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Abstract

During the last years a number of calculations of leak opening and leak rate for through

cracks in piping components have been performed. Our analyses are pre- or mostly

post-calculations to experiments performed at the HDR facility under PWR operating

conditions. Piping components under consideration were small diameter straight pipes

with circumferential cracks, pipe bends with longitudinal or circumferential cracks and

pipe branches with weldment cracks. The components were loaded by internal pressu-

re and opening as well as closing bending moment. The finite element method and

two-phase flow leak rate programs were used for the calculations. Results of the analy-

ses are presented as J-integral values, crack opening displacements and areas and

teak rates as well as comparisons to the experimental results.
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1 Introduction

To evaluate leakage areas and leak rates for through cracks in pressurized compo-

nents as exact as possible reliable analytical tools are necessary. The qualification of

such tools is performed by means of suitable leak rate experiments. Thereby the crack

opening or closing effect of transient bending moments and the influence of rough

crack surfaces should be included. With respect to a "conservative" evaluation of the

leak rate its twofold character has to be addressed.

At first the evaluation of realistic minimum leak rates (or reliable lower bounds) is impor-

tant for the lay-out of leak detection systems. The safe detection of wall penetrating

cracks is of special significance for the application of the leak-before-break concept.

Furthermore the evaluation of realistic maximum leak rates (or of reliable upper

bounds) is important for the calculation of jet or reaction forces and of possible loads

on the piping systems or other components.

Leak rate studies in connection with leak-before-break considerations were or are per-

formed especially in USA, Canada, Japan, France and Germany. To investigate the

crack opening behaviour and the resulting leak rates of cracked austenitic piping com-

ponents of smaller diameter (less than 200 mm) experiments were carried out during

phase 3 of the German HDR-Safety-Program [1].

The experiments have been accompanied by a number of pre- and post-calculations

performed at GRS. Besides a short description of the experiments some examples of

the calculations are presented in this paper.

2 Leak rate experiments

As shown in Table 1 several leak rate experiments were performed during the years

1988 to 1991. The components considered were straight pipes with circumferential

crack, branches with weldment crack and bends with longitudinal or circumferential

crack. The cracks were either artificial (eroded slits) or grown by fatigue from notches.

The leak rate experiments were carried out at a temperature of 300°C with internal

pressure (10.5 MPa) and a stepwise changing bending moment. The experimental ar-
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rangement at the HDR - facility (operated by Nuclear Research Center Karlsruhe KfK)

is schematically shown in Fig. 1 for a case with two straight pipe experiments. The

cracked pipe pieces are displaced by means of a hydraulic cylinder to generate the ap-

propriate moment at the crack location. Fig. 2 gives a schematic view of the measuring

devices used in the experiments for an experiment on a pipe branch as example. The

condensation device for leak rate measurements was not used in all experiments. Also

the measuring of the crack opening displacement was not successful in all cases.

Some typical results of several experiments (straight pipe E22.01, branch E22.12 and

bend E22.21) are shown in Figs. 3 to 5.

A problem which more or less occured in all experiments may clearly be recognized in

the force measurement plot in Fig. 3. While the displacement is kept constant, changes

(drifts) in the force measurement take place at several time intervalls. These drifts are

most probably due to temperature effects. At present the effects are not fully clarified,

but there are some studies on the way to gain further insight.

Similar but less accentuated effects may be seen in Figs. 4 and 5.

3 Methods of calculation

Usually the calculations to the experiments consist of separate evaluations of the lea-

kage area and the leak rate.

The calculation of the leakage area is either performed by estimation schemes known

from literature as for instance the "fracture mechanics handbook" [2] or by the finite ele-

ment method. For the elastic-plastic finite element analyses the program ADINA [3] is

used with models consisting of isoparametric elements with 20 nodes. The GRS-

version of ADINA contains some fracture mechanics subroutines including the possibili-

ty of evaluating J-integral results according to the proposal by De Lorenzi [4].

In agreement with the conditions in PWR's the experiments were performed with initial-

ly subcooled water. For the calculation of the two-phase mixture (water/steam) strea-

ming through a crack in this case programs from EPRI [5] and according to Pana [6]

are available. As input parameters to these programs the crack geometry, thermohy-

98



draulic conditions and the crack surface roughness are necessary. According to mea-

surements of the MPA Stuttgart a value of 10 urn was chosen for the calculations as a

reasonable approach. An increase of the roughness up to 50 urn as an upper bound

for the applied fatigue cracks will typically decrease the calculated leak rate by about

20 to 30%.

4 Results of the calculations

A survey of the experiments and of the calculations performed up to now may be gai-

ned from Table 1. In the following the calculations to the experiments E22.01, E22.12

and E22.21 are discussed further.

In every case the finite element method is used for the evaluation of leakage areas.

The piping components under consideration are fabricated of an austenitic steel with

the German notation X 10 CrNiMoTi 18 10. Stress-strain data used for the calculations

are given in Table 2.

4.1 Straight pipe

Results of calculations to the straight pipe experiment E22.01 are presented as first ex-

ample. In this case a circumferential slit with the same angle of circumference at the in-

side and outside of the pipe was considered. In the experiment this slit was generated

by spark erosion and thus had a small opening also in the unloaded state of the pipe,

varying between 0.2 and 0.3 mm. For the calculations constant values of 0.2 or 0.3 mm

were assumed.

The pipe was loaded by internal pressure (10.5 MPa) and by a crack opening as well

as a crack closing bending moment.

Fig. 6 presents the finite element model used in the calculations. For symmetry reasons

only a quarter of the pipe piece considered has to be modelled. Results of the calcula-

tions are shown in Figs. 7 to 9. Fig. 7 shows leakage area and J-integral values for a

crack opening moment. The maximum J-value is sufficiently below the initiation value of

stable crack growth of the austenitic stee! under consideration.
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Fig. 8 presents the development of the leakage area under internal pressure and a

crack closing moment. In this case additional nonlinear truss elements are arranged at

the crack surface to prevent a penetration of the two crack surfaces in the calculation.

Finally Fig. 9 gives a comparison of measured and calculated leak rates with the EPRI

as well as the Pana leak rate model used. The Pana model delivers higher values than

the EPRI model. Considering the whole range of moments Pana with an initial crack

opening of 0.2 mm gives the best agreement with the experiment, while for small leak

rates the EPRI model for 0.2 mm opening fits the experimental values better.

4.2 Pipe branch

As second example a calculation to the branch experiment E22.12 is presented. In this

case a 180° crack in the weldment between nozzle and large pipe is considered. Again

the crack was generated by spark erosion. The crack location and main dimensions are

given in Fig. 10.

The component is loaded by internal pressure (10.5 MPa) and by a crack opening ben-

ding moment in the case of the calculation.

The finite element model used is shown in Fig. 11. The half of the component has to be

modelled in this case. Results of the calculation are presented in Figs. 12 and 13. Whi-

le Fig. 12 shows tne deformation of the model, in Fig. 13 a comparison between mea-

sured and calculated crack opening displacements is given. The scatterband in the nu-

merical results comes from the assumption that an initial crack opening of 0.10 or 0.15

mm may have existed due to fabrication of the crack. The experimental values corres-

pond with two loading cycles with increasing and again decreasing moment. At step 9

piastification obviously occurred. The unloading in step 10 is not directly comparable to

the calculation. The results indicate that even a larger initial crack opening would be

plausible.

4.3 Pipe bend

As third example a calculation to the pipe bend experiment E22.21 is presented. In this

experiment a thin-walled 90° pipe bend with a longitudinal through crack at the flank

was studied. The crack was fabricated at MPA Stuttgart by fatigue crack growth, star-
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ting from a notch at the inside. During the experiment crack growth occurred especially

at the outside, where the crack length increased by about 400 %. This was the reason

for much larger leak rates than expected, whereby even the measuring capabilities of

the diaphragm were exeeded.

The pipe bend was loaded by internal pressure (10.5 MPa) and by an in-plane, ope-

ning bending moment. The finite element model used is shown in Fig. 14. The final

shape of the crack (after the experiment) with an crack length of about 100 mm at the

outside is modelled. Results of the calculation are shown in Figs. 15 and 16. The J-

values indicate that even a further growth of the crack in longitudinal direction would

have been possible. The leak rates evaluated lie well beyond the capacity of the mea-

suring device.

5 Summary

In the paper calculations to leak rate experiments are presented. The experiments on

leak opening and leak rates of cracked piping components were performed during pha-

se 3 of the HDR-Safety-Prog ram in the years 1988 to 1991.

The calculation of crack opening and J-integral values was performed by the finite ele-

met method. Leak rates were evaluated by separate computer programs, using two-

phase flow models.

As far as possible comparisons were made between numerical and experimental re-

sults, but at present the agreement is not satisfying in every case.

In view of the crack opening the calculational tools used were sufficiently checked by

experimental results taken from literature or from the HDR-Program and may be consi-

dered as verified.

The results of the two leak models used are in satisfying agreement. The comparison

to the HDR experimental values shows that the models describe the leak rate qualitati-

vely correct also for crack closing or opening moments. But especially for small leak

rates there are still major deviations. An extensive qualification of the leak rate models

was not possible up to now due to the limited data from the experiments and the large
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uncertainty of the experimental values. An improvement might be possible by the ongo-

ing more detailed evaluation and analysis of the HDR-experiments and by further labo-

ratory experiments with improved measuring devices.

In comparison to pure internal pressure loading crack opening or closing bending mo-

ments may cause remarkable changes of leakage area or leak rate. For instance a clo-

sing moment of 1 kNm leads to a decrease of the leakage area by a factor of 15 for a

circumferential crack in a pipe DN 80. For the same pipe an opening moment of about

4 kNm gives an increase of the leak rate by a factor of 50.
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Table 1 HDR leak rate experiments

HDR-ExpV
Date

E22.01
Sept. 88

E22.02
Sept. 88

E22.03
Sept. 88

E22.04
March 89

E22.05
Sept. 90

Component
Size

Straight Pipe
DN80

Straight Pipe
DN80

Straight Pipe
DN80

Straight Pipe
DN80

Straight Pipe
DN80

Crack/
Preparation

Slit,
90 Degrees

Notch Inside,
90 Degrees,
a/t = 0.5,
Through Crack
at HDR

As E22.02
"Cold"
Experiment

Notch Inside,
90 Degrees,
a/t = 0.1,
Through Crack
at Laboratory

Notch Inside,
130 Degrees,
a/t = 0.5,
Through Crack
at Laboratory

Aims

Test of
Experimental
Set Up,
Measure-
ment1'
CC.FM.CG

As Above
(without CC)

Measurement
CG

Measurement
CC, FM, CG

As Above
(without CC)

Calculations

FH2), 3D-FE-
Shell Model

FH, 3D-FE-
Model

FH,
3D-FE-Model

3D-FE-Model

3D-FE-Model
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Table 1 HDR leak rate experiments (continued)

HDR-Exp./
Date

E22.06/06
1
/062
July 91

E22.11
March 89

E22.12
Sept. 90

E22.21
July 91

E22.22
July 91

Component/
Size

Straight Pipe
DN80

Nozzle
DN 100/DN25

Nozzle
DN 100/DN25

90 Degrees
Bend
DN80
Thin Walled

90 Degrees
Bend
DN80
Thick Walled

Crack/
Preparation

Notch Inside,
90 Degrees,
a/t = 0.5,
Through Crack
at Laboratory

Slit, 90 Degrees at
Inside,
110 Degrees at
Outside

Slit,
180 Degrees

Axial Notch Inside,
a/t = 0.5,
Through Crack
at Laboratory

Circumferential
Notch Outside,
a/t = 0.5,
Through Crack
at Laboratory

Aims

As Above
(with CC),
Intensive
Measurement
of
Temperatu-
res

As Above
(without CC
and CG)

As Above
(with CC)

As Above
(without CC)

As Above
(without CC)

Calculations

3D-FE-Model

3D-FE-Model

3D-FE-Model

3D-FE-Model

3D-FE-Model

1) CG = Clip Gage for COD-Measurement,

CC = Condensation chamber, FM = Flow Meter

2) FH = EPRI Fracture Handbook
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Table 2 Material data of austenitic steel X 10 CrNiMoTi 18 10

(at 300°C)

E =157700 MPa, v= 0.3
ay=152MPa

c/MPa
e/-

160.3

0.004

178.1

0.008

258.1

0.029

364.8

0.077

469

0.139

1000

1
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Test
Pipes

Heating Line

Room 1̂ 603

Piping for E 22

Fig. 1 Test facility for leak opening experiments (schematically)
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Fig. 2 Arrangement of measuring devices for leak experiments (schematically)
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Fig. 4 Measured values of cylinder movement and force as well as crack opening for

pipe branch experiment E22.12
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Fig. 6 Finite element model for calculations to E22.01
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Fig. 9 Measured and calculated leak rates, E22.01 (straight pipe with circumferential

crack)
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Fig. 10 Dimensions of the pipe branch of experiment E22.12 and crack location
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Crack

114

Detail

Fig. 11 Finite element model (complete and crack region) for calculations to E22.12
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Fig. 12 Deformation of pipe branch (contour plot) for MB= 0.8 kNm, E22.12
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Fig. 13 Comparison of measured and numerical results of crack opening, E22.12 (pipe

branch; numerical values for initial crack opening of 0.1 or 0.15 mm)

Crack

Fig. 14 Finite element model of pipe bend for calculation to E22.21
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Fig. 15 J-integral values for calculation to E22.21 (thin-walled pipe bend)
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Fig. 16 Leak rates for calculation to E22.21 (thin-walled pipe bend)
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