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SUMMARY

The liquid metal fast breeder reactor (LMFBR) core structure consists of a matrix of hex-
agonal subassembly ducts. Safety considerations require that the deformation response of the
hexagonal ducts to a postulated local energy release be predictable. Deformation of the struc-
tural matrix can interfere with control-rod withdrawal and can cause local reduction in coolant
flow passages. For example, a fuel pin cladding failure resulting in fission gas release will create
a pressure-pulse loading on the internal walls of a subassembly hexcan duct. This pressure
pulse will attenuate as it travels towards the ends of the hexcan with the result that a three-
dimensional, transient pressure loading is exerted. A three-dimensional, finite-element struc-
tural code SADCAT (Structural Analysis for 3-Dimensional Core Assembly Transient) has
been developed to compute the hexcan response to such loadings. Computations made with
the SADCAT code have been compared with experiments performed for simulated EBR-II and
FFTF out-of-pile ducts. Comparisons are also made with computed two-dimensional code re-
sults.

The dynamic response of an EBR-II hexcan to a fuel pin failure was simulated experimen-
tally by gas-pressurizing a centrally located tube to the bursting point. The hexcan test rig was
immersed in water. The gas escaping from the tube rupture created a pressurized bubble in the
surrounding liquid, and under the action of the internal loading the walls of the hexcan de-
formed. The resulting pressure, strain, and deflection data were recorded. The gas discharge
from the rupture is described in an analytical model, the corresponding bubble formation and
pressure-pulse distribution within the hexcan subassembly are computed with an implicit
hydrodynamics code called ICECO (Implicit Continuous Eulerian Code). The resulting com-
puted pressure distribution provides the input to the SADCAT computation for the dynamic
response of the hexcan. Good correlations were obtained between the experimental data for the
measured pressures and final permanent hexcan deformations and the computed results.

An FFTF out-of-pile hexcan was slowly pressurized to failure and the deformation res-
ponse as a function of pressurization was measured. These deflection data were compared with
the three-dimensional code computations. The bending effects of the end constraints are found
to extend an axial distance no greater than one equivalent-diameter for moderate loadings so
that the hexcan deformation is uniform except for these end regions. For plastic deformations
under higher loadings, the end effects will extend over a considerably greater distance, increas-
ing with the deflection magnitude. For the region of uniform deformation, the problem reduces
to a two-dimensional one, and constraining the axial deflection at the ends results in a plane-
strain case. Within the elastic range, computations by a two-dimensional code STRAW, with
suitably modified elastic moduli to account for the stiffening effect of the end constraints, com-
pared well with the full three-dimensional SADCAT computations. For the larger plastic flow
deflections, the plane-strain modifications in the plastic material properties led to some dis-
crepancy in the results computed with the STRAW code. Throughout both the elastic and plas-
tic deformation ranges, the deflection response is sensitive to the stress-strain material proper-
ties.
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1. Introduction

The structural members of a reactor core consist largely of plate/shell-type components
The response of these members to hypothetical high-pressure loadings is of concern to
reactor safety analysls. As a tool for design studies of structural integrity under postu-
lated accident conditions, it 1s convenient to have an efficient structural-analysis comput-
er code that can quickly and economically run through computations over a range of con-
ditions. In many instances, a two-dimensional code is sufficient to determine maximum
deformations and to predict, at least qualitatively, the general response behavior. How-
ever, under some hypothetical conditions, highly transient, sharply peaked local pressures
can conceivably arise which will produce definite three-dimensional deformation. It 1s
desirable in these cases to have avallable a three-dimensional structural code. Such a
code would be useful also to determine, by means of comparisons, the extent to which the
more simple (and economical) two-dimensional formulation can approximate the response. For
these purposes, a three-dimenslonal code called SADCAT [1], and a similar two-dimensional
version, STRAW [2], have been developed. An application of these codes will be presented
in which the response of hexagonal subassembly fuel wrappers to internal pressures is pre-
dicted, Comparisons are made between computatlons and experimental results.

Other general-purpose finite-element structural codes exist, but employ implicit
numerical-integration methods. Implicit methods have the advantage of being inherently
stable, but a three-dimensional problem will generally require very large computer-storage
and long running times. This disadvantage arises because the entire system of equations
must be solved simultaneously at each time step. To reduce the computational demands,
SADCAT and STRAW are formulated to solve explicitly the equations at only one point at a
time. By this procedure the computer-storage requirement at each time step is grossly
reduced. However, the explicit scheme can become unstable unless the time step is suitably
small. Very small time steps may require many repetitive computations, but for the type of
problem under consideration, a relatively small time increment is required for reasons other
than stability. Thus, for reactor—accident problems, there may be a definite economic
advantage in using an explicit code. The reasons for a small time step are (1) to obtain
adequate resolution of the sharply varying pressure-pulse loading and (2) to follow closely
the path-dependent stress-strain relationship, particularly for stress concentrations in
the hexcan corners. These stress concentratlons give rise to large local nonlinear in-
elastic strains.

Good correlations were found between the computed hexcan response and test data for
simulated EBR-II fuel-pin-failure experiments. Comparisons are also presented for experi-
ments performed with larger hexcans of the type contemplated for the FFIF reactor con-—
figuration.

2. The Three-dimensional Structural Dynamics Code

A general purpose code, SADCAT, has been developed for transient analysis of plate
and shell structures. This code uses a lumped-mass system and an explicit time-integration
procedure. In addition, it treats large displacements and elastic-plastic behavior of
material. The code, therefore, 1s especlally suited for structures subjected to high

loading rates and undergoing large displacements.
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The formulation within the code 1is based on the finlte-element procedure, in which
the discrete model of the structure consists of an assembledge of flat, triangular plate
elements interconnected by nodes. Each element is assoclated with a convected coordinate
system which is attached to the element. Thus, the convected coordinate system moves with
the element and approximates the rigid-body motion of the element. In addition, each node
is associated with a set of body coordinates which rotate with the node and coincide with
the principal axes of the mass moment of inertia of the node.

The lumped masses and rotational inertias of the nodes are obtained as follows:

The mass and moment of inertia of each element are calculated and then subdivided into
three equal parts, each associated with the respective nodes of the element. This pro-
cedure is applied to every element so that the final mass ard moments of inertia at each
node consist of contributions from all adjacent elements. The principal moments of inertia
are then determined at each node; the assoclated principal directions constitute the initial
body coordinates. At the boundary the moments of inertia are made isotropic and the body
coordinates are prescribed so that any required rotation can be imposed. I

The total displacement of the element is decomposed into a rigid-body motion and a
deformation. The rigid-body motion 1s defined by the motion of the convected coordinate
system; the deformation is the displacement relative to the convected coordinates. Rota-
tions of the nodal coordinates are described by Eulei‘ angles; the nodal coordinate compo-
nents are updated at every time step.

The plate element is assumed to have linear in-plane displacements and cubic transverse
displacements. The deformation displacements are computed from the relative displacements
and relative rotations of the nodes. Following Argyris [3], the in-plane deformations are
determined by side elongations of the element. The nonconforming shape functions developed
by Bazeley [4], determine the flexural component of deformation. The strains are computed
in the convected coordinate system: the first derlvative of the in-plane displacement
provides the membrane component of strain, and the second derivative (curvature) of the
shape function yilelds the flexural component of strain.

The tensile data of true stress vs engineering strain are approximated by a multi-
linear curve with isotroplc strain hardening. Yielding in the biaxial state of stress is
handled by the von Mises yield criterion and a flow rule is assumed in the plastic regime.
The plastic components of stress are evaluated by an algorithm introduced by Hartzmann and
Hutchinson [5].

Internal nodal forces and moments are derived using a five-point trapezoidal inte-
gration across the element thickness and a three-point integration over the element plane.
The transverse nodal forces are obtained from the requirement that the nodal forces of an
element must be self-equilibrated.

In some problems in which the residual membrane forces are large and no external loads
are present there is a tendency for certain nodes to oscillate in a snap-through mode.

This effect is eliminated by a membrane artificial viscosity which can be specified as a
percentage of critical damping.

The code accepts pressure-time histories, initial velocities, and displacements as
external loads. With the mass, moments of inertia, and the external and internal forces
known, the equations of motion are applied at the nodes. The equations of motion are inte-

grated in time using the Newmark-B method [6]. Since the formulation 1s based on an
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explicit integration, the length of the prescribed time step is limited by a stability
criterion. The code operation has been found to be quite efficient, taking about

2 msec/time-step/element on an IBM 370/195 computer.

3. Dynamic Experiments for EBR-II Hexcans

3.1 Description of the Experiments

Three-dimensional effects have been demonstrated in a serles of tests performed by
Koenig [7], at Argonne Natlonal Laboratory with out-of-pile EBR-II subassembly hexcans,

In these tests, the response of a hexcan to the sudden pressure pulse created by a fuel-

pin fallure was measured, To simulate the pin cladding fallure a single tube was pressurized
with helium and predefected to burst at about 2000 psi. The defect was located so that the
resulting pressure pulse created by the escaping gas was centered In the hexcan. The test
rig, shown in fig. 1, was submerged in a drum of water,

3.2 The Pressure Loading within the Hexcan

To maximize the pressure pulse for a given tube pressure, a l-in. slot was milled into
the tube wall to Insure the largest possible rupture opening. Typical ruptured tubes are
shown in fig, 2. Immediately following rupture, the tube pressure fell to about 10% of the
peak within 1.6 msec. The pressure In the bubble built up by the escaping gas reached a
maximum of 350 psi, and sustained a wall-loading pressure above 100 psi for 2.3 msec. Tests
at other burst pressures were performed, but a fairly constant ratio of 177 was found to
hold between the maximum bubble pressure and the peak tube pressurization.

Irregularities in the shape of the rupture opening, as shown in fig. 2, raise
questions about the effect upon the discharge rate of the gas, and possible unpredictable
variations in the resulting pressure loading with corresponding lack of symmetry and repro-
ducibility. To assure uniformity and establish reproducibility over a serles of tests, the
tube rupture was replaced by the symmetrical arrangement of orifices shown in fig. 3.

Under these controlled conditions of the pressure source, the pulse peak was more sharply
defined than for the tube-burst tests, and the decay of the bubble pressure was more uniform
We see in fig. 4 that for the tube rupture two pressure peaks appeared followed by an
irregular decay. This indicates that the rupture did not reach its final size instan-
taneously, but progressed in at least two distinct stages. The first pressure peak corres-
ponds to the initial breaking, and then in spite of the diminishing pressure ratio, the gas
discharge 1s sustained by further widening of the opening. As a result, the bubble pres-
sure peaks a second time before trailing off.

The maximum pressure was over the hexcan wall area midway between the ends of the
32-1in. test length and opposite the gas-discharge source. The pressure loading attenuated
as the pulse traveled towards the ends of the hexcan. Measurements of the decreasing
pressure correlated with pressure computations made with a finlte~difference hydrodynamic
code ICECO [8]. For the test series in which the pressure variation along the length of
the can was measured, the hexcan wall deformations were kept small. For later tests in
which significant wall deformation occurred, the pressure distributlon was not measured

along the length of the hexcan, but was computed with the previously verified ICECO code.
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The growth of the bubble computed with the ICECO code is shown in fig., 5. The comput-
ed bubble volume and mass transfer determine the density, and, assuming an isentroplc expan-
sion, the bubble pressure downstream of the orifice 1s determined. Computed pressure traces
for the plenum and gas bubble are shown in fig, 6. The computed plenum pressure was veri-
fied by measurements of pressures in the gas-supply line. The bubble pressure is equal to
the pressure exerted against the wall, and computed and measured values are compared in
fig. 7.

3.4 The Hexcan Deformation and Comparison with Experiments

As the pressure pulse propagates from the midlength to the ends of the test hexcan,

a pressure-time trace 1s generated at each fixed positlon along the axial length. Computed
pressure traces at a sequence of such statlons are shown in fig. 8. The peak of each trace
diminishes with distance from the source. The problem of computing the hexcan deformation
response 18 clearly three dimensional: the loading variles.in the axial direction, and the
hexcan geometry varles in the circumferential and radial directions. Hence, a three-
dimensional structural code such as SADCAT is needed to compute the dynamic response of the
hexcan. Computed deflection histories at stations along the hexcan length are shown in
fig. 9.

A "periodic axisymmetry" was assumed for the computation in the sense that the same
pressure loading was exerted against each of the six faces; consequently, the response was
identical for all the faces. Actually, in the experiment, as shown in fig. 10, the de-
flections were not identical for each pair of diametrally opposed flats,

Since pressure measurements taken about the periphery demonstrated that a fairly
uniform axisymmetric pressure loading was established at the wall, it appears that the
deflection differences are due to a type of structural inmstability. A likely explanation
is that the material properties, particularly as influenced by cold working, vary to a
certain extent from corner to corner. The yleld stress is highly sensitive to such varia-
tions, and yielding will occur in one corner, say, before occurring in the otherg, As a
result, a plastic hinge will develop at this corner. Consequently, because of the abrupt
change of slope in the stress-strain curve at the yield point, the local deformation rate
will increase sharply, and the subsequent motlon will distort the symmetry of the hexagonal
shape.

In the computation, each face is assumed to have the same lengthwise deflection pro-
file. For the comparison in fig. 11, the deflections of the three pairs of diametrally
opposed flats are represented by an equivalent mean-volume expansion. Since the pressure
source was located midway between the upper and lower ends of the hexcan, the upper half
was assumed to be the mirror image of the lower half. Actually, in the experiment this
symmetry was not maintained after the pressure pulses reached the open ends of the can. At
the upper end, when the pressure pulse reaches the free surface of the water, a rarefaction
wave is reflected back down the test can. However, when the primary pressure pulse leaves
the lower end, it travels to the bottom of the containment tank and reflects as a compression
wave. The net effect 1s that the lower half of the hexcan 1s exposed to greater pressure
loading than the upper half., As a result, a slightly greater bulging of the lower half of
the experimental duct is observed in fig. 11.
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Quasi-Static Experiments for FFIF-Type Hexcans

4.1 Description of the Experiments

The hexagonal subassembly ducts for the EBR-II reactor core are considerably smaller
than similar ducts currently contemplated for the FFTF-type cores. To study the response
of larger subassembly ducts an out-of-pile test program is underway at Stanford Research
Institute. The distance across flats for the test ducts is 4.5 in. compared to 2.25 in.
for the EBR-IT duct, and the wall thickness 1is increased to 0.120 in. from 0.040 in. To
maintain essentially two-dimensional loading for code comparisons in preliminary dynamic
tests, a line pressure-source was employed rather than a point source. The line source was
along the axls and extended the length of the test duct. The resulting dynamic loading
became essentially uniform in the axial direction.

Prior to the dynamlc loading tests, sample hexcans were slowly pressurized until
fallure. The purpose of these preliminary tests was to study the effects of material
properties and end conditions upon the hexcan response. It was found that for moderate
deflections under hydrostatic loading, the central sections away from the ends deformed
uniformly in the axial direction. Consequently, it can be assumed that for the central test
section, two-dimensional conditions prevail, permitting the application of a two-dimensional
code such as STRAW.

Two sample test hexcans are shown in fig. 12 after being slowly pressurized until
fallure. Both cans are type 316 stalnless steel. However, the steel for the can on the
left had been work-hardened by the final fabricatlon drawing process (corresponding to a
nominal 20% cold working, with greater residual hardness in the cormers). The can on the
right had been annealed and was considerably more ductile. The central portion of the
annealed can has expanded out to a circular shape (see fig. 13). The permanent diametral
increase from midflat to midflat was nearly l-in. (0.45-in. radial deflection). The can
sustained an internal hydrostatic pressure in excess of 3000 psi before splitting at the
corner. The can on the left was markedly less ductile. The corner fractured at a pressure
of about 2500 psi; the maximum midflat diametral increase was only about 0.3-in.

4.2 Comparisons of Three-Dimensional with Two-Dimensional Computations and Experiments

The response of the hexcan to uniform iInternal pressurization was computed with both
the two-dimensional STRAW code and the three-dimensional SADCAT code. The computed de-
flections were compared with deflections measured in the experiments. Attention 1s focused
upon the annealed hexcan for comparisons with the experimental data. The STRAW code was
applied to the uniformly loaded central portion of the hydrostatically pressurized test can.
The stress-straln curve was adjusted for plane-strain conditions by a very simple method [9]
The Young's modulus was increased by the factor 1/(1 - v%) and the yield stress by the
factor 1/Y1 — v + vZ, where v is Poisson's ratio. The adjustment for the plastic region
consisted of increasing the slope of the stress-strain curve by the factor 4/3.

The plane-strain computation of the STRAW code advanced forward in time by finite-
difference time steps At as the hexcan was slowly pressurized. The strains were ex-—
pressed as total elongation divided by the original length, i.e., engineering strains.
However, as the hexcan expanded, the wall thickness diminished, and the elemental stress
forces were expressed as a stress multiplied by the actual instantaneous cross-section area,

i.e., the true stress was used.
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The sensitivity of the hexcan deflection to changes in material properties is indi-
cated in fig. 14, The elastic properties and yield point were held fixed, but in the
plastic range the stress was raised and lowered by fixed percentages. We see that lowering
the plastic stress has a greater influence upon the deflection than raising the stress. The
sensitivity of the deflection response to changes in the stress-strain relationship in-
creases as the pressure 1s raised. At 3000 psi, a 10% reduction in the stress (corresponding
to the given straln) caused the deflection to increase 30%.

4.3 The Three-dimensional Computations

In the hydrostatic tests the hexcan was slowly pressurized. The two-dimensional
STRAW code was used to compute the midflat deflection at the section midway between the test
duct ends. It was found, by comparison with longer lengths, that a 1-ft length was suffi-
cient for the midflat deflection to be independent of the radial constraints imposed by
heavy flanges at the ends. Unlike the radial constraints, axial constraints at the ends
will stiffen the entire can against expansion. The stiffening effect is independent of the
can length. At the end region the (lengthwise) deflection profile is nonuniform and compu-
tatlons for this region require a three-dimensional code. The boundary condition imposed by
the end flange constrains the slope as well as the displacement, i.e., the flange imposed a
bending moment at the end as well as a radial force component. For the prescribed end con-
ditions of zero slope and radial displacement, the éeflection profiles shown in fig, 15
were computed with SADCAT. The bending moment induced an inflection point and a slight
bulging appeared near the end. The maximum deflection occurred at the bulge rather than at
the midsection as might otherwise be expected. This bulging phenomenon has been previously
described [10]for thin circular tubes. The bulge produced an additional deflection of about
10% above the uniform deflectlon at the sections more remote from the ends. The stiffening
effect of the axial constraint is shown in fig. 15. The computation indicates, for example,
that at an internal pressurization of 2000 psi, the deflection is reduced 20 mils, or 10%
less than would occur if the duct were permitted to contract freely in the axial (lengthwise)
direction.

The dynamic effects of the loading rate were computed with the three-dimensional
SADCAT code. Midflat deflections for loading rates of 250, 1000, and 2000 psi/msec are
compared in fig. 16. Also shown in the figure, for reference, are the experimental de-
flections for hydrostatic loading. At the highest loading rate of 2000 psi/msec, a strong
inertial lag occurred during the intial response. The deflection quickly accelerated and
overshot the hydrostatic magnitude by about 33% at a pressure of 1200 psi. When the loading
rate was slowed to half the value (i.e., 1000 psi/msec), the overshoot was significantly
reduced. If the pressurization were stopped at 1200 psi, say, the final permanent deflection
would be 180 mil for the slower loading rate compared to about 230 mil for the higher rate,
It is difficult, however, to generalize about the effect of loading rates upon the final
permanent deformation. We see, for example, in fig. 16 that although the higher loading
rate significantly increased the final deformation at 1200 psi, at the higher internal
pressure of 2000 psi the loading rate had a negligible influence.

Variations in loading rates at higher pressures (beyond 1700 psi in fig. 16) had little
Influence upon the final permanent deformation. In contrast, at smaller pressures the rate

had a strong influence upon deflections. This contrasting behavior is explained by the fact
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that, at the lower pressures, the dominant deflectlon mode of the hexcan face 1is that of a
bending plate. At the higher pressures the duct has expanded out to a circular cylinder
shape (see fig. 13). Tor the plate deflection mode much of the material (with the exception
of the corners) 1s yet in the elastic range and the dynamic oscillatory response effects are
not so quickly damped out. In the cylindrical deflection mode, however, the plastic-material
zone 1s uniformly (axisymmetrically) distributed, and the inertial dynamic effects are
quickly absorbed and suppressed.

The effect of axlally constraining the hexcan is shown in fig. 17 for the loading rate
of 400 psi/msec. There was little influence at the smaller pressures, but at the higher
pressures above 1300 psi expansion caused the can to contract in length. At the 3000 psi
internal pressure, the 1-ft length was reduced by more than 0.6 in. The elements underwent
a large compressive strain in the axial direction and consequently strained more easily in
the circumferential direction. As a result, the expansion of the duct was much greater when
the ends were free to contract than for conmstralned ends. At 3000 psi, freeing the ends
increased the maximum (midflat) deflection by 27%, from 300 to 380 mils.

Conclusions

In general, an accldental pressure loading exerted agalnst the walls of a fuel-pin
hexagonal subassembly wrapper can be expected to be three-dimensional., Computations per-
formed with a three-dimensional code, SADCAT, of the final permanent deflection profile of
an out-of-pile EBR-II test hexcan correlated well with the experimental data. The experiment
gimulated a fuel-pin failure by pressurizing a centrally located tube to the bursting point.
The discharge gas bubble created a pressure-pulse loading on the walls of the hexcan. Since
the pressure load varled (by attenuation) along the length of the hexcan, three-dimensional
deformations resulted.

Further tests have been performed for larger hexcans of the type that may be used in
the FFIF reactor. For slow pressurlzation, the internal wall loading was uniform over the
length of the hexcan duct. Midflat deflections over the region midway between the duct ends
correlated well with computatione performed with the two-dimensional version of the code.
The correlation remained good for relatively large deflections involving strains in excess
of 20%. The full three-dimensional code was required to compute the deflection profile in
the end reglons.

It appears that when the stress-strain properties are sultably modified for plane-
strain conditions, the two-dimensional code can predict the maximum deflection occurring
opposite a centrally located pressure source. To compute the full deflection profile, a
three-dimensional code appears to be required, Computations with the three-dimensional code
demonstrated that an increased dynamic loading rate can significantly increase the final
permanent deformation. Also, rather small variations in the material propertiles can result

in rather large variations in the final permanent deflectiom.
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for Maximum Midflat Deflections Under Hydrostatic Showing Effects of Axial End Constraints
Loading, Showing Sensitivity to Stregsstrain Data
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