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a b s t r a c t

A design study was performed to improve the limit aseismic performance (LSP) of a primary heat
transport system (PHTS) pump. This pump is part of the primary equipment of a prototype generation IV
sodium-cooled fast reactor (PGSFR). The LSP is the maximum allowable seismic load that still ensures
structural integrity. To calculate the LSP of the PHTS pump, a structural analysis model of the pump was
developed and its dynamic characteristics were obtained by modal analysis. The floor response spectrum
(FRS) initiated from a safety shutdown earthquake (SSE), 0.3 g, was applied to the support points of the
PHTS pump, and then the seismic induced stresses were calculated. The structural integrity was eval-
uated according to the ASME code, and the LSP of the PHTS pump was calculated from the evaluation
results. Based on the results of the modal analysis and LSP of the PHTS pump, design parameters affecting
the LSP were selected. Then, ways to improve the LSP were proposed from sensitivity analysis of the
selected design variables.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A sodium cooled fast reactor is typically equipped with a reactor
coolant pumps (RCP) and intermediate heat exchangers (IHX) to
transfer heat from the primary heat transport system (PHTS) to the
intermediate heat transport system (IHTS). The RCP in particular, is
the primary equipment for circulating sodium through the PHTS for
heat exchange in the IHX. Therefore, the RCP must be designed to
guarantee the structural integrity under potential seismic design
load conditions.

In various studies, have examined seismic analysis methods,
procedures, and evaluations to analyze the behavior of nuclear
power plants (NPPs) according to seismic loads. Villasor proposed
seismic response spectrum analysis using a reduced seismic anal-
ysis model of an RCP installed in an NPP and verified the structural
integrity of the RCP by analyzing and evaluating the results of
stresses in relation to seismic loads [1]. Fujita et al. constructed
axial symmetry analysis models of a liquid-metal-cooled fast
breeder reactor and performed seismic response analysis of the
reactor assembly. This analysis considered the fluid-structure
interaction to study the vibration behavior of the main equip-
ment (e.g., IHX, RCP, reactor vessel) [2]. Jhung et al. studied the
by Elsevier Korea LLC. This is an
development of seismic design criteria for reactor vessels and in-
ternal devices for the standardization of nuclear power plants of
Korean design [3]. Buongiorno et al. analyzed vibration character-
istics of a liquid-metal-cooled reactor vessel due to design changes
and analyzed the stress intensity due to the seismic load acting on
the reactor vessel [4]. Chellapandi et al. studied the seismic
behavior of the reactor vault of a pool-type fast breeder reactor
according to whether the reactor vault was linked to buildings
connected with the nuclear island [5]. Lo Frano et al. proposed an
effective method for constructing an analytical model and seismic
analysis of an NPP and applied the method to a generation IV
reactor to carry out research on seismic stability [6e8]. Jigang et al.
performed seismic analysis of the seismic load of a nuclear pump
and evaluated its structural integrity using the RCC-M code [9].

The PGSFR, which was developed at the Korea Atomic Energy
Research Institute, is equipped with two reactor coolant pumps
called PHTS pumps. PGSFR PHTS pump must be designed to with-
stand the horizontal and vertical seismic loads of a SSE with a peak
ground acceleration of 0.3g. In this paper, a structural integrity
evaluationwas performed on the seismic analysis results according
to the Service level D of the ASME B&PV Sec. III Div. 5 [10], and the
procedure for calculating the LSP of the PHTS pump was described
using the evaluation results. The LSP is the maximum allowable
seismic load that still ensures structural integrity. Seismic induced
stresses on various parts of the PHTS pump were checked and the
LSP was improved through a sensitivity study of the design
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Fig. 1. Overall shape and arrangement of the PGSFR reactor assembly.

Fig. 2. Overall shape of the PGSFR PHTS pump.

Fig. 3. Procedure for structural integrity evaluation for Service level D loadings.
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variables.

2. Overview of the PGSFR PHTS pump

The overall shape and arrangement of the 150 MW PGSFR as-
sembly, is shown in Fig. 1. Two PHTS pumps are installed in the
reactor vessel through the reactor head.

The overall shape of the PGSFR PHTS pump is shown in Fig. 2.
The PHTS pump consists of a pump motor that drives a pump shaft
with an impeller at its lower end, a pump head plug that supports
the pump on the reactor head, and an internal pipe that carries the
primary sodium coolant through the impeller to the core. All parts
of the PHTS pump are made of 316SS (stainless steel) and its length,
including the internal pipe, is about 17 m.
3. Structural integrity evaluation of the PGSFR PHTS pump

The PGSFR PHTS pump should be designed to have sufficient
structural integrity to resist an SSE with a peak ground acceleration
of 0.3g. The general procedure of a structural integrity analysis for



Fig. 4. Finite element analysis model of the PHTS pump.

Table 1
Material properties of 316SS

Temperature [�C] Elastic modulus [� 103 MPa] Thermal conductivity [W=m� �C] Specific heat [J=ðkg ,�CÞ]
20 195 14.1 491.9
100 189 15.4 511.4
150 186 16.1 519.4
200 183 16.8 525.7
250 179 17.6 533.3
300 176 18.3 540.0
350 172 19.0 546.4
400 169 19.7 552.5
450 165 20.5 561.1
500 160 21.2 566.5
550 156 21.9 570.6
600 151 22.6 574.4

Table 2
Major natural vibration modes and natural frequencies of the PHTS pump by direction.

Directions Natural vibration modes Natural frequency [Hz] Participation factor Participation factor ratio Effective mass [kg] Ratio effective mass to total mass [%]

X (horizontal) 1 6.43 211.52 1.00 44738.80 58.72
15 37.26 96.10 0.45 9234.29 12.12
29 57.16 �43.24 0.20 1869.56 2.45
6 17.73 �28.33 0.13 802.82 1.05

Z (horizontal) 2 6.44 211.51 1.00 44736.80 58.72
14 37.26 96.10 0.45 9234.25 12.12
28 57.16 43.23 0.20 1869.02 2.45
5 17.73 �28.32 0.13 802.10 1.05

Y (vertical) 8 25.44 222.40 1.00 49460.60 64.92
40 71.09 �28.44 0.13 808.55 1.06
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Service level D, taking into account dead weight, operating pres-
sure, and seismic load, is shown in Fig. 3.

In this paper, the structural integrity evaluation of the pump
structure relative to SSE loadings was performed per ASME criteria
for components subjected to service loadings at level D. The ASME
criteria for the general primary membrane stress intensity Pm, local
primary membrane stress intensity PL, and the local primary
membrane plus primary bending stress intensity PL þ Pb are as



Fig. 5. Boundary conditions for the static analysis of the PHTS pump.
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follows. The general primary membrane stress intensity Pm should
not exceed the lesser of 2.4Sm and 0.7Su for the austenitic steel
materials included in Section II, Part D, Subpart 1, Table 2A and 2B.
The local primary membrane stress intensity PL should not exceed
150% of the limit for general primary membrane stress intensity Pm.
Fig. 6. Results of the dead weigh
The primary membrane (general or local) plus primary bending
stress intensity PL þ Pb should not exceed 150% of the limit for
general primary membrane stress intensity Pm.

The square root sum of squares (SRSS) method was used to
combine modal responses to calculate the seismic induced stress,
and the definition of the SRSS for the total modal response Ra is
provided in equation (1) [11,12].

Ra ¼
 XN

i¼1

ðRiÞ2
!1

2

(1)

where.

i ¼ mode number
N ¼ total number of expanded modes
Ri ¼ Aiji ¼ modal response of the ith mode
Ai ¼ modal coefficient for the ith mode
ji ¼ the ith mode shape

In the SRSS calculation, all the natural vibrationmodes that have
an influence on the overall dynamic behavior for all directions (x, y,
and z) should be included.
3.1. Analysis model

The analysis model of the PGSFR PHTS pump was constructed
using ANSYS code as shown in Fig. 4. The pump motor and pony
motor were modeled as solid cylinder and the bearings supporting
the pump shaft were combined with the contacted structures to
simplify the analysis model. Because the rotation of the pump shaft
t analysis of the PHTS pump.



Fig. 7. Pressure boundary conditions of the PHTS pump during normal operation.
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was not considered, the pump shaft was assumed to be a fixed
structure. The model consisted of 534,880 SOLID185 elements,
59,680 SURF154 elements, and 688,425 nodes [13]. The material
Fig. 8. Results of the operating press
properties of 316SS that were applied to the analysis model are
shown in Table 1.

3.2. Static load analysis

The dead weight and operating pressure were taken into ac-
count using the static loads applied to the PHTS pump.

In the stress analysis for the static loads, fixed boundary con-
ditions were applied to the head plug of the upper part in the x, y,
and z directions as shown in Fig. 5, and standard gravity accelera-
tion (9.8 m/s2) was applied to the entire model for the dead weight
analysis. The maximum stress intensity occurred at the connection
part of the pump barrel, for which the maximum stress intensity
was 24.1 MPa. The linearized stresses of this value are used for the
aseismic performance evaluation. The stress and displacement re-
sults for the dead weight analysis is shown in Fig. 6.

During operation of the PHTS pump, the sodium coolant flows
into the flow guide structure and then into the internal pipe after
passing through the impeller and the diffuser. In this case, a pres-
sure of 0.9 MPa (differential pressure) is applied as a mean value to
the diffuser and the internal pipe as shown in Fig. 7 [14].

The stress and displacement results for the operating pressure
are shown in Fig. 8. The maximum stress was generated in the
lower diffuser part, and the corresponding stress intensity was
31.3 MPa. Linearized stresses of this value are used for the aseismic
performance evaluation.

3.3. Thermal analysis

Thermal analysis for the PHTS pump was performed to obtain
the temperature distribution of the pump during normal operation.
ure analysis of the PHTS pump.



Fig. 9. Boundary conditions for thermal analysis of the PHTS pump during normal operation.

Fig. 10. Temperature distribution of the PHTS pump during normal operation.

Fig. 11. Locations and values of the fluid-added mass of the PHTS pump.
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The thermal boundary conditions applied to the PHTS pump during
normal operation are shown in Fig. 9.

The convection boundary conditions were applied to all parts
except for the head plug, and the temperature boundary conditions
were applied to the head plug as shown in Fig. 9. Details of the heat
transfer boundary conditions for each part are as follows.
Based on engineering estimates [14], a film coefficient of 3 W/

�C$m2 was applied for the inner surface above the head plug
(ICONV1), 20 W/�C$m2 for the outer surface above the head plug
(OCONV1), 20 W/�C$m2 for the cover gas area under the head plug
(OCONV2), 100 W/�C$m2 in the liquid sodium area for low-velocity
flow (ICONV3, OCONV3, OCONV4), and 10,000 W/�C$m2 for the
liquid sodium area in high-velocity flow (ICONV4).

The ambient temperature of the inner and outer surfaces above
the head plug was 60 and 70 �C, respectively. The cover gas tem-
perature from the cold pool level to the upper shielding structure
(USHS) level decreased linearly from466 �C to 460 �C, and the cover
gas temperature from the USHS level to the bottom of the pump
head plug decreased linearly from 460 �C to 200 �C. In addition, the



Fig. 12. Major natural vibration modes of the PHTS pump (horizontal direction: x axis).

Fig. 13. Major natural vibration modes of the PHTS pump (horizontal direction: z axis).
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temperature of the part immersed in the cold pool was set at 390 �C
(cold pool temperature), and the head plug supporting part of the
PHTS pump was set at 150 �C (reactor head temperature) [14].

The calculated temperature distribution of the PHTS pump using
ANSYS finite element analysis code is shown in Fig. 10.

3.4. Modal analysis

The PHTS pump is partly submerged in the cold pool inside the
reactor vessel, so the fluid-added mass for the area in contact with
the sodium coolant must be taken into account. The fluid-added
mass was calculated using the FAMD code [15]. The fluid-added
mass for the inner surface was applied by uniformly distributing
the mass of the sodium coolant. The values and locations of the
fluid-added mass are shown in Fig. 11: 465 kg/m2 on OM1 (outside
of the pump barrel and flow guide structure), 129 kg/m2 on OM2
(outside of the internal pipe), 381 kg/m2 on IM1 (outside of the
pump shaft and inside of the pump barrel), and 99 kg/m2 on IM2
(inside the flow guide structure and internal pipe, and inside and
outside of the diffuser).

In the modal analysis, a total of 70 natural vibrationmodes were
extracted to cover the frequency range 0e100 Hz of the FRS. Table 2



Fig. 14. Major natural vibration modes of the PHTS pump (vertical direction: y axis).

Fig. 15. Directions and locations of seismic load acting on the PHTS pump.

Fig. 16. FRS acting on the PHTS pump (pump head plug part).

Fig. 17. FRS acting on the PHTS pump (internal pipe connection part).

Table 3
Natural vibration modes of the PHTS pump contributing to its dynamic behavior.

Natural vibration modes Frequency [Hz] Directions

X Z Y

1 6.43 O
2 6.44 O
5 17.73 O
6 17.74 O
8 25.44 O
12 31.52 O
13 31.52 O
14 37.26 O
15 37.26 O
16 39.83 O
17 39.85 O
20 48.56 O
26 55.20 O
28 57.16 O
29 57.16 O
40 71.06 O
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gives the major natural vibration modes and natural frequencies
(below 100 Hz) by direction, listed in the order of high effective
mass larger than a ratio of 1% effective mass to total mass. In
addition, the major natural vibrationmode shapes in the horizontal
direction (x and z axes) and the vertical direction (y axis) corre-
sponding to Table 2 are shown in Figs. 12 to 14.

In the modal analysis results of the PHTS pump, the major
horizontal direction (x and z axes) modes with the highest effective
mass ratio to the total mass were the 1st and 2nd modes (transverse
bending mode of beam), and the natural frequencies were 6.43 Hz
and 6.44 Hz, respectively. For the vertical direction (y axis), the 8th

mode showed the highest effective mass ratio, and the natural
frequency of this mode was 25.44 Hz.
3.5. Seismic response spectrum analysis

The seismic loads were applied in the direction of restraint at
two locations of the pump: the head plug (x, y, and z directions,
which is the upper support part of the pump) and the internal pipe
connection (x and z directions, which is the lower support part)
shown in Fig. 15. The two seismic load FRSs for the PHTS pump are
represented in Figs. 16 and 17 [14], in which, the FRSs acting on the
head plug and internal pipe connection have peak value (maximum



Fig. 18. Distribution of stress intensity on the PHTS pump due to seismic loads.

Fig. 19. Comparison of the natural frequency of the PHTS pump and FRS acting on the
internal pipe connection.
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frequency response) in the frequency range of 7.4 Hz to 11.4 Hz and
4.3 Hz to 6.3 Hz, respectively.

For seismic response spectrum analysis of the PHTS pump, the
modal significance level adopted was 0.001, which was small
enough to include most modes that contributed to the dynamic
behavior of the pump. The significance level is the value obtained
by dividing the mode coefficient of the corresponding natural vi-
bration mode by the highest mode coefficient among all the natural
vibration modes. The natural vibration modes having significance
level above 0.001 are listed in Table 3.

The seismic response spectrum analysis of the PHTS pump was
performed using the natural vibration modes in Table 3 and the
FRSs in Figs. 16 and 17. The stress intensity was calculated using the
SRSS method, and the results are shown in Fig. 18.

As shown in Fig. 18, the side of the hydrostatic bearing housing
of the PHTS pump was the location most vulnerable to seismic
loads with a stress intensity of 384 MPa. This point located in
section 2 which has the maximumvalue of membrane and bending
stress intensities and it was used for the aseismic performance
evaluation. This high stress value was due to the resonance be-
tween the transverse natural vibration mode of the PHTS pump (1st

natural vibration mode in the x direction, 2nd natural vibration
mode in the z direction) and the excitation frequency of the
transverse FRS (x and z directions) acting on the internal pipe
connection, as shown in Fig. 19.
3.6. Structural integrity evaluation

A structural integrity evaluationwas carried out per ASME B&PV
Sec. III Div. 5, Service level D, taking into account the dead weight,
pressure, and design seismic load SSE with a peak ground accel-
eration of 0.3g. Following the ASME criteria, local primary mem-
brane stress intensity PL, and the local primary membrane plus
primary bending stress intensity PL þ Pb were verified to exceed
150% of the lesser of 2.4Sm and 0.7Su for austenitic steel materials.

Three evaluation sections with high stress were selected from
the seismic response analysis result of the PHTS pump, as shown in
Fig. 20. Section 1 is the upper connection part of the pump barrel,
section 2 is the side of the hydrostatic bearing housing and section
3 is the junction of the diffuser and the internal pipe. The ASME
B&PV Sec. III Div. 5-HBA [10] was applied because the metal tem-
peratures of all the selected evaluation sections were less than
425 �C, which is the negligible creep temperature for stainless steel.
The structure integrity evaluation results are presented in Table 4.
For each evaluation section, the node closest to the y-axiswasmade
to the inner node. The structural integrity was satisfied in all the
evaluation sections even though the design margin in the evalua-
tion of section 2 was as low as 6%.



Fig. 20. Structural integrity evaluation sections of the PHTS pump.
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4. Improvement of the limit aseismic performance

4.1. Procedure for calculation of the limit aseismic performance

The maximum allowable seismic load was obtained by sepa-
rating the stress contribution due to the seismic load from the
structural integrity evaluation results obtained in Table 4. First, as
shown in Table 5, stress for static loads and stress for static
loads þ seismic loads (SSE 0.3g) were defined as ss and ssþsi,
respectively, and allowable stress was defined as sallow for the LSP
calculation.

The seismic induced stress ssi acting on the structure is ssþsi� ss
because the static stress considering only the static load is excluded
from the calculated stress considering both the static load and the
seismic load. Thus, ssiðnÞ, which is normalized to 1.0 g is ssr= 0:3g.
The allowable seismic induced stress ssiðallowÞ due to seismic load is
the value of sallow � ss obtained by excluding the stress due to the
static load from the allowable stress. The LSP of a structure can be
calculated from the relationship between the allowable seismic
induced stress ssiðallowÞ and normalized seismic induced stress
ssiðnÞ: ssiðallowÞ=ssiðnÞ. Table 6 summarizes the procedures and results
of the LSP.
4.2. Limit aseismic performance calculation

To calculate the LSP, it is necessary to calculate the stresses from
the static load according to the procedure given in Section 4.1.
Table 7 shows the results of the structural integrity evaluation of
the PHTS pump considering only the static loads for Service level D.

Using the results of Table 4, the LSP can be calculated according
to the procedure described in Section 4.1. As shown in Table 8, the
LSP of the evaluation in Section 2 was 0.32 g, which shows that the
design margin is very low compared to the design seismic load of
the SSE 0.3 g.
4.3. Design parameters of aseismic performance improvement

From the results of the LSP of the PHTS pump, the resonance
between the transverse natural vibration mode (x-direction 1st

mode, z-direction 2nd mode) of the pump and the FRS (x and z
directions) acting on the internal pipe connection produced high
stresses on the side of the hydrostatic bearing housing and resulted
in a low LSP.

Three regions of interest, sections 1-3, which were subjected to
large stresses against the design seismic load, were selected for



Table 4
Structural integrity evaluation results of the PHTS pump for Service level D.

Sections Nodes of evaluation
sections

Linearized
stress

Calculated stress
[MPa]

Allowable stress [MPa] Design
margin

Temperature
[�C]

Code

1 Inner PL 82.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 478.1

4.83 207.4 ASME B&PV Sec. III Div.5-
HBA

PL þ Pb 141.5 1.5xMIN(2.4Sm,
0.7Su) ¼ 478.1

2.38

Outer PL 82.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 474.2

4.78 214.3

PL þ Pb 140.2 1.5xMIN(2.4Sm,
0.7Su) ¼ 474.2

2.38

2 Inner PL 143.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

1.80 390.0

PL þ Pb 377.0 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

0.06

Outer PL 143.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

1.80 390.0

PL þ Pb 374.0 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

0.07

3 Inner PL 153.4 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

1.61 390.0

PL þ Pb 209.8 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

0.91

Outer PL 153.4 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

1.61 390.0

PL þ Pb 207.8 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

0.93

Table 5
Calculated stresses and allowable stresses according to applied loads.

Applied loads Calculated stress Allowable stress

Static loads ss sallow
Static loads þ Seismic loads (SSE 0.3g) ssþsi sallow

Table 6
Procedures for calculating the limit aseismic performance (static loadþ seismic load
SSE 0.3 g).

Stress and
LSP

Calculation
procedure

Notes

ssi [MPa] ssþsi � ss Seismic induced stress
ssiðnÞ [MPa/g] ssi=0:3g Seismic response stress normalized to

1.0 g
ssiðallowÞ

[MPa]
sallow � ss Allowable seismic induced stress

LSP [g] ssiðallowÞ=ssiðnÞ Limit aseismic performance
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design improvement to reduce stresses, as explained earlier in
chapter 3.6 and (Fig. 20).

To improve the LSP of the PHTS pump, the following ways were
considered.

The first method considered was to apply structural reinforce-
ment to the vulnerable parts (Section 2) to reduce the stress level.
For Section 2, which is the most vulnerable part of the PHTS pump,
many reinforcements would be needed to reduce vibration because
it is a part affected by the global, low-order natural vibration mode.
However, this approach is not appropriate because the substantial
reinforcement affects the flow of the sodium coolant.

The second method would be to avoid resonance between the
natural vibrationmode of the PHTS pump and the transverse FRS by
increasing the natural frequency of the PHTS pump. One method of
increasing the natural frequency while minimizing design changes
in the current model would be to reduce the length of the internal
pipe. If the length of the internal pipe were shortened, the overall
length of the PHTS pump would be reduced, and the natural
frequency of the PHTS pump would increase. Therefore, it is ex-
pected that the natural frequency of the PHTS pump could easily be
shifted away from the resonance frequency range. This is the most
effective method by which to reduce vibration through resonance
avoidance, but there is a limit to the length by which the internal
pipe could be reduced.

The third method would be to improve the LSP through rein-
forcement (increasing the outer diameter and thickness) of the
internal pipe. If the internal pipe were reinforced, the bending
stiffness of the pipe would increase. The increase of bending stiff-
ness results in an increase of the natural frequency of the PHTS
pump because the natural frequency is a function of the root square
of the stiffness over the mass. It is expected that the vibration
response level of the PHTS pump would decrease if the natural
frequency of the PHTS pump increased and deviated from the
resonance frequency range. However, this method also has the
limitation that there is a limit to the amount of pipe reinforcement
that could be applied.

Two of the three methods, shortening the length and rein-
forcement (increasing the outer diameter and thickness) of the
internal pipe, were adopted as design parameters of the PHTS
pump aseismic design, and a sensitivity analysis of the design pa-
rameters was performed.
4.4. Sensitivity analysis of changes in the internal pipe design

Seismic analysis was performed in 12 cases (as shown in Table 9)
to analyze changes of the maximum seismic induced stress in-
tensity and LSP of the PHTS pump according to changes in the
length and reinforcement of the internal pipe. The reinforcement
effect on the bending stiffness of the internal pipe was applied by
adjusting Young's modulus and the area moment of the inertia of
the pipe instead of remodeling of the finite elementmesh reflecting
the internal pipe reinforcement for simplicity. When the diameter
and thickness of the internal pipe are increased by 50% and 100%
respectively in the same proportion, the area moment of inertia
increases and thus bending stiffness of the pump is increased by
406% and 1500%, respectively. Young's modulus of pipe was



Table 7
Results of the structural integrity evaluation of the PHTS pump considering only the static loads for Service level D.

Sections Nodes of evaluation
sections

Linearized
stress

Calculated stress
[MPa]

Allowable stress [MPa] Design
margin

Temperature
[�C]

Code

1 Inner PL 2.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 478.1

230.47 207.4 ASME B&PV Sec. III Div.5-
HBA

PL þ Pb 3.2 1.5xMIN(2.4Sm,
0.7Su) ¼ 478.1

149.60

Outer PL 2.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 474.2

228.58 214.3

PL þ Pb 1.9 1.5xMIN(2.4Sm,
0.7Su) ¼ 474.2

249.30

2 Inner PL 3.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

128.35 390.0

PL þ Pb 6.0 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

65.77

Outer PL 3.1 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

128.35 390.0

PL þ Pb 3.0 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

133.39

3 Inner PL 8.4 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

46.66 390.0

PL þ Pb 9.4 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

41.65

Outer PL 8.4 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

46.66 390.0

PL þ Pb 7.4 1.5xMIN(2.4Sm,
0.7Su) ¼ 401.0

53.00

Table 8
Results of the LSP of the PHTS pump.

Sections Nodes of evaluation
sections

Linearized
stress

Seismic induced stress
ðssiÞ[MPa]

Seismic induced stress normalized to 1.0g
ðssiðnÞÞ[MPa/g]

Allowable seismic induced stress
ðssiðallowÞÞ[MPa]

LSP
[g]

1 Inner PL 80.0 266.7 476.0 1.79
PL þ Pb 138.3 461.0 475.0 1.03

Outer PL 80.0 266.7 472.1 1.77
PL þ Pb 138.3 461.0 472.3 1.02

2 Inner PL 140.0 466.7 397.9 0.85
PL þ Pb 371.0 1236.7 395.0 0.32

Outer PL 140.0 466.7 397.9 0.85
PL þ Pb 371.0 1236.7 398.0 0.32

3 Inner PL 145.0 483.3 392.6 0.81
PL þ Pb 200.4 668.0 391.6 0.59

Outer PL 145.0 483.3 392.6 0.81
PL þ Pb 200.4 668.0 393.6 0.59

Table 9
Sensitivity analysis cases of the PHTS pumpwith changes to the internal pipe design.

Cases Amount of internal pipe
length reduction

Internal pipe reinforcement (outer diameter
and thickness increase rate of pipe in same
proportion)

0e1 0 mm (0%) 0%
0e2 50%
0e3 100%
1e1 100 mm (6.35%) 0%
1e2 50%
1e3 100%
2e1 200 mm (12.70%) 0%
2e2 50%
2e3 100%
3e1 300 mm (19.05%) 0%
3e2 50%
3e3 100%
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increased to 406% and 1500%, respectively, to reflect the corre-
sponding bending stiffness increase.

Seismic analysis was performed under the seismic loads defined
in Section 3.5, and the stress intensity distributions for each case of
Table 9 are shown in Fig. 21. Table 10 shows the stress intensity, the
1st and 2nd natural frequencies, and the LSP for each case.

As Table 10 shows, the maximum seismic induced stress in-
tensity decreases as the internal pipe length decreases and the pipe
reinforcement increases. The reason is as follows. The 1st and 2nd

natural frequencies in each case increased with decreasing length
of the internal pipe and increasing pipe reinforcement. As the 1st
and 2nd natural frequencies increased, the natural frequencies
shifted from the resonance frequency range with the seismic load,
and the seismic induced stress intensity of the PHTS pump
decreased. The LSP in each case also increased with decrease of the
internal pipe length and increase of the internal pipe reinforce-
ment. As a result, the LSP of case 3-3 shows an increase of about 50%
compared to the LSP of case 0e1.

Fig. 22 shows graphically the change in the LSP of the PHTS
pump due to decrease of the length and increase of the reinforce-
ment of the internal pipe. As can be seen in Fig. 22, the LSP of the
PHTS pump increases sharply with decreasing length of the inter-
nal pipe, and the LSP increases steadily with increasing reinforce-
ment of the internal pipe.

This study demonstrates that the most effective way to improve
the LSP of the PHTS pump is to reduce the length of the internal



Fig. 21. Seismic induced stress intensity distribution of the PHTS pump according to the change in the length and reinforcement of the internal pipe.
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pipe. However, if it is difficult to reduce the length of the internal
pipe enough to get the desired result, the LSP of the PHTS pump can
be improved further by reinforcing the internal pipe. For example,
suppose that the LSP requirement was raised to SSE 0.4 g, but it was
difficult to reduce the internal pipe length by more than 200 mm.
Then, the requirement could be achieved by increasing the outer
diameter and thickness by about 25%.



Table 10
Sensitivity analysis results of the PHTS pump according to change in the length and reinforcement of the internal pipe.

Cases Maximum seismic induced stress intensity [MPa] 1st & 2nd natural frequency LSP [g]

0e1 384 6.43 Hz/6.43 Hz 0.32
0e2 337 6.69 Hz/6.69 Hz 0.36
0e3 326 6.76 Hz/6.77 Hz 0.38
1e1 351 6.58 Hz/6.59 Hz 0.35
1e2 313 6.82 Hz/6.83 Hz 0.39
1e3 303 6.89 Hz/6.89 Hz 0.40
2e1 320 6.74 Hz/6.75 Hz 0.38
2e2 289 6.96 Hz/6.97 Hz 0.42
2e3 281 7.02 Hz/7.03 Hz 0.44
3e1 292 6.91 Hz/6.91 Hz 0.42
3e2 267 7.11 Hz/7.11 Hz 0.46
3e3 260 7.16 Hz/7.17 Hz 0.47

Fig. 22. LSP of the PHTS pump according to decrease in the length and increase in the reinforcement of the internal pipe.
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5. Conclusions

Under the previous design conditions, the design margin of the
PHTS pumpwas 6% against a seismic load of SSE 0.3 g (equivalent to
0.32 g of LSP), which was a very low design margin. The transverse
(x and z directions) natural frequencies of the PHTS pump were at
high risk of resonance by which, in the major excitation frequency
range, the seismic load would act on the internal pipe connection.

In this paper, a simple procedure was proposed to change the
design parameters of PHTS pump to obtain a higher LSP margin,
which could be used conveniently in the conceptual design stage. A
calculation procedure for LSP based upon the assumption of linear
composition of stresses by neglecting a small amount of plastic
deformation is presented, and spectrum analysis to obtain
maximum response was applied rather than time consuming time
history analysis. Several design parameters were examined and two
parameters were selected among them. The increase of the natural
frequency of the PHTS pump could best be achieved by changing
these two parameters (i.e., shortening the internal pipe length and
reinforcement of the internal pipe) so as to avoid the resonance
frequency problem.

Sensitivity analysis was also performed to analyze variation of
the LSP according to the length and reinforcement of the internal
pipe. This showed that about 50% improvement of the LSP of the
PHTS pump was achievable by these design changes. The results of
the sensitivity analysis confirmed that the parameter that has the
greatest influence on the LSP is the length of the internal pipe.
Moreover, reinforcement of the internal pipe is also effective
without making changes to the configuration of the connection
pipe system. The results also show that active aseismic design is
possible even if the LSP target of the PHTS pump is raised. In the
next design stage, detailed time history analysis needs to be per-
formed to configure the other design parameters of potential use in
a study of this type. The design modifications will be performed
based upon both the proposed sensitivity analysis method and the
interface design of the PHTS pump and reactor system.
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Nomenclature

Ai Modal coefficient for the ith mode
g Gravity acceleration
i Mode number
N Total number of expanded modes
Pb Local primary bending stress intensity
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PL Local primary membrane stress intensity
Pm General primary membrane stress intensity
Ra Total modal response
Ri Modal response in the ith mode
Sm Lowest stress intensity value at a given temperature
Sr Expected minimum stress to rupture
Su Tensile strength value
sallow Allowable stress
ssi Seismic induced stress
ssi(allow) Allowable seismic induced stress
ssi(n) Normalized seismic induced stress
ss Static stress
ssþsi Static stress þ seismic induced stress
ji The ith mode shape
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