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A TWO-FLUID FOUR-EQUATION MODEL WITH INSTANTANEOUS
THERMODYNAMICAL EQUILIBRIUM

ALEXANDRE MORIN!? AND TORE FLATTEN?

Abstract. We consider an equilibrium version of a common two-fluid model for pipe flow, containing
one mixture mass equation and one mixture energy equation. This model can be derived from a five-
equation model with instantaneous thermal equilibrium, to which additional phase relaxation terms are
added. An original contribution of this paper is a quasilinear formulation of the instantaneous phase
relaxation limit. From this, the mixture sound speed intrinsic to the model can be extracted. This allows
us to directly prove some subcharacteristic conditions with respect to a previously established model
hierarchy of different relaxation processes. These subcharacteristic conditions reveal the fundamental
insight of this paper; in the hierarchy, thermodynamic versus velocity relaxation both reduce the mixture
sound velocity with a factor that is independent of whether the other type of relaxation has been
performed.

Mathematics Subject Classification. 76T10, 35L65.

Received March 28, 2015. Revised August 7, 2015. Accepted September 18, 2015.

1. INTRODUCTION

One-dimensional two-phase flows in pipelines may be modelled using the two-fluid approach [32, 35,44, 46].
The two-fluid model is characterised by the fact that it has two separate momentum equations. Therefore, the
phase velocities are independent from each other, as opposed to drift-flux models [1,14,17,33,39] where there is
only one momentum equation for the mixture. A six-equation version of the two-fluid model is used for example
in the nuclear industry [6,49]. In this version, the phases are in mechanical equilibrium — they are at the same
pressure at all time — but not in chemical and thermal equilibrium. A five-equation version has been chosen
for pipeline flow simulation [4], in which the phases are assumed to be in mechanical and thermal equilibrium.
A seven-equation version, where the phases are allowed to be totally out of equilibrium — both have their own
pressure, temperature and chemical potential — has also been derived [3,38]. One quality of the latter model is
that it avoids the loss of hyperbolicity [19,45] commonly associated with the six-equation model.
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Relaxation source terms may be added to the models to bring them towards some equilibrium at a finite rate.
This has been studied for example by [15, 23,29, 34, 36-38,48]. In this setting, the various equilibrium models
may be obtained from each other by taking the limit of infinitely stiff source terms.

For the simulation of the two-phase flow of a mixture with phase change (see for example [14, 20, 21]), the
equation of state plays an important role. In this context, a general framework for constructing state equations
for phase transitions was presented by Helluy and Seguin [22].

For two-phase mixtures of COsq, the Span-Wagner equation of state [43] is highly accurate. However it is
an equilibrium equation of state, which means that the fluid-dynamical model must handle a mixture that
is at equilibrium at all time. Munkejord and Hammer [31] used the two-fluid five-equation model presented
in [29], where the relaxation to chemical equilibrium is performed between each time step through a fractional
step approach. In the present paper, we derive the four-equation model from the five-equation model, where
we replace the individual phase mass-equations by a mixture mass equation and an instantaneous chemical
equilibrium assumption. Such a two-fluid model was considered in [40], and this model forms the basis for
our current paper. Herein, the momentum-exchange terms require a careful treatment when the phase change
becomes instantaneous. This allows us to find a convenient quasilinear form of the model. The formulation of
the model is independent of the equation of state. An example of numerical simulations with the Span-Wagner
equation of state can be found in [20].

The inclusion of stiff relaxation terms in a model will modify its wave structure. The linear stability condition
of the equilibrium limit is termed the subcharacteristic condition [9,15,26,29, 34, 42]. A consequence of this
condition is that the velocities of the waves of an equilibrium system cannot exceed the maximum velocities of
the relaxation system. Several recent works have systematically investigated various two-phase flow models with
the aim of verifying this condition [15,17,27,29]. In particular, Ferrer et al. [29] concentrated on velocity and
thermal relaxation. A main observation of that paper is that these relaxation processes “commute” in the sense
that the sound speed is reduced by the same factor regardless of the order in which the relaxation processes are
performed.

The objective of this paper is to extend this analysis to the less tractable phase relaxation process. In
particular, we will achieve the following 3 main goals:

(1) Derive a standard quasilinear formulation of the full equilibrium two-fluid model and calculate the mixture
sound velocity.

(2) Place our model in the established hierarchy of relaxation models and verify the subcharacteristic conditions.

(3) Extend the commutation principle observed in [29] to include the process of phase relaxation.

It should be noted that in this kind of linear analysis we consistently assume smooth solutions.

For full equilibrium models, where the phasic velocities are a priori set to be equal, strict hyperbolicity holds
subject to classical thermodynamical stability assumptions [2, 14]. However, a well-known and controversial
feature of the kind of two-fluid models we consider is their tendency to lose hyperbolicity when the relative
velocity between the phases exceed a critical value [6,10,12,13,35,44,46]. In fact, unless the velocities in each
phase are identical, there seems to be a fundamental incompatibility between the second law of thermodynamics
and the hope of obtaining a hyperbolic first-order model [16]. In this paper, we will not put a strong focus on this
issue; we simply observe that these models are extensively used in practice although an ultimate formulation
has not yet been agreed upon.

In this respect, we also wish to remark that the major analyses of this paper are based on the fluid-dynamical
equilibrium state where the phasic velocities are equal. In this case many of the various regularizing terms
proposed in the literature disappear, so our main results should still have a rather general validity despite the
controversies surrounding the precise model formulation.

The structure of the paper is as follows. In Section 2, we present the five-equation model investigated in [29], to
which we add relaxation source terms for phase and momentum transfer. These involve an interfacial momentum
velocity, for which we derive a precise expression with the help of entropy considerations. In Section 3, the stiff
limit of this model is formulated. In particular, we express the phase change relaxation source terms by means
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TABLE 1. Main symbols.

Symbol  Signification

Speed of sound

Specific heat capacity at constant pressure
Internal energy

Specific entropy

Phasic total energy (E = ap(e + 1/2v?))
Components of the vector F

Velocity relaxation coefficient

Chemical relaxation coefficient

Pressure

Temperature

Components of the vector U

Velocity

Components of the vector W

Volume fraction

First Griineisen coefficient (I" = 1/p(dp/0e),)
Perturbation parameter

Chemical potential

Density

Jacobian

Coefficient matrix in the non-conservative terms
Vector of the fluxes

Vector of the conserved variables

Vector of the non-conservative variables
Gas phase (Subscript)

Liquid phase (Subscript)

]
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of spatial derivatives, so that no algebraic terms remain in the system. Then, in Section 4, the system is written
in quasilinear form, which involves finding suitable variables in which to express the rather involved Jacobian
of the fluxes. In Section 5, the speed of sound of the model is evaluated, and the expected subcharacteristic
conditions with respect to other two-phase flow models are verified. A main result of the present paper is
the equation (5.27), which extends the commutation result established in [29] to include the phase relaxation
process.

In Section 6, we investigate to which degree an interfacial pressure correction term previously applied to
related models [6,10,12,13,35,46] can regularize our current model. Through a perturbation method, similar to
the approach followed in [46,47], we conclude that an expression widely used for the full six-equation two-fluid
model [8,13,32,35,45] has the precise same regularizing effect also on the phase equilibrium model considered
in this paper.

Finally, in Section 7, the results of our paper are summarized. The main symbols used are listed in Table 1.
Remaining symbols will be introduced in the text.

2. THE FIVE EQUATION MODEL WITH PHASE RELAXATION

The two-fluid five-equation model studied by [29] describes a one-dimensional two-phase flow where the
pressure and the temperature are kept equal in both phases at all times. This follows from the assumption of
instantaneous mechanical and thermal equilibrium. However, the two phases will in general not be in chemical
equilibrium. Algebraic relaxation terms representing phase change should then act to attract the phases towards
equilibrium. In addition, the drag force between the phases will tend to equalize the phase velocities. After
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addition of phase and velocity relaxations, the five-equation model described in [29] becomes

dagpg | Oagpgvg

- o = Klue = 1), (2.1)

8Cgtpe n 86%2@”@ — Kty — o), (2.2)

8agaptgvg N &%ngg ag% — 0K (e — pig) + Flve — g, (2.3)
&Waptéw + 8&2{:@? + azg—i = vik(pg — pe) + F(vg — ve), (24)
78(Eg8:_ ) + ;;((Eg + agp)vg + (B¢ + aep)ve) = 0, (2.5)

where the total energy Ej of phase k € {g, ¢} is the sum of kinetic and internal energy:

1
Ey = agpr (ek + 51);3) , (2.6)

F and K are positive relaxation constants, i is the chemical potential, and v; is some interface velocity. Assuming
that the phases are composed of only one component, we may express the chemical potential pj of phase
ke{g,(} as

Hr = e + % —Tsp. (2.7)

We will first only consider the chemical relaxation and thus set the velocity relaxation coefficient to F = 0.
We will then have use for F # 0 from Section 5, when we will discuss the drift-flux models.

2.1. Interfacial momentum velocity

Following in the footsteps of [11,18], we are able to give an expression for the interface velocity v; through
entropy considerations.
Proposition 2.1. If we assume that the interface velocity v; is independent of ps — g, the second law of
thermodynamics uniquely determines

1
v = §(Ug + vp). (2.8)

Proof. We will derive the mixture entropy evolution equation, and impose that the source term should be non-

negative. We first derive the kinetic energy evolution equations, by multiplying the momentum equations (2.3)
and (2.4) by vy and vy, respectively. For the gas phase, after expansion of the derivatives, we obtain

da ov O Pa
vs el + O‘gpgvg_g + Ug g@izg :

dv 8p
200g _
g ot n + agpgvga—x + Oég’l)ga—x = Ug’Ui’C(,ug — ,ug) (29)

The same applies to the liquid phase. After the use of the mass equations (2.1)-(2.2) and reorganisation, the
equations read

o (1 g (1 dp 1
9t (§agpg?f§) + oz (§agpg?f§> + Yeley, = Ve (Ui - 5%) K(pe — pg), (2.10)

d (1 9 /1 f ap 1
n <§a5pgv?> + e (504@/)41;5) + aeW% =y (vi — 51}@) K(pg — 100)- (2.11)
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Using the latter equations, we can now cancel the kinetic energy contribution in the mixture total energy
equation (2.5), which gives

0 0
ot (agpgeg + aypeer) + oz (agpgegvg + aypeeqvy)

Oagg Oayuy

+p—8x +p o = (Ug - W) (Ui — %(Ug + W)) K(ug — ,ug). (2.12)

By the mass equations (2.1) and (2.2), we obtain an evolution equation for the material derivatives of the phasic
internal energy

D,e Dyey Oa,v Oapuy 1
agpgﬁ +ape—p = +p ai;g T = (vg —ve) [ vi — 5(% +ve) | +eg—er )| Kpg — o), (2.13)

where we have introduced the phase specific material derivative g—’; = % + vk%.
Using the fundamental thermodynamic relation
der = 2
€ = _2de +Td8k, (214)
Pk

we can transform the previous equation into an entropy equation. First, (2.14) is expressed in terms of material
derivatives and substituted in the internal energy equation (2.13)

D,s p Dgp Dysy  p Dype Oagv Oy
O‘gpg(T Di T2 zg)tg>+am<T Dt 2Dt )P 2r TP ox
3

= (0 = 00 (1= lon ) ) e = ) Kltg = ). (215)

By the mass equations (2.1) and (2.2), it can be simplified to

Dgs Dysy 1 P P
agpgTﬁ + angTW = <(vg — vyg) (vi — §(Ug + w)) +e;+ p_g —ep — E K(pg — pe), (2.16)

and using again the mass equations, we obtain the evolution equation for the mixture entropy

O Py S Oaypes Oy Pg SV Oapesev 1
T( gPgSg + LPeSe n gPgSgVs + LPeSe é) = ((Ug—vz) ('Ui_ §(Ug+vg)) —I—Mg—w> ’C(Mg—/u)

ot ot oz oz
(2.17)
since the chemical potential can be expressed as in (2.7). Let us name the right-hand side as
1
S= ((Ug — vg) (Ui - E(Ug + UZ)) + Hg — /M) K(pg = o), (2.18)
where we remind that IC > 0. It may be written as
S =K (wz + 2%), (2.19)

where

w = (vg — ve) (vi _ %(vg + w)) , (2.20)

Z = g — [y (2.21)
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Now, the second law of thermodynamics imposes
S >0. (2.22)

For any given set of velocities, the entropy production attains its minimum when

ds

o - K(w+2z)=0, (2.23)
hence when
P (2.24)
5 .
Inserting this into (2.19), we obtain
2
S:—K%n (2.25)
Thus, the second law of thermodynamics imposes
w =0, (2.26)
which uniquely determines
1
v = §(Ug + v). (2.27)
O

We remark that the identical expression was proposed by [44] in the context of the model we here consider.
Here we have presented a rigorous physical motivation for this expression.

3. THE FOUR-EQUATION MODEL

We wish to derive a four-equation model from the above five-equation model, where we assume the phase
change to be instantaneous. This is achieved by letting K — oo in the model (2.1)—(2.5). We then explicitly
assume that p1; = fiz, a relation that holds only in the two-phase region defined by the boiling point curve. Fur-
thermore, in the limit o — 07, the velocity of the vanishing phase does not disappear from our definition (2.27)
of v;. Hence, for the purposes of this paper, we limit our analysis to the genuinely two-phase region «y, € (0,1)
and leave the study of transitions to one-phase flows to further works.

Since the repartition of the mass in the phases now is entirely governed by thermodynamics, we only need
one mixture mass evolution equation, instead of one for each phase as in (2.1)-(2.2). We therefore sum (2.1)
and (2.2) to give the mixture mass evolution equation of the four-equation model

a(agpg + aupe) + a(agpgvg + cupeve)
ot Ox
and specify (g = pe. The remaining three other evolution equations of the four-equation model are the same as
in the five-equation model (2.3)—(2.5). However, since K — oo and pg = e, K(pg — pte) is an undefined limit.
It needs to be substituted using the phase mass equations (2.1) and (2.2). This gives the model [40]

=0, (3.1)

d(agpg + cupe) " I(agpgvg + aupeve)

5 5 =0, (3.2)
Dogpgvy  Oagpgvs Op vy +ve (Oagpy = Oagpgvg
ot T T or  “ar T 2 ot o ) (3:3)
Dagpeve  Dagpevd Op vy +wve (Oawpy  Doypeve
T R ot or ) (34)
O(E; + E 0
M + —((Eg + agp)vg + (B¢ + agp)ve) = 0. (3.5)

ot ox
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Further, the internal energy equation becomes

0 0 dazv Oagvyp
9 (agpgeg + aepeer) + 9z (Qgpgegvg + cupreeve) +p 5; £+ PW =0. (3.6)

In the entropy equation (2.17), since K(ug — 1¢) is finite, we have that K(pg — pe)? — 0. The entropy equation
becomes

Oagpess — Oouprse n OagpgSgs  OQppesive
ot ot ox ox

Now, to be able to have the model in quasilinear form, we first need to express the time derivatives Oiay g
and Jpagpe in terms of spatial derivatives.

=0. (3.7)

3.1. Some differentials

Some useful differentials can be derived from the assumptions of equilibrium.

Proposition 3.1. The differential of the pressure can be related to that of the temperature by

1 1 L
(_ - _) ap— Lar, (3.8)
Pg  Pe T
where » »
L=e,+——¢—— 3.9
ot L (3.9)

is the latent heat.
Proof. From the expression of the thermodynamic potential (2.7) and the fundamental thermodynamic rela-
tion (2.14), we obtain
1
dur = — dp — s dT. (3.10)
Pk

Since pg = e, we can write

(é - i) dp = (55 — s¢) dT. (3.11)

Remark that, with the Clapeyron equation, we can write

L

Sg — 8¢ = - (3.12)
Thus the differential becomes I
1 1
(— — —) dp = =dT. (3.13)
Pg P T
O
Then, we can obtain simplified entropy and internal energy differentials.
Proposition 3.2. For the phase k being either the gas or the liquid phase, the entropy differential is
dsg = —CpJng dp, (3.14)

and the internal energy differential is

dey, = (%u‘/k _ Tcp,m> dp, (3.15)
PrCk
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where r
k Pg — pPr¢
Yi = + , 3.16)
PECr  papel (
and
U, =1+ kaC ,kaXk, (3.17)

in which the first Griineisen parameter is defined as

o=+ (@> : (3.18)
Pk \Oer ) .

Proof. An entropy differential may be found in [15]. For the gas phase, it reads

I,C C
ds, = ——228q BEAT, 3.19
Sg pgcé p + T ( )
which with the help of (3.8) becomes
I Pg — Pt
dsy, = —C, (—g + gi) dp. 3.20)
g P\ pac T papiL (

To simplify the results, the shorthands (3.16) and (3.17) have been defined for expressions which repetitively
appear in the present article. This gives the result (3.14).
On the other hand, an internal energy differential may be found in [17]. For the gas phase, it reads

0 0
e (), (3,
p

r T r (3.21)
p p p
=Chg (1 = —g2> dT + (—2 > — <50, (1 = —g2>> dp,
PgCy PgCs  Pely PgCy
which can be written through (3.8) as
1 (»p pg—pe | Iy
de :—(——TC7(p62—Fp)(g +— | dp. 3.22)
g Pg Cé Pg p,g\Fg-g g Pape L Pg Cé (

Using the shorthands (3.16) and (3.17), this gives the result (3.15). Note that this expression may be written,
through (3.14), as

deg = %![/g dp+ T ds,g. (3.23)
PgCe
The counterpart for the liquid phase of these differentials is found by symmetry of the phases. O

3.2. Treatment of the time derivatives

The momentum equations (3.3) and (3.4) contain time derivatives, which we wish to convert to spatial
derivatives.

Proposition 3.3. The relazed gas-phase mass equation may be written as

dagpg N Oag pgg p (8agvg N 804511@)

(3.24)

ot oz~ Tar Y\ as or
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where

T (agpsCpeXe + upeCpexe)

’e - -7 Epy (3.25)
L (pgﬁé% + p%j We) + T(agpgCp.e Xg + cupeC ,ZXZ)%
v,
agaT (vg — ve) (ng Xyt~ ngp,ng%>
iy ) Y (3.26)
. (P;? Vet hu %) + T(agpgCpeXa + peCpexe) 5%

This expression can be substituted in the momentum equation for the gas phase (3.3), thus eliminating the time
derivatives. For the liquid phase, the relazed mass equation reads

(3.27)

Oy py n doypeve . Op Oagg n dapuy .
ot ox ox ox ox

Proof. From the differentials (3.14) and (3.15) as well as the mixture mass equation (3.2), internal energy
equation (3.6) and entropy equation (3.7), we are able to find three relations between 0;p, Orazp, and Orcepe
and spatial derivatives. Therefore we can find an expression for each of the time derivatives.

The first relation is the mass equation (3.2)

I(agpg + cupe) + I(agpgvg + aupeve)

= o = 0. (3.28)

Then, the derivatives are expanded in the entropy equation (3.7). The derivatives Oys and J,sy are subse-
quently substituted using the entropy differential (3.14) to obtain a second relation

dp Jp
- (agpgcp,ng + O‘ZPZCP,ZXK)E - (agpgcp,ng'Ug + O‘ZPKCP,ZXZW)%

O pg Oaypy O0ig PgVg v s Oayppvg

ot + e ot * % ox ox

+ 54 =0. (3.29)

Finally, the same treatment is applied to the internal energy equation (3.6) with the differential (3.15), which
gives a third relation

p p dp
(agpg <p262 Wy — TCIHng) + oupe (p—c% - TCp,sz)) o

22
s A

P P Ip

+ | agp (—!P —TCpex )v + aupe (—%—TC’ 7[}([) ’Ug) —

( gPg p2c2 g p.gXe | Vg 22 P oz

O pg Oaypy 00ig P Vg Oaypevy 0o Vg Oayguy

=0. (3.30
tes ot te ot tes oz tee oz P oz + oz ( )

Solving these three relations, we obtain the relaxed gas-phase mass equation (3.24). To find the equation for
the liquid phase, we remark that the mixture mass equation (3.2) gives

daype N Oaygpevy _ _aagpg B O PgVg
ot Ox ot ox

(3.31)

which gives the result through (3.24). O
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3.3. Regularising term

As with the six- and five-equation two-fluid models, we expect the present four-equation model not to be
hyperbolic when the gas and liquid velocities are different from each other [16,19,45]. The eigenvalues associ-
ated with the volume-fraction waves are expected to be complex. For the purposes of this paper, we consider
including a regularising term similar to the interfacial-pressure regularising term for the six-equation two-fluid
model [6,10,12,13,35,46]. It consists in applying a pressure difference Ap between the two phases. The momen-
tum equations are transformed into

Dagpgvy  Ogpgvs op dag vy + vy (Oagps  Oagpgvg
£ ApT—8 — .32
o or T Ygr TP 2 o " ox ) (3:32)
and
Oaypevy 8@@,0@11% dp Oay _ vgt g Oagpe  Oaypevg
T R M L P o " ox ) (3.33)

while the mass and energy equations are not modified. The effect of this term will be analyzed in Section 6.

3.4. Expression of the model

As a result of the present section, the four-equation model (3.2)—(3.5) can be written, using (3.24), (3.27),
(3.32) and (3.33), in the following form

a(agpg + aupe) + a(agpgvg + cupeve)

— = —0, (3.34)
8agpgvg 8agpgv§ Vg + Vg a_p Vg + Vg a(ag’l}g + aﬂ)g) % .
5t + D +lag+ =5 P o + = % 5 + Ap o = 0, (3.35)
Dappeve  Dapev? _vgtue Ip g+ v, 0oy + puy) oy
5 + O + |y P e 5 V Ep + Ap T 0, (3.36)
OB, + E 0
O(Es + Er) + —((Eg + agp)vg + (E¢ + aup)vy) = 0. (3.37)

ot oxr

This model has been previously considered in [40,44]. The original contribution of this section has been to
express the model in terms of spatial derivatives only; this will prove useful when we now turn to deriving the
quasilinear formulation.

4. QUASILINEAR FORM
We wish to write the model in quasilinear form
ou n ou
ot
where the vector of variables U is defined as
QgPg + Qupe
QgPglg

U = . (4.2)
Qppeve

Eg-i-Ee
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The matrix A(U) is the Jacobian of the flux. The flux is split into a conservative and a non-conservative part,
such that the system can be written as
oW (U)

+ B(U)T =0, (4.3)

U | OF.(U)
ot ox
where the conservative flux is
Qg PgVg + QpPey
2
Qg PoV
F.(U)= sPe% : (4.4)
QupPeUy
(Eg + agp)vg + (EK + QZP)UZ

while the non-conservative contributions are

0 0 0
: p
ag + P LY A
Bw)=|"" 2" T2 TP and W= [ agu +oner | (4.5)
R N
0 0 0

4.1. Some differentials

In order to write the Jacobian of the fluxes, we need to express the differentials of some variables in terms of
the differential of the components of the variable vector U. We will find them with the help of the fundamental
relation of thermodynamics (2.14) as well as the differentials of the components of the vector U. First, we will
express all the differentials in terms of the differential of the gas density. Then, the other differentials will follow.

Proposition 4.1. The density differential may be expressed in terms of the differentials of the variable-vector

components u; as

_ 1Y%
D c2

dpg ( ¢ dui — vy dug — vedus + du4) (4.6)

Pg — Pt

where we have used the following shorthands

p p
P=ag——V; +ar——=¥ — (agpgTCpgxg + aepeTCprxe)
PgCq pPecy

1 1, 1 2)( v, %)
—eg+ zU, +ep— 0 Ogpr— + Qups—5 4.7
Pe — Pt ( g 2 g 9 £ gP Cé ng? ( )

and

1 1
E=—pg (eg — 51};) + pe (eg — 51}%) . (4.8)

Proof. We recall from the previous section the differential (3.23)

deg = —2—W, dp+ T ds,. (4.9)
pgcg

By identification with the fundamental thermodynamic relation (2.14), we can deduce

U, dp = cz dpg, (4.10)
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and using the relation between pressure and temperature differentials (3.8), we obtain

pgpeL
W2 dT =2 dp 4.11
gT(Pg PK) g ( )

Now, we write the differential of the thermodynamic potentials for both phases in terms of their respective
density differentials, using (4.10) and (4.11)

| 1 2 T(pg — po)
dp, = —dp—s dT———gdp +sg—= 5 T2 dp 4.12)
g Pe g pgwg g gwg pngL g (
| 12 & T(pg — p2)
due = —d —sedT———ed ¢+ s —E—dp, 4.13
T v, Yy pgpel P (4.13)

and equate them, using the assumption of chemical equilibrium. Implicitly, we also use the mechanical and
thermal equilibrium assumptions, since we have expressed the pressure and temperature differentials in terms
of the gas as well as of the liquid phase variables. This gives a relation between the density differentials:

2
c—gdp :idpg. (4.14)
v, 5w,

Next, we need a relation for the energy differentials. For the gas phase, we find it using the differential of
p(pg; €g)

dp = (C - ng£> dpg + Igpg deg, (4.15)
g

where dp is replaced using (3.15). After simplification, we obtain
Py
(pg;cgq/g —TCpgxs

) deg = cg dpg. (4.16)

For the liquid phase, we first use the phase symmetry to obtain
vy

des = 2 dpy, (4.17)

and then replace the liquid density differential using (4.14)

1 c
de, = -2 dpg. (4.18)

(e =TCorx) %

Further, we seek an expression for the differential of the volume fraction. From the differential of the first
component of the vector U, we have

dur = ag dpg + e dpe + (pg — pe) dag, (4.19)

where py is eliminated using the differential (4.14)

CQQK
(pg — pe) dag =dus — | ag + y—— 2, dpg. (4.20)
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Finally, we would like to find an expression for the velocity differentials. For the gas phase, we start from the
differential of the second component of the vector U

duy = d(agpgvg) = agpg dvg + agvg dpg + pgvg dag, (4.21)

where dey is replaced using (4.20) to obtain

2
PV Vg ¥
Qgpg dvg = —————dug + dug + Qs+ Qppe—— | dpg. (4.22)
gPg dVg P — pe pg—e<g gC%%) g
By phase symmetry, we deduce that
2
Ve e
appedvg = P duy + dus — (aepg + agpe g g) dpy. (4.23)
e — Pr Pg — Pe g%

In order to express it in terms of the differential for the gas density, we use (4.14) to obtain

peve duy + dus —
g — P Pg

¢ C;!p(
agpgdug = 0 agpe + O[gngQ—!p dps. (4.24)
¥e

Now, using the differential of the mixture internal energy, we are able to deduce a differential for the gas
density dps. We have that
vy

1 1
— dusz — zagpeve dvg — §agpgw duvy. (4.25)

v
d(agpgeg) + d(aepeer) = dug — ?g dug — 5 5

After having replaced all the differentials using the expressions (4.14), (4.16), (4.18), (4.20), (4.22) and (4.24)
previously derived, we obtain the density differential (4.6). O

All the other differentials now follow. The differential of the volume fraction follows from (4.20) in which dp,
is replaced using (4.6)

1 1 1 4 v,
dag = duy — — <ag—§ + ag—§> < € duy — vy dug — vedus + du4> . (4.26)
Pg — Pt pg — pe P Cg Cy Pg — Pt
The differential of the pressure follows from (4.10)
d ! ( £ d d dus +d ) (4.27)
p== U] — Vg dUg — Vg dU3 Uyg | . .
@ \ pg — pe ¢
The differential of the liquid density follows from (4.14)
19, &
dpr = =— ( duy — vy dug — vpdus + du4) . 4.28)
P C? Pe — Pr g (

The differentials of the internal energies follow from (4.16) and (4.18)

1 D &
deg = z <@Ll7g - TCp,ng> (pg — duy — vg dug —vedus + dU4> , (4.29)

1 P & )
de)= = | =¥ —TC, dui; — vedus —vpdug + duy | . 4.30
=3 (p%C% { p,zXz) (pg —, dur — vgduz = vedug 4 (4.30)
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The differentials of the velocities follow from (4.22) and (4.24)

P Vg 1 v
Qg pg dvg = — duy + dug + =
BRETTE T g —pu P pg — pr
v, Y, &
X (agpg—Qg + agpg—f) ( dui — vg dug — ve dus + du4) , (4.31)
2 t ) \ps—pe
agpedug = Gl dui +dus — = ve
g — Pe b Pg — Pe
v, v, &
X (agpg—f + agpg—§> ( dui — vg dug — vedug + du4) . (4.32)
c2 t ) \pg—pe

4.2. Jacobian of the fluxes
We are now able to derive the Jacobian of the conservative fluxes F.(U) (4.4) and of the vector W (U) in
the non-conservative fluxes (4.5). To do so, we express the differentials of the components of the vectors F.(U)
and W (U) in terms of the differentials of the components of U. First, we simply have
dfi = d(agpge + cuprve) = dus + dus. (4.33)
Then for the second component

dfs = d(agpgvg) = vg d(agpgty) + agpgty dvg = vg dug + agpgvg dug, (4.34)

where dv, is substituted using (4.31)

v2 1 02
dfs = ——58 quy + 20, dup + ~—
Pg — P D pg — pe
7, m) ( I
X | agpr— + epe— duy — ve dug — vpdus + duy | . 4.35
(0u00 55 +unep ) (5 dun = v (4.35)
Similarly, for the third component
dfs = vedus + agpeve duyg, (4.36)
where dvy is substituted using (4.32)
2 1 2
dfs = LY quy + 200 duy — -2
Pg — Pt P pg — pe
7, m) ( I
X | Qepr—= + Qppe— duy — vy dug — vpdus +duy | . 4.37)
( g 2 52 P — e 5 (

Finally, the fourth component can be written as

1 1
dfs = 51}2 dug + iv% dug + (pgeets + Ve — preevr — vep) dag

+ (agvg + cpvg) dp + agegvg dpg + averve dpp + g pevg deg + aypeve deg
+ (agpg (eg + Ué) + agp) dvg + (Ozepz (eé + vf) + OMP) duve, (4.38)
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which after replacement of the differentials and simplification becomes

3 3
— Py + pev 3 3
:MdulJr(eg+—v2+£>du2+<ee+§v§+pﬁ>du3
0

dfs
Pg — Pt 2% pg
1|03 -3 v, 7
— |2 (agpg—f + afpg_26> + agug + e — T (g pggCp,gXg + upeveCpexe)
D | pg — pe cg cq
E
X dur — vg dug — vedus +duy | . (4.39)
Pg — Pt
Similarly, for the non-conservative part of the fluxes, we need to derive a Jacobian matrix for the vector W.
First, we can remark that
dwy = dp, (4.40)
which gives after substitution of the differentials
d 1 ( £ d d dus +d > (4.41)
w1 = — Uy —v Ug — Uy AUus Ug | - .
D\ pg — pe .
For the second component, we have that
1
dwy = d(agvg + apvy) = —(dus — agvg dpg) + E(du;;, — apuedpy), (4.42)
g
which gives
1 1 1 v, v, &
dwy = —dug + — dusz — = <agvg g2 + apvp £2> ( duy — vg dug — v dus + dU4> . (4.43)
Pg pe 4 PgCq pecy Pg — Pt
Finally, the third component is the volume fraction differential (4.26)
dws = day, (4.44)
thus
1 1 v, v, £
dws = duy — — (ag—Zg + ag—§> < dui — vy dug — vedus + dU4> . (4.45)
pg — pe P e ¢y Pg — Pt

4.3. The matrices in the quasilinear form
We can now write the matrix A(U') appearing in the quasilinear form (4.1). Following a flux-splitting strategy
(see for example [13]), we may split the matrix in a conservative part and a non-conservative part. With the

help of (4.33), (4.35), (4.37) and (4.39), the conservative part is written as

0 1 1 0
_ pat v Y, . —v3XY, —v2u X iy
A (U) = 8FC(U) _ pe—pe  pg—pe P 778 g=r g t=p g=p (4.46)
ou et g 00lS, werlE, i,
42 ass (v} —0v}) X, + Q2

@41
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where
o = PP s sy o) € (4.47)
49 =————— - ) .
Pg — Pt & L Pg — Pt
3 . .
Qg9 = <eg + §U§ + p£> - ((vg - vf)EP + (Z) Vg, (4.48)
s
- S22 3038, 4+ 0 4.4
a43 = eg—i—ivz—i—a —((vg—vg) b+ )w. (4.49)
We have also introduced the shorthands
11 v, v,
Y, = agpr—= + aup —) 4.50)
! ¢(pg—pe)(g c? ¢ (
and 1
= 3 (agVg + v — g PaVsTCp o Xg — eprveTChexe) - (4.51)

For the non-conservative part, we can express the Jacobian of the vector W (U) using (4.41), (4.43) and (4.45)

1_¢ _ Ve v 1
OW (U) e ’ roor
M(U) = = —pgfm " pi + gDy =+ 0 Xy =X, (4.52)
1L & 5 4,2 0wy =X
Pg—Pt Pg—PL
where
11 1 vz
Yy=——|«a —g—l—ag—), 4.53
P pg — pe ( ® cf (459
1 1 @,
Yy = —= | agv —& -I-Ckﬂ)g—) . 4.54
7 (o oy ot (454)

The Jacobian of the non-conservative fluxes then follows from

A,(U)=B(U)-M(U). (4.55)
The Jacobian of the whole system is then

AU)=A.(U)+ A,(U). (4.56)

5. SUBCHARACTERISTIC CONDITION

The stiff limit of a relaxation model is linearly stable if and only if the equilibrium eigenvalues interlace those
of the relaxation system [9,42]. This criterion is known as the subcharacteristic condition, and is implied by the
stronger stability criteria given in [7,9]. In particular, stability requires that the wave speeds of the equilibrium
system do not exceed the maximum wave speed of the relaxation system [9,15, 26, 28, 34].

We expect the two-fluid models mentioned in the present paper to respect this condition when the underlying
physical models describe a stable reality. Figure 1 presents the model hierarchy, where TF,, and DF,,, respec-
tively, denote the two-fluid and the drift-flux models, and the index n the number of conservation equations in
the model. The complete hierarchy can be found in [25]. Each arrow designates the relaxation performed from
one model to the next. Specifically for the model (2.1)—(2.5), the p-relaxation means to let £ — oo, while the
v-relaxation means to let F — oco. The subcharacteristic condition has been proved for some of the relaxation
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T
TF, @ sy

DFs \ny DF;

FIGURE 1. A hierarchy of two-phase flow models. TF: Two-phase model. DF: Drift-flux model.
Index: Number of conservation equations.

processes by [29] and [15]. In the present section, we prove a subcharacteristic condition for the remaining
relaxation processes TF; — TF4 and TF4 — DFj3.

Herein, the notation TF, refers to the model described in this paper (Sect. 3.4). The model TFj is considered
in [29], and constitutes our starting point (2.1)—(2.5). The model DF3 is the full equilibrium model considered
for instance in Section 6 of [15]. We refer to [15,29] for a more detailed description of the remaining models in
the hierarchy.

5.1. Speed of sound

The eigenvalues of the Jacobian of the fluxes A(U) are the propagation velocities of the quantities defined
by the eigenvectors of A(U), also called waves. In the present model, these waves are the volume-fraction waves
and the pressure waves.

For the purposes of the current paper, we define the two-phase speed of sound as the speed of pressure waves
relative to a reference frame moving with the average velocity of the waves. That is, for a two-phase mixture
we define ¢ and vy, through

AZH* = Um t+ ¢,

NPT =, —c

—~
N =

where APT is the velocity of the right-going pressure wave and M\~ is the velocity of the left-going pressure
wave. For subsonic flows in the models we consider, the pressure waves will be the fastest waves. Hence vy, and
¢ are uniquely determined through

(Amax + Amin) ) (53)

Um =
(Amax - Amin) . (54)

Note that this is a fluid-mechanical definition of speed of sound, which does not necessarily coincide with the
thermodynamical expression
0
2 = (—p> (5.5)
op)

for mixture variables p and s. In fact, for two-fluid models the definition (5.4) of ¢ will generally imply that ¢
depends on the relative velocity (vg — ve).

For vy # vy, it is well-known [44] that no tractable exact expression exists for the eigenvalues. Hence our
following eigenvalue analysis will be limited to vy = vy.
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Proposition 5.1. When the liquid and gas velocities are equal to each other, the eigenvalues of the two-fluid
four-equation model are
Um — CTFy
Um

Arp, = , (5.6)

Um
Um + CTFy

where the velocities have been substituted by vy = vm and v = vm, and the speed of sound of the model is
given by

Qupg + Qgpy

CTF;, = - o 5 : (5-7)
PgPe (pg% + #ﬁ + T(agpgcp,gXé + aypeC ,ZX@))
Proof. When vy = 0 and v = 0, the matrix A(U) becomes
0 1 1 0
ag(ﬂe;%*ﬂ/?k%m 0 0 _ ag(Pg*Pe%C?rm
A(U(’Ug _ 071}[ _ 0)) — (cepgtoagpe) (ng_sf) (aepgtagpr) (:g_sf) , (58)
op(pgeg—peee)crpy 0 0 _ ae(pg—pe)Crpa
(arpgtogpe)T(sg—se) (appg+ogpe)T(sg—se)
0 eg+ et 0
where
QypPe + Qe Py
CTF4 = -~ - Pg T b o (5.9)
PgPe (@Wg + #A?WZ + T(agpegCpeXe + epeCypexe) pisz)

Its eigenvalues are then 0,0, crpg and —cpps. The waves with zero velocity are the volume-fraction waves, while
the two other are the pressure waves. We deduce that crpy is the speed of sound of the model. This speed of
sound is dependent on the thermodynamical assumptions, here that the phases are at all times at equilibrium.
The expression (5.9) uses the variable blocks that are involved in the Jacobian matrices. We can also reorganise
it to the more compact form 5.7.

Note that the speed of sound can be used to simplify (3.25) and (3.26)

PPt T 2
= ——=—— —(agpsCpeXe + peCheXe)CTras 5.10
agpg+ozgng( gPgLpgXe P )CTF4 ( )
agoypgpi(vg —vg) T < U, ¥, 5
P=-t — | peCrexe—= — peChpeXe—5 | CTr4" 5.11
aepg +ogpe L PeLp, ng§ Pslpg gpgc% TF4 ( )

The eigenstructure for the general case is not accessible. However, when vy = v, we are able to find the
exact eigenvalues of the system. For this, we write the characteristic polynomial of the matrix A(U) where the
velocities have been substituted with vy = vy, and v, = vy

ITp =0, = Det(A(Uy,=v,) — A 14), (5.12)
where I, is the identity matrix of rank 4. This polynomial can be simplified to
Haw—v, = A= vm)? (A= (Um + c1F1)) - (A = (Um — CTF1)), (5.13)

which is solved by the eigenvalues presented in (5.6). O



A TWO-FLUID FOUR-EQUATION MODEL WITH INSTANTANEOUS THERMODYNAMICAL EQUILIBRIUM 1185

5.2. Speed of sound in other models

The speed of sound of the five-equation model is given by [29]. In order to express it in terms of the parameters
used in the present article, we first derive a relation. In [29], the parameter

~(@).--53)

_ 1 (dp op
(=5 6>/<ap> (5.15)

is used. The triple product rule gives

where
(8—9 =2, (5.16)
and, from [32],
8p . 8p Oe Ir= %S%j)p Oe de:Tds_—p/p2dp
Thus r
T

The speed of sound in the five-equation model, taken from [29] and simplified, is

Qg Py + Qg Pg

2
I, r
g /
agpgcp,gaeﬂﬂcp,éT< pgcZ p”%;)
g N4

agpgCpgt+arpeCyp e

(5.19)

CTF5 =

PgpPe S gLy

2
PgCq Pecy

We also know from [15] the speed of sound in the drift-flux three-equation model. This model can be seen
as the limit of the drift-flux four-equation model with instantaneous phase relaxation, or as the limit of the
two-fluid four-equation model (3.34)—(3.37) with instantaneous velocity relaxation. This is obtained by summing
equations (3.35) and (3.36) and assuming v, = vg. After simplification, the speed of sound can be written

1

CDF3 =
\/(agpg + aepr) ( i T(agpgop,gXé + OMPKCp,ZX%))

2 2
PgCy pecy

(5.20)

Proof. According to [15], the speed of sound in the drift-flux three-equation model is

(ogpg + cupe)T < Pg — Pt

[yoepeC. [y P C 2
—2 —2 gYePeg“pg LepPepe

Cpr3 = Cppa T apC, +agng’g -+ -+ > R
ks k4 gpeCp o + rpeCpo \ pape(hg — hg)( sreTpe )

2 2
PgCq Pecy

(5.21)
where cpp4 is the speed of sound in the drift-flux model with instantaneous pressure and temperature relaxation.
Substituting the definition of xx (Eq. (3.16)) in cprs, as well as hy — hy = L, gives

(agpg + ape)T
agpgCpg + aepiCp e

—2 9
Cprg = Cpra T

(0gpeCr.eXe + epeClhixe)” - (5.22)
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Now, the speed of sound cppy is [15]

(5.23)

c C r, I\’
Doy = Cpis + p QgPLgCpgePeCp ( ¢ g>’

agpgCpg + arpeCy e pw% pgcé
where cpps is the speed of sound in the drift-flux model with instantaneous pressure equilibrium. Substituting
the definition of x; (Eq. (3.16)) in cpra, as well as cpps from ([15], Eq. (3.9)), gives

-2 Qg e g PgCp,g e prCh 2
cppa =P | —5 + —) + pT (xe — xg)” - (5.24)
b (ché péc% gpgCp,g + epeChp ®
Substituting this result in equation (5.22) and simplifying gives the result. O

5.3. Comparison of the speeds of sound

Ferrer et al. [29] compared the speeds of sound of four of the two-phase flow models in Figure 1 — the TFg,
TF5, DF5 and DF4 models. They showed that the effect of the instantaneous relaxation of a given type on the
mixture speed of sound is independent of the order in which relaxations are performed. For example, the effect
of relaxing the velocity multiplies the speed of sound by a constant factor

CTF5 _ CTF6 _ \/(agpg +a£,02) (% + %) (525)

CDF4 CDF5 Pg Pe

By rearranging the expression above, they also arrive at

CDF5 CTF6
= , (5.26)
CDF4 CTF5

which shows that the same conclusion applies to the effect of thermal relaxation.

Now, in the present work, we derived TF, from the TF5 model previously mentioned by performing in-
stantaneous phase relaxation, and found its sound speed (5.7). By comparing it to the speed of sound in the
DF; (5.20), we immediately see that we can extend the ratio relation (5.25) with

CTF4 CTF5 CTF6
=—= , (5.27)
CDF3 CDF4 CDF5

which shows that the velocity relaxation once more has an independent effect on the speed of sound. From the

above relation, we can deduce
c c
DF4 _ TF5’ (5.28)
CDF3  CTF4
hence, the effect of phase relaxation on the sound speed is also independent from the order of the relaxation
steps.

Using the results of [29] on the ordering of the speeds of sound, we can write from (5.27)

CDF3 < CTF4- (5.29)

Now, we take the difference between the two speeds of sound cpps and cpps, or more precisely the inverse of
their squares, which gives

o o pgpe T(agpsCpeXe + epeCpiexe)®
Crra — CTF5 = : (5.30)
Qypg + Qg pe agpgCp,g + aepeCpy
This difference is always non-negative, which proves that
cTr4 < CTF5. (5.31)

Consequently, from (5.28)
¢pr3 < CDF4. (5.32)
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TABLE 2. Methane gas-liquid mixture under atmospheric pressure.

Quantity Gas Liquid
Temperature (K) 111.67 111.67
Density (kg/m®) 1.8164 422.36
Sound speed (m/s) 271.46 1338.1
C, (J/(kg K)) 2217.7 3481.1
Entropy (m?/(s* K)) 4574.6 —2.5x 107"
I" (dimensionless) 0.333 1.78
1400
. /W—v
TF6 —e—
1000 L —
DF6 —e—
= DF5 —%—
E DF4 v
< 800 DF3 —#—
E
S
2 600
3
400
200 .
\ s
. e Ko o
0 0.2 0.4 0.6 0.8 1

Liquid volume fraction

FIGURE 2. Gas-liquid methane mixture at atmospheric pressure. Mixture sound velocities for
models with different equilibrium assumptions.

5.3.1. A methane two-phase mizture

In this section, we illustrate our results applied to a liquid-gas methane mixture at atmospheric pressure.
Similar illustrations for COy and water-steam may be found in the references [15, 25,27, 29].

As stated in Table 2, we apply physical parameters representative of methane at atmospheric pressure at
the boiling point curve [41]. The various sound velocities are plotted in Figure 2 as functions of liquid volume
fraction. Herein, DF6 refers to the basic 6-equation drift-flux model where only velocity equilibrium is imposed,
i.e. the model has no relaxation in mass, volume or energy transfer [15].

We observe that imposing pressure equilibrium changes the mixture sound velocity to being dominated by
gas rather than the liquid sound velocity. Temperature relaxation has little influence. Note also that the one-
phase limits of DF3 and TF4 are equal, but unlike the other models, do not correspond to the one-phase sound
velocities. This discontinuity, particular to full thermodynamical relaxation, is well known and was commented
also in [5,15].
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5.4. Subcharacteristic condition and model hierarchy

Following the definition stated in [9] and the arguments of [15,29], we observe that for our models the
subcharacteristic condition can be expressed as follows:

When the velocities in each phase are equal, model X satisfies the subcharacteristic condition with respect to
model Y if and only if the mizture sound velocities satisfy

Cx < Cy. (533)

Regarding the model hierarchy of Figure 1, we are now able to state the following results:

SC1: The model DF, satisfies the subcharacteristic condition with respect to DF5.

SC2: The model DF, satisfies the subcharacteristic condition with respect to TF'5.

SC3: The model DF5 satisfies the subcharacteristic condition with respect to TFg.

SC4: When the velocities of each phase are equal, the model TF5 satisfies the subcharacteristic condition with
respect to TFg.

SC5: The model DF3 satisfies the subcharacteristic condition with respect to TFy.

SC6: The model DF3 satisfies the subcharacteristic condition with respect to DFy.

SC7: When the velocities in each phase are equal, the model TF, satisfies the subcharacteristic condition with
respect to TF5.

Herein, the results SC5 and SC7 are new to this paper and follow directly from (5.29) and (5.31). The remaining
results follow from [15,29]. Note that it is the limit of equal phasic velocities that is of interest here. Due to the
expected loss of hyperbolicity for unequal phase velocities, there is little reason to expect that the conditions
SC4 and SC7 will hold more generally. This is also nontrivial to check, due to the high algebraic complexity of
the eigenvalues when the velocities are not equal.

This observation is another indication that a satisfactory mathematical framework for this kind of two-phase
models is still lacking. As a consequence of this, ad hoc regularization terms are commonly introduced into the
models. In the next section, we discuss the consequence of introducing one such term in the present model.

6. CONDITION FOR HYPERBOLICITY

The canonical model derived above, with Ap = 0, is generally not hyperbolic. Identically to the two-fluid
six-equation model, the eigenvalues related to the volume-fraction waves are complex as soon as the gas and
liquid velocities are different from each other [19,45]. The pressure difference term Ap has been added to make
the model hyperbolic. In order to find an expression for Ap, we will use a perturbation method around the state
where vy = v;. Based on the experience from the two-fluid six-equation model [8,13,32,35,45], we look for it in
the form Ap = C - (vg — v)?. This formulation also generalizes to multifluid models [24].

We know, from the section above, the speed of sound of the model, ¢pps. The variable defined as

Vg — Up
€=, p— (6.1)
is small for subsonic velocities and is therefore suitable as a perturbation parameter. We first evaluate the
characteristic polynomial

Iy =Det(AU) — - 1), (6.2)
where I, is the identity matrix of rank 4. In this polynomial, we make a variable change through

Vg + Vg

A= 5

+ a - crrg, (6'3)
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where a is the new unknown. Then, all the occurrences of the velocity are eliminated by substituting

Vg = Um + € * CTF4, (6.4)
V¢ = Um — € : CTF4, (6.5
where vy, is the arithmetic average of v, and ve. This is in compliance with the definition of ¢ (6.1).

Now, we perform a power-series expansion of the eigenvalues in terms of the degree of €. To do so, the variable
a is substituted by

a= z_: (b; - €', (6.6)

where N must be higher than the highest degree of £ that we wish in the expansion. Then we will sequentially
solve
degree(Il4,e,1) =0 (6.7)

for the coefficients b;, starting from ¢ = 0, where degree(Il4,¢,4) returns the coeflicient of the ith degree of € in
) (6)
The zeroth degree gives a fourth order equation in by,

papi(aupg + agpe)*L*

(bo — 1)(bo + 1)bg = 0, (6.8)
(pg — P)*chpy ’
whose four solutions are by = —1, by = 1, and twice by = 0. The first two give the approximate eigenvalues
A:”g”fimﬁo(”g_w), (6.9)
2 cTF4

which are clearly the eigenvalues related to the pressure waves. The double solution by = 0 corresponds to
the volume-fraction waves, which are of interest here. For this wave family, we push to the next degree of the
expansion. However, the first degree of the polynomial IT4(¢) vanishes when by = 0. We then go to the second
degree. Fortunately, bs vanishes from the second degree, and we are left with a second order equation in by

PéP?L4 (agpe + prg)3

((agpe + aupg)bT + 2(agpe — aupg)by + (agpe + aupg) — 4C) - 1 = =0 (6.10)
ctralpg — pe)

The reduced discriminant of the equation is

A= (agpe — aéﬂg)2 — (agpe + aupg)(agpe + arpg — 4C) (6.11)
= —dagarpgpe + 4agpe + cupg)C.
Therefore by will only be real if
c > Qedhlebt (6.12)
Qgpp + Qg pPg

which is the same constraint as the one obtained for the six-equation model [45]. The solutions are then

p, = —OmpetaupsE 2\/—agaupspe + (gpr + 0upg)C (6.13)
Qgpp + Qypg

This gives the approximate eigenvalues for the volume-fraction waves

A=

b +ue | Zogpet aupy & 2y agaupgpe & (et apg)Cug —ve ( - W) ‘ (6.14)

2 Qgpe + Qypg 2 2 TR
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We deduce from the above that the model with the regularising term expressed as

_ M(Ug —w)? (6.15)

agpe+ aupg

is hyperbolic at first order around the state where vy = v,. The same expression was previously derived for
other models [8,13,32,35,45]. To make them actually hyperbolic when vy # v, the pressure difference in these
models has commonly been defined as

Qg Pg P 2
Ap = §—2"8 (p, —wp)?, 6.16
(g — v (6.16)

where 0 > 1 [8,13,32,35].
This analysis shows that the most common approach used to regularize similar models is equally valid here.

7. CONCLUSION

We have investigated a two-fluid four-equation model arising as the limit of a five-equation model when the
phase relaxation becomes instantaneous. The phase relaxation source terms involve an interfacial momentum
velocity, for which we found an expression respecting the second law of thermodynamics. This model was then
put in quasilinear form by deriving the differentials of the primary variables. By this, we have extended previous
works [40,44] where these terms were treated as instantaneous relaxation source terms. This formulation has
some advantages, including the possibility of using some standard numerical schemes for hyperbolic systems,
following for instance the approach of [30].

We have placed our model in a hierarchy of two-phase flow relaxation models, and extracted its intrinsic
speed of sound. Extending on previous works, we have shown that for smooth solutions a subcharacteristic
condition holds for each relaxation process in this hierarchy. A major result of our paper is the simple and
general relation (5.27) between the sound velocities of the various relaxation models. In our paper, this relation
is obtained from a direct calculation and it is far from obvious why it should hold.
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