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ABSTRACT

The gear trains are the critical components in a railway traction system as they transmit and
withstand very high loads. Their primary function is to transmit power from one shaft to the
other. In the railway traction system, there are several arrangements for the drives system. In
this particular case the unit that takes power, from motor assembled to drives system through
pinion on the shaft to the final spur or wheels by means of single stage or compound stage on
the axle of the train, in such a way that power is transmitted. During the transmission of
power from one shaft to another, for rail vehicles moving in high speed, torque is also
transmitted. In this phenomenon, different kinds of stresses and deformations will occur on
the structure of the gear train. FEM (Finite Element Method) is used to determine and analyze
different kinds of stresses and deformations in the complex geometry. This thesis investigates
the characteristics of gear trains under different kinds of loading, including bending and shear
stresses, stresses due to vibration, contact stresses and deformations by FEM and proposes a

better optimization for the gear units.

Two or three spur gear trains with and without idler gears are modeled in both solid works
and ANSYS work bench for drives system to distinguish the behaviors of the stresses and
vibration for the system, and optimization will be proposed for the design of the gears. Then
the result obtained will be compared with the analytical method. Contact stresses are also
analyzed and compared with the current method which is known as Hertzian contact stress; if
both value agree very well, FEM is then the accurate method to analyze the effect of the
contact stress for the gear units in the drives system. American Gear Manufactures
Association (AGMA\) is used for stress analysis but it is limited and many assumptions to be
taken into account. Lewis equation is also used to determine the bending stress. After
different kinds of analysis, the parameters which may affect the overall efficiency of the
system will be optimized, by proper treatment and design of the gear structure for the drives
system. These treatments will also include improving tribological property of the gears,
profile modification of the gear tooth and so on. Therefore, FEM will predict the different

kinds of stresses and deformations on the gear train structures of electric traction train .

Page v



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

CONTENTS
ABSTRACT ettt bttt s h et e s bt ea e e bt she et e bt e a s et e she et e bt eh e e beeheeatenbesat e beeaeeatas v
LIST OF TABLES ...ttt sttt et e b e st e st e s ate st e e bt e s bt e s bt e satesateenbeebeens viii
LIST OF FIGURES ...ttt sttt ettt st st sttt e bt e s be e s ae e et e ebeenbeesaeesaeesatesaee ix
CHAPTER L ..ttt ettt ettt e bt e s bt e she e sate s abe s bt ebe e bt e sbeesateeateenbeesbeesaeesanenas 1
INTRODUGCTION ...ttt et sh et b e et e st e s bt et e s beeatesbeeae et e sbe et e sbeeatenbesaeenes 1
1.1 ReSEArCh BaCKOrOUNG .......ccueciiiieeeeieiteetese ettt ettt sttt st et e sbe et e steera e bessnensesreennas 1
FIGL-1DIrIVE DESIGN [28] .. veeureriiirieiiiteeeeriieeeste st etestesteete s e eaetesseesbesseessesteesaessesseessessesssassessesnsessenseans 2
1.2 Statement Of the PrODIEM .........co it 3
1.3 RESEAICN ODJECTIVE ...c.vitiieieiieieeieerest ettt sttt ettt et et be s b e 4
1.4 TNESIS OVEIVIEW ...ttt sttt sttt sttt sttt et ae bbbt s et et et eneebeeseebeneens 5
1.5 Limitation OF the TRESIS ......ccveiiiiiieiiie ettt 6
CHAPTER 2 ..ttt ettt ettt e bt e s bt e s ae e st e et e e be e beesbeesaeesateeateenbeesaeesanenas 7
LITERATURE REVIEW ...ttt ettt st sttt ettt 7
2.1 Gear Bending STreSS ANAIYSIS. .....c.eiiriririeieieieieeieste sttt ettt sa et sse b b e nes 7
2.2 Gear Train Contact StreSS ANAIYSIS .....c.eiieierereeiereetereeterte st stesee e e sse e s aesaesseessesreeseens 10
2.3 Vibration Analysis O the GEAr TTAIN........cccevireeriireeieriee ettt ste e eesae e e aesreeneens 11
2.4 Dynamic Effects of the Gear Train ANAIYSIS .......cciieeiiiieeeieseee ettt 13
CHAPTER 3 ettt b et e s h et s at e et e e be e bt e s bt e satesatesabeeabe e beenbeesbeesaeesateentean 14
ANALYTICAL METHOD ANALYSIS OF THE GEAR TRAIN ....oociiiiieieneeeeieeriee e 14
3L INErOUUCTION ...ttt st sb et 14
3.2 Standard Specifications for the Rail VENICIES..........cccoviririeiiiieereceee et 15
3.3 Operating Characteristics of Traction Motor for TrainS ........ccccceeeeveeierieceececeeeere e 18
3.4 General Properties Of SPUF GRAT ........ccevieierieeeieieee ettt sttt et aeseeeneens 23
3.5 Gear Bending Stress Analysis Using AGMA and Lewis bending Equation ............cc.cceccevene. 25
3.5.1 AGMA StreSS EQUALTON .....ocvieeieiieeieieriieieste sttt ete e e e sre e be s e essebesraensesreessessenseens 25
3.5.2 The Lewis Bending EQUALION.........c.ociiiecieriiceetesecteste ettt svee e e esse e saesaessaesaesreennens 28
3. 6 Vibration Analysis of the Gear TraiN.........c.ccveeeciieeiirieiee et s eseens 29
3.6.1 MOTAl ANBIYSIS ...ttt ettt ettt ettt et steea e et e s et e st e bt et eteeneenaesreeneens 30
3.6.2 HaImMONIC RESPONSE ....c.veeuiiieeeieieeetete st eee et eteste e te st es et e saeeeestesstesesseenteseeneensesneensesseeneens 34
3.7 CONLACTE STFESS ANAIYSIS. .. e eueeeieeeietieeete ettt ettt te sttt et et e eestesat e beseeentesbesneeaesneensesseeneens 38
CHAPTER 4 ...ttt ettt b et s h e e h e et s bt et e s bt eat et e s bt et e nbesbe e besbeeatenbesaeenee 40
FINITE ELEMENT METHOD PROCEDURE........cccoootiiiiirieieneetee et 40
4.1 Finite Element Analysis (FEA) for the Gear UNitS..........cceeviveevieiieceseceese e 40




Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

4.2 FOrce Analysis Of the GRAIS.......ccueieiririrerieeteie ettt 41
4. 3 Finite Element Analysis Results by ANSYS Work Bench..........ccocveeeinininencneneecccnenene 43
4.3.1 Static Analysis of Gear Units in ANSYS WOork BeNnch .........cccoecveiieeeneieece e, 43
3.2 Static Analysis of the Gear Train without the Idler Gear in ANSYS ..o, 50
4.3.3 Fatigue Analysis of the Gear Train without ldler Gear............ccooevveveveieeceseeese e 55
4.3.4 Modal and Harmonic Response Analysis of the Gear Train without the Idler Gear ............... 57
4.3.5 Contact Stress Analysis of the Gear Train without Idler Gear in ANSYS ......cccccoovvrievvnenen. 64
4.3.6 The Static Structural Analysis of the Gear trains with Idler gear .........c.ccocoveveveieieninienienens 66
4.3.6 Fatigue Analysis for the Gear Trains with Idler Gear in ANSYS work bench..........ccc.c........ 70
4.3.7 Harmonic Response and Modal Analysis for the Gear Train with Idler gear.............c.c..c........ 70
4.6 Validation of FEM (Finite Element Method) ........ccocveeieiieieiiieeeceeee e 79
4.7 RESUILS AN DISCUSSIONS ......euveutenieireiieiiriesteste sttt ettt sttt sttt et st ebesbe st st e ee s enee e eseeseenenaens 79
CHAPTER 5 ettt ettt ettt st st st e e be e be e s bt e satesatesabesabe e beenbeenbeesaeesateentean 81
OPTIMIZATION OF THE GEAR UNITS AND LIMITATION OF THE FINITE ELEMENT
IMIETHOD ...ttt ettt et st ettt et e e s bt e s et e sabesabe e b e e beesbeesatesatesnseebeesseesanesas 81
5.1 Optimization Of the GEAI UNITS..........cveririeiieieieeeresere ettt 81
5.3 Limitation of Finite Element Method ...........cccocoiiiiniiniiiiee s 84
CHAPTER B ...ttt et a et sttt et e e bt e s b e e sat e satesabeeabe e beenbeesbeesbeesateentean 85
CONCLUSIONS AND RECOMMENDATIONS ..ottt 85
6.1 CONCIUSTONS. ...ttt sttt 85
REFERENCES....... .ottt et e s s a e et e e s s s s e et e e e e s s s nsbaneeeeesesnas 87
APPENDIX ...ttt s st r e b e st eer e e r e reesane e 90

Page vii



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

LIST OF TABLES

Table 3-1 Speed and Axle load Range Value for Rail Vehicles in Ethiopia ........cccccocoveveveiveceneennnns 15
Table 3-2 A list of AC Traction MotOr TOr TIaINS .....cc.cerieierierieiere ettt ae e eneens 17
Table3-3 Rail Vehicles Speed and POWEN RANGE.........ccveiiiririririenieieieeeieeiesie sttt 18
Table 3-4 Power Rating 0f SOME IMOTOIS .....cc.ecvieieciieieiceetee ettt e st eanens 21
Table 3-5 Axle SPecification [25] .........ccceeciiiiii et e e ee e st e et e e rae e sree e 21
Table3-6 General Properties of Gear train Parameters ..........ccocveeerereenere et 22
Table 4-1Specifications Of gEAr UNILS.......cccveviiieieiiceecceeeese ettt aesreennens 40
Table 4-2Material Properties and Design parameters of the test gears..........coceveveveverieieenenenennene 43
Table 4-3 Input Parameters for gear train Without Idler Gear............oceeeevereeneneereseeerescee s 51
Table 4-4 Parameters for gear Train With IdIEr.............ooovioieiiiieee e 66
Table 4-5 Some Useful ANSY'S WOrk Bench reSUILS ........ceeverieeieniieeeceeeee e 78
Table4-6 Comparison of Normal Stress for AGMA and FEM ..........ccceevvirieniineerese e 79
Table5-1 Comparison of PiNioNS Profile.........ooeeoiiicieiccceeee e st 82

Page viii



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

LIST OF FIGURES

FIgL-1DriVE DESIGN [28]....cveeeeeieieiieiirieete sttt sttt ettt sttt se b e b e 2
FiQ 1-2 GEAr trAIN [20] ..euveiveeeierieieieiesteeeete et te st et et esteete s e e e et e s se e b e sbeessestesreessesseesseseessassesseensessenneans 3
Fig 3-1Some parts of AC traction MOtOr [21].....cccccveeeirirererienieieieeee et 16
Fig 3-2 Frequent Operating Points of the Traction Motor for FHDS Electric Rail Vehicles............... 19
Fig 3-3 Operating Characteristics of Traction Motor for High Speed Train [24].....ccccovevevveieneennne. 20
Fig 3-4 Transmitted power as a function of pinion speed [35]. ......ccccceriririneneneeeeeee e 22
Fig3-5 Spur gear NOMENCIATUIE [3] ....coverviriirierieeeieteee et 23
Fig3-6 Construction Of INVOIULES CUIVE ......ccueeveieieieeiecteeeeetestee ettt 24
Fig3-7 Base Circle CONSIUCTION .......c.eetriirierterteieeeit ettt ebe b e nes 24
Fig3-8 LeWis CantilEVer [3]....c.coieieieiiieiest sttt sttt sbe e 27
Fig 3-9 Second Stage GeAr TTAIN.......ccecvviiiieeeiecreeiesie et rte et et e te et estesre e testeeasesbe s e ebesbeensesteereensesrnenes 31
Fig 3-10 Variation of X and ¢ with frequency ratio r=m/p [38].....ccerveirirerirenereieeeeeeeen 36
Fig 3-11 The HErz CONTACT [27]..eeueeeererieriertesieieiet ettt sttt ettt ettt sbe e nes 38
Fig 4-1 Finite Element Procedure for obtaining Gear stresses and deformations [2] .................. 41
Fig 4-2 (a) Geometry and (b) Boundary conditions for pinion ..........ccceceecevererineneneneneeeeese e 45
Fig 4-3 (c) Total deformation and (d) Equivalent stress for pinion ..........ccccceevveveeceeveieeseceeeece e 46
Fig 4-4 Normal and Maximum PrinCipal StrESS.......ccvceiiiiieieceeeseeeece ettt 47
Fig 4-5 (a) Geometry and (b) Boundary conditions Set up fOr SPUF. .......ccocevererenenenieieieeeenenees 48
Fig4-6 (c) Total deformation and (d) Equivalent Stress fOr SPUF .........ccveceveeveerieceese e 49
FIQ 4-7 NOIMAI SITESS....cuviiveeeieeieeteeieete ettt e e s e e e et e s te et e s be et e steebeesbesbeeasebeessestesssensesteessansesreanes 50
Fig 4-8 (a) Geometry and (b) Mesh for the gear train...........ccceveeeerereesiseeere e 52
Fig 4-9 Boundary CoNditioNS SELUPS ...ccvecueeierieirieiecieeeeste et etesteete et stesteeae e e aestessaebesteeraensesreenes 53
Fig4-10 (a) Total deformation and (b) Equivalent vOn miSes SIrESS......cccvevverreeeeveieeciesieeeeeve e 55
Fig 4-11 Equivalent alternating SIrESS........veeverereerierieetesieeeestesteeseestesseestesresseesseesaessesseessessesssensesseenes 56
FIg4-12-TaCtor OF SAELY ..ocvieiececeeeee ettt st st bt esbeerb e besreenes 56
Fig 4-13 Total deformation 1, 2 and 5 (MOGaI).......c.ccveeeiiiiieiieiiee et 59
Fig 4-14 Equivalent/\Vonmises Stress (MOal)........c.ccveverieieiierieieseecee e 60
Fig 4-15 (a) Total deformation/harmonic excitation with varying phase angles...........ccccceu...... 61
Fig 4-16 Equivalent stress/harmonic excitation with phase angle of 0°and 5°.........ccccccceveeievieenenne. 62
Fig4-17 (a) and (b ) Frequency reSPoNSE graph .......cceeveciieeeciereeieseseese et 63
FIQ 4-18 CONTACE SEL UP c.ueeeeeeieieeiieie ettt ettt ettt ettt et sa et estesa e e te e bt e eesseeneesesneeneesteeneensesneenes 64
Fig 4-19 Pressure dUe 10 CONTACT.........iiriireeeeie ettt ettt sttt ee st et e e b e steeneenaeeneenes 65
Fig 4-20 Frictonal Stress dug t0 CONACT.........ccvieecieriieierice ettt et e sre s 65
Fig 4-21 (a) Geometry (b) Mesh for the gear train .........ccccooeererierene e e 67
Fig 4-22 Boundary CONGITION SEL UP......ccuerueeierieieieiesie ettt et te st et ee st eee s et esaesreeeesteeneesesneenes 68
Fig 4-23 (a) Total deformation and (b) EQUIVAIENT SLIESS .......cceveecieririeeceeere e 69
Fig 4-24 Fatigue/ Equivalent alternating StrESS/........coveierieieeereee ettt 70
Fig 4-25 Total deformation mode shape 1 and total deformation mode shape 2..........cccecvvvveverurennne. 72
FIQ 4-26 EQUIVAIENT SITESS.....eeitieeeetieteeteiteeteste st etestestetesteesteste e e e stesseesesseessessessaessesseensesseessansesseenes 73
Fig4-27 harmonic response total deformation ............ccocoririeieniese e e 74
Fig 4-28 Harmonic response equivalent stress with phase angle of (a) 0 and (b) 5...................... 75
FIQ 4-29 CONLACE SEL UD .uviveeeieiicieeii ettt ettt et este et e e st e et et e e s e stesbe e aesseesseteesaessesseensesteessensesreanes 76
Fig 4-30 (a) Pressure and (D) Frictional STFESS .......cccovivierenieee e 77
Fig 5-1 (a) and (b) Pinion with more and 1ess root fillet............ccveeeveeieciceee e 83




Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

LIST OF ABBREVIATIONS

3D Three dimensional

AGMA American Gear Manufacturers Association
ANSI American Nationals Standards Institute
ERC Ethiopian Railway Corporation

EV Electric Vehicle

FEA Finite Element Analysis

FEM Finite Element Method

FHDS Federal Highway Driving Schedules
FUDS Federal Urban Driving Schedules

HPSTC Highest point of Single Tooth Contact
IMPSM Interior Permanent Magnet Synchronous Motor
LRT Light Rail Train

RPM Revolution Per Minute

Kw Kilowatt

X Amplitude

) Phase angle

Page x



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

LIST OF NOTATIONS

K
u
¢
Oo
r

1)
P
Y
Ks
Km
Kv

(Kn)

Structural stiffness
Displacement vector
Pressure angle
Maximum Hertz stress

Any radius to involute curve
Radius of base circle

Diametric pitch

Lewis form factor

Size factor

Load distribution factor
Dynamic factor
Geometry factor
Overload Factor
Temperature Factor
Transmitted Load
Radial Load

Rim thickness factor
Module

Poisson ratio

Natural frequency

Angular velocity(RPM)
Number of teeth for Pinion
Number of teeth for Idler

Number of teeth for Spur

Horse Power
Face width
Modulus of Elasticity

Modulus of Elasticity of body 1
Modulus of Elasticity of body 2

R1 Radius of body 1
R, Radius of body 2

Page xi



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

CHAPTER 1

INTRODUCTION

1.1 Research Background

Gearing is one of the most critical components in a mechanical power transmission like in a
rail vehicle traction system. It is possible that gears will predominate as the most effective
means of transmitting power in future rail vehicles traction system due to their high degree of
reliability and compactness. Gear train is the unit which found in a rail vehicle drives system
assembled between the wheels, axles and the bogie frames. The following figl.1 shows a
simple model of one of the drives design system with simple gear trains arrangements. There
are several types of drives system in a rail vehicle. These are transverse drives, longitudinal
drives, nose suspended drives and etc. In all cases, different types of gear units are used for
transmitting the power, thus to reduce the speed of the motor. The motor assembled in the
drives unit, as shown in the following figl.2 with simple gear trains arrangements can have a
rotational speed up to 6000RPM [20]. This maximum speed will be reduced by the gear train
unit before it reaches to the wheels.

This power transmission unit must be reliable and perfectly designed to achieve the intended
objective particularly, to carry the load and increase the torque. As we know, Ethiopia is
building rail ways and launching several types of the ways for modern trains. All of these rail
vehicle posses the gear trains for transmitting the torque and the power by proper gear ratio.
There are several types of gears. These are spur gears, bevel gears, helical gears and worm
gears. In this particular research: spur gears are considered. Spur gears have efficiency of
about 96% up to 98% during the transmission of power. In addition, two or three gear units
are considered for the analysis. The gear ratio depends on the speed of the rail vehicle..
Normally, locomotives with power rating of 100Kw to 1700Kw can have a gear ratio of 3 to
5 and the power range to be considered is also based on the speed of the rail vehicle and
possibly varies from 125kw to 1700kw [31]. The speed of the rail vehicle for passengers’
trains is from 120Km/hr to 180Km/hr, whereas for freight trains, it is from 80Km/hr to
120Km/hr. The assumed gear unit will give service for 1,500,000Km to 2,000,000Km
without degradation of performance and the gears shall be highly treated. Most rail vehicles

with the specified speed range have a pinion pitch diameter of 90 to 250mm and spur pitch
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circle diameter of 300mm to 950mm for both passenger and freight rail vehicle [29]. The
dimensions of the gears will be in the range between the specified dimension and different

kind of structural analysis will be executed on them by FEM (Finite Element Method).

The increasing demand for quiet and smooth operation in transport industry is increasing.
Therefore, the design of gears has been much improved by computer powers to reduce the
problems caused by high loading, transmission error, noise and vibration. Using computer

powers has also improved gear design.

Finite Element Method also called Finite Element Analysis is used to model, simulate and
analyze the gear trains by using different kinds of commercial soft ware. This method is
accurate and easy to analyze complex and difficult differential equations. We use this method
because it provides us every solution we require for the gears. Moreover, it is an efficient
technique. During the transmission of torque and power, the gear trains are under different
kinds of stresses. These could be bending stresses, contact stresses, stresses due to vibration,
shearing stresses and etc will occur. The combined action of these will affect the overall
performance of the system. ANSYS work bench and Solid works are the method to be used

for the analysis of the gear trains.

Figl-1Drive Design [28]
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Drive subsystem suspended by the
bogie frame or the vehicle body

Semi-suspended dr ies with two gearboxes

Fig 1-2 Gear train [20]

1.2 Statement of the Problem

Despite the fact that a number of investigation and research work have been done on gear
train and gear design, there still requires a siginificant improvement in design for the
gears.Gears are the most and efficient parts of transmitting power, ranging from a tiny
machines to aero space, rail vehicles,ship building and etc. Therefore, their failures will result
in catasrophic damage to the whole machines.The railway vehicles utilizes the gear train in
its drives system of electric traction.Therefore, improvement in design, optimiztion by
modeling, the 3D gear trains analysis is necessary by Finite Element Method, which uses
commercial software such as ANSYS, Solid Works and etc to minimize the under design,

over design and failure of the component.
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1.3 Research Objective

In spite of the number of investigations devoted to gear research and analysis, there still
remains to be developed, many numerical methods and analytical methods are used to
investigate the characteristics of the gear units during transmission of power. These methods
are investigating gear bending stresses, gear contact stresses, gear Vvibration, gear
transmission error, gear shearing, deformation, torsion and etc. The objectives of this thesis
are to use a Finite Element Method (FEM) approach to develop theoretical models of the
behavior of spur gear trains in mesh, to help to predict the effect of gear stresses and
transmission error, torsion and deformation on the performance and life of the specified gear
on the whole drives system of the electric traction of the rail vehicle. Therefore, it is possible
to predict the life of the unit and the whole effects by FEM. As a result better optimization
will be proposed depending on the prediction of the Finite Element Method.

The main aims of this research as organized here are:-

e To collect the proper data about the specified rail vehicle, and then organize
important data for its drives system, for modeling the gears separately and in mating.

e The dimensions of the gear units will be sorted out for modeling and asses its effect
by FEM.

e To model the appropriate geometry of the rail vehicle traction gear trains by
ANSYS, and then to predict the stresses and deformations.

e To model two or three gear train units and compare their different kinds of stresses
and deformations results.

e Comparing the analytical methods of gear stresses calculations with that of the Finite
Element Method.

e Depending on the result obtained by FEM, better optimization will be proposed or
executed for the gear units and the whole drives system of the electric traction unit.
This optimization or proposal even could be to treat materials, to propose a better

design and so on.

Particularly the goals of the gear train modeling on the FEM soft ware are:

e Predicting different kinds of stresses on the gear units by FEM.
e To predict fatigue life of the assembled gear train on the rail vehicle and its
efficiency for the total life cycle.

Page 4



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

e To predict the different kinds of deformations on the gears by ANSYS.

e To perform vibration analysis of the gear trains.

e Proposing several optimization techniques for gear units depending on the
results of FEM. Failure occurs frequently on the roots of the teeth, surfaces
of the teeth. Failures can also occur on the surfaces of the gears and different
kinds of surface treatment can be proposed. Lewis formula, American Gear
Manufacturers Association (AGMA) and Hertizan contact stress will be

utilized for comparing different kinds of the results obtained by FEM.

1.4 Thesis Overview

The thesis consists about six chapters which describes the analysis of the gear train of the
drives system of electric traction of the rail vehicles. Chapter one presents the general
introduction about the analysis of the gear train by Finite Element Method (FEM) and
describing different kinds of results, and objectives to be achieved and the thesis lay out is
explained. Chapter two covers a literature review which discusses the current approach used
in analyzing and evaluating the gear train structure stresses, and the vibration behavior in
various applications and their possible limitations. The background characteristics of the spur
gears trains and the FEA model of the gear train developed by authors for evaluating the gear
stresses, frequencies, mode shapes and the dynamic excitation characteristics are also
explained. Chapter three is the analytical method analysis of the stress in the gearing system.
In this chapter the main points of the American Gear Manufacturing Association (AGMA)
equation, Lewis bending equation, vibration and contact stresses are explained. In this
chapter data collection techniques are briefly outlined. Chapter four is the extensive analysis
carried out by the Finite Element Method for the gear trains. The modeling steps are
explained and the solution phases are executed. Different kinds of results are displayed. Two
or three gear units are modeled for analysis. Extensive analysis including static, fatigue,
vibration (harmonic and modal),and contact stresses are briefly outlined in this chapter.
Moreover, mode shapes, total deformation and harmonic analysis at different types of
frequency will be investigated. During the analysis, two types gear trains are used which
posses the total transmission ratio of 7.47:1.In the first case three gears which posses the idler
is considered and in the second case two gears are used. Chapter five is about the

optimization of the gear units or trains for drives, based on different kinds of results and even
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to propose gear modification and gear treatments, and limitation of the FEM. Chapter six is

conclusion and recommendation are elaborated.

1.5 Limitation of the Thesis

The fact that the scarce material resources of the modern rail ways system in here, practical
investigations of components in rail vehicles is at its infant stage. During the entire work of
this research, gathering relevant data concerning rail vehicles drives system is so much
exhaustive and it is all based on different kinds material resources such as web sites, books,
journals and thesis and so on. Perhaps, the obtained data is doubtful whether it is currently
used or not. For example, the type of gear used in this thesis is spur. Some articles mentioned
that spur gears are also used in the rail vehicles drives system due to their superior efficiency
in power transmission. In reality the spur gears are not preferable to the helical gear because
they are nosier than helical. Therefore, the significant limitation of this thesis is that spur

gears are used for the analysis.
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CHAPTER 2

LITERATURE REVIEW

2.1 Gear Bending Stress Analysis

There has been a great deal of research on gear train analysis, and a large number of
literatures on gear train modeling and structural analysis have been published. The gear
stresses analysis, the transmission errors, and the prediction of gear dynamic loads, gear
noise, and the optimal design for gear sets are always major concerns in gear design. Zeping
Wei reviewed different kinds of literature and included the bending stress of the gear in
mating [1]. Ooi Jong Boon has dealt extensively with gear train analysis and found out about
gear bending stresses [2]. In the middle of the twentieth century most gear designs and
structural analysis of the gear trains were based upon Lewis original bending equation [3].
Lewis based his analysis on a cantilever beam and assumed that failure will occur at the
weakest point of this beam. However, failure due to flexural stresses on bodies with changing
or asymmetrical cross-sections was proved inaccurate [5]. Their approach used photo elastic
experiments to visualize the stress concentrations due to the fillets at the base of spur gears in
meshing. By these visualization technigues, they were able to predict more accurately at what
stress levels gears will fail due to high bending stresses. Much earlier work was done using
photo elastic experiments to design spur gears based on the stresses observed at the most
critical points. The use of photo elastic experiment is rare due to the high cost of the
equipment and it requires experience and skills to determine the gear stresses. Although this
method is useful in determining static stresses in spur gears, the photo elastic trend has

become more popular toward its usage in gear dynamic analysis [6].

On the other hand, the bending stress for a standardized gear bending stress analysis can be
estimated from numerous gear standards such as the AGMA standards and the ISO standards
for gears [3]. The AGMA standards were established in 1982 and are still widely used in gear
design and stress analysis today. The bending stress equations found in these standards are
based on the Lewis’s original equation with several gear factors for different kinds of gear in
meshing [7].The gear geometric factors found in the equations are critical in determining
accurately the bending stresses for a wide variety of gears [8]. These geometric factors
accounted for the changing shape of the gear tooth, the point where the load is applied, as

well as the fillet radius at the tip and base of the tooth.
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In general, the AGMA standard is only valid for standard gear design and stress analysis in
which the gear must have 20° pressure angle and the gear tooth profile must be symmetrical
[3]. Thus, these gear standards are not suitable for calculating the gear stresses for gear
design with customized parameters. In this situation, when it comes to designing customized
gear, gear designers need to approximate the strength and durability of their gears based on
their own judgment and experience. This may lead to inaccurate evaluation of the gear

strength.

The authors commented on the significant difference in results but concluded that it is in an
acceptable range. In the AGMA analytical tooth model, the maximum load occurs at the
highest point of single tooth contact (HPSTC). It was clearly shown the position of the load at
HPSTC but the direction of the load is not defined. The direction of the load strongly depends
on the surface contact between gears. However, the direction of the load applied to the tooth
surface is uncertain and difficult to be determined. One of the solutions to determine the
correct directional load is by using Finite Element Analysis (FEA) to model the gears and
perform simulation on the contacting gears. Thus, the gear teeth bending stress should be
evaluated with respect to varying angular position of the gear tooth.

David.V Hutton published his book about the Finite Element Method and expressed how the
finite element works [4]. The finite element method (FEM), sometimes referred to as finite
element analysis (FEA), is a computational technique used to obtain approximate solutions of
boundary value problems in engineering. Simply stated, a boundary value problem is a
mathematical problem in which one or more dependent variables must satisfy a differential
equation everywhere within a known domain of independent variables and satisfy specific
conditions on the boundary of the domain. Boundary value problems are also sometimes
called field problems. The field is the domain of interest and most often represents a physical
structure. The field variables are the dependent variables of interest, governed by the
differential equation. The boundary conditions are the specified values of the field variables
(or related variables such as derivatives) on the boundaries of the field. Depending on the
type of physical problem being analyzed, the field variables may include physical

displacement, temperature, heat flux, and fluid velocity to name only a few.

Although FEA has been around for over half a century, it was not until the increased in
computing power that the real advantages of this method became apparent. In the area of gear

research, the modeling of the gear tooth and simulation of the bending stress analysis using
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FEM is in its infant stage. It was stated that FEA is one of the significant contributions to the
understanding of gear stress behavior [9]. The modeling of spur gears and the analysis of the
stress results using the FEA has led to many insights which may not have been immediately
apparent. In the FEA modeling, the first challenge to overcome is to model the geometry and
dimensions of the gear correctly. Once the geometry has been modeled, the type of elements
and mesh to be applied is crucial. Areas where higher stresses and deformations occur needed

to be meshed more densely so that the results were accurate.

The advantages of this method over experimental techniques are competitive, cost
effectiveness and repeatable results. The accuracy of the FEA solution can be assessed by
verifying that the FEA results correspond closely to experimental results. Hence, the validity
of the FEA setup and technique applied can be confirmed. There are few authors who have
validated their FEA models by comparing the gear stress results with the experimental results
in their thesis work [1], [2].

The current trend of gear design and stress analysis is focused in designing different shaped
gears to transmit higher loads without failure. The purpose of investigating the effect of the
shaped gears is to precisely engineer these gears so that the maximum efficiency can be
achieved and overdesign or under design of the gear can be avoided. In such a way that
compact and reliable gears are assembled for rail vehicle drives system. By changing the
shape of the gear tooth to an asymmetrical design, the authors have proven a decrease in both
bending stress and contact pressure [10]. In the past, most 3D gear models developed was
often a simplified model with many assumptions considered and some models are limited to
analyzing the bending stress for a single involutes spur gear. When the gears are operating,
the gear teeth are often meshed with one or more gear teeth depending on the gear contact
ratio. The analysis of single gear tooth does not provide a full understanding of the actual
gear meshing mechanism. Instead, a full gear bodies should be developed for a more

comprehensive understanding of the gear stress analysis [11].

It was suggested that a finite element model of a single tooth was used to analyze the stress,
deformation and fracture in gear teeth when subjected to dynamic loading and thus bending

stress will occur [1].
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2.2 Gear Train Contact Stress Analysis

In the gear train analysis, it was pointed out that the analysis of the contact pressure at the
surfaces between the gears contacting teeth is also important so that one can understand how
the wear resistance and the fatigue failure rate of the gear can be affected [2]. Heinrich Hertz
was the first to analyze the contact stress of the gear tooth. His theory describes the contact
pressure between two deformable cylinders [12].The work of Hertz was expanded by
Archard, who has proposed an experiment to investigate the contact pressure between two
deformable bodies [13]. His work led to the evolution of many modern techniques and
formulations that are present today for contact analysis. While the bending stress is dependent
on the geometry and shape of the gear tooth, the contact pressure is mainly a function of the
type of material in contact and the radius of curvature of the gear surface contact.

In recent years, there has been a number of proven research works done by authors; they
investigate the contact pressure between two spur gears, helical gears and asymmetrical
gearing. Moreover, they have pointed out that they applied the FEA approach in their
research and the results are validated and well documented [14]. In solving contact problems
using FEA, there is a vast amount of work done on the stiffness of spur gear teeth and the
appropriate method used for developing a precise geometrical gear model using FEA. In the
analysis of the gear contact stress done, they considered the effect of non-linearity at the
beginning of contact between teeth, as well as the importance of the point of contact. The

effect of the non-linearity in gear train contact stress was verified by the experimental test.

Although the contact pressure problem has been solved and the accuracy of the FEA solution
was validated, the model used for the evaluation of contact stress is based on the contact
surface between two cylindrical bodies that are identical. This model only provides the
understanding of how contact stress is developed from the normal loading but it did not
consider the friction effect due to the tangential load. One of the biggest challenges in
analyzing the gear contact stress is to develop a gear tooth model that has smooth geometrical
surface, precise alignment of the gear teeth to be in contact with another and solving contact
problems. Properly aligned spur gears are designed to mesh with the pinion at a precise point.
A slight change in the geometry or alignment of gear contact can cause a tremendous change
in the contact stress thus on the whole drives system of the rail vehicles. Wei pointed out in
his research that some scholars studied static contact stresses including the effect of friction

between the mating gear teeth. Using the conventional finite element method, the element
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stiffness matrices and the global stiffness matrix [K] of the two gears in mesh were obtained.

If the external forces at the various nodes are known, then the system of equations is written

as:
S R I | PR Eq (2.1)
ki klj
Where [K]= : : and
ki - ku
_ull_
Uzq
Uy = Uzq
L Ujq -

Where {U} is the nodal displacement vector and {F} is the nodal force vector. The system of
equations is solved and {U} is obtained. Then the stress can be calculated. Each gear is
divided into a number of elements such that in the assumed region of contact, there is equal
number of nodes on each gear. These contact nodes are all grouped together. The contact
stresses between meshing gears was investigated by simulating them as two or more
cylinders rolling over each other, by making the rotational speed of the gears equal to the
corresponding cylinders [2]. In a way that all the results obtained from ANSYS are compared
to that of the original Hertizan equation. Contact problems are of several types: point to point;
point to surface and surface to surface. Generally, contact problems involve non linearity.

FEM which uses ANSYS workbench estimates contact stresses.

2.3 Vibration Analysis of the Gear Train

Vibration is an imminent phenomenon in any machinery [3]. Vibration analysis of the gear
train is important in ensuring the component is operating under an acceptable level of
vibrations and noise level. In fast moving rail vehicles it is evident that torsional vibration is
the case in gear train structure of the drives system of the electric traction train [32].The
vibration can be from unbalanced rotation of motor, misalignment, poor design and so on. It

induces the resonance of the gear train excited by the dynamic input. Resonance can raise the
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structural stress level to cause structural failure. There are quite a number of contributed

research works by authors.

The study of the vibration is very few until recently. In the past few years, there are a few
works devoted to study the vibrations by using analytical method and experimental test. It
was presented a thorough summary of the gear dynamic models for gear train in the research
work [2]. It was investigated that a single spur gear; pair of the rotor dynamics spurs geared
system by experimental testing and was found that this particular system experienced severe
coupled torsion, lateral, and axial vibrations. Other scholars pointed out and analyzed the
vibratory excitation of gear systems of single stage and multi-stage theoretically. Lim and
Singh presented study of the vibration analysis for complete gearboxes on three cases in
which a single-stage rotor system with a rigid casing and flexible mounts, and a high-
precision spur gear drive system with a flexible casing and rigid mounts were analyzed for

noise analysis of the gear train experimentally [15].

The authors studied how the high excitation of vibration in the gears, shafts, bearings and the
casing can cause high level of noise within the car or truck cab or in any kinds of moving
machinery. In the application of FEA, in analyzing the gear train vibrations, the FEA
program was also adopted by authors, to help simulate the stresses on a single stage, double
stage, and gearboxes to investigate the gear failure and conduct parametric studies [16].
Draca investigated the model of double-stage helical gear reduction using finite element
analysis [17].The author analyzed modal analysis of the model using free and forced
vibration response. The dimensional effects such as the shaft length, output shaft angle effect,
and bearing stiffness effects were also considered in modal analysis and compared to the

benchmark model.

A simple finite element model was developed to investigate the dynamic behavior of a spur
gear rotor system. Even though there were many work contributed by authors in the research
area of gear train modeling and simulation by using FEA, their investigations are limited to a
specific gear train application where the operation behavior of the gear train can be very
different. In the rail vehicle drives system of electric traction similar phenomenon will occur
and one can investigate the vibration excited from motor unbalanced rotation. Two or three
gear units are modeled for the drives system and its analysis will be carried out using FEM,
particularly ANSY'S and Solid Works. During this analysis, deformation due to vibration will

be investigated and compared to the acceptable limit.
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2.4 Dynamic Effects of the Gear Train Analysis

When a pair of gears is driven at moderate or high speed and noise is generated, it is certain
that dynamic effects are present [3]. One of the earliest efforts to account for an increase in
the load due to velocity employed to a number of gears of the same size, material, and
strength were investigated. Several of these gears were tested to destruction by meshing and
loading them at zero velocity. The remaining gears were tested to destruction at various
pitch-line velocities. For example, if a pair of gears failed at 2270N tangential loads at zero
velocity and at 1135N at velocity V1, then a velocity factor, designated Kv, of 2 was
specified for the gears at velocity V1. Then another, identical pair of gears running at a pitch-
line velocity V1 could be assumed to have a load equal to twice the tangential or transmitted
load. The definition of dynamic factor Kv has been altered. AGMA standards ANSI/AGMA
2001-D04 and 2101-D04 contain this caution: Dynamic factor Kv has been redefined as the
reciprocal of that used in previous AGMA standards. It is now greater than 1.0. In earlier
AGMA standards, it was less than 1.0. Due to this effect stress and deformation will occur on
the gear trains. It was determined that dynamic load factors for gears that were heavily loaded
based on one and two degree of freedom models [2]. Using a torsion vibratory model, they

considered the torsion stiffness of the shaft.

An interactive method was developed to calculate directly for variable gear mesh stiffness as
a function of transmitted load, gear profile errors, gear tooth deflections and gear hub torsion
deformation, and position of contacting profile points. These methods are applicable to both
normal and high contact ratio gearing. Certain types of simulated sinusoidal profile errors and
pitting can cause interruptions of the normal gear mesh stiffness function, and thus, increase
the dynamic loads. In the research, the gear mesh stiffness is the key element in the analysis
of gear train dynamics. The gear mesh stiffness and the contact ratio are affected by many
factors such as the transmitted loads, profile modifications, gear tooth deflections, and the
position of contacting points. Moreover, gear strength, gear wear, prediction of gear dynamic
loads, and gear noise are always a major concern in gear design. However, one topic that has
not been discussed is the effect of non-ideal loading conditions on the stress and vibration
behavior of the gear. Non-ideal conditions are characterized by a change in the tolerances
which define the acceptable assembly of a gear train. Some studies have been conducted on
how the noise or vibration of spur gears is affected by manufacturing error. In addition it was

pointed about in the gear design the maximum stress is to be considered [18], [19].
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CHAPTER 3

ANALYTICAL METHOD ANALYSIS OF THE GEAR TRAIN

3.1 Introduction

The method to determine the gear stress analytically has been developed extensively by the
American Gear Manufacturers Association (AGMA), Lewis bending equation, Hertz contact
stress equation, some mathematical models such as modal analysis, harmonic excitation,
eigen vectors and eigen value. It is necessary to carry out the analytical method calculation to
compare the result with that of the finite element method to make sure of the accuracy of the
results of FEM.

Designing highly loaded spur gears for power transmission systems that are both strong and
quiet requires analysis methods that can easily be implemented and also provide information
on contact and bending stresses, along with transmission errors. The AGMA method is
limited to the tooth gear analysis and many assumptions need to be taken into account. The
Lewis bending equation calculates only the bending stress in the single tooth and accounts the
gear as a beam element. The Hertizan equation is used to determine contact stress in the
mating gear teeth. It considers the gears as the two rollers or cylinders contact at a single
point and neglect the effects of friction. In addition some mathematical models for harmonic
and modal shape analysis for the gear trains are also conducted. Harmonic response involves
the frequency response due to the impulsive force in the system, whereas the modal analysis
involves the modal shapes of the system which involves the natural frequency of the system
in different kinds of mode shapes as a free vibration. The prime source of vibration in gear
trains is the transmission error. Transmission error is a term used to describe or is defined as
the differences between the theoretical and actual positions between a pinion (driving gear)
and a driven gear. It has been recognized as a main source for mesh frequency excited noise
and vibration. With prior knowledge of the operating conditions of the gear set, it is possible
to design the gears such that the vibration and noise is minimized. The illustrated methods are
all based on some assumptions and all pointed toward in calculation of stresses and determine

at what stress level gear will fail.
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3.2 Standard Specifications for the Rail Vehicles

The gear train in the rail vehicle is located between the wheels, motor and bogie and
suspended to the bogie frame. The purpose of the gear unit is to transmit power available to
the wheels through proper gear ratio, so that required speed and torque are achieved. The
power source is from motor assembled to it according to the speed and the capacity of the rail
vehicles. Different countries manufacture motors of maximum rotational speed up to
10000RPM. The majority of them are applicable to the range between 3000RPM to
5000RPM. Here in Ethiopia the speed of the passenger rail vehicle to be introduced is
75Km/hr- 180Km/hr, whereas the freight rail vehicle is 60km/hr-120Km/hr. Table 3.1 shows

the brief summary of the legacy of the new rail way in Ethiopia [34].

Table 3-1 Speed and Axle load Range Value for Rail Vehicles in Ethiopia

No Specification Range value for the specification
1 Passenger Car Speed 75km/hr-180Km/hr
2 Freight Car speed 60Km/hr-120Km/hr

In this particular thesis the specific passenger car speed is to be considered. Note that the
specified speed is the output speed for the vehicles. These speeds are obtained through proper
gear ratio available according to standard specifications. The motor and the gear units are
incased in the gear box and suspended to the bogie frame. Drive systems are used to transmit

the torque from the traction motor to the wheel set via a one, two or more shift gearbox.

Different countries and companies are manufacturing a large number of motors for rail way
electric traction system .The motors have different kinds of speed and torque range as well as
gear ratio depending on the capacity and speed of the passenger and freight rail vehicles.
Most of the time, the pinion is assembled to the motor shaft with proper gear ratio. Moreover,
drives system in a rail way have to be powerful, environmentally friendly, very reliable, cost-
effective and have a low need for maintenance. In the drive systems there are gear units or
gear train which is supposed to transmit the torque to the wheel sets. The requirement for
such maintenance is much more stringent than those required of cars, for example, because
the intervals between servicing need to be much longer. According to statics from different

kinds of Railway Company, their major service is done after the locomotive has logged
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between 1 million and 1.5 million km [30]. These locomotives operate, on average, more than

1000km a day. Fig 3.1 shows a photo of some parts AC traction motor for train.

Mounting Points

Pinion
Shaft

Field Coils
Photo of parts of AC traction motor

Fig 3-1 Some parts of AC traction motor [21]

In addition, the following table 3.2 could also be the basis for selecting the type of AC
traction motor manufactured by different kinds of company at different times. The gear ratio
is also provided along side with them. The table also provides a list of some specification of
rail way traction motor provided by Siemens Company for different kinds of country to their

rail ways organization [22].
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Table 3-2 A list of AC Traction Motor for Trains [22]

Maximum | Maximum
Project Country | Quantity | Motor Gear | Motor Rail Working
Type ratio | Speed Vehicle Since
(RPM Speed
(Km/hr)
GP-194/MRVC | India 900 1TB2022 |5.71 3452 110 2007
AMTRAK F69 | USA 10 1TB2626 | 3.59 3590 177 1988
MABI-RENFE | Spain 210 1TB2329 | 6.31 2950 90 1989-91
SD60-MAC USA 2308 1TB2630 | 5.30 3210 113 Since1990
CP-SINTRA Portugal 400 1TB2222 | 5.54 3970 120 1991-95
UTLIBERG- Switzerland 36 1TB1921 | 7.40 4000 70 1991
BAHN
SPOORNET South Africa 40 1TB2820 | 6.31 3900 100 1993
SC80/90-MAC USA 126 1TB2830 |5.19 3435 128 1993
EMUS00 Taiwan 692 1TB2021 | 4.36 3250 110 1994-97
SD70-MAC USA 2580 1TB2630 | 5.30 3210 113 Sincel994
NSB-DIB Norway 90 1TB2325 | 4.94 3380 120 1995-99
BR152 Germany 680 1TB2822 | 6.30 4000 140 1996-2001
GTR6-MAC India 361 1TB2622 | 5.30 3320 120 1997-99
DSB-LOK Denmark 85 1TB2822 | 6.29 4000 140 1999-2000
GT46-PAC India 42 1TB2622 | 5.30 3784 160 2000
FEVE-LOK Spain 80 1TB2018 | 7.10 3300 80 2001-04

However, based on suspension arrangements and permissible speeds the manufactured

motors are not providing with their full complete rotational speed. Most parts of the world are

having motor speed less than the fabricated one. For example Indian Rail Way Company,
GT46-PAC, Siemens provided a motor with a rotational speed of about 4500RPM but the

motor is actually giving a service of about 3784RPM at the maximum speed of 160km/hr of
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the rail vehicles. The following table 3.3 also provides the power rating of different kind of

motor available and manufactured by rail way Company [23].

Table3-3 Rail Vehicles Speed and Power Range [23]

Rotational
Project Country | Rail vehicles Power rating Torque speed(RPM)
speed
TVG France 570Km/hr 600Kw-900Kw (continuous) 3435
12,300Nm-
TVG France 130Km/hr 120Kw-200Kw 300Nm 3000
Vienna Metro 160Km/hr 125Kw 350Nm 1230-3846
type Australia
Low floor Tram | Australia 120Km/hr 60Kw-80Kw 280Nm- 4300
ulf 420Nm
Tram Rome Australia 140Km/hr 120Kw 300Nm 2285-4280
Tram City Australia 130Km/hr 110Kw 300Nm 1680-5000
Runner Linz
LRT Badner Australia 140Km/hr 120Kw 350Nm 2369-5135
Bahn
Tram Lodz Australia 130Km/hr 61Kw 420Nm 1634-4435
refurbishment
Motor Coach Australia 140Km/hr 68Kw-80Kw 350Nm 1340-4520
Voith Germany | 140 Km/hr 130Kw 415Nm 3840
Regional rail China 80Km/hr 125Kw 433Nm 2750
car

In this thesis the last regional rail car is considered and at the present time operated in Ghana.
3.3 Operating Characteristics of Traction Motor for Trains

Traction motors are operating within the maximum torque-speed curve. Frequent operating
points for electric vehicle on federal highway driving schedules (FHDS),electric vehicle on
federal urban driving schedules (FUDS),high speed train(max. speed of 300 (km/h)) and low
speed train(max. speed of 80 (km/h)) are shown in fig3. 2. As the traction motors run mostly
in the high speed region for FHDS and high speed trains, it is clear that the performance in
the high speed region should be mostly a concern. Fig3.3 also the frequent operating
characteristics of the traction motor for the high speed train. Torque and speed ranges are also

shown along side with them.
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Fig 3-2 Frequent Operating Points of the Traction Motor for FHDS Electric Rail
Vehicles
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Fig 3-3 Operating Characteristics of Traction Motor for High Speed Train [24]

Generally, the rated power of electric motors for electric LRT is typically from 100 to 160
kW per axle and for rubber tire wheel trains from 70 to 110 kW per axle [31].VEM is a
company in Germany produces various types of traction motor with different kinds of power
rating according to the following description shown in the table 3.4 [33].In this thesis power

rating of traction motor is 135Kw.
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Table 3-4 Power Rating of Some Motors

Three-phase asynchronous drive motors (Monorails to 125Kw
Three-phase asynchronous drive motors (Trams) to 130Kw
Three-phase asynchronous drive motors (Rapid transit railway) to 250Kw

Three-phase asynchronous traction motors(Multiple units,electrical) to 600Kw

Three-phase asynchronous traction motors (Railway locomotives) t01,600kw

The gear ratio for the rail vehicle also depends on the stage of the gear units and power rating
but different kinds of locomotives and cars use the gear ratios of 5:1, 4.5:1, 4:1, 8.775: 1,
5.023:1, 6.65, 4.091, 17:1, 84:17 3:1, 7.47 and so on depending on the torque requirements
and related by the number of gear teeth calculated [33]. Here in Ethiopia the maximum speed
is 120Km/hr for freight and 180Km/hr for passenger. Therefore, the gear ratio to be selected
is 7.47:1.

Worldwide axle diameter for trains ranges from 120mm to 220mm for the bore diameter of
the spur gear. Whereas for the pinion gear, the bore diameter ranges from 40mm to
175mm.Both pinion and spur gear possess the key way to prevent the relative movement.

Proper hub is integrated to them too.

In addition, the following table 3.5 shows axle dimensions and its capacity ranges based on

the speed of passenger rail cars and freight rail cars respectively.

Table 3-5 Axle Specification [25]

Capacity for axles for normal maximum
No Size of journal (mm) Operating speed ranges (Kg)
Journal diameter x its length Up to 136Km/hr 137Km/hr-160Km/hr
1 127x228.6 12,939 12,258
2 139.7x254 16,344 15,436
3 152.4x2794 20,430 19,295
4 165.1x304.8 24,516 23,154
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In this thesis, axle diameter of 120mm is considered, whereas pinion shaft assembled to the
motor varies from 40mm-60mm for the specified train. In addition the following data in the
table are the overall parameters of the gear train for the specific electric traction train
considered here in Ethiopia.

Table3-6 General Properties of Gear train Parameters

No Component Specification
1 Pinionl 0.2m

2 Pinion2 0.240m

2 Spur gearl 0.64m

3 Spur gear2 0.560m

4 Transmission ratiol 3.2:1

5 Transmission ratio2 2.33:1

6 Motor Speed 2750rev/min
7 Torque 433N-M

8 Tangential force on the gears 4.33KN

9 Radial force 1.580KN

Note that pinionl, spur gearl and transmission ratiol are in the case of gear train with idler
gear, whereas pinion 2, spur gear 2 and transmission ratio 2 are in the case of gear train
without idler gear. Note that number of teeth is determined in detail analysis. Module
selection is based on the power transmitted and rotational speed of the motor. Once the speed
of motor and power rating are known module can be selected from standard table [35]. The

following graph shows how to select module for gears.
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Fig 3-4 Transmitted power as a function of pinion speed [35].
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3.4 General Properties of Spur Gear

The following figure shows nomenclature for spur gears:
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Fig3-5 Spur gear Nomenclature [3]

The expressions relating the nomenclature are as follows
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Where P=diametric pitch, teeth per mm, N=Number of teeth, d=pitch diameter in m=module
inmm p=circular pitch. Using these relations, Pinion properties are

P =20/200 = 0.1,

N = 200/8 = 25,

p = 3.14x200/25 = 25.12 The gear ratio selected is 3.2:1 in the first
case and by using the relationship of Pitch circle diameter and gear ratio:

pspur =3.2XdPpinion= 3.2X200=640mm
Similarly for spur gears the number of teeth can be determined by using similar relationship
above:

N =640/8 = 80

p = 3.14x 640/80 = 25.12mm.
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The following figure shows the properties of involutes curve which helps to construct the

profile for the tooth for spur gears [3].

Involute

Base circle —_ -
S [ ——
{ A__1_ T

Fig3-6 Construction of involutes curve
The involutes curve helps us to construct a single tooth. The following figure shows a gear

lay out and helps to construct the gearing system In addition base circle radius can be related

to the pressure angle ¢ and the pitch circle radius by:

T ST COS Do Eqg3.1
C.b f .-E-IH"H._
' P
B — T __~ Pitch circle
: _~ Pressure line
/ —
| ry o
|III ||II. {|I_') / .Illl
[ f Base circle ||
I _ : _ |
|I |I ) el | I| |

Fig3-7 Base Circle Construction
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Depending on the above two figures, mating gears can be drawn by following step by step

procedures as follows:

e Adjusting center distances of the mating teeth

e Outer diameters of both gears

e Base circle diameters of mating gears

e Pressure angle

e Face width

e Number of teeth for both gears

e Hub diameter and its length

Note that the hub length should not be less than

1.8xbore diameter of the given gear
dhup=1.8 x 50=90mm  dnyp=diameter of the hub of the gear.
Lhub=1.25 X dpore=1.25 X 50=62.5mm

Note that all the mentioned values are minimum values.

3.5 Gear Bending Stress Analysis Using AGMA and Lewis bending
Equation

3.5.1 AGMA Stress Equation

Two fundamental stress equations are used in the AGMA methodology, one for bending
stress and another for pitting resistance (contact stress). In AGMA terminology, these are
called stress numbers, as contrasted with actual applied stresses, and are designated by a

lowercase letter s instead of the Greek lower case c,. The fundamental equations are:

1
Tp=Fx KoxKvxKsx (%) X(Kn X KgylY; ... SI Units ........ Eqg3.2 [3]

Where:-
F= the tangential transmitted load (N)
Ko=the overload factor
Kv=the dynamic factor
Ks=the size factor
Pg=the transverse diametral pitch
F(b)=the face width
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Km(Ku)=is the load distribution factor

Kg= is the rim thickness factor

J(Y;)=the geometric factor for bending strength
m=module in mm

op=bending stress

Note that the factors are selected from the table available from Shigley Mechanical design
based on the speed of the rotating gears and number of teeth required.
Kv=1.25 Shigley Mechanical design page 740
Ko=0Overload factor for uniform power source, it is 1.25 .
Ks=1.15, Shigley mechanical design page 741
b=face width=0.100m,
Module (m) =0.008m,
Kr=1 + Cim¢ (Cpt Com + CnaCe)=Cmc=1, Cpt=-.03, C1a=0.247
for commercially enclosed gear units,
Ce=1, Cpn=0.8 Shigley mechanical design page 742.
Upon substitution,
Kp=1+1 x (-.3x.8+.247 x1) =1.01
Kg=1.30 from Shigley mechanical design hand page 746.
Y,=0.46 for 25 toothed gear, Shigley Mechanical design page736.
The necessary parameters can be calculated from the given data as follows:
Power (H) =135Kw,
T=433N-M,
Pd=0.2m for pinion
N=25, for pinion in the first case of the gear train.
Note that the rotational speed in all case is 2750RPM (288rad/sec).
Pressure angle($) =20°
Torque=T acting on the pinion.
T =Pd/2 x F; =0.2/2 x F; =F=433 x 10 =4330N=tangential force.

To calculate the radial force or the normal force we use the relation

F, =F; x tan20°=4330 x tan20° =1576N.
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The graphical depiction is shown below.

F:

Fig3-8 Lewis Cantilever [3]

.Lewis considered the gear as a cantilever beam and both the tangential force and radial force
are acting on the gear. In the first case of the gear train with the idler gear, the transmission
ratio is 3.2:1.

Therefore, the speed of the pinion is reduced by half while increasing the torque available by
double.
Pq of the spur gear is
Pg= 3.2 x 0.2m =0.64m=640mm.
Number of teeth is
3. 2 x 25=80, where number of teeth for pinion is 25.
The rest of the parameters are as calculated previously. In the second case of the gear train in
the transmission system with the idler gear the minimum number of teeth for pinion is taken
as 30 and its module is taken as m=8mm, therefore,
P4 (pitch circle diameter) =8 x30=240mm
The spur gear to mate in this case is obtained by using the relationship of the total gear ratio:
In the first case the gear ratio used is 3.2 and the total gear ratio selected is 7.47. By simple
mathematical relationship: the gear ratio for the second gear train is
7.47/3.2=2.33
The number of teeth for the spur gear is:
2.33x30=70
Note that power is constant throughout the transmission system. Therefore the module
m=8.Pitch circle diameter of the final spur is

dp =8x70=560mm where, m=module=8, and N=70=number of teeth.
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By using the AGMA (American Gear Manufacturing Association) for bending stress shown
in the eq3.2 is helpful to calculate the bending stress or normal stress. In the first case of the
gear train, the pinion the bending stress is as follows:
0p= FixKoxKvxKsx 1/b m x(Ky x Kg)/¥;= 4330 x 1.25 x1.25 x 1.15 x(1/0.1x 0.008) x(1.3
x1.01/0.46)= 27.16Mpa.
In the second case of gear train , pinion with number of teeth of 30 and by using the AGMA
bending equation:
Kv=1.25, Ko=1.25, Ks=1, b=face width=0.100m, module (m) =0.008m, Ky= 1.01,
Kg=1.30 Y,=0.48 for 30 tooth gear.
0p= FexKoxKvxKsx 1/bm X(Ky X Kgy/Y;= 4330 x 1.25 x1.25 x 1.15 x(1/0.100 x0.008)
x(1.3 x1.01/0.48)= 26.88Mpa.
In the case of gear train with idler gear, the idler gear with number of teeth of 40.
Kv=1.25, Ko=1.25, Ks=1.15, Ky=1.1, Kg=1.30, Y;=0.49, b=0.100m, module (m) =0.008m
The bending stress will be:
0p = FexKoxKvxKsx (1/(b xm) )x(Ky X Kgy/¥;= 4330 x 1.25 x1.25 x 1.15 x(1/0.100
x0.008) x(1.3 x1.01/0.49)= 26.06Mpa.
The spur gear bending stress the gear train with the idler gear.For Number of teeth=80.
Kv=0.8, K0=0.8, Ks=1, Ky=0.75, Kg=0.8, b=0.125m m=0.01, Y;=0.57
Op = FexKoxKvxKsx 1/(b x m) x(Kn X Kg)/Y; =4330 x 0.8 x0.8 x1.15x1/(0.100 x 0.008) x
( 0.8 x0.75)/(0.57)= 4.133Mpa.
In the second case of the gear train the spur gear bending stress is for n umber of teeth=70.
The only factor that is changed is Y;=0.57.
0 p=Fx Kox KvxKsx1/bmx(KuxKgy/Y;=4330x0.8x0.8x1x1/(0.125x0.01)x(0.8x0.75)/(0.6)=

3.65Mpa
3.5.2 The Lewis Bending Equation

The Lewis refers the loading on the gear as a cantilever beam. The equation for Lewis
equation is given as: -

ob =F/ (DX P XY) i Eqg3.3 [3]

Where F; = tangential load,

F(b)= Face width=0.100,
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op =bending stress. Y=Lewis factor taken from standard table of Shigley
Mechanical design page 720. The pinion Lewis bending equation for the case of gear train
with the idler gear (a-25-toothed gear), Y=0.337. By Substitution, the result of Lewis

bending stress is as follows:

op =F/ (b x P x Y) =4330/ (0.100 x0.0157 x0.337) =8.2Mpa.
For the second case of the gear train the pinion, Lewis bending equation for the case where
(30-toothed gear), Y=0.359. Shigley Mechanical design page 720. By Substitution, the result
of Lewis bending Stress is as follows:
op =F/ (b x P x Y) =4330/ (0.100 x0.0157 x0.359) =7.68Mpa
The idler gear Lewis bending equation is :
Y=0.390 for 40-toothed gear from Shigley Mechanical design page 720.
op =F/ (b x P x Y) =4330/(0.100 x0.0157 x0.390) =7.01Mpa.
The spur gear Lewis bending equation in the case of gear train without the idler gear.
For a-70-toothed gear, Y=0.430 by interpolation.
op =F/ (b x P x Y) =4330/ (0.100 x0.0157 x0.430) =6.41Mpa.
The spur gear Lewis bending equation in the case of gear train with the idler gear is:
For 80-toothed gear, Y=0.445.
op =F/ (F x P x Y) =4330/(0.100 x0.0157 x0.445) =6.13Mpa.
Both AGMA (American Gear Manufacturing Association) and the Lewis bending equation
calculate the bending stress (Normal stress) on a single tooth once at a time. The other
stresses are calculated through other equations. The Lewis bending equation neglects the
effects for dynamic loading on the gear, the effects of stress concentration and the load is
considered at the tip. Both the AGMA and Lewis bending equations neglect the effects of the
radial force. Hence, they have limited the stress analysis of the gearing system. In similar

manner the stress and deformation can be determined by using other analytical methods.

3. 6 Vibration Analysis of the Gear Train

All rotating machinery systems experience torsional oscillations to some degree during
startup, shutdown, and continuous operation. Consequently, the torsional response
characteristics of rotating component should be analyzed. In the gear train system, the axle
and the shafts assembled to the drives system of the train rotates with high speed. Therefore,
the system tends to oscillate from its equilibrium condition due to misalignments, poor

damping condition and so on. The type of oscillation or vibrations result can be tilting,
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twisting, out of plane misalignments, into plane misalignments and so on. In this section
modal analysis and harmonic response analysis are to be considered. Severe torsional
vibrations often occur with the only indication of a problem being gear noise or coupling
wear. Excessive torsional vibrations can result in gear wear, gear tooth failures, key failures,
shrink fit slippage, and broken axles in severe cases. The torsional vibration response of
rotating machinery components is an important consideration in defining the operational
reliability of a rotary equipment train. Accurate response prediction requires analysis
techniques which consider all forcing functions in the system in addition to the mass-elastic
properties of the shafts and gears. The severity of the torsional oscillations and stresses
depends upon the relationship between the operating speed and excitation frequencies of
unsteady torques and the torsional natural frequencies and mode shapes of the shaft system
(critical speeds). The difference between these frequencies is referred to as the separation
margin. The magnitude of the stress also depends upon the amplification factor on resonance
(damping) and the stress concentration factors. In such a complex geometry of the gear train
assembled to the motor and the axles experience such a high vibration [26].Therefore, the
FEM, which uses software and design modeler helps to determine the different kinds of
deformation and mode shapes of the system. In this case only the frequency range, the fixed

point and the support are provided from standard table.

3.6.1 Modal Analysis

Modal analysis is the study of the dynamic properties of structures under vibration excitation.
If the system is poorly damped, the structures tend to vibrate or oscillate about its equilibrium
position. For the gear train considered, the torsion effects of the axles and shafts are the main
cause for the vibration. This torsional vibration is from unbalanced rotation, misalignments or
so on As a result of this kind of vibration the system particularly the gear train posses
different kinds of mode shapes as described above. In this modal analysis the gear trains
vibrate freely due to natural structural frequency. The governing equation for free vibration
with damping properties is given as follows:

MX + R+ KK =0 ceeeeiiiinneeccnineececeiinnsccccnnnnes Eq3.4
In this case, the gear train vibrates structurally without imposing any external force or energy
upon it with sufficient damping properties for the gear box. The following figure shows the
schematic drawing of the gear train in the second case possessing transmission ratio of 2.33:1
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pinion
J 1 | J2 shatt. |
Spuar
Jz J4 shaft:

Fig 3-9 Second Stage Gear Train

Ji1= polar moment of inertia of the shaft assembled on the pinion, J,= polar moment of
inertia of pinion, Js=polar moment of inertia of shaft assembled on the spur and Js,=polar
moment of inertia the spur. In addition polar moment of inertia and stiffness for the gear train
in mate can be related by the following relationship [36]. Hence for the gear train the polar
moment of inertia can be combined. Note that the speed ratio is in the second stage was
2.33:1.Therefore, in this case 1/2.33.

Polar moment of inertia can be calculated as follows: For pinion gear the known dimensions
are bore diameter=0.06m, pitch circle diameter is 0.240m, material density=7850Kg/m* and
face width=0.1m.Therefore, polar moment of cylindrical body with inner hole is given as
follows [37] :

= pxmxbx (De =D
= e e

Where  p = density of pinion material, b=face width of gears, D,=pitch circle diameter of
pinion and D;= bore diameter of pinion. By using the relationship: the polar moment of

inertia can be calculated as:

4 _ 4
. 7850><3.14X0-;>2<(0-24 006) = 0.254Kgm?

The parameters that are changed for the spur gears are as follows: D;=0.120m andD0=0.560m

7850%3.14%0.1%(0.56%—0.12%
Jac 32( ) = 7.56Kgm?

Therefore, J5=0.254+7.56/(2.33)2=1.6457Kgm?.In addition the torsional stiffness of the
shafts can be calculated as follows:
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Ky = G e, Eq 3.6 [36]

Where Ky= torsional stiffness of the shafts, G=shear modulus of elasticity and L= length of
the shafts, I,=the area polar moment of inertia. D,=outer diameter of shaft D;= Inner diameter
of shaft [36].

_ _Dbi-p}
[p =) Lo Eq 3.7
4 4
Therefore, I, = n(0'0564 0.01) —3 g6x107

Shear modulus of elasticity and young modulus is related by:

_E
T 2(1+9)
Where, 1 = poisson ratio G=shear modulus E=Young modulus

9 = 0.3, E=2.1x10" and length of the shaft assembled to the pinion is 0.5m. Hence,

_ 2.1x10%?

= = 8.1 x 101°
2(1+0.3)

Therefore, Kt of the first shaft is calculated as

3.06X1077x8.1x101°
Ky = —= 0’; = 49572N/m

Again for the second shaft the torsional stiffness is calculated by similar procedures described
above

.05 -5 . 10
KTZ — 1.05%X10 2)(81)(10 — 425950N/m

Therefore, the total torsional stiffness is calculated as follows [37]:

Kt1KT2
n2 KTl +KT2

Kt =
Where n=D/d  D=pitch circle diameter of spur gear and d= pitch circle diameter of pinion.
Hence n=0.560/0.240=2.33

_ 49572%425250
2.332%x49572+425250

T = 30359N/m

By adding the polar moments of inertia for the two gears by using the relationship [36]:

Jp = Ty e e, Eq3.10

Speed ratio?
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Where Jr= total polar moment of inertia, J,= polar moment of inertia of pinion, J,=polar

moment of inertia of spur. Therefore, by substituting the above results in the relationship:

7.56
2.33°

J7=0.254 + = 1.6547Kgm?

Torsional stiffness of the gears can be calculated by similar procedure as for the shafts as

follows: Where Ipp = polar moment of inertia of pinion lps= polar moment of area of spur.

0.24* —0.060%

[ = (2D 2314% = 1.62x10™
pp_T[(T) = = 1.02X

0.56* —0.12%
Ips=3.14x 2="—""= =4815x 10"

Hence we can calculate the torsional stiffness of both gears by the following relationships as

follows: Where K+p =torsional stiffness s, pinion and Krs= torsional stiffness for spur gear.

Ipp XG
L

TP —

Where L=face width of gear G= shear modulus of elasticity. G=8.1x10", Ipp=1.62x10"*

1.62x107% x8.1x1010
Koo moeX 2 XS 200 = 131.2x10’

0.1

Similarly for spur gear

4.815%1073 x8.1x1010°
Kors = =390 x10’

0.1

The total torsional stiffness of gears can be calculated as follows;

131.2x107 %x390x107 ;
T = 232%131.2x107 +390x107 - 46:44x10 N/m

To calculate the polar moment of inertia of shafts the following can be used for calculation:

_ pxmxbx (D —-Df)
32

J

For the first shaft: b=length of the first shaft=0.5meters

this is from equation 3.5

« _ 7850xmx0.5%(0.05*-0.01%)

J
! 32

= 2.4x1073K gm?

Similarly for the second shaft:

Page 33



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

. _ 7850x1mx0.2x(0.12*-0.025%)

: 2
22 0.032Kgm

J3

Therefore, the total polar moment of inertia of shafts can be calculated as:

- 0.032
Jr=J1 + ]—3 = 2.4x10 3 +
Speed ratio 2 2.332

= 6.234x1073Kgm?
Since both the gears and shafts are series the parameters are combined as follows

o Eq 3.11 [36]

Where Kr; is the total sum of torsional stiffness for gears and K is the torsional stiffness

of the shafts. Hence: the governing total stiffness can be calculated as:

= 4+ =323x10"5 = 30357N/m
K 46.44x10 30359

The first natural frequency of the system can be calculated by using the following
relationship [37]:

_ 1 /K(11+Jz)
Wp =5 [T HEZ Eq3.12

Where w, = the first natural frequency. Hence by substituting the above parameters:

) =352.05Hz

1 30357x(6.234x10~3 +1.6547)
Wy = _( -3
21 6.234x107°X1.6547

The second natural frequency is given by:

1 3x(30357)x(6.234x10~3 +1.6547
W, = —( \/ (30857)x(6.234 ) ~603.88Hz
21 6.234x1073x1.6547

Note that the second natural frequency is given by:

_ 1 . [3kU1+)2)
Wy, = 27T( /—]1]2 ............................................... Eq3.13

The above analysis is said to be the modal characteristics under the natural structural

vibration of the system without imposing any external energy.

3.6.2 Harmonic Response

Harmonic excitation refers to a sinusoidal external energy of a certain frequency applied to a
system. The response of a system to harmonic excitation is a very important topic because it
is encountered very commonly and also covers the concept of resonance. Resonance occurs

when the external excitation has the same frequency as the natural frequency of the system. It
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leads to large displacements and can cause a system to exceed its elastic range and fail
structurally. Harmonic excitation is also commonly observed in systems that contain rotating
masses such as gear train tires, engines, rotors, etc. This mode of vibration can be controlled
by using proper damper. Particularly in this gear train structure the applied moment can be
unbalanced external energy which might cause harmonic excitation and results in unbalanced
rotation. When the motor rotates in unbalanced manner, the applied moment can also be
unbalanced and results in harmonic response. Therefore, for damped forced harmonically

excited system response equations are illustrated in the subsequent sections [38]:
MX + X+ KX= Fg COSMt ..o Eq3.14

Where F, is initial applied tangential force of the gear train under consideration, w is the
frequency of the system and t is the response time.The particular solutions of the above

equation are expected to be harmonic and arranged as follows:
Xp (1) = XCOS(WEt = @)..ovvniiiiii Eq 3.15

Where X and ¢ are constants to be determined and denote the amplitude and phase angle of

the response respectively. By substituting the Eq3.15 into Eq 3.14 we arrive at :
X[(k — mw?) cos(wt — @) — cw sin(wt — @)] = Fycoswt................... EQg3.16
Using the trigonometric relationship illustrated below
cos(wt — @) = coswtcos@ + sinWtSIN@...........ccoovvviiiiiiiiiiiinnn... Eqg3.17
sin(wt — @) = sinwtcos@ — COSWESINP..........ceiviiiiiiiiiiiiieninnn. Eqg3.18
Using Eg3.16 and equating the coefficients of coswt and sinwt on both sides
X [(K-Mw?)C0SQ +CWSINQI=E, ..o e Eqg3.19
X[(k — mw?)sing — cwcos@] = 0........ccoeniiiiiiiiiiiiiiiiiiii, Eq3.20

Solution of Eg3.20 gives:

X o e Eqg3.21

[(K-mw?)? +c2w2]1/2
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— -1, @
@ = tan (k_mwz) ......................................................... Eq3.22
Various relationships can be generated by using the above equations
o o e o e Eq3.23

Where, (=constant damping ratio, c=damping constant c.=critical damping ®,=undamped

natural frequency which is w,, = \/% by rearranging all the above equations the following

relationship can be generated.
2><Zx®i
¢ = tan‘l{rw%)‘;} .......................................... Eq3.24

For this particular gear train arrangements and using the defined parameters for the total mass
of the system under consideration m=256.63Kg from ANSY'S work bench results. For further
clarification it has been shown in the appendix. £ =0.6 constant damping ratio assumption. It
is also the most frequently used in many systems. m, be the first natural frequency of the
system and calculated as above . For {=0.6 the ratio for @/®m, can be estimated from the

following graph as follows:

2.8 T |
|
. L H-{= 0.1
2.4
B i i
1 2.0 i -
= £=03 -
5 16 r\l*‘”ii: | e
= _ b=
% 1.2 N A=E = 0;‘.5 P
1.0 (=05 -—r——q—- =
2 o8 KL [ 3
E- : | =15
0.4 = 3.0
) —— -¢_§I= Dﬂp
0 04 08712 16 20 24 28 32 0 E_S) 1.0 1.5 20 25 30
1.0 £=0.0
Frequency ratio: r= wﬂn Frequency ratio: r = ﬁ%
(a) (b)

Fig 3-10 Variation of X and ¢ with frequency ratio r=m/m, [38].
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Then from this graph for (=0.6, w/m, can be estimated as 0.45. By substituting all the values

in the equations, ¢ can be determined as follows:

(2x0.6x0.45)

10452 }=0.617=34° is the phase angle response of the

@ = tan"1{
harmonic excitation. The phase angle states that the system response lags behind by
sometime time later as soon as applied initial unbalanced harmonic force is applied. Hence
the amplitude can be determined by using the following equation. For Fo0=4330N,
K=30357N/m and ® can be determined as follows. Since the first natural frequency is already
calculated in the previous section as wn=f,=352.05Hz.By using the frequency ratio r=0.45.

The equation for frequency ratio is give by:

Then = 0.45x352.05=158.225Hz or 16.56rad/sec The amplitude of the system is

_ Fo _ .
= [(K-mw?)? +c2w?] /2 is from equation

By using the relation stated in the following to obtain the value of c:

m=256.63Kg, (=0.6, ®,=16.56rad/sec. Hence the value of c can be calculated as:
c=2%x0.6 X 16.56 x 256.63 = 5099.75Ns/m

Therefore, the amplitude of the system can be determined:

4330
X= =0.04 m
[(30357—256.63X16.562)2+5099.752x16.562]1/2 0.04633

Note that determining the amount of amplitude helps us to make decision on the vibration
status of the system and then to adjust the damping components of the system. The phase
angle and amplitude determination helps to adjust proper gear box for the drives system and
it has a significant effect to control forced excitation response in the system. It helps to
construct qualitative and quantitative physical interpretation. For example, the ratio of the
amplitude of forced response to amplitude excitation has some physical phenomenon to make
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decision on force developed in mass spring system together with damper. Moreover, it helps
to design proper gearbox which can withstand severe vibration condition. Moreover

maximizing the damping properties of the system keeps down the magnitude of amplitude

3.7 Contact Stress Analysis

The transfer of power between gears takes place at the contact between the acting teeth. The
stresses at the contact point are computed by means of the theory of Hertz’s. The theory
provides mathematical expressions of stresses and deformations of curved bodies in contact.

Fig below shows a model applied to the gear-two parallel cylinders in contact.

Fig 3-11 The Hertz Contact [27]

Hertz theory assumes an elliptic stress distribution, as seen in the fig above; the maximum
stress is in the middle and equals:
Where: - W=applied load

R1 =radius of body 1

R,= radius of body 2

a= major diameter of the elliptical shape

The equation for the contact stress is given as follows:

1-92

L | Eq3.25 [27]

1 1 1-92

0= | W(—+—)/bm 1
| Wkt DS+
Where W is the load, E; and E; are the modulus of elasticity of pinion and gear respectively,
Y1 and Y2 are the poison’s ratios of pinion and gear respectively and b is the face width of
pinion. The same equation can be applied for gears, assuming for Ry and R, the respective

radii of the involutes curve at the contact point. The contact stress calculation takes place for
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the second case of the gear train. Hence to calculate the maximum contact stress by using the

relation:
Fr=F¢Xx tan20°= 4330x tan20°=1576N
W=1576N=Normal force at the instant of contact.
Ei=E,=2.1el1, 91=92=0.3. R;=0.240m, R,=0.560m, Face width (b)= F=0.100m

0, =contact stress. By simple substitution in the equation,

0.91%x2
2.1xell

0,= J1576(4.17 +1.79)/( 0.100 X 3.14) X [ ] =0.455Mpa
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CHAPTER 4

FINITE ELEMENT METHOD PROCEDURE

4.1 Finite Element Analysis (FEA) for the Gear Units

Analysis by finite element method is carried out for the specified gear units each separately
and in the gear trains with two or three gears are in mating for particular passenger rail
vehicles which possess the following characteristics. The specifications are in the table 4.1 as
shown below. Note that the following parameters are the selected and already designed
structure for the particular rail vehicles to be analyzed by ANSYS soft ware. The geometry
for the gears and gear box are modeled in both solid works and ANSYS work bench. In
addition the rest of the analysis is extensively analyzed in ANSYS.

Table 4-1Specifications of gear units

No Parameters Physical quantity

1 Pinion gear speed 2750rpm

2 Transmission ratio 3.2:1 in case of two gear mesh
3 Pitch circle diameter of pinion 200mm

4 Pitch circle diameter of spur 640mm

5 Pitch circle diameter of idler 320mm

5 Material for all types of gears Structural steel

6 Number of teeth for pinion 25

7 Number of teeth for spur 80

8 Number of teeth for idler 40

The procedure for developing the model for the gear units are generally shown in the
following fig 4.1. The steps show how to determine the stress and deformation on the
modeled gear. In modeling of the gear unit, the gears required for the systems are modeled
based on the design parameters. The material properties and gear parts assembly are also
assigned in this stage. This is followed by the FEA pre-processing stage where the mesh
element, the load, and constraint are set on the gear train model. In order to determine the
stresses accurately, different mesh element settings and FEA solver are required in separate
setup. In the FEA post-processing stage, the FEA solution for the gear unit model is
completed. The maximum Vonmises stress is obtained from the contour plot of the gear train.
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Thus, the bending and contact stress analysis can be performed by correlating the change in

applied load and gear parameters.

I—I

Design parameters Material properties
I I
| |

Mesh element Load and constraint FEA solver

I |
V
I I

Simulation result Plot of correlation

Fig 4-1 Finite Element Procedure for obtaining Gear stresses and deformations [2]

In the FEA, when each process is executed for the solution, the pre-processing for each step
is selected according to the requirement of the solution phase. In order to determine the
equivalent Vonmises stress and deformation, static structural is selected. In addition to
analyze the vibration behavior of the structure, modal (ANSYS) or harmonic response
analysis is selected based on the type of vibration. Moreover, contact stress and fatigue stress
are found in static structural analysis system. Note that static structural is considered as a pre-

stressed analysis for modal (ANSYYS).

4.2 Force Analysis of the Gears

The type of gears considered here is the spur gear. This gears posses’ efficiency of 96%-
98%. The following are the typical force analysis of the rail vehicles. Transmitted load is

calculated as
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F = 2000T/dp oo Eq4.1

Where T =Torque, dp = pitch circle diameter of the gears. The following equation can also
be alternative equation to evaluate the transmitted load:

F = 60000H/T0dy ... Eq4.2

Where H=power (KW), dp=pitch circle diameter in mm, and n=speed in revolution per
minute  (rev/min), F.= transmitted load in kN and H = power (kW), Note that the equation
is applicable for spur gears. In addition, from standard data the speed of the motor is taken as
a maximum for n=3000rpm and p=200mm for pinion H=130Kw.These data are for passenger
rail vehicles possessing the maximum speed of 120Km/hr, here to operate in Ethiopia in the
future. By substituting and rearranging the tangential force can be calculated as:

F,= 60000 x 125/ (3.14135 x 2750 x 200) = 4330N=4.33KN

Therefore, the transmitted force is 4.33KN. Similarly by using the tangential force value, the
radial force can be calculated. Hence:

F=Fctan® ... Eqg4.3
Where ¢=the pressure angle of the gear=20°. Therefore, the radial force will be

Fr =4330 x tan20° "1576N
The moment reaction for the pinion is already selected from standard.Therefore, Moment (M)

M=433N-m
Therefore, power (H) can be calculated as:
H= Mxw =433x288=125kw
Where M=moment and w=rotational velocity in rad/sec.The gear ratio selected in the first
stage is 3.2:1 for compound stage double reduction and in the second stage 2.33:1. Therefore,
the total gear ratio is 7.47. Speed output for the spur gear is about 859rev/min because
compound stage is to be used. Using the above formula and the following parameters can be
input for the ANSYS.
F=4330N
F=1576N
Moment=M=433N-M
Speed of the pinion=2750rev/min
Power=125Kw
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Transmission ratio=3.2:1 in the first case:

Pinion diameter = 200mm

Spur gear diameter =640mm

Pinion shaft diameter =50mm

Spur gear bore diameter =120mm in the without idler case

Number of teeth for pinion is 25

Number of teeth for spur is 80

Face width for gears =125mm will be shown by expression.

Module=8mm in all case.
The module is the capacity for gear units to transfer a given amount of power. For example to
transfer 1.2Kw; at least Imm of module is necessary depending on the speed of the system.
The module selected in this case is based on the power rating and rotational velocity of
motor. After the power rating and rotational velocity are known, the pinion dimension and
module can be selected from table.

Table 4-2Material Properties and Design parameters of the test gears

Parameters Input gear Output gear
Material Structural steel Structural steel
Modulus of elasticity 2E+11 2E+11

Yield strength 2.5E+08 2.5E+08
Ultimate strength 4.6E+08 4.6E+08
Poisson ratio 0.3 0.3

Number of teeth 20 40

Pitch circle diameter 200mm 640mm
Module 8 8

Pressure angle 20 20

Face width 100mm 100mm

4. 3 Finite Element Analysis Results by ANSYS Work Bench

4.3.1 Static Analysis of Gear Units in ANSYS Work Bench

The gears are modeled in both Solid works and ANSYS work bench after the involutes curve
of the gears are carefully calculated. The input and the output gears are well positioned and
meshed accordingly. The boundary conditions are applied wherever necessary .The loads on
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gear units are also applied both separately and in mating. After that solution phase is
performed in ANSYS work bench. The following figures show the geometry and the
boundary conditions set up procedures for a pinion respectively.

(a) Geometry
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N :: :;‘* 2l
B: Static Structural (ANSYS) L.-'ﬁ.“_l fﬁm
Static Structural ; o, AL
Time: 1. s ; Wil

9122014 11:04 P

. Mornent: 433, M-m

|E| Rotational Welocity: 288, radrs
. Force: 43200 M

. Force 2: 18760 M

[E] Fixed Support

|F_"| Standard Earth Gravity: 9.8066

(b) Boundary Condition Set up
Fig 4-2 (a) Geometry and (b) Boundary conditions for pinion

As a result of the applied loads the unit is under stress, therefore ANSYS display different
kinds of solution. The following two figures show the total deformation and equivalent von

mises stress results respectively for the pinion.

— |

B: Static Structural (ANSYS) ‘.-'_..-m"a_,:':l g%

Total Deformation 115

i

Type: Total Defarmation _\!?5_1/_'
LInit: mm
Time: 1

9132014 11:08 P

1.1815e-5 Max
1.0502e-5
9.1893e-6

7. BYE6e-6
6.5638e-6
5.251e-6
2.93832e-6

2 6255e-6
1.2128e-6

0 Min

(c) Total deformation
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! &=

B: Static Structural (ANSYS) ;_'..-"‘ A ‘“ ‘f\_} “_t’(: )
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Linit: Fa

Time: 1

Q132014 11:06 PM

5. 7035%e7 Max
5.0699e7

4 4364eT
3.8028e7
2.1693e7
2.5357e7
1.9022e7
1.2686e7

G .3505e6
14992 Min

(d) Equivalent Stress

Fig 4-3 (c) Total deformation and (d) Equivalent stress for pinion

The results for normal stress and maximum principal stress are shown below.

B: Static Structural (ANSYS) AN S
Mormal Stress
Type: Mormal Stress (X Axis ) -
Linit: Fa

Global Coordinate System

Tirme: 1
O 22014 11:11 P
2. 4466e7 Max
1.9856e7
1.8246e7 \

1.0626e7
G.0253e6
1.4158e6
-2.1943e6
-7.8044e6

1.241487
1.7025e7 Min ‘

(a) Normal Stress
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B: Static Structural (ANSYS) m

Maximurm Principal Stress

Type: Maximum Principal Stress _\._‘G'ﬂ.@
LInit: Pa

Time: 1

O 320141112 P

F.F33e¥ Max
G.FE32eT

5. 7335e7

4 F038e7

3 E6741eV

2 6444e7
1.6146e7

5. 8492e6

-4 44826
-1.4745e7F Min

(b)Maximum principal
Fig 4-4 Normal and Maximum Principal Stress

The spur gear which is supposed to mate the pinion also modeled in the solid work and
ANSYS work bench by the same procedures as for the pinion. The following figures show
the geometry and the boundary condition set up for the spur gear. The dimension for the spur
gear is modeled based on the gear ratio relationship between the pinion and the spur.In this
case the gear ratio is in the second stage of reduction ratio is 2.33:1. Therefore, torque
available at the final wheel is multiplied by 2.33. That is the following relationship shows the
procedure of torque or moment multiplication at the spur.
Mo=lInitial moment taken from standard table=433Nm, gear ratio in the first stage is 3.2
Torque at the spur is

3.2 X 433=1386Nm.
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RN EREE
".J. r.:z.

(a) Geometry for Spur

RGNS
B: Static Structural (ANSYS) ,f_.-""-.\‘_h‘l [k_kg\_' rl.;:'.'
Static Structural —F16
Time: 1. s Wil

91452014 8:46 AM

[&] Fixed Support
|E| Standard Earth Grawity: 9 8066 mis=
|'£"| Rotational Welocity: 90, radfs
- Force: 4233 R

[E] Force 201576, 1

- Morment: 1286, B-m

(b) Boundary Conditions for Spur
Fig 4-5 (a) Geometry and (b) Boundary conditions set up for Spur.
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As a result of the applied loads the spur is also under different kinds of deformations and
stresses. The following two figures show total deformation and equivalent von mises stress
results respectively in the ANSY'S work bench.

B: Static Structural (ANSYS) {;; \_! R'l S Lf S
Total Deformation

Type: Total Defarmation m
LInit: m

Tirme: 1

O 452014 8:53 A f!l“% ’l"’l"'
t "

2.1765e-6 Max f
1.89347a-6 i
1.6928e-6 o
1.4518-5 R
1.2092e-6 ol
9.6736e-7
7.2552e-7 £l

4. 8368a-7 ks
2.4184e-7

0 Min [

- ——

: 4

(c) Total deformation

B: Static Structural (AHNSYS) {;; 'l! F'l S ___;f S
Equivalent Stress X
Type: Equivalent fvon-hlises) Stress m
Linit: Pa
Tirme: 1

914520174 2:54 Ahd I r-.-1ir_-|

8.6857eb Max
F.r211e6

G. 756526
5.7919e6
4827326
3.8B626e6
Z.B98e6
1.93324e6
9.6828325
4222.2 Min

(d) Equivalent stress

Fig4-6 (c) Total deformation and (d) Equivalent stress for spur
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ARG
B: Static Structural (ANSYS) j_.r"-‘:-\‘l_rt;“?) E’ff@
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II'_.'IE iz

Type: Mormal Stress (X Axis)
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Global Coordinate System \

Time: 1

9 452014 11:09 P
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3.2 Static Analysis of the Gear Train without the Idler Gear in ANSYS

Fig 4-7 Normal stress

A gear train is formed by mounting gears on a frame so that the teeth of the gears engage.
Gear teeth are designed to ensure the pitch circles of engaging gears roll on each other
without slipping, providing a smooth transmission of rotation from one gear to the next so
that they will transfer power efficiently. The next type of the gear train is the part of the
drives system which is located nearer to the wheel. The following is the geometric modeling
of the two gears in mesh which has a transmission ratio of 2.33:1. Number of teeth for the
pinion is 30 and 70 for spur. Railway vehicle drives system uses such a type of transmission
system with several types of arrangements. The following figure shows the geometry of the
gear trains without the idler gear when the shafts are assembled together. ANSYS solver
process executes the other solution in the subsequent section. The following table shows

input parameters for the gear train without the idler gear.
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Table 4-3 Input Parameters for gear train without Idler Gear

No Parts Magnitude
1 | Pinion pitch circle diameter 0.240m
2 | Spur pitch circle diameter 0.560m
3 | Number of teeth for pinion 30

4 | Number of teeth for spur 70

5 | Shaft diameter for pinion (hollow shaft is ) 0.06m

assembled to the motor)

6 | Shaft diameter for spur (hollow shaft is used) 0.120m

The following figure illustrates the geometric model, the meshing procedure of the gear train
without the idler in ANSYS workbench according the above parameters. After the geometry
is well modeled the next step to take place is the mesh in ANSYS work bench. The default
mesh controls that ANSYS program uses may produce a mesh that is adequate for the model
that we are analyzing. Mesh controls allows us to establish such factors as the element shape,
mid side node placement and element size to be used in meshing the solid model. This step is
one of the most important of the entire analysis.
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(a) Geometric model

RGN
NNSNS

il

(b) Mesh

Fig 4-8 (a) Geometry and (b) Mesh for the gear train

After this step all the necessary boundary conditions are well set up to execute the entire solution and

analysis.
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MR EREE
B: Static Structural (ANSYS) / u\‘_lh\ll_[‘}‘\._l.j:.‘_—b
Static Structural 1)
Time: 1.5 W

91452014 9:33 A

[A] Moment: 1386, M-m
[B] Fixed Support 2

[C] Frictionless Support
[D] Standard Earth Gravity: 98066 mis® :

Fig 4-9 Boundary Conditions Set ups

Total deformation and equivalent/\VVon mises stress are shown as follows respectively in the
solution phase of ANSY'S work bench.
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B: Static Structural (ANSYS) MSYS

Total Defarmation

Type: Total Deformation m
LInit:

Time: 1

91452014 9:31 Ak

1.1303e-5 Max
1.0047e-5
8.78913e-6
T.A354e-6
B.2795e-6
A.0236e-6
3TETTe-6
25118e-6
1.255%9e-6 \
u Min .."‘\_ i r'.'"rl z

(a) Total deformation
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B: Static Structural (ANSYS)
Equivalent Stress B T
Type: Equivalent fvon-Mises) Stress R
LInit: Fa
Tirme: 1
Q452014 9:37 Al
. 1.518e7 Max
1.3484e7
— 1.1807e7
— 1.012e7
I 3.4336e6
F G.¥469eh
— A.0602eR
— 3.3735e6
1.6868e6
86.736 Min

(b) Equivalent/Vonmises stress

Fig4-10 (a) Total deformation and (b) Equivalent von mises stress
4.3.3 Fatigue Analysis of the Gear Train without Idler Gear

During the transmission phenomena, the gears are under cyclic and dynamic loading, hence
they are under fatigue. Fatigue is the weakening of a material caused by repeatedly applied
loads. It is the progressive and localized structural damage that occurs when a material is
subjected to cyclic loading. The nominal maximum stress values that cause such damage may
be much less than the strength of the material typically quoted as the ultimate tensile stress
limit, or the yield stress limit. FEM can predict the results of fatigue stress in the solution
phase. The following are the results of the equivalent alternating stress and life that gears can

have under cyclic loading respectively.
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B: Static Structural (ANSYS) j‘ ‘\_&\ t\i?’j:\_d
Equivalent Alternating Stress 11?‘;.@
Type: Equivalent Alternating Stress -
LInit: Pa

Time: 0

91452014 9:41 A

. 1.518e7 Max
1.3494e7
L 1.1807e7
1 1.012e7

L 2.4336e6
 6.74649eh
I A.0602eR
I 3.3735e6
1.6868e6
86.736 Min

Min

Fig 4-11 Equivalent alternating stress

B: Static Structural (ANSYS)
Safety Factor

Type: Safety Factar

Time: 0

SrTA2074 9:42 A

15 Max
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5.6784 Min

1
0

]

flin

Fig4-12-factor of safety
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4.3.4 Modal and Harmonic Response Analysis of the Gear Train without
the Idler Gear

Vibration is a mechanical phenomenon whereby oscillations occur about an equilibrium
point. Vibration can arise from track irregularities, misalignments, improper installation,
unbalanced rotation and etc. Vibration analysis of the gear train is also important to ensure
safe and quiet operation of the gear systems. The vibration behavior of the gear train models
is closely dependent on the geometrical structure of the gear train, the source of load
excitations and the constraints applied. In this thesis, gear train designs are modeled by using
the Solid works and ANSY'S software for vibration analysis. Moreover, it is helpful to ensure
that the unit is in its operating frequency range. Therefore, modal and forced frequency
responses are performed in the ANSYS modal and harmonic phase. In the modal phase,
frequency range is never limited because the analysis will take place at any frequency range
but in case of harmonic response, the frequency response is limited to its maximum as
10000Hz.Around the world for railway vehicle the excitation frequency is 20Hz-5000Hz
[30].In the harmonic response analysis the maximum frequency range is 10000Hz. The
following ANSYS work bench result shows some results Modal (ANSYS). Total deformation

1, total deformation 2, total deformation 5 and equivalent stress are shown below.
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C: Modal (ANSYS) S g'_r
Total Deformation?
Type: Total Deformation
Fregquency: 641.59 Hz
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G14/2014 546 AM 3‘
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B o016 Y
| 013052 Y
| 011187 \:\
| 0093226 <
L 0074581 *:
|| 0055936 o
| 0037291 :
b
0.018645 e
0 Min f'
%
¥
L
¥
f"
s
)
e |
Koty

(a) Total deformation 1 (modal)
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C: Modal {ANSYS) m

Total Deformation2

Type: Total Deformation M
Freguency: 758 4 Hz
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Q1452014 9:50 A
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(b) Total deformation 2 (modal)

SR G T
C: Modal (ANSYS) _;‘_‘g‘l_rx ) ifr‘_&.
Total Deformations AL
Type: Total Deformation S
Freguency: 161%5.9 Hz
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O 452014 9:51 Al
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0176ES
015444
013238
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0044126
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Total deformation 5
Fig 4-13 Total deformation 1, 2 and 5 (modal)
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C: Modal {ANSYS) IANS o
Equivalent Stress - T e
Type: Equivalent {van-Mizes) Stress e
Fregquency: 641.99 Hz

IInit: Pa

9452014 9:53 Al

. 1.4893e11 Max
1.3238e11

—— 1.1584e11

— 9.9291e10

— 8.2745e10
 B.6199e10

L 4.89653e10 i

— 3.3106e10 3 Min
1.656e10 ) ?
1.4471e7 Min

Fig 4-14 Equivalent/Vonmises Stress (Modal)

The results of harmonic excitation response analysis with phase angle of 0 and 5 degrees for
total deformation and equivalent stress are shown below. Note that the damping properties
are all taken as 0.6. As the phase angle increases the total deformation and equivalent stresses
increases. Whereas, as the damping ratios increases the deformations and the equivalent
stresses decrease.
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D: Harmonic Response (ANSYS) m

Total Deformation

Type: Total Defarmation Wi‘@
Frequency: 10000 Hz
FPhase Angle: 0.7
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91 452014 10:00 A
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(a) Total deformation/harmonic excitation with phase angle of 0°

D: Harmonic Response (ANSYS) mm

Tatal Defarmatian
Type: Total Defarmation _\ﬂﬂ@
Frequency: 10000 Hz

Phase Angle: 5. °
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91452014 10:02 Al
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(b) Total deformation/harmonic excitation with phase angle 5°

Fig 4-15 (a)Total deformation/harmonic excitation with varying phase angles
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D: Harmonic Response (ANSYS)
Equivalent Siress

Type: Equivalent (von-Mises) Stress
Fregquency: 10000 Hz
Fhase Angle: 0. "
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91452014 10:01 Akl
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(@) Equivalent stress/harmonic excitation with phase angle 0°

D: Harmonic Response (ANSYS) FOA R B
Equivalent Stress

Type: Equivalent (ivan-Mises) Stress
Freguency: 10000 Hz
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QM 42014 1017 A
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(b) Equivalent stress/harmonic excitation with phase angle of 5°

Fig 4-16 Equivalent stress/harmonic excitation with phase angle of 0° and 5°
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(b) frequency response: frequency vs phase angle

Fig4-17 (a) and (b ) Frequency response graph
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4.3.5 Contact Stress Analysis of the Gear Train without Idler Gear in
ANSYS

Contact stresses are one of the factors which affect performance of gear transmission. The
contact stresses induces surface contact fatigue. The surface contact fatigue leads to pitting on
teeth’s surface. The Hertzian contact stresses theory is used to determine the allowable
contact stresses. ANSY'S determines the contact stresses in the mating gear teeth as illustrated
in the following figures. As usual all the steps executed in the other phases also taken place in
the contact stress. The necessary boundary condition set ups are type of contact which is
bonded, taking the friction between the mating gears as zero and the solution will be taken

place as follows. The results are illustrated below

B: Static Structural (ANSYS) m
AL

Contact Tool
911402014 10:56 Ak

. Contact Tool

Fig 4-18 Contact set up

Page 64



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

-2 BE25e6

-1 103e7

-1.9398e7 e
-3 7TE5eT el
_3.6133e7

e

Fig 4-19 Pressure due to contact
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Fig 4-20 Frictonal Stress due to Contact
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4.3.6 The Static Structural Analysis of the Gear trains with Idler gear

The purpose of the idler gear in a gear train is to change the direction of rotation and to
increase the load distributions areas. Different kinds of railway traction system use such a
type gearing system in the transmission of power. The pinion is assembled to the motor,
which is suspended to the bogie frame and one idler gear is used intermediately before the
spur. The gear ratio used in this case is 3.2:1.

The following model shows the geometric model in solid works and ANSYS work bench.
The parameters that are changed are illustrated in the following table.

Table 4-4 Parameters for gear Train with Idler

Parameters Pinion Idler gear Spur gear
No of teeth 25 40 80
Face width 100mm 100mm 100mm
module 8 mm 8 mm 8 mm
Pitch circle diameter 200mm 320mm 640mm

The following relation is used to calculate the transmission ratio or the gear ratio
N2/N; X Na/N, = (40/25) x (80/40 =3.2:1
The module and pitch circle diameter is related by
Pg=mxN=8x25=200mm for pinion
Pa=mxN=8x40=320mm for idler gear
Py=mxN=8x80=640mm for spur gear

Where m=module and N=number of teeth, P4= Pitch circle diameter.

The steps for the analysis are briefly illustrated below. The following figures show the
geometry, the meshing and the boundary condition set ups for the gear train in ANSYS work

bench
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R G
ANSHS

“410111*“

(a) Geometric model of gear train

(b) Meshing

Fig 4-21 (a) Geometry (b) Mesh for the gear train
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After the geometry is well modeled and meshed the next step is setting up of the boundary

conditions.

A RIGSAE
ANSYS

B: Static Structural (ANSYS)
Static Structural w12
Time: 1. s hWlie s
Q452014 11:21 Aw

[&] Frictionless Support
[B] Fixed Support
. mMoment: 433, M-m

Fig 4-22 Boundary condition set up
The solution phases processes results for total deformation and equivalent stress are shown in

the following figures for ANSY'S work bench.
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Total Deformation
Type: Total Deformation
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(a) Total deformation with idler gear
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Equivalent Stress wAlE:
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(b) Equivalent/VVonmises stress
Fig 4-23 (a) Total deformation and (b) Equivalent stress
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4.3.6 Fatigue Analysis for the Gear Trains with Idler Gear in ANSYS work

bench
£ b "fﬂ\( 3 f{|
B: Static Structural (ANSYS) _’ .-'*-.L“-L“_:';._‘j 1/::‘}
Equivalent Stress il
Type: Equivalent fvon-Mises) Stress LS
Linit: Pa
Time: 1

Qr2102014 11:47 Al

F.A768e6 Max
6. 7340926
5.893eb
f.05812ek
4.2093eh
3.3675eh
2.5256e6
1.6838eh
2.419e48
44.618 Min

Fig 4-24 Fatigue/ Equivalent alternating stress/

4.3.7 Harmonic Response and Modal Analysis for the Gear Train with
Idler gear

.The cause of vibration source is a sudden application of an impulsive force that lasts for a
very short period of time or long period of time causing an impulsive excitation resulting in
torsional vibration. The source of vibration can be from unbalanced rotation or variable load
application. As a result of this kind of vibration, mechanical component will function
abnormally. As illustrated above, stress and deformation results. The following solution
phase of the ANSYS shows mode shapes and harmonic excitation. Total deformations mode
shape and equivalent stress are shown below for modal analysis in ANSYS workbench. The
total deformation is the summation of all the directional deformations mode shapes at the

specified frequencies.
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C: Modal (ANSYS) NANSNS
Total Defarmation? Al
Type: Total Defarmation =
Freguency: 333.31 Hz
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91452014 11:34 A

. 0.11897 Max=
0104575
—{ 0.092531
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— 0026437
0.013219
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Total deformation mode shape 1
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Total Defarmation2
Type: Total Defarmatian
Freguency: ¥40.36 Hz
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91452014 11:36 A
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. 010773
—{ 0.094265
—{ 0.0307492
0.067332
0.053366
—{ 0.0403595
—{ 0.026933
0.013466

Total deformation mode shape 2

Fig 4-25 Total deformation mode shape 1 and total deformation mode shape 2

C: Modal (ANSYS) mg __31'6 S
Total Deformation ¥
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9452014 11:29 Ak

017822 Max
015242
0.13861
0113881
0099011
o.arazog9
0059406
0.039604
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Fig 4-25 Total deformation 7
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As a result of the total deformation mode shapes stress will also be induced in the system.

MRIGNE
C: Modal (ANSYS) / _“\J_Fb‘ﬁ j&\}
Equivalent Stress w2

Type: Equivalent twon-Mises) Stress -
Freguency: 333.31 Hz
LInit: Pa

Q452014 11:42 Ahd

. 9.0447e10 Maz
g.0398e10

—{ 7.03458e10

—{ B.0299e10
—{ 5.025e10
—{ 4.02e10
—{ 3.0151e10
—{ 2.0102e10
1.0053e10
3.2904e6

Min

"

Fig 4-26 Equivalent stress

The maximum value occurred is much greater than the allowable material specification
because the initial frequency range is so large that it can cause maximum stress. Moreover,

the stress due to static condition is assumed as an initial condition or pre-stressed.

The next figure illustrates the equivalent Von-mises stress as a result of harmonic excitation
in case the vibration will occur in the gear box at much higher frequencies and constant
damping ratio of 0.6. Harmonic response occurs as sinusoidal; if the applied load varies as a
sine or cosine function. Examples of harmonic motion include the vibration produced by an
unbalanced rotating machine, the oscillations of a tall chimney due to vortex shedding in a
steady wind, and the vertical motion of a train on sinusoidal track irregularities. Harmonic

response total deformation and equivalent stress are shown below.
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'RIREG &
D: Harmonic Response (ANSYS) A A 1\:’?@
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'
Fig4-27 harmonic response total deformation
D: Harmonic Response (ANSYS) ifllhmi@)
Equivalent Stress T""r..'_-f@'
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Frequency: 10000 Hz
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Harmonic excitation equivalent stress with phase angle of0.
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Ve AT
@A

D: Harmonic Response (ANSYS) SAK B
Enquivalent Stress A5
Type: Equivalent twon-Mises) Stress e

Freguency: 10000 Hz
Phase Angle: 5. °
LInit: Fa

Qr21r2014 11:53 Al

. 15,87 Max
14106

1 12343

L 10.58

L 28164

1 7.0532

1 528949

— 3.52ET
1.7634
8.2050e-5 Min

hin

(b) Harmonic response equivalent stress with phase angle of 5

Fig 4-28 Harmonic response equivalent stress with phase angle of (a) 0 and (b) 5

As compared to the modal analysis, harmonic excitation is small. However it requires quite

careful vibration isolation. Note that in the analysis for harmonic excitation, the constant

damping is taken as 0.6. In addition to that when damping constants have increased the result

for total deformation will be much reduced. As a result vibration will also be reduced. As

mentioned, as phase angle increases the deformation and equivalent stress increases.
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4.4 Contact Stress Analysis of the Gear train with Idler Gear in ANSYS

B: Static Structural (ANSYS) Lm@
wril2.

Contact Tool
A 452014 12:21 P

. Contact Toal

Al

Fig 4-29 Contact set up

The following figures shows the results of pressue and frictional stress in the gears due to
contact between the mating gears. Contact Stresses are severe at the contact surfaces.
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-9.6T743e6
-1.2758e7
-1.5842e7 Min

(a) Pressure due to contact

1.3947e6
697345
0 Min

(b) Frictional stress

Fig 4-30 (a) Pressure and (b) Frictional stress
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The following table 4.5 briefly describes and compares some results of the ANSYS Work
bench for both types of the gear trains.

Table 4-5 Some Useful ANSYS Work bench results

ANSYS
Solution phase

Solution type (Maximum Result)

For the gear

without idler gear

train

For
with idler gear

Maximum result

Maximum result

ANSYS work | Total deformation 0.0113mm 0.0058mm
bench  static
Analysis Equivalent stress/\Vonmises stress 4.43Mpa 8.26Mpa

Total deformationl 210mm 130mm
Modal(Ansys) | Equivalent Stress

19340 Mpa 6072Mpa
ANSYS Harmonic response total
harmonic deformation 0.001mm 0.0002mm
response Harmonic response equivalent stress 0.76Mpa
2.54Mpa

Static analysis | Frictional stress due to contact 4.25 Mpa 6.41Mpa
for contact | Pressure due to contact
surfaces 4.48Mpa 20Mpa
Static analysis | Equivalent alternating stress due to
for fatigue | fatigue loading 4.43Mpa 8.26Mpa
loading

Note that type of material selected is structural steel having ultimate tensile strength 460 Mpa

without any kind material treatment. If the structural steel is heat treated the material can

have ultimate tensile strength of 2000Mpa.In addition, only modal equivalent stress at higher

frequency is severe because static analysis result is considered as a pre stressed for modal

ANSYS. Special treatment should be done for the material in order to resist the stress due to

modal, fatigue and contact stress. For example, ANSI4340 normalized at 870°C alloy steel

has ultimate tensile strength of 1279Mpa.
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4.6 Validation of FEM (Finite Element Method)

The Finite Element Method result is validated for some results of the theoretical method
executed for the pinion and the spur gear separately. The FEM is compared with that of the
best known theoretical method of calculating gear root bending stress such as AGMA, Lewis
bending equation and Hertz Contact stress. The following table illustrates some results of the
Finite Element Method, particularly ANSYS work bench results in comparison with the
theoretical AGMA methods for bending or normal stress for both pinion and spur gear when

each unit is treated separately.

Table4-6 Comparison of Normal Stress for AGMA and FEM

Pinion Spur

Normal Stress

AGMA 14.8Mpa 2.3Mpa

FEM 15.5Mpa 3.2Mpa

The results are almost conformable and therefore, the FEM is validated through the
theoretical method of AGMA. The difference is that AGMA neglects some effects on the
gear tooth.

4.7 Results and Discussions

The 3D models of the gear train are conducted by FEM, which is used to predict and
determine the different kinds of deformations and stresses in the gear train structure for the
type of drives mentioned. Equivalent von misses stress, fatigue stress, alternating fatigue
stress, contact stress and the different kinds of vibration such as Modal (Ansys) and harmonic
excitation are determined in both gear trains without the idler gear and gear train with the
idler gear. This helps to make an optimum design for traction of the rail vehicles in the design
of gear trains. Photo elastic test has been used for determining the stress induced in the gears
in order to design reliable gearing system. Photo elasticity is an experimental technique for
stress and strain analysis that is particularly useful for members having complicated
geometry, complicated loading conditions, or both. When analytical method which is strictly
mathematical is cumbersome, photo elastic test is used for such complicated geometry like

gear train and so on. Now FEA can be a replacement, reliable and accurate technique in order
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to determine stress and strain in the complicated geometry. Moreover photo elastic test is an
expensive technique. Even if the highest load sharing takes place when the idler gear is
assembled in the gearing system some stresses exceeds that of the gear train without the idler
gear this is because the pinion is smaller in size than that of the gear train without the idler
gear. Vibration is also severe during the gear train without the ideal gear due to its lighter
weight. To minimize the effect of vibration proper dampers at all directions should be
assembled for the system. Experimental techniques to test the gear is so expensive according
to different scholars, therefore FEM helps to predict the effects on the gear model. Analytical
methods such as AGMA (American Gear Manufacturer association) are detailed and have so
many limitations. Moreover, the current method which is used to determine contact stress is
the Hertizan equation, which only considers contact without any friction but FEM which uses
soft ware considers the effect friction too. That is why FEM which utilizes design modeler

and solution phase is easy and accurate and conformable with the analytical method.
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CHAPTER 5

OPTIMIZATION OF THE GEAR UNITS AND LIMITATION OF THE
FINITE ELEMENT METHOD

The process and the method of optimization of gears and limitation of the Finite Element

Method are here to be discussed in subsequent section.

5.1 Optimization of the Gear units

Gear optimization and treatments are well known to several gears manufacturing industry but
the specific targets and parameters to be modified are not very much clear to them. The gears
are power and motion carrier, their design and manufacturing require high precision. With the
use of computer power, particularly FEM, which uses design modeler and solver process the
under design and over design of gears can be avoided. For example, when ANSYS is used to
determine the stress on gears it shows the particular part and target surface which is highly
loaded. Hence, these specific parts require more modification than the rest of unaffected part.
From engineering economic point of view, it is acceptable to modify the affected part.

In the analysis which has been taken place in the FEM, the prediction states that the pinion is
highly loaded and stressed than that of the spur gear; this means that the pinion requires
optimization. Proposal can be made that increasing the size of the pinion can be a relief for
induced stresses. The size of any gear can be increased by increasing its module; module
increment involves addendum modification because this particularly optimizes the tooth part.
As the module is increased the diameter of the gear is also increased too. To counter balance
the effect, decreasing the number of teeth and increasing its module by some factor. The
other parametric optimization is to make profile modification for root fillet to make relief for
residual stress. This involves increasing the pressure angle while keeping the size of gears the
same. This can be achieved during the design stage. The other optimization is different kinds
of heat treatment, carburizing, nitriding, annealing, and selecting tribologically conformed
material. For example structural steel before any execution of material treatment may fail
during contact in heavy duty services in the gear train; because the material has ultimate
strength of only 450Mpa. The same kind of material can have strength above 1000Mpa after
proper heat treatments. To minimize the effect of vibration proper damper should be

assembled for the unit. As the mass of a unit increases vibration will reduce. In the future, a
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method has to be sought for polymer composite materials as the best gear material. Contact
stress can be minimized by designing a suitable lubrication system for gear box. In the case
of gear optimization as illustrated in the following figures which are shown by the results of
FEM can be one kind of method to reduce the stress by increasing the root fillet. Both gears
have the same size and material properties but they differ in their geometric profile around
the root of the teeth. In the first figure the root fillet is 270mm whereas in the second case the
root fillet is 5mm, therefore the maximum equivalent VVonmises stress in the first pinion is
about 25.8Mpa and for the lesser root fillet it is 26.4Mpa. This implies that profile
modification will help to reduce the stress in the gears. The following table shows that the
engineering properties of both gears.

Table5-1 Comparison of pinions profile

Parameters Pinion with more root fillet Pinion with less root fillet
Pitch circle diameter 0.2m 0.2m

Face width 0.125m 0.125m

Root fillet 0.01m 0.005m

Material Structural steel Structural steel

module 0.01m 0.01m

Bore diameter 0.05m 0.05m

Vonmises stress 25.8Mpa 26.4Mpa

Note that the rest of parameters are similar. Root fillet and VVonmises stress are different as

shown.
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Equivalent Stress
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(a) Pinion with more root fillet.
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(b) Pinion with less root fillet.

Fig 5-1 (a) and (b) Pinion with more and less root fillet
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5.3 Limitation of Finite Element Method

Due to the requirement of large computer memory and time, computer program based on
FEM can be run only in high speed digital computers. For some problems, there may be
considerable amount of input data. Errors may creep up in their preparation and the results
thus obtained may also appear to be unacceptable which indicates deceptive state of affairs.
Many problems lead to round off errors. Moreover, Finite element methods are extremely
versatile and powerful and can enable designers to obtain information about the behavior of
complicated structures with almost arbitrary loading. In spite of the significant advances that
have been made in developing finite element packages, the results obtained must be carefully
examined before they can be used. The most significant limitation of finite element methods
is that the accuracy of the obtained solution is usually a function of the mesh resolution. Any
regions of highly concentrated stress, such as around loading points and supports, must be
carefully analyzed with the use of a sufficiently refined mesh. Special efforts must be made
to analyze such problems. An additional concern for any user is that because current
packages can solve so many sophisticated problems, there is a strong temptation to "solve"
problems without doing the hard work of thinking through them and understanding the
underlying mechanics and physical applications. Modern finite element packages are
powerful tools that have become increasingly indispensible to mechanical design and
analysis. However, they also make it easy for users to make big mistakes. Obtaining
solutions with finite element methods often requires substantial amounts of computer and
user time. Nevertheless, finite element packages have become increasingly indispensable to

mechanical design and analysis.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The 3D models of the gear train in FEM, particularly ANSY'S work bench are able to predict
accurately and easily all the results of static analysis, mode shapes, contact stresses and
harmonic response. It can also show the critical section or parts where failure will mostly
occur. All the types of the gear trains are well analyzed in all types of analysis for the system.
Therefore, complicated geometry can be analyzed for stresses and deformations by using
FEM without the use of any experimental techniques. According to the results obtained in
ANSY'S work bench for both types of the gear trains, the pinion is highly loaded and stressed.
Moreover, the contact surfaces specially the tooth part are severely stressed and the stresses
are maximum at root fillet. Therefore special treatment and design are required for affected

parts of the gears. The FEM also shows that highly stressed surface is the tooth.

The 3D models of the gear train with idler gear and without idler gear in ANSY'S also predict
the vibration condition of the unit for the case of harmonic analysis and mode shapes. In the
modal analysis, bending and swaying are found to be more dominant mode shapes for the
gear train without idler gear than the gear train with the idler gear; this is because additional
weight increment will damp the system not to vibrate from its equilibrium point. In all cases
of analysis system of the ANSYS work bench the stress results are not greater than the
ultimate tensile strength of the material for gears. To sum up the failure condition of 3D
models of the gear trains for the system can be predicted by finite element method. Hence the

use of packages of FEM is indispensible in the area of mechanical analysis and design.

6.2 Recommendation

The increasing demand for efficient power transmission requires reliable and efficient gear
design. Therefore, the use of the package of the FEM is helpful to analyze the loading and the
failure condition of the power transmission, particularly the gear train design. The FEM is
reliable, efficient and accurate technique to use and analyze the stresses and the deformations
in the 3D models of the gear train. Several contributions have executed in this thesis for
modeling the 3D gear train of the drives system of the rail vehicles. Therefore, FEM can be

applied to the other types of the gears such as helical, bevel, and worm including suspension
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arrangements and different kinds of drives system, such as transverse drives and longitudinal
drives.

The use of ANSYS work bench is necessary to analyze the different kinds of analysis such as

static analysis and vibration analysis. Therefore, the effects of parameters change in design
can easily decided by designer.
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Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

=  Solution Information

=  Results
o Harmonic Response (D5)

= Analysis Settings

=  Loads

=  Solution (D6)

=  Solution Information

=  Results
=  Frequency Response

e  Material Data
o  Structural Steel

Units

TABLE 1
Unit System | Metric (m, kg, N, s, V, A) Degrees rad/s Celsius
Angle Degrees
Rotational Velocity rad/s
Temperature Celsius

Model (B4, C4, D4)
Geometry
Model (B4, C4, D4)

Geometry

TABLE 2

Model (B4, C4, D4) > Geometry

Object Name

Geometry

State

Fully Defined

Definition

Source | C:\Users\TOSHIBA\Documents\AWBex072\072_files\dpO\Geom\DM\Geom.agdb

Type

DesignModeler

Length Unit

Meters

Element Control

Program Controlled

Display Style

Part Color

Bounding Box

Length X

0.35m
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Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

Length Y

0.576 m

Length Z

0.81583 m

Volume 3.2692e-002 m3
Mass 256.63 kg
Scale Factor Value 1.

Bodies 2

Active Bodies 2
Nodes 47898
Elements 27286
Mesh Metric None

Import Solid Bodies Yes
Import Surface Bodies Yes
Import Line Bodies No
Parameter Processing Yes
Personal Parameter Key DS
CAD Attribute Transfer No
Named Selection
. No
Processing
Material Properties
No
Transfer
CAD Assaciativity Yes
Import Coordinate
No
Systems
Reader Save Part File No
Import Using Instances Yes
Do Smart Update No
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Attach File Via Temp File

Yes

Temporary Directory

C:\Users\TOSHIBA\AppData\Local\Temp

Processing

Analysis Type 3-D
Mixed Import Resolution None
Enclosure and Symmetr
y y Yes

TABLE 3

Model (B4, C4, D4) > Geometry > Parts

. 07exsw2-1@spur | o7exsw2-1@Metric - Spur gear 8M 30T 20PA 100FW ---
Chiscil e gear_am-2 S30B100H120L60N-1
State Meshed

Visible

Yes

Transparency

Suppressed

No

Stiffness Behavior

Flexible

Coordinate System

Default Coordinate System

Reference

Temperature

By Environment

Effects

Assignment Structural Steel
Nonlinear Effects Yes
Thermal Strain
Yes

Length X 0.35m 0.25m
Length Y 0.576 m 0.25514 m
Length Z 0.57565 m 0.256 m
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Volume| 2.7816e-002 m3 4.8753e-003 m3
Mass 218.36 kg 38.271 kg
Centroid X -5.e-002 m -4.5518e-002 m
Centroid Y -6.1765e-007 m -2.6143e-008 m
Centroid Z -04m -2.5933e-009 m
Moment of '”elrgi 7.5185 kg-m2 0.24941 kg-m?
Moment of '”elrgg 4.2209 kg-m? 0.1847 kg-m?
Moment ofinertia - 5209 kg-me 0.1847 kg-m?

Ip3

Nodes 29245 18653
Elements 16513 10773
Mesh Metric None

Coordinate Systems

TABLE 4
Model (B4, C4, D4) > Coordinate Systems > Coordinate System

Object Name | Global Coordinate System

State Fully Defined

Type Cartesian

Ansys System Number 0.

Origin X 0.m
Origin Y 0.m
Origin Z 0.m

X Axis Data [1.0.0.]

Y Axis Data [0.1.0.]

Page 94



Analysis of Gear Train structure of Electric Traction Train Using Finite Element Method

Z Axis Data [0.0.1.]

Connections

TABLE 5
Model (B4, C4, D4) > Connections
Object Name| Connections

State | Fully Defined

Auto Detection

Generate Contact On Update Yes
Tolerance Type Slider
Tolerance Slider 0.

Tolerance Value | 2.6456e-003 m

Face/Face Yes
Face/Edge No
Edge/Edge No

Priority| Include All

Group By Bodies

Search Across Bodies
Revolute Joints Yes
Fixed Joints Yes
Transparency
Enabled Yes
TABLE 6
Model (B4, C4, D4) > Connections > Contact Regions
Object Name Contact Region
State Fully Defined
Scope
Scoping Method Geometry Selection
Contact 5 Faces
Target 5 Faces
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Contact Bodies o7exsw2-1@spur gear_am-2
Target Bodies | o7exsw2-1@Metric - Spur gear 8M 30T 20PA 100FW ---S30B100H120L60N-1
e
Type Bonded
Scope Mode Automatic
Behavior Symmetric
Suppressed
_
Formulation Pure Penalty
Normal Stiffness Program Controlled
Update Stiffness Never
Pinball Region Program Controlled

MeshTABLE 7
Model (B4, C4, D4) > Mesh

Object Name Mesh
State Solved
Physics Preference Mechanical
Relevance

Use Advanced Size Function

Relevance Center Coarse

Element Size Default

Initial Size Seed Active Assembly

Smoothing Medium
Transition Fast
Span Angle Center Coarse

Minimum Edge Length 4.8659e-003 m
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Use Automatic Tet Inflation None

Inflation Option| Smooth Transition

Transition Ratio 0.272
Maximum Layers 5
Growth Rate 12
Inflation Algorithm Pre
View Advanced Options No

Shape Checking| Standard Mechanical

Element Midside Nodes| Program Controlled

Straight Sided Elements No

Number of Retries Default (4)

Rigid Body Behavior | Dimensionally Reduced

Mesh Morphing Disabled

Pinch Tolerance Please Define

Generate on Refresh No

Nodes 47898
Elements 27286
Mesh Metric None
TABLE 8
Model (B4, C4, D4) > Mesh > Mesh Controls
Object Name Refinement

State Fully Defined

Scoping Method | Geometry Selection
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Geometry 17 Faces

Suppressed No
Refinement 1
Static Structural (B5)
TABLE 9

Model (B4, C4, D4) > Analysis
Object Name | Static Structural (B5)

State Solved

Physics Type Structural

Analysis Type| Static Structural

Solver Target| ANSYS Mechanical

Environment Temperature 22.°C

Generate Input Only No

TABLE 10
Model (B4, C4, D4) > Static Structural (B5) > Analysis Settings

Object Name Analysis Settings

State Fully Defined

Number Of Steps 1.
Current Step Number 1.
Step End Time 1l.s
Auto Time Stepping Program Controlled

Solver Type Program Controlled
Weak Springs Program Controlled
Large Deflection Off
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Inertia Relief

Force Convergence

off

Program Controlled

Moment Convergence

Program Controlled

Displacement Convergence

Program Controlled

Rotation Convergence

Program Controlled

Line Search

Program Controlled

Solver Files Directory

Calculate Stress Yes
Calculate Strain Yes
Calculate Results At All Time Points

C:\Users\TOSHIBA\Documents\AWBex072\072_files\dpO\SYS\MECH\

Future Analysis

Prestressed analysis

Scratch Solver Files Directory

Save ANSYS db Yes
Delete Unneeded Files Yes
Nonlinear Solution No

Solver Units

Active System

Solver Unit System

mks

TABLE 11
Model (B4, C4, D4) > Static Structural (B5) > Accelerations

Object Name

Standard Earth Gravity

State

Geometry

Coordinate System

Fully Defined

All Bodies

Global Coordinate System
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X Component -0. m/s2 (ramped)

Y Component -0. m/s2 (ramped)

Z Component| -9.8066 m/s2 (ramped)

Suppressed No
Direction -Z Direction
FIGURE 1

Model (B4, C4, D4) > Static Structural (B5) > Standard Earth Gravity

0. 1.
-1.25
-2.5
-3.75

-5,
-8.25
-7.5
-8.75

9.5066

TABLE 12
Model (B4, C4, D4) > Static Structural (B5) > Loads
Object Name Moment Fixed Support 2 | Frictionless Support
State Fully Defined
Scope
Scoping Method Geometry Selection
Geometry 4 Faces 2 Faces
Definition
Type Moment Fixed Support |Frictionless Support
Define By Components
Coordinate System | Global Coordinate System
X Component 1386. N-m (ramped)
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Y Component 0. N-m (ramped)
Z Component 0. N-m (ramped)
Suppressed No
Behavior Deformable
Advanced
Pinball Region All
FIGURE 2

Model (B4, C4, D4) > Static Structural (B5) > Moment

1336,

1250,

1000,

750.

500,

Solution (B6)

TABLE 13
Model (B4, C4, D4) > Static Structural (B5) > Solution

Object Name | Solution (B6)

State Solved

Adaptive Mesh Refinement

Max Refinement Loops 1.
Refinement Depth 2.
TABLE 14

Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Solution Information
Object Name | Solution Information

State Solved
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Solution Output Solver Output
Newton-Raphson Residuals 0
Update Interval 25s
Display Points All
TABLE 15
Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Results
. Total Equivalent Maximum Maximum
Object Name Deformation Stress Shear Stress Normal Stress Principal Stress
State Solved
Scoping Geometry Selection
Method y
Geometry All Bodies
Tvoe Total Equivalent (von- Maximum Normal Stress Maximum
YPE| peformation Mises) Stress Shear Stress Principal Stress
By Time
Display Time Last
Calculate Yes
Time History
Identifier
Use Average Yes
Orientation X Axis
Coordinate Glopal
Svstem Coordinate
4 System
-7. + -6. +
Minimum| 0. m 86.736 Pa 50.066 pa | ~4840e+006 | -6.9389e+006
Pa Pa
Maximum 1'13026'005 1.518e+007 Pa 8‘335|fz+0°6 8.8483e+006 Pa | 2.2511e+007 Pa
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Minimum
Oceurs On o7exsw2-1@spur gear_am-2
Maximum - 2 sw2-1@Metric - Spur gear 8M 30T 20PA 100FW ---S30B100H120L60N-1
Occurs On
Time 1.s
Load Step 1
Substep 1
Iteration 1
Number
TABLE 16
Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Fatigue Tools
Object Name Fatigue Tool
State Solved

Fatigue Strength Factor (Kf) 1.

Type Fully Reversed

Scale Factor 1.

Display Time End Time

Analysis Type Stress Life

Mean Stress Theory None

Stress Component | Equivalent (Von Mises)

Units Name cycles
1 cycle is equal to 1. cycles
FIGURE 3

Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Fatigue Tool
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Constant Amplitude Load
Fully Reversed

1.5
1.2
0.5
0.4
a.
-0.4
0.5
-1.2
-1.5
FIGURE 4
Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Fatigue Tool
Mean Stress Correction Theory
SM-Mone —— Goodman ——  Soderberg —— Gerber
. / x
0 Yield Ultimat,
TABLE 17

Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Fatigue Tool > Results

Object Life Safety Factor Equivalent Alternating Stress

Name

State Solved

Scope

Scoping Geometry Selection
Method Y
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Geometry

All Bodies

Type Life Safety Factor Equivalent Alternating Stress
Identifier
Design Life 1.e+009 cycles

Minimum |~ 1-©+008 5.6784 86.736 Pa
cycles

Minimum o7exsw2- | o7exsw2-1@Metric - Spur gear 8M

Oceurs On 1@spur 30T 20PA 100FW --- o7exsw2-1@spur gear_am-2
gear_am-2 S30B100H120L60N-1
Maximum 1.518e+007 Pa
. o7exsw2-1@Metric - Spur gear 8M

Maximum 30T 20PA 100FW —

Occurs On

S30B100H120L60N-1

TABLE 18

Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Contact Tools

Object Name Contact Tool

State Solved

Scoping Method

Geometry Selection

Geometry 422 Faces

Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Contact Tool

Name Contact Side

Contact Region Both

TABLE 19

Model (B4, C4, D4) > Static Structural (B5) > Solution (B6) > Contact Tool > Results

Object Name

Status

Frictional Stress

Pressure

State

Type

Status

Solved

Frictional Stress

Pressure
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By Time
Display Time Last
Calculate Yes
Time History
Use Average Yes
Identifier
Time
Load Step 1
Substep 1
Iteration 1
Number
Minimum -2.9146e+007 Pa
Maximum 2.7275e+007 Pa 4.0548e+007 Pa
- o7exsw2-1@Metric - Spur gear 8M
Minimum
Oceurs On o7exsw2-1@spur gear_am-2 30T 20PA 100FW ---
S30B100H120L60N-1
Maximum o7exsw2-1@Metric - Spur gear 8M
Oceurs On 30T 20PA 100FW --- o7exsw2-1@spur gear_am-2
S30B100H120L60N-1
Modal (C5)

TABLE 20
Model (B4, C4, D4) > Analysis
Object Name Modal (C5)

State Solved
Physics Type Structural
Analysis Type Modal

Solver Target| ANSYS Mechanical
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Generate Input Only No

TABLE 21
Model (B4, C4, D4) > Modal (C5) > Initial Condition
Object Name | Pre-Stress (Static Structural)

State Fully Defined

Pre-Stress Environment Static Structural

TABLE 22
Model (B4, C4, D4) > Modal (C5) > Analysis Settings
Object Name Analysis Settings

State Fully Defined

Max Modes to Find 10

Limit Search to Range No

Solver Type Program Controlled

Calculate Stress Yes

Calculate Strain No

. . C:\Users\TOSHIBA\Documents\AWBex072\072_files\dpO\SY S-
Solver Files Directory

1\MECH\
Future Analysis None
Scratch Solver Files
Directory
Save ANSYS db No
Delete Unneeded Files Yes

Solver Units

Active System

Solver Unit System

mks

Solution (C6)
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TABLE 23
Model (B4, C4, D4) > Modal (C5) > Solution
Object Name | Solution (C6)

State Solved

Adaptive Mesh Refinement

Max Refinement Loops 1.

Refinement Depth 2.

The following bar chart indicates the frequency at each calculated mode.

FIGURE 5
Model (B4, C4, D4) > Modal (C5) > Solution (C6)
100
2455.4
2000,
1500,
1200,
800,
400,
a,
1 2 3 4 5 B 7 8 10
TABLE 24
Model (B4, C4, D4) > Modal (C5) > Solution (C6)
Mode | Frequency [Hz]

1. 641.59

2. 758.4

3. 1330.

4. 1431.7

5. 1615.9

6. 1723.8

7. 1761.7

8. 2186.3
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9. 2325.8
10. 2485.4
TABLE 25

Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Solution Information
Object Name | Solution Information

State Solved

Solution Output Solver Output

Newton-Raphson Residuals 0
Update Interval 25s
Display Points All
TABLE 26
Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Results
ONE;Z[ Total Deformationl| Total Deformation2 Defo-:r(::':iom Defo-:r(::':iom Defo-lr-rc’:lt::ionS
State Solved

Scoping .
Method Geometry Selection
Geometry All Bodies

Type Total Deformation
Mode 1. 2. 3. 4, 5.
Identifier

Minimum 0.m
Maximum 0.16781 m 0.11861 m 0.17378 m 0.23851 m 0.19857 m
Minimum

o7exsw2-1@spur gear_ am-2
Occurs On @spur gear_

o7exsw2-1@spur gear_am-2

Maximum  o7exsw2-1@Metric - Spur gear 8M 30T
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Occurs On| 20PA 100FW ---S30B100H120L60N-1
Information
Reported
641.59 Hz 758.4 Hz 1330. Hz 1431.7 Hz 1615.9 Hz
Frequency
TABLE 27

Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Total Deformationl

Mode | Frequency [HZ]
1. 641.59
2. 758.4
3. 1330.
4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
8. 2186.3
9. 2325.8
10. 2485.4
TABLE 28
Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Total Deformation2
Mode | Frequency [Hz]
1. 641.59
2. 758.4
3. 1330.
4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
8. 2186.3
9. 2325.8
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10. 2485.4

TABLE 29
Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Total Deformation3

Mode | Frequency [Hz]
1. 641.59
2. 758.4
3. 1330.
4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
8. 2186.3
9. 2325.8

10. 2485.4
TABLE 30

Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Total Deformation4

Mode | Frequency [Hz]
1. 641.59
2. 758.4
3. 1330.
4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
8. 2186.3
9. 2325.8

10. 2485.4
TABLE 31

Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Total Deformation5
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Mode | Frequency [Hz]
1. 641.59
2. 758.4
3. 1330.
4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
8. 2186.3
9. 2325.8
10. 2485.4

TABLE 32
Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Results
ON?;(: Equivalent Stress Defo-lr-r(::iong Total Deformation10
State Solved

Scoping .
Method Geometry Selection
Geometry All Bodies

Type| Equivalent (von-Mises) Stress Total Deformation
Mode 1. 9. 10.
Use Average Yes

Identifier

Minimum 1.4471e+007 Pa 0.m
Maximum 1.4893e+011 Pa 0.10838 m 0.15318 m
AT o7exsw2-1@spur gear_am-2
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Occurs On
Maximum o7exsw2-1@Metric - Spur gear o7exsw2- o7exsw2-1@Metric - Spur gear
Oceurs On 8M 30T 20PA 100FW --- 1@spur 8M 30T 20PA 100FW ---
S30B100H120L60N-1 gear_am-2 S30B100H120L60N-1
Information
Reported 641.59 Hz 2325.8 Hz 2485.4 Hz
Frequency
TABLE 33

Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Equivalent Stress

Mode | Frequency [HZ]
1. 641.59
2. 758.4
3. 1330.
4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
8. 2186.3
9. 2325.8

10. 2485.4
TABLE 34

Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Total Deformation9

Mode | Frequency [Hz]

1. 641.59
2. 758.4

3. 1330.

4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
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Model (B4, C4, D4) > Modal (C5) > Solution (C6) > Total Deformation10

Harmonic Response (D5)

8. 2186.3

9. 2325.8

10. 2485.4
TABLE 35

Mode | Frequency [Hz]
1. 641.59
2. 758.4
3. 1330.
4. 1431.7
5. 1615.9
6. 1723.8
7. 1761.7
8. 2186.3
9. 2325.8
10. 2485.4
TABLE 36
Model (B4, C4, D4) > Analysis

Object Name

Harmonic Response (D5)

State Solved
Definition
Physics Type Structural
Analysis Type| Harmonic Response

Solver Target

ANSYS Mechanical

Options
Environment Temperature 22.°C
Generate Input Only No
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TABLE 37
Model (B4, C4, D4) > Harmonic Response (D5) > Analysis Settings
Object Name Analysis Settings
State Fully Defined

Range Minimum 0. Hz
Range Maximum 10000 Hz
Solution Intervals 10
Solution Method Mode Superposition
Cluster Results No
Modal Frequency Range Program Controlled

Store Results At All
Yes

Frequencies

Calculate Stress Yes

Calculate Strain Yes

Constant Damping Ratio 0.6
Beta Damping Define By Direct Input
Beta Damping Value 0.6

. . C:\Users\TOSHIBA\Documents\AWBex072\072_files\dpO\SY S-
Solver Files Directory

2\MECH\

Future Analysis None
Scratch Solver Files
Directory

Save ANSYS db No
Delete Unneeded Files Yes
Solver Units Active System
Solver Unit System mks
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TABLE 38
Model (B4, C4, D4) > Harmonic Response (D5) > Loads
Object Name | Frictionless Support | Fixed Support Moment
State Fully Defined
e
Scoping Method Geometry Selection
Geometry 2 Faces 4 Faces
Type | Frictionless Support | Fixed Support Moment
Suppressed No
Define By Components
Coordinate System Global Coordinate System
X Component 1386. N-m
Y Component 0. N-m
Z Component 0.N-m
Behavior Deformable
- e
Pinball Region All
Solution (D6)
TABLE 39

Model (B4, C4, D4) > Harmonic Response (D5) > Solution
Object Name | Solution (D6)

State Solved

Max Refinement Loops 1.
Refinement Depth 2.
FIGURE 6

Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6)
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10000
&750.

7500,

68250,
5000.
3750,
2500,
1250,
0.

2 3 4 5 4 7 3 9 10

TABLE 40
Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Solution Information
Object Name | Solution Information

State Solved

Solution Information

Solution Output Solver Output

Newton-Raphson Residuals 0
Update Interval 25s
Display Points All
TABLE 41
Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Results
Object Name Equivalent Stress Total Deformation
State Solved
Scope
Scoping Method Geometry Selection

Geometry All Bodies
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Type Equivalent (von-Mises) Stress Total Deformation
By Frequency
Frequency Last
Phase Angle 5.°
Use Average Yes

Minimum 5.0958e-004 Pa 0.m
Maximum 35.969 Pa 2.7101e-011m
Minimum Occurs On o7exsw2-1@spur gear_am-2

Maximum Occurs On | o7exsw2-1@Metric - Spur gear 8M 30T 20PA 100FW ---S30B100H120L60N-1

Reported Frequency 10000 Hz

FIGURE 7
Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Equivalent Stress
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TABLE 42
Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Equivalent Stress
Set | Frequency [Hz]

1. 1000.
2. 2000.
3. 3000.
4. 4000.
5. 5000.
6. 6000.
7. 7000.
8. 8000.
9. 9000.
10. 10000

FIGURE 8

Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Total Deformation
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TABLE 43
Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Total Deformation

Set | Frequency [Hz]

1. 1000.
2. 2000.
3. 3000.
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4. 4000.
5. 5000.
6. 6000.
7. 7000.
8. 8000.
9. 9000.
10. 10000

TABLE 44

Object Name

Frequency Response

State Solved
Scope
Geometry 422 Faces

Spatial Resolution

Use Average

Definition
Type Normal Stress
Orientation X Axis
Options
Frequency Range Use Parent
Minimum Frequency 0. Hz
Maximum Frequency 10000 Hz
Display Bode
Results
Maximum Amplitude 2.0796 Pa
Frequency 1000. Hz
Phase Angle -89.995 °
Real| 1.6933e-004 Pa
Imaginary -2.0796 Pa

Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Result Charts
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Model (B4, C4, D4) > Harmonic Resporfls%L(JSSE)Z Solution (D6) > Frequency Response
2.08
1.56
117

Amplitude (Pa)
o o o
e o [=5]
o & 3

0.208
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Frequency (Hz)

FIGURE 10

Model (B4, C4, D4) > Harmonic Response (D5) > Solution (D6) > Frequency Response
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Material Data

Structural Steel
TABLE 45

Structural Steel > Constants
Density| 7850 kg m”-3

Coefficient of Thermal Expansion| 1.2e-005 C"-1
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Specific Heat| 434 J kg"-1 C~-1

Thermal Conductivity |60.5 W m~-1 C/-1

Resistivity| 1.7e-007 ohm m

TABLE 46
Structural Steel > Compressive Ultimate Strength
Compressive Ultimate Strength Pa

0

TABLE 47
Structural Steel > Compressive Yield Strength
Compressive Yield Strength Pa

2.5e+008

TABLE 48
Structural Steel > Tensile Yield Strength
Tensile Yield Strength Pa

2.5e+008

TABLE 49
Structural Steel > Tensile Ultimate Strength

Tensile Ultimate Strength Pa

4.6e+008

TABLE 50
Structural Steel > Alternating Stress

Alternating Stress Pa| Cycles| Mean Stress Pa
3.999e+009 10 0
2.827e+009 20 0
1.896e+009 50 0
1.413e+009 100 0
1.069e+009 200 0
4.41e+008 2000 0
2.62e+008 10000 0
2.14e+008 20000 0
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1.38e+008 1.e+005 0
1.14e+008 2.e+005 0
8.62e+007 1.e+006 0
TABLE 51
Structural Steel > Strain-Life Parameters
Strength Strength Ductility Ductility Cyclic Strength Cyljgf ditr:?r:n
Coefficient Pa Exponent Coefficient Exponent Coefficient Pa 9
Exponent
9.2e+008 -0.106 0.213 -0.47 1.e+009 0.2
TABLE 52

Structural Steel > Relative Permeability
Relative Permeability

10000

TABLE 53
Structural Steel > Isotropic Elasticity
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