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A Study on the Coupled Vibration of Main Engine
Body by Torsional Vibration of Crankshaft

in Marine Diesel Engine

Kim, Sang Jin

Department of Marine System Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In order to prevent the adverse effects on the ship and to protect the
related equipment by the vibration, the vibration of main engine(s)
which is the large 2-stroke diesel engine is checked at the design,
shop test and/or sea trial. The concerned vibration consists of the
transverse one of main engine itself and the torsional/axial one of the
shafting system normally. The main engine vibration is mainly caused by
the gas force of the fuel combustion in the cylinder inside and the
inertia force by the reciprocating and rotating parts like the
piston/piston rod, crosshead, connecting rod, crankshaft, etc. Especially,
the transverse vibration of main engine body is generated by the guide

force of crosshead during an up-and-down motion of crosshead and

_iX_

Collection @ kmou



this guide force shakes the engine body in the transverse direction. The
H, X and x-mode vibrations of engine body are known to be related
with the guide force which is generated and transferred by the torque
of the crankshaft generally.

The many measurement results of transverse vibration show that the
vibration level and its frequency is related with the rotation velocity of
crankshaft and the natural frequency of the engine structure body. The
resonance of engine vibration has strong and direct connection with the
natural frequency of engine body. However, some resonance is made at
the rotating frequency which is not related with the natural frequency of
engine body unexpectedly. When this resonance and its frequency is
investigated in detail, the unexpected frequency is considered to be
related with the natural frequency of torsional vibration of the shafting
system and its resonance. As a result, the torsional vibration of the
shafting system has a strong or weak influence on the transverse
vibration of the engine body according to the level of torsional vibration.

Based on the measurement of the torsional and transverse vibration,
its effect and relation between the torsional vibration of shafting system
and the transverse vibration of the main engine is reviewed. And it
turns out that this coupled vibration of engine with the torsional
vibration is connected with the guide force by the vibratory torque of
crankshaft. The vibratory torque is transferred to the crosshead between
the upper end of connecting rod and the lower end of piston rod
through the connecting rod from the rotating crankshaft. The vibratory
guide force of the crosshead is made by the vibratory torque in addition
to the major nominal torque. This vibratory guide force shakes the
engine body with the vibratory torque frequency of the crankshaft.

The research object of this study is to review the phenomenon of the
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coupled vibration between the transverse vibration of the engine body
and the torsional vibration of crankshaft and to find out the relation and
its effect of the torsional vibration on the transverse vibration by the
3D FEM analysis of main engine body and crankshaft.

In order to increase the accuracy of 3D FEM vibration analysis for
the 2 stroke diesel engine which is consistent of the many complicated
components, the condensed modeling method instead of the simplified
equipment modeling for various major components is proposed, which
can give the detailed and high quality of vibration analysis for whole
engine. The high quality and consistency of the each models and its
assembly model is checked by @ the comparison of vibration
characteristics like mass, stiffness and natural frequency between 3D
CAD model and the shell based contended model using the mode
analysis. The gas force of the fuel combustion and the inertia force of
the moving components is calculated by the kinematic formula, dynamic
analysis and cylinder pressure for the input data of the forced vibration
analysis.

Also, the 1(one) point excitation method is introduced newly to solve
the non-linear characteristics of the up-and-down motion of crosshead
for modal transient analysis and its validity is confirmed.

When the forced vibration analysis of engine is done using the above
gas and inertia force as the excitation force of the engine body and
compared with the vibration measurement result, some resonances of
measurement are not displayed on the analysis result. This phenomenon
is supposed that the engine body vibration is to be coupled with the
torsional vibration of crankshaft. In order to solve this problem, the
torsional vibration analysis of the crankshaft is performed and the

coupled excitation force is calculated by adding the vibratory torque to
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this excitation force of the engine body. The forced vibration analysis is
recalculated using this modified excitation force. Then, the coupled
effect of the transverse vibration of engine body with the torsional
vibration of the crankshaft is verified since the omitted resonances of

analysis are reflected in the reevaluation result.

KEY WORDS: Coupled vibration #14%1&; Main engine body vibration

A7 B4 ZE; 1(one) point excitation 13 7}Xl; Simplified model <=3}

4. Torsional vibration of crankshaft Z# 3= W EHZ 5
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Table 2.1 Compared result of fore MBS shell model with 3D model

Item 3D model Shell model Error rate
[Hz] [Hz] [%]

1st mode 107.2 109.3 2.0

2nd mode 142.6 156.4 9.7

3rd mode 2254 227.5 0.9

4th mode 230.3 225.7 -2.0

Weight [ton] 3.35 3.38 0.8

1. Model

1/ Model  Contour Plot
1.024@0E+02 - Frame 6 © Angle 315.000000

Contour Plot
2208E+02 . Frame 81 Angle 315000000  Eigen Mode(Mag) Subcase 1 (MBS_Narmal) - Mode 2- F =
Analysis system

Eigen Mode(Mag) Subcase 1 (MBS_Normal) - Mode
Analysis system
1 4456400 1 577EHD
[ 1.284E400 [ 1,402E+00
1124EHID 12976400
— 963IED! & — 1051E+00
7 B0Z7ED B8.762E-01
BA2EM 7.010E-01
=— 4 S17E-01 525701
3212601 350501
1607E01 1.752E01
2.720E04 1.B54E-08
Max = 1 445E+00 Max = 1.577E+00
Grids 15115 Grids 44927
Min = 2 728E-04 Min =1 B54E-08
Gnds 20770 Grids 45182
4 2
¥ T S ¥ T x
L ol

(a) 1st mode of 3D model (b) 1st mode of shell model

Fig. 2.4 Mode shape of fore MBS (To be continued)

- 15 -

Collection @ kmou



1: Model  Contour Plot 1 Model

Contour Plot
3E+02  Frame 8  Angle 315000000  Eigen Mode(Mag) Subcase 1 (MBS_Normal) - Made d - F=#795E402 Frame @ : Angle 315.000000

Eigen Mode(Mag) Subcase 1 (MBS_Nomal) - Mode 3 - F =
Analysis system

1. 73RE0 o 1 765E400
[ 1 5456400 [ 1 670E+00
13536400 ' 1.374E400

Analysis system

— 1.160E+00 — 1179E+00
= SE7T1EDT = 9.833E0
8 77e0m = 7879E01
5815601 5925601
3883E.01 3971E01
1.9B0E01 2.017E01
3.200E03 5 288E-03
Max = 1.730E+00 Max = 1,765E+00
Grids 11595 Grids 44357
Min = 3.200E-03 Min =6 288E-03
Grds 40284 Grids 45388
z z
¥ T b4 Y 1 X
~lr ~]

(¢) 2nd mode of 3D model (d 2nd mode of shell model

1. Madel
E+02 . Frame § . Angle 315.000000

1 Madel  Contour Plat

2254381E402  Frame B : Angle 315000000  Eigen Mode(Mag) Subcase 1 (MBS_Nomal) . Made 8 - F = 2 4f88¢
Analysis system f

1 758E+00
E 1.863E+00

Contour Plot
Eigen Mode(Mag) Subcase 1 (MBS_Normal) . Mod)
Analysis system

1.712E+00
[ 1 522E+00

1.332E+400 1.368E+I0
— LI41EH0 = 1174E+00
— 9514E01 — 9780EM

7 B13E-01 = 7.841E-01
g 5.712E01 §— 5:B95E-01

38NED 3.948E-01

1.910E-01 2001E-01

9.208€-04 5.358E-03
Max = 1.712E+00 Max = 1.758E+00
Grids 35173 Grids 45297
Min = 9 208E-04 Min = 5 358E-03
Grids 15864 Grids 45179

z 2

(e) 3rd mode of 3D model (f) 3rd mode of shell model

1. Model
E+02 : Frame 8 © Angle 315000000

1" Model~ Contour Plat
12 Frame 8 Angle 315000000  Eigen Mode(Mag) Subcase 1 (MBS_Normal) - Mode 6-F =2,
Analysis sysiem

Contour Plot
Eigen Mode(Mag)  Subcase 1 (MBS_Nommal) - Mode 7 - F =
Analysis system

2051E+00 2 267EH0
[ 1823E+00 [JD‘H’E*GU
15956400 1.766E+00
— 1.368E+00 — 1.516E+00
1.140E+00 1. 2656400
9A27E-01 = 1.015E+00
BB51E-01 7 7 B44ED1
457501 5 140E-01
2299601 2636E-01
2363E-03 1313602
Max = 2. 051E+00 Max = 2, 267E+00
Grids 15115 Grids 44927
Min=2.363E-03 Min= 1313602
Grids B004 Grids 45121
z z
2 3 TV'{:-: v Y, t}_x v

(g) 4th mode of 3D model (h) 4th mode of shell model

Fig. 2.4 Mode shape of fore MBS
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Table 2.2 3+ MBSY] 3D #3249 2D A 84 mdo] tjs] R34
< 53 142 1f JAeF 2 T A273E vlng Adgo|n MBSE §7do] 7t
2 @Este]l £3% oo 2akE Holal o] 3D 84 tial Fek® 2D A
84 BHEE A 23 glo] AFY AAH s EHE 583 28 /s
s & 5 Ao

Fig. 25+ 5%t MBSS| Rt 4S5 vebd Zlojth 2D #4184 =do] 3D
wdo] AL Z Hggs & = Ju

Table 2.2 Compared result of middle MBS shell model with 3D model

Item 3D Model Shell model Error rate
[Hz] [Hz] [%]
1st mode 65.1 63.9 -1.8
2nd mode 77.7 76.5 -1.5
3rd mode 124.8 127.7 2.3
4th mdoe 128.8 125.4 -2.6
Weight [ton] 2.46 2.44 -0.8

Cantour Plot 1: Model Contour Plot
Eigen Mode(Mag) Subcase 1 (MBS_Nommal) - Mode 2- F = +01 : Frame 8 : Angle 315.000000 Eigen Mode(Mag)  Subcase 1 (MBS_Normal) - Mode 1 - F =6,
Analysis system Analysis system

3560E+00

1: Model
E+01 : Frame 8 : Angle 315.000000

3.535E+00

E 3.165E+00 E 3 142E+00
2 THOE+I0 2. 749E+00
— 2374E400 — 2,356E+00
= 1978E+00 — 1964E+00
- 15826400 = 1571E+00
1.187E+00 1.178E+00
7912601 7.895E-01
3956E-01 39ZEM
7 800E-10 3511E-07
Max = 3.560E+00 Max = 3535E+00
Grids 4 Grids 70302
Min =7 BOOE-10 Min=3511E07
Grids 18 Grids 70366
-4 2z
¥ 1 i ' ¥ L,x
(a) 1st mode of 3D model (b) 1st mode of shell model

Fig. 2.5 Mode shape of middle MBS (To be continued)
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Contour Plot
Eigen Mode(Mag)  Subcase 1 (MBS_Normal) : Mode 4~ F =
Analysis system

2.997E+00
[ 2 BBAE+D0
233EH0

— 1.998E+00

9.994E-01
6,665E.01
3.336E-01
B.573E04

Max = 2. 997 E+00
Grds 22455

Min = 6 .573E-04
Grids 1269

(¢) 2nd mode of 3D model

Contour Plot
Eigen Mode(Mag) Subcase 1 (MBS_Normal) - Mode 8 - F =
Analysis system

3.563E+00
[ 3167E+00

1.1B8E+00
791901
3.960E-01

3.165E-05

Max = 3.563E+00
Grids 7733

Min = 3 1B5E-05
Grids 11294

Z

Y\q f/’x

(e) 3rd mode of 3D model

Contour Plot
Eigen Mode(Mag)  Subcase 1 (MBS_Normal) | Mode 5- F =1
Analysis system

2016E+00
[ 1.792E+00
1.568E+00
— 1.344E+00

= 1.120E+00
~ g958E01

m— 6719E01
4.479E-01
2240E-01
1444E08

Max = 2 016E+00
Grids 4883

Min = 1 444E-08
Grds 11024

Z

‘!% X
.

(g) 4th mode of 3D model

401 : Frame 8 : Angle 315.000000

E+02 © Frame 5 Angle 160.000000

0 BE;+02 : Frame 5 | Angle 180.000000

Contour Plot
Eigen Mode(Mag) Subcase 1 (MBS_Normal) : Mode 3- F =7,
Analysis system

2B95E+HI0
[ 2574E+00
2 254E+00
— 19336400
— 1.613E+00
1. 292E+00

9715E-01
B510E-01
3.304E-01
9.816E-03

Max = 2 B95E+00
Grids 70313

Min = 9.816E-03
Grids 70588

z

Y tyx (

(d) 2nd mode of shell model

Contour Plot
Eigen Mode(Mag) Subcase 1 (MBS_Normal) : Mode & - F = 1
Analysis system

3.456E+00
[ 30726400
2 BEEE+00
i 2.304E400

— 1.921E+00
[ 1.537E+00

1.153E+00
7.682E01
JB54E-01
1.559E-03

Max =3 458E+00
Grids 70314

Min = 1.559E-03
Grids 70347

(f) 3rd mode of shell model

Contour Plot
Eigen Mode(Mag)  Subcase 1 (MBS_Normaly : Mode 7 - F = 1,277
Analysis system

1.966E+00
[ 1.747E+00
1.529+00
— 1.310E+00

1.092E+00
E B735E01

7 655201
4368E-01
2184E-01
7 BOAE-06

Max = 1 9BEE+00
Grds 70313

Min = 7.804E-06
Gnds 70542

&

v%x
e

(h) 4th mode of shell model

Fig. 2.5 Mode shape of middle MBS
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2 g9 2 7IAG], #2) MBS7 &5 o

42 ztw 9t} Table 2.3 2 1 MBSel| gt
£ 2D @7l 9ol AA
o] Mgl mE A= st EF MBS O

Table 2.3 Compared result of aft #1 MBS shell model with 3D model

Item 3D model Shell model Error rate
[Hz] [Hz] (%]
1st mode 141.6 158.7 12.1
2nd mode 155.0 155.4 0.3
3rd mode 250.6 281.7 12.4
4th mdoe 273.5 241.2 -11.8
Weight [ton] 4.574 4.487 -1.9

Eigen Mode(Mag) Subcase 1 (MBS_Mamal) : Mode 1 -F = 2 Frame 8 Angle 315000000  Eigen Mt
Analysis system Analysis syst
1.397E400 1.431E+00

!E 1.243E400 [
1.089E 400 H._
— 9.33E01 . -

= 7.795E-01
== 6:252E-01

4.708E-01
3184E-D1
1.621ED1
7 BSEED3

(a) Ist mode of 3D model

— S552601
— B.00SE01
= G4Z8E01

4851E01
3274ED
1697ED
1201E02
Max = 1 431E+400
Gnds 54376

Min =1 201E-02
Gnds 38854

YT}\:
-

szraem
1.116E+00 ’

(b) 1st mode of shell model

Fig. 2.6 Mode shape of aft #1 MBS (To be continued)
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1: Medel

Contour Plot 1:Mode!l  Contour Plat
19E+02 - Frame 8 . Angle 315 000000

Eigen Mode(May)  Subcase 1 (MBS Nomnal)  Mode 2. F= 12 Frame 8 Angle 315000000  Eigen Mode(Mag) Subcase 1 (MBS _Nomal) Mode 3-F =
Analysis system Analysis system

197600 2E2BEHD
[ 1.757E+0D [ 233%EHD
1.537E40 2084E+00
— 13176400 — 17526400
= 1.098E+0 - 1460E400
| B 8.783E-01 ﬂ— 1.168E+00
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Max = 1 976E+00 Max = 2 GIBE+00
Grids 36343 Grids 54262
Min =3 701E:05 Min =1 389E-07
Gnds 24120 Gnds 54166
2 z
Y T X A 1 X
- |- ~ |-

(c) 2nd mode of 3D model (d) 2nd mode of shell model

Caontour Plot 1: Model  Contour Plat 1: Mode|
Eigan Moda(Mag)  Subcage 1 (MBS_Normal) . Mede 6 - F Frame B . Angle 315000000 . Eigen Mode(Mag) Subcage 1 (MBS_Nermal) . Mode 10 - F = E+02 © Frame 8 - Angle 315.000000
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(g) 4th mode of 3D model (h) 4th mode of shell model

Fig. 2.6 Mode shape of aft #1 MBS
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Table 2.4 Compared result of aft #2 MBS shell model with 3D model

tem 3D Model Shell model Error rate
[Hz] [Hz] (%]
1st mode 141.2 132.1 -6.4
2nd mode 145.8 153.3 5.1
3rd mode 246.3 268.4 9.0
4th mdoe 261.2 232.5 -11.0
Weight [ton] 3.953 4.040 2.2
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(a) 1st mode of 3D model
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(b) 1st mode of shell model

Fig. 2.7 Mode shape of aft #2 MBS (To be continued)
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Fig. 2.7 Mode shape of aft #2 MBS
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Fig. 2.8 Mode shape of bed plate assembly
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Fig. 2.11 Mode shape of frame box

Table 2.5 Mode frequency of frame box

Item Frequency [Hz] Note

1st mode

6.1

1st torsion

2nd mode

12.8

1st bending

3rd mode

18.4

2nd torsion

4th mode

27.9

3rd torsion
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(a) 3D CAD model (b) Shell model without
thickness displayed

Fig. 2.12 3D CAD model and shell model of cylinder frame

z
-
|
g
|

(@) 3D model (b) Shell model of
thickness displayed

Fig. 2.13 3D CAD model and thickness displayed shell model
of cylinder frame
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Table 2.6 Compared result of cylinder frame shell model with 3D model

3D model Shell model Error rate
[Hz] [Hz] [%]

1st mode 171.7 162.9 -5.1
2nd mode 207.4 201.1 -3.0
3rd mode 241.7 255.0 -0.5
4th mode 282.0 275.0 -2.5
Weight [ton] 18.36 18.84 2.6

Item

Contour Plot 1 Model  Contour Plot 1! Model
Eigen Mode(Mag) gl Mode) - Mode 1 - F = 1 BIP467E+02 . Frame 6 Angle 315000000 Eigen Mode(Mag) Naimai_Mode)  Mode 1 - F = 1.628850E+02  Frame B - Angle 315000000
Analysis system Analysis system
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i N syt
Max = 5. 850E-01 May= 5 491E01
Grids 28899 Gnds 3585
Min = 4 S65E.03 bin = 6. 484E-03
Grids 3603 Gnds 2528
Z 4

' t X v J/x

(a) 1st mode(1st torsion) of 3D model (b) 1st mode of shell model

Contour Flot 1: Model  Cantour Plat 1: Model
Eigen Mode(Mag) adRognal_Mode) - Mode 4 - F = 20745008402 Frame 8- Angle 315000000  Eigen Mode(Mag) al_Mode) - Mode 2 - F = 2.011374E402 - Frame 8 - Angle 315 000000
Analysic systom Analysie system
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6.198E-02 8515802
8590E-03 1.073e-02
Max = 4 B3EDT Max = B:BOSE-01
Grids 2004464 Gnds 2346
Min = B8.590E-03 Min=1.073E-02
Guds 2003763 Grids 185
z z
o l/ X % fo

(©) 2nd mode(1st lateral bending) of 3D model (d) 2nd mode of 2D

Fig. 2.14 Mode shape of cylinder frame (To be continued)
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(g) 4th mode(1st twisting) of 3D model (h) 4th mode of shell model

Fig. 2.14 Mode shape of cylinder frame
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Fig. 2.15 3D CAD model of crankshaft

|
|
|
|
|

Fig. 2.16 AVL 1D model of crankshaft

Table 2.7 Analysis result of crankshaft (AVL EXCITE vs modified 1D model)

Collection @ kmou

Item AVL EXCITE | Modified 1D Error Note
[Hz] model [Hz] | rate [%]
1st mode -14 / .
(y/ 2~direction) 4.5 ] 4.6 4.4 ] 4.5 17 Ist bending
2nd mode 8.40 8.71 3.7 1st torsion
3rd mode )
(y/2~direction) 11.2 / 11.8 11.2 / 11.9 0.0 / 0.7 | 2nd bending
4th mode 17.0 20.3 19.5 2nd torsion
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(g) 4th mode of AVL EXCITE (h) 4th mode of 1D model

Fig. 2.17 Mode shape of crankshaft (AVL EXCITE vs modified 1D model)
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T 488w

(@) 3D CAD model (b) Shell model

Fig. 2.18 3D CAD model and shell model of exhaust gas receiver
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Fig. 2.19 Static stiffness analysis of turbocharger inlet compensator
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Table 2.8 Stiffness analysis result of compensator

) T/C inlet Exhaust valve
Stiffness Note
compensator | outlet compensator

Axial [N/mm] 265 132

Radial [N/mm] 601 532

Conical [N mm/rad]
Suppose same

1.24E6 1.41E5
Torsional [N mm/rad] stiffness with
conical one

232 &71#

HF715 Eaf ¢+&9 A7 (fresh ain7k &7] W2z (air coolenNE B3 ¥ =
ot Y §7] HEoE HUM Zeel 4 ARG AF FAE WO
2 F4o] Hol o= AFo] Y| Wi dALL RAG AFJT FF
2 ol#f o] Fig. 2.20 7} zo] &S x3 st

==
rlr
ot
i

2718 QA HAY AEge v A JsEFeE s ye d
© FFolu Mo AFEE E®ol7] #fd EdIsion v 2dy
S

0]
AA
AAFL 414 dF AA e )4 AgoA AT 4 )
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Fig. 220 3D CAD model and shell model of scavenge air
receiver
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(@) 3D CAD model

(b) Shell model

Fig. 2.21 3D CAD model and shell model of air cooler
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(a) 3D CAD model (b) Shell model

Fig. 2.22 3D CAD model and shell model of turbocharger
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Fig. 2.23 3D CAD model and shell model of cylinder
cover / liner / exhaust valve housing & stud
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Fig. 2.24 3D CAD model of gallery
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Fig. 225 + A& E& <1 2eig] 2D ¥4 84 2dS Yepd Zo|th

Fig. 2.25 Shell model of gallery

2.4.2 HCU (Hydraulic Control Unit)
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2.4.3 HPS (Hydraulic Power Supply)

HPS&= &) 2 Hlow FA" U3 F4 35 3
(pipe), Al &(chain whee) ¢ TFFLE F4E] Aot & AFolA= 7}
et A= Je FERE9 AT nEshr] fs IR A as
st ow, 71et FZFol tisiAe 0D MsdFe = Attt Fig. 2.27
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(a) 3D CAD model (b) Shell model

Fig. 2.26 3D CAD model and shell model of HCU

(a) 3D CAD model (b) Shell model

Fig. 2.27 3D CAD model and shell model of HPS
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A Ay Y7 FF 2o AR eFo AFEHE= 4F AolE B vol=

Fob A5 oe D AF Ay 9F BFo I U= 2HS 9 AxY
9 IR

Table 2.9 Mass of water and system oil of 6G60ME-C engine

Mass of water [kg] Mass of oil [kg]
Scavenge
Jacket . ! . .
cooling air Total AT oil Hydraulic Total
cooling system pan system
water
water
1,271 470 1,741 1,157 878 1,015 3,050
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2.5 o]AlE8 29 (assembly modeling)

FA I Fo FF wdo o) Fig 228 7 o] Az A9l o4l
rdg pAdAth ©, 8% e 5 2Hx B9Y RE gEAs mddyg
Al ALslR e, 5 By A(top bracing)e &4 Al$d ZAAE X7} H
A k7] WBel g4 &t AR AA Emountings AF AF =

g P FRow T4 ALd AL WG YUy ¥
2

Ju

(levelmg block)

(a) Picture of engine (b) Shell model of engine

Fig. 2.28 Full assembly model of engine
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Z(tie elemen)E &3t A+ =2 A (2 st H-R=E F3<7}

1Hz ol =olAA doh weha Al 2" AAed F&FE viAe iy &9 7
S= 2YUstE BE AZ ags wgsty] Y8kl ob¥ Fig. 2.29 9 7ol 7Jf<ﬂ
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Fig. 2.29 Node coupling method between bed plate and frame box
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Fig. 3.1 Kinematic model of driving component
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Fig. 3.2 Free body diagram of crosshead for reaction force calculation
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Fig. 3.3 Free body diagram of connecting rod and main bearing
for reaction force calculation

A AFE A FAHe ZWA 2Ep(crank throw)e] A= A4
_’l_'___

F = Fsin(0+¢) ®

T=Fr=F rsin(@+¢p)

L5 dAstEgs HAEH2 0o, Aol s nstd vl HwojH
W2 oo 2] (9), 10z 73 4 Urh

+HZFL :Z(F;c)eff

_ ~2
E" COS@_‘_ W;'rank assy Rz - mcrank*assyrw COSQ
. _ -2
: R:c - E"COSSD_'— VV;rank assy mcmnk—assyrw cost/ (9)
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3.3 444 oY

24 A AHg3teith Fg 345 100% st el o
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Cylinder pressure
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Fig. 34 P—6 diagram at full load
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Fig. 3.5 Dynamic analysis using ADAMS
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Fig. 3.6 Lateral force at guide shoe
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0.95%%] 2a& Holw, MAAR] AFdo] & LdAeAnt. °ol& T3l FALE
o

4
2 °]§% 3% BHo] BYFL

Lateral Force@MBS

—— Calculation

——ADAMS

Force [N]

Fig. 3.7 Main bearing load at MBS
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Fig. 3.8 Natural frequency of ship and role of 2nd order moment
compensator
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+
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Fig. 3.9 Installation information of 2nd order moment compensator
for G6OME-C engine
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Table 3.1 Unbalance weight of 2nd order moment compensator

Mass, M, Eccentricity, r Rotation
Load kgl [mm] direction Note
No. 1 1,496 95.3 CCW Double of
No. 2 1,702 120.6 cwW engine speed

otgf e 44D, )= ALNE & Aot v, &
A YA ol = 2% HE HA37]e] s WEH, 8 =

St A9 3T

FNo-l = M,u T X (2(1))2
Fono1 = Fo1cos(30d—26) an

F;/@No.l = FNO.I Sln(30d— 29)

714,
No.1 No.l 2xtRHIE HAF7]e] o] o3 HAHH
| No.l 2x =W E HA}7| o] AT
7“1 No.l 2xRdE ®BA7]9 3] ARA
w No.l 2xt2HE RV I &=
F,oanor: For BAEE = BFCE e T
Fyanot © Fon AAE S y BFoE YeE g
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A4 AN TG ZH o7 AP F AF

Asa Aol ba A 29 wdle] AR ool e 1
S

& Stk 58 A&AHY Fo 3

Aoty A3}g Ay F8 IFEEE 20Hz o]ste]H,

2 Ade $E FE 2Es} Ao dehte AL & 5 Aok

Table 4.1 Mode analysis result

Order Fre[cg;c]ncy Comment
1 5.64 Crankshaft axial mode
2 11.64 H-mode
3 12.27 Oil pan 1% mode
4 12.51 [L-mode
5 12.68 Oil pan 2" mode
6 14.76 Gallery-lower local mode
7 17.35 Oil pan 3 mode
8 18.12 X-mode
9 18.86 Oil Pan 4™ mode
10 19.21 Exhaust gas receiver 1% mode(lateral)
11 91.04 Aft end @gallery upper maneuvering,
' vertical bending mode
12 91.76 Aft gnd @gal}ery upper rear,
vertical bending mode
13 99 51 Fore end @gallery upper maneuvering
& rear vertical bending mode
14 22.93 Aft end @gallery top, longitudinal bending mode
15 93.49 Fore end @gallery upper rear & lower rear,
accessory part vertical bending mode
16 23.97 Gallery upper, twist mode
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Contour Plot 1 Model

Eigen Made(Mag) 1 (Normal) - Mode 3- F = 1.163112E+01 - Frame 1 - Angle 0000000
Analysis system

1 BEBE-01
E 1.R59E-01
1451601
— 1.244E01
1.037E01
8. 293E02

6.220E-02
A 146E-02
2073802

0 0D0E+00

Max = | 855E-01
Gnds 65348
Min = 0.000E+00
Grids B3905

Fig. 4.1 H-mode of engine

Contour Plat 1° Model

Eigen Mode(Mag) Subcase | (Nomal) Mode 2- F = 1 185048E401 - Frame 8 Angle 315000000
Analysis system

1146E01
[ 1.019E-01
B914E02
— 7640E02

I 6.367E-02
= 5094E02

— 380E02
2547802
1273802
0.000E+00

Max = 1 146E-01
Grids £5723
Min = 0.000E+00
Grids 83905

ft_ b ve v vw wl

Fig. 4.2 L-mode of engine
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Contour Riot 1: Model
Eigen Mode(Mag) Subcase 1 (Normal) - Mads § - F = 1 7708326401 - Frame 1 - Angla 0,000000
Analysis system

= P u— IS

3200E01 - mmess e S
E:aans-m__ S \
2 559w| 2 o
— 2 kol / . == "
7 'fisEar”

% : I -

£ e
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Fig. 4.3 X-mode of engine

Contour Plot 1 Model

Eigen Mod(Mag) Subcase 1 (Normal) - Mode b - F = 1.476387E+401 : Frame 11 . Angle 100000000
Analysis system

7.828E+00
EB%E-@]
*— B, 083E+00
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= 2609E400

1.740E+00
8 B9ED
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Grids 43589
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Fig. 4.4 Local mode of gallery
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Contour Piot 1t Model

Eigen Mode(Mag) Subease 1 (Mode) - Mode 3 - F = 1.227021E401 : Frame 7 Angle 60.000000
Analysis system

Fig. 4.5 1st mode of oil pan

Contour Plot
Eigen Mode(Mag)
Analysis system

5454E01
E 4.B42E01
£ 4202e01

— 3EBED
= 3030E01
2AUED
= 1818E01
[ ]

1212601
[EME 02
0.000E+00

Max = 5 454E-01
Gnds BE348
Min = 0,000E+00
Grids 83905

pmmmal) Mode 11 - F=1.920038E+01 - Frame 2

- A™TA

Fig. 4.6 1st mode (lateral) of exhaust gas receiver
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Fig. 4.7 1(one) point excitation method
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Response
Point

(a) 1(one) point excitation (b) Moving excitation

Fig. 4.8 1(one) point excitation and moving excitation model

Table 4.2 Engine specification for 1(one) point excitation

Item Specification
Engine type WinGD X72
Applied parts Column, bedplate, cylinder jacket
Cylinder No. Single cylinder (2 Section)
Max. speed 89 rpm
Bore / stroke 720 mm / 3,086 mm
FE model Major shell thickness : 50 mm
Node 19,883 / Element 13,736
Analysis method Transient Analysis
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Table 4.3 Excitation force of 1(one) point and moving excitation

Model Travelling length Applied load Contact condition
[mm] [MN] of guide shoe
Model 1 :
+ —_
(1 point) fixed +2.319
Model 2 2,800 +3.0 Frictional ~ 0.12
(Moving)
o :_2: == Moving Force o = = Moving Force

= 1Point Excitation 1500 — 1Point Excitation

i
1 14 o0 WGh - 200 +0 106 +006 .08 <00 1.00+06 2.08+06 34K +
(sec)

Fig. 4.9 Excitation force of 1(one) point and moving excitation
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Directional E 3 : E ': Ir

Velocity N 1

Vs : : : :
t-.-'.;axl Value - 250 Cycle ll\;.a;\ l\.l'alue" " 5t Cycle

Fig. 4.10 Vibration analysis result of 1(one) point and moving excitation

Table 4.4 Vibration analysis result of 1(one) point excitation

and moving excitation

Model 1 Model 2

Item (1 point) (Moving) Accuracy Note
Directional
Deformation 1.6092 mm 1.6240 mm 99.1 %

. (12.0 sec) (12.0 sec)
Y-Axis

octional 5th cycle

Blerlf)(éiona 6.3364 mmfs | 6.2669 mmfs | Lo,

'ty (11.0 sec) (11.0 sec) -
Y-Axis
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422 22 3 =34] (modal transient analysis)

o A FAo Ut o)]EF H|AL olsE 3t “MSC Software User
Manual(2012)“2] W8S Fzxsd o, ngd FA=dHe o3 w4y T2 33
2HLS &3 389 sl5sig e

ditdoz e W¥H(modal method)2 thd =€, ARt Ao &2 3¢,
Aoz 7131 He Ao 233 oy, 00] obd 27| =312 #34F +
OF ERE B 24| &o] obd ol A E A &sh= 47 Bl d(decoupling)
HAE 5 WAl A4 etk 22 el a3 o5 Ao w
A deje) 77t Had Aeols AH A= s A(direct transient analysis)
Bzel wiAe] dastt 2eu Z4HIZE v Atz a4 s F
ol R Rl AT £ Sed B dTdAs =Y 4 Hl(modal
damping ratio)e] FEl= T4 E HJsAoH, AR Ik =Y F2E
o] 74| FFQ 3%9] v S Aoz v Wy Hgo] sMestth

AR EAWE =4S MAN Diesel & Turbo 6G60ME-C Q1ZS& thiao = <
Pl o SAHAX= obdl Fig. 4.11 3 o] AdY =g d(cylinder frame)
el da(fore) & Awl@aft) WaF 2 Ul A4 SAHS T35t Table
455 A i A7 AdS YERE Fojth
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Engine top Fore Engine top After

Free-end( for

Torsional
vibration)
Vertica ST
Longitudinal =
Transverse

Fig. 4.11 Measurement point of vibration

Table 4.5 Engine specification & measurement overview

Item Contents
Engine type MDT 6G60ME-C
Power rating (SMCR) 10,900 kW x 77.8 rpm

Condition Test bed

o Engine vibration : Top cylinder frame
Vibration Position fore / aft
measurement Torsional vibration : Crankshaft free-end

Vibration
item

Engine body & torsional vibration
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Velocity(mm/s) Vibration Velocity at Fore (Tranverse)
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Fig. 4.13 Comparison of transverse velocity at cylinder frame fore

Velocity(mm/s) Vibration Velocity at Aft (Tranverse)
40

—— Measured velocity @ Aft

30

=== Calculated velocity @ Aft ||

20

w0 4

A l 'k
AR e TR AT 5\\5;0

=
Time(sec)

LY VYV VY VY VY

Fig. 4.14 Comparison of transverse velocity at cylinder frame aft
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Table 4.6 Comparison result of vibration at cylinder frame fore
(simulation vs measurement)

Velocity [mm/s]
fore
Max. Min. Peak-to-peak
Analysis 23.6 -20.7 44.3
Measurement 31.1 -27.5 58.5
Deviation [%] -23.9 -24.8 -24.3

Table 4.7 Comparison result of vibration at cylinder frame aft
(simulation vs measurement)

Velocity [mm/s]
Aft
Max. Min. Peak-to-peak
Analysis G, 2288 43.6
Measurement 24.5 -26.5 51.0
Deviation [%] IS 15.8 14.5
Figs. 4.15, 4.16 & A=<} AnweF BA 252 AZF 9 Y(time domain)at<

Fat WIHFFDslY F3 9 Y(frequency domain)ol A vlw g AZS e}l
W Aotk 7} AH(peak) X9 FI5 L r|FoZ BEAsH 1W HAH 9

A= 7Hg FAZ62D 7 2Fo)m, 2
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Table 4.8 Peak frequency at cylinder frame fore and expected cause

heak Frequency I Expected cause
No. | Measurement | Analysis
1 7.81 781 1st order of excitation
2 11.72 11.72 H-mode resonance
3 14.26 - 11th order of torsional vibration
4 15.63 15.63 2nd order of excitation
5 16.80 - 13th order of torsional vibration
6 18.16 18.16 X-mode resonance
7 19.34 19.53 Locgl lateral mode exhaust gas
receiver

Table 4.9 Peak frequency at cylinder frame aft and expected cause

Feak e, 25 Expected cause
NO. | Measurement | Analysis
1 7.81 7.81 6th order of excitation
2 11.72 11.72 H-mode resonance
3 14.26 - 11th order of torsional vibration
4 15.62 15.43 12th order of excitation
5 16.80 - 13th order of torsional vibration
6 18.16 18.16 X-mode resonance
7 19.34 19.34 Locgl lateral mode exhaust gas
receiver
- 77 -
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Fig. 4.15 FFT result of measurement and simulation at cylinder frame fore

FFT - Lateral Velocity@AFT
= A <O\ "™ . ™ / Y/ BT Simulation
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3 @
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Fig. 4.16 FFT result of measurement and simulation at cylinder frame aft
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Table 4.10 Specification and shafting system of 6G60ME-C engine

Type 6G60ME-C

Cylinder bore x stroke 600 mm x 2,790 mm

Power rating(SMCR) 13,450 kW x 87 rpm
Engine Oscillating mass 6,278 kg/cylinder

Firing order 1-5-3-4-2-6

M.O.I of tuning wheel 47,000 kgm?

M.O.I of turning wheel 25,000 kgm?
Coupling shatt Shaft diameter $500

Shaft length 462 mm
Dynamometer M.O.I of dynamometer 9,400 kgm®
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Table 4.11 Critical speed of each natural frequency

1-node (735.33 cpm) 2-node (1,079.10 cpm)
Order Critical speed [rpm] Order Critical speed [rpm]
8 91.9 11 98.1
9 81.7 12 89.9
10 73.5 13 83.0
11 66.8 14 77.1
12 61.3 15 71.9
13 56.6 16 67.4
14 52.5 17 63.5
15 49.0 18 59.9
16 46.0 19 56.8
17 43.3 20 54.0

Mode no 1, 735.33 cpn

5 6232 44 €3 46

1772314

T
(a) Mode shape of 1-node

Mode no 2, 1079.10 cpm

h 203
3 4 5 6282

12 44 63 46

/

(b) Mode shape of 2-node

Fig. 4.18 Mode shape of torsional vibration
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Fig. 4.21 Measurement result at cylinder frame aft
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Table 4.12 Natural frequency of torsional vibration

Peak No. Natura[lcgﬁ]quency Order (rpm)
1 node 738 9(82.0), 10(73.8), 11(67.1), 12(61.5), 15(49.2)
2 node 1065 13(81.9), 15(71.0)

Table 4.13 Natural frequency of engine body vibration

Peak No. Natural frequency Order (rpm)
[cpm]
1st mode 810 10(81.0), 13(62.3), 11(73.6)
2nd mode 952 14(68.0), 15(63.5), 19(50.1), 20(47.6)
Coupled
mode 738 9(82.0), 13(56.8)
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Fig 4.29 Calculated engine vibration at 82 rpm

- 94 -

Collection @ kmou

20.0




Velocitvinm/s}
20

—TVelocity (@ $7RPM)

10

4 AJ\Jk\»« AN s N

0.0 5.0

Frequency(Hz)

15.0

Fig. 4.30 Calculated engine vibration at 87 rpm

Velocitvinm/s, 0-F)
25

0.0

Angular Accel,(+/-rad/s%

I I 25
= 3 Ord, (Measured welooity)
=9 Ord, (Calculated welocity)
204+ o+ 9 0rd (Measured aneular accel.) :t 20
15 M 5

Fig. 431 Comparison of calculated and measured results for 9th order

Collection @ kmou

- 05 -



4 &

Al 5 3
CEIE R

=
=

7}

o

]

b

A

N49el A8

9

2 FxE9

o]

—_—

o

]

X
el

o,

o1& o]

L —

—

317 o]

S

=

o3

oju
N

—_—

=

—_

._OL

o

O

0

T

ol
=

, 3D Rdd M Ae} vlu/AES S ded =

al
13}

—_
o

0

ol
sl
o

o

;OU
H

=

=90
=1

AR H A Y

=~

/KC-] %‘,E ol o

5k

HAS ASsian.
o,

SR

Hx

]

<l

o, A AA sjHnde s st FLHa P
ol

A

e 2.

B

file)
ruzel

il

W
W

o)
o

i

—_
o

g (cylinder frame)

3L

(1) wi<lwlold = A ti(main bearing support), A&

o
oF
o

T
3

TH

s zkErst 7]

ol

- 90 -

olZgt WHES T i el AV|E €Y

FA et
27

=i}
=

°

A Al

13t &=

e
=

)
34 A

)2)
°

Collection @ kmou

5
=4



—_—

ad
Ho

o
-

o)
e
T

—_—

o
-

o=
R

s

ol

0

el
=N

=

—

__OL
oF
oju
.Z__l
7

Ho

ze)
70

o
1}

—_—

X

—_—
o

Njo
Hr
1o°
|
Nk

o
frs]

oju

A
)

A = A

53

Zo) 7t

= o

1

N

oy

=y

o

2150l tisl A
AA Hch =3 75 -$af A(transient analysis)

i sla-2 o 2Ed

£ 3

o
=

bt

= 7153

=
=

ststA o

Al A A

o

2

st a4 Azl

ol

bR 28y 2984

J|

LA

A

J)

i A

oF
o
A

_
1o

o
i
No

—

__OL

o

A

A7h WAL A

Bl

|

[e]
=

13.1~15.8 %]

[e)

=0
B S

2]

wK

8 ol

=
=

H

o
7O

o

%O

A

g %

a4

Ao

27} A7 Bag Ro=

[~
1o

< H

53 2

REIPARE

3

7=

s

AME ol &

(7) &=
7] o8, &

"
70

e

& 9w

A

-(r:,—l_

I olEel 9

S

=9 4

= g2 3

ol Al

A

o= 7H4

bo Zh1 o] g o] UA

Pl 918

AR

o
=

E
=

[~
o

—
file)

- 97 -

Collection @ kmou



or
)

oy
3

ﬂ
file)

o/
o
oy
To

;.O,O

BAE 2 wAY

|

A
Ll

o] A9

Eis

By

N

—_—

oy

o

= AlAskd

1

N2

e}

o MEYANE HHOZRE WEY

T

1144 A el A

[

=
:I.T

_04

fl A=A

[¢)

=
‘:li‘

O

H43 2y, a4

No

o
i

0
B!

=3
o

T

1o

K

3

el A

o

- 08 -

Collection @ kmou



Fx

Al
r(

[1] A&EZ - ARt 1999. 71A9e}, a4d=3A) pp. 173~174.

[2] International Association of Classification Societies(IACS), M68 Dimension of
propulsion shafts and their permissible torsional vibration stress, IACS
Req.2005/Corr.1. 2012.

[3] International Association of Classification Societies(IACS), M51 Factory
Acceptance Test and Shipboard Trials of I.C. Engines, IACS Req. 1987/Rev 4,
2015.

[4] 3t 5, ARl sasAol A F, 1997, 2014

[5] American Bureau of Shipping(ABS), (Updated January 2015), Guidance Notes on
SHIP VIBRATION, 2006.

[6] Bureau Veritas(BV), Part E Additional Class Notations,
Rules for the Classification of Steel Ships, 2016.

[7] Iwer Asmussen, Wolfgang Menzel, Holger Mumm,
GL-Technology Ship Vibration, Germanischer Lloyd, 2001.

[8] Lloyd’s Register(LR), Guidance Notes: General Overview of Ship Structural
Vibration Problems, Lloyd’ s Register, 2015.

[9] Det Norske Veritas(DNV), Vibration Control in Ships, 1985.

[10] International Organization for Standardization(ISO), I1SO 6954-2000 Mechanical
vibration - Guidelines for the Measurements, reporting and evaluation of

vibration with regard to habitability on passenger and merchant ships, 2000.

[11] MAN Diesel & Turbo(MDT), Engine selection Guide, Vibration Aspects,
pp. 7.01 - 7.12, 1993,

- 99 -

Collection @ kmou



[12] Kim, K.S., Vibration control of ship, TSCF 2016 Shipbuilders Meeting, 2016.

[13] MAN Diesel & TurboMDT), PEMVA : Parametric Element Model for Vibration
Analysis, 2010.

[14] ol AE - AFEE - 228 - o], Mg A T wpao] TN 9T
71784 4, izl =y Al 209 53, pp. 565~572, 2007.

[15] MSC Software, MSC Nastran 2012 Dynamics Analysis User’s Guide,
p. 208~210, 2012.

[16] ol=< - AEA - AR, vt FAA9] 24 vE-I Tl 71T 5718

A3 8)3| =27 A4238 A935,

07) 243, “Huhs ¥ A% 284 HANY] APASA o) B
A7, WS Frhshal ohehA-uhAsHe] =, pp. 68-82, 2014,
(18] W13, 984, o EF, Ao, MM SHAEYL e 1 BEA
=2

A E HZE A7, b AR Y o] P EHE] A, A229 AL,

[19] A&F, o=, “FIASA A&7, BEFETAL pp. 143~254, 2003.
[20]

5 P2 A

o]
T EHE JAF A7, FxLa305ES3] A A6d 6%, pp.701~708, 1996.

[21] D. C. Lee, S. H. Kim, and J. D. Yu, “Theoretical Analysis on Transient
Torsional Vibration of Two Stroke Low Speed Diesel Engines” , Journal of
the Korean Society of Marine Engineering, Vol. 31, No.3, pp. 207~214,
2007.

- 100 -

Collection @ kmou



	제1장  서 론  
	1.1 연구의 배경  
	1.2 연구의 목적  
	1.3 연구의 내용과 구성  

	제2장  진동 해석용 모델 구축  
	2.1 메인 구조물  
	2.1.1 대판(bed plate)  
	2.1.2 가대(frame box)  
	2.1.3 실린더 프레임(cylinder frame)  

	2.2 구동부  
	2.2.1 크랭크축  
	2.2.2 연접봉 / 크로스 헤드 / 피스톤 봉   

	2.3 연소 관련 부품  
	2.3.1 배기관  
	2.3.2 소기관  
	2.3.3 공기 냉각기  
	2.3.4 과급기  
	2.3.5 실린더 라이너 / 실린더 커버 / 배기밸브 하우징  

	2.4 기타 부품  
	2.4.1 갤러리(gallery)  
	2.4.2 HCU(Hydraulic Control Unit)  
	2.4.3 HPS(Hydraulic Power Supply)  
	2.4.4 기타  

	2.5 어셈블리 모델링(assembly modeling)  

	제3장  하중 분석  
	3.1 기구학 분석  
	3.2 동역학 분석  
	3.3 연소실 압력  
	3.4 하중분석 결과 검증  
	3.5 2차 모멘트 보상기  

	제4장  해석과 측정에 의한 연성진동 검증  
	4.1 모드 해석  
	4.2 해석 방법 및 결과  
	4.2.1 가이드 포스 단순화와 1점 가진  
	4.2.2 모달 과도해석(modal transient analysis)  
	4.2.3 엔진 본체진동 측정 결과  
	4.2.4 엔진 본체 모달해석 결과  

	4.3 크랭크축 비틀림진동 및 본체진동 연성 검증  
	4.3.1 크랭크축 비틀림진동 해석  
	4.3.2 측정을 통한 비틀림진동 및 본체진동 연성 검토  
	4.3.3 크랭크축 비틀림진동과 엔진 본체진동의 연성진동 해석 및 검증  


	제5장  결 론  
	참고문헌  


