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ABSTRACT

The High Energy Line Breaks (HELB) analyses are parthe internal hazard safety assessment of a
nuclear installation. They are initiated by a suddgpture of a piping containing liquids or gazewsler
high pressure or at high temperature. Various tgbe®nsequences of a pipe break need to be coedide
such as: flooding, pressurization, jet impingememissile generation, pipe internal load effects pipa
whip. This communication focuses on the analysia @ipe whip, which could, by mechanical impact,
cause damage to the systems, structures and compqi®SC) in the same compartment, eventually
leading to a failure of additional safety functioasd therefore significantly penalizing an accident
scenario.

In the common safety engineering practice, the egusnces of a pipe whip are assessed with a $fries
analytical models in order to determine the hydecaldading, the plastic hinge location and the kne
energy of a whipping pipe. With these conventionsthods the physical phenomena have to be
simplified considerably, so that they introduceeaywhigh level of conservatisms.

The main objective of the communication is to eatienthe conservatism of the conventional methods by
comparison to the simulations using the state-efatt numerical tools, based on the non-linear fast
transient finite element method with the fully ctag fluid-structure interaction between the
compressible (one or two phase) fluid and the giginucture submitted to large deformations.

INTRODUCTION

A pipe whip is a possible consequence of a postdlbigh Energy Line Break (HELB), which can occur
after a sudden rupture of a pipeline under cetttenmodynamic, structural and geometrical condition

In the common practice of HELB analyses, a pipgutgpis considered as almost instantaneous and most
often circumferential. This hypotheses are imprédalbut are convenient because they are very
conservative and do not require a detailed undeditg of all the complex physical phenomena
involved.

The first step in pipe whip analysis is to detementhe jet reaction force on the ruptured pipe, tvhic
depends essentially on the thermodynamic condfate fluid, most commonly being water, steam or
air, and on the pipeline properties such as theemee of a pressure reservoir and its distancéeto t
break. The methods of assessing the jet reactioeddor all practical configurations are presemtethe
ANSI/ANS 58-2 standard. They are based on validamealytical formulas and involve conservative
assumptions regarding the transient effects.
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For a given jet reaction force, a large deformatme whip can be modelled following the method
proposed in Roemer and East (1980), based on @rvative and completely analytical approach. Their
work addresses two aspects: the initiation of tpe pvhip through the formation of a plastic hingela
the crushing of the whipped pipe at an obstacle.

In Micheli and Zanaboni (2003), the simplified appch of Roemer and East (1980) is compared to a
time-history structural dynamic simulations usirepkn finite elements. From the comparison, based on
several realistic HELB configurations, the authemnclude that the simplified approach is strictly
conservative and that it exhibits significant masgiwith respect to a direct numerical time-history
simulations. It is important to note that in Micihehd Zanaboni (2003), the numerical approach isiegh
only to the structural response, whereas the hjidrdescription is simplified following the formida
from the ANSI/ANS 58-2 standard. In particular,ist assumed that the hydraulic loading grows
instantaneously to its maximum steady value, a tigsis which maximizes the dynamic load factor
(DLF) of the structural response.

Going a step further with the respect to the engstvork, the objective of the present communicaigon
to present a fully coupled fluid-structure intefant(FSI) approach to simulate a pipe whip initthlyy a
HELB. Regarding the modelling of the structural &ébur, our approach is equivalent to the one used
Micheli and Zanaboni (2003), the main differencbesng in the description of the hydraulic loading.

Whereas in the previous work, the authors use aldied analytical model, we propose here to model
directly the coupling between the fluid flow anck thtructural response following the method used in
Potapov and Galon (2005). So, in our model, theadya amplification of the structural response \él
captured directly by modelling explicitly the inase of the fluid flow at the break and its upstream
loading along the pipeline.

HYDRAULIC LOADING

Instantaneously after a pipe break, there will barafaction wave propagating upstream with resfmect
the break. This wave will reflect either at a pteegeservoir or at dead end if the pipeline itaisal. If it
reflects at a pressure reservoir, the fluid flohouty progressively increases and can attain agimum
value at a steady state, if the volume reservoguificiently big. The steady state correspondshio
highest fluid velocity and also to the highest eadif the jet reaction force.

On the other hand, if the broken pipeline is isadaor if the pressure reservoir contains a liméetbunt
of fluid, then the above mentioned transient woudd attain a steady state because of the lackuinf fl
reservoir and the maximum jet reaction force wdaddmaller than the steady state value.

In any case, the increase of the jet reaction faitle time depends strongly on the pipeline laydtie
farther is located the pressure reservoir the glom@uld be the force increase. If the exact pigelin
configuration is not taken into account, a constrgaassumption of an almost instantaneous force
increase to its maximum steady state value hae wmsbumed. This conservative assumption, applying a
loading profile which maximizes the dynamic ampkfiion of the structural response is made, for
instance, by the ANSI/ANS 58-2 standard and alddiirheli and Zanaboni (2003).

The alternative possibility is to model numericdlthg wave propagation phenomena using a fast énansi
compressible fluid flow solver. In this communicatj the program EUROPLEXUS is used for this
purpose. The numerical modelling of the hydraudiading has the advantage of assessing more pyecisel
the increase of the jet reaction force and allowtogsidering thus a realistic dynamic amplification
effect.
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STRUCTURAL RESPONSE

Like for hydraulic loading, the structural respomgea whipping pipe can also be assessed in twsway
by analytical formulas (e.g. see Roemer and E&80)) or by a numerical finite element beam model
(e.g. Micheli and Zanaboni (2003)). Note that ia #malytical pseudo-static approach an amplificatio
factor DLF needs to be applied to the assumecdegattion force value. If the increase of the jetéois
rapid, then the conservative amplification valué; B 2, has to be used. On the other hand, inittie f
element time-history calculation, no DLF needs & applied because the dynamic amplification is
obtained naturally from the force-time function.

The same software EUROPLEXUS as for the fluid lngdialculations is used here also for the struttura
response simulation, which enables also fully ced S| computations.

FLUID-STRUCTURE INTERACTION

Using a fully coupled approach instead of asses#irghydraulic loading separately from a structural
response analysis has two advantages. Firstlyndakito account the FSI gives more realistic madels
since the whipping pipe velocity can become sigaift and has a none negligible effect on the ahsi
fluid flow.

Secondly, the FSI modelling enables a direct agptio of the hydraulic loading, different for edudam
element and for each time step. If chose to uneotipé fluid and structural analyses, it would be
necessary to develop a complex mapping procedureeba the fluid calculation results and the
structural loading definition.

However, it is important to note however that ti®l &oes not affect the steady state.

NUMERICAL EXAMPLE
Case description

In order to illustrate the modelling approach ieflae on the pipe whip prediction, a simple but
representative numerical example is presented. pipeline considered is composed of one
elbow and two straight parts. At one end, a condtagh pressure is applied, representing an
infinite pressure reservoir. At the other end, ab@osphere pressure is applied, representing an
instantaneous opening of a break. The pipelindaimijged into the reservoir and has no other
boundary conditions. From the mechanical pointiefw the considered pipeline is supposed to
behave like a simple bending beam. Figure 1 shbevpipe whip situation schematically.
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Pipe break

Pressure reservoir
& fixed point
=>» Plastic hinge

Figure 1. Pipe whip induced by a break at the uppdrof simple pipeline. The plastic hinge appaars
the connection to a pressure reservoir.

The distance between the elbow and the reserv&d@nm. The pipe internal diameter has a
diameter of 200mm and a thickness of 9.5mm. Theusadlf the elbow is equal to 100mm. The

constitutive law used for the pipe elasto-plasgbdyviour is the isotropic Von Mises model with

the tension stress-strain relation presented inr&i@.The yield stress equalg, =173VIPa and

the maximum allowable stress;, = 483VIPa.
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Figure 2. Stress-strain relation of the pipe matemder tension.
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According to Roemer and East (1980), the expredsiotihe ultimate bending moment is the following:

D3 -D3 D! -D?
M = 0— ext int + 0— — 0— ext int ,
P EEE 6 J ( v E) 32D,

where g, and g, are the yield and maximum stress values, respdgtiex andDin are external and
internal diameters, respectively.

The initial pressure of the cold water is assumachshat the analytical pseudo-static approach dvoul
lead exactly to the minimal pipe whip conditiom, i.

M
Fstat = Tp !
whereL is the distance between the elbow and the reservor 500mm, and Fg,; the pseudo-static

force. Inthe simplified approach the pseudo-sfatice is amplified by the DLF as follows,

F... = DLF [F

stat steady’

where a conservative assumption of DLF = 2 is miaele. Fscaqy denotes the jet reaction force at the
asymptotic steady state, defined as

Fsteady: (CT ER) - Pa\tm)[s’
where Cr is the thrust coefficientGr = 2 for an incompressible, i.e. a cold water, jé®)m the

atmospheric pressure aBdhe pipeline cross-section aré%.is the initial pressure value, equal2®bar
for the given material and geometrical properties.
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Fluid calculations

Figure 3 shows the fluid computation results witto tmodelling hypotheses, by ignoring or taking into
account the FSI. The initial pressure valug(bar.

Flow velocity at the break
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Figure 3. Fluid computation solutions in termstaf flow velocity (above) and the fluid pressureldhg.
The solid lines correspond to the results withdsik &nd the dashed lines for the results with the FS
activated.

Figure 4 presents the fluid velocity increase aitgj the steady state at about 150ms.
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Fluid flow velocity
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Figure 4. Fluid velocity time evolution at the libheeak. The steady state is attained at about 150ms
Structural analysis

First, the dynamic response is computed with a e force-time function, assuming that the fluid
velocity increases instantaneously to its steadte stalue obtained by the fluid calculation (segufé 4).
The plastic strain distribution is shown in FigireEven if the simplified analytical approach piotslia
pipe whip for an initial pressure @8bar, the numerical structural analysis leads only tmaximum
plastic strain value of less than 5%, not sufficiencreate a plastic hinge, and for a much biggitial
pressure ob0Obar. When the FSl is taken into account, the maximilamtjg strain value is of about 4%,
but its increase is much smaller than for the fdire loading case, as shown in Figure 6.

—_— i

Figure 5. Plastic strain distribution. As expedteel maximum value is observed at the fixed point.
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Plastic strain evolution (at the fixed point)
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Figure 6. Maximum plastic strain time evolution, Uing a force-time loading function or a direct
coupled FSl analysis. When the FSI is taken intmant, the plastic strain increase is slower, taires
a similar maximum value as for the force-time |owggi

CONCLUSION

Three modelling approaches are considered to asltiiesanalysis of the pipe whip risk due to a HELB:
simplified analytical approach, force-time loadingmerical structural analysis and fully coupled FSI
analysis. They are compared on a simple but rept@tiee numerical example. The numerical results
show that the simplified analytical approach tetedainderestimate significantly the pipeline capacit
resisting to a pipe whip. This trend has alreadsnbabserved by previous work, but without consigri
the FSI effects. It is shown here that taking iatwount the FSI, the pipe whip resistance capacity
estimation can be further increased.

REFERENCES

ANSI/ANS 58-2 (1988). “Design Basis for ProtectiofLight Water Nuclear Power Plant Against the
Effect of Postulated Pipe Rupturegimerican Nuclear Society / American Nuclear Staddar

Roemer, R. E. and East, G. H. (1980). “Predictibharge Deformation Pipe Whip and Barrier Impact:
A Simplified Approach, Pressure Vessels & Piping Conferen8&SME pubication.

Micheli, I. and Zanaboni, P. (2003). “An analytiealidation of simplified methods for the assessnuén
pipe whip characteristicSSMIRT Conference.

Potapov, S. and Galon, P. (2005). “Modelling of Aajme 1l pipe whipping test with the EUROPLEXUS
fast dynamics codeNuclear Engineering and Desig@35, 2045-2054.

EUROPLEXUS (2017), “User's manual”, available a tlebsitehttp://europlexus.jrc.ec.europa.eu



