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ABSTRACT. This paper addresses the numerical modeling of isentropic gas dynamics on
one-dimensional networks, focusing on the Euler equations with a novel class of transmission
conditions at network junctions, termed the Jump Transmission Condition (JTC). Unlike
traditional models that enforce continuity of density at junctions, the (JTC) allows for a
density jump proportional to the flux, reflecting phenomena such as bottlenecks in biological
or traffic networks. The authors propose a relaxation scheme based on the vector BGK
approach, which ensures mass conservation and enforces the (JTC) without requiring the
explicit solution of the Riemann problem at the junction. The scheme is analyzed for its
mathematical properties, including entropy dissipation and positivity, and is compared with
classical solvers based on the explicit solution of the Riemann problem. Numerical
experiments on simple and complex networks demonstrate the accuracy, robustness, and
flexibility of the proposed method, especially in handling both subsonic and supersonic
regimes and in extending to general networks.

1. INTRODUCTION

In this article, we consider the Euler equations of isentropic gas dynamics set on the one
dimensional arcs of a network. On these arcs the Euler equations are, as usual, given by:

{ Op + 0z(pu) = 0,
dt(pu) + 9z (pu® + p(p)) = 0,

where x is a spatial coordinate, t > 0 is the time, p is the density of a fluid, so we will assume
all the time p > 0, and ¢ = pu its momentum. Also, we shall assume that the pressure p is
given by the pressure law for isentropic gases, that is to say

(2) p(p) = po p? with y > 1.

Usually, for isentropic fluids, the value of 7 is taken such that 1 < v < 5/3. However, here,
we have in mind various applications, and in particular to biology, see for instance [31, 57, 53],
where the value of v can range in a larger interval, so in the following we consider all the values
v > 1

While on the external boundary of the network we can assign, for instance, standard no-flux
conditions to the gas, at the junction we have to impose some physically motivated transmission
conditions. In this paper, we address a particular class of transmission conditions that, on a
2-arc network — i.e.: a network composed by just two arcs which meet at just one junction
point, see Figure 1 — at the junction point z reads as:

(3) (pu)f(ta:Ef) = (pu)r(t,$7«) = H(pg(t, xﬁ) - pr(taxr))a for all time ¢ > 0,
1

(1)
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where the subscripts ¢ and r stand respectively for the left and right sides of the junction
point and k is a given positive constant. In the following we shall refer to these conditions
as the Jump Transmission Condition (JTC). In fact, the first equality in (JTC) implies that
the density flux incoming at the junction is equal to the one outgoing and so the total mass is
conserved at the junction. This is similar to the Kirchoff’s law for an electrical circuit. This
feature is common to most of the models of flows based on gas dynamics on networks. However,
the second equality in (JTC) says that the density has to jump at the junction, and the jump
is proportional to the density flux.

This condition is in a sharp contrast with most of the current models of fluid on networks.
Actually, besides the conservation of mass, almost all of these models impose a supplementary
continuity condition at the junction, as for instance in [51, 24, 28, 60], both for parabolic and
hyperbolic models, see also [32, 11] for some informed reviews in the hyperbolic case.

For instance, in the framework of gas dynamics, a quite common application is the modeling
of high-pressure gas pipelines [5, 26, 41], where the typical ratio between the pipe length and the
diameter justifies a one space dimension approximation. When multiple pipes are connected
at a nodal point, suitable conditions of transmission have to be prescribed. So, in the case
of a 2-arc network of pipes of different diameters, a first condition can be, with the previous
notations,

(4) ag(pu)g(t, xf) = ar (pu)r(t, xT)v

which ensures the conservation of mass. Here a, and a, are the surface sections respectively of
the left and the right pipe. Since a second condition has to be imposed, a typical additional
condition can be, for instance, to impose the equal pressure at the junction

(5) p(pe) = p(pr),
or, otherwise, the continuity of the dynamic pressure at the junction
(6) ag ((peuf) +plpe)) = ar ((prud) +p(pr)) -

In a different context, the junction can host a compressor station for two pipes with the same
section. In this case, the second condition becomes something like

p(pe) - (v=1/~ B
@) (p(pr) 1) = 1)

where II(¢) is the power exerted by the compressor, see for instance [43]. Notice that, in this
last example, the density of the gas is discontinuous, but the mechanism appears quite different
from the model we deal with in the following, since the ratio of the pressures is fixed and does
not depend on the flux.

In the similar case of networks of open canals [6, 16, 17, 18], or for blood flows [21, 49],
condition (4) is supplemented with continuity conditions similar to (5) or (6).

It is in this second condition that the (JTC), given by (3), differs, since it prescribes a jump
discontinuity of the density at the junction, which varies with the flux. The (JTC) is analogous
to transmission conditions introduced, only for diffusive problems, in the simple case of two
regions, by Kedem and Katchalsky in [47], as permeability conditions in the description of
passive transport through a biological membrane, see also [55, 19, 20] for various mathematical
and related formulations. For instance, consider the porous medium equation, for p(p) = Dp?,
with v > 1:

Op — Oxzp(p) = 0.
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In this case, the density flux is given by ¢ = —0,p(p), and the Kedem-Katchalsky condition
reads
(8) —0ep(pe) (t, Le) = —02p(pr)(t,0) = k(pe(t, Le) — pr(t,0)),

as for instance in [23, 22], which are concerned with biological flows.

More recently, the Kedem-Katchalsky conditions were generalized to hyperbolic problems in
the case of the linear Cattaneo equation and proposed as transmission conditions for hyperbolic-
parabolic and hyperbolic-elliptic systems describing biological situations such as the movement
of microorganisms on networks driven by chemotaxis. In the simplest case considered in the
above papers, we have a linear wave equation

Oq+ DOp =0,

with ¢ = pu and, at the junction, with the same notations as before, we have

(10) (pu)e = (pu)r = K(pe — pr).

This condition has been introduced first in [14] to take into account the movement of fibroblasts
on a network, and then studied in [36, 37, 38, 39, 40], see also [15, 12] for other models and the
numerical treatment of these conditions in related situations.

In general, density jump conditions like (JTC) seem to be more appropriate than full
continuity conditions when dealing with mathematical models for movements of individuals,
as in traffic flows [33, 13, 34] or in biological phenomena involving bacteria, eukariotic cells, or
other microorganism movements, as in [14, 36], where, even if the flux is continuous and the
mass is conserved, discontinuities at the inner nodes for the density functions are expected, as
a sort of mathematical counterpart of bottleneck phenomena. The reader can just imagine
the flow of a crowd through a door: the mass is clearly conserved, but the density of people
before and after the door can be very different. These previous conditions represent some
transmission conditions through a jump (given by a membrane or a change of domain), and
the fluxes are linked with the difference of densities on both sides of the jump.

To show that the (JTC) is the hyperbolic analogous of the parabolic Kedem-Katchalsky
transmission condition, we can look at the diffusive limit of the damped version of equation
(1), by scaling this equation as in [30], to obtain the perturbed system

0 pu) + 0:(Epu® + p(p)) = —pu,

where the inertial terms d;(pu) + 0, (pu?) are supposed to be negligible.

So, as € tends to zero, the momentum pu approaches —d,p(p) and, as shown in [30], we
obtain the porous medium equation (1). Then, replacing ¢ = pu by —9,p(p) in (3), we obtain
condition (8).

The purpose of this article is to propose a numerical scheme for system (1) on a network,
with the (JTC) at each junction, based on the vector BGK approach [4, 10], which guarantees
that condition (3) is fulfilled without solving the Riemann problem. Actually, we propose a way
to solve the (JTC) relation with a scheme which also satisfies a momentum equality junction
condition, namely the fact that at the discrete level the equality of the momenta ¢ = pu will
be enforced both as the unknown of the second equation of system (1) and as the flux of the
first equation of system (1).
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This approach, as long as it is possible, will be compared with a more classical solver based
on the Riemann invariants at the junction, which in the following will be referred as ” Riemann
invariant junction condition”. Unfortunately, as we will discuss in this paper, it is not clear
how to deal with this approach in the general "non-subsonic” case, so the comparison will be
restricted to the situations where both approaches work.

The article is organized as follows : in Section 2 we study the mathematical formulation of
equations (1) on a 2-arc network, with the conditions (3) at the junction and we show that the
entropy is dissipated at least for situations where the density jump is small at the junction. In
Section 3, we study how to solve the Riemann problem for (1) on a 2-arc network, with the
conditions (3) at the junction using the classical approach with the Riemann invariants. We
are able to find a solution in the subsonic case, and for some special initial conditions in the
supersonic case. This is the first study of this problem in the literature.

Then, in Section 4, we introduce our relaxation scheme for the same problem, which can be
written for all initial data. In Section 5, we present many numerical tests, and in particular
a comparison between the relaxation scheme and the cases where we have an explicit solution
for the Riemann problem at the junction. Finally we extend the previous study to the case of
a general network in Section 6.

2. ISENTROPIC GAS DYNAMICS ON A 2-ARC NETWORK: SOME BASIC PROPERTIES

Consider now the 1D system (1) on a simple network, composed of two arcs, as displayed in
Figure 1. The quantities linked to the arc on the left, called arc ¢ (resp. on the right, called
arc r ) are denoted with subscript ¢ (resp. 7).

Junction point

arc /¢ iO arc r L

Ly

e

FIGURE 1. The 2-arc network : the quantities linked to the arc [0, L] on the
left (resp. [0, L] on the right) are denoted with subscript ¢ (resp. r).

We are therefore dealing with the two following systems :

Ope(t, z) + Oy (peue)(t, x) = 0,
(11) { O (pewe)(t, ) + dp(peuz 4 p(pe))(t,z) =0, for = € [0, L],
and

6tp7’(t7 x) + am(PrUr)(t, ;L') =0,
. { O(prun) () + O (prii® + plpy)) (b, 2) = 0, 107 T €10 Ll

complemented with no-flux boundary conditions, at least for smooth solutions, at the external
points of the two intervals, namely, always setting for the flux ¢ = pu in the following :

Oxpe(t,0) =0, qu(t,0) =0, for all t > 0 on the left arc,
Ozpr(t,Ly) =0, ¢ (t,L,) =0, for all ¢ > 0 on the right arc.

Clearly the boundary conditions, as usual for hyperbolic problems, have to be intended in a
proper sense, since sometimes, due to the direction of the characteristics with respect to the
boundary, they need to be interpreted, see [59] and references therein for more details.

(13)
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Finally, we define transmission conditions at the junction, which couple the unknowns of
both systems. We want to ensure the mass conservation of the system, that is to says :

d

) Ly
(14) %m(t) =0, with m(t) = /0 pe(t, ) dx —i—/o pr(t,x) dx.

For that purpose, working with smooth solution and using condition (13), we have to consider
the equality of fluxes at the junction :

(15) qe(t, Ly) = qr(¢,0), for all t > 0.

Now, we supplement this condition with a jump transmission condition (JTC) for the density
at the junction, that is to say :

(16) qe(t, Le) = qr(t,0) = k(pe(t, Le) — pr(t,0)), for all t > 0,

where k is a permeability coefficient that we suppose to be constant.

Let us prove now that, at least for smooth solutions and in the case where v > 1, system
(11)-(3) is endowed with an entropy dissipation property at the continuous level under the
condition that the density jump is small enough at the junction.

First, on an interval, there exists at least an entropy—entropy flux pair (n, G) for system (1),
see [29] p.212, namely the functions

(17) MmmOZmﬂ+7@1ﬂam“%mm0=<mﬂ+jﬁyﬂ>u

defined for v > 1.
The function 7 is convex and, for smooth solutions (p,q = pu) to system (1) we have

9m(p,q) + 9:G(p,q) = 0.

For weak solutions, the admissible (entropy) solutions have to verify (in the weak sense) the
inequality

and we can say that the admissible solutions dissipate the entropy (see again [29]). In general,
for one single interval [0, L] with no flux conditions, the quantity

L
/0 n(p(t,z), q(t,))de

is decreasing in time.
Now, we want to investigate if condition (JTC) in (3) preserves this dissipation property, at
least in some range of solutions. Let us consider smooth solutions to equation (18) on the 2
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arcs of the previous network and integrate it with respect to time and space :

Ly Ly
ﬂWzAnW@%w@ww+Avmwwmwme
Ls Lo
;Anwum%@mm+éqmmwmwwwx
—A@m&wmmy»4mmmm@wm3

t
- / (G(pr(s, L), qr (s, Ly)) — G(pr(s,0),¢(5,0))) ds.
0
Thanks to boundary conditions on the external domain, we find that since v > 1, we have

G(pr(s,Ly),qr(s, Ly)) = G(pe(s,0),qe(s,0)) =0,
which leads to the inequality :

L, Ly
swzlnwwm@@mm+ﬁnmmwwwmm
Ly Ly
(19) SAUW@%%@WMfAnw&@m@Mm

1A@waumwim—am@m%@mm&

Therefore, if the quantity AG(t) := G(pe(t, Le), qe(t, Le)) — G(pr(t,0),g-(¢,0)) > 0 for all ¢t > 0,
we have entropy dissipation, that is to say for all ¢ > 0 it holds
S(t) < .5(0).

Now, using the conditions at the junction, we can compute AG as follows. Using that p > 0,
we rewrite G(p, q) as :
1¢°  poy 4

1
Glpq) = Glp.pu) = gpu’ + 2 plu =55+ 7

Po7Y

q

and therefore
AG(t) = G(pe(t, Le), qe(t, Le)) — G(pr(t,0), ¢,(2, 0))

)
o 1 <(qg(t,L€>)3 (%‘(t,(?)i) + bo7y ((pg(t, L[))W_lqg(t,Lg) _ (Pr(t,o))ﬂ{_l%(tvo))

~ 2 \(pet, Le))2  (pr(t,0)) v -1

Using the conditions (3) at the junction, the previous expression can be simplified as :
AG(t) = G(pf(tv Lﬂ)a q@(ta LZ)) - G(pr(tv O)a qr(tv O))
L3 4 Pr(t,0) + pe(t, Le)
= —5K"(pe(t, Le) — pr(2,0
" et L) = e (B O, 02t L) P

i fypo—yl"””(pﬁ(t’ Lg) = pr(t,0)) ((pe(t, L)) ™" = (pr(t,0))77") .

The first term on the right hand-side is negative whereas the second one is positive. We
remark that as long as the difference py(t, Ly) — p(t,0) is small,

AG(t) ~ P s(pr(t Le) = pr(t,0)) (et LY ™" = (pr(8,0))7) 2 0,
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and the dissipation entropy property holds, whereas as the difference p;(t, Ly) — p,(t,0) becomes
large, we have

4 pr(tv 0) + pg(t, Lf)
(pr(t,0))(pe(t, Le))?
and then, a priori, the dissipation property is no longer true. In Section 5 we will test this

dissipation property more closely, for various initial data, since in some cases the dissipation
inside the arcs can compensate the growth of the entropy at the junction.

AG(t) ~ 55} (prlt, L) — s (1,0)) <0,

Remark 2.1. Notice that, in the linear case of the wave equation (9), the same dissipation was
found in [14] by a simpler energy estimate. Actually, consider system (9) on the 2-arc network
composed by the arc [0, Lg] on the left (resp. [0, L;] on the right), with q;(t,0) = q-(t, L,) = 0.
Multiply the first equation in (9) by p and the second by q/D, to get the energy equality

(20) O <;p2+22) )-%&pr‘—O

So, integrating on both [0, Ly] and [0, L,], we have that, thanks again to the no-flux conditions
at the external nodes,

S(t) :—/0 (;pﬂ;p )()dﬂ/Lr (;pﬁg 2) (t)da
:A C&+£)>®M+/MC +£ﬂ>@m
~ [ o) 5.0 = (ora) (.00

So the energy of the system S(t) is dissipated if

(peqe) (s, Le) — (prgr) (s5,0) > 0.
Now, if qu(s, Le) = q:(s,0) = q(s), we have

(21) ﬂﬂZﬂm—AQ®@MJ@—M@®M&

So, the dissipation can occur in two different ways:

a) if pe(s, Lg) = pr(s,0), which is the standard continuity condition at the junction;

b) if q(s) = k (pe(s, L¢) — pr(s,0)), with k > 0, which is the present version of our condition
(3).

A similar computation can be made for the case of the parabolic problem with
Kedem-Katchalsky condition.  So, in this sense, our (JTC) is the hyperbolic nonlinear
generalization of these previous transmission conditions, and the natural one if we are not
imposing the continuity of the density at the junction.

3. THE RIEMANN PROBLEM AT THE JUNCTION - THE CASE OF A 2-ARC NETWORK

We want to solve the Riemann problem for (11)—(3) at the junction using the classical
approach with Riemann invariants.
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3.1. The Riemann problem on a single interval. Let us first describe Riemann invariants
on an interval before generalizing it to the junction case, see for example [29] for more details.
Let consider isentropic gas dynamics given by Eq.(1) on a single arc, under the form

(22) U + 8, F(U) = 0,

where U € R? is the vector of unknowns U = < q _p ou ), and the function F : R? — R? is

pu
the flux of the system defined by F(U) =
* Y y F(U) ( pu® +p(p)

The eigenvalues of the system are

p(p,q) =

%—\/W7 u2<p,q>:%+¢m,

where ¢ = pu, and the eigenvectors are

ri(p,q) = ( q—p@W)’ ra(p,a) = < q+pf/m>'

The system is strictly hyperbolic in D = {(p,q) : p > 0 or ¢ = 0} with g1 < pg. It is genuinely
nonlinear in both characteristic fields, i.e. Vy; -r; # 0, i=1,2. The two functions z1 = z1(p, q),
zo = z2(p,q) are called the Riemann invariants of system (1) corresponding to p; and pg if
they satisfy the equations

(23) VZZ e 0, 1= 1, 2.

One solution of (23), when p follows the pressure law of isentropic gases (2) with v > 1 is

q q : 2
(24) z1(p,q) = P a VP (p), z(p,q) = Fi ay VP (p), with ay = o

For v = 1, the Riemann invariants are given by

(25) z1(p,q) = % +1In(p) and  z(p,q) = % —In(p).

For clarity and generality, from now on we assume v > 1, although all results also apply to
the case v = 1. While the expressions of the Riemann invariants differ in this latter case, the
required assumptions are preserved.
Consider now the Riemann problem for (22), that is to say system (22) complemented with
piecewise constant initial data such that
U~ if <0,
U(,0) _{ Ut if x>0,

for two given constant left and right states U~ = (p~,¢~) and UT = (p*, ¢*). The solution to
the Riemann problem is then explicitly known and defined by an intermediate state U = (p, q)
verifying the following conditions:

i) The left state U™ is connected to U by a 1-shock or a 1-rarefaction wave such that

Zl(p_7q_) = Zl(ﬁ? Ci)

Moreover, shock waves satisfy p1(U~) > p1(U) (Lax admissibility condition) while

A

rarefaction waves satisfy p1(U~) < p1(U). We then have a 1-shock if p > p~ and
z1(p™,q7) = z1(p, ¢) or a l-rarefaction if p < p~ and 21(p~,q7) = z1(p, §).
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ii) The intermediate state U is connected to the right state U™ by a 2-shock if p > p™ and
29(p,4) = 22(p™,q") or by a 2-rarefaction if p < p™ and 22(p, §) = 22(p™, ¢").

The intermediate state U is then uniquely defined if, in the (p,u)-plane, the following two

curves ui(p) = u” + ay (V) — V() and wa(p) = ut — ay (V0T — /P (p))

intersect. Since uq(p) is strictly decreasing, unbounded, and starts at u~ + a.,+/p'(p~) and
us(p) is strictly increasing, unbounded, with minimum u®™ — a,+/p/(pT), the Riemann
problem has a unique solution in the region where

u” + /P (p7) > ut — /P (pT)

or equivalently

(26) Zl(p_vq_) > 22(p+7q+)'

Furthermore, we say that a state (p,q) € D\{(0,0)} is subsonic if ui(p,q) < 0 < u2(p, q),
sonic if p1(p,q) = 0 or pa(p,q) = 0 and supersonic if p1(p,q) < pa(p,q) <0 or 0 < ui(p,q) <
p2(p: q)-

3.2. The Riemann problem at the junction: the subsonic case. Now, we shall consider
a simple junction connecting two arcs as sketched in Figure 1. We use the same notation as in
Section 2 and in particular, we shall use the subscript ¢ for the left arc and r for the right one.

Notations 3.1. From now on, we shall use the following notations :
o U, =(p;,q;) and U = (p}t,q) denote the constant states on the left arc and on the
right arc;
o U= (p;,q;) and U} = (p;,qy) represent the unknown values of the left and right states
at the junction.

Following what has been done previously, we define the two sonic curves that determine the
boundary between subsonic and supersonic regions, see the black curves on Figure 2, thanks
to the following functions

27 { @ () = VP (),
g5 (p) = —p/P'(p).

We define the constant data U, = (p, ,q, ) and U;" = (p;f,¢;") given on the left and right arc
respectively. We will assume that we are in the subsonic case at the junction, that is to say
that ¢ (p, ) < ¢, < ¢ (p,) and g5 () < g < a7 (p).

Now, in order to solve the Riemann problem, the unknown states U; and U at the junction
have to lie on the Riemann invariant curves defined from U, and U,". Considering the jump
condition (JTC) in (3), and assuming that the states are all subsonic, we then get the following
system of equations

(
(28) 22(prs 7)) = 22

subject to the constraints

(29)
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A
q

*
qmaa}

*
Qmin

FIGURE 2. Riemann problem in the subsonic case with p(p) = pop? (i.e. v = 2):
sonic curves ¢; and ¢} defined at Eq.(27) delimiting the subsonic region and
Riemann invariant curves ¢; and ¢ defined at Eq.(30)

Following Eq. (24), we define the Riemann invariant curves

(30) { a; (p) = z1(py .47 )p — /P (p),
a7 (p) = z2(p, 4 )p + ayp /1 (p)-

We notice that in the case where 1 < < 3 and in the subsonic case, then p1(p, ,q, ) <0<
pa(p, qF), implies z1(p, ,q, ) > 0 > z2(p;}, ¢;). Moreover, ¢} is a strictly concave function of
p and ¢’ is strictly convex. Thus condition (26) holds and there exists a unique intersection
point, apart from 0, for the two curves of functions ¢; and g;. From now on, we shall call this
point Ur = (pr1, qr) and it satisfies 1 = ¢} (p1) = ¢, (pr)-

Now, in the case of the conditions (28) we consider here, we may allow a discontinuity on
densities, i.e. pj # pr. In the next lemma, we shall show that system (28), subject to (29),
admits a unique solution, which lies therefore in the subsonic region.

Lemma 3.1. We assume p of the form (2) with 1 < v < 3. Let be given two points U, =

(P >q,) and US = (pif, qf) such that q3(p,) < q; < ¢ (p;) and ¢5 () < qf < 47 (p}),
then there exists a unique couple of points U;, U} verifying system (28) subject to constraints

(29).

Proof. First of all, we assume v > 1 and note that the solution ¢* = ¢ (p}) = ¢;(p}) to system
(28) should be sought, see Figure2, in the region defined by

{9 qmin = Igl;g a(p) <g< max @ (P) = Graz}-

Note that the intersection point (pr, qr) satisfies ¢, < q1 < @az-
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Then, it is easy to check that the intersection point, apart from 0, between the sonic curve
defined by ¢ and the curve defined by ¢ coincides with the maximum point for ¢;. Indeed,

y-r
() =q(p)andp>0 <= p(p)= S e ar)
and
v—1 _
@)(p)=0 <<= VP = AR
Analogously, the minimum point for ¢} coincides with the intersection point, apart from 0,
between the sonic curve defined by ¢; and the curve defined by ¢ .

Therefore, in the subsonic region, g; (resp. ¢;) is a continuous and strictly decreasing (resp.
strictly increasing) function of p and we can therefore define its inverse function ¢y (resp. @),
which is also a continuous and strictly decreasing (resp. strictly increasing) function of g.

We can now prove that for all k € [0,400) there exists a unique solution to system (28)
subject to subsonic conditions (29).

Such a solution satisfies pj = ¢¢(¢*), pi = ¢r(q*) and ¢* = k(p} — p;) = K(de(q*) — br(¢%))
and the existence and unicity of the solution follows from the fact that the function K defined
by

- q
K= =@

is continuous and strictly monotone, i.e. we have that

(i) if gr > 0 then K : [0, qs] — [0,+00) is continuous and strictly increasing;
(ii) if g7 < 0 then K : [g7,0] — [0,+00) is continuous and strictly decreasing.

The proof also holds in the isothermal case, when v = 1 and the Riemann invariants are given
by (25). Specifically, the functions ¢; = —plnp+pz; and ¢ = pln,o%—pz;r satisfy the required
assumptions. Indeed, they are strictly concave and strictly convex, respectively. Their extrema
coincide with the intersection of the corresponding invariant with the sonic curve (which, in
this case, is ¢ = p). Consequently, g; is strictly decreasing and invertible in the subsonic region,
whereas ¢ is strictly increasing and invertible in the subsonic region. O

Staying in the subsonic region is equivalent to limiting the amplitude of the jump, specifically
for K — 0 then ¢* — 0 which belongs to the subsonic region and for x — +o0o then ¢* — q;
and the jump amplitude goes to zero, i.e. p; — py — 0.

Remark 3.1. When v > 3, if we impose condition (26) for the left and right states, the
intersection point qr exists and system (28) admits a solution, but we cannot guarantee that
this solution is subsonic.

3.3. Riemann invariants and the junction - the supersonic case. In the supersonic case,

the Riemann solver leading to system (28) does not apply. A different formulation is needed,

which in general is still an open problem. A number of possible approaches have been proposed

in the literature, see for instance [45], but here we follow the approach proposed in [17]. The
idea stated in this paper can be resumed as follows :

e Assume to be on a left arc and to have to the left of the junction a supersonic state U,

with p1(p, ,q, ) > 0, namely g, > ¢ (p, ). Introducing the point ﬁ[ = (py ,q, ) such

that ¢, =q,, 21(p, .4, ) = 21(p; »q, ) and ,ul(ﬁ[) < 0, the region of possible junction
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values U} is defined as the set of points verifying
z1(p7:a7) = 21(py ,qp)  with pp > p,.
e Assume to be on a right arc and to have to the right of the junction a supersonic state
Ub with pa(pf, ¢f) < 0, namely ¢ < g5 (p;"). Introducing the point Ut = (p,, q')
such that ¢ = ¢, 22(p,,¢") = 22(p,¢") and ua(U;F) > 0, the region of possible
junction values U is defined as the set of points verifying
2(p5,q7) = 2(pf,q7)  with  pr < p
To summarize, on the one hand, if we are in the supersonic region with w1 (p, ,q, ) > 0 (resp.
pa(pi, qF) < 0) the idea is to connect first the left (resp. right) state U,  (resp. U;") with a

shock with zero speed to the subsonic state ﬁ[ (resp.  U}), ie. M = 0 (resp.
Py — P

gt —aqF L

ﬁ = 0), and then the latter to U; (resp. U}) with a shock with negative (resp.

T T

positive) speed.

On the other hand, if we are in the supersonic region with p1(p, ,q,) < 0, that is ¢, is
negative and ¢, < q; (p, ) (resp. p2(p;,¢) > 0, namely ¢, is positive and ¢ > ¢ (p;")), see
Figure 3, an admissible solution in the sense of the definition of Riemann solver given in [17] is
to stay on the invariant curve z1(p},q;) = z1(p; , ;) (vesp. 22(pf, qf) = z2(p;, ¢;)) with the
constraint uz(py,q;) < 0 (resp. p1(py,qyr) > 0).

Moreover, in both cases, the values U; and U have to verify the jump condition (3). It
is clear that this procedure does not always lead to a solution. However, as stated in [17],
the region of admissible junction solutions may be enlarged but losing the uniqueness, and
additional conditions have to be added to define the solution at a junction. This discussion
is beyond the scope of our work, and we will simply compare simulations in cases where the
above procedure is well defined.

Remark 3.2. Numerical examples of Riemann solutions are displayed in section 5:

e in Test C1, we consider a subsonic initial datum, both on left and right arcs, see results
at Fig.5;

e in Test C83, we consider an initial datum, which is subsonic on the left arc and
supersonic on the right arc, see results at Fig.7.

4. A RELAXATION SCHEME FOR THE JUMP JUNCTION CONDITION - CASE OF A 2-ARC
NETWORK

For the sake of simplicity, we explain in this section the numerical scheme and the numerical
jump junction condition we develop in the case of a simple network, composed of two arcs. An
extension to more general networks will be detailed in Section 6.

4.1. A relaxation scheme on a single interval. Now, let us describe the numerical scheme
we use to approximate (11)—(3). To begin with, we use a relaxation scheme, first introduced
in [46], see also [3, 52, 4, 10], which we will see, away from the junction, is just another
interpretation of the HLL scheme introduced in [42].
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FIGURE 3. Riemann problem in the supersonic case with p(p) = pop® : on
the left, right supersonic case with us(p,q") < 0, ie. ¢ < q;(pS), and
construction of the point U = (5, ¢). On the right, left supersonic case with
pi(py ,q,) <0,ie q, <q;(p,); here, we stay on the invariant curve ¢;.

We rewrite our equations in the vector form already presented in Section 3, the same as
equation (22):

where U € R? is the vector of unknowns, and the function F : R? — R? is the flux of the
System.

Now, we introduce its relaxation approximation, namely a semilinear hyperbolic system with
a singular perturbation parameter e:

Ot +e1uff = - (ML(U) — f7),

(32)
0ufS + a0 5 = - (Mp(U) — f5)

Here c1, cy are real constants such that ¢ < co, ff € R?, for i = 1,2, and U€ := f{ + f5. The
functions M;(U) : R? — R2, for i = 1,2, are called Maxwellians for the system and are vector
functions satisfying the two following relations :

M (U) + My(U) =U,
(33)

ClMl(U) + CQMQ(U) = F(U)
From (33), we can obtain explicit expressions for M;(U) and My (U) as

oU-FU) M) = Y F(U)

C2—C L —C2

(34) M (U) =



14 MAYA BRIANI, ROBERTO NATALINI, AND MAGALI RIBOT

Notice that, setting V¢ = ¢1 ff + caf5, from system (32) we easily obtain
U+ 0,VE =0,

1
OV + 0, ((c1 + )V —c1e2U°) = . (F(U) = Vo).

So, as € goes to zero, we expect U¢ converges to the solution to (31), as shown for the scalar
case in [52], see also [58, 9, 8] for the system case in one space dimension. Clearly, when
c1 = —A <0< o = A, for some real constant A > 0, we recover the classical Jin-Xin model of
relaxation [46].

Notice that, as shown in [9] (see also [4]), a necessary condition to have the stability for this
approximation is that the Jacobians of the Maxwellian functions M;(U), are strictly positive
matrices for ¢ = 1,2 and all values of U under consideration. Using the explicit expression
(34), it is easy to see that the so-called subcharacteristic condition has to be verified. Namely,
if u(U) is a real eigenvalue of the Jacobian matrix F'(U), we need to have that

(35) c1 < pu(U) < ¢y for all U under consideration.

This condition will be required not only to assess the consistency of the correspondent scheme,
but also its stability.

The strategy to use this relaxation approach to create a numerical scheme for equation (31),
is in general to solve numerically at each time step the homogeneous part of system (32)

Ofi +¢10:f1 =0,

Ocfa + 20, f2 =0,

and then to reconstruct the solution to (31) from a suitable projection of the functions (f1, f2)
on the Maxwellian functions M;(U), M2(U). This strategy has been fully implemented in [4] in
the framework of Finite Difference schemes, see also the recent developments in the framework
of Lattice Boltzmann schemes in [2]. In the following, as already done in [53], we prefer to
follow the Finite Volume approach of [10]. So, let us introduce some notations to present our
scheme.

We begin by describing the discretization process on a single interval, which will be the
numerical strategy that we will use both on arc ¢ and on arc r.

Let us denote by Az the spatial discretization step. We discretize the interval using J cells

Cj=lxj_1j0 2410, 1 <5< J

centered at the nodes z; = (j — $)Az, 1 < j < J.

We also denote by At the time step. Discrete times are denoted by t, = nAt,n € N. The
time index will be omitted when possible for the sake of simplicity.

Consider system (1) under the form (31). We define U}' to be the approximation of the

1
mean value of vector U on cell C; at time t,, that is to say U}' ~ A/ U(t",z)dx. According
x C;

to the finite volume framework, an explicit conservative finite volume scheme for discretizing
equation (31) can be expressed as follows

At
n+l _ rrn n n
(36) Uj - Uj - Ax ( j+1/2 -7:3'71/2) )
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with F, 0 = F (Uj, U} ) for an explicit three point scheme. The scheme is therefore
. S FP(U—,UT) 2 s
defined by the function F such that F(U~,U™") = Fo(U- U+) € R?, which is called the

numerical fluz.
We now describe the scheme we will use on each arc, which will be equivalent to the HLL
scheme. Here we follow the presentation given in [10].

Consider again the homogeneous counterpart to the relazation system (32), with
fi= fi(z,t) eR? for i = 1,2,

O f1 +c10:f1 =0,
(37)
Ocfa + 20, f2 = 0,

where ¢; < c¢9 are two speeds to be chosen later on.

Noticing that system (37) can be solved explicitly, we obtain an approximate solution to
system (31) as a function of the solution to system (37). Indeed, an exact Riemann solver for
(37) gives

(fl_?fQ_) if fIf/t<Cl,
(38) Rlx/t, [~ ) =3 (i fa) if a<z/t<ec,
(f1+7f2+) if CQ<$/t,

with fii ~ M;(U i), 1 = 1,2. Thus we get the following approximate HLL numerical flux for
the scheme in conservative form (36)

(39)
ClMl(U_)+C2M2(U_):F(U_), if 0 < ¢y,
" . FU")—aFU") cacy PR
FU,UY) = My(UT) + e (U7) = co— 1 +62—61(U v
if 1 <0< Cco,
ClMl(UJr) + CQM2<U+) = F<U+), if eg < 0.

Note that for stability reasons and to have some entropy dissipation, ¢; and co have to be
chosen accordingly to the inequality (35).

From now on, to deal with the transmission condition (JTC), we always stay in the case
c1 < 0 < cp. For simplicity reasons, we set cg = —c; = A with A > mgx|u(U)| > 0, where

wu(U) is the maximal eigenvalue of F'(U), even if the same considerations could be made in the
general case. The numerical flux (39) therefore reduces to

FU )+ FU*) A

(40) FU,U") = 5 —§(U+—U_)
and the Maxwellian functions (34) to
(41) Ml(U):;< —F()\U)> and MQ(U):;(U—FF()\U)>.

Finally, let us describe the discrete numerical boundary conditions in the case of a single
interval. We assume that system (31) is complemented with Neumann boundary conditions on
both extremities, which guarantee the mass conservation, that is to say d.p(t,0) = ¢(¢,0) = 0
and 0,p(t, L) = q(t,L) =0 for all ¢t > 0.
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In the discrete setting, we have to define the quantities in the external ghost cells of the
network, Cp and Cy11. To ensure the mass conservation also at the discrete level, we impose
on both boundaries

1 A
FP(Uo,Ur) = = (90 +q1) — 5 (p1 — po) = 0,

2 2
, 1 A
FPUs,Ussr) = 5((11 +qr1) — §(PJ+1 —py) =0,
see Eq. (40), which is satisfied if
(42) po=p1and go = —q1
and
(43) py=pj+1and q; = —qjy1.

4.2. The relaxation scheme on a 2-arc network. Let us now go back to the case of a
simple network with two arcs sketched in Figure 1.

We still denote by Az the spatial discretization step, that we assume to be the same for
both arcs for simplicity reasons and by At the time step. We discretize the left arc (resp. right
arc) using Jy (resp. J,) cells

Cio=[mj—1)20:Tj41/24), 1 <G < Jo (vesp. Cjr = [Tj_1/20 Tjy1/2,), 1 < J < Tp)

centered at the nodes zj, = (j — 3)Az, 1 < j < Jy (resp. xj, = (j — 3)Az, 1 < j < J,).

On each arc we solve the system (31) by the approximation (36)-(40) with A = Ay and A = A,
for arc £ and arc r respectively. Again, more general speeds could be considered, but we limit
this presentation to the simplest case.

Boundary conditions at the extremities of the network are simply deduced from (42)-(43),
that is to say

(44) po,e = p1,e and qor = —q1 0.
and
(45) PJrr = PJr+1,1r and qJ.r = —qJ.+1,r-

4.3. Numerical treatment of the junction. The current objective is to establish precise
and consistent conditions at the junction of the two arcs, that is to say consistent values for
the ghost cells at the junction, Cj,41 and Co .

Notations 4.1. From now on we shall use the following notations, see notations in blue in
Figure 4 :
o U = (p),q;) and U} = (p;,qr) represent the unknown values at the junction on the
ghost cell Cj,41,¢ on arc £ and on the cell Co, on arc r, respectively;
o U, =(p;:q,) = (pro,0:q7,,0) denotes the values on the last cell Cj,, on arc {;
o Ut =(p,q") = (prryq1r) stands for values on the first cell C1, on arcr,
e the notation v}, will be employed to denote variable v (v = p orq) with j the cell indez,
a denotes the arc and can take the values a = ¢ or a = r and n denotes the time index;
e in the relaxation setting, fiTE and 2}, 1 = 1,2, denote the left and right states and sz
and f7,, i=1,2, denote the left and right intermediate states, see Figure 4.
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—Xe=ciy junction Ar = Cop
(07> 47) Py ar)
(fT e f30) (fir f50)
(e >ap) (o a7)
— — a+ ‘+

(fl,fvfu) 0 (fi f2,)
| |
| 1

arc Coet 0 Crpr arc r

FIGURE 4. Notations for the quantities at the junction : in blue, (p,,q,)
and (p;,q") are the left and right states and (p},q;) and (p},¢;) the two
intermediate states. In red, the two corresponding vectors f; and fo for the
relaxation approximation.

Therefore, to complement the scheme described in Section 4.2, we need now to find some
values for the four quantities at the junction, i.e. ¢;,qy, p; and py. As stated above, we need
to impose some transmission conditions at the junction. We consider a discrete version of the
equality of the fluxes (15) in order to have the mass conservation at the junction and the (JTC)
transmission conditions (3) linking the fluxes with the difference of densities. Namely, with the
notations introduced above,

@ = q, = k(p; — py)-

Since we have a total of 4 unknowns to be found at the junction, we need to impose two
supplementary conditions. Let us now consider the relaxation system (37) on both arcs ¢ and
r with ¢1, = —c2, = Ay > 0 and ¢, = —c2, = A, > 0 respectively. By the exact Riemann
solver (38) at the junction, we get

f2*7£ = f5, on arc /,

fir= fffr on arc 7,
where here f7, (resp. f7,), i = 1,2 represents the (unknown) value of the solution for —X; <
z/t <0 (resp. for 0 < z/t < A,), f;, is the solution for z/t < —\; on arc £ and f;!, the solution

for x/t > A\, on arc r.
Switching to the first components of maxwellian functions given by (41), we can rewrite (46)

and (47) as
Lo, aq\_1(_ 4
2<p+>\2)_2<pe+/\e>’

2\ N\ 2\'" N7

which gives us the two extra conditions at the junction we were looking for.
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In summary, at the junction, we need to solve the following linear system for the unknowns
¢ =q; =g, p; and p; -

s, 4 -
(48) Pety, TPty
oL i

T A, r A,

This system can be solved explicitely as :

¢ =q;=q = mo\rq; + Xegi + Xede(p, — o)),
(49) pr=pF+ (0" =g,
o =ry =3 (0" —aq)-
The solution can then be used as boundary values for the arcs on the ghost cells at the junction.

Notice that, the system given by (48) describing the quantities at the junction, can be
recovered looking at the numerical flux F by considering directly the discretization of system

(11)-(3).

We still use here the previous notations, namely, we denote by U,” = (p, ,q, ) = (1,6, 97,,¢)
(resp. UF = (p;,q7) = (p1+,q1,)) the values on the last cell Cj,, on arc £ (resp. on the first
cell Cy, on arc 7).

At the junction, the mass conservation at the discrete level gives the condition
(50) FAU,,U;) = FP(UL U
that is coupled with the following relations, coming from the discretization of conditions (3) :

FAUT,Up) = FPULLUS) = (o — p}).

Again, we have 4 unknowns at the junction and we need two supplementary conditions. We find
them by imposing the equality between the numerical flux for the mass equation F? = pu = ¢
and the numerical discretization for the momentum ¢ = pu, namely :

(51) FU U =a;, FAULUS) =g
We obtain therefore a linear system of 4 equations with 4 unknowns :

F(U,,Up) = FPU US) = k(pp — p7)s
(52) FPU,; Uf) = g,
FUUS) = g5

Note that system (52) holds for any numerical flux F and not only for the HLL flux.
Remark 4.1. In the case of the HLL numerical fluz, the previous system (52) becomes
T =q =q =r(p; —pr),

9t N, .
(53) 9 —E(Pe—ﬂg)—q,
¢ +ag A

which is the same as system (48). In this setting, the two formulations are equivalent.
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Remark 4.2. Let us briefly compare the two junction conditions that have been considered in
this paper, i.e. system (48) and system (28).

e Note that system (48) admits always a solution, both for subsonic and supersonic states,
unlike system (28). It can therefore be seen as an extension of system (28) that works
in both cases.

e Then, Riemann conditions leading to system (28) should not preserve the mass
conservation at the discrete level, although conditions in system (48) are designed to
do so.

o Finally, the reasoning for Riemann conditions at Subsection 3.2 only holds for a power
v in Eq.(2) such that 1 <y < 3, whereas system (48) holds a solution for every v > 1.
Note that the parameter «y is only present in Eq.(48) through the values of Ay and \,.

Remark 4.3. In the subsonic region, the two last conditions given in (48) may be viewed as a
local linearization of relations (30). In fact, substituting (30) with the tangent lines of the two
Riemann invariants in the points (p; ,q, ) and (p},q;) respectively, we get
(54) { q;(p) = q; +mlpy . )(p—py),
4 (p) = ¢ + p2pf. a)(p — o).

On the other hand, the two last equations in (48) can be rewritten as
{ @G =4 —Mlpi —py )

g =t +M(pr — o).

Then, the two unknown values U} and U} belong to the decreasing line q(p) = q, —X\e(p—p, ) and

(55)

to the increasing line q(p) = ¢;7 + A (p—p;7) respectively. Since we are assuming p1(p, ,q; ) < 0
and pa(pf,qt) >0, (54) reads as

(56) { g =a; — lmlpya)\o; = ),

@ = qF + p2(pf . a)(pf — P

The two systems (55) and (56) differ only in the choice of the angular coefficient of the two
lines.

4.4. Consistency properties of the numerical scheme.

4.4.1. Mass conservation. First we prove the following property, which is equivalent to the
continuous mass preservation (14).

Proposition 4.1. Let us consider system (11)—(3) set on a 2-arc network displayed in
Figurel with boundary conditions (13) on the outer nodes and junction conditions (3). The
numerical scheme (36) with discrete boundary conditions (44)-(45) on the outer nodes and

discrete junction conditions (52) is mass-preserving, that is to say the discrete mass
Jp Jr

m' = hz Pie+h Z P}, is independent of n € N,
Jj=1 Jj=1

Proof. We consider the first component of equation (36). The conservation of the discrete mass
is given by the boundary conditions for the outer nodes (44)-(45) and by condition (50) at the
junction. ]
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4.4.2. Positivity of the solution. Now, we prove that the positivity of the solution is preserved
in the particular case of HLL numerical flux :

Proposition 4.2. Let us consider scheme (36) with flux (40), boundary conditions (44) — (45)
and condition (53) at the junction in order to discretize system (11)-(3) on a 2-arc network.
We define X} > 0 (resp. A} > 0) such that

n n n n
(57) Af 2 max [ug| + /P (p7)( resp. Ar > max fup |+ /P (0], ).

If the initial condition is positive, that is to say
p?l >0 forall1 < j < Jg( resp. p?m >0 foralll <j<.J,),
then the solution remains positive in time, that is to say

Pje >0 for all1 < j < Jy( resp. pj, >0 forall1 <j<J.), forallneN.

Notice that condition (57) is just a formulation in this case of condition (35), which is
necessary to obtain the stability of the numerical scheme.

Proof. We prove the proposition by induction.

Assume that p7, > 0 for all 1 <j < Jy (resp. pj, >0 for all 1 < j < J.). Since \} > ‘“?,z‘
for all 1 <j < Jy (vesp. A > |uf,| for all 1 < j < .J;), we use the explicit expressions obtained
at Eq.(49) to prove that p;™ > 0 and p,” > 0. From these two inequalities, we demonstrate
that p;zrl >0 forall 1 <j < Jy (resp. p;ijl >0foralll <j<J,). O

5. NUMERICAL TESTS IN THE CASE OF A 2-ARC NETWORK

In this section, we examine the characteristics of the numerical method proposed in Section
4 and we evaluate its accuracy by examining a simple network consisting of two arcs. The
pressure is given by the pressure law given at Eq.(2) with v = 2, unless another value is
specified. We therefore consider the numerical scheme defined by Eq.(36) with flux (39) on the
two arcs, conditions (44) - (45) at the extremities of the network and conditions (48) at the
junction; this scheme will be referred as the HLL-(48) scheme in the following.

We consider a uniform spatial grid with a fixed spatial step Az = 0.05 on the two arcs with
equal length of Ly = L, = 2. Then, the number of cells verify J, = J, = J. The time step is
dynamically computed at each time iteration n by the CFL condition

n Az
At" < max{\?, A\n}’
where A} and A have been defined in Proposition 4.2, such that the subcharacteristic condition
(57) is verified.

5.1. Numerical convergence results for the numerical scheme HLL-(48). Let the
following Gaussian function be given

glaio,c) = e 02,

To study the numerical order of convergence of the scheme applied to the whole network, we
set as initial data (at time ¢ = 0), on the left arc, for x € [0, L],

(58) pe(0,2) = 1.5+ g(2,0.2,0.8) and ¢¢(0,z) = 0.5,
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and on the right-arc, for z € [0, L,],

(59) pr(0,z) =14 g(z,0.1,0.5) and ¢,(0,z) = 0.5.

This initial condition is subsonic all over the network and verifies at the junction the continuity
of the flux and the (JTC) condition (3) with x =1, i.e.

qe(0, Ly) = ¢,(0,0) = pg(0, Lg) — pr-(0,0) = 0.5.

The accuracy is measured by the L! norm of the error at the final time T = 1, defined as

ref|
)

J[ JZ
_ N ref _ N
errp e = Az E e = pjg |y errge = Ax E |95 — 456

j=1 j=1

with the same definition for arc r, where (p.ref ,q.Tef ) is a reference solution obtained with a
small Az ~ 107° on both arcs £ and r. Considering the system (48) at the junction, Table 1
shows that the conditions imposed at the junction do not affect the convergence order of the
scheme, which remains first order.

Furthermore, we show that the system (48) does not alter the asymptotic behavior of the
solution along the entire 2-arc network. We consider again the initial data (58)—(59) and
calculate the rate of convergence of the solution to the expected asymptotic state

1

(60) Pasympt = m

LZ+L7"
L 0000 4 90(0.2)) o, Gumyys = 0.
0
Given N data points (t;, e, ¢(t;))i=1,...,n , we shall define v and C' as the solution of the following
least square problem,

N
. . _ ‘—’7 2
(61) rg}gglln(ep,e(tz)) In(Ct; "),

where e, ¢(t;) = [|pe(ti, ) — Pasympt|| L1 Lo, With the same definition for e, ;, eq ¢ and ey . Table
2 presents the optimal values of v and C'. Once again, the system imposed at the junction does
not alter the asymptotic behavior in time of the solution, see [35], where it is proved that the
solution decays as ¢!, in the case of a single interval.

pe

Pr

de

qr

Ax

err, order

err, ,

order

€ITy ¢

order

eITy order

0.0063

0.02651 0.70286

0.04090

0.81492

0.05104

0.77079

0.06378 0.63251

0.0031

0.01495 0.82633

0.02151

0.92712

0.02727

0.90406

0.03558 0.84207

0.0016

0.00743 1.00890

0.01030

1.06292

0.01407

0.95527

0.01742 1.02998

0.0008

0.00334 1.15396

0.00453

1.18482

0.00655

1.10264

0.00775 1.16828

TaBLE 1. L! error and order of convergence of the numerical scheme HLL-(48)
on both arcs starting from the regular initial data (58)—(59).
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pe pr a ar
C y C ~y C y C ~y
L' [0.2356 1.0248 [ 0.2301 1.0274 | 0.5642 0.9802 | 0.5193 0.9544
L 10.2295 1.0558 | 0.2295 1.0558 | 0.5662 1.0493 | 0.5446 1.0371
TABLE 2. Optimal values of v and C given by the least square problem (61)
with e, ¢(t;) = ||pe(ti,") — Pasymptllp1p~ for i = 1,...,N computed in L' and
L*° norms, same definition for e, ,, e, and ey .

5.2. Comparison between the two numerical schemes HLL-(48) and HLL-(28). Now,
we also consider the so-called HLL-(28) scheme, which is defined as the previous HLL-(48)
scheme, unlike the junction condition which is taken here as the solution of system (28) defined
at Sec.3 thanks to Riemann invariant considerations.

In this section we compare the dynamics obtained by the two schemes HLL-(48) and HLL-
(28), examining the subsonic and supersonic cases. In all tests, we start from data verifying
condition (3) with k = 1 at the junction, i.e.

qe(0, L¢) = ¢-(0,0) = pe(0, L¢) — pr(0,0).

In the following figures, these initial data are drawn in dashed black lines.
We consider the following test problems:

Test C1: Case of a subsonic initial datum, constant on both arcs,

pe(0,2) = 4.5, ¢(0,2) =0.5, for all z € [0, L],
pr(0,2) =4, ¢q-(0,2) =0.5, forall z € [0, L,].

As can be seen in Figure 5, the two schemes HLL-(48) and HLL-(28) give qualitatively
the same results on both arcs and the junction. We also notice that solutions are
converging in large times to the asymptotic constant state described at Eq.(60).

Test C2: Case of a non constant initial datum given by

pe(0,2) = 0.4+ ¢g(2,0.2,0.8) and ¢ (0,2) =0.1, forall z € [0, L],
pr(0,2) =034 ¢(2,0.1,0.5) and ¢.(0,z) =0.1, forall z €0, L,],

which is subsonic at the junction. As can be seen in Figure 6, the two approaches show
some differences in the calculated values at the junction (look particularly at Figure
6-(a) at time T'/4), but these do not propagate along the arcs and vanish over time.
Here again the solutions converge to the expected asymptotic profile for large times.

Test C3: Case of a constant initial datum supersonic to the right of the junction (right-
arc) and subsonic on the left,

pe(0,2) = 2.5, q(0,2) =0.5, forall z € [0, Ly,
pr(0,2) =2,  ¢-(0,2) =0.5, forall z € [0, L,].

As can be seen in Figure 7, on the right arc the solution at the junction remains
supersonic and the two algorithms give the same results. This is an example where the
datum on the right is supersonic but with positive velocity, namely ¢.(0, L,) > 0 and
4-(0, L) > g (pr(0, L;)). In this case, the Riemann based HLL-(28) scheme selects the
solution on the right invariant curve, see Subsec.3.3, and so does the HLL-(48) scheme
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FIGURE 5. Test C1. Comparison of the solutions given by scheme HLL-(48)
(in solid red line) and by scheme HLL-(28) (in dashed blue line), starting from
a constant subsonic initial datum on both arcs. The blue and red dots represent
the values at the junction. On the left, function p and on the right, function ¢
for different times ¢ = 0.25, 0.5 and 0.75 with final time 7" = 1.
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FIGURE 6. Test C2. Comparison of the solutions given by scheme HLL-(48)
(in solid red line) and by scheme HLL-(28) (in dashed blue line), starting from
a subsonic non constant initial datum (in dashed black line). The blue and red
dots represent the values at the junction. On the left, function p and on the
right, function ¢ for different times ¢ = 0.25, 0.5 and 0.75 with final time 7" = 1.

Test C4: Case of a non constant initial datum given by

pe(0,2) = 0.1+ g(,0.2,0.8) q0(0,2) = —0.2,
pr(0,2) = 0.3+ g(x,0.1,0.5) qr(0,2) = —0.2,

and
and

for all z € [0, L],
for all = € [0, L],

23

which is supersonic to the left of the junction (left-arc) and subsonic to the right of
the junction. As can be seen in Figure 8, the two methods produce different results,
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FIGURE 7. Test C3. Comparison of the solutions given by scheme HLL-(48)
(in solid red line) and by scheme HLL-(28) (in dashed blue line), starting from a
constant initial datum supersonic on the right-arc and subsonic on the left-arc.
The blue and red dots represent the values at the junction and the dashed black
line the initial value for q. On the left, function p and on the right, function ¢
for different times ¢ = 0.25, 0.5 and 0.75 with final time 7" = 1.

particularly on the left arc. This is even more visible in Figure 9, where we plot the
evolution in time of the four junction values pj, py, ¢; and ¢;. We observe, on the left
arc the flow transition from the supersonic region to the subsonic one, and that the
two solvers, HLL-(48) and HLL-(28), produce some slightly different results, especially
before the transition. This is an example where the datum on the left is supersonic
with negative velocity, namely ¢/(0,Ly) < 0 and ¢(0,Ls) < q; (pe(0,L¢)). In this
case the Riemann based algorithm selects the solution on the right invariant curve, see
Subsection 3.3, while the relaxation one (48) gives a result which is not quite the same.

5.3. Study of different values for parameter . In this test case, we show the numerical
dynamics obtained by scheme HLL-(48) for two different values of parameter k. We assume a
constant initial datum given by

pe(0,2) = 2.5, for all z € [0, L],
pr(0,2) = 0.5, for all z € [0, L,],

and
q0(0,z) = ¢, (0,2) = k(pe(0,2) — pr(0,2)) = 2k.

In Figure 10, we show the density evolution obtained with the two values x = 100 and £ = 0.1.

On the one hand, as expected, for kK = 100 the density values at the junction start out
different and then tend to converge until they coincide. This is coherent since for large values
for k, we expect the system to behave similarly to the system with the continuity of densities at
the junction, that is to say the junction condition that is usually considered in other articles. On
the other hand, for small value of k = 0.1, the density remains discontinuous at the interface.
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(a) Function p (b) Function ¢

FIGURE 8. Test C4. Comparison of the solutions given by scheme HLL-(48)
(in solid red line) and by scheme HLL-(28) (in dashed blue line), starting from
a non-constant initial datum supersonic on the left-arc and subsonic on the left-
arc (in dashed black line). The blue and red dots represent the values at the
junction. On the left, function p and on the right, function ¢ for different times
t =0.25, 0.5 and 0.75 with final time T" = 1.
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FiGURE 9. Test C4. Evolution with respect to time of the 4 junction values:
p«¢ on the top left subfigure, p,, on the top right, g, , on the bottom left and
¢+, on the bottom right, computed by scheme HLL-(48) (in solid red line) and
by scheme HLL-(28) (in dashed blue line). The two dotted lines in the figures on
the bottom delineate the boundary between the subsonic and supersonic regions
(the sonic curve given for the corresponding value of p), in pink for the HLL-
(48) scheme and in light blue for the HLL-(28) scheme. The regime is subsonic
inside these two curves and supersonic outside.

25
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Note that the Riemann-based HLL-(28) scheme does not provide a solution to test case
with k£ = 100, whereas scheme HLL-(48) does; it would be necessary to expand the region of
admissible solutions and add further conditions to uniquely define the unknown values at the
junction.

T T L ‘ ‘
Al — initial data | | 2.5 ‘7

k =100
k=01

| , ,
0 1 2 3 4
3/4T

Ficure 10. Different values for parameter x. Density solution obtained
with the approximation HLIL-(48), starting from a constant initial datum on
both arcs (in solid black line), for two different values of parameter x : £ = 100
(dotted orange line) and x = 0.1 (dotted green line), for different times ¢ = 0.5, 1
and 1.5 with final time T = 2.

5.4. Entropy dissipation at the discrete level. In this subsection, following the discussion
in Section 2, we investigate the evolution of the total entropy in the network,

Lo+L, Jo+Jr
(62) SO= [ nott.o) ot oo = 5" = Ax 3
=0

where 7 is the entropy function defined in (17) and n? = n(p},q}) for j running along the
nodes of the two arcs forming the network. We are unable to prove analytically the entropy
decay for the numerical scheme, but our numerical experiments show that the decay is better
in the numerical case than what is expected at the continuous level.

We assume two different constant initial data which verify (3) :

qe(0,2) = ¢r(0,2) = £(pe(0, 2) — pr(0, %)),
with x = 1, and which differ in the amplitude of the density jump at the junction:

(E1) pe(0,2) = 1.5 and p,(0,2) = 1 such that ¢ (0,z) = ¢.(0,2) = p¢(0,x) — p,(0,2) = 0.5.
(E2) pe(0,2) = 6 and p,(0,x) = 1 such that ¢,(0,2) = ¢,(0,2) = pe(0,2) — p,(0,2) = 5.

t
We recall here the entropy dissipation inequality (19) : S(¢) < S(0) — / AG(s)ds.
0
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As can be seen in Figure 11-(right) and Figure 12-(right), for both initial data the total
entropy (62) is decreasing in time and numerically verify a discrete version of the inequality
(19), i.e.

Jo+Jr JotJr

63 S"=Ar Y mi<Ar > - Atzn: (67 —art) =5 - Atzn: AG™F,
=0 §=0 k=0 k=0

where G, = G(p,",q,") and G = G(p", ") represent the values of the entropy flux, as
defined in (17), computed at the left and right junction states obtained from the solution of
system (48) at time step n. As in Section 2, we also define the quantity AG*" := GZ’” -Gy",
which is a discrete version at time ¢, of quantity AG.

Specifically, for the small jump assumed in test case (E1), the quantity AG, displayed in
Figure 11-(a), continuous line, is positive for all time ¢ > 0 as expected from the discussion in

Section 2, thus ensuring the dissipation of entropy with respect to time. We notice in Figure
t

11-(b) that the estimate S(0) — / AG(s)ds is above the entropy for all times, as expected,
0

and is equal up to a constant to the integral displayed on Figure 11-(a). We also observe that
in that case the estimate is sharp.
However, for big density jumps at the junction, like in test case (E2), the variation AG(t)

is negative for all times, as displayed in Figure 12-(a), continuous line. But, even if the right
t

hand part of the inequality (63) is increasing, and the bound from above S(0) — / AG(s)ds

0
is therefore not accurate, the total entropy remains decreasing in time, see Figure 12-(b). We
can interpret this as follows : the dissipation of entropy along the arcs is large enough to
compensate the small enough non-dissipation of entropy at the junction.

0517 AN —— Total entropy
13418 ) ——  Estimate ||
0.45 - S
0.4
= 132
S 035
0.3 F 131
0.25
| | | | | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time time
(a) (b)

FIGURE 11. Entropy dissipation, test case (E1), small jump at the junction.
(a) Plot of AG with respect to time (solide black line and range of values on the
left) and of — fot AG(s)ds (dotted grey line and range of values on the right).
(b) Plot of the total entropy S (solid black line) as a function of time and of the

t
right hand side S(0) — / AG(s)ds of inequality (63) (dotted grey line).
0
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FIGURE 12. Entropy dissipation, test case (E2), large jump at the junction.
(a) Plot of AG with respect to time (solide black line and range of values on the
left) and of — fot AG(s)ds (dotted grey line and range of values on the right).
(b) Plot of the total entropy S (solid black line) as a function of time and of the

t
right hand side S(0) — / AG(s)ds of inequality (63) (dotted grey line).
0

5.5. Simulations in the case v = 4/3. To conclude this part of the numerical tests, let us
consider the problem with a different value of v in the pressure law (2). We take v = 4/3 and
the constant initial datum (same as (E2)) given by

pe(0,2) =6, q(0,2) =5, forall z € [0, L,
pr(0,2) =1, ¢-(0,2) =5, forall z € [0,L,]

Note that here the simulations are performed using only the scheme HLL-(48), since the scheme
HLL-(28) is not able to handle this case (there is no simple solution to the corresponding
Riemann problem).

The results are shown in Figure 13. We notice first that the evolution is much slower than
in the case v = 2 and that function ¢ is decreasing towards 0 but very slowly. We also observe
that before going asymptotically towards a constant state, the density p tends to form a bump
like solution on the right arc of the network, see the function p at different times on the left
subfigure.

To offer a comprehensive overview, we add a final test to compare HLL-(48) and HLL-(28)
when v # 2. We set v = 4/3 and consider the subsonic setting of Test C2. As can be seen in
Figure 14, we obtain a similar result to that for v = 2 in Figure 6: the two approaches produce
different calculated values at the junction, but these differences do not propagate along arcs
and disappear over time.

6. EXTENSIONS TO A GENERAL NETWORK

To begin with, we consider an extension of what has been previously done to more
complicated network, i.e. networks with any number of arcs where nodes can be connected to
any number of arcs.
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FiGure 13. Simulation for v = 4/3. Solutions given by scheme HLL-(48)
(in solid red line), starting from a constant initial datum (in dashed black line)
on both arcs. The red dots represent the values at the junction. On the left,
function p and on the right, function g for different times ¢t = 0.25, 0.5 and 0.75
with final time 7" = 1.
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FIGURE 14. Simulation for v = 4/3. Comparison of the solutions given by
scheme HLL-(48) (in solid red line) and by scheme HLL-(28) (in dashed blue
line), starting from the subsonic non constant initial datum (in dashed black
line) given in Test C2. The blue and red dots represent the values at the
junction. On the left, function p and on the right, function ¢ for different times
t =0.25, 0.5 and 0.75 with final time 7" = 1.

Let us define a network or a connected graph G = (N, A), as composed of two finite sets, a
set of nodes (or vertices) N and a set of N arcs A, such that an arc connects a pair of nodes.
Since arcs are bidirectional the graph is non-oriented, but we need to fix an artificial orientation
in order to fix a sign to the velocities. The network is therefore composed of ”oriented” arcs
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and there are two different types of intervals at a node p € N : incoming ones — the set of
these intervals is denoted by Z, — and outgoing ones — whose set is denoted by O,. See, for
example, Figure 15 for the representation of a 4-arc and 1node -network, with 2 incoming arcs
and 2 outgoing arcs, where 1,2 € Z; and 3,4 € O;.

6.1. Extension of junction conditions (53). Let us consider now a node p € N, which is
the junction of NNV, arcs, denoted by 4, with 1 < ¢ < N,. We denote by Z, the set of incoming
arcs and by O, the set of outgoing arcs.

FIGURE 15. An example of a 4 arc network with 2 incoming arcs and 2 outgoing arcs

We will first generalize at the continuous level conditions (13) for the outer nodes and then
conditions (3) for junction nodes. Then, we give a numerical discretization of these conditions,
namely a generalization of discrete conditions (44)- (45) on outer nodes and conditions (53) at
junction nodes. Note that the ”discrete equality junction conditions” (53) are straightforward
to generalize unlike Riemann invariant junction conditions (28), which would be much more
involved to consider for general networks.

Therefore, the generalization of conditions (13) at all outer nodes, i.e. non-junction
nodes reads as :
0zpi(+,0) =0 and ¢;(-,0) = 0. if i € Z,,

We now consider the generalization of conditions (3) at all inner nodes, i.e. junction
nodes. At the junction node p € N, we set the following conditions, which say that the flux
is equal to a linear combination of the different differences of densities on the various arcs :

—4¢i(0) = > Rij(pi(-,0) = pi( L)) + X wig(pi(-,0) = p;(-,0))  if i€ Op,

(65) g 7€ .
qi( Li) = > kij(pi(, Li) — pi (-, Ly)) + D2 Kij(pi(s Li) — p;(+,0)) if i € T,
i€, JE0,

where r; ; > 0 are generalizations of permeability coefficients between two arcs.
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In order to have the mass conservation property at the junction p € NV, we also impose a
generalization of condition (15), which reads as :

(66) > =500+ > @l Li) =0.
€0y €T,
If we impose that the transmission coefficients are symmetric, namely
Kij = Rji
condition (66) is automatically satisfied. This condition ensures that the total mass of the

whole system is conserved, namely

d L
(67) Loty = 0, with m(t) = 3 / ot ) da
dt , 0
€A
Now, let us consider the discretization of the previous conditions on the outer nodes and at
the junction, following the ideas of Sec.4.
For the outer nodes, we set, in the spirit of conditions (44)- (45) :

poi = p1,; and qo; = —q1; if i € O,
(68) e

pJii = pJi—1iand qg, i = —qz,—1; it i €L,
Now, at each node p € N, we will need to solve a linear system. Namely, at node p € N,
considering the junction conditions with N, arcs, we need to compute 2N, values, that we
denote pf and ¢ for 1 < i < N,. Equations (65) give at the discrete level the following N,
equations :

—a; = Y wiglpf = p5) + Y wigloi —p}) ifi€ Oy,

(69) JEL J€Op
g =Y k(o — o))+ > kijlof —pj)  ifi€T,
J€Lp J€0p

We obtain N, other equations by imposing a generalization of equation (51) :
(70) FP(Uri, Uf) = qf,  ifi € Op,

FP(Uy,:,UY) =qf ifiel,
In the case of the HLL flux, the system (70) becomes

4G+ aqui A T

ZTZ—FEl(p;k_pLZ):qZ’ leGOp,
4G+ i AN T
ZTZ _ Ez(pz _in’i) =gq; if 7 EIp.

or equivalently
(71) ¢ = qui+Ni(pf —pia), it e O,
¢ = i — mi(pf = psa), i€,
Combining Eq.(71) and (69), we obtain the following system composed of N, equations :
(72) €Ly j€0y,

D kit =)+ Y kig(pf = p3) + pip; = qui+ pips i€ I,
J€Lp J€0p
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Therefore, at node p € N, the vector (p7,---, P*N,,) is solution to a linear system, which is
invertible, as soon as x;; > 0 and p; > 0, since the matrix

Z K1+ pH1

i#1

(73) - i

—HKij Z KNp,j T BN,
J#Np

is a strictly diagonally dominant matrix. Values for momenta ¢, 1 <i < N,, are then given by

Eq.(71).

6.2. Properties of the numerical scheme. It is now easy to generalize the mass
conservation and the positivity of solution, already demonstrated at Sec.4.4 in the case of a 2
arc network, to the case of a IV arc network. However, the entropy dissipation property is far
more complicated and will not be treated here. First, we prove the following property, which
is equivalent to the continuous mass preservation (67).

Proposition 6.1. Let us consider system (11) set on a N -arc network with boundary conditions
(64) on the outer nodes and junction conditions (65) with symmetric coefficients, that is to say
Kij = Kji. The numerical scheme (36) with discrete boundary conditions (68) on the outer

nodes and discrete junction conditions (69) is mass-preserving, that is to say the discrete mass
N J;

My = hz Z P} is independent of n € N.
i=1 j=1

Proof. We consider the first component of equation (36). The conservation of mass is given by
Eq.(68) and (69) with x; j = &;;, which leads to

do—a+Y g =0
€0, ieT,

g

Now, we prove the generalization of the positivity of the solution in the particular case of
HLL numerical flux :

Proposition 6.2. Let us consider scheme (36) with flux (40) on a N arc network, boundary
conditions (68) and conditions (69)-(70) at the junction in order to discretize system (11)-(64)-
(65) on a general network. We define A\I' > 0 such that

Al > max |uf;
I<jsdi 7

+ /P (p};), for 1 <i<N.
If the initial condition is positive, that is to say

p?,iZOforalllgigN, forall1 < j5 < J;,
then the solution remains positive in time, that is to say

pji >0 forall1 <i <N, forall1<j<.J; forallneN.
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Proof. We prove the proposition by induction, following the proof of Prop.4.2. Assume that
p?’iZOforalllgigN,lgngi.

We consider node p € N. Since \I'" > |u§‘l| for all 1 < j < J;, we can show that the
components of the second member of linear system (72) are nonnegative. Moreover, since
kij > 0 and pf > 0, it can be proved easily that the matrix (73) of linear system (72) is

a monotone matrix. Consequently the solution (p7,--- ,p}‘vp) has positive components and
therefore, we can deduce that pﬁrl >0foralll<i< N, 1<75< ;. ]

6.3. Numerical tests. We present now some numerical tests for a general network.

We consider a grid-shaped network with 26 arcs and 18 nodes, see [15] : 16 junction nodes
and 2 outer nodes, see Figurel6. The junction nodes are connecting to 2, 3 or 4 arcs, namely
nodes inside the grid are connected to 4 nodes, nodes on the arcs of the grid to 3 nodes and
nodes on the corners of the grids to 2 or 3 other nodes. Permeability coefficients depend on
the number of arcs at the node, more precisely if we denote by N, the number of arcs at node
p, then k;; = 1/N), for all i # j and 0 otherwise. The lengths of the arcs are also different
and are equal to L = 10 except L1 = Ls = L9 = L1g = L14 = Loy = Loy = Log = 0.5. Note
that, for readability reasons, we plot on the figures all the arcs with the same length, although
different length values are taken in the computation.

The initial density p is a small perturbation on each arc of a constant equal to 0.45 and
the initial momentum ¢ is constant everywhere equal to 0.1. We let the system evolves until
T = 150, see Figure 17.

We notice that the system reaches an asymptotic state with some null momentum ¢ on each
arc of the network and a constant density p which is the same on each arc of the network;
the constant density can be computed thanks to mass conservation and the initial mass on the
whole network.

At time T' = 10, we notice that positive values for ¢ are concentrated around the nodes of the
network, whereas null or positive values of the momentum take place on the arcs. Regarding
the density, we remark the highest values on the arcs around one outer node of the network
and the smallest values around the other outer node.

At time T = 50, the values for the density follow the same pattern as for T = 10, but the
values are more homogeneous all around the network. As for the momentum, it is null on each
arc and ¢ have positive and negative values around the nodes of the networks, where the main
changes occur.

Finally at time T" = 150, once again, the system converges in large time towards a constant
state for p and ¢, but the convergence time is much longer than for the previous test cases,
since the network is bigger, see Figurel7. The value of the density is slightly higher on the arcs
with smaller lengths, see the red path on the figure.

7. CONCLUSIONS

This paper presents a comprehensive framework for simulating isentropic gas dynamics on
networks with jump transmission conditions at junctions. By introducing a relaxation-based
numerical scheme, we provided a robust and mass-conserving method that accommodates
discontinuities in density and is applicable to both subsonic and supersonic regimes. The
scheme is shown to be accurate, stable, and extendable to general network configurations,
even when traditional approaches do not work. Numerical tests confirm the method’s
effectiveness in capturing complex dynamics and its potential for broad applications in
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F1GURE 16. Network configuration with 26 arcs and 18 nodes; some of the arcs
are smaller

engineering and biological systems. We believe that the relaxation approach can be useful in
any situation when the resolution of the exact Riemann problem is not easy to be obtained.
Future studies could focus on extending the method to more complex physical models, such
as full gas dynamics with additional thermodynamic variables or multi-species flows. The
generalization to networks with arbitrary topology and varying transmission coefficients
suggests potential applications in modeling biological transport, traffic flow, and energy
distribution systems. Analytical challenges remain, particularly in rigorously establishing
entropy dissipation for the discrete scheme on large networks and in exploring the uniqueness
and stability of solutions under more general transmission conditions.
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