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Abstract We show how to modify the original Bassi and Rebay scheme (BR1) [F. Bassi and S. Rebay, A
High Order Accurate Discontinuous Finite Element Method for the Numerical Solution of the Compressible
Navier-Stokes Equations, Journal of Computational Physics, 131:267-279, 1997] to get a provably sta-
ble discontinuous Galerkin collocation spectral element method (DGSEM) with Gauss-Lobatto (GL)
nodes for the compressible Navier-Stokes equations (NSE) on three dimensional curvilinear meshes.

Specifically, we show that the BR1 scheme can be provably stable if the metric identities are
discretely satisfied, a two-point average for the metric terms is used for the contravariant fluxes in
the volume, an entropy conserving split form is used for the advective volume integrals, the auxiliary
gradients for the viscous terms are computed from gradients of entropy variables, and the BR1 scheme
is used for the interface fluxes.

Our analysis shows that even with three dimensional curvilinear grids, the BR1 fluxes do not add
artificial dissipation at the interior element faces. Thus, the BR1 interface fluxes preserve the stability
of the discretization of the advection terms and we get either energy stability or entropy-stability for
the linear or nonlinear compressible NSE, respectively.

Keywords Discontinuous Galerkin - Bassi and Rebay - viscous terms - linearized Navier-Stokes
equations - compressible Navier-Stokes - energy stability - skew-symmetry - entropy-stability

1 Introduction

In [4], Bassi and Rebay introduced a now popular discontinuous Galerkin (DG) approximation to
the compressible Navier-Stokes equations (NSE). They extended the DG method introduced for the
approximation of first order hyperbolic conservation laws by Reed and Hill in 1973 [38] and extended
and popularized with the series of Cockburn and Shu et al., e.g. [9,10,11,12] to diffusion problems. The
method is of Galerkin finite element type, however the approximation space is piecewise polynomial
with discontinuities across element interfaces in contrast to classic continuous Galerkin finite element
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methods. This discontinuous ansatz automatically localizes the data dependencies of the scheme as
well as allows the introduction of approximate Riemann solver fluxes in surface integrals of the weak
form to connect neighboring elements. Riemann solvers introduce artificial dissipation for advection
problems in a natural way. The dissipation behavior of the DG approximation of advection is such
that dissipation is very low for well resolved scales, but very high for coarsely resolved scales [17].
This means that the scheme naturally damps away small scale oscillations for advection dominated
problems and it is this difference to classical continuous Galerkin finite element methods, which are
virtually dissipation free, that makes DG advantageous.

Bassi and Rebay rewrote the second order partial differential equations (PDEs) into an extended
system of first order PDEs by introducing the gradient as a new unknown. After rewriting the system,
the standard DG ansatz analogous to the discretization of first order hyperbolic conservation laws
is used. The only difference is that now two additional surface integral terms appear in the weak
form and suitable choices are needed in addition to the approximate Riemann solvers of the advection
terms. In the BR1 scheme, the simplest of all is used: the arithmetic mean of the viscous fluxes and
the arithmetic mean of the solution (needed for the auxiliary gradient formulation). The resulting
scheme is arguably the most simple variant to date for the discretization of second order terms.

Although popular, the Bassi and Rebay approach, and particularly the BR1 interface approxima-
tion, has never been shown to be stable for the compressible Navier-Stokes equations. When used for
purely elliptic problems, the equivalent DG scheme suffers from some bad properties [2,3] such as: 1)
a widened stencil, which results in a higher fill in of the operator matrix, which in turn is bad for
memory consumption and efficiency of iterative linear algebra solvers; 2) the BR1 scheme is consistent,
but not stable and 3) due to the symmetry of the numerical fluxes of the BR1 scheme, the convergence
behavior has an odd-even behavior with non-optimal convergence. The results for pure elliptic PDEs
have left a bad impression of the BR1 scheme. Many other variants for the discretization of second
order terms have arisen since, e.g. [2,3], which mostly overcome the observed deficiencies of the BR1
scheme.

When applying the BR1 scheme to the unsteady compressible Navier-Stokes Equations (NSE),
the disadvantages observed in purely elliptic problems don’t seem so dramatic anymore. In fact, some
of the issues are naturally resolved when considering an explicit time discretization for the unsteady
compressible NSE: 1) the wider stencil does not matter within a Runge-Kutta discretization, as the
effective stencil size is increased anyway throughout the Runge-Kutta stages, plus the scheme is
purely explicit, so no fill in considerations are necessary; 2) in combination with a de-aliased DG
discretization of the advection operator, stability issues have not been observed when turbulence is
severely under-resolved [20]; 3) due to the upwind nature of the Riemann solver for the advection
terms, there is no symmetry of the numerical fluxes at the interface and no negative influence on the
observed convergence rate when considering high Reynolds number (advection dominated) flows, see
e.g. [5,21]. In addition, the scheme is generic in the sense that it is independent of the underlying
form or structure of the viscous terms, as only arithmetic means are used at the interfaces. It is also
parameter free, i.e. no particular choice of any penalty constant is necessary. This makes the BR1
scheme very simple to implement for generic linear and nonlinear viscous terms on general unstructured
or structured curvilinear grids. Furthermore, in the experience of the authors and analyzed in [24],
the BR1 discretization allows for a relatively large explicit time step in comparison to other schemes.

Unfortunately, DG approximations to the Euler and Navier-Stokes equations are known to some-
times fail due to aliasing instabilities, e.g. [20]. To make the approximation more robust, production
codes add ad hoc stabilization procedures such as overintegration and filtering, e.g. [33,20].

The popularity of the scheme, plus the fact that ad hoc stabilisation is often necessary, shows that
there is a need for careful analysis and construction of a provably stable version.
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In this paper we present the full analysis of a provably stable Bassi and Rebay type approximation
for the compressible NSE on curvilinear grids in three space dimensions. We present a semi-discrete
analysis in a step by step manner, i.e. the energy analysis for the linearized compressible NSE in the
first part, Sec. 3, and the entropy analysis for the nonlinear equations in the second part, Sec. 4.
Both parts have a similar structure: we first introduce the continuous and discrete analysis for a one
dimensional scalar equation to introduce the basic steps and concepts. This is in preparation for the
extension to the general three dimensional NSE on unstructured curvilinear grids.

From the analysis we show that a Bassi and Rebay type approximation is stable if

e the metric identities are discretely satisfied,

e the metric terms in the construction of the contravariant fluxes are incorporated as a two-point
average,

e the advective volume terms are discretised in a split form manner,

e for nonlinear problems the viscous fluxes are computed in terms of the entropy variables and its
gradients,

e and the BR1 scheme is used for the interface fluxes, i.e. arithmetic means are used.

In preparation of the two main parts of this work, we first introduce the discontinuous Galerkin
collocation spectral element (DGSEM) with Gauss-Lobatto (GL) nodes in Sec. 2.1, we present the
proofs for linear equations in Sec. 3, the proofs for the nonlinear equations in Sec. 4, and we draw our
conclusions in the last section, Sec. 5.

1.1 Nomenclature

The analysis and proofs in this work are quite technical. For clarity, we collect notation that we use
throughout this work here.

PN Space of polynomials of degree < N

=
=z

Polynomial Interpolation operator
Physical space coordinates

=
N
~—

,1,C Reference space coordinates
Vector in three dimensional space

=ni1Z + ney +n3z Cartesian space normal vector

= ﬁlé +a%h 4 fz?’f Reference space normal vector

Continuous quantity
Polynomial approximation

=g

Block vector of Cartesian flux and contravariant flux
Matrix
Block matrix

WW o EE S

2 The DGSEM for Compressible Viscous Flows

Compressible viscous flows are modelled by the Navier-Stokes equations,
3

3
Of; 1 = 9, (u,Vyu)
ut—l—zlaxi _QZT' (2.1)
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The state vector contains the conservative variables

p

14 UL
u=|pv| =|pva|. (2.2)

pE pUs3

pE

In standard form, the components of the advective flux are

pU1 pv2 pU3
pvi+p pU2 V1 pU3 U1
f1 = | pvive fo = | pvoave+p f3 = PU3 V2 , (2.3)
pU1 V3 pV2 V3 pv3 v3 + p
pv1 H pva H pvs H
where
p - 1 »p
H=F+= E=e+ =|v e= ——~—. 2.4

The equations have been scaled with respect to free stream reference values so that the Reynolds
number is
L
Re — PVl (2.5)
Moo
where L is the length scale and Vi is the free-stream velocity. Additionally, the Mach number and
Prandtl numbers are

7‘/00 , Pr:LLoon'
\/’VRTOO Aoo

The viscous fluxes written in terms of the primitive variables are

3 oT
fo1 =0 T11 T2 T3 ((ijlvj'rlj)‘i‘)\%)_
3 or\ |
foo= |0 721 T2 T23 ((ijlvﬂzj)-i-)\afy)_ , (2.7)

3 oT
fo3 =10 731 T2 733 ((ijlvaBj)‘l-)\E

Moo = (2.6)

where

_ dv; O, 2 _ H
sz—ﬂ<axi+axj)*§ﬂ(vﬂﬂ V) dij )\—mv (2.8)

and the temperature is
T:yMgg. (2.9)

For a compact notation that will simplify the analysis, we define block vectors (with the double
arrow)

f= 1|6 , (2.10)
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and the spatial gradient of a state as

— Uz
Veu= |uy | . (2.11)
uz
The dot product of two block vectors is defined by
. 3
fg=> fi'g. (2.12)
i=1

Finally, the dot product of a block vector with a vector is a state vector,
. 3
§-f:Zgifi. (2.13)
i=1

With this notation the divergence of a flux is defined as

3
vx.f_Z Do (2.14)
=1
which allows us to write the Navier-Stokes equations compactly as
V. F= LV F( v ) (2.15)
ug T ~ Re z Iy (W, Vzu] . .

As part of the approximation procedure, it is customary to represent the solution gradients as a
new variable to get a first order system of equations

— > 1 — <~ P
= _—vVv. .f
us+ Va Ijev”” v (0,9) (2.16)
q=Vzu

To set up the standard spectral element approximation, one subdivides the physical domain, {2,
into K non-overlapping and conforming hexahedral elements, ek, k=1,2,...,K. These elements can
have curved faces if necessary to accurately approximate the geometry.

So that the equations can be approximated by a Legendre spectral element method, they are re-
written in computational space on the reference element E = [—1, 1]3. Each element is mapped from
the reference element with a mapping = = X (E ), where X = X7 + Yy + Zz and the hats represent
unit vectors. Similarly, the reference element space is represented by { =¢b 4+ nn + ¢é.

From the transformation, we define the three covariant basis vectors

L aX
a; = 26 1=1,2,3, (2.17)
and (volume weighted) contravariant vectors, formally written as

Jd'=d; xdy, (i,j,k) cyclic, (2.18)

where
J = Ei . (HJ X Ek), (i,j, k)) CyCliC (219)
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is the Jacobian of the transformation. Elements with curved faces will have basis vectors and Jacobian
that vary within an element. However, even with curved elements, the contravariant coordinate vectors
satisfy the metric identities [25]

3 8<Ja%)
; o =0, n=1,23. (2.20)

In terms of the reference space variables, the gradient of a function, g, is

3

= 1 —7 89
= . 2.21
Voo = 737458 (2.21)
and the divergence of a vector, g, is
1~ d :
Vo g==Y o (Tag). 2.22
Ve =7 2 g (j“ g) (2.22)

The transformation of the gradient and divergence can be written in terms of block vectors and
block matrices of the form
Bi1 Bis By
B= | By By Bys |, (2.23)
B3y Bss Bas

where each B;; is a 5 x 5 matrix. In terms of block vectors and matrices, the transformation of the
gradient (2.21) is

- uy 1 Jaily Jaily Jails ] [ue 1 =
Vau=luy | == Jasls Ja3ls Ja3ls | [uy | = FMVeu, (2.24)
uz ja;lﬁ,l5 jaglg, ja%l5 uc
where I is the 5 x 5 identity matrix.
For the divergence, (2.22), each component is
0 (va'-g) = 0 (7aigr + Tasgs + Tass) (2.25)
o0& gt ’
so for a block vector g,
— “— 1 — >
Vo= Ve (MTg) . (2.26)
Finally, if we define the contravariant block vector
f=MTF, (2.27)

the transformed system of the Navier-Stokes equations (2.16) is compactly written as

— < 1 = < -
Juek Ve = peVe folwd) (2.28)
Ja:Mﬁ’gu

on the reference element.
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The spectral element approximation is derived from weak forms of the equations (2.28). Let us
define the inner product on the reference element for state vectors

(v,u)p = / ul'vdednd¢ . (2.29)

E

Similarly, for block vectors,
3
<f, §>E - /ZlfiTgidgdndC. (2.30)
E =

Since there should be no confusion in context, we will usually leave off the subscript E. The weak
forms that serve as the starting point of the approximation are created by multiplying each equation
by an appropriate test function and integrating over the element. After integration by parts, the weak
form of (2.28) reads as

(Tu, ) + {? . } 7 dS — (. Veo) = —é (0. Vo) -
T

(7d) = / (M7} 0 a5 = u 9e (M),

2.1 The Spectral Element Approximation

To get spectral accuracy, we approximate the state vector by polynomials of degree N, which we
represent as U € PN (E). The polynomials can be written in terms of the Legendre basis functions, or
equivalently in terms of the Lagrange basis with nodes at the Legendre Gauss or Gauss-Lobatto points
with nodal values U,,,,,;, n,m,l =0,1,..., N. We write the interpolation of a function g through those
nodes as G = IV (g). Fluxes are also approximated with polynomials of degree N, represented nodally,
and computed from the nodal values of the state and gradients. Derivatives are approximated by
exact differentiation of the polynomial interpolants. Differentiation and interpolation do not commute,

however, so ( (g )) #]IN( ") 16,28].

The geometry and metric terms are also approximated with polynomials of degree N. Most im-
portantly, the metric terms are computed so that the discrete metric identities [25]

2. o1N (Ja})
;T:O, n=1,23 (2.32)

are satisfied. This is ensured if the metric terms are computed as
Jal, = —i; - Ve x (HN (legxm)) . i=1,2,3, n=1,2,3, (n,m,l) cyclic. (2.33)

This definition ensures free stream preservation discretely [25] and has already been shown to be
important for stability [32].

Integrals and inner products are approximated by a Legendre-Gauss or Legendre-Gauss-Lobatto
quadrature. We write the quadrature in one space dimension as

1 N
/ g(&) d§ ~ /g(é) de Zg(én)um, (2.34)
-1 N n=0
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where wp, n =0,..., N are the quadrature weights. Tensor product extension is used for multiple di-
mensions. We write the discrete inner product between two functions f and g in three space dimensions
as

N N
<f7 g)N = Z fnmlgnmlw'fLmel = Z fnmlgnmlwnmlv (235)
n,m,l=0 n,m,l=0

where frmi = f (én,1m, (), etc. An important fact to remember here is that from the definition,

(V) = V), (2:36)

for any V € PN,
The Gauss type quadratures are chosen because of their high precision. For polynomials U and V,

U, V)y = (U V) YUV ePNt (2.37)

where § = 1 for the Gauss and § = —1 for the Gauss-Lobatto quadrature [6]. The exactness of both
Gauss and Gauss-Lobatto quadrature leads to a summation-by-parts formula,

/Uv’dx =uv|), - /U’Vdam (2.38)
N N
which extends to all space dimensions [26].
In this work, we restrict ourselves to Gauss-Lobatto quadrature, where the boundary nodes are
included. Including the boundary nodes simplifies the construction of stable surface terms, since no

interpolation of volume data to the element surface is necessary. From summation-by-parts (2.38), we
have the discrete extended Gauss Law [29]

(Ve -§,V>N = /aE N (En) Vv dS— <§, €5V>N, (2.39)

where 7 is the reference space unit outward normal at the faces of £ and

1

b4 N - 1 N _ 1 N )
uéEJV<F'ﬁ)‘ﬁ;: > wﬂJﬂ(fﬂh»Qﬂtz_l+>§: meQ(QJLQJL:_1+-§: wij B2 (€4,m,C)

3,k=0 i,k=0 i,j=0 ¢=-
. 1 _, 1 . 1
= / F dndg‘ + / F dgd(‘ +/ F dgdn‘ ‘
£=—1 n=—1 ¢=—1
N N N
(2.40)
With this notation, the approximations give the discrete weak forms of the DGSEM
rfe 12 ) e 1 /2 =
(JU,$)y + ¢T SF— o Fup-ids- <F v§¢>N - -5 <FU,V§¢>N
oBN (2.41)

(18.9), = [, VT (M) ) a5 - {u T 1Y (M7F))

where the test functions are restricted to polynomials in PN,

1
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Elements are coupled through the boundary terms by way of numerical fluzes, which we represent
as F*, F; and U*

T [ =4 1 ~ PG . 1 PG
s [, (s, - e,

(s, = [, o (05) ) - (05 (o470,

Applying the discrete extended Gauss law (2.39) to the equation for (3 gives the final weak form of
the DGSEM for the compressible Navier-Stokes equations

(JU, )y +/ " {F - éF} as - (F, Veo) = = <§v,€§¢>N
oBN (2.43)
<J(3’1Z>N - /aE N {U* B U}T ((MT{Z) ﬁ) ds - <€EU’ MT$>N '

The numerical advective flux F* is usually computed with an approximate Riemann solver such
as the Lax-Friedrichs or Roe solvers. The coupling functions for the viscous terms include the Bassi-
Rebay (BR1), Local DG (LDG), Interior Penalty (IP), and others. See [3] for a review of the variety
of solvers used in practice for the viscous terms.

The approximation with an upwind Riemann solver for the advective flux and the BR1 scheme for
the viscous terms is usually stable in practice, at least for well-resolved flows. Examples include two
and three dimensional computations, e.g. [5,21,35]. Often, however, some kind of filtering is applied
to ensure stability [15] or the volume integrals are “overintegrated”, i.e., evaluated with quadratures
M > N [23,33].

In fact, despite its use in applications, the approzimation (2.43) is not necessarily even linearly stable.
Immediate possible contributors to instability are the use of inexact quadrature in the volume terms, or
the choice of the numerical fluxes. We show in the following that with the appropriate approximation
of the advective and diffusion terms, the approximation is stable using the BR1 scheme for the surface
viscous terms. Then, starting from the stable approximation, we will see precisely what contributes
to instability in (2.43) for underresolved flows.

3 Linear Stability Analysis
3.1 BR1 is Stable: Linear Scalar Advection-Diffusion in 1D

To motivate and to provide an outline of the concrete steps used in the analysis of the Navier-Stokes
equations, we start with an initial boundary value problem for the simpler linear variable coefficient
advection-diffusion equation

ug + (auw)z = (buz),, =€ [0,L]
u(0,t) =0
BVP A i —o (3.1)

u(z,0) = up(x)

with @ = const. > 0 and b = b(z) > 0. The choice a > 0 is solely to simplify the writing of the boundary
conditions. It is not necessary in general. To guarantee stability of the advective terms with the DG



10 Gregor J. Gassner et al.

approximation [27], we re-write them in split form,

1
ut + 5 {(au), + auz + azu} = (buz), . (3.2)
Note that in the case of a constant advection speed, a, the split form reduces to the standard conser-

vative form. However, we purposely leave it in split form in anticipation of the more complex proofs
where the split form is necessary. Since a is constant,

1
us + 5 {(au)x + aum} = (bug),, . (3.3)
We also split the gradient of the solution as a variable itself so

us + % {(au)w —l—aum} = (bq),,

(3.4)
q=uyg.
We then construct two weak forms
1
(ur, @) + 5 {{(au),, &) + (aua, 8) } = ((b9), . 9) (3.5)
(0,9) = (ua, ¥)
where
L
(u, @) = / updz . (3.6)
0
Integrating the second and last inner products in the equation for u by parts yields
(ur, @) + 5 auslf — bagll +  {{auz, @) — (au, éx)} = - (bq, éx)
Ut, 2 au|y qPlo 2 AU, au, Pz - q, Px (37)

(¢, 9) = (ua,9) .

3.1.1 Continuous Energy Analysis in 1D

The boundary value problem (3.1) is well-posed. When we choose ¢ = u and ) = bq and impose the
boundary conditions,

ld, o 1o
5 llul® = ~3u*(L) ~ (bg, ) 68
where Hu||2 = (u,u). Substituting for the (bg, uz) term in the equation for u,
1d 2
- — < 0. .
Sl <0 (3.9)

Then integrating in time over the interval [0,7] and applying the initial condition gives the energy
bound

(D) < [fuoll - (3.10)

It is a bound of this type that we require for the stability of the discrete approximation.
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3.1.2 An Energy Stable DGSEM in 1D

To construct the DGSEM in one space dimension, we subdivide the interval into elements ¥ =
[zr_1,2x] k=1,2,..., K, where the z, k = 0,1,..., K are the element boundaries with o = 0 and
zx = L. Each element is mapped onto the reference element E = [—1, 1] by the linear mapping

E+1

T =zp_1 + Azy 5

(3.11)

where Axy, = z, — xp_1 is the length of the element. With the change of variable, u and ¢ satisfy

%(% ) + % {<(au)5,¢> + <au§,¢>} = ((ba)e, &) (3.12)
%(qﬂb) = (ue, ¥), |
where now
(u,¢) = /_11 upd§ . (3.13)

In preparation for the approximation, we integrate the first and third terms in the braces of the
equation for w in (3.12) by parts once, as well as the diffusion term on the right. Similarly, we integrate
the equation for ¢ by parts

E8 fun, ) + audly — bagly — 5 { (o, 6¢) + (u, (a0) ) } = ~ (b0, ) o1
A% (0.0 = wl", — (u,g) |
We then make the following approximations
urnUecPV(-1,1),
g~ QePV(-1,1), (3.15)

b ~ IV (b)) .

Furthermore, we approximate inner products with discrete inner products that approximate the con-
tinuous ones using Gauss-Lobatto Quadrature, and restrict ¢ and v to the polynomial space. We use
Gauss-Lobatto quadrature to ensure that the interpolant of the flux equals the flux of the interpolant
at the element endpoints. This property will be needed later to ensure that the advective boundary
terms are dissipative. Finally, elements are coupled by introducing continuous numerical flures F* for
the advective flux, U* for the boundary solution in the gradient equation and Q* for the boundary
derivative. The result is the split form DGSEM approximation for the solution on an element

Stwea+ (- e}, — {(atne0y + (0 (N @), ) |

= —(bQ, ¢¢) v (3.16)

A *
QN = U|L, = (U e)
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Summation-by-parts applied once to each equation gives the final form of the approximation

1
5 - bl

-1

(e, (el a0

20k 9,y = (U = U)6]" | + (Uesw) -

(U, d)y + (F - %aU) p

To show stability, we replace ¢ by U and ¢ by IV (bQ)

1
Azy,

2 —0Q U|L, = —(bQ, Ug)

-1 (3.18)
(Q.bQ)y = (U" = U)bQ|" | + (Ue.bQ)

(U, U) y + <F - %aU) U

Al‘k

so that the element-wise energy satisfies

1

%%%(U,UMJF (F*flaU)U —QU|', — (U -U)bQ|
-1 (3.19)

Aw
= - 5Q.Q)y
or, making the element ID explicit,
1 1 1

liﬂ HU’“H o Laot )kl bQ*Uk’ - (U* _ Uk) ka‘ <0, (3.20)

2dt 2 . -1 -1

The total energy in the domain is the sum over all of the elements

Ax
Ui = Z S o H (3.21)
k=1

Since the numerical quantities F*, Q* and U™ are continuous by construction, the total energy satisfies

1d
55 U1 < BL— BR+ BI, (3.22)

with the left and right boundary terms

BR = {(F _ %aUK> Uk~ [bQ*UK + U QN — UKbQK} }' 7 (3.23)
e=1

BL — {(F - %aU1> Ut - [bQ*Ul FUTBQ! — Ulel} H : (3.24)
£=—1
and the inner boundary term

interior
faces
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where
Vl=vE-vEi=vF_ | —v¥, (3.26)

is the usual jump in the argument across the interface between element k, k + 1.
We now examine each of the boundary contributions in turn. If we apply boundary states

F*=0, U"=0, Q"=Q (3.27)
on the left, then
2 2
BL = {_1a(U1) - [leUl - leUl}} -1 (Ul) <o0. (3.28)
2 £=—1 2 E=—1
Applying the states
F*=aU, U'=U, Q"=0, (3.29)
on the right boundary gives
BR:{la(UK)Q— [UKbQK—UKbQK}} zla(UK)2>o (3.30)
2 ey 2

The boundary conditions applied in this way are therefore dissipative.
We are now left with only the contribution of the jumps at the interfaces. The contribution of the
advective part is non-positive. With the upwind value F* = aU”,

a (UL o] - % [[UQ]D = —%a [U]? <o, (3.31)

which leaves only the interface contribution of the diffusion terms to bound.
The BR1 scheme [4] computes the interface values as

v (UF,u") = vt Ut 5 Uy

@' (4.q") = L2 _ oy,

(3.32)

Using the identity
[wol = §w} [v] + {o} ], (3.33)

the interface contribution from the approximation of the diffusion terms in (3.25) is

fep vl + v}l -vel =o. (3.34)
With all boundary and interface terms accounted for,
1d 2
-4 < )
S 10l <o, (3.35)

and integrated over the time interval [0, 7] leads to the desired bound
Ul n < 1ol - (3.36)

In summary, we see that using a split form for the advection terms and the BR1 scheme for the
diffusion, the DGSEM is stable for the advection-diffusion equation.
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3.2 BR1 is Stable: 3D Linearized Compressible Navier-Stokes Equations

We follow the same steps as in the previous section to now show that the DGSEM with the BR1
scheme is linearly stable for the compressible Navier-Stokes equations, provided that the advective
terms and the physical boundary conditions are approximated stably. A roadmap for the development
of well-posed problems and stable approximations was recently presented by Nordstrom [36]. Since
we are interested in the influence on stability of the BR1 scheme in this paper, we will consider only
the first two steps in that roadmap: symmetrization of the equations and the energy method.

We will leave the approximation of the physical boundary conditions to a future paper and assume
here that they are properly posed and implemented in a stable manner. Starting from the stable variant
of the DGSEM, we will then see why the standard approximation may be unstable even for smooth
flows when underresolved.

3.2.1 Continuous Energy Analysis in 3D

As with the advection-diffusion approximation, we will prove stability using an energy method. An
important difference between the two is in the step between (3.12) and (3.14) which used the fact
that the adjoint of a scalar is itself.

The Navier-Stokes equations linearized about a constant state can be written in the form

3 3 3
OA.u 1 0 ou
J i — —_— s —
dr;  Re Z < Oz Z 1B” oz, |’ (3.37)
1= Jj=

u; +
j=1

where u = [dp dv1 dva dvs 6p]T represents the perturbation from the reference values. The coefficient
matrices Aj and B,; are constant in the linear approximation of the equations. We use the primitive
variable formulation because that is what one usually implements. The system is known to be sym-
metrizable by a single constant symmetrization matrix, S, and there are multiple symmetrizers [1] to
choose from that will enable us to apply the energy method. We write the symmetrized matrices as
Aj = §71Aj§ = (Aj)T and ij = Eflﬁmﬁ = (ij)T. Explicit representations of the symmetrizer and
coefficient matrices are written down in [37].

To again simplify the notation for the use in the analysis, we define a block vector of matrices, e.g.

A
K= A, (3.38)
Ag

and the diagonal block matrix and full block matrix

S 00 B11 B12 E13
S=108 0|, B=|B, By By |- (3.39)
00 S BBI B32 BBB

Then the product rule applied to the divergence of the flux in (3.37) can be written as

Vo F= (Vo K)ut (&) Vou (3.40)
where
Alu T
F= A |, (K) =[A Ay Ay (3.41)

Agu
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The nonconservative advective form of the linearized Navier-Stokes equations can therefore be written
as

— << o\ T - — N
w + (vm : A) ut (A) Vaeu = évx : (Bvxu) . (3.42)
Averaging the conservative and nonconservative forms gives the split form of the PDE
1 — < — < o\T = 1 = —
g {vm e+ (vx : A) u+ (A) qu} ==V (vau) . (3.43)

Because the coefficient matrices are constant the split form is not necessary. It is presented only in
preparation for the discrete analysis. In the discrete approximation the coefficient matrices are still
constant, but they get multiplied by the metric terms of the curvilinear elements. This indirectly
introduces variable coefficients, even for the linear NSE.

ProceegingHwith the continuous analysis, the next step is to drop the divergence of the coefficient
matrices, V- A, since it is zero. We will see later in the discrete analysis that this step needs additional
attention, since it depends on properties of the discrete metric terms.

As usual, we construct a weak form by multiplying the split form by a test function and integrating
over the domain. In inner product notation,

(ug, ) + % {<§m fo)+ <(K)T§mu, ¢>} - é (Vo (BYou) . 9). (3.44)
As before, we introduce the intermediate block vector g = Vau to get the first order system
1 - o N\T - 1 /> -
(ur ) + 5 {<vm fo)+ <<A) vzu,¢>} = oo (Vo (58),0)
(@9) = (Vou &) .

Then we apply the extended Gauss law (2.39) to the flux divergence terms to separate surface and
volume contributions

(3.45)

S{(Ft ) - (75.9) =

where -
£ () = | ol (3.47
419 bl .
Ao
and 7 is the physical space outward normal to the surface.
With suitable boundary and initial conditions, the equations are well-posed. First, we set ¢ =

(S_l)Tﬁ_lu in (3.46), which includes symmetrization as part of the test function. Then
S~1u;, 871 Lot (7.5) = Lot ((B%an) 7)) S 'uds
(st [ () s () ) s
1 - 2(T) N7 1 -1 = -1 3.48
+§{<V$u,f ((5 ) S u)>—<8 £, Vs (5 u)>} (3.48)

R sh))
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Let us define the symmetric state vector as u® = S~™'u and examine the terms in (3.48) separately.
First,

_ _ 1d s
<§ Lu, S 1u>:m\|u II°. (3.49)

Next, we consider the volume term
<S’IBE’, Va (5*1U)> - < S&Sﬁxu5>. (3.50)

Making the changes on the boundary terms,

[ (357 () = s~ (390) ) 5was= [ (5(F7) - o (590) ) s

o0 o
(3.51)
where
< A'iub
7= | Aju®|. (3.52)
Aju®

The most interesting terms are the volume flux terms. The solution flux term is
<5—1?, Va (g‘lu)> - <‘Fs,€mus>, (3.53)
whereas the test function flux term is
— <> T — <> T
<qu,f(T) ((5—1) 5—1u>> - <8Vx§_1u, (5—1f(u5)) >
= 1 15/ s T
_ <v$§— u, (5— f(ub)S) > (3.54)
= <§mus,(f?s (us)> .

Next, we set 17; = (Sfl)TSlea in the second equation of (3.45)

T N T
<a*, (3*1) S*IBE{> - <Vmu, (3*1) S’IBE[>

(3.55)
ie. (@8 = (Vou' B'G).
Gathering all the terms, the flux volume terms cancel leaving
T
1d 1o 1 = )
5|l +/ (5 (") - e ((5°9aw) ”)) u’ ds
00 (3.56)
1 £ e
= ~Re (§°,B°§°) < 0.

We see, then, that the growth in the energy, defined as the L2 norm, is determined by the boundary

integral,
ld 5|2 1rgs = 1 S S\ = 4 s
5 [0l <f/(m (5 (7)) - (8 qu>~n)) u® ds. (3.57)
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Integrating in time over the interval [0, T,

|[u*(1)]]? < [[u(0) ||7/ / ( * - ((B Vau® ) -ﬁ))Tus ds. (3.58)

To properly pose the problem, initial and boundary data must be specified. The value at ¢ = 0
is replaced by initial data ug. As for the boundary terms, Ref. [37] shows that they can be split, in
characteristic fashion, into incoming and outgoing information with boundary data specified along
the incoming characteristics

/89 ((‘F i) - ((5°9au?) ~ﬁ))Tus as= [ wilatwtas- | gf [47|gas, (359

where AT > 0 and A~ < 0. We will assume here that boundary data g = 0 and hence

/BQ <(F 'ﬁ) f%e ((Béwu ) 'ﬁ))T“S ds >0, (3.60)

so that
)] < ] 01
Finally, since u® = S~ 'u, u = Su®,
s Il < o < 87 bl (3.62)
and therefore
[(T)]| < C|Juol] (3.63)

It is a bound like (3.63) that we seek for a stable discontinuous Galerkin approximation.
3.2.2 An Energy Stable DGSEM in 8D
In terms of the reference space variables, the linearized Navier-Stokes equations become

Jut+€§.<MT‘F) 13, <j/\/l BMv€u>. (3.64)

Re

Let us define, then, the gradient vector with the intermediate variable g, and the contravariant viscous

flux by £, = M7 B{ to write the equations in reference space as

— bg 1 — <
Jut+v$'f:7V§‘fv

Re (3.65)
ja - MV&U .
With the product rule, we also construct the split advective form
Ju +1{v f+(v A)u+(A) v u}—i€ 1

ja:vauv

where A = MTK.
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We note that for general curvilinear grids, the metrics terms in the matrix M depend on space.
Hence, the transformed coefficient matrices A are not constant anymore. Thus, the discrete divergence

§5 - A is not automatically zero as in the continuous case. However, with the metric identities (2.20)
the discrete divergence of the transformed coefficient matrices is exactly zero. If (2.20) doesn’t hold
aliasing due to the erroneous discrete divergence of the transformed coefficient matrices could disrupt
the stability of the method [30]. It follows that the metric identities are a crucial ingredient for the
stability of the discretization as will be seen in the analysis that follows.

We then form the discontinuous Galerkin approximation as usual by replacing integrals with Gauss-
Lobatto quadratures, boundary quantities by numerical ones, solutions by polynomial interpolants
and restrict the test functions to the polynomial space. The result is the formal statement of the DG
approximation (c.f. (2.43))

(JU, @)y + /GE’N (F - éeﬁ)T ¢ dS
B % {<U’ 65 . E(T) (¢)>N + <§’ §§¢>N} (367

- _é <§:U7§£¢>N '

where F(T) — TV (MTJIN (?<T> (¢))), and

(18.9), = [ 0T ((M79) 0) a5 (0.9 1 (7)),

) . o . - (3.68)
= 070N (7)) a5 (S )

N .

The equation for the approximate solution U, (3.67), is commonly known as the weak form of the
approximation. If we apply the extended discrete Gauss law (2.39) one more time to the inner product

<F, €§¢>N, we get the algebraically equivalent [26] strong form

< 3 ~§(U),¢>N - <U,€§ R (¢)>N} (3.69)

To assess stability of the approximation, we follow the same steps as to show well-posedness. First
we set $ = (S_l)TS_lB(fi in (3.68). Using the fact that (S_l)T commutes with M7,

<JS*1<37S*18(3>N = <J€25,BS€23>N = /3E Ao u)’ (t}‘, 7)) dS+ <€EUS,§Z>N7 (3.70)
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where ﬁs, =1V (MTBS(38>. Next, we set ¢ = (ﬁfl)TﬁflU = (ﬁfl)TUS in (3.69). The advective

volume terms cancel, for (c.f. (3.54))

<€£ F(U), (S_l)TS_1U>N - <UﬁE o) ((S—l)Tg—lu) >N
(
0

— ‘:’S s s s = (:’S s 3.71
= Vg-F(U),U>N—<U,V£~F(U)>N (3.71)
Therefore,
liHUsHQ :<JU5 Us> :_/ ﬁs,*_l(i’?s_ﬁ) —LFS’* TUS ds
2dt JN = bE N OE.N 2 Re "
1 s _un T (555 3.72
o /BE,N {u-u}" (R -a) as (3.72)

Separating the advective and viscous boundary terms, the elemental contribution to the total energy
is

o T
%%]|USH?N=—/8EN{FS’*—%(Fs~ﬁ)} U* dS

i {FZ’*’TUS + US,*,T (~f} . ﬁ) _ US’T (Fi . ﬁ)} ds (373)
Re Jop N

B é <Jés’Bsés>N ’

The total energy is found by summing over all of the elements. When all the element contributions
are summed, the interior faces get contributions from two elements. For a conforming mesh as assumed
here, the contributions match pointwise. Also when the elements are conforming, the outward facing
normals at each face point in precisely opposite directions. If we designate the element on one side of
a shared face (arbitrarily chosen) as the “master” and the other as the “slave” then we can represent

the normal contribution of the contravariant flux on the master element side as F - 7 = Faster
Since the outward normal at a face is in either the £ or —¢° direction, FI'25t°T is proportional to the

contravariant flux for that coordinate, +F°. Along that same direction, but with opposite sign is the
contribution from the slave element side, F52¥¢. The sum of the contributions then is represented in
terms of the jump on the master element side

[[15”]] _ f-\ilave _ fomaster (3.74)

Note that this notation mimics the 1D case (3.26), where the “right” side of the interface was the
slave element side at € = —1 of element k + 1 and the “left” side corresponded to the master element
side at £ = 1 of element k.
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Let U*F be the (symmetric) solution vector on element k. Then summing over all elements,
1d & 1 T
s,k s, T s + s
i 2 o Z/ (B0 - [0 fas
Z / {Ffz’jﬂT [[US]] —I—US’*’T |[Fi7”}:| - [[US,TFZW]]} ds

(3.75)

faces
interior
faces

1« Sk psSsk
~ e 2 (A EE)

k=1
+ PBT,

where PBT represents the physical boundary terms, which we assume are dissipative, i.e. PBT < 0.
Note that the interior faces always have the master element side orientation.

Numerical fluxes are used to resolve two discontinuous states U*** and U* and the viscous fluxes.
The advective flux can be split according the wave directions relative to the normal of the master side

(?s n) - ((MTKS) n) w = (fis n) w o= Au’ = (Af;* +Af;_) u®, (3.76)

~s,*
A

=—=n

where

=5 (& =[&))- (3.77)

From that splitting, we can write the numerical advective flux as

~s ~s
Fs,* (US,L US,R) _ AnUSVL +AnUS’R + g
n I - 2 2

’AZ ]. (3.78)

(U 0 = 2 Uy - 2[4

The fully upwind flux corresponds to ¢ = 1, whereas o = 0 gives the centered flux.
With either the upwind or central numerical flux (3.78), the contribution of the advective fluxes
at the faces is dissipative. For any two state vectors,

5

HaTb]] = |[zs: ambm:ﬂ = Z [ambm]
m=1

’ m=l (3.79)
=Y (Kam} [bm] + lam] {bm}) = {a}” [b] + [a]” {b}.

Therefore
[(F3)" 0] = @237 [0°] + [E3] ()
= {U }7A, [U7] + [U*]" A, gUt) (3.80)
= 2fu}TA; [U°],

o7 U] - 1 H(ﬁ;)TUsH — _% [us]” ‘Ai (3.81)

2

and the contribution of the advective interface terms to the energy in (3.75) is nonpositive.
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We are now left with bounding the viscous surface contributions in (3.75). Using the BR1 scheme
for the surface values for the viscous terms, the surface contribution coming from the viscous terms
at each node is

(F337 [U°] + quty” [[Fn]] - [[UTFM]] . (3.82)

Replacing the jump in the product using (3.79), the surface contribution of the viscous terms due to
the BR1 scheme vanishes because

()" (U] + Uyt [F2] - oty [Bi] - (o] @ =o. (3.83)

We are now in the position to write the total energy bound. We define the total energy over the
domain by

Iails :iHUS”fHZ . (3.84)
N JN

Since B® > 0 [37] and J > 0, we can also define the physical dissipation over the domain by the broken
norm

HHS

oy = Z <JQS k BeQs k>N >0. (3.85)

Then )
2 101 = o [|@

x5 2 [OT[R;

interior
faces

»|[U*] dS + PBT. (3.86)

Under the assumption that the physical boundary terms are approximated stably, all terms on the
right side of (3.86) are nonpositive. Using the equivalence of the norms, we have the stability bound

0|y <C|Uolly - (3.87)

We see in (3.86) that dissipation includes physical dissipation plus, for o > 0, artificial dissipation
added at element surfaces that depends on the size of the jumps in the solution. Again, as in the
scalar problem, we see that the BR1 scheme itself has no effect on the energy. Stability is therefore
guaranteed if the conditions at the physical boundaries are properly posed and implemented stably.

3.3 Why is Instability Seen in Practice?

For smooth flows, stability of the approximation actually has nothing to do with BR1, and everything
to do with the approximation of the advective terms where instability might be a result of aliasing
instability. The BR1 approximation itself does not contribute to instability, but it also does not add
any stabilizing dissipation.

If the standard form of the DGSEM is used even with the symmetric equations, then the bound
on the energy is (c.f. [29])

1d
5707 Iy = HQ

5 Z/[[US ’A

interior
faces

<{}IN ((Xs))T Suh . §S(Us,k)} 7U57k>

(3.88)

1 K
+5)
k=1

’—FPBT.
N
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The additional volume term is due to aliasing. It is the amount by which the product rule fails to
hold. The sign of the aliasing error is indeterminate, and (3.88) shows that the physical diffusion or
the dissipation associated with the Riemann solver have the ability to counterbalance the product rule
error and stabilize the scheme. For well resolved solutions, the aliasing error will be spectrally small,
making it likely that the physical and interface dissipations are sufficiently large for stabilization. For
under resolved solutions, the aliasing errors may be too large for the approximation to be stable. For
large Reynolds numbers, the physical dissipation may be too small. The artificial dissipation due to the
Riemann solver might be sufficiently large, depending on which solver is chosen. (For example, a Lax-
Friedrichs Riemann solver will be more dissipative than the exact upwind solver.) Finally, changing
from the BR1 to another scheme, coupled with a more dissipative Riemann solver might be enough to
stabilize the aliasing term. But, ultimately, the key to a stable DGSEM is the stable approximation
of the advective terms.

4 Nonlinear Stability Analysis

We now show how to construct nonlinearly stable discontinuous Galerkin spectral element approxi-
mations, stable in the sense that the mathematical entropy is bounded by the initial value. We first
analyze the Dirichlet problem for the scalar, one dimensional Burgers equation to motivate the steps.
We then do the same for the nonlinear Navier-Stokes equations, postponing a study of the physical
boundary conditions as we did for the linear counterpart to a later paper. We therefore focus only on
the influence of the interior element boundary approximations. We will see two differences from the
linear analysis of the Navier-Stokes equations. First, the Euler advective terms do not have a split
form, but are otherwise approximated by a special two-point flux. A relationship between the two
point flux and split forms is known for the Burgers equation, so we motivate the relationship in the
next section. The second difference is that the viscous terms are to be expressed in terms of gradients
of the entropy variables rather than the solution state vector.

4.1 BR1 is Stable: The Nonlinear Viscous Burgers Equation in 1D

To motivate the analysis of the nonlinear 3D Navier-Stokes equations, we analyze the DGSEM ap-
proximation of the initial boundary-value problem for the scalar, nonlinear viscous Burgers equation
in one space dimension

ut + f(u)e = (b(u)uz), =€ [0,L]
BVP { w(0,t) = u(L,t) =0 (4.1)
u(z,0) = uo(z)
where f(u) =u?/2 and b(u) > 0 is a positive viscosity function.

In contrast to linear problems, where we use energy estimates, we use entropy to define stability
for nonlinear problems [39]. For the Burgers equation, we use the entropy function

s(u) = — (4.2)

and the entropy variable
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The entropy variable contracts the advective term of the Burgers equation, i.e.
df u® e
w(u)f(u)x:uf(u)m:uaux:uuux: 5 = fr(u), (4.4)
x

where f(u) = “; is the entropy flux. Similarly, wus = st.
For the following continuous analysis, we rewrite the second order problem as before into a first
order system. We formally rewrite the viscous flux b(u)uz in terms of the derivative of the entropy

variable
b(u)uz = b(u)ws (4.5)

where, due to the specific choice of entropy variables, w = u and b(u) = b(u) > 0. The system then
reads as

wt f(w)e = (bu)a)

q=wg.

(4.6)

4.1.1 Continuous Entropy Analysis in 1D

The entropy for (4.1) is bounded in time by the initial entropy. To show this, we multiply the first
equation in (4.6) by the entropy variable w rather than the solution u, and the second equation by
the viscous flux f, = b(u) ¢, and integrate over the domain to get the two weak forms

<’UJ(U),Ut> + <w(u)7f(u)$> = <w(u)7f’lh$>

(g, fo) = (wa, fo) , (4.7)

where (-,-) is the L? inner product on the interval [0, L]. We then use the relations for the entropy
function (4.2), entropy variable (4.3), the entropy flux (4.4), and integration by parts for the viscous
volume integral in the first equation of (4.7) to get

(s¢(u), 1) + ([ (w2, 1) = w(u) foly — (wa, fo)

4.8
(q, fo) = (wz, fo) - (4.8)

We can insert the second equation of (4.8) into the first to eliminate the derivative of the entropy
variable leaving

{5t (), 1) + (f (W), 1) = w(u) folg = (g, fo) - (4.9)
We note that the viscosity coefficient b(u) is always positive and thus — (g, fu) = — <q,5(u)q> is
guaranteed nonpositive. Therefore we can bound (4.9) as
d_ 5 L
asé {-f (u)+w(u)fv}|0 , (4.10)

where the total entropy is

5= /s(u) dz = (s(u),1) . (4.11)
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When we insert the specific form of the entropy function (4.2), entropy variable, (4.3), and entropy
flux for the Burgers equation into (4.10) ,

/ﬂzx\ {—(3 ) +ub(u)q}

so that when the boundary conditions, u = 0, are applied,

L
0/ % (4.13)

which says that the total entropy over the domain at any time is bounded by its initial value.

L

: (4.12)
0

&‘Q‘

4.1.2 An Entropy-Stable DGSEM in 1D

Using the notation introduced in Sec. 3.1.2, we construct the DGSEM using the usual steps: (i) we
multiply the equations in (4.6) with test functions and integrate over an element, (ii) we use integration
by parts to separate boundary and volume contributions, (iii) we approximate the quantities with
Lagrange polynomials of degree N constructed with N 4+ 1 GL nodes, (iv) we approximate the inner
products with quadrature rules with the same N+1 GL nodes as for the Lagrange ansatz, (v) we
insert numerical surface fluxes at the element interfaces, and (vi) we use summation-by-parts for the
first equation to get the strong form DGSEM of the viscous Burgers equation

‘“Mmm + (F* =)ol + (Fe,d)y = (B — F)o|' | + (Fogd)y

Amk (4.14)

(@) y = WL, — (Wue)

In (4.14), U,Q, W and F are the polynomial approximations of the solution, the solution gradient,
the entropy variable, and the advective flux collocated at the Gauss-Lobatto nodes. Furthermore,
we introduce the shorthand notation of the viscous flux F3, which is a polynomial approximation of
the term b(u)q, i.e. Fy, = IV (b(U)Q). The quantities marked with = are the numerical surface flux
approximations, which, as before, depend on state values (and gradients) from the left and right of
the element interface.

Unfortunately, the standard form of the DGSEM, (4.14), is unstable, independent of the choice
of the numerical surface fluxes because of the way the advective terms are discretized. The problem,
again, is the aliasing introduced in the discretization of the volume terms of the advective fluxes
<F5, ¢>> - The aliasing error causes a sink/source in the discrete entropy and cannot be bounded. The
result is that entropy can pile up during coarsely resolved simulations and can even lead to a blow up
of the solution.

In [16], the fix to the aliasing problem was a specific reformulation of the volume integrals by using
the skew-symmetry strategy, where the discrete volume integral of the advective terms was replaced
with .

(Fed)y = 5 <HN(U2)§7¢> ~3 <]1N( 2)e +]IN(UU§),¢>N . (4.15)
We note that for well resolved approximations, the difference between the two volume integral ap-

proximations is spectrally small. However, with severe under resolution, the difference is important. In
fact, the second term in (4.15) is constructed so that it mimics the continuous entropy analysis of the
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previous section. That is, when we insert the collocation interpolant of the entropy variable W(= U
for the Burgers equation) for the test function ¢, it was shown in [16] and also in Appendix B.1 here,
that the volume contributions with the skew-symmetric derivative approximation can be rewritten
into an equivalent surface integral contribution

1 /oN 2 N 1l
§<]1 (U%)e +1 (UU§)7W>N: et (4.16)

where F € is the interpolant of the continuous entropy flux, f ¢ with nodes at the Gauss-Lobatto points.

Unfortunately, the strategy of using skew-symmetric forms of the advective terms does not directly
generalize to the compressible nonlinear Euler equations. Carpenter and Fisher et al., e.g. [14,7]
have, however, established a general discrete framework to determine the volume integral for general
hyperbolic conservation laws so that crucial conditions like (4.16) hold. It is therefore instructive to
see the relationship between the split form and the two point flux form introducted in [14,7] in a case
where they are equivalent.

The key is the summation-by-parts property of the underlying spatial operator and the existence
of a numerical two-point flux F*¢ = F°°(U,V) with the property

FEU, V) (WU) =W (V) = (FU)W(U) = F(V)W(V)) + (FY(U) = F*(V)) =0, (4.17)

or in shorthand notation,
Fe W] —[FW]+ [F] =0, (4.18)

which gives entropy conservation when used in a first order finite volume discretization of the nonlinear
hyperbolic conservation law, e.g. [39].

Carpenter and Fisher et al. use the summation-by-parts property and (4.18) to construct a high
order accurate volume integral. To bring their scheme into the form used in this work, we introduce
a special derivative projection operator

D(F)*(¢) = Zek(g )2 F*°(U(€), U(&))- (4.19)

k=0

We note that D(F)° is a function that depends on &, but is in general not a polynomial of degree
N. Like Carpenter and Fisher et al. we replace the standard volume term approximation with this
derivative projection

<F§7¢>N ~ <]D)(F)ec7¢>N ) (420)
which has the property (see Appendix B.1)
ec el
(DF)* W)y =F|_,, (4.21)

which is analogous to the property of the skew-symmetric volume integral (4.16).
We now show that the two strategies are indeed equivalent. For the Burgers equation, the entropy
conserving two-point flux has the form [19]

<U2 +UV+V2> : (4.22)

ec 1
FBurgers(U7 V) = 6

so that the derivative projection operator is

D) Eargers(€) = Zek 65 (V3O + U UE) +U*(&)) (4.23)
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When projected onto the test function,

<D(F Burgers> ¢>N Z Wn ¢(§n D(F)Burgcrs( )

n=0

N N
= D nolen) 3k 5 (Ve + U6 V() + V(@)

N
= Z Wn ¢(§n) Y

an Blen) 5 |UEn) Zez(sn)zf(sk) + Ze;(enw?(ek)
n=0 k=0 k=0

%< ]IN U2)) +]IN(UU§)7¢> ,

N

—

U (&n) Zek(sn +U(&n) ZM&)U ) +Zék (&)U ()

k=0

w

(4.24)

Where we use the consistency of the polynomial derivative, i.e. that the derivative of the constant one

Z 0},(¢n) = 0. Thus, for the Burgers equation, the use of D(F)g,,gers is equivalent to the approxima-

=0
ug = % {(uQ)5 + uu5} . (4.25)

tlon of the split form,

The goal now is to show that in combination with a stable discretization of the advection terms, using

BR1 for the viscous terms leads to a stable approximation in the sense that it is entropy conserving.
We get a stable approximation by replacing the standard volume integral of the advection term

with the entropy conserving version (4.20) and use an entropy conserving two-point flux F*&* = F*¢

satisfying (4.18) as the numerical surface flux for the advection terms

A;k (U, 8)y + (F" = F)o| L) + (D) Furgerss 8) y = (B = F)o| L, + (Fue, @)y (1.26)
2k (@) = Wl — (W) |
To show that entropy is conserved, we set ¢ = W and ¢ = F, in (4.26)
Azy - " 1
SR U W)y + (B = PYW L 4 (D) Burgerss W)y = (B = F)W L, + (Fe, W) (a2
Amk (@ Fo)y=W'E| | —(WFg¢)y

From the collocation of interpolation and numerical integration (i.e. a point-wise multiplication at
each GL node) and the assumption of analytical time integration,

ACCk
2

Al‘k

(U, W) iy (St, L)y (4.28)

for the first term in the first equation of (4.27), where S is the discrete polynomial approximation of
the entropy s(u). Next, we use (4.21) to replace the volume contribution of the advective flux by a
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surface contribution. Finally, we use the second equation of (4.27) to replace the viscous volume term
contribution in the first to get

Axy,

S (St 1)y + {(Fe” - F)W +FH = {(Fy —F)W +W'R | — % (@, Fo)y. (4.29)

The last term on the right of (4.29) is always non-positive since

Ax Ax
. <Q Fv> ==k Z Q(gn)Fv fn)wn
(4.30)
Aa:
=k Z Q(&n)b (n))Q(&n)wn,
n=0
and the viscosity coefficient b is always positive.
With the element ID explicit, we have the first intermediate result that on an element e”
1 1
% <st’“, 1>N <- { (Feo* — FRywh 4 F’“H n {(F: — FRywk ¢ W*Ff}‘ . (4.31)
-1 —1
When we sum over all elements, we get the temporal change of the total discrete entropy
K K N
d _ A[L‘k o Al‘k k
GS5= Y SR (sh) =Y SE Y stewn, (4.32)
k=1 k=1 n=0
and the inequality
%? < BL- BR+ BI, (4.33)
where
BR = {(FBC ~FRywWE 4 FE’K} - {(ch ~FwWE + WBCF;KH , (4.34)
£=1
BL — {(FBC—Fl)W1+F€’1}— {(EJBC—F;)Wl+W’5’Cl~1}}‘5 , (4.35)
=—1
where we replaced quantities at the boundaries by their boundary (BC) values and
S AR Wl - [FW]+ [F]} - {F W] - [Fo W]+ W* [F]} (4.36)
e
with the 1D jump defined in (3.26).
Regrouping the BLL and BR terms gives
L
BL-BR = {-F*+W?¢ Fv}‘ — B —myw| + (5P " (4.37)
0 0

where we introduced the boundary notation | to indicate that this is the evaluation at the left and
right physical boundaries. The first term is analogous to the boundary term in the continuous problem,
(4.10). The second and third terms are penalty terms that account for the weak boundary condition
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implementation at the physical boundaries. We note that the boundary condition implementation has
to be dissipative for stability, i.e. boundary conditions must be specified so that

L
_(FBC _ F)W‘ <o,
g (4.38)
BC
(FEC _ pyw| <o.
0

With dissipative boundary implementations, the contribution at the boundary can be estimated as
€ BC L
BL - BR < {fF W Fv}’ , (4.39)
0

which matches the influence of the boundaries in the continuous problem, and which we also assume
is implemented so that it is dissipative.

What is left to bound are the interface conditions, BI, in (4.33). The first part of BI includes
contributions from the advective part of the PDE. Note that the specific numerical surface flux F°*
is defined so that the first term identically vanishes, c.f. (4.18), thus all that remains is the viscous
contribution,

Bl=— Y F[W]-[FRW]+W*[F]. (4.40)

interior
faces

In the BR1 scheme, the numerical surface fluxes are the arithmetic means of the arguments. For the
viscous Burgers equation,

F'={F}, W' ={W}. (4.41)
Using the identity for the jump of a product of two quantities
lab] = fa} [b] + [a] {0} (4.42)

and inserting the numerical surface fluxes (4.41) for the viscous terms, we see that the internal bound-
ary contribution is

BI

= D EIWl - [RoW]+ W E)]

interior
faces

— > E W {FR} W] - [Fo] W} + W [F]
eror (4.43)

= Y AR WL {F} W] - [F] {W) + (W} [F]

interior
faces

=0.
Therefore, the temporal change of the total discrete entropy is
d—< BC L
C5<{ Fc H 4.44
°5 { FerwPOR || (4.44)

which mimics the continuous estimate (4.10)

A< 7w +wl) R} (4.45)

except for the additional dissipation introduced at the physical boundaries, (4.38).

Remark 1. The entropy-stability of the approximation is not specific to the Burgers equation. It holds
for any scalar advection-diffusion problem with entropy variables w and entropy flux f €.
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4.2 BR1 is Entropy-Stable: 3D Nonlinear Compressible Navier-Stokes Equations

For the compressible Navier-Stokes equations (2.1)

— < 1 — < —
w+ Vo f= oo Vi f (u, vzu) : (4.46)
entropy-stability is unfortunately not equal to nonlinear stability, but it does give a stronger estimate
than the linear stability of Sec. 3.2 [34,39]. Analogous to the nonlinear Burgers equation, Sec. 4.1, we

introduce an entropy pair (s, fe), this time with the scalar entropy function

_ps _ _p(np—rylnp)
2= T (4.47)

s=s(u) =

where ¢ = Inp — v1n p is the physical entropy, and the entropy flux

Fe=sv. (4.48)

The entropy variables are

el () () () G e

with the property

T 0%s
k Wk >0, Vk=#0, (4.50)

if p>0and p >0 [7,39,13]. The positivity requirement on the density and the temperature, T' < p/p,
guarantees a one-to-one mapping between conservative and entropy variables; it is this requirement
that makes entropy-stability not a true nonlinear statement. Thus, entropy-stable discretizations can
(and do) produce invalid solutions with negative density or temperature and need further strategies
to guarantee positivity.

The entropy pair contracts the Euler terms, meaning that it satisfies the relations

wlu = Js Tut = s¢(u) (4.51)
du ’
and
w! V- F=V.-fC (4.52)

Furthermore, we will see that the viscous flux should be rewritten in terms of the gradient of the
entropy variables

<>

fy (u, €zu) =BV, w, (4.53)
where B¢ satisfies the properties

L fow T ow
€ __ e\T €
B;; = (Bj) ) ZZ <87$1) B;; (@) 20, Vw, (4.54)

i=1j=1

V

if p>0and u >0 [7,40,13].
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4.2.1 Continuous Entropy Analysis in 3D

To motivate the bounds needed for the approximation to be entropy-stable, we start with the contin-
uous entropy analysis using the Navier-Stokes equations in the form

- o 1 = — 1 = <«
= . € ) = .f
u; + Vg Re Vaz (B Vew Reo Vg - fy, (4.55)
szxw.

We multiply the first equation with the entropy variables and the second equation with the viscous
flux and integrate over the domain to get the weak forms

(wlw), )+ (w(w), Vs - F) = o (ww). Vo ).
(G5) = (Vow10).

Next we use the properties of the entropy pair to contract the left side of the first equation of (4.56)
and use integration by parts on the right hand side to get

(4.56)

(st(u), 1) + <€m . ]?6,1> = é /WT(u) (EJ ~r_i) dS—é <€JW(U),EJ>7
an (4.57)

<67E)> - <§xw7(ﬁ)> .
Inserting the second equation of (4.57) into the first gives
o e\ 1 T o 1 e
(st(u),1)+<V$.f 71> = Re /w (u) (fv n) ds Re (4,8°9). (4.58)

a0

We use the property (4.54) and integrate the flux divergence on the left side to get the estimate

%E Sa/ (7]?6474- éwT(u) <E;ﬁ)) ds, (4.59)
Q
where
5 = (s(u),1) = / s(u)dV (4.60)
2

is again the total entropy. Boundary conditions then need to be specified so that the bound on the
entropy depends only on the boundary data. We will assume here that boundary data is given so that
the right hand side is non-positive so that the entropy will not increase in time. For more on boundary
conditions for the Navier-Stokes equations, see, e.g. [37].
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4.2.2 An Entropy-Stable DGSEM in 3D

As in Sec. 3.2.2, we transform the Navier-Stokes equations into reference space

— pug 1 = pug
Jut+V£~f:—V5-fU,

Re_} (4.61)
Jqg=M Vew,
where - -
f=MTF f,=M"1, (4.62)
or alternatively
— < 1 = 1 € —
Jug+ Ve - (MT f) = zo Ve (7MTB MVEW). (4.63)
The standard strong form of the DGSEM is derived as described in Sec. 2.1 and is
— N pug T (=% 2
(JU,;,¢>>N+<V5 T (F) ,¢>N+ / ® (F - (Fn)) ds
OE,N
! - 1 /= 2
~ Re / o (Fi = (Fo-i)) a8 (VeFug) (4.64)
OE,N
(1@), = [ (W) (3a) as— (w.Te 1 (M)
OE,N

where U, W, Q are the polynomial interpolants of the conservative variables, the entropy variables
and the gradient of the entropy variables with nodes at the Gauss-Lobatto points. Furthermore, we

use the polynomial interpolations of the contravariant Euler and the viscous flux F,F,. As always,
the quantities in the discrete surface integrals marked with * are the numerical fluxes and entropy
variables that couple the elements and depend on values (and gradients) from the “left” and “right”
of the interface.

Similar to the DGSEM discretization of the Burgers equation in Sec. 4.1, the standard DGSEM
discretization of the Euler terms in (4.64) is not entropy-stable and is infected with aliasing errors
arising from the nonlinearity of the Euler fluxes. In contrast to the Burgers equation where a two
point flux (4.22) is equivalent to the explicit split form seen in (4.24), an explicit split form of the
nonlinear Euler flux divergence that gives discrete entropy-stability is not known. Again, we use the
framework of Carpenter and Fisher et al., e.g. [14,7], that allows us to get a discrete entropy-stable
approximation of general nonlinear hyperbolic conservation laws even when the explicit split form is
not known, as long as a two-point entropy conservative numerical flux function is known.

For an entropy-stable approximation to the advective terms, we approximate the divergence of the
flux with an entropy conservative flux

Ve IV (Fie,n, ) = BE)™“(En,0), (4.65)

where
N

DE)(En =23 Lul©F(€m,C&mn.C)
m=0 -
+ O (M) F>C (€, 1, 5 €, €)

+ é/rn (C)F&QC(Sa m, C? f, m, C’m)v

(4.66)
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and the contravariant numerical volume fluxes are
=l,ec Sec 1 — -
Fl7 (57777(;0‘7577) =F (U(£77]7C)7U(a7677)) : 5 |:Jal(§7777<)+n]al(ayﬁv’y):| ) l: 172,3' (467)

An example of an entropy conserving two point flux is described in Appendix A. Note that since Fec
is symmetric in its arguments, so is F°.

If we make the replacement (4.65) into the discrete volume integral for the advective flux in (4.64)
and replace the test function with the Lagrange basis,

bsg N - 2
<ﬁ(ﬁ)ef€i(§)fj (ﬁ)fk(C)> = > wawpweli(a)t; (my) ek (Ce) D(F)*(€asmp, Ce)
N abeeo (4.68)

= wiwjwg D(F)*°(&,n), G) = wiwjwy DF)5y,
where

N

DE)S= 2> Dim (ﬁeC(Uijk,Umjk) A{var o )

m=0

N

+2 > Djm (ﬁeC(Uijk:»Uimk) : {{JBQ}}i(jmz)k) (4.69)

m=0

N

+2 3 Do (et {7},

m=0

is exactly the discrete form used in Carpenter and Fisher et al., e.g. [14,7] and Gassner et al. [18] with
the averaging of the metric terms, e.g.

{{Jal}}(i,m)jk = % {Ja;gk + Ja”,,}@jk} . (4.70)

Remark 2. In [18] it was shown that standard (strong form) DGSEM volume integral <€E -F, ¢>N is
recovered if we replace F'°°,1 = 1,2,3 in (4.66) with

N =

FLSenderd (6, G, B,9) = 5 [FUEm ) - Ja (€, O) + F(U(a,B,7) - Ja' (0, 8,7)] - (471)

Note that the standard discretization differs in that it has the average of the flux times the metric
terms, whereas in the entropy-stable variant (4.67) has the specially averaged entropy-conservative flux
times the average of the metric terms. The separation of the average of the metric terms corresponds,
cf, e.g. [31], to a de-aliasing of the metric terms (which are variable functions themselves when
elements have curved sides) and affects stability, see Appendix B.3.

The goal now is to show that the DGSEM with BR1 is entropy-stable when used in combination
with an entropy-stable discretization of the advective (Euler) terms. To show stability, we make the
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replacement (4.65) into (4.64) and assume the use of entropy conservative numerical fluxes that satisfy
the equivalent of (4.18) at the element boundaries. The final discretization is therefore

<JUt,¢>N+<IBS(§)°C,¢>N+ / o7 (F— (En)) as

OE,N
:é / ¢T (f‘;— (gu’ﬁ)) dS-f—é <€5'§1J7¢>N (4.72)
OE,N
< / (WHT MT ¢ ) de<W,€5-]IN (MT$)>N-
E,N

We now mimic the continuous entropy analysis as closely as possible and replace ¢ + W and
¢« F, in (4.72) to get

(JU;, W)y + <J]35(§)EC,W>N + / w7 (1?** _ (En)) s

OE,N
LW (o) sk (R
OE,N
(787 = [ (W) (ﬁ, @) dS— (W, Ve -Fo)
OE,N

where TV (MT ﬁv) =F,.
We look first at the first term of the second equation of (4.73) and insert the alternate form of the
viscous flux shown in (4.63). We use the property (4.54) of the viscous flux matrices B¢ to see that

<J6,ﬁv>N=<J6,BE‘(§>N>g%1( )<Q,B Q> >0, (4.74)

s

as long as the interpolant of the element mapping Jacobian determinant, J, is non-negative at the
Gauss-Lobatto nodes.
We next replace the volume integral for the advective flux by a surface integral

<ﬁ(§)“,w>N= /(Ee.ﬁ) ds, (4.75)
OE,N

which we prove in Appendix B.3.
Finally, we insert the second equation of (4.73) into the first and use the estimate (4.74) to allow
all but the time derivative term to be replaced with surface integrals and an inequality

(JUL W)y + / {(W)T (F“»* - (?n)) + (Ef.ﬁ)} ds

OE,N

<$ / {WT(F;*(Emﬁ))—i-(W*)T (ﬁ.ﬁ)}ds.

OE,N

(4.76)
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The time derivative term is the time rate of change of the entropy in the element. Assuming that
the chain rule with respect to differentiation in time holds, we use the contraction property of the
entropy variable (4.51) at each GL point within the element to see that

N dU; ik N dS; i
(JUL, W)y = Z Wik Jijk Wik d? = Z WijkJijk # =(J S, 1)y - (4.77)
i,j,k=0 i,4,k=0

We get the total discrete entropy by summing over all elements

d K

T k ok

aszz@ St’1>N’ (4.78)
k=1

so the total discrete entropy satisfies the estimate

%?g B Z /{(cm,*)’r W] — [[(Fn>T W]] + [[~rf]]} ds

interior

T o o . (4.79)
+ R 2 /{(Fn) [WI - [on)” W]+ (W)" [Fun] } a8+ PBT,
aces N

where PBT are the physical boundary terms and where we use the slave-master definition of the jump
(3.74), with all interior faces in master element side orientation. To ensure stability, the numerical
surface flux of the Euler terms, FS~* is chosen so that at each quadrature point on the interior element
faces the argument of the advective surface quadratures vanishes, i.e.

()" wp - [Frw] + [£:] = 0. (4.80)

Compare this generalized condition to the Burgers case (4.18) and see Appendix A for a choice for the
entropy conserving numerical surface flux for the compressible Euler equations. See also Appendix B.2
to see how to relate the Cartesian flux conditions to the contravariant flux condition.

The choice of the numerical surface fluxes for the viscous terms for the BR1 discretization are
again simply the averages

With the identity (see (3.79))

[Fo)" W] = {{ (Fv,n)T}} W]+ [(Fon)”] WY, (4.82)

we see that the contribution of the viscous numerical fluxes at the interior faces vanishes exactly

e > [ W [(Rn) W] (W) [Ru] } as =o. (483)

interior
faces

The final discrete entropy statement therefore

d— . 1 7=
75 < > [ -FEi+ ReW' Fun dS
P N

(4.84)

Boundary
faces

1 ecC,* T Endpty T /=
+ 5 > /—(Fn' ) W+ (F ) W+ (W*)" (Fun) dS,
N
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which precisely mimics the continuous estimate (4.59) except for the additional dissipation at the

physical boundaries due to the numerical surface fluxes Fy™*, F} ,,, W* evaluated at the boundary.
Note that to guarantee stability, the choice of these auxiliary physical boundary terms must be deter-
mined to ensure that their effect is dissipative. From another point of view, the additional term gives
constraints on the boundary fluxes from which to derive stable boundary conditions.

5 Conclusions

In this work stability of the BR1 scheme for general advection diffusion systems is shown. The focus
of the paper is on the compressible NSE, however due to the generic structure of the BR1 scheme (i.e.
it does not depend on the particular form of the viscous PDE terms) the stability estimate extends to
all advection-diffusion problems, if stable DGSEM approximations of the advection terms are known.

The paper is split in two parts, the linear energy analysis and the nonlinear entropy analysis.
Whereas it is sufficient in the linear case to consider skew-symmetric split form approximations of the
advection terms, special entropy-stable DGSEM formulations are necessary for the nonlinear case. To
the best knowledge of the authors, we also present for the first time the full proof of entropy-stability
for a DGSEM of the compressible Euler terms on three dimensional curvilinear meshes.

Furthermore, we show that a Bassi and Rebay type approximation can be provably stable if the
metric identities are discretely satisfied, a two-point average for the metric terms is used in the volume
integral, the auxiliary gradients for the viscous terms are computed from gradients of entropy variables,
and the BR1 scheme is used for the interface fluxes.

Our analysis shows that even for three dimensional curvilinear grids, the BR1 fluxes do not add
artificial dissipation at the interior element faces. Thus, the BR1 interface fluxes preserve the stability
of the discretization of the advection terms and we get either energy stability or entropy-stability for
the linear or nonlinear compressible NSE, respectively.

An open source code that implements the scheme is available at github.com/project-fluxo. Numer-
ical investigations show that it is robust in comparison to the standard DGSEM (even in comparison
to ad hoc stabilisation techniques such as polynomial de-aliasing) for under-resolved compressible
turbulence simulations, e.g. [18].

To further highlight the remarkable robustness of the stable DGSEM we conclude with a discus-
sion of a numerical simulation of the Taylor-Green vortex with a Reynolds number of Re = 1600 (see
e.g. [20,18] for details of the setup). We intentionally stress the numerical experiment by choosing the
scheme without added artificial stabilisation terms. That is, we use the BR1 scheme for the viscous
terms and we use only the EC flux at the interface for the Euler terms, without adding any Rie-
mann solver type dissipation. To further stress our high order method and to highlight its enhanced
robustness, we intentionally under-resolve the physics of the vortex dominated flow.

A common challenging benchmark resolution is 643 degrees of freedom. We choose a high poly-
nomial degree of N = 7 (eight GLL nodes in each direction inside the element) and 8% elements. If
we use the standard DGSEM without the entropy-stable modifications described here the simulation
immediately crashes, even when using Riemann solvers with added dissipation at the interface, see
e.g. [20]. However, when using the entropy-stable approximation without added numerical dissipation
at the element interfaces the simulation no longer crashes.

In addition, the numerical scheme is virtually dissipation free. To see this, we choose a Mach
number of M = 0.1 for the Taylor-Green vortex to allow for comparisons with the incompressible NSE.
For incompressible flows, it is possible to relate the enstrophy (ens), the kinetic energy dissipation
rate (diss) and the Reynolds number. Using this relationship, we estimate the numerical Reynolds
number by computing the ratio of the discrete total enstrophy and the discrete total kinetic energy
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Fig. 1 Numerical simulation of the Taylor-Green vortex with Mach number M = 0.1 and Reynolds number Re =
1600 showing temporal evolution of the numerical Reynolds number in comparison to the physical value. The DG
discretization uses 8% elements and a polynomial degree of N = 7 resulting in 643 degrees of freedom. The BR1
method is used for the viscous terms and the EC flux without additional dissipation is used for the Euler fluxes at
the interfaces, making the scheme virtually dissipation free yet stable. The standard DGSEM immediately crashes
for this test case.

dissipation rate, i.e. Repum(t) ~ 2 %S((?) The result is presented in Fig. 1. As a reference, the physical

Reynolds number Re = 1600 is plotted as well. It is remarkable that for the fully developed flow at
later times the numerical Reynolds number approaches the physical Reynolds number, which confirms
the two properties proven here: (i) the method is virtually dissipation free; (ii) it is still stable when
the standard scheme crashes.
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A An Entropy Conserving Euler Flux

We explicitly present the Kinetic Energy Preserving and Entropy Conservative (KEPEC) numerical
flux function for the compressible Euler equations. The KEPEC flux was first derived by Chan-
drashekar [8]

P i}
P v} + {p}
Fhee = o' {1 F{v2} (A.1)
P for H{vs}

In v n
eetad & oo} + 2o o HIVIP

where

In
W=k =L VR =2 (0 G+ fd) - ((0f)+ 03D+ (3)),
(A.2)

and ()™ is the logarithmic mean

In __ [H]
()" = eIk (A.3)

A numerically stable method to compute the logarithmic mean when ()r &~ (-)1 is given in [22,
App. BJ.

It is also possible to add additional dissipation to the entropy conservative scheme and create an
entropy-stable (ES) approximation. One example is with a matrix dissipation entropy-stable flux for
the compressible Euler equations of the form

Free — e _ %klmr‘m‘zf [w]. (A.4)

The average components of the dissipation term are given by

1 1 0 0 1
{fri}—a {uu} o0 0 {wuil+a
Ry = {o2}  fve} 1 0 {v2}
fosb  fwus} 0 1 {os}
h—{vi}a 3]vI® {v2} {vs} b+ {vi}a (A.5)

A =diag (fv1} —a {or )}, {1}, o1}, {1} + @),
T = diag (p]n W» i} {r}, ’;:) ,

2’
where
__ |v{p} T gl Lo A
a = pln ’ hi 25111(7_1) +2HVH * ( 6)

We note that the selection of the discrete dissipation operator (A.5) creates a scheme that is able to
exactly resolve stationary contact discontinuities. The proof of this property follows the same structure
as that presented by Chandrashekar [8].
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For completeness, we provide the entropy conserving (and stable) fluxes for the other Cartesian
directions

P v} P v}
P o1 J{v2} P o1} {vs}
Fee — P2 }2 + {p} N P fo2 vz} . (A
o2 vz Hvs} {3} + {r}
vl 4 g} {un} + Lo oo} VI Al 4 g} fus} + 1o fus}IVIE

The matrix dissipation term remains similar where the matrix of right eigenvectors are given by

1 0 1 0 1 1 0 o0 1 1
{vi} I fu} o {vi} {ord 10 {fu} A{ul
Ro = {2} —a 0 fv2} 0 {fu2}+a ) Ry = v} 0 1 {u} {o2} (A.8)
{vs} 0 {w} 1 {vs} fvsp—a o0 0 {vs} {ws}+a
h—{vo}a fvi} 2[vI® fvs} h+ {v2}a h—{vsha fv1} fv2} VI A+ {vs}a

respectively. The diagonal matrix of eigenvalues uses the appropriate value of the velocity depending
on the spatial direction.

To create the contravariant entropy conservative fluxes we incorporate the average of the metric
terms, e.g. at the (¢ = 1) element face

ﬁ*,ec _ {{JCL%}}F?eC + {{Ja%}}F;’ec + {{Ja;lg}}Fg’eC- (Ag)

The dissipation terms remain unchanged for the contravariant entropy-stable approximations.

B Proofs of Entropy Conservation for Nonlinear Advection Terms
B.1 Proof of Entropy Conservation for the One-Dimensional Volume Integral

We first show the property (4.21), rewritten here as

1

(D(F)*, W)y = F€ .- (B.1)
For convenience we introduce the entropy potential
vl =W, F, - Ff (B.2)

at each GL node ¢ = 0, ..., N to rewrite the entropy-conservation condition (4.18) on the two-point
flux
F W] - [FW]+ [F] =0 (B.3)

as
Fe [W] = [{q/f ﬂ . (B.4)
We then explicitly write the volume integral in (B.1) as a sum

N N
<]D)(F)eC7W>N = ZW1W12 Z DimFec(Ui;Um)- (B5)

1=0 m=0
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Let us now introduce the summation-by-parts matrix @ = M D with entries Q;.,, = w;Djm, which
has the property
Q+Q" =8B, (B.6)

where B = diag([-1,0,...,0, 1]) is the boundary evaluation matrix. Because the derivative of a constant
is exact, the Q matrix satisfies

N

> QimVi=0 (B.7)

m=0

for all V;.
In terms of Q,
N N
(DF), W)y =D Wi2 Y QumF (Ui, Un) . (B.8)

i=0 m=0

But from (B.6), 2Qim = Qim — Qmi + Bim S0

N N
<D(F)6C7W>N = Z Z Wi (Q'Lm - sz + Bim)FeC(Uiva)

i=0 m=0 (B.9)
=3 WiQimF* (Ui, Un) + > WiQmiF** (Ui, Un) + Y Bim Wi F® (Ui, Un).
T,m i,m i,m

We now re-index the second sum, i <> m, use the fact that F°° is symmetric in its arguments, and
recombine the sums to get

N N
(D(F)E, W)y =D > (Wi = W) F(Us, Um) Qim + Bim Wi F* (Ui, Um)} - (B.10)

i=0 m=0

The definition of the entropy potential (B.4) says that we can write the argument

(Wi — Win) F(Us, Up) = — 0, . (B.11)

1

We further note that B;,, only has entries for i = m = 0 and ¢ = m = N so with (B.2) and the
consistency condition on the entropy conserving flux W; F°°(U;,U;) = W; F(U;) = lI/lf + Ff,

Bim Wi F*(Uy, Um) = Bim (vplf -|-F) . (B.12)
Inserting (B.11) and (B.12) into (B.10),

(D(F)*, W)y = i i (Wlf - ng) Qim + Bim (sz + Fie)
i=0m=0 (B.13)

=N S Qi = Y Qi + > B + Y Bim F
[ m i,m

i,m i,m

By (B.7), the first term in the second line is zero. Next, with Bj;,, = Qim + Qmi, re-indexing i <» m,

and using (B.7),
S Bim¥! =" Q¥+ Qui! = Qi - (B.14)
i,m i,m ,m 7,m
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Therefore the second and third sums in the second line of (B.13) cancel. What is left is what we set
out to show, namely

N N
1
D(F) W)y =30 3 B B¢ = F — F = e[, (8.15)
=0 m=0
Remark 3. The result (B.1) is a general one that depends only on the summation-by-parts property.
It is therefore not specific to the discontinuous Galerkin approximation, per se.

B.2 Proof of Entropy Conservation at Interelement Interfaces for Curvilinear Elements

We now show the property (4.80),

3 /((F%*)T{[W]}f [(7)" W]+ [£]) as=0. (B.16)

interior
faces

For the approximate 2D surface integral, we evaluate the integrand at (N 4 1)? GL quadrature
points, see (2.40). Therefore we only need to prove that the integrand vanishes discretely at each
interior face quadrature point. We assume that the following derivations are restricted to one interior
face quadrature point, and skip quadrature point indices.

The general three-dimensional conditions on the Cartesian components of the two-point numerical
flux are

(Feo)" Wl - [F" W] + [F] =0,
(o) " [w] - [[GT W]] +[c] =0, (B.17)
()" (Wl - [H" W] + [1] =0,

where we use the slave-master jump definition from (3.74),

[[W]] = Wilave — Waster, (B18)

and each interior face has the master element side orientation, so that quadrature points of the slave
and the master map on each other.

We make the assumption that the mesh is watertight, i.e. that the normal vector and the surface
element are continuous across element interfaces. For a conforming hexahedral mesh, the condition
holds discretely at the surface quadrature points if we ensure the discrete metric identities (2.32) and
if the unit outward facing normal vector and surface element on the element side are constructed from
the element metrics by

1 3
, FZ:TZ(JEd> Al. (B.19)

V)

The continuity of the surface metric allows us to use only the metric of the master element side, so
that we are able to move the metric into the jump.
We can write any normal contravariant surface flux using the Cartesian fluxes and the metric

(Fn) = (37) F = 5 (Fny + Gnz + Hng) = l_ilﬁl ((thl) F+ (Jazl) G+ (Jaé) H) (B.20)

= (MTF) .
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We combine the three Cartesian equations (B.17) with the surface metric 37, defined in (B.19),
leading to

§<n1 [(Fec’*)T W] - [[FT W]] + [[FE]]]
s [(Ger*)T W] - [¢"w] + [[GGM (B.21)
tns [(Hec’*)T [w] - [H" W] + [[Hf]]} > =0.

If we define the contravariant numerical flux as
]}%c,* =3 (anec,* + nzGeC’* + ’I"L3Hec’*) , (B22)

then
(Fe)T [W] + (37) - (_ [F"w] + [[ﬁ]]) =0. (B.23)
Finally, using the continuity of the surface metric, we move it inside the jump terms, yielding
<\ N\T e ~
(F5n) " (W] - H((MTF> ) WH + [(MTFe) 7] -
= (F5e) " w1 - [(Fa)" W]+ [£] =0,

proving that in (4.80), the integrand vanishes at each quadrature point of an interior face individually.

B.3 Proof of Entropy Conservation in 3D Curvilinear Coordinates
We show in this section that the property (4.75) holds, reproduced here for convenience as
<ﬁ(ﬁ)“,w>N = / (F n) ds, (B.25)
OE,N

provided that the discrete metric identities (2.32) are satisfied.
Similar to what was done in Appendix B.1, we introduce three entropy potentials, one for each
Cartesian space direction

T
U = (Fijk) Wik — Fll];; 1=1,2,3, (B.26)

for each GL node 4,5,k = 0, ..., N. We use them to rewrite the entropy-conservation condition on the
two-point fluxes F1°¢* c.f. (B.17), into

(Féf%a‘k)T Wlimyie = [7'] s 1= 123 (B.27)

for ¢,5,k,m=0,...,N.
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To match terms, we expand all the terms of the volume integral approximation

. N N
<D(F)ec, W> = E wijr W Z;k 2 E Dim <FeC(Uijk7Umjk) : {{Jal }} o >
N k=0 m=0 (3,m)jk
75
N

+2> Djm <ﬁeC(Uijky Uimk) - {{Jg?}}i(j’m)k) (B.28)

m=0

[ (Fa)yas- Y
dE,N Jk=
N

>

((”2)1.% Fioe)] (B.29)

We then focus on the first (¢ direction) term of the volume integral approximation, which allows
us to follow the one dimensional proof as closely as possible. The sum can be written in terms of
Qim = wiDim,

N N
T Sec —
> Wik Wiik2 > Dign FE Uik, Upji) - {{Jal}}(i ik
i,5,k=0 m=0 i
N N
=3 0 S W52 S WD B (Ui, U - {{Ja‘l}}(i ik (B.30)
j,k=0 =0 m=0 ’

Wik ZWszk Z 2Qim F“(Uijk, Unmjk) - {{JEl }}

0 i=0 m=0 (i,m)jk

N
k=
N N N
k=
Therefore, we can use the same steps as in one dimension: We use the summation-by-parts property

2Qim = Qim — Qmi + Bim, a re-indexing of i and m to subsume the @Q,,; term, and the facts that
F®(Uijk, Umji) and the jump operator of the metric term {{Ja% }}(l m)yjk are symmetric with respect
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to the index i and m to rewrite the £ direction contribution to the volume integral approximation as

N N
T N —1
Z Wijk 2 Z le FeC(Uijk’ Umjk) ’ {{JCL }}(i,m)jk
i=0 m=0
N o
Z WlTjk (Q1m = Qmi + BiM)Fec(Uijk’ Umjk) ’ {{Jﬁl}} i jk

0 (m)j (B.31)

|
.MZ

Il
o

K2 m

T Hec —
Qim (Wijk — W) F(Uijk, Unjk) - {{Jal}}

I
M-
M=

Il
=}

0 (i,m)jk

+ Bim WZT]k F(Uiji, Umjk) - {{Jal }}

K3 m

(i,m)jk

Next, we use the relations (B.27) of the Cartesian two-point entropy-conserving flux Fb°° to note
that

T ec
(Wi — Wijik) FY(Uyje, Umijn) = ijk - Wylnj/w 1=1,2,3. (B.32)

We further note that B;,, only has entries for i = m =0 and i = m = N (c.f. (B.12)) so

Bin Wit B2 (Ui, Ungi) = Bim (Wi + Flji) 1= 1,23, (B.33)

Finally, we can exploit the consistency of the two-point flux and (B.26) so that for i = m = 0 and
i=m=N,
T l,ec T l l
Wik B (Uiji, Uig) = Wi F(Uigi) = Wige + Fijp 1=1,2,3. (B.34)

Inserting relations (B.32)-(B.34) into the last line of (B.31) says that

N N
T Sec —1
;Wijﬂmz_o Qum E (Uigte: Umje) {{Ja }}(i,m)jk

N N (B.35)
=3 > Qim (J’ijk - ijk) : {{Jaﬂ}} ~+Bim <Q7ijk + Fi;’k) : {{Jaﬂ}} U
i=0 m=0 (i;m)jk (i,m)jk
Now, since the derivative of a constant is zero,
N e N TR
1 _ 1 =g —1 1
Z sz!ngk {{Ja }}(z,m)jk D) Zwmk (Ja )i]k: Z_ Qim + 5 Z Z_ !pzjk (Ja )U Qim
2,m=0 1=0 m=0 =0 m=0
[N
IS i (1), @

Next, since B;;, =0 unlessi=m=0ori=m= N,
N N

N N
3 S min {057,725 B (1),

=0 m=0 =0 m=0
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Finally, B;,, being diagonal and symmetric, we can swap the i > m in Bim@jk to rewrite the second
line of (B.35)

Z Z Qim ( ik = mjk) {{ng }}(i,m)jk + Bim (J”k + ﬁl;k) ' {{Jal}}(i,m)jk

=0 m=0

N N
]- g — = — —
= Z Z iQimWijk : (JCLl) X + Bz’sz;k ’ (Ja1> . + ( sz) mjk * {{Jal}} . o
mjk ijk (i,m)jk

=0 m=0

(B.36)

The last step is to use the summation-by-parts property B;y, — Qim = Qm: and re-index to see that

N N N . SRR = 1
> 3 (Bim = Qun)ing - {{ 7 }}@,m)jk N Z Z_ 2@y~ (72 )z‘jk

i=0 m=0 (B.37)
1 —
_Z Z 5 sz 1]k (Ja1> g
i=0 m=0 mJ
Therefore,
S 5 =) (05 e ()05
i=0 m=0 (3,m)jk (i,m)jk
e (B.38)
= Z Z Qim@jk ' (JEI) . + vaF (JE\I) L
=0 m=0 mik ik
To summarize, the first (¢ direction) part of the volume integral approximation (B.30) is
N
D ik Wis2 Z Dim B Ui, Ungi) {{Jal}}(i m)jk
J,k=0 ’
" (B.39)

N N
_ e —1 e 1 — 51
= Z Wik FNJk . (Ja )Njk; — FO]k . (Ja )Ojk +l;0W1Dzmwzgk ' (Ja ) . )

k
k=0 m

where we have returned Q;,, = w; D;,,, and represented the boundary terms explicitly.
Similar results hold for the second and third parts of the volume integral approximation, leading
to

<H§(§)“,W> -

N
N N
v | B »(Jc?l) e (Ja ) Wi Dim Wy ~(J81)
j;owjk Njk Nik 0jk * Ojk—'_imzzo iim¥ijk ik
N N (B.40)
= —2 = —2 g —2
+ Z ik (Fﬁ\]k . (Ja )z‘Nk ~ Fiok (Ja )iok + Z wiDjm ik (Ja )imk
i,k=0 7,m=0
N N
+ 5wy | Es (JES) —Ff- (JE3> + wi Dy @i - (Ja3)
iJZ::O i ( iJN i N 150 ij0 k%:zo kY km*ijk ijm
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Regrouping the boundary terms and the volume terms, we have shown that

<1ﬁ>’(§)6°,w>N= / (En) ds

OE,N
N N
+ > wiWsk § > Dim (Ja%) +Djm (Ja%)_ + Dim <Ja§)_ }
. mjk imk ijm
1,J,k=0 m=0
N N
+ Y w2k 3 S Dim (Jaé) 4+ Djm (Jag)‘ + Dinm (Ja%)” }
L4 mjk imk igm
1,J,k=0 m=0
N N
+ > w4 S Dim (Jab) 4 Djm (Ja3) Dy (Ja3) }
L mjk imk ijm
4,5,k=0 m=0
(B.41)

which gives the desired entropy condition (B.25), provided that the metric identities (2.32) hold
discretely, i.e. that

N

E Dim (Ja,ll) 4+ Djm (Ja%)'
mjk im
m=0

3
0 N !
D (J i) = § —1I (J n) =0, B.42
k+ km a ijm s agl a - ( )

for n = 1,2,3 and all GL points 7, j, k,= 0, ..., N within an element. For the strategy on how to properly
approximate the metric terms so that the metric identities are satisfied, see [25].
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