JAERI-M
3496

PIPE RUPTURE TEST RESULTS; 4 INCH PIPE

WHIP TESTS UNDER BWR OPERATIONAL CON-

DITION-CLEARANCE PARAMETER EXPERIMENTS
(RUN 5405, 5406, 5407)

May 1981

Syuzo UEDA, Toshikuni ISOZAKI, Norivuki MIYAZAKI
Ryoichi KURIHARA, Rokure KATQO, Kazuo SAITO"
and Shohachiro MIYAZONQ

B ®* B F h B ® M
Japan Atomic Energy Research Institute



SV B A e AT s JAERLM Lo-- 2 LT,
ey AT, WA X oSG, AR FF R T

7

I Fuf i

CERT ) AT BHL DL (R

JABERIM reports, issued irregularly, describe the results of research works carried out

in JAERI. lInguiries about the availability ol reports and their reproduction should he
addressed to Division of Technical Information, Japan Atomic Energy Research Institute,

Tokai-mura, Naka-gun, lbaraki-ken, Japan.



JAERI-M 9496

Pipe Rupture Test Results; 4 inch Pipe Whip Tests under
BWR Operational Condition - Clearance Parameter Experiments -

(Run 5405, 5406, 5407)

Syuzo UEDA, Toshikuni ISOZAKI, Noriyuki MIYAZAKI, Rycichi KURTHARA
*
Rokuro KATO, Kazuo SAITO and Shohachire MIYAZONO

Division of Reactor Safety, Tokai Research Establishment, JAERI

(Received April 27, 1981)

The purpose of pipe rupture studies in JAERI is to perform the model
tests on pipe whip, restraint behavior, jet impingement and jet thrust
force, and to establish the computational method for analyzing these
phenomena. This report describes the experimental results of pipe whip on
the pipe specimens of 4 inch in diameter under BWR condition on which the
pressure is 6.77 MPa and the temperature is 285 °C.

The pipe specimens were 114.3 mm (4 inch) in diameter and 8.6 mm in
thickness and 4500 mm in length. Four pipe whip restraints used in the
tests were the U-bar type of 8 mm in diameter and fabricated from type 304
stainless steel. The experimental parameter was the clearance (30, 50
and 100 mm). The dynamic strain behavior of the pipe specimen and the
restraints was investigated by strain gages and their residual deformation
was cobtained by measuring marking points provided on their surface. The
Pressure-time history in the pipe specimens was alsc obtained by pressure
gages.

The maximum pipe strain is caused near the restraints and increases
with increase of the clearance, The experimental results of pipe whip tests
indicate the effectiveness of pipe whip restraints. The ratio of absorbed
strain energy of the pipe specimen to that of the restraints is nearly

constant for different clearances at the overhang length of 400 mm.

Keywords; Pipe Whip, Restraint, Dynamic Strain, Absorbed Energy, Thrust

Force, Plastic Hinge, Collision, BWR Type Reactors, Pipe Rupture Test
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1., Introduction

Pipe rupture study are being performed in Material Strength and
Structure Laboratory, JAERI as one of researches concerning the demonstra-
tion test of pipe reliability for a light water reactor. The purpose of the
pipe rupture study is to perform model tests using 4, 6 and 8 inch test
pipes and to establish the computational method'for-the'jet impingementrgnd
pipe whip phenomena which are assumed to be occured in postulated ioss~of—r
coolant accidents of LWR nuclear power plants.

This report describes results of three pipe whip tests of 4 inch test
pipe, which were performed in the period of November and December in 1979.
The clearance of 30, 50 and 100 mm was taken as the experimental parameter,
which is one of the basic parameters(l).

The purposes of these tests are as follows.

1) To investigate the strain distribution of the test pipe and the rela-
tionship between the maximum pipe strain and the experimental
pafameter.

2) To investigate the strain distributien of the restraint and the
relationship between the maximum restraint strain and the experi-
mental parameter.

3) To obtain the pressure time history in the test pipe and the pressure

vessel.
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2. Testing Procedure
2.1 Testing System

The schematic of the pipe whip test is shown in Fig.2.1. An end of an
auxiliary connécting pipe was attached to the nozzle of the pressure vessel
which was &4 m® in volume. There was the attachment for measurement of pipe
reaction forces due to the pressure wave in this_auxiliary pipe. To the
another tip of the connecting pipe, the test pipe was connected. The test
pipe was fixed by the pipe support so that the length of test section was
3000 mm.

Four pipe whip restraints were set on a restraint support at the
distance of 400 mm from the tip of test pipe, that is to say, the overhang
length of thié experimental series was 400 mm. Hot water was circulated
through the warming-up line which was attached to the elbow of the test pipe
in order to keep the system temperature uniform. A flexible tube was
used as a part of warming-up line to reduce its resistance agailnst the pipe
whip motion. A welded type of the rupture disk was mounted at the tip of
the test pipe. Instantaneous pipe rupture was simulated by breaking this
rupture disk by an electric arc method. Detail of test equipment is

described in reference (2).

2.2 Test Pipe and Pipe Whip Restraints

The test pipe is 4 inch in diameter, 4500 mm in length and
8.6 mm in thickness. Its material is Type 304 stainless steel. The
chemical composition and mechanical propefties of the test pipe are shown in
Table 2.1.

Six nozzles for pressure gages and thermocouples are attached to the
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test pipe at the locations as shown in Fig.2.l1. The welded type of the
rupture diék was butt-welded at the tip of the test pipe. This assembly of
the rupture disk was developed especially for pipe_whip tests and has a
configuration shown in Fig.2.2. This assembly was made by placing a rupture
disk between two segments of pipe and sealing them by welding. So the
weight of this assembly is nearly equal to that of the ordinary pipe.

The configuration of pipe whip restraint is shown in Fig.Z.3. This;is
called U~type restraint. The clearance is determined from the thickness of
insuiation and thermal expansion of pipes in nuclear power plant design(3).
The resistance of restraints against design load is adjusted by varying the
number of them. The U-bar is made from type 304 stainless steel whose
chemical compositions and mechanical properties are shown in Table 2.1.
Clevis is screwed to the end of U~bar and used for fine adjustment of the
clearance, Restraints are pinned to the bracket which is set on the
restraint support. The number of restraints was four in this experiment.
The bearing plate of carbon steel was attached to the inner side of the
circular part of U-bar. The purpose of this plate was to wrap around the
test pipe to minimize the pipe rebound.

Overall view of test assembly of Run 5405 is shown in Photo 1.

2.3 Test Conditions

Test conditions for three experiments are summarized in Table 2.2.
The test pressure and test temperature decreased to the extent of
1~2 kg/cm2 and 0.3~ 2.4 degree in centigrade respectively from the nominal
test pressure, 69 kg/cmz, and test temperature, 284.5 °C. As test pipe had
a tendancy to hang down from the initial setting point due teo the weight of

water after pouring water into the pressure vessel, a stopper was provided
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to keep the clearance constant during the test.

2.4 Measuring Items and Method

Following three measuring items are performed.
1) Electrical measurement
2) Mechanical Measurement

3} High speed camera photography

(1) Electrical measurement

Measuring items for each test are summarized in Table 2,3, Locations
of strain gages from XU1l09 to XUl20 on the pipe are shown in Fig.2.1.
Strain gages were high temperature strain gages and mounted on the surface
of the test pipe by welding.

Locations of strain gages from XUl21 to XUl60 on the restraints are
shown in Fig.é.&. These strain gages were those used at room temperature,
Restraints are named R1, R2, R3, and R4 respectively in order from the side
of the pipe end.

Strain gages in the part of clevis were those used for small strain
and strain gages in other part were those used for large strain. They were
covered with coating for protecting them from hot steam. All strain gages
were single.

Pressure and temperature were measured in both the pressure vessel and
the test pipe. Pressure-time histories of the test pipe were measured by
pressure transducers PU110, PU11l and PUL12. Two types of pressure trans-
ducers were used, that is to say, the water-ccoling type and the high tem-
perature type. Thermocouples TU130, TUI31l and TUl32 were used for measure-
ment of fluid temperature and the response time of them was about 2 seconds.

Thermecouple TUL33 was mounted on the surface of the test pipe and
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temperature variation of the test pipe during the blowdown was monitored..
Lead cell ﬁUlOl was used for the measurement of the mass flow rate. Water
ievel meter WUll5 was a pressure differential type and used for the measure-
ment of the mass flow rate. Load cell WUlll was placed behind the elbow of
the auxiliary connecting pipe to measure the thrust load due to the pressure
wave propagation. ' This load cell was contacted closely with the test pipe
by U-bolt restraint. Displacement meters XU-200 and XU-201 were eddy
current type and placed at the location of 700 mm from the tip of the test
pipe. Accerelometers XU300, XU301l and XU302 were placed at the locations
shown in Fig.2.1. |

The amplified outputs were recorded in the analog data recorder.
Response frequency of the total data aquisition system was over 20 kHz.
The initial point of recording was the time when the electric current
initiated to flow in the arc electrode. The arc current started just after
the state of the data recorder and high speed camera attain the steady
state, Also some of pressures and temperatures in the pressure vessel were
recorded in the disk of the computer in on-line mode.

On-line recording was started manually ten seconds before breaking of

a rupture disk, The sampling time of on-line mode was 10 msec.

(2) Deformation measurement by mechanical tool
Measurements were done before and after tests for the distance between
marks. Measured items were as follows.
1. Residual strains of pipes; Axial distances between markings of 100 mm
interval on the upper and lower surfaces of rest pipes were measured.
Markings were made from the tip of the test pipe to the location of

1000 mm.

7. Residual displacement of pipes; The hight of marking points from the
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base level was measured by a transit before and after tests.
3. The variation of the outer diameters of test pipes
{(a) Run 5406, 5407; Measurement was done at the circumferential
intervals of 30 degrees at the location of 370 mm from the tip
of the test pipe.
{(b) Run 5407; Measurement of the horizontal and vertical diameters
was done at the intervals of 50 or 100 mm from the pipe tip to
the location of 1300 mm.
4. Residual strains of restraints; Measurement of the length between
each marking was done.
5. The height of restraints; Measurement of the height between the
centre of the pin and the apex of restraints was done. Nominal
design values were taken as values before tests.

Measuring tools were slide calipers, micrometers or height gages.

{3) High speed camera photography
"Two high speed cameras were used. One was used for the overall view
and the other was used for the view near restraints. A steam Screen wWas

used for protect objects from steam. Photographing conditions are shown

in Table 2.4.
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3. Test Results
3.1 Electrical Measurement

(a) Pressure in the pressure vessel

Pressure-time hisﬁories are simular for all the experiments because
test pressuré, temperature and the configuration of the test pipe are nearly
same. So representative curves are discussed in this paragraph.
Pressure-time histories in the pressure vessel (PU101, 105) are shown in
Fig.3.1l and 3.2. Pressure in the vessel does not almost change in the range
of 0.1 sec after the initiation of the blowdown. Pressure drops about
3 kg/cm2 in the 0.5 sec and thereafter reduces slowly. The nee where the
blowdown change from a hot water one into a steam one appears at 18 second
after the initiation of the blowdown. Thereafter pressure drops rapidly

and the total blowdown time is over 100 sec.

(b) Pressure in the test pipe

The representative curves of the pipe pressures, PU110, PU11l1 and PU112
are shown in Figs.3.3, 3.4, and 3.5. Pressures drop in the stepwise manner
just after the initiation of the blowdown and thereafter do not almost change
in the range of 1,0 second. Pipe pressures reduce to the 40 ka/cm2 in 1.0
second. After that time pressures reduce slowly and also the knee appears

at 18 second as shown in Fig.3.6.

(c) The fluid temperature in the vessel and pipe

The response time of thermocouples is 2 second, so meaning results
could not be obtained within this duration. From 2 second to 60 second tem-
peratures followed a saturation curve. After 60 second temperature rised

over the saturation point because of heating by vessel wall.
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(d) Output of load cell WUIL]l

As stated later, the output of load cell means the thrust by the

pressure difference due to the wave propagation. This thrust disappears

after 0.3 second as shown in Fig.3.7.

{e} Water level in the pressure vessel, WUIl5

The representative output of water level meter is shown in Fig.3.8.

The water level reduces linearly during 2 and 15 second.

(f) Strain
The interpritation of the dynamic strains of the pipe and restraint
are discussed in detail in the paragraph 4.1. Generally speaking, Transient
hehavicr of strains terminated within 0.1 sec after the initiation of the
.blowdown in these experiments. This fact indicates that the pipe whip

phenomena is a problem in the initial stage of the LOCA phenomenon.

(g) Acceleration and displacement

At present useful results could not be obtained.

3.2 Results of Residual Deformation Measurement

1. Residual strains of the test pipe

~

Results are summarized in Table 3.1 and the distribution of residual
strains are shown in Fig.3.9. Peak values occur in the vicinity of the

restraint's position but not just below the restraints,

2. Residual deformation of the test pipe

Results are summarized in Table 3.2, and pletted in Fig,3.10.

3. Measurement of outerdiameter of the test pipe

Results in Run 5407 are shown in Fig.3.11l. The test pipe expands in
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the horizontal direction and contracts in the vertical directioen.

5. Deformation of the restraint
Front view of restraints after tests are shown in Fig.3.12.
Appearances of the test section including restraints after tests are shown
in Photo 2. It can be seen that the restraint deformed from initial
shape and stretched like stringents. It can also be seen that the

bearing plates wrap around the test pipe and comform to the bending pipe

surface.

3.3 Observaticn of Pipe Whip Phenomenon by High Speed Camera

Photographs taken by high speed cameras are shown in Photo 3. Overall
views and local views near restraints are included in this photograph.
In Run 5405, frames start at 1.7 msec after the initiation of blowdown,.
They start at 0.6 msec in Run 5406 and at 52.5 msec in Run 5507. F¥rame
intervals are described in this photograph.

In all experiments the bearing plate rotate after collision and this
fact means that the bearing plate conform to the bending pipe surface.
In Run 5407 restraints slided in the aixal direction of the test pipe at
59 milliseconds after the initiation of the blowdown although this phenomenon
was not seen in Run 5405 and Run 5406. This slidinglseems to increase the
upward movement of the test pipe. Displacement-time history analyzed from
films, at the distance of 400 mm from the tip of the test pipe is shown in
Fig.3.13. Data of three experiments are nearly plotted on the same curve,.
The impact velocities of the test pipes and restraints analyzed from this

curve are about 5 m/sec in Run 5405 and Run 5406, and 10 m/sec in Run 5407

respectively.
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4. Consideration
4,1 Time Sequence of Events in Pipe Whip Phenomenon

Pressure-time histories in the pressure vessel and the test pipe, PU103,
PYl1ll, strain-time history éf the pipe, XUl1l0, strain-time history of the
restraint, XUl25 are shown in Fig.#4.1. The abscissa is in the range of
0-1.0 second. Pressure drops abruptly in stepwise manner at the initiation
of the blowdown and recover to some extent and then decrease slowly. However
both strain of the test pipe and that of the restraint attain the steady
state within 100 milliseconds in the initial stage of this blowdown process.

Time sequences of various events are analyzed from electrical measure-
ment and shown in Fig.4.2. The starting time of output of the acceleration
meter at the tip of the test pipe is taken as the initiation of the blowdowm.
The variation of strains of the test pipe and pressure in the test pipe
PU110 started at the same time. The difference between the impact time

between the test pipe and each restraint was within 1 msec. This time

is longer with increase of the clearance.

4.2 Deformation of Test Pipe

(1) Residual deformation

Appearances of the test section after the experiments are shown in
Fhoto 2 . It can be said from Fig.3.9 that the distribution of residual
strain has the peak value near the restraints. The peak is located at a
distance of 50 -~ 100 mm backward from the restraints in Run 5405, 5406 and at a
distance of 100~ 200 mm backward from the restraints in Run 5407. The value
of the peak strain in Run 5406 is smaller than those in other experiments.
This fact could not be hardly explained at present. However the displace-

ment of the pipe and strains of restraints is also in the same trend.
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The residual pipe strain reduces to the zero value at the distance of
200 mm froﬁ the peak point in the pipe tip direction. The residual strain
reduces to the zero value at the distance of 200 mm from the peak location
and increase again and make the second peak which is lower than the first
one in the direction of the fixed end. Therefore the peak region.is confined
within the distance of several diameters of the test pipe and this fact means
that the insufficient plastic hinge is formed at this location.

The simular shape of the distribution was obtained in the measurement
of the outer diameter in the experiment Run 5407 (Fig.3.1l1). The local

buckling was not observed on the compressive side of the test pipe at the

location of the restraints.

(2} Dynamic strain behavior

The dynamic behaviors of the strain of the test pipe can be classified
into two groups, that is to say, strains of the test pipe near the restraints
and strains at other positions. Representative strain-time histories are
shown in Fig.4.3. Strains near the restraints increases gradually after the
initiation of the blowdown until the test pipe impacts the restraints.
After impacting, strains increase rapidly, go into the plastic region and

attain the steady state.

~

Strains, for example, XU1ll1l7, XUll8 between the fixed end and the
restraint at first increase monotonically before the impact and reduce
backward enforcedly after the impact between the test pipe and restraints
and finally vibrate. This viabration mode is bending because of the
symmetry of strain values of the upper and lower surface. The time of the
first peak in the strain-time history concide with the time of the impact.
The period of vibration is 25 msec and slightly bigger than the calculated

period by FEM method, which is described in the appendix. The trend that
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strains go to the opposite direction after impact is not so clear at positions
near the fixed end. (XU119, 120}. In the experiment Run 5407, these vibra-

tions damped rapidly because of the large plastic strain.

4.3 Deformation of Restraints
{1) Dynamic behavior

OQutputs of strain gages on the straight part of the restrainté are
shown in Fig.4.4. One pair of the inner strain and outer one are super-
posed in this figure. The dotted line is the mean value of one pair of
outputs. It can be saids from outputs of all strain gages that in several
millisecond after collision, strain gage vibrate in bending mode without
axial extension. This means that it takes several milliseconds from the
impact time to the time when restraints are effective for stopping the
motion of the test pipe. The dynamic strain behaviors of restraints seem
to be classified into two groups.

The first one is the output of restraint R1l, in each experiment. The
strain of this group behaves in such like that it vibrate in short duration
just after the collisicn, then increase rapidly to the first peak, there-
after increase gradually teo the final steady state. The strain rate in
the rapidly increasing duration attained 10/sec in Run 5407. Output of
other strain gages belongs to the second group. In ;his group, the first
peak strain or the strain in the transient state is larger than that in
the steady state. Some of strains are in the plastic region. for example,
these of restraint R2 in each experiment.

Other cutputs in this group are in the region of elastic strain,

The strain has the swmall peak.just after the collision and then vibrate in

bending mode. Periods of this vibration are 15 msec and 8 msec. The strain
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behavior near the clip in the circular part of the restraints are shown
in‘Fig.A.é. Until the pipe reach the effective clearance after the colli-
sion, strains at this location rapidly go into the minus strain regiom.
This is because the bearing plate pull U-bar into the inside direction
when it wraps around the test pipe and the U-bar bends such as reducing its
curvature, After this phenomena, strains in restraint Rl in Run 5405, 5407

go to the plus strain because of the substantial axial extension due to the

further pipe motiom.

(2) Deformation

In Figs.4.6 through 4.8 the residual strain distribution of each run
is shown. The distribution is uniform in the straight part of the restraint
but is not uniform in the circular part of the restraint,

Strain near the apex of the restraint is several times larger than
that in the straight part of the restraint. As the residual strains were
measured on the outer side of the restraints, this large strain may include
the bending strain component. However the average extensional strain in
the circular part was not so differ with that in the straight part from
results of another experiment which will be published in the future.
Therefore strains in the straight part of restraints were chosen as the

~

representative one and they were compared concerning 4 restraints in each
experiment,

The first peak strains and steady state ones in each experiment are
illustrated in Figs.4.9. The value of strain of restraints R1, R2, R3 and
R4 become smaller in their order. Also the first peak strain of the
r;astraint R1 is smaller than that in the steady state in all experiments.
This fact means that four restraints don't bear the blowdown force equally

during the blowdown and also the ratio at which each restraint bear the
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blowdown force varies with the time. Strains of restraint Rl in Run 5406
aré the smqllest although the clearance is intermediate.
The reason has not been yet clarified, The maximum strain of the
restraint is 2.4% in the straight part and 5.8% in the curcular part in
Run 5407. There is an important difference of deformations of the restraints
betﬁeen Run 5405, 5406 and 5407 as already described in paragraph 3.3.
Restraints inclined due to the folding near the welded joint between
U-bar and part of screw in Run 5407 although this phenomenon was not obseryed in
Run 5405 and 5406. The slope is twelve degrees and the apex of the restraint
transfered about 100 mm in the backward. This is because the pipe collides

obliquely with the restraints with increase of the clearance.

4.4 TRelation between Dynamic Behaviors of Test Pipe and Those of

Restraints
In Fig.&!lO the representative outputs of strain gages in each run are
shown for the discussion of the mode of the pipe whip motion. From this figure
it can be said that there are four modes of motion described as follows.
Stage 1I: the movement of the test pipe from the initial position teo
the effective clearance after the collision between the test
pipe and the restraints.
Stage II: the pipe movement till the end of the substantiai extensional
deformation of the restraints.
Stage MI: the pipe movement till the steady state of the strain of the
test pipe.
Stage IV: the additional movement of the test pipe and restraints due
to the inclination of the restraints.

In the stage I, the pipe rotates on its fixed end and collide with the

restraint and move together to the effective clearance. Restraints only
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wrap around the test pipe and don't prevent the pipe movement during this
stage. In‘the stage II the restraints restrict the test pipe motion and also
restraints are subjected to the extensional load in the same time. The
rotation of the pipe on its fixed end is over in this stage and a pre-
liminary hinge is formed around‘the restraints. The pipe rotates on this
hinge. In the stage T, mainly, the pipe rotates on the formed hinge.
In case of Run 5406 this mode cannot be seen. There is stage IV in Run
5407. 1In this stage restraints incline, slides backward and the pipe
rotates again on its fixed end.

Tﬁe duration from the initiation of the blowdown to the end of the
motion of the pipe and restraints is about 20 msec in Run 5405, 5406 and

about 60 msec in Run 5407 respectively.

4.5 Reaction Force of Restraint Support
In this paragraph the reaction force of the restraint support is coarsely
evaluated from total outputs of strain gages at the straight parts of the
restraints. The effect of unloading by vibration and the effect of strain
rate on the stress-strain law were neglected in this evaluation, The
strain values are taken from Table 3.8. The stress-strain curve was
obtained from the tensile test. Calculated reaction forces for each
restraint are summarized in Table 4.1. The total reaction foréé of re-
straints is shown in Fig.4.12. The maximum value is 16 ton in Runm 5407.
4.6 Absarbed Strain Energy of Test Pipe and Restraints
Absorbed strain energies of the pipe and restraints are evaluated in
this paragraph. The evaluation was done under the following conditions.

1. Strains of the straight parts of restraints in Table 3.6 are used

for the energy evaluation. The vibration energy is neglected.
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2. Only U-bar rod is taken into account for the energy evaluation.
The bending deformation of U-bar is neglected.
3. The strain distribution of the pipe is approximated by multi-linear
curve. The strain values are taken from Table 3.2.
4. The stress;strain law is 0=k €" as shown in Fig.4.11, The effect
of the strain rate is neglected.:
As the amplitude of vibration in the strain-time history at the iImportant
locations is small, assumptions 1, 4 is relevant, Equations for the
absorbed energy calculation are as follows.

(1) Restraints

£ €o
R Ads ode
o o
K n+1

o]
I

= —— E x v
n+l "o
where
ER : Absorbed strain energy of restraint
€5 © Restraint strain

Volume of U-rod

K,n : Material constant

A : 8ection area of U-bar

{2) Test pipe

Strain distribution in the pipe section is assumed to be linear.

£ (x)
(@]
elx,y) = g — V¥
o
X : Coordinate in axial direction (x=0, at fixed eﬁd)
y . Coordinate in vertical direction (v =10, at neutral axis)
£o{x) : Maximum surface strain at location x
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a(x,y) = K e (x,y)"

R
L o £
Ep = dx [2[ 24/R(2)—y2 dy g{x,y) de
o o )

R, : '
1 E

- 2j z-./Rf -y? dyf o(x,v) de]
] Q.

4K 1 L +1 o +1
= 2 n n 2 _ 2
= T4 1 o+l €o(x) dx [ y ﬁ/RO y© dy
Rq o s}
&y
+1
- vy WfRE-y? dy]
o
4K In n+3 n+3 L n+l
- nt+l (RO - Ri ) Eo(x) dx
(n+1) (n+3)R, o
where
R, ¢ Outer diameter of test pipe
Ry ¢ Inner diameter of test pipe

L : Pipe length

+ll

w2 (5)
I, =f ¢ine™1 46 2 1-0.291 n+0.076 n?
o]

E. : Absorbed strain energy of test pipe

Calculated results are summarized in Table 4.2 and illustrated in Fig.4.13,
The éxternal work by the bléwdown force is also shown in this table although
the blowdown force is assumed to be constant. The absorbed strain energy of
the test pipe is several times larger than that of restraints as shown in

this figure. The ratio of absorbed strain energy of the restraints to that
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of the pipe is 19% in Run 5405, 5406 and 14% in Run 5407,

The r;tio of absorbed emergy is clearly insensitive to the clearance,
These facts means that the role of restraints is not rather to absorb the
pipe whip energy but to resist against the motion of the test pipe and to

convert the kinetic energy of the test pipe to the strain energy of the

test pipe.

4.7 Pressure Depressurization in Test Pipe just after Initiation or

Blowdown

Pressure in the test pipe is depressed in stepwise way just after the
rupture of the rupture disk as shown in the Fig.4.14 of pressure-time history
in the range of 0-0.1 sec. The pressure measurement in long term was not
succeeded in these experiments. However the initial depressurization
quantity is reproducible. These quantities are shown in Fig.4.15. The
quantity of depressurization is about 30 kg/cm2 at the tip of the pipe and
reduce with increase of the distance from the exit. The time of the initia-
tion of depressurization become later with increase of the distance from the
exit, Velocity of the pressure wave calculated from the time difference
of the initiation of depressurization at different locations is 940 m/sec.

~

4.8 Explanation on Measurement of Pipe Reaction Force (WU111)

In this paragraph equations for calculating reaction forces are
described following the feferences(6)(7). A pipe segment which include two
elbows is illustrated in Fig.4.16. At first general equations are deduced.
The fluid forces which may act on the pipe surfaces are expréssed by the

next equation,
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F = Jj pnds, +ff %dsw (1)
: SW SW ]

The momentum equation which the fluid obey is

= ] u u - -
L F =+ - 4 — (pu-*n), ds
ot gc Sl gc i 1
u, . ' ' '
+ o (ot - ), ds, (2)
5, “¢

The forces acting on the fluid are

F= - pndSw - TdSw - p,n,ds,
Sw S

W
_ £ K
- pznzdS2 - . dv (3)
S2 A c

after equating eqs.(2), (3), the common terms of eq.(l) are identified

- 3 u - 4o
F=-{4 = dv — .
{ Btﬂﬂ] ’ Be +ffsl [plnl : g(: (o n)lj dSI
- u, Pe, _
+ (p,n, + o~ (pu+n),] ds, + —= k dv } (4)
S5 Be v Ec

Forces acting on the pipe consist of acceleration term, pressure term and

[¥2]

momentum flux term. Momentum balance of the axial direction of the pipe

which has two elbows on both end as illustrated in Fig.4.16

myu,

F, - Fo - F, = [F;, - (p, - P)A, - } cos a

ol

u
2
Jcosa,
c

L
12 AudZ (5)
2 ot o pau

- {F,p = (P —PadA, -

+
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When the control volume is divided by dotted line as shown in Fig.4.16,
Forces vertical to the axis do not occur due to pressure and flow.

Momentum balances of two separate volumes are

myuy

[Fll = (P1"Pm)A;'— ]si_na1 =0
gc
m u, '
[F,, — (P =~ P)A; - lsina, = 0
c

Sina,, sina, are not zero in case of 90 degree elbow. Therefore,

hu,
Fip = (py ~pd&; +
(o
m,u
Fop, = (pp =P A, + —=
c

Also, in casé of 90 degree elbow, Axial force (F, ~Fg-TF,) only contain
acceleration term. This means that the pipe thrust forces arising at pipe
exit do not propagate upward except acceleration term when the pipe is
bent in 90 degree. As acceleration term disappear in steady state,

axial force is zero at steady state. Load measurement by lead cell

WU11ll is just the case explained above. As shown in Fig,3.7.with regard
to load-time histery in the range of 0 to 1.0 second, actuall§ load due to

pressure wave disappear within 0.3 seconds after the initiation of the

blowdown.

4.9 Discharging Mass Flow Rate in the Steady State

Discharging mass flow rate is nearly constant in this system from 2

seconds to 15 seconds after the initiation of the blowdown. The mass flow
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rate in the steady state was calculated from the output of the level meter

in the pressure vessel by the next equation.

_ g2 . dL
G pTR dc
where p = 761.6 kg/m’
'L = Fictious water level

Calculated G values are 1.44, 1.41, 1.45 kg/m®.sec, in order of

Run 5405, 5406 and 5407 respectively.
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5. Concluding Remarks

1) The mode of pipe whip motion analyzed from experimental results is as
follows. After the rupture disk is broken by the electric arc method,
the high temperaturé water initiates to blow, the test pipe initiates
to rotate on its fixed end-and.is acce%elated; The test pipe collides
with restraints after it is accelerated to the velocity of 5 m/sec
(Run 5404, 5406) or 10 m/sec (Run 5407). The restraints do not resist
against the pipe whip motion until the test pipe reaches the effective
clearance. Restraints absorb the kinetic energy of the pipe by their
plastic deformation and also convert the kinetic energy of the test
pipe to the strain energy qf the pipe by resisting against pipe

| motion. The duration of pipe whip phenomena is about 20 msec in

i Run 5405, 5406 and 60 msec in Run 5407 respectively. |

2) With regard to the strain distribution of the test pipe, the peak
strain occurs near the restraints. This fact means that the insufficient
plastic hinge is caused at the time of collision between the test
pipe and restraints in Run 5405, 5407. The maximum axial pipe strain
is 4.0 percent in Run 5407.

3) The assembly of four restraints is used iIn these tests. Restraint
No.l on the side of discharging exit works best for limitation of the
pipe whip motion. The bearing plate wrapped around the test pipe
sufficiently. However this bearing plate is clipped at the restraint

! _and therefore the strain distribution of restraints is complicated.

However the strain in the straight part of restraint may be the

representative one which indicate the degree of deformation.

Fxperimental certification will be performed in next experiments.

4}y The absorbed energy of restraints is much less than that of the test
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pipe. This fact means that the purpose of U-bar restraint is mainly
to limit the pipe whip motion by its resistance as far as these
experiments are concerned.

5) The mass flow rate in the steady state is 1,44, 1.41 and

1.45 kg/cm®+sec in Run 5405, 5406 and 5407 respectively.
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Appendix: Natural Period of Restraints and Test Pipe

Experiments for getting natural period of the restraint was done and
also analytical natural periods of the restraints and the test pipe were
calculated by the general purpose finite element code ADINA,

a) Experimental natural periods

Three kinds of restraint were set on, the bracket. Stfain gages were
mounted on the inside and outside of the U—sar; Restraints were hit by a
hammer in the transverse and vertical direction and outputs of strain
gages were observed by an oscilloscope. Experimental natural periods were
ones of the first and second modes and the mode of natural vibration was
bending one. Results are shown in table Al, Natural periods of the
restraint of the clearance of 100 mm are 108 msec in the first mode and
16 msec in the second mode. Natural periods very slightly with the

clearance.

b) Analytical natural periods

| Finite element model of the restraint used in calculation and cal-
culated natural modes of vibration are shown in Fig.Al. Caleculated natural
pericds are summarized in table A2. The calculated values are small to
the extent of 20% in comparison with experimental ones in the first mode
and nearly equal in the second mode. )

Finite element model of the test pipe is shown in Fig.A3. Example of
calculated modes is also illustrated in this figure. The boundary condi-
tion at the restraint is a pin support or a damper support. Calculated
conditions and results are éhown in Table 43. The long natural period of
103.5 msec appear in case of the damper support but this period was not
observed in pipe whip experiments. The first natural period in case of the

pin support is 16.5 msec and is nearly equal to the period of 25 msec

appeared in pipe whip experiment.
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Table 2.4 High Speed Camera Conditions

5405 5406 5407
VIEW Whole Restraintl Whole Restraint Whole 7Restraint
- |
(FREEE?EEC.) 4200 5000 | 5000 | 5000 4000 5000
LENS (2;5;5;) 75 m m (255;5;) 75mm | 6.5mm (g%5$5;)
DISTANCE 3.1 m 3.2 m 3.1 m 3.2 m 3.1m 3.3 m
TRTS F4.0 F4.0 F2.6 F2.6 F2.8 ¥2.5

Cameras Are HYCAM 41-0004 Typ. with Shutter Constants
of 1/2.5 in All Cases.

Sixteen (16) of 1.5 KW Filament Lamp Are Used.
Freq.'of Timing Pulse in Film Edge Is 1000 PPS in All Cases.
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Table 3.3 Displacement of Test Pipe

(m/m)

POSTTION. 5405 5406 5407 * Distance From
Pipe End (m m)
200 63.7 58.6 256.5
600 23.8 30.3 116.0
1000 12.4 20,3 51,5
1400 7.7 8.8 28.5
| 1800 | 5.5 4.3 17.5
2200 4.0 0.3 10.5
2600 2.0 -0.7 4.5
FIXED END 0.0 0.0 0.0

Subtracted Initial (Installed) Displacements
From Those of Final (After Tests).
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Table 4.1 Peak Value of Restraint Force

5405 5406 5407
Strain | Force | Strain | Force | Strain Force R : Right Side
®l | 0.0103| 4.1 | 0.0054 | 4.0 | 0.0212| 4.3 | L : Left Side
RZ | 0.004 | 3.9 | 0.0037 | 3.9 | 0.0092| 4.1 | Strain : Micro
R3 | 0.002 | 3.8 | 0.0029 | 3.8 | 0.0025| 3.8 Strains
%4 | 0.0011| 2.2 | 0.0007 | 1.4 | 0.0044| 3.9 | Fowee : Tom
Total 14,0 13.1 16.1

Table 4,2 Absorbed Strain Energy

(kgf-m)
5405 5406 5407
)] S5.E. £p S5.E, €9 5.E. S.E.: Strain Energy
% R1 |0.0l62| 27.6 0.0057 9.9 0.0243 | 53.1 kgf-m
s | r2 lo.0028| 4.4 { 0.0024 | 4.0 | 0.0087] 18.1 €9 ¢ Strain
T mm im
R
R R3 |0,0005 0 0.0006 0 0.0007 0 External Work :
§ R4 |0,0003 0 0.0002 0.0021 4.1 Average Work
T Done By
Total 32.0 13.9 75,3 Thrust Force.
PIPE
S E. 172.2 72.1 534.5
EXTERNAL
WORK 324 3413 ;069

(2459,0.042)

0,0388
STRAIN (mm/mm) - ' 0.0208
L0.04 eg(x) Approximation 0.007
0.0175
0,0045
002 5407-0.0017 0.0025
5405-0,0008 0.0038
5406-0, 0009 0.0
[0.0
(0.0,0.0)
‘ 1300 ' 5250 2550 2750
FIXED END PIPE AXIS (x) (m/m) 7 RESTRAINT
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Table Al Experimental Value of Characteristiec Period

Clearance |Pirection | Period (msec)
of Excitationist Mode|2nd Mode
30 | Upward 95 —
50 Upward 98 14
100 Transverse| 101 {3.5
Upward 108 16

Table A2 Calculated Results of National Period of Restraints

Clearance(mm)m mode |Z2nd jjdrégcrjd (rToZeeC)-‘-‘Hh mode |Sth mode
30 659 | 128 | 81 | 39 | 27
50 715 | 139 | 87 | 43 | 29
100 s62 | 168 | 10.1 | 56 | 386
100" 477 | 18.2 | 105 | 5.7 | 4.1

* Note this calculation was done for deformed shape

Table A3 Calculated Results of Natural Period of Test Pipe

¢ Calculational  Conditions Period (msec) .
s oo : . —-
0% Comsistont | Nmbar | Candition | Frsedom ® | (st Mode |2nd Mode 3rd Mode |4th Mode | Sth Mode
{ lexistence| 15 |'auported N0 | 16.5 | 6.2 3.7 | 2.1 | 1.3
o
2 | none 15 | Sopporting! NO 6.5 | 6.2 | 3.7 | 2.1 | 1.3

3 none 15 Dumper | NoO {03.5 | 16.1 | 5.7 2.9 1.7

.
4 | rone | 30 | Suporting No | 16.4 | 6.1 | 3.6 | 2.1 | 1.3

¥* Pin .
5 none iS Supporting| YES 10. 2 4.5 3.2 1.9 1.2

* calculation in Case 5 was performed with regard fo the deformed shape.
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(19
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20,

Tag Number
Locatior |Restrgint Restraint|Restraint|Restraint
| 2 3 4
) XUi21 [XU131 [XUt41 | XU15I
@ 122 132 142 152
[©) 123 133 143 153
@ 124 134| 144 154
G) 1251 135| 145 155
G 126 136 146 156
@ _ 127 137| 147 157
128 138| 148 {58
@ 129 139| 149 159
e 130 140 150 160
Locations of Strain Gages on Restraints
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MICRQ STRAIN
o . Dimension Measurement
o . Strain Gage +-10000
Compression
5405 . Side
4 ! Oy——— _
4 o —— _ I 0
Tension
Side
4 10000
_ 4 20000
PIPE AXIS INSTRUMENT NOZZLE ~-10000
4 2496 \ M
1 [ o] 1 -
| e W T
— R
200 Wm
' 4 10000
+-40000
-4-20000
1 |54OT|
3 119
4 20000
- 40000

Fig.3.9 Distribution of Residual Pipe Strain
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300
un 5407
200t /
100
Restraint Point
0O
Run 5406
100}
/
5 ] Reatraint Point
Run5405
100}
/ .
. ____—"|Reatraint Point.
O I i : i
0o 1000 2000 3000

Length ( mm)

Fig.3.10 Residual Displacement of Test Pipe
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Diameter Expansion
(H'-H)

2 (m/m)

_— 0
Pipe Axis
et -1
200 ™ m
-2
Diamejer Contraction
(V'=V)
{M/m}
L 250 350 370 400 450 500 550
H 1y |14103.94/4.08(403 a [ b | a | b |403407 o | b 14064.07
H' | v’/ 14.06/3.91]4.47|3.84]4.55/3.60(4.90[3.2015.67| 2.2816.302.50(5.98{2.80
600 650 750 850 900 950 1050
ad 1 b |4.7613.15|3.99(3.64|297]4.71| a | b [4.04]4.12!4.03(4.03
5.3013.25]4.773.46{3.90!3.95(4.0114.16{5.00} 3.65/4.58{3.8514.4213.99
1450 | 1375 | 1450 [ 2550 2850 | 2950 3000
4.00/4.25]3.90(4.15{4.00/4.00(3.85{4.00(3.85/4.25(3.85[4.05(4.00{3.90

Horizontal Dia.
{10+H - {lO+

ertical Dia.

HO+V—= HO+V’ t

ey

(=g

a : Not measured. Used mean
value of before and behind H.

b : # " V.

Other Blank - Not measured.
Used mean value of L=350,450
550, 950, 1050 of H and V resp.

Fig.3.1ll1 Ovallization of Test Pipe
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5405 5406 5407

F\i
]
T
i
N
1 b
§ j
|
|
i
! |
|
@@
i DIMENSION NET FLOMGATION
5409 406 5407 5405 5606 5407
R1 hoo. ] 5¢.1.0 £58.0 Hi Pl {.8 43,7
R2 515.4 40,0 £53.3 e L 5.4 9.0
RJ 2171 ST .8 65U . ¢ 1iJ oL H 3.7 35.9
R4 515.7 5468 blt.bB 1% 1.4 2. 2.
(m/m) tmsim)

Fig.3.12 Deformation of Restraints
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150 o

RUN 5405 | @

RUN 5406 "

RUN 5407 | x
— a J/’/
E 100} Jrme=="2D
E
ST e
E K
E
g X
o
3
A3 50

e
X.A,A));
A/
o A X
0 JkA i 1
0 10 20 30

Time {(msec)

Fig.3.13 Displacement-Time History at Restraints Measured by High Speed

ool [

Fig.4.1

STRAIN IN THE RESTRAINT

Camera
n.g 70 PRESSURL IN THE VESSEL
> r PUIO3
< 50
“ 70 -V,\/\ PRESSURE IN THE PIPE
>
x 50 PUIII
STRAIN IN THE PIPE
Z i ‘
fr‘aoom XUtto
}_
w
cpg -

Xui2s

5405

TIME I.O0SEC

Comparison between Presgure-and Strain-Time Histories
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60 —
, XUL50
XU130,XU160
N XUL40
(mSEC.)
IMPACT TIME (From XU300 To XU130)
50 — {(mSEC.)
5405 5406 5407
9.3 14,8 21.5
40—
XU160
| XU150
L XU140
i 5407 xv130
| Rupture ‘ XUl10
s Time | ™\ PULLO
N X300
| 30 —| , XU160
| XU150
XU130 XU300 : ACCFLEROMETER OF PIPE END
XU140 PUL10 : PRESSURER TRAN. OF PIPE END
XU110 : STRAIN GAGE OF PIPE
XU110 XU130
PULLO : STRAIN GAGE ATTACHED TOP OF
5406 XU300 XU160 THE RESTRAINTS (R1VR4)
Rupture
Time
L XU110
20 —1 XU300
PUL10
5405 7
Rupture
Time 155? T
5405 5406 5407
0,0 —— Time Origin of Data Recorder

Fig.4.2 Time Sequence of Major Events
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‘Micro Strain

—

= 5405 XU {12
B XU1t2 : Just Below the Pestraint
: my; the Pipe End
4000 - XUH; {700™m from the Fipe
J 1 L - XU149 : 400 ™m from the Fixed End
0 0.2  SEC. 120
S,
M“s' Mg 25m SEC
BiiRA% -
’ XUt17
400k | I5405 XU7 500k 5407 XU11
b
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Fig.4.3

Strain-Time Histories in Test Pipe
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Residual Strain of Restraint

Fig.4.7 Residual Strain Distribution of Restraints (Run 5406)
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Fig.4.10 Comparison between Pipe Strains and Restraint Strains
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Fig.4.15 Initial Depressurization in Test Pipe
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Fig. A2 Shapes of Lowest Four Charécteristic Modes of Test Pipe
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Photo.2 Deformation of Pipe and Restraints after Tests
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Photo.3 Results of High Speed Camera Photography




