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Dynamic and Acoustic Characteristics of Bell
Type Structure Using Finite Element Method

Suk Choo Chung* and Chang Duk Kong*
(Received 23, August 1996)

Dynamic and acoustic characteristics of the bell type structure were analyzed numerically.
The finite element method with 3-D general shell element was used to identify the natural
frequencies and mode shapes of the structure. Mode shapes and stress distributions of a transient
dynamic analysis were effectively displayed by using computer graphic technique. The results of
this numerical study were in good agreement with those obtained from the experimental test of
fast Fourier transform analyer. Vibrational modes which effect the acoustic characteristics of
the typical bell-type structure were found to be the first flexural mode (4-0 mode) and the
second flexural mode (6-0 mode). Asymmetric effects by Dangjwas and acoustic holes gave rise
to beat frequencies, and the Dangjwa was found to be most effective. When the impact load was
applied to the bell, the stress concentration occured at the rim part of the bell. It was found that
the bell type structure should be designed thickly at the rim part in order to prevent failure from

irpact loads.
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1. Introduction

The bell type structure has been used as a
timing signal regardless of the East or the West.
Whereas the West bell, like a church-bell, usually
sounds several times in a short moment. The East
bell including Korean has characteristics trans-
mits the sound far away after impacting and the
artistic aspect of the sound itself was considered
to be very important.

The West bells mostly are of small size, outside
curved shape and are made of steel and bronze.On
the other hand, the East bells relatively are of big
size, inside round shape, asymmetry and are made
of bronze material.

The dynamic characteristics of the bell type
structure was studied by Rayleigh (1887) who
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assumed that the modes of low natural fre-
quencies mostly occurred at the field of bending.
Around the late 1920’s to 1930’s, the West bell
was studied by Jones (1928) and Curtiss (1933,
1935) as a shell structure. The study of the bell
structure had been further investigated by Timo-
shenko (1959), Warbuton (1949), Kalins (1964)
and Leissa(1978). On the other hand, the East
bell with importance of the sound was studied by
Aoki and Yamashita (1932, 1948) in Japan. In
these studies, they mainly investigated the natural
frequency of the bell structure with the experimen-
tal tests. In 1970, Komatsuzawoa (1970), through
the extensive experiments, offered several data
which will be useful in the design of the bell.
Rencently, finite element method (FEM) using
computers was applied to the dynamic character-
istic study of the bell structure. The dynamic
characteristics of the Korean Yi-dynastic bells
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were studied numerically in Korea (Chung, 1985),
but Ansari (1983) had not considered asymmetric
effects. Also Yum (Chung, et al, 1985, 1986;
Ansari, 1983; Yamashita, et al,, 1932; Yum and
Kim, 1981; Yum, Kwak and Chang, 1982; Yum,
Lee and Chung, 1982) et. al. used the finite
element method. But the accuracy of the solution
was not good because they used plate elements.
Chung and Kong (1986) appeared to be the first
who attempted the use of 3-dimensional FEM in
the study of dynamic characteristic of the bell type
structure. However, the dynamic stress needs fur-
ther in-depth study.

Accordingly, in this paper the analysis of
eigenvalues and modes was performed, in which
the shape effect of external shape, inside round
shape, thickness as well as the asymmetric effect
of Dangjwas and acoustic holes of the bell type
structure were considered. Moreover, the stress
distribution of the bell structure and the allow-
able strength in case of the impact load, which
was based on eigenvalues analysis were analysed.
The experimental modal analysis evaluated the
accuracy of the program used in this study.

2. The Process of Analysis

2.1 The theory of linear dynamic analysis
(EMRC, 1990)
In this study, FEM is used in order to analyze
the dynamic behavior of the Korean bell with an
asymmetric and complicated curved shape.

2.1.1 Eigenvalue analysis

The element type of finite method applied in
this study is a 3-dimensional general shell ele-
ment with both membrane stiffness and bending
stiffness including transverse shear flexibility. The
element has 6 degrees of freedom (UX, UY, UZ,
ROTX, ROTY, ROTZ) at each node, but it does
not have the rotational stiffness around the nor-
mal direction at the shell surface.

The coordinate system is shown in Fig. 1. The
displacement vector{u} of each node at the ele-
ment consists of inplane displacements u and v by
membrane streéses,the deflection w by bending

Fig. 1 Coordinate systems for 3-D general shell element
stresses and rotations ¢ and 3.

The generalized governing equation of the
dynamic system may be written as

(MWt +[CHat+{Klu= F(2) (1
where [M], [C] and [ K] are mass, damping and
stiffness matrices, respectively and {u} and {f(t)}
are the displacement vector and the applied gener-
alized force vector. For the eigenvalue problem,
damping matrices and force vector, [C] and {f(t)},
are eliminated.

Assuming that the solution of the equation is #

=gty
( K—w'M)e=0 (2)
Substituting A=1w? into Eq. (2) yields
( K—AM)p=0 (3)
To have non-trivial solution,
det( K —A:M)=0 (4)

where A;= w? are eigenvalues and { ¢} are corre-
sponding eigenvectors.

Coefficients of free vibration were defined by
eigenvalues A; and mode shapes which are re-
presented by eigenvector ¢.

The method used in the analysis of eigenvalue
problem is the accelerated subspace method
(ASM)Y(EMRC, 1990). The ASM has the faster
convergency than other methods and can get the
solution without any difficulty even in the analy-
sis of the approximate eigenvalues and the
repeated eigenvalues.
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2.1.2 Transient dynamic analysis

The transient dynamic analysis may be used to
determine the response of structures subjected to
arbitrary time-varying loads.

Uncoupled modal equations become

i 0 " o
Gar| ()
| diag 257.'7/01
[ w2 02 0
N PR AT
| diag L;)Zr
=QTP(t) (5)

where

diag(2éw.)=0'CO, diag(w?)=0'TO
O=[o1, 2 ..., Pul

&, 1s a damping ratio for the rth mode, @ is an

nXm model matrix, and {f,(#)} is the forcing

function for mode r. For the underdamped case

(£,<1), the solution of the typical modal Eq. (5)

is

ar(ty=e [ aSinwt + B-Cosivrt]
+ [ font-)de ©)

where /2,(¢t — 7) is the unit-impulse response func-
tion. @r and B, are constants evaluated from
initial conditions and 0, =w,y/1— &%

From the above equation, the solutions for the
elastic modes are obtained as
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From Egs. (7) and (8), the displacement, the
velocity and the acceleration can be obtained

2.2 The finite element modeling of bell struc-
ture
The bell used in this study has subscale of 40
percents of the real size of Korean Yi-dynasty
bell. The analysis model is shown in Fig. 2.
To obtain the effect of wall thickness, three

kinds of model cases were used. The ‘Case 3
model(taye=14mm) is slightly thicker than the
‘Case 2° model(taye=10mm) and the ‘Case 2’
model is thicker than the *Case I’ model(tave=
6mm).

To investigate the effect of the rim of the bell,
the thickness of the ‘Case 2’ model was changed
only at the rim part of the circumferential direc-
tion. The *Case 2-1" model, the *Case 2-m’ model,
and the ‘Case 2-n" model have incrementally
increased thickness at the rim part of the ‘Case 2’
model, by Smm, respectively.

To analyze asymmetric effects such as Dang-
jwas and acoustic holes, Dangjwas, which had the
I10mm thickness, have attached to the ‘Case 2’
model, ‘Case 2-1" model and ‘Case 2-2" model
have one and two symmetrically located Dang-
jwas, respectively. ‘Case 2-A’ model and ‘Case 2
-B’ model had one Dwangjwas and the Dwang-
jwas’s thickness was Smm and |5mm, respective-
ly.

‘Case 2- ], ‘Case 2-1I" and ‘Case 2-III’ was
built by eliminating four elements, two elements
and one element, respectively, from the ‘Case 2’ in
order to produce holes.

The mesh was generated so that it is close to the
orignal bell shape and to minimize the computing

Fig. 2 Bell structure used in this study
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Table 1 Dimensions and material properties of
the test bell

Dimensions
Height Top-Dia. | Max-Dia. | Rim-Dia.
416mm 23Imm 342mm 297mm
Material Properties

Material | Young's . , | Weight Tensile—'

type Modulus PO]SS(.mS Density | Strength
(Bronze) | (GPa) Ratio (kg/m*) | (MPa)
189 Sn | 88.5Gpa 0.34 8600 429.1

time. After the mesh generation, total number of
elements and nodes were 208 and 218 with 16
elements in the circumferential direction and 14
elements in the meridional direction. On the other
hand, for ‘Case 2- I°, ‘Case 2-]I" and *Case 2-1II’
some elements were removed, as mentioned
before. Total number of elements and nodes at
these cases were 204 elements, 206 elements, 207
elements and 217 nodes, 218 nodes, 218 nodes
respectively.

As a boundary condition, the hanging point
was fixed in 6 degrees of freedom, but all other
points were free.

The material of the bell used in this study was
bronze. The dimensions and the mechanical prop-

erties were shown in Table 1.

2.3 The evaluation of the methods used in
this study
The method used in this study was verified of
comparing the theoretical results from reference
papers (Ansari, 1983) and the experimental test
results.

2.3.1 The evaluation of eigen- value problem
analysis

To evaluate the accuracy of the solution
obtained from the study, the known solutions of
eigenvalue problem were compared to the results
of this study.

The structural shape and material properties
used in this study are shown in Fig. 3.

Table 2 shows dimensions and material prop-
erties of clamped-free conical shell.

Table 3 shows the comparison of natural fre-
quencies obtained by using diffrent methods. It

Fig. 3 Clamped-free conical shell

Table 2 Dimensions and material properties of
clamped-free conical shell

Dimensions
Thickness | Top-Dia. |Bottom-Dia.| Height
0.6mm 102mm 254mm 44mm
Material Properties
Young's Poisson’s Density
Modulus(GPa) Ratio (Kg/me)
1.04 0.25 320

Table 3 Comparision of natural frequencies

Mode Proposed | E. P. Popovetal | J. Ansari
Method method Method

Ist 1072 Hz 1072 Hz 1071 Hz
2nd | 1313 Hz 1315 Hz 1316 Hz
3th | 1655 Hz 1611 Hz 1612 Hz

was found that the natural frequencies agreed
well.

2.3.2 The evaluation using the experimental

test

The purpose of the experimental work was to
verify the validity of the computational results
described in the previous section.

Experimental setup used in this experiment
were F. F. T analyzer (RION SA-74), an impulse
hammer (RION PH-51), an accelerometer (RION
PV-95), and an amplifier (RION 2ch ANP VP-38).

The F. F. T analyzer obtains the input [F(
Jw)] of impulse through the load sensor attached
to an impulse hammer. The output [X(Jw)] is
obtained by the acceleration sensor attached to
the structure. Using harmonic input [F(Jw)] and
output [X(Jw)], the transfer function [H(Jw)] is
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Fig. 4 Bell and instruments used for experimental test
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Fig. 5 Natural frequency by F. F. T. test

obtained as follows:
H(Juw) =258 9

The bell type structure used in the experimental
test, which has the height of 163mm, the top
diameter of 76mm, and the max diameter of
120mm. It is shown in Fig. 4 and the material
properties of this bell are given in Table 1.
The natural frequencies acquisited by F. F. T
analyzer are shown in Fig. 5. Table 4 shows that
the experimental results and the theoritical results
obtained by the method proposed in this study.

The first, second and third pick point at the
Fig. 5 meant the frequency of the first mode,
second mode, and third mode of the bell shown in
Fig. 4, respectively.

Table 4 Comparison of natural frequencies
obtained by F. F. T experimental test

and the proposed method

Fiexural F.F. T. This Mode
Mode No. Test Study Shape
Ist Mode 437.5Hz 430.9Hz 4-0
2nd Mode | 1.15KHz 1.23KHz 6-0
3rd Mode | 2.21KHz 2.45KHz 8-0

3. The Structure Analysis of the Bell

The structure analysis of the bell used in this
study consisted of two types. One was the natural
frequency and vibration shape of each mode
which could be found by eigenvalue analysis. The
other was the analysis of stress distribution and
determination of the maximum impact load that
does not destroy the bell.

3.1 Eigenvalue anlysis

In this study, the effects of wall thickness,
asymmetric Dangjwas, and acoustic holes to find
the acoustic and structure character istics were
considered.

3.1.1 Effects of wall thickness

The natural frequencies and mode shapes are
tabulated in Table 5. It was found that the bell
with the thicker wall had higher natural fre-
quencies. But vibration mode shapes were similar
to each other. Mode shapes of ‘Case 3’ are shown
in Fig. 6. Mode shapes were defined as 4-0, 6-0,
8-0 and so on. Here, for instance, ‘4’ means the
circumferential mode shape, and ‘0’ means the
longitudinal mode shape.

3.1.2 Rim thickness effect

The Korean bell typically has a thick rim.
Table 6 shows the variation of the natural fre-
quencies as the thickness of the rim varies. From
the above results, it was found that the thicker rim
had the higher frequency and vice versa. There-
fore, a designer can easily adjust the frequencies
by changing the thickness of the rim, even after
the bell is casted.

3.1.3 Asymmetric effect of the Dangjwas and
acoustic hole
Table 7 shows the natural frequencies and beat
frequencies produced by the asymmetric effect of the
Dangjwas, which is the impacting point of the bell.
From the results shown in Table 7, it was
found that Dangjwas produced the beat phenom-
ena, with two Dangjwas (the interval of 180°)
having bigger beats than the others. The natural
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Table 5 Comparison of natural frequencies by the wall thickness change of bell

Flexural Case | Case 2 Case 3 Mode Shape
Mode No. (bmm) (10mm) (14mm) Axi p Cir g
Ist Mode 180.2Hz 247 4Hz 312.9Hz 0 4
2nd Mode 580.5Hz 769.0Hz 950.7Hz 0 6
3rd Mode 1259.9Hz 1477.5Hz 1858.2Hz 0 8

[4-0] [ Case 3]

yuis of <orean bell.(te

lima)

WODL NO. =

The wibratior sralysis of Xoresn cell.ltsisaa)

19 FRIQUEMCY = 1. 098270+03 Mx

Fig. 6 3-D Mode shapes of case 3 without asymmetric effect
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Table 6 Comparison of natural frequencies by the thickness change of rim

Flexural Case 2 Case 2-1 Case 2-m Case 2-n Mode Shape
Mode No. (15mm) (20mm) (25mm) Axi. p Cir. q
Ist Mode 247.4Hz 273.3Hz 310.5Hz 3559Hz 0 4
2nd Mode 769.0Hz 848.1Hz 939.8Hz 1014.6Hz 0 6
3rd Mode 1477.5Hz 1507.2Hz 1521.3Hz 1527.9Hz 0 8

Table 7 Variation of natural frequencies and beat frequencies by the effect of dwangjwas and thickness change

Fl al Case 2-1 Case 2-2 Case 2-A Case 2-B
exura Case 2 | (1 Dangjwa) (2 Dangjwa) (Smm) (15mm)
Mode No.
N.F. B.F. N.F. B.F. N.F. B.F. N.F. B.F.
T
Ist Low 247 4Hz 247.486Hz 0255 247.533Hz 0.508 247.450Hz 427.514Hz 019
Mode High 247.741Hz 248.041Hz 247.630Hz 247.704Hz
2nd W Low 769.0Hz 768.600Hz | 685 768.145Hz 34 768.840Hz 0.999 768.328Hz | 944
Mode| High 770.285Hz 771.554Hz 769.839Hz 770.272Hz

(N. F. Natural Frequency, B. F: Beat Frequency)

Table 8 Variation of natural frequencies and beat frequencies by the hole size of bell

Flexural Case 2- | (Large) Case 2- ] (Middle) Case 2- I (Small)
Mode No. N.F. B.F. N.F. B.F. N.F. B.F.
Ist L(.)w 247.42Hz 0.01 247.42Hz 002 247.42Hz 0.02
Mode High 247.43Hz 247.44Hz 247.42Hz
2nd Low 769.04Hz 0.00 769.05Hz 0.00 769.05Hz 0.00
Mode High 769.04Hz 769.05Hz 769.05Hz

frequencies and beat frequencies produced by the
acoustic hole are shown in Table 8. But the beat
frequencies were not generated by adding acoustic
holes.

3.2 Transient dynamic analysis

‘Case 2’ has 10mm wall, ‘Case 2-m’ has 10mm
wall with 10mm rim, ‘Case 2-!" has 10mm wall
and one Dangjwa, and ‘Case 2-1II" has 10mm wall
and one hole. The impulse load was applied to
the Dangjwa of the Case 2-1. The impulse load
for the Cases without the Dangjwa also acted on

WICH PRECISION FAST FOURIER S1CNeL AwaLylEe

6710 0i0.00000" A: 0oB. B:-10cH, FFEG: Skhs
T.616 T

1M |
RERL ht

$00.0m

-1.418 | B et
0000  Ben:INsT TIMECsec) 10.0Ca  80.00Ce

Fig. 7 The time interval of impulse load about the bell

(N.F:Natural Frequency, B.F:Beat Frequency)

the same position.

The coordinate of the position which the
impulse load acted on was (-60.0, 194.7, 160), (0.
0. 167.5, 160.0), (-61.6, 148.7, 200.0) and (0.0, 161.
0, 200.0).

Figure 7 shows the time interval of an impulse

Force(MN)

034 4

0.140 4

2000 20015 2003 Timels)

Fig. 8 Force-time history applied to this study
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load which acted on the bell through the impulse
hammer experiment. Force-time history of the
impulse load from Fig. 7 was shown in Fig. 8.
The yield stress of the test bell was 450Mpa.
The maximum stress by the impact load and stress
distributions along time in ‘Case 2-m’ and ‘Case

307

2-1" is shown in Fig. 9 and Fig. 10, respectively.
When the time interval of the impact load in
*Case 2-m’ was changed to five milli-second, the
stress history of the impact load was shown in
Fig. 11. Here, it was found that as the impact load
time was closer to the natural cycle, the higher
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| e #i_\ﬁ\j e |
i \"|1 | RAMGE: 463.024
| /EREEERRAVA =
| (RN ESETA e
AT =3
[ LR e
I \ = |

| / L — e
l , T ~A— Rin 1343 |
e A

|

[Case 2-1]

ST STRESS(TOP> |

VIEM * =78.73064
RFNGE! 431 .5404

0] LA S
Il /rl ! {x\\ A\ e
fom EE
] R\ = |
I il =
': L 3 :-’E
e e o ot oo 4 B

Fig. 9 Maximum stress by thei impact load for the Case 2-m and the Case 2-1
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stress history was produced. Table 9 Impluse failure load and maximum stress

Impact failure loads and the maximum stresses by transient dynamic analysis of bell

in four models of bell are shown in Table 9. As a Failure Load Max-Stress
result, it was found that the stress concentration Case 2 1.40 % 10° N 463 Mpa
occurred at the rim of the bell. Therefore, the rim Case 2-m 3.28% 10° N 463 Mpa
part should be thickened in order to prevent Case 2-1 1.40 % 10° N 451 Mpa
failure from impact loads catapulated by striking. Case 2-1 1.40 < 10° N 463 Mpa
| 485.6 —_—
n [ Case 2-2 )
324 .G—_
& i
ﬁ IGB,G—F‘
o
7 -
o -
§ -
- 42.52—1
@ ]
—98.52—_
=239.6 ] l
0.9
THE TRAMSIENT DYMANIC AMALYSIS OF BELL. t=1Bne with rim)

SXX MAX-STRESS(Mpa)
L

[ Case 2-1 ]

-487.2 T T

THE TRANSIENT DYMANIC AALYSIS OF BELLCT=10=m, 1 spot)

Fig. 10 Stress distributions along time about the Case 2-m and the Case 2-1
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Fig. 11 Stress distribution along time about Case 2-m (Smsec)

4. Conclusions

In this study, the dynamic behaviors of the
Korean bell type structure in light of the asym-
metric effect were studied and followings were
deduced from various experiments;

(1) Natural vibration modes mostly depend on
the first to third fundamental frequencies of flex-
ural modes. Mode shapes were defined as 4
-Omode, 6~Omode, and 8-Omode, which are the
source of the lingering sound.

(2) After an impact, the bell with the thicker
wall and rim not only had higher natural fre-
guencies,but also had larger increment of fre-
quencies.

Therefore, the bell should be designed thick in
order 1o produce high pitched sounds. Natural
frequencies can be adjusted easily by changing the
thickness of the rim without big modifications.

(3) Asymmetric effects, such as Dangjwas and
acoustic holes, caused beat frequencies, which
were increased by increasing the number and
thickness of Dangjwa. Whereas, the change of
acoustic hole size had a little effect on the beat
frequency.

(4) In transient dynamic analysis, the range of
impact load that could not fail the bell and the
displacement and stress distribution were calcu-
lated. The bell was structurally safe if we design it
be as thick as possible at the rim part. Therefore,
the bell type structure should be designed thick at
the rim part in order to prevent failure from the
impact loads launched by striking.
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