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ABSTRACT

A study on the vibration analysis of connected beam

using Modal Synthesis method and mathematical method

Yang Jae—Hyoung

Advisor : Prof. Yoon Duck-Young, Ph.D.
Depar tment of Naver Architecture and
Ocean Engineer ing

Graduate School of Chosun University

In accordance with the recent trend of eco-friendly systems in the shipbuilding
market, new equipment such as tanks for LNG propulsion, SCR (Selective
Catalytic Reduction), and EGR (Exhaust Gas Recirculation) systems that can treat
harmful elements of exhaust gas are arranged in hull structure near the ship's
main engine. And equipment and structures are inevitably exposed to vibration
due to the main exciting force during ship operation. If a vibration problem
occurs after construction or delivery, there is a large loss in terms of ship
quality such as reinforcement cost and delivery delay. Therefore, it is necessary
to review the anti-vibration design to prevent such vibration problems in the
design stage. Analytical method using Rayleigh-Ritz method has not been widely
used recently due to intensive use of FEM. However, analytical method is still
useful, if suitable mode functions can be provided. Vibration analysis of many
local structures in ships such as tanks and supports for equipment can be
simplified by breaking up into smaller sub systems which are related through
geometrical conditions and natural conditions at junctions. In this study,
Polynomials for simple supports and fixed supports are suggested to represent
each subsystem. It is found that suggested mode functions improve convergence

so that component mode synthesis together with suggested mode functions can

— \/l —
Collection @ chosun



widely be used. Frequently, only specific sub-component is more concerned for
vibration analysis. In this case, the suitable boundary conditions to consider the
static and dynamic coupling from the other sub-component through junctions
should be provided. However, the suggestions for such boundary conditions are
hardly found. In this study, a boundary condition that can be easily calculated
through elimination of generalized coordinates by imposing the satisfaction of

each mode at junctions as a constraint condition is proposed.
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M2 & 2E &4 Hlw

1. The Property of Beam

Baem2| Mode Shape EH 4= P& Beam PropertiesOl CHAH Table 3.1.0 LIEH
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Table 3.1. The Properties of Single Beam

Category Properties Cross section
Density [kg/m”3] 7850
N
Area [m”"2] 0.1 - 0.2m
Young's modulus [N/m"2] 2.1ell 0.5m
Moment of inertia [m”"4] 3.33e-4

2. Single Beam Mode Shape (Length : 5m)

Table 3.2. Mode Shape of Single Beam
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3. Connected Structure Mode Shape

Table 3.3. Mode Shape of Connected Structure (Ly : Lg= 3m : 7m)
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Table 3.4. Mode Shape of Connected
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dx
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* G : Clamp , S : Simple , F : Free
* BC : Boundary Condition

* GBC : Geometric Boundary Condition , NBC : Natural Boundary Condition
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C-S
22— 22 CS2
2t — 423 + 627 CF1
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z? CF4
z* —1.52° + 0.5z SC1
S-C
T A SC2
2t =228+ 2 SS1
2=z SS2
S-S
3 —32% + 3z SS3
22—z SS4
# C ¢ Clamp , S : Simple , F : Free
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Table 4.3. Properties & cross section of Single Beam

=5 Properties Cross section
Density [kg/m 3] 7850
Length [m] hoz.3.4
g ...... , 8 , 9
Area [m"2] 0.1
0.5m
Young's modulus [N/m"2] 2.1el1
Moment of inertia [m™4] 3.33e4
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Table 4.4. Comparison Natural Frequency of C-C Boundary Condition

20| T CC_FEA CC_ANA Error
m) (Hz) (Hz) Ratio(%)
1 249.8 265.8 6.0
2 2 644 .3 732.8 12.1
3 1170.5 1436.8 18.5
1 114.9 118. 1 2.7
3 2 306.8 325.7 5.8
3 578.6 638.6 9.4
1 65.4 66.5 1.7
4 2 177.0 183.2 3.4
3 339.0 359.2 5.6
1 42 .1 42.5 0.9
5 2 114.6 17.2 2.2
3 221.2 229.9 3.8
1 29.3 29.5 0.7
6 2 80.1 81.4 1.6
3 155.4 159.6 2.6
1 21.6 21.7 0.5
7 2 59.1 59.8 1.2
3 115.0 117.3 2.0
1 16.5 16.6 0.6
8 2 45.4 45.8 0.9
3 88.4 89.8 1.6
1 13.1 13.1 0.0
9 2 35.9 36.2 0.8
3 70.1 71.0 1.8
— 71 —
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Table 4.5. Comparison Natural Freguency of C-S Boundary Condition

20| fa CS_FEA CS1_ANA CS2_ANA Error
(m) (Hz) (Hz) (Hz) Ratio(%)
1 176.9 183.1 183.2 3.4
2 2 544.0 593.6 593.7 8.4
3 1060.3 1238.0 1238.6 14.4
1 80.2 81.4 81.4 1.5
3 2 253.6 263.8 263.8 3.9
3 511.8 550.2 550.5 7.0
1 40.4 45.8 45.8 11.8
4 2 1451 148.4 148.4 2.2
3 296.9 309.5 309.7 1.4
1 29.1 29.3 29.3 0.7
5 2 93.6 95.0 95.0 1.5
3 192.7 198. 1 198.2 2.8
1 20.3 20.3 20.4 0.2
6 2 65.3 66.0 66.0 1.1
3 135.0 137.6 137.6 1.9
1 14.9 14.9 15.0 0.3
7 2 48.1 48.5 48.5 0.8
3 100.0 101.1 101.1 1.1
1 1.4 1.4 1.4 0
8 2 36.9 37.1 37.1 0.5
3 76.6 77.4 7.4 1.0
1 9.0 9.0 9.0 0
9 2 29.2 29.3 29.3 0.3
3 60.6 61.1 61.2 0.9
_ 70 -
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Table 4.6. Comparison Natural Frequency of C-F Boundary Condition

200 ] CFFEA CFIANA CF2ANA CF3ANA CFAANA 'O
pNES Ratio
(m) (Hz) (Hz) (Hz) (Hz) (Hz) %)
1 M5 418 4.8 418 418 0.7
2 2 250.3 2618  261.8 2618  261.8 4.4
3 646.4 7340 7331 7331 7331 11.9
1 8.5 186  18.6  18.6  18.6 0.5
3 2 1141 116.4  116.4  116.4  116.4 2.0
3 311.3  3%.2 3258 3258 3958 4.5
1 0.4 104 104 104 10.4 0
4 2 647 655 655 655 655 12
3 178.6  183.5  183.3  183.3  183.3 26
1 6.7 6.7 6.7 6.7 6.7 0
5 2 M6 419 M9 419 419 0.7
3 5.3  117.4  117.3  117.3  117.3 17
1 46 46 46 46 46 0
6 2 28.9 291 291 291 291 0.7
3 805 816 8.5 815 815 13
1 3.4 3.4 3.4 3.4 3.4 0
7 2 213 214 204 214 214 0.5
3 59.3  50.9  59.8  59.8  59.8 0.9
1 26 2.6 2.6 2.6 26 0
8 2 3.3 164  16.4 164  16.4  18.9
3 455 459 458 458 458 0.7
1 2.1 2.1 2.1 2.1 2.1 0
9 2 2.9 129 129 129  12.9 0
3 6.0 362 3.2 362 362 0.6
g
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Table 4.7. Comparison Natural Freguency of S-S Boundary Condition

210] ] SS.FEA  SSIANA  SS2ANA  ssawa O
n) o (Hz) (Hz) (Hz) ()~ atlo
(%)
1 115.8 117.3 117.3 99.8 1.3
2 2 446.0 469 .1 469 .1 469 .1 4.9
3 947 .5 1055.4 1055.4 1057.0 10.2
1 51.8 52.2 52.2 44 4 0.8
3 2 203.9 208.5 208.5 208.5 2.2
3 466  469.1 4691  469.8 48
1 29.2 29.3 29.3 24.9 0.3
4 2 115.8 117.3 117.3 117.3 1.3
3 256.5 263.8 263.8 264.3 2.8
1 18.7 18.8 18.8 16.0 0.5
5 2 74.4 75.1 75.1 75.1 0.9
3 165.8 168.9 168.9 169. 1 1.8
1 13.0 13.0 13.0 11.1 0
6 2 51.8 52.1 52.1 52.1 0.6
3 115.8 117.3 117.3 117.4 1.3
1 9.6 9.6 9.6 8.1 0
7 2 38.1 38.3 38.3 38.3 0.5
3 85.4 86.2 86.2 86.3 0.9
1 7.3 7.3 7.3 6.2 0
8 2 29.2 29.3 29.3 29.3 0.3
3 65.5 66.0 66.0 66.1 0.8
1 5.8 5.8 5.8 4.9 0
9 2 23.1 23.2 23.2 23.2 0.4
3 51.8 521 501 52.2 0.6
g
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3. MEE=+E 0188

Connected Structure2 CHEH &lsoid FHASH 2N e "E82H ZSS ?lH
XN Euler Beam &= HAS = UStAlS g2 2ot URd=s+E A
AR OD], HAH 202 REteAY ofd Z2UE Hlw / AESHACH
HagHO 242 H30t)| fotH AtEE =7 Shape Connected Structure
So L SHXE Table 5.2. 01 LIELHRAUCE.

Table 5.1. Wave Function of = Shape Connected Structure
. oze
Category Fundamental Mode Function o1 2 % 24
Fix-Fix 4Xt & Al =223 + 2?
Case 1 S _ )
Fix-Simple 4Xt Z& Al 2t —2.52% +1.52° Slope
Fix-Fix 4X 2-&Al 2t — 9% 4 22 Moment
Case 2 ) ) _ .
Fix-Simple 3X 2+& Al 3 —z?
Fix-Fix 4X} & Al 2t — 223 + 22
Case 3 o _ ‘
Fix-Simple 4X 2+& Al 2t —2.52% +1.52°
. . _ Slope
Fix-Fix 4% 24X Al 2t — 223 + 2?
Case 4 o _
Fix-Simple 3X 2+& Al 3 —z?

Table 5.2. Properties & cross section of = Shape Connected Structure

Category Properties Cross section
Density [kg/m"3] 7850
from1 : 9
Length [m] 0.5m
to9 1
Area [m"2] 0.1
Young's modulus [N/m*2] 2.1e11
Moment of inertia [m™4] 3.33e-4
— 84 —

Collection @ chosun



Table 5.3. Comparison Natural Freguency of — Shape Connected Structure

20iHIm)  _ error
(L : L) b= FEA Case_1 Case_?2 Case_3 Case_4 Ratio
(%)
1 12.3 13.6 13.6 13.0 13.0 9.6
1:9 2 34.0 37.8 37.8 36.2 36.2 10.1
3 66.0 47.0 47.0 47.0 47.0 -40.4
1 15.0 17.2 17.2 16.5 16.5 12.8
2:8 2 41.7 47.4 47 .4 45.6 45.6 12.0
3 81.9 91.8 91.8 89.4 89.4 10.8
1 18.8 21.5 21.5 20.9 20.9 12.6
3:7 2 52.1 58.3 58.3 57.2 57.2 10.6
3 89.3 85.9 85.9 85.4 85.4 -4.0
1 241 26.3 26.3 26.1 26.1 8.4
4:6 2 54.6 51.0 51.0 50.8 50.8 ~7.1
3 75.3 79.9 79.9 79.2 79.2 5.8
1 29.1 29.4 29.4 29.4 29.4 1.0
5:5 2 41.9 42.6 42.6 42.6 42.6 1.6
3 92.9 95.3 95.3 95.3 95.3 2.5
1 24.1 26.2 26.2 26.1 26.1 8.0
6 4 2 54.6 51.0 51.0 50.8 50.8 -7.1
3 75.2 79.9 79.9 79.2 79.2 5.9
1 18.8 21.5 21.5 20.9 20.9 12.6
7:3 2 52.1 58.3 58.3 57.2 57.2 10.6
3 89.3 85.9 85.9 85.4 85.4 -4.0
1 15.0 17.2 17.2 16.5 16.5 12.8
8 :2 2 41.7 47.4 47 .4 45.6 45.6 12.0
3 81.9 91.8 91.8 89.4 89.4 10.8
1 12.3 13.6 13.6 13.0 13.0 9.6
9 : 1 2 34.0 37.8 37.8 36.2 36.2 10.1
3 66.6 47.0 47.0 47.0 47.0 417
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Table 5.4. Comparison mode shape of ‘— Shape Connected Structure
(La : Lg=5m : 5m)
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Ml 6 & L Shape Connected Structure

Figure 6.1. &2 L Shape Connected Structurel dH&= <ol 5&2 = Shape
Connected StructureOfl Uit DR& S H&I SL3HAH, ®X Structurell HZAE

S0AM HE ZHE UEAD= RFE2E S4Y[24]2 0IEdt DXL ST

‘

NN

0

Figure 6.1. The configuration of connected Structure

W)= >, (v;(n)py;(n)+nap; (t) (6-2)

O, pai(t)qst)ps(t),qp@) = LB ZHEHOICH EBH, o, n = 22 B
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l
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Sx8 20l BE 77:2—;”—1 = AE5to
L l
My = m = /_1¢i(77) : 77/{7-(77) : 56177 (6-14)
1
m; = mTZ . / ¢;(n) = ¢;(n) - dn (6-15)
-1
AKX =
l
U:% - EI- /Oy"Q(x,t) - dx (6-16)
1 l
U= SEIY;Y p,(t) - p;(t) - / ¢"i(x) - ¢ ;(x) « du (6-17)
2 i 0
SEREEE
1
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S5 HAGIFCOM, HA 20 KEIAY i Z2UE HlWw /| 2ESITH
Table 6.1. Wave Function of L Shape Connected Structure

. oze

Category Fundamental Mode Function 012 X 21

Fix-Simple 4Xt & Al ot —2.52° +1.522 |, 22(HHS)
Case 1
Fix-Free 4X 2t&Al ot =42’ + 62 | 2(3H) Slope.
Fix-Simple 3% 2 Al P -a? (B Displacement
Case 2
Fix-Free 4Xt 2t& Al ot =42 +62° |, z(3H)
Table 6.2. Properties & cross section of L Shape Connected Structure
Category Properties Cross section
Density [ka/m*3] 7850
Length [m] 5
rea (2] 0. B ozm
0.5m
Young's modulus [N/m*2] 2.1e11
Moment of inertia [m™4] 3.33e-4
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Table 6.3. Comparison Natural Frequency of

L Shape Connected Structure

D(E;jl H | E:I)) == FEA Case_1 Case_2 RaEtriroo(r%)

1 1.7 2.1 2.1 19.0

1:9 2 1.1 13.3 13.3 16.5
3 28.0 74 .1 741 62.2

1 1.8 2.5 2.5 28.0

2:8 2 10.7 15.6 15.6 62.2
3 17.3 20.2 20.2 28.0

1 2.0 2.9 2.9 31.0

3:7 2 7.8 9.0 9.0 13.3
3 18.9 21.5 21.5 12.1

1 2.2 2.8 2.8 21.4

4 :6 2 6.3 6.6 6.6 4.5
3 23.9 26.1 26.1 8.4

1 2.2 2.2 2.2 0

5:5 2 6.1 6.1 6.1 0
3 29.8 30.1 30.1 1.0

1 2.1 1.7 1.7 -23.5

6; 4 2 7.0 5.7 5.7 -22.8
3 26.9 28.2 28.2 4.6

1 2.0 1.3 1.3 -53.8

73 2 9.1 5.2 5.2 -75.0
3 23.0 22.9 22.9 -0.4

1 1.8 1.1 1.1 -63.6

g8 :2 2 11.3 5.0 5.0 -126.0
3 25.1 18.4 18.4 -36.4

1 1.7 0.9 0.9 -88.9

9 : 1 2 1.1 5.4 5.4 -105.6
30.8 15.4 15.4 -100.0
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&t4+=2 0|28t ‘L’ Shape Connected Structure 1K X

‘L’ Shape Connected Structurell UigH XlSaolla HAS S e w24 &
ol Ciatal &4+2 FO6HH DRSS HAMGIRH, HA 2t K&t

HAHO 242 23S0l fotdd AFZ2E ‘L’ Shape Connected Structure &
A A EMXIE Table 6.6.0 LIEFLHRALCEH.

Table 6.5. Mathematical Function of ‘L’ Shape Connected Structure

Category Fundamental Function HZER As5XA
2
Wa x Slope,
case 3 )
Ws T Displacement

Table 6.6. Properties & cross section of ‘L’ Shape Connected Structure

Category Properties Cross section
Density [kg/m”3] 7850
Length [m] 5
Area [m"2] 01 I o2r
0.5m
Young's modulus [N/m"2] 2.1ell
Moment of inertia [m”4] 3.33e-4
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Collection @ chosun



Table 6.7. Comparison Natural Frequency of ‘L’ Shape Connected Structure

2!0/HI(m) } Error
L L) == FEA case 3 Ratio(%)
1 1.7 1.7 0
1:9 2 1.1 10.3 -7.8
3 28.0 30.2 7.3
1 1.8 1.8 0
2:8 2 10.7 10.7 0
3 17.3 18.6 7.0
1 2.0 2.0 0
3:7 2 7.8 7.9 1.3
3 18.9 22 .1 14.5
1 2.2 2.2 0
4:6 2 6.3 6.3 0
3 23.9 22.6 -5.8
1 2.2 2.2 0
5:5 2 6.1 6.1 0
3 29.8 29.7 -0.3
1 2.1 2.1 0
6 :4 2 7.0 7.0 0
3 26.9 28.0 3.9
1 2.0 2.0 0
7:38 2 9.1 9.1 0
3 23.0 24 .1 4.6
1 1.8 1.8 0
8:2 2 11.3 11.6 2.6
3 25.1 26.6 5.6
1 1.7 1.7 0
9:1 2 1.1 1.5 3.5
3 30.8 37.6 18.1
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Table 6.8. Comparison Natural Frequency of ‘L’ Shape Connected Structure
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Table 7.2. Comparison Natural Frequency of — Shape Connected Structure
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