Chapter 95 )
Analysis of Ship Shaft Bending Vibration | oo
Characteristics Based on Bearing Oil

Film Stiffness
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Abstract Propulsion shafting plays an importantrole in the overall structure of naval
ships. The control effect of shafting vibration determines the safety performance
of the ship to a great extent. The dynamic characteristics of the sliding bearing
distributed on the shaft, especially the stiffness, have a significant influence on the
vibration transmission characteristics of the propulsion shafting. The study of the
influence of bearing stiffness characteristics on the coupling vibration of propulsion
shafting and hull is beneficial to promote the optimal design of shafting and improve
the safety performance of ships. In this article, according to the general structure of
ship propulsion shafting, the theoretical model of ship-shaft coupling system bending
vibration is established, and the calculation model of average energy input of each
shaft section is deduced. The oil film stiffness characteristics of various bearings on
the stern drive shaft are simulated and analyzed. The results show that the bearing
liquid film stiffness is proportional to the shaft speed and inversely proportional to the
main resonance peak frequency. The stiffness of bearing liquid film is proportional to
the strength of low frequency vibration energy transmission dissipation, but has little
effect on the dissipation process of high frequency vibration energy transmission.

Keywords Bearing oil film rigidity - Ship shafting - Bending vibration
characteristics + Average energy input

95.1 Introduction

Thrust bearing is a key component of the Marine propulsion system. It transmits
thrust from the propeller to the hull [1]. The modern ships pay more attention to
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the large size and long voyage ability, at the same time, Military ships also need
to have high-speed and high-maneuverability capabilities, so the requirements for
bearing performance are becoming more stringent [2]. The research on the vibration
of the propulsion shafting has always been a hot issue in the research and design
of ships [3]. The stiffness of bearing liquid film is one of the key factors affecting
the vibration characteristics in ship shafting. In most of the previous researches on
shafting vibration, the stiffness of bearing liquid film is often simply defined as an
ideal spring with fixed dynamic characteristics.

Studies have shown that the lubrication characteristics of each bearing in the
propulsion shaft system have a more great influence on the bending vibration of the
system than on the longitudinal vibration [4, 5]. Based on the general structure of the
ship’s propulsion shafting system, this paper conducts dynamic analysis, modeling
analysis, and establishes the flexural vibration model of the propulsion shaft system-
hull coupling system and the average energy calculation model. Use ANSYS to
analyze the oil film stiffness characteristics of each bearing on the stern drive shaft;
then the calculation results were substituted into the bending vibration energy transfer
average power calculation model for effect analysis.

95.2 Shaft Bending Vibration Modeling and Power Flow
Calculation

Firstly, based on the assumption that the dynamic characteristics of each bearing
are invariable, Modeling the bending vibration of shafting system and deriving the
average energy input formula. To streamline the modeling process, in Sect. 95.2.1
just list the differential equation after the Fourier transform. In Sect. 95.2.2, the
concepts of complex stiffness and complex wave number are introduced to express
the average power of energy input of propeller excitation.

95.2.1 Mode Building and Solving

As shown in Fig. 95.1, consider the axis as a simply supported boundary condition.
Research has shown that pedestal bearing, stern front bearing, stern intermediate
bearing and rear stern bearing’s radial restraint is very large, while Air—tire clutch,
elastic coupling and thrust bearing’s radial constraints are relatively small [6].
Figure 95.2 is the schematic diagram of vibration energy transfer relationship
of tail shaft L,, regard the contact among the bearings, the main shaft and the hull
mounting base as point contact, and the dynamic characteristics of each bearing
are fixed. F, is the lateral excitation force input by the drive axial propeller, Jp is
the moment of inertia of the ship’s propeller around the main axis, The stiffness
parameters of thrust bearing, front stern, middle stern, and rear stern bearings are
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Fig. 95.1 Propulsion shaft structure diagram
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Fig. 95.2 Schematic diagram of energy transmission of shafting bending vibration

represented by kr, k1, k and k3 respectively; shafts from thrust bearing to front stern
bearing, front stern bearing to middle stern bearing, middle stern bearing to rear stern
bearing The segment distance is represented by I, Iy and /g respectively, F, M P
is the shear force formed by the propeller on the drive shaft, and Mp is the bending
moment.

Set the vertical upward direction as the positive direction, take the propeller as the

research object, and then write the equation and do the Fourier transform as follows.

—*JpOp + jwcpOp = M, (95.1)
’mpWp — jocps Wp = Fp + Fyp (95.2)

—pAW(x, w) + (EN) Wi (x, w) =0 (95.3)
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W(x2, w) = Wag(x,w) (0 < x < bp)
W(x, w) = Wam(x, w) (lp < x < lhp + lom) (95.4)
Wx, w) = Woam(x, ®) (I +lom < x < L»)

Define Ag* = pSw?/(EI), where Ag is wave number, Ao, oM, 2F a8 Wave number
at each axis. Equation (95.3) has a general solution:

W(x,w) = A -exp(—jlgx) + B - exp(—Igx) + C - exp(jlgx) + D - exp(lp)

Contrast formula (95.4), there are formula 95.5.

. A
Wap = [exp(—jrapx) eXp(—/\zBX)][BiB]
B

, C
+ [exp(jr2s) exp(xmx)][ o ] 0<x<bhp
2B
; A
Wom = [exp(—])\ng) exp(—AzMx)] |: BjM i|
M

(95.5)

C
2Mi|123 <x=<hp+hy
Dyy
Arp ]
B>r

Cor
Dyr

+ [eXp(j)»zMx) eXP()QMx)] [
]

Wor = [eXp(—j)\zp.X) exp(—A2rx) |:

+ [exp(jrarx) CXP()»zFX)][ ] bp <bu <x =L

Set A ij as a functional expression about the free vibration frequency of the system,
it can be obtained through the process of deriving the vibration response between
the sub-bearing and the main shaft, and finally get the matrix Eq. 95.6.

Solve the ap., oo™, aom™, aam—, aort and aop~ in the formula.

At A Az Aig Ays Agg || oo oy Fup
Aop Ay Aoz Aoy O O o oo 0
Az Az Aszz Azq Azs Ase Olsz —A O‘Z:M _| 0 (95.6)
O O Az Aga Aus Asgs || agy Oom 0
Asy Asy Asz Asqy Ass Asg [oae Wk 0
| Aot A2 Ao Nea Nos Nes | | Xop | | ogp | L 0 ]
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eZB = diag[exp(—jlpx), exp(— lzB)C)] oc2M [AzM, BzM]
e, = diaglexp(jlopx), exp(lpx)], oz = [Com, DFM]
ey = diaglexp(—jlamx), exp(—lwx)], ajp =[ Az, Barl",
ex = diaglexp(jlawix), exp(lamx)], oo = [Car, Dorl’,
e3p = diaglexp(—jlex), exp(—Lex)],

ey = diag[exp(jlapx), exp(lpx)].

-1
th = (EID) ,\2[ }W+_[ ]
28 2Bn jA2p —A2p 2B —jAap —A2p
£, = (EI) )\2[_1 } —[ }
2B 2BA2B ihap Aoz 2B ir2 A2

-1 1 1
£ = (EDauA2 [ ] Wi z[ ]
M MM JAam —Aam M —jram —Aam

-1 1 1 1
£, = (EDairdy| },w :[. }
o = (ED)am ZM[—JMM o M= | i3 Ao

-1 1 1 1
£ = (EID) A2|: , ],w+=[ ) ]
* 2ror —JA2F —A2F 2k —jAoE —Aam

£ = (EI)ZF)»%F[ _j_;zp )\H’ Wy = [j); A;]
00 0

o=o0)2=[o]
A = fig + (@ Jpy — jweps + Razpi)wig + Razrwizeds (bp),
Ax = fop — (@*mp — jocps — Rozri)Wsg + Rozpinwygess (bp),
A1z = Rozpizwiyedy (s + bw),
A1 = Rozpizwyyen(bs + bm),
Ais = Rozpiawizesn(Lo),
A = Ryzriawypesp (L),
Az = wipess(bp),
Axn = wygeypp(ln),
Az = —wjyyeqy(bp),
Aoy = —wyyer(hp),
A3 = figeds(bp) — Razriwiy — Rozpnwiges (),
A3z = foperp(lp) — Ryzpiw,g — RozZppwope,s (op),
Azy = — fiem(p) — Razpswiyedh (b + bv),
Azy = — fomeni(la) — Razrazwoyesy (s + lam),
Ass = —Rozpuwipesn (L),
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Aszs = —Ryzrawipesp(Lr),
Az = wiyeny(be + bhw),

Ayq = wyyern (e + bw),

Ass = —wizes(bp + bhw),
Ays = —wypesp(lp + lwm),
Asi = —Ro[zp31wi + zrawizeds (op) ],
Asy = —Ry[zp31wip + zpnwogess ()],

Asy = (fiy — Rozrsswiyedy (s + Lw),

Asy = (fom — Razpzwyypen(las + b)),

Ass = — fperp(ln + bw) — Razpaawypesp(La),
Ase = — fopesp(lap + lam) — Rozpzawsperp(La),
Ag = —Rz[ZF41w§rB + ZF42w;Be§rB(IZB)]’

Aer = —Rs[zpa1wop + Zraowogesrs (bp)],

Agy = —Rozrzwiy e (b + bv),

Aot = —Rozpaswyyenn (e + b)),

Ass = foperp(L2) — Rozraawipesp(Ly),

Ao = foperp(L2) — Rozpaswiperp(Lo).
When the force and bending moment of the drive shaft on the propeller are zero,
the det = 0 is a transcendental equation, so you can solve for an infinite number

of free vibration frequencies of the system, namely the natural frequencies of the
bending vibration of the system in the frequency domain.

95.2.2 Analysis of Vibration Energy Transfer

Average power input of propeller lateral excitation to shafting vibration:

2w
Py = % / Re{ﬁp} -Re{—uip}dt = %Re{ﬁp : (—jwwp)*}
0
- %Re{ip - jwW; 0, a))} (95.7)

Introduce the concepts of complex stiffness and complex wave number, and the
transmitted power flow at the connection between propeller and shafting system is
as follows:
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21/

Pa= 5 [ [Rel(EDapitan.c0.0)) - Ref-in.(0.1)
0

+Re{(E1) 525,55 (0, 1)} - Re{fm 0, t)}]dt (95.8)

The average power dissipated by fluid damping in the process of propeller bending
vibration with shafting:

Pepo + Pops = 0.50% (cpa|Ims|*| — jAm — Bms + jCus
+Dwus|* + cp3|Ams + Bup + Cus + Dyisl?|) (95.9)

cpy and cp3 are the damping coefficients when the blades move the seawater.
Assume that the excitation force and bending moment of aft stern bearing on the
hull is F3y and M3y, and the average power is Pj3g and Pasy:

. 10
Pi3n = %Re{Jwa?ZW?ZHE : |:O 0} 'Z11W320132}, P =

8 ?} : Z11W320632}-

Then the total average power input transmitted from the aft bearing to the hull is:
Psy = Pi3g + Pyu. Similarly, the total average power input of stern front bearing,
stern middle bearing and thrust bearing transmitted to the hull is P,y = Py +
P22HsP1H = PllH + PZIH’PTH = PlTH + PZTH’ and the sum of the power flow of each
bearing seat and hull structure is Psym = Psg + Pou + Pig + Pra.

Set the energy density of each sub-shaft bending vibration in unit volume as
(T (x,w)), {Trp+am(x,w)); and (T, (x,w)), and the energy density of the bending
deformation potential energy as (V,p(x,w)),(Vapsom (x,w)); and (V 15 (x,w)).

Total bending vibration energy:

%Re{jwaggwg‘zH‘ﬁ, : [

(E(®)) = (Ea(®)) + (Ezp4om (@) + (EL2(0))

lop L+l

_ / (Eap(x, @))dx + / (Expsan(x, @))dx
0 b
L,

+ f (Era(x, w))dx (95.10)

Le+bm
Average vibration energy of propeller:

27w 2nfw

(Tp):% / mP(Re{uip})de% / Jp(Re{gzp})zdt (95.11)

0 0
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95.3 Calculation of Bearing Lubrication and Liquid Film
Stiffness

The pressure changes caused by unit displacement of radial and thrust bearings were
obtained by simulating small displacement disturbance based on ANSYS, then obtain
the liquid film stiffness of the bearing.

95.3.1 Boundary Conditions and Flow Conditions

Based on the related mathematical theory of hydrodynamic lubrication, then intro-
duce the Reynolds equation [7]. The boundary condition is p = pg, dp / oy =0
[8, 9] . The Reynolds number Re = pvd/p can indicate that the fluid has a critical
transition from laminar flow to turbulent flow.d is a characteristic length, | is the
hydrodynamic viscosity) Reynolds number is the basis for judging the flow charac-
teristics. In pipe flow, the flow with Reynolds number less than 2300 is laminar flow,
the flow with Reynolds number equal to 2300—-4000 is a transitional state, and when
itis greater than 4000, it is turbulent flow [10]. Take fluid density 0.95 x 10~ kg/m?,
dynamic viscosity coefficient 0.047 Pa s, speed 40 rad/s, characteristic length 1 x
10~* m, and calculate Re = 13.9, which is much less than 2300 Reynolds number,
so the flow state of lubricating oil in the bearing gap is laminar flow.

95.3.2 Stiffness Characteristic Calculation of Tilting Tile
Bearing

Define the length between the oil outlet and the oil inlet of the bearing bush as D,
the length between the fixed fulcrum and the oil inlet is d, set the tilting pad bearing
clearance ratio as c, the axial thickness of the liquid film at the bearing pad gap is
10 mm, and the standard oil film clearance on the side of the sector-shaped bearing
pad is 0.1 mm, define the gap between the front thrust plate and the stepped shaft as
¢ct, and the gap between the rear thrust plate and the stepped shaft as ¢}, Set 5 rad/s,
10 rad/s, 15 rad/s, 20 rad/s, 25 rad/s five speed working conditions, ¢t select a series
of values between 0.04-0.16.

Responding to different c; can be calculated. Based on FLUENT simulation, the
bearing capacity co draw the scatter trend graph of the data to get the bearing oil
film bearing capacity-clearance-speed relationship graph. The slope of each linear
equation is the lubricating oil film stiffness Ky, of the tilting pad sector thrust bearing
at the corresponding speed. The statistics are shown in Table 95.1.

The calculated results are consistent with the order of magnitude of oil film
stiffness in relevant literature [11, 12], which proves that the calculated results are
effective.
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Table 95.1 Tilting pad thrust bearing oil film rigidity table
Rotating speed/(rad/s) 5 10 15 20 25
Stiffness/ N/m x 103 0.346 0.682 1.06 1.41 1.74

Table 95.2 Some calculation parameters of stern front bearing

Name The radius of the | The radius of the | The axial width | Gap width
bearing bush front stern shaft
The numerical/mm | 67.65 67.5 325.5 0.1

Table 95.3 Stiffness of bearing liquid film of stern front, stern, and stern under different working
conditions

Rotating speed/rad-s~! 5 10 15 20 25 40

KI/Nm~! x 108 1.8 2.62 35 4.38 5.27 7.91
K2/Nm~! x 108 1.67 2.8 3.15 4.65 5.74 8.58
K3/Nm~! x 108 3.24 5.11 6.72 9.37 11.5 18.3

95.3.3 Stiffness Characteristic Calculation of Radial
Bearings

The structure of the three radial sliding bearings is similar, the lubrication principle
and the calculation method of the liquid film stiffness are the same, so only the
calculation process of the stern front bearing is listed here.

Pre-processing is performed based on the stern bearing parameters in Table 95.2
and Solidworks software. In addition to the five working conditions of 3.2 knots of
shaft speed, a shaft speed of 40 rad/s is added to simulate the navigating conditions
of the ship, and the air separation pressure is set to 7750 Pa.

Using the same calculation method, the speed-liquid film stiffness relationship
of the stern intermediate bearing and the stern bearing can be obtained. K;, K5, and
K; are used to represent the liquid film stiffness of the front, middle, and rear stern
bearings respectively as shown in Table 95.3.

95.4 Relationship Between Fluid Film Stiffness of Plain
Bearings and Energy Transfer of Bending Vibration
in Shafting System

Combining the above simulation calculation results reflecting the dynamic character-
istics of radial sliding bearings with the calculation model of shaft bending vibration
energy transfer, then perform simulation calculations in three working conditions
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(speed 5 rad/s, 15 rad/s and 25 rad/s) to analyze the influence of the stiffness char-
acteristics of the front, middle and rear radial bearings and tilting pad support bear-
ings on the average power input and dissipation of the shafting bending vibration.
Substitute the parameters in Tables 95.1, 95.2 and 95.3 into MATLAB, and then
get the energy dissipation diagram of bending vibration in the transmission path of
propeller-shaft-bearing-hull, as shown in Figs. 95.3, 95.4, 95.5 and 95.6.

It can be seen from Fig. 95.3 that while the increase in speed leads to an increase
in the stiffness of the bearing liquid film, it also causes the natural frequency to shift
to the right. At the same time, the energy dissipation effect in the high frequency
range is also increased, but the dissipation effect is not obvious. It can be seen from
Fig. 95.4 that in the low-frequency region, a higher rotation speed can significantly
increase the resonance frequency of the shaft system excited by the propeller; the
impact of energy dissipation in the high-frequency region is difficult to distinguish,
and the effect is not obvious. It can be seen from Fig. 95.5 that When the stiffness of
the liquid film of each bearing rises because of the increase in speed, the resonance
frequency in the low-frequency resonance region has an exponential increase trend,

Fig. 95.3 Average power -200
dissipation of shafting
bending vibration ~  .300
Z
2 -400
: f
& -500 ~ “"’? :
5 i : L
e w :
< 600
-700 . . —
10" 10’ 10' 10’ 10
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Fig. 95.4 Power flow input -200
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z
)
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2
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= ;
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-800 g - " +
10° 10° 10 10 10°
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The average energy input in the medium and high frequency region will decrease
rapidly as the stiffness of the liquid film of each bearing increases (The increase in the
stiffness of the bearing liquid film is proportional to the shaft speed). Figures 95.3,
95.4, 95.5 and 95.6 have a common character: when the liquid film stiffness of each
sliding bearing increases due to the increase of speed, the natural frequency in the
low-frequency region moves significantly to the right. Figure 95.6 also shows that
the increase of rotating speed and bearing liquid film stiffness has a certain effect
on vibration energy transfer and dissipation in the low frequency region, but it has
no obvious effect on the vibration energy transfer and dissipation in the middle and
high frequency region.

In summary, the stiffness of the bearing liquid film is proportional to the speed of
the drive shaft and inversely proportional to the main resonance peak frequency; The
stiffness of the bearing liquid film is proportional to the dissipation ability of low
frequency vibration energy transmission, while has little influence on the dissipation
process of high frequency vibration energy transmission.



1564 S. Liu et al.

95.5 Conclusions

Based on the general structure of the ship’s propulsion shafting, this paper built a
theoretical model of the bending vibration of the ship-shaft coupling system and
the average energy input calculation model in Sect. 95.2. In Sect. 95.3, it simulates
and calculates the oil film stiffness of three radial bearings and tilting pad thrust
bearings of the stern drive shaft in 6 different speed conditions. In Sect. 95.4, the
calculation results of Sect. 95.2 are substituted into the average power calculation
model of bending vibration for simulation calculation and effect analysis. According
to the research, When the speed decreases, the stiffness of the liquid film of each
bearing decreases, at the same time, the frequency of each main resonance peak
decreases, and the vibration energy of the lower frequency band is amplified. The
effect of the change of bearing liquid film stiffness at different speeds on the energy
transfer of shaft bending vibration is mainly concentrated in the low-frequency area,
while the effect on the high-frequency area is not obvious. This conclusion provides
a theoretical basis and research method for the study of shafting noise radiation.
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