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Abstract

We propose an original relaxation scheme for scalar conservation laws of the form
Ou + 9z (u(l — u)g(u)) = 0, where g € €*([0,1];R). Those scalar conservation laws
come from a drift-flux model for two-phase flows [16]. Unlike Jin and Xin’s approach
[12], the new relaxation strategy does not involve any tuning parameter, but makes use
of the Born-Infeld system [5,18]. The advantage of this new method is that it enables
us to achieve a maximum principle on the velocities w = (1 — u)g and z = —ug, and
to control the sign of the numerical flux. Stability is established for a wide class of
eligible functions g. This method can be plugged into a scheme for two-phase fluids,
for which numerical experiments are shown.
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1 Introduction

As a sequel to the previous works [2, 3] on relaxation methods for the simulation of two-
phase flows in pipelines, this paper is a first step toward the multi-component case. More
specifically, it shows how a numerical difficulty that arises in a large two-phase multi-
component system can be most adequately solved by some unexpected theoretical devel-
opments for a scalar conservation law.

For the sake of simplicity, let us use Lagrangian mass coordinates to introduce the
problem. In [2,3], we proposed to solve the drift-fluz model [16,17]

KT —Opv =0 (1.1a)
v + 0P =0 (1.1b)
Y — Opo = 0, (1.1c)
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by the relaxation model

T — Opv =0 ( )
v+ Ol = 0 (1.2b)
O+ a*dpv = AP — II) (1.2¢)
QY — 9,2 =0 (1.2d)
X~ 0*0nY = Ao — %), (1.2¢)

In (1.1), the slip
o= p¥ (1= Y)o(r,Y,v) (13)

and the total pressure
P :p(Tv Y) +pY(1 - Y)¢2(7_7 Y¢U) (14)

are functions of the specific volume 7 = p~! € R* , the gas mass-fraction Y € [0, 1] and
the mixture velocity v. The thermodynamic pressure p in (1.4) and the hydrodynamic
slip velocity ¢ in (1.3) are algebraic closure laws.

The relaxation method consists in replacing the highly nonlinear quantities P and o by
the new variables II and 3, to which (1.2¢) and (1.2e) are imposed as governing equations
Note that the subsystem (1.2d)—(1.2e) can be seen as the Jin-Xin relaxation [12] applied
to (1.1¢c), considered as a “scalar” conservation law on Y. The tuning parameters a, b are
at our disposal in order to stabilize the method. It was shown in [2,3] that under the
Whitham conditions

a?> > —P, + P? (1.5a)
b> oyl (1.5b)

the relaxation system (1.2) is a “good” approximation to the original system (1.1) in the
limit A — oo. Furthermore, at the discrete level, when the variables are updated by a
first-order explicit scheme, we are in a position to guarantee a positivity principle for the
specific volume and the mass-fraction, namely,

7>0 and Y €]0,1] (1.6)

as soon as a,b are larger than some known and computable bounds. This is the main
advantage of relaxation over other numerical schemes [7,8,15].

To take into account the multi-component nature of the flow, we want to add two
additional balance laws to model (1.1), namely,

9(Y€) —0Om(§0) = 0
(1 =Y)n) +9m(no) = 0. (1.7b)

The variables (£,7) € [0,1]% are the partial fractions of some component in the gas and
liquid phase, and do appear as new arguments of P and o. Combining (1.7) with (1.1c),
we get

0h€ — %amg =0 (1.8)

g
m - 9 1 b



which shows that —o /Y and o/(1—Y) are characteristic speeds of the system (1.1), (1.8).
The relaxation version of (1.7) is

0 (Y¢) — O (%) = 0 (1.9a)
o ((1 =Y)n)+0n(nx) = 0. (1.9b)
Combining (1.9) with (1.2d), we get
by
0 — ?&nf =0 (1.10a)
on+ %amn =0, (1.10b)

which shows that —X /Y and ¥/(1—Y") are characteristic speeds of the system (1.2), (1.10).
The trouble with this relaxation strategy is that when we need to know the velocities
o o

v and v
of the intermediate state (in the solution of the Riemann problem associated with the
(Y, X)-subsystem), we are faced with a division problem between two vanishing numbers.
The handling of this problem proves to be awkward, especially in the neighborhood of
single-phase states where Y* — 0 or 1.

It could be argued that the actual update of £, 7 by (1.9) does not require the velocities
(1.11). The only thing we need to know is ¥*, the sign of which is sufficient to decide
about the upwind values for &, 7. While this argument is true for an explicit scheme, in
which case the relaxation (1.9) coincides with Larrouturou’s decoupling device [13], it falls
flat if our ultimate goal to work out an implicit scheme in the fashion of Baudin et al. [3].
Indeed, in order to interpret the scheme as a Roe method, we have to be able to compute
the speeds (1.11) in an efficient way. A final, albeit accidental observation is that the >*
coming from Jin-Xin’s method (1.2d)—(1.2e) for (1.1c) may have the “wrong” sign when b
is too large (see §3 for details).

In the present work, we would like to put forward a new relaxation approach to the
“scalar” equation (1.1c), the interest of which is to ensure a maximum principle on the
values of the Lagrangian velocities p(1 —Y )¢ and —pY¢ for the intermediate state, and to
secure the correct sign for the final numerical flux ¥*. To the astonishment of ourselves, the
new relaxation philosophy resorts to a system of equations studied by Born and Infeld [5]
about a century ago in electrodynamics! This is why we also call it the Born-Infeld
relazation for short.

This paper is organized as follows. First, in §2, the Born-Infeld relaxation is presented
in its purest essence for the scalar case, along with its numerous and elegant properties.
This is most fundamental part of our contribution, the theoretical results of which are
carried over to an arbitrary flux function in Appendix A. Then, in §3, we show how to
integrate this scalar method into a more intricate relaxation scheme for the full drift-flux
model in Lagrangian coordinates. The case of Eulerian coordinates is addressed in §4,
where numerical results are supplied in order to compare the new relaxation scheme to
the standard one.

(1.11)

2 Relaxation via Born-Infeld for scalar conservation laws

Let us start by assuming that p = 1 and ¢ = ¢(Y), which allows us to consider (1.1c)
as scalar conservation law. In order to comply with the usual notations for hyperbolic
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equations and to highlight the abstract nature of the Born-Infeld relaxation method, we
proceed to the change of notations

Y —>u —-o0o—f —-¢—g, m—ux (2.1)
We consider the conservation law (1.1c), rewritten as
Opu+ O f (u) = Opu + Op(u(l — u)g(u)) =0 (2.2)

and defined for u € [0,1] under the hypothesis ¢ € ¢*([0,1];R). In particular, g is
bounded. Equation (2.2) can be thought of as two nonlinear convective equations

O(u) + 0z(u-w(u) =0 or O(l—u)+0,((1—u)-2(u)=0 (2.3)

with the apparent velocities

w(u) = (1 —u)g(u) = S and z(u) = —ug(u) = — () . (2.4)

The difference
g9(u) = w(u) — 2(u) (2.5)

then appears to be the slip velocity between the phase v and the phase 1 —u. By inverting
(2.4), we have

w(u)z(u)

U= s and f(u) = (2.6)

2(u) —w(u)

provided that w(u) # z(u).

2.1 Change of variables

As we seek to ensure a monotonicity principle for the phase velocities, it is natural to
choose them as evolution variables. Let us introduce the pair of independent variables
(W, Z), meant to be the relaxation counterparts of the equilibrium values (w(u),z(w)).
The formulae (2.6) suggest to define the pair (U, F'), the relaxation counterparts of the
equilibrium values (u, f(u)), as

Wz
Z-W

UW,Z) = and F(W,Z) = (2.7)

Z-W

for W # Z. In the same spirit as (2.1), the variable F' is the new notation for —%. The
inverse transformation of (2.7) is

W(U,F)zg and Z(U,F):—%. (2.8)
In imitation of (2.5), we also define
GW,Z2)=W —-Z (2.9)
to be the relaxation version of the slip velocity g(u). Then,
F=U(1-U)G, W=(01-U)G, Z=-UG. (2.10)



Our first task is to clarify the ranges of the variables involved so that the transforma-
tions (2.7)—(2.8) make sense and so that we can make the identification U = u € [0, 1].
Let Q C R? be the (W, Z)-domain defined as

Q={R_ xRy} U{Ry xR_}\(0,0) (2.11)
and let U C [0,1] x R be the (U, F)-domain defined as
U =10,1[xR U (0,0) U (1,0). (2.12)

Proposition 2.1. The pair (U(W,Z), F(W,Z)) introduced in (2.7) is well-defined for all
(W, Z) € Q. The domain of F can be extended to Q = QU (0,0) by continuity by setting

£(0,0) = 0. (2.13)

The pair (W (U, F), Z(U, F)) introduced in (2.8) is well-defined for (U,F) € 0 = U\
{(0,0) U (1,0)}. The domain of (W,Z) can be extended to U by continuity along the
equilibrium manifold F' = f(U) by setting

(W(0,0),2(0,0)) = (w(0),2(0)) and (W(1,0),Z(1,0)) = (w(1),2(1)). (2.14)
PROOF From the first part of (2.7), we have

wWZ

U(l-U) = ~Z—wr

(2.15)
Hence, U € [0,1] if and only if WZ < 0, which means that (W, Z) € Q. Then, the pair
(U, F) is well-defined by (2.7) if and only if W # Z, which amounts to (W, Z) € Q. At
the origin, F' can be extended by (2.13) because
lim FW,Z)=0. (2.16)
(W,2)€Q—(0,0)
It is not possibloe to do the same for U, but this does not cause any harm to the method.
If (U, F) € U, there is no problem in computing (W, F') via (2.8). We cannot do this
forU=0or1,butif F = f(U) =U(1-U)g(U), then simplifications occur, which enables
us to define (W, Z) at (U, F) = (0,0) and (1,0). O
The key fact on which we wish to draw attention is that F' can be defined continuously

over , so that the Born-Infeld flux is always well-defined (see Theorem 2.5) and therefore
the new relaxation method can be applied even for single-phase states U = 0 or 1.

2.2 Relaxation system

Definition 2.1. The Born-Infeld relazation system for the scalar conservation law (2.2)
is defined as

AW + Z0,W = ANw(U(W, Z)) — W] (2.17a)
QZ +WoZ = NUW,Z2)) - 2, (2.17D)

for (W, Z) € Q, where A > 0 is the relazation coefficient.



This name is justified by the fact that when A = 0, system (2.17) coincides with Serre’s
form [18] of the Born-Infeld equations. The historical Born-Infeld system [5,19] stems from
quantum mechanics and is actually more sophisticated. To our knowledge, this is the first
time that it appears in the design of relaxation schemes, a context totally unrelated to
field theory.

It seems to be the first time too that a nonlinear combination of the relaxation equa-
tions must be used in order to recover the “original” equation, as indicated in the following
Lemma.

Lemma 2.1. For all A > 0, smooth solutions of (2.17) are also solution of
wUW,Z)+ 0, F(W,Z) =0. (2.18)

PROOF Since smooth solutions are differentiable, we multiply (2.17a) by Uy = ZG~2,
(2.17b) by Uz = —WG~2 and add them together. It is readily checked that the left-hand
side of the sum is equal to ;U + 0, F. As for the right-hand side, it also vanishes thanks
to

Z(w(U) — W) = W((U) - Z) = Zw(U) — Wz(U) = g(U)[(1 — U)Z + UW]  (2.19)

and because of (2.7).
For the moment, the property (2.18) holds true only for smooth solutions. In order to

extend it to weak solutions, we simply need to have a linear degeneracy of the characteristic
fields of (2.17).

Proposition 2.2. The eigenvalues (Z, W) of (2.17), both linearly degenerate, are respec-
tively associated with the strong Riemann invariants W and Z.

PROOF See [18]. O

This expected degeneracy is in accordance with the orthodoxy in the area of relaxation
systems [6,10,11]. The fact that all characteristic fields are degenerate by construction
enables us to state a more complete equivalent result.

Theorem 2.1. For all A\ > 0, the Born-Infeld relazation system (2.17) is equivalent to
the system

U+  0,(U1L—U)G)=0 (2.20a)
KG+G*0, U = \g(U) — G]. (2.20b)

in the sense of weak solutions, where (U,G) € [0,1] x R is considered as a pair of inde-
pendent variables.

Proor Thanks to linear degeneracy, we can restrict ourselves to smooth solutions. Equa-
tion (2.20a) is none other than (2.18) of Lemma 2.1. As for (2.20b), it can obtained by
subtracting (2.17b) to (2.17a) and by arguing that

ZO W —Wo,Z = (ZWU\G — WZU|G)85(;U + (ZWG|U — WZG|U)8IG (2.21)

in the left-hand side. O
In preparation for the generalization of the Born-Infeld to an arbitrary flux function
(see Appendix), we point out the following property.
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Corollary 2.1. The Born-Infeld relaxation system satisfies the additional equation
a((1 = 20)G) = 0, (U(1 = U)G?) = A(1 - 2U)[g(U) — G, (2.22)
the left-hand side of which is in conservation form.

PROOF Let I = (1-2U)G and K = —U(1-U)G?. In terms of (W, Z), we have I = W +Z
and K = WZ. Adding (2.17a) and (2.17b) together, we obtain the desired equality

ol + Zo,W +Wo,Z =M1 —u) —ul[g(U) - G]. (2.23)
because ZO,W +W0,Z =0,(WZ) =90, K. O

2.3 Chapman-Enskog analysis and Whitham condition

We now show the extent to which the Born-Infeld relaxation system (2.17), or its equivalent
form (2.20), is actually a “good” approximation to the original equation (2.2).

Theorem 2.2. At the first order approzimation in \™1, the solution u to relaxation system
(2.17) or 2.20) satisfies the equivalent equation

O+ 0y f(u) = NLa{—[f"(u) — w(w)][f"(v) — z(u)]dpu}. (2.24)
PRrROOF With the identification v = U, we insert the standard Chapman-Enskog expansion
G =gu)+ 2t +ON?) (2.25)

into (2.20b). Keeping the leading terms only, we obtain
—g1 = Ohg(u) + g*(u)d,u. (2.26)

Arguing that yu = —0, f(u) is valid at the zeroth-order, we transform the right-hand side
into

—g1 =g (u) — g' (W) f' ()]0, (2.27)
Now, plugging (2.25) into the first equation of (2.20), moving first-order terms to the
right-hand side and using (2.27), we end up with

Opu + Oy f(u) = X710 {—u(l — u)g1} (2.28a)
= 310, {u(l — w)[g? () — ¢ (W) (w)]Dsu}. (2.28b)
Let us rearrange the kernel
D(u) = u(l —u)lg?(u) — g'(u) f'(u)]. (2.29)
On one hand,
u(l —u)g*(u) = —w(u)z(u). (2.30)

On the other hand, multiplying the equality f' = (1—2u)g+u(1—u)g’ by f’ and isolating
the product ¢’ f’, we have

u(l —w)g' (W) f'(w) = [f ()] = (1 = 2u)g(u) f' () (2.31a)
= [/ ()] = (w(u) + z(uw) f'(u). (2.31b)
Inserting (2.30) and (2.31) into (2.29) yields
D(u) = —w(u)z(u) + (w(u) + 2(w)) f'(w) = [f'(w))? (2.322)
= —[f"(w) —w@)][f'(w) — 2(u)], (2.32b)

which completes the proof. [



Theorem 2.3. A sufficient condition for the relaxation system (2.20) to be a dissipa-
tive approzimation of the original equation (2.2) is that the Whitham subcharacteristic
condition

f'(u) € |w(u), z(u)], (2.33)
holds for all u in the range of the problem at hand.

PROOF At the continuous level, the dissipative approximation means that the kernel D(u)
in the equivalent equation (2.24) be a diffusive kernel, i.e., D(u) > 0. This amounts to

[f'(u) = w(w)][f'(u) = 2(w)] <0, (2.34)

hence (2.33). O

Rigorously speaking, we should have required D(u) > 0 at the PDE level. At the
discrete level, however, we will see in §2.5 that D(u) > 0 is sufficient to guarantee the
monotonicity of the numerical flux.

Unsurprisingly, the Whitham condition demands that the eigenvalue of the original
equation be enclosed by the two eigenvalues of the relaxation system [19]. The novel
feature is that, in the present method, condition (2.33) may appear to be quite severe:
only a class of flux functions f are eligible for the Born-Infeld relaxation. Let us investigate
further into this class of flux functions. The boundedness of g implies f(0) = f(1) = 0,
and we can write

f(u) — £(0)

w(u) = "0 and z(u) = M

2.
u — 1—u ( 35)

From (2.35), we infer the geometrical interpretation depicted in Fig. 1. On the curve ¥
given by the Cartesian equation f = f(u), let M = (u, f) be a running point, A = (0,0)
and B = (1,0). Then, w is the slope of AM, while z is that of BM. Condition (2.33)
amounts to saying that the tangent to € at M lies outside the angular sector Z(MA, MB).

f \\ //
AN 7
\\ //
7
Jw) poee 20
M
Ve : AN
Ve . AN
’ : \
7/ B AN
Ve N AN
s : N
7/ . AN
7 : \
// ; \\
Al w(u) z(u)'~|B
0 u 1 U

Figure 1: Geometrical interpretation of the Whitham condition.

For w = 0 or 1, the Whitham condition holds with equality, since f'(0) = w(0) and
f'(1) = 2(1). We are going to characterize the Whitham condition for a local point
u €]0,1[ in two different ways. The first way is a condition in terms of w and z alone.

Lemma 2.2. Let u €]0,1[. The Whitham condition (2.33) is satisfied at u if and only if
the functions w and z are decreasing at u when f(u) > 0, increasing at u when f(u) <0,
and critical when f(u) = 0.



PROOF A straightforward computation shows that

o Uf;?— fond o — _%_ (2.36)

Suppose f(u) > 0. After (2.4), we have z(u) < 0 < w(u), because u €]0,1[. Thus,
condition (2.33) boils down to
f(w)

z(u) = “1—a < fl(u) < % = w(u). (2.37)

This double inequality is equivalent to
—[(1=w)f'(u) + f(u)] <0 and uf'(u) — f(u) <0, (2.38)

whence 2'(u) < 0 and w'(u) < 0. We proceed similarly in the case f(u) < 0 for which
w(u) <0< z(uw). If f(u) =0, necessarily w(u) = z(u) = 0 because u ¢ {0,1}. By (2.33),
we have f’(u) = 0, from which we deduce that w'(u) = 2'(u) = 0 via (2.36). To establish
the converse, we follow the same steps in reverse order. [

It follows that a convex or concave function f with f(0) = f(1) = 0 is eligible functions
all over [0, 1]. In Lemma 2.2, the function g is hardly visible. We now give it a prominent
role in the second test of the Whitham condition. The result below will be useful in §3.

Lemma 2.3. Let u €]0,1]. The Whitham condition (2.33) is satisfied at u if and only if

d(u) € {—M Mw : (2.39)

u ' 1l-—u
PROOF In terms of g, we have
w=-g+(1—u)g and 2'=-—g—ug. (2.40)

We apply Lemma 2.2. If g(u) > 0, then f(u) > 0 and the decreasing conditions w'(u) < 0
and 2/(u) < 0 imply

g(u) = max{(1 — u)g'(u), —ug'(u)}. (2.41)
Likewise, if g(u) < 0, we arrive at
g(u) < min{(1 — u)g(u), —ug(u)}. (2.42)

From (2.41) and (2.42), we infer (2.39) for g(u) # 0. If g(u) = 0, by Lemma 2.2, we must
have w'(u) = 2/(u) = 0, and using (2.40), we have ¢’(u) = 0. The converse follows the
same lines. [

2.4 Riemann problem

As was explained in [2, 3], we need to solve the Riemann problem corresponding to the
homogeneous relaxation system in order to know the value of the numerical flux.
A generic point in € is designated by v = (W, Z). From now on, the symbols v~ and
vt stand for the negative and positive parts of any real number v € R. For (a,b) € R?,
we use the notation
la,b] ={ra+ (1 —7r)b, r € [0,1]}. (2.43)

We also denote by 1) the characteristic function.
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Figure 2: Solution to the Riemann problem for the homogeneous Born-Infeld system.

Theorem 2.4. Let vy = (Wy,Z1) € Q and vg = (Wg, Zg) € Q be two arbitrarily given
states. Define the two speeds

sp =min(Wr,Zr) <0 and sr=max(Wg,Zr) > 0. (2.44)
When A = 0, the solution to (2.17) for (t,z) € R% x R with the initial data
v(t=0;2) =vrlzc00 + VR (z50) (2.45)
s given by
1. If WeWr >0 and Z1,Zg > 0,

v(t,x) = vilpars;y + Vs, <a<tsp) T VR ostsp) (2.46)
with v = (W,Z) = (W, + Wg,Z; + Zf;). The intermediate state v satisfies the
mazimum principle . N

W e |Wr,Wrl, Z¢€|Z,Zr]. (2.47)
2. If W Wgr <0 or Z1,Zr <0,
v(t,z) = vilipers,y + Vilis, <a<oy + VR 0<o<tsp) T VRL{z>tsp) (2.48)

with vy, = (W, Z1) = (W, ,Z;) and Vg = (Wr, Zg) = (Wg,Z}E). The intermedi-
ate states vy, and Vg satisfy the maximum principle

WL S I_WL,WR—‘, ZL € I_ZL,ZR—‘ (2.498,)
WR S I_WL,WR—‘, ZR S I_ZL,ZR—‘. (2.49b)
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PROOF In the (W, Z)-plane, W-curves are vertical lines, while Z-curves are horizontal
lines. Riemann problems can thus be solved “by hand,” depending on the locations of the
two initial states, as depicted in Fig. 2. The claims about the maximum principle are easy
to check. [

The benefit of the maximum principle (2.47), (2.49) is obvious: should we need the
apparent velocities at some intermediate state, we no longer have to worry about the
division problem for (1.11), as mentioned in the Introduction. We now concentrate on the
flux that is to be plugged in the numerical scheme. In this respect, it is well known [9,14]
that in the context of Godunov-like methods, we have to extract the interface values

W*=W(z/t=0"%), Z*=Z(z/t=0") (2.50)

from the full Riemann solution. In the special cases s;, = 0 or sg = 0, although W*, Z*
may take different values at z/t = 07 and at x/t = 07, the relaxed flux
W*Z*
F*=FW*Z") = ——— 2.51
is continuous across x/t = 0, as detailed by the following procedure.

Theorem 2.5. Let vy = (Wy,Z1) € Q and vg = (Wg, Zg) € Q be two arbitrarily given
states.

1. IfWiWg >0 and Z1,Zg > 0, then the intermediate state (W, Z) = (W, +Wh.Z, +
ZE), defined in Theorem 2.4, necessarily belongs to 2, and

F*=F(W,2). (2.52)

2. If WWgr <0 or ZrZr <0, then F* = 0.
In all cases, the relazed flux satisfies the sign property
F*-F(Wp,Z) >0, F*-F(Wg,Zg) > 0. (2.53)

PROOF The proof is done with the help of Theorem 2.4, the extension (2.13) and by
scrutinizing all the situations that can occur. We leave it to the reader. [J

The sign property (2.53) is a major asset of the Born-Infeld relaxation when it comes
to make use of the flux F* for a further purpose. It helps us avoid a bad upwinding in
(1.9), as was sketched out in the Introduction and as will be more thoroughly described in
§3.3. To emphasize that F* depends on the left state vy and the right state vg, we write

F* = Z(vL,VR). (2.54)

Definition 2.2. Let ur, € [0,1] and ug € [0, 1] be two arbitrary states. Consider v(ur) =
(w(ur), z(ur)) and v(ugr) = (w(ur), z(ur)). Then,

H®(ug,ug) = F(v(ur), v(ug)) (2.55)
is said to be the Born-Infeld numerical flux associated to (ur,ur).

Thanks to Theorem 2.5, the Born-Infeld numerical flux is well-defined for all (ur,ur) €
[0,1]2. Tt is a trivial matter to check that this is a consistant flux, that is, HB(u,u) = f(u)
for all u € [0, 1].
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2.5 Stability at the discrete level

In §2.3, the Whitham condition was derived and discussed at the continuous level from the
Chapman-Enskog analysis. We are going to evidence its connection with the monotonicity
of the numerical flux at the discrete level. Consider the first-order explicit scheme

At
up = — g (u uity) — H (uiy, )], (2.56)

)

We recall [9] that the numerical flux H is said to be monotonous if it is increasing with
respect to its first argument and decreasing with respect to its second argument. If we
specify H(ur,up) for the arguments, then monotonicity is expressed as

H,, >0 and H,, <0. (2.57)

provided that the partial derivatives exist. We wish to investigate about the monotonicity
of the Born-Infeld numerical flux HB!(uz,,ur) defined in (2.55).

Theorem 2.6. Assume that g(u) keeps a constant sign over u €]0,1[. Then the Born-
Infeld numerical fluz HB (up,ur) is monotonous for all (ur,ug) €10,1[% if and only if
the Whitham condition (2.33) is satisfied for all u €]0,1][.

PROOF Let us assume g < 0. Then

vp =W, Z1) = (w(ur), 2(ur)) € RE xR (2.58a)
vg = (Wr, Zr) = (w(ug),2(ug)) € RZ x R%. (2.58b)
We are in Case | 1a| m of Fig. 2, which yields v* =v = (W, Zg). It follows that
B! _ w(ur)z(ur) 9.59
Thus, the Born-Infeld numerical flux is differentiable and one has
BB = iy [ ) ] (2.600)
u P (un) — wlur) |
HB = 2/ (u [%] 2.60b
= 20 )~ wlur) (2:000)

The monotonicity conditions (2.57) take place if and only if w'(uy) > 0 and 2/'(ugr) > 0
for all (ur,ug) €]0,1[2. This is equivalent to saying that w'(u) > 0 and 2’(u) > 0 for
all w €]0,1[. Since f(u) < 0, this is still equivalent to the statement that the Whitham
condition (2.33) is satisfied at all u €0, 1[ by virtue of Lemma 2.2. The case g > 0 works
alike. [

As a matter of fact, it is fair to point out that for the Jin-Xin relaxation scheme, the
monotonicity of the numerical flux

HX(up,up) = f(ur) —; flur) LB ; ur for all (ur,ur) (2.61)
is also equivalent to the non-strict Whitham condition
b>|f (u)] for all wu. (2.62)

In Appendix A, we will show that this equivalence still holds true for a generalized Born-
Infeld relaxation method.
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3 Relaxation via Born-Infeld for a Lagrangian two-phase
drift-flux model

Let us return back to the two-phase system (1.1), that we rewrite as

atT — amv = (313)
v + Oy P(u) = 0 (3.1b)
WY — Opo(u) = 0, (3.1c)
with the vector notation
u:=(1,0,Y) e Ry xRx[0,1] = £ (3.2)
and under the assumption
oP
P.(u) = 8—T‘Y7v(u) <0, Yue £. (3.3)

Except for simple slip laws, this assumption is usually not enough to ensure hyperbolicity
for (3.1). Since

o(u) = Y(1-Y)ps(u), (3.4)
we introduce

a(u)

wu) = =T = —(1-V)po(u),  2(w) =

= Yp¢(u) (3.5)

by analogy with (2.4). These can be interpreted as Lagrangian convective velocities for
the phases, to the extent that

Hh(Y)+ On(Yw(u) =0, and (1 —-Y)+9,((1—=Y)z(u)) =0. (3.6)

The difference
g(u) = w(u) — z(u) = —pd(u) (3.7)

then appears to be the Lagrangian slip velocity between the gas (Y') and the liquid (1-Y").
The transformations (3.5) can be inverted to yield
z(u) L o= w(u)z(u) (3.8)

z2(u) —w(u)

Y= 2w - w)

provided that w(u) # z(u).

3.1 Relaxation system

The basic idea is to apply the Born-Infeld relaxation of §2 to the single equation (3.1c),
while keeping the same relaxation technique as [2,3] for P(u) in the acoustic block. To
express this more clearly, we need a few notations.

As in §2, we consider the pair (W, Z) € Q to be the relaxation counterparts of the
equilibrium values (w(u), z(u)). In imitation of (3.8), we define

A W2z

(3.9)

13



to be the relaxation counterparts of (Y, —o(u)), with the implicit identification T =Y €
[0,1]. The inverse transformation of (3.9) is

)y by
T.)=—-=, Z(1,X)=-——. 1
W) = -5, Z(T,%) == (3.10)
Define
G=W—-Z. (3.11)
Then,
-X="T1-TG, W=>1-1)G, Z=-7G. (3.12)
Finally, the relaxation version of the vector notation (3.2) is
U= (r,v,Y(W,Z)) € £. (3.13)
The relaxation strategy we propose for (3.1) consists in considering the system
T — Opv =0 (3.14a)
ov + 0Onpll =0 (3.14b)
OIL + a?0,,v = A(P(U) —1I) (3.14c)
oW+ Z0, W = Mw(U) — W) (3.144)
WZ +WonZ = M 2(U) - 2) (3.14e)

for A > 0, in which (7,v,II, W, Z) are considered as independent variables. Unlike (3.1),
the homogeneous case A = 0 of system (3.14) never fails to be hyperbolic, provided that
a # 0. Tts (unordered) eigenvalues

—a, W, 0, Z, +a, (3.15)
associated with the strong Riemann invariants
I - av, Z, 0+ a1, W, II + av (3.16)

are all linearly degenerate. This allows us to derive the equivalent form

KT —  Opu =0 (3.17a)
oI+ a0 = AMP(u) — 1) (3.17¢)
Y+ 0,Y(1-Y)G=0 (3.174d)
G+ G*9,,Y = A g(u) — G), (3.17¢)
along the same lines as in §2.
Should the multi-component conservation laws
0 (Y€) —Om(&o) =0 (3.18a)
(L =Y)n)+0m(no) =10 (3.18b)

be appended to system (3.1), in which case (£,n) must also be considered as inputs for
(P, o), we would attach the subsystem

9 (Y¢) —Om(§X) = 0 (3.19a)
(1 ="1)n) + () = 0 (3.19D)

to the relaxation system (3.14), where Y(W, Z) and (W, Z) are given by (3.9).

14



3.2 Whitham conditions and closure laws

The essence of the relaxation technique advocated in [3] is to envision the acoustic block
(3.14a)—(3.14c) as separated from the kinematic block (3.14d)—(3.14e). This is achieved
by setting A = 0 and to solve the corresponding Riemann problem. But this decoupling
paradigm goes even further. It was justified at length in [3] that in the Chapman-Enskog
analysis for A — oo, it is still legitimate to see the two blocks as independent from each
other. As far as stability is concerned, this argument leads to the Whitham conditions

a>{-P; + P*}(u) (3.20a)
—oy(u) € |w(u), z(u)] (3.20b)

for all u under consideration. In (3.20b), the symbol oy stands for the partial derivative

Oo

= ¥ (3.21)

oy
Observe that condition (3.20b) is none other than inequality (2.33) of Theorem 2.3 for
f=—o0and u =Y. For the stability of system (3.19a), this is a heuristic requirement.
Since 0 = Y (1 — Y)¢, we apply Lemma 2.3 to characterize the Whitham condition
(3.20b) in terms of ¢ alone. This gives rise to

¢y (u) € {—@ fﬁuﬂ : (3.22)

The miracle is that most of the slip laws commonly used by physicists pass the test (3.22)!
To name a few:

e The dispersed law for small bubbles of gas in the liquid

VeoT
= 2
o= (3.23)
for a given V,, € R. This law is not valid for ¥ — 1.
e The Zuber-Findlay law [4,20] for intermittent regimes
Co—1 C
6= (Co = v+ Cy (3.24)

(1=Y)[1 = Co(1 —77/7)]

where Cy > 1, C7 € R and 7‘50 > 0 are given constants. This law is not valid for
Y — 1 either.

e The modified Zuber-Findlay law

no +v

O N O To —70/7)

(3.25)
where 1 €]0,1[, v € R and 70 > 0 are given constants. This law is valid for all
Y €10,1].

The actual verification follows from straightforward calculations that we leave to the
reader. As revealed by the calculations, ¢y covers the whole interval in the right-hand
side of (3.22), which means that the Whitham bounds are “optimal.”
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3.3 Explicit scheme

In the context of oil and gas transportation along a pipeline, the situation that is of interest
to engineers is, undoubtedly, subsonic flow with low Mach numbers. Since the relaxation
parameter a is comparable to the Lagrangian speed of acoustic waves, we typically have

a > max{|w(u)|, |z(u)|}. (3.26)

At the discrete level, let us consider a uniform mesh of size Am and a time-step At.
Since ta are the dominant eigenvalues of the relaxation system (3.14), we have to respect

the CFL condition
alt

Am
where q itself abides by a discrete version of the Whitham condition (3.20a), namely,

<1, (3.27)

a = max{—Fr + Pf}(ug‘) (3.28)
JEZ

In (3.28), the subscript j denotes the cell index and the superscript n the current time-
level. Within the framework of a first-order explicit schemes, the update formulae for (3.1)
using the relaxation method (3.14) are

R N TRV Sl SRV S
At Am
—+1 * T
A N e e SV (3.29)
+ =0
At Am
—+1 * *
TV SapEae
At Am ’
with
v* 2= U?—HJ;LH Pj”H—Pj”
j+1/2
! 2 2a (3.30)
" PP+ P v — Y
j+1/2 9 9
and
- ;+1/2 = Z (v}, vit1) (3.31)

In (3.30), P/' = P(u}). As for the notation .7 (v, vg) for the Godunov flux as a function
of the left and right initial velocities v = (W, Z) in (3.31), it was defined in §2, by equation
(2.54). Here, the input arguments are

vi = (w(u}), z(u})), i, = (w(ujy,), 2(ufy)). (3.32)
Had we applied Jin-Xin’s relaxation
Y~ 9pE =0 (3.33a)
XX —b%0,Y = Mo(u) — %), (3.33b)
to the “scalar” equation (3.1c) with a Whitham-complying choice for b, e.g.,

b= 1‘;1€aZx ’O’y(uj ), (3.34)
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the update formulae would have been the same as (3.29)—(3.30), but with

o+ ot yr,—-vn
* _ Jj+1 Jj+1 j
R 5 b 5 . (3.35)
using the short-hand notation oj' = o(uj’). As a result, ¥} L1/ Ay have a sign opposite
to that of the o’s if b is large. More accurately, for
o . — ol
b> (L 1| (3.36)
Y-y
which is not so large a bound, for this is the discrete version of b > |oy |, we have
S € L] 0] (3.37)
Thus, E;‘f +1/2 Can be positive while of and o7, are both negative, or vice-versa. Therefore,
in the discretization
(Yot — (ye)y (€)1 — (€2 0
n+1At n () am - (3.38)
(= Y)n)j - ((1- Y)g)j n (n )j+1/2 Y )j—1/2 —0
At Am

of (3.19a), the upwinded values

( }1777§L+1) if E;H/z <0

o) (3.39)
(EFe1mf) X7 >0,

(&G a1/2 Mig1y2) = {

are likely to come from the “wrong” side. Although this cannot be blamed for creating
instabilities, it induces more dissipation.
As announced in the Introduction, the real drawback of (3.33) turns up when we need

to know the velocities

hI pI

j+1/2 j+1/2
—_— — A
Y nd Ty (3.40)
j+1/2 j+1/2
corresponding to the intermediate state, with
Yr+Y" o — o
* _ 3 Jj+1 Jj+1 J
Y= 5 5 (3.41)

Indeed, the values (3.40) are the speeds of waves advecting £ and 7 in the Riemann problem
at edge 7+ 1/2. We have to compute them in order to construct an equivalent Roe-matrix
that would enable us to extend the scheme to an implicit or hybrid explicit-implicit time-
integration [3]. In the neighborhood of single-phase states, i.e., Y = 0 or 1, the practical
implementation of (3.40) is flawed with division-by-zero problems, the handling of which is
awesome. The advantage of the Born-Infeld relaxation is that we do not have to compute
the velocities of the intermediate state by a risky floating operation.
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4 Relaxation via Born-Infeld for an Eulerian two-phase drift-
flux model

The Eulerian formulation of the two-phase model (3.1) is

O(p) + 0x(pv) =0 (4.1a)
Au(pv) + Ou(pv? +P(q)) = 0 (4.1p)
A (pY) + 0x(pYv—0(q)) = 0, (4.1c)
with the vector notation
qae€={(p, pv, pY)|p>0,veR, Y €0,1]}. (4.2)

On the grounds of practicalities, we use the same letters P,o to designate functions of
the Eulerian variables q € € in (4.1) and functions of the Lagrangian variables u € £ in
(3.1). We recall that p = 77! is the density. We impose the same condition (3.3) on the
total pressure P, without the guarantee of hyperbolicity except for the usual slip laws.

4.1 Relaxation system

We introduce (W, Z) € Q in the same fashion as in §3. For convenience, we denote the
relaxation counterpart of q by

Q= (p,pv,pT(W, Z))7 (43)

in which T is computed by (3.9). Following the philosophy of [2,3], we decide that the
relaxation system for (4.1) is the Eulerian transform of (3.14), which yields

O(p) + Ox(pv) =0 (4.4a)
dr(pv) + Oz(pv* 410) =0 (4.4b)
O (pTl) + 0 (pIv + a*v) = M\p(P(Q) —1I) (4.4¢)
O (pW)+ 0z (pWv) + ZO,W = Ap(w(Q) — W) (4.4d)
h(pZ) + 0x(pZv) + WO, Z = Ap( 2(Q) — 2) (4.4e)
The last two equations can be recombined to give
OW+ (v+Z7)0,W = ANw(Q) — W) (4.5a)
WZ +(w+Wr)o,Z = N 2(Q) - 2). (4.5b)

It is easy to check that the relaxation system (4.4) is always hyperbolic. Its (unordered)
eigenvalues
v—ar,v+Wr, v, v+ 27,0+ ar, (4.6)

associated with the Riemann invariants (3.16), are all linearly degenerate. This allows us
to derive the equivalent form

A (p) + 0z(pv) =0 (4.7a)
A (pv) + Op(pv? + II) =0 (4.7b)
O:(pIL)+ By (pIv + a?v) = Ap(P(q) —1I) (4.7¢)
Oh(pY)+ 0x(pYv+Y(1-Y)G) =0 (4.7d)
O (pG)+ 0 (pGv) + G*0,Y = Ap(g(q) — G) (4.7e)



by standard calculations, with g(q) = —pY (1 — Y)¢(q).
Should the multi-component conservation laws

I (pY§) +05(§(pYv — o)) =0 (4.8a)
O(p(1 =Y)n) +0x(n(p(1 = Y)v+0)) = 0 (4.8b)

for some component be appended to system (4.1), in which case (£,7) must also be con-
sidered as inputs for (P, o), we would attach the subsystem

Oy (pYE) +0:(§(pTv — X)) =0 (4.9a)
Oy (p(1 = T)n) + 0x(n(p(1 = T)v + X)) = 0 (4.9b)

o (4.4), where Y(W, Z) and (W, Z) are given by (3.9).
The Whitham conditions are those of (3.20). The typical low-Mach flow that is of
interest to us is now expressed in terms of Eulerian velocities as

|a| > max{[w(q)|, [z(q)|, [pv]}, (4.10)

which implies v — a7 < 0 and v + a7 > 0.

4.2 Explicit scheme

At the discrete level, let us consider a uniform mesh of size Az and a time-step At. Since
v+ ar are the dominant eigenvalues of the relaxation system (4.4), we have to impose the
CFL restriction

At

A, ax vl + a7'| < 1, (4.11)
where a is given by (3.28). The subscript ¢ denotes the cell index and the superscript n
the current time-level. Within the framework of a first-order explicit schemes, the update
formulae for (4.1) using the relaxation method (4.4) are

n n 1 . 1
()i = (p): n (p”)z’+1/2 (m’)i—m _0
At Az
n n 2 ! _ 2 !
(pv)i ™" = (o) (v + Wigayy = (0" + Wiy _ (4.12)
At Az
n n _ l _ _ |
(PP — (pY): n (pYv E)i+1/2 (pYv E)i—1/2 _o
At Az ’

Contrary to the Lagrangian case, the Godunov-type values denoted by (.) do not

1
i+1/2
necessarily coincide with the intermediate state (.) of the homogeneous Born-Infeld
subproblem (4.5) at edge i + 1/2.

For convenience, let us switch to the notation using subscripts L and R for the left

and right states of the Riemann problem. After Theorem 2.4, introduce

*
i+1/2

s; =min(w(qr), 2(qr)) <0 and sp =max(w(qr),z(qr)) > 0. (4.13)

Under assumption (4.10), the eigenvalues involved in the Riemann problem associated to
(4.4) are increasingly ordered as

v —atp < v+ 577 < 0F <0* 4 spTR < VR + aTR (4.14)
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where (see [1-3] for details)

vr—v, Pr—Pp

* 4.15
L=t 2a 2a2 (4.152)
VR — UJ, PR — PL
* 4.15b
TR TR + 2% + 2@2 ( )
and
«_ VLtUR Pr— Pr,
2 2a (4.16)
H*_PL“‘PR _aUR—UL
2 2
with a clear separation of the orders of magnitude between the speeds
min{|vy, — at|, |vr, + atr|} > max{|v* + s, 77|, [v* + srTR|}- (4.17)
Since vy, — atr, < 0 and vg + atg > 0, we always have
vt =0, I =11% (4.18)

As for 7+ and 2!, distinction has to be made between several cases depending on the signs
of v*+s, 77, v* and v* +s,75. Without entering a tedious discussion including all equality
cases, we claim that
Tl = TLn{v*+sLTz>0} + Tz]l{v*+sLTZ<0<v*} (4'193‘)
+ TEH{U*<O<U*+SRT;} + TRH{U*—I—SRT}%<O}
St =00 psprr50p = F (VL VR) L {(0r 45 m0) (0 +sp75) <0} (4.19b)
+ O‘R]]-{U*+SRTE<O}
with vi = (w(qr), 2(qz)) and vg = (w(qr), 2(qr)). The computation of Y'! is lengthier
to explain. In case 1 of Theorem 2.4, we write
Yl - YL]I{U*+8LT£>O} + U(q)]1{(U*+8LTE)(U*+SRT§)<O} + YR]I{U*+SRT§<O}7 (420)
and in case 2, we write
Yl = YL]l{U*+SLTz>O} + U(qL)]l{v*+8LT£<O<U*} (421&)
+ U(vR)]l{v*<0<v*+sR'r}*%} + YR]I{U*+SRT§<O}

whenever it makes sense to compute U(.) by (2.7), that is, for v # (0,0) or v r # (0,0).
It happens that in all situations where U(.) is not well-defined, we do not really need Y,
thanks either to (v* + sp7})(v* + sg7j) > 0 or to vt = 0.

4.3 Numerical results

We compare the numerical solution computed with the Born-Infeld relaxation to that of
the relaxation introduced in [2]. All the runs are performed over a 100m-long pipeline,
discretized by cells of size 0.5m. The experiments involve Riemann problems with various
types of slip law, for which the original system (4.1) is hyperbolic and admits 3 eigenvalues

Ar(a) < Az(q) < As(q),  with [Aa(q)| < [Ai(q)] = |As(a)l- (4.22)
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As for the pressure law, we assume an incompressible liquide py(p) = p? and a perfect gas
pg(p) = p/a?, which leads to

Y) = af]pY (4.23
by virtue of the identity
Y 1-Y
Y 1Y) (4.24)

Pg(p) " pe(p)

Unless otherwise indicated, we use 70 = 107m3/kg and a, = 300m/s.

4.3.1 Experiment 1

The simplest slip law to begin with is ¢ = 0, which means that the gas is moving at the
same speed v as the liquid. In this experiment, a, = 100m/s. Consider the left L and
right R states

P 500 p 400
Y| = 0.2 and Y| =102]. (4.25)
v/, 34.423 v/ 50
These have been tailored so that the solution to the Riemann problem is a pure 1-
rarefaction, the front of which moves at the speed (A1) = —40.12m/s and the tail of

which moves at the speed (A\;)r = —15.77m/s. The snapshot in Fig. 3 corresponds to
time 7' = 0.8s.

We see that the two approximate solutions are correct and roughly identical. This
suggests that the numerical dissipation introduced by the two schemes is the same. This
conclusion is confirmed by the next two experiments.
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4.3.2 Experiment 2

The second slip law we consider is the Zuber-Findaly law (3.24), with Cp = 1.07 and
C1 = 0.21620. The initial left and right states are

p 453.19 p 454.91
Y| ={0.70543.1072 and |Y | =(0.10804.107" | . (4.26)
v/, 24.807 v /p 1.7460

These have been tailored so that the solution to the Riemann problem is made up of a
1-shock, a 2-contact discontinuity and a 3-shock. The result is shown in Fig. 4, which
corresponds to the final time 7" = 0.5s. Again, the two schemes exhibit the same behavior.

4.3.3 Experiment 3

The slip is now the dispersed law (3.23) with Vo, = —4480.9. The initial left and right
states are

p 901.11 p 208.88
Y| =(12330.103] and [Y | =[4.2552.1072]. (4.27)
v/, 0.95027 v /p 0.78548

These have been tailored so that the solution to the Riemann problem is a 2-contact
discontinuity propagating at speed 1m/s. The result is shown in Fig. 4 at time 7" = 20s.

This experience with a non-zero slip law and a slow contact discontinuity is usually
stiff enough to rank the schemes. Here, this is not the case and the two relaxation schemes
behave very similarly.

5 Conclusion

As evidenced throughout this contribution, there is a close connection between scalar
conservation laws of the type (2.2) and the Born-Infeld equations (2.17). Insofar as the
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relaxation method we propose takes advantage of this connection, it looks somehow more
natural than the standard Jin-Xin relaxation. For one, there is no need for tuning an
extra parameter in order to ensure stability. For another, the eigenvalues of the relaxation
system coincide with the physically meaningful phase velocities associated to the original
equation.

Besides the aesthetic appeal of the calculations presented in §2 (see Appendix A for
more results in the same vein), the Born-Infeld relaxation method is all the more attractive
that, in terms of numerical quality, it does compete well with the Jin-Xin method in which
the least diffusion amount is set. For practitioners, the very fact that no free parameter is
required might be regarded as a drawback, for there is no “screwdriver” at our disposal to
force diffusion when the flux does not belong to the class of eligible functions. However,
this class of eligible functions is not as narrow as one might think. It comes as a mystical
surprise that, in the area of drift-flux model for two-phase flows, the Whitham condition
is met by the most commonly used slip laws!

Once integrated into a full computational process for two-phase flow systems via the
decoupling paradigm of [3], the Born-Infeld scalar relaxation helps us solve the tricky
issue related to the the phase velocities of the intermediate state, as well as the less tricky,
albeit unpleasant issue of the sign of the numerical flux. This makes it easier to upgrade
the method to a hybrid explicit-implicit time integration. Numerical experiments show
that the overall relaxation scheme behaves well compared to the former one based on the
Jin-Xin relaxation.
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Generalized Born-Infeld for an arbitrary flux

This appendix aims at providing an abstract setting that extends the Born-Infeld relax-
ation to a general scalar conservation law

Oyu~+ Oy f(u) =0, u € [0, 1], (A1)

where the flux f(u) is not necessarily of the form u(1 — u)g(u).
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A.1 Admissible changes of variables

Let us consider the homogeneous Born-Infeld system

AW + ZOyW =0 (A.2a)
OZ +WoZ =0 (A.2b)

for (W, Z) € Q. A pair (E, R) of smooth functions of (W, Z) € €1 is said to be an entropy-
flux pair for (A.2) if we have the conservation law

WEW,Z)+ 0,R(W,Z) = 0. (A.3)
Despite the label “entropy,” no convexity property is required on FE.

Lemma A.1. A necessary and sufficient condition for (E,R) to be an entropy-flur pair
for the homogeneous Born-Infeld system is

Rw =ZEw, Rz=WZEgz. (A4)
Then, the entropy function E obeys the Goursat equation
Ew —Ez+ (Z—-W)Ewz =0, (A.5)
the general solution of which is

AW)+ B(2)
zZ-w

where A and B are two arbitrary smooth functions.

ZAW) +WB(Z)

EW,Z) =
(W, 2) o

R(W,Z) =

(A.6)

PROOF See [18]. O

To quote a few examples, the pair (U, F') introduced in (2.7) is an entropy-flux pair
with (A, B) = (0,Z). The pair (I,K) = (W + Z,WZ), which shortly appeared in the
proof of Corollary 2.1, is also an entropy-flux pair with (A, B) = (-W?2, Z2).

R Q R? (A7)
¢ ¢ ¢
: (A.14) i . :
U, F) —= w,z) A (1 k)
(A.13a)

From now on, we consider two general entropy-flux pairs, also denoted by (U, F') and
(I,K), as depicted in diagram (A.7). Of course, the first pair (U, F') is meant to be
the relaxation counterparts of the equilibrium values (u, f(u)). We require that the F'
can be extended by continuity to all (W,Z) € Q. We also require that the mapping

(W, Z) — (U, F) be well-defined and invertible for (W, Z) € €2, which allows us to consider
its inverse (U, F') — (W, Z), defined over some domain X C [0, 1] x R that we do not seek
to clarify further, insofar as our calculations are essentially formal.

Definition A.1. The change of variables (W, Z) = (U, F) is said to be admissible if

1. Each of the pairs (U,W) and (U,Z) can replace (U, F') as independent variables. In
other words,

for all (U, F) under consideration.
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2. The equilibrium speeds, defined as
w(u) =Wy, f(u)), 2(u)=Z(u, f(u)), (A.9)
remain bounded for u € [0, 1].

The second pair (I, K) is intended to play the role of ((1 —2U)G,—U(1 — U)G?) in
(2.22) of Corollary 2.1. To be more accurate, let us chain the mappings to obtain

S (U, F)=IW(U,F),Z(U,F)), X#(UF)=KW(U,F),ZU,F)). (A.10)
Definition A.2. The change of variables (W, Z) — (I, K) is said to be admissible if
1. The pair (U, ) can replace (U, F) as independent variables. In other words,
Ip(U,F) #0 (A.11)
for all (U, F) under consideration.
2. The equilibrium values for the entropy-flux (I, K), defined as
I(u) = I (u, f(uw), R(u) = A (u, f(u)) (A.12)
remain bounded for u € [0, 1].
For later use, let us specify the compatibility conditions (A.4) as

Fyw = ZUy, Fz=WUy (A.13a)
Kw = ZIy, Kyz=WIy. (A.13b)

Moreover, as a consequence of (A.13a), we end up with
Wy =-WWpg, Zy=-ZZp (A.14)
by differentiating the inverse mapping (U, F) — (W, Z).

A.2 Relaxation system

Our departure point is now the basic variables (U, F'), from which we define (W, Z) and
(S, %), in accordance with diagram (A.7) and so as to be endowed with admissible
changes of variables in the sense of Definitions A.1 and A.2.

Definition A.3. For a given choice of admissible changes of variables, the generalized
Born-Infeld relaxation of equation (A.1) is the system

AW + Z8,W = A\Wp[f(U(W, Z)) — F] (A.15a)
&Z +WaZ =\ Zplf(UW,Z)) — F), (A.15b)

for (W, Z) € Q, where A > 0 is the relaxzation coefficient.
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In (A.15), the quantities (Wpg, Zr) have to be understood as functions of the velocity-
like variables (W, Z) via

Wg = WF(U(W7 Z)7F(VV7 Z))? Zp = ZF(U(W7 Z)7F(VV7 Z)) (A16)

Note that the right-hand sides of (A.15) are not written in the same form as those of
(2.17). However, they do have the same values when f = u(1 — u)g and for the change of
variables (2.7)—(2.8).

As in Proposition 2.2, the characteristic fields of the Born-Infeld system (A.15) are
linearly degenerate, which enables us to extend results valid for smooth solutions to weak
solutions.

Theorem A.1. The generalized Born-Infeld relaxzation system (A.15) is equivalent to the
conservative form

aU +0,F =0 (A.17a)
8.7 (U, F) + 0,4 (U, F) = A\Ip(U, F)[f(U) — F]. (A.17b)

PROOF To prove (A.17a), multiply (A.15a) by U, (A.15b) by Uz, add them together and
make use of (A.13a). The right-hand side vanishes because Uy Wr + Uz Zrp = Up = 0.
Proceed similarly for (A.17b) and invoke the chain rule Iy Wp + I, Zp = Sp. O

A.3 Chapman-Enskog analysis and Whitham condition

The good news is that the equivalent equation given in Theorem 2.2 is still valid, although
its proof now involves more tortuous calculations.

Theorem A.2. At the first order approxzimation in \~', the solution u to relaxation
system (A.17) satisfies the equivalent equation

Opu + Opf(u) = N1 {—[f (u) — w(w)][f'(u) — 2(u)]dpu}. (A.18)
PrOOF With v = U, we insert the standard Chapman-FEnskog expansion
F=fu+\X1H+002) (A.19)

into (A.17b). Keeping the leading terms only, while remembering that all functions of
(U, F) must be evaluated at (u, f(u)), yields

—Ip(u, f(u) fr = 05 (u, f(u)) + 0o (u, f(u)) (A.20a)
= I (u, f(u))ou + H' (u, f(u))d,u (A.20D)
= [A"(u, f(w) = f' ()" (u, f(u))]0su (A.20c)

where (.)" designates the total derivative with respect to u, namely,
(O = L0y =000 + 1), (A.21)
Inserting (A.21) into (A.20c), and with the help of (A.13b), we obtain
H' — f(u)I = [KywW' + KzZ'| — f'(w)[IwW' + 127 (A.22a)
= [ZIwW' + W1, — f(w)IwW' + 127 (A.22D)
= (2(u) — f'(w)W'Iy + (w(u) — f'(u)Z'I. (A.22¢)
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Applying (A.21) again to transform (W', Z’) and invoking (A.14), we end up with
—Ip(u, f(w) fi = =T (f'(v) — ww)(f'(u) - 2(v))du. (A.23)

After simplification by Zr # 0, plug f1 into (A.17a) and deduce the desired result. [

Theorem A.3. A sufficient condition for the relazation system (A.17) to be a dissipa-
tive approximation of the original equation (A.1) is that the Whitham subcharacteristic
condition

f'(u) € |w(u), z(u)] (A.24)
holds for all u in the range of the problem at hand.

Proor Identical to that of Theorem 2.3. ]

A.4 Numerical flux and monotonicity

Like the Born-Infeld relaxation of §2, the Riemann problem associated with (A.15) can be
solved for the initial left and right data

v = (w(ur),2(ur)), vr= (w(ur),z(ur)). (A.25)

The intermediate states obey a maximum principle componentwise, as in Theorem 2.4.
As in Theorem 2.5, the flux F™* at + = 0 always makes sense, and satisfies a sign property.
This allows us to consider the numerical flux

H"'(up,up) = F (v, vg) = F* (A.26)

and to ask question about the equivalence between the monotonicity of HB' and the
Whitham condition (A.24), as was the case in Theorem 2.6.

Theorem A.4. Assume that each component of the pair (w(u), z(u)) keeps a constant sign
over u €)0,1[. Then a necessary condition for the Born-Infeld numerical fluzr HB (ur,, ur)
to be monotonous for all (ur,ur) €]0,1[% is that the Whitham condition (A.24) is satisfied
for all w €]0,1[.

This condition is also sufficient if each component of the pair (Uyw (W, Z), Uz (W, Z))
keeps a constant sign for all (W, Z) at issue.

ProOOF Without loss of generality, suppose we are in Case of Fig. 2, that is, w < 0
and z > 0. Then the intermediate state is v* = v = (w(ur), z2(ur)), and

HP (up, ug) = F(w(ug), 2(ur)). (A.27)
By differentiation,
HY = Fyw(w(ug), 2(ug))w' (ur) = 2(ur)Un (w(ug), 2(ur))w' (ug,), (A.28)
where we have used (A.13a). Let
b(ur,ur) = U (w(ur), 2(ug))w (ur). (A.29)

Then,
BI _
H,; =b(ur,ur)z(ur). (A.30)
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Similarly, we have
HE; = a(ur,ur)w(ur). (A.31)

with
a(ur,ur) = Uz(w(ur), 2(ur))z' (ug). (A.32)

Therefore, the monotonicity conditions HELI > (0 and HE{ < 0 are tantamount to

a(up,ur) >0, b(up,ug) >0 (A.33)

Taking the derivatives of

w=Uw(u),2(w),  f(u) = Flw(u), 2(u)) (A.34)

1= Uw (w(u), z(uw))w' (u) + Uz(w(u), z(u))z' (u) (A.35a)
fllw)y = Fw(ww),z()w'(w)+  Fz(w(w),z(w)? (u) (A.35b)
= 2(u) U (w(u), z(w)w' (u) + w(u)Uz (w(u), 2(u))2' (u), (A.35c¢)

again because of (A.13a). With the notations (A.29), (A.32), this system can be cast
under the form

1 a(u,u) + b(u,u) (A.36a)
() = wu)alu,u) + z(u)b(u,u). (A.36b)

The Whitham condition (A.24) says that f’(u) must be a convex combination of w(u) and
z(u). In view of (A.36), this is equivalent to

a(u,u) >0, b(u,u) >0. (A.37)
It is plain that
(A.33) for all (ur,ugr) €]0,1[> = (A.37) for all u €]0,1].

Hence, monotonicity of the numerical flux implies the Whitham condition. Furthermore,
from the definitions (A.29), (A.32), we clearly see that if (Uy,Uz) keeps a constant sign
componentwise, the monotonicity condition (A.33) splits into two separated and decoupled
conditions, one on 2'(uy), the other on w’(ug). The Whitham condition (A.37) also splits
into two conditions, one on 2’(u), the other on w’(u). In this case, we have the converse

(A.37) for all u €]0,1] = (A.33) for all (uz,ur) €]0,1[2,

which completes the proof. [
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