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1 Introduction

TRIO_U aims to be a 3D thermal-hydraulic tool where recent advances of CEA-Nuclear
Reactor Division in the development of numerical methods and models for two-phase
flow can be introduced, tested and compared. The solutions adopted to achieve this goal
are based on advanced physical modeling, robust and accurate numerical methods, and as
far as code architecture is concerned, Object-Oriented design and parallelism. The two-
phase flow module is being jointly developed by the Saclay and Grenoble CEA centers.

In order to improve the physical modeling of two-phase flow, a standard three-
dimensional two-fluid model coupled to an additional transport equation for interfacial
area concentration (Ishii, 1975, Morel, 1998 and Stadtke, 1997) will form the basis of the
two-phase flow model of TRIO_U. The evolution of interfacial area concentration as a
dynamic, time-dependent process minimizes the use of flow regime maps based on steady
state or fully developed flow assumptions and improves the interfacial transport between
phases.

To solve the non-conservative system of the two-phase flow model, a fully unstructured
finite volume formulation is chosen, and the discretization is based on the concept of
flux-scheme. It's well known that two-phase flow models are not necessary hyperbolic.
Correction terms are then added to ensure the hyperbolicity (at least in the numerical
range where computations are performed). Our method does not a priori rely on
hyperbolicity properties of the convection operator. So, this method allows to determine
whether hyperbolicity is necessary to have stable and convergent numerical computations.
We recall that molecular diffusion is sufficient to make the evolution problem well posed.



Our scheme must be able to treat general non-conservative systems with realistic state
equations and to take into consideration all the complexity of the two-phase flow model.
We will discuss the necessity or not to consider all the differential transfer terms between
the two-phases in the upwinding of the flux.

Numerical results are presented in order to study out the influence of the pressure
interface term in the stability, as well as in the upwinding of the flux.

2 Two fluid model
A standard two-fluid two-phase flow model with additional transport equations forms the
basis of the physical models of the TRIO_U code. In 3D, the mass, momentum and
energy balance equations read:
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The model is closed by the Equations of State for each phase,
Pk = Pk(P' hk), k=v,l ( 4 )

The two-fluid model can be coupled to an additional transport equation for interfacial
area concentration, (Ishii, 1975), (Morel, 1998) and (Stadtke, 1997):

•U') = & , ( 5 )

where U' is the convective velocity of the interface. The evolution of interfacial area
concentration as a dynamic, time-dependent process minimizes the use of flow regime
maps based on steady state or fully developed flow assumptions and improves the
interfacial transport between phases.



In what follows we will omit most of terms which are related with transfers between
phases and all the dissipative terms, since our goal is to study the influence of a
regularizing pressure interface term.

2.1 Hyperbolicity of the 6 eqution model

The hyperbolicity of the model may be ensured by introducing a regularizing pressure
interface term [B90] of the form :

f p - p i j V a k , k = v,l ( 6 )

with
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where 5 is an arbitrary, positive parameter. In the presence of a relative velocity between
phases, the sound speed is given by
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Assuming the relative velocity between phases is much lower than the speed of sound am,
as is the case in many physically interesting configurations, for example steam and water
in a vertical pipe :

we find, using a perturbation method (Toumi, 1996), that the model is hyperbolic
provided that the interface pressure coefficient 8 is greater than a minimum value 50=l.
However, there is no guarantee that this value will lead to a hyperbolic system for any
flow.

2.2 Condensed form suitable for discretization

The 6 equation two-phase system will be written under a condensed form suitable to
the discretization. First, we define the conservative vector v and the flux vector F(v) as
follows:
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The expression of the flux (9) is not unique, as it is possible to add to the flux F(v) any
arbitrary function G(v) and to subtract VG(v) to C(v), leaving the system (1) to (4)
unchanged. The indetermination is raised by choosing once and for all the expression (9)
such that when ak—>1, k=v or 1, the flux degenerates to the one-phase model flux.

We can then write our system in the following condensed form:

)+fjCj(
p1 '

D(v ) ^ - = S(v
dt

(10 )

Next, we replace the time derivatives of v in the non conservative product D(v)3,v by
space derivatives (i.e. we invert the matrix (I+D)). This leads to :
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where JH is a non-vanishing Jacobian of F(v)-v, JJv) =

concerning the fact that det(Jv)^0).
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Finally, using —— = J (v) in (11), we obtain the final system:
dX ax

(see [GKL00]

with:

dt

Ej(v) = (I + D(v -I 15

3 Numerical method

The discrete form of (14) is the following [GKL00], [G99], [GKL96]

\K\
(16 )

The last term Fn(vK), introduced in [B98], is useful in the multi-dimensional cases.
To define the numerical flux O^. ̂ (v^, v"L ) in ( 16), we remark that the ID problem,
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with the conservative vector satisfying the following quasi-linear form

~ + An(v)^- = I^v) (18)
at dn

has a flux function Fn satisfying this other quasi-linear form

We consider now a local linearization of ( 19) given by
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The numerical flux <&*,£, (v£,v£ ) is so 'convected' by the same linearized matrix (for

more details see [TKP99]). This allows us to express the numerical flux by
<&n
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where A^0E( v"K,vn
L) is the Roe-averaged matrix of the linearized system :

^ + AJvL,vR)0^ = Z(v), (24)

and JJv(WROE ))\s the Jacobian matrix linearized using the averaged values obtained

during the calculation of A^0E(vn
K,vn

L), we obtain the Roe scheme expressed as a flux

scheme [GLT99], i.e. as a linear combination of the left and right fluxes, F(vK) and F(vL).

For sgnfAufvK.v" )) = V ^ K j L jsgnfAyfnK L J J J ' V
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with f iK > L = :—f±—, we obtain the VFFC scheme [GKL00], [G99], [GKL96].



If A(v) has complex eigenvalues, they occur by pair :

X.k(v)+iuk(v) and X.k+i(v)+iuk+1(v) = X.k(v)-iuk(v);

Xk(v) plays again the role of an advection velocity and the numerical flux is always real.
So, the hyperbolicity of the two-phase flow model is not essential to our scheme.

There are cases where the convection operator is non hyperbolic but the problem is
nevertheless well posed thanks to the molecular diffusion. In these cases our scheme will
still be able to solve the problem.

3.1 Hyperbolicity and the up winding of the flux

The basic two-fluid model does not contain the terms related to the transfers between
phases or to dissipation phenomena. Without any physical dissipation in the model,
instabilities can appear during the computations.

We propose then to turn to an hyperbolic convection operator and to this end we consider
some differential transfer terms, such as pressure interface term (or the virtual mass term)
and to compare the results obtained using the two models. This is a non conservative term
and we are interesting in its contribution

1. in the non conservative matrix E(v),
2. in the advection matrix A(v), i.e. in the computation of eigenelements

which will be used to upwind the flux.

The computation of the eigenstructure of the two-fluid model is complex and we want to
avoid to recompute it every time that a new differential term is added to the model. The
fact that the upwinding of the numerical flux in the case of the flux scheme depends on
the difference of the flux instead of the states, that is (in the interface K,L):

1 > K . L ; > t L

make the result less sensitive to the accuracy of the matrix A [CGOO]. Moreover, these
terms are corrective ones and the propagation speeds of the system including for example
the pressure interface term are very close to those of the "basic" system (except for the
two complex conjugated characteristics which become real but still remain close to the
former real part).

Nevertheless, the contribution in the non conservative matrix will always be taken into
consideration. This contribution will provide the stabilizing effect.

3.2 Numerical illustration

We present here the Ransom faucet flow problem (see also [GKLOO]. The solution
consists in a shock wave that travels under the gravity effect. Figure 1 shows that the
computed front of void fraction wave is more and more sharp as the number of cells is
increased. This is the case of the basic model and an instability appears for Ax small.
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Figure 1 : Influence of the discretisation (from 12 to 768 cells)
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Figure 2 : Computation with 768 and 1536 cells
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Figure 3 : Influence of the hyperbolicity parameter (192 cells)

Using the pressure interface term with 5=1.01 allows to use ten times more cells without
any instability (see figure 2). This term behaves as a viscous term inducing some
numerical dissipation (see figure 3). So it improves the stability of the scheme.

In the previous computation, the pressure interface term contribution was considered as
well in the non conservative matrix E and in the upwinding of the flux, that is in A. Two
more calculations, 3 et 4, were realized in order to fully study the effect of this term in the
solution. In the first one only the first contribution was considered and in the second one
only the second.

As expected, the contribution in the non conservative matrix is sufficient to stabilize the
results, while the influence of the pressure correction term in the eigenstructure is
insensitive. Indeed, the results obtained in the case 3 match too well the results obtained
in the case 2 and the difference is imperceptible.

In the same way, when the contribution of the transfer terms was considered only in the
eigenstructure the solution was similar with the one obtained in the first case. So, we can
say that this last contribution can be neglected.

Other interphase transfer terms containing partial derivatives of the unknowns can be
taken into consideration. They will contribute to the non-conservative part of the system
and will be naturally treated by our flux scheme.



4 Conclusions

We present here a class of flux schemes which is able to treat general non-conservative
systems with realistic state equations and to take into consideration all the complexity of
the two-phase flow model.

When the convection operator is non hyperbolic and the problem is well posed, our
method, that does not rely on hyperbolicity properties of the convection operator, will still
be able to solve the problem.

The differential transfer terms between the two-phases in the upwinding of the flux were
studied out and we found out that their contribution to the eigenstructure is negligible .
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