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As discussed at SMiRT-5 (Berlin, 1979) the ANL arbitrary Lagrangian Eulerian containment
code ALICE was developed for use in fast reactor containment studies and is particularly
suited for problems involving complex fluid-structure interactions. Since then many improve-
ments have been made which has resulted in a second version of the code, ALICE-II. A selec-
tion of some important improvements are given in this paper.

To realistically analyze the above-core hydrodynamics containing a movable upper inter-
nal structure (UIS), a 3-D pipe element has been adopted to calculate the response of the UIS
columns that connect the UIS to the vessel head. A corotational coordinate scheme for large
displacement, small strain, elastic-plastic structural-dynamic analysis is utilized in the
formulation. Both geometric and material nonlinearities are considered. The governing equa-
tions are integrated explicitly using a central difference procedure.

Regarding the hydrodynamics and fluid-structure couplings, the extensive use of ALICE-II
has highlighted, continuously, many code extensions and improvements. Briefly, capabilities
have been introduced to treat the curved reactor bottom simulated by highly irregular cells,
s1iding conditions at the internal thin shells or skirts, flow through perforated structures,
free-surface boundary conditions associated with large amplitude fluid-boundary motion, and
the effect of sharp corners of various internals on the volume computation of the greatly
distorted core-gas bubble.

In connection with the work on sodium fires, the sodium spillage model also has been
augmented in which both the position and orientation of the penetration opening can be made
arbitrary to simulate various leak paths. The analytical model further accounts for losses
due to friction and flow-area change to reduce the conservatism inherent in the analysis
based on the inviscid boundary condition. Thus; the overall procedure of calculating sodium
spillage is more rigorous and simpler than the conventional methods.

As a result of these recent developments, ALICE-II has become a state-of-the-art tool
and a very powerful code, with more flexibility and efficiency than other comparable codes.
For instance, using the ALICE-II code not only eliminates the mesh distortion problem associ-
ated with the purely Lagrangian technique, but also simplifies the scheme of treating fluid-
structure interaction utilized by the purely Eulerian method. Moreover, since ALICE-II uses
an Eulerian free-surface algorithm, it has decisive advantages over the purely finite element
method in treating a highly distorted core-gas bubble, as well as flow through perforated

structures and sodium spillage.

— 209 —



1. Introduction

The development of the ANL arbitrary Lagrangian Eulerian code ALICE as a useful tool in
containment analysis for fast reactor safety studies has been described at SMiRT-5 [1] held
in Berlin, 1979. The salient features of the ALICE code at that time were the choice of
Lagrangian, Eulerian, or hybrid Lagrangian Eulerian fluid mesh, the option of using the im-
plicit or explicit time-integration scheme in the hydrodynamics, the implicit treatment of
density variation in the fluid EOS, the Eulerian treatment of the fluid boundaries, as well
as two-dimensional finite-element analysis of containment structures.

Since 1979 development of this code has continued by ANL not only in extending its cal-
culational capabilities, but also in correcting shortcomings as detected by its wide applica-
tions and experimental validations. These improvements include treatments of: (1) the
three-dimensional response of the support columns of the upper internal structure (UIS),

(2) the irregular cell adjacent to the hemispherical reactor bottom and its associated fluid-
structure interaction, (3) sliding conditions at the internal thin shells or skirts, (4) flow
through perforated structures, (5) large amplitude free-surface motion, (6) greatly distorted
core-gas bubble, and (7) sodium spillage. These developments and improvements have resulted

in a secend version of the code, ALICE-II [2,3].

In this paper, many selected ALICE-II capabilities are briefly described, including
those for the 3-D UIS column response, the curved reactor bottom, flow through perforated
structure, as well as bubble volume computation. Since schemes for treating the large ampli-
tude free-surface motion and sodium spillage are quite similar to those of the ICECO-CEL
code, they are omitted here but are given in Ref. [4].

2. Three-dimensional Structural Analysis

A three-dimensional general purpose pipe element, which was developed by Moneim, Chang,
and Belytschko for the piping-response code SHAPS [5] using a corotational coordinate formu-
lation [6], was used to model the response of the UIS support columns subjected to the upward
force transmitted from the assembly portion of the UIS. Each element has eight degrees of
freedom per node. Six degrees of freedom, three displacements and three rotations, describe
the flexural motion in three-dimensional space. The remaining two degrees of freedom de-
scribe the axisymmetric breathing mode in terms of hoop displacement and wall bending rota-
tion generated by the pressure wave transmitted from the fluid inside the pipe. Figure 1
shows a generic pipe element. A detailed formulation of this element is given in Ref. [5].

In the co-rotational coordinates finite element formulation, the application of the
equations of motion is shown to be equivalent to the direct application of Newton's second
law to each node. For the pipe element, the translational equations of motion are separated
from the moment and rotational equations. The translational equations are written in the
fixed global coordinate system, whereas the moment and rotational equations are written in
the nodal body coordinate system. The purpose of this separation is simplicity of equations
and efficiency of computations.

The simplicity of the moment equations is achieved because the nodal bedy coordinate
system is, by definition, the principal axis of the nodal mass. Thus, the moment -equations
are actually the Eulerian equations of motion. The efficiency of computations is realized
because the moment of inertia tensor remains unchanged with time since the nodal body coor-
dinate system rotates with the node, and thus remains aligned with the principal axes of the
nodal mass. Therefore, the moment of inertia tensor is computed only once rather than
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computed at each node in every time cycle, as would be the case if the moment equations were
written with respect to a fixed coordinate system.

The displacement field of the pipe element consists of cubic transverse displacements,
linear axial and torsional displacements. Resultant forces are generally computed by three-
point numerical integrations across the depth of the element, five-point integrations across
the circumference, and two-point integrations along the length of the element.

3. Two-Dimensional Hydrodynamics

3.1 Hemispherical Reactor Bottom and Fluid-Structure Interaction

The region near the hemispherical reactor bottom is usually approximated by many highly
irregular cells. A scheme has been developed to determine the radial and axial cell numbers
associated with each particle in this region. This is necessary for determining cells which
are full, partially full, or empty of fluid.

Figure 2 describes, schematically, the method used to assign individual marker particles
to fluid zones. A preliminary zone is found by searching the r and z coordinates of the zone
vertices and comparing these with the marker particle coordinates. When a likely zone is
found, the vertices are numbered and the equations of the four lines containing the four seg-
ments in the r-z plane are determined. The marker particle coordinates are then compared to
each of these equations to determine whether the particle is in the half space which is
greater or less than each of these four lines. If the following conditions are satisfied:

z > Ly (r)

r < lys (z) (1)
z < L3g (r) ;

r2 Lgy (2)

where r and z are the radial and axial marker particle coordinates, and L12: L23, L3gs Lagg
are the equations of the four lines forming the zone, then the marker particle is within the
zone (see Fig. 2b). If the conditions are not met, sufficient information is known to move
the search in the proper direction (see Fig. 2a). This method is applicable to very irregu-
lar zones and requires very few iterations.

The boundary conditions at the fluid-structure interface require that the fluid may
slide freely along the structure surface, but must move together with the structure in the
normal direction. Figure 3 shows the structural segments with nodal points 1, 2, and 3 lo-
cated on the side of the fluid cells A and B with corresponding fluid nodes 1, 2, and 3~.
We assume that the normal direction at point 2 is determined by the line connecting points 1
and 3. Thus, the boundary conditions, requiring that the fluid velocities tec be changed
from Uy and Voo to ué, and vé,, are [7]

- 2

. . 2 .
- ] 8+ u,. 8+ v, 0 ]
5+ = Uy sin®8 - v, sind cos Uy. COS Vy. sin® cosé , (2)

u

and

v

Vy- = - U, sind cosd + v, cos?o + U, sind cosé + Vo sino s (3)
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where

Xq = X
9 = COS_l 3 1 , ()
2 2
(X3 _X].) + ()’3 _‘yl)

and up and vy are the radial and axial velocity components at structural nodal point 2.

Since the vertices of the fluid cell adjacent to the structure have been moved with dif-
ferent velocities from the structural nodal points, a rezone calculation is required in the
third phase to compute the convective flux due to the relative motion between the fluid and
the computing mesh as the fluid vertices move back to coincide with the structural nodal
points.

3.2 Flow Through Perforated Structures

Analysis of flow through perforated structures is a difficult problem since it involves
the treatment of the flow around sharp corners, which impose some problems for the ALICE
code. The reason for this is that, in the ALICE analysis, the velocities are defined at the
cell vertices. As can be seen from Fig. 4, the fluid velocity at the corner point 4 of cell
A is discontinuous.

To solve the fluid-flow problem at a sharp corner, a scheme similar to that used in the
ICECO code [4] has been adopted for calculation of the fluid motion. For instance, to calcu-
late the fluid velocity between cells C and B at the corner point, cell A is treated as if it
were occupied by a structure; to calculate the fluid velocity between cells B and A at the
corner point, cell C is treated as if it were occupied by a structure. Thus, egs. (2) and
(3) can be used for the velocity calculations, except that the angle along the structural
surface 64 becomes

a1 X6 "~ X4
8ga = COS s (5)

/(Xb - X4)2 + (‘y6 = .V4)2

and the angle along the structural surface 41 becomes

Xp = X

O = cos™t L . ' (6)
/ 2 2

(X4 - Xl) + (Y4 - .‘/1)

3.3 Highly Distorted Core-Gas Bubble and its Volume Integration

During an HCDA the core-gas bubble usually is severely distorted due to the presence of
various internal structures adjacent to the core. In the ALICE code system the bubble-
coolant interface is treated by a purely Eulerian method similar to that of the ICECO code
[4]. Thus, correct boundary conditions can be rigorously applied near the bubble-coolant
interface and large distortion of the core-gas bubble can be reasonably treated. However, in
the original version of the ALICE code, the volume of the core-gas bubble is computed by
means of marker particles without considering the effect of various internals even when the
bubble is highly distorted. This volume calculation is an approximation which may introduce
error in the source pressure computation for problems involving many internals.

To preserve the accuracy of the core-volume calculation a new scheme has been introduced
into the ALICE-II code, in which fictitious marker particles representing corners of reactor
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internals are added sequentially into core particles to perform the volume integration.
Figure 5 schematically shows a detail of the core-gas bubble expansion around an obstacle
boundary. Figure 5a shows the marker particles moving with the fluid around the obstacle. A
volume calculation using this marker particle configuration would introduce errors (indicated
by the dotted line connecting particles 3 and 4 through the obstacle). To prevent this from
occurring, the new volume algorithm flags the presence of obstacle zones between marker par-
ticles and performs calculations to determine whether or not the connecting segment passes
through the obstacle. If this is the case, (as in Fig. 5a), a new, fictitious marker par-
ticle is inserted at the corner of the obstacle and the original particles are renumbered.
Figure 5b shows, schematically, how this occurs. A new fictitious particle 4 is inserted at
the corner of the obstacle and the former particles 4 and 5 are renumbered to 5 and 6.
4. Results

4.1 Effects of Perforated Plate on the Containment Response

The first problem deals with a study of the effects of a perforated plate on the slug
impact load and containment response. The mathematical model used in the ALICE-II analysis
is shown in Fig. 6. The reactor configuration consists of a primary vessel, a core barrel, a
perforated dip plate, and a movable reactor cover with holddown bolts. Marker particles are
used to represent coolant. Two calculations have been performed with the ALICE-II code:
one with and the other without the perforated dip plate.

Figure 7 presents reactor configurations at three different times for the case with the
perforated plate. These configurations show how the core-gas bubble expands and how the core
barrel and primary vessel deform during the excursion. In addition, Fig. 7 indicates signif-
icant flow blockage near the bottom of the perforated plate.

Reactor configurations for the case without the perforated plate are shown in Fig. 8.

By comparing the configurations for the two cases given in Figs. 7 and 8, it is evident that
the perforated plate has the effect of (1) confining the HCDA bubble expansion, (2) slowing
down the upward movement of the coolant slug, (3) changing the smooth coolant free surface to
a relatively turbulent one, and (4) reducing the slug-impact loads and the upper vessel wall
deformation. However, the increase in core barrel deformation owing to the slower core-gas
bubble expansion, which results from the suppression effect of the perforated plate, is quite
small.

From this study, it can be concluded that the perforated plate does play an important
role in the overall containment response; in particular, it has a mitigating effect on the
slug impact and upper vessel deformation.

4.2 Integrated Analysis of Containment Response and Sodium Spillage

The reactor configuration used in this study is shown in Fig. 9a. It consists of a
reactor core, a primary vessel, and various internal components. One penetration hole is
assumed to be located in the vessel head (shown by the dotted lines) to indicate the location
of the leak path. This penetration is closed initially, but will open after being acted upon
by a prescribed impulse. Marker particles are used to denote coolant. The initial core
pressure was taken to be about 26.3 MPa.

Figure 9b-c shows reactor configurations at three different times. These configurations
illustrate: (1) how the coclant disturbance occurs in the bottom portion of the reactor from
pressure waves propagating downward through the opening of the CSS, (2) how the core-gas
bubble expands and is distorted as it encounters the sharp corners of various internal
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structures, (3) how the UIS columns displace laterally, (4) how the UIS is displaced upward
and how it interacts with the core-gas bubble, as well as with the surrounding fluid, (5) how
the fluid moves and how the free surface impinges on the reactor cover, and (6) how the
radial shield, core barrel and the primary vessel are deformed during the course of the ex-
cursion. These deformations can be seen from the movements of cell vertices adjacent to
these structures.

Regarding the sodium spillage, marker particle configurations also show some interesting
phenomena after the slug impact. In Fig. 9b the penetration no longer can sustain the im-
pulse generated by the slug impact and suddenly opens. Figure 9¢ shows that large amounts of
coolant have already spilled out from the top penetration and the side opening at the vessel-
cover junction. The sodium spillage phenomenon is of primary importance for the analysis of
sodium fires in the secondary containment.
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