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Summary

Maintaining the structural integri ty of the piping system of Liquid Metal

Fast Breeder Reactors (LMFBRs) is essential to the safe operation of the

reactor and steam supply systems. In the safety analysis various transient

loads can be imposed on the piping systems, which may pose threats to the

integri ty of the piping structure. They are: (1)- hydrodynamic loading

resulting from pressure-wave propagation; (2) thermal loading generated by hot

coolant suddenly entering into the piping system; (3) structural loads due to

seismic events; and (4) loads encountered during normal reactor operational

transients such as internal pressurization, thermal effects, and creep phenom-

ena. These transient loads can further be classified into two categories.

The f i r s t represents dynamic loads resulting from the hydrodynamic pressure-

wave propagation or seismic events. The second represents static or quasi-

dynamic loads generated by thermal wave propagation, normal operation

transient, or creep phenomena.

At Argonne National Laboratory, a multi-dimensional method [1,2] has been

developed for the integrated analysis of piping systems under these transient

loading conditions. I t ut i l izes a 2-D impl ic i t f inite-difference hydro-

dynamics in conjunction with a 3-D exp l ic i t finite-element structural

analysis. A thermal capability was included to establish f lu id and structure
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temperature distributions for the thermal stress calculations. Recently, many

capabilities have been added and substantial improvements have been made in

order to enhance the usefulness of the multi-dimensional method, as well as to

broaden i ts applicabil i ty. These improvements and developments have resulted

1n an advanced multi-dimensional method. A selection of many developments are

given in this paper.

In the fluid-dynamic calculations an elbow hydrodynamic model has been

developed to rigorously account for the effects of global elbow motion on the

pressure transient. The analysis uti l izes a control-volume technique relative

to the moving structure to solve the conservation equations of mass, momentum,

and energy. A modified Poisson equation is derived, which considers struc-

tural velocities in the convective-flux calculation. Regarding the hydro-

dynamics for in-l ine components, a well-validated Eulerian scheme [3,4] has

been adopted to treat the f luid motion in the vicinity of the baffle plates,

r igid obstacles, and the isolated flow regions. The approach appropriately

adjusts the velocity f ie ld in calculating the source terms of the momentum and

Poisson equations in accordance with the inviscid f lu id boundary conditions.

The structural capability was originally limited to the expl ic i t time-

integration scheme which requires the use of small, stabil ity-controlled time

steps. Although i t has proved surprisingly eff ic ient for dynamic problems

with short solution times, i t did preclude the application to quasi-dynamic

analyses under long-duration loadings or static problems. Presently, ef for t

has been made to augment the structural analysis by adding an impl ic i t -

integration scheme with long-time capability so that, together, the two

schemes can treat the large variety of time scales found in LMFBR piping

safety evaluations.



The implicit, iterative method described here is formulated within a co-

rotational coordinate system. The corotational coordinates faci l i tate the

formulation of element-related quantities. For convenience, the transla-

tional, membrane, and bending equations of motion are written with respect to

the fixed global coordinates. The rotational equations of motion are written

with respect to the moving body coordinates. An elastic stiffness matrix is

derived for each element. The governing equations are integrated in time,

based on the Newmark-Beta formulas.

A predictor-corrector iterative approach is employed. The iteration be-

gins with the predicting phase in which the new displacement f i e ld , associated

with the eight degrees of freedom per node, is approximately computed using

the previous cycle values. This displacement f ield is uti l ized to estimate

the nodal internal forces. The incremental displacement is solved by the

equations of equilibrium expressed by the global stiffness matrix. The i n -

cremental displacement f ield is then uti l ized as a corrector to recompute the

nodal internal force. The procedure is repeated until convergence is

reached. The algorithm is fair ly general and is capable of treating elastic-

plastic material with thermal and strain-rate properties. I t also permits the

element to undergo arbitrar i ly large rotations and translations, but in i ts

present form i t is restricted to small strains.

In order to deal with problems involving thermal shock, the existing

method has the capability of generating f luid temperatures for straight

pipes. In addition, an elbow thermal model has been developed. A system

energy equation, written in terms of the tangential e coordinate, is uti l ized

to calculate the coolant temperatures inside the elbow region due mainly to

the f lu id convection. Such a capability enables the thermal transient

analysis of a pipe-elbow loop to be adequately performed.



The treatment of fluid-structure interaction (FSI) depends on the time-

integration scheme used in the hydrodynamic and structural calculations. In

the past, the hydrodynamic equations were integrated impl ici t ly while the

structural equations were integrated expl ic i t ly , and an impl ic i t -expl ic i t ( I -

E) coupling was ut i l ized. Since, in general, the hydrodynamic time step is

much larger than the stability-governed structural time step, several struc-

tural subcycles must be performed to match one hydrodynamic calculation. This

I-E coupling via structural subcycling could become time consuming for

problems involving slowly varying pressures where large hydrodynamic time

steps can be ut i l ized. Following the development of the implicit ' structural

module, we have introduced an option which uses impl ic i t - impl ic i t ( I - I )

coupling in the FSI analysis, with both hydrodynamic and structural equations

integrated impl ic i t ly. This avoids the structural subcycling and yet main-

tains the numerical stabi l i ty.

Many i l lustrat ive problems are given, including analyses of: (1) f l u id -

structure-interaction experiments performed by Stanford Research International

(SRI), (2) pressure-wave attenuation in a U-bend tube from a steam generator,

(3) effects of local and global structural motion on the pressure pulse prop-

agation in a pipe-elbow loop, (4) f luid transient in a primary coolant loop

with in-l ine components, and (5) seismic response of a pipe-elbow loop.

Results indicate that the advanced multi-dimensional method described in this

paper is not only very accurate, but also is very effective and versatile in

analyzing complex LHFBR piping systems under various transient conditions.



References

1 . C. Y. Wang, "A Three-Dimensional Method for Integrated Transient Analysis
of Reactor-Piping Systems," Nucl. Eng. & Design, Vol. 68, No. 2, pp. 175-
184 (March, 1982). — ¥V

2. C. Y. Wang, "Theory and Application of a Three-Dimensional Code SHAPS to
Complex Piping Systems," in Advances in Fluid-Structure Interact ion, eds.
F. J . Moody and Y. W. Shin, The 4th In t . Congress on Pressure Vessel
Piping Technology, ASME PVP-75, Book No. H00261, pp. 139-157, Portland,
OR {June, 1983).

3. C. Y. Wang, "ICECO - An Impl ic i t Eulerian Method for Calculating Fluid
Transient in Fast Reactor Containment," ANL-75-81 (December, 1975).

4 . C. Y. Wang, "Analysis of Nonlinear Fluid-Structure Interaction Transient
In Fast Reactors," ANL-78-103 (November, 1978).

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infring; privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.


