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1 . INTRODUCTION 

In view of their abundance, piping system 
are one of the win components in power indus­
tries and in particular In nuclear power plants. 
They oust 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 i f 
the free pipe may damage neighbouring structures 
like other pipes, concrete containments, e tc ; . . 
The prediction of the dynamic behaviour of the 
free pipe requires accounting for several non-
linearities. For this purpose, a beam type f i n i ­
te element program (TEDEL) has been used. The 
aim af this paper is to enlight the main featu­
res of this program, when applied to pipe whip 
analysis. An example of application to a real 
case will also be presented, net 

2. MAIN FEATURES Of PIPE WHIP ANALYSIS 

Piping systems are'rather flexible structu­
res. .This is mainly due to the.presence of pipe 
bends, where thé cross-section tends to bvaliie. 
This deformation is accompanied by higher stres­
ses across the thickness of the pipe. In case of 
an instantaneous circumferential guillotine 
break, the pipe becomes free to move and the 
fluid which was ini t ia l ly at a high pressure 
will communicate 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 sys'.em 
will undergo very large displacements, which 
will be emplified by the developments of plas­
tic hinges along the pipe, due to the high level 
ui the stresses, In particular in elbows. There­
fore, the main non-linearities which must be ac­
counted for in a pipe whip analysis are the fol­
lowing : 

- Geometric non-linearity, due to the lar­
ge displacements. Indeed i t handles of large -
translations, «nd rotatians.but-ttrains can be 
supposed to remaiB small cji1^is*>r*esonnab1e ac­
curacy. .',2 Cha'alcer per 25 4 r\m). 

- Material non-linearity, since the stresses 
wi l l overstep the yield stress. The spread of the 
plastic 2on*s across a «iyenjcross-section will 
result in a plastic hinge, in the usual sense of 
strength, »f aater iaU* <j«cic 

- Following Jet f«rcc..«hid«eaains:tangent 
to the pipe.Such a.lfladis.flon-ccmservatlve and 
introduces ah addit,1oJu4^n««n£fl*ai;îty. :. 

- Unilatéral contact,'when the pipe impacts 
another component. Indeed, thernoo,-.nenetratïon 
condition fpi* the two surfaces ty contact must be 
written in the fom;of ràh. Inequality ̂ .Moreover, 
i t may be .necessary to introduce some non-linear 
stiffness at the contact,'to account for local 
crusch rigidit ies. t __. , . . . T...... • , 

A typical configuration for the pipe whip 
analysis is shown on Figure 1 . 

I t is important to note that.al l these, 
features must be modelled in the analysis,since 
they have a strong influence on the impact forces 
which are the desired results. 

From a theoretical point of view, the com­
plete problem is much complex since the only data 
$rt the init ial 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 simultaneously. The solution is not so 
easy since there are different characteristic pe­
riods in the problem. I t Is being developped In 
a fast dynamics computer code PLEXUS /*1 / /*3 ? 
of the CEASEMT System f2 J. 

However, as a f i rst approximation, i t has 
been chosen to uncouple the hydraulic and the 
structural problems. As a result , for the whip 
analysis, i t 1s 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 .orce. 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 tridimensionnel shell f inite elements would 
lead to a prohibitive cost. Consequently, i t Is 
necessary to use a beam-type f inite element pro­
gram, which will supply the global behaviour of 
the pipe. 
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TEKL Is a general purpose f in i te element 
pro^«"6r tte XWBff^yst i i^si ie^al t f lBr len-
ted towards the calculation of trldlMensiswial 
strfcturtrWdrerbeWtf Sr^fpes ! â TKè*iÉWtle-
MehCTïre* two nodes beams and pipes, and three-
nodes f lat shell, eleaents. Sow special dements 
aréfWTTiMe-fôt» tfp1*W*"yfls%eVWgofe 2) : 

'-••"* «urvêa^lbow eleaent, 
- mitred elbow. 
- T junction, 
- tubes bundle eleaent, 
- contact eleaent, 
- coaxial tubes, with a sheet of we ter, 
- eleaents with a sudden broadening or 

shrinking of the cross section, -for -ftuteVstruc-
ture interactions. 

3 J The «odes «ay 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 axillary variable * which 
obeys the following equation :=• t ; -

« *** 

, Following the classical concepts of usual 
strength of Materials, the. dual variables are ge­
neralized stresses," which «re the classical axial 
and shear forces', bending moments and torque. 

.For the Material behaviour, calculations nay 
be performed In elasticity, plasticity with iso­
tropic or kinemsctic strain-hardening, or creep 
with any law for the creep rate according to the 
user's choice : 

i f ' • ' ( • * . **> "• t ...) 
Where <* Is an equivalent plastic strain, 

o* Is an equivalent stress, and T the tempera­
ture. Besides, a special mention has been given 
to the Modélisation * f reinforced concrete beha­
viour laws : a nodel has been derived to account 
for the cracks in the concrete and the plastic 
defonation of the reinforcements, »s well as 
for cyclic effects (unloading and reloading) 
C*JC*Jl"lJ (••• F 1 9 u r * 3>-

A large variety of loads aay be applied to 
the structure : 

- nodal force»,-.- -> ; ---r- >-. .-•.--. '•.•>.• = _ ; T E 
- weight tiocludlng the weight of the fluid) 
• Inner pressure, 
- uniform rotation,' 0" 5"" 
• distributed loads, 

; - a c c e l e r a t i o n . . C 3 . 3 . . r c : , ! e s 

- theraal loads*..,», 
- local pressure variation (for the f luid) . 
Concerning the boundary conditions, displa­

cements can be prescribed at some nodes ; equa­
l i t ies as well as inequalities can be written 
between degree* of freedom. Tor fluid-structure 
Interactions, some given pressure or flow can be 
prescribed at a node. 

Various types of analysis are possible using 
the I t o a prograa : 

. Static analysis, either with a linear or 
~ a non linear material, and assuring smalt 

or large displacements. 31 , ; - ~ ; n „ ; - -
Moreover, I t is possible to calculate the 
EULER's critical load In the frame of the 
usual elastic stability theory, or to de­
termine an elastoplastlc crit ical load by 
using some displacement monitoring stra­
tegy to compute the response of the struc­
ture ^"10 7. .._ 

. Dynamic analysis - either In the elastic 
linear domain : Modal analysis ; response 
analysis by modal recombination ; seismic 
analysis by quadratic recombination of the 
various modal responses. Including a cor­
rection for neglected modes, and the pos­
sibil i ty of different spectra at different 
nodes ; influence of an In i t ia l state of 
stresses on the frequencies ; account for 
viscous damping. 

• or in the non linear 
(material and/or geometric) domain, by 
direct integration, using a Newmark type 
algorithm. 

An interesting feature of the TEKL program 
is the possibility to calculate the fully coupled 
acoustiço-mechaniçal behaviour of_ the pipe. 

Tor example, phencmena'Tlie tne7orced vibra­
tions of ,ap*pe, Induced by the flow, or the ef­
fects of «„rwater hammer, .may be Investigated. 

TEDEl can determine ihe frequencies of the 
pipe f ined with *ater,:including the fluid fre­
quencies and the added mass effects, as well as 
the transfert functions.at one point of the cir­
cuit due toiome unit signal at another point. 

Moreover, i t "is possible to compute the 
acoustlco-mechaiical response of the pipe to the 
various loads already mentioned, accounting for 
non linear phenomena like the cavitation, the 
growth of a gaz bubble,'the burst of a safety 
membrane, the variation of sound celerity and 
fluid density, etc..., , and for singularities due 
to geometries changés t see the various elements 
already mentioned) .Therefore, with such a pro­
gram, i t is possible to treat' in "a fully coupled 
way, the very f i rs t milliseconds of the pipe whip 
as long as the acoustic effects are predominant 
in front of the convective terms for the f luid. 
Then, i t Is necessary to use a computer code like 
PLEXUS. Many of the possibilities of the TEOEL 
program have been validated by comparisons bet­
ween calculations "and either experimental or ana­
lytical solutions. Some of them are given in 
ref . 1**12.7. 

4 . SOLUTlWtS «JOTTED FM MPC HH1P ANALYSIS 

In order to treat the pipe whip problem at 
a reasonable cost but with a sufficient accura­
cy, the following solutions have been adopted In 
the TEDEL program for the main problems already 
mentlonned In § 2. 

*•' - §ç9f5îrisfî.n90.I!D«§r!iï I'vJ 
In use of large displacements, equilibrium 

must be written on the final configuration, 
which 1s a priori unknown. Starting from a confi­
guration C» where the Cauchy stresses »t *re 
in equilibrium with loads Ft, one must find the 
displacements and stresses Increments due to a 
load Increment AF such as : 

F t * * * F t * A F 

Equilibrium equation can be written as : 

(1) / BJ ot dVt • F t equilibrium on C t 

<*> »U V * *f* ' Ff* 
,rt*At 

equilibrium on C , + « which 1s unknown. 
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Where B is the Mtr lx giving th» strains in 
tents of the displacements. 

This second equation Is solved by «ans of 
an>»»^t«4Ugrw»|*aji*ecB»tqo»i-1i».*<( lr1W» r, 
brim équations on Ct* M •» * convKted on Ct ; 
by?substimc£lRg:>tt)<r«* fini'scus a !^ne sr set 

d»» 

. , A F 
bfcerener 

where J t«.ot 
't*At 
I T 

I f » denotes the 2nd Piola-Klrchoff stress ten­
sor, we have : 

«t _"_*t 
horeover, in the local axis of the element, 

we:assujae that x _.,.,_ 

: V a t ~ *t*at ' \ * A ** * h i c h s 1 v e s : 

A F 

'"t 
Then, an Incremental elastic stress strain 

law is assumed between the 2nd Piola-Kirchoff 
stress and the elastic part of the Green strain : 

The usual f ini te element technique leads to 
the following equation, solved in an Iterative 
m\*l?$- AF *AF, M 

on Ct 
where K ( is the stiffness Matrix calculated 

AFKJ. are correctl ve forces due to the 
non linear terns. 

n is the iteration index. 
Some quasi-Newton acceleration techniques 

are used to improve the convergence of this al ­
gorithm.-?<" ^ : * r - '••-•• r*~ '• "•'•" ft-,.-.; 

4.2h»toteHjVnw:ï inearî t ï ' G ~ \ ": 

The f i rs t approach ^"16_7^"14_7 consists In 
treating the cross section as a whole that is to 
consider i f there 1r. or not a plastic hinge at a 
node. For this purpose, I t is necessary to define 
the yield surface 1» tents of the generalized 
stresses of the pipe. These are shown on Figure 4 
and include the Inner pressure. Of course, the 
choice of the yield surface Is hot unique, since 
I t corresponds to sow Masure of the state of 
stresses in an average sens. In TEDEL, a Mean of 
order 2 bas been assumed, which gives : 

* {•>,•-»)•<"», with : 

«* • Jo», H» ,\; *J Wy * o j M» • a j C • a£ p» 

Xare Internal parameters, andaj are coef­
ficients.. I t must be understood, that with such 
an approach, the cross section is or is not plas­
t ic , while 1n reality, plasticity spreads conti­
nuously over the cross section. However, I t 1s 
possible to adjust the values of the <*\ coeffi­
cients, In order to decide when the plastic hinge 
1s forming. For example, they may be determined 
on the basis of a limit analysis. Besides, the 
plastic flow Is assumed to be given by the norma­
l i ty principle, associated with the above crite­
rion. The corresponding strains trt generalized 
strains, like relative length variation and cur­
vatures variations. 

I t Is possible to account fo* hardening ef­
fects through the X parameters : Isotropic and 
kinematic hardening* have been Implemented as fol­
lows : 

i 
i 

] ~ u\ »\ < * (X) Isotropic 
1-1 

t> 
1»1 

<»i - V 4 R kinematic 

where the o\ are the various generalized stresses 
(N, Hy, Hz, C, p)and the Xf are the kinematic 
hardening variables. The evolution of these va­
riables is_assumejH» be .of JUWJ form_: 

dXi -fii^ - X , ) dX 
which e l ï of the classical PRAGER-ZIEGIER type. 

* second *VproaÇfi7"33^jr*fÇ,î.has been fol ­
lowed. In order, to nave .a bette'" representation 
of what happens in the'elbows. Indeed, elbows are 
very flexible I f compared whith straight parts 
and the ovalizatlon of their cross.section -
results in high hoop stresses due to'bending mo­
ments. This is .accounted for in the global rethod 
by means of an Inertia-modification £___. . 

I ' \ \ where k H the well known f lex ib i l i ­
ty factor. In TETCt, WASME formula has'been 
adopted : 

• R . . , - , . . - - . ... , 

, < e « . thickness of the pipe 
| r > mean radius of the pipe 
\R * bend radios-

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» 1t 
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 
l~15 7 : I t is based on Fourier's series develop­
ments of the local ovallzation displacements. 
Strains are calculated according to the classical 
Kirchoff-love thin shell theory. 

Assuming a plane sta*t of stresses, stresses 
are calculated using the classical Prandtl-Reuss 
plasticity theory. Then, a condensation technlc 
eliminates the local unknowns In terms of the 
classical global unknowns. Integrations over the 
element volume are performed numerically, using 
integration points which are regularly distribu­
ted over the cross-section (see Figure S). 

Using such elements. I t 1s possible to 
follow the spread of plasticity over the cross-
section, but I t 1s more costly than the global 
method. 

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

*-3 - EsllwiDs.fçrss 
It Is possible to introduce the force Indu­

ced by the fluid 1n two ways : 
- either by a nodal force, which 1s the jet 

force and which continuously follows the geometry 
of the pipe. In TEDEL, it 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 well fitted for small radiu< 
pipe bends, since the applied load Is locall.ed. 
Whereas in the case of large radius pipe bends, 

http://iEv.LEVe.N-
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I t is advIsablTto distribute the force induced 
by the fluid a l l along the bead, as done below. 

- or by an internal dynamical pressure pg 
whic* «ay^aryrV>ctA* JW-JOM> pJjP*otteW»»s 
time : 

P o i - M t ) * M«T*"*tt) W f ) s o t J ! , a ' ' 9 n e b f , 5 e t 

where f • density 
3egr«-:-a BfeSs'tftt'? " ur:er«a:b aer durc^brocnene? 
Lm.ev-^itTirttf velocity 

This pressure «ay be determined by a pre l i ­
minary thenohydraulical calculation. In a ful ly 
coupled approach, such a calculation wil l be 
aade together with the mechanical response cal­
culation. 

— 4 . 4 ^-^1^teraJ-çortact.£ML7£49._^ 
. The lajpact of the pipe on a rigid or another 

deformable structure may be written as an ine­
quality on the nodal displacements : 

In TEDEL, two approaches have been followed 
totacklewith these inequalities : L 

- the use of contact elements, which art 
activated when the inequalities are violated, and 
which work only in compression. The reaction for­
ce developped In the element is of course func­
tion -of the penetration which is a priori un­
known. The solutionis foundry iterations : 

L.Aq J»*1> f. *6F •AF^'*AfJc ) 

where L is an operator depending on the «ass and 
stiffness natrices and the choosen algo­
rithm»; 

1 F. depends on the in i t i a l conditions at 
time t 

~ is the load increment 
P) are the corrective non linear forces 
3) are the additionnai corrective forces 

due to the contact elements. 
- i t must be noted that the'convergence of 

such an algorithm is sometimes d i f f i p i l t I The­
refore il'may be advisable to use t *e following 

The use of Lagrange's multipliers, which 
l«ads to a modification of the total potential 
energy : 

~ t f « H > * X* ( A q - C ) 
The impact forces are found to" be V- ''-
,F 1 • A*X 

' The usual equïTibrium equations supply the 
displacements q in terms of the multipliers X. 
Therefore these may be determined by maximizing 
a quadratic form under constraints : 

tox-j E, X« * .C , X •» E, with X > •:-: 

This problem is'solved'using the FRANK-WOLFE 
algcrlthm ('16 ?, which Is prowd t o converge In 
a f in i te lumber of steps. = ' ' : " ' I Ï • • * " • 

The main advantage of this second approach 
Is to be fu l ly Implici t , i f the time Integration 
scheme has been chosen so. . ,... , . 

5. EXAHPLE OF APPLICATION : ,,-. 

Pipe Whip tests have been performed by 
C.E.A. I 20.7 1n France 1n order to investigate 
the behaviour of PUR primary piping under LOCA 
conditions. Among them tests of Impacts of 
whipping pipes on rigid targets have been cal­
culated I 21 71 22.7. The tested pipes were made 
of a straight part"{430 mm) terminated by a small 

radius bend and a small straight 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 • 180 mm and h - 270 mm. 
The material was an austenltic stainless 

steel (AISI 326 L). Operating pressure am' tempe­
rature were 16,5 NPa and 320*C. 

The guillotine pipe break was initiated by 
a pyrotechnical device, with an opening time in­
ferior to one millisecond. 

In a first test, a support equipped with 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. 

"Dûrfng the Impact tests, Ine Impact Torcé 
was measured by a similar device. For the calcu-
W ^iMM , i !«^. lrT», k W , eKP d <»•• "9"" 

A non-îfne»V >pr1nfl?*S.1)e«n placed under 
the elbow in order to account for the local crush 
rigidity of the^lpe at impact. Jhe spring stiff-
riessVbas'oeeo .determined by means.pjt a static 
compression test on"a similar elbow tsee Figure 9) 
The corresponding force-displacement curve Is 
displayed oo^f lgur* •^ : : .^ s ^, t p « ^ ^ 

Calculations were performed for the two 
different gaffer. Figure!I showstfcêpredlcted 
deformed geometries at 1mp»ctV tné'coaparlson 
between measured and calculated impact load is 
displayed ©hTlgure ^ . E * ' =« ^'9^^ 

It must'benoterf that ."in these calculations 
the Influence of ;thë:stra1n rate'on'the material 
properties Ws not" oeen accounted for. Obviously, 
this should be the case, In .particular for the 
additionaV non linearspring. In'TEDEL, i t is 
possible to introduce a stress-strain curve de­
pending on the strain-rate ; for example, one of 
the few laws available in littérature could be 
adopted f»-'> t"e' ,P'" i fo^c-scr . .* . jc^r e ne r-f^- o: 

"dynami c U . O * •stat1c' ( < ) x ^ • ( « e r 8 ] 

6. CONCLUSION, 

the TEOEL program has proved to be e f f i ­
cient for calculations of the pipe whip. The glo­
bal method for plasticity and the Lagrange multi­
pliers technic for unilateral constraints enable 
rather cheap calculations, with sufficiently lar­
ge steps.However, the program does not account 
for phenomena like the fu l l coupling betwenn the 
f lu id and the pipe, and an accurate description 
of the Impacted zone. This wi l l be treated by 
the PLEXUS program which Is being developped. 
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Non linear spring 

Rigid target 

Fig. 1 - Display of whipping pipe with non linear 
crush stiffness 
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Fig. 3 - Global behaviour lav for reinforced concrete 



Fig. 4 - 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. S - Model used for computations 



Fig. 9 - Static test for the determination of 
local crush rigidity of the elbow 
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1 - Initial geometry 
2 - Deformed geometry at impact (gap 160mm) 
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 


