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1. Introduction

Alignment and combination rules for multiple flaws Table I: Matric for burst tests of SG tubes
are provided in many codes and standards such as -
ASME, JSME, BS7910, API579, and so on. However, Flaw geometries Burst
these rules defined in the various codes are different [1]. I.D. L1, L2 L3 51,52 11, 12 pressure
This study investigates the applicability of alignment
and combination rules for multiple flaws on the failure (mm) (mm) | (mm) (MPa)
behavior of Alloy 690TT steam generator (SG) tubes AS-A 6.3 n/a n/a 50.6
that widely used in the nuclear power plan. AS-B 127 nla nla 46.4
Experimental data of burst tests on Alloy 690TT tubes ASC 54 o o 143
with single and multiple flaws that conducted at room i i
temperature (RT) by Kim el al. [2] compared with the AS-D 50.8 n/a n/a 44.6
alignment rules of these codes and standards. Burst AC-A 6.3,6.3 1 n/a 49.8
pressure of SG tubes with_flaws are predicted using AC-B 6.3,63 2 ha 49.8
limit load solutions that provide by EPRI Handbook [3]. ACC 6363 s ™ 522
2. Existing Experiment summary AC-D 6.3,254 L na a7
AC-E 25.4,25.4 1 n/a 435
Burst tests on steam generator (SG) tube specimens AC-F 25.4.25.4 2 nia 434
containing multiple axial part-through-wall _(PTW) ACG 254,254 s ™ 138
flaws at room temperature (RT) conducted by Kim el al.
[2]. The specimens were machined from Alloy 690TT ACT-A 6.3,63,6.3 22 nfa 46.9
SG tube that have the outer diameter of 19.05 mm and ACT-B 12.7,25.4,12.7 1,1 n/a 415
the thickness_ of 1.07 mm. In the experiment, single f_Iaw AN-A 6.3,6.3 nia 1 49.6
with fOL_Jr different lengths and six t)_/pes of multiple ANB 63,63 ™ 5 295
flaws with a constant depth were considered, shown as
figure 1 and table I. Detailed information and results AN-C 6.3,6.3 n/a 15 505
can be found in Ref. [2] AN-D 25.4,25.4 n/a 1 421
AN-E 25.4,25.4 n/a 2 423
() O s I ) or Oi T i) AN-F 25.4,25.4 n/a 15 42.3
— — ——
. . ANT-A 6.3,6.3,6.3 n/a 1,1 476
1 | 1
(b) i~ or T ANT-B 6.3,6.3,6.3 n/a 2,2 48.7
b7 L A AP-A 6.36.3 n/a 1 53.8
L, H_FLH‘ AP-B 25.4,25.4 nla 1 432
(©) It or i1 APT-A | 63,6363 n/a 1,2 51.8
. . ) ) APT-B 6.3,6.3,6.3 n/a 1,15 49.7
Fig. 1. Shape of multiple flaws: (a) Collinear axial flaws, (b)
Non-aligned axial flaws, (c) Parallel axial flaws. APT-C 63,6363 n/a 1,30 51
APT-D 25.4,25.4,25.4 n/a 1,2 45
APT-E 25.4,25.4,25.4 nla 1,15 416
APT-F 25.4,25.4,25.4 n/a 1,30 428
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3. Alignment and combination rules

Multiple flaws have been often detected in a nuclear
components. If the flaws are far from each other, they
are treated as each single flaws. If the flaws are
proximity, they are not treated as single flaws due to
large interaction between them.

Process of multiple flaws modeling are consist of two
part. First, if the multiple flaws are non-aligned flaws,
shown as figure 2(a), alignment rule is applied to
determine whether the flaws should be treated as non-
aligned or coplanar flaws. Table | shows alignment rules
of various codes and standards. Second, if they are
treated as coplanar flaws, shown as figure 2(b), a
combination rule is applied to determine whether the
flaws should be treated as independent or may be
combined to be assessed as single large flaw. Table Il
shows combination rules of the codes and standards.
These rules are based on a comparison of the distance
between flaws with a flaw dimension. Results of
multiple flaws modeling for cases of SG tube burst tests
are tabulated in Table IV and V. The white color box
mean that flaws are treated as independent. The yellow
color box mean that flaws are combined to be assessed

as single large flaw.
/
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Fig. 2. Shape of multiple flaws: (a) non-aligned flaws, (b)
coplanar flaws.

Table I: Flaw alignment rules

Table 111: Combination rule for coplanar flaws

Code Rules
ASME,
JSME S <0.5max(gy,a)
S <min(k,l,) forg /| or a, /1, >05
8S 7910 (1) foreg /1y or ay /1

S=0forg /h ora/l, <05

FKM S Sn‘in(ll, |2)

API 57
an | S<05(+lp)

Table 1V: Multiple flaws modeling of planar flaws

Effective flaw length
o AS'\é'SEY’gfg"E' API 579, A16, FKM
AC_A 6.3 13.6
AC B 6.3 14.6
AC_C 6.3 17.6
AC_D 25.4 32.7
AC_E 25.4 51.8
AC_F 25.4 52.8
AC_G 25.4 55.8
ACT A 6.3 22.9
ACT B 25.4 52.8

Table V: Multiple flaws modeling of non-aligned flaws

Code Rules

ASME | H <12.5mm

NDI : H <12.5 mm
Growth: H <125 mm, if S <5 mm

JSME H <12.5mm
Fracture: H <12.5 mm
H 50.5(|1+|2)
APIST9 S <0.5(I1+1y)
BS 7910,
FKM, D SO5(|1+|2)
Al6

Effective flaw length

1.D. ASME, BS7910, FKM,

JSME Al16, API579
AN_A 12.6 12.6
AN_B 12.6 12,6
AN_C 6.3 6.3
AN_D 50.8 50.8
AN_E 50.8 50.8
AN_F 25.4 50.8
ANT_A 18.9 18.9
ANT_B 18.9 18.9
AP_A 6.3 6.3
AP_B 25.4 25.4
APT_A 6.3 6.3
APT_B 6.3 6.3
APT C 6.3 6.3
APT_D 25.4 25.4
APT_E 25.4 25.4
APT_F 25.4 25.4
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Fig. 3. Comparison of predicted result with experimental data:

(a) axial collinear flaws, (b) axial non-aligned flaws, (c) axial
parallel flaws.

To compare of assessment results based on alignment
rules and combination rules with experimental data,
burst pressure of SG tubes with flaws are predicted
using limit load solutions that provide by EPRI
Handbook [3]. The equation (1) is for axial single
surface flaw. Comparison of predicted result with
experimental data were illustrated in figure 3.
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4. Summary and further study

Alignment and combination rules are provided by
various codes and standards. These rules are used to
determine whether multiple flaws should be treated as
non-aligned or as coplanar, and independent or
combined flaws. Experimental results on steam
generator (SG) tube specimens containing multiple axial
part-through-wall (PTW) flaws at room temperature
(RT) are compared with assessment results based on the
alignment and combination rules of the codes and
standards. In case of axial collinear flaws, ASME,
JSME, and BS7910 treated multiple flaws as
independent flaws and API 579, A16, and FKM treated
multiple flaws as combined single flaw. Assessment
results of combined flaws were conservative. In case of
axial non-aligned flaws, almost flaws were aligned and
assessment results well correlate with experimental data.
In case of axial parallel flaws, both effective flaw
lengths of aligned flaws and separated flaws was are
same because of each flaw length were same.

In the experiment, flaws had constant depth that were
50% of wall thickness. Therefore, flaw depth effect on
interaction between flaws will be investigated using FE
damage analysis [4]. These analysis data also compared
with the alignment rules of these codes and standards.

5. Acknowledgment

This work was supported by the Energy Efficiency &
Resources Core Technology Program of the Korea
Institute of Energy  Technology Evaluation and
Planning (KETEP), granted financial resource from the
Ministry of Trade, Industry & Energy, Republic of
Korea. (No. 20131520202170)

REFERENCES

[1] K. Hasegawa, and K. Miyazaki, Alignment and
Combination Rules on Multiple Flaws in Fitness-for-Service
Procedures, Key Engineering Materials VVol. 345-346, p. 411,
2007.

[2] J. W. Kim, and K. H. Eom, Burst Test on the Steam
Generator Tube with Multiple Part-through-wall Flaws,
Proceedings of the ASME 2015 Pressure Vessels and Piping
Conference, PVP2015- 45273, 2015

[3] EPRI, Steam Generator Degradation Specific Management
Flaw Handbook, EPRI 1001191, 2001

[4] J. Y. Jeon, Y. J. Kim, and J. W. Kim, Burst Pressure
Prediction of Cracked Steam Generator Tube using FE
Damage Analysis, Proceedings of the ASME 2015 Pressure
Vessels and Piping Conference, PVP2015-45401, 2015

[5] JSME, JSME S NA1 2004: Rules on Fitness-For-Service
for Nuclear Power Plants, 2004



Transactions of the Korean Nuclear Society Spring Meeting
Jeju, Korea, May 12-13, 2016

[6] ASME, ASME B&PV Code Section XI: Rules for In-
service Inspection of Nuclear Power Plant Components, 2005
Addenda, 2005.

[7] The British Standards Institution, British Standards BS
7910: Guide to Methods for Assessing the Acceptability of
Flaws in Metallic Structures, 2005.

[8] AFCEN, Design and Construction Rules for Power
Generating Stations, A16, 2002.

[9] C. Berger, FKM: Fracture Mechanics Proof of Strength
for Engineering Components, VDMA-Verlag, 2004.

[10] American Petroleum Institute: APl 579 Fitness-For-
Service, 2000.



