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Thermal and structural responses of reactor coolant piping under and elevated internal pressure and
temperature are being investigated in WIND project at JAERI. In a recent failure test in which a nuclear grade
type 316 stainless steel pipe with an outer diameter of 114.3 mm and a wall thickness of 13.5 mm was used and
an internal pressure was kept at approximately 15 MPa. A failure of the piping was observed when the
temperature was sustained at 970 °C for one hour. In parallel with conducting the tests, post-test analyses were
performed. The objective of the analyses is to assess analytical models for the creep deformation and failure of
the piping at elevated internal pressure and temperature simulating thermal-hydraulic conditions during a
severe accident. The major material properties needed for the analysis were measured at elevated temperatures.
Coefficients of a creep constitutive equation including the tertiary stage were determined with the measured
creep data and incorporated into ABAQUS code. The analysis reasonably reproduced the time history of the
enlargement of the piping diameter, and the wall thickness and the diameter of the piping at the failure. It was
also found that the piping failure timing obtained from the analysis agreed well with the test result.
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1 INTRODUCTION

In a severe accident of a light water reactor,
a large amount of fission products (FPs) released
from fuel rods will deposit on the inner surface of
reactor coolant piping, and high temperature gases
generated in a reactor core region could flow into the
piping. In such conditions the piping might be
subjected to thermal loads due to the decay heat
released from the deposited FPs and the heat transfer
from the high temperature gases, with an internal
pressure load in some accident sequences. As a
consequence, these thermal and pressure loads could
threaten the integrity of the piping. A failure of a hot
leg or a pressurizer surge line of a pressurized water
reactor (PWR), for example, has been concerned in
high pressure accident sequences (Chambers et al.,
1989, Hidaka et al., 1996). Maintaining the integrity
of reactor pressure boundaries including reactor
coolant piping is crucial to avoid the FP release into
a containment vessel and to assure capabilities for
the coolant injection into a reactor pressure vessel as

one of accident management measures.
Thermal and structural responses of the

reactor coolant piping under elevated internal
pressure and temperature conditions are being
investigated in piping integrity tests of WIND (Wide
Range Piping Integrity Demonstration) project at
Japan Atomic Energy Research Institute (JAERI)
(Hashimoto et al., 1995, Nakamura et al., 1996,
Maeda et al., 1997). Seven piping failure tests have
been performed using steel pipes which simulate a
part of reactor pipings. In parallel with conducting
the tests, post-test analyses are in progress with a
commercial finite element method code, ABAQUS
(Hibbitt, Karlsson & Sorensen, Inc. 1989), to assess
analytical models for the creep deformation and
failure of the piping in the tests. The present paper
describes the overview of the test results and the
post-test analysis results.
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2 OVERVIEW OF PIPING INTEGRITY
TESTS

2.1 Test Facility
A schematic diagram of the piping integrity

test facility is shown in Fig. 1. The facility consists of
a test section, nitrogen supply systems, an internal
heating system, a safety enclosure, a heat exchanger,
and an exhaust line. A straight pipe as the test
section is pressurized with nitrogen gas, and locally
heated by an internal electric heater. Several type
pipes are used as the test section. Structure and
major dimensions of small diameter test pipe are
illustrated in Fig. 2. The small diameter test pipe has
a length of 2000 mm, an outer diameter of 114.3
mm, and a wall thickness of 13.5 mm. The internal
electric heater is made of silicon carbide (SiC) and a
heat generating part of the heater is located at the
center of the test pipe. The test pipe is surrounded
with a thermal insulator layer to form a nearly
adiabatic boundary condition at the outer surface.
Temperature is measured with thermocouples
distributed over the test pipe.

Figure 3 shows a method of measurement of
enlargement in piping diameter. Two sets of wires
are used for measurement of vertical and horizontal
diameter enlargement. For vertical direction, one
side of wire is connected with the top or the bottom
of the pipe at the center of heated area and another
side is hung with weight. Displacement of the wire is
measured with laser. Diameter enlargement of the
test pipe is measured throughout the test.

2.2 Test Conditions
The major test conditions are listed in Table

1. A cold drawn type 316 stainless steel - nuclear
grade (SUS316(N)) pipe with an outer diameter of
114.3 mm was used in WPH3, WPH6 and WPH15.
These three tests were performed with constant
internal pressures of 9.8 MPa, 4.9 MPa, or 14.7 MPa
throughout the tests. In WPH4 test, a cast stainless
steel (ASTM CF8M) pipe with an outer diameter of
114.3 mm was used and the internal pressure was
maintained at 9.8 MPa. In other tests, middle
diameter test pipes with an outer diameter of 355.6
mm were used. A hot extrusion type 316 stainless
steel (SUS316) pipe was used in WPH11 and
WPH17, and a hot extrusion carbon steel (STS410)
pipe was used in WPH13. The maintained internal
pressures were 9.8 MPa in WPH11, 14.7 MPa in
WPH17 and 7.4 MPa in WPH13. The pipe was
locally heated with a temperature increase rate of
130 °C/h. Temperature histories until piping failure
in all tests at the heated area are shown in Fig.4. In
WPH15, the test pipe was failed when the
temperature of heating area was sustained at 970 °C

for 1 hour.
An axial displacement was constrained at

the pipe end and the free axial displacement was
allowed at another end.

2.3 Test Results
The conditions in all tests at the failure are

summarized in Table 2, including the maximum
temperature, a ratio of outer diameter before and
after test, and a ratio of wall thickness at upper part
of piping before and after test. In these test without
WPH4 (cast stainless steel pipe test), pipe was
remarkably enlarged and wall thickness was
remarkably reduced. The major difference of test
condition between WPH3, WPH6 and WPH15 is
internal pressure. Internal pressure is 9.8 MPa in
WPH3, 4.9 MPa in WPH6 and 14.7 MPa in WPH15.
Thus, piping failure occurred at higher temperature
in WPH6 than in WPH15. This relationship between
pressure and temperature was realized in middle
diameter piping tests, WPH11 and WPH17. Internal
pressure was maintained at 9.8 MPa in WPH3 and
WPH11, and 14.7 MPa in WPH15 and WPH17.
Maximum temperature of WPH11 and WPH17 is
slightly lower than that of WPH3 and WPH15. The
major difference of these tests is a pipe diameter, i.e.,
WPH3 and WPH15 used a small diameter pipe and
WPH11 and WPH17 used a middle diameter pipe.
Because of a ratio of wall thickness and diameter is
different in these two pipes, circumferential stress of
middle diameter test pipe is larger than that of small
diameter test pipe.

Figures 5 and 6 show the temperature
distribution observed in WPH15 when the
temperature was sustained at 970 °C. Figure 5 shows
the axial temperature distribution along the top of
outer surface. Figure 6 shows the circumferential
temperature distribution at the center of heating area
of pipe outer surface. The temperature difference
between the top and the bottom was caused by the
natural convection of nitrogen in the piping.

3 POST-TEST ANALYSIS

In parallel with the test, the measurement
for mechanical and thermal properties of pipe
materials at elevated temperature is in progress in
WIND project, and the measured properties were
used in the present analyses. These material
properties include creep characteristics, yield and
tensile strength, Young's modulus, Poisson's ratio,
density, specific heat, thermal diffusivity and thermal
expansion coefficient.
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3.1 Analytical Conditions
The two-dimensional (2D) and the three-

dimensional (3D) elasto-plastic creep analysis were
conducted for WPH15 with the finite element
method code, ABAQUS. Due to a symmetric
geometry to a vertical bisection plane, one half of the
cross section was modeled at the center of the
heating area of test pipe for the 2D model, and a half
cylinder / a half length of the test pipe was modeled
for the 3D model. The 2D mesh is uniformly
modeled with 15 layers in radial direction and
dividing 90 sections in circumferential direction. The
3D meshes are 5 layers in radial direction, 30
sections in circumferential and axial direction. Due
to the limitation of the computer memory size and
the calculation time, the present 3D mesh is too
coarse. For the 2D and 3D analyses, it was assumed
that the internal pressure is constant, 14.7 MPa, and
the temperature distribution is constant. The
temperature distribution is based on the test results
when the temperature was sustained.

A creep constitutive equation based on the
modified 9 projection concept (Maruyama et al.,
1987, 1990) with the measured creep data was
developed and incorporated into ABAQUS code. R.
W. Evans et al. (1982, 1985) developed the 9
projection concept:

s = s, + 9,{l-exp(-92t)} + 93{exp(94t)-l} (1)

where s is creep strain, e, initial strain, and
9i,92,93,94 material constants depend on temperature
and stress. Second term of Eq.(l) indicates primary
creep and third term indicates tertiary creep. K.
Maruyama et al. simplified the 9 projection concept:

E = E0 + A{ l-exp(-at)} + B{exp(at)-1}
tr = (I/a) x ln{(Er-E0-A)/B}

(2)
(3)

where e0 and A are material constants depend on
stress, a and B material constants depend on
temperature and stress, tr rupture time, and sr

rupture strain. These material constants were
determined by least square's fit and upper and lower
bounds were determined by l a (standard deviation)
for each material constant. Figure 7 shows predicted
rupture time by Eq.(3) and observed rupture time by
specimen tests. The upper bound is approximately
1.7 times longer than the predicted value and the
lower bound is approximately 0.6 times of the
predicted value. In the analysis, next creep damage
definition is used.

Dc(t) = Z ( AtAr(t)) (4)

where Dc(t) is creep damage at time t (if the value is
1.0, the structure has failed), At time step at current
problem time.

3.2 Analytical Results
The creep damage was calculated from

Eq.(3) and Eq.(4). The timing that the creep damage
reached 1.0 from the initiation of temperature
sustaining in the heating area at 970 °C in the 2D
creep analysis is 50 minutes at the top of piping
outer surface. The observed failure time was 60
minutes after temperature was sustained at 970 °C.
The piping failure timing obtained from the analysis
agreed well with the test result. The analytical result
slightly overestimated the failure time, probably due
to two-dimensional limitations. The deformation
obtained from the 2D analysis at 50 minutes is
shown in Fig. 8. The diameter and the wall thickness
obtained from the test and the 2D analysis at the
failure of pipe were summarized in Table 3. The
diameter and the wall thickness obtained from the
analysis agreed well with the test results. Figure 9
shows the history of the vertical and horizontal
diameter enlargement obtained from the test and the
2D analysis. An initial value of the analytical
diameter increase, about 2 mm, is caused mainly by
thermal expansion.

The diameter and the wall thickness
obtained from the 3D analysis were summarized in
Table 4 compared with the 2D analysis and test
results. The deformation of pipe at 120 minutes are
shown in Fig. 10. The 3D creep analysis qualitatively
reproduced the enlargement at the heating area and
the axial distribution of the enlargement. However,
the failure time and the extent of enlargement were
underestimated. The predicted failure time was 109
minutes, which is close to the upper bound of Eq.(3).
One possible reason of this underestimation is
considered to be coarse mesh size used in the 3D
analysis. Due to the limitation of the computer
memory size and calculation time, the 3D meshes
were too coarse.

4 CONCLUSIONS

Piping integrity tests were conducted in
WIND project. In the piping failure test, nuclear
grade type 316 stainless steel with a length of 2 m,
an outer diameter of 114.3 mm and a wall thickness
of 13.5 mm was used. The piping was pressurized to
approximately 15 MPa with nitrogen and the inner
surface of the piping was locally heated up to
approximately 970 °C with an internal electric
heater. A failure of the pipe was observed when the
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temperature was sustained at 970 °C for one hour.
In parallel with conducting the tests, post-

test analyses were performed. The two-dimensional
analysis reasonably reproduced the time history of
the enlargement of the piping diameter, and the wall
thickness and the diameter of the piping at the
failure. It was also found that the failure time
obtained from the two-dimensional analysis, 50
minutes, agreed well with the test results. Because
the two-dimensional model cannot consider the
three-dimensional effect, the analytical result slightly
overestimated the failure time. On the other hand,
the three-dimensional analysis results under-
estimated the pipe deformation and the failure time.
However, the predicted failure times obtained from
two-dimensional and three-dimensional analyses
were within the range between upper and lower
bound of time to failure equation.

Although detailed three-dimensional
analysis cannot be performed in the present analysis,
it was found that the modified 9 projection concept
was reasonable for the creep analysis through the
present analysis. Further analyses on other piping
failure tests and more detailed evaluation of the
analytical model will be conducted in future.
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Table 1 Major conditions of piping integrity tests

Test
No.

WPH3
WPH6
WPH15
WPH4
WPH11
WPH17
WPH13

Outer
Diameter

(mm)

114 3

355.6

Wall
Thickness

(mm)

13.5

35.7

27.8

Piping
Material

SUS316(N)

CF8M
SUS316
SUS316
STS410

Internal
Pressure
(MPa)

9.8
4.9

14.7
9.8
9.8

14.7
7.4

Circumferential
Stress*

31.7
15.9
47.6
31.7
39.0
58.6
39.9

* Calculated value by " Internal pressure x Inner radius / Wall thickness "
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Table 2 Maximum temperature and deformation characteristics of piping at failure

Test
No.

WPH3
WPH6
WPH15
WPH4

WPH11
WPH17
WPH13

Internal
Pressure
(MPa)

9.8
4.9

14.7
9.8
9.8

14.7
7.4

Maximum
Temperature

(°Q
1070

1130*
970
1000
1040
960
820

Ratio of Outer Diameter
before and after Test

Vertical
1.31
1.47
1.31
1.06
1.28
1.32
1.31

Horizontal
1.24
1.40
1.20
1.02
1.19
1.19
1.29

Wall Thickness Ratio
at Top of Pipe

before and after Test
0.44
0.48
0.36
0.88
0.66
0.42
0.64

* Estimation from surrounding thermocouples (thermocouple at highest temperature area failed)

Table 3 Comparison of deformation of pipe between the test and the 2D analysis
(mm)

Diameter

Wall thickness

Vertical
Horizontal
Upper part
Lower part

Before Test
114.3
114.3
13.5
13.5

After Test
146.8
136.6
4.8
13.1

Analysis*
143.0
130.9
7.1
13.5

Deformation due to thermal expansion was excluded.

Table 4 Comparison of deformation of pipe between the test and the analysis

* Deformation due to thermal expansion was excluded.

(mm)

Diameter

Wall thickness

Vertical
Horizontal
Upper part
Lower part

After Test

146.8
136.6
4.8
13.1

2D Analysis*
at 50min

143.0
130.9
7.1
13.5

3D Analysis*
at 120min

132.8
129.7
7.5
13.5

Water Supply System D r a i n

High Pressure Nitrogen
Supply System

Nitrogen Supply
System

Exhaust
Line

Internal Heater

Fig. 1 Schematic of piping integrity test facility
Fig.2 Structure of small diameter test pipe
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