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ACTIVE FLUX METHODS FOR HYPERBOLIC CONSERVATION
LAWS—FLUX VECTOR SPLITTING AND
BOUND-PRESERVATION*

JUNMING DUAN', WASILIJ BARSUKOW?#, AND CHRISTIAN KLINGENBERGS

Abstract. The active flux (AF) method is a compact high-order finite volume method that
simultaneously evolves cell averages and point values at cell interfaces. Within the method of lines
framework, the existing Jacobian splitting-based point value update incorporates the upwind idea
but suffers from a stagnation issue for nonlinear problems due to inaccurate estimation of the up-
wind direction, and also from a mesh alignment issue partially resulting from decoupled point value
updates. This paper proposes to use flux vector splitting for the point value update, offering a
natural and uniform remedy to those two issues. To improve robustness, this paper also develops
bound-preserving (BP) AF methods for hyperbolic conservation laws. Two cases are considered:
preservation of the maximum principle for the scalar case and preservation of positive density and
pressure for the compressible Euler equations. The update of the cell average is rewritten as a convex
combination of the original high-order fluxes and robust low-order (local Lax—Friedrichs or Rusanov)
fluxes, and the desired bounds are enforced by choosing the right amount of low-order fluxes. A
similar blending strategy is used for the point value update. In addition, a shock sensor—based lim-
iting is proposed to enhance the convex limiting for the cell average, which can suppress oscillations
well. Several challenging tests are conducted to verify the robustness and effectiveness of the BP AF
methods, including flow past a forward-facing step and high Mach number jets.

Key words. hyperbolic conservation laws, active flux, flux vector splitting, bound-preserving,
convex limiting, shock sensor
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1. Introduction. This paper focuses on the development of robust active flux
(AF) methods for hyperbolic conservation laws. The AF method is a new finite vol-
ume method [17, 16, 18, 36] that was inspired by [39]. Apart from cell averages, it
incorporates additional degrees of freedom (DoFs) as point values located at the cell
interfaces, evolved simultaneously with the cell average. The original AF method em-
ploys a globally continuous representation of the numerical solution using a piecewise
quadratic reconstruction, leading naturally to a third-order accurate method with a
compact stencil. The introduction of point values at the cell interfaces avoids the us-
age of Riemann solvers as in usual Godunov methods, because the numerical solution
is continuous across the cell interface and the numerical flux is available directly.

The independence of the point value update adds flexibility to the AF methods.
Based on the evolution of the point value, there are generally two kinds of AF methods.

*Submitted to the journal’s Numerical Algorithms for Scientific Computing section May 3, 2024;
accepted for publication (in revised form) December 2, 2024; published electronically March 18, 2025.
https://doi.org/10.1137/24M 1658887
Funding: The first author was supported by an Alexander von Humboldt Foundation Re-
search Fellowship CHN-1234352-HFST-P. The third and second authors acknowledge funding by the
Deutsche Forschungsgemeinschaft (DFG; German Research Foundation) within SPP 2410 Hyperbolic
Balance Laws in Fluid Mechanics: Complexity, Scales, Randomness (CoScaRa), project 525941602.
tCorresponding author. Institute of Mathematics, University of Wiirzburg, 97074 Wiirzburg,
Germany (junming.duan@uni-wuerzburg.de).
Hnstitut de Mathématiques de Bordeaux (IMB), CNRS UMR, 5251 University of Bordeaux,
33405, Talence, France (wasilij.barsukow@math.u-bordeaux.fr).
$Institute of Mathematics, University of Wiirzburg, 97074 Wiirzburg, Germany (christian.
klingenberg@uni-wuerzburg.de).

A811



A812 J. DUAN, W. BARSUKOW, AND C. KLINGENBERG

The original one uses exact or approximate evolution operators and Simpson’s rule for
flux quadrature in time; i.e., it does not require time integration methods like Runge—
Kutta methods. Exact evolution operators have been studied for linear equations
in [8, 19, 18, 39]. Approximate evolution operators have been explored for Burgers’
equation [17, 16, 36, 5], the compressible Euler equations in one spatial dimension
[17, 27, 5], and hyperbolic balance laws [7, 6], etc. One of the advantages of the AF
method over standard finite volume methods is its structure-preserving property. For
instance, it preserves the vorticity and stationary states for multidimensional acoustic
equations [8], and it is naturally well-balanced for acoustics with gravity [7].

Since it may not be convenient to derive exact or approximate evolution operators
for nonlinear systems, especially in multidimensions, another kind of generalized AF
method was presented in [1, 2, 3]. A method of lines was used, where the cell average
and point value updates are written in semidiscrete form and advanced in time with
time integration methods. In the point values update, the Jacobian matrix is split
based on the sign of the eigenvalues (Jacobian splitting (JS)), and upwind-biased sten-
cils are used to compute the approximation of derivatives. There are some deficiencies
of the JS-based AF methods, e.g., the stagnation issue [27] for nonlinear problems,
and mesh alignment issue in 2D to be introduced in subsection 3.2. Some remedies
are suggested for the stagnation issue, e.g., using discontinuous reconstruction [27] or
evaluating the upwind direction using more neighboring information [5].

Solutions to hyperbolic conservation laws often stay in an admissible state set G,
also called the invariant domain. For instance, the solutions to initial value problems of
scalar conservation laws satisfy a strict maximum principle (MP) [14]. Physically, both
the density and pressure in the solutions to the compressible Euler equations should
stay positive. It is desired to conceive so-called bound-preserving (BP) methods, i.e.,
those guaranteeing that the numerical solutions at a later time will stay in G, if the
initial numerical solutions belong to G. The BP property of numerical methods is very
important for both theoretical analysis and numerical stability. Many BP methods
have been developed in the past few decades, e.g., a series of works by Shu and
collaborators [46, 28, 43], a recent general framework on BP methods [42], and the
convex limiting approach [21, 25, 30], which can be traced back to the flux-corrected
transport schemes for scalar conservation laws [13, 23, 33, 31]. The previous studies
on the AF methods pay limited attention to high-speed flows, or problems involving
strong discontinuities, with some efforts on the limiting for the point value update; see,
e.g., [5, 27, 10]. Although those limitings can reduce oscillations, the new cell average
may violate the bound even for linear advection [5, 27], and it is not straightforward to
extend them to the multidimensional case. In [10, 9], the authors proposed to adopt
a discontinuous reconstruction based on the scaling limiter [46]. The flux is computed
based on the limited point values, resulting in BP AF methods for scalar conservation
laws. In a very recent paper, the multidimensional optimal order detection—based [11]
stabilization was adopted to achieve the BP property [4] in an a posteriori fashion.

This paper presents a new way for the point value update to cure the stagnation
and mesh alignment issues, develops suitable BP limitings for the AF methods, and
proposes a shock sensor—based limiting to further suppress oscillations. The main
contributions and findings in this work can be summarized as follows.

i). We propose to employ the flux vector splitting (FVS) for the point value
update, which can cure both the stagnation and the mesh alignment issues
effectively, because the F'VS couples the neighboring information in a uniform
and natural way. The AF method based on the FVS is also shown to give
better results than the JS, especially the local Lax—Friedrichs (LLF) FVS, in
terms of the CFL number and shock-capturing ability.
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ii). We develop BP limitings for both the cell average and point value by blending
the high-order AF methods with the first-order LLF method in a convex
combination. The main idea is to retain as much as possible of the high-
order method while guaranteeing the numerical solutions to be BP, and the
blending coefficients are computed by enforcing the bounds. We show that
using a suitable time step size and BP limitings, the BP AF methods satisfy
the MP for scalar conservation laws and preserve positive density and pressure
for the compressible Euler equations.

iii). We design a shock sensor—based limiting, which helps to reduce oscillations by
detecting shock strength. It is shown to strongly improve the shock-capturing
ability in the numerical tests.

iv). Several challenging numerical tests are used to demonstrate the robustness
and effectiveness of our BP AF methods. Moreover, for the forward-facing
step problem, our BP AF method captures small-scale features better com-
pared to the third-order discontinuous Galerkin (DG) method with the total
variation bounded (TVB) limiter on the same mesh resolution, while using
fewer DoF's, demonstrating its efficiency and potential for high Mach number
flows.

The remainder of this paper is organized as follows. Section 2 introduces the 1D

AF methods based on the FVS for the point value update. Section 3 extends our FVS-
based AF methods to the 2D case. To design BP methods, section 4 describes our
convex limiting approach for the cell average and the limiting for the point value. The
shock sensor—based limiting is also proposed in section 4 to suppress oscillations. The
1D limitings can be reduced from the 2D case, and more details are given in section
SM3 in the supplementary material. Some numerical tests are conducted in section
5 to experimentally demonstrate the accuracy, BP properties, and shock-capturing
ability of the methods. Section 6 concludes the paper with final remarks.

2. 1D active flux methods. This section presents the generalized AF methods
using the method of lines for the 1D hyperbolic conservation laws

(2.1) U,+F(U), =0, U(z,0)=U(z),

where U € R™ is the vector of m conservative variables, F' € R™ is the flux function,
and Ug(z) is assumed to be initial data of bounded variation. Two cases are of
particular interest. The first is a scalar conservation law (m =1)

(2.2) ur + f(u)z =0, u(z,0)=uo(x).

The second case is that of compressible Fuler equations of gas dynamics with U =
(p,pv, E)T and F = (pv, pv®+p, (E+p)v) T, where p denotes the density, v the velocity,
p the pressure, and £ = % pv? + pe the total energy with e the specific internal energy.
The perfect gas equation of state p = (7 — 1)pe is used to close the system with the
adiabatic index v > 1. Note that this paper uses bold symbols to refer to vectors and
matrices such that they are easier to distinguish from scalars.

Assume that a 1D computational domain is divided into N cells I; = [z, _ 1Tl ]
with cell centers z; = (z;_1 +x;,1)/2 and cell sizes Av; =z, 1 —x;_1,1=1,.... N,
The DoFs of the AF methods are the approximations to cell averages of the conser-
vative variable as well as point values at the cell interfaces, allowing some freedom
in the choice of the point values, e.g., conservative variables, primitive variables, en-
tropy variables, etc. This paper only considers using the conservative variables, and
the DoFs are denoted by
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— 1
(2.3) Ti(t) = / Un(e,t)de, U,ys(t)=Un(ays.t),
A;Ci I, 2 2

where U, (z,t) is the numerical solution. The cell average is updated by integrating
(2.1) over I; in the following semidiscrete finite volume manner:

)

Thus, the accuracy of (2.4) is determined by the approximation accuracy of the point
values. It has so far (e.g., in [2]) been considered sufficient to update the point values
with any finite-difference-like formula

w, 1
dt - A.TZ

(2.4) [FUy) - F(U,

(25) —

=-R (U@q_%_ll (t)aﬁi—&-l—ll (t)a ce aﬁi+l2 (t), Ui+%+l2 (t)> 1,12 20,
with R a consistent approximation of OF /0x at x;, 1, as long as it gave rise to a
stable method. This paper explores further conditions on R for nonlinear problems.

2.1. Stagnation issue when using Jacobian splitting. Let us first briefly
describe the point value update based on the JS [2], which reads

dUH—%
dt

(2.6) —— [T (U.)D},, (U) + T~ (Uy3)D;,, ()],

it+3
where the splitting of the Jacobian matrix J = J* + J~ is defined as
JE=RATR™' At =diag{\},... A1},

based on the eigendecomposition dF /U = RAR™*, A = diag{\1,...,\m}, where
A1, ..., Ap are the eigenvalues, with the columns of R the corresponding eigenvectors,
and a* = max{a,0}, a= =min{a,0}. To derive the approximation of the derivatives
in (2.6), one can first obtain a high-order reconstruction for U in the upwind cell,
and then differentiate the reconstructed polynomial. As an example, a parabolic
reconstruction in cell I; is

IEQ €T

Uparai () =—3(2U; — Ui_1L - U”%)sz? + Uiy — Ui*%)Axi
(2.7) +i(6ﬁi—U-_% ~U;1)
satisfying Upara,1 (£Ax;/2) = Uii%, A%Ci _AAzz/jz Upara,1(2) do = U,. Then the deriv-
atives are
(282) D, (U)=Upueo (Ai/2) = 52U, ~6T; 44U, )
(2.8b) D, (U)= szlm (—AU s + 60101 — 20, 4).

One of the deficiencies of using the JS is the stagnation issue that appears in
certain setups for nonlinear problems, as observed in [27, 5]. As shown in Example
5.1 for Burgers’ equation, the numerical solution based on the JS without limiting
gives a spike in the cell average at the initial discontinuity x = 0.2, which grows
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linearly in time. The reason for this behavior is the inaccurate estimation of the
upwind direction at the cell interface, required to split the Jacobian in (2.6). In this
example, there are two successive point values with different signs near the initial
discontinuity: u; 1= =2, u; i+l = —1. At the cell interface x; _1 0T Ty, depending
on the details Of 1n1t1ahzat10n the upwind discretization in (2 8) only uses the data
from the left or right, leading to zero derivatives, and thus the point values u, -1 and

Uy L stay unchanged. However, according to the update of the cell average (2 4) Uy
increases gradually (which is the observed spike). Proposed solutions to handle the
stagnation issue involve estimating the Jacobian not only at the relevant cell interface
but also at the neighboring interfaces, and to select a better upwind direction (e.g.,
[5]) or achieve the same by blending (e.g., [9]). As will be shown below, using FVS
instead of the JS naturally has a similar effect.

2.2. Point value update using flux vector splitting. In this paper, we pro-
pose to use the F'VS for the point value update, which was originally used to identify
the upwind directions and is simpler and somewhat more efficient than Godunov-type
methods for solving hyperbolic systems [38]. The FVS for the point value update
reads

U, 1

(2.9) -

~[D'FHU)+D F (U)];, 1,

where the flux F is split into the positive and negative parts F = F* + F~ satisfying

OF™ OF~
. — | >0, — | <0,
210) A(8U> oA (%) <o

i.e., all the eigenvalues of 2% ST " and 2F S are nonnegative and nonpositive, respectively.
Different FVS can be adopted as long as they satisfy the constraint (2.10), to be
discussed later. Finite difference formulae to approximate the flux derivatives are
obtained as follows. From the reconstruction of U (2.7), one can evaluate the flux F,
as well as the split fluxes F’ + pointwise. We compute them at the endpoints of the
cell and in the middle. Then a parabolic reconstruction for, say, F'* in the cell I; is
obtained as follows:

+Ff,

2
Fian(z)=2(F, —2F] + F/ , )A 2+(Fz+1 F;%)A%

satisfying Ff . o(+Ax;/2) = il = F'(U;11), and Fy ., 5(0) = F = F*(U,).

The cell-centered point value is U; = (=U,;_1 + 6U,; — U,,1)/4 Then the discrete
derivatives are

(2.11a) (D F1), s =(Flho) (Ay/2)= (F} , —4Ff +3F] ),

Ami
1

1
> A

(2.11b) (D F),, (—3F , +4F;, — F_

i+3 i+g)'
These finite differences are third-order accurate. While the reconstructions of both
U and F are parabolic, the coefficients in the formula (2.11) differ from that in [2]
because (2.11) uses the cell-centered value rather than the cell average.

The FVS-based point value update borrows the information from the neighbors
naturally, and can eliminate the generation of the spike effectively, as shown in Fig-
ure 1, similar to the idea of the remedy in [5]. Note that we still use the original
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Fic. 1. Example 5.1, self-steepening shock for the Burgers’ equation. The numerical solutions
computed without limiting (top row) and with the BP limitings imposing the local MP (bottom row).
From left to right: JS, LLF, and upwind F'VS.

continuous reconstruction in the AF methods. We remark that, in AF methods, it
is not clear how to define the point values at discontinuities, and thus there may be
other methods to fix the stagnation issue.

2.2.1. Local Lax—Friedrichs flux vector splitting. The first FVS we con-
sider is the LLF FVS, defined as
1
F* = S (F(U) £aU),
where the choice of a should fulfill (2.10) across the spatial stencil. In our implemen-
tation, it is determined by

1 1 3
(2'12) Qi L :maX{Q(UT)}7 re {i_ §7i,i+ §,i+1,i+ 2},

where g is the spectral radius of 0F/OU. One can also choose a to be the maxi-
mal spectral radius in the whole domain, corresponding to the (global) LF splitting.
Note, however, that a larger o generally leads to a smaller time step size and more
dissipation.

2.2.2. Upwind flux vector splitting. One can also split the Jacobian matrix
based on each characteristic field,

(2.13) Fi:%(F(U)i|J|U), |J|=R(AT —AT)R™".

Note that we evaluate the Jacobian at three locations in the cell I; to get corresponding
F*. For linear systems, one has F' = JU, so (2.13) reduces to the JS, because in this
case

1
F* = S (I EINU = RA*R'U =J*U,

~+ ~+

with J*& a constant matrix so that D~ F¥(U) = J*D U, which is the same as
~+

JED*U if DY and D' are derived from the same reconstructed polynomial. In
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other words, for linear systems, the AF methods using this FVS are the same as the
original JS-based AF methods.

Such an FVS is also known as the Steger-Warming (SW) FVS [37] for the Euler
equations, since the “homogeneity property” F = JU holds [38]. One can write down
the SW FVS explicitly:

£at
2
Fe o £ (650 +a05 ~39)

£ (o0 +av(A\F — A + L (M + A7)

)

where \; =v, Ay =v+a, \3=v —a, aF =2(y — DAT + \f + \F, and a = /yp/p is
the sound speed.

Remark 2.1. Tt should be noted that F* in this FVS may not be differentiable
with respect to U for nonlinear systems (e.g., Euler), as the splitting is based on the
absolute value. In [40], the mass flux of F* is shown to be not differentiable, which
might explain the accuracy degradation in Example 5.7.

2.2.3. van Leer—Hianel flux vector splitting for the Euler equations.
Another popular FVS for the Euler equations was proposed by van Leer [40] and
improved by [26]. The flux can be split based on the Mach number M =v/a as

paM +1pa(M £ 1)?
F=| pa(M>+1) =F"+F, F*=|tlpa(M+£1)%0+p*|,
paM(3M?* + ﬁ) +ipa(M +£1)°H

with the enthalpy H = (E + p)/p, and the pressure splitting p* = %(1 +yM)p. This
FVS gives a quadratic differentiable splitting with respect to the Mach number.

Remark 2.2. Different FVS may lead to different stability conditions, but it is
difficult to perform the analysis theoretically. We provide experimental CFL numbers
for different FVS in some 1D tests. Our numerical tests in section 5 show that the AF
methods based on the FVS generally give better results than the JS, and the LLF FVS
is the best among all the three FVS in terms of the CFL number and nonoscillatory
property for high-speed flows involving strong discontinuities.

2.3. Time discretization. The fully discrete scheme is obtained by using the
strong stability preserving third-order Runge-Kutta (SSP-RK3) method [20]

U*=U"+ At"L(U"),
(2.14) U —ZU +1(U + At L(U )),
1 2

where L is the right-hand side of the semidiscrete schemes (2.4) or (2.5). The time
step size is determined by the usual CFL condition
CerL

(2.15) t m?x{Q(Ui)/Axi}

3. 2D active flux methods on Cartesian meshes. This section presents the
generalized AF methods using the method of lines for the 2D hyperbolic conservation
laws

(3.1) U+F,(U),+FyU),=0, U(z,y,0)=Uq(z,y).
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Fic. 2. The DoFs for the third-order AF method: cell average (circle), face-centered values
(squares), and values at corners (dots). Note that the cell-centered point value u; j (cross) is used
in constructing the scheme but does not belong to the DoFs.

We will consider the scalar conservation law

(32) Ut +f1(u)$ +f2(u)y:Ov u(:z:,y,O):uo(x,y),

and the Euler equations with U = (p, pv, E) T, F1 = (pvy, pv? + p, pv1ve, (E+p)vi) T,
Fy = (pva, pv1va, pv2 + p, (E + p)vs) T, where v = (v1,vs) is the velocity vector, and
the other notations are the same as for 1D in section 2. The SSP-RK3 method is used
to obtain the fully discrete method.

Assume that a 2D computational domain is divided into Ny x Nj cells, I; ; =
(i1, 2ip1] X [y;_1,9;41] with the cell sizes Az; = 2,11 — @, 1,Ay; = y; 1 —
y;j—1, and cell centers (z;,y;) = (%(ajz_% + 1), %(yj_% +Yj11)),i=1,...,Ny, j=
1,...,Ny. The DoFs consist of the cell average U, ;(t) = m fIi ; Up(z,y,t) dzdy,
the face-centered values U, 1 ;(t) =Un(w;41,y;,t),U; j1(t) = U’h(xi,yﬂ%,t), and
the value at the corner U; 1 ;. 1(t) = Un(w;y1,9;11,1), where Up(x,y,t) is the
numerical solution. A sketch of the DoFs for the third-order AF method (for the
scalar case) is given in Figure 2.

The cell average is evolved as follows:

au, 1 o 1~

(3.3) T :*R(FH%J*Fz‘—;j)*fg/j(Fi,j% ij—1);

where F;,1 . and F, ., 1 are the numerical fluxes
3] L,Jj+5

ﬁ‘ o 1 ijr% F
i+l T% Y 1 (Uh(xH%vy)) dy,
.7*5

o~ B 1 z+2

Fijri= An ), Fs (Uh(x,ijr%)) de.
-2

To achieve third-order accuracy, one can use Simpson’s rule:

=~ 1
(3.5) Firy5=3% (Fl(UH—%,j—%) +4F 1 (U;py 5) + Fl(Ui—i-%,j-i-%)) :

3.1. Point value update using flux vector splitting. For the evolution of
the point values, consider the following general form:

v,

(3.6) prabe ~R(U.(t),Uy (1)), c€C(0),0" € X(a),
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where R is a consistent approximation of 0F;/0x + 0F3/0y at the point o, and
C(o) and X(0) are the spatial stencils containing the cell averages and point values,
respectively. One can use the JS in [3] or employ the FVS for the point value update;
e.g., for the point value at the corner (xi+% , yj+%), the FVS-based update reads

(3.7) dU”“ﬂ

2
_ Z[D@ +D5F;(U)]. S
1 Z+§,j+§

where the fluxes are split as Fy = F + F, )\( ) 0, )\(aFi) < 0. The explicit
expressions of the 2D FVS used in thls paper can be found in tihe supplementary

material section SM1. The finite difference operators D1 and D, can be obtained
similarly to subsection 2.2. For third-order accuracy, starting w1th a biparabolic
reconstructlon of U and computing a biparabolic interpolation of FF 7 » one thus obtains

D1 in the z-direction as
1
i+1i+3 Az

(131+F1+> ((Fl)j_%ﬂ.ﬂ A(Fy)f +1+3(F1),+2,]+)
1

I)*F*) = (—F 4 AF —(Fy) )
( VU ket Amigy 3 1)J“z’*z—’— F1)i, +3 ( 1)1+%J+§

For the face-centered point value at (z;,1,y;), the FVS-based update reads

(3.8) - —[DyF{(U)+ Dy Fy(U)]iy1 5 — (D2F2(U))iy1 5
where
~+ 1 I
<D1 Fy >i+§,j Az, <(F1)i*%a3 (Fl) + 3(F1)Z+ J)

o 1 B
(Dl Fy )z’-i—%,j - Aziiq (_3(F1)' FAF) i i (F1>i+%vj) ’

~ 1
<D2F2>i+%7j = T% ((FQ)iJr%,jJr% - (FQ)iJr%,j*%) )

and the cell-centered point value is computed from the biparabolic reconstruction [3]
as

1 _
(3.9) Ui,j:E[S(SUM—zL(U + U+ U+ U )

1*]

~WUiig 14U 1+ U1 40 +Ui+%,j+%)]

The update for the point value at (z;, ijr%) is omitted here, which is similar to (3.8).

3.2. Mesh alignment issue when using Jacobian splitting. The mesh
alignment issue was observed for the fully discrete AF methods in [34], where the
convergence rate reduces to 2 for the linear advection problem, when the advection
velocity is aligned with the grid. For the generalized AF methods based on the JS,
such an issue is also observed. Consider Example 5.8, where we solve a quasi-2D Sod
shock tube along the x-direction on a 100 x 2 uniform mesh. As shown in Figure 3,
the density based on the JS shows large deviations between the contact discontinu-
ity and shock wave. From Figure 4, it can be seen that the solutions of the DoF's
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Fic. 3. Ezample 5.8, quasi-2D Sod shock tube. The density are computed without (top row)
and with the shock sensor—based limiting (k =1, bottom row). From left to tight: JS, LLF, SW, and
VH FVS.
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Fic. 4. Example 5.8, quasi-2D Sod shock tube. Based on the JS, the solutions that belong to
different kinds of DoF's are decoupled.

at the corner (2;,1,y;,1) and horizontal face (z;,y;,1) are decoupled from that at
the vertical face (x,, 1 ,y;) and cell averages. The reason is complicated because the
mesh alignment issue seems to be caused by the decoupled point value update and its
interaction with the JS.

3.3. Boundary treatment. The numerical boundary conditions can be imple-
mented using ghost cells as usual finite volume methods. Take the reflective boundary
for the Euler equations as an example. Let x =x Ni—1 be the boundary, then the cell
averages and point values in the ghost cell Iy, ; are given by

Un,j=MUn,-15), Un, 43 ;=M (UNl_%7j> )

Uy, j-3 =M (Ulel,j%) s Unpytj-3 =M (UNr%,ij :

where M reverses the sign of the pv; component while keeping others unchanged.
Then the point value update at the boundary can be computed in the same way as the
interior points, but the numerical flux on the boundary for the cell average is computed
through the LLF flux as suggested in [4]. For instance, the flux F;(Uy, 1, 1) on

3J-3
the right-hand side of (3.5) is replaced by FI{LF(UNl_Lj_%,M(UNI_M_%)

~—
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4. 2D bound-preserving active flux methods. In this paper, the admissi-
ble state set G is assumed to be convex. Two cases are considered. For the scalar
conservation law (3.2), its solutions satisfy a strict MP [14], i.e.,

(4.1) G={u|mo<u< My}, mo=minug(x,y), My=maxug(z,y).
z,y T,y

For the compressible Euler equations, the admissible state set is

(4.2) G={U=(p,pv,E)|p>0, p=(y = 1)(E - ||pv|[*/(2p)) > 0},
which is convex; see, e.g., [47].

DEFINITION 4.1. An AF method is called BP if starting from cell averages and
point values in the admissible state set G, the cell averages and point values remain
i G at the next time step.

Note that to avoid the effect of the round-off error, we need to choose the desired
lower bounds for the density and pressure. In the numerical tests, we will enforce
p =P, p>eP, with €,eP to be defined later. Since the DoFs in the AF methods
include both cell averages and point values, it is necessary to design suitable BP
limitings for both of them to achieve the BP property. The limiting for the cell
average has not been addressed much in the literature, except for a very recent work
[4]. The 1D limitings can be reduced from this section, given in section SM3 in the
supplementary material.

4.1. Convex limiting for the cell average. This section presents a convex
limiting approach to achieve the BP property of the cell average update. The basic
idea of the convex limiting approaches [21, 25, 30] is to enforce the preservation
of local or global bounds by constraining individual numerical fluxes. The BP or
invariant domain-preserving properties of flux-limited approximations are shown using
representations in terms of intermediate states that stay in convex admissible state
sets [21, 24]. The low-order scheme is chosen as the first-order LLF scheme

L - ~L ~L ~L ~L
Ui,j:Ui,j — M1 (Fi+%,j —Fi,%“j) — 2,5 (Fi,j+% _Fz',]?%)v
~L ~L
where F;, 1 . and F; ., 1 are the LLF fluxes. Take the z-direction as an example,
i+3,] 4J+ 3
~L ~LLF ——n ——n
FiJr%,j = F (U'é,jv i+1,j)
1 =N =N
5 (Fl(Ui,j) +F1(Ui+1,j)> -
(al)i—i-%,j = maX{Ql(ﬁZj)v Ql(ﬁ?-i-l,j)}a
(43) M1, = Atn/AIE“

(a1)ig1;
2

n

(ﬁ?ﬂ,j _ﬁi,j)7

where o7 is the spectral radius of OF;/0U. Note that here @iy 1 ;5 is not the same as
the one in the LLF FVS. Following [22], the first-order LLF scheme can be rewritten
as

—=L N
U,,= [1 — M1, ((al)i—%,j + (al)i—l—%,j) — M2, ((a2)i,j—% + (aQ)er%ﬂ U, ;

+ o)y Uiy g+ pi(on)ivy jUiry

(4.4) + p2j(a2); ;o1 U 51+ pajon); 11U o,

1
2
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with four intermediate states, and the explicit expressions in the x-direction are

(45)  Tiey,=s <U ATy ) £ M:][Fl(u) Fy (T)].

The proofs of U i1 J-Jym»i 1€ g are g%ven in the supplementary material section
SM2, for the scalar case and Euler equations.

LEMMA 4.2. If the time step size At™ satisfies

(4.6) At" < 1min Az; Ay, ,
2 (al)z—f,

j (al)H— ,j (()[2)1 J—3 + (a2)z J+3
then (4.4) is a convex combination, and the first-order LLF scheme is BP.

The proof (see, e.g., [22, 35]) relies on U, e Uli%d», ﬁi,ji% € G and the convexity
of . H L H

Upon defining the antidiffusive flux AF;, 1 ;= F; 1 ;—F;; 1 ;, and when F 1 ;
is given in (3.4), a forward-Euler step applied to the semidiscrete high-order scheme
for the cell average (3.3) can be written as

—H —n ~L ~L ~L ~L
Ui,j :Ui,j — M1 (Fi+%,j _Fz'fé,j> — M2, (Fi,j+§ _Fz',jfl>
o (Af’H AFZ,%J) — (AFH+1 AF, J")

[1 — M1, ((041)1_7 4T (041)1+;,J) — H2,5 ((042)1'4'—% + (a2)i,j+%)] Ui,j
H+ ~H,—

+ 1(041)1 1 1;, ,J + Z(al)z+2,jUz+2,]
H,+
(4.7) + MQ,j(O‘2>i,j——U i1+ h25(02); ,]+;U INEEY
with the high-order intermediate states
_ _ AF _ _ AF, 4
H,F i+l H,F i,j+1
Uz’:l:%,j = Uz’:t%,j =, Ui,ji% =Uj et F o

(al)ii%,j
With the low-order scheme (4.4) and high-order scheme (4.7) having the same abstract
form, one can blend them to define the limited scheme for the cell average as

—Lim —_—n
U,; = [1 i ((al)z—f gt ()i J) — M2, ((az)ij_% + (042)m‘+%>] Ui

L1m s+ ~ Lim,—

+ pa, 1(061)2_, ’i—fj—’—ﬂl 2(a1)z+ ,]UH-Z,]
~ Lim,+ ~ Lim,—
(48) + p2,; (aQ)zJ 1 U ij—% L+ Ml](az)z J+i U i+
where the limited intermediate states are
~Lim
~ Lim,F U AFiﬁ:%,j U + ezﬂ:l Ainl j
i+t = Virt s+ 7~ T Uixl; —a
2 2 (al)ziég ? (al)zil
~Lim ~
~LimF AFi,j:t% ~ ei,ji%AFi,ji%
(4.9) Ui,j:l:% = Ui,j:l:% N Ui,j:t% F—">
(a2)i,ji% (aQ)i,]il

and ;11 ;,0; ;.1 € [0,1] are the blending coefficients. The limited scheme (4.8)
reduces to the first-order LLF scheme if 6,1 ; =6, ;.1 = 0 and recovers the high-
order AF scheme (3.3) when 0,1 ;=0; ;.1 =1.



BOUND-PRESERVING ACTIVE FLUX AR23

PROPOSITION 4.3. If the cell average at the last time step ﬁ@» and the limited
L L
intermediate states Ulimf, Ulq;”;i belong to the admissible state set G, then the

limited average update (4.8) is BP, i.e., 75; € G, under the CFL condition (4.6). If
the SSP-RK3 (2.14) is used for the time integration, the high-order scheme is also

BP.

Proof. Under the constraint (4.6), the limited cell average update T, is a convex

/th
m,F ~ Lim,F
combination of U Ulil j» and U”il thus it belongs to G due to

the convexity of G. Because the SSP-RK3 is a convex combination of forward-Euler
stages, the high-order scheme equipped with the SSP-RK3 is also BP according to the
convexity. 0

Remark 4.4. The scheme (4.8) is conservative as it amounts to using the z-
. . . ~L ~ ~H ~L
dlr.ectl(')nal numerical ﬂu‘x Fj+%7j+6i+%,jAFi+%7j = GH%JFH%J—F(1—9i+%,j)FH%7j,
which is a convex combination of the high-order and low-order fluxes.

Remark 4.5. Tt should be noted that the time step size (4.6) is determined based
on the solutions at t”. If the constraint is not satisfied at the later stage of the
SSP-RK3, the BP property may not be achieved because (4.8) is no longer a convex
combination. In our implementation, we start from the usual CFL condition (2.15).
Then, if the high-order AF solutions need BP limitings and (4.5) is not BP or (4.6) is
not satisfied, the numerical solutions are set back to the last time step, and we rerun
with a halved time step size until (4.5) is BP and the constraint (4.6) is satisfied. This
is a typical implementation in other BP methods, e.g., [45].

The remaining task is to determine the coefficients at each interface ;41 ;,0; ;11

Lim ~ Lim
such that Uzi f Ul 4 ;E € G and stay as close as possible to the high-order solutions
~ H ~H
U1i27J,U”i1 Le., the goal is to find the largest 0;11 ;,0; ;.1 € [0,1] such that
~ Lim, ~ le7
it ;j, ;E € G. The explanations will be given for the z-direction.

4.1.1. Application to scalar conservation laws. This section is devoted to
applying the convex limiting approach to scalar conservation laws (3.2) such that the

limited cell averages (4.8) satisfy the MP w™* < 4" < uj"®, where u/}" = min\,

u =max N, and N will be defined later. Accordmg to the convex decomposition,

the blending coefficient 6,1 ; € [0,1] or A fL”“ - should be chosen such that u"

<

T umax ) i gt gmax Sol ng the first condition, i.e., u™" <

TGy S U W S BTG S U Vlg iti “m <
L FLi

Uiyl —AfHm /041_Ir 1< ?J"‘X,onehasAf m o z+—]( it~ mm)lfAf ;=

0, or AfLm 2oy (T —ut) if Af ; < 0. Solving the second condltlon

2
4 g max- in the same way and combining the two sets of results yields

z—i—l,]
max {AfZJr, e Afijr%,].} otherwise,

L1m
u?-ll—ullj S U i+3 1

fLim
A it3.
r+ __ ,,min , max _
A i+1, =(@1)is1 mm{“w%,j Wiyj Wit “i+%,j}v
_ min ~ T max
AfH%J = (041)1;+§,j max {Uz‘+1,j Uipd o Uiyl 5 — Uy
Finally, the limited numerical flux is

fLim le
(410) i+%,j H— J+A H— -
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If considering the global MP, N = Us, j’a{a?’ ;»Uy }. One can also enforce the local MP,
which helps to suppress spurious oscillations [21, 31, 22], by choosing

_Jsn ~ ~ ="
N= {“m Uimggo g d 5 Gi =g it T g Uit 5o U1, U u+1}
which includes the intermediate states and neighboring cell averages.

4.1.2. Application to the compressible Euler equations. This section aims
at enforcing the positivity of density and pressure. To avoid the effect of the round-
off error, we need to choose the desired lower bounds. Denote the lowest density and
pressure in the domain by

(4.11) e *mm{U” UG’} e *mln{p( i), P(Ug)},

1,5,0 1,5,0
where U™ and p(U™) denote the density component and pressure recovered from U™,
respectively, and o denotes the locations of point values in the DoFs. The limiting
(4.9) is feasible if the constraints are satisfied by the first-order LLF intermediate
states (4.5); thus the lower bounds can be defined as
Epj = min{10_13,59,611 4 ﬁzil j,ff[v) 1 ﬁszr;},

2, K3 7]7 1’]777
Elpj _mln{ 0~ 1 6pap( 1—7]) p( z+%,j)>p( z]—f) p( 7]+%)}'

i) Positivity of density. The first step is to impose the density positivity

~ Lim,+,p
i+1.j >€z’+§,j IRE i+17j
the corresponding density component of the limited antidiffusive flux is

= min{e? }. Similarly to the derivation of the scalar case,

=P —p

. =P . =P
Aﬁle’p mln{AFl+7J7 (041>H_%’] <U7/+2,j E+% )} 1fAFl+%7j>07
z+2,] =P .
max{AFH e (al)H%J < i+l -U;, )} otherwise.

~Lim,*,p

Then the density component of the limited numerical flux is F, 1 ; = — F;

27] 7/+27]+

Li
AFZJlrm p], with the other components remaining the same as FZ 1

11) Positivity of pressure. The second step is to enforce pressure positivity

~ Lim,

7p .
p(UiJr%J)}eH% ‘.—mln{eu, €iy1,;)- Since
9 A/\Lim,*
~ Lim,+ ~ i+17 i+i5 ~Lim,* ~Lim,* ~L
o o=U, 1 . +—2 T2 AR =F, T
7‘+27] l+27.7 a'+1 . ’ ’L+27] 7‘+27] 'L+2n7’
11357

the constraints lead to two inequalities after some algebraic operations

(412) AZ+ ]91_,'_1 :l:B 02+%,]<C’L+%,]7

with the coefficients (the subscript (-);11 ; is omitted on the right-hand side)

Ale,*,pv ~Lim;*,p . ~Lim*, F

A HA _AFPAF ,

s 1
’L+§>] 2

Lim,*, ~Lim,*, F ~Lim,*,pv

BH%J:ozl(AF T+ O AFT Z AF U" —aAF

~p~E 1| ~pv
Ci+;,j:a%<UU 75HU

2
_z 2 P _
, EU), E—Ei_,’_%’j/("y 1).
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Following [30], the inequalities (4.12) hold under the linear sufficient condition
(max{0, Apsy ;3 +|Biry 41) Oy < Cipy
if making use of 92.2+%7j < 0i+%7j, 9i+%’j € [0,1]. Thus the coefficient can be chosen as

0 il City
ir1,;=ming 1, 7
2 max{0, A; 1 ;}+[Bi 1

and the final limited numerical flux is

~Lim,*x* ~L ~Lim,*

4.1.3. Shock sensor—based limiting. Spurious oscillations are observed, es-
pecially near strong shock waves, if only the BP limitings are employed; see Example
5.10. We propose to further limit the numerical fluxes using another parameter 60? 1
based on shock sensors. Consider the Jameson’s shock sensor in [29],

_ |Pit1,; — 2Pi,j + Pi—1,5]
|Dit1,; + 2Di,j + Pi—1,5]’

(1)ig
and a modified Ducros’ shock sensor [15]

—(V-9);

0
\/(v )2+ (V x 0)2, + 1040

(()02)1‘7]‘ = max

where

2((01)i41,5 — (V1)i-1,5) 42 ((92)i,5+1 — (V2)i,5-1)

V.9);,~

V-2 Az; + Azt Ayj + Ayj

(V x )i ~ 2((02)i415 — (02)i-15)  2((01)i 41 — (U1)i-1)
’ Az + Azip Ay; + Ayjn

with ¥; ; and p; ; the velocity and pressure recovered from the cell average U; ;. We
consider the sign of the velocity divergence such that the shock waves can be located
better. The blending coefficient is designed as

911%7]- =exp <_H((p1)i+%,j(902)i+%,j) €(0,1],
(Ps)ip1,; = maX{(@s)z‘,j, (%)HLJ}, s=1,2,

where the problem-dependent parameter x adjusts the strength of the limiting, and
its optimal choice needs further investigation. The final limited numerical flux is
~Lim L ~Lim,*x*

(4.14) Fi-i—%,j:Fi+%,j+9:+é7jAFi+%,jv

~Lim, *x* ~Lim,*x* ~Lim,*x*

. /\L . .
with AF; 1 s =F; 1 ; —F; 1, and F; 1 ; given in (4.13).
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Fic. 5. The stencils for the first-order LLF schemes.

4.2. Scaling limiter for point value. To achieve the BP property, it is also
necessary to introduce BP limiting for the point value, because using the BP limiting
for cell average alone cannot guarantee the bounds; see Example 5.5. As there is
no conservation requirement on the point value update, a simple scaling limiter [32]
is directly performed on the high-order solution rather than on the flux for the cell
average.

The first step is to define suitable first-order LLF schemes. The stencils are shown
in Figure 5.

For the point value at the corner, one can choose

2At™ ~L ~L
L
@15) Uiy sy =Ulip iy~ &y ey (Firat ~ Fians)
2At7’b ~L ft—'L
- ij +ij+1 < N i+%7j)

with the LLF numerical fluxes

Uy 0 U Fioo=Fy (U, o
i+ii+i Y irdg+d )0 Tt g4l i+3.+3 Y i+35+3 )

Note that the z-directional LLF flux has been used in (4.3). For the vertical face-
centered point value, we choose the first-order LLF scheme as

~L ~LLF
Fi1 =1 (

(4.16)
2At™ ~L ~L At? ~L
L —
Uz+2,y UZL+27] Az; + Aziiq ( itl,j ]) - Ay, (Fi+%,j+% _Fi+§,y )

with the LLF numerical fluxes
ﬁ?—l—l,j = ﬁiLF (U?Jr% U?Jr ]) ﬁ’?+%,j+% = ﬁ‘;LF (U:L+ JvU?Jr%,jJr%) :
The LLF scheme for the face-centered value on the horizontal face can be chosen as
(4.17)
n n

Uiy =U 50— i; (Fi+%,j+§ - ﬁ‘?—%,ﬁ%) - ijerAtAy]H (ﬁlg,j+1 - ﬁ’;) ;

with similarly defined LLF numerical fluxes as for the vertical face.
Similarly to Lemma 4.2, it is straightforward to obtain the following Lemma.
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LEMMA 4.6. The LLF schemes (4.15)—~(4.17) for the point value update are BP
under the following time step size constraint

At" < % min { A% + A%ivs ) 05+ By 5
2 ((O‘I)i,j—i-% + (O‘l)i—&-l,j-&-%) 2 ((OQ)H—%,]‘ + (a2)i+%,j+1)
AiEi + A.CL'H_l ij
2((e)ig + (an)it15) " (@2)ips jor +(a)ipr j o
Azx; Ay + Ay,
(4.18) ° , Yi + Byt ,
(@1)iys jyr+(on)ig 11 2((a2)ij + (a2)ij+1)

where (1)« and (a2)« are the viscosity coefficients in the LLF schemes.

The limited solution is obtained by blending the high-order AF scheme (3.6) with
the forward-Euler scheme and the LLF schemes (4.15)—(4.17) as Ub"=0,U% + (1 -
0,)UE such that U™ € G.

Remark 4.7. In the FVS, the cell-centered value obtained based on Simpson’s rule
Ui=(-U;_1 + 6U; — U;;1)/4in 1D or (3.9) in 2D is not a convex combination;
thus it is possible that U;,U; ; ¢ G. For the scalar case, it does not affect the BP
property. However, for the Euler equations, the computation of F; (resp., (Fy)i ;)
requires that U; € G (resp., U, ; € G); thus the scaling limiter [45] is applied in the
cell I; (resp., I; j), a procedure also mentioned in [10]. See more details in Remark
4.8.

4.2.1. Application to scalar conservation laws. This section enforces the
MP a2 L yb® <y using the scaling limiter [44]. The limited solution is

(4.19) ut™ = 0,ul + (1 —0,) uk,
with the coeflicient

L
MO—UJ

H __ ,L
Ug Ug

L

Ug — Mo
L _ ,H
UO' uO’

)

0, = min {1,

b

The bounds are determined by u™® = min N, u** = max A/, where the set N/
consists of all the DoFs in the domain, i.e., N = J; ; ,{4};,u} for the global MP.
One can also consider the neighboring DoF's for the local MP. For the point value at
the corner (;;1,¥;,1), we choose

—_ n n n n n
N = {0l g g Wiy gy Wi e g e Wiy e )
which should at least include all the DoF's that appeared in the first-order LLF scheme
(4.15). For the point value at the vertical face center (x;,1,y;), similarly we choose
_ n n n n n
N= {“i%,j’“i—%,j’“i%,j’”i+%,j—%’“i+%,j+% } :

For the point value at the horizontal face center (z;,y, 1 ), we choose

n n n n n
N { Gt hi—g 7 s i gty z+%,a+%}
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4.2.2. Application to the compressible Euler equations. The limiting con-
sists of two steps.

i) Positivity of density. First, the high-order solution U% is modified as U="™*
such that its density component satisfies U-™*” > gf := min{10713 ¢, U%"} with
ef given in (4.11). Solving the inequality yields

Lp _ p
UO' E‘O’

9; — UI;p _ Uf,’p
1 otherwise.

1 H,p P
it U’ <e?l,

Then the density component of the limited solution is UX™** = ¢*U%* + (1 —
Hz)UI;fl , with the other components remaining the same as U%.
2 . .
ii) Positivity of pressure. Then the limited solution UL™* is modified as U:™
such that it gives positive pressure, i.e., p(US™) > 2 := min{10713,&P p(U%)}, with
eP given in (4.11). Let the final limited solution be

(4.20) Ui =000 +(1-0")Us;.

The pressure is a concave function of the conservative variables (see, e.g., [46]), so that
p(UE™) > 05 p(US™*)+(1 — 62*) p(U%) based on Jensen’s inequality and U5™*? > 0,
U-? >0, 0 €0,1]. Thus the coefficient can be chosen as

p(U;) —€?
0, =1 p(Ug) —pU™)
1 otherwise.

if p(UL™") <<,

Remark 4.8. To compute the high-order FVS-based point value update, we should
limit the cell-centered value U; in 1D (resp., U;; in 2D) at the beginning of each
Runge-Kutta stage. For example, in 2D, we modify U, ; as UI;Z?“ =0,,;U;;+(1—

Qi,j)Ui,j such that
im . — TP im . - TT
UIZ-“J # > min{10 13’Ui,j}7 p(UIZ»“,j ) = min{10 13,p(U1~7j)}.
The computation of 6; ; is similar to the procedure in this section.

Let us summarize the main results of the BP AF methods in this paper.

PROPOSITION 4.9. If the initial numerical solution ﬁ?)j, U?, €gq foralli,j,o, and
the time step size satisfies (4.6) and (4.18), then the AF methods (3.3)—(3.6) equipped
with the SSP-RK3 (2.14) and the BP limitings

e (4.10) and (4.19) preserve the MP for scalar case;

e (4.13) and (4.20) preserve positive density and pressure for the Euler equa-

tions.

Remark 4.10. For uniform meshes, and if taking the maximal spectral radius of
OF1/0U and OF32/0U in the domain as ||¢1|loc and |02/, the CFL condition

1 A A
Awgmm{ﬂf,y}
+ llollo " 1021l o

fulfills the time step size constraints (4.6) and (4.18).
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Fic. 6. Exzample 5.2, LeBlanc Riemann problem. The density computed with the BP limitings
and the shock sensor—based limiting (k =10) on a uniform mesh of 6,000 cells. From left to right:
JS, LLF, SW, and VH FVS.

5. Numerical results. This section presents some numerical tests to verify the
accuracy, BP property, and shock-capturing ability of the proposed BP AF methods.
The adiabatic index is v = 1.4 for the Euler equations except for Example 5.11, where
it is 5/3. In the 2D plots, the numerical solutions are visualized on a refined mesh
with half the mesh size, where the values at the grid points are the cell averages or
point values on the original mesh. Note that the BP limitings naturally reduce some
oscillations. Some additional tests are provided in section SM4 in the supplementary
material, including a 1D accuracy test for the Euler equations, double rarefaction
problem, blast wave interaction problem using the power law reconstruction [5], and
double Mach reflection problem.

Ezample 5.1 (Self-steepening shock). Consider the 1D Burgers’ equation u; +
(2u?), = 0 on the domain [—1,1] with periodic boundary conditions. The initial
condition is a square wave, ug(z) =2 if |z| < 0.2, otherwise ug(z) = —1.

Figure 1 shows the cell averages and point values at 7" = 0.5 based on different
point value updates with 200 cells. The CFL number is 0.2. The spike generation
when using the JS has been observed in [27], and the reason is also discussed in
subsection 2.2. Such an issue cannot be eliminated by our BP limitings alone but can
be cured by additionally using the FVS for the point value update. The numerical
solutions based on the FVS agree well with the reference solution when the limitings
are activated.

Ezample 5.2 (LeBlanc shock tube). This is a Riemann problem with an extremely
large initial pressure ratio. This test is solved until T =15 x 1075 on the domain [0, 1]
with the initial data (p,v,p) = (2,0,10°) if x < 0.5, otherwise (p,v,p) = (1073,0,1).

Without the BP limitings, the simulation will stop due to negative density or
pressure. Figure 6 shows the density computed on a uniform mesh of 6000 cells with
the BP limitings and shock sensor—based limiting. Note that the numerical methods
typically need a small mesh size to accurately obtain the right location of the shock
wave. The CFL number is 0.4 for the JS, LLF, and SW FVS and 0.1 for the VH FVS
for stability. The numerical solutions agree well with the exact solution with only a
few undershoots at the discontinuities.

Ezample 5.3 (Blast wave interaction [41]). This test describes the interaction of
two strong shocks in the domain [0, 1] with reflective boundary conditions. The test
is solved until 7= 0.038.

Due to the low-pressure region, the schemes blow up without the BP limitings.
Figure 7 shows the density plots obtained by using the BP limitings and shock sensor—
based limiting on a uniform mesh of 800 cells. The CFL number is 0.4 for the JS,
LLF, and SW FVS and 0.36 for the VH FVS. The numerical solutions agree well the
reference solution with a few overshoots/undershoots.
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Fic. 7. Example 5.3, blast wave interaction. The density computed with the BP limitings and
the shock sensor—based limiting (k = 1). The corresponding enlarged views in x € [0.62,0.82] are
shown in the bottom row.

FiG. 8. Example 5.5, 2D advection equation. From left to right: without any limiting, with BP
limitings tmposing the global MP, cut-line along y==.

Remark 5.4. In the numerical tests, the maximal CFL numbers for stability are
obtained experimentally. Note that the reduction of the CFL numbers is due to
different stability bounds for different point value updates and is not related to the
BP property. The study of such an issue is beyond the scope of this paper, which will
be explored in the future.

Example 5.5 (2D advection equation). This test solves u; + u; + u, = 0 on the
periodic domain [0, 1] x [0, 1] with the following initial data:

1—|5r| if r=4/(x—0.3)2+ (y—0.3)2<0.2,
uo(z,y) =41 if max{|lz—0.7], |y —0.7]} <0.2,
0 otherwise.

For the advection equation, the JS and LLF FVS are equivalent. The results on
the uniform 100 x 100 mesh obtained without and with BP limitings at 7' = 2 are
presented in Figure 8. The BP limitings suppress the overshoots and undershoots
well near the discontinuities. Table 1 lists whether the numerical solutions stay in the
bound [0,1]. The bound is only preserved when both the BP limitings for the cell
average and point value are activated, demonstrating that it is necessary to use the
two kinds of BP limitings simultaneously.

Ezample 5.6 (2D Burgers’ equation). We solve u; + (3u?); + (3u?), =0 on the
periodic domain [0, 1] x [0, 1], with the initial condition ug(x,y) = 0.5+sin(27(x+y)).
This test is solved until T'= 0.3, when the shock waves have emerged.
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TABLE 1
Ezxample 5.5, 2D advection equation. We list whether the numerical solutions stay in the bound
[0,1] with different limitings.

cell average point value no limiting | global MP | local MP

no limiting X X X
global MP X v v
local MP X v v

— reference
121 ©  no limiting
* global MP
1] & local MP

L 06
0.4
0.2

0.0

: . <4 : —02
().5 1.0 00 OO 1.0 0.0 0.0 0.2 0.4 0.6 , 08 Lo 12 14

Fic. 9. Ezample 5.6, 2D Burgers’ equation. From left to right: without limiting, with BP
limitings imposing the global MP, cut-line along y=x.

1.0 1.0 1.0 1.0 1.0 1.0

0.9

0.7

0.6

0.0 0.0

0.0,
0.0 0.5 L0 0.0 0.5 1.0 0.0 0.5 1.0

Fic. 10. Ezample 5.6, 2D Burgers’ equation. The blending coefficients in the limitings. From
left to right: 6, 1 j and 0, ek for the cell average, 05 for the point value.
2 g

Figure 9 plots the solutions using the LLF FVS on the uniform 100 x 100 mesh
without and with limitings. The oscillations near the shock waves are suppressed
well when the limitings are activated, and the numerical solutions agree well with the
reference solution. The blending coefficients 6, , 1 A 1 for the cell average and 6,
for the point value when using the global MP are also presented in Figure 10, verifying
that the limitings are only locally activated near the shock waves.

Ezample 5.7 (2D isentropic vortex). The domain is [—5,5] x [—5, 5] with periodic
boundary conditions, and the initial condition is

1

1 -1
pP= TO’Y_1 ) (Ulan) = (17 1) + kO(y7 _-T)? p="Top, ko= %60‘5(1_72)’ To=1- ’)/2—1{:37
T Y

where r? = 22 4+ 92, and € = 10.0828 is the vortex strength. The lowest initial density
and pressure are around 7.83 x 10715 and 1.78 x 1072°, respectively, so that the BP
limitings are necessary to run this test case. The problem is solved until T'=1.
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Fic. 11. Example 5.7, 2D isentropic vortex problem. The errors and convergence rates.

Figure 11 shows the errors and corresponding convergence rates of the conserva-
tive variables in the /! norm with the CFL number 0.2. The BP AF methods based
on the JS, LLF, and VH FVS achieve the third-order accuracy, which is not affected
by the BP limitings. The convergence rate based on the SW FVS reduces to around
2, due to the nonsmoothness of the SW FVS as mentioned in Remark 2.1.

Ezxample 5.8 (Quasi-2D Sod shock tube). This test solves the Sod shock tube
problem along the z-direction on the domain [0, 1] x [0, 1] with a 100 x 2 uniform mesh
until 7" = 0.2. The initial condition is (p,v1,v2,p) = (1,0,0,1) if x < 0.5, otherwise
(p,v1,v2,p) =(0.125,0,0,0.1).

The density plots obtained by using different ways for the point value update
without and with the shock sensor (k =1) are shown in Figure 3. The density based
on the JS shows large deviations between the contact discontinuity and shock wave,
which cannot be reduced by the limiting. Seen from Figure 4, the solutions belonging
to the DoFs for different point values are decoupled, known as the mesh alignment
issue, which was explained in subsection 3.2. The results of all the FVS-based methods
agree well with the exact solution when the limiting is activated. The FVS-based AF
methods are more advantageous in simulations since they can cure both the stagnation
and mesh alignment issues. To save space, in the following tests, we only show the
results obtained using the LLF FVS.

Ezxample 5.9 (Sedov blast wave). The domain is [—1.1,1.1] x [-1.1,1.1] with
outflow boundary conditions. The initial density is one, the velocity is zero, and the
total energy is 10712 everywhere except that, for the centered cell, the total energy of
the cell average and the point values on its faces are % with Az =2.2/Ny, Ay =
2.2/Ns, which is used to emulate a d-function at the center.

This test is solved until T' = 1 and the BP limitings are necessary; otherwise,
the simulation fails due to negative pressure. The density plots obtained with the
shock sensor (x = 0.5) are shown in Figure 12. The circular shock wave is well-
captured and the numerical solutions converge to the exact solution without spurious
oscillations. The blending coefficients based on the shock sensor are presented in
Figure 13, indicating that the limiting is locally activated.

Ezample 5.10 (A Mach 3 wind tunnel with a forward-facing step). The initial
condition is a Mach 3 flow (p,v1,v2,p) = (1.4,3,0,1). The computational domain is
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exact
=== average, 101 x 101

—— average, 201 x 201
©  point, 101 x 101
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Fic. 12. Example 5.9, 2D Sedov blast wave. The density plots computed by the BP AF method.
From left to right: 10 equally spaced contour lines from 0 to 5.423 on the uniform 101 x 101 and
201 x 201 meshes, respectively, cut-line along y=x.

L1 1.00

0.04|

Fic. 13. Example 5.9, 2D Sedov blast wave. The shock sensor—based blending coefficients 9;2_ L
3
(left) and GZ,SH_ 1 (right) on the 201 x 201 uniform mesh.
I3

[0,3] x [0,1], and the step is of height 0.2 located from = = 0.6 to x = 3. The inflow
and outflow boundary conditions are applied at the entrance (z =0) and exit (z =3),
respectively, and the reflective boundary conditions are imposed at other boundaries.

The density computed by the BP AF method without and with the shock sensor—
based limiting at T'= 4 are shown in Figure 14, and the blending coefficients 67 L1
07 N
tigns in the numerical solutions, but the BP property is not violated. The numerical
solutions can be improved by our shock sensor—based limiting. Our BP AF method
can capture the main features and well-developed Kelvin—Helmholtz roll-ups that orig-
inate from the triple point. The noise after the shock waves is reduced by the shock
sensor—based limiting, while the roll-ups are preserved well. Compared to the results
obtained by the third-order P? DG method with the TVB limiter [12], the vortices
are better captured with the same mesh size Az = Ay = 1/160,1/320. Note that
the AF method uses fewer DoF's, showing its efficiency and potential for high Mach
number flows.

, are presented in Figure 15. If only the BP limitings are used, there are oscilla-
2

Ezample 5.11 (High Mach number astrophysical jets). This test follows the setup
in [45]. The first case considers a Mach 80 jet on a computational domain [0,2] x
[—0.5,0.5], initially filled with ambient gas with (p,v1,v2,p) = (0.5,0,0,0.4127). A jet
is injected into the domain with (p,v1,va,p) = (5,30,0,0.4127) at the left boundary
when |y| < 0.05. The free boundary conditions are applied on other boundaries. The
second case considers a Mach 2000 jet on a computational domain [0, 1] x [-0.25,0.25].
The initial condition and boundary conditions are the same as the first case except
that the state of the jet is (p,v1,v2,p) = (5,800,0,0.4127). The adiabatic index is
~v=5/3, and the output time is 0.07 and 0.001 for the two cases, respectively.
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3

Fic. 14. Example 5.10, forward-facing step problem. 30 equally spaced contour lines of the
density from 0.098 to 6.566. From top to bottom: 480 X 160 mesh without shock sensor, 480 x 160
mesh with k=1, 960 x 320 mesh with x=1.

1

0 1 2 3 0 1 2 3

Fic. 15. Example 5.10, forward-facing step problem. The blending coefficients 0;4_ L (left) and
3
0:j+ 1 (Tight) based on the shock sensor with k=1 on the 960 x 320 mesh.
W2

The numerical solutions obtained by the BP AF methods with the shock sensor
on the uniform 400 x 200 mesh are shown in Figure 16. The main flow structures and
small-scale features are captured well, comparable to those in [45].

6. Conclusion. In the AF methods, it is pivotal to design suitable point values
update at cell interfaces, to achieve stability and high-order accuracy. The point
value update based on the JS may lead to the stagnation and mesh alignment issues.
This paper proposed to use the FVS for the point value update instead of the JS,
which keeps the continuous reconstruction as the original AF methods, and offers a
natural and uniform remedy to those two issues. To further improve the robustness
of the AF methods, this paper developed BP AF methods for hyperbolic conservation
laws, achieved by blending the high-order AF methods with the first-order LLF or
Rusanov methods for both the cell average and point value updates, where the convex
limiting and scaling limiter were employed, respectively. The shock sensor—based
limiting was proposed to further improve the shock-capturing ability. The challenging
numerical tests verified the robustness and effectiveness of our BP AF methods and
also showed that the LLF FVS is generally superior to others in terms of the CFL
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Fi1a. 16. Ezample 5.11, the Mach 80 jet (top row) and Mach 2000 jet (bottom row). logigp
(left) and log,op (right) obtained with the BP limitings and shock sensor—based limiting (k =1 for
Mach 80 and 10 for Mach 2000, respectively).

number and nonoscillatory property. Moreover, for the forward-facing step problem,
the present FVS-based BP AF method was able to capture small-scale features better
compared to the third-order discontinuous Galerkin method with the TVB limiter on
the same mesh resolution [12], while using fewer DoF's, demonstrating the efficiency
and potential of our BP AF method for high Mach number flows.
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REFERENCES

[1] R. ABGRALL, A combination of residual distribution and the active flur formulations or a
new class of schemes that can combine several writings of the same hyperbolic prob-
lem: Application to the 1D Euler equationss, Commun. Appl. Math. Comput., 5 (2023),
pp. 370-402, https://doi.org/10.1007/s42967-021-00175-w.

[2] R. ABGRALL AND W. BARSUKOW, Extensions of active flux to arbitrary order of accu-
racy, ESAIM: Math. Model. Numer. Anal., 57 (2023), pp. 991-1027, https://doi.org/
10.1051/m2an/2023004.

[3] R. ABGRALL, W. BARSUKOW, AND C. KLINGENBERG, The active fluz method for the Euler
equations on Cartesian grids, J Sci Comput., 102 (2025), 36.

[4] R. ABGRALL, J. LIN, AND Y. Liu, Active Fluz for Triangular Meshes for Compressible Flows
Problems, preprint, arXiv:2312.11271, 2023.

[5] W. BARSUKOW, The active flux scheme for nonlinear problems, J. Sci. Comput., 86 (2021), 3,
https://doi.org/10.1007/s10915-020-01381-z.

[6] W. BARSUKOW AND J. P. BERBERICH, A well-balanced active fluz method for the shallow
water equations with wetting and drying, Commun. Appl. Math. Comput., 6 (2023),
https://doi.org/10.1007/s42967-022-00241-x.

[7] W. Barsukow, J. P. BERBERICH, AND C. KLINGENBERG, On the active flux scheme for hy-
perbolic PDEs with source terms, SIAM J. Sci. Comput., 43 (2021), pp. A4015-A4042,
https://doi.org/10.1137/20M1346675.

[8] W. Barsukow, J. HonMm, C. KLINGENBERG, AND P. L. ROE, The active flux scheme on
Cartesian grids and its low Mach number limsit, J. Sci. Comput., 81 (2019), pp. 594-622,
https://doi.org/10.1007/s10915-019-01031-z.

[9] E. Cuupzik AND C. HELZEL, A review of Cartesian grid active fluz methods for hyperbolic
conservation laws, in Finite Volumes for Complex Applications X—Volume 1,, Elliptic and
Parabolic Problems, E. Franck, J. Fuhrmann, V. Michel-Dansac, and L. Navoret, eds.,
Springer Nature, Cham, 2023, pp. 93-109.



A836 J. DUAN, W. BARSUKOW, AND C. KLINGENBERG

[10]

[11]

[12]

[13]

[14]

[15]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[28]

[29]

[30]

E. Caubpzik, C. HELZEL, AND D. KERKMANN, The Cartesian grid active flux method: Lin-
ear stability and bound preserving limiting, Appl. Math. Comput., 393 (2021), 125501,
https://doi.org/10.1016/j.amc.2020.125501.

S. CLAIN, S. D1oT, AND R. LOUBERE, A high-order finite volume method for systems of con-
servation laws—Multi-dimensional Optimal Order Detection (MOOD), J. Comput. Phys.,
230 (2011), pp. 4028-4050, https://doi.org/10.1016/j.jcp.2011.02.026.

B. CockBURN AND C. W. SHU, Runge-Kutta discontinuous Galerkin methods for convection-
dominated problems, J. Sci. Comput., 16 (2001), pp. 173-261, https://doi.org/10.1023/
A:1012873910884.

C. J. CorTER AND D. KuzMIN, Embedded discontinuous Galerkin transport schemes with
localised limiters, J. Comput. Phys., 311 (2016), pp. 363-373, https://doi.org/10.1016/
j-jcp.2016.02.021.

C. M. DAFERMOS, Hyperbolic Conservation Laws in Continuum Physics, Springer, Berlin Hei-
delberg, 2000.

F. Ducros, V. FERrRAND, F. Nicoup, C. WEBER, D. DARRACQ, C. GACHERIEU, AND T.
PoINsOT, Large-eddy simulation of the shock/turbulence interaction, J. Comput. Phys.,
152 (1999), pp. 517-549, https://doi.org/10.1006/jcph.1999.6238.

T. EYMANN AND P. ROE, Active flur schemes, in Proceedings of the 49th ATAA Aerospace
Sciences Meeting including the New Horizons Forum and Aerospace Exposition, American
Institute of Aeronautics and Astronautics, Orlando, FL, 2011.

T. EYMANN AND P. ROE, Active flux schemes for systems, in Proceedings of the 20th ATAA
Computational Fluid Dynamics Conference, Fluid Dynamics and Co-located Conferences,
American Institute of Aeronautics and Astronautics, 2011.

T. A. EYmMANN AND P. L. ROE, Multidimensional active flux schemes, in Proceedings of the
21st ATAA Computational Fluid Dynamics Conference, Fluid Dynamics and Co-located
Conferences, American Institute of Aeronautics and Astronautics, 2013.

D. FAN aND P. L. ROE, Investigations of a mew scheme for wave propagation, in Proceed-
ings of the 22nd AIAA Computational Fluid Dynamics Conference, American Institute of
Aeronautics and Astronautics, 2015.

S. GorTLIEB, C.-W. SHU, AND E. TADMOR, Strong stability-preserving high-order time
discretization methods, SIAM Rev., 43 (2001), pp. 89-112, https://doi.org/10.1137/
S003614450036757X.

J.-L. GUERMOND, M. NAzARrOV, B. Porov, AND 1. ToMAS, Second-order invariant domain pre-
serving approzimation of the Euler equations using convex limiting, SIAM J. Sci. Comput.,
40 (2018), pp. A3211-A3239, https://doi.org/10.1137/17M1149961.

J.-L. GUERMOND AND B. Porov, Invariant domains and first-order continuous finite element
approzimation for hyperbolic systems, SIAM J. Numer. Anal., 54 (2016), pp. 24662489,
https://doi.org/10.1137/16M1074291.

J.-L. GUERMOND AND B. Porov, Invariant domains and second-order continuous finite element
approzimation for scalar conservation equations, SIAM J. Numer. Anal., 55 (2017), pp.
3120-3146, https://doi.org/10.1137/16M1106560.

J.-L. GUErMOND, B. Porov, AND I. TowmaAs, Invariant domain preserving discretization-
independent schemes and convex limiting for hyperbolic systems, Comput. Methods Appl.
Mech., 347 (2019), pp. 143-175, https://doi.org/10.1016/j.cma.2018.11.036.

H. HAJDUK, Monolithic convex limiting in discontinuous Galerkin discretizations of hyper-
bolic conservation laws, Comput. Math. Appl., 87 (2021), pp. 120-138, https://doi.org/
10.1016/j.camwa.2021.02.012.

D. HANEL, R. SCHWANE, AND G. SEIDER, On the accuracy of upwind schemes for the solution
of the Nawvier-Stokes equations, in Proceedings of the Fluid Dynamics and Co-located
Conferences, American Institute of Aeronautics and Astronautics, 1987.

C. HELZEL, D. KERKMANN, AND L. SCANDURRA, A new ADER method inspired by the active
fluz method, J. Sci. Comput., 80 (2019), pp. 1463-1497, https://doi.org/10.1007/s10915-
019-00988-1.

X. Y. Hu, N. A. Apawms, AND C.-W. SHU, Positivity-preserving method for high-order con-
servative schemes solving compressible Euler equations, J. Comput. Phys., 242 (2013),
pp. 169-180, https://doi.org/10.1016/j.jcp.2013.01.024.

A. JaAMESON, W. SCHMIDT, AND E. TURKEL, Numerical solution of the Euler equations by finite
volume methods using Runge Kutta time stepping schemes, Proceedings of 14th Fluid and
Plasma Dynamics Conference, Palo Alto,CA, 1981, https://doi.org/10.2514/6.1981-1259.

D. KuzMmIN, Monolithic convex limiting for continuous finite element discretizations of
hyperbolic conservation laws, Comput. Methods Appl. Mech., 361 (2020), 112804,
https://doi.org/10.1016/j.cma.2019.112804.



[31] D.

[32] X.

33] C.

34] J.

35] B.

[36] P.

37] J.

[41] P.

[42] K.

[43] 7.

[44] X.

[46] X.

[47] X.

BOUND-PRESERVING ACTIVE FLUX A837

KuzmiN, R. LOHNER, AND S. TUREK, Fluz-Corrected Transport: Principles, Algorithms,
and Applications, Scientific Computation, Springer Netherlands, Dordrecht, 2012.

-D. Liu AND S. OSHER, Nonoscillatory high order accurate self-similar mazimum principle

satisfying shock capturing schemes I, STAM J. Numer. Anal., 33 (1996), pp. 760-779,
https://doi.org/10.1137/0733038.

LonMmANN, D. KuzMIN, J. N. SHADID, AND S. MABUZA, Fluz-corrected transport algorithms
for continuous Galerkin methods based on high order Bernstein finite elements, J. Comput.
Phys., 344 (2017), pp. 151-186, https://doi.org/10.1016/j.jcp.2017.04.059.

MAENG, On the Advective Component of Active Flux Schemes for Nonlinear Hyperbolic
Conservation Laws, Ph.D. thesis, University of Michigan, 2017.

PERTHAME AND C.-W. SHU, On positivity preserving finite volume schemes for Euler equa-
tions, Numer. Math., 73 (1996), pp. 119-130, https://doi.org/10.1007/s002110050187.
ROE, Is discontinuous reconstruction really a good idea?, J. Sci. Comput., 73 (2017),
pp. 1094-1114, https://doi.org/10.1007/s10915-017-0555-z.

L. STEGER AND R. F. WARMING, Fluz vector splitting of the inviscid gasdynamic equations
with application to finite-difference methods, J. Comput. Phys., 40 (1981), pp. 263—293,
https://doi.org/10.1016/0021-9991(81)90210-2.

. F. Toro, Riemann Solvers and Numerical Methods for Fluid Dynamics, Springer, Berlin

Heidelberg, 2009.

. VAN LEER, Towards the ultimate conservative difference scheme. IV. A new approach

to numerical convection, J. Comput. Phys., 23 (1977), pp. 276299, https://doi.org/
10.1016,/0021-9991(77)90095-X.

. VAN LEER, Fluz-vector splitting for the Fuler equations, in Eighth International Conference

on Numerical Methods in Fluid Dynamics, Lecture Notes in Phys. 170, E. Krause, ed.,
Springer, Berlin, Heidelberg, 1982, pp. 507-512.

WOODWARD AND P. COLELLA, The numerical simulation of two-dimensional fluid flow with
strong shocks, J. Comput. Phys., 54 (1984), pp. 115-173, https://doi.org/10.1016,/0021-
9991(84)90142-6.

Wu AND C.-W. SHU, Geometric quasilinearization framework for analysis and design
of bound-preserving schemes, SIAM Rev., 65 (2023), pp. 1031-1073, https://doi.org/
10.1137/21M1458247.

Xu, Parametrized mazimum principle preserving flux limiters for high order schemes solving
hyperbolic conservation laws: One-dimensional scalar problem, Math. Comp., 83 (2014),
pp. 2213-2238, https://doi.org/10.1090/S0025-5718-2013-02788-3.

ZHANG AND C.-W. SHU, On mazimum-principle-satisfying high order schemes for scalar
conservation laws, J. Comput. Phys., 229 (2010), pp. 3091-3120, https://doi.org/
10.1016/j.jcp.2009.12.030.

. ZHANG AND C.-W. SHU, On positivity-preserving high order discontinuous Galerkin schemes

for compressible Euler equations on rectangular meshes, J. Comput. Phys., 229 (2010),
pp. 8918-8934, https://doi.org/10.1016/j.jcp.2010.08.016.

ZHANG AND C.-W. SHU, Mazimum-principle-satisfying and positivity-preserving high-order
schemes for conservation laws: Survey and new developments, Proc. Roy. Soc. Edinburgh
Sect. A, 467 (2011), pp. 2752-2776, https://doi.org/10.1098 /rspa.2011.0153.

ZHANG AND C.-W. SHU, Positivity-preserving high order discontinuous Galerkin schemes
for compressible Euler equations with source terms, J. Comput. Phys., 230 (2011),
pp. 1238-1248, https://doi.org/10.1016/j.jcp.2010.10.036.






