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Abstract

In this paper we present a new family of semi-discrete and fully-discrete finite volume schemes for
overdetermined, hyperbolic and thermodynamically compatible PDE systems. In the following we will
denote these methods as HTC schemes. In particular, we consider the Euler equations of compressible
gasdynamics, as well as the more complex Godunov-Peshkov-Romenski (GPR) model of continuum me-
chanics, which, at the aid of suitable relaxation source terms, is able to describe nonlinear elasto-plastic
solids at large deformations as well as viscous fluids as two special cases of a more general first order
hyperbolic model of continuum mechanics. The main novelty of the schemes presented in this paper lies
in the fact that we solve the entropy inequality as a primary evolution equation rather than the usual
total energy conservation law. Instead, total energy conservation is achieved as a mere consequence of
a thermodynamically compatible discretization of all the other equations. For this, we first construct a
discrete framework for the compressible Euler equations that mimics the continuous framework of Go-
dunov’s seminal paper An interesting class of quasilinear systems of 1961 ezactly at the discrete level.
All other terms in the governing equations of the more general GPR model, including non-conservative
products, are judiciously discretized in order to achieve discrete thermodynamic compatibility, with the
exact conservation of total energy density as a direct consequence of all the other equations. As a result,
the HTC schemes proposed in this paper are provably marginally stable in the energy norm and satisfy
a discrete entropy inequality by construction. We show some computational results obtained with HTC
schemes in one and two space dimensions, considering both the fluid limit as well as the solid limit of the
governing partial differential equations.

Keywords: thermodynamically compatible finite volume schemes; semi-discrete and fully-discrete Go-
dunov formalism; vanishing viscosity limit; entropy inequality; hyperbolic thermodynamically compatible
PDE systems; overdetermined hyperbolic PDE systems; unified GPR model for solid mechanics and fluid
mechanics.

1 Introduction

In his groundbreaking work An interesting class of quasilinear systems [29] published 60 years ago in
1961 Godunov discovered the connection between symmetric hyperbolicity in the sense of Friedrichs [24]
and thermodynamic compatibility, 10 years before the work of Friedrichs & Lax on the same subject [25].
In subsequent work by Godunov & Romenski and collaborators, the theory of symmetric hyperbolic and
thermodynamic compatible (SHTC) systems was extended to a wide class of mathematical models in con-
tinuum physics, ranging from the magnetohydrodynamics (MHD) equations over nonlinear hyperelasticity
to compressible multi-phase flows and relativistic gasdynamics, see e.g. [30, 31, 32, 33, 51, 49, 28, 50]. All
SHTC systems can be rigorously derived from an underlying variational principle. A connection between
SHTC systems and Hamiltonian mechanics was established in [15], emphasizing a peculiar role of the
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energy potential (Hamiltonian), while an extension to continuum mechanics with torsion was provided
in [47].

Notwithstanding the mathematical elegance of the SHTC framework, to the best knowledge of the
authors it was up to now never directly carried over to the discrete level. Most existing papers on
thermodynamically compatible schemes are based on the ideas of the seminal work of Tadmor [54], in
which a discrete compatibility with the entropy equation is sought, rather than a discrete compatibility
with the total energy conservation, as suggested by the SHTC framework. A fully discrete entropy-stable
scheme has been recently forwarded in [48], while the convergence of entropy-stable schemes was proven
in [17]. For high order entropy-compatible schemes the reader is referred to [26, 18, 38, 19, 35] and
references therein. In [23, 2] entropy compatible schemes were applied to non-conservative hyperbolic
equations. Last, but not least, we also would like to mention the general framework for the construction
of numerical methods that satisfy additional extra conservation laws recently introduced by Abgrall in
[1]. A first attempt to achieve discrete energy conservation as a consequence of all other equations was
made in [10] for a novel hyperbolic model of unsteady turbulent shallow water flows. For compatible
schemes in the context of Lagrangian hydrodynamics, where total energy conservation is obtained as a
consequence of the discrete mass, momentum and internal energy equations, see the interesting papers
[15, 3], while a fully-discrete compatible kinetic energy preserving scheme was forwarded in [53]. However,
all aforementioned schemes address only the compressible Euler equations and not the full GPR model
of continuum mechanics.

The main contribution of this paper is thus a new thermodynamically compatible finite volume scheme
for the GPR model of continuum mechanics [51, 46, 20] in which the discrete energy conservation law
is obtained as a consequence of a compatible discretization of all the other equations. To the best
knowledge of the authors, this is the first time that such a provably thermodynamically compatible
scheme is proposed for the PDE system (1), which is able to describe solid mechanics and fluid mechanics
at the same time. We stress that the main objective of this paper is not to introduce a better or more
efficient numerical scheme compared to existing methods, but to introduce a radically new concept: direct
discretization of the entropy inequality in order to obtain the discrete total energy conservation law as
a consequence. We also would like to clearly indicate the three main shortcomings of the new method
introduced in this paper:

i) the numerical fluxes are only known implicitly via path integrals of the physical flux in phase space;
however, also other numerical methods are based on path integrals, like the Osher-Solomon flux
[40], the entropy-consistent scheme of Tadmor [54] and the family of path-conservative schemes of
Castro and Parés [16, 11];

ii) currently, in our new framework, a numerical scheme that provably satisfies total energy conserva-
tion at the fully-discrete level can only be achieved at the aid of a special implicit time integrator;

iii) in the case of the semi-discrete scheme, total energy conservation is in general lost at the fully-
discrete level once a standard, nonsymplectic Runge-Kutta time discretization is employed.

The rest of this paper is organized as follows. In Section 2 we present the unified first order hyperbolic
model of continuum mechanics (GPR model) under consideration. In Sections 3 and 5 the construction
of thermodynamically compatible semi-discrete and fully-discrete finite volume schemes is explained for
the one-dimensional case. In Section 4 an extension to the general multi-dimensional case is presented,
together with a proof of nonlinear stability in the energy norm and a proof of the entropy inequality
satisfied by the scheme. Numerical results are shown in Section 6 for the fluid and the solid limits of the
governing PDE system. The paper closes with some concluding remarks and an outlook to future work
in Section 7.

2 Mathematical model and its structure

We consider the following first order hyperbolic model of continuum mechanics regularized with vanishing
viscosity terms and which goes back to the work of Godunov [29], Godunov & Romenski [31, 51, 33] and



Peshkov & Romenski, see [16, 20]:
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In the overdetermined system above q = {¢;} = (p, pvs, pS, Air, Jx)T denotes the state vector, the total
energy potential is & = pE = & + &+ &3 + &4 with § = pFE;, € > 0 is a vanishing viscosity and the
nonnegative entropy production term due to the viscous terms is given by

5xqu 02 4,8 0,,4; > 0, (2)

since € > 0 and we assume that the temperature 7' > 0 and that the Hessian of the total energy potential is
at least positive semi-definite, #;; := 8@ ;€ = 0. Throughout this paper, we use the notations 0p, =0/0p
and é)f)q = 0?/(0pdq) for the first and second partial derivatives w.r.t. generic coordinates or quantities
p and ¢, which may also be vectors or components of a vector. Furthermore, we make use of the Einstein
summation convention over repeated indices. Last but not least, in some occasions we also use bold face
symbols in order to denote vectors and matrices, e.g. q = {¢;} and A = {A;x}, and so on. In the above
model the four contributions to the total energy density are
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with the metric tensor G components and its trace-free part G given by Gy, = Aj;A i, and éik =
Gir —
with

% Gmm0ir. The vector of thermodynamic dual variables reads p = 048 = {p;} = (r,v;, T, cvix, ﬁk)T

r= 6,,8, V; = 6pvi(cc;, T= 8psé’, il = 8Aiké§, ﬂk = 6Jk(g (4)

The pressure is defined as p = p 9,8 + pv; 0,8 + pS 9ps€ — & = p?9,E, the stress tensors due to shear
stress and thermal stress are, respectively,

oik = Aji0a,, 6 = Ajiaj, = pGii G, wir = J;05,6 = J; B = pcy ik, (5)
while the heat flux vector is given by
hk = apg(g a]k@ = T,Bk = pC%TJk. (6)

Note that for our convenience, we use the opposite sign in the definition of the stress tensor compared to
the generally accepted notation. Furthermore, 61(71) > 0 and 63(72) > 0 are two algebraic functions of
the state vector q and the positive relaxation times 7, > 0 and 7 > 0:
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with po and Ty being some reference density and temperature. It is easy to check that (1f) is a consequence
of (la)-(le), i.e.

(Ify =r - (la) +v; - (Ib) + T - (1) + aug - (1d) + Bx - (Le). (8)

In [20] a formal asymptotic analysis of the model (1a)-(1f) was carried out, revealing that in the stiff
limit the stress tensor o;; and the heat flux h; tend to

1 2
Ok = —600657'1 (8kvi + Oy, — 3 (Omvm) 5ik> , hi, = —poToci 20T, 9)

i.e. when the relaxation times 71,79 — 0, the Navier-Stokes-Fourier equations are retrieved with effective
shear viscosity 1 = ¢poc?m and heat conductivity k = poTycis.

3 Thermodynamically compatible semi-discrete finite volume
scheme for the complete model in one space dimension

In this section, we derive the thermodynamically compatible semi-discrete finite volume scheme for model
(1) in one space dimension. To this end, we start analysing the black terms on the system which enter
into the original Godunov formalism [29]. Once compatibility of these terms is established for the Euler
subsystem, we can include dissipative terms which require the consideration of the non-negative entropy
production term, coloured in blue. The third step is the study of the red terms of (1b)-(1f) corresponding
to the discretization of the distortion field and the thermal impulse. Finally, also the relaxation terms,
in green, are addressed.

Throughout the discretization, we will employ lower case subscripts, 4, j, k, for tensor indices while
lower case superscripts, £, refer to the spatial discretization index. Accordingly, we denote by Qf =
[2¢=2,2¢%2] a spatial control volume in one space dimension. The Godunov form [29] of the Euler
subsystem (black terms in (1)) reads

(OpL); + 02 (Op(v1L)) =0, (10)
q=0pL, p = 046, f=0p(nil), F=p-f—uvlL, (11)

with the generating potential L = p-q — &, which is the Legendre transform of the total energy potential
&. The semi-discrete finite volume discretization of (10) reads
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with f¢ = f(q’) and f(q) = (pv1, pviv1 + pdi1, pSv1,0,0)T ) containing only the fluxes of the Euler
subsystem, i.e. the black terms in (1), and F being the corresponding energy flux. Just like on the
continuous level, our first objective is to get a discrete form of the energy conservation as consequence
of the discrete form of equations (la)-(1c), see (8). Therefore we proceed alike we would do on the
continuous level and we perform the dot product of the discrete dual variables, p¢ = 8q8(qe), with the
discrete equations, obtaining
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We now introduce the fluctuations D?%’_ = pt- (fftz — f0), Dﬁ_%’+ = p’- (f! — f~2). In order to

achieve a flux conservative expression for the discrete formulation of (1f), we must be able to rewrite the
fluctuations related to an interface as a flux difference
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D§+27 4 Dé+21+ — F(+1 _ Fé’ (14)



with F* a consistent approximation of the total energy flux F. This condition (14) is mandatory in order
to guarantee total energy conservation for vanishing energy flux at the boundary via the telescopic-sum

property
d ., 41— -1+ 041 ¢
¢ ¢ ‘
Substitution of the fluctuations in the former definition gives
pt- (fH% _ fe) +pttt. (feﬂ _ fe+§)
_ _fe+% . (pe+1 . pe) + pe+1 CpltL pe gt = gt pt (16)

and, taking into account definition (11) for f and F, we conclude

—0p(v L)% - (p = pf) 4 pfH £ —pl Lt =
p Tt B — (0 L) = pf £+ (v L), (17)

where F¥ = p*-f* — (v L)*. Accordingly, the numerical flux £ = Op (V1 L)“‘% must verify the Roe-type
property,

£+3 . (pe+1 _ pz) _ 3P(U1L)z+é ) (pz+1 _ pz) _ (vlL)Z“ _ (vlL)Z. (18)

Next, we make use of the key idea on which path conservative schemes are based, see [16, 41], and
construct a path integral in phase-space by recalling the fundamental theorem of calculus

~a—¢d8.

s (19)

p2+1 1
(1 L) — (0, L) = / Do (01 L) - dp — / Do (01 L)
pt 0

Note that a similar methodology has already been successfully used in the construction of entropy-
conservative fluxes [54]. Since the path, (s), s € [0,1], can be freely chosen, we can select any
parametrization convenient for our purposes. As a path connecting p¢ and p’t! we choose the sim-
ple straight line segment path in p variables:

0
P(s) =p' +s (P - p’), 3—¢ =p*'-p’, 0<s<L (20)
s
So (19) together with (20) leads to
1
(L) = (o) = | [ #@e)ds | - (o - p). (21)
0
Therefore, the corresponding thermodynamically compatible numerical flux,
: T
1 1 1 1
7 = [ twonds = (575657115 0.0) (22)
0
guarantees (18) by construction. The subscript p refers to the segment path in p variables (p-scheme).
For a different choice of path in terms of q variables (g-scheme) the reader is referred to [10]. From the
numerical point of view all path integrals appearing in this paper are approximated using a sufficiently
accurate numerical quadrature rule, see e.g. [22]. If not stated otherwise, throughout this paper, we use

a standard Gauss-Legendre quadrature rule with ngp = 3 points in order to compute the path integral
appearing in (22). For a quantitative study of the influence of the quadrature rule on total energy
conservation, see Section 6.



3.1 Compatible scheme with dissipation terms

So far we have presented a compatible discretization for the black terms in (1). To derive a dissipative
scheme, we still need to include a compatible numerical dissipation. Let us enlarge (12) with an additional
dissipative flux and corresponding production terms:

d , fFo+s -3 ge+§ _ gz—%

= P’ 23
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We first focus on the numerical flux
o+3
ofh o+ AqA L Aqt =gt o (24)
T

. U 1
whose scalar numerical dissipation is either chosen to be constant, e‘t2 = ¢, or taken of the form

1 .
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1
In the former expression, we have denoted by sfrzi the maximum signal speed at the cell interface and
introduced ¢**2 which allows the use of a flux limiter, hence a reduction of the numerical dissipation in
smooth regions. In particular, we consider the minbee flux limiter given by

1 1 1 1
#+% = min (qsef?, ’f?) . with ¢S = max (O,min (1, hf,j?)) , (26)
where
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are the ratios of the total energy potential slopes, see the SLIC scheme presented in [57] for further details

on flux limiting strategies. Note that an alternative approach to the use of flux limiters is the definition

of a fixed numerical dissipation.
The dot product of p* by (23) yields
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where the left hand side has already been studied in the Godunov formalism. We therefore focus on the

right hand side of the former equation obtaining
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Besides, applying path integration yields
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So 1 (p**! +pf) - Aq’t2 can be seen as an approximation of A&z, As a consequence of (29) and (30),
the energy flux including convective and diffusive terms is

Ff% _ pt+i 1(p€+1 +pY)
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To transform the jumps in p variables into jumps in q variables, we need to introduce a Roe-type matrix
o 1 e .
331018”5 verifying the Roe property

Sl
agqgﬁg (@t = qY) = pt - p. (32)

For its calculation, we introduce another segment path 'zﬁ, written in terms of q
Y(s)=q' +s(qT' —q"), 0<s<1, (33)

allowing to compute the sought Roe matrix as
/ 1
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0

which satisfies (32) by construction. Substituting the obtained flux in (28) and taking into account (32)
gives
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Thus, defining the production term P* = (0,0, 11¢, 0, 0)”
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we obtain the sought semi-discrete total energy conservation law
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Note that, as expected, the above definition provides a zero production term for all equations but for
(1c). The final compatible flux including convective and diffusive terms reads

1

1 e+}

G = [ @) - G @ -a). (39)
0

3.2 Compatible discretization of the terms related to the distortion field

The momentum flux in (1b) gathers four terms. The first two, in black, belong to the Euler subsystem
and have already been studied in the previous sections. The third term, o, is related to the distortion
field and thus its compatibility must be analysed together with the distortion transport equations, (1d),
and the terms &3 and oy, in the energy equation (1f). Let us consider the red terms in (1d) (except for
the convective term v10, A;),

oz U _Almﬁ’

(39)



and the following chosen discretization
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Multiplication of equations (1b), (1d) by 0,0, & = v;, 04,,8 = ayi and assuming a compatible discretiza-
tion with the term 9, (v;0;) in (1f) leads to
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We therefore obtain the following discretization for O’l,:_ 2
ol t = 5 (ol +ab) AL (2

We now focus on the remaining flux term v;9, A;,. We multiply the continuity equation (1a) by the
dual variable 8,63 = F3 and (1d) by 9a,, 8 = ayx and impose the compatibility condition with the energy
conservation equation yielding
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where the approximation of the averaged velocity ﬁf:rf still needs to be defined. Collecting terms, we get
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Hence, the average velocity must be discretised as
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if the denominator in (45) is non-zero, otherwise we set ’Di;rf = % ( g vl) Finally, if Eg“ ~E{=0,

_+1
from (44), we get v,,> = 0.

3.3 Compatible discretization of the terms related to the thermal impulse

Similarly to what has been done for the distortion field, in this section we derive the discretization
of the red terms in (1b), (le), (1f) related to the heat flux. First, we focus on terms Jyw;; in (1b),
ImO0zVm = O (JmUm) — Um0z Jm in (1e) and O, (viw;p) in (1f). Multiplying the momentum equation by
Opv; €& = v;, the thermal impulse equation by 05, & = (1 and requiring compatibility with the energy
equation we get
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Relabeling the repeated index m and defining Jf+ = % (Jé+1 + JK) yields
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1
Thus choosing wf;r P=3 ( ey ﬁl) gives the sought compatibility.
Next, we need to compute the dlscretization related to the term v10,Jx in (le). Multiplication of
(1la) by 0,84 = E, and addition of (le) multiplied by 0,8 = B yields
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is the compatible discretization for the advection speed related to the thermal impulse. Analogous to the

previous section, for null denominator and Eﬁ“ — E{ # 0 we define ﬁﬁt% as the arithmetic average of
the velocity in the two related cells.

It now just remains to establish the discrete compatibility between the term S in equation (1c), T" in
equation (le) and hy in equation (1f). Let us assume we have the following given discretization for the
gradient of T":

Azd, T ~ % (T —17). (50)

Then, multiplication of the thermal impulse equation (le) by 95,8 = B and the entropy relation by
0ps€ =T gives

T@ ( Z+2 6[) + T@-{-l (Bl+1 _ €+2) ﬁél (Tf-i-l T@)
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Hence, by simply defining ﬂf;Jr% = % ( eHl ﬂk) we get a compatible discretization of the equations.

3.4 Compatible discretization of relaxation terms

Finally, it is easy to see that the relaxation terms, in green in (1c)-(1le), cancel. Multiplication of 0,58 =T,
04a,,8 = ayi, and 05,8 = B, by the green terms in (1c)-(1le), respectively, and adding the result gives
Qi ik BiBi Qi B
+ — Qi — B
91 (Tl)T 92(7’2)T 01 (7'1) 92(7’2)

—0. (52)

Thus, the compatibility is proven by construction.

4 Thermodynamically compatible semi-discrete finite volume
scheme for the complete model in two space dimensions

The derivation of the thermodynamically compatible semi-discrete finite volume scheme for the complete
model in two space dimensions can be done following the steps described in the previous section. Here
we summarize the final scheme and provide the mathematical proofs of the marginal nonlinear stability
in the energy norm and of the semi-discrete cell entropy inequality. Let us consider the spatial control
volume Qf with circumcenter x, one of its neighbors O and the common edge 0Q%, n = (n1,n2)” being
the outward unit normal vector to the face 9% and N; being the set of neighbors of cell Qf. The final
semi-discrete finite volume scheme reads
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Theorem 1. The thermodynamically compatible semi-discrete finite volume
scheme (53) admits the semi-discrete energy conservation law
= I 0| o 3 ot o
ot |Q‘3\ |Qf|
t€Ny
with
D™ + Dt = DT + DT = FT — F-. (62)

Assuming that the jumps on the boundary vanish, the scheme is monlinearly marginally stable in the
energy norm, i.e. the scheme satisfies the identity

4
86 AV = Z |Qf| . (63)
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Proof. We start considering the contributions of the dot product of vector

p’ = 048" = (0,6",0p,6",0,56",04,,6",0,,8")"

with the time derivative terms in (53):

B g’v’aa"; + 0, 8 ag: + 0,56 agf + 04,8 6?;’@ +0,,8" aaik 0 E" a(; - 88‘8:. (64)
We now define the fluctuations associated to the total energy equation as
D™ = 0,8{D5 T + 0,85D T +0,85 DT +0,EL DT 4 0,0, 8 DIy
40,0, € ( o Nk +w nk> +8ps€p S T +0,56" (/3’,‘;7 —,6’2,) n
+3A,k€" . AL (v, — o) rzk+aA7,k_@%«af;_n (A5, — A
+0,, 8" 5 JE (v, — b)) nﬁafkgf%a{g n (Jh = J8) + a,ka"%T&v*nk. (65)

On the other hand, from (55) and applying relations analogous to the ones introduced in (29) and
(32), we have

Zz Ll
ez ¢ O, — ¢ |aQ - VAR Aq
s o100 (o P et) = 30 (P g S
t€Ny tENy
|aQ[Z ¢ ple— L 0w Aq® 1 ;b Aq& 1y o Ag”® 1 P Aqez
Z (p 'Pnﬂ +§p "€ (sz +§p "€ 52: +§p "€ 561 _5 ’ 5@: >
€Ny
‘6927 ’ 1 At 1
. Péz,f - V4 v | L - [ .
IEZN |QZ <p n + 2 (p +p ) € 6@1 2 (p 5@1
14
|8QZZ O opl— 4 AE% 1 AGQY Ly pa
Z (p Py ‘ 5t 5 5l aqquA 7) (66)
€Ny
Substitution of P>~ = (0,0,1I5°~,0,0) combined with (58) yields
z ¢ ¢ ple,—\ _ b ¢
|Qé|Z|an P gy +p" Py |QK|Z|aQZ‘ = 5@2 |Qe|2139’|9 (67)

t€ENy t€Ny t€Ny

Finally, taking into account the dot product of p’ by the diffusion terms in (53) and applying (67), we
get

p’ lQZ|Z|GQ£’|gff+8pgé§£ 1|Z|a§sz me (68)

0
tENy |Q t€ENy
89& Vi ACIZZ el el Aq 2 Vi
- Z Q] ( ' Nz +Ops& 7 8qq 5& ) 1 Z |09 | g
tENy t€EN,

From (64), (65), (68) and noting that the dot product of 94&° by the green terms in (53a)-(53¢) is
zero, we conclude
08 _ > oak| D > |09 g
ot Iﬂel WI

tENy t€ENy

The second part of the proof concerns marginal stability. Integration of equation (61) over the
computational domain Q gives

dV Z]Ql ==Y > 0% DT> > 09" g

£ €Ny £ €Ny
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Assuming that the solution on the boundaries of the domain tends to a constant value, the jumps on
q become zero at 0 and fluctuations and dissipative terms vanish. Besides, the remaining dissipative
terms can be seen as a telescopic sum which cancels. Reordering of the first summation in the right hand
side of the former equation to cluster the contributions at each face we obtain

08" e o (Hlo— 1 -
&dvz;mm:_;ymw(pg + D).

Consequently, marginal stability is proven given that the contributions of fluctuations in the interior cell
boundaries cancel. Let us focus on a face 9Q%. We start analysing the terms corresponding with the
Godunov formalism (black terms) in (65):
0,81 DL + 0,85D5 ™ + 0,0, 8 Dty + 0,58 D™
+0,81 D3 + 0,65 D4 " + 0,0, 8 D™ + 0,56 Diyg”
— (0,61 — 0,61) £5 1k — (0p65 — 0,85) f5 1me — (0p0, 6 — O, 8°) firy ki
— (058 — 0,p58") Fhi e — 0,81 f1 ke — 0p85f 2 1k — Opu, 8 fhy, ik
—0ps8" fos knk + 0p8L L5 ik + OpEof5 10k + Opu, & fo, knk + 0psE [og gk
=— (P —p") - fornk + P fo e — P fo ek
= (" fin— (L)) i — (P fi i — (kL)) i, = F — F§, (69)

with F; standing for the black terms in the energy flux in (1f). Regarding the red terms in (65), we have

OpE4 DL+ 0,65 DL+ 00,6 (0l mi + wiy i) +0,56" (B — BL)

1.
+04,, 6" %Aff (vhy = o) a0, 8 S8 (A — A%
+8J,Cé;f2 st (U = Vi) 405,65 f/;n (J; - Jk)JraJké’Z%T&’*nk

+apggp;&*+apg4pyf—a,wigf( ot Wl nk) 9,58 (B — By) i
—aA.,gflA?f (vf, — )nk+aAk@f a;{n(Afk— %)
—aJk@Z%J;f(vm v, ) ny+0y, & affn(J,f—J,g)—aJkg’%T’f’*nk
Substitution of 948 by its expression in state variables, q, together with (54) yields
L (1% — 1 )T (5, — pk)nmm;utgn( e Am)mm;agﬁnmfk_ )
+EL (f5 5 — fo ) =B (Fore = fo 1) nk+5k2af;n(Jk Jk)+ﬁk2”f (Jk = Ji)
[ (0h —oh) = vi(olh ) + ol AT —0h) = g AT (0 —i) | e
o (= ) = 0 (ol = ) BT ot = ) = g (o = )
#0880 - (38 - 80+ Blg T - BT |
Taking into account (56)-(60) and collecting terms gives

(pvi B3 + pu B + vjoiy, + viwi, + B T7) ni
—(pup ES + pup By + vioty, + viwsy, + BRTY) ny. (70)
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Gathering (69) and (70), we obtain

DY 4+ DT = Fi A+ (pui B + pui By + vioty, + viwy + BT ny, —
F — (pup ES + pup B + vioh, + viwl, + BeTY) ny, = F* — F*. (71)

Thus the fluctuations can be seen as the difference between fluxes which will cancel out when adding the
contributions of all cells, and hence the scheme is marginally stable in the energy norm, as claimed:

= Y (P D) = (- F) = 2)
)49

)49

O

Theorem 2. Assuming T* > 0 and #* = 5(21018[’ > 0 the semi-discrete finite volume scheme (53) with
production term (58) satisfies the semi-discrete cell entropy inequality

opS* 00| 4
Py By

tENy t€Ng

o0k 8

t€Ny

Proof. The proof is an immediate consequence of the discretization (53¢) with (58):

apse ’aQ ’aQel 49 ¥4 |8Q€Z‘ 49
ot + Z |Qe S -+ Z |Qe _Bk) NE— Z \Q€| 955, n
€Ny t€ENy t€Ny
Z | 89/2| - A ReA n Bi B >0 (74)
Wl %, TH () 17 0 (o) T7 2
since T~ = e Aq 92,8 A(;}, > 0 due to 92,6 > 0 and 0 , > 0 as well as T* > 0. O

5 Thermodynamically compatible fully-discrete finite volume
scheme for the Euler subsystem

In this section we present a fully-discrete finite volume scheme for the Euler subsystem of (1), i.e. for the
black and blue terms. For simplicity, we restrict the considerations to one space dimension. As before,
the spatial control volumes are denoted by Q¢ = [:vZ*% , x”%}. The scheme reads

l+3 gt (=3 _ ¢t e+y e+
n+1,Z7qn,Z (ff)2_f)_(ff)2_f) gp2 gp2

_ 50
At o Az + Az +P (75)

q

Again, the subscript p refers to the fact that the flux is evaluated using the segment path in p variables
defined below, similar to (20)-(22). In order to construct a thermodynamically compatible fully-discrete
scheme, where the total energy conservation law (1f) is a consequence of the discrete equations (75), we
introduce a new average quantity p’. Since by construction one has

n+1,0
/ D€ - dq = &"1E —gnt (76)

qnl

q

n+1,¢

for any path connecting q™* with q , we define the quantity p¢ as

1

pl = / 0q8(T(s))ds, (77)

0
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with the straight-line segment path

T=7(s)=q" +s(q"TH - q™). (78)
Therefore, p’ satisfies the Roe-type property

Bl (qn+1,e _ qn,z) — gLl _gnit, (79)

which is fundamental for the construction of our thermodynamically compatible fully-discrete scheme.
We now multiply (75) with p* from the left and neglecting the viscous fluxes g&% leads to
¢

bts  ep ¢ el—3
e o Rt ) 0
At At Ax

To obtain a conservative form of the fully discrete energy conservation law, we require

¢ qn+1,£ o qn,é - 5n+1,l o gnj

1 1 . .
f)e . ( é+2 _ f@) _’_f)f-‘rl . (f€+1 _ fé+2) — F@-{-l _ FZ. (81)
Using the parametrization (10) and the associated relations (11) we get

£+1

— —_— —
—8p(v1L)”% . (f)”l _ f)E) + f)e+1 et f)z ft— f)z+1 Ll L o f)e 4 ol . (82)

1 —
Hence, the numerical flux fé+2 = 0p (vlL)“% must satisfy the following jump condition:

——{+1 —

+1 - _ ~— 4l (= _
fffz (™ - pf) = Bp(v1 L)% - (P -p)=wl —wul. (83)

We choose again a simple straight line segment path, this time in the p variables:

P(s) =P, p T s)=p" +s (™ —-p"), 0<s<1, (84)

Using the same reasoning as for the semi-discrete scheme (19)-(38), we find the thermodynamically
compatible numerical flux of the fully discrete p-scheme as

1
041 vl el er T ¢ ~
2= () = [ s (55)
0

with the jump Ap‘T2 = p*! — p’ and the numerical viscosity flux defined as
=0

041 erd el e INT <1 PP
g5 2 — (gp 2’gpvi2a9p5‘2> — ¢tta 5’12)pL +3 T (86)

The corresponding production term reads P¢ = (0,0, 11¢)7 with

ot Bt ot = Ly AP o pe g APTE 1, APTE ;

2 Az pp Az 2 Az pp Az

The disadvantage of the p-scheme is that it requires the expression of the physical flux f in terms

of the p variables, or, equivalently, it requires the variable transformation q = q(p), which in general

may be quite cumbersome. However, for the Euler subsystem at least this conversion is simple and

analytic. Recall that 81231,[7’% = (83(1(%’2’%)’1, see (34). Note that the proposed fully-discrete scheme

is implicit, since p’ is a function of q™* and q"*1¢, see (77) and (78). In order to obtain a simple

and straightforward implementation of the fully-discrete scheme, we propose the following predictor-

corrector approach, based on a Picard-type iteration, similar to the iterative procedure employed in the
fully-discrete kinetic energy-preserving scheme proposed for the Euler equations in [53]:

At 04+1 o—1 At 041 —1 -
n+l,l _  nd + + ¢
G =d *fx(fﬁf*fmz)+fx(gm2*gfakz)*ka (88)

(87)
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with the quantity f)ﬁ defined as

1

pL = /[“)qé(T)ds7 with r=q"+s (qzﬂl — q”’é) . (89)
0
As initial guess for the iterative scheme we set ng’e = g™ and the iterations are stopped when the

following condition is satisfied:
2
3 (5,’;“’” —8 (q;;ﬂ’f)) <o (90)
¢

with § > 0 an arbitrarily small tolerance, typically of the order of the machine precision. Recall that

formalism for the inviscid Euler subsystem.

q”’é), see (79). This completes the description of the fully-discrete Godunov

Theorem 3. The thermodynamically compatible fully-discrete finite volume
scheme

Nl
L]
~
~—
~
+
|
T
Nl

/+1 /—
Mgt () - (6 b pt 91
AL Az A T (01)

q

with production term P according to (87) and fluzes (85) and (86) verifies the fully discrete energy
conservation law

gntlt _ gnit 1 oyl 1 gZJr% _ gffé
P ——— 1 ) D D2 ) 8 8 92
At A (PEF D)+ B (92)
The fluctuations above are defined as
~04+1 - - /+1 ~0—L1 4 ~ —1
D¢ * :pf.(ﬁg_f€)7 Dy 2 :Pz'(fe_ff) %) (93)
and satisfy
T G _ .
DT 4 DT = B F = P - F(B). (94)
The numerical viscosity fluz in (92) reads
e+1 1 etts VYA | A NS R
e :i Ar (P'+p )'appL 2(}) _p)- (95)

As a consequence, for vanishing jumps on the boundary, the scheme is nonlinearly marginally stable in
the energy norm.

Proof. Multiplying (91) with p defined according to (77) and using the Roe property (79) yields

n+1,4 _ nt n+1,4 _ on/
q q & &

At At (96)
Furthermore, using (93) one has immediately
1 1 Lrl g1
15@, (é;z _f[>+f)l (f[_ é?;z) :ij’Q’ _|_D§ 2’+' (97)

By construction, (81)-(85), the fluctuations satisfy (94). For the numerical viscosity we get after some
calculations, see (29) and (66) for the semi-discrete case,

o+3 -3

8 ° —8p -
=0 P p =/
Il R R .P
p , TP
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o+3 -1

€ ~l 2 Z“r (41 ~f ~/ 2 Fe—L /.y ~0—1 ~0 0
= “OppL - <05 L2 — P
A.%‘ ( - P ) Am p PP (p p ) +
D = = 0— L1
= 1@ Z+ 82 L€+1 Ap lpf + pZ ! . Eg,%az E@f% Apf 2
2 Az Aa: 2 Ax Az
1Ap +2 g2 1 Aptt 1A1~)é_5 _lAp -3, .
20, Lz - 52 [t ‘P
2 Az Az 2 Az Az TP
ge+2 ge—f
g g
- 98
Az (98)

due to the definition (95) and the production term that satisfies (87). Multiplication of (92) by AtAx
and summation over Q¢ yields

Zm; (871 —gnt) = ZAt( DEHT 4+ D g - g ) =0, (99)

The terms on the right hand side of (99) are a telescopic sum that vanishes because the fluctuations
satisfy (94) and since the jumps vanish at the boundary. O

Theorem 4. The fully-discrete finite volume scheme (91) with production term P! according to (87) and
fluzes (85) and (86) satisfies the fully discrete cell entropy inequality

n n At (oerl -l At /ol -1
(pS) L > (pS) £ — Ar (fps - fps ) + Ax (.gps —Y,s ) ) (100)

assuming that T* > 0 and 8}2)pl~/i% > 0.

Proof. The fully-discrete form of the entropy equation (1c¢) according to the scheme (91) reads

n At 0+1 -1 At o+ —1 -
(pS)™ 1 = (pS)™* = o (st = 57 )+ 5o (87 —gps” ) + AT, (101)
with
- 1 (1, .Ap‘ts L, APYTE 1, L Apte L Apt—3
M= = [ 2228~ 92 je+3 22~ L~ -3 OR L2 >0 102
T¢ (26 Az pp Az + 26 Az Az - (102)
since we assume T > 0 and 82 L=z > 0, hence one directly obtains the inequality (100). O

6 Numerical results

The new schemes for hyperbolic and thermodynamically compatible PDE systems (HTC schemes) pro-
posed in this paper do not discretize the energy conservation law (1f) explicitly, but consider the entropy
inequality (1c) instead. Semi-discrete / fully-discrete energy conservation is obtained as a mere conse-
quence of the thermodynamically compatible discretization of the PDEs (1a)-(1e). As such, the proposed
approach is different from most existing finite volume discretizations. The main aim of the following
numerical test problems is therefore to show that the scheme is able to compute correct solutions to
problems with shock waves, as predicted by Theorems 1 and 3 on the semi-discrete and fully-discrete
energy conservation, respectively. Furthermore, we check numerically whether the relaxation limit of
the model (Navier-Stokes limit) is properly captured, i.e. when for sufficiently small relaxation times
71 and 7o the behaviour of the medium becomes the one of a viscous heat-conducting Newtonian fluid.
For more advanced applications of the GPR model, the reader is referred to [20, 21, 9, 56, 44, 50]. In
the following tests, when a viscosity coefficient p is specified together with a shear sound speed cg, the
corresponding relaxation time 7y is calculated as 71 = 6u/(poc?), according to (9) and the results of the
asymptotic analysis carried out in [20]. In all tests of this section, the semi-discrete HTC schemes are
integrated in time using an explicit third order TVD Runge-Kutta scheme, see [52, 34]. For more efficient
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Table 1: Numerical convergence results for the isentropic vortex problem, obtained with the semi-discrete
HTC scheme proposed in this paper. The reported L? error norms refer to a final time of ¢ = 0.25.

Ny = N, lloll® | pv1 ||? [pSI2 O(p) O(pv1)  O(pS)
32 6.1094E-03  9.1324E-03 4.7896E-04
64 1.5602E-03 2.3633E-03 1.3256E-04 2.0 2.0 1.9
128  3.9230E-04 5.9585E-04 3.3972E-05 2.0 2.0 2.0
256 9.8232E-05 1.4928E-04 8.5455E-06 2.0 2.0 2.0
512 2.4626E-05 3.7369E-05 2.1397E-06 2.0 2.0 2.0

Table 2: Numerical convergence results for the isentropic vortex problem, obtained with the fully-discrete
HTC scheme proposed in this paper. The reported L? error norms refer to a final time of ¢ = 0.25.

Ny = N, lloll? | pv1 ||? 1pSI2 O(p) O(pv1)  O(pS)
32 6.2046E-03 9.1891E-03 4.8312E-04
64 1.5749E-03 2.3742E-03 1.3384E-04 2.0 2.0 1.9
128  3.9424F-04 5.9737E-04 3.4170E-05 2.0 2.0 2.0
9256 9.8481E-05 1.4948E-04 8.5718E-06 2.0 2.0 2.0
512 2.4658E-05 3.7394E-05 2.1430E-06 2.0 2.0 2.0

IMEX Runge-Kutta schemes in the case of stiff relaxation source terms, see the work of Pareschi & Russo
[42, 43] as well as [39, 14, 8, 37]. In all numerical tests carried out with the semi-discrete scheme, we
assume the time step At to be small enough so that time discretization errors can be neglected concening
the conservation of total energy. In the following, if not stated otherwise, the numerical viscosity et s
chosen according to (25). When explicit values of e are provided, the numerical dissipation is chosen as
a constant, e/*3 = e.

6.1 Numerical convergence study

In this section, we solve the isentropic vortex problem forwarded in [36] in order to verify the accuracy of
the proposed HTC schemes. We apply the schemes to the pure inviscid Euler equations, i.e. to the black
terms in (1a)-(1c), setting v = 1.4, ¢s = 0, ¢, = 0 and € = 0. The computational domain is Q = [0, 10]?
with periodic boundaries everywhere. The initial conditions for the perturbations are given in [36, 20]
and are not repeated here to save space. The background velocity is chosen as vy = 0 so that a stationary
vortex is obtained. In this situation, the exact solution is given by the initial condition for all times.
Simulations are run with the semi-discrete HT'C scheme until a final time of ¢ = 0.25 using an equidistant
Cartesian grid composed of N, x N, control volumes. The L? errors obtained with the semi-discrete
HTC schemes at the final time for the density p, the momentum density pv; and the entropy density pS
are shown in Table 1 together with the corresponding convergence rates. The results for the fully discrete
HTC scheme are reported in Table 2. One can observe that all proposed HTC schemes are of second
order of accuracy.

6.2 Simple shear motion in solids and fluids

We first apply the new HTC schemes to simple shear motion in solids and fluids. The one-dimensional
computational domain is Q = [—0.5,40.5] and the initial condition of the problem, which is also prescribed
at the boundaries of ), is given by p =1, v; =v3 =0, p =1, A =1, J = 0, while the velocity component
vg is v9 = —wg for < 0 and vo = 4wy for x > 0, with vg = 0.1. The remaining parameters of this test
are y =14, ¢, =1, pp =1, ¢s = 1 and ¢, = 0. The calculations are carried out with the new HTC
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schemes on a grid composed of 1024 control volumes up to a final time of ¢ = 0.4. In the Navier-Stokes
limit of the GPR model, a reference solution can be obtained by the exact solution of the incompressible
Navier-Stokes equations for the first problem of Stokes, see e.g. [20, 7, 6, 12]. For the solid limit of the
GPR model (r; — o0), this initial condition leads to two shear waves traveling to the left and right,
respectively, with speed cs. A reference solution can be obtained using a classical second order MUSCL-
Hancock scheme [57] on a fine mesh of 32000 cells. We stress that for all cases with g > 0 the HTC
scheme has been run without any numerical viscosity, i.e. setting e = 0. The comparison between the
numerical solutions obtained with the new HTC schemes and the aforementioned reference solutions is
presented in Fig. 1, where one can observe an excellent agreement for all cases.

Reference solution
HTC scheme

Reference solution
HTC scheme
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Figure 1: Numerical solution at time ¢t = 0.4 obtained with the new thermodynamically compatible HT'C
schemes for the GPR model applied to a simple shear flow in fluids and in an elastic solid. Results for
the solid (top left) and for fluids with different viscosities: © = 1072 (top right), u = 1073 (bottom left)
and p = 10~* (bottom right). For fluids, this test corresponds to the first problem of Stokes, which has
an exact analytical solution.

6.3 Riemann problems

In this section, we solve a set of Riemann problems with initial data according to Table 3, for both the
Euler equations of compressible gasdynamics, which are a subset of the GPR model (black terms in (1)),
and for the full GPR model in both its fluid and solid limit. The initial discontinuity is located in x..
For the Euler equations, we consider semi-discrete as well as fully-discrete schemes and the exact solution
of the Riemann problem has been provided in [57], while for the GPR model we consider two types of
completely independent numerical reference solutions. The first reference solution is obtained by using a
classical MUSCL-Hancock finite volume scheme on a fine mesh of 128000 elements, discretizing the total
energy conservation law (1f) instead of the entropy inequality (1c). An alternative reference solution is
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obtained by solving the GPR model (1a)-(1c) with the entropy inequality in its vanishing viscosity limit,
using a fourth order ADER-DG scheme on a fine mesh composed of 14400 order elements, including also
the quadratic entropy production term in (Ic). In this case, thermodynamic compatibility is achieved
simply at the aid of a fully resolved simulation employing sufficiently fine meshes in combination with
high order of accuracy in space and time, see [10]. The numerical results obtained with the semi-discrete
and fully-discrete HT'C schemes for the compressible Euler equations are shown in Figs. 2 and 3, while the
numerical results obtained with the semi-discrete HT'C scheme applied to the fluid and solid limits of the
GPR model are presented in Fig. 4 and 5, respectively, together with the reference solution obtained with
the MUSCL-Hancock scheme solving the energy conservation law (1f), as well as the reference solution
obtained with the high order ADER-DG scheme applied to the viscous system (1a)-(1c). The effective
mesh resolution is provided for each test case in the corresponding figure caption. In all cases we can note
an excellent agreement between the numerical solution obtained with the new HTC schemes forwarded
in this paper and the available exact or numerical reference solutions.

Test problem RP1s was proposed by Toro in [57] and includes a sonic rarefaction. Simulations are
carried out on several meshes and the obtained quantities p, p, v = v; and S are shown in Fig. 3. We
observe that the thermodynamically compatible schemes proposed in this paper do not exhibit any sonic
glitch, compared to other Godunov-type finite volume schemes, see [57].

A quantitative study concerning the influence of the number of Gauss-Legendre quadrature nodes ngp
and the chosen time discretization on the total energy conservation error can be found for a smoothed
version of RP1 with initial data q(x,0) = %(qL +qgr)+ %(qR —qyr)erf(x/x) with x = 0.01 in Table 6.3.
As expected, the conservation error of the semi-discrete schemes is dominated by the time discretization
and the chosen time step size (CFL number), while the energy conservation error of the fully discrete
scheme is independent of the time step size and is dominated only by the numerical quadrature rule used
in (38).

Table 3: Initial states left (L) and right (R) for density p, velocity v = (u, v,0) and pressure p for a set
of Riemann problems solved on the domain Q = [—%, —l—%] using the new HTC schemes. The Riemann
problems include the pure Euler equations (RP1, RP2 and RP1s), as well as the fluid and solid limit of
the GPR model (RP3 and RP4). For the GPR model (RP3 and RP4) we initialize A and J as A = &/p1
and J = 0 and set ¢; = ¢p, = 1. The relaxation times have been chosen as 71 = 7 = 2-107° for RP3 and
71 = 79 = 10?° for RP4. In all cases we set v = 1.4.

RP PL ur, VUL, PL PR UR VR PR
RP1 1.0 0.0 0.0 1.0 0.125 0.0 0.0 0.1
RP1s 1.0 0.75 0.0 1.0 0.125 0.0 0.0 0.1
RP2  5.99924 19.5975 0.0 460.894 5.99242 -6.19633 0.0  46.095
RP3 1.0 0.0 -0.2 1.0 0.5 0.0 +0.2 0.5
RP4 1.0 0.0 -0.2 1.0 0.5 0.0 +0.2 0.5

6.4 Viscous shock wave

Consider a stationary viscous shock wave at a shock Mach number of My = 2. For Prandtl number
Pr= 0.75 there exists an exact solution of the compressible Navier-Stokes equations, see [4, 20]. The
computational domain Q = [—0.5,40.5] is covered with 1024 control volumes and the shock wave is
centered at © = 0. We assume that the fluid is moving into the shock wave from right to left. The data
in front of the shock are py = 1, v = =2, v§ = v3 = 0 and p° = 1/v so that the associated sound
speed is ¢V = 1 and the corresponding Reynolds number based on a reference length L = 1 is given by
Res = pO o M, Lu~'. The parameters are set as v = 1.4, ¢, = 2.5, ¢, = ¢s = 50, u = 2 - 10~2 and
A= 9% 1072, hence the shock Reynolds number is Re, = 100. At t = 0 we set A = ¢pland J = 0. The
comparison between the numerical solution obtained with the semi-discrete HTC scheme applied to (1)
and the exact solution of the compressible Navier-Stokes equations is shown in Fig. 6. For all quantities
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Table 4: Total energy conservation error depending on the time discretization and the number of Gauss-
Legendre quadrature points ngp for the calculation of the thermodynamically compatible flux (38).

CFL 0.5 0.4 0.3 0.2 0.1

semi-discrete HTC scheme + TVD Runge-Kutta O3
ngp=3 290-10° 1.55-10° 6.30-107% 2.00-10=% 3.00-10~"
ngp=5 290-10° 1.54-107° 6.31-107° 1.99-107° 2.45-107
semi-discrete HTC scheme + classical Runge-Kutta ©4
ngp =3 223-107% 951-107" 3.07-107" 5.25-107% 8.33-107°
ngp=5 224-107% 9.64-1077 3.19-1077 6.53-107%  4.43-107°
Fully-discrete HTC scheme
ngp=3 180-1072 1.81-107% 1.82-107? 1.83-107Y 1.84-107Y
ngp=>5 270-10"1 270-107* 270-107* 270-1071% 2.70-10713

Exact solution Exact solution
Semi-discrete HTC scheme [ Semi-discrete HTC scheme
— — — — Fully-discrete HTC scheme 35 — — — - Fully-discrete HTC scheme
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Figure 2: Numerical results for Riemann problems RP1 (z. = 0) and RP2 (. = —0.2) at times ¢t = 0.2
and t = 0.035, respectively, obtained with the semi-discrete (red solid line) and the fully-discrete (dashed
blue line) HTC schemes on 1024 elements applied to the compressible Euler equations. The exact solution
of the compressible Euler equations is represented by the black solid line.
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Figure 4: Numerical results at time ¢ = 0.2 for Riemann problem RP3 (z. = 0) obtained with the HTC
scheme (red solid line) on 1024 elements, the fourth order ADER-DG scheme applied to the vanishing
viscosity limit of the viscous equations (1a)-(1c) using € = 2- 107> on 14400 elements (dashed blue line)
and the exact solution of the compressible Euler equations (black solid line).

an excellent agreement is achieved.

6.5 Solid rotor problem

In this section we solve the solid rotor problem proposed in [7]. By setting 71 = 7 = 10%° the model
(1) describes a nonlinear hyperelastic solid. The computational domain is = [~1,+1]? with periodic
boundary conditions everywhere. The initial data for density, pressure, A and Jisset to p=1,p=1,
A =T and J = 0, while the initial condition for the velocity field is vy = —y/R, v = +2/R and v3 = 0
within the circular region r < R, where r = ||x|| and R = 0.2, while v = 0 for » > R. The parameters of
the GPR model are set to v = 1.4, ¢;, = 1.0 and ¢, = 1.0. We run the test problem until a final time of
t = 0.3 using the two-dimensional semi-discrete HTC scheme for the GPR model on a uniform Cartesian
grid composed of 512 x 512 elements. The artificial viscosity in the HTC scheme is set to a constant
value of € = 5-107%. To obtain a reference solution, on the same mesh of 512 x 512 elements we solve
the same problem again but using a classical second order MUSCL-Hancock scheme, see [57] for details.
We emphasize that in the MUSCL scheme, which is not thermodynamically compatible, we solve the
total energy conservation law (1f) rather than the entropy inequality (1c), as already suggested in [20].
The obtained results are compared with each other in Fig. 7, where the contour colors of the velocity
component v, are shown. The agreement between the numerical solution obtained with the new HTC
scheme and the reference solution is very good. Since the applied HT'C scheme for this test problem is only
compatible with the semi-discrete total energy conservation law, we have explicitly monitored the total
energy conservation error during the entire simulation, finding a maximum relative energy conservation
error of 4.02-1077.

6.6 Double shear layer

In this section we present numerical results for the double shear layer test, see [5, 20, 6, 12]. The
computational domain is = [0, 1] with periodic boundary conditions everywhere. The initial condition
is given by v; = tanh (p(y — 0.25)) for y < 0.5 and v; = tanh (p(0.75 — y)) if y > 0.5, vy = dsin(27wx), vz =
0,p=po=1,p=10%/y,A =1,J = 0, with 6 = 0.05 and p = 30. The remaining parameters of the
GPR model are set to v = p/pg =2-1072, vy =14, pg=1,¢, =1,¢c, =8, ¢, =2 and 75 = 4- 1073,
The characteristic Mach number of the flow resulting from this setup is M = 0.1. Calculations are
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Figure 5: Numerical results at time ¢ = 0.2 for Riemann problem RP4 (z. = 0) obtained with the
HTC scheme (red solid line) on 10000 control volumes, a fourth order ADER-DG scheme applied to the
vanishing viscosity limit of the viscous equations (1a)-(1c) using € = 2-10~° (dashed blue line) on 144000
elements and the reference solution obtained with a MUSCL-Hancock scheme applied to the model with
the energy conservation law (1f) instead of the entropy inequality (1c) (black solid line) using 128000
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Figure 7: Velocity component vy for the solid rotor test problem at time ¢ = 0.3 obtained by solving (1)
with the new HTC scheme (left) and by using a classical MUSCL scheme (right).

performed with the new HTC scheme up to a final time of t = 1.8. The computational grid is composed
of 4000 x 4000 control volumes and the numerical viscosity is chosen as ¢ = 1 - 1075, hence three orders
of magnitude lower than the physical one. In Fig. 8 the results obtained with the new HTC scheme
are compared with a numerical reference solution that is based on the solution of the incompressible
Navier-Stokes equations using a hybrid FV/FE method on a triangular grid made of 2097152 elements
(N, = 1000 divisions along each boundary), see [11, 6, 12] for details. The flow dynamics has already
been described in [5, 6, 12, 20, 7] and can be summarized by the development of several vortices from
the initially perturbed shear layers. The agreement between the Navier-Stokes reference solution and the
numerical solution of the GPR model computed with the new HTC schemes is rather good. In Fig. 9 we
present the temporal evolution of the distortion field component A;s, which is qualitatively similar to the
results shown in [20], but for a lower physical viscosity p. The maximum relative conservation error of
the total energy monitored during the simulation for the semi-discrete HTC scheme was 7.12-1077. Due
to the low numerical viscosity of € = 107° and fine mesh, one can observe small structures developing in
the distortion field A, which we would like to demonstrate in Fig. 9.
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Figure 8: Vorticity contours for the double shear layer with a viscosity of i = 2- 1072 at time ¢ = 1.8.
Left: numerical solution of the GPR model obtained with the new thermodynamically compatible finite
volume scheme. Right: reference solution obtained by solving the incompressible Navier-Stokes equations
with the staggered semi-implicit hybrid FV/FE scheme [11, 6, 12].
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Figure 9: Distortion field component Ay5 for the double shear layer problem at times ¢t = 1.2 and ¢t = 1.8
obtained by solving the GPR model (¢ = 2-1073) with the HTC scheme.

6.7 Lid-driven cavity

As last numerical test case for the fluid limit of the model (1) we present the lid-driven cavity problem,
see [27], which can be used to validate compressible flow solvers in the low Mach number regime, see e.g.
[55, 6, 12] and which was already successfully solved with the GPR model in [20, 7], but the schemes
used in [20, 7] were not thermodynamically compatible. The computational domain is = [0, 1] x [0, 1]
and the initial condition is set to p =1, v=0, p = 10?2, A = I and J = 0. We furthermore set v = 1.4,
cy=1,¢cs =8 po=1and ¢, =2, 79 = 10~2 and w = 1072 so that the Reynolds number of the test
problem is Re = 100. The lid velocity on the upper boundary is set to v = (1,0,0), while on all other
boundaries v = 0 is imposed. The Mach number of this test is about M = 0.08. The new semi-discrete
HTC scheme is run until ¢+ = 10 using 256 x 256 elements and a constant artificial viscosity of e = 1073.
The numerical results are shown in Fig. 10, where also a comparison with the Navier-Stokes reference
solution of Ghia et al. [27] is provided. We note an excellent agreement between the numerical solution
of the GPR model and the incompressible Navier-Stokes reference solution.
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Figure 10: Lid-driven cavity at Reynolds number Re = 100. Results obtained at time ¢ = 10 with the
new HTC scheme applied to the GPR model. Color contours of the velocity component vy (left) and
comparison of the velocity components v; and vo on 1D cuts along the = and y axis with the reference
solution of Ghia et al. [27] (right).
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7 Conclusions

In this paper, we have presented two novel thermodynamically compatible finite volume schemes for first
order hyperbolic PDE systems (HTC schemes). The first method is a semi-discrete finite volume scheme
for the unified first order hyperbolic model of solid and fluid mechanics that goes back to the work of
Godunov, Peshkov and Romenski on symmetric hyperbolic and thermodynamically compatible (SHTC)

systems, see [29, 31, 51, 33, 46]. We have furthermore introduced a new fully-discrete HTC scheme for
the compressible Euler equations, establishing a fully discrete analogy of the continuous framework in-
troduced by Godunov in [29]. All schemes under consideration in this paper have in common that they

directly discretize the entropy inequality rather than the usual total energy conservation law. Instead,
total energy conservation is obtained at the discrete level as a mere consequence of a suitable and ther-
modynamically compatible discretization of all the other equations. As such, the new schemes can be
proven to be nonlinearly marginally stable in the energy norm and they furthermore satisfy a discrete
entropy inequality by construction. The new HTC schemes have been applied to several test problems
for fluid and solid mechanics, obtaining an excellent agreement with available reference solutions. In
future work, we will investigate the possible use of symplectic time integrators in order to preserve exact
total energy conservation of our new semi-discrete thermodynamically compatible scheme also on the
fully discrete level. We also plan an extension to higher order in space at the aid of thermodynami-
cally compatible discontinuous Galerkin (DG) finite element schemes, similar to entropy compatible DG
schemes introduced in [19, 38, 26] for the shallow water equations and magnetohydrodynamics (MHD),
as well as an extension to general unstructured meshes. Another major challenge left to future work is
the development of HTC schemes that are not only thermodynamically compatible, but which are also
able to preserve the curl involution constraints of the governing PDE system ezactly at the semi-discrete
level and that are also consistent with the low Mach number limit of the equations. In this context we
will consider staggered semi-implicit finite volume schemes [7], as well as staggered semi-implicit hybrid
finite volume / finite element methods [11, 6, 12] and staggered DG schemes [55, 13], which are not yet
thermodynamically compatible in the sense of the HTC schemes presented in this paper.
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