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1. Introduction

The stabilization of solutions near flow-field discontinuities remains an open problem to the discontinuous Galerkin (DG)
community. Considerable progress has been made on the development of limiters for two-dimensional quadrilateral and
triangular elements. These limiters can be categorized into three classes. Methods that limit the solution using information
about the slope along certain spatial directions [1,2] fall in the first class. The second class of limiters extends this idea by
limiting based on the moments of the solution [3,4], and schemes in which the DG-solution is projected onto a WENO [5-7]
or Hermit WENO (HWENO) [8] representation fall in the last category. Although these limiters show promising results
for canonical test cases on regular elements and structured mesh partitions, the following two issues related to practical
applications have not been clearly answered:

e How can discontinuous solutions be regularized on multi-dimensional curved high-order elements?
e How can non-physical solutions that are triggered by strong discontinuities and geometric singularities be avoided?

The present work attempts to simultaneously address both of these questions.

Recently, positivity-preserving DG-schemes have been developed for the treatment of flow-field discontinuities, and rel-
evant contributions are by Zhang and Shu [9-11]. The positivity preserving method provides a robust framework with
provable Lq-stability, preventing the appearance of negative pressure and density. Resulting algorithmic modifications are
minimal, and these schemes have been used in simulations of detonation systems with complex reaction chemistry [12,13].
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Motivated by these attractive properties, the present work aims at developing an algorithm that avoids non-physical so-
lutions on arbitrary elements and multi-dimensional spatial representations. The resulting scheme that will be developed in
this work has the following properties: First, by invoking the entropy principle, solutions are constrained by a local entropy
bound. Second, a general implementation on arbitrary elements is proposed without restriction to a specific quadrature
rule. Third, the entropy constraint is imposed on the solutions through few algebraic operations, thereby avoiding the com-
putationally expensive inversion of a nonlinear system. Fourth, a method for the evaluation of an optimal CFL-criterion is
derived, which is applicable to general polynomial orders and arbitrary element types.

The remainder of this paper has the following structure. The governing equations and the discretization are summarized
in the next two sections. The entropy-bounded DG (EBDG) formulation is presented in Section 4, and the derivation of the
CFL-constraint and the limiting operator are presented. This analysis is performed by considering a one-dimensional setting,
and the generalization to multi-dimensional and arbitrary elements is presented in Section 5. Section 6 is concerned with
the evaluation of the entropy-bounded DG-scheme, and a detailed description of the algorithmic implementation is given in
Section 7. The EBDG-method is demonstrated by considering several test cases, and the accuracy and stability are examined
in Section 8. The paper finishes with conclusions.

2. Governing equations

We consider a system of conservation equations,

au
¥+V-F=O inQ, (1)

where the solution variable U : RN¢ x R — RNv and the flux term F : RNy — RNv*Nd_ Here, N4 denotes the spatial dimension
and N, is the dimension of the solution vector. For the Euler equations, U and F take the form:

Ui, t) = (p, pu, pe)’ , (2a)
F(U) = (pu, pu @ u + pl,u(pe +p)’ , (2b)

where t is the time, x € RN¢ is the spatial coordinate vector, p is the density, u € RN¢ is the velocity vector, e is the specific
total energy, and p is the pressure. Eq. (1) is closed with the ideal gas law:

2
p=(y—1)<pe—pls|>, (3)

in which y is the ratio of specific heats, which, for the present work, is set to a constant value of y = 1.4. Here and in the
following, we use | - | to represent the Euclidean norm. With this, we define the local maximum characteristic speed as:

v=|u|+c  with c= /%, (4)

where c is the speed of sound.

Because of the presence of discontinuities in the solution of Eq. (1), we seek a weak solution that satisfies physical
principles. This is the so-called entropy solution. By introducing &/ as a convex function of U with 2/ : RN — R, Lax [14]
showed that the entropy solution of Eq. (1) satisfies the following inequality:

ou
S TV-F<0, ()

where F : RN — RN¢ is the corresponding flux of /. The consistency condition between Egs. (1) and (5) requires [14]:
au\" oF  oF
=) =2 6)
au au auU

The weak solution of Eq. (1) that satisfies this additional condition for the entropy-entropy flux pair (U, F) is called an

entropy solution. With this definition, Eq. (5) is commonly called entropy inequality or entropy condition, and I/ is called
entropy function. A familiar example for gas-dynamic applications is to relate I/ to the physical entropy s with:

s=1In(p) — ¥y In(p) +s0, (7)

where sg is the reference entropy. The corresponding definitions for the entropy function and entropy flux in the context of
the Euler system are [15]:

U, F) = (=ps, —psu). (8)

Note that Eq. (7) directly provides a constraint on the positivity of pressure p and density p.
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3. Discontinuous Galerkin discretization

We consider the problem to be posed on the domain © with boundary 9. A mesh partition is defined as Q = UQ’;]Qe,
where 2, corresponds to a discrete element of this partition. The edge of element . is defined as 9. In order to
distinguish different sides of the edge, the superscripts “+” and “—" are used to denote the interior and exterior, respectively.
We define a global space of test functions as

N N
V=821 Ve, Ve = span{gn(Q2e)},”; . 9)
where ¢, is the nth polynomial basis, and N, is the number of bases. On the space 1, we seek an approximate solution to
Eq. (1) of the form:

UxU=@M U, Ueet, (10)
where the solution vector U, on each individual element takes the general form
Np
Uex, ) =) UemOpm(®) , (11)
m=1

and the unknown vector of basic coefficients ﬁe,m € RNv*Np s obtained from the discretized weak solution of Eq. (1):

dU - -
det’m /@nwmdﬂ—/V¢n -F(Ue)dS2 + / e F(US, U, Mdr =0, (12)
Qe Qe 9%
Von, with n=1, ..., Np. The numerical Riemann flux T is evaluated based on the states at both sides of the interface 082

and the outward-pointing normal vector 1. It is of interest to note that for the particular case of N, =1 and ¢; =1, the
weak form reduces to the classical first-order finite-volume (FV) discretization. It can also be seen that the DG-scheme does
not rely on a specific type of basis functions. Since the following derivation is based on this mathematical property, we
introduce the lemma and its proof is obvious.

Lemma 1. A polynomial P,

NIJ
P(x) = Zﬁmgom(x) forx e Qe , (13)
m=1

with a set of polynomial bases {¢m(x),m =1,..., Ny}, can be exactly interpolated by a Lagrangian polynomial of N, points
{yn € Qe, n=1,..., Ny} under the condition that [gom(yn)] is non-singular:

Np

PR)=) Pyn)dn(®)  forxe . (14)

n=1

Remark 1. The significance of this lemma is that it provides a description to convert any basis set to a Lagrangian basis
set with N interpolation points, as long as they are located at general positions. To facilitate the following derivation, we
choose the points y, withn=1,..., Ny from the N; quadrature points [16]. According to the accuracy requirement of the
quadrature scheme for Eq. (12), Ng > N, is alway true.

4. Entropy principle and entropy-bounded discontinuous Galerkin method

In this section, we review the entropy principle by considering a three-point FV-setting. Then, we will explore how to
extend this principle to a DG-scheme, which leads to the concept of entropy boundedness. In order to enable the implemen-
tation of this concept, two important ingredients will be discussed, namely a time-step constraint and a limiting operator.
After conducting numerical analyses by considering a one-dimensional configuration, we will extend the entropy bound-
edness to multi-dimensional and arbitrary element types. The dimensional generality, geometric adaptability and simple
implementation are major advantages of the resulting entropy-bounded DG-method.

4.1. Preliminaries and related work
To illustrate the entropy principle, we consider a local Lax-Friedrichs flux, which can be written as:

~ ~ 1 ~ 1
F(ULaURan)=E(F(UL)+F(UR))‘H_§)\(UR_UL)a (15)
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and
A > max v(Uy)
ke{L,R}
is the dissipation coefficient. Note that this flux function satisfies consistency: FWU,U,D) = F(U) - 1, conservation:
F(UL,Ug, ) = —F(Ug, Uy, —0), and Lipschitz-continuity. In the following, we consider the simplest case of a DGPO scheme,
with N, =1, in a one-dimensional setting. This formulation is consistent with the classical three-point FV-discretization.
For x € Q¢ = [Xe—1/2, Xe41/2], the discretized solution to Eq. (1) can be written as:

~ ~ At o~~~ .~~~
Ue(t+ At) =U, — T (FWUe,Ue—1,—1) + F(Ue, Uey1. 1)) (16)

where U, is the basis coefficient, which is identical to the piecewise constant approximation to the exact solution in €2,. In
the following, we introduce UeA[ to denote the solution vector U, (t + At), and use the superscript At to denote a temporally
updated quantity at t + At. With the numerical flux given in Eq. (15), this discretization preserves the positivity of pressure
and density under the CFL-condition [9,17]:

AtX _ 1 (17)

h —2°
In addition, it was discussed in [17] that Eq. (16) satisfies the discrete minimum entropy principle proposed by Tadmor [15]:
sU)>s%) = min  sU)). 18
@Hzsew=__ min  sU) (18)

To show this property, we recall the discussion presented in [17] and rewrite Eq. (16) by splitting Ue(t + At) into two parts.
For x € Q,, this is written as:

~ 1/~ ~
Uet+ A0 =3 (Ueégﬂ n Ueé;z) , (19a)

~ ~ At ~ ~ ~ ~
Uppr=Ue — e (F(Ues1) = de1/2Uer1 — F(Ue) + Aet1/2Ue) (19b)

~ ~ At ~ ~ ~ ~
Ugpz =Ue + 5= (FWe1) +Ae-12Ue1 = F(Ue) = Ae-12Ue) (19¢)

where U ﬁ;l and ﬁﬁ;z can be viewed as the PO-approximations to the solutions of the hyperbolic systems (under the CFL

constraint of Eq. (17)):

ou ou
= (FU) = hesral)

— =0, 20a
ot ax (20a)

Z—Ltj + (F'(U) + Ae—1/2]) 2—3 =0, (20b)
with the exact (Godunov) flux. If we denote the exact solutions to Eqs. (20a) and (20b) as Upq (x, t 4+ At) and Upa(x, t + Al),
respectively, then their PO-approximations in . yield G‘g;] = % )ZT//ZZ Upi(x,t + At)dx and ﬁé;z = % x’:ejll/; Upa(x,t +
At)dx. Both equation systems are obtained by imposing a constant shift on the characteristic speeds without modifying the
characteristic variables. With these modifications, all characteristics in Eq. (20a) are right-running while those in Eq. (20b)
are left-running. The corresponding entropy inequalities take the form:

— 4 — —A <0 21
TRIET (F = hes12U) <0, (21a)
ou d

—+ — Ae— <0. 21b
3t+8x(}—+ e—1/2U) < (21b)

Without loss of generality, we now consider Eq. (21a) and integrate over [t,t + At] X [Xe_1/2, Xe41,2], resulting in the
following expression:

Xe+1/2 Xe4+1/2 t+At
/Z/I(Up1(X,t+At))dX— / UUe)dx + / (FURex1/2,0) = hex12UUKes1/2,1))) dt
Xe—1/2 Xe—1/2 t
t+At
- / (FURe=1/2,)) — he—12U(U(Xe—1/2,1)))dt <0 (22)

t

Recognizing that all characteristics are right-running, the temporal integral can be evaluated exact since U(xe—1/2,t) = Ue
and U(Xe41/2,t) = Ues1 under the condition of Eq. (17). Then by utilizing the convexity of ¢/ with respect to U, the following
estimate is obtained:
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normal
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Fig. 1. Discretization for an arbitrarily oriented face in a quasi-1D configuration.

Xe41/2 Xe+1/2
1 1
( pl) = h / Up1(x, t+ At)dx | < H / UUp1(x, t + At))dx
Xe—1/2 Xe—1/2

~ At ~ ~ At ~ ~
<UWUe) + — (F(Ue) = hes1/2UUe)) — m (FUes1) = Aet172UUes1)) -

h
With the definition of (U, F), given in Eq. (8), it follows
At 1 At ~
s(US 1) = p’Z‘; [1 - (Reg1/2 — ue)] s(Ue) + pe* - (Ret1/2 — Ues1) S(Uet1) . (23)
e,pl e, pl

The constraint (17) ensures that the coefficients in front of s(ﬁe) and S(Eje+]) are positive and sum to unity according to
Eq. (19b). From these arguments directly follows:

(U2 = min{s(Ue). s(Uet1)} . (24)
and
5( pz) = mm{s(Ue 1) S(Ue)} (25)

Combining these two relations with the quasi-concavity of the entropy s (Lemma 2.1 of [11]), the discrete minimum entropy
principle of Eq. (18) is obtained.

The result above is obtained for a one-dimensional setting. To analyze the general multi-dimensional setting in the
following, a similar conclusion for an arbitrarily oriented face has to be drawn. For this, we consider a general three-point
system, which is shown in Fig. 1. A face with a normal 7 is considered and the tangential direction is defined by t. Three
FV cells are aligned along T with the indices e — 1, e and e + . With the first-order FV scheme, the solution vector in .
is updated as

~ At ~ ~ ~ ~ A~ o~ ~
08 =Te - = (FOe. Uego ~1) + F e, Uessn ) (26)

which is an augmented form of the one-dimensional system, Eq. (16). To show the entropy-boundedness of the solution
UeAf in this formula, we first define an auxiliary system in the local rotated coordinate frame (T, t) with initial conditions
at time t: Vj e {e — T, e,e 41},

. T
RE ~ pj, piluj-0)?
U:= ooiUui -1, ,
j (,oJ pjuj-m —1 + 3

where the momentum is taken by projecting the multi-dimensional solution onto the normal T, and the total energy is
defined by excluding the kinetic energy corresponding to the tangential velocity component, so that by construction we
have ,o(RU )= ,o(U ), p( UJ) = p(UJ) and s(RU )_s(U ). This auxiliary system is essentially a one-dimensional system
along 1, which can be solved by advancing the time to t + At under the CFL-constraint, Eq. (17), with A > max v(Uj). Built
on the above discussion, the updated solution preserves positivity of density and pressure and retains a bounded entropy
value. For entropy, this means that

sRUMy>  min _sRUp=_min _sU)). (27)

je{e—n,e,e+n}) je{fe—n,e,e+n}

To examine the properties of the solution U2! in the multi-dimensional system, the link between U2t and RUA! needs to
be established. With some algebraic manipulation, we can obtain the following identities:
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p(ULY) = pRULY, (28a)
pULYH = pRUM, (28b)
s(U2Y) > s(RULY. (28¢)

Combining Eqgs. (27) and (28), we now conclude the above analysis with the following lemma as a critical building block for
the subsequent derivation.

Lemma 2. For a three-point system defined on RNe, the solution along an arbitrary direction 1,

~ ~ At ~ ~ ~ ~ A~ o~ -~
08 =T + == (FUe. Uegi. 1) + FOe. Uessn ) (29)

with the flux function F specified in Eq. (15), preserves the positivity of density and pressure, and satisfies the entropy principle:

s(UAYy>  min _sU
(e) e{enee+}(])

under the CFL condition:

At < ! > max v(ﬁ-)
h —2  jef{e—m,e.e+n} a

This three-point system is consistent with that used in [9,11]. By considering specific quadrature rules, Zhang and
Shu [11] showed the entropy boundedness of the cell-averaged solution of a high-order approximation in one-dimensional
and two-dimensional rectangular and triangular elements. The resulting scheme was implemented using a global entropy
bound that is derived from the initial condition mms(x 0). The focus of the present work is to explore if some of the

implementation constraints can be relaxed, how to extend the entropy-principle to high-order solutlon approximations or
elements with general geometric representations, and if it is possible to utilize a local entropy bound se ).

Although a local Lax-Friedrichs flux was used for illustrative purposes, other Riemann solvers that preserve positivity
and entropy stability are equally suitable, for example, the Roe-type solver with entropy fix [18], the kinetic-type solver
[19] and the exact Godunov solver.

4.2. Entropy-bounded DG-scheme

To robustly capture shocks while retaining the high-order benefit of the DG-scheme, sub-cell shock resolution is required
[20]. We now extend the discussion by considering a high-order DG-solution with sub-cell representation. In each DG-cell,
the whole solution is approximated by a function space. However, there is no guarantee that the high-order (N, > 1)
solution obeys the physical entropy principle. This is the reason that DG suffers from numerical instability in the vicinity
of discontinuities. To suppress these instabilities, one approach is to consider imposing constraints based on the behavior
of the entropy solution. The positivity-preserving DG-method [9,21] is a successful example for this approach. Based on
the entropy principle, Eq. (18), Zhang and Shu [11] extended their implementation to an entropy-based constraint. Here,
we propose a general framework that is based on the entropy principle, and major differences and advantages have been
highlighted in Section 1.

We define the constraint for the high-order DG-scheme as follows:

Vx € Qe, s(UeAt(x)) >min{s(U(y))| y € R UL, } = sg(t) . (30)

In this equation, the right-hand-side sets an entropy bound for an element-local solution in .; with this, we refer to a

DG-solution as entropy-bounded if it satisfies this principle. sg(t) is a local estimate for the true entropy minimum in €2,

|sS(t) — msi]n s(UX)) | ~ Oh*), where k is the local order of accuracy. Besides that, sg(t) is bounded if the entropy is bounded
Xelle

at the domain boundaries, sg(t) > migs(U (x,t = 0)) = s°, where s° is the minimum entropy at the initial condition. By
Xe

imposing this constraint, we expect that the sub-cell DG-solution is regularized, avoiding the appearance of non-physical
solutions. This idea is illustrated in Fig. 2. At time level t, sg(t) is calculated and used to set a reference bound for the
solution at the next step, UeAt. If UeAt yields entropy undershoot with respect to sS(t), it will be modified to satisfy the
constraint of Eq. (30). In order to implement this regularization for a high-order DG-scheme, the following aspects require
addressing:

(i) To impose Eq. (30) on the DG-solution, we introduce a limiting operator £. The regularized solution, denoted by EUEA‘.
requires that s(f UeAf(x)) > sg(t) Vx € Q. In the following, we relax this condition, and impose Eq. (30) only on the set
of quadrature points, D, that are involved in solving the weak form in Eq. (12).
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Fig. 2. (Color online.) Schematic of entropy-bounding of the EBDG-scheme.

(ii) Guaranteeing that the constraint (30) is always imposed requires the existence of the operator L. A sufficient condition

for this is that the element-averaged solution is entropy-bounded, s(UeA t) > sg(t). Enforcing this condition relies on the
selection of a proper CFL-condition, and this analysis will be developed in Section 4.3 for a one-dimensional system.
Subsequently, this analysis is then extended in Section 5.2 to general multi-dimensional elements.

(iii) Algorithmic details on the implementation of the operator £ constraining the element-local DG-solution are discussed
in Section 4.4.

(iv) The evaluation of the lower bound sg(t) that is necessary to constrain the entropy solution is given in Section 6.

4.3. CFL-constraint for one-dimensional entropy-bounded DG

The objective now is to extend the analysis for DGPO to a DG-scheme with high-order polynomial representations.
Consider a one-dimensional domain in which the element €. is centered at X, and a quadrature rule with weights wy

and Zgil wq = 1. These quadrature weights are evaluated at the quadrature points Xq € [Xet1/2, Xe—1/2]. The discretized
cell-averaged solution U, is defined as:

_ 1
Ue = E/Uedx, (31)
Qe

(for the PO-case discussed above, U, = U,), which can be further expanded by a quadrature rule with sufficient accuracy:
Nq

Ue= Z wqUe(xq) ,

q=1
Nq

=) (Wg — Og(Xe—1/2) — Org(Xe11/2)) Ue(Xg) + O1Ue(Xe—12) + O Ue(Xey1/2) -
q=1

Ng

= quue(xq) +OUe(Xe—1/2) + OrUe(Xet+1/2) (32)
q=1

where the first line utilizes the exactness of the quadrature rule, the second line utilizes Lemma 1, and the third line
defines 05 = wq — O1¢pq(Xe—1/2) — Ordq(Xe+1,2). Under the condition that 6,; > 0 and 6; > 0, the last line of Eq. (32) is a
convex combination. Since the quadrature weights wq are positive, the existence of 6 is guaranteed through the condition
Wq = 01pq(Xe—1/2) + Ordpg(Xe11/2). If pg(Xex1/2) > 0, 6, is constrained as (0, ming wq/ max{epq (Xe+1,2)}]. If some of ¢g(Xe+1,2)
are negative, they are not essential in setting the upper bound for 6; .

Remark 2. In the following, 6, ; will be related to a CFL-constraint. To obtain an optimal CFL-number, the largest value of
0r,1 needs to be found. This can be formulated as a maximization problem subject to the constraints, 6,; > 0 and 6; > 0.

For illustration, we fully discretize Eq. (12) using a forward Euler time integration scheme and insert the results from
Eq. (32). The element-averaged solution in €2, is then updated as:
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At
Ust = Ue_T(F(Ue(Xe 1/2)s Ue—1(Xe—1,2), —1)+F(Ue(Xe+1/2) Uet1(Xe41/2), D) ,

Nq
At
—ZGqUe(Xq)wL@zU (Xe— 1/2)——(F(Ue(Xe 1/2), Ue—1(Xe—1,2), —1) 4 F(Ue(Xe— 1/2), U5 1)
q=1
At e P
+ 60 Ue(Xet1/2) — s (F(Ue(Xe41/2), UZ, —1) + F(Ue(Xeq1/2), Ues1 (Xe41/2), 1) (33)
where
1 1
U; = 3 (Ue(Xe=1/2) + Ue(Xet1/2)) — (F(Ue(xe+1/2))_F(Ue(Xe 1/2))) (34)

is introduced to simplify subsequent analyses. Note that U} ensures the validity of the second equality in Eq. (33) with a A
that is defined in the following lemma. We can see that Eq. (33) contains two three-point systems discussed in Section 4.1.
To guarantee that L_]eA‘ is entropy-bounded, it is necessary that these systems conform to the entropy principle of Eq. (18).
This leads to the following lemma.

Lemma 3. For a one-dimensional DG-system, the element-averaged solution satisfies the entropy principle

s(U2Y = s2(t) = min{s(U())| y € e UL}, (35)
under the CFL-constraint
At <= ! min {6, 6,}, (36)
h 2 1, Ur

where . is the maximum wave speed that is evaluated over the set of point-wise solutions
> max v(U)  with  Ue{Ue—1(Xe—1/2), Ue(Xex1/2), Uet1(Xes1/2)} (37)

given the conditions 6, ; > 0 and 65 > 0.

Proof. First, we need to show that U} satisfies the discretized entropy principle of Eq. (18). This is indeed the case since U}
is essentially the left-hand-side of Eq. (19b) with time step taking At =h/(21), corresponding to the upper bound of the
CFL-constraint. Since U} is an entropy solution, v(U;) is bounded by A, which makes the Lax-Friedrichs flux F involving
U} in Eq. (33) valid according to the definition in Eq. (15). Therefore, we have

s(Uz) = min {s(Ue(Xe—1/2)), S(Ue (Xe41/2))}
Second, we reformulate Eq. (33) as

Nfl
U= 0Ue(x) + 0055 +6:U2%, (38)
q=1
in which UA;] and UE p2 are the two updated solutions of the three-point system. Their definitions are readily obtained by

comparing Egs. (38) and (33). The given constraints, 6,; > 0 and 6; > 0, guarantee that the form of the convex combination
in Eq. (38) always holds. According to Lemma 2, it follows

sUS%1) = min {s(U3), s(Ue(Xe-1/2)), S(Ue—1(Xe—1/2))} »

s(U25,) = min {s(U7), s(Ue(Xet1/2)), S(Uet1(Xe1/2))}
under the given CFL-constraint, Eq. (36). Combining this with the quasi-concavity of entropy [11], it follows

S(UAt) > min [S(Ue(Xq)) S(Ue pl) S(Ue pz)] )

>min{s(U(Y))|ye QUL }. O
Remark 3. Eq. (36) requires the positivity of p(U2¢) and p(U2Y).

In this context, we emphasize that the CFL-constraint (36) provides a description for the entropy boundedness and does
not conflict with the general CFL-constraint for linear stability, CFL'. To distinguish both constraints, here we use CFLE® to de-
note the CFL-number for guaranteeing the entropy boundedness. In general, the time step has to be selected to satisfy both
criteria. Eq. (36) shows that CFLE® depends on the value min{6;, 6,}, and a rigorous evaluation for this will be given below.

Although we consider the specific case of a forward Euler time discretization scheme, all the derivation and conclusions
are directly applicable to any explicit Runge-Kutta (RK) methods with positive coefficients, since the RK-solution is a con-
vex combination of solutions obtained from several forward Euler sub-steps. In practice, RK-methods are preferred as DG
time-integration schemes due to their compatible stability properties [22].
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4.4. Construction of a limiting operator L

Following Lemma 3, the entropy constraint is imposed on the set of quadrature points, x € D C €. For the one-
dimensional case, D is:

D ={Xe+1/2,X3,q=1,...,Ng (Ng = Np)}. (39)
In the following, we are concerned with the construction of a limiting operator £, such that
vxeD,  s(FURM () =s0). (40)

Since the operator £ is applied at the end of each sub-iteration, we will omit the superscript At in the subsequent analysis.
According to the entropy definition (7), Eq. (40) can be written as:

p(“Ue(®) = exp(s9)p? (“Ue(®)) ~ VxeD. (41)
To define the operator £, we follow the work of Zhang and Shu [9,11], and introduce a linear scaling:
LUe=Ue+8(l_]e_Ue)a (42)

where ¢ is the limiting parameter with 0 < & < 1. The solution reduces to first-order accuracy for € =1 and retains the
optimal accuracy for ¢ = 0. To determine &, we first expand Eq. (41) by applying Jensen’s inequality:

p((1—&)Ue +eUe) = (1 —&)pUe) +ep(Te) | (43a)
[(1—&)p” (Ue) +ep” Ue)] = p¥ (1 — &)Ue +Ue) . (43b)
Enforcing the validity of Eq. (41) requires the following relation:
(1—&)p(Ue) +&p(Ue) = exp(s)) [(1 — &) pY (Ue) +£p” (Ue)]

from which, & can be evaluated as:

T
£= — = with 7 =min {0, min{p (U, (x)) — exp(s0) p¥ (U (x))}} , (44)
T — [p(Ue) — exp(s2) p? (Ue)] xeD ' C ¢ ¢
which is subject to the conditions
p(Ue) > 0and p(Ue) > exp(s)p¥ (Ue) . (45)

These conditions are automatically guaranteed through the CFLEB-constraint of Lemma 3. While the positivity condition for
pressure is embedded in Eq. (43), the positivity of density must be imposed for all x € D before L is applied, and the
methodology for this is presented in [21].

Compared to the limiting operator, presented in [11], the herein proposed method is substantially simplified. Specifically,
the step for imposing the positivity of pressure is avoided; in addition, ¢ is obtained from an algebraic relation, and does not
require a computationally expensive Newton iteration. It is also noted that the operator £ contains the positivity-preserving
limiter as a special case, which is obtained by setting sg — —o0.

4.5. Numerical analysis of the limiting operator L
In this section, numerical properties of the limiting operator are examined.

4.5.1. Conservation
Integrating Eq. (42) over 2,

/Luedx=(1 —8)/Uedx+8[_fe/dx=/uedx,

Qg Qe Qi QE

confirms that the limiting operator preserves the conservation properties of the solution vector.

4.5.2. Stability

Since the positivity of density and pressure is preserved at the quadrature points, £ is Li-stable, which was shown
in [9,11]. Here, we extend this stability analysis and evaluate the L,-stability. By considering a periodic domain and taking
the Ly-norm of Eq. (42) we obtain:
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1€Uel? = / [Ue +&(Ue — Ue)dx, (46a)
Qe
=(1—¢) f UZdx —e(e —2) f UZdx, (46b)
Qe Qe
<(1—¢)? / UZdx —e(e —2) / UZdx, (46¢)
Qe Qe
<||Uell*. (46d)

After integrating over the entire domain, we obtain
L1112 2

1=Ullg < lIUllg
which shows that £ does not affect the stability of the DG-discretization. Further, since £ constrains pressure and density,
A in Eq. (36) provides a robust CFL-criterion, without the need for arbitrarily reducing At to increase the stability region.
4.5.3. Accuracy

In regions where the solution is smooth, we assume that the weak solution before limiting has optimal accuracy:
IU —Ullq < C1hP*T,

and that undershoots in entropy remain small T ~ O(hP+1) in Eq. (44). This implies &€ ~ O(hP) under the condition |p(U,.) —
exp(sg)pV(Ue)| ~ O(h). Thus, the error is estimated as follows:

U = Ul =Y 117Ue — Ue|I?, (47a)
e

= lleWe —Ue) + (1 —&)(Ue — Up)|, (47b)
e

=Y (2621 Te — Ul 2 +2(1 = £)21Ue — UelP) (47¢)

< CZhZP“, (47d)

where for simplicity, we introduce U. to denote the element-wise representation to U. Here we use the fact that U, is
locally a first-order approximation to Ue, Ue = Ue + C‘;O(h). This analysis applies to general smooth solutions. For the
cases that the condition |p(Ue) — exp(sg)py(ﬁe)l ~ (O(h) cannot be guaranteed, the local accuracy might be impacted by
applying L.

In the vicinity of a discontinuity, the DG-solution loses its regularity so that the convergence rate reduces to first-order:
[lU — Ul|q < C4h. Triggered by spurious sub-cell solutions, the entropy undershoot can be very large, so that € ~ O(1). By
repeating the above argument, we obtain an estimate for the accuracy of the discontinuous solution:

U — Ul|q < Csh.

The accuracy arguments given here are substantiated through numerical tests in Section 8.
5. Generalization to multi-dimension and arbitrary elements

The entropy-bounded DG scheme that was presented for one-dimensional systems in the previous section can be gener-
alized to arbitrary elements in multi-dimensions. This extension is the subject of the following analysis.

Since EBDG does not rely on a specific quadrature rule, any quadrature method can be used as long as it accurately
integrates the problem and ensures the positivity of the quadrature weights. The limiting procedure requires the definition
of a new set of quadrature points D for the general multi-dimensional setting. The selection of these points is given in the
next section. The extension to arbitrary elements requires special consideration of the CFLE® number.

5.1. Generalization to multi-dimension and arbitrary elements

To present a general formulation for multi-dimensional configurations, we first introduce necessary notations to describe
general elements with curvatures. For this, we define a geometric mapping function ® : RN¢ — RN¢ on a reference ele-
ment QF, such that x = ®(r) maps any point r € Q} onto x € Q, and J = [0x/9r] is the geometric Jacobian. With these
specifications, we can write the discretized state vector as:

NP
Uet. ) =Y Uem®pm(), X=x(N€Qe. VreQy (48)

m=1
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=3}

Quadrature points on edge

Fig. 3. A graphic interpretation of the multi-dimension convex expansion.

The mapping function is commonly parameterized by a polynomial function x(r) = ,’;lf: 135,,,(,0,‘?1(r), where @ (r) is a La-
grangian interpolation and Ng is the number of geometric bases used to represent 2. Since the reference element is
regular, we can use a subspace of r to parameterize the element edges. Therefore, to parameterize the kth edge of €2,
we define g = Pyr € RVe~1 such that vr e 39;,0 r= Pk_lgk, in which 77,:1 is the pseudo-inverse of Pj. For the physical
element, the edge can be represented as:

Qe ={x€ Qe |x=0(), T=P; ' (g) €0QL,} . (49)

The integral in Eq. (12) is evaluated using multi-dimensional quadrature rules. Considering the complexity of the dimen-

Nk
sionality, here we follow the quadrature convention that is ZCJL wy = V{ (the volume of Qf) and Zqi] Wiq =S, (the
area of 9%, ). With these preliminaries, we can evaluated any volume integral in Eq. (12) as:

Nq
/f(x)dx=fIJ(r)If(x(r))drzle(rv)lf(x(rv))wv. (50)
v=1

Qe QF

The surface integral of a scalar function on 9, can be written as:

Na
q.k

/ f@dr = / Fx@NI R ldge =D 1T (8| f (X(8kg)) Wieg (51)
3 i aQr q=1

ek

where the surface Jacobian jka is related to the volume Jacobian 7 as Jka = JPk_l. The normal T of the surface 92 is
required for the Riemann flux evaluation, and it can be evaluated using .,7,{" / |jk"’|. Note that for polynomial-parameterized
geometries, the quadrature exactness still holds as long as the quadrature order is sufficiently high. Hence, for curved
elements, the quadrature order has to be improved to account for the geometric complexity.

With the above notation, we are now able to define the set of quadrature points D for general curved elements:

Ny
D= Jlgkg a=1.....NJ HJtrv. v=1,... N}, (52)
k=1

where Nj is the number of element edges (which is equal to the number of neighbor elements). In this context, it is
noted that D includes all quadrature points that are involved in the integration. With this specification of D, the limiting
operator £, developed in Section 4.4, can be directly extended to arbitrary elements on multi-dimensional configurations.
In the following, a CFLEB-constraint is derived that extends the results of Lemma 3, thereby ensuring the existence of the
general limiter L.

5.2. CFL-constraint

Following the same approach as for the one-dimensional derivation in Section 4.3, we expand the updated element-
averaged solution to a convex combination. To facilitate the derivation, Fig. 3 provides a graphical interpretation, showing
the relation between the following expansion and the three-point system that was discussed in Section 4.1. With this, U2
is evaluated as:
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A Ny
Uit = — Z U, n)dr, (53a)
e k=1 Qek
v v At J K — —~
_ Z |;7(T )|w Un(ry) — ZZ | k (gl q)|qu F (U:(T(gk,q))v Ue (r(gk,q))s n(gk,q)) , (53b)
k=1qg=1
8
= Zevue(rv) +y Z [6k.qUs (r(gk.q))
k=1q=1
—Atlig (F (U (r(grg). Uy (r1(8k,g)) (g q)) +F (U (r(grg). Us, —1i(8kg)))] (53¢)
where
|1(rv)|wv N Nut
Oy = =D Okt (1(8rg)) (54)
k=1 q=1

is introduced to decompose the volumetric quadrature to obtain U; (r(&k,q))- For notational simplification, we defined

|jk (&k.q) Wk q

v, ; (55)

k.q =

) Ng s Nok . =~ .

such that S, = ,’:]:’1 Zqi"{ Ck,q is equal to the surface area of Q., and Z}:’i] Zqi;‘ Ck,qN(gk,q) = 0 since Q. has a closed
surface. To apply the results from the three-point system to the multi-dimensional configuration, we introduce the auxiliary
variable Uj:

Ny qk

ZZ Skq [Um(gk D) — F(U+(r(gk ) -1(gy, q>] 50)

k=1q=1 Se
It can be shown that U} is essentially the solution to the following equation:
Ny Ngk

DO tkgF (UF (r(8rg)). Us. —1(gg)) =0, (57)

k=1q=1

subject to a preselected dissipation coefficient A*, so that the equality in Eq. (53c) holds true. Here, we evaluate A* from
the following relation:

A =tmax {vU) | U € {US (r(geg)}}. t=max{\/N>d,\/2+y(y—l)} (58)

and the rationale for this selection is provided later in Remark 4. To prove that U2 is entropy bounded, we present the
following lemma.

Lemma 4. U} in Eq. (56) satisfies s(U3) > min {s(U) | U € {UJ (r(g.q))}}-

Proof. For notational simplification, we combine the indices k and q into a single index j, and we denote the total number
of surface quadrature points on 92 by Niot, Ntot = Z,’:’il - Considering ZN“" '\(d) =0 and ¢; > 0, the dth components
of the surface-normal vectors have different signs. To denote each component we mtroduce the superscript (d). By sorting
Aﬁ.d) so that the first Ng; vector components are positive. The following statement is true for any d:

>
Neoe Npar

>ogn = Z ¢y = Zln , (59)
j=1

j=Ng+1

where I, introduces a partition as illustrated in Fig. 4 and Ny, is the dimension of this partition. With this, we are able to
introduce a variable mapping,
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Defined partition: IR
__________________ N
/\(d
+sign -
‘ d,
-sign A’
7T

Fig. 4. lllustration of the partition introduced in Lemma 4.

j-1 n J
Upt=US @y, if foﬁ?d) < Zli < Zfiﬁ,(d) :
Up =US(rp, if — Z S <Zl == Z Gy’

i=Ng+1 i=Ng+1
With this, Eq. (56) is equivalent to:

Ntot Ntot é.
Z;jw(r]) Z U Ay )
Neot ¢ Ng |ﬁ(d)| Ng Neot |’\(d)| ng(d)
2 |\ LUw Ui+ Y3 | ey - S FOwiep |
j=1"¢ d=1 j=1
Niot Ng |ﬁ(d)| Ny Npar

=_'1_

|21
o |=

U:(r,->+25l Zlnu :
d=1"°¢
where we introduce
ug, = %(U;+ FUST) — *Z/i\]j (F(d)(US+) F“’)(Uf;)) ,
which takes the same form as the left-hand-side of Eq. (34). Note that U;’; is essentially expressed in a one-dimensional
setting along x@. Therefore, one can follow the same argument used for Eq. (34) in Lemma 3 to verify that
s(Ugy) = min {s(UsH} =min{sU) | U e {UF ()}, j=1...., Nt} .

with the given form of A* in Eq. (58). As given above, U; is a convex combination; by using the quasi-concavity of en-
tropy [11], we conclude that

s(Uy) >min{s(U) |U e{U; (rp}, j=1,....Not} . O

Remark 4. Note that the maximum characteristic speed of Udn is bounded, v(UJ%) < v(USF(r)). According to the com-

bination law given in Appendix A, we have v(U}) < /2+y(y — 1)max{v(U+(r))} < A*. With this, we are now able to
show that the maximum characteristic speed of U; is bounded by the chosen value of A*, so that the Lax-Friedrichs flux
(U+(r) U, —1) in Eq. (53) is valid according to the definition of Eq. (15).

To enforce the entropy boundedness, the decomposition of U2 in Eq. (53) is required to be convex. This can be satisfied
under the following condition:

Oy >0, Yv=1,...,Ng,

Okg>0, Yk q,q=1,...,NJ, k=1,...,Ny,

k-’

(60)
With this, the entropy boundedness of Uit e is shown by the following lemma.

Lemma 5. For a general DG element, the element-averaged solution is entropy bounded,
S(US) = so(t) =min{s (U(y) | y € Qe UL ), (61)
under the condition that Eq. (60) holds and that the following constraint is fulfilled:

1 6
Atkgimin {{"—"} Vk, @), q=1,---,N), k=1,---,Ny, (62)

k.q
where .. > max{v(U) | U € {U;t(r(gk,q))} and A > \*.
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Proof. The proof follows Lemma 3, utilizing Lemma 2 and the quasi-concavity of entropy. O

Note that Lemma 5 does not rely on any assumption regarding the dimensionality or shape of the finite element, and is
therefore general. Another observation is that Eq. (62) essentially provides an estimate for CFLE® that is only a function of
the geometry of the element. For practical applications, we require the right-hand-side of Eq. (62) to be as large as possible
so that larger time steps can be taken. This can be achieved by solving a convex optimization problem:

.. ( . {Qk,q })
maximize ( min v )
k.q
subject to Eq. (60) (63)

where 6y 4, kg are properties of the geometry alone. This problem can be solved for each individual element as a pre-
processing step prior to the simulation. Another way to interpret the expression is to identify a length scale from the
right-hand-side of Eq. (62), for which the CFLE® number can be explicitly defined. For this, L, = min Ve/ljk3 (8k,q)| is used
as a characteristic length for 2. Hence,

. |8 . 0
min {ﬂ} > Lo min {ﬂ}
Ckq Wik q
and an alternative expression to Eq. (63) is

0
maximize min {ﬂ} , (64)
Wk,q

subject to Eq. (60),

where the optimal solution is the value of CFLEB. With this, the CFL-constraint can be written as

At < lCFLEB , (65)
Le 2
which is used in the following numerical tests. The factor of 1/2 is a consequence of the Riemann flux formulation. For
some of the most relevant element types with regular shapes, the value of CFLE® has been calculated and listed in Table 1
for different polynomial orders. In practice, we found that the bound in Eq. (65) leads to a conservative estimate for the
time step. Considering the computation of efficiency and the constraint for the linear stability by [22], this condition is
relaxed and we consider 0.8 CFLEB for the following numerical experiments.

Table 1

Summary of quadrature orders and optimal CFL numbers for different types of elements. Quadrature rule (QR) applied: Line, Quadrilateral and Brick:
tensor-product Gauss-Legendre; Triangle: Dunavant [23]; Tetrahedron: Zhang et al. [24]. (Note that Dunavant’s triangle rule includes negative weights for
3rd- and 7th-order quadrature, therefore, only quadrature rules with positive weights are used with one extra order.)

Element Order QR on 9%, QR on Q. CFLE®
p=1 - 3 0.5
o 0 p=2 - 5 0.167
p=3 - 7 0.123
p=4 - 9 0.073
(O3] (%) p=1 3 3 0.25
p=2 5 5 0.083
p=3 7 7 0.062
p=4 9 9 0.036
(0, 0) (1,0)
p=1 3 4 0.135
p=2 5 5 0.067
p=3 7 8 0.058
p=4 9 9 0.033
p=1 3 3 0.167
p=2 5 5 0.056
p=3 7 7 0.041
p=4 9 9 0.024
p=1 4 3 0.066
p=2 5 5 0.035
p=3 8 7 0.015
p=4 9 9 0.013
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6. Evaluation of entropy bound

In this section, we propose an approach for evaluating the entropy bound sg(t) to answer the fourth implementation
problem listed in Section 4.2. Obviously, the most accurate way for evaluating a lower bound of entropy is to use Newton’s
method. However, this approach can significantly impair the efficiency, since searching the minimum on a multi-dimensional
high-order element is intractable in terms of computational cost. To overcome this issue, we propose the following two
approaches:

o User-defined global bound. The first strategy is to let the user specify a global entropy bound, which is then kept constant
and used everywhere in the computational domain. Although this approach is simple and robust, it is not optimal. It is
suitable for certain problems with a well-defined entropy bound. As example, for a supersonic flow over an airfoil, the
free stream entropy can be used to impose this bound. However, for more complex cases with multiple discontinuities
that include several entropy jumps, such a constant bound is not able to enforce the constraint for all elements. Note
that this approach recovers the positivity constraint of Zhang and Shu [9,21] in the limit of sg(t) — —o0.

o Estimate of local entropy bound. This strategy imposes an entropy bound for each element and dynamically updates sg(t)
during the simulation. Instead of relying on a sophisticated search algorithm, sg(t) can be approximately evaluated by
reusing available information on quadrature points that consist of two sets, D on the local cell and the set of quadrature
points on 92, , denoted as D~. According to the definition of sg(t) in Eq. (30), a direct approach is to approximate the
minimum entropy over the domain of dependence as:

M(20) = min{ min s(UX)), Sm — 0(sn — sm)} , (66)
xeD~
where we introduce s;; and s, to denote the minimum and maximum entropy values, respectively. Hence,
Sm = S(Ue(Xm)) = mins(Ue (%)) ,
xeD
Sn =S(Ue(xn)) = maxs(Ue(x)) ,
xeD

where x5 and x, are the corresponding spatial locations. As given in Eq. (66), a relaxation factor, 6, is introduced to
avoid overestimation, and for this study, we use

min  {|xm — x|}
_ X€D X#Xm

[Xm — Xn|

0

Although this estimate is simple and inexpensive, one has to realize that any relaxation in the vicinity of discontinuities
becomes dangerous due to the spurious behavior of the sub-cell solution. This, however, can be resolved by referring to
the entropy bounds around €2, at the last time step,

sO(t) ~ €s0(t) = max {./\/l (sg (t)) , keR}iB{e} st — Af)} , (67)

where N, refers to the set of indices of all neighbor elements of . that share a common edge. The performance of
this estimation will be tested in Section 8, and will be compared to the global bound in Section 8.3.

As a closing remark, the reader is reminded that as far as the estimation is concerned, the robustness is not possible to
be guaranteed for all gas-dynamics calculations. In the case that an overestimation occurs, there are several ways to fix this,

for example, by increasing the relaxation factor 6 or directly using gsg(t) =, R}in 52 (t — Ab).
eNU{e}

For practical tests, we found that the above strategy can be applied in a combined way. Specifically, Eq. (66) is used for
initializing the simulation, and Eq. (67) is then applied during the subsequent integration step.

7. Algorithmic implementation

Algorithm 1 provides a description of the implementation details of the EBDG-scheme. This algorithm will be tested in
the next section. As mentioned above, the recommended CFL number, 0.8 CFLEB, is applied, and found to be sufficiently
robust for all tests. However, we remind the reader that CFLEB, derived above, is based on a one-time update of a forward
Euler scheme. For RKDG, the algorithm relies on a multi-stage RK scheme. Therefore, a rigorous enforcement of this CFL
condition requires that the spectral-radius of the discretized system (or the maximum wave speed over the domain) does
not increase during At. In practice, this requirement is not of a concern. To further improve the robustness, this algorithm
can be combined with a recursive strategy to dynamically reduce the CFL number [10], in case that the condition, Eq. (61)
in Lemma 5, is not satisfied at any stage of the applied RK scheme.
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Algorithm 1: Implementation of EBDG scheme.

Pre-computation of CFL condition: For each element, solve Eq. (63); alternatively, take CFL™® from Table 1 and compute L, (recommended for
simplicity)
Initialization: Initialize solution vector U(x,0) = Ug
while ¢t < teng do
for each element do
| Find A and estimate time step size At according to Eq. (62)
end
Find the minimum permissible time step Atpi, over all elements
for each stage k of a Runge-Kutta integration scheme do
for each element do
if bounding is applied locally then
| Estimate entropy bound sg (t) according to Eqgs. (66) and (67)
else
| Use sd(t) estimated based on Up
end
Update solution vector UKt! = UK + Atpin R¥ (R refers to the residual)
Apply £ on U*+! with s0(t) according to Eqs. (42) and (44)

end
end
Advance time t =t + Atmin
end
Table 2
Convergence test of 1D advection with SSPRK33, showing degradation of convergence order for DGP3 and DGP4 (here we use density to evaluate the error).
h DGP1 DGP2 DGP3 DGP4
Ly-error rate Ly-error rate Ly-error rate Ly-error rate
1/10 3.074e-3 - 1.274e—4 - 4.716e—6 - 2.036e—7 -
1/20 6.508e—4 2.240 1.513e—5 3.073 3.073e—-7 3.940 1.980e—8 3.362
1/40 1.535e—4 2.084 1.891e—6 3.000 2.182e—-8 3.816 2.454e—9 3.013
1/80 3.775e—5 2.024 2.364e—7 3.000 1.880e—9 3.537 3.130e—10 2.971
1/160 9.398e—6 2.006 2.955e—8 3.000 2.001e—10 3.232 3.924e—-11 2.995
1/320 2.347e—6 2.002 3.694e—9 3.000 2.401e—11 3.059 4.922e—12 2.995

8. Results and numerical test cases

In the following, EBDG is applied to a series of test cases to demonstrate the performance of this method. We begin by
considering one-dimensional configurations to confirm the high-order accuracy and essential convergence properties. This is
followed by two- and three-dimensional cases with specific emphasis on applications to unstructured meshes and general
curved elements.

8.1. One-dimensional smooth solution

The first case considers a one-dimensional periodic domain x € [0, 1] with smooth initial conditions:
p(x,0)=140.1sin(2wx),
ukx,0=1,
p(x,0)=1.

The accuracy is examined by considering different spatial resolutions and polynomial orders. For each polynomial order, the
CFL number is assigned to 0.8 CFLEB, in which CFLE® is taken from Table 1. Initially, sq is set to In(0.874), corresponding to
the minimum entropy value of the initial condition. The SSPRK33 time-integration scheme [25] is used, and the convergence
rate is given in Table 2. Although the EBDG-scheme remains stable, it can be seen that the solutions do not reach the
optimal convergence rates for DGP3 and DGP4. Since this is a time-dependent calculation, temporal errors accumulate
with the applied CFL-condition and the convergence rate degrades to third-order (consistent with the SSPRK33 scheme).
To demonstrate this, we switch the time-integration scheme to a standard RK45. As can be seen from Table 3, the optimal
convergence rates for all cases are achieved, demonstrating that the optimal convergence for smooth solutions is preserved
by the EBDG-scheme. In the following, the standard RK45 is used for all other cases.

8.2. One-dimensional moving shock wave
A moving shock-wave in a one-dimensional domain is considered as a test-case for evaluating the robustness and perfor-

mance of EBDG for shock-capturing. A domain with x € [—0.1, 1.1] is considered, in which the initial shock front is located
at x = 0. The domain is initialized in x < 0 with the following pre-shock state:
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Table 3
Convergence test of 1D advection with standard RK45 (here we use density to evaluate the error).
h DGP1 DGP2 DGP3 DGP4
Ly-error rate Ly-error rate Ly-error rate Ly-error rate
1/10 3.494e-3 - 2.140e—4 - 4.650e—6 - 1.438e—7 -
1/20 7.231e—4 2.273 1.513e-5 3.823 2.920e—-7 3.993 4.517e-9 4.992
1/40 1.630e—4 2150 1.891e—6 3.000 1.826e—8 3.999 1.419e—10 4.992
1/80 3.790e—5 2.105 2.364e—7 3.000 1.141e-9 4.000 4.444e—12 4.997
1/160 9.398e—6 2.012 2.955e—8 3.000 7.134e—11 4.000 1.497e—-13 4.892
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Fig. 5. (Color online.) DGP2 simulation of moving shock wave for different Mach numbers (abbreviations: EB - entropy bounding; PP - positivity preserv-
ing [9]; Limiter + PP - WENO limiter [7]) with positivity preserving [9].

p=14,
:O’
p=1

Shocks are specified with different Mach numbers (Ma = us/c), and Ma = {2, 5,100} are considered in this case. For all
cases considered, the initial value for the entropy, so, is set to a value of In(0.620), corresponding of the minimum value in
the initial condition. The simulation ends when the exact solution of the shock front reaches the location at x = 1. Results
are illustrated in Fig. 5, showing that the entropy boundedness guarantees the robustness and consistent performance
over a wide range of shock strengths. Entropy bounding (¢ # 0) is only activated in elements that are occupied by flow
discontinuities. Compared to the positivity-preserving method, entropy bounding entirely avoids unphysical undershoots in
pressure, and provides an improved suppression of oscillations in the post-shock region. Compared to limiting, the entropy
bounding shows better robustness in describing shocks at different conditions, introducing lower dissipation in the vicinity
of discontinuities.
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Fig. 6. (Color online.) Comparison of simulation results obtained using different bounding strategies.

8.3. Sod shock-tube: local entropy bound vs. global entropy bound

In this section, we compare simulation results obtained by two different limiting implementations that were discussed
in Section 6. We consider the classic Sod shock-tube case with initial conditions given by:

(1.0, 0.0, 1.00)T  forx<0.5,

68
(0.125, 0.0, 0.1)T forx>0.5. (68)

(p.u,p)" = {
The one-dimensional domain with x € [0, 1] is discretized using 200 elements and the DGP2 scheme is used. For limiting
with a global entropy bound, the bound is fixed to be so =In(1) based on the minimum entropy of the initial condition.
In the case that limiting is enforced with a local entropy bound, we first initialize the entropy bound for each cell with sg.
Subsequently, the local bound for each element is estimated according to Eqs. (66) and (67) and updated at every iteration.
The simulation runs until t = 0.25, and results are shown in Fig. 6. It can be seen that limiting using the local entropy bound
outperforms the global limiter, resulting in considerably lower overshoots and undershoots at the shock front. The reason
for this can be deduced from the entropy profile in Fig. 6(b). The global minimum entropy in this problem is prescribed at
the left side, with a lower magnitude than the entropy value at the right-moving shock. Therefore, the operator £ that is
built on such a global minimum loses efficacy in identifying troubled elements around the shock. Except for the solution
around the shock, differences in the solution away from the discontinuity are marginal.

8.4. Two-dimensional flow over a cylinder
In this section, we verify the convergence order of the EBDG-scheme for high-order curved elements by considering a

two-dimensional flow over a round cylinder. The radius of the cylinder is R =1 and the far-field boundary is a concentric
circle with R =20. The condition in the free stream is given as:

Poo =14,
Uso =5.32,
Voo = 0.0,
Poc=1.

The corresponding Mach number is 0.38 and characteristic boundary conditions are imposed at the far-field. The entire
domain is initialized with free-stream conditions and sp = In(0.620). We compare results on quadrilateral and triangular
meshes at three levels of refinement. High-order elements are generated using cubic Lagrangian interpolation to accom-
modate the curvature of the geometry. It is noteworthy to mention that this treatment guarantees the exactness of the
computed cell-averaged quantities. The CFL number is set to the CFLE® number from Table 2 for the corresponding shape
and polynomial order, multiplied by a factor of 0.8.

A main issue in these simulations is the occurrence of numerical instabilities that are initiated at the leading edge of the
cylinder. As a result of this instability, DGP2 and DGP3 without any entropy-bounding diverge (the code blows up) after few
iterations. Previously, limiters have been used in this case for stabilizing the transient solutions [8]. However, for high-order
polynomials, it is difficult to develop limiters to achieve the optimal convergence rate without a nontrivial implementation.
In contrast, EBDG provides a considerably simpler implementation for enabling high-order simulations for such complex
geometric configurations.
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Fig. 7. EBDG-solution of flow over a cylinder on curved quadrilateral meshes with three different refinement levels; top: computational mesh in near-field
of the cylinder; middle: Mach number; bottom: convergence history and activation of entropy bounding as a function of iteration.

Comparisons of the computational meshes, simulation results, and convergence properties are presented in Figs. 7 and 8.
It is evident that the solution is improved by increasing the mesh resolution. The convergence history of the residual,
provided in the last row of both figures, shows that entropy bounding is mostly activated during the start-up phase of the
simulation to suppress numerical oscillations and ensure stability. It is interesting to note that the number of elements
that require bounding is restricted to the region near the stagnation point upstream of the cylinder, and is confined to
less than 8% of the total number of elements. As the solution converges to the steady-state condition, entropy-bounding
remains deactivated, retaining the high-order accuracy. Since the solution is smooth the physical entropy production is zero.
Therefore, the convergence rates are measured in terms of entropy error using the discrete L,-norm. A comparison of the

convergence rates are presented in Table 4, confirming that the optimal convergence rate is preserved even for complex
geometries with curved elements.

8.5. Two-dimensional double Mach reflection

This test case is designed to assess the performance of EBDG for simulations of flows with strong shocks and wave
structures. The numerical setup follows this of Woodward and Colella [26], representing a Mach 10 shock over a 30°-wedge.
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Table 4

Comparisons of convergence rate for 2D flow over a cylinder (here we use entropy to evaluate the error).
Mesh DGP1 DGP2 DGP3

Ly-error rate Ly-error rate Ly-error rate

Level 1 7.272e—-2 - 1.694e—2 - 3.816e—3 -
Level 2 1.318e—-2 2.464 7.219e—4 4.552 1.827e—4 4.384
Level 3 2.441e-3 2.433 6.029e—5 3.582 1.036e—5 4141
Level 1 1137e—-1 - 2.590e—2 - 4.086e—3 -
Level 2 1.865e—2 2.608 8.899e—4 4.863 1.291e—4 4.984
Level 3 3.391e-3 2.459 7.222e-5 3.623 6.939e—6 4217

All quantities are non-dimensionalized, and the computational domain is [0, 4] x [0, 1]. In the present study, we consider
two different mesh-discretizations, consisting of a Cartesian mesh with quadratic elements (L, = h = 0.02) and a mesh with
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Fig. 9. (Color online.) Simulation results of double Mach reflection over a 30°-wedge.

triangular elements (L, ~ 0.02). The pre-shock state is the same as that in Section 8.2 and hence sg is set to In(0.620). The

CFL number is prescribed from Table 2 using a safety factor of 0.8.
Simulation results for density contours at time t = 0.25 are shown in Fig. 9. The proposed EBDG-method captures all

wave-features, and it is found that without enforcing the entropy constraint the solution diverges in the first iteration for
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these strong shock conditions. For comparison, a reference solution obtained using a fifth-order WENO-scheme is shown
in Fig. 9(e), and results from a DGP2-simulation using a WENO-limiter [7] are presented in Fig. 9(f). Comparisons be-
tween EBDGP1 and EBDGP2 results show the benefit of the high-order scheme in providing improved representations of
the shock-wave structure. At the same degrees of freedom, the DGP2-solution provides comparable predictions to that of
the fifth-order WENO scheme, except for the small oscillations that cannot be removed by the linear scaling procedure.
Compared to the DG-simulation with WENO-limiter (Fig. 9(f)), EBDG effectively avoids introducing excessive numerical dis-
sipation since the solution is only entropy-constrained in regions in which the entropy condition is violated.

8.6. Three-dimensional supersonic flow over a sphere

This test case extends the evaluation of the EBDG-method to three-dimensional configurations with complex geome-
tries. Currently, robust approaches for capturing strong shocks in three-dimensional curved elements are still subject to
investigation. This test case considers a flow at a Mach number of 6.8 over a sphere. The radius of the sphere is R = 1.
Due to the geometric symmetry, the computational domain considers only an eighth section of the domain, and it is ex-
tended to 3R in radial direction. Symmetry boundary conditions are imposed at the planes y =0 and z =0, and outflow
boundary conditions are prescribed at x = 0. Normal velocity inflow is prescribed at the outer shell with the following
specification:

Poo =14,
Uso = —6.80,
Voo =0.0,
Weo =0.0,
Poo=1.

Slip-wall conditions are imposed at the surface of the sphere. The computational domain is discretized with quadratically
curved hexahedral elements. For the initial mesh, the radial dimension is partitioned with 14 elements with a linear stretch-
ing factor of 1.1 while the azimuthal dimension of the plane at x = 0 is partitioned using 12 elements. DGP2 is applied for
this case and the CFL number is 0.8 CFL™® with CFLE® = 0.056.

Simulation results are illustrated in Fig. 10(a), showing the surface mesh and isocontours of the Mach number. The
bounding parameter & can be utilized as an indicator for local mesh refinement. We sample the elements with non-zero &
values over few iterations, and then locally refine these elements. Results using one and two levels of refinement are shown
in Figs. 10(b) and 10(c), respectively. This direct comparison shows that the shock profiles become sharper with increasing
resolution. Since the bounding parameter is sharp, the mesh-refinement is confined to a narrow region in the vicinity of the
shock. The flow-field solution behind the shock is smooth, and no entropy bounding is applied in this region. To provide
a quantitative analysis, simulation results from the EBDG-method are compared against measurements by Billig [27] in
Fig. 10(d), showing good agreement between experiments and computations.

9. Conclusions

A regularization technique for the discontinuous Galerkin scheme was developed using the entropy principle. Moti-
vated by the FV-entropy solution, the high-order DG-scheme is stabilized by constraining the solution to obey the entropy
condition. The implementation of the resulting entropy-bounding discontinuous Galerkin scheme relies on two key com-
ponents, namely a limiting operator and a CFL-constraint. These essential components were derived by considering first a
one-dimensional setting and the subsequent extension to multi-dimensional configurations with arbitrary and curved ele-
ments. Specifically, utilizing the interpolation basis we were able to extend the entropy bounding (also including positivity
preserving) to arbitrarily shaped elements independent of specific quadrature rules. The bounding procedure is obtained
from algebraic operations, resulting in a computationally efficient and simple implementation. A sufficient CFL-condition
was rigorously derived and proofed to ensure that the entropy constraint can be enforced on different types and orders
of elements. By considering different configurations, numerical tests were conducted to examine accuracy and stability of
the entropy-bounding DG-scheme. These test cases confirm the efficacy in regularizing solutions in the vicinity of discon-
tinuities, generated either by true flow physics or during the transient solution update. The added benefit of the entropy
bounding method is its utilization as a refinement indicator.

Since the herein proposed entropy bounding scheme relies on a linear scaling operator, it is not capable to remove
shock-triggered oscillations of smaller magnitude, although it stabilizes the solution and prevents the solver from diverging.
As a final remark, the derivation that was presented in this study is general and extendable to other discontinuous schemes
with sub-cell solution representations, such as spectral finite volume schemes [28] and the flux reconstruction scheme [29].
Therefore, entropy-bounding, as an idea, has the potential to improve the robustness of shock-capturing for these emerging
high-order numerical methods.
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Appendix A. Combination rule

In this section, we derive an estimate for the maximum characteristic speed for convex state solution. For this, we
consider a state vector U of Eq. (2a), which is written in the following form:

U=Y B,
k

(69)
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where B, >0 and ), fx = 1. The maximum characteristic speed of U is:

1
v(U)=u)[+cU) =u)|+ [y(y —1) <E(U) - EIU(U)IZ) )
in which u and E can be calculated according to Eq. (69) as
uU)=Y auUy),  eU)=) aeUy),
k k

and

= Brp(Uy)
Zk Ika(Uk)

is a new set of coefficients that is introduced to convert from conservative to primitive variables. Furthermore, because of

-1
Y@y —DeW) =Y o (c2<uk) + Mwwmz) :
k

2
luW)l= 1> auUpl?,
k
> alu(Up?,
k
we obtain
-1
V(U) = [u(U)| + ;akﬂ(um% ;amu(uw—w(unz ,
-1
< Zak|u<uk>|2+/Zak@(um%Zaﬂu(um%
k k k
=

2) U+ Q+y(y —1)Y arluUpl,
k k

k

<V2+yy- 1)\/Zak<c2<uk> +uUP),

V247 =D [ el + luUh?,
k
=V2+yy -1 mlgx{c(uk) + luUol}

We used this estimation for preselecting the dissipation coefficient A* in Lemma 4.
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