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Abstract

Two failure modes of two different primary components of a PWR
are considered:

- brittle fracture of the reactor pressure vessel

- leakage of the main coolant pipe.

The influence of quality assurance on the reliability of these
components is evaluated for the following cases:

- pre-service and in-service ultrasonic inspections

- pre-service and in-service hydro-tests.

The influence of these different actions on the reliability

is studied by comparing the estimated reliabilities with and
without that action. This means that all results will be given
in relative numbers.

By introducihg a detection probability of the ultrasoniec in-
spection the effect on the initial defect distribution and
thus on the relilability can be estimated. This effect on the
reliability 1s very heavily dependent on the shape of the as-
sumed detection probability. Using that of the Marshall Report
the failure probability of the component in question decreases
by a factor of approximately 100.

The influence of the hydro-test on the reliability turns out
to be very dependent on the time passed since the test. Gener-
ally speaking the effect during the first years aftér the test
is very considerable, whereas it strongly decreases for the
time after that.

Taking into account the short intervals between the in-service
inspections (e.g. four years) the reliability of the components
referred to can be shown to be extremely high. Several parame-
ter studies may exhibit the weak points of the analysis,
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Introduction

The reliability of structural components estimated by probabi-
listic fracture mechanics is governed by three parameters:

- the load,
- the material properties and
- the number and size of defects in the structure.

Since many controls during fabricationand operation safely pre-
vent unfavourable combinations of loads, material properties
and defect sizes, an estimation of reliability-numbers other
than 1 is very difficult and depends on the probabilistic model

The load L as well as the resistance R of the structure may be
a function of several variables. All these variables are consi-
dered as distributed values. Then the reliability P (L £ R) of
the structure is calculated by the following well-known convolu-
tion-integral:

P(LLR) =1- fl(x) . FR(x) ax (1)

with fL being the probability density function of the load and
FR being the cumulative distribution function of the resistance.
This integral 1s evaluated by using the Monte Carlo technique
with importance-sampling.

The dependence of the reliability on time is reached by taking
into account the crack growth by normal, upset and test condi-
tions or operational vibrations. This is evaluated by using the
Paris law:

dx _ n
F=c.(8K (2)

A threshold value of AK is not considered, this means that also
little changes in AK will contribute to the crack growth.

2 Brittle fracture of the reactor pressure vessel
R : s Mm
H > = . (<8
Failure criterion: K > K¢ K - /T x (3)
Ko, = ak . (R e. - 0,01 . R 2y (W
IC : p0,2 ° v ? p0,2

(Rolfe-Novak-relation in the upper shelf)
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with x crack depth (mm)

o stress (N/mm2)
ey charpy energy (Joule)

. s + 2
Rpo.2 yield strength (N/mn“)

Mm,Q,Fak factors
2.1 Distributions of the input parameters

Distribution of the crack depth (after the fabriction of the
vessel): Only circumferential defects in the cylindrical part
of the pressure vessel are considered. These inner and surface
defects have the same constant depth/length ratio of 1/6. The
constants Mm’ Q are chosen according to ASME XI, App. A. Two
different distributions are considered:

- Marshall-Report /1/
f{(x) = 14,8 . exp (- 0,16 . x) (5)

~ crack model (assuming that one fault of depth = 5 mm and
length = 100 mm 1s made during each weldbead)

f(x) = 0,044 , exp (-0,2932 . x) (6)
Distribution of the stress:

The stress is calculated according to
- stress = axlal stress + residual stress (7

The mean values of the axial stress due to internal pressure are:

- normal operation : 79 N/mm2
- hydro-test 114 N/mm2

Additionally there is assumed that the residual stresses take a
cosine form in the wall-thickness and that they are beta-distri-
buted with mean value = 7,5 N/mm2 (upper limit = 10 N/mmz, lower
limit = 5 N/mm?).

Distributions of the material properties:

The material in question is 20MnMoNi55 at a temperature of
approximately 300 °c.
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Distribution of the yield strength: Weibull

£x) = 2,1 . 107 (x - 280)%05 | exp /- 3,82 L 10712 L (x - 280)5’?/ 8

Distribution of the charpy energy: Weibull

£ = 30 L 10012 (k- 50)%E L exp 26,07 L 207 L x - 50567 (9

Distribution of the factor FAK: symmetric Beta
mean value = 645 (upper limit = 945, lower limit = 345)

The crack growth is determined according to the Paris law eq.
(2). The material constants C, n are these from ASME XI, App. A:

- n is assumed to be constant
- C is a distributed value (upperlimit = value from ASME XI,
lower limit = 1/10 of the upper limit).

The loads are taken from specifications (normal, upset and test
conditions). Only the changes of internal pressure are consi-
dered

2.2 Results

Fig. 1 shows the variation of the failure probability with time
using the crack distribution eq. (5) of the Marshall-Report.
The effect of a survived hydro-test is also included (compare

with Lidiard /2/). Taking the crack distribution eq. (6) accord-
ing to the crack model the resulting failure probabilities are

lower at least by a factor of 1010. The influence of ultraso-
nic inspections is evaluated assuming the following detection

probabilities:
-~ Marshall-Report: w1(x) = 0,995 . ZT - exp (-0,1134 ., xl7 (10)

0,9 (11)
0,5

- assumptions: w2(x)
W3 (x)

Taking into account one inspection which is followed by the re-
pair of the defects found the failure probability diminishes
by the following factors (independent of time):

200 for W1 / 10 and 2 for w2 and W3
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The influence of a survived hydro-test 1is very dependent on

the pressure during the test: A hydro-test with the pressure
of normal operation or design has no positive effect on the

failure probability after the first four years of operation.
Taking a pressure of 1,3 times design pressure fig. 2 shows

the influence on the failure probability:

- The positive effect is very dependent on the time passed since
the hydro-test: After 8 to 10 years of operation there is no
influence, whereas in the first years it is very considerable.

- The positive effect diminishes when the probability for large
cracks becomes higher.

In principle each in-service hydro-test shows tlie same effects
on the failure probabilities.Therefore the failure probability
can be shown to be ravishingly small if the intervals of the
in-service inspections are chosen in a suitable way (e. g. four
years).

3 kage of the main coolant nine

Failure criterion: x > t
with x crack depth (mm)
t wall-thickness (mm)

3.1 Distributions of the input parameters

Distribution of the crack depth (after the fabrication of the
pipe): Only circumferential surface flaws in the straight part
of the pipe are considered (constant depth/length ratio of 1/6).
Two different distributions according to the crack model are
considered:

- f1(x) = 25,25 . exp (-0,6552 . x) (12)
(assuming that one fault of depth = 4 mm and length = 24 mm
is made during each weldbead)

- fi0(x) = 231,3 . exp (-0,6333 . x) (13)
(assuming that ten faults with the same measurements are made)

The crack growth 1is determined in the same way as already stated
in 2.1 because of the same material. As the loads taken from
the specifications have no influence on the crack growth, a para-
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meter study on operational vibrations is done. In this context
the term "load" is defined as follows:

with

3.2

load = N . ( a0 )0

N number of vibrations

AG change Iin stress during one vibration [ﬁ/mm%]
n exponent in the Paris-law eq. (2)

Results

Fig. 3 shows the dependence between the leakage probability

of the main coolant pipe and "load".

The influence of ultrasonic inspections is given in Fig. U tak-

ing the same detection probabilities as in chapter 2.2. For
more details please see the Task Force paper /3/.

/17

/27

/3/
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