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Abstract

We analyse a four-equation version of a common two-fluid model for pipe flow, containing one mixture
mass equation and one mixture energy equation. The motivation is to obtain a fluid-dynamical model where the
mixture is in thermodynamical equilibrium at all time. We start from a five-equation model with instantaneous
thermal equilibrium, to which we add phase relaxation terms. An interfacial velocity appears, for which we give
an expression based on the second law of thermodynamics. We then derive the limit of this model when the
relaxation becomes instantaneous. The time derivatives appearing in this process are subsequently transformed
into spatial derivatives to be able to use numerical methods for conservation laws. The Jacobian matrix of the
fluxes can then be evaluated, and the system be put into quasilinear form. From the Jacobian matrix, we are able
to extract the sound speed intrinsic to the model. By comparison to the sound speed in other two-phase flow
models, we extend some previous results showing that the effect of relaxation on sound speed is independent of
the order in which the variables are relaxed. We also check the subcharacteristic condition and place the model
in a hierarchy of two-phase flow models. Finally, this model requires a regularisation term to be hyperbolic.
With the help of a perturbation method, we find an expression for this term that makes the model conditionally
hyperbolic. Two-phase flows, relaxation, two-fluid model, subcharacteristic condition

1 Introduction

One-dimensional two-phase flows in pipelines may be modelled using the two-fluid model ((Munkejord et al.
2009, Paillere et al. 2003, Stewart & Wendroff 1984, Toumi 1996)). The two-fluid model is characterised by the
fact that it has two momentum equations. Therefore, the phase velocities are independent from each other, as
opposed to the drift-flux model ((Flatten ef al. 2010, Murrone & Guillard 2005, Saurel et al. 2008)) where there
is only one momentum equation for the mixture. The six-equation version of the two-fluid model is used for
example in the nuclear industry ((Bestion 1990, WAHA3 Code Manual 2004)). 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 ((Bendiksen ef al. 1991)), 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 ((Baer & Nunziato 1986, Saurel & Abgrall 1999)). One quality of the latter model is that it avoids the
non-hyperbolicity ((Gidaspow 1974, Stuhmiller 1977)) of the six-equation model.

Relaxation source terms may be added to the model to bring it towards equilibrium at a finite rate. This has
been studied for example by (Martinez Ferrer ef al. 2012, Flatten & Lund 2011, Karlsen et al. 2004, Natalini 1999,
Pareschi & G. Russo 2005, Saurel & Abgrall 1999, Tran et al. 2009). An equilibrium system may also be ap-
proached by a relaxation system with very stiff source terms ((Aursand et al. 2011)). For instance, the six-equation
model with a stiff temperature relaxation will behave similarly to the five-equation model with one mixture energy
equation. However, numerical methods for hyperbolic systems do not naturally handle algebraic source terms.
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Table 1: Main symbols.

Symbol  Signification Symbol  Signification

c Speed of sound r First Griineisen coefficient

Cp Specific heat capacity at constant pressure € Perturbation parameter

e Internal energy u Chemical potential

E Phasic total energy (E = ap(e+1/2v?)) p Density

fi Components of the vector F' A Jacobian

P Pressure B Coefficient matrix in the non-conservative terms
T Temperature F Vector of the fluxes

u; Components of the vector U U Vector of the conserved variables

v Velocity w Vector of the non-conservative variables
wi Components of the vector W g Gas phase (Subscript)

o Volume fraction ¢ Liquid phase (Subscript)

With a splitting approach, the fluxes are advanced one time step alternately with the source terms. The latter are
solved using ordinary differential equation solvers. However, when the relaxation is instantaneous, it should di-
rectly affect the propagation speed of the waves. This time splitting may cause smearing of the discontinuities in
this case. Thus, it is preferable to use the equilibrium system.

For the simulation of the two-phase flow of a mixture with phase change, the equation of state plays an im-
portant role. For example, the Span-Wagner equation of state is accurate for two-phase mixtures of CO, ((Span
& Wagner 1996)). 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. Therefore, a four-equation version of the two-fluid model
has to be derived in order to use such equilibrium-based equations of state. This model was mentioned by (Schor
et al. 1984). However, the treatment of the momentum-exchange terms due to phase change was not mentioned.
These terms require a careful treatment, because phase change becomes instantaneous. In the present paper, we
derive the four-equation model from the two-fluid five-equation model presented by (Martinez Ferrer et al. 2012),
where we replace the individual phase mass-equations by a mixture mass equation and an instantaneous chemical
equilibrium assumption. As mentioned in the previous paragraph, this will modify the wave structure of the model
compared to the initial five-equation model. In fact, this phenomenon has been studied, and a stability condition
has been derived, called the subcharacteristic condition ((Chen et al. 1994, Martinez Ferrer et al. 2012, Flatten &
Lund 2011, Liu 1987a, Natalini 1999)). It says that for a relaxation system and its corresponding equilibrium sys-
tem, the speed of the waves of corresponding families will be lower in the equilibrium system than in the relaxation
system. (Martinez Ferrer ef al. 2012) began to establish a hierarchy of two-phase flow models with respect to the
subcharacteristic condition, where they concentrated on velocity and thermal relaxation. In addition, they showed
that the sound speed is reduced by the same factor regardless of the order in which the relaxation processes are
performed.

The four-equation model thus derived is expected to be non-hyperbolic when the gas and liquid velocities
are different from each other. Therefore, we add to the derivation a regularising term. We choose to use an
interfacial pressure term of the sort often used with the six-equation two-fluid model ((Bestion 1990, Coquel et
al. 1997, Cortes et al. 1998, Evje & Flatten 2003, Paillére e al. 2003, Toumi 1996)). We then obtain an explicit
expression for the pressure difference involved in this term. We do this with the help of a perturbation method
((Toumi & Kumbaro 1996, Toumi 1996)). It is interesting to remark that this term is identical to a well-known
form for the six-equation model ((Chang & Liou 2007, Evje & Flatten 2003, Munkejord 2007, Munkejord et
al. 2009, Paillere et al. 2003, Stuhmiller 1977)).

The structure of the paper is as follows. In Section 2, we present the five-equation model, to which we add
relaxation source terms for phase change. These involve an interfacial momentum velocity, for which we derive
a precise expression with the help of entropy considerations. In Section 3, the four-equation model is analysed.
The phase change relaxation source term is expressed by means of derivatives, so that no algebraic terms remain
in the system. Also, the problematic time derivatives are transformed into spatial derivatives. Then, in Section 4,
the system is written in quasilinear form, which involves finding the Jacobian of the fluxes. In Section 5, the
speed of sound of the model is evaluated, and the subcharacteristic condition with respect to other two-phase flow
models verified. A main result of the present paper is the equation (5.18), which extends previous results on the
effect of relaxation on the speed of sound. In Section 6, we show how a perturbation method gives an expression
for the interfacial pressure difference that makes the model hyperbolic. Finally, in Section 7, we discuss the
phenomenon of resonance which is known to occur in the kind of two-fluid models we consider ((Isaacson &
Temple 1990, Liu 1987b, Morin et al. 2012)). Section 8 summarises the results of the paper. The main symbols
used are listed in Table 1. The other ones are introduced in the text.
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2 The five equation model with phase relaxation

The two-fluid five-equation model studied by (Martinez Ferrer ef al. 2012) 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. After addition of phase relaxation, the five-equation model becomes

00ty n d0gPgve

doypy  doypeve
ot Ox - %/(Ng - “({)? (22)
d Qg PyVe a(xgpgvé ap
8; + ax + aga - Vl()i/(:ué - .ug)v (23)
dagpeve  dauppv; dp
ot Ox + aﬁx - vl%(“g - ‘LL[), (24)
J(E;+E 0
HE B L 9 (Byt agpve + (Eo aupv) =0 @)
t ox
where
E=op (e+ ;v2> , (2.6)

J is a positive relaxation constant, 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 as

/J,:eJr%—Ts. @7

2.1 Interfacial momentum velocity
Through entropy considerations, we are able to give an expression for the interface velocity v;.

Proposition 1. If we assume that the interface velocity v; is independent of g — iy, the second law of thermody-
namics uniquely determines
1
a0 238)
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 vg and v, respectively. For the gas phase, after expansion of the derivatives, we obtain

da,p v doePgv v dap
v agt &+ ocgp,o,vga—t'g +v§$ + agpgvéa—; + Oy~ = veni (e — Hg). 2.9)
The same applies to the liquid phase. After the use of the mass equation and reorganisation, the equations read
d (1 ad (1 dp 1
> <2agpgv§> + P <2agpgvg> + Ogvg 5 = Ve (vi - 2vg) H (e — Hg ), (2.10)
o (ZOC@PZW) +a (zaépevg) ‘HXZWX =W Vi—EVZ H (g — Hp)- (2.11)

Using the latter equations, we can now cancel the kinetic energy contribution in the mixture total energy
equation (2.5), which gives

d d
5 (ocgpgeg + (Xgpgeg) + e (chpgegvg + (Xgpge(;w)

do, aa, 1
+p aivg +p aiw = (ve —vr) (Vi— 5 (ve +W)) A (Hg = pe)- (2.12)
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By the mass equation, we obtain an evolution equation for the material derivatives of the phasic internal energy

Dye, Dyey 806ng dayvy
OePe Dt e Dt tp ox ox

— (a0 (5= 0600 ) e e ) =), 213)

. . . s Dy 9 p)
where we have introduced the phase specific material derivative 7f = 5 + v 5.

Using the fundamental thermodynamic relation

de = %dp+Tds, (2.14)

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)

Dysy | P Depy Dys¢  p Depe d0vy | doyvy
agpg<T o Tp o ) TP\ T ) TP o TP s

1
= ((vg —vy) (vi — E(vg + Vg)> +e,— eg) (Mg — ). (2.15)
By the mass equations (2.1)—(2.2), it can be simplified to

D,s Dysy
OgpeT =3 "+ aupeT =5

1
= ((vg—w) (vi - z(vg—i—vz)) +eg+p£ —ep— ;;Z) (Mg — 1), (2.16)
2

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

80CgpgSg 8agpgsg 806ng5‘ng aa[gp(gS(gV/g
T(8t+8t+ ox | ox

= ((vg —vy) (vi - ;(vg+w)) + g —I.le> H (Mg —Me)  (217)

since the chemical potential can be expressed as in (2.7). Let us name the right-hand side as

S = ((Vg — Vi) (Vi - %(Vg +w~)) + Mg — W) H (g — He), (2.18)
where we remind that .# > 0. It may be written as
S =K (wz+22), (2.19)
where
w = (vg —ve) (w - %(Vg + w)) ; (2.20)
Z= Ug — Hy. (2.21)

Now, the second law of thermodynamics imposes
7 >0. (2.22)

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

ddi” — H (w+22) =0, (2.23)
v4

hence when W
7=— 5 (2.24)
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Inserting this into (2.19), we obtain

S ==K WIz (2.25)
Thus, the second law of thermodynamics imposes
w=0, (2.26)
which uniquely determines
v, = 1(vg +vp). 2.27)

2
O

This is the same expression as proposed by (Stewart & Wendroff 1984), though it was not physically motivated.

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. The two phases will then at all times be in equilibrium. This is achieved by letting .#~ — oo in
the model (2.1)—(2.5). 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

d(0gpg +apy) | I(0tgPgve + OyPyve)
+
ot dx
and specify u, = py. 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 J#" — oo and Uy = Uy, H# (Hg — M¢) is an undefined limit. Tt
needs to be substituted using the phase mass equations (2.1) and (2.2). This gives the model ((Schor et al. 1984))

=0, 3.1)

9 (0tgpg + 0py) N d(agPgvg + 0ypyvy)

= .2
It Ix % (3.2
dogpgvy  OCePevy dp  vg+vi (00gpy  I0gPeVe
o ox %o 2 \Tar T ox ) (3.3)
daupevy  doupevi dp  vetve (doypr  daypevy
o T ox T%T 2 o T ox ) (34)
J(E; +E 0
HELED 4 2 ((y + o + (B + cup)on) =0 65)
Further, the internal energy equation becomes
pa) d d 0V 8am
5 (Otgpgeg + Olgpgeg) + o ((Xgpgegvg + Otgpgewg) +p ai £ +p I =0. 3.6)

In the entropy equation (2.17), since % (11, — ) is finite, we have that % (ug — it7)> — 0. The entropy equation
becomes

8agpgsg 8agpm aagpgSng aagpmw
+ + +
ot ot dx ox
Now, to be able to have the model in quasilinear form, we first need to express the time derivatives d; 0 p, and
d:appy in terms of spatial derivatives.

=0. (3.7)

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

Proposition 2. The differential of the pressure can be related to that of the temperature by

1 1 L
— — — )dp==dT, (3.8)
(pg PZ) T
where p »
L=es+——e,—— (3.9)
£ pe pe

is the latent heat.
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Proof. From the expression of the thermodynamic potential (2.7) and the fundamental thermodynamic relation
(2.14), we obtain

1
dyu=—dp—sdT. (3.10)
P
Since g = [y, we can write
1 1 )
— —— |dp=(sg—s¢)dT. (3.11)
<Pg pe ¢
Remark that, with the Clapeyron equation, we can write
L
Sg—sg:?. (3.12)
Thus the differential becomes | .
L
<_) dp=Lar (3.13)
Pg Pt T
O
Then, we can obtain simplified entropy and internal energy differentials.
Proposition 3. The entropy differential for the gas phase is
dsg = —CpeXedp, (3.14)
and the internal energy differential for the liquid phase is
deg= | Low,—T
eg = 77 ¥ —TCpeXe | dp, (3.15)
bgcs
where
Iy  pe—pe
Xe=—75+ , (3.16)
¢ ché PgpeL
Iy Pg— pe
Xt=—"3 ; (3.17)
pec;  PePeL
and
Yo =1+4+psTCpol's X, (3.18)
VYo =1+pTCp Lo xe. 3.19)
The counterpart for the liquid phase of these differentials is found by symmetry of the phases.
Proof. An entropy differential may be found in (Flatten & Lund 2011). For the gas phase, it reads
Ir,C C
dse = ——LEdp+ 2E4T 3.20
Sg ché p + T ) ( )

which with the help of (3.8) becomes

Iy Pg — Pr
=— — = . 21
dsg Cpe (ché + pepil ) dp (3.21)

To simplify the results, the shorthands (3.16) and (3.18) 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 (Flatten e al. 2010). For the gas phase, it

reads
r r,T r (322)
4 p p
=Cpe | 1-25 |dT+ | 55— 555G | 1- =25 | | dp,
PeCy PgCs  PeCy PeCy
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which can be written through (3.8) as

1 p 2 pe—pr Ty
deg=—= | — —TCpq(pec; — T +— ] |dp. (3.23)
g pec? (Pg p.e(Pgcy —Tgp) < pepil | pec? p

Using the shorthands (3.16) and (3.18), this gives the result (3.15). Note that this expression may be written,
through (3.14), as

deg = ——Wedp+Tds,. (3.24)

Pé : °
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 4. The relaxed gas-phase mass equation may be written as

80;gtpg 80%;))Cgvg _9% _y (a‘;i"g n a‘;;"f) ’ (3.25)
where
- L (L%T + (::js)i Tg(iig: a’pfpjﬁjpéc Ak e
pecy e 2PeCpeXe PLAE) ", Pz
00T (vg — vy) (pécp,w@ﬁ - chpvg%g%)
by (3.27)

( ag ng+ 7\11?) + T (0t peCp g Xg + O peCh, /X/) Pe Pz

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 relaxed mass equation reads

aagpg 8a4pgw ap 306ng 8am
9 + o 328 “or +78x . (3.28)

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

The first relation is the mass equation (3.2)

d(0gpg + apy) | A(OtgPgve + OyPvy)
_|_
ot ox

Then, the derivatives are expanded in the entropy equation (3.7). The derivatives d,sx and d,si are subsequently
substituted using the entropy differential (3.14) to obtain a second relation

=0. (3.29)

ap ap

— (@gPeCp e Xe + upeCpiXe) Fr (0tgPeCp e XeVe + QepeCpoXeve) I
9 0Py doypy d0gPgVy doypyvy
Ty T TR T,

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

d
(“gpg <pf 5V — Tcng?fg) +Qupr ( 52lpf - TCprf)) a*l;
2 ¢ Picy

P P dp
+ ((Xgpg <p§ élpg — TCp,gxg> Vg + 0Py <p[2 %Té — TCp’pxg) Vé) I

0Py doypy 90 PeVe doypvy ~ d0gve  dayvy
ey ATy TR Ty T Ty TPy TPy

=0. (3.30)

=0. (3.3
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Solving these three relations, we obtain the relaxed gas-phase mass equation (3.25). To find the equation for
the liquid phase, we remark that the mixture mass equation (3.2) gives

doypy n doypyvy _ 0Py B 90 PeVe
ot ox ot ox

which gives the result through (3.25). O

(3.32)

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 ((Gidaspow 1974, Stuhmiller 1977)). The eigen-
values associated with the volume-fraction waves are expected to be complex. We choose to include a regularising
term similar to the interfacial-pressure regularising term for the six-equation two-fluid model ((Bestion 1990, Co-
quel et al. 1997, Cortes et al. 1998, Evje & Flatten 2003, Paillere e al. 2003, Toumi 1996)). It consists in applying
a pressure difference Ap between the two phases. The momentum equations are transformed into

d0gPeve  OCePevy ap dog  vg+vy (d0epy  D0Pgve
o T ox %Mo =T (o T ax ) (3-33)
and
daypevy aagp[vﬁ ap doy VgtV daypy  doypevy
o Tox Y%t Uar T ) (334

while the mass and energy equations are not modified.

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 (3.25), (3.28), (3.33)
and (3.34), in the following form

d(0gpg + 0ypy) n 9 (0gPgvy + QpPyvy)

=0 3.35
o1 Ix ! (3:35)
d0epgvy  OCePevy vetve N\ dp  vetve. O(Ctve+ vy dotg
— Ap—==0 .
T ox \ETT )t T e A =0 (3:36)
80cgp/;ve aa[pgvﬁ Vg + vy ap Vg + vy 8(agvg + OC(V[) doy _
Jd(E;+E d
HEe LB 4 9 (E, + cyp)vg + (Ec + agp)ve) =O. (339
ot ox
4 Quasilinear form
We wish to write the model in quasilinear form
U U
— 4+AU)=— =0 4.1
e AU) 5 =0, @
where the vector of variables U is defined as
OtgPg + Qg Py
U— OtgPgVy ' 4.2)
QuPeve
E,+E;

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
U IFV)
ot dx

IW(U)
ox

+B(U)

=0, (4.3)
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where the conservative flux is
OgPgVg + O;ZPZVZ
Ol PV
FU)= . : (4.4)
) azpevf
(Eg + 0tgp)ve + (E¢ + 0up)vy

while the non-conservative contributions are

0 0 0
otV vg+vy P
_ |ttt Y Ap _
B(U) = -ty iy _p, and W = agvg; av | . (4.5)
0 0 0 e

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 5. The density differential may be expressed in terms of the differentials of the variable-vector com-
ponents u; as

1¥ &
dpg = ——Zg ( duy —vgdup —vedus +du4> (4.6)
P o Pg—pPr

where we have used the following shorthands

p p
D = oy —— Wy + o ——5¥ — (0P TCpgite + peTCp )
PgCy pecy
1 1, 1, Y, ¥,
+ —eg+=-viter— = Oopr— +0ups— | (47
Pe—pr ( ey 2vg ey ZW) ( e Pt Cé (Pg c% 4.7
and
1 1
& =—pg <eg - 2v§> +pe (eg - 2v§> . 4.8)
Proof. We recall from the previous section the differential (3.24)
p
deg = @ngp"_Tng (49)

By identification with the fundamental thermodynamic relation (2.14), we can deduce
Yydp = cpdp,, (4.10)
and using the relation between pressure and temperature differentials (3.8), we obtain

_ PgpeL
¢ T(pg—pe)
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)

dT = c;dpy. 4.11)

2 2

1 lc g T(pg—pe)
diy = —dp—s5,dT = — 2 dp, + 5, — —2—"2d 4.12)
e Pg ¢ P ¥y Pe Wy pgpilL Pe
1 1 ¢ c; T(pg—pr)
duy = —dp—s5,dT = — L dpy+ s —28 " dp, (4.13)
He Y pP—S¢ o ¥, Pre [‘Pz pepil P

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:

& 4p, = <L dp,. (4.14)
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Next, we need a relation for the energy differentials. For the gas phase, we find it using the differential of
P(Peseg)

dp= (cg_rg;’g) dpg + Tgpg deg, (4.15)

where dp is replaced using (3.15). After simplification, we obtain
Py
(@\Pg - Tcp-g%g)

deg = czdp,. (4.16)

For the liquid phase, we first use the phase symmetry to obtain
Wy
(ﬁ‘l’f - TCp,ZXZ)

de; = c;dpy, 4.17)

and then replace the liquid density differential using (4.14)
1 s

de, = T—g dpe. (4.18)
(p(;;c%\yngC%ng) g

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

du; = o dpg + oy dpe+ (pg — pr) dotg, (4.19)

where py is eliminated using the differential (4.14)

Ay,
(Pe — pe)dotg = duy — (ag +ay—5— | dpg. (4.20)
c;¥e

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

dup = d(0pgve) = OtgPs dvg + Ctgve dpg + Pgve d otg, 4.21)

where d @ is replaced using (4.20) to obtain

2
PgVg Vg ¥y
AP dvy = — duy +duy + Py + 0P —— | dpg. (4.22)
greTe Pg — Py Pg— Pe ¢ gC%‘Pg £
By phase symmetry, we deduce that
2
peve Ve 'y
oypydvy = duy +dus — Qps + Oepr——= | dpy. (4.23)
tPrdvy Ry 1 3 Pe— P < tPg gp(cé%) Pe

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

peve duy +dusz —

¢ [0790) —&—Otpig ! dp 4.24)
3 (Pg 2y g- .
e — Pe Pg =P e

oy gde =
P P

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

Ve
2

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

% 1 1
d(agpgeg) +d(apres) = du dus — 5” duz — 5 QgPyve dvy — - tuppvedvy. (4.25)
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All the other differentials now follow. The differential of the volume fraction follows from (4.20) in which dp,
is replaced using (4.6)

dog = Y 1’)[ du; — Y 1’)[ é (aglfég + Otgég) (Pg (ia Py duy —vgdus —veduz + du4) . (4.26)
The differential of the pressure follows from (4.10)
dp= l ( ¢ duy —vedus —v,dus +du4> . 4.27)
D\ pg—pe
The differential of the liquid density follows from (4.14)
dp, = ;)‘f; <pg(iapg duy —vgdus —vedus +du4>. (4.28)

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

1 p &

1 p &
dey= — (q’g -TC 7({){4) ( du; —vedup —vpdus +du4) . (4.30)
@\ pjc; ’ Pg — Pr £

The differentials of the velocities follow from (4.22) and (4.24)

PgVe 1 v
QP dvy = — du; +dur+—
ereTe Pg —Pe D pg—pr 131
(xp\yg—i—ap\w ( ¢ du; —vodu vdu—i—du) b
: (— T+ Py 1= 2 —Vvedus 4,
g Cé gC% Pe—pr g
peve L v
oypedvy = duy +duz——
Pg — P D pg—pr
(4.32)

Y, ¥, ( & )
| Cepp— + 0P — du; —veduy —veduz +duy | .
( 2Pt 2 tPg C%> Pe P 1 —Vvgduz —vedus 4

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(agngg + (X(pgw) =duy +dus. (4.33)
Then for the second component
dfs = d(agpevy) = ved(atePgve) + QaPeve dvy = vy dius + 0gPeve vy, (4.34)

where dvg is substituted using (4.31)

2 2
ngg 1 Vg
dfp = ————du; +2vedus + —
Pe—Pr ¢ P py—pr
Y, ¥, ( &
| Qepr— + P — du; —v duz—wdu3+du4). (4.35)
(g Cé gC%> e — P g

Similarly, for the third component
dfs =vedusz + appevedvy, (4.36)
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where dvy is substituted using (4.32)

2 2
1
dfs = LY quy 20 duy — — 2

Pg— Pr @ pg —py

Y, ¥, ( & )
| Cepr— + P — duy —veduy —vedus +duy ). (4.37)
( 2Pt 2 tPg C%> Pe—pi 1 —Vvgduz —vydus 4

Finally, the fourth component can be written as

1 1
dfy = Evé duy + EV% duz + (pgegve +vep — previ — vep) dag
+ (Otgvg +apvy)dp+ Ogegve dpg + Qpepvedpy + OgpPeve deg + 0ypevedey
+ (otgpg (€g + vé) + otgp) dvg + (otrpy (€0 + v%) +oyp)dvy, (4.38)
which after replacement of the differentials and simplification becomes

3 3
—PgVy + Pevy < 3, P) ( 3,.p
dfy=—=— " duj+ | e +=vi+ |duo+ [ er+=vi+ - | dus
Ps — Pe F2E 2" pr

1= ¥ ¥
g ! g l

+ = OgPr—5 + UPg—5 | + Olgvg + Ogvy — T (0tgPgveCpoXe + 0uPeveCpXr)
D | pg—pr Cg cq

&
. duy —v duzvgdu3+du4). (4.39)
(pg—pz b

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

which gives after substitution of the differentials
d ! ( ¢ d d dusz +d ) (4.41)
w) = — uy —vegdup —vedus Uug | . .
@ \pg—pr £
For the second component, we have that
1 1
dwy =d(agve + oyvy) = p—(dug — Qgvedpg) + E(du3 — ayvedpy), (4.42)
g

which gives

1 1 1 ¥ v
dwy = —dup + —duz — — agvg—gz—i—(xgw—éz
Pg Pe @ PgCq pecy

&
. ( duy —vgdus —veduz + du4) . (4.43)
Pg—Pr

Finally, the third component is the volume fraction differential (4.26)

dws = dog, (4.44)
thus
1 1 1 g ¥ &
dws = dup — — ag—zg + ag—; . ( duy —vgduy —veduz + du4> . (4.45)
Pg—Pe pg—pe P Cg oy Pg— P

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 (Evje & Flatten 2003)), we may split the matrix in a conservative part and a non-conservative part.
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With the help of (4.33), (4.35), (4.37) and (4.39), the conservative part is written as

0 1 1 0
_pg7‘§+ Vé(o@ Z 2 _ 32 2 Z 22
A(U) = OFU) _ | “hepr Toppe eV VM Vetp (4.46)
¢ B o Pevy viE 2 3 5 .
v Pg[*:)( - Pgipf Zp vgViZp 2vi+vEp —VviXp
dal a4 a3 (v —vi)Zp +Q

where

B —pgvg + pgvi’ (

3 3
as + ((vy —v))Xp +Q , 4.47)
Pg — P (g =vi)% )Pg_Pl
3
ag = (eg—i-zvé—i—;) — ((vé—v?)Zp —I—Q) Ve, (4.48)
g
3
a43 = (ez +5vi+ ,Z) — (g =v)Zp +Q) vr. (4.49)
We have also introduced the shorthands
1 1 v ¥,
Yp= - | A=+ py— (4.50)
g ‘P(Pg—Pz)< e ¢t
and 1
Q= 3 (0tgve + 0y — PV TCp o Xz — CuPrveTCpiXi) - 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_& _ s _Y 1
IW (U) T Lo e S
M(U) = U 1— Pg—Pz‘?V i Pe —&-\;Zv o +¥Zv —Z‘g (4.52)
Pe—Pi  Pa—Pr Ve Ve -
where
1 1 Y ¥,
r=— og—= 4 oy— |, (4.53)
@ py—pr < ¢ Cé C%
1 ¥ ¥,
Y= — | Ove—S +otpvi— | . (4.54)
v o ( g ngcé P[C%
The Jacobian of the non-conservative fluxes then follows from
A,(U)=BU)-M(U,). (4.55)
The Jacobian of the whole system is then
AWU)=A.(U)+A,U). (4.56)

5 Subcharacteristic condition

The subcharacteristic condition is a stability condition which states that the stiff limit of a relaxation model —
called the equilibrium model — can only be stable if the wave speeds of the equilibrium system do not exceed the
speeds of the corresponding waves of its relaxation system ((Chen er al. 1994, Flatten & Lund 2011, Liu 1987a,
Natalini 1999)). We expect the two-fluid models mentioned in the present paper to respect this condition since
the underlying physical models describe a stable reality. Figure 1 presents the model hierarchy, where TF and DF,
respectively, denote the two-fluid and the drift-flux models, and the index, the number of conservation equations
in the model. Each arrow designates the relaxation performed from one model to the next. The subcharacteristic
condition has been proved for some of the relaxation processes by (Martinez Ferrer et al. 2012) and (Flatten &
Lund 2011). In the present section, we prove the subcharacteristic condition for the remaining relaxation processes
TFs — TF4 and TF4 — DF;.
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Figure 1: Hierarchy of the two-phase flow models. TF: two-phase model. DF: drift-flux model. Index: Number of
conservation equations.

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.

Proposition 6. When the liquid and gas velocities are equal to each other, the eigenvalues of the two-fluid four-
equation model are
Vm — CTF4
Arpg = Y ; (5.1)
Vm
Vm + CTF4

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

O Pg + Ot Py
crre = - S : (5.2)
PgPe ( 2 + éz + T(agpg g%g +oyupeCp X ))
Proof. When v, =0 and v, = 0, the matrix A(U) becomes
0 1 1 0
( U‘E(Pgeg—Pée/E)C%m ) 0 0 _ Ot (Pe—P¢)CTpy )
_ _ _ apg+0tgpe)T (sg—s¢ (aupg+agp)T (sg—s¢
AU (vg =0, =0)) = oy (Pges—Prer)cipy 0 0 _ og(pg—pr) gy ’ (-3)
(0 pg+agpe)T (sg—s¢) (apg+otgpe)T (sg—s¢)
0 eg+ et l
where
OlyPy + Ol Py
Crra = Pe T %P (5.4)

Pgpr (p 2 g+ “é ‘Pg-f—T(O‘ng p.eXe + 0upiCp, Zl/) Pe p[pLé)

Its eigenvalues are then 0,0, ctrq and —ctre. The waves with zero velocity are the volume-fraction waves, while
the two other are the pressure waves. We deduce that ctps 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 (5.4) uses the variable blocks that are involved in the Jacobian matrices. We can also reorganise it to
the more compact form 5.2.

Note that the speed of sound can be used to simplify (3.26) and (3.27)

PgPe T
= C + oy pC CTF4s 5.5
T oupe+ agpy L ( 0lePeCp e + UPCp 1 X1 )CTrs (5.5)
g 0PePr(ve —ve) T ¥, v\,
7 == I e 5.6)
apetagpr L\ MXZP ~Pe pg%gp 2 ) (

The eigenstructure for the general case is not accessible. However, when v, = 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 vy = vy

T4 -y, = Det(A(Uyy—y,) — A -14), (5.7)
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where 14 is the identity matrix of rank 4. This polynomial can be simplified to
Mg yy=y, = (A = vin)? (A — (vm +c1ra)) - (A — (Vi — CTR4)), (5.8)

which is solved by the eigenvalues presented in (5.1). O

5.2 Speed of sound in other models

The speed of sound of the five-equation model is given by (Martinez Ferrer et al. 2012). In order to express it in
terms of the parameters used in the present article, we first derive a relation. In (Martinez Ferrer et al. 2012), the

parameter
oT 1 [dp
=(5), (%), e
is used. The triple product rule gives
1 [dp dap
=5 (30, Gh). 619
where 5
orP\ _ 2
(3[))5_0 , (5.11)
and, from (Munkejord et al. 2009),
(8p) =TIpT. (5.12)
ds o
Thus T
(= ﬁ (5.13)

The speed of sound in the five-equation model, taken from (Martinez Ferrer ef al. 2012) and simplified, is

O+ 4Py

CTF5 = = (5.14)
0o PeCpo 0y psCp oT [ —25 — ‘)
pupr | 2+ o PPt <"g‘§ pue
gPt Pecz ' pec? GgPgCp.gt+0rpiCp

We also know from (Flatten & Lund 2011) 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 (3.35)—(3.38) with instantaneous velocity relaxation. This is obtained
by summing equations (3.36) and (3.37) and assuming v, = v,. After simplification, the speed of sound can be

written .

(5.15)

CDF3 =
\/(O‘gpg + oy pr) (Pzié + pl:é% + T(agpgcp,glgz + oy peC, ,élgz))

5.3 Comparison of the speeds of sound

(Martinez Ferrer et al. 2012) 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

I _ TR _ %agpg +oypy) (ag O“*>, (5.16)

_|_
CDF4  CDF5 Pz Pre

By rearranging the expression above, they also arrive at

CDF5 _ CTF6 (5.17)

- )
CDF4 CTF5

which shows that the same conclusion applies to the effect of thermal relaxation.
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Now, in the present work, we derived TF4 from the TF5 model previously mentioned by performing instanta-
neous phase relaxation, and found its sound speed (5.2). By comparing it to the speed of sound in the DF3 (5.15),
we immediately see that we can extend the ratio relation (5.16) with

CTF4 _ CTF5 _ CTF6 (5.18)

)
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
CDF4 _ CTF5

= , (5.19)
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 (Martinez Ferrer er al. 2012) on the ordering of the speeds of sound, we can write from
(5.18)
¢DF3 < CTF4- (5.20)

Now, we take the difference between the two speeds of sound ctp4 and c1gs, or more precisely the inverse of their
squares, which gives
2
-2 ) PgPr T (0tgpeCpeXe + 0upeCpoXr)

L . (5.21)
TR TR T b+ 0Py 0 PeCpg + 0 peCpy

This difference is always positive, which proves that

cTF4 < CTFS- (5.22)

Consequently, from (5.19)
¢pFr3 < CDF4.- (5.23)

5.4 Subcharacteristic condition and model hierarchy

We can now extend the results SC1-SC4 from (Martinez Ferrer et al. 2012) by adding the two-fluid four-equation
and the drift-flux three-equation models to the hierarchy. Following the argument of (Martinez Ferrer et al. 2012),
as well as referring to (5.1) and to the eigenvalues of the drift-flux three-equation model in (Flatten & Lund 2011),
we can state the new results:

SC5: The model DF3 statisfies the subcharacteristic condition with respect to TF4.
SC6: The model DF3 statisfies the subcharacteristic condition with respect to DF4.
SC7: The model TF4 statisfies the weak subcharacteristic condition with respect to TFS5.

Here we follow the definitions of the subcharacteristic and weak subcharacteristic conditions given by (Martinez
Ferrer et al. 2012). For the two-fluid models, due to algebraic complexity, the general eigenvalues are not known.
Therefore, we only discussed the case where the gas and liquid velocities are equal, which only proves a weak
subcharacteristic condition.

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 ((Gidaspow 1974, Stuhmiller 1977)). 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 v = v;. Based on the experience from the two-fluid six-equation model ((Chang &
Liou 2007, Evje & Flatten 2003, Munkejord 2007, Munkejord et al. 2009, Paillere et al. 2003, Stuhmiller 1977)),
we look for it in the form Ap =% - (vg — Vg)z. We know, from the section above, the speed of sound of the model,
ctra. The variable defined as
_YeT Ve 6.1)
2-cTR4
is small for subsonic velocities and is therefore suitable as a perturbation parameter. We first evaluate the charac-
teristic polynomial
Iy =Det(A(U) — A - 14), (6.2)
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where 14 is the identity matrix of rank 4. In this polynomial, we make a variable change through

_ Vg + Ve

A +a-cTr4, (6.3)

where a is the new unknown. Then, all the occurences of the velocity are eliminated by substituting

Vg = Vm + € - CTF4, (6.4)
V¢ = Vm — € - CTF4, (6.5)

where vy, is the arithmetic average of vg and v,. 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
N

a=Y (bi-€'), (6.6)
i=0
where N must be higher than the highest degree of € that we wish in the expansion. Then we will sequentially
solve
degree(Ily,€,i) =0 6.7)

for the coefficients b;, starting from i = 0, where degree(Ily, €,i) returns the coefficient of the ith degree of € in
114 (8 ) .
The zeroth degree gives a fourth order equation in by,

4.4 474
Pe Py (Qupg + 0tgpy)*L
SN (bo—1)(bo +1)b3 =0, (6.8)
(Pg = Pe)ScTpy
whose four solutions are by = —1, by = 1, and twice by = 0. The first two give the approximate eigenvalues
xvg”éicTF4+ﬁ<ng), (6.9)
2-CTR4

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 expan-
sion. However, the first degree of the polynomial I14(€) vanishes when by = 0. We then go to the second degree.
Fortunately, b, vanishes from the second degree, and we are left with a second order equation in b

4474 3
P Py L* (0tgpr + Cupyg)
(0P + 0upe )b +2(tgpy — 0Py )by + (Cgpy + 0ypg) —4%) - 2% o =0. (6.10)
cTra(Pg — Pr)

The reduced discriminant of the equation is

A= (agpr— afpg)z — (Cgpr+ 0 Pg) (Aepr + Qupy — 4F) 6.11)
= —40oz 0Py Py +4(Agpy + OyPg)C .
Therefore b will only be real if

> Fe%PePr (6.12)

~ ogpr+aupy’

which is the same constraint as the one obtained for the six-equation model ((Stuhmiller 1977)). The solutions are
then

— 0t + 0Py £ 2/ — Ol O PP + (0P + Cupg)E
by = : (6.13)

Ol i+ Py

This gives the approximate eigenvalues for the volume-fraction waves

PR +vy N — 0Py + Py 21/ —0lg 0P Py + (QaPr + OyPg)E Ve — vy i (vg — ve> 6.14)
2 OgPy + 0Py 2 2-crra ) ’
We deduce from the above that the model with the regularising term expressed as
O Oy Pg Py
= 28 (v, —wy)? (6.15)

a O Py + 0Py
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is hyperbolic at first order around the state where vy = v,. The same expression was previously derived for other

models ((Chang & Liou 2007, Evje & Flatten 2003, Munkejord 2007, Munkejord et al. 2009, Paillere et al. 2003,

Stuhmiller 1977)). To make them actually hyperbolic when vy # vy, the pressure difference in these models has

commonly been defined as

_ 5 % %Pepr (
OgPr+ 0Py

where 6 > 1 ((Chang & Liou 2007, Evje & Flatten 2003, Munkejord et al. 2009, Paillére er al. 2003)).

vg —vi)?, (6.16)

7 Resonance

The two-fluid models are prone to resonance, which means that the eigenvector space collapses under some condi-
tions, and the Jacobian of the fluxes becomes singular ((Isaacson & Temple 1990, Liu 1987b, Morin et al. 2012)).
This is due to the eigenvectors related to the volume-fraction waves becoming parallel when the gas and liquid
velocities are equal. The physical explanation is that the volume-fraction waves become identical — identical jump
and propagation velocity. This is not a problem for numerical methods that do not use the eigenstructure of the
system, because the two waves actually exist and are superimposed ((Morin et al. 2012)). However, this is prob-
lematic for numerical methods that use the eigenstructure, because it looks like information is lost. In this case, a
fix can be used to overcome this issue, for example the one described by (Morin ef al. 2012).

8 Conclusion

We have analysed a two-fluid four-equation model 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 where these
terms were treated as instantaneous relaxation source terms. Then the intrinsic speed of sound of the model has
been extracted.

We have placed our model in a hierarchy of two-phase flow relaxation models. It has been proved in previous
works that the subcharacteristic condition is satisfied for a part of this hierarchy. In the present work, we have
proved that it is satisfied for the rest of our hierarchy.

Finally, we applied a perturbation method around the state where the gas and liquid velocities are equal. This
helped deriving an expression for the pressure difference in the regularisation term which makes the model hyper-
bolic.

This model is ready to implement, using numerical methods for hyperbolic systems. One should nevertheless
keep in mind that the model is prone to resonance, so that methods that use the eigenstructure of the system will
require a fix when the gas and liquid velocities are equal or close to each other.
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