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INVARIANT DOMAIN PRESERVING CENTRAL SCHEMES FOR
NONLINEAR HYPERBOLIC SYSTEMS*

BOJAN POPOV! AND YUCHEN HUA?

Abstract. We propose a central scheme framework for the approximation of hyperbolic systems
of conservation laws in any space dimension. The new central schemes are defined so that any convex
invariant set containing the initial data can be an invariant domain for the numerical method. The
underlying first-order central scheme is the analog of the guaranteed maximum speed method of [J.-
L Guermond and B. Popov, SIAM J. Anal., 54(4):2466-2489, 2016] adjusted to the finite volume
framework. There are three novelties in this work. The first one is that any classical second-order
central scheme can be modified to satisfy an invariant domain property of the first-order scheme via
a process which we call convex limiting. This is done by using convex flux limiting along the lines of
[J.-L Guermond, B. Popov and I. Tomas, Comput. Meth. Appl. Mech. Engrg., 347:143-175, 2019].
The second novelty is the design of a new second-order method based on slope limiting only. The new
local slope reconstruction technique is based on convex limiting so that the cell interface values are
corrected to fit into a local invariant domain of the hyperbolic system. This new type of slope limiting
depends on the hyperbolic system and to the best of our knowledge is the only one to guarantee local
invariant domain preservation. Both schemes, flux and slope limiting based, are shown to be second-
order accurate for smooth solutions in the L°°-norm and robust in all test cases. The third novelty is
a new second-order method based on the MAPR limiter from [I. Christov and B. Popov, J. Comput.
Phys., 227(11):5736-5757, 2008] and adaptive slope limiting in the spirit of [A. Kurganov, G. Petrova
and B. Popov, STAM J. Sci. Comput., 29(6):2381-2401, 2007] but based on an entropy commutator.
This new method can be used as an underlying high-order method and combined with convex flux
limiting to guarantee a local invariant domain property. The time stepping of all methods is done by
using strong stability preserving Runge-Kutta methods and the invariant domain property is proved
under a standard CFL condition.

Keywords. nonlinear hyperbolic systems; Riemann problem; invariant domain; second-order
method; convex limiting; finite volume method; central schemes.
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1. Introduction

We consider Godunov-type approximations of nonlinear hyperbolic systems of con-
servation laws. There are two types of Godunov-type schemes: upwind and central. In
general, the upwind-type schemes are considered to be less diffusive and with sharper
resolution than the central schemes. However, they are based on exact or approximate
Riemann solvers and some of them can be very expensive, especially in the multidimen-
sional case. Central schemes are more efficient because they require only an estimate
on the local speed of propagation at each interface and their overall complexity for
achieving given accuracy tends to be smaller, see for example [19,20]. Moreover, there
are no Riemann solvers or characteristic decomposition involved which makes them
a universal tool for a wide variety of problems. The goal of this work is to develop
new central schemes which are robust in the sense that they preserve the invariant do-
main properties of the underlying hyperbolic system and at the same time keep the low
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computational complexity of the central framework. The new methods being invariant
domain preserving means that they are: (i) robust when the solution is close to the
boundary of the admissible set of the hyperbolic system, for example vacuum states for
the Euler equations; (ii) naturally reduce oscillations by imposing local convex limiting.
Moreover, the methods remain second-order accurate in all numerical tests after the
local convex limiting process (flux or slope limiting). A high-order method can be made
invariant domain preserving by adapting the convex flux limiting process developed in
the finite element framework in [11,12] to the central scheme setup. This is not a big
novelty but it has not been done in the finite volume context. We present it here with
all details so that practitioners can use it and make an existing finite volume method
more robust. Note that we impose local convex limiting on the numerical solution in
contrast with many existing positivity preserving methods. For example, the bound
preserving limiting developed by [25] for the Euler system is very different from the
convex limiting used here and in [11,12]. Namely, in contrast to [25] we check and
correct the local second-order method to fit into a local convex set in phase space: we
limit density, internal energy and specific entropy using local values. In the positivity
preserving limitation, see (3.5) and (3.7) in [25], the corrections are only active when
the local values are close to a global numerical vacuum state (defined to be 10~ for
the density and pressure) of the Euler system. Away from this numerical vacuum the
limiters in (3.5) and (3.7) in [25] are not active, hence some other limitation, typically
limiting local variation of the solution, is used to make the method stable.

We develop two new versions of the Kurganov-Tadmor (KT) scheme, see [19], which
are invariant domain preserving. The first new scheme we propose is based on a MAPR
style limiter [2], an entropy commutator used for adaptive limiting, see §3.3.2, and
convex flux limiting (see §4.2) to make the scheme invariant domain preserving. The
MAPR style limiting allows for second-order accuracy for smooth solutions in the L>°-
norm, adaptive limiting is essential for problems with nonconvex fluxes [21] where phase
transition is present, and convex flux limiting, see Algorithm 1, guarantees robustness of
the method. The entropy commutator simplifies the adaptive limiting process from [21]
and makes the process universal for any hyperbolic system with an entropy. This scheme
seems to have the best performance in all tests we considered. The second scheme
that we propose is based on an invariant domain preserving slope limiter, see §4.3.
That scheme is formally second-order accurate and there is no need to do any extra
limitations, the invariant domain is preserved because of the new convex slope limiting,
see Algorithm 2. This is a brand new way to do slope limiting because it depends on the
hyperbolic system at hand. For scalar equations, the local invariant domain property
reduces to local maximum principle preservation and the resulting methods are not
new. However, when dealing with systems, the local limitations are not related in any
way to maximum principle. The goal of the limiting process is to put the interface
states into a local convex set in phase space and this is the only tool used to define
and reduce oscillations. All local sets used for limitations are extracted from the so-
called bar states, see (3.7), which are averages of exact solutions of “fake” Riemann
problems. This is similar to the finite element approach in [11,12]. We are unaware
of any other slope limiting methods which guarantee local invariant domain property
for any hyperbolic system under a standard CFL and keeps the second-order accuracy
of the method. Moreover, this is the most cost efficient method we propose. The
paper is organized as follows. The problem is formulated in §2. The central scheme
settings are introduced in §3. The quasiconcave limitation is presented in §4. The new
invariant domain preserving schemes are also detailed in this section. The main results
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of this section are Lemma 4.2, Theorem 4.1, and Lemma 4.4. The performance of the
proposed methods is illustrated in §5. In both cases, flux or slope convex limiting, we
observe in all numerical tests that the extra cost of convex limiting is not dominating
and the convex limiting process does not deteriorate second-order accuracy for smooth
solutions. Moreover, both schemes are simple to implement, parameter free, robust, and
can be applied without any changes for various hyperbolic systems, for example when
phase transitions are present and near vacuum states. In principle, this methodology
can be extended for more general second-order finite volume type schemes (which only
evolve cell averages in time) on unstructured meshes. However, a general approach for
arbitrary unstructured meshes will overcomplicate the presentation of the methods, the
description of the local limitations and make the resulting schemes difficult to use in
practice.

2. Preliminaries

The objective of this section is to introduce the notions of nonlinear hyperbolic
systems, Riemann problem and the concept of stability for systems, i.e., the invariant
domain property. The reader who is familiar with the notions of invariant domains
and Riemann problems may skip this section and go directly to §3. Our definitions of
invariant sets and domains are identical to the ones in [6].

2.1. Nonlinear hyperbolic systems. Let d and m be the space dimension and
we consider the following hyperbolic systems in conservation form

u(x,0) =ug(x) 1)

{ Ou+V-f(u)=0, for (z,t) eRIx R,
where the variable u takes value in R™ and the flux f takes value in (R™)% and
we consider w as a column vector w=(u1,...,uy,) . The flux is a matrix with
entries f;;(u),1<i<m,1<j<d and V-f is a column vector with entries (V-f);=
Zlgjgda(xj)fij. For any n=(ny,...,nq) €RY, we denote f(u)-n the column vector
with entries >, ;4 fij(u), where i€ {1:m}.

To simplify questions regarding boundary conditions, we assume that either periodic
boundary conditions are enforced, or the initial data is compactly supported or constant
outside a compact set. In both cases we denote by D the spatial domain where the
approximation is constructed.

We assume that (2.1) is such that there is a clear notion for the solution of the
one-dimensional Riemann problem. Namely, we assume that there exists an admissible
set ACR™ such that the following one-dimensional Riemann problem is (uniquely)
solvable

v, ifz<0

2.2
vr ifz>0 ( )

v+ 0, (f(v)n)=0, (x,t)eRxRy, v(:c,O):{

for any unit vector n € R? and any Riemann pair (vy,vg) in A2. An important property
of the Riemann solution is that it has finite speed of propagation A\pax(n,ur,ur).
Namely, for any ¢ >0 we have
v if 2 <—tApax(n,ur,u
o(e )= ok TSt hma(n s, ug) (2.3)
VR, if x > t)\max(nvuLvuR)~

We assume also that there exists a convex subset A of A, which we call invariant set,
such that for any Riemann pair in A, the average of the Riemann solution over the
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Ri fan [PmexMuLun) 0 4y dy s also in A for all (z,t) € RxRy. The exist

iemann fan f_t/\max(nvuL,uR)v(a:, )dx is also in A for all (z,t) e RxR. The existence
of such a set has been established by [3] on a very large class of hyperbolic systems.

The following elementary result is a well-known consequence of (2.3), see e.g., [6,
Lem. 2.1].

LEMMA 2.1. Let up,ug€ A, let u(n,ur,ur) be the Riemann solution to (2.2), let

1
u(t,n,ur,uR) ::ff%u(n,uL,uR)(x,t)dx and assume that tAmax(n,ur, ur) < %, then

@t mwg ) = 3 (g + ) — 6 ()~ Fr) ). (24)

2.2. Invariant sets and domain. Following [6], we introduce the notions of
invariant sets and invariant domains. We associate invariant sets only with the solutions
of Riemann problems and define invariant domains only for an approximation process.

DEFINITION 2.1 (Invariant Set). We say that a set ACACR™ is invariant for
(2.1) if for any pair (ur,ur) € Ax A, any unit vector n € S4=1(0,1), and any t >0, the
average of the entropy solution of the Riemann problem (2.2) over the Riemann fan,

At o
say, Mf/\;"; u(n,up,ugr)(x,t)dz, remains in A.

We now introduce the notion of invariant domain for an approximation process.
Let X, C L*(R%4R™) be a finite-dimensional approximation space and let Sy : X, 3
up— Sp(up) € X, be a discrete process over X p,. Henceforth we abuse the language by
saying that a member of X, say uy, is in the set A C R™ when actually we mean that
{up(z)|z R} C A.

DEFINITION 2.2 (Invariant Domain). A convex invariant set AC ACR™ is said to
be an invariant domain for the process Sy if and only if for any state up, in A, the state
Sp(up) is also in A.

For scalar conservation equations the notions of invariant sets and invariant domains
are closely related to the maximum principle, see §2.2.1. In the case of nonlinear systems,
the notion of maximum principle does not apply and must be replaced by the notion
of invariant domain. For example, the invariant domain theory when m=2 and d=1
relies on the existence of global Riemann invariants, the best known examples are the
hyperbolic systems of isentropic gas dynamics in Eulerian and Lagrangian form, see [6]
for details. For results on general hyperbolic systems, we refer the reader to [3,4,15].

Here, we will illustrate the abstract notions of invariant sets and invariant domains
with some examples which are used in this paper.

2.2.1. Example 1: scalar equations. Assume m=1 and d is arbitrary,
i.e., (2.1) is a scalar equation. Provided f € Lip(R;R%), any bounded interval is an
admissible set for (2.1). For any Riemann data ur, ugr, the maximum speed of
propagation in (2.3) is bounded by Amax(ur,ur) :=|f 1|Lip(umin,umayx) WHETe Umin =
min(ur,ur), Umax =max(ur,ur). If f is convex and is of class C', we have
Ao (107) =max((r- £ ()| - f (wr)]) if - flur) <n- flug) and (g, ) =
n-(f(ur)— f(ugr))/(ur —ugr) otherwise. Any interval [a,b] CR is admissible and is an
invariant set for (2.1), i.e., if ug,ur, €[a,b], then a <u(n,ur,ur)<b for all times, i.e.,
any interval [a,b] is an invariant domain for any numerical scheme which satisfies a local
maximum principle property.
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2.2.2. Example 2: p-system. The one-dimensional motion of an isentropic gas
is modeled by the so-called p-system. In Lagrangian coordinates the system is written
as follows:

{@v—&-@wu:(), (2.5)

Ou+0yp(v)=0, for (x,t)eRxRy.

The dependent variables are the velocity u and the specific volume v, i.e., the reciprocal
of density. The mapping v+ p(v) is the pressure and is assumed to be of class C?(R*;R)
and to satisfy

p' <0, 0<p”. (2.6)
A typical example is the so-called gamma-law, p(v) =rv7, where >0 and v >1. Using
the notation u = (v,u) T, any set AC (0,00) X R is admissible. Using the notation du :=

v/ —p'(s)ds, and assuming f1°°<oo, the system has two families of global Riemann
invariants:

wl(u)u+/voodp, and wg(u)u/:odu. (2.7)

Note that floo dp<oo if y>1. Let a,b€R, then it can be shown that any set Ay €
R, xR of the form

Agp ={ueR; xR|a<wsy(u),w;(u) <b} (2.8)

is an invariant set for the system (2.5), see [15, Exp. 3.5, p. 597]. Moreover, Ay is
an invariant domain for the LxF scheme, [14, Thm. 2.1] and [15, Thm. 4.1], and the
guaranteed maximum speed method of [6].

2.2.3. Example 3: Euler equations. Consider the compressible Euler equa-
tions:

p m
0ic+V-(f(e))=0, e=|m|, fle)=|mL+pl]. (2.9)
E 2 (E+p)

where the independent variables are the density p, the momentum vector field m and

m

the total energy E. The velocity vector field w is defined by u:= o and the internal

energy density e by e:=p 1 E— §||u||§2 The quantity p is the pressure. The symbol 1

denotes the identity matrix in R%. Let s:=s(p,e) be the specific entropy of the system,
and assume that —s is strictly convex as a function of 7:=1/p and e. It is known that

Ari={(p,m,E)|p>0,e>0,s>r} (2.10)

is an invariant set for the Euler system for any r € R. For example, it is shown in [4, Thm.
7 and 8] that the A, is convex and is an invariant domain for the staggered Lax-Friedrichs
scheme. The non-staggered Lax-Friedrichs scheme and the guaranteed maximum speed
(GMS) first-order scheme from [6] are also invariant domain preserving.
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3. Central schemes

In this section, we introduce the analog of the first-order invariant domain preserving
scheme from [6] adopted to the central framework and the corresponding second-order
invariant domain preserving central scheme. Both of these schemes are derived from the
semi-discrete Kurganov-Tadmor scheme, see [19]. For more details on central schemes
we refer the reader to [19,20]. Following [19], we restrict our presentation to the case of
one and two space dimensions. However, it is not difficult to derive the analogous results
in arbitrary space dimension on rectangular meshes. We start with the one-dimensional
setup.

3.1. First-order central scheme. We first consider the case of one space di-
mension.

{ Ou+ 0, f(u)=0, for (z,t) eERx R4 (3.1)

u(x,0) =up(x)

We assume that the space discretization is uniform. That is, we set the cell centers to
be z;:=jAz, j€Z, and assume that the approximate solution " (z) ~u(z,t") at time
t" is a piecewise constant function

~n n Al‘
u (.IZ)ZZ’LLJ 1[1;]._1/2,93]._'_1/2], xjil/Q::xjj:T- (32)
J

The values uj, j €Z, are the cell averages of the approximate solution at time ¢". The
time step At, :=t"*! —¢" is generic, determined by a CFL condition for each n >0, and
we will denote t"t1 =¢" + At where we abuse the notation and drop the dependence on
n in the time step. The invariant domain first-order scheme from [6] can be written as
follows

U?H—U?_ f(U?+1)—f(U}l—1) )‘?ﬂ/z n n 211/2

At 2Az I AT Ay
where the quantity )\?H 2= )\max(u;.‘,uﬁ_l, f) denotes the maximum speed of prop-
agation of the Riemann problem with left state w7, right state u},; and flux f, see
(2.2) and (2.3) in section §2.1. As proved in [6, Thm. 4.1] the above scheme is invariant
domain preserving if the following CFL condition holds for all n >0

Atmax; >‘;'l+1/2 - 1 (3.4)
Az -2 '
However, it is easy to verify that using forward Euler time stepping for the first-order
semi-discrete central scheme in [19, Eqn. (4.8)] will result in the same discrete method.
Therefore, in the one-dimensional case, the fully discrete first-order central scheme
from [19] coincides with the invariant domain preserving method from [6] when the
maximum speed is defined as above and Euler time stepping is used.
We now rewrite the fully discrete scheme (3.3) in flux form using the notation
uf’"“ to indicate that this is the first-order method:

(uf ), (33)

L,n+1 n n _ TN
R O RV I SV (3.5)

At Az

where L? 12 is the first-order interface numerical flux

L= i(f(uj—b—l) +f(uj)) - 5)\j+1/2(u;‘+1 —uj). (3.6)
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REMARK 3.1. The Euler time stepping in (3.5) can be upgraded to any strong stability
preserving (SSP) Runge-Kutta (RK) scheme and the method will still be invariant
domain preserving under a standard CFL-condition, for more details see the discussion
in [10, §4.5] for more details and references on SSP-RK schemes.

For completeness, we recall the following result established in [6] in this setup.

THEOREM 3.1. Let AC A be an invariant set for (3.1) in the sense of Definition (2.2).
Assume that A is convex and that for any admissible states uy, ug, the mazimum speed
of propagation Amax(ur,ur,f) is finite. Assume that ul) € A and the CFL condition
(3.4) holds. Then we have:

(1) A is an invariant domain for the process uy )t where u}
the scheme (3.3) for all n>0.

(2) Givenn>0andj€{1:1}, let BC A be a conver invariant set such that u} € B and
uy, €B, then uj™' € B.

+1 s computed with

REMARK 3.2. The proof of Theorem 3.1 relies on the introduction of auxiliary states,
called bar states, given by

—n 1 n n 1 n n
ujj-_ll/2::§(uj +uj+1)_m(f(uj+l)_f(uj))a (3.7)
J

which under the CFL-condition (3.4) are averages of the exact solution of the Riemann
problem with a left state u’, a right state u7,, and a flux f, see Lemma 2.1. These
states are naturally in the local invariant set of the problem, see [6], and are essential

for the convex limiting process which we use in this paper.

Now we consider the case of two space dimensions in (2.1) with x:=(z,y)

{ Oru+ 05 f(u)+0yg(u) =0, for (z,t) eR? xR, (3.8)

u(x,0) =ug(x).

We use uniform rectangular mesh with cell centers (z;,yx) = (jAz,kAy), j,k€Z, and
take the approximate solution u" (z,y) ~u(z,y,t") at time t" to be a piecewise-constant
function

~n Pp—
u (x,y) T Zu?,kl[m]‘—l/%zjﬁ»l/ﬂX[yk—1/219k+1/2]7 (39)
Jik
where the values u7, j,k € Z, are the cell averages of the approximate solution at time
t™. The time step is determined in the same way as in the one dimensional case. Namely,
we denote t"! =¢" + At where we abuse the notation and drop the dependence on n
in the time step. The fully discrete first-order central scheme is given by

Lontl g Lo pnr o —L™" vy L™

u; u; X
5,k 5.k J+1/2,k Jj—1/2,k j,k+1/2 Ji.k—=1/2
=— - 3.10
At Az Ay ’ ( )
where the first-order interface fluxes are defined as follows:
lei-l/Q,k = i(f(uj-f—l,k) + f(uj,k)) - 5/\j+1/2,k(uj+1,k _uj,k)a (311&)

n 1 n n 1 n, n n
Ljf+1/2 = i(g(uj,kﬂ) +9(uj ) — 5)\]‘7]3_;,_1/2(”]‘7]64_1 —ujy)- (3.11b)
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Similar to the one-dimensional case we have an invariant domain property for

this first-order Inethod u™th:=y5m+1 if the local speeds are given by >‘J+1/2 b=

Amax (U uylpul g ) A i k+1/2 /\max(uj7k, j,k+179) and the following CFL condition
holds for all n>0

AN ALA™Y 1
max (=R R, ) <3 (3.12)

Namely, Theorem 3.1 holds under the CFL condition (3.12).

REMARK 3.3. Similar to the one-dimensional case, the proof of Theorem 3.1 relies on
the introduction of the bar states

— 1 n n 1 n n
“?111/2 k= 2( Trtuiing) — 72)%1/2 - (f (uf16) = F(ufy)), (3.13)
and
G = (Ul ) — o (P ) — Ful) (3.14)
J.k+1/27 9\ Tk J,k+1 2)\3‘ Kt1/2 J.k+1 J,k) ) :

which under the CFL-condition (3.12) are averages of exact solutions of Riemann prob-
lems, therefore, these states are naturally in the local invariant set of the problem.
In the general multidimensional case (d>2), Theorem 3.1 holds when the constant in
the CFL condition (3.12) is 2—1d and we call such methods guaranteed maximum speed
(GMS) schemes, see [7] for more details on GMS schemes.

3.2. Second-order central scheme. Here we recall the second-order central
scheme from [19], which we call the KT-scheme in the rest of the paper. In one space
dimension case, we assume the same setup of space and time discretization as for first-
order GMS-scheme, and assume the approximate solution u" =u(z,t") at time t=¢t"
to be piecewise linear

Az
72 x xﬂ)]l[’ﬁj—l/z@jﬂ/z]? xjil/Zzzxji7> (3-15)

where values u} are cell averages of approximate solutions and (uw)? are approximations

of exact derivatives u,(x;,t"). The semi-discrete KT-scheme is given by

iu-(t):ff( +1/2( ))+f( J+1/2(t))_f(u;__l/g(t))—f(uj__l/Q(t))
dt 2Ax
@172 (o () — U)o (D) —a5-1/0 (O] (0~ 5 (1))
+ . . SAT (3.16)

where u;l/Q':ujH( ) — A% (uy)41(t), u ULy =u;(t)+ 5% (u,);(t) are the interface

values and a;11/2(t) = Amax(© +1/2( ), u +1/2( ), f) denotes maximum speed. By setting
the second-order numerical ﬂux to be

P ) HF ) al
n + -
e = 5 - (u?+1/2—u?+1/2). (3.17)
and using a forward Euler in time we obtain the fully discrete KT-scheme
Hn+1 n n
u‘j _ u‘;} = Hj+1/2 Hj_1/2 . (3.18)

At Az
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REMARK 3.4. The KT-scheme (3.16) will reduce to its first-order form (3.3) if we set
the slopes (um)? to zero. As in the first-order case, high-order time stepping is done by
using SSP-RK schemes.

In the case of two space dimensions, we use the same rectangular cell and the
same time discretization as for the first-order scheme. The approximate solution " =
u(x,y,t") is a piecewise linear function given by
ﬁn(a?,y) = Z[uzk + <uw)?,k(‘r - mj) + (uy)?,k<y - yk)]1[$j71/2,93j+1/2] X [yk—1/2vyk+1/2]’

gk
(3.19)
where xjil/zzzxj:l: 5y Uk+1/2" —yk:I: . The values u ) are the cell averages of
the approximate solutions and ((uz)? k,(uy) ") is the approximate gradient on the cell
[Tj—1/2,%j41/2] X [Yk—1/2:Y+1/2] at time t=¢". Following [19], we set the numerical
fluxes to be

n,+ - a*
e f( Uii1/2, R g+1/2,k) J+1/2k( ot ) (3.20a)
Ji1/2k = 2 5 Wit12k T Yit1/2k) 88
n,+ — n,y
T 9wl )+l Jk+1/2)_aj7k+1/2( mt ™ (3.20D)
Jk+1/27 2 9 ik+1/2 7 Yik41/2) '
—+ A = — A s+
where “n+1/2k ;’+1,k—7"c( )itk U?H/Zk.—u;k-i-%c(ug)j:ka Ujkt1/2=

um Ay n,— _ u)
uly— Uy ks UL = j,k"’T( w)jk separately, and the local speeds are

na:

n,— n,+ ny n,— n,+
]+1/2 kT Amax(u’j—&-l/Q,k(t)’uj+1/2,k(t)vf)7 ] k+1/2 —)\max(uj7k+1/2(t),uj7k+1/2(t),g).
Then, a forward Euler time step of the semi-discrete KT-scheme can be written as
follows

Hn+1  n n,x n,x n,y n,y
wik  —Wk_ HinprmHiNee HipnpHieaps (3.21)

At Ax Ay

3.3. Piecewise linear reconstruction. In order to completely describe the
KT-scheme (3.16), we need to define the slope reconstructions in (3.15) and (3.19). It
is well known that a nonlinear slope reconstruction is needed. A common approach is
to use a nonlinear limiter and we recall here some of the widely used choices below. We
present the reconstruction process in one space dimension. The multidimensional case
is handled by splitting the gradient reconstruction into onedimensional steps.

3.3.1. Examples of slope reconstructions. We start with a classical slope
reconstruction based on the so-called minmod limiter. The minmod slope limiter is
given by

m WUjt] —Uj WUj—Uj_1
o (u) = (ug); :=m(—~ Ar L - ij ), (3.22)
where the minmod operator is defined as follows
minj<j<n Z;, if ;>0 Yy,
m(z1,22,...,Tp) = MaxXi<j<n®y,  if 2; <0 Vj, (3.23)
0, otherwise.

Another minmod-type #-dependent family with 1<6<2 is given by

m,0 Uip1—U; Ujp] — U1 U; —uUi—1
o (u):(um)J:m(e J+Ax J, J+2ij ’9 JAI] )’ (324)
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see for example [16, p.1900]. The range of 6 (1 <60 <2) guarantees a local maximum
principle for scalar equations, see [19, Cor. 5.1].

There are many other second-order reconstructions, most notably the so-called uni-
formly non-oscillatory (UNO) reconstruction, introduced by [13]. We refer the reader
to [21] for more nonlinear reconstructions and when it is appropriate to use them.

Another gradient reconstruction, appropriate for unstructured meshes and avoiding
the clipping phenomenon of minmod, was introduced in [2]. It is based on the so-called
MAPR limiter given by

mapr(x1,a,...,T,) ={z;|where|z;|= min |z;|} (3.25)
1<j<n

mapr, 6 ._ Ujp1 — U5 Ujp1 —Uj—1 , Uj —Uj—]

o P (u) = (uy)j :=mapr(0; jA:E 1 - QA:cJ 0; ]Ax7 ), (3.26)

where 1<6; is a number specified by the user. Using 6;=1 gives the MAPR recon-
struction from [2] and the generalized MAPR (1<6; <4) is the natural analog of the
minmod-¢ limiter. We use a variable theta in this paper, 67 =2— R} with R? the en-
tropy commutator defined in (3.30), and apply the MAPR limiter (3.25) in the regions
of non-smooth flow, where non-smooth is defined by 7 <1.5. Note that, in the regions
of smooth flow the entropy commutator is almost zero, see Section 3.3.2, so 67 <1.5
is a good cutoff for the limiter. If 67 >1.5 we use the central slope, i.e., we define

mapr,f _ Uj4+1—Uj—1
- 2Ax

We can also define an abstract limiter which guarantees that the second-order re-
construction does not violate a local invariant domain property. In the scalar case this is
the well known local maximum principle and minmod-6 will do the job but for nonlinear
systems the invariant domain depends on the systems at hand and minmod-6 is not an
appropriate choice. We call such a limiter an invariant domain limiter a}“". Namely,

n,— o™ Az

we define the invariant slope U;“V to be such that the values Uity i=u} +—~5— and

a

inv

g x . . . .
?’j /2 :=uj — —5— are in local invariant sets defined by the user. More precisely, we

have the following local abstract limitation.

u

DEFINITION 3.1.  Let Aj_ 1,5 be an invariant set of (2.1) containing the states u}_,

and u} and Aji 15 be an invariant set of (2.1) containing u? and u,,. Then the
imvariant slope U}“" corresponding to the invariant sets A;_y /o and Aj iy /o is defined as

o}n" zﬂ% where £ is the largest number in [0,1] such that u?’_ﬁQ €Aj_1/2 and

n,—
Uil € Ajt1/2-

The actual computation of such limiters and a precise definition of the local sets
Aj_1/2 which allows the method to be second order will be given later, see Algorithm 2
and the numerical tests but for the time being we stay in this abstract setting. The key
difference between minmod-type slope limiting (or any other classical limiting) and the
invariant domain slope limiting is that one tries to impose a local maximum principle
(or reduce oscillations in physical space) and the invariant domain slope limiting only
limits the slopes so that the invariant domain property is imposed in phase space at
cell interfaces. With the above notations we are now ready to describe the two new
methods we propose in this paper:

(1) Method 1 is a based on convex flux limiting. It uses the MAPR slope, see (3.25),
when 07 <1.5 and the central slope if 67 >1.5. The value of § is computed using
07 =2— R} with R the entropy commutator defined in (3.30). The method is made
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invariant domain preserving using convex flux limiting, see Algorithm 4.2.1. In the
paper we refer to this method as the MAPR-EV-CL method, where EV stands for
the use of entropy viscosity commutator used to determine 67 and and CL refers to
the convex flux limiting used to enforce the local invariant domain property.

(2) Method 2 is a based on convex slope limiting only. It uses the invariant domain slope
limiter, see Definition 3.1, and the resulting scheme is invariant domain preserving
under standard CFL, see Theorem 4.1 and Theorem 4.2; in the paper we refer to this
method as the INV-CL method, where INV is for invariant domain preserving and
CL refers to the convex limiting used to generate this invariant domain preserving
slope limiter.

Any other method used in the simulations will be identified by the limiter used in the
KT-scheme, for example the method based on the minmod limiter (refered to minmod
in the numerical section) will be shown as a standard comparison in all numerical
examples. We now continue with the exact construction of §; required in the definition
of the MAPR limiter.

3.3.2. Entropy based smoothness indicator. In this section, we are going to
consider a different approach to create a new limited reconstruction. Namely, we would
like to use the central unlimited slope in smooth regions and a nonlinear minmod-type
limited slope in the regions of discontinuities. Moreover, the change between the two
reconstructions should happen when a physical discontinuity forms. Similar to [8], the
approach we take to detect a discontinuity is to measure an entropy production. Our
objective is to construct a second-order method that is entropy consistent and at the
same time close to being invariant domain preserving. However, we do not want to rely
on the yet to be explained limiting process to enforce entropy consistency. We refer the
reader to Lemma 3.2, Lemma 4.6 and §6.1 in [7] and [6, §5.1] for counter-examples of
methods that are invariant domain preserving but entropy violating. Invariant domain
limitation should be understood as a light post-processing applied to a method that is
already entropy consistent and almost invariant domain preserving. In [8,9], a high-order
graph viscosity that is entropy consistent was introduced. However, we do not want the
time discretization to interfere with the estimation of the residual, and we follow the
entropy viscosity commutator approach proposed in [11]. For simplicity, we present
the entropy viscosity commutator in the one dimensional case. Let (n(u),F(u)) be the
entropy pair of system (3.1), that is, n is a convex function of the vector of conserved
variables u, and the entropy flux F satisfies DF(u)=7'(u)" Df(u). Following [11, §3.4]
and [12, §6.4] we measure the discrepancy in the chain rule as follows

Al =F(uj )= F(uj_)—n' (u}) " (f(u}) = Flu]y)). (3.27)
We set
Cp =|F(u} )= F(uf_ )|+ (@) [ f(w]) = f(u)y)], (3.28)

to be a corresponding normalizing coefficient, where for a vector function g we denote
lg|:= l|gll¢,. Notice that in smooth regions C7' could be very close to or even zero. Thus,
to avoid division by zero, we set

ajf =max(|F(uj,)[,|F(uf)],[F(uf_)]), (3.29a)
By =1 (W) T AT (g~ uf — ), (3.29b)
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Where )\gnaxn _max()\JH/ga)\j_l/Q) is the .globa-d maximum speed of propagation at
time t™ and define the normalized entropy viscosity commutator as

A7

Ry = max(C7,eaf,ef})’ (3:30)

where € is a small number, for example €:=10"%. By definition, we have that RY € (0,1]
because |A?|<CJ'. Note that (3.27) is a discrete version of F'—yn'- f" and because
on continuous level F' —1’- f' =0, using Taylor’s expansion one could prove that R} =
O(Ax) in smooth regions and R? ~1 in the regions of shocks. For more details on

discrete entropy viscosity commutators, we refer the reader to [11, §3.4]. We now define
the local weights 07 needed for the MAPR limiter (3.25) as follows

1<07:=2-R"<2. (3.31)

In smooth regions, we have 67 =2—O(Az) and near shocks we have 7' ~ 1.

4. Quasiconcavity based limitation

In this section, we introduce a technique which will modify an existing second-
order method, for example the original KT-scheme, and make it local invariant domain
preserving. We present two limiting techniques which can do that, both based on the
so-called convex limiting first introduced in [11]. Both of these limitations will upgrade
the KT-scheme to satisfy an invariant domain property and numerically preserve the
second-order accuracy of the method. The first approach is called convex flux limiting,
see Algorithm 4.2.1, and will make any KT-scheme based on any slope limiting invariant
domain preserving. This is the approach we use when applying the MAPR limiter, i.e.,
Method 1. The second approach is based on convex slope limiting and guarantees
that after the slope limitation the linear function is in the local invariant domain, see
Algorithm 2. This is the approach we use when applying Method 2, no flux limiting is
needed.

Invariant domains are convex sets in phase space. In general, second-order finite
volume methods, and in particular the KT-scheme, may violate the invariant domain
property if the cell averages are on the boundary of the invariant set. For example,
assume that the state u! is on 05, where S is a local invariant set, uj_;,uj,u7,; €S.
Then the piecewibe linear reconstruction using any nonzero o; will create mterface values

+ n,+
u;L_H/Q and u”’ 120 Because uj is the midpoint of the segment connecting u” i+1/2 and
n,+

u” " ,,, we conclude that at least one of the points u or u” is outside 5,
j+1/2 j+1/2 J+1/2

thus violates the invariant domain property. Once an interface value moves outside the
invariant region, we may have that u}”l is outside the set S under a standard CFL
condition. We have observed that to be true numerically for the KT-scheme and other
second-order finite volume schemes in many numerical tests where the invariant domain
boundary is smooth but not affine. Examples of systems with non-affine local invariant
sets are the p-system (see §2.2.2) and the Euler equations (see §2.2.3).

4.1. Invariant domains via quasiconcave constraints. In order to unify into
a single framework all the bounds that we want to enforce on the second-order solution,
we are going to rely on the notion of quasiconcavity, which we now recall.

DEFINITION 4.1 (Quasiconcavity). Given a convex set ACR™, we say that a function
U: A—R is quasiconcave if every upper level set of U is convex; that is, the set Ly (V) :=
{ue AT (u)> A} is convex for any A€R in the range of V.
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Note that concavity implies quasiconcavity. In all hyperbolic problems we consider,
we assume that the invariant domain can be described as an intersection of quasiconcave
constraints of the type ¥(u)>0 and we will enforce such quasiconcave constraints via
the convex limiting procedure introduced in [11, §4.2]. Moreover, in practice we will
modify all quasiconcave constraints to be concave constraints because the limitation
process is much simpler in the concave case. We now describe the set quasiconcave
constraints for all cases considered in the paper.

4.1.1. Scalar equations. In Example 1 in §2.2.1, the invariant domain is an
interval and we enforce it by imposing a local maximum principle. To be precise, we
set

u;m“ =min(u},uly, Ji1/2) wp ™ i=max(uj,ulfy g, ]11/2) (4.1)
Theorem 3.1 guarantees that the first-order method satisfies the local maximum prin-
ciple umm < unJrl 1< u®. So, the convex limiting must enforce uj"" < u}“rl <upex
to guarantee an 1nvarlant domain property. By setting \I!%(u) :u—u;“i“ and \Ilj2 (u)=
u"® —qy, we transform imposing the local maximum principle to imposing two linear

j
(therefore quasiconcave) constraints: W (u), ¥3(u) > 0.

4.1.2. The p-system. In the case of p-system (2.5), see §2.2.2, we use the

Riemann invariants (2.7) to set a:wg?}“ and b=wy"5*, with the definition

max , n n -—n—+1 min n+1
wy g _maX(wl,j’w17ji1?w17ji1/2)7 wy" =min(wy j, w4, W J¢1/2) (4.2)

where wi ;:=wi(u}), w§;:=wa(ul), u’)?‘]’il/Q =wi(u ijl/2) and w;‘ﬁm::
wa (U j:tl/2) Theorem 3.1 guarantees that w‘QT““<wL ol <wL e <wp*.  There-
fore, the local invariant set to be enforced is an intersection of two local concave
constraints: w‘2mn<w"+1 and w"+1<wi“j‘x By setting \Iljl( u) =wi* —wi(u) and
\Pg(u):wg(u) wé“}n, we have that the concave constraints we are going to enforce
in this case are: W}(u),¥%(u)>0.

4.1.3. Euler equations. In the case of the Euler system (2.9), it is known
that the specific entropy is a quasiconcave function of the conserved variables, that is

®(u):=s(p,e) is quasiconcave. The first-order solution u®"*1 satisfies
max ~, L n+1 L,n+1 min L,n+1 L,n+1 min
p; = pj Py >pit, € >0, s > s, (4.3)
where we set
n mln n,max
p; " =min(pj ,pjﬂ’pjﬂ/rz) Py = max(pf s 0 o)
M™M= min(e?, e, e L)
J : VA ES ) ji1/2 ’
n,min ,__ __ . _n41
s} .fmm((I)(u?),(I)(u?ﬂ),@(u;‘ilﬂ)). (4.4)

Then, the invariant set (2.10) can be imposed by enforcing that the high-order solution
u™"*1 be in the intersection of the following four quasiconcave constraints:

p?,max ZP, p>pn mln7 626§L,min’ s> S}m,min' (45)

Two of the above four constraints are not concave: e> ey I and s—s?’mm >0. How-

ever, one can modify the constraints, assuming that the density is already positive, and
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make them concave. For example, the mathematical entropy ps and the total internal
energy pe are concave functions of the conserved variables. Therefore, the modified
constraints pe — pe’;’ 0> 0 and ps— psy’ > () are concave.

In the case of the y-law equation of state, s:log(eﬁp’l), one can impose the
invariant set (2.10) by enforcing

[);z,lrlzau)c_‘oz()7 p— pn ,min 20’ pe— v mmpry >0. (46)

., min

where ¢} =exp((y—1)s} miny,
Note that, the constraints p >0 and pe — 7 >0 imply that the internal energy
is positive. Thus, by setting U} (u)= p;” X —p, U(u)=p—p} i and U3 (u) = pe—
;™™ p7, we will enforce that W} (u), U3 (u), ¥3(u) >0 to guarantee the invariant domain
property (2.10).

n min (p;H_l)

4.2. Invariant domain via flux limiting. In this section we develop a novel
limiting technique for enforcing quiasiconcave constraints. We adopt the methodology
of [11] to the central scheme framework. Simple linear constraints like pmm <plhy SpPex
can be easily enforced by using the flux corrected transport (FCT) techmque see for
example [24] and [1]. However, the FCT approach is designed for box-like limitation and
cannot be easily modified to enforce general convex constraints without losing second-
order accuracy. Moreover, the use of the bar states (3.7), (3.13) and (3.14) is critical in
the definition of the local constraints, see settings of the invariant bounds (4.1), (4.2)
and (4.4) for examples.

4.2.1. Flux limiting algorithm. We subtract the first-order update (3.5) from
the high-order update (3.18) and get:

At

H.n+1 L,TLJrl n n n

ut =y A v = Hi o= Lisa s+ i o)- (4.7)
By setting G7,, 1= 2ot (H}y 15— LY, /5) to be the high/low order flux difference, we

rewrite (4.7) as the following convex splitting form

1 1
Hn+1 L,n+1 n L ,n+1

Following [11, §4.2], we introduce a pair of scalar limiting parameters (Z;L,l;) to

create a limited second-order update
1 1

W) = S L G ) + ST G ) (49)

which should satisfy the invariant domain property. Similar to the FCT approach, we

recover the first-order solution if lj+ =1; =0 and the second-order solution if lj+ =l; =1

Let ¥% be a quasiconcave function where 2 is one of the constraints describing the

local invariant set at cell j. We denote with AJZ- the zero level set of ¥7. For example, we

set Wima = p@x —p and AP = {u|p** —p>0} for the Euler system. By definition,

A% is a convex set. The goal is to find the largest positive numbers Ej[ <1 such that

"+1(z+ I7) is in A% e, Wi(uT(1F,17)) >0 for any 0<If </} and 0<I; </;. In

JjoY A
order to simplify the notations, for any [ €R we denote uj(l) —ujL mt lG"+1/2 and

u;(l) = uL et —HGJ 1/2° The following two lemmas describe the flux limiting process
for a glven constraint z.
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LEMMA 4.1.  Let V5: A—R be the quasiconcave function mentioned above. Assume
that Z;’i €10,1] are such that \Ilj(u;r(KjJr)) >0 and W% (u; (£;7)) >0, then we have that
(T (T 7)) > 0.

LEMMA 4.2. Let’s define éj’i to be

a1 if \Ifz-(uj(l))ZQ

v {max{€ €[0,1]| W (u] (0)) >0} Othejrwise. (4.10)
A i if W2 (uj (1) >0,

v {max{é €[0,1]|W5 (u; (£)) =0} Otherwi;e. (4.11)

Now we set €§+1/2
\Ilj(u;‘+1(l§+1/2,lj_1/2)) >0.

:min(ﬁjv‘*’[;jﬁ), we have that for all 17, o €[0,03, ], it holds that

REMARK 4.1. We refer the reader to [11] because the proofs of Lemma 4.1 and
Lemma 4.2 are analogous to the proofs of Lemma 4.3 and Lemma 4.4 in [11].

The second-order update u?“ is a convex combination of uj and u;, see (4.9).

Therefore, using the above lemmas, the limited update

z,n 1 1 1z ]' — z
U, " :iuj( j+1/2)+§uj (5_1/2)- (4.12)

satisfies the constraint z. We now describe the full flux limiting process for all local
constraints in the following algorithm.

Algorithm 1 Convex flux limiting

L,n+1
Input: u; , G;L+1/27 EMAX 21,00, 2.
Output: u;-”l

1: for i=1 to k™** do

2: for z=1 to z; do

3: Compute limiting parameters E;_H/z via Lemma 4.1 and Lemma 4.2.
4: end for

5: Set £j+1/2 =minge(s, ., zq}€§+1/2~

6: Update u}”l =u?+1(£j_1/2,€j+1/2) via (4.9).

7. Update G7f) =230 (HI T, — L)

8: end for

9: Return u}”l‘

REMARK 4.2. In the numerical experiments reported at the end of this paper, we
take k™a* =1,

REMARK 4.3. The computational cost of finding Ej’i for a given j can be reduced
by setting E;r =(; :={; in (4.9) and denote u?“(f) ::u?H(ﬂ,E). Then ¢; is computed
with one line search

- {1 if W3 (u? (1)) >0,

(4.13)

max{/ € [0,1]| V% (u?“(ﬁ)) >0} otherwise.
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If \I/j(u]i(ﬁj)) >0, we set £/ =min({;,£;;1) and skip step 3 in the algorithm. In
practice, the single search is successful most of the time and therefore we make one line
search instead of 2d line searches where d is the space dimension.

In the case of two space dimensions, subtracting (3.10) from (3.21) and set-

. n,x __AAt pmz pnx n,y __AAt pny pnyy :
ting Gj+1/2,k = A (Hj+1/2,k Lj+1/2,k)’ Gj,k+1/2'* Ay (Hj,k+1/2 Lj,k+1/2)7 we ob

tain the following convex splitting form for the high-order solution

1 1
Hn+1 __ L,n+1 n,x L.n+1 n,x
%5k _Z(uj,k - j+1/2,k) + Z(Uj,k +Gj71/2’k)
1 L,n+1 n, 1 Ln+1 n,
+1(uj,k _Gj,lg+1/2)+1(uj,k +Gj,1371/2)~ (4.14)

The corresponding limited second-order update is given by

1 1
n+1z,+ gy, &y, _ Ln+1 x4+ ~n,x Londl | 12— ~mz
Uj,k (l],k‘ 7l;{k )_Z(uj’k _lj,k j+1/2,k)+ Z(uj7k +lj7]€ jil/Q’k)
1, L+l A+ ~n, 1, Lt o
+7 (g —1 Gj,lg+1/2)+1(uj,k HYT G )
Lot oty Loz o Loyt omy Loy oy —

where the four scalar limiting parameters ljki and l;’,j[ are computed such that each
of the four states u;”,:r (l;”,j), uiy (15, u?,j (l;”,j ), uy, (I3, satisfies the invariant
domain property. Similar to the one dimensional case, given a quasiconcave function
W%, which describes a local constraint z at a cell (j,k) with a zero level set A% s

we find the largest positive numbers Ef’,f,ﬂgf <1 such that the above mentioned four
: < gt = < g A+ < gyt -

states are in A%, for any 0<I7," <777, 0<I7 <l7 and 0<I¥" <097, 0<I¥," <

Ejyk_ . Analogous to the one dimensional case, these limiters are computed via line

searches and one can use a single line search instead of four most of the time, see
Remark 4.3.

4.3. Invariant domain via slope limiting. It is well known in the literature
that one can reduce oscillations via either flux limiting or slope limiting. Both limi-
tations are different but give similar numerical results. In this section we describe a
convex limiting procedure using slope limiting. The key difference is that the local in-
variant sets to be enforced are now located at interfaces and are different from the local
invariant sets at cell centers used in flux limiting, see §4.1 and §4.2.

We start with the one dimensional case. Instead of enforcing u;”l to be in the
invariant set, we will limit the interface values given by the local linear reconstructions:

u?’j/z and u;Lfl/Q. In the fully discrete KT-scheme (3.17)-(3.18) we will change the
notation and use A, ,, instead of a7, , to denote the local speed in (3.17). The orig-

inal second-order KT-scheme is not invariant domain preserving in general. However, a
modification of the KT-scheme is going to be invariant domain preserving under a new
CFL-condition.

THEOREM 4.1. Let A be a convex invariant set of (2.1), n>0 and jEZ be
such that u} and all interface values U?E/Q are in A. Assume that the second-

order solution u?“ is computed with the KT-scheme (3.17)-(3.18), where A}_, o:=

n _ n,— n,+ n — _ n,— n,+
;1727 )‘max(uj—1/2vuj—1/2»f> and )‘j+1/2 =0i107 )‘max(uj+1/2’uj+1/27f)' Let

i ::Amax(u?’jl/z’u;li/zvf) be the in cell local speed and define the maximum local
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speed by NP —max()\?_l/Q,)\?H/g,)\;i) Then under the CFL condition L% Apax < 4
we have that uj e A,

Proof. Using the definition of /\? 112 We have that the bar state

n,+ n,+ n,
s u+1/2+u +1/2 -f< +1/2> f( +1/2)

j+1/2:t 2 2>\n+1/2

(4.16)

is in the invariant domain A, see Lemma 2.1. Similarly, we have that the bar state

+u] 1/2 f(u?i/g) *f(u;l,_zp)

—n+1 ] 1/2 (4 17)
g 1/2, +° 2 2)\] 12
is also in A. With this notation, we represent the KT-scheme update as follows
At At
+1_,..n — 1 —n+1
wi =g e At s T A A 12 2
s n,— n,+
LA%_ Afi1/o%5i1/ B A1 fugig) _f(“j—1/2)) (4.18)
Ax 2 2 2 ' '
We now define another bar state
n,— n,+
ﬂﬂ+1.: ] 1/2+u]+1/2 f( ]+1/2) f(uj_1/2) (4 19)
== 2 2A;nax .

. . . . . . max n,+ n,—
which is also in the invariant domain A because A’ ZAmax(uj—1/2’uj+1/2v-f)’ see

e
Lemma 2.1. Using (4.19) in (4.18) and the fact that M =u}, we obtain
At
+1_
wi T =(1 -4 AP uf
At At 2At

_n+l o+l o+l

AN T AN W e t AN W
+F(Amax ? 1/2) j— 1/2"’5()‘;‘1lax ;L+1/2) j— 1/2' (4-20)
Under the CFL-condition /\ma" < 1, we have that u *1 s a convex combination of
uf, the bar states u 1/2 o '&?Ll/z 4 u;li , and the mterface states u 7?’+1/2, u;“ﬁ/Q
Slnce the interface states u; J; /2 u;L o+ 1/2 are assumed to be in the invariant domain A,

and because of the definition of A all bar states are also in A, then it follows by
convexity that u}”l e A. d

REMARK 4.4. Note that, in order to have the invariant domain property we need to
design a limited piecewise linear reconstruction so that the interface values u?iil /2 are
in the local invariant set A. If the local slope is set to be zero we recover the first-order
result, see Theorem 3.1 and Remark 3.2.

We now describe a convex slope limiting process which guarantees that the interface
states u " /2 and 'u,]"g /2 and can be modified to be in a given local invariant set
A. As before we are going to impose a finite set of quasiconcave constraints \Ilifl /20

z€{z1,...,24}, with the assumption that enforcing these guarantees that the interface
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states u _1/2 and u 1/2 are in A. Similar to the flux limiting process, see §4.2.1, we
denote by A _1)2 the zero level set of \Il “1/20 thus enforcing ueA _1)2 is equivalent
to enforcmg \I/z. 1/2( u)>0. By deﬁn1t1on we have uj -:/2 =uj — %( ”); and uj 2=

L A2 (ul) 1. Setting (ul);=1; o% for any j€Z, where 0§ := % is the

central slope and [, €0,1] is a slope hmlter we define the limited interface values to be

Az Az
n,+ A () a n,— P () a
"j71/2(lj)*uj —TZJ'O'J-, ujfl/Q(ljfl)*uj—l—’_?lj*laj—l' (421)
Similar to the flux limiting limitation, we need to find the largest values lzf* and l]er1
such that for a given j both w7~ 1/2(12 ) and u}” 1/Q(ZJZ.’jl) are in A, ,. This is
described in the following lemma.

LEMMA 4.3. Let’s define 65’7 and éj’fl to be

n,+
éjja_f 1 ot Zf\Ij] 1/2(uj—1/2(1))207 (422)
max{¢; € [0,1]|W5_, ()" 1/2(43)) =0} otherwise.
ot — 1 Zf\:[l] 1/2( 771/2(1))207
I max{¢;_; €]0,1]| 0> z I/Q(U?’_';/Q(éj_l))zO} otherwise.
(4.23)

Then for all 15~ €[0,657] and I3 €[0,£57,], it holds that WE (i 5 (157)) 20 and

i1
\115—1/2(“?7—_1/2(lz"+))>0-
Let’s denote u"H(Zj 1,15,;41) to be the limited second-order update computed

Jj— 1/2

j+1/2
recover the first-order solution if {;_1={;=1[;41 =0 and the second-order solution if

lj—1=1l;=1j41=1. The goal is to find a set of local limiters which preserve the invari-
ant domain property. A straightforward application of Theorem 4.1 and Lemma 4.3
gives the following.

with interface values u}” 1/2(lj_l),u?’_t/Q(lj),u@’_ (lj),u?j:;/Q(lj_i_l). Note that we

LEMMA 4.4. Let ¢>+ EZ’ be the slope limiters computed via Lemma 4.3 for any j €Z

j—1
andn>0. If we set ( —m1n(£§’7,€§’+) for j €Z, then we have that u”“(ff LG €
A1 UAT L
REMARK 4.5.  Note that, the underlying assumption is that both sets A% and

A? T41/0 are in a local invariant set A. We now describe the slope limiting algorltflm for
all local constraints.

Algorithm 2 Convex slope limiting

Input: u} ) U +1/2, ujH/27 ZlyeeeyZ2qe
Output: u 41
1: for z—l to 2z, do
2: Compute limiting parameters £ via Lemma 4.3 and Lemma 4.4.
3. end for
4: Set lj:=min.e(., . .05 for all j€Z.
1 1,—
5: Update u"fl /; and “?:1}2 )
6: Update U;H_l :u?+1(€j_1,€j,€j+1).
7: Return u?“.
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In the case of two space dimensions, we limit the second-order solution via a similar

approach. Consider the KT-scheme (3.20)-(3.21), where “]+i1/2 & and uj j+1/2 are the
interface values given by the local linear reconstructions. Using A" +1 2.k and )\J Jt1/2

instead of a'’ +1 2.k and a”’ respectively in (3.20), we have the following result.

7, k+1/2

THEOREM 4.2. Let A be a convex invariant set of (2.1), n>0 and j,kE€Z be
such that uly and all interface values u?:fi/Z,k and u;’k,il/z are in A. Assume

that the second-order solution u"+ is computed with the KT-scheme (3.20)-

) u’ urt n,r T —
(3.21), where )\ 1/2k a]_l/Qk—)\max( i 1/2k7 j— 1/27k7f), A2 T Aok =

n,y _ n,— n,+
Amax (W Uiy ok ]+1/2 o f)s Aj—1/2° a] e e Amax(“j,kq/wuj,kfl/z’g) and
/\;l,,f+1/2 ;L,fﬂ/g Amax (U ]k+1/27u?1:_+1/2’g) We set the in cell local speeds to be

n,e 1/ n,+ n,—
At Amax(ujfl/zkv j+1/2k"f) and )\]ki Amax(uj,kq/z’“j,k+1/2vg) and define

the mazimum local speeds in the x— and the y—direction respectively by

D Vi '7max()\J 12, k’>‘;+x1/2 oA et ) (4.24a)
AR mase (N NI N, (4.24b)

Then under the CFL condition RENT" + ﬁ; ATV <,

we have that u;‘}fl eA.

REMARK 4.6. The proof for Theorem 4.2 is analogous to the proof of Theorem 4.1 and
we omit it. This result generalizes the scalar maximum principle proved in [19, Thm.
5.1] to an invariant domain property for an arbitrary hyperbolic system under the CFL

condition

At )\max s L ﬁAHl&XJ]) < 1
Az "0k T AyTIE =g
Similar to the one dimensmnal case, we define the limited interface values by

Ax T
n,+ T u? x az n,— x .
uj—l/Q,k(Jk) N 9 ik Tk uj—l/z,k(lj—lJc)* i1kt 5 2 ZJ 1kg] lk’

A
SV

(4.25)

max (

n,+ Y \_.m Yy _ay n,— Yy _an a,y
uj,k71/2<lj,k)_uj,k_ 5 U5 050k uj,kfl/Q(lj,kfl)_uj,kfl—’_ k=195 k-1 (4.26)

where o; ,f and o ’k are two-dimensional central slopes defined by gj = %;‘rlk
and a = %u”“’l and l k,ly €10, 1] are the to be computed slope limiters. For

a glven constraint z, let A 12k and A% be the local invariant sets at the in-

7 ki1/2
terfaces of cell [xj,l/%xjﬂ/g] [Yk—1/2,Yk+1/2) such that A L1/2 , and AJ J1/o BT€

all in A. Using Lemma 4.3 and Lemma 4.4, we find largest positive l;k,l;” €10,1]

such that +1/2 k(lf,k%“?fl/zk(l}p—l,k) eAngl/z,k and “;‘l,’ktuz(l?,k)vu?,’kil/z(l?,k—l) €
A;;’ 12 for all j,keZ.

4.4. Application to the Euler system. In this section, we will illustrate how to
apply the two types of convex limiting processes stated in §4 for the Euler system of gas
dynamics. More specifically, we explain how to apply the quasiconcave limitation from
84.1. The general approach we follow in all convex limitations is the one from [11, §4.1].
That is, we enforce the same type of limitations on the density and specific entropy. In
all limitations, to reduce the computational cost, we apply one diagonal search first as
described in Remark 4.3. We assume that the equation of state is a gamma-law, i.e., the
specific entropy is s zlog(eﬁ p~ 1), and we impose the local invariant sets by enforcing
the constraints (4.6).
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4.4.1. Flux limiting. Using the same notation as in §4.1.3 and defining AG” =
(AG?’",AGT’",AG;J’")T = (G;?+1/2 —G;LUQ), we perform the flux limitation process
as follows:

(1) We limit the density by SLettiI;g YD) =Wt (1) = p) ™ pJL ol +IAGD™ and
2 . n+1 _ ,n+ ,n n min .
P2(1) =03 (uf (1) = p; —IAGY™ —p™". We compute the limiters on den-
sity by
min(w 1) if ¢1(1)<0
|AG9"|+E ’ J
p__ : 1 2
=<1 if 9;(1)>0 & ¥7(1) >0, (4.27)

o Iv‘,n#»lip"r},)nin' )

,max

where we take e, =¢€p;”"", where e= 10716 to avoid division by zero.

i 3(7).— 3 L+l _
(2) For limitation on the specific entropy, we wuse ;(l):=V;()=(p;”

IAGT")(€; Lo+l —IAGS") —c} mm(pf””rl —IAG™)7 which is a concave down func-
fion of 1. We define z; as follows. If ¢ (min(1,17)) >0, we take I$ =min(1,1%);
if ¥2(0)>0 and % (min(1,17)) <0, we define I$ to be the unique positive root of
P3(1)=0; if ¥3(0)=0 and w?(min(l,l;.’)) <0, then ¢3(1)=0 has exactly two roots
and we take [3 to be the largest nonnegative root of ’L/J?(l) =0.

Let [; =13, then it follows by Lemma 4.8 and Lemma 4.13 in [11] that the limited

solution u;”l(lj) = uf’"“

in §4.1.3.

—;AAGY satisfies the invariant domain property described

4.4.2. Slope Limiting. We start by constructing the local invariant constraints
at cell interface z;_; /5. We set

Py = min(f i o), pr T = max(pf, pf_ 1, 00 y).
s;ln;“;; =min(®(u}), (uj_,),(u ;“LI/Q)) (4.28)

7, max

Analogous to the flux limiting case, we set \Ilj 12(w)=p;" 1/2 P \If?_l/Q(U):p—

n,min n,min n,min )

[iyre U3 p(u)=pe—c] T )ap”, where ¢ =exp((y—1)s7)5).
invariant domain property by enforcing \Ij]—l/Q( ),\Ilj_l/2( ),\I/?_l/2(u)>0 on each

We impose the

interface. Using the same notation as in §4.3, we denote 0% :=(0;",05"™, 0}’ YT to be
the central slope and define

u;+1/2(l)::u?+%la?, u;'_l/z(l) 2:’11/;-7'7%10'?. (4.29)
Depending on the sign of o7”, we limit the density as follows:
(1) If 0" >0, we set
n,max n " n,min
19 = min( | L?*;/pj fi |+, ||Ap; : p‘j;/j |7 1), (4.30)
where € " —epnﬁ‘?’; and €} —ep" n{?’;, with e=10716 to avoid division by zero.

(2) If 05" <0, we set
nmln 7 ,mmax n
1P — i P} Pj — ]+1/2| ‘Pj 1/2_pj|
j = (| aap|_|_ n+’|Am aPH_en—’)

(4.31)
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(3) If 0" =0, we take If =1.

For limitation on the specific entropy, we enforce W3 , ,(u;,,,(I))=0 and
\1'271/2(1;;_1/2(1))20. Let us denote wf(l)z\ll3+1/2(u;+l/2(l)) and ¢ (1) =
U3 o (ul_ | ,(1)). Note that both of these functions are concave-down functions of

J=1/23V75-1/2
1. Therefore, following the same approach as in §4.4.1, we compute l;"“ and 15", Then,

the slope limiter for the specific entropy is defined as [ :min(l;’+,l;’_). After all limi-
tation, the following result holds.

LEMMA 4.5. Let lj=1% for all jEZ, then for any 1€[0,l;], we have that
e p(u)y ,(0) 20 and W2, o (ujy 5(1) >0, 2=1,2,3.

4.5. Local relaxations. It has been observed in many instances that enforcing
strict local bounds in the limitation process may reduce the accuracy of the method. In
the scalar case it is well known that enforcing strict local maximum principle results in
the so-called clipping phenomenon and the rate of error in L*° is reduced. In the case
of systems, such effects can be observed when the local states are close to the boundary
of the invariant domain. We refer the reader to [17] and [11] for further discussion on
the relaxation bounds for the Euler system, in particular for relaxation of the minimum
principle on the specific entropy. We follow that approach from [11, §4.7] which was
originally proposed for the Euler system but could be easily applied in the general
setting. We observe in all numerical tests that after relaxation the limited method
keeps the accuracy of the unlimited method.

For simplicity we restrict ourselves to the case of one space dimension with the two
dimensional case being analogous. Let Q be the computational domain in space and let
h be the mesh size. That is, we take h:= % with |Q] being the diameter of the set.
Le z denote the quantity to be limited. For example, z could be —w;,ws for P-system,
see §4.1.2, or z could be p,—p,s for Euler system, see §4.1.3. We give two types of
relaxations as follows.

(1) Limitation on a constraint z describing a smooth curved part of the boundary.
For example, z=—w;,wy in the p-system, or z=s in the Euler system, let z;; =

1(z;4x;), we define AT i=maxjie 1y (2" (Ti5) fz?‘in) and set

%71 . . . [
2T =2 —min(rp | 2 [AZT). (4.32)
Then we will use z;nin’l instead of zf’in to be the bound of the local invariant sets.

(2) Limitation on constraint z describing linear part on the boundary. For example,
z=w or z=—u in scalar equations, or z==p in the Euler system. Setting A2z§L =
Azom._ 1 1 1 N2an
zi 1 —2z] 2z}, we define A2z7 = Ezjgéie{j,jil}(iAZZ? +5A%27) and A22% =
m{%A%ﬂie{j,jil}}, where m is the minmod operator defined in §3.3.1. The
relaxed bound of local invariant set is defined as

Z;pin,2 — Z;-nin . min(rh|z;_nin|’ ‘ATZ;LD, (433&)
— ——
2 mi . :
;mn = in *HllIl(T’h|Z§nm|, ‘A2Z;L|) (433b)

We will use z;nin’Z or z;nm’z instead of 2] to be the bounds of local invariant sets.
It is observed in the numerical tests that both of these two bounds defined in (4.33)

are robust and give similar results.
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REMARK 4.7. The relaxation technique on the bounds was first introduced in [11, §4.7]
for the Euler system and later on generalized for general hyperbolic systems in [12, §7.6].
We simply apply this idea here in (4.32) and (4.33), with r;, =min(1,h!-%) to restrict the
relaxation order to O(h!-3). The exponent 1.5 seems to give good results and enforces
the original invariant domain in the limit h— 0, see [12, §7.6] for more details.

5. Numerical illustrations

In this section, we report numerical test to illustrate the performance of the two lim-
iting techniques mentioned above. Our code is constructed using finite volume method
on uniform cells of size Az =h (in the 1d case) or Az=Ay=~h (in the 2d case). Time
stepping is done by using SSP-RK3 methods (three stages, third-order), see [18,22]. The
time step is computed by using formula 7=CFL x )\m%m, where A™#™ is the global
maximum speed of the method used at time ¢,. For p€[1,00], we introduce a consoli-
dated error indicator at time ¢ by adding the relative error in LP—norm of all conserved
variables:

[y, (t) —u’ ()] o (D) 12
5 () = , C o u= (™), 5.1
p() 21: Hul(t)HLP(D) (u”,u u™) (5.1)

where a= f or s, corresponding to flux limiting or slope limiting error. For the Euler
system, in all examples we use a y-law equation of state, i.e., p=(y—1)pe. We test the
two new methods, MAPR-EV-CL and INV-CL, against the classical Minmod method
(KT-scheme based on the minmod slope limiter given in (3.22)). Note that the MAPR-
EV limiter (3.25) is only applied when 67 <1.5 and in the regions of smooth flow (67 >

mapr,0 __ Uj+1-"Uj—1
1.5) we define o = =

5.1. Linear transport equation. To illustrate the second-order accuracy of the
newly developed schemes, we start with the one-dimensional linear transport equation,
Uy +uy; =0, 0<z <27. The initial condition is u(z,0) =sin(x) and the exact solution is
given by u(z,t) =sin(x —t) assuming periodic boundary conditions. We run the test for
0<t<0.5 and the results are given in Table 5.1 and Table 5.2. For L'-convergence, we
observe that all three methods presented in the paper reach a second-order accuracy
and relatively smaller errors are obtained using MAPR-EV-CL and INV-CL. For L*°-
convergence, the convergence rate is around 2 if we use MAPR-EV-CL or INV-CL.
However, if we take the Minmod limiter only, the rate seems to be 4/3 which is expected
for the classical minmod-type limitation.

£ of cells Minmod limiter | MAPR-EV-CL INV-CL
67 (t) rate 8T (1) rate o1 (t) rate
100 2.90E-03 1.05E-04 1.05E-04

200 7.79E-04 | 1.90 | 2.62E-05 | 2.00 | 2.62E-05 | 2.00
400 2.04E-04 | 1.93 | 6.55E-06 | 2.00 | 6.56E-06 | 2.00
800 5.35E-05 | 1.93 | 1.64E-06 | 2.00 | 1.64E-06 | 2.00
1600 1.41E-05 | 1.93 | 4.09E-07 | 2.00 | 4.11E-07 | 2.00
3200 3.63E-06 | 1.95 | 1.02E-07 | 2.00 | 1.03E-07 | 2.00

TABLE 5.1. Linear equation, L'-Convergence tests with CFL=0.25.

5.2. Burgers’ equation. = We consider the one dimensional inviscid Burgers’
2
equation, u; + (%), =0, with an exact solution with limited smoothness, 0 u(-,t) is with
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# of cells Minmod limiter | MAPR-EV-CL INV-CL
5L (1) rate 5L (t) rate 05, (t) rate
100 1.27E-02 1.65E-04 1.65E-04

200 5.55E-03 | 1.19 | 4.11E-05 | 2.00 | 4.11E-05 | 2.00
400 2.29E-03 | 1.27 | 1.03E-05 | 2.00 | 1.03E-05 | 2.00
800 9.33E-04 | 1.30 | 2.57TE-06 | 2.00 | 2.57E-06 | 2.00
1600 3.83E-04 | 1.29 | 6.43E-07 | 2.00 | 6.43E-07 | 2.00
3200 1.55E-04 | 1.30 | 1.61E-07 | 2.00 | 1.61E-07 | 2.00

TABLE 5.2. Linear equation, L°°-Convergence tests with CFL=0.25.

Minmod limiter | MAPR-EV-CL limiter Slope limiter
# of cells 57 - :

1(t) rate 03 (1) rate 01 (t) rate
100 1.17E-03 5.43E-04 6.47E-04
200 4.24FE-04 | 1.47 | 1.65E-04 1.72 2.30E-04 | 1.49
400 1.56E-04 | 1.44 | 5.33E-05 1.63 8.47E-05 | 1.44
800 5.93E-05 | 1.40 | 1.84E-05 1.53 3.28E-05 | 1.37
1600 2.28E-05 | 1.38 | 6.68E-06 1.46 1.28E-05 | 1.35
3200 8.89E-06 | 1.36 | 2.51E-06 1.41 5.10E-06 | 1.33
6400 3.48E-06 | 1.35 | 9.63E-07 1.38 2.03E-06 | 1.33

TABLE 5.3. 1D Burgers’ equation, Convergence tests with CFL=0.25.

bounded variation: wu(z,t)=0 if £ <0.25; u(x,t)= if;ll if 0.25<x<0.54+t; u(x,t)=
1if 0.5+t <x<1. The computation is done for 0 <t¢<0.5 and the results are reported
for t=0.4 in Table 5.3. We observe that using the method based on the MAPR limiter
gives the optimal rate in L'. This is a super-convergence effect that we observe for
scalar equations. However, the methods based on the minmod and the invariant slope
limiter have a convergence rate around 4/3 which is expected for a method based on
mass lumping, see [5] for details. Moreover, the convex flux limiting process doesn’t

affect the convergence rate of the unlimited MAPR-EV method.

5.3. KPP test case. We consider the so-called KPP-test, a two dimensional
scalar conservation equation with a non-convex flux, see [21, §5.3] for more details.
This test checks if the high-order method has enough viscosity to resolve correctly the
composite wave structure of the unique entropy solution, see Figure 5.1.

Minmod limiter | MAPR-EV-CL INV-CL

o1 (1) rate | 0 (t) rate | 07(t) rate
100 4.61E-03 2.26E-03 2.27E-03
200 2.02E-03 | 1.19 | 9.59E-04 | 1.24 | 9.53E-04 | 1.25
400 8.72E-04 | 1.21 | 3.88E-04 | 1.31 | 3.91E-04 | 1.29
800 3.54E-04 | 1.30 | 1.51E-04 | 1.36 | 1.53E-04 | 1.35
1600 1.44E-04 | 1.30 | 6.00E-05 | 1.33 | 6.05E-05 | 1.34
3200 5.80E-05 | 1.31 | 2.42E-05 | 1.31 | 2.43E-05 | 1.32

# of cells

TABLE 5.4. The p-system, expansion wave, Convergence tests with CFL=0.25.

D}Tw7 lf \/x2+y2§17 (5 2)

Oru+ 0y sinu+ 90y cosu=0, u(z,y,0) = i
4, otherwise.
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Fic. 5.1. KPP-wave: CFL=0.25, t=1, 40000 cells. Left: Minmod limiter; Center: MAPR-EV-
CL; Right: INV-CL.

All schemes are able to resolve correctly the composite wave structure. Note that if we
use the MAPR limiter with §# =2 the method will fail to converge to the correct solution,
see [21] for details.

5.4. The p-system. We assume the pressure is given by p(v)=rv~" for the
p-system (2.5). In the numerical example we take v=3, and compute the Riemann
problem with initial data (v;,u;)=(1,0) and (v,,u,)= (2%,ﬁ) The exact solution
is a single rarefaction wave, see [11, §5] for more details on this test. The convergence
rate for all methods is around %, see Table 5.4. The convex limiting process does not

3 b)
affect the rate of the unlimited MAPR-EV method.

5.5. The Euler system, 1D smooth wave. We start with a one-dimensional

test whose purpose is to estimate the convergence rate of the methods on a very smooth
solution. We set v(z,t)=1, p(z,t)=1 and

(5.3)

1+4+25(zy —20) S(z—t—z0)3 (21 —2+1)3, ifag<z—t<azy,
pla,t)= :
1 otherwise,

where 29 =0.1, z; =0.3 and v= % This is an exact solution for Euler, see [11, §5] for
more details. The numerical solution is computed from t=0 to t=0.1. The results are
shown in Table 5.5.

£ of cells Minmod limiter | MAPR-EV-CL INV-CL
5L (1) rate 5L, (t) rate 03 (t) rate
100 1.53E-01 3.40E-02 2.75E-02

200 6.64E-02 | 1.21 | 8.09E-03 | 2.07 | 6.68E-03 | 2.04
400 2.83E-02 | 1.23 | 2.45E-03 | 1.72 | 3.32E-03 | 1.01
800 1.17E-02 | 1.27 | 6.55E-04 | 1.90 | 1.15E-03 | 1.54
1600 4.78E-03 | 1.29 | 1.70E-04 | 1.94 | 3.44E-04 | 1.74
3200 1.93E-03 | 1.31 | 4.35E-05 | 1.97 | 9.20E-05 | 1.90

TABLE 5.5. 1D smooth wave, Convergence tests with CFL=0.25.

5.6. The Euler system, 1l-rarefaction wave. We consider the Riemann
problem with the following initial data: (pr,vr,pr)=(3,cr,1), (pR,vR,pR):(%,vL—i—
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Minmod limiter | MAPR-EV-CL | INV-CL

# of cells o7 (1) rate | 87 (t) rate | 7(t) rate
100 1.63E-02 1.63E-02 1.45E-02
200 7.51E-03 | 1.12 | 3.96E-03 | 2.04 | 4.31E-03 | 1.75
400 3.15E-03 | 1.25 | 1.11E-03 | 1.83 | 1.31E-03 | 1.72
800 1.23E-03 | 1.36 | 3.37E-04 | 1.72 | 4.12E-04 | 1.67
1600 4.71E-04 | 1.38 | 1.09E-04 | 1.63 | 1.37E-04 | 1.59
3200 1.84E-04 | 1.36 | 3.59E-05 | 1.60 | 5.02E-05 | 1.45

TABLE 5.6. 1D Euler, 1-rarefaction wave, Convergence tests with CFL=0.25.

25 (ce—cr),pr(22)7), where e =+/ypr/pr, cr=+/7pr/pr and y= . The exact so-
lution is described in [11, §5]. The numerical solution is computed starting from initial
time ¢t = URO;QC and running to final time ¢=0.2. The results are given in Table 5.6.

The Li-convergence rate is best for the MAPR-EV-CL method.

5.7. The Euler system, Leblanc shock tube. We continue with a Riemann
problem that is known in the literature as the Leblanc shocktube. The results are shown
in Table 5.7. The performance of all methods is similar.

# of cells Minmod limiter | MAPR-EV-CL INV-CL
5L (1) rate 57 (1) rate 05, (t) rate
100 1.25E-01 1.24E-01 1.24E-01

200 8.92E-02 | 0.49 | 8.04E-02 | 0.62 | 7.98E-02 | 0.64
400 5.79E-02 | 0.62 | 5.18E-02 | 0.64 | 4.91E-02 | 0.70
800 3.27E-02 | 0.83 | 2.75E-02 | 0.91 | 2.52E-02 | 0.96
1600 1.84E-02 | 0.83 | 1.44E-02 | 0.93 | 1.34E-02 | 0.91
3200 9.30E-03 | 0.98 | 7.57E-03 | 0.93 | 6.63E-03 | 1.02

TABLE 5.7. 1D Euler, Leblanc shocktube, Convergence tests with CFL=0.25.

5.8. The Euler system, blast wave. We consider the well known Woodward-
Collela blast wave. The computations are done on the domain D = (0,1) with CFL=0.25.
The final time is ¢ =0.038. The results are shown in Figure 5.2. The MAPR-EV-CL
method has the best resolution of the contact wave.

Fic. 5.2. Blast wave, t=0.038, CFL=0.25. Left: Minmod limiter; Center: MAPR-EV-CL;
Right: INV-CL.
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5.9. The Euler system, Isentropic Vortex. We consider a two-dimensional
problem introduced in [23]. The flow field is isentropic and the solution is smooth.
Let poo=Poo =T =1, uso=(1,1)T be free stream values. We define the following
perturbation values for the velocity and the temperature:

1— 2 -1 2
), o7 =)

Su(z,t)= 2£exp( exp(1—7?), (5.4)
7r

where 3=5 is a constant defining the vortex strength, y=1I, & = (21 — 2 (t),z2 — 25(t)),

where ¢(t) = (2§ +t,29) is the position of the vortex, and r* = || Z||%. The exact solution

is a passive convection of the vortex with the mean velocity wq:

p(a,t) = (Tao +0T)Y/ 1), u(x,t) =t +0u, p(x,t)=p". (5.5)

We perform the numerical computations in the rectangle D =(0,20)x(0,20) from
t=0 until t=2, and we take 20 =29=10. The results are shown in Table 5.8 and
Figure 5.3. In this test it is critical to use local relaxation in the convex limitation
process, see Section 4.5, to achieve the optimal convergence order. Both the MAPR-
EV-CL and the INV-CL methods are optimal in this case.

Minmod limiter | MAPR-EV-CL INV-CL

5L (1) rate | 0% (t) rate | 62, (t) rate
2500 2.66E-01 1.25E-01 8.66E-02
10000 1.19E-01 | 1.17 | 1.85E-02 | 2.75 | 1.85E-02 | 2.22

40000 5.82E-02 | 1.03 | 3.57E-03 | 2.38 | 3.57TE-03 | 2.38

160000 2.94E-02 | 0.99 | 7.08E-04 | 2.34 | 7.08E-04 | 2.34

# of cells

TABLE 5.8. Isentropic vortex test case, Convergence tests with CFL=0.25.

Fic. 5.3. Isentropic vortex at t=2, CFL=0.25. Left: Mimmod limiter; Center: MAPR-EV-CL;
Right: INV-CL.

5.10. The Euler system, Mach 3 Test. Now we consider the classical Mach
3 flow in a wind tunnel with a forward facing step. The computational domain is
D=(0,3)x(0,1)\(0.6,3) x (0,0.2); the geometry of the domain is shown in Figure 5.4.
The initial data is p=1.4, p=1, v=(3,0)T. The inflow boundary conditions are
Pl{z=0} = L4, Plo=0} =1, v{z=0} =(3,0)" and at the outflow boundary, {z =3}, we do
nothing. On the top and bottom boundaries of the channel we enforce v-n=0. The
computational results at t=4 are shown in Figure 5.4. The MAPR-EV scheme (center)
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Fic. 5.4. Mach 38 step, density at t=4, CFL=0.25. Top: Mimmod limiter; Center: MAPR-EV-
CL; Bottom: INV-CL;

requires convex limiting to run and the results are superior in the region of the contact
wave. The INV-CL scheme (bottom) has some instability in the contact but it is less
pronounced at this mesh size. The minmod method (top) is the most diffusive scheme
in this case, see Figure 5.4.
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