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SUMMARY

In the framework of the computational effort engaged towards an understanding
of the transient dynamic fluid-structure phenomena taking place in the very first instants
of the PWR loss-of-coclant~accident, before the ebullition crisis and the subsequent
two-phase flow, two finite element programs have been selected and coupled to describe this

class of events in pressure vessels undergoing moderate plastic deformations.

Water is modeled by a compressible inviscid eulerian (bulk of the fluid) -
mixed eulerian-lagrangian MEL (boundary elements in contact with the moving structure)
program. For the shells a convected coordinates elastic-plastic structural code (EURDYN I)

is used.

A 1-D discussion on the MEL integration scheme is presented, as well as a flow
chart of the combined program. Emphasis is placed, during the present calculations limited
to very simple axisymmetric configurations, upon the computational aspects in dealing with
the interaction of both media at the fluid-structure interface, such as weak code coupling,

subcycling and pressure relaxation.



1. INTRODUCTION

Much computational work has already been devoted to the modeling of the thermc-
hydraulic phenomena and two-phase flows occurring during a PWR loss—of-coolant-accident (LOCA)
[1]. 1In the last years, attention has been driven to the very first instants of this accident
During a few milliseconds, the single phase and pressurized subcooled water 1s adiabatically
subjected to decompression and shock waves interacting with the primary pipes, and eventually
reaching and shaking the reactor pressure vessel and its internals. In order to secure the
correct working of the control rods insertion and, more importantly, of the rapid and uniform
emergency coolant injection in the core, the structural integrity of the core flow channels

must be assessed [2].

Although this 1s, in essence, a 3-D problem for which an axisymmetric code by no
means can pretend to give a definitive solution (see current investigations on alternative
procedures [3,4]), it is the aim of this contribution to present some basic ideas on a

computational scheme which might offer attractive features w/r/t this kind of problem.

2. SELECTION OF THE METHODOLOGY
2.1. Finite element format for spatial discretization

In this typical fluid-structure interaction problem, the structural behaviour is of
primary concérn. The finite element method, used here for the shells modeling, has long been
recognized indeed as an excellent tool for studying accurately dynamic transients of complex
structural components with geometric and material nonlinearities. On the other hand, the
finite difference method is more often advocated for treating hyperbolic propagation phenom-
ena in fluid dynamics. However, the fluids here are to be considered only for their loading
input on the structures, and not for their intrinsic and detailed flow properties. Hence,
in order to keep a unified methodology for the whole problem, it has been felt useful to treat
the fluid regions in a finite element format as well. This will appear beneficial w/r/t the

treatment of the dynamic coupling of both media along their common interface.

2.2. Explicit format for time discretization

Due to the high transients occurring throughout the short time range of the studied
phenomena, so that the problem description goes anyway along with small time steps, an
explicit time integration scheme is adequate (the drawback of its conditional stability will
be of no concern). Moreover, it considerably simplifies the coupling between structural and

fluid programs fs].

2.3. Lagrange format for structures and Mixed Euler-Lagrange (MEL) format for fluids

Choice of programs

Classically, moderately strained media are best formulated in a lagrangian descrip-
tion. The structural computer code EURDYN I [6] has been selected due to its explicit
integration scheme and its elegant treatment of elastic-plastic large displacements (but

small to moderate strains) by lagrangian convected coordinates [7].

The large fluid movements and the fluid-structure interface conditions require fox

the fluid some kind of an arbitrary eulerian-lagrangian description. This allows for keeping
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a fairly undistorted finite element fluild mesh compatible at the boundaries with the
lagrangian structural grid. Furthermore, one can expect here the structural response to have
rather limited displacements in an unchanged topology. Computer time may be saved, and the
accuracy of the solution may be improved by describing the bulk of the fluid in a regular
pure eulerian grid. Solely the layer of boundary fluld elements in contact with the moving
structure is then composed of mixed eulerian-lagrangian transition elements. Such a comput-
ational scheme has been implemented in the compressible, but inviscid and no-cavitation
finite element MEL fluid program of ref. [8], featuring some additional automatic treatmert
for possible more severe interface movements. 1Indeed, if the interface tends to make an
excursion in the eulerian grid, a procedure is triggered which switches the concerned
eulerian elements to mixed ones; conversely, the interface may move outwards, the mixed
elements becoming eulerian and initially provided empty {(phantom) outer elements, mixed
(fig. 1).

2.4, Master-slave format with subcycling and pressure relaxation for program coupling

The explicitness of both structural and fluid programs allows for a weak coupling
of the disjoined media partition [5], i.e. at the end of a time step the normal nodal forces
calculated from the pressure in the mixed slave fluid elements are applied as input (force
constraint) to the corresponding structural nodes for the computation of the same time cycle.
At its turn, the structural code computes the normal master velocities and displacements
which are returned as input (kinematic constraint) for the fluid program. The energy
transfer from fluid to structure is checked through the energy balance between the work done

on the system and the different energies accumulated in fluids and structures.

The Courant, Friedrichs and Lewy (CFL) condition limiting the time step in explicit
time integration schemes is more stringend for the structure than for the fluids. It is thus
uneconomical to keep the same time step for both media. 1In addition, keeping in mind that
there are many more fluid elements than structural ones (they must fill the volume), that
most of them axe of small interest anyway besides their contribution to the general picture,

and that they take longer to compute, a subcycling procedure is indeed of the utmost interest

When the interface pressures are available from the previous loop through the
hydrodynamic program, the corresponding nodal force increments are not applied on the shell

at once, but gradually during the subcycles (interpolation) (fig. 2).

Moreover, during the high pressure transients, the interface forces are over- or
underestimated at the end of a fluid cycle because they are calculated from the configuration
of the previous cycle. Consequently, the overall precision of the interface treatment may be
improved by applying a pressure relaxation factor to these interface forces loading the

shells (fig. 2).

Table I presents a simplified flow diagram of the resulting computer program.

3. INTEGRATION SCHEME_OF THE MEL_FLUID PROGRAM

The classical conservation equations written in a mixed eulerian-lagrangian
description are solved by a standard Galerkin finite element technique, using 4-node quadrila-

terals with linear velocities, constant mass density and constant specific internal energy.
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Marching in time is performed by a finite difference 2-step predictor-corrector scheme. The
numerical stabllity properties of this space-time integration procedure is illustated on the

linear 1-D convective equation

g—‘i+vai=o (1

where g is an arbitrary quantity transported at the constant velocity v.

Using the conventional assembling procedure, the finite element semi~discrete model

of eq. (1) can be written in a concise form as follows,

v
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where i is an arbitrary interior node index and Ax represents the spatial step size.

It is important to note here the spatial implicitness of the time derivatives of the
finite element equation, eqg.(2) : this property is viewed by many as the major drawback of
finite element approximations since it leads to unstable schemes as can be shown using
classical stability analysis. A standard technique for converting implicit to explicit finite
element approximations is known as "lumping”. For eq.(2), this amounts to replacing éitl

by éiwhich gives

. v _
9 % Zax Gier T 93q) =0 3

At this point, extreme care is necessary in the selection of a time integration

scheme. For instance, if a forward difference (Euler scheme) is employed

v —
At * o giw Gy T i) T 0 )

another classical unstable difference approximation is obtained, namely the so-called centered
scheme. Clearly, one needs here either a more appropriate time discretization, g? = gi(nAt),

or another space integration, g? = gn(iAx). In order to simplify the treatment of the moving

boundaries, the one point simple Euler scheme should be retained for the time integration,

but the space marching must then be performed with a decentered algorithm to introduce

implicitly the numerical diffusion necessary to stabilize the whole difference equation,

gn+1 g
i i v n
+ (fa-oa g,

At 20% 13 =0 (5)
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1 1

where the upwind coefficient o and v have same sign, and |u|<l. The CFL stability criterion
has been shown [ 8] to depend on the value of a as follows,

|v At < la] <1

Ax (6)

and the overall accuracy of the scheme is 0(At, oldx + sz). Note that from condition (6) it
appears clearly that the centered scheme (a = 0) is unstable and that the total donnor scheme

(o = 1) obeys the classical CFL condition.

A final improvement is still required to treat adequately the nonlinear convective

terms. This is done by considering at each time cycle a 2-step predictor-corrector scheme of
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which the explicit decentered algorithm of eq. (5) constitutes the first step. On stability
grounds 1t has been found sufficient to use as second step simply a trapezoidal-like correct-

ion,

n+1 _ . n_ At .n .ntl
(gi )C—gi+ 3 (gi+gi ) (7

where gz+1 is computed from the prediction step.

It has been shown in this linear analysis that the overall behaviour of this 2-step
explicit-implicit scheme is dominated by the stability criterion of the explicit predictor
operator, i.e. condition (6). In the nonlinear 2-D test problems, this stability property
has been verified satifactorily as shown by the small corrections needed for the predicted

velocity (<1%).

4. PRELIMINARY RESULTS

At the oral presentation, some results of test problems will be displayed to show

the sensitivity of the coupling model to the various discussed parameters.

A preliminary test problem considers a radial wave propagation in a water annulus
contained in a closed cylindrical steel pipe. The water is initially supposed to be in a
radial outward motion according to a relevant linearly decreasing velocity law. The pipe,
simply supported at both ends is modeled analytically by the superposition of a membrane and

a bending solution. Fig. 3 presents a set of successive positions of both interfaces.

Fig. 4 shows the motions of the central part of a similar aluminum pipe modeled by
3 EURDYN I shell elements (considering 3 slices allows to check for the independance of the
solution versus the axial direction), under a 7 and a 70 MPa (1,000 and 10,000 psi) hat-shaped

pressure pulse loadings applied on the central axial bubble.
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TABLE I. Flow diagram of the combined program

I. Start MEL fluid program
1. set initial conditions : n=0, t'=0
a. Define kinematical variables : nodal positions
velocities of fluid (ij) and finite el. grid (ij)
b. Define mechanical variables : el, mass density p and internal or bound. pressure p
c. Impose initial time step and set n=1, t1= Ato
2. Grid updating and time step evaluation
a. Compute new positions of the moving nodes (Newmark-B operator) at time "
from displacements and velocities found during previous cycle
- Redefine the mixed transition elements if required
b. Compute At according to the CFL condition
- Reduce At if colliding of two nodes is expected during next cycle
- Redefine the transition zone in order to insure a larger At if At 1is too small
due to the narrowness of the transition zone
3. Predictor step
a. Compute at time tn+1 extrapolated (x) element values px and (pE)x,
and nodal values V?J and w;J accounting for the essential B. C.'s
Compute the predicted value px from the equation of state, and the required
pseudoviscous forces
- Compute and assemble inertial, internal and external nodal forces along contact
line if impact has occurred
- Modify boundary conditions for next At if resulting force is no longer
compressive (debounding occurs)
b. Compute upwind coefficients a and various fluxes through each interface
Compute nodal forces throughout the mesh (pressure-, transport- and gravity forces)
and assemble into total internal nodal force array
Compute external load nodal forces accounting for natural B. C.'s
Compute nodal acceleratlons from lumped mass and resulting nodal force array
4, Corrector step
a. Compute at time tn+1 : pn+1’ (pE)n+1 and vgsi using trapezoidal-like formula
b. Compute new corrected values of external nodal forces (at interface)
- GO TO III if structure is at rest and submitted to no fluid forces

5. Organize subcycling and compute pressure relaxation coefficients

II Enter subroutine EURDYN I structural code
1. Set initial conditions 1f first call
2. Loop on subcycles

3. Send final shell node positions and velocities to MEL program

III. Reenter MEL program
1. Store current configuration and prepare next fluid cycle, n=n+l
2. GO TO I.2
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