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INTRODUCTION

The material properties and actual in-service stress levels should be known fairly accurately in order
to be able to warrant the tolerance gap between actual loading and load carrying capacity of a
nuclear reactor pressure vessel (PV) during its scheduled lifetime. The cold leg and the PV nozzle
are highly stressed during cold water feed. Within the Hot Steam Reactor Safety Program the loading
of the cold leg and of the PV was investigated in almost full-scale experiments (experiment group
TEMB, Schygulla 1986) during a high-pressure feeding from the cold leg. The water temperature
was measured at several places in the mantel downcomer and surface temperature and strain on
the inside and outside faces of the PV. At one place directly under the TEMB nozzle (Figure
1) also the temperatures at various depths through the wall were recorded. The recorded values
deviated considerably from the magnitudes that are to be expected if it is assumed that the cooling
is rotationally symmetric and the fluid temperature is the one from the center of the drop shaped
cooling zone below the TEMB nozzle. In the circumferential direction the measured strains are
significantly lower if the thermal loading is applied locally only ; the opposite obtains in the axial
direction. (Neubrech 1987). Extensive post calculation for temperature and strains were performed,
where results of 1D and 2D finite element (FE) calculations should be compared with results of 3D
FE calculations and the experimental data. In an axisymmetric calculation on a “1D” model (Geiss
1985) the axial and circumferential strains are equal and not conservative with respect to the axial
direction. In a 2D calculation (Siebler 1987) excellent agreement was found in azimutal direction
but axial strains were significant overestimated. Finally for the 3D calculations which are presented
in this paper generally a good agreement was found with measured temperature and strains, but
substantial deviations were found close to the TEMB nozzle corner. The main effort for the 3D
FE calculation was to define appropriate thermal boundary conditions (BC), to which the resulting
computed strains seem to be very sensitive. Therefore additional 1D and 2D calculations were
performed, using the thermal BC of the 3D calculations.

TEST FACILITY AND TEMB EXPERIMENT T32.41

A simplified cross section of the PV with the attached TEMB nozzle and cold leg is shown in Figure
1. The PV and TEMB-nozzle inside are covered by a cladding (in the mean about 7mm thick)
of austenitic steel. The experiment T32.41 started from steady state conditions with a uniform
temperature of 300 °C of the PV and of the fluid and an internal pressure of 110 bar. A total of
2.6 tons of cold water with a temperature of 16 °C was continuously injected with high pressure in
the cold leg during 30 minutes. From the corner of the TEMB nozzle the cold water was pulled
down in the downcomer by gravity, thus a drop shaped cooling area developed.
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NUMERICAL CALCULATIONS OF TEMPERATURE AND STRAINS

The 3D finite element model (Figure 2) has a crossection net of 90 degrees and a height of 7000
mm. The height above the nozzle is larger than for the real structure but should compensate some
of the missing endcap stiffness. However, both temperature and stress analysis showed that this
height has a minor influence on the results, since local effects dominate. The model topology is
defined by only 490 elements and 2640 nodes which yields a coarse mesh. However the expected
large temperature and stress gradients through the wall thickness and in azimutal direction below
the nozzle are considered by the mesh refinement (Figure 3.). The 2D model (Figure 4) has a
crossection net of 180 degrees, and corresponds to the one used in earlier calculations (Siebler
1987). For the 1D model a prismatic bar is cut out in radial direction from the PV. Zero heat flux
and displacement perpendicular to the sections of all models is assumed. The material property sets
(Table 1) are identical to the sets used in earlier calculations (Siebler 1987). The main difficulty

base material cladding units
specific heat per volume 4.3 43 J/(mm?® K)
thermal conductivity 4.2 1072 1.7 1072 J/(s mm K)
Youngs modulus 190000 190000 N/mm?
Poisson ratio 3 3
coefficent of thermal expansion | 18.4 10~¢ 14.8 10 1/K

Table 1: Material properties.

for the 3D calculation is to define appropriate thermal BC. For a zone of 4000 mm height and
approximately 25 degrees in azimutal direction the fluid temperature at the inside of the PV wall
may be calculated from

T(z,y) = Tow — (Al + Ay - exp (A3 . yA“)) -exp{—z?/ (As + Ag - exp (A7 - y))}, (1)

where z = 1480 - (pppp — 270°) - 7/180 and y = 8760 — Zrpp. The coefficients A; (i=1,7) for
this equation are calculated from the fluid temperature measurements in the downcomer (Figure
5) by a time independent procedure. Thus a smooth temperature distribution results from this
Equation for a moment as shown in Figure 6 for a time 120 seconds after start of cooling. In a
second step the strongly oscillatory behaviour of the coefficients A; with time is reduced by fitting
piecewice polynomials of second order to these curves. The resulting time dependent temperature
distribution for a line in circumferential direction at the inside of the PV wall is shown in Figure 7.
Equation (1) is only valid for zone A in Figure 8. In the zone D and F the values from the border
of zone A are extrapolated in vertical respectively horizontal direction. In zone B the value of the
bottom mantleline at the nozzle corner is used. For the zones C and E the temperature measured
above the nozzle is used. A parameter study (Siebler 1987) showed that a convection coefficient of
5000 W/(m?) yields good agreement for calculated and measured wall temperatures. This finding
was verified by the 3D calculations. Using a smaller convection coefficient outside the zone below
the nozzle corner did barely affect the results. For the 3D calculations generally good agreement
compared to the measured temperatures and strains was found (Wanner 1989). Only in a zone
below the TEMB nozzle corner deviations of about 20 % were found. This may be explained by
the sensitivity of the results to the definition of the environment (fluid) temperature, which was
not recorded during the experiment in this zone. Temperatures and strains are compared for 2
positions 410 mm (Figure 9 a,b,c) and 110 mm (Figure 9 d,e,f) below the TEMB nozzle corner.
As mentioned above, calculated wall temperatures do not meet measured temperatures very well
close to the nozzle corner (Figure 9 d). The wire strain gages were built with the same coefficient
of thermal expansion as the surface (cladding) material, therefore the contribution of free thermal
expansion could be subtracted from the total strains using a dummy strain gage and an electronic
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circuit. For the 1D calculations the total strains for the axial and azimutal directions are 0 but the
measured strains are AT'ar, where AT is the difference from the reference temperature (which was
300 °C for our calculations) and ar is the coefficient of thermal expansion. The same holds for the
axial strains in the 2D calculations since plane strain was assumed. The circumferential strains were
significantly overestimated by the 1D calculation. The circumferential strains were larger for the 3D
calculations than for the 2D calculations but the deviation from the measured values is smaller than
-2 °/40. Finaly all calculated strains are conservative with respect to the measured values. The 1D
and 2D calculations differ if the temperature difference from the reference temperature is different.
The substantial overestimation found in earlier 2D calculations (Siebler 1987) is due to the assumed
simplified fluid temperature distribution. The nonconservative axial strains found in an earlier “1D”
calculation (Geiss 1985) may only be explained by the very different BC.

CONCLUSIONS

For two positions (110 and 410 mm) below the lower corner of the TEMB-nozzle PV intersection,
results of 1D, 2D and 3D temperature and strain calculations were compared to measured data.

e The large deviations (2D) and nonconservative results (“1D") found in earlier strain calcula-
tions may be explained by the different thermal BC (“1D”,2D) and mechanical BC (“1D").

e The 3D FE calculations performed with the thermal BC defined above yielded slightly conser-
vative results compared to the experimental data.

e The difference found between the improved 2D and the 3D calculations with respect to the
experimental data would not justify the performing of expensive 3D calculations.

e The improved 1D calculations with fixed displacements in axial and circumferential direction
also yield conservative strains.

o The computed strains are very sensitive to the variation of environment temperature condi-
tions, but a uniform convection coefficient might be used.

e Stress intensity calculations may be performed, using stress distributions from 2D calculations
and unit stress intensity factors of 3D calculations. The wall thickness should be varied up to
the values for a pressurized water reactor (approximately 250 mm).
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Figure 5: Locations for fluid temperature Figure 6: Fluid temperature distribution
measurement (filled circles). in a rectangular zone on the PV inside wall
below the TEMB nozzle.
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Figure 7: Time dependent fluid temper- Figure 8: Inside PV wall surface zones
ature distribution on a circumferential line for the definition of thermal boundary con-
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Figure 9: Improved 1D, 2D and 3D calculations compared to measured data, for the positions 410
mm (a,b,c) and 110 mm (d,e,f) below the TEMB nozzle corner.
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