87E128105

Validation of leak before break analysis for steam generator

tubes
E.Gillot & B.Cochet .
Département des Gros Equipements. Primaires, Framatogne, Erpefn - SEPT EN
p —————
PRichard . __DIVISION
Centre d'Etudes Nucléaires, Commissariat Energie Ato qmé gﬁé%&ugglAHON
C.EFaidy —
Septen, Electricité de France 12, 14, avenua Dutri
69628 VlLLEURSAN[;\IrEéggflax
Téléphone : (7) 854.44.44
. Enregistré lo(j SEf

1 INTRODUCTION

Criteria for initiation of axial through-wall and surface flaw and
assessments of leak flow rates through cracks have been proposed for
Inconel 600 steam generator tubes with an outside diameter of 19.05 mm
(0.75 in) and wall thickness of 1.09 mm (0.043 in) on the basis of expe-
perimental results obtained at room temperature. The purpose of the pro-
gram described below, proposed by Westinghouse, CEA (Commissariat &
1'énergie atomique), EDF (Electricité de France) and FRAMATOME, was to
substantiate or adjust these plastic flow stress criteria and to assess
leak rates using results of a hot test program covering steam generator
normal and transient operating conditions.

2 TEST PROGRAM AND EXPERIMENTAL SETUP

The program tests were performed on the AQUITAINE II test stand (figures
1 and 2). 600 mm (24 in) long test sections were installed between two
tanks designed to operate at a maximum pressure of 185 bar (2680 psi)
and a maximum temperature of 350°C (660°F). Instruments were installed
to measure pressure, temperature, etc. The following tests were
performed :

1. Burst tests on deep (d/t > 80 %) surface flaws between 20 mm (0.78
in) and 30 mm (1.18 in) long. The internal pressure was increased
gradually until the ligament burst. The influence of a thermal gradient
through the tube wall was studied. A stream of cold water was directed
onto the outer surface as internal pressure rose (see figure 1).

2. Burst-tests on through-wall flaws. Experimental conditions enabled
stability of through-wall cracks formed by surface flaw ligament rupture
to be analyzed. Flow through the crack over a period of -several minutes
was measured at the maximum pressure reached so the risk of unstable
rupture propagation on either side of the flaw could be studied.

3. Measurement of leak flow rate across through-wall flaws between 10
me (0.39 in) and 20 mm (0.78 in) long. Cracks were produced by laser
beam machining or by a stress corrosion process. Once the inner and
outer sides of the specimen were at the same pressure, the leak rate was
obtained by opening a depressurization valve (figure 2) and calculating
the instantaneous thermal-hydraulic balance for the mass of subsaturated
water contained in the setup.
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Figure 2 - Burst tests on through-wall flaws and leak-rate measurement
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3. ELEVATED TEMPERATURE BURST TESTS ON TUBES
CONTAINING LONGITUDINAL FLAWS

3.1 Behavior of longitudinal surface flaws located away from supports

Tests were performed to investigate the behavior of deep longitudinal
surface flaws (a) at uniform elevated temperatures and (b) with a cold
thermal shock being applied to the outer surface of the pressurized -
tubes. Experimental results at uniform elevated temperatures ranging
from 290°C (554°F) to 335°C (635°F) confirm those from previous tests
carried out by FRAMATOME at ambient temperatures (COCHET 1987). If flaw
depth exceeds 85 % of wall thickness, the BATTELLE relationship (1969)
using a flow stress oo, equal to the ultimate strength ou, and the bul-
ging factors M plotted in figure 4, fall within 10 % of tests results.

(1) go/ou = (t/d - 1) / (t/d - 1/M) (BATTELLE criterion)

The flaw therefore behaves at elevated temperature in much the same way
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as at ambient temperature, provided material properties values are cor-
rected. It seemed advisable to examine the effects of a severe thermal
gradient, such as might occur in a steam generator transient operating
condition, by applying cold water to the outside of a hot tube. This
thermal transient does not in fact appear to produce a particularly high
stress peak ; the instantaneous circumferential stress is never more
than 10 % higher than with a constant thermal gradient, which is
established within 0.5 second.

Thermal circumferential stresses are superimposed on pressure stres-
ses. They have profiles varying with the temperature gradient set up by
forced convection heat exchanges on the tube surfaces. Cold water does
not enter the notch, which remains closed until rupture occurs, and the
heat exchange process in the flaw is not affected. Ligament temperature
corresponds to the gradient temperature at the depth of the ligament.
This is higher than the average tube temperature. In the investigated
configuration the thermal circumferential stress is negative, the
ligament is compressed and the tests confirm (figure 3) that bursting
pressure increases.

(2) P(with therm. grad.) = P(without therm. grad.) - Oo(‘R), e/R
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Figure 3 - Deep longitudinal flaw burst criteria based on the BATTELLE
relationship - Elevated temperature tests with and without cold thermal
shock on the outer surface.

Plot of o/0. versus e/t according to equations (1) and (2).

3.2 Behavior of longitudinal through-wall flaws

Once the ligament has ruptured, the limit pressure for unstable propaga-
tion of the flaw can be calculated accurately from a plastic instability
criterion already validated by ambient temperature tests. Failure occurs
when the applied stress ¢ reach a critical value :

(3) 6/60 = 1/M
This criterion follows from a through-wall behavior hypothesis based on
Dugdale's (1960) strip-yield model. For very ductile materials this re-

duces to equation (3) and varies with the stress intensity amplification
factors M plotted in figure 4.
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Figure 4 - Instability criterion for a longitudinal through-wall flaw
and evolution of stress amplification factor M. Plot of equation (3).

Test results confirm that the flaw is unstable when the shear stress
reaches a characteristic flow stress for the material based on results
from all the tests.

(4) 6o = 0 = k(oy + ou) with k = 0,58 + 0,01

The instability pressure is calculated from the overall stress condition
throughout the tube thickness. The mean thermal circumferential stress
is zero over this interval and should not alter this stress condition.
Tests expected to show stability on the basis of elevated temperature
results continued to do so following thermally shocked ligament rupture.
The longitudinal flaw instability limit did not fall when there was a
thermal gradient through the tube wall (figure 4).

4 DETERMINATION OF LEAK RATE THROUGH LONGITUDINAL CRACKS
4.1 Evaluation of theoretical opening area

Elastic-plastic analysis is required to calculate the opening area of
longitudinal flaws in a pressurized tube, since Inconel 600 is a highly
ductile material which very quickly attains the elastic-plastic region.
A study carried out by CEA comparing the various theoretical models, and
experimental measurements made by FRAMATOME on elastic-plastic opening
areas has validated the elastic-plastic analytical equation established
by Tada (1983) on the basis of the energy theorem :

A

2
s=2/M Vﬁ:d1=f(2wrt) . G(N\)
A 60'9 E
(5) A
G(N\) = 2'/1 Mz () da

(o]
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Elastic behavior is here assumed for the opening area calculated trom
the change in potential energy. Elastic-plastic behavior will be simula-
ted by inserting into the model a potential energy change in a form si-
milar to Rice's J-integral, or by making a plastic zone correction to -
the elastic model. It has been demonstrated above that Dugdale's strip-
yvield model (1960) is a good representation of the longitudinal crack in
this material. This leads to the following equations :

(6) J =00 . da
(7) ry/a + 1 = sec (7/2 . Moe/0Co)

It turned out that the elastic model with the plastic zone correction
gave the best predictions up to very high pressure levels. Paradoxical-
ly, a small scale yielding model was applicable to large scale yielding.

An explanation may be found in the fact that tube geometry is well
suited to Dugdale's strip-yield model. This predicts ry values rising
very fast on either side of the flaw, and therefore equation (6) worked
out by Rice from Dugdales's model is no longer quite true. In addition,
Tada indicates that tube flexibility increases above a certain plastic
zone size. This effective flexibility is better represented by virtual
prolongation of the crack, but going beyond linear elastic fracture
mechanics and applying the large scale yielding concept.

4.2. Rnalysis of residual opening area experimental results

Since specimens were not accessible during the test, it was possible to
measure residual opening areas only. These areas correspond to the hi-
ghest differential pressure exerted on the flaw. Furthermore, the fluid
escaping through the flaw applies a static pressure Pr half-way between
internal pressure an external pressure. It therefore tends to open out
the flaw to the extent given by equation (8). Residual opening area is
found from equation (9).

S . (1L + Pe/AP . t/R1)

(8) S(Ps)

(9) sel Sel/Pl(a + ry, AP, P¢) - S¢! (a, AP, Ps¢)

The good correlation with experimental results (figure 5) on laser ma-
chined tubes is obtained because precise metrological data are available
on tubes and flaws and because flow stress oo has been corrected to the
value given by (4) on the basis of numerous tests performed by FRAMATO-
ME. On the other hand, the stress corrosion method of producing flaws
makes these essential parameters virtually impossible to determine and
results obtained cannot be used.

4.3 Analysis of leak rate experimental results

Assessing leak rates through narrow flaws is not simply a case of evalu-
ating the crack opening area. It also involves being familiar with the
two-phase flow problem involved when subsaturated fluid at internal
pressure finds itself at atmospheric pressure with no appreciable change
in temperature. However, the fluid discharge velocity was estimated to
be 70 m.s-! on the basis of experimental flow rates and opening areas
calculated by analysis. This means that the fluid passes through the
tube wall in 15 us, too short a time for the first steam bubble to form.
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Moreover, the thermohydraulic parameter t/Ds is much lower than the
single-phase limit provided.by the Fauske-Henry model (1961). The high
discharge velocity lowers the static pressure in the crack below the
internal tube pressure.

(10) AP = 1/2 pvZ + Pstatic

Opening area nmust therefore be evaluated bearing in mind this static
pressure in the crack, which has a constant value of about AP/2. The
leak rate is obtained by considering that the crack produces a singular
pressure_ .drop.

(11) AP = 1/2 pv% .Kr
2AP

(12) 0 =ks .4V — where k = 1/Kr
p

The pressure drop factor Kr varies with the singular losses at crack en-
try and exit and with a wall friction term. This latter term falls with
increasing opening area. However, the average changes in Kr imply a leak
flow factor of approximatively 0.5 for the tests as a whole (figure 6).

(13) Kr = 1.5 + £(t/Dn)
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Figure 6 ~ Pressure drop factor Kr and discharge coefficient k used to
determine flow rate through a longitudinal crack in a pressurized tube.
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5 CONCLUSION

This test program has supplied precise criteria for predicting the beha-
vior of longitudinal flaws in steam generator tubes. It was verified
generally that there was good agreement between Dugdale's strip-yield
model and the through-wall flaw test results up to pressures of 200 bar
(2900 psi), both with regard to plastic instability criteria and opening
area calculations. All the correlations found demonstrate the importance
of the Inconel 600 flow stress 0o, which was constant in all tests.
Finally, the crack leak rate can be reliably calculated using a leak
rate factor of 0.5 in the opening area evaluation analytical model.
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