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Evaluation of Pressure-Temperature Limit Curve for Reactor
Pressure Vessel under Cooldown Operation
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Abstract

To prevent the potential failure of the reactor pressure vessel (RPV), a series of
fracture mechanics evaluation on the surface cracks in the reactor pressure vessel
must be conducted. It is necessary to define the relations between operating pressure
and temperature during cool-down and heat—up for the assumed crack not to be
propagated. The procedure to make the P—T limit curve was suggested in the ASME
Code but has been known to be too conservative for some cases. In this paper, the
conservatism of the ASME Code Sec.Xl, App.G was investigated by performing a
series of finite element analyses on the surface cracks in the RPV. Input data for the
finite element analysis were generated using the commercial code I-DEAS, and the
fracture mechanics analysis was performed using the ABAQUS. Also The effects of
six different parameters including crack depth, crack orientation, cladding thickness,
fracture toughness, cooling rate, and neutron fluence were considered in the
parametric study.
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Table 1 Material properties of base metal for reactor pressure vessel

Temperature (°C) 21.1 37.8 93.3 | 148.9 | 204.4 | 260.0 | 315.6 | 371.1

Modulus of elasticity | o) 7 | _ | 1569 | 184.1 | 180.0 | 177.2 | 173.8 | 169.6
(GPa)

Poisson’s ratio 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Thermal

conductivity 408 | 411 | 416 | 413 | 408 | 400 | 388 | 375
(W/m °C)

Thermal diffusivity
- . 1.17 1.15 1.10 1.05 0.99 0.93 0.88 0.82
(x107 )(m?/s)
Mean thermal

expansion coefficient
(x1076)(1/°C)

- 11.70 | 12.01 | 12.37 | 12.73 | 13.05 | 13.36 | 13.66

Table 2 Material properties of the cladding material for reactor pressure vessel

Temperature (°C) 21.1 37.8 93.3 | 148.9 | 204.4 | 260.0 | 315.6 | 371.1

Modulus of elasticity | oo\ _ | 1903 | 1862 | 182.7 | 177.9 | 174.4 | 171.0
(GPa)

Poisson’s ratio 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Thermal

conductivity 142 | 144 | 152 | 16.1 | 170 | 17.7 | 185 | 19.4
(W/m °C)

Thermal diffusivity
. 0.36 0.36 0.37 0.39 0.40 0.41 0.43 0.44
(x107° )(m?/s)
Mean thermal

expansion coefficient
(x1075)(1/°C)

- 15.97 | 16.24 | 16.38 | 16.45 | 16.52 | 16.58 | 16.65
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isoparametric brick element)o] ], X A= HPE So]ido] eH Eolail 2044 4
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Table 3  Analysis matrix for P-T limit curve
Depth . . .Clad Toughnes Cooling fore L
Cases ratio Direction thickness rate (x10"
(a/t) (mm) s curve (C/hr) n/cm?)
C1 1/4 Axial 3.175 K, 55.56 3
c2 1/4 Axial 3.175 K, 55.56 6
C3 1/4 Axial 3.175 K 55.56 3
C4 1/4 Axial 3.175 K, 27.78 3
c5 1/4 Axial 0 K, 55.56 3
c6 1/4 Axial 0 K 55.56 3
Cc7 1/4 Axial 0 K, 27.78 3
C8 1/4 Circumferential 3.175 K 55.56 3
C9 1/6 Axial 3.175 K, 55.56 3
clo | 1/10 Axial 3.175 K, 55.56 3
C11 1/10 Axial 3.175 K, 27.78 3
Cl12 1/10 Axial 0 K, 55.56 3
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Fig. 2 3-D finite element mesh for an
axial surface crack
|
Fig. 3 3-D finite element mesh for a

circumferential surface crack
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Fig. 5 Comparison of P-T limit curve with various crack depth
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Fig. 6 Comparison of P-T limit curve with various crack orientation
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Fig. 7 Comparison of P-T limit curve with various clad thickness
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Fig. 8 Comparison of P-T limit curve with various fracture toughness
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Fig. 9 Comparison of P-T limit curve with various neutron fluence
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Fig. 10 Comparison of P-T limit curve with various cooling rate
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