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Abstract

As the first link element for the transmission of shaft vibration to the pedestal and even to the hull, water-lubricated
bearing plays a key role in suppressing vibration. Although the porous structure is considered as one of the main
methods for improving the wideband vibration and noise reduction performance of materials in many industrial
fields, the studies in the field of water-lubricated bearing remain insufficient. To enhance vibration reduction perfor-
mance, a fluid-saturated perforated slab is designed in this study, and via the establishment of a fluid-solid coupled
vibration model, the influence law and impact levels were analyzed and verified by simulation and experiments. The
results obtained verified that the total vibration amplitude of damping-enhanced stern bearing in the vertical direc-
tion was smaller than that of the normal stern bearing, and the reduction amplitude of the characteristic frequency
agreed with the optimal value at approximately 0.1 of the volume fraction of the liquid phase when the solid-fluid
phase was rubber-water. Additionally, the increase in fluid fraction did not enhance the damping effect, instead, it
unexpectedly reduced the natural frequency of the raw material significantly. This research indicates that the design

of the fluid-saturated perforated slab is effective in reducing the transmission of the vibration amplitude from the
shaft, and presents the best volume fraction of the liquid phase.
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1 Introduction

Underwater vehicles are commonly subjected to several
kinds of vibrations and noise during navigation owing
to the installation of propulsion shafting and the friction
between parts in contact. Additionally, as the first ele-
ment of the transmission of vibration from shaft to hull
and operating part in severe conditions, stern bearing
plays a vital role in the attenuation of vibration. Presently,
the type of stern bearing applied to vibration and noise
reduction by most researches is the conventional bear-
ing structure, as illustrated in Figure 1; and an impor-
tant way of reducing vibration and noise is by enhancing
the damping performance of the bearing, improving
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the material components of the bearing slab, or adding
a damping layer. Based on slippery polymer alloy (SPA)
materials, Goodrich [1], a US company, cooperated with
Duramax Marine to develop a new type of polymer
alloy water-lubricated bearing that has achieved optimal
optimization effects on the carrying capacity, reduced
friction coefficients and wear rates, and can adapt seam-
lessly to environments with heavy load condition and
high sediment content. Peng et al. [2] introduced nano-
scale ZnOw whiskers to the base of the traditional bear-
ing material formula, and the test results indicated that
the mechanical and tribological properties of the bear-
ing were improved by adopting the strengthening effect.
Kuang et al. [3], Huang et al. [4], and Chang et al. [5]
have also conducted similar studies on bearings, and they
reached the consistent conclusion that nano-composites
could improve friction and wear properties.
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Figure 1 Normal water-lubricated bearing

Another method for improving the lubrication per-
formance of the bearing is by changing the distribu-
tion of the slabs and padding the surface texturing to
reduce the friction coefficient and indirectly reduce
the vibration generated in the operation shafting pro-
cess. Li et al. [6] adopted the complex mode analysis
method to consider the influence law of the thickness,
width, and number of the bearing slabs on friction
noise frequency, and the results showed that with the
lath-arranged type, increasing the thickness and num-
ber of laths, as well as decreasing its width, could effec-
tively reduce the possibility of frictional noise and the
strength of the noise. Tala-Ighil et al. [7, 8] pointed
out that the texturing over the entire bearing surface
did not necessarily improve the bearings’ performance
and the complete texturing could generate some posi-
tive effects for low rotational speeds, whereas a partial
texturing at the outlet of the active pressure zone had a
more significant effect. Blatter et al. [9] experimentally
studied the effect of the micro-grooves on sliding fric-
tion using a pin-on-disk tribometer, and suggested that
wear could be reduced and the sliding life significantly
extended by an appropriate size and form of the micro-
grooves. Litwin [10] compared two types of water-
lubricated bearings via experiments, and the results
obtained indicated that the three-layer sliding bearing
with lubrication grooves in the upper part of the bush
possessed optimal tribological properties. Bhardwaj
et al. [11], Dong et al. [12], Sudeep [13], Yamada [14],
Adamczak et al. [15], and Yang et al. [16] also carried
out studies on the effect of texture on the vibration in
various bearings, and obtained positive results.
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Although all these improvements have been applied
to engineering practices, to improve the water-lubri-
cated bearing performance of vibration and noise
reduction, it is necessary to carry out innovative think-
ing and explore new technologies and methods. In
recent years, the porous structure method has been
considered as an important method for improving the
performance of material vibration and noise reduc-
tion. Okada et al. [17] explored and tested a novel type
of copper-graphite brush using the porous structure
method, and the results obtained demonstrated that
the application of this new porous brush does not only
particially reduce the vibration caused by sliding fric-
tion, but also correspondingly reduces the friction coef-
ficient, wear rate, and contact voltage. By comparing
the natural frequency of stress deformation and modal
analysis of porous and non-porous vertical columns,
Shan et al. [18] concluded that porous vertical col-
umns did not only satisfy the basic performance index,
but could also preserve materials, thus reducing the
weight of the structure and improving the lifting rate
performance of the machining center. Zhou et al. [19]
combined the random vibration and non-compressible
porous elastic medium theories to develop a porous
elastic plate containing saturated liquids, and discussed
the influence of fluid-solid coupling on the displace-
ment and bending moment of the porous elastic plate.
The results obtained showed that the permeability coef-
ficient of the saturated liquid in the elastic plates could
be altered to reduce the random vibration of the plates.
Rajesh et al. [20] studied the impact of several arbitrary
porous structure on the performance of the step bear-
ing lubricated with a magnetic fluid, and suggested
a porous squeeze step bearing design with globular
spheres in the porous region, considering a variable
magnetic field strength of approximately 104 A/m. Eder
et al. [21] characterized the tribological behavior and
wear resistance of porous journal bearing systems
operating under heavy loads and at small rotational
speeds, and propsed methods to visualize and quantify
the wear of bearings.

Nevertheless, in addition to oil-lubricated bearing,
aerostatic bearings have employed the pore structure
method to improve the performance of lubrication per-
formance [22-29]. However, the application research of
water-lubricated stern bearing design, using the porous
structure method to reduce vibration and noise, has not
been carried out in depth. Regarding the porous medium
theory, a damping-enhanced water-lubricated bearing
with fluid-saturated perforated slabs was designed, as
illustrated in Figure 2. By developing the fluid-solid cou-
pled vibration model, the influence law and impact level
of the fluid-saturated perforated structure design on the
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integral structure of water-lubricated stern bearing were
analyzed, and the effect of vibration and noise reduction
on the structural design was verified via experiments.

2 Analysis

2.1 Fundamental Equation

In the actual operation process, the attenuation mode of
the external excitation acting on the surface of the slab is
consistent in its direction, however, the pressure gradient
of the fluid exists in the axial direction while the differ-
ence in the bearing pressure of the slab exists in the cir-
cumferential direction. Therefore, as shown in Figure 3,
a unit body containing one hole could be obtained from
the slat structure for analysis, and the equation of motion
equilibrium for fluid-solid coupled two-phase media
could be derived via the Lagrangian generalized coordi-
nate system.

Given that u = {u,, u), u;} and U = {U,, U, U } are
the generalized Lagrangian coordinates of the solid
and fluid phases, respectively, both phases undergo an
insignificant deformation. In the loading process, the

Page 3 of 10

boundary of the solid-fluid phase remains continuous
without mass exchange, and the kinetic energy of the
unit body is expressed as:

T = %psns(iti + i + i) + %pfnf([[f + U+ 112),

(1)

where p, n,, p;, and n; represent the density of the solid

phase material, solid volume fraction, density of the fluid

phase material, and fluid volume fraction, respectively.

The solid and fluid phases of the unit satisfy the relation-
ship n, + n;= 1.

The slab material is an isotropic polymer mate-
rial, and the potential energy is considered an elastic
potential energy. The saturated fluid in the hole is a
Newtonian fluid, such as water or silicon oil, etc., and
according to the fluid dynamics theory, the potential
energy considers the positional and pressure potential
energies. Therefore, the total potential energy of the
unit body is expressed as:

1
1% =§k(u§ )+ ud) + Uy + Uy + Uy)
org  pPrg  Prg (2)

In Eq. (2), the first, second, and third parts represent
the solid elastic potential energy, fluid phase positional
potential energy, and pressure potential energy of the
fluid phase, respectively, whereas k is the stiffness.
Additionally, P, Py, and Py, represent the pressure of
the fluid phase in three different directions.

The energy dissipation system of the unit body mainly
consists of the internal damping of both solid and fluid
phases, including the frictional damping generated by
the relative motion between the contact surfaces of the

solid and fluid. Therefore, the energy dissipation func-
tion of the unit body can be expressed as:

Dy = 3Cs(i + i + id),
Dy = 5Cq(Uy + U} + UD),
D¢ = %Cfs [(Ux - I;ix)z + (Uy - l:iy)z + (Uz - ilz)Z];
D = Ds + Dg + Dx,
(3)

where D, C, Dg, C , Dg, and Cy, represent the inner
damping of the solid phase, inner damping coefficient of
the solid phase, inner damping of the fluid phase, inner
damping coefficient of the liquid phase, frictional damp-
ing between the solid and fluid phases, and frictional
damping coefficient between the solid and fluid phases,
respectively.

In the generalized coordinate system, the Lagrangian
motion equation of the vibration system is generally
expressed as:
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Ql: (i:1,2,3,...,n)
(4)

where T, V, D, q, Q, and i represent the system’s kinetic
energy, its potential energy, dissipative energy function,
generalized coordinate, non-conservative generalized
force, and degree of freedom, respectively.

Based on Eq. (4), we first obtained the derivative of
the u, coordinate of the solid phase for Egs. (1), (2),
and (3), from which we then derived the following
equations:

d /oT . 0T
- : = pshsity, —=0,

d<8T> oT 8V oD
dr \ 9g; aq; Bql Bql

dt \ 9z, Oty

vV 0D . .
—_— = kux, —_— = (C5+Cfs)ux —_ Cfsux
17 0ty

By substituting the above into Eq. (4), the balance
equation of the u#,-coordinate direction can be obtained
from the following equation:

Pshsity~+(Cs + Cpo) ity — Cfst+kux =0. (5)

In the same way, the vibration equilibrium equation
of solid phase in the u, and u, directions can also be
obtained.

Then, taking the derivative of the U, coordinate of fluid
phase, the following equation can be obtained:

d (8T> i oT 0
_— 0 = V74 , —=0_,
all, PNy

dt ol

aD (CetC )U Coi aV 1 0P,
— = — Uy, ——= -,

3 ux ff fs)Ux fshx P) ux pfg P) ux

where gfj; represents the pressure gradient of the fluid
phase in the U, direction. Additionally, because the stress
of the fluid is equal to the pressure value and opposite to
its direction, it can be derived according to Newton’s law
and expressed as:

oP, .
= —pll>.
o, = P

Ignoring the second-order small quantity owing to neg-
ligible deformation, the balance equation of the I/ -coor-
dinate direction in the liquid phase can be obtained from
the equation expressed as:

penlly+(C + Cr) Uy — Cpsite+1 = 0. (©)

Similarly, the vibration equilibrium equation of the
fluid phase in the U/, and U, directions can be obtained.
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By arranging the balanced equations in the six degrees
of freedom direction, the second-order differential equa-
tions of the vibration equilibrium of the unit body can be
obtained:

M.{Z}+C-{Z}+I(.{Z}:b, -

psig 0 0 0O 0 O
0 psng O 0O 0 O
where M = 8 8 'Osons p?nf 8 8 , is the
0 0 0 0 Pns 0
0 0 0 pms
mass matrix of the unit body,
Cs+Css; 0; 0; —Cgs; 0; 0
0; Cs+Css; 0; 0; —Cs; 0

0; 0; Cs+Cs; 0; 0; —Cig

—Cfs, 0; 0; Cg+Cs; 0; 0
—Ct; 0; 0; Cg+Cg; 0

0 0; —Cg; 0; 0; C —kl-Cfs

, is the damping matrix

000
0k00O0O
of the unit body; K = 8 8 /(; g 8 8 , is the stiffness
000000
000000
matrix of the unit body; b = {0, 0, 0, —1, —1, —1}, is the

load vector.

2.2 Fundamental Equation
In general, it is difficult to determine an analytic solution
for the second-order differential equations. Therefore, to
simulate the vibration process of the unit, the initial con-
ditions under a negligible deformation could be express
as:

{u uy, uy =1{0.01, 0.01, 0.01},

{”.[90 ’;‘y) MZ}_ {0’ 0) 0}1
{U U U} {0.01, 0.01, 0.01},
{Ux; Al U }— {0 O 0}

The solid phase of the unit is a rubber material,
whereas the liquid phase is water. The specific charac-
teristic parameters were selected as presented in Table 1,
and after the volume fraction of the liquid phase was set,

Table 1 Parameters of unit body

Parameter Value
Density of solid phase p; (kg/m?) 1190
Density of fluid phase s (kg/m®) 998
Stiffness coefficient of solid phase k (N/m) 2x10°
Inner damping coefficient of solid phase C, 0.2
Inner damping coefficient of fluid phase Ci 0.02

Friction damping coefficient between fluid-solid phase C;, 04
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Table 2 Parameters of unit body

Parameter Value
Diameter of inner-pore (mm) 4
Geometric parameters of the top surface (length x width) (mm) 12x15
Bottom radian (°) 10
High (mm) 15

the results of the numerical analysis was obtained using
the ODE45 function of Matlab libraries.

2.3 Numerical Simulation

To further analyze the influence of fluid-saturated per-
forated slab on the vibration reduction performance
of bearing, the finite element analysis tool was used to
compare the transient response amplitude of the conven-
tional bearing and fluid-saturated perforated slabs under
the same load. Additionally, similar to Section 2.2, to
reduce the load of the numeric simulation and number
of meshes, a unit body of slat with a single hole was inter-
cepted in the bottom of the bearing.

The solid part of the unit is a rubber material, whereas
the fluid part is water. The specific characteristic param-
eters are selected as presented in Table 2. The grid size
of the solid part is set to 1 mm, and the inner-pore sur-
face of the perforated slab is set to the refinement of 2
to improve the data mapping of the fluid-solid coupling
interface, whereas the fluid part of the perforated slab
is a meshing with a size of 0.1 mm. Because the slab has
axial similarity, the meshing method adopts sweep mode,
hence, the diagram of the resulting meshing model is
shown in Figure 4.

Fixed Support is applied to the underside of both slat
units because the slats are installed in the outer bushing,
with a 0.02 MPa pressure load on the top surface of the
unit. The inner-pore surface of the perforated slab is set
as a fluid-solid interface. The state of the fluid domain
is set as turbulence, and the k-epsilon model is applied.
The pressure is set on both sides of fluid domain, with
pressures of 0.02 and 0 MPa at the input and output,
respectively.

The transient response analysis of the normal bear-
ing slab can be conducted by directly using the transient
structural module of the ANSYS Workbench, but the
transient analysis based on fluid-structure interaction
requires the establishment of bi-directional fluid-struc-
ture interaction simulations between the ANSYS fluent
module and transient structural module via the system
coupling module. The pressure values in the fluid domain
were calculated and transferred to the solid domain, then
the pressure changes deformed the inner pores of the
rubber layer, thus influencing the pressure distribution,
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Figure 4 Meshing model diagrams. a unit body of normal bearing
slab, b solid part of unit body of fliud-satruated perforated slab, ¢ fluid
part of unit body of fliud-satruated perforated slab

before it is transmitted back to the fluid domain. By
applying continuous iterative operations, the steady dis-
tribution on the fluid-solid interface was finally achieved.

2.4 Experiments

We sought to further verify the positive effect of the fluid-
saturated perforated structure on the vibration and noise
reduction of stern bearing. Vibration tests were carried
out for the normal bearing and damping-enhanced bear-
ing with fluid-saturated perforated slabs with a diameter
of 4 mm to study the vibration variation of the stern bear-
ing under different speeds, with or without perforated
slabs. The vibration test was carried out on the SSB-100
stern shaft testing bench of the Wuhan University of
Technology, and the test bench was mainly composed of
driving, test, and loading parts. The spindle of the bench
has an outside diameter of approximately 150 mm on the
journal. The loading method, which is an intermediate
radial loading, was employed to ensure the uniformity of
the bearing pressure. The vibration amplitude signals are
collected by two acceleration sensors arranged on the test
bearing seat in the horizontal and vertical directions. The
partial test bench and sensor installation schematic are
shown in Figure 5.

The outer diameter of the test bearing is 185 mm, with
an inner diameter of 150 mm and length-diameter ratio of
approximately 1:1, which is the bearing size of bench. The
damping-enhanced bearing adopts the same material and
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Figure 5 Schematic of tested bearing part of the test platform and
sensors installation

Figure 6 Damping-enhanced bearing with fluid-saturated
perforated slabs

tank arrangement as the normal bearing, with the differ-
ence of the three 4-mm uniform through-holes in several
slabs of the bottom load-bearing area, as shown in Figure 6.
Additionally, when the circulation lubrication water chan-
nel is opened, the pressured water will pass through and fill
these holes. The normal bearing adopts the same structure
as the damping-enhanced bearing without the holes.

In the test, the temperature of the lubricating cool-
ing water was at 25 “C and the flow rate was 20 L/min. A
constant vertical load was applied to the test stern bear-
ing via the hydraulic loading system, which was set at 0.4
MPa. The test speeds were set at 40, 80, 120, 160 and 200
r/min consecutively as they gradually increased from low
to high speed. After each working condition was stable,
the vibration acceleration signals of 15 s were recorded
via the B&K analysis system.

3 Results and Discussion

3.1 Volume Fraction of the Liquid Phase

The volume fractions of the liquid phase were set as 0,
0.1, 0.2, 0.4 and 0.6 to compare the vibration character-
istics of the unit body with holes or without holes. At At
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= 0.01, the movements of the unit body within 1 s can
be obtained, and the results of the numerical analysis are
shown in Figure 7.

Comparing these time domain graphs, as shown in Fig-
ure 7a—e, the damping effect of pore-fluid on the motion
of the unit body is not significant as no obvious vibration
amplitude reduced, except the decreasing free-vibration
frequency. However, on the frequency domain graph, it
is evident that the amplitude at the natural frequency
varies with the volume fraction of the liquid phase and
has the best damping effect, which is decreased by 30%
at approximately 0.1. This indicates that the low friction
damping between the solid and liquid phase, caused by
the low viscosity of the liquid in the hole, is slow to atten-
uate the overall motion form of free vibration, but on the
amplitude of the characteristic frequency it already had a
significant effect. Besides, for every coupling material of
the solid-fluid phase, an optimal volume fraction of the
liquid phase may exist to enhance the damping of the
whole structure.

3.2 Influence of Inner-Pore on the Transient Response

To clearly compare the influence of inner-pore on the
transient response, a path was selected in both of the two
units, as shown in Figure 8, and the transient response
along the path was illustrated in Figure 9.

By comparing the transient response of two units, it
can be determined that the displacement of the perfo-
rated slab unit is lower than that of the normal bearing
slab along the path under the same transient load, which
is presented to be a more uniform response in the pore
area.

3.3 Test Results

Figure 10 presents a waterfall diagram illustrating the
variation of vibration amplitude of the normal bear-
ing with rotating speeds in the horizontal and vertical
directions.

Figure 11 presents a waterfall diagram showing the
vibration amplitude of the damping-enhanced bear-
ing with rotating speeds in the horizontal and vertical
directions.

By comparing and analyzing the horizontal vibra-
tion acceleration of normal stern bearing (Figure 10(a))
and that of the damping- enhanced stern bearing (Fig-
ure 11(a)), it can be determined that the amplitude of
vibration acceleration of two kinds of stern bearing
mainly occurred in a frequency range of 100-400 Hz,
and these amplitudes both increased and the range
was widened with the increase in the test shaft speed.
However, within this frequency range the vibration
amplitude of the damping-enhanced stern bearing
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Figure 9 Transient response along the path a Unit body of normal
bearing slab b Unit body of fluid-saturated perforated slab

was less significant than that of normal stern bearing.
Meanwhile, by comparing and analyzing the vertical
vibration acceleration of normal stern bearing (Fig-
ure 10(b)) and that of the damping-enhanced stern
bearing (Figure 11(b)), it can be determined that the
vibration acceleration increased with the increase in
test shaft speed. At a frequency of approximately 250
Hz, which is the characteristic frequency of oil cyl-
inder excitation [17], a larger vibration acceleration
amplitude appeared on the normal stern bearing than
on the damping-enhanced stern bearing. However,
in the other frequency range, there was no significant
difference between the two stern bearings. These indi-
cated that the design of the fluid-saturated perforated
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7
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Frequency (Hz)
b Vertical waterfall diagram

Figure 10 Variation of vibration amplitude of normal bearing. a
Horizontal waterfall diagram, b Vertical waterfall diagram

slab structure in the load-bearing area at the bottom
of stern bearing can effectively reduce the vibration
amplitude generated by running a shaft system.

Under the loading pressure of 0.4 MPa, the total ver-
tical and horizontal vibration values of the normal and
damping-enhanced stern bearings within the frequency
range of 0-1000 Hz at different test shaft speeds are
presented in Figure 12.

Under the loading pressure condition 0.4 MPa, fre-
quency range of 0-1000 Hz, and test shaft rotation
speed range of 80—200 r/min, it can be observed from
Figure 12(a) that the total vibration amplitude of damp-
ing-enhanced stern bearing in the vertical direction
was less significant than that of the normal stern bear-
ing, and the total vibration amplitude of the damping-
enhanced stern bearing was approximately equal to
that of the normal stern bearing in the horizontal direc-
tion, as shown in Figure 12(b). This indicated that the
vertical vibration attenuation effect is more significant
than the horizontal vibration attenuation effect when
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axial direction of stern bearing slats.

4 Conclusions

In conclusion, via the development of the fluid-solid cou-
pled vibration model, the influence law and impact level
of the fluid-saturated perforated structure design on the
integral structure of the water-lubricated stern bearing
were analyzed and verified by simulation and experi-
ment, and the following conclusions were obtained.

(1) The proposed fluid-saturated perforated slab was
significantly effective in reducing the vibration amplitude
transferred from shaft.

(2) The optimal volume fraction of the liquid phase
was obtained to enhance the damping of the whole
structure, and when the solid phase material of the
bearings was rubber and that of the fluid phase was
water, the volume fraction was approximately O0.1.
Furthermore, the increase in fluid fraction does not

enhance the damping effect, instead, it increases its
influence on the natural frequency of the original
material.
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