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Abstract

This paper is concerned with the numerical solution of the unified first order hyperbolic formulation of continuum
mechanics proposed by Peshkov & Romenski [65], which is based on the theory of nonlinear hyperelasticity of
Godunov & Romenski [67, 48, 51], further denoted by GPR model. Notably, the governing PDE system is symmetric
hyperbolic and fully consistent with the first and the second principle of thermodynamics. The nonlinear system
of governing equations of the GPR model is overdetermined, large and includes stiff source terms as well as non-
conservative products. In this paper we solve this model for the first time on moving unstructured meshes in multiple
space dimensions by employing high order accurate one-step ADER-WENO finite volume schemes in the context of
cell-centered direct Arbitrary-Lagrangian-Eulerian (ALE) algorithms.

The numerical method is based on a WENO polynomial reconstruction operator on moving unstructured meshes,
a fully-discrete one-step ADER scheme that is able to deal with stiff sources [31], a nodal solver with relaxation to
determine the mesh motion, and a path-conservative technique of Castro & Parés for the treatment of non-conservative
products [63, 19]. We present numerical results obtained by solving the GPR model with ADER-WENO-ALE
schemes in the stiff relaxation limit, showing that fluids (Euler or Navier-Stokes limit), as well as purely elastic
or elasto-plastic solids can be simulated in the framework of nonlinear hyperelasticity with the same system of gov-
erning PDE. The obtained results are in good agreement when compared to exact or numerical reference solutions
available in the literature.

Keywords: high order direct Arbitrary-Lagrangian-Eulerian finite volume schemes, hyperbolic conservation laws
with stiff source terms and non-conservative products, high order ADER-WENO schemes on moving unstructured
meshes, unified first order hyperbolic formulation of continuum mechanics, symmetric-hyperbolic
Godunov-Peshkov-Romenski model (GPR model) of nonlinear hyperelasticity, viscous heat conducting fluids and
nonlinear elasto-plastic solids

1. Introduction

The aim of this paper is the numerical solution of the unified first order hyperbolic formulation of continuum
mechanics proposed by Peshkov & Romenski [65], which is based on the theory of nonlinear hyperelasticity of
Godunov and Romenski [48, 51], denoted as GPR model in the following, and which describes fluid mechanics and
solid mechanics at the same time in one single system of hyperbolic governing partial differential equations (PDE). In
the GPR model the viscous stresses are computed from the so-called distortion tensor A, which is one of the primary
state variables in this first order system. The appealing property of the GPR model is its ability to describe within
the same mathematical framework the behavior of inviscid and viscous compressible Newtonian and non-Newtonian
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fluids with heat conduction, and, at the same time, the behavior of elastic and elasto-plastic solids. In this model fluids
as well as solids are modeled via a stiff source term that accounts for strain relaxation in the evolution equations of
the distortion tensor. In addition, heat conduction is included using a first order hyperbolic evolution equation of the
thermal impulse which allows the heat flux to be retrieved. The governing system of PDEs is symmetric hyperbolic
and fully consistent with the first and the second principle of thermodynamics, as detailed in [65, 35]. However,
this system has a large number of equations, is nonlinear and it includes stiff source terms and also non-conservative
products.

Consequently, the numerical solution of such a large multi-dimensional system on moving meshes is a big chal-
lenge. For this purpose, in this work we propose to employ a high order accurate multi-dimensional ADER-WENO
finite volume scheme in the context of direct Arbitrary-Lagrangian-Eulerian (ALE) algorithms. This scheme is con-
structed with a high order WENO polynomial reconstruction operator on unstructured meshes [34, 33], a one-step
space-time ADER integration [74, 78, 76] that is suitably extended for dealing with stiff sources [31, 52], a nodal
solver with relaxation to determine the mesh motion [44, 11, 12, 14], and a path-conservative integration technique
for the treatment of non-conservative products, following the ideas of Castro & Parés [63, 19], which have been re-
cently extended to the moving-mesh framework in [29, 12, 15]. The proper treatment of boundary conditions is of
paramount importance for these simulations on moving meshes. We will pay special attention to them in this work.

In this paper we intend to show that, although the GPR model may seem to be more complex and difficult to
solve than other classical ones (Euler & Navier-Stokes equations, linear elasticity or nonlinear hypo-elasticity with
plastic strain), the high order ADER-WENO-ALE schemes which allow for a proper treatment of non-conservative
terms and stiff source terms [29, 12] are an appropriate candidate for this task. Therefore, we will present numerical
results obtained with ADER-WENO-ALE schemes for the GPR model in the stiff relaxation limits showing that
fluids (Euler or Navier-Stokes limits) as well as pure elastic and elasto-plastic solids can be simulated. In these
different situations — fluids, elastic and elasto-plastic solids — which usually require a different mathematical model
for each situation, we will numerically prove that the high order accurate ADER-WENO-ALE algorithm is able to
reproduce existing exact or numerical reference solutions even for very demanding test cases. These test problems
involve shocks (viscous or inviscid ones), contacts and rarefactions in fluids, along with reversible or irreversible
deformations in elasto-plastic solids.

The rest of this paper is organized as follows. Section 2 introduces the unified first order hyperbolic Godunov-
Peshkov-Romenski (GPR) model of continuum mechanics, which is numerically solved in this paper. Section 3
presents the high order accurate ADER-WENO-ALE schemes devoted to solve general hyperbolic systems of con-
servation laws with stiff source terms and non-conservative products. Boundary conditions are discussed in Section
4, while numerical experiments are carried out in Section 5, which also contains a detailed description of these test
cases, as well as the obtained numerical results with associated comments. Note that the numerical experiments are
designed so that the scheme solves two extreme limits of the GPR model, namely inviscid and viscous fluids (i.e.
the compressible Euler equations for gasdynamics and the compressible Navier-Stokes equations) as well as elastic /
elasto-plastic solids. Conclusions and perspectives are proposed in the last Section 6.

2. The GPR model: a unified first order hyperbolic approach to continuum mechanics

In this work we consider the first order hyperbolic Godunov-Peshkov-Romenski (GPR) model [48, 49, 51, 65, 35],
which is the first successful attempt to build a unified and thermodynamically compatible formulation of continuum
mechanics under a first order symmetric hyperbolic form that includes classical fluid mechanics and solid mechanics
just as two special limiting cases of the same formulation. We refer to the recent work of Dumbser et al. [35], where
a detailed introduction to this model is given and where the GPR model has been solved numerically for the first time
using high order accurate Eulerian ADER-WENO and ADER-DG schemes on fixed grids, and where many numerical
examples have been provided. The GPR model also includes a hyperbolic formulation of heat conduction and it can



be written under the form given in [35] as follows:
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At this point we emphasize that the system above is an overdetermined system of PDE, hence in the numerical
solution of the above model we solve the fotal energy conservation equation (2) and not the entropy equation (1e).
Such a choice is mandatory for overdetermined systems. We use the following notation: p is the mass density,
[vi] = v = (u,v,w) is the velocity vector, [A;] = A is the distortion tensor, [J;] = J is the thermal impulse vector, s
is the entropy, p = sz,, is the pressure, E = E(p, s, Vv, A, J) is the total energy potential, d;. is the Kronecker delta,
[oi] = 0 = —[pAniEa,,] is the symmetric shear stress tensor, 7 = Ej is the temperature, [gx] = q = [EE;,] is
the heat flux vector and 8, = 6,(r;) > 0 and 8, = 6,(1,) > 0 are positive scalar functions depending on the strain
dissipation time 7; > 0 and the thermal impulse relaxation time 7, > 0, respectively. The dissipative terms ¢ and H;
on the right hand side of the evolution equations for A, J and s are defined as [y;] = ¢ = [Es, ] and [H;]=H = [E, ],
respectively. Accordingly, the viscous stress tensor and the heat flux vector are directly related to the dissipative terms
on the right hand side via o = —pATI/I and q = TH. Note that E,, E, E4, and Ej, denote the partial derivatives
OE/dp, OE[ds, OE[0Aj and OE/dJ;; they are the energy gradients in the state space or the thermodynamic forces.
The Einstein summation convention over repeated indices is implied throughout this paper.

These equations express the mass conservation (1a), the momentum conservation (1b), the time evolution for the
distortion tensor (1c), the time evolution for the thermal impulse (1d), the time evolution for the entropy (le), and
the total energy conservation (2). The PDE governing the time evolution of the thermal impulse (1d) looks similar
to the momentum equation (1b), where the temperature 7 takes the role of the pressure p. Therefore we refer to this
equation as the thermal momentum equation.

To close the above system, the total energy potential E(p, s, v, A, J) must be specified. This potential definition
will then generate all constitutive fluxes (i.e. non advective fluxes) and source terms by means of its partial derivatives
with respect to the state variables. As a consequence the energy potential specification is fundamental for the model
formulation.

In order to specify E, following [65, 35] we note that there are three scales: the molecular scale, referred to as the
microscale; the scale of the material elements, called here mesoscale; and the main flow scale, that is the macroscale.
As a consequence it is assumed that the total energy E is decomposed into three terms, each of them representing the
energy distributed in its corresponding scale, that is:

E(p,s,v,A,J) = E\(p, 5) + E2(A, J) + E3(v). 3)

1
The specific kinetic energy per unit mass E3(v) = FVivi refers to the macroscale part of the total energy. The internal

energy E|(p, s) is related to the kinetic energy of the molecular motion and it is sometimes referred to as the equilib-
rium energy because it is the only energy which does not disappear in the thermodynamic equilibrium when meso-
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and macro-scopic dynamics are absent, but only molecular dynamics remains. In this paper, for £ we will use either

the ideal gas equation of state
2

Ei(p,s) = ———, cg=yp""'e"", O]
1o Yy —1) 0=
or the Mie-Griineisen equation of state
2 1
P =pocy f(V) (v =Dy =3 - 1)
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where ¢y has the meaning of the adiabatic sound speed, ¢, and ¢, are the specific heat capacities at constant volume
and at constant pressure, respectively, which are related by the ratio of specific heats y = c,/c,. Moreover py is the
reference mass density and py is the reference (atmospheric) pressure. For the mesoscopic, or non-equilibrium, part
of the total energy we adopt a simple quadratic form

E>(A,)) = C_%G.T.FG.T.F + Q—ZJ,-J,-, (6)
4 0T
with
[G][]=dev(G) = G - %tr(G)I, and G=ATA. (7

Here, [Giij] = dev(G) is the deviator, or the trace-free part, of the tensor G = ATA and tr(G) = G; is its trace, I is the
unit tensor and c; is the characteristic velocity of propagation of transverse perturbations. In the following we shall
refer to it as the shear sound velocity. The characteristic velocity of heat wave propagation c;, is related to the variable
a.
The fundamental frame invariance principle implies that the total energy can only depend on vectors and tensors
by means of their invariants. Hence,
Gl'Gl =L -LL/3,

where I, = tr(G) and I, = tr(G?), and therefore E,, as well as the total energy E, are only a function of invariants of
A and J.

The algebraic source term on the right-hand side of equation (1c) describes the shear strain dissipation due to
material element rearrangements, and the source term on the right-hand side of (1d) describes the relaxation of the
thermal impulse due to heat exchange between material elements. Once the total energy potential is specified, all fluxes
and source terms have an explicit form. Thus, for the energy E»(A,J) given by (6), we have ¢y = E4 = c2Adev(G),
hence the shear stresses are explicitly given by

o =—pA'Y = —pATE, = —pc’Gdev(G), tr(o) = 0, ®)
and the strain dissipation source term becomes

Y __Ex _ 3
0i(r1) 6T T

|A} Adev(G), ©)

where we have chosen 0;(7;) = Tlcf /3 IAI‘%, with |A| = det(A) > O the determinant of A and 7; being the strain
relaxation time, also called the particle-settled-life (PSL) time in [42, 65]. In other words, this time scale characterizes
how long a material element is connected with its neighbor elements before rearrangement occurs. The determinant
of A must satisfy the constraint

A= £, (10)

Lo

where pg is the density at the reference configuration, see [65]. Furthermore, from the energy potential E>(A, J) the
heat flux vector follows from Ej = a?]J as

q=TH=EEy=a’TJ. (11)
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For the thermal impulse relaxation source term, we postulate that 6, = Ty« o7

yielding
PH __pEy __Tpopl
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The previous formula contains another characteristic relaxation time 1, which is associated to heat conduction. The
motivation for this particular choice of 8; and 6, is the connection with classical Navier-Stokes-Fourier theory in the
stiff limit 71 — 0 and 7, — 0, see [35] for details.

As shown in [65, 35], the GPR model is compatible with the first and second law of thermodynamics and it
constitutes a hyperbolic system of PDEs. For a detailed discussion of the hyperbolicity of nonlinear hyperelasticity,
see [61]. For a discussion on the symmetric hyperbolic structure, see [35] and references therein. In other words the
Cauchy problem for the system (1) is well-posed. A detailed discussion of the intrinsic nature of this model can be
found in [65, 35] and we refer the interested reader to these references. Further work on nonlinear hyperelasticity
can be found e.g. in [48, 50, 51, 56, 47, 64, 7, 5, 4]. In this paper we assume the model as given and our goal is to
solve it numerically in an accurate, robust and efficient way on moving unstructured meshes using one of the most
advanced high order accurate ADER-WENO direct Arbitrary-Lagrangian-Eulerian schemes that it currently available
[37, 11,29, 12].

3. High order accurate direct ADER-WENO-ALE schemes for hyperbolic PDE

As already mentioned, the GPR model is a large nonlinear system of hyperbolic balance laws which contains
non-conservative products and stiff source terms. To solve this system we consider the arbitrary high order accurate
ADER-WENO direct Arbitrary-Lagrangian-Eulerian (ALE) finite volume schemes derived in [11, 29, 12] that we
refer to as ADER-WENO-ALE in the rest of the paper. The GPR model (1) can be cast into the following general
formulation which holds in multiple space dimensions d € [2, 3]:

0
8—?+V-F(Q)+B(Q)~VQ=S(Q), erc]Rd,teIRg, (13)
where Q = (q1,42, - ,qy) is the vector of conserved variables, F = (f, g, h) is the conservative nonlinear flux tensor,

B = (B}, B, B5) is the purely non-conservative part of the system written in block-matrix notation and S(Q) is the
vector of algebraic source terms. We furthermore introduce the abbreviation P = P(Q, VQ) = B(Q) - VQ to simplify
the notation in some parts of the manuscript.

In our moving-mesh framework the computational domain Q(¢) ¢ R¢ is discretized at any time level * by a set of

moving and deforming simplexes T7'. Ng denotes the total number of elements and the union of all elements is referred
Ng
to as the mesh configuration 7 of the domain: 7j = |J T}'. We assume that the computational domain continuously
i=1
changes in time. Because of this fundamental assumption we adopt the mapping between the physical element T to
the reference element 7, defined in the reference coordinate system & = (£, 7, {). As usual, the reference element 7,
is taken to be the unit triangle in 2D or the unit tetrahedron in 3D, see [11, 12].
For any finite volume scheme, data are represented by piecewise constant cell averages both in space and time. As

a consequence we define at each time level #* within the control volume 7' the mean value of the state vector Q! as

Q! = ! Q(x,1") dx, (14)

T g
where |T7| is the volume of element 7. High order of accuracy in space is obtained by means of a polynomial recon-
struction technique that provides piecewise high order WENO polynomials w;,(x, ) from the known cell averages Q
(see next Section 3.1). High order of accuracy in time is further achieved by applying a local space-time discontinuous

Galerkin predictor method starting from the high accurate WENO reconstruction polynomials wj(x, ) (see Section
3.2). Both techniques are now introduced.



3.1. Polynomial reconstruction

3.1.1. Single stencil reconstruction.

The reconstruction operator generates piecewise polynomials wy(x, #*) of degree M which are computed for each
element 77 considering the so-called reconstruction stencil S; and its associated known cell averages. The reconstruc-
tion stencil S; is composed of a number r, of neighbor elements of 7, which is bigger than the smallest number

d
M=mm.d) =] (M + k)
k=1

s5)

needed to reach the nominal order of accuracy M + 1 in d space dimensions, according to [3, 62, 43, 55, 34]. As
suggested in [34, 33], for an unstructured mesh we usually take né =d - M, with d € [2,3] representing the number

of space dimensions. The stencil called S; is defined as S; = U T"

(i)’ where 1 < j < n, is a local index counting
y))

the elements in the stencil and m(j) is a mapping from the local 1ndex J to the global index of the element in 7. We
rely on the orthogonal Dubiner-type basis functions y;(&, 1, ) [27, 54, 22], defined on the reference element Te, to
explicitly write the high order accurate reconstructed polynomial as

M
W% 1) = ) YW, = W], (16)
=1

where the mapping from x to the reference coordinate system § is considered and the W; denote the unknown degrees
of freedom, also called expansion coefficients. The procedure to determine the degrees of freedom demands the
integral conservation for the reconstruction on each element T belonging to stencil S;, that is

i fwl(f)whdx =Qj, VT;-’ €S, a7n
- T}X

The above relations (17) yield an overdetermined linear system of equations for the unknowns w}; that can be solved

using either a constrained least squares technique (LSQ), see [34], or a more sophisticated singular value decomposi-

tion (SVD) algorithm [34, 58].

3.1.2. WENO procedure.

As stated by the Godunov theorem [46], linear monotone schemes are at most of order one and if the scheme is
required to be high order accurate and non-oscillatory, it must be nonlinear. In this work we consider the pragmatic
polynomial WENO approach that has also been adopted in [43, 55, 34, 33, 1, 75, 80, 29, 11, 12, 29, 13, 14, 10]
to supplement the linear polynomial reconstruction procedure previously described with a nonlinearity. For optimal
WENO schemes, see [2, 53, 69, 85, 21, 68, 23]. Seven or nine reconstruction stencils are first determined for d = 2
and d = 3, respectively, and they are further used to compute the associated different polynomials for each cell of
the computational domain. These stencils are supposed to cover sufficiently enough “directions” in order to “catch”
local oscillatory phenomena. Next, these seven or nine polynomials are blended together using nonlinear weights to
obtain the actual high order WENO polynomials wy(x, #*). This rather classical procedure has already been described
in [34, 33, 11, 12] and in all the aforementioned references, consequently we omit the details in this paper. However
we highly recommend the interested readers to consult these references.

3.2. Local space-time Discontinuous Galerkin predictor on moving curved meshes

The reconstructed polynomials wy(x, #") computed at time " are then evolved during one time step locally within
each element T;(¢), without needing any neighbor information, but still solving the original PDEs (13). As a result
one obtains piecewise space-time polynomials of degree M, denoted by q(x, f), that allow the scheme to achieve
high order of accuracy even in time. An element-local weak space-time formulation of the governing equations
(13) is employed, following the approach developed in the Eulerian framework on fixed grids by Dumbser et al. in

6



[31, 32, 52]. According to [31, 52, 38, 12] we adopt the local space-time Discontinuous Galerkin predictor method
due to the presence of stiff source terms in the governing equations (1). Let x = (x,y,2) and & = (&,1,{) be the
spatial coordinate vectors defined in the physical and in the reference system, respectively, and let X = (x,y, z, ) and
2 = (&,1m,{,71) be the corresponding space-time coordinate vectors. Let furthermore 6, = 6’1@) = 6i(&,n,{,7) be a
space-time basis function defined by the Lagrange interpolation polynomials passing through the space-time nodes
Em = (&ns Mm»> &m> Tm), Which are defined by the tensor product of the spatial nodes of classical conforming high order
finite elements in space and the Gauss-Legendre quadrature points in time. Following [28], the local solution qj, the
fluxes F, = (£, gy, hy,), the source term S;, and the non-conservative products P, = B(qy) - Vqy, are approximated
within the space-time element T;(¢) X ["; 17 with

aQ = @) = 91('5)?1‘1,,-, F, = F,(&) = 6,(¢) ’F\l,iy
S =Si@&=6@S,, P,=Py&=0@&P, (18)

Since the Lagrange interpolation polynomials lead to a nodal basis, we evaluate the degrees of freedom of Fy, S;, and
P, from q, in a pointwise manner as

F; =F@.), Su=S@.), Pu=P@:Yq), Vau = V0, (19)

with Vq;; representing the gradient of q, at node EI An isoparametric approach is adopted, where the mapping
between the physical space-time coordinate vector X and the reference space-time coordinate vector ?is represented by
the same basis functions 6; used for the discrete solution q;. Consequently we have X(E) = 91(5)3'{;,,-, and t(g;) = 91(2;)’5,
where X;; = (X1, y1,21,) are the degrees of freedom of the spatial physical coordinates of the moving space-time
control volume, which are unknown, while 7, denote the known degrees of freedom of the physical time at each space-
time node X;; = (%, Y1.»21i»#;). The mapping in time is simply linear: ¢ = ' + T At, thent; = " + 7, At, with ¢*
denoting the current time. At is the time step and it is computed under a classical Courant-Friedrichs-Levy number
(CFL) stability condition of the form

d;
At = CFL min VT e O, (20)

T; |/1max,i| ’

where d; is the insphere diameter of element 7" and |Amay ;| corresponds to the maximum absolute value of the eigen-
values computed from the solution Q? in T7". For the GPR model (1) the sound speed ¢ is computed according to [65]
as

Yp
o

4
+34. 1)

On unstructured meshes the CFL stability condition for explicit upwind schemes must satisfy the inequality CFL < 5
We want the governing PDE formulation (13) to be written in the space-time reference system X, hence we first
define the Jacobian of the space-time transformation from the physical to the reference element and its inverse:

Xe Xy Xp o Xg — &x fy & &
g, = | e move % e omeom | (22)
’ 82 & Iy & Zr ’ St ox I (y &4

0 0 0 At 0 0 0 L+

Furthermore let us introduce the nabla operator V in the reference space & = (£,7,) and in the physical space
X = (x,y,2) as:

% % & 4 % dé T
Ve = @ R V= @ =l & m & @ = (&) Ve, 23)
% o & on. 4 o



and two integral operators

1
[f,g]T=ff(,f,ﬂ,é',T)g(f,ﬂ,{,T)df, (f,g>=fff(é",n,{ﬁ)g(f,U,é”,T)dde,

0 T

that denote the scalar products of two functions f and g over the spatial reference element T, at time T and over the
space-time reference element 7, X [0, 1], respectively.
The system of balance laws (13) is then reformulated in the reference coordinate system X with the following
compact notation
9Q

—=< + AtH = At S(Q), 24
or

where we have introduced the unified term H = ‘3,? . ‘Z‘f + (gf;) Ve - F+BQ) - (‘9‘5) V£Q by using the inverse of
the associated Jacobian matrix (22) and the gradient notation (23). The numerical approximation of H is computed
by the same isoparametric approach (18), i.e. H;, = Hl(f) Hl, Inserting this approximation and (18) into (24), then
multiplying (24) with a space-time test function 8;(£) and further integrating the resulting equation over the space-time

reference element T, X [0, 1], one obtains a weak formulation of the original governing system (13):

06
<9k’ al>(I11 (Bk, 61y At (11 le)

The term on the left hand side can be integrated by parts in time considering the initial condition of the local Cauchy
problem wj}, yielding

— 09 — —~
[6u(€, 1,61, D]' Qi - <a—j, 91> @i = [0, 0, @] W, + (01, 6) At (S - Hy), (25)

that simplifies to
K(q,; = FoW], + At M(S,; - Hy,), (26)

with the following more compact matrix-vector notation:

00
K = [6:(& D, 0 D] - <6—Tk,91>, Fo = [6:(£,0),1(£)], M= (6:.6)). (27)

De facto equation (26) constitutes an element-local nonlinear system of algebraic equations for the unknown space-
time expansion coefficients q;; 1

Together with the solution, we have to evolve the geometry of the space-time control volume which moves in time.
The motion of the nodes of element 77 is described by the ODE system

dl =V(Q,x,1), (28)
with V = V(Q, x, 7) denoting the local mesh velocity. Our direct Arbitrary-Lagrangian-Eulerian (ALE) method allows
the mesh velocity to be chosen independently from the fluid velocity. Following the same philosophy as for the
solution, the velocity inside element 7;(¢) is also expressed in terms of the space-time basis functions 6, as 'V, =
0,(¢, T)V;, , with the notation V,, V(@i %1, £1)- The local space-time DG method is used again to solve (28) for the
unknown coordinate vector X; = (x;, y;, z;), according to [11, 29], hence

KX, = [0(£,0), x(&, )] + At MV, (29)

I'This system is solved using the following iterative scheme
q' - ArK'MS] = Ky (Fow], — Ar MH]),
where r denotes the iteration number. Stiff algebraic source terms S are 1mphcltly discretized, see [31, 38, 52].
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where x(£, ") is given by the mapping based on the known vertex coordinates of simplex 7' at time ¢*. The above
system is iteratively solved together with (26).

Once the above procedure is performed for all cells, an element-local predictor for the numerical solution qj, for
the fluxes F;, = (£, g1, h;), for the non-conservative products P;, for the source term Sy, and also for the mesh velocity
V,, is available. This procedure is carried out locally for each cell, consequently it remains to update the mesh motion
globally, by assigning a unique velocity vector to each node. To address this issue, in the next section a local nodal
solver algorithm for the velocity together with an embedded rezoning technique are presented.

3.3. Mesh motion

The aim of any ALE scheme is to follow as closely as possible the material motion. This motion can generate
highly deformed cells specifically when fluids or gases are considered. That may drastically reduce the admissible
timestep, or, worse, may lead to tangled elements. In order to guarantee good resolution properties for contact waves
and material interfaces together with a good geometrical mesh quality, the mesh velocity must be chosen carefully.
When natural evidences emanate from the motion of the material boundary conditions, such a mesh velocity can be
inferred. However in the general case, specifically for fluids and gases, we adopt a suitable Lagrangian nodal solver
technique [24, 59, 20, 57] to assign a unique velocity vector to each node accurately representing the “true” material
velocity. Notice that since we are dealing with a direct ALE formulation the mesh velocity is a degree of freedom.
As a consequence we could run our ALE code in a pure Eulerian regime by setting the mesh velocity to zero, or in an
almost Lagrangian regime by setting the velocity to an local average of the computed Lagrangian velocities. We could
also force any sort of intermediate or artificial mesh motion leading de facto to a so-called ALE motion. In this work
the simple nodal solver of Cheng and Shu is used [20, 57] and the rezoning strategy exposed in [44, 12] is employed
to locally improve the mesh quality. The final mesh configuration, i.e. the vertex coordinates at the new time level
"1 are then computed relying on the relaxation algorithm presented in [44].

3.4. Finite volume scheme

The same approach already developed in two and three space dimensions discussed in [11, 29, 12] is briefly sum-
marized here. To begin with, the governing PDE (13) is more compactly reformulated using a space-time divergence

operator V:
- = = = - (8 8 8 8\

where the space-time flux tensor F and the system matrix B are given by F = (f, g, h, Q) and B = (B,B,,B3,0).
For the computation of the state vector at the new time level Q™*!, the balance law (30) is integrated over a four-
dimensional space-time control volume C} = T;(?) X [t”; t””], which after the application of the theorem of Gauss
yields

fﬁ- nds +f1’§(Q)-'v'dedt= fS(Q)dxdt. 31
acr cr c

The non-conservative products are treated with the path-conservative approach of Castro and Parés, see [79, 63,
19, 18, 66, 30, 32, 36, 29], for a non-exhaustive overview, hence leading to

f (F+D)- nds + f B(Q) - VQ dxdt = f S(Q) dxdt, (32)

acr cnace c

where a new term D has been introduced in order to take into account the jumps of the solution Q on the space-time
element boundaries 4C?. This term is computed by the path integral

1 1
- _ 1 (= _ oY 1 = —
D-n= EfB(‘I’(Q_,Q+,S))-nEdS= E[IB(‘I’(Q_,Q+,S))'HCJS](Q+—Q_), (33)

0 0



where the integration path ¥ in (33) is chosen according to [63, 19, 32, 36] to be a simple straight-line segment, i.e.
Y(Q7,Q% 5 =Q +s(Q"-Q7),and (Q~, Q") are the conserved variables in element T/ and its direct neighbor T;‘,
respectively. Moreover n = (1, 11y, iz, ny) denotes the outward pointing space-time unit normal vector on the varying
space-time volume JC}.

Let N; denote the Neumann neighborhood of simplex T;(t), which is the set of directly adjacent neighbors T';(f)
that share a common face 97T;;(¢) with T;(z). The space-time volume dC?!' is composed of d + 1 space-time sub-volumes
6C;’j, each of them defined for each face of T;(?), and two more space-time sub-volumes, 77 and T;“', that represent
the simplex configuration at times #* and #'*!, respectively (see [12] for details). Therefore the space-time volume
0C;’ involves overall a total number of 2 + d + 1 space-time sub-volumes, i.e.

acy =[ | ac;'j] u T U T (34)
Tj(DeN;

Each of the space-time sub-volumes is mapped to a reference element in order to simplify the integral computation.
For the configurations at the current and at the new time level, T} and T;”', we use the mapping from the physical to
the reference element. The space-time unit normal vectors simply read m = (0, 0,0, —1) for T! and n=1(0,0,0,1) for
Ti"“, since these volumes are orthogonal to the time coordinate. For the lateral sub-volumes GC;’]. we adopt a linear
parametrization to map the physical volume to a d + 1-dimensional space-time reference prism [12].

Starting from the old vertex coordinates X7, and the new ones X;Zk” , that are known from the mesh motion algorithm
described in Section 3.3, the lateral sub-volumes are parametrized using a set of linear basis functions Sy (x1, X2, T)
that are defined on a local reference system x = (x1, x2, T) which is oriented orthogonally w.r.t. the face 8T;(?) of T,
e.g. the reference time coordinate 7 is orthogonal to the reference space coordinates (1, x>) that lie on 0T;;(t). The
temporal mapping is simply given by # = " + 7 Az, hence t,, = t,, = 0 and t; = At. The lateral space-time volume 6C;_’i

is defined by six vertices of physical coordinates ij‘jk The first three vectors (er‘lj,l’ X?j,z’ X;’jj) are the nodes defining

the common face 47;;(¢") at time ", while the same procedure applies at the new time level #"*!. Therefore the six
vectors ijk are given by

Xy = (Xet"), and  XP = (XL, k=1,2,3. (35)

ik \ ik ijk >

The parametrization for 0C ;; reads

6
ICE =X (r1,x20) = > Bl w2, 7) Xy (36)
k=1

with0 < y; <1,0< 2 <1 -y and 0 < 7 < 1 and the linear basis functions Bx(y1, 2, T) given by

Bilx1,x2,7) = = x1 —x2)(1 - 1), Balx1,x2,7) = (1 = x1 — x2)(7)
Bolyi, x2,7) = x1(1 = 1), Bs(xi,x2,7) = x17,
B3y, x2,7) = x2(1 = 1), Bs(x1,x2,T) = x2T. 37

The coordinate transformation is associated with a matrix 7 that reads

T:(A X X (‘K)T

s . * a2 a_ 38
¢ dy1 Ox» Ot (38)

with & = (&, €, 83,8&4). Let &, represent the unit vector aligned with the p-th axis of the physical coordinate system
(x,y,z,t) and let X, denote the g-th component of vector X. The determinant of 7~ produces at the same time the
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quantity IZ*)C;‘I.I of the space-time sub-volume BC;‘j and the space-time normal vector n;;, as

_ ( 0%, 0%, 0%,
Ill'jz

epqrs ep % /|6C:1}|7 (39)

dyr Ot

where the Levi-Civita symbol has been used according to the usual definition

-1, if (p,q,r,s) is an odd permutation of (1,2, 3,4), 40)

+1, if(p,q,r, s)is an even permutation of (1,2, 3,4),
epqu -
0, otherwise,

and with B
Oxy OX, O,

1 2 ot

A

E[)qu e])

0C| =

The final one-step direct ALE ADER-WENO finite volume scheme takes the following form:

1 1 1=y

mrt =i - Y, [ [ [ oGy mdedadrs [ s dxa @41

TiENi D 0 0 cnacy

where in the term (~},-_, - 1;; the Arbitrary-Lagrangian-Eulerian numerical flux function is embedded, as well as the
path-conservative jump term, which allows the discontinuity of the predictor solution q, that occurs at the space-time
boundary dC' ;']. to be properly resolved also in the presence of non-conservative products. The volume integrals in (41)
are approximated using multidimensional Gaussian quadrature rules [72] of suitable order of accuracy and the term
G;; is evaluated relying on a simple ALE Rusanov-type scheme [37, 11, 12] as

1

f B(¥) fids - umaxu] (af - a7)- (42)

0

~ 1 = — N\ - 1
Gi; = 5 (Flaj) + Flqp)) W + 5

where q;, and q; are the local space-time predictor solution inside element T(#) and the neighbor 7'(#), respectively,

and |Ayay| denotes the maximum absolute value of the eigenvalues of the matrix A -1 in space-time normal direction.
Using the normal mesh velocity V - n, matrix A reads

— oF
A-n:( nx+ﬁ§+ﬁ§)[(%+B)~n—(V-n)I}, (43)
with I denoting the v X v identity matrix, A = dF/0Q + B representing the classical Eulerian system matrix and n

(e 11,)"

i +n3+n?

Finally we remark that the integration over a closed space-time control volume, as done in this scheme, automat-
ically respects the geometric conservation law (GCL), since application of Gauss’ theorem yields fac'.’ ndsS =0. As

being the spatial unit normal vector given by n =

already pointed out in [12, 15] the numerical method allows a mass flux even for “Lagrangian” motion. Consequently
there is no associated pure Lagrangian scheme in sensu stricto to this numerical method. Nonetheless, very accurate
results can still be achieved with this high order accurate ALE scheme , see [11, 29, 14, 13, 12].

3.5. Timestep constraint

The timestep At, which is needed for the discretization of the governing equations (41), is computed taking into
account two different criteria, namely a classical CFL stability condition and a user-defined geometrical limitation.
The Courant-Friedrichs-Levy (CFL) stability condition is given by (20), while the second criterion is based on the lim-
itation of the rate of change of the element volume within one timestep, i.e. the volume of each cell 7" is not allowed
either to increase more than a certain threshold which is provided by the user at the beginning of the computation, see
[29, 12, 15] for details.
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4. Boundary conditions

In this section we design appropriate boundary conditions for the GPR model and the ALE ADER-WENO finite
volume schemes employed in this work. From the practical viewpoint of implementation, the boundary conditions
setting assigns a suitable boundary state Q, for the ghost neighbor 7, of element 7;, which lies on boundary of the
domain given its state Q;. The set of boundary conditions needed to run the test cases reported in Section 5 are the
following ones:

e Transmissive boundary conditions are adopted to let the fluid flow across the domain boundary. The flow is
governed by the internal state, hence yielding the simple setting Q, = Q;;

e Wall (or reflective) boundary conditions are used for the treatment of wall boundaries. In this case the normal
flux across the domain boundary is zero, therefore we first set Q, = Q; and then the velocity vector v, = (ig, V)
for the boundary state is computed as

Ve=V;,—2(v;-n)n, 44)

where n denotes as usual the outward pointing unit normal vector on the boundary edge of element 7; and
v; represents the velocity vector of the internal state Q;. This treatment is also called no-slip wall boundary
condition and, for inviscid flows, the fluid is still allowed to flow along the boundary, i.e. tangential to the
boundary edge;

e Free traction boundary conditions are normally employed in the context of solid mechanics, where the viscous
stress tensor components are set to zero in order to discard the stresses at boundaries. In the GPR model (1) we
only have a control on the distortion tensor A and it is not possible to derive an analytical function of the type
A = f(0). Therefore the following simple strategy has been designed: we compute the value of the distortion
tensor at the boundary A* via a stiff relaxation to the stress-free boundary state, using the same source terms as
in the original governing PDE system, but with a different relaxation time 7 — 0. Hence, for the free traction
boundaries we solve the ODE

dA  y(A)
dt 01(t))’

(45)

with a simple implicit backward Euler scheme, which yields the following nonlinear algebraic equation for the
unknown tensor A*

. A '

AT+g @ YA = 4 (46)
that can be easily solved with a standard Newton method. Here, A; is the known distortion tensor of the
boundary element 7; and A* is the distortion tensor on the boundary edge of element 7;. Note again that the
source term on the right hand side of the ODE (45) is the same as the strain relaxation term given by the
governing PDE (1), but with smaller relaxation time. The solution of Eqn. (46) provides the sought boundary
ghost distortion tensor A, as

A, =2A" - A, 47

Moreover, we also require the hydrodynamic part of the pressure to vanish at the free surface boundary, hence
setting p, = —p;, while the remaining variables are copied from the internal state Q;;

e moving boundary conditions impose a prescribed velocity vector v, on the boundary, hence they are classically
treated by imposing
ve=2(V,-m)n-v, (48)

after setting Q, = Q; for the remaining variables.

We underline that for finite volume schemes no “canonical” procedure is available to specify the boundary conditions.
Thus, different ways are possible and, in principle, equally appropriate.
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Table 1: Material parameters: reference density pp, reference (atmospheric) pressure Py, adiabatic sound speed cg, shear wave speed cy, Yield
stress 07 and the coefficients I'y and s appearing in the Mie-Griineisen equation of state (5).

£o Do Co Cs ) Ty $
Copper 8.930 0.0 0394 0.219 0.004 2.00 1.480

Beryllium 1.845 0.0 1.287 0.905 1 1.11  1.124

Aluminum || 2.785 0.0 0.533 0.305 0.003 2.00 1.338

5. Numerical experiments

The aim of this section is to describe and show the numerical results for a list of representative test cases for
the GPR model (1). The numerical solution is provided by the direct ALE ADER-WENO finite volume schemes
presented in this paper, employing piecewise polynomial reconstructions of degree M = 1,2,3. The CFL number
is generally set to 0.5, if not stated otherwise, and all tests are run on unstructured meshes made of Ng triangular
elements. The computational grids are automatically generated by an external software and the characteristic mesh
size is denoted in the following by A.

Since the GPR model (1) is able to handle in one single PDE system both fluid mechanics and solid mechanics,
our methodology of validation and verification involves those two branches of continuum mechanics. We clearly state
that physical units are based on the [m, kg, s] unit system for fluid mechanics, while we rely on the [cm, g, us] system
for solid mechanics with the stresses measured in [Mbar]. The ideal gas (4) equation of state is employed for fluids,
whereas the Mie-Griineisen EOS (5) is used for solids as usually done [56, 16, 60].

Unless explicitly given, for each test case simulated in the following the thermal impulse vector is set to zero, i.e.
J = 0 with 7, — oo, and the mesh velocity is chosen to be equal to the local fluid velocity computed with the nodal
solver of Cheng and Shu [14], hence achieving a Lagrangian-like behavior of our direct ALE scheme.

According to [65, 35], in the case of fluid mechanics the relation between the relaxation time 7, and the dynamic

viscosity coeflicient u is given by
1
M= ET“O()C?, (49)

which allows us to set either the relaxation time 7; or the viscosity coefficient u as parameter of the GPR model. For
inviscid fluids we simply set 7y — 0 as discussed in [65, 35].

Regarding solid mechanics, if 7y — oo, we can describe the governing equations of pure elastic solids, while for
general elasto-plastic solids we compute the relaxation time 7, following [7] as a power law function, i.e.

T =10 (?) (50)

1

where 7¢, 0o and n are material specific constants and the shear stress intensity o7 is evaluated by

1
or = \/5 [(0'11 —on)P +(0n—0n) + (03— 011)? +6(07, + 07, +0'§3)]- (5D

Note that the parameter o corresponds to the so-called Yield stress of the material under quasi-static loading and
the generic quantity o is a component of the viscous shear stress tensor o given by (8). In Table 1 we report some
mechanical constants as well as the parameters needed in the Mie-Griineisen EOS for the materials considered in the
test cases for solid mechanics presented in this paper.

5.1. Numerical convergence results

As fully detailed in [35], a zeroth order approximation of the GPR model can be obtained in the stiff limit 7; — 0
because the viscous stresses vanish, therefore retrieving the compressible Euler equations which govern an inviscid
fluid. In this way, we can use the smooth isentropic vortex test problem presented in [53] to study the numerical
convergence of our finite volume schemes. The initial computational domain is the square Q(0) = [0; 10] x [0; 10]

13



Table 2: Numerical convergence results for ALE ADER-WENO finite volume schemes applied to the GPR model in the stiff inviscid limit. The
error norms refer to the variable p (density) at time ¢7 = 1.0 for first up to fourth order of accuracy and the exact solution is given by the inviscid
compressible Euler equations.

h(Q(ty)) €L, O(L,) h(Q, tr) €L, O(Ly)
1st order ADER-WENO-ALE 2nd order ADER-WENO-ALE
3.40E-01 3.084E-01 - 3.70E-01 7.880E-02 -

2.48E-01 2.556E-01 0.6 2.48E-01 5.907E-02 0.7
1.71E-01 1.921E-01 0.8 1.73E-01  2.542E-02 23
1.33E-01 1.533E-01 0.9 1.28E-01 1.443E-02 1.9
3rd order ADER-WENO-ALE || 4th order ADER-WENO-ALE
3.37E-01 4.861E-02 - 3.28E-01 1.746E-02 -
2.51E-01 2.806E-02 1.9 2.51E-01 6.416E-03 3.8
1.68E-01  1.090E-02 23 1.68E-01 1.238E-04 4.1
1.28E-01  5.052E-03 2.8 1.28E-01 3.728E-04 4.4

with periodic boundaries everywhere. The initial condition is given in terms of primitive variables and it reads
(o, u,v,p) =1 +0p,1 +u, 1 +6v,1+0dp), (52)

where the symbol 6 represents the perturbations superimposed to a homogeneous background field. Since the vortex

is isentropic, the entropy perturbation is assumed to be zero, i.e. S = f% = 0, and the perturbations for density and

pressure are

2
(y—-De" |_2
e .

Sp=(+6T)77 -1, sp=1+6T)7 -1  with 6T =-—
8yn?

(33)

The generic radial coordinate is » = \/(x —5)2 4+ (y — 5)? and the velocity perturbation is given by

ou € 2 -(y-5)

(o )=5=(023) oY
with € = 5 denoting the vortex strength. The initial distortion tensor is set to A = +foI and the final time of the
simulation is taken to be 7, = 1.0. The parameters for the GPR model are y = 1.4, ¢, = 2.5, pg = 1, ¢, = 0.5 and
the relaxation time is 7; = 107!2, which corresponds to the stiff inviscid limit 7; — 0. We run our direct ADER-
WENO+ALE finite volume schemes on a series of successively refined grids up to fourth order of accuracy in space
and time. The reference solution Q, is given by the exact solution of the compressible Euler equations and it can
be simply computed as the time-shifted initial condition, e.g. Q.(X,#r) = Q(x — v.tf,0), with the convective mean
velocity v. = (1,1). The error is measured at time ¢, using the continuous L, norm and the resulting convergence
rates are listed in Table 2, confirming clearly that the proposed numerical method is able to achieve its designed order
of accuracy for smooth problems in the stiff relaxation limit 7; — 0.

5.2. 2D Taylor-Green vortex

A typical test problem used for the verification of numerical methods for the incompressible Navier-Stokes equa-
tions is the Taylor-Green vortex problem. An exact solution is available in two space dimensions, which is

u(x,y,t) = sin(x)cos(y)e >,
v(x,y,f) = —cos(x)sin(y)e >,
px,y,) = C+ %(cos(Zx) + cos(2y))e ™, (55)
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where v = £ represents the kinematic viscosity. The initial additive constant for the pressure field is given by C =
100/y with the ratio of specific heats y = 1.4. The other parameters are chosen tobe pg = 1, ¢, = 1, ¢; = 10 and
the dynamic viscosity coefficient is set to 4 = 107!, The computational domain is given by Q(0) = [0;27]* with
periodic boundaries imposed on each side and it is discretized with a total number of Ng = 5630 triangles. The initial
condition for velocity and pressure is given by (55), while the initial density and the distortion tensor are p = pg
and A = I, respectively. The fourth order accurate numerical results are depicted in Figure 1 at the final time of the
simulation #; = 1.0. An excellent agreement between the GPR model in the low Mach number regime and the exact
solution of the incompressible Navier-Stokes equations can be observed, both for velocity and pressure. We also plot
the distortion tensor component A;; which provides a useful and intuitive visualization of the flow. Moreover one can
note that the mesh is adapted to the vortex structure of this problem.
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Figure 1: Taylor-Green vortex with a viscosity of 4 = 107!: exact solution of the Navier-Stokes equations and numerical solution for the hyperbolic
model (GPR) at a final time of 7 = 1.0 obtained with the direct ALE ADER-WENO fourth order scheme. Top: mesh configuration (left) and
distortion tensor component Ajj. Bottom: 1D cuts along the x and the y axis for velocity components u« and v (left) and for the pressure p.
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5.3. Viscous shock problem

The GPR model can also deal with supersonic viscous flows, therefore we propose to solve the problem of an
isolated viscous shock wave which is traveling into a medium at rest with a shock Mach number of M = 2. In [9] an
analytical solution for the compressible Navier-Stokes equations is derived for the special case of a stationary shock
wave at Prandtl number Pr = 0.75 with constant viscosity. As done in [35], we superimpose a constant velocity field
u = Mcy to the previous stationary shock wave solution to obtain an unsteady shock wave traveling into a medium
at rest. The computational domain is initially the rectangular box Q(0) = [0; 1] x [0;0.2] which is paved with a set
of non-overlapping triangles with characteristic mesh size 4 = 1/100. No-slip wall boundary conditions are imposed
everywhere, except on the left side of the domain where we let the piston move with the local fluid velocity. The
initial condition involves a shock wave centered at x = 0.25 propagating at Mach M = 2 from left to right with a
Reynolds number of Re = 100. The upstream shock state is defined by pg = 1, ugp = vo =0, po = 1/yand ¢y = 1.
and the parameters of the GPR model are y = 1.4, ¢, = 2.5, ¢, = 50, u = 2 X 1072. In this case we also consider the
heat flux, hence setting initially J = 0 with @ = 50, Ty = 1, and x = 9/3 X 1072. The distortion tensor is initialized to
A = /oI and the final time of the simulation is ¢, = 0.2 with the shock front located at x = 0.65. Figure 2 depicts the
mesh configuration and the density distribution at the initial and at the final time, while in Figure 3 one can note an
excellent agreement of the third order ADER-WENO-ALE solution with the analytical solution of the compressible
Navier-Stokes equations [9]. We compare the exact solution and the numerical density, x component of the velocity,
pressure and viscous stress tensor component o-j; from top-left panel to bottom-right one

5.4. Cylindrical explosion problem

Here we present numerical results for a cylindrical explosion problem solved with the GPR model. The initial
computational domain €(0) is the circle of radius R = 1.0 and the initial condition is given by two constant states
separated by a discontinuity located at radius R; = 0.5. Therefore the fluid is initially assigned with the corresponding
primitive state vector V = (o, u, v, A1, A12,A21, A2, As3, p, J1, J») which reads

(1,0,0,1,0,0,1,1,1,0,0) if r<R,
V&, 0) = { (0.125,0,0,0.5,0,0,0.5,0.5,0.1,0,0) if r>R;,, (56)
where the generic radial coordinate is r = 4/x2 + y2. The initial distortion tensor has been set to A = vp, while the
initial thermal impulse vector is J = 0. Transmissive boundary conditions are imposed on the external boundary and
the mesh is composed by Ng = 68324 triangles. The final time of the simulation is chosen to be 7 = 0.2 and the
parameters for the GPR model are y = 1.4, ¢, =2.5,¢,,=05,p0 = 1, =05 u=k = 10™*. The reference solution
can be computed by solving the one-dimensional compressible Euler equations with a geometric source term that takes
into account the cylindrical geometry, as fully detailed in [77, 11]. We use a second order MUSCL scheme with the
Rusanov flux on a one—dimensional mesh of 15000 points in the radial interval r € [0; 1] to solve the inhomogeneous
system and this solution is assumed to be our reference solution. We run a fourth order scheme to obtain the numerical
results depicted in Figure 4, where one can note a good agreement with the reference solution for the 1D cut along the
x-axis representing density and pressure. Furthermore we plot also the final mesh configuration which highlights the
strongly compressed cells at the shock location and the stretched elements crossed by the rarefaction wave traveling
towards the center of the domain. We stress that this test case is more difficult than it seems, due to the presence of very
stiff source terms that are very demanding from a numerical point of view, especially in the context of a high order
discretization in space and time as the one presented in this paper. The good quality of the obtained computational
results confirms the ability of our numerical method to properly reproduce the stiff relaxation limit of the GPR model
(t — 0) also in the presence of discontinuities.

5.5. Purely elastic Riemann problems

In this section we consider the equations of nonlinear elasticity [48, 50, 51], which can be retrieved by the GPR
model in the limit 7; — oo with o9 > 0. We set up two shock tube problems on a 2D domain Q(0) = [0; 1] x [0;0.1]
with Ng = 4440 where periodic boundary conditions are applied in y-direction and transmissive boundaries are
imposed in x-direction. The initial discontinuity located at x = 0.5 separates the two initial states, given in terms of
primitive variables and entropy in Table 3. The material is copper, described by the parameters given in Table 1, and

16



rho: 1.113151.71.9212325

AVAVA

KK
PRI
KK

vaYAVAVAVAVAVAVAVAY,N|

VaY;

ATAY, SIS

Vay

\VAVAVAVAVAVAVAVAVA i Ve

ROAARD
AVAVAYAVA

rho: 1113151.71.9212325

Y,
WA
WWIWVWY
VWYV
IWWWWVVAN
WAV
VWAV
VWYL
ATAYAVAYAYA

Figure 2: Viscous shock problem with shock Mach number M = 2 and Prandtl number Pr = 0.75. Initial (left) an final (right) mesh configuration
and density distribution.
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Table 3: Initial condition for the left state (L) and the right state (R) for the Riemann problems of nonlinear elasticity solved with the GPR model.

u v An Ap Ay Ap Ay s

RP1 [28]:
L 00 00 095 00 00 00 1.0 0.001
R 00 00 10 00 00 10 10 00
RP2 [28]:
L 00 10 095 00 005 10 1.0 0.001
R 00 00 10 00 00 10 10 00

the equation of state considered in this case is a complicated function of the internal energy and the distortion tensor,
explicitly detailed in [73, 28].

The initial density is the reference density for copper, i.e. p = 8.930, and we impose ¢, = 0.4 - 1073, The final
time of both simulations is 7y = 0.06 and the numerical results are shown in Figures 5 and 6. Riemann problem
1 (RP1) corresponds to the three-wave shock tube problem, while RP2 considers a five-wave shock tube problem,
originally proposed in [73]. The solution for RP1 consists in a rarefaction wave traveling towards the left boundary
and two right-traveling waves, one contact discontinuity with velocity S ¢ = 0.3948 and one shock moving with speed
Sk = 5.5380. The second Riemann problem RP2 is more complex and it involves a total number of five waves: two
rarefaction waves propagating towards the left side of the domain and three different right-traveling waves, namely
one contact discontinuity, one rarefaction and one shock wave. The choice of these test problems is motivated by the
aim of showing that our numerical method is also able to properly solve the GPR model in the limit 7 — co. One can
note a very good agreement between the numerical results obtained with a third order ADER-WENO-ALE scheme
and the analytical solution of the nonlinear hyperelasticity model provided in [73, 6]. In Figure 6 we can see for RP2
that the y motion of the domain is not uniform but the waves are accurately maintained in their 1D shape. This may
be a concern when using a moving mesh technique, but our approach seems to properly deal with this situation.

5.6. Elastic-plastic piston problem

This test case is a one-dimensional flow characterized by a slope discontinuity which yields a two-wave structure
with a first elastic shock wave, typically called the elastic precursor, followed by a plastic shock wave [84, 81]. An
analytical solution is available and we refer the reader to [60] for an exhaustive description. The material employed in
this test case is copper modeled by the Mie-Griineisen equation of state with the parameters given in Table 1. In this
case the Yield stress is set to op = 9-10~* and we consider ¢, = 1.0. The loading behavior of the material is described
by the relation (50) with 7y = 0.1 and n = 10. The initial density and pressure correspond to the reference values and
the initial velocity field is zero, while the distortion tensor is simply set to A = I. The computational domain is initially
given by Q(0) = [0; 1.5] X [0; 0.1] and it is discretized with a characteristic mesh size of 7 = 1/300 with Ng = 13248
triangles. The left boundary condition is a piston of velocity v, = (0.002,0) while the other boundaries are treated
as no-slip walls. The final computational time is #; = 1.5 and we use a third order accurate ADER-WENO-ALE
scheme to obtain the results plotted in Figure 7, where we compare the density and the horizontal velocity profiles
against an available exact solution for the model of ideal plasticity. Note that for this test problem we do not have an
exact solution of the GPR model used for the numerical simulation, but there is only an exact solution available for
the model of ideal plasticity, with rate independent yield stress. It is therefore not easy to make a direct comparison,
because only elastic precursors are discontinuous in both approaches, while the plastic wave is continuous in the GPR
model, see e.g. the paragraph 17 in the book [51] for a more detailed discussion on this topic. However, from the
results presented in Figure 7 we can observe that the main waves and plateaus are still well reproduced, despite the
use of different mathematical models in the numerical simulation and for the exact solution.

5.7. Elastic vibrations of a beryllium plate

This problem simulates the elastic (reversible) vibrations of a beryllium bar after an initial velocity impulse [70].
The beryllium plate is characterized by the constants given in Table 1. The initial computational domain is Q(0) =
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Figure 7: Elastic-plastic piston problem at ¢y = 1.5. Density (left) and horizontal velocity (right) profiles obtained with the GPR model compared
against the exact solution of the ideal plasticity model (straight line) using a third order accurate ADER-WENO-ALE scheme.
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[-3;3] x [-0.5;0.5] and the computational grid counts Ng = 3210 control volumes with 2 = 0.0065. Free traction
boundary conditions are imposed everywhere as explained in Section 4 and the bar is initially assigned with the
reference density and pressure, see Table 1, with the distortion tensor A = I and the velocity field v = (0, v(x)), where
the initial vertical velocity v(x) is given by

v(x) = Aw{Cy (sinh(Q(x + 3)) + sin(Q(x + 3))) — S (cosh(Q(x + 3)) + cos(Q(x + 3)))}, 57

with Q = 0.7883401241, w = 0.2359739922, A = 0.004336850425, S| = 57.64552048 and C; = 56.53585154. The
final time is set to 7y = 53.25 according to [17] such that it corresponds to two complete flexural periods w. At this
time, the bar returns back to its original position for the second time. Furthermore the deformation should not generate
any irreversible plastic transition in the beryllium, that means that the Yield stress must never be exceeded throughout
the entire computation. The parameters for evaluating the relaxation time 7, in (50) are 79 = 10 and » = 1. In Figure
8 we present the mesh configuration, the pressure and the vertical velocity component respectively on left, middle and
right panels for intermediate times t = 8, ¢t = 15, t = 23 and ¢t = 30 which cover approximately one flexural period.
Please note that the color scales for the pressure are different depending if the bar is back to its original position or
not. Qualitatively the bar is behaving as expected and these third order accurate results visually compare well against
known results from other Lagrangian schemes [71, 17].

Mesh at time t = 8

Velocity contours at time t = 8 | I |
o 000 001 001 002

Meshat time 1= 15 Pressure contours at time t = 15 | ) Y B | Velocity contours at fime t = 15 | ]
' 004 003 002 001 000 00T 002 003 004 ' 006004 002 000 002 0% 006 008 0.10

Mesh at time t = 23

Mesh at time t = 30 Pressure contours at time t = 30

Velocity contours at time t = 30 | |
2050 3-001 001 002 0.04 005

Figure 8: Results for the beryllium bar test case at output times ¢ = 8, t = 15, t = 23 and t = 30 (from top to bottom). Left: mesh configuration.
Middle: pressure distribution. Right: vertical component of the velocity.

As noticed in [17, 71] the observed oscillation period is of about w, = 30 instead of the theoretical one of
w, = 26.6266, so our results are in agreement with what already obtained in literature. Finally, Figure 9 shows the
time evolution of the vertical component of the velocity of the mesh point originally located at Xy = (0,0), i.e. the
barycenter of the bar. Again the results are in excellent agreement with the same plot reported in [17].

5.8. Taylor bar impact

The Taylor bar impact is a classical test of an elasto-plastic target that impacts on a rigid solid wall [71, 60, 70, 26].
In this work we consider an aluminum bar with the initial length L = 500 and thickness H = 100. The parameters of
the material are given in Table 1 and the target is initially moving with velocity v = (0, —0.015) towards a wall located
at y = 0. The initial condition is chosen as p = pg, p = po, A = I with the parameters 7o = 1 and n = 20 for the
computation of the relaxation time (50). We set free traction boundary conditions everywhere apart from the bottom
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time

Figure 9: Beryllium bar test case: vertical velocity component of the point initially located at at Xy = (0, 0).

boundary which is treated with a wall-type boundary condition. According to [60, 26] the final time of the simulation
is t = 0.005 and the computational domain is discretized with a total number of Ny = 12720 triangles, corresponding
to a mesh size of & = 3. Here we adopt a classical source splitting for the treatment of the stiff sources that arise
from the plastic deformation induced by the motion of the target. In Figure 10 we present the results computed with a
third order accurate ALE ADER-WENO scheme with an Osher-type numerical flux [29, 12] which is less dissipative
than the Rusanov flux (42): we plot the density distribution as well as the plastic rate n = ;—; at output times 7 = 0,
t = 0.0025 and ¢ = 0.005. We note that the numerical solution is reasonably in agreement with what presented in [60],
even though the models used are quite different. Furthermore during the impact the kinetic energy is totally dissipated
into internal energy, as clearly shown in Figure 11, and such a behavior has been observed also in [60, 26]. Finally,
Figure 12 depicts the initial and final mesh configurations, while the evolution of the target length is given in Figure
11 and we measure a final length of L, = 462 which perfectly fits the result achieved in [60].

5.9. Computational time

We have also monitored the computational time required for running each of the test cases presented in this paper.
Our ALE-ADER-WENO algorithm is implemented within an MPI code and the simulations have been performed in
parallel on 64 processors on the supercomputer SuperMUC located in Munich (Germany).

The results are collected and presented in Table 4: we report the total number of control volumes Ng, the number
of time steps N needed to reach the final time of the simulation and the total computational time fcpy given in seconds
[s]. Furthermore we show the computational time required per element update, that is 7 = % When inviscid fluids
or plastic solid deformations are considered, the computational time increases due to the presence of source terms in
the governing equations which can even become very stiff, like in the case of the Taylor-bar impact described in the
previous section. On the contrary, for viscous flows or purely elastic solids, the stiffness of the source terms becomes
much less important, hence demanding less computational efforts to carry our the simulations.

6. Conclusion and Perspectives

The purpose of this paper was the numerical solution of the unified first order hyperbolic Godunov-Peshkov-
Romenski [65] (GPR) model of continuum mechanics, using a multi-dimensional ADER-WENO scheme on moving
meshes in the direct ALE framework [29, 11, 12]. The appealing property of the GPR model, which derives from
the theory of nonlinear hyperelasticity established by Godunov & Romenski in [48, 51], is its ability to describe
the behavior of inviscid and viscous compressible Newtonian and non-Newtonian fluids with heat conduction, and,
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Figure 10: Taylor bar impact problem: density distribution (top) and plastic deformation (bottom) at output times ¢ = 0, r = 0.0025 and 7 = 0.005.
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Table 4: Computational time of the high order ALE-ADER-WENO algorithm applied to the GPR model for the test cases presented in this paper.
NE represents the total number of elements of the computational mesh, N is the number of time steps needed to carry out the simulation until the

final time, fcpy is the total computational time and 75 = ,’\fl_” L gives the time used per element update.

Test case Ng N tcpu TE

Taylor-Green vortex 5630 861 58.61-10° 1.21-1072
Viscous shock problem 4462 10357 265.92-10° 5.75-1073
Cylindrical explosion problem 68324 1044  329.09-10° 4.61-1073
Elastic RP1 4440 469 2.55-10° 1.22-1073
Elastic RP2 4440 534 4.04-10* 1.70 - 1073
Elastic-plastic piston problem 13248 1896  184.67-10* 7.35-107°
Beryllium plate 3210 5098 15.05-10°  9.20-107*
Taylor-bar impact 12720 4579  409.41-10° 7.03-1073
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Figure 12: Taylor bar impact problem: initial (left) and final (right) mesh configuration.
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at the same time, the behavior of elastic and elasto-plastic solids. In this paper we have shown that the family of
high order ADER-WENO-ALE schemes can solve the complex governing PDE system of the GPR model in two
limiting cases of the model, namely in the limit of inviscid and viscous Newtonian fluids, as well as in the limit of
nonlinear hyperelasticity for elastic and elasto-plastic solids. In both cases the numerical results are comparable with
results obtained from established standard models, namely the Euler or Navier-Stokes equations for fluids, or the
classical hypo-elastic model with plasticity [82]. More precisely, we have shown numerically that for pure fluid flow
problems, the numerical scheme can achieve optimal order of accuracy for smooth flow, maintaining an essentially
non oscillatory behavior in the presence of shock waves and steep fronts. On the other hand, we have also shown that
classical elasto-plastic test cases can be simulated both in the reversible elastic regime (beryllium plate) or in situations
where transition from elastic to plastic material behavior occurs (Taylor bar impact). Both limits of the GPR model can
be nicely simulated by our high order one-step ADER-WENO-ALE schemes. Together with the computational results
shown in [35] the family of ADER-WENO schemes seems therefore to be a very promising candidate to simulate the
full range of possible intermediate models embedded into the GPR formulation. The moving mesh technique used in
this paper is appealing when dealing with solid materials surrounded by fluids or gas, consequently we plan in the near
future to test such situations, also adopting the idea of diffuse interface methods as outlined in [41, 45, 40]. Another
possible field of application is the simulation of fluid-structure interactions of compressible fluids and solids, where
the high order ALE approach presented in this paper is suitable for interface tracking, hence providing an alternative
to the level-set methodology used on fixed grids [8]. We also plan to replace the WENO stabilization technique by the
a posteriori MOOD paradigm, see [25, 15, 58] and its extension to the discontinuous Galerkin framework recently
forwarded in [39, 83]. Also the treatment of boundary conditions needs to be mathematically analyzed in more detail.
Moreover we plan to explore even further the capability of the GPR model and compare with existing experimental
data when possible.

Acknowledgments

The authors would like to warmly acknowledge the help provided by I. Peshkov and E. Romenski for the de-
sign of proper boundary conditions and the computation of the relaxation time 7; for the GPR model in the case
of elasto-plastic solids. We also would like to thank S. Gavrilyuk for the inspiring discussions about the subject of
hyperelasticity. Last but not least, the authors are grateful to S.K. Godunov for his great seminal ideas that are at the
basis of the theoretical and numerical framework used in this paper.

M.D. and W.B. have been financed by the European Research Council (ERC) under the European Union’s Seventh
Framework Programme (FP7/2007-2013) with the research project STiMulUs, ERC Grant agreement no. 278267. The
authors acknowledge PRACE for awarding access to the SuperMUC supercomputer based at the LRZ in Munich, Ger-
many.

References

[1] T. Aboiyar, E.H. Georgoulis, and A. Iske. Adaptive ADER Methods Using Kernel-Based Polyharmonic Spline WENO Reconstruction. SIAM
Journal on Scientific Computing, 32:3251-3277, 2010.

[2] D. Balsara and C.W. Shu. Monotonicity preserving weighted essentially non-oscillatory schemes with increasingly high order of accuracy.
Journal of Computational Physics, 160:405-452, 2000.

[3] TJ. Barth and P.O. Frederickson. Higher order solution of the euler equations on unstructured grids using quadratic reconstruction. 28th
Aerospace Sciences Meeting, pages AIAA paper no. 90-0013, January 1990.

[4] P.Barton and E. Romenski. On computational modelling of strain-hardening material dynamics. Communications in Computational Physics,
11(5):1525-1546, 2012.

[5] P.T. Barton, R. Deiterding, D. Meiron, and D. Pullin. Eulerian adaptive finite-difference method for high-velocity impact and penetration
problems. Journal of Computational Physics, 240:76-99, 2013.

[6] P.T. Barton, D. Drikakis, E. Romenski, and V.A. Titarev. Exact and approximate solutions of Riemann problems in non-linear elasticity.
Journal of Computational Physics, 228(18):7046-7068, 2009.

[7]1 P.T. Barton, D. Drikakis, and E.I. Romenski. An Eulerian finite-volume scheme for large elastoplastic deformations in solids. International
Journal for Numerical Methods in Engineering, 81:453-484, 2010.

[8] P.T.Barton, B. Obadia, and D. Drikakis. A conservative level-set based method for compressible solid/fluid problems on fixed grids. Journal
of Computational Physics, 230:7867-7890, 2011.

[9]1 R. Becker. Stosswelle und Detonation. Physik, 8:321, 1923.

28



[10]
(11]
[12]
[13]

[14]

(15]
(16]
(17]
[18]
[19]
[20]
(21]
(22]
(23]
[24]
[25]
[26]

[27]
(28]

[29]
[30]
[31]
[32]
(33]
(34]
(35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]

W. Boscheri, D.S. Balsara, and M. Dumbser. Lagrangian ADER-WENO Finite Volume Schemes on Unstructured Triangular Meshes Based
On Genuinely Multidimensional HLL Riemann Solvers. Journal of Computational Physics, 267:112-138, 2014.

W. Boscheri and M. Dumbser. Arbitrary—Lagrangian—Eulerian One—Step WENO Finite Volume Schemes on Unstructured Triangular Meshes.
Communications in Computational Physics, 14:1174-1206, 2013.

W. Boscheri and M. Dumbser. A Direct Arbitrary-Lagrangian-Eulerian ADER-WENO Finite Volume Scheme on Unstructured Tetrahedral
Meshes for Conservative and Nonconservative Hyperbolic Systems in 3D. Journal of Computational Physics, 275:484-523, 2014.

W. Boscheri and M. Dumbser. An Efficient Quadrature-Free Formulation for High Order Arbitrary-Lagrangian-Eulerian ADER-WENO
Finite Volume Schemes on Unstructured Meshes. Journal of Scientific Computing, 66:240-274, 2016.

W. Boscheri, M. Dumbser, and D.S. Balsara. High Order Lagrangian ADER-WENO Schemes on Unstructured Meshes — Application of
Several Node Solvers to Hydrodynamics and Magnetohydrodynamics. International Journal for Numerical Methods in Fluids, 76:737-778,
2014.

W. Boscheri, R. Loubére, and M.Dumbser. Multi-dimensional direct arbitrary-lagrangian-eulerian ader-mood high order finite volume
schemes for non-conservative hyperbolic systems with stiff source terms. submitted, 2016.

D.E. Burton, T.C. Carney, N.R. Morgan, S.K. Sambasivan, and M.J. Shashkov. A cell-centered lagrangian godunov-like method for solid
dynamics. Computers and Fluids, 83:33 —47,2013. Numerical methods for highly compressible multi-material flow problems.

D.E. Burton, N.R. Morgan, T.C. Carney, and M.A. Kenamond. Reduction of dissipation in lagrange cell-centered hydrodynamics (cch)
through corner gradient reconstruction(cgr). Journal of Computational Physics, 299:229-280, 2015.

M.J. Castro, J.M. Gallardo, J.A. Lépez, and C. Parés. Well-balanced high order extensions of godunov’s method for semilinear balance laws.
SIAM Journal of Numerical Analysis, 46:1012—-1039, 2008.

M.J. Castro, J.M. Gallardo, and C. Parés. High-order finite volume schemes based on reconstruction of states for solving hyperbolic systems
with nonconservative products. applications to shallow-water systems. Mathematics of Computation, 75:1103—-1134, 2006.

J. Cheng and C.W. Shu. A high order ENO conservative Lagrangian type scheme for the compressible Euler equations. Journal of Compu-
tational Physics, 227:1567-1596, 2007.

J.B. Cheng, E.F. F. Toro, S. Jiang, and W. Tang. A sub-cell WENO reconstruction method for spatial derivatives in the ADER scheme.
Journal of Computational Physics, 251:53-80, 2013.

B. Cockburn, G. E. Karniadakis, and C.W. Shu. Discontinuous Galerkin Methods. Lecture Notes in Computational Science and Engineering.
Springer, 2000.

I. Cravero and M. Semplice. On the accuracy of weno and cweno reconstructions of third order on nonuniform meshes. Journal of Scientific
Computing, 2015. 10.1007/s10915-015-0123-3.

B. Després and C. Mazeran. Lagrangian gas dynamics in two-dimensions and lagrangian systems. Archive for Rational Mechanics and
Analysis, 178:327-372, 2005.

S. Diot, R. Loubere, and S. Clain. The MOOD method in the three-dimensional case: Very-high-order finite volume method for hyperbolic
systems. International Journal of Numerical Methods in Fluids, 73:362-392, 2013.

Veselin A. Dobrev, Tzanio V. Kolev, and Robert N. Rieben. High order curvilinear finite elements for elastic—plastic lagrangian dynamics.
Journal of Computational Physics, 257, Part B:1062 — 1080, 2014. Physics-compatible numerical methods.

M. Dubiner. Spectral methods on triangles and other domains. Journal of Scientific Computing, 6:345-390, 1991.

M. Dumbser, D.S. Balsara, E.F. Toro, and C.-D. Munz. A unified framework for the construction of one-step finite volume and discontinuous
galerkin schemes on unstructured meshes. Journal of Computational Physics, 227:8209 — 8253, 2008.

M. Dumbser and W. Boscheri. High-order unstructured Lagrangian one—step WENO finite volume schemes for non—conservative hyperbolic
systems: Applications to compressible multi—phase flows. Computers and Fluids, 86:405-432, 2013.

M. Dumbser, M. Castro, C. Parés, and E.F. Toro. ADER schemes on unstructured meshes for non-conservative hyperbolic systems: Applica-
tions to geophysical flows. Computers and Fluids, 38:1731—1748, 2009.

M. Dumbser, C. Enaux, and E.F. Toro. Finite volume schemes of very high order of accuracy for stiff hyperbolic balance laws. Journal of
Computational Physics, 227:3971-4001, 2008.

M. Dumbser, A. Hidalgo, M. Castro, C. Parés, and E.F. Toro. FORCE schemes on unstructured meshes II: Non—conservative hyperbolic
systems. Computer Methods in Applied Mechanics and Engineering, 199:625-647, 2010.

M. Dumbser, M. Kaeser, V.A. Titarev, and E.F. Toro. Quadrature-free non-oscillatory finite volume schemes on unstructured meshes for
nonlinear hyperbolic systems. Journal of Computational Physics, 226:204 — 243, 2007.

M. Dumbser and M. Kiser. Arbitrary high order non-oscillatory finite volume schemes on unstructured meshes for linear hyperbolic systems.
Journal of Computational Physics, 221:693-723, 2007.

M. Dumbser, I. Peshkov, E. Romenski, and O. Zanotti. High order ader schemes for a unified first order hyperbolic formulation of continuum
mechanics: viscous heat-conducting fluids and elastic solids. Journal of Computational Physics, 314:824-862, 2016.

M. Dumbser and E. F. Toro. A simple extension of the Osher Riemann solver to non-conservative hyperbolic systems. Journal of Scientific
Computing, 48:70-88, 2011.

M. Dumbser, A. Uuriintsetseg, and O. Zanotti. On Arbitrary—Lagrangian—Eulerian One—Step WENO Schemes for Stiff Hyperbolic Balance
Laws. Communications in Computational Physics, 14:301-327, 2013.

M. Dumbser and O. Zanotti. Very high order PNPM schemes on unstructured meshes for the resistive relativistic MHD equations. Journal
of Computational Physics, 228:6991-7006, 2009.

M. Dumbser, O. Zanotti, R. Loubere, and S. Diot. A posteriori subcell limiting of the discontinuous Galerkin finite element method for
hyperbolic conservation laws. Journal of Computational Physics, 278:47-75, December 2014.

N. Favrie, S. L Gavrilyuk, and R. Saurel. Solid—fluid diffuse interface model in cases of extreme deformations. Journal of computational
physics, 228(16):6037-6077, 2009.

N. Favrie and S.L. Gavrilyuk. Diffuse interface model for compressible fluid-compressible elastic-plastic solid interaction. Journal of
Computational Physics, 231:2695-2723, 2012.

J. Frenkel. Kinetic theory of liquids. Dover, 1955.

29



[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]

(511
[52]

[53]

[54]
[55]

[56]
[57]
[58]
[59]

[60]

[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
(71]

(72]
(73]

[74]
(751

[76]

O. Friedrich. Weighted essentially non-oscillatory schemes for the interpolation of mean values on unstructured grids. Journal of Computa-
tional Physics, 144:194-212, 1998.

S. Galera, PH. Maire, and J. Breil. A two-dimensional unstructured cell-centered multi-material ale scheme using vof interface reconstruction.
Journal of Computational Physics, 229:5755-5787, 2010.

S.L. Gavrilyuk, N. Favrie, and R. Saurel. Modelling wave dynamics of compressible elastic materials. Journal of Computational Physics,
227:2941-2969, 2008.

S.K. Godunov. Finite difference methods for the computation of discontinuous solutions of the equations of fluid dynamics. Mathematics of
the USSR - Sbornik, 47:271-306, 1959.

S.K. Godunov and .M. Peshkov. Thermodynamically consistent nonlinear model of elastoplastic maxwell medium. Computational Mathe-
matics and Mathematical Physics, 50(8):1409-1426, 2010.

S.K. Godunov and E.I. Romenski. Nonstationary equations of the nonlinear theory of elasticity in Euler coordinates. Journal of Applied
Mechanics and Technical Physics, 13:868-885, 1972.

S.K. Godunov and E.I. Romenski. Thermodynamics, conservation laws and symmetric forms of differential equations in mechanics of
continuous media. Computational fluid dynamics review, 95:19-31, 1995.

S.K. Godunov and E.I. Romenski. Thermodynamics, conservation laws, and symmetric forms of differential equations in mechanics of
continuous media. In Computational Fluid Dynamics Review 95, pages 19-31. John Wiley, NY, 1995.

S.K. Godunov and E.I. Romenski. Elements of Continuum Mechanics and Conservation Laws. Kluwer Academic/ Plenum Publishers, 2003.
A. Hidalgo and M. Dumbser. ADER schemes for nonlinear systems of stiff advection-diffusion-reaction equations. Journal of Scientific
Computing, 48:173-189, 2011.

C. Hu and C.W. Shu. Weighted essentially non-oscillatory schemes on triangular meshes. Journal of Computational Physics, 150:97-127,
1999.

G. E. Karniadakis and S. J. Sherwin. Spectral/hp Element Methods in CFD. Oxford University Press, 1999.

M. Kiser and A. Iske. ADER schemes on adaptive triangular meshes for scalar conservation laws. Journal of Computational Physics,
205:486-508, 2005.

G. Kluth and B. Després. Discretization of hyperelasticity on unstructured mesh with a cell-centered lagrangian scheme. Journal of Compu-
tational Physics, 229(24):9092 - 9118, 2010.

W. Liu, J. Cheng, and C.W. Shu. High order conservative Lagrangian schemes with Lax—Wendroff type time discretization for the compress-
ible Euler equations. Journal of Computational Physics, 228:8872-8891, 2009.

R. Loubere, M. Dumbser, and S. Diot. A new family of high order unstructured MOOD and ADER finite volume schemes for multidimen-
sional systems of hyperbolic conservation laws. Communication in Computational Physics, 16:718-763, 2014.

P.H. Maire. A high-order cell-centered lagrangian scheme for two-dimensional compressible fluid flows on unstructured meshes. Journal of
Computational Physics, 228:2391 — 2425, 2009.

Pierre-Henri Maire, RéMi Abgrall, JEROMe Breil, RaphaéL. LoubeRe, and Bernard Rebourcet. A nominally second-order cell-centered
lagrangian scheme for simulating elastic-plastic flows on two-dimensional unstructured grids. J. Comput. Phys., 235:626—-665, February
2013.

S. Ndanou, N. Favrie, and S. Gavrilyuk. Criterion of hyperbolicity in hyperelasticity in the case of the stored energy in separable form.
Journal of Elasticity, 115(1):1-25, 2014.

C. Olliver-Gooch and M. Van Altena. A high-order—accurate unstructured mesh finite—volume scheme for the advection—diffusion equation.
Journal of Computational Physics, 181:729 — 752, 2002.

C. Parés. Numerical methods for nonconservative hyperbolic systems: a theoretical framework. SIAM Journal on Numerical Analysis,
44:300-321, 2006.

I Peshkov, M Grmela, and E Romenski. Irreversible mechanics and thermodynamics of two-phase continua experiencing stress-induced
solid—fluid transitions. Continuum Mechanics and Thermodynamics, 27(6):905-940, November 2015.

I. Peshkov and E. Romenski. A hyperbolic model for viscous Newtonian flows. Continuum Mechanics and Thermodynamics, 28:85-104,
2016.

S. Rhebergen, O. Bokhove, and J.J.W. van der Vegt. Discontinuous Galerkin finite element methods for hyperbolic nonconservative partial
differential equations. Journal of Computational Physics, 227:1887-1922, 2008.

E.I. Romenski. Hyperbolic systems of thermodynamically compatible conservation laws in continuum mechanics. Mathematical and com-
puter modelling, 28(10):115-130, 1998.

M. Semplice, A. Coco, and G. Russo. Adaptive mesh refinement for hyperbolic systems based on third-order compact weno reconstruction.
Journal of Scientific Computing, 66(2):692-724, 2016.

J. Shi, C. Hu, and C.W. Shu. A technique of treating negative weights in WENO schemes. Journal of Computational Physics, 175:108-127,
2002.

S.Sambasivan. A lagrangian cell centered mimetic formulation for computing elsto-plastic deformation of solids. MULTIMAT conference,
Arcachon, France, 2011.

S.Sambasivan, M.Shashkov, and D.E.Burton. A finite volume cell-centered lagrangian hydrodynamics approach for solids in general unstruc-
tured grids. International Journal for Numerical Methods in Fluids, 72(7), 2013.

A H. Stroud. Approximate Calculation of Multiple Integrals. Prentice-Hall Inc., Englewood Cliffs, New Jersey, 1971.

V.A. Titarev, E.I. Romenski, and E.F. Toro. MUSTA-type upwind fluxes for non-linear elasticity. International Journal for Numerical
Methods in Engineering, 73:897-926, 2008.

V.A. Titarev and E.F. Toro. ADER schemes for three-dimensional nonlinear hyperbolic systems. Journal of Computational Physics, 204:715—
736, 2005.

V.A. Titarev, P. Tsoutsanis, and D. Drikakis. WENO schemes for mixed—element unstructured meshes. Communications in Computational
Physics, 8:585-609, 2010.

E. F. Toro and V. A. Titarev. Derivative Riemann solvers for systems of conservation laws and ADER methods. Journal of Computational

30



[77]
(78]

[79]
[80]

(81]

(82]
[83]

[84]

[85]

Physics, 212(1):150-165, 2006.

E.F. Toro. Riemann Solvers and Numerical Methods for Fluid Dynamics: a Practical Introduction. Springer, 2009.

E.F. Toro and V.A. Titarev. ADER schemes for scalar hyperbolic conservation laws with source terms in three space dimensions. Journal of
Computational Physics, 202:196-215, 2005.

I. Toumi. A weak formulation of roe’s approximate riemann solver. Journal of Computational Physics, 102:360-373, 1992.

P. Tsoutsanis, V.A. Titarev, and D. Drikakis. WENO schemes on arbitrary mixed-element unstructured meshes in three space dimensions.
Journal of Computational Physics, 230:1585-1601, 2011.

H.S. Udaykumar, L. Tran, D.M. Belk, and K.J. Vanden. An eulerian method for computation of multimaterial impact with {ENO} shock-
capturing and sharp interfaces. Journal of Computational Physics, 186(1):136 — 177, 2003.

M. L. Wilkins. Calculation of elastic-plastic flow. Methods in Computational Physics, 3:211-263, 1964.

O. Zanotti, F. Fambri, M. Dumbser, and A. Hidalgo. Space-time adaptive ADER discontinuous Galerkin finite element schemes with a
posteriori subcell finite volume limiting. Computers and Fluids, 118:204-224, 2015.

Ya. B. Zel’Dovich, Yuri P. Raizer, Ronald F. Probstein, and Wallace D. Hayes. Physics of shock waves and high-temperature hydrodynamic
phenomena, 2. Academic press, London, New York, Sydney, 1967.

Y.T. Zhang and C.W. Shu. Third order WENO scheme on three dimensional tetrahedral meshes. Communications in Computational Physics,
5:836-848, 2009.

31



