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Ship’s propulsion shafting is one of the main sources of ship vibration and noise. The shafting, whirling vibrations, and alignment
are important factors that affect the comfort, stability, and reliability during a ship’s navigation. However, the mechanism of the
interacting of the both factors is not fully revealed. In this paper, the effect of shafting alignment on whirling vibration and the
bearing temperature response is studied by experiment. The test scheme is designed reasonably according to the theoretical
analysis. The results show that the horizontal component of the shafting whirling vibration can be effectively reduced by adjusting
the shafting alignment state while the vertical component is not. The shafting axis balancing position (SABP) slightly moves
upward in high speed, which should be considered in the dynamic alignment design of the shafting, especially for the high-speed
shafting. Little ABSB (the angle between the shafting centre line and the No. 1 bearing centre line) is beneficial to the stable
operation of shafting, while appropriately increasing the ABSB and bearing load is beneficial to reducing the shafting whirling
vibration. By balancing the relationship between bearing load and ABSB, the performance of whirling vibration and bearing

temperature response can be optimized.

1. Introduction

As an important part of the ship power plant, propulsion
shafting is one of the main excitation sources of ship vi-
bration and noise. Nowadays, the improvement of the
comfort requirements makes the vibration and noise re-
duction works attract much attention in the field of ship
construction. It is especially important for super large luxury
cruise ships and other passenger ships. When the ship is
sailing, shafting alignment and the bearing supporting
condition will be greatly affected by the dynamic factors such
as hull deflection and hydrodynamic which will greatly affect
the shafting vibration performance. However, the mecha-
nism of the interacting of these factors is not fully revealed.
The effect of dynamic factors such as dynamic shafting

alignment and vibration performance has been paid in-
creasing attention.

Massive research work has been carried on to propulsion
shafting alignment and whirling vibration. The study on
shafting alignment mainly focused on factors such as hull
deformation and bearing supporting performance to im-
prove the reliability of shafting operation [1-5]. The in-
vestigation on shafting whirling vibration is relatively
diverse. The effects of cracked shaft, gyroscopic effect, and
material properties on the shafting whirling vibration and
the latest measurement methods are analysed [6-10]. Many
researchers also made their works combining the shafting
alignment and whirling vibration together. Xu et al. de-
veloped a novel model of a hydraulic turbine generator
system considering the hydro-mechanical-electrical factors
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[11]. Huang et al. proposed a nonlinear numerical model to
investigate the coupled transverse-torsional vibrations when
shafting rotating. They found that the natural frequencies are
little affected by speed, load, and so on [12, 13]. Wang and
Jiang derived and solved the differential equations of the
dual-rotor system with unbalance-misalignment coupling
faults numerically and verified the dynamic model by ex-
periment [14]. Hujare and Karnik presented the effect of
parallel misalignment of Al shaft rotor on its vibration re-
sponse by experimental and numerical analysis. They found
that the 1X, 2X, and 3X characteristic frequencies have
maximum values of vibration amplitude [15]. Tuckmantel
and Cavalca established the shaft misalignment model and
got the harmonic components rising due to misalignment
and verified it by test. They proposed the effect of coupling
angular misalignment on the harmonic components of vi-
bration and the orbit shapes of the shafting [16]. Sawalhi
et al. adapted finite element simulations and designed ex-
periments to study the method of vibration modelling and
diagnosis of misalignment beyond traditional approaches
[17]. However, these works are mainly focused on the field of
fault diagnosis. Li et al. found that the vibration charac-
teristics of the shafting with angle misalignment have strong
nonlinearity [18]. Patel and Darpe investigated the vibration
response of a rotor with a misaligned flange by using the
method of finite element analysis and experiment. Their
research showed that the misaligned flange has a remarkable
effect on the torsion vibration and transverse vibration of the
shafting system [19]. Yang Guodong investigated the in-
fluence of alignment on the shafting vibration by analysing
the bearing lubrication characteristics [20]. Lai et al. opti-
mized the alignment state and inherent vibration charac-
teristics of a motor drive propulsion shafting by adjusting
the bearing offset and presented the optimization weight
coefficient [21, 22]. Yang-Yang and Jun found that adopting
the shafting alignment scheme according to the bearing load
can suppress the vibration transmission at some peak fre-
quency points [23]. Although these studies have drawn some
related conclusions, the influence law of marine propulsion
shafting alignment on shafting vibration has not been
revealed.

According to the aforementioned research, compre-
hensive studies on the combination of shafting alignment
and vibration are seldom used in ship design and con-
struction production practically. In this work, the finite
element method (FEM) model of the test rig shafting
designed by Wuhan University of Technology (WUT) is
built. The shafting alignment and whirling vibration char-
acteristic was analysed by FEM. Combined with the cal-
culation results, the initial alignment state of the shafting was
determined by experiments. Then, a reasonable experi-
mental analysis scheme is designed, and the effect of
alignment state of shafting on whirling vibration response is
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investigated. The results show that the whirling vibration can
be effectively reduced by adjusting the shafting alignment
state. The displacement of the SABP should be considered
during shafting alignment design, especially for the high-
speed shafting. The reduction of ABSB decreases the
whirling vibration.

The innovation of this work comes in 3 aspects: (1) the
effect of shafting alignment on vibration is studied experi-
mentally from the view of the actual ship shafting instal-
lation; (2) some influence laws of shafting alignment on
whirling vibration are revealed from the actual shafting
response phenomenon, and (3) it is founded that the
shafting whirling vibration can be effectively reduced by
adjusting the shafting state reasonably.

2. Shafting Models

In this section, the structure and parameters of the test rig for
shafting alignment and whirling vibration investigation
designed by WUT are introduced. The shafting is supported
by three bearings and driven by an electric motor, which will
reduce the influence of the driving element. The actual ship
propulsion shafting is simulated by the weight disk on the
shaft according to the theory analysis. The actual structure of
the test rig is shown in Figure 1, and the main parameters of
the shafting are listed in Table 1.

3. Theoretical Basis and Experiment Design

In this section, the shafting alignment and whirling vibration
characteristic were analysed by FEM. Combined with the
analysis results, the shafting initial alignment state was
determined by experiments. Then, a reasonable experi-
mental analysis scheme is designed.

3.1. Shafting Alignment. The shafting model of the test rig
was established using beam element by the finite element
method. Each bearing was simplified into two equivalent
springs in horizontal and vertical directions with an iso-
tropic stiffness value of 5x10° N/m [21]. The shear vector
{Q}° and deformation vector {8}° of each element are as
follows:

Q) =(QQ))" =(T, M, T, M)
(8] =(8,85)" = (10,¥,8;)"

where T, M, Y, and 0 are the shear, bending moment, vertical
displacement, and the angle around the axis of node i and j,
respectively. The relationship between force and deforma-
tion is shown in equation (2). The stiffness matrix is as
shown in formula (3).

(1)
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FIGURE 1: Actual structure diagram of the test rig.
TaBLE 1: Main parameters of the test rig.
Parts Parameters Value
Rated power 5kW
Electromotor Speed 0~2500 r/min
Rated torque 15N-m
Length 2020 mm
Shat Diameter 35mm
Weight disc
1 . 5kg
) Weight 25kg
{Q =K., (2)
ro12 6 12 ]
PP PP
6 4+¢ 6 2-¢
r ] P
EI 12E1
K, = i s ,  where,¢ = ——, (3)
Tl 12 e 12 6 GSl
A & P
6 2-¢ 6 4+¢
L P ! P
(M]{ii} + ([G] + [CD{u} + ([K] - [Kc]){u} ={F(5)},  (4)

where E and G are the elastic modulus and shear elastic
modulus, I is the inertia moment to x axis, S is the cross-
sectional area, and [ is the beam element length. The stiffness
matrix K of the shafting can be obtained from the reas-
sembling of the stiffness matrix. The relationship between
shafting deformation & and the load R on it can be expressed
by R=K§. The FEM model of the shafting and the deflection
diagram when the displacement value is 0.2 mm is shown in
Figure 2.

3.2. Whirling Vibration. The dynamic equation of shafting
whirling vibration considering gyroscopic effect is as follows:

where [M], [G], [C], [K], and [K_] are the mass, gyroscopic,
damping, stiffness matrices, and rotating damping matrix
and {F} is the external force vector. The gravity, unbalanced
force, and the bearing force [24] are included in the exciting
matrix {F(t)} as follows:

{F(t)} = G+F, + Fy. (5)
The unbalanced force can be expressed as follows:
F, = myew’. (6)

The bearing support force Fy can be obtained by the
shafting alignment analysis.
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FiGUure 2: The FEM model and the deflection diagram when the no. 1 bearing offset is 0.2 mm.

The dynamic equation considering the shafting align-
ment can be expressed as follows:

IM]{ii} + ([G] + [C]){u} + ([K] - [K]){u} = G + myew® + By, (7)

3.3. System Analysis and Experiment Design. The shafting
system was analysed according to theory of shafting
alignment and whirling vibration [25]. The relationship
between the load and offset of each bearing is shown in
Figure 3 while the angle between the shafting centre line and
the No. 1 bearing centre line (ABSB) in each analysis
condition is also shown in Figure 3. The load of No. 1 bearing
was tested when its offset was 1 mm by using the jacking up
method. The tested result shows that the load of No. 1
bearing is 0.38 kN when its offset is 1 mm. Combined with
Figure 3, it can be concluded that the actual offset value is
about —0.4 mm when the tested offset value of No. 1 bearing
is 0 mm. The shafting alignment calculated results will also
be used in the analysis of experimental results. The whirling
vibration Campbell diagram of the shafting under gravity
and bearing support is shown in Figure 4. According to
Figure 4, the first- and second-order natural frequencies of
the shafting whirling vibration are 46.23 Hz and 59.91 Hz,
respectively, which are much higher than the highest ro-
tation frequency of the shafting. This result even does not
change when the rotation effect of the shaft and the gyro
effect are considered. Thus, the resonance phenomenon is
omitted, and only the whirling vibration response is
considered.

It can be inferred from Figure 3 that when the offset
value of No. 1 bearing is set to 0.2~1.0 mm, the actual
bearing offset value is —0.2~0.6 mm. When the test offset
value is 0.2 mm, the load distribution of each bearing is the
most balanced. So, the test offset value of No. 1 bearing is
set to 0.2, 0.4, 0.6, 0.8, and 1.0 mm by setting a standard
thickness gasket between the bearing and the base plate.
The rotation speed was set to 30 r/min-500 r/min according
to the general rotation speed of ship propulsion shafting
driven by low-speed engine and middle-speed engines. The
Eddy current sensor was chosen to collect the data of the
whirling vibration. By comprehensively considering the
sensor installation requirements, the measuring point was
set at 10 cm after No. 1 bearing. For the convenience of data
processing, a hall sensor and a magnet are used to set a
phase marker on the axis. The sampling rate is set at 256 Hz.
As an important parameter of shafting alignment
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FI1GURe 3: Diagram of shafting alignment and initial state analysis.
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FIGURE 4: Whirling vibration Campbell diagram.

monitoring, the bearing temperature is tested by using the
infrared thermometer. In each operating condition, the
bearing temperature is tested for three times, and the
average value is taken as the final result. The installation of
the sensors is shown in Figure 5.
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FI1GURE 5: Diagram of sensor installation.

4. Results and Discussion

Two eddy current sensors are installed perpendicularly to
obtain the vertical and horizontal vibration data, and 90 s
data were collected for each operation condition. Figure 6
shows the collected vibration data in vertical and horizontal
direction when the No. 1 bearing offset was 1 mm. The tested
data in 5s are presented.

An obvious 2X harmonic extra peak caused by the
vertical bending of shafting in the vertical direction was
observed [20]. The time domain waveform feature shows
that the shaft was in good consistent with the actual in-
stallation of ship shafting.

4.1. Effect on Whirling Vibration Response. Spectral analysis
was performed, and the amplitude-frequency diagram when
the tested No. 1 bearing offset is 0.8 mm is shown in Figure 7.
The frequency of the main peak values was closely related to
the rotation speed. As a result, order spectra analysis was
adopted. The amplitude-frequency diagram can be con-
verted to the order spectra diagram by periodic sampling by
setting the magnet and hall sensor as a cycle marker during
the testing. The order spectrum diagram is shown in Fig-
ure 8, and the harmonic data are obtained.

As can be seen from Figures 7 and 8, when the tested No.
1 bearing offset is 0.8 mm, the highest amplitude of the 1X
harmonic is 1.16 x 10> mm in the vertical direction and
1.80 x 10> mm in horizontal direction while the highest
amplitude of the 2X harmonic is 1.10x10">mm in the
vertical direction and 0.70 x 10>mm in horizontal direc-
tion. The amplitude of the 1X harmonic was almost equal to
2X harmonic in the vertical direction, which is quite dif-
ferent from the horizontal direction. This is because the
shafting system presents a curved state in the vertical di-
rection according to the theory of the reasonable alignment
method. The 1X harmonic vibration amplitude in the
horizontal direction is much higher than that in the vertical
direction.

The values of first 4 harmonic data in the vertical (V) and
horizontal (H) (V/H-n-x) of all cases from the order
spectrum are taken for analysis. The peak-peak values (pp) in

the time domain of each case are also presented, as shown in
Figure 9.

As shown in the peak-peak values in Figure 9, with the
rising of No. 1 bearing’s location, the whirling vibration
peak-peak values in the vertical direction slightly increase.
The maximum increment was 7.6x10°mm from
4.29 x 10~ mm when the bearing offset was 0.4 mm in 60 1/
min to 5.05x 10">mm when the bearing offset was 0.8 mm
in 400 r/min. While in the horizontal direction, the incre-
ment is 5.38 times larger than that in the horizontal di-
rection. In the horizontal direction, the maximum
increment value was 4.09x107>mm from 4.15x 10> mm
when the bearing offset was 0.8mm in 30r/min to
8.24 x 10> mm when the bearing offset was 1.0 mm in 500 r/
min. There was an obvious low amplitude point in each
rotation speed condition when the No. 1 bearing offset was
0.8 mm. From the harmonic data in Figure 9, the 1X am-
plitude contributed the most in the horizontal direction, and
the harmonic amplitude decreased at 0.8 mm. This indicated
that the shafting whirling vibrational response in the hor-
izontal direction was effectively reduced when the test offset
was 0.8 mm without obvious affect in vertical direction.
Figure 10 shows the root mean square (RMS) values of
whirling vibration changes with the rotation speed in dif-
ferent bearing offset conditions.

In general, the whirling vibration amplitude increases
with the increase in rotation speed in both vertical direction
and horizontal direction. However, the influence of rotation
speed on the amplitude response in the vertical direction was
much less than that in the horizontal direction. During the
test, the RMS value in the vertical direction is changed from
0.028 mm in 60 r/min when the bearing offset is 0.4 mm to
0.036 mm in 400 r/min when the bearing offset is 1.0 mm
with the increase in 0.008 mm. However, the maximum
change of RMS value in the horizontal direction is 0.029 mm.
When the bearing offset is 0.8 mm, the difference of vi-
bration amplitude in the two directions becomes little and
the total vibration is greatly reduced. When the rotation
speed was lower than 150 r/min, the amplitude in the vertical
direction was almost lower or equal to the amplitude in
vertical direction.

4.2. Effect on Axis Movement and Bearing Temperature.
Whirling vibration is essentially the vortex around the
equilibrium axis position during rotation. And the axis
movement state was directly related to the bearing sup-
porting characteristic during the shafting operation.
Figure 11(a) shows the axis trajectory in different rotation
speeds when the bearing offset was 1 mm. The shafting
axis balancing position (SABP) changes with rotation
speed can be obtained according to the shafting axis
trajectory. Figure 11(a) shows that the shape of the axis
trajectory was not much affected by the rotation speed, but
the general SABP in the vertical direction changed. The
SABP in 30r/min of each condition is taken as origin
point, and the lines of SABP change are presented with
rotation speed in the same coordinate, as shown in
Figure 11(b).
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FIGURE 6: Time domain data of whirling vibration in 200 r/min: (a) vertical and (b) horizontal.
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When the speed is lower than 200 r/min or the bearing
offset is 0.6 mm, the SABP is relatively stable. Rotation speed
higher than 300 r/min leads to a slightly higher SABP. The
maximum upward movement of the SABP is 1.78 x 10> mm
in 500 r/min when the bearing offset is 0.4 mm. It is due to

the increase in the thickness of lubrication oil film with the
increase in rotation speed [26]. As the theoretical analysis
results of ABSB shown in Figure 3, the ABSB is the smallest
when the bearing offset is 0.2mm (the actual offset is
0.6 mm), with a value of 2.46 x 102 rad. The centre line of
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FIGure 10: Whirling vibration amplitude changes with rotation speed: (a) vertical and (b) horizontal.

the shafting and the bearing is almost in parallel. The
bearing equivalent support position is in the middle of the
bearing. The lubrication oil film is the most ideal and
stable [27]. Therefore, when the bearing offset is 0.6 mm,
the SABP shown in Figure 11(b) is relatively stable. The
vertical movement of the shafting leads to load changes of
all other bearings on the shafting. Such influence should
be considered in the dynamic alignment design of the
shafting.

Additionally, the bearing temperature is another im-
portant index in the quality evaluation of shafting alignment.
It reflects whether the bearing is working normally and
whether the shafting state is in good operation condition.
The temperature response of No. 1 bearing (BTR) during
each condition is shown in Figure 12. The ambient tem-
perature is about 23°C during the whole test.

As shown in Figure 12, the temperature remains the
most stable (about 31°C) when the bearing offset is 0.6 mm.
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This feature is completely consistent with the previous data
of SABP feature illustrated in Figure 11. This proves that all
data are accurate, reliable, and consistent with the analysis
results. However, the lowest temperature response appears
when the No. 1 bearing offset is 0.8 mm (the calculated offset
is 0.6mm in Figure 3). Combining the results in
Figures 9-12, it can be inferred that the best operation state is
that the offset of No. 1 bearing which is 0.8 mm. In this
condition, both the bearing temperature and the shafting
whirling vibration are the lowest. Especially compared with
other conditions, it is greatly reduced. The highest tem-
perature appears when the No. 1 bearing offset is 0.4 mm
(the calculated offset is 0.6 mm in Figure 3). In this con-
dition, the shafting is in a straight alignment state and the
ABSB exists to make the high temperature response. When

the bearing offset is lower than 0.4 mm, the temperature
response is weaker because of the lower bearing load. When
the bearing offset is higher than 0.4mm, although the
bearing load increased, the ABSB decreased and led to the
lower temperature. Little ABSB is beneficial to the stable
operation of shafting, while appropriately increasing the
ABSB and bearing load is beneficial to reducing the shafting
whirling vibration. Based on the analysis, it can be inferred
that the bearing load and ABSB are the most important
factors affecting the whirling vibration and bearing tem-
perature response. By balancing the relationship between
bearing load and ABSB, the performance of whirling vi-
bration and bearing temperature response can be optimized.

5. Conclusion

In this work, a reasonable experimental scheme was made
according to the theoretical analysis results. The experiment
was carried out on the shaft alignment and vibration test rig
designed by WUT. The effects of the change of shafting
alignment and shafting speed on the whirling vibration and
bearing temperature are analysed. The main conclusions of
this work are summarized as follows.

Within the shafting designed safe range, the component
of whirling vibration in the vertical direction was not clearly
affected by the shafting alignment or the rotation speed. The
component in the horizontal direction, on the other hand,
was clearly affected by both shafting alignment and rotation
speed.

The experimental results showed that the horizontal
component of the whirling vibration of shafting can be
effectively reduced by adjusting the alignment state of
shafting. In this case, the amplitude of the whirling vibration
response can be reduced.
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With an increasing rotation speed, the SABP slightly
moved upward after 300 r/min. This leads to load changes of
other bearings on the shafting, which should be considered
in the dynamic alignment design of the high-speed shafting.

Little ABSB is beneficial to the stable operation of
shafting, while appropriately increasing the ABSB and
bearing load is beneficial to reducing the shafting whirling
vibration.

By balancing the relationship between bearing load and
ABSB, the performance of whirling vibration and bearing
temperature response can be effectively optimized. The
bearing load and ABSB are the most important factors af-
fecting the whirling vibration and bearing temperature
response.
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