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ABSTRACT

Requirements for protection of Nuclear Power Plag@inst postulated ruptures of High-Energy Pifgiygtems
in terms of defence-in-depth concept present praltiin all National and International Guides fdPP Design.

During the last decades this problem was somehaadsted by the successful implementation of LBB
approach that proves not occurrence of piping bimfkre a detectable leak will appear. However leémgntation of
LBB has a some evident limitations such as: seiiyitof detection devices for small piping diametaracertainty in
loading conditions, fracture mechanisms of crambwgh's that do not comply with LBB hypothesis, asikility of
monitored piping segments and finally, high cdsieguired hardware.

From engineering point of view High Energy Line BreafHELB) problem involves multidisciplinary
consideration that require an essential knowledgé¢hé different fields, such as: structural mecbamd dynamic,
hydrodynamic, plant technological arrangement andrs

Three main steps of HELB consideration: postulatiopipé break locations, assessment of break consegsie
and providing of safety measures are illustrateith wractical implementation for safety significAMWER -1000 High
Energy Line.

Special emphasis in paper is given to the analyticeestigation of the pipe whip motion with dissien of
different aspects for numerical modelling and résiuterpretation. An example of such calculai®presented and it's
shown that a reliable whip motion prediction is gibly if both: the surrounding structures like attppelines or
building parts and material failure limits of thégH-Energy Piping are taken into account.

DESIGN REQUIREMENTS

The principle of defence-in-depth established in dafety design basis of nuclear power plants reguir
consideration of all design as well as beyond desityations from the point of view plant and paldafety. Rupture of
High Energy Lines could be treated as one of sodsiple events.

Definition of High Energy Lines in engineering priaetpostulates that "any system or portion of sysihere
the maximum operating pressure or the maximum dipgraemperature exceed certain threshold (e.gb&0and
100°C), during normal plant operating conditiondofe these limits for only a relatively short ponti(less than
approximately two percent) of the period of timeperform their intended function, may be classifeed moderate
energy" [1]. The following consequences of highrggepipe ruptures should be considered in the plasign:

- pipe whip effects (uncontrolled motion of a ruptliepe due to pipe break);

- jet impingement effects (jet of fluid emanatingrfréhe break point that could affect safety-relatgstems);

- compartment pressurization (rise of pressure inpaotment due to exit of steam or flashing watemfithe
rupture point; both: static and dynamic aspecisre$surization should be evaluated);

- flooding effects (water falling to the floor andaditing to adjacent regions);

- missiles generation (sudden rupture of the pipeldcquoduce missiles capable reach a safety-related
targets);

- environmental effects (change of temperature, pressiumidity and radiation environment).

All or one of these consequences could form a Fadstli Initiating Event (PIE) in terms of IAEA SafeBuide
No. NS-G-1.11 [2] that in its turn requires a deiconsideration for Plant Safety from point cfwione or more of the
three safety functions such as: (a) the contreéattivity; (b) the removal of heat from the camad (c) the confinement
of radioactive material and the control of openagiodischarges, as well as the limitation of aauidereleases.

Several comprehensive documents give a detailectigéisn of all steps needed for analysis of Higiekyy
Lines phenomena. The most detailed evaluation isepted in American Standard ANSI/ANS-58.2 "DesigrsiB for
protection of light water nuclear power plants agathe effect of postulated pipe ruptures" [3]. Blasic principles and
recommendations described in this document are:

- piping ruptures are classified as piping breakscgenferential and longitudinal), throw-wall cracksd
leakage cracks, location and geometry of each repguconsidered;

- each piping rupture postulates one at a time;

- ruptures are postulated in the system's termirgg;en

- intermediate ruptures are postulated on the bégipimg fatigue and stress analysis;

- step-by-step procedure for Pipe Rupture Evaluasqurésented in this Standard with necessary infidoma
for acceptable methods and models for establishidgt Geometry and Fluid Force quantitative values

- Standard permits use of Leak-Before-Break Approaciugtify postulating a leakage crack instead qepi
breaks or throw-wall crack that significantly reduscope of subsequent analyses: only static pizssan,
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environmental and flooding effects should be evaltién this case.

L ocation of piperuptures

Fig. 1 shows a principal flow-chart for procedunattcould be implemented for location of postulgdgring
ruptures according to ANSI/ANS — 58.2 Standard [B). perform such evaluation the following stagesanélyses
should be done for High-Energy piping systems:

- static analysis (deadweight and thermal expansion);
- dynamic (seismic) analysis.

Static analysis is carried out under gravity lodds to dead and live weights (i.e. pipe matenmylation, fluid
medium) and design pressure. Thermal expansion sewlyf piping systems are performed for all deseghaets of
piping operational conditions for evaluation of remponded ASME BPVC equations and performing ofjfegtianalysis.

In frame of dynamic analysis piping internal forcasd moments should be calculated under seismigat inp
corresponding to OBE level.

The following set of ASME Class 1 equations are abersid according to ANSI/ANS — 58.2 Standard [3] and
ASME BPVC NB-3600:

- Satisfaction of Primary Plus Secondary Stress #itgfRange under the combination of loadings foicivh
either Level A or Level B service limits have beerdfied (Equation N 10, NB-3653.1):

12S,
Nomenclature for this and foIIowmg equations cepends to the terminology from ASME BPVC [9].
According to presented flow chart, if condition: $1.2*Sm is satisfied, then no piping rupture éstolated in
the given location.
In opposite case, an additional investigation isquened:
Check of Equation 12 (ASME NB-3653. 6)'
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and Equation 13:
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If stress values calculated according Equationsaf®) (3) are higher than 2.4*Sm, then piping bresak
postulated in the considered location. If stredgascalculated according Equations (2) and (3)em®than 2.4*Sm, but
higher than 1.1*Sm, then through-wall crack is ptzded in the considered location. In opposite caspiping ruptures
are postulated.

An additional condition that should be checkedha frame of performed analysis is the value of dative
usage factor U (NB-3653.5).

To define this value the following stresses sho@ddlculated (Equation (11), NB-3653.2):
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and Equation (14), NB-3653.2: S, :% (5)

According to ANSI/ANS — 58.2: a piping break is pdated if U > 0.4, a through-wall crack is postathif 0.2
< U < 0.4, and no piping ruptures are postulatethegiven location if U < 0.2. It should be notéliat in this part
ANSI/ANS approach still differs from the US NRC fam [4], that use more severe acceptance criferidatigue: no
piping breaks are postulated if the cumulative adagtor U < 0.1.

For piping system classified as Class 2, the fdtiovset of equations should be accessed:

Equation (9), NC-3653.1: s, =B fmalo PmaxDo +B (M * Ms, ©)
. i*Mg
Equation (10), NC-3653.2: S, = Z (7
For location of postulated pipe rupture the follogiequation is checked:
08@18S, +S
5, +s, »] 0885, +S) ®
04(18S, +S,)

If stress valué&o + S is less tha®.4(1.85:+S,) - no piping ruptures are postulated.
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PRACTICAL IMPLEMENTATION.

Fig. 1 Logic Diagram for Postulation of rupturedHigh Energy Lines.

Three main steps of HELB consideration: postulatidnpge rupture locations, assessment of break
consequences and providing of safety measuresllastrated with practical implementation for safetignificant
WWER -1000 High Energy Line.
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Description of system.

Quick boron injection system (QBIS) is a speciateyn for management of beyond-design basis acsident
without scram and is intended to bring the reactwe to subcriticality by injection of the concextéd solution of boric
acid into the primary circuit in case of failuretb& reactor control and protection system.

QBIS consists of four independent channels, eachesf includes a tank with boric acid solution, mecting
pipelines that link the tank and the main cooladpeline, small-bore pipelines DN 25 and valves.iBacid solution in
the tank is heated by the electric heaters unit.

QBIS channel is installed on the Reactor CoolinghPURCP) set bypass line and supplies the condedtra
solution of boric acid into the primary circuit #ite expense of pressure differential on the RCFssetion-head and
during its rundown.

Connecting pipelines DN 200 are made of the casrosesistant steel B8.8H10T and equipped with two
quick-acting shut-off valves (normally closed) afeb isolation gate valves (normally opened). Twidlisy weight
supports are installed under each shut-off valee.s€ismic restraining connecting pipes are equippiéh two pairs of
hydraulic snubbers located on the vertical pipimgst Design specification provides all operatiordemthat QBIS could
experience during its lifetime. It includes diffatenormal operating and accidental regimes, sudnaasients from the
Cold to Hot (Nominal) state, Hydraulic tests, aecithl QBIS operation during full power with tramgi¢o Cold State
and so on. All this data forms a necessary backgrdor the subsequent fatigue analysis.

Analysisfor location of piping ruptures.

In the original design QBIS system was qualifiedaxding to the Russian Strength Code PNAE [5]. Hewe
for HELB analysis, an ASME BPVC NB-3600 calculationsres performed to locate an intermediate pipingutgst
For Stress and Fatigue Analyses a comprehensive BEamodel of QBIS piping and adjacent Primary Giirbas been
developed (Fig. 2). All piping stress and fatignelgses have been done with use of dPIPE softwére [6

Steam Generator

A

Reactor
Pressure
Vessel

Tank with boric
acid solution

Fig. 2 FE Calculation model for location of interrvagd ruptures.

Results of performed analyses have shown that dicepto the criteria set in Standard ANSI/ANS-58288
and taking into account more restrictive "0.1"dag NRC Criteria the following four locations hawebe postulated for
QBIS piping breaks for each channel (Fig. 3):

- connections of DN 200 pipelines with QBIS Tank (2p®as Terminal Ends);
- connections of DN 200 pipelines with Cold Leg of M@oints as Terminal Ends);
- no other intermediate break's locations was found.
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Moreover, analysis of postulated break locatiotewa to reduce a total number of ruptures for sqbeat
pipe-whip analysis due to consideration of QBISiglestaking into account, that 2 valves of QBIS acemally closed,
in case of sudden break only a small volume of mediould exit from corresponding rupture points,ise possible to
keep only 2 locations for the futher analysis.

Pipe Whip Motion Analysis.

Evaluation of all possible consequences of postlilgpe ruptures (i.e. pressurization, jet impingetne
flooding, etc) brought to the conclusion that thairmconcern for the considered piping systems igipg whip
phenomenon. For this purpose a detailed FE modais developed for two QBIS pipes. The first moded habreak
location at the tank nozzle (Fig. 4). The whip raotof this pipe is limited by the restraining fraspecifically designed
to take piping whip reaction. Hence, the objectife¢his analysis was to qualify this frame capacitystop piping whip
motion. The second model has a break location omiiie coolant circulation pipe nozzle. The motiorthaé pipe is
restricted by surrounding structures (Fig. 5). Time af this analysis was to investigate the intdéoarcof ruptured pipe
with the neighboring safety-related piping.

QBIS Piping on side of RCP set suction-head Pipimgide of RCP intake

lz Hvzg - weldjoints

Fig. 3 Results of Analysis for location of pipe tues.
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Fig. 4 Pipe Whip Analysis Model 1.
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L

Fig. 5 Pipe Whip Analysis Model 2.

collision with othet
safety-related pip

Obviously the FE calculations have to be performedan-linear dynamic with large motions and lartgestic
deformations including contact non-linearity. Therefan appropriate choice of element size and elefoenulation is
especially important. A numerical and experimemtaéstigation on plastically deformed pipes [7] ¢@nreferring as an
example of such choice. In this paper it is recomuee to use LS-DYNA full integrated (4 points) steééments with 5
thickness layers. The used element size countedl tinfes of pipe wall thickness. An investigatiorgasding used
element size and formulation has been performetherpresented Model 1. For that purpose two testetsowere
prepared. The model A had 32 elements along piperofierence with ratio element size to element thésls in the
range of 0.95 to 1.5 for different pipe locatiombe model B had twice reduced element size compartte model A.
The calculated impact force between striking pipé affiected member (frame) is presented in Fig.o8.tke model A
two cases of element formulation have been invatd) for one calculation Belytschko-Lin-Tsay shédingents with
reduced integration were used (curve ‘model A’ ig.F). For another calculation Huges-Liu shell edes with 4
integration points on element side were used (cumeglel A full integration’ in Fig. 6). For the aallation with refined
mesh the Belytschko-Lin-Tsay shell elements were (sede ‘model 2 (fine mesh)’ in Fig. 6). The diféemce between
calculated first peak forces for all cases is thas 2% that can be considered as reliable resuérfgineering purposes.
However larger differences (about 6% for maximumtéovalue) can be observed for the vibration pdakswing the
first impact.
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Fig. 6 Impact force on frame: influence of elem&re and element formulation on the results.

A set of hydrodynamic loads acting on QBIS juseaiccurrence of postulated pipe break was estedliapart
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from pipe-whip analysis in assumption that pipe let#fon and deformation have insignificant effeat the
hydrodynamic loads. Then these loads were dynalyiegplied to QBIS model. Mathematical model of em&l of
shell elements in regions of assumed interacticas ehosen as isotropic elastic with kinematic handgeplasticity. All
pipe-whip analyses were carried out with use LS-DY$JA

The following results of the performed analyses vestablished and considered:

- all range of reaction loads on the pipe supportsvainip-restrainer frame;

- pipe motion path and relative displacements betwieepipe and surrounding structures;
- dynamic behaviour of surrounding structures affgétecollision with the swung pipe;

- impact forces on the affected surrounding strusture

- stress and strain fields of deformed pipe.

Fig. 7 — 11 show a most significant results of perfed analyses. As it could be seen from theserneietpipe break
in the zone of Boric Acid Tank Nozzle produces aneptable level of pipe whip motion (~0.17 m inikontal plane
and 0.24 m in vertical direction). It was proved siyength calculations that restraining frame bd¢iatakes up piping
reaction force. In case of Model 2 with postulabedak on the main coolant circulation pipe nozdisplacement of
piping free end could achieve value of 5 m, inespif the fact, that this motion is limited by sumaling piping and
structures. Analysis of piping interactions thatildooccur in this case led to recommendation ttalha special piping
whip restraining device, that should be fixed orthbsides of pipe in assumed break's place to ptavanonly whip
motion but jet impingement effect as well.
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Fig. 7 Pipe Model 1- displacements of the pipe &eé Fig. 8 Pipe Model 1- plastic strain distribution
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Fig. 11 Model 2: total impact forces on surroundstigictures
SUMMARY AND CONCLUSIONS

A short review made here for High Energy Line Breafiblem is to underline a significance of HELB hatzar
in the light of Nuclear Power renascence era oleskim the recent few years. A number of Units intEasl even in
West Countries are now on the design stage. Franptiint of view the question of special importaisarmonizing of
Codes and Standards developed more than 20 — B9 agato the modern requirements and analytigalulities. One
of such activities is under way now in Russia —ali@@ment of national guide for protection of NPRiagt ruptures of
High Energy Lines that should be consistent witledmational Practice and National Codes as well.[Po¢sented
numerical results demonstrates a possibility of m@hensive analysis to answer question not onlZfme Compliance
but also for issuing an important recommendatidgsificant for Plant Safety.
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