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Abstract

Motivated by applications to the piston problem, to a manhole model, to blood flow and to
supply chain dynamics, this paper deals with a system of conservation laws coupled with a
system of ordinary differential equations. The former is defined on a domain with boundary
and the coupling is provided by the boundary condition. For each of the examples considered,
numerical integrations are provided.
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1 Introduction

This paper deals with a mixed problem consisting of a 1D system of hyperbolic conservation laws
coupled with a system of ordinary differential equations. The former is defined on the positive
half-line R™ and the coupling is provided by the boundary condition, i.e.

O+ 0z f(u) =0 (t,z) € Rt xRT
b (u(t,0)) = B (t,w(t)) t € R (1.1)
w:F(t,u(t,O),w t € RT.

The boundary condition on the second line above is an algebraic relation acting as interface
between the two evolutionary differential equations. Recall that systems of conservation laws
admit solutions developing jump discontinuities and the sense in which the boundary condition
is attained can be critical. Here, we restrict our attention to the mon characteristic case, which
allows us to require that the solution to (1.1) attains the value imposed at the boundary in the
strong sense of the trace, for a.e. time, see 2. in Definition (2.1). We refer to [2, 3, 15] for further
information on the analytical treatment of boundary value problems for systems of conservation
laws.

In recent years, there has been an increasing interest in systems composed by ordinary differ-
ential equations and partial differential equations interacting together. The most famous example
probably consists in the interaction of a fluid (liquid or gas) with a rigid body or with an elastic
structure, like a membrane, see [25, 26]. The evolution of the rigid body is described by a system
of ordinary differential equations, while the evolution of the fluid is subject to partial differential
equations like Navier-Stokes or Euler equations. Up to now, the focus was mainly on the study
of regular solutions and, hence, the phenomenon of the creation of discontinuities in finite time,
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typical of nonlinear conservation laws, was not considered. Among the first papers in the present
context dealing with shock waves we recall [17], in the case of particles in a fluid.

The analytical results below ensure the existence of solutions to the mixed system (1.1). The
technique used essentially relies on the classical theorems on the Cauchy problem for an ordinary
differential equation, see [14], and separately on more recent results on the initial — boundary value
problem for 1D systems of conservation laws [8]. We stress that in the analytical results, as well
as in the applications below, the relation on the second line of (1.1) may not be inverted, so that
system (1.1) may not be decoupled, see Remark 2.1.

As a first driving example for (1.1) we select the classical piston problem. Here, u is the pair of
the fluid specific volume and speed; w is the position of piston; f states the conservation of mass
and of linear momentum; F' relates the fluid pressure, the outer pressure and the acceleration of
the piston; the pair b, B ensures that the piston remains adjacent to the fluid, see Section 3.1.

Then, in Section 3.2, we pass to the model recently presented in [5]. Aiming at the description
of a sewage system, it deals with the dynamics of water in a network of horizontal pipes receiving
water from a vertical manhole. Now, w is the vector of pairs (4;, Q;), where A; is the wet area of
the i—th pipe and Q; is the flow therein, with 7 ranging over all the tubes; w is the height of water
in the vertical pipe. The interface between the manhole and the horizontal pipes is described by
b, B, which are here physically justified, see [5].

In Section 3.3, we consider a supply chain model recently considered in the literature, see [4].
Now, u is the vector of the densities of goods in the processors and w are the loads of the processing
queues.

Finally, in Section 3.4 a further example is provided by a model for blood flow, often considered
in the present literature, see for instance [7, 13, 23]. In this case, u is the pair artery section, blood
flow in the artery; w is the pair consisting of the blood pressure and flow in a vessel.

A further example of a mixed ordinary differential equation — conservation law is found in [19],
where the motivating application is a traffic flow problem. There, no boundary is explicitely
present and the two equations interact in the interior of the spatial domain.

The technical details of the proofs are collected in Section 4, while the various numerical
integrations are presented in the paragraph of the model they are referring to.

2 Analytical Results

Throughout, we denote Rt = [0, 400[ and Rt =]0, +00[. Let 2 C R™ be an open set.
On system (1.1) we require the following conditions, where we refer to [6, 11] for the standard
vocabulary about conservation laws.

(f) f € C*Q;R") is smooth and such that Df(u) is strictly hyperbolic for all u € Q, each
characteristic field is either genuinely nonlinear or linearly degenerate.

Without loss of generality, we may assume that 0 € Q and for all u in Q, Df(u) admits n
real distinct eigenvalues Aj(u), ..., A, (u), ordered so that A;—1(u) < A;(u) for all u € © and

i=2,...,n, with right eigenvectors r1(u),...,r,(u). We also introduce the following conditions.
(NC) There exist a ¢ > 0 and ¢ € {1,2,...,n — 1} such that for all u € Q, A\(u) < —c and
>\g+1(u) > c.

The above Non Characteristic condition on f is coordinated with the following assumption on b,
which describes how the boundary data is assigned.

(b) b€ CHQ;R"*) is such that det [Dy,b(0) re41(0) Dyb(0) re2(0) -+ Dyb(0) 7, (0)] # 0.

Remark 2.1. If the boundary condition is invertible, in the sense that it is equivalent to u(¢,0) =
b=t (B (t, w(t))) for a suitable B, then system (1.1) can be decoupled, solving first the o.d.e. w =

F (t, p—! (B(t, w)) ,w) and then, separately, the balance law with boundary (2.1). In the applica-

tions considered below, b is not invertible in this sense. Moreover, condition (b) above essentially



imposes b to be not invertible. The case of an invertible b would formally correspond to ¢ = 0

in (b).

The two existence results below, theorems 2.7 and 2.8, rely on the following two different
assumptions on B, see Remark 3.2.

(B1) B € CYR* x R™;R"¥) is independent from the time variable, so that B = B(w).

(B2) B e C'R' x R™;R"*) is locally Lipschitz, i.e. for every compact subset K of R™, there
exists a constant C'z such that, for every t > 0 and w € K:

H QB(L w)
Rn—¢

ot

0
— Bt
Rn—¢ + Haw ( 7w)

Finally, we impose to the ordinary differential equation in (1.1) to fit into the framework of
Caratheodory equations, introducing the following conditions.

(F) The map F: RT x Q x R™ — R™ is such that

1. For all ¢ > 0 and u € €2, the function — R is continuous.
—  F(t,u,w)
2. For all t > 0 and w € R™, the function €@ — R is continuous.
u — F(t,u,w)
Rt — R™

3. Forall u € Q and w € R™, the function ) is Lebesgue measurable.

t — F(tu,w
4. For all compact subset K of ), there exists a constant Cx > 0 such that

||F(tvu7w1) - F(tauaw2)”Rm <Cgk ||w1 - w2|

RNL .
(F1) There exists a function C' € L, _(RT;R™) such that for all ¢ > 0, u € Q and w € R™

HF(t, u,w)}

R™ S C(t) ||wHR7” :

(F2) There exists a function C' € L (RT;R*) such that for all t > 0 and u €  and w € R™

loc
E (1w, w) | < CE) (14 ]z -

Above, we used the notation C(¢) and Ck to denote quantities whose precise value is not relevant

in the sequel. The distinction between (F1) and (F2) leads to the two theorems 2.7 and 2.8. A

possible physical interpretation of the necessity of this distinction is provided by Remark 3.2.
First, we consider the conservation law with boundary

Ou+ 0, f(u) =0 (t,r) € Rt xRt
b (u(t,0)) = B.(t) t € Rt (2.1)
u(0, z) = uo(z) r € RT.

The above problem will be related to (1.1) setting B.(t) = B (t,w(t)). Following [8, Definition 3.1],
we slightly modify the definition given in [15] of solution to (2.1) in the non characteristic case,
see also [3]. Indeed, here we require the boundary condition to be satisfied by the solution only
almost everywhere.

Definition 2.2. Let T > 0. A map u = u(t,x) is a solution to (2.1) if
1. ue CO ([0, T;; LY(R;R™)) withu(t,x) € Q for a.e. t € RT, x € RT and u(t,z) = 0 otherwise;

2. w(0,x) = uo(z) for a.e. z >0 and limy o4 b (u(t,x)) = B.(t) a.e. t > 0;



3. for x>0, u is a weak entropy solution to Opu + O, f(u) = 0.

We refer to [6, Chapter 4] for the entropy admissibility criterion in balance laws. Below, we
construct solutions u such that u(t) € BV(R™; ), which ensures the existence of the trace at 2.

Theorem 2.3. [8, Theorem 2.2] Let system (2.1) satisfy (f), (b) and (NC). Then, there exist
positive 5, A and L such that for all B, € BV(R*;R"~*) satisfying

16(0) = B.(0)]| g + TV(B.) <4, (2.2)
there exists a family of closed domains Dy with
{u e LYR*:Q): TV(u) < 5} cD, C {u e LY(R*:Q): TV(u) < A}
defined for allt > 0, and a process
Pg, (t,t,): Di, = Dy, 41, for all t,,t >0,
such that

1) for allt, >0 and u € Dy, Pg, (0,t,)u = u while for all t,s,t, > 0 and u € Dy, it holds that
Pp, (t+ s,to)u= Pp, (t,to + ) o Pp,(8,to)u;
2) for any u € Dy,, v € Dy and for allt, > t, > 0 and t > t' > 0, we have the following Lipschitz

estimate:

Rnféd/r ;

to+t _
| P5. (t, to)u—Pg, (t', ty)v|| .. <L [Ilu — vl |t — |+ |t — t;|+/ | B+ (1) — B.(7)]
t

o

3) for all u, € Dy, the map u(t,x) = (Pp.(t,0)u,) () defined fort € R* and x € R*, solves (2.1)
in the sense of Definition 2.2;

The proof amounts to an application of [8, Theorem 2.2], see Section 4.
Now we pass to the ordinary differential equation

(2.3)

w=F.(tbw) t € Rt
w(0) = w, .

which is understood in the Caratheodory sense, see [14, § 1]. The link between (2.3) and (1.1) will
consist below in the relation Fi (¢, w) = F (¢, u(t,0+),w).

Definition 2.4. Let (2.8) be a Caratheodory equation in the sense of [14, § 1]. A function
w € WLYRT;R™) is a solution to (2.3) if, for a.e. t € RT,

w(t) = w, —|—/0 F, (t,w(r)) dr .

The following standard result ensures the well posedness of (2.3), see similar results in [14, Chap-
ter 1], for instance.

Proposition 2.5. Let F, = F.(t,w) be a map measurable in t and such that there exist A, B €
LL (RT;RT) such that

[P ()| < A®) + B(t) [[w(t)]

and for any compact set K C R™ there exists a constant Cx > 0 satisfying

- forallt >0 and w € R™ (2.4)

| Fu(t, wr) — F*(t,wg)HRm < Ok ||lw1 — wallgm forallt>0 and w e K. (2.5)

Then, problem (2.8) admits a unique solution w in the sense of Definition 2.4. Given a sequence
of vector fields F!' all satisfying (2.4), (2.5) and converging a.e. to F., call wy, the corresponding
solutions to (2.3). Then, we have the convergence limy,_, o wp, = w uniformly on any compact
time interval.



The proof is elementary and is sketched in Section 4.
Now we pass to the full problem (1.1), providing a rigorous definition of solution to (1.1).

Definition 2.6. A pair (u,w) with u in C° (R*;LY(RT;Q)) such that u(t) € BV(R*;R) for
a.e. t € RY and w in WHL(RT;R™) is a solution to (1.1) with initial datum

u(0,2) = uo(x) forax >0 and w(0) = we(t) fort>0

if u solves (2.1) with B.(t) = B (t,w(t)) in the sense of Definition 2.2 and w solves (2.3) with
F.(t)=F (t,u(t,0+),w) in the sense of Definition 2.4.

We are now ready to state the main results of this paper. First we provide an existence result
that holds on any time interval [0, T].

Theorem 2.7. Let (f), (NC), (b), (B1), (F) and (F1) hold. Assume that 0 € Q and b(0) =
B(0). Then, for all T > 0, there exists 67 > 0 such that, if the initial data u, € L*(RT;Q) and
w, € R™ satisfy

TV (uo) + ||wollgm < o7 (2.6)

then problem (1.1) admits a solution in the sense of Definition 2.6.

The above result can not be applied as soon as F(t,0,0) does not vanish, for in this case the
total variation of B (w(-)) on the time interval [0, 7] may exceed the bound (2.2) preventing the
solution to (1.1) to be defined on all [0,T], see Remark 3.2. Therefore, the assumptions in the
next theorem are weakened substituting (F1) with (F2). An analogous observation holds for the
distinction between (B1) and (B2). Note however that in all the examples below, B does not
depend explicitly on time.

Theorem 2.8. Let (f), (NC), (b), (B2), (F) and (F2) hold. Assume that 0 € Q and b(0) =
B(0,0). Then, there exist 6 > 0 and Ts > 0 with the following property: for every initial data u,
and w, satisfying

TV (uo) + [Jwollgm <& (2.7

problem (1.1) admits a solution in the sense of Definition 2.6 on [0, Ts].

The proofs are deferred to Section 4.

3 Applications

As it is usual in applications, in the paragraphs below the role played by the state 0 in Q will be
played by a fixed reference state, say #, in a neighborhood of which the various assumptions of
Theorem 2.8 hold.

The numerical results are obtained with a local Lax-Friedrichs MUSCL scheme in case of the
conservation law and with an explicit Euler method for the ordinary differential equation. The
coupling is done after each time step. At the right boundary zero Neumann conditions are imposed.
The CFL number is 0.45 in all the examples given.

3.1 The Piston Problem

Consider a rectilinear tube filled with fluid to the right of a piston, see Figure 1. In the isentropic,
or isothermal, case this system can be described using Lagrangian coordinates, by the p-system
coupled with an ordinary differential equation governing the piston. More precisely

T — Opv =
atv + a'vp(T)
= v(t,0+) (3.1)

V —a- (P(t) . (T(t,o+)))



where t is time, x the Lagrangian mass coordinate, 7 the specific volume, v the Lagrangian speed
of the flow, p the pressure in the fluid, V the speed of the piston, P(t) the (given) pressure to the
left of the piston and « is the ratio between the section of the tube and the mass of the piston,
see Figure 1. This problem has been widely considered in the literature, but mainly with pistons

P
v

Figure 1: The notation used in the piston problem (3.1).

having assigned movements, see for instance [21, 22] or [18, § 99]. Here, on the contrary, the
acceleration of the piston is due to the difference between the pressure of the fluid on its right and
that of the outer environment on its left.

Below we prove that Theorem 2.8 can be applied to (3.1).

Proposition 3.1. Fiz any (7,0) € Rt xR. Letn = 2, =1, m =1 and, with reference to (1.1),

define
u = ToT flu) = Y
[ v 1 ) p(7) ] (3.2)
w = V-0 F(t,u,w) = a (P(t)—p(7))

Then, problem (3.1) is of the type (1.1). Moreover, assume that

p € CYRY;RT) with p'(1) <0 and p"(7) > 0 for all 7 € RT
P ¢ Li,(R%:RY)

then, there exists a positive 6 and a positive T such that for any initial datum (To,v0) € (T,0) +
LY(RT;R?) and V, € R with TV (7o,v,) + |Vo — V| < & problem (3.1) admits a solution on [0,T]
in the sense of Definition 2.6.

Above, the requirement on p is a standard assumption on the pressure law for an ideal gas.
For instance, the standard y—law p(7) = k/77 meets this requirement, for k£ > 0 and v > 1.

Remark 3.2. This example also shows the physical meaning of the difference between condi-
tions (F1) and (F2). Indeed, (F1) holds only at time ¢ = 0 in the case where P is constant
and equal to p (7,(04)). Otherwise, consider, for instance, the case p(7) = k/77 with v > 1, 7,
constant, v, = 0 and P(t) = p(7,) — €. Then, the piston accelerates to the left eventually creating
vacuum, preventing the existence of solution to (3.1) on an a priori fixed interval [0, 7.

As an example of solution to (3.1), we consider a case in which the piston’s movement is
determined by the fluid. Indeed, in (3.1) we choose the ratio between the pipe’s section and mass
to be a = 1, the y-law p(7) = 7=%* and P(t) = 0.6'* as outer pressure. As initial datum we
choose a shock approaching a piston at rest, that is

_ )1 if x€10,0.5] _Jo if x€10,0.5] B
To = { 1.429 if z€[0.5,400] Vo = { —0.441 if 2 €[0.5, +o0] Vo=0. (3.3)

The results shown in Figure 2 refer to the time interval [0,1.2]. At the beginning the outer
pressure pushes the piston to the right. When the shock hits the piston, its acceleration suddenly
changes sign. After that, the piston slows down, until it finally moves backwards.
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Figure 2: On the first line, the 7 component and, on the second line, the v component of the solution
to (3.1)—(3.3) plotted as a function of the space variable z. On the third line, the piston’s speed, left, and
position, right, as a function of time. In the first two lines, on the left, the initial datum with a shock
approaching the piston; on the second column: due to the outer pressure on the piston, a rarefaction arises
and the pisyon’s speed changes sign; third column: the rarefaction and the shock are interacting; fourth
column: the interaction finished and the piston is decelerating. Last line: first, the piston accelerates to
the right. Then, when it is hit by the shock, its acceleration suffers a jump discontinuity and it slows
down, eventually starting moving leftward.



3.2 Flow in a Sewer System with a Manhole

Consider a single junction in a sewer network. At xz = 0, a junction joins k horizontal pipes
to one vertical manhole. All pipes start at the junction, so that each of them is referred to an
abscissa x € RT. The flow in the i-th tube, for i = 1,...,k, can be described by the Saint Venant
equations [12], see also [10] or [18, formula (108.1)],

OA; +0,Q; =0

Q; (3.4)
0,Qi+ 0. ($ +pi(4) =0
ensuring the conservation of mass and momentum. A; is the wet cross sectional area, ; the
flow in the z direction and p; € C*(RT;R") is a function representing the hydrostatic pressure,
with p, > 0 and p/ > 0. In the following we assume the flow in the pipes to be subsonic,
ie. ’Q,-/Aif < \/Pi(4;), and far away from the dry state, so that A; > 0. Following [20], as

h
“U=e e —(*

Figure 3: A vertical manhole with two horizontal tubes that exit from it, with the notation used in (3.5).
The Preissmann slots are not shown.

boundary condition, we require the equality of all the hydraulic heads at the junction, that is

3 1.Qi(t,0+)*

(t) = 29 A1 (2.01)? + h; (A;i(t,04)) foralli=1,...,kandallt>0

where h;(A;) is the height of water in the i-th tube and g is the gravitational acceleration. The
conservation of mass at the junction is expressed by

k
Qur (h(8), har(0) + 3 Qu(t, 04) =0
i=1

where Qs (B, har) is the flow into the manhole. The level hjys, which is the height of the water
level inside the storage, changes according to

Qur (h(t). har (1)) + Qext (8

har(t) = Aur

Here, Ay is the horizontal cross section of the manhole and Qey¢ (¢) is a given external inflow into
the manhole. Finally, energy conservation gives

Oum (ﬁ(t)ﬁM(t)) — sign (ﬁ(t) — hM(t)) AM\/zg’iL(t) ~ har(t)].



We are thus lead to study the system [5]

O A; + 0,Q; =0 i=1,... k
2
0:Q; + 0y %+pz(Az) =0 i=1,...,k
A 1 0
h(t)zZ,% T b (A.04) =1k
k A (3.5)
har(t) = —m (Z Qi(t70+)) ZQi(t»0+) + h(t)
94m \ o i=1
. 1 k
har(t) = 7= | Qext (1) - > Qi(t,04)
=1

which falls within the class (1.1). The next result shows that Theorem 2.8 applies also to (3.5).

Proposition 3.3. Let k € N\ {0} and fir n = 2k, £ = k, m = 1. Choose, the strictly positive
areas Ay, ..., Ay, the flows Q1,...,Qr and the strictly positive height hys. Define

A — Ay , Q1

Q1 — Ql % +p1(A1)
W= | fw) = ;

Ay — zf_lk Qk

Qr — Qk % + pi(Ag)

w = hy—hy Ft,u,w) = Sign(h_hM)\ﬂg‘il—hM’+%MQext(t)

0 29 A3
B(t,w) = : blu) = 2 ’ .
0 4+ -
h
M 29 A2 (Zl 1 Q ) =1
where h = = %% Jr h1(A1). Then, problem (3.5) is of type (1.1). Moreover, assume that
1 Q2 1 Q k ~ k B
2gA2+h(A1) =g A§+h(Ak> hat + 5 ZQ > Q
i=1 i=1
ZQz Z ﬁ (3.7)
pi € CHRT;RY) with p, > 0 and p’ >0 fori=1,... .k,
h; € CHRT;RT) (3.8)
QGXt € Llloc(R+;R+) (39)

then, there exist positive 6 and T such that for any initial datum

((Allijtlj)v"w( ian)) € ((Ath)aa("zlkan))+Ll(R+an) and h?\/f eER



with -
TV ((A7,Q9), ..., (A2, Q7)) + |h§s — ha| < 6 (3.10)
problem (3.1) admits a solution on [0,T] in the sense of Definition 2.6.

time=0 time=25 time=5 time=75
058
HWL
0ss

.

time=0 time=2.5 time=5 time="7.5

Figure 4: Integration of (3.5)—(3.11) with k£ = 2, as in Figure 3. On the first line, the water level h; in
the left pipe is plotted vs. x at times 0, 2.5, 5 and 7.5. On the second line, the water level hy in the right
pipe is plotted vs. x at the same times. On the third line, the water level hys in the manhole is plotted
vs. t. A shock from the left pipe hits the junction at about time ¢ = 3.5. This interaction results in water
entering the manhole and in a compression wave propagating in the right pipe, eventually developing into
a shock. To ease the comparison, we plotted the water level h; and not the wet surface A;.

The proof is deferred to Section 4.

As an example, we consider two horizontal pipes as in Figure 3 and plot the result in Figure 4.
We set g = 9.81, Qext = 0, the manhole area Ap; = 1, the pipe radius to r = 0.5, the width of the
Preissmann slot to d = 0.1 and

24 A e [0,57%
hi(A) = 2r — 4 /2r2 — %A A e |Er?mr?— %}

1 d 7.2 2 _ d°
EA_ﬂ+2T_ET A S mr _E7+OO|:

for i = 1,2. At time ¢ = 0, we impose the initial datum

1 2
_ ST z € [0,2.5] _
A4 = {0.97rr2 r € ]2.5,400] Q = 0 (3.11)
A2 = %71’7’2 QQ = 0

10



3.3 Supply Chains

We now consider a single node of a network of supply chains, connecting n suppliers. Assume ¢
incoming suppliers and n — ¢ outgoing ones. Each outgoing supplier is composed out of a processor
and a queue in front of it. For the incoming ones we consider only a processor, as in Figure 5.
The work done by a processor is modeled by

8tpi(t,x) +6z (vlpl(t,x)) =0 S R+7 te RJr, 1= 1, o, n

where p; is the density of goods in the i-th processor and v; is the (constant) processing velocity.
To guarantee the correct orientation of flow, we have v; < 0 for j = 1,...,¢ and v, > 0 for
k=/¢+1,...,n respectively. For the load ¢ of goods stored in the k-th queue, we impose the
conservation of mass:

() = fi* (t,u(t,0)) = fR*(ar)  k=L+1,.,n
where fi" is the inflow and f2*! is the outflow from the queue to the k-th processor. The distri-

bution matrix A(t) = (a;x(t)), for j=1,..., L and k = ¢+ 1,...,n, assigns the percentage a;j, of
the goods exiting processor j and lining up into the k-th queue. Thus, the queue is filled by

" (¢, p(t,0)) Zaﬂk Yvj p;i(t,0). k=0+1,....,n

For the outflow we use the relaxed formulation, as presented in [4],

et =min (2 0) k1

with the relaxation parameter € > 0 small and pj the maximal capacity of the k-th processor.
Existence and uniqueness for the non relaxed case were shown in [16], by directly using wave front
tracking. Summarizing the above equations, we are left with the following problem:

Figure 5: One node in a network of supply chains

at,oi(t CC) + 0y (Uzpz( ))
vk pi(t, 0+) = min (

0 i=1,....n
) k=0+4+1,...,n (3.12)
ar(t) :Zﬁzl aj(t )Uk/)k( 0) - mm(qk( )7/%) k=0+1,...,n.

11



Proposition 3.4. Letn € N, withn >2,£€{1,...,n—1}, m =n —{ and define

P11 — P1 v1p1
u = : flu) = :
Pn — Pn UnpPn
Qe+1 = Qo1 Sy ajest (t) vy py — min { Lgppr, e }
wo = F(t,u,w) = :
In = n L Zﬁ:l ajn(t) vjpj — min {é%lv /Ln}
Ve1P041 min { g1, pes}
b(u) = : B(t,w) = :
UnPn min {%qn, ,un}

Then, problem (3.12) is of type (1.1). Moreover, assume that

Vi,...,00 <0 and vpy1,...,v, >0
Z a;p(t) = 1 forallj=1,...,¢
k=041
ai; € L®[RYR), i=l+1,.,nj=1,.,n (3.13)
then in a neighborhood of any initial state u, = (p9,...,p5) and wo = (¢34, --,q5) with p7 >0

fori=1,...,nand ¢} >0 fork=40¢+1,...,n, Theorem 2.8 can be applied to (3.12).

The example for the numerical computation displayed in Figure 6 has two processors,n = 2
and a single queue,m = 1,/ = 1. One processor is incoming, e.g. v; = —2, the second one has
vg = 1. The remaining parameters have the following values ps = 1, a12 = 1 and € = 0.01.

At t = 0, the outgoing supplier is empty, p3 = 0 and ¢9 = 0, but the first processor contains an
incoming shock, p =0 on (0,1/2) and p$ = 1 elsewhere. The shock approaches the node. Clearly

time=0 ime=0.33462 time=0.9001

0 02 04 06 08 1

Figure 6: Solution to (3.12). The queue length ¢o is on the left, plotted against ¢. On the right: p1 on
top, p2 below, at three different times plotted as function of the space variable x. Note that the initial
load of processor 1 fills the queue and then passes to processor 2.

the second processor can not carry all the incoming load, thus some goods are stored in the queue.

While the second processor is running at maximum capacity, the first one is emptying. When the

inflow breaks, the queue begins to clear. Finally all goods are located in the second processor.
Clearly the numerical diffusion is remarkable, but the qualitative behavior is captured.
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3.4 Blood Flow

Following [13, formulee (2.3), (2.12), (2.14)], [1, Section 2] and [7], we consider the following model
for blood flowing through an artery and a vessel, see also [23] and the references therein. The
former is described through a 1D conservation law, while an ordinary differential equation is used
for the latter.

dra+ 0,q=0

dig+0, (L + () =0
a(t,04+) = as (1 + %PY
P=-%Q—44q(1,0)

Q= 1P 7Q— 1)
where the minus sign in the third line above is due to our choice of the orientation of the z axis.
Here, we used the following notation:

(3.14)

Independent Variables: ¢ time x length along the artery
Known Functions: p artery blood pressure T =(1/p) f;s ap'(a)da
II  vessel external blood pressure
Known Constants: p blood density ag artery size at rest
B artery elasticity R vessel resistance
C  vessel capacitance L vessel inductance
Unknown Functions: a area of artery section q artery blood flow
P vessel blood pressure @ vessel blood flow.

A typical choice for the artery blood pressure is

B a 4
Vas as ,
see [1, Paragraph 2.3]. As it is standard in this context, we assume throughout that all constants

are real positive numbers. The above model fits in the framework constructed in Section 2.

Proposition 3.5. Letn =2, { =1, m = 2. Choose (a,7) € RT xR and (P,Q) € Rt xR. Define

pla) =

B a—a U — 2 4
u = [q—q] F(u) I+ m(a)
_ | P-P AN
T 1p B4 I
bu) = a B(t,w) = as <1+%P)2'

Then, problem (3.14) is of type (1.1). Moreover, assume that

gl <avap'(a) (3.15)
2
a=ag (1 + ﬁP)
5
p e C*RY;R) with p'(a) > 0 and p'(a) + ap”(a) > 0 for alla >0 (3.16)
T e Lh (R 1), (3.17)

then, there erist positive § and T such that for any initial datum (a,,q,) € (@,q) + L*(R*;RR?),

(P,,Q,) € R* x R with

TV(GO, QO) + H(Poa Qo) -

(P,Q)||pz <6 (3.18)

problem (3.14) admits a solution on [0,T] in the sense of Definition 2.6.

Several numerical results about of (3.14) can be found in the current literature. We refer for

instance to [23] and to the references therein.
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4 Technical Details

For later use, we state here without proof the Gronwall type lemma used in the sequel.

Lemma 4.1. Let 6 € C° ([0,T;RT), o € LS, ([0, T);RT) and 8 € Li, ([0, T];RY). If

loc loc

a(t) < alt) +/0 B(t)o(r)dr
then

5(t) < aft) + /Ot a(r) B(r) el B ds g7

Proof of Theorem 2.3. We simply observe that [8, Theorem 2.2] is applicable. Indeed, con-
ditions (f) and (b) therein are the same as the ones here in Section 2. Condition (7y) is here
trivially satisfied, setting v(¢) = 0 for all ¢ and thanks to (NC). Finally, we note that the upper
bound on the total variation of the functions in D; follows from the definition of D; in the proof
of [8, Proposition 4.6] and by [8, formula (4.9)]. O

Proof of Proposition 2.5. The existence and uniqueness of a global solution to (2.3) follow
from [14, § 1]. To prove the continuous dependence from the vector field, find first the a priori
estimate by means of (2.4)

Hw(t)HRm < wo|lgm + /Ot HF (T,?U(T))HRm dr < JJwo|lgm + /Ot (A(T) + B(1) Hw(T)HRm) dr

so that by Lemma 4.1 with a(t) = ||wo||gm + fot A(7)dr and B(t) = B(t),

1)l < ol + [ (A(r) n (|wo|Rm + " A(s) ds) B<T>ef¢B<s>ds> ar .

t T
Rt = H’U}OH]RM +/ (A(T) + <||wo| R™ +/ A(S) dS) B(T)ef‘: B(s)ds) dT .
0 0

Now, following usual procedures based on Gronwall Lemma

Define

dr
R’Nl

Fh (T, wh(T)) — F, (T,U/(T))’

Jantt) ~ v < [
i
v

Let K = {w: ||w|gm < Ri} and call Cp, the corresponding constant in 4. of (F). Call A(t) the
latter summand above, apply 4. in (F) and Lemma 4.1 with a = A4, and 8 = Cg, to obtain

IN

F, (t,wn(7)) = Fy (T, wh(T))H]Rm dr

dr .
R’HL

Fh (T, wh(r)) — F, (T,’LU(T))‘

IN

te[0,T] te[0,T

sup |wp (t) = w(t)]| .. Sup (Ah(t) + CRt/O Ap(7) eCret=T) dT)

T
< Ap(T) + Cg, / Ap () eCreT=m) qr
0

At the limit A — 0, by Lebesgue Dominated Convergence Theorem we have that Ax(¢) — 0 on
any compact time interval and the proof is completed. O
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Proof of Theorem 2.7. The proof is obtained by an iterative method through several steps.

1. Definition of 4, and wi. By assumptions (B1) and (2.2), there exists a positive 6 such
that HB(w) - b(O)’ gn—s < 0/2 for every w such that |[w||g.. < &, where 0 is the constant defined
in Theorem 2.3. Using A as in Theorem 2.3 and C as in (F1), define

K = {weR": |ulgn <1+ |Cliga ey e'“M2em |

0
2 [1+ 1€ o1y €12 @9 | Coy I a7

min { 4,6, (4.1)

or

Fix u, € (L* NBV) (RT;Q) and w, € R™ satisfying (2.6). Define @o(t,z) = u, and wo(t) = w,
for t € RT and z € RT. We easily get TV (B(w,)) < §/2 and, by (4.1) and (2.6), 1o(0,-) € Dy.
Hence, by Theorem 2.3, there exists a solution @ (¢, z) = (Pp. (t,0)0(0,-)) () defined on all [0, T]
to

b (u(t.0)) = B (wo(1)
u(0,z) = uy(x)

with ||u1 (¢, )| gn < Aforae. t€[0,7] and x > 0. Hypotheses (F) and (F1) imply that there

exists a unique solution w; to the Cauchy problem

{ W = F (t, i (£,0), w)

w(0) = w, .

By (F1), we get that, for every ¢ € [0, 77,

t t
1@l < lollzm + / |7 (s 1005, 0), w1()]| . ds < lwollgm + / C(s) w1 (3)][ . ds

and, by Lemma 4.1,

le (t) HRM < Jwollgm

t
1+ / C(s)els Ctrdr ds] < [1+ 1€ o e M0 | g (4:2)
0

Introduce recursively, for k > 2,

O+ Oy f(u) =0
iy as the solution of b (u(t,0)) = B (wi—1(t))
w(0,x) = uo(x)

wy  as the solution of w = F(t, i (t, 0+), w)
w(0) = w, .
Note that the same estimate as (4.2) holds for all Hwk(t)HRm (k > 2), provided 1y exists and
||ﬂk(t,x)||w < A. Moreover, by (B1) and (F1) and since the function ¢ — B (wy_1(t)) is
absolutely continuous, then
T
at - |
Rn—¢ 0

Ta
vV (B (kal('))) = /0
T T
. /O s ()] dt = C, /0 |F(t, 1 (1, 0), w51 (8) ]|

%B (’wkfl(t))

9B (o (1)) w)a (1)

de
ow

Rn—*¢

IN
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IN

oo dt

T
Cri, [ € [unas0)

IN

~ )
Cx, [1+ HCHLl([O’T])el\C’HLl([o,TJ)} ||w0||Rm||CHL1([O,T]) < B

and, by Theorem 2.3, also 4y is well defined.

2. The wy satisfy Ascoli—Arzela Theorem. In this part we prove that the sequence wy €
C° ([0, T};R™) satisfies the hypotheses of Ascoli-Arzela Theorem, see [24, Theorem A5]. In the
previous step, we proved that, for every k € N,

@l < |1+ 1€ go.27y €' 20 | faolgen (4.3)

see (4.2), which implies that the sequence wy is bounded. Moreover we easily get that, for every
keNand 0<s<t<T,

[|wi (£) — wi(s)]

/ F(r,dk(r,O),wk(T))dr—/SF(r,ﬂk(r,O),wk(r))dr
0 0

Rm™ ‘
/
S

[|lwi(t) — we(s)]

RmM

dr
R’HL

IN

F (r, i (r, 0), wi (r)) ]

and by (F1),

t
R S/ C(r) Hwk(r)HRm dr .

By (4.3), we deduce that, for every k e Nand 0 < s <t < T,

|wi (t) — wi(s)]

t
e < ol [14 [l gomy /et 0m] [y ar
S

and we conclude that the sequence wy is equicontinuous. Thus Ascoli-Arzela Theorem implies
that there exists a subsequence wy, and a function w, € C° ([0, T); Rm) such that wy, converges
to w, in C° ([0,T];R™).

3. Definition of ©v With a slight abuse of notation, call wy the convergent subsequence con-
structed in the previous step. Define for k > 1

Opu+ 0z f(u) =0
ug  as the solution of b(u(t,0)) = B.(t)  with B.(t)=B (t,wi(?)) ,
u(0,2) = uo(x)

which is uniquely defined on all [0,7] by Theorem 2.3. Observe that the sequence wuj con-
verges in C° ([0, 7);L*(RT;R")). Indeed, by 2 in Theorem 2.3, (4.3) and (B1), setting R =

[1 + HC||L1([o,T])eHCHI“l([O’T])] llwo lgm »

t
lus) = un®lps < L [ ||B(rountn)) - B (rown)]|, _,ar
0
OB ¢
< L e B 1
B HSIHlER ow Rmx(nm/o Hwk(T) wh(T)H]Rm T
< LT Clu: Julym<ry Wk = whllco

which shows that the uy, form a Cauchy sequence in C° ([O, T); LY(R*; R)) Let v = limg_, 4 0o Ug-
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4. Definition of w. Let @ be the solution to (2.3) with F.(r,w) = F (,u(r,0+),w). We
now prove that w, = w. Indeed, let FF(t,w) = F (t,uk(t,O—l—),w) and apply the last part of
Proposition 2.5. This is possible, since uy(t,04+) — u(¢,0+) for a.e. ¢ € [0,T], which is shown as
in the proof of [2, Theorem 1.2], thanks to (NC). In the sequel we denote w = W = ws.

5. The Pair (u,w) Solves (1.1). Thanks to what was proved in the previous step, it is now
sufficient to verify that u satisfies (2.1) with B.(f) = B (w(t)). Indeed, with the notation of
Theorem 2.3,

HPB* (t,0)u, — u(t)||L1 = kgrfm ||PB* (t,0)u, — uk(t)HLl
t
< LkEI-lr-loo ; B (w(r)) - B (wk(T))‘ - dr
=0
where we used (B1) and the uniform convergence of wy, to w. O

Remark that in the previous proof we are not able to verify that limy, 4 and w do solve (1.1).
Indeed, the extraction of a subsequence of the wy, destroys the link between w1 and wy.

We also note that the roles of u and w in the previous proof are symmetric. An entirely
analogous proof can be obtained beginning with the definition of the sequences uy and wy, using
Helly Compactness Theorem on the ug, define a new sequence wy, and pass to the limit.

Proof of Theorem 2.8. The proof is similar to the one of Theorem 2.7. Therefore, below we
present only the relevant modifications. ~
Let §; be equal to the ¢ exhibited in Theorem 2.3. By (B2), there exists § > 0 such that

| B(0, w) — b(0)| g < 01/2 for every [Jwl|g. < 6. Define
o0 = min{g,él}
H = |14+ [Cllga oy 0] [5+ 1€k o
Ki = {weR™: |wlg. <H}

where A is defined in Theorem 2.3 and C in (F2). Let Cg, be as in (B2). Choose Ts € ]0,1]
such that

Ts <

8 )
1 and 1ClL2 0,75 < m L (4.4)

40[{1 1+ H) éKl ’
Fix u, € (L' NBV) (RT;Q) and w, € R™ such that (2.7) holds. Define to(t,z) = u, and

wo(t) = w, for t € RT and z € RT.
By (2.7), we easily get w, € K1, u, € Dy and, since the function ¢ — B(¢,w,) is absolutely

continuous, then
Ts
o< [
0

~ 1)
< Ok, Ts + 51

2B(s, Wo)

0
s ds +

TV(B(, wo()jio,)) + [ BO,wo) = b(0)| 5

Rn—¢

< 0

by (4.4). Use now Theorem 2.3, for every ¢ € [0, T5], there exists @, (¢,2) = (Pg, (t,0)d0(0,-)) (z)
solving

Ou~+ 0, f(u) =0

b (u(t,0)) = B (t,wo(t))

u(0, z) = u,(x)
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Note that ||i (t, )|, < A for a.e. t >0 and > 0. Hypotheses (F) and (F2) imply that there
exists a unique solution wy on [0, Tj] to the Cauchy problem

{ W = F(t, io(t,0), w)

w(0) = w, .
By (F2), we get that, for every t € [0, Ts],

g 48

lllgem + / (s, (s, 0), wn (5))]

s @l

IA

t
ol + 1C g 0. + / C(8)||wr(5)]|. s

and so, by Lemma 4.1,

t
le(t)| R™ S |:||w0||Rm + HC||L1([O,t]):| 1 +/(; O(S)E‘fé C(r)dr dS]
Cllpiros
< (14 100 o e’ 0] [lasellgn + 1€ o]
< H ws)

Introduce recursively for k > 2 on the time interval [0, T]

i as the solution of b (u(t,0)) = B (t, wr—1(t))
u(0, z) = u,(x)
w = F(t, ’LNkal(t, 0)7 w)

wy,  as the solution of { w(0) = w, .

Note that the same estimate as (4.5) holds on ||wy(t)| gm for all & > 2, provided i, exists and
|tk (t, @) g < A. Moreover, by (B2), (F2) and since the function ¢ — B (t,wy—1(t)) is absolutely
continuous, we have

TV (B (-, wk—l('))HO,Ta]) - /OT5

Ts
= [ o) + B (s e a0
0

diB (s, wr—1(s)) ds

S

Rn—*¢

ds

Rn—¢

ow

. -
< Ck, T5+/ ||w§c_1(s)||Rm ds
0

~ [ T{S
= Ok, T5+/ F(Saﬂk—Q(saO)vwk’—l(s))’R dS]
;

]Rm} ds]

~ T5+/OT50(5) (14w (s)]

= (g, {Ta +(1+ H) ||C||L1(()A,T5):|

Then, by (4.4), we deduce that
TV (B (. wkﬂ(.))‘[o,m) + || B(0, w,) = b(0)]| g < 61

and so, by Theorem 2.3, @, exists in the time interval [0, T].
The proof is now completed following exactly the steps from 2. to 5. of the proof of Theo-
rem 2.7. O
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In this paragraph we verify that the examples, presented in Section 3, have the properties
required to apply Theorem 2.8.

Lemma 4.2. The eigenvalues and right eigenvectors of problem (3.1) are:
M o= SO L 1l Yaen = 20 (20 0)
B ROl R P
) 17 2 Vaer = p'(r)/ (2/(0)

so that the conservation law in (3.1) is strictly hyperbolic and both characteristic fields are gen-
uinely nonlinear.

The proof is immediate and hence omitted.

Proof of Proposition 3.1. We check that the assumptions of Theorem 2.8 are fulfilled.
(f): Holds by the standard properties of the p-system, see also Lemma 4.2.

(NC): Holds by Lemma 4.2.

(b): The determinant in (b) equals A2(7), by Lemma 4.2 and (3.2).

(B2): Note that B(w) = w + 7, hence (B2) holds with C'z = 1 for any compact K.

(F): F does not depend on w, hence (F) holds by (3.2) with Cx = 0 for any compact K.

(F2): Holds by (3.2) with C(t) = « [P(t) + SUp|,_z|<s, P(T)| for, say, 6, € J0,7/2].

O
Lemma 4.3. Fori=1,...,n, in the sewer problem (8.4) we have the following eigenvalues and
right etgenvectors:
- ”(Ai) p/(Ai)
)\ Az - \/m [ -1 ] [ 1 ] V/\z‘,l 'Ti71_2\;p’(Ai) - Aj
ri’l - —A\; 7“@2 = . ” ’ .
)\12—37 + /P (A:) A Ai2 Vhis - rig=2A4) | VP (A)

A

2¢/p'(Ay)

so that the conservation law in (3.5) is strictly hyperbolic and both characteristic fields are gen-
uinely nonlinear.

The computations for (b) are just technical, but lengthy, so we state the following lemma.

Proof of Proposition 3.3. We check that the assumptions of Theorem 2.8 are fulfilled.

(f): Along each pipe, the p-system is strictly hyperbolic, with both characteristic fields gen-
uinely nonlinear, see Lemma 4.3. However, as it is standard in the framework of net-
worked conservation laws, strict hyperbolicity may fail in (3.5). Indeed, in the simplest case
p1 = p2 = .-+ = pg, the eigenvalues computed in Lemma 4.3 in the different pipes may
well coincide. Different rescalings of the x axis in the different pipes allow to recover strict
hyperbolicity, see [9, Lemma 4.1].

(NC): Follows from Lemma 4.3 and (3.6).

(b): The regularity of b follows from (3.8). The determinant in (b) is proportional to
ko[ 7 k (A )
Zl 1;[ gA 7; (A )
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(B2): Here, B(w) = [0---0w + hp]7, hence (B2) holds true with Cz = 1 for any compact K.

(F): The regularity conditions are fulfilled, by the definition of F' and (3.9). The Lipschitz regu-
larity is immediate, since h > 0 by its definition and hy; > 0 by assumption.

(F2): Sublinearity is ensured by (3.9) and by what was noted in the step above.

Proof of Proposition 3.4. We check that the assumptions of Theorem 2.8 are fulfilled.

(f): Clearly we have \; = v;, ¢ = 1,..,n, so that the different conservation laws are decoupled
and linear.

(NC): Since v; # 0, i = 1,..,n, this holds true for e.g. ¢ = 3 min(|v;|).

(b): We directly see det [Dyb(0) 1,2 -+ Dyb(0)rp 2] =TT, 1 v > 0.
(B2): This we obtain immediately with e.g. Cz(t) = 1/e.
(F): The regularity condition is met by (3.13). The Lipschitz constant is 1/e.

(F2): Here, C(t) = max; ; |a;;(t)| - max; |v;] - sup; p; + sup; ;.

Proof of Proposition 3.5. We check that the assumptions of Theorem 2.8 are fulfilled.

(f): The conservation law is a p-system, with eigenvalues A1 o = ¢/a+ V7', which are real thanks
to (3.16), see also Lemma 4.3.

(NC): Is immediate, since A\; < 0 < A2 by (3.15).
(b): The determinant takes the value 7’'(a)/a, which does not vanish by (3.16).
(B2): Is immediate since B is a second order polynomial.
(F): F is linear in w.
(F2): Immediate, by (3.17).
(]
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