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ABSTRACT

A methodology has been developed and applied to the requalification of the
high-energy piping at the Santa Maria de Garofia Nuclear Power Plant in
Spain. It provides techniques for evaluation of pipe-whip and jet effects on
various structures inside containment liner, reactor pedestal, shield wall, pipes
and penetrations. Items of little structural strength ( such as cables, conduits,
ete.) were excluded from this approach for obvious reasons.

The methodology developed breaks down the evaluation effort into various
levels of decreasing conservatism and increasing complexity and cost. Higher
evaluation levels are applied only to interactions where lower levels fail and
where there is a reasonable expectation that more realistic analvsis might
demonstrate acceptability. The lower levels of evaluation are described in this
paper for the pipe-on-pipe impact interactions, targets other than pipes are
relatively straightforward.

1 INTRODUCTION

The licensing of new plants and the qualification of existing plants requires

the consideration of effects arising from postulated breaks in high-energy

lines. If the resulting jets or whipping pipes affect equipment or components

(with safety-related functions in relation with the postulated break), their

structural integrity and functionality has to be guaranteed. This can be

achieved either by demonstrating sufficient ruggedness, or by obviating the
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problem by means of hardware (restraints, screens, deflectors, etc.). The
present paper is oriented towards the first solution.

2 JET IMPINGEMENT LOAD

Calculations of jet impingement loads on various targets are based on the
methodology presented in ANSI/ANS 58.2.! The basic assumptions that are
used in the modeling are given below:

—For flashing fluids the jet area expands uniformly at a half-angle not
exceeding 10°. It remains equal to the break area for saturated water
and subcooled fluids.

—The impingement force is uniformly distributed across the cross-
sectional area of the jet, and only the portion intercepted by the target is
considered.

—The total jet impingement force across any cross-sectional area of the
jet is time and distance invariant.

—In the case of a circumferential break, the break opening is a circular
orifice of cross-sectional flow area equal to the flow area of the broken
pipe.

—For longitudinal breaks, circular jet shapes identical to those for
circumferential breaks are assumed. The jet 1ssues [rom the break
opening with its centerline normal to the opening area and the pipe
centerline.

—The flow across the cross-section of the jet is parallel to the axis of the
jet.

The equivalent static jet impingement load is calculated taking into account
the momentum change of the jet caused by the target.

The applied load on the target for static stress analysis is determined by
using a dynamic load factor of two, which is conservative.

Fs‘ = (DLF]KK¢(Pe o P‘\)A{A[/A_]] (1)

Where, F_ is the equivalent static impingement force, (DLF) is the dynamic
load factor assumed equal to two, K is the thrust factor equal to 1-26 for
flashing fluids and equal to 2-0 for sub-cooled nonflashing fluids, K, is the
shape factor given below, P, is the fluid pressure in the pipe, P, is the ambient
pressure around the target, 4 1s the area of the jet at the break, 4, is the cross-
sectional area of the jet normal to the jet centerline at the impingement plane
and A, is the target area at the impinged-upon portion of the target cross-
sectional projected area normal to jet centerline at the impingement plane.
The shape factor is a measure of the target’s potential for changing the
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momentum of the jet. The shape factors for three sample cases relevant to
the present study are given below.

(a) Circular jet impinging on pipe with jet diameter less than pipe
diameter (Fig. 1a).

K, =(1—0424D,/Dy)sin f 2)

Where, D, is the diameter of the jet at the impingement plane, D, is
the diameter of the target pipe and f is the inclination angle of the jet
centerline with respect to the pipe axis.

(b) Circular jet impingement on pipe with jet diameter greater than pipe
diameter (Fig. 1b).

K,=0576sinf (3)

This value of K, can be conservatively used when the pipe cross-
section for the target is completely submerged in the jet, even in the
case when the jet centerline does not intersect the pipe axis.
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Fig. 1. (a) Shape factor K, D; < D,,. (b) Shape factor K, D; = Dy (c) Shape factor K, for
partially submerged target.
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(c) Circular jet impinging on pipe with target pipe partially submerged
in the jet (Fig. lc).
In this case the impingement area can be conservatively
approximated by the area shown in dotted lines.

qu:(nd)ogisin 2qb0> sin /(1 — sin ¢) (4)

Where, sin¢g, = (H —r/r), r; is the radius of the jet at the im-
pingement plane, » is the radius of the target pipe and f§ is the
inclination angle of the jet centerline with respect to the pipe axis as in
cases (a) and (b).

3 PIPE MISSILE KINETIC ENERGY DETERMINATION

After a postulated guillotine break, the broken pipe is accelerated by the
unbalanced pressure and momentum of escaping fluid. A pipe whip
interaction will be assumed to occur if a sufficient fluid source is applied so
that the ruptured pipe either forms a plastic hinge and whips about this
plastic region, or moves elastically and impacts targets within its reach.

The first step in the determination of the load and/or energy imparted to
the target from a whipping pipe is the assumption of the location of the pivot
point about which the broken pipe whips. This point dictates the length of
span to be considered in kinetic energy and velocity calculations, and is
determined from inspection of the piping isometric drawings. The pipe
layout in the region of the postulated break is examined and the pivot point
selected based upon considerations of pipe bend locations and adjacent
supports.

As the pipe whip phenomenon is considered to be the uncontrollable
whipping of a pipe, two cases are considered. Depending upon the length of
the whipping pipe and the distance from the break point to the target, the
whipping pipe may either form a plastic hinge, thus dissipating some of its
energy prior to impact, or it may remain as an elastic system. For the
purpose of the analysis presented here, the whipping pipe can be idealized as
a cantilever, free at the break location and fixed at the plastic hinge (see
Fig. 2). The minimum deflection at which a plastic hinge can form is given
by:

. M L?
§ =02
P 3E]

(5)

If the distance to the target, d, is d > d, then a plastic hinge is formed. The
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Fig. 2. Simplified whipping pipe model.

work done in forming the plastic hinge and accelerating the whipping pipe is
equated to the rotational kinetic energy of the missile pipe.

(FL— M )6 = 116* (6)

where F is the thrust force, L is the span of the whipping pipe, M, is the

plastic moment, 6 is the angular rotation, [ is the mass moment oflnertm of

the pipe rotating about the hinge and 0 is the angular velocity at impact.
The plastic moment, M, is given by:

M,=30,(r5— 1) (7)

where o, is the yield stress and r, r; are the outer and inner radii, respectively.
The mass moment of inertia is given by:

I=ml? (8)

where m = ym, + m, is the effective mass of the system as shown in Fig. 2.
Based on eqn (2), the angular velocity is given by:

s | AFL— M )0 |12
0= [m( o) jl )]
I
and the eflective impact velocity normal to the target is given by:
V=_L0sinp (10)

If the plastic hinge does not form before impact, the whipping pipe may be
considered to be a SDOF system subject to a suddenly applied constant
load F.
The equation of motion governing the problem in this case is:
K F
i+—x=— (11)

m m
where x, ¥ are the displacement and acceleration, m is the effective mass and
K is the stiffness of the whipping pipe.
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Considering zero initial conditions, the equation can be solved.

.\':;(1 — cos mI) (12)
A"=F?wsinwl (13)

For the assumed cantilever whipping pipe, the stiffness and the mass are
given, respectively, by K=3EI/L* and m=%m, +m,, and the natural
frequency is given by W= (K/m)'/2.

The displacement, §, at impact is the known distance to the target. Thus,
eqn (12) may be solved for ¢, the time at impact. The velocity at impact is
obtained by substituting the impact time into eqn (13).

The essence of the lower level procedures proposed here is the assumption
that the effective missile energy is dissipated plastically in the interaction.
The effective energy of missile is defined as the part of its kinetic energy
which corresponds to the velocity change effected by the impact. The
assumption can be formulated as follows:

a

E= J F(x)dx (14)
0

where E is the effective missile kinetic energy, F(x) is the force of interaction

developed as a function of the relative missile-target displacement x, and d is

the relative displacement for which E is dissipated.

The structural survivability of the target can then be assessed by judging
whether it can successfully sustain F(J) as a static load. The method is
conservative but useful for quick dismissal of many safe interactions.

The procedure hinges on the determination of F(x), that is, the function
relating the forces developed to the interpenetrations produced. The
derivation of F(x) is discussed in the next section.

4 PIPE WHIP INTERACTION LOAD FORMULATION

When considering the collapse of a pipe, two different mechanisms can
contribute relative displacements (see Fig. 3):

1. Local collapse, which occurs as a progressive ovalization of the
section directly involved, regardless of possible displacements of the
pipe axis.

2. Structural collapse, which appears as a progressive displacement of
the pipe axis from its initial position; such deformations may occur
independently of whether the local section changes shape or not.
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Fig. 3. Pipe collapse mechanisms: (a) local, (b) structural.

The two mechanisms clearly operate in series. As a first approximation they
can be considered to be mutually independent. There are however some
cross-influences, e.g. large ovalizations facilitate the formation of a
structural hinge at that location and large axis displacements require some
ovalization to take place.

4.1 Pipe local collapse

Following the Enis er al. approach,? built on the experiments of Peach et al.,?
local collapse is resisted by two additive mechanisms.

(a) Ring crushing, which generates a force proportional to the crushed
length.

(b) Indentor crushing, which is the strength contribution by the rest of
the pipe outside the crushed length, an effect which is independent of
the crushed length.

Consider a pipe with the following characteristics: wall thickness, ¢, outside
diameter, D, Young's modulus, E, yield stress, ¢,, and length of pipe crushing
asaring, L, which can be assumed to be two times the outside diameter. The
force-displacement relation for local collapse is as per Ref. 2 (see Fig. 4):

F=Fo+Kx (15)

where F, is a constant value, Kis the local crushing stiffness and x is the pipe
diameter reduction. The constant value F is built up by the additive
contribution of two terms:

F=Fy + Fy, (16)
The first corresponds to the ring effect:
Fyy =K, Ac (17a)
K, =448EL (:/D)*/(1 —t/D)? (17b)
Ac=400,L t(1/D)*(1 — t/D)(K,, — K,,) (17¢)
K, =4-86a,L (1/D)*/(1— t/D) (17d)
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Fig. 4. Force-displacement relationship for pipe local collapse.

and the second corresponds to the indentor effect:
Fy, = 13-66(1/0-886)%(1-143/D)"'27 -

where 1, D are expressed in meters and F,, in newtons. On the other hand, the
pipe stiffness, which is the slope of the resulting load—crush curve, is also
obtained by adding the contributions of the ring and indentor crush effects:

K=K, + K;; (19a)
K, = 3-12/D(t/0-886)(1-143/D)°%7 (19b)

where K,, was defined by eqn (17d), 7, D are expressed in meters and K, in
N/m.

Local deformations must be bound by a limit of what is admissible. Based
on experiments from Clendening e al.* and analytical considerations from
Prinja et al.,’ it seems appropriate and conservative to limit local collapse to
decrease in the section diameter below 30%.

4.2. Pipe structural collapse

From the point of view of structural collapse, a target pipe can be considered
as a beam provided with some support conditions and subjected to a
concentrated load. The bending stiffness of the pipe is dependent upon its
boundary conditions, length and cross-section properties, and is found by
using standard beam formulas. As the load increases, elastic deformations
continue until a first plastic hinge develops (F,, X,). This produces a knee in
the force—displacement relationship which describes structural collapse (see
Fig. 5). Further increases in the load result in activation of hardening at the
hinge end, eventually, in the formation of a second hinge (F,, X,), etc. The
process continues until unacceptable plastic strains occur at one of the
plastic hinges formed.

The limiting factor for an applied equivalent static load is the resulting
strain in the target pipe material. This strain is not to exceed 45% of the
minimum ultimate uniform tensile strain of the material at the appropriate
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Fig. 5. Force-displacement relationship for structural collapse, limited by development of
45% of ultimate strain in a hinge.

temperature. The allowable strain limit is based on correlations between the
results from this simplified procedure and the results obtained from finite
clement analysis using the ANSYS computer program.®

Pipe whip interactions which meet the conditions of eqn (20) are
immediately judged to be acceptable as per Ref. 1.

d>d, and L=t (20)

L=t
Where, d,, d,, and 1, t,,, are the diameters and wall thicknesses of the target
and whipping pipes respectively. For the jet impingement and pipe whip
load interactions which do not satisfy eqn (20), the following procedure for
evaluating the limit loads of acceptability applies. The target pipe is idealized
as shown in Fig. 6.
Comparing the total strain to the strain limit previously established gives:

M,  M(W)-Zo,
SE, SE,

where W is the impact force applied, M, is the bending moment, £y, 1S the
ultimate uniform tensile stress, S and Z are the elastic and plastic section
modulus, £, is the Young's modulus, E, is the slope of a line connecting the
yield point to that of ultimate uniform strain on the stress—strain curve, M,
and M, are the plastic and elastic section moments.

Equation (21) represents the strains produced by the internal forces in
equilibrium at one hinge. For that section, the stress distribution is shown in
Fig. 7.

<045¢,, (21)

W IMPACT

(a)
Fig. 6. Simplified target pipe model: (a) original configuration, (b) after hinge formation.
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Fig. 7. Strain and stress distributions at plastic hinges.

=

The derivation of the initial part of the structural force-displacement
curve is straightforward. Each force—displacement pair, F,, X, correspond-
ing to the formation of a new hinge is easily found from classical beam
collapse analysis. When the number of hinges is already equal to the degree
of hyperstaticity of the structure, deformations continue until an allowable
strain limit is reached at one of the hinges. The derivation of that last leg of
the force displacement curve is less obvious. The approach proposed for
obtaining the last pair, F,, X, is given below.

The balance of forces and moments imposes (see Figs 8 and 9):

M,=W,a
M, +M,=W,b (22)
W=W,+ W,
All three equations (22) can be combined into one:
woM MM, (23)
a b

The rotation at the plastic hinges can be expressed as per geometrical
relationships given in Fig. 6(b).

o+ f=20 (l + %) for hinge No. 1 (24a)
a I
I3 —g for hinge No. 2 (24b)
w

Wl \9 G/Tﬁ)’”
M
~.,

Fig. 8. Equilibrium configuration at structural collapse and bending moment distribution.
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Fig. 9. Bending moment distribution at structural collapse.

where J is the deflection at the load application point and a, § are the
rotations at the ends of the beam.

From Fig. 9, showing the bending moment distribution, the following
geometrical relationships can be established:

bM,

b, ~% i (25)
e (6)
= a%WJMO 27)
d:blM‘A;Mozbﬁi+$z (28)

where M, = Zo,.
On the other hand, the rotation at the plastic hinges can also be expressed
as being produced by the bending moments M,, M, respectively.

1l e+d

a+ﬂ=ﬁT(M1—Mo) (30)
2
1

b= 13(Ma2=Mo) (31)

Dividing (30) by (31) and substituting « + § and f from (23) and (24),

l+é_c+dM1—Mo
a e M,—M,

(32)
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Substituting ¢, d and e from (27), (28) and (29),

M, — My\? aM,+M, b
—— |1+ ————=)=14+- 33
(M2M0)< +b M, +a (33)
Equation (21) can be written as follows:
Zo
M= (0.455uu — & gﬁ) SE, (34)

where M| is the maximum allowable moment for the strain limit assumed.
Depending on the moment distribution (Fig. 9), the maximum allowable
strains could be reached first at either one of the two hinges. For this
configuration, it can easily be seen that the limiting hinge will be 1 if & > a\/i
and 2 otherwise.

Onceitis known that M, = M, (or M, = M, depending on the particular
case), eqns (33) and (23) can be solved for M, (or M,) and W. The values of
M,, M, and W calculated in this way are the limit values at structural
collapse.

4.3 Combination of effects

The local and structural collapse mechanisms of both missile and target
pipes act as nonlinear springs operating in series. At each value of the force
F, the global tangent stiffness is:

= : (35)

Y (1/K)

where K, is the tangent stiffness of mechanisms i at that value of the force (see
Fig. 10 as an example for a target pipe). This combination procedure permits
generating a force—displacement relationship F(x), as sought, for represent-
ing the energy dissipation characteristics.

F
F3
F F i —— — — —r=r
Fsr————=> - _ __ _ tan (1 Kge 1/K4)!
Fa b———= e | B | |
. mf‘x‘: 0 tan 'y | Fol —— tan 10 Kae 1 Kay B
g | | | F. Ex ||¢xn-1K2I |
| F, L | tan~'K2 | ¥ : | | |
| | | | | | |
I Ly \ g | \
L . i L
oL bg &
LOCAL 43} STRUCTURAL = GLOBAL

Fig. 10. Global target force-displacement relationship as combination of the pipe local and
structural collapse effects.
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5 EVALUATION OF INTERACTIONS

The above methodology can be applied to the qualification of jet and whip
on pipe interactions. In the case of pipe on pipe whip interactions, if the
dissipation of the effective kinetic energy (Section 3) exceeds one of the
allowable limits, the interaction cannot be qualified. Those limits are
imposed on local deformations (Section 4.1) and on structural deformations
(Section 4.2) and, possibly, on losses in a cross-section of the target pipe if
there is any requirement for maintaining its function past the impact event.
In the case of jet impact load on pipe interactions, if the jet impingement load
(Section 2) is above the strength limit F(§) in the force—displacement
relationship of the target pipe (Sections 4.1 and 4.2) the interaction cannot be
qualified either. Interactions below the limits are always qualified.

Three-dimensional nonlinear dynamic analyses were conducted to
confirm the above procedures. They indicated that the ability to dissipate
energy was being somewhat underestimated. Actual values were at least
30% and, in some cases, as much as 100% greater than calculated. The
proposed procedure was used as a first level qualification tool. It led to the
immediate qualification of about 80% of the almost 400 interactions
resulting from high energy line breaks that required structural assessment
inside the containment of Garora Nuclear Power Plant.

When interactions could not be qualified in this way, but the margin of
excess was sufficiently small, progressively more sophisticated approaches
were utilized, including 3-D dynamic calculations. An example of the latter
can be seen in Fig. 11. It shows the deformation of an 8-in Sch 80 pipe,

Fig. 11. Deformations of a longitudinally supported target pipe after loss of 40% of local
diameter.
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continuously supported along two generators 106° apart, during impact by a
10-in Sch 100 pipe missile. The analysis was carried out with PR3D, a
computer program for dynamic analysis by explicit integration. The figure
shows the deformations of the target pipe when a 40% decrease of the
diameter had been reached. It is interesting to mention that the combination
of the lower and higher level procedures, together with detailed safety
analysis of the Garofia Plant, allowed satisfactory evaluation of all
interactions resulting from high energy breaks inside the containment
without recourse to hardware modifications.

6 CONCLUSIONS

A flexible procedure was developed for evaluation of interactions resulting
from postulated high energy line breaks inside the containment. The
procedure includes steps of increasing sophistication. It starts with
inexpensive energy dissipation assessments for relatively safe interactions
and proceeds to 3-D nonlinear dynamic analysis when warranted.

The simplest approaches allowed qualification of 80% of all interactions
at Garona Nuclear Power Plant. The implementation of the procedures
proposed here, combined with detailed safety analysis of the plant,
permitted qualifying all resulting interactions without imposing hardware
modifications nor plant design changes.

REFERENCES

1. American Nuclear Society, Design Basis for Protection of Light Water Nuclear
Power Plants Against Effects of Postulated Pipe Rupture, ANSI/ANS-582,
December 1980.

2. Enis, R. O., Bernal, D. B. and Burdetter, E. G., A design guide for evaluation of
barriers for impact from whipping pipes. Proc: 2nd ASCE Conf. Civil Engineering
and Nuclear Power, Paper 5-6, Knoxville, Tennessee, September 1980.

3. Peech.J. M., Roemer, R. E., Pirotin, S. D., East, G. H. and Goldstein, N. A, Local
crush rigidity of pipes and elbows, Trans. 4th Int. Conf. SMIRT, Paper F 3/8, San
Francisco, California, August 1977.

4. Clendening, W. R., Saari, K., Wong, H., Maguda, N. and Miyashita, K., Pipe
whip experiments involving impact between pipes, Trans. 7th Int. Conf. SMIRT,
Paper F2/2, Chicago, Illinois, August 1983.

5. Prinja, N. K., Day, B. V. and Parder, J. V., Damage criteria for pipe on pipe
impact, Proc. Int. Conf. Structural Impact and Crashworthiness, Vol. 2, Elsevier
Applied Science, London, July 1984.

6. Dainora, J. et al., The effects of current pipe break criteria on operating plants, 414
Nat. Cong. Pressure Vessel and Piping Technology, Portland, Oregon, June 1983.



