@ Springer

Journal of
Mechanical
Science and

Technology
Journal of Mechanical Science and Technology 22 (2008) 25~33 —_—

www.springerlink.com/content/1 738-494x

Optimization design technique for reduction of sloshing
by evolutionary methods
Hyun-Soo Kim' and Young-Shin Lee*

'Dept. of International Joint Development, R&D Division, Korea Aerospace Industries, Ltd, Youngdang-Ri, Sacheon,
Gyeongnam, 664-802, South Korea
2Director of BK21 Mechatronics Group Dept. of Mechanical Design Engineering, Chungnam National University,
Yuseong-gu, Daejeon, 305-764, South Korea

(Manuscript Received February 6, 2007; Revised October 15, 2007; Accepted October 15, 2007)

Abstract

The oscillation of a fluid caused by external force, called sloshing, occurs in moving vehicles containing liquid
masses, such as trucks, railroad cars, aircraft, and liquid rockets. This sloshing effect could be a severe problem in vehi-
cle stability and control. Therefore, development of efficient and easy method to reduce sloshing effect is positively
necessary.

In this study, optimization design technique for reduction of the sloshing using evolutionary method is suggested.
Two evolutionary methods are employed, respectively, the artificial neural network (ANN) and genetic algorithm (GA).
ANN is used for the analysis of sloshing and GA is adopted as optimization algorithm. The considered storage tank for
fluid is a rectangular tank. The design variables are width and installation location of the baffle, and sloshing reduction
coefficient by baffle is used as an object function in the optimization. As a result of this study, the optimal design for

sloshing reduction is presented.

Keywords: Optimization design; Sloshing; Evolutionary methods; ANN; GA

1. Introduction

Storage tank structures with fluids have been of in-
terest for a long time, because these have unique
characteristics due to the interaction between fluid
and structure. The interaction between fluid and struc-
ture, which causes the sloshing, could be a severe
problem in vehicle stability and control [1]. Numer-
ous studies have been conducted for reduction of
sloshing so far. Baffles, floats and partitions are being
used for that purpose, and baffles are the most widely
used among these due to installation simplicity and
high performance. However, baffles can change the
modal characteristics of a structure and increase its

*Corresponding author. Tel.: +82 42 821 6644, Fax.: +82 42 821 8894
E-mail address: leeys@cnu.ac.kr
DOI 10.1007/512206-007-1003-z

total weight. And there exist many design variables
having an effect on the sloshing; for example, size,
interval, installation position, the number of baffles,
and so on. There are some related studies on the re-
duction of sloshing in the literature, and studies on the
sloshing using various methods have been reported by
several researchers [2-13]. In many previous studies,
the sloshing is simulated by using a simplified theo-
retical method by pendulum or spring-mass model [2].
However, this method has many errors and limita-
tions of application by the large number of assump-
tions and simplifications in the modelling stage of the
sloshing.

In this study, an optimization design technique for
reduction of the sloshing by using an evolutionary
method is suggested to overcome this defect. Artifi-
cial neural networks (ANN) and genetic algorithm
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(GA) are employed as an evolutionary optimization
method [14, 15]. The principal reason of adopting
evolutionary method as an optimization tool is to
overcome the limitation of application and error of
the conventional optimization technique by using a
simplified theoretical method such as a pendulum of
spring-mass model. The conventional gradient-based
mathematical optimization technique requires gradi-
ent information of the object function and computa-
tional sensitivity. However, in a real engineering
problem, the derivation of the object function and
obtaining the gradient information is very compli-
cated and difficult. The sloshing is also a complicated
fluid-structural interaction phenomenon. Therefore in
this study, a newly proposed evolutionary optimiza-
tion algorithm is applied to the reduction of sloshing
of the water in a rectangular tank with baffles under
translational excitation. As a result of the optimal
design, the optimized width and installation location
of baffle are suggested. Especially, the validity of the
optimized design for installation location of baffle is
verified through a comparison with experimental
results.

2. Verification of the sloshing analysis

2.1 Analysis model

A rectangular storage tank with baffles is consid-
ered as an analysis model. The length, height and
width of the tank are 300 mm, 150 mm and 100 mm,
respectively. Fig. 1 shows the dimensions and coordi-
nate systems of the tank. The tank is filled with water
at a height of 50 mm. To reduce the sloshing, a wing
type baffle is installed and the tank is made of acrylic
with a thickness of 5 mm.

The material properties of acrylic and water, which
are applied for the sloshing analysis, are presented in
Table 1 [16]. In the sloshing analysis, 2198 quad ele-
ments are used for tank regions and 5016 hex ele-
ments are used for fluid regions.

2.2 Verification of ALE analysis results

To use the ANN instead of the FEM analysis as
analyzer in the optimization process, training of ANN
for the design parameter is positively required. In this
study, an ALE numerical analysis method is used to
generate the patterns for the learning and test sets of
the ANN. The ALE numerical analyses are performed
by using the commercial explicit code MSC/Dytran

H=150

L =300

Fig. 1. The analysis model of rectangular tank partially filled
with water (L, = 30~ 150 mm, h,=35~55 mm).

Table 1. Mechanical properties of the acrylic and water [16].

Material | Mechanical Property Unit Value
Young's modulus (E) GPa 3.003
Acrylic Poisson's ratio (v ) - 0.3
Density (p) kg/m’ 1170
Bulk modulus (K) GPa 2.07
Water Shear viscosity s 1.131x10°
Density (p) kg/m’ 1000

[17, 18]. In this analysis, the ALE contact algorithm
is used for the analysis of solid-fluid interaction effect.

For effective optimization design, the proper objec-
tive function and design variables should be defined
properly. As an object function of sloshing reduction
optimization, the following parameters can be consid-
ered.

1) Force or moment induced by sloshing to tank, 2)
Water height variation induced by sloshing, 3) Stress
or strain induced by sloshing at tank.

Among these parameters, the first parameter is
eliminated as an object function because the ALE
method’s validity for this parameter has not been
verified in this study. The stress is also eliminated
because of the limitations of the experimental device
used in this study. Therefore, the water height varia-
tion is adopted as an object function for sloshing re-
duction optimization in this paper.

The experimental results and the ALE analysis re-
sults for the water height variation by sloshing of the
tank under translational motion are compared in order
to verify the validity of the ALE analysis used in this
study. In the ALE numerical analysis, the water
height variation is evaluated by the fraction of fluid
element ( Fj(e;) ) from the analysis results. For exam-
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ple, the fraction of a full filled fluid element is “1”
and fraction of an empty fluid element is “0”. Using
this principle, the water height at the specified time
and horizontal location can be measured. In Fig. 2,
v; shows the height of i-th element and Fj(e;,t)
shows the faction of the i-th element at specific time
“t”. Therefore, the total water height (h) can be ex-
pressed as eq. (1) at specified time “t” and horizontal
location. This concept is shown in Fig. 2.

h =y XF(e,t)+ yy x Fy(ep,t) +
ety X Fio(e ) + v X Fileg,0)
Where, 0< F(e;,1)<1, i=123,--

M

The experimental device to simulate the transla-
tional motion is developed and presented in Fig. 3. A
slider-crank is used to convert the rotary motion of
motor into the translation of rectangular tank. In the
experiment, the maximum rotating speed of driving
motor is 1800 rpm and final rotating speed through
reduction gear is 45 rpm (0.75 Hz). The rotating
speed and the water height are fixed at 31 rpm (0.51

y A
+
Yt e
¥
Il I '

/1 i i "] >

Y - H %

p | Falest) I =

'1.’ Fife.t) Y f i
",'_ Fife.t) | %

-al Ffe,t) X

Fig. 2. Water height evaluation in the ALE analysis.

Fig. 3. Apparatus of experimental device for sloshing.

Hz) and 50 mm, respectively, during the verification
process of the ALE analysis. The water height of 50
mm is equal to 1/3 the total height of the tank.

To obtain the velocity history for sloshing analysis,
first the movement history of the experimental de-
vice’s slide is measured under movement with 0.51
Hz. Then, the obtained movement history is fitted by
using a 6th-order polynomial equation. Finally, the
velocity history can be obtained from differentiating
the previous polynomial equation. The displacement
and velocity history is shown in Fig. 4. The validity
of the sloshing analysis in this study is verified by
using this velocity history.

In the sloshing experiment, in order to measure the
variation of free surface of water by external force
directly, the use of an ultrasonic sensor was originally
considered. But this type of sensor has too many ob-
servational errors such as low response time and reso-
lution. So, in this study, the variation of free surface
of water was directly measured. A camcorder was
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Fig. 4. Applied velocity history for verification of the validity
of ALE analysis.

‘ 8 mm video camera ‘

l

Convert into digital video file
through MPEG board

l

Capture 24 picture every second
through Adobe Premiere

l

Measure water height
through Tracer

Fig. 5. Procedure to measure water height.
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used to capture the sloshing of water accurately. The
taken image using camcorder was converted to “avi”
format, then converted again to a figure file at regular
intervals by using the Adobe Premiere program. Fi-
nally, using this figure file and the trace chase pro-
gram, Tracer, the variation of surface of the water was
measured. Fig. 5 shows this experimental procedure.

Fig. 6 shows a comparison between the experimen-
tal and the ALE results as the water height varies
under the translational motion. The water height is
measured from the centerline of the tank side wall.
The y-axis shows the ratio of the sloshing water
height to the original water height. The solid line is
the result of the ALE analysis and the dotted line is
the result of the experiment and some discrepancy is
shown between the two lines. The major reason for
this discrepancy is considered to be the observational
error in the experiment etc. But, the period of water
sloshing and the water height configuration in time
history of the two results show good agreement in
general. From these results, the ALE numerical
method used in this study seems to have validity in
the sloshing analysis.

3. Evolutionary optimization method

3.1 Analysis for creating training data of ANN

The ANN is used for the analysis of the sloshing in
the optimization of baffle. The basic advantage of
ANN lies in the fact that it is able to automatically
map a relationship from the supplied input and output
parameters [19]. Therefore, complicated relationships
between various parameters can be found by the

Water height[h/h ]

06l = Experimental result
"~ | —— ALE analysis result
05
0 2 4
Time [sec]

Fig. 6. Comparison of the experimental and the ALE results
for water height variation under sloshing.

ANN. An ANN can be learned with the input of de-
sign variables and the network should map the object
value itself. In this study, multi-layer perceptrons
(MLP) are used because of their adaptable structure
and to the definition of well-known learning algo-
rithms. An MLP, as used in this study, consists of one
input layer, two hidden layers and one output layer.
The signals always propagate from the input to the
output layer throughout the hidden layers. During the
learning process, the interconnections and basis of the
MLP are changed so to minimize the differences be-
tween the known and computed outputs. The use of
nonlinear differentiable transfer functions in the MLP
neural network allows the definition of the back-
propagation learning rule by which the RMS between
the known and computed output is minimized.

In this study, ANN is used in order to analyze the
sloshing characteristics of a rectangular tank with
baffles with the variation of design parameters. The
variable training rate is applied to improve conver-
gence on the ANN. The ANN used in this study is
shown in Fig. 7. The inputs of the ANN are baffle
design variables, namely, the baffle width and instal-
lation height and the output is sloshing reduction co-
efficient (B). The sloshing reduction coefficient is
defined as follows:

:8 — Ounbaffled ~ Obaffled

2
O-unbafﬂed @

2
Where, O is Zd"’ and Zd,z\, means the
N

summation of the square for standard deviation of

Input layer

hidden layer 1 output layer 2

Fig. 7. Multilayer perceptron artificial neural network for
sloshing reduction optimization of the rectangular tank.
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Fig. 9. Water height variation measured at the wall of tank for
various baffle width (Ly/L = 0.1, 0.2, 0.3, hy/h,, = 0.7).

water height variation at the left wall of a rectangular
tank. “N” means the number of measurement times.
In this paper, water height variations during 1.9 sec
are measured with interval of 0.1 sec for the evalua-
tion of baffle performance.

Structure and fluid coupling analysis using the
ALE is conducted in order to create the training data
of the ANN. Applied external force condition is
shown in Fig. 8. This velocity history is applied in the
direction of length of the rectangular tank. The di-
mension of the rectangular tank is 300*150*100 mm
and the height of water is fixed at 50 mm. The baffle
shape and the tank material properties are equal to
those of the analysis model of the previous chapter.

Fig. 9 shows the sloshed water height variation
with respect to time. The water height variation is
calculated by ALE analysis at the wall of the rectan-
gular tank as the baffle width(L,) varies: 30, 60, 90
mm, respectively, with the installation height of baffle
is fixed at 35 mm. In this figure, the water height
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13 ——h/h =09 —o—hsh =11
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Fig. 10. Water height variation measured at the wall of tank
for various baffle installation height (hy/h,, = 0.7, 0.9, 1.1,
Ly/L=0.2).

“1.0” means no oscillation of water and therefore no
sloshing. As the baffle width increases, the water
height variation becomes smaller. The lowest water
height variation is seen for the largest baffle width of
90 mm. Fig. 10 shows the water height variation cal-
culated by the ALE with the variation of installation
height of baffle (hy) : 35, 45, 55 mm, and fixed baffle
width of L,=60 mm, respectively. The best perform-
ance, in this case, is seen when the baffle height is
L;=45 mm. This means a little submerged installation
condition of the baffle for water.

3.2 Learning of the ANN

All the characteristics of design parameters need to
be included in the ANN learning data in order to
maximize the efficiency of the learning. A learning
example consists of a set of values for the input neu-
rons and the corresponding value for the output neu-
rons.

In this study, 15 input-output pairs (patterns) are
prepared carefully to reflect all the aspects that the
network needs to learn and are shown in Table 2. In
Table 2, the inputs of the ANN are baffle installation
height and width, which are the design variables of
sloshing reduction optimization of the baffle. For the
prevention of convergence at the local optimization
value, the normalized input by regularization function
is applied in the learning of the ANN and optimiza-
tion. The following regularization function is used to
generate normalized inputs of the ANN.

X

Xi — ri — Xrimin , Q= 1’ ) (3)

Xrimax ~ Xrimin
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Table 2. ANN training data of rectangular tank with baffle for
the sloshing analysis.

Table 3. Learning results of the ANN for the sloshing of
storage tank.

Patterns Bafﬂe- Location Bafﬂe Width Referenge B.afﬂe Instglla- Ba.fﬂe Reference ANN Structure
[Unit : mrﬁ] [Unit : mm] Output Patterns| tion I'docatlon Wldth Output” |2-8-8-1 Error
1 35 (0.00) 30 (0.00) 0.1737 [Unit: mm] |[Unit : mm] (%)
2 35(0.00) 60 (0.25) 0.1766 1 35(0.00)" | 30(0.00) | 0.1737 |0.1737| 0.0
3 35(0.00) 90 (0.50) 0.1475 2 35(0.00) 60(0.25) | 0.1766 |0.1766| 0.0
4 35 (0.00) 120 (0.75) 0.1366 3 35 (0.00) 90 (0.50) | 0.1475 |0.1475| 0.0
5 35(0.00) 150 (1.00) 0.1139 4 35(0.00) |120(0.75)| 0.1366 |0.1366 | 0.0
6 45 (0.50) 30 (0.00) 0.2769 5 35(0.00) |150(1.00)| 0.1139 |0.1139 | 0.0
7 45 (0.50) 60 (0.25) 0.4630 6 45 (0.50) 30(0.00) | 0.2769 |0.2769| 0.0
8 45 (0.50) 90 (0.50) 0.5796 7 45 (0.50) 60 (0.25) | 0.4630 |0.4630| 0.0
9 45 (0.50) 120 (0.75) 0.7569 8 45 (0.50) 90 (0.50) | 0.5796 |0.5796| 0.0
10 45 (0.50) 150 (1.00) 0.7205 9 45 (0.50) | 120(0.75)| 0.7569 | 0.7569 | 0.0
11 55 (1.00) 30 (0.00) 0.3448 10 45 (0.50) | 150(1.00) | 0.7205 | 0.7205| 0.0
12 55 (1.00) 60 (0.25) 0.4177 11 55 (1.00) 30(0.00) | 0.3448 |0.3448 | 0.0
13 55 (1.00) 90 (0.50) 0.4269 12 55 (1.00) 60(0.25) | 0.4177 |0.4177| 0.0
14 55 (1.00) 120 (0.75) 0.4394 13 55 (1.00) 90 (0.50) | 0.4269 |0.4269| 0.0
15 55 (1.00) 150 (1.00) 0.4189 14 55(1.00) |[120(0.75)| 0.4394 |0.4394| 0.0
15 55(1.00) |150(1.00)| 0.4189 |0.4189| 0.0
Where, x,imin =35 mm, X,jmax =55 mm

(Installation height of baffle) | Genetic Algorithm |

Xpymin =30 mm, Xy . =150 mm E

(Width of baffle) "1“ :

The output of ANN is the sloshing reduction coef-
ficient (B) for each learning pattern. The larger value
of sloshing reduction coefficient represents the larger
reduction of sloshing; therefore, the sloshing reduc-
tion coefficient can be an indicator for the level of
sloshing efficiently. In this study, the water variation
by sloshing from 0 to 1.95 sec is studied. The main
issue of the application of ANN is the accuracy ac-
cording to the structure of that. So, in this study, the
accuracy of ANN by number of hidden layers node is
evaluated. The number of hidden layers node is 4, 6,
8, 10, 12 and 14, respectively. From the evaluation
results, the case of hidden layers node number 8
shows the best learning performance. Therefore, 2-8-
8-1(No. of input layers node - No. of Ist hidden lay-
ers node - No. of 2nd hidden layers node - No. of
output layers node) structural ANN is applied in the
sloshing reduction optimization of the rectangular
tank.

The learning results of 15 patterns are shown in
Table 3. Learning of the ANN is conducted until the
training error reaches below 0.00001 and it takes
approximately ten minutes for a personal computer
(Pentium-4 CPU, 1.024GB RAM) to reach that value.
The results are very close to the exact solutions within
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Fig. 11. Flow chart of the sloshing reduction optimization
using ANN and GA.

the limits of defined error.

3.3 The genetic algorithm

In this study, the Genetic Algorithm(GA) is employed
as an evolutionary optimization method. The GA is
an optimization algorithm in which the stochastic
search algorithm is based on biological principles:
selection, cross-over and mutation. One of the GA’s
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characteristics is the multiple points’ search, which
discriminates the GA from the other random search
methods [14]. Each string corresponds to a candidate
of the optimal result in the search space and many
similar results can be seen in the previous GA’s
search. A population consists of several strings. The
GA typically begins with a randomly generated initial
population of strings. Each string is transformed into
a fitness value to obtain a quantitative measure. Based
on the fitness value, the strings undergo genetic op-
erations. The goal of genetic operations is to find a set
of parameters that search an optimal solution to the
problem or to reach the limited generations. In this
study, a real coded GA with four decimal places and
dynamic mutation are employed for an accurate and
fast search for the optimal solution by using ANN.
Dynamic mutation allows a search with equal prob-
ability at the initial generation number and a local
search according to generation number.

A flow chart of the sloshing reduction optimization
used in this study is shown in Fig. 11. ANN and GA

are employed as an evolutionary optimization method.

The ANN is used to analyze the sloshing and the
genetic algorithm is adopted as an optimization algo-
rithm. In creation of the ANN learning data, the ALE
numerical method is used to obtain the sloshing
analysis results. If the average object function value
converges to the best object function value, the opti-
mization process is finished.

4. Sloshing reduction optimization

The optimization formulation to reduce the slosh-
ing by baffle is represented as,

Maximize f(x),
f (x) =Sloshing reduction coefficient ( £)

Xp11 S X1 S X1

Xr21 < Xr2 < Xr2h

Where, f(x) is sloshing reduction coefficient( £ )as
an object function, x,; and x,, are baffle installa-
tion height and width as design variable, respectively.

The selection method and control parameters of the
GA for optimization are as follows:

- Real coded GA,

- Selection method = Roulette wheel selection,

- Population size=20, Crossover rate=0.8,

Table 4. Optimization results of the sloshing reduction prob-
lem.

Optimized baffle installation height, 43.5 mm
xi(Ly) (hy/h,=0.870)
Optimized baffle width, ., 118.5 mm
(LyL=0.395)
Optimum value, £(x) 0.8034
Optimum value by ALE analysis for the 0.7597
optimized baffle design )

—m— Best function value
--0-- Average function value

Sloshing reduction coefficient [3]

0.4 T T T
0 50 100 150 200

Generation Number

Fig. 12. History of best object function value and average
object function value against GA generation

- Mutation rate=dynamic mutation=0.2,
- Generation number=200,

The optimization result is summarized in Table 4.
The optimum baffle installation height and baffle
width is 0.870(43.5 mm) and 0.395(118.5 mm), re-
spectively. Especially, the optimum baffle installation
height is seen at a little submerged point from the free
surface of water.

The predicted object function value by evolutionary
optimization method and calculated object function
value for optimum baffle design is 0.8034 and 0.7597,
respectively. This discrepancy is due to the error of
ANN. In conclusion, a sloshing reduction of 76 %
could be achieved for a rectangular tank under trans-
lational excitation by the suggested optimization
technique.

Fig. 12 shows the history of the best object function
value and average object function value against GA
generation. The best object function value is quickly
converged on the maximum value at initial genera-
tion; however, the average object function value is
converged after generation number of 160.

Especially, the validity of the optimized design for
the baffle installation location is evaluated through a
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Fig. 14. Water height history of water in the rectangular tank
without/with optimized baffle.
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Fig. 15. Water flow in a rectangular tank without/with optimized baffle.

comparison with those of the experimental result [16].
Fig. 13 shows the optimal baffle installation location
for reduction of the sloshing of a rectangular tank by
evolutionary optimization method and experiment. In
the experimental results, the optimized baffle location
is 45 mm (h,/h,=0.9), which gives a very similar re-
sult to that of the evolutionary optimization method.
So, the suggested evolutionary optimization has va-
lidity for the reduction of sloshing.

Fig. 14 shows the water height variation history
with/without optimized baffle. The water height
variation is determined by the ALE analysis at the
wall of the rectangular tank. In this figure, the water
height “1.0” means no oscillation of water and there-
fore no sloshing. As the optimized baffle is installed,

the water height variation becomes much smaller. Fig.
15 is the water flow in the rectangular tank with-
out/with optimized baffle, respectively. After opti-
mized baffle installation, high reduction of the slosh-
ing occurs.

5. Conclusions

In this study, the optimization of baffle installation
height and baffle width to reduce sloshing of a rec-
tangular storage tank under translational motion is
conducted by using a newly proposed evolutionary
optimization method. The conclusions of this study
are as follows:

1) Proposed optimization technique for reduction of
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the sloshing uses the GA and ANN. So, the results of
the sloshing analysis using ALE numerical method
are directly used in the optimization algorithm. This
method allows more flexibility to apply to a compli-
cated optimization problem.

2) Sloshing reduction of 76 % could be achieved
for a rectangular tank under translational excitation by
the suggested optimization technique.

3) For more exact optimization, investigation of the
structure of ANN, criterion of generation of the
ANN-learning data and evaluation for the perform-
ance of ANN-learning is more required, which is left
for the future work.

References

[1] H. F. Bauer and E. Eidel, Frictionless liquid slosh-
ing in circular cylindrical container configurations,
Aero Science and Technology 5 (1999) 301-311.

[2] S. Aliabadi, A. Johnson and J. Abedi, Comparison
of finite element and pendulum models for simula-
tion of sloshing, Computers and Fluids 32 (4)
(2003) 535-545.

[3] B. F. Chen and R. Nokes, Time-independent finite
difference analysis of fully non-linear and viscous
fluid sloshing in a rectangular tank, Journal of
Computational Physics 209 (1) (2005) 47-81.

[4] J. R. Cho and S. Y. Lee, Transient dynamic-
response analysis of liquid-storage tanks with baf-
fles, Journal of the Korean Society for Aeronautical
and Space Sciences 29 (4) (2001) 43-50.

[5] J. R. Cho, M. J. Kim, S. Y. Lee and J. W. Huh,
Dynamic suppression effects of liquid container to
the baffle number and hole diameter, Journal of the
Computational Structural Engineering Institute of
Korea 15 (1) (2002) 147-154.

[6] J. R. Cho and H. W. Lee, Free surface tracking for
the accurate time response analysis of nonlinear lig-
uid sloshing, Journal of Mechanical Science and
Technology 19 (7) (2005) 1517-1525..

[7] T. Ikeda and S. Murakami, Auto parameter reso-
nances in a structure/fluid interaction system carry-
ing a cylindrical liquid tank, Journal of Sound and
Vibration 285 (3) (2005) 517-546.

[8] H. S. Kim, J. H. Lee, Y. S. Lee and S. H. Ko, A
study on the sloshing of the rectangular tank filled
with water under translational motion, Tenth Inter-
national Congress on Sound and Vibration
(ICSV10). Stockholm, Sweden (2003).

[91 Y. W. Kim, Y. S. Lee and S.H. Ko, Coupled vibra-
tion of partially fluid-filled cylindrical shells with
ring stiffeners, Journal of Sound and Vibration 276
(2004) 869-897.

[10]Y. W. Kim and Y. S. Lee, Coupled vibration
analysis of liquid-filled rigid cylindrical storage
tank with an annular plate cover, Journal of Sound
and Vibration 279 (2005) 217-235.

[11]7Y. K. Kwack and S. H. Ko, Computational fluid
dynamics study on two-dimensional sloshing in rec-
tangular tank, Trans. of KSME (B). 27 (8) (2003)
1142-1149.

[12] D. H. Lee, M. H. Kim, S. H. Kwon, J. W. Kim and
Y. B. Lee, A Parametric sensitivity study on LNG
tank sloshing loads by numerical simulations,
Ocean Engineering 34 (1) (2007) 3-9.

[13]1Y. S. Lee, H. S. Kim, J. H. Lee and S. H. Ko, A
study on the damping of the sloshing of storage
tank using wing and diaphragm baffle, Tenth Inter-
national Congress on Sound and Vibration
(ICSV10). Stockholm, Sweden (2003).

[14] D. E. Goldberg, Genetic Algorithm in Search, Op-
timization, and Machine Learning, Addison-Wesley,
(1989).

[15]J. S. R. Jang, C. T. Sun and E. Mizutani, Neuro-
Fuzzy and Soft Computing, Prentice Hall (1997).
[16]J. H. Lee, A study on the sloshing of rectangular
tank partially filled with water translational motion.
M.S. THESIS, Chungnam National University,

(2003).

[17] MSC/Software, MSC/Dytran ver. 4.7 Users Man-
ual, 1 (1999).

[18] MSC/Software, MSC/Dytran ver. 4.7 Users Man-
ual, 2 (1999).

[19] R. D. Vanluchene and R. Sun, Neural networks in
structural engineering, Microcomputers in Civil En-
gineering 5 (1990) 207-215.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


