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Abstract. In this paper, the coupling effect between the crankshaft torsional vibration and the low speed diesel
engine block vibration is investigated. Using finite element method (FEM), a model of low speed diesel engine is
established to study the vibration response. The mode results of FEM agree very well with the test. The
additional torques acting on the low-speed diesel engine caused by torsional vibration are discussed in detail. The
vibration response of the low-speed diesel engine considering the effect of torsional vibration is studied using
FEM simulation. By analyzing the effect of torsional vibration, the results demonstrate that the crankshaft
torsional vibrations have important effects on the engine block vibration. The results from this study can provide
useful theoretical guidance to predict vibration of low-speed diesel engine.
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1 Introduction

Low-speed marine diesel engines are widely used in large
ocean going vessels of over 2000 tons such as bulk
freighter, container vessel and oil tanker and so on. With
low speed and high power, they usually are running at
rotation speed lower than 300 rev/min. Along with
increasing demand on comfort of working environment for
sailors, especially in the cabin, IMO has set a higher
standard for noise and vibration of cabin. As marine diesel
engine is a largest source of vibration in the cabin,
studying the marine diesel engine vibration becomes
particularly important. There are a lot of available
researchers involving in surface vibration of low-speed
diesel engine. A study shows that the surface vibration of
low-speed diesel engine is mainly caused by cylinder
combustion pressure, crosshead side thrust and main
bearing force [1]. The body vibration caused by the side
thrust acting on the guide and the overturning moment
formed by bearing horizontal force and the side thrust.
The vibration by the overturning moment is greater than
by the reciprocating inertia force [2]. Cho et al. calculated
the block vibration by the crosshead side thrust through
the test and the excitation [3].

Among the works of the coupling vibration between
crankshaft and block, considering the coupling crankshaft
dynamic and the main bearing lubrication, the force of
crankshaftonthebodywascalculatedbysolvingtheReynolds
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equation [4–6].He et al. studied the effect of shaft vibration on
the block by coupling the oilfilm lubricationmodelwithFEM
[7]. Xue et al. found that when the torsional vibration
resonates, the block vibration increased evidently [8]. Liang
measured the signals of crankshaft 3D vibration and the body
vibration and analyzed the partial coherence between them.
He found that the surfacevibrationof crankcase causedby the
3-D vibration of the crankshaft [9]. In following research, they
optimized the design of body vibration by changing different
torsional vibration absorbers [10]. Some researchers studied
the effect of the torsional vibration absorber on the block
vibration combining FEM with the multibody system
simulationmethod [11–13]. Li analyzed the formof excitation
generated by torsional vibration on the block vibration and
proposed some design scheme by optimizing crankshaft
vibration to reduce the surface vibration [14].

For the simulation of body vibration in low-speed diesel
engine, Inagaki et al. set up a software platform for the
vibration analysis of internal combustion engine and it was
verifiedbytest [15].MaandPerkinsalsoestablishedasoftware
platform to solve the vibration by analyzing dynamics of the
body and moving parts [16]. For complex structures, using
CAE to calculate the vibration response of the block can
greatly shorten the computation time. Through the NVH
analysis, it can predict the vibration of diesel engine and can
provided a feasible revision plan for low-noise diesel engine
design [17]. Cameron et al. used FEMto analyze the noise and
vibration of vehicle block and demonstrated the advantage of
FEMtostudythecomplexstructuralvibration[18].Ohtaetal.
proposed a coupling model between crankshaft and block to
predict body vibration after obtaining the reciprocating
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Fig. 1. Dynamic analysis of first cylinder.

Table 1. Parameters of low speed diesel engine.

Magnitude Units

Cylinder number 6 ——

Speed 99 rev/min
Piston diameter 340 mm
Connecting rod length 1600 mm
Crank radius 500 mm
Reciprocating mass 1144 kg
Connecting rod mass 575 kg
Rotary mass 1626 kg
Power 1224 kW
Firing order 1-6-2-4-3-5 ——

Stroke number 2
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inertial force, piston slap force and cylinder pressure [19,20].
Lee et al. considered the influence of speed oscillation
in solving the crankshaft longitudinal-torsional coupled
excitation. It provides more accurate method to simulate
block vibration of diesel engine [21].

Up till now, a few published papers are involving in
simulatingblockvibrationof low-speedmarinediesel engine,
especially, not considering the coupled effect of shaft
torsional vibration on block vibration. In this study, Firstly,
A FEM model of studied low-speed marine diesel engine is
created and is calibrated against a test. Secondly, the
excitation forces on the low-speed engine vibration are
derived.Next, the oscillation of loading position of crosshead
side thrust due to the crankshaft torsional vibration is
discussed. The additional torque caused by torsional
vibration is obtained. Finally, the FEM simulation results
of block vibration of considering the torsional vibration and
theresultsofconsideringtraditional excitationarecompared
with the test separately and the difference are discussed.

2 Excitation force analysis

2.1 The basic parameters of diesel engine

In this section, the vibration excitation forces of the low
speed diesel engine are discussed in details. In traditional
method, the vibration of diesel engine is excited by the
cylinder combustion pressure, crosshead thrust, and main
bearing reaction force. Using dynamic force analysis, all the
excitation forces are obtained. Taking the first cylinder of
low-speed diesel engine as an example, the dynamic
analysis of moving parts of the first cylinder is shown in
Figure 1. The parameters of the low speed diesel engine are
shown in Table 1.

From the Figure 1, where Pg is the cylinder pressure, Fj
is the reciprocating inertial force, FT is the tangential force
on crank pin, FN is the normal force on crank pin and Fw is
the centrifugal force. Dv is the oscillation of angular
velocity. utor is fluctuation of twist angle which is called
torsional vibration. b is angle between connecting rod center
and cylinder center. a=vt is angular displacement for mean
speed. v is the mean angular velocity. Similarly, the
dynamic analysis of moving parts of the other cylinders can
be obtained.

2.2 Tangential force on crank pin

For low-speed diesel marine engine, the tangential force
on the crank pin is mainly composed by four parts: the
cylinder pressure, the reciprocating inertia force, the
weight of reciprocating components and the weight of
rotating parts, separately. The cylinder pressure is
obtained by the pressure sensors and is shown in
Figure 2.

From Figure 1, the part of the tangential force of the ith
cylinder, which is caused by the cylinder pressure, the
reciprocating inertia force and the weight of reciprocating
components, separately, is given as:

FT1i ¼ sinðaþ bþ ’iÞðFgi þ Fji þ FGjiÞ ð1Þ
where Fgi ¼ 1
4pD

2Pgi is the force of the cylinder pressure
on the piston. ’i is the initial phase of each cylinder. FGj

is
weight of reciprocating components. Fji=�mjiaji is the
reciprocating inertia force. aji is the reciprocating accelera-
tion given as:

aji ¼ Rv2ðcosðaþ ’iÞ þ lcos2ðaþ ’iÞÞ ð2Þ
mj is reciprocating mass. i is different cylinder.

From Figure 1, the other part of the tangential force,
which is caused by the weight of rotating moving parts, is
given as:

FT2i ¼ Gwisinðaþ ’iÞ ð3Þ



Fig. 2. Measured cylinder pressure.

Fig. 3. Position of the crank cylinders relative to the first one.
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where Gw ¼ mrl
R þ ð1� jÞmc

� �
g is the weight of rotating

moving parts. mr is the rotating partial mass of the crank
and balance weight. l is the distance between the center of
the crank and the center of the weight of rotating part.mc is
the mass of the connecting rod. j is ratio of the distance of
between the center of connecting rod weight and center of
crank pin to the connecting rod. R is the crankshaft radius.

2.3 Normal force on crank pin

Caused by the cylinder pressure, the reciprocating inertia
force and the weight of reciprocating components,
separately, the part of the normal force is given as:

FN1i ¼ cosðaþ bþ ’iÞðFgi þ Fji þ FGjiÞ ð4Þ

The other part of the normal force caused by the weight
of rotating moving parts is given as:

FN2i ¼ Gwicosðaþ ’iÞ ð5Þ
The centrifugal inertia force is given as:

Fwi ¼ mwiRv2 ð6Þ
where mw is the centrifugal mass.

2.4 Side thrust of cross head

The overturning moment, which is composed of the side
thrust of cross head and the horizontal bearing force, is
equal to the output moment caused by the tangential force
in the value but opposite in the direction. Therefore, the
side thrust is given as:

FHi ¼ �ðFT1i þ FT2iÞR=Hi ð7Þ
where Hi is the distance between the cross head and the
center of the crankshaft. It can be expressed as:

Hi ¼ R
sinðaþ ’i þ bÞ

cosb
ð8Þ
where L is the length of connecting rod and R is the
crankshaft radius.

2.5 Main bearing reaction force

The main bearing reaction force of a single cylinder is the
vector sum of the tangential force and the normal force on
crank pin. Hence, the main bearing reaction force can be
given as:

Fw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFT1i þ FT2iÞ2 þ ðFN1i þ FN2i � FwiÞ2

q
ð9Þ

For the low speed diesel engine of this research, there
are seven bearings. Each bearing reaction force is the vector
sum of bearing reaction forces from two adjacent cylinders
except the end bearings which is only affected by the first
cylinder and the sixth cylinder. The crank initial phase of low
speed diesel engine is shown as Figure 3. Assuming that a
clockwise phase is positive definedas advanced anda counter-
clockwise phase is negative defined as backward. From
Figure3, thephasesof eachcylinder relative to thefirstoneare
advanced. They are 0°, 240°, 120°, 180°, 60° and 300°,
separately.

To make applying forces easily, the bearing reaction
force for middle bearings is decomposed into the horizontal
one and the vertical one, respectively. They are:

Fxj ¼�FT ðj�1Þ
2

sin aþ’j�1þ
p

2

� �
�FNðj�1Þ

2
sinðaþ’j�1þpÞ

�FTj

2
sin aþ’jþ

p

2

� �
�FNj

2
sinðaþ’jþpÞ

Fzj ¼
FT ðj�1Þ

2
cos aþ’j�1þ

p

2

� �
þFNðj�1Þ

2
cosðaþ’j�1þpÞ

þFTj

2
cos aþ’jþ

p

2

� �
þFNj

2
cosðaþ’jþpÞ

ð10Þ



Fig. 4. Crosshead side thrust within single cycle.

Fig. 5. Main bearing force of 1st bearing.
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where ’j is the phase of each cranks relative to the first one
and ’j ¼ 4p

3 ; 2p3 ;p; p3, separately. j is the bearing number.
For the first bearing and the end bearing, the reaction force
can be expressed as follows:

Fxk ¼ �FTk

2
sin aþ ’k þ

p

2

� �
� FNk

2
sinðaþ ’k þ pÞ

Fzk ¼ FTk

2
cos aþ ’k þ

p

2

� �
þ FNk

2
cosðaþ ’k þ pÞ

ð11Þ
where ’k ¼ 0; 5p3 , respectively.

2.6 The excitation force results

This section will discuss obtained excitation forces on the
studied low speed diesel engine. For the traditional
method, once the angular displacement for mean speed
is given, all the forces are obtained from equations (1) – (8)
without considering shaft torsional vibration. Using the
first cylinder as an example, the result of crosshead side
thrust is shown in Figure 4.

Using the first bearing as an example, the horizontal
force and vertical force of main bearing force are obtained
by equations (9) – (11). The result in the calculation time
are shown in Figure 5.

3 Additional moment due to torsional
vibration

In this section further to understand how the crankshaft
vibration affects the structure vibration of the engine, it
investigated the oscillation of the loading position of side
thrust.

Under the normal working condition of low speed diesel
engine, the trajectory of crosshead shows a steady trend.
But, if the torsional vibration occurred at crankshaft, the
trajectory of the crosshead can be slightly up and down.
The loading state of the excitation is changed. Taking the
first cylinder as an example, the TDC (TopDead Center) is
assumed as the start time. If the shaft torsional vibration is
not considered, the displacement of the crosshead is given
as:

x ¼ Rð1� cosaÞ þ L 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2sin2a

p� �
ð12Þ

where l=R/L, L is the connecting rod length, R is
crankshaft radius.

Otherwise, it is given as:

xtor ¼ Rð1� cosðaþ utorÞþ
Lð1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2sin2ðaþ utorÞ

q
Þ ð13Þ

The oscillation of loading location, which is the
crosshead displacement fluctuation coupled by the tor-
sional vibration, is obtained by subtracting xtor from x. In
order to load the real forces of excitation on the FEM, it
proposed an additional moment to predict the vibration of
engine’s block based on the method of force translation.
The additional moment is given as:

Mtori ¼ FtoriLtori ð14Þ

Ftori ¼ FHitor � FHi ð15Þ
where Ftori is the oscillation of side thrust force, FHitor is the
side thrust force coupled torsional vibration, FHi is the side
thrust force in normal condition and i is the cylinder
number. Ltor is the oscillation loading location and given as
follows:

Ltor ¼ xtor � x ð16Þ
where xtor is the displacement coupled torsional vibration
and x is the displacement in normal condition.



Fig. 6. Additional moment caused by shaft torsional vibration.

Fig. 7. Free vibration test model of low speed diesel engine in
B&K Pulse.

Fig. 8. Measure system of block vibration and torsional vibration.
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From equations (14) – (16), the additional moment is
obtained. Using first cylinder as an example the results is
shown in Figure 6.

4 Experiment set-up

To verify the coupling method predicting the vibration
response, the test was conducted on the vibration of
engine’s block and the torsional vibration of low speed
diesel engine.

4.1 Block model test

Using B&K PLUSE and utilizing the single-input and
multiple-output technology, the natural modes of engine’s
block is obtained.

The test pattern with B&K PLUSE is shown in
Figure 7.

4.2 Block and torsional vibration test

To verify the predicted results, the speed of diesel engine
is 99 rev/min. The power is 1224 kW. The location of four
measuring points, the measure system of block vibration
and torsional vibration are shown in Figure 8. The
measurement of the first to third point are located at the
foot of engine. The measurement of the fourth point is
located at the middle of the engine block. The
measurement of the torsional vibration is located at
the flywheel.
Fig. 9. Original square wave signals of shaft torsional vibration.
4.3 Instantaneous torsional angle

Using the sensor of pulse counting, the original square wave
signal of the shaft torsional vibration is obtained and shown
in Figure 9. In the test, the output signal of the sensor is
a frequency-modulated signal modulated by the shaft
torsional vibration. This signal can be demodulated by
pulse counting method.



Fig. 10. Measured results of instantaneous torsional angle at
flywheel.

Fig. 11. Measured results of spectrum of torsional vibration at
flywheel.

Fig. 12. Mode shape of torsional vibration.

Table 2. Natural frequencies of torsional vibration.

No. Test (Hz) Simulated (Hz) Difference (%)

1 22.095 21.22 3.96
2 47.311 46.67 1.35
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From the test results in Figure 9, the instantaneous
torsional angle of the crankshaft is given as following:

utorðtÞ¼
R tn
0 ðvin � vcÞdt¼

vcn
tc
N

tn
� vc

0
B@

1
CAtn

¼ 360°

tc
n
tc
N

� tn

� �
ð17Þ

where vin is the instantaneous angular velocity; tc is the
time of the per rotation; vc ¼ 360°

tc
is the average angular

velocity; N is the tooth number of shaft gear; tn is the time
to output nth pulse signal and n is the number of pulse.
utor(t) is fluctuation of twist angle of each tooth time. The
results in time domain and in frequency domain are shown
in Figures 10 and 11.
The instantaneous torsional vibrations in different
cylinder are calculated by the measured result at flywheel
and the torsional vibration model shape. The torsional
vibrationmodel shapes are shown in Figure 12. The natural
frequencies of torsional vibration is given in Table 2.
5 Validation of the block finite element
model and the response

5.1 FEM model

In this section, a FEM model of low speed diesel engine is
created to study the influence of torsional vibration on the
vibration of engine’s block. The created FEM model is
shown in Figure 13a. The platform is shown in Figure 13b.
The complex structure and the large number of accessory
parts are simplified into the following main parts. They are
the bed plate, the frame, the cylinder cover, the cylinder
body, the upper work platform, the intake and the exhaust
system. The bed plate and the frame of low-speed diesel
engine are modeled by shell elements. The cylinder body
and the cylinder covers are modeled by solid elements. The
Upper work platform is modeled by beam elements. The
spring elements and the beam elements are used tomodel of
the bolt connection and welding. There are three part
boundaries between the FEM and environment namely bed
plate and the hull, exhaust pipe and hull, the upper work
platform and hull. Using some different elasticity and
damping springs are simulated the constraint state of FEM
model.ThemassandthematerialsofFEMmodelare the same



Fig. 13. Low speed diesel engine. (a) FEM model. (b) Test platform.

Table 3. Natural frequencies comparison with test and
FEM.

No. Test (Hz) FEM (Hz) Difference (%)

1 13.01 13.6 4.5
2 14.94 14.96 0.13
3 —— 15.85 ——

4 21.8 20.7 �5
5 26.4 26.4 0
6 33.54 32.86 2
7 45.25 45.39 0.3
8 55.36 53.2 �0.9
9 62.19 62.18 �0.02
10 73.73 74.7 1.3
11 86.01 83.32 �3.1
12 96.43 92.8 �3.7

Fig. 14. Excitation loading diagram.
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as the physical structures of low speed diesel engine. The
parameters of springs and dampers used in the model are
chosen based on design and engineering experiences. The
natural frequencies of the test and simulation are given in
Table 3. The mode shape are similar between the test and
simulation. The result are given in Appendix.



Fig. 15. Result comparison between test and Simulation. (a) Node 1 vibration response, (b) Node 2 vibration response, (c) Node 3
vibration response, (d) Node 4 vibration response.
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The results indicate that the FEM natural frequencies
results agree with the test well and the differences between
them all are within 5%, which meets the engineering
requirement. Hence, the calibrated FEM block model is
acceptable to be used in the simulation analysis later on.

5.2 The results of prediction vibration of block

In this section, to show the effect of the crankshaft torsional
vibration on the block structure vibration of diesel engine,
the FEM simulation of block’s vibration is carried out
under the excitation forces mentioned above. The cylinder
force, the crosshead side thrust force and the main bearing
forces are loaded at nodes. The cylinder pressure is loaded
directly on eight fastening bolts which fixed the cylinder
cover to transfer the vibration. For the side thrust of
crosshead, its position and direction is changing with the
crank rotation and it is loaded on the crosshead guide rail.
For the main bearing force, its direction and size is affected
by the rotation of the crankshaft, but its position are
always in the center of the main bearing. Based on the
ANSYS Parametric Design Language in ANSYS, the
position and size of the excitation forces are controlled. The
excitation loading function is shown in Figure 14. The
diesel engine speed is set up 99 r/min. The power is
1224 kW. The max of cylinder pressure is 1.0e7Pa.



Table 4. Comparison between measured vibration results
and not considering additional moment results

Points Test (mm/s) Non-torsional
vibration(mm/s)

Difference (%)

No.1 13.72 3.192 �76.7
No.2 6.134 1.242 �79.7
No.3 9.009 1.965 �78.1
No.4 17.98 4.071 �77.4

Table 5. Comparison between test vibration results and
considering additional moment results

Points Test (mm/s) Coupled-torsional
vibration(mm/s)

Difference (%)

No. 1 13.72 13.34 �2.7
No. 2 6.134 5.967 �2.7
No. 3 9.009 8.883 �1.4
No. 4 17.98 17.43 �3.1

Fig.A.1. Mode shape at 1st order. (a) Test model. (b) Simulated
model.
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In the traditional method, the torsional vibration effect
was not considered in the block vibration prediction. By
considering the additional torque caused by the crankshaft
torsional vibration, the accuracy of the predicted engine
block vibration is improved.

The comparison of the results of Z direction between
test and simulation is shown in Figure 15. The difference of
the amplitude of the sixth order which is the great affected
by torsional vibration is given in Tables 4 and 5.

In the condition of engine speed at 99 rev/min, 1.64Hz
is the 1st order frequency. Other peak frequency (such as
2nd order, 3rd order, 4th order et al.) increase in multiples
of 1.64Hz. Due to this diesel engine with six cylinders, the
main firing frequency is 9.9Hz, where the peak value is
maximumin thewhole spectrum.FromFigure 14, as awhole
comparison with test results, the results show that
considering torsional vibration better than not considered.
The prediction accuracy of the amplitude of the sixth order
(9.9Hz) are greatly improved. The difference of the
amplitude of the firing order is given in Tables 4 and 5.

The results show that for the velocity and the
amplitude of the sixth order, the FEM results agree with
the test results due to the additional moment caused by the
oscillation of the loading position of side thrust. The
differences between traditional method and considering
torsional vibration show that the shaft torsional vibration
does effect greatly on the amplitude of the firing harmonic
frequency.
Fig. A.2. Mode shape at 2nd order. (a) Test model. (b)
Simulated model.
6 Conclusion

In this paper, the effect of the crankshaft torsional
vibration on the engine block vibration was investigated.
Through the simulation and experimental analysis, the
main conclusions can be summarized as follows:
–
 A FEM model of engine block has been established, and
the FEM mode results agree with the test well. It proves
that the calibrated FEM block model is acceptable to be
used in the simulation analysis.
–
 Compared to the traditional method, the additional
moment caused by shaft torsional vibration has been
found on the crosshead, which was not considered in the
simulation before.
–
 By considering the additional moment caused by the
crankshaft torsional vibration, the accuracy of the
predicted engine block vibration is improved. It shows
that the crankshaft torsional vibration has an important
effect on the engine block vibration.

This research was supported by Marine Low-Speed Engine
Project-Phase I and National Natural Science Foundation of
China (Grant No. 51805106).
Appendix

The mode shape of engine block were measured and
simulated separately. For the result of 1st order and 2nd
order as an example which is shown in Figures A1 and A2.
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