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Analysis of HCDA Loads and Containment Response of
a Large Loop-Type LMFBR
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As part of a comprehensive safety study, analyses are presented on the hydrodynamic
loads and containment response of a large loop-type LMFBR subjected to an HCDA of a 1000 My
energy release. The reference reactor consists of a primary vessel, a head cover, and vari-
ous complex internals such as the upper internal structure (UIS), the core-support structure
(CSS), radial shield, shield baffles, and deflector plate. Three calculations are performed
with the ANL hybrid Lagrangian-Eulerian containment code, ALICE-II. They deal, respectively,
with: (1) the calculation of HCDA hydrodynamics, reactor-cover loads, and forces on the UIS;
(2) investigating the mitigating effect of the UIS on the cover loading as well as the con-
tainment response; and (3) the analysis of overall containment integrity, including interac-
tion of fluids with the deformable UIS and CSS.

Our first calculation on the hydrodynamics shows that a small plastic strain of 1.11%
takes place at the upper vessel. A typical pressure history underneath the cover consists of
three distinct pulses. A sharp peak due to the slug impact occurs first, followed by two
Tonger, steadier pulses due mainly to the wave reflection from the deformed vessel and the
residual pressure in the moving fluids. The maximum peak value is about 26 MPa. Forces
acting on the UIS assembly and the deflector plate are comprised of contributions from
incident-wave propagation and the reflection from slug impact, respectively. Maximum values
of these two forces are 350 and 140 MN, respectively.

The second ALICE-II calculation, the UIS parametric study,.reveals that the UIS plays a
substantial role in mitigating the slug-impact loads as well as in reducing the upper vessel
deformation. The peak impact pressure and the vessel deformation are 26 MPa and 7.90 cm with
the UIS present, compared to 70 MPa and 17.49 cm without the UIS.

Results from the third calculation, dealing with the integrated containment analysis,
indicate that deformations of the upper vessel, core barrel, radial shield, the UIS, and the
bottom vessel are all small. However, the axial displacement of the CSS is quite large,
having a value of 64 cm. We have also found from a comparison of the first and the third
calculations that the cover loads obtained from the case 1 calculation are conservative.

The analyses presented in this paper represent a variety of parametric calculations pro-
viding useful guidance for subsequent design decisions. Special emphasis must be given to
the importance of the UIS in reducing the effects of energy releases on the reactor cover
region; and attention must be given to the core support structure, due to its complex struc-
tural response, and its potential for energy absorption.
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1. Introduction

Analyses are presented on the hydrodynamic loads and containment response of a large
loop-type LMFBR subjected to an HCDA. The reference reactor considered here consists of a
reactor vessel, a vessel head, and a variety of complex internals, including the upper inter-
nal structure (UIS) and the core-support structure (CSS). In order to provide a comprehen-
sive evaluation of the LMFBR structural capabilities to accommodate loads from events beyond
the design basis, several objectives were established. These objectives were: (1) to calcu-
late head loads, forces on the UIS, and hydrodynamics from one HCDA energetic source; (2) to
investigate the effect of the UIS on the slug impact and containment response; (3) to analyze
containment integrity, including interaction of fluids with all the structural components;
(4) to utilize head loads to calculate the head response of the reference reactor; and (5) to
compute the detailed UIS component response using the UIS forces.

To fulfill these objectives we decided to choose the advanced arbitrary Lagrangian
Eulerian containment code, ALICE-II [1-3], for the hydrodynamic and containment analyses, and
to employ the finite element codes NEPTUNE and SAFE/RAS for calculating, respectively, the
detailed cover and UIS responses. This paper deals with the ALICE-II calculations estab-
lished in objectives (1)-(3). Detailed analyses of the reactor head and the UIS responses
will be reported in two companion papers at this conference [4,5].

Three calculations are performed with the ALICE-II code. The first calculation is in-
tended to provide conservative head loadings and UIS forces utilized in objectives (4) and
(5), and hence treats the UIS and CSS as rigid. The second calculation deals with a UIS
parametric study in which the UIS was not considered in the mathematical model. The third
calculation deals with an integrated containment analysis where the UIS and CSS are treated
as deformable structures in accordance with their initial designs. The HCDA energy source
has a total energy content of 1000 MJ.

We will proceed to describe the model used in the analyses as well as the results ob-
tained from various ALICE-II calculations.

2. Description of Models

The reactor configuration and the preliminary design of the core-support structure are
shown in Figs. 1 and 2, respectively.

The mathematical model used in the first two ALICE-II analyses of the LDP reactor is
shown in Fig. 3. It consists of a reactor core, the core barrel, radial shield, shield
barrel, core-support structure, upper internal structure (UIS), deflector plate, baffle
plates, and the reactor vessel. In the analysis, the core barrel, radial shield, shield
barrel, baffle plates, and reactor vessel are treated as deformable structures. The core-
support structure is treated as a rigid structure supported by a deformable skirt. The UIS
is connected to the reactor head through connecting columns. The openings in the UIS are
lumped into two annular holes which have the same area as the actual holes in the UIS. The
deflector plate and the UIS are modeled as rigid obstacles which will transmit loads directly
to the reactor head through the UIS supporting columns.

Note that in the case 1 calculation the supporting columns are assumed to be rigid. By
assuming the UIS and the core-support structure to be rigid, conservative head loadings were
obtained for the reactor-cover analysis. Also note that in the case 2 calculation the UIS,
UIS columns, and the deflector plate are completely removed.
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The mathematical model utilized in the third ALICE-II calculation, dealing with an in-
tegrated containment analysis, is shown in Fig. 4. In this analysis the UIS assembly is
treated as a perforated and movable structure, but non-deformable. However, the UIS sup-
porting columns are modeled as deformable structures by 3-D pipe elements. The imperfections
of the UIS columns were simulated by displacing the original coordinates of the structural
nodes laterally. Modeling of the CSS presents some difficulties for the ALICE-II code be-
cause of the design complexity, as shown in Fig. 2, in addition to the 3-D nature of its
response. For simplicity, the CSS is simulated by the 2-D axisymmetric shell elements.

3. Results '
3.1 Case 1 (Rigid UIS and CSS): Hydrodynamic and Cover-Loading Calculation
Figure 5 presents reactor configurations at three different times. These configurations

show how the core-gas bubble expands and deforms as it encounters the sharp corners of the
structural components. Due to the presence of the deflector plate, the coolant slug impact
on the reactor cover occurs first in the side zones away from the center. As a result, the
cover gas is trapped in the region near the center line. Furthermore, these configurations
reveal the location and magnitude of the permanent deformation of the primary vessel occur-
ring during the course of the excursion.

The pressure history in each zone underneath the reactor cover together with the upward
and downward forces acting on the UIS and the deflector plate are stored on tape and are used
as the input loadings for the three-dimensional reactor-cover analysis. Because of the space
Timitation only one pressure loading is presented. Figure 6 depicts the pressure history in
zone 9 (see Fig. 3 for its location). This pressure loading consists of three types of
pulses during the 238 ms of calculation time. The first one, a sharp peak, which has a peak
magnitude of 26 MPa occurring at 72 ms, is due to the slug impact. The second, a Tonger,
steadier ]oading; is due to the residual slug pressure occurring after the vessel wall has
deformed to its maximum position. This pulse has a peak value about 12 MPa occurring at
75 ms after the excursion. The third pulse, which has a magnitude of 4 MPa and occurs after
190 ms, is again due to the residual pressure in the moving fluid. This residual pressure is
expected to exist in the fluid for a period of time until it is dissipated in the fluid.
Figure 7 depicts the upward force on the UIS assembly as a function of time.

The radial strain as a function of time at vessel node A (see Fig. 3), is given in
Fig. 8. It can be seen that the vessel at that position responds plastically. The permanent
strain is about 1.11%, which corresponds to a displacement of 7.09 cm. Also, the results
given in Fig. 9 indicate that the core-barrel movement is very small and its strain is in the
elastic range.

3.2 Case 2 (no UIS, no Deflector Plate): UIS Parametric Calculation

A second calculation, case 2, has been performed with the ALICE-II code to study the
primary containment response when the UIS and deflector plate are not included in the mathe-
matical model. The purpose of this calculation is to study the effects of these upper inter-
nal structures on the core energy release as well as on the deformation of the vessel wall.

Figure 10 shows reactor configurations at three different times. These configurations
indicate that due to the absence of the UIS and deflector plate the slug impact occurs first
in the central region while the core gas was trapped in an annular region near the side of
the upper containment.
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A comparison of case 1 (with UIS and deflector plate) and case 2 (no UIS, no deflector
plate) calculations shows that the upper vessel deformation has increased substantially, from
1.16% in the case with UIS, to 2.75% in the case without the UIS. Also, comparison of pres-
sures in a typical zone (zone 9, see Fig. 3) revealed that, in the case of no UIS, the slug
impact occurs at a much earlier time. The peak pressure generated by the slug impact has a
value of 70 MPa for the case without the ULS, compared to 25 MPa for the case with the UIS.
These findings suggest that, in the reactor configuration considered here, the UIS plays a
substantial role in mitigating the slug impact load as well as in reducing the upper vessel
deformation.

Note from Fig. 11 that the pressures under the reactor cover have three distinct peaks
during the 250 ms of calculation time. The first peak is due to the slug impact which has a
magnitude of 70 MPa occurring at 50-55 ms. The second peak is due to the residual slug pres-
sure occurring after the vessel wall has deformed to its maximum position. This pressure
peak is about 18 MPa occurring at 135 ms after the excursion. The third pressure peak is
again due to the residual pressure in the moving fluid, which has a magnitude of 15 MPa and
occurs at 235 ms of time. These pressures are expected to exist in the fluid for a period of
time until they are dissipated in the form of strain energy to the vessel wall and thermal
energy in the fluid.

3.3 Case 3 (Deformable UIS and CSS): Preliminary Integrated Fluid-Structure Interac-

tion Analysis

Primary containment normally consists of complicated internal components such as the UIS
and CSS. Two methods can be utilized to analyze their dynamic response during an HCDA. The
first one is the conventional, decoupled, two-step calculation which ignores fluid-structure
interaction. More specifically it uses: (1) a containment code to calculate the force his-
tories on the UIS and CSS, assuming that these components are rigidly fixed in space; and
(2) the calculated forcing function as input to the three-dimensional code to compute the de-
tailed structural response. The second method, on the other hand, accounts for the fluid-
structure interaction, but models these structures in a simplified manner.

Here, we present the calculation which treats the UIS and CS$S as deformable. In the
analysis the CSS is modeled as an axisymmetric structure using plate and shell elements. The
thickness of the top and bottom plates are increased to account for the rigidity of the
support I-beams used in the actual design.

By comparing the results of case 1 and case 3 calculations, our aim is: (a) to study
the conservatism of the head loading obtained from the case 1 calculation, and (b) to provide
a scoping analysis on the deformation of the UIS and CSS. Since this CSS model may deviate
from the actual structural design, the analysis presented here is preliminary in nature.

Figure 12 gives reactor configurations at several times. Figure 13 provides a pressure
history at zone 9 (see Fig. 4 for its location) underneath the cover. Because certain
amounts of energy have been transformed into strain energy of the UIS and CSS, the upper
vessel deformation and the peak slug-impact loading are smaller than the corresponding values
of the case 1 calculation. Our results show that the upper vessel deformation and peak
loading are 6.59 cm and 22 MPa for the case 3 (deformable UIS and CSS) calculation, compared
to 7.09 cm and 26 MPa for the case 1 calculation. The difference is 7% less for vessel
deformation and 15% less for peak loading. We also observed from the case 3 calculation that
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the downward displacement of the CSS is quite large, having a value of 64 cm. Therefore, a
detailed 3-D analysis of the CSS should be performed.
4.  Conclusion

The analyses given in this paper represent a variety of parametric calculations which
not only provide a basic understanding of complex physical phenomena involved during an HCDA,
but also give useful guidance for subsequent design iterations to accommodate these accident
Toads. From the results of this study several specific conclusions can be drawn:

(a) the primary containment of the reference reactor considered here can withstand the
HCDA of a 1000 MW energy release. The strain and deformation of the primary vessel are
small.

(b) Deformations of the core barrel, radial shield, skirt, and the UIS are also small.

(c) The UIS plays a substantial role in mitigating the slug impact loads.

(d) The axial displacement of the CSS is quite large. Therefore, a detailed 3-D
analysis of this complex structure should be performed.

(e) The computed cover loads and UIS forces are conservative. Therefore, the forcing
functions used in the 3-D analyses of the cover and UIS response given in two companion
papers [4,5] are conservative.
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