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1 INTRODUCTION

The test series B31 of the German HIDR Safety Program invesiigaies the iransferability of ‘leak before breal’
daia obtained in laboratory tests to a real piping. Within this iest series the fallscale blowdow experiment E31.2
(Schmamimel i al. 1990; Kussmaul et al. 1991) was performed with 2 fest configuration similar w g bedling water
reactor fesdwaier piping, connecied to 2 pressure vessel, This 25 m long piping of complex shape, with an inner
diameter of 425 mm, coniained a circwnferential, internal surface crack of an inftial arc length 2e = 60° and 2n
initial depih relaiive (o the wall thickness Jw =03, A blowdown was iniiiated by a simulzied pipe break at
temperatwe T = 240 °C and internal pressee p = 9 MPa. The pressure drop and a watethammer, indnced by a
rapid closure of a feedwater checlk valve, caused pipe oscillations wiich effected a high bending load in e srack
area 2nd iherefore lavge axial swesses and straing respeciively. The bending stress aiiained iis peak value ai 300
from the crack symmeiry line. A maximum sizble crack growih of 1.5 mm and large plasiic deformations in the
crack region resulied.

The preseni numerical study has iwa objectives. The firsi gne is ic esiablish the overall reaction of the piping
aind the second one is to analyse the siress in the crack zone. The calculations presented Liere are first sieps in
an ongoing comprehensive piping analysis which is performed by several insiituies. In thege first stens several
sirplifications are made, such as linear elastic material behavior, The experience gained in the linear zualysis will
allow one to adapt the caleunlation models for the nonlincar analysis 1 e fairly well known piping reaction. The
linear crack analysis provides a gualitative insight inio the tire veriaton of the sisss iniensity along ithe crack
{roni due to the large variaiion of the bendiag axis direction that has been obeerved in the experiment; forihermore,
it allows a check of the finite elemens (FE) medel by comparison of iis resulis with existing solutions.

2 PIFING ANALYSIS
2.1 Calcnlation Model

The stmctural dynanics study of the icial Dpiping was performed with the FE program ADINA. Tn order 1o esiablish
an adequaie calculation model, exiensive patameter siudies with variation of element type, integration order, mesh
refinement, iime increment, Rayleigh damping factors, eic. were performed. The calenlarion model finally chosen
is described below and shown in detail in Fig. 1. Due o the assumption of linear elastic material behavior the
wfiucnce of the small surface flaw on the piping fexibility could be considered o bs very small and iherefore was
neglected. The unflawed piping was discretized with 59 4-nods pipe elements, each of siraight or curved shape
and constant cross section. Each element node had three displacement degrees of freedom {d.0.1), thres rotational
def, and six ovalization d.o.f.. Due @ the assumed lincarity, only small displacements and small sirains were
considered. Newion—Cotes integration was used for the element stifiness generaiion; Newmark direct time inie-
gration and Rayleigh damping were applied in the analysis. The pipe end connected 10 the teactor pressure vessel
(RPY) was rigidly fxed, whereas the ciher pipe end was slightly {lexible, At that end the relation betwesn the pipe
deflection (displacement @, roiation ¢) and ihe snpport reaction (force 7, moment M ) is given by the siiffness
mairiz shown in Fig. 1. The dynamic loading was applied by the elbow forces ﬁe( i) which were calculated from
the pipe iniernal pressure iime hisiory recorded in the experiment. With p,(?) equal io the pressure at the center ¢
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of ihe elbow at time ¢, the absoluie value of the clbow force s given by |F,|({) = av.’p.(¢). The global piping

calculation ran with a time increment of 1 ms from 5 ms afier blowdown iniiiation up 1o 298 ms and icok one
hour CPU time on a CRAY-2 compuier.

In order io assess the correspondence between sxperimont and calenlation for 2 variable vector parameler one
has separately io consider its abscluic value and iis divection for any given time. For the dynamic part of fhe
calenlaied and measwved radial displacement €, = (u,, u,) of the center of the pipe cross section Q46 Fig. 2 shows
the time hisiory of || for the full rime interval considered and Fig. 3 shows the lotus of @ for the reduced
time interval up o 150 ms. It can be seen that the center of Q46 moves on a clockwise oriented curve in the
yz-plane, i.e. parpendicular to the pips axis, first up (A — B) and then dowi to its maximum defiection ai . The
ime ¢p of highesi |4, e agrees very well betwesn expeviment (¢p = 109 me) and calenlation ({p = 110 mns).
The resulis of the linear calcmafmn should be compared with ihe sxperimenial ones up o ¢p only, since in the
experiment at approximaiely this time far phsm, deformations cccwired in the weakened pips region of the fest
piece. For the time interval considered it can be conciuded from Fig. 2 and 3 that gualiiatively & agrees well
belween experiment and calcnlziion. Qudﬂumuvely the calculated disvlacemenis differ from (he measurad ones
considerably more than expecied. Especially the large discrepancy ai the beginning (A — &), Le. ai times when
no plastification has vet ocourred, is swrorising, At {p, the iime of the frsi radial displacersent relative waximum,
the calculaied displacement |3, | is 28 % lower than the measured one. This discrepancy is reduced ig 18 % ai time
in. From Fig. 3 it can be seen that the calculated displacement component in z—direction deviates proporiionally
less than the one in y—direciion. This finding is not fully undersiood yet and will have 1o be studied in detail. For
the time 5 the calcul ed deformaiion of the whole piping is shown in ®ig. 4. Basically one can recognize iwo
slobal defleciions: 2 wanslaiion in negaiive r—direciion and 2 clockwise roiation ‘W‘Und il x—guis,

In the foMowmy the dynamic pait of e calculated bending momens is discussed and v@mpared wiil the
experimenial one which was dwermmbd from sirains moniicred by ihe sitain gage 0"'3?6(1 nexi o the plasiic zone,
The tdme bistory and ihe locus of ihe resuliani bending rmoiment My = (My, [V ‘o in the pips crose section QP a3
plotted in Fig. § and 6. The momeni My in QP1 besicall v corresponds 1o the alieady discnssed displacement 4,
in Q46. Good agrecment between calculation and experiment can be noticed up 1o time {7 ~ 93 ms; the small
deviaiion occurs due 1o 2 high frequency oscillation which is superimposed o the bagic pips oscillation and which
in the experiment is exciiaied more sivongly. Afier ¢ ihe influsnce of the high plasiificaticn can clearly bs seen,
in the experiment QP1 is net able o cairy 2 higher bending moment anymore, The calculaied values of |1/(,| for
¢ = 106 ms and the npoer limif for ihe tine nterval ¢ = 0 ms ~ 300 ins are plotied in Fig. 7 versus the pipe axis
paill s with iis origin at the RPY, equel io the oxigin of ihe global cocrdinaie sysiem ('c v, z). Li turne oui that
ite highest bending momeint observed throughout the whole calculation appears at timée ¢ = 106 ms ai the pipe
end connecied io the RFV and that therefore OP1 with its considerably reduced wall thickness is the most highly
siressed cross secien of the whole piping. Furthermere it can be sem ihat at tine of maximom sivess in QP1
{t = 106 ms) most pipe cross seciions exverience 2 high sivess level mlaiive 0 the highest one calculated for each.

For OF1 he calculated time bisiory of ¢r, he effeciive sirass a.CCGI'dlﬂg io the Cerman design role KTA 3201.2,
equaiion §.5-1, ig plotied in Fig. 8. Tt can be seen that its maximum value is 60 % higher than the maxinum
allowable KTA value 3 5,,. Since ihe piping did not loose inkegrity in ihe tesi, it is clearly shown that even for
the considered degraded piping ihe design rule is conservaiive,
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3 CRACK ANALYSIS
3.1 Calculation Maodel

For the FE analysis a straight pipe with 20 internal civcwnfereniial surface crack, inner diameter d; = 425 mm, wall
thickness w = 16 mm and length { = 1000 mm was discretized with 1836 20-node brick elemenis and 7470 nodes
(Fig. 9); each node had ihwee displacement dof. The crack Uieme according 1o QP1 of the test plece (Fig. 1) is
the models one pips end, here asswinzd o be a symineiy plane. As in the experiment, the crack 1s posiiioned in
the apper half of the cross section and symmelric with resnact 0 the z-axis. Both he measured and the modelled
crack shape are shown in Fig. 10, The crack front is mocﬂelled by an eccenivic are, compleisd by a guarier of an
ellipse at each end. The crack iip zone is modelled by six cirenrniereniial wedge eﬂemcm, with 2 1/ /v singularity.
Since in the experiment the crack cross section essentially experienced bending load, pure bending was assumed
for the calenlation and applied at the other pipe end with 3D pressure loading equivalent (o the bending swesses.
The siress iniensity facior Ky was computed from the eneigy release rate G by the relationship for plain swrain




condition, using e vismal crack cxiension scheme shown in Fig, 9. G as caleuleted by ADINA divided by the
periurbed area and G as compuied by the fracture mechanics post processor ORVIRT based on an ADINA siwess
analysie weie found to be identical. The stress anaiysis inok 1000 CPU seconds on a CRAY-2 compuier.

3.2 Resulis

Fig. 11 shows the specific X factor for |]%7f’b| = 1 MNm and for the bending orienigiion angle v = 0° ~ 20° versus
the crack front position . Ky was computed for v = (° and 90° oildy; for other values of v it was cbizined by
supeipostion. Ky wae found to be 12% smaller shan the handbook solntion for a semielliptical crack with the
same maximum depih (Murakarod et al. 1987) which is based on line spring elements and for which @ maxinum
deviation of 10 % from an exact solution is postalaicd. For axial cracks ii was shown that the handbook soluticn
overcsiimates Ay, buot the discrepancy in our cage is larger. With the dashed line in Fig. 11 it is shown that for
increasing values of v the valve K7 4, of the maximum stess intensity along the crack froni decreases whereag
(K7 mas ) ucreases. Note that for v = 30°, measured in QP1 for the maximum |1‘7f'1,| at ¢ = 104 ms, the left crack
side (¢ > (O°) is partiaily sligthly more lozded, the vight crack side is subsiantially less loaded and K7 mee 1810 %
singller, compared o the case of 4 = 0°,

Ky mew and Kp{p = 0°) for the load hisigiy of the experiment, obizined by superposition from the specific Xy
factors, are plotied in Fig. 12 for two different cireumferential crack positions. The lower two curves corregpond
the crack pesition of the experfment. The upper two curves are relaied to a crack posiiion rotated by 30° relative
io the expeiimental one, For fie rolated position the mazimum hending sivess appears at the crack center and
iherefore, as can bo seen from Fig 17, one can thus find the upper Bmit of Ky which can be reached for any given
crack position, The values for Xy y, Ky v and K 7,w are plotied in Fig, 12; thelr position ¢ is shown in Fig, 11,
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4 CONCLUSIONS

For an unflawed piping the linear global sivuctura] dynamic response after pipe treak and undamped closure of a
check valve was swudied; furihermore with a local pipe mode! conizining a circumferentizl initemal surface crack
the influence of bending direction on the stress intensity was investigated for both a uniform bending moment and
for the loading as measured in the experimeni.

Up 1o ca. 93 ms the bending moments of calculation and experiment agres very well; the agreement for the
pipe deflection however i3 good in gquality only. Cuanitadvely the discrepancy between measured and calon-
lated displacemenis ig surprisingly large. After 93 ms betier resulis can be expecied from a caleulation with a
nonlineay maierial law which is able to include the high level of plastificaiion occurred in the experiment. Bui
before performing this expensive calculation, the reasom for the mentioned displacement discrepancy should be
found. From e comparison of the calculated effeciive sivess with the design limii 3 S, it could be shown tat
the KTA design rule is conservaiive even for the considered flawed piping. Due io asymmelrical loading one
crack haif is sobsiantially less siressed than the other one. The maximum & for a crack of ihe same shape as the
measured one bui at any different circumfercnial posiiion is 10% higher than ¥ I,mag 10F the experimental position,
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