The longitudinal vibration characteristics and
parametric analysis of a ship thrust bearing integrated
with internal disc springs

Zhiwei Huang!, Qingsheng Li%, Weicai Peng?, Xiang Zhu*

1.3China Ship Development and Design Center, National Key Laboratory on Ship Vibration and Noise,
Wuhan, China

2.4School of Naval Architecture and Ocean Engineering, Huazhong University of Science and Technology,
Wuhan, China

4Corresponding author

E-mail: '23422353@qq.com, *hust_lqs@qq.com, 3hustpweicai@l63.com, “zhul2121zhu@I163.com

Received 7 December 2021; received in revised form 20 December 2021; accepted 26 December 2021 M) Check for updates
DOI https://doi.org/10.21595/vp.2021.22332

Copyright © 2022 Zhiwei Huang, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. To reduce the transmission of shafting longitudinal vibration in surface ships, a design
of thrust bearing integrated with internal disc springs is proposed and the longitudinal vibration
characteristics of the shafting are studied. According to the structural characteristics of thrust
bearing and the deformation characteristics of disc springs, the specific size and combination
forms of disc springs in the thrust bearing are designed, and the effective disc springs schemes are
achieved according to the static and dynamic design requirements. With the integration of the disc
springs into the thrust bearing, the peak of longitudinal displacement response at the base of thrust
bearing can be reduced by 10 dB by two schemes of disc springs. The proposed design can
effectively suppress the transmission of shaft longitudinal vibration to the hull, which has
engineering significance for the longitudinal vibration control of the shafting of the surface ship.
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1. Introduction

The longitudinal vibration of a shafting is transmitted to the hull through the thrust bearing,
which causes the hull’s vibration and then induces radiation noise. The longitudinal vibration of
the propulsion shaft is one of the important sources of low-frequency noise at the stern of the ship
[1]. Reducing the transmission of the shafting’s longitudinal vibration plays an important role in
improving the comfort and noise level of ships.

The previous research shows that under longitudinal excitation, the thrust bearing is the main
transmission path of stern vibration. If vibration control measures are taken at the thrust bearing,
better results can be obtained for stern vibration control. To solve this problem, Dylejko et al. [1]
carried out the vibration isolation analysis and optimization design of resonance changer in
shafting shell coupling system on the basis of Goodwin [2]. Merz et al. [3, 4] studied the influence
of active passive hybrid control system composed of resonance changer and distributed active
vibration absorbers on shafting vibration and hull sound radiation. Zhang et al. [5] designed a
low-frequency mounting system (LFMS) with floatable self-alignment thrust bearing to reduce
the longitudinal vibration of shafting. Experiments showed that LFMS has an obvious vibration
isolation effect above 10 Hz.

The stiffness of a thrust bearing and the base are generally large and difficult to change.
Therefore, an isolation element with small stiffness could be connected in series at the thrust
bearing to reduce the longitudinal vibration of the shafting. According to the structural
characteristics of the thrust bearing of a surface ship, the isolation element can be connected in
series between the thrust block and the thrust bearing shell.

Due to the characteristics of small internal space, large variation of lubricating oil temperature,
large thrust force and complex working conditions of thrust bearing, higher performance
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requirements are necessary for the isolation elements in thrust bearing. Compared with other types
of springs, such as coil springs, leaf springs, etc., disc springs have the advantages of high stiffness,
small stroke and easy replacement. Meanwhile, different stiffness values can be obtained through
different combination forms, which is convenient to meet the design requirements in engineering.
It is a more suitable isolation element.

According to the structural characteristics of thrust bearing, the combination form and
dimensional parameters of disc spring are designed and optimized, and the integrated disc spring
thrust bearing scheme which meets the designed requirements is achieved. Then by the numerical
study, the effect of the thrust bearing integrated with internal disc springs are discussed.

2. Longitudinal vibration model of shafting

The shafting model in this study is shown in Fig. 1. Both ends of the shafting are free
boundaries. The propeller is treated as a lumped mass. Due to only the longitudinal vibration of
the shafting considered, each support bearing providing transverse stiffness can be ignored. The
longitudinal stiffness of the shafting is provided by the thrust bearing, isolation element in series,
and thrust bearing base. Their longitudinal stiffnesses are K;, K, and K3 respectively. Under
longitudinal excitation, the longitudinal displacement response at the propeller is x, and those at
the thrust bearing, isolation element and thrust bearing base are x,, x, and x5 respectively.
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Fig. 1. The schematic diagram of a shafting

The material parameters and stiffness parameters are shown in Table 1. A preliminary
calculation with finite element method shows that only when the stiffness of the isolation element
meets 0.2¢9 N/m < K, < 0.4e9 N/m, the longitudinal static deformation and vibration reduction
effect of the shafting can satisfy the design requirement.

Table 1. Material parameters and stiffness parameters of shafting

Parameter Value
Young’s modulus 2.1ell Pa
Density 7800 kg/m?
Poisson’s ratio 0.3
Longitudinal stiffness of thrust bearing 5e¢9 N/m
Longitudinal stiffness of thrust bearing base 1e9 N/m

3. Design of disc springs’ combination form

The structure of disc spring is shown in Fig. 2. D and d are the outer diameter and inner
diameter of the disc spring respectively, t is the thickness of the disc spring, h is the calculated
value of the deformation when the disc spring is fully pressed, and H is free height of the disc
spring.

The relationship between the applied load F and displacement [ of disc spring can be calculated
by A-L (Almen Laszlo) method:

o 4E t* x/l[(h A)(h /1>+1] 0
T 1—u? kD27 tl\t t/\t 2t ’

where:
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Fig. 2. A schematic diagram of a disc spring

3.1. Design requirements

According to GB/T 1972-2005, the main difference between series A, B and C disc springs is
that D/t, h/t are different, and the stiffness of series A disc spring is the largest. To ensure the
small static deformation of the isolation element, the stiffness of a disc is required to be relatively
large, therefore the series A disc spring is selected.

Assuming that the stiffness of a single disc spring is k, the combination of the disc springs in
this design is that n disc springs are superimposed to form a unit, and then m units are involuted
to form a disc-spring group. Then s disc spring groups are evenly distributed around the thrust
block. In this way, a thrust bearing integrated disc springs inside is formed. The disc spring
superposition is equivalent to the spring parallel, and the involution is equivalent to spring series.
Considering the friction between the disc spring surfaces during superposition, the total stiffness
of the disc springs is:

k ns

Kiotar = T—fomn=1) m 3)

where f3,; = 0.03.
The longitudinal displacement responses at the nodes of thrust bearing, absorber and thrust
bearing are:

x - )
' KiK;K; ’
=—=_3p. 4
X2 K,Ks P (4)
Therefore, the relative deformation of single disc spring is:
xz - X3
=———x 100 %. 5
¢ mh % (5)

From the above analysis, the overall stiffness of disc spring group, and the relative deformation
of single disc spring under different combination forms can be obtained.

According to the relevant requirements of the shafting design, the first-order longitudinal
vibration natural frequency of the shafting will not exceed certain value. For the static
performance, it is also necessary to ensure that the disc spring will not produce excessive static
deformation under the static excitation. The total target stiffness of the disc springs could be set
within 0.2¢9 N/m < K, < 0.4¢9 N/m. In actual practice, the relative deformation of single disc
spring is required to be between 20 %-75 %, so as to ensure its good linearity.
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In addition, the size of the disc spring also needs to satisfy the internal installation space of the
thrust bearing. Since the disc springs are installed between the thrust block and the thrust bearing
shell, the number of disc spring groups needs to be consistent with the number of thrust blocks.
For surface ships, the number of thrust blocks in the thrust bearing is generally 8, i.e. s = 8.

According to the above design requirements and referring to the size of the thrust disc in this
design, the outer diameter of the disc spring is limited within 110 mm. The number of
superimposed disc spring is required to be as few as possible to reduce the influence of friction.
Selected from GB/T 1972-2005 A series, the results meeting the design requirements are shown
in Table 2.

Table 2. Disc spring combination scheme I

(n, m, s) D d t h H Total stiffness | Relative deformation | Total thickness
> 77 | (mm) | (mm) | (mm) | (mm) | (mm) (N/m) (%) (mm)
(2,2,8) ] 100 51 6 2.2 8.2 0.231€9 62.93 28.4

When m is an even number, the upper and lower bearing surfaces shall contact the outer
periphery of the disc spring to increase the contact area and maintain the stable and reliable
operation of the disc spring group. Therefore, the specific combination form of scheme I is shown
in Fig. 3.

Fig. 3. Schematic diagram of disc spring combination in scheme I

After the disc springs are connected in series in the thrust bearing, the longitudinal static
deformation of the shafting will increase under the excitation of static thrust. When the disc spring
groups are fully pressed, the increment of the longitudinal static deformation of the shafting is the
largest, 2h = 4.4 mm.

3.2. Parameter optimization design of disc spring

In the disc spring combination scheme obtained from the national standard selection, the disc
spring has the form of superimposed, which will be greatly affected by the friction in the actual
working condition. Therefore, it is necessary to design a scheme with only involution and no
superposition. According to the A-L method, if h/t is kept small, the disc spring with good
linearity can be designed. Appropriate adjustment can be made according to the size proportion
of series A disc spring to design a disc spring combination that meets the performance
requirements without superposition. Take D = 16t, d =0.6D, h = 0.4t, and thickness t at an
interval of 0.1 mm, and take it from 0.1 mm to 10 mm to obtain the specifications of a new series
of disc springs. The relationship between the single piece stiffness and thickness of this series of
disc springs can be calculated by A-L method, as shown in Fig. 4.

Table 3. Disc spring combination scheme II

(n, m, s) D d t h H Total stiffness | Relative deformation | Total thickness
>™ 9 (mnm) | (mm) | (mm) | (mm) | (mm) | (N/m) (%) (mm)
(1,1,8) | 108.8 | 65.28 | 6.8 | 2.72 | 9.52 0.314¢9 74.97 9.52

According to the design requirements in the previous section, the results meeting the
requirements can be obtained, as shown in Table 3.
When the disc spring groups are fully pressed, the increment of the longitudinal static
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deformation of the shafting is the largest, h = 2.72 mm.
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Fig. 4. Single piece stiffness-thickness of new disc spring

3.3. Scheme comparison

The natural frequency of shafting longitudinal vibration from two schemes are shown in
Table 4. It can be seen from the table that the first-order longitudinal natural frequency of shafting
is reduced to 6.8 Hz and 7.4 Hz respectively after scheme I and scheme II are adopted. The
second-order natural frequency is reduced from about 45 Hz to 38.6 Hz and 39.2 Hz.

Table 4. Longitudinal natural frequency of shafting after installing disc spring (Hz)
Scheme I | Scheme II
2,2,8) | (1.1,8)

Mode No. | Original shafting

1 11.135 6.817 7.468
2 44.992 38.610 39.218
3 83.869 80.148 80.442

To check the vibration reduction performance with the introducing of the disc springs in the
thrust bearing, a unit longitudinal excitation force of 0-200 Hz is applied at the propeller, and the
longitudinal vibration responses of the observation point at the thrust bearing base are calculated.

The frequency response curve and power flow level curve of the two schemes at this observation
point are shown in Fig. 5 and Fig. 6 respectively.
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Fig. 5. Displacement frequency response Fig. 6. Power flow frequency response

It can be seen from the figures that after the disc spring isolation thrust bearing is adopted, the
response peaks of each order on the thrust bearing base move to the low frequency region, and the
peaks of the response are significantly attenuated, about 10 dB, compared with those without disc
springs installed. In terms of the vibration reduction effect, scheme I is slightly better than
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scheme II. It is should be pointed out that scheme I adopts the form of superposition of discs, so
that the performance of disc spring will be greatly affected by the friction between the
superposition disc surfaces, also, the increment of shaft longitudinal deformation is greater for
scheme I. The comparison of advantages and disadvantages of two schemes is shown in Table 5,
which can be selected according to the engineering requirements.

Table 5. Comparison of advantages and disadvantages of the two schemes

Scheme I Scheme 11
(2,2,8) 1,1,8)
Isolation effect Fine Fine
Shafting maximum longitudinal 4.4 mm 272 mm
deformation increment
Design — practice discrepancy | Greatly affected by friction Small
Processing difficulty Standard parts Customized
Installation difficulty Guide element required Direct installation

4. Conclusions

Aiming at the control of low-frequency vibration at the stern of surface ship, a thrust bearing
integrated with internal disc springs is proposed. By the static and dynamic analysis of the shafting
with disc springs as vibration isolation element, a feasible scheme of disc spring group is formed.
The following conclusions are drawn:

1) Through reasonable design, the isolation thrust bearing can effectively reduce the first-order
natural frequency of shaft longitudinal vibration, and can effectively attenuate shaft longitudinal
vibration in a large frequency range, with obvious effect of isolating displacement and energy.

2) Combined with the parameters of a shafting, two design schemes of thrust bearing
integrated with disc springs are given to the control of longitudinal vibration. Both schemes have
good performance on the longitudinal vibration control of shafting, which can be reasonably
selected according to the design requirements and engineering practice.
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