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Abstract

A probabilistic integrity analysis method is presented for a reactor vessel under pressurized

thermal shock(PTS) based on Monte Carlo simulation. This method can be applied to the

structural integrity assessment of a reactor vessel subjected to pressurized thermal shock where the

coolant temperature transient cannot be expressed explicitly as a time function. An axially or

circumferentially oriented infinite length surface crack is assumed to be in the beltline weld region

of the rector vessel's inside surface. The random variables are the initial crack depth, neutron

fluence on the vessel’s inside surface, the copper and nickel content of the vessel materials, RTnpr,

Kic, and Ki. The reliability of a sample reactor vessel under PTS is assessed quantitatively and the

influence of the amount of neutron fluence is also examined by applying the present method.
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1. Introduction

When the Emergency Core Cooling System
(ECCS) is actuated due to an emergency such as a
Loss of Coolant Accident(LOCA), cold water is
injected into the Reactor Coolant System and
flows through the irradiated beltline region of the
reactor vessel. This causes the unexpectedly
severe cooldown of the reactor vessel wall and
may result in a crack growth in the vessel wall
provided that an unexpected overpressure
condition exists ; such an event is called
Pressurized Thermal Shock(PTS)[1]. The PTS
event causes not only a significant reduction in
the material fracture toughness but also severe

thermal gradient between the inner and the outer
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side of reactor vessel wall. Additionally, the
irradiation embrittlement and high pressure in the
reactor vessel may lead to a crack initiation and a
reactor vessel failure. Probabilistic structural
integrity analysis methodology is a tool to assess
the reliability of a reactor vessel under PTS. The
uncertainties can be considered explicitly by using
probabilistic analysis in which the probabilities of
crack initiation or vessel failure are calculated.
Jackson et al(2] calculated the failure probability
of a reactor vessel subjected to pressurized
thermal shock for the case that the time history of
the coolant temperature could be expressed
explicitly.

In this paper a probabilistic integrity analysis
methodology is presented for a reactor vessel



100 J. Korean Nuclear Society, Volume 32, No. 2, April 2000

under pressurized thermal shock in which the
coolant temperature transient at the beltline
region cannot be expressed explicitly as a time
function. Since the limit state equation is implicitly
expressed as a function of probabilistic
parameters, it is very difficult to obtain an
analytical solution of failure probability. The
present method is based on Monte Carlo
simulation and the failure probability is calculated
by repeating deterministic fracture analysis with
random values selected for various probabilistic
parameters. This method is applied to a sample
reactor and the failure probability is calculated
quantitatively. The effect of fluence is also
evaluated by performing an independent
probabilistic calculation at each fluence level.

2. Probabilistic Fracture Analysis
Procedure

The probabilistic fracture analysis consists of 3
main analysis steps such as stress analysis, fracture
analysis, and probability analysis. The fracture

analysis is included in the iterating process of
probability analysis, but the stress analysis module
is extracted from the iteration process to reduce
the calculation time.

2.1. Stress Analysis

To perform probabilistic fracture analysis, the
time history of stress distribution in the vessel wall
due to the temperature and pressure transient
should be estimated. If the stress calculation at
each time step is carried out in the Monte Carlo
simulation process, the time consumed would be
excessive. To avoid this, the stress analysis is
carried out before Monte Carlo simulation starts
and the stress distribution along the vessel wall at
each time step is approximated to a 3rd order

polynomial equation, as follows:

s(x) = C() + C1x+ sz2+ C3x3 (1)

where s(x) is the stress at distance x from
vessel's inside surface. The coefficients Ci of the

Table 1. Nondimensional Stress Intensity Factors for the Axially Oriented Infinite Surface

Crack (Ro/Ri=1.1)

a/t fo fy fa fs
0.001 1.1213 6.86E-04 5.29E-07 4.44E-10
0.01 1.1215 6.87E-03 5.29E-05 4 44E-07
0.05 1.1368 3.46E-02 1.33E-03 5.58E-05

0.1 1.1822 7.11E-02 5.43E-03 4.53E-04

0.2 1.3419 1.55E-01 2.31E-02 3.81E-03

0.3 1.5896 2.60E-01 5.67E-02 1.38E-02

0.4 1.9440 4.00E-01 1.12E-01 3.57E-02

0.5 2.4249 5.86E-01 1.99E-01 7.70E-02

0.6 3.0232 8.26E-01 3.24E-01 1.47E-01

0.7 3.6866 1.12E+00 4.95E-01 2.57E-01
0.75 4.0178 1.28E+00 5.98E-01 3.30E-01

0.8 4.3846 1.45E+00 7.12E-01 4.09E-01
0.85 4.7691 1.64E+00 8.36E-01 4.98E-01

0.9 51711 1.84E+00 9.72E-01 5.96E-01
0.95 5.5909 2.05E+00 1.12E+00 7.03E-01

1 6.0282 2.28E+00 1.28E+00 8.20E-01
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Table 2. Nondimensional Stress Intensity Factors for the Circumferentially Oriented
Continuous Surface Crack(Ri/Ro=0.91)

a/t f() fl fz f3
0.001 1.1213 6.86E-04 5.29E-07 4.44E-10
0.01 1.1221 6.87E-03 5.29E-05 4.44E-07
0.05 1.1321 3.45E-02 1.33E-03 5.57E-05
0.1 1.1601 7.02E-02 5.38E-03 4.50E-04
0.2 1.2589 1.48E-01 2.24E-02 3.71E-03
0.3 1.4038 2.39E-01 5.31E-02 1.31E-02
0.4 1.5878 3.46E-01 1.01E-01 3.26E-02
0.5 1.8088 4.73E-01 1.68E-01 6.72E-02
0.6 2.0660 6.23E-01 2.60E-01 1.23E-01
0.7 2.3611 7.91E-01 3.70E-01 1.91E-01
0.8 2.6935 9.80E-01 5.00E-01 2.75E-01
0.9 3.0632 1.19E+00 6.51E-01 3.74E-01
1 3.4703 1.42E+00 8.22E-01 4 88E-01

polynomial are stored and used when the stress
intensity factor is calculated at that time step. This
enables the Monte Carlo simulation process to
occur much faster.

2.2. Fracture Analysis

In this paper, infinite cracks such as an axially
oriented infinite length surface crack or a
circumferentially oriented continuous 360 degree
surface crack are assumed and analyzed based on
linear elastic fracture mechanics. The stress
intensity factor is calculated using the formula
given by

K; = (f[) G+ flC] + f,Cy + f3C3)\/EZ 2

where a is the crack depth and the coefficients C;are
from the polynomial equation (1) of stress
distribution. The nondimensional stress intensity
factors, f,, for the axial crack were interpolated
based on the factors in Table 1 which were
extrapolated using those for R, /R, =1.25, 1.5, and
1.75 from reference {3], where R, and R, are the

reactor’s inner and outer radius, respectively. The f;
for the circumferential crack were also interpolated
based on the factors in Table 2, which were
extrapolated using those for R R, =0.7,0.8, and 0.9.

Fracture initiation toughness, Kic, is calculated
using (Kic)asme, which is K¢ defined in ASME
codel4] and given by

Ky

(KIC)mm

ERKIC ‘ (K[c) mean

LA3X(Kc) asus

(Ki)ase = 36.5+ 3.087 exp{0.036( T— RTspr+ 56))MPaV m

where ERKIC is the probabilistic parameter of K¢
and sampled from a Gaussian distribution. T is the
time dependent temperature(’C) at the crack tip
and RTapr is the

temperature('C).

adjusted reference
Fracture Arrest Toughness, K, is

ERKIA ‘ (Kln)mam

K Ia

(Kla) mean = 1~25 X (KIa)ASME

(K ase = 29.48+1.345exp(0.0261( T— RTypr+89))MPaV m

where ERKIA is the probabilistic parameter of Kj,.
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ERKIC and ERKIA are simulated at each new
crack tip position. The factor of 1.43 or 1.25 is
multiplied because the ASME values are from the
lower bound curve of experimental data[5].

The adjusted reference temperature, RTnpr, is
obtained based on Regulatory Guide 1.99,
Revision 2[6], and given by

RTNDT =

RTwom + dRTwor + ERRTNV o RTipm) + (4R T sor) ©

where RTnpro : Initial RTnpr

ARTwpr : RTaor due to irradiation-induced
embrittlement

o(RTnoro) : 16 uncertainty for miean value of
RTNDTO
for weld regions = -8.3°C
for plate regions = -5.3°C

o{ ARTnor) -
correlation used to predict RTnpr

le uncertainty for the

for weld regions = -2.2°C
for plate regions = -8.3°C
ERRTN is probabilistic parameter and sampled
from a Gaussian distribution. ERRTN is simulated
once per vessel.

2.3. Probability Analysis

The following parameters are probabilistically
simulated in this paper.
- initial crack depth
- neutron fluence at the vessel inside surface
- copper contents
- nickel contents
- RTor
- Kie
- K
Limit state function, Z, which is dependent on
the failure criteria is defined in terms of following
two conditions:

2.3.1. Crack Initiation

This is the case when the initial crack begins to
propagate. The limit state function can be
expressed as

Z{x) = Kiclx} = Kix) {6)

where Kic is fracture initiation toughness and K; is
stress intensity factor at the crack tip. x is the
probabilistic parameter and A(x) means that A is a
function of the probabilistic parameter(s). The
failure probability in this case is

p=P(Z2<0})=PK. - K <0) 7
where P(x) is the probability of outcome x.
2.3.2. Vessel Failure

This is the case when the initial crack
propagates through the wall thickness. The limit
state function is defined by crack depth as
following:

Zx)=t - a(x) 8)

where t is the vessel wall thickness and a is the
crack depth as a function of probabilistic
parameters. The failure probability in this case is

pr=P({Z<0)=P(t-a <0 9

Since both the limit state equations are implicitly
expressed as a function of probabilistic parameters
it is very difficult to obtain an analytical solution of
failure probability. In this paper, the Monte Carlo
simulation method is used for probabilistic fracture
analysis. The Monte Carlo simulation uses an
appropriate random number generator to
generate independent sample values of each



Probabilistic Structural Integrity Assessment of a Reactor +-- J.H. Kim, et al 103

START

)

[ Input of Basic Data Set ]

2-D FE Modelling including Clad
(using ANSYS)

l

Transient Heat Transfer Analysis l

and Thermal Stress Analysis
(using ANSYS)

l

I Curve Fitting of Stress Distribution —|

Generate Initlal Crack Length ai and ERRTN
{probabilistic parameter)

t>7
o T : Total Time e}

Calculate RTndt
(probabilistic parameter only when t=0)

Caleulate Kic
(probabllistic parameter only when 1=0)

t=t+dt
(dt : time step)
I Calculate Ki using Formula —I
H m

[fea]

nci=nci+1
(nci - number of crack initiation)

®

Fig.1. Flow Diagram for Monte Carlo Simulation
of Reactor Vessel Integrity (continued)

probabilistic parameter and determine the stress
intensity factor K, and limit state value Z using
deterministic fracture mechanics analysis. By
repeating this process many times it is possible to
simulate the probability distribution of the limit
state value Z. The flow diagram for the present
probabilistic fracture analysis method is shown in
Fig.1.

Whenever a set of the random variables such
as initial crack depth, neutron fluence at the
vessel inside surface, copper and nickel
contents of the vessel materials, RTnor, and
ERKIC from their respective distributions is

@

. |

a=avda
— (da crack increment)
k=1

|
! I {Probabilistic Parameter } ] L

Calculate RTndt Calculate Kic I
i when kk=1)
& I 8
[ Calculate Kia I Calculate RTndt |

ni=nf+{ nt=ni+1
(nf number of vessel failure) (n  number of trial}

ANt Total Trial Number_.— "

PE_init = ncd / Nt
Pf_fad = nf/ Nt

Fig.1(a). Flow Diagram for Monte Carlo
Simulation of Reactor Vessel Integrity

generated, a probabilistic reactor vessel model
is created. The stress intensity factor at the
crack tip which is calculated with the simulated
initial crack and the stored stress distribution is
compared at every time step with the fracture
toughness value which is calculated with the
simulated random variables. If the stress
intensity factor is higher than the fracture
toughness, the failure occur by the first failure
criterion(crack initiation). To check the second
failure criterion{crack propagation through the
wall thickness), the crack is assumed to
propagate by small amount of da and the
stress intensity factor is calculated again and
compared with the crack arrest toughness that
is calculated with simulated ERKIA. If arrest
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Fig.2. Average Fluid Temperature Inside the
Vessel for Transient T1
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Fig.3. Pressure Time History in the Primary
System for Transient T1

Table 3. Probabilistic Parameters and Distribution Models

Probabilistic Distribution M Standard R R ks
Parameter Model ean Deviation ange emar
Initial Flaw Marshall : i 0 ~ 50.8mm
Depth
Inside Surface
Fluence Gaussian 03~35 Mean*0.3 0.0~10.0
x10%(n/cm?
copper content Gaussian 0.30% 0.03% 0.0 ~0.40
nickel content Gaussian 0.75% 0.10% 0.0~1.20
ERRTN Gaussian 0 1 -3~ +3 Simulated
once per Vessel
ERKIC Gaussian 1 0.15 0.55 ~1.45
ERKIA Gaussian 1 0.1 0.7~1.3

occurs, the simulation moves to the next step
and it is checked whether the re-propagation of
the crack occurs or not. If arrest does not occur
the crack is assumed to propagate by another
4da and the same procedure is repeated. If the
propagated crack depth is equal to or more
than the vessel wall thickness the reactor vessel
is regarded failed by second failure criterion.
The failure probability is calculated with the
number of the failure divided by the total

simulation number.
3. Sample Problem

Vessel geometry
The reactor vessel used for application of
present probabilistic integrity analysis method has
following geometries and materials:
- Internal diameter = 4,394 mm
- Wall thickness of the base metal(SA 508 Class
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Fig.4. Mean Surface Fluence vs. Conditional
Probability of Crack Initiation(subject to
simplified stylized transient)
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Fig.5. Mean Surface Fluence vs. Conditional
Probability of Vessel Failure(subject to
simplified stylized transient)

3)=219 mm
- Cladding thickness(SUS 309L) = 4.8 mm

Loading Conditions
Following two loading conditions are considered

as thermal shock transients. The convective heat

transfer coefficient for both transients is constant

and equal to 1700 W/m?K.

(1) Simplified stylized transient(ST), in which the
thermal transient is characterized by a stylized
exponentially decaying coolant temperature
and given by

Tt)=T,+(T. - T)exp(-8t) (10)
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Fig.6. Mean Surface Fluence vs. Conditional
Probability of Crack Initiation(subject to
small break loss of coolant transient)
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Fig.7. Mean Surface Fluence vs. Conditional
Probability of Vessel Failure(subject to
small break loss of coolant transient)

where T{t) : coolant temperature at time t
T, : coolant temperature at t=0, (=288°C)
T;: final coolant temperature, (=66°C)
B : reduction coefficient, {=0.15 min™)
the reactor internal pressure is assumed to be
uniform value of 6.9MPa during this transient.
(2) Small break loss of coolant transient(Transient
T1)
The time histories of temperature and pressure for
this transient are shown in Fig.2 and Fig.3.
Neutron Fluence
Independent analyses for various mean fluence
such as followings at the inside surface of the
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vessel were performed

0.3, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5x10"
n/cm’®
Probabilistic Parameters

The distribution models, mean values, and
standard deviations of probabilistic parameters are
summarized in Table 3[7].

4. Analyses and Results

ANSYS Code[8] was used to calculate the stress
distribution along the vessel wall. Plane55
axisymmetric element and equivalent structural
element were used for transient heat transfer
analysis and thermal stress analysis. The finite
element model consists of 14 elements and 30
nodes. The clad was included in the model and
consists of 2 elements along the thickness. The
transient was divided by 50 time steps for the
simplified stylized transient and 1001 steps for the
small break loss of coolant transient. Plasticity was
taken into account.

Probabilistic integrity analyses for following 4
different cases were carried out. All the cracks are
assumed to be in the beltline weld region of the
reactor vessel’s inside surface.

(1) the axially oriented infinite length surface
breaking crack subjected to simplified stylized
transient

(2) the circumferentially oriented continuous 360
degree surface breaking crack subjected to
simplified stylized transient

(3) the axially oriented infinite length surface
breaking crack subjected to small break loss of
coolant transient

(4) the circumferentially oriented continuous 360
degree surface breaking crack subjected to
small break loss of coolant transient
Probabilistic integrity analysis results based on

the present method are shown on Fig.4 through

Fig.7.

The analysis results show that the failure
probability for the axial crack is higher than that
for the circumferential crack for all cases. The
failure probability was rapidly increased as the
operating time goes by and the axial crack is more
sensitive to the fluence than the circumferential
crack.

5. Conclusions

A probabilistic integrity analysis method was
presented based on Monte Carlo simulation for
reactor vessel under pressurized thermal shock
where the coolant temperature transient cannot be
expressed explicitly as a time function. The
calculating time could be reduced by extracting the
stress analysis module from the Monte Carlo
Simulation. The reliability of the reactor vessel
under PTS could be evaluated quantitatively by
appling this method on a sample reactor vessel.
The results show that the failure probability for the
axial crack is higher than that for the
circumferential crack, and the neutron fluence is a
very sensitive factor to failure probability.
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