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The Coupling of Multi-Phase Flow Models

Jean-Marc Hérard*
EDF, R&D, 6 quai Watier, 78400, Chatou, France.

This paper provides an overview of some recent developments that were motivated by
the unsteady interfacial coupling of existing codes. We describe the framework and the
basic ideas first, which mainly rely on the use of a father model. Next we list the main
achievements in this domain, and focus then on the interfacial coupling of a three-field
model with a two-fluid two-phase flow model. Some numerical results are shown, and we
eventually try to point out the main results and give some perspectives for further work.

I. Introduction

This paper presents a partial review of some recent work that has been achieved in the NEPTUNE project
since 2002,%22 which concerns the unsteady interfacial coupling of distinct codes, or equivalently of distinct
models devoted to the simulation of water-vapour two-phase flows.

One of the main motivations for such a work was tightly linked with the fact that many distinct two-phase
flow codes have been built during the last decades, and that users ask for coupling procedures that enable
to perform stable and meaningful coupled simulations with different codes. In the French nuclear safety
framework, these codes include THYC, FLICA, CATHARE and NEPTUNE_CFD codes.?? The first two
rely on the homogeneous approach, whereas the third one and the fourth one use the two-fluid approach as a
main guideline. Moreover, the CATHARE code also allows to compute solutions of a three-field model (34) in
some specific situations; a straightforward consequence is that there is a need for the coupling of a three-field
model with a two-fluid model. All of these codes compute approximations of solutions of models with the
Finite Volume method, using either the staggered approach (THYC, CATHARE) or the colocated approach
(FLICA, NEPTUNE_CFD). The main objective of the present paper is to present the main principles that
have been considered in order to construct coupling procedures and to give a brief review of achievements.
We will also give some focus on the recent interfacial coupling of a two-fluid model with a three-field model,
and eventually we will discuss some possible advantages and drawbacks of our approach.

In practice, we will need to define two sudomains €; = {x < 0} and , = {z > 0}, and a coupling
interface standing at x = 0. Thus we will focus on models of the form:

0y (W) + 02 ((i(W7))) + CL(W1)0x ((9:(W71))) = Si(W;)  for: 2 <0,

and:
Or (W) + 02 ((fr(W))) + Cr. (W) 02 ((9r (W) = S (Wy)  for: >0,

where the state variables W; and W,. are distinct and lie in R? and RY respectively. In most cases p and q are
distinct, and the main problem is to provide meaningful boundary conditions at each time step through the
coupling interface. The left hand sides of the latter models gather the convective effects, and may contain
non conservative contributions (in that case C; an C,. are non zero). The right hand sides (so called source
terms) contain zero components and non-zero contributions that involve relaxation time scales.
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II. An interfacial coupling approach based on the father model

A. Basic ideas

The basic idea of our approach relies on the use of a father model in order to derive suitable boundary
conditions at x = 07 and 2 = 0~. The underlying idea may in fact be found in the early paper by Greenberg
and Leroux,?! though not formalized exactly as it is done below. Actually, once the father model has been
chosen, the procedure is quite simple. The sequence is as follows:

e Step 1: Define the father model (1) at the coupling interface;

e Step 2: Define and reconstruct interface conditions IC on both sides of the interface z = 0 at each time
step;

e Step 3: Solve the exact (or approximate) Riemann problem corresponding to the father model (1),
using these 1C;

e Step 4: Plug the interface values in a numerical flux using both states W (0~) and Wg(0") and update
cell values with the Finite Volume scheme, at each time step.

Remark 1:

Of course, steps 3 and 4 are classical and thus are not discussed herein. However, in many practical cases,
the exact solution of the Riemann problem is not available ; hence approximate Riemann solvers are used in
such a situation.

Remark 2:

The father model may contain a steady wave (this may happen for instance when coupling a fluid flow model
and a porous model) ; in that case the interface values Wr(07) and Wr(0") may be distinct. This will be
detailed when discussing the coupling problem.

B. Constraints on the father model
The governing equations of the father model are:
o(WE) +o(HF(WF)) + DF (W), (WF) = S(WF) (1)
where W lies in R®, where max(p,q) < s. The father model should enjoy the following properties:
e CI1: The left-hand side of (1) is an hyperbolic problem (where the resonance phenomenon may appear);

e (C2: Smooth solutions of (1) must comply with an entropy inequality;

C3: Jump conditions associated with (1) must be unique;
e (C4: Expected positive quantities should be preserved by (1);

e C5: System (1) should contain the inner mechanisms such that left and right models can be retrieved
through relaxation processes (or at least through the use of adequate colour functions).

Remark 3:

These constraints deserve at least a few comments. The first four conditions (C1, C2, C3, C4) are obviously
compulsory in order to provide a meaningful solution of the Riemann problem at the coupling interface,
which is of course the keystone of the approach. Moreover, the last condition (C5) will give the links that
guarantee a meaningful coupling procedure. Of course, these constraints will not be sufficient in order to
provide a unique candidate for a given coupling problem, which may be viewed as an a priori drawback.

C. Reconstruction of interface initial conditions

The reconstruction is mandatory when p < s (or ¢ < s). The exact procedure depends on the coupling
problem. We will discuss that point later on, when giving more details on the father model, for a given
example.
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D. A brief review of some interfacial coupling experiments

Various coupling problems have been investigated, and we will only consider here a few among them. Al-
most all of them concern the coupling of multiphase flow models, but at least one is different, which refers
to the coupling of a 1D model with the same model in a two-dimensional framework. This is an important
problem since many 1D codes have been built in order to simulate flows in pipes and other components
where the flow is assumed to be strictly 1D. We refer the reader to the paper,?® which investigates this
problem in detail. In that particular case, two distinct father models were proposed. The first one was a
non-conservative model, whereas the second one was in conservation form. It has been shown in?® that the
first one should be prefered, for stability reasons, by comparing the full two-dimensional computations with
the coupled simulations. It must be noted that the validation of the coupling approach is rather easy in that
case, since the reference solution -that is to say the full 2D simulation- is obvious and unique.

The following coupling problems have been investigated :

e E1: The interfacial coupling of an homogeneous equilibrium model (p = 3) with an homogeneous
relaxation model (¢ = 4);

e E2: The interfacial coupling of a two-fluid hyperbolic model (p = 7) with an homogeneous relaxation
model (¢ = 4);

e E3: The interfacial coupling of a classical two-fluid model (p = 6) with an homogeneous relaxation
model (¢ = 4);

e E4: The interfacial coupling of a two-fluid porous model (p = 8) with a two-fluid fluid model (¢ = 7)
(or its counterpart with the homogeneous approach -p = 4 and ¢ = 3-);

e E5: The interfacial coupling of a two-fluid hyperbolic model (p = 7) with a three-field model (¢ = 11).

The reader may find details on the coupling problem (E1) in references.®® The father model used
in the second reference is an homogeneous relaxation model that includes a colour function (thus s = 5)
which enables to select the relevant equation of state on each subdomain ;.. References?®? and?? focus on
the coupling of problems (E2) and (E3), which are indeed quite similar. The father model in both cases
corresponds to the hyperbolic two-fluid model (2) introduced in the next section (s = 7). This model enables
to retrieve the standard two-fluid model,?! assuming that the pressure relaxation time scale 7p is set to zero.
A similar remark holds for the homogeneous relaxation model, while enforcing 70 = 7y = 7p = 0, where 7y
and 7 denote the velocity and temperature relaxation scales. The father model involved in the coupling
problems belonging to class (E4) corresponds to the porous model, when focusing on the homogeneous
approach??24 or on the two-fluid approach.'® 17:26 Details on reconstruction procedures can be found in the
above-mentionned references. These reconstructions may become difficult when using complex equations of
state ; in fact they usually require solving non-linear scalar equations in cells touching the coupling interface.
The last coupling problem (E5) that we briefly present below was mainly motivated by some developments
in the CATHARE code (see!®22:34),

III. The interfacial coupling of a three-field model with a two-phase flow
model

We only give in this extended abstract the basic models that must be coupled through the interface.
Details on the two-fluid model can be found in'? 14 and related references (see”™® 32 ). The three-field model
is examined in?® ; it corresponds to the model??>3* when an instantaneous return to pressure equilibrium
is assumed. Both models comply with constraints (C1-C4). We present both models in the following two
subsections, and then show a few numerical results of unsteady coupled simulations. Many details and
numerical results can be found in.'6

A. Governing equations of the two-fluid model

We use the following notations: the liquid and vapour phases are indexed by 1 and v respectively. Governing
equations of the two-fluid model may be written:
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9 (cu) +V13 (u) =g

8,5 (ml) (mlUl) = 0

Oy (ml) ( Uv) =0

Oy (mUy) + 8 (muU?) + iy (P) + (P — P1)0, (ar) = S (2)
¢ (my,U,) + (mUU2) + a0y (Py) + (Py — Pr)0s (o) = =5

Oy (uEy) + 0, (OtzUz(Ez + By)) + P10; (ou) = ViSi +

O (wEy) + 0y (,Uy(Ey + P,)) + P10y (ay) = —ViS; — iy

where «; and «, denote the liquid and vapour statistical void fractions, assuming that «; > 0 and a,, > 0
are such that:
o +a, =1 (3)
Ui, Py, pi, m; = a;p; denote the velocity, pressure, density, partial mass of the liquid phase (respectively U,
Py, py, My = aup, for the vapour phase). Total energies within each phase are :

El,v = %pl,v(Ul;u)z + pl,'uelﬂ)(Plﬂlem)

where e, stands for the internal energy function. We need to prescribe closure laws, which comply with the
entropy inequality. These read:

¢l - ai)al(B )/TP/HO
S = e (7 — ;) )7V (4)

mp+my

P = (Cv)O TZLQ_W,L,}LJU (Tv - Tl)/TT

where 77 > 0, 7V > 0 and 77 > 0 are relaxation time scales that govern return to equilibrium for pressures,
velocities and temperatures. The couple (Pr, V7) is set to (P,,V}) (see™?).

B. Governing equations of the three-field model

This model (3*) is assumed to be suitable to represent flows containing liquid droplets (indexed by Id) that
should not be confused with a continuous liquid phase (indexed by l¢), and a vapour phase (indexed by v).
We use the same notations as in the previous subsection for phase fractions, densities, velocities, pressures
and temperatures within each phase. Phase fractions must agree with the local rule (e + g+ aw ) (x,t) = 1.
We omit in this paper the mass transfer in order to simplify the whole presentation. Thus, the governing
equations of the three-field model are:

O (e) + U0z (cue) = e

9 (o) + Ulda (o) = o

O (mye) + 0x (MycUse) =0

0y () + Dy (myUy) = 0

6,5 (m ) (mldUld) =0

Or (mucUle) + 0y (muUL) + cuedy (Pre) = Sie (5)
O (myUy) + (mUUE) + a0, (Py) =S,

O (myaUia) + 0y (muaUB) + w0y (Pia) + (Pre — Pia)0y (oue) + (Py — Pia)0y (a) = —Sic — Sy
0 (cucEyc) + Op (1cUre(Eie + Pie)) + Pie0s (aue) = UpgSie + e

815 (O‘ ) ( UU(EU+PU))+Pvat (av) = UldSv+77Dv

O (aEia) + 0z (ualia(Eia + Pia)) — PicOr (que) — Py0i (aw) = —UiaSiec — UiaSy — e —

Internal energy functions are the same for liquid droplets and for the continuous liquid phase :

ee(P,p) = e(P,p) < e(P,p)

Source terms corresponding to drag effects, heat transfer, and return to pressure equlibrium, are :

d)lc = alcald(ﬂc - Bd)/Tlch/HO
Oy = avald(Pv - Pld)/Tf/HO
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Ste = it (U = Uie) /7] ")
Sv = g (Ua =Uo)/m/
e = O Tia = T ®
wv = Cv(%)(ﬂd - Tv)/TJZ

Again T,f >0, 7',5 > 0, and TkT > 0 denote relaxation time scales for pressure, velocity and temperature.
The counterpart of liquid variables in the two-fluid model (2) are:

def
Qp = Qe+ Qg

def

mp = QepPic + Qdpid 9)
def

mlUl =

def
oy = o + agqBig

mUse +myaUsg

C. The father model and the reconstruction procedure

The father model that is chosen in the coupling procedure is the three-field model. This choice means that
the reconstruction procedure must only be applied on the side corresponding to the two-fluid model, so that:

Tie=Tu“ T
de
Uie = Uig 2 U

de
P.=P,Y p

(10)

D. A few numerical experiments
We show below two different coupled simulations.

1. In the first one, a Riemann problem generates waves in the three-field region (for < 0.525). The
initial discontinuity is located at x = 0.5 and the right-going waves propagate and hit the coupling
interface x = 0.525 after a while. We may examine in figure 1 the behaviour of the void fraction
profiles of the liquid droplet field ayq, considering two different meshes. The coarse grid (on the left
side) contains one thousand regular cells and the fine one (on the right side) contains 50000 cells. We
notice a small glitch around the coupling interface on the finer mesh that vanishes when time increases
(see figure 1).
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Figure 1. Test 1: liquid droplet void fraction profile. Coarse mesh (left), fine mesh (right).

2. The second coupled simulation is similar, but the Riemann problem occurs now in the two-fluid region
(x = 0.5). Left-going waves hit the coupling interface x = 0.475 some time later. Results are again
displayed for two mesh refinements (see figure 2). Obviously the behaviour of the coupled simulation
is again stable ; moreover, one can hardly observe any perturbation around the coupling interface now.
This was expected actually, since the relaxation process no longer constrains the flow, unlike in the

previous case.
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Figure 2. Test 2: liquid droplet void fraction profile. Coarse mesh (left), fine mesh (right).

IV. Conclusion

Techniques that have been presented and discussed herein provide rather simple and stable tools in order
to perform coupled simulations of distinct codes in the framework of fluid flow models. The present approach
that relies on the father model benefits from several advantages:

e It may be used in Finite Volume codes or other codes (for instance codes based on FE methods) since
it provides interface states on each side of the coupling interface ;

e It may be used in Finite Volume codes relying on the staggered appproach or the colocated approach ;
e It does not require the computation of the ezact interface Riemann solution ;

e It enables -and requires- to get a deep knowledge of models to be coupled and in particular it gives
focus on the possible hierarchy between two-phase flow models through relaxation process.

Nonetheless, we point out the fact that well-balanced schemes are sometimes mandatory at the coupling
interface, in particular when the father model contains some steady wave ; otherwise schemes may generate
stable approximations that converge towards wrong solutions (see'® and also®? for instance). Another dif-
ficulty that should not be hidden concerns the verification of the coupled simulations. For a few coupling
procedures, exact solutions may be exhibited ; however, some coupling problems can only be verified in
asymptotic situations.

Eventually, we would like to emphasize that some other ideas to tackle the problem of the interfacial
coupling of fluid models have been introduced and detailed in a recent series of papers (see? 4 9-11,13,18720)
by members of the working group.!
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