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Abstract. The heavy duty gear driver with antifriction bems have been modeled, simulated and tested in ikl
experimental data of rotors shafts vibration disptaents were used in physical model of gear teetbhing dynamics
simulation. The modeling and simulation of rotatisgstem and gears teeth meshing was provided litg falement
method. The aims of this paper ai@protect unexpected failures of rotating systeith gear power transmission running
on antifriction bearings, to simulate contact stessof gears teeth meshing versus rotor rotaticmpesition changes that
caused by damaged bearings vibration displacem@iis. experimental and simulation results were imgleted in
industry.
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Introduction The aims of this paper ar¢o design physical and
dynamic models of rotating system with gearings &nd
The condition monitoring and failure diagnosticssimulate dynamics of the meshing teeth versus rotor
technology of the heavy duty gear drivers withfaigstion  position changes and to identify the causalitymyoiutes
bearings enables to avoid unexpected failures ef thgears teeth damages; to monitor the gear driver shtaft
machines running in long term continuous operatimae.  displacement relative to the bearing housing and to
In paper [1] a computer simulation for static anghaimic  evaluate indirectly the quality of teeth meshingd ao
behavior of mesh gear teeth is presented includsmgcts prevent failures of gears.
of parametric modeling of involutes’ spur gearsrpan
meshing process. In paper [2] the use of vibroa@mus The Object of the Research
method for analyzing of gear drives vibration isgwsed.
The method is based on the idea that early gedisfau The heavy duty gear drivers are used in sugar
some other irregularities of working gear drivesid®  production diffusion machine. This machine comisgo
determined by the analysis of emitted vibratiorapagters. identical (right Fig.1 and left) transmissions meaaically
The paper [3] concerns the dynamics following thecoupled by two driven low-speed geagsproviding high
operation of gear power transmission. The experialgn torque (up to 440 000 Nm). DC electric motor EE has
confirmed dependences are proposed for determimafio nominal rotation speed 850-1100 rpm, gear box wided
the dynamic parameters of gear mesh loading. SsyAce ration 50 and heavy duty gear driver with speedorat
5] introduce the problems of diagnostics of moderrp6.2482. Rotation speed of rotor Il is 4.474-58Mr
machines comprising gear drivers with antifrictionRotors | and Il rotating in radial double row spbat
bearings. Wide range vibration frequency intenalised roller bearings with cylindrical bore SKF 22230 @Z33.
by machines and bearing elements is divided intdhe rotation speed of Il rotor is 0.660-0.838 rduring
characteristic frequency intervals.
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the continuous long term run operation of the naethe

vibration displacements, (t) of Il rotor of right side

contact surfaces of the gears teeth were damaged, teansmission is shown in Fig.3 and has twice loWwesiin

pointed in Fig. 2.
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comparison with left side transmission rotor whistas
serious damaged.

R, T P The left side transmissions gear's, zotor Il
— eccentricity plot is shown in Fig 4. The radialgécement
2115 reached 133 um values. In comparison — the rigi¢ si

transmissions gear’'s,zrotor Il radial displacement is
60 pum values.

These tests results determined that during theatipar
of a pinionsz, zz and gearsz, the teeth base pitch
permanently changes its position on the involutethte
surfaces.

The left side transmission rotor 11l with drivenage,
provide large eccentricity values that negativelfjuences
pinions z, zand gears z teeth meshing; increased
dynamic forces acting on teeth and finally increlase
contact stresses reaching inadmissible values. The
experimental results were applied in the modeling t
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simulate contact stresses in the gears. The cosii@asses
versus radial displacement of driving rotbrwith gearz;
were simulated in static and dynamic mode.

Fig. 1. The gear power transmissidgE — electric motorM; and
M, — elastic couplings;VK — shaft vibration displacement

measurement sensots|l, andlll rotors with gears [2006 1T 23 12:39-21] [27 [0
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Fig. 3. The rotor Il vibration displacemeng gt) plot versus time;
teeth z-z, meshing frequency 1.32 Hz (4.665 rpm)

Fig. 2. The damaged teeth and theotor shaft displacement and
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Testing of the Gear Driver Rotor with Roller Bearings

Experimental testing of gear driver in situ lbfrotor Ler=y \ ====f \

shaft with pinionz; (Fig.1), were carried out under variable f \. /

load from 80% to 110% of rated load values. \ i \
The aim of this test was to determine the radia 12501/ b/

displacement and vibration displacement of rotbrshaft if \

point located near the antifriction bearing, Fig.2.
Experimental research was carried out with two @cint
less sensorsVK, Fig. 1) and dynamic machine analyzer
DMA 04 (Epro, Germany). The left side transmissions
vibration displacement values of the driving roshiaft I
show that antifriction bearing support has low shdind
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¢ ¢ - Fig. 4. The rotor Il eccentricity (radial displacementpplersus
axial stiffness’s and large mechanical loosenesse T time, full rotation at 87 s
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Modeling and Simulation of Rotating system

The physical and dynamic model of whole rotating

system is shown in Fig. 5. Model consists of a fiotors
supported by bearings, couplings and electricalrenBE.
The general assumptions made are: the materiahef t
rotors and coupling is elastic; shear forces arduayed;
the deflection of the rotor is produced by the Bispment
of points of the center line; the axial motion loé trotors is
neglected; the semi couplings are treated as rigath of
gear are deformable.
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Fig. 5. The physical and dynamic model of the rotatingesyst
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The rotor dynamic is simulated by finite eIement{Q}T = {qR}T,{q}TJ;

method when finite element consists of two nodekfamre

degrees of freedom (DOF) at each node. The first an

second DOF are displacements along Y and Z axekand
three DOF are rotation angles ab¥uty andZ axes.
The {q } - the nodal element displacement vect@r, ws

R

translation displacement of rotor finite elementYoand Z
axesag, fr, yr Cardin’s angles.

{QR}=[VR1 Wi or PR YR VRe Wre @Rre Sre YR2) @)

The equations of motion of the rotor finite elemard
derived by applying Lagrange equation of seconceiord
and written as

M e f+ (Cel+[Grar

+[Kelde ) = {Felt. 0 de0,9)) @)

where [|\/| R] is the composite mass matrix of rotor finite
eIement,[CR] is the finite element damping matrigs, Jis
the finite element gyroscopic matrifky] is stiffness
matrix of rotor finite eIementiFR (t,qR’qR q,q)} is vector
of external load and contact forcelg} is vector of gear

tooth displacement in the local gear coordinatéesys
The system of equations of the tooth that
concentrated in the j-th node of rotor is equal
MRR
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where Mpr,MRq:Mgr:Mqq are blocks of mass

matrices of rotor and toothCgp,C,, are blocks of

aq

damping matrices of rotor and tootkizg,K 4 are blocks

qq
of stiffness matrices of rotor and toothhj Fq are vectors
of forces of rotor and tOOthFij,qu are vectors of

contact forces of rotor and tooth. Relation between
displacement of j-th node and total displacemembtdr is

{QRj }: [Br{ar}. where[Bg] is relation matrix.

The gear tooth dynamic is simulated by FEM when
finite element consists of twenty nodes and thregrees
of freedom (DOF) at each node, Fig.6 [7].

The total system of equations of finite elemengeér
tooth is equal:

M. 1@} + [ Ho)+ K. Jit=
{F (t)} - {Fa (Q: Q)} + {Fcontact}

where {Q} is total displacement vector of gear,
Ma].[Ca]. [Ka] are mass,

damping and stiffness matrices{F(t)} is vector of

(4)

external load (weight force);{Fa(Q,Q)} is vector of

inertia forces;{FCOmact} is vector of contact forces.
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Fig. 6. Finite element of twenty nodes (a) and tooth digcre
model (b)
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T 00 assigning for drive geag and driven geaz, identical real
= 600 N performances of materials: elasticity mod&#e2-10' Pa
£ 200 \\ and P(_)i_sson’_s ratin=0,3. Geometric model of geatseth
) \\ was divided into hexahedral 3D elements of SOLI245
400 T presented in Fig. 9.
300 ‘T_
200

1,08 1,085 1,09 1,095 1,1 1,105 1,11 1,115 1,12
R, m

Fig. 7. The simulated maximum contact stressgsglat versus
teeth meshing contact position (half pitch diam&ef..115 m)

Fig. 9. The teeth meshing in FEM

1y 700 - !

T T T
0 0.5 1 t, s % 650 678
E:gé& The gear's zteeth vibration displacemest, plot versus & 500 5914/, = 650
550 =566
P 537
The simulated maximum contact stress numbers s 500 /ﬁ 508
plotted versus teeth meshing contact position egfez to 450 / s
the gear zrotating axis is shown in Fig. 7. In the dynamic =~ ,o, .7
process the maximum contact stress number at piafit 1378
is <300 MPa (half pitch diameter 1.115 m). The contact *°
stress numbers. sincreased sufficiently when meshing 300

point reaches dedendum distance jn &.g. reaches final 0 25 50 75 100 125 150 175 200 225 250
point of contact in z So-p [m]

The gear's z simulated maximum tangential Fig. 10.The contact stressesot versus radial displacement of
displacement value at initial meshing moment reactel  the Il rotor
mm (Fig. 8) and generate large dynamic forces gatim
meshing teeth. ) _ _ )

Modeling and simulation results of meshing teetlzzof
Modeling of Gears Teeth Meshing and Simulation @ndZzs are shown in Fig. 10. Under ideal tooth meshing
Results condition, when vibration displacement amplitude tio¢
rotor Il equals O um, the maximum contact stresses at the

Static modeling and simulation of a gear driver wasurface of teeth pitch point is low — in pinion ttee
carried out applying the FEM according to designe0378 MPa. When rotor’s Il radial displacement reach0
physical model and experimental testing resultse Thim, the maximumsat teeth pitch point increases valuable
contact stresses.sof meshing teeth surfaces was— Up to 622 MPa.
calculated. The simulation was provided applyingS\s. On the base of gearing design results by makingraév
After accepting the most unfavorable conditions tieeth ~ adjustments, it was accepted that allowable corgaess
meshing of geaws, zz and z, mathematical model were numbers §=450-500 MPa. The static model simulation
developed - with one pair of teeth is in contactit b results indicated - when rotor Il radial displacetne
changing rotors Il displacement value from 25 umtap exceeds 10@um, the contact stresses of the meshing teeth
250 pm, as measured during experimental test (se@)  approached s value. This amplitude of vibration

Geometric model of a gear driver was developedgusindisplacement is the main reason causing damage of
SolidWorks graphical software and ANSYS scripts,involute teeth.
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Conclusions

1. Dynamic and mathematical model of the whole

rotating system of heavy duty gear power transimissias

designed and simulated maximum contact stress msmbe

s.as the static pinion and gear teeth meshing moadel t

2. The simulation results indicated that the maximu
contact stress numbers sufficiently exceeds allowable
contact stress numbers. The static model of teetbhing
has limited area of application in comparison vdyfmamic
model, but it is simple and acceptable for thet fagge
simulation.

3. Experimental testing and theoretical simulation

results have approved idea that low frequency tidma
displacement and dynamic eccentricity of piniorordt is

the main parameters that describe condition of lites

teeth meshing quality and was suggested as thenptess
for gearings applied diagnostics.

4. Damages of working surfaces of involutes teeth i
pinion zz and gearz, were caused by the high radial 6.
displacement of rotoll caused by roller bearing damages

or insufficient radial stiffness of bearing hausing
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