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A MINIMUM ENTROPY PRINCIPLE IN THE COMPRESSIBLE
MULTICOMPONENT EULER EQUATIONS

AvyouB GouasMmib*, KARTHIK DURAISAMY!, ScOTT M. MURMAN? AND EITAN TADMOR?

Abstract. In this work, the space of admissible entropy functions for the compressible multicomponent
Euler equations is explored, following up on Harten (J. Comput. Phys. 49 (1983) 151-164). This effort
allows us to prove a minimum entropy principle on entropy solutions, whether smooth or discrete, in
the same way it was originally demonstrated for the compressible Euler equations by Tadmor (Appl.
Numer. Math. 49 (1986) 211-219).
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1. INTRODUCTION
Some hyperbolic systems of conservation laws,
opu+ 0, f =0, (1.1)

where u(z,t) and f(u(z,t)) are the state and flux vectors, respectively, admit a convex extension [4,16] in the
sense that equation (1.1) implies an additional conservation equation:

U + 0, F =0, (1.2)
where (U, F) = (U(u), F(u)) € R? is an entropy—entropy flux pair satisfying:
oU of  OF
Budu  ou (13)

and U strictly convex. We refer to U as an entropy function. Equation (1.3) is a necessary and sufficient condition
for (1.1) to imply (1.2). Additionally, Mock [23] showed that the mapping u — v with the vector of entropy

variables v defined as: .
oU

is one-to-one and turns (1.1) into a symmetric hyperbolic system [4,19].
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It is well known that when the flux f is nonlinear, discontinuous solutions to equation (1.1) 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 solutions from non-physical
ones. It is common practice to view physical solutions as those arising as vanishing viscosity limits, u(z,t) =
lim, o u¢(x, t), of solutions u¢(x,t) to the regularized system:

Opu® + 0,f(u) = ed?u’, € > 0. (1.5)
Multiplying (1.5) on the left by v T and using the convexity of U one can show that u® satisfies the inequality:
U (0 + 0, F (u®) < ed?U(u®). (1.6)

In the limit € — 0, this leads to the well-known entropy condition [19,21]:
U (u) 4+ 0, F(u) <0, (1.7)

which is understood in the sense of distributions. Weak solutions to (1.1) which satisfy the entropy condition
(1.7) for all entropies are called entropy solutions.

For the compressible Euler equations governing the inviscid polytropic gas dynamics, Tadmor [26] showed
that entropy solutions, whether smooth or discrete, satisfy a minimum entropy principle, namely that the spatial
minimum of the specific entropy is an increasing function of time.

In this work, we seek to extend this result to entropy solutions of the multicomponent compressible Fuler
equations. In Section 2, we review the system at hand. In Section 3, we recall the original proof and motivate the
two families of entropy function we investigate in Section 4. We end up showing a minimum entropy principle
for the mixture’s specific entropy. In Section 5, we review numerical schemes which satisfy this property.

2. GOVERNING EQUATIONS

We consider the compressible multicomponent Euler equations [6] which consist of the conservation of species
mass, momentum and total energy. In one dimension, that is equation (1.1) with the state vector u and flux
vector f defined by:

T T
ui=[p1 ... pn pupe+ ipu?] = [pru... pyupu? +p (pe+ Spu* +pu|

where py is the partial density of species k, p := Zi\;l pr is the total density and wu is the fluid velocity. The
pressure p is given by the perfect gas law:

al R
= ri, ry = —,
p kglpk k k p—

where my, is the molar mass of species k and R is the gas constant. The temperature T' is determined by the
internal energy pe which in this work is modeled following a thermally perfect gas assumption:

N T
pe = Zpkek, e = €eok +/ cok(T) dT.
k=1 0

For species k, ey is the specific internal energy of species k, egr is a constant and c,x = ¢ (T) > 0 is the
constant volume specific heat. Other quantities which will be used in this work are given by:

N

¢ Pk
hi = ep + 1T, pey = E PkCoks Cpk i= Cok + Tk, 7 1= —, Yj 1= —-
c p

k=1 v
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hy is the specific enthalpy of species k, ¢, is the constant volume specific heat of the gas mixture, ~ is the

specific heat ratio and Y}, is the mass fraction of species k. The thermodynamic entropy of the mixture is given
by:

- T cun(r)
pg = Zpk8k7 Sk = / %dT*T}C ln(pk)
k=1 0

Combining the transport equations for total density, species fractions and internal energy:

Dip = —pdyu, DYy =0, Dye = —%azu, (2.1)
with the Gibbs relation: v
p
Tds = de — p—de—ngdYk, (2.2)
k=1

leads to a transport equation for the specific entropy s:
Dys = 0. (2.3)
With total mass conservation, this leads to the conservation equation:
0(ps) + Oz (psu) = 0. (2.4)

For pr, >0, T >0, (U, F) = (—ps, —pus) is a valid entropy—entropy flux pair [1,6]. The condition (1.3) is met
as a consequence of (2.4). The convexity of U is established by looking at the entropy Hessian G given by:

_U_ov_ov (ou)"
T ow? du 9z \oz

The entropy variables v for the multicomponent system can be easily derived using variable changes. Define the
vector of primitive variables Z = [pl . PN U T] T. The chain rule gives:

ou _ U (ou)™
du 9z \0Z
The Gibbs identity (2.2) can be written as:

N

TdU = —dpe+ > g dpx, (2.5)
k=1

where g, = hy, — T'sy; is the Gibbs function of species k. From the definition of pe we have:

N

dpe = Z ex dpi + pe, dT. (2.6)
k=1

Combining equations (2.6) and (2.5), one obtains:

N
1
dU = T (Z(gk — ek) dpk — PCy dT) .

k=1
This gives:
1
- == (g —e1) ... (gv —en) 0 —pcy] . (2.7)



376 A. GOUASMI ET AL.

The Jacobian of the mapping Z — u is given by:

1 0 0 0

ou . : :
Z=| 0 1 0 0 (2:8)

U U p 0

er+k ... ev+k pu pc

where k = %uQ. The inverse of this matrix is given by:

1 0 0 0
<g§)_ = 0 ) 1 6 6 : (2.9)
—up~?! —up~t pt 0
(k—e)lpe,)™ oo (k—en)(peo)™  —ulpe,)™" (pey)~!

Combining equations (2.9) and (2.7) yields the entropy variables [1,6]:

AN
V:(au) :T[gl—k...gN—ku—l]T. (2.10)
We have:
T1/p1 0 —U/T (k—el)/T2
ov . :
a7z = 0 rn/pon —u/T  (k—en)/T?| - (2.11)
0 ... 0 1T —u/T?
0 ... 0 0 1/7?
Therefore the Hessian is given by:
—ulk —(e1 — e, T)) —(e1 — k)
= pCvTQ 7u(k — (GN — CvT)) 7(6N _ k) s (212)
—ulk—(e1 —c,T)) ... —ulk—(eny —c,T)) (u? + ¢, T) —u
—(61 —k‘) —(BN—k‘) —U 1

with ¢;; = (chTQ)(éijri/pi +uzch) +(e; —k)(ej —k) for 1 <4, j < N. The positive definiteness of the Hessian
matrix G is not immediately visible because it is dense. However the matrix H defined by the congruence
relation:

’I"l/pl 0 0 O
ou\ " Ou ou\ ' ov : :
e (az) G<az>: (az) 9z~ | 0 rvfoy 00 e (219)
0 0 p/T 0
0 0 0 pc,/T?

is positive definite, therefore G is positive definite. This congruence relation, which was cleverly used in [17],
will be used as well in Section 4.

3. THE MINIMUM ENTROPY PRINCIPLE

In this section, we review the proof of Tadmor [27] for the compressible Euler equations then discuss how to
apply it to the multicomponent system.
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3.1. Review
Integrating the inequality (1.7) over any domain {2 which induces no entropy influx across its boundaries
gives:
d

i/, U(u(z,t))dx <0. (3.1)

Integrating the above in time gives [21]:

/ Uu(z,t))dz < / U(u(z,0))dz. (3.2)
Q Q
Tadmor [24] showed that a sharper, more local version of the above inequality can be obtained:
/ Uu(z, 1)) de < / U(u(z, 0)) dz, (3.3)
lz|<R

|z| <R+t gmax

where ¢max is the maximum velocity in the domain at ¢ = 0. For the Euler equations, Harten [16] sought pairs of
the form (U", F") = (—ph(s), —puh(s)) where s = In(p) — vIn(p) is the dimensionless specific entropy (divided
by the ¢,, we will use the letter f instead of h in Sect. 4) and h is a smooth function of S. Harten showed that
the pair (U", F"") is admissible if and only if h satisfies:

h' —~h" >0, n>0. (3.4)

For any such function h, the inequality (3.3) with U = U" gives:

/ p(x,t) - h(s(x,t))dz > / p(x,0) - h(s(z,0))de. (3.5)
lz|<R

IZ‘ <R+t -gmax

Tadmor makes a special choice hg for the function h:

ho(s) = min[s — sg, 0], s = Essinf s(x,0).
ols) s =50, O so= Bstnl 5(2:0)

S0 is the essential infimum of the specific entropy in the domain Q@ = {z : |z| < R+t ¢max}. From inequality

(3.5), we get:

/ p(z,t) - min[s(z,t) — so, 0]dx > / p(z,0) - min[s(z,0) — so, 0] dz. (3.6)
|(L|SR |$‘§R+t'Qmax

The right-hand side drops by definition of sg, so equation (3.6) simplifies to:
/ p(x,t) -min[s(z,t) — s, 0]dx > 0. (3.7)
|z|<R

The integrand on the left-hand side is negative, therefore inequality (3.7) imposes for |z| < R:

min[s(z,t) — sp, 0] =0 < s(x,t) >  Essinf s(z,0). (3.8)
|#| SR+t gmax

This is the minimum entropy principle satisfied by entropy solutions to the compressible Euler equations. A
similar result holds for discrete solutions u}" (the subscript ¢ and the superscript n refer to the cell index and
time instant, respectively) which satisfy the fully-discrete entropy inequality:

DU <3 U, (3.9)
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for all entropies U. Taking U = —pho(s) with sg defined as the minimum specific entropy at time instant n
leads to:

> p(urth) - minfs(ui ) — so, 0 > 0.

If p(u?*!) > 0, this imposes in every cell:
min[s(u}™!) — 59, 0] =0 < s(u™') > min s(ul). (3.10)
3

At first glance, injecting U = —phg(s) in inequalities (3.3) and (3.9) should not be allowed because hyg is not
smooth function of s. What makes this step valid nonetheless is the fact that hy can be written as the limit of a
sequence of smooth functions which satisfy Harten’s conditions. Without loss of generality, let’s assume sy = 0
and consider the convolution defined as:

+oo
h(s) = [ ho(s —35)¢(3)ds

where ¢ is a smooth function satisfying:

+oo
o(5)ds =1, ¢(s5) > 0.
¢ should also be such that the convolution is well-defined everywhere. ¢(3) = exp(—352)//7 is a valid choice.
By definition of hg, we have:

h(s) = /:00(5 —35)¢(35)ds = s /:OO o(3)ds — /:OO 5¢(3) ds.

h is smooth and satisfies Harten’s conditions because:

—+o00
B (s) = / 6(3)ds > 0, ' (s) = —¢(s) < 0,

Ve > 0, the function h. defined by:

+oo 5
o) = [ ot =900 a5, 0.6 = o 2)). (3.11)
o e’ \e
is smooth and satisifies Harten’s conditions as well. What is more, ¢. converges, in the sense of distributions,
to the Dirac delta function when e — 0 (classic result). Therefore, inequality (3.6) is obtained hg = lim,_, h,.

The main takeaway of this review is that not all entropy inequalities need to be satisfied for a minimum
entropy principle to hold in the compressible Fuler equations. Those involving the “convolution entropies”
U = —ph.(s),Ve > 0 defined by equation (3.11) are enough.

Remark 3.1. This proof and Harten’s characterization (3.4) are both independent of the number of spatial
dimensions [16, 26]. Throughout this manuscript, we are working in one dimension for the sake of simplicity
only.

Remark 3.2. Kroner et al. [18] use a different approach to demonstrate that bounded entropy solutions to the
quasi-1D Euler equations with discontinuous cross-section satisfy a minimum entropy principle. The inequality
(3.5) is used with h(s) = —(sop — s)?, p > 1,80 > s (so denotes an upper bound in this context), raised to the
power 1/p and passed to the limit p — oc.

Remark 3.3. A minimum entropy principle for smooth solutions to well-designed regularizations of the Euler
equations was proved by Guermond and Popov [10] (see also Delchini et al. [2,3] for other systems). In this
work, we are interested in the minimum entropy principle as a property of entropy solutions, whether smooth
or discrete, to the multicomponent compressible Euler equations.



MINIMUM ENTROPY PRINCIPLE 379

3.2. Elements of proof for the multicomponent compressible Euler equations

We need to formulate what a minimum entropy principle would be in the multicomponent case. The first
option is a minimum entropy principle involving the specific entropy of each species:

sp(x,t) > sop = Essinf si(z,0), 1 <k < N.
|z|<R+t-gmax

Working Tadmor’s proof backwards, this is obtained if we can show that entropy solutions satisfy the inequality:

N

N
/ Zpk(x,t) - fr(sk(z,t)) de > / Zpk(x, 0) - fr(sk(x,0))dz, (3.12)
| o < Rt -

Z|<R g

and that fj can be taken as for(sr) = min[sy — sox, 0]. This leads us to examine entropy pairs (Ulf, FIf) of the
form:

N N
Ui, Fl)= <Zpkfkv ZPkW”k) o fio = filsn), (3.13)
k=1 k=1

and attempt to show that those with fi defined as the convolution (3.11) are valid entropy pairs. The second
option is a minimum entropy principle involving the specific entropy of the gas mixture:

() zs0= Bt o0

In the same vein, this is obtained if we can show that entropy solutions satisfy the inequality:

[ sat) fsw sz [ p(2,0) - £(5(z,0)) dz, (3.14)
lz|<R

|z| <R+t gmax

and that f can be taken as fo(s) = min[s — sg, 0]. This leads us to examine entropy pairs (UIJ;, FIJ;) of the form:

(UL, F) = (=pf(s), —puf(s)), (3.15)

and attempt show that those with f defined as the convolution (3.11) are valid entropy pairs.

These two families are investigated in the next section. The admissibility conditions will take the form of
constraints of the first and second derivatives of fi (first case) and f (second case). If the first and second
derivatives are allowed to be strictly positive and negative, respectively, then the convolution (3.11) qualifies
and a minimum entropy principle follows.

4. ENTROPY FUNCTIONS IN THE MULTICOMPONENT CASE

For each candidate family of entropy functions, we must check for conservation and convexity with respect
to the conservative variables. For a candidate entropy U/, convexity is equivalent to the positive definiteness of
its Hessian matrix G:

277 f f N T
G U v (our\T
ou? ou ou

v/ is the vector of entropy variables associated with the candidate entropy.



380 A. GOUASMI ET AL.

4.1. Candidate 1

Conservation
Equation (1.2) with (U, F) = (UIf, FIf) holds if and only if Z,ivzl Y} fr satisfies a transport equation. We have:

N
d (Z mn) = ZYk dfi + ka dvi
k=1 k=1

N
= Z Y fr. dsg + ka dYy
k=1 k=1
N o N
= ) Yifi (v dT — — dpk> + ka dYy
k=1
a ar
= (ZkafgCuk> kark dpk +ka dYy
k=1
N a7 N
= (kz_l kal/ccvk> T (Z kaka> —+ Z fr = rifi) Y.
From the differential relation:
N N N
de=> dVier + > YVicwdT =Y dYiep + ¢, dT,
k=1 k=1 k=1

we obtain the following equation for temperature:

DT =-Lgu="2
P=Cy

v

Using equations (2.1) and (4.1), we can show that UIf is conserved if and only if:

N
T <Z kakcvk> DtT—; (Z kakrk> Dip=0 & — <Z’<1Y’“f’fc“’“> - (Z f,;Ykrk) =0. (4.2)
k=1

k=1 k=1 Zk 1 YiCok

Using the ideal gas law, this condition rewrites:

25:1 pkckal/c _ E]kvzl pk?rk)f]i;. (4 3)
N = N .
Zkzl PECuk Zk:l PETE
Convexity
We have:
Osw _ e Osk _cok  Ofk _ Ty %_Cﬂf
8pk pk7 oT T’ 8pk Pk k> oT K
Therefore ;
oU N
TZI = [_fl +rifl NN O —F (Zkzl kaukf/g)} ;

and the entropy variables (chain rule) are given by:

N
N
Zk:l PkCok

vi= [Chbrfi - BEE L —fx brafy - BEex pr pl]T B =
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For simplicity, let’s assume calorically perfect gases (cy, and cpr constants) and drop the standard formation
constants. To proceed with the Hessian calculation we need the following:

08 _ ey g 98 _n T pcini

. Tk - ) -
ope  pey g or T YRy PrCok
Denote &, = ff — rpf and vJ = [vf1 v{ ~ U3 v]]T. The gradients of the last component are given by:
%f,lc“k(g —B) 571470 ingiﬂfn
ops T pey " " ouw 9T T2

The gradients of the before-last component are given by:

f f
-0, 220 0% _ -0

61}5 U Cyk

opr. T pe, ou T 0T T2
The gradient of the I-th component is given by:
ovf, Tk k Cok ov], g ol Col (B—nk n
o 6 Rk _ v v _ ro_ LA _ v A vk v
o M &k (T > — (& — B), T U o7 Ta+ —mm— teug

For two species, we have:

2 — (k-G-8 —(R-e)2(e-8) —uf %4 + Bk 4 eyt

vl | k- -B) Zo-(b-cn)2(&-0) —uf -6+ > + Cun
0z F (60— ) $22(6 - ) 7 u”;f
—F 2 (6 - B) Loia g, - ) 0 e

(4.4)
If f(s) = s then 8 =1,7 =0 and & = 1 and equation (4.4) does simplify to equation (2.11). The chain rule

gives for the Hessian Gj:
8v1 ou\
Gr="37 (az)

G is dense. We establish conditions on fj, so that G is positive definite by looking at the congruent matrix:

ou\ ou ou\ av{
H] - —_ I —_— = R — _
0z oz oA 07
H; is given by:
1 0 u caTH+Ek
01w eynTHE
H, = 0 0 »p pu
0 0 O PCy
e — (F —co) et (&~ P) —(F )22 (&~ P) —uf  —eme 4 Co "): + ¢y
y —(& - Cuz)%(ﬁl - f) 2o — (£ —c 2)6“2 (& —PB) —u% ez, 4 (B ") + ¢y
7 e (61— 0) T2 (§2 = P) 2 u"Tf
— (& — ) ~Leag - ) 0 G
B, 0 0 G0
_ 0 &2 0 —%(—0)
0 2 0
c c r B—
- (6 -0 —%(&-08) 0 pCy st
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H; is positive definite if and only if the determinants of the major blocks of H; are all positive (from Harten
[16]). For the first three major blocks, this is equivalent to the requirement that & > 0, & > 0 and 8 > 0 are
positive. Last:

R Y L e (R e (CR )

pipz M —1 p2 v2—1 P1
_ pOrira&ils ( . ~pco (G -B8)? pacus (&2 B)? )
“opet® \” ol n—-1 & r2—1 &
_ pPrira&iée 1 (& ﬂ)2> ( 1 (&-0)7° >>
T ppeT3 (,0161,1< n-1 & T pacu | (B =) - -1 &
o PﬂT1T2§1§2 PlCm - 22
= b (P (-t~ 1) - (6 - 5))
_ P2Ce2 _ 2
52 o — ((5 mé(v2 —1) — (&2 — B) )>
57‘17“25152 Plcm P2Cv2
p1p2T3 <§1 (1 — o §2(72 — 1)A2) ’
where A = (8 — )&k (v — 1) — (& — ) For an arbitrary number of species:
& 0 —%(&—8)
H, = gy —e ey - B)| (45)
0 0 2l 0

T
_%Tl(fl_ﬁ)"‘_ TN(gN_ﬁ) 0 pcv%

and one can easily show that:
B €k PkCuk
det(H . 4.6
=5 (I152) (Z etizos) o
Overall, U7 is an admissible entropy for the multicomponent Euler equations if and only if:

N N
Zk:l pkrcvk:fllc _ Zk:l pkrkfllc
N - N
Zk:l PkCuk Zk:1 PLTk

PkCuk
, & >0, 8>0, ng k_l)Ak>(). (4.7)
While the sufficient conditions f; > 0, f;/ < 0 for a minimum entropy principle are compatible with &, > 0 and
8 > 0, it is not clear whether they are compatible with the last inequality of (4.7) (Ax being the difference of
two positive terms). Additionally, the equality constraint (4.3) which came from the requirement of conservation
does not seem to offer any option other than f; constant. Note that if f; > 0, f;/ < 0 were to violate any of
the conditions derived here, it would only mean that we cannot prove a minimum entropy principle with the
approach exposed in Section 3.1. Disproving a minimum entropy principle would require a counterexample.
For the compressible Euler equations, H; simplifies to:

r¢ —%(¢-p)
Hi=| o0 2 0 | é=f v/ B=f n=c"
_%(g - ﬁ) 0 pcvﬁj[;n

The determinants of the three major blocks are:

det(Hyy) =S¢, det(H) = 5. det(H)) = s (8= mely=1) = (€ = B).
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Using (y—1)(B—n)=(—-1)f —rf" and £ — 3 = —rf"”, the determinant simplifies to:

2
det(H;) = 2 T;”f (f — cpf").

The necessary conditions for H; to be positive definite are then:
ff=rf">0, f'>0, f'—c,f" >0. (4.8)
Since f’ > 0, the first and third inequality of (4.8) can be rewritten as:

1" 1 " 1
P11

f/ r’ f/ ¢
Since ¢, > 7, the first inequality is implied by the second. Therefore, the necessary conditions (4.8) simplify to:
>0, ff—cpf" >0. (4.9)

These are the well-known conditions (3.4) for the Euler equations (note that the function f in this section and
the function h in Section 3.1 are related by f(s) = h(s/cy)). The conditions (4.7) are therefore consistent with
Harten’s in the Euler case.

4.2. Candidate II

Conservation

Multiplying the transport equation for the specific entropy (2.3) with f’ leads to a transport equation for
f(s). Conservation of UI]; with the entropy flux FI"; then follows from the total mass conservation equation.

Convezity
We have: 5 5 5 5
Y; 0 Pj s 1 5 Gy
o p P Opk _p(sk ) T T T
This gives:
U,
8ZH =[f(=si+ri+s)—f...f'(=sn+rn+s) = f0-Lzf], (4.10)
and the entropy variables:
_ _ T T
V=t fs—f o O s — e L] = v (fs—f)[1--100] . (4.11)

Again, the conditions for convexity are established by looking at the congruent matrix Hy; defined by:

ou T ou ou T8vaI
H“(az) G (az) (az) 07

We have:
(91— k)/T +s
vl ov : .
TZH: ’@_‘_? (gN*k)/T+5 [5177‘178...51\[*7"1\[*80%]
u/T

-1)T
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and
(g1 —k)/T +s —s1+r1+s r1/p1 0 0 0
ou T _ ou T ov _
9z) |n—k)/T+s| = |-sv+rv+s|°\az) a7z~ | O rn/pn O 0
u/T 0 0 e 0 p/T 0
-1/T — 0 0 0  pec,/T?
Therefore:
7“1/P1 0 0 0 Rl
: : " :
/ Co
H; = f 0 TN/pN 0 0 — ? Ry [Rl ...RNO *%] R (4.12)
0 0 p/T 0 0
0 e 0 0 pc,/T? — bz
where R; = —s; + r; + s. We recover Harten’s conditions in the compressible Euler case. At this point, we

immediately note that if f/ > 0, f” < 0 then Hyy is positive definite (as the sum of a positive definite matrix
and a positive semi-definite matrix). Therefore a minimum entropy principle for the mixture’s specific entropy
holds.

Continuing on the characterization of convexity, Hyy writes:

/Y1 0 0 0 R? RiRy 0 —L2R;
Hy = ) 0 rn/Yn 0 0 ) RiRy R% 0 —Z*Ry
0 0 p*/T 0 0 0 0 0
0 0 0 pc, /T? —E2Ry ... —Z2Ry 0 %
Let 7; = r;/Y; and n = f' — ¢, f", for two species we have:
fl71 _ f//R% _R1R2f/l 0 %Rl f/l
He— 1 7R1R2f” f/?Q _ f”Rg , 0 %RQf//
1T p 0 0 p°f'/T 2O
%le” %szﬁ O %,’7
The determinants of the first three major blocks of H are:
R2 R2 R2 2 £
Hyy =71 (f/ - f”1> , Hyy =717 f' (f/ - (1 + 2)) , Hzs = rJ Has. (4.13)
1 1 T T

Last:

f/?1 _ fHR% _R1R2f// %le//
_R1R2f// fl?2 _ f//Rg %2]%2.]0//
%le// %le// pTgu n

pleyf! fTi—f'RY  —RiRaof”  Ruif”

— T3 —RlRQf” f/FQ _ f//Rg Rgf”

2 r
det(pHH) = p f

oy fN CvR2fN n
4 / 17 1" R2 " 1= 11 R2 "
preuf n— f"R -R o — f"R -R
_ T?; (nH22 _ Cq,Rgf” f 1 le 1 11f _ C'[)R%f” f 2 RQf 2 12f )
461) /
= P T3f (7’]H22 - Cvf”f,(Rgfl + R%FQ))

4 "2 2 2
- pc}#?ﬁz (nf’ —(n+eo)f” <R1 + R2)> :

T1 Ty
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We obtain conditions on f involving terms of the form f’ — af”, but unlike in the Euler case, « is not a
constant. In Section 4.1, the simple structure of the mapped Hessian Hj, given by equation (4.5), allowed us
to easily derive the necessary and sufficient conditions (4.7) for convexity for an arbitrary number of species.
Nevertheless, we were not able to conclude on a minimum entropy principle on the specific entropy of each
species. Here, the mapped Hessian Hyy, given by equation (4.12), is mostly dense, which complicates the task
of establishing convexity conditions for an arbitrary number of species. However, we know from equation (4.12)
that f/ > 0 and f” < 0 are sufficient conditions for admissibility, independently of the number of species, which
is enough to conclude on a minimum entropy principle on the mixture’s specific entropy.

5. NUMERICAL SCHEMES SATISFYING A MINIMUM ENTROPY PRINCIPLE

In this section, we review schemes which, by virtue of satisfying all entropy inequalities under some assump-
tions, satisfy a minimum entropy principle for the compressible multicomponent Euler equations.

We only discuss first-order schemes in one dimension. Extensions to high-order and multiple dimensions
(including unstructured grids) can be found in [11, 13,14, 22,29]. These schemes are typically constructed as
composite conver combinations of one-dimensional first-order updates. Since entropies are convex functions,
any entropy inequality satisfied by the baseline one-dimensional first-order update will be satisfied by the whole
scheme as well.

5.1. Godunov-type schemes [15]

Let w(x/t;ur,ur) be the solution of the Riemann problem:

du+ 9,f =0, u(z,0) = {“L’ z <0, (5.1)

ur, = >0,
where uy; and up are constant states. Let ar and ar be the smallest and largest signal velocities. Then w
satisfies:

ur, z/t<a
w(z/t;ur,ug) = {u; xét > a;' (5.2)

In the Godunov scheme [8], each discontinuity in the discrete field u?* gives rise to a local Riemann problem
(5.2). If Mamax| < 1/2, where apmax is the largest signal speed in the domain, then there is no interaction between
neighboring Riemann problems and the exact solution w,,1(x) at the next time instant writes:

W1 (2) = W((@ — 2,4 2) /AL W WL, ), for o — 3,4 | < Az/2,

where z; +1 is the position of the interface between cells i and i + 1. The Godunov scheme is obtained by
averaging w11 in each cell:

n+1 1 Tird
wt = Wyt (z) dz

xi7L

2

Az /2 1 0
/ w(z/At;ul q,ul)dz + —/ w(z/At;ui, ujl, ) de.
0 Ax —Az/2

1
Az

This update can be rewritten in conservative form:
Tl - A(F(ips) — F(W,_y)), Wiay = w(0u,ul )
u = Witl Wi—1)), Wipl = WU, U;q 1),

with A\ = At/Az. An important assumption from there [11,15] is that the exact Riemann solution is an entropy
solution. This implies, for all entropies:

))-

Aix/ T U Wy (2)) da < U(ul) — AF (Wi 1) = F(W,

[N

zi_%
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With Jensen’s inequality:

1 Tipd 1 Tivd
E/ Wpii(z)dz | < E/ U(wWpa1(x))de,

xZ .
i—

S
2

it follows that the Godunov scheme satisfies:

Uui™) <U(uf) = ME(Wipy) = F(W,_1)). (5.3)
This shows that the Godunov scheme inherits, by construction, all the entropy inequalities that the exact
Riemann solution satisfies. This result also applies to schemes based on approximate Riemann solutions provided
that they remain consistent with the integral forms of the conservation law and the entropy inequality (see
Thm. 3.1 in [15]). The bottom line is that full knowledge of the Riemann solution is not necessary. For instance,
the HLL scheme [15] qualifies if the maximum right and left wave speeds are correctly estimated (from above).

The Godunov scheme satisfies a sharper version of (3.10). Taking U = —pfo(s) with s =
min[s(uj’ ;), s(u}), s(u},,)] in (5.3), and using the fact that the exact solution w is an entropy solution
satisfying (3.8), it follows that the Godunov scheme satisfies:

s > minfs(uly), s(uf), s(ulyy) (5.4)

For the compressible Euler equations, procedures for calculating the exact solution (see Toro [28]) and es-
timating the maximum wave speed (see Guermond and Popov [12]) are available and can be extended to the
multicomponent case (a follow-up to [12] is proposed by Frolov in [5], Sect. 4.5).

It is unclear whether the assumption that the exact Riemann solution satisfies all entropy inequalities is
valid. To the best of the authors’ knowledge, there is no proof that Harten’s entropies [16] are the only entropies
of the compressible Euler equations. The same can be said about the entropies that we explored in Section 4
for the multicomponent case. This precludes a direct proof where entropy inequalities are evaluated for the
exact Riemann solution. Another way of proving this would be to show that the exact Riemann solution can
be written as a limit solution to the regularized system (1.5) or any other sytem which implies all entropy
inequalities. As far as the minimum entropy principle is concerned, showing that the exact Riemann solution
satisfies all entropy inequalities associated with Harten’s family or with the convolution entropies of Section 3.1
would be enough.

5.2. The Lax—Friedrichs scheme
The Lax—Friedrichs (LxF) scheme writes:

n n
1o Wi ul, A
utt = % + §(f(u?—1) —f(uf,,)).
Harten (private communication in [25], Sect. 4) observed that if the time step is small enough, the LxF scheme
coincides with the Godunov scheme over a staggered grid. The solution thus inherits the entropy inequalities
that the Riemann solution satisfies:

U(ui_,)+U(u A
vy < LTI A p ) - ). (5.5
As in Section 3.1, inequality (5.5) with U = —pfo(s) and so = min[s(u} ;), s(u},;)] leads to a minimum
entropy principle:

s(uj ™) > minfs(uf’ ), s(ufy)], (5.6)

that is sharper than (3.10).
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On the other hand, Lax [21] proved, without invoking Riemann solutions, that the LxF scheme can be made
to satisfy (5.5) for any given entropy pair. We recall his proof here, as it will help us address a point brought
up during the review process.

Denote u = u™, v =u} ; and v = u?, ;. The LxF scheme writes:

u(o,w) = "2 4 2 (¢(0) — £(w)),

and the entropy inequality (5.5) can be studied by looking at the sign of the difference function:

AS(v, 10) = w + g(F(n) — F(w)) - U(w).
Lax [21] used a homotopy approach. Let s € [0 1], and define:
0(s) = sv+ (1 — s)w, u(s) = u(b(s), w).

Since v(1) = v, v(0) = w, and AS(wv,tv) = 0, the fundamental theorem of calculus gives:

AS(v,10) = AS(v(1),t0) — AS(v(0),0) = /1 di (AS(b(s),t0)) ds. (5.7)
0 S
u and b satisfy:
do du v—t0o X _ 1 _
L0 T +§A(n)(nfm) = §(I+/\A(n))(nfm),

where A is the flux Jacobian. Using chain rules and the constitutive relation (1.3), the integrand in equation
(5.7) writes:

d 1/dU,_. dU
S asee.m) =5 (fre - 5

Again, let € [0 1], and define:

<>)U+AA<»m—m>

w(r,s) =ro(s) + (1 — 7)o = rso + (1 — rs)ro, u(r,s) = u(o(s),(r)).

Since u(1,s) = b(s), u(0,s) = u(s), the fundamental theorem of calculus gives:

%(E) - %(ﬁ) = /01 % (Cdui( )) dr = /01 (j:f)TG(u) dr, (5:8)

where G is the entropy Hessian. With:

du s =
3. = 5 (@) (0~ w)

and equations (5.7) and (5.8), the difference function AS can finally be rewritten as:
S(o, ) / / (T = AA®)) (0 — 10)) " G(E) (I + AAF)) (0 — 10)) dsdr.

— M(A)3, 3)c + (3, A(D)3)a) — A2 (A(W)3, A(D)3)c-

where 3 = (v — ) and (, )¢ is the inner product defined by:

1 1
(a, b)g :/ / 2aTG(@)b ds dr.
0 0 4
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Since G is symmetric positive definite, (3, 3)¢ > 0 and one can expect the entropy inequality (5.5) to be met if
A is small enough. Within the vector space spanned by (r, s), let ¢ be the maximum matrix norm of A, m be
the minimum eigenvalue of G and M be the maximum eigenvalue of G. Then, for ||v|| # 0, if A satisfies:

m—2cAM — *NPM >0 & Ae<\/1+(m/M)—1 (5.9)

then the inequality (5.5) is met. Since U is strictly convex, (m/M) > 0 and the right-hand side of (5.9) is
strictly positive. In other words, for any entropy U, there will always exist a time step small enough such that
the condition (5.9) is met.

While Lax’s proof does not invoke Riemann solutions, it does not completely support the statement [26] that
the LxF scheme can be made to satisfy all entropy inequalities. The factor m/M in (5.9) is strictly positive, but
also depends on the entropy at hand. The fact that we do not know all the entropies of a hyperbolic system in
general leaves open the possibility that m/M can be arbitrarily small. One needs to show that there exists a
strictly positive and entropy-independent lower bound K on m/M, so that under the condition:

Ae<VIFE -1 (5.10)

the LxF scheme will effectively satisfy all entropy inequalities. As far as the minimum entropy principle is
concerned however, we recalled in Section 3.1 that not all entropy inequalities need to be satisfied.

6. CONCLUSIONS

We proved a minimum entropy principle for entropy solutions to the multicomponent compressible Fuler
equations, extending Tadmor’s result [26]. The proof was carried out in one dimension but easily follows in
two and three dimensions (the characterization of the two families in Section 4 is independent of the number
of dimensions). This principle was proven for the mixture’s specific entropy only. It would be interesting to
establish whether this also holds for the specific entropy of each species. We assumed a mixture of thermally
perfect gases governed by an ideal gas law. The methodology outlined here and in the work of Harten et al.
[17], which extended Harten’s characterization [16] to gases with an arbitrary equation of state, should provide
helpful guidelines for those interested in taking this result farther.

While numerical schemes consistent with the entropy condition (1.7) for a given pair (U, F) can be constructed
[27] (for the compressible multicomponent Euler equations, Gouasmi et al. [9] constructed one such scheme for
the pair (—ps, —pus)), designing numerical schemes which lead to discrete entropy solutions is more challenging.
A common trait of such schemes [11,15,22,29] is that they take root in the notion of a Riemann problem and
the existence of solutions satisfying all entropy inequalities.

While the minimum entropy principle is only a property of entropy solutions, it provides valuable information
about the local behavior of the physical solution. Limiting procedures for high-order schemes have been designed
around this property [13,14,22,29] for the Euler equations and may henceforth prove useful in multicomponent
flow simulations.

Finally, we emphasize that the present work is not meant to provide a comprehensive review of the sym-
metrizability of the multicomponent system. We refer the interested reader to Giovangigli and Matuszewski
[7] for instance. The investigation of entropy functions carried out in Section 4 was driven by the prospect of
proving a minimum entropy principle. Harten’s pioneering work [16] had broader motivations.
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