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1. Introduction
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induce various faults on bearingesulting inunscheduled maintenaneed downtimg5][6]. For examplejn wind turbine
systempver50% of faultsin gearboxes wenmelated tdbearingg7] and abrasive wear is the most comrif&nThus,accurate
condition monitoring of bearirgys of greatsignificance ¢ the actual production
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2. Numerical Model of Bearing Clearances in a Gearbox

2 .Gle asrh abk & r -h 0 g sNMondge |

In previous works, vibration responses of a single bearing under different radial clearances and constant external |
were expounded through model based method, ignoring the influence of dynamic load. Thus, in thi® peyeslthe
bearing vibrationresponsesinder various radial clearances with thiafluence of geardynamics,aiming to explore the
interaction between bearings and gears on spectrum from kinetic analftsisped geasshaftbearinghousingvibration
model is developed witfourteenDOFs, as is shown irFig. 1. The model consists of a pair of gear, two shafts and four
bearings. The detailed bearing and the gear vibration modehsnsih Fig. 2 andFig. 3, respectively.

Besides, wear is one of the major failure modes happened in gear transmission system and progressive material
during the wear process could lead to occurrence of otherefgjlsuch as pitting, spalling, which affects the fatigue life of
gear. Thus, it is noted that, to consider the complexity of agleslitbearinghousing system, both normal gear and gear with
spaling defect were included in the proposed model as eliffarases to mimic real working conditidespecially, there is
only oneobviousspalling on gear surface and the increase of spalling size was set as the increase of width in this study.
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(X)) and hW¥r idziornetcatli oin was taken into account .

(2)n t he wheorlreorssy sdkgeemo,matidf aemembly were ignored.
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( 4) The shaft was rigid, and torsional def or mati on
symmetrically placed barregpbnard Wwdatendpedrhage3t had:
(5) For hédbegrsiknegtdireregne warys! lainndg a remeéeggrherctt £ d , i . e.,

them eéast peat rolling.

2.1BearDenfgor mamnd o@Qont act Stiffness

In the bearing vibration modelhé deformatiori and velocity 0 for each element could be calculated thg
displacement/velocity of the shaft, housing and the orbital angle of ball, as shbg/(lb) [13][38] andEq.(16) [20]
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where ¢ denotes radial clearance.

The total compreensivestiffness among thianer race, rolling element and outer race caonlainedthroughHertz contact

theory[14], which isgiven as
¥
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where U j is the Hertz contact stiffness between the outer and inner raceways with the ball, respectively
n— T
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whereOi s Youngosai sno Bal s s nidtee canaaturie sum arnd® is the dimensionless contact deflection.
The equivalentdamping coefficien{39][40] between two raceways the bearingcan be obtained on the basistbé mass
and stiffness of roling element, as well adaanping ratio
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where v is the damping ratio and is the mass of each balt is noted that the damping of the shaft and housing are also
calculated according t6q. (19) with its corresponding mass and stiffness.
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wherCGan®are the elastic modulus and sfCaard mocdulres pett i
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2.2 Medalp@Ghar actkrigutinci es

In the vibration model, bearing 6205 is adopted to investigate the effect of bearing clearance. Theomgitry parameters
andmain physical propertiewere shown inTable 1 andTable 2, respectively. Besides, the maitysical propertiesf the gear
pair and the gear spalling size are showhale 3 andTable 4, respectively.



Table 1

Main geometry parameters5of deep groove ball bearing ¢
Description Notation Value
Nominal bore diameter (1) Q 25
Nominal outside diameter (i ) 0 52
Inner race diameted (i) Q 30.60
Outer racaliameter { 1) Q 46.40
Pitch diameteri( 1) Q 46.96
Ball diameter { 1) Q 7.90
Number of rollers 0 9
Contact angle (e) 1 0°
Original radial clearance { ) A 0,20
Table 2
The nhay ;i cpal pbeopreitrugdgs f or
Description Notation Value
Mass of shaft (kg) a 1.30
Mass of house (kg) a 0.50
Mass of each ball (kg) & Cdu pTI
Stiffness of shaft (N/m) 0 o8t pT
Stiffness of housing (N/m) 0 gt p T
Damping of shaft 0 3949.68
Damping ofhousing 0 3162.28
Table 3
The main parameters of the gear pair
Parameters Pinion Gear
Module (mm) 3 3
Teeth number 25 53
Pressure angle (°) 20° 20°
Width (mm) 60 50
Moment of inertia ( k21.37x10° 2.31x107
Mass (kg) 1.56 5.85
Torque(Nm) 28.30 ¢ o, 4 60 (setby the brake)
Driven speedrfpm) 1500 194.73
Poissonbés ratio 0.3 0.3

Table 4

The main parametepgs of the gear spall
Parameters of Spaling Notation Value
Length (mm) a 2
Width (mm) 0 0,1020,30,40
Depth (mm) Q 1
Distance to the gear top (mm) 0 1.8

23DynaRe£ponse
The main characteristic frequenTabhdbsenOdbbtehe bearing e

Table 5

Characteristic frequencies of the gear
Characteristic Frequencies(1500rpm) Notation Value
First-orderMesh frequency pzQ 625
SecondorderMesh frequency ¢z'Q 1250

Third-orderMesh frequency 0z"Q 1875




Table 6
Characteristic freqguencies of the bearing

Characteristic Frequencies Bearing on Shaft | Bearing on Shatft Il
(1500rpm) (150053 25=707.55rpm)

Rotational frequenciQ 25 11.79

BPFO (H) 89.42 42.18

BPFI (Hz) 135.58 63.95

Cage frequency 9.94 4.69

BSF 58.35 27.52
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pat hemaeadgyt idd rewshiiphee f r e q usemarys cbhanedner gy f r Dimucdgmes i ilhec b
characteristt@®ssobt ullgow efatubsdemtd dny4.c ) debands of BPFO c¢
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FromF i @, it is found that the GMF and its harmonics have higher amplitiugeto the gear meshing Re f 2,@ h e
aut lhhanw ® utnldat BPFO is dominant fredwumemarwiifdhomtt bbviouvel
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BPFOssuakbkinbég t he transshiMmesigerdopdtelt h e o mphoen esnptesavttiring m b
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It i s ndteednotdledt js mainly focus on the system inclu
t he nCodele.quheentver imdii d otcivsme ¢ he bearing clearancesnsadarmrsd s
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The waveform, FFRT opre cstprecrm reuim@lltag ea s hlmevnf e mnd t hat mC:

the waveB8P&ON is distinct in the envelope spectrum. Spe
result itwi tcho ntshies tfdind.@ ] HhogwsenvidR2Z R esrhatf dtriemauency al so pres
in the envelope spectrum. It can be attributed to the
(¢ (b) (© BPFO

Fi g8earing ¢t axatverdf @It spec(tee)uwmelample spectrum
Toverify the effectiveness of the proposed modeimmrdeling the vibration of the system with bearing, shaft and gear,
including clearancespormalgear and spalling geaatwo-stage reducdest rig is utilizedo measure the vibration signal of
roling element bearing. The experiment setup is as shoWwigi®. Table 7 shows the characteristic frequéss under 700,
900 and 1100rprincluding rotational frequency of each shafie mesh frequeries and BPFO.
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