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SUMMARY

Pipe whip consequent to a loss of coolant accident requires restraints designed to limit
large motions of pipes involved by absorption of their kinetic energy due to the thrust
forces generated by the discharge of internal fluid.

This paper reports the main features and results of numerous impact tests performed
on stainless steel full scale U-shaped pipe restraints, under conditions simulating real pipe
whip accident consequent to the guillotine rupture of a large diameter pipe (@ =22") in
a LWR cooling system.

As restraints of this type, working mainly in the plastic field, are often designed, be-
cause of lack of other information, using standard static material characteristics or data
obtained with dynamic tests on rather small scaled specimen, relevant aims of the above
mentioned research work have been to:

(a) Confirm with full-scale tests the soundness of a design based on material character-
istics data obtained with standard tests;

(b) Check if material energy absorption characteristics are or are not affected by possible
critical impact speed, strain rate or scale effects;

(c) Demonstrate that tested restraints are capable of confining the pipes in real accident
conditions with suitable safety factors for allowable impact energy and/or strain level.

In order to simulate real accident conditions, as regard to pipe impact speed and total
energy, an over 50 m high drop tower was built and used. This tower was furnished with
a hammer, the weight of which could be varied from 300 to 1250 kg. This hammer was
guided inside the tower onto the testing restraints by means of two rails and had a cyl-
indrical head with the same diameter of the pipe to be restrained.

During the tests, carried on with increasing hammer weights up to restraint breaking
off, measurements were taken of several quantities as absorbed energy, hammer impact
speed, deflection versus time, by means of high speed cinematography, and residual per-
centual strain along the restraints. Measurements of dynamic load on restraints legs during
impacts were also attempted.

On the basis of experimental results analysis it has been possible to attain information
on relation between restraint end displacement and impact energy, variation of strain along
straight share and bends of restraints, and, through displacements versus time law, on ma-
terial dynamic behaviour in testing conditions.

From a practical point of view it was possible to remark that design criteria and safety
factors applied appeared satisfactory and conservative enough. Moreover, relevance of dy-
namic strain hardening as well as lack of main c¢ritical speed and scale effects were con-
firmed.
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1. Introduction

During a possible pipe whip accident, as it is well known, it is necessary
to confine LWR dry-well piping motions in order to avoid serious damages to
main reactor containment and safety devices.

Pipe whip accidents have been analysed in several ways1,2,3,4 , mainly from
the mechanical and thermodynamical points of view.

Pipe whip restraints design has to assure, with a suitable safety factor,
pipe kinetic energy absorbtion under blow down thrust forces.

Among the various devices that can be used for this purpose, U-shaped stain
less steel restraints are capable to withstand very high dynamic loads and
absorb energy undergoing large plastic deformations.

This type of restraints, used extensively also in the 4th Italian nuclear
power plant, are usually designed on the basis of static and dynamic material
characteristics defined by means of standard testing pieces and/or small sca-
le model tests.

Several points, as possible scale and/or dynamic effects (impact speed or
strain rate effects) which may alter full scale restraints behaviour, are not
fully analysed.

Therefore, according to Italian Licensing Authority's (CNEN) indications,
a research program was set up.

The program forsees a rather large number of full scale restraint impact
tests with the same values of dynamic parameters (impact speed and energy) as
calculated for a possible pipe whip accident.

The above mentioned program has included also reduced energy tests in or-
der to provide informations about the dynamic behaviour of restraints and,

mainly, on the impact energy versus displacements and strains correlations.

2. Tested restraints and experimental facility and instrumentation

For testing purposes restraints have been chosen suitable for 610 mm(24")
diameter pipes. This restraint (see fig. No. 1) has the following main dimen-
sions:

- legs diameter @ = 31,75 mm (1.25")
- bent radious R = 432 mm (17')

In order to achieve during the tests the values of impact speed and energy
calculated for a pipe whip accident, conseguent to a guillotine or double
ended breakage of a 610 mm diameter pipe, it was necessary to set up a testing
facility including:

1) Steel drop tower, over 50 m high, on a concrete base (fig. 2 & 3);

2) Steel hammer, up to 1200 Kg of weight, with a cilindrical head with the
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same diameter as the above mentioned pipe (610 mm). The speed of the ham-
mer, falling from the top of the drop tower, can exceed 30 m/s;

3) Very rigid restraint fixture similar to the real one;

4) Two rails hammer guiding device. This device has been necessary in order
to control hammer lateral motion during and after the impact against the
testing restraint;

5) Electrical-explosive bolt hammer release device.

The main experimental instrumentation used during the tests included:

1) Electronic speedmeter for hammer impact speed measurements;

2) Instrumentation for measurements of dynamic load in restraint legs inclu-
ding:

a) load piezoelectric cells
b) charge amplifiers and low pass filters
c) magnetic tape Ampex Trecorder
d) photografic recorder
3) High speed (up to 10.000 ph/s) film camera for restraint displacements ver

sus time recording.

3, Test program and experimental results

The test program included 16 tests (the first of which was a preliminary
one for experimental facility setting purposes) performed with hammer weights
ranging from 375 Kg up to 956 Kg.

The highest values of hammer weight were chosen in order to achieve the
restraint breakage in three of the tests.

In fig. 4a) a strained restraint as well as in fig; 4b) a broken one are

represented.

3.1 Restraint disvlacements and strains

The main experimental results, as regards to restraint lower part displa-
cements and restraint straight parts average strains after tests,versus im-
pact energy, are summarized in tab. 1.

It is possible to remark that the highest values of impact energy corres-
pond to the largest strains (well over 50%) not too different from the static
elongation for the material involved.

A quite good corrispondence among results of tests performed in the same
experimental conditions, may be observed in terms of displacements (standard
deviation ranging between 4+ 6 - 10_3 m) and straight parts average strains
(st. dev. = 0.85+ 2.2 %),in particular for hammer medium weights.

Moreover it is possible to point out,on the basis of tests No. 6,7,10,11,
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that the impact energy value, that leads to texted restrain breaking off, is
in the 40.000 Kgm range, as for about 39.700 Kgm a breaking (test 7) and a
high localized necking (test No. 10) were observed.

In fig. 5 the above mentioned necking area and a characteristic break sec-
tion are represented. This section is localized, as it has been possible to
foresee, near one of the restraint tie down ends.

In fig. 6 measured displacements.are fitted versus impact energy.

As regards to the average strain it is possible to point out that it is
constant in the straight parts of the restraint; on the contrary in the cur-
ved parts, directly loaded by the hammer head, the strain is reduced in ac-

cord with an exponential law (see fig. No.7, in which 1 = distance from the intersec
tion of the axis of simmetry with the strained restraint measured along the restraint itself)
3.2 Dynamic measurements results

During the impact tests measurements of impact speed, dynamic loads and
displacements were performed.

The knowledge of hammer impact speed was necessary in order to evaluate
real impact energy taking into account possible friction effects along the
hammer guide rails. These effects actually appear to be low as the measured
speed values were very close to the calculated ones (reduction about 1+ 2%).

The attempted restraint legs dynamic load measurements were performed by
means of suitable piezoelectric load-cells placed in the restraint tie-down
system.

In fig. No. 8 is represented one of the load diagrams registered during
a test; it is possible to see that the load reaches quickly, in the first
stages of the impact, an high medium value which remains quite constant, in
spite of several oscillations due to the elastic characteristics of the system.

The load registered average values are in the range of 30:40tons for each
leg of the restraint.

However these values correspond to strain energies considerably lower than
the impact energies (see also last column in tab. 1).

The above mentioned differences, that increase with the hammer weight, are
related presumably to:

a) energy dissipated by friction in the hammer-restraint contact area during
the deformation;

b) inertia and friction of the assembly used to transfer the dynamic loads on
the load cells.

Nevertheless the maximum values of the stress in the restraints,calculated

on the dynamic load measurements basis,are very high (about 2 times the yield
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stress in the material) testifing a considerable strain hardening effect.

By means of high speed cinematography it was possible to derive the restraint

displacements versus time diagrams during the impact tests.

In the fig. No. 9 these diagrams are represented for several values of the

hammer weight.

A=v_ .t -7,88 .10 « =

Displacement behaviour versus time seems to be quite esponential.
The best fit curve of these data is defined by the following equation:

5 1 t2,17 (1)

I P

A = displacements (m)

VI= impact speed (m/s)
t = time (s)
P = impact load (Kg)

The values measured allowed the testing of an analitical model for the com

putation of the deformation and energy absorption capabilities of these

restraints.

4.

iy

2)

3)

Conclusions and remarks

The examination of the results attained leads to the following remarks:
Under the tested conditions critical speed or dynamic effects are not
showed in the structure.

An U-shaped stainless steel pipe with restrain is capable to absorb a
larger amount of kinetic energy than that calculated on material static
characteristics basis.

This capability is related to the high dynamic strain hardening indicated
by both load (even if probability underestimated) and displacement mea-

surements.
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Fig. 2 - Drop tower
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Fig. 3 - Drop tower and hammer
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Fig. 4a) - A strained restraint Fig. 4b) - A broken restraint

Fig. 5a),b) - Necking and break sections
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Fig. 6 - Impact energy-displacement Fig. 7 - Strains along a restraint

diagram (test No. 4)
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Fig. 8 - Load-time diagram Fig. 9 - Displacements-time diagram



