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Abstract. For investigating the characteristics of the resonance changer and its influence on the
longitudinal vibration of marine propulsion shafting system, by the transfer matrix method, the
model of the shafting system, including the resonance changer is established. The influences of
the resonance changer with various designing parameters on the force transmissibility through the
thrust bearing foundation are evaluated. The results show that, the introduction of the resonance
changer eliminates the resonance at original Ist natural frequency and introduces another two
resonance peaks, as well as significantly lowering the maximum response compared with the
original peak. The right one is attributed to the resonance changer, while the other is due to
excitation of the other shafting system components. The 2nd natural frequency moves towards the
high frequency direction and the peak value nearly stay invariable. If the designing parameters of
the resonance changer are well optimized, the objective of reducing the longitudinal vibration
transmission through the shafting system to the hull could be achieved.
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1. Introduction

For marine vessels, when the blade passing frequency of the propeller is equal or close to the
natural frequency of the shaft longitudinal vibration, there will be excessive longitudinal vibration
of the shafting system, which is not only the reason of the fatigue damage of the shaft and the
wear of the thrust bearings, but also the main source for low frequency shipboard noise and
underwater sound radiation from a submarine hull. For reducing the propeller-induced
longitudinal vibration, several methods are presented [1-4], i.e. increasing the number of propeller
blades, moving the thrust bearing further afterward, and adopting new thrusters such as water jet
propulsion device. Such method is difficult to implement and is not always effective. The
resonance changer (also called RC) [4] proposed by GOODWIN is a new option in reducing the
propeller-induced vibration, and since then it has received much more attentions.

Fig. 1 shows a thrust bearing which is a combination of a fluid-equalized thrust bearing [5]
and a RC, and it could help reduce shaft longitudinal vibration. The thrust pads are supported by
pistons which are in turn supported by hydraulic fluids. The piston cylinders are all interconnected
and the supported fluids are connected to an oil reservoir through an oil pipe. The axial load is
carried by the supported fluids and the disturbance forces are transmitted to the oil reservoir
through the oscillatory oil pressure in the oil pipe. In this procedure, the virtual stiffness K}, is
produced by the compression and expansion of the oil in the reservoir, and the virtual mass My,
and virtual damping Cj, are produced by the viscous oil flow in the oil pipe. So, the piston
cylinders, the supported fluids, the oil pipe as well as the oil reservoir work together as a RC. A
replenishment hydraulic fluid system is also provided to compensate for shaft movement due to
fluid leakage and the compression or expansion of the oil in the reservoir. Fig. 2 shows the main
designing parameters of a thrust bearing with a RC, including 1y, 1, 6, 13, 8, m, V3, dy, L1, dq,
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which represent the inner radius of pad, the outer radius of pad, the angular of pad, the radius of
supported point, the angular of the supported point, the number of thrust pads and oil cylinders,
the volume of the oil reservoir, the diameter of the piston cylinder, the length and diameter of the
oil pipe, respectively.
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Fig. 1. A schematic diagram of a thrust Fig. 2. Specifications of a thrust
bearing with a RC bearing with a RC

2. Model of longitudinal vibration of propulsion shafting system

The main propulsion shafting system of a marine vessel can be simplified into the key features
shown in Fig. 3 as far as the axial vibration is concerned, where U}, F}, Ul, F] represent the
amplitude of displacement and force of component i, and superscripts ‘r’ and ‘I’ denote the right
end and the left end of component i. Subscript ‘i’ denotes different component. In detail,
‘1°,°2°,°37,°4’,°5” denote the propeller, the stern shaft, the thrust bearing, the intermediate shaft
and the coupling, respectively, and ‘t’, ‘h, ‘b’ denote the thrust collar, the RC, the foundation,

respectively. T; represents the transfer matrix of component i.
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Fig. 3. A model of longitudinal vibration of propulsion shafting system
2.1. Model of the thrust bearing with a resonance changer

The simplified model of the RC is shown in Fig.3. As described in literature [4], a
mathematical analysis can be made as followings:

LAZ . A2 . . A2B
Fl=A,P = p1A1 (U — U}F) + 8mpy Ly —A;’ (Ur -0h) + I"/ L(up - ub), (1)
1 1 1

where, A, = mm(d3/2)? is the total cross-sectional area of the supported fluids, A; = m(d?/2)?
is the cross-sectional area of the oil pipe, and P, p;, i44, B; are the oil pressure in the piston
cylinder, the density of the oil, the oil viscous and the bulk modulus of the oil, respectively. Then,
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M, Ky, C,, and F, can be given by Eq. (2). F, is the natural frequency of the RC. The
transmission matrix of the RC is respectively expressed as Eq. (3), in which w is the angular
frequency of the disturbance forces:

P1L1A% A(Z)B1 A% (B141)
M, =—— K= , C,=8muli—, F,= |————, 2
" Ay " 14 " i 1A% " (p1L1V1) @

1

1

Th. = [ —Mh(l)z + Kh +]wChl (3)
0 1

The transmission matrix of the thrust bearing with a RC and its foundation is shown as:
Up) _ Ut
{r) = tert @

where, Kj,, M}, are the stiffness and mass of the thrust bearing foundation(including the supporting
and surrounding structures), and K,,, C, are the axial stiffness and damping of the lubricated oil
film. The procedure of calculating the dynamic coefficients described in literature [6], which is
based on the thermal hydrodynamic lubrication theory and the perturbation equations formulated
from a first order Taylor expansion of the oil film and pressure, is adopted in this paper. The hull
of the ship or submarine could be regard as a rigid boundary condition, which means U] = 0.
Then, Eq. (4) can be deduced as:

1
K, + jwC,
1

1
1 — 1 01 .

Kb _Mbwz 1 _Mh(l)z + Kh +](1)Ch
0 1 0

1 0

F,"=K,U"
t — BeYt
_ (Kp — My0?)(K, + jwC,)(=Mpw? + Ky + jwCy) )
(K — Myw? + K, + jwCo)(—Mpw? + Kj, + jwCp) + (K — Myw?)(K, + jwC,) ¢’

where K, represents the equivalent stiffness. Mth is the mass of the thrust collar. Then, the transfer
matrix of the thrust bearing with a RC and the foundation can be expressed as:

1 0
L= | M2+ K, 1) ©)

2.2. Model of longitudinal shaft vibration and responds calculation

The transfer matrix of the shafting system T is shown as Eq. (7), in which, Ty, Tq2, To1, Tao
are the elements of T. The transfer matrices of the propeller and the coupling are expressed as
Eq. (5) and the transfer matrix of the uniform shaft undergoing longitudinal vibration is expressed
as Eq. (6).Where, M,,, M, [, E, ps, A are the lumped mass of propeller, the lumped mass of
coupling, the length of shaft, Young’s modulus, the density of the shaft, the cross-sectional arca
of the shaft, respectively:

r=TnnT = ), ™)
Ta= [y 1) ®
, -M, .w 1

sin(zl)
Tys = cos(tl) A |, = d )

—EAtsin(zl) cos(zl) JE/ps
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When the load f; is acted on the propeller, the relationship between state vectors of the right
and left ends of the shafting system is presented in Eq. (10). Substituting the free-free boundary
conditions (F;' = F5” = 0) into Eq. (10), the state vector of the propeller end can be obtained by
solving the Eq. (10), shown as Eq. (11). Utilizing the state vector of the propeller end and the
accumulated transmission matrix from propeller to the component i, the response at any
component along the shaft could be obtained:

Us) _ [T Thz Ut

{Fsr} Ty Tzz] {Ff —fo}’ (10)
T.

Ut -2

(-

The force transmissibility through the thrust bearing foundation could be easily obtained by

Fy"/fo.
3. Discussions of results

The corresponding configuration data of the thrust bearing are load F = 200 kN, shaft speed
n =220 r/min, 1, =0.24m,r; =0.125m, m =8, 6, = 0.611rad, 1, = 0.186 m, 8, = 0.3543 rad.
The corresponding configuration data of the shaft are ; = 14 m, [, =2 m, the diameter of the
shaft d = 0.16m, M, = 7000kg, M, = 1000kg, p; = 760 kg/m’, E = 200 GPa. The
corresponding configuration data of the RC are dy =60 mm, d; =5mm,V; =1.6L,L; =2 m,
p1 =760 kg/m?, B; = 1940 MPa, y; = 0.23 pa-s.

Fig. 4 is the contrast figure of the force transmissibility through the thrust bearing foundation
before and after a RC is attached to the thrust bearing. Fig. 4(a), Fig. 4(b), Fig. 4(c) and Fig. 4(d)
exhibit the influences of the volume of the oil reservoir V;, the diameter of the piston cylinder d,
the length L,; and diameter d; of the oil pipe, respectively.

Compared with the situation in absence of the RC, the introduction of the RC results in the
elimination of the dominant peak at the original 1st natural frequency and alteration of the 2nd
natural frequency much more towards the high frequency direction. Simultaneously, it also
introduces another two dominant resonance peaks around the original 1st natural frequency. The
amplitudes and locations of the two peaks are related to the different parameters of RC, but both
of the amplitudes are lower than the original one. Off resonance frequency, there is little difference
between the situations with and without a RC, which proves that the RC only exhibits good
performance over a narrow frequency bandwidth.

As shown in Fig. 4(a), with the increasing of V;, K and F,, decrease while M},, C;, stays
invariable. The peak on the right side moves towards the original 1st natural frequency and the
amplitude of the peak increases. As shown in Fig. 4(b), with the increasing of dy, My, K, and Cy,
decrease while F, stays invariable. The two peaks move together towards the original 1st natural
frequency and the amplitudes of the two peaks stay nearly equal and decrease gradually. As shown
in Fig. 4(c), with the increasing of L;, M; and Cj, increase and Fj, decreases while K stays
invariable. The peak on the right side moves towards the original 1st natural frequency and the
amplitude of the peak increases. As shown in Fig. 4(d), with the increasing of d;, M), and Cj
decrease and Fj, increases while K}, stays invariable. The peak on the right side moves towards the
high frequency direction and the amplitude of the peak decreases.

From above analysis, it is obvious that the peak on the right side is attributed to the RC, while
the peak on the left side is due to excitation of the original shafting system. It could be concluded
that, with the decreasing of Fj, (increasing of M}, or decreasing of K},), the influences of the RC
on the longitudinal vibration of the shafting system is more and more significant. And that is why
the two peaks moves and changes synchronously when F, stays invariable. It could be foreseen
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that, when V; is small enough, K}, will be infinite, so the RC could be regarded as a rigid support.
As a result, the peak on the left side overlaps the original peak at 1st natural frequency, while the
peak on the right side disappeared. When L, is long enough or d, is small enough, M, will be
infinite. As a result, the peak on the right side will overlap the original peak at 1st natural
frequency, while the peak on the left side disappeared. Be careful, because of the limitation of the
axial shaft movement, K}, should not be too small.

Considering the mass, stiffness and the 1st natural frequency of the shafting systems,
optimizing V;, dg, L1, d; to acquire a natural frequency of the RC which is close to the original
1st natural frequency of the shafting system, a appropriately large virtual mass, a appropriately
small virtual stiffness and a appropriate virtual damping, there will be a good effect of vibration
reduction when the RC is attached to the shafting system.

2 2
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Fig. 4. Effect of RC with variations in designing parameters on force transmissibility

4. Conclusions

In this paper, force transmissibility through the thrust bearing foundation for different cases is
employed to study the dynamic behavior of the RC as well as its influences on the longitudinal
vibration of the propulsion shafting system. The conclusions can be summarized as follows:

The introduction of the RC eliminates the resonance at low frequency suffered previously and
introduces another two resonance peaks around original Ist natural frequency, as well as
significantly lowering the maximum response compared with the original peak. The peak on the
right side is attributed to the RC, while the other is due to excitation of the other shafting system
components. Furthermore the resonance frequency of the 2nd natural frequency moves towards
the high frequency direction and the peak value nearly stay invariable. Such variations in force
transmissibility characteristics are linked with the variation of the designing parameters of the RC,
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such as the diameter of the piston cylinder, the diameter of the oil pipe, the length of the oil pipe,
the volume of the oil reservoir. By optimizing above parameters, the purpose of reducing severe
longitudinal vibration and its transmission into the hull through a thrust bearing over a specified
frequency range would be realized.
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