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1. lNTlOWCTION

In view of their abundance, piping systems
are one of the main components in power indus-
tries and in particular in nuclear power plants.
They must be designed for normal as well as -
faulted conditions, for safety requirements. For
example, in case of a sudden break, the pipe
whip must be studied in order to determine if
the free pipe may damage neighbowring structures
1ike other pipes, concrete containments, stc...
The prediction of the dynamic behaviour of the
free pipe requires accounting for several non-
linearities. For this purpose, a beam type fini-
te element program (TEDEL) has been used. The
aim of this paper is to enlight the main festu-
res of this progras, when applied to pipe whip
analysis. An example of application to a res)
case vill ﬂso he msmtad. ncore

2. MIN FMWlES OF PIPE ml' AMLYSIS

Piping ‘systems are rather flexible structu-
res. This is mainly due to the presence of pipe
bends, where the cross-section tends to ovalize.
This defomtion is accompanied by higher stres-
ses across the thickness of the pipe. In case of
an instantaneous circumferential guiliotine
break, the pipe becomes free to move and the
fluid which was initialtly at a high pressure
will comunicate its energy to the pipe. This is
most of the time depicted by the introduction of
a following jet force, applied at the free end
of the pipe. As a consequence, the piping ‘s‘.em
will undergo very large displacements, whic
will be emplified by the developments of plas-
tic hinges along the pipe, due to the high level
uf the stresses, in particular in elbows. There-
fore, the main non-Tinesrities which must be ac-
counted for in a pipe whip analysis are the fol-
Jowing : )
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- Geometric non-linearity, dve to the lar-
ge_displacements. Indeed it handles of large -
translations and rotations,-but strains can be
supposed {0_remain smal] ¢ withsa-repsonnable ac-
Cl"'lCY- .12 Zherakzer per 25 4 mm),

terid] non-linearity, since the stresses

will ovmup the_ yield:-stress, The.spread of the
plastic zones -across-a given cross-section will
result in a plastic hinge, in the usual sense of
strength, of materialss c: cic

th; :‘imms:c'h Jet. ﬂm:. ayich zu-in:itanﬁt
to 2 5, hon; ;msem ve 3
introduces an a“itim .hon-]{redrity

- Unflateral contact, vhen the pipe Impacts
another component. Indeed,. the pon-penetration
condition_for the two surﬁtts "1 contact must be
written 1o the forn of ap_Jnequality, Moreover,
it may be necessary to introduce somé non-1inear
stiffness at the contact, "to account for local
crusch rigidities. _ _

A typical conhguntion for the pipe whip
analysis §s shown oh Figure 1

- It is important to note. tha; all these.
features myst be mode)led in the analysis since
they have a strong influence’dn the impact forces
which are the desired results.

From 3 theoretical point of view, the com-
plete prodblem s such complex since the only data
are the initis) conditions (state of stresses and
pressure in the pipe) and the duration of the
guillotine break at some given location.

Consequently the fluid and the structure
behaviour should be determined on a fully coupled
basis, meaning that the relevant equations should
be solved similtaneously. The solution is not so
easy since there are different characteristic n-
riods in the problem. It is being develop’ed

a fast dynamics computer c’d e PLEXUS /1 /(73]
of the CEASEMT System /

However, as @ first approximation, it has
been chosen to uncouple the hydraulic and the
structural problems. As a result , for the whip
analysis, it is possible either to use local in-
formation, i.e. the fields of pressure, fluid
velocities and densities, or to use global infor-
mation, i.e. the jet .Jorce. The choice of one or
the other solution may depend on the geometry of
the piping system,

From a computational point of view, the use
of tridimensionnal shell finite elements would
lead to a prohibitive cost. Consequently, it is
necessary to use a beam-type finite element pro-
gram, which will supply the global behaviour of
the pipe.
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3, CENENAL PRESENTATION OF TnE TEDEL PROGIWN
[ 87097

_ TEDEL is a general purpose finite elehent
progral"bT: the CEASENT Systl, “Speclat1y dten-
ugs:mrds the calculation of trfai pens ionns )
sthictured hade-of bidis BW HIHes . The el Th” ele-
weh€6°67¢ two nodes beams and pipes, and three-
nodes flat shell elements. Some special qlements
are“WitTablle for Flptigtanmlysis' (see Hgire 2):

~ e eufyéd ‘¢Thow element,

- mitred elbow,

- T junction,

- tubes bundle element,

- contact element,

- coaxial tubes, with a sheet of water,

~ elements with a sudden broadening or
shrinking-of- the cross-section, for fluid-struc-
ture interactions.

S:aThe nodes aay have six or eight degrees of
freedom, which are the three translations, the
three rotations and for the fluid discretisation,
the pressure p and an axiliary variable x which
obeys -the following equation:ca. < e - .

d*x
-”W

_ Following the classical concepts of usua)
streogth-of materials, the dual variables are ge-
neralized stresses, which are the classical axisl
and shear forces, bending moements and torque.

-For the material behaviour, calculations may
be pérformed 1n elasticity, plasticity with iso-
tropic or kinemactic strain-hardening, or creep
with any law for the creep rate according to the
user's choice :

%st:i~f(¢.'o e, i' t ---)

e A e e el
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‘Where ¢* is an equivalent plastic strain,
o* is an equivalent stress, and T the tempera-
ture. Besides, a special attention has been given
to the modelisation of reinforced concrete beha-
viour laws : a model has been derived to account
for the cracks In the concrete and the plastic
deformation of the reinforcements, as well §s
for cyclic effects (unloading and relocading)
{ 5.7‘ 6_7077_] (see Figure 3).
- A large variety of loads may be applied to
the structure :
- noda) forces, - -: :ocore ovaztyne TLTE
- weight {including the weight of the fluid)
_= f{nner pressure,
- Uﬂ’"ﬁ'i .,".ouﬂﬁ"r\c“s, tetid
- distributed Tosds,
2o dcceleration,. .o e e
- therwol Toads,. ...
- local pressure variation (for the fluid).
-Concerning the boundary conditions, displa-
cements can be prescribed st some nodes ; equa-
Tities as well as inequalities can be written
between degrees of freedom. For flufd-structure
interactions, some ‘given pressure or flow can be
prescribed at a node, "~ -+ -
Yarious types of enalysis are possible using
the JEDEL program @ . . . e
. Static analysis, either with a V{rear or
a’'oon linear saterisl, and sssuming small
or large displacements. 1~ o vomuis- e
Moreover, it is possible to calculate the
EULER's critical Toad in the frame of the
usual elastic stability theory, or to de-
termine an elastoplastic critical load by
using some displacement monitoring stra-
tegy to compute the response of the struc-
ture /107, . . LD L. L.

. Dynaaic amalysis - either in the elastic
Tinear domain : modal snalysis ; response
analysis by modal recombination ; seisaic
amlysis by quadratic recombination of the
various sods] responses, including a cor-
rection for neglected modes, and the pos-
sibility of different spectra at different
nodes ; influence of an initial state of
stresses on the frequencies ; account for
viscous damping.

- or in the non linear
(materia) and/or geometric) domain, by
direct integration, using a Newmark type
algorithe.

An interesting feature of the TEDEL program
is the possibility to calculate the fully coupled
acoustico-mechanical behaviour of the pipe.

~ " For example, phenomena Tike the Torced vibra-
tions of 3 pipe, induced by the flow, or the ef-
fects of & water hammer, my be investigated.
“TEDEL ‘can_ determine the fréquencies of the
pipe filled witd wter, incuding the fluid fre-
quencies &nd the added mass effects, as well as
the transfert functions at one point of the cir-
cuit due to iame unit $ighal .at another point.

Moreover, it is possible to Compute the
acoustico-sechanicpl response of the pipe to the
various 10oads already mentioned, accounting for
non linear phenosiena 1ike the cavitation, the
growth of i gai bubble, the burst 6f a safety
membrane, the varistfon of sound celerity and
fluid density, etc..,, and_for singularities due
to geometries changes (see thé various elements
already mentioned).- Therefore, with such a pro-
gram, it is possible-to treat In"d fully coupled
way, the very first williseconds of the pipe whip
as long as the acoustic effects are predominant
in front of the convective terms for the fluid.
Then, it s necessary to use a computer coce like
PLEXUS. Many of the possibilities of the TEDEL
program have been validated by comparisons bet-
ween calculations ‘and efther experimental or ana-
lytical solutions. Some of them are given in
ref. [712_].

4. SOLUTIONS ADOPTED FOR PIPE WHIP ANALYSIS

In order to treat the pipe whip problem at
a8 reasonnsble cost but with a sufficient accura-
¢y, the fullowing selutions have been adopted in
the TEDEL program for the main problems already
mentionned in § 2.

In case of large displacements, equilibrium
must be written on the final configuration,
which is & priori unknown. Starting from a confi-
guration C* where the Cauchy stresses oy are
in equilibrium with Toads Ft, one must find the
displacements and stresses increments due to a
load {ncrement AF such 3s :

Feoat = Fy *+ AF
Equilibrium equation can be written as

(1) | 8] o, @, « F, equilibrivm on C,
Yy
(2)| o

teat “teat
Yeoat

v F

teat * Tteat

equilibrium on €, ¢ which s unknown.
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Where D is the matrix giving the strains in
terws of the displacements.

This second equation is sdlved by means of
anupdeated:Ragrangian tethniqoe; e, eqriddr
brium equations on Cgs At are convected on Ct ;
by?ilbauﬁlupm;"' fﬁi':&us ia gne brises

ﬁ
Iu& 'tou_ 17 3 t‘,t

t. xnr-;e:
@

Lot

vhere Jo.ae " AW,

If = denotes the an Piola-Kirchoff stress ten-
sor, we have :

*b'bcr.enen

moreover, in the local axis of the element,
we issume :t_h.."“ car. e

o "tou ST i Az, which gives :

(4)/ ['to&"t + Ar) JtOAt 8, l’t] &,
Ve
Then, an incremental elastic stress strain

law s assumed between the 2nd Piola-Kirchoff
stressand the elastic part of the Green strain :

A" .s ‘!

The usual finite elenent technique leads to
the following equation, solved in an iterative
wy t
LN et SR

uhem K is the sgiffness matrix calculated

on Cf
" AFjlg sre corrective forces due to the
non linear terms, -
_.n is the iteration index.
Some quasi-Newton acceleration techniques
are used to improve the convergence of this al-
gorithm, - se clesk re fu- :

tse ot

a, z = naurm non Yinearity °7 ¢ 77

The first approach /716 _7{714_] consists in
treating the cross section as a whole that is to
coasfder 3f_there is or not a plastic hinge at a
node. For this purpose, it is necessary to define
the yield surface 1n-terms of the generalized
stresses of -the pfpe. These are shown on Figure 4
and inclyde the inner pressure, Of course, the
choice of the yfeld surface is not unique, since
it corresponds to some measure of the state of
stresses ip an -ayerage sens. In TEDEL, a mean of
order 2 bas been assumed, which gives :

1 (A€ with 2
a’-J"’irltoa’H’ sal W eay O eaf pr

Aare interna) parameters. and ay are coef-
ficients. It must be understood, that with such
an approach ‘the cross section is or is not plas-
tic, while in reality, plasticity spreads conti-
nuously over the cross section., However, it is
possible to adjust the values of the ay coeffi-
cients, in order to decide when the plastic hinge
is forming, For example, they may be determined
on the basis of a 1imit analysis. Besides, the
plastic flow {s assumed to be given by the norma-
14ty principle, associated with the above crite-
rion, The corresponding strains are generalized
strains, 1ike relative length variation and cur-
vatures variations.

"It 1s possible to account for hardening ef-
fects through the )\ parameters : lsotropic and
kinematic hardenings havebeen implemented as fol-

Tows :

]
": c; o} € R () isotropic
i=t

5
): aj le; - X)" <R kinematic
i=1

where the o are the various generalized stresses
(N, Wy, My, C, p)and the X; are the kinesatic
hardening varfabies. The evolution of these va-
riables is assumed to be of the form :

dxy -ﬁ(c‘ - X)) &

which 515 GF the. classical _PRAGER-ZIEGLER type.

pA second approath /130715 7 has been fol-
Towed, in order, to haye s better representation
of what happens’ in the eYbows. Indeed, elbows are
very flexible if compared whith straight parts
and the ovalization of their cross section - .
results in high hoop stresses due to bending mo-
ments, This §s accounted for in the global method
by weans of an. 1ncrtja-lodification b

11" - *K- where k 15 -the wel3_ known flexibﬂi-

ty factor In TEDEL, the ASME TormiTa has been
adopted

) i

e~ tMclmess of .he pipe
r = mean radius of the pipe
R = bend radfus. - -
and the yield criterion has been modified accor-
dingly. However, for some applications like cal-
culations of pipes with thermal transients indu-
cing thermal gradients across_the -thickness, it
is desirable to have an accurate description of
the state of stresses in the pipe. For this pur-
pose,_a special pipe bend has been developped
[ 157 : it is based on Fourier's series develop-
ments of the local ovalization displacements.
Strains are calculated according to the classical
Kirchoff-Love thin shell theory.

Assuming a plane stats of stresses, stresses
are calculated using the classical Prandti-Reuss
plasticity theory. Then, a condensation technic
eliminates the local unknowns in terms of the
classical ?lobal unknowns. Integrations over the
element volume are performed numerically, using
integration points which are regularly distribu-
ted over the cross-section (see Figure 5).

Using such elements, it is possible to
follow the spread of plasticﬂy over the cross-
section, but it is more costly than the global
method.

Therefore, for pipe whip analysis, tne glo-
bal method will be preferred.

-------------

It is possible to introduce the force indu-
ced by the fluid in two ways :

- e¢ither by a nodal force, which is the jet
force and which continuously follows the geomeiry
of the pipe, In TEDEL, 1t has been treated in an
explicit way, i.e. the following force at time
t + At is estimated with the geometry at time t.
This approach is wel) fitted for sma)) radfue
pipe bends, since the agplied Yoad is Yocali.ed.
Whereas in the case of large radius pipe bends,
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“ft is advisable to distribute the force induced

by the flyid all along the bend, as done below.
- or by an interna) dynanical pressure pg

att-f;h;mcam An the yorious slements.varsus

POLD¢1)€ “gt;"r'('g) yugg) sous 1a ligne briser
cdes®as.
where @ = density

3eq 0 ppresdyre’e * urierna.t cer durchbrocnenen

Liney wid velocity

This pressure may be determined by a preli-

ainary thersohydravlical calculation. In a fully
coupled approach, such a calculation will be
-flk :ogether with the mechanical response cal-
culation.

ErnmsrcAmc =S

-. The impact of the pipe on a rigid or another
deformableé structure say be written as an ine-
quality opcthg _noda) displacements :

- _In TEDEL, two approaches have been followed
totackTewith these inequalities :° = -

- the use of contact elements, which are
activated when the inequalities are violated, and
which work only in compression. The reaction for-
ce ,deve'l{o:ged in the element is of course func-

pe

tion -of- netration which is & priori un-
known. The solution: is fo«mdh{ 1terations :
L. Aq“",'-' F.’_’o & + AF':)"J AF&)

z (O SR, IR S A S he
where L §s an operator depending on the wass and
-- stiffness matrices and the choosen algo-
rithe.”
- Fo- depends on the initial conditions at
time t ' -
& i’ the 1oad increment
AFAP) are the corrective non linear forces

AF\N) are the additionna) corrective forces
due to the contact elements.
1t must be roted thatthe toivergence of
such-an slgorithm is sosetimes difficult I The-
refore it may be advisable to use the following
The use of Lagrange's muTtipliers, which
Teads to a modification of the total potential
energy :
g0 X (A - ) o
‘The fmpact forces ‘are foumd to be - ¢
L
“The usua] “equilibriom equations supply the
displacements q in terms of the mltipliers A.

Thereforé these may be determined by maximizing
3 quadratic-fors under constraints :

R AR L R RYTE

_This problem is solved using the FRANK-WOLFE
algcrithm '/ 18_7, which 13 proved 2o converge in
3 finite number of steps. ="'~ vzt

The mein advantage of this second approach
is to be fully implicit, 1f the time integration
scheme has been chosen so.

e e -

5. EXMPLE OF APPLICATION - . . .. .

Pipe Whip tests have been performed by
C.E.A. [20_/ in France in order to investigate
the behaviour of PWR primary pipin? under LOCA
conditions. Among them tests of impacts of
whipping pipeg on rigid targets have been cal-
culated / 21 ’[ 22_/, The tested pipes were made
of a straighf part (430 mm) terminated by s sma})

Pour i page 7 € 68 JBP W IveNTRY COMMRnCce? &
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radh)ns bend and a smali rtrafght part (see Figu-
re 6).

The dimensions of the pipe were 3° schedule
80 S and the bend radius was 1.5 d.

Two gaps were investigated :

h=180mmand h = 270 ma.

The material was an austenitic stainless
steel (AISI 326 L). Operating pressure and tempe-
rature were 16,5 WPa and J20°C.

The guilliotine pipe break was Initiated by
a pyrotechnical device, with an opening time in-
ferior to one willisecond.

In a first test, a support eqyrippedwith load
cells was placed just below the elbow in order to
measure the jet force. The result as well as the
value introduced in the computation are shown on
Figure 7.

During the fmpact tests, the impact foice
Vs !gqsursg by a similar device. For the calcu-
lations; 5 simple mesh has besn yied (see Figu-

2 Crmegl agrmrma mir £ TE Sepejfr Y

A wn—‘lf&ﬁ:’}pﬂu s déen placed under
the elbow “1h ‘drder Yo dccount for the local crush
rigidity of the pipe at impact, The spring stiff-
ness'hds beed determined by means of » static
compression tést on a siaflar ¢1bow (see Figure$)
The corresponding force-displacement curve is
displayed 8p FIQUEe S0.""00 o yigze g ver s -2

_CaTculations were performed fqr, the two
different gaps. Figure 11 shows the predicted
deformed geometries &¥ Tipict? The’tomparison
between measured and_calculrted impact load is
displayed on Figurd 19,5 ~s-ersumn.

It mist>be noted that, ¥n these calculations
the influencé of ‘the strain rate on the moterial
properties has not deen acobumited for. Obviously,
this should be the case, in particular for the
additional non Vinea¥® spring. In TEDEL, it is
possible to introduce a stress-strain curve de-
pending on the strain-rate ; for example, one of
the few Taws avatlable ¥n Vitterature could be
adopted DAL UL LTS E L JG;‘" ene F g o0 'f

me. =

%ynamic (e, &) % tatic (€) x |1+ (ae

6. CONCLUSION

the TEDEL grogm has proved to be effi-
cient for calculations of the pipe whip. The glo-
bal method for plasticity and the Lagrange muiti-
pliers technic for undlateral constraints enable
rather cheap calculations, with sufficiently lar-
ge steps. However, the pro?ru does not account
or phenomens 1ike the full coupling betwenn the
flutd and the pipe, and an sccurate description
of the impacted zone. This will be trested by
the PLEXUS program which is being developped.
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Fig. 1 - Display of whipping pipe with non linear
crush stiffness




Fig. 2 ~ Tedel elements
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Fig. 3 - Global behaviour law for reinforced concrete
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Fig. & - Generalized stresses for a pipe

Fig. 5 - Integration points over the cross-section
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Fig. 6 - Scheme of test facilities for pipe whip
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Fig. 8 - Model used for computations
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Fig. 9 - Static test for the determination of
local crush rigidity of the elbow
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Fig. 10 - Load - Displacement curve




1 - lnitial geometry
2 - Deformed geometry at impact (gap 180mm)
3 - Deformed geometry at impact (gap 270mm)

Fig. 11 - Caculated deformed geometry at impact
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Fig. 12 - Calculated and experimental impact load



