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Pipe Rupture Test Results: 4-inch Pipe Whip Tests
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Rokuro KATO, Ryoichi KURIHARA, Toshikazu YANO
and Shohachiro MIYAZONO
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This report summarizes the results of 4-inch pipe whip tests (RUN
No. 5506, 5507, 5508 and 5604) under the PWR LOCA conditions. The
dynamic behaviors of the test pipe and restraints were studied in the
tests. In the tests, the gap between the test pipe and the restraints
was kept at the constant value of 8.85 mm and the overhang length was

~ varied from 250 mm to 650 mm.

The dynamic behaviors of the test pipe and the restraint were made
clear by the outputs of strain gages and the measurements of residual
deformations. The data of water hammer in subcooled water were also
obtained by the pressure transducers mounted on the test pipe.

The main conclusions obtained from the tests are as follows. (1)

The whipping of pipe can be prevented more effectively as the overhang
length becomes shorter. (2) The load acting on the restraint-support
structure becomes larger as the overhang length becomes shorter. {3) The
restraint farther from the break location does not limit the pipe move-
ment except for the first impact when the overhang length is long. (4)
The ultimate moment Mu of the pipe at the restraint location can be used
to predict the plastic collapse of the whipping pipe. (5) The restraints
slide along the pipe axis and are subjected to bending moment, when the

overhang length is long.

Keywords: Pipe Whip Test, PWR LOCA Conditions, Dynamic Behavior, Test

Pipe, Restraints, Strain, Residual Deformation

This work was performed under the contract between the science and
Technology Agency of Japan and JAERI to demonstrate the safety for pipe

rupture of the primary coolant circuits in nuclear power plants.
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1. INTRODUCTION

The loss—of-coolant accident, LOCA, must be taken into account in
designing nuclear power plants. The accident is assumed to be triggered
by instantaneous pipe rupture. The dynamic motion of pipe called pipe
whip will be caused by the blowdown thrust force acting on the ruptured
pipe, if the intantaneous pipe rupture occurs. In LWR nuclear power
plants, pipe whip restraints are installed to limit the movement of
whipping pipe and to protect such surrounding structures as piping and
containment against pipe whipping.

The pipe rupture tests are being performed at Mechanical Strength
and Structure Laboratory at JAERI to demonstrote the safety for pipe
rupture of the primary coolant circuits in LWR nuclear power plants by
using Facility for Reliability Study of Pressure Boundary Components,
FRPC-II. 1In the pipe rupture tests, pipe whip tests are being carried
out using 4~, 6~ and 8-inch test pipes under both the BWR and PWR LOCA
conditions.(l)(z)

This report summarizes the results of four pipe whip tests, RUN No.
5506, 5507, 5508 and 5604, performed under the PWR LOCA conditions using
4-inch test pipes. Various types of restraints are used in PWR nuclear
power plants. The restraints used in the tests are U-type one which
is almost the same ones used in the pressurizer spray line (3-inch piping)
and the delyge line (6-inch piping). In the tests, the gap between the-
test pipe and the restraints was hept at the constant valve of 8.85 mm
and the overhang lengths were varied from 250 mm to 650 mm. The main
purpose of the tests was to study the effects of the overhange length
on the pipe whip behaviors by means of measuring the residual deforma-

tions and dynamic strains of the test pipe and the restraints.
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2. TEST PROCEDURE

2.1 Test Apparatus

Figure 2.1 shows the schematic figure of the pipe whip test. The
pressurizer was used to make subcooled water in the pressure vessel.

An auxiliary connecting pipe was attached to the nozzle of the pressure

vessel. A test pipe was connected to the end of the auxiliary connecting o

pipe. The test pipe was 114.3 mm in outer diameter, 13.5 mm in thickness

and 5500 mm in length. Its material was SUS304 stainless steel. Table

2.1 shows-the chemical compositions and the mechanical properties of the

test pipe. The tensile test data of the test pipe are given in APPENDIX

B. The test pipe was supported by the pipe support at the distance of

3000 mm from the break locations. The rupture disk assembly shown in

Fig. 2.2 was welded to the end of the test pipe. This was developed

for the pipe whip test. An additional mass was not added to the test

pipe by using this rupture disk assembly. An instantaneous pipe break

was simulated by breaking the rupture disk with an electric arc method.

A flexible tube was used as a part of warming-up line to reduce its

resistance against the pipe whip motion.

Two pipe whip restraints were fixed on the restraint support by
double nuts. The overhang length defined as the distance between the
break location of the test pipe and the restraint location was varied
by moving the restraint support along the T-shaped groove of the test
bed. Figure 2.3 shows the shape of U-type restraint made from $541 mild
steel whose chemical compositions and mechanical properties are given in
Table 2.2. The tensile test data of the restraint material are given
in APPENDIX B. The dead weight support and the pipe stopper were in-
stalled to keep the gap between the test pipe and the restraints const-
ant during heating-up. There are following differences between the
U-type restraint for the BWR plant and that for the PWR plant used in
the present tests.

(1) The U-type restraint for the BWR plant is based on the plastic design
concept considering the energy abosrption of the kinematic energy of
pipe due to the plastic deformation of restraints, while the U-type
restraint for the PWR plant is based on the elastic design concept.
Thus, the former is made from ductile material such as SUS304 stain-
less steel, while the latter is made from SS41 mild steel. Further-

more, the rod diameter of the latter is much larger than that the
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former.

(2) The gap between pipe and restraints is about 100 mm for the U-type
restraint for the BWR plant teo allow unrestricted normal pipe
thermal movements and potential externally induced movements due
to seismic and other transient loading. On the other hand, a
relatively small gap such as the value of 10 mm is taken for the
U-type restraint for the PWR plant to decrease the dynamic loading
acting on the restraint.

(3) A bearing plate is attached to the U-type restraint for the BWR
plant to wrap around the pipe and to minimize pipe rebound, whereas
there is no bearing plate for the U-type restraint for the FWR plant.

(4) The U-type restraint for the BWR plant is held to a restraint support
with pins, so that bending moment is zero at the support point. Om
the other hand for the U-type restraint for the PWR plant bending
momnet is generated at the fixed point where the restraint is com-
pletely fixed on restraint support with nuts. _

Photographs 2.1 and 2.2 show the overall view of the pipe whip test

apparatus and the view of the restraint installed on the restraint sup-

port, respectively,

2.2 Test Conditions

Table 2.3 shows the test conditions of four pipe whip tests. The
test pressure and test temperature were alsomst the same as ones in PWR
operational conditions. The gap between the test pipe and the restraints
were set at the value of §.85 mm before heating up the systém. The
overhang length was varied from 250 mm to 650 mm as shewn in the table.
The break area ratio was obtained through measuring the open area of
the rupture disk by means of the photograph of the break location of the
test pipe. As can be seen from the table, the tests of RUN No. 5508
and 5604 have the same test parameters except for the break area ratio.
The test of RUN No. 5604 was performed to attain the full open of the
rupture disk, since the rupture disk did not completely open in the
test of RUN Ne. 5508. Photograph 2.3 shows the view of the rupture disk
after test.

Table 2.4 shows the initial tempertures at various locations measured
by a digital thermometer. The temperatures in the test pipe were not

so much different from those in the pressure vessel, because hot water
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was circulated through the warming-up line.

2.3 Measuring Items and Methods

Following three types of measurements were performed in the tests.

(1) Electrical measurements

e

(2) Residual deformation measurements
(3) Observation of pipe whip phenomenon by high speed cameras

Measurement locations and their objectives are given in the following.

(1) Electrical measurements

Table 2.5 shows the list of measuring items for electrical measure-
ments. The main items of the electrical measurements were strain, pres-—
sure, temperature, displacement, acceleration, load and water level.

Figure 2.4 shows the locations of the high temperature strain gages
of XU1ll through XU126 mounted on the surface of the test pipe. These
strain gages were mounted in the axial direction of the test pipe except
for XU127 and XU128 in the test of RUN No. 5604.

Figure 2.5 shows the locations of the strain gages for large strain
of XU131 through XUl46 and XUL151 through XU166 mounted on the restraints
in the axial direction. The restraints were named Rl and R2, respectively,
in order of the distance from the break location of the test pipe. As
can be seen from the figure, couples of the strain gages were mounted
at the same height of the straight parts of restraints to measure the
bending strains generating in the restraints. These strain gages were
also used to obtain the residual strain distributions of the restraints.

As shown in the Fig. 2.5, four couples of bi-axial strain gages
were mounted on the parts of each restraint of 27 mm in diameter to
make load transducers, WUL31 to WUI34 and W14l to WUl44. These load
transducers were used to measure the reaction forces of the restraints.

The strain gage XUl69 was mounted on the pipe stopper in the test
of RUN No. 5506 to examine whether or not the test pipe clashed against
pipe stopper after rebounding from restraints. In the test of RUN No,
5507, the strain gage XU 170 was mounted on the restraint support where
little mechanical strain was caused. The aim of this strain gage was
to examine how much the cutputs of the strain gages for large strain
increase with temperature after pipe break.

The pressure transducers, PUL01l, PU103, PUIO5 and PU110 to PUl1l4,
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were attached to the pressure vessel and piping. Among those, the
pressure transducers, PU101, PULl03 and PUI05, were mounted at the ends
of cooling pipes whose length were about 30 cm. On the other hand,
PUL110 te PUll6 were the pressure transducers of water-cocled type. In
order to measure such high speed phenomenon as water hammer, the pres-
sure transducers PUL10 to PUl1l4 used in the tests of RUN Ne. 5506 to
5508 were so mounted on the pipe that the transducer-diaphram surfaces
corresponded with the inner surface of the pipe. The data obtained

from these pressure transducers were, however, greater than the expected
values because of the thermal deformations of the transducer-diaphram
surfaces, Therefore, the pressure transducers PU110 to PU116 used in
the test of RUN No.5604 were used together with the water—-cooled mounts
shown in Photo. 2.4 to prevent the thermal deformations of the transducer-
diahpram surfaces. The pressure transducer PULQ7 was used to measure
the pressure variation in the test pit after pipe break.

The fluid temperatures in the pressure vessel were measured with
the C-A sheathed thermocouples TU1l0l and TU102. The C-A sheathed
thermocouples TUL06 and TUlll were used for measurement of metal temper-
atures of the pressure vessel. Five C-A sheathed thermocouples were
spaced in the pipe to measure fluid temperature. The thermocouple
TUL26 was used for measuring the temperature in the test pit. The
thermocouple TUl34 was attached to the RZ2 restraint in the test of
RUN Ne. 5506 to monitor temperature increase due to radiation from the
test pipe which had 111 effect on the strain gages mounted on the
restraints.

The eddy current displacement transducers XUZ200 and XU201 were
used to measure pipe displacement. The dial gages XU202 and XU203 were
installed near the restraints to monitor pipe movement during heathng up.

The piezoelectric accelerometers XU300 and XU30l were mounted on
the test pipe.

.WU115 and WUl1l6 denote the level transmitters of the pressure vessel
and the pressurizer, respectively,

Almost all transducer outputs were recorded on the five analog data-
recorders at the speed of 60 in/sec. The record was able to be repro-
duced at the minimum sampling period of 12.5 isec. Other transducer
outputs were recorded either on a temporal digital memory at the sampl-

ing period of 10 msec o¥ on XY-recorders for monitor,.
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(2) Residual deformation measurements
The following residual deformations were obtained from the variation
of the distance between two markings before and after test.

() Residual strains of the test pipe: The axial distances between
marking on the surface of the test pipe were measured with slide
calipers before and after test,.

C) Residual cross-sectional deformatioms of the test pipe: The varia-
tions of outer diameters before and after test were measured with
outside calipers,

() Residual deformations of the test pipe: The heights of the test
pipe from the base level were measured with a transit before and
after test,

@& Residual strains of the restraints: The distances between markings
on the restraints were measured with slide calipers before and
after test.

(5 Residual deformations of the restraints: The variations of heights
of the restraints before and after test were measured with a transit.
The outputs of the strain gages mounted on the restraint were also

used to obtain the residual strains of the restraints, since the diameter
of the restraint was thought to be too large to obtain the residual strains
accurately by the mechanical measurement mentioned above. Tn this case,
the residual strain was defined as the strain at the time of 100 sec

after pipe break.

(3) Obserbation of the pipe whip phenomenon by high speed cameras

Two high speed cameras were used in each test. One was used for
the overall view of the test section and another was used for the view
near the restraints. In all cases, photographs were taken at the speed

of 3000 frames/sec.
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Table 2.1 Chemical Compositions and Mechanical Properties of Test
Pipe -———- SUS304TP
Chemical Composition
ELEMENT C 81 Mn P S Np Cr
RESULT (%) 0.05 0.49 1.48 |1 002810003 ] 8390 1840

Mechanical Properties

Yield Strength Tensile Strength Elongation
ITEM
MPa MPa %
RESULT 279 608 67
Table 2.2 Chemical Compositions and Mechanical Properties of
Restraint -—~~-—— 8541
Chemical Composition
ELEMENT C 51 Mn P o]
RESULT (%) 0.21 0.19 0.4 7 0.031 0.0 2

Mechanical Properties

Yield Strength Tensile Strength Elongation
ITEM
MPa MPa %
RESULT 289 476 375
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Test Conditions

Table 2.3
RUN No. 5506 5507 5508 5604
Pressure 15.58Mpq | 15.55MPa | 15.55MPa | 15.68MPq
— %:s’sfse‘f’i‘? ;a:i:c 320.2:(; 319.6°% | 321°%
Section doc | 314.8°c | 313.4°c | 313°C
Dloreter & Thickness  l4p,sch160 |4B,schiB0|48,5ch160[48,sch160
Length of Test Section | 3000mm| 3000mm| 3000mm { 3000mm
Break Area Ratio 79.4°%, | 781% | 38.9% | 77.5%
Type U-bar | U-bar | U-bar | U-bar
= Overhang| 250mm| 400mm | 650mm | 650mm
o Gap 8 85mm| 885mm | 8.85mm | 8.85mm
Q’ Diameter | 18mm | 18mm | 18mm | 18mm
* Number 2 2 2 2
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Table 2.5 List of Measuring Items (1)
MANUFACTURER RECORD DEVICE
TAG No | LOCATION |SPECIFICATIO
o N TYPE 5506 | 5507 | 5508 | 5604
STRAIN GAGE — PIPE
XU 111 L |DR| M |DR| M DR
112 A ! I b M |DR
113 L M L
1
114 L
115
]
116 _ . L
See Fig. 2.4 High Temp. AILTECH
117 M
Spot Welded SG—-125—01F-—10 A
118 L
Plastic
119 M L L
120 M M
121 I
122 M |DR
123
124
125
126 M |DR{ M |DR} M | DR
127 DR
STRAIN GAGE - R1 RESTRAINT
U 131 M |DR| M |DR| M |DR| M DR
' AjAt
R1 RESTRAINT| Plastic TOKYO SOKKI J k \
M M M M
t41 , Y
See Fig. 2.5 YL-5
142 L L |DR DR| L [DR
143 o
144 H [DR
145 L |[prR| L |DR! L DR
146 L IDR| L |DR| L |[DR
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Table 2.5 List of Measuring Items (2)
T AG NUFACTUR RECORD DEVICE
LOCATION |SPECIFICATION| MANUFACTURER
No TYPE 5506 | 5507 | 5508 5604
STRAIN GAGE - R2 RESTRAINT
XU 151 M|DR| M |DR}| M |DR]! M|IDR
‘ h AN A AR
R 2 Restraint Plastic Tokyo SOKKI \
161 M M N M \
See Fig 2.5 YL-5
162 L L {DR| L |DR| L |DR
163 H
¥
164 H |DR
165 L [DR| L |DR| L [DR
166 L |DR{ L |DR| L |DR
ADDITIONAL STRAIN GAGE
WU 169| Pipe Stopper Tokyo SOKKI L |ON
Plastic
170|Restraint Support YL-5 L {ON
WU 131 M {DR| M [DR| M |DR| M [DR
R 1 Restraint
See Fig. 2.5 Each transducer The strain gage
134 was composed of used was M DRI M |DR| M |DR| M DR
WU 141 four elstic strain | KYOWA M |[DR| M DR} M DR | M |DR
R 2 Restraint | gages KFD— 2-D16-11
See Fig. 2.5
144 M |DR|{M [DR| M |DR| M |DR
PRESSURE
PU 101 H |DR| H |DR| H |[DR| H DR
BLH
103| Sec Fig.2.1 |Strain Gage Type ) ) } bIdod bld
GP—-H '
105 H [DR{ H |DR| H |DR| H |DR
PU 107| Test Pit Strain Gage Type |[KYOWA, PD500GA L |ON! L /ON
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Table 2.5 List of Measiring Items (3)
RECORD DEVICE
A
TAG | | ocaT1oN |speciFicaTiON (MANUFACTURER
No. TYPE 5506 5507 5508 ] 5604
PRESSURE
PU 110 H |DR H [DR| H |DR
H |DR
SHINKOH
See Fig 2.1 Strain Gage Type :
MP - 200
114 H|DR|'H|DR| H|DR|H |DR
PU 115 Semi — Conductor TOYODA KOKI S |DR
See Fig. 2.1 PMS—-10KTMN
16| - Type —200H S |DR
. Semi — Conductor FUJI XY
PU 200 | Pressurizer Type FAC23WD3—110Y
TEMPERATURE
TU 101 B |ON} B |[ON| B [|ON| B |ON
C—A Sheath Type
|
0.5¢
104 See Fig 2.1 OKAZAKI B |ON B |[ON
106 C~A Sheath Type
111 164 B |ON| B |ON
TU 126 Test Pit C—A Sheath Type | 1.6 ¢4 HANAWA B |ON| B |ON| B |ON
TU 138 B JON| B |ON| B |ON! B |ON
C—A Sheath Type
See Fig. 2.1 SUKEGAWA
3.2¢
133 B |ON| B |ON| B |ON| B |ON
TU 134| R2 Restraint |C—A Sheath Type | SUKEGAWA B |ON
TU 200| Pressuricer | C—A Sheath Type | b33 150031 B |ON
DISPLACEMENT
PON
XU 200 S Fig. 2.1 Eddy Current T l%III;H—Nw%%P s PR
I Y YPEI'SHIN NIPPON SCKKI ON
201 FP—400
XU 2021 LIXY| L |ON|] L |ON| L {XY
See Fig. 2.1 |Dial Gage Type TOKYO SOKKI
203 L |XY
ACCELERATION
XU 300 C DR[| C |DR| C |DR| C |DR
See Fig 2.1 | Piezoelectric Type ENDEVCO 2273A
301 C |DR
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Table 2.5 List of Measuring Items (4)

T;;G LOCATION [SPECIFICATION MANU,F?%EURER RECORD DEVICE
5506 | 5507|5508 5604
LOAD
Wil 101 | See Fig 2.1 Strain Gage Type | BLH T2G-1 LIDR| L {(DR| L |DR
WATER LEVEL
WU 115 | Pressure Vessel b ‘ FUJ I DR DR DR
W1T 116 | Pressurizer ress: DUl P 1 pEC34wD3- 160 DR DR DR
H High Freq. Amp. (50kHz) - SHINKOH DA-4007—F
M . Medium Freq. Amp. (10kHz) - SHINKOH DA-4006—F
L TL.ow Freq. Amp. (2kHz) - SHINKOH DA-8005-F
B : DC Amp. e BLH BLH—5300
S ¢ Multi Purpose Amp. e SAN—EI 6MT72V
C Charge Amp. e ENDEVCO MODEL 273
DR ! Analog Data Recorder (Off —Line) - AMPEX PR2200
ON ! Temporally Digital Memory (ON-—Line)
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RUN_NO.5506 (OH=250mm)

Test Sectlon
200 30Q . 400 8OO 400 _ 200 __ 200
T xui2 XU12Q |XUNg | XULIf |
= 3
/ /
xizs x(izs  xuted X122 Xu121 XUlig  XUN? XUH5
RUN NO.5507 {OH=400mm ) XUi14 XU1§2
200 300 400 X 800 400 200 10010060 90 23C
_ 1 XU 116 XU (15
Xu123 | XU1Z0 1XUIE N A wnz
- - e —
xU126 XUi25  XUl24 Xy122 xu1zt Xutls Xui? \XU”W;
R |R1 X1 LY
RUN NO.5508 (OH=650mm), Hal! open XU 114
200 300 400 , 400 400 \ 35@____1_]40 60_190 200 200
i b ‘ ]
! X123 TR L T E
T~
( J Trd
xUt26 xU125 X124 Xu122 XU 12t XY120 XUiIB /,/ Xuina XUt
XU7 " po | Ry Xutiz
XU 115
RUN NO. 5604(0H=650mm), Full open
45
400 400 350 140 rsi 190 400
XU tlg T
xuie? |/xuizg |- xu3ol i
Moz
XU 122 XU 21 xulzo  Xune / }
Xuit7 R2| Rt =
XUS - txyid
Fig. 2.4 Locations of Strain Gages Mounted on Test Pipe
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Photo. 2.1 Overall View of the Pipe Photo. 2.2 View of the Restraint
Whip Test Apparatus (RUN No.5507) Installed on the Restraint Support

fa) RUN No. 5506

.(b) RUN No. 5507

(c) RUN No. 5508

{(d) RUN No. 5604

Photo. 2.3 View of the Rupture Photo. 2.4 Pressure transducer with
Disk after Test watercooled moent
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3. TEST RESULTS

3.1 Results of Electrical Measurements

The results of electrical measurements are given in APPENDIX A.
A discription "ONLINE" written in the figure means that this datum was
recorded with the temporal digital memory. Others were recorded with
the data-recorders. The time-origin of the data recorded with the data-
recorders was not the time origin of the pipe whip phemomenon, but the

time when current began to flow into a electrode.

(a) Pressures in the pressure vessel

A.1 to A.16 show the time histories of pressures in the pressure
vessel. Pressure drops rapidly from subcooled state to saturated one
just after pipe break. Then, pressure decreases in saturated relation
with water temperature. The slope of the pressure-time curve changes
suddenly during saturated decompression owing to transition from low
quality discharge to high quality one.
(b} Pressures in the piping

A.17 to A.87 show the time histories of pressures in the piping.
Good data could not be obtained in the test of RUN No, 5507, because
the temperature of the pressure transducers increased due to the leak
of steam from the piping. The oscillation with relatively high frequency
observed in PU105 was due to the effect of the pressure vibration in the
cooling pipe which was installed to lower the temperature of the dia-
phram of the pressure transducer.
(c) Fluid temperatures in the pressure vessel and piping

A.88 to A.106 show the fluid temperatures in the pressure vessel
and piping. The response time of the thermocouples attached to the
piping was about 2 sec. Thus, the transient variation of the temper-
ature could not be discussed by using these data.
(d) Strains of the test pipe

A.107 to A.218 show the strains of the test pipe. In the tests
of RUN No.5508 and 5604, large strain was caused near the restraint
location, Thus, the outputs of the strain gages mounted near the re-~
straint location were intermitted because of exceeding the scales of
the graphs.

The following can be seen from the figures. () The strains near

the restraint location are larger than those of other locations.
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(@) The tensile strain is caused on the upper surface of the test pipe,
while the compressive strain is caused on the lower surface of the test
pipe. () The strains near the restraint location reach maximum late
after the first impact of the test pipe on the restraints.

{e) Strains of the restraints

A.219 to A,436 show the strains of the restraints. The following
can be found from the figures. () The strains of the Rl restraint are
larger than those of the R2 restraint. (2) The tensile strain is caused
on the outer side of the restraint, whereas the compressive strain
is caused on the inner side of the restraint. () The large peak
strain appears at the first impact of the test pipe on the restraints.
@D The strains of the restraint reach steady state within 0.1 sec after
pipe break.

(f) Reaction forces of the restraints

" A.437 to A.500 show the reaction forces of the restraints. The
following can be seen from the figures. C) The reaction force of the
R1 restraint is larger than that of the R2 restraint. CD The large
reak reaction force appears at the first impact of the test pipe on the
restraints. (3) The reaction force of the R2 restraint becomes equal to
zerc at the steady state for RUN No. 5507 and 5508.
(g) Accelerations of the test pipe

A.5301 to A.510 show the accelerations of the test pipe. The accel-
eration of the value of about 500G is induced in the test pipe.
{(h) Strains of the strain gages XUl69% and XUL70

A.511 and A.512 shows the results of the strain gages XUl69 and
XU1l70, respectively. The strain gage XUl69 was mounted on the pipe
stopper to examine whether or not the test pipe clashed against the pipe
sﬁopper after rebounding from the restraints, If the test pipe clashes
against the pipe stopper, the compressive strain will appear in XU169.
The strain. of XU1l69 shows the tensile strain, so that it can be concluded
that the test pipe did not clash against the pipe stopper.

The strain gages XU1l70) was mounted on the restraint support where
little mechanical strain was caused in order to examine how much the
outputs of the strain gages for large strain mounted on the restraints
increase with temperature after pipe break. It is found from the figure
that the strain of 200 % 107° was induced in the strain gage due to

temperature iuncrease.



JAERI-M 82-125

3.2 Results of Residual Deformation Measurements

(1) Residual strains of the test pipe

Table 3.1 summarizes the results of measuring the axial distences
between markings on the upper and lower surfaces of the test pipe.
Figure 3.1 shows the axial distributions of the residual strains of the
test pipe obtained from the ahove measurement.
(2) Residual cross-sectional deformations of the test pipe

Table 3.2 summarizes the results of measuring the horizontal and
vertical outer diameters of the test pipe. Figure 3.2 shows the axial
distributions of the residual cross—sectional deformations of the test
pipe.
{3) Residual deformations of the test pipe

Table 3.3 summarizes the results of measuring the hights of the
test pipe from the.base level. Figure 3.3 shows the axial distributions
of the residual deformations of the test pipe.
(4) Residual strains of the restraints

Table 3.4.1 through Table 3.4.3 show the results of measuring the
distance between markings on the restraints, The errors of the residual
strains obtained from the above measurements were about £700x 107® in the
straight section of the restraint and about +1500x107° in the circular
section of the restraint, respectively. On the other hand, the errors
of the residual strains obtained from the outputs of the strain gages
mounted on the restraints were about 200 x 10‘6, judging from the result
of XUL70 in the test of RUN No. 5507 shown in A.512 which represents
the apparent strain caused by temperature increase, Thus, the latter
method was more accurate than the former one. Figure 3.4 shows the
residual strains of the restraints obtained from the latter method.
{(5) Residual deformations of the restraints

The results are shown in Table 3.5.
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() RUN NO. 5506 (OH=250mm)
20
0 o Yo S S },_—-c):#?.—-—l(mm)
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(mm) RUN NO. 5507 (0H=400mm)
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a0 1000 2000 R2 R
() 'RUN NO. 5508(0H=650mm)
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- RI,R2 : Rgstraint Location /
100 —
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PIPE AXIS
[ = |
1000~ -

t 3000

Fig. 3.3 Residual Deformation of Test Pipe
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4. DISCUSSTON

4.1 Time Sequence of Events in Pipe Whip Phenomenon

As stated in Section 3.1, the time'origins of the data recorded
with the data-recorders do not correspond to those of the pipe whip
phenomenon. The time sequence of the major events is given in Fig. 4.1,
where PU110, XU300, XUl42, and XUl62 denote the pressure near the break
location of the test pipe, the accelerometer mounted on the test pipe,
the strain gage mounted on the top of the Rl restraint and the strain
gage mouted on the top of the R2 restraint, respectively. The outputs
of PU110 and XU300 appear earliest, so that the time origin of the
pipe whip phenomenon can be defined as the starting time of these events.
The impact time of the test pipe on each restraint is also given in the
figure.

Figure 4.2 shows the selected data, which represent the fluid
pressures, PU101, PUL10 and PUIO5, the dynamic behavior of the test
pipe, XU300, and the dyanmic behavior of the restraint, WU131, It can
be seen from the figures that all phenomena reach the steady state at

the time of 0.2 sec or 0.3 sec.

4,2 Pressures in the pressure vessel and piping

The pressure-time history of subcooled water blowdown is character-
ized by the following two processes.
(i) Subcooled decompression process

Rapid pressure drop occurs at the break location of the pipe and
pressure wave propagates towards the upstream side. Pressure decreases
to the saturated pressure corresponding to the initial temperature after
repeating the wave propagation and reflection.
(ii) Saturated decompression process

After the subcooled decompression process, pressure decreases in
saturated relation with water temperature. During the transition from
the subcobled decompression to the saturated decompression, pressure
decreases below the saturated pressure because of retardation of the
bubble generation. This is called a transition regime.

A detailed discussion 1s given to the test data in accordance with
the discremination between the subcooled decompression process and the

saturated decompression process.
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4.2,1 Subcooled decompression process

Figure 4.3 shows the pressure~time histories in the pressure
vessel and the piping for RUN No. 5506. The figures represent the
pressure decrease, so that the origin of the pressure corresponds to
the value of the initial pressure. In the present system, the following
three types can be found in the subcooled decompression process.

() Type 1: Pressure drops suddenly to the pressure Pé:n which 1s
much lower than the saturated pressure corresponding to the initial
temperature. Then, after recovering to the higher pressure than Psat’
pressure decreases gradually to the pressure Pmin which represents the
minimum pressure in the transition regime. The pressures in the piping
near the break leocation show the Type 1.

C) Type 2: Pressure decreases to Pmin with the pressure oscillation
due to the propagation and reflection of pressure wave. The pressures
in the piping relatively far from the break location show the Type 2.

() Type 3: Pressure decreases smoothly to Pmin without pressure
ogcillation. The pressures in the pressure vessel show the Type 3.

The time delay in the first decompression is found in the pressure-
time histories shown in Fig. 4.3. This is due to the propagation of
the pressure wave generated at the break location toward the pressure
vessel. The average velocity of pressure wave, Vove’ is calculated at
about 830 m/sec for all the tests, using the above test data. On the
other hand, the sonic velocity in the fluid, a, is expressed as follows,

under the assumption that the stiffness of piping is infinite:

a = (Kg/v)H? = (xvg) /2

(1)

K = —dr/(dv/v) ’

in which ¥, g, v and v denote volumetric elastic modulus, gravitational
acceleration, specific weight and specific volume, respectively. Using
the above equation, the sonic velocity in subcooled water whose temper-
ature and-pressure are 320°C and 15.5 MPa, respectively, is calculated
at 854 m/sec. This velocity is almost ceoincident with Vove Therefore,
it is confirmed from the test data that pressure wave propagates at the
sonic veloeity. The pressure oscillation with a period of 33 msec
indicates the propagation and reflection of pressure wave between the
break location and the junction of the pressure vessel and the piping.
The period of pressure oscillation is identical with the value calcu-

lated from the equation v /28, where v and 2 denote the average
ave ave
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velocity of pressure wave, 830 m/sec, and the pipe length between the
break location and the pressure vessel, 13.6 m. The piping was thought
to be filled up with subcooled water during the appearance of the
pressure oscillation, because the sonic velocity of two-phase flow is
much less than that of single-phase flow. Considering the whipping
phenomenon of the test pipe settled down at 0.2 through 0.3 sec after
pipe break, it is concluded that the pipe whip tests could be performed

under the LOCA conditions of subcooled water.

4,2.2 8aturated decompression process

Figure 4.4 shows the pressure-time history in the pressure vessel,
The saturated pressures obtained from the measured temperatures are
also dipcted in the figure. After the subcooled decompression, pressure
is found to decrease in saturated relation with water temperature. In
the satureated decompression, the great change of pressure decrease
rate is observed at the time of 20 sec for RUN No. 55306 and 30 sec for
RUN No. 5508 and 5604 because of the change from low quality discharge
to high quality one. It can be seen from Fig. 4.4 that the curve of
RUN No. 5604 is almost the same as that of RUN No. 5508. In the test
of RUN No. 5604, the flow area of the test pipe was contracted to 36.9%
of the cross-sectional aréa of the test pipe because of plastic collapse
as shown in Photo. 4.1. This value is the same as the break area ratio
of rupture disk in the test of RUN no. 55308. Thus, the pressure-time

curves are almost coincident for RUN No. 5508 and 5604.

4.3 Deformation of Test Pipe
4.3.1 Residual deformation of test pipe

Photograph 4.1 shows the deformation of the test pipe after test.
The large deformation cannot be found in the tests of RUN No. 5506 (OH=
250 mm) and RUN No. 5507 (OH=400 mm). On the other hand, in the test
of RUN No. 5604 where the ovehang length was 650 mm and the rupture
disk opened completely, plastic hinge was formed at the distance of
900 mm from the break location, on which the free end of the test pipe
rotated and hit against the pipe itself. The following are found from

Fig. 3.1 which shows the residual strain of the test pipe. Large
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residual strain cannot be found in the test of RUN No. 5506 (OH=250 mm),
while relatively large residual strain can be observed near the
restraint location in the tests of RUN No. 5507 (OH=400 mm) and RUN No.
5508 (0H=650 mm) in which the rupture disk did not open completely.
In the test of RUN NO. 5604 (OH=650 mm) in which the rupture disk opened
completely, the peak of the residual strain is observed at the distance
of about 250 mm backward from the restraint location. This is due to
the reason that the location on the test pipe constrained by the
restraints became backward owing to the slide of the restraints along
the axis of the test pipe and the bending of the restraints, as shown
in Photo 4.2.

In the following is discussed the plastic collapse of the test pipe.
Let My and M, denote the moment required to yield plastic strain in the
outer surface of the test pipe and the ultimate moment of the test pipe,

respectively. My and Mu can be given as follows:

M =¢ Z . Mu = cyzp + (cu-cy)ze (2)

in which oy and o, denote the yield strength and the ultimate strength,
respectively, and Zg and Z? are the elastic bending section modulus and
the plastic bending section modulus, respectively. Z, and ZP can be

reprensented using the inner and outer radii, T, and r, as follows:

. _ 4,3 3
e 4r o 1) * Zp - 3(ro ri) (3)

The strengths Uy and o, were obtained from a tensile test at the temper-

ature of 325°C as follows:
o = 192 MPa , o = 448 MPa
y u

The moments My and Mu are obtained as follows by substituting the above
values of v_ and 9. and the values of r; and T, corresponding to 4-inch

& schl60 pipe into egs.(2) and (3):

My = 1.859 x 10* N-m, M= 4.454 %10 N-m

Let Fy and Fu indicate the loads corresponding to My and Mu which act
on the break location of the test pipe. Table 4.1 shows the comparison
between the blowdown thrust force T obtatined from the test data and
the calculated loads Fy and Fu. The average value of.the blowdown
thrust force from 0 sec to 0.2 sec was used as the value of T because

the pipe movement settled down within above time. The value of T for
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RUN No. 5604 is not given in the table since the accurate value could
not be obtained in this case. In the test of RUN No.5506, T is nearly
equal to Fy, which means that little plastic strain is caused in the
outer surface of the test pipe near the restraint location. On the
other hand, T is much larger than Fy and smaller than F, in the tests
of RUN No. 5507 and 5508, which indicates that relatively large plastic
strain 1s caused in the outer surface of the test pipe near the restraint
location. In the test of RUN No., 5604, T is assumed to be nearly equal
to 70 KN,Aconsidering that the test conditions of RUN No. 5604 are the
same as those of RUN No. 5506 and 5507. In this case, T.is much larger
than F,, which means that platic collapse takes place in the test pipe.
The abovementioned behaviors of the test pipe predicted by comparing

T with Fy and Fu are coincident with those of the tests. It is also
found that plastic collapse of the test pipe can be predicted by using

the limit moment Mu'

4.3,2 Dynamic behaviors

The dynamic beahviors of the test pipe are discussed here based
on the test data obtained from strain gages and accelerometers.

Figure 4.5 shows the comparison between the dynamic strains of
the upper and lower surfaces of the test pipe. This figure suggests
that the test pipe was subjected to bending becase of the symmetry of
the strain distributions of both the surfaces.

Figure 4.6 shows the output of the strain gage mounted on the lower
surface of the test pipe near the restraint location. The following
are observed from the figure, (D Strain becomes larger in proportion
to the overhang length. @D Strain varies stepwise. C@ Steady strain
is larger than that caused at the first impact of the test pipe on the
restraints and it is a maximum strain. The fact C) is due to the
reason that the moment arm becomes large in proportion to the overhang
length. The facts (2) and (3 can be explained as follows. The strain-
time curvés have plateaux at the strains of 1500 x 10~® for RUN No. 5506,
3000 x 107® for RUN No. 5507 and 5500x 107® for RUN No. 5508. This is
due to the reason that the movement of the test pipe caused just after
pipe break was prevented by the restraints. However, a large blowdown
thrust force continued to act on the test pipe even after the first

impact of the test pipe on the restraints. Thus, the test pipe bend
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at the restraint location and was deformed to a static equilibrium
position. Therefore, the strain of the test pipe attained to a maximun
at the steady state, when the movement of the test pipe settled down.

Figure 4.7 shows the outputs of the strain gages mounted on the
surfaces of the test pipe near the restraint location and the mid
location between the restraints and the pipe support. An oscillation
with the frequency of about 160 Hz is observed in both XU11l2 and XU123
for RUN No., 5506 and XU123 for RUN No. 5507. This indicates that an
oscillation of a beam type was induced in the test pipe when the overhang
length was relatively short. _ _

Figure 4.8 shows the accelerations of the test pipe. In the test
of RUN No. 5506, the acéeleration has an oscillation with the frequency
of 160 Hz which is corresponding to that appearing in the strain gages
mounted on the test pipe. In the test of RUN No. 5507, the great varia-
tion of the acceleration is observed at the time of 0.04 sec, when the
strain of the test pipe near the restraint location also begins to
increase as shown in Fig. 4.8. Generally speaking, the accerelations
of the test pipe change greatly when a force acts on it. Therefore,
the qualitative behavior of the test pipe can be deduced from the
accerelations of the test pipe. It is inferred from Fig..4.8(d) that
the following five events were caused in the test pipe in the test of
RUN No. 5604,

C) Event (0): A large blowdown force began to act on the test pipe
by the break of a rupture disk. Afterwards the test pipe crashed
into the restraints.

C) Event {1): Recrash occurred between the test pipe and the R2
restraint which had been separate after the first crash. This
can be confirmed by Fig. 4.11 which shows the decrease of the
reaction force of the Rl restraint and the increase of that of
the R2 restraint after the time of Event (1).

C) Event (2): The test pipe rotated on the plastic hinge and hit
against the pipe itself. This can be confirmed by the time when
the pressure transducer PUlll mounted near the collision point was
damaged. The tear of the Rl restraint can be also inferred from
Fig. 4.11 which shows the complete unloading of the reaction force
of the Rl restraint at the time of Event (2).

C) Event (3): The tear of the RZ restraint can be inferred from Fig.

4.11 which shows the complete unloading of the reaction force of

—4 0~
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the R2 restraint.

() Event (4): The test pipe crashed into the test bed.

4.4 Deformation of Restraints

4.4.1 Residual deformations of restraints

Photograph 4.2 shows the deformations of restraints after tests.
little deformarion can be observed for RUN No. 5506, 5507 and 5508. On
the other hand, both the restraints were torn just above the fixed bolts
for RUN No., 5604, The tear of the restraints was initiated at the
bottom of the screw of.the restraints. Considering that the minimum
diameter of the screw is 24 mm and that the tensile strength of the
restraint material is 512 MPa, each holt of the restraints can sustain
a tensile load of about 230 KN. As shown in Fig. 4.11, the tensile load
acting on each bolt of the restraints is at most 50 KN. Therefore, the
restraint has a wide margin for tensile load. It is inferred from the
aforementioned discussion that the tear of the restraints was initiated
by the excessive tensile stress acting on the notch root of the screw
of the bolt which was induced by a bending load. This can be confirmed
by the views of the fixed volts shown in Photo. 4.2 (b) which indicates
that large bending strain was caused near the tear location of the bolt.

The following are observed from Table 3.5 and Fig. 3.4 as regards
the relation between the residual deformation of restraints and the
overhang length. C) Residual deformation of the restraint is larger as
the overhang length becomes shorter. C) The difference of the residual
deformations of two restaints is small for the case of short ovérhang
length such as RUN No. 5506, while the residual deformation of the R1
restraint is larger than that of the R2 restraint for the case of large
overhang length such as RUN No. 5506 and 5507. The fact C) is due to
the reason that the kinematic energy of the test pipe absobed by the
restraints deéreases with increase of the overhang length since the
velocity of the test pipe at the impact of the test pipe on the restraints
decreases with increase of the overhang length. On the other hand, the
fact (2) can be explained as follows. The R2 restraint does not work
effectively in order to prevent the movement of the test pipe because
the test pipe bent at the restraint location and is detached from the

R2 restraint after the filirst impact of the test pipe on the restraints.
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It can be seen from Fig. 3.4 that the residual strain in the
straight section of the restraint is much smaller than that in the
circular section, This indicates that the circular section is mainly
deformed and the strain in the straight section is almost within the

elastic range.

4.4,2 Dynamic behaviors

Figure 4.9 shows the typical outputs of the strain gages mounted
on the restraints. A pair of strain gages such as XU135 and XU136 shown
in the figure denotesg the strain gages mounted on the outer and inner
sides in the straight secion of the restraint, the locations of which
are at the same height from the restraint support. On the other hand,
the strain gages XUl42 was mounted at the top of the Rl restraint, As
shown in Fig. 4.9 (a), the vibrations with the frequencies of 300 Hz
through 350 Hz are observed in the outputs of the strain gages mounted
on the straight sections of the restraints. It is inferred that the
vibrations were induced by the latéral movements of the restraints
because there is a difference of 180 degrees in the phase of the vibra-
tion between the outputs of the pairs of strain gages mounted on the
outer and inner sides of the restraints. The frequencies of the vibra-
tions are approximately corresponding to that of the 2nd mode obtained
by the ADINA code which is shown in Fig. 4.10. As shown in the figure,
the 2nd mode vibration has the lowest frequency in the varations with
the symmetrical mode shapes. It is concluded from the above discussion
that the strain vibration observed in the straight section of the
restraint is the lowest natural vibration of the symmetical mode in-
duced by the first impact of the test_pipe on the restraints.

As shown in Fig. 4.9 (a), the vibration with a frequency of 160 Hz
is observed in the output of the strain gage XUl42 mounted on the circular
section of the Rl restraint for RUN No. 5506. This frequency is the
same as that of the vibration of the test pipe appearing in the strain
gages and accelerometer mounted on the test pipe. This means that the
cirecular section of the restraint stuck to the test pipe and moved
together with it.

It is found from Figs. 4.9 (a) and (b) that for RUN No. 5506 both

the RL and R2 restraints were subjected to a tensile strain in the
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circular section because of the positive value of the average strain,
whereas for other cases the Rl restraint was subjected to a tensile
strain but the average strain of the R2 restraint was nearly equal

to zero. This indicates that the R2 restraint does not work effectively

to limit the pipe movement when the overhang length is large.

4.5 Reaction Forces of Restraints

The treaction forces of the restraints were measured using the load
transducers WU131 to WU134 for the Rl restraint and WUl4l to WUlA4 for
the R2 restraint, respectively. The total reaction forces FRl and FR2
of the R1 and R2 restraints can be calculated as follows:

Fr1

Fro

Figure 4.11 shows the results of WU131l and WUl4l. 1In the first

(WU131 + WUL32 + WU133 + WU134)/2

(WU141 + WUL42 + WU143 + WUL44)/2

It

place, we will discuss the results of RUN No. 5506, 5507 and 5508. For
RUN No. 5506, whose overhang length is the shortest, the values of
WUL31 and WU1l41l are alwavs positive. On the other hand, for RUN No.
5507 and 5508, the value of WU131l is always positive but that of WUl4l
becomes equal to zero at the times of 0.1 sec for RUN No. 5507 and 0.02
sec for RUN No. 5508, respectively. ZEspecially, the value of WU1l4l
for RUN No, 5508 has only the first peak. It is concluded from the
above discussion that both of the two restraints was effective to
limit the pipe movement for the case of relatively short overhang length
such as RUN No, 5506, whereas for the cases of relatively long overhang
length such as RUN No. 5507 and 5508, only the Rl restraint is effetive
to limit the pipe movement after an early stage in the impact of the
test pipe on the restraints. Although the maximum reaction forces of
the R1 and R2 restraints are observed at the first peak for RUN No. 5506,
the maximum reaction forces of the Rl restraint are observed after the
first peak for RUN No. 5507 and 5508. This is due to the reason that
for these cases the reaction force of the Rl restraint increased
according as that of the RZ2 restraint decreased.

Next, we will discuss the results of RUN No. 5604 in which the
overhang length was 650 mm and the rupture disk opened completely. The
reaction forces of the restraints for RUN No. 5604 have the same

tendency as those for RUN No. 5507 and 5508 in a short time range,
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As for a long time range, the reaction force of the Rl restraint WUL31
starts to increase and that of R2 restraint WUl41l begins to decrease
after the time of 0.1 sec. This means that the test pipe collided
again with the R2 restraint, which kept apart from the test pipe after
the first impact of the test pipe on the restraints. Then WU131 and
WUL41 have constant values after the times of 0.22 sec and 0.25 sec,
respectivley, which are corresponding to the times when the tear of the
restraints occurred. The reaction forces of the restraints do not
return to zero after the tear of restraints, since large residual strain
owing to the bend of the restraints along the pipe axis was caused at
the locations of the restraint where the strain gages were mounted to
measure the reaction forces of the restraint. The conversion from
the strain to the load for WU131, WUL41l and so on is based on the as-
sumption that the strains of the strain gages used in the load trans-
ducers are within the elastic range. Therefore, the reaction forces of
the restraint may be inaccurate, when the restraints slided along the
pipe axis and they were subjected not only to a tensile force but also to
a bending moment.
Figures 4.12 (a) and (b) show the relation between the reaction
forces of the restraints and the overhang length. The results of RUN
No. 5604 are not depicted in the figures because of the reason mentioned
in the preceding paragraph. Figure 4.12 (a) indicates that the reaction
forces of the restraints at the first impact decrease with increase of the
overhang length. It is also observed from Figs. 4.12 (a) and (b) that,
even in the case of relatively large overhang length such as RUN No. 5507
and 5508, the R2 restraint sustained fairly large reaction force regarding
the first impact, although it sustained no force at the steady state.
Figure 4.13 shows the time history of the blowdown thrust force

obtained from the tatal reaction force of the restraints as follows:

L -0H
R L

T=PTF

in which
" T = Blowdown thrust force
F_. = Total reaction force of restraints
L = Length of test pipe
OH = Overhang length

Tn the figure, the result is also depicted for RUN Ne. 5509 which was

performed to obtain the blowdown thrust force by the load transducer
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attached at the elbow adjacent to the break location. The restuls of
RUN No. 5506 and 5507 are in comparatively good agreement with that of
RUN No. 5509. On the other hand, a large blowdown thrust force is
obtained for RUN No. 5508, although the rupture disk did not open
completely., Table 4.2 shows the thrust coefficients defined as
follows:

T
max 55
n = —-— =
max P A ’ nSS P A
max 55
in which
= Maximum blowdown thrust force
max
ss Steady state blowdown thrust force
max = Pressure in the pressure vessel at the time when the
blowdown thrust force reaches maximum
s Pressure in the pressure vessel at the steady state
A = Break area of the test pipe

The value of fDL/D, in which fD, L and D denote Darcy's friction coef-
ficient, length of the piping and pipe diameter respectively, is equal
to about 1.1 for the present system. Thus, according to the chart

(3

obtained by Mocdy the discharge coefficient is equal to about 1.0
at the steady state. Compared with the Moody's result, RUN No. 5506
and 53507 give reasonable discharge coefficient, whereas RUN No. 5508
gives much larger value than the Moody's one owing to the oriffice
efifect of the remainder of the rupture disk.

Table 4.3 shows the dynamic load factor DLF defined as follows:

F

DLF = _R,max
T

85
in which
FR max Total reaction force of restraints at the first impact
]
s = Steady state blowdown thrust force

It is observed from the table that the dynamic load factor decreases

with increase of the overhang length.
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Table 4.1 Comparison between Blowdown Thrust Force and Calculated
l.oads Fy and F,
RUN Ha OH (mm) F, (kN) F, (kN) T (kN>
5506 2590 74 36 1782 777
507 400 4648 111.4 6 8. 4
5508 650 2860 6852 . 586
5604 §50—+900 20.66 49 49 -
Table 4.2 Thrust Coefficient Obtained from Experimental Data
RUN No | A (cm?) | Ty (N3 T, (N} |Pu., (MPa)| P, (MPa) | 7, T e
5506 47.52 g.16x 10° 6.14x% 10* 13.20 11.12 .31 17
5507 | 46.75 |7.84x10° [654x10% | 1338 10.92 .27 | 1.29
5508 23.28 7.17x 10* 5.28x 10" 13.56 10.76 2. 27 2.13
The valves of T, and P, correspond to those at the time of 0.1sec.
The valves of T,, and P, correspond to those at the time of 1.0sec.
Table 4.3 Dynamic Load Factor Obtained from Experimental Data
RUN N OH (mm) Fu max (N T, (N) DLF
5506 250 .89 x 10° 6.14x 10" 3.08
5507 400 1.10%106° 6.54% 10" 1.68
5508 650 8.55x 10° 5.28x 10* 1.62




JAERI-M 82-125

sjuaag 1oley yo asouanbag ouryyg 1% *814
| 096 80GG 20GG 90GG  ON NNY
& & { {
18piooay opQ jo ubuQ awi] —=Q
QHind
? 101
S
291 NX . 07
6¢ | 8% | 89 | 09 | sy ibed _
10 | 2¢ | 29 | 09 | Ul loe =
F0SG | 80GG | L0GG | S0GG 'ON NNY o::av —
_ -3
Qlind ~
a/ll 00E X\ ¢3HNX
210 — 106
/S |
191 NX Nl@%\l - 409



RUN NO. 5507

JAERI-M 82-125

{sec)

TIME AFTER BREAK

RUN NO.5506

S O e -2
B o .

ol UJ__ ..°:!

o = o

i @ e

(= o S

- — L v o ]

= =] 3

ol g o z 2 di=

(=] . Q o

L o Y

[=] ol P

© =3

= o

] ] ' ! 1 | 4 |
e w g e w2 =» 2 =) 8 i °
o o) 1
( dw)%ﬁﬁ%ﬁ%ﬂﬂ ! dw’3§§%§g§%d {9) NOILWHIT3IOIV {N} OvO"
Q- S _© o
g @ o ®
o o = o
@ ® w @
of ol | P =
- S - e S - -
= - 4 ;
< E < a 3 - = -
of af” e p
e o o
o ol P
o o o
e ! L © i ) 1 ] | .y;‘; o
e w2 o w2 =B § ) § Z2n o
{DdW} 3SV3IHI3] {odW) 3SY3¥03Q '
34NSS3Y¥d JHNSSIUd {9) NCILYYITIOW {N} QVOT

{sec)

TIME AFTER BREAK

Selected Data for Each Test

Fig. 4.2



RUN NO. 5604

RUN NO. 5508

e - _ o
s8]
of B — . ?3) -'g
i ] ] T x
=
o &
Sf - - s &
| o i = S 5 5
5 3 7 [T
- & z > 3 L=
© I 1o ¢
i _: =
ol < _
S — S
St ; Q
o ! ] ) ; L oa < '
() n o o 'e] o o) 8 [@) 8 99 Fay
{DdW) 35V3¥DI0 (0dIW) ISYINIIA o o = (N} avor
34NSS34d 34NSSIHd {9} NOILYH¥ITIIOY
2r or - 12
@l @l @ | =
o [=] o o
wL | B W | o
o (=] =] [ =]
- ls | = 8 1 5 1
S > s >
gﬂ o ;_ o = g_ = 43
SF S 8 1
Q g I =]
o d =) o
L1 ! | I L = 1.+
o w® o © w» e » 2 =3 § e o
] 5 =
(DdW) 3S¥Y3IYI3Q  (PdW) ISVIY¥I3Q
JNNSSINd UNSSI N {9) NOILVY3II3NV (N} av07

JAERTI-M 82-125

{sec)

TiME AFTER BREAK

Fig. 4.2 (Continued)



JAERI-M 82-125

- RUN_NO. 5506
0
5_
10
Sl_
min
ob L™
£ o
@ 5 PUII in
= poey {Type 1)
min
Ll [l 2N e
w O+ ™
< J W NN~
g:.l ’ -
S 5S¢ PUII2 Prnin
= P (Type 1)
L ™ ™ o
G ] ’ y
% i v v \\—/_\—-——,-\_‘_\___
e —
9 st PU113 Prmin
Peed {(Type 2)
a
o—— e
\\f-( w
5_ —
(Type 2} Proir
of—F—
PU103
5r (T 3 —
L : ! I vee 3 | Pmin
0.0 0.05 Q10 015 020
TIME AFTER BREAK (sec}
Fig. 4.3 Pressure vs. Time Curves in Subcooled Decompression Process

o

PRESSURE
DECREASE (MPa)
n

0
TIME AFTER BREAK (sec)
—— RUN NO, 5506
PU 0T 2 - == RUN hr\}g 5508
0 —— RUN NO. 5604

10

L t 1

-

PRESSURE DECREASE (MPa)

204 30 %0 50 80 100
TIME AFTER BREAK (sec)
Fig. 4.4 Pressure Variation in Pressure Vessel



S31UuTRIIS9Y JO pooyioquSTou Iyl

je 2dTd I53L JOo SUTE1lS OTWRUL( PIIIDTAS

9% 814
(08s) MV3IHE Y¥3LldV 3FWIL
. . 5 .
N_o | 00, _o | 00,
i uado by ]
uado w_:.._ 4 WW 0S9=HO 4
WIH1059=HO i [7096 'ON NNy | i
[7055 ON NNj - . -
-0000z pINX ~10000!
viLny 1 ]
o 13AQ) 3IDIG N ;H
: 0000Y 1ong s 00002
> 90 0 20 00
= T _ T _ _ _ 0
. |
=3 -
-
= i
—{000¢
WwO0Y=HO i
[70GS ON_NNY) HNX .
90 ¥0 .20 00
_ T _ T _ T O
wwOgz=HO .
2Hnx ]
[9065 ON NNy —000%

NIVHLS

(4-01%)

odIg 39 Fo s@0vyIng ID2MOT]

pue zaddp Jo sutealg JTweuL(q uzamilaq uostirdwo) g% *8T1q
19AQ 3)D2g g 0000y~ J3nQ 21025 —0000¢-
ShX - 610X .
—10000Z- 100001~
20 00 00
T T 0 0
uado 114 H uado yoH i
W w )ga=HO i wwpg9=HOo |
{#096 ON NTH] | [60GS ON NNY| ]
—0000z ~0000!
-gLLNX - g1nx .
49A(Q 31025 — 0000Y 18AQ 91035 -10000¢
Looo
90 b0 20 \r(_/}o.Or 0
T T T I ¥
wwoQ7=HO i
[LOGS 'ON NNy 1000
(09s) MV3IH¥E ¥3idV IWIL —{000¢c-
30 210 | 20 W!s;zdo_o 0
wwogZ=HO u
[9055 BN Nnd) 000¢

NIVYLlS

(4. 01%)



JAERI ~-M 82-125

RUN NO. 5506

2000 xgi2 OH=350mm
0_ ! ] I | 1 !
Q0 002 004 0086
TIME AFTER BREAK (sec!
009 002 004 006
T
_2000: Xu123
| OH=400
30007 Xui14 m
0_ ] i ] ] L !
00 002 0.04 008
TIME AFTER BREAK (sec)
0 0.0 002 a04 0.?6
-2000- XUi23
L. OH(:fSSOmm
— - Half open
© 0000 XUHs
2 -
i i E { {
= STy 02 004 006
4 TIME AFTER BREAK (sec)
ot Q0 002 004 006
W
—1000]: Xu123
40000+ RUN No. 5604
OH =650 mm
i Full Open
-
20000+
O I 1 A L I
00 002 004 0056
20001
X122
O [ — T T 1
00 002 004 006
TIME AFTER BREAK {sec!
Fig. 4.7 Selected Dynamic Strains of Test Pipe




JAERI-M 82-125

(085}

RYIYG ¥IALAY IWIL

20

0

2dTg 189] 3O UOTIBIS[IDOY

o0

A A b AR .

usds g
W05F=HO
%095 ON NNy

00¢ NX

(0}

,r"

1

00%~

00%

Q0g-~

- 006

NOILVE 31300V

)

{9

g8 % ‘314

(998 )

00 200 00
¥

AV3HE  HILAY IWIL

ooeNnx

uado o .
TSR 5

806G 'ON NNy

00ENX

wwpoy=HO
206G 'ON NNy

OOm nx

T T i B

i

200y 00

UwoseEHO
906G ‘ON NOg

Sy

006~

00S

00G ~

00¢

00s -

00§

{9} NOILv¥3T300V {91 NOILYY3ITINV

NOILYH3T300V

(2]



JAERI-M 82-125

SIUTBRIISYY JO SUTealg DTWRUAQ PIIODT2S

6% "31a

Z7iNX

LEINY
1’1@]@!@%?‘0
gsiny
300 700 700 o0 —0002
f T T T T T T o
{52s) MV3YE YLV IWIL
00001
T e ——-a- a0 O A b
SELNX

0002

(5.0LX) NIVHLS

17095 ON NNy

uado Ny

0s&=HO

300 ¥00 200 go 0008 4|
T T T T T T O H n
p = =
{oas) WY3IHE H3LAV 3IWIL =
=
- S
Jo0000 5 | N
ZvI0X 12
R P
seinx o z2
9g1Inx% o &
Jocoz 58S
ggINX o
3EINX
900 00 200 oo 0%
T T T L T T T (8] w o
{285) ¥V3HEG 4314V 3IWIL M W
>
= | =
o
4OQH=HW M%
ZyInX CHR
SEINX N\ A\ =2
aginx ° W
Joooz =
5g10X 0
961NX
ooz,
900 00 200 00 -
T T T T T T 0 w =
(938) V3IHS ¥3L4Y IAIL = | =
=
=]
Zlw
-00001 o o
o (o)
geinx T3
0 g
w_/_v
9gINx doooz =
298 9000 (B)



JAERI-M 82-125

(penutluoy) 6°% 314

§SINX

'
ki Lahil

L

gsLnx

90

70 ¢o 00

]

0009-

00039

T T L T

(das) WVIaHE Y314V JWIL

SEINX

ZNNX

geEInx

o
(g_ou) NIVHLS

|

00001

~000z-

1

goot

uade 110y

}7099 ‘ON NNy

HC

089

"gcinx
90 +0 20 oo 00 L Z
T T 3 T T T 0 0 =
>
{09s} WV3IHE ALY IWIL =z | =
=
— n
Zrinx sl
0000l & |
[+,] ——
— IO
SEINX g
T T T T r - 0 o
9g1Nx 88
0002 E]
S0
LT A v Y Y i ' &*
0001
50 L4¢] 20 [#]4)
T T T T T T T ] w
i} X
[23s) MVYIHB HILJV 3IWIL ale
= =
z =
(=]
Hooool — |
= | &
o
Zrinx 2 m
s [a)
SEINX. r . ——r — Y T
9gINX w
Joooz <
mm—:x— T T T T T o
9G1NX
loooz ,
90 i : / a1 2
T T ¢_o T N4O — 90 0 0 (=
> =
{22s) MVY3HE H3LAV INIL =
=z |z
<
-y on
—_ o
0000 © | ©
ZFInX &l o
gELNX E
T T T T L O q_hv
9giNnx g
+0002 ~

25 9°0+0

(4



JAERI-M 82-125

Frequency (Hgz)
ist Mode | 2nd Mode | 3rd Mode | 4th Mode
78 289 415 750

Fig. 4.10 Natural Frequencies and Mode Shapes of Restraint Obtained

by ADINA Code



JAERI-M 82-125

S92i104 UOTIJoraxy JUTBIISIY P=212813g

TT'% "314

(98s) NvIYE H¥ILIV TWIL
t0 20 00

{298}
t0

AV3IYE HILAV INIL

20 00

]

=)
[=
W03 2

33404

tN)
4B}

lgg 108§
[, 01%) (08}

H IHlg 055 ‘ON NNy

(Das) Wv3HE {3as) ¥v¥3uga
Y3134V JWIL 43ldy Al
w0 Jro N (o)) * z0 00 RO (0L} | T
T T ..1#. T T T 00 100 m
. 1318 |8
b} w :
] 1318 | o
—_ = %
: LN
| I
88
i Jos 05§
171 M LELNM
¢4 1INIVH153d 4 INIvd1s3d
{pas) MVIHE H3Ldv 3L (%25) MVIYE Y3rdv IW|L
¥00 Z00 00 500 Z00 Q0
T T T T 00-00
0
c
; 1213 |2
o ID Z
. ﬂ“ B _..\:u o
[ . o
1 — m .m. m
E R 4~ I
=%
E “0'6-0% (o
{ o) {01 .m &
71 NM LEL M

Zd INIVHIS3Y

lY  INIVHLS3Y

(28%) MY 3HE H3L4V 3NIL

( 288)

NV3HE H3ALAV 3INIL

v0 20 Qo +0 20 oo

T T A - y ' T r——00 ._o.o
pms |
n
(@ . 13 -M =
] 1242 |8
m m -
on
i ) P L]
zZ kIS
] ] 1~ |s
L
4 lom |Q|m 2
{018 (o | =

[085) HYIHA HIL4Y FWIL ©{ W) Ny3HE HILAY TN
¥0 20 00 70 Z0 oo

: T y T , Y al 00 100
o
i | [y
n e =

L] o
13 13 | =
m m o
- = 3]
1z 4z o
R - o
| 1~ o
T
dog 0% | R
LOIE) IO | ©

bl M IELNM
¢4 INIYY1S3Y Iy INVH1S3H




JAERI-M 82-125

10*  x10°
First Paak
2.0 2.0 l——-_
EE
[F1]
2 S
o S
bl bt
- 1.0+~ 1.0f
=z =
2 |2
- -
i 9
o x
L .0 L 1 1
0.0% 0055 200 850
{5508} {5507) " {5508)=RUN NO
OVERHANG LENGTH {mm)
(a) First Peak
= x10*  x1©0®
2 jor= 1.0
= F:: Total ! Steady State
& £
e 2 X x“77~:::‘“‘~ﬂ
— L~ Ri1 =X
= = Predicted Thrust Forca
g = D\zr\
o~ & 1 -
o 008 0055 400 650
(5506) {5507} (5508]=RUN NO.

OVERHANG LENGTH (mm}
(b) Steady State

Fig. 4.12 Restraint Reaction Forces vs. Overhang Length

1.0

— RUN No.5509 (Jet Test)

. ——— RUN No. 5506
(x109A0%)  —omeee RUN No. 5507 }(Whip Test)

10 10F — — RUN No. 5508
5 |z |
PP T R 1Yo e e ey
O () ]
x 0 e
O o 8
W

00t 00 e YR e

0.0 0.2 04 06 08
TIME AFTER BREAK (sec}
Fig. 4.13 Blowdown Thrust Force Obtained from Restraint Reaction

Forces .



JAERI-M 82-125

(a) RUN No. 5506 (OH=250mm)

Photo. 4.1 View of Pipe Deformation after Test
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{d) RUN No. 5604 (OH=650mm, Full open)

Photo. 4.1 {Continued)
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{(a) RUN No.5506, 5507 and 5508

Photo. 4.2 View of Restraint Deformation after Test
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{b) RUN No. 5604

R1 restraint

Front view . Side’#iew'

Photo. 4.2 {(Continued}
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(b) RUN No. 5604

R2 restraint

Front view Side view

Photo. 4.2 (Continued)
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5. CONCLUDING REMARKS

Four pipe whip tests were performed under the PWR LOCA conditions
by varying the overhang length. The following conclusions are obtained
from the tests.

(1) The whipping of the pipe can be prevented more effectively by the
restraints as the overhang length becomes shorter.

(2) The load acting on the restraint support structure becomes larger
as the overhang length becomes shorter.

{3) The restraint farther from the break location does not limit the
pipe movement except for the first impact when the overhang length
ig larger. Thus, two restraints should be installed close to each
other

(4) The ultimate moment M, of the pipe at the restraint locatiom can
be used to predict the plastic collapse of the whipping pipe.

(5) The restraints slide along the pipe axis and are subjected to a
bending moment, when the overhang length is larger. 1In this case,
the restraints may be torn at the fixed bolt, because excessively

high stress is caused at the bottom of the screw in the fixed bolt

owing to a bending moment.

Based on the above conclusions, let us consider the practical case,
In nuclear power plants, restraints are installed as close to the hy-
pothetical break location, mamely, weld line, of the elbow as possible.
Thus, the test of RUN No. 5506, in which the overhang length was 250 mm
is closest to the practical case among the present pipe whip tests. In
this case, both the restraints worked effectively to limit the pipe

movement and little deformation could be found in the pipe.
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the restraints may be torn at the fixed bolt, because excessively
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pothetical break locatiomn, mamely, weld line, of the elbow as possible.
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APPENDIX B RESULTS OF TENSILE TESTS FOR RESTRAINT AND PIPE
MATERTALS

B.l Test specimens

Figure B.l shows the shape of the test specimens made of the restraint
material $S41 mild steel. Test specimen No. 8-1 to 8-3 and 2-1 to 2-3
denote the test specimens made of the bars with the diameter of 38 mm
and 32 mm, respectively.

Figure B.2 shows the shape of the test specimens made of the pipe
material SUS304 stainless steel. Test specimen No. PR-1 to PR-3 and
PH-1 to PH-3 denote the test specimens for room temperature test and
high temperature test, respecitvely. Figure B.3 shows another shape of
the test specimens made of the pipe material. These test specimens

are called RT-1, -2 and HT-1, -2.

B.2 Test Procedure

B.2.1 Restraint material
' Tensile tests of the restraint material were performed under room
temperature. Strain gages were mounted on the test specimens to obtain

stress—-strain curves.

B.2.2 Pipe material

Tensile tests of the pipe material were performed both under room
temperature and under high temperature. Strain gages were mounted on
the test specimens PR-1 to PR-3, PT-1, -2 and HT-1, -2 to obtain stress-
strain curves. On the other hand, the displacement of the cross-head
of the test machine was recorded to obtain the 0.2% strength and the

tensile strength. for PH-1 to PH-3.

B.3 Test Results

The stress-strain curves for 8-1 to 8-3, 2-1 to 2-3, RT-1, -2 and
HT-1, -2 are given in Figs. B.4 and B.S5, respectively. The test results

are alsoksummarized in Table B.1.
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