (H2) means that one gas is more active than the other. Mathematically, it
implies the monotonicity of g and G because ¢ = —h’//H. Thanks to (H2) rarefaction
curves, which are the level line of W, are monotonous curves in the plane (¢, u).



We also assume that the eigenvalue A = H(c)/u is genuinely nonlinear. Making use of the
function f = ¢1 co — g2 ¢1 introduced by Douglas and al. in [@, written here under the form

f(e) =qi(ec) — ch(e), (13)
- . . B (c) . .
it is easy to show that the right eigenvector r = 1+ ¢ (c) associated to A satisfies
1
H
d\-r = # 1" (c), thus X is genuinely nonlinear in each domain where f” # 0. Our next
u
assumption is then:
f” # 0, everywhere (H3).

For Temple systems it is well known that there is no blow up in L*°, then we have to
investigate if the PSA System is in this class or not: this is done in the next section. This
will lead us to state this supplementary assumption to avoid the Temple class:

PSA System ([#)-() is not a Temple system (H4).

3 Temple class and PSA system

It is well known ([{, fI]) that blow up cannot occur for Temple systems with L data. The
aim of this section is thus to investigate the conditions for the PSA system (f)-(f) to be or
not to be in the Temple class. Of course, in the sequel, we must avoid the Temple class to
construct our blow up solution.

About Temple systems, on may consult [@, @, , @, @ Let us recall the definition
of the Temple class ([Rg)).

Definition 3.1 (Temple class) A system of conservation laws in one space dimension is
in the Temple class if it is strictly hyperbolic and satisfies the following properties:
1. there exists a system of coordinates consisting of Riemann invariants,

2. shock and rarefaction curves coincide.
For PSA System we have the following criterion:

Lemma 3.1 PSA System (E)-(Ia’) 1s a Temple system if and only if 9, W = 0 for the entropy
solution of any Riemann problem.

Proof : as seen above, PSA System is strictly hyperbolic and satisfies the first condition
of the definition. There is a linearly degenerate eigenvalue (zero) and the rarefaction curves
are only given by 9, W = 0 (see ([L]) or [{]).

Notice that the Riemann problem for PSA System has a unique piecewise smooth entropy
solution. If PSA System is in the Temple class, the second condition in the definition ensures
that 0,W = 0 everywhere. The converse is immediate. ([l

Let us highlight a sufficient condition for the PSA system to be in the Temple class:

Proposition 3.1 If G” =0 then PSA System ([})-() is a Temple system.



Proof : recall ([} and remark P.T|) that if G” has a constant sign, any entropy solution
satisfies sgn(G") 0, (uG(c)) < 0. Thus, if G” = 0, we have 9, (uG(c)) = 0 and from Lemma
@, PSA System is a Temple system. O

We precise now some simple examples where G = 0
Proposition 3.2 If the two isotherms are linear then G"” = 0.

Proof : we have G = exp(g), G' = ¢’ exp(9), G” = (¢" + ¢'*)exp(g). With ¢’ = —h'/H,
H=1+¢; —ch'(c) and h = q1 + ¢q2 we get

exp(g)
G" fie (=4 — a5 — @y q1 + @2q7).-

For two linear isotherms we have ¢f = ¢4 = 0 and then G’ = 0. O

More generally we have:

Lemma 3.2 Assume (H2), then G"” = 0 if and only if there exist two real constants o, 3
such that
aq+(@=1)gg+c+B=0.

Proof : as seen above, G” = 0 if and only if ¢/ + ¢§ + ¢5¢} — gbq{ = 0. Setting
hi = ¢}, ha = ¢} this condition writes (h1 + h2)’ = (h1 + h2) ha — h5(h1 + he) or also

(h1 +ha)"  (h1+ ha)'ha — hi(h1 + hs)

(h1+h2)? (h1 + ha)?

Thus G” = 0 if and only if there exists a constant « such that

-1 ha n
= — Oé,
hi+ he hi + hs
ie. —1=—¢5+ a(q] + ¢5), which gives immediately the condition. O

In the particular case where a gas is inert, say the first one (¢1 = 0), we can give a very
simple criterion:

Proposition 3.3 Assume qu = 0. Then PSA System (E)—(B) is a Temple system if and only
if the “active” isotherm is linear (¢4 =0).

Proof : if ¢ = 0, then the system is in the Temple class thanks to Lemma .1} Now
assume that the system is in the Temple class: following Lemma B.1|, 8, (uG(c)) = 0 holds
for the entropy solution of any Riemann problem.

We recall that a Riemann problem for PSA System has the form

Ozu+ Oh(c) = 0,
Ox(uc) +0I(c) = 0,
_ 4
c(0,2) =c €[0,1], x>0, { Z((ig)) _ Z+€>[8’1]’ t> 0.
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Figure 1: data for the Riemann problem

Here we have the self-similar entropy solution (¢ = C(z), u = U(z)) with z = t/z: see
Fig. m The data are c_, ¢4, ug, the unknown is u_ and we have (see [ﬂ])

B B uy y(c—,cy) for a shock
u- =Rl o4, uy) = { uy G(cq)/G(c-) for a rarefaction, (14)

where
e+ aqi(©)) —cylh]  a+h_
e ) = e @l e ]
with o = % +1,[d=ct—c, [fl=f"—f = f(c")— f(c™) (and so on).

Since the system is in the Temple class, shock and rarefaction curves coincide, thus we

h_ _
have: + == &, then —a[G] = [hG]. We can assume g(0) = 0, then choosing
c— = 0 and setting ¢ = ¢4, we get [G] = G — 1, [hG] = hG — K with K = h(0) > 0 and

a—l—h.,. o ’LL+ o G_
a =1— h(c). Thus, the equality —a [G] = [hG], reads G =1+ K — h.
—W

Differentiating this relation we get ¢ G = —h/, then G = = H. Differentiating
o oy
G=H we get ¢ = 5 but in view of ([Q) we have ¢’ = T thus b’ = —H' = h/ + ¢h” and

finally h” = 0ie. g5 =0. O

Remark 3.1 For an inert gas (for instance the first one: ¢1 = 0) and an active gas with
strictly convez isotherm (g5 > 0), PSA System is not in the Temple class. For example, it is
the case if the active gas is the ammonia or the water vapor. For other examples, see /ﬁ, ﬂ/

4 The blow up solution

In this section we present and prove our main result: the existence of an entropy blow up
solution. It is organized as follows. First we state and comment this result, next we give a
basic step allowing to increase the velocity through two non interacting waves, a shock and
a rarefaction. Then we repeat this process to build a piecewise Lipschitz entropy solution
with growing velocity. Lastly, a sequence of such solutions leads to a blow up (in a bounded
space-time domain).



4.1

Main result

Our main result needs four assumptions explained in subsection @

Theorem 4.1 (Blow up for velocity) Assume (H1), (H2), (H3) and (H4). Then for any
T >0, Xoo > 0, there exist weak entropy solutions on [0,T] X [0, Xoo[ such that

| [| Lo ((0,7) % (0,X o)) = 00

Actually the solution built to prove this theorem has special features.

4.2

The velocity only blows up at the boundary {¢t = 0} when x — X, with arbitrary
small data.

The system is strictly hyperbolic, but at ( ¢ = 0, x = X,) it becomes degenerate

H{(c)

hyperbolic because A = ——= tends to 0 when u tends to +00. Then the boundary
u

becomes twice characteristic.

VX €]0, X[, u, c € L*(0,T; BV(0,X)) N L>*(0,X; BV(0,7)). The concentration ¢

remains bounded while u blows up.

Let Q be a neighborhood of the critical point (¢ = 0,2 = X&) such that Q C [0,7T] x

[0, X].- Outside 2, we can prove that (u,c) has a piecewise smooth structure, so

the blow up occurs only at the boundary. Indeed, there is an accumulation of wave-

interactions near (t = 0,2 = X).

To build such solutions, we have necessarily to choose the boundary concentration
co(z) = ¢(0,z) not in BV (0, Xs). Else there is no blow up, see [, f].

A mechanism to increase velocity

In this section, we present the main ingredient for the construction of the blow up solution.
It consists in the resolution of two consecutive Riemann problems which leads to increase
the velocity without increasing the concentrations.

X
A

\/
—

U, Cy

Figure 2: the two Riemann problems



For the first Riemann problem the data are (c_, ¢4, ug) in such a way that the solution is
a shock wave and we set (see ([4)) u1 = R(c—, c4, ug). For the second problem the data are
(¢4, c—, u1), the solution is necessarily a rarefaction wave and we set us = R(cy, c—, uq).
The sign of G” is crucial but not those of f” and h’ in assumptions (H3), (H2). Indeed,
exchanging the labels of the two gas changes signs of f” and A'. In the sequel, we fix
these signs:
/<0, K <0 everywhere

but it is not restrictive and all variants work. With these assumptions we must take c_ < cy.
We introduce now the amplification coefficient R defined by

us = Rug.
We are going to show that this coefficient only depends upon (c_,c4).
Lemma 4.1 The amplification coefficient satisfies R = R(c_,cy).
Proof : according to (IE)7 for the shock the Rankine-Hugoniot condition gives
up = ugpy(c—,cq)
and for the rarefaction, we have 9, (u G(c)) = 0 then uz G(c4) = u1 G(c). Finally we have

Uy = ggz;; v(e—,cq)up = Re—, eq) up.

The following lemma justifies the label “amplification”.
Lemma 4.2 We assume (H1), then the amplification coefficient satisfies R > 1.

Proof : we have G” < 0 then 9,(uG(c)) > 0 thanks to [[]. For the shock curves, we
have u1 > ug, c— < ¢y and up G(ct) < u2 G(cy). Finally, we have us = Rug > wuo then
R>1. O

Notice that for the shock curves we have c_ < ¢4 and u is not monotonous along the
process because ug < ug < uj. Actually we need to have a strict amplification i.e. R > 1.
We show that it is true for almost every choice (c_, ¢4+ ) with c_ < ¢4, provided the isotherms
are analytic as we will see below. We proceed in two steps.

Lemma 4.3 R(c_,c4) =1 if and only if the system is in the Temple class.

Proof : assume that R(c_, c;) = 1 then ug = ug. This is true for any (c_, cy) with c— < ¢4
and thus the shock curve connecting (c4, ug) to (c_,u1) and the rarefaction curve connecting
(c—,u1) to (cy,us = ug) are the same, but traveled in opposite directions. Finally shock and
rarefaction curves coincide i.e the system is in the Temple class.

Reciprocally, if the system is a Temple system we have 9, (u G(c)) = 0, then

ug G(et) = uyp G(e-) = ua Gley),

finally ug = ue and R(c_,c4) = 1. O



Lemma 4.4 We assume (H1), (H3) and (H4).
If the function R is analytic then R(c—,cq) > 1 almost everywhere in the domain c_ < c4.

Proof : thanks to (H1) and lemma @ we have R > 1. Since R is analytic then either
R(c_,cy) =1 always, either R(c_,c4) > 1 almost everywhere. With the assumption (H4),
PSA System is not a Temple system then, thanks to the previous lemma, R > 1 almost
everywhere. (|

Notice that the commonly used isotherms are analytic, then R also. With Remark B.]]
we have some relevant examples where the situation R > 1 occurs.

4.3 A solution with growing velocity

Following the mechanism introduced in the preceding subsection we impose constant initial
data and piecewise constant concentration at the boundary such that Riemann problems at
the boundary are alternatively solved by a shock or a rarefaction.

Let N > 1 be a fixed integer, 0 = 29 < 21 < -+ < xay—1 < X =22y, 0 < c<e <1
such that R(c,) > 1 and ug > 0. We solve PSA System (|)-(d) with the following data for
O<t<T,0<z<X,k=0,1,--- ,N—1:
= c

)
) =

c )

(t,0
(t,0

u

c(0,2) = {

Uo,
Zf Top < T < T2k+1,
Zf Top+1 < T < XTog42.

)

(15)

ol o

With these data we prove existence and uniqueness of a piecewise Lipschitz entropy
solution:

Theorem 4.2 We assume (H1), (H2), (H3). With data ({3), there exists a unique weak
entropy solution in the class of piecewise Lipschitz functions. Furthermore, this solution has
at exactly N shock curves on [0,T] x [0, X].

The uniqueness is an important feature to extend the previous entropy solution until the
blow up.

Proof : to construct the solution we use the Front Tracking Algorithm as in [ﬂ] (see
[H, [4] for general references). There exists a zone Z (see Fig. [), a neighborhood of the
boundary {t = 0} where Riemann problems do not interact. In this zone Z we have an
explicit solution. Let us denote by wuy the value of u(z,0") when zp_1 < x < x) for a given
k>0.

Since f” < 0 and b’ < 0 we have N shocks merging from ((z2r,t = 0))p_, and N
rarefactions from ((zogy1,t = 0)){6\’:}}. Furthermore uog < uggt1, Uk < Uggt2 = Rug, and

U2k = Rk uQ- (16)

Take § > 0 to discretize the rarefactions as in @] and let shocks, rarefactions and contact
discontinuities interact to obtain an approximate entropy solution on [0, 7] x [0, X].

As in a scalar conservation laws with piecewise constant data, no new shock can appear
but shocks can disappear. It is a consequence of wave-interactions studied in ﬂ] We recall
the following results concerning interactions:

10



e if a rarefaction interacts with a shock then we have a contact discontinuity and a
rarefaction or a shock.
If the shock and the rarefaction have the same strength (i.e. the same absolute variation
of the concentration through the simple wave) we have only a contact discontinuity;

e if two shocks interact we obtain a contact discontinuity and a stronger shock;

e if a shock interacts with a contact discontinuity, we obtain a contact discontinuity and
a shock with the same strength;

e if a rarefaction interacts with a contact discontinuity, we obtain a contact discontinuity
and a rarefaction with the same strength.

So, we can follow each shock, more precisely:

e if a shock disappears after an interaction with a stronger rarefaction, by convention
we follow the characteristic speed associated with the eigenvalue A = H(c)/u, and the
strength of the shock is 0;

e if two shocks interact, they become a single shock. But, we consider this shock as two
shocks to define without ambiguity the parametrization of the N shocks issuing from
((w2r,t = 0))N_, by N functions s¢ : [0, X] — [0, 7.

The entropy inequality 0, u G(c) > 0 yields a lower bound inf u > 0, and then a upper bound

_ sup[oyl] H 52
for A= H(c)/u: 0 < A < A = Tt Thus the speeds of the shock curves =, are
. infu x
bounded by A.

Thus, we have N shock curves uniformly Lipschitz. When § goes to 0, Ascoli’s Theorem
gives N Lipschitz curves (s;)Y_,, up to a subsequence. We denote by U° = (c?,u’) the
approximate solution issued from the Front Tracking Algorithm with § > 0 fixed. Extracting
again a subsequence (6,,), the sequence U, = U°’" converges towards an entropy solution
U = (u,c) as in [@, ﬂ, ﬂ] Let us denote by S the set of shocks merging from the boundary.

N
S — U T where I'y, = {(z, sp(x)), z € [0, X]},
k=1

and I‘i, 59 with a similar definition for the approximate solution U°. We show that ¢ has
no singularity except on S.

Outside S the concentration c is necessarily continuous.

Notice that ¢ has BV regularity (see [, [i]). So, c is discontinuous if and only if ¢ has shocks.
Furthermore (¢, u) is an entropy solution hence d,c > 0 through the shocks. So it suffices to
prove that d;c < 0 outside S to conclude.

For this purpose, take any open set 2 such that S N Q = (). Using the uniform limit of
the shock curves, we have no shock for U, in €2 and n sufficiently large: n > nq. So, in 2,
any jump of ¢ satisfies [¢*»] < 0 since it is in a rarefaction zone € for n > n;. That is to say
8™ < 0in Q for n > ny. Passing to the limit we get d;¢c < 0. Then, ¢ is continuous in 2.
This is true for any open set outside S, so ¢ is continuous except on S.

Since ¢ is continuous outside a finite number of shocks, we can obtain ¢ and w by the
method of characteristics, as in [E] More precisely, it was proved in [ﬂ] that any entropy
solution with a continuous concentration is unique and can be constructed by the method
of characteristics. Since) is bounded, the characteristics are Lipschitz continuous, so c is

11



Lipschitz too in the complementary of S, which prove the piecewise Lipschitz structure of
the concentration for the entropy solution. Notice that u is less regular than ¢ because there
are contact discontinuities merging at each interaction between two waves.

Uniqueness: the piecewise Lipschitz structure allows us to prove uniqueness. It is a simple
extension of a theorem proved in [E] for piecewise smooth solutions. For completeness, we
give the key points of this proof. Under the first shock, namely in the zone Z; (see Fig.
E), (u,¢) is unique and determined by the method of characteristics. In our case, (u,c) is
constant in Zy, but we do not use this fact to give a general argument and to use it for the
other zones.

Over the first shock and under the second one, namely zone Z;, the characteristics are
well defined if we know u on the upper side of T'; since d,u G(¢) = 0 on Z;. Indeed we have
the following equations in variables (u, c):

O W = 0, in ZyU 77,
atC+W¢(C) azC = O, in ZO UZl,
8tx(t, S, ZE) = W¢(C), in ZO U Zl,
Wl—WO = .7:(00,61), on Fl,
d

% = S(WO,CQ,Cl), on Fl

with W (t,0), ¢(t,0), ¢(0,x) are given functions and ¢(c) = 1/(H(c)G(c)).
The trick in [@] is to work in variable ¢. In the same way, ¢ is an admissible parameter

d
for the shock curves I'y: % is well defined since we have BV estimates for Inu, thus A

avoids zero. Moreover W has jumps with respect to ¢ (contact discontinuities for u) and the

1
product ———— 0;c may not be defined.

W o(c)

The first two equations are equations for the Riemann invariants W and c¢. The third
equation is the equation of characteristics associated to the eigenvalue A where x(¢,¢,2) = .
The fourth equation is the Rankine-Hugoniot equation, where ¢; and W; are the traces of
cin Z; on I'y. This relation gives us W in Z; if we know I'1, ¢g and ¢;. Indeed I'; is an
unknown curve, but the last equation determines it with an ordinary differential equation.
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Figure 3: first interactions and free zone Z

At t =0, we know Wy, cg, c1 so we know I'y and W7 locally near the corner for all ¢t < 7,
and then for all z. We use a local uniqueness Theorem as the Cauchy-Lipschitz Theorem.
Notice that when we know W7 for t < 7, the characteristics are also defined for all z thanks
to ;W = 0. So, we have a uniqueness result in Zyg UI';y U Zs for t < 7 and we extend the
uniqueness result until ¢ = T'. Next, we use the same technique for the second shock curve
and so on.

Now, as in [E], U = (c,u) is unique. So, the whole sequence U° tends to U. (]

4.4 Blow up of the velocity

Now, we use data ([[§) with N = +oc i.e. (zy)ren is an increasing sequence such that

klim T = Xoo- Then, the concentration remains bounded at the boundary but the BV
——+00

norm of ¢ and the L* norm of u blow up at the boundary ¢t = 0. Near (t = 0,2 = X,), there
is an accumulation of oscillations for the concentration and an accumulation of interactions
between shocks and rarefactions.
Let Z be the subset of [0, T] x [0, X[ defined in the previous subsection: it is a neighborhood
of the vertical segment {0} x [0, X [. Indeed, the first interaction takes place at (¢!, z1): since
a contact discontinuity propagates vertically, we have first to cut the set {t > t!,z > z'}.
We do the same work, for all first interactions of the 2V Riemann problems issuing from the
boundary.

Then Z = {0 < 2 < Xo, 0 <t < z(z)} where the function z : [0, Xs] — [0,T] is
piecewise constant on [0, X] for any X < X, non increasing, positive before X, 2(0) =T,
2(Xs) = 0.

13



On Z, we exactly know the solution and

lim u(t,x) = +o0.
(t,x)eZ, x> X

Proof of the Theorem @: let 0 < X < X«. By previous construction, we get a
unique piecewise smooth entropy solution UX on [0,T] x [0, X]. If 0 < X <Y < X, we
get UY and by uniqueness, UX = UY on [0,T] x [0, X]. So, as for an ordinary differential
equation, we can consider the unique maximal solution on [0, T] x [0, X[. Before interaction
between the solutions of the Riemann problems issuing from the boundary, we know explicitly
U in Z. From geometric increasing of u(0, z) when z — X, we get a blow up for u at t = 0,
T =X

Furthermore, the characteristic slope 1/A goes to infinity near {0} x {X} but outside
a suitable “triangular neighborhood” of this point we get a determination zone where the
solution has BV regularity and there is no blow up. This determination zone has the form

t
T={(tz);0<t<T, O<x<min(X—|—§,Xoo}

for any X in |0, Xoo|. O

5 Conclusion

To conclude this paper, let us give some comments about this topic.

e [t is a new physical example of hyperbolic partial differential equations exhibiting a
blow up. However, this chemical model becomes not physically relevant for too large
velocity, u >> 1.

e It follows from our blow up example that general L°>° theory for PSA System only
with cg,cp,Inu, € L is impossible. But, since our example does not blow up at
finite distance of the boundary, a natural conjecture is: “if Inu remains bounded at the
boundary ¢ = 0, there is no blow up”.

e We also conjecture that our solution can be defined for x > X, as an entropy lo-
cally piecewise smooth solution outside the boundary, with infinite velocity on {0} x
[Xoo, +00].

Finally we give some comparisons with other blow up solutions for 2 x 2 systems. The
reader can also consult [24] and the memoir 5.

e There is a very simple and impressive example in [, @], with two Burgers equations
linearly coupled on two boundaries. This solution blows up in finite time T for all z.
In contrary, for our example, there is only one boundary and the solution only blows
up on this boundary.

e Asin ], it is an example exhibiting a blow up of amplitude where at the same time
the system looses strict hyperbolicity. This is a special feature of 2 x 2 systems, since
for larger systems, at least 3 x 3 systems, this is well known that blow up can occur
without loosing the strict hyperbolicity.
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