Contents

1 Fields of Application for Bevel Gears. ... ................... 1
1.1 Historical ASPectS. . .. ..ot v vttt 1
1.2 Vehicle TransmiSSiONS . . . .« v oo v v ie e et iin e iee e 2
1.3 Aircraft Engines. . ....... ... 4
1.3.1 Aircraft Turbines. ... ... ....... ... .. 5
1.3.2 HelicopterGears. . ... ........covitiinntnnnn . 6
1.3.3 Flap Drives on Aircraft Wings. .. ................. 6
1.4 Marine Drives . . .o oottt e e 7
1.5 Industrial Gears. . ... ... .cvvir ittt 9
R IeNCES . . . vttt e e e 10
2 Fundamentalsof Bevel Gears............................. 11
2.1 Classificationof Bevel Gears. . ............ ... ... .. ... 11
22 GearGEOMEIIY . . oot v ittt it 20
221 General. . ..... ... 20
222 BasiCGeOmMetry. . ..o ot v it 20
223 Gear Dimensions. . ... .....ouruuiiuuenneeenns 21
224 ToothForm...........utiiieiniiinn. 25
225 HypoidGears.........c.ouuiiiinnnnnnnnns 31
2.3 Bevel Gear Geometry Calculation. .. .................... 34
2.3.1 Structure of the Calculation Method . .. ............. 34
2.3.2 Calculation of Pitch Cone Parameters. .............. 35
2.3.3 Calculation of Gear Dimensions. .. ................ 39
234 UndercutCheck.........ccuiiiiiiiinnnnnennnnnn 48
2.4 Sliding Velocities and Sum Velocities. . .................. 50
241 General........ ... e 50
2.4.2 Absolute Velocities. . .. .. .cciviiiiinnnnn. 51
2.43 Sliding Velocities. . . .....covviii i 51
244 Sum VeloCity. ...... ..o 52
245 SpecificSliding. . ........ ... i i 54
Xix
Bibliografische Informationen E
http://d-nb.info/1051800463 digitalisiert durch 1

BLIOTHE


http://d-nb.info/1051800463

XX

Contents

2.5 TOOthFOrCes. .. ..o ovvi i 54
2.5.1 Tooth Force Analysis............coouviiuuinn.nn. 54
2.5.2 Calculation of Tooth Forces. . .................... 55
253 BearingForces............. ... i, 56
References. .. ...ttt 56
Design. ... ... ..o 57
3.1 Starting Values for the Geometry. . ..................... 57
3.2 Manufacturing Kinematics. . ............... ... L 65
3.2.1 Basic Rack and Virtual Crown Gear (Generating Gear). . . 65
3.2.2 Model of a Virtual Bevel Gear Machine. . ........... 67
323 CalculationModel.................... .. 69
3.2.4 Sample Calculation of Machine Kinematics. . ........ 70
3.3 Tooth Contact Analysis.............oouiieininreninn... 72
3.3.1 Tooth Geometry Calculation. .................... 72
332 Crownming. ........uveueeeenmnnnnueeenneennnn 73
3.3.3 Ease-off, Contact Pattern and Transmission Error. . . . . . 75
334 Additional Motions. . ........... ... . oL 78
3.4 Displacement Behavior............. ... .. ... . . 80
3.4.1 Horizontal and Vertical Displacements. ............. 80
3.4.2 Displacements Caused by Tooth Forces. ............ 81
3.4.3 Contact Pattern Displacement. . ................... 83
3.4.4 Influence of the Tool Radius ..................... 85
345 Ease-Off Design..............ccooiiiiiiina... 87
3.5 Material Specification. . ........ ... ... ... o i . 90
351 Introduction..............c.oiuiiiininnninnnn.. 90
3.5.2 Materials for Bevel Gears. . ..................... 91
3.5.3 Case Hardening Steels. . ........................ 92
3.6 Choiceof Lubricant. .................. ... 95
361 Introduction................... i, 95
3.6.2 Selection of the Lubricant. . . .................... 95
363 Choiceof Oil Type..........ciiiiinnn... 96
3.6.4 Choice of Oil Properties. . ................oou... 96
365 OilFeed...... ...t 98
3.6.6 OilMonitoring............coovuiviieiiiiann. 99
References. . . ..o v vt 99
Load Capacity and Efficiency. .. .......................... 101
4.1 GearFailureModes......... ... ... 101
4.1.1 Classification of Failure Modes . . . ................ 101
4.1.2 Tooth Root Breakage...................couv .. 103
4.13 Flank Breakage............. ... i, 104
414 Pitting. ... ...ttt e 105
415 MicCropitting. . . ..o oo i i e 106

41,6 Wear. .. i e 107



Contents

4.1.7 RidgingandRippling.............. ... ... ......
418 Scuffing........ ... . i
4.2 Load Capacity Calculation. . . ...............ovevnn...
4.2.1 Standards and Calculation Methods. . ..............
4.2.2 Virtual Cylindrical Gears for Tooth Root and Pitting
Load Capacity . . ... o oo v
4.2.3 Virtual Cylindrical Gears for Scuffing Load Capacity . . .
4.2.4 Tooth Root Load Capacity..............covuunnn..
4.2.5 Pitting Load Capacity . ..................uu....
4.2.6 Scuffing Load Capacity.........................
4.2.7 Calculation of the Load Capacity for a Load Spectrum . . .
43 Efficiency........ ..ottt
43.1 Total Power LossofaGear Unit..................
4.3.2 Influences on Gear Efficiency.....................
4.3.3 Calculation of Gear Efficiency....................
44 StressAnalysis......... ...
4.4.1 Preliminary Considerations. . ....................
4.4.2 Methods for the Determination of Tooth Meshing
SHESSES . v vttt
4.4.3 Special Methods of Stress Analysis. ...............
References. .. ... ... i

5 NoiseBehavior................ ...,
5.1 Causes of Noise Generation. . .. ..........ouuueenneenn
5.2 Noise Excitation by Means of Gear Tooth Design...........
5.2.1 Optimizing the Macro Geometry. .................
5.2.2 Optimizing the Micro Geometry...................
5.2.3 Influence of Gear Crowning......................
5.3 Noise Excitation Governed by Manufacturing. . . . ..........
5.3.1 Influence of Gear Deviations on Transmission Error. . . .

5.3.2 Manufacturing Process Influence on the Transmission

5.4 Dynamic Noise Excitation. . ..........................
5.4.1 Dynamic of Bevel Gear Running Behavior...........
5.4.2 Calculating Load-Free and Load-Dependent Running

Behavior.......... ... i i i

54.3 TestRigforRear AxleGears.....................
544 TestResults...........c.ouiiuiiiieeeeenn.
References. .. ...t i

6 Manufacturing Process. .. ........... .. ...
6.1 Introduction..............u.uiuieiiininnnnnnnn..
6.2 Cutting of Spiral Bevel Gears. . . .............coiiuee...

6.2.1 Development History . . . . ......covvvinennnenn ..
6.2.2 Development Trends. ................oovv.nn.
6.2.3 TOO0IS. .t e

108
109
111
111

112
117
120
132
140
156
157
157
158
160
165
165

165
170
192

197
197
200
200
208
209
211
211



XXii

Contents

6.24 BladeMaterials.............c0iiiiiin.. 251

6.2.5 Manufacturing Technology . ..................... 251

6.3 HeatTreatment. ... .........c..uuuunneeeneeeeeenn.. 257
6.3.1 Fundamentals of Hardening. ..................... 257
6.3.2 Heat Treatment Processes. . . .................... 258

6.3.3 Thermal Processes. . ... .......vueueeeninnnnnnn. 258
6.3.4 Thermo-chemical Processes. ..................... 259

6.3.5 Temperature Profiles in Case Hardening. ............ 263

6.3.6 Hardening Distortions. . . .............. ... ... ... 264

6.3.7 Fixture Hardening................cvvurnnn.. 267

6.4 Hard SKiving........... ..ttt 268
6.5 Grinding Spiral Bevel Gears. . ............... ... .. 269
6.5.1 Development History . .. .......c.cvvtenenenn .. 269
6.5.2 DevelopmentTrends........................... 270

6.53 TOOIS. . oo ittt e 270

6.5.4 ADIrasives. . ... ...t ivii e 272

6.5.5 Grinding Technology............ v .. 275

6.6 Lapping........ ..ot 285
6.6.1 Development History............... ..., 285

6.6.2 Description of the Process. .. .................... 285

663 LappingMedia.................. i, 286

6.6.4 Process Parameters. ...............c.oiiuuunaennn 287

6.6.5 Using Lapping to Change Running Properties. ........ 289
References. .. ... ..ot e e i 290
Quality ASSUrance . .. .......otiii i, 291
7.1 Measurement and Correction. . .. ..........couvenne.... 291
7.1.1 Measuring Tasks. ......... ..., 291

7.1.2 PitchMeasurement. .. .........c.uuuuunrnnennn.. 292

7.1.3 Flank Form Measurements. .. .................... 294
7.1.4 Additional Measuring Tasks. . . ................... 297

7.1.5 Closed Loop Production. . ....................... 299

7.2 TestingBevelGear Sets. ............c.. it 303
721 Fundamentals....................0iiiiuinnren.. 303

722 ContactPattern Test. ........... ... ... . ....... 304

723 Single-Flank Test. . ..........iviviieeeen... 304

724 Double-Flank Test............. ... . oo, 307

7.2.5 Structure-Borne Noise Test. . . ................... 308

7.2.6 Comparison of Rolling Test Methods . . . ............ 309
References. . .. ..ot e e 310
Dynamics of Machine Tools. .. ........................... 311
8.1 Introduction. .............. ittt 311

8.2 Static Machine Behavior. . ............. ... .. ... 312



Contents XXiii

8.3 Dynamic Machine Behavior .. ......................... 313
8.3.1 SimulationMethods. . ......... ..., 313

832 Modal AnalysiS. ..........oiiiiiiiiii 318
References . . o v oo e e e 319
TrademarKks . . ... .o i i e e 321



