Mechanical Eng. Dept. Machine Design I (Lecture 1&2) Third Class-All Branches

Mechanical Engineering Design (Design I)
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Mechanical Eng. Dept. Machine Design I (Lecture 1&2) Third Class-All Branches
LECTURE ONE & TWO

The Nature of Mechanical Design and Materials in

Mechanical Design
(Note: See chapter 1 & 2 of Reference No.1)

There are many fields where mechanical products are designed and
produced. For examples see figures (1-1 to 1-10).

FIGURE 1-1 Drill-powered band saw 4
[Courtesy of Black & Decker (U.S.) Inc.|
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Mechanical Eng. Dept. Machine Design I (Lecture 1&2) Third Class-All Branches

(a) Chain conveyor installation showing the drive system engaging the chain

(b) Chain and roller system ) Detail of the drive system
supported on an I-beam and 1ts structure

FIGURE 1-3 Chain conveyor system (Richards-Wilcox, Inc.. Aurora. IL)
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Mechanical Eng. Dept. Machine Design I (Lecture 1&2) Third Class-All Branches

(@) Automatic assembly machine
with indexing table (h) Indexing drive mechanism

FIGURE 1-4 Machinery to automatically assemble automotive components (Industrial
Motion Control. LLC, Wheeling, IL)

FIGURE 1-5 Industrial
crane (Air Technical
Industries, Mentor, OH)

FIGURE 1-6 Tractor
with a front-end-loader
attachment (Case [H,
Racine, WI)
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Mechanical Eng. Dept. Machine Design | (Lecture 1&2) Third Class-All Branches

FIGURE 1-7 Tractor
pulling an implement
(Case IH, Racine, WI)

FIGURE 1-8 Cutaway
of a tractor (Case IH,
Racine, WI)
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(a) Photograph of installed mechanism (b) Cabin door drive mechanism

FIGURE 1-9 Aircraft door drive mechanism (The Boeing Company, Seattle, WA)
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Mechanical Eng. Dept. Machine Design | (Lecture 1&2) Third Class-All Branches

FIGURE 1-10
Aircraft landing gear
assembly (The Boeing
Company, Seattle, WA)

Machine elements must be compatible, must fit well together and must
perform safely and efficiently. Figure (1-12) shows and example for the primary
elements of the speed reducer, which consists: Gear, Shafts, Bearings, Keys,

Housing and you can add many other items.

Ball bearing
Gear D =
Key Qutput 7]
Gear A Input !
shaft 1 i shalt 3
Au % =
Gear B Shalt seul
Outside
diameter
Pacial = b
Pitch Shaft 2
diameter

N AN

End view of gear pair 1-

Section view of double-reduction gear type
Gears Aand B

speed reducer

FIGURE 1-12 Conceptual design for a speed reducer
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Mechanical Eng. Dept. Machine Design | (Lecture 1&2) Third Class-All Branches

Steel structural shapes

Table (1-1 Page 21) shows standard angle (L-shapes) channels (C-shapes), etc.
See Appendix 16; page (A-31 to A-38).

TABLE 1-1 Designations for steel and aluminum shapes

Name of shape Shape Symbol Example designation and Appendix table
Angle L LA s
- Table A16-1
C15 X 50
Channel C
+— Table A16-2
Wide-flange beam w T‘:l/): 4: 1 2’4
e 3
L ]
American Standard beam —— S T:bllg :13634
[——]

. 4 X4 X7

Structural tubing— —“‘—]’ :
ctural tubing—square Table A16-5
| 6 x4 x4

Structural tubing—rectangular ‘ ¥ Table A16-5

4-inch standard weight
Pipe 4-inch Schedule 40
Table A16-6

. - C C4 X 1.738

Aluminum Association channel — Table A17-1
=5

. . I I8 X 6.181

Aluminum Association I-beam — Table A17-2
—
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Mechanical Eng. Dept. Machine Design | (Lecture 1&2) Third Class-All Branches

Unit systems:

Table (A18-1) and (18-2) page A-39 shows conversation of U.S customary units
to SI units.

Note: you should work with SI unit always.
APPENDIX 18 CONVERSION FACTORS

TABLE A18-1 Conversion of U.S. Customary units to SI units: basic quantities

U.s.

Customary
Quantity unit ST unit Symbol Equivalent units
Length 1 foot (ft) = 0.3048 meter m
Mass I slug = 1459  kilogram kg
Time 1 second = 1.0 second S
Force 1 pound (Ib) = 4448 newton N kg-m/s®
Pressure 1 1b/in® = 6895 pascal Pa N/m? or kg/m-s”
Energy 1 ft-Ib = 1.356  joule J N-m or kg-m?/s*
Power 1 ft-1b/s = 1.356  watt W Js

TABLE A18-2 Other convenient conversion factors

Length Stress, pressure, or unit loading
1 ft = 0.3048 m 1lb/in° = 6.895 kPa
lin = 254 mm 1b/fe = 0.0479 kPa
I mi = 5280 ft Ikip/in: = 6.895 MPa
Lo - i e Section modulus
lkm = 1000 m lin' = 1.639 x 10° mm’
I cm = 10 mm
lm = 1000 mm Moment of inertia
1in* = 4162 x 10° mm*
Area )
1 ft? = 00929 m’ Density
1 in? = 6452 mm? 1 slug/ft’ = 515.4 kg/m*
1 m? = 10.76 ft? Specific weight
I m? = 10 mm® 1 b/ = 157.1 N/m*
Energy
Yolume , 1ftlb = 1.356 ]
1 ft = 7.48 gal _
| ~ 1738 in? 1Btu = 1.055 kJ
I = 00283 m’ IWh = 3600 kI
| gal - 0.00379 m’ Torque or moment
1 gal = 3,785 L llbin = 0.1130 N-m
1 m’ = 1000 L Power
Volume flow rate 1 hp = 550 ft-1b/s
1ftds = 449 gal/min I hp =745.7 w
1 ft'/s = 0.0283 m/s 1 ftlb/s = 1.356 w
| gal/min =  6.309 X 10 m¥s I Bwh = 0293 w
I gal/min = 3.785 L/min Temperature
1 L/min = 16.67 X 107% m/s 7°C) = [T(°F ) — 32]5/9
T°F)  =3[T°0)) + 32
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Mechanical Eng. Dept. Machine Design I (Lecture 1&2) Third Class-All Branches
Example 1 (page 26), Ref.1:

Express the diameter of a shaft in (mm) if it is measured to be 2.755 in.

Sol:

Table A18 gives the conversation factor for length to be (1 in = 25.4 mm) then

¥ 254 mm

Diameter = 2.755 in T 69.98 mm

Note: see also example 1-2 page 26 (Solve problems on page 28 Prob. 15-16-17-
18-19-20-22-23-25-26-28)

Materials in Mechanical Design:
e Tensile Strength, S,

The peak of the stress-strain curve is considered the ultimate tensile
strength (Su) sometimes called the ultimate strength or simply the tensile
strength. At this point during the test, the highest apparent stress on a test bar of
the material is measured. As shown in Figures 2-1 and 2-2. The curve appears to
drop off after the peak. However, notice that the instrumentation used to create
the diagrams is actually plotting load versus deflection rather than true stress
versus strain. The apparent stress is computed by dividing the load by the
original cross-sectional area of the test bar. After the peak of the curve is
reached, there is a pro-nounced decrease in the bar's diameter, referred to as
necking down. Thus, the load acts over a smaller area, and the actual stress
continues to increase until failure. It is very difficult to follow the reduction in
diameter during the necking-down process, so it has become cus-tomary to use
the peak of the curve as the tensile strength, although it is a more conservative
value.
¢ Yield Strength, Sy

That portion of the stress-strain diagram where there is a large increase in
strain with little or no increase in stress is called the yield strength (Sy). This
property indicates that the material has, in fact, yielded or elongated plastically,
permanently, and to a large degree. If the point of yielding is quite noticeable, as
it is in Figure 2-1, the property is called the yield point rather than the yield
strength. This is typical of plain carbon hot rolled steel. Figure 2-2 shows the
stress-strain diagram form that is typical of a nonferrous metal such as
aluminum or titanium or of certain high-strength steels. Notice that there is no
pro-nounced yield point, but the material has actually yielded at or near the
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Mechanical Eng. Dept. Machine Design I (Lecture 1&2) Third Class-All Branches

stress level indicated as Sy. That point is determined by the offset method, in
which a line is drawn parallel to the straight-line portion of the curve and is
offset to the right by a set amount, usually 0.20% strain (0.002 in/in). The
intersection of this line and the stress-strain curve defines the material's yield
strength. In this book, the term yield strength will be used for Sy regardless of
whether the material exhibits a true yield point or whether the offset method is
used.

FIGURE 2-1 Typical Yield point. 5, __esmgan=" ™. True stress curve
stress-strain diagram for
steel By oy
\ Tensile strength, s,
Elastic limit
Proportional limit
- | /3
¢ Ao .
& _{ Modulus of elasticity
_ Ac
Ae
Ae
Strain, €
FIGURE 2-2 Typical _~— Proportional hmit
stress-strain diagram for = EHAE e -
; = \ ==="" % True stress curve
aluminum and other \
metals having no yield Sy P
point : Tensile strength. s,

Yield strength, s,

Parallel lines

Stress, o

L—J-Offsel strain, usually 0.2%
Strain, €

Where:  Su = ultimate tensile strength
Sy = yield strength

o
E = modulus of Elasticity = z

o = stress
€ = strain
For shear strength
Sys = yield strength in shear = Sy/2 = 0.5 Sy
Sus = ultimate strength in shear = 0.75 Sy
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Mechanical Eng. Dept. Machine Design I (Lecture 1&2) Third Class-All Branches

Classification of metals and alloys

UNS : The Unified Numbering systems.

ASTM : The American Society for Testing and Materials
AA : The Aluminum Association.

AISI : The American Iron and Steel Institute.

CDA : The Copper Development Association.

SAE : The Society of Automotive Engineers.

Steel Designation System:

Section 2-5 = Carbon and Alloy Steel

FIGURE 2-11 Steel General Form of Designation
designation system AISI  x x xx
Carbon content
Specific alloy in the group
Alloy group: indicates major
alloying elements
Examples

AISI 10 20

o I_EA
‘ 0.20% Carbon

No other major alloying
element besides carbon

— Carbon steel

AISI 4 3 40
i ‘—[_—10440% Carbon

Nickel and chromium added
in specified concentrations

“—Molybdenum alloy steel

Importance of Carbon:

As carbon content increase, strength and hardness also increased under the
same conditions of processing and heat treatment. Since the ductility decreases
with the increasing of carbon content, selecting suitable steel involves some
compromise between strength and ductility.

As a rough classification scheme:

Low-carbon steel = 0.3% carbon — (low strength + good formability)
Medium-carbon steel = (0.3% - 0.5%) — (Moderate to high strength + fairly
good ductility)

High-carbon steel = (0.5% - 0.95%) — (suitable for durable cutting edges)
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Mechanical Eng. Dept. Machine Design | (Lecture 1&2) Third Class-All Branches
Properties of carburized steel, stainless steel, structural steel...

A-6 Appendices

APPENDIX 3 DESIGN PROPERTIES OF CARBON AND ALLOY STEELS

Tensile Yield Ductility
Material strength strength (percent Brinell
designation elongation hardness

(AISI number) Condition (ksi) (MPa) (ksi) (MPa) in 2 inches) (HB)
1020 Hot-rolled 55 379 30 207 25 111
1020 Cold-drawn 61 420 51 352 15 122
1020 Annealed 60 414 43 296 38 121
1040 Hot-rolled 72 496 42 290 18 144
1040 Cold-drawn 80 552 71 490 12 160
1040 OQT 1300 88 607 61 421 33 183
1040 OQT 400 113 779 87 600 19 262
1050 Hot-rolled 90 620 49 338 15 180
1050 Cold-drawn 100 690 84 579 10 200
1050 OQT 1300 96 662 61 421 30 192
1050 OQT 400 143 986 110 758 10 321
1117 Hot-rolled 62 427 34 234 33 124
1117 Cold-drawn 69 476 51 352 20 138
1117 WQT 350 89 614 50 345 22 178
1137 Hot-rolled 88 607 48 331 15 176
1137 Cold-drawn 98 676 82 565 10 196
1137 OQT 1300 87 600 60 414 28 174
1137 0OQT 400 157 1083 136 938 5 352
1144 Hot-rolled 9 648 51 352 15 188
1144 Cold-drawn 100 690 90 621 10 200
1144 OQT 1300 96 662 68 469 25 200
1144 OQT 400 127 876 91 627 16 277
1213 Hot-rolled 55 379 33 228 25 110
1213 Cold-drawn 75 517 58 340 10 150
12L13 Hot-rolled 57 393 34 234 22 114
12L13 Cold-drawn 70 483 60 414 10 140
1340 Annealed 102 703 63 434 26 207
1340 OQT 1300 100 690 75 517 25 235
1340 OQT 1000 144 993 132 910 17 363
1340 0QT 700 221 1520 197 1360 10 444
1340 OQT 400 285 1960 234 1610 8 578
3140 Annealed 95 655 67 462 25 187
3140 OQT 1300 115 792 94 648 23 233
3140 OQT 1000 152 1050 133 920 17 311
3140 OQT 700 220 1520 200 1380 13 461
3140 0QT 400 280 1930 248 1710 11 555
4130 Annealed 81 558 52 359 28 156
4130 WQT 1300 98 676 89 614 28 202
4130 WQT 1000 143 986 132 910 16 302
4130 WQT 700 208 1430 180 1240 13 415
4130 WQT 400 234 1610 197 1360 12 461
4140 Annealed 95 655 60 414 26 197
4140 OQT 1300 117 807 100 690 23 235
4140 OQT 1000 168 1160 152 1050 17 341
4140 OQT 700 231 1590 212 1460 13 461
4140 0QT 400 290 2000 251 1730 11 578
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Mechanical Eng. Dept. Machine Design | (Lecture 1&2) Third Class-All Branches

Appendices A-11

APPENDIX 5 PROPERTIES OF CARBURIZED STEELS

Core properties

; Ductility
Material :t::::l; qu; lc\lgdth (percent Brinell Case
designation elongation hardness hardness
(AISI number) Condition (ks1) (MPa) (ksi) (MPa) in 2 inches) (HB) (HRC)
1015 SWQT 350 106 731 60 414 15 217 62
1020 SWQT 350 129 889 72 496 11 255 62
1022 SWQT 350 135 931 75 517 14 262 62
1117 SWQT 350 125 862 66 455 10 235 65
1118 SWQT 350 144 993 90 621 13 285 61
4118 SOQT 300 143 986 93 641 17 293 62
4118 DOQT 300 126 869 63 434 21 241 62
4118 SOQT 450 138 952 89 614 17 277 56
4118 DOQT 450 120 827 63 434 22 229 56
4320 SOQT 300 218 1500 178 1230 13 429 62
4320 DOQT 300 151 1040 97 669 19 302 62
4320 SOQT 450 211 1450 173 1190 12 415 59
4320 DOQT 450 145 1000 94 648 21 293 59
4620 SOQT 300 119 820 83 572 19 277 62
4620 DOQT 300 122 841 77 531 22 248 62
4620 SOQT 450 115 793 80 552 20 248 59
4620 DOQT 450 115 793 77 531 22 235 59
4820 SOQT 300 207 1430 167 1150 13 415 61
4820 DOQT 300 204 1405 165 1140 13 415 60
4820 SOQT 450 205 1410 184 1270 13 415 57
4820 DOQT 450 196 1350 171 1180 13 401 56
8620 SOQT 300 188 1300 149 1030 11 388 64
8620 DOQT 300 133 917 83 572 20 269 64
8620 SOQT 450 167 1150 120 827 14 341 61
8620 DOQT 450 130 896 77 531 22 262 61
E9310 SOQT 300 173 1190 135 931 15 363 62
E9310 DOQT 300 174 1200 139 958 15 363 60
E9310 SOQT 450 168 1160 137 945 15 341 59
E9310 DOQT 450 169 1170 138 952 15 352 58

Notes: Properties given are for a single set of tests on 1/2-in round bars.

SWQT: single water-quenched and tempered

SOQT: single oil-quenched and tempered

DOQT: double oil-quenched and tempered

300 and 450 are the tempering temperatures in °F. Steel was carburized for 8 h. Case depth ranged from 0.045 to 0.075 in.
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A-12 Appendices

APPENDIX 6 PROPERTIES OF STAINLESS STEELS

Tensile Yield ?"C‘““{
Material designation strength strength percefl
elongation
AISI number UNS Condition (ksi) (MPa) (ksi) (MPa) in 2 inches)
Austenitic steels
201 S20100 Annealed 115 793 55 379 55
1/4 hard 125 862 75 517 20
1/2 hard 150 1030 110 758 10
3/4 hard 175 1210 135 931 5
Full hard 185 1280 140 966 4
301 $30100 Annealed 110 758 40 276 60
1/4 hard 125 862 75 517 25
1/2 hard 150 1030 110 758 15
3/4 hard 175 1210 135 931 12
Full hard 185 1280 140 966 8
304 $30400 Annealed 85 586 35 241 60
310 S31000 Annealed 95 655 45 310 45
316 S31600 Annealed 80 552 30 207 60
Ferritic steels
405 $40500 Annealed 70 483 40 276 30
430 $43000 Annealed 75 517 40 276 30
446 S$44600 Annealed 80 552 50 345 25
Martensitic steels
410 $41000 Annealed 75 517 40 276 30
416 S41600 Q&T 600 180 1240 140 966 15
Q&T 1000 145 1000 115 793 20
Q&T 1400 90 621 60 414 30
431 $43100 Q&T 600 195 1344 150 1034 15
440A 544002 Q&T 600 280 1930 270 1860 3
Precipitation-hardening steels
17-4PH S17400 H 900 200 1380 185 1280 14
H 1150 145 1000 125 862 19
17-7PH S17700 RH 950 200 1380 175 1210 10
TH 1050 175 1210 155 1070 12
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Appendices A-13
APPENDIX 7 PROPERTIES OF STRUCTURAL STEELS
- ' Ductility
Material Te"!"ll; tY'Cl(ih (percent
designation Grade, product, or s i elongation
(ASTM number) thickness (ksi) (MPa) (ksi) (MPa) in 2 inches)
A36 t=8in 58 400 36 250 21
A242 = 3/|4 in 70 480 50 345 21
A242 = 13in 67 460 46 315 21
A242 r=4in 63 435 42 290 2]
A500 Cold-formed structural
tubing, round or shaped
Round. Grade A 45 310 33 228 25
Round, Grade B 58 400 42 290 23
Round. Grade C 62 427 46 317 21
Shaped, Grade A 45 310 39 269 25
Shaped, Grade B 58 400 46 317 23
Shaped, Grade C 62 427 50 345 21
AS01 Hot-formed structural 58 400 36 250 23
tubing, round or shaped
AS514 Quenched and : 110-130 760-895 100 690 18%
tempered, 1 = 2%in
AS572 42.r=6in 60 415 42 290 24
AS72 50,t=4in 65 450 50 345 21
AST2 60,1 < liin 75 520 60 415 18
AS72 65,1 =< 13in 80 550 65 450 17
AS88 r=4in 70 485 50 345 21
A992 W-shapes 65 450 50 345 21

Note: ASTM A572 is one of the high-strength, low-alloy steels (HSLA) and has properties similar to those of the SAE J410b steel specified by

the SAE.
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A-14 Appendices

APPENDIX 8 DESIGN PROPERTIES OF CAST IRON

. Tensile Yield Bty Modulus of
Material strength strength (percent ici
designation g 8 elongation &
(ASTM number) Grade (ksi) (MPa) (ksi) (MPa) in 2 inches) (10° psi) (GPa)
Gray iron
A48-94a 20 20 138 <l 12 83
25 25 172 . <1 13 90
30 30 207 <1 15 103
40 40 276 <l 17 117
50 50 345 <l 19 131
60 60 414 <l 20 138
Malleable iron
A47-99 32510 50 345 32 221 10 25 172
35018 53 365 35 241 18 25 172
A220-99 40010 60 414 40 276 10 26 179
45006 65 448 45 310 6 26 179
50005 70 483 50 345 5 26 179
70003 85 586 70 483 3 26 179
90001 105 724 90 621 1 26 179
Ductile iron
AS536-84 60-40-18 60 414 40 276 18 22 152
80-55-06 80 552 55 379 6 22 152
100-70-03 100 689 70 483 3 22 152
120-90-02 120 827 90 621 2 22 152
Austempered ductile iron
ASTM 897-90 1 125 850 80 550 10 22 152
2 150 1050 100 700 7 22 152
3 175 1200 125 850 4 22 152
4 200 1400 155 1100 1 22 152
5 230 1600 185 1300 <1 22 152

Notes: Strength values are typical. Casting variables and section size affect final values. Modulus of elasticity may also vary. Density of cast irons
ranges from 0.25 to 0.27 Ib/in* (6920 to 7480 kg/m’). Compressive strength ranges 3 to S times higher than tensile strength.
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Appendices A-15

APPENDIX 9 TYPICAL PROPERTIES OF ALUMINUM

; Ductility
Alloy Tensile Yield (percent Shearing Endurance
and strength strength elongation strength strength
temper (ksi) (MPa) (ksi) (MPa) in 2 inches) (ksi) (MPa) (ksi) (MPa)

1060-O 10 69 4 28 43 7 48 3 21
1060-H14 14 97 11 76 12 9 62 =) 34
1060-H18 19 131 18 124 6 11 121 6 41
1350-0 12 83 ks 28 28 8 55

1350-H14 16 110 14 97 10 69

1350-H19 27 186 24 165 15 103 7 48
2014-0 27 186 14 97 18 18 124 13 90
2014-T4 62 427 42 290 20 38 262 20 138
2014-T6 70 483 60 414 13 42 290 18 124
2024-0 27 186 11 76 22 18 124 13 90
2024-T4 68 469 47 324 19 41 283 20 138
2024-T361 72 496 57 393 12 42 290 18 124
2219-0 25 172 11 76 18

2219-T62 60 414 42 290 10 15 103
2219-T87 69 476 57 393 10 15 103
3003-0 16 110 6 41 40 11 121 7 48
3003-H14 22 152 21 145 16 14 97 9 62
3003-H18 29 200 27 186 10 16 110 10 69
5052-0 28 193 13 90 30 18 124 16 110
5052-H34 38 262 31 214 14 21 145 18 124
5052-H38 42 290 37 255 8 24 165 20 138
6061-0 18 124 8 S5 30 12 83 9 62
6061-T4 35 241 21 145 25 24 165 14 97
6061-T6 45 310 40 276 17 30 207 14 97
6063-0 13 90 7 48 10 69 8 55
6063-T4 25 172 13 90 22

6063-T6 35 241 31 214 12 22 152 10 69
7001-0 37 255 22 152 14

7001-T6 98 676 91 627 9 22 152
7075-0 33 228 15 103 16 22 152

7075-T6 83 572 73 503 11 48 331 23 159

Note: Common properties:
Density: 0.095 to 0.102 Ib/in’ (2635 to 2829 kg/m’)
Modulus of elasticity: 10 to 10.6 X 10° psi (69 to 73 GPa)
Endurance strength at 5 % 10® cycles

Problems:

Solve problems No. 20, 21, 22, 23, 25, and 26.
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LECTURE THREE. FOUR &FIVE

STRESS AND DEFORMATION ANALYSIS

1- Direct stresses, tension and compression:
Tensile and compressive stresses, called normal stresses, are shown acting

perpendicular to opposite faces of the stress element. Tensile stresses tend to
pull on the element, whereas compressive stresses tend to crush it.

Where: o¢,;= Design tensile or compression stress

P F= direct axial load
Oaq = :
A A= cross sectional area
FL 6= total deformation
6 = AE L=original total length

E= Modulus of elasticity

Strength of material from which the component made
O4q =

Design factor (or safety factor)(N)

For ductile material:

N =1.25 - 2 (for static loads)

N =2 - 2.5 (for dynamic loads with average confidence)

N = 2.5 - 4 (for dynamic loads with uncertainly about load)
N =4 or higher (for shock load or to desire extra safety)

For brittle material:
N = 3 - 4 (for static load with high level of confidence)
N =4 - 8 (for dynamic loading with uncertainly about load)

_ Su -

0q = 7 (Fortensile stress) Based on Ultimate tensile

Oy = Sue (For compression stress) strength

N
OR
_ Syt :

oq = - (For tensile stress) Based on Ultimate yield

strength

s .
04 = % (For compression stress)
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Example:

A large electrical transformer is to be suspended from a roof truss of a building.
The total weight of transformer is 142.33 KN. Design the means of support.

Selection:

Choose N=3

Choose material AISI 1040 cold-drawn steel

Choose two straight cylindrical rod to support the transformer
Sol:

From APPENDIX 3, Sy = 489.54 MPa

Sy,  489.54
Oqg = — = = 163.18 MPa
N
F 142330 N 5 d?
0a = 7 - A= N =871mm=T - d =33.3mm
163.18 5
mm
Key:

A key is a machinery component placed at the interface between a shaft and the
hub of a power-transmitting element for the purpose of transmitting torque (see
figure 11-1). It is installed in an axial groove machined into the shaft, called a
keyseat. Keyseat in shafts are usually machined with either an end mill or
circular milling cutter, producing the profile or sled runner key seat.

W L

(b) Square key

(a) Key and keyseat applied to
a gear and shaft l

I H<W[

ERsSEs

W
l [

Figure (11-1) parallel keys

)
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/{ o by ‘
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\ \ Y
) \\-t// Shatt

drivine
/
A huh

(b)) Side view

2- Direct shear stress:
Direct shear stress occurs when the applied force tends to cut through the
member as scissors or shears do or when a punch and a die are used to punch a
slug of material from a sheet. Another important example of direct shear in
machine design is the tendency for a key to be sheared off at the section between
the shaft and the hub of a machine element when transmitting torque.
Figure (3-7) shows the action.

F .
Tg = — Where: t4 : Design shear stress
A

Example Problem (3-3), (page 93), [Ref. 1]:

Figure 3-7 shows a shaft carrying two sheaves that are keyed to the shaft.
Part (b) shows that a force F is transmitted from the shaft to the hub of the
sheave through a square key. The shaft is 57.15 mm in diameter and transmits a
torque of 1589.119 N. The key has a square cross section, 12.7 mm on a side, and
a length of 44.45 mm. compute the force on the key and the shear stress caused
by this force.

Sol:
* 3
Torque = F*R - F = T — 1589.12+%10° N.mm — 55600 N
R 28.575 mm
Area in shear = b*L = 12.7*44.45 = 564.55 mm?
F 55600 N
T= — = 98598 kPa (Ans.)

A, 564.55 mm?

Note: see table 11-1 (Page 495) to find key size vs. shaft diameter.
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FIGURE 3-7 Direct
shear on a key

Bearings Key
Sheave

L

(@) Shaft /sheave arrangement Belt

Key (12.7%12.7%44.5)

/—Hub

tj:F:j::j_I “

-_.T D T N ——

i\

Shaft —-/

e
(b) Enlarged view of hub/haft /key

b=12.7mm

Shear area = A; = bL =(12.7mm) (44.5mm) = 565 mm>

L= 445 mm

(c)
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TABLE 11-1 Key size vs. shaft diameter
Nominal shaft diameter Nominal key size
Height, H
Over To (incl.) Width, W Square Rectangulur
5/16 716 3/32 3/32
716 9/16 1/8 1/8 3/32
9/16 7/8 3/16 3/16 1/8
78 & 1/4 1/4 3/16
ll‘ n: 5/16 5/16 1/4
Is 13 3/8 3/8 1/4
b 2 12 12 3/8
% 2 S/8 5/8 7/16
% 3 3/4 3/4 112
% g /8 718 5/8
% 4 1 I 3/4
45 55 13 i 8
51 63 I3 I3 I
65 74 14 13 I}
7 9 2 2 B
9 1 2 2 I
11 13 3 3 2
13 15 3 33 2,
15 18 4 3
18 22 5 3
22 26 6 4
26 30 7 5

3- Bearing stress:

A localized compressive stress at the surface of contact between two
members of a machine part that is relatively at rest is known as bearing
stress or crushing stress or bearing pressure.

Example:

Find the bearing stress caused by force in last example for the key.

Sol:
F 55600 N , _
Obearing= 7= 127 . _ 197.2 MPa (Give your comments for this result)
—5— % 44.45
Note: Opearing FOr CI Hub < 50 MPa

From Reference 2

Opearing FOT steel Hub < 90 MPa
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Splines: A spline can be described as a series of axial keys machined into a shaft,
with corresponding grooves machined into the bore of the mating part (gear,
sheave, sprocket, and so on: see Figure 11-6). The splines perform the same
function as a key in transmitting torque from the shaft to the mating element.

@

Figure (11-6) internal spline

TABLE 11-4 Formulas for SAE straight splines

A B: G
Permanent To slide To slide
W, fit without load under load
No. of for all
splines fits h d h d h d
Four 0.241D 0.075D 0.850D 0.125D 0.750D
Six 0.250D 0.050D 0.900D 0.075D 0.850D 0.100D 0.800D
Ten 0.156D 0.045D 0.910D 0.070D 0.860D 0.095D 0.810D
Sixteen 0.098D 0.045D 0.910D 0.070D ().860D 0.095D 0.810D

Note: These formulas give the maximum dimensions for W, &, and d.
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Coupling:
The term coupling refers to a device used to connect two shafts together at their

ends for the purpose of transmitting power. There are two general types of
couplings: rigid and flexible.

Rigid Couplings:
Rigid couplings are designed to draw two shafts together tightly so that no

relative motion can occur between them. This design is desirable for certain
kinds of equipment in which precise alignment of two shafts is required and can
be provided. In such cases, the coupling must be designed to be capable of
transmitting the torque in the shafts.

o byl
T \
7
¢ £ 7
dl —‘|\> L B X “
7
T
Key— 0/
N
TR |
\ :
d _3 o . “‘ 1)2—4d
| =2d
1 0 | Bl -
I)l = 3d
X |
) T i ;O S Y
0, O e - .
"\.&, .::t:ﬂ—-—— 4_
¢ =y
4
e

Figure (11-15) Unprotected type flange coupling
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The usual proportions for an unprotected type cast iron flange couplings, as shown in
figure (11-15) are as follows:

If (d) is the diameter of the shaft or inner diameter of the hub, then

Outside diameter of hub, D=2d

Length of hub, L=15d

Pitch circle diameter of bolts, D,=3d

Outside diameter of flange, D,=D,+ (D,-D) =2 D,-D=4 d
Thickness of flange, tr=0.5d

Number of bolts =3, for (d) upto 40mm

=4, for (d) upto 100mm
=6, for (d) upto 180mm

4- Torsional shear stress:
When a torque, or twisting moment, is applied to a member, it tends to
deform by twisting, causing a rotation of one part of the member relative
to another. Such twisting causes a shear stress in the member. For a small
element of the member, the nature of the stress is the same as that

experienced under direct shear stress.

T+C T

Tmax = = 7o Where: C = radius of the shaft to outside surface

] = Polar moment of inertia

Zp = Section modulus (J/C)

Note: see APPENDIX 1 [Ref. 1] for formulas for ]

L
0= G_] Where : 6 = angle of twist (in radian)

L = Length of shaft
G = Modulus of elasticity in shear (Modulus of Rigidity)
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Example problem 3-6 (Page 96), [Ref. 1]:

Compute the maximum torsional shear stress in a shaft having a diameter
of 10 mm when it carries a torque of 4.10 N.m.
Sol:

nD*  mx10%
J=— = = 982 mm*
32 32

(410 N.m)(5mm) 103 mm
Tmax = 982 mm* Im 209 mm?

Example problem (3-7), (Page 97), [Ref.1]:

Compute the angle of twist of a 10 mm-diameter shaft carrying 4.10 N.m of
torque if it is 250 mm long and made of steel with G = 80 GPa. Express the result
in both radians and degrees.

= 20.9 MPa

Solution  Objective Compute the angle of twist in the shaft.

Given Torque = T = 4,10 N-m; length = L = 250 mm.
Shaft diameter = D = 10 mm: G = 80 GPa.

Analysis  Use Equation (3-11). For consistency, let 7= 4.10x 10*N-mm and G = 80 x 10" N/mm”.
From Example Problem 3-6, J = 982 mm".

Results s TL (410 X 10* N-mm)(250 mm)
GJ (80 X 10° N/mm*)(982 mm*)
Using 7rad = 180",

=(0.013 rad

# = (0.013 rad)( 180 deg/m rad) = 0.75 deg

Comment  Over the length of 250 mm, the shaft twists (.75 deg.

5- Vertical shearing stress:
A beam carrying loads transverse to its axis will experience shearing
forces denoted by V. In the analysis of beams, it is usual to draw the
shearing force diagram. Then the resulting vertical shearing stress can be

completed from:
3

<

Tmax = 5 & (For rectangular section)
4V
Thnax = A (For circular section)
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Example problem (3-11), (Page 104), [Ref. 1]:

Compute the maximum shearing stress in the beam described below:

5337.6 N 2668.8 N f*+t—¢ = 508 mm
'f 254 mm ‘ 254 mm 1254mm D ]
B C -t ot hi =203.7 mm
R, = 4448N R, =3558.4N ] l
N Beam cross section
v -—
Tmﬁl = 646. 751 KPa
0 0
-889.6 N
-35584N Stress distribution
Shearing force diagram
3V 3% 4448 N  eae P
Tmax = 5 T 2% (508 mm *203.7 mm) o e
6-Stress due to Bending:
_ MC _ M
°TT1 T %

Where: M= magnitude of the bending moment at the section

[ = moment of inertia of the C.S. with respect to its neutral axis

C= distance from the neutral axis to the outer most fiber of the beam C.S.

S = section modulus =1/C

Example Problem (3-12), (Page 107) [Ref.1]

For the beam shown in Figure 3-16, the load F due to the pipe is 53376 N.
The distances are a = 1.2192 m and b = 1.8288 m. Determine the required
section modulus for the beam to limit the stress due to bending to 206850 kPa,
the recommended design stress for a typical structural steel in static bending.
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?l(;l'RE 3-16 F = Load due to pipe R,
ypical bending stress v [/
] <

distribution in a beam a
Ry
3 |

M =R =
|L— u [ b o \“ a+b

Cross section

|
Rlzﬂ Ry= Fa
a+h T oa+b OF f 1

(a) Beam loading (/) Shear and bending
moment diagrams

1 / o= ":" Compression |
t— ;
ll i B Neutral axis . [—'F . ;
Side view of L :—.\ é |
beam (enlarged) — 5 . 1 Beam
N~ g= tMC Tension Cross section
(¢) Stress distribution on beam section
+ +
(d) Stress element in compression (¢) Stress element in tension
in top part of beam in bottom part of beam
Sol
M M Ry*a Fxb a 53376(1.83) 1.22
o= — e d S = —_—= = *k — = *k
S o o +b o 1.22+1.83 206850

= 18.85 * 10* mm?3
Now from table A16-3 & A16-4 choose (W203*22.1) wide-flange shape with
S=19.3*10* mm3

7-Stresses due to combined bending moment with axial load:
MC F

= 4=
e

Example problem (3-17), (Page 117), [Ref.1]:

The cantilever beam in Figure 3-24 is a steel American Standard beam.
S6x12.5. The force F is 44480 N. and it acts at an angle of 30° below the
horizontal, as shown. Use a = 609.6 mm and e = 152.4 mm. Draw the free-body
diagram and the shearing force and bending moment diagrams for the beam.
Then compute the maximum tensile and maximum compressive stresses in the
beam and show where they occur.
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FIGURE 3-24 Beam

subjected to combined _ R
stresses F. ¢
B roF
F, F
l«————a ——»i
(a) Loaded beam

M = 5871.5 N.m

F,.=3852kN
(b) Free-body diagram of beam
M = 7688.52 N.m )
R, = 22240N -
Fy =22240N
22240 '
Vv

™) 0 (c) Shearing force and bending

/ 5871.5 N.m moment diagrams
M 0
(N.m) /
- 7688.5

+F
+Mc =T"X =163 MPa o =80 MPa
Cip = = 63.65 MPa T8
S B_ A By
- - o
——
.
= i
- o i = 2
-1
| o
3 Bo % > F ; ~
. +
Coc=: h/'" =63.65MPa  C oac= - =163mpa € g = 47.4MPa
(d) Bending stress (e) Direct tensile stress ( f) Combined stress

due to horizontal
component of load

Sol:

From table A16-4 (S=12.079*104* mm* & A=2367.884 mm?)
Fx = F cos30 = 44480 cos30 = 38520 N

Fy = F sin30 = 44480 sin30 = 22240 N

M1 =Fx (0.152 m) =5871.5 N.m

Mmax = 7688.5 N.m occurs at left end of beam

= + M_ 76885 _ +63654.6 kP
01T TG T 1gu0r TOOPRHOKEE
_F_ 38520
2= AT 23079 > a4
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6 = +0;, + 0, = 63654.6 kPa + 16.27MPa = 79.93 MPa

0c = —0; + 0, = —63654.6 kPa + 16.27MPa = —47.4 MPa

8-Stress Concentrations:

The above simple stresses are applicable for the geometry of a member is
uniform throughout the section of interest. But if there is a fillet, holes, key seals,
grooves, etc, will cause the actual max. stress, so defining stress concentration
factors by which the actual max. stress exceeds the nominal stress.

Omax = KOpom. & Tnax = KTyom

Where K can be found from APPENDIX 15 [Ref.1]
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Example Problem (3-18), (Page 121), [Ref.1]:

Compute the maximum stress in a round bar subjected to an axial tensile force of
9800 N. The geometry is shown in Figure 3-26.

Solution Objective

Given

Analysis

FIGURE 3-26
Stepped round bar
subjected to axial

tensile force

Results

Comments

Compute the maximum stress in the stepped bar shown in Figure 3-26.
The layout from Figure 3-26. Force = F = 9800 N.
The shaft has two diameters joined by a fillet with a radius of 1.5 mm.

Larger diameter = D = 12 mm: smaller diameter = d = 10 mm.

The presence of the change in diameter at the step causes a stress concentration to oceur.
The general situation is a round bar subjected to an axial tensile Joad, We will use the top

r=1.5mm

12 mm IOmm)
F F

J

graph of Figure A15-1 to determine the stress concentration factor. That value is used in
Equation (3-27) to determine the maximum stress.

Figure A15-1 indicates that the nominal stress is computed for the smaller of the two di-
ameters of the bar. The stress concentration factor depends on the ratio of the two diame-
ters and the ratio of the fillet radius to the smaller diameter.

D/d
r/d

I

12mm/10 mm = 1.20

I.Smm/10mm = 0.15

From these values, we can find that K, = 1.60. The stress is

= F/A = (9800 N)/[w(10 mm)7/4] = 124.8 MPa
Ko = (1.60)(124.8 MPa) = 199.6 MPa

a
a

nom

maN

The maximum tensile stress of 199.6 MPa occurs in the fillet near the smaller diameter. This
value is 1.60 times higher than the nominal stress that occurs in the 10-mm-diameter shaft.
To the left of the shoulder, the stress reduces dramatically as the effect of the stress con-
centration diminishes and because the area is larger.
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LECTURE FIVE

V-BELT DRIVES

References:

Machine Elements in Mechanical Design by Robert L. Mott, P.E. (Chapter 7)

Introduction:

Belts represent the major types of flexible power transmission elements.

Figure (7-1) shows a typical industrial application of this element.

FIGURE 7-1

Combination drive Electric
. motor
employing V-belts, a
gear reducer, and a V-beltdrive

chain drive |Source for
Part (5): Browning
Mifg. Division.

Emerson Electric Co., ~
Maysville, KY| Ge: 1
' ,ef,‘:cc, [Jj~—Chaindrive
-
B
i Driven
E_{ ~ machine
—u

() Sketeh of combinanion drive

th) Phatograph of an actual drive installation. Note
that guards have been remaoved from the belt and
chain dnves to show detail.
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Basic belt drive:

FIGURE 7-2 Basic
|belt drive geometry

| Slack si8S ﬁ 0

v, = Belt speed /

-t = PCD
w2
Tight side
e
Span
Note: D, D, are
C pitch diameters
Center distance

FIGURE 74 Cross Groove Belt
section of V-belt and angle ride-out
sheave groove

Typical belt section —] 1
and groove gcometry %
Pitch S“"}"‘e
diameter - e;;l
Sheave %
outside
diameter
Vo= RyW; = R,W, Or V= 222t=2202 (7-1)
And =22 . (7-2)
W, D,
(Dz D1)
L = Pitchlength=2C + 1.57 (D, + D;) + ——— ......... (7-3)

B+ ,/B2-32 (D,— D;)2

C = Center distance = .. (7-4)  Where B =4L - 6.28 (D2 + D1)

16
0, = Angle of contact of belt on sheave 1 = 180° — 2sin?! DamDal L (7-5)
0, = Angle of contact of belt on sheave 2 = 180° — 2sin™? DDl L 7-6
g
D,— D, |?
S = Length ofspan:\]C2 — %

Note: The design value of the ratio of tight side tension to the slack side tension
= 5.0, the actual value may be range as high as 10.
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Standard Belt cross sections (Page 271

FIGURE 7-6 3/8" |__ 58" __| | : i
Industrial narrow- —
section V-belts U 516" T \ /
i 17/32" "
Inch sizes: 3v 5V
Metric sizes: 9N 15N ‘\N

‘— Number gives nominal top width in mm

Notes:

1.The basic data required for drive selection are as mentioned in page 272
section 7-4.
e The rated power of the driving motor or other prime mover
e The service factor based on the type of driver and driven load
e The center distance
e The power rating for one belt as a function of the size and speed of the smaller
sheave
e The belt length
e The size of the driving and driven sheaves
e The correction factor for belt length
e The correction factor for the angle of wrap on the smaller sheave
e The number of belts
e The initial tension on the belt

2. The nominal range of center distance should be
D, <C <3(Dy+Dy) ........ (7-8)

3. The angle of wrap on smaller sheave should be > 120°

4. Most commercially available sheaves are cast iron. This should be limited to (1981
m/min = 33 m/sec) belt speed.

5. Consider on alternative type of drive, such as a gear type or chain, if the belt speed
is less than (304.8 m /min =5 m/sec).
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6. Figure (7-9) page 274 can be used to choose the basic size for belt cross section.

FIGURE 7-9 900(;0 000
Selection chart for 2000 2000

narrow-section S 6000 Refer to factory HH
industrial V-belts 4000
(Dayco Corp.. Dayton, 3430 3000 ya

OH)

2000
1750 sy

1160 A

1000
870 = =
800 4
700 —30 = 7
500 /’
100335 4 ~

Speed of faster shaft, rpm

or

8VX

g8
N

1 /

I 2 3456789 20 30 4050|7090 200 300 400 600)

500
10 60 80 100 700

Design power, hp (input power X service factor) 800

7. The service factor can be taken from table (7-1) page 274.
TABLE 7-1 V-belt service factors

Driver type
AC motors: High torque®
AC motors: Normal torque? DC motors: Series-wound.
DC motors: Shunt-wound compound-wound
Engines: Multiple-cylinder Engines: 4-cylinder or less
Driven machine <6h 6-15h >I5h <6h 6-15h >15h
type per day per day per day per day per day per day
Agitators, blowers, fans,
centrifugal pumps.
light conveyors 1.0 1.1 1.2 11 1.2 1.3
Generators, machine tools,
mixers. gravel conveyors 1.1 1.2 1.3 1.2 1.3 14
Bucket elevators. textile
machines, hammer mills,
heavy conveyors 12 1.3 1.4 1.4 1.5 1.6
Crushers, ball mills.
hoists. rubber extruders 1.3 1.4 1.5 1.5 1.6 1.8
Any machine that can choke 2.0 20 20 2.0 20 20

Synchronous, split-phase. three-phase with starting torque or breakdown torque less than 175% of full-load torque.
"Single-phuse. three-phase with starting torgue or breakdown torque greater than 175% of full-loud torgue,

Page 4 of 9



Mechanical Eng. Dept. Machine Design | (Lecture 5) Third-All Branches

8.Figures (7-10), (7-11) and (7-12) give rated power per belt for three cross
sections.

FIGURE 7-10 12
Power rating: 3V belts e Bindanti a0
” sheave sizes
13.95 in
10 18.95 in
2495
3345 in
9
2.60
8)-
o 2.78
£
i’ 7 2
& g
s
£
-
4
& P
4 LA '//
7l
?
3| z
v ]
1
o i " | N A "
a 1 2 4 s 6 7 R 9 10 ¥l
Small sheuve pitch diameter.
FIGURE 7-11 44 7
o AL i 13.9 _
Power rating: 5V belts Ot stiiidaicid SV i 13.1 2
40 | — sheave sizes: - -~
210 in &&.;d? < —~ 15.9
27.7 in 17 _r
36 37.4 in L T Vi 1750 pm | 7
499 in < - A
10.2 - -~
32 / /V
965 ~
’ e - 1160 rpm
2 9.|5’ 11 ’,/’/ |~
= 89l / i / //
£ 84 //‘ ) 7
- N -
5_ 24 79 . /17 // - | om 7 870 rpm
E 707‘ %% | 11 _///
2 20 L1/ 1 -
= L LT | A
= -
= / 74 -
16 ~L7 ook —
AA LA
4 /‘V
veS=
12 1
L 11
L~
8
4
LA L L N 1
LA g 8 9 10 " 1213 14 15 16
Small sheave pitch diameter. in
FIGURE 7-12 N
Power rating: 8V belts ad > s
1o ! “c\'\‘“‘\ 248
& ™ 198 38
; - —
1160 rpm 1548 = = By
90 [ — . _ = ; ,/‘/ A.
e [ =" = ) ] 168 178 % I ] | ]
£ 80 [— . / ~ =S
2 S 1s8 |~ A
. 1 -7 o™ /
2 > o
§ / -1 =
Z //7 o [T Other standurd 8v
3 - g7 sheave sizes:
3 L~ N80 pm 298 in
9 398 in
528 in
[~ 690 pm 70.8 in
94.8 in
i L 1 1 1 o | 1 1
16 17 18 19 20 21 22 23 24 25

Small sheave pitch diameter, in
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9. The basic power rating for a speed ratio of 1 is given as solid curve; figure (7-13)
is a plot of the added power to basic rating as a function of speed ration for SV belt
size.

FIGURE 7-13 2.00 e
>0
Power added versus 1 90 Ar
; 80 ‘ 74
speed ratio: 5V belts I® :
1750 rpm
o 1.60 1.55
£Z
1;0 1.40 1.32 1.33
: 1.26
Z
g 1.20 109 .15 1160 rpm
z 1.02 1.00
2 10} — "l ' 'ﬂ_.l_"
- 08 (.86
o9
_3, - ‘ 077 . 870 rpm
o 0.66
2
2 60
40
20
0 A
10 1.1 1.2 13 14 15 16 17 18 19 20 338

Speed ratio

10. For ratio above 3.38 was used. Draw dashed curves in fig. (7-10) , (7-11) &
(7-12) (Make interpolation if possible).

11. Figure (7-14) page 277 give value of correction factor Cy as a function of angle of
wrap of the belt on the small sheave.

FIGURE 7-14 Angle 1.00
of wrap correction 5 9%} -
factor, Cg & o} - S T
c |
S 88fF -
g ‘
E 84| - e (T
e 80F - - |
g < — - - =
B Ml A
=]
s MNF - pow =% b =
g
< 68}
C .64 3 R
<LA' 1 ! { I - | i 1 Il ki)

80 100 120 140 160 180

Angle of wrap, degrees
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12. Figure (7-15) gives the value of correction factor Ci.

FIGURE 7-15 Belt
length correction factor,
G

C,. Length correction factor

80 A 1 1 ' 1 1 1 1
0 50 100 150 200 250 300 350 400 450
Belt length. n

13. Table (7-2) gives certain standard lengths are available.

TABLE 7-2 Standard belt lengths for 3V, 5V, and 8V belts (in)

3V only 3V and 5V 3V. 5V, and 8V 5V and 8V 8V only
25 50 100 150 375
26.5 53 106 160 400
28 56 112 170 425
30 60 118 180 450
315 63 125 190 475
335 67 132 200 500
35.5 71 140 212
37.5 75 224
40 80 236
425 85 250
45 90 265
47.5 95 280
300
165 315
335
355
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Example Problem 7-1

Solution

Objective

Given

Analysis

Results

Design a V-belt drive that has the input sheave on the shaft of an electric motor (normal
torque) rated at 50.0 hp at 1160-rpm, full-load speed. The drive is to a bucket elevator in a
potash plant that is to be used 12 hours (h) daily at approximately 675 rpm.

Design the V-belt drive.

Power transmitted = 50 hp to bucket elevator
Speed of motor = 1160 rpm: output speed = 675 rpm

Use the design data presented in this section. The solution procedure is developed within
the Results section of the problem solution.

Step 1. Compute the design power. From Table 7-1, for a normal torque electric mo-
tor running 12 h daily driving a bucket elevator. the service factor is 1.30. Then the design
power is 1.30(50.0 hp) = 65.0 hp.

Step 2. Select the belt section. From Figure 7-9. a 5V belt is recommended for 70.0
hp at 1160-rpm input speed.

Step 3. Compute the nominal speed ratio:

Ratio = 1160/675 = 1.72

Step 4. Compute the driving sheave size that would produce a belt speed of 4000
ft/min, as a guide to selecting a standard sheave:
'"Dl n
12

Belt speed = v, = ft/min

Then the required diameter to give v, = 4000 ft/min is

12v 12(4000 2 2
o 18 (4000) _ 15279 _ 15219 _ 15 0940
™, i n, 1160

Step 5. Select trial sizes for the input sheave, and compute the desired size of the out-
put sheave. Select a standard size for the output sheave, and compute the actual ratio and
output speed.

For this problem, the trials are given in Table 7-3 (diameters are in inches).

The two trials in boldface in Table 7-3 give only about 1% variation from the desired
output speed of 675 rpm, and the speed of a bucket elevator is not critical. Because no space
limitations were given, let’s choose the larger size.

Step 6. Determine the rated power from Figure 7-10, 7-11, or 7-12.

For the 5V belt that we have selected, Figure 7-11 is appropriate. For a 12.4-in sheave
at 1160 rpm, the basic rated power is 26.4 hp. Multiple belts will be required. The ratio is
relatively high, indicating that some added power rating can be used. This value can be es-
timated from Figure 7-11 or taken directly from Figure 7-13 for the 5V belt. Power added
is 1.15 hp. Then the actual rated power is 26.4 + 1.15 = 27.55 hp.

Step 7. Specify a trial center distance.
We can use Equation (7-8) to determine a nominal acceptable range for C:

D, < C < 3(D, + D)
2LT < €< H2L1 + 12%)
21L1 < C < 100.5in
In the interest of conserving space, let’s try C = 24.0 in.
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TABLE 7-3 Trial sheave sizes for Example Problem 7-1

Standard driving Approximate driven Nearest standard Actual output
sheave size, D, sheave size (1.72D,) sheave, D, speed (rpm)
13.10 225 21.1 720
124 21.3 21.1 682
11.7 20.1 21.1 643
10.8 18.6 21.1 594
10.2 17.5 15.9 744
9.65 16.6 15.9 704
9.15 15.7 15.9 668
8.9 153 14.9 693

Step 8. Compute the required belt length from Equation (7-3):

L=°C+157(D,+D)+Ml)—2
* b s aC

L= 2(240) + 157201 + 124) + FL 124 _ 504
= 2(240) + 157(21.1 + 12.4) o) = 1014

Step 9. Select a standard belt length from Table 7-2, and compute the resulting ac-
tual center distance from Equation (7-4).
In this problem, the nearest standard length is 100.0 in. Then, from Equation (7-4).

B = 4L — 628(D, + D,) = 4(100) — 6.28 (21.1 + 12.4) = 189.6
189.6 + V/(189.6)° — 32(21.1 — 12.4)°
C =
16
Step 10. Compute the angle of wrap of the belt on the small sheave from Equation (7-5):

= 23.30in

Ds -D
8, = 180" — 2sin” [ .. ‘] = 180° — 2sin”' [

21.1 — 124
2(23.30)
Step 11. Determine the correction factors from Figures 7-14 and 7-15. For 0 = 158°,
Ce = 0.94. For L = 100 1n, CL = ().96.

Step 12. Compute the corrected rated power per belt and the number of belts required
to carry the design power:

Corrected power = C,C,P = (0.94)(0.96)(27.55 hp) = 24.86 hp
Number of belts = 65.0/24.86 = 2.61 belts (Use 3 belts.)

] = |58°

Comments Summary of Design

Input: Electric motor, 50.0 hp at 1160 rpm

Service factor: 1.4

Design power: 70.0 hp

Belt: 5V cross section, 100-in length, 3 belts

Sheaves: Driver, 12.4-in pitch diameter, 3 grooves, 5V. Driven. 21.1-in pitch diame-
ter, 3 grooves, SV

Actual output speed: 682 rpm

Center distance: 23.30 in
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LECTURE SIX & SEVEN

COMBINE STRESSES, MOHR'S CIRCLE & DESIGN FOR DIFFERENT TYPE OF
LOADING

1. Maximum normal stresses: Principle stresses, [Ref.1]:

The combination of the applied normal and shear stresses that produce the
maximum normal stresses is called the max. & min. principle stresses o; & o,
are:

o, + o, Oy — Oy\>
O12= ——5 + \/(T) + 1%

The angle of inclination of planes is:

1 271,
(Z)a = — tan_l —y
2 Oy — 0y
FIGURE 4-3 ¥
General two-
dimensional stress B,
5
element .
:,v.\'
7,t_v] |
Ix + el X
[ L'.\'y
| =
0).
FIGURE 44 ¥

. . o
Principal stress element '

o)

o2
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2. Maximum shear stress, [Ref.1]:

On different orientation of stress element, the maximum shear stress will
occur. [t magnitude can be computed from:

2

0,— O
_ y 2
Tmax = (T) + Txy
ox+ 0y 1 -1 Ox— 0y
o = ; = - tan -
FIGURE 4-5 ¥
Maximum shear stress |
element
Tn\;l\ Tm;n

ag

Tllld\

T o
".ug may

Note: the angle between principle stress element and the max. shear stress
element is always 45 degree.

Example Problem 4-1, (page 141), [Ref.1]:

The shaft shown in Figure 4-7 is supported by two bearings and carries
two V-belt sheaves. The tensions in the belts exert horizontal forces on the shaft,

tending to bend it in the X-Z plane. Sheave B exerts a clockwise torque on the
shaft when viewed toward the origin of the coordinate system along the X-axis.
Sheave C exerts an equal but opposite torque on the shaft. For the loading
condition shown, determine the principal stresses and the maximum shear
stress on element K on the front surface of the shaft (on the positive Z-side) just
to the right of sheave B, Follow the general procedure for analyzing combined
stresses given in this section.
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Sol:
y
100 mm __ 100 mm 50 mm
Stress
T B element, T IC

4K

Shaft dia. = 32 mm
T =Torque = 120 N.m

() Pictonal view of shaft

’Z
2440 N 1220 N
R,=1710N R,=1960 N
100 mm 100 mm 50 mm
A B C D

(¢) Normal view of forces on shaft in v-2
plane with reactions at bearings

\
50
L 100mm 5 100mm rnmD

(b) Forces acting on shaft at 8 and C caused
by belt drives

fensile bendling
stress

Element K

Torsional shear
stress
(d) Enlarged view of element K on front of shaft

FIGURE 4-7 Shaft supported by two bearings and carrying two V-belt sheaves

FIGURE 4-8 1710N 2440N 1220N 1960 N
Sheapng force and 100 i t 100 mm 50, it
b?ndlng moment 4 B C D
diagrams for the shaft
1960 N
Shearing
force 734N
0 0
-1710N
Bending A B C D
0 0
moment
-99.4 N.m
174 N.m

- X
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FIGURE 4-9 Y Note:o, =0
Stresses on element X Ty
"xy‘
a oy = 55.4 MPa
o s > X
| 7xy =19.79 MPa
7}1 = -19.79 MPa
M P nD®  m(31.75)° _ 31463 5
T 0 0T 3y T o3y T oeemm
B 174 N.m —cc 4 MP
= 31463 mmz Y
T , nD?  m(31.75)° _ 62762 5
O T T
_ 120N.m 1979 MP
T 2762mmE ¢
_ Oxty o=oy\? o _ (554 554 2 =
oy = 22 +\/( ) 4 13, = (2)+\/(2) +(19.79)2 = 61.7 MPa
_ ooy |(@moy)? L, _ (554 _ [(554)2 2 - _
o, = 22 \/( )+ 1, = (22 \/(2)+(19.79) = — 6.3 MPa
1 27, 1 2% 19.79
= —tan 1 —2 = Ztgnl=— " =178°
% 2 tan Oy — 0y 2 an 55.4
FIGURE 4-10 4y Y
Principal stress element Twe |o, =0 oy ==Gs A kee
Ty aj
oy g, =55366.8 kPa \'C
i iy e
= 9y = 17.8°
Tyy = 19788.6 kPa
e ¥ 't =61M
; o
(a) Original stress element (b) Principal stress element
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2
_ Ox — Oy\? + 72 = w + (19788.6)2 = +34026.8 kP
T > T, . o . a

2
1 Oy — O 1 55366.8
= —tan - 22} = =t —1<——)=—27.2°
P = 7 tan < 275, ) 2 " \7 2% 197886
o+ 0, 553668

Oqvg = 5 = > = 27683.4 kPa

+y 1+_v

0, =0 0y =-6343.4 kPa

P
* o, =55366.8 kPa o)
"a+_ vl

| X 6, = 118° ‘ ;
", = 107886 kPa
Tyx o) = 61710.2 kPa v

0 = 0Oy =276834kPa on all faces
T = Tmax = 34026.8kPa on all faces

(a) Original stress element, X (b) Principal stress element (c) Maximum shear stress element

FIGURE 4-11 Relation of maximum shear stress element to the original stress element and the
principal stress element

3. Mohr's circle for different stress conditions:

Use the Mohr's circle module from M-design to complete the following cases:

Example: A hypothetical machine member 50mm diameter by 250mm long and
supported at one end as a cantilever will be used to demonstrate how numerical
tensile, compressive, and shear stresses are determined for various types of
uniaxial loading. In this example not that (o), = 0 for all arrangements, at the

critical points. Compute the following cases:

FIGURE 4-33
Circular bar in bending
and torsion
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50 mm dia.

P =15 kN

AR

l————

250 mm

—_——

-
.

7.65+ 0

N (7.65 — 0)2 +0
2 - 2

_ 2
0 Ty =0 ; Tpgx= \/("" "y) + 12, = 3.83 MPa

2

a)Axial load only
P 15000 N 7 65 MP

Oy = == ——=17. a
oA 2502

ot ooy, Ox — 0y\2 ,
nn 2% [0 4
0, =7.65MPa ; o, =
b)Bending only
Oy = +¥ For point A
Oy = ~M For point B

I

Tyy = 0 at points A & B

3.0 kN
50 mm dia l

NONNNN

T

N\

250 mm

3%103%250%10 7 3%25%x10"3%64

Ox = m(50%1073)*
o, = —61.1 MPa (For point B)

_ 0+ 0 Oy — Oy\2 )
O12= — 5 + \/(T) + 1%y
o0, =61.1MPa & o0,=0

00 =0 & 05, =-—61.1 MPa

Oy — Oy\2 61.1
Tmax = \/(%) + T;%y = T: 30.6 MPa

= 61.1 MPa (For pointA)

at point A
at point B

at point A&B

c) Torsion only

o, =10
T xr
Tyy = 7
1%103%25% 1073 %32
m(50 % 1073)*4

Txy

T,y = 40.7 MPa

AN
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2 2
__ Oxtoy Ox— Oy 2 N Ox— Oy 2
012 = —, + \/ (—2 ) + T%y & Toae= — + T%y

. 0, = 40.7 MPa (Tension) & o, = —40.7 MPa (Compression) & T,,4,, = 40.7 MPa

d) Bending and torsion
_M+C

3.0 kN

Oy = + 61.1 MPa (at A)

0, = —61.1 MPa (atB)

T *r ;
Ty = 7 = 40.7 MPa (at A& B) ; P— |
ox+ 0y Ox— 0y 2 ) Ox— 0y 2 5
0'1,2 = > + ( 2_) + Txy & Tmax — (—2 ) + Txy

&0y =81l4MPa & o0,=-203MPa & tTp4 =+50.9MPa (atpoint A)

0, =203 MPa & o0, =-81l4MPa & Tpee =—509 MPa (atpointB)

e) Bending and axial load
3.0 kN
At point A ﬁ
50 mm dia.
Oy = +—+ R . ,
x A I 3
_ - B
= 68.8 MPa (Tension) ; 250
7

2 2
__ 0xt oy Ox— 0y 2 _ Ox— 0y 2
O12=—— % \] (—2 ) + 7% & Tmax = (75 ) T Tay

0.
w0, =0,=688MPa & 0,=0 & Tmax = 7" =344 MPa (atpoint A)

At point B
P M=xc
Oy = +Z_ = —53.5 MPa (Compression)
o
v0o;=0 & 0,=-535MPa & Tp =— =—26.7MPa (atpoint B)

2
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f) Torsion and axial load

50 mm dia

P
Ox = 7= 7.65 MPa

Txr
Tyy = i = 40.7 MPa

e 250mm >

2 2
__ 0xtoy Ox— Oy 2 . 0x— 0y 2
012 = —, + \/ (—2 ) + T%y & Tmax = — + 1%y

- 0y = 44.7 MPa (tension) & o0, =—37.1 MPa (comp.) & Tpex =40.9 MPa

g) Bending, axial load and torsion

3 kN
At point A ﬁ
50 mm dia 1 kN.m
Ms<c P A e
Ox = 7 + 1 | P =15kN
=61.1+7.65 = 68.8 MPa ?B
T xr 250 mm -
Ty == 40.7 MPa 7

2 2
__ 0xt oy Ox— Oy 2 _ Ox— Oy 2
012=—— % \/ (—2 ) + 1% & Tmax = (75 ) T Tay

~ 0y = 87.7 MPa (tension) & o0, =—19 MPa (comp.) & Tyu = 53.3 MPa

At point B
M=xc P
Oy = — 7 + il 61.1 + 7.65 = —53.5 MPa
Txr
Tyy = i = 40.7 MPa
Oyt 0y

Ox— 0O 2 Ox— 0 2
2 J(_Z Vbl & Ty J(_Z ) 4 2,

~ 0y = 21.9 MPa (tension) & o0, =—75.5MPa (comp.) & Tpmer =48.7 MPa

-+
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LECTURES EIGHT, NINE & TEN

DESIGN FOR DIFFERENT TYPE OF LOADING

Reference: "Machine Elements in Mechanical Design" 4th Edition in SI units,
By: Robert L. Mott, Chapter 5.

+ = -

_GEI — AT = Gmauc GI'HiI'I

“h &
=]
o ¥
r]
=
? \/ \/ T e
¥
I;jl'l'l
‘-l— cycle —m T in l
0
Time

Loading Types

1. Static

¢ Load applied slowly

Stress, o

o _ o
*%* Omax. = Omin. = O

¢ Stressratio (R) =1

Time

Stress ratio R = 1.0

2. Reversed

-----

°.
% Om = 0
o
o + Omi n
°. max min
“ Op=—mm .
> 3

2

Omax — Imin
$ 0, = & TR

X3
N
Stress, o

Q
1
=

=

3

o

Stress ratio R = - 1.0

3. Repeated
O-
o 0a=0m = 1réax G, =0,.,/2=0,
‘:‘ Omin = 0
<+ R=0

Time

Stressrano R =0
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4. Fluctuating

Omax t Omin
2
Omax — Omin
2
¢ Stressratio(0<R<1)

o _
9 Oy =

N7 —
% O3 =

Comin {1€nsile)

5. Shock or Impact
¢ Load applied suddenly & rapidly
6. Random
¢ When load not regular in their amplitude

Where:
Omax = Maximum Stress & Omin = Minimum Stress
om = Mean (average) Stress

0a = Amplitude Stress (Alternating stress)
min. stress (Omin )

R = Stress ratio =
max. stress (Omax )

A = Stress ratio = -2

Om
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Repeated and Reversed Stress:

An important example in machine design is a rotating circular shaft loaded in
bending such as that shown in Figure (5-3). All parts of the shaft that are in
bending see repeated, reversed stress. This is a description of the classical
loading case of reversed bending. This machine is called a standard R.R. Moore
fatigue test device.

FIGURE 5-2 =

Repeated. reversed
stress
} T =10 \/ \/ \/ Time

/

T

Stress, o

Rl StressratoR=-1.0

FIGURE 5-3 Test section Rotating shaft
R. R. Moore fatigue = /
test device 2

— -_—
+

§ 0.300in
Bearings Shapstce Bearings

Load
w
Load
diagram e b a ‘
W/2 Yw/2 YW/2 wrs2

w/2
Shear
force 0

-W/2

(W/2)a
Bending
moment 5
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Endurance Strength:

Its ability to withstand fatigue loads. In general, it is the stress level that
Material can survive for given number of cycles of loading. If the number of
cycles is infinite, the stress level is called the endurance strength. Figure (5-7)
(page 173), (Ref. 1), is called the S-N diagram.

120

1% ‘""A“‘li
90

1 Heat-treated alloy steel
80 Endurance Iih

70

60 T

50 Medium-carbon steel
= n ——— Endurance limit
< _-—--"'\_ Aluminum (no endurance limit)
[=]
s —
=
7 ""~..__.

20 """-..___1,\

‘\*Qﬁ:n
Endurancsm
10
10t 2 x 10 5 x 10° 10° 2 x 10° 5x 100 10° 2 % 10° 5 x 10 10

MNumber of cycles to failure, N

Figure (5-7) Representative endurance strengths.
The approximate value for endurance strength for wrought steel:
Endurance Strength = 0.5 (Ultimate tensile strength)
Sn = 0.5 Su

OR

See figure (5-8) page 175, (Ref. 1), for various surface conditions.
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Tensile strength, s, (MPa)

600 800 1000 2
- , = : 1200 1400

=i - 600
z Polished < == =
2 a
z - 500 =
o o5
?o 60 Ground =
E | 1 1 4 — 400 )
=
@ FMachined or cold drawn z
40 .4’ ~ 300 w»
E Hot-rolled g
& 1 : 200 2
20 As-forged =

100

0 0
60 80 100 120 140 160 180 200 220

Tensile strength, s, (ksi)

Figure (5-8) Endurance strength S, versus tensile strength S, for wrought
steel for various surface conditions.

Estimated Actual Endurance Strength (S',):

1. Specify the material for the part and determine its ultimate tensile strength,
Su, considering its condition, as it will be used in service.

2. Specify the manufacturing process used to produce the part with special
attention to the condition of the surface in the most highly stressed area.

3. Use Figure 5-8 to estimate the endurance strength, Sy

4. Apply a material factor, Cm, from the following list.

Wrought steel: Cm =1.00 ; Malleable castiron: Cm = 0.80
Cast steel: Cm = 0.80 ; Gray castiron: Cm=0.70
Powdered steel: Cm =0.76 ; Ductile castiron: Cm = 0.66

5. Apply a type-of-stress factor: Cst = 1.0 for bending stress; Cst = 0.80 for axial

tension.
6. Apply a reliability factor, Cr, from Table 5-1.
7. Apply a size factor, Cs using Figure 5-9 and Table 5-2 as guides.
8. Compute the estimated actual endurance strength, §;, from

S} = Sn (Cm) (Cst) (CR) (Cs) vovnee.. (5-4) Page 174
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Figure (5-9) Size Factor

1000 rp

0.900 —F\
‘3’

N

§ 0.800 NS
8
= —~

0.700 = =

0'mo.o 10 20 30 40 50 60 70 80 90 100

Diameter (in)
l L 1 I} 1 | 1 ! 1 1 il (U
0 50 100 150 200 250
Diameter (mm)

TABLE 5-1

Approximate reliability

factors, CR

Desired reliability Cr
0.50 1.0
0.90 0.90
0.99 0.81
0.999 0.75

TABLE 5-2 Size factors

U.S. customary units

Size Range For D in inches

D =030 Ci=10

030<D=20 Cs = (D3

20<D< 100 Cy = 0.859-0.02125D
$1 units

Size Range For D in mm

D =762 Cs= 1.0

762<D =50 Cy= (DN.62)""

50 <D <250 C; = 0.859-0.000837D

Example 5-1 (Page 170), (Ref. 1): For the flat steel spring shown below,

compute the maximum stress, the minimum stress, the mean stress, the
alternating stress and the stress ratio R. The length L is 65 mm. The dimensions
of the spring cross section are t = 0.80 mm and b=6.0 mm. If E= 207 GPa.

Ymax = $.0mm
,-0\ Youn = 3.0mm

B ——
Follower -

Cam
E Bearing a
Flat speing
!
|

-E—_r .

(o) Cross section of spring
(enlarged)

3%

1 br Ball leed device
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3 3 +0 83
Deflection (Y)zi - P= 3Y3EI ; [=25 =298 () 256 mm?
3EI L 12 12
* 9 =
P _3(07:109) (0250) (¥=3) . 1 _ 44
653 106
* 9 =
p. - 3 (207+10°) (0.256) (Y=8) _ 1_36 463N

653
Bending Moment at point (A) = P*L

Mmin:Pmin*L:1.74*65:113 N.mm ; Mmax:Pmax*L:4.63*65:301 N.mm

MC
o= —
I
_ 301x0.4 _ N . o 113%0.4 _ 2
Omax = 0256 470 2 ; Omin = 0256 176 N/mm
Om =95 Imin _ (4704176)/2 = 323 MPa

2 Tinan

0q = TN = (470-176)/2 = 147 MPa

Stress ratio R = 2™ 176/470 = 0.37

Omax

Type of loading is Fluctuating.

g {1€ns1le)

0

Time

Example 5-2 (Page 181), Ref.1:

Estimate the actual endurance strength of AISI 1050 cold-drawn steel when
used in a circular shaft subjected to rotating bending only. The .shaft will be
machined to a diameter of approximately 44.45 mm.

Solution:
Sufrom Appendix 3 = 689.5 MPa ——> S,=262 MPa
From figure 5-8 (curve machine or cold drawn).

Cm —> for wrought steel = 1

Crk — (Design decision) for (Reliability = 0.99) = 0.81
Css —> reversed Bending = 1

Cs — from figure 5-9 at D= 44.45 mm, Cs= 0.83

S! = Sn (Cm) (Cst) (Cr) (Cs) = 262 (1) (1) (0.81) (0.83) = 176 MPa
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Predictions of Failure;

See section 5-8 (page 186) (For the application of some of the followings
theories, see Design Example 5-1 to 5-4 (Page 201 to Page 213)), Ref.1.

1. Maximum normal stress (uniaxial static stress on Brittle Materials):
For tensile stress Kto<oq=Su/N ... (5-9) or

For compressive stress Kt o <04d=Su/N ... (5-10)

2. Modified Mohr (Biaxial Static Stress on Brittle materials).

3.Yield strength (uniaxial static stress on Ductile materials). Equations (5-11) &
(5-12), this theory is called "Rankine".

For tensile stress: 0<04=S/N ... (5-11)

For compressive stress: 0<04d=Su/N ... (5-12)

For most wrought ductile metals, Sut= Suc

4. Maximum shear stress (Biaxial static stress on ductile material) (Mod. Cons.),
this theory is called "Tresca".
{max < (d = Ssy/N = 055y/N ......... (5'13)

5. Distortion energy (Biaxial or Triaxial stress on ductile material) (Good
Predictor). (Von-Mises theory)

o' = Von Mises stress = /02 + G2 — 0105  cvurreen (5-14)
0'<o4=Sy/N ...... (5-15) or
0'=\/0% + 3Ty .. (5-16)
6. Goodman (Fluctuating stress on ductile material) (Slightly cons.)
:—Z + ‘,’5—’: =1 . (5-19)
Or (Design equation) K;Z“ + Z—Z‘ = % ........... (5-20)

7. Gerber (Fluctuating stress on ductile material) (Good Predictor)

Ja 4 1Zmy2 _ -

5 + [Su] =1 e (5-23)
Or N s L

S,’l Su N
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8. Soderberg (Fluctuating stress on Ductile material) (Mod. Cons.)

K,
S mo (5-24)
Sh Sy
Or Keda | Om — 2
Sh Sy N
Note: There are many recommended methods for design analysis based on:
1. Material (Brittle or Ductile)
2. Nature of load (Static or Cyclic)
3. Type of stress (Uniaxial or Biaxial).
So there are 16 cases should be discussed (see figure 5-17 to end of page 197)
A A Gerber
SV X
\\ '
il % Sn
S
Goodman
Modified Goodman
'
Sn
N \
Safé ~eaipm (500dman k
zone i S
Su Sy S Su
N
Type of Tension or . .
loading Bending Compression | Torsion
Static ultimate .
Strength Static Su or Sut Suc Ssu
Yield strength Static Sy Syc Ssy
General or
Endurance strength Fluctuating Sn Sn Ssn
Endurance strength
under actual General or S/ S/ S:
s Fluctuating n n sn
condition
Mean stresses General or Oxm O—_xm Txym
Amplitude stresses Fluctuating Oxa O—xa Trya
Sn Ssn Ssu Ssy
Wrought steel 0.5 Su 0.577 Sn 0.75 Su 0.577 Sy
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Design Example 5-1 (Page 201), Ref.1:
Roof Truss

Alarge electrical transformer is to be suspended from aroof s zzp200z22024404

truss of a building. The total weight of the transformer is. Support
32 000 Ib. Design the means of support.

Transformer
e The load is static
e Two rod was assumed '
e The end of rod will be threaded 142.33 KN

e Only one rod assumed to carry the load during instillation.
e From Appendix 3, AISI 1040 cold-drawn steel assumed as a material of rod.
[ Sy =489.54 MPa]

e (Critical place of stress in the threaded part of rod.

© Cgesign = 2> & oshouldbe<oy .. (5-11)
489.54 F 142000
0q = — = 163.18 MPa ,and o, = i A= 16318 = 871 mm?

¢ Find standard diameter of thread with higher tensile stress area.
e Stress concentration (Kt) is neglected in this case (give your comments).

Design Example 5-2 (Page 202), Ref.1:

609.6 mm

304.8 mm

Ly

\
i Conveyor system
¥

- A \

4
—4

- A \
Bar 1o be designed
Pin to be designed
\ Fixture to carry

engine blocks

i

View A-A
Attachment of
carrier to bar

Load. fixture and engine block
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A part of a conveyor system for a production operation is shown in Figure 5-18.
Design the pin that connects the horizontal bar to the fixture. The empty fixture
weighs 378 N. A castiron engine block weighing 1000.8 N is hung on the fixture
to carry it from one process to another where it is then removed. It is expected
that the system will experience many thousands of cycles of loading and
unloading of the engine blocks

Weight of empty fixture = 378 N

Weight of C.I. engine block = 1000.8 N
Many thousands of Cycles of loading & unloading.

To design a pin then:
F

T=— & Fpy =378N , Fpngx = 1379N

Fmean — Fmax‘lz' Fmin :879N& Fa — Fmax; Fmin — 501 N

Fn F, Kitg T 1
'm = 94 ta= 24 s. s, N

. . KT T 1
e Note: comment for using equation -2+ = = =
Ssn SS‘LL N

e From figure if Goodman equation are used.
e Ifthere is shear so use @ 4 m =2
Sitw Ssu N

e Choose material for pin AISI 1020 cold-drawn steel. From APPENDIX 3

Sy =351.64 & Su=420.59 MPa
¢ In the absence of shear strength data use estimates:
Sen = 05778, & S5 =0.758,
Seu =0.75S, = 0.75%x420.5= 315.4 MPa
From figure (5-8), S»=144.9 MPa and find data for (Cm, Cs;, Cr and Cs)
Sen = 0.577 8], = (0.577) * [ S;; * Cp, * Cg * Cg * Cs]

=0.577*144.8*1*1*0.75*1 = 62.6 MPa

Ktlfa L Im 1
SSTl SS‘LL N
1 _ (Kt=1)* Ta

Tm _ . . ) '
(N=4) 626 t 3154 (N = 4 for mild shock) , the pin will be uniform

diameter, K= 1.
A=21.579 mm? & D = 5.24 mm (we should choose higher diameter D=12.7 mm)
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Design example 5-3, (Page 204)Ref.1: Find the safety factor (N) of the

horizontal arm in Ex.5-2 it is propose to make the bar from steel in the form of
rectangular bar. Assume pin in the middle = 12.7 mm and at end are 9.52 mm,
use material, from Appendix 3, AISI1020 hot-rolled with Sy = 206.85 MPa & S, =
379.2 MPa.

M MC 3048 mm 3048 mm t=12.7 mm
o= —=—, —

s I—i ® r D h=50.8 mm

Mpgx+ M
Mmean—w= 1339 N.m '
2 189 N or/689.4N 378 Nlor 1379 N 189 N or 689.4 N
_ Mmax— Mmin _
Ma = 2 =76.3N.m A~ Mmax=2102/N.m
/ ™S Muin 4 57.6 Non

Use Goodman line.
1 Om K: g, m M,
—= — T , O,=— & o0, = — , S = Section Modulus
N Su Sh m S a S

Sy =Sn (Cn) (Cse) (Cr) (Cs)

Cm = 1 for wrought-hot rolled steel

Cst = 1 for repeated bending stress

Cr =let =0.75 to achieve a reliability of 0.999 (table 5-1)

Cs = size factor (fig. (5-9) page 175 [curve between CS & diameter]
If it is not round then diameter = 0.808 Vht

Cs = 0.9 from figure (5-8) at D = 0.808v/50.8 * 12.7 = 20.5 mm
Sn = 137.9 MPa from figure 5-8 for hot rolled steel & Su =379 MPa

Sp = 137.9%1*1*0.75*%0.9 = 93.08 MPa
1 o,y K; g,

NT S, T S,’l
1 M [ ] N=4atK, =1
N~ ®G s<sn> S.  Sh S r A=

Because the ratio of d/h < 0.5 from Appendix (15),

S = t(i—;dﬂ = 0.46 * 10* mm* And t=12.7 mm, then h =46.99 mm
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EX.1: A bar of steel has Su: = 700 MPa, Sy= 500 MPa & S,,=200 MPa. Find
safety factor (N) against static and fatigue failures for:

a.t,, = 140 MPa b.t,, =140 MPa , 7, =70 MPa

C. Txym = 100 MPa , oy, = 80 MPa

d. oy = 60 MPa , 0, =80MPa , Tyy, =70MPa , Ty, =35MPa

Solution;
a) Ss, = 0.577 S, = 0.577%500 = 288 MPa
N=32 = 28 _ 506
Tm 140

Co= 140 MPa =0

Time
;m= 140 MPa = ;max = ;min ) ;a =0

b) 1= T+ 7, = 140+ 70 =210 MPa
N (static) = =% = 22 = 137

max 210

S! =200 MPa S! = 0.577* S, =0.577%200 = 115.4 MPa

Ssu=0.755,=0.75*700 = 525 MPa
Ta  Tm 1 70 140

1
+ = b = — N = 1.145
s s, N 1154 52 N

Amplitude stress

~ams Goodman

3 Mean stress 0
=525 .
Zm =140 su=>525 Time
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c) Use Distortion energy theory (equation 5-16):

s
o < oy = Fy & o' = .0%+31%

o' = ,/(80)2 + 3(100)2 =191 MPa

. Sy 500 { = 100 MPa
N (static) == = —=2.62
o 191
. S S
N (fatigue) = a—’,” or = G_C}
m a

Time

ol = \/a,gm +312,, = +/0+3(100)2 =173 MPa

Oy = \/a,?a +31%,, = +802+0 =80MPa

Now, from figure Sm =270 MPa & Sa=125MPa
N (fatigue) =270/173 =125/80 = 1.56

OR

1 o, og 1 173 80

- — = N = 1.55
N°S, s T NT 70 200

A

$ . } Op =0 \/ \/ \/ Time

n
-]
I
——
N
h
@)
Stress, o
Q

B~
173 Sm Su= 700
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d) From figure oy(nax) = 60+ 80 = 140 MPa
Tey(max) = 70 +35=105MPa

Orax = /1402 +3(105)2 = 229 MPa
; __Sy _ 500 _
N(fatlgue)—ar,nax = 235 = 2.18

For fatigue (as before):

o), = /602 + 3(70)2 = 135 MPa

o, = /802 + 3(35)2 = 100 MPa 0
Time
; _Sm _ Sa _ 145 _
N(fatlgue]—ar,n = or = Too = 1.45
Or
L_my %, 1 _ 135,10, N=145
N Sy sh N 700 = 200
S;,] =200
\ — '/K\\
//\Jnga_ 80 / Omax
” d
/ \ / Sa-145
\ /‘ me_ 60 100
\ /.
N S 135 Su= 700

1-Solve problems in chapter 5 (Page 219), [Q1 - Q8 - Q9 -Q11 - Q19 - Q28 - Q30 -

Q42 - Q67 - Q77].
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LECTURES ELEVEN, TWELVE &THIRTEEN

DESIGN OF SHAFTS

References:

Machine Elements in Mechanical Design by Robert L. Mott, P.E. (Chapter 12)

Note: Read section (12-1) objective of this chapter (Page 532)
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Shaft Design Procedure (Sec. 12-2, Page 532)

Determine rpm of shaft

Determine power or torque

Determine part mounted on shaft (gears, belts...)
Determine location of bearing

Determine location of (key, fillets ...)

Draw torque diagram

Determine forces on shaft

Resolve components of forces in horizontal & vertical plan

Solve the reaction on bearing

10 Produce S.F. Diagram & B.M. diagram

11.Select material and specify its condition (Suggested material is : AISI 1040,
4140, 4340, 4640, 5150, 6150, and 8650). Then determine Sy & S,;;

12.Determine appropriate design stress, considering the manner of loading
(smooth, shock...)

13. Analyze each critical point of shaft then decide which point is safer

14.Specify the final dimensions

Forces exerted on shafts (Sec. 12-3 Page 535)
1. Spur Gears:

RNk WN R

Radial force W, Wy Normal force
¢ |Pressure angle
>< |
W,
e Tangential force
Driven gear
Driving gear
™~ Radial line on
both gears
p arnl (s1) or P Tn_ (British)
ower = . or ower = rictts
60 63000
2T )
W, = o = Tangentional Force .......(12 —2)
W, = W; tan® = Radial load .......(12—=3)
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where: P = power being transmitted
n = Rotational speed
T = Torque
D = pitch diameter of gear =m N
m = Module
N = No. of teeth
@ = pressure angle

2. Helical Gears:

W, * tan®
W= ——"" .(12-4)
cosQ
W, = axial load = W, tang ... ... (12 -5)

Where ¢ = Helix angle

Helix angle
o ¥ ,
B e | — ARXIs
//.:’f;/‘
=
e
Wx
Wr
wl’
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3. Bevel Gears:

Wep = Wee
Wip = Wrg
Wep = Wye

d F .
Tm = - = 5siny

Where F = Face width

W, p, = W, tan@ cosy

/>
=
®

)

Wyp = W; tan@ siny

N

~
S,
~ N

Wip = —  (nn, = meanraduis of pinion)

- /
;1

y = Pitch cone angle for pinion = tan™! (

e e e e

P .

&
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4. Chain Sprocket:

Rotation

x

Driving
sprocket

—_—

\-0'
B Driven
~2-Ack i sprocket

\lotation
I

T,4 = Torque cxerted
on sprocket 4
by the shaft

Rotation Fe - Rotation )
E. = . T4 - s -\
€T D2 T Dyn2 ~ Tg
r I
B
Fuo F=0 For
(2L — 1~

Tg = Reaction lorque
exerted on sprocket B
by the shaft

If@d =small=0
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5.V-Belt sheaves:

\ Rotation
F, b /‘\
F| > Fz
AN T8

Net torque on A

\ Net torque on B
h=(F-FR) (DA/Z)K-J\ Tg = (F) — F3)(Dg/2)
Ll TB

Rotation

FB=F|+F2

B
Fg = Bending force
on shaft

D D 2Ty

Fl*E_FZ*Ez Ty = Fl_FZ:T (1)
. F, .
Assume a ratio of (F—) =5 (If not given) .......(2)
2

Fromeq. (1) & eq.(2) Find F; & F, thenload onshaft = F, + F,

6. Flat-Belt sheaves:

) F
Same as in V-Belt but assume (F—1
2

Stress Concentration in Shafts (sec. 12-4, Page 540):

) = 3 (if not given) then load on shaft = F; + F,

e Keyseats > K, =2 for profile keyseats
—> K, =1.6 for sled runner keyseats
e Shoulder fillets > K, =25 for sharp fillet
—> K, =15 for well —round fillet

e Retaining ring grooves ———> K; = 3 or increase diameter by 6%
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When shaft designed according to strength the following cases can be considered:

a) Shaft subjected to bending only (Axle)

Msc _ Mx%/,  32m
I d*/64 td3

b) Shaft subjected to torsion only

N =4/, 16T
Xy — = TdE 3
Ji /32 md

c) Shaft subjected to torsion & bending

Toax = % M? + T? (Max. Shear stress theory)
=2 M2+ 372 Von — Mises th
Omax = —3 t 3 (Von — Mises theory)

Omax = % (M + VM? + T? ) (max.normal stress theory)

d) Shaft subjected to torsion, bending and axial load

* *d
O_x:MC+ﬁ=321\;I+4Fc;= 3(M+Fa )
I A d md md
_ 16 Fg*d 2
Tmax = —3 (M + ) + T4 ... Max.Shear stress theory
*d .
Omax = ;;3 (M + e ) + ZTZ ...... Von — Mises theory

_ 16 [(M + Fa*d) \/(M + Fa*d) + T2 ] ..Max. Normal stress theory

O-max - TL'd

e For Hollow shaft and combined factors:

, , |
A= % (d2 - d?) = ”Z" (1-K?) ; whereK = % 727 1 ~ N |

i/ r
1) / 7 | Y

ndo

{ f | =
I = % (dg - dl,4) —_ (1 K4) II,I (‘\ ! / ‘|

ndo

J= L@~ dh="2 -k S
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Example: Design the shaft shown in the figure below, if the diameter of shaft at
points A, B, C and D is: (A=42mm, B=84mm, C=90mm and D=28mm).

B and D are bearings

(@) Pictorial view of forces on gears A and C

Shaft to be designed
[ carries gears A, C

W4 d
A
Forces on Forces on
gear A
Pitch circles gear
Input: Gear P drives gear 4 Output: Gear C drives gear Q@
Action case

Reaction case

() Forces on gear A {c) Forces on gear C

B, 4 Rp, W 4 W, 18618 N
3398N 5439 N 9340N
B8 C 254 mm B 25amm [
A4 25amm ' 318 mm f D A 258 mm t 318 mm c '
2037N 6800 N - P
R gy Wee R 8y R Dy
11209
5439

Shearing 0 — Shearing 0
force, V L_Ir' force, V
(Ib) (Ib)
-9340 -7472
1898
0 A B C D A B
Bending Bending 0 C D
moment, M moment, M
(lbsin) H63 (Ibein)
- 1381
- 2373
(@) Horizontal plane, x-direction (b) Vertical plane, y - direction
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A B C D
(= D
— —
[
Horizontal plane Vertical plane
A D A C

31209
5439
[ -l361
7472
3398 -9340
C
1896
A B C D A B |
D
| | I
| \/
-863
1381 -2373

K: For key way =1.6
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B
C
A D
- L/
Dy =42mm D, =28mm
D, =84mm
D3z =90mm
T =2373N.m Torque diagram
At point (D): assume well rounded fillet Kt) benda = 1.5
Kt) tor=1.5
At points (A&C): assume sled-runner key way Kt ) keyway= 1.6
At points (B&C): assume well rounded fillet Kt) bend = 1.5
Kt) tor = 1.5
Ox+0y Ox—0y 2 5 _ Oy Oy 2 2
- B v [
9x=0y)? 2 %)’ 2
Tmax = ( > ) t Ty = (_) tTy 0 e (2)
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At point A:
Atthispoint M=0&T=2373 N.m

0x=0& Tyy = % = (2373 * 1000 * 2)/(*(42)"3/32) = 163.2 N/mm?

61=0++/0 + (163.2)2 = 163.2 MPa

At point B:

At this point Mg =\/(be )2 + (M, )2 = /(863)2 + (2373)2=2525.5 N.m

Also, T=2373 Nm

ox = MpC _ 2525.5+1000+32 _ 43.40 MPa
I *(84)3

Txy:Tr _ 237341000416 _ 5 45 1ipe

] T mx(84)3

2
01= 2 \](432—2) +(20.4)2 = 51.5 MPa

43.2

rmasz(T)z +(20.4)2 = 29.8 MPa

At point C:

At this point  M¢ :\/(MC,C )2 + (Mg, )2 = /(1381)2 + (1896 )2 = 2348 N.m

Also, T=2373 N.m
5, = McC _ 234841000532 _ o) o ip
I *(90)3
- _TT _ 237341000416 _ o cyin
] *(90)3
32.8 32.8)2
0= 28 \](T) +(16.5)2 = 39.7 MPa

32.8

rmaX=J(7)2 +(16.5)2 = 23.3 MPa
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At point D:
At this point Mp=0
Also, T=0

There is a vertical shearing force in x-direction (horizontal plane) and y-
direction (vertical plane).

Rp=+/(5440)2 + (7473)2 = 9243 N

Ox = 0
xy = ﬂ = (4*9223;) = (4*92352 = 629 MPCI
Mo 3w 3w

01=0 ++/0 + (62.9)2 = 62.9 MPa

Tmax=+/0 + (62.9)? = 62.9 MPa

So you can see from the above results, that the worst case at point A
Tmax = 163.2 N/mm?

If we assume that K¢ = 1.6

Tdesign = Kt Tmax = 1.6¥163.2 = 261.12 MPa = Ss,/N

Ssy=522.24 MPa, if we assume (N=2) and Ssy = 0.5Sy

Sy =1044.48 MPa

From (appendix-3) use carbon and alloy steel (P. A6) AISI 4140 0QT 1000
Sy =1050 MPa

Or any material that you see advisable

So you can apply

K: 0 <04 =Su/N

Or

Kt Tmax < Td = Ssy/N
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If we apply Von-Mises theory for the previous example:

0'=\/0,% + 374,
At point A:
ox=0 Txy=163.2 MPa

0'=y/0 + 3 * (163.2)2 = 282.7 MPa

At point B:

0'=y/(43.4)%2 + 3 % (20.4)2 = 56 MPa

At point C:

0'=y/(32.8)% + 3 * (16.5)2 = 43.5 MPa

At Point D:

0'=y/0 + 3 x (62.9)2 = 108.25 MPa

Also the worst case is at point A

0 =282.7 MPa

04=Ki0=1.6%282.7 =452.32 MPa = Su;/N
Sue=1357MPa atN=3

From (appendix 3), P. A6

Say material chooses in AISI 4150 OQT 1000
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Example (12-1), p.548:

Design the shaft shown in the figures 12-1, 12-2, 12-11 and 12-12. It is to be
machined from AISI 1144 OQT 1000 steel. Gear A receives 150 KW from gear P.
Gear C delivers power to gear Q. The shaft rotates at 62.8 rad/s.

Notes:

1- Use the bending moments and shear forces diagrams as shown in the
previous example.

2- If you want to find the forces on the gears, you can do the followings:
T=P/w =150 KW*1000/62.8 rad/s = 2373 N.m

Wwu=Ta/(Da/2) = 2373*2/0.508 = 9341 N ¢

Wra= W tan ¢ = 9341 tan 20 = 3398 N —=

Wic=Tc/(Dc/2) = 2373*2/0.254 = 18680 N |,

Wre= Wic tan ¢ = 18580 tan 20 = 6800 N <—

Now, solve the previous example by using fatigue equation:

Solution:

From A4-2 ——> §,=572.28 MPa & $.=813.61 MPa

From fig. 5-8 —> $,=289.6 MPa & S, = S,, (Cy,) (Cs¢)(Cr)(Cs)

Cm=1 (material factor =1 for wrought steel)

Cse= 1 (type of stress factor =1 for bending stresses)

Cr= 0.81 (for design reliability of 0.99)

Cs = 0.75 (assumed from fig. 5-9 because the size of shaft is not available in this
stage)

Sy = 289.6 % 0.75 % 0.81 = 175.82 MPa

o' = Von Miseses stress = ’a,? + 37,

1. Point A:

Tr 16T
Oy = \/J,?m + 3t%ym = 0+31%, = V3 - = 3 e

. . S 572.3 1642372
For static loading o, = Fy =— = V3 * 73 - Dy =41.9mm
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L= (T-0/) = (16 T)/ (= D)

Time

2. Point B:

0,’m=\/0§m+ 3T3ym = /0+3(16T = % ﬂz
c;=\/0§a+ 3T3a = ﬂz+0 = /

1 _ O'{H+ KtO";
N Sy Sh

To solve the equation above for the shaft diameter (D), use this equation:

(Soderberg equation)

p=|32N [KtM] N Z Sy]

w|r

2 2
32x2 1.5%2525.5 3 [ 2373
D, = [ ] + - [ ] = 83.82 mm
T 175.8%103 4 1572103
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L= (T =(16T) / (m D)

Time

[\ /\ Oa
G =0 Time

c=My)I1=32M)/(xD?)

Stress, o

3. Point C: (you can use the same equation above with different value of stress
concentration Kt & bending moment with same torque).

Exercises

1- Solve problems (Page 571), [Q35 and Q37] and draw complete construction
for each of the above two questions.
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Q35: The double-reduction, helical gear reducer shown in Figure PI 2-35
transmits 5.0 hp. Shaft 1 is the input, rotating at 1800 rpm and receiving power
directly from an electric motor through a flexible coupling. Shaft 2 rotates at 900
rpm. Shaft 3 is the output, rotating at 300 rpm. A chain sprocket is mounted on
the output shaft as shown and delivers the power upward. The data for the gears
are given in Table below.

1.5 22—
! Output

g -
1.25 f=1 5 o 8 +—
Shaft 3

Input o
Shaft | 1™ Vi ~—Q
( — xC
P u,xa
;- ..-AL--‘
Shaft 2
A B 2 D
¥ 6 - 2 —
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Module FE No.of Face
Gear Diameter (m ' Width (F)
mm (m) N Teeth (N)
) mm mm
P 3 36 12 19
B 3 72 24 19
C 4 48 12 25
Q 4 144 36 25

Power= 5hp = 3728.5 watt.

Shaft (1) n1=1800 rpm w,; = 188.5 g
Shaft (2) nz2=900 rpm w, = 94.25 %
Shaft (3) n3=300 rpm w; = 31.4 ™

¢ = 14.5° P = 45° @, = 20°
Material AISI 4140 OQT 1200

a. Determine the magnitude of torque in shafts at all points.

__ power 37285

Shaft (1) T, = T T i 19.8 N.m
power 37285 .

Shaft (2) Ty =——="5,7z =396 N.m (Assuming n = 100%)
power 37285 .

Shaft (3) T3 =——=—="-=118.79N.m (Assumingn = 100%)

b. Compute the forces on shafts and on bearings

Shaft No.1
W - 2T,y 2%+19.8+x1000 1100 N
D, 36 -
tan® tan14.5
W, =W, = 1100 x ———— =402 N
cosQ cos45

Wy, = Witang = 1100 N.

Wey *57 —W,, *18 —W,, 25 =0 (My=0)
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1100« 18 + 402 = 25
o WE)V = 57 == 523.7 N

» Wgy = 402 — 523.7 = —121.7N

WE)H*57_th*25:0 (MF=0)

1100 = 25
oo WE)H == ? == 4‘82. 5 N

» Wpy = 1100 — 482.5 = 617.5N
Mpyy = —Wgyy + 32 = 523.7 %32 = 16.8 N.m

. 31— — 13 Fle— 31 —«— 25 —3
F:=1100N | F

—> : : ;

Wi : |

T'i':cp(_t ) . T

Wi

Shear Force Diagram

617.2N l

5:.37};1 - 'r 121.7N |-iEI.5:'i
402N

Bending Moment Diagram

15.4N.m

TorgueMagram
i i T:=1100N.m

Vertical Plane Horizantal Plane
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Shaft No.2
W - 2T, 2%39.6+1000 1650 N
“" D, 48 B
tang® tan14.5
W, =W;——=1650* —— = 603.5 N
cosQ cos45

Wy =W;tangp = 1650 N.

Mp=0 [Note: (Wrp= Wig)( Wxp= Wixs)]

W 4y * 250 + 1100 * 36 — 402 + 200 — 1650 * 24 — 603.2 « 50 = 0
£ Way =442 N

» Wpy = 402 + 603.5 — 442 = 563N

Mp=0 [Note: (W= W)]

W 4 * 250 — 1100 * 200 + 1650 + 50 = 0

~ Wy =550N

» Wpyy = 550 — 1100 = 1650 = 1100N

é“rh‘f:“pr Wac=1650N | Wig=1100N

LW, Tw clz ' Z | ‘l,WD}H
= ™ ! B | = r -1 | i
Fr=sson |, W l ol 8 .

i B C D B A D
Wav & 50 == 150 —5— 50 —  Waynjs 50 23— 150 —E— 50 —

| Wic=1650N
Shear Force Diagram
442N 402N _ .
v 550N T 100N
563N
Bending Moment Diagram

67.4N.m
62N.m 27.5N.m
27.8N.m
22.4N.m \ /\

C
55N.m
Torque Diagram
i'[2=39.6_\'.m 1’Iz=39,65.m
Vertical Plane Horizantal Plane
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Shaft No.3
. _2Ts_2:1185x1000
T Dy 144 -
W W tang 1646 tanl4.5 603.2 N
= = ¥ — = .
e Q¢ cose cos45

Wyo = Wiptane = 1646 N.
Assume Pitch dia. Of sprocket =288 mm

2T;  2+118.5+1000

=823 N
Dchain 288

Fipain =

MG=0 [NOte: (Wrc= WrQ)( ch= WxQ)]
£ 823+138— Wy «88+ W, +38+W,0+72=0

823 » 138 + 603.2 * 38 + 1650 * 72
Wy = o5 = 2901 N

o WG)V = _14'76 N

Ms=0 [Note: (W= Wi)]

1646 x50

Wy = 1646 — 935.2 = 710.8N
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Ware

War ' F chai L Weslg46N |

€ 38 < S50 0 5 5 5

Frs=1646N | ARTIT &
P g 4 i :

S X S T Q ¥

= 5 i Wempe 38 —=<— 50 50 —=

TWaa T
Wi 1
Shear Force Diagram
14768 | SO2N
k 4 j 83 S.Iﬁf I
Tm_.!:q | |T10.E?1'
Bending Moment Diagram
T
e 412N.m 355N.m
r\l 0 5 T = g X ¥
56N m
Torgue Diagram
T3=113.'F437.mi ! T:=1 lE.TaiN.ﬂli
Vertical Plane | i Horizantal Plane
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c. Material of all shafts:
AISI 4140 0QT 1200

From figure (A4-4) P.A-9 for AISI 4140 oil quenched and tempered at 1200 F -
Sy=785 Mpa and Sy;=896 Mpa.

From figure (5-8) Sn=335 Mpa.

S,n:Sn*Cm* st * Cgp * Cg

=335*1*1*0.81 (for design reliability of 0.99)*0.75(assumed because the size
of shaft not available).

=203.5 Mpa.

d. Design Factor (N)

There are many factors influence the design factor (N) discussed before so
choose a nominal value of N in our case =2 for general machine design.

e. Minimum allowable shaft diameters

The min. allowable shaft diameter is now computed at several sections along
the shaft. Table below summarizes the data necessary for computed diameter
of shaft.
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SEearmg I\I?Iendln? Axial Stress Loadin
Points | Torque(N.m) Orces oments Force | Concentration iing
Condition
Vy | Vx | My Mx (N) factor Kt
(N) | (N) | (N.m) [ (N.m)
Static torsion
E 19.8 524 | 483 0 0 1100 Fillet Kt=1.5 static axial
load
Static torsion
P 19.8 402 [ 1100 | 168 | 154 | 1100 | Keykt=1p | reversedB:M
static axial
load
F 0 122 617 | 0 | O 0 | Filletki=15 | Staticshear
load
A 0 42 550 | o | o | s50 | Filletki=1s | Staticaxial
load
Static torsion
(550) _ reversed B.M
B 39.6 402 | 1100 | 62 | 272 | ;e | Key KE=L6 static axil
load
Static torsion
Cc 39.6 603 | 1650 | 672 | 55 | 1650 | Keykt=1.6 | "CversedBM
static axial
load
b 0 563 | 1100 0 | © 0 | Filletki=ts | Staticshear
load
G 0 1476 935 | 0 | 0 | 1646 | Fillerke=1s | Statcaxal
Static torsion
Q 118.74 | 603 | 1646 | 625 | 355 | 1646 | KeyKt=1.6 | "CVersedBM
static axial
load
Static torsion
: _ reversed B.M
S 118.74 2901 | 711 41.2 0 0 Fillet Kt=1.5 ; -
static axial
load
T 118.74 823 0 0 0 0 Key Kt=1.6 Static torsion
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Now from table above you can see the complete analysis for each point on
shafts. So to take all factors and stress will make the design complicated, then
the following notes will help us for finding the shaft diameters.

Notes:

1- Neglect the stress concentration for static loading and the material is
ductile.

2- Neglect the axial load and shear loads on shaft if loading is torsion only,
bending moment only or combined bending and torsion.

3- When you neglect certain items, increase the shaft diameter then find
design factor N for checking or find new allowable stress and should be
less or equal the actual allowable stress.

Examples:
In point E (Fa*dg/8) was neglected. Then dg=7.64mm.
This value was checked o,,x = 342 Mpa < 392.5 Mpa

In point P also (F.*dg/8) was neglected. Then d,=15.9mm and increasd to
17mm, in this case check N=2.4>2.

4- Use appendix 2 page A-3 to choose the preferred basic sizes.
EXAMPLE:

In point E instead of dg=7.64mm_choose the preferred basic size =8mm or
you should choose at this point suitable bearing then from page 607, the
smaller diameter of shaft=10mm. So at last the minimum diameter de=10mm.
which_give you more safety.

1- Point E
—Sy—785—392 5 MP
Oqll — N = 2 = . a

*d 2
Omax. = 32 \/(M+Fa E) +%T2

nd3 8
M=0 and neglect (Fa*de/8) temporarily.

32 V3
#3925 =—=x—T3
ndy; 2
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32 V3
3 _ 2
di 7(392.5) 2 * (19800)

~dg=7.64mm

Now say de=8mm and check for stress.

32 [,1100%8\%> 3
Omax = —o3 ( S ) +Z(19800)2 — 342 MPa < 392.5 MPa
T

~de=8mm is O.K.

2- Point P

32 Fardp\% 3

32 [/1100+d,\ 3 )
O = +(19800)

- md} 8
Neglect (Fa*de/8)
32 3 (19800) 151.338
o = k —— % [ —
Im = ndd 4 43

32 32+1.6 371.613
o, = n—d?),/(KtM)Z =d V(16.8)% + (15.4)2 « 1000 = o

Om

aa
Sa Sy

1
N
,1_ 371613  151.338
"2 d3x203.5 d3+785

~ dj =3652.2 + 385.6
<dp=15.9mm Say dp=17mm
Then, to check N

32 1100 - (17)° + > (19800)2 = 35.9MP
g,, = — = . a
™ ox(17)3 8 4
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_ 371613

o,=———="75.6 MPa.
©oQand

o756 359 “N=24>2 - diameteris 0.K
"N_ZOB.S 785 o = 4. < dlameter 1s U. K.

3- Point F

At this point there is only vertical shearing force =\/(121. 7)% +(617.2)% =
629 N

. _4*V_4-*629*4
"Tmax._B*A_ S*R*d%

Tomax. = 0.577 % Gy = 0.577 % 392.5 = 226.5 MPa

16 * 629
dr = \/ =2.17mm

3*xm*226.5

So this value is very small and the minimum inside diameter of roller
bearings in text book =10mm

So say dr.=10mm
4- Point A

At this point there are axial load and vertical shearing force

— 2 2
Omax. = /o-x + 3Txy

F, 4+550 700

T AT a2 T &
_ 4V _16\/(449)2 + (550)2 1206
700\’ 1206\°> 1
+392.5= ||— ) +3(—5) =-57(700)2 + 3(1206)2
dA dA dA

~da=2.4mm  so say da=10mm (as before).
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5- Point B

At this point there are torsion, bending moment, vertical shearing force and axial
force.

Now neglect vertical shearing force and axial force.

.. Use the following equations. /‘\\ /H
[
o, O, \/

_ 32 (KM)2+3T2 d >0y
=32 BT, (M, =MeanB.M.= 0) T
n'd% 2 Ta=0
349500 _
O-m == d—% No. of cycles
32 (1.6 +/(62)2 + (27.2)%) » 1000 o
= —_— . * . * =
Ta nd3 d3
. 1 _ 1104000 349500
"2 2035d} = 785d}
..dg=22.7mm  say dg=25mm (APP.2) P. A-3.
Also you can check as on point (P).
6- Point C
349500
32 (1.6 +/(67.2) + (55)%) + 1000 e
o,=——=(1.6 % . * =
“ Tl'd% de

.1 _ 1416000 = 349500

ot - 3 3
2 2035d} = 785d}

.:dc=24.56mm  say dc=30mm

Also you can check as on point (P).

Finally: you can solve other diameters for D, G, Q, S and T as before.

Page 28 of 29



Mechanical Eng. Dept.

Machine Design | (Lectures 11&12&13)

Third-All Branches

Now the complete construction of the gearbox may be similar to construction

below:

y
Input
shaft 1

)

v
NZ

Vo

W

o

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘:‘/

VERE

Ball beanng
Gear @

Output

s

3 ®
§\\\
8

Ke)
el
Gear B
Outside

X diameter

Pitch N

diameter

A ot
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

End view of gear pair I-
Gears p and B

' r.

77772
%

o i s

It

g

g
€

End view of gear pair 2-

Section view of double-reduction gear type Gears Cand @

speed reducer
FIGURE 8-3 Conceptual design for a speed reducer
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LECTURES FOURTEEN & FIFTEEN

ROLLING CONTACT BEARINGS

Ball and Roller Bearings
Rolling elements

Width Outer Ring Retainer O Ball

77
( ( ) Cylindrical
roller

o o
o &
E @
% E | Tapered roller
o] ©
=4 I
2 o
5 K ( {} Barrel
roller
1 2
Inner Rolling S— :\:;Ial?r"e
nnng element

Reference: "Machine Elements in Mechanical Design" 4th Edition in SI units,
By: Robert L. Mott, Chapter 14.
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Introduction:

e See all sections on this chapter i.e.

14-1 Objectives of this chapter (Page 600)
14-2 Types of rolling contact bearings (Page 600 to 604)

e See also tables and figures on this chapter.
e See the CD for MDesign which give all types of rolling contact bearings,
fixation, and calculations.

Summary of design procedure for rolling contact bearings:

1. From analysis of forces on shaft take reaction on bearing and speed.
2. Specify equivalent load (P) as below:

P=VR ... (14-5) for radial load only (see page 613)

P=VXR+ YT ........... (14-6) for axial & radial load (see page 614)

Pa= 0.4F:s + 0.5(;2) Frg + YaTa
B (14-8) for tapered rolling bearing

Pp=Frs (See page 618)

Where:

V: Rotation parameter (V=1 if inner race rotating; V=1.2 if outer race rotating)
R: Radial load; T: Thrust load; X: Radial factor = 0.56;
Y: Thrust factor (see table 14.5)

Note: for small thrust load X=1 & Y=0 as in equation (14-5)

Pa: Equivalent radial load on bearing A

Pg: Equivalent radial load on bearing B

Fra: Applied radial load on bearing A

F:g: Applied radial load on bearing B

Ta: Thrust load on bearing A

Ya: Thrust factor for bearing A (from table 14.7 page 614)
Yg: Thrust factor for bearing B (from table 14.7 page 614)
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3. Assume recommended life from table 14-4 (page 612) and find suitable
capacity & bearing or choose the bearing then find its life.

C=P; = e (14-4) page 612

Where:
C: Dynamic load rating

You can also use the following equation for C:
load (P) & life (L) relationship

L2 _ P1 ;
- (PZ)K ........ (14-1)
C=P1/(La/106) 1/k (14-3)
Fv: Life factor......... see figure (14-12)
Fn: Speed factor ......... see figure (14-12)
K: factor (K=3 for ball bearing & K=3.33 for roller bearing)

L2 = Lq = Design life at design load (P2=Pq)
Li1=L1o= Life at load C (Li0o= 10¢ revolution at P1=C)
L2=Lq4= (hours) (rpm) (60 min/hr)

Ex: 14-1 (Page 611), Ref. 1:

A catalog lists the basic dynamic load rating for a ball bearing to be (31358 N)
for a rated life of 1 million rev. What would be the expected Lo life of the bearing
if it were subjected to a load of 15568 N)?

Sol:

P1=C=31358N; P;=Pq=15568N; Li=L10=10°rev.; K=3

Find: L2=design life at design load P:

L2=La= L1 (P1/P2)X=10¢(31356/15568)3 = 8.17*10¢ rev.
L,=8.17*106 rev. at P4= 15568 N

Ex: 14-2 (Page 611), Ref. 1:

Compute the required basic dynamic load rating, C for a ball bearing to carry a
radial load of (2891.2 N) from a shaft rotating at 600 rpm that is part of an
assembly conveyor in a manufacturing plant.

Sol:

C=?; Pq=2891.2N; n=600rpm; Application: conveyor

From eq.(14-3) C=Pq(L4/106) /K K=3

~3~
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La= {30000 hr (from table 14-4, page 612)}* 600 rpm * (60 min/hr)
Lq¢= 1.08 *10° rev.

C=2891.2 (1.08*10°/109)1/3 = 29668 N
Or, you can solve this example as follows:
From figure 14-12 page 612:
Fn=0.381 at 600 rpm (62.82 rad/sec)
Fi.=3.9 at 30000 hr life
C= P4 (FL/Fn) ..... Equation (14-4)
C=2891 (3.9/0.381) =29596 N

Ex: 14-3 (Page 614), Ref.1:

Select a single-row, deep-groove ball bearing to carry (2891 N) of pure radial
load from a shaft that rotates at 600 rpm. The design life is to be 30 000 h. The
bearing is to be mounted on a shaft with a minimum acceptable diameter of
40 mm.

Sol:

R=2891 N; N=62.82rad/sec=600rpm; life=30000hr; d=40mm
Select a single-row deep groove ball bearing

V=1 for inner race rotating

Use table 14-3 page 607 to page 609 at d=40 mm; choose:

A-series 6200 ——> (=22.46 KN at d=40 mm type 6208

B-series 6300 ——> (C=31.36 KN at d=40 mm type 6308

But from Ex: 14-2 (page 611) choose type 6308, C=31.36 KN

Which is greater than 29.7 KN?

Ex: 14-4 (Page 615), Ref.1:

Select a single-row, deep-groove ball bearing from Table 14-3 to carry a radial
load of (8220 N) and a thrust load of (3002 N). The shaft is to rotate at 1150
rpm, and a design life of 20 000 h is desired. The minimum acceptable diameter
for the shaft is 78.74 mm.

Sol:

R=8228N; T=3002N; N=120.4rad/sec; L4¢=20000hr; d=78.74 mm
Select a single-row deep groove ball bearing?

P=VXR + YT ......... (14-6)
Assume Y=1.5; V=1 (inner race rotates); X=0.56

~4~
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P= (1*0.56%8228) + (1.5*3002) = 9113 N
Fn=03&F.,=3.41 —> C=P*F. /Fn=9113 *3.41/0.3 =103.64 KN=23300 Ib
From table 14-3 ———> choose 6222 or 6318, so take 6318 with d= 90 mm,
So at this bearing the following information are:

Bearing No. d D B Co C
6318 90 mm | 190 mm | 43 mm | 100.1 KN | 109.8 KN

Now we should check the suitable Y and we will make the new calculation:

T/Co=3002/100100 = 0.03 & from table 14-5 (Page 614) ——> Y=1.97
P=VXR + YT = (1*0.56*8228) + (1.97*3002) = 10523 N
& C=10523 (3.41/0.3) = 119651 N = 119.6 KN = 29700 Ib

(from table 14-3), 119.6 KN(29700 Ib) < 133.44 KN (30000 Ib)

This bearing is satisfactory.

Bearing No. d D B Co C
6320 100 mm | 215mm | 47 mm | 132.6 KN | 133.4 KN

Ex: 14-5 (Page 619), Ref.1:

The shaft shown in Figure 14-15 carries a transverse load of (30246 N) and a
thrust load of (11120 N). The thrust is resisted by bearing A. The shaft rotates at
350 rpm and is to be used in a piece of agricultural equipment. Specify suitable
tapered roller bearings for the shaft.

Sol:
The thrust resisted by bearing A f:cf: :I:;ad
N=36.64 rad/sec ”‘2 M
Apphcatfon: | “ﬁ |
Agricultural Equipment 11120 N , .

: : th kA B ' -—B4
Select suitable tapered rolling e | 1 i
bearing contact for shaft? ,,,,% I ! -

L]
e 152.4 mmM ——————fe——101.6 mm —e]

254 mm

Fra = 30246 * (101.6/254) = 1209
Fip = 20246 * (152.4/254) = 18147 N
Ta=11120 N
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Assume Yo =Yp=1.75
Now use equation 14-8 —> Pa=0.4F:a + 0.5 :—A Frg + YaTa
B

PA=0.4(12098) + 0.5(1.75/1.75) (18147) + 1.75 (11120) = 33373 N
Pp=F3=18147 N
From table 14-4 ——> choose Lq=4000h * (350 rpm) * 60 min/h
La = 8.4 *107 rev.

From eq. 14-3 ———> Ca=Pa (La/106) 1/K=33373 (8.4*107/106)1/3-33

Ca=126323 N=28400 Ib

& Cp = Pp(La/100)1/K=18147 (8.4*107/106)1/333 = 68499 N=15400 Ib

From table 14-7 (page 619) —— choose the following bearings:
Bearing A ——> d=63.5mm; D=127 mm; Ya= 1.65; C= 130326 N
Bearing B —> d=44.45 mm ; D=106.6 mm; Yg=1.5;C=95187 N

Now we should check our calculation as follows:

Pa= 0.4(12098) + 0.5(1.65/1.5) (18147) + 1.65 (11120) = 33168 N
& Pg = F;p = 18147 N
Ca=125433N & Cp=68499N

They are still satisfactory for the selected bearings.

Note: if Pa < Fra then let Pa = Fra and compute Pg
Pe=0.4Fp=0.5 (YB/YA) (FrA) - (YB TA) .......... 14-10 (Page 620)

Note: follow the same procedure for Angular contact ball bearing.
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7-3: Life predication under varying loads, (Page 625):

1
Yi (Fi)P Ni}_P

Mean effective load (Fu) = { N

Where: Fi = individual load among a series of i loads
Ni = No. of revolutions at which Fi operates
N = total No. of revolutions in complete cycle
P =3 for ball bearings; P=10/3 for roller bearings
Ni = No. of minutes of operation at Fi
N = the sum of no. of minutes in the total cycle = N1 + N2 + ........ + Ni

Expected life in millions of revolutions is:
L=(C/Fm)? . 14-12

Ex: 14-6 (Page 626), Ref.1:

A single-row, deep-groove ball bearing number 6308 is subjected to the
following set of loads for the given times

Condition Fi Time
1 2891 N | 30 min.
2 3336 N | 10 min.
3 1112 N | 20 min.

This cycle of 60 min is repeated continuously throughout the life of the bearing.
The shaft carried by the bearing rotates at 600 rpm (62.82 rad/sec). Estimate
the total life of the bearing.

Sol:
P {Zi (F;'I)P Ni}_;

1/3
= 2655 N

a {30 (2891)3+10 (3336)3+20 (1112)3}
a 30+10+20

L =(C/Fn)?={(31358 (tab. 14-3 for No. 6308)) / 2655} 3 = 1647 million rev.

L=(1647*10%/1) * (min / 600 rev.) * (h / 60 min.) = 4574 hours
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LECTURE SIXTEEN & SEVENTEEN

MOTION CONTROL "CLUTCHES AND BRAKES"

Reference: "Machine Elements in Mechanical Design" 4t Edition in SI units,
By: Robert L. Mott, Chapter 22.

Introduction

e A brake is a device used to bring a moving system to rest, to slow its speed or
to control its speed to a certain value under varying condition.

e A clutch is a device used to connect or disconnect a driven component from
the prime mover of the system.

e See section 22-2 (Page 833) and figure 22-1:
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5 =~ Clutch
2\

&—0 Output shaft
g P

f

Motor

(@) Clutch: Transmits rotary motion to a parallel
shaft only when coil is energized, by using
sheaves, sprockets, gears, or timing pulleys.

Brake

Motor

(¢) Brake: Stops (brakes) load when coil is energized.
Panel shows clutch imparting rotary motion to
the output (load) shaft while brake is de-energized.
Conversely, de-energizing clutch coil and energizing
brake coil causes load to stop.

Motor

Motor

coupling
Motor
(&) Clutch coupling: Transmits rotary motion to

an in-line shaft only when coil is energized.
Split shaft applications.

To load

(d) Fail-safe brake: Stops load by
de-energization of coil;
power off —brake on.

reducer

(e) Three types of mountings for clutch-brake modules: Clutch brake
combines functions of clutch and brake in a complete preassembled
package with input and output shafts. C-flange clutch brake performs
same function but for use between NEMA “C" flange motor and speed
reducer. Motor clutch brake is a preassembled module for mounting to a
NEMA “C" flange motor and presenting an output shaft for connection

to load.

Third Class-All Branches

FIGURE 22-1 Typical applications of clutches and brakes (Electroid Company. Springfield, NJ)

e Types of friction clutches & brakes (section 22-2, page 835):
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FIGURE 22-2 Types Friction material

of friction clutches and
brakes [(b), Tol-O- Input Output Drum
Matic, Hamel, MN] )
— Actuator
/ presses plates
Drive Driven IOt B
plate plate

\ Actuation
(a) Plate-type clutch force
(for brake, “output™ member
is stationary) (d) Band brake
Actuation
force
l 5
Brake
shoe
+

Drum

(b) Caliper disc brake (e) Short shoe brake

Friction
material
Actuation
force
[ Shoe Shoe
| — B
B — Actuation Drum
/ L ]
2
(¢) Coneclutch or brake (/) Long shoe brake

e Friction material and coefficient of friction (table 22-2, page 850):
TABLE 22-2 Coefficients of friction

Dynamic friction

coefficient Pressure range

Friction

material Dry In oil (psi) (kPa)
Molded compounds 0.25-0.45 0.06-0.10 150-300 1035-2070
Woven materials 0.25-0.45 0.08-0.10 50-100 345-690
Sintered metal 0.15-0.45 (.05-0.08 150-300 1035-2070
Cork 0.30-0.50 0.15-0.25 8-15 55-100
Wood 0.20-0.45 0.12-0.16 50-90 345-620
Cast iron 0.15-0.25 0.03-0.06 100-250 690-1725
Paper-based 0.10-0.15
Graphite/resin 0.10-0.14
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Plate-type clutch or brake (section 22-11, Page 851)

T;=f*N#Rp wereoin (22-8) (page 851) v

Tr: Friction torque
f: Coefficient of friction
N : Axial force which pressed plates together

Notes:
1. For multiple disc clutch or brake let (n) be the number of pairs of contact
surfaces:
Tf =nx* f * N * Rm

3 . . D' d .« . h ft
2.If there are (n14) No. of discs on driving shafts and RO

(nza) No. of discs on driven shaft then No. of pairs of
contacts surface are:
n, =nyg+ nyg—1
Discs on driven shaft

3. Areasonable for the ratio (Ro/R;) is from (1.2 - 2.5).
4. The required torque capacity is usually expressed as:

Where:
C : Conversion factor for units
Pr: Power
K : Service factor base application
K =1 for average condition; 1.5 for moderate duty; 3 for heavy duty
C=1ifP:in wattand n: in rad/sec and T: in N.m

5.]Judge the suitability of wear rating (WR)

Pr=Tf+w.... (22 -10)
WR = 0.046 W/mm? for frequent application (conservation rating)

=0.116 W/mm? for average service
= 0.46 W/mm? for infrequently use

Page 4 of 16



Mechanical Eng. Dept. Machine Design | (Lecture 16&17)  Third Class-All Branches

Example Problem 22-6:
Compute the dimensions of an annular plate-type brake to produce a braking

torque of 33.9 N.m. Springs will provide a normal force of 1423.4 N between the
friction surfaces. The coefficient of friction is 0.25. The brake will be used in

average industrial service, stopping a load from 78.5 rad/sec.
Solution:

1- Compute the required mean radius from equation (22-8).

T, 33.9N.m

R =N = (0.25) » (1423.4W)

=95.25mm

2- Specify a desired ratio of Ro/R;i and solve for the dimensions. A reasonable
value for the ratio is approximately 1.50. The range can be from 1.2 to about 2.5,
at the designer's choice. Using 1.50, R, = 1.50R; and

_R,+R; 15R;+R;

R,, 2 2 = 1.25R;
Then,

R,, 95.25mm
R; =76.2 mm

~1.25  1.25
R, = 1.5R; = 1.5(76.2) = 114.3 mm

3- Compute the area of the friction surface:
A=n(R,* - R?) = n((114.3)% — (76.2)%) = 0.02278 m>

4- Compute the frictional power absorbed:

rad
Pr=Tfrxw= (339N.m) (78.5—) =2661W
sec

5- Compute the wear ratio:

wRr =" 2661 W

A 22.7%103 mm?2 =0.116 W/mmz

6- Judge the suitability of WR. If WR is too high, return to Step 2 and increase the
ratio. If WR is too low, decrease the ratio. In this example, WR is acceptable.
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Cone clutch or Brake (section 22-13), Page 854

Tf:Ff*Rm:f*N*Rm i N l

...... (22-8) \ B
In addition to tangential friction o S e B
force, there is a friction force R, SESEIIIEEE

_______
______

F——===

along surface of cone = F/ = fN

antal mohon

[7¢]
=2
=]
L3
7
: l:
\ [\l
- LLRARAN LN
"
2
I
|
|
|
|
|

J \ End view
Fa =Nsina+ Ff, cosa /\Z__Mdle member of
cone clutch or brake
Fa =N (Sin a+ fCOS a) <+—— Female member (partial)
Fqo
N=— (22 —-12)
sina+ fcosa
s R xF
T, = J R+ Fo e (22 = 13)

I~ sina+fcosa

Example Problem 22-7:
Compute the axial force required for a cone brake if it is to exert a braking

torque of 67.8 N.m. The mean radius of the cone is 127mm Use f = 0.25. Try
cone angles of 10°, 12°,and 15°.

Solution: We can solve Equation (22-13) for the axial force Fa:

B T¢(sina+ f cosa) _ (67.8 N.m)(sin a + 0.25 cos )
a~ f*R, B (0.25)(0.127)m

F,=2135(sina+0.25cosa)N

Then the values of (F.) as a function of the cone angle are as follows:
For a =10°

F.=898.5N

Foroa=12°
F.=965.2 N

For a = 15°
F.=1067.5N
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Short shoe drum brakes (section 22-14), Page 855:

>Ma=0 W, w_, s
m— il o7, I [ i RH_L
O0=Wx*L—-Nx+a+F;+b Shoe with b L\—E b
friction pad Fy I
Free-body
¥ diagram: lever N
But note that: Fp= f*N Drum
F LDdJ Free-body
Or: N = L then diagram: drum
: f )

Rpv

Ffa a
0=WL-—L—+Fb=WL-F, (?)—b

f
Solving for W gives:
r(7-)
W= T e (22 —15)

Solving for Frgives:

WL
F; = e (22— 16)

- (7o)

Dd W*L*Dd
Ty=Fps—t=mr—2 L ...(22-17)

e

Note 1 : for alternate position of pivot, see part (b) & (c) on fig. (22-17) Page 856
Note 2 : see example 22-8 (Page 857)
Note 3 : if the angle of contact is greater than 45°, in such case Tf=Ff * Dq/2
Where f' : Equivalent coefficient of friction
__4f siné
~ 20+sin26

; where 20 : angle of contact
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Mechanical Eng. Dept. Machine Design | (Lecture 16&17)  Third Class-All Branches

Example Problem 22-8:
Compute the actuation force required for the short shoe drum brake of the

figure above to produce a friction torque of 67.8 N.m. Use a drum diameter of
254 mm, a = 76.2 mm, and L =381 mm. Consider values of ( ) of 0.25, 0.50, and
0.75, and different points of location of pivot A such that b ranges from 0 to
152.4 mm.

Solution:

The required friction force can be found from Equation (22-17):

2T; (2)(67.8 N.m)

F, =
I~ b, 0.254m

=534 N

In Equation (22-15), we can substitute for a, L, and Fy.

a 76.2 mm
W_Ff(f—b>_5341v*(—f —b>_1402N <76_2mm b)N
- 381 mm - fman (——

We can substitute the varying values of fand b into this last equation to compute
the data for the curves of Figure 22-18, showing the actuating force versus the
distance b for different values of ( /), Note that for some combinations, the value
of W is negative. This means that the brake is self-actuating and that an upward
force on the lever would be required to release the brake.

FIGURE 22-18 100
Results: actuating load 90 - 5 |
force vs. distance b '
80 |- |
70 8 .
o 025 |
= 60t -
=
U S0 = |
2 .
& g ‘ l
T | '
=
3
9
<

Daistance, b, in
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Mechanical Eng. Dept. Machine Design | (Lecture 16&17)

Third Class-All Branches

Example:
f=0.25, Pnax = 496.6 KPa

Tr=84.75 N.m, w= 12.564 rad/sec

Design shoe drum brake?

_ _4fsin@  4x0.255in60

" 20+sin20  120* z/180+sin120
f=0.293
Tr=F*r

Fr=84750/101.6 =834.2 N
Fr=f*N

N=834.2/0.293 =2847 N

Brake
friction pad
(width = w)

Point of
maximum pressure

Actualing
force
w

W*L+F*r=N*C ———> W=(2847%203.2 -834.2*101.6) / 381 =1296 N

A =(2rsin @) *w

Pmax=N/A = 2847 / (2*¥101.6*w*sin60) ———> w = 32.6 mm

Note: you can use equations from 22-18 to 22-24 for solving the example

(page 858).
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Mechanical Eng. Dept. Machine Design | (Lecture 16&17)  Third Class-All Branches

Band brakes (section 22-15), (Page 860):

FIGURE 22-20 Friction Drum rotation
Band brake design material
P3, Min band
tension
Point of max i
Pressure, Pray 1
P,. Max band -
tension y
I~ L
(a) Simple band brake (b) Differential band brake
P] RV Pz W PZ Rly P| w
p Freebody o
Ry — 1 diagrams H -
T
P jSE— | L
Ty=(Py—P3)*r ... (22 — 25),page 860
P
L=eff (22 - 26)
Py
Py =P, *Tr*w ..........(22 — 27)
P; xa .
W= T e e e e e e e e (22 —-28) for fig. (a)
PZ *ad — P1 *x e .
W= L v (22 —28) for fig. (b)

Example Problem (22-10):

Design a band brake to exert a braking torque of 81.36 N.m, while slowing the

drum from120 rpm (12.564 rad/sec).

Solution

1- Select a material and specify a design value for the maximum pressure. A
woven friction material is desirable to facilitate the conformance to the

cylindrical drum shape. Let's use pmax = 172.4*103 N/m?2 and a design value of
f=0.25. See Section 22-10.

2- Specify trial geometry: r, 6, w: For this problem, let's try r = 0.152 m, 6 =2259
and w=0.051 m. Note that 225°= 3.93 rad.

3- Compute the maximum band tension. P4, from equation (22-27)

Py =P, . *r+*w= (172« 103 N/m2)(0.152 m)(0.051 m) = 1333 N

Page 10 of 16
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4- Compute tension P2 from Equation (22-26):

_ P, 1333N

P, = eff  (0.25%3.93)

=498 N

5- Compute the friction torque, Ty:
T;=(Py—P3)*r= (1333 N —498 N)(152.4mm) = 127 N.m

Note: Repeat Steps 2-5 until you achieve a satisfactory geometry and friction
torque. Let's try a smaller design, say, r =0.127 m:

P, =(172.4%103N/m?)(0.127 m)(0.051 m) = 1110 N

1110N

P; = 2(025+393) 417N

~
~.
I

(1110 N — 417 N)(0.127 m) = 88 N.m (Okay)

6- Specify the geometry of the lever, and compute the required actuation force.
Let'susea=0.127 m and L = 0.381 m. Then:

P, xa 0.127m
=7 =(417N)* ——=139N

w 0.381m

7- Compute the average wear ratio from WR= P;/A:

225
360

P;=Tf+w=(88N.m)(12.564 rad/sec) = 1110 W

A =2nrw (i> =2m*(0.127 m) = (0.051 m) (

— 2
360 )—0.025m

P; 1110w w
= = =44.4—;

WR = .
A 0.025m? m?2

This should be conservative for average service.
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Tedata

: MDESIGN
13354

Customer :
Proj. Nr

User
Date

Program
Version

185 1252013

Plate-Type Clutch or Brake

Plate-Type Clutch or Brake

Wear ratio

Braking torgue T = 33.9 M.m
Normal force N = 1423.424 1
f = 0.25
n = 750 Ipm
ratio Ro/Ri rv = 1.5
Results
Fequired mzan radius Rm = 95 251 mn
Inside radius Ri = B0 i
Qutside radius Ro = 12-4..30 T
Area of th e Y = 22756.182  mm?
Fricticnal power abac P = 2.663 kW

hp/in*®
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Mechanical Eng. Dept. Machine Design | (Lecture 16&17)  Third Class-All Branches

Tedata

Program : MDESIGIN User : Customer :
Version : 1.1.Z2 Date : 19.12.2013 Proj. Nr

Cone Clutch or Brake

Cone Clutch or Brake

T = 5.F5 N.m
Bm = 127 mn
friction e 0825
o= 10 @
Results
Axial force reguired for a cone brake Fa = 74.703 N
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Tedata

Program : MDESIGN User : Customer:
Version : 1.1.2 Date ¥ 19 12,2013 Proj. Nr

Short Shoe Drum Brakes

Short Shoe Drum Brakes

Friction torque T= 5.6 N.m
Drum diametsr D=, 254 1
imension a= 76.2 I
b= 114.3 ity
L 381 T
_oefficient of friction = 25

F = 44 .482 N
w = 22,241 N
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Mechanical Eng. Dept.

Machine Design | (Lecture 16&17)

Third Class-All Branches

Tedata

MDESIGN
1. 0.2

Program
Version

User
Date = 19,12 2

Customer :
Proj. Nr

Long Shoe Drum Brake

Long Shoe Drum Brake

I'pm

r= 101.6 10
C = 203.2 mm
81 m

Frictional power

Required actuation force

pmax

Mn

ME

1
=

=t

T

=
o

= 36.662 mm
= 38.100 mm

= 498 1I/mm*
= 579.419 N.n
= 34.750 N.n

= N

= kW

= T 2

= 513 hp/inZ
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Tedata

Program : MDESIGN User : Customer :
Version = 1.1.Z2 Date 2 19:12,2013 Proj. Nr

Band Brakes

Band Brakes

e

Braking torqus
'_I-.I-;— ationa _L J_ 1

I PIESSUrE pmax = (0.172369 N/ mm?
ficient of friction £ = 0.25

,._...
=

Il
3 =00
] -
H

-

Trial gecmetry

,_.
Il
=
dpl
%)
[N

T

ot

Ty

Band distance a = 1
381 n

Length L=

o
I

3 on P2 = 455
riction torque TE = 1

Pl = 1334
3 C
:‘.‘
.equired actuation force W = 166.

14
I

N.m

Do

[aul e 5

Friction arsa iy = n®
Frictiocn power Pf = kW
Averages wear ratic R = hp/in®
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Mechanical Eng. Dept. Design I (Lectures 18&19) Springs
Introduction:

e A spring is a flexible element used to exert a force or torque and at the
same time to store energy.
¢ Objective of this chapter (see section 19-1, page 732)

Kinds of springs (section 19-2, page 732):

See table (19-1) and Figure (19-2)

TABLE 19-1 Types of springs

Uses Types of springs

Push Helical compression spring
Belleville spring
Torsion spring: force acting at the end of the torque arm
Flat spring, such as a cantilever or leaf spring

Pull Helical extension spring
Torsion spring: force acting at the end of the torque arm
Flat spring, such as a cantilever or leaf spring
Drawbar spring (special case of the compression spring)

Constant-force spring
f
} } }

Constant pitch Conical Barrel Hourglass Variable pitch
(a) Variations of helical compression springs

gk~ O

(b) Helical extension spring (c) Drawbar spring (d) Helical torsion spring

Radial Garter spring. elastomeric band, spring clamp
Torque Torsion spring, power spring
FIGURE 19-2

Several types of springs

~Y~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

St

-l H
ﬂ\ D In—
= — h
+

Yk

H=h+t
(e) Belleville spring (f) Garter spring

o}

(g} Constant force spring

o)

( h) Constant force spring motor

Helical compression springs (section 19-3, page 735):

In the most common form of helical compression spring, round wire is
wrapped into a cylindrical form with a constant pitch between adjacent coils.
This basic form is completed by a variety of end treatments as shown in fig. 19-3
(b, ¢, and d), page 734.

FIGURE 19-3

Appearunce of helical
COMPpression springs
showing end treatmenty

(a@) Plain ends {b) Squared and ground ends
coiled right-hand coiled left-hand
{¢) Squared or closed ends (d) Plain ends ground
not ground, coiled right-hand coiled left-hand

~v~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs
Note:

Figure 19-3 (b) is using for medium to large-size springs. Figure 19-3 (c) is
using for springs with smaller wire. Figure 19-3 (d) is using for springs with
unusual cases.

Diameters:
FIGURE 19-5
OD: outer diameter = Dy, + Dw Notation for diameters
ID: inside diameter = Dim - Dw
Where:
Dm: mean diameter of coil

Dw: wire diameter

Tables (19-2), page 736 shows
Standard wire diameters

~i~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

TABLE 19-2 Wire gages and diameters for springs

U.S. Steel Brown & Preferred
Gage Wire Gage Music Wire Sharpe Gage Metric Diameters
no. (in)* Gage (in)° (in)* (mm)?
710 0.4900 13.0
6/0 0.4615 0.004 0.5800 12.0
5/0 0.4305 0.005 0.5165 11.0
4/0 0.3938 0.006 0.4600 10.0
3/0 0.3625 0.007 0.4096 9.0
2/0 0.3310 0.008 0.3648 8.5
0 0.3065 0.009 0.3249 8.0
1 0.2830 0.010 0.2893 7.0
2 0.2625 0.011 0.2576 6.5
3 0.2437 0.012 0.2294 6.0
4 0.2253 0.013 0.2043 5.5
5 0.2070 0.014 0.1819 5.0
6 0.1920 0.016 0.1620 4.8
7 0.1770 0.018 0.1443 4.5
8 0.1620 0.020 0.1285 4.0
9 0.1483 0.022 0.1144 38
10 0.1350 0.024 0.1019 3.5
11 0.1205 0.026 0.0907 3.0
12 0.1055 0.029 0.0808 2.8
13 0.0915 0.03] 0.0720 2.5
14 0.0800 0.033 0.0641 2.0
15 0.0720 0.035 0.0571 1.8
16 0.0625 0.037 0.0508 1.6
17 0.0540 0.039 0.0453 1.4
18 0.0475 0.041 0.0403 1.2
19 0.0410 0.043 0.0359 1.0
20 0.0348 0.045 0.0320 0.90
21 0.0317 0.047 0.0285 0.80

~
o ]

r
t

0.0286 0.049 0.0253 0.70

~a~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs
TABLE 19-2  (continued)
U.S. Steel Brown & Preferred
Gage Wire Gage Music Wire Sharpe Gage metric diameters

no. (i) Gage (in)" (in) (mm)"

23 0.0258 0.051 0.0226 0.65

24 0.0230 0.055 0.0201 0.60 or 0.55
25 0.0204 0.059 0.0179 0.50 or 0.55
26 0.0181 0.063 0.0159 0.45

27 0.0173 0.067 0.0142 0.45

28 0.0162 0.071 0.0126 0.40

29 0.0150 0.075 0.0113 0.40

30 0.0140 0.080 0.0100 0.35

31 0.0132 0.085 0.00893 0.35

32 0.0128 0.090 0.00795 0.30 or 0.35
33 0.0118 0.095 0.00708 0.30

34 0.0104 0.100 0.00630 0.28

35 0.0095 0.106 0.00501 0.25

36 0.0090 0.112 0.00500 022

37 0.0085 0.118 0.00445 0.22

38 0.0080 0.124 0.00396 0.20

39 0.0075 0.130 0.00353 0.20

40 0.0070 0.138 0.00314 0.18

Stresses on wire diameter of spring:

Clzg .........
_Te

(2= o

=0+

~1~

Direct shear stress
diagram

Torsional shear
stress diagram

Resultant torsional
and shear stress
diagram



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs
Lengths:

FIGURE 19-6 Fi

Notation for lengths
. ¥ ~aC l:0
and forces Operating Fs

deflection
g% ‘ f=Lf-Lo
i £ Y
Pl b Insalled f
| ' length,

71 Operating ¢ Solid
i1 length,

a~
/>—,
- I‘
'nl_
_F

length,

_L 5 Lo L,
T== | t

,=tan! (P/nDp) i

Cotl clearance
(space between
adjacent coils)

FIGURE 19-3
Appeuwrance of helical
COmMpression springs
showing end treatments

(@) Plain ends (b) Squared and ground ends
coiled right-hand coiled left-hand
{c) Squared or closed ends (d) Plain ends ground
not ground, coiled right-hand coiled left-hand

For above fig. (a) ——> N.=N ; LF=PNa+ Dw
Fig.(b) ———> Na=N-2 ; Lr=PNa+ 2Dw
Fig.(c) ———> Na=N-2 ; Lr=PN.+ 3Dy
Fig.(d) ———> Na=N-1 ; Lr=P (Na+1)

~V~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

Notes:
e Forces: see figure 19-6, page 737
e Spring rate: The relationship between force and its deflection (K)

_AF _Fo-F; _ Fy Fi
T AL Li-Lp Lp-L; LF-Li

K

e Spring index: C :ﬁ—m

w

e Number of coils: N

e Number of active coil: N.

e Pitch (P): Axial distance from one coil to adjacent coil.

e Pitch angle: A=tan! (%)

e Materials used for springs: see page 740 and table (19-3), page 741.
e Types ofloading and allowable stresses:

¢ Light service: for static load or up to 1000 cycles
¢ Average service: for moderate load or up to 10° cycles
¢ Severe service: for impact load or over 10° cycles

NAN



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

TABLE 19-3 Spring materials

ASTM Relative Temperature
Material type no. cost limits, “F
A. High-carbon sieels
Hard-drawn A227 1.0 (0-250
General-purpose steel with 0.60%-0.70% carbon: low cost
Music wire A228 26 (-250

High-quality steel with 0.80%~0.95% carbon: very high strength; excellent surface finish; hard-drawn; good fatigue
performance; used mostly in smaller sizes up to 0.125 in

Oil-tempered A229 1.3 (-350
General-purpose steel with 0.60%-0.70% carbon; used mostly in larger sizes above 0.125 in: not good for shock or impact

B. Allov steels

Chromium-vanadium A23] 3.1 0425
Good strength, fatigue resistance, impact strength, high-temperature performance: valve-spring quality
Chromium-silicon A401 4.0 0475

Very high strength and good fatigue and shock resistance

C. Stainless steels

Type 302 A313(302) 7.6 <0-550
Very good corrosion resistance and high-temperature performance; nearly nonmagnetic: cold-drawn: types 304 and 316 also
fall under this ASTM class and have improved workability but lower strength

Type 17-7 PH A313(621) 11.0 0-600
Good high-temperature performance

D. Copper alloys: All have good corrosion resistance and electrical conductivity.

Spring brass Bl34 High 0-150
Phosphor bronze B159 8.0 <(-212
Beryllium copper B197 27.0 0-300

E. Nickel-base alloys: All are corrosion-resistant, have good high- and low-temperature properties, and are nonmagnetic or nearly
nonmagnetic (trade names of the International Nickel Company).

Mone|™ —100425
K-Mone|™ — 10050
Inconel™ Up to 700
Incone]-X™ 44.0 Up 1o 850

Source: Associated Spring, Barnes Group, Inc. Engineering Guide 1o Spring Design. Bristol, CT, 1987 Carlson, Harold. Spring Designer's
Handbook. New York: Marcel Dekker, 1978. Oberg. E.. et al. Machinery's Handbook. 26th ed. New York: Industrial Press, 2000

~q~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

FIGURE 19-8 Wire diameter, mm
Design shear stresses bt bl Bl P b B R 3 e e e S Al e B
¥ N7 Stoe e e R
to‘rASTMA_-’/.\u.Ll 160 SAREEREARERAREEN 1100
wire, hard-drawn 150 [ Compression and extension springs 1035
(Reprinted from Harold 140 -\ | ASTM A 227 Class Il | 95
N+ . :
arls ‘i | FLight service
Cdrl.son.k?pnng 30 et 1 ige 5%
Designer's Handbook, '3 N N | z
< 120 . A . 825 &
p. 144, by courtesy of s NG N verage ’“f'“ =
b4 . I v .
Marcel Dekker, Inc.) 2 1o ‘\ i N Li 4 Severe service | 160 &
- N NN ~ 1) i 600 £
s 7]
90 \‘ I B ] 620
B e '7'~0-
80 550
70 - 485
0 § 8 8@ 8 F 3.2 2 & 8 B.8
(=} (=] o= o -— il ~1 ~ oy ~ T T g
(=] (=] (= o (=7 (=] =] (=1 = < < =] (=
Wire diameter, in
FIGURE 19-9 Wire diumeter, mm
Design shear stresses o e A s ol - M R A B
= = — - 1 - ~ o™ ]
for ASTM A228 steel 220 e 1515
wire (music wire) Compression and extension sprmg\!
TORSIC Wl 200 Music Wire. ASTM A 228 § 1380
(Reprinted from Harold \ } E } % % l
Carlson, Spring 180 —F Light service : 1240
. . 4 4 1 4 -
% , ~ " Q.
Designer's Handbook. G 160 S S / o S
p. 143, by courtesy of ,: ~ - ANeripe perse ;
o A, L ™ z
Marcel Dekker, Inc.) = g T [ fSevere setvice g
» =t dlbes .~ e 1 =5 —}- —4 "
120 11 =T S s
T
100 == F 3 5 e o
sobd 1 111 ! _l - ‘I L S50
": EEEES 2P REZEC R G
Wire diameter, i
FIGURE 19-10 Wire diameter. mm
Design shear stresses P B e W B B i e B B B
for ASTM A229 steel o B R e R 8 6o B8 S see i
wire, oil-tempered 160 i Cgr_?acxsmn and exiension springs 1100
; ASTM A 229 Class 1] T |
(Reprinted fr‘om Harold 140 NC “CFLight service 965
Carlson, Spring - N4 " Average service 435 &
Designer's Handbook. Z S| | SEvers Arvice S
p. 146, by courtesy of é 100 Ll 690 é
Marcel Dekker, Inc.) o = =
K0 -
550
60 415
(= k=3 = (= [=} <
g8 F BE 2888 %8 F RS
= TR >R = SR — (S~ - e — A - S T e SR

Wire diameter, in
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Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

FIGURE 19-11 Wire diameter, mm
Design shear stresses e g
o o ‘
for ASTM A231 steel soEEHdN e BB SRR ER 3
wire, chromium- L T T 1380
3 . \ Compression and extension springs
vanadium a.lloy. valve- (80 ASTM A 23}
spring quality ¥ ! ! [ 1240
(Reprinted from Harold 160 &\\ Light service 1100
Carlson, Spring z L 'vamlgelsem.“. g
Designer's Handbook, ¢ | B ] S P T L SN %5
p. 147, by courtesy of & o K Y - gt £
Marcel Dekker, Inc.) < P~ 82
100 b ! 690
—
80 1
= < 550
"EE2 E I EAEEERERG
S = o < = (=] < c = (=] =] (=]
Wire diameter. in
FIGURE 19-12 Wire diameter, mm
Design shear stresses S BinEras a5 & =
(o] x< - (o] )
for ASTM A40] steel SR g ek g Ol M- A gia i~ - il e
WIre, cl.lromlum-smcon | Compression and extension springs hm
alloy, oil-tempered 180 L] asTMA40] | | ] ]| 1240
(Reprinted from Harold = I _Ll L Brvice 5
Carlson, Spring Z 160 i ,T ! TLI ! oo S
Designer's Handbook, g 140 3 Average service 065 4
p. 148, by courtesy of @ -3
Marcel Dekker. Inc.) 120 - Severe service 825
100 l e 690
0 § 8 § &8 8 8 8 8 8 8 8 8
< - - = i i L ~ - - g
(=] (o] o ] o o = = (= (= S (=]
Wire diameter, in
FIGURE 19-13 Wire diameter, mm
Design shear stresses - s R b (R R e e, S e g
—_ ~ el ~ el =] = acy i
fOFAS-TM A313 160 T T T s = 100
corrosion-resistant Compression and extension springs
- e : ASTM A 313
S(alnlt?sb steel wire 140 ERENE 965
(Reprinted from Harold N\, 4 rln AW
- S P
Carlson, Spring 120 N N s i 425 -
Designer’s Handbook, z AN Y | ;
7 \ =N ~ ; #
p- 150, by courtesy of Z 100 N ~ C/4vetage Semice 690 £
Marcel Dekker, Inc.) z \k‘ b X4 \! | 2
~ - ~LL | |- Severe service
80 - — — 550
P— f T
60 = = =t
NN
c c o o (=] o =3 = =) S (=) S &
Wire diameter. in

Stainless steel wire type 302
For type 304 muluply by 0.95
For type 316 multply by 0.85

Figures (19-8, 19-9, 19-10, 19-11, 19-12, and 19-13) are used for different

materials.

~\\~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs
Stresses and deflection for helical springs (section 19-4, page 744):

As a compression spring is compressed under an axial load the wire is
twisted Therefore the stress developed 1is Torsional shear stress

{Zl =7 } combined with direct shear stress ((2 )then (C=C1+C2).

I

32 2
= (%) (14 2) = Copt) (1 4+ 30)
¢ = (5R)0 = (557) o (19-4)
4C-1 0.615

Where: C = spring index ; K= Wabhl factor = st o

Note:

1. Wahl factor is the term that account for the curvature of the wire and
stress concentration.

2. See fig. (19-14), page 744 to find Wahl factor.

3. Recommended Cis 12>C >5

\ 3 ]
\ 1
A i
13 ; il L
: adeet et T
k \ i : 5 1 A 5 1
g 1.2 0 8
3 B .
p—" \ N—
E =N BER TR
) T
1.0
. 0 s 55 (8 |
3 A S % TR 90 1E I 9% 16 1T 18 19720

Spring index. C=D,,/ D,,

~\Y~
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Deflection:
T=L . D
0= & f= Deflection = 6 % —
Gx]J 2
D
PTGl ML)
TGy 2 G+mtDE,

32

f= (8F D> *Na) _ (8F +C3+Na)
- G*DW4 B G+D,,

Where:
0: Angle of twist in radians.

T: Applied torque = F * DT’”
L: Length of wire = mDn * N,

G: Modulus of elasticity in shear (see table 19-4, page 745)

Dy,

J: polar moment of inertia for wire = —

TABLE 194 Spring wire modulus of elasticity in shear (G) and tension (E)

Springs

Shear modulus., G

Tension modulus, £

Material
and ASTM no. (psi) (GPa) (psi) (GPa)
Hard-drawn steel: A227 11.5 % 10° 79.3 28.6 % 10° 197
Music wire: A228 11.85 = 10" 81.7 29.0 % 10° 200
Oil-tempered: A229 11.2 X 10° T2 28.5 x 10° 196
Chromium-vanadium: A231 11.2 X 1° 77.2 28.5 % 10° 196
Chromium-silicon: A401 .2 %1 77.2 29.5 % 10° 203
Stainless steels: A313
Types 302, 304, 316 10.0 = 10" 6Y.0 28.0 =% 10" 193
Type 17-7 PH 10.5 = 10" 72.4 205 < 10° 203
Spring brass: B134 50 x 10" 345 15.0 % 10° 103
Phosphor bronze: B159 6.0 » 10° 41.4 15.0 < 10° 103
Beryllium copper: B197 16 %10° 48.3 17.0 % 10° 117
Monel and K-Monel 95 > 10° 65.5 26.0 % 10" 179
Inconel and Inconel-X 10.5 x 10° 724 31.0 % 10 214

Note: Data are average values. Slight variations with wire size and treatment may oceur.

~\Y¥~



Mechanical Eng. Dept.
Buckling:

Design I (Lectures 18&19) Springs

Figure (19-15) shows buckling criteria (page 746). First compute DL—f then find

fo
Ly

FIGURE 19-15
Spring buckling
criteria. If the actual
ratio of f /L is greater
than the critical ratio,
the spring will buckle
at operating deflection.

I/

n/free length

2

0.75
0.70
0.65

g

0.55
0.50

e
P
wn

0.40

2 after that check the buckling from figure (19-15).

\ \ A Curve A: Fixed ends (e_g., squared and ground ends
on guided, flat, parallel surfaces)
\,rB Curve B: One fixed end; one pinned end (e.g., one
\‘/C \ end on flat surface, one in contact with a
spherical ball)

Curve C: Both ends pinned (e.g., ends in contact with
surfaces which are pinned to the structure

\\ R and permitted to rotate)
\ Ty
N
~ —
9

2 3 4 5 6 7 8 10

Ratio: free length/mean diameter, L/D,,

Analysis of spring characteristics and design:

See example problem (19-1) to example (19-3).

Note:

e The following formula can be used for OD at the solid length condition:

12

2_p2
ODs = \/D,%1 + 2220 Dy (19-3)

e An initial diametric clearance of one- tenth of the wire diameter is
recommended for springs having a diameter of 12 mm or greater.

e Coil clearance Cc= (Lo - Ls)/Na

e Check that (Lo-Ls) > 0.15(Lr - Ls)



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

Example Problem 19-1, (Page 796): A spring is known to be made from music

wire, ASTM A228 steel, but no other data are known. You are able to measure
the following features using simple measurement tools:

Free length = Ly=44.45 mm

Outside diameter = OD = 14.25 mm

Wire diameter = Dy= 1.4 mm

The ends are squared and ground.

The total number of coils (N) = 10.0.

Load=62.27 N at =300000 cycles.

Sol:
1. From table 19-2 the wire is 17-gage music wire,
Dm=0D - Dw=14.25-14=12.85 mm;
ID = Dim- Dw=12.85-1.4= 11.45 mm
C=Dn/Dw=12.85/14=9.2;
4C-1  0.615

K=2"4+222-1158
4C—-4 Cc

2.F=Fo=62.27N

8KFC 8 (1.158) (62.27)(9.2
&= (557) = T PEE - 8651 MPa
D w (1.4)
(8F *C3*Na) _ 8(6227)(92%) (8)
3= ow s17-100m1a - 2/-2Mm=fo

Na=N-2=10-2 =8 (for squared & ground) ; G= 81.7 GPa from table (19-4)

4.Lo=Lr-fo=4445-27.2=17.25mm; Ls = Du,*N = 1.4*10 = 14 mm;
K = AF/AL = Fo/(Ls - Lo) = Fo/fo = 62.27/27.2 = 2.29 N/mm

5. Fs= K (Lr - Ls) = 2.29(44.45-14) = 69.79 N ;
{=2"2%=970 MPa

6. From flg. 19-9 for ASTM A228 steel for average service
Ca=930.8 MPa at Dw = 14 mm > {, = 865.7 MPa satisfactory

7. (s> Cqso use light service 4= 1034 MPa at Dw = 1.4 mm (in this case {4 > (s
satisfactory)

8. L—F =49.5/12.85 = 3.46, so from fig. 19-15 use curve A (No Buckling)

0. Dhole> oD +— 14.4 mm

~\o~
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Design I (Lectures 18&19)

Springs

Tedata

Version

1

Program : MDESIGH

User : Customer :
Date PO ¥ T i Proj. Nr

Helical Compression Springs

ty of spring

Example: 19-1 (Page 746)

Helical Compression Springs

Im =

44.45 m
1F.25 mm

12.85 mm

Squared and ground

00 6 N _;' 2

N
N

o o E

Forc
e art =

e at solid length
0lid length

If installed in hole,

to operating force TO

LE/Dm

mum hols dizmster

= 72.116N

= 10546.510K/mm®

14.35%mm

~\~

12/22/2013 11:58:54 Page

11




Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

Tedata

Program : MDESTIGN User : Customer:

Version @ L1.1.C Date : 22.12.2013 Proj. Nr

Helical Compression Springs

Example: 19-2 (Page 749)
Input data:

Helical Compression Springs

L1 = 44.45 T
8 D nm
m= 8.71 mm
i

uared and ground

= Chromium-vanadium: A231

icity of spring G = 77221.312 B/ mm =

Fo = N

N

Load type Light s
Initial i =

N/ mm 2

> to operating force T0 = 2y

active coils Na =

Lf/Dm =
50 =

If installed in hole, minimum hole diameter 10.03Tmm

12/22/2013 12:26:49 Page 1/1

~\V~



Mechanical Eng. Dept. Design I (Lectures 18&19) Springs

Tedata

Program : MDESIGN User : Customer :
Version = 1.1.7 Date 2 P22, 2003 Proj. Nr

Helical Compression Springs

Example: 19-2 (Page 749)

Helical Compression Springs

44,45 mm
31.75 mm
e f B mm

= Chromium-vanadium: AZ31
G = 77221.312 N/mm 2
Fo = 53.38 I\
Fi = 35.¢ N
ight service
iid. = 992.9 N /=

_
b
Il

|
I
I

dn STr

cwalkle =

=1
|

lla =
Lz =
s =

oL = 9.916mm
side diameter Ir = 7.503mm
Buckling ratio LE/Dm = B.023

Coil clearance cc = J.120mm

If installed in hole, winimum hole diameter 10,037 m

12/22/2013 12:26:49 Page 1/1



Design I (Lectures 18&19)

Mechanical Eng. Dept.

Springs

Tedata

MDESIGN
B

Program
Version

Customer:
Proj. Nr

User
Date

22322053

Helical Compression Springs

Spring Geor
Installed le 1
Cperating length

I diameter

Example: 19-3 (Page 754)

Helical Compression Springs

piuiis
Tim
Inm

MNunber cof active

Sclid length

Cutsidse diamster
Inside diameter
Buckling ratic

Coil clearance

If installed in hole,

minimum

k = 1.40008/nm

| —
28K
m
i

IY'.‘Y —

to operating force T = 2.1586e+006nm
Na = 12,371
Ls = 22.815mm

Lf/Im = a
o = 0.7Z2Znpm
hole diameter 16.986mm

12/22/2013 12:29:31 Page

”m
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Mechanical Eng. Dept. Design I (Lecture20&21) Fasteners

Introduction:

A fastener: is any device used to connect or join two or more components.
Literature hundreds of fastener types and variation are available. The most
common are threaded fastener referred to by many names, among them bolts,
screws, nut, and studs ....etc. see figures below.

A bolt: is a threaded fastener designed to pass through holes in the mating
members and to be second by tightening a nut from the end opposite threaded
of the bolt, see figure (18-1- a).

A screw: is a threaded fastener designed to be inserted through a hole in
one member and to be joined and in to a threaded hole in the mating member,
see figure (18-1- b).

FIGURE 18-1

Comparison of a bolt

with a screw 7

(R. P. Hoelscher et al.. /%
Graphics for = \\\N
Engineers, New York: J

John Wiley & Sons,
1968)

FIGURE 18-2 Bolt
styles. See also the hex
head bolt in Figure
18-1. (R. P Hoelscher
et al., Graphics for
Engineers. New York:
John Wiley & Sons,
1968)

ta) Camage
bolt

{6} Elevator
bolt

FIGURE 18-3 Cap
screws or machine
screws. See also the hex
head cap screw in
Figure 18-1. (R. P.
Hoelscher et al.,
Graphics for Engineers,
New York: John Wiley
& Sons. 1968)

FIGURE 184
Sheet-metal and lag
screws (R. P. Hoelscher
et al., Graphics for
Engineers. New York:
John Wiley & Sons.
1968)

() Elhiptical
head

|

(1) Countersunk
bolt

¢} Countersunk

~2~

(a) Hex head bolt

() Plow

bolt

head

(b) Hex head cap screw

nnany
LR ‘.l:hUJU’

annnan

{d) Phullips
head




Mechanical Eng. Dept.

Design I (Lecture20&21)

Fasteners

Bolt Materials and Strength (Section 18-2, Page 714)

Table 18-1 SAE grades of steels for fasteners

Tensile Yield Proof
Grade Bolt size Strength Strength Strength Mead
ne- (in) (mm) (Ksi) | (GPa) | (Ksi) | (GPa) | (Ksi) | (GPa) mariing
1 | --1- | 63381 | 60 | 041 | 36 | 025 | 33 | 023 | None
2 -2 63-191 | 74 | 051 | 57 | 039 | 55 | 0.38 | None
>2-1-|>191-39.1| 60 | 041 | 36 | 025 | 33 | 0.23
4 | =-1- | 63381 | 115 | 0.79 | 100 | 0.69 | 65 | 0.45 | None
5 -1 6.3-254 | 120 | 083 | 92 | 0.63 | 85 | 0.59
>1-1-| >254-381 | 105 | 0.72 | 81 | 0.56 | 74 | 051
7 | -1 | 63381 | 133 | 092 | 115 | 0.79 | 105 | 0.72
8 | -12 | 63-381 | 150 | 1.03 | 130 | 0.5 | 120 | 0.83
Notes:

1. In machine design, most fasteners are made from steel because of its high

formability.

strength, high stiffness, good ductility, and good machinability and

2. Aluminum, Brass, Copper, bronze, Nickel and its alloys, plastic and

stainless steel are also used for fasteners.

3. Proof strength is similar to elastic limit = (0.9 — 0.95)S,,




Mechanical Eng. Dept. Design I (Lecture20&21) Fasteners

Thread designations and stress area (Section 18.3, Page 717)

See table (18-4) for American standard thread dimensions. Below is table (18-5)

for metric thread dimensions for coarse and fine thread (Page 718).

TABLE 184 American Standard thread dimensions

A. Numbered sizes

Coarse threads: UNC Fine threads: UNF
Basic major Tensile Tensile
diameter Threads stress area Threads stress area
Size (in) per in (in°) per in {in’)
0 0.0600 30 0.001 80
1 0.0730 64 0.00263 72 0.002 78
2 0.0860 56 0.00370 64 0.003 94
3 0.0990 48 0.00487 56 0.005 23
4 0.1120 40 0.00604 48 0.006 61
5 0.1250 40 0.00796 44 0.008 30
6 0.1380 32 0.00909 40 0.010 15
8 0.1640 32 0.0140 36 0.014 74
10 0.1900 24 0.0175 32 0.0200
12 0.2160 24 0.0242 28 0.0258
B. Fractional sizes
1/4 0.2500 20 0.0318 28 0.0364
5/16 0.3125 18 0.0524 24 0.0580
3/8 0.3750 16 0.0775 24 0.0878
7/16 0.4375 14 0.1063 20 0.1187
172 0.5000 13 0.1419 20 0.1599
9/16 0.5625 12 0.182 18 0.203
5/8 0.6250 11 0.226 18 0.256
3/4 0.7500 10 0.334 16 0.373
7/8 0.8750 9 0.462 14 0.509
1 1.000 8 0.606 12 0.663
14 1.125 7 0.763 12 0.856
13 1.250 7 0.969 12 1.073
I 1.375 6 1.155 12 1.315
13 1.500 f 1.405 12 1.581
i 1.750 5 1.90
2 2.000 4: 2.50

American standard designation

10-24 UNC ; 1/2-13 UNC 10-32 UNF ; 1/2-20 UNF
10 - size ; 24 — No.of thread per inch

10 - size ; 32 — No.of thread per inch

UNC: Coarse thread ; UNF: Fine thread



Mechanical Eng. Dept. Design I (Lecture20&21) Fasteners

TABLE 18-5 Metric thread dimensions

Coarse threads Fine threads
Basic major Tensile Tensile
diameter Pitch stress area Pitch stress area
(mm) (mm) (mm°) (mm) (mm?)
1 0.25 0.460
1.6 0.35 1.27 0.20 1.57
2 04 2.07 0.25 245
2.5 0.45 3.39 0.35 3.70
3 0.5 5.03 0.35 5.61
4 0.7 8.78 0.5 9.79
5 0.8 14.2 0.5 16.1
6 | 20.1 0.75 220
8 1.25 36.6 1 39.2
10 1.5 58.0 1.25 61.2
12 1.75 84.3 1.25 92.1
16 2 157 1.5 167
20 25 245 1.5 272
24 3 353 2 384
30 35 561 2 621
36 4 817 3 865
42 4.5 1121
48 5 1473
Matric designation
M3*0.5 M3*0.35
M- Metric 3 — basic major diameter 0.50r 0.35 — Pitchinmm

Clamping Load (Section 18.4, Page 719)

Where:
p= F % P : Clamping load on one bolt
n F : Overall clamping load on bolts

o,=Kl[o] = ... (2) n : No. of bolts

p o, : Allowable stress
Ai=— e 3) [0] : Proof strength

%a A, : Required tensile stress area
T=K *xD*xP  ...... (4) T: Required tightening torque

D : Nominal outside diameter of threads



Mechanical Eng. Dept. Design I (Lecture20&21) Fasteners

K = 0.75 { The clamping load is often taken to be 0.75 times the proof load.
Where: the proof load is = [6] * tensile stress area (A;)} . Also this factor called

demand factor in MDesign.

K1 = Constant depends on lubricant present
= 0.15 Lubricant at all is present

= (0.2 If thread well cleaned and dried.

Example (18-1) Page 719

A set of three bolts is to be used to provide a clamping force of (12000 Ib)
53370 N between two components of a machine. The load is shared equally
among the three bolts. Specify suitable bolts, including the grade of the material,
if each is to be stressed to 75% of its proof strength. Then compute the required
tightening torque.

Solution:

Choose SAE grade from table (18-1) say grade no.5
[6] = 85000 Psi = 590 MPa

P = clamping load =£ = 53270 =17.79 KN

o, =K [o] =0.75% 586 = 439.6 MPa

L P _wr9erN
t= 5.~ 4396 Mpa 0T

From table (18-5) choose M10*1.5 (At = 58 mm?2)
T=K*D*P =015%x10% 1073 % 17.79 * 103 = 26.7 N.m
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Externallv Applied force on a bolted joint (Section 18.5, Page 722

The above previous example (18-1) is for bolts under static conditions,
now if there is an external load on the bolts (Fe) as shown below, when the
cover of pressure vessels is fixed by bolts.

(‘7 | Cyl‘“der cover Bolt
Hole ‘_\\P're%stllre—> \ Lé‘f‘J

| Fe =P *inside area \
\ of cylinder Cylinder

N\ I I\ -

Fe

Deﬁection
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Where:
b
F,b=P+ ——F, ...... 18 -8
b K,+ K. ° ( ) Fe : externally applied load
K P : initial clamping load
F.=P— —c E, (18 =9) Fy: Final force on bolt
Kb + Kc . .
Fc: Final force on clamping member
For more than two clamping members: g, . Stiffness of bolt = —
b
i — i + i + i + K. : Stiffness of clamping member = 5£
A A A .

Fo : Load to open the connection.

Example (18-2) Page 722

Assume that the joint described in Example Problem 18-1 was subjected
to an additional external load of 3000 Ib (13.344 KN) after the initial clamping
load of 4000 Ib (17.792 KN) was applied. Also assume that the stiffness of the
clamped members is three times that of the bolt. Compute the force in the bolt,
the force in the clamped members, and the final stress in the bolt after the
external load is applied.
Solution: K.=3K,

Ky

Ky 1
F,=P+ ——  F. =P+ —F, =P+ —F, =17.792 +
b Ky, + K, °© 4K, © 4 €

4
= 21.128 KN

3 3
F.=P— Fe =P~ 7 Fe =17.79 — 7 (13.34) = 7.784 KN

Ky + Ko ¢ 4
Fc>0 - thejointisstill - tight
Now for M10*1.5 ; A¢=58 mm?

P P 21128
A= = 0u= - = “gg— = 3643 MPa
now [o] = proof stress = 590 MPa
o, 3643 o
Demand factor = H = o0 " 61.7% < 75% {the select bolt is still safe}



Mechanical Eng. Dept. Design I (Lecture20&21) Fasteners

Example (18-3) Page 723

Solve Example Problem 18-2 again, but assume that the joint has a flexible
elastomeric gasket separating the clamping members and that the stiffness of
the bolt is then 10 times that of the joint.

Solution: K, =10K,

F P+—Kb F P+10F 1779+1O 13.34 = 29.922 KN
b Ky, + K. °© 11 °© 11
F.=P K F.=P 1F 17.79 1 13.34 = 16.578 KN
=F— =0 =F— — =17.79 — —*x 13.34 = 16.
¢ K, + K. ¢ 11 °© 11

29.922 KN * 1000
o= =517.1 MPa

58 mm?2
517.1

Demand factor=ﬁ =87.6% > 75%

{The selected bolt is dangerous close to proof strength and yield strength}.
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Mechanical Eng. Dept. Machine Design | (Lecture 22) Pressure Cylinders

Introduction:

Internally pressurized cylinders have a variety of uses in mechanical
equipment. They may be classified variously as below:

1. According to Dimensions:
a) Thin {< < 0.1}
b Thick {= > 0.1}

2. According to end construction:

a) Open end
b) Closed end

3. According to material:

a) Brittle material
b)Ductile material

4. According to service:

a) Pressure
b) Temperature
c) Environment

Thin walled cylinder P i
: : 4%%%;TT [ R,
oy, = Circumferntial stress ER N\ /[ / RN
&?\f‘:{* N '&\2*\
o;, = Longitudinal stress é’? B —
% Pressure ——!i‘j
P = Internal Pressure \jc ; 45

d = Internal diameter

t = Wall thickness
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Circumferential tensile stress

Pxd*xL=op*2*txL {%zi} ........ (1)

Longitudinal tensile stress

d? t P
P*“T=GL*1Tdm*t {F:_} ........ (2)

Projecied ,
-
area <

\

Tw Tw

Thick cylinders

When the wall thickness of cylinder is large relative to its diameter the
following equations may be used:

Note: The detail of deriving the equations when the consideration of a cross
section of a cylinder perpendicular to its axis will not take in our analysis.

1. Lame's equations:
a) For Brittle material

e Based on Normal stress theory.
e Used for open and closed ends.
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b) For Ductile material

e Based on maximum shear stress theory.
e Used for open and closed ends.

2. Birnie's equation

t=3 6] -(1+v)P

d \/[a]+(1+v)P
2

e Based on maximum strain theory
e For open end cylinder
e Used for Ductile material

3. Clavarino's equation

t =

d 6] + (1 — 2v)P
2 [6] — (1 +v)P

e Based on maximum strain theory
e For closed end cylinder

e Used for Ductile material

Where: v = Poisson's ratio

v =(0.28—-0.3) forsteel

v =0.26 for Cast Iron
v =0.36 for Bronze
v = 0.33 for Alminum
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Cylinder heads thickness

C+P
[o]

h=d = Cover thickness

Where:

C =0.162 for bolted cover and if it's integral with cylinder
= 0.2 for riveted joints
= (0.25-0.3) for welded joint

[6] = Permissible stress

Example

A hydraulic control for a straight line motion, as shown in Fig. below,
utilizes a spherical pressure tank ‘A’ connected to a working cylinder B. The
pump maintains a pressure of 3 N/mm?2 in the tank.

1. If the diameter of pressure tank is 800 mm, determine its thickness for 100%
efficiency of the joint. Assume the allowable tensile stress as 50 MPa.

2. Determine the diameter of a cast iron cylinder and its thickness to produce an
operating force F = 25 kN. Assume (i) an allowance of 10 per cent of operating
force F for friction in the cylinder and packing, and (ii) a pressure drop of
0.2 N/mm2 between the tank and cylinder. Take safe stress for cast iron as
30 MPa.

3. Determine the power output of the cylinder, if the stroke of the piston is
450 mm and the time required for the working stroke is 5 seconds.

4. Find the power of the motor, if the working cycle repeats after every 30
seconds and the efficiency of the hydraulic control are 80 percent and that of
pump 60 percent.

F=25KN

Motor | Pressure tank @

f = | —h
1 d1 = 800 mm :
= T ) e Ta— e B e t1=7? d:=7?

| | t=?
|
| B

Pump X

Pressure = 3 N/mm?

Working cylinder _/
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Solution:

e To find t1: check the sphere thin or thick {t—l = i}

dq 40

Now use equation (2) because on sphere there is longitudinal tensile stress

-2 -0015 < 01 = cylinder is thin
d, 4%50
- 1.5%800 ’
1= 7100 oMW
e To find t; & d2: check the sphere thin or thick {t—z = i}
dz 20
2 _ B70D _ 0467 < 01 - cylinderis thi
4" 2:30 % 1 .~ cylinder is thin
2
F ot =P *Area -~ (25000 1.1) = 2.8 % % - d, =112mm
e To find the power:
Power = ok _ (25000411)4045 _ o 4orc 1700y
time 55
¢ To find the power of motor = 02:*7058 = 5156.25 Watt



, University of Technology

Mechanical Engineering Department

swerest f Nuce 3¢ wpeent by

Machine Design I

Third Class for All Branches

LECTURES TWENTY THREE & TWENTY FOUR
MACHINE FRAMES, BOLTED CONNECTIONS AND WELDED JOINTS

Figure (20) shows an example of an eccentrically loaded bolted joint. The
motor on the extended bracket places the bolts in shear because its weight acts
directly downward. But there also exists a moment equal to (P*a) that must be
resisted. The moment tends to rotate the bracket and thus to shear the bolts.
The basic approach to the analysis and design of eccentrically loaded joints is to
determine the forces that act on each bolt because of all the applied loads. Then,
by a process of superposition, the loads are combined vectorially to determine
which bolt carries the greatest load. That bolt is then sized. The method will be
illustrated in Example Problem 20-1.

The American Institute of Steel Construction (AISC) lists allowable stresses for
bolts made from ASTM grade steels, as shown in Table 20-1. These data are for
bolts used in standard-sized holes, (1.5875 mm) larger than the bolt.

In the design of bolted joints, you should ensure that there are no threads in the
plane where shear occurs. The body of the bolt will then have a diameter equal
to the major diameter of the thread. You can use the tables in Chapter 18 to
select the standard size for a bolt.
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FIGURE 204
Eccentrically loaded

bolted joint

FIGURE 20-5
Geometry of bolted
joint and forces on
bolt 1

Rigid
frame
P = Load due
" to motor
(]
+
ol o Bracket
[ | |
F_-\/\"__‘ro-——s.m"]_—.
203.2 mm
P = 35001b
. 15568 N
a=12.0in———
304.8 mm
76.2 mm 1
i — ¥ A
3.00 —t——t
1.50 ’ .
| e
38.1 mm
2.00
50.8 mm
i Dimensions
101.6 mm in inches & in mm
.‘—V\/\/\
(@) Proposed bolt pattern
Bolt | Fi.=25201b
R ~ /_ 11209 N
r=63.5 mmX_
38.1 mm ‘L_‘,o 1
1.50 - F, = 42001b
> L~ ' 18682 N
> = 49281b
o BEIRA ) K1 =21520 N
Centroid /'
F, = 33601b he =
! 14945 N F, = 8751b=3892 N

(b) Forcesonbolt 1
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TABLE 20-1 Allowable stresses for bolts

Allowable Allowable
ASTM grade shear stress tensile stress
A307 10 ksi (69 MPa) 20 ksi (138 MPa)
A325 and A449 17.5ksi (121 MPa) 44 ksi (303 MPa)
A490) 22 ksi(152MPa) 54 ksi (372 MPa)

Example Problem 20-1 (page 781

For the bracket in Figure (20-4), assume that the total force (P) is 3500 lb
(15568 N) and the distance (a) is 12 in. (304.8 mm). Design the bolted joint,
including the location and number of bolts, the material (see table 20-1), and the
diameter.

Solution:

The solution shown is an outline of procedure that can be used to analyze
similar joints. The data of this problem illustrate the procedure:

1. Propose the number of bolts and the pattern. This is a design decision, based
on your judgment and the geometry of the connected parts. Assume the No. of
bolts and their orientation, so assume (4 bolts) and fixed as shown in figure
(20-5).

2. Determine the direct shear force: {FS = } Load per bolt = F; = %

No.of bolts

15568

; ;= 3892N U

= F

3. Compute the Moment to be resisted by bolts pattern: the product of the
overhanging load and the distance to the centroid of the bolt pattern. In this
problem: (M=P*a = 15568%*304.8 = 4.745 KN.m)

4. Compute the radial distance from the centroid of the bolt pattern to the center
of each bolt. In this problem, each bolt has a radial distance of:

{r=138.12+ (50.8)2 = 63.5mm}



Mechanical Eng. Dept. Machine Design | (Lecture 23) Machines Frames
5. Compute the sum of the squares of all radial distances to all bolts. In this
problem, all the four bolts have the same (r), then

Sri=rf+rf+rd o = 4 (63.5)? = 16130 mm?

6. Compute the force on each bolt required to resist the bending moment from
the relation:

M= P*a=F1 T’l + Fzrz + F3T3 + o

F; F, F, F;
F; a1 - —=constant = —= —= — = ......
T &1 T2 T3
F F. F. F;
M=2xrf+ Z2xrf+ 25 1rf+ ... = 2 (rf+ 12+ 1ri+ ... )
&1 2 T3 Ty
Mr; Mr;
;= = T e ees e 20—-13
L r2+ri+ri+r? Yr2 ( )

r; = radial distance from the centriod of the bolt pattern to the i*" bolt
F; = Force on the i® bolt due to moment. The force acts perpendicular to the reduis.

In this problem, all such forces are equal. For example, for bolt 1:

F1 _ 4745 N.m*63.5 mm — 18682 N
16130

7. Determine the resultant of all forces acting on each bolt. A vector summation
can be performed either analytically or graphically, or each force can be
resolved into horizontal and vertical components. The components can be
summed and then the resultant can be computed.

Let us use the letter approach for this problem. The shear force acts directly
downward, in the y- direction. The x- and y- components of F;are:

F;x = F;sinB = 18682 sin36.9 = 11209 N
F;y = F;cos® = 18682 cos36.9 = 14945 N
Total force in Y-direction

Firy = Fiy + Fg = 14945 + 3892 = 18837 N

R1 = Resultant force on bolt 1 = \/(11209)2 + (18837)2 = 21920 N

8. Specify the bolt material; compute the required area for the bolt; and select
an appropriate size. For this problem, let us specify ASTM A325 steel for the

~4~



Mechanical Eng. Dept. Machine Design | (Lecture 23) Machines Frames
bolts having an allowable shear stress of (121 MPa) from table (20-1). Then
the required area for the bolt is:

Allowable shear stress =7, = 121 MPa = % = 2220, Dp=15215 mm

nD?
S -
4

Now choose 4 bolts with M16*2 from table 18-5 or use table 18-4 choose size

5/8 =0.625 inch = 15.875 mm
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WELDED JOINTS

References:

Machine Elements in Mechanical Design by Robert L. Mott, P.E. (Chapter 20)
Note: Read section (20-4) (Page 783)

Introduction:

The design of welded joints requires:

e Manner of loading on the joint.
e The type of materials in weld and in the member to be joined.

e The geometry of the joint itself.

Table (20-2) below shows material of weld and allowable stresses:

TABLE 20-2 Allowable shear stresses on fillet welds

A. Steel

Electrode Typical metals Allowable
type joined (ASTM grade) shear stress
E60 A36. A500 18 ksi (124 MPa)
E70 A242, Ad41 21 ksi (145 MPa)
E80 AS572, Grade 65 24 ksi (165 MPa)
E90 27 ksi (186 MPa)
E100 30 ksi (207 MPa)
EI10 33 ksi (228 MPa)

B. Aluminum

Filler Alloy
1100 4043 5356 5556
Allowable Shear Stress
Metal
joined ksi MPa ksi MPa Ksi MPa ksi MPa
1100 3.2 22 4.8 33
3003 32 22 5.0 34
6061 5.0 34 7.0 48 8.5 59
6063 50 34 6.5 45 6.5 45
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For steel welded by electric arc method, the type of electrode is an
indication of the tensile strength for filler metal. For example, E70 electrode has
Su 2 70 Ksi (483 MPa). More information can be found from:

American Welding Society (AWS)
American Institute for Steel Construction (AISC)

Aluminum Association (AA)

See internal sites 3 & 7 in Robert L. Mott (Ch. 20)

Type of Joints, Type of Welds, and size of weld:
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Figures (20-6) and (20-7) shows types and size of welded joints.

FIGURE 20-6 Types Buil 2

of weld joints < | $  Edee
: < Corner
e | ‘ch i X Lap
+ T 2 < =

' L r I I}

-

FIGURE 20-7 Some Fillet weld

types of welds showing Gl il
S & r=0.70Tw
edy. preparation ‘—EI &. f = Throat width
)
(¢) Fillet welds (noedge preparation) _]l._w:j

[ || ] L e ] L ]< ]
(1) Square butt (¢)Single bevel (dd)Double bevel
[ N ] ) ( j
— I_ﬂ:l
(¢)Single vee (/) Double vee (g) J-groove with tee joint

g
A
(/) U-groove butt joint

(r)U-groove with corner joint

e The length of line from root of the weld = 0.707 W (W: leg dimension).

e The objective of the design of fillet welded joint is to specify the length of
fillet, so the weld is treated as a line having no thickness.

e Fig. (20-3) gives the allowable force per (inch or mm) of leg.

TABLE 20-3 Allowable shear stresses and forces on welds

Base metal Allowable Allowable force
ASTM grade Electrode shear stress per inch of leg

Building-type structures:

A36, Addl E60 [3 600 psi 9600 1b/in

A6, Ad4l E70 15 8OO psi 11 200 Ib/in
Bridge-type structures:

A36 E60 12 400 psi 8RO0 Ib/in

Ad4l, A242 E70 14 700 psi 10 400 1b/in
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o Four different types of loading are considered here when the weld treated
as a line:

The relationships used are summarized next:

Formula (and Equation Number)

Tyvpe of Loading for Force per Inch of Weld
Direct tension or compression = PiA, (20-4)
Direct vertical shear f=VIA, (20-5)
Bending f=MiIS, (20-6)
Twisting = Tcld, (20-7)

e Fig. (20-8) Page 786 shows geometry factors for weld analysis.
Example: use class 5 in fig. (20-8) with b=101.6 mm, d=152.4 mm. find Aw, Jw, X

Sol: Aw =d +2b =152.4+ (2*101.6) = 355.6 mm (with no thickness)

3 2 3 2

]W:(2b+d) _ b2+d) _ 3556° 10323 (@542 _ 4 g0 10-3 3

12 (2b+d) 12 355.6
_ 2
=2 =188 _58956mm

2b+d 355.6
2 2

S, = bd + % = (101.6)(152.4) + 1524 = 1963 mm?
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FIGURE 20-8
Geometry factors for
weld analysis

d
=4 &t 2 = 2bd + d?
; y’(um Attop: §,, ——dkzz”d
Ay=b+2d At bottom: S, = _L—Lllb e
Weld all P
@ b
1-‘| around
d xd— g —4x
4
A,=2b+2d
I—-b-
d o — —
A,=2b+2d
® Weld all |54
d around
R
A,=7xd 8, = w(d¥/4)

Dimensions Bending Torsion »
of weld i
® Weld
== 43
d' —_ - Sy = d¥6 Jy =d/12
T =P,
¢ =4d/n2
Weld P
Sw=d%3 1 /l
a
Py g = db 4 dY)
w= 6
Weld p
P ﬂ/l
K .’ b’ + JM’

w= 3

P

a
Weld
4bd + d?

d¥b + d
(b + 2d)

J (b + 24)
W™ 12 -

Weld all
around

Weld all
around

/]

o a
I‘/Jw = x(d3/4)
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General Procedure for Designing Welded Joints:

1. Propose the geometry of the joint and the design of the members to be joined.

2. Identify the types of stresses to which the joint is subjected (bending, twisting,
vertical shear, direct tension, or compression).

3. Analyze the joint to determine the magnitude and the direction of the force on
the weld due to each type of load.

4. Combine the forces vectorially at the point or points of the weld where the
forces appear to be maximum.

5. Divide the maximum force on the weld by the allowable force from Table 20-3
to determine the required leg size for the weld. Note that when thick plates
are welded, there are minimum acceptable sizes for the welds as listed in
Table 20-4.

TABLE 204 Minimum weld sizes for thick plates

Plate thickness Minimum leg size for

(in) fillet weld (1n)
<|/2 3/16
> 1/2-3/4 1/4
>3/4—13 5/16
- L 38
>21-6 172
>6 5/8

Example Problem 20-2 Design a bracket similar to that in Figure 20-4, but use welding to attach the bracket to the
column. The bracket is 6.00 in high and is made from ASTM A36 steel having a thickness
of 1/2 in. The column is also made from A36 steel and is 8.00 in wide.

Solution Step 1. The proposed geometry is a design decision and may have to be subjected to

some iteration to achieve an optimum design. For a first trial, let’s use the C-shaped weld
pattern shown in Figure 20-9.

Step 2. The weld will be subjected to direct vertical shear and twisting caused by the
3500-1b load on the bracket.

Step 3. To compute the forces on the weld, we must know the geometry factors A,
and J,,.. Also, the location of the centroid of the weld pattern must be computed [see Figure
20-9(b)]. Use Case 5 in Figure 20-8.

A, =2b+d=24)+6=14in
5 VopAb+dY (14) 16(10)
(26 +d)y blb+d)y (M) 16{(H) ...
2 (2b+d) 12 #
b’ 16

b+d_ 14 = l.14in
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FIGURE 20-9 b 8.00 in
C-shaped weld bracket 4.00in
et } -("-'OJ
‘]"_’J\r7— — Twisting
; P = 35001b PR N Pointof |P moment =
~8in maximum}  plo)= T
orce

+
cV

d=6.00 g ——'—
Weld /\ \Cenlroid of
\ weld pattern
o xplale. 1/2x6 b_\,\_,\,\,]
A -1

{a) Basic design of bracket (b) Dimensions of bracket

Jin =997

Vector summation of
Jiv =950 ynit forces on point
Jr = 1560 ol maximum force

f, = 250

{¢) Analysis of forces

Force Due to Vertical Shear
V=P=35001Ib
f. = P/A, = (35001b)/14 in = 250 Ib/in

This force acts vertically downward on all parts of the weld.

Forces Due to the Twisting Moment

T = P[8.00 + (b — X)] = 3500[8.00 + (4.00 — 1.14)]
T = 3500(10.86) = 38010 Ib-in

The twisting moment causes a force to be exerted on the weld that is perpendicular
to a radial line from the centroid of the weld pattern to the point of interest. In this case, the
end of the weld to the upper right experiences the greatest force. It is most convenient to
break the force down into horizontal and vertical components and then subsequently re-
combine all such components to compute the resultant force:

f,h=‘JT'——ll44 = 997 Ib/in
_ Tc, _ (38010)(2.86) \
o = T“' = T = 9501b/m

Step 4. The vectorial combination of the forces on the weld is shown in Figure 20-9(c).
Thus, the maximum force is 1560 Ib/in.



Mechanical Eng. Dept. Machine Design | (Lecture 23) Machines Frames

Step 5. Selecting an E60 electrode for the welding, we find that the allowable force
per inch of weld leg size is 9600 Ib/in (Table 20-3). Then the required weld leg size is

- 1560 Ib/in
9600 1b/in per in of leg

w = 0.163in

Table 204 shows that the minimum size weld for a 1/2-in plate is 3/16 in (0.188 in).
That size should be specified.

Example Problem 20-3

Solution

FIGURE 20-10
Steel strap

A steel strap, 1/4 in thick, is to be welded to a rigid frame to carry a dead load of 12 500 Ib,
as shown in Figure 20-10. Design the strap and its weld.

The basic objectives of the design are to specify a suitable material for the strap, the weld-
ing electrode, the size of the weld, and the dimensions W and h, as shown in Figure 20-10.

Let’s specify that the strap is to be made from ASTM A441 structural steel and that
it is to be welded with an E70 electrode, using the minimum size weld, 3/16 in. Appendix
7 gives the yield strength of the A441 steel as 42 000 psi. Using a design factor of 2, we can
compute an allowable stress of

o, = 42 000/2 = 21 000 psi
Then the required area of the strap is

12 500 Ib

—==———— = (.595 in®
21 000 Ib/in"

A= £ =
Ud
But the area is W x ¢, where 1 = 0.25 in. Then the required width W is

W= A/t =0.595/0.25 = 2.38 in

Let’s specify that W = 2.50 in.

To compute the required length of the weld /, we need the allowable force on the
3/16-in weld. Table 20-3 indicates the allowable force on the A441 steel welded with an
E70 electrode to be 11 200 Ib/in per in of leg size. Then

_ 112001b/in

_ 188 o 1 s
£  Tinlee X 0.188 in leg 100 Ib/in

fo—— 1 ——=

LTI

/,( l Support

member
Strap

| Thickness = 1/4in
+ ASTM Ad41 steel

Weld

P=125001b
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The actual force on the weld is
f, = P/A, = PI2h

Then solving for h gives

P 125001b

=3(7) = 3(21001b/in) _ >28M

h

Let’s specify 2 = 3.00 in.

keeiaamne———————————— |

Example Problem 20-4 Evaluate the design shown in Figure 2011 with regard to stress in the welds. All parts of
the assembly are made of ASTM A36 structural steel and are welded with an E60 electrode.
The 2500-1b load is a dead load.

Solution The critical point would be the weld at the top of the tube where it is joined to the vertical
surface. At this point, there is a three-dimensional force system acting on the weld as shown
in Figure 20-12. The offset location of the load causes a twisting on the weld that produces
a force f, on the weld toward the left in the y-direction. The bending produces a force f, act-
ing outward along the x-axis. The vertical shear force f; acts downward along the z-axis.

FIGURE 20-11
Bracket assembly

Rigid
surface

3/16-in fillet weld all around
1/4-in fillet weld all around 1/2-in plate

"‘ -‘\\
/. \
' '
2 '
Y ’
~ 7’
\ sods” /

4-in Schedule 40 steel pipe P = 25001b L
OD = 4.50in

1 1 s .
r 14.00in ' 8.00in

FIGURE 20-12 JS; = 1771b/in
Force vectors f, = 629 Ib/in

Vector summation:
Jr=Lp+ i + J f
lfrl = Vi2 + f2+ f2 Jr = 2296 1b/inN 75
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From statics, the resultant of the three force components would be
fo= VE +f+ 1
Now each component force on the weld will be computed.
Twisting Force, f;

=E
J

nw

I

T = (2500 1b)(8.00 in) = 20 000 Ib-in
¢ = OD/2 = 4.500/2 = 2.25in
J, = (m)(OD)*/4 = (m)(4.500)*/4 = 71.57 in’

Then

_ Te _ (20000)(2.25)
fi= B 71.57

= 629 Ib/in

Bending Force, f,

M
Su

o

(2500 1b)(14.00 in) = 35000 Ib-in
S, = (w)(OD)*/4 = (m)(4.500)*/4 = 15.90 in®

Then
I B
Vertical Shear Force, f;
L=t
A, (';;')(OD) = (m)(4.500in) = 14.14 in
fi= /—‘F:—‘ = %:O—l% = 177 Ib/in

Now the resultant can be computed:

L= NI

= V629* + 2201° + 177* = 2296 Ib/in

Comparing this with the allowable force on a 1.0-in weld gives

. ;
W= 2961 ___ o939 i
9600 1b/in per in of leg size

The 1/4-in fillet specified in Figure 2011 is satisfactory.
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University of Technology
Mechanical Engineering Department

Machine Design I

Third Class for All Branches

LECTURES TWENTY FIVE & TWENTY SIX

LINEAR MOTION ELEMENTS

Reference: "Machine Elements in Mechanical Design" 4th Edition, by: Robert L.
Mott.



Mechanical Eng. Dept. Machine Design | (Lecture 25&26) Third Class-All Branches

% Many kinds of mechanical devices produce linear motion for machines such as

automation equipment, packaging systems and machine tools.

% Power screws, jacks and ball screws are designed to convert rotary motion to
linear motion or to convert linear motion to rotary motion to exert the
necessary force to move a machine element a long a desired path. They use the
principle of screw thread and it's mating nut.

% The linear motion also can be achieved by using the pressure vessels.

% Some examples of components and systems that facilitate linear motion are:
Power screws, Ball screws, Jacks, Fluid power cylinders, Linear actuators,
linear slides, Screw vice, Lead screw, Screw drills,........

Form Fig. 17-1 as an example.

=
b=
-
-
=
-

%
(b) Self-contained ComDRIVE™ motorized actuator

4 & LETTRIT

(a) Cutaway of a machine screw jack

FIGURE 17-1 Examples of linear motion machine elements (Joyce/Dayton Corporation, Dayton, OH)
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Forms of power screw threads: (see Fig. 17-2 P.697)

KSquare thread Acme thread 7
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p=pitch 20
295
0.5p P Ll e

(a) Square thread

(b) Acme thread

FIGURE 17-2 Forms of power screw threads

See Fig. 17-4 P.698 to see an example for using an ACME (Trapezoidal
thread) screw-driven system for rasing a hatch.

FIGURE 174 An
Acme screw-driven
system for raising a
hatch

Wormgear drive m——e

Chain drive LI
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Requirements:

(a) Study the design carefully.

(b) Draw complete construction for the system showing all details for
trapezoidal screw, nut, bearings, chain, worm gears, supports...

2. See section 17-1 (objective of this chapter) p.698.
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17-2 Power Screw p.699:

D,= Minor or Root dia.

P = Force required to move the load
D= Nominal major dia. F;, = Friction force
N = Normal force
= Friction angle. A = Lead angle R
N D, = Pitch diameter

R
Fy

Thread
surface I |
L = Lead L
{ }
N
A R
l RD’, I er
(a) Force exerted up the plane (b) Force exerted down the plane

(a) Force exerted up the plane

D
Tu=F*7P*tan(7\+ B) &f = tanf

T —F Dp, tanA+f 2 tamk L
= ¥ — % —m8@™ = —
" 2 "1—ftamx " niDp

" T, ]....(17—2)

2 T[DP—fL

(b) Force exerted down the plane

tan(—1) =7 &Ty=Px="
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D
Td=F*7P*tan(B—?\) & f = tanf

T.—F D, f—tanA
= F*x—%—
d 2 1+ftanA
FD, rmfDp — L
Ty = "[ (17 — 4
47 2 [mDp +fL ( )
Note:

1- The condition that must be met for self-locking is:

f>tanA ...(17-5)

2- The above equations for square thread, but the adjustment for Acme

threads is.

FIGURE 17-6 Force
on an Acme thread

(@) Force normalto (h) Force normal to
a square thread an Acme thread
So from fig. above
Dp, tanA+f
Tu =F+% —% —m—Mm—
2 1-—ftanA

T —F Dp cos @tanA +f (17 — 10)
u 2 cos @ — ftan\

T —F Dp f — cos @tan) (17 — 11)
u 2 cos®+ftan)

3- Lead =L = pitch for single start.
= 2*pitch for double start.

= 3*pitch for triple start.
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4- £=0.1-0.15 for running coefficient of friction.
f=0.14 - 0.21 for staring coefficient of friction.

5- Use table 17-1 P.699 for standard proportion of preferred Acme screw
thread.

TABLE 17-1 Preferred Acme screw threads

Nominal Threads  Pitch. Minimum Minimum Tensile Shear
major perin, p=l/n minor pitch stress stress
diameter. D (in) n (in) diameter. D, (in)  diameter, D, (in)  area, A, (in")  area, A, (in°)"
1/4 16 0.0625 0.1618 0.2043 0.026 32 0.3355
5/16 14 00714 0.2140 0.2614 0.044 38 0.4344
3/8 12 0.0833 0.2632 0.3161 0.065 89 0.5276
7/16 12 0.0833 0.3253 0.3783 0.097 20 0.6396
1/2 10 01000  0.3594 0.4306 0.1225 0.7278
5/8 8  0.1250 0.4570 0.5408 0.1955 0.9180
3/4 6  0.1667 0.5371 0.6424 0.2732 1.084
78 6  0.1667 0.6615 0.7663 0.4003 1.313
| 5 0.2000 0.7509 0.8726 0.5175 1.493
I+ 5 0.2000 0.8753 0.9967 0.6881 1.722
I3 S 0.2000 0.9998 1.1210 0.8831 1.952
s 4 0.2500 1.0719 1.2188 1.030 2.110
13 4 0.2500 1.1965 1.3429 1.266 2.341
I3 4 02500 1.4456 1.5916 1.811 2.803
2 4 02500 1.6948 1.8402 2.454 3.262
% 3 - 030 1.8572 2.0450 2.982 3.610
X 3 03333 2.1065 22939 3.802 4.075
o 3 03333 2.3558 2.5427 4711 4.538
3 2 0.5000 2.4326 2.7044 5.181 4.757
3 2 0.5000 29314 3.2026 7.388 5.700
4 20,5000 3.4302 3.7008 9,985 6.640
43 2 05000 3.9291 4.1991 12.972 7.577
5 2 0.5000 4.4281 4.6973 16.351 8.511

“Per inch of length of engagement.

6- Use T.= Torque to overcome collar friction:

T.=f,.F.R,
R, = R1‘;R2

total torque =T;,; =T, + T,
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7- fi= coefficient of friction when thrust collar are used =0.06-0.12 for
running coefficient of friction.

=(0.08-0.17 for staring coefficient of friction.

8- Efficiency of a power screw:

Torque without friction T _ FL/2m

e = Efficiency = =
y Torque with friction Tiot Tiot

Example Problem 17-1:

Two Acme-threaded power screws are to be used to raise a heavy access hatch,
as sketched in Figure 17-4. The total weight of the hatch is 111.2 kN, divided
equally between the two screws. Select a satisfactory screw from table 17-1 on
the basis of tensile strength, limiting the tensile stress to 68.95 MPa. Then
determine the required thickness of the yoke that acts as the nut on the screw to
limit the shear stress in the threads to 34.475 MPa. For the screw thus designed,
compute the lead angle, the torque required to raise the load, the efficiency of

the screw, and the torque required to lower the load. Use a coefficient of friction
of 0.15.

Solution:

The load to be lifted places each screw in direct tension. Therefore, the required
tensile stress area is:

F 55.6 KN
At:_

= = 806.5 2
o,  68.95 10N /m? m

From Table 17-1, a 38.1 mm-diameter Acme thread screw with four threads per
25.4 mm would provide a tensile stress area of 816.8 mm?

For this screw, each inch of length of a nut would provide 1510.4 mm? of
shear stress area in the threads. The required shear area is then
F 55.6 KN

A. = — = = 1613 mm?
S =7, 34.475+ 105N /m? i

Then the required length of the yoke would be
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25.4 mm
1510.4 mm?

h=1613 mmz( ) =27.18 mm

For convenience, let's specify h = 31.75 mm

The lead angle is (remember that L=p=1/n=1/4 = 6.35 mm)

A=tan! L —tan‘l( 6.35 )—3 39°
B nD,) n(34.11)) 7

The torque required to raise the load can be computed from equation (17-10):

FD, ((cos dtan A + f))

T = 2 \(cos ¢ — ftan A)

Using: cos ¢ = cos ( 14.5°) = 0.968, and tan 4 = tan (3.39°) = 0.0592, we have

) =204.4N.m

_— (55.6 kN)(34.11 mm) /(0.968)(0.0592) + (0.15)
u 2 <(0.968) — (0.15)(0.0592)

The efficiency can be computed from Equation (17-7):

FL _ (55.6 KN)(6.35 mm)
2nT,  2(m)(204.4 N.m)

e =Efficiency = =0.2750r 27.5%

The torque required to lower the load can be computed from Equation (17-11):

Dp f —cos®tani
*

T,=F
d "2 cos @ + f tand

(17 -11)

(34.11mm) (0.15) — (0.968)(0.0592)

2 *10.968) — (0.15)(0.0592) _ 29> N-m

T, = (55.6 kN)
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Example Problem 17-2:

It is desired to raise the hatch in Figure 17-4 a total of (381 mm) in no more
than (12.0 s). Compute the required rotational speed for the screws and the
power required.

Solution:

The screw selected in the solution for Example Problem 17-1 was a (38.1) mm
Acme-threaded. Screw with four threads per 25.4 mm. Thus, the load would be
moved (6.35 mm) with each revolution. The linear speed required is:

_ 381 mm

120s - 31.75mm/s
The required rotational speed would be

31.75 mm 1rev 21
0w = * *
S 6.35mm 1rev

= 31.415rad/sec

Then the power required to drive each screw would be

rad
P=T+w=(204.4N.m) (31.4157) = 6421.41 W

10
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LECTURE TWENTY EIGHT

SPUR GEAR DESIGN

References:

Machine Elements in Mechanical Design by Robert L. Mott, P.E. (Chapter 9)
Note: Read chapter 9 (Page 364-448)

Introduction:

In last yaer you studied the difinision of many parameters for spur year in

mechanical engineering drawings and as shown on page 2.

Also in this yaer you studied the theory of spur gears in theory of machine and

you found the forces on spur gears in machine design in first simister.

Procedure of Desgining a spur gear drive

Follow the steps in example problem (9-5) page 410 with some assumption to make
the procedure very simple and the steps are as fallows:

Power transimited = 2.2 KW = 3 hp to pinion
Pinion rotates at = 183.225 rad/sec = 1750 rpm
Gear rotates netween = (48.162 - 48.64) rad/sec = (460 - 465) rpm

Step 1

Choose Ko = overload factor from table (9-5) page 389.

TABLE 9-5 Suggested overload factors, X,

Driven Machine

Light Moderate Heavy
Power source Uniform shock shock shock
Uniform 1.00 1,25 1.50 1.75
Light shock 1.20 1.40 1.75 225
Moderate shock 1.30 1.70 2.00 2

Page 1 of 11
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Consider uniform driver with heavy shock Ko = 1.75

Deign power = 1.75*2.2 = 3.9 KW = 5.25 hp
Now from fig. 9.27 (page 409) determine trial value for diametral pitch P4 or (m)
Try Pa =12 or m = 2 (initial design)

.. . N. N N
Pinion diameter=Dp=mNp,=-% or P; = L= =£
Py D, Dg
. . T D
Circular pitch=P = ~
Gl phall Jaadl i lghasad | u 3l ILdy a3
D Lhall s deals ah‘y%%w_‘)ﬂl d&-&’aa@at&&_&.‘—‘aﬂ
(Pich m?;) paan] ale & I JSAI 5 dailly dsaall 3 4l i lally
: o e b . aall <gilshnaadl (!
e GRS L bl 0 e iy Sniciall 2ugf o1 cupalshid ) uad o Sl p U1 pmd3 il alagd]
¢ ol La Bla 5 3501 | Dy Sl \ . 0 20° 4l 14.5° ada
r(/\ddcndum circle )
Do= D+29
-aw'iuudﬂﬁqﬂ“ﬁ”' DR Sl . CIRCULAR THICKNESSy ~WORKING DEPTH Lol
! ( Root circle ) CIRCULAR PITCHy
Pg = Dr2b _ DEDENDUM
A Sl o Bapmgll et e | Sl se AEOENDUM=—= & ,,n"ﬂ‘
v ol |(Number of teeth ) ACDENOUM CICLE A— 5 s
N = DP/m PITCH CIRCLE e Qé‘{ TG i
+ ol il el iasy | m dyyll| PRESSURE ANGLE . \o”\ i A o ks . G
el gam tp05 A a1 2 1y ( Modul )| BASE CIRCLE CLEARAE&”—O/LZ i i o
00 i Aasd Jrals e 3y ! m= D/N . ROOT CIRCLE X i
bl sse e Bobhall S L PRI
Bl o e Ui o Bl | p Lplall gyl
e dualin yylave gy le 13BN ( Circular pitch )
ki | o= o/
il i A, =mm ‘
R e e I T o (e
dalall 1 I Y plhal Gl ol [l el
: R T ; = 300 1 ol L g T o il { ol
te=Dsi OINJ Ayl Sy b colia e e | ¢ ol duudl e Sy IR fidy ST
5 ( Chordal thickness ) s (Mddendurn
" s bel.lam | kil o debusll Gkl ool s 3
ey o A : : 5 Dedendun J
i ( Face width) o ( ;
20 bl g kil g gt ll | 8500 g ol L e Lo Gl g s"v'é“"‘*‘E
U ikl g ol iyl ity gl (Chordaladdcndtmn,?
J i Al e300 ol 413 bl ( Pressure angle) :
145° . ( Envolute ) tsll il h=a+b + ol R p B f (Whorﬂ.l :
== c depth &
REMING Loty ey il ol ol st g Ll | o Lot sy
=Dg/Dp il (Gearralio)| 5 e ey i
N hw=h-¢ hwe
=No/MN + o ol 3 el G
np=R.ng Gl ool g ol sse | Bl J oyl s :
Ng=mp/R sl | f(Revolution per minute ) c=h-hw W'Mwm‘?"‘“"&“l‘j" ¢
voa
Lo ne o | Aol | s | b L it |
( Pinion) . (Envolule )t
: ((Gear) =7im/2
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FIGURE 9-27 T

Design power 4D

transmitted vs. pinion

speed for spur gears 100

with different pitches Z(()’

and diameters 50
40

30

20

10.0

7.0

Design power transmitted, P, (hp) [P, =K, P]
Design power transmitted, P, (kW) [P, =K P|

5.0

3.0

2.0
/ /P;vf-“" ,.,_;«\“‘ “_‘w‘— 1.0

1.0 21— 7.0 2 0.7

Z m= P -

()7 ,1 /l = ,"";0.'5'- Dp' — ”S
P .

5

. / I

0 600 1200 1800 2400 3000 3600

Pinion speed, np (rpm)
For all curves: 20° full depth teeth:

Np=24;N;=96:m; =400 F=12/P,. 0, =6
Steel gears, HB 300; s, = 36000 psi: s, = 126000 psi

Step 2

Specify Np = No. of teeth in pinion = 17 to 20 (in this problem as a start choose
N,=18)

Step 3

= veloity ratio = 2 = MEkonalpon_ 250 _ 37
Step 4

Vg = x—j ~ N;=3.78+18 =68.04 — N; = 68 (Integer)
Step 5

Actual Vg = 22 =3.778

Page 3 of 11
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Step 6

Actualng, = n, [x—p] = 18.225 g * g = 48.49 rad/sec
G

The above value within the limit given in example .. our assumption is OK

Step 7

Compute Dp (pitch diameter of pinion) = ? =m N, = 1.5 inch = 38.1mm
d

D; (pitch diameter of gear) = % =m N; = 5.667 inch = 143.9 mm
d

N

%;:?(Np-} NG):

. N 18+68
C = center distance = ’;

24

= 3.58in =91 mm

[r+1.5%1750]

= 68715 = 3.49 m/sec
12 min

19t = pltCh llne Speed = T DP % —

. P 22%1000
W, = transmited load = — =
¢ 3.49

= 6405 N

33000P __ 33000%3hp

) e 144 Ib

The above value seems to be acceptable.

Step 8

F = Face width should be between Pi < F < }1)—6
d d

By using equation (9-28) or 8m < F <1l6m
16.94 mm (0.667in) <F < 33.85 mm (1.33in)

Use this value: F =25.4 mm (1 inch)

Step 9

Specify Cp = Elastic coefficient from table 4-9 (page 400) for both pinion and gear is
steel

s~ €, =191 MPa = 2300 Ib/in*

Page 4 of 11
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TABLE 9-9 Elastic coefficient, C,

Gear material and modulus
of elasticity, Eg, Ib/in* (MPa)

Modulus of Malleable Nodular Cast Aluminum Tin
elasticity, Ep, Steel iron iron iron bronze bronze
Ib/in? 30 x 10° 25 x 10" 24 x 10° 22 x 10° 17.5 x 10° 16 x 10°
Pinion material (MPa) 2x10%  (17x109 (L7x109 (15X 10% (1.2x105% (11X 109
Steel 30 x 10° 2300 2180 2160 2100 1950 1900
(2 % 10%) (191) (181) (179) (174) (162) (158)
Mall. iron 25 X 10° 2180 2090 2070 2020 1900 1850
(1.7 X 10°) (181) (174) (172) (168) (158) (154)
Nod. iron 24 x 10° 2160 2070 2050 2000 1880 1830
(1.7 X 10°) (179) (172) (170) (166) (156) (152)
Cast iron 22 x 10° 2100 2020 2000 1960 1850 1800
(1.5 % 10°) (174) (168) (166) (163) (154) (149)
Al. bronze 17.5 x 10° 1950 1900 1880 1850 1750 1700
(1.2 X 10%) (162) (158) (156) (154) (145) (141)
Tin bronze 16 x 10° 1900 1850 1830 1800 1700 1650
(1.1 X 10%) (158) (154) (152) (149) (141) (137)

Source: Extracted from AGMA Standard 2001-C95. Fundamental Rating Factors and Calculation Methods for Involute Spur and Helical Gear
Teeth, with the permission of the publisher. American Gear Manufacturers Association, 1500 King Street, Suite 201, Alexandria, VA 22314.
Nute: Poisson's ratio = 0.30; units for C, are (Ib/in®)"* or (MPa)"*.

Step 10
Ky = dynamic factor
Qv = Quality number

From table 9-2 for certain applications find @y, or from pitch line velocity. Then find
Ky from fig. 9-21 Page 393.

TABLE 9-2 Recommended AGMA quality numbers

Quality Quality
Application number Application number
Cement mixer drum drive 3-5 Small power drill 7-9
Cement Kkiln 5-6 Clothes washing machine 8-10
Steel mill drives 5-6 Printing press 9-1]
Grain harvester 5-7 Computing mechanism 10-11
Cranes 5-7 Automotive transmission 10-11
Punch press 5-7 Radar antenna drive 1012
Mining conveyor 5-7 Marine propulsion drive 10-12
Paper-box-making machine 6-8 Aircraft engine drive 10-13
Gas meter mechanism 7-9 Gyroscope 12-14

Machine tool drives and drives for other high-quality mechanical systems

Pitch line speed Pitch line speed

(fpm) Quality number (m/s)
0-800 6-8 04
800-2000 8-10 4-11
20004000 10-12 11-22
Over 4000 12-14 Over 22

Page 5 of 11
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FIGURE 9-21 Pitch line velocity. m/s

Dynamic factor, Ky _ i

(Extracted from 0 1 10 1 20 1 30 1 40 ; 50
AGMA 2001-C95

Standard g / Q, =5

Fundamental, Rating : / Q‘ -
Factors and b / '
Calculation Methods ' /
for Involute Spur and . Q. =7

Helical Gear, Teeth.

<
with the permission B i / / /)‘ =8
of the publisher, 8 / =
American Gear § -, / / /./Q Sy
Manufacturers g / i
Association, 1500 Q Vs / P
King Street, Suite 1.3 s g, = 10—
201, Alexandria, VA ] ]
22314) b2 = =
--‘-""—___-‘—— v
Very accurate gearing
{ |
L0 Y000 ! 4000 T eoon ! 8000 T 10000
Pitch line velocity., v, . ft/min
Step 11

J» = Bending geometry factor for pinion (should be found from fig. 9-17 (Page 387))
Je = Bending geometry factor for gear (should be found from fig. 9-17 (Page 387))
| = pitting geometry factor for both pinion & gear (fig. 9-23, Page 402)

Now for this problem:

Jp=0.325 , Jc=041 ,1=0.104

Page 6 of 11
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For 20° full depth teeth,

FIGURE 9-17
Geometry factor, J
(Extract from AGMA
218.01 Standard,
Rating the Pitting
Resistance and

Bending Strength of
Spur and Helical
Involute Gear Teeth,
with the permission of
the publisher, American
Gear Manufacturers
Association, 1500 King
Street, Suite 201,
Alexandria, VA 22314)

Geometry factor, J

Geometry factor. J

Pinion addendum 1.000 | — -
Gear addendum 1.000 | Load applied at highest point
= of single-tooth contact
B
o) 1K)
-
2 //2 i =
= A A S50
5| ! s -
IBHISSR85 ZZ 2L
il czz=adie
11 //75'5"? [ f
>
= i 3 Egé_///’»— Number of teeth
== rms e~ in mating gear
= 1 = = =F L
g = I=Ssi====S
—
———— e ———
— T > Load applied at tip of tooth
— e THE—1+ 1 =
12 15 17 20 24 30 3540455060 80 125275 =
Number of teeth for which geometry factor is desired
(er) 20° spur gear: standard addendum
— i
— 1] 11 -
— Pinion addendum 1.000 | Load applied at highest point
] Gear addendum 1.000 of single-tooth contact
= s E==SSE
= ] —s; == 72 83
2 2 B Z 2k
= z s —
- L e
- */7/22%/;' r—
—] HH g+
= - _ CPOR | - ~ R
= Generating rack. | pitch L Z Za Nuinberaf sseth
e | 5 ] 1 1 ] S in mating gear
P L £ £ T s — =t
=g ZsimmEsany o S ] £ v pS———
= — ey
— — A < Lnudi;ipplied at lipnflmlh ——
——— HHHE H ===
12 15 17 20 24 30 3540455060 80 125275 =

Number of teeth for which geometry factor is desired
() 25° spur gear: standard addendum
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FIGURE 9-23
External spur pinion
geometry factor. /, for
standard center
distances. All curves
area for the lowest
point of single-tooth
contact on the pinion.
(Extracted from AGMA
Standard 218.01,
Rating the Pitting
Resistance and
Bending Strength of
Spur and Helical
Involute Gear Teeth,
with the permission of
the publisher. American
Gear Manufacturers
Association, 1500 King
Street. Suite 201.
Alexandria, VA 22314)

Geometry factor. /

Geometry factor. /

0.160

0.140

0.120

Or more

o 2 5 )
08 280 el 1) e ! 5 0 B R O O
4o 4 — 4 t
1= 5 e | 1
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| 0 I }
! 200 5 1B
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0.080 =
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0
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0.140
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0.080
0

19

FSEETHEEN SENERES '8 4 +
' ‘ :
E 3

Gear ratio

(a) 207 pressure angle. full-depth teeth (standard addendum = 1/P,)

HrHH HH f T e
S EmssmE o esEEEmsE S m s oSS SssasasEmmn
5 e e o I o L A Np=50
T t ; - e or more
HHH S SR e e e
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=
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o e O -
I 0 S N ¢
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5.0 ) O G - D 1) 30 B ¢
5 6

(h) 25% pressure angle. full-depth teeth (standard addendum = 1/P,)
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Step 12

Compute the expected bending stresses in pinion & gear

W = tangential force

F = face width

@ = pressure angle

- M«C _ Wrhe  6wh
S¢. = bending stress = = 2 =
1 I t F t2
Fsx— t

2

. t
Now Lewise factor Y =
6h P,

. . s
P. = circular pitch = tm = o -
a

w
. St —
1 FxYx* P,

Now if K; = stress concentration

.S =K w _ w _ WxPg  WxPg
Yt T U paysp. T Y\ Y\

L) (= Fx(— Fx]

c Fx (Pd)* (Kt) * (Kc) p

Where ] = bending geometry factor = HI:Y

[

Now the modified equation for bending stress is:

W Pg

= —— x K, * K
at FxJ 0 74
144%12

“ Sap = * 1.75 % 1.35 = 83.8 MPa = 12.15 Ksi
) 1%0.325

J
Sate = Saryp * (ﬁ) = 66.4 MPa

Step 13

Compute S,. = Expected contact stress in pinion & gear

=C

L [MeKorky _ 5300 /w = 730.5 MPa = 110 Ksi
F* Dp*l 1+1.5%0.104

Page 9 of 11
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Step 14

From step 12 & step 13 choose the material of pinion & gear. From fig. 9-11 choose
HB 250 for both pinion & gear,

((At110*1000 Ib/in? from fig. Brinel hardness No. = 250))

FIGURE 9-10
Allowable bending
stress number for
through-hardened steel

gears, 5, (Extracted 5 54 =102 HB + 16 400
from AGMA 2001-C95 Grade 2: ' /
Standard, Fundamental )

350
50

§ MPa
2 1000 Ib/in?

Rating Factors and
Calculation Methods
for Involute Spur and
Helical Gear Teeth,
with permission of the
publisher, American
Gear Manufacturers
Association, 1500 King
Street, Suite 201,
Alexandria, VA 22314)

\
/\/
P Grade 1:
5,y =77.3 HB + 12 800

Allowable bending stress number, s,
(3]
n
S
T
5

150 |-

10 .
120 150 200 250 300 350 400 450

Brinell hardness. HB

-

FIGURE 9-11
Allowable contact
stress number for
through-hardened steel
gears, s, (Extracted
from AGMA 2001-C95
Standard. Fundamental
Rating Factors and
Calculation Methods
for Involute Spur and
Helical Gear Teeth,
with permission of the
publisher, American
Gear Manufacturers
Association, 1500 King A
Street, Suite 201, 100 7

Alexandria, VA 22314) P 1 L E

2 MPa

1000 Ib/in
1
|
T

3

Grade 2: 5, =349 HB + 34 300 % ==
1100 > ! / T
150 / / |

ST

125 v

phosd ceRRzbanca asaceace:

/ Grade 1: 5,.=322HB +29 100

Sac $ - -

~
w

g

g

Allowable contact stress number, s,

g

g

75
150 200 250 300 350 400 45(

Brinell hardness, HB
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TABLE 9-3 Allowable stress numbers for case-hardened steel gear materials

Allowable bending Allowable contact
stress number, s, (ksi) stress number, s, (ksi)

Hardness
at surface Grade | Grade 2 Grade 3 Grade | Grade 2 Grade 3
Flame- or induction-hardened:

50 HRC 45 55 170 190

54 HRC 45 55 175 195
Carburized and case-hardened:

55-64 HRC 55 180

58-64 HRC 55 65 75 180 225 275
Nitrided. through-hardened steels:

83.5 HRISN See Figure 9-14. 150 163 175

84.5 HRI5N See Figure 9-14. 155 168 180
Nitrided. nitralloy 135M:*

87.5 HR15N See Figure 9-15.

90.0 HR1SN See Figure 9-15. 170 183 195
Nitrided, nitralloy N:*

87.5 HRI5N See Figure 9-15.

90.0 HR15N See Figure 9-15. 172 188 205
Nitrided. 2.5% chrome (no aluminum):

87.5 HRI5SN See Figure 9-15. 155 172 189

90.0 HRI5N See Figure 9-15. 176 196 216

Source: Extracted from AGMA Standard 2001-C95. Fundamental Rating Factors and Calculation Methods for
Involute Spur and Helical Gear Teeth, with the permission of the publisher. American Gear Manufacturers
Association. 1500 King Street, Suite 201, Alexandria, VA 22314.

“Nitralloy is a proprietary family of steels containing approximately 1.0% aluminum which enhances the
formation of hard nitrides,
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