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CLOSURE CONDITIONS FOR A ONE TEMPERATURE NON-EQUILIBRIUM
MULTI-COMPONENT MODEL OF BAER-NUNZIATO TYPE

M. HANTKE! AND S. MULLER?

Abstract. A class of non-equilibrium models for compressible multi-component fluids is investigated.
These models are subject to the choice of interfacial pressures and interfacial velocity as well as relax-
ation terms for velocity, pressure and chemical potentials. Sufficient conditions are derived for these
quantities that ensure meaningful physical properties such as a non-negative entropy production and
thermodynamical stability as well as mathematical properties such as hyperbolicity. For the relaxation
of chemical potentials a three-component model gas-water-vapor is considered.

INTRODUCTION

In the literature there are numerous two-phase mixture models available. A well-known example are Baer-
Nunziato type models, cf. [3]. These can be derived by the ensemble averaging procedure of Drew [5]. A
comprehensive introduction to these models can be found in the classical book of Drew and Passman [6]. Since
each component of the mixture is governed by its own set of balance equations, these models are typically very
expensive to solve numerically. While non-equilibrium models are required for plasma flows and geothermics,
for many multiphase applications, see [16] for more details, reduced models are appropriate having diminished
complexity and, thus, saving computational time.

Originally, Baer and Nunziato [3] proposed a two-phase model for detonation waves in granular explosives.
This model is a full non-equilibrium model, i.e., each component has its own pressure, velocity and temperature
and is governed by its own set of fluid equations. There are simplified models available in the literature that can
be derived from the above general model by assuming zero relaxation times. In [17] a hierarchy of such models
was derived by considering the asymptotic limit for velocity, pressure, temperature and Gibbs free energy. These
models are classified by the number of equations in case of two phases in one space dimension. For instance,
a siz-equation model with a single velocity was originally derived by assuming a zero velocity relaxation time.
It consists of one volume fraction equation, two mass balance equations, a mixture momentum equation and
two energy equations. Assuming zero relaxation time for both the velocity and the pressure a five-equation
model with mechanical equilibrium, i.e., single velocity and single pressure, is deduced in the asymptotic limit.
This model is composed of two mass equations, a mixture momentum equation and a mixture energy equation.
The four-equation model has a single velocity, single pressure and also single temperature coinciding with the
single-fluid reactive Euler equations. While the three-equation model is the system of Euler equations. It has
single velocity, pressure, temperature, and also single chemical potential, i.e., it is in full equilibrium.

All the aforementioned reduced Baer-Nunziato type models assume velocity equilibrium. Some of these
reduced models suffer from short-comings. For instance, conservation of energy might be violated or the system
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looses its hyperbolicity. A detailed discussion of these models is beyond the scope of this work. For this purpose
the interested reader is referred to [26] and the references cited therein. A rather complete hierarchy of such
models is investigated in [9] where, in particular, the subcharacteristic condition is verified.

A different hierarchy of models has been introduced in [16] where three classes are distinguished. The full
non-equilibrium models are referred to as class-IIT models. Class-II models have a single temperature while
class-I models have a single temperature as well as a single velocity.

Which of the models is applicable for a problem at hand strongly depends on the time scales over which
a quantity relaxes to equilibrium. For instance, in [17] it is mentioned that neither thermal nor chemical
equilibrium are justified for deflagration-to-detonation transition (DDT) problems. On the other hand, there is
no argument against using class-II models for flows of homogeneous mixtures of gases or liquids.

To our knowledge there is no literature available considering class-I or class-II models in the context of Baer-
Nunziato models. Therefore, in the present work we consider a reduced multi-component Baer-Nunziato type
model that can be considered as a class-II model in the hierarchy of fluid mixture models introduced in [16].
Here mass and momentum balances for all components are formulated but only one energy balance for the
mixture. A similar class-II model that is not of Baer-Nunziato type has been investigated in [4] and [13]. The
basic variables in this class are the mass densities, the velocities and the mixture temperature. Phase transitions
as well as the exchange of momentum and energy are modeled by relaxation terms.

The paper is organized as follows: In the first section we introduce the model. Thermodynamic quantities
are related by an equation of state, given in Section 2. In the following Section 3 we verify hyperbolicity of the
system. To close the system, the interfacial pressures, the interfacial velocity as well as the relaxation terms
have to be modeled in a thermodynamic consistent manner. This will be discussed in Sections 4 and 5. We
summarize the results in a conclusion.

1. MATHEMATICAL MODEL

The multi-component flow is described by a non-equilibrium model where all components are present in each
point of the space-time continuum. Each component k = 1,..., K has density pg, velocity vy and pressure py,
The amount of each component is determined by its volume fraction ay subject to the saturation constraint

K
dar=1, o €(0,1), (1.1)
k=1

i.e., the components are considered to be immiscible. For all components of the mixture mass and momentum
balances are formulated but only one energy balance for the mixture:

Ot (e pr) + V- (g pr. V&) = Sap ks (1.2a)
K
O (o pr o) + V- (e pr vk vy + apr I) = — Z P Vo + Sapw ik, (1.2b)
=1
K
O (pE)+ V- (Z agpr(Fx +pk/pk))vk> =0. (1.2¢)
k=1

We do not take into account viscosity and heat conduction and we neglect effects due to surface tension and
gravity. In our notation Ey = ey + v7/2 is the total specific energy with ey the specific internal energy of
component k. These are related to the total energy density pE of the mixture

K K

1 1
pE = Zakpk(ek + ivi) = pe + 5 Zakpkvi , (1.3)
k=1 k=1



44 ESAIM: PROCEEDINGS AND SURVEYS

where E and e denote the specific total and the specific internal energy, respectively. In addition, we define the
mixture quantities for pressure, density and velocity

K K | X
p::Zakpk, p::Zakpk, v = onekpk V. (1.4)
k=1 k=1 Pi=

The interfacial pressures P ; account for different pressures at the phase interface between components k and
[. These are subject to the following constraints

K
Pep=0, Yk=1,...,K and P:=)» Py=const Vi=1,... K. (1.5)
k=1

Note that (1.5); can always be ensured by the saturation condition (1.1) replacing Py ; by Py ; — Py, whereas
(1.5)2 ensures that the mixture model can be written in conservative form. Because of these interfacial quantities
the momentum equations (1.2b) cannot be written in conservative form.

The source terms Sq i, Sap,k and Saper on the right-hand sides of (1.2a), (1.2b) and (1.8) describe the
relaxation process due to mass, momentum and volume fraction between the different components corresponding
to the relaxation of velocity, pressure and chemical potentials, £ € {v,p, u}, i.e.,

Sok = Zg: S8 s Sap = 25: S Sapvk = 25: S5 o i (1.6)

These depend on the specific components at hand as discussed in Section 5. In order to ensure conservation
of mass, momentum and energy of the mixture, the relaxation terms (1.6) have to satisfy the conservation
constraints

M=

K K
S5 =0, Z Sip,k =0, Z sngk =0 Vée{v,pu} (1.7)
k=1 k=1 k=1

The evolution of the volume fractions is characterized by the non-conservative equation
Orar +Vi-Vag=Sak, (1.8)

with V'; the interfacial velocity. Due to the saturation condition (1.1) we only need K — 1 equations. Without
loss of generality we express ax by the other volume fractions, i.e.,

K-1 K-1 K—1
ag =1-— Z ar, Vag = — Z Vag, Sax =— Z Se k- (1.9)
k=1 k=1 k=1

The fluid equations (1.2) are supplemented by an equation of state for the phasic pressures and internal energies.
Throughout this work we confine ourselves to simple mixtures, i.e.,

Pk = pe(pr, T) resp. er = ex(pr,T), (1.10)

where the mixture temperature T is implicitly given by the internal energy of the mixture pe = Zkl,(:l agprer(pr, T)
resulting in T' = T(pe,pl, ce s PK, O, ..., 1) Where we employ (1.9).

For the verification of some physical and mathematical properties it will be helpful to rewrite the system
of equations for the non-equilibrium model in terms of primitive quantities ag, pg, vg, 7. From the evolution
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equations (1.2), (1.8) and the relation T' = T(pe7 Plye s PK, O, -, —1) we deduce

Oy pr. + % (’Uk - V]) -Vag+vr-Vop+ppV- v, = Sp,k, (1.11&)
1

3tvk+(Vvk)vk+—Vpk+p—kVak = E PleOzlJrSvk, (1.11b)
Pk Ak Pk Oékp

T + (pcy) ™" < PiOper (v — Vi) ZPI k(v — VI)) -Vayg

MwEMW

+ (peu) ™'Y o (pe — PrOprer) V- vk + (pey)” Zakpkcv VL - VT = Sp. (1.11c)
k=1 k=1
Here the velocity gradient is defined as Vv, = (Vog1,...,V vkd)T. The corresponding relaxation terms are
K
oSy = Sap k= PrSak, WPrSv.k = Sapv,k—SapkVk, PCoST = Spe"’_z (P20py €k Sak — (ex + prOper) Sapk) -
k=1
(1.12)

So far, the model is not yet closed. For this purpose, we have to find closing conditions for the phasic pressures
pr, and the phasic energies ey, the interfacial pressures Py ;, the interfacial velocity V'; and the relaxation terms
Sa,ks Sapk and Sqpy k- In the following sections we will derive appropriate constraints. However, these will
not specify a unique model but some options are still remaining for the choice of the interfacial velocity and the
relaxation terms.

2. EQUATION OF STATE FOR SIMPLE MIXTURES

In order to close the system of balance equations we have to determine the partial energies and partial
pressures. For a simple mixture the partial quantities of a component only depend on its partial density and
the temperature of the mixture. Let the constant material parameters c, x, vy, 7, and g denoting the specific
heat capacity at constant volume, the adiabatic exponent, the minimal pressure and the heat of formation of
component k, respectively, chosen such that ¢, > 0, 7, > 0, g € R and ~y, > 1. Let further pyo be some
reference density at reference temperature 7. Then the stiffened gas FoS for component k is specified. It holds

ek = cy kT + Tr/pr + qk (2.1a)
T T Pk . T

i = —Cy T In — + qi (1 — ) + (ve — ey T In — + (v — 1)ey 1T — 2.1b

To To ( ) Pko ( ) pro To (2.1b)

Pr = pr(vk — Dep x T — 7k (2.1c)

T 1 Tk 1

— Lv v 1 T ]- v, 1 I — 2].d

S = Ck+CkDT +qka0 (v — 1)c knpko o T (2.1d)

a; = ok T(yk — 1)k = Wiy, (2.1e)

where @ denotes the isothermal speed of sound of component k, that can be written as

T [(Ops)>
—2
= — . 2.2
akerch’k(@T) (2.2)

@
ESIN
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For the mixture temperature we then deduce

K K K

pe —m — pq .

T= T with pq = Zpqu , Ti= Zﬂ'k and pPCy 1= ZpkoJC ) (2.3)
N k=1 k=1 k=1

To ensure finite speeds of propagation, the sound speed a; and @ have to be real numbers. For this reason
the hyperbolicity conditions ai >0 and Ei > 0 have to hold. Note that a% > Eﬁ provided that ¢, > 0, v, > 1
and T > 0.

Remark 1. For mp = 0 and qx = 0 the stiffened gas equation of state reduces to the ideal gas equation.

3. HYPERBOLICITY

Neglecting relaxation processes in the fluid equations (1.2) the model reduces to a homogeneous first order
system. In the following we verify that the homogeneous system is hyperbolic, i.e., all eigenvalues of the
Jacobian of the inviscid flux in any direction are real and there exists a basis of right (left) eigenvectors that
spans the state space. This is subject to the constraint of non-resonance. Then all wave speeds are finite
and the system may be locally decoupled. From a mathematical point of view, this property is helpful in the
construction of numerical fluxes, in particular, Riemann solvers, reconstruction polynomials and limiters applied
to characteristic variables.

To investigate hyperbolicity it is most convenient to consider the evolution equations (1.8) and (1.11) for
the volume fractions, the mass densities, the velocities and the temperature, respectively, neglecting relaxation
terms. For a non-reacting simple mixture the resulting system forms a quasi-conservative system

d
Ow + Y Bi(w)d,,w =0 (3.1)
i=1
for the primitive variables w = (o, ...,ax—1,w1,...,wk, T)T, wy = (pr,vL)T with B; being block matrices
Viilk_1

Ay B, b1
B; = , (3.2)

Ag Bg,; bk

where the blocks are defined as

T Vk,i Pk €; K
A L Qi B L ¢ b L 0 Pty L QL PECy,k
ki ‘= T ki = | 9p,pk I y Oki = 8””“9 = Tck,i, C; = E — Vki-
eiB; “pn €1 Ukidd o Tl QL Pk w1 P
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Here I; and Ix_; are the unit matrices in R%*¢ and R(K_l)X(K_l), respectively. The vectors o, ;, B, and a
are defined by their components [ =1,..., K — 1 as

kil 1= ZZ (ki — Vi) (051 = 0k ) — Ok i),
1
B, = (P —pr)(1 = 6k1) — (Prxc — 1) (1 = 6k k) 5
Pk

K

aiy = (pcy) ! <P%(3px ex (ki — Vi) — pioper (i — Vi) + Y (Pox — Pri)(vk,i — VI,i))

k=1

with dy; the Kronecker symbol. To verify hyperbolicity we have to check that for any direction n € Re |n| =1,
the projected matrix

d
B, = Z B;n; (3.3)
=1

has real eigenvalues and the corresponding eigenvectors form a basis for R¥(4+2)  Introducing the normal

velocities vy, 1= v -n, Vi, := V-n and the orthogonal block diagonal matrix R,, and the orthogonal matrix
0,

R, =diag(Ix_1,Q,,...,Q,,1), Q, = diag(1,0,), O, = (n,t1,...,t4_1) € R4 (3.4)

we can rewrite B,, as

VI,Q IK—l B B
Al,n Bl,n bl,n
B, :=R'B,R, = : : (3.5)
AK n BK,n BK,n
az Efn . &:’I;’n Cn

with entries

T
T Vk,n Pk €1 K
N AN (0 oo 3 kP
kn = sy Bin = Op), Pk s b = | orpw = Ckny Cn = — Ukn-

el8} o€l Uknla o €1 agprT = PGy
(3.6)
The vectors o, and a,, are defined by their components [ =1,..., K —1 as
Pk
Ot 1= Uk = Vin) Okt (1= 0k, K) = O k), (3.7a)

K
agm = (pey) ! (p%(apKeK (VK = Vim) = PrOpeer (Wem — Vin) + D (P — Pin)(vin — VLn)) . (3.7h)
=1

Since R, is an orthogonal matrix, the matrix B,, has the same eigenvalues as the matrix B,,. A straightforward
calculation gives

K
det(B,, — M) = (Vi — NE " det(B,, — M) = (Vi., — )5 Y (pe,) 7! H(uk,n — N (N (3.8)

k=1
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with B,, the reduced matrix determined from B, by eliminating the first column and row, i.e.,

Blm Bl,n
B,, = ~ . (3.9)
BK,n bK,n
@1T)n . 57[;)71 Cn
and the polynomial px defined as
K K
pr(A) = Zakﬂkcv,k(vk,n — AN ((vg,n — )\)2 — ai) H ((vjn — )\)2 — aﬁ). (3.10)
k=1 j=1,j#k

Remark 2. In comparison to the Dreyer/Bothe model [}] investigated in [13] here the volume fraction enters
in the polynomial (3.10) and c,.

Remark 3. In case of a mizture of stiffened gases the sound speed ay, tends to ay forT — 0 and v — 1. In
the limit the roots of px are given by

K
)\kzzka ns )\k:I: :vkn:tak. (311)
k=1 peu ’ ’ 7

In general, it is hard, if not impossible, to determine explicitly all roots of the characteristic polynomial
(3.10), and thus, it is not obvious that all eigenvalues are real. However, this follows directly if the matrix B,
can be symmetrized using similarity transformations.

Theorem 1 (Existence of real eigenvalues). Let px, pcy, Orpr # 0 (non-isothermal). If the state satisfies the
condition

>0, Jeupr

>0, k=1,...,K (3.12)
pey Pr

QL Pk
then all eigenvalues of B,, are real.

Proof: To symmetrize B,, using a similarity transformation, we multiply B,, by the block diagonal matrix
D :=diag(Dy,...,Dg,1) with Dy, := diag(ax, 1+ (8, — 1261) and its inverse D! from the left and the right,

respectively. Here we assume that the parameters @ and 3, are non-zero. Then the matrix B, :=DB,D !
is symmetric if and only if

D\B;..D;' = (DyBy.D;")", &..D;'=Dby,, k=1,... K,

or, equivalently,
e ——1oTOrpy - Orpy
:akﬁk pk7 k 725]‘, 5 k:].,...,K.
PCy Pk
According to the assumptions (3.12) there exist non-vanishing real parameters @ and . Since a symmetric
matrix has only real eigenvalues and these are invariant under the similarity transformation the assertion follows.

O

apkpk;

— 175
Q. Bk

Remark 4. In comparison to the Dreyer/Bothe model [}] investigated in [13] here the volume fraction enters
in the definition of Bi
Remark 5. For reasons of efficiency and robustness it is recommended to compute the eigenvalues of the

matriz By, by applying a numerical eigenvalue solver to the symmetric matriz B, = DB, D™ rather than by
determining the roots of the characteristic polynomial px defined by (3.10).



ESAIM: PROCEEDINGS AND SURVEYS 49

Since now we know that all roots of the characteristic polynomial (3.8) are real, we determine the corre-
sponding left and right eigenvectors. The following result is obvious and is given only for sake of completeness.

Proposition 1. There exist (d — 1)-multiple eigenvalues A\go = Vi, k= 1,..., K with corresponding linearly
independent left and right eigenvectors lz,o and 7"2,0: i=1,...,d—1, determined by
= = (0%_,, 0% (0,t7),0 00 0T (3.13)
.0 Tko K—1>Yd+1s - d+1v d+1v" d+1> .
%/—/ —/—/
k—1 K—k

In particular, it holds VAo - 7‘};70 = 0, i.e., the corresponding characteristic fields are linearly degenerated,
and, hence, correspond to contact discontinuities.

The eigenvectors determined in Proposition 1 correspond to the multi-dimensional case. The remaining

eigenvectors can be determined basically from the one-dimensional case. For this reason we introduce the
1 1

matrices and vectors Ak - B,(c zl, b,(c Zl and c(l)

and ¢, defined in (3.6). In particular, it holds

_ ~ (1) - = (1) T - z(1) o)
A= Aen ) Byu=(Ben O ) g = (D) g, = G ) (3.14)
O(a-1)x (5 -1) 0d-1 vknla ' 04-1 04-1

To determine the remaining eigenvectors we proceed similar as in [13]. Since here we have to account in addition
for the volume fractions, the proofs are not identical but the procedure is similar. Therefore, we omit the details
of the derivation of the eigenvectors and only present the main results. First of all, we give the eigenvalues and
eigenvectors of the matrix B keyn-

which are the one-dimensional counterparts to Ay, Bi.n, bin

Lemma 1. The eigenvalues and corresponding eigenvectors of the matrices Bk’n, k=1,..., K, are determined
by

Ao =V (d— 1)-multiple, Mg+ = vpn £ ar I-multiple (3.15)

Tt = (£pp/n, 1,00-1)7, Thi=e€io € RITL i=1,... d—1. (3.16)

If the non-resonance conditions

N =vgn—A#0 and (3.17)
ofr(N) = (F(N\)? —a; #0 Vk=1,....K (3.18)

hold, then the inverse Bk}n — M exists and is given by

1)

(Bjp — A~ = <(Bk — ML) 0 ) (3.19)

0 (G (\) Mg
with
(1) -1 _ 1 5”()\) —Pk
(Bj, — M2) = (gi/pk 52(”). (3.20)

The non-resonance conditions (3.17) and (3.18) essentially mean that X is not an eigenvalue of By, and

the eigenvalues of the matrices B,(C 7)1, k=1,..., K are no roots of the characteristic polynomial px defined by

(3.10). The latter does not hold true if ar = @. According to (2.2) this is the case for isothermal fluids, i.e.,
pr = pr(pr), that are of no interest here, cf. equation (1.10).
By means of the non-resonance condition (3.18) we can verify the following two lemmata.
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Lemma 2. Let be A € R such that the non-resonance condition (3.18) holds. Then the following relation is

true:
K

en = A= 3 (@) (Bl — ) by, = ﬁﬁﬁ% (3.21)

with

K
=[x #o0. (3.22)

k=

—_

Proof: First of all, the non-resonance condition (3.18) implies o (A) # 0 and, thus, k9 # 0. Then by
definitions of B,(:zl and é,(cl,zl, see Eqns. (3.6) and (3.14), as well as Lemma 1 and Eqn. (3.20) it follows

_ - 13 _ PO
€l (B = ML) b = (@) (B = M) B = (o) aumennted ~a) B (323)
k

Finally, the assertion follows by definitions of ¢,, and the polynomial px, see Equs. (3.6) and (3.10), respectively.
O

Lemma 3. Let be A € R such that the non-resonance condition (3.18) holds. Then the following relation is
true:
T aOrpk

PCy PkUZO\)

~ (1) ~ (1) n _
(A, )T (By,), — M) Tel) = (pk6F (N By — Thaxpn) (3.24)

and, thus,

K K
(1) T _ T aROrpy n 2
(A B Vi = —————(prd7 (A — i . 3.25
k§:1 kon kn 2)" Cn ey ;:1: o () (PR (M) By — @rou n) (3.25)

Proof: By definition of Ak n and ¢ ~(1) as the one-dimensional counterparts to Akn and ¢, defined by
(3.14) and (3.6), respectively, as well as Eqn. (3.20) it follows

17 £ —T- (1) = (1) (1) Qg 2 _2

Ay (By,— M Tern = (A ) (By, — M) ¢ = ————— e, — 5By — n
kn( k, ar1)” " Cr, ( k,n) ( k,n 2)” Ck.n pCuUZ(A)ank PrCo k(ay ak)( PrOL By — Otk n)-

Applying (2.2) to the right-hand side we finally obtain the assertion. O

By means of the above lemmata we can now determine the eigenvectors to the (K — 1)-multiple eigenvalue
A=Vrn.

Proposition 2. There exist (K — 1)-multiple eigenvalues \jo = Vi, i =1,..., K — 1. If the non-resonance
condition (3.18) holds for \i o and A o is no root of the characteristic polynomial (3.10), then the corresponding
right eigenvectors are determined by ’I’fi = (r€i70,7‘IT7i71, . 77°1T,1,K77"I,i) with
T1,i0 = €K—1,; (3.26a)
1 —0R kmi + PrBri Orpr [ prrr
Frin=— (. s 7 T i) 3.26b
PR o <(ai/pkak,n,i —0iBri)m) T prop \—Oprrm ( )

K
peoko(Vin) [ T aROrpi n o pcoko (Vi)
ry ;= Peoro\Vin) S Pk (k8 B — TR thn) — ang | = PO (Ve ) — ang)  (3.26¢
I, pK(VI,n) <pcv — ngk (pk kﬁk, LYk, a) , pK(VI,n) ( ( I, ) ,) ( )
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with o} = o} (Vi) and 8 = 6}(Vin) In particular, all these eigenvectors are linearly independent and span a
K —1-dimensional subspace of RE—DHE+DHL The corresponding orthogonal left eigenvectors are determined

by

o= (oo i Mg ) with  Uio = ex—va Uik = Oat1, Ui =0. (3.27)

Remark 6. Whether the corresponding characteristic field is linearly degenerated depends on the choice of the
interfacial velocity V. For stability reasons the right eigenvectors ry,; and the left eigenvectors ly ; should be
scaled.

Next we determine the right and left eigenvectors to the roots of the polynomial Pg.

Proposition 3. Let A € R be one of the existing 2K + 1 roots of the characteristic polynomial (3.10), i.e.,
pr(N) = 0, and let the non-resonance condition (3.18) hold true. Then the corresponding right eigenvector is
determined by

, 1
=0k, ma ik l)  with Y= maﬂ%(ﬂk, —6r (A)n"). (3.28)
k

Proposition 4. Let A € R be one of the existing 2K + 1 roots of the characteristic polynomial (3.10), i.e.,
pr(N) = 0, and let the non-resonance condition (3.18) as well as A # Vi, hold true. Then the corresponding

left eigenvector is determined by lf =1 (li,, lf’l, e ,lf,K, 1) with
K
z(\) — a, 1 T 0T pr 2
L= = —g ————(prdr (VB — Gron) — @y 3.29
AT Vl,n — A Vl,n Y (pcv —~ pka_]?()\) (pk k( )ﬁk kK, ) ( )
A —2 T
15, = ————Tarpr(@:/pr, -0 (M\)nT). 3.30)
L= oy Torme(@ e~ O)n”) (

Choosing the scaling factor

-1 T & o (Orpr)? n
It=1+ o kz::l W(az + (87(\)?) > 0, (3.31)

then l§7kr)\7k = 1 where 7 is the corresponding right eigenvector.
Remark 7. The subvectors Uy i and the scaling factor Iy are identical as in [13] except for the factor ay.
Remark 8. It is still open whether the corresponding characteristic fields are genwinely nonlinear.

Finally, it remains to verify that the above right and left eigenvectors are linearly independent. This is true
if all roots of the characteristic polynomial (3.10) are simple.

Theorem 2 (Existence of an eigenvector basis). Let there be 2K + 1 simple roots A\;, t = 1,...,2K + 1 of
the characteristic polynomial (3.10) for which the non-resonance condition (3.18) holds true and that do not
coincide with Vi . Then the corresponding left eigenvectors ly;, 1 =1,..., K —1,15,,i=1,...,2K +1, lZO,
i=1,...,K,k=1,...,d—1, given by (3.27), (5.29), (3.30), (3.13) and right eigenvectorsry;, i =1,...,K—1,
ra,t=1,...,2K+1, 7'?,0; i=1,...,K, k=1,...,d—1 given by (3.26), (3.28), (3.13) are orthogonal to each
other.
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Proof: First of all, we rewrite the left and right eigenvectors in block matrices L and R with rows and
columns containing the left eigenvectors and right eigenvectors, respectively:

L R;,
L; L, ... Lx 1 R;;, R, R{
d
L= L; ,R=| : (3.32)
' R;x Rk Ry
L rI T
with block matrices
(3.26a) (3.26b) (3.26¢)
Rio =" (rr10y-rrk-10) Rix = (Praks--sTIk—14k)s P1 = (T11y s TrE-1)"s
(3.28) (3.13) (3.28)
R, = (r)\1a'~'7r>\21<+1) Rd ((Ovt{)v"'v(oat§—1)7 Lokt
as well as
(3:27) (3:29)
LT =7 (U0, -5l —10) LT (VL5 VI ST SO SURN O
(3.30) (3.13) (3.31)
LT (l>\1l)\1 Ky 7l>\2K+1l)\2K+17k)’ LZ = (Rg)Ta lT = (ZM Yo l)\2K+1)T7
for k=1,..., K. First of all, we note that for k = 1,..., K the vectors
7?0_(05—&-13" d+17(0 tT) d+17'-~705+130)T7 Z:Lad_l
—,_/ —_——

i—1 K—i

are d — 1 linearly independent right eigenvectors to the (d—1)-multiple eigenvalue vy ,, of the matrix B,, defined
by (3.9). Since by assumption all roots \;, i = 1,...,2K + 1, of the characteristic polynomial px defined by
(3.10) are distinct, then the vectors

_ _ T T T
Tx, = (PA, 10T, 100 1)

are linearly independent right eigenvectors of the matrix B,,. Note that these eigenvectors coincide for multiple
roots. Furthermore, the eigenvectors Ff, o and 7, are linearly independent as can be directly concluded from
the matrices Ry and R{. Obviously, the extended vectors rhy = (0% _,, (FQO)T)T and ry, = (0% _,,73,)7 are
linearly independent and are linearly independent to the right eigenvectors r;;, ¢ =1,..., K — 1. Thus, these
vectors form a right eigenvector basis to the matrix B,,, i.e., the matrix R is invertible. Then the matrix L must

coincide with the inverse R™! except for a scaling of the rows, i.e., L = SR with S = diag(s?,s*,st,..., s%)

st =(sr1,--,50,k-1)7, 8% = (a1, s Sxgpern )y 8° = (sh g, sk 1 0)- The scaling factors are determined by

)

the orthogonality conditions s;; :=r;; -1, sx, :=7), - Iy, and sZ 0= f,o . lf’o. By definition of the left and
right eigenvectors it can be verified that S = I. Thus we conclude LR=1 , i.e., the assertion holds. O

Finally we conclude from Theorems 1 and 2

Conclusion 1 (Hyperbolicity). Let the assumptions of Theorems 1 and 2 hold true. Then the non-reacting
homogeneous class-II model (1.2), (1.8) is hyperbolic for simple mixtures.
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4. THERMODYNAMICAL PROPERTIES: 2ND LAW OF THERMODYNAMICS

From a physical point of view, a model is admissible if it is in agreement with the principles of thermody-
namics. For this purpose, we have to verify that the entropy of the mixture defined by

K

psS= Zakpksk(piaf) = p3(pe,p1,...,PK, 1, ..., K1) (4.1)
k=1

is a concave function. Furthermore, it must be consistent with the 2nd law of thermodynamics, i.e., the entropy
production terms must be non-negative. This will provide us with admissibility criteria for the interfacial
pressures and interfacial velocity as well as the relaxation terms.

4.1. Thermodynamic stability

In case of the full Baer-Nunziato model where no equilibrium is assumed we have proven that the mixture
entropy ps is a (non-strictly) concave function of the quantities u = (o, qyuf,... axul)? with u, =
(P, pkvf, prEr)T provided that the phasic energies ej, are convex functions of the specific volume 73, := 1/py,
and the specific entropy sg, see [23].

A similar result can be verified here if the volume fractions are constant.

Theorem 3. (Concavity of entropy function) Let the temperature T, the densities py and the volume fractions
ay, be positive. Furthermore, we assume that py, ¢y and Op, px, k= 1,..., K, do not vanish, i.e.,

pr 70, cor #0, Opur #0, k=1,..., K. (4.2)

Then for fixed composition of the mizture, i.e., the volume fractions oy are constants, the entropy defined by
(4.1) becomes ps = ps(pe, p1,...,pr) and is strictly concave, if and only if

pcy >0 and Oy pr >0, k=1,... K. (4.3)
a aT I
Proof: We will verify that the Hessian M = <a A> of —ps with

a:= —0pe,pe(P3), a1 := —0pep,(P5), k=1,..., K, apj:=—0p, p;(p5), k,j=1,.... K (4.4)

is positive definite. For this purpose we compute the derivatives of the temperature T' = T (pe, p1,...,pK) using
the relations (2.1) for the phasic quantities and (1.1)

~ 1 ~ 1
6peT: pCU’ 8ka:—pcvak (uk—TaTuk), k:].,...7K. (45)
For the derivatives of the entropy we then obtain
.1 . 1
Opeps = 7 0p,, P8 = f?ozkuk . (4.6)

Thus, the coefficients can be rewritten as

1 1
a = —ape (T) , A = _apk, (T) y Qk,5 = apj (Oll;flk) . (47)

Using the derivatives (4.5) of the temperature we then can compute the second derivatives of the entropy

a=1/(T?*pc,), ar = —ap(px — TOrpus)a, ag,j = Ok, j0k0p, /T + apaj/a. (4.8)
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The matrix M can now be rewritten as
A=Dj+aa"/a with D, :=T 'diag(ai10p, p1,- .., x0piK)- (4.9)

By assumption (4.2) we can now symmetrize the matrix:

r _(a o” _(a 0OT (1 o"
LML = (0 Y aaT/a> - (0 DA) L= (a/a . (4.10)
Since D 4 is a diagonal matrix, the matrix M is positive definite if and only if (4.3) holds. O

The proof is in analogy to the class-II model of Bothe and Dreyer [4]. It verifies their result in case of a
simple mixture provided that the conditions (4.3) hold true. For a stiffened gas EoS and a van der Waals Eos
the constraints on the material parameters have been derived from the conditions (4.3) in [13].

For the general case of non-constant volume fractions a similar result does not hold.

Theorem 4. (Indefiniteness of entropy function) Let the temperature T, the densities py, and the volume
fractions oy, be positive. Furthermore, we assume that pu, ¢y and O, pix. k=1,..., K, do not vanish, Then
the Hessian of the entropy ps = p&(pe,p1,...,PK,a1,...,ax—1) defined by (4.1) is indefinite and, thus, the
entropy is neither concave nor convex.

The proof is similar to the proof of Theorem 3 where the symmetrization finally results in an indefinite
matrix.

Remark 9. Volume fractions might be locally constant if the flow field is locally frozen. For instance, in case
of a mizture of gases this might occur whenever chemical reactions take place on a much larger time scale than
transport phenomena. Typically, this is characterized by Damkohler numbers.

4.2. Entropy production

According to the 2nd law of thermodynamics we have to verify that the entropy production is non-negative.
For this purpose we derive from the evolution equations (1.2), (1.8) and (1.11) the entropy balance

O(ps) + V- (psv+ @) =(. (4.11)

The entropy flux ® is determined by

1 K K
P .= T (q - Z ar(prer +pr)(v —vi) + Zakpkﬂk(v - Uk)) . (4.12)

k=1 k=1

Following [4] the entropy production

C = Cinterface + Cdiffmonreact + Cdiff,react + <chem + Cvol (413)
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is composed of different additive contributions corresponding to diffusion flux with respect to non-reacting and
reacting mixtures as well as chemical reaction kinetics, respectively:

K
1
Cinterface == Z (Z Pk,l Vg — VI) \% &7 +pk(vk - VI -V ak) Z Cvm‘erfa(‘e k> (414&)
k:l =1
1 K
Cdiff,nonreact = T Z(v - ’Uk;) . Sapv,k:7 (414b)
k=1
us 1 /1
Cdiff,?“eact = Z(v - vk) T ( Sap k(v - vk) + Sozp,kvk) (4140)
k=1
1 K
Cchem = _T Z Sap,k My (414d)
k=1
1 K
Cuol = T Zpksa,k- (4.146)
k=1

Furthermore, if we add the energy productions due to diffusion, chemistry and volume fractions we obtain the
total entropy production due to relaxation

K
Crelaa: =5 Z kaa k— : Sozp'v,k + (U'k - Nk)Sap,k) . (415)
k:

This term coincides with the entropy production term (neglecting heat conduction and viscosity) due to re-
laxation in [23] except for the energy relaxation term Sa,g r that is not present here because of temperature
equilibrium.

In the subsequent sections we will give sufficient conditions that ensure thermodynamical compatibility. Since
the results coincide with those derived in [23] in case of a full non-equilibrium model we omit the proofs.

To investigate the admissibility of the production terms (interface,x We first make use of the assumptions
(1.5); and (1.5)2 for the interfacial pressures. Then these terms become

K
1
Cinterface,k: T Z Pkl—Pk (vk_V])'VOtl.

1=1,l#k

Obviously, we cannot control the sign of (interface k- According to the conservation constraints (1.5)9 all Py,

k # [, are coupled. Therefore we determine the interfacial pressures P ; and the interfacial velocity V1 such
K .

that the sum Cinterface = Y1 Ginter face,k vanishes.

Theorem 5. (Entropy production due to interfacial states) Let the assumptions (1.5)1 and (1.5)y hold true. If
the temperature T is positive, then for any convexr combination

VI—Z,Bkvk, By € [0,1], Z,Bk—l (4.16)

for the interfacial velocity V 1 there uniquely exist interfacial pressures

K
Poi=PBpi+pr Y, Bi=Ppi+ (1= Br)pr, k#1 (4.17)
J=1Ak
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such that the production term Cinterface = 25:1 Cinter face,k vanishes. In particular, the interfacial pressures
are all positive and it holds

K K K
P[ = Zpk Z ﬂj = Z(l — Bk)pkr (418)
k

=1 j=1,#k k=1

The proof is in complete analogy to the proof of Theorem 6 in [23] in case of thermal non-equilibrium, where
we replace the phasic temperatures T} by the mixture temperature 7.

The ansatz of a convex combination (4.16) for the interfacial velocity V'; is motivated by Gallouét et al. [10]
and Hérard [14] for a two-phase and a three-phase model, respectively. A similar result is also available for a
multi-component flow model of barotropic fluids, cf. [15]. Since the interfacial pressures Py ; depend on (4.16),
the 2nd law of thermodynamics does not uniquely characterize the interfacial velocity. There are several options
discussed in the literature for two-component and three-component models, cf. [10,14,24].

Next we consider the entropy production due to the relaxation processes. For a single component this term
is determined by

1
Crelaac,k = Saps,k = T (kaa,k + (uk - ,Uk)Sap,k — Vg - Sapv,k) ) (419)

where the chemical potential of component k can be written as py = er + pr/pr — Tksk - In addition to the
conservation constraints (1.7) the relaxation terms (1.6) have to satisfy the sufficient or the necessary condition

K
Saps,k Z 07 k = 17 ... 7K or Zsaps,k Z O (420)
k=1

to ensure that the mixture is consistent with the 2nd law of thermodynamics.

4.3. Remarks on the closure of the interfacial velocity

According to the ansatz (4.16) for the interfacial velocity we have some freedom in the choice of the parameters
Brk. One option might be to choose them state-dependent, i.e., 5} = B} (w). As a consequence the linear field
associated with the eigenvalue A = V;, will not be linearly degenerated, i.e., r;; - VayVr, 7# 0. Since the
non-equilibrium model contains non-conservative products in the phasic momentum equation (1.2b), there is no
way to cope with these terms in case of genuinely nonlinear fields. If fields associated to the non-conservative
products only occur in linearly degenerated fields, then Riemann invariants of the associated field can be
enforced and, thus, the exact solution of the Riemann problem exists as has been verified for Baer-Nunziato
type models in [11]. Therefore, it is suggested in [10] and [14] to determine the interfacial velocity such that
the associated field is linearly degenerated. To derive appropriate closing conditions in this case we proceed as
in the thermal non-equilibrium case investigated in [23] where the ansatz of Saleh [24], Eqn. (4.3.40), in case
of a two-phase mixture has been extended to multi-component mixtures. A similar result is also available for a
multi-component flow model of barotropic fluids, cf. [15].

Theorem 6. Let be 25:1 ¢ =1 a convexr combination with constant coefficients ¢y, € [0,1]. Define the coeffi-

cients Py in (4.16), i.e., Vi = Zszl Brvi, as Br = cpappr/p with p = Zszl cragpr. Then the characteristic
field corresponding to the eigenvalue A = Vi, = 22:1 ni Vi s linearly degenerated.

Proof: By a straightforward calculation using (3.26) and (3.7a) we can verify that r; ;- VapAr; vanishes. O

Note that a similar choice of the fj coefficients has been first introduced in [12].
Finally, applying Theorem 6 in Theorem 5 the interfacial pressure and interfacial velocity are given by

K

K K
Pr = Zpk(l —cpappr/p), Vi= Zciaipivi chakpk. (4.21)
k=1 i=1 k=1
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5. RELAXATION MODEL

The non-equilibrium model presented in Section 1 allows for different values for velocities, pressures and
chemical potentials at the same point. Relaxation mechanisms drive these quantities into equilibrium. We
distinguish mechanical and thermal relaxation for velocities and pressures resp. chemical potentials.

The relaxation terms are of major importance when dealing with interface problems, see for instance Saurel
and Abgrall [25] or Lallemand et al. [18] for mechanical relaxation terms and Métayer et al. [20] for pressure,
temperature and Gibbs free energy relaxation terms. Typically, it is assumed that pressure and velocity relax
instantaneously, see [25], whereas the thermal relaxation and the relaxation of chemical potentials are much
slower, see Zein [26]. For particular applications the orders of the relaxation times can be precised, for instance
in the barotropic case, cf. [1].

Note that in the equilibrium model the equilibrium state is characterized by vanishing relaxation terms
rather than the transient relaxation process itself. Since the equilibrium state does not depend on the order of
relaxation, the relaxation times have not to be known explicitly.

In the subsequent sections we present the relaxation terms for mechanical and chemical potential relaxation.
For each relaxation process we verify the constraints due to conservation (1.7) and entropy production (4.20).

5.1. Mechanical relaxation

The pressure relaxzation implies volume variations, that induce energy variations due to the interfacial pressure
work. Here we extend the pressure relaxation vector given in [25] for a two-phase model according to [26] by
introducing a pressure average that we choose as the mixture pressure. The pressure relaxation terms then read

Sg,k =0, o (p — p), S(I;p,k =0, 8% .:=0. (5.1)

apv,

Here 6,, denotes the pressure relaxation parameter. Similarly the velocity relazation terms read
(Z,k = (Zp,k = 03 Sgpv,k = 01} Qk Pk (’U - vk) (52)

with the velocity relaxation parameter 6,. For more details on mechanical relaxation see Baer and Nunziato [3]
or Baer [8] for two-phase models.

Obviously, the mechanical relaxation terms (5.1) and (5.2) satisfy the conservation constraints (1.7) as can be
validated by the definition of the mixture pressure and the mixture velocity (1.4) and the saturation condition
(1.1). Furthermore we determine by (4.19) and (5.1), (5.2) the entropy production terms

823

v 0,
T

aps,k — %(’U - vk)27 Sp

aps,k = 917

(p— Pk)2~ (5.3)

This immediately implies

Theorem 7. (Entropy production due to mechanical relazation) Let p, > 0, T > 0 and the relazation parameters
0p, 0, > 0. Then the entropy production due to mechanical relazation is non-negative, i.e.,

K
SPY k=0, k=1,...,K and > S, >0 (5.4)
k=1

aps,k aps,k —

5.2. Chemical potential relaxation

Mass transfer between different phases of the same substance occurs, whenever these phases are not in
chemical equilibrium. This physical matter of fact is the decisive factor for the idea to model the phase
transition by relaxation of the chemical potentials. The mass transfer is driven by the difference of the chemical
potentials. It is obvious, that from now on it is necessary to identify the phases.
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Exemplarily, we consider three components, i.e., K = 3, with water vapor (k = 1), liquid water (k = 2) and
inert gas (k = 3). Then the vector for relaxation of chemical potentials is given by

Sk =0, ,S 1 =0um, Sy, = 0,mD,

Sk =0, S(’;‘pg = —0u1, Sh 0= —0,1m0,
Sty = O (S 1), 8% =0, S8 =0, (5.5)
a, o1 02 ap, apv,

with the relaxation parameter 6,,. Formulas for the parameters g1, oo can be found in [26,27]. Similar to the
interfacial velocity (4.16) we choose for the velocity © a convex combination

K

K
o=> Bk, FLeI], D A=1 (5:6)

k=1 k=1

For details on the physics see the book of Miiller and Miiller [22]. Again we note that the conservation
constraints (1.7) are satisfied. Furthermore the entropy production terms can be determined by (4.19) and (5.5)

11 2 D1
Stps1 = eumT(z(U—Ul)Q—QU —M1+gl)»
1 /1 1.5 p2
SHPS 9 = —9# m f (2(’U — 'U2)2 — i’v — /,1,2 - QQ) 5 (5.7)

1 1 1
SgpSB = Q/LmT(p3(+)>~

These terms may become negative also when 6,,, 7 and 1" are non-negative. For the sum of the phasic entropy
production Sk, = SV | + S, + Sh, 5 we obtam

St =1, (; $ (;(@ o) — e — (—1)’”;’;) 4 % (—p3 (911 + ;))) . (5.8)

In a homogeneous mixture velocity, pressure and temperature are in equilibrium. Therefore, the total entropy
of a homogeneous mixture is determined by the sum of ps and the non-negative mixture entropy, [21], p. 320.

The mixture entropy given by
agpr— 1 , 5.9
-3 o (%) (59)

with &, the Boltzmann constant and my, the mass of a single molecule of component k, see [21], p. 54, 298, 320.
Moreover, the chemical potential of the vapor phase is now given by

T
p1 = g1+ HmL In <a1> (5.10)

1 a1+ as

e., it does not coincide with its Gibbs free energy. Note that for vanishing third component, i.e., az = 0, the
chemical potential of the vapor phase reduces to the vapor Gibbs free energy. Again, the chemical potential of
the liquid phase equals its Gibbs free energy, i.e., us = go. In chemical equilibrium the chemical potentials of
the vapor and the liquid phase equal each other. Accordingly, the mass flux is now a function of us — u1, i.e.,

m = a(us — p1) (5.11)
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with @ > 0 that again is an agreement with the kinetic relation in [7].
For a homogeneous mixture the entropy production (5.8) reduces to

1 . 1 . Kl a1
I = — 9 — = — 9 — 71 B —— .
Sps = 7 10, (92 — g1) = b, <u2 ot n(a1+a3)>

We determine the entropy production of the mixture entropy Sy

1 . HbT (&3]
St =——ml,—In|— ). 5.12
Swm Tm H mi n<a1+a3> ( )

Then the total entropy production is given by

1.
St + S5, = T mO, (p2 — p1). (5.13)

Thus we conclude with the following theorem.

Theorem 8. (Entropy production due to relazation of chemical potentials) For a homogeneous mizture the total
entropy production is non-negative, i.e.,
St +8g, >0, (5.14)

Sm
if the relazation parameter 0, as well as the temperature T' are positive.

Remark 10. For a pure liquid-vapor flow the chemical potentials and Gibbs free energies coincide and the above
calculations simplify. In analogy to the above non-homogeneous case we obtain:
For a homogeneous liquid-vapor mixture the entropy production is non-negative, i.e.,

Sk, >0, (5.15)

if the relazation parameter 0,, as well as the temperature T' are positive.

Remark 11. We emphasize that according to the saturation condition (1.1) the above three-component mizture
of water vapor, liquid water and inert gas is immiscible. There is work by other authors [2, 19] who consider
a mized type model where the gas is miscible with the vapor but there is mo mass transfer between either the
gas and the vapor or the gas and the liquid. In this setting the vapor and the gas occupy the same volume, i.e.,
a1 = ag. As a consequence, thermodynamical equilibrium corresponds to Dalton’s law of the gas and vapor, i.e.,
p2 = p1 + p3, whereas in our immiscible setting it holds py = pa = ps.

6. CONCLUSION

In the present work we discussed some properties of the class-II multi-component model of Baer-Nunziato
type neglecting viscosity and heat conduction. The model could be verified to be hyperbolic, i.e., all eigenvalues
are real and there exists a family of linearly independent eigenvectors provided that the non-resonance condition
is satisfied, all eigenvalues not corresponding to the linear fields are simple and differ from the characteristic
speeds of the linear fields and none of the components of the mixture vanishes.

The main interest was on the derivation of closure conditions for the relaxation model as well as the interfacial
pressures and the interfacial velocity. These were set up by verifying the second law of thermodynamics. It
turned out that the pressures and the interfacial velocity can be chosen such that their contribution in the
entropy law of the mixture vanishes. However, this does not characterize a unique choice for the interfacial
pressures and the interfacial velocity because a physically reasonable choice of the interfacial velocities could not
be derived so far in the general case of K > 2 components. The entropy production due to mechanical relaxation
could be proven to be non-negative. The entropy production due to chemical relaxation is non-negative when
assuming mechanical equilibrium.
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