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Abstract We present new invariant domain preserving finite volume schemes for the
compressible Euler and Navier—Stokes—Fourier systems. The schemes are entropy
stable and preserve positivity of density and internal energy. More importantly, their
convergence towards a strong solution of the limit system has been proved rigorously
in [9, 11]. We will demonstrate their accuracy and robustness on a series of numerical

experiments.
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1 Introduction

Numerical simulations of compressible flows find their applications in many
everyday problems, ranging from engineering, oceanography, meteorology to
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hemodynamics. Over the years a large variety of powerful numerical schemes has
been developed. Let us point out a few well-established and practical schemes, e.g.,
[1, 5, 6, 12, 16, 18, 19, 23, 25]. Despite of their practical success the rigorous
numerical analysis, in particular, in multiple space dimensions, is still open in gen-
eral.

In [13, 14] the concept of invariant domain preserving schemes for hyperbolic
conservation laws has been introduced. These methods satisfy some important struc-
ture preserving properties, such as positivity of some quantities, entropy production
or the minimum entropy principle. In our recent works [9-11] we have proposed
new finite volume schemes for the compressible Euler equations of gas dynamics,
compressible Navier—Stokes and Navier—Stokes—Fourier equations, respectively. Our
new finite volume methods belong to the class of the invariant domain preserving
schemes. Their properties further allowed us to study the convergence of the schemes
rigorously. More precisely, we proved a nonlinear variant of the Lax equivalence the-
orem: a consistent numerical scheme is convergent if and only if it is stable.

Of course, the compressible Euler and Navier—Stokes—Fourier equations are truly
nonlinear, thus we have to overcome difficulties arising due to nonlinear terms. To this
goal, we apply a concept of dissipative measure—valued solutions developed in [2, 3,
8] for the above mentioned systems, respectively. Indeed, the Young measures which
are the space-time parametrized probability measures replace the linearity setting.
They allow us to pass to the limit in nonlinear terms and show the convergence of
our finite volume schemes. A limit is in general only a measure, more precisely a
dissipative measure—valued solution. We refer a reader to [2, 3, 8] and [9-11] for
more details on its definition.

A crucial ingredient of our convergence analysis is the fact that we have the weak-
strong uniqueness principle for all systems mentioned above. More precisely, if the
strong solution exists our dissipative measure—valued solution coincides with the
former on its lifespan. Consequently, we get the strong convergence of our numerical
solutions to the strong solution in appropriate Lebesgue spaces. The main aim of
this paper is to illustrate experimentally the behavior of our new invariant domain
preserving finite volume schemes for compressible fluids, namely for the Euler and
the Navier—Stokes—Fourier systems, cf. [9, 11].

The gas dynamics of inviscid compressible flows is governed by the Euler equa-
tions

0;0 + div,m = 0,

oym +div,(m@u) + V,p =0,
0, E +div,((E + p)u) =0, (1)
where o, p, u, m = ou, and E represent the density, pressure, velocity, momentum
and the total energy of a fluid, respectively. Taking into account the viscous and heat

conducting effects yields the Navier—Stokes—Fourier equations

d;0 + div,m = 0,
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o,m + divy(m @ u) + V. p = div,S(D(w)),
0;(0e) + div, (oeu) — div, (k V) = S(D(w)) : Viu — pdiv,u, 2)

where the viscous stress tensor S reads

Veu + Vou

S(Dm)) = 2uD@) + Adiv,ul, D(u) = 7

The systems Eq. 1 and Eq. 2 are closed by the standard pressure law for a perfect
gas p = p(o, ) = oV, ¥ is the temperature. Denoting further e the specific internal
energy, s the physical entropy, y > 1 the adiabatic coefficient and ¢, = y% the

1
specific heat at constant volume we have

19(31/ 1 p
e(o, V) = c,v, s(o, V) =log =——7Iog|— ).
e y —1 o’

The total energy E = % '”?2 + oe consists of the kinetic energy and the internal energy.

Both systems Eq. 1 and Eq.2 are solved in the time-space cylinder (0, T) x €2,
Q C R?, d =2, 3. We assume that these systems are accompanied with appropriate
boundary conditions: either the periodic boundary conditions when the domain €2 is
identified with a flat torus, or the no-flux boundary conditions,

u|39-n=0, Vxl?~n=0
in the case of the Euler equations, see Eq. 1, or the no—slip boundary conditions,
ulpe =0

for the Navier—Stokes—Fourier system, see Eq.2. To close the formulation of the
problem we impose the initial conditions

. 1 |mo|?
U(0) = Uy, with gy > Oand Ey — -
2 0o

>0, 3)

where U = (g, m, E) or U = (g, m, ¥) for the Euler and the Navier—Stokes—Fourier
equations, respectively.

2 Finite Volume Schemes

We start by introducing the mesh, space discretization and suitable discrete spaces.
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2.1 Mesh and Space Discretization

Primary Grid. We suppose the physical space to be a polyhedral domain & C R?,
d =2, 3, that is decomposed into compact elements,

Q= «

KeT,

The elements K are sharing either a common face, edge, or vortex.

They can be chosen to be triangular, rectangular, or any combination of them. The
primary mesh 7, is assumed to satisfy the standard regularity assumptions, cf. [4,
7]. The set of all faces is denoted by X, while the set of faces on the boundary is
denoted by X,,,, and the set of interior faces by %;,; = X\ X.y;. Note that there is
no boundary if the flow is periodic:

You=0 and X, = X.

Each face is associated with an outer normal vector n. Let | K|, |o| be the Lebesgue
measure of an element K and a face o, respectively. We shall suppose

K|~ h?, |o| ~h' " forany K € T, 0 € X.

The parameter i € (0, 1) is the maximum element size, i.e., the size of the mesh 7},.

For the discretization of the Navier—Stokes—Fourier system, see Eq.2, we addi-
tionally require the primary grid 7}, to satisfy the following property: there is a family
of control points P, = {xg | xx € K, K € 7},}, such that the segment [xg, x,] for
any adjacent elements K and L is perpendicular to their common face 0 = K N L.
We denote by d, = (xk, x1) the Euclidean distance between the points xx and x,
in RY. This requirement is naturally satisfied by any rectangular mesh with P, being
the set of gravity centers of all elements. For a triangular mesh, we can use the well-
centered mesh [24], where P, is the set of circumcenters of all elements.

Dual Grid. For the theoretical analysis of our finite volume scheme for the Navier—
Stokes—Fourier system it is convenient to introduce a dual mesh D;,. A dual cell D,
associatedtoafaceoc = K N Lisdefinedas D, = Dy x U Dy 1, where Dy x (Do, 1)
is a triangle (tetrahedron) built by xx and the common vertices of K and L, see Fig. 1
for a two-dimensional example.

Discrete Function Spaces. We denote by O, and W), the set of piecewise constant
functions on the primary grid 7, and the dual grid D, respectively. Moreover, v;, €
QO (resp. v, € W,) means that each component of v, belongs to 9, (resp. Wp,).
Further, for a piecewise continuous function v, whenever x € o € X;,,, we define
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=
Dg k ﬁ Dy 1
b
Fig.1 Dual grid
v"(x) = lim v(x + én), v (x) = lim v(x — &n),
§—>0+ §—0+
in out

g(x) = M, [[vﬂ — vout(x) _ vin(x).

Upwind Flux. Given a velocity u;, € Qj, and a function r, € Qj,, we define for each
face o € X;;; the upwind flux

Uplrp, upl = r) uy -n = r)uy, - n]* + " [w, - nl~

1 _
=7, U, -n— §|uh -n|[ra],

where
fEIfl i ifuy, -n >0,
and r'? =
2 rovt ifu, -n < 0.

[f1* =

Furthermore, we define the numerical flux function
Fy(rn, wp) = Uplry, up,] — hP[r], 0 < B < 1.

Discrete Operators. For any r,, v, € O, and q, € W, we define the following
discrete gradient and Laplace operators
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Vp 1 Qn = Wi
1
Vorn =Y (Vpreln,, (Vpri)e = d—[[rh]]n,
0€X e
Vi i On = O
lof __
Virn =Y (Vg lk,  (Vark = Y K[
KeT, cedk
Ap:Qn— On
lo| [rn
Awrw =Y (Anr)k k., me=ZHﬁEL
KeT, ocdk 7

and discrete divergence operators

diVT . Wh — Qh

szmemL@wmzzmwm
KeT, ocdK
div, : Qp — O
. . . o] __
div, v, = Z (divyvp)glg, (divyoy)x = Z T
KeT, oedK | |

U
lehp 1 0n — Oy
lo]

diviP (o) = Y LgdiviP(on)g.  diviPeo)g = Y th(rh,vh).
KeT, ocedK

Further, the discrete symmetric gradient operator is given by

1
MWﬁMWﬂmvww

Note that the operators Vp and A, can be extended to vector-valued functions com-
ponentwisely. Let v, = (vy 4, ..., vs.1) € Q. Then we have

Vovy = (Vovins - Vovan) . Apvn = (Apvig, ..\ Apvan)

and

Io1 [u]
K| dy

1
(Voo = ——[oa] @1, (Awvi)x = >

oedK
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2.2 Numerical Scheme for the Euler System

We recall a semi-discrete finite volume scheme for the Euler system Eq. 1,

D, oy, + div)” (opus) = 0,
Dymy, + div,” Fy,(my, up) + Vi = h* ' Ajuy,

a—1

D, Ej, + div)’ FyEp, wyl + up, - Viopy + prdiveuy, = 5

Ap(uy),

| 2
Ch
The scheme was firstly introduced and studied in its weak form in our recent work

[9]. Hereafter we will refer to it as the FLM method.

where u, = 4, pp = (y — 1) (Eh -1 ) and D, stands for the time derivative.

Definition 1 (FLM method) Given the initial values (0o, mo n, Eon) € On X
O, x Qj, we seek a piecewise constant approximation (o, my,, Ep) € Q) x Qp %
Q) which solves at any time ¢ € (0, T'] the following equations:

/QDtQMPh dx — Z /Fh(Qh»uh)[[‘Ph]]de =0, V¢, € Oy, (5a)

o
O EZip

/QDzmh cppdx— Y /Fh(mhvuh) 1S — Y /ﬁ” (1] dSx

o
0€Tint 0€Tint

— e Y / [us] - [#,]dS., V ¢y € O, (5b)

OEXin

/QDth¢h dx — Z /Fh(Ehauh)[[¢h]]de_ Z /ﬁ[[ébhuh]]'"d&

0ETin OEZin

- hotfl
+ ) /Uphfﬁh[[uh]] ndSy = —— > /U[[uﬂ[[fi’h]]dsx, Vén € On. (50

oE€Xin 0EDin

The initial values can be obtained by a standard projection onto the space Qj,
1
ulr]l, = — | rdx forany K € 7,
K1 Jx

i.e. (0o,n, Mo, Eon) = (ITy[o0], i [mo], T1,[Eg]).

Remark 1 The FLM method in Eq. 5 can be also rewritten in the following per-cell
flux formulation
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lo|
Dok + Y i Frl@n wn) =0,

oedk
o] — aet o]
Dimy + 3 1er Ealmi ) + Fim) = h™' 3 ],
oedK oedK
o] _ W 5 ol
D.Ex + Z T4l Fp(Ep, up) + (ppun + ppuap) -n | = 3 Z m[[“i]]
ocdK oedK

forany K € 7, .

Remark 2 Our finite volume method is based on an upwinding, which naturally
yields a numerical diffusion. In addition we include a numerical diffusion of the
form hP+'A,ry,, where r, = o5, my,, Ej. Altogether this diffusion is of the form
(%|uh -n| + h#)h Ayr,. Note that we have an additional numerical diffusion term
h*Apuy and %h“ Aju} in the momentum and energy equation, respectively. In the
case the sound speed is larger than /#, the numerical diffusion w.r.t. A,ry is smaller
than that of standard numerical fluxes based on the Riemann problem solution.

It is truth, that we do not take a special care for the approximation of the con-
tacts. On the other hand, a better resolution can be achieved by introducing a linear
reconstruction and limiting to obtained second-order extension.

2.2.1 Properties of the FLM Method

For the rigorous convergence analysis of scheme in Eq. 5 a few important properties
are inevitable.

e Existence of numerical solution
The discrete problem Eq. 5 admits a solution (g, (¢), my(¢), E;(t)) € Qn X Q) X
Oy, for any t > 0. As shown in [9], the result follows from the standard theory of
ODEs and sufficiently strong a priori bounds.

e Conservation of discrete mass and energy
In a straightforward way it can be shown that

/Qh(f, ')dXZfQo,hdx=Mo>0,

Q Q
/Eh(t,-)dxszo_hdx=EO>o, r>0.
Q Q

e Positivity of the discrete density, pressure and temperature
For any fixed /, the approximate density, pressure and consequently also temper-
ature remain strictly positive on any finite time interval. We refer the reader to [9,
Sections 4.3, 4.4] for more details.
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e Discrete entropy inequality
The discrete (renormalized) entropy inequality in the sense of Tadmor is satisfied,
cf. [20, 21]. More precisely, it holds that

d
— | onx(n)®udx = Y [ Uplonx(sa), uall[®411dS,+
dr T o€Tin Y7

+ 2 [ (Te@xGitianl) + VGerGiilipall) @411dS:.

0E€Tins

where x is a non-decreasing, concave, twice continuously differentiable function

on R that is bounded from above. For the derivation and proof see [9, Section 3.2].
e Minimum entropy principle

The discrete physical entropy s, = log (1?;" / Qh) attains its minimum at the initial

time, cf. [13, 22], i.e.,

sp(t) > 59, t >0, where — 00 < 59 < min sy (0).

The entropy is either constant or produced over time, thus the second law of
thermodynamics holds. See [9, Section4.2] for more details.

Clearly, the FLM method belongs to the class of invariant domain preserving schemes
introduced in [13, 14]. Based on the above properties the following convergence
result for the FLM method was proved in [9].

Theorem 1 (Convergence of the FLM method) Let the initial data (09 5, mo p,

Ey. ) satisfy
1 mg )

0. >0>0, Egp— = > 0.
= 2 Qo

Let (o, my, Ey) € Qn X Qp X Qy, be the solution of the scheme Eq. 5 such that
4
0</3<1,0<a<§,

and
0< 0= on(t), (1) < Efor all t € [0, T] uniformly for h — 0.

Then the family of approximate solutions {o,, my, E;},~0 generates a dissipative
measure—valued (DMYV) solution of the complete Euler system Eq. I in the sense of

[2].

Let us point out thata DMV solution of the Euler system is a time-space parametrized
probability measure, i.e. the Young measure. The expected values of density and
entropy with respect to this Young measure satisfy the corresponding weak formula-
tion of mass conservation and entropy inequality, respectively. The weak formulation
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for the expected value of the momentum allows a concentration defect that is con-
trolled by the dissipation in the energy balance. The energy conservation is relaxed
and the expected value of the energy dissipates in time, see [2] and [9].

Furthermore, evoking the DM V—strong uniqueness result proved in [2, Theorem
3.3] we obtain the following strong convergence result.

Theorem 2 (Strong convergence of the FLM method) In addition to the hypothe-
ses of Theorem 1, suppose that the complete Euler system Eq. I admits a Lipschitz—
continuous solution (o, m, E) defined on [0, T'].

Then

on — 0, my — m, E, — E (strongly) in L'((0, T) x ).

In Sect. 3 we will illustrate numerical behavior of the FLM method on a series of
well-known benchmarks. In what follows we recall the extension of the FLM method
to the finite volume method for the Navier—Stokes—Fourier system introduced in [11].
It turned out that for the convergence analysis of the latter system it is more convenient
to work with the temperature formulation instead of the internal energy in the last
equation of Eq. 2.

2.3 Numerical Scheme for the Navier—Stokes—Fourier System

Having introduced the notation in Sect.2.1, we now present a semi-discrete finite
volume approximation of the Navier—Stokes—Fourier (NSF) system Eq. 2,

Dyoj + div,” (onup) = 0,
D, (onup) + divy,” (0ntn, up) + Vi pp = 2udivy, Dy (uy) + AV,divyuy,
co Dy (QnPn) + cudivy” (0n Dy, un) — k Aty
=20 Dy (up)* + A |divyun)* — prdiviuy.

Note that a fully discrete (implicit in time) version of this scheme was analyzed in
our work [11].

Definition 2 (Finite volume (FV) method for NSF) Given the initial values
(00.n> Wo.ns Von) € Qn X Qn X Qp, we seek a piecewise constant approximation
(on, up, 9p) € Qn x Qp x Qp which solves at any time ¢ € (0, T'] the following
equations:

[pevtiar— Y [ Fenunlonlds, 0. Vo 01 (6)
Q

g
OETin
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[ D #yax = 3 [ Futouun ) 91ds, - [ pucivigs, d
Q o Q

0E€Xins

= —2#/ Dh(uh) : Vh¢h dx — )\/ dthuhdth¢h dx, V¢h € Qh, (6b)
Q Q

Cv/ D;(or™y) ¢pdx — ¢, Z /Fh(Qhﬁh,uh)[[fﬁh]]de —K/ ARy ¢ dx
Q o Q

TED

= [ @Dy P+ 3 divian P = pucivian), dx. Vo € 01 (60)
Q

Remark 3 Letus point out that the /%~ !-terms in Eq. 5b and Eq. 5c yield an additional
diffusion and make the FLM method a particular vanishing viscosity approximation
of the Euler system. Since the physical viscosity is naturally included in the Navier—

Stokes—Fourier system, we do not need to include the additional diffusion in Eq.
6.

Remark 4 The numerical scheme in Eq. 6 can be also rewritten in the usual finite
volume formulation for any K € 7,

o]
Dok + Z th(th u) =0,
ogedK

o] _
Di(ouw)k + Y %] Enl@utn. ) + Pin)
oedK

= Z li{(' (Z/LDh(u;,) -n+ Adivhuhn),
<7€3K| |

D,
Cth(Qﬂ)K + Z |_ (chh(Qhﬂhv uh) - K[[dh]]>

ol
oedK K| o

lo| 2 . ) .
= Z K| (2u Dy ()% + A divyuy i — pi(diviaug)k) .
oecdK

2.3.1 Properties of the FV Method for NSF

Analogously as in the inviscid case for the convergence analysis it is fundamental
that our numerical scheme fulfills some invariant domain preserving properties. In
[11] we have proved the following:
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e Conservation of discrete mass
One can easily show that

/Qh(fw)dX=/Qo,hdx=1\7lo>0, t>0.
Q Q

e Non-negativity of the discrete density

The approximate density remains non-negative on any finite time interval.
e Discrete total energy dissipation

Let (o5, un, v3) € Qn X Qn x Qp be a solution to Eq. 6. Then

Ey(t) < Eo, t 20,

where

1
En(t) = /Q (EQh(I)|uh(t)|2 +Cth(t)1‘/‘h(t)) dx.

See [11, Theorem 3.1] for the proof.
e Discrete entropy inequality
The scheme in Eq. 6 is entropy stable. It holds that

1
/ D, (thh) dx > — / kVpvy, - VD<—> dx
Q Q U

1 2 0 idiven. 2
+ (2uID(up)|? + Aldivaus)?) dx,
Q Un

see [11, Lemma 3.4].

Remark 5 Note that the above properties shown in [11] for a fully discrete implicit
in time version of scheme Eq. 6 can be proven in a straightforward manner for the
semi-discrete scheme presented here.

The structure preserving properties listed above, together with the assumptions on
uniform boundedness of the discrete density and temperature, are sufficient to derive
suitable a priori estimates and consistency formulation of scheme Eq. 6 which are
inevitable for the convergence of its solutions. We now recall the convergence results
proved in [11].

Theorem 3 (Convergence of the FV method for NSF) Let the initial data satisfy
the assumptions

0<0<00n=<0, 0<B <0ou<?, luonll> <,

for some positive constants o, 0, U, O, u. Let (on, On,up) € Qn X Qp X Qy, be the
solution of the finite volume scheme Eq. 6, satisfying the assumptions
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0< 0= on() <0,0 <8 <@ < Euniformlyforh — 0,andallt € (0, T).

Then the family {oy,, Oy, up, Dp(uy), VpUnln=o generates a DMV solution of the
Navier-Stokes—Fourier system Eq. 2 in the sense of [3].

Analogously as for the inviscid flows a DMV solution is the Young measure.
Expected values of density, momentum, energy and entropy satisfy appropriate gen-
eralized formulation of Eq.2. Further, applying the DM V—strong uniqueness prin-
ciple established in [3, Theorem 6.1] and [11, Theorem 5.5] we have the following
strong convergence result.

Theorem 4 (Strong convergence of the FV method for NSF) In addition to the
hypotheses of Theorem3 assume that {V; x}.x)e©.1)xe is a DMV solution of the
Navier-Stokes—Fourier system Eq. 2 in the sense of [3] such that

Vi {0<g_955, 9 <7, |ul gﬁ} —1foraa (t,x) € 0,T)xQ (7

for some constants o 0, ¥, and W. Let, moreover,
VO.x = 590(1),00()6).”0()[) fOl’ a.da. x € Q,

where (0q, U9, Ug) belongs to the regularity class

00. %0 € W*(R), 0o, Do > 0 in Q. uy € Wy*(Q: RY). ®)
Finally, suppose that the Navier—Stokes—Fourier system Eq.2 is endowed with the
initial data (09, O, ug) satisfying Eq. 8. Let (oy, Oy, uy,) be the solution of the finite
volume scheme Eq. 6, and in addition,

luy ()| < u uniformly for h — 0 andall t € (0, T).

Then

on = o (strongly) in L” ((0, T) x ),
Wy — O (strongly) in L? ((0, T) x ),
uj, — u (strongly) in L ((0, T) x ; RY), p € [1, 00),

where (o, U, u) is a strong (classical) solution of the Navier—Stokes—Fourier system.
3 Numerical Experiments

In this section we demonstrate the performance of both finite volume methods, the
FLM method, see Eq. 5, for the Euler equations, and the finite volume method, see
Eq. 6, for the Navier—Stokes—Fourier equations.
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For time discretization we use the forward finite differences which yield the
explicit finite volume scheme for the Euler system. Diffusive fluxes in the Navier—
Stokes—Fourier equations are approximated by the backward finite differences
and thus implicitly in time. For stability reasons, we set the time step as At =
min{At,, Atp} in each sub-iteration. The first term arises from the CFL stability
condition: Az, = CFL i/ max{|u| + ¢}, ¢ = +/¥. In our numerical simulations we
set CFL = 0.5 if not explicitly claimed otherwise. The second term is due to the
parabolic regularization: At, = h'=#/(2d).

3.1 Numerical Experiments for the FLM Method

3.1.1 Experimental Order of Convergence (EOC)

We aim to validate the theoretical result on the convergence of o, m, E presented in
Theorem 2 by computing the corresponding norms of numerical errors

”f = Jrer ” LIL!

, € {o,m, E},
ol 2 Slem®

lesll =

where L!L! is a shortening for L!(0, T; L'(€2)). Analogous notation is used for
other Bochner spaces below. Additionally, we also provide the numerical errors of
the velocity w in L? L2 —norm and pressure p in L>° L! —norm. The reference solution
is the exact solution to Eq. 1

sin(7rt) 1
Oref =2+ cos(2mx), Uy = m <_1> ,

Drer = (24 cos(2mx))(2 + sin(2mx)), x €[0,1].

9)

Settingy = 1.4, « = 1.3, 8 = 0.2 and CFL = 0.6, we observe the first order con-
vergence rate for the FLM method, see Table 1.

Table 1 Relative errors and EOC for the FLM method at time ¢t = 0.1
h llegll EOC |lem || EOC llegll EOC lea|| EOC llepll EOC
1/32 9.00e—03 - 4.15e—02 - 1.21e—02 - 5.75e—02 - 1.94e—02 -
1/64 4.05e—03 1.15 1.88e—02 1.14 5.40e—03 1.16 2.65e—02 1.12 8.74e—03 1.15
17128 1.81e—03 1.16 8.36e—03 1.17 2.41e—03 1.16 1.20e—02 1.14 3.94e—03 1.15
1/256 8.07e—04 1.17 3.71e—03 1.17 1.08e—03 1.16 5.41e—03 1.15 1.78e—03 1.15
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Table 2 Initial data of 1D tests

Test oL ur, PL OR UR PR Tinax Xm
1 1.0 -2.0 0.4 1.0 2.0 0.4 0.15 0.5
2 1.0 0.0 1000.0 1.0 0.0 0.01 0.012 0.5
3 1.4 0.0 1.0 1.0 0.0 1.0 2.0 0.5
4 1.4 0.1 1.0 1.0 0.1 1.0 2.0 0.5

3.1.2 1D Benchmark Problems

We test one-dimensional Riemann problems studied in [15, 23] with the initial data

(or,ur, pr) if0=<x <x,,

@D = nsun pr) i <3 < 1,
with the corresponding values presented in Table 2.

Test 1 has a weak solution consisting of two rarefaction waves and it is typically
used for checking the positivity of density; Test 2 is designed for strong shock;
Test 3 and 4 are designed to capture stationary contact waves. We set y = 1.4,
B = 0.2 and aim to show the numerical performance of the scheme Eq. 5 on the
domain Q = [0, 1] with mesh size & = 1/400. First, we present in Fig. 2 the results
of numerical simulations for different choices of «, that is the parameter appearing
in the artificial diffusion terms in Eq. 5b and Eq. 5¢c. Secondly, we show in Fig. 3 the
comparison of the numerical solutions obtained by the FLM method with that of the
HLL finite volume method [23].

3.1.3 2D Benchmark Problems

Now we test the two-dimensional Riemann problems studied in [15-17] with Q =
[—1, 1]*. Boundary values are obtained by extrapolation of conservative variables
(o,m, E).

Test 1: circular two-dimensional Sod problem with the initial data

( ) (1.0,0,0,1.0), |x] <0.4,
9 u b u b =
QUL PI=010.0,0.0.1), else.

Figure4 displays the contour lines of the numerical solution of density, velocity
components, and pressure at time ¢+ = 0.2 which are in a very good agreement with
the results presented in literature, cf., e.g., [23].

Test 2: two-dimensional benchmark Riemann problem consisting of two moving
shocks and two standing slip lines. The initial values are set as
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2 0.4 -
0 0.2
2 0
0 0.5 1
X X X
20 1000
10 500
0 L 0
0 0.5 1 0 0.5 1
X X
0.1 2
112 0 1
L 0
1 L 01
0 0.5 1 0 0.5 1 0 0.5 1
X X X
1.4 ——————— 0.2 2
i
1
1.2 0.1 1
\
1 A 0 0
0 0.5 1 0 0.5 1 0 0.5 1
X X X

Fig. 2 1D tests: from top to bottom are Tests 1 to 4, from left to right numerical solutions of g,
u, p. The solid blue lines represent solutions obtained by the exact Riemann solver. The dotted
red lines and the dashed black lines are solutions obtained by the FLM scheme with o = 1.5 and
a = 3, respectively

(0.5313,0,0.7276,0.4), x >0,y >0,
(1.0, 0.7276, 0, 1.0), x<0,y>0,
(0.8,0,0,1.0), x <0,y <0,
(1.0, 0,0.7276, 1.0), x>0,y <O.

(0, u1,us, p) =

Figure 5 shows the numerical solution for density and pressure for different CFL
numbers. Numerical solutions obtained by the FLM method are in good agreement
with the results presented in literature, see, e.g., [16].

Test 3: two-dimensional Riemann problem with the initial condition
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1 2 0.6
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0.5 0
0.2
0 -2 0
0 0.5 1 0 0.5 1
X X
8 30 1000 -
6 20 500
4 10
2 0 et 0
0 -10 -500
. 0.5 0 0.5 1
X X X
1.4 ——— o 2107 1.00000004
Y
) -0.5
() 3 ‘ 1.00000002
t i
\
1 *- -1.5 1
0 0.5 A 0 0 1
X X
1.4 - 1
3
‘\, 0.099995 0.999995
1.2
".t 0.09999 0.99999
1 e ; # 0.999985
0 0.5 1 00999850 0.5 1 0 0.5 1
X X X

Fig. 3 1D tests: from top to bottom are Tests 1 to 4, from left to right numerical solutions of o, u,
p. The solid blue lines, the dotted red lines and the dashed black lines are solutions obtained by the

exact Riemann, HLL, and FLM (« = 1.5) solvers, respectively

(1.1,0,0, 1.1), x>0,y>0,

(0.5065, 0,0.8939,0.35), x <0,y >0,
(0, ui,uz, p) =

(1.1,0.8939,0.8939,1.1), x <0,y <0,

(0.5065, 0,0.8939,0.35), x>0,y <O0.

In this configuration there are two forward moving shocks and two backward moving
shocks. Figure 6 depicts the contour lines of the numerical solution of density, velocity
components, and pressure at time t = 0.25. We can again confirm that the numerical
solution is in good agreement with the results presented in the literature, cf., e.g.,
[16].
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0.5

-0.5

(c) uz @p

Fig. 4 Test 1: Sod problem solution on rectangular mesh iy = hy = 0.05 witha = 1.5, 8 =0.2
attime t = 0.2

3.2 Numerical Experiments for the FV Method for NSF

3.2.1 Experimental Order of Convergence (EOC)

Our aim in this section is to validate theoretical results on the convergence of g, u, ¥
presented in Theorem4 by computing the numerical errors

||f - fref”L?LZ

, clo,u,?d}, g=1,2.
oegle 1 Slom?hd

lesll =

Here the reference solution is the same as in Eq.9. Thus, we have a manufactured
exact solution with a suitable external force in the momentum and energy equa-
tion. Setting 4 =X =« =1, § =0.2 and CFL = 0.6 we observe the first order
convergence rate for the scheme Eq. 6, see Table 3. We can observe the first order
convergence on rectangular as well as triangular mesh.
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0.5
0
0.5 X
05 0 05 05 0 05
(a) CFL = 0.6 (b) CFL = 0.3
05 0.5
0 0
0.5 0.5
05 0 05 05 0 05
(¢) CFL = 0.6 (d) CFL = 0.3

Fig. 5 Test 2: solution of ¢ (upper row) and p (lower row) on rectangular mesh h, = hy = 0.05
with = 1.5, 8 = 0.5 at time r = 0.52

Table 3 Relative errors and EOC for the FV method for NSF at time r = 0.1

h leel [eoc  [lewl [roc  [feg] [roc [feo] [Eoc  [lleul [Eoc [ep] |eoc
L0, T) x ©)-norm L2((0, T) x 2)-norm
Rectangular mesh
32 2.09—02 | - 224e—02 | - 1.27e—02 | - 2.52e—02 | - 271e—02| - 1.49e—02 | -
64 9.51e—03 | 1.14 1.06e—02 | 1.08 5.78¢—03 | 1.13 1.15e—02 | 1.12 1.31e—02 | 1.05 6.84e—03 | 1.12
128 4.27e—03 | 1.16 4.87e—03 | 1.12 2.60e—03 | 1.15 521e—03 | 115 6.10e—03 | 1.10 3.09e—03 | 115
256 1.90e—03 | 1.16 221e—03| 1.14 1.16e—03 | 1.16 2.34e—03 | 1.16 2.80e—03| 1.12 1.38e—03| 1.16
512 8.49e—04 | 1.17 9.98¢e—04 | 1.15 5.20e—04 | 1.16 1.05e—03 | 1.16 1.27e—03 | 1.14 6.19e—04 | 1.16
Triangular mesh
1/32 9.17e—03 | - 1.23e—02 | - 4.90e—03 | — 1.10e—02 | - 1.60e—02 | — 5.82e—03 | -
1/64 4.02e—03 | 1.19 6.68¢—03 | 0.89 2.43e—03 | 1.01 4.83e—03 | 1.18 8.79e—03 | 0.87 2.92e—03| 0.99
1/128 1.78¢—03 | 1.18 4.10e—03 | 0.70 1.20e—03 | 1.02 2.13e—03 | 1.18 5.44e—03 | 0.69 1.45¢—03 | 1.01
11256 7.92e—04 | 1.17 2.99e—03 | 0.46 5.87¢e—04 | 1.03 9.50e—04 | 1.17 3.94e—03 | 0.46 7.19e—04 | 1.01
1/512 3.56e—04 | 1.15 2.53e—03 | 0.24 2.89e—04 | 1.02 4.27e—04 | 1.15 3.31e—03| 0.25 3.57e—04 | 1.01
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-0.5 0 0.5 -0.5 0 0.5
@e (b) uy

-0.5 0 0.5 -0.5 0 0.5
(¢) uz @p

Fig. 6 Test 3: solution of o, uy, u2, and p on rectangular mesh i, = h, = 0.05 at time t = 0.25

3.2.2 2D Benchmark Problems

Test 4: Circular shock problem.

We again test the two-dimensional Sod problem using the same initial data as in the
first experiment of Sect.3.1.3 with © = A =k = 0.001 and CFL = 8 = 0.6. The
contour lines of the numerical solutions are shown in Fig. 7. Small viscosity effects
can be noticed but overall the numerical solutions for inviscid and viscous case are
similar as expected.
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@ (b) ua

(©) u2 (@9

Fig. 7 Test 4: Circular shock solution on rectangular mesh 2, = h, = 0.05 at time r = 0.2

Test 5: Gresho Vortex problem with the initial data [15]

(5r, 5+ 12.5r%) r <0.2,
wu, p)(r) =132 —5r, 9—41n0.2+12.5/2 —20r +4Inr) 02 <r < 0.4,
0, 3+4In2) r > 04.

Figure 8 displays the contour lines of the numerical solutions obtained by the scheme
Eq. 6 with the parameters u = A = k = 0.01, and CFL = 8 = 0.6 at time ¢ = (0.2.
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@e (b) uy

(€) u2 @7

Fig. 8 Test 5: Gresho vortex solution on rectangular mesh s, = h, = 0.05 at time t = 0.2

Conclusion

We have presented behavior and performance of two new convergent finite volume
methods for compressible fluids, both inviscid and viscous. These new finite volume
methods satisfy some important invariant domain preserving properties, such as the
minimum entropy principle, mass and energy conservation, positivity preservation,
total energy dissipation and entropy production. These are crucial for showing the
stability and consistency of the schemes. In the framework of a nonlinear version of
the Lax equivalence theorem, see [9, 11], these properties directly imply the strong
convergence of numerical solutions to a strong solution on its lifespan. Our numerical
experiments presented in Sect. 3 confirm these theoretical convergence results.
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