
Contents

1 Fields of Application for Bevel Gears.................................................... 1
1.1 Historical Aspects..............................................................................  1
1.2 Vehicle Transmissions.......................................................................  2
1.3 Aircraft Engines.................................................................................  4

1.3.1 Aircraft Turbines...................................................................  5
1.3.2 Helicopter Gears . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6
1.3.3 Flap Drives on Aircraft W ings.............................................  6

1.4 Marine Drives..................................................................................... 7
1.5 Industrial Gears..................................................................................  9
References....................................................................................................  10

2 Fundamentals of Bevel Gears.................................................................. 11
2.1 Classification of Bevel Gears............................................................. 11
2.2 Gear Geom etry..................................................................................  20

2.2.1 General...................................................................................  20
2.2.2 Basic Geometry...................................................................... 20
2.2.3 Gear Dimensions.................................................................... 21
2.2.4 Tooth Form............................................................................. 25
2.2.5 Hypoid Gears.........................................................................  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
2.3.4 Undercut Check.....................................................................  48

2.4 Sliding Velocities and Sum Velocities. . . . . . . . . . . . . . . . . . . .  50
2.4.1 General...................................................................................  50
2.4.2 Absolute Velocities................................................................ 51
2.4.3 Sliding V e l o c i t i e s . · · . · . · · · . . · · · . . · · . .  · · · · · · · . .  51
2.4.4 Sum Velocity.......................................................................... 52
2.4.5 Specific Sliding......................................................................  54

http://d-nb.info/1051800463


2.5 Tooth Forces......................................................................................  54
2.5.1 Tooth Force Analysis............................................................ 54
2.5.2 Calculation of Tooth Forces.................................................  55
2.5.3 Bearing Forces....................................................................... 56

References...................................................................................................  56

3 Design..........................................................................................................  57
3.1 S tr in g  Values for the Geometry..................................................... 57
3.2 Manufacturing Kinematics................................................................ 65

3.2.1 Basic Rack and Virtual Crown Gear (Generating Gear). . .  65
3.2.2 Model of a Virtual Bevel Gear Machine . . . . . . . . . . . . .  67
3.2.3 Calculation Model................................................................. 69
3.2.4 Sample Calculation of Machine Kinematics. . . . . . . . . .  70

3.3 Tooth Contact Analysis..................................................................... 72
3.3.1 Tooth Geometry Calculation................................................  72
3.3.2 Crowning...............................................................................  73
3.3.3 Ease-off，Contact Pattern and Transmission Error. . . . . .  75
3.3.4 Additional Motions...............................................................  78

3.4 Displacement Behavior.....................................................................  80
3.4.1 Horizontal and Vertical D isp lace  80
3.4.2 Displacements Caused by Tooth Forces . . . . . . . . . . . . .  81
3.4.3 Contact Pattern Displacement..............................................  83
3.4.4 Influence of the Tool R adius............................................... 85
3.4.5 Ease-OffDesign....................................................................  87

3.5 Material Specification.......................................................................  90
3.5.1 Introduction...........................................................................  90
3.5.2 Materials for Bevel Gears..................................................... 91
3.5.3 Case Hardening Steels..........................................................  92

3.6 Choice of Lubricant........................................................................... 95
3.6.1 Introduction...........................................................................  95
3.6.2 Selection of the Lubricant....................................................  95
36.3 C hoiceofO ilType...............................................................  96
3.6.4 Choice of Oil Properties......................................................  96
3 6.5 Oil Feed................................................................................. 98
3.6.6 Oil Monitoring......................................................................  99

References...................................................................................................  99

4 Load Capacity and Efficiency.................................................................  101
4.1 Gear Failure Modes...........................................................................  101

4.1.1 Classification of Failure Modes...........................................  101
4.1.2 Tooth Root Breakage............................................................ 103
4.1.3 Flank Breakage.....................................................................  104
4.1.4 Pitting.....................................................................................  105
4.1.5 Micropitting. .........................................................................  106
4.1.6 W e ar...................................................................................... 107



4.1.7 Ridging and Rippling............................................................  108
4.1.8 Scuffing...................................................................... . 109

4.2 Load Capacity Calculation................................................................  I l l
4.2.1 Standards and Calculation Methods..................................... I l l
4.2.2 Virtual Cylindrical Gears for Tooth Root and Pitting

Load Capacity........................................................................  112
4.2.3 Virtual Cylindrical G ■  117
4.2.4 Tooth Root Load Capacity..................................  120
4.2.5 Pitting Load Capacity ............................................................ 132
4.2.6 Scuffing Load Capacity.......................................  140
4.2.7 Calculation of the Load Capacity for a Load Spectrum. . . 156

4.3 Efficiency............................................................................................ 157
4.3.1 Total Power Loss of a Gear U nit.. . . . . . .  . . . . . . . . . .  157
4.3.2 Intoences on Gear Efficiency.............................  158
4.3.3 Calculation of Gear Efficiency............................  160

4.4 Stress Analysis...................................................................................  165
4.4.1 Preliminary Considerations.................................. 165
4.4.2 Methods for the Determination of Tooth Meshing

Stresses..................................................................  165
4.4.3 Special Methods of Stress AnalySs....................  170

References.. ..............................................    192

ς Noise Behavior.............................................................................................  197
5.1 Causes of Noise Generation..............................................................  197
5.2 NoSe Excitation by Means of Gear Tooth Design. 200

5.2.1 Optimizing the Macro Geometry......................... 200
5.2.2 Optimizing the Micro Geometry.........................  208
5.2.3 Influence of Gear Crowning................................  209

5.3 Noise Excitation Governed by Manufacturing. . . . . . . . . . . . . .  211
5.3.1 Influence of Gear Deviations on Transmission E ^ o r . · · .  211
5.3.2 Manufacturing Process Influence on the Transmission

ᄐ订아… … …  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  217
5.4 Dynamic Noise Excitation................................................................  223

5.4.1 Dynamic of Bevel Gear Running Behavior. . . . . . . . . . .  223
5.4.2 Calculating Load-Free and Load-^^^

Behavior................................................................. 224
5.4.3 Test Rig for Rear Axle Gears..............................  226
5.4.4 Test Results......................................................227 . . . . . . . . ء 

References.................................................................................................... 230

6 Manufacturing Process..................................................  233
6.1 Introduction........................................................................................  233
6.2 Cutting of Spiral Bevel Gears........................................................... 235

6.2.1 Development History............................................  235
6.2.2 Development Trends.............................................  236
6.2.3 Tools....................................................................... 236



6.2.4 Blade Materials.......................................
6.2.5 Manufacturing TechnoO^^

6.3 Heat Treatment....................................................
6.3.1 Fundamentals of H ẩ e n in g . . . . . . . . .
6.3.2 Heat Treatment Processes . . . . . . . . . .
6.3.3 Thermal Processes...................................
6.3.4 Thermo-chemical Processes. . . . . . . . .
6.3.5 Temperature Profiles in Case Hardening
6.3.6 Hardening Distortions , . . · · · · · · · . . .
6.37 Fixture Hardening. . . . . . . . . . . . . . . .

6.4 Hard Skiving........................................................
6.5 Grinding Spiral Bevel 0觀

6.5.1 Development History. . . . . . . . . . . . . .
0 . 2 ت.  Development T r e n d s . ^ · . · · · · · · · · ·
6.5.3 Tools........................................................
6.5.4 Abrasives.................................................
0.ะ ).5 Grinding Technology. . . . . . . . . . . . . .

6.6 Lapping.................................................................
Ö.Ö.1 Development History. . . . . . . . . . . . . .
6.6.2 Description of the Process . . . . . . . . . .
6.6.3 Lapping M edia........................................
6.6.4 Process Parameters.................................
6.6.5 Using Lapping to Change R u m i g ^

References.................................................................

ๆ  Quality Assurance..................................................
フ.1 Measurement and Correction. . . . . . . . . . . .

7.1.1 Measuring T a s k s · . · · · . · . · · · · · · ·
7.1.2 Pitch Measurement. . . . . . . . . . . . .
7.1.3 Flank Fom  Measurements. . . . . . . .
7.1.4 Additional Measuring Tasks … · . . .
7.1.5 Closed Loop P ro d u c tio n .· · · · · · · · ·

7.2 Testing Bevel Gear Sets. . . . . . . . . . . . . . .
7.2.1 Fundamentals.....................................
7.2.2 Contact Pattern Test. . . . . . . . . . . .
7.2.3 Single-Flank T e s t . . . . . . . . . . . . . .
7.2.4 Double-Flank T est. . . . . . . .  . . . . . .
7.2.5 Structure-Bome Noise Test. . . . . . .
7.2.6 Comparison of Rolling Test Methods

References.................................................................

8 Dynamics of Machine Tool s. . . . . . . . . . . . . . .
8.1 Introduction.....................................................
8.2 Static Machine Behavior................................

H

H

h

7

0

0

8

9

3

4

7

0

0

9

9

0

0

2

5

5

5

5

6

h

9

0

5

5

5

5

5

5

5

6

6

6

6

6

6

Г

/

7

Ь

7

8

8

8

0

0

8

0

Р

9

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

1
1
1
2
4
7
9
3
3
4
4
7
8
9
0 

9

9

9

9

9

9

9

0

0

0

0

0

0

0

1
 

2
2
2
2
2
2
2

 

3
 

3
3
3
3
3
3
3

3

3

3



8.3 D y ^ i c  Machine Behavior
8.3.1 Simulation Methods
8.3.2 Modal A n a ly sis ....

References.....................................

Trademarks.........................................

Index......................................................

1

1

1

1

 

2
 

2
 

3

3

3

3

 

3
 

3


