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Fluid effect on the modal characteristics of a square tank
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a b s t r a c t

Tanks are used extensively in many engineering areas for spent fuel pool structures at nuclear power
plants or for water storage tanks in bulk carriers. To ensure the structural integrity of such tanks
when under dynamic loads, modal characteristics such as natural frequencies, participation factors
and mode shapes should be known. Investigated in this study are the modal characteristics of a
square tank by the finite element method. This approach can be used with subsequent dynamic
analyses such as a response spectrum analysis or a harmonic analysis. Finite element models are
prepared to determine the natural frequencies and mode shapes, which are easy to find the modal
characteristics of a fluid-filled square tank. The effects of the fluid contained in the tank and the
boundary conditions at top and bottom ends on the modal characteristics are assessed by several
finite element analyses.
© 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

Tanks are used extensively for liquid storage in many engi-
neering applications. One example is a spent fuel pool, which is
typically a rectangular or square tank used to store nuclear spent
fuel assemblies under at least 6 m of water. This type of tank should
meet stringent safety requirements to provide adequate shielding
from radiation for anyone near the pool by withstanding strong
external dynamic loads, such as those from earthquakes. Other
examples are the water storage tanks used in bulk carriers, which
consist of rectangular or square steel structures. The water level in
this type of tank decreases gradually during the voyage and the
modal characteristics change, resulting in changes of the responses
to dynamic loads. In particular, to acquire the responses to dynamic
loads such as earthquakes or pump pulses, the first factors to
investigate are the modal characteristics of the natural frequencies,
participation factors and mode shapes.

Many studies have focused on the modal characteristics of cy-
lindrical shells filled with fluid [1e3] and on plates in contact with
a fluid [4,5]. However, research on fluid-filled square tanks is
insufficient. Zhou and Liu [6] investigated the three-dimensional
vibratory characteristics of flexible rectangular tanks partially fil-
led with a liquid. Jeong [7] presented a theoretical analysis of the

free vibration of rectangular tanks partially filled with an ideal
liquid. Hashemi et al. [8] proposed an analytical method to
determine the dynamic responses of rectangular fluid containers
with four flexible walls. They developed simplified solutions using
the Rayleigh-Ritz method. However, due to the approximation of
the theory, the resulting frequencies may, in some case, deviate
from the exact solutions due to inappropriate assumptions.
Therefore, with the rapid development of hardware and software,
finite element analyses are effectively used to investigate the
modal characteristics, especially to visualize three-dimensional
mode shapes, which are challenging to obtain via a theoretical
approach. Despite the fact that the procedure of the finite element
analysis using a commercial program is relatively simple to use, it
can also be very time-consuming to create the model, especially
for beginners who start their engineering jobs with a structural
analysis.

Therefore, the modal characteristics of a square tank filled with
fluid are investigated in this study using the finite element method,
which can also be used in conjunction with dynamic analyses such
as a response spectrum analysis or a harmonic analysis. Finite
element models are developed to find the natural frequencies and
mode shapes of the fluid-filled square tank with two boundary
conditions: clamped-free and clamped-clamped ends at the top
and bottom of the tank. Finite element models using ANSYS me-
chanical APDL [9] are prepared to determine the natural fre-
quencies and mode shapes. The effects of the fluid contained in the* Corresponding author.
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tank and the boundary conditions at the top and bottom ends on
themodal characteristics are addressed by conducting several finite
element analyses.

2. Finite element analysis

2.1. Finite element models

A three-dimensional finite element model is constructed for the
square fluid-filled tank [9], which has height a, width b, length b,
and thickness h, as shown in Fig. 1. The square plate of the tank is
modeled with three-dimensional eight-node structural solid ele-
ments (SOLID185). These are defined by eight nodes having three
degrees of freedom at each node, with translations in the nodal x, y
and z directions. The fluid region is divided into a number of
identical three-dimensional acoustic fluid elements (FLUID30) with
eight nodes having four degrees of freedom at each node, with
translations in the nodal x, y and z directions and pressure. FLUID30
is particularly well suited tomodel a fluidmedium and interfaces in
fluid-structure interaction problems. The governing equation, in
this case a three-dimensional wave equation, was discretized while
taking into account the coupling of the acoustic pressure and
structural motion at the interface. A square tank at the half fluid
level has 10368 fluid elements and 8448 solid elements as shown in
Fig. 2.

The fluid boundary conditions at the top and bottom of the tank
are zero displacement and rotation. The nodes connected entirely
by the fluid elements are free to move arbitrarily in three-
dimensional space, with the exception of those which are
restricted to motion on the bottom and top surfaces of the fluid
cavity. The radial velocities of the fluid nodes along the wetted
solid surfaces coincide with the corresponding velocities of the
solids.Fig. 1. Square tank filled with fluid.

Fig. 2. Finite element model of square tank at the half fluid level.
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Fig. 3. Mode shapes of a square tank without fluid.
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Fig. 4. Mode shapes of a square tank with fluid (50%).
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Fig. 5. Mode shapes of a square tank with fluid (100%).
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2.2. Modal analysis

A finite element analysis using the commercial computer pro-
gram ANSYS Mechanical 19.1 [9] is conducted to find the natural
frequencies of the square tank with or without fluid in the
clamped-free and clamped-clamped conditions.

The Block Lanczos method is used for the eigenvalue and
eigenvector extractions of the tank without fluid. This method is
feasible for large symmetric eigenvalue problems [10]. Typically,
this solver is applicable to the types of problems solved using the
subspace eigenvalue method, though, at a faster convergence rate,
and it is very useful to find all exact symmetric modes necessary to
define the dynamic characteristics. For the tank with fluid, the
asymmetric eigensolver is used because the system matrices of
FLUID30 elements are asymmetric.

3. Results and discussion

The square tank has a height of 360 mm, a width and length of
240 mm, and a thickness of 3 mm. The depth of the fluid con-
tained in the tank varies depending on the loading condition. The
material properties of the tank are a Young's modulus of 69 GPa,
a Poisson's ratio of 0.3 and a mass density of 2700 kg/m3. The
fluid in the tank has a density of 1000 kg/m3 and a bulk modulus
of elasticity of 2.2 GPa, implying that the speed of sound in the
fluid is 1483 m/sec. Modal analyses are performed to determine
the frequencies and mode shapes for the square tanks with
clamped-free and clamped-clamped ends via the finite element
method.

The first several mode shapes of the square tanks without and
with the fluid for the clamped-free end conditions are shown in
Fig. 3 through 5 correspondingly for the condition without-fluid
and those for with-fluid at 50% and 100% levels. The normalized
frequencies of the first several major modes defined by the fre-
quencies for a fully loaded condition divided by those for an empty
condition are shown in Fig. 6 depending on the fluid depth. The
mode shapes can be classified into two types depending on the
number of half-waves in two orthogonal directions in two adjacent
plates of the x-z and y-z planes. The mode number (m,n) represents
them-th half-wave in the x-direction and the n-th half-wave in the
z-direction of the x-z plane, or the m-th half-wave in y-direction
and the n-th half-wave in z-direction of the y-z plane. As expected,
the inclusion of the fluid inside the tank decreases the frequencies,
and the fluid effect is significant for a fluid level lower than 50% of
the tank height. The normalized frequency is 30.7% for the first
mode, and this value increases with higher modes, as shown in
Fig. 6 because the movement of the fluid decreases with higher
modes.

The mode shapes of the square tanks for the clamped-clamped
boundary condition are shown in Fig. 7 through 9 for the without-
fluid condition and for the with-fluid conditions at 50% and 100%
levels, respectively. The same trends noted for the clamped-free
ends are also found in the clamped-clamped condition. However,
the fluid effect is more significant in the clamped-clamped condi-
tion, reaching to 20.3% for the first mode at the normalized fre-
quencies, as shown in Fig. 10.

The results of a comparison of the fundamental frequencies
between the clamped-free and clamped-clamped boundary con-
ditions are shown in Fig. 11. The frequencies start to decrease at
fluid levels of 30% and 20% for the clamped-free and clamped-
clamped boundary conditions, respectively. The clamped-clamped
ends are found to be more affected by the contained fluid than
the clamped-free ends. Furthermore, the frequencies of the
clamped-clamped ends are higher than those of the clamped-free
ends when the fluid level is less than half, which can be expected

considering the stiffness of the tank. However, the difference is not
significant for fluid levels higher than 60% of the tank height, which
means that fluid in the tank at more than 60% of the tank height has
a stronger effect on the frequencies than the boundary conditions,
generating almost identical frequencies irrespective of the fluid
level.

Vector plots of the fluid modes are shown in Figs. 12 and 13 for
square tanks at the half fluid level for the clamped-free and
clamped-clamped boundary conditions, respectively. Fig. 14 shows
comparisons of the first fluid modes for the clamped-free boundary
conditions. As shown in the first several modes, the effect of the
fluid depends on its depth. For example, the fluidmotion is not fully
developed at the fluid depth of 25%, generating a linear effect along
the depth in the axial direction. However, for fluid depths which
exceed 50%, the effect is fully developed, with the maximum effect
occurring at fluid heights between 1/3 and 2/3 of fluid height, with
the axial mode shape of the tank not showing a linear shape along
the axial direction. These phenomena appear more clearly with
more fluid in the tank. Moreover, the mode shapes of fluid modes
higher than 50% of the tank height are nearly identical irrespective
of the fluid height, meaning that fluid at more than 50% of the tank
height moves at identical horizontal amounts along the axial di-
rection. Therefore, its effect is more significant compared to when
the fluid is at less than 50% of the height. This reconfirms that at a
fluid level of 50%, the decreasing rate of the frequencies is highest
and the frequency decreases dramatically in both boundary con-
ditions, as shown in Fig. 11.

To investigate the effect of the aspect ratio of the plate type of
tank, defined by the height divided by the width of the square tank,
several sensitivity analyses with aspect ratios ranging from 0.5 to
3.0 are performed. The fundamental frequencies of a square tank
with clamped-free ends are summarized in Fig. 15. This figure
shows that the frequencies of square tanks with fluid levels of 0%
and 25% are nearly identical irrespective of the aspect ratio, which
confirms that the fundamental frequency of the square tank with
clamped-free ends starts to decrease at a fluid level of 30% with an
aspect ratio of 1.5, as shown in Fig. 11. It was also found that the

Fig. 6. Normalized frequencies of a square tank with clamped-free ends with respect
to the fluid level.
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Fig. 7. Mode shapes of a square tank without fluid for clamped-clamped ends.
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Fig. 8. Mode shapes of a square tank with fluid (50%) for clamped-clamped ends.
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Fig. 9. Mode shapes of a square tank with fluid (100%) for clamped-clamped ends.
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effect of the aspect ratio is not significant beyond a value of 2.0,
which means that the fundamental frequencies of the square tank
with clamped-free ends for aspect ratios larger than 2.0 do not
change too much for each fluid level. The same trends are also
shown in Fig. 16 for the square tank with clamped-clamped
ends, except that the frequency starts to decrease at the fluid
level of 20% with an aspect ratio of 1.5. Therefore, in terms of the
fundamental frequency, it Fig. 17 clearly indicates that the

frequencies in the shaded areas are not affected by the fluid level or
the aspect ratio.

4. Conclusions

Several finite element analyses were conducted to determine
the natural frequencies and mode shapes of fluid-filled square
tanks. The effects of the fluid and boundary conditions on the

Fig. 10. Normalized frequencies of a square tank with clamped-clamped ends with respect to the fluid level.

Fig. 11. Comparison of fundamental frequencies between boundary conditions.
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Fig. 12. Vector plot of mode shapes of a square tank at the half fluid level for clamped-free ends.

M.J. Jhung, S.-S. Kang / Nuclear Engineering and Technology 51 (2019) 1117e1131 1127



Fig. 13. Vector plot of mode shapes of a square tank at the half fluid level for clamped-clamped ends.
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Fig. 14. Comparison of first mode vector plots for clamped-free ends with respect to fluid heights.
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modal characteristics were investigated, and the following con-
clusions can be drawn:

- The inclusion of fluid inside the tank decreases the frequencies,
and the fluid effect is significant beyond fluid levels of 30% and
20% for the clamped-free and clamped-clamped boundary
conditions, respectively.

- The effect of the boundary conditions is nearly identical in all
modes, but the maximum rate of decrease from dry to wet

condition was found to be 20.3% with the clamped-clamped
ends compared to 30.7% with the clamped-free ends

- The amount of fluid in the tank does not affect the mode
shapes linearly along the axial direction for fluid levels higher
than 50%.

- Fluids which exceed 50% of the tank move at the same hori-
zontal amounts along the axial direction for the first mode;
therefore, the frequencies begin to decrease dramatically when
the tank is more than 50% full.

Fig. 15. Comparison of fundamental frequencies of square tanks with clamped-free ends with different aspect ratios.

Fig. 16. Comparison of fundamental frequencies of square tank with clamped-clamped ends with different aspect ratios.
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- Square tanks with aspect ratios larger than 2.0 have nearly
identical fundamental frequencies for each fluid level.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.01.012.
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