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Abstract

This work reviews the entropy conservative (EC) schemes introduced by Tadmor and exam-
ines their use in the receding flow problem extensively studied by Liou. This is motivated
by Liou’s recent findings that an abnormal spike in temperature observed with finite-volume
schemes is linked to a spurious entropy rise that can be prevented in principle by conserving
entropy. While a semi-discrete analysis suggests EC schemes are a good fit, a fully discrete
analysis based on Tadmor’s framework shows the non-negligible impact of time-integration
on the solution behavior. In addition, an EC time-integration scheme is developed to show
that enforcing conservation of entropy at the fully discrete level does not necessarily prevent
the temperature spike.

Keywords Time integration - Entropy conservation - Entropy stability

1 Introduction

In this paper, we consider general hyperbolic systems of conservation laws of the form

a 0]
W L 0 w=u.0)eRY, xRt >0, )
ot ax
and their numerical solution using finite-volume schemes. In Eq. (1), f is a smooth nonlinear
flux function of the unknown u. We also assume that the system (1) has a convex extension

in the sense that an additional conservation law [1]:
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aU n oF
ar - dx
where U = U (u#) € R is a convex function of u and F = F (1), naturally results from (1).

The pair (U, F) is often referred to as a generalized entropy—entropy flux pair. One such
system is the one-dimensional Euler equations:

0, ()

1Y 9 ou
— | pu|+—|pu*+p|=0, 3)
Jat t ax t
pe puh

where p is the density, u is the velocity, e/ = e+ %uz is the total energy per unit mass, e is the

internal energy, p = p(y — 1)eis the thermodynamic pressure, h' = e’ +% =y %uz is

y—I1
the total enthalpy and a = _/ % is the speed of sound. An additional conservation equation

that results from Eq. (3) is that of entropy pS (S is the specific entropy):

a(pS) i a(pusS) _
at 0x

Itis well known that discontinuous solutions to (1) can develop from smooth initial conditions.
Weak solutions must therefore be sought. Unfortunately, weak solutions are not uniquely
defined and one needs additional conditions to distinguish physical numerical solutions from
non-physical ones. For the Euler equations, solutions that introduce shock waves must lead
to an increase in the entropy of the system. One way to enforce this property is to require the
numerical solution to satisfy, in the sense of distributions:

a(—pS) = 9(—pus)
—+ <
ot 0x

The negative sign on the left-hand side of the inequality is introduced as a convention to cast
entropy production as a stability statement. The concept of a convex extension generalizes
the concept of entropy to hyperbolic systems of conservation laws. It has been extensively
studied and laid down by a number of researchers including Lax [1,2], Friedrichs [1], Kruzkov
[3], Tadmor [4], Harten [5] and Godunov [6].

Numerical schemes that are consistent with the system (1) are not necessarily consistent
with its convex extension (2). The pioneering work of Tadmor [7] introduced a class of
finite-volume schemes that enforces either conservation or production of entropy at the semi-
discrete level provided a certain condition is met by the interface flux. The first Entropy
Conservative (EC) interface flux, which consists of a straight path integral in phase space,
was also introduced. Entropy Stable (ES) schemes are achieved by combining an EC flux
with a dissipation term that enforces production of entropy in the presence of discontinuities.
Several developments followed. Of relevance to this work is the extension by Tadmor [8] and
LeFloch et al. [9] of the framework to the fully discrete setting by studying the influence of
time-integration on the entropy production. LeFloch et al. [9] introduced a Crank—Nicolson-
like integration scheme using an intermediate state in time that introduces no production of
entropy. One issue that hindered the use of EC/ES schemes in general is the non-closed form
the first EC flux takes in the general nonlinear case (when the entropy is not a quadratic
function of the state). Tadmor [8] introduced a new family of explicit EC fluxes which result
from replacing the straight path along which the integral is computed into subpaths of an
approximate Riemann solution in phase space. Roe [10] introduced what is often referred to
as an “affordable” entropy conservative flux for the Euler equations. This flux is obtained
by solving the entropy conservation condition using algebraic manipulations inspired from

0.

0. “
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[11], and has been the baseline EC flux in many of the ES schemes that have been developed
subsequently.

The problem that motivates this work is the receding flow problem (also known as the
123 problem in Toro’s book [12]) studied extensively by Noh [13] and Liou [14,15]. The
problem consists of a smooth flow undergoing rarefaction caused by two flows receding
from each other. It is identified by Liou as an open numerical problem as all well-known
numerical fluxes give an anomalous temperature rise (often termed “overheating”) at the
origin that cannot be fixed by refining the mesh, decreasing the time-step, or increasing
the solution order. Liou [15] first established a connection between the overheating and a
spurious entropy rise after the first time step. In a more recent paper [14], he connected the
entropy rise with the pressure component of the momentum flux. A cure proposed by Liou
consists of replacing the energy equation with either the transport equation for the specific
entropy S or the conservation equation for the entropy pS. One issue with this approach
is that conservation of total energy is no longer guaranteed. In view of this, the entropy
conservative schemes introduced by Tadmor appear as an interesting option. These schemes,
which enable the conservation of entropy without compromising the conservation of mass,
momentum and energy, were not considered by Liou. An analysis similar to that of Liou [14]
within the framework of Tadmor is therefore worth carrying out. While the semi-discrete
analysis of Liou [14] suggests that the overheating could be avoided with an EC flux, the
fully discrete analysis carried out in this paper reveals the non-negligible influence of time-
integration.

The effect of time-integration on the entropy conservation and entropy stability properties
of a semi-discrete scheme has not been an active topic of research. From [8], we know
that if an entropy conservative flux is used in space, then the 1st-order explicit and implicit
Euler schemes will make the resulting fully discrete system entropy unstable and stable,
respectively. The question of the entropy stability of explicit and implicit schemes in general
remains open. When the method of lines is used, Tadmor [8] shows that the entropy stability
of the fully discrete scheme is determined by the balance between the entropy produced
by the flux and the entropy produced by the time scheme. A fully discrete EC scheme is
for instance obtained when an EC time scheme is used with an EC flux. To the authors
knowledge, the only EC time scheme available to date is the one introduced by LeFloch et
al. [9]. However, this time scheme has the same issue as the first EC flux of Tadmor (non-
closed form). This is no coincidence, as it turns out that the entropy conservation condition
for spatial fluxes and the entropy conservation condition for this time scheme are similar.
Building on this analogy and the algebraic manipulations that led to the EC Roe flux, we
derive a new second-order EC time-integration scheme for the Euler equations and use it
to show that conserving entropy at the fully discrete level does not necessarily prevent the
overheating.

The paper is organized as follows. In Sects. 2 and 3, we review Tadmor’s numerical
framework at the semi-discrete level. In Sect. 4, we move to the fully discrete case: we examine
the effect of time-integration on the entropy conservation properties of the underlying semi-
discrete scheme, and introduce a new time-integration scheme for the Euler equations. In
Sect. 5, the overheating problem is analyzed in the context of EC schemes. We provide both
analytical and numerical arguments explaining why the conservation of entropy is not exactly
a remedy to the spurious behavior typically observed with finite-volume schemes.
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2 The Entropy Variables

An entropy—entropy flux pair (U, F) is one that satisfies:

oU o oF
uss_or, ®)
ou ou ou

au\"
v:(a) . ©)

The convexity of the entropy function U makes the mapping # — v one-to-one. So we can
rewrite Eq. (1) in terms of these variables:
du 0g

o 4 o =0, glv) = fu)).

With the entropy variables, the system is symmetrized, meaning that the Jacobians of its
temporal (denoted H = H (v)) and spatial fluxes are symmetric. Another property is that the
temporal Jacobian is also positive definite. This implies that u(v) and g(v) can be written as
gradients of potential functions ¢ and :

The entropy variables are defined by:

_ 99 _
u(v) = 30’ g(v) = 50"

With Eq. (5), it can be shown that these potential functions are given by:
p) = v u@) = U@®), ¥@®) =v"g®) — Fu®)).

For the Euler equations, the entropy—entropy flux pair we work with is the one introduced
by Hughes et al. [16]:

pS puS
Uu)=———, Flu)=———, S=In(p) — yin(p).
y —1 y —1

This pair belongs to the class of entropy pairs derived by Harten [5] and Tadmor [17]. This pair
has interesting properties when applied to the Navier—Stokes equations: the Clausius—Duhem
relation is recovered [16] and the corresponding potential functions are ¢ = p, ¥ = pu. The
corresponding entropy variables are given by:

The temporal jacobian H is given [16,18] by:

o pu pe'
H=|pupu>+p  phlu

2 adp
pe' ph'u p(h')* = 5

3 The Semi-discrete Case

Denote j the cell index in space. A finite-volume discretization of Eq. (1) is given by:
d t : =0 7
a0+ oz [ =] =0 @
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In cell j, u; is the mean solution over the cell and fj+% is a consistent flux at the right

interface. In the last section, we saw that for smooth solutions of a system of conservation
laws equipped with an entropy pair (U, F), the entropy U should be conserved according to
Eq. (2). For solutions with discontinuities, an admissibility criterion established by Lax [2]
and Kruzkov [3] is that:

d d
5 U@+ —Fw) <0, ®)

The semi-discrete scheme (7) is EC if it also solves a semi-discrete version of Eq. (2):

d 1
a0+ g P - Fiy] =0 ©

with F il a consistent entropy interface flux. Likewise, the scheme is entropy-stable if a
semi-discrete version of Eq. (8):

d I
SU@)+ = [Fryy — Fry] <o, (10)

is inherently solved. Since
rd d Ut
vi —uj=—U(u;),
Tdt™ " dr
an EC flux f il is one such that there exists a consistent entropy interface flux F L that
p 2 2
satisfies:

T = —
o ey = Fg = Py = Py
Tadmor [7] showed that this is equivalent to
[+ = v i1 = Vjs1 — ¥, (11)

where ¥; = ¥ (u), and that if an interface flux f 4l is EC, then the corresponding interface

entropy flux function F j is given by:

+3
1 ; 1
Fi1= E[Uj +vj41] fj+% - E(Wj + Y1) (12)

3.1 Entropy Conservative Fluxes

The first EC flux was introduced by Tadmor [19]:

1
f]+% = L f(v]+%($))dga ijr%(E) =7Vj +SAU}-+%, AU]~+% =UVj+1 — Vj. (13)

This elegant flux has the inconvenient property of not having a closed form. Its evaluation
requires using quadrature rules. The flux given by Eq. (13) is an integration along a straight
path in phase space. Later on, Tadmor [8] proposed to use piecewise-constant paths instead.
The resulting flux has an explicit form which depends on the path decomposition.

An EC flux that has been more popular over the years is the one derived by Roe [10] for the
Euler equations. The method used to derive it is central to this work. Denote f* = [ f1, f2, f3]
the interface flux separating two adjacent cells. Using the jump notation, the condition (11)
can be rewritten as:

w1’ f* =yl
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For the Euler equations and the entropy pair we work with, the jump term in the entropy
variables can be rewritten as:

or- [ 2] 2]
y—1 2L p p p
Define the set of independent variables (z1, z2, 23) = (\/g, \/gu, J/pp)- Then

2
3 P 2 PU pu 2
p=2z123, p=—, — =2, — =212, —— =23, PU =223,
L p 4 p

S={=pin(z3) — A+ p)in(zy).

Using the identities [ab] = a[b] + bla] and [In(a)] = a,n, where @ and ¢/ denote the
arithmetic and logarithmic averages, respectively, one can show that:

(I—v) I+
In [23] - In
23 2]

pu? _ ou _ _
[S] = [z1], [7} = 222[z2], [*:| = Z1[z2] + 22[z1],
V4 p

0 _ _ -
[;] = 2z1lz1], [pul = z2[z3] + z3[z2].
The motivation behind the introduction of the variables z; is to “exactly linearize” all the

jump terms involved in the entropy conservation equation (11). The entropy conservation
condition now becomes:

h ( (23] — 1—, Lty [Zl] 22[22]) + f2@ilz2] + 22lz1D + f3(=2zi[z1])
= 22[z3] +za[zz]- (14)
Regrouping, Eq. (14) becomes:
I+y 1 _ _ _ _ 1
[z1] <—f] T, T+ faia — 2f311> + [220(— fizz + faz1) + [z3] (mﬁ)
-V Zl 23

= 22123 + [z3]22

The jumps in the z; are independent, therefore:

14+y 1 _ _ _ _ _ 1 _
—f1 - T R —2f321=0, —fia+ i1 =23, 5 fi =2
vz <3

The variables z; basically enabled us to convert the scalar condition (11) into a system of 3
equations that we can easily solve:

- RS I+y 1
fi=2z3, h=@+ H)/@), = f1 —, — + 222
1

This is the Roe EC flux.
The choice of the variables z; is open. Using the same method with the set (z1, z2, z3) =
(o, u, ﬁ), Chandrasekhar [20] derived the following EC flux:

_ 1 1~ _
fi= zllﬂzz, f2= 27_ +22f1, f3= [W - EZ%:Ifl + 22 /2. (15)
- -3
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Jameson [21] showed that an interface flux preserves the kinetic energy of the system at
the semi-discrete level provided that the density flux f; and momentum flux f> satisfy
f> = p +ufi, where p is any consistent average pressure. The EC flux given by Eq. (15)
satisfies this property as well. In contrast to the conclusions of [20] (Sect. 5.4.), such a flux

is not unique. With the set (z1, 22, 23) = (p, u, 2p) the resulting EC flux:

17
2 - R
2213" - 2z2> + fri2 — 2122,

_ - o _ .
fi=2a0", h=-=+ifi, fi=h S
2723 y—1

is also kinetic energy preserving. The term —z; 7 of the energy flux f3 is missing in [20].

Although the EC Roe flux was introduced for the Euler equations, the methodology used
to derive it is general and can be applied to other systems in multiple dimensions such as the
ideal MagnetoHydroDynamics (MHD) equations (see Winters et al. [22]).

3.1.1 Entropy Stable Spatial Fluxes

Entropy stable fluxes enforce inequality (10), with F 41a consistent entropy interface flux.
Entropy Stable (ES) fluxes are typically built by combmmg an entropy stabilization term

f jS+ ! with an EC flux f;_i. An ES flux has the general form f; 1= f;:_, ij+ ! and the
entropy stabilization term should be such that:
T -
I fy = foy | =[Fry - Froa]+e €>0, (16)

so that, at the semi-discrete level:

d 1

Note that the entropy flux F ! does not necessarily need to be the one generated by f]f‘:r |

(denoted F;L 1 ). Tadmor [19] showed that if the stabilizer has the general form
2

* T
F. 1—F,7 Uj+le+%AUj+%,

and

:Ax[ ﬁ%Q 1A, |+Av 10Qj 14y, 1] (17)

Entropy stability is achieved if the dissipation matrix Q i+l positive definite.
2
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4 The Fully Discrete Case
4.1 Entropy Stability of Time Schemes

Let’s assume that an EC flux is used in space. What happens at the fully discrete level, when
time is discretized? If we evolve in time using Forward Euler (FE) for instance:

At
u'}+1—uf;+x[f;’+%—ff’1}:0,/\:—, (18)

are we simultaneously evolving in time the entropy equation with FE? In other words, is the
fully discrete scheme (18) also solving
n+ly _ n n _n —09
U@i™) U(uj)+k|:j+% ij%}_o. (19)

In Eq. (19) and what follows, the superscript n refers to the time instant. We know that

n\T n _4n _ n _n
;) [f.H% fjf%] - Fj+% F 3
therefore the answer depends on whether
WHT W Wl = vt v

holds. Tadmor [8] showed that, for FE:

WH T —ujl = U@ —U)) - e7E ) o), (20a)
1 T
1 1 1 1
eFE@ Vit = /21 <E +g) <Au;’+2) H <v;f+2(g)> AV dE > 0, (20b)

2

nty o+l n+l _on nt3 ntl _on he
wherevj &) =+ ’—I—E(vj —vj)andAvj =} —vj.Thlsmeansthatatthe

fully discrete level:

n+ly n n _n — FE
U(uj ) U(uj)+)»|:j+% Fj+%i| EF > 0. (21)

This makes FE unconditionally entropy unstable. For Backward Euler, Tadmor [8] showed
that:

YT —wt = Uit — U@l + EBE @ v, (222)
LAVa T 1 1
EPE W M) = /,1 (5 - g) (Avj”.+2> H <v;.’+2(g)> AV dg > 0.
2 (22b)
This means that at the fully discrete level:
U(u';.“) —UW)+2 [Fj:él - F/:ﬂ =—&BE <0 (23)

This makes BE unconditionally entropy stable. One may wonder if all implicit and explicit
time-integration schemes are unconditionally entropy stable and unstable, respectively. To
the best of the authors’ knowledge, this is an open question. To support this statement, let’s
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use the two main results of Tadmor’s analysis, i.e. Eqs. (20a) and (22a), to derive the entropy
production of some well-known time-integration schemes. Define:

: 1 : 1
f _ _ F _ .Tpf _ _
Rj(u)_—Ax (fj+% fj_%>,Rj(u)_ijj(u)— A (Fj+% Fj_l),

2

so that we can rewrite Eq. (7) in a more compact form. The implicit 2nd-order backward
difference (BDF2) scheme is given by:

4 1 2
W = St S = AR W), 24

If we rewrite the scheme (24) as:
4 2 ontl T B 2 [ oon+2

left-multiply by (v;."Lz)T and use Eq. (22a), we obtain the following for the discrete entropy:

4 1 2
U@u't?) — 7U(u’;+2) + 5U(u';) = gAtRf(u"“) — gBDF2

J 3
This is basically BDF2 for the discrete entropy, with an additional entropy production term
EBDF2 given by:
4 1
E/'BDFZ — ggBE(U7+1 , v;l+2) _ ggBE(vljl’ v;l+2)

The production term £5% (v;’, v"*2) can determine the entropy stability of BDF2. However,

its sign is hard to establish. The explicit Leap-Frog Method is given by:

n+l _  n—1 foon
u;" = u; +2AtRj(u ).

Subtracting u'} on both sides, left-multiplying by (v;.’)T, and using Eqs. (20a) and (22a), we
get a Leap-Frog of the entropy
Ut = U@ +24eR] (u") — €4F

with an entropy production term £ given by:

SLF — gBE(v;tfl’ v?) _ 5FE(U;1’ U;~l+1).

Here again, it is hard to make a statement about the sign of the entropy production term L7,
We could derive similar results for other schemes and reach the same conclusion.

4.2 Entropy Conservative Time Schemes

We still assume that an EC flux is used in space. LeFloch et al. [9] (Theorem 3.1.) showed
that the following scheme:
Wty

-’Ttuj = le (u (v”%)) ) (25)

. Lo . s .
with v"*2 an intermediate state in time given by:

(ST

n n+1
v = f Y (% + mu”%) dE, Auh ="y (26)
-2

is entropy conservative in the sense that the scheme satisfies:
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U(u;%“) —U@?)

v = R} (u@"*7)).

The scheme is also shown to be second-order accurate, in the sense that Eq. (25) is a second-

S +1 . . .
order approximation to Eq. (1) evaluated at t = o 2‘” " Ifthe system of interest is symmetric

n n+l
(v = u), the intermediate state becomes Wy = %

Tadmor refers to this scheme as a “Generalized Crank Nicolson” scheme in [8]. In the
general nonlinear case, this scheme is “impractical” to the same extent as the first EC flux.
The intermediate state does not have a closed form and requires quadrature.

The similarity between the intermediate state in time (26) and the first EC flux (13) is no
coincidence. The condition on the intermediate state for the proposed scheme to be entropy
conservative is (see Assumption 2.1. in [9] for g = 1):

’H’% Tr. . n+l ny __ n+ly _ n
(; ;" —uf I =UW;") = U)). (27)
This equation is an analog of the Entropy conservation condition in space (11). We can

therefore apply the technique used to derive the EC Roe flux to derive an “affordable”

. . . 1 , .
intermediate state in time. Denote v"*2 = [v1, v», v3]. Let’s consider p, u and p as the
independent variables. The jumps can be written as:

1
lou] = plul +i[p], [pe'] = % + f[ 2= % + —u2[p] + pilul, (28)
[pS] = pLS1 + Slp] ﬂ%—y'iﬂw[ ! (29)

Injecting Eqgs. (28) and (29) in Eq. (27) and regrouping we obtain:

_ 1- _ _ v3
(o] <v1 + vy + 5u2v3> + [ul(pv2 + upvs) + [p] ( )

y —1
—1 _ 0 0
=—([p] (S—y%)ﬂp]%).
y—1 p P

The jumps are independent, therefore:

B 1 - 1 - P _ __
v1+uv2+7u2v3:7(y S%) pvy +iip3 =0, v3 = ———
2 Y P

The solution is:

! P _5)-a L2 i 2 (30)
v=——\y— — — Uvy — —uv3, v = —UV3, V3 = ———.
1 Y1 Vp,n 2= HUTU3, v 3, U3 i
This intermediate state satisfies condition (27) and is consistent. Let’ s show that the resulting
scheme is second-order as well. A Taylor expansion about t = o~ +t gives:
urH_l — un tn + [n-‘rl
J J 2
- =0 |x;, —— | + O(Ar").
= (. = ) o)

To conclude, let’s show that:

" l”+1
VI =y <%> + O(AP?).
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Let’s establish a few results first. Let a(#) be a strictly positive time-dependent quantity and
n_y n+l . .
denote a" = a("), a"t! = a(@"t!) and a* = a(%). Using a Taylor analysis about

n n+1
r=t— ="t % =t %, one can show that:

a=a*+0(A?), a2 = (@*)? + O(A?), (31)
a*
a"tl —a" = Ata’, + O(AP), log(@"™!) —log(a") = At— + O(AFP).  (32)
’ a
Therefore:
m_ @@ AW+ OA0) d+OGR) L o
" log(a"tl) —log(a™) A, % T 14042
og(a"t') —log(a™) Atsh + O(A3) + O(Ar?)
Likewise we show another useful identity:
C_l a* 2

where b(t) is another strictly positive quantity. With Egs. (31) and (33) we can show that the

nonlinear intermediate state v, 1= [vi, va, v3]defined by Eq. (30) satisfies:
— §* 1 o*(u* 2 EE *
o= P25 LA L oAy, v = 2 o), v = -2+ 0.

This methodology can be applied to other hyperbolic systems with a convex extension (shal-
low water equations, ideal MHD equations, etc...).

5 The Overheating Problem: Receding Flow

The receding flow problem [14,15] is a 1D Riemann problem defined by the following initial
conditions:

up <0, ug >0, p. = pg =p°, pL = pr = p’. (34)
where the subscripts L and R refer to the left and right sides of the domain, respectively. Liou
considered the case of equal velocity magnitudes |uy | = |ug| = ub.

Liou describes this problem as “fundamental” in the sense that the overheating cannot
be overcome by refining the mesh or changing the time step (it is independent of the CFL
number). One of the main findings of his study is that the overheating originates from an ab
initio entropy production at the beginning of the run. Figure 1 (Roe flux in space, forward
euler in time) illustrates the numerical behavior that is typically observed with the wide
range of fluxes Liou [14,15] considered. The pressure is well resolved whereas the density is
slightly under-estimated at the center (see Fig. 1a). That the overheating is generated at the
very first instant is intuitive given the nature of rarefaction waves (discontinuities that should
vanish after some time) in contrast to shock waves (discontinuities that persist in time).

5.1 Liou’s Semi-discrete Analysis

To investigate how S is produced in the discretized conservation laws, Liou [14] begins with
the following equation:

pas < a? u2> ap dpu  dpe'

R ot y—1 2 ) "Tar T o
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Fig.1 Receding flow problem: numerical solution (full line) at # = 0.18 s with the Roe flux and forward Euler
in time. 100 cells and Ar = 107 3s. a Density. b Temperature. ¢ Velocity. d Specific entropy

R is the gas constant. This equation relates the temporal variation of the specific entropy S
to that of mass, momentum and total energy.

Denote cell “R” as the cell immediately to the right of the interface with index 1. Then
integration over cell R gives:

pas ., _ ((ao)2 Cwh?

) [(ou)32 — (pu)1s2]

% R a1 y—1 2
+u[(pu® + p)3j2 — (pu® + )iyl
— [(puh")3/2 — (puh")12]. (35)

The fluxes at interface 3/2 are determined by the initial conditions:

(pu)32 = p°u®, (pu? + p)3jp = p° W) + p°, (ouh')3n = pu® (")’ (36)
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Fig.2 Receding flow problem: Numerical solution (full line) at # = 0.18 s with the EC Roe flux and forward
Euler in time. 100 cells and A7 = 10™3s. a Density. b Temperature. ¢ Velocity. d Specific entropy

For all the fluxes tested by Liou [14], the values at the interface 1/2 are given by:
(pu)12 =0, (pu* + p)ija =min + p1ja. (puh')in = 0. 37)

my2 and pj/; are the momentum and pressure fluxes, respectively. Combining Egs. (35),
(36) and (37) results in the following:

35S
jg%gd" = uol(p® = p1y2) — mip2l. 8
R

The right-hand side term remains non-zero for all the fluxes Liou considered. An identical

result is obtained for the “L” cell immediately to the left of the interface, meaning that the
entropy rise occurs symmetrically about the interface. In light of Eq. (38), Liou attributed the
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Fig.3 Receding flow problem: numerical solution (full line) at # = 0.18 s with the EC Roe flux and backward
Euler in time. 100 cells and A7 = 10~ 3s. a Density. b Temperature. ¢ Velocity. d Specific entropy

ab initio generation of entropy to the pressure and momentum components of the numerical
flux. He concluded his study by showing that replacing the energy equation with the conser-
vation equation for entropy cures the overheating. One of the issues with this cure is the lack
of conservation of energy.

Liou’s study did not consider Tadmor’s family of schemes. EC schemes allow the conser-
vation of entropy without compromising that of energy. If the EC Roe flux is used, the flux
values at interface 1/2 take the values:

(pw)12 =0, (pu* + p)ijp = p°, (puh')1)2 = 0.

and we obtain, for both the R and L cells:

35S
yg P2 av—o.
R o
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Fig. 4 Receding flow problem: numerical solution (full line) at # = 0.18 s with the EC Roe flux and the EC
scheme in time. 100 cells and Az = 107 3s. a Density. b Temperature. ¢ Velocity. d Specific entropy

This suggests that the spurious entropy production would be avoided. This is unfortunately
not the case (see Fig. 2). In the next section, we use a fully discrete analysis to explain why
the spurious entropy rise is not necessarily avoided.

5.2 Fully Discrete Analysis with EC Schemes

The entropy rise observed with EC schemes can be explained if we consider the influence of
time-integration. Let’s assume that Forward Euler is used together with the EC Roe flux. We
are interested in the jump of specific entropy S' — S° in the R cell after the first time step.
We have the following discrete equation for density:

@ Springer



986 Journal of Scientific Computing (2019) 78:971-994

0.702 : : : : 0.702 , , , ,
0.7+ 1 0.7 f ]
0.698 | 1 0698
0.696 | 1 0.696 |
0.694 ¢ 1 0.694
0.692 | 1 0692 ]
0.69 ‘ ‘ ‘ ‘ 0.69 ‘ ‘ ‘ ‘
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
(a) (b)
0.702 , , , , 0.702
0.7 + 4 0.7 } ]
0.698 | 0.698 |
0.696 | 0.696 |
0.694 | 0.694 |
0.692 | 1 0692 ]
069 0.2 0.4 0.6 0.8 069 0.2 0.4 0.6 0.8
(c) (d)

Fig.5 Receding flow problem: snapshots of the sSpeciﬁc entropy profile when the EC Roe flux is used in space
and BE is used in time. 100 cells and At = 107 s.at=0.018s. bt =0.072s. ¢t = 0.126s.d t = 0.18s

' = 2w — () = — O (39)
P /O—Axp 1/2 pu)32l = Axﬂ .
Using the analysis of Sect. 4, we have the following discrete equation for the “entropy”
U=—2L5.

y—1

1_ 0_ At _ _ \eFE
(0S)" = (pS)" = Z—lpuS)2 = (puS)sppl + (L = y)ET. (40)

The interface flux for the entropy is given by Eq. (12). With the EC Roe flux, we get the
values:
(puS)1y2 =0, (puS)3j2 = p’u’s’.
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Fig.6 Receding flow problem: total entropy (pS) production over time. The EC Roe flux in used in space. EC:
our new EC scheme in time. FE: forward Euler in time. BE: backward Euler in time. 100 cells and A7 = 1073 s

The entropy production term EFF is given by Eq. (20a). Equation (40) becomes:
At
(p$)' = (08)" = == p’u’8" + (1 — )", (41)
X
Combining Eqgs. (41) and (39) gives:

P! = (09)° = $%p" — p% + (1 — y)EFE.

Regrouping, one obtains:
St =80 = -ye/pl. (42)

Equation (42) is exact and shows that when the EC Roe flux is combined with 1st order
Euler explicit in time, the spurious entropy production is due to the entropy produced by
the time-integration scheme. While this type of analysis can hardly be carried out for more
complex combinations of fluxes and time-integration schemes, it is enough to justify the
non-negligible impact of time-integration on the numerical behavior of the solution. Note
that if non EC fluxes were used in space and if conservation of energy was replaced with
conservation of entropy, the term (1 — )EFE would disappear and we would indeed obtain
that S' — 9 = 0. The same result could be obtained with implicit schemes depending on
the flux used in space.

5.3 Numerical Experiments
In this section, we investigate the numerical solution of the receding flow problem when

an EC flux is used in space. Three time-integration schemes are considered: Forward Euler,
Backward Euler and the EC time scheme we introduced in Sect. 4.2.
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Fig.7 Receding flow problem: numerical solution (full line) at # = 0.18 s with the ES flux of Ismail and Roe
[23] in space and our EC scheme in time. 100 cells and At = 107 3s.a Density. b Temperature. ¢ Velocity. d
Specific entropy

The EC time scheme and BE are implicit schemes. The nonlinear equations are solved
iteratively using Newton’s method followed by a line search algorithm. The Jacobian matrices
associated with each scheme are directly computed using the complex step method.

Figures 2, 3 and 4 show the numerical solution with Forward Euler, Backward Euler, and
the EC time scheme, respectively, for a grid of 100 elements and a time-step Az = 1073 s.
Oscillations of various magnitudes are observed in all three cases. The oscillations are more
pronounced in the Forward Euler case and their magnitude keeps growing with time because
of the negative entropy production that is brought in by FE at every time instant. The opposite
trend is observed in the Backward Euler case. The oscillations are much more damped. This
is a consequence of the positive entropy production of BE. We also observe a specific entropy
profile (Fig. 3d) that is similar to the overheated profile (Fig. 1d) observed with conventional
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Fig. 8 Receding flow problem: numerical solution (full line) at # = 0.18 s with the EC Roe flux and our EC
scheme in time. 1000 cells and Ar = 10~%s. a Density. b Temperature. ¢ Velocity. d Specific entropy

schemes. Figure 5 shows how the specific entropy profile in the BE case evolves over time.
The spike at the center increases with time as the oscillations caused by the EC flux in space
are damped by BE. In the case of a fully discrete conservative scheme (Fig. 4), what we
observe are oscillations of a magnitude higher than those of BE and much lower than for FE.
The growth of oscillations is more controlled than for Forward Euler. We also note that the
specific entropy profile is the most accurate of all three cases. The BE case still provides the
best solution overall and illustrates why entropy-stable (as opposed to entropy conservative)
schemes are used in practice. This shows that enforcing conservation of entropy, even when
it is a property of the exact solution, does not necessarily lead to a better behaved numerical
solution. Figure 6 shows the production of entropy over time in all three cases. It confirms the
entropy stability properties of FE and BE that Tadmor proved, and the entropy conservation
property of our time scheme. The rate at which BE produces positive entropy decreases with
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Fig.9 Receding flow problem: numerical solution (full line) at # = 0.18 s with the EC Roe flux and backward
Euler in time. 1000 cells and A7 = 10~ %s. a Density. b Temperature. ¢ Velocity. d Specific entropy

time. This is because, as time goes by, the oscillations caused by the EC flux in space are
damped by the dissipation of BE and the numerical solution becomes smoother.

Figure 3 suggests that when an EC flux is used in space, the overheating is correlated to a
positive entropy production. Increasing the time step for BE increases that production. More
generally, it appears from Figs. 2d, 3d and 4d that the entropy production of the fully discrete
scheme has a strong impact on the specific entropy profile that Liou’s latest studies focused
on. The profile of Fig. 4d (entropy conservative) is in between that of Figs. 2d (entropy
unstable) and 3d (entropy stable).

Figure 7 shows the results obtained when entropy stability comes from the spatial flux
instead of the temporal scheme, as in the Backward Euler case. The entropy stable flux of
Ismail and Roe [23] is used in space together with our EC time scheme. The results are the
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Fig. 10 Receding flow problem: snapshots of the specific entropy profile when the EC Roe flux is used in
space and our EC scheme is used in time. 1000 cells and At = 107%s.at = 0.0179s. b t = 0.07165. ¢
t=0.1253s.dt=0.179s

same as in Fig. 1. This shows that entropy stability, whether enforced through space or time,
produces an overheated profile.

Figures 8 and 9 show the numerical solution with a finer mesh (1000 cells) and a smaller
time-step (At = 10™*s) for the EC time scheme and BE. FE does not converge for this
configuration. In Fig. 8, the oscillations have a higher frequency and a lower magnitude than
in the coarser configuration. The oscillations obtained with the EC scheme in time appear
to have more fine-grained structures than in Fig. 4. The envelope of the density oscillations
observed in Fig. 8a and the density profile of the BE case Fig. 9a suggests that the fully
discrete EC scheme essentially under-estimates density before the rarefaction waves. We can
see that the specific entropy profile (Fig. 8) produced by the fully discrete EC scheme has the
spike associated with the overheating at its center, and two spikes at the beginning of each
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rarefaction that seem to compensate for the overheating. Figure 10, which features snapshots
of the specific entropy profile over time, shows that this structure is conserved over time.

5.4 Additional Remarks

The EC scheme that has been developed in this paper is just one way among many to conserve
entropy in addition to mass, momentum and energy at the fully discrete level. In the scalar case
(N = 1), the entropy conservation condition in space (11) has only one solution. For systems
(N > 1) there is more than one possible EC flux. Likewise, the intermediate state in time we
used in our EC time scheme is just one choice among many. The time scheme given by Eq. (25)
is part of a more general class of entropy conservative scheme that LeFloch et al. introduced
in [9]. While one can arguably take the stance that fully discrete EC schemes will produce a
similar behavior to that in Figs. 4 and 8, it is known from past work [10,20,24] that all EC
fluxes do not perform equally. Besides simplicity, one of the reasons why the EC Roe flux is
preferred over the first EC flux of Tadmor is that the latter does not preserve stationary contact
discontinuities. Chandrasekhar [20] introduced an EC flux that has the additional property of
discretely preserving, in the sense of Jameson [21], the kinetic energy of the system. This type
of property is often sought when turbulent flows are simulated. Another metric is how good of
a foundation an EC flux constitutes in an ES scheme. The dissipation component of entropy
stable fluxes is often seen as the complement needed by EC fluxes in the presence of shocks.
An EC scheme will produce non-physical solutions (oscillations) in the presence of shocks
because entropy is not produced. This picture is correct but incomplete. In the presence of
rarefaction waves and moving contact discontinuities, which do not physically require any
production of entropy, EC schemes have the same oscillatory behavior (the receding flow
problem is an illustration). This places an additional burden on the dissipation term which
has to make up for the flaws of its foundation. Derigs et al. [24] showed that entropy stable
schemes perform better on high-pressure shock problems if Chandrasekhar’s EC flux is used
instead of Roe’s.

Besides, Liou showed that the overheating occurs in the very first instants where the two
receding rarefactions waves introduce the most significant discontinuities. It can be easily
checked that with a fine enough grid, any scheme, EC or non-EC, will perform well if started
from the exact solution at + = v > (. Completely excluding EC schemes would require
showing that no fully discrete EC scheme can survive in that [0, 7] time window. We are not
able to prove or disprove such a claim.

6 Conclusions

In this work, entropy conservative schemes, which allow for the conservation of an additional
quantity at the semi-discrete level, were considered for the receding flow problem. This was
motivated by Liou’s latest study that showed the connection between the overheating and a
spurious entropy production ab initio. While Liou’s semi-discrete analysis suggested that the
EC flux of Roe would prevent the overheating, a fully discrete analysis showed the influence
of time-integration on the entropy production.

This observation brought about the question of the behavior of a fully discrete entropy
conservative scheme on this type of problem. Building on the analogy between the entropy
conservation condition for the spatial fluxes and the entropy conservation condition of a
class of time-integration schemes considered by LeFloch et al., we derived a new entropy
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conservative time-integration scheme. Combining it with an EC flux, we observed that it does
not necessarily make the solution better. A better specific entropy profile is obtained but the
oscillatory nature of the numerical solution does not make it a practical option.

Whether all entropy conservative discretizations would have the same unsatisfactory
behavior on this type of problem, where one expects the continuous solution to conserve
entropy, is a question that requires further investigation.

Acknowledgements Ayoub Gouasmi would like to thank Laslo Diosady and Nicholas Burgess for insightful
conversations from which this work benefited. The authors also thank Philip Roe and the anonymous reviewers
for helpful comments on the manuscript.

References

1. Friedrichs, K.O., Lax, P.D.: Systems of Conservation Equations with a Convex Extension. Proceedings
of the National Academy of Sciences 68, 1686—1688 (1971)

2. Lax, P.D.: Hyperbolic systems of conservation laws and the mathematical theory of shock waves. In:
SIAM Regional Conference Lecturers in Applied Mathematics (1972)

3. Kruzkov, S.N.: First-order quasilinear equations in several independent variables. Math. USSR-Sbornik
10, 217 (1970)

4. Tadmor, E.: Entropy functions for symmetrix systems of conservation laws. J. Math. Anal. Appl. 122,
355-359 (1987)

5. Harten, A.: On the symmetric form of systems of conservation laws with entropy. J. Comput. Phys. 49,
151-164 (1983)

6. Godunov, S.K.: Aninteresting class of quasilinear systems. Dokl. Acad. Nauk. SSSR 139, 512-523 (1961)

7. Tadmor, E.: The numerical viscosity of entropy stable schemes for systems of conservation laws. I. Math.
Comput. 49, 91-103 (1987)

8. Tadmor, E.: Entropy stability theory for difference approximations of nonlinear conservation laws and
related time-dependent problems. Acta Numer. 12, 451-512 (2003)

9. Lefloch, P.G., Mercier, J.M., Rohde, C.: Fully-discrete, entropy conservative schemes of arbitrary order.
SIAM J. Numer. Anal. 40, 1968-1992 (2002)

10. Roe, P.L.: Affordable, entropy consistent flux functions. In: Eleventh International Conference on Hyper-
bolic Problems: Theory, Numerics and Applications (2006)

11. Roe, PL.: Approximate Riemann sovers, parameter vectors, and difference schemes. J. Comput. Phys.
72,357-372 (1987)

12. Toro, E.F.: Riemann Solvers and Numerical Methods for Fluid Dynamics: A Practical Introduction, 3rd
edn. Springer, Berlin (2009)

13. Noh, W.E.: Errors for calculations of strong shocks using an artificial viscosity and an artifical heat flux.
J. Comput. Phys. 72, 78-120 (1987)

14. Liou, M.S.: The root cause of the overheating problem. In: 23rd AIAA Computational Fluid Dynamics
Conference (2017)

15. Liou, M.S.: Why is the overheating problem difficult: the role of entropy. In: 21st AIAA Computational
Fluid Dynamics Conference (2017)

16. Hughes, T., Franca, L., Mallet, M.: A new finite element formulation for computational fluid dynam-
ics: I. Symmetric forms of the compressible Euler and Navier—Stokes equations and the second law of
thermodynamics. Comput. Methods Appl. Mech. Eng. 54, 223-234 (1986)

17. Tadmor, E.: Skew-selfadjoint form for systems of conservation laws. J. Math. Anal. Appl. 103, 428-442
(1984)

18. Barth, T.J.: Numerical methods for gasdynamics systems on unstructured meshes.In: Recent Develop-
ments in Theory and Numerics for Conservation Laws: Proceeding of the International School on Theory
and Numerics for Conservation Laws, pp. 195-285. Springer, Berlin, Heidelberg (1999)

19. Tadmor, E., Zhong, Z.: Entropy stable approximations of Navier-Stokes equations with no artificial
viscosity. J. Hyperbolic Ditfer. Equ. 03, 529-559 (2006)

20. Chandrasekhar, P.: Kinetic energy preserving and entropy stable finite volume schemes for compressible
Euler and Navier—Stokes equations. Commun. Comput. Phys. 14, 1252-1286 (2013)

21. Jameson, A.: Formulation of kinetic energy preserving conservative schemes for gas dynamics and direct
numerical simulation of one-dimensional viscous compressible flow in a shock tube using entropy and
kinetic energy preserving schemes. J. Sci. Comput. 34, 188-208 (2008)

@ Springer



994 Journal of Scientific Computing (2019) 78:971-994

22. Winters, A.R., Gassner, G.J.: Affordable, entropy conserving and entropy stable flux functions for the
ideal MHD equations. J. Comput. Phys. 304, 72—108 (2016)

23. Ismail, F, Roe, PL.: Affordable, entropy-consistent Euler flux functions II: entropy production at shocks.
J. Comput. Phys. 228, 5410-5436 (2009)

24. Derigs, D., Winters, A.R., Gassner, G.J., Walch, S.: A novel averaging technique for discrete entropy-
stable dissipation operators for ideal MHD. J. Comput. Phys. 330, 624-632 (2017)

@ Springer



	Entropy Conservative Schemes and the Receding Flow Problem
	Abstract
	1 Introduction
	2 The Entropy Variables
	3 The Semi-discrete Case
	3.1 Entropy Conservative Fluxes
	3.1.1 Entropy Stable Spatial Fluxes


	4 The Fully Discrete Case
	4.1 Entropy Stability of Time Schemes
	4.2 Entropy Conservative Time Schemes

	5 The Overheating Problem: Receding Flow
	5.1 Liou's Semi-discrete Analysis
	5.2 Fully Discrete Analysis with EC Schemes
	5.3 Numerical Experiments
	5.4 Additional Remarks

	6 Conclusions
	Acknowledgements
	References




