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INTRODUCTION

The Soviet-designed WER (Water-Cooled, Water-Moderated Energy Reactors)
pressurized water reactors use horizontal steam generators to transfer energy
from the primary to secondary coolant systems (DOE/NE-0084 Revision 2, 1989).
Primary coolant flowing from the reactor vessel enters the steam generator
(Figure I) through a vertical, circular, manifold header that also serves as
the tubesheet distributing coolant to the horizontal tube bundle. Primary
coolant exits the tube bundle and steam generator through a second similar
vertical manifold header. The header design includes the provision for access
by a person to inspect the mainfolds through bolted down closure heads atop
each manifold. The internal diameter of each header exceeds that of the
connected primary coolant system piping. The postulated failure of a manifold
closure head"or the manifold itself provides a pathway for primary coolant to
enter the secondary system. Steam formation due to flashing of primary coolant
inside the steam generator secondary side region can result in pressurization
of the steam generator shell to values above the nominal secondary side
operating pressure.

The present work involves the investigation of the consequences of manifold
failure for the case of the WER-440 reactor system. An analysis has been
performed of the loadings upon and the mechanical response of the steam
generator shell for the case of a postulated large break in the manifold
wall. The objectives were to calculate the maximum pressure attained inside
the shell and to predict the shell failure pressure as well as the failure
mechanism.

PRESSURE LOADING ANALYSIS

The analysis postulated a vertical tear in the hot leg manifold that delivers
primary coolant from the reactor pressure vessel to the steam generator tube
bank in the WER-440 model V213. The area of the hole formed in the manifold
was assumed to exceed that for flow from the primary outlet pipe and from the
steam generator tube bank. Pressure loadings were predicted using the PACER
containment analysis code described in a companion paper (Sienicki and Horak,
1989). Conditions of primary fluid discharging from the break were calculated
with the RETRAN-02 Mod2 computer code (Agee, 1984). The volume of the vapor
region inside the steam generator was assumed to be 22 cubic meters (780 cubic
feet) at the time of manifold failure.

The pressure loadings calculated inside the steam generator shell were found to
be dependent upon the effectiveness of venting of the steam formed from
flashing depressurization of primary coolant through the 45 centimeter (17.7
inch) inner diameter main steamline and the steam collector attached to the



shell. Pressures immediately following failure were calculated for the
limiting cases of venting of pure steam through the steamline and no steam
venting. For the case of assumed pure steam venting, the pressure was
calculated to rise by 1.6 megapascals (232 pounds per square inch) to a peak of
6.3 megapascals absolute (914 pounds per square inch absolute) within one
second of break inception. For the case of assumed complete blockage of the
collector or steamline by slugs of liquid water, the pressure was calculated to
rise to the primary system pressure immediately upstream of the break. For the
assumed primary system conditions, this corresponds to a pressure increase of
4.8 megapascals (696 pounds per square inch) to a peak of 9.5 megapascals
absolute (1378 pounds per square inch absolute) in about one second.

FINITE ELEMENT MODEL

The WER-440 steam generator shell (Figure 2) is primarily cylindrical with
semi-elliptical heads or. each end. The cylindrical portion was assumed to be
10.52 meters (34.5 feet) in total length with an internal diameter of 3.20
meters (10,5 feet); it was assumed to be composed of three 3.42 meter (11.2
feet) sections with 13.0 centimeter (5.12 inches) long transition pieces. The
central section was taken equal to 13.0 centimeters (5.12 inches) in thickness;
the two adjacent sections were assumed to have a thickness of 6.50 centimeters
(2.56 inches). The semi-elliptical head has an internal minor radius taken
equal to 36.3 centimeters (14.3 inches) with a wall thickness of 6.50
centimeters (2.56 inches). The steam generator shell was assumed to be
fabricated from a low alloy carbon steel with the Soviet designation 22K and
having properties presented in Table 1.

Table 1. Low Alloy Carbon Steel Material Properties Assumed in Analysis

Density

Poisson's ratio

7800
15.1

0.30

kilograms per cubic meter
slugs per cubic foot

Young's modulus

Yield stress

Ultimate

Ultimate

strain

stress

189.5
27.5 x

265
38.4 x

22

431
62.5 x

105

103

103

gigapascals
pounds per square

megapascals
pounds per square

percent

megapascals
pounds per square

inch

inch

inch

The implicit time integration of the finite element computer program STRAW
(Kennedy, 1974, Kennedy et al. , 1975 and Schreyer et al., 1983) was used to
perform an axisymmetric analysis of the steam generator shell. The analysis
accounted for material nonlinearities and geometric nonlinearities arising from
large deflections. An axisymmetric conical shell element from the flexural
element group was enjoyed to model the steam generator shell.

To assess the inelastic response of the steam generator shell, it was assumed
to be rotationally symmetric. All penetrations in the shell were neglected.
Only one-half of the shell was modeled with axisymmetric conical shell
elements. The finite element model employed a total of 58 elements and 59
nodes; the nodalization is shown in Figure 3. The model consists of the
following: twenty four elements representing the semi-elliptical head, twenty-



four elements representing the thinner cylindrical section, one element
representing the transition piece, and nine elements representing the thicker
central cylindrical section. Finer discretization was employed in areas of
the head and cylinder where high stress concentrations were thought to possibly
exist. Five integration points were used for the integration through the
conical shell thickness; two points were used along the length.

STATIC FRESSURIZATION RESULTS

Potential damage (inelastic response) of the steam generator shell was sought
for four different static pressure loadings: the nominal secondary system
operating pressure of 4.7 megapascals absolute (682 pounds per square inch
absolute), a pressure of 5.7 megapascals absolute (827 pounds per square inch
absolute) representing a 1.0 megapascal (145 pounds per square inch)
overpressure, the estimated pressure of 9.5 megapascals absolute (1378 pounds
per square inch absolute) when the steam line is not vented, and the nominal
primary system operating pressure of 12.5 megapascals absolute (1813 pounds per
square inch absolute). The failure pressure and the failure mechanism of the
model were also pursued.

An effective plastic strain profile (Figure 4) was calculated for the nominal
primary system pressure of 12.5 megapascals absolute (1813 pounds per square
inch). Zero arc length is the apex of the semi-elliptical head. Results are
given for both inner and outer surfaces. The point of predicted maximum
effective plastic strain for all cases was in the inside corner (element 21 at
node 22) of the semi-elliptical head. The calculated maximum effective plastic
strain values were: 0.13 percent for 4.7 megapascals (682 pounds per square
inch), 0.46 percent for 5.7 megapascals (827 pounds per square inch), 5.0
percent for 9.5 megapascals (1378 pounds per square inch) and 10.0 percent for
12.5 megapascals (1813 pounds per square inch). These values were all well
below the maximum strain value of 22 percent. Plastic deformation was
predicted without failura.

The predicted static failure pressure for this model was 16.5 megapascals
absolute (2393 pounds per square inch absolute). The point of calculated
failure was element 42 at node 42 of the 6.50 centimeter (2.56 inch) thick
cylindrical section. High membrane circumferential strains indicated that the
cylinder would split open along its length. As the static load was increased
to failure, the bending strains in the semi-elliptical head, which were
predominate through much of the loading, become dominated by the membrane
strains. The membrane response became the dominant response in the model as
the loading approaches its failure value. Since the cylinder is the weaker
component, from a membrane point of view, failure was predicted to occur in the
cylinder. If the bending strains in the semi-elliptical head had remained
dominate, the head would have been calculated to split open in the corner along
the full ciruomference. The calculated effective plastic strain profile, just
prior to failure, is given in Figure 5.

The predicted displacement response as a function of pressure loading for the
axial displacement of the head apex (node 1) and the radial displacement at the
6.50 centimeter (2.56 inch) thick cylinder (node 42) are presented in Figure
6. These results provide an indication of the nonlinear response calculated
during the pressurization.

The calculated deformed configurations of the model are shown in Figures 7 and
8 for pressure loadings of 12.5 megapascals (1813 pounds per square inch) and
16.5 megapascals (2393 pounds per square inch), respectively. These two
figures clearly show how the deformation mode changes between the 12.5
megapascals (1813 pounds per square inch) pressure loading and the failure
pressure load of 16.5 megapascals (2393 pounds per square inch).



DYNAMIC PRESSURIZATION RESULTS

Simulations with two dynamic pressure histories were performed to evaluate the
dynamic effects in relation to the static pressurizations. The calculated
pressure-time history for the pressure when relief through the steam line is
not vented due to blockage by liquid slugs was input to the calculation.
Specifically, the assumed loading condition was: 8.15 •̂g-ijsascals (1182 pounds
per square inch absolute) at 0.2 s, 9.0 megapascals (1305 pounds per square
inch) at 0.4 s, 9.5 megapascals (1378 pounds per square inch) at 0.6 s and 9.5
megapascals (1378 pounds per square inch) held constant thereafter. For a
postulated pressure loading scenario representative of pressurization to the
nominal primary system pressure, the assumed pressure-time history was: 10.7
megapascals (1552 pounds per square inch) at 0.2 s, 11.8 megapascals (1711
pounds per square inch) at 0.4 s, 12.5 megapascals (1813 pounds per square
inch) at 0.6 s and 12.5 megapascals (1813 pounds per square inch) for
subsequent times.

When the calculated dynamic equilibrium results were compared with the static
results given, it was observed that the dynamic results were very similar to
the static results. Only in the semi-elliptical head corner region was there
some dynamic overshoot calculated, approximately 15 percent for the 9.5
megapascals (1378 pounds per square inch) loading and 10 percent for the 12.5
megapascals (1813 pounds per square inch) loading. Thus, as in the static
cases, plastic deformation without failure was predicted.

CONCLUSIONS

Following the formation of a large-break rupture in the internal hot leg
manifold of a WER-440 horizontal steam generator, the pressure internal to the
steaj;: generator shell was predicted not to exceed a value of 9.5 raegapascals
absolute (1378 pounds per square inch absolute). For this pressure loading,
rupture of the steam generator shell was not predicted to occur by static and
dynamic finite element analyses of the shell response. Without consideration
of the effects of penetrations and weldments, the failure pressure of the steam
generator shell was calculated to equal 16.5 megapascals absolute (2393 pounds
per square inch absolute). This value exceeds the nominal primary system
operating pressure of 12.5 megapascals absolute (1813 pounds per square inch
absolute) by a margin of thirty percent. At the calculated failure pressure,
the failure mode was predicted to be a longitudinal tear along a portion of the
length of the steam generator cylindrical shell between the elliptical head and
the greater thickness of the central part of the cylinder.
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