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Figure 3.1: Coupling algorithm of melt and two-phase flow models.
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Figure 3.2: Grid for two-phase flow, melt jet and melt pool.
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Figure 3.3: Grid geometry and boundary conditions for melt jet model.
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+ [Kf(va — UJ)]H_% + i+l (3.5)

The suffix ¢ or ¢ + % denotes the location of the variable definition. The center of a cell i is
represented by ¢, and its both ends are represented by i — % and 7 + %

Because of this difference of the definition points between velocity and other variables we
need a scheme for averaging velocities. Interpolation of the velocity and its derivative is given
by the followings. It is third-order by taking advantage of having the values of derivatives.
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In the momentum equation, the pressure gradient term was discretized as follows.
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As described in Appendix C in detail, the conservation equations are solved in two steps,
i.e. advection and non-advection phases. Starting from the old time step value, f™, first, the
advection phase is calculated with so called CIP1 scheme, and the intermediate value, f*, is
obtained. Then, the non-advection phase is solved by ordinary finite difference scheme and the
updated value, f**1, is obtained.

Boundary conditions are given as follows. (Fig. 3.3)

e At the inlet: velocity, diameter and temperature (internal energy) is given.
’UJ,njma:L’—‘r% = VJin, DJ,njmaa:—i—l = DJi’m €Jnjmax+1 = €Jin
Corresponding advected variables are calculated from them. Derivatives are set 0.

e At the bottom: Free flow-out condition is given, i.e. V) pjmin—32 and fpnjmin—1 (f = Ajpyor
? 2

ej) are calculated from advection of linear interpolated profiles for [njmin — %, njmin — %]

and [njmin—1,njmin], respectively. Derivatives are also obtained from the linear profiles.

Evaluation of the flow out mass needs high accuracy because a large part of the jet mass
is passed to the melt pool through it, and the accuracy is directly reflected on the total melt
mass conservation. So, the cell centered variables are 3rd order interpolated to the bottom end,
njmin — %, by

1 A
fnjmin—% = §(fn]mzn + fnjmin—l) + Z(f;ijin—l - frlzjmin) ) where (39)
1
A = §(anmin+% - anmin—%) . (310)

Then, the variables passed to the pool, i.e. jet diameter D ju, velocity v and temperature
Trout, are evaluated by averaging the new and old time step values.

3.2.2 Melt Pool

The one-dimensional (radial direction) grid for the melt pool resides in a single layer of the two-
phase flow grid on the bottom. The pool model uses the same z-direction grid with the two-phase
flow model. Figure 3.4 shows the grid geometry for the melt pool model. A conventional up-

wind scheme with a staggered mesh, i.e. velocities defined at cell boundaries i — % and i+ %, and



JAEA-Data/Code 2008-014

npmin-1 ~ npmin ; npmax , npmax-+1
— [t/

et ~
)] e we /)

npmin-1/2 npmin+1/2 npmax-1/2 npmax+1/2

Mirror boundary Mirror boundary

* In the code, cell boudnary index i-1/2, i+1/2, i+3/2 ...
are denoted by i-1, i+1, i+2 ....

Figure 3.4: Grid geometry and boundary conditions for melt pool model.

other variables at the cell center i, and the SIMPLE algorithm [32] were applied for numerical
solution.

The finite difference form of the conservation equations Eqgs. (2.20)—(2.22) are expressed as
follows.

n+1 n 1
K At — n ﬁ [{max( Vitls )fn+1 —}-min(UH_ ) )fzn—i-"il
= {max(u_y, 0+ min(u;_y, 07| + fwm; (3.11)

for mass, where f = whppp,

n+1 n n+1 n+1 n+1 n+1
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for momentum.

The mass and momentum equations are solved by the SIMPLE method, first, to obtain the
updated velocity and mass fields. Then, the energy equation is solved.

At the center of the melt pool where the melt jet drops into, the pressure by jet impingement,

1 p]U%D%

Z 3.14
2 42?2 (3:14)

PJin =

is added to the pool surface pressure p,, where x; is the size of the central cell for the melt pool.
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When the melt jet comes into the center of the melt pool, it gives sudden increase of the
pool height and velocity, and easily causes numerical instability. To suppress this problem, an
artificial viscosity term

Ha 621)13
op 022 (3.15)
is added to the right hand side of the momentum equation. The artificial viscosity by Fletcher[33]
Ovp . Ovup
2 [ [
Ha _ (boAx) o if 5 P <0, or (3.16)
pp 0 otherwise

is used with the constant by ~ 10. The discretized form of the artificial viscosity term, when it
is not zero, is given by

9 anrl . vn+1 UnJrl . vn+1
ta O“VP 9 Ovp Pi+3  "Pi+l Pi+di  "Pi-1
w2 = b0 (i1 — i) | - — - — , o (317)
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where the velocity gradient with suffix DW means down-wind finite difference, given by
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Boundary conditions at both ends of the grid are given as mirror conditions. (Fig. 3.4) The

velocity is set 0 at npmin — % and npmax + % Cell centered variables, i.e. pool hight and

internal energy, in the boundary cells are given by

w in—1
fnpminfl = fnpminwa (319)
npmin
w +1
fnpmam+1 = fnpmaww- (320)
npmax

3.2.3 Melt Particle

The kinetic and energy conservation equations for a particle in a particle group, Eq. (2.40)—
(2.42), are solved by a simple explicit scheme for time advancement,

4 < po_ g YPa Thy (3.21)
t Pp My
mn—l—l —xn
% = ’UZ+1 s and (322)
en+1 —en q
2 ___F - = 3.23
At my ( )

Additional equations for the explosion process, Egs. (2.82)—(2.84), are also solved in the same
way.

mn+1 —mn '

Mty

—x = ™wihy and (3.25)
ettt —en nyh
thf = ¢ &ff — 5. (3.26)
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Evaluation of the variables Vp,, F,y, q, iy and ¢y needs interpolation of two-phase flow vari-
ables to the location of particle groups. For this purpose, the indexes, ¢ and k, of two-phase flow
cells in which particle groups exist are searched by bi-section algorithm, and the interpolation
of two-phase flow variables is done at the start of the calculation of the melt particle model.
During the calculation, the melt volume, force and heat exchanged with the two-phase flow
are summed and stored for every two-phase flow cell and passed to the two-phase flow model.

3.3 Numerical Solution Method for Two-Phase Flow

3.3.1 Overall Scope

Figure 3.5 shows the geometry of the grid for two-phase flow model. The ACE3D code is
originally a 3D two-phase flow code, capable of solving a 3D basic equation set on Cartesian or
cylindrical coordinate. JASMINE uses the code, however, with limitation of the geometry to
2D cylindrical coordinate. In the followings, equations are expressed in 3D Cartesian system for
brevity.

Numerical solutions are obtained by a conventional finite difference method, i.e. semi-implicit
scheme for time advancement, staggered grid and upwind scheme for spatial discretization.
Practically, the following 10 4 2n, discretized equations are solved.

e Mass: steam, steam-+water, non-condensible gases (2 + ngy)
e Energy: steam, steam+water, non-condensible gases (2 + ng)
e Momentum: gas (steam and non-condensible gases), water (2 phases x 3 directions = 6)

Independent variables solved for are the total pressure, 2 4+ n, temperatures, 1 + n, volume
fractions (water volume fraction is known if others are obtained), and 3 velocity components for
2 phases—10 + 2n, variables in total.

The mass and energy equations of the water-steam mixture are included so that at least one
of the two equations is kept significant when either of water or steam is vanished. Also, a variable
conversion, T' — o1, is done in constructing the innermost system equation set which is solved
by matrix inversion and Newtonian iteration, not to have singularity for vanished components.

The overall solution method is briefly as follows. The velocities at the new time step can
be expressed by pressures in the adjacent cells by transforming momentum equations. By using
these expressions, velocities are eliminated from mass and energy equations. The mass and
energy equations are, then, linearized for the variance of independent variables, i.e. pressure,
volume fractions of steam and non-condensible gases, and o1 of all the components. Thus, a
system of linear equations for Newtonian iteration is obtained. A set of pressure equation, that
only includes pressure at adjacent cells, is picked from the linear system. In solving the linear
system, pressure correction is obtained first by the pressure equation, then correction of other
variables are obtained by substituting the pressure correction into the rest of the equations in
the linear system. This process is iterated until residual becomes small enough, then all the
variables except velocities at the new time step are obtained. Finally, velocities are calculated
from pressure distribution by the momentum equations.

3.3.2 Finite Difference Form of Basic Equations

In the following expressions, suffix ¢, j and k denote z(r), y(f) and z direction indexes of the

coordinates, respectively. When the coordinate index is omitted, that means the location where

the equation is defined. (e.g. p;jr — D, U1 g = u) Suffix m denotes a component either s
2J

(steam), | (water) or a(= a1, ag, ..., an,) (non-condensible gas) for the mass and energy equations.





