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Abstract

The synthesis of a safety device for restraining and dissipating some of the energy of
a whipping pipe is described. The device has similar restraining capabilities in all radial
directions and is to surround the pipe which may whip., Devices were tested both statically
and dynamically. Tt was found that the restraint converted an impact load into an impulse
of considerably longer duration and relatively constant load. The wnagnitudes of loads
determined in static tests can be used for dynanic design purposes since the loads for a
restraint were similar under both static and dynamic conditions. There is a need to develop
analytic procedures to determine loads for all sizes of restraint from either information on
other sizes, data for individual components, or from the stress-strain behaviour of the

material being used.
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1. Intrediction

When a high pressure pipe fails, the pipe may bend at very high speed under the action
of the discherging gas or fluid., The high speed bending is called pipe-whip. The whipping
pipe could cause damage to other parts of the plant, and it is therefore desirable to
restrain the pipe after fracture. The work described here is concerned with static and

dynamic testing of a pipe-whip restraint--a device for restraining the motion and dissipa-

ting some of the energy of a whipping pipe.

Different potential types of pipe-whip restraint have beemn described elsewhere [1, 2].
There dees not appear to have been any report on the itesting of such devices. We declded
to tesi devices both statically and dynamically. In establishing both the type of device
to test and method of test, we adopted certain criteria and assumptions concerning poten-
tial restraints.

2. Assumptions and criteria for device

(1) Tt is possible to predict the iikely pcints of fracture so that devices need

1

only be placed near the critic

points along the pipe: the length of pipe
extending from the restraint after fracture will be unlikely to cause damage if
it whips.

{2) Since the directiom of motion of the pipe after fracture would be unknown, the
device should surround the pipe and provide sengibly similar restraining capabi-

lity in all directions.

(3) The pipe should be free to move within the device between operating and shut
down conditions.

(4) The impact loading which ig likely to be applied te the device should not be
transmitted to the main structure of the plant. Rather, the load/time output from
the device should be relatively leng-time low load compared with the input. A
"constant" cutput load would be advantageous.

(5) The device sheuld absorb and dissipate some of the energy of the whipping pipe.
An optimum would be to dissipate as much energy as possible per unit weight of
the device.

{6) The pipe will not coliapse on initial contact with the device since the pipe will
still contain gas/fluid at relatively high pressure. This assumpiion is con-
sidered conservative since any plastic deformation of the pipe will increase the

d

total energy dissipated.

Z. Synthesis of restraint

The assumptions and criteria above lead to the consideraticn of energy dissipating
devices. The diametral squashing of pipes or rings was thought suitable. A number of
workers {3, 4, 5] have shown that cross-diameter loading of pipe causes considerable
plastic work to be done as the pipe collapses. Tadeed, this type of collapse is relatively

ef

icient in terms of the enevgy dissipated per unii weight of the pipe {specific energy).

&5

For much of the deformztion the load increases very slowly, and may be considered constant.
Further, Gibson [6] has shown that even when pipes do not collapse symmetrically, but in
"sidesway”, considerable energy is still dissipated.

For such an individual device to be useful, the diameter of the pipe to be squashed has

to lie on a radius of, but not conceniric with, the restraint. A& restraint deplcted in
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Figure 1 was envisaged. It consists of three components.

(a) The inner Ting:
The pipe to be restrained passes through this inner ring with sufficient
clearance to adlow free movement between operating and shutdown conditions,

(b) The intermediate layer:
The main cellapse layer of the restraint consisting of pipes to be squashed
between the inner and outer rings.

(c) The ocuter ring:

This ring has to both restrain the intermediate layer so that it collapses

and transfer the load to appropriate structural suppor

Load would be applied radially from the inner ring towards the outer ring. Initially
the load would be a point load hut the contact area was expected to increase with defor-
mation of the inner ring and/or pipe. There would thus be two extreme posititions for
initial apptication of the load, as depicted in Figure 2. To satisfy our second criterion,
the load deformation response of the restraint should be sensibly similar for the two
cases. Since type (b) loading of Figure 2 would probably cause "sidesway" collapse of at
least the two adjacent intermediate layer rings, Gibson's finding [6] indicated that our
second criterion might be met.

316 stainless steel was chosen as the material for the restraint since it meets other
criteria for service in nuclear plants. Commercially available pipes and tubes meeting
American and Furopean standards were used for the various layers. To aveid circumferential
gaps between the intermediate layer rings, only certain combinations of pipes could be
used. The varicus combinations tested statically arve listed in Table 1, with the dimen-
sions indicated shown in Figure 3. Hardness measurements were taken on all sizes of
pipe obtained. The results were similar for all sizes, with Vickers Pyramidal Numbers

varying between 140 and 170.

4. Static tests

Static tests were performed by displacing a rigid indentor radially from the inner
ring towards the outer ring (Figure 4). The outer ring was held against a flat platen
above the load cell of the testing machine. Output was recorded as load vs cross-head
displacement of the machine. Since the indentor was "rigidly" attached to the cross-head
(0.25mm displacement of indentor frame for 25 kN load), the output was taken as load vs.
indentor displacement. TFour variables were examined:

(a) variation in wall thickness of intermediate layer (Figure 5);

(b) variation in size of intermediate layer (Figure 6);

(c) wvariation in position of load application (Figure 7);

(d) variation in size of indentor (Figure 8).

Single intermediate rings were also tested by squashing them diametrally between two

fiat platens. The load vs displacement characteristics ohtained ave shown in Figure 9.

5. Dynamic tests

Since pipe-whip is not a static phenomenon, the next step was to test one of the
restraints under dynamic loading conditions. The intent was to discover

( i) if the restraint would act as desired--convert an impact load intc a

relatively long-term load;
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( i1) 4if the static tests gave any indication as to the magnitude of the
dynamic load, and;
(1ii) 1if the restraint would behave in the same fashion as in the static tests,
not only in terms of plastic deformation of the intermediate layer, but
also in terms of the interactive behaviour of the restraint components.
The dynamic test vig 1s shown schematically in Figure 10, The *hammer' is raised to
a known height above the datum level. On release, the hammer swings down in curvilinear
translation to impact on the spigot. The spigot is attached to the same frame as the
indentor. If nothing is in the way of the indentor (no restraint, no concrete block),
the indentor swings upwards after the impact. The rise in height during this swing is
measured to give an estimate of the kinetic energy of the indentor and its frame
immediately after impact. In the test situation, when the concrete block is in place,
the indentor moves across the inner ring of the restraint, impacts on the restraint and
squashes it against the platen. The hammer meanwhile hits and rebounds from the buffer
frame. Multiple impact on the indentor is thus avoided,
The load cell is a 90 KN (20,000 1b) dynamic quartz load cell with a rise time of
15 1 sec., Output was recorded on a Tektronix storage oscilloscope and photographed.
Results of four tests are shown in Figure 11. Load is plotted vs. time. Even though
insufficient energy was transferred to the indentor to cause as much deformation as

occurred in the static tests, useful information was obtained.

6. Results and Discussion

Examination of Figure 11 indicates that the main test criteria were met., The device
converted a high peak impact load into an impulse of considerably longer duration; this
for both type (a) and (b) loading in Figure 2. The results are sensibly similar for
both types of loading. The peak load observed with a restraint present is much less
than observed from a direct blow of the indentor onto the platen. It should be noted
that the loading from the direct blow shown in Figure 11, is the result of a hammer
fall of only 10mm, whereas the hammer was falling 1160mm in the tests with restraints
in place. (There is not a linear relationship in the energy transferred to the inden-
tor for these two cases.) The loads observed in the dynamic tests are similar in
magnitude to those in the static tests: the deformation pattern of the restraint was
also similar.

The static tests can thus be used to assess behaviour under dynamic loading conditions.
However, direct comparision of Figures 5-8 with Figure 11 can not be made as the abscissa
of the former is displacement and that of the latter is time.

When load is applied by displacing the indentor from the inner towards the outer ring,
the intermediate layer adjacent to the point of load application is squashed. The
individual intermediate layer ring (or rings for Fig. 2(b) loading) immediately below
the load, expands laterally but is restrained by the next rings in the layer. The inter-
mediate layer becomes subject to circumferential compression, whilst circumferential
tension develops in the outer ring. .

The effect of the inner ring is to spread the load on to the intermediate layer. As
deformation increases, the load increases slowly with the ring beneath the load, and

those adjacent, steadily collapsing. The inner ring itself deforms, moving away from the
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intermediate layer eyerywhere except near the peint of load application. There is no
tendency for the intermediate layer to follow this radially inwards displacement since
such action would merely increase the circumferential compression in the layer. Two or
three rings away from the point of load application, an intermediate layer ring collapses
due to the circumferential compression in the layer (see Figure 12).
Further loading eventually causes complete collapse of the intermediate layer ring(s)
adjacent to the point of load application. Permanent deformation also occurs to hoth
the inner and cuter rings. When complete collapse has occurred, the load rises rapidly
(see Figure 5). During deformation therefore considerable interaction occurs between the
components of the restraint.
A number of factors will affect the load-deformation behaviour of the restraint.
Four factors were investigated.
(a) Changing the wall thickness of the intermediate layer rings whilst keeping all
other dimensions constant. The resulting load deflection curves are shown in
Figure 5. The curves have similar shapes but different magnitudes. The ratios
of the loads at various deflections are given in Table 2. Alsoc given are the
ratios of the loads from tests on single intermediate layer rings (Figure 9).
It can be seen that the ratios are by no means similar. Since the rings collapse

through the development of plastic hinges in the wall of the ring, the ratios
ht?

Uy 5

where cy is the yield stress, b is the breadth of the ring and t the wall thick-

would ideally be the ratio of the plastic moments which develop: Mp =

ness. Thus the ideal ratios would be 2.25, 4 and 1.78 for (P2.4/P1.6)’
(P3.2/P1.6) and (PS.Z/P2_4) respectively. One may see from the Table 2 that the
single ring tests give values consistently above the 'ideal' values, where as
the restraint ratios are consistently below the 'ideal'. It is not surprising
that the difference exists because the load is not concentrated through a single
intermediate layer ring in a restraint. The results confirm that one should be
wary in applying results from single ring tests to situations in which a number
of rings interact.

(b) Changing the size of the intermediate layer whilst maintaining similar D/t ratios
for the intermediate layer rings. The results shown in Figure 6, indicate that
much more energy is dissipated (the area under the curve) with the largest dia-
meter intermediate layer. The thin intermediate layer with 78 rings is clearly
very stiff with no real zomne in which the intermediate layer collapses at
relatively constant load. With the other two restraints, the collapse load is
the same, but the larger deformation of the larger rings 1s advantageous for
energy dissipation.

(c) Changing the position of load application. The previous tests were all performed
with loading of type (a) in Figure 2. In Figure 7 the effect of changing the
position of initial load application is shown. The effect is similar for both .
sizes of restraint examined. One may see that type (a) loading (loading an
intermediate ring diametrially) produces a flatter curve than type (b) loading.
The type (b) loading (on the inner ring hetween two intermediate layer rings)

causes the restraint to stiffen sooner and less dramatically than the type (a)
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loading. There i3 no significant difference in the average load or the emérpgy
dissipation capability for the two types of loading except at very large defor-
mations. The criterion of sensibily similar behaviour in a1l radial directions
is thus met,

(d) Changing the size of the indentor. The load deflection curves for 76mm (3'") and
330mm (13") diameter indentors are shown in Figure 8., There is little difference
in the curves initially, then the curve with the 330mm indentor stiffens as a
result of ithe different deformation of the restraint--see Figure 12. With the
smaller indentor the inner ring is deformed more locally than with the larger
indentor where the whole restraint becomes more oval. The size of the pipe
relative to the internal diameter of the inner rving will therefore affect the
behaviour of the restraint. If the pipe is velatively small, as here the 76mm
indentor is compared with the 343mm inside diameter of restraint, then local

deformation of the restraint will occur without gross deformation of the ocuter
ring. The results reported heve or obtained in similar static tests will give
reasonable indications of the loads which supports of the ocuter ring will have
to transmit toe the main structure of the plant. On the other hand, if the pipe
is similar in size to, but smaller than, the inside diameter of the restraint,
then any support froim the outer ring to the main structure of the plant will
restrain the deformation of the outer ving. Loads may thus be expected to he
higher than determined here for the 330mm indentor. This problem is worthy

of further investigation, particularly if criteria for the type of support
between the main structure and the outer ring can be defined. Also the point
should be examined as to when the diameter of the pipe becomes important in
this sense relative to that of the ilmner ring.

The resulis described above indicate certain criteria for the design of the type of
restraint considered. The intermediate layer should not be too small compared with the
diameters of the inner and outer rings. Our 19mm intermediate layer with 78 rings was
too stiff and failed to provide a zome in which the load remained reasonably constant
for a range of deformation., The larger the intermediate layer became, the larger such
a desired zomne become. Howevew, we recognize that the diameter of the immer ring will
have a lower limit set by the pipe the restraint is to surround. Also the diameter of
the outer ring will have an upper limit set by the position of the pipe relative the
remainder of the plant. A designer, working within these limits, can adjust the load
transmitted by the restraint to its supports by varying the wall thickness of the inter-
mediate layer rings. Currently, static tests on a complete full-size restraint would
be appropriate for load determirnation. Some care should he exercised if the pipe is
similar in size te the inside diameter of the restraint,

There is clearly a need for some form of analytic procedure to estimate the loads in
restraints of the type described. Whether the procedure should be based on the results
from these or similar tests, or based on the results of tests on single intermediate layer
rings needs some consideration. A more fundamental technique would be one developed
from knowledge of the material properties hut which allowed for the interaction of the

various components of the restraint, including possible frictional effscts.
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1.

3]

Conclusicns
{1) A device has been constructed which can act as a pipe-whip restraint,

(2) The device will dissipate some of the energy of the whipping pipe.

(3) The device will transmit to the main structure of the plant a relatively constant,

low load impulse compared with the impact loading of a whipping pipe.

{4) The device has sensible similar behaviour in ail radial directions.

(5) Given inner and outer geometric limitations, it is still possible to vary
the load the device will transmit, by varying the wall thickness of the
intemmediate layer.

(6) Design for the dynamic case can be based on the results of static tests.

(7) Results of tests on single rings ave net suitable as yet for the design of
this type of restraint.

(8) Further work is needed in two arveas:

(a) The supports for the device, especially in the case where the pipe
diameter is close to that of the inner wing of the restraint.

(b) Analytic procedures for load prediction.
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Tabie 1

Dimensions of vestraints which were tested statically.
The dimensions refer to those shown in Figure 3. n is
the nmumber of rings in the intermediate layer,

Outer Ring Taner Ring Internediate layer
Do’ mn (ing) to mm {ins) D.1 m (ins) ’\;i mn (ins) Do (ins) t mm (ins) D/t m
508 ( 20) 6.4 (0.25) | 457 (1) 6.4 {0.25) 19.1 (0.73) | 0.7 (0.028)}1256.8 3
508 ( 20) 6.4 (0.25) | 406 (16) 6.4 (0.25) 44,5 (1.75) 11.6 ©.0623)127.3 [31
508 { 20) 6.4 (0.25) | 356 (14 6.4 (n.25) 59.9 (2.75) [1.6 [ £523)]44.0 |19
508 { 20) 6.4 256 { 14) 6.4 (0 25) 69.9 (2.75) (2.4 (0.094)|29.3 {19
503 (20 0.4 250 { 14) 0.4 (0.25) 69.9 (2.75) {3.2 (0.125)]22.0 [19

Table 1Y

Ratios of loads (P) for restraints and single wxing tests with
varying thickness of intermediate rings. The rings had 69.9
mn outside diameter, and wall thickness of 1.6, 2.4, and 3.2
mm. The ratios are rounded to one decimal place.

Restraints (Figure 5) Single ving tests (Figure 9)

T

1.6 | Us.2Pie | Pa2/Pay

at deflection (mn) P, /‘/Pl 6 P 7/'?] 6 P'i Z/PP 4 P, _1/1)
|24 . L2000 3. 2.

; l

) 2.0 3.2 1.5 2,6 4.8 1.9
10 2.0 3.0 1.5 2.5 4.7 1.9
20 1.9 2.7 1.4 2.5 4.8 1.9
30 1.9 2.7 1.4 2.6 4.8 1.9
40 1.8 2.5 1.4 2.0 4.9 1.9
50 1.7 2.4 1.4
59 1.8 2.3 1.4

Fipure 12 Inloadcd Restraints

ter indentation by

(a) 76 mm indoator (with some of the interneldate layer

removed) .

(b) 330 mm indentor,
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