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Abstract

This work deals with the design and numerical approximation of an Eulerian mixture model for the simulation of two-
phase dispersed flows. In contrast to the more classical two-fluid or Drift-flux models, the influence of the velocity disequi-
librium is taken into account through dissipative second-order terms characterized by a Darcy law for the relative velocity.
As a result, the convective part of the model is always unconditionally hyperbolic. We show that this model corresponds to
the first-order equilibrium approximation of classical two-fluid models. A finite volume approximation of this system tak-
ing advantage of the hyperbolic nature of the convective part of the model and of the particular structural form of the
dissipative part is proposed. Numerical applications are presented to assess the capabilities of the model.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Two-phase flows appear in a large number of engineering applications including the petroleum industry
as well as industrial processes involving bubble column reactors (oxidation, hydrogenation, mixing of het-
erogeneous compositional materials, etc.). They also take an important place in the nuclear industry for
reactors in operating conditions as well as in severe accident conditions. The macroscopic description of
such flows is usually obtained by some averaging procedure [1-3], and is performed essentially by two
large classes of models.

The first class that corresponds to the most general form obtained from the averaging procedure consists of
separate mass, momentum and energy conservation equations written for each phase of the multiphase sys-
tem. This corresponds to the well-known two-fluid model characterized in their most general form by two dif-
ferent velocities and pressures for each phase and possibly supplemented by topological equations [4,5] as well
as the more classical one pressure, two velocity models whose closure is realized by the assumption of equality
of the phase pressures [6-9].
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The second class of model corresponds to the mixture models and consists of single conservation equa-
tion for the mixture (mass, momentum and energy) and a mass conservation equation for one of the two
phases. In this class, one can distinguish the so-called drift-flux models [10-13] for which an additional rela-
tion for the relative velocity is provided and the homogeneous models [14] that assumes a no-slip hydrody-
namic law between the two phases. Some intermediate models have been proposed between these two large
classes and we refer to [15,16] for some examples and to [3] for a presentation and a discussion of these
models.

The two-fluid models are widely used for two-phase flow studies but have some drawbacks. The first dif-
ficulty concerns the modeling of interphase exchange terms. Indeed, there is a lot of practical situations for
which the use of a two-fluid model requires an accurate modeling of the interfacial transfer terms (drag, lift,
added mass, etc.) in order to capture correctly the two-phase flow behavior. Furthermore, from a mathemat-
ical point of view, it is well known that the one pressure two-fluid system is not unconditionally hyperbolic
depending on the closure for interfacial terms. Finally from a numerical point of view, the complexity of
the modeling, the presence of non-conservative products as well as the possible loss of hyperbolicity of the
models make the approximation of these models difficult and dubious.

The mixture models are simpler and are expected to be well suited for situations where the two phases are
well coupled. However, the mixture models also experience some difficulties. The homogeneous models are
unable to take into account even a slight disequilibrium between the velocities of the phases and on the other
hand, the drift-flux models have also some drawbacks. These drawbacks lie mainly in the constitutive relation
for the drift velocity. First, the resulting system is not always hyperbolic. For instance, for two phases having
different densities, both the Stokes and the Churn drift correlations leads to non-hyperbolic systems. The sec-
ond weak point of this type of model is that the complexity of the drift-flux correlation sometimes prevents the
existence of an analytical expression of the fluxes in terms of conservative variables and thus the approxima-
tion of these models requires complex and specialized methods [12,13].

In this paper, we examine situations where the two-phase flows are characterized by a stiff mechanical relax-
ation. By stiff mechanical relaxation, we mean a situation where the velocities of the two-phase tends towards
a common value under the effects of the drag forces. In these situation, the use of homogeneous model is not
always successful as even a slight velocity disequilibrium can have a large influence on the behavior of the sys-
tem and it is often more accurate to be able to retain some non-equilibrium effects. We will show that this is
possible in the framework of mixture model by deriving the first-order Chapman—Enskog asymptotic system
corresponding to two-fluid models. In particular, we will show that the use of the Chapman-Enskog expan-
sion allows to express the relative velocity between the phases by a Darcy law. Moreover, the resulting model
is unconditionally hyperbolic and dissipative. This type of model offers therefore some advantages over the
more classical two-fluid or drift-flux models. This paper is organized as follows: In the first section we recall
in an isothermal setting the classical two-fluid model and show how to derive from it a reduced mixture model
characterized by a Darcy law for the drift (relative) velocity. The second section is devoted to the mathematical
analysis of this model. We will see that the convective part of the model is unconditionnaly hyperbolic in con-
trast to the more classical two-fluid or drift-flux model but also that it is dissipative and consistent. In the third
section of this paper, we describe the numerical approximation of this system that we have used while the last
section presents some numerical experiments.

2. A Darcy law for the drift velocity
2.1. The two-fluid multiphase model

We consider the well-known one pressure two-fluid model. Restricted to isothermal flows this model con-
sists in separate mass and momentum conservation equations for each phase:

O
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O

62tp2 + V- (2p,v2) =0, .
0oL 0,V

26'? 24V (02052 @ Vo) + V(opp) = pVo, — F + %02pP,8. 4)

The notations are classicals. o are the volume fractions of each phase (o + o, = 1), pi the phase densities, v;
the vector velocities and p the common pressure of the two phases.

On the right-hand side of Eqgs. (2) and (4) appear some terms related to averaged momentum exchanges
between the two phases. We have focussed here on the drag force F* and the non-conservative term p; Vo
where p; denotes the macroscopic interfacial pressure. The drag force may be written as the following
pseudo-linear constitutive relation:

F' = (v, —w1). ©)

This represents the simplest form fulfilling the entropy inequality [2]. The coefficient / is a positive scalar that
may depend on the characteristics of each phase (including the relative velocity). This parameter represents the
drag coefficient for which there exist a large number of correlations [17,18] and can be viewed as a velocity
relaxation parameter controlling the rate at which the two velocities tend towards equilibrium. In this sense,
we will see that it plays a key role in deriving reduced models. The macroscopic interfacial pressure p; remains
also to be specified to close the two-fluid model. Several estimates have been proposed for this interfacial pres-
sure and we refer to [6-9] for some practical examples and their impact on the hyperbolicity of the system.

To close completely the system of the four equations (1)—(4), we must provide thermodynamical models for
the two phases. Here, we consider a slightly compressible liquid phase for which the equation of state is written
as:

p(p) =po+ai(pr — po), (6)

where py denotes some constant reference pressure. The constants p; and a; are the corresponding density and
velocity of sound at this reference state. For the gas phase, we adopt the perfect gas equation of state:

pa(p2) = pzai- (7)

The pressure p is found by putting p, = p, = p in the two equation of states and then solving the equation:
%Py %2P

+ =1. (8)
p1(p)  p2(p)

Introducing the mixture density p = o;p; + 0, and the mass gas fraction of the gas by «yp, = pY and taking
the positive root of (8), the pressure is given by:

z 1
PppY) =5+ 5\/7 — 49X (p, — alpy) o)
with:
z=(py—aip,) + p(Ya; + (1 = Y)ay). (10)

As stated in Section 1, the two-fluid model (1)-(4) may appear to be too complex for situations in which the
two phases are strongly coupled. This is the case for instance for a large range of dispersed two-phase flows for
which simpler models such as mixture models produce accurate results [10]. In this case, one can use simpler or
reduced models involving a mixture velocity rather than two independent ones. Indeed, this allows to reduce
greatly the modeling issue by avoiding the closure of average interphase momentum exchanges (interfacial
pressure, added mass, lift and Basset forces, etc.). From a numerical point of view this also greatly reduces
the complexity by not only avoiding the discretization of the interaction terms but also by reducing the num-
ber of waves and their treatment.

Our aim, in this paper, is to derive such a reduced mixture model while still retaining some dynamical effects
linked to the velocity disequilibrium v; # v,. We will do that by considering situations for which the drag coef-
ficient A is large (but not infinite) and consider the first-order in 1/4 asymptotic equilibrium model. Indeed, it is
well known that for certain physical situations such as detonation in granular media [16], the drag coefficient
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can become very high, typically 4 > 10 kg m > s™". For dispersed two-phase bubbly flows this coefficient is
also expected to be large or in other words the drag terms are expected to be the dominant ones. This can be
viewed by writing the two-fluid model (1)-(4) in a dimensionless form. Introducing the dimensionless quanti-
ties as ¢ = ¢/ " where ¢* denotes some reference value, the dimensionless two-fluid model can be written as:

O -
alp1+V (19, V1) =0, (11)
a - ~ B ~_ ~
0616/;1“ + V- (up Vi ® V1) = —Eua; Vp + Driv, + _1p1 _||§H (12)
O -
asz + V- (aap,¥3) =0, (13)
001 0,V . - %20, g
=_E Driv, 14
5 +V- (2,2 ®V5) = U, Vp — Drav, + —=2 7 ||gH (14)

Here, for the sake of simplicity, we have assumed that the macroscopic interfacial pressure is equal to the com-
mon pressure of the two phases. Eu = p*/p*v*? denotes the Euler number related to the Mach number by
Eu=1/M?> where p* and v* correspond, respectively, to some reference density and velocity.
Fr=v*?/||g||L* is the Froude number and Dr is a dimensionless “‘drag number” defined by:

L' A'v:

Dr = .
r p*v*Z

(15)

At this point, to continue the analysis, an estimate for the reference drag coefficient 1" has to be specified. For
dispersed two-phase flows, a large number of correlations are available (see for instance [18] for a review).
Most of them consist in writing the coefficient 4 as:

, 3
= e aCopy v, (16)

where Cp is a dimensionless drag coefficient and r is the average radius of the bubbles. Hence, expression (16)
allows to identify the reference drag coefficient and to write the Drag number as:

3L -\ 2
Dr=3=Co (:) . (17)

For most bubbly flows, it seems to be reasonable to assume that the relative velocity is of the same order of
magnitude than the phase velocities and thus it is legitimate to assume that the reference velocities v* and v* are
of the same order of magnitude. This means that the drag number is driven by the ratio of the macroscopic
characteristic length L* and the microscopic one #* which is expected to be very high for dispersed flows. To
illustrate this order of magnitude analysis let us consider the typical cases of a nuclear reactor that is several
meters high: L* = @(1) m. In these devices, the radius of the vapor bubbles are of the order of the millimeter:
7 = 0(107*) m while their velocities is of the order of v* = ¢(10™") m/s. With the usual values of the gravity
constant we thus get Fr~' ~ Dr ~ 10’ while on the other hand the Euler number is of the order of
Eu = (a*/v*)” where a” is some typical speed of sound and is therefore expected to be at least of the same order
of magnitude. This order of magnitude analysis thus illustrates that the three terms on the right-hand side of
the momentum equations are the dominant ones.

2.2. Chapman—Enskog derivation of the Darcy drift model

In this section, we derive the first-order asymptotic equilibrium system corresponding to large values of 4 in
the system (1)—(4). We model this situation by setting 2 = A'/e with /' = (1) and let ¢ — 0. Therefore, we
expect the two-phase velocities v; and v, to differ by a factor of order ¢ and thus introduce the Chapman—
Enskog expansion

vi =V +ev + 0(), (18)
va =V +evy + O() (19)
into the system (1)-(4) to obtain
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Proposition 1. Assume that the interface pressure py = p+ O(c), then the first order asymptotic equilibrium
system is given by

op°
o T V- (p) =0, (20)
) 04,0
p@tv +V- (V' @v) + VP’ = plg, (21)
0y0
apazY + V- (pVY?) = =V ("Y' (1 = YO)), (22)

where the relative velocity v is given by the relation

0_ 0
W = o P2 P
0

vl (23)

Proof. In the case of conservative system, a full description of the Chapman-Enskog methodology can be
found in [19]. Although the system (1)—(4) is not in conservative form, the adaptation of this technique to this
system is easy and is left to the reader. The equilibrium state (denoted here by the superscript 0) is totally char-
acterized by the two-phase masses (o pl)o, (oczpz)o and the mixture momentum (,ov)0 or alternatively by the
variables p°, Y, v*. Now, assume that at any point x and time ¢ of the domain of interest, the conservative
variables p, pY, pv are known. According to the Chapman—Enskog methodology (see [19]), the equilibrium
state is required to match these values

p=(1p)" + (2p,)", (24)

pY = (2p,)", (25)

pv = (pv)’ (26)
then, using the expansions

p=p’+ep +0(), (27)

Y=Y+ ¥ + 0(e), (28)

vi =V +ev, + O() (29)

the following relationships are obtained

p' =0, (30)
Y' =0, (31)
Yo+ (1-Y%v =0. (32)

Next, introducing the expansion (18), (19) into (2) and (4), we obtain

0
()" ?Vt +V(ap”) = PV + X (v = v}) + (1p)) g + O(e), (33)
Dy’ ,
(202) T3+ V(") = p'Vel — 2 () = ¥}) + (020:) 8 + (). (34)

Multiplying (33) by (22p,)" and (34) by (21p,)" and taking the difference of the two equations we get

p5 — P}
Ay —vp) = ol 2p° Lvp® + O(e). (35)

This relation together with (32) can be solved to obtain the expression of v} and vl. Introducing these expres-
sions in (1)—(4) results in the system (20)—(22). O
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The relation (35) is reminiscent of the Darcy law used in the study of porous media. However, it holds here
for the relative velocity v, — v; while in porous media, the Darcy law is used to define the fluid velocity. Rela-
tion (35) has already been obtained in [3] but seems to have been largely unexploited in the two-phase flow
literature. We also note that the previous proof shows that the diffusive velocities v, — v have to be taken into
account in the partial mass conservation equation but that they can be neglected in the mixture momentum
equation where they represent a correction of order (D(e)z. This is in contrast with drift-flux models where
the influence of the drift velocity is retained in the momentum equation. We finally remark that the assump-
tion on the interface pressure is usually verified since the standard models for the interface pressure [7-9] are of
the form p; = p + f||v.||> where f is some coefficient that does not depend on the drift velocity.

2.3. Connections with drift-flux models
In the engineering literature, a large number of experimental or empirical correlations where the relative

velocity v, is expressed under the form of an algebraic expression are proposed [17,18]. The purpose of this
section is to show the connection of these models with the Darcy drift approximation:

AV, = o0y P2 ; A1 Vp. (36)

For instance in laminar flows, in the so-called Stokes regime, the relative velocity of small particles is given by
the well-known formula (see [2], formula X.2.13)

20477
el

where (1, is the viscosity of the liquid and r denotes some effective radius of the particles. On the other hand,
for dispersed flows, the drag force is usually expressed by the formula (16)

(p1 — P2)8g; (37)

I

3o
P =2 Copy v, v, (38)

where the dimensionless drag coefficient Cp is an empirical parameter that depends on the characteristics of
the flow. This coefficient Cp is usually given as a function of a, and the bubble Reynolds number R, defined
by:

Re = 2rpy[IVell/ st = 2roapu [Vl / s, (39)

where we have used the standard estimates g, = uo; ! for the viscosity of the mixture. For instance, in the
Stokes regime R, < 2, the drag coefficient is given by Cp = 24/R,. This gives the following expression for
the drag coefficient 1

, o

4= Q072
Assuming that the pressure is in hydrostatic equilibrium

Vp = —pg. (41)
The Darcy drift law (36) together with (40) exactly gives the drift correlation (37). Actually under the assump-
tion of hydrostatic equilibrium, the Darcy drift law (36) allows to recover a large number of algebraic drift
correlations known in the engineering literature. We refer here to [20] where a large number of empirical cor-

relations are reviewed for a study of the relationship between the expression of the drag coefficient Cp and
usual algebraic drift correlations.

(40)

3. Mathematical properties

In this section, we discard the external forces and study the differential part of the system. The system being
invariant by rotation, the developments will be performed in the one-dimensional case. We will use
Q = (p, pu, pY)" as the state vector of conservative variables and write the system (20)-(22) under the form:
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0Q +@97(Q) _07(Q,VQ)
ot ox Ox ’

where # (Q) and Z(Q, VQ) denote, respectively, the “convective” and “diffusive” fluxes.

3.1. Existence of a mathematical entropy

Proposition 2. Let fi(p;) be the specific free energy of each phase verifving f1(py) = py/p: and let the pair (n, G)
be defined by:

2
10Q) =5+ L mnufilp): G(Q = -+ (43)
Then (n, G) is an entropy—flux pair for the system (20)—(22).

Proof. The system being invariant by rotation, it is sufficient to consider the one-dimensional case. For the
pair (17, G) given by (43), we must verify the relation:

Von(Q)' - A(Q) = VoG(Q)', (44)
where A(Q) is the jacobian matrix 0.7 (Q)/0Q given by:
0 1 0
9 0
aQ = | (F), 2 (), | 3
—uY Y u
Hence, the first step consists in computing Vo#n(Q). From the expression (43) for the function #(Q) one has:
617(Q)> u?
— =—5+&(p1p), (46)
< ap pu,pY 2
Opu oY
6n(Q)>
— ] =&(pr) —&i(p1, D), (48)
< apY p.pu

where g, (p,, p) = fi(ps) + p/p, denotes the specific Gibbs free energy of each phase. On the other hand, esti-
mating the derivatives on the right-hand side of (44) leads to:

(55, @),] e n
(a%?)) = % Q)+, (50)
().~ ()

At this point we are in position to verify the equality (44). Developing the product of the left-hand side of (44)
shows easily that the relation (44) is verified and this completes the proof. [

3.2. Consistency of the entropy with second order terms

Proposition 3. 17(Q) is an entropy for the system consistent with second order terms.

The consistency of the entropy with second order terms means that there exists three regular functions
G(Q), H(Q,VQ) and S(Q) such that 5(Q) satisfies the additional conservation law:
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MY 1 v.6(Q) =V H(Q.YQ) + 5(Q) (52)

where G(Q) is the entropy flux defined by (44) and where S(Q) < 0. The proof of this result is as follows

Proof. Again, the system being invariant by rotation, the proof can be done by considering only the one-
dimensional case. Since Q satisfies the system

Q , 07(Q) _27(Q.VQ)

o Ox Ox (53)
then #7(Q) is solution of the equation:
m(Q) 07(Q) _0Vaen(Q)-2(Q,VQ) dVen(Q)
2 Van(@) Y = - 2.2 (54

the second term on the left-hand side of this equation has been shown to be equal to 9G(Q)/0x in Proposition
2 and thus it remains to prove that 0Vqon(Q)/ox - 2(Q) is a positive term. We first note that we have:

1
Ve (pwp) =—Vp. (55)
Pk
This leads to:

Von(Q) 0 1 5 5(p— Pl)z

e 7Q) =g (alprp) ~ & p)pY (1= Yy, =5 o P B (V) (56)

and this completes the proof. [

The previous result is important because it establishes that the Darcy drift model has a dissipative effect:
this model of the drift velocity allows a control of the total energy of the flow:

Corollary 4. Let Q be a closed system, that ismn-v=0 and n-Vp =0 where n denotes the outward-directed
normal at the boundary 0Q and define N the total energy on Q by:

W= /Q n(Q). (57)

Then N is a decreasing function of time.

3.3. Hyperbolicity

Let us write the system (20)—(22) under the compact notation (53). In this section we discard the diffusive
terms and concentrate on the first-order part of the system:

Q7 (Q)

ot Ox
We will prove that the system (58) is unconditionally hyperbolic. To do that, we show that this system is sym-
metrizable. The system being invariant by rotation, this study will be performed in one dimension for the sake
of simplicity.

=0. (58)

Proposition 5. Let q = (p,v,Y)' then the transformation q < Q is a one-to-one mapping
Proof. This results from simple algebraic computations [J
Proposition 6. The system is symmetrizable

Proof. We show below that the system written in term of the non-conservative variables q is symmetric and
can be written
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0q dq
M)+ Bla) 1 =0, (59)
where M(q) is symmetric definite positive and B(q) is a symmetric matrix.

Since, the evolution equation for the variables v and Y are obvious, it just remains to establish the evolution
equation for the pressure. For this aim, we first express the partial derivatives of the pressure with respect to
the conservative variables that are obtained by using extensively the equality of the two pressures. From this
equality and the barotropic equation of state for each phase p, = p,(p;), one can write:

a? a2
dp = 71 dp, + 32 dp,. (60)

Next, using the relations p, = (p — p¥) /oy and p, = pY /o, leads to:
a’ o ak — ara?
dp=-Ldp+-2 2714
2“1 20(10(2
At this point, it remains to express the last term on the right-hand side of Eq. (61) as a function of conservative
variable differentials. This can be done by using a similar route. From p, = p, one can write a?dp, = a3 dp,,
and then introducing again the relations p, = p¥, /o leads to:

1
dop=———
%pay + 0 pyd;

2 2

p1a] — %145
Y)+ ———== da,. 61
(pY) %1% 02 (61)

[—atondp + (01d3 + oxat)d(pY)). (62)

This allows to obtain the partial derivatives of the pressure using the set of conservative variables (p, pY)
which are thus given by:

<6_p> _pa (63)
/),y P’
(6_19) _ pa’(p1 — py) (64)
oY/, PPy
where a denotes the average sound speed which is defined by:
1 Ok
o Tk 65
pa* ; praz (65)
Hence, defining the Lagrangian derivative of a quantity ¢ by %”: = % + v- V¢ we have:
Dp 2[le (1 I)DpY} 2[1 (1 1) ] 5
—=pa|——+(——— || —=—| =—pa|—p+|———|pY |V -v=—pa’V -v. 66
Dt py Dt Py p1) Dt P P2 P (¢6)
Thus the system can be written in the symmetrized form (59) where the matrices M(q) and B(q) are defined by:
1/(pa®) 0 0 u/(pa®) 1 0
M(q) = 0 I/p 0], B(q)= 1 u/p 0 (67)
0 0 1 0 0 u

since the matrix M(q) is obviously definite positive and B is a symmetric matrix, we conclude that the system is
symmetrizable and thus that it is hyperbolic. [

3.4. Eigenstructure

These computations will be done using the set of non-conservative variables q = (p,v, Y)". According to the
previous result, in these variables, the system writes in matricial form as:

0q dq
—+A(q)—=0 68
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where the jacobian A(q) is given by:

u pat 0
AlQ)=M"'(qB(@)=|p" u 0 (69)
0 0 u

The matrix A admits three distinct eigenvalues given by:
;“1 (q) =u-—a, /12((]) = Uu, /“3(q) =u-+a. (70)

The corresponding right eigenvectors r,(q) for £ = 1,2, 3 are defined by A(q)r;(q) = Zr(q) and can be chosen
as:

—pa 0 pa
n@=| 1 |, n@=|0f rn@=|[T1/ (71)
0 1 0

The left eigenvectors I;(q) for £ = 1,2, 3 are defined by I;(q)A(q) = 41:(q) and are given after the normaliza-
tion I'(q)r,(q) =

—1/2pa 0 1/2pa
li(q) = 172 |, Ligg=|0|, L@=| 1/2 | (72)
0 1 0

Proposition 7. Let a; be the speed of sound in phase k and assume that W, = (Oar/0p)y > 0 then the
characteristic fields associated to the waves A1(q) = u — a and A3(q) = u + a are genuinely nonlinear, that is they
verify Vgl (q) - 1x(q) # 0 for k = 1,3 for any admissible state q.

Proof. From the eigenvalues (70) and the right eigenvectors (71) one has:
, . Oa
Vi) 1(a) = Vs ) = 14 pa () 73)
u,Y

Hence, to complete the proof, an expression for the average sound speed derivative must be provided. We use
here similar developments as those performed in [15] by first writing the partial derivative of the sound speed
of the mixture as:

2 2
(2) ——afloa? (U)oL | a4
op)y 2 ap , op /y
Next, the density and the sound speed of the mixture are rewritten as:
1 Y,
i -k 75
p ki 73)
1 Y,
- . (76)
(pa)* 2 (prar)’
It follows that:
1 ? Y (1
(6 /a(pa) > — _22 Ay k( + pk;lklpk)7 (77)
P v k (Prar)
() - as)
P Jy (pa)
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where the coefficients \, are defined by ¥, = (9a,/0p),. Hence, using Eqs. (77) and (78) together with Eq. (74)
leads to:

da 2 ar Y (1 + pragy)
| W) ey . 79
e <ap> uwY o) k (pkak)3 7

As indicated in [15], it is legitimate to assume that the phase sound speed «, increases with the pressure, that is
¥, > 0, and thus when looking at Eq. (79) this complete the proof. [

Proposition 8. The characteristic field associated to the wave 1,(q) = u is linearly degenerate, that is it verifies
Vqe2(q) - 12(q) = 0 for any admissible state q.

Proof. From the eigenvalue /,(q) = u one has Vy/,(q) = (0,1,0)" and thus from the expression (71) for the
right eigenvector r,(q) one deduce easily Vy42(q) - r2(q) = 0. O

3.5. Riemann’s invariants

We compute in this section the Riemann’s invariants w of the system which are defined by:
Vow(q) - 1i(q) = 0.

We first begin with the Riemann’s invariants associated to the eigenvalue A,(q) = u — a. Given that r;(q)
from (71) it is easy to see that Y is a Riemann’s invariant for this wave. On the other hand one can also write
from (71):

Hence we get the following second Riemann’s invariant:

= 0. (80)

P

dp
) =u+ | =, 81
wip,u) =u | a (81)

Hence, to summarize, the Riemann’s invariants associated to the 1-wave are given by:

{Y,u—i—/p ‘;_P} (2)

When we look at the Riemann’s invariants associated to the eigenvalue /3(q) = u + a one can show using sim-
ilar developments that they are given by:

{y,u_/pi_{:}. (83)

Finally, given that r(q) from (71), we get easily the Riemann’s invariants associated to the eigenvalue
Aa(q) = u:

{u, p}- (84)
3.6. A reduced model in the incompressible liquid limit

In the previous sections, the liquid phase has been considered as a compressible fluid with a small but non-
zero compressibility dp, /dp = 1/a?. However, for almost all practical purposes, one can consider the liquid
phase as incompressible with a zero compressibility coefficient. This will lead to a mixture model with a sim-
pler equation of state for the pressure. The purpose of this section is to investigate this limiting case.

Let us introduce the small parameter ¢ defined by ¢ = 1/a; and assume that any arbitrary variable ¢ can be
expanded in a series in €:

b= ¢+ ey + O(). (85)
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Now, expanding all variables in (20)—(22) and collecting terms having the same power in €, we get the follow-
ing system for the corresponding power €:

%—’; +V-(pv) =0, (86)

aa—ptv-kv'(pv@v)—i-Vp:Pga (87)

PV (o) = =V (p¥(1 = 7)) (88)
with:

Vv, = %oclocz P2 P Vp, (89)

where, for the sake of simplicity, the subscript 0 of the developments (85) has been omitted. Hence, the zero
order model is formally equivalent to the fully two-phase compressible original system (20)—(22). On the other
hand, the introduction of the expansion (85) in the two equations of state leads for the zero order to:

p1 =P, (90)
p
==. 91
P2 a% ( )
The pressure is thus expressed simply through the relation:
pLpYa;
plp,pY) = —————. 92
) = v o7 (92)

This results in a simpler thermodynamic closure. It must also be noticed that in the incompressible liquid limit,
the averaged speed of sound is now given by:

2

a

i Prd;

o (93)

Fig. 1 compares the sound speed for the compressible model and in the incompressible liquid limit given by

(93). It can be seen that for all practical purposes, except in the case of very small gas volume fraction, the two
thermodynamical models give identical results.
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Fig. 1. Mixture sound speed of an air-water system under atmospheric conditions with @, = 1000 ms™! and @, = 300 ms~! for the

compressible model (circle) and the model in the incompressible liquid limit (cross). Whole two-phase region (left) and zoom for small gas
volume fractions (right).
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4. Numerical approximation

The solution is approximated in time by splitting the complete drift-flux mixture model in two steps. The
first one corresponds to the convective part which consists in advancing the solution during one time step
At =+ — 1" as:

Q' -Q

S+ V- Z(Q) = 28(Q) (54)

with 7 (Q) = (pu, pu® + p, pYu)' and B(Q) = (0, —pg, 0)". This provides an intermediate solution which is de-
noted here as Q"*'. Then, the second one corresponds to integrate the second order term in the gas mass frac-

tion conservation equation. In order to avoid a too constrained stability criterion, this step is discretized by a
fully implicit scheme which reads:

Qn+1 _ Qn+]
At

with 2(Q, VQ) = (0,0, pY (1 — Y)v,)". The two next sections focuss on the two steps which are approximated
in space by means of a finite volume method. In the sequel, these two steps will refer to the convective and the
diffusive step respectively.

- _V. @(Qn+l , VQYI+1) (95)

4.1. Convective step

We present in this section the finite volume scheme corresponding to the first convective step. We adopt the
following notation for the cell average at time * of the solution on cell K:

n_L X n
% = [ Q. (96)

Integrating the first step (94) and using the divergence theorem leads to:

ryn+1

K| L= S 10, (Q), Q) = [K12(Q)), 97)

At o=K|L
where K|L denotes the interface between cells K and L and @, is the numerical flux at this interface. We have

used three different Riemann solvers for estimating the numerical flux. The first corresponds to the Godunov
scheme developed in the incompressible liquid limit which consists in calculating the numerical flux as:

D, (Qx, Q;:n5) = n, - 7 (Q,(Qk, Q1)) (98)

where Q corresponds to the exact Riemann solution at the cell interface ¢ that corresponds to the characteristic
x,/t = 0. A detailed description of the exact solver in the incompressible liquid limit is given in Appendix A. The
other two are approximate Riemann solvers and are described in the next two sections.

4.1.1. The VFRoe-ncv scheme

We present in this section an approximate Riemann solver proposed initially by Gallouét and Masella [21]
for the Euler equations. We refer to [15,22] for more recent applications of this solver in the frame of two-
phase compressible flows. The method consists in replacing the original local Riemann problem at each cell
interface by a linearized one and then solve it exactly. Hence, one has to solve at each interface of the mesh
the following linearized Riemann problem:

SHA@E =0,
if x, <0, 99
q(x,0) = |3 1T (99)
q, ifx,>0,

where x,, denotes the coordinate in the local frame of the interface. The average for estimating the jacobian in
(99) corresponds to the arithmetic average between the left and the right states: q = (qx +q,)/2. It is well
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known that the properties and then the behavior of this scheme depend on the choice of the variables q. Here,
in order to preserve Riemann invariants across contact discontinuities and from numerical experiments per-
formed in [23] the symmetrizing variables q = (p,u, Y)' have been selected. Hence, the local jacobian is given
by Eq. (69) and the solution of the local linearized Riemann problem at each cell interface is given by:

Q= 406/t =0,05,0,) = qc + Y ke = q, — Y Sk, (100)
j~k<0 }.](>0

where &;, = i;( (q; — qx) and where 1, and I, are given by (71) and (72) evaluated on §.

4.1.2. The HLL scheme
We present here the application of the HLL solver [24] to system (20)—(22). This approximate solver offers
the advantage to be very simple and is well-known to be very robust while smearing contact discontinuities
owing to its two-waves structure description. The HLL-Riemann solver consists of three constant states in
the (x,,¢) phase plane, that is:
QK lf X,,/t < SK,
Q,(xu/t) = § Quu 1 Sk <x,/t < S, (101)
Q, ifx,/t>S,

where Sk and S; correspond, respectively, to the smallest and the largest wave speeds. The numerical flux
function corresponding to the intermediate state is given by:

ol Si7(Qu) = Sk F(Qu) + SkS(Q, — Q) 102)
‘ S; — Sk
Then, the complete intercell numerical flux is given by:
F(Qg) if 0 < Sk,
@, = O if Sy <0<S, (103)
F(Q,) if 0>S;.

At this point, it remains to provide estimates for the wave speeds Sk and S;. We use here the standard
estimate:

SK :min(uK—aK,uL—aL), SL :maX(uKJraK,uLJraL). (104)

4.2. Diffusive step

The discretisation of the diffusive step takes advantages of the particular form of the gas mass fraction
equation that writes

OpY
% LV (pvY) = —V - (f(Y)pv,) (105)
with f(Y) = Y(1 — Y). Integration of (95) on a cell K and applying the divergence theorem leads to:
n+1 Y;?Ll — ?;?rl + —n+1
Klp" =+ > lollfo (Y, Yo) (- pv,) S + fo(Y1, Y ) (m - pv,) " =0, (106)
o=K|L

where we have already used p"™! = p"*!. In (106) we have introduced the standard notation v = (v, & |v,|)/2.
The function f,(Yk, ¥Y;) corresponds to a monotone flux discretization of f(Y) = Y (1 — Y) which satisfies the
following properties [25]:

— £, is locally Lipschitz continuous from R? to R,
— f(Y,Y)=f(Y) forall Y € [V, Y],
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— (a,b) — f,(a,b), from Y € [Yx,Y,]* to R, is non-decreasing with respect to « and non-increasing with
respect to b.

Several choices are possible for the numerical flux function £, and we refer to Eymard et al. [25] for some
examples and cited references. We adopt here the following simple flux-splitting formula:

fola,b) = fis(a) + frq (D), (107)

where fi,(a) = a and fo,(b) = —b* are, respectively, non-decreasing and non-increasing functions. Such a
monotone flux discretization ensures the existence and the unicity of the solution of (106) together with the
fact that this solution lies in the physical interval [0, 1] [26].

On the other hand, we use the following approximation for estimating (n - pv,), at each cell interface:

n+1 n+l on+1 n+1
n+1 n+1 Y(r — % Pk — P d, -n,

(ll ! pvr)g = Ps 7 d, d,

(108)

with ¢, = (¢ + ¢;)/2 for ¢ = p, Y, o and d, is the oriented vector from node K to node L with d, the cor-
responding measure. In Eq. (108), the notation p"*! refers to p(p"*', Y"*') where we recall that p"*! corre-
sponds to the solution given by the first convective step. A Newton algorithm is used to solve Eq. (106). In
practice, only three iterations are necessary to reach convergence.

5. Numerical results
5.1. Moving contact discontinuity

The first test case is a standard test case for simulating multiphase materials and consists in the advection of
a material interface between air and water. Initial data correspond to a material interface located at x =0in a
tube of length L =1 m with water on the left and air on the right. The density of the two phases are
p; = 1000 kgm™ and p, = 1.2kgm™ for water and air respectively. Both the pressure and the velocity
are initially constant: p = 10° Pa and u = 1000 m s—'. The averaged sound velocity being infinite for a purely
liquid mixture, the void fraction is set to o, = 1072 on the left of the material interface while o, = 1 on the
right.

The tube is discretized with 1000 cells, the time scheme is explicit with a CFL number equal to 0.4. The
results are shown at time 7 =210"*s in Fig. 2 using the Godunov (dashed line), the VFRoe-ncv (circle)
and the HLL (cross) solvers. These three solvers exactly preserve both constant velocity and pressure across
the contact discontinuity. The analytical proof of this result is given in Appendix B.

5.2. Stationary shock

We show through this test case that the mixture Darcy drift model presents an interesting and rather unu-
sual property. Namely that the presence of the drift terms prevents the mass fraction to being constant inside a
shock.

In a first step, we assume that the drift (or relative) velocity is zero, then the Rankine-Hugoniot relations
for the system (20)—(22) are:

Alpu] = usAlp], (109)
AlpYu] = uAlpY], (110)
Alpu’ + p] = usAlpu], (111)

where ug denotes the shock velocity. Combining the first equation (109) and the second one (110), one can
check that if the mass flux p(u — u;) across the discontinuity is non-zero, then the mass fraction Y is constant
across the discontinuity. We test this result considering a stationary discontinuity located at x =0 m in a tube
of length L = 1.2 m between the following two states:
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As shown in Fig. 3 one can check that the Godunov scheme is able to compute the exact solution for this case
and to capture the discontinuity on one point.

We now perform the same computation using the Darcy drift law (23). Here, we simply take a constant
value of the drag coefficient A and we adopt the standard procedure of [27,28] to estimate this value. This tech-
nique consists in setting first A = o, Cy, and then neglecting all terms in the gas momentum equation except the
drag force and the pressure gradient. This leads to:

Vp
== 112
v (112)
This relation allows to relate directly the coefficient C,, to the terminal velocity of a rising bubble in the case of
non-interacting single bubbles in a stagnant liquid. For instance, the commonly adopted value of the velocity
of a single air bubble rising in water is about 0.2 m.s~'. This corresponds roughly to C,, = 5.10* kgm > s~! for

o, around 0.5. In the numerical experiment reported here, we have used the constant value 4 = 10* kgm 3 s~
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That is exactly what can be noticed from the numerical experiment in Fig. 4. This behavior is in clear contrast
with the behavior of multicomponent models where the drift velocity is modeled by a Fick law.

5.3. Two-fluid shock tube

We present here numerical results for the two-fluid shock tube problem presented in [13] with a slip hydro-
dynamic law. The computation is performed in a tube of length L = 100 m with a discontinuity between the
two initial constant states located at x =50 m. For this test case, the gas sound speed is fixed to:
a, =300 ms~'. The two states are given by:

P 453.197 P 454.915
u| =[248074 |, |ul| = 17461
v/, \0.00705 Y/, 0.0108

The hydrodynamic law used in [13] corresponds to the Zuber—Findlay [29] correlation which can be written as:
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U — (1 —co)u
ur: b
1—0(26'0—Y(1—C())

(117)

where ¢ is the so-called distribution parameter and u., the terminal velocity of a single bubble in a quiescent
liquid. In [13], the values u,, = 0.2162 m/s and ¢, = 1.07 have been used. To compare our model with such a
highly empirical relation for the relative velocity, we investigate this case by following the procedure described
in the previous numerical experiment and set here directly the value: 1 = C,, = 5.10* kgm > s~! that corre-
sponds roughly to the same terminal velocity.

Numerical results are presented in Fig. 5 at time ¢ = 0.5 s using the Godunov, VFRoe-ncv and HLL solvers
with 5000 nodes using an explicit time integration for the first convective step and a constant CFL number
equal to 0.5. The results are globally identical for the three schemes except that the Godunov and VFRoe sol-
ver produce small oscillations on the solution for the density and the gas mass fraction located near the con-
tact discontinuity. These small oscillations are not present when using the more diffusive HLL solver. These
small oscillations disappear when using smaller values of the coefficient 1 and therefore can be due to a lack of
spacial resolution.
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flow of water at the top boundary with u; = 10 m s u, =0ms ! and o, = 0.2, while the bottom boundary
corresponds to an outflow condition with the prescribed constant pressure p = 10° Pa.

The simulation of the water faucet problem is usually performed with a null drag force. Under the assump-
tion of a constant pressure in the gaseous phase, the problem admits an analytical solution for the void frac-
tion (e.g. [32)):

1—a9)u? . 2
) U if x <ulr+ %,
= 2gx+(uf)?
2% & 1

(118)
0.2 otherwise,

where o) and ) correspond, respectively, to the initial void fraction and water velocity. In our numerical sim-

ulation, the inflow state is computed here using Riemann’s invariants across the outgoing characteristic ;. In the

case of the reduced model in the incompressible liquid limit, the Riemann invariants given by (82) simplify to:

Y.=7Y, (119)
u, +ay\/Y.In Pae =u; +a)\/Y;In Pai , (120)
piYe p1Yi
where the subscript e refers to the inflow state while the subscript i denotes the cell values adjacent to the
boundary. From these invariants, one can write the following relation for the inflow density:

170!23

piIn Bt
Pe P;%2e

a1 — +u,—u; =0. (121)
Hence, given the prescribed velocity u, and void fraction oy, at the inflow boundary, the inflow density is com-
puted from Eq. (121) using an iterative algorithm.

The numerical results are shown in Fig. 6 using +500 nodes and a constant CFL number equal to 0.4. It can
be checked that for 4 = 400 that is for a relative velocity equal to zero, the solution given by the Darcy drift
model (that reduces in this case to an homogeneous model) is totally false. However, for small values of the
drag coefficient: 2 = 10* and 10 2kgm s~ !, the solution becomes in good agreement with the analytical
solution and of comparable accuracy with solutions obtained with two-fluid models. Moreover, as seen in
Fig. 7, that displays the results of a mesh convergence study using the Godunov scheme, the numerical solu-
tion converge to the analytical solution. These results seem to indicate that the domain of validity of the Darcy
drift model is not limited to large values of the velocity relaxation parameter.
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Fig. 7. Ransom’s water faucet problem; Results at time # = 0.4 s for 2 = 107> kg m~>s~!; Mesh convergence study using the Godunov

scheme.
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5.5. Sedimentation

Our last test problem also involves a decoupling of the motion of the liquid and the gas which requires the
use of a two-fluid model. Hence, for this problem, it is also expected that the Darcy drift model is a priori
inadequate for simulating this problem.

We present here numerical results obtained with the proposed Darcy drift model for the sedimentation test
problem. This problem is also a classical benchmark test for the two-fluid models [22,30-32].

We consider a vertical tube of length L = 7.5 m filled with a two-phase mixture of air and water with
py = 1000 kgm > and p, = 1.2 kgm > at the ambient pressure p, = 10° Pa. Initial conditions correspond
to oy = 0.5, u =0ms ' and p = p,. The domain is closed and thus both the top and the bottom boundaries
correspond to reflective conditions.

Then, at time ¢ = 0 s, the two-phase mixture is set under the action of the gravity g = 9.81 m s> which pro-
vides phase separation for ¢ > 0. In the frame of the two-fluid models, this test is usually performed neglecting
all forces, including the interfacial drag force, excepted the gravity.
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Here we mimic these conditions by investigating two different values for the velocity relaxation coefficient:
/. =10% and 10~>kg m > s~'. We have also included the solution corresponding to the homogeneous mixture
model which is obtained in the limit 4 = +o0.

The results displayed in Fig. 8 show clearly that the homogeneous mixture model corresponding to 4 = 400
does not reproduce the separation phenomenon. On the other hand, the solution obtained with smaller values
for the coefficient A are in good agreement with well-known solutions produced by two-fluid models. This is quite
surprising and constitutes to the best of our knowledge an original result obtained with such a simple model.

From the computational point of view, we also note that this computation is difficult for the present explicit
numerical scheme used in the convective step. Actually, as separation occurs, o, becomes small in the liquid
part of the domain and then according to (93) (see Fig. 1), the speed of sound rises to infinity and the com-
puted time step becomes extremely small as the (quasi) liquid region develops. It is therefore extremely difficult
to advance in time with the present explicit method. In addition, we have also noted that the VFRoe solver
produces negative values for the gas mass fraction in the cell adjacent to the wall boundary in the liquid
region. Therefore, the computations reported here have been performed only with the HLL solver using
100 cells and a constant CFL number equal to 0.4. Due to the quite diffusive nature of this solver, even if sep-
aration occurs, the value of the gas volume fraction in the quasi-liquid region are not too small and the solu-
tion can be advanced in time at a reasonable cost.

6. Conclusion

In two-phase flows, except for very simple or specialized cases, the velocities of the two phases are usually
different. For this reason, two phase flow modeling is usually performed either by two-fluid models with two
velocities and one pressure or by simpler drift-flux models where the difference of the velocities of the two
phases is given by algebraic correlations. In the two cases, this leads to serious mathematical and numerical
difficulties. The first-order part of these models is usually not hyperbolic and therefore one has to rely on sec-
ond-order diffusive terms to insure the well-posedness of the models. Moreover, from the numerical point of
view, one has to give up the standard approximation methods and devise appropriate numerical schemes with
unknown convergence properties.

Here, we have proposed to investigate another type of models where the relative velocity between the
phases is given by a Darcy law. We have shown that this relation appears naturally in a Chapman—Enskog
first-order asymptotic approximation of the two-fluid models. The convective part of the model is always
hyperbolic and standard approximation methods can be used for its discretization. Moreover, the second-
order part of the model given by the Darcy law is dissipative and its particular structure allows to use a numer-
ical scheme that preserves the maximum principle. The applications of the model to some standard problems
in two-phase modeling are particularly satisfactory given the simplicity of the model.
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Appendix A. Godunov solver in the incompressible liquid limit

In this section, we give a quick description of the exact Godunov solver used to compute approximate solu-
tions of the system

Op  Opu

o + o 0, (A.1)
dpu  o(u> +p)

bt S I /A A2
a T om0 (A-2)

oY Oplu_, (A.3)

ot Ox
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with the state law:

pLpYa;
pY) = pyad = —FLE2 Ad
pp,pY) = pra; Y (A.4)
The Godunov flux being given by
©(Q;, Q) = 7 (Q'(Q, Qk)), (A5)

where Q" corresponds to the exact Riemann solution at the cell interface, the description of the solver reduces
to the computation of this interface value. First, we note that due to the eigenstructure of the system given in
Section 3.4, the solution of the Riemann problem will be composed of four states separated by a 1-wave asso-
ciated with the genuinely nonlinear field 4,(Q) = u — a, a contact discontinuity associated with the linearly
degenerate field 1,(Q) = u and a 3-wave associated with the genuinely nonlinear field 1;(Q) = u + a. Across
the 2-wave, pressure and velocity are constant by the relation (84). Let us denote, p*, u*, the values of these
variables across this wave. We note that due to the state law p = p,a3 where a, is the (constant) speed of sound
in the gas phase, it is equivalent to find the value of the couple p},u* and we will use these variables in the
sequel. Now, since, Y is constant across a shock wave and by (82), (83) is also constant across 1-rarefaction
and 3-rarefaction waves, we will have

Y(x/t) = {

and thus, the problem reduces to find the value of the couple p},u*.

Let us denote %(p,) the curve in the p,,u plane defining the states p,,u that can be connected to a given
right state pf, u® either by a 3-shock or by a 3-rarefaction wave. Using the Rankine-Hugoniot relations (109)-
(111) as well as the expression of the Riemann invariants (83) one obtains:

R VR P2 py R
u + \/asY if p, >
2 /ﬂng pz p27

R
uf — \/BYRLn2  else.
P2

YL lf.x/l‘<u*7

A.6
Yz else (A-6)

u=%(p,) (A7)

Similarly, if we note % (p,) the curve in the p,, u plane defining the states p,, u that can be connected to a given
left state p5, u* either by a 1-shock or by a 1-rarefaction wave, use of the Rankine-Hugoniot relationships and
of the expression of the Riemann invariants (82) will give us

L
L IyL P2—P5 L
u" —\/asY if p,>p
2 nark 2 2

L 3yLy P 1
u” +/ayY"Ln=2  else.
n

u = (51 (pz) (Ag)

The expression of p},u* is then obtained by computing the intersection of these two curves. One can note that
since p, = 0 is an asymptote to the curves €, (p,) and €5(p,), the intersection of these two curves always exists
and is unique.

Appendix B. Numerical preservation of velocity and pressure through a contact discontinuity

The key argument of the proofs lies in the linearity of pY with p at fixed p in the equation of state. Using
similar developments as those used by Gallouét et al. [33] and Murrone and Guillard [15], we show here that
any Godunov solver preserving both the velocity and the pressure for the intermediate state also preserves the
cell values of the velocity and the pressure for the barotropic Darcy drift model in the incompressible liquid
limit. This is obviously the case for the exact Godunov solver presented in the previous section and this is also
the case for the VFRoe-ncv solver using primitive variables (p,u, Y)"' as demonstrated in [33].

Let us note 1 = At/Ax, the starting point consists in writing the discrete version of the mass conservation
equation for the ith cell using the known intermediate state uj,,, = uo:

n+1

P =p = i((PM)ZA/z - (P“)im) =p; = 2“0(/’;11/2 - p?—l/Z)' (B.1)



In the same way, using the known intermediate state pf,, , = p,, the discrete form of the momentum conser-
vation equation writes:

n+1

(pu);™ = (pu); — A(pu® +P)?+1/2 - (P“z +p):’lf1/2) = (pu); — i((ﬂ;’ﬂ/z”(z) +po) — (P;Ll/z”(z) +Po))
= pjuy — )“”S(P?H/z - P?-l/z)- (B.2)

n
i

Hence, by using the mass conservation Eq. (B.1), this show that u"*! = u.

At this point, the preservation of the pressure remains to be studied through the gas mass fraction conser-
vation equation. Using the same notations, the discrete finite volume version of the gas mass fraction equation
writes:

(PY):‘HI = (pY); - )~[(P”Y)?+1/2 - (P”Y)?_l/z] = (pY); - )~”0[(PY):‘Z-¢-1/2 - (PY)?_l/z]- (B.3)
Then, from Eq. (92)
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