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Strain gages are applied to get the strain and stress of a CPR1000 Nuclear Power Plant (NPP)
pressurizer during the pre-delivery hydrostatic test. The measured strain curves are dis-
cussed to find the deformation features of the cylinder. The stresses of cylindrical base
metal, longitudinal welds and girth welds are calculated and compared with the theoretical
values. The stresses in girth welds and upper head nozzle welds show non-uniformity at
these areas. The possible reasons are discussed for this phenomenon. The stress intensity
is calculated and evaluated according to the allowable limit. The fatigue usage factor is
evaluated by considering the effect of internal pressure rise-and-fall cycle to pressurizer’s
total fatigue life. The evaluated results show that the hydrostatic test has little effect on the
integrity or fatigue life of the pressurizer. This test provides the basic deformation data of
the pressurizer, which plays an important role in the ageing assessment and management
during operation.
� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/3.0/).
Introduction

Pressurizer is one of the most important equipment installed in Nuclear Island (NI) in Nuclear Power Plant. It takes the
role of pressure controlling of the primary loop. Generally, pressurizer is a cylindrical vessel with hemispherical heads. In
theory, the stress distribution within the pressurizer surface is uniform, if the pressure in the vessel is uniform. The two pop-
ular theories for cylindrical vessel stress analysis are thin-walled cylinder theory and thick-walled cylinder theory [1–4].

The effect of the hydrostatic test is the inspection of strength and airtightness [5,6] of the pressurizer. In a hydrostatic test,
the internal pressure increases from zero to pressurizer’s design, operating and test level. So this process is useful to evaluate
the integrity of the pressurizer. For the intensity assessment of pressurizer, hydrostatic test is only one step of the assess-
ment. Stress analysis is also important for the intensity assessment. Stress analysis is used very widely for researches. For
example, stress analysis under internal pressure has been performed a lot for nozzle-to-pipe [7,8] and nozzle-to-sphere
[9,10] connections.

Leak inspection and geometry inspection are usual methods to evaluate the integrity of pressurizer during the hydrostatic
test. However, these inspections cannot get the direct data about the stress condition. Researchers performed some tests and
simulations to evaluate the effect of hydrostatic. Rao et al. discussed the failure cases relevant to the pressurizer hydrostatic
test [11]. Bhuyan analyzed the retardation effect of a steel gas cylinder with prostatic retest load [12]. Stress and stability
analysis has been performed for thick laminated pressure vessels and shells [13–17].
.
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Nomenclature

rz longitudinal stress
rh hoop stress
rr radial stress
Pi internal pressure
Po external pressure
t cylinder thickness
D cylinder diameter
r radius
rathin the ratio of measured stress to the thin-walled theoretic stress value
rathick the ratio of measured stress to the thick-walled theoretic stress value
Ri inner diameter of the cylinder
Ro outside diameter of the cylinder
rhi hoop stress of the cylinder inner surface
rho hoop stress of the cylinder external surface
rzi longitudinal stress of the cylinder inner surface
rzo longitudinal stress of the cylinder external surface
K the radius ratio of spherical head, K = Ro/Ri

E the modulus of elasticity
l the Poisson’s ratio
a coefficients of linear expansion
e1 hoop strain
e2 longitudinal strain
r1, r2 the principal stresses
rmax

min
the maximum and minimum principal stresses

e0�, e45� and e90� strain at 0�, 45�and 90�direction
Pm general primary membrane stress intensity;
Sy material yield strength;
Sm material allowable basic stress intensity value;
Su material tensile strength;
Ui the fatigue usage factor;
NA the allowable cycle number at specified stress amplitude.
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Most researchers focus on the finite element analysis method to get the stress or strain distribution of the vessel [18,19].
However, there are uncertainties during the fabrication process which will lead to differences between the design and actual
structural stress. For the high radiation dose at operating period, it is even impossible to get the real stress distribution data
by the conventional strain test method. Thereof, it is important to get such basic data before the pressurizer is installed in NI.
This paper concerns the actual strain and deformation features, stress distribution properties and the stress intensity during
the hydrostatic test. Biaxial and triaxial strain gauges are used to get the actual strain variation data. The elastic theory is
used to obtain the stress values from the strain data. Then comparison of longitudinal and hoop stresses at different locations
of the pressurizer is performed. Stress and fatigue assessments are performed according to the RCC-M [20] requirements.

Analysis model

When the cylinder thickness is much smaller than its diameter, it is called thin-walled cylinder. Under uniform internal
pressure, any point in the cross section of the cylinder shows two-direction stress state, which can be described as follows:
rz ¼
PiD
4t

ð1Þ

rh ¼
PiD
2t

ð2Þ
According to the thick-walled cylinder theory, under uniform internal pressure, any point in the cross section of the cylinder
shows three-direction stress state, and shows stress gradient along thickness. The radial stress cannot be ignored. For a thick-
walled cylinder under internal and external pressure, the stress in the cross section with radius r can be described as follows:
rh ¼
Pi

K2 � 1
1þ R2

o

r2

 !
ð3Þ
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rr ¼
Pi

K2 � 1
1� R2

o

r2

 !
ð4Þ

rz ¼
Pi

K2 � 1
ð5Þ
At the internal surface, r = Ri, the stresses are:
rh ¼ Pi
K2 þ 1
K2 � 1

; rr ¼ �Pi; rz ¼
Pi

K2 � 1
ð6Þ
At the external surface, r = Ro, the stresses are:
rh ¼
2Pi

K2 � 1
; rr ¼ 0; rz ¼

Pi

K2 � 1
ð7Þ
Thus, according to the thick-walled theory, the hoop and longitudinal stress ratios are as follow:
rhi

rho
¼ K2 þ 1

2
;

rzi

rzo
¼ 1 ð8Þ
For a point in the cross section with radius r, the stresses of spherical head are described as follows [21]:
rr ¼
Pi

K3 � 1
1� R3

o

r3

 !
ð9Þ

rh ¼ rz ¼
Pi

K3 � 1
1þ R3

o

2r3

 !
ð10Þ
From Eqs. (9) and (10), it shows that the radial stress is compressive along the thickness. At the internal surface, the rr is �Pi.
At the external surface, it is zero. Hoop stress equals to longitudinal stress and is a tensile stress. At the internal surface, they
are:
rhi ¼ rz ¼
p

K3 � 1
1þ 0:5K3
� �

ð11Þ
At the external surface, the hoop stress and longitudinal stress are:
rho ¼ rz ¼
1:5p

K3 � 1
ð12Þ
The ratio of internal hoop stress to external hoop stress is:
rhi

rho
¼ 1þ 0:5K3

1:5
ð13Þ
The external surface of the pressurizer cylinder presents plane strain state during the hydrostatic test. The principal stresses
can be calculated applying generalized Hooke’s Law. The principal stress of cylinder can be calculated by Eq. (14) as follows:
r1 ¼ E
1�l2 e1 þ le2ð Þ

r2 ¼ E
1�l2 e2 þ le1ð Þ

(
ð14Þ
For discontinuities in lower and upper head, the principal stress is calculated by Eq. (15),
rmax
min
¼ E

2
e0� þ e90�

1� l
�

�
1

ð1þ lÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0� � e90�ð Þ2 þ 2e45� � e0� þ e90�ð Þ½ �2

q �
ð15Þ
Test procedure and relevant records

Pressurizer description and the theoretical stress values

The pressurizer discussed in this paper is used in a CPR1000 NPP which is manufactured according to the RCC-M standard.
The total height of the pressurizer is 12.84 m and is placed horizontally during the hydrostatic test. Its design pressure is
17.13 MPa, and the operating pressure is 15.4 MPa. The material of cylinder, upper and lower head is 16MND5, and austen-
itic stainless steel is overlaid on it. 16MND5 is C–Mn–Ni–Mo steel, and the material properties at 20 �C are as follows,



Table 1
Design and actual geometry parameters of the pressurizer.

Design values (mm) Measured values (mm)

Inner diameter Thickness Inner diameter Thickness

Cylinder 2134 ± 7 P113 2134 P120.4
Girth weld between upper head and the cylinder 2134 ± 7 P108 2134 P112.1
Longitudinal weld in cylinder 2134 ± 7 P108 2134 P120.4
Upper head 1093 ± 5 P66 1093 P93.2
Lower head 1083 ± 8 P83 1083 P93

Table 2
Theoretical external surface stress values of the pressurizer at 23.6 MPa.

Thin-walled theory Thick-walled theory

rz (MPa) rh (MPa) rz (MPa) rh (MPa)

Cylinder 105.80 211.61 100.21 200.43
Girth weld between upper head and the cylinder 112.32 224.63 106.71 213.42
Longitudinal weld in cylinder 104.57 209.15 98.99 197.98
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Fig. 1. Pressure record curves during the hydrostatic test.
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E = 204 GPa, l = 0.3, a = 11.22 � 10�6/�C, Sy = 345 MPa, Sm = 184 MPa, and Su = 552 MPa. The design geometry parameters of
the pressurizer and measured values after fabrication are listed in Table. 1. The factor K is then calculated as follows:

(1) For cylindrical and longitudinal weld in the cylinder: K = 1.113;
(2) For girth weld in the cylinder: K = 1.105;
(3) For the upper head: K = 1.171;
(4) For the lower head: K = 1.172.

According to Eqs. (1)–(5), the theoretical stresses of the pressurizer at the highest hydrostatic test pressure based on the
measured geometries are calculated and shown in Table 2.

Hydrostatic test procedure and parameter records

The highest hydrostatic test pressure is 23.6 MPa, and the temperature of external surface during the hydrostatic test is
maintained at 36 �C. During the hydrostatic test, the internal pressure increases from 0 to 23.6 MPa, and maintained for at
least 10 min at 15.4 MPa and 17.13 MPa. The measured internal pressure variation curve is shown in Fig. 1 and the test holds
for about 2 h. During the hydrostatic test, the measurement points of circumference changes are at location A, B and C, where
B is at the middle of the cylinder, C is near the upper head and with a 4200 mm distance from B, A is near the lower head and
with a 4000 mm distance from B. The circumference measurement layout and test results are shown in Fig. 2a and Fig. 2b,
which show that the circumferential deformation decreases from lower vessel to upper vessel.
3. Strain test method

The KFG-1-120-D16-11 biaxial rectangular strain gauges are applied at the cylinder. The KFG-1-120-D17-11 triaxial
strain gauges are mounted at structure discontinuities in upper and lower heads. The DH5927 data acquisition system is



Fig. 2a. Circumference measuring point layout.
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Fig. 2b. Circumference variation after and before the hydrostatic test.
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applied to get the strain variation data. The measuring points’ layouts are shown in Figs. 3–5. Along the longitudinal direc-
tion, there are three measurement points in the pressurizer base metal, which are named as T1, T2 and T3. And there are
three measurement points in the longitudinal welds along the longitudinal direction, which are named as Z1, Z3 and Z5.
Points Z2, Z4 and Z6 are defined at the symmetric location of Z1, Z3 and Z5, and located at the base metal surface. Four mea-
surement points are defined in the girth welds, which are named as H1–H4. The location of H1 and H2 is symmetric, and so
do H3 and H4. At the circle where T2 locates, four measurement points around T2 are arranged, which are named as T4, T5,
T6 and T7. The angle between T4 and T5 is 15�. Two symmetric measurement points X1 and X2 are defined in the weld of
surge line nozzle in lower head. One measurement point named T8 is defined in the base metal of upper head. Seven mea-
sure points are defined in upper head nozzle welds. SP1 and SP2 are symmetrically located in the spray nozzle weld. SR1 and
SR2 are symmetrically located in the manhole weld. SA1 and SA2 are symmetrically located in the valve nozzle weld. SA3 is
defined in another valve nozzle weld.

The strain gauges are mounted at the pressurizer after the pressurizer is filled with water and heated up at 36 �C. The
strain test starts to record data while the hydrostatic test begins and continues record until the pressure decreases to zero.
The purpose is to get the stress values caused only by the internal pressure at three pressure stages, operating pressure,
design pressure and testing pressure.

Results and discussion

Strain measurement data review

Satisfied strain data are obtained during the hydrostatic test. Strain variation curves are shown in Figs. 6–9. Seen from
Fig. 6, it indicates the uniformity of strain distribution at different locations of cylindrical base metal external surface.
The longitudinal strain values of points T1–T4 are almost equal, and the hoop strain values of these points vary a little.

Strain curves of longitudinal welds are shown in Fig. 7, which indicates differences at different locations in the welds. And
the strain values decrease from the lower part of the cylinder to the upper part, which have the same trend as the circum-
ference deformation.

Fig. 8 shows two symmetric points’ strain curves. Point Z1 is located in the longitudinal weld and Z2 in the base metal.
From Fig. 8, the strain curves of these two points show good consistence. And the same trend is for strain curves of point Z3
and Z4.

Fig. 9 shows the strain curves of girth welds. The strain values decrease from the lower part of the cylinder to the upper
part which indicates the same trend as the circumference deformation. It is also noted that even in the symmetric location of
a same girth weld, the strain values differ a lot. However, strain values of point H3 matches well with point H4.

The strain curves of upper head and lower head surface or welds are not provided because the strain gauges direction is
different.



Fig. 3. Strain gages layout for cylindrical circle welds and surge line weld.

Fig. 4. Strain gages layout for cylindrical and longitudinal weld.
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Stress calculation and comparison

The stresses of each point at internal pressure of 23.6 MPa are calculated using Eqs. (14) and (15) as Tables 4–7. The mea-
sured values are compared with theoretical values for base metal surface of cylinder and the ratios of test value to theoretical
value are listed in the table. From Table 3, the longitudinal and hoop stress of cylinder welds is more consistent with the
thick-walled theory. Stress values in girth welds are smaller than the theoretical values, and stress values in longitudinal
welds are in good accordance with the theoretical values.

Table 4 shows the stress results of the base metal in the pressurizer cylinder. Seen for the figure, there is a very good con-
sistence between the measured and theoretical stress values. However, stress values of point T5 are much lower than the



Fig. 5. Strain gages layout for upper and lower head.

Fig. 6. Strain curves of the base metal in cylinder’s external surface.

Fig. 7. Strain curves of the longitudinal weld in cylinder’s external surface.
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theoretical values. T5 is near the longitudinal weld in middle of cylinder. The stress values of point Z1 are in good accordance
with that of cylindrical base metal, which indicates that the residual stress in the centerline of longitudinal welds is near
zero. Then from the stress values of T5, it is possible that compressive residual stress exists at both sides of longitudinal
welds and the compressive residual stress values decrease with the distance from the centerline of the longitudinal weld.



Fig. 8. Strain curves of the longitudinal welds and these symmetry base metal surfaces in the cylinder.

Fig. 9. Strain curves of the girth welds in cylindrical external surface (Strain gauges of point H2 failed during test).
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The principal stresses in upper head welds shown in Table 5 indicate the asymmetric distribution. Stress values ratio for
two symmetrical points in the same weld differs from 36% to 95%. This shows a possibility that the weld thickness varies
along the weld circumference. Another possibility is relevant to the residual stress in the welds.

Table 6 indicates that the stress values in upper head base metal do not follow the spherical stress theory, which reflects
the asymmetrical thickness of the upper head. Points H3, H4 and Z5 are in the geometrical discontinuity areas and the stress
distribution is complicated. The theoretical stress values for these locations are not calculated. The principal stresses for two
points in the surge line nozzle in Table 7 show a good agreement, which illustrates a good geometric symmetry.



Table 4
Stress results of the base metal in the pressurizer cylinder (MPa).

Location Results comparison External surface of cylinder

Point ID T1 T2 T3 T4 T5 T7 Z2 Z4

Longitudinal stress Test results 99.54 94.04 97.08 103.0 16.69 106.1 104.5 115.7
Thin-walled theory 105.80 105.80 105.80 105.80 105.80 105.80 105.80 105.80
rathin (%) 94.08 88.88 91.76 97.35 15.78 100.28 98.77 109.36
Thick-walled theory 100.21 100.21 100.21 100.21 100.21 100.21 100.21 100.21
rathick (%) 99.33 93.84 96.88 102.78 16.66 105.88 104.28 115.46

Hoop stress Test results 188.6 183.6 186.6 189.7 47.34 191.8 200.0 200.7
Thin-walled theory 211.61 211.61 211.61 211.61 211.61 211.61 211.61 211.61
rathin (%) 89.13 86.76 88.18 89.65 22.37 90.64 94.51 94.84
Thick-walled theory 200.43 200.43 200.43 200.43 200.43 200.43 200.43 200.43
rathick (%) 94.10 91.60 93.10 94.65 23.62 95.69 99.79 100.13

Table 5
Stress results of the pressurizer upper head (MPa).

Location Welds at upper head

Point ID SR1 SR2 SA1 SA2 SA3 SP1 SP2

r1 174.6 130.1 145.6 92.5 167.9 208.4 160.7
r2 131.4 86.8 118.3 42.8 106.1 117.0 111.3

Table 6
Stress results of the pressurizer upper head base metal (MPa).

Location Results comparison Welds at upper head
Point ID T8

r1 Test results 170.1
Theory values 127.23

r2 Test results 114.7
Theory values 127.23

Table 7
Stress results of the pressurizer lower head (MPa).

Location Surge line nozzle weld

Point ID X1 X2

r1 143.0 149.7
r2 127.8 118.0

Table 3
Stress results in the pressurizer cylinder welds (MPa).

Location Results comparison Girth weld of cylinder Longitudinal weld of cylinder

Point ID H1 H2 H3 H4 Z1 Z3 Z5

Longitudinal stress Test results 88.74 73.06 21.95 26.1 106.9 90.8 28.07
Thin-walled theory 112.32 112.32 – – 104.57 104.57 –
rathin (%) 79.01 65.05 102.23 86.83
Thick-walled theory 106.71 106.71 – – 98.99 98.99 –
rathick (%) 83.16 68.47 107.99 91.73

Hoop stress Test results 175.7 182.9 75.81 78.64 203.3 175.8 83.89
Thin-walled theory 224.63 224.63 – – 209.15 209.15 –
rathin (%) 78.22 81.42 97.20 84.05
Thick-walled theory 213.42 213.42 – – 197.98 197.98 –
rathick (%) 82.33 85.70 102.69 88.80
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Fig. 10. Fatigue design curve of 16MND5 by the interpolation method.
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Stress intensity evaluation

During the hydrostatic test, the final pressure is about 1.5 times the operating pressure, which leads to potential failure
risk. According to the RCC-M standard, at testing condition, general primary membrane stress intensity cannot exceed 90% of
the yield strength of the material at the test temperature, as described in Eq. (16).
Pm � 0:9� Sy ð16Þ
where Sy is the yield strength of material 16MND5 at the test temperature, which is 345 MPa. Therefore, Pm should not
exceed 310.5 MPa.

For the cylinder, Pm equals to the hoop stress. For upper head and lower head, Pm equals to the maximum difference
among the principal stresses. Thus, according to the stress calculation results, the general primary membrane stress intensity
in the outside surface of pressurizer components are as follows,

(1) Longitudinal welds in the cylinder: location Z1 with 203.3 MPa, 65.5% of the allowable value;
(2) Girth welds in the cylinder: location H2 with 182.9 Mpa, 58.9% of the allowable value;
(3) Base metal of cylinder: location Z4 with 200.7 Mpa, 64.6% of the allowable value;
(4) Upper head: location SP1 with 208.4 MPa, 67.1% of the allowable value;
(5) Lower head: location X2 with 149.7 MPa, 48.2% of the allowable value.

The maximum general primary membrane stress in the outside surface of the pressurizer is at point SP1 in upper head
spray nozzle weld, and is below the allowable level. According to Eqs. (8) and (13), the general primary membrane stress in
the internal surface of the pressurizer can be achieved approximately as follows:

(1) Longitudinal welds in the cylinder: location Z1 with 227.6 MPa, 73.3% of the allowable value;
(2) Girth welds in the cylinder: location H2 with 203.1 MPa, 65.4% of the allowable value;
(3) Base metal of the cylinder: location Z4 with 224.7 MPa, 72.4% of the allowable value;
(4) Upper head: location SP1 with 250.5 MPa, 80.67% of the allowable value;
(5) Lower head: location X2 with 180.1 MPa, 58% of the allowable value.

So the maximum general primary membrane stress in the internal surface of the pressurizer is below the allowable level
too.

Fatigue usage factor evaluation

The hydrostatic test includes one cycle of pressure increase and relief, which contributes to the total fatigue usage factor.
The fatigue usage factor of one hydrostatic test can be described as Eq. (17),
Ui ¼ 1=NA ð17Þ
The fatigue design curve for 16MND5 is achieved by the interpolation method, as shown in Fig. 10. The alternating stress
amplitude is calculated according to RCC-M B3232.6. The maximum alternating stress amplitude is calculated as
104.12 MPa at point SP1, which is located at the weld between spry line and upper head, near manhole. From Fig. 10, the
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allowable cycle number for alternating stress amplitude of 104.12 MPa is 6.91 � 105, so the attribution of the hydrostatic test
to total fatigue life is calculated as follows,
U1 ¼ 1=6:91� 105 ¼ 1:45� 10�6 << 1
Therefore, one single hydrostatic test has very little effect on the total fatigue life of the pressurizer.

Conclusions

In this paper, actual strain of a CPR1000 unit’s pressurizer during the pre-delivery hydrostatic test is acquired. The strain
and stress data acquired can be used as the basic data for the pressurizer ageing condition assessment or structural integrity
assessment during its long-term operation. The conclusions of this study are summarized as below:

(1) The longitudinal and hoop strains of base metal in the cylinder are very uniform, and the stress values match well with
the thick-walled theoretical values. However, the strains of girth and longitudinal welds vary with location. The strains
decrease from lower head to upper head, and have the same trend with the circumference deformation variation.

(2) The longitudinal and hoop stresses near the centerline of cylinder middle longitudinal weld are much lower than the
stresses at other locations. This indicates the possibility of compressive residual stresses at both longitudinal and cir-
cumferential directions.

(3) The principal stresses of symmetrical locations in upper head welds vary a lot. There is possibility that the weld thick-
ness is not uniform along the weld circumference. Also, residual stresses may have contribution to this phenomenon.
The principal stresses of symmetrical locations in the surge line nozzle weld agree well. It indicates a good geometric
uniformity of this weld.

(4) The maximum general primary membrane stress is at the spray nozzle weld in upper head. The stress value is lower
than the allowable value. So the structural integrity is maintained at the highest hydrostatic test pressure. The fatigue
usage factor is far less than one, which indicates that a single hydrostatic test cycle has little effect on the total pres-
surizer fatigue life.
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