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Abstract

We propose in this work the first symmetric hyperbolic system of con-
servation laws to describe viscoelastic flows of Maxwell fluids, i.e. fluids
with memory that are characterized by one relaxation-time parameter.

Precisely, the system of quasilinear PDEs is detailed for the shallow-
water regime, i.e. for hydrostatic incompressible 2D flows with free surface
under gravity. It generalizes Saint-Venant system to wviscoelastic flows of
Maxwell fluids, and encompasses previous works with F. Bouchut. It also
generalizes the (thin-layer) elastodynamics of hyperelastic materials to
viscous fluids, and to various rheologies between solid and liquid states
that can be formulated using our new variable as material parameter.

The new viscoelastic flow model has many potential applications, ad-
ditionally to falling into the theoretical framework of (symmetric hyper-
bolic) systems of conservation laws. In computational rheology, it offers
a new approach to the High-Weissenberg Number Problem (HWNP). For
transient geophysical flows, it offers perspectives of thermodynamically-
compatible numerical simulations, with a Finite-Volume (FV) discretiza-
tion say. Besides, one FV discretization of the new continuum model is
proposed herein to precise our ideas incl. the physical meaning of the
solutions. Perspectives are finally listed after some numerical simulations.

1 Introduction

Many mathematical models have been proposed for flows of real fluids. Like the
celebrated Navier-Stokes equations [41], they mainly account for wviscosity as a
manifestation of the fluid non-ideality. But other macroscopic manifestations
of the fluid microstructure in continuum mechanics can also be accounted for,
typically through complex deviatoric stresses [61].

However, most of those models have a diffusion form ; thus they violate
the physical principle of a finite speed of propagation for material/energetic
perturbations. This violation may not be so important in some applications ;
but it seems important to us e.g. in geophysics, when one is interested in the
propagation of perturbations though large systems.



Moreover, a diffusion form also often entails unnecessary energy dissipation
in numerical simulations ; this prevents one from capturing realistic transient
dynamics on long time ranges.

A few hyperbolic systems of quasilinear PDEs have been proposed to model
fluid flows with realistic shear-waves propagating at finite-speed. They rely
on seminal ideas of Maxwell [45, 46, 47] after Poisson [59] to produce viscous
(frictional/dissipative) effects through the relaxation of an elastic deformation
(i.e. a source term produces entropy in shear flows).

For instance, [58, 24] proposes a model for slightly compressible 2D flows
of viscoelastic fluids, see also [30] for recent numerical simulations. Although
the latter model does not preserve mass, it is quite close to a model that we
proposed in [10] and where mass conservation can be ensured, see [11]. But
the latter model has a non-conservative form (see [11]) with genuinely nonlinear
products that seem difficult to interpret for multi-dimensional flows. Another
very interesting model has also been proposed recently in [57, 56], which aims at
general flows of viscous fluids. Like in new our model, that very inspiring work
introduces an additional “state variable” for viscoelastic matter. But the latter
very recent proposition still deserves discussing with respect to its performance
in applications, to its generalization to various rheologies and to its justification.
Here, we propose an alternative similar in spirit, but mathematically different.

In the present work, we propose a multi-dimensional symmetric-hyperbolic
system of conservation laws to model flows of (compressible) viscoelastic fluids
of Maxwell type, which we believe new and useful for any flow and for various
rheologies. The new flow model of Maxwell fluids is detailed for 2D isothermal
flows of incompressible fluids with a free-surface and a hydrostatic pressure, see
eq. (20) in Section 2. We have detailed our new viscoelastic approach in a
low-dimensional case here, i.e. an analog of 2D Euler equations proposed e.g.
by Saint-Venant [18] for shallow-water flows, because (i) our ideas are easier to
understand theoretically and numerically then than in the most general case,
(ii) that framework is useful already to a number of applications in geophysics
(see below), and (iii) it is sufficient to see that our model generalizes to 3D flows
and more complex fluids.

The new viscoelastic model contains our previous 1D model [9] as a closed
subsystem for translation-invariant solutions, and our previous 2D models [10,
11] without a conservative formulation, see eq. (11) below. In particular, it
contains the standard shallow-water system of Saint-Venant in the zero elasticity
limit G — 0. To encompass the limitations of our previous models, we have
interpreted them as particular “closed” hyperbolic subsystems of the new model.
We have generalized the elastodynamics system of hyperelastic materials to
Maxwell fluids thanks to a new state variable A to that aim, and our new
model thus also contains standard elastodynamics equations when A is uniform
in space and time (i.e. at large Deborah, or Weissenberg number A > 1).

Our new model has a molecular (“microscopic”) justification, formally at
least, which is reminiscent of the molecular theory of polymer solutions [54, 23],
see Rem. 1. The new state variable is one kind of “order parameter” which
accounts for the flow-induced distortion of the microsctructure, relaxes due to
thermal agitation at non-zero temperature and then creates viscous effects. This
is thermodynamically compatible : one can formulate the second principle with
an entropy functional, or with a Helmholtz free-energy that decays following a



Clausius-Duhem inequality at non-zero temperature.

Our model copes well with a general formalism desired for the mathematical
modelling of continuum mechanics according to the admitted physical prin-
ciples [49]. As a consequence, our model straightforwardly benefits from the
numerous efforts toward a precise mathematical understanding of (solutions to
the Cauchy problem for) symmetric-hyperbolic systems of conservation laws
[17], and toward accurate numerical simulations of physically-meaningful solu-
tions after discretization e.g. by the Finite-Volume (FV) method [27, 40]. In
particular, our model is close to well-known systems: the Euler gas dynamics
system (formally equivalent to Saint-Venant shallow-water system when 2D and
barotropic) and the elastodynamics system for hyperelastic materials [65].

Of course, our model is also limited by the present state of the mathemat-
ical theory (multi-dimensional solutions are not well defined yet, see [15] for
instance), and of the FV method. For “entropy-stability”, one would like the
free-energy to decay at the discrete level; however it is not globally convex with
respect to the whole set of conservative variables (unlike the energy). More-
over, involutions like in the elastodynamics system for hyperelastic materials
are important but hardly preserved discretely [65, 37].

However, systems of conservation laws are still much studied theoretically
[19, 20, 16] and numerically [21]. So we believe our model has good perspec-
tives. And even if at present, one has to pragmatically resort to heuristics and
empiricism in numerical simulations, our model can already have many appli-
cations. For instance, it could be useful in environmental hydraulics to model
complex fluid flows (turbulent/non-Newtonian) with generalized Saint-Venant
equations. See in section 2.1 the modelling issue for real fluids in Saint-Venant
2D framework.

In section 2.2, our new Saint-Venant-Maxwell (SVM) model is introduced
starting from the more standard SVUCM model for viscoelastic flows of Upper-
Convected Maxwell fluids. We hope that our new viscoelastic approach solves
a number of difficulties in computational rheology like the High-Weissenberg
Numebr Problem (HWNP) [55], and generalization to compressible models [4]
for thermodynamically-compatible mass transfers. In particular, we recall that
the standard viscoelastic models usually require strict incompressibility with
a non-zero retardation time (a background viscosity) [36, 55]. Now, whereas
the standard approach can be useful numerically in computational rheology for
small-data solutions, to avoid singularities [62], the trick does not seem to work
well at high Weissenberg numbers [36, 55]; moreover, it naturally limits the
scope of application.

In Section 3 we propose a Finite-Volume (FV) discretization of our new
model, using a 1D Riemann solver of relaxation type (“a la Suliciu”) endowed
with some discrete stability properties. Numerical approximations are naturally
interesting for quantitative estimations in applications. But they are also nec-
essary qualitatively at present, if one wants to precisely discuss solutions that
are physically reasonable.

Note that our new model cannot be straightforwardly treated by the stan-
dard FV strategy recalled in section 3.1 for the sake of clarity. Indeed, (i) the
mathematical entropy (i.e. the energy here, strictly convex with respect to con-
servative variables) should be replaced with a Helmholtz free-energy (a priori
non convex with respect to conservative variables) to ensure a second-principle



in presence of source terms here (i.e. at non-zero temperature), and (ii) our
model (without source term) is a convex extension of a system with involu-
tions, and we need the exact preservation of those involutions at the discrete
level to ensure stability — which is a well-known difficulty in multi-dimensional
numerical discretizations.

In section 3.2, we present a modification of the standard strategy. We sug-
gest to consistently reconstruct at interfaces and in cells those (conservative)
variables which do not correspond to fundamental conservation laws in physics
(unlike mass, energy, momentum). Additionally, our numerical discretization
gives some insight onto the physical meaning of the new system (with a view to
selecting physically reasonable solutions, recall).

We draw a conclusion in Section 4 after showing some numerical results.

2 Viscoelastic Saint-Venant equations

Before introducing our viscoelastic Saint-Venant equations for Maxwell fluids,
let us recall the usual Saint-Venant system of equations, for 2D flows of simpler
fluids, i.e. the standard (nonlinear) shallow-water model for thin-layer (i.e.
shallow) free-surface flows governed by a hydrostatic pressure.

2.1 Saint-Venant models for shallow free-surface flows

We consider a Eulerian description in a Galilean frame equipped with a Carte-
sian system of coordinates (e, e,, e.), under a constant gravity field g = —ge..
The shallow free-surface flows of homogeneous incompressible fluids above a flat
impermeable plane z = 0 can be modelled with a 2D velocity field U (¢, x,y) =
U*(t,z,y)e, +UY(t,x,y)e, for “infinitesimal fluid columns” under a non-folded
free-surface z = H(t,x,y) > 0 using mass and momentum balance laws:

0.H + div(HU) = 0, (1)
OW(HU) + div(HU @ U + H(P + %..)I — HE),) =0, 2)

where I denotes the identity second-order tensor.
Assuming the pressure hydrostatic p(t,z,y,2) ~ g(H — z) so P = gH/2 =~
+ fOH dzp in (2), the 2D velocity U = (U, V) is interpreted as a depth-average

1 [ 1 2
U‘”mﬁ/o dz u” Uyzﬁ/o dz uY

of the horizontal components of a 3D velocity u = u"e, +u’e, +u*e,, possibly
the mean of a statistically stationary field e.g. in turbulent flows.
The “stress” term' —%,.I + 2}, is usually symmetric, i.e. Yyz = Mgy in

Yp=%wme, Qe + X6, Qe+ X e, Qe+ 36, Qe (3)

and it accounts, depending on the closure, for:

1Note that P, ¥.. and the components Y p,i; have the dimension of energies per unit mass
rather than per unit volume here, unlike standard Cauchy stresses and pressures: one could
term them specific forces. But for the sake of simplicity, we will omit the label “specific”,
insofar as there is no ambiguity here.



e depth-averaged Cauchy stresses when

Spe = 200,U% 8,y = 20,UY Sy = v(0,UY + 0,U%) = L0
S.. = —v(8,U° +0,UY) (4)

(the case of Newtonian fluids with constant viscosity v > 0 see e.g. [26,
43] for a justification based on asymptotic analysis of the depth-averaged
Navier-Stokes equations for Newtonian fluids), or

e empirical corrections in the depth-averaged acceleration terms

H o H _ H _
H / dzu'u) =~ / dzu' / dz v’
0 0 0

when the horizontal components (u®,u¥) of the (time-averaged) velocity
do not have a uniform profile in vertical direction?, or when the second-
order moments of a turbulent velocity ® cannot be neglected in the dy-
namics of the (depth-averaged) mean velocity field w.

New 2D models keep being developped for turbulent flows (see e.g. [63, 25,
11]) as well as for real non-Newtonian fluids (see e.g. [5]).

One approach to the modelling of non-Newtonian stresses is to start with
3D models and next close 2D depth-averaged models using scaling assumptions
(like [26, 43] for Newtonian fluids, [50] or our previous work [10] otherwise).

But the 3D viscoelastic flows models still raise many questions (see Intro-
duction), and we believe a direct 2D analysis in the shallow framework could be
a useful alternative first step toward better 3D models. Let us recall precisely
the modelling issue, which still holds for (1),(2), or its more usual formulation
with source terms modelling friction over rugous bottom in real application [31]:

O H + 0,(HU®) + 0,(HUY) =0
O(HU®) 4+ 0,(HU*U* + HP + HY,, — HY,,) + 0,(HU*UY — HY,,) = —KHU"
O(HUY) + 0,(HU*UY — HY;) + 0,(HUYUY + HP + HY.,, — HY,,) = ~KHUY

whose smooth physically-meaningful solutions are expected to satisfy an addi-
tional conservation law for a free-energy E = 1 (|U|? +¢) with D >0 :

O(HE)+div(HEU + H(P+ %..)U — HX,, -U) = —KH|U|* = HD (5)

or equivalently for a specific internal energy e:
Oe+ (U -V)e+ (P+X,,)divU - %, : VU =-D. (6)
In the pure viscous case (4) (Newtonian fluids), it is well-known that (5)

holds as equality with D = 2v (|D(U)[>+2|divul?) > 0 and e = gH for
smooth solutions with a Helmholtz free-energy E termed the mechanical energy

E:%(|U|2+gH) : (7)

2The effect is called dispersion in hydraulics.
3They are usually termed turbulent stresses.



while (5) only holds as inequality (<) for weak solutions that implicitly model
irreversible flows [64].

In the ideal case ¥,, = 0,X; = 0 for the widely-used inviscid shallow-
water model (or Euler isentropic 2D flow model for perfect polytropic gases
with v = 2), the equality (5) also holds for smooth solutions to the symmetric
hyperbolic quasilinear system (note Godunov-Mock theorem applies since (7) is
a strictly convex function of (H~!,U) € R~ x R?) see e.g. [27, 1]. Moreover,
on requiring the inequality associated with (5) (D = 0 in the ideal case):

O(HE) +div(HEU + H(P+%..)U — HZ), - U) < -KH|U]*  (8)

one can define physically-admissible entropy solutions where irreversible pro-
cesses dissipate the mechanical energy (7), that are unique in 1D within a
translation-invariant solution class (see e.g. [3] when H > 0 and the shallow-
water system is strictly hyperbolic).

None of the two standard cases above model well the propagation of shear
stress/strain at finite-speed®. So let us look for a hyperbolic quasilinear model of
Saint-Venant type (a shallow-water model) for 2D viscoelastic flows. Precisely,
we look an additional law like (5) that properly defines a notion of viscosity and
accounts for vortices in stationary flows.

2.2 Saint-Venant models generalized to Maxwell fluids

Viscoelastic fluids of Maxwell type are characterized by an elasticity modulus
G (in stress units) and a finite relaxation time scale® \ (termed Weissenberg
number when non-dimensionalized with a time scale of the flow like |[VU|™1).
Closure formulas for the non-Newtonian Cauchy stresses of Maxwell fluids
can be obtained e.g. following the same depth-averaged analysis as in [26, 43],
starting with full 3D models for free-surface flows of Maxwell fluids see e.g. [10].
When the time rate of change for the stress tensor ¥ is the upper-convected
derivative (i.e. we consider Upper-Convected Maxwell fluids), one obtains

D3y, — LyS), — S LT = (2uDy, — 25,) /A (9)
DY, +2divUY,, = (-2vdivU — X..)/\ (10)

without background viscosity (i.e. with zero retardation time in viscoelastic
terminology) in some asymptotic regime, denoting Lj the horizontal velocity
gradient in (9) which corresponds to the horizontal stress tensor (3).

Viscous stresses with a viscosity v > 0 arise from (9),(10) in (2) when G =
Av, A — 0. On the contrary, when A — oo, the fluid becomes purely elastic and
governed by the homogeneous quasilinear system (11) which is similar to a thin-
layer approximation of the elastodynamics system governing the deformations
of a Hookean hyperelastic continuum (see details below).

4The propagation of information at finite-speed is not only physical. It also allows for a
precise computation of fronts, that can be compared with experimental observations. This is
the reason why the inviscid model is more often used in practice, e.g. by hydraulic engineers,
although it cannot sustain shear motions like the viscous model (i.e. a non-trivial steady state
in shear flows).

5Typically characterizing the time needed for the stress in a fluid initially at rest to relax to
a viscous state (proportional to strain-rate by the viscosity factor v = GA > 0) after suddenly
straining the fluid at a fixed maintained rate.



With By, :== A, /v+ I and B,, := 2., /v + 1, (1),(2),(9),(10) rewrites as
the hyperbolic quasilinear system (11) (see App. B for details and a proof):

O H +div(HU) = 0

O(HU) + div(HU @ U + (gH?/2 + GHB..)I - GHB),) = ~-KHU
OB, +U -VB), — L,B, — B,Li = (I — By,)/\
OB..+U-VB,, +2B,.divU = (1 — B,.)/\

(11)

which is similar to another hyperbolic system for viscoelastic flows already
known in the literature, see Rem. 3.

But hyperbolicity is only a necessary condition for the definition of a sensible
initial-value problem with a quasilinear system (in a very weak sense, see e.g. [1]
in the particular case of constant coeflicients), it is not sufficient. The initial-
value problem can be shown well-posed (on small times ¢ € [0,T) for smooth
initial data) for the symmetric hyperbolic quasilinear systems [35, 42]. For in-
stance, the systems of conservation laws are symmetric hyperbolic when they
are endowed with an additional conservation law for a strictly-convex functional
termed “entropy” [28, 27].

Although the quasilinear SVUCM system is endowed with an additional
conservation law for a convex free-energy functional (see E below in (14)),
(1),(2),(11) is obviously not in conservation form. So, the additional conser-
vation law is not useful, and the meaning of weak solutions remains unclear.

One could try to make sense of SVUCM as such with non-conservative prod-
ucts like in [38, 2]. However, note that SVUCM is unlikely to possess “gener-
alized symmetrizers”, see the analysis in [53] for a close system in 2D, while
“generalized symmetrizability” seems a minimum requirement (see e.g. [48]) to
define a meaningful concept of solution (like dissipative measure-valued solu-
tions satisfying a weak-strong uniqueness principle as in [20]).

Besides, let us also recall that the question how to correctly formulate (mul-
tidimensional) equations for flows of non-Newtonian fluids is not settled in gen-
eral, especially for compressible viscoelastic flows [4], although it has received a
number of answers (the close 2D system discussed in [53] see also Rem. 3 is for
slightly compressible viscoelastic fluids).

That is why we propose here to consider a modification of (1),(2),(11) that
bears the same physical meaning but conforms with the existing theory for
symmetric hyperbolic system of conservation laws. Our strategy is to devise an
enlarged system of conservation laws that contains (1),(2),(11).

To that aim, observe first that when A\ — oo, By and B,, in fact identify
with the horizontal and vertical components (resp.) of the Cauchy-Green (left)
deformation tensor B = FFT in a hyperelastic incompressible homogeneous
continuum, where F = 0,4..(2,y,2) is the deformation gradient with respect
to a reference configuration in the Cartesian coordinate system (eg, ey, €.).

Precisely, the Cauchy stress terms in the momentum equation rewrite

- G z G z z
HY), = |Fu| " '0r, <2Fh : Fh) FT and HE,, = |F?|0p: <2|Fc |2) F?

when H = F? = |Fj,|~! > 0. So, when A\ — 00, eq. (11) in the SVUCM system
is a consequence of the elastodynamics of Hookean incompressible materials with



uniform mass density in the shallow-water regime, using
OF + (u-V)F =LF. (12)

In fact, the SVCUM system (1),(2),(11) coincides with the elastodynamics of a
2D hyperelastic continuum, with By, = Fth computed from F'j,

O Fy, + (u . V)Fh =L, Fy, (13)

when A — oo, recall (12) as well as B,, = |Fp|~2 by incompressibility. The
energy conservation law (5) is satisfied by the Helmholtz polyconvez free-energy

E=(U?+V?/2+4 Ey + Ex (14)

with D = 0 (recall H = |F1,|~; X — oo means no source) and internal energy

e=Ey + Ex = g|Fh|*1+%(Fh:Fh+|Fh|*2). (15)
This is consistent with the fact that Cauchy stress term HY, — HX,, I =
GH (B}, — B,.I) in the momentum equation actually equals H (0, e)Fg.

So, at least when A — oo, one can make sense of SVUCM system to model
time-evolutions. SVUCM coincides with the 2D elastodynamics of a hyperelastic
incompressible materials, which is equipped with a polyconvex energy like (15)
and a symmetric hyperbolic conservative formulation (see e.g. [17, 65]): the
Cauchy problems are well-posed on small times given smooth initial conditions.

For the general case with A > 0, we now propose to embed SVUCM into
a quasilinear system of conservation laws for the 2D wvisco-elastodynamics of a
hyperelastic incompressible continuum with memory. To that aim, we introduce
new state variables® A;, = Ag > 0, A.. > 0 that account for “viscous” deforma-
tions of the microstructure in a coordinate system attached to the reference con-
figuration, which is reminiscent of the distortion metric used in elasto-plasticity
[51, 39]. We postulate simple constitutive laws (see Remark 1):

DAy = (Fy ' Fy," = An)/X, (16)
DiAce = (H? — Acc) /X (17)
Then, using in (14) the internal energy of SVUCM (recall [67, 9] e.g.)

G
Ey + By = %H + 5 (x(By) ~In(det By) + Bo. ~n(B..)) ,  (18)

with horizontal (symmetric) and vertical positive strains defined by
B, = FLALF] B..=H?A. >0, (19)

the mass, momentum and energy conservation laws lead to the system:

O.H + div(HU) = 0

O(HF),) + div(HU ® F, — HF, @ U) = 0

0(HU) + div(HU @ U + (¢& + GH?A,.)] — GHF, A, FL) = —KHU | (20)
(HAp) +div(HU ® Ay) = H(F;,'F; 7 — Ap)/)

On(H A + div(HU Ap) = H(H ™% — Ac) /N

which we term Saint-Venant-Maxwell or SVM in short.

60ne may also want to call them “internal” variables.



Proposition 2.1. The quasilinear system of conservation laws (20) written for
(H,HU, HF,, HAY", HA;?) with (A" is A;? square-root matriz):

O(HA;?) +div(HU ® A, %) = HA; ' (I — A F R T+ FTFRP A A/,
O (HALY + div(HU ALY = H(H2AY — AN /4,

(21)
is equipped (on neglecting the source) with a mathematical entropy HE where

E=(UP+gH)/2+G (tr(FhAhF{) + H2ACC> /2. (22)
It is therefore symmetric hyperbolic on the conver admissibility domain
A={H>0, A;'=A4,7>0,4">0}.

Proof. Since HE obviously satisfies (5) in the case without source, it suffices to

show that (20) is symmetric hyperbolic on A (obviously convex), i.e. that HE

is stricly convex with respect to a full set of conserved variables, using Godunov-

Mock theorem [27]. Moreover, HE is (strictly) convex in (H, HU, HF ), HAY®, HA;?)
if and only if E is (strictly) convex in (H~ 1, U, F, AECM, A;Q) [6], i.e. if E, =

gH + G (H?*A..) and Ey = tr(F, A, FT) are (strictly) convex in (H’l,Aié4)

and (F,, A;?) respectively, like |U|?/2 in U. Now, the smooth function E, is
strictly convex insofar as its Hessian matrix is strictly positive:

V2 7o — [29H° +6GH A, —2GH AL
H-1 AP —2GH3AY 2GH?AL?

On the other hand, consider two couples of matrix values (F1,Y; := A1—2) and
(Fy, Yy := Ay?) for (Fp,, A} ?). for any 0 € [0, 1], using Fg = 0F; + (1—6)F4,
_1 _1 _1 1
Yy=0Y1+(1—-60)Ysand Hy =0F,Y, *+(1-0)F.Y, ", DoF1Y, Y] —
_1_ 1
FyY,*Y ] it holds

1 - 1 1 -
tr(HoY § (Ho)") > tx (Hy(0Y } + (1 - 0)Y])(H)")
) U SR S ) U SR R
— tr ((0 FO1—0)Y, YIYFTF +(1-0)2+0(1—-0)Y, Y?Y,?)F] FQ)
—tr (FGTFQ +O(1— a)D(,TDQ) > tr(FIF,) (23)
hence tr(Hg(Hg)T) > tr(Fng%FgT) since Yg_% is symmetric positive definite,
which is the desired result 0FE5(F1,Y 1)+ (1—0)Ey(F2,Y3) > Ex(Fo,Yy). O

Proposition 2.1 allows one to check that the system (20) makes sense as a
flow model with any smooth source term, for small times at least. But in fact,
the full SVM system (20) can also be shown thermodynamically compatible i.e.:

Corollary 2.1. Given smooth initial conditions, the Cauchy problems for strong
solutions to (20) are well-posed. These strong solutions preserve the relation
H = F? = |Fy,|~t. They also satisfy the companion conservation law (5) for



the same free-energy (14) as SVUCM where the usual hydrostatic potential term
Ey = gH/2 of Saint-Venant is complemented by the viscoelastic term

By = % (r(PRALFT) + H2Aco = (| Fuf? det AyHA,))  (24)
and by thermodynamically compatible source terms, dissipating energy at rate:
D=G(trBy, +trB,' —2trI+ B, + B! —1)/(2)\) > 0. (25)

Proof. Corollary 2.1 is a consequence of Proposition 2.1: the well-posedness
of Cauchy problems for strong solutions to symmetric hyperbolic systems is
classical, see e.g. [1]. Then, given smooth solutions, one can directly check that
|F,| 7! follows the same evolution as H. The SVUCM system can be retrieved
exactly using (19), (16), (17). This is the reason why the same companion
conservation law (5) holds for (20) as for SVUCM, where the source term D is
thermodynamically compatible — and also an upper bound for Ey, thus £ ! [

Some comments about the structure of SVM are now in order.

First, note that we have not been able to find a full set of conserved variables
such that the free-energy HF is convex strictly on the whole admissible domain
A when it is defined as in (14) by e = By + Ex, Ey = §H and (24) for Ex. This
is why we use HE rather than HE to show that the SVM system is symmetric
hyperbolic and thus a good model, with well-posed Cauchy problems. But we
insist on the importance of HE with Fyx, defined by (24). It allows one to show
that the source terms in SVM which formally yield Navier-Stokes equilibrium
asymptotically when A — 0 are thermodynamically compatible. A result like
Corrolary 2.1 is necessary, to justify weak solutions satisfying the inequality:

O(HE)+ 8, (HEU + H(P+ %, — S,,)U — HS,,V)
+8,(HEV — HS,,U + H(P+ %, — %,,)V) < ~KH|U|> — HD (26)

as second thermodynamics principle complementing (20) for time-evolution with
irreversible processes (the non-convexity of the free-energy is physical in pres-
ence of a source which modifies the energy landscape at a fixed temperature).

Second, recall that the SVUCM system can be retrieved exactly from (smooth
solutions) to SVM using (19), (16), (17) (cf. Corr. (2.1)). Now, the SVUCM
system with By, = FhAth, B,, = H?A,. is a closed Galilean-invariant quasi-
linear system which is hyperbolic (strongly, see App. B). The Jacobian matrix
(say for 1D waves along e, ) is diagonalizable. The 7 eigenvalues

Mo =U (x3), Mz =U £/GB,y, \ox =U £+/gH + G(3B,. + B..),

with as many eigenvectors are also 7 eigenvalues of the extension termed SVM.
Moreover, the eigenvalue Ay = U is of multiplicity 5 at least for SVM, when using
Ay, as independent variable (B, is equivalent to A.. as long as H = |Fj,|~1).
In fact, being symmetric hyperbolic, our SVM system above is also strongly
hyperbolic when “freezing” the Jacobian: it is easily seen that 0 is the remaining
(real) eigenvalue of SVM (above, in Eulerian coordinates), with multiplicity 2.
So, in general, resonance can occur [33, 7] as well as numerical difficulties like for
systems with discontinuous flux, see e.g. [52]. This difficulty was not apparent in
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our previous work on the (closed) 1D subsystem [9] but it is inline with standard
results in multidimensional elastodynamics (the case A = I, A.. = 1), see
e.g. [65, 37] and references therein, and possibly with the numerical difficulties
observed close to vacuum H = 0 in our previous 1D works on SV(UC)M [12].
Last, for relevant applications to a specific context, one may still want to
precise the physical interpretation of the new state variable A. At present,
we think of it as a material parameter that simply follows the flow at “zero-
temperature”, and that relaxes to balance mechanical deformations otherwise.
For application to polymer suspensions, one may think of it as a mean-field
approximation, see Rem. 1 for a “micro-macro” interpretation. More generally,
A is some kind of viscous strain measuring the distortion of the volume elements
(or equiv. microstructure deformations) in a coordinate system attached to
a reference configuration. This is mathematically different from, but similar
in spirit to, the tensor state variable A introduced in [57] (governed by the
non-conservative equations (9),(10) like the elastic strain measure B = FAFT
there). In any case, the fact that A describes material properties of the flows
can be entlightened on writing SVM with a Lagrangian description, when a
bijective flow map ¢ : (¢t,z,y) — (t,a,b) between the current and reference
configurations is well-defined with U = 9;¢~! and F = V¢~ !. Recall

OH + 0;(HU?) =0
O(HF.)+ 0;(HU'F., — HFIU") =0
O(HUY + 8;(HUIU + (¢ + GH® Ap)di—j — GHF.A.sF]) = —KHU'
O (HAup) + 0;(HU? Agp) = H(|F1| 20aaropp FiiFli — Aap) /A
O(HA) + 0;(HUI Ape) = H(H 2 — Ace) /A
(27)
is the Eulerian description (20) for (H, F.,U% Ang, Ace) (i,5 € {z,y};0,8 €
{a,b}) in a Cartesian basis where F), = Fle; ® e, and Ay - Appen @ eg
so, denoting o,y = 1 = —0y,, it holds F;l = |Fh\*1(oijoagFé)ea ® e; with
|Fp| = 0ij0asFLF é Then, an equivalent” Lagrangian description holds using
aa(aa,@Fg):O Vv or @(HFAZ):O vk, (28)
if H|Fp| =1 i.e. the so-called Piola’s identities, which reads :
3,5H71 - aa(UjUijaﬁFg) = 0
O F —0,U" =0
U + D ((gH2/2 + GHA)o 005 F) — GFgABa) - _KU'  (29)
8,5Aa5 = (‘Fh|720'aa/0'/3ﬁ/F£/F§/ — Aaﬁ)/)\
OtAce = (H_2 - ACC)//\

while (26) for E = 1 (Zi U2 + gH + GFi Aus Fi + GH? A, — 1og(Acc|Ah\))

O(HE) +0; (U (HE + ($H + GH*A.. ) 6imy — GFL A0 F}))
< -KH|U* - HD (30)

"In the case of sufficiently smooth solutions [66, 65].
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(simplified with H|F,| = 1) also has a conservative Lagrangian equivalent:
OE + 0, (Ui ((gfﬂ +GH?Ac)0ijoapF) — GF;‘Aaﬁ)) < —K|U?-D (31)
with the same dissipation D > 0 given in (25). Introducing G/, = GFjAapg,

. , , , . H?
Vo = UZO'QBUijFé ) PZV = PUaﬁUijFé - gZx , P= gT + GH3ACC7

we obtain a simple reformulation of (the 3 first lines of) (29) and (31) as:

OH™ ' —0,V,=0
O F —0,U" =0 (32)
KU+ 0,P., = —KU"

HE+ 0, (UP,) <-KIUP-D. (33)

which can now be easily compared to the usual Lagrangian formulation of elas-
todynamics [17, 65] (see Rem. 2): GA}p, GA.. can be understood as variable
anisotropic elastic properties, which induce a viscous behaviour through friction
on a time-scale A — 0 inline with Maxwell ideas [46, 47, 59]. Furthermore, like in
standard elastodynamics, the Lagrangian equations above should be useful for
variational calculus with SVM (see e.g. [44, Lecture 2]) as well as for numerical
approximation (see e.g. [32, 22] and our last section). Note however that, also
like in standard elastodynamics, the link between the FEulerian and Lagrangian
formulations requires H|F',| = 1 as well as (28). While this is known to hold for
all times if it holds initially at a continuous level (this is called an involution),
it is a well-known difficulty at a discrete level [37].

Remark 1. The system (20) cannot be retrieved from the standard kinetic
interpretation in statistical physics, when non-Newtonian stresses Xy, = G(Bjp—
I) and .. = G(B,, — 1) are due to Brownian elastic “dumbbells” diluted in
a fluid suspension with conformation matriz B = E(R ® R), R(t,z) being a
random end-to-end vector solution to an overdamped Langevin equation [54, 25].
However, in a similar spirit, one could interpret Ay and A.. as the mean-field
approzimations E(GLGy) and E(|GS|?) of stochastic processes :

—(_r. _2 L optaw
dGh_< (U-V)G,, AGh) dt+2ﬁFh dW i, (t) (34)
2 1
dGS = [ —(U - V)|GS| — =|G¢| ) dt + —=H 'dW<(t 35
( ( INGE A| |> oY (t) (35)

modelling (relazation of ) the elastic microstructure with thermal fluctuations.

Remark 2 (Direct derivation of the model in Lagrangian description). The La-
grangian formulation (29) of our model could also be straightforwardly derived as
the 2D wvisco-elastodynamics of a hyperelastic incompressible continuum with in-
ternal energy (18) in a coordinate system attached to a reference configuration (a
Lagrangian description), see e.g. [65, 17, 60]. Like the Eulerian formulation, it
can be seen as a formal thin-layer approzimation of the 3D (visco)elastodynamics
of an incompressible continuum with memory and a free-surface when the terms
containing F7Z are negligible: the shallow-water regime.
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Remark 3 (Hyperbolic models of viscoelastic flows). In introduction, we have
already mentionned that we were aware of a few other interesting hyperbolic
models of viscoelastic flows for Mazwell fluids. The 2D model for slightly com-
pressible flows in [58, 24], see also [53, 30, 29] for simulations, is similar to (11)
(though it does not conserve mass). It is hyperbolic under the same physically-
natural conditions H, B,,,tr By,det By, > 0. Another hyperbolic model for 3D
flows of Mazwell fluids is in [57]. Although similar in spirit, noet that it does
not seem to explicitly compare with our new proposition. Last, note that one can
derive another hyperbolic closed subsystem of SVM, similar but different from
the SVUCM equations (11), on choosing —F'y, as a conservative variable in (20).
The energy functional remains the same however. Without source terms, that
model was discovered independently by [63]. It can be interpreted as a building
block for Reynolds-avergaged turbulence models in Saint-Venant framework (see
SVTM in [11], and references therein).

3 Discretization by a Finite-Volume method

To investigate quantitatively the features of (20) as a model for viscoelastic
flows (under gravity in the shallow-water regime), we need to define precisely
how to compute solutions. To that aim, we consider discrete solutions to Cauchy
problems using a Finite- Volume (FV) method [27, 40].

The standard FV strategy requires one to handle 1D Riemann problems (to
define numerical fluxes), but this is not precise enough. Indeed, the discrete FV
fields H, F,,U, Ay, A.. (piecewise-constants on the polygonal cells V;, i € N
of 2D meshes) should be “stable enough” and satisfy not only the conservation
laws (20), but also the preservation of the domain H, A, = A} A, > 0 and
the physically-meaningful inequality (26).

In section3.1 we recall how to standardly build stable Riemann-based FV
approximations for a quasilinear model

dq + V4Fi(q)0iq = B(q) (36)
like (20) when a companion law with a dissipation® D(q) = —V,S(q)- B(q) > 0
9p5(q) + div G(q) = —D(q) (37)

holds for a true mathematical entropy S(q) convex in the Galilean-invariants of
the state ¢ on the whole domain H, A, = A}, A.. > 0 [27, 13]. Typically:

e the Cauchy problems are numerically solved by time-splitting: at each time
step, the nonlinear flux terms are computed first by a forward method,
while source terms are computed last backward in time,

e in the first (forward) fractional step one uses 1D Riemann solutions e.g.
with relazed conservation laws such that the inequality (37) is approxi-
mated at the same time as (36).

Such “standard” FV approximations are fully computable, and they converge
to the smooth solutions on small times at least [13, 34]. Despite the lack of

8Typically induced by a thermodynamically-compatible source term like B;(q) = (¢5°(q) —
qi)/Ai where ¢°°(q) lies in the convex domain for ¢, and A;(g) > 0 [14].
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well-defined global solutions, they usually allow one to numerically explore
a hyperbolic system of conservation laws in some useful regimes thanks to a
physically-based guarantee of stability?.

But in our case, (26) plays the role of (37) with S replaced by HE which is
not convex, so it seems we cannot use the standard procedure.

Therefore, after recalling the standard case for the sake of clarity, we present
a modification of the standard FV strategy in Section 3.2, which relies on a
previous analysis of the Lagrangian reformulation as it is usual for Eulerian
systems (36) like SVM that possess contact-discontinuity waves (see e.g. [7]).

3.1 Finite-Volume approach to standard conservation laws

Given a tesselation of R? using polygonal cells V; (i € N), consider first gy, (t) =
>, ¢ (t)1y, a semi-discrete FV approximation of ¢ solution to a Cauchy problem
for (36) with ¢,(0) = ¢ ~ ¢(0) at t = 0 = t°. To define qx(t) at t > 0,
integration from time t" to t"*! = Z:;é 7k (7% > 0) for standard systems of
conservation laws like (36) is usually splitted into two sub-steps as follows.

First, for each n € N, one integrates the flux terms forward so qﬁ“’_ ap-
proximates the solution at "+~ to the Cauchy problem with g, (") at t" for

dq + 0iFi(q) =0 (38)

on [t",¢"*1). Denoting n;_,; the unit normal from V; to V; at I';; = V; N

V;, domain-preserving 1D Riemann solvers allow one to define admissible FV

approximations qZH’* => qu’*lVi7 i.e. in the domain of ¢, by the formula
- T
T =g =" Z “;j| Fisi(q, 4 smisy) (39)
3

I, =V;NV;#£0

through numerical fluxes F';,;(q}', ¢j'; mi—;) precised below, under a CFL con-
dition on 7" (see Prop. 3.1). Moreover, one gets a fully admissible g, (t"*1) =
> q?“lvi, which is also consistent with the dissipation inequality associated
with (37) in addition to (38), when F;_, ; use entropy-consistent Riemann solvers
(see Prop. 3.2). Second, source terms are integrated backward (see Prop. 3.3):

@t = (@ Tarar) (14 1) (10)

Recall that by Galilean invariance, in (39), standard numerical fluxes read
Fij(gi,q5;mim5) = 05 ;F(O; [ 4i, O [ q5) (41)
with Oi_)jlq in a local basis (n;_;,n;-,;) rather than in (e,,e,), and with
i -1 -1
Fiaj(om‘ qi,Y; 5 Qj>
0

=0, F(g)ni; — / (R(£,0;}4:,0; }q;) — O; }qi) d¢  (42)

—0o0

9Even though they do not converge in all cases, and some meaningul solutions are not
captured. In particular, we are aware that such FV approximations are likely to remain
consistent only for small times, which is a problem to capture e.g. steady states when A < 1.
Asymptotics preserving schemes are however more involved and will be studied later in future
works, in a second numerical exploration of our model.
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defined simply with a 1D Riemann solver R(§,d;,d;), i.e. a well-defined solution
to the 1D Riemann problem for (38) with initial condition §¢;1q<o + ¢jla>0 on
R > a, which is a function of £ = a/t, or some conservative approximation
(termed simple in the latter case when R(, §;, q;) is piecewise constant).

Recall also that information propagates at finite speed in explicit F'V ap-
proximation qZH like in (38). Moreover, that speed is consistent when the
maximal speed s(ql, qr) > 0 of the waves in R(-,q,¢,) is bounded continuously
as a function of ¢;, ¢.. And qZ'H’_ is admissible if the Riemann solver R(-, q;, g,)
in (42) preserves the domain of ¢ (i.e. the values assumed by & — R(&, ¢, q,)
belong to the admissibility domain for ¢) under CFL condition [7]:

Proposition 3.1. If a numerical fluz is given by (41), (42) with a 1D Riemann
solver R(+,qi, qr) that preserves a convex domain for q and has bounded mazimal
wavespeed s(qi,qr) > 0, then the FV approzimate solution (39) to (38) also
preserves the domain for ¢ under the CFL condition (43)

Ty I0ils(0; 4, 07 ja))/IVil < 1. (43)

Proof. Tt suffices to rewrite (39) with (42) as

1,— -
qZH_ = q,:l 1-7" Z |F1J|3(Oz,jlqz W1 q] )/|V|

3 "|ru|/|V|>/ 1 JR(E.0 7.0} a})de (44)

s(0; ;¢7,0; ;q7 )
i.e. as a convex combination under the CFL condition (43). O

A direct consequence of the admissibility of q”+1 is that g5 (t"*1) computed
by (40) is also admissible, in the domain of q. Moreover it holds

S(ay™) < S(ap ™) < Slai) (45)

i.e. the (convex) mathematical entropy necessarily decreases. But this is not
enough yet for g, (t" 1) to be fully admissible, i.e. to approximate the inequality

9:S(q) +divG(q) < —D(q) (46)

as an admissibility criterion formulating the thermodynamics second principle.

Next, if R(-,q,¢-) in (41), (42) is also entropy-consistent (with (46) in 1D,
see (49) below) then, under a CFL condition more stringent than (43), a discrete
version of (46) holds when k = 0 = D (Prop. 3.2), and when k£ > 0, D > 0 after
backward integration of the sources (Prop. 3.3):

Proposition 3.2. If the fluxz (41), (42) uses a 1D Riemann solver R(-, qi,qr)
that preserves the domain of q and is entropy-consistent with (46) when k =
0 = D in the sense that, given admissible state-vectors q;,q, and a direction n,
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a discrete entropy-fluz vector én(ql, qr) = —C;’n(qr, qi) satisfies

+oo
Gla)n+ [ (S(R(E.aa) - Star) de
’ 0
< Culana) < Gla) -1 / (S (R a1, 4,)) — S(ar) dE,  (47)
then, under the CFL condition (48)
T"s?z IDy1/IVil <1 (48)

where s}’ 1= max; 8(0;;(]1 ,O” q}), the F'V approzimation (39) preserves the
domain of q and satisfies the following discrete version of (46) (with D =0):

n \r ZI
S(q1+1 ) ql +7— Z |VJ| n7—)7 Z]qZ7OquJ) 0 (49)

Proof. We follow the 1D proof in [7] and first rewrite (39) with (42) as

n+1,— oL
¢ +1,— _ ||V]| / |F ‘ R(E, Ol a4 O7 4 ™dE (50)
; (7

i.e. as a convex combination that depends only on the Riemann solver under
the stringent CFL condition (48). We can now use Jensen inequality with (50),

and next (47) with fOJrOO S(R(& q,qr) = — f S(R(&,gr,q1)), to get

0

0
/S(OJR(g Oz]qz’ l]qj))df_/ ( (E Oz]qz7 z_jlq?))dg

_en
i Si

< (Tns;n) S(q;n) g <éni_,j (01] q vOz G4 ) G(ql”) . ’I’li—>j) (51)

(recall S is a conver function of the rotation-invariants of the state-vector ¢),
and we finally obtain (49) with . [T';j|n;—; = 0. O

The bound on ¢, (t"*1) provides one with more stability'® than Prop. 3.1.
In particular, using (49), Prop. 3.2 provides one with an a priori error estimate
for FV approximations of smooth solutions to the conservation laws (38), see
e.g. [13]. And backward integration (40) of the source term next provides one
with a fully admissible approximation g (t"*1):

Proposition 3.3. For any 7 > 0, using (40) with q"Jr1 from Prop. 3.2
satisfying (49) yields qZH satisfying the following discrete version of (46):

n+1 ‘Fl]|
S(qz ) q1 +T Z |V| nz—>] zjq7,302]q])

< —m"KUTHE = 7" D(gf ) (52)

10The convex domain for q is indeed preserved as a consequence of Prop. 3.1, insofar as (48)
is more stringent than (43).
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Proof. To (49), add (40) tested against V,S(g"**) for all cells V; (which is pos-
sible since qf“ is admissible as a convex combination in a convex admissibility
domain): (52) results from the convexity of S and the definition of D. O
For SVM neither Prop. 3.2 nor the simpler consequence (45) of Prop. 3.1 can
be straightforwardly used because we are not aware of conservative variables ¢
such that HE is convex on the whole admissible domain, i.e. is a mathematical
entropy. But note that HE equals S = HE — H log(|Ap|Ace) when H|F| =1,
and it is convex with respect to ¢ = (H, HF,HU,HAi£4), and A which is
simply transported. So the standard FV approximation procedure above can
be used on slightly modifying the time-splitting: segregating the time-evolution
of ¢ and of Ay, in the first split step. We propose such a discretization of SVM
in the sequel that also takes advantage of the possibility to rewrite the SVM
system in Lagrangian coordinates to strike a balance between entropy stability,
and numerical accuracy (especially for the contact discontinuities satisfied by
Ay, A..). Following [6, 7], we construct entropy-consistent Riemann solvers for
(the G sub-system of) a relaxed SVM system in Eulerian coordinates obtained
with the help of a BGK approximation in Lagrangian coordinates. The SVM
system in Lagrangian coordinates is studied in Appendix A. In the next Sec. 3.2,
we use the results of Appendix A to discretize SVM in Eulerian coordinates.

3.2 Finite-Volume approach to Saint-Venant-Maxwell

We adapt the framework of Section 3.1 to compute discrete FV fields
¢g=(H,HF; HFY) HF} , HFY HU", HUY, HAcc, HAua, Aav/ N AaaAve, HApp)

that solve SVM on a space-tesselation (i.e. in Eulerian description, with cells
paving the same space at all time steps). It splits time-integration into 2 steps.

First step: Given a FV approximation ¢}* of ¢ at time t", n € N, we con-
sider the homogeneous SVM system without source term. We use a transport-
projection method [8] based on an approximation of (Eulerian) SVM:

O.H + 0;(HU’) =0

O(HEY) +0;(HU'F, — HFIUY) =0
O(HU®) + 0;(HUU" + HF!P!) =0 (53)
O(HA.) + 0;(HU  Ae) =0
5t(ﬁAaB) + aj(ﬁUjAag) =0

where H ~ |Fh|_1, p' ~ U, Fh ~ I}, still have to be defined such that not
only the involution H|F}| =1 of SVM is (approximately) preserved, but also

d;(HF)) =0 Va. (54)

Indeed, using dz; = U'dt+ F, % da,, and equality (54) in the smooth case, one can
retrieve from (53) the SVM equations in Lagrangian coordinates (a,). Then, the
entropy-stability of a flux-splitting F'V scheme for SVM in Lagrangian coordi-
nates (see Lemma A.2 in Appendix A.1) can be transferred to a simple Riemann
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solver in Eulerian coordinates, which also captures well contact discontinuities
[6]. Precisely, for the Lagrangian-to-Eulerian mapping, we complement (53) by

O(HH ™)+ 0;(HU'H™") — 0;(HFIU  03005F}) = 0 (55)
and we now propose to use
H=H U/=U’ HF’=F)

where EJ, ~ HFJ is the (a, j) entry of the cofactor matrix of F;'. Then, (53),
(55) can be closed using for EZ (see e.g. [65])

OE? + UrOLE) + EX(0,;0)U* =0 (56)

which preserves (54). It is noteworthy that preserving (54) ”discretely” with
1D Riemann solvers using (56) reduces to capturing a contact discontinuity.

Now, in this first time-integration step of SVM by a splitting approach,
we can update the FV approximation of ¢ by (39) on the one hand, using
F(qzn,q;‘;niﬁj) computed from a fully-admissible 1D Riemann solver for the
system (53), (55), (56) with a flux that is discontinuous through contact waves
for Ap. On the other hand, Aj, can be transported and projected in a segregated
sub-step preserving full-admissibility of the solution (Aj, remains SDP with the
upwind scheme, and E decays as a single convex function in Ayp).

Precisely, we compute F'(q[", a5 n;_,;) with the following simple 1D Riemann
solver in direction e,, = n;_; ! for (53), (55), (56) (motivated by a flux-
splitting for SVM in Lagrangian coordinates, see App. A.1):

O H + 0, (HU™) =0
O(HF?) 4 0,,,(HU™F? — E™U%) = 0
Oy(HF}) + Om(HU™F§) =0
O (HU®) + 8, (HU™U® 4+ E™I2) = 0
0, (HTI /c )+&n<HUmH5/c +EI'U%) =0 (57)
O (HV,) + (HUmVe +ElZ.)=0
Oi(HZe ) ) Om(HU™Zo/® + E™VS) =0
O(HC?) + 0, (HU™C?) = 0
O{(HET) 4+ 0y (HU™ET) =0
where § € {||, L} denotes the two components in a Cartesian basis (nll, n+) for
the geometric coordinates (Eulerian description), and (e, ey) is a basis for the
material coordinates (Lagrangian description) yet to be precised.

Our motivation for (57) is the possibility to reformulate it as a mapping to

Eulerian coordinates of the fully-admissible 1D Riemann solver constructed in
App. A.1 for SVM in Lagrangian coordinates:

H1n (57), m is fixed: Einstein convention is not used.
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Proposition 3.4. Ife,, = nl, FJL' =0, E;”Ff- =1, then (57) also writes

0=0iF} + U F}
0=08; (F¢ +100/¢*) + U0 (F2 + 112 /c?)
0=0, (U £/c) + (U™ £ cH 'EM) 0y, (U° £112 /)
+cH ™ (U° £11/¢) Oy (cE) (58)
0=0; (Ve £ Zee/c)+ (U™ £ cH 'E) 0y (Ve £ Zee/c)
+cH™ (Ve £ Zee /) O (cE™)
O (H '+ Zee /) + U0, (H ' + Zee/c®) =0

for any initial condition such that Z.. = HﬂFfl - HELFJL| = H!(E;")_l.

Proof. One obtains (58) from (57) by direct computation and for the equivalence
it suffices to see that, under assumptions of Prop. 3.4, it holds:

U+ cH 'E™ =U™ 0" /c+ c(H ' + Z../c*)E™.
O

In particular, the Lagrangian eigenstructure is preserved by the mapping:
(58) shows that the system has 3 linearly degenerate waves with speed

mnr Zee :
A= (U"—cH'EP), = (U™ + == —c(H '+ =°)E
l c c2 .

A =U™+cH'E]") = (Um 1

Zee m -
+e(H — 3 VB! )

Ao = (U™ =(U™); (59)

that are ordered A_ < Ao < Ay if EI* > 0. Moreover, the 3-wave solutions to
(57) that are initialized at t™ with left/right values in V;/Vj such that

1 =p V.=UF}f Z2.=PlFf EIF}= (60)
are (formally) consistent with 1D SVM solutions provided
i) choosing e such that FJU = 0 is consistent (i.e. FJU ~ 0 in reality), and
ii) the following evolution equations hold (in the smooth case for some ¢ > 0)

O(HP?) + 0 (HU™PS + HF'PU®) =0 e {|,L}

recalling the analysis in App. A.1 for SVM in Lagrangian coordinates (compare
with the equation (78) satisfied by the true ¢ in Lagrangian description).

Of course, in practice, given any two neighbour cells V; /V; and e,, = n;_,; =
nll, there is no reason why there should exists one direction e ¢ such that F)U =0
in V;/V;. However, recall that the meaning of the tensor conservative variable
HF), in SVM is not purely physical. For the Riemann solver, one can there-
fore use a reconstruction F' J‘E # H Y (HF!)n? f, where n?, f, are respectively
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the coordinates of n’ and ey in (e, e,) and (e,,e;) provided F}S retains the
physics: F J‘? are the current coordinates in (e, e,) (Eulerian description) of a
material vector ey attached to the reference configuration (useful in Lagrangian
description). And for similar reasons, one can also “project” HF'j, at the end of
the transport-projection method used in the present first step of our splitting
scheme to make cell-values compatible with mass and energy conservation.
Thus, at the beginning of the transport-projection method, we reconstruct
F g s at each interface such that the mass is conserved on each side of the inter-

face, such that the elastic energy lost by enforcing F' JII = 0 is minimal, FeH >0
and the error due to enforcing F' ]Ll = 0 is small. For consistency and stability

reasons, the initial values ¢;/, should also be well-chosen in the Riemann solver
(57) see our analysis for SVM in Lagrangian coordinates in App. A.1.

Proposition 3.5. Given e,, = n;—,; = nll at some interface in between two
cells V;/V;, define (ec,ef) such that es is the arithmetic mean of two right

v,» F|v, with singular value closest to 1 and F) > 0.
Next, reconstruct FeH = (\H)™ 1, (FJU,Ff )= (0,)), Ft in V;/V; such that

AceNH) 2+ App N + FR(2Acp) A+ Ace(FH)? = FLApF) =1 € (61)

where Aee, Aey, Apy are the coefficients of the tensor Ay, in the basis (e.,ey),

Aeee’ < Accr/E—A[A]/I

2|A] 2|A]

and X\ > 0 is chosen close to 1 in ‘/\2 — , hence

F; —( ef/\i\/A N2t Ace(€ = Ace(NH) 2 Aff)‘Q)) [Aece

is a real solution to (61). (We choose x —logx — 1 as distance to 1 for x > 0.)

Then, the 1D Riemann solver (57) initialized with (60) and Lemma A.3 for
¢ is fully-admissible in the sense of Prop. 3.2, for S and any direction n = i
with fluz Gy, = (HSV, + TI5U?) =|Fp|~! in V;/V;.

Proof. First, note that the reconstruction using (e, ey) always exists. In par-
ticular, £2 > 4| A|/H? holds when H = |F},|~!. Indeed, the inequality rewrites

| tr(Fj, AF},)|> > 4|F}, AF),|

which obviously holds for any symmetric positive matrix FgAFh.

Second, note the solution has exactly the same structure with same inter-
mediate states as in Lagrangian coordinates. Then, admissibilty H > 0 as well
as the discrete entropy inequality (thus, full-admissibility) follow from the full-
admissibility of the Riemann solver in Lagrangian coordinates, provided it is
well-initialized for the equivalence to hold. O

To ensure H = |Fj|~! in each cell V;, we propose the following “projec-
tion” at the end of the transport-projection method. We modify the singu-
lar values Ao/, Ay in the SVD decomposition of F;, = U” diag(A\)V such that
in each cell, the mass (Ao A\yy)™t = |Fp|™! = H is conserved and the loss
Ao VaraAasVar g+ Ao ViraAas Vi g —tr(FhAF£)| of elastic energy is minimized.
When there exist more than one solution, we choose the one closest to F';, before
projection in “energy norm” tr(FhAFZ). Of course, if the transport-projection
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method for the 2D FV discretization preserved H = |Fj|~! we would not need
that additional step. But this preservation is a well-known difficulty in the
discretization of hyperbolic systems with involutions.

In the other sub-step Aj can be updated as a solution to transport equations
with a scheme preserving the convex domain of Ay, > 0, Apy > 0, Aup/v/ Acalry €
(—=1,1). As a matter of fact, if we use an upwind scheme with U given at in-
terfaces by the Riemann problems of the first sub-step, which is consistent with
the decrease of free-energy in each cell thanks to the convexity of S with respect
t0 Aaa, Avby Aab/V AaaAss, then the second sub-step can be done at the same
time as the first one.

Second step: Source terms can be integrated as usual with a backward for-
mula in a second time-splitting step.

4 Conclusion

To conclude, we show some numerical simulations illustrating our new model
after FV discretization, we discuss the results and we list some perspectives.

Test case 1 First, recall that our model contains the 1D model SVUCM that
was derived in [9]: SVUCM is a closed subsystem of our new model SVM,
that admits solutions preserving the translation-invariance of initial conditions.
Moreover, our 1D Riemann solver is also similar to the one constructed in
[9]. And our face and cell reconstructions of the deformation gradient variable
F';, a priori preserve the translation-invariance of an initial condition on a 1D-
conforming grid: HF? =1 = F/, ¥ =0 = FY is preserved by time-evolution
on a Cartesian grid e, e,.

But our FV discretization of SVM does not use exactly the same vari-
ables as the one for SVUCM in [9]: HAu., HA.. is used here, while HB** =
HE®A o F* = AyoH™ Y, HB** = HF? A F? = A..H? was used in [9].

Now, the 2D numerical results obtained here in the translation-invariant case
HF* =1=F/ Ff=0=FY, Ay =0, Ay, = 1 with a 27 x 27 = 128 x 128
Cartesian grid for (z,y) € [0,8]%, t € [0,.2) and an initial condition

I — 3 ;<4
1 ;>4

atrest U =0 =UY, Aye = H?> = A with G = 1, A = .1, g = 10 compare well
with the 1D results in [9, section 5.5] (Test Case 1). Without source term, the
1D solution consists exactly in a left-going rarefaction wave, a right-going shock
wave, and a contact-discontinuity wave [12]. Here, A is quite large in comparison
with 7' = .2 and this is as well-captured in Fig. 1 as in [9]. Note however that
the latter translation-invariant 2D solution is by no way the unique, and we
have indeed observed that other solutions could be captured depending on the
cell reconstruction at the end of the transport-projection method.

Test case 2 Second, we now run the previous test case with the initial con-
dition rotated by 7/4 on the same 2D grid (see view in Fig. 3).

Although the results in Fig. 2 compare with the previous simulations, one
now sees that translation invariance is broken, see Fig. 3. We believe it is
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Figure 1: Test case 1: 1D slice of the variables H,U?, B, ., By, (from top to
bottom, left to right) at times ¢t = .1 and ¢ = .2 along z € [0, 8]

mainly because of our mass-conforming projection of F'j, in each cell at the end
of the transport-projection method, whose implementation through re-balancing
singular values in SVD decomposition does not preserve well the symmetry. One
consequence is that the contact discontinuity is smeared.

Test case 3 We next simulate an axisymetric test case (with rotation invari-
ance): the collapse of a 2D column initially at rest. Initially, we choose:

7 3 r<1
1 r>1

in polar coordinates (e, ep), with F = H le, ® e, + ey @ ej.

The results of Fig. 4 are consistent with an axisymetric (rotation-invariant)
solution and compares with the unidirectional (translation-invariant) solutions
of cases 1 and 2. Note however that the discrete solution loses some symmetry
(m/2-rotation) and the contact discontinuity wiggles, see Fig. 5.
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Figure 5: Test case 3: 3D view of H (left) and 2D vector field (U*,UY) (right)
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Test case 4 Last, we simulate a standard permanently-sheared flow on a long
time range ¢t € [0,10], expecting a steady viscous behaviour asymptotically.
Precisely, we consider a lid-driven cavity on the same 2D grid as in cases 1,2
and 3, with a uniform initial condition F',, = I at rest, G = 1, g = 10 and

A = .1. The following conditions are prescribed at boundaries!?:

(H,F?, FYa, Ff, FY,U*,UY) = (1,1,1,0,1,0,1) 2 =0
(H’Fg’Fya7FZ;E7Fl;’J7Uw7Uy) = (1’]‘7070’]‘70’0) x:8:y7 y:()

with A at equilibrium (so relaxation source term is zero).

We recall the physical interpretation for the coefficients F. At time ¢, a basis
of “material vectors” e,, e, in the reference configuration (Lagrangian descrip-
tion) has been stretched and turned into two “geometrical vectors” Fre,, Frep
resp. of the current configuration (Eulerian description). So our condition on
the “left” boundary (the cavity lid) actually means that e, (supposedly aligned
with e, in the reference configuration) is permanently stretched and turned by
shearing.

Clearly, standard inviscid Saint-Venant equations would not sustain a devel-
opped vortex in such conditions, while the standard viscous Saint-Venant would
immediately develop a developped vortex in the whole cavity after start. On
the contrary, our model can capture the transient development of a vortex until
reaching a stationary state, see Fig. 6.

With a time-step that remains approximately constant equal to .007 (under
our 1/2 CFL condition, recall section 3.1), our FV discretization quickly reaches
a nearly stationary state with H (thus, pressure) almost uniform in space except
at the boundary, close to which one can observe the stagnation point of a (nearly
stationary) vortex, see Fig. 7.

Last, note that in each case we have run our simulations on finer and finer
grids: they seem to converge globally in space, despite symmetry losses. How-
ever, we are aware that multi-dimensional conservation laws can admit many
entropy weak solutions, and a precise study remains to be done.

Finally, let us summarize the main features of our new symmetric hyperbolic
system of conservation laws to model viscoelastic flows of (Upper-Convected)
Maxwell fluids with shear-waves propagating at finite-speed.

For the 2D gravity flows with a free surface detailed herein, the resulting
generalization of Saint-Venant system has not only a theoretically interesting
formulation. But moreover, physically-reasonable numerical simulations have
shown that our model indeed satisfies our initial goal. This is encouraging
from the conceptual viewpoint of physical principles as well as for practical
applications e.g. to transient geophysical flows.

However, to fully validate our new model and make it as useful as possible,
a number of points need to be tackled.

e Although it is satisfying that real (viscous) fluids seem well-modeled by
symmetric-hyperbolic conservation laws, it is also well-known that the

12We have not precisely studied the 2D Initial-Boundary Value Problem and we impose
steady values at boundary cells for the sake of simplicity. Note: boundary conditions were
not meaningful in cases 1,2 and 3 so long as the front is far enough from the boundary.
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mathematical theory is far from complete at present. There remain chal-
lenging issues to precisely define physically-meaningful solutions at large
times, and next simulate them numerically.

Our FV approach certainly needs improving to that aim.

e The large-time asymptotic stability of sheared-flows needs to be investi-
gated theoretically and numerically, as boundary-value problems.

e In many practical applications, one would also want to use our new model
with 3D flows ; adequate choices of pressures should therefore be more
carefully studied. Moreover, specific applications would also require one to
modify the deviatoric stresses. It remains to investigate the various non-
Newtonian possibilities in detail, with care as regards “non-isothermal”
flows (recall our microscopic interpretation of the new state variable A as
a mean-field approximation of material distortion thermally-agitated).

A Riemann solvers based on flux-splitting

The entropy-consistency condition (47) can be achieved with simple 1D Riemann
solvers which yield fluz-splitting FV schemes with a kinetic interpretation [6].
Here, we consider 1D Riemann solutions of the Lagrangian system (29):

WH ' —0,(Va=UlojFF) =0
O F —0,U" =0
O Ff =0 (62)
BU + B, (P; = (gH?/2 + GH® Ao)o1, F} — GF;AM) —0
DAY =0
that are consistent in the sense of (47) with the following entropy inequality:
OE + 0, (P;Ui = Ui(gH?/2 + GH?Ao)oi, F) — GUiF;Am) <0 (63)
when the flux-coefficients A, are given so the free-energy functional:
L9 G i i 2
E= §|U‘ +§H+§(FaAaﬁFﬁ+H Acc_lnAcc) ) (64)

is actually a (strictly convex) mathematical entropy for (62).

A.1 Entropy-consistent solver in Lagrangian coordinates

The entropy-consistent simple 1D Riemann solvers, satisfying (47) with n = e,,
can be characterized in the flux-splitting case [6, p.643]. Recall: E is a strictly
convex entropy for a system dyu + 9, F (u) = 0 like (62), is equivalent to, the
entropy variable v = 9, F symmetrizes the system and F' = 9,%. Then [6]:

Lemma A.1. The FV schemes built with fluz-splitting F = FT + F~ for
Oyu + 9, F(u) = 0 is entropy-consistent if FT = 9,9+, F~ = 9,0~ are built
from two scalar functions ¥, —1)~ convez in v.
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Moreover, the entropy-consistency (47) can be fully analyzed after kinetic in-
terpretation like in [6]. Then, considering A.. as flux-coefficient like A,z for
u=(H 1, F* FY,U% UY) solution to (62) here, let us split F' = 9,7 where
v=(-P,GZ,GY, U, UY) =PV, —GU" - GUY=P.U".
Let us choose the following ”convex” splitting:
¢ € ; i\ 2
¢—1;§:(W+“W) e€{+,—}
ie{x,y}
— (P + ceU*)FY + (PY + ceUY)Fy
—(P? + ceU™)
Fe=— —(PY + ceUY)
ce(P¥ + ceU?™)
ce(—=PY + ceUY)
with a single parameter ¢ > 0 (to be fixed later, e.g. for entropy-consistency).
One can check that the entropy fluxes G¢ = v - F€ — ¢)¢ associated with F*,
such that 8,G¢ = 9, E - 0, F€, recall 9,0 = (92, F)d,¢, do “dissipate” [6], i.e.
€ (G(u1) = G (u2) = (uE)|u, (F(u1) — F*(uz))) < 0. (65)

holds true for all u;, us. (Note indeed that (65) is equivalent to the convexity
of e, it can be checked by a direct computation here on noting G¢ = ¥°¢ and
eG* = ey© is a convex function of v = 9, F such that F¢ = 9,1°). Then,
following [6], to fully check the entropy-consistency condition (47) for the flux-
splitting above as numerical flux — indeed a simple Riemann solver —, one can
use its kinetic interpretation as a discretized BGK model with relaxation form®'?:

OHH ' —09,V,=0

OVa + 0240 = (U'oi; F) —V,) /e

0y Zaa + C0Va = (PloyiF) — Z44) /2

O F =0 (66)
OF! —0,U" =0

QU + 0,11, =0

O + 20, U" = (P: — 111 /e

also endowed with a diagonal 8 x 8 formulation:

-1 i )2 —1 5
8t (H—l +Zaa/c2) _ H +UngbPa/C€ (H +Zaa/c )
U +Pi/c)os; F) — (Va & Zaa
Oy (Vo £ Zaa/c) £ 0y Vo £ Zaa/c) = ( P /c)oi; 2 8% /¢)
atO'ijf =0 (67)
Pa/ + Fy — (/¢ + Fy)
S

O (I e+ U") £ 8, (I, /c £ U") =

& (I ) + F) =

Pijc+ U — (I} /e £ UY)
€

I3Where € assumes its usual meaning for relaxation systems [6]: some time & — 0 charac-
teristic of the (numerical) relaxation and infinitesimal in comparison with the time-step of the
numerical scheme. It should not be mixed with € € {+,—}.
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that clearly shows the system (66) has only linearly degenerate fields.
In particular, one can add 0;A.. = 0 without changing the structure of the
Lagrangian system (66), as well as

(U /2+€) = 0u(LU") = (B = (UP/2+¢)) /e
to check (47) with Ge, (u, u,) = (IILU?)|, /4o as in [6]. It amounts to add

du(e — [IG[?/2¢* — [Ty /2¢%)

_ (E-UP/2—|PgPP/2c® — [PY|?/2¢?) — (é — T [?/2¢® — [ITY]2/2c?) (68)
9

in (67). Then, note that for (47) to hold, it is sufficient that
E(u) = [UP/2 = [P§1?/2¢* = [PYJ? /2¢* < ¢ — [TIg|*/2¢* — |IT}]? /2¢?

holds for all states « in Riemann solutions of the extended system (67)—(68) i.e.

G+(u1) — G_(ul) < E(uz) n G+(ug) — G_(UQ)

c c

E(u1) — (69)

for all intermediate state u; in the Riemann solution such that (é — [IT1%]?/2¢? —
11Y|2/2¢%) = E(ug) — M with uy the "outward” neighbour state
(chosen in the direction opposite to the interface, which is directly fixed by the
boundary condition here in the 3-wave case).

Now, the split-form of the extended system (67)—(68) allows one to check
(69) independently for left and right (intermediate) states u; (with ug resp. the
left and right boundary condition here), when A.. is a variable solution to a
contact disconitnuity wave, and when the coefficient A,g is discontinuous in

Gt—G- g, G - 1
F—— =ZH+— HQACC F'AusFh)—InAce——= |2 y|2)
c 2 + 2 ( + Iy Aap ,8) n 202 (|Pa| + |Pa| )

Recalling (65) and c(us — u1) + F(uz) — F(u1) = 0 then (69) rewrites

Gt (u) = G (u1) Gt (ug) — G~ (up)

E(uy) — - — E(ug) + .
F*(up) — F~ Ft(up) — F~
— (0uE)|u, (U1 _ Fr(u) . (u1) gt (uz) . (u2)> <0 (70)
~PioijFy H™' +PioyF) /¢
—pz B Fr + pw/CQ
1 a Ft—F at 7
Fr-Fr=_0 Py | u- (= Fi+Pye
“l e ¢ 0
AUy 0
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for boundary states us = u;/, resp. with neigbour intermediate state u; = u;‘/r

H} = <Hl‘1 V-2 ;CVT + Zr/c> -1
H = (Hfl Vit BV, - ZT/C>_1
2c
Va)i = (Va)i = vt o= W2V +2 V, - Z,/c
(Zaa)] = (Zaa)r = 27, = Vi + 2 —2ch - Z,
Wi = i = @y o= L T/t (WD — (Who)ofe (71)
()7 = (m; = (1) = 0 W) —2c<Ui>,. + (IT),

(U = (I )1/c — (U"), + (L), /c
2c

(U + ({Lg)i/c — (U)r — (IT)r/c
2c

(Fa)i = (Fa) —

(Fa)y = (Fo)r —
which can be checked e.g. using

aHZ—l (E(Ug) _ ¢€£Z2) . (auE)‘ul <U2 _ Z FGG(’CLLZ))>

€

i'Fj 2
= (P1—P2) <1 + (chgb)aH—1P|2>

Oij

R
62 b 8H1P|2> , (72)

— GAua((F))1 — (F1)2) (

G0, <E<u2> -y g,m), (a -3 F“”))

€

Aaa i'Fj
G2 —1)4-(731—7)2)(02217). (73)

= (D - (D) (

When uy = ug, (70) is satisfied, and for ug = (=P, GAw F¥, GAuuFY, )2 = u1

€,0 €

C

C

= _(6H*17D|2)('P1 - P2)2 ((3H1’Pz)_1 + W)

- (G P((FD ~ () (5 - (G ™)

+o((PL—=P2)* (F1 — (Fy)2)*)  (74)
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so on recalling 0y 1P = —(gH? +3GH*A,.), a sufficient condition for entropy-
consistency (of the 3-wave Riemann solver in Lagrange coordinates) reads:

¢ > max (GAM, (gH® + 3GH4ACC)(F5)2> (75)

on an admissible neighbourhood of u; containing us (such that H > 0).

Lemma A.2. The 1D Riemann solver (67)—(68) for (the ¢ subsystem of) SVM
in Lagrangian coordinates is entropy-consistent in the sense of Prop. 3.2, for the
entropy E given by (64) with numerical flux @eb = (HflUi)|a/t=0, provided (75)
holds on admissible neighbourhoods of the left/right states that resp. contain the
left /right intermediate state.

Then, one can look for numerical values of ¢ satisfying (75), e.g. with ¢
solution to di¢ = 0 as in [7] to enforce H}), > 0, and it remains to map the
solver above into Eulerian coordinates (see Section 3.2). Note however a consis-
tency limitation on the choice of e, to approximate SVM Riemann solutions in
material coordinates as above, with 3 waves only. Indeed, the 1D solutions com-
puted with (66) are translation-invariant solutions to a 2D hyperbolic system
of conservation laws in Lagrangian coordinates like for instance:

OH ™' —0,Va =0
OVa +08Zap = (U'oapoi F) — Vo)
01 Zap + 0V = (PioapoijF — Zap) /e
O F, —0,U" =0
U+ 9,11, =0
O, + 0, U = (PL —11%) /e
where a, € {a,b} refers to the axes of one particular Cartesian coordinate
system. This relaxation generalizes to
O H™' —0,V0 =0
Vo +08Zap = (U'apoiF — Va) /e
01Zap + 65,0V = (PioapoijF — Zap) /e

: : (77)
O FF — .U = 0
U+ 9,11, = 0
O, + ¢ 0 U = (P, —T0,,) Je
with the same symmetric-positive coefficient-matrices ¢, = ¢2 ., = 2, for

(1Y) a, (Zga)a in the wave equations resp. for U?, Vs. (The 1D Riemann solver
(66) coincides with 1D solutions of (77) along one principal directions). But it
seems impossible to find a 2D system that admits the 1D Riemann solver (66) as
particular solution, and that is a relaxation of the 2D Lagrangian SVM system
(29) for all (smooth) solutions. Indeed, recalling Oy 1P = —(gH?> +3GH*A,.),
IT!, in (77) above cannot consistently approximate any exact solution P! to

8,577(2 — aijaaﬁpang + GAagaﬁUi
—@Hm@pm%ﬂ@%w—mmm+m%m—Q%W}w (78)
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insofar as the term 9,U” in the last line of (78) is always missing (it vanishes
though for 1D solutions along some direction £ such that JijFé = 0 for all ).
So the 1D Riemann solver above with 3-wave cannot be consistent with any
solution of the 2D SVM system, even smooth.

A.2 Parameter initialization

To achieve (75) in a Riemann problem, one can require left/right initial values
of the "relaxation parameter” c as follows

Lemma A.3. Defining for 6 € {||, L} and o= {l,r} in a Riemann problem

6y = \/max{G(Aua)o (HFP2(gH + 3H2Ac),) (79)
then conditions (75) are ensured using as initial values (with o # o'{l,r}):

[(Zaa)O’ - (Zaa)o}Jr)
Hi¢ + Hy ¢, -

Co— 7o+ 2H, (wa)l W, + (80)

Proof. The computation is straightforward and similar to Lemma 5.3 in [9]. O

B Hyperbolicity of SVUCM

We investigate the hyperbolicity of SVUCM and variations with a non-zero
slip-parameter, the so-called Johnson-Segalman models see e.g. [12, 11].

Proposition B.1. Among all Gordon-Schowalter derivatives with slip-parameter
¢ €]0,2], only ¢ =0 (i.e. the Upper-Convected case) ensures hyperbolicity of (1-
2-9-10) under strain-free constraints, namely: H, B, > 0 and B}, = BZ > 0.

The proof follows from rotation-invariance, after computing the eigenvalues
of the jacobian in a 1D projection of the system (1-2-9-10) like

OH+90,(HU)=0
U +U0,U + g0, H — G ((Byy — B2)/HO, H + 04 (Byy — B2)) =0
YV + U8,V — G (Byy/HO,H + 0, Byy) = 0
9 Boz + U0y Byy — (2(1 = () B1z0:U — (Byy0,V) =0
OtByy + U0, By, — Bxy(Q —¢)0.V =0
atBIy + anBzvy - ((1 - C/Z)Bm - C/2)Bw) 0,V — (1 - C)BwyawU =0
O0B,. +U0.B., +2(1—-()B..0,U =0

(81)
similarly to the proof in [24] for a similar system written in stress variables X
when ¢ = 0 (though without vertical stress and strain components, which allow
here mass preservation). Denoting A = 2gh+G (2(3 — 2¢)B,, + (Byy — 3(Bys) =
2gh + 6GB,, + G( (Byy —4B,, — 3By;), four eigenvalues read

U+ ;\/A +G (4Bys — 2(Bya + Byy)) £ /A2 + G2(4CB,, )2
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and are real if, and only if, the following strain-parametrized inequality holds

G*(4¢Bay)? < 2GA (4Byy — 2((Bra + Byy)) + G (4Ba — 2((Bas + Byy))” .
(s2)
Unless ¢ = 0, the quadratic condition (82) on ( is not clearly satisfied for all
values By, Byy, Byy, B, of the strain. We therefore consider only (1-2-9-10)
when ¢ = 0 (the SVUCM case), where hyperbolicity is ensured with eigenvalues
u =+ /gh+3GB,, + GBs, u + \/GB;; and u (with multiplicity 3) under the

physcially-natural constraints h > 0, B,, > 0, B, > 0.
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