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a b s t r a c t

The reliability of the spent fuel pool instrument is very important for the security of nuclear power plant,
especially during the earthquake. The effect of the fluid force on the vibration characteristics of the
flexible tube of the spent fuel pool instrument needs comprehensive analysis. In this paper, based on the
potential flow theory, the hydrodynamic pressures acting on the flexible tube were obtained. A math-
ematical model of a flexible tube was constructed to obtain the dynamic response considering the effects
of seismic load and fluid force, and a computer code was written. Based on the mathematical model and
computer code, the maximum stresses of the flexible tube in both safe shutdown earthquake and
operating basis earthquake events on the spent fuel pool with three typical water levels were calculated,
respectively. The results show that the fluid force has an obvious effect on the stress and strain of the
flexible tube in both safe shutdown earthquake and operating basis earthquake events.
© 2019 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

The spent fuel pools, which sit atop the reactor buildings and are
meant to keep spent fuel submerged inwater, are very important to
the security of a nuclear power plant. During an earthquake, the
mechanical characteristics of the spent fuel pools instrument
would be more complicated under seismic load and fluid force. For
a new designed spent fuel pool instrument, it is necessary to
analyze the vibration responses of the elastic tube of the spent fuel
pool instrument. Lots of structural aseismic analysis were per-
formed in recent years. Jibson and Keefer [1] developed an
approach for judging if a landslide or group of landslides of un-
known origin was more likely to have formed as a result of earth-
quake shaking or in aseismic conditions. Sadek and Isam [2]
presented a thorough study of the behavior of inclined micro-piles
under seismic loading. Their studies provided valuable information
about the influence of micro-piles inclined on dynamic amplifica-
tion and on the seismic-induced internal forces in micro-piles. A
new simplified pushover analysis procedure was proposed by Jan
et al. [3], which could estimate the seismic demands of high-rise
buildings. The dynamic characteristics of a commercial nuclear
by Elsevier Korea LLC. This is an
reactor internal structures under the action of seismic load were
analyzed by Jhung and Hwang [4]. A seismic analysis of an entire
nuclear power plant system was performed and the effects of the
fluid on the dynamic behaviors of a liquid-metal fast-breeder
reactor were also investigated by Koo and Lee [5]. Response spec-
trum analysis was carried out to investigate reactor vessel under
design condition, normal operation condition and other service
conditions based on a finite element model created by Ogino et al.
[6], and the numerical results was validated with the experimental
data. The seismic response analysis of reactor vessel structures and
the primary coolant was carried out by Frano and Forasassi [7]. A 3D
finite element model was set up to analyze the propagation of
seismic waves as well as its derived structural effect. A mathe-
matical model was presented by Kim and Jhung to determine an
appropriate ground mass in a seismic response analysis [8]. Guan
et al. [9] used ANSYS to complete the analysis of the behaviors of
structures with and without wind generator, under EI-Centro
earthquake wave and Taft earthquake wave. By comparing the re-
sults of those two models, the feasibility of the wind energy and
building integrationwas verified. The seismic demand of a LFRwith
reference to European Lead System project considered one of the
most promising innovative Generation IV reactor was evaluated by
Frano and Forasassi [10]. The safety aspects of the ELSY reactor in
the event of a safe shutdown earthquake were also analyzed. Penna
et al. [11] presented a macro-element model specifically developed
for simulating the cyclic in-plane response of masonry wall, with
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possible applications in nonlinear static and dynamic analysis of
masonry structures. A 3D finite element model of reactor coolant
systemwas constructed by Tong et al. [12], and the seismic analysis
was performed to obtain the stress and displacement response.

The spent fuel pool instrument consists of a flexible tube named
measuring guide tube, which subjected to the action of fluid in the
earthquake condition. So, the vibration characteristics of this flex-
ible tube are very complicated. It is required to demonstrate that
the flexible tube is adequately designed at the earthquake condi-
tion for the design life. In our previous studies, the flow-induced
vibration of tube bundles subjected to two-phase flow has been
investigated [13e15]. However, it is still a problem deserving
further investigations for the effects of seismic load and hydrody-
namic force on the vibration characteristics of a flexible tube. That
is to say, what effects can the seismic load and hydrodynamic force
have on the vibration displacement and stress of the tube? Theo-
retical study has to be performed on this problem because the
problem considered in this study is a typical fluid-solid coupling
problem. Under the interaction of seismic load and hydrodynamic
force, the long flexible tube may appear great elastic deformation.
Due to the large deformation, it could be very difficult to obtain the
vibration characteristic of the tube by the finite element simulation.
In this paper, a mathematical model of a flexible tube subjected to
seismic load and hydrodynamic force was presented. A computer
code based on the presented model was written. By using the
mathematical model and computer code, the maximum stress and
displacement of the flexible tube in both safe shutdown earthquake
and operating basis earthquake events were calculated for different
water level conditions.
2. Theoretical analysis

2.1. Theoretical model

The governing partial differential equation of a flexible tube of a
spent fuel pool under the interaction of seismic load and fluid force,
as shown in Fig. 1, can be expressed as:

EI
v4u
vz4

þ rA
g

v2

vt2
�
uþ ug

�� P ¼ 0 (1)

where u is defined as the displacement of the flexible tube, E is the
modulus of elasticity, I is the inertia moment of the flexible tube, r
is the tube density, A is the cross area of the tube, ug is the lateral
displacement of the support induced by the earthquake which can
Fig. 1. Schematic diagram of a flexible tube of a spent fuel pool.
be obtained from the seismic load spectra, P is the hydrodynamic
force.

As shown in equation (1), the hydrodynamic force is an un-
known quantity related to the displacement (including the elastic
displacement of the tube), while the displacement is also affected
by the hydrodynamic force. Therefore, this is a typical fluid-
structure interaction problem. The hydrodynamic force analysis
was presented in section 2.2, and the vibration analysis was pre-
sented in section 2.3.
2.2. Hydrodynamic force analysis

When seismic load is applied to the flexible tube, dynamic fluid
pressure could be generated on both the inner and outer surface of
the tube. It is reasonable to assume the disturbed fluid is a potential
flow, which could satisfy Laplace's equation and potential theory.
Thus, the three-dimensional Laplacian equation of the disturbed
fluid can be expressed as [16]:

v24

vr2
þ1

r
v4

vr
þ 1
r2

v24

vq2
þ v24

vz2
¼ 0 (2)

where 4 is the fluid velocity potential.
In order to reduce the complexity of the theoretical model, there

are three reasonable assumptions as follows: (1) The fluid is an
incompressible ideal fluid; (2) The fluid at the spent fuel pool
bottom has no vertical velocity; (3) The fluid surface of the spent
fuel pool is a free surface, and the effect of the free surface is
neglected; (4) The vibration velocity of the flexible tube is the same
as the fluid velocity; (5) The material of flexible tube is homoge-
neous, and the cross-sectional shape of the flexible tube does not
change.

Thus, the boundary conditions can be expressed as:

z¼0;
v4

vz
¼ 0 (3)

z¼h;
v4

vt
¼ 0 (4)

r¼ a;
v4

vr
¼ u

:
g cos qþ vu

vt
cos q (5)

where u
:
g is the velocity of the support induced by the earthquake,

vu=vt is the velocity of elastic vibration of the flexible tube.
The velocity potential of the fluid in spent fuel pool can be

expressed as:

4ðr; z; q; tÞ ¼ cos q
X∞
n¼1

q
:

n

X∞
s¼1;3;5

f ðrÞcos ps
2h

z (6)

where f(r) is the function of cylindrical coordinate, q
:

is the first
derivative of generalized coordinates versus time which can be
called as generalized velocity.

Substituting equation (6) into equation (1), the three-
dimensional Laplacian equation can be rewritten as:

v2f ðr1Þ
vr21

þ 1
r1

vf ðr1Þ
vr1

�
 
1þ 1

r21

!
f ðr1Þ ¼ 0

r1 ¼ ps
2h

,r

(7)

The solution of equation (7) can be expressed as:
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f ðr1Þ¼BnsI1sðr1Þ þ CnsK1sðr1Þ (8)

where I1s and K1s are the modified Bessel functions of the first and
second kinds, respectively, Bns and Cns are the constants determined
by the boundary conditions.

The fluid acting on the flexible tube can be divided into the in-
ternal flow and external flow. The velocity potential of the internal
flow of the flexible tube can be written as:

41ðr; z; q; tÞ ¼ cos
X∞
n¼1

q
:

n

X∞
s¼1;3;5

BnsI1sðr1Þcos
ps
2h

z (9)

And the velocity potential of the external flow of the flexible
tube can be written as:

42ðr; z; q; tÞ ¼ cos
X∞
n¼1

q
:

n

X∞
s¼1;3;5

CnsK1sðr1Þcos
ps
2h

z (10)

As shown in equation (5), the first term is velocity of rigid mo-
tion, and the second term is the vibration velocity. Considering the
two velocities separately, the boundary conditions for the internal
flow can be expressed as:

v41�rigid

vr

����
r¼a2

¼ u
:
g cos q (11)

v41�elastic

vr

���
r¼a2

¼ vu
vt

cos q (12)

The boundary conditions for the external flow can be expressed
as:

v42�rigid

vr

����
r¼a1

¼ u
:
g cos q (13)

v42�elastic

vr

���
r¼a1

¼ vu
vt

cos q (14)

where a1 and a2 is the outside and inside diameter of the flexible
tube, respectively.

The hydrodynamic force acting on the flexible tube can be
divided into two types of fluid force, one is the rigid body hydro-
dynamic force, another is the elastic vibrational hydrodynamic
force.

For the rigid body hydrodynamic force, the velocity potentials of
the internal and external flow can be expressed as:

41�rigidðr; z; q; tÞ ¼ cos qu
:
g
X∞

s¼1;3;5

I1sðr1ÞBs cos
ps
2h

z (15)

42�rigidðr; z; q; tÞ ¼ cos qu
:
g
X∞

s¼1;3;5

K1sðr1ÞCs cos
ps
2h

z (16)

Substituting equation (15) into equation (11), and equation (16)
into equation (13), respectively, the undermined coefficient Bs and
Cs can be obtained as:
Bs ¼ 8hð�1Þs�1
2

p2s2I
0
1sðr1Þ

��
r¼a2

Cs ¼ 8hð�1Þs�1
2

p2s2K
0
1sðr1Þ

��
r¼a1

(17)

where h is the flexible tube length.
Then, the velocity potentials of the internal and external flow

can be rewritten as:

41�rigidðr; z; q; tÞ ¼ cos qu
:
g
8h
p2

X∞
s¼1;3;5

ð�1Þs�1
2 I1sðr1Þ

s2I
0
1s

�
ps
2ha2

� cos
ps
2h

z (18)

42�rigidðr; z; q; tÞ ¼ cos qu
:
g
8h
p2

X∞
s¼1;3;5

ð�1Þs�1
2 K1sðr1Þ

s2K
0
1s

�
ps
2ha2

� cos
ps
2h

z

(19)

The rigid body hydrodynamic forces of the internal and external
flow can be expressed as:

Prigid�r¼a2 ¼
8hg0a2

pg
u
::

g
X∞

s¼1;3;5

ð�1Þs�1
2

s2

�
I1sðr1Þ
I
0
1sðr1Þ

�����
r¼a2

cos
ps
2h

z

Prigid�r¼a1 ¼
8hg0a1

pg
u
::

g
X∞

s¼1;3;5

ð�1Þs�1
2

s2

�
K1sðr1Þ
K

0
1sðr1Þ

�����
r¼a1

cos
ps
2h

z

(20)

where u
::

g is the maximum acceleration of the support induced by
the earthquake, which can be obtained from the seismic load
spectra.

So, the total rigid body hydrodynamic force can be expressed as:

Prigid ¼ Prigid�r¼a2 þ Prigid�r¼a1

¼ �8hg0
pg

u
::

g
X∞

s¼1;3;5

ð�1Þs�1
2 Hs cos

ps
2h

z
(21)

where,

Hs ¼ 1
g2

(
a1

�
K1sðr1Þ
K

0
1sðr1Þ

�����
r¼a1

þ a1

�
I1sðr1Þ
I
0
1sðr1Þ

�����
r¼a2

)
(22)

For the elastic vibrational hydrodynamic force, the governing
partial differential equation can be recast as a set of ordinary dif-
ferential equations by Galerkin's method, with the eigenfunction qn
being used as a suitable set of base functions and Xn as the corre-
sponding generalized coordinates.

uðz; tÞ ¼
X∞
n¼1

qnðtÞXnðzÞ (23)

Substituting equations (6), (23) into equation (11), and equa-
tions (7), (23) into equation (12), respectively, the undermined
coefficient Bns and Cns can be obtained as:
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Bns ¼
4
ðh
0
Xn cos

ps
2h

zdz

psI
0
1s

�ps
2h

a2
�

Cns ¼
4
ðh
0
Xn cos

ps
2h

zdz

psK
0
1s

�ps
2h

a2
�

(24)

Then, the velocity potentials of the internal and external flow
can be rewritten as:
X∞
n¼1

2
4qn

 
EI

d4Xn

dz4

!
þ q

::

n

0
@rA

g
Xn þ 4g0

g

X∞
s¼1;3;5

Hs,s,cos
ps
2h

z
ðh
0

Xn cos
ps
2h

xdx

1
A
3
5

¼ �u
::

g

2
4rA
g

þ 8hg0
pg

X∞
s¼1;3;5

ð�1Þs�1
2 Hs cos

ps
2h

z

3
5

(29)
41�elasticðr; z; q; tÞ ¼cos q
X∞
n¼1

q
:

n

X∞
s¼1;3;5

I1sðr1Þ
I
0
1s

�
ps
2ha2

� 4
ps

� cos
ps
2h

z
ðh
0

Xn cos
ps
2h

xdx

(25)

42�elasticðr; z; q; tÞ ¼cos qu
:
g
X∞
n¼1

q
:

n

X∞
s¼1;3;5

K1sðr1Þ
K

0
1s

�
ps
2ha1

� 4
ps

� cos
ps
2h

z
ðh
0

Xn cos
ps
2h

xdx

(26)

The elastic vibrational hydrodynamic force of the internal and
external flow can be expressed as:
Pelastic�r¼a2 ¼ �4g0a2
g

X∞
n¼1

q
::

n

X∞
s¼1;3;5

�
I1sðr1Þ
I
0
1sðr1Þ

�����
r¼a2

1
s
cos

ps
2h

z
ðh
0

Xn cos
ps
2h

xdxd

Pelastic�r¼a1 ¼ �4g0a1
g

X∞
n¼1

q
::

n

X∞
s¼1;3;5

�
K1sðr1Þ
K

0
1sðr1Þ

�����
r¼a1

1
s
cos

ps
2h

z
ðh
0

Xn cos
ps
2h

xdxd

(27)
So, the total elastic vibrational hydrodynamic force can be
expressed as:
Pelastic ¼ Pelastic�r¼a2 þ Pelastic�r¼a1

¼ �4g0
g

X∞
n¼1

q
::

n

X∞
s¼1;3;5

Hs,s,cos
ps
2h

z
ðh
0

Xn cos
ps
2h

xdxd

(28)
2.3. Vibration analysis

Substituting the total rigid body and elastic vibrational hydro-
dynamic forces into equation (1), the vibration equations of the
flexible tube can be rewritten as:
According to the orthogonality condition, the vibration equa-
tions can be rewritten as:

q
::

n þ2εnq
:

n þ u2
nqn ¼ �hnu

::
gðtÞ (30)

where

hn ¼

ðh
0

8<
:rA

g
Xn þ 4g0

g
Xn

X∞
s¼1;3;5

Hs,s cos
ps
2h

z
ðh
0
Xn cos

ps
2h

xdx

9=
;dz

ðh
0

8<
:rA

g
X2
n þ

4g0
g

Xn
X∞

s¼1;3;5

Hs,s
1
s
cos

ps
2h

z
ðh
0
Xn cos

ps
2h

xdx

9=
;dz

(31)

Comparing with the vibration equation of single degree of
freedom under the action of seismic load,
d
::

n þ2εnd
:

n þ u2
ndn ¼ �u

::
gðtÞ (32)

qn ¼ hndn (33)



Fig. 2. The seismic load spectra at OBE event.

Table 1
The maximum stress of the flexible tube.

Depth of water Maximum stress for OBE Maximum stress for SSE

4 m 1.99 MPa 4.66 MPa
8 m 12.32 MPa 28.87 MPa
12 m 14.54 MPa 34.11 MPa
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Finally, the displacement of the flexible tube under the action of
seismic load and hydrodynamic force can be given as,

uðz; tÞ ¼
X∞
n¼1

X∞
r¼1

ArnXrðzÞhndn (34)

According to theory of elastic mechanics [17], based on the
equilibrium equation, geometric equation, and physical equation,
the stress of the flexible tube can be obtained.
3. Numerical results

Section 2 provides the analysis method of vibration character-
istic of a flexible tube under the interaction of seismic load and
hydrodynamic force. On the basis of the analyses above, the
maximum stress and displacement of the flexible tube of a new
designed spent fuel pool instrument are calculated in this section
for two typical events of seismic analysis, respectively, which is
called as safe shutdown earthquake (SSE) and operating basis
earthquake (OBE). Safe shutdown earthquake is based on the
estimated maximum potential earthquakes, taking into account
reginal geological, seismic conditions and local subsurface soil
properties. The ground motion caused by the safe shutdown
earthquake is the largest. Under the action of this earthquake, the
Fig. 3. The seismic load spectra at SSE event.
structures, systems and components of a nuclear power plant are
required to maintain the original functions. And, the minimum
peak ground acceleration (PGA) for OBE to be considered in design
in certain regulations is related to the PGA for SSE. The seismic load
spectra of OBE and SSE are illustrated in Fig. 2 and Fig. 3, respec-
tively, which are the envelope spectra of seismic loads for Qinshan
Nuclear Power Plant in China. As shown in Fig. 2, the maximum
accelerations of the support induced by the earthquake in the
vertical, east-west, and north-south directions are 1.6 g, 3.4 g, and
4.7 g at OBE event, respectively. As shown in Fig. 3, the maximum
accelerations of the support induced by the earthquake in the
vertical, east-west, and north-south directions are 2.4 g, 5.2 g, and
7.2 g at SSE event, respectively.

As shown in Fig. 1, one side of the measuring tube is fixed to the
ground base, and the other side of the measuring tube is vertically
inserted into the spent fuel pool. The depth of the spent fuel pool is
12 m. The length of the flexible tube is 9 m, the outer diameter of
the tube is 21. 3 mm, and the inner diameter of the tube is 17.3 mm.
The material of the measuring tube is 316L stainless steel, the
modulus of elasticity E is 210 GPa. According to the geometric po-
sitions of the spent fuel pool and the flexible tube in Fig. 1, it can be
obviously seen that when the water level of the spent fuel pool is
less than 3 m, the measuring tube may not be affected by the fluid
force. Thus, in order to analyze the influence of thewater depth, the
maximum stresses of the measuring tube were calculated at three
water levels of the spent fuel pool considered in this study, which is
4 m, 8 m, and 12 m, respectively, for both OBE and SSE events.

Seismic analysis was performed for both OBE and SSE. The
maximum stresses of the flexible tube for both OBE and SSE were
illustrated in Table 1 and Fig. 4, respectively. The maximum stresses
of the flexible tube in operating-basis earthquake event for the
three water levels are 1.99 MPa, 12.32 MPa, and 14.54 MPa,
respectively. And, the maximum stresses of the flexible tube in safe
shutdown earthquake event for the threewater levels are 4.66MPa,
28.87 MPa, and 34.11 MPa, respectively. It is obvious that for the
same earthquake event, the maximum stress of the flexible tube
Fig. 4. The maximum stress of the flexible tube.



Table 2
The maximum displacement of the flexible tube.

Depth of water Maximum displacement for OBE Maximum displacement for SSE

North-south direction East-west direction North-south direction East-west direction

4 m 0.38 mm 0.27 mm 0.88 mm 0.67 mm
8 m 3.59 mm 2.60 mm 8.28 mm 6.14 mm
12 m 10.75 mm 7.78 mm 24.61 mm 18.35 mm

Fig. 5. The maximum displacement of the flexible tube in OBE and SSE events.
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increases with the increasing depth of the water level of the spent
fuel pool. For the example considered in this study, the maximum
displacements in the north-south direction for SSE event incorpo-
rating the effect of fluid force are 0.88, 8.28, and 24.61mm, which is
31.34%, 34.43%, and 34.11% more than the maximum displacements
in the east-west direction. And, the maximum displacements in the
north-south direction for OBE event incorporating the effect of fluid
force are 0.38, 3.59, and 10.75 mm, which is 40.74%, 38.08%, and
38.17% more than the maximum displacements in the east-west
direction. The numerical results of the maximum displacements
of the flexible tube for the two events are illustrated in Table 2 and
Fig. 5.
4. Conclusions

The dynamic characteristics of a flexible tube considering the
effect of the seismic load and fluid force were investigated by
building a mathematical model. Based on the potential flow theory,
theoretical analysis was presented to obtain the rigid body hydro-
dynamic force induced by the rigid motion of the tube and the
elastic vibrational hydrodynamic force induced by the elastic
oscillation of the tube, respectively. Considering the effects of
seismic loads and hydrodynamic forces, the dynamic responses of
the flexible tube for SSE and OBE events were calculated. The re-
sults of calculations can be summarized as follows:

1. In the same earthquake event, the maximum stress and
displacement of the flexible tube increases with the increasing
depth of the water level of the spent fuel pool.
2. The maximum stresses and displacements of the flexible tube
for the three water levels in SSE event are much greater than
those in OBE event.

3. The maximum displacements of the flexible tube in the north-
south direction for the three water levels are slightly larger
than those in the east-west direction.

4. The analysis method presented in this study can be used to
predict the vibration displacement and stress of a long flexible
tube of a new designed spent fuel pool under the seismic load
and hydrodynamic force for both SSE and OBE events.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.08.012.
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