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Navier-Stokes equations

1. Introduction

In aerodynamic simulations with the Euler and Navier-Stokes equations, the boundary conditions play an important
role for a number of interconnected reasons. i) Mathematically, boundary conditions have to be well-posed, i.e., lead to a
bounded and unique solution. This pertains to both the structure and the number of necessary and sufficient conditions.
(See [7].) ii) Their numerical approximations have to be stable in conjunction with the interior scheme. iii) They should be
an accurate model of the physics at the boundary. All three conditions are required for a successful simulation.

For exterior flow problems, the two most common boundary conditions are wall and far-field boundaries. At a wall, a
viscous fluid clings to the wall such that the velocity on the wall is zero (no-slip). That is, the physical model is given and,
with the use of no-slip and a (Dirichlet or Neumann) condition on temperature, it turns out that linear well-posedness as
well as linear numerical stability of the Navier-Stokes equations follow. (See e.g. [18].) Furthermore, no-slip and a Neumann
condition on temperature also lead to non-linear estimates. (See [5].)

Although, the no-slip boundary condition is (to a good approximation) observable in nature, it turns out that only the
wall normal component of the velocity is zero for inviscid fluids (the Euler equations) or else too many boundary conditions
are given.

At far-field boundaries, the idea is that sufficiently far away from any object that perturbs the freestream, the solution
should approach the constant freestream. Linearly well-posed and linearly stable far-field conditions have been proposed in
e.g., [10,12,11,8,15,13] for the Navier-Stokes equations. These are Navier-Stokes modifications of the characteristic boundary
conditions commonly used for the Euler equations.

Successful as the linear theory has been, it does not provide a complete mathematical description. Linearly stable bound-
ary conditions are obtained by linearising around a smooth solution which determines the characteristic directions at the
boundary. When applying the linear theory to the non-linear problem there is an obvious problem: The solution state at
the boundary, i.e., the trace, and the freestream state that provides data to the boundary conditions are generally differ-

E-mail address: Magnus.Svard@math.uib.no.

https://doi.org/10.1016/j.jcp.2020.109947
0021-9991/© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.jcp.2020.109947
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcp.2020.109947&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:Magnus.Svard@math.uib.no
https://doi.org/10.1016/j.jcp.2020.109947
http://creativecommons.org/licenses/by/4.0/

M. Svird Journal of Computational Physics 426 (2021) 109947

ent. Hence, the speed and directions of the waves at the boundaries are not uniquely defined. (A practical solution of
this problem is to e.g. use the Roe average between the two competing boundary states to define the wave speeds, [15].)
Nevertheless, boundary conditions derived from linear theory often work well.

For interior flows, such as flows in ducts, there are typically inlets, outlets and wall boundary conditions. One way to
model inlets and outlets, is to use characteristic boundary conditions, which is mathematically equivalent to the far-field
treatment, since only the boundary data differ. (Instead of constant freestream values one may want to provide varying
profiles for the variables.) This procedure is linearly well-posed as long as the inlet or outlet velocities are locally parallel
to the adjacent walls. (For inviscid flows.) This condition is termed compatibility of boundary conditions and is necessary to
maintain continuity of the solution. (See [6].)

The defining feature of characteristic boundary conditions, whether used at far-field, inlet or outlet, is that they draw
information from a completely defined boundary-data vector of which only a subspace is enforced. (Unless all characteristics
are pointing into the domain (supersonic inflow), then the full state is enforced.) Herein, we will use the collective term
full-state boundary condition for any boundary condition that draws information from a completely defined reference state.

Remark. We acknowledge that it may in practice be difficult to obtain data for all variables but that is nevertheless needed
for well-posedness of characteristic-type conditions. To alleviate this requirement, a pressure boundary condition is some-
times used at outlets, which can be shown to be marginally linearly well-posed ([15]), but its non-linear stability is unknown
and we have chosen not to consider it here.

Lately, there has been an increasing interest to extend the stability theory of numerical schemes to allow non-linear
estimates of the solutions. One such choice, is entropy stability, where the numerical schemes are designed to bound one
or more entropies. (See the review paper [21] for initial-value conservation laws.)

The closure of entropy stable schemes at the boundaries has been addressed to much lesser extent. For viscous and
inviscid walls, one can consult e.g. [20,14,16]. For far-field boundaries, few attempts have been made. In [17] entropy
stable characteristic-type boundary conditions for the Euler equations are proposed. However, the entropy stability in [17]
refers to a generalised entropy that is not available for the Navier-Stokes equations. In [20] the Navier-Stokes entropy was
considered, but assumptions on the structure of the Jacobian eigensystem were made and in [4] a priori known L°°-bounds
on temperature and the inverse of density were needed.

In this paper, we consider the Euler equations and the Navier-Stokes entropy. At first in one space dimension and
we review the entropy stability of no-penetration wall boundary conditions. Furthermore, we propose full-state boundary
conditions that are entropy stable with respect to an affine rescaling of the Navier-Stokes entropy. (Hence, a generalisation
to the Navier-Stokes system is possible.) We unify the entropies used for wall and full-state boundary such that both types
of boundaries can appear in the same problem. Next, we propose entropy stable numerical implementations of walls and
full-state boundary conditions in one space dimension. Then we turn to the two-dimensional case to demonstrate how
to generalise the theory. To this end, we use a two-dimensional finite-volume scheme and prove entropy stability for the
initial-boundary value Euler equations. (The procedure is applicable to schemes other than finite volume.) Furthermore,
we discuss how to handle general full-state boundary conditions including inlets and outlets. Finally, we demonstrate the
robustness of the proposed conditions in a few numerical simulations. The extension to Navier-Stokes systems is postponed
to a future article as it requires considerable attention to the interior discretisation of the viscous terms.

2. Entropy

We consider the Euler equations of gas dynamics, which is an example of a conservation law,

ue+ fwx =0, (M
where u are the conservative variables and f is the flux function. In the specific case of gas dynamics, we have,
u=(p,pv,E)7,
f@ = (pv, pv* +p,v(E+p)'

where E = % + ”T”Z is the total energy and y is the adiabatic constant. Furthermore, p, v, p is the density, velocity and
pressure and we assume the ideal gas law, p = pRT.

An entropy function is a convex function, U(u), that has an associated entropy flux F(u) that satisfies F, = U, f,. The
entropy variables are w! = U, and W(w) =< w, f(w) > —F(w) is the entropy potential. Furthermore, f(w) = W,,.
Remark. To reduce the number of symbols, we abuse notation by writing e.g., f(w) = f(u(w)).

Admissible, possibly non-smooth, but (sufficiently) bounded, solutions, must satisfy the entropy inequality,

U@+ F(u)x <0, (2)
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in a distributional sense. Since we aim to extend the theory to the Navier-Stokes equations, we are forced to consider the
entropy U(u) = —pS, where S =log(p/p?) is the specific entropy and the associated entropy function F = vU = —pvS =
—mS (where m = pv is the momentum). For this entropy, the entropy potential is ¥ = (y — 1)m and the entropy variables
are,

WT_l —(S— )_V_z v -1
Ty oo T )

where ¢, is the specific heat at constant volume. However, any affine transformation of the entropy is still an entropy of
the Navier-Stokes system. Hence, we introduce

U)=U(@) - Uu) — Uy (up) (u —up), 3)
where u, is an a priori defined reference function. The new entropy variables are,

~T _ 1] _ . T

w =Uy=UyW) = Uyur) =w" () —w' (ur). (4)

Furthermore, it is easy to verify that convexity of U follows from convexity of Uyy: Uyy = (Uy(u) — Uy (tr))y = U (U)yy. The
corresponding entropy function and entropy potential are determined as follows:

Fuzgufu:quu—Uu(ur)fu:Fu—Uu(ur)fu (5)
such that,

F=F-Uyu)f=Fu —-wu)' f) (6)
and

U=<w, f(W)>—F=<w—w(u), f(w) > —(Fu) —wuy)" f)=Wv. (7)

Finally, none of the above derivations concern variation in the (x, t)-space and we conclude that the reference function can
be u, = u;(x,t).

2.1. Wall

At a wall, the physically relevant boundary condition for the Euler equations is the so-called no-penetration boundary
condition. That is, the normal component of the velocity is zero such that there is no convection through the wall. Here, we
initially consider the domain [0, 1] with wall at both ends, implying that v({0, 1}, t) = 0. Upon integration of (2), we obtain,

1
fUtdx—f- F(u(1,t)) — F(u(0,t)) <0. (8)
0

Seeing that F = —mS, both boundary terms vanish due to the boundary conditions and we obtain,

1
fUtdxfo
0

Remark. We will consider multiple space dimensions below, but make the following preemptive remark: In multiple di-
mensions, there are multiple entropy fluxes, F; = pv;S, where v; is a Cartesian velocity component. After integration in
space, boundary terms of the form, (n1,ny,ns) - (Fq, F2, F3) (where n; are the components of wall normal) are obtained in
the expression corresponding to (8). These vanish if the normal velocity is zero. (We reiterate, that it is well-known that
the no-penetration condition bounds this entropy.)

Next, we consider the effect of the affine modification of the entropy given in (3). In analogy with (8), we obtain,
f) Oedx + Fu(1,t)) — F(u(0,t)) <0, where F = F(u) — w(uy)" f(u). Inserting the boundary condition v = 0, yields, F =
C;"Tr p, where the subscript r denotes the value of the reference function. T, and p are positive for admissible solutions,
and the sign of the boundary terms depends both on the sign of v, and the normal. We conclude that only reference

functions with v, = 0 at a wall, bound the entropy independently of the wall normal direction.

3
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2.2. Full-state boundary condition

In 1-D there is no principle difference between a far-field, inlet or outlet when the full reference state is given. Hence,
the discussion in this section applies generally to any full-state boundary conditions.

We begin by summarising the linearly well-posed characteristic boundary conditions that are commonly used at far-
fields. That is, only the in-going characteristic waves are specified using the complete freestream state U, given by pso, Poo
and v. The Euler equations (1) are linearised and symmetrised (see [1]) and a system of the form,

qr+Aqx=0, O0<x<1 (9)

is obtained. q is the vector of symmetrised variables representing a perturbation around a (constant) freestream and A =
Ao is given by the freestream values. The energy rate is given by

gl +q" Aseqly =0
where ||q||? = fol q"qdx. The following boundary conditions lead to an energy bound for the linearised equation (9),

ALg0.0=0, (10)
ALq(1,t) =0.

That is the in-going characteristics are set to zero. A;/ "~ are the matrices obtained by splitting .A~, according to the sign of
the eigenvalues and A, = A} + .4 . The eigenvalues appearing in Ay are the well-known Ve + Coo, Voo, Voo — Coo, Where
Ceo is the freestream sound speed. Hence, the linear theory dictates that the following number of boundary conditions are
provided:

3 at supersonic inflows (5 in 3D),
2 at subsonic inflows (4 in 3D),

1 at subsonic outflows (1 in 3D),
0 at supersonic outflows (0 in 3D).

Since the characteristics correspond to modes of the solution (of the linearised problem), it follows that these are the least
number of boundary conditions necessary for an energy estimate and linear well-posedness. (See [6] for general linear
well-posedness theory of initial-boundary value problems and [15] for more details on the above procedure for the Euler
equations.)

The data in (10) are zero since the perturbations are (ideally) zero at the freestream. A non-linear rendering of these
boundary conditions (used in practice) is to, e.g., compute the Roe-averaged flux Jacobian, A(u({0, 1},t), us), and use the
boundary conditions A*/~u({0,1},t) = A*/~us. This procedure linearises to (10) (but so do other choices). (For more
details on this procedure, consult e.g. [15].)

Turning to the entropy, we have as before,

1
/Utdx—i- F(u(1,t)) — F(u(0,t)) <O0.
0
Suppose that we provide boundary conditions according to linear theory. Then, at supersonic inflows, F is completely
determined by the freestream state and results in a bound on U. However, at a supersonic outflow, no boundary condition
should be given and we do not obtain an entropy bound since F = —pvS is indefinite. We conclude that the linear theory
does not lead to a bound on the entropy.
Before we address entropy stability of full-state boundaries, we state some general relations that are valid for any
entropy-pair. (These can be found in e.g. [21].) We denote flux Jacobian f, = A, and the Roe-averaged Jacobian as Aji,
such that

Ax1Aup = f(up) — f(ur) (11)

where uq» are two states and Aupq =up — uj.

Next, we denote the solution state at x =0 with a subscript 0 and the boundary data as ug. That is, w(u(0, t)) = wo and
w(ug(0,t)) = wg and consider a straight line through phase space between wg and wy, ie., w(§) = w + £ Awgg, where
Awgg = (Wo — Wg), W= (Wo + Wg)/2, and & € [-1/2,1/2]. Then we define

1/2

Hog = / uw(w())dé

—1/2
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such that
Aupg = HogAwgg (12)

holds for our particular path through phase space. Consequently,

BogAwgg = f(ug) — f(ug)

where
Agg = BogHagl (the Roe-average) (13)
and therefore,
1/2
Bog = f fw(w(&))ds. (14)
-1/2

Proposition 2.1. Consider the Euler equations (1) on the domain [0, 1]. Let ug be the data vector in the conservative variables. Define
the matrix,

1/2
Rog = / & fydé, (15)
-1/2

where the path is the straight line between wg and Wo, and W are the entropy variables of the entropy (3) with u, = ug (extended to
[0, 1]). Then the full-state boundary condition,

Adg(o — ug) + R{,Ho (uo —ug) =0 (16)

(and analogously for x = 1) leads to a bounded entropy.

Proof. The proof is constructive and demonstrates how to deduce the boundary conditions (16). Hence, we begin by inte-
grating the standard entropy inequality in space to arrive at (8). (To reduce notation, we only consider the boundary x = 0.)
In order to bound the right-hand side of (8), we add and subtract Fg; and then proceed to find conditions that bound
Fo — Fg. (The remaining Fg is bounded and will only contribute with a limited growth of U.)

Recall that F(w) =< w, f(w) > —¥ and ¥,, = f(w), and consider,

0 0
F(uo)—F(ug):F(wo)—F(w(ug)):/FWdW:/ <w, f(W) >y —¥ydw=

g g
0

0
/f(W)+ <w, fw> —f(W)dW=/ <w, fw>dw
g g
Using the specific linear path, we obtain
0 1/2 1/2
dw
<w, fy>dw= <w, fu > Edé = <Ww, fw > Awqgd§ (17)
g -1/2 —-1/2
Next, we insert w(§) into the last expression
1/2
/ <W+EAwqg, fw > Awogdé =
-1/2
1/2 1/2 1/2

/fwdgAwog—i—% / Fu d& Awog + Aw / £ Fu dE Awog (18)

-1/2 -1/2 -1/2

Wo
2

Using (14), we identify the first term of (18) as
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1/2
? [ fwdsAWOg:%(f(uo)_f(ug)) (19)
-1/2

At this point, we note that it is difficult to form quadratic terms that can be used to deduce stable boundary conditions.
The way forward is to choose and affine entropy (3) rescaled with the boundary data, u, = ug. That is,

U:U(u)—U(ug)—U’(ug)(u—ug) (20)
and use the relations (4), (5), (6) and (7) to obtain the following identities,

Wo = w(up) — w(lg) = Awgg,
Wg =w(ug) — w(ug) =0, (21)

Awgg = (Wg — Wg) = Awog.

Returning to the derivation above, it is valid for the new entropy as well. That is, (19) turns into,

12 )

[ fadeni="2 (o - g,
-1/2

Using (21) and the Roe average (11) between the states ugp and ug, we obtain

A AWog

(S o) — flug)) = Vzvog(f(uo)—f(llg))= .

Inserting the boundary condition (16), and using the relations (13) and (12), lead to

Aogg(up — ug). (22)

Awog
2

Awog
2

Aog(up — ig) = (—RggHog + Agy) (o —ug) =
1 _
EAwog(—Ra’g + Bog) Awog <0 (23)

Next, we note that wg =0 in (18) thanks to (21), and we are left with

1/2 1/2
AVNVOg / Efﬁ) dSAWog = AWog / va"v dSAWOg = AWogRAWOg. (24)
-1/2 -1/2

In the same spirit as in (23), we split R=R* + R~ and use the boundary condition (16) to obtain non-positive terms. O

The boundary condition (16), need not be the least intrusive since we do not know that it is the least number of
boundary conditions. However, it is debatable if the principle of “least number of boundary conditions” has any meaning in
the non-linear case. In the linear case, the wave speeds are a priori given and are neither affected by the boundary data nor
the solution. Then it is clear that uniqueness is violated (at the boundary) if too many boundary conditions are specified
since the trace will in general not match the boundary data.

In the non-linear case it looks like (16) is similar to the linear characteristic boundary conditions since A™ and R*
seem to extract a subset of the boundary data and not indiscriminately enforce the full state. However, the structure of
AT and R, including how many waves to supply boundary conditions to, depend on both the trace of the solution and
the boundary data in a non-linear feedback loop. In fact, the AT and R* can not be computed without knowledge of the full-
state boundary data. Hence, neither (16) nor the non-linear renderings of (10) enforce the number of boundary conditions
suggested by linear theory (listed above). They both use 3 conditions (5 in 3D). However, (16) is not a standard Dirichlet
condition, but it rather enforces different subspaces of ug with different weights.

2.3. Compatibility of walls and full-state boundaries

The wall boundary treatment discussed in Section 2.1, bounds the standard entropy, U = —pS and the rescaled entropy
(3) as long as the reference velocity is zero at the wall boundary. On the other hand, the full-state boundary in Proposi-
tion 2.1 bounds the entropy (20) which is rescaled with the boundary data. As observed in the beginning of Sec. 2, the
reference function need not be constant. Hence, we choose u, such that Urlpq, = ug where 32, denotes the full-state part
of the boundary. Similarly, on the wall-part of the boundary, 9Qw, we require that the reference state has zero normal
velocity. In 1-D that implies that v;|3q,, =0.
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The simplest way to achieve this, for walls and reference boundaries that are separated by a finite distance, is to let
the p; = pg and p; = pg, and let the reference velocity v,(x, t) increase smoothly and monotonically from zero at a wall
boundary to vg at the full-state boundary. With such a u;(x, t), the entropy (3) will lead to a bound with both wall and far-field
boundaries present.

In fact, the reference function shows that both wall and full-state boundaries can be viewed as reference boundaries
drawing boundary data from an admissible reference function.

Definition 2.2. An admissible reference function u,(x, t) is a piecewise smooth function that satisfies the boundary conditions.

This definition implies that v, = 0 at walls and the thermodynamic variables of the reference function are arbitrary as
long as they are bounded. In view of the discussion ending Section 2.2, full-state boundaries require u, = ug since that is
necessary to satisfy (16).

3. Entropy stability

Next, we turn to the implementation of the wall and full-state boundary conditions. To this end, we use a standard finite
volume scheme. (Any entropy stable scheme with the summation-by-parts (SBP) property at the boundaries would do. See

[19] for definitions of the SBP property.) The variables are located at the primary grid, x;, i = 0...N and the flux points are
Xi+172 = (Xix1 + x;)/2. Furthermore, we take (Xj41 —xj—1)/2=h;, i=1..N—1, ho= (X1 —x0)/2 and hy = (XN — XN_1)/2.
For an interior point the scheme is given by,
i+1/2 — Ji-1/2
(up)e + jc““/h# -0 (25)
i
At xg =0, the scheme is,
12— fo 1
woy + 112750 _ Lsar,, (26)
ho ho

and at xy =1,

IN—fnap 1
hn hn

The SATo,n are simultaneous-approximation terms (see [3] and also [19]) that will be defined later. Their purpose is to

enforce the boundary conditions.
We choose fluxes of the form,

Fluipn) + i) — Aip12Uig — up)

(un)e + SATy. (27)

fivr12 = 5 i=0,1,2,.. (28)
Entropy stability is obtained by choosing the artificial viscosity coefficient ;1 1/, to be suitably large. Finally,
fo=f(uo), and fn=f(un). (29)

The entropy estimate is derived by multiplying (25) by h;jw;.

r fivi2— fici2
R
1

and manipulating the expression to obtain,

wi Ui +w 0. (30)

wl +w;
2

T
Wi — Wi Wi+ wi_q

1 Wi — Wi_q
firip+— 5 fi+1/2_ffi—1/2_ —

hi(Ui)e + 5

fi-12=0.

Next, the numerical entropy flux Fi i/, = Wﬁzw B fiv1— \1/,~+12+\1/i is introduced, where ¥; = W(u;) is the entropy potential.

After some further manipulations, we obtain,
hi(Ui¢ + Fiv1/2 — Fi—12
Ui = wl —wig Vi—Wi1  wi—wiq

] _ . =0
> > fix12 + > 5 fiz1p2

The assumption of entropy stability, i.e., that the artificial dissipation is sufficiently large such that

+

Wit1 —w) fiy1 < Wi — (31)
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holds, leads to,

hi(Ui)¢ + Fiy12 — Fi—12 <0. (32)

(Dividing through by h; gives the local entropy inequality.) For more details on this derivation, we refer to [21].
We briefly summarise the same procedure for the left boundary scheme. That is, we multiply (26) by howo and obtain

wl + wy wh —wy
hO(UO)t‘i‘ff]/Z‘i‘ 5 f172 — wofo=woSATo
leading to,
T T
W, + wWq Yo + ¥y w; — Wo vy — Yy
ho(Uo)H—OTfuz— >~ L > fi2 + > — wo fo+ Wo=woSATo

Using entropy stability of the flux f;/, the definition of Fq,; and Fo = wgq fo — Wo, we arrive at,

ho(Ug)¢ + F1/2 — Fo < woSATp. (33)

At the right boundary, we obtain in the same way,

hn(UN)e + Fn — Fn—1/2 < WNSATy. (34)
The entropy estimate is obtained by summing (32) for i =1..N — 1, (33) and (34), to obtain

N
> "hi(Up) < Fo+ w§SATo — Fy + Wy SAT. (35)
i=1

3.1. Wall
We begin with the no-penetration wall boundary condition and state a stable treatment at x = 0.
Proposition 3.1. If the numerical fluxes (28) are entropy stable with respect to the standard entropy U = —pS, then
SATo =—(fo — fo),

SATN =+(fn — fn),
where fg,N = (0, po.n. 0)7, leads to an entropy bound for the scheme defined in (25), (26) and (27).
Remark. )A‘O, N is obtained by inserting the boundary condition v =0 into fp y. This flux is equal to the entropy conservative

flux with respect to the states ug ny = (po,N, £0,NVO,N> Eo,N)T and ug = (0o,N, —P0,NVO,N» Eo,N)T. (That is, ug has the same
thermodynamic state as ug v but the normal velocity is mirrored.) The latter view is adopted in [20,14,16].

Proof. We prove the proposition for x = 0. The other boundary can be handled analogously. The relevant part of the right-
hand side of (35) is

Fo + wgSAT = Fo — wg (fo — fo) = wg fo — Wo — wg (fo — fo) =
w fo— Wo (36)
Inserting expressions for wy, fo, Yy into (36), and using the gas law p = pRT, yield,

Vo
cvTo

v
Fo+WgSAT = ——po— (¥ = povo = —poR — (v = 1)povo =0.
v

Cp—Cy

The last equality is obtained by % =22 =y-1. O
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3.2. Full-state SATs

Before addressing the numerical imposition of the boundary condition given in Proposition 2.1, we make a few observa-
tions.

The Rog matrix defined in (15), is identical to the one appearing in the entropy conservative diffusion coefficient for the
straight line in phase space. See [21], eqn. (5.5) and the subsequent analysis where it is shown that Rog ~ |Aw]|.

As discussed above, the Roe-part of the boundary condition (16), i.e., A0+g(u0 — g) =0, is a non-linear version of the
linear characteristic boundary conditions (10). Indeed, the linear analysis establishes the stability of small perturbations of
the exact smooth solution. For small perturbation, Aw << 1 which explains why the Rog (~ |Aw|~ 0) part of (16) does
not appear in the linear analysis.

However, in the non-linear case Rog can not be assumed to be zero. Furthermore, there is no analytical expression, or
even some sharp estimate, for Rog. There are ad hoc “entropy fixes” whereby €I for some € > 0, is assumed to dominate R.
This turns (16) into

(Aarg—i—el)(uo —ug) =0. (37)

However, such an entropy fix does not constitute a proof of entropy boundedness. To the best of our knowledge, the only
rigorous way to bound R™ is to take € = ALLF, where ALLF is the local Lax-Friedrichs diffusion coefficient obtained by taking
the maximum magnitude of the eigenvalues of f, at wo and w,. Furthermore, we note that ALLF does not only dominate

R, it also dominates Aj, + RggHagl (see [21]), such that (37) can be simplified further to AMF (ug —ug) =0.

To shed some further light on the non-linear theory of boundary conditions, we note that entropy stable schemes are
really approximations of the homogenised conservation law ([2])

Ur + fux = (€uy)y, €— 0% (38)

Linearly well-posed boundary conditions for (38) include Dirichlet and Robin-type conditions. Since the viscous problem
requires a full set of boundary conditions, we can equally well use the simpler condition,

u(0,t) — €ux(0,t) = ug, (39)

in place of (16). (For smooth solutions, € — 0 as h — 0, making (39) a Dirichlet boundary condition in the limit.) Recall the
discussion ending Section 2.2 that linear theory is not equipped to provide entropy stable boundary conditions and what
may seem like an overspecification in (39) is no different from (16) which is also an enforcement of weighted Dirichlet
conditions.

In view of the above discussion, we consider two sets of full-state boundary conditions. One formally enforcing (16) for
which we do not have closed form expressions and one enforcing (39).

Proposition 3.2. If the numerical fluxes (28) are entropy stable with respect to the reference-function entropy, U, given by (20), then

1
+ + -1
SAT = — 2 (Agy + RigHog ) (1o — ) (40)

leads to entropy stability of (25)-(27) (w.r.t. U ). Furthermore, the analytically closed condition (39) is entropy stable when enforced by,
SAT = =gy (1o — uig) (41)

where A(LJ;F is the local Lax-Friedrichs diffusion coefficient with respect to the two states ug and ug.

Remark. The viscous part of (39) does not explicitly enter (41) since it is implicitly built into the finite volume scheme.
To approximate €uyy in the boundary cell, we would need to modify (29) to become f(ug) — AééF(Du)o where (Du)g is

an approximation of ux(0,t). In doing so, we must modify the SAT to, SATmea = —AégF (uop — (Du)g — ug) in order not to
change the proposed scheme. SAT,,,q represents a weak enforcement of (39).

Proof. As in the continuous case, we add and subtract F ¢ in (35) (ignoring the right boundary)
h - . - - - -
5 @o) + Y h(Tie < Fo — Fg + WoSAT + Fy (42)
i>1
Fo — Fg4 can be recast in the same way as above to arrive at (18). Seeing that Wy =0 and Wo = Awgg, we have,

Fo — Fg = Aw(AogHog + Rog) Aw (43)
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Similarly,

- 1 . 1

W{ SAT = _w(T,E(Agg + RggHog ) (U0 — ug) = —EAWT(A(J{gHog +Rgp)Aw (44)
The Rog part is clearly bounded by the Rgg contribution of (40) and we focus on the Agg part. To this end, we diagonalise,
Aog = XAX~1, and use that Hog is symmetric positive definite, to obtain

1/2
0g

-1/2
0g

1/2
0g

1/2

-1
XAX ™' HglH)s

AwT AggHoe AW = AwWTH, /2 (H YHZAw. (45)
g g

Hence, the symmetric matrix Bog = AogHog has the same inertia as Agg and (45) can be split according the sign of the
eigenvalues and the positive (growing) part is cancelled by (40).

For the boundary condition (41), we only need to show that it is more diffusive than (40) in which case it bounds (43).
A proof of that is found in [21]. O

3.3. Full-state boundary and wall

In the same spirit as in Sec. 2.3, we use admissible reference states as in Definition 2.2 to unify the wall and full-state
boundary treatment.

Proposition 3.3. Consider the scheme (25) with boundary schemes of the form (26) and (27). Furthermore, assume that the wall
boundary conditions are implemented as in Proposition 3.1 and the full-state boundaries as in Proposition 3.2 (either (40) or (41)). Let
u, be an admissible reference function. Assume that the interior scheme is entropy stable with respect to (3) for this reference function.
Then the scheme satisfies an entropy bound.

Proof. The proof follows immediately from Proposition 3.1, Proposition 3.2 and standard entropy stability for the interior
scheme. We remark that either boundary could be either a wall or a full-state boundary. O

In the one-dimensional case, with two boundary points, it is always possible to construct a continuous reference function.
However, we remark that any function that is the limit of a smooth admissible reference function should do as reference
function. For instance, one could construct a step-function in the reference velocity that jumps at some interior point from
zero to the freestream velocity.

Note that entropy conservative fluxes, i.e., fluxes that satisfy (30) as an equality, with respect to U = —pS are not
necessarily entropy stable with respect to U at interior points. They would if the reference function was constant but as
noted above, there has to be a region (or a point) where the reference function varies. In fact, this procedure effectively
precludes the use of entropy conservative schemes since it stands to reason that a scheme should be stable with respect to
any admissible reference function. Hence, it would make little sense to design entropy conservative fluxes for one particular
reference function. Consequently, the extension of the current theory to high-order accurate schemes, based on entropy
conservative interior fluxes, is not immediate.

4. The two-dimensional scheme

To briefly demonstrate the generalisation to more than one space dimension, we consider the two-dimensional (2-D)
case. (The 3-D case is analogous.) The conservation law is, us 4+ (f1)x+ (f2)y =0 on a closed domain with piecewise smooth
boundary. The variables and fluxes are given by

u" = (p. pv1.pv2.E)
fi = (pv1. pvi +p. pv1v2, vi(E +p))
f3 = (pva, pvavi, pv3 + D, v2(E +p))
where v;, i =1, 2, are the Cartesian velocity components. The entropy is the same, U(u) = —pS with entropy variables

2T T T T

WT:l<_(5_y)_M i V2 __l)
Cy
Furthermore, the entropy fluxes and potentials are F; = —v;U and ¥; = (y — 1)pv;, i=1,2.

We assume a triangular grid, and the unknowns are located at the vertices that in turn are connected by edges. Sur-
rounding each point, i, is a dual volume, V;, whose boundary is the closed arc going between the centre-of-mass and the
mid-point of the edges for triangles and edges conjoined with i. (See the schematic in Fig. 1.) The union of all dual volumes

cover the domain. The fluxes, (f1,2)ix are approximated at the midpoints of the edge connecting vertices i and k.

10
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Fig. 1. The filled circles represent the variable locations. The dual volume for the point i is represented by the dashed line. dx(ij) and dy(ij) denote Ax;; and
Ay,-j.

dy(b)

_ -

dx(b)

Fig. 2. The filled circles represent the variable locations. The dual volume for the boundary point b is limited by the dashed line and the outer boundary.
dx(b) and dy(b) denote Ax, and Ayy.

The scheme is given by,
Vi(uj)e+ Z(fl)jkAij_(f2)jkAXjk=0 (46)
kENj

where j is an interior point of the mesh and Nj the index set of its neighbours. The Axji, Ay j are the respective counter-
clockwise coordinate distances for the (broken) facet of the dual volume that crosses the edge jk. (See Fig. 1.) An entropy
stable flux at the facet is,

o) = filuj) + f(uk)2— Aji(ug —uj)

where Aj is a sufficiently large diffusion matrix. (The numerical flux (f2) ;. is defined analogously.)

(47)

Remark. On sufficiently regular grids, the finite volume scheme is second-order accurate when A j, = 0. However, for en-
tropy stable choices of Aj, (w.r.t. any entropy), the accuracy drops to first-order.

At a boundary point, b, the dual volume is defined in the same way and it is closed by the outer boundary which is also
used to defined Axp, Ayp. (See Fig. 2.).
The scheme for the boundary point b is,

Vi (up)e + Z ((fD)jkAybk — (f2) jk AXpi) + (FObAYy — (F2)pAXp =0 (48)
keN

where ()A‘Lz)b are boundary flux approximations that enforce the boundary condition.

Remark. Here, we impose the boundary conditions weakly directly by choosing the flux instead of defining a SAT. The two
approaches are equivalent since one can just add and subtract (f1)pAyp — (f2)p AXp to obtain the associated SAT.

The entropy estimate is obtained by multiplying the scheme at all points by W]T., assuming that the interior scheme is
entropy stable and summing. This gives in the same way as in the 1-D case,

ViU Y wh (Fs — (W) Ays — (Wi (F2)b — (W2)p) Axy =0 (49)
JjeP beB



M. Svird Journal of Computational Physics 426 (2021) 109947

where P is the set of all points, and B is the set of boundary points. Next, we choose the boundary fluxes, (]‘1,2);, for the
two types of boundaries.

Remark. Tadmor’s shuffle condition for two neighbouring points i, k, required for internal entropy stability, is,

wl +w] - _
T(flAJ’ik — faAxip) — (WD ik Ayik — (V2)ik Axig)) <0

where (7 2)ix = ( 1,2)12( 1.2)k_

4.1. Wall
The boundary condition at b is v, = (v1, v2) - (n1,n2)p = 0, where (1, ny)p is the outward pointing boundary normal. In

the scheme, we use the (scaled) approximation (n,nz)p = (Ayp, —AXp).
The boundary flux without the boundary condition imposed, is (dropping the subscript b)

/02\/1 pV2 PVn
_ pvi+p PV1V2 _ | pviva+mp
n n =n n = 50
1fitnfo=m PV1Vs 2| p24p OVaVy +nop (50)
Vi(E+p) v2(E+p) vn(E + p)
Using v, = 0 results in the numerical boundary flux,
0
- - n

m(Fop +ma(Fp = 2P . (51)

nap

0

With this boundary flux, it is straightforward to verify that

W] (F)b — (WD) Ayp — (W] (F2)b — (W2)p) Axp =0

at all boundary points in (49). We summarise the results in a proposition.

Proposition 4.1. Assume that the scheme (46 )-(48) is equipped with entropy stable interior fluxes. Then the numerical flux (51) leads to
an entropy bound w.r.t. (3) with v, = 0. Furthermore, (51) enforces an approximation of the no-penetration wall boundary condition.

4.2. Full-state boundary

We only consider the generalisation of the Dirichlet (Lax-Friedrichs) option for far-field boundary condition since that is
the only practically viable choice.

Proposition 4.2. Assume that the interior fluxes of the scheme (46)-(48) are entropy stable. Furthermore, let A’BLF = max({|va| +
c}o.p), where vy, is the velocity projected on the (approximate) normal direction. Then the following boundary flux for full-state bound-
ary points, b,

1 (FO)b +n2(f2)p = n1 f1(up) +n2 f2(up) — AEF (up — ug) (52)

leads to entropy stability with respect to (3) with u, = ug.
Proof. The proof is analogous to the 1-D case. O

4.3. Compatibility of walls and full-state boundaries

In more than one space dimension, there are more possibilities to combine different boundary types. The simplest case is
an object in freestream surrounded by a far-field boundary. In this case, it is straightforward to construct a smoothly varying
reference function with zero normal velocity at the object and freestream velocity at the boundary with the freestream
thermodynamic state being constant everywhere. (This is the obvious generalisation of the 1-D case.)

However, in the case of e.g. channels flows, one might have a wall boundary adjacent to inlets and/or outlets. (Here,
modelled with information about the full state vector.) To handle this, we define a compatibility relation.

12
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Definition 4.3. Assume that the boundary 92 of the computational domain Q is piecewise differentiable with a finite number of
corners. If the admissible reference function can be extended outside the domain such that it is continuous in a neighbourhood of the
corner, we say that the boundary conditions are compatible.

At the corner between a wall and a full-state boundary, compatibility means that the reference velocity at the full-state
boundary is parallel to the wall at the corner and the thermodynamic variables and remaining velocity components are
continuous across the corner.

Furthermore, we note that the reference state need not be constant along a boundary piece. This allows for e.g. a varying
(in time and space) velocity field at an inlet.

Since the reference function provides the boundary data, its smoothness properties affect the smoothness of the solution.
Our notion of compatibility is the same as in [6] but expressed differently. With higher compatibility, i.e., higher smoothness
of u,, higher smoothness of the solution is obtained (in the absence of shocks etc.).

However, we also note that the scheme will remain entropy stable even if the reference function is discontinuous and
incompatible, as long as the reference function can be constructed as the limit of smooth and compatible reference func-
tions.

4.4. Some remarks on the affine entropy

Our boundary procedure along with internal entropy stability (with respect to any entropy) guarantees entropy stability
of the initial-boundary value problem. However, we stress that if entropy stable fluxes (w.r.t. any entropy) are used, the
reference function is not explicitly used in the scheme (apart from as boundary data) when the Dirichlet (Lax-Friedrichs)
boundary condition (39) is used. Indeed, it would be odd if the scheme was depending on a largely arbitrary auxiliary
function.

On the other hand, entropy stable interior schemes are very diffusive and it might be possible to be a bit more subtle.
Since the reference function is essentially arbitrary in the interior, the scheme should be designed for whatever transition
the velocity in the reference function takes. The worst case is if it transitions within one cell. Thus, any of the cells should
be designed to handle the transition, but this might be less diffusive than being able to handle any entropy. (It amounts to
bounding essentially two, rather than infinite number of, entropies.)

Finally, we have only considered wall and full-state boundaries but it should be clear that any entropy stable boundary
conditions can be viewed as reference boundary conditions making the reference function central to entropy stability of initial-
boundary value problems. We have introduced it as a function designed to satisfy the boundary conditions. However, one
can take the opposite view that the entropy is bounded with respect to a global reference function that provides the
boundary data.

5. Numerical experiments

We consider two numerical experiments. The first is the interaction between a strong vortex and a subsonic outflow
boundary with constant freestream data. This is a model of a far-field boundary hit by vortices emanating from an object,
or it can be seen as a model of an outlet of a channel where flow structures are significantly different from the boundary
data.

The second problem is the flow around a NACA0012 aerofoil, which tests the robustness of both a wall boundary and
the far-field boundaries that are deliberately close to the aerofoil such that shocks impinge on them.

5.1. Simulation of inviscid vortex

To test the far-field/outlet boundary conditions, we have initiated the flow with an isentropic vortex at the centre of
the two-dimensional domain [0, 1]2. The domain is discretised by a randomly perturbed triangulated Cartesian grid with
100 x 100 points. The finite volume scheme, (46) and (48), was implemented and marched in time with a standard 3rd-order
Strong-Stability Preserving Runge-Kutta scheme and a timestep At = 2.8653295128939830E — 006 (that is a CFL~ 1).

The freestream has a Mach-number of 0.1 and the remaining freestream data and the vortex definition are given in
Appendix A. This Mach number makes the right boundary a subsonic outflow for which Dirichlet boundary conditions
imply an overspecification according to linear theory (but not according to the present non-linear theory).

The vortex is strong such that the mismatch with the freestream data on the outflow is substantial causing a violent
interaction. Although the scheme is linearly stable even without artificial diffusion (see [9]), the vortex is so strong that
linear theory is not valid. Hence, some artificial diffusion must be added to stabilise the flow. (This has nothing to do
with boundaries since the instabilities occur long before any boundary interaction.) We add 5% of the local Lax-Friedrichs
diffusion which seems to be about the least possible.

In summary, the resolution in space, time and the small amount of artificial diffusion makes the numerical errors from
the interior negligible compared to the interaction with the boundary. This can be seen in Fig. 3 which is a snapshot of the
solution at t = 0.005, well before any interaction with the boundary. The figure depicts an undisturbed vortex.

13
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In Fig. 4, the vortex has reached the boundary and it is distorted by the mismatch with the boundary data. We stress that
this is expected. Only if the analytical vortex solution is used as boundary data will the vortex pass through the boundary
undisturbed. For all other boundary data and boundary conditions, there will be reflections. (See e.g. [15] that shows a
similar behaviour for a scheme with characteristic boundary conditions and freestream data.)

Finally, we show the time evolution of the L?-norm of the density (see Fig. 5). At t =0.015 the interaction between the
vortex and the boundary, which is causing reflections, is clearly seen. However, at t = 0.025 the reflected disturbances have

been swept out of the domain and the density has settled on the freestream value.

14
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Fig. 6. Close up of the grid near the aerofoil.
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Fig. 7. Pressure distribution. Ma,, = 2.5 at 10 degrees angle of attack.

5.2. NACA0012

In this test, we consider a NACA0012 aerofoil with a triangular grid consisting of 39600 nodes. Part of the grid is
depicted in Fig. 6. It was generated from a (not very smooth) structured multi-block grid. In order to test the far-field
boundary conditions, we have chosen the computational domain to be small, [-2, 4] x [—2, 2]. (We acknowledge that this
is not a physically accurate model of an aerofoil in a freestream.) We ran the finite volume code with a CFL of 1 and the
3rd-order SSP-RK time marching in time. We use scalar artificial diffusion, namely 0.3 times the Lax-Friedrichs diffusion,
which is less diffusion than the Roe scheme. It is too little to be guaranteed to be entropy stable and thus it will put more
strain on the boundary conditions than an entropy stable choice would. The flow is initiated with a constant freestream
with Mach-number 2.5 and 10 degrees angle of attack in the entire domain, i.e., a severe mismatch between boundary data
and initial conditions at the wall.

Despite the rather small diffusion and the violent startup, the code ran stably and produced the solution depicted in
Fig. 7.

Furthermore, we draw the attention to the far-field boundaries and in particular the supersonic outflow behind the
aerofoil. Since the domain is small (in Fig. 7 the entire domain is shown) and the grid is relatively fine near the outflow,
the flow is still fairly resolved and not overly diffused. Hence, the non-linear waves extend all the way to the far-field
boundaries and there is a substantial mismatch between the solution and the freestream data which is enforced through
the boundary condition.

Recall that linear theory suggests that no boundary conditions are specified near the outflow. Here, we specify all 4
variables weakly using (39) and yet there are no visible artificial boundary layers caused by our procedure. (However, we
do not claim that the solution close to the aerofoil is unaffected by the close proximity of the outer boundaries.)

6. Conclusions
We have analysed entropy stability for the Euler equations with wall and full-state boundary conditions (far-field, inlet,
outlet) with respect to the Navier-Stokes entropy. In particular, we have proposed a stable weak enforcement of the no-

penetration condition and proposed novel closed-form Robin-type boundary conditions (39) (and the formally stable but
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not on closed form (16)) along with stable numerical approximations. This was accomplished by constructing an affine
transformation of the Navier-Stokes entropy with respect to a reference function that satisfies the boundary conditions.

We have also discussed the linear theory for the number of necessary boundary conditions, that “paradoxically” implies
entropy stability for a wall but not at the far-field. However, the linear theory provides boundary conditions for pertur-
bations of a supposedly known and smooth background field. Our non-linear analysis confirms this behaviour: In (16) the
Ra“g is negligibly small for a very smooth solution and the remaining Roe part (Aa“g) enforces characteristic boundary con-
ditions in accordance with linear theory. On the other hand, at a wall the no-penetration boundary condition is the proper
condition for both perturbations and the background field making it valid for both the linear and non-linear analysis.

However, we also claim that non-linearly averaged characteristic boundary conditions (including (16) and other Roe-type aver-
ages) always enforce as many boundary conditions as variables. This is realised by noting that only when all components of the
solution vector equal their counterpart of the boundary data is the boundary condition satisfied.

Since the full data vector is anyway enforced, and since analytical expressions for Rog in (16) are unavailable making
the boundary condition difficult to use in practice, we advocate to use the simpler (39) at full-state boundaries. To further
motivate this suggestion, we pointed out that the boundary condition (39) is consistent with viscous limits. Finally, we
demonstrated numerically that the proposed wall and full-state boundary treatment (39) are exceptionally robust.

Although, we have derived a finite volume scheme as an example of how to use these boundary conditions, they are
not limited to such schemes. The key features of the scheme are local entropy stability and the summation-by-parts (SBP)
property. The boundary conditions are applicable to any such scheme, be it a SBP finite difference, discontinuous Galerkin
or a spectral collocation element scheme.

The generalisation of the far-field boundary conditions to Robin-type for the Navier-Stokes equations (similar to [15])
should be straightforward provided that the internal discretisation of the viscous terms is entropy stable.
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Appendix A. Euler vortex
The centre of the vortex is located at (xc, yc.) = (0.5, 0.5). The freestream conditions are given by

Ma = 0.1 (in the x-direction), ps =1, Ts =273.15,

with the physical constants

Rg =287.15 (ideal gas constant), and y =1.4 adiabatic exponent.

The radius of the vortex is R, = 0.1 and g = 20 (strength). The functions defining the vortex are,

fEy)=@=x)*+ - yoH/R;
dvi(x, ) = —(Veo) - (¥ — ¥c)/Ry) - exp(—f/2)
dva(x,y) = (Voo B) - (x — Xc)/Rv) - exp(—f /2)
dT(x,y) = 0.5 (vooP)* - exp(—f)/cp

and the field variables are,

0 = Poo((Too —dT)/Tex) /¥~
pu=p - (U +dvy),
pv=p-dvy,

p
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