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Abstract

In this paper we present the analysis of a full three dimensional transient two-phase flow
with strong desequilibria. This analysis uses a finite volume scheme with a density pertur-
bation method recently developed. The application test case is a three dimensional exten-
sion of a one dimensional experiment on blowdown pipe. The results are stable with mesh

refinements and show realistic three dimensional effects.
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1 Introduction

The study of real three dimensional transient two-phase flows (liquid and gas) is of
first interest in many industrial areas such as petroleum and nuclear applications.
The improvments in numerical methods and the growing computer power avalaible
should allow to make such studies. But experimental results are needed to test the
numerical schemes. There exists several experimental or analytical references in
one dimension but few in two dimension [14] and very few in three dimension. We

can nevertheless refer also to the works presented in the following references [7]

[8] [9].

The purpose of this paper is to investigate a transient two-phase flow in a bended
pipe during a pressure blowdown. Pressure blowdowns occur in the primary coolent
loops of the pressurized water nuclear reactors when a pipe breaks suddenly. It is
considered as a reference accident because it can lead to nuclear core damages due
to the lost of the coolent flow. For these reasons this situation has been experi-
mentaly investigated [13]. Only one dimensional analysis have been done due to
the difficulties presented by such flows : fast phase change transients at high pres-
sure (several tens bars). We propose in this paper a numerical simulation of a three
dimensional extension of this one dimensional situation : bended pipes actually ex-
ist in the coolent loops and these geometries imply real three dimensional effects
that are not present in one dimension. As we do not have yet similar experimental
measurements for this situation, the results are analysed using a space constistency

point of view and considering their physical coherence.

The numerical method used in this work is based on the density perturbation method

presented in [3][4].



The section 2 presents the governing equations. The section 3 gives the three di-
mensional system to be solved. The section 4 recall the numerical method. And in

the section 5 the results of the three dimensional application are detailed .

2 Governing equations

2.1 The basic conservation equations

The two-fluid model can be written in the general form ([5][6]) (0; is the time
derivative, [J. is the divergence operator and [ is the gradient operator) :
e Mass conservation equation :

A (o) + 0. (Vi) = Tk (1)

e momentum conservation equation :

— —
0 (0PK Vi) + O (0epi Vi ® Vi) + oD pi+

(2)
(pk— pl) Dok = R+ owpc G + TV}
e energy conservation equation :
A (P (e + YY) + 0. (awpr(hic + Y V")Vk) + POt O+
(3)

(pk_pk)DO‘ka Qi+ Fk Vk+akpkg Vk+Fk(hL+Vka)

where the subscript k refer to the phases (k =g or k=1). a is the volume fraction
(og+a; =1), pk the density, \7k> the velocity, ex the energy, pk the pressure and

hy the enthalpy ( hx = ex + % )- Moreover py, hy and V, refer respectively to the



pressure, the enthalpy and the velocity defined over the gas-liquid interface. The

enthalpy equation is derived from the system above :

e enthalpy conservation equation :

Ot (axpkhi) + 0. (akpkhk\7k) = Ql. + 'kl + o Df pi+
(4)

— —

(F = (pr— pl) Do — MeVie ) - (V) — Vi)

with

_)
Dipk = 0 Pk + Vi Opk .
2.2 The closure relations

We refer to [4] and [1][11][12] for the details of the closure modelings. These
modelings concern the source terms (the interphase drag force ?ﬂ the interfacial
heat transfert QL and the mass transfert ') and the pressure fluctuation pL. Finally
a perfect gas law is used as equation of state for the gas pressure, the liquid being

assumed to be incompressible.

3 Thethreedimensional model
3.1 The system of equations

We extend to the three dimensions of space the simplified two-fluid model pre-
sented in [4] for the two dimension of space. The velocity of the phase k is written
as:

Vi = (Ui, Vic, )" (5)



and the model can be written under the following form :

W —+ 0xF (W) +3yG(W) -+ 8,H (W )+
(6)
AW)OW +B(W )W +C(W)IMW = S(W)

The details of the vector W, of the terms S(\W), F(W), G(W), H(W), and of the

matrices A(W), B(W), C(W) are given in the appendix A.
The source terms closure modellings for

o the interfacial friction F, = (F,, R, Fe,)",

e the mass transfert I and the heat transfert QL

are also 3D extensions of the ones presented in [4] in 2D. The details about the

physical closure laws can be found in [1].

3.2 Eigenvalues and eigenvectors

We build a Roe flux scheme using approximate forms of the eigenvalues and of the
eigenvectors. For this purpose we apply the density perturbation method presented

in [3]. This approach is based on a scaling of the densities :

P, P

(0]
where pg and p; are two average densities and we will consider € = g% the average
|

density ratio. Following the work presented in [4], we write :

V\" = uing+viny +win; (7)



and the Jacobian matrix of the conservative part of the two-fluid system at order

zero writes [4] :

The details of the Jacobian matrix J and of its eigenvalues and its eigenvectors are

given in the appendix B.

These formulas allow to explicitly compute the numerical flux associated with the

full two-fluid model following the perturbation method [3].

4 Thenumerical scheme

We approximate the solution W of (6) on each cell Q; by :

wi(t):i/ W (x,y,2,t)dxdydz
1Qi| Jo
and under the C.F.L. condition :

dtC

the scheme writes
dt
Wi = o] > IFij P W, nij) + dES(W)
]
dt
ey > Mg {AW)nij x+BWNijy +CWHnij 2} W . (10)
]

More exactly,



e The convective conservative part is computed by the explicit Roe flux scheme
dW, W], nij).

e A predicted step on the gradients is used to evaluate the non conservative prod-
ucts.

e Finaly, without steep coefficients, the source terms S(W.') are explicitly com-

puted on each cell.

In the reference [4] more details are given about the benefits and the drawbacks of

this method, and about the existence of other ways of doing.

5 Numerical results

There exists very few three dimensional test cases for the analysis of two-fluid
systems for transient two-phase flows. Let us cite some very interesting proposals
in [2] and [10]. In this work we have studied a new 3D test case whose validation

is based on mesh refinements and on the physical consistency of the results.

5.1 Test case definition

The test case is a three dimensional generalization of the one dimensional experi-
ment CANON ([13]). This is a pressure blowdown in a bended tube.

The radius of the tube section is 15¢cm and the total length of the tube is 160cm.
The tube geometry presents a 90° bend (cf Fig. C.1). At the initial state the tube is
full of liquid. The initial pressure is 58.10°Pa and the initial temperature is 515K.
This pressure is 21.10°Pa less than the saturated liquid pressure. The physical coef-
ficients of the closure laws for the source terms are the same as the two dimensional

blowdown presented in [4]. The other initial conditions are :



o =0.99 , Pg = 63 (kg/m®)

Ug=Vg=Wg=0(m/s),u=vi=w =0(m/s) - (11)

hg =2798924 (J/kg) , hy =960790 (J/kg)
At the time t = 0 sec, the bottom outlet of the tube is open to the atmospheric

pressure ( 10°Pa ). Then the fluid inside the tube starts to vaporize.

5.2 The meshes of the test case

A first coarse mesh is built with 2208 hexahedrons (7040 faces). Then, for the
purpose of numerical validation, a second refined mesh is built with 17664 hexahe-

drons (54656 faces). This meshes are shown on the figure C.1.

5.3 Results

The C.F.L. condition (9) implies a time step dt = 0.000012 sec on the coarse mesh
and dt = 0.000006 sec on the fine mesh. The computation with the fine mesh on a

Intel Pentium 1V 2 Ghz take 7 secondes per time step.

Following the opening of the tube, the pressure is decreasing fastly ([13]). We
present the evolution of the void fraction, of the module of the relative velocity
and of the pressure att = 24103, 48103, 72103 et 8410 3sec.

The figures C.2 and C.3 show the void fraction. The figures C.4 and C.5 show the

module of the relative velocity. The figures C.6 and C.7 show the pressure.

e \We have checked that the solution is stable with a mesh refinement. The volume



of a fine mesh cell is % the volume of a coarse mesh cell.

e As it can be seen on the figure C.7 there is a low pressure area close to the inner
side of the bend. In this area it can be observed large values of the module of the
relative velocity (figure C.5). The gas, having a smaller density than the liquid,
is subject to a larger acceleration in the depression area and larger values of the
void fraction are also observed at the same place (figure C.3).

e The time evolution of the maximum value of the void fraction is presented on
the figure C.8. The computation has been stopped just before this value reaches
one.

e Trajectories of a gas particle and of a liquid particle are plotted on the figure C.9
and show an other effect of the density difference as the flow turns in the bend.

o Inspite of the lack of experimental results this numerical simulation shows phys-

icaly coherent results from a phenomenological point of view.

6 Conclusion

It has been shown that the density perturbation method can be extended to three
dimensional transient two-phase flows analysis. As there are very few three dimen-
sional results concerning real two phase flows, the flow studied in this paper would

be an interesting proposal for testing two-phase flows computing method in 3D.



A Detailed terms of the equations

We recall the system of equations (6) :

atW +6xF(W> +ayG(W) +azH (W)+
(A.1)

AW)OW +B(W )W +C(W)IW = S(W)

with
aip I
iy Fi+ aipigx
apIY, R, +oipigy
a1 pIwy R, +aipig;
aiprhy rh$+Q|
W= L S(W) = ,
OgPg Mg
OgPgUg Fx + OlgPgOx
OgPgVg Fay -+ 0lgPgQy
OgPgWg Fyz+ OgPgz
_agpghg_ _ rhS+Qy _

10



and

Py APV
aipr (u? +6) +ayP arPV Uy
o P UV aiy (v +8) +oyP
arprurwi A1 PIvViw
aipurhy apvihy
FW) = ,GW) =
OgPgUg OgPgVg
OgPgU3 + agP OgPgVglg
OgPgUgVg OgPgV5 + agP
OgPglgWg OgPgVgWy
] OgPglghg | ] OgPgVghg

11




and

A Prwi
arpw U
arpwv

oo (W2 +8) + o P

o pihy
QgPgWy
OgPgWglg
OgPgWgVg

OgPgWg + CigP

OgPgWghg

12




the matrices A(W), B(W) and C(W ) are given by :

0

1

P

000000000

P0O0O0O0000O0O

000000000

000000000

000000000

000000000

1p 000000000

000000000

000000000

000000000
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0 000000QCOQOQO

0 000000COQOQO

—épooooooooo

0 000000COQOQO

000000000

000000000

000000000

000000000

000000000

000000000

14




0 00000O0OOO

0O 0000O00OOOOO

0 00000O0OOO

—&Pooooooooo

000000000

000000000

000000000

000000000

000000000

000000000
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B Detailson the eigenvalues and the eigenvectors

The terms of the Jacobian matrix (8) are :

0 Ny Ny n, 0
—u|V|”+6nX Ur Ny +V|n urny uin; 0
J = —viV"+6ny  vine  ving+V"  vin, 0
—W|V|n +6n;  winy Winy W nZ—I—V|n 0
—|’]|V|n hiny hiny hin, Vln
and

0 Ny Ny n, 0
—UgVg' Ugnx+Vg'  ugny ugn, Ytn,
Jg= —ngg'; Vg vgn),JrVgn Vg %ny
—WgVg'  Wghy Wgny  wgnz+V{' V;ylnZ

—thgn hgny hgny hgn; Vgn

We develop this Jacobian matrix in eigen elements :

J=PdDkP 1,

16

(B.1)

(B.2)

(B.3)



with

forny#0:

Vo 0
0V"o

0 0V
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0

0

00 0V"-V6

0

0

0

0

o

v+ B

(B.4)

(B.5)

(B.6)



P=10nc 0 v—+vBny vi+Bny

forny #0:

0 —ny —nz U — Vony u ++v/0ny

0 0 nx w—+v6Bn,w ++6n,

1 0 O hy h

=0 —nx —nz vi —vBny v +ony |

0ny 0 u—+v0Bnyu ++v6ng

0 0 ny w—+v6Bn,w ++6n,

1 0 O h h

18
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(B.9)



forn,#0:

C Figures

On, 0 u- VB U+ VB
0 0 n; vi—v0ny v +v6ny
0 —ny —ny w; — Ven, W) + Von,

1 0 O h h

19

(B.10)
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Fig. C.1. Coarse and refined meshes of the bended tube
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Fig. C.2. Void fraction at time 24, 48, 72 ms

Fig. C.3. Void fraction at time 84 ms
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Fig. C.5. Relative velocity at time 84 ms
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Fig. C.6. Pressure at time 24, 48, 72 ms
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3D Bended Pipe Blowdown

Maximal Void Fraction versus time
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Fig. C.8. Time evolution of the void fraction maximum value

Fig. C.9. Liquid and gas trajectories
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