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Abstract. Governing equations for two-phase compressible flow with different phase
pressures and temperatures are presented, the derivation of which is based on the for-
malism of thermodynamically compatible hyperbolic systems and extended irreversible
thermodynamics principles. These equations form a hyperbolic system in conservation-
law form. A two-phase isentropic flow model proposed earlier and the hyperbolic model
for heat transfer underlie the developed theory of this paper. A set of interfacial ex-
change processes such as pressure relaxation, interfacial friction, temperature relaxation
and phase transition is taken into account by source terms in the balance equations. It
is shown that the heat flux relaxation limit of the governing equations can be written in
the Baer-Nunziato form, in which the Fourier thermal conductivity diffusion terms for
each phase are included.

1. Introduction. Multiphase flow modelling has undergone intensive developments
in recent years because of its great importance for practical applications. In recent
decades several theories of two-phase flow have been developed and exploited successfully
for the needs of industry and environmental sciences.

In this paper we study a model of two-phase two-fluid flow in which the constituents of
the mixture have different velocities, pressures and temperatures. Mathematical models
for such a flow are still far from a final satisfactory state. One of the most popular models
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in this field has been proposed by Baer and Nunziato [2]. The governing equations of
the model are taken as a set of two separate systems of conservation laws for each phase
coupled by interface exchange terms. This model has been applied to the study of many
concrete problems, and some modifications and generalizations of this model have been
made in, for example, [, B [8, [16],[24] and the references therein. Note that the governing
equations of the Baer-Nunziato model are hyperbolic. This is a very important attribute
of the model, in that it gives a theoretical basis for its mathematical study and for
confidence in numerical solutions of the equations. But not all equations of the Baer-
Nunziato type model are in conservative form, and this results in difficulties in defining
and studying discontinuous solutions [13] [25].

We propose a different approach to model two-phase flows, based on the formalism
of thermodynamically compatible systems. This theory allows us to formulate classes
of hyperbolic conservation equations using generating thermodynamic potentials and
variables. Its core is a phenomenological approach in modelling of continuous media and
using thermodynamic laws, which determine the structure of the governing equations.
The theory of thermodynamically compatible systems has been developed in the last
few decades and has been successfully applied in different areas of continuum mechanics
and mathematical physics [7), [0, [12] [18]. With respect to multiphase compressible flow
a general principle has been constructed [21, 22], and the model for two-phase flows
in which thermal nonequilibrium between the phases is negligible has been developed
and applied to the study of some specific problems [19, 20, 23]. In this approach the
mixture is supposed to be a continuum in which the two-phase character of the flow is
taken into account. The complete set of governing equations is a hyperbolic system and
consists of the mass, momentum and energy conservation laws for the mixture, which are
completed by balance laws for additional mixture parameters, namely, for the volume
fraction and relative velocity. Moreover, all equations of the system have a conservative
form. This fact is very attractive from mathematical and numerical viewpoints, because
it gives a straightforward way to develop the theory of discontinuous solutions and to
apply modern numerical methods. Note that the equations of the conservative model
can be transformed to a system that is similar to the Baer-Nunziato form. The difference
consists of the distinct definition of interfacial pressure and lift forces that appear in the
phase momentum equations. These forces are not included into the traditional Baer-
Nunziato model.

In this paper we present a generalization of the model [23] for the case of flow with
two different phase temperatures. The design methodology of the model is based on the
synthesis of the conservative equations from [23] and hyperbolic heat transfer equations
formulated in [I7]. The hyperbolic equations for heat conductivity are well-known and
widely discussed in the literature; see for example [I§]. This model is based on the
Cattaneo equation for heat transfer, and the temperature and heat flux are used as
variables. In the present paper we use phase entropies and entropy fluxes as physical
variables which seems to be more convenient for our study and are typical variables
in irreversible thermodynamics [B]. The resulting system of governing equations is also
hyperbolic and all equations are written in conservative form.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/license/jour-dist-license.pdf



HYPERBOLIC FORMULATION FOR COMPRESSIBLE TWO-PHASE FLOW 261

The model presented in the paper is designed for two-phase flows in which both phases
are compressible and the relative motion is of a considerable magnitude. We note that
the model is supposed to be a basic model and for each concrete flow the closure constitu-
tive relations (equation of state, source terms) should be specified by taking into account
features of constituents and their interaction. The model’s possible areas of application
include gas/liquid flows (liquid droplets in gas or gas bubbles in liquid) and solid parti-
cles/gas flows at high pressure. The temperature and heat transfer rate in these types
of flow can be pretty large. It is necessary to note that the heat transfer characteristic
relaxation time in pure liquid or gas is extremely short and the applicability of a hyper-
bolic law for heat transfer instead of the parabolic Fourier law could be reasonable for
modelling processes with a comparable characteristic time. In our case of two-phase flow
the mechanism of heat transfer is determined mainly by the relative motion of phases
and whether the characteristic time of such a mechanism of heat transfer is large. In
Sect. Ml we will see that the proposed hyperbolic model takes into account this feature of
the flow.

The paper is organized as follows. In Sect. [2] we give a brief formulation of the con-
servative model for compressible two-phase flow, in which thermal effects are ignored.
Sect. [ describes the hyperbolic heat transfer equations, on the basis of which the so-
phisticated conservative model for two-phase flow with two temperatures is presented
in Sect. @ Also in Sect. @] the diffusive limit of the hyperbolic heat flux relaxation is
discussed. It is shown that such an approximation leads to equations similar to the
Baer-Nunziato equations with parabolic phase thermal conductivity terms. Conclusions
are drawn in Sect. Finally, in the Appendix, a description of the generating system
is given, which is formulated by the thermodynamically compatible systems theory and
generates the proposed two-phase model.

2. Two-phase flow equations in the case of negligible temperature varia-
tions. In this section we briefly review the model for two-phase flow proposed in [23].
Its derivation is based on the principles of thermodynamically compatible systems [12],
and the governing equations form a hyperbolic system of differential equations in conser-
vative form. We ignore here many possible dissipative processes and take into account
only interfacial friction and relaxation of phase pressures to the common pressure value.
Variations of phase temperatures are assumed to be negligible, and in this section we
ignore thermal processes.

We consider processes in the Cartesian coordinate system, the tensor notation such as
upper and lower indexes, and summation with respect to common index are used. Note
that sometimes we identify quantities with lower and upper indexes in order to avoid
multiple indexation. Assume that the mixture is a continuum in which the two-phase
character of the flow is taken into account. Suppose that the state of each phase with a
number ¢ = 1, 2 is characterized by its volume fraction «;, mass density p; and velocity
vector u¥ k = 1,2,3. For the volume fractions the saturation constraint a; + ap = 1 is
assumed.

The set of convenient physical parameters of state for the derivation of the governing
equations is «, p, ¢, u*, w*, where o = o is the volume fraction of the first phase, p is
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the mixture mass density, ¢ = ¢; is the mass fraction of the first phase, u” is the average
velocity of the mixture, and w” is the relative velocity of phases.

These parameters of state for the mixture are connected with the parameters of state
for each phase by the relations

a1p1 k k k k k k
a=ay, p=aip1+ asps, c= P , Ut =cruy + coly, WY =uy — usy. (2.1)

Using (21) we can derive the relations expressing the individual parameters, such as
mass densities and velocities, by the mixture parameters:

cip cp cop _ (1—c)p
—_— = = — = — 2~2
P1 @ o’ P2 o (1 — Oé) ) ( )
uf = uF + couwf =uf + (1 - )w®,  ub =uF — cpw® = uF — cw”. (2.3)

The system of governing equations for two-phase flow written in terms of the mixture
parameters ([2.I]) can be derived with the formalism of thermodynamically compatible
systems (see Appendix) and reads as follows:

dpa  OpuFa
or Vo 7
dp | dpu* 0
ot = oxk 7

Opul N A(puluk + pskt + pw'E,,,)
ot Oxk

9pc + d(putc + pEu,)
ot Oxk

owy, n O(utw; + E,)
ot Oxk

=0, (2.4)

:0’

= 7(6kljule -+ )\k)

The equations of the above system are the balance laws for volume fraction, total
mass, total momentum, mass fraction and relative velocity, respectively. Here ey;; is
the unit pseudoscalar. Fluxes in the last three equations contain the derivatives of the
equation of state (specific internal energy) E, which is supposed to be a known function
of the parameters of state. The momentum flux contains the mixture pressure p, which
is also defined by the derivative of the equation of state with respect to the mixture
density:

oF
= p2F = p2 . 2.
p=r"Ey=p'5 (2.5)

The two source terms in the first and in the last equations of system (24) are the
pressure relaxation term and interfacial friction term, respectively. The variable w; is an
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HYPERBOLIC FORMULATION FOR COMPRESSIBLE TWO-PHASE FLOW 263

auxiliary variable and its introduction is necessary to write the equation for the relative
velocity in conservative form. Therefore, two additional equations should be added to
the system (24) in order to provide its compatibility [22]. The first one is a steady
conservative equation

ki Wk
e’ W = wJ, (26)
which defines w; as the vorticity of the relative velocity vector, and the second one is as
follows:

oWk O(ulwy, — uFw! 4 €M N)
s 5 =0. (2.7)

We emphasize again that the vector variable w' is introduced only to write the equation
for the relative velocity in conservative form. Actually one can use in system (24 the
equivalent nonconservative equation for the relative velocity

0 0 JFE, oul
W 1 QW wla—z}g:_)‘k’ (2.8)

instead of the conservative one. Nevertheless, the additional Eqgs. (2.6) and ([2.7)) can be
useful in studying discontinuous solutions.
It is reasonable to define the source terms in the following way:

p OF or

¢p=——=FE,= ~ 90’ A =CEx = CW?

p
= 29)

where 7(P) is the pressure relaxation time which is assumed to be a function of parameters
of state and ( is the interfacial friction coefficient, which also can be a function of pa-
rameters of state. Further we will see that such a definition will provide the positiveness
of entropy production in more sophisticated models of two-phase flow.

Thus the closing relations for the system (24 are the source terms ¢, Ay and the
equation of state F. The source terms are defined by formulae (Z9)) in which the deriva-
tives of the equation of state F,, F,~ are included. Only the pressure relaxation time
7(P) and the interfacial friction coefficient ¢ should be defined empirically using physical
assumptions and experimental data.

Now we describe how to define the equation of state for the mixture if the equations
of state for each phase are known. First of all, we assume that the equation of state for
the mixture has a well-known form [26], and is represented as the sum of the specific
internal energy of the mixture e and the kinematic energy of the relative motion:

B, p,c, wi,w,ws) = e(a, p,¢) + (1 = ¢) —o—. (2.10)
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Note that the introduction of the kinematic energy of the relative motion into the equa-
tion of state is a consequence of the requirement that the total kinetic energy of the
mixture is the sum of phase partial kinetic energies:

+ pe(l —¢) 5 = 1P + azp2 5 (2.11)

P

Let us suppose now that the equation of state (specific internal energy) for each phase
is a known function of its mass density e’ = e*(p;), (i = 1,2). Let us assume in addition
that

e(a, p,c) = cret (p1) + c2e?(pa).

Using the relations (2:2) connecting phase mass densities and parameters of the mixture,
we obtain

e(a, p,c) = cet (%) + (1 = c)e? <((11_Ca)§)> , (2.12)

which gives us the internal energy for the mixture.

The definition of the equation of state for the mixture ZI0), (2I2) via equations
of state for each phase gives us the possibility of rewriting the system (Z4) in terms of
individual parameters of each phase [23]. We do not reproduce the conservative system
in terms of phase individual parameters here because such a derivation will be done later
for a more sophisticated model with two temperatures.

The system (24) can be rewritten in terms of phase individual parameters in the
Baer-Nunziato type form as it is, for example, in [24], in which two sets of balance
equations for each phase are coupled by the interfacial momentum exchange terms. The
transformation of the equations is not difficult, but it is a cumbersome procedure. We
provide the final system only, which is as follows:

opay n apaluk _ pt — p?
ot drk 1 7
daipr  Oaipruf —0
ot oxk ’
dazps  Dapaul
at axk 2 _ 07 (213)
daipiuy | daaprujuy | darp' . day Sod i
o o 5 = Prggr T i+ Clup — i),
daopaub  Dagpoubul  Oaop® . Oas e i
ot &ck a$2 =PI 8:ﬂ fl C(uQ ul)'

Here, as before, p = ayp1 + aops, uF = %u’f + %ug, ¢ is the modified interfacial
friction coefficient

(aranpip2)?

(=¢ > , (2.14)
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and py is an interfacial pressure:

1 2

R « + «

pr = 2P2p 1P1pP ' (2.15)
a1p1 + Qgpo

The definition of interfacial pressure in our model differs from the definition in the con-

ventional Baer-Nunziato type models; for example, pr = a1p; + asps in [24]. The more

significant difference are the terms f; in the momentum equations, which do not appear

in the Baer-Nunziato model:

ouly  Oub oul  oub
k k 2 2 1 1

= - 22 L2 ) 2.16

oot (o (2 ) e (- 5)) e

These forces arise for the flow with nonzero relative velocity and are caused by the phase
vorticities. Such type of force is called lift force; see, for example, [6].

3. Hyperbolic heat transfer equations. The model for two-phase compressible
flow with two temperatures proposed in this paper uses a hyperbolic heat transfer ap-
proach, which gives a finite speed of propagation of thermal perturbations. Such an
approach in heat transfer modelling was discovered by Cattaneo and has been studied by
many researchers; see, for example, [I8]. The Cattaneo theory is usually formulated in
terms of temperature 7" and heat flux J, and the governing equation for Jj, is as follows:

0Jx oT
TW + K@

Here k is the thermal conductivity coefficient, and 7 is the heat flux relaxation time.
For our purpose another set of variables is preferable, namely, entropy and entropy
flux. These variables, accepted in irreversible thermodynamics [5], have been used in
[17]. We also presuppose the existence of a thermodynamic potential—specific internal
energy E. Moreover, we assume that the entropy flux is a derivative of the equation of
state (specific internal energy) with respect to the conjugate variable which we call the
thermal impulse. Such a set of variables including the entropy and thermal impulse seem
to be more convenient for models of complicated media. Finally, we assume that heat

transfer processes are governed by the following system:

= —Ji. (3.1)

a5 0B
pE oxk O

djr. . T  Ej

Por T T T e (32)

Here p is the mass density of the medium, which is assumed to be incompressible, S is
the specific entropy, ji is the thermal impulse, E(S, ji) is the specific internal energy,
T = Eg is the temperature, and o is the entropy production. To close the system (3.2])
it is necessary to define the dependence of internal energy on S and j*. The simplest
one we can choose is

A
E=e(S)+ St A=
2 T

The term e(S) can be derived supposing that the medium is in equilibrium state (j* = 0)
and by integrating the equation de = C(T)dT = TdS, where C(T) is the specific heat
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capacity. Note that if we denote j* = o] ¥ and take A = £% we obtain for J* Eq. (31
directly.

Multiplying the equations of the system ([B:2]) by Eg and E;, respectively and summing
the results, we obtain the energy balance law in the form

p%—f + L%Zf“ =oEs— E]’“HEjk . (3.3)

From the first law of thermodynamics, namely, the conservation of energy, we conclude
that the right-hand side in the latter equation must be zero and hence for the entropy
production we have

1 B, By
It is important to note that the classical Fourier heat transfer law can be obtained
assuming that the time scale of the processes under consideration is much bigger than
7. Appealing to physical intuition we do not provide a proof of this statement. Some
mathematical results concerning the relaxation limit of hyperbolic equations can be found
in [4, [15]. So the relaxation limit can be obtained by neglecting the term 9j; /0t in the

second equation of the system ([B.2), and the entropy flux becomes

or
oxk’

Hence the entropy and energy equations take the form

05 | 0 (OTN 1§~ (01
Por = oo \"our ) ~ T 2\ ok )

oF 0 oT
"ot~ oak (“Taxk) =0

Ejk = —KR

These equations are well-known in heat transfer Fourier theory.

4. Conservative model for two-phase flow with two temperatures. Now we
can construct a more sophisticated model for the flow of the mixture of two compress-
ible phases with different velocities, pressures and temperatures. The model is based
on the synthesis of two models presented in previous sections—the isentropic model for
two-phase flow and the hyperbolic equations for heat transfer. We shall consider mech-
anisms such as interfacial exchange, pressure relaxation, interfacial friction, interfacial
temperature exchange and phase transition.

4.1. Generating system of conservative equations. First of all we define the set of
parameters of state for each phase

Ay Piy Siy uf, .jzk

9

where 7 is the phase number (i = 1,2), a; is the volume concentration of the i-th phase,
p; is the mass density of the i-th phase, s; is the specific entropy of the i-th phase, u? is
the velocity vector of the i-th phase, and j¥ is the specific thermal impulse of the i-th
phase. It is supposed that the saturation constraint for volume fractions oy + ags = 1
holds.
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The theory of thermodynamically compatible system allows us to formulate the system
of governing equations in terms of parameters of state for the mixture:

. _a1pr
a1, p=aai1p1+ Qp2, C1= R
k k k k k k o
u” = cjuy + couy, W' =uyf —uy, S;=c;isi, Jji. (4.1)

Here p is the total mass density of the mixture, ¢; is the mass concentration of the i-th
phase, u* is the mixture velocity vector, w* is the relative velocity vector, S; is the partial
entropy of the i-th phase, and j¥ is the thermal impulse vector of the i-th phase. It is
obvious that the saturation constraint ¢y + co = 1 is also valid for phase mass fractions.

As in Sect. 2] let us denote o« = vy, ¢ = ¢;. The basic system of governing equations
can be derived from the generating system of conservation laws (see Appendix) and reads
as follows:

dp  Opu
ot + Oxk

=0,
8,0;0( n dpouk
ot Oxk

dpc  dpeu” + Eu,)
ot ozk

= _¢7

= _¢7

dpu’ n I(puiu® + p6* + pw'E,, )

ot O -0
% + W = —epjulwd — %)\g, (4.2)
52&;‘{ N 3(pjiuk8;-kEsl5"k) — )
3&7‘% N 3(pjéuka;Esz5ik) Y
oy JoSEED gy,
0pSs | O(pSau* + Ejy) M, — .

ot Oxk

The equations of system (£.2) are the total mass conservation law, the balance law for
the volume fraction, the balance law for the mass fraction, the total momentum conser-
vation law, the balance law for the relative velocity, two balance laws for phase thermal
impulses, and two balance laws for the phase entropies, respectively. The pressure p is
defined in the same way as in Sect. 2 p = p*E,,.

The constitutive relations which should be defined for the closure of system ([@2]) are
the specific internal energy E and the source terms ¢, A&, Ao XS NS Ty, Tlo, mq, 7a.
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The procedure of derivation of F by the known equations of state for each phase is
similar to Sect. 2l and will be given below. The source terms are defined in the following
way (note that our goal is not to describe a possible general structure of source terms,
but to select only those that are essential for the modelling of physical processes in which
we are interested):

_ P

¢ = oy oo
_ P

,(/} - T(c) ECa

A5 = X00Euwy, + X01Ejt + x02Ejs, AT = X01Buwy + X11Ejr, A5 = X02Bw, + X22Ej5,

2
Xot _ Xo2

3 2
1 Xo1 ) 1 <
[ = E B + Eyr | + = -
1= X11 2 ( E ANV Es, X00

S1

pcr E?
T 7w T

3 2
1 X02 >
—X EFw+>"F « +
Eg, 2 ; < O R

II, =

pe2 B
T h, W T

=T

T2 = (1)

C2 <
— | Xoo —
Es,

X11

pc1 E?
Es, 1)’

X11

pcy E?

C

By, 7

1 FEs —Eg,

)
Eg,

1 Eg, — Eg,

Es,

2
Xo1 _ Xoz

These source terms are responsible for the following physical processes: ¢ governs the
relaxation of phase pressures to a common uniform state, ¥ governs the rate of phase
transition, A} simulate the interfacial friction force, and A\¥ and A% simulate relaxation
of the phase thermal impulses to the corresponding equilibrium states. Here a mutual
dependence of thermal impulses and relative velocity is taken into account. We also
emphasize that coefficients x;; in the formulae for )\;- are taken as symmetric, which
is a consequence of the Onsager principle [5]. II; and IIy simulate the phase entropy
production caused by all of the above-mentioned relaxation processes, and finally 71 and
w9 govern the phase energy exchange leading to equalizing of the temperatures of the
two phases.

We emphasize that the source terms IIy, I in the equations for partial entropies must
be nonnegative and hence the coefficients

X22
(Xoo— - 0>7 X11,  X22 T(p), ()

X81 _ Xbe
X22
must be nonnegative. We also suppose that 7(T) is nonnegative.

X11
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It is easy to see that the definition of source terms provides the positiveness of the
production of total entropy S = S7 + Sz, the equation for which can be obtained by a
summation of the equations for partial entropies, namely

apsS d(pSu+ E;x + Ejy)

1 (ES1 - E52)2
> 0. .
ot + Dk 0 (4.4)

(T) Esl ESZ -

=T=1T0 + 10 +

Note that all coefficients in the source terms can be functions of the parameters of
state.

As in the simplified model for isentropic two-phase flow (Sect. ), an additional com-
patibility equation connected with the relative velocity vorticity (Z6]) and (1) should
be added to system ({2]).

The solution to system ([2) satisfies an additional total energy conservation law,
which can be derived by the summing up of all equations of this system multiplied by the
corresponding factors: E—&—pEp—ulul/Q—aEa —cEc—jij{C —ngjéc —S1Eg, —53EFs,, E,,
E., u*, pE,,, B, Ej, Eg,, Eg, (see Appendix). The equation itself has the following
form:

op (B + 1) L2 (e (B+ 1%+ &+ w'But) + BoBu, + ByBs) 0.  (45)
ot Oxk e '

Below we describe how to choose closing relationships, namely, equation of state and
coefficients in the source terms.
4.2. Equation of state. Suppose that we know the internal energy

e = e'(pi, i, iF)

for each phase as a function of its mass density p;, specific entropy s; and specific thermal
impulse jf . The dependence on the thermal impulse jf can be taken as in Sect. B

& ik
e' = eg(pirsi) + Ai‘%,
where A; is a constant.
As in Sect. 2l we take the equation of state for the mixture as a sum of specific internal
energy and kinematic energy:
wkwk
2

E(pa a, C, Slv SQaj]]_cng7 wk) = €(p7 a, C, Sla S27]f7.7§) + C(l - C)
The specific internal energy e we define using known e, es by the formula

e(p7a7 & 517 SZa.]{Cajg) = 1€ (pla Slv.jf) =+ 6262(1027 52,]’5)-
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Furthermore, we will use a dependence of parameters of state for each individual phase

on the parameters of state for the mixture. It can be derived from (41l and reads as
follows:

k k k k k k cp (1 —c)p
= 1 — = — = — = - 7

uy = u" + ( cw', Uy =u cw P1 o P2 1—a) )
S Sy

= —_—, 52 = —_—,

C1 C2

k -k
51 1 2

. J5 =135

Using these formulae we can derive the derivatives of the equation of state for the mixture

Eo,Ep, Ec, Eyr; Esy, Ejr, Eg,, Ejx by the derivatives of equations of state for individual

11 1 2 2 2
phases €11 €11t and €y Capr €

To do this we can use the following set of thermodynamic identities:
de = d(cie! + c2e?) = (e! — €?)dc + cide! + cpde?,
de' = e,l)ldm + eildsl + e;fdjf, de? = eideg + e§2d52 + e?;djg,

dpy = C—ldp Pl + ﬁdc, dps = C—2dp+ P2 o — ﬁdc,
(0%} a1 (0%} Qa9 Qg Qg

1 1
dsy = —dS, — Lde, dsy = —dSs + 2de.
Cc1 c1 C2 C2

These identities lead us to the final thermodynamic identity
de = e,dp + eqda + e.dc + eg, dS1 + eg,dS2 + ejfdjf + ej%-djéc
:i(a 201 22 yq Jr}(2617262)610[
02 1P1€p, T Q2P2€,, )P P P1€p, — P2€p,
Jr((e1 + plezl - sleil) - (62 + pzeiQ — S9€e4,))dc
—I—eild& + cle;{cdjf + e§2d52 + @e%djé“,

from which we obtain

1 arp' + azp?
E, = —(a1pie,, +agp3el,) = ———5——,
P p
1 p' —p?
Eo = ~(pley, — phel,) = : (4.6)
P P
1 1 1 2 2 2 wiw"
Ee=((e"+p"/p1 = s165,) = (7 +p7/p2 = 52¢(,)) + (1 = 2)——,
E51 = eil = Tl, E52 = 652 = TQ7 Ejf = clejl.f, Ej§ = 626?5.
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Here T',T? are temperatures of phases. It is interesting to note that the derivative e, of
the specific internal energy with respect to ¢ is simply the difference of phase chemical
potentials °:

€c=M1 _/-1125

i
uzzez—l—pf — 51"

?

Now we can write the system of governing equations in terms of individual parameters
of state for each phase.

4.3. Governing equations in terms of individual parameters of state. The system of
conservative balance equations (£.2)) can be rewritten using individual parameters of
each phase a1, as, p1, p2, u’f, ulg, S1, S9, j{’“, j§ (recall that the volume fraction of the second
phase can be determined via the volume fraction of the first phase: as =1 — «ay). To
do this it is necessary to use formulae [I), (£3) and ([@6]). The resulting system is as
follows (note that we left the equation for « as in (£2)):

O(a1p1 + azp2) N Iy prul + agpoul)

=0,
ot oxk
dpa Opau®
ot + oxk —9,
daip;  Oajpiul —_y
ot Oxk ’
8(a1/01u1i + OCZPQUE) 8(041[)111,3@”1“ —+ OZQPQU%UIQC + 041]91 + a2p2) B
+ —0,
ot Ok
Ol —uk)  A(uiui /2 — uiub /2 + ut — 12 -
(ulat ) + i) “3@;1/ tH k) —eputwd — ;/\157 (4.7)
Opji | Npjiu* +en, ")
ot afk 1
Opss | Olpi + ,5%)
ot oxk 2
day p1sy d(arprs1uf +01€;5> -
ot + Ok =1I; — 7y,
k 2
daapass n I(azpasau” + C2€j§) S,

ot ox

As in Sect. 2] this system must be supplemented by the compatibility relations (Z.4]),
270 for the relative velocity vorticity w;.
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The source terms in the above equations can also be written in terms of individual
parameters of phases:

_ P1— P2 _ P
(b_ T(p) ’ ’(/J— T(C

7:_

1 i i i
st — i+ gler —e2)(uy —up)(uy — up)),

k k k 1 2
g = Xoocic2(uy —us) + X01€1€; + X02€2€]

i 7 7 1
Al = xorcica(u] — usy) + x11c1€

i _ i 2
jiv A9 = Xoae1Ca(u] — up) + Xazca€j;,

3

2
1 Xo1 k k
I, = — 1 A — 4.8
1 T1 X11 ; (Cleﬁc + XHClCQ(ul u2) ( )

48 Y X Xbe i(o c (uk_uk))2+0_1(p1—p2)2
TP\ X xe st B 2 T prP)

per (pt — p® + (o1 — co) (uh — u) (uf — u})/2)?

T 7© ’

3 2
1 2 Xo2 k k
Hy = T2 X22 kz (Czejg + Ecch(ul — u3)

=1

+ 2 X _X_(QH_X_(QJZ i(o c (uk_uk))2+c_2(p1—p2)2
™\ X st . T2  prP)

pea (ph— 12 + (e1 — ) (uy — uh) (uj — uh)/2)°
T2 7 ’

1 Tt -T2 1 172 -T1"

m=Tm T o 0 T m T oz

Finally we can rewrite the total mixture entropy balance Eq. ([@4]) and energy con-
servation law (£3)) in terms of individual parameters:

d(a1p1s1 + agpass) n O(caprss + azpasa)u + cle;{“ + 02635“)

ot Ok
% <C¥1p1(€1 + u112u’1) + agpa(e’ + %)) + % <a1p1u’f (61 + i—i + %)
+ agpgug <€2 + Zp)_z + u’22u§> + clTle}f + CQT2€?§> =0. (4.10)

It is interesting to note that the difference of chemical potentials of phases is presented
in the system (A7) twice, namely in the relative velocity flux and in the source term that
is responsible for the phase transition. The thermodynamic theory uses equality of phase

License or copyright restrictions may apply to redistribution; see https://www.ams.org/license/jour-dist-license.pdf



HYPERBOLIC FORMULATION FOR COMPRESSIBLE TWO-PHASE FLOW 273

chemical potentials as phase equilibrium condition [I4]. In our model such an equality
is also responsible for the kinematic equilibrium of phases. In other words, the chemical
potentials difference causes the relative motion of the phases.

There is a set of coefficients xo0, Xo1, X02, X11, X22 in the source terms Aj, A%, N} that
should be defined. We take

2 2
X X pPS1 pSs2
xoo=C+ L+ 220 v == Y2 = )
X11 X22 C1k1 CoK2
1 1
X111 = —— X222 = — (4.11)
C1KR1 CoRk2

where ( is an interfacial friction coefficient, and k1, ko are the coefficients of thermal
conductivity for phases.

The motivation for this choice is caused by the requirement related to phase entropy
fluxes in the case of negligible thermal conductivity. This requirement can be formulated
in the following way: if the phase heat transfer characteristic times are large in com-
parison to the characteristic time of the process under consideration (in other words, if
K1, k2 — 0), then the partial phase entropy fluxes are

k k
a1p181Uy, Q2P252Uq.

Note that only interfacial friction and thermal conductivity coefficients are required
to define xo0, Xo01, X02, X11, X22 for each concrete two-phase mixture. The consequence of
the above choice of coeflicients x;; is provided in the next section, in which the diffusive
limit of the heat flux is discussed. It turns out that the equations, which are derived
assuming that k; are sufficiently small, look similar to the Baer-Nunziato equations in
which the phase parabolic thermal conductivities are taken into account.

4.4. Diffusive heat transfer limit. In Sect. [3]it was observed that the hyperbolic heat
transfer equations give a parabolic approximation of heat transfer processes if the heat
flux relaxation time is small. In case of two-phase flow we have two interacting heat
transfer processes for each phase with two different heat flux relaxation times. Here we
study the relaxation limit in both phases assuming that two heat flux relaxation times
are sufficiently small. We also suppose that the characteristic scale of the process is much
larger than the relaxation times.

Let us consider the equations from the system (7)) for phase thermal impulses:

(9 -7 a ‘:'nuk+e7;n 51 )
Pim , OPd ik _ N me12
ot Oxk

where \¢, is defined by (@8] with coefficients ([EII]).
Following the assumption concerning the smallness of k1, ko and the characteristic

time scale of processes, we can neglect the time derivative and convective term in the
equation for ¢¢ . The resulting equation is

aem aTm
k Sm
Am__W_—W7 m_1’2
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Now with use of the formulae for coefficients ([@8]), (Z11]), we obtain

1
061:scc(uk—uk)—c,‘ﬁai
1€ = ps1€1C2(U 2 s %
oTt
2 k k
co€s, = —psaciCa(Uu] — Uy) — Coko—— - 4.12
2€5k psacica(uy ) 22333’“ ( )

From the above formulae we see that in the case of considerable relative motion of
phases, the leading terms in dissipative entropy fluxes are connected to the relative
velocity whereas the parabolic terms can be negligible due to the smallness of k1, ko.

Finally, the phases entropies balance equations are transformed to

dayprs1 . Oagpysiul 0 oT! 1
A R A e
Oagpasy  Oagpasaub 0 oT?
at + axk z2_ %CQKQE = H2 — 2. (413)

Expressions (412]) should be also substituted into entropy production terms I, 7y, which
are defined by (4.8) and become (7 does not change)

3
C1K1 or! ClC s, (p=p°)°
leﬁkz_:l(w) Z ClC2 —U2)) +FW
per (p' = 12 + (e1 — ea) (uf — ub)(uf — ub)/2)?
T 7(c) ’

3 3
_ CaKa or? c2( o (p' —p?)?
II, = Wkil (W) TZ 6162 —u2)) —I—FW

pea (p' — p? + (e1 — eo)(uf — ub)(uf — ub)/2)?
T2 7() ’
1 T -T2 1 721!
Ot 0 T Im T e
So the diffusive limit leads to the traditional parabolic equations for phase heat transfer.
It is interesting to look at the transformed relative velocity equation, because the
original balance law contains a source term in which thermal impulses are included.
Substituting (@I2) into the source term in the equation for the relative velocity, we
obtain

+

™ =

(4.14)

O(uf — uf) N O(uiuf /2 — uhub /2 + p' — pi?)

ot Oxk
oTt oT?
= 751@ + SQW - Cclcz(ulf - ug) — eplj UKW .

We see that, although the heat flux relaxation times are small, the influence of heat
transfer on the relative motion is finite.
The latter equation can be transformed to

(3u1 8u1 1 3p1) 3 (8u2 ; Oub 1 9ps

ot tu Yoz ' py Oxk ot tu 28x’ 02 Dy Ok

) = Cerea(ul — ),
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which can be used to derive individual phase momentum equations. It turns out that
they are identical to the phase momentum equations derived in the Sect.

So we conclude that the diffusive limit of the system for two-phase flow (&7 consists of
the balance laws for phase volume fraction o, mass and momentum balance equations for
two phases, and balance equations for partial entropies ([{.I3]). The full system is similar
to the equations of the Baer-Nunziato model, in which the phase thermal conductivity
is taken into account:

dpay  OpajuF

ot ok
O 0 k
191 + alpllcul = _¢v
ot ox
dasps  Daopoul —
ot oxk ’
dorprul  Oagprulul aalpl 8041 i i i
ot ! axkl L Azt a B +fz+C( 2‘“1)_(C2U1+01“2)¢7
Daopouly,  Dagpoubub  Oagp? _ Oao s i i i
2 2, aku 2 4 aei DI fi — C(ub —ul) + (cou + crub),
dayprs1  Oayprsiul 0 oTt
__Z il »
ot + Oxk 9k 1 gk LR
Oaapasa 8a2p232u’§ 0 oT?
__Z et » S
ot + Oxk ok 22 ok 2T

where ¢, ¢ are defined by ([@38), II;, m; are defined by (£I4]), p; is defined by I3, f; is
defined by (2.16]), and ¢ is defined by ([2I4).

Note that the phase entropy balance equations are presented in the latter system, but
we can also derive phase energy balance equations, which are used in the Baer-Nunziato
type model and look as follows:

0 ulul 0 ubul LOT?
g (alpl (el + %)) + ok (alplu’f (el + 12 1) +a1p ul — 1k T o k)

. kO iy, i
=-p 8—;+(P1 pl)ula % + ok f, 4+ C(ub — ul)uf

U2 Tl _ TQ
—([Ll + (Cg — Cl)—l + 61U1UQ)1/) + T1H1 -,
2 7(T)
0 ubud 0 ubud oT?
o1 <042P2 <€2 + 222>) + Dk <a2p2u'§ <€2 + 222> + 012272’“2 - CQI‘GzT2 O k>
500 Oay )
= —p 9t + (1 Z)Uga 5 ub fro — C(ub — ul )ul
u2 T2 - T!
(2 — (ca — c1) =2 + cougug )ty + T2y — ———
2 7(T)
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So the diffusive limit of the proposed conservative equations for two-phase flow can be
written in the form of the Baer-Nunziato type equations, which are not in conservative
form.

5. Conclusions. A system of governing equations for two-phase compressible flow
with two different pressures and temperatures of phases has been proposed. The deriva-
tion of the system is based on the formalism of thermodynamically compatible systems of
conservation laws and on extended irreversible thermodynamics principles. The system
is hyperbolic and is written in conservation-law form.

The phase interaction is modelled by the source terms added to the conservation
equations and includes the phase pressure relaxation, phase transition, interfacial friction
and phase temperatures equalizing.

The diffusive limit in the heat transfer equations in the proposed model can be trans-
formed to the well-known Baer-Nunziato type of governing equations for two-phase flow
in which traditional Fourier thermal conductivity is taken into account.

Because of its conservation form the presented model seems to be promising in applying
known mathematical means and the development and application of modern numerical
methods for studying different problems.

Appendix A. Thermodynamically compatible system of balance laws gen-
erating two-phase flow models. A Thermodynamically Compatible Systems theory
has been applied to the formulation of general classes of conservation equations for the
processes in complicated media in the presence of electromagnetic fields and external
forces; see, for example, [I1] 12} [18]. This theory gives an elegant way to write the system
of conservation laws in terms of generating potentials and variables. Such a formulation
is based on the requirement for the system to be thermodynamically compatible; in other
words, the complete system admits an additional conservation law correponding to the
first law of thermodynamics. Each system written in terms of canonical variables and
generating potentials can be reduced to a symmetric hyperbolic system, and together
with its conservative form, it allows us to apply known mathematical means to study so-
lutions of various initial-boundary problems. In [I1 21] the class of thermodynamically
compatible systems generated by only one potential has been formulated. This class
includes many systems of governing equations of continuum mechanics. If dissipation is
not included into the governing equations, then the equations can be derived by varia-
tional principles in Lagrangean coordinates [10]. After passing to Eulerean coordinates,
dissipative processes can be included in the governing equations. A concrete system of
continuum mechanics can be derived from the thermodynamically compatible system by
assigning a physical meaning to the canonical variables and special choice of generating
potential.

In this paper the governing equations of two-phase flow are designed on the basis of
representatives of the class of thermodynamically compatible systems presented below.
Note that we do not consider here possible dissipative processes. We give this description
only to give an explanation of how the equations of the paper have been derived. Details
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concerning the inclusion of dissipation can be found in [22].

0L,  O(url), ‘
i i =1.2
ot " om0 TLZ

OL,, 8[(ukL)uL + 2L, — 6ik:ZaLz(,]
ot + 8xk

0L, n O(ua Ly, +n)
ot oxy,

oL, 6(ukLn + Zk)
ot + &ck

OLgn N O((urL)gn +vp})
ot aﬁk

OLyp  O((ugL)yr + 06i1)
ot + 8xk -

oL., OL.,

0z, B oxy,

:07

=0,

—0, (A1)

=0, n=1,2,

=0.

Here L(g;, ui, 2k, m, 0™, v}") is the generating potential assumed to be a convex function.
The last steady equation must be added to the system in order to provide the compati-
bility of the system (AJ]). Actually this steady equation is a consequence of the equation
for L,, and can be obtained by differentiating the equation for L, with respect to x,

and subtracting the equation for L, differentiated with respect to zj. After that we

obtain
0 (0L, 0L, \ _ 0
ot \ Oz, oxy )

and if in the initial data OL,, /Oxq — OL,,_ /Ox; = 0, then this equality holds for ¢t > 0
every time.

As was noted for the thermodynamically compatible system, an additional (energy)
conservation law exists. In our case it looks as follows:

0
a(qiLqi + Ly, + 2k Lz + 0Ly + 0" Lon + " Lyn — L)

0
+8Tck(uk(qiL‘“ +uiLy, +nLy 40" Lon + v Lyr) +wizg L, + zgn + 0"vp) = 0.

To derive this conservation law it is necessary to sum all equations of the system ([AT))
multiplied respectively by

n n
iy Usy 2k, M, 0 y Uiy 2uizk~

Finally, the symmetric hyperbolic system can be derived from ((AJ]). To perform this
we rewrite the evolution equations in the equivalent form, which is simply obtained by

. oL, L., . dL.,  OL.,
adding zk( def — BI;;) = 0 to the equation for u; and u,( BL%F — d;;;) = 0 to the
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equation for zi. After that we obtain the following system:
aLQi + 8(ukL)Q1

-0
8t 8xk ’
oL, O(ug L)y, 0z, 0z,
i P, kg e,
ot T on, TPear, Tegr, 70
oL, d(upL), O
Owlln | Oz _

ot oy, oz,

oL, n O(urL)2, I Oug duy, 8_n

—e_r, ==t =0.
ot 8xk + Fo (‘93:1 Laﬁk a$l 0
aLgn 8(ukL)9 avz o
o " on Tom
ALy  O(upL)yr oo™
k k 27
ot + al‘k + 6zk: (%:k 0.

It is clear that the quasilinear form of the latter system is symmetric, and if the generating
potential L is a convex function, then the system is symmetric hyperbolic.

This system is a prototype of the generating system ({2) of Subsect. &Il Actually,
in order to give a physical meaning to the above formal thermodynamically compatible
system, we have to identify all variables as physical variables and define the generating
potential L. One can prove that the system (42 can be obtained taking the derivatives
of generating potential as

Loy =p, Lg, =pa, Ly, =pui, Ly =pc, L = w,  Lgn = pSn, Loy = pj,
the variables as
UiUsq

¢ = E+pE, — 5 —aEy —cE. — jjEjn —0"Egn, q2 = Eo, ',
n=~FE. 2z =pE,, 0"=LFEg vy = Ejn

n?

and finally the generating potential as
L= szp — pwkEwk.

An explanation regarding how to incorporate some kinds of dissipative processes into
the system (AJ) can be found in [22].
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