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ABSTRACT 
An appmach for estimahg the Mure probability of tubes containing through-wall axial 

cracks has already been proposed by the authors. It is baaed on probabilistic fracture mechanics 
and accounts for scatter in tube geometry and material properties, scatter in residual and 
operational strwrees responsible for crack propagation end chcterktics of nondestauctive 
examidon and ptuggbg prooehaes (e.g., datection probabiity, s i i g  accuracy, human errors). 
Results of Pretimirrarytests demonstrated wide applicability of this approach and triggered some 
improvements. 

The additions to the model are sctensively discussed in this paper. Capabiities are 
demonstrated by results of analysk of steam generator No. 1 in Slovenian nuclear power plant 
located in Krgko afker the 1992 inspection and plugsinS campaign First, the number of cracked 
tubes and the crack length distnlwtionwete estimatedusing data obtained by the 100% motorized 
pancake coil bpection. The inspection and plugging activities were simulated in the second step 
to estimate the &dewy of maintenaace m terms of single and multiple tube rupture probabilities. 
They were calculsaed as a W o n  of maximum allowable crack length. The importance of human 
errors and some timicationS of present nondestructive examination techniques were identzed. 

The tradltiooal wall thickness and crad4ength-based plugging criteria are compared. The 
crack-length-bd criterion is shown to be more efficient and more safe, especially because of 
strong suppression effect on probabjlity of multiple tube rupture. The results are considered to 
be important for safety and maintenance of existing plants and for further research. 
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~ ~ n o f s t e a m g e n a a t o r t u b e s m a d e o f ~ 6 o o i s ~ b o a d a t t e n t i O n  
among the schtitic and engbxhg c o w .  The causes of dean, predicriona of 
degradationrateSllndsommaintansRte wuntetmeaww are desaibed m great detail elsewbere 
(e.g., me, 1990; Hemalsteen, 1991; Clark and Kurtz, 1988; van Vyve, 1W1, and ref- 
tlw&). 

ontylkaitgd attention bas beea paid to the reliability issues related to the maiatenancz. of 
degraded steam generator t u b i i  Phner et al(1993) wmtrate on supporting a partiatlar 
msintarance stratsey by the meofpmbabiWchcture tnecbmics techniques. On the other hand, 
Mavko and Ciaelj (1992) and C d j  (1993) proposed similar p r o b a b i i  frachrre meohafiios 
techniques to estimate the reliability ofdegraded ateem genemior tubing treated by a set of 
possible omintenance stcakgies. In both approltcbeg odythe residual stress driven axial stress 
axmion emking in the& arpansion tramition zones (dm termed pwsccl) is investigated. 
Themeintenanoe sbategh d webased on defect (crack) length and defect depth plug& 
criteria (Cilj, 1993). 

The initidly proposed pmbabilistic fraoture mechanics model @lwlco and Ci j ,  1992; 
C i  1993) has been h-ther rediaad and eqmded. Also, it has beea ddated 
the state of the adearn generstor No. 1 in the Slo& nuclear power plant at 
1992 inspection and plugging campaisrr ThepbabiMkfradure mbmics model is intrinsically 
capable of acmmthg for a mbsbntd ' sst of uaceatainties arising from tube geomet~~ and 
material properth, stable crack growth and mainteoancg strawy (inspection and plugeing), 
including human errors. A brief deecriptiw of the current model is given in the next &on. 

The predictions presented were obtained assuming a "stateof-theart" nondestnrctiVe 
eammatmte&niqwasavailawein&eiita&me~~ 1931;Pitner 1993). Themainremilt 
is tube Mure probability as a h & o n  of phgghg limit PL, ddlning the maximum allowable 
cfaek length which remains in steam geneEator tubing after plugging. In the giw example, the 
cmckhgth plugging strategy is wrnpartd with the aackdepth StFategY. The crack length 
approach is shown to be superior because it leads to lower values ofthe tube failure (mpture) 
probability. The i d d e d  limitations of the otack length strategy are d y  imposed by the 
llmlmomofthem-- . 'OR kechkp. Potential human errors introduced d h g  
inspection and plug&ng are modelled by resirlcurl ncm-&tectionprolwbili$ 

The final outmm of this analysis are single and multiple tube failure (rupture) 
probabilities aa a W o n  of piugg& limit PL at different levels of residual nond&on 
probabii. 

The numerical example assumed that the most unfavoumble conditions occur at a 
hypothetical feed-line break accident. 

. .  

. .  . 

2 STEAM GENERATOR TUBE RUPTURE PROBABIJJTY 

The tube failure (rupture? Probabizity PI is determined from the scatter of the applied 
loads, crack size and sbuchrral dstance properties. The rupture behaviour of the tube is  
aswuned to %flow the Mure fimdion g(x), which depends on basic rrmdom vapiablesx=(x,, ..., 
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Steam pawator f&ilure isddhed BB the onsdt of unstable creek p e o n  inat least 
oneofthecmkedbrbea. mismfsct ademtperutw titbe np&e (SGTR) event. AlI gaoks 

tooontainctxaotly ow craok. This is eondm with exparimeotol observations inthe sennethat 
the lengest ofmultiple axial crncks &&buted m u d  theatbe eimmfamtends to fail 88 a 
a e  ccadc (coebst and Fb&, W9) .  Further, longa oraclts tend to leak a detwtable @ty 
ofrixhwve * nwtoccodsnt, wfiichm&m avay iqmtant preaysor of the tube rupture event. 
NevWess.  the means avaitaMe for leek Betdon were not trdcen mto (tGGouRt in the- preseat 

Tke h awsumptions lead to the hilure function based on the plastic limit load model: 

a r e ~ t o ~ ~ ~ ~ ~ ~ ~ ~ t h c ~ t u ~ w a t l . ~ t u b e i s a a r a r m c d  

dys i6 ,  Whiehimreases the m e  . . ofthisfdysis. 

g(a.apR,I,15bJpa,) = a, - 'pr,o @I 
The mp accounts for the crwk bulging on acoou~ of the intarnal pressm in the 

tube (Erdogan, 1976). a and as are the random variables repmenhg ma& half-ll;eng9hs dbr  the 
impdon  and ploggiog procedure add stable crack growth until the next bpedon. Both are 
fiuttwr diarussed m the appqnkte Jybaections below. R and I are random variables mpr- 
tube mean radius and tube wall t M m ,  respectively. 

The flow etress of is defined by fiw means of random variables representing yield etrength 
ug and ultimate tensile strength a, The h r  8 is used to adjust the room tearperanue based 
values ofu,and u, to the operational temperature (343'0: 

Of = K(Uy + UM)8 (3) 
The factor K is an empirical measure of Stnrin harden@. Its typic%l value is abwt 0.5. The 
nneenbtanestressperpendiaslartothed diraiw u is the pressure dflaenw @)induced tube 
hoop m. Further detaibp on the fitilure function u t i W  are given by Mwko and Civelj (1992). 

2.2 Effects of Inspection and Plugging 

Given the detection probabiSity PD aiid sizing acuuacy pM~(m/u) of the nondeshuctive 
examwon method, the pmbabiity density of era& leagthsp,(u) can be esfimated f~U~wing the . .  
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PLrepresentsthermo6mumaackl~tobeMin~on,i .e.  thephgginglimit. l/q dstlaas 
theh%ionofthedamaged tube bundle which has beea inspeded aad ep. may be used to model 
human errors in the plusging procedure. 

2.3 Stable Crack Propagation 

Stress comeion cracks in the tube e#pansion transition zone are driven by the reIatively 
high reddud &eases, caused by the tube to tubsheet expansion process. In this study, through- 
wall craoks are a6sumed to initiate at the point with the higheat residual hoop stress at thembe 
inaide surf8ce, wtrich is located approximakdy at thetop oftubesheet. From this point, each crack 
tip propagam in the tube wid direction under different loadmg and in diffwent material. The 
propagation inside the tube sheet is dominated by the reeidual stresses. The other crack tip 
propagates out ofthe midual stress field to+ the free span tube. Its propagation is therefore 
dominated by the oparational messes. An additional restraint is that the velocity of the crack tip 
located m the non-deformed material (e.g., free S ~ M  tube) may be significantly lower than in the 
cold-worked tube (Speidd and Magdowski, 1992). This Iead to the wymmetdcd crack 
propagation model based on linear elastic fracture mechanics which is given in some detail in 
Cklj  (1993) and Cuelj et d(1995). 

2.4 Single and Multiple Tube Rupture Probability 

On the assumption that each tube contains exactly one crack, the failure probabiity P,of 
a specific tube is defined by eqn (1). Taking advantage of large number of cracked tubes N, the 
probabiity of having i tubes Wed follows from Poisson distribution: 
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3.2 Distribution of Crackbngths 
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Fig. 1 Comparison of nondestructive examination results and model predictions 
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d h  0 in m. eD is residud wn-detwtion probabiit~ and may be used fo modd human 

It canbe si?u~&om Table 1 tht MRPC withtha assumed paramatsrs isestbted to detect 

pnalysed, 273 gaekirwae dstectedduringthe 1992 inspection (Dvorhket aI, 1993). h m b g  
lognod distribution ofcraek Itm@hs lends to a total number of 8-41 tubes with cracks. The 
fm&na€&tt&ed naoks (Table 1) isdehd by the integral ( w ~ f  all possible d ka@hsin 
the denominator ofeqn (4) . 

eTtoFB. 

about 50./( or lees ofall cracks pre5snt in the SKm genmtortubii. In the eteamgene€atOr 
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Hugging limit PL [mm] 

Flg. 3 Fraction of failed tubes 

At low PL values (<lo mm), a plateau behaviour ofPfis observed again. It is caused by 
the non-detection probability of the nondestructive examination method simulated. In simple 
terms, nodetected long cracks become at least as probable as the unfavourable mmbiiation of 
structural resistance propedes at cracks with length close to the value of PL. The value of PL 
where the plateau and the intermediate region inrerseet is an obvious d i d a t e  fur the optimal 
PL value. 

The intmediie region defines the efficiency of the nodestructive examination method 
i m p b t e d  in terms of tube failure probabiity. Regadless of the distribution type used, the P, 
value can be decreased by four orders of magnitude by implementing lower PL values. 
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Ftg. 5 Single and muttiple tube mpture prObetiEfia 
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Seleotive plugging of the hlbss having longer cra4ks may decrease the tube failure 
ptare) PFObability by P few ordarsl of magnitude despite a relatively low detection 

p r o w .  This is eqx&tUy true f0r multiple tube rupture probabilities; 
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