Table of Contents

PART I Deformations and Displacements...................ccccoevueeees T

Chapter 1 Deformations in Mechanisms and Load Distribution over the Mated

SUfaces Of PAITS.....ooueiiiiiiiiiieineteee ettt sttt 3

RETEIEIICE ..ottt ettt ettt b et bt et sbe e b e sbeenesbeens 9
Chapter 2 Movements in Rigid Connections and Damage to the Joint Surfaces...................... 11
2.1 Interference-Fit Connections (IFCS) ..........ooiiiiiiiiiiiiiiiiiie et e eeanes 11
2.1.1 TFCs Loaded with @ TOTQUE .......ceoeeriiiriieniiiiieeieeieeseeeitesite ettt s 11

2.1.2 TFCs Loaded with Bending MOMENL ..........cocueeriiriiiiniiiiienieeieenee et 12

2.2  Bolted Connections (BCS).....uiiiiiiiriieiieiiiiiiee ettt et eeeetee e e e eeetare e e eeeareeeeeeeeareeeeeeeans 14
2.2.1 Forces in Tightened BC under Centrically Applied Load..........cceceevienierienniennneen. 16

2.2.2 Forces in Tightened BC under an Eccentrically Applied Load ..........ccccceevueeruennnen. 18

2.3 Damage to the Mating Surfaces in the SHP Area........cccceevuieiiiriieiiiienieeiienieeeete e 19
RETEIEICES ...ttt ettt et e st e b e e et e bt e s bt e bt e sabeesaaesabeesbeesnbeenbeesns 20
Chapter 3 Deformations and Stress Patterns in Machine Components ............c.ccoceeververvennennene 21
3.1 Structure and Strength Of MEtals ........cceeiiriiiiirieiii e 21
3.2 Deformations in the Elastic RANGE ........ccccooiiiiiiieiiiieiieeeeeeeee e 24
3.3 Elastoplastic Deformation (EPD) of Parts...........ccccoooiiiiiiiniiiiiieieeeeeeeee e 32
3.4 Surface Plastic Deformation (SPD) ..........cociiiiiiiiiiiie e 36
RETEICICES ....viiiiieiieeie ettt et e et e et e et e e bt e s abe e aeesabe e seeesbeesaeessaeseesnsaesssaassaessennseeseeans 39

PART Il Elements and Units of MacCRhINes...............ceeeueevneennes 41

L0011 0 3 7 SN 4 ¥ i £ 43
4.1 Selecting the Basic Shaft SIZe ......c.ceoviiiiiiiiiiiiiiie ettt 43
4.2 Elements of Shaft DeSiN.......c.coociiriiiiiiiiiiiiieetee ettt st st 46
4.3 HOIOW SHAfts c..ooviiiiiiiiicee ettt sttt 53
4.4 Selection of a Loading Layout for Strength AnalysiS.........cccovuervieniiiieeniieineenienieenieeiene 54
4.5 Analysis of Shaft Deformations.............coceeriiiiieriiiiiierieeeee ettt 58
RETETEICES ...ttt et st st 65
Chapter 5 Shaft-to-HUb CONNECHONS ......eetieuieiieiiriieie ettt 67
5.1 General Considerations and COMPATISON..........ccceruirrieruierierieientieieeieenieete e eee e see e 67

5.1.1 Interference-Fit Connections (IFCS) ..........cooiiiiiiiiioiiiiiee e 67

S5.1.2 0 KEY JOINES ottt ettt ettt sttt et 69

5.1.3  Splined JOINES (STS) c.eeruieiiitieiieiieieeeee ettt ettt s 70



5.2 Strength Calculation and Design of TFCS.........ccccoiiiiiiiiiiiiiieee e 71
5.2.1 Calculation for Total SHPPAZE ....cc.eeeertirieriieieriee ettt 71
5.2.1.1  SUIfaCe PreSSUIE ......ccviiiiiiiiieiie ettt 72
5.2.1.2 Coefficient of FriCtiOn..........cccooiiiiuiiiiiiiieeiie e 74
5.2.2 DeSIZN O TFCS ...cuuiiiiiiiiieieeet ettt et 77
5.3 Design and Strength Calculation of Key JOINtS.........coeoevuerierierienieninininenineneseesieeeenenns 79
5.3.1 Role of IFC in the Key JOINT ......cccooveviirieriiiiiniiieieieieieecnceee et 79
5.3.2  Strength Of KEYS .. .ooiiiiiiiiieieee ettt 85
5.3.3 Strength of the Shaft Near the Keyway.........cccooeriiiiiiiiiiiiiieineeeee e 86
5.3.4 Strength of Hub Near the Keyway ........ccoooiriiiiiiiiiiiiiiieieeeeecee e 88
5.3.5 ROUNA KEYS ..eoiiiiiiiiiiiiiiieniit ettt st sttt 92
5.4 SPHNEA JOINES ..coveiuiiiiiiiiiieiiieiteeteees ettt sa bbbt ese b 93
5.4.1 SJs Loaded with Torque Only........ccccovevuerienienienieieieieieieeneetee st 94
5.4.2 SJs Loaded with Torque and Radial FOIce.........cccceceeviminininininininencnccieeeneee 97
5.4.3 Allowable Bearing Stresses il SJTS.....coeoviiieiiiiinienieieieseeeee e 100
5.4.4 Lubrication Of SIS ......cooiii oot et 101
RETETEICES ...t ettt e et e e et e e et e e e et e e eeaaeeeeteeeeetaeeeeaseeeenneeeans 102
Chapter 6 Supports and Bearings.........cccceceruererenenienienieneeieieeeeeeeceeerese e eenees 103
6.1 Types and Location Of SUPPOILS ......cc.eerueriereriieiieeiierieeiete ettt ee e see st sae e saeenee e 103
6.2 Rolling Bearings (RBS) ......ccoeoirieiiiiiee ettt st naeas 108
6.2.1  Design Of RBS ....oouiiiiiieiieiee ettt st s s 108
6.2.2 Stresses and Failures in RBS.........coooiiiiiiiiiiii e 111
6.2.3 Design of Supports with Rolling Bearings...........ccceceeeeeriinieninieneeereeeeeeeee 115
6.2.4 Choice and Arrangement Of SUPPOTLS........cccovereerieierieririririeinene sttt seeseereneens 121
6.2.5  Fits for Bearing SEats.........cccevereririinininiiteienteeeteeetet ettt 123
6.2.6 Requirements for Surfaces Adjoined to RBS......ccccceoeviririnininnninnncicieene 131
6.2.7 Elastic Deformation of RBs under Load ................ccooeiiiiiiiiiiceecceee e, 133
6.2.8 RBs with Raceways on the Parts of the Mechanism...........ccccecevererineneneneniennens 135
6.2.9  Lubrication Of RBS......cc.ooooiiiiiiieeeee et 137
6.3 Sliding Bearings (SBS) ...c.coeeuerterterieiiieieiteenitrttet sttt ettt st 138
6.3.1 Friction of Lubricated SUrfaces............ccoveoeuiiiiiieieie e 138
6.3.2 TYPES OF SBS..uiiiiiiiieiieitetetteer ettt ettt ettt sttt 140
6.3.3 Materials Used in SBS......ccoviiiiiieieiee e 141

6.3.4 Design of Radial SBs

6.3.5 Design of Thrust SBs
6.3.6 Surfaces Connected with SBs: Features Required ........cc.ccccocceveveririnencncncnennens 151
6.3.7  O1l SUPPLY 0 SBS.cciiiiiiiiiiitieieerert ettt et 153
RETEIEICES ... e et e et e et e e et e e e e e e e e e e eteeeeeaaeeeenneeeereeeans 158
CRAPLET 7 GEATS ...ttt ettt ettt ettt et sb e bbb bbb et et e e eneen 159
7.1 Geometry and Kinematics of Gearing .........ccccevvuerrieriieeriiniieniieeieeeteeiee et 160
7.2 Forces in Spur Gearing and Stresses in Teeth.........ccooceeviiiiiiniiiniiniiieeeee, 167
7.3 Kinds of TOOth FailUre .........ccoocuiiiiiiiiiiiiiecieeeeeeeee ettt e s e e e ere e eseaaeesnaeeens 170
7.4  Contact Strength (Pitting Resistance) of Teeth..........ccccovvierviiniiiniiniiiieeee, 174
7.5 Bending Strength (Breakage Resistance) of Gear Teeth ........cccccooveeviiiiiiniiinnecnienncennen. 181
7.6 Unevenness of Load Distribution across the Face Width (Factor Ky) ....ccooeevvveenieeneennnee. 187
7.7  Dynamic Load in the Gear Mesh and Factor Kj.......ccccevieriiiiniiiiiiniiniiienieeieenieeeeee. 195
7.8 Load Distribution in Double-Helical Gears (Factor Kyyp,) ..cocceeeveerieeneeriieenienieenieeeeenee. 197
7.9  Backlash in the Gear MEsh .........cocciiiiiiiiiiiiiecieeee et eee e re e e sae e reeeen 198



A8 (O 1 o) g Te:1 5 (o) s N o) A€ (=21 TR RPN 200

TA1  COOlNG OF GRATS ..ottt ettt ettt ettt et s e bt et e be st e nbeestenaeas 208
RETEICIICES ...ttt ettt ettt et e sttt e et et e sae e besbeebeeaeenneas 213
Chapter 8 Gear DesiZh........ccoouiiiiiiiiiiiiicere e 215
8.1 Gear and Shaft: Integrate or SEParate?.........c.ccccivvveriieiieriieiienieeneeeneere et 215
8.2 Spur and HEliCal GEATS ........c.eevuiiriiiiiiieiieiieeitete ettt ettt ettt 217
8.3 BUilt-up Gear WHEECIS....cccueiiiiiiiiiiieiteeieee ettt et st 224
8.4 Manufacturing Requirements and Gear Design ..........ccccceecveniiiiniieninieneniieieceeeeeeiene 235
8.5 BEVEL GRATS.....eiiiiiiieiiiii ittt ettt st ettt 238
8.6 Desi@n Of Tt ......oouiiiiiiiiiiiec et 239
RETEIEICES ....cneieiieeee ettt et st s s 240
Chapter 9 HOUSINES .c..eoouiiiiiiiiiiieieetecet ettt sttt sttt sttt e beeanesaeeaeene 241
9.1 The Function of HOUSINES.....cccccoiriiiriiiiriiieiieieriic ettt sttt 241
9.2 Materials fOr HOUSINGS ..cc.eertiriiriiiiiniieieiecesteecte ettt s st 243
9.3 DesSign Of HOUSINES ....eeviriiiiiiiiiiiienieetesieee sttt ettt ettt st s s naene 248
9.3.1 Housings Split through the Axes of Shafts......c..ccccoceiiniiinniininccee 248
9.3.1.1 Design of Mounting Feet........ccccocereriinerniiniiienicienieeeeeneeeeneeee e 250

9.3.1.2 Design of Lifting Elements.........cccccoceevereenieninnenienenienieecneeeenceee e 251

9.3.2 Housings Split at Right Angle to the Axes of the Shafts.........c..ccocevveniniinnninn. 251

9.3.3  NONSPlit HOUSINGS ....eevieiiiiiiiiiiiniieieniecesecest ettt st 253

9.4 Deformations and Stiffness Problems........c.ccoceverieririiininiiinieiinecncecneeeeeee e 254
9.5 HOUSING S@ALIS ...cuveeuiiiiiiiieiieiietete ettt ettt ettt et st st bbbt eae e 255
9.5.1 Sealing of Rigid Connections (Static S€als)........ccccecvererriineeriinerneneenereeneeiennen. 255

9.5.2  Sealing MOVabI@ JOINLS ....ccceevuiriiririiriieienieeienteeeteteetete ettt 262
9.5.2.1  NONCONLACE SEALS....cueeuiieiiiiirieeriirieneeteseete ettt 262

9.5.2.2  ContaCt SCALS...c.eriiriiiiiriiiiiriete ettt 264

9.5.2.3  Combined Seals.........cccuereeriiriiriiniiniieieneeeseeesteee e 274

RETEIEICES ...ttt ettt ettt et bt sae e bt b sae e 275
Chapter 10 Bolted Connections (BCS)......c.ccviriririnienienieieieieteteeeieet ettt 277
10.1 Load Distribution between the BOILS ........cc.coceeviiiiiiiiiiiiiiiicecceceeeeeeeee 278
10.1.1 Load Distribution in Bolted Joints Loaded in Shear ...........c..ccccoceiininiinnnnnnn. 282

10.1.2 Load Distribution in Bolted Joints Loaded in Tension .......c..cccceceeeeviecreniencnne 287

10.2 Tightening of BOIES.......cocieiiiiiiiiiiiiieieeercc et s 292
10.2.1  Tightening ACCUIACY ....ccceevuerieriieieniietenieeteeteeteeeeesae et e e sere e ene s e enesseeenesaeenneene 292

10.2.2  Stability of TIGhtENING .....cc.cocviiiiriiiriieiiieieee et 295
10.2.2.1  Self-Loosening of BOItS .......c.ccceeveririiiniiiinieienecienecieseeieeecnene 295

10.2.2.2  Plastic Deformation of Fasteners and Connected Parts...................... 295

10.2.3  Locking of FaSteners........ccccecueiiieiierieiiinieiineete et ene s ene e 300

10.3  Correlation between Working Load and Tightening Force of the Bolt .................c..c..... 302
10.3.1 Load Normal to JOInt SUrface .........ccceeeeviirieniinieninieneiieneereneereneereeeenene 302

10.3.2 ShEar Load .......coeeueriirienieieieeeieieeeeete ettt s 305

10.3.3  Bending Load........cocooiiiiiiiiiiiieieieieeeceee e 311

10.4  Strength Of FaSteNners ........ccieiiriiiiinieiiieenet ettt s 313
10.4.1  Static SIreNGth....c..cociiiiiiee e 313

10.4.2  Fatigue Srength.......ccocooviiiiiiiiiieiiieeeeteccte et 317

REEEICIICES ...t e et e e e et e e e e e aaaeeeeeesateeeeeeeetaaeeeeeenssseeeeeenaes 319



Chapter 11 Connection Of URNItS ........ccceiiiiiiiiiiiieiecee ettt 321

11.1  HoOUSING CONNECTIONS ....cvieutietietietienttete sttt e st ettt ete et et eaee bt estesteestesbeentesaeebesaeenbesaeenbens 321
11.2 Shaft CONNECHIONS ...c..eoviitiieieieieteiieteteeeere sttt ettt ettt st sr e st ne e 329
11.2.1  Alignment of Shafts........ccccoveviiiiiiiiiiniiececeee e 329
11.2.2 Rigid COUPIINEZS «..veeieniiiiieieeiieiteeienieet ettt ettt ettt sttt e st et beete b entesbeeneeeae 334
11.2.3  Resilient COUPLNZS ...ccueiuiirtirieitieienieeieeieete ettt ettt st sb et sae e 336
11.2.4  Gear COUPIINES ..uveruieiieiieieeiieteete sttt ettt ettt st e e st e b s tesbeente b eneeebeeneeeae 342
RELETEIICES .....viiiiiieiieieeeee ettt sttt ettt ettt st et s a e 352

PART Il Life Prediction of Machine Parts .............cceeueevueee 355

Chapter 12 Strength of Metal Parts ..........ccccoiiviiiiiiiiniiniiiiteeececceeese e 357
12,1 Strength of MEtalS ...couiiiiiiiiiiiiieeetee ettt 359
12.1.1 Strength at a Static Load ........coceevierieiiiniiiiinieiececcceeeeereeereee e 359
12.1.2 Fatigue Strength (Stress Method)......c..coveviirieniinieniiieniiicneeeeeeneeieeieeiene 363
12.1.3 Limited Fatigue Life under Irregular Loading (Stress Method)........c..coccevennene 374
12.1.4 Fatigue Life (Strain Method).........coceevviriiiiiniininieniiicnccicnccceeeseeeeieeeeee 376
12.2 Strength of Machine EIements .........coceoeroieriiiiinieniiniininieneeeenc et 386
12.2.1  Surface FInish c..cco.ooiiiiiiiiiiiietcee et 387
12.2.2 Dimensions Of the Part ..........cccceciriiiiiniiiiiniictceeeeeeeeereeeeee e 387
12.2.3  Stress CONCENIIALION ....c..eeueruteriertenieeitenieeteeteetesieenteeiteseeeatesbeessesbeeasesbeennesbeennenne 388
12.2.4  Use of Factors Kg, K, aNd K,.c..cocvevieeiiniiiiniiiiiieneieeneeteseeteseetesieere e 389
12.3 Comparative Calculations for Strength..........ccccceceeviiriininiinininiiceecceeceeeiene 390
12.4  Real Strength of Materials ........cccceoerieiiriiiniiiiieeeeeeecet ettt 395
RETEIEIICES ...ttt ettt ettt et sbe et st ae bt b saeeneas 396
Chapter 13 Calculations for Strength............cocceoiiiiiiiiiinii e 397
13.1 Characteristics of Stresses in the Part...........ccoocevieiiiiiiiniiniiieecceceeceee 397
13.1.1 Estimation of External Loads ........c..cccceevieririeniniieniiieneiicneeeneeesieeeeieeeae 397
13.1.2 Determination of Forces Applied to the Part.........c..ccccoveiviniininiinenieninieee 398
13.1.3 Estimation of Stresses in the Part.........cc.coocoiieiiniiniiiiniceeceeeee 403
13.2 SAfELY FACLOTS ....eouiiiiiiiiieieeiteeetee ettt ettt ettt s sae st be s ebe s 404
13.3  Errors Due to Inappropriate Use of FEM .......cccccociiiiiiiiiniiniiieieeiceeeteeeteeeeea 405
13.3.1 Design Principles and Precision of FEM ........c..ccccoooiiiiiniiniininniniiieniciceeeene 405
13.3.2 Design of Model for FEM COmputation.........c.ccoceereriererienennieneeienieeiesieeeene 407
13.3.3 Interpretation of Boundary Conditions...........cccceeveereriienernienenneneenieniieieseeene 409
13.3.4 Is the Computer Program COrrect? .........cecevienirieniniieneiieneeieseetesieeie e 412
13.3.5 More about Simplified Analytical MOdelS .........ccccevervienirrieninneniiienieiceeeee 412
13.3.6 Consideration of Deformations..........c.cceceevuereererieniniienenieneetenieetesie e 416
134 HUMAN BITOT .ottt ettt st st 416
1341 ATTTRIMETIC w.eoutiiiiiiiiieieeitet ettt ettt b et sbe et 416
13.4.2  Units (DIMENSIONS) ..eceeuviiieiiieeitiieeeieeeeiteeeeiteeeestresestreeeeteeeessseeesssseeessesesssseesnseeeens 417
13.4.3  Is This Formula COrrect?........ccceevierieiiiniiiiniienieetene ettt 418
RETEIEIICES ...ttt ettt et ettt et bt et s bt ebesbeenbeas 419
Chapter 14 FINALE ......c.coociieiiiiiiieieeie ettt e te et e e te e e e ebeestbeesbeessaeesbeesssesnseesssensseens 421



