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ABSTRACT

With the improvement of the requirements of large ships to ship economy, the coupling dynamics problem
of the ship propulsion shafting is particularly prominent. Theoretical method for propulsion shafting coupled
vibration needs to be solved to improve the reliability of the propulsion shafting and raise the sailing
performance of the ship. This paper mainly studies on the coupled torsional-longitudinal dynamics analytical
theory and numerical simulation of the propulsion shafting. Different kinds of incentives can cause different
kinds of coupling responses. The changes of displacement and rotation angle caused by coupled torsional-
longitudinal vibration of the propulsion shafting is studied by the finite element method. Through
comprehensive analysis for the coupling response of the propulsion shafting under the condition of different
applied loads individually and simultaneously, the research reveals the dynamics mechanism of coupled
torsional-longitudinal vibration and puts forward the theoretical guidance for coupled torsional-longitudinal
vibration of the propulsion shafting.
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1. INTRODUCTION

In the process of the development of shipping industry, the broken shaft accidents caused by
propulsion shafting constant torsion prompted the research of shafting vibration [*1. Holzer put forward
the application on calculation of the free torsional vibration and promoted the development of the
torsional vibration numerical calculation in 1907. Morley proposed a reduced order model method to
control the longitudinal vibration of shafting system in 1910. Dunkerley used modal parameter
identification method and modal synthesis to analyze the whirl vibration of shafting system in 1894.
Although these scholars studied the vibration of shafting propulsion without considering the influence
of the coupling interaction, these theory and methods provided the basis for the study of propulsion
shafting coupled vibration later.

The coupling vibration of propulsion shafting is a frontier topic in the study of ship research in
recent years. The marine main engine acts as the heart of the ship and plays an important role in the
safety and reliability of vessel operating. The propulsion shafting which is the connection between
marine main engine and propeller, it transmits the torque generated by the marine main engine to the
propeller to promote the operation of the ship. The pulsation of the cycle work in marine main engine
and the non-uniformity of propeller working area lead to the exciting force on propulsion shafting is
extremely complex. Shafting vibration will lead to the vibration of the hull girder and superstructure,
which directly affects the performance of the safety of navigation. The compatibility of hull and
propulsion shafting needs to be considered on the basis of the analysis of propulsion shafting structure
characteristics 21,

The vibration forms of propulsion shafting contains torsional vibration, longitudinal vibration,
transverse vibration, whirling vibration and their coupled vibration forms [3-5. Shafting system suffers
the effect by all kinds of different shock and cyclic exciting force in actual operation. Due to the main
exciting force on vibration of propulsion shafting are various, the coupling vibration types of
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propulsion shafting caused by the excitation force are also different. Deformation and vibration will
be produced under the action of excitation. Each point on the shafting generates a response not only
in the direction of the disturbing force but also in the other directions. The mechanics basic for coupled
torsional-longitudinal vibration of the propulsion shafting is that linear displacement coupled with
angular distortion at the same time.

In the study of coupled torsional-longitudinal vibration for propulsion shafting, M G Parsons [®]
started the research early, the research analyzed the coupled torsional and axial vibration caused by
propeller. They concluded that the coupled vibration of the propulsion shafting contains inertia
coupled vibration and damping coupled vibration based on the research of the propeller added with
mass and damping. S M Han "I studied the longitudinal and transverse coupling vibration of beam
structure. They deduced the equations of motion and boundary conditions of nonlinear coupled
equations by Hamilton’s variational principle and solved the non-linear coupled partial differential
equations through finite difference approach. Y Wang [l analyzed the response of coupled torsional-
axial vibration of propulsion shafting combined with seven measured curve. The research showed that
the coupling response trend to increase when the critical speed of the torsional and axial vibration
close or coincide. H T Zhang [ considered the diesel engine by equivalent coupling stiffness, the
propeller by coupled coefficient of equivalent acceleration with water weight and coupled coefficient
of equivalent velocity with water damping. The research established the system matrix method for
propulsion shafting longitudinal and torsional coupled vibration based on discrete system model.

In this paper, the dynamic equations of coupled torsional-longitudinal vibration are presented
respectively. Then the finite element harmonic and transient analysis of a coupled propulsion shafting
system is carried out in ANSYS. The result shows different kinds of coupled vibration performance
of the propulsion shafting with different kinds of exciting force.

2. DESCRIPTION OF THE SYSTEM

The propulsion shafting can equivalent to a cantilever beam modeled as a Timoshenko beam with
a mass payload that its mass center need not be coincident with the centerline of the beam [10-121, Then
the motion equations and corresponding boundary conditions of the system are derived using
Hamilton’s principle. The length of the shafting is denoted by L , A denotes the cross-sectional area, |
denotes the second moment area about the bending axis. The Young’s modulus of the material from
which the propulsion shafting is constructed are respectively denoted by E . The schematic of
propulsion shafting with a mass point is depicted in Figure 1. The main physical dimensions of
propulsion shafting are shown in Table 1.

Figure.1 —The schematic of propulsion shafting

Table 1 — The values of structure parameters

Structure parameters Values
Elasticity modulus (GPa) 2.1
Poisson ratio 0.3
Density (Kg/m3) 7850

Length (m) 54.88
Rotation speed (rpm) 110
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This paper establishes the finite element model of the propulsion shafting with solid unit through
ANSYS. The propeller and its surrounding waters are simulated by mass units. The displacement and
rotation constraints are imposed to the bearing of this model. The coupled constraint is applied to the
propeller of this model. The rotation speed of the shaft system is defined as 110rpm. The finite element
model of propulsion shafting is shown in Figure 2.

AN

ELEMENTS

Figure.2 — The finite element model of propulsion shafting

3. EQUATION OF MOTION

The coupled torsional-longitudinal vibration for propulsion shafting has not yet form a kind of
calculation method. Some scholars followed the law to force the disposal methods for longitudinal
vibration and constructed an equivalent longitudinal force. According to the equal principle of the
longitudinal displacement, the amplitude of equivalent virtual force given by the type F, [*3]:

Fo=K Ay =Ky Ky
where, A, is the axial shrinkage deformation produced by torque T ; ¢, is the relative crank angle
produced by torqueT ; K., is the torsional-longitudinal coupling stiffness; K, is the axial stiffness.

For the coupled axial force caused by torsional vibration, the torsional deformation will cause the
axial shrinkage either forward or reverse. Changes of axial deformation does not vary with the changes
of the distortion direction. The deformation of axial direction changes over the direction of the
distortion. The coupled restoring force is K,,6whend>0. It changes to-K,,6whend<0. And it is

zero when #=0. The coupled axial restoring force F,, caused by torsional vibration is expressed as:
For =San(0) Ky, -0
where, sgn(¢) is a symbol function. The mathematic model of the coupled free vibration can be
expressed as:
16+ K,;0-Sgn(0) K,y - X =0
{mX' +K X =Sgn(0)K,;6=0
According to Maxwell's theory, the equation can be written as matrix form. There appeared a non-
linear stiffness. Two natural frequencies w;,, @, and the modal matrix ¢ of the coupled system can be
obtained according to the basic theory of free vibration.

2 2
w;“:l{ﬁ+&i J[K_K_j +£J
o201 m | m ml

3 1 1
[#1= DI /Sgn(€)k —Sgn(&)k/Dm

2
where D:l ﬁ_&_ ﬁ_& +4_k2
' 2| 1 m | m ml

The frequency oz, =K, /1 and g, = K, /mwhen thek =0. These represent the natural frequency of
torsional vibration and longitudinal vibration without coupling respectively.
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3.1 Longitudinal force is zero, only the exciting torque
Supposing exciting torque isT, sinwt and longitudinal excitation is zero, the motion equation is:

[I OHé}{ K, —Sgn(@)kHH}:{TX sina)t}
0 m][X]| |-Sgn(&)k K, X 0
The steady state solutions caused by exciting torque is:

T, sin ot { k!, miD’ }

2 2 2 2
Wy, — W Wy — O

2 2 2
6001—0) 6002—60

{9} Ik? +mI’D?
x| kDT, sinat[ 1 1 '
San (6@ X
@) o 2

3.2 Exciting torque is zero, only the longitudinal force
Supposing longitudinal force is F, sinet and exciting torque is zero, the motion equation is:

o nlte)soion e il i

The steady state solutions caused by longitudinal force is:

kDF, sin ot 1 1
Sgn( ) 2, 2 2 _ 2 2 _ 2
{9} miD® +k* | oy —®° @y, —o
X F, sin ot { miD? . k? }

mk® +1m’D? | @} —&* @}, — o’

3.3 Longitudinal force and exciting torque at the same time
Supposing exciting torque is T, sinw,tand longitudinal force is F, sinwt, the motion equation is:

o i) somone = e

According to the equation above, its steady state solution can be obtained:

T, sino,t k? mID? kDF sinot| 1 1
2>< 22 2| 2 2t 2 2 +Sgn(0) Xz 2l 2 2 2 _ 2
{9} k°+ml“D° | o, —@w;, @y, - miD* +k* | oy~ o, — @)
X kDT sinw,t| 1 1 F.sinot | mID? k?
Sgn(g) 2 2 2 2 2 2 + 2 212 2 2 + 2 2
miD®+k* | @y —w, @5, -, | MK +1Im°D°| o, —w @y -

It can be seen that the coupled torsional-longitudinal response is the linear superposition of
torsional response and longitudinal response at the same time.

4. DYNAMIC ANALYSIS

The dynamic analysis of coupled torsional-longitudinal vibration for propulsion shafting contains
harmonic response and transient response. Harmonic response analysis is used to determine the
steady-state response of linear structure under the load changing with time. It aims to calculate the
frequency curve of structures under several frequencies. So that designers can predict the dynamic
characteristics of structures and fatigue harmful effects caused by forced vibration. Transient response
analysis is used to determine the displacement or stress response of each point on structure under the
load changing with time. It aims to calculate the displacement or stress curve of structures under
several times. So that designers can predict the ultimate displacement or stress of structures and avoid
failure destruction.

This paper study the coupling response of the propulsion shafting under the condition of different
applied loads individually and simultaneously. First, the torsional response and coupled longitudinal
response are analyzed under exciting torque. Then, the longitudinal response and coupled torsional
response are studied under longitudinal force. Finally, the torsional-longitudinal response under
exciting torque and longitudinal force are analyzed.
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4.1 Response to exciting torque
Supposing the exciting torque T, sinwt =1E4-sin100t N-m . The results in figure 3 is the torsional

response under exciting torque. The critical frequency is 6.9Hz and the ultimate rotation angle is 1.2E-
5rad in torsional vibration.
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Figure.3 — Torsional harmonic and transient response under exciting torque
The results in figure 4 is the coupled longitudinal response under exciting torque. It shows exciting
torque can excite coupled longitudinal displacement response. The critical frequency is 6.9Hz and the
ultimate displacement is 5.5E-9m in coupled longitudinal vibration.
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Figure.4 — Longitudinal harmonic and transient response under exciting torque

4.2 Response to longitudinal force
Supposing the longitudinal force F, sinwt =1E4-sin100t N . The results in figure 5 is the longitudinal

response under longitudinal force. The critical frequency is 4.4Hz and the ultimate displacement is
2.0E-7m in longitudinal vibration.
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Figure.5 — Longitudinal harmonic and transient response under excitation force
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The results in figure 6 is the coupled torsional response under longitudinal force. It shows
longitudinal force can excite coupled rotation angle response. The critical frequency is 6.9Hz and the
ultimate rotation angle is 5.4E-9rad in coupled torsional vibration.
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Figure.6 — Torsional harmonic and transient response under excitation force

4.3 Response to exciting torque and longitudinal force

Supposing the exciting torque T, sinw,t =1E4-sin100t N -mand axial force F, sinwt =1E4-sin100t N . The

results in figure 7 is the torsional response under exciting torque and longitudinal force. The critical
frequency is 6.9Hz and the ultimate rotation angle is 1.2E-5rad.
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Figure.7 — Torsional harmonic and transient response under exciting torque and force

The results in figure is the longitudinal response under exciting torque and longitudinal force. The
critical frequency is 4.4Hz and the ultimate displacement is 2.0E-7m.
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Figure.8 — Longitudinal harmonic and transient response under exciting torque and force
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5. CONCLUSIONS

The dynamic behaviors of coupled torsional-longitudinal vibration for propulsion shafting
subjected to exciting torque and longitudinal force are studied utilizing the finite element method.
The dynamic response spectra orbits of displacement and frequency response for the propulsion
shafting with individual and coupled incentives respectively are discussed in detail. Some conclusions
are obtained as follows:

1) The simulation results show that exciting torque can excite coupled the longitudinal
displacement response and longitudinal force can excite coupled the rotation angle response. It is
necessary to consider the coupled response of the system for propulsion shafting.

2) The numerical calculation showed that the coupled torsional-longitudinal vibration is the sum
of the torsional vibration and longitudinal vibration respectively. It makes good agreement with
theoretical analysis.

ACKNOWLEDGEMENTS

The authors give sincere thanks to the editors and the reviewers for their patient work and
constructive suggestions. This work is supported by the State Key Program Grant of National Natural
Science Foundation of China (No. 51139005).

REFERENCES

1. Y Yang, WY Tang. Optimal design for a VLCC propulsion system based on torsional vibration analysis.
J Procedia Engineering. 2011; 15:5378-5383.

2. J R Banerjee. Explicit modal analysis of an axially loaded Timoshenko beam with bending-torsion
coupling. J Journal of Applied Mechanics. 2000; 67(2):379-401.

3. S M Hashemi, M J Richard. A Dynamic Finite Element (DFE) method for free vibrations of bending-
torsion coupled beams. J Aerospace Science and Technology. 2001; 4(1):41-55.

4. M A Rao, J Srinivas. Coupled torsional-lateral vibration analysis of geared shaft systems using mode
synthesis. J Journal of Sound and Vibration. 2003; 261:359-364.

5. M G Parsons. Mode coupling in torsional and longitudinal shafting vibration. J Marine Technology. 1983;
20(3):257-271.

6. S M Han, Benaroya. Non-linear coupled transverse and axial vibration of a compliant structure, part 1:
formulation and free vibration. J Journal of sound and vibration. 2000; 237(5):837-873.

7. Y Wang, T X Song. Analysis on coupled torsional-axial vibration of ships propulsion shafts. J Ship
Engineering. 1995; 1:33-35.

8. H T Zhang, Z H Zhang. A study on coupled axial and torsional vibration of marine propulsion shafting. J
Shipbuilding of China. 1995; 5:68-76.

9. D Oguamanam. Free vibration of beams with finite mass rigid tip load and flexural-torsional coupling. J
International Journal of Mechanical Sciences. 2003; 45(6-7):963-979.

10.S Hassan, G Mehrdaad. Free vibration of Timoshenko beam with finite mass rigid tip load and flexural-
torsional coupling. J International Journal of Mechanical Sciences. 2006; 48(7):763-779.

11.S M Hashemi, M J Richard. A dynamic finite element (DFE) method for free vibrations of bending torsion
coupled beams. J International Journal of Mechanical Sciences. 2000; 4(7):41-55.

12.X G Song, T X Song. The analysis and calculation of axial vibration caused by torsional vibration caused
by torsional vibration in reciprocating engine shaft systems. Proc. of 4th Intl. Symp on Marine
Engineering Systems, Sweden 1987.

13.B Tang, D X Xue. T Review of studies on coupled vibration of shafting for internal combustion engine.
Proc. of 8th National Vibration Technology and application, Shanghai 2003.

Inter-noise 2014 Page 7 of 7



