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EXPERIMENTAL AND THEORETICAL DETERMINATION OF
LEAKAGE AREAS DUE TO SUBCRITICAL CRACKS

G. Bartholomé, E. Keim, G. Senski ¥

Leakage areas are evaluated with respect to

- minimum values for the design of leak
detection systems and

- maximum values for controlling jet and
reaction forces.

Results of experiments and finite element

calculations are compared with analytical

predictions. The analytical approach is

able to supply both the minimum values and,

assuming an empirical factor of 3, the

maximum values, too.

INTRODUCTION

Leakage areas are evaluated with respect to

- minimum values for the design of leak detection
systems and

- maximum values for controlling jet and reaction
forces.

For subcritical leaks leak before break behaviour
has to be shown by means of fracture mechanics. The
leak detection system has to assure that leakage areas
can safely be detected with respect to leakage rate and
detection time. Therefore the evaluation of minimal
realistic leakage areas due to leaking cracks is a
design criterion for leak detection systems.

For the design of nuclear power plants leaks and
loads due to jet and reaction forces have to be consi-
dered. Subcritical cracks are taken into account in
longitudinal and circumferential welds. For these flaws
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leakage areas are determined by fracture mechanics ana-
lysis and limited to a maximum area of 0,1 times nomi-
nal pipe cross section.

ANALYTICAL APPROACH

The analytical model is based on solutions of crack
opening areas in plates containing through wall flaws.

General Considerations

Analogous to the assumptions in plates relations
between crack area, through wall crack length and loading
ding are established for through wall cracks in cylin-
drical structures (pipe lines, rressure vessels etc.).

In general, the method is founded on well known rela-
tionships between the displacement of the crack sur-
face in the vicinity of the crack tip and the stress
intensity factor for mode I loading.

General Expression of Leakage Areas

The displacements are expressed by

KL T sin 2 -2 cos? &
Virne)=>¢& 57 SN (k+1-2cos 2) (1)
where
Ky = g-Vmc G=_—_§__ (2)
2(1+v)

and o0 = applied stress

¢ = half through wall crack length

y = Poisson's ratio

E = Young's modulus

¥ = 3-4v for plane strain

Kk = (3-9)/(1+9) for plane stress

Assuming plane stress and

@= 180°, r = c-x with 0sx

A

e

a parabolic shape of the crack opening will be obtained

V(x)=—"——.ﬁEl— C o x (3)

V2r'
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The resulting area is the integral of the crack opening
displacements

C
Fl(2c) =4 Vix) dx (4)
J

which is, using eqn. (3)

F(2c)= 32 . @ . (2 (5)

8 g 2
=—2_ . 9. (2 5
= (2c) (5a)

Putting the maximum crack opening displacement

originating from egn. (3) in the centre of the crack
(X:O)

vV (0)

L K Ve (6)
V2r E

V2. & (2c) (6a)
and inserting it in egn. (5), the area is calculated by

F(Zc)=%~v(0)-(2c) (7)

It is obvious that the opening area increases with c?
F(2c) ~ c2.

Effect of Plastification at the Crack Tip

In the vicinity of the crack tip yielding normally
takes place in metallic structures. The extension of
the plastic zones depends essentially on the material
behaviour under applied load.

Following Irwin (1) the crack length is corrected by
the radius of the plastic zone rp

Copp = C + TP (8)
where ¢ = half crack length
2
rp:;.(.ﬁl_) (9)

2 O
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dF = flow stress.

This correction results in a modification of the stress
intensity factor (SIF), eaqn. (2)

Ky (c) —= 'Ky (c+rp) (10)
Then the plastic SIF is calculated by

Pk, =oVa(cerp) (1)
g

l 7
] I ST
= /;(c+2n -(UF) (1a)
and
2. 7. 2
pl2 _ofm-¢c - Ky (12)
1701 (e y? 1o (a2
2 ' og 2 0f
and a relative radius of the plastic zone is obtained
1(—g)?
P, 2 (13)
- 2
< 1- L (-2
2 af

The relative extension of the plastic zone depends only
on the ratio of 9 .

o
Calculation of Opening Areas for Cracks in Plates

The analytical model is based on
- integration of crack displacements,
- parabolic shape of opening area and
_ correction of crack length by size of plastic zone.
Generally

€
PlE (2¢) = 4 jV(x) dx (4a)
0

results in a parabolic area of

D‘F(Zc)=4.V(0)-1/T+LCP—'j; (1ell} -2 dx (14)

0

The integration leads to

32 p 32
PLE(2¢) = 4-V(0)- n’c—p.c.% (0. 27— (12 ] (142)

V(0) and P ,re expressed according to eqn. (6a) and

equ. (13), respectively.
After inserting (6a) and (13) into (14a) it follows:

pl 42 g (gef? A=X3
Fl2c) = 3 E (2¢c) m
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where = 1 _a
X V2. %

Leakage Area in Cylinder

It depends on crack length and loading condi-
tions and in cylindrical structures additionally on
crack orientation (longitudinal and circumferential)
and on the curvature of the cylinder.

The bulging factor « (A) due to the curvature of the
cylinder results in an increased leakage area of cracks
in cylinders with respect to those in plates:

F(2c)

o (A) = cylinder (15)
where F(2¢) piate
N
A=AN201-v2) L = (16)
with R = average radius of cylinder
t = wall thickness
v = Poisson's ratio

Bulging factor for axial cracks. An approximation of
the crack opening displacements given by Erdogan and
Ratwani (2) is derived

a(A) = 1 + 0,TA + 0,16 A2 (17)

Bulging factor for circumferential cracks. Similar to
axial cracks the cylinder curvature is taken into ac-

count by y
a(A)=V1 + 0,117 A2 (18)

Verification of bulging factors. In Figure 1 solutions
of Tada (3), wuthrich (H4) and above derived formulae
are compared.

EXPERIMENTS AND FINITE ELEMENT CALCULATION

Tests on pipes were performed by MPA (5) and KWU (6,7).
Linear elastic finite element calculations for deter-
mination of leakage areas in cyvlinders with through

wall cracks are described in Kastner et al. (8).

Longitudinal Cracks

As leakage areas have to be calculated, only experi-
ments on pipes with through wall cracks are considered.
The experimental data are obtained from unstable crack
lengths.
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A compilation of the data is given in Table 1 refe-
ring to experiments in (5).

Applying the theoretical procedure on these data
leads to a ratio of experimental and calculated leakage
areas versus normalized geometry according to Figure 2.

The experimental results are compared with the cross
sectional area of the pipes in Figure 33

Circumferential Cracks

Only through wall cracks based on finite element cal-
culations (8) are considered, Table 1 summarizes all
important data. The results are presented analogous to
longitudinal cracks in Figures 2 and 3.

Conclusion

From Figure 2 it is evident that minimum leakage
areas can be calculated according to eqgn. (1) - (18).
The experimental values are at the most 2.5 times
higher than the analytical values. Therefore an empiri-
cal factor of 3 will be used for prediction of maximum
leakage areas.

The ratio of leakage area F to pipe cross section
area A is in the order of 10 % (F = 0,1.A), see Fig. 3.

APPLICATION OF CALCULATIONS OF LEAKAGE AREA

Two fields of evaluation of leakage areas are of inte-

rest:

- the prediction of minimum leakage areas caused by
leaking cracks, in order to determine the capabilities
of leakage detection systems and to quantify the mar-
gin of safety between the detectable crack length and
the critical crack length;

_ the calculation of maximum leakage areas resulting
from maximum stable crack lengths in order to deter-
mine the maximum jet and reaction forces.

The analytical procedures are applied to the analysis
of the leakage areas of a hypothetical longitudinal
crack in reactor piping systems.

The curves in Figure 4 show the calculated critical
through wall crack length and the leakage areas of a
hypothetical longitudinal crack in the main coolant line
of a PWR.
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Minimum Leakage Area

To ensure the leak before break behaviour the re-
guirements of the guidelines of the German Reactor
Safety Commission (9) have to be fullfilled.

The argumentation for leak before break is explained in
more detail in Figure 5 and (6). The main ideas of this
argumentation are that a postulated maximum crack cor-
responding to the results of non-destructive examina-
tions during fabrication has to be significantly smal-
ler than the minimum critical crack size, even if the
maximum calculated crack growth due to the specified
loadings of the whole service life of the component is
added. Even in the case of a multiple life time of the
component it has to be shown that the postulated crack
only reaches a through wall crack length (after brea-
king through the ligament of the wall) which results in
a stable leak with a small leakage area. This stable
through wall crack length grows very slowly and can re-
liably be detected by leakage monitoring systems before
it reaches the critical through wall crack length.

Main coolant line. The leak before break behaviour of
the main coolant line is demonstrated using fracture
mechanics (7). A critical through wall crack length of
680 mm and a corresponding leakage area of 2600 mm2 are
calculated, see Figure 4.

In comparison to this minimum critical crack length the
size of a hypothetical crack resulting from non-destruc-
tive testing (25 mm long and 2,8 mm deep) is very small
(the calculated crack growth included). This crack needs
a multiple life time of specified loadings to grow
through the wall thickness and to produce a stable leak
with a length of 100 mm, the area of which is 15 mm?,
see Figure 6.

This stable leak can reliably be detected by the non-
destructive inservice examination and the leakage moni-
toring system (3 to 10 mm2) and grows slowly (about

5 mm) during the specified operational time.

The detected leakage area can be transformed to detec-
table crack length and then be compared with the criti-
cal crack length.

The safety margins resulting from this evaluation are
large.

Maximum Leakage Area

As stated in the German RSK-Guideline (9) postulated
leaks have to be taken into account.
For the main coolant lines a leakage area of 0.1 A have
to be taken for the evaluation of the effects of
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pressure waves, Jjet and reaction forces on pipings,
components and buildings. For the main steam line and
the main feed water line leakage areas are needed for
calculation of jet and reaction f[orces.

The leakage area due to a subcritical crack is deter-
mined using fracture mechanics or is limited to 0.1.A.

The maximum leakage area is calculated for the main
coolant line (assuming maximum flow stress
op = 1,2 . 365 N/mm? = 438 N/mm2 and an empirical factor
of 3) and results in a ratio of F/A = 0.03, which is
well below the upper limit of F/A = 0.1, see Figure 6.

CONCLUSIONS

Leakage areas are evaluated with respect to

— minimum values for the design of leak detection
systems and

_ maximum values for controlling jet and reaction forces.

It is shown that for the relevant steels used in
reactor technology the analytical approach is able to
supply both the minimum values and, assuming an empiri-
cal factor of 3, the maximum values, too.
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LIST OF SYMBOLS

pipe cross section area (mm? )

half through wall crack length (mm)
effective crack length (mm)

Young's modulus (Nmm™ 2)

crack opening area (mm?2)
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(3-4vy ) for plane strain or
(3-v)/(1+v ) for plane stress
mean radius of cylinder (mm)
distance from crack tip (mm)
radius of plastic zone at the crack tip (mm)
wall thickness (mm)

crack opening displacement (mm)
stress ratio o/c

distance from crack tip (mm)
bulging factor

shell correction factor

Poisson's ratio

applied nominal stress (Nmm™ 2)
flow stress (Nmm™ 2)

angle of r (polar coordinates) (°)
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- Throughwall flaw experiments and calculations
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