
����������
�������

Citation: Tian, Y.; Zhang, C.; Yang, L.;

Ouyang, W.; Zhou, X. Analysis of

Vibration Characteristics of Podded

Propulsor Shafting Based on

Analytical Method. J. Mar. Sci. Eng.

2022, 10, 169. https://doi.org/

10.3390/jmse10020169

Academic Editor: Kourosh Koushan

Received: 27 December 2021

Accepted: 25 January 2022

Published: 27 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Analysis of Vibration Characteristics of Podded Propulsor
Shafting Based on Analytical Method
Yaqi Tian 1,2,3, Cong Zhang 1,3,*, Lei Yang 1,*, Wu Ouyang 1,3 and Xincong Zhou 1,3

1 School of Transportation and Logistics Engineering, Wuhan University of Technology, Wuhan 430063, China;
tianyaqi@whut.edu.cn (Y.T.); ouyangw@whut.edu.cn (W.O.); xczhou@whut.edu.cn (X.Z.)

2 School of Naval Architecture, Ocean and Energy Power Engineering, Wuhan University of Technology,
Wuhan 430063, China

3 National Engineering Research Centre for Water Transport Safety, Wuhan University of Technology,
Wuhan 430063, China

* Correspondence: zhangcong@whut.edu.cn (C.Z.); lei.yang@whut.edu.cn (L.Y.)

Abstract: Podded propulsors are widely used in warships and cruise ships, which have a higher
requirement of vibrational and acoustic design. Therefore, studying vibration characteristics and
the transmission mechanism of podded propulsor shafting is significant for reducing vibration and
ensuring the safe operation of ships. This paper establishes a model of podded propulsor shafting by
analytical method. The shafting is simplified to a heterogeneous variable cross-section beam, while
bearings are seen as springs. The podded propulsor shafting has one radial-thrust hybrid bearing
and one radial bearing. The excitations from the propeller and cabin are considered. The influences of
bearing stiffness, bearing location, and excitation on vibration characteristics of shafting are analyzed.
The main conclusions are as follows: Based on the analysis of the area that resonance frequency is
sensitive to the change of bearing stiffness, the resonance frequencies of the shafting can be adjusted
to the proper range. The large span between hybrid bearing and radial bearing leads to low stiffness
of shafting and low resonances frequencies. Under radial excitations, the low vibration always occurs
at the hybrid bearing, motor shafting, or propeller end of shafting. This research provides theoretical
support for the design and optimization of vibration reduction of podded propulsor shafting.

Keywords: podded propulsor shafting; vibration characteristics; analytical method; radial bearing;
hybrid bearing

1. Introduction

Pod propulsion is a marine electric propulsion system, which has been widely used in
special ships such as icebreakers, warships, and cruise ships in recent years. Connecting
the propeller directly to the motor, the propulsion system is made into a cabin that is
integrally suspended at the stern of the ship, which can rotate 360 degrees to generate
thrust in any direction [1]. Therefore, ships equipped with podded propulsors have better
maneuverability. At the same time, the vibration and noise levels of ships propelled by
pods have also been reduced. This is mainly due to the following reasons: The podded
propulsor is arranged underwater as a whole so that the inflow is more even. Without the
stern shafting, the hydrodynamic performance of the propeller is improved. Moreover,
the motor is directly connected to the propeller, so there is no need to install the reduction
gear [2].

In recent years, pod propulsion technology is gradually matured. Several companies
have successively introduced different series of podded propulsors, such as Azimuthing
Podded Drive (Azipod), Mermaid, Dolphin, Siemens Schottel Propulsor (SSP), etc. Nev-
ertheless, with the requirements of cruise ship comfort [3] and concealment of military
ships [4], many scholars have researched various performances of pod propulsion. The hy-
drodynamic characteristics of various types of podded propulsors under different working
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conditions have attracted the attention of many scholars [5–11]. In addition, Zhao et al. [12]
predicted the self-propulsion performance of a ship model with the double L-shaped
podded propulsor. Lee et al. [13] designed a fin stabilizer of podded propulsor to reduce
cruise ship’s rolling motion. Ghani et al. [14] used the experimental method to study the
influence of the podded propulsor on the ship’s resistance characteristics. Islam et al. [15]
and Akinturk et al. [16] presented a comprehensive experimental study to measure and
analyse various performances of the pod propulsion under different operating conditions,
including thrust and torque of the propeller, three orthogonal forces and moments on the
unit, the rotational speed of the propeller, and azimuth angle. Park et al. [17] presented a
method for estimating the cabin resistance of the podded propulsor, the thrust, and torque
of podded propeller blades under the influence of the cabin resistance was calculated.
However, there are relatively few studies on the dynamic characteristics of the podded
propulsor shafting system. The podded propulsor shafting system, although much shorter
than the conventional shafting system, also has the function of transmitting the power
from the propeller. It also has radial and thrust bearings to connect the propeller and
cabin and transmit different vibrations with a compact form. Its reliability and dynamic
characteristics affect the performance of pod propulsion and ship navigation.

Although the research on the vibration characteristics of ship propulsion shafting has
been around for a long time, most of them are aimed at the shafting of conventional propul-
sion systems. Since Prohl improved the traditional Holzer method into the transmission
matrix approach and applied it to the study of shafting vibration [18], many scholars have
used this method to study vibration characteristics of marine propulsion shafting [19,20].
With the improvement of calculator computing power, the finite element method (FEM) is
widely used in the analysis of shafting vibration characteristics [21–23]. In addition, Song
et al. [24] conducted vibration modeling and experimental measurement on the propulsion
shafting system, and the source of failure for the flexible rubber coupling connecting the
diesel engine with the intermediate shafting was identified. Sun et al. [25] measured the
transverse vibration of marine propulsion shafting system by gap-sensors, an accurate way
for assessment of the natural frequency of transverse vibration was suggested.

Compared with the above numerical method and experimental method, the analytical
method has the advantages of short calculation time and clear physical meaning. Some
scholars also apply the analytical method to vibration analysis of marine propulsion
shafting. Xu et al. [26] established an analytical model of the drive shafting, and the
vibration characteristics of the shafting system under support structure deformation were
investigated. In our previous work, an analytical model of shafting including propeller
was established, and the vibration characteristics of the shafting system under excitation of
hull’s deformation were analyzed [27].

However, in the previous work, the shafting was simplified to a homogeneous beam
with a uniform cross-section. Although the shafting of the podded propulsor is shorter
than the traditional diesel engine propulsion system, it has the characteristics of integrated
bearing and compact internal structure. In addition, the materials and diameters of each
section of the podded propulsor shafting system are quite different. Therefore, in this paper,
the relevant methods are extended and applied to the research on vibration characteristics
of the podded propulsor shafting system. The shafting of the podded propulsor is regarded
as a heterogeneous variable cross-section beam.

Based on existing literature, this paper proposes an analytical algorithm for the vibra-
tion of the podded propulsor shafting system. The dynamic model of the podded propulsor
shafting system was constructed. The continuous conditions and boundary conditions are
given. When the podded propulsor was sailing, the propeller was in an uneven flow field,
which generated periodic excitations to the shafting. At the same time, the cabin of the
podded propulsor was excited by the pulsating pressure of the propeller and waves. This
excitation from the cabin could also be transmitted to propulsion shafting through bearings.
Therefore, both the excitation of the propeller and the excitation applied to the bearings
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are considered. The effects of bearing stiffness, bearing location, and excitations on the
vibration characteristics of the podded propulsor shafting were analyzed, respectively.

2. Materials and Methods
2.1. Model of the Podded Propulsor Shafting System

As shown in Figure 1, the podded propulsor shafting system consists of the propeller,
motor shafting, exciter shafting, radial bearing, and hybrid bearing composed of a radial
roller bearing and a sliding thrust bearing. It can be seen from Figure 1 that the shafting of
the podded propulsor is obviously different from the shafting of a traditional diesel engine
propulsion system. Firstly, the pod propulsion connects the propeller directly to the driving
motor, so the shafting is relatively short. After that, the diameter of the motor shafting
and exciter shafting is much larger than the other shafting segments. In addition, there
are also differences in materials of the shafting sections (the material of the motor shafting
and the exciter shafting is silicon steel; the material of the other shafting sections is carbon
steel). Therefore, the podded propulsor shafting system is regarded as a heterogeneous
variable cross-section beam. In the modeling and calculation method research, the propeller
is simplified to a lumped mass with the moment of inertia. The bearing is simplified to the
spring structure. The propeller end of the shafting is defined as the driving end, while the
other end of the shafting is defined as the non-driving end.
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2.2. Motion Equations of Shafting System

In the calculation of shafting transverse vibration, the effect of shear deformation
and the rotation of the section about the neutral axis is neglected. Thereby the shafting
is simplified to the Euler–Bernoulli beam. When the beam vibrates transversely in the
plane of symmetry, the axis of the beam has only transverse displacement y(x, t). Assume
that the elastic modulus and material density of the i-th (i = 1, 2, . . . , n) section of the
shafting are Ei and ρi, the sectional area and quadratic moment of the cross-section are Ai
and Ii, respectively. The motion equation of transverse free vibration for podded propulsor
shafting based on Euler–Bernoulli theory is specified as [28].

Ei Ii
∂4y(x, t)

∂x4 + ρi Ai
∂2y(x, t)

∂t2 = 0 (1)

Separate the solution of the transverse vibration equation into variables

y(x, t) = φt(x)qt(t) (2)

where φt(x) denotes the modal function, and qt(t) is the generalized coordinate. Substitute
the above equation into Equation (1) to get
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..
qt(t)
qt(t)

= −Ei Iiφ
′′′′
t (x)

ρi Aiφt(x)
(3)

where the dot mark and the apostrophe represent the derivative with respect to time t and
coordinate x, respectively. Set the above equation to −ω2. The parameter ω can represent
the circular frequency. Two linear ordinary differential equations can be gained as

..
qt(t) + ω2qt(t) = 0 (4)

φ
(4)
t (x)− α4φt(x) = 0 (5)

where the parameter α is

α = 4

√
ρi Aiω2

Ei Ii
(6)

The solution of Equation (5) determines the modal function of shafting transverse
vibration. Its general solution form is

φt(x) = B1 cos(αx) + B2 sin(αx) + B3 cosh(αx) + B4sinh(αx) (7)

the integral constants B1, B2, B3 and B4 can be determined by the transverse continuous
conditions and boundary conditions of the shafting.

It is assumed that each cross-section of the shafting system remains flat during the
longitudinal vibration process, and the lateral deformation caused by longitudinal vibration
is ignored. Set the displacement of the axis at any coordinate x as u(x, t). Then the
longitudinal vibration dynamic equation of the shafting is

ρi Ai
∂2u(x, t)

∂t2 − AiEi
∂2u(x, t)

∂x2 = 0 (8)

The solution of Equation (8) can be obtained by separation of variables

u(x, t) = φl(x)ql(t) (9)

Substituting this equation into Equation (8) gives

..
ql(t)
ql(t)

= −
Eiφ

′′
l (x)

ρiφl(x)
(10)

Set the above equation to −ω2 can get two linear ordinary differential equations

..
ql(t) + ω2ql(t) = 0 (11)

φ
′′
l (x) + β2φl(x) = 0 (12)

in which

β =

√
ρiω2

Ei
(13)

The shape of shafting longitudinal vibration is determined by the solution of Equa-
tion (11), whose general form is

φl(x) = C1 sin βx + C2 cos βx (14)

where the integral constant C1 and C2 are determined by the longitudinal boundary and
continuous conditions of the shafting.
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2.3. Continuity Conditions and Boundary Conditions

As shown in Figure 1, the podded propulsor shafting system is divided into several
sections due to different sectional areas, materials, or the supporting role of bearings. The
transverse continuity conditions between the shafting sections in terms of displacement,
rotating angle, bending moment and shear force can be written as [27]

yi(li, t)− yi+1(0, t) = 0 (15)

∂yi(li, t)
∂x

− ∂yi+1(0, t)
∂x

= 0 (16)

Ei Ii
∂2yi(li, t)

∂x2 − Ei+1 Ii+1
∂2yi+1(0, t)

∂x2 = 0 (17)

Ei Ii
∂3yi(li, t)

∂x3 − Ei+1 Ii+1
∂3yi+1(0, t)

∂x3 = 0 (18)

At the junction of radial bearing, the Equation (18) of continuous condition turns to

Ei Ii
∂3yi(li, t)

∂x3 − Ei+1 Ii+1
∂3yi+1(0, t)

∂x3 = Siyi+1(0, t) (19)

where S is the radial stiffness of the bearing.
Similarly, the longitudinal continuity conditions between the shafting sections in terms

of displacement and force can be written as

ui(li, t)− ui+1(0, t) = 0 (20)

Ei Ai
∂ui(li, t)

∂x
− Ei+1 Ai+1

∂ui+1(0, t)
∂x

= 0 (21)

When the thrust bearing is considered, Equation (21) becomes

Ei Ai
∂ui(li, t)

∂x
− Ei+1 Ai+1

∂ui+1(0, t)
∂x

= −Kiui+1(0, t) (22)

where K is the axial stiffness of the thrust bearing.
The boundary conditions of transverse vibration of the shafting are established in this

part. The non-driving end of the podded propulsor is regarded as the free boundary. That
is, the bending moment and shear force are equal to zero as follows:

En In
∂2y(l, t)

∂x2 = 0 (23)

En In
∂3y(l, t)

∂x3 = 0 (24)

At the driving end of the shafting, the propeller can be regarded as a lumped mass
with the moment of inertia. The translational and rotary inertial force components caused
by the propeller are

Fp = m
∂2u(x, t)

∂t2 (25)

Mp = j
∂

∂x

[
∂2u(x, t)

∂t2

]
(26)

Therefore, the transverse boundary conditions of the driving end of the shafting can
be expressed as

E1 I1
∂2y(0, t)

∂x2 = −ω2 ∂y(0, t)
∂x

j (27)
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E1 I1
∂3y(0, t)

∂x3 = −ω2∂y(0, t)m (28)

where j is the moment of inertia, m is the total mass of the propeller considering the
entrained water effect. The entrained water mass of the propeller can be expressed as

mw =

[
χ

(
1 + 1.66

H
D

)
+ 0.083

H
D

]
7.85− Nb

4.85
m0 (29)

where m0 is the mass of the propeller, Nb is the number of propeller blades, and H/D is
the pitch ratio. χ is a parameter determined by the propeller disc area ratio θ

χ =

{
0.08θ + 0.05, θ ≤ 1.0
0.40θ − 0.27, θ > 1.0

(30)

Similarly, longitudinal vibration boundary conditions of the driving end and the
non-driving end can be established as:

E1 A1
∂u(0, t)

∂x
= mω2u(0, t) (31)

En An
∂u(l, t)

∂x
= 0 (32)

2.4. Force Excitation

The main excitation of the podded propulsor shafting system is from propeller running
and the force of the cabin. The Dirac function δ is used to express the excitation of the
shafting at the bearing and propeller as:

Fi = Faiδ(x− xi)φ(x) (33)

where Fai is the amplitude of the excitation force, xi is the coordinate of the excitation
position.

Since the excitation from the propeller and waves applied to the cabin is mainly
transmitted to the shafting through radial bearings, only the radial excitation on the bearing
is considered. This excitation applied to the bearing can be added to the shear continuity
condition of transverse vibration. Thus, Equation (19) becomes

Ei Ii
∂3yi(li, t)

∂x3 − Ei+1 Ii+1
∂3yi+1(0, t)

∂x3 − Siyi+1(0, t) = Fai (34)

In addition, propeller excitation can be added to the transverse and longitudinal
boundary conditions as

E1 I1
∂3y(0, t)

∂x3 + ω2∂y(0, t)m = Fai (35)

E1 A1
∂u(0, t)

∂x
−ω2u(0, t)m = Fai (36)

3. Results and Discussion
3.1. Calculation Model

In this paper, a certain type of podded propulsor shafting system is used as the
calculation model. The shafting system is divided into seven sections, and the diameter
and location of each section are shown in Figure 2. The material of the motor shafting and
the exciter shafting is silicon steel with the density of 7800 kg/m3 and elastic modulus of
2× 1011 Pa. The material of the other shafting sections is carbon steel, whose density and
elastic modulus are 7833.41 kg/m3 and 1.99× 1011 Pa, respectively. A radial roller bearing
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is arranged on the driving end of the podded propulsor shafting system. A hybrid bearing,
which includes a radial roller bearing and a sliding thrust bearing, is arranged on the non-
driving end. The stiffness of the radial bearing is 2.509× 109 N/m. The radial stiffness and
axial stiffness of the hybrid bearing are 1.438× 1010 N/m and 4.801× 109 N/m, respectively.
The total mass of the propeller considering the entrained water effect is 30,072.8 kg, and the
moment of inertia is 121,838 kg·m2. Take the axle center of the podded propulsor shafting
system when it is not deformed as the x−axis, the direction perpendicular to the x−axis as
the y−axis to establish a coordinate system. The radial (F1) and axial (F4) excitations of the
propeller and the radial excitations (F2, F3) transmitted to the shafting through the bearing
are considered. The amplitudes of all excitations are 1 N.
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3.2. Method Verification

In order to verify the correctness of the analytical method used in this paper, the
shafting model of the podded propulsor is established by finite element software ANSYS
Workbench®. The bearing is simulated by COMBIN14 elements, and the lower end is set to
be fully constrained; that is, the bearing and the cabin are regarded as a rigid connection.
The MASS21 elements were added to the driving end of the shafting to simulate the
moment of inertia and mass of the propeller. Radial unit forces F1, F2 and F3 are applied
at the same time. The transverse vibration response at x = 0 m is taken and compared
with the analytical method. It can be seen from Figure 3 that the vibration response trend
of the analytical method and FEM are basically same. The resonance frequencies and
amplitudes gained from the analytical method have a certain deviation from the FEM. This
is mainly due to the Euler–Bernoulli beam theory, which is the basis of the analysis method,
only considers bending deformation in the transverse vibration analysis. In addition, the
division and density of mesh in the FEM also have an influence on the calculation results.
In general, the comparison results of the two methods are within an acceptable range. It
shows that the analytical method used in this paper is correct to establish the podded
propulsor shafting model and perform vibration analysis.
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3.3. Influence of Bearing Stiffness on Vibration Characteristics

The impact of bearing stiffness on vibration characteristics of the podded propulsor
shafting system is investigated in this section. The frequency response of the podded
propulsor shafting under different radial stiffness of bearings are compared in Figure 4.
Here the stiffnesses of the two radial bearings are considered to be equal, and the radial
excitations are set at the propeller (F1) and bearings (F2, F3) for the analysis of transverse
vibration. It can be seen from Figure 4, the resonance frequency of each order increases
as the radial stiffness of bearings increases. Moreover, there is a sensitive area where
the growth of each order resonance frequency is significantly rapid with the increase of
the bearing stiffness. Taking the second-order resonance as an example, when bearing
radial stiffness is less than 1.0× 108 N/m, the resonance frequency increases very slowly,
indicating that the stiffness is small and the supporting effect of the bearings on the shafting
system is weak. When the bearing stiffness is between 1.0× 108 N/m and 1.0× 1010 N/m,
the resonance frequency has greater sensitivity to the change of bearings radial stiffness.
When the radial stiffness of bearings is greater than 1.0× 1010 N/m, the influence of radial
stiffness on resonance frequency becomes negligible, where it can be considered as a rigid
support area.
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In order to make it clear, the vibration response curves of the shafting system under
four different radial stiffnesses are shown in Figure 5. When bearings stiffnesses are
1.0× 109 N/m, 1.0× 1011 N/m and 1.0× 1013 N/m, the first-order resonance frequencies
are similar. This is because these three stiffness values have crossed the “sensitive area”
of first-order resonance. Meanwhile, it can be observed that the two vibration response
curves with stiffness 1.0× 1011 N/m and 1.0× 1013 N/m coincide. It means that when the
stiffness of bearings is higher than that in the “sensitive area”, bearings can be considered
as rigid supports.
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The influence of axial stiffness of hybrid bearing on longitudinal vibration is presented
in Figure 6, where the axial excitation on the propeller (F4) is considered. Similar to the
transverse vibration, there is also an area in the longitudinal vibration where the resonance
frequency has greater sensitivity to the bearing stiffness. However, it is shown that the
first resonance frequency goes from 3 Hz to 143 Hz within the axial stiffness changing
from 1.0× 107 N/m to 1.0× 1012 N/m, which indicates that the resonance frequencies of
longitudinal vibration change more sharply under different axial bearing stiffnesses than
that of transverse vibration.
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order of the resonance.
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It can be seen from Figures 4 and 6 that when the stiffness of the bearing is relatively
small, the resonance frequencies of the transverse and longitudinal vibrations fall into the
range of the wave frequency and the propeller blade frequency, which leads to the easy
occurrence of resonance and threatens the safety of the shafting. Where the main energy of
sea waves is in the frequency range below 10 Hz [29], the propeller blade frequency fb is
determined by the number of revolutions per second of the shafting nr and the number of
propeller blades Nb, fb = Nbnr. In addition, the stiffness of the bearing cannot be selected
too large to avoid shafting and the cabin tend to rigid connection, resulting in excitation on
the cabin being more easily transmitted to the shafting through bearings, thus aggravating
shafting vibration. Therefore, in the design stage of the podded propulsor, the stiffness of
the bearing can be adjusted in the sensitive area to avoid resonance and reduce vibration of
the shafting.

Furthermore, it can also be concluded by comparing these two forms of vibration that
the longitudinal vibration has less resonance in the low-frequency range than transverse
vibration. That is, the transverse vibration of the podded propulsor shafting is more
obvious in the low-frequency range.

3.4. Influence of Bearing Locations on Vibration Characteristics

In the dynamic model of the podded propulsor shafting established in this paper, the
change of the radial bearing position mainly affects the transverse vibration of the shafting.
So only the transverse vibration characteristics of the podded propulsor shafting under
different bearing locations are analyzed in the present section. Unit radial forces are applied
simultaneously at the propeller (F1) and bearings (F2, F3).

The transverse vibration of the podded propulsor shafting with hybrid bearing at
different locations is shown in Figure 7. When the location of the hybrid bearing is close
to the non-driving end of the podded propulsor shafting system (x = 8.505 m, as shown
in Figure 2), the frequencies of the first two order resonance decreases. This is mainly
because the main mass of the podded propulsor shafting system is concentrated on the
motor shafting between the hybrid bearing and the radial bearing. As the hybrid bearing
approaches the non-driving end of the shafting, the span between the hybrid bearing and
radial bearing becomes large, which causes the stiffness of the podded propulsor shafting
to decrease. Thereby the first two resonances move to the lower frequencies. The change of
the radial bearing position has a similar effect on the transverse vibration characteristics
of the podded propulsor shafting, as seen in Figure 8. When the location of the radial
bearing gradually approaches the driving end of the podded propulsor shafting (x = 0 m,
as shown in Figure 2), the frequencies of each resonant peak get small. In a word, when
bearings of the podded propulsor are close to the end of the shafting, the frequency of the
first few transverse resonances may reduce to the range of the propeller blade frequency,
which may cause resonance and seriously affect the safety of the shafting operation.
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3.5. Influence of Excitation Location on Vibration Characteristics

Among the considered four excitations, as shown in Figure 2, F1, F2 and F3 are all
radial excitations, set on the propeller, radial bearing, and hybrid bearing, respectively.
Thus, the influence of the excitation location on the transverse vibration characteristics of
the podded propulsor shafting system is analyzed in this section. All three excitations are
considered as unit forces. In order to compare the vibration level of the entire shafting
under different excitations more intuitively, the vibration is described as

Overall vibration level(dB) = 20lg

√
∑ a2

k

a0
(k = 1, 2, 3 . . .) (37)

where ak is the vibration displacement amplitude of each corresponding frequency. a0 is
the reference value, for displacement a0 = 10−12(m).

It can be seen from Figure 9 that the vibration response curve under excitation of
propeller (F1) has the lowest vibration at the hybrid bearing. This is mainly due to the
hybrid bearing being far from the excitation and having high stiffness. When the excitation
is applied to the radial bearing (F2), there is also a low vibration near the hybrid bearing.
In addition, the vibration response of F2 is low at the driving end of the shafting system
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and the motor shafting part. The low vibration at the driving end of the shafting is due to
the suppression of vibration by the inertial resistance of the propeller. The reason for the
low vibration of the motor shafting is that the large diameter has greater stiffness and mass,
resulting in a strong ability to resist deformation. For the case under excitation at hybrid
bearing (F3), similarly to the case for F2, the low vibration occurs at the hybrid bearing,
motor shafting, and driving end of the shafting. However, since F3 is applied to the hybrid
bearing, the vibration response drops relatively small near the hybrid bearing.
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4. Conclusions

An analytical algorithm for treating the podded propulsor shafting system as a non-
homogeneous variable-section beam is proposed in this paper. Continuity conditions are
established between the segments of the shafting system. Boundary conditions are given
for the propeller end and the free end, respectively. The vibration characteristics of the
podded propulsor shafting system under excitation of propeller and excitation transmitted
through bearings are analyzed. The main conclusions are as follows:

1. There is an area where resonance frequencies of shafting are very sensitive to the
change of bearings stiffness. According to this analysis, the resonance frequencies
of the shafting system can be adjusted to the proper range by changing the bearing
stiffness in the sensitive area.

2. Since the axial stiffness of the podded propulsor shafting system is relatively large,
the longitudinal vibration has less resonance peaks in the low-frequency range than
transverse vibration. Thus, the transverse vibration of the shafting system is more
obvious than the longitudinal vibration in the low-frequency range.

3. When the span of the bearing supports increase, the stiffness of the shafting and the
frequencies of low-order transverse resonance decrease. As a result, the frequency
of the first few transverse resonances may reduce to the range of the propeller blade
frequency, which seriously endangers the operating safety of the podded propulsor.

4. Under the radial excitations, the low vibration always occurs at the hybrid bearing,
motor shafting, or propeller end. For the case under excitation of propeller (F1),
the lowest vibration is at the hybrid bearing, as it is far from the excitation and has
high stiffness. However, for the case under excitation at hybrid bearing (F3), the
lowest vibration occurs at the propeller end (due to the propeller mass) and the motor
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shafting (due to its great mass and stiffness). For the case under excitation at radial
bearing (F2), as the excitation is at the middle part, all these three parts have similar
low vibrations.
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