Chapter 1

Problems 1-1 through 1-4 are for student research.

1-5
(a) Point vehicles

v
——

]

cars v 42.1v— v?

~hour x 0324
Seek stationary point maximum

dQ 42.1 —2uv
dv 0.324
42.1(21.05) — 21.052
* — ( ) = 1368 cars/h Ans.
0.324
(b) vy
/] /]
44|

oo U _(_034 1 -
x4+l \wv@2.D)—v: v

Maximize Q with [ = 10/5280 mi

v 0
22.18 1221.431
22.19 1221.433
22.20 1221.435 <«
22.21 1221.435
22.22 1221.434
1368 — 1221
% loss of throughput = ———— = 12% Ans.
1221
© %i ) d22'2_21'05—55‘7
¢) % increase in spee 2105 =5.5%

Modest change in optimal speed Ans.
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1-6 This and the following problem may be the student’s first experience with a figure of merit.

* Formulate fom to reflect larger figure of merit for larger merit.

* Use a maximization optimization algorithm. When one gets into computer implementa-

tion and answers are not known, minimizing instead of maximizing is the largest error|
one can make.

Y Fy=Fising—W =0
ZFH =—Fjcosf — F, =0
From which
Fy = W/sin6
F, = —W cos6/sinf
fom = —$ = —¢y (volume)
= —¢y(LhA1 + A7)

F w I
A1:—=.7, 2 =

S S'sin @ cos @

F W cos 6
Ay =|—| = -

S S'sin6d

153 w LW cos®

fom = —
om 4 (cos@ Ssinf * Ssinf )

. —¢y Wil (1 + cos? 6
N S cos O sinf

Set leading constant to unity

6° fom

0* = 54.736° Ans.

0 —00 fom* = —2.828

20 —5.86 _
30 —4.04 Alternative:
40 —3.22 d (1+4cos’6\ 0
4518 _3(8)(7) do \ cosfsinh )
54.736 —2.828 And solve resulting tran-
60' —2.886 scendental for 8%,

Check second derivative to see if a maximum, minimum, or point of inflection has been
found. Or, evaluate fom on either side of 60*.
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1-7
@ xi+x=X+te+X2+e
error = ¢ = (x1 + x2) — (X1 + X»)
=e1+e Ans.
() xi —x2=X1+e; — (X2 +¢)
e=(x1—x2)— (X1 —Xp2)=¢e; —ery Ans.
(©) xix2 = (X1 +e)(X2+e)
e=x1x2 — X1 X, = Xjex + Xoey +ejer
= Xjer + Xoe; = X1 X5 (;—11 + ;—22> Ans.
(d)ﬂ_X1+€1_ﬁ<1+€1/X1>
X2 Xot+e Xo\l+4+e/X>
—1
(%) . € el ) X el e
1+2) =1-2 and (1+ ) (1-2)=1+82 2
( +X2) X ( +X1)< Xz) +X1 X
X1 Xl . X] el (5]
e=———=— |5 —- | Ans
x X2 X2 \X1 X
1-8

(a) x; =+/5=12.236067 977 5
X1 =2.23 3-correct digits
xy = /6 = 2.449 487 742 78
X, =2.44 3-correct digits
X1 4 x2 = v/5 + /6 = 4.685 557 720 28
e1 =x1 — X, =~/5—2.23 = 0.006 067 977 5
er = x) — Xp = /6 — 2.44 = 0.009 489 742 78
e=e +e =~5-2234+6—244 =0.015 557 720 28
Sum=x1+x =X+ X,+e

=2.2342.44 + 0.015 557 720 28
= 4.685 557 720 28 (Checks) Ans.

(b) X; =224, X, =245
e1 = /5 —2.24 = —0.003 932 022 50
e» = /6 — 2.45 = —0.000 510 257 22
e = el + e = —0.004 442 279 72

Sum= X; + X, +e
=2.2442.45+4+ (—0.004 442 279 72)
= 4.685 557 720 28 Ans.
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1-9
(a) o =20(6.89) = 137.8 MPa
(b) F =350(4.45) = 1558 N = 1.558 kN
(¢) M =12001bf-in (0.113) = 135.6 N - m
(d) A =2.4(645) = 1548 mm>
() I =174in*(2.54)* =724.2 cm*
(f) A =3.6(1.610)> = 9.332 km?
(g) E =21(1000)(6.89) = 144.69(10%) MPa = 144.7 GPa
(h) v =45 mi/h (1.61) = 72.45 km/h
() V =60in’ (2.54)° = 983.2 cm® = 0.983 liter
1-10
(a) [=1.5/0.305=4.918 ft = 59.02 in
(b) o = 600/6.89 = 86.96 kpsi
(¢) p=160/6.89 = 23.22 psi
(d) Z=1.84(10)/(25.4)° = 11.23 in®
(e) w=38.1/175 = 0.218 Ibf/in
() §=0.05/25.4=0.00197 in
(g) v=6.12/0.0051 = 1200 ft/min
(h) € =0.0021 in/in
(i) V=30/(0.254)° = 1831 in’
1-11
200
= —13.1MP
(a) o 53 3 a
(b) 742(103) 70(10°) N/m? = 70 MP,
— e m =
7= 6(10-2)2 a
1200(800)3(1073)3 5
— = 1.546(10 =155
© Y= 3307 10°62) 105103 (1077 m mm
1100(250)(1073) S
d 0= = 9.043(10 d=5.18°
@ 79.3(10%)(77/32)(25)*(10-3) (1077 ra
1-12
600
—— =5MP
(@) o 206) a

1
(b) I = E8(24)3 = 9216 mm*

) I= g—4324(10—1)4 — 5.147 cm®

16(16)

= 0T 5.215(10%) N/m? = 5.215 MPa

da
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1-13
_ 1201107
(@ = W = 382 MPa
-3
(b) o = 32(800)(800)(1077) _ 198.9(10%) N/m”> = 198.9 MPa

(32)3(1073)3

T
Z=——(36%=26" = 3334 mm’
(c) 32(36)( ) mm

_(L.6)*(1079)%(79.3)(10°)
@ k= 0y~ 286-8N/m
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2-1 From Table A-20
Sur = 470 MPa (68kpsi), S, = 390MPa (57kpsi) Ans.
2-2 From Table A-20
Sur = 620MPa (90 kpsi), Sy = 340MPa (49.5kpsi) Ans.
2-3 Comparison of yield strengths:

620
S,; of G10500 HR 1s 170 = 1.32 times larger than SAE1020 CD Ans.

390
Syr of SAE1020 CD is 340 = 1.15 times larger than G10500 HR  Ans.

From Table A-20, the ductilities (reduction in areas) show,

40
SAE1020 CD is T 1.14 times larger than G10500 Ans.

The stiffness values of these materials are identical Ans.

Table A-20 Table A-5
Syt Sy Ductility Stiffness

MPa (kpsi) MPa (kpsi) R% GPa (Mpsi)
SAE1020 CD 470(68) 390 (57) 40 207(30)
UNS10500 HR 620(90) 340(495) 35 207(30)

2-4

From Table A-21
1040 Q&T S'y = 593 (86) MPa (kpsi) at 205°C (400°F) Ans.

2-5

From Table A-21
1040 Q&T R =65% at 650°C (1200°F) Ans.

2-6 Using Table A-5, the specific strengths are:
S 39.5(10°
UNS G10350 HR steel: 2 — 220U%) 1.40(10%) in  Ans.
w 0.282
, S, 43(10%) ,
2024 T4 al . 2= = 4.39(10° Ans.
aluminum W 0.098 (10°) in ns
S, 140(10°
Ti-6Al-4V titanium: — = 1400197 _ 8.75(10%)in  Ans.
w 0.16
ASTM 30 gray cast iron has no-yield strength.—Ans
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2-7 The specific moduli are:

UNS G10350 HR steel:

2024 T4 aluminum:

Ti-6Al-4V titanium:

Gray cast iron:

2-8

2G(1+v)=FE = v=

From Table A-5

Steel:

Aluminum:

Beryllium copper:

Gray cast iron:

E  30(10°
E_ 30107 1.06(10%) in  Ans.
W 0.282
E  10.3(10% g -
— = 7 —1.05(10 Ans.
W 0.098 (107n Ans
E  16.5(10% 103(10%in A
_— = — =1. mn .
w 0.16 "
E  14.5(10°
E_ 14540 5 se107)in Ans
w 0.26
E—-2G
2G
30 —2(11.5
V= # =0.304 Ans.
2(11.5)
10.4 — 2(3.90
V= ( ) =0.333 Ans.
2(3.90)
18 — 2(7
V= 7() = 0.286 Ans.
2(7)
14.5 — 2(6)
p=—"—"7=0208 Ans.
2(6)

2-9

Stress P/A kpsi

Strain, €

0.016 (Lower curve)
0.8 (Upper curve)

U \\
O
S, =855kpsi Ans.
S, =45.5kpsi Ans.
E =90/0.003 = 30 000 kpsi Ans.
Ay~ Ar  0.1987 — 0.1077
R= 7 01087 (100) = 45.8% Ans.
-1 A
e=AL_'"h _ 1 _ %o
ZO ]0 l(] A
| | | | | |
0.006 0.008 0.010 0.012 0.014
0.3 0.4 0.5 0.6 0.7
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2-10 To plot oyye Vs. €, the following equations are applied to the data.

0.503)2
A = PO _ 4 1087 in?
4
l
Eq. (2-4) e=1In - for 0 <AL <0.0028in
0

Ao )
e =1In e for AL > 0.0028 in

P
Otrue = Z

The results are summarized in the table below and plotted on the next page.
The last 5 points of data are used to plot logo vs log e

The curve fit gives m = 0.2306
logop =5.1852 = oy = 153.2 kpsi

Ans.

For 20% cold work, Eq. (2-10) and Eq. (2-13) give,
A=Ayl — W) =0.1987(1 — 0.2) = 0.1590 in?

Ao 0.1987
e=In— =1In
A 0.1590

= 0.2231

Eq. (2-14):
S, = ope™ = 153.2(0.2231)°%% = 108.4 kpsi  Ans.
Eq. (2-15), with S, = 85.5 kpsi from Prob. 2-9,

o _ S _ 855
“TI-W  1-02

= 106.9kpsi  Ans.

P AL A I3 Otrue log € log oirye

0 0 0.198713 0 0
1000 0.0004 0.198713 0.0002 5032.388 —3.69901 3.701774
2000 0.0006 0.198713 0.0003 10064.78 —3.52294 4.002 804
3000 0.0010 0.198713 0.0005 15097.17 —3.30114 4.178 895
4000 0.0013 0.198713 0.000 65 20129.55 —3.18723 4.303 834

7000 0.0023 0.198713 0.001 149 35226.72  —2.93955 4.546 872
8400 0.0028 0.198713 0.001399 42272.06  —2.85418 4.626053

8800 0.0036 0.1984 0.001575 4435484  —2.80261 4.646941
9200 0.0089 0.1978 0.004 604 46511.63  —2.33685 4.667562
9100 0.1963 0.012216 46357.62  —1.91305 4.666121
13200 0.1924 0.032284 68607.07 —1.49101 4.836369
15200 0.1875 0.058082 81066.67  —1.23596 4.908 842
17000 0.1563 0.240083 108765.2 —0.61964 5.03649

16400 0.1307 0.418956 125478.2 —0.37783 5.098568

14800 0.1077 0.612511 137418.8 —0.21289 5.138046
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160000 —
140000
120000
"\g; 100000
b% 80000
60000
40000
20000 |~
0 | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
—52
— 5.1
y = 0.2306x + 5.1852 5
— 49
L L L L L L L L 4.8
—-1.6 —-14 —12 -1 —-0.8 —-0.6 -04 -0.2 0
log &
2-11 Tangent modulus at o = 0 is
Ao 5000 — 0
Eg=— =_"—"" " —25(10° psi
0= e T 0201073 —o — 2U0Ipsi
Ato = 20 kpsi
C (26 —19)(10%) o .
= = 14.0(10 Ans.
0= 15-1)(10-3) (10%) psi Ans
e(1073) o (kpsi) “r
0 0 50
0.20 5 wb
0.44 10 = i
0.80 16 2t oo 7 ke
1.0 19
1.5 26 20 |-
2.0 32
2.8 40 10~
3.4 46 |
4.0 49 8 1 2
5.0 54 £(1073)
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2-12  Since |&,| = |&;]

R+ h R R+ N
In = |In = |—In
R+ N R+ N R
R+h R+N
R+N R
(R+N)*=R(R+h)
From which, N?+2RN — Rh =0
B\ /2
The roots are: N:R[—l:l:(lnLE) i|

The + sign being significant,

N=R|:<1+§> —1i| Ans.

Substitute for N in
R+h
g =1In
R+ N
R+h h\'?
Gives g =In + =In (1 + E) Ans.

PENE
R4+R|1+ — — R
(1+%)

These constitute a useful pair of equations in cold-forming situations, allowing the surface
strains to be found so that cold-working strength enhancement can be estimated.

2-13 From Table A-22

AISI 1212 Sy =28.0kpsi, oy = 106 kpsi, S, = 61.5 kpsi
oo = 110 kpsi, m =0.24, er =0.85
From Eq. (2-12) g, =m=0.24
Ao 1 1

Eq. (2-10 = - =1.25

4 (10) ATTT-wW T 1-02
Eq. (2-13) & =In125=0.2231 = ¢ <e¢&,
Eq. (2-14) S, = oo} = 110(0.2231)** = 76.7 kpsi  Ans.

S 61.5

Eq. (2-15) s/ - =76.9 kpsi Ans.

ST W 1-02

2-14 For Hp = 250,
Eq. (2-17) S, = 0.495 (250) = 124 kpsi
= 3.41 (250) = 853 MPa
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2-15  For the data given,

Y Hp=2530 ) Hjp=0640226

- 2530 640226 — (2530)2/10
Hg = —— =253 oyp = ( )’/ = 3.887
10 9
Eq. (2-17) i
S, = 0.495(253) = 125.2 kpsi  Ans.
Geu = 0.495(3.887) = 1.92 kpsi  Ans.
2-16 From Prob. 2-15, Hp =253 and 6pp = 3.887
Eq. (2-18)
S, =0.23(253) — 12.5 =45.7 kpsi Ans.
6su = 0.23(3.887) = 0.894 kpsi  Ans.
i (a) LB 34.5in - Ibf/in> A
UR = =340 - n .
k=330 s
(b)
P AL A Ag/A —1 P o =P/Ag
0 0 0 0
1000 0.0004 0.0002 5032.39
2000 0.0006 0.0003 10064.78
3000 0.0010 0.0005 15097.17
4000 0.0013 0.000 65 20129.55
7000 0.0023 0.00115 35226.72
8400 0.0028 0.0014 42272.06
8800 0.0036 0.0018 44285.02
9200 0.0089 0.004 45 46297.97
9100 0.1963 0.012291 0.012291 45794.73
13200 0.1924 0.032811 0.032811 66427.53
15200 0.1875 0.059 802 0.059 802 76 492.30
17 000 0.1563 0.271355 0.271355 85550.60
16 400 0.1307 0.520373 0.520373 82531.17

14800 0.1077 0.845059 0.845059 74 479.35
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90000

80000 —

70000 —

60000 —|

50000

40000

30000 [~

20000 |~

10000 |~

0 | | | | e
0 02 04 0.6 08

All data points

50000 |-
45000 |-
40000 |- 7 :
35000 |- /
30000 |- /
25000 |- /
20000 |- /
15000 A Ay
10000 - /7

5000 |

0 | . | | | : [N

0 0.001 0.002 0.003 0.004 0.005
First 9 data points

90000

80000

70000

60000

50000

40000

A4 E AS

30000

20000

10000

! I ! L
0.2 0.4 0.6 0.8
Last 6 data points

(=}
== F—F=

5
1
ur = Z A = 5(43 000)(0.001 5) 4 45 000(0.004 45 — 0.001 5)
i=1

1
+ 5(45 000 + 76 500)(0.059 8 — 0.004 45)
-+ 81 000(0.4 — 0.059 8) + 80 000(0.845 — 0.4)

= 66.7(10%)in - Ibf/in®  Ans
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2-18 m = Alp
For stiffness, k = AE/l,or, A =kl/E.
Thus, m = kI*p/E, and, M = E/p. Therefore, g = 1

From Fig. 2-16, ductile materials include Steel, Titanium, Molybdenum, Aluminum, and
Composites.

For strength, S = F/A,or, A = F/S.
Thus,m = Fl p/S,and, M = §/p.

From Fig. 2-19, lines parallel to S/ p give for ductile materials, Steel, Nickel, Titanium, and
composites.

Common to both stiffness and strength are Steel, Titanium, Aluminum, and
Composites. Ans.



ICCP1_60
2-18

ICCP1_60
Au.: We have changed the number from "2-22" to "2-18" for correct sequence. Please suggest.
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Al B Al 1B

RO
[ =
=

.
.
o
NG
(d) '

Scale of
corner magnified

(f)
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15

R4 =2sin60 = 1.732 kKN Ans.

Rp =2sin30 =1 kN Ans.

S=0.6m
a=tan ' —— =30.96°
0.4+ 0.6
Ra _ 80 Lk —1100N 4
sin135  sin30.96 A= -
Ro _ 80 o _37N 4
sin 14.04 _ sin30.96 0= s
() 12k 1.2
° Ro = —2.078 kN Ans.
tan 30
Ri= 2 _24kN A
A= Gin30 s
60°
RA
RO
(d) Step 1: Find R4 and Rg
h=—"_—7794m
tan 30
G+ Z Mjs=0

OREg — 7.794(400 cos 30) — 4.5(400sin30) =0
R =400 N Ans.

Zszo Ry +400c0s30 =0 = Ry, = —346.4N
ZFy:O Ray +400 —400sin30 =0 = R4, = —200N

R4 = 1/346.42 + 2002 = 400N  Ans.
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Step 2: Find components of R¢ on link 4 and Rp

Fes G+ Y Me=0
400(4.5) — (7.794 — 1.99Rp =0 = Rp =3054N Ans.
Z F,=0 = (Rcy)s=23054N

Y Fy=0 = (Rcys=—400N

400 N
Step 3: Find components of R¢c on link 2
®o Fy=0
Reor Z
(Rcx)2+3054—-3464=0 = (Rcyx)2 =4IN

Y Fy=0

(Rcy)z = 200N

200 NlTél()O N 200N
41N

3054 N
30°

Pin C

400N

400 N
Ans.
3-3
(a) y 40 Ibf 60 Ibf
Ll o T c+xm=o
A TB TC D —18(60) + 14R, + 8(30) — 4(40) = 0
R, 30 Ibf R,
R, =71.43 1bf
V (Ibf) . _
o D Fy=0:R —40+30+71.43—60=0
O | L. R, = —1.431bf
—41.43
M M, = —1.43(4) = —5.72 Ibf - in
(Ibf+in)
o M, My, = =572 —41.43(4) = —171.44 1bf - in
M, Mz = —171.44 — 11.43(6) = —240 1bf - in

Vi,

M My = —240 4+ 60(4) =0 checks!
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(b) y 2kN 4 kN/m Z Fy =0
o lA B c_, Ry = 2 + 4(0.150) = 2.6kN
My R,| 200 mm | 150 mm | 150 mm ZMO =0
V&N My = 2000(0.2) + 4000(0.150)(0.425)
Ve = 655N -m
|0.6 0
] X
. M; = —655 +2600(0.2) = —135 N -m
(Nem) , M, = —135 + 600(0.150) = —45 N - m
0 3 x 1
M, M, My = —45 + 5600(0.150) =0 checks!
—655
(© v 1001““ > Mo =0: 10R, —6(1000) =0 = Ry =600 Ibf
of———-~— 0 1 3 Fy=0:R —10004+600=0 = R =400 Ibf
y BEAS 1
RJ TRZ
V (Ibf)
400
o X
—600
bttt X M, = 400(6) = 2400 Ibf - ft
) M, M, = 2400 — 600(4) =0 checks!
(d) Y| 1000 Ibf 2000 1bf Lz + Z MC — O
oL 9% YIR_ .«  —10R; +2(2000) + 8(1000) = 0
TR, TRZ R; = 1200 Ibf
wf— . Z F, = 0: 1200 — 1000 — 2000 + R, = 0
J R, = 1800 Ibf
—1800
W ", M; = 1200(2) = 2400 Ibf - ft
: " M, = 2400 + 200(6) = 3600 Ibf - ft
o0 3 x

M5 = 3600 — 1800(2) =0 checks!
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(e) y 400 Ibf 800 Ibf G+ Z Mp =0
o L4t 1 3ft B 3ft 1 —7R; +3(400) — 3(800) =0
A c
[R, R, R, = —171.4 Ibf
V(D 800 > Fy=0:—171.4—400 + R, — 800 = 0
o . R, = 1371.4 Ibf
-171.4 m_
M
o M M, = —171.4(4) = —685.7 1bf - ft
M, M, = —685.7 — 571.4(3) = —2400 Ibf - ft
Mo M3 = —2400 4 800(3) = 0 checks!
(f) BreakatA
40 Ibf/in
1
0 Lty Ry = Vi = S40(8) = 160 Ibf
R, v,
|
1601bfl 1320 Ibf G+ Z Mp =0
2 f — 1 f 12(160) — 10R, + 320(5) = 0
%, %, R> = 352 Ibf
40 Ibf/in 320 Ibf Z Fy -0
«  —160+352 —-320+ R3; =0
W R3; = 128 Ibf
160 Ibf 352 Ibf 128 Ibf
V (Ibf)
160 \ 192
o x
\ —128
~160
1
M M, M, = 5160(4) = 320 Ibf - in
m, /\ {
o My Mp=320— -160(4) =0 checks! (hinge)
AV 2
M, M3 =0 —160(2) = —320 Ibf - in

M,
Ms = 640 — 128(5) =0

= —320+ 192(5) = 640 1Ibf - in

checks!
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3-4

@ g=Rx)""—40(x =47 +30(x —8) '+ Ry(x — 14)71 —60(x — 18)~!
V=R —40(x —4)°4+30(x — 8)° + Ry(x — 14)® — 60(x — 18)° (1
M = Rix —40(x —4)' +30(x — 8)' + Ro(x — 14)! — 60(x — 18)! 2
forx =187 V=0 and M =0 Egs.(1)and(2) give
0=R —404+30+R, —60 = R+ R, =70 A3
0= Ri(18) —40(14) +30(10) + 4R, = 9R; + 2R, = 130 (4

Solve (3) and (4) simultaneously to get Ry = —1.43 1bf, R, = 71.43 1bf. Ans.
From Egs. (1) and (2),at x =07,V =R, = —143 Ibf, M =0

x=4% V=—-143—-40= —41.43, M = —1.43x

x=8" V=-143-40+30=—11.43
M = —1.43(8) —40(8 —4)! = —171.44

x=14"7: V=—143—-40+30+71.43 =60
M = —1.43(14) — 40(14 — 4) +30(14 — 8) = —240.

x=18": V=0,M =0 See curves of Vand M in Prob. 3-3 solution.
(b) g = Ro(x)" ! — My(x)™> —2000(x — 0.2) "' — 4000(x — 0.35)" +4000(x — 0.5)°
V = Ry — My(x)™' —2000(x — 0.2)° —4000(x — 0.35)" +4000(x — 0.5)" 1
M = Rox — My — 2000(x — 0.2)! —2000(x — 0.35)% 4+ 2000(x — 0.5)? 2
atx =0.5"m,V = M =0, Egs. (1) and (2) give
Ry — 2000 — 4000(0.5 —0.35) =0 = R; =2600N =2.6 kN Ans.
Ro(0.5) — My — 2000(0.5 — 0.2) — 2000(0.5 — 0.35)> = 0

with Ry = 2600 N, My = 655 N-m Ans.
With Ryand M, Egs. (1) and (2) give the same V and M curves as Prob. 3-3 (note for]
V, Mo(x)~" has no physical meaning).

(c) g = Ri(x)"1 —1000(x — 6)"! + Ry(x — 10)~!
V = R, — 1000(x — 6)° + Ry (x — 10)° (1
M = Rix — 1000(x — 6)! + Ry(x — 10! 2

atx = 10T ft, V =M =0, Egs. (1) and (2) give

R, — 10004+ R, =0 = R;+ R, =1000

10R; — 1000(10 —6) =0 = R, =4001bf, R, = 1000 — 400 = 600 Ibf
0<x<6: V=400Ibf, M =400x
6 <x <10: V =400 —1000(x — 6)° = 600 Ibf
M = 400x — 1000(x — 6) = 6000 — 600x
See curves of Prob. 3-3 solution.
(d) g = Ri(x)"1 —1000(x —2)~! —2000(x — 8)~' + Ry(x — 10)~"
V = R, — 1000(x —2)° —2000(x — 8)° + R, (x — 10)° (1

M = Ryx — 1000(x —2)" —2000(x — 8)" + Ry(x — 10)! (2)
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(e)

(f)

Atx =107, V =M =0 from Egs. (1) and (2)
R; — 1000 —2000 + R, =0 = R;+ R, = 3000
10R; — 1000(10 — 2) —2000(10 —8) =0 = Ry = 12001bf,
Ry = 3000 — 1200 = 1800 1bf

0<x <2 V=1200Ibf, M = 1200x Ibf - ft
2<x<8 V=1200- 1000 = 2001bf

M = 1200x — 1000(x — 2) = 200x + 2000 Ibf - ft
8 <x<10: V =1200— 1000 — 2000 = —1800Ibf

M = 1200x — 1000(x — 2) — 2000(x — 8) = —1800x + 18000 Ibf - ft

Plots are the same as in Prob. 3-3.

g=Ri(x)"" —400(x —4)"" + Ry(x —7)"' —800(x — 10)~!
V =R, —400(x —4)° + Ry(x — 7)° — 800(x — 10)° (1)
M = Rix —400(x — 4! + Ry(x — 7)! — 800(x — 10)' (2)
atx =10", V=M=0
R —400+ R, —800=0 = R;+ R,=1200 (3)
10R; — 400(6) + R,(3) =0 = 10R; + 3R, = 2400 (4)

Solve Egs. (3) and (4) simultaneously: Ry = —171.4 1bf, R, = 1371.4 1bf

0<x<4 V=-17141bf, M = —171.4x Ibf - ft

4<x<7: V=-1714—-400 = —-571.4 Ibf

M = —171.4x — 400(x — 4) Ibf - ft = —571.4x + 1600
7<x<10: V =-171.4—-400+ 1371.4 = 800 Ibf

M = —171.4x — 400(x — 4) + 1371.4(x — 7) = 800x — 8000 Ibf - ft

Plots are the same as in Prob. 3-3.

g = Ri(x)"' —40(x)° +40(x — 8)° + Ry(x — 10)~! —320(x — 15)"! 4+ R3(x — 20)
V = R, —40x +40(x — 8)' 4+ Ry(x — 10)* — 320(x — 15)° + R3(x — 20)° (1)
M = Rix —20x% +20(x — 8)2 + Ry(x — 10)! — 320(x — 15)' 4+ R3(x — 20)' )
M=0atx=8in . .8R; —20(8>=0 = R, =160Ibf
atx =207, VandM =0
160 — 40(20) +40(12) + R, — 320+ R3; =0 = R, + R3 =480
160(20) — 20(20)% + 20(12)> + 10R, — 320(5) =0 = R, = 352 Ibf
R; = 480 — 352 = 128 Ibf]
0<x<8 V=160—40x1bf, M = 160x — 20x* Ibf- in
8§ <x <10: V =160 —40x 4+ 40(x — 8) = —1601bf,
M = 160x — 20x2 4+ 20(x — 8)> = 1280 — 160x Ibf - in
10 <x <15: V =160 — 40x 4+ 40(x — 8) 4 352 = 1921bf
M = 160x — 20x2 4+ 20(x — 8) + 352(x — 10) = 192x — 2240
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I5 <x <20: V =160 —40x 4 40(x — 8) 4+ 352 — 320 = —128 1bf
M = 160x — 20x* — 20(x — 8) + 352(x — 10) — 320(x — 15)
= —128x + 2560

Plots of V and M are the same as in Prob. 3-3.

3-S Solution depends upon the beam selected.

3-6
(a) Moment at center, x, = (I — 2a)/2

2
Mc:z[za_za)_(z)}:ﬂ(z_a)
212 2 2 \4

At reaction, |M,| = wa*/2

a =225, =10in, w = 100 Ibf/in

100(10) (10 )
M. = > T 225 ) =125 1bf - in

B 100(2.25%)

=253.11bf-in Ans.

r

(b) Minimum occurs when M, = |M, |

1 (1 2
%(1_a>:ﬂ = a*4al—0257=0

Taking the positive root

a= % [—1+ V2 +4(0.251%) ] = é (V2 -1)=0.2071 Ans.

for / =10 in and w = 100 1bf, Myin = (100/2)[(0.2071)(10)]*> = 214 Ibf - in

3-7 For the ith wire from bottom, from summing forces vertically

(a) TTf
— Ti=(@G+1DW
1W 1iW l

From summing moments about point a,

ZMa =W —x;)—iWx; =0
Giving,

Xi = -
i+ 1
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So

S

(b) With straight rigid wires, the mobile is not stable. Any perturbation can lead to all wires
becoming collinear. Consider a wire of length / bent at its string support:

TT,-
W W ZM“:il_Vfll cosoa—l_ll_l_W1 cosf =0

Wi
: 1(coso¢ —cospB) =0

I+

Moment vanishes when o« = f for any wire. Consider a ccw rotation angle 8, which
makeso > o+ fand B — o — B

iwl
M, = ——[cos(x + B) — cos(a — B)]
i+1
2iWl ) L 2iWIB
= - sin sin 8 = — sino
i+1 I+

There exists a correcting moment of opposite sense to arbitrary rotation 8. An equation
for an upward bend can be found by changing the sign of W. The moment will no longer
be correcting. A curved, convex-upward bend of wire will produce stable equilibrium
too, but the equation would change somewhat.

3-8
(a) . 12+6
==
CD=127_6=3
i 2
R=+v3>+4+4=5
o0=54+49=14
eew 0, =9-5=4
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‘L']ZRZS,

X

14

¢y = 45° —26.6° = 18.4° ccw

2
a7 R =+52+3.52=6.10
o1 =6.14+12.5=18.6

VA 1 5
(16, 5°) ¢[) — 5 tan_l g = 2750 cCw

0, =125-61=64

71 =R =06.10, ¢y, =45"—-275"=175"cw

6.10

X
17.5°

12.5

24+ 1
c=2+10_ 4
2
2410
CD=="—=7

R=V7+62=922

o1 =17+9.22 =26.22
0, =17-922="7.78
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1 7
2622 ¢p == |90+ tan"! = | = 69.7° ccw
f 69.7° 2 6
7.78

11 =R =922, ¢, =069.7°—45° =24.7° ccw

17 9.22
17

9+1
o C: +9:14
2
19-9
CD=——=5
2

R =+5"4+82=9.434
o1 =14+943 =2343
0y =14 -943 =4.57

1 5
4.57 op = 3 [90 + tan~! §] =61.0°cw
;61O
23.43 \

71 =R =9434, ¢, =061°—45°=16"cw

14

X
2 16°
14

9.434




R =+/8* 47> =10.63
o1 =4+ 10.63 = 14.63
0, =4—10.63 = —6.63

8
|:90 + tan~! ?] = 69.4° ccw

N =

14.63 ¢p =

71 = R =10.63, ¢; =69.4° —45° =24.4°ccw

4

10.63

6—-5
C=—=05
2
6+5
=55 s

R=+552+8=971
01 =0.54+9.71 =10.21
0, =05-9.71 =-9.21

T
cew | 2 x

1 . 8
10.21 ¢, = —tan~ — = 27.75° ccw
E 17se L) 5.5

9.21

Chapter 3 25
3-9
(a) 12— 4
C=——=4
2
12+ 4
CD = T“L — 8
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T = R = 9.71,

0.5

by = 45° —27.75° = 17.25° cw

—847
C = il =-05
2
8+7
CD = ——; =175

10.1

9.1

71 = R = 9.60,

0.5

k o1 =9.60—-0.5=9.10

(1, 6CCW)

2 W — 77 R=+7546"=960
|
|
|
|
|
|

o, =—-0.5-9.6=-10.1

7.5
¢p = [90 + tan™! ?] =70.67° cw

N =

70.67°

¢s = 70.67° — 45° = 25.67° cw

9-6
C=——=15
2
SRLLLI

R =+/7.52 + 32 =8.078
o1 =1548.078 =9.58
0 =15—-8.078 = —6.58




71 = R =8.078,

1.5
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6.58 1 _1 3 10.9
=—tan  — = 10.9°cw
o 2 5

10.9°

34.1°

8.08

¢s = 45° —10.9° = 34.1° ccw

3-10
(a)

20— 10
C = =5
2
20+ 10
ANEES LI

x
Z14.04°
22

R=+152+8 =17

o =5+17=22

o =5—-17=—12
1

8
op = Etan_l G = 14.04° cw
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(b) g 30— 10
C= =10
) 2
(—10, 105%) 30+ 10
CD = er =20

Ty

R =+/20> 4+ 10?2 =22.36

o1 =104 22.36 = 32.36
0 =10 —22.36 = —12.36

12.36 1 _1 10 13.98
= —t — = . ©
dp > an 20 cCW

32.36

i 13.28°
x

71 = R =22.36, ¢, =45 —13.28°=31.72°cw

10

—10+ 18
C:7+:4
2
1 1
CD = 0—;8214

R =+1424+9? = 16.64
o1 =4+ 16.64 =20.64
0y =4—-16.64 = —12.64

Pp

1 _, 14 o
=—(90+tan” — | =73.63°cw
12.64 2 9

20.64 73.63

71 =R =16.64, ¢ =73.63° —45° =28.63°cw

4

X
28.63°
4 :;

¥ 1664
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—12+22
_ et
2
12422
Y R =172 4+ 122 =208l
(22, 12°%) o =5+4+20.81 =25.81
y o, =5—20.81 = —15.81
¢ 1 90 + tan™! 17 72.39°
= = an  — | =72. cW
15.81 L) 12

72.39°

25.81

71 = R =20.81,

5

27.39°

20.81

¢s =72.39° —45° =27.39° cw

3-11
(a) .
Ty = 2
—4
b r 0410
- c=+t"_5
D T2 2
(0’4) 10— 0
T3 & CD = — = 5
2
" " R =544 =640
e o1 =5+6.40 = 11.40
x 0,=0, 03=5-640=-1.40
11.40 1.40
‘L'|l/z =R = 640, ‘L’]/) = T = 5.70, ‘L'7l/'; = T = 0.70
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(C) 2 circles (—2, 4% X ! C — _22_ 8 — —5

Point is a circle
8—2

CD=——=3

A D 0,0, 7 2
(—8, 4) R=+324+42=5

0j=-54+5=0, oo=0

o3=—-5—-5=-10
10
T == 5, =0, 1mp3=3>5
10 — 30
2
Tin 10 30
CD = + =20
N, 2
] R =202 + 102 = 22.36
i/ (10, 10V
* o =—10+22.36 =12.36
Oy = 0
o3 = —10—22.36 = —32.36
12.36 32.36

T1/3 = 2236, T1)2 = T = 618, Ty/3 = T = 16.18

3-12
(a) T3 T —80 — 30
C=—""""=_55
2
cD — 80 — 30 _ s

o 2
R = /252 4+20% = 32.02
o1 = 0

0y = —55+32.02 = -22.98 = -23.0
03 = —55—-32.0=-87.0

23 87
‘L’]/z = ? = 11.5, ‘L’2/3 = 32.0, ‘L’1/3 = ? =435
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b T T 30 - 60
(b) c_ s
T3 x 2
r X (30,30°Y)
: 60 + 30
T2 ' CD = —; =45

(o8

.
93 T D Jo,

R =452 +302 =54.1
o1 =—15+54.1=139.1

(=60, 30°%)

OQ:O
o3 =—15-54.1 = —-69.1

39.1 + 69.1 39.1 69.1
T3 = + =541, Tp="-=196 mp=—— =346
40 40
c=2%0 o
2
40 —
CD = 02 0 _ 20

R =+/20>+20%> =283

o1 =204 28.3 =483

(0 , T

0 =20—-283=-83

o3 =0, = —30
48.3 + 30 30—-8.3
T3 = T—i_ =391, 1p=283, mnp= 5 = 10.9
(d) T T3 50
C=—=25
T3 50
CD=—=25
[og (o 2
R =+/2524+30% = 39.1
o1 =25+39.1 =64.1
y
0, =25-39.1=-14.1
03 = 0; = —20
64.1 4+ 20 20 — 14.1
np=——7—=421, 71up=391, nvns=—F73—=295

2 2
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3-13
2000
=—=————=10190psi = 10.19 kpsi  Ans.
o A= /05 psi psi Ans
FL L 72 .
§=—=0—=10190—-+ = 0.02446in Ans.
AE E 30(100)
_ 3 _ 00246 340(107% = 340u A
€ = =" = = I ns.
From Table A-5, v = 0.292
€ = —ve; = —0.292(340) = —99.3u  Ans.
Ad = e3d = —99.3(1079)(0.5) = —49.6(107°%) in  Ans.
3-14 From Table A-5, E = 71.7 GPa
L 3
§=0— =135(10"————— =5.65(10"")m = 5.65 mm Ans.
E 71.7(10%)
3-15 With o, = 0, solve the first two equations of Eq. (3-19) simultaneously. Place E on the left-
hand side of both equations, and using Cramer’s rule,
Ee, —v
_|Eey, 1] Ee;r +vEe, . E(ex +vey)
T =] 1 =2 T 1 =2
—v 1
Likewise,
oo — E(ey + vey)
S
From Table A-5, £ = 207 GPa and v = 0.292. Thus,
E 207(10°)[0.0021 + 0.292(—0.000 67
o, = Bt vey) 2070000 + 0.29% N 1076 =431 MPa  Ans.
1 -2 1 —0.2922
207(10%)[—0.000 67 + 0.292(0.0021
oy = (0Ol + ( )](10—6) = —129MPa Ans.
1 —0.2922
3-16 The engineer has assumed the stress to be uniform. That is,
F 4—' Q/Y/io
F
ZF, =—FcosO+71tA=0 = 1= Zcos@
When failure occurs in shear
F
Seu = 1 cos 6
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The uniform stress assumption is common practice but is not exact. If interested in the
details, see p. 570 of 6th edition.

3-17 From Eq. (3-15)
0% — (=246 —4)a? + [-2(6) + (—2)(—4) + 6(—4) — 3> — 2> — (=5)*]o
— [=2(6)(—4) 4+ 2(3)(2)(=5) — (=2)(2)* — 6(=5)* — (=4)(3)’] =0
02— 660 +118=0

Roots are: 7.012, 1.89, —8.903 kpsi  Ans.

7.012 — 1.89 e
Up=——H5 = 2.56 kpsi 7|7 Kpsi)
8.903 4+ 1.89
/3= + = 5.40 kpsi .
8.903 + 7.012 8903 : S5 @ Gpsi)
Tmax = T1/3 = + = 7.96 kpsi Ans. U8 1012

Note: For Probs. 3-17 to 3-19, one can also find the eigenvalues of the matrix
Ox Txy Tzx
[o]l=| 17y o0y Ty
Tzx  Tyz O

for the principal stresses

3-18 From Eq. (3-15)
o — (10 + 0+ 10)0% + [10(0) + 10(10) + 0(10) — 20*> — (—10v/2) — 0*] &

— [10(0)(10) + 2(20) (—105/2) (0) — 10 (—10v/2)* = 0(0)* — 10(20)*] = 0

o? — 2007 — 5000 + 6000 = 0
Roots are: 30, 10, —20 MPa Auns.

7 (MPa) T

30 - 10
T12 = ) = 10 MPa s

10 4 20 -
T2/3 = * = 15MPa

-20 10 30 o (MPa)
30+ 20

Thax = T1/3 = —; =25 MPa Auns.
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3-19 From Eq. (3-15)

o — (1 44+ +[1(4) + 1(4) +4(4) —2° — (=4)* — (-2’10
—[1(A)#) +22)(—4)(=2) — 1(—4)* —4(—2)> —4(2)’] =0

0> =952 =0

Roots are: 9, 0, 0 kpsi

7(kpsi) T~ T3
T3

0 O\JQ -

9
T2/3 = 0’ Tl/2 - Tl/} = Tmax = 5 = 4.5 kpSl Ans.

3-20
(@) R, = %F My = Ria = “I—CF
6M 6 acF o F obh?l A
o = — = ———— e .
b2~ b2 | 6ac
®) Fn _ (Om /) (b /b) () h)* (L] 1) _ 1(5)()%(s) & Ans,

F (am/a)(cm/c) (s)(s)

For equal stress, the model load varies by the square of the scale factor.

3-21
Ry — wl M| B w [ ; [ B wl?
T TmaeEl2 T h 2) " 8
6M 6 wi> 3WI o 4 o bh? A
o =-——=— = — = — .
b2 bh: 8 4bh? 3 s
Wi (0/0) (b /b) (hiw/B)*  1(s)(s)? )
—_— = = =g Ans.
w I/l s
2
Wil =52 = Wm = 5 =5 Ans.
wl w s

For equal stress, the model load w varies linearily with the scale factor.
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3-22
(a) Can solve by iteration or derive equations for the general case.
1W1 1W2 Wy e W 1W,, Find maximum moment under wheel W5
A Y B
<] Wr =" W at centroid of W’s
RAT L—alsﬁkagq TRB
X, [ !
[ — X3 — d3
Ry=———"FT—"Wr
[
Under wheel 3
(Il —x3 —d3)
M3 = Rpaxz — Wiaiz — Whaos = fWT)% — Wiaiz — Waans

dM W l—d
For maximum, B 0= (I —d; — 2x3)—T = x3= &

dx; [ 2

L (I — ds)*
substitute into M, = M; = 4—ZWT — Wiaiz — Waay;
This means the midpoint of d3 intersects the midpoint of the beam
l —d; [ —d;)? =
For wheel i Xi=— L, M= %WT - ijaji
j=1

Note for wheel 1: ¥W;a;; =0

104.4 )
WT = 104.4, W1 = Wz = W3 = W4 = T = 26.1 klp
476 1200 — 238)?
Wheel I: dj = — =238in, M, = g(104.4) = 20128kip-in
2 4(1200)

Wheel 2: dr =238 —84 = 154in

(1200 — 154)*
27 T 4(1200)

Check if all of the wheels are on the rail

(104.4) —26.1(84) = 21 605 kip - in = Mpax

84" 77" .84

315 }e

O O O O
. — !
| 600"

600" |

(b) xmax = 600 — 77 = 523in
(¢) See above sketch.
(d) inner axles
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3-23
(@) TP 1
c; = 0.833" “ ; ()AIS”
L ro.osa” )
By e e
¥ =, = 0.667" — — o
A0 N B
-
Ay = Ap = 0.25(1.5) = 0.375in?
A = 3(0.375) = 1.125in?
2(0.375)(0.75) 4+ 0.375(0.5
5= ( )(0.75) + 05 _ g6671n
1.125
0.25(1.5)3
0= 9.25(1.57° _ 0.0703 in*
12
1.5(0.25)°
I, = 1.50.257 _ 0.001 95 in*
12
I, = 2[0.0703 4 0.375(0.083)*] + [0.001 95 + 0.375(0.167)?] = 0.158in*  Ans.
10000(0.667) _
op = W = 42(10)% psi  Ans.
10000(0.667 — 0.375
op = ( ) _ 18.5(10)% psi  Ans.
0.158
10000(0.167 — 0.125) e
oc = = 2.7(10)" psi  Ans.
0.158
10000(0.833
op = —ﬁ = —52.7(10)° psi  Auns.
(b) _
e 0982 |
025" 1 f—1.134"—>
R ? :
Here we treat the hole as a negative area.
A, = 1.732 in?
0.982
Ay =1.134 (97) = 0.557 in?
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A =1.732—-0.557 = 1.175in"
1.732(0.577) — 0.557(0.577)

y= =0.577 in Ans.
1.175
bh®  2(1.732)3
I it 2 in*
a 36 36 0.289 in

1.134(0.982)3

I=—"—""""""
36

I = I, — I, = 0.289 — 0.0298 = 0.259in* Ans.

= 0.0298 in*

because the centroids are coincident.

10000(0.577) .
4= o = 22.3(10)° psi  Ans.
100000327) ) o
op=—"—7J¥¢74+7477—7—7—+= = . S1 .
5 0.259 pSt - Ans
10000(0.982 — 0.327) .
_ — —25.3(10
oc 0.259 (10)7psi
10000(1.155) ,
0D = ———gyes = —#46(10)psi Ans

(¢) Use two negative areas.

¢, =1.708"

b
1 : . —1
1 e ﬂri
¢ =2292" ], L5t e
B i
g Ga"i'i__"io.zs
7 T

A, =1in>, A, =9in%>, A,=16in>, A=16—9—1=6in":

Vo =0.25in, yp =2.0in, Yy, =2in
16(2) — 9(2) — 1(0.25)

y = g =2.292in Ans.
c; =4 —2.292 = 1.708in
2(0.5)3
L= ©5) = 0.020 83 in*
12
3(3)3
I, = 3) = 6.75in*
12
4(4)3
I. = @ = 21.333in*

12

Ans.
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I} = [21.333 + 16(0.292)%] — [6.75 + 9(0.292)?]
—[0.02083 + 1(2.292 — 0.25)?]
= 10.99in* Ans.

_10000(2.292)

oA = —Tooo = 2086 psi  Ans.
10000(2.292 — 0.5
op = ( ) = 1631psi Ans.
10.99
10000(1.708 — 0.5) ,
= — =-1 Ans.
oc 10.99 099psi  Ans
10000(1.708) 1554050 A
op=—"—— = — si :
b 10.99 Pt Ans

(d) Use a as a negative area.

A, = 6.928in%, A, = 16in’>, A =9.072 in%;
yo=1.155in, 3y, =2in
2(16) — 1.155(6.928
y = (16) ( ) =2.645in Ans.
9.072
cy =4 —2.645 =1.355in

_ bh? _ 4(3.464)°

= — = = 4.618in*
36 36
4(4)3
I, = ) =21.33in*
I, = [21.33 + 16(0.645)*] — [4.618 + 6.928(1.490)?]
=7.99in* Ans.
10 000(2.645) 31008 A
Op = ———— = 1 .
A 7.99 pstAns
10000(3.464 — 2.645
op = — ( ) = —1025psi  Ans.
7.99
10000(1.355
oc = _ 10006(1.335) = —1696psi  Ans.

7.99
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c A, = 6(1.25) = 7.5in”
1 Ap =3(1.5) = 4.5in®
A=A.+ Ap = 12in?

b 3.625(7.5) + 1.5(4.5)

B y = B = 2.828in Ans.

1 1
I = E(6)(1.25)3 +7.5(3.625 — 2.828)> + E(I'S)(3)3 +4.5(2.828 — 1.5)?

= 17.05in* Ans.
10000(2.828)

10000(3 — 2.828) .
op = — 1705 = —101pst Ans.
10000(1.422) .
oc =————— = —834psi Ans.
17.05
(f) D Let a = total area
€= 1-{ lc A =1503)—1(1.25) =3.25 in’
}EB I1=1,—-2I, = ! (1 5)(3)3 ! (1 25)(1)3
c=15 — 1g b — 12 . 12 .
T —=3.271in* Ans.
10000(1.5
Ans.
10000(0.5
op = ﬁ = 15291381, oc = —1529pSl

3-24

(a) The moment is maximum and constant between A and B

1 3 . 4
2(0.5)(2) = 0.33331in

M = —-50(20) = —1000 1bf-in, I = Tz

C|EI|_ 1.6(109(0.3333)
P=1m| = 1000
(x,y) =(30,—-533.3)in Ans.

= 533.31n

(b) The moment is maximum and constant between A and B
M = 50(5) = 250 Ibf-in, 7 = 0.3333in"

~1.6(10°)(0.3333)
P= 250

(x,y) =(20,2133)in Ans.

=2133in Ans.
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3-25
(a)

V (Ibf)

333
o

M
(Ibf-in)

(b)

V (Ibf)

o

—1000
M
(Ibf-in)

o

V (Ibf)

M
(Ibf-in)

o

1000 Ibf
6"

B

333 Ibf

A

I 667 1bf

4000

667

1000 Ibf

1000 Ibf

|

B

2000 Ibf

1000

X

—8000

120 Ibf/in

IR

Q-

15" BT 5

1500 Ibf

1
I = E(0.75)(1.5)3 = 0.2109in*

A =0.75(1.5) = 1.1251in

M hax 1S at A. At the bottom of the section,

Mc 4000(0.75)
1 0.2109

Due to V, 1.« constant is between A and B
aty =0

Umax -

=14 225psi  Ans.

3V 3 667
x=——=———=2889psi Ans.
fmax = 54 T 21125 Pt Ans
1 3 . 4
I = E(l)(2)‘ = (0.6667 in
M« 1s at A at the top of the beam
8000(1) .
Omax = 0.6667 =12000psi Ans.
|Vinax] = 10001bf from OtoBaty =0
3V 31000 )
Tmax = =— = =——— = /50psi  Ans.
2A  2(2)(1)

_1 3_05ind
I=(0.75)(2)° = 05in

M,

1
—5600(5) = —1500 Ibf - in = M;

M, =

1
—1500 + 5(9()())(7.5) = 1875 Ibf - in

M« 1s at span center. At the bottom of the
beam,

1875(1
Omax = 0.5( ) = 3750psi Ans.
AtAand Baty =0
3 900
=900psi Ans.

Tmax = = 71 sz Av
2(0.75)(2)




(@ [ =12(12) = 144in, I = (1/12)(1.5)(9.5)° = 107.2in*

= 8(1200)(197.2) = 10.4 Ibf/in  Ans.

4.75(1442)
(b) [ =48in, I = (7/64)(2* — 1.25% = 0.6656 in*
3
= 8(12)(10°)(0.6656) =27.71bf/in Ans.
1(48)2
(¢) [ =48in, I =(1/12)(2)(3*) — (1/12)(1.625)(2.625%) = 2.051 in*
3
_ 312072051 _ 57.0 Ibf/in  Ans.
1.5(48)2

(d) [ =72 in; Table A-6, I = 2(1.24) = 2.48in*

] $osar "
12'158,, Cmax = 2.158
8(12)(10%)(2.48
= (12)A0°) ):21.3 Ibf/in  Ans.
2.158(72)2

(e) /=72 in; Table A-7, I = 3.85in*

2 8(12)(10%)(3.85)
w =

272 = 35.61bf/in Ans.

(f) [ =72in, I =(1/12)(1)(4’) =5.333in"
_8(12)(10°)(5.333)

e =404 btin Ans

Chapter 3 41
(d) 100 Ibf/in B 1 3 .4
i l l L l ) I = E(l)(Z) = 0.6667 in
o 6 A 12 B 600
1350 Tbf 450 Ibf M, = —7(6) = —1800 Ibf - in
V (ibf) ' 750 1
M, = —1800 + 5750(7.5) = 1013 Ibf-in
o x
I ‘57‘5” 4%\4501 At A, top of beam
i | 1800(1 ,
(lbf-iig ! L Omax = (1) = 2700psi Ans.
o } : i 0.6667
M]: ! AtA,y =0
3 750
Tmax = = ——— = J63psi  Ans.
2(2)(1)
3-26
wi? wl?c 8ol
Mmax:T = Umaxzs—l = wzCT
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3-27

(a) Model (¢)

S001bf 500 1ot I =205 =3.068(107)in*
04375 1 1 76_[4
s A= Z(0.52) = 0.1963 in’
500 Ibf 500 Ibf
Mc  218.75(0.25)
o=-————=—
v 50 I~ 3.068(1073)
= 17825psi = 17.8kpsi Ans.
o
4V 4 500 .
~500 Tmax = gz = 501963 = 3400 ps1 Ans.
M M, = 500(0.4375)
(Ibf-in) = 218.75 Ibf-in
o

(b) Model (d)

1333 Ibf/in

().25"l I l I 1 ll

1.25"

1
500 Ibf 500 Ibt Mmax = 500(0.25) + 5(500)(0.375)
v aeh) =218.75 Ibf - in

500
x Vimax = 500 1bf
o
x Same M and V
—500

c.o=17.8kpsi Ans.
Tmax = 3400 psi  Ans.

M Mmux

3-28

A"
Py %‘ b=
e

P1+ P2
a

g=—Fx) "+ piix—=0°— (x =)' + terms forx > [ +a

V=—F—|—p1(x—l)1—p1+p2(x—l)2—|— terms forx > [+ a
a
M:—Fx—l—%(x—l)z—pl;_pz(x—l)3+ terms for x > [ + a
a

Atx=(U+a)",V=M=0, terms forx >l +a=0

P1+p2 o, 2F
—a

—F + pia — =0 = Pr—pr=-—-

(1)
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a’ + 6F(l+a
B AR e - Y SR SO G L)) @
2 6a a?
2F 2F
From (1) and (2) pr=—0@l+2a), pr=-—5@Gl+a) 3
a a
.. . a apr

From similar triangles — = = b= 4

P2 pir+p2 P1+ p2
M .x occurs where V =0

F
! | a—2b
P2
] T G =l+a-2b
P
p]W b !
Myas = —F( +a —2b) + Ph(a — 2b)? — DL P20 oy
2 6a
= _Fl— Fla—2b) + P(a— by = PLEP2 (0 o)
2 6a
Normally Mp,x = —Fl
The fractional increase in the magnitude is
A— F(a —2b) — (p1/2)(a — 2b)* — [(p1 + p2)/6al(a — 2b)° 5

Fl
For example, consider F = 1500 1bf,a =1.21in,/=1.51n

2(1500) )
3) Pr="15 [3(1.5) +2(1.2)] = 14375 Ibf/in
2(1500
P2 = %[3(1.5) + 1.2] = 11 875 Ibf/in
4) b=1.2(11875)/(14375 + 11875) = 0.5429 in

Substituting into (5) yields
A =0.03689 or 3.7% higher than —F1
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y 600(15 20
3-29 | 600 bt Ry = 20 4 205600 — 8500 1b
30001bf1 2 15
, x 600(15) 5
5 15 R, = — —3000 = 3500 Ibf
B ", : 2 15
V (Ibf) 3500
5500 a=——=>5.833ft
) e a —] ) 600
—3000 —3500
(lbf-lﬁg 3500(5.833) = 20420
o x
—15000
_ o 1(12) +5(12) .
== 3
(@ Z,_f,f_._,f,f‘T y 7 in
3 ) 1
l I, = 5[2(53) +6(3%) —4(1%)] = 136 in*
. —15000(12)(=3) .
Atx =5 ft, y = —31in, Oy = — = —3970 psi
136
) —15000(12)5 )
y =5in, Oy :_T:6620 psi
20420(12)(=3
Atx = 14.17 ft, y = —3in, Oy = — U2)(=3) = 5405 psi
136
. 20420(12)5 .
y=>5in, Ox = 36 T —9010 psi
Max tension = 6620 psi  Ans.
Max compression = —9010 psi  Ans.
(b) Vmax = 5500 1bf
oo Ona =yA=250)2) =25 in’
T VO  5500025) .
= = = 506 Ans.
= T T T136(2) pst - Ans
[Omax| 9010

= —— =4510psi Ans.

(C) Tmax = > 5
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3-30

6M  6(c/l)Fx | 6¢Fx
U:W:T = h= Do 0<x<a Ans.

3-31 From Prob.3-30,Ri=7F =V, 0<x<a

3V 3(c/DHF L 3 Fc A
Tmax = =7 = = Soh =< ns.
"X Tobh T 2 bh 2 IbTyax
" From Prob. 3-30= .| LY qubi d equate to /2 ab
e TOm kFroo. >- = Sub 1IN X = e and equate to 1 aboveg
i : 1b0max a
t \ 3 Fc B 6Fce
" 2 Ibtna | 1D
e = chamax Ans.
8 Ibt2,,
3-32
F b
Ll Ri=7F
1
TRI TRZ b
M = TFX
32M 32 b
Omax = — 52 — — 271X
wd3 wd3 1
32 bFx 1'/3
d=|:— x] 0<x<a Ans.
T O0max
3-33

..............

—0
Square: Ayp =(b— t)2
Toq = 2Amttar = 2(b — 1)* 114
Round: Ay =nb—10/4

Tra = 27(b — t)*t Ty /4
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Ratio of torques
Ty  2(b—0)’tTa 4

= =—=1.27

Ta ww(b—t)tta/2 w
Twist per unit length
square:

2G6oit (L L 4b —1t)

qu = - == C - == —2
Tan A m A m (b—1)

Round:

L (b —1t) 4b — 1)
Qrd frnd C —_ frnd —
A, m(b—1)%/4 (b —1)?
Ratio equals 1, twists are the same.

Note the weight ratio is
Wy  pllb—0?  b—t
Wwa  pla(b—1t)(t)  mt

thin-walled assumes b > 20¢

1

= —9 =6.04 with b =20t
b4

=2.86 withb = 10t

3-34

[ =40in, Ty = 11500 psi, G = 11.5(106) psi, t = 0.050 in
rm=rti +t/2=r; +0.025 forr; >0
=0 forr;, =0

Am = (1—0.05>2—4 (r2 - fr;) = 0.95% — (4 — 7)r2

m 4 m

L, =4(1—-0.05—-2r, +2nr,/4) =4[095 - (2 —7/2)ry,]

Eq. (3-45): T =2A,,tt = 2(0.05)(11500)A4,, = 11504,
Eq. (3-46):
180 TL,! 180 TL,,(40) 180
O(deg) = 0,1 = =
T AGAZt w 4(11.5)(106)A2,(0.05) 7
TL,,

= 9.9645(10~%

Al

Equations can then be put into a spreadsheet resulting in:

T I'm Am L, T T(Ibf - in) T O(deg)
0 0 0.9025 3.8 0 1037.9 0 4.825
0.10 0.125 0.889087 3.585398 0.10 1022.5 0.10 4.621
0.20 0.225 0.859043 3.413717 0.20 987.9 0.20 4.553
0.30 0.325 0.811831 3.242035 0.30 933.6 0.30 4.576
0.40 0.425 0.747450 3.070354 0.40 859.6 0.40 4.707
0.45 0.475 0.708 822 2.984513 0.45 815.1 0.45 4.825
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1200

1000 \

800 —

T (Ibf-in)

600 —

400 —

200

0 0.1 02 03 04 05
r,(in)

4.85 —

4.80

4.75

4.70

0 (deg)

4.65

4.60

4.55

4.50 | | |
0

r; (in)

Torque carrying capacity reduces with r;. However, this is based on an assumption of uni-
form stresses which is not the case for small r;. Also note that weight also goes down with
an increase inr;.

3-35 From Eq. (3-47) where 0; is the same for each leg.
1 3 1 3
T1 = §G91L1C1, T2 = §G91L202

1 1
T=T+T,= gG91(L1c§ +Loc3) = G0 > Lic; Ans.

T = G91C1, T = G9102

Tmax - G91 Cmax AI’lS.

3.36
(@  Tmax = GO1Cmax
. 12000 y
GO, = M — =7 _ 9 6(10%) psifin
e 1/8

1 1
Tij16 = gGe](m)]/16 = §(9.6)(104)(5/8)(1/16)3 = 4.88 Ibf-in  Ans.
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I
Tis = g(9.6)(10“)(5/8)(1 /8)% =39.06 Ibf-in  Ans.
1716 = 9.6(10%)1/16 = 6000psi, 7175 = 9.6(10%)1/8 = 12000 psi Ans.

9.6(10*
(b) = 12((106)) = 87(107°) rad/in = 0.458°/in  Ans.

3-37 Separate strips: For each 1/16 in thick strip,

Lc? 1)(1/16)%(12 000
ce _ (WA/0% ) — 15.625 Ibf - in
3 3

oo Tnax = 2(15.625) = 31.251bf-in  Ans.

T =

For each strip,
T 15.625)(12
0 = 371 = 3(15.625)(12) =0.192 rad Ans.
LAG  (1)(1/16)3(12)(109)
ky =T/0 =31.25/0.192 = 162.8 Ibf - in/rad  Ans.

Solid strip: From Eq. (3-47),
Let 1(1/8)212000
. = et _1A/3 — 62.51bf-in  Ans.
3 3
I 12000(12
o —g 1= FL _ 12000012)
Ge  12(109(1/8)

=0.0960rad Ans.

k; = 62.5/0.0960 = 651 1bf - in/rad  Ans.

3-38 Tal = 60 MPa, H =35kW

(@) n=2000 rpm
S55H 9. 10°
:955 ~9.55(35)10 _167.1N.-m

Eq. (4-40 T =
q- (4-40) n 2000
16T 167 \'* T16(167.1)7'3
max = —— d = =|———=| =242107) m =242 Ans.
fma nd? (nrmax) [77(60)106] ( ) m mm e Ans

(b) n=200rpm .. T =1671N-m

16(1671)7"/3
_ [W] —522(107) m =522 mm Ans.
T

3-39 7y =110 MPa,0 =30°, d=15mm, [ ="?

16T o7 T pE
T = — = —7
wd3 16
_T1 (180

_JG\TL'
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T JGO b1 |:n d*Ge :| 7 dG6O

T 180 T 180 |32(w/16)td® | 360 ¢
0.015)(79.3)(10%)(30
_ 7 QO)@IHUDCO _ 5 er s
360 110(10°)
3-40 d = 3 in, replaced by 3 in hollow with 7 = 1/4 in
@) T b4 1_(33) T 7 (3*—2.5%
solid — 7/ ollow = ;x0T ——F-—
T 6 hollow = 35 1.5

(/16)(3%) — (7/32) [(3* — 2.5%)/1.5]

From Table A-17, select 1 3/4 in

16(2)(12605)
7(1.75%)

Tstart —

= 23.96(10%) psi = 23.96 kpsi

(b) design activity

BAT = 100) = 48.2% Auns.
0 (T/16)(3) (100 =482 dAn
(b) Witia = kd* = k(3%),  Whollow = k(3> —2.5%)
k(3%) — k(32 —2.52
goaw = KB~k )(100) —69.4% Ans.
k(32)
3-41 T =5400N -m, 7, = 150 MPa
Tc 5400(d /2) 4.023(10%)
= 150(10%) = =
(@) = = B = e i (075 e
4.023(10%)\ " .,
= (=) —6.45(10 — 645
( 150(106) ) (107 m mm
From Table A-17, the next preferred size is d = 80 mm; ID = 60 mm  Ans.
(b) J= 3f—z(o.os4 — 0.06%) = 2.749(10~) mm*
5400(0.030) .
=" _589(10° Pa = 58.9 MPa Ans.
%= 57491079 (10%) Pa a ans
342
63025H  63025(1
(@ T= = — M _ 12605 Ibf - in
n
16T 16T\'? T[16(12605)71"/3
T=—3 = dc= (—) = |:¥i| = 1.66 in Ans.
wdg TT (14 000)
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3-43 ® =2nn/60 =27(8)/60 = 0.8378 rad/s
H 1000

T = = 1194 N.
® 08378 m
167\ '3 16(1194) 7'/
= 4.328(107%)m = 43.3
( ) |:7r(75)(106):| (107 m fm

From Table A-17, select 45 mm Ans.

3-44 s=+A, d=4A/n

Square: Eq. (3-43) with b = ¢
4.8T

Tmax = —=
o3

4.8T
(Tmax)sq = W

Round ey 10T 16T 3.545T
ound: Tmax)d = — — = =
W BT g(AA ) T (A2
(Tmax)sq . 4.8
(Tmax)rd N 3.545

= 1.354

Square stress is 1.354 times the round stress  Ans.

345 s=+A, d=.4A/n
Square: Eq. (3-44) withb = ¢, B = 0.141
Tl Tl

%= 01415 — 0.141(A)G
Round:
oy = Tl _ Tl _ 6.283271
JG  (7/32) (4A/m)** G (A)Y?G
Osq _ 1/0.141 _ 199
0 6.2832

Square has greater 6 by a factor of 1.13  Ans.

808 Ibf
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(Z MD)Z —7C, —4.3(92.8) — 3.9(362.8) = 0
C, = 259.1 Ibf
(Z MC)Z — 7D, —2.7(92.8) + 3.9(362.8) = 0
D, = 166.3 Ibf
43
(Z MD) —  C, = 7808 = 496.3 Ibf
. 7

2.7
(ZMC)X = D.=-808=3117Ibf

y | 3117 Ibf 808 Ibf 496.3 Ibf
E 362.8 Ibf
1166.3 Ibf I .
92.8 Ibf
. .| 0 c
D 0 c T
259.1 Ibf
M, )
) 311.7(4.3) = 1340 Ibf-in
MZ
259.1(2.7) = 699.6 Ibf-in o

—166.3(4.3) = —715.1 Ibf-in

Torque : T = 808(3.9) = 3151 1bf - in

x=4.3$
Bending O : M = \/699.62 4+ 1340%? = 1512 Ibf - in
x=4.3F
Torque:
16T 16(3151) i
YT T 7125 pst
Bending:
32(1512) )
=+———— = 17885
o= (1.25Y pst
Axial:
F 362.8 .
Oy =——=——"—"—+—-=—296psi

A (w/4)(1.25Y)

|omax| = 7885 4+ 296 = 8181 psi

8181\ ,
Tmax = - + 82172 =9179 psi  Ans.
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Omax = 2 2

tens.

7885 — 296 7885 — 296\
T T \/(—) + 82172 = 12845 psi  Ans.

3-47

92.8 Ibf T 808 Ibf
362.8 Ibf

(Z MB> = —5.6(362.8) + 1.3(92.8) + 3A, = 0

A, = 637.0 Ibf

(Z MA> = —2.6(362.8) + 1.3(92.8) + 3B, = 0

Z

B, = 274.2 Ibf

5.6
(Z MB>y =0 = A =808 = 15083 Ibf

(Z MA>y —0 = B, = ?808 — 700.3 Ibf

Torsion: 7 = 808(1.3) = 1050 Ibf - in
16(1050)

TEE)
Bending: M, = 92.8(1.3) = 120.6 Ibf - in

M =3,/B2 + B2 = 3y/274.22 +700.3

= 2256 1bf - in = Mpax

= 5348 psi

32(2256) 422 980 psi
op = _— = S1
b (1) p
Axial 028 120 psi
Xial: 0o = ——m— = — S1
AP (77412 P
22980 — 1202 .
Tmax = [ | ————— ) + 53482 = 12730 psi  Ans.

tens

22980~ 120 | \/ (22980 — 120

Omax — ) )

2
) + 53482 = 24049 psi  Ans.
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3-48
Gear F 1000 Ibf.in
1000
25R F, = —— = 400 Ibf
2.5
Shaft ABCD F F}’l = 400 tal’l 20 = 145.6 lbf
'l BIN? Torque at C  Tc = 400(5) = 2000 Ibf - in
666.7 1bf 2000
2000 Ibf-in P = = = 666.7 Ibf
R 145.6 1bf
: 2000 Ibf.in
10"
RDy
\.)C
RDz
Z(MA)Z =0 = 18Rpy—145.6(13) —666.73) =0 = Rpy =216.3 Ibf
Z(MA)y =0 = —I8Rp,+400(13)=0 = Rp, =288.9Ibf
Z F;=0 = Ray+2163—-6667—145.6=0 = Ra, = 596.0 Ibf
> F.=0 = R, +2889-400=0 = Ry =111.11bf
Mp = 3v/5962 4+ 111.12 = 1819 Ibf - in
Mc = 5v/216.32 4 288.92 = 1805 Ibf - in
.. Maximum stresses occur at B.  Ans.
32Mp  32(1819) ,
_ — — 9486
BT LS T 7(1.25) pst
16T 16(2000) 215 o
TR = = = S1
B=7a8 ~ 71259 p
2 9486 9486\ 2
=5 +(F) +B= 5"+ \/(T) 452152 = 11792 psi Ans.
OB 2 2 .
Tmax = (7) + 15 = 7049 psi  Ans.
349 r=d/2
(a) For top,6 = 90°,
0, = 2[1— 1+ (1 — 1)(1 — 3)cos 180] = 0 Ans.
Z
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oy = %[1 4+ 1—(1+3)cos180] =30  Ans.

o = —%(1 —1)(143)sin180 =0 Ans.
For side, 60 = 0°,

o, = %[1 —14(1=1)(1—=3)cos0] =0 Ans.

- %[1 +1—(14+3)cos0] = —0o Ans.

To = —%(1 —1)(143)sin0 =0 Ans.

(b)
11 100 3 10 120 1225 3 10*
98/ = |: + 4r2 ( 16 r4 )COS ] - ( + r2 + 16 r4 )
r op/o ay/o
30—
5 3.000
6 2.071 25
7 1.646
8 1.424 201
9 1.297
10 1.219 L5
11 1.167
12 1.132 tor
13 1.107 osl
14 1.088
15 1.074 0 | | ! !
16 1063 0 5 10 15 20
17 1.054 romm
18 1.048
19 1.042
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(o
/ 1 1+100 1+314 cos0 1/25 310
op/o = — —_— — — =\ ———
v 2 472 16 r 2\2 7 16 4
r og/o oyla
02—
5 —1.000
6 -0.376 oL
7 —0.135
8 —0.034 —02 b
9 0.011
10 0.031 ~04 -
11 0.039
12 0.042 —06 1
13 0.041 i
14 0.039 '
15 0.037 “1o ! ! |
16 0.035 o 5 10 15 20
17 0.032 rimm
18 0.030
19 0.027
20 0.025
3-50
1.5
D/d = - = 1.5
1/8
r/d = % =0.125
Fig. A-15-8: K, = 1.39
Fig. A-15-9: K, = 1.60
Mc  32K,M  32(1.6)(200)(14) ,
e N WE Z(13) P
Te 16K, T  16(1.39)(200)(15) ,
TpA = K,ST =5 - (1) = 21240 psi
_oa oA\  ,  45.63 45.63\° )
Jmax —_— 7 (7) TA — T + T + 2124
=54.0kpsi Ans.

45.63\* ,
Tmax = — +21.242 = 31.2 kpsi  Ans.
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3-51 As shown in Fig. 3-32, the maximum stresses occur at the inside fiber where r = r;. There-
fore, from Eq. (3-50)
2 2
ripi
1 o
Ormax = 5 5 | L +3
rs —r; r;
2 2
r2 41
= p; 5 Ans
r2—r;
2. 2
_ rl pl r() _ X A
O'r,max — ﬁ - _2 = —PDi ns
rg —r; r;
3-52 If p; =0, Eq. (3-49) becomes
2 2.2 2
” —Pol's — IiTyPo/T
t =
r2 — rl.2
2 2
porg rl
T2 i 2
o i
The maximum tangential stress occurs atr = r;. So
2
B 2pot;
Otmax = ——> 3 Ans.
ro —r;
For o,, we have
2 2.2 2
_pOr() + ri r()pO/r
o, = 5 3
rs —r;
2 2
_ Pl [Ti _
-2 2 2
rg—ri \r
Soo, =0 atr =r;. Thusatr =r,
2 2 2
_ DPoly 'y =7, A
Oy, max — b D) P Po ns
rg —r; r;
3-53
_ 2
F=pA=mnrp
Ty
F r2 p PFay
‘ r 0] =0y = = 2 = Ans.
l \ l Awall 27Tl’avl 2t
—_
F




Tmax — (Ul‘)max/2
where o; 1S max at r;

Eq. (3-55) forr =r; = 0.375in

Chapter 3 57
3-54 o, > 07 > o,
Tmax = (07 — 0,)/2 atr = r; where o7 is intermediate in value. From Prob. 4-50
Tmax = E(O't, max — Or, max)
- r? 4 r2
Tmax — & < (; l2 +1
2 \rz— r;
Now solve for p; usingr, = 75 mm, r; = 69 mm, and 7,,,x = 25 MPa. This gives
pi = 3.84MPa Ans.
3-5§ Givenr, = 5in, r; = 4.625in and referring to the solution of Prob. 3-54,
350 [(5)% + (4.625)° N
Tmax =
e 2 | (5)2 —(4.625)?2
=2424psi  Ans.
3-56 From Table A-20, S, = 57 kpsi; also,r, = 0.875inand r; = 0.6251in
From Prob. 3-52
219()?3
Ot max — )
Fo —r;
Rearranging
22
_ (rs—=1r7)(0.85))
pO - 2}"02
Solving, gives p, = 11200psi  Ans.
3-57 From Table A-20, S, = 390 MPa; alsor, = 25mm, r; = 20 mm.
From Prob. 3-51
2 2 2 2
ry + I ry —
max = Pi therefore ; = 0.85
Ot,ma Di <r02 — ”,2> Di y ("02 n riz
solving gives p; = 68.5MPa Ans.
3-58 Since o; and o, are both positive and o; > o,
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(00) 0.282 [27(7200) 1 /3 + 0.292
(o} ax —
r/ma 386 60 8
(0.375%)(5%) 1+ 3(0.292) _
0.375% + 5° — 0.375%) | = 8556
x [ Tt 5 350202 (097 pst
8556
Tax = — = 4278 psi  Ans.
r.2r2
Radial stress: or=k|rf4+r; -1
r

d °ry
Maxima: = =k (2” . Zr) =0 = r=/rr, =+0375(5 = 1.3693in

r r

0.282 [27(7200) 72 (3 + 0.292 ., 037545 ,
max = 03752 +52 — —2 220 13693
(OrJmax = 320 [ 60 ] ( 8 ) [ * 1.36932
= 3656 psi Ans.
3-59 » = 277(2069) /60 = 216.7 rad/s,

p = 3320 kg/m3, v=0.24,r, =0.0125m, r, = 0.15m;

use Eq. (3-55)

340.24
0,23320(216.7)2< +8

) [(0.0125)2 + (0.15)* 4 (0.15)?

1+ 3(0.24)

2 -6
37024 (0.0125) ] (10)

=2.85MPa Ans.

3-60
B (6/16)
~ 386(1/16)(r/4)(6% — 12)

— 5.655(10~*) Ibf - s2/in”

0

. Ot
Tmax 1S at bore and equals 5

Eq. (3-55)
. [27(10000) 7%/ 3 + 0.20 1 + 3(0.20)
max = 3.655(107% 052 4+32 432 - ——"7(0.5)?
(01) ( )[ <0 ]( 2 )[ +3* 4 3+0.2o( )
= 4496 psi
4496

Tmax = —— = 2248 psi  Ans.

3 =
Z
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3-61 @ = 272(3000) /60 = 314.2 rad/s
~0.282(1.25)(12)(0.125)
"= 386

= 1.370(1073) Ibf - s2/in

w

)
F <e=—)? 3 —
e —

F = mw’r = 1.370(1073)(314.2%)(6)
= 811.51bf
Apom = (1.25 — 0.5)(1/8) = 0.093 75 in?
811.5
Ophom —
0.09375

= 8656 psi Ans.

Note: Stress concentration Fig. A-15-1 gives K; = 2.25 which increases oy,ax and fatigue

3-62 to 3-67
v=10.292, E=30Mpsi (207 GPa), r, =0
R=0.751in (20 mm), r, = 1.5in (40 mm)
Eq. (3-57)
30(10%)8 [(1.52 — 0.75%)(0.75% — 0) .
= = 1.5(10")8 1
Prsi =70 753 [ 2(1.52 — 0) (109 (
207(10%)8 [(0.04% — 0.022)(0.022 — 0
Ppa = (1070 1:( N )| = 3.881(10'%)s8 2
0.0203 2(0.04% — 0)
3-62
1
Smax = 5[40‘042 —40.000] = 0.021 mm Ans.
1
Smin = 7[40.026 — 40.025] = 0.0005 mm  Ans.
From (2)
Pmax = 81.5MPa,  pmin = 1.94 MPa  Ans.
3-63

1
Smax = 5(1.5016 — 1.5000) = 0.00081in  Ans.

1
Smin = 5(1.5010 —1.5010) =0 Ans.

Eq. (1) Pmax = 12000psi, pmin =0 Ans.
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3-64
1
Omax = 5(40.059 —40.000) = 0.0295mm  Ans.
1
Smin = 5(40.043 —40.025) = 0.009 mm Ans.
Eq. (2) Pmax = 114.5MPa, ppin = 34.9 MPa  Ans.
3-65
1
Smax = 5(1.5023 — 1.5000) = 0.001 15in  Ans.
1
Omin = 5(1.5017 — 1.5010) = 0.00035 in Ans.
Eq. (1) Pmax = 17250pst  pmin = 5250 psi  Ans.
3-66
1
Omax = 5(40.076 —40.000) = 0.038mm  Ans.
1
Smin = 5(40.060 —40.025) =0.0175 mm Auns.
Eq. (2) Pmax = 147.5MPa  ppin = 67.9 MPa  Ans.
3-67
1
Omax = 5(1.5030 —1.500) = 0.0015in  Ans.
1
Smin = 5(1.5024 — 1.5010) = 0.0007 in  Ans.
Eq. (1) Pmax = 22500psi  pmin = 10500 psi  Ans.
3-68
1
8= 5(1.002 —1.000) =0.00lin r, =0, R=0.5in, r,=1in
v=20.292, E =30Mpsi
Eq. (3-57)
30(10%)(0.001) [ (1?2 —0.5%)(0.5> = 0
_ 3040 )| ¢ X . 2.25(10% psi  Ans.
0.53 2(12 = 0)
Eq. (3-50) for outer member at r; = 0.5 in
0.5%(2.25)(10% 12 _
(07)p = 2 _05 (1 + ﬁ) = 37500 psi Ans.
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Inner member, from Prob. 3-52

2 2 4 2
B Dol riy 0 2.25(107)(0.5%) 0\ .
(0y); = _rg — riz (1 + g> - 1+ 02) = —22500 psi  Ans.
3-69
v, = 0292, E; =30(10%psi, v, =0211, E,=14.5(10%) psi
1
6= 5(1.002 —1.000) =0.001in, r,=0, R=05 r,=1
Eq. (3-56)
000~ 03 (r+05 coonn) 4 00 05+0 0,
' 1 14.5(100) \ 12 —0.52 ) 30(100) \0.52 -0 ’ p
p = 13064 psi  Ans.
Eq. (3-50) for outer member at r; = 0.5 in
0.5%(13064) 12 :
(Ut)o = 12_—052 (1 + ﬁ) =21770 ps1 Ans.
Inner member, from Prob. 3-52
13064(0.52) 0 .
(o)) = 0520 (1 + W) = —13064 psi Ans.
3-70

1
Omax = 5(1.003 —1.000) =0.0015in r,=0, R=0.5in, r,=11in

1
Smin = 5(1.002 —1.001) = 0.0005 in

Eq. (3-57)

~30(109)(0.0015) [ (12 = 0.5%)(0.5% — 0)
Pmax = 0.5 [ 2(12 - 0)

] =33750psi Ans.

Eq. (3-50) for outer member at r = 0.5 in

0.5%(33750) (1 12

12 — 052 + ﬁ) = 56 250 pSi AI’LS.

(Ot)o -

For inner member, from Prob. 3-52, with r = 0.5 in
(01)i = —33750 psi  Ans.
For §min all answers are 0.0005/0.0015 = 1/3 of above answers Ans.
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3-71
v; =0.292, E; =30Mpsi, v, =0.334, E, = 10.4 Mpsi

1
Smax = 5(2.005 —2.000) = 0.0025 in

1
Smin = 5(2.003 —2.002) = 0.0005 in

1.0 22412 1.0 1240
0.0025:[ ( + +0.334)+ ( i —0.292)]pmax

10.4(106) \ 22 — 12 300109 \12=0
Pmax = 11576 psi  Ans.
Eq. (3-50) for outer member at r = 1 in

2 2
(1), = 1°(11576) (1 2

PP + ?) = 19293 psi Ans.
Inner member from Prob. 3-52 with» = 1 in
(07)i = —11576 psi  Ans.

For §min all above answers are 0.0005/0.0025 = 1/5 Ans.

3-72
(a) Axial resistance
Normal force at fit interface
N = pA = pR2nRIl) =2npRI
Fully-developed friction force
Foo = fN =2nfpRIl Ans.
(b) Torsional resistance at fully developed friction is
T = fRN =27fpR*l Ans.

373 d=1inr =15in,r,=25in.
From Table 3-4, for R = 0.5 in,
re=15+0.5=2in

B 0.5?

C2(2-V22-0.32)
e=r.—r, =2.0—1.9682458 = 0.031 754 in
ci =rp —ri = 1.9682 — 1.5 = 0.4682 in

Co=Ty—1y =2.5—1.9682=0.5318in

A =7nd?*/4 = 7(1)?/4 = 0.7854 in?

M = Fr. = 1000(2) = 2000 Ibf - in

= 1.9682458 in

I'n




D =0.75in,r; =0.75/2 = 0.375 in, r, = 0.75/2 + 0.25 = 0.625 in
From Table 3-4, for R = 0.125 in,
re = (0.75 +0.25)/2 = 0.500 in
B 0.125%
" 2(05 - V057 —0.125)
e =0.5—-r,=0.007939 in
Co =Ty — 1y, =0.625 —0.49206 = 0.13294 in
ci=r, —ri =0.49206 —0.375 =0.11706 in

A = 7(0.25)?/4 = 0.049 087
M = Fr. = 100(0.5) = 50 Ibf - in

= 0.4920615 in

100 50(0.117 06) )
0; = + = 42100 psi
0.04909 ~ 0.04909(0.007939)(0.375)
100 0(0.13294
>0(0.13254) = —25250 psi

70 0.04909  0.049 09(0.007 939)(0.625)
Section BB: Abscissa angle 6 of line of radius centers is
1 _r2td/2
0 = cos _
rn+d+ DJ/2

. ( 0375+025/2 .
— COS - 60
0.37540.2540.75/2

D+d
M=F + cos = 100(0.5) cos 60° = 25 1bf - in

ri =r = 0.3751n
ro=r»+d=0.3754+0.25 =0.625 in
e =0.007939 in (as before)

Fcos6  Mc;
o; = —
A Aer;
100 cos 60° 25(0.11706) .
= — = —19000 psi  Ans.
0.04909 0.04909(0.007939)0.375
100 cos 60° 25(0.13294) .
0p = + = 14700 psi  Ans.
0.049 09 0.049 09(0.007 939)0.625

Chapter 3 63
Using Eq. (3-65)
F Mc; 1000 2000(0.4682
o= 4 G + ( ) 26300psi Ans.
A Aer; 0.7854  0.7854(0.031754)(1.5)
F M 1000 2000(0.5318
gy = — 2% _ - ( ) _15800psi Ans.
A Aer, 0.7854 0.7854(0.031754)(2.5)
3-74 Section AA:

Ans.

Ans.

On section BB, the shear stress due to the shear force is zero at the surface.
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3-75 r; =0.1251in,r, = 0.125 + 0.1094 = 0.2344 in
From Table 3-4 for h = 0.1094

re = 0.125 4 0.1094/2 = 0.1797 in
r, = 0.1094/In(0.2344/0.125) = 0.174006 in

e =re —ry = 0.1797 — 0.174006 = 0.005 694 in
¢i = ry — ri = 0.174006 — 0.125 = 0.049 006 in
Co =Ty — Iy = 0.2344 — 0.174.006 = 0.060 394 in
A = 0.75(0.1094) = 0.082 050 in®
M = F(4+ h/2) = 3(4 +0.1094/2) = 12.16 Ibf - in

3 12.16(0.0490) )
o = — — = —10240 psi Ans.
0.08205 0.08205(0.005694)(0.125)
3 12.16(0.0604
Op = + ( ) = 6670 psi Ans.

“7 70.08205 ' 0.08205(0.005 694)(0.2344)

3-76 Find the resultant of F; and F».
F, = Fi, + F», = 250c0s60° + 333 cos 0°
= 458 1bf
Fy = Fiy + F>y, = 250sin60° 4- 333 5in 0°
= 216.5 Ibf
F = (458 +216.5%)"/? = 506.6 Ibf
This is the pin force on the lever which acts in a direction
216.5

F
' =tan = =253°
F, 458

6 =tan~

On the 25.3° surface from F;

2000 Ibf«in

| 42\/206

F, = 250 cos(60° — 25.3°) = 206 Ibf

F, = 250sin(60° — 25.3°) = 142 Ibf

re=143.5/2=2.75in

A = 2[0.8125(0.375) + 1.25(0.375)]
= 1.546 875 in®

The denominator of Eq. (3-63), given below, has four additive parts.
A

~ [(dA/r)

I'n
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For [ dA/r, add the results of the following equation for each of the four rectangles.

Yo bdr o .
/ — =bln—, b = width
ri r r
dA 1.8125 2.1875 3.6875 4.5
— =0.375In +125In— +1.25In———— 4+ 0.375In ——
r 1 1.8125 3.3125 3.6875
= 0.6668106
1.546 875 )
rp=————=2.31981n
0.6668106

e=r1.—1r, =2.75—-23198 = 0.4302 in
ci=r,—r, =2320—1=1.3201n
Co=To— 1, =4.5—2320=2.1801n

Shear stress due to 206 1bf force is zero at inner and outer surfaces.

142 2000(1.32) ,
o = — + = 3875 psi
1.547 =~ 1.547(0.4302)(1)

142 2000(2.18) )
_ — = —1548 psi
1.547  1.547(0.4302)(4.5)

Ans.

o, = Ans.

3-77
A =(6—2—1)(0.75) = 2.25 in?
642
Fe = % =4 in
Similar to Prob. 3-76,
dA 3.5 6
— =0.75In==40.75In — = 0.635473 4 in
r 2 4.5
A 225 3.5407 i
v, — = = ). m
" [(dA/r)  0.6354734
e =4 —3.5407 = 0.4593 in
5000 20000(3.5407 — 2
o, = ( ) = 17130 psi Ans.
2.25 2.25(0.4593)(2)
5000 20000(6 — 3.5407) .
0y = — = —5710psi Ans.
2.25 2.25(0.4593)(6)
3-78

Ty 62 6
A=/ bdr:/ —dr =2In-
ri 2 r 2

— 2.197225 in?
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1/rob J 1 /‘°2rd
re = — rdr = —————— —dar
‘A, 2.197225 ), r

(6 —2) =3.640957 in

= 2.197225
A 2.197225
12 = =
t [ rydr [0/ ar
2.197225
— Tt 3205837 in
2[1/2 — 1/6]

e=R—r,=3.640957 —3.295837 = 0.34512
ci =1y, —r; =3.2958 —2 =1.2958 in
Co =Ty — Iy =6—3.2958 =2.7042 in
20000  20000(3.641)(1.2958) )
o = + = 71330 psi Ans.
2.197 2.197(0.34512)(2)

20000 20000(3.641)(2.7042) )
= — = —34 180 psi Ans.
2.197 2.197(0.34512)(6)

Op

3-79 r.=12in, M =202+ 2) =80kip-in

From statics book, I = %a3b - %(23)1 — 27 in?

FoMyre_20 8012 .. o
_ - = _— = . S1 ns.
AT T n T2 T T2m 10 P

F M 20 80(2) 12
Outside: 0, = — — yle 22 80(2) 12 = —18.6 kpsi  Ans.
A I r, 2m 2w 14

Inside: o; =

Note: A much more accurate solution (see the 7th edition) yields o; = 32.25 kpsi and
0o = —19.40kpsi

3-80
0.4" 0.4"
} E (ov E dA
FI"H 5 I b For rectangle, / - = blnr,/r;
| 7 U
. A r2 2
For circle, A, =mr

JAA/r) ~ 2(re=Jri—r2)

dA
| — =27 (rc —Jrz— r2>

r
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Z/ g lln— — o (1.8 ~ /18 —0.42) — 0.672723 4

A = 1(1.6) — 7(0.4%*) = 1.097 3452 in®

1.097 3452
_ IS 6312
= 06727234 mn
e=18—r, =0.1688 in

¢i =1.6312—-1=0.6312 in
o =2.6—1.6312 =0.9688 in
M = 3000(5.8) = 17400 Ibf - in

%= 1.0973 ~ 1.0973(0.1688)(1)

3 17.4(0.9688)
0y = = —32.27 kpsi
1.0973  1.0973(0.1688)(2.6)

3 17.4(0.6312
( ) = 62.03 kpsi Ans.

3-81 From Eq. (3-68)
3 2[(1 — v2)/E] }”3

a=KF'3=F'73
8 2(1/d)

Use v = 0.292, F in newtons, E in N/mm? and d in mm, then

o { 3[(1 - 0.292%)/207 000] }1/ 3 00346
8 1/25
3F 3F
Pmax = 52 T (K F13)?
3F1/3 3F1/3

T 27K2  27(0.0346)2
— 399F'/3 MPa = | max | Ans.

Tmax — 0~3pmax
= 120F'/3 MPa Ans.

3-82 From Prob. 3-81,

2[(1 — 0.2922)/207 0007 )/
k= |22 02)/ U 0.0436
8 1/2540

3F1/3 3F1/3
Pmax = = 251F1/3
K2 27(0.0436)?2

= —251F1/3 MPa Ans.

and so,
Tmax = 0.3(251)F'/3 =753F'3 MPa  Ans.

7 = 0.484 = 0.48(0.0436)18'/> = 0.055 mm  Ans.
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3-83 v, =0.334, E; = 10.4Mpsi, [ = 2in, d; = lin, v, = 0.211, E; = 14.5Mpsi, d» = —8in|
With b = K.F'/2, from Eq. (3-73),

p _( 2 (1 —0.334%)/[10.4(10%)] + (1 — 0.2112) /[14.5(10%]\ /?
© m(2) 1—-0.125 )

= 0.0002346

Be sure to check o, for both v; and v,. Shear stress is maximum in the aluminum roller. So,

Tmax = O-3pmax

4000 )
Pmax = 03 = 13300 psi

Since pmax = 2F /(rbl) we have
2F 2F1/2

Pmax =TT FI2 T 7IK,

. (ancpmax)2
2

B <TL’(2)(0.000 234 6)(13300) )2

So,

2
=96.11bf Ans.

3-84 Good class problem

3-85 From Table A-5, v =0.211

Oy 1 1
:(1+v)—§:(1+0.211)—§ =0.711

pmax

Oy

=0.711

pmaX
Oz
pmax

These are principal stresses

=1

Tmax 1 1
= —(01—03) = 5(1 —0.711) = 0.1445

Pmax 2
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3-86 From Table A-5:v; = 0.211, v, = 0.292, E; = 14.5(10°) psi, E; = 30(10°) psi, d; = 61in,
dr =00, =2in

2(800) (1 —0.211%)/14.5(10%) + (1 — 0.292%)/[30(10%)]

(a) Eq. (3-73): b= \/

(2) 1/6 4+ 1/00
— 0.012135 in
2(800) .
= — 20984
Pmax = 0,012 135)(2) pst

For z = 0 in,
Ox1 = —2V1 Pmax = —2(0.211)20984 = —8855 psiin wheel
ox2 = —2(0.292)20984 = —12254 psi
In plate
Oy = — Pmax = —20984 psi
o, = —20984 psi
These are principal stresses.

(b) For z =0.010 in,

ox1 = —4177 psi  in wheel
ox2 = —5781 psi in plate
oy = —3604 psi

o, = —16194 psi




4-1

Chapter 4

(a) —F
}—/\/\/\k/\/\/\,—’x/x/;{\/\/\,—/\/\/Z\/\/\ﬂ
1 2 3 y
F _F_FF
oy r= ki ky k3
o) k= ! Ans.

(1/k1) + (1/k2) + (1/k3)

(b) —/\/\/\k/\/\/\
! F F=ky+ky+k
A - 1y 2Y 3Y
ky y k:F/y:k1+k2—|—k3 Ans.
A
k3
(c) ,-E\/\/\/\/\/\ 1 1 1 —1
—/x/x/x/\/\/\ k=[—+
\/\/\/\/\/\:| kz + k3 <k1 ko + k3>

4-2

For a torsion bar, k7 =T/0 = Fl/0, and so 6 = Fl/kr. For a cantilever, kc = F/§,
8 = F/kc. For the assembly,k = F/y,y=F/k =10 +§

S F  FI? N F
() —_— = _
YTk Tk ke
1
Or k= Ans.

(I*/kr) + (1 /kc)

For a torsion bar, k = T/0 = GJ /I where J = wd*/32.Sok = nd*G/(32]) = Kd*/l. The
springs, 1 and 2, are in parallel so

d* d*
k=ki+k =K— + K—
I 5
1 1
(bt
x [—x
And «9—T— T
t % T 1
Kd*| — +
x [—x
Kd* Kd*o
Then T =kO = 6+
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Kd* Kd*o
Thus T, = 0; T, =

X [ —x
Ifx=1/2,thenT), =T,. Ifx <l/2,thenT|, > T,
Using © = 16T /nd> and 0 = 32T1/(Gmd*) gives

nd3t

16
and so

320 wd’t  2ra
Grnd* 16  Gd

Thus, if x < /2, the allowable twist is

Ol =

2
Oa1 = % Ans.
1 1
Since k=Kd* <— + )
x [l—x

_ nGd* L, 1 s
T2 \x Ti—x)

Then the maximum torque is found to be

T T[dS)C‘L’aH 1 4 1 A
= — ns.
max 16 x l—x

4-4

Both legs have the same twist angle. From Prob. 4-3, for equal shear, d is linear in x. Thus,
d1 = 0.2d2 Ans.

_ 7G| (0.2dr)* N d3 | =G
32| 0.2 0.8 | 32
2(0.81)‘17311

Gd,
Timax = k61 = 0.198d57,1  Ans.

(1.258d§) Ans.

all =

TF A=nr’= m(ri +x tanoz)2
DN Js — Fdx _ Fdx
T AE  En(r; + xtano)?
! a\‘ i 5 — F (! dx
] l  7wE Jy (ri +xtana)?
' M
dx B F 1 l
- 7E tana(r; +xtana) /
o F 1

| -
l - wEr(r 4+ tanw)
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Then
I F mEri(ri+Iltana)
I !
EA, 21
=— |1+ —tancx Ans.
[ d;
4-6

€=
I,

Enlarged free
body of length dx

v
how

w is cable’s weight
per foot

ZF:(T—i—dT)—!—wdx—T:O

dT
—_— _w
dx
Solutionis 7 = —wx + ¢

Tly—o=P+wl=c
T =—-wx+ P+ wl
T=P+wl-x)

The infinitesmal stretch of the free body of original length dx is

" 24E]

Td

ds = —=—
AE
P [ —

_Prwl—x)
AE
Integrating,
5 /1 [P+ w(l —x)]dx
— Jo AE
s PL w
~AE T 2Ag O
4-7
wl?  wx?
M=wlx - ———
2 2
Eldy wix?  wi? wx3 L C dy 0 at 0 c 0
— = —_—x - — , — =0atx =0, .. =
dx 2 2 6 ! dx !
pry = W _whet wat Oatx =0, ~Cy=0
= — — , =0atx =0, ..Cr=
Y= 7% 4 24 T2 Y 2
2
y = (4lx — 61 — x*)  Ans.
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4-8
M =M, = Mg
dy dy
El— = Mpgx + Cy, — =0atx =0, ...C;=0
dx dx
MBX2
Ely = + C,, y=0atx =0, ..C,=0
M 2
y = BY Ans.
2E1
4-9

v\ 2
| A ds = \/dx? + dy* = dx 1+<—y)
x

d

Expand right-hand term by Binomial theorem

1/2 )
dy . 1 [dy
1 e — 14—
|: +(dx> :| +Z(d)c) +

Since dy/dx is small compared to 1, use only the first two terms,

dh =ds —dx
1 /dy 2
=dx|1+-(— —d
x|:+2(dx)i| X
1/dy\?
= (22 ax
2\dx

1 ! fdy\*
A= — — ) dx Ans.
2 0 dx

This contraction becomes important in a nonlinear, non-breaking extension spring.

4-10 = Cx*(4lx — x* —6I* hereC = ———
y x“(4lx — x ) where AE]

d
d—y = Cx(12lx — 4x> — 121%) = 4Cx(3lx — x> — 31?)
X

dv\2
(d—y> = 16C%(151%x* — 61x°> — 18x°1° + x® + 91*x?)
X
i 5 i
1 dy 2 2 4 5 33, .6 4.2
A:E Tr dx =8C* [ (151°x™ — 6lx> — 18x°1° + x° +9"x") dx
X
0 0

s () =3 (5) = ()
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4-11 —CxQx2=x3 =P here C = ——
y x(2lx xd ) where AE]
& _ c6lx? — 4x3 = 1P
dx

d 2
(d—y> = C2(361%x* — 481x° — 121*x? + 16x° + 8x°1° + 1)
X

l [

1 dy\? 1

A= 5 f (d—y) dx = 5c2 f (361°x* — 481x> — 121°x% 4+ 16x°% + 8x°1° + %) dx

X
0 0

17 w 2 /17 17 w \ 2
:C2 —l7 = — _l7 — . l7 Ans.
(70 ) (24E1> (70 ) 40320 (EI) ns

4-12
[ =2(5.56) = 11.12 in*
n wl* n Faz( 30)
max — = TS ——a—
Ymax = VU2 = T T 6ET

Here w = 50/12 = 4.167 Ibf/in, and a = 7(12) = 84 in, and [ = 10(12) = 120 in.

4.167(120)*
== 07(120) = —0.3241in
8(30)(10°)(11.12)

_ 600(84)*[3(120) — 84]

= = —0.5841i
2 6(30)(10(11.12) =
So Ymax = —0.324 — 0.584 = —0.908 in  Ans.
My = —Fa — (wl*/2)
= —600(84) — [4.167(120)%/2]
= —80400 Ibf - in
c=4-1.18=2.82in
—M —80400)(—2.82
oo = MY _ ( )( )(10_3)

I 11.12
= —20.4 kpsi Ans.

omax 18 at the bottom of the section.
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4-13 - ; 5
S o Ro = —(800) 4+ —(600) = 860 1bf
31t 21t 51t c 10 10
OTR s TR Re = 2> (800) + > (600) = 540 1bf
’ ) “7 10 10 -
V (Ibf)
860
0 60 3 .
ol | M; = 860(3)(12) = 30.96(10%) Ibf - in
M v M, = 30.96(10%) + 60(2)(12)
(Ibf-in) ) 2
= 32.40(10%) Ibf - in
Mo 32.40 .
UmaXZT = 627 Z:5.41H3
Fall — (/21T (1\> , .11 FRP
_ - - — — 21_ _
Ye=st GEI [(2) L TYor,
1 800(36)(60 600(1203
—— = OO 1502 4 362 — 1202 - 0N20D
16 ~ 6(30)(10)1(120) 48(30)(100)7
[=23.69in* = 1/2=1184in*
Select two 6 in-8.2 Ibf/ft channels; from Table A-7, 1 = 2(13.1) = 26.2 in*, Z =2(4.38) in®
23.69 [ 1
= ——(——) =-0.0565i
Ymax = 60 ( 16) n
32.40
max — ~ . Al — 3701{ i
Omax = 5438) pst
4-14

Ul 4 3 4
I = 6—4(40 ) = 125.66(10°) mm
Superpose beams A-9-6 and A-9-7,
B 1500(600)400
~6(207)10°(125.66)103(1000)

2000(400)
24(207)10°(125.66)103

(4007 + 600% — 1000%)(10*)?

YA

[2(1000)400% — 400° — 1000°]10°

va = —2.061 mm Ans.

1500(400)500 5 ) -
_s00 = 5002 + 400% — 2(1000)500](10
Yle=s00 24(207)109(125.66)103(1000)[ + (1000)5001(10°)
5(2000)1000%
— ( ) 10> = —2.135mm  Ans.
384(207)10%(125.66) 103
, 2.135 — 2.061

% difference = ——  (100) = 3.59% Ans.

2061
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4-15

1 3 3 4
I = (9)(35%) = 32.156(10%) mm

From Table A-9-10
2

Fa
0, F =——/
A

\ ¢ d F
YAB a - 2
B = Fa s
ax een T
Thus,
Fal? Fal
9A = = —
6EIl ~ 6EI
G — Fa?l
YD = TUAd =TT
With both loads,
B Fa?l Fa? (I +a)
Yo ="¢gr 31 "¢
Fa? 500(250?
=L (3l+20) = — (250) [3(500) + 2(250)](10%)?

6E1 6(207)(10%)(32.156)(103)
= —1.565 mm Auns.

_2Fay2) |, (1N’ _ Fal’
YE = TGEI _<§) = 8EI
_500(250)(500%)(10%)*
8(207)(10°)(32.156)(10%)

= 0.587 mm Ans.

4-16 a =36in,/ =72in, I = 13 in*, E = 30 Mpsi

F1a2 le?’
— 3 - 2
6ET ¢ T3 T 357

B 400(36)%(36 — 216) B 400(72)3
T 6(30)(109)(13) 3(30)(100)(13)
= —0.1675in Ans.

y

4-17 I =2(1.85) =3.7in"
Adding the weight of the channels, 2(5)/12 = 0.833 1bf/in,

wl*  FPP 10.833(48%) 220(48%)
}’A = — — =

8EI  3EI  8(30)(109(3.7)  3(30)(106)(3.7)
— —0.1378in Ans.




(a) Useful relations

k

F  48EI
=5="%

k1> 2400(48)°
48E  48(30)10°

L [12(0.1843)
- b

Form a table. First, Table A-17 gives likely available fractional sizes for b:

81,9,92,10in

I = = (0.1843in*

From I = bh?/12

For h:
1 9 511 3
2°16°8° 16" 4
For available b what is necessary & for required 7?

[12(0.1843)
b b

8.5 0.638 5"
9.0 0.626 < choose 9" x—  Ans.
9.5 0.615 8

10.0 0.605

(b)
I =9(0.625)3/12 = 0.1831in*

L BBEL 48(30)(10°)(0.1831)

= 23841bf/in
E 483

p_ 4ol _ 490000)(0.1831) _ .o
cl (0.625/2)(48)

F 4394 .
y=—=——=184in Ans.
k 2384

Chapter 4 77
4-18
I = 7d*/64 = 7 (2)*/64 = 0.7854 in*
Tables A-9-5 and A-9-9
le?’ Fla 2 2
=— 4a® — 31
V=" 8El T mEIM )
120(40)3 85(10)(400 — 4800) .
=— = —0.01341in Ans.
48(30)(109)(0.7854) = 24(30)(106)(0.7854)
4-19
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4-20
Zz
R, =353 1bf 502 1bf
12" A 21" 15" C .
o0 B
1680 Ibf 1R2 = 175 Ibf

Torque = (600 — 80)(9/2) = 23401bf - in

12

(T, — Tl)7 = Tr(1 — 0.125)(6) = 2340
2340
~ 6(0.875)
Z My = 12(680) — 33(502) + 48R, =0

33(502) — 12(680)
R, =

48
Ry = 680 — 502 + 175 = 353 Ibf

3 — 4461bf, T, = 0.125(446) = 56 Ibf

= 175 Ibf

We will treat this as two separate problems and then sum the results.
First, consider the 680 Ibf load as acting alone.

iRl = 510 Ibf 1R2= 170 Ibf
0 /12/’1; 2 ;\\IST\C *
680 1bf
= IPX B ) hereb =36
Z0A = SETl X : hereb = ,
x=12", [ =48", F = 680 Ibf
Also,
d* 1.5)*
p= T ST uss it
64 64
B 680(36)(12)(144 + 1296 — 2304)
‘A= 6(30)(10°)(0.2485)(48)
= +0.1182 in
Fa(l —x)
ZAC = —W(xz + 612 — ZZX)

where a = 12" and x = 21 + 12 = 33"

_680(12)(15)(1089 + 144 — 3168)
6(30)(10%)(0.2485)(48)
= +0.1103 in

iB =

Next._consider the 502 1bf load as aoting alone




Chapter 4 79

502 Ibf
12" A 21" B 15" C

B Fbx
" 6EII
x=12", [ =48", [ =0.2485in"

502(15)(12)(144 + 225 — 2304
Then, A = 152X * ) = —0.08144 in
6(30)(10%)(0.2485)(48)

Z0B (x> +b*—1%, whereb=15",

For zg use x = 33"

~502(15)(33)(1089 + 225 — 2304)
B 6(30)(109)(0.2485)(48)
= —0.1146 in

<B

Therefore, by superposition

74 = 40.1182 — 0.0814 = +0.0368 in  Ans.
zp = +0.1103 — 0.1146 = —0.0043 in  Ans.

4-21
(a) Calculate torques and moment of inertia
T = (400 — 50)(16/2) = 2800 Ibf - in
(8T, — T5)(10/2) =2800 = T, =801bf, T; = 8(80) = 640 Ibf

I =2(1.25% =0.1198 in®
64
|

R, 720 Ibf 450 1bt
9" 11" B 12"

0 A C
L
Due to 720 1bf, flip beam A-9-6 such that yap — b =9, x = 0,1 =20, F = —720 Ibf
dy Fb ) s
Op = — =——(3 b —1
5= x|, T TeEnON T )
—72009)

- — - _ -3
= T 6(30)(105)(0.1198)(20) 0 T 81 = 400) = =4.793(107) rad

ye = —1260p = —0.05752 in
Due to 450 1bf, use beam A-9-10,

__F_az(H_ Y 450(144)(32)
YT T3Er T Y T T 3(30)(105)(0.1198)

—0.1923 in
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Adding the two deflections,
ye = —0.05752 — 0.1923 = —0.2498 in  Ans.

(b) At O:
Due to 450 1bf:
d F Fal
2 T3y =8
dx|._,  G6EIl o GEI
720(11 112 -4 450(12)(2
bp = — 0a DO+ 00) + >0(12)(20) = 0.01013 rad = 0.5805°
6(30)(109)(0.1198)(20)  6(30)(10%)(0.1198)
At B:

450(12)
6(30)(10%)(0.1198)(20)
= —0.014 81 rad = 0.8485°

0p = —4.793(1073) + [20% — 3(20%)]

0.8485°
I =0.11 — 1.694 in*
0 98( 0.06° ) 694 in
641\ '*  [64(1.694)7"*
d = <_> _ [(—)] —2.4241in
T T

Used =2.5in Ans.
I = 5—4(2.54) — 1.917 in*

0.1198

— 0.2498 [
e ( 1.917

) = —0.01561in Ans.

4-22

() [ =36(12) =432 in
|

InEETTEREn

A\ VAN
| I |
o Swlt 0 5(5000/12)(432)
Ymax = TReAET 384(30)(106)(5450)
— —1.161in

The frame is bowed up 1.16 in with respect to the bolsters. It is fabricated upside down
and then inverted. Ans.

(b) The equation in xy-coordinates is for the center sill neutral surface

wx

= 24151(21x2 — x> =1 Ans.

y
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Differentiating this equation and solving for the slope at the left bolster gives

d
d—y - %(&xz 43— P
X
dy wl’® (5000/12)(432)°

Thus, - - — = —
dx|,._ 24E1 24(30)(100)(5450)

= —0.008 57

The slope at the right bolster is 0.008 57, so equation at left end is y = —0.008 57x and
at the right end is y = 0.008 57(x — ). Ans.

4-23  From Table A-9-6,

= b —1
L 6Ell(x + )
Fb
yL = 6EIl(X3 + b*x — Ix)
dyL Fb 2 2 2
- =_""03 b —1
dx " GENCY T )
dyo|  Fb(b*—1)
dx |,_o  6EIl
Fb(b* —1?)
Let I A A
© 5 ‘ 6EIl
pndset 1= "%
nda se = 64
And solve fordy,
_[32re@ -
L= 3 ElE s

For the other end view, observe the figure of Table A-9-6 from the back of the page, noting
that @ and b interchange as do x and —x

1/4

32Fa(l? — a?
32Fal” —a%)| ", o

3 ElE

o=

For a uniform diameter shaft the necessary diameter is the larger of d; and dg.
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4-24  Incorporating a design factor into the solution for d;, of Prob. 4-23,
3.5kN 1/4
l«<—100 150 ‘ d = 32n Fb(lz _ b2)
‘ A Y ‘ 3nEl¢
h'—-—-—.élf
t 31030109 |74
! 250 a ! — |(mm 10_3)kNmm 10°(1077)
GPa mm 10°(1073)

10—12

4 32(1.28)(3.5)(150) (2502 — 1502)|
N 37(207)(250)(0.001)

=36.4mm Ans.

4-25 The maximum occurs in the right section. Flip beam A-9-6 and use
Fbx

3.5(10%)(0.1)(0.13229)

Y=o (x> 4+b>—1%) where b = 100 mm
dy Fb ) s
—=—3 b—17)=0
ax ~6EnN T )
Solving for x,
12— b2 2502 — 1002 )
X = 3 = 3 = 13229 mm from right

y

- 6(207)(10%)(7/64)(0.03644)(0.25)

[0.13229% 4+ 0.1 — 0.25%](10%)

= —0.0606 mm Ans.

4-26
The slope at x = 0 due to F in the xy plane is
_ Fiby (b7 - 1)
Y 6El

and in the xz plane due to F; is

_ Faby(b3 —1?)
T 6EIl

For small angles, the slopes add as vectors. Thus

(62, +62) "

Fiby (b2 — 12)\
6EI *

oL

1/2

Faby (b2 — 12)\
6EIl
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Designating the slope constraint as &, we then have

§ =101l = o | [Fn (2 - )]

Setting I = wd*/64 and solving for d

e | [0 =T |

For the LH bearing, £ = 30 Mpsi, § = 0.001, b = 12, b, = 6, and [ = 16. The result is
dr =1.31 in. Using a similar flip beam procedure, we get dg = 1.36 in for the RH bearing.
Soused =13/8in Ans.

12| 1/4

4-27 | = %(1.3754) = 0.17546 in*. For the xy plane, use yzc of Table A-9-6

100(4)(16 — 8)

= 2, 42 L s
Y = 5G30)(109)(0.17546)(16) T+ 210981 =~ L1510 in

For the xz plane use yp

B 300(6)(8)
~6(30)(106)(0.17546)(16)

8 = (—1.115j — 4.445k)(107%) in
18] = 4.583(107%) in  Ans.

(82 + 62 — 16%7] = —4.445(107%) in

4

_ 32]’1 Y 5 > 1/2 1/4
428 dy= | {3 [Fbi(o - 1))}
B 32(1.5) s
= |3r@ona0)as00.001 [123(130507 = 2509] 5
+[2.7(75)(75% — 250017} 72 (10%)?
= 39.2 mm
B 32(1.5) s
dr = |3 oom 1025000001 131000100 —2509)] y
+ [2.7(175)(175% — 2502)]2}1/2 (10%)3
= 39.1 mm

Choose d > 39.2 mm Ans.

4-29  From Table A-9-8 we have

MBx

= 6E11(x2 + 34 — 6al + 21%)

YL

d)’L_MB A2 A D g AD
— OX +3d —0dl 7+ 4l

dx ~ 6EIl

)
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Atx = 0, the LH slope is

) = — =—-0Ba” —6al +2I
L= "0x ~ epq 04 ~oal 2
from which
=19, = [~ —3b
& =10 6Ell( )

Setting I = wd*/64 and solving for d

32Mp(12 —3p%)|V*

3rEl§

¢=|

For a multiplicity of moments, the slopes add vectorially and

32 212t
b 3nELE {Z[ i ]
32 2 1/2|/4
dr = |5 A" [Mi(3a? = )T}
= g (Z )
The greatest slope is at the LH bearing. So
32(1200)[9% — 3(43)] |'*
= ( L ()] = 0.706 in
37(30)(109)(9)(0.002)
Soused =3/4in Ans.
4-30
Rul TFAC 1801bf 6F 4 c = 18(80)
d = : Fac = 240 Ibf
Ro = 160 1bf

1
I = E(O'ZS)(23) — (0.1667 in*

Initially, ignore the stretch of AC. From Table A-9-10

——F—“2(1+ )= — 80(12%) (6+12) = —0.04147 i
YBL= T3 e T Y T T 310)(109)(0.1667) - n
(FL) 240(12) o
Stretch of AC: § = — = = 1.4668(107°) in
AE ) 4o (m/4)(1/2)*(10)(10%)

Due to stretch of AC

ypr = —38 = —4.400(107%) in
By superposition, yp = —0.04147 — 0.0044 = —0.04587 in  Ans.
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4-31
TL 0.1F)(1.5
= ( )(1.5) = 9.292(10"HF
JG ~ (1/32)(0.0124)(79.3)(10%)
Due to twist
81 = 0.1(0) = 9.292(107)F
Due to bending
FL3 F(0.1%) 6
Spr = = = 1.582(10"%F
3EI  3(207)(10%)(7r/64)(0.0124)
§p = 1.582(107%)F +9.292(10°)F = 9.450(10 ) F
1
k=——— —10.58(10°) N/m = 10.58 KN/m Ans.
9.450(10-3) (10°) N/m mAns
4-32
lF
A a B b C R B Fb R B Fa
" : R, P 27
R R
51 Ts, s B s _R
= = : ki ? ko
1 1

Spring deflection

5 i 81—82 Fb+ Fb Fa
= — X = —— _— — — X
s ! ! i \2 T

Fbx( 2+b2 12)+Fx b a Fb A
= X — —|———)—— Ans
YAB = CETI 2\ k) ki
Fa(l—x) , Fx (b a Fb
_ ey Y% Tl (A Ny P
e= g T 0 Te) T

wl n wl wl wx [ 1 n 1 wl
= —— —— | =——+ — ) — —
Y= 0k T\ ok T 2kl >\l ") 2%

T 24E] 2 \k Tk

4-33  See Prob. 4-32 for deflection due to springs. Replace Fb/l and Fa/l with wl/2

1 1 [
y ox (21x2—x3—l3)+ﬂ(—+ )_w_ Ans.
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4-34 Let the load be at x > [/2. The maximum deflection will be in Section AB (Table A-9-10
Fbx
6E1l

VAB = (x> +b*—1%)

dyAB Fb 2 2
= (3x*+b l =0 3x24+b*—12=0
dx 6Ell( o =

bz
Xmax = = 0.5771 Ans.

Forx <1/2 xmin=1—0.577l = 0.423] Ans.

4-35
sompr [6001E Mo = 50(10)(60) + 600(84)
Q’ HH7,HH RERES — 80400 Ibf - in
M, ‘
Ry . " Ro = 50(10) 4+ 600 = 1100 Ibf
I = 11.12 in* from Prob. 4-12
4.167x>
M = —80400 + 1100x — X 600(x — 84)!
d
Eld—y = —80400x + 550x% — 0.6944x> — 300(x — 84)*> + C;

X
d
Y 0atx=0 ~.C =0
dx

EIy = —40200x? 4 183.33x> — 0.1736x* — 100(x — 84)° 4+ C»

y=0atx=0 ..C, =0
1
30(100)(11.12)

[—40200(120%) + 183.33(120°)

—0.1736(120%) — 100(120 — 84)°]
= —0.9075in Ans.

YB =

4-36  See Prob. 4-13 for reactions: Rp = 860 Ibf, Rc = 540 1bf
M = 860x — 800(x — 36)! — 600(x — 60)'

d
Eld—y = 430x% — 400(x — 36)> — 300(x — 60)> + C;
X

Ely = 143.33x% — 133.33(x — 36)> — 100(x — 60)> + Cx + C,
y=0atx=0=C,=0
y=0atx =120in = C; = —1.2254(10%) Ibf - in?
Substituting C; and C; and evaluating at x = 60,

1
EIy =30(10%1 <_E) = 143.33(60%) — 133.33(60 — 36)> — 1.2254(10%)(60)

I = 23.68 in*

Agrees with Prob. 4-13. The rest of the solution is the same.
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4-37
I = 5—4(404) = 125.66(10%) mm*
600
Ro = 2(500) + ——1500 = 1900 N
0 = 23000+ 7560
2000 . .
M = 1900x — x= —1500(x — 0.4)" where x is in meters
d 1000
E1ZY —950x2 — 23 —750(x — 0.4)> + C,
dx 3
900 250
Ely = Tx3 — Tx“ —250(x — 0.4)> + Cix + C»
y=0atx=0=C,=0
y=0atx=1m= C; = —179.33 N - m’
Substituting C; and C, and evaluating y at x = 0.4 m,
= ! _950(0 43) 25O(o 4% —179.33(0.4) | 10°
YA 207(109125.66(10-%) | 3 3 o
= —2.061 mm Ans.
1 (950 250
_500 = 0.5%) — =(0.5*
Vs = 50709125 66109 | 3 000 T 3 ()
—250(0.5 — 0.4)° — 179.33(0.5)] 103
= —2.135mm Auns.
% diff _ 213 - 2'061(100) =359% A
©o diIrerence — 2.061 = J. (4 ns.
4-38
w(l + a) w(l +a)[(l —a)/2)]
! Ri = ,

T -

w w
Ry=w(+a)— Z(lz —a®) = Z(l +a)?

w
:_12_ 2
21( a-)

2

w wx w
M=_—*-a)x ——+—(+a)x -1
21( a”)x 7 +21(+a)(x )
d w w w
Elﬁ = (P —a) = 2 (e = 1)+ C

w w w
Ely=—(*—a)x’ — —x* 4+ —( 2ix =¥ +C C
y=1Tm e gy gl =T+ G+ G

y=0atx=0=C, =0
y=0atx =1
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w w wl
0=—*—a)HP - —=1*+Cyl Ci = —Q2a> 1>
T - ral = G=20a =)

y = ﬁ[z(ﬂ —aHx —Ix* 420+ a)*(x = 1)} +12(2a®> = 1P)x]  Ans.

1
4-39 Ry =Rz =500N,and ] = 5(9)353 = 32.156(10%) mm*
For first half of beam, M = —500x + 500(x — 0.25)' where x is in meters

d
Eld—y — —250x2 + 250(x — 0.25)> + C,
X

Atx =0.5m,dy/dx =0 = 0= —250(0.5%) 4+ 250(0.5 — 0.250)*> + C; = C; = 46.875N - m?
250 5 250

Ely=—=—=x"+ == {x - 0.25)° 4+ 46.875x + C,

250
y=0atx =025m=0= —70.253 +46.875(0.25)+ C; = C; = —10.417N - m’

250 250
 Ely= —Tx3 + 5 - 0.25)° + 46.875x — 10.42

Evaluating y at A and the center,

= : 250(03) + 250(0)3 + 46.875(0) — 10.417 | 10°
YA = 507(10%)32. 156(10-9) 3 3 ' '
= —1.565 mm Auns.
1 250 250
—0.5m = — 0.5%) + =—(0.5 — 0.25)°
Vh=os 207(10°)32.156(10~9) [ 3 0.5 + 3 ( )

+ 46.875(0.5) — 10.417] 10°

= —2.135mm Ans.

4-40 From Prob. 4-30, Rg = 160 Ibf |, Fyuc = 240 Ibf I = 0.1667 in*

M = —160x + 240(x — 6)!

d
Eld—y — —80x% + 120(x — 6)2 + C,
X

Ely = —26.67x> +40(x — 6)° + Cix + C;
y=0atx=0=C,=0

= —<E> = - 24012) = —1.4668(1073) i
MWETNAE ) o T T yH22010)(106) n

atx =6

10(10°)(0.1667)(—1.4668)(107%) = —26.67(6”) 4+ C1(6)

~ A PP S )
Cr =1552581bf - 1n
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[—26.67(18%) + 40(18 — 6) + 552.58(18)]

YB = 10(109)(0.1667)

= —0.045871in Ans.

4-41
I =2 (155 =02485in* I, = 2-(2%) = 0.7854 in*
64 ‘ 64 ' i
200
R = 7(12) = 1200 Ibf
200
For0 < x < 161n, M:1200x—7<x—4)2 | !
M 1200 11 11 100
— = T 4800 (— — —)(x —4)% — 1200 (- — —)(x — 4y - (x —4)?
I I L I L b b
= 4829x — 13204(x — 4)° — 3301.1(x — 4)! — 127.32(x — 4)?
d
Ed—y = 2414.5x> — 13204(x — 4)! — 1651(x — 4)> — 42.44(x — 4)> + C,
X
.. dy .
Boundary Condition: I 0 atx=101n
X
0 = 2414.5(10%) — 13204(10 — 4)" — 1651(10 — 4)? — 42.44(10 — 4)* + C,
C; = —9.362(10%)
Ey = 804.83x%— 6602(x — 4)>— 550.3(x — 4)>— 10.61(x — 4)*—9.362(10"x + C»
y=0 atx=0 = C,=0
For0 <x <16in
— —— [804.83x> — 6602(x — 4)> — 550.3(x — 4)3
y 30(106)[ x 4 (x —4) : (x —4)
—10.61(x —4)* —9.362(10%x] Ans.
atx=101n
1
—10 = ———[804.83(10%) — 6602(10 — 4)*> — 550.3(10 — 4)3
Ylx=10 30(106)[ (10°) ( ) ( )
—10.61(10 — 4)* — 9.362(10*)(10)]
= —0.016721in Ans.
4-42 g=F(x) ' —Fl{x)?>—F(x—1)""

Integrations produce
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Plots for M and M /I are shown below

‘ n )

y
F

‘ T A 21, B I Cl—=x

Fl

M
0 : !

~Fl : :

M/

o i — X
—FUAL ! !
—Fl21, = FI2I, i

M /I can be expressed by singularity functions as

M F Fl Fl< 1>° F< z>‘
—_ - +_

=—X ——{x—=
I 2L 21y 41 2

where the step down and increase in slope at x = [/2 are given by the last two terms.

Since E d?>y/dx* = M/, two integrations yield

dy F , Fl Fl I\' F 1\?
E—=—x"——x——F{(x—2) +
dx 411 211 411 2

- F , Fl , FI 12+ F l3+c c
=—x"——x"——(x—= —(x — =< x
YTt T ant T osn 2 ! 2

Atx =0,y =dy/dx = 0. This gives C; = C, =0, and

F 2x3 — 6lx% — 31 l2+2 L\
= X" —0lx" — X — = X — =
Y= 2%ED 2 2

Atx =1[/2and [,

= ——— 2! (LY 300 +20) | = -,
Y=t =50k | “\2 2 - To96En,

F 12 [ 3 3F3
=—|2(03=6I1()* =3I - = 201 == - _ Ans.
Vet 24E11|:() @) ( 2) + ( 2)} 16E1 ns

The answers are identical to Ex. 4-11.

4-43  Define §;; as the deflection in the direction of the load at station i due to a unit load at station j
If U is the potential energy of strain for a body obeying Hooke’s law, apply P; first. Then

1
U= EPI(PISII)
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When the second load is added, U becomes

U= %PI(PICSII) + %Pz(Pz 622) + P1(P2612)
For loading in the reverse order

U' = %Pz(Pz 822) + %P1(P1511) + P2( Py 821)

Since the order of loading is immaterial U = U’ and
P Py512 = P, P1doy when Py = P, 812 = 821

which states that the deflection at station 1 due to a unit load at station 2 is the same as the
deflection at station 2 due to a unit load at 1. § is sometimes called an influence coefficient.

d-44
(a) From Table A-9-10

i 400 Ibf
Fex(I? — x?) yka%l%hﬁ+cﬂ
YAB = T ET N o
5, = 2 _ ca(l*> — a?) 1 nan :‘:_52
Fli=a 6EIl <9~ <7
Fca(l> — a®) 23"
2 = Féy = Féjp = T eEIl
Substituting [ = n_d4
64

_400(7)(9)(23% — 9%)(64)

= = 0.00347in  Ans.
6(30)(109)()(2)*(23)

(b) The slope of the shaft at left bearing at x = 0 is

o Fb(b* — %)
- 6EI
Viewing the illustration in Section 6 of Table A-9 from the back of the page provides
the correct view of this problem. Noting that a is to be interchanged with b and —x
with x leads to
o Fa(? —a®)  Fa(l> —a®)(64)
~ 6EIl  6Emd¥l
B 400(9)(23% — 9%)(64)
6(30)(10%)()(2)4(23)

= (0.000496 in/in

So y» =76 =7(0.000496) = 0.00347 in  Ans.
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4-45 Place a dummy load Q at the center. Then,

M wx ( " Ox
= — — X _—
2 2
12 M2dx U
U=2 ) Ymax = -
0 2F1 a0 0=0

2oM (oM
Ymax = 2 dx
o 2EI\30 0=0

2 {/‘1/2 |:u)x(l )+ Qx] xd }
Ymax = 77 - =x)+—|5dx
" EIJ, 2 2 127 [ oo

Set O = 0 and integrate
w Ix3 x* /2
Yma = 5 py (? - I)O

Swi*
Ymax = m Ans.

4-46
I =2(1.85) =3.7in*

Adding weight of channels of 0.833 Ibf - in,
10.833

M
M=—Fx — x> = —Fx —5.417x> —F=—x

1 48 oM 1 48
Sg = E/o Mﬁ dx = ) (Fx +5.417x%)(x) dx
_(220/3)(48%) +(5.417/4)(48%)
30(10%)(3.7)
S.yp = —0.1378in  Ans.

=0.1378 in in direction of 220 1bf

4-47
1 ; » 7 (1) .
lop = 75(025)(2%) = 0.1667in",  Asc =7 (5] =0.19635in

Fac = 3F, =3
AC 9F
12F TFAC =3F Fl right left
0 A B M =—F% M=-2Fx
6" < 12"
> M OM

—_— = —X — = —2x
oF oF
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L
U=—_ Mzdx 4 _ACTAC
2EI 2AACE

/' M FAC(aFAC/aF)LAC
~El AacE

~EI

1 6 108F
12°) + 4F

= 515020+ (5) |+ s

_864F+108F

 EI  AxcE

4 1
_ 80480 08(80) = 0.045861in Ans.
10(106)(0.1667) ' 0.196 35(10)(105)

! [/ —Fi(— x)dx—l—/( 2Fx)(— 2)d] %

12)

A4-48

. oT
Torsion T =0.1F ﬁ =0.1 ‘
oM ™.
Bending M= —Fx - K N
oF
2 T2
— [ M°dx + —
~2El 2JG
9 1 oM T(OT/OF)L
5, 20U _ L[ M TQT/OPL
aF EI oF JG
1 o1 0.1F(0.1)(1.5
= — —Fx(—x)dx + ©.1)d-5)
EI J, JG
0.015F
=—(0.1°
3EI( )+ JG
Where
I = g—4(0.012)4 = 1.0179(10~%) m*
J =21 =2.0358(10~°) m*
0.001 0.015
B= — + - =9.45(107°)F
3(207)(10%)(1.0179)(10~9)  2.0358(10~9)(79.3)(10%)

= —— =10.58(10°) N/m = 10.58 kN/m Auns.
9.45(10-5)
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4-49 From Prob. 4-41, I, = 0.2485 in*, I, = 0.7854 in*

For a dummy load 1 Q at the center

Q

200 oM —
0<x<10in  M=12000 — Zx - 20 42 M _—x
2 2 EYo) 2
o= 2]
Vix=10 = 8Q 0=0
2 (1 [* X 1 o (X
== {1_1/0 (1200x) (-5) dx + 1_2[; [1200x — 100(x — 4)?] (—5) dx}
2 20004%)  1.566(10°)
T E I b
B 2 1.28(10%) N 1.566(10°)
T 300106 \ 0.2485 0.7854
= —0.01673in Ans.
4-50 0
l \)gﬂl
A
o [Tt
A
AB
oM
M=Fx —=x
oF
3 N 3
OA N=Z=F R
OF 5
4 oT 4
T =-Fa — = —qa
5 OF 5
4 oM, 4
M =-Fx —=—-Xx
5
3
5
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B T [@ 3 FGR/B) (A5 Fal@a/d)l
83=—u=— Fx(x)dx+(/)(/)+(/)a(a/)
oF  EI J, AE JG
1 a4 /4N - 1 (13 3 .
4+ — —Fx|-=x)dx + — —Fal|—-a)dx
EI Jy 5 5 EI J, 5 5
_ Fa3 N 9 [ FI +16 Fa?l +16 FI3 N 9 (Fadil
" 3EI 25\ AE 25\ JG 75 \ EI 25\ EI
1=1d4, J=2I, A=Lg?
64 4
64Fa’> 9 [ 4FI 16 (32Fad?l 16 (64FI3 9 [(64Fad’l
Spg=——F+—|—— )+ =— |+ = — )|+ = ———
3Exd* 25 \nd’E 25\ 7wd*G 75 \ Exd* 25\ Exd*
AF

E
. 3 2 2 3 2
kT <400a + 27ld” + 384a l—G + 2561° + 432a l) Ans.

4-51 The force applied to the copper and steel wire assembly is F,. + Fy = 250 Ibf

Since 6, = &

F.L B FsL
3(/4)(0.0801)2(17.2)(105)  (7/4)(0.0625)2(30)(10%)
F. =2.825F;
~3.825F; =250 = F;=65361bf, F.=2.825F; = 184.641bf
184.64 . .
Oc = = 12200 psi = 12.2 kpsi  Ans.
3(7r/4)(0.0801)2

65.36
oy =
(r/4)(0.06252)

= 21300 psi = 21.3 kpsi  Ans.

4-52
(a) Bolt stress op = 0.9(85) = 76.5 kpsi  Ans.
Bolt force Fy = 6(76.5) (%) (0.375%) = 50.69 kips
F, 50.69
Cylinder stress Oc = Pk = —15.19 kpsi Ans.

Ac (/4452 —42)
(b) Force from pressure
nD* (4%
4 P= g
~— 50.69 — P,
‘ Z F,=0

6 bolts m— 50.69 + P,

P =

(600) = 7540 Ibf = 7.54 kip

(
A~
.I_
I
I
1
LN
N

~

r

P=T754Kip
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P.L ~ P,L
(/4)(4.52 — 4)E N 6(/4)(0.3752)E

Since §. = §p,

P, =5.037P, (2)
Substituting into Eq. (1)

6.037P, =754 = P, =1.249kip; andfromEq. (2), P.=6.291 kip
Using the results of (a) above, the total bolt and cylinder stresses are

1.249 .
op =76.5+ = 78.4 kpsi Ans.
6(r/4)(0.3752)

15.19 + 0.291 133kpsi A
O, = — . = — . S1 ns.
¢ (77/4)(4.5% — 82) P

4-53
T=T.+T; and 6, =06
T.L T, L
Also, =
(GJ)e  (GJ)s
_(GI).
G
Substituting into equation for 7,
GJ
- [ L >c] S
(GJ)s
T GJ
%Ty, = — (GJ)s Ans.
T~ (GJ)s +(GJ),
4-54
f,f Ro+Rp=W (1)
BT Soa=3dap (2)
750 mm 500Rp  750Rp 3
W=35 = , Ro==Rp
Ai} B AE AE
3
500 mm ERB—I—RB =35
0,, L _
1 7
R, RB_§=1.4kN Ans
Rop=35—-14=2.1kN Ans.
2100
oo = ——— = —-3.50MPa Auns.
12(50)
400

=233 MPa Ans.

~ 12(50)
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4-55 Since QOA = QAB

Toa(4)  Tap(6) T —ET
o7 = gy Toa=3Tas

Also Toa + Tap =50
3 50
Tsg (5 + 1) =50, Tup= 75 =201Ibf-in Ans.

3 3
Toa = ETAB = 5(20) =30Ibf-in Ans.

4-56 Since 6Opa = Hap,

Toa(4) Tap(6)
G(E15H ~ G&175Y A

Toa+Tap =50 = 0.80966 Tap + Tap =50 = Tap =27.63 Ibf-in

Toa = 0.80966T4p = 0.80966(27.63) = 22.37 1bf -in Ans.

Ans.

4-57
T, T T
F = F _— = — =
1= = =T T 1373
= > T
27 125!
o= ¥ ad
ST 57 T 180 0
Ty(48) 3 (3/1.25)T,(48) d4n
(/32)(7/8)%(11.5)(10%) ' 1.25 | (r/32)(1.25)*(11.5)(106) | ~ 180
T = 403.9 Ibf - in
3 .
Ty = 5= Ti = 9694 Ibf - in
167, 16(403.9
oy = 0T 166039) S0y G Ans.
wd3 w(7/8)3
16(969.4) .
T = m = 2528 ps1 Ans.
458

10 kip 5kip

R, <—  F,=>0  o—F; |€—R,

X

(1) Arbitrarily, choose R¢ as redundant reaction
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() D _F.=0, 10(10°) —5(10°) — Rp — Rc =0
Ro + Rc = 5(10°) Ibf
_ [10(10%) —5(10*) — Rc]20  [5(10°) + RC](m) _ Rc(15) _
AE AE AE
—45Rc +5(10H =0 = Rc =11111bf Ans.
Ro = 5000 — 1111 = 3889 Ibf Ans.

3) o)

0

4-59 w "y
REREEERERERERREEET RS
! x{_“
(1) Choose Rp as redundant reaction
2
2) R+ Rc =wl (a) RB(l—a)—%—l—Mc:O (b)
_RB(l—a)3 w(l —a)? 2 21 _
(3) YB="3p] + AE] [4l(l—a)—(U—a) —6l"]1=0
_ W 2 _ N2
RB_8(l—a)[6l 41l —a)+ (I —a)]
. w 2 2
_8(l—a)(31 + 2al +a”) Ans.
Substituting,
Eq. (a) Re=wl— Rp = ——2— (512 = 10al — %) Ans.
8( —a)
2
Eq. (b) Mc=%—Rg(l—a):%(lz—2al—a2) Ans.
4-60
AHHH?HHHHH%)MC
M__w_xz+R —a)! B_M_ —a)!
= plx —a), aRB—(X a)
U 1 [ oM
—=— | M—dx
ORp El J ORp
1 “—wxz()d 1 [ —wx? R dx — 0
“E ), 2 (0) x+ﬁ a[ 5 + B(x—a)](x—a) x =
-2 [1(14 —at =S - a3)] BB —@—ay] =0
2[4 3 3
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4 3 3\1 2
Rp = - )3[3(L —a ) da(l> —a’)] = 8(l — )(31 + 2al +a ) Ans.
Rc =wl— R = 8(l 2 (512 10al — a2) Ans.
wi? w5 )
MCZT—RB(Z—G):g(l —2al —a”) Ans.

4-61

FBE FDF
A 500 500 C 500

A="00012%) = 1.131(10%) m>

B D -
4
TRA 120kN
(D Ra + Fpg + Fpr = 20kN (a
Y Mj=3Fpr —2(20) + Fpr =0
Fgr +3Fpr = 40 kN (b
(2) M = Rax + Fpgp{x —0.5)" —20(10%)(x — 1)!
d x> F
E1Z — Ry 2B — 052 — 10103 (x — 1)2 + C
dx 2 2
3 F 10
Ely = RA% T %u —0.5)% — ?(103)()( 13+ Cx + G
B)y=0atx=0 ..C,=0
Fl Fge(1)
—_(ZL) = — —4.2305(10°%)F
VB (AE)BE T 1.131(104)209(10°) (107 P

Substituting and evaluating atx = 0.5m
0.5°
Elyg = 209(10%)(8)(1077)(—4.2305)(10" %) Fpr = RAT + C1(0.5)

2.0833(1072) R + 7.0734(10 %) g + 0.5C;, = 0 (c
Fl Fpr(l) —3
() - — —4.2305(107%)F
P (AE) 1.131(10-4)(209)(10°) 107)For

Substituting and evaluating atx = 1.5m

1.5 F 10
Elyp=—7.0734(10"3)Fpp = RAT—l—ﬂ(IS 0.5)3 — (103)(1.5—1)3+1.sc1

0.5625R 4 + 0.166 67 Fpr + 7.0734(10 ) Fpp + 1.5C, = 416.67 d
1 1 1 0 R4 20000
0 1 3 0 || Fse | _ | 40000
2.0833(1072)  7.0734(1073) 0 05V Fpr [T )] O

0.5625 0.166 67 7.0734(1073) 1.5 C 416.67
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Solve simultaneously or use software
Ry = —3885N, Fpp=15830N, Fpp=28058N, C;=—62.045N -m>
15830 140 MPa A 8058 712MPa A
OB = ———————— = ns., o = — =T1. ns.
PET (ym12y) PP (/4 (122)
ET =209(10°)(8)(1077) = 167.2(10*) N- m?
1 3885 , 15830 ;10 ;
= — — 0.5 — =10 (x — 1)* — 62.045
Y 167.2(103)[ 6 T W0 T U= *
B: x=05m, yg=—6.70(10"*"m = —0.670mm Ans.
1 3885 15830
C: x=1m, = — 1°) + ——(1 —0.5)° — 62.045(1
reame e 167.2(103)[ 6 U+ ¢ ) ()]
= —-227(10"*)m=—227mm Ans.
1 3885 15830
D: x = 1.5, = — 1.5 + ——(1.5-0.5)°
* P 167.2(103)[ 6 )+ g )
10
— ?(103)(1.5 —1)° - 62.045(1.5)]
= —-339(107" m = —0.339 mm Ans.
4-62
I
500 Ibf Fye 6 6 . 9
| P EI = 30(10%(0.050) = 1.5(10% Ibf - in
A B .
tRC 1FFD
(D Rc + Fpg — Frp = 500 (a
3Rc + 6FgEr = 9(500) = 4500 (b
(2) M = —500x + Fgr{x —3)! + Rc(x — 6)!
d F R
E12 — 25002 + B2 — 32 1+ 2 62 4
dx 2 2
250 F R
Ely = _TX3 + %(x — 3+ ?C(x —6)> + Cix + C,
Fl Fpe(2
VB = (—) =— BE(Z ) — = —8.692(10") Fpp
AE ) 51 (71 /4)(5/16)2(30)(10°)
Substituting and evaluating at x = 3 in
6 ~7 250 .3
Elyg = 1.5(10%)[—8.692(10"7)Fgg] = —7(3 )+ 3C; + C,
1.3038 Fg 4+ 3C; + C, = 2250 (c
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Sincey=0atx = 61n
250 F
Elyle=—=(6") + %(6 —3)* +6C) + C>
45FpE +6C; + Cy = 1.8(10%

= (il> - Fpr(2.5) — 1.0865(10~%) F
YD =\ AE or (/4 (5/16)2(30)(106) ~ )EpF

Substituting and evaluating atx = 9 in

250 F
Elyp = 1.5(10%[1.0865(10~%) Fpr] = —7(93) + %(9 -3)°3

Rc 3
+?(9—6) +9C, + C,

4.5Rc +36Fpg — 1.6297Fpr +9C; + C, = 6.075(10%

1 1 —1 0 0 Rc 500
3 6 0 0 0| Fge 4500
0 1.3038 0 3 1|{ Fpr}t= 2250
0 4.5 0 6 1 C, 1.8(10%)

45 36 —1.6297 9 1 C, 6.075(10%)

Rc = —590.41bf, Fgp = 1045.21bf, Fpp = —45.2 1bf
Cy = 4136.41bf - in?, C, = —115221bf - in’

(d

(e

1045.2 ) .
OBE = W = 13627 pS1 = 13.6 kpSl Ans.
45.2 589 psi A
opp=——m————— = — S .
PET T //16)2 et
= —11522) = —0.00768 in  Ans.
YA 1.5(106)( ) 0.00768 in  Ans
1 250 _, :
YE = 30105 | 3 @) F41364(3) — 11522 = ~0.000909in  Ans
1 250 4 1045.2 ;5 —590.4 3 i
= | -= —(9-3 -6 . -
YD 1.5(106)[ 3O+ =0 =37+ ——(9 -6+ 4136409 11522_
= —4.93(107°)in Ans.
4-63
6
F
Q (dummy load)
oM

oWk 0
= n~{IT —Co0s?0)

90
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PR’

aU T .
=— [ (=PRsinf)R(1 —cosO)RdH = -2
EI J, El

5p = —
=50

Deflection is upward and equals 2(PR>/EI) Ans.

4-64 Equation (4-28) becomes

T M2R df
U=2 R/h > 10
o 2EI

oM
where M = FR(1 — cos ) anda—F = R(1 —cos0)

U 2 [T M
§=—=—|[ M—Rdo
9F EIJ, = oF

2 b
=" | FR}1 —cos®)*do
EI J,

_ 37FR’
- EI

Since I = bh*/12 = 4(6)?/12 = 72 mm* and R = 81/2 = 40.5 mm, we have

_ 3m(40.5°F

= 66.4F Ans.
131(72) i Ans
where F is in kN.
4-65
P " !
\ %\
l o 7
.. |
oM
M=—-—Px, —=—-—x 0<x<lI
oP
oM
M = Pl + PR(1 —cos#), a—P:l-I—R(l—cosO) 0<06<lI
1 l /2
Sp = — / —Px(—x)dx+/ P[l + R(1 — cos0)]*R db
EI | J 0

P
= @{413 + 3R[271> + 4(x —2)IR + 37 — 8)R?*]} Ans.
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4-66 A: Dummy load Q is applied at A. Bending in AB due only to Q which is zero.

oM
M = PRsinf + QR(1 + sinf), @ = R(1+sinf), 0<6< %

U 1 [7/?
ba)v = — = —

PR3< 0 sin29)
= ——|—cosf + - —

(PRsinO)[R(1 +sinf)|R d6

72 PR? n
=—(1+=

EI 2 4
4 PR3
—ﬂ+ ——  Ans
4 EI

. oM .
M = PRsind, —— = Rsinf
oP

U 1 (T2
bp)y = 3P = EI ; (PRsinf@)(Rsin®)RdO
7 PR?
=— —— Ans
4 EI
4-67
. oM ) b4
M = PRsinf, — =Rsinf 0<6 < —
oP
aT
T = PR(1 —cosf), — = R(1 —cosH)

apP
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U I [7? ) I [ )
) = ——=—]— P(Rsin0)*RdO + — P[R(1 — 0)]°R db
(84)y 5P {EI/O (Rsin0) +GJO [R(1 —cosO)] }

Integrating and substituting / = 2/ and G = E/[2(]1 4 v)]
(54) PR —|— (I4+v) 2 4 8+(3 8) ]PR3
= = Vv _— = — — — V|———
A%y El g d 4ET

_ (200)(100)° _
= —[47 — 8+ (37 — 8)(0.29)]4(200)(1()3)(7T/64)(5)4 = —40.6 mm

4-68 Consider the horizontal reaction, to be applied at B, subject to the constraint (ép)g = 0.

oUu
@) Op)n =7 =0

Due to symmetry, consider half of the structure. F' does not deflect horizontally.

FR . oM . T
M= —(1—cosf) — HRsin0, —— = —Rsinf, 0<0 < —
2 oH 2
oU 1 [T2[FR _ _
—_— = — (1 —cosf) — HRsinf | (—Rsinf)RdO =0
oH EI J, 2
F—|-F+H 0 = H= F A
2 T T T —x O

Reaction at A is the same where H goes to the left

(b) For0 <6 < =~

FR FR .
, M=—(—cosf) — —sind
2 2 b1

FR .
M = —I|n(l —cosf) —2sinf] Ans.

2
Due to symmetry, the solution for the left side is identical.
(©) aM—R[(l 0) —2sin0]
c 5F = 7" cos sin

oU 2 ("PFR?

Sr=r = 1), gl cost) - 2sin6]* R d6
FR3 /2
= S E] (n2 + 72 cos’0 + 4sin’0 — 27%cos O
b4

— 47 sin® + 47 sinf cos 0) db

FR
= 33F] |:7T2 (%) + 7 (%) +4 (%) — 27 — 4w + 2n]

_ (3n*—87 —4) FR®

Ans.

3T ET
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4-69 Must use Eq. (4-33)

A = 80(60) — 40(60) = 2400 mm?
R (25 +40)(80)(60) — (25 + 20 + 30)(40)(60)

55 mm
2400
Section is equivalent to the “T” section of Table 3-4
2 2
In = 00(20) + 20(60) = 45.9654 mm
60 In[(25 4 20)/25] + 20 In[(80 + 25) /(25 + 20)]
e=R—r, =9.035 mm
Straight section 1
v I, = E(60)(203) + 60(20)(30 — 10)?
—530 mm
) 1
i”mm +2 [E(IO)(6O3) + 10(60)(50 — 30)2]
= 1.36(10°) mm*
k. F, For 0 < x < 100 mm
F oM av
100 mm M M:_F-xa _F:_x, V:F’ a_le
—— J
For 6 < m/2

oF, . d Fy .
F, = Fcos, — =cosf; Fp= Fsinf, —— =sinb
oF oF

oM
M = F(100 4 55sin @), Y3 = (100 + 55sin6)

Use Eq. (5-34), integrate from O to 77 /2, double the results and add straight part

2 (1 100 10 (YF(1)d 7/2 (100 + 55sin6)?
5= 2 _/ Fx2dx+/ MJF/ U0+ 55sin6)7 )
E|I)J o 2400(G/E) = J, 2400(9.035)

/2 Fsin? 0(55 7/2 F(100 + 55 sin 6
n / Fsin"0053) 4o / (100 +55sn0) . 440
0 2400 0 2400

/”/2 F sin6(100 + 55 sin@)de N /”/2 (HF cos29(55)d0
0 2400 0 2400(G/E)

Substitute
I = 1.36(10°) mm?, F = 30(10*) N, E = 207(10%) N/mm?, G = 79(10%) N/mm?

3 4
30(103){ 100 2O7<100> 2.908(10%) 55 (n)

3(1.36)(109) - 79 \ 2400 2400(9.035) i 2400 \ 4

2 207 [ 55 T
— ——(143.19) 4+ — [ —— | = ) =0.476 mm Ans.
2400 79 \2400/\ 4

0 = ————
207(10%)
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4-70

oM
M = FRsinf — QR(1 — cos0), @ = —R(1 —cos0)

. dFy
Fo = Qcos6 + Fsind, @ = cosf

%(MFQ) =[FRsinf — QR(1 —cosf)]cosh
+ [—R(1 —cosH)][Q cosb + F sin0]

) oF, .
F, = Fcosf — Qsinf, —— = —sinf
00

From Eq. (4-33)

oUu 1 T . R [T .
d=— = (FRsin®)[—R(1 —cos0)]dO + — F sin6 cos6d6o
8Q 0=0 AeE 0 AE 0
1 T
- — [FRsin6 cos — FRsinH(1 —cosO)]do
AE )
CR [T .
+ — —F cos6 sinfd6
AG Jy
2FR2+0+2FR+O R . 2FR A
=— — =—|——-1)—— Auns.
AeE AE e AE

4-71 The cross section at A does not rotate, thus for a single quadrant we have
oUu

=0

OM 4

The bending moment at an angle 6 to the x axis is
F FR
M=My— E(R—x) =My — 7(1 —cosb)

because x = R cos 0. Next,

M? 2 M2
U= | -—ds= ——Rdb
2EI o 2EI

since ds = R dO. Then

oU R (™% oM
— = M——do =0
IMs  EI Jo IM 4

(1
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But oM /oM, = 1. Therefore

/2 /2 FR
/ Md@:/ [MA—T(l—COSQ)]dQZO
0 0

Since this term is zero, we have

Substituting into Eq. (1)
FR < 2 >
M =—|{cosf — —
2 T

The maximum occurs at B where 0 = /2. Itis

FR
Mp = ——— Auns.

4-72  For one quadrant

oU T2 M M
§ = — = ———Rdb

oF o EIJF

FRY (72 2\’
= — (cos@ — —) do

El 0 T
_FR (2 4

EI \4 7 s

4-73
Crn’El
Pcr ==

g n D*
[=—(D*—d*=—"-(1-kK*
64 )= ¢ )

Cn2E [nD* 4
cr — T H(l - K )

64 P, 12 174
D = Ans.
CE(l — K%
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4-74
T T T
A==-D*1-K?*», I==—D*1-K%Y==D*CU-K>»1+K?
7 D ) a ( ) < ( )1+ K?),
I D?
kK =—=—(1+K"?
I 16( +K°)
From Eq. (4-43)
P, s Sy 1? E Sy
(r/HDX(1 — K2 ¥ 4x2%2CE ~ 70 472(D%/16)(1 + K2)CE
482’7 D*(1 — K?)
4P, = D*(1 — K*)Sy, — —
7D )5y T D1 1 KO CE
483 1%(1 — K?)
D*(1 — K*)S, = 4P, Y
7D )5y (1 K)CE
4P, 4S212(1 — K?) 12
B ETEN S A+ K)CER(1 = K?)S,
P. S, 12 12
=2 < + J Ans.
mSy(1 — K2  72CE(l + K?)
4-75 (a)
3
?iz My =0, 2.5(180) — m1:30(1.75) =0 = Fgo=297.7Ibf

Using ng = 5, design for Fo; = ngFgo = 5(297.7) = 14881bf, [ =+/32+1.752 =
3.473 ft, S, = 24 kpsi
In plane: k =0.2887h = 0.2887", C =1.0

Try 1" x 1/2" section

I 3.473(12)
L S VYW
kK 0.2887
1\ (27%(1)(E0)(10°) ‘/2_1571
(k)l_( 24(10%) ) -

Since (//k); > (I/k) use Johnson formula

(1 5 (24(10%) ? 1 B
P = (1) (5) [24(10 ) — ( > 144.4) (Wﬂ = 6930 Ibf

Try 1" x 1/4™ P = 3465 1bf
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Out of plane: k =0.2887(0.5) =0.1444in, C=1.2

I 347312
k= 0.1444

Since (//k); < (I/k) use Euler equation

1.2(7%)(30)(10%)

2892 = 2127 Ibf

P = 1(0.5)

1\2
1/4" increases [/ k by 2, (%> by 4, and Aby 1/2

Try 1" x 3/8": k =0.2887(0.375) = 0.1083 in

1.2(72)(30)(10%)

3852 =899 1bf (too low)

!
[ =385 P =1(0375)

Use 1" x 1/2" Ans.
298

xdl —  7(0.5)05)

P
(b) op = — = = —379 psi  No, bearing stress is not significant.

4-76  This is a design problem with no one distinct solution.

4-77
F =800 (%) (3%) = 5655 Ibf, S, = 37.5 kpsi

Py = ngF = 3(5655) = 17000 Ibf

(a) Assume Euler with C =1

602

d =1.51n is satisfactory. Ans.

64(17)(10%)(182
(b) :[ (17)(10°)(18)

1/4
=0.7851n, souse0.875i1n
3(1)(30)(109)

1o, Pyl? 64P, 1274 [64(17)(10%)(60%) 7"/ ,
[ = g% = = =|—| = = 1.433in
64 Cn’E 73CE 73(1)(30)(106)
Used = 1.5in; k = d /4 = 0.375
I 60
L= — 160
k0375
I 272(1)(30)(106)\ '/
(_> :( (10X )) = 126 . use Euler
k), 37.5(103)
2(30)(10°) (77 /64)(1.5%
Pcr:ﬂ( )(10%) (T /64)( )=204401bf
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k= Ujl = 0.2188 in

l/k = = 82.3 try Johnson
0.2188
37.5(10° 2
P, = z(0.8752) 37.5(10%) — #82.3 — | =177141bf
4 27 1(30)(106)
Used = 0.8751n Ans.
© _20440_361 4
C Ny = 3655 = D. ns.
17714
n(b) 655 3.13 Ans

A4-78

lW = 9.8(400) = 3920 N

4F sinf = 3920
oF 3920

" 4sin6

In range of operation, F' is maximum when 6 = 15°
3920

" 4sin 15

Per = ng Fnax = 2.5(3786) = 9465 N

= 3786 N per bar

[ =300 mm, & = 25 mm
Try b = 5 mm: out of plane k = (5/+//12) = 1.443 mm

[ 300
—=——=2078
k  1.443
l 272)(1.4)(207)(10°) 7'
(_) - [( TUACONUO )] —123 - use Buler
k/, 380(10°)
(1.472)(207)(10%)
Py = (25)(5 = 8280 N
er = (25)(5) (207.8)
Try: 5.5 mm: k =5.5/+/12 = 1.588 mm
) 300
—=——=189
kK 1.588

(1.470%)(207)(10%)

1892 =11010N

P = 25(5.5)
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Use 25 x 5.5 mm bars Ans. The factor of safety is thus

11010
n=—— =291 Ans.
3786
4-79 ZF:O=2000+ 10000— P = P =120001bf Ans.

5.68
ZMA = 12000 (T) —10000(5.68) + M =0

12000 10,000

M = 22720 1bf - in
A TP C M 22 (720

A =P = 12000

From Table A-8, A = 4.271 in?, I = 7.090 in*

) =1.893in Auns.

I 7.090
2 _ _ 7 )

k® = 1= 1071 1.66 in
12000 1.893(2) )

O, = —m |:1 1—66] = —9218 ps1 Ans.
12000 1.893(2) )

=[] - —— 2| =
=TT [ 1.66 ] 3598 psi

3598 U"

I —9218

4-80 This is a design problem so the solutions will differ.

4-81 For free fall withy < h

> F,—mi =0 F@
mg—my =0, soy=g mg

Usingy:a—i—bt—i—th, we have att =0,y =0, and y =0, and soa =0,b =0, and
c = g/2. Thus

1
y:igt2 and y=gt fory<h

Atimpact, y = h, t = (2h/g)'/?, and vy = (2gh)"/?
After contact, the differential equatioin (D.E.) is ]

Ky - h)I
|

mg

o

mg —k(y —h) —my =0 fory > h
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Now let x = y — h; then x = y and X = y. So the D.E. is X 4+ (k/m)x = g with solution
w = (k/m)"* and

m
x = Acoswt’ + Bsinwt’ + Tg

At contact, ¢’ = 0, x = 0, and x = vy. Evaluating A and B then yields

m v m
x=—28 cosot’ + sinwr’ + g
k w k
or
w v 4
y = ——coswt’ + —sinwt’ + — + h
k w k
and

. Wo | / /
y = T S wt” + vy cos wt

To find ynmax set y = 0. Solving gives

k
tanot’ = — 2%
Ww
vok
or (wt')* = tan™! (—L)
Ww

The first value of (wt')* is a minimum and negative. So add 7 radians to it to find the
maximum.

Numerical example: h = 1 in, W = 30 Ibf, k = 100 Ibf/in. Then
w = (k/m)"/? = [100(386)/30]'/? = 35.87 rad/s
W/k =30/100 = 0.3
vo = (2gh)'/? = [2(386)(1)]'/? = 27.78 in/s

Then
y = —0.3¢c0s35.87t' + 27.78 sin35.87t' +0.3 + 1
35.87
For ymax
anof — — vok _ _27.78(100) _ _»sg
Ww 30(35.87)
(wt')* = —1.20 rad (minimum)

(wt')* = —1.20 + 7 = 1.940 (maximum)

Thent'* = 1.940/35.87 = 0.0541 s. This means that the spring bottoms out at #'* seconds
Then (wt')* = 35.87(0.0541) = 1.94 rad

8
3587 sin1.944+0.34+1=2.130in Ans.

The maximum spring force is Fiax = k(Ymax — 7)) = 100(2.130 — 1) = 113 Ibf  Ans.

So Vmax = —0.3cos 1.94 +

The action is illustrated by the graph below. Applications: Impact, such as a dropped
package or a pogo stick with a passive rider. The idea has also been used for a one-legged
robotic walking machine.
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Free fall

Speeds agree
Il Il Il Il Il Il Il Il Il Il Il Il Il Il

T T T T T T T T T T T T T ™ ;

T -005 —001 1IN0 005 | o el
Time of Inflection point of trig curve — rei?ldi:ﬂr::t?(;n
release (The maximum speed about

this point is 29.8 in/s.) i
During

|, contact

4-82 Choose ¢’ = 0 at the instant of impact. At this instant, v; = (2gh)'/2. Using momentum,

miv; = mav,. Thus

&(Zgh)l/z — Mvz
8
_ Wi(2gh)'?
2= Wi+ W,
Therefore at ' =0,y =0, and y = v,
I LetW =W, + W,
ky YW,

Because the spring force at y = 0 includes a reaction to W5, the D.E. is
W .
—y =—ky+ W
8
Withw = (kg/ W)'/? the solution is
y = Acoswt’ + Bsinwt' + W, /k
y = —Awsinwt’ + Bw cos wt’
At =0, y=0=A=-W/k
Att/ZO,)} =1 = 1y = Bw

Then

p_b2_ Wi(2gh)'/?
o (W + Wa)lkg /(W) + Wa)]1/2

We now have
2h

k(W + W»)

Wi

W, 1/2
y:—Tcosa)t’—l—Wl[ ] sina)t’—i—T

Transforming gives
Wil 2nk 12 o — )+
=—— cos(wt” — —
Y k Wi+ W, k

where ¢ is a phase angle. The maximum deflection of W, and the maximum spring force]
are thus
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W, 2hk o 172 N W, 4
x=— | ——— — ns.
Yma k W, + W, k

2hk

12
— +1 + W, + W, Ans.
Wi + W, ) : ?

Frnax = kymax + W =W (

4-83 Assume x > y to get a free-body diagram.
! —r—
} g =
—
Then
gi} =ki(x —y) —kay

A particular solution for x = a is

. kla
YTtk
Then the complementary plus the particular solution is
k]Cl
= Acoswt + Bsinwt +
Y ki + ko
[(kl + /q)g]“z
where w=|———"-
w
Att =0,y =0, and y = 0. Therefore B = 0 and
i kla
kit
Substituting,
kla (1 l)
= —cosw
Y ki + ks
Since y is maximum when the cosine is —1
2k1a
Ymax = ns.

ki + ko
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Chapter 5

Ans.

S
MSS: 0'1—0'3:Sy/n = n—= Y
0|1 — 03
Sy
DE: n=—
o
o' = (03 —onop+03)* = (62 =00 + 02 +372)"°
(a) MSS: o1 =12, 00 =6, 03 = 0 kpsi
50
= =417 Ans.
n 12 ns
/ 2 241/2 . 50
DE: o' = (122 = 6(12) + 6°)'/> = 1039 kpsi, n=—— = 4.81
10.39
12 12\ 2
(b) oa, 08 = 5 + \/(7> + (—8)2 = 16, —4 kpsi
o1 =16, 0, =0, 03 = —4 kpsi
MSS >0 25 A
. n—=-————= L. .
16— (—4) "
50
DE: o' = (12> +3(—8%)"/> = 18.33 kpsi, n = 533 =273 Ans.
—6—10 —6+10\2
(¢) 04,08 = > i/( ;r ) +(=5)2 = —2.615, —13.385 kpsi
o1 =0,0, = —2.615, 05 = —13.385 kpsi
50 o
MSS: n= =3.74 Ans.
0 — (—13.385)
DE: o/ =[(—=6)* — (=6)(—10) + (—10)* + 3(=5)*]"/
= 12.29 kpsi =
50 !
n=——=4.07 Ans. S
12.29
12+4 12 —4\? ,
(d) 04,05 = 5 + — )+ 12 = 12.123, 3.877 kpsi

o1 = 12.123, 0, = 3.877, 03 = 0 kpsi

MSS:

DE:

50
=— " =412 Ans
"T1123-0 "
o' =122 — 12(4) + 4% 4+ 3(1%)]1"? = 10.72 kpsi
50
n =4.66 Ans.

T2
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5-2 S, = 50 kpsi

S
MSS: op—o3=S8,/n = n= Y
0] — 03
) 2 n\1/2 _ 2 2\1/2
DE: (O’A—O'AO'B +UB) =S§/n = I’l—Sy/(O'A—O'AO'B -|-GB)
. 50
(a) MSS: o1 =12kpsi,03 =0,n = Z—0 =4.17 Ans.
DE >0 4.17 A
: n= =4, )
[122 — (12)(12) + 122]/2 "
) 50
(b) MSS: o1 = 12kpsi,o3 =0,n = B =4.17 Ans.
50
DE: = =4.81 Ans.
" T2 = (12)(6) + 621172 "
(¢) MSS 12 kpsi 12 kpsi 50 2.08 A
: o] = ,03 = — MN=—— =2, ns.
1 p 3 p 12— (-12)
50
DE: = =241 Ans.
T2 —(12)(—12) + (—12)2]1/3 "
) 50
(d) MSS: o1 =0,03 = —12kpsi,n = ——— =4.17 Ans.
—(—12)
DE 20 481
: n= = 4.
[(—6)2 — (—6)(—12) + (— 12712
5-3 S, =390 MPa
S
MSS: op—o3=S8,/n = n= Y
o1 — 03
) 2 n1/2 _ _ 2 2\1/2
DE: (O'A OAOB +JB) =S8/n = n=S§)/ (O'A OAOB —|—O‘B)
390
(a) MSS: o1 =180MPa, 05 =0,n = 180 = 2.17 Ans.
390

DE: n =250 Auns.

- [1802 — 180(100) + 1002]1/2

180 180\ 2
(b) 04,0 =— =+ > + 1002 = 224.5, —44.5 MPa = o, 03

2
390
MSS: n= =1.45 Ans.
224.5 — (—44.5)
390
DE: =156 Ans.

T 11802 1 3(1002)]172
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160 160\ >
(€) 04,05 = —— =+ \/<_T> + 1002 = 48.06, —208.06 MPa = o, 03

2
390
MSS: = —1.52 Ans.
" 48,06 — (—208.06) s
390
DE: = —=1.65 Ans.
"= 21602 + 3(1002)]172 s
(d) 04,0 =150, —150 MPa = o4, o3
390
MSS: n=————=1.30 Ans.
150 — (—150)
DE 390 150 A
N n—=—-———=—1]. .
[3(150)2]1/2 "
5-4 S, = 220 MPa
(a) o1 =100, 0, = 80, 03 = 0 MPa
220
MSS: n= =220 Ans.
100 — 0
DET: o' = [100%> — 100(80) + 80%]'/? = 91.65 MPa
_ 220 _ 240 A
" 9les T T s
(b) o] = 100, 0Oy = 10, 03 = 0 MPa
MSS 220 220 A
. = — = 4. S.
"= 100 "
DET: o’ = [100? — 100(10) + 10%]'/? = 95.39 MPa
_ 220 _ 231 A
"= 9539 © e
(¢) o1 =100, 0, =0, 03 = —80 MPa
220
MSS: n=——=1.22 Ans.
100 — (—80)
DE: o’ = [100> — 100(—80) + (—80)%]'/? = 156.2 MPa
220
n=——=1.41 Auns.
156.2
(d) 01 =0, 00 = —80, 03 = —100 MPa
220
MSS: n=——=220 Ans.
0 — (—100)
DE: o’ = [(—80)> — (—=80)(—100) + (—100)] = 91.65 MPa
220
—— =240 Ans.

"= 91.65
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5-5
(a) MSS:

DE:

(b) MSS:

DE:

(c) MSS:

DE:

(d) MSS:

DE:

OB 223
n=—— =221
0OA  1.08
oC 2.6
n=——=""=24
0A  1.08
OE 165
n=—-—=-"-=2=15
oD~ 1.10
OF 18
n=—=-"=16
oD 1.1

Scale
1" = 200 MPa

OH 168

_O7_ 1% 6
"=0G6 T 1.05
oI 185
ne 2L =2 g
0G _ 1.05
OK 138
ne 2 1% 3
07~ 1.05
oL 1.62
n =1.5

07 105
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5.6 S, = 220 MPa

MSS: = =—_—_=22

(a) n= =13
oc 3.1
0OA 13
OE 22

(b) MSS: n=——=—=22
oD 1
OF 233

DE: n= =""_-23

oD 1

T

1" = 100 MPa

(d) MSS: n=—=——=22
oJ 1.3
OL A
UJ 1.5




120 Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

(a) MNS: Eq. (5-30a)

BCM: Eq. (5-31a)

MM: Eq. (5-32a)

MNS: Eq. (5-30a)

BCM: Eq. (5-31b)

MM: Eq. (5-32a)

(b) ox = 12 kpsi, 7y, = —8 kpsi

2
12 .
0p, 0 = — + \/<—) + (—8)2 = 16, —4 kpsi

5-7 Sur = 30 kpsi, S, = 100 kpsi; 04 = 20 kpsi, op = 6 kpsi

Sur 30

n o 0 ns
30
n=—=1.5 Ans.
20
30
n=—=15 Ans.
20

2

30
n=— =188 Ans.

16
1 16 —4
—:——u = n=1.74 Ans.
n 30 100

30
n=—=1.88 Ans.

16

(¢) ox = —6Kkpsi, oy = —10 kpsi, 7, = —5 kpsi

—6—10 —6+10\°
Op, OB = + \/< ;_ ) +(=5)? = —2.61, —13.39 kpsi
100
MNS: Eq. (5-30b) n=— =747 Ans.
—13.39
100
BCM: Eq. (5-31c¢) n=— =747 Ans.
—13.39
100
MM: Eq. (5-32¢) n=— =747 Ans.
—13.39
(d) o = —12 kpsi, 7,y = 8 kpsi
12 12\? ,
0p, 0 = —— + —— ) +82=4,—16kpsi
2 2
—100
MNS: Eq. (5-30b) n=——==625 Ans.

—16
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BCM: Eq. (5-31b) S22 B9 341 ans
n 30 100
MM: Eq. (5-32b) % = (1(1)80(3?)(;)4 — 1;(? = n=2395 Ans.
o
.
.
.
.
.
.
.
.
i
1" = 20 kpsi ?;I, (a)
R
o = |
= ,
/N . I
K/ \‘ D (b)
/AR
A
/ \
/ \
/ \
/ \
/ \
/ \
/ Yo
/ \
/ ¥ H
/ \
/ \
/ \
/ \
/ \
/ \
Ao v

(d)
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5-8

See Prob. 5-7 for plot.

OB 1.55

(a) For all methods: n=—=——=1.5
OA 1.03
oD 14

(b) BCM: n=——=—=175
oc 0.8
OE 1.55

All other methods: n=—=——=19
ocC 0.8
OL 5.2

(¢) For all methods: n=—=——=7.6
OK 0.68
oJ 512

d) MNS: =—=—=06.2
@ "TOoF T 082
oG 2.85

BCM: =—=—+-=35
"TOoF T 082
OH 3.3
OF 0.82

5-9

Given: Sy = 42kpsi, S,; = 66.2kpsi, e = 0.90. Since ey > 0.05, the material is ductile and
thus we may follow convention by setting Sy, = Sy;.

Use DE theory for analytical solution. For o’ use Eq. (5-13) or (5-15) for plane stress and
Eq. (5-12) or (5-14) for general 3-D.

(@) o' =[9* —9(—=5) 4+ (—=5)*1"/? = 12.29 kpsi

42
n=——=27342 Ans.
12.29
(b) o' = [12% + 3(3%)1"/? = 13.08 kpsi
42
n=——=2321 Ans.
13.08
(© o =[(—=4)? = (—=4)(=9) + (=9)% 4+ 3(59)1"/? = 11.66 kpsi
42
n=——=23.60 Ans.
11.66
(d) o’ =[11%> = (11)(4) + 4% + 3(1*)]"/* = 9.798
42
n=——=429 Ans.

9.798
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1

Tp

(d)
cm = 10 kpsi "

For graphical solution, plot

load lines on DE envelope as shown.

(a) oa=9,0p = —5 kpsi

OB 35
n=—=—=23.5 Ans.
OA 1
12 12\? ,
(b) 04,0 = 5} + ) + 32 =12.7, —0.708 kpsi
OD 42
n=—=—=2323
ocC 1.3
—4-9 4—-9\? ,
(¢) op,0 = 5 + — + 52 =-0.910, —12.09 kpsi
OF 4.5
OE 1.25

1144 11 —4\? _
d) op,0p=——+ + 12 =11.14, 3.86 kpsi

2 2
OH 5.0
n=——=——=435 Ans.
oG 1.15

5-10

This heat-treated steel exhibits Sy, = 235 kpsi, Sy = 275 kpsi and ¢y = 0.06. The steel is
ductile (¢4 > 0.05) but of unequal yield strengths. The Ductile Coulomb-Mohr hypothesis

(DCM) of Fig. 5-19 applies

— confine its use to first and fourth quadrants.
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(a) o, =90 kpsi, 0y = —50 kpsi, 0, =0 .. 04 = 90 kpsi and og = —50 kpsi. For the
fourth quadrant, from Eq. (5-31b)
1 1
n = =
(0a/Syt) — (0B/Suc)  (90/235) — (=50/275)
(b) o =120 kpsi, 7y = —30 kpsi ccw. 04, 0p = 127.1, —7.08 kpsi. For the fourth
quadrant

=1.77 Ans.

1
"= (127.1/235) — (—=7.08/275)
(¢) ox = —40kpsi, oy = —90kpsi, 17,y =50kpsi. o4, op =—9.10, —120.9 kpsi.
Although no solution exists for the third quadrant, use
Sye 275
oy  —1209

(d) oy =110 kpsi, oy = 40 kpsi, 7,y = 10 kpsi cw. 04, 0p = 111.4, 38.6 kpsi. For the
first quadrant

=1.76 Ans.

=2.27 Ans.

n —

S
n:—ytzﬂzz.n Ans.
oa 1114
Graphical Solution:
OB 182 .
=—=""=178  [mmmmmmmmmmmmemem—mme- .
@ == 1Tn |
|
oD 224 |
b)n=—="""=175 |
OC ~ 1.8 |
|
OF 2.5 !
() n=—="=222 l
OE 1.4 !
|
OH 2.46 |
@n=—-=""-208 -
0G ~ 1.18 .
in = 100 kpsi G - |
— |
— !
—" |
o —— _______ — /I Oy
~. c T —/,5—«»
! I \~\ ///
: ’ ~. J/
| \ //
| ; N
| /B ()
: ’ //
E 7
| I
| ;
| //
| | /
| //
| N
| |
| i
e e e e . >— — —|
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5-11

The material is brittle and exhibits unequal tensile and compressive strengths. Decision
Use the Modified Mohr theory.
Sur = 22 kpsi, S, = 83 kpsi

(@) o =9 kpsi, 0y =—5 kpsi. 04,03 =9,—5 kpsi. For the fourth quadrant,
128 = 3 < 1, use Eq. (5-320)

9%}

w22

n=—=—=244 Auns.
OA 9
(b) o =12 kpsi, 7y, = —3 kpsi ccw. 04, 0 = 12.7, —0.708 kpsi. For the fourth quad-
g _ 0.708
rant, |Z_A| =17 < 1,
22
n=S_ 22 93 ans.
OA 12.7

(¢) oy = —4kpsi, oy = =9 kpsi, T,y = 5 kpsi. 04,0 = —0.910, —12.09 kpsi. For the
third quadrant, no solution exists; however, use Eq. (6-32¢)

—83
n —
—12.09
(d) oy = 11kpsi, 0y = 4kpsi, 7y = 1kpsi.oa, op = 11.14, 3.86 kpsi. For the firstquadrant

S Sy 22

= 6.87 Ans.

n =—=——=1.97 Ans.
OA OA 11.14
Jp
30k
— Su/:22
= ()
—/_
[ C ol 1,
o~ 30
N0
— AN
/ ™
F |
/ |
A )
/
/ /
— /
! /
Lol /
' /
l L/
/
' /
/ |/
/
S, =83 /
L 1/
© 9o
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5-12  Since ¢ < 0.05, the material is brittle. Thus, S,; = S, and we may use MM which ig

basically the same as MNS.

(@) 04,0 =9, =5 kpsi
_ 35

n= 5 =3.89 Ans.
(b) o4, 0p = 12.7, —0.708 kpsi
35
n=-——=276 Ans.
12.7
(¢) 04,0 = —0.910, —12.09 kpsi  (3rd quadrant)
36
= =2. Ans.
n 7.0 98 Ans o
(d) o4, 05 = 11.14, 3.86 kpsi """""""""i
|
n:i:3.14 Ans. |
11.14 :
1 cm = 10 kpsi |
|
Graphical Solution: _Me-@
0B 4 o
@ n=_—=7=40 Ans. S _i_mo
~ C - D -(
OD 345 | \X\\ i
b)n=—=—-=2.70 Ans. Ex ~ |
0C ~ 128 ! |
(c)n—ﬁ—ﬁ—. ns. (3rd quadrant) , i
|
OH 3.6 ——————————————f.L-————————————————'
d)n=—=—-=3.13 Ans. '
=056~ 115 " ©

5-13

Sur = 30 kpsi, S, = 109 kpsi
Use MM:
(@) oa,0p = 20, 20 kpsi

30
Eq. (5-32a): n= 0= 1.5 Ans.
(b) 04,08 = £/(15)2 = 15, —15 kpsi
30
Eq. (5-32a) n= 5= 2 Ans.

(¢) 04,05 = —80, —80 kpsi

For the 3rd quadrant, there is no solution but use Eq. (5-32¢).

109
Eq. (5-32¢): n= — = 1.36 Auns.
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(d) 04,0 =15, =25 kpsi, |oploa| = 25/15 > 1,

(109 —30)15 —25 1
Eq. (5-32b): _ — _
109(30) 109 n
n=1.69 Ans.
OB 425
=—=—=1.50
@ n=04~ 283
(b) OD 424 500 o5 “
n=—=—-—= . p.a
oc 212 -_“““—““.Z
OF 155 a
(¢) n = —= = —— = 1.37 (3rd quadrant) A/' !
OF 11.3 s !
OH 49 ya |
d =—=—=1.69 . [
@D"=56=129 % |
| 0, —0,
I *
| /
| /
| 7
| /
i 1em = 10 kpsi '/0
| %
| /
| /
| %
| /
| /
: /
: 7
| y
| y
| y
| v
| Ve
| /
: 7
: /
L
L/

F)(: _________________________________________________

©"

5-14 Given: AISI 1006 CD steel, F =0.55 N, P =28.0 kN, and 7= 30 N - m, applying the
DE theory to stress elements A and B with §, = 280 MPa

_32F1 4P 32(0.55)(10%)(0.1) N 4(8)(10%)
Cond3  md? 7(0.0203) 7(0.0202)
= 95.49(10%) Pa = 95.49 MPa

A: Oy




128 Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

- 167 16(30)
VT rd3 T 7(0.020%)

= 19.10(10°%) Pa = 19.10 MPa

1/2

o' = (o] +31;,) " =195.49" +3(19.1)’]'/* = 101.1 MPa

Sy 280
o’ 101.1
AP 4(8)(10%)
wd3 7(0.020%)

16T N 4V 16(30) N 4T 0.55(10%)
T = — _—_—= — -
YT rdd  3A 0 w(0.0203) 3| (7/4)(0.0202)

= 21.43(10% Pa = 21.43 MPa
o' =[25.47% + 3(21.43%)]"/? = 45.02 MPa

280
n=-——
45.02

=277 Ans.

= 25.47(10°%) Pa = 25.47 MPa

= 6.22 Ans.

5-15 S, = 32kpsi
AtA, M = 6(190) = 1140 Ibf-in, T = 4(190) = 760 Ibf - in.

32M  32(1140)
O’x = =
nd? 7(3/4)3

= 27520 psi

167 _ 16(760)
T nd3 T m(3/4)3

27520\ 2
Toax = \/<T) + 91752 = 16 540 psi

Sy 32
n= = = 0.967 Ans.
2Tmax  2(16.54)

= 9175 psi

MSS predicts yielding

5-16 From Prob. 4-15, 0, = 27.52 kpsi, 7, = 9.175 kpsi. For Eq. (5-15), adjusted for coordinates,

o' =[27.52% +3(9.175)*]/* = 31.78 kpsi

Sy 32
n=— = 3178 =1.01 Ans.

DE predicts no yielding, but it is extremely close. Shaft size should be increased.
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5-17

Design decisions required:

* Material and condition
* Design factor
 Failure model

* Diameter of pin

Using F = 416 1bf from Ex. 5-3

32M
Omax —
‘ nd?

32Mm \/?
= (o)
TT Omax
Decision 1: Select the same material and condition of Ex. 5-3 (AISI 1035 steel, Sy =

81 000).

Decision 2: Since we prefer the pin to yield, setny a little larger than 1. Further explana-
tion will follow.

Decision 3: Use the Distortion Energy static failure theory.

Decision 4: Initially set ng = 1

S S
Omax = — = —2 = 81000 psi
ng 1
G
7(81000)
Choose preferred size of d = 1.000 in
3
_ 7(1)°(81000) — 530 Ibf
32(15)
530
n=-—=1274
416
Set design factor tony = 1.274
Adequacy Assessment:
Sy 81000
x = — = ——— = 63580 psi
Tmax =T 1274 Pt
32(416)(15)7/° .
=|—————| = 1.000 OK
[ (63 580) ] in (OK)
1)3(81 000
p= T EI000 a0
32(15)
530
n=—=1274 (OK)

~ 416
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5-18

For a thin walled cylinder made of AISI 1018 steel, Sy = 54 kpsi, S,; = 64 kpsi.

The state of stress is

pd p(8) pd
= — = =40 5 =— =20 s = —
47 4(0.05) P o= p, or==p

These three are all principal stresses. Therefore,
, 1
V2
1
NG
=3551p=54 = p=152kpsi (foryield) Ans.

Ot

o [(01 — 02)* + (02 — 03)* + (03 — 01)?]"/?

[(40p —20p)* + (20p + p)* + (—p — 40p)*]

For rupture, 35.51p = 64 = p = 1.80 kpsi  Ans.

5-19

For hot-forged AISI steel w = 0.282 1bf/in®, Sy = 30kpsi and v = 0.292. Then p = w/g =
0.282/386 Ibf - s%/in; r; = 3in; r, = 5in; r} = 9;r2 = 25; 3 + v = 3.292; 1 + 3v = 1.876)

Eq. (3-55) for r = r; becomes

3+v 1 +3v
O't:pa)2< 8 )|:2r3—|—r12<1—3+v>i|

Rearranging and substituting the above values:

Sy 0.282 (3.292 1.876
2= T (=) 5049 (1 -
w? 386 8 3.292

=0.01619
Setting the tangential stress equal to the yield stress,
30000 \'/?
= = 1361 rad/
<0.016 19) radss
or n = 60w/2r = 60(1361)/(27)
= 13000 rev/min

Now check the stresses atr = (rori)l/z, orr = [5(3)]'/2 =3.8731n

34+ v
Oy :pwz( )("0_"1')2

8

0.282w? (3.292
- ()

386 8

= 0.001 203w>
Applying Eq. (3-55) for oy

0.282\ (3.292 9(25) 1.876(15)'|
2
o w(386)(8)[+ ST 3202 |

=

= 0.012 160>
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Using the Distortion-Energy theory

/

o' = (0} — 0,00 +02) "> = 0011610

, 30000
Solving =

12
—_— = 1607 rad/s
0.01161

So the inner radius governs and n = 13000 rev/min  Ans.

5-20  For a thin-walled pressure vessel,

di =3.5—2(0.065) =3.371in

pd; +1)
o = ————
2t
500(3.37 + 0.065
o = (337 + ):13212psi
2(0.065)
d;  500(3.37 .
oy = P 006D ey
4t~ 4(0.065)
o, = —pi = —500psi
These are all principal stresses, thus,
1
o' = —{(13212 — 6481) + [6481 — (—500)]> + (=500 — 13212)%}!/2
V2
o' = 11876 psi
S, 46000 46000
T T o T 11876
=3.87 Ans.

5-21 Table A-20 gives S, as 320 MPa. The maximum significant stress condition occurs at r;
where 01 = 0, =0, 0, = 0, and 03 = o;. From Eq. (3-49) forr = r;, p; =0,

22p,  2(150%)p,
r2—r2 1502 — 1002
o' =3.6p, =S, =320

320 _ cgompa 4
— — . a ns.
Po=73%

o; = = —3.6p,

5-22 S, = 30kpsi, w = 0.2601bf/in®,v = 0.211,3 + v = 3.211, 1 + 3v = 1.633. At the innet
radius, from Prob. 5-19

ﬂ_’o( 8 )(2r0+rl- "3,

7
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Here rj = 25, rf =9, and so

o, 0260 (3211 1.633(9)
Lo () (5049 — —— ) =0.0147
? 38 \ 8 3.211

Since o, is of the same sign, we use M2M failure criteria in the first quadrant. From Table

A-24,S,; = 31kpsi, thus,
31000\ '/
w= ( ) = 1452 rad/s

0.0147
rpm = 60w /(2) = 60(1452)/(2m)
= 13 866 rev/min

Using the grade number of 30 for S,,; = 30 000 kpsi gives a bursting speed of 13640 rev/min.

5-23 Tc = (360 — 27)(3) = 10001bf - in, Tp = (300 — 50)(4) = 10001bf - in

d

223 Ibf 127 1bf

B C
A
3" 3" 6"
350 Ibf
xy plane

D

Inxy plane, Mp = 223(8) = 1784 1bf - in and M¢c = 127(6) = 7621bf - in.

387 Ibf
8" g 6"
A D

106 1bf 281 1bf

xz plane

In the xz plane, Mp = 8481bf - in and Mc = 1686 1bf - in. The resultants are
Mp = [(1784)% + (848)%]'/2 = 19751bf - in
Mc = [(1686)% + (762)%]'/? = 18501bf - in

So point B governs and the stresses are

16T 16(1000) 5093

7y I
32Mp  32(1975) 20120 |

o,y = = = S1

AR Sy FERL

Then

2 1/2
OA, OB = % + |:<G—2x> + Tfyi|

1/2
1 |20.12 20.12\°
0408 =515 + [(T) + (5.09)2}

(10.06 £11.27) | . . 4
— d3 1\1_}01 11T
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Then
10.06 +11.27 2133 |
oA = PE =5 kpsi
and
10.06 — 11.27 1.21 )
op = Ve =5 kpsi

For this state of stress, use the Brittle-Coulomb-Mohr theory for illustration. Here we use
Sur(min) = 25 kpsi, S, (min) = 97 kpsi, and Eq. (5-31b) to arrive at

2133 —1.21 1

2543 97d3 2.8
Solving givesd = 1.34in. Soused = 13/8in Ans.

Note that this has been solved as a statics problem. Fatigue will be considered in the next
chapter.

5-24  As in Prob. 5-23, we will assume this to be statics problem. Since the proportions are un-
changed, the bearing reactions will be the same as in Prob. 5-23. Thus
xy plane: Mp = 223(4) = 8921bf - in
xz plane: Mp = 106(4) = 424 1bf - in
So
Mumax = [(892)% + (424)%1'/? = 9881bf - in
32Mp  32(988) 10060 .
O, = = = S1
T B T ad I
Since the torsional stress is unchanged,
Tyr = 5.09/d> kpsi
1| /1006 10.06') 2 2
op=— 11— ||| —— 5.09)
o= (92) [ (22 o]
oa = 12.19/d°> and op = —2.13/d°
Using the Brittle-Coulomb-Mohr, as was used in Prob. 5-23, gives
1219 -213 1
2543 9743 2.8
Solving givesd = 11/8 in. Ans.
5-25 (Fa); =300c0s20 = 281.9 Ibf, (F4), = 300sin20 = 102.6 Ibf

3383
T =281.9(12) =33831Ibf-in, (Fc); = S = 676.6 1bf

(Fc)r = 676.6tan 20 = 246.3 1bf
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y

Rp, = 193.7 Ibf 246.3 Ibf Ry, =233.5 Ibf 676.6 Ibf
A B c A B c
0 —x 0 —
20" T 16" T 10" 20" 1 16" T 10"
Ry, = 158.1 Ibf Z Ry, = 807.5 Ibf
281.9 Ibf i 102.6 Ibf
xy plane xz plane

M4 = 20v/193.72 + 233.52 = 6068 Ibf - in

Mp = 10v/246.32 + 676.62 = 72001bf - in  (maximum)
_32(7200) 73340

wd3 d?
16(3383) 17230
WETOS TP
2 2\ 1/2 Sy
o' = (o +37;,) " = -~

1/2
73340\ 172300217 79180 60000
+ 3 = =
d3 d3 d3 3.5

d = 1.665in so use a standard diameter size of 1.75in Ans.

5-26 From Prob. 5-25,

5 12
_ | (% 2 _ 5
Tmax = |:(7) + Txy:| - E

1/2
73340 2+ 17230 /_40516_60000
2d° d3 & 235)

d=1.678in sousel.75in Ans.

5-27 T = (270 —50)(0.150) = 33N -m, S, = 370 MPa

(T —0.1571)(0.125) =33 = T} =310.6N, T, =0.15(310.6) =46.6N
(T1 + Tz) cos45 =252.6N

y | l107.0 N [ 2526 N

163.4 N 252.6 N 89.2N 300 400 150
300 A 400 150

o z

B C ’ 320Nl 1]74‘4N
xy plane xz plane
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My =0.3v163.42 4+ 1072 =58.59N-m  (maximum)

Mg =0.15y/89.22 + 174.42 = 29.38N - m
_32(58.59)  596.8

Ox

wd3 a3
16(33)  168.1
B

2 »71/2 6
P2 a2yl | (5968 168.1 _664.0  370(10°
o' = (o7 +31;,) _[< o) T35 =— =33

d=17510"%)m = 17.5mm, souse 8 mm Ans.
1/2

Tmax = ox ’ + 2 = &

max — 2 Xy - 2]/[

1/2
596.8 2+ 168.1\2]"" 3425 370010
2d° a3 4 230

d=177(10")m = 17.7mm, sousel8mm Ans.

5-28 From Prob. 5-27,

5-29  For the loading scheme shown in Figure (¢),

V| |
Flfa b 4.4
Mpyx=—|=+—-)=—(6+45
d (2 i 4) 26445 L
—23IN-m BTN
For a stress element at A: - B
M 32(23.1)(10° JE_'_'_'C_'_'_|_
M (1
oy = _ 2@ DUY) 565 Mpa A
wd3 7(12)3
The shear at C is

CAF2) 444/2)(10%)
YT 324 T 3n(12)2/4

,71/2
136.2
Tmax = — = 68.1 MPa

Since Sy = 220MPa, S,y = 220/2 = 110 MPa, and

= 25.94 MPa

o
R
Tmax  08.1

n —=
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For the loading scheme depicted in Figure (d)

F(a+b F (1\ /(b\*> F (a b
Mpax = — e = ==—\|\z+-
2\ 2 2\2/\2 2\2 "4

This result is the same as that obtained for Figure (c). At point B, we also have a surface
compression of

—F —F —44(10%
A bd 18(12)

With o, = —136.2 MPa. From a Mohrs circle diagram, tp,,x = 136.2/2 = 68.1 MPa.

110
n=——=162MPa Ans.
68.1

oy = = —20.4 MPa

5-30 Based on Figure (¢) and using Eq. (5-15)
o = (02)1/2
X
= (136.2%)"/? = 136.2MPa
S 220
n=-—2=""_-=162 Ans.
o’ 136.2
Based on Figure (d) and using Eq. (5-15) and the solution of Prob. 5-29,
o' = (af — ooy + Uyz)l/z
= [(—136.2)% — (—136.2)(—20.4) 4+ (—20.4)*]'/2
= 127.2 MPa
S 220
n=-==-""J=173 Ans.
o’ 1272
5-31

When the ring is set, the hoop tension in the ring is
equal to the screw tension.

2 2
- i Pi r

/{ / oy = Zl 3 (1 + —02>
e rg —r; r

We have the hoop tension at any radius. The differential hoop tensiond F is

dF = wo; dr

To wr’p; (T r2
F:/r‘ watdr:rzir;/r. (1+r—02>dr=wripi (1
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The screw equation is

F; = T 2
"7 0.2d

From Egs. (1) and (2)

p;r;do L F . T
% . pi= wri  0.2dwr;
e
dF, NS dF, = fpir;do

-
2 2
fTw /
F, = iwr; df = ; do
x= [ Jpiwn 0.2dwr; ' J,
2nfT
= 2l Ans.
0.2d

5-32
(a) From Prob. 5-31, T =0.2F;d
P — r 190
' 0.2d  0.2(0.25)
(b) From Prob. 5-31, F = wr;p;

= 38001bf Ans.

F F; 3800

o — 15200psi  Ans.
P T wr . 0.5(0.5) pst - Ans
2, 2 (2 42
(C) o = Zripl2 (1+r_0> _ pl(;l +;0)
ry —r; Ay — ry —r;

15200(0.5 + 12
= O+ 1) 5333psi Ans.
12-0.52

o, = —p; = —15200 psi

oy — 03 0 — Oy

d max — ==

(d) Tma 5 5
25333 — (—15200)

2

=20267psi  Ans.

o' =(o;+o0f— O'AO'B)I/z

= [25333% 4 (—15200)% — 25333(—15200)]'/>
= 35466psi Ans.
(e) Maximum Shear hypothesis
Sey 058,  0.5(63)

= = = =1.55 Ans.
Tmax Tmax 20.267
Distortion Energy theory
Sy 63
n=— =1.78 Ans.
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5-33

The moment about the center caused by force F
is Fr, where r, is the effective radius. This is
balanced by the moment about the center
caused by the tangential (hoop) stress.

rO
Fre:/ ro;wdr
T

i

2 T, 2
wp;r; o
= 2pl 12 / (l" + r_o) dr
rg—riJn, r
2 2 2
wp;r; ro—r; sy To
Fe = +r.In—
e F(I’Z _ r_z) ( B 0 i )
From Prob. 5-31, F = wr; p;. Therefore,

2 2
ri r; —r: ro
Ve = 5 ° ! +r02 ln—
r2—r; 2 r;

For the conditions of Prob. 5-31,r;, =0.5and r, = lin

0.5 12 -0.5°
12 -0.5?

Ve =

1
1’In— | =0.712i
; n0.5) n

5-34

Snom = 0.0005 in
(a) From Eq. (3-57)

B 30(108)(0.0005) [(1.52 —1%)(1> - 0.5%)

—3516psi Ans.
(1) 2(1.57 — 0.5%) ] pbAns

Inner member:

R? +r? 12 4+ 0.52
Eq. (3-58) (0,)i = —p i —3516 (+—) = —5860 psi

R*—r? 12 —0.52
(0r)i = —p = —3516 psi
Eq. (5-13) o/ = (03 —oaop +0p)"

= [(—5860)% — (—5860)(—3516) + (—3516)]"/?
= 5110 psi Ans.

Outer member:
1.5 412 )
(0y)o = —p = —3516 psi
Eq. (5-13) o) =[9142% — 9142(—-3516) + (—3516)*]"/?

— 11320 psi Ans.
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(b) For a solid inner tube,

_30(10%)(0.0005) [ (1.5% — 1%)(1?)
B 1 [ 2(12)(1.52)

(o) = —p = —4167 psi, (0,); = —4167 psi
o] = [(—4167)> — (—4167)(—4167) 4+ (—4167)*]"/> = 4167 psi  Ans.

1.52 4+ 12
1.52 — 12

o) =[10830> — 10830(—4167) + (—4167)*1'/> = 13410 psi  Ans.

] = 4167 psi  Ans.

(01)o = 4167 ( ) = 10830 psi, (0y), = —4167 psi

5-35 Using Eq. (3-57) with diametral values,
207(10%)(0.02) [ (75% — 50%)(50% — 252
= (107)(0.02) 1 ( X ) = 19.41 MPa Ans.
(503%) 2(75% —252)
507 + 252
(0r)i = —19.41 MPa
Eq. (5-13) o/ = [(—32.35)% — (—32.35)(—19.41) + (—19.41)*]'/2
= 28.20 MPa Ans.
75% 4+ 50°
Eq.(3-59)  (01)o = 1941 | -o5—/5 | = 5047 MPa,
(0r)o = —19.41 MPa
0! = [50.47% — 50.47(—19.41) + (—19.41)*]'/? = 62.48 MPa  Ans.
5-36 Max. shrink-fit conditions: Diametral interference §; = 50.01 — 49.97 = 0.04 mm. Equa-

tion (3-57) using diametral values:

~207(10°)0.04 [ (75% — 50%)(50° — 25%)
P50 2(752 — 25
507 4 25°
502 — 252
(0,)i = —38.81 MPa

] = 38.81 MPa Ans.

Eq. (3-58): (07); = —38.81 ( ) = —064.68 MPa

Eq. (5-13):
al-/ = [(—64.68)2 — (—64.68)(—38.81) + (—38.81)2]1/2
= 56.39 MPa Ans.
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5-37
5 1.9998  1.999
2 2

= 0.0004 in

Eq. (3-56)

0.0004 =

p(1) [22+17
14.5(106) | 22 — 12
p = 2613 psi

1 12
+0.211]+ L) [ +0

—0.292
30(10) | 12—0 ]

Applying Eq. (4-58) at R,
27 +12 ,
(O'[)o = 2613 ﬂ = 4355 ps1

(0r)o = —2613 psi, S, =20 kpsi, S, = 83 kpsi

—| = —2613 1 Eq. (5-32a)
_ - . (5-
on 1355 , .. use Eq a

h = Su/oa = 20/4.355 = 4.59 Ans.

Oo

5-38 E = 30(10%) psi, v = 0.292, I = (7/64)(2* — 1.5%) = 0.5369 in*
Eq. (3-57) can be written in terms of diameters,

Esy | (df — D*)(D*—d?) | 30(10°
D 2D%(d? — d?) L5

p:

2 2 2112
(0.00246) [(2 1.75%)(1.75 1.5 )]

2(1.75%)(22 — 1.52)
= 2997 psi = 2.997 kpsi

Outer member:
1.75%(2.997)

Outer radius: (0y)o = 21752 (2) = 19.58 kpsi, (6,)o =0
. 1.75%(2.997) 22 . .
Inner radius: (07); = 71752 752 = 22.58 kpsi, (0r); = —2.997 kpsi
Bending:
6.000(2/2) .
o (0y)o = T%é = 11.18 kpsi
6.000(1.75/2) .
ri. (O'x)l' = T@/ =9.78 kpSl
Torsion: J =21 =1.0738 in*
8.000(2/2) .
Fo: (Txy)o = —1'073g =17.45 kpSl

8.000(1.75/2) )
ri (Toy)i = Tm/ = 6.52 kpsi

T-U700
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Outer radius is plane stress

oy = 11.18 kpsi, o, = 19.58 kpsi, 7., = 7.45 kpsi

S, 60
Eq. (5-15) o' =[11.18% — (11.18)(19.58) + 19.58% + 3(7.45%)]'/? = =2 = —
60
21.35=— = n,=281 Auns.
no

Inner radius, 3D state of stress Z|

—2.997 kpsi

9.78 kpsi

22.58 kpsi

From Eq. (5-14) with 7y, = 7, =0

1
o = E[(9.78 —22.58)% 4+ (22.58 + 2.997)% + (—2.997 — 9.78)% + 6(6.52)*]'/* =
60
2486 =— = n; =241 Ans.
n;

60

nj

5-39

From Prob. 5-38: p = 2.997 kpsi, I = 0.5369 in*, J = 1.0738 in*

Inner member:

. (0.875% 4+ 0.75%) .
Outer radius: (01)o = —2.997 |:(O.8752 ~ 075 = —19.60 kpsi
(07)0 = —2.997 kpsi
2(2.997)(0.875%
Inner radius: (o) = — (().8752)£ 0.752) = —22.59 kpsi
(0,)i =0
Bending:
6(0.875) .
To: (0x)o = 0.5360 = 9.78 kpsi
6(0.75) .
= = =8.38k
v (oy)i 0.5369 psi
Torsion:
8(0.875) .
o (Tay)o = L0738 = 6.52 kpsi
8(0.75
ri (Tay)i = ( ) = 5.59 kpsi

1.0738
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The inner radius is in plane stress: o = 8.38 kpsi, 0y = —22.59 kpsi, 7, = 5.59 kpsi

o/ =[8.38% — (8.38)(—22.59) + (—22.59)% + 3(5.59%)]"/% = 29.4 kpsi

S 60
nj=—=——=204 Ans.
of! 29.4
Outer radius experiences a radial stress, o,

1
o, = — [(—19.60 4 2.997)> + (=2.997 — 9.78)* + (9.78 + 19.60)* + 6(6.52)*] /*

CV2
= 27.9 kpsi

60
n,=—— =215 Ans.
27.9

5-40

1(2 K; 9)i (K, 0 9,39)2
O, = — COS — S1n — COS — S1In —
P 2ar 2 Lnr 222

( K/ .6 0 39)}
+ SIn — COS — COS —

2rr 2 2 2
K 0 0 0 . .36 0 0 36\ /2
= ! cos — =+ [ sin? = cos? = sin> — + sin® — cos> — cos®> —
2Tr 2 2 2 2 2 2 2
K 0 0 0 K 0 6
:—I(cos—:lzcos—sin—) = ! cos—(l:l:sin—)
2r 2 22 S27r 2 2

Plane stress: The third principal stress is zero and

K 0 0 K % 0
o] = ! CcoS — (1 + sin —), oy = ! CoS — (1 — sin —), o3 =0 Ans.
N2r 2 2 2Tr 2 2

Plane strain: o1 and o, equations still valid however,

0
03 =v(oy +0y) =2v cos — Ans.

2mr

5-41 For 6 = 0 and plane strain, the principal stress equations of Prob. 5-40 give

K w R,
0] =0) = , 03 =2 = 2vo
: ? N2y : N2k l
1
(a) DE: Sl —01)* + (01 — 2vo1)* + 2voy —01)?]'? =,

o] — 21)0’1 = Sy

1 1
Forv = 3 |:1 -2 (§>:| or=S8, = o1=35 Ans
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(b) MSS: op—o3=3S8, = o]—2vo =23
1
v:§ = o1 =35, Ans.
03 = 50’]

Radius of largest circle

1 2 a1
R:—Ul——O'I = —
2 3 6

RN -
AN G
1

@[

5-42 (a) Ignoring stress concentration
F = S8yA =160(4)(0.5) =320 kips Ans.
(b) From Fig. 6-36: h/b =1, a/b =0.625/4 =0.1563, = 1.3
v 1 (0.625
40.5) V(002

F =769kips Ans.

Eq. (6-51) 70 = 1.3

5-43 Given: a = 12.5 mm, K;. = 80 MPa - /m, S, = 1200 MPa, S,; = 1350 MPa

350 350 — 50
ro=—=175mm, r,=——— =150mm
2 2
i )= 125 0.5
Ao I =95 150 —
150
ri/ro = — = 0.857
175
Fig. 5-30: B =25
Eq. (5-37): K. = Boma
80 = 2.50+/m(0.0125)
o = 161.5 MPa
Eq. (3-50) at r =ry:
2
ripi
= 2
Oy I"g’ _ ]"12( )
150° pi(2)
161.5 = ———
1752 — 1502

pi =29.2 MPa Ans.
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5-44
(a) First convert the data to radial dimensions to agree with the formulations of Fig. 3-33
Thus

ro = 0.5625 + 0.001in

ri = 0.1875 £ 0.001 in

R, = 0.375 £ 0.0002in

R; = 0.376 £ 0.0002 in
The stochastic nature of the dimensions affects the § = |R;| — |R,| relation in

Eq. (3-57) but not the others. Set R = (1/2)(R; + R,) = 0.3755. From Eq. (3-57)

_E_«s{vs—Rz) <R2—rf>}
)

R 2R? (r02 —r?

1

Substituting and solving with £ = 30 Mpsi gives

p = 18.70(10% 8
Sinced = R; — R,

§ =R;i — R, =0.376 — 0.375 = 0.001 in

and
,71/2
R 0 0002 0.0002
05 = _—
4
000 070 7 in
Then
o 0.0000707
Cy=2 = 222 0.0707
) 0.001
The tangential inner-cylinder stress at the shrink-fit surface is given by
R+ 7

0.3755% +0.18752
= —18.70(10%) & ( + )

0.3755% — 0.18752
= —31.1(10% ¢
&1 = —31.1(10% § = —31.1(10°)(0.001)
= —31.1(10%) psi
Also
65, = |Cs61,| = 0.0707(=31.1)10°

= 2899 psi
o;; = N(—31100, 2899) psi Ans.
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(b) The tangential stress for the outer cylinder at the shrink-fit surface is given by

. 72+ R?
Ot_p FZ—RZ

o

0.5625% + 0.37552
= 18.70(10%) & ( + )

0.56252 — 0.37552
= 48.76(10%) § psi
5o = 48.76(10°)(0.001) = 48.76(10°) psi
6o, = CsGor = 0.0707(48.76)(10%) = 34.45 psi
~.0r = N(48760, 3445) psi Ans.

5-45 From Prob. 5-44, at the fit surface o, = N(48.8, 3.45) kpsi. The radial stress is the fit

pressure which was found to be
p = 18.70(10%) §
p = 18.70(10°)(0.001) = 18.7(10°) psi
6, = Csp = 0.0707(18.70)(10%)
= 1322 psi
and so
p = N(18.7, 1.32) kpsi
and
o,r = —N(18.7, 1.32) kpsi
These represent the principal stresses. The von Mises stress is next assessed.
op =48.8kpsi, op = —18.7 kpsi
k =o0p/os = —18.7/48.8 = —0.383
o' =aa(l —k+kH'?
= 48.8[1 — (—0.383) + (—0.383)%]"/2
= 60.4 kpsi
65 = Cpa’ =0.0707(60.4) = 4.27 kpsi
Using the interference equation
S—a’
(63+32)"

B 95.5 — 60.4 s
T [(6.59)2 + (4.27)21 2 T

pr =a = 0.000 003 40,

2=

or about 3 chances in a million. Ans.
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5-46
., _ Pd _ 6000N(1, 0.083 33)(0.75)
T 2(0.125)
= 18N(1, 0.083 33) kpsi
., _ Pd _ 6000N(1,0.08333)(0.75)
=P

4 4(0.125)
= 9N(1, 0.083 33) kpsi
o, = —p = —6000N(1, 0.083 33) kpsi

These three stresses are principal stresses whose variability is due to the loading. From
Eq. (5-12), we find the von Mises stress to be

o {(18 —9)2+[9 — (=6)]* + (—6 — 18)? }‘/2

2
= 21.0 kpsi
65 = Cpo’ =0.08333(21.0) = 1.75 kpsi
S—o'
LT a2
(GS + GU’)
50 —-21.0

(4.12 +1.75%)1/2

The reliability is very high
R=1—-®(65) =1-4.02(100")Y=1 Ans.
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Note to the instructor: Many of the problems in this chapter are carried over from the previous
edition. The solutions have changed slightly due to some minor changes. First, the calculation
of the endurance limit of a rotating-beam specimen S, is given by S, =0.5S,; instead of
S, = 0.504S,;. Second, when the fatigue stress calculation is made for deterministic problems,
only one approach is given, which uses the notch sensitivity factor, g, together with Eq. (6-32).
Neuber’s equation, Eq. (6-33), is simply another form of this. These changes were made to hope-
fully make the calculations less confusing, and diminish the idea that stress life calculations are
precise.

6-1 Hp =490

Eq. (2-17): Su = 0.495(490) = 242.6 kpsi > 212 kpsi

Eq. (6-8): S/ = 100 kpsi

Table 6-2: a=134, b=-0.085

Eq. (6-19): ko = 1.34(242.6) %% = 0.840

1/4 —0.107

Eq. (6-20): ky = <ﬁ> =1.02

Eq. (6-18): Se = kakpS, = 0.840(1.02)(100) = 85.7 kpsi ~ Ans.
6-2

Ans.

(@) S, = 68 kpsi, S, = 0.5(68) = 34 kpsi
(b) Sy = 112kpsi, S, = 0.5(112) = 56 kpsi ~ Ans.
(¢) 2024T3 has no endurance limit Ans.

(d) Eq. (6-8): S, =100 kpsi Ans.

6-3
Eq. (2-11): o} = 0pe™ = 115(0.90)*?2 = 112.4 kpsi
Eq. (6-8): S, =0.5(66.2) = 33.1 kpsi
log(112.4/33.1
Eq. (6-12): _ loeUI24/53.1) 4 19426
log(2 - 106)

112.4
Eq. (6-10):  f = ——(2-10%) 7008426 — 0 8949

66.2

0.8949(66.2)]?
Eq. (6-14): iy ©ODF _ 1060 kpsi

33.1

Eq. (6-13):  S; = aN” =106.0(12500) %426 = 47.9 kpsi  Ans.

o N\1/b 36 —1/0.08426
Eq. (6-16): N = (;) - (@> — 368250 cycles  Ans.
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6-4 From Sy = aN®

log Sy =loga + blog N
Substituting (1, S,;)

log S,; = loga + blog (1)
From which a= S,
Substituting (10°, £S,,) anda = S,

log /S, = log S,; + blog 10°

From which
b= llogf
3
- Sy =SuNEDB 1 <N <10°

For 500 cycles as in Prob. 6-3
S > 66.2(500)1°¢08949/3 — 59 9 kpsi  Ans.

6-5 Read from graph: (10%, 90) and (10°, 50). From S = aN”
log S| =loga + blog N;
log S» = loga + blog N,

From which
log S| log N, — log S, log N,
loga =
lOg Nz/N]
_ log90log 10° — log 50log 10°
log 106/103
= 2.2095
a =108 = 10*** = 162.0
log 50/90
b= % = —0.08509
(SP)ax = 16270089 10> < N < 10%inkpsi Ans.
Check:

10°(Sp)ax = 162(10%) 70989 = 90 kpsi
10°(Sp)ax = 162(10°) 7098509 — 50 kpsi

The end points agree.

6-6
Eq. (6-8): S! =0.5(710) = 355 MPa

Table 6-2: a=4.51, b=-0.265
Eq. (6-19): k, = 4.51(710)7%%%5 = 0.792
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d N\ 0107 37 \ 0107
Eq. (6-20): kp = —= =-—= = (0.858
9. (6-20) b (7.62) (7.62)
Eq. (6-18): Se = kakpS, = 0.792(0.858)(355) = 241 MPa  Ans.
6-7 For AISI 4340 as forged steel,
Eq. (6-8): Se = 100 kpsi
Table 6-2: a=399, b=-0.995
Eq. (6-19): ka = 39.9(260)%%° = 0.158
0.75\ ~0-107
Eq. (6-20): kp = —= = 0.907
q. (6-20) b ( 0.30)
Each of the other Marin factors is unity.
Se = 0.158(0.907)(100) = 14.3 kpsi
For AISI 1040:
S, = 0.5(113) = 56.5 kpsi
kq = 39.9(113)7%%° = 0.362
kp = 0.907 (same as 4340)
Each of the other Marin factors is unity.
Se = 0.362(0.907)(56.5) = 18.6 kpsi
Not only is AISI 1040 steel a contender, it has a superior endurance strength. Can you see
why?
6-8

Ziin;m (a) For an AISI 1018 CD-machined steel, the strengths are
iy Ea. (217) _ _ M0 _
omm L 25mm q. (2-17): Sy =440MPa = Hp = 3l = 129
i Sy = 370 MPa
e Ssu = 0.67(440) = 295 MPa
Fig. A-15-15: T _oqos, 2B 05 k,—14
d 20 d 20
Fig. 6-21: qs = 0.94
Eq. (6-32): Kis =14+094(14—-1)=1.376

For a purely reversing torque of 200 N - m

Kss16T  1.376(16)(200 x 10° N - mm)
rd> (20 mm)>

Tmax = 175.2 MPa = 1,

Tmax -

S/ = 0.5(440) = 220 MPa
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The Marin factors are
k, = 4.51(440)792% = 0.899

20 —0.107

7.62
k=059, ky=1, k=1
Eq. (6-18): S, = 0.899(0.902)(0.59)(220) = 105.3 MPa
[0.9(295)]2
Eq. (6-14): = = 4
q- (6-14) a 105.3 669
1 0.9(295)
Eq. (6-15): b= —=log ) _ 13388
q- (6-15) 3% 71053
1752 1/—0.13388
Eq. (6-16): N = (22
9. (6-10) (669.4)

N = 22300 cycles Ans.

(b) For an operating temperature of 450°C, the temperature modification factor, from

Table 6-4, is
kg = 0.843
Thus S, = 0.899(0.902)(0.59)(0.843)(220) = 88.7 MPa
0.9(295)72
I (20 P
88.7
1 0.9(295
b= —L1og22CP) _ 1587
3 %87 887

175.2 1/—0.15871
N=[-—25
(3515)

N = 13700 cycles Ans.

6-9
F=*1kN
478()0mm44t f = 09
% n=15
el N = 10* cycles

For AISI 1045 HR steel, S, = 570 MPa and S, = 310 MPa
Sé = 0.5(570 MPa) = 285 MPa

Find an initial guess based on yielding:

Mc  M(b/2) 6M
I bb¥H/12  bH

Mpax = (1 kN)(800 mm) = 800 N - m

O0gq = Omax =
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Sy, 6(800x 10°N-mm) _ 310 N/mm®

Tmax = 7 b3 - 15
b =28.5 mm
Eq. (6-25): d, = 0.808b
Eq. (6-20): ky = (0‘80%)_0'107 = 127147017
7.62
ky = 0.888

The remaining Marin factors are
kq = 57.7(570)"%7"® = 0.606
ke =kqg =k =kr =1

Eq. (6-18): Se = 0.606(0.888)(285) = 153.4 MPa
[0.9(570) ]
Eq. (6-14): = = 17156
e (19 T T34
1. 0.9(570)
Eq. (6-15): b=—=1 = —0.17476
4615 3% 1534
Eq. (6-13): Sy =aN® = 1715.6[(10%)7%17476] = 343.1 MPa
S Sy
n= o gu=f
Oa
6(800 x 10%)  343.1
( x 109 = b =27.6 mm
b3 1.5

Check values for kp, S., etc.
ky = 1.2714(27.6)7%1%7 = 0.891
S, = 0.606(0.891)(285) = 153.9 MPa
[0.9(570)1%
T T 1539
b= ! log 0.9(570) = —0.17429
3 153.9
Sy = 1710[(10%)~*174%] = 343.4 MPa
6(800 x 10°)  343.4
b3 ~ 15
b=27.6mm Ans.

= 1710

6-10
10— |«

Fll T 12 F(l
D —— (10 % ® —

1018
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Table A-20: Su = 440 MPa, S, = 370 MPa
S/ = 0.5(440) = 220 MPa

Table 6-2: ke = 4.51(440)7%265 = 0.899
k, =1 (axial loading)

Eq. (6-26): ke = 0.85

Se = 0.899(1)(0.85)(220) = 168.1 MPa

Table A-15-1: d/w=12/60=0.2, K;=25
From Fig. 6-20, g =0.82
Eq. (6-32): Kr=1+0.82(25-1)=223
F, Se 2.23F, 168.1
O’a = Kf_ —_— = =

T A nyg  10(60 — 12) 1.8
o =20100 N = 20.1 kN Ans.
a Sy Fa 370

= = =
A n, 1060 — 12) _ 1.8
F, =98700 N = 98.7kN Ans.

Largest force amplitude is 20.1 kN.  Ans.

6-11 A priori design decisions:
The design decision will be: d
Material and condition: 1095 HR and from Table A-20 S, = 120, Sy = 66 kpsi.
Design factor: ny = 1.6 per problem statement.
Life: (1150)(3) = 3450 cycles
Function: carry 10 000 Ibf load
Preliminaries to iterative solution:
S, = 0.5(120) = 60 kpsi
kq = 2.70(120)""%° = 0.759
I nd 3

= =0.09817d°
c 32

6
M(crit.) = <ﬂ> (10000)(12) = 30000 Ibf - in

The critical location is in the middle of the shaft at the shoulder. From Fig. A-15-9: D/d =
1.5, r/d =0.10, and K; = 1.68. With no direct information concerning f, use f = 0.9.

For an initial trial, setd = 2.00 in
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0.30

Se = 0.759(0.816)(60) = 37.2 kpsi
[0.9(120)]?
a=—F—7—"

200\ 0107
kp = <—) = 0.816

=313.5
37.2
1. 0.9(120
b=—-log (200 _ 15429
3 37.2
Sy = 313.5(3450)*13** = 89.2 kpsi
M 30 305.6
O’O = — = =
I/c  0.09817d°  d°
305.6 :
=3 = 38.2 kpsi
d 2
r=—=—=0.2
10~ 10
Fig. 6-20: q = 0.87

Eq. (6-32): Ky=1+0.87(1.68 — 1) = 1.59

00 = Kpoo = 1.59(38.2) = 60.7 kpsi
S; 892
_ 29 g
T s T 607

Design is adequate unless more uncertainty prevails.

Choose d = 2.00in Ans.

6-12

Yield: ol =[172% 4+ 3(103%)]"/? = 247.8 kpsi

max

ny=Sy/o!  =413/2478 = 1.67 Ans.

max

o/ =172MPa o], = +/31, = ~/3(103) = 178.4 MPa

(a) Modified Goodman, Table 6-6
1
ng =
(172/276) 4 (178.4/551)
(b) Gerber, Table 6-7

=1.06 Ans.

1/ 551 \%/172 2(178.4)(276)71?
= (=) (==)1=1 1|22 L — 131 Ans,
& 2(178.4) (276) +\/ +[ 551(172) } "

(c) ASME-Elliptic, Table 6-8

| 1/2
_ — 132 Ans.
f [(172/276)2 n (178.4/413)2-‘ "

= =
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6-13

Yield: ol = [69* 4 3(138)%]'/* = 248.8 MPa
S 413
ny=—"=_—"—=166 Ans.
o! 248.8

max
o/ =69MPa, o/ =+/3(138) =239 MPa
(a) Modified Goodman, Table 6-6

1

ng = = 1.46 Ans.
(69/276) + (239/551)

(b) Gerber, Table 6-7

1 /551\2 / 69 Lo 1 [2@239079) 2 —_—
ng=—1— i — S — = 1. ns.
F=2\239) \ 276 551(69)

(c) ASME-Elliptic, Table 6-8

6-14

1 1/2
— =1.59 Ans.
" [(69/276)2 n (239/413)2] ”s
Yield: ol =1[83%+3(103 + 69)?]'/2 = 309.2 MPa
S 413
ny=—"=_—"=134 Ans.
ol 309.3

max

o) = Jo2 + 312 = /832 + 3(69%) = 1455 MPa, o/, = +/3(103) = 178.4 MPa

(a) Modified Goodman, Table 6-6

1

ng = =1.18 Ans.
(145.5/276) 4+ (178.4/551)

(b) Gerber, Table 6-7
1/ 551 \? /1455 2(178.4)(276) 1?
ng=— —14+ /14 w =1.47 Ans.
2\178.4 276 551(145.5)
(c) ASME-Elliptic, Table 6-8

1 1/2
ng= =147 Ans.
(145.5/276)% + (178.4/413)2
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6-15
0 =04 =~/3(207) =358.5MPa, o), =0
. 413
Yield: 3585=— = ny,=1.15 Ans.
ny
(a) Modified Goodman, Table 6-6
1
" = (358.5/276) "
(b) Gerber criterion of Table 6-7 does not work; therefore use Eq. (6-47).
% _1 oS Se _ 20 _ 97 4
n— — nfF = — = ——— = U. ns.
7, /= 5, T 3585
(c) ASME-Elliptic, Table 6-8
1 2
ng = —— | =0.77 Auns.
358.5/276
Let f = 0.9 to assess the cycles to failure by fatigue
[0.9(551)]?
Eq. (6-14): = —— =891.0 MP
g. (6-14) a 76 9 a
1 0.9(551)
Eq. (6-15): b=—=1 = —0.084 828
3585 —1/0.084828
Eq. (6-16): N = (m) = 45800 cycles Ans.
6-16

o' =1[103% 4+ 3(103)%]'/? = 206 MPa

max
S, 413
=2 =200 Ans.
e 206 ”

max

o) =+/3(103) = 178.4 MPa, o, = 103 MPa

ny=

(a) Modified Goodman, Table 7-9
1
ng =
(178.4/276) + (103/551)
(b) Gerber, Table 7-10

=1.20 Ans.

(c) ASME-Elliptic, Table 7-11

1/2
-| = 1.44 Ans.
/ 2

1 /551\% [/178.4 2(103)(276) 1?
=== (=) {-1+,/1+ 2(103)(276) = 1.44 Ans.
2\ 103 276 551(178.4)

L (102 /412
= (105/415)"



156 Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

6-17 Table A-20: Sur = 64 kpsi, Sy = 54 kpsi
A =0.375(1 — 0.25) = 0.2813 in?

Foox 3000 . ,
max e = 1 = 1 . 7k
Omx = 4= = gz 1V ) = 1067 kpsi

54
ny=——= 5.06 Ans.
10.67

S, = 0.5(64) = 32 kpsi

ko = 2.70(64)7%2% = 0.897

ky =1, ke = 0.85

S, = 0.897(1)(0.85)(32) = 24.4 kpsi
Table A-15-1: w = lin,d = 1/4in,d/w = 0.25 .. K, = 2.45.
Fig. 6-20, with r = 0.125in, ¢ = 0.8
Eq. (6-32):  K;=1+0.8(245—1)=2.16

Fmax - Fmin

o =Kr174

3.000 — 0.800

=2.16
' 2(0.2813)

‘ = 8.45 kpsi

F max + F, min
2A

916 3.000 + 0.800
2(0.2813)

om = Ky

i| = 14.6 kpsi
(a) Gerber, Table 6-7

164?845 2(14.6)(24.4)\ >
”f_§<m> (m) _1+\/1+< 8.45(64) )

=2.17 Ans.

(b) ASME-Elliptic, Table 6-8

1
ng= =2.28 Ans.
(8.45/24.4)2 + (14.6/54)2

6-18 Referring to the solution of Prob. 6-17, for load fluctuations of —800 to 3000 1bf

3.000 — (—0.800)
2(0.2813)

0y = 2.16‘ = 14.59 kpsi

on =2.16

‘3.000 + (—0.800) ’ _ 8.45 kpsi
| I
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(a) Table 6-7, DE-Gerber

1/ 64 \?/14.59 2(8.45)(24.4)\?
np=~ 1 (2 =1.60 Ans.
2\8.45 24.4 64(14.59)

(b) Table 6-8, DE-Elliptic

1
ng = =1.62 Ans.
(14.59/24.4)% + (8.45/54)2

6-19 Referring to the solution of Prob. 6-17, for load fluctuations of 800 to —3000 Ibf
0.800 — (—3.000)

=2.16 = 14.59 kpsi
7a ‘ 2(0.2813) pol
0.800 4 (—3.000
om = 2.16 + ) = —8.45 kpsi
2(0.2813)
(a) We have a compressive midrange stress for which the failure locus is horizontal at the
S. level.
Se 24.4
M o T 1459 "
(b) Same as (a)
S, 24.4
ng = Z“="""=167 Ans.
o 14.59

6-20
Sur = 0.495(380) = 188.1 kpsi

S/ = 0.5(188.1) = 94.05 kpsi
k, = 14.4(188.1)7%718 = 0.335

For a non-rotating round bar in bending, Eq. (6-24) gives: d, = 0.370d = 0.370(3/8) =

0.1388 in
0.1388Y ~*107
ky = [ ——— — 1.086
0.3
S, = 0.335(1.086)(94.05) = 34.22 kpsi
30— 15 30 + 15
F, = —751bf, F, = T s

32M,, _ 32(22.5)(16)
xd3  7(0.375%)

(1073) = 69.54 kpsi

Oy =
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32(7.5)(16)
Oy = ——————

7(0.3753)
2318
"~ 69.54

(a) Modified Goodman, Table 6-6

(1072) = 23.18 kpsi

= 0.333

r

1

np = = 0.955
(23.18/34.22) 4 (69.54/188.1)
Since finite failure is predicted, proceed to calculate N
From Fig. 6-18, for S,,; = 188.1 kpsi, f = 0.778
[0.7781(188.1)]* ,
Eq. (6-14): = = 625.8k
e (19 ¢ 34.22 Pt
1 0.778(188.1
Eq. (6-15): b= —=log 9.778(188.1) = —0.210 36
3 34.22
oy Om O, 23.18 .
—4+-==1 = S = = = 36.78 kpsi
St Sur 1 —(om/Sus) 1 —1(69.54/188.1)

Eq. (7-15) with 0, = S¢

36,78\ 1/~0:21036
N = (@) = 710000 cycles Ans.

(b) Gerber, Table 6-7

1 /188.1\% /23.18 2(69.54)(34.22) 77
ng=- 14+ /14
2\ 69.54 34.22 188.1(23.18)

=1.20 Thus, infinite life is predicted (N > 10° cycles). Ans.

6-21
1 3 4
(a) I = E(18)(3 ) = 40.5 mm
_FP _ po3ED
Y= 3E] BE
3(207)(10%)(40.5)(10~12)(2)(1073
Foo— (207)(107)(40.5)( )(2)( ) _ 503N Ans.
(1003)(10-9)
6
Frax = 5(50'3) = 1509 N Ans.
101.5 mm F

[ M =0.1015F N-m

A = 3(18) = 54 mm”>
M|
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_ h 3
~In(ro/r))  1n(6/3)
re=45mm, e=r.,—r,=4.5—4.3281 =0.1719 mm
Mc;  F  (0.1015F)(1.5-0.1719)  F

Curved beam: 'n =4.3281 mm

O T Aen AT SMOTIG)(10) 54 oMb
N
(01)min = —4.859(150.9) = —733.2 MPa
(01)max = —4.859(50.3) = —244.4 MPa
(0o)max = 3.028(150.9) = 456.9 MPa
(0o)min = 3.028(50.3) = 152.3 MPa
Eq. (2-17) Sur = 3.41(490) = 1671 MPa

Per the problem statement, estimate the yield as S, =0.95,, =0.9(1671) =
1504 MPa. Then from Eq. (6-8), S, = 700 MPa; Eq. (6-19), k, = 1.58(1671)7%085 =
0.841; Eq. (6-25) d,= 0.808[18(3)]'/> =5.938 mm; and Eq. (6-20), k=
(5.938/7.62) %197 = 1.027.

Se = 0.841(1.027)(700) = 605 MPa

—733.2 +244.4
At Inner Radius (0))g = ‘ 2+ ' = 244.4 MPa
—733.2 — 2444
(0i)m = 5 = —488.8 MPa
1;04 MPa
605
244.4
21504 4884 i
Load line: on = —244.4 — g,
Langer (yield) line: o0, = 0, — 1504 = —244.4 — o,
Intersection: o, = 629.8 MPa, o,, = —874.2 MPa
(Note that o, is more than 605 MPa)
629.8
Yield: ny=——=258

244.4
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605
Fatigue: ny = AAA 2.48 Thus, the spring is likely to fail in fatigue at the
) inner radius. Ans.
At Outer Radius
456.9 — 152.3
(Uo)a = —2 = 152.3 MPa
456.9 + 152.3
(00)m = ——; = 304.6 MPa
Yield load line: on = 15234+ 0,
Langer line: op = 1504 — 0, = 152.3 4+ g,
Intersection: 0, = 6759 MPa, o, = 828.2 MPa
675.9
ny=-——=444
152.3
Fatigue line: o, =1[1— (am/Su,)z]Se =0, — 152.3
2
6051 — (-2} | =g, — 1523
1671
02 + 461530, — 3.4951(10°) = 0
—4615.3 4615.3%2 + 4(3.4951)(10°
O = +\/ > A (107 = 662.2 MPa
0, = 662.2 — 152.3 = 509.9 MPa
509.9
ng=-——=>3.35
152.3

Thus, the spring is not likely to fail in fatigue at the outer radius. Ans.

6-22  The solution at the inner radius is the same as in Prob. 6-21. At the outer radius, the yield
solution is the same.

Fatigue line: o, = <1 — g—m)Se =o0, — 152.3

ut

605 (1 . %) — o,y — 152.3

1.3620,, =7573 = o0, =556.0 MPa
04 = 556.0 — 152.3 = 403.7 MPa

403.7
ng=-——=265 Ans.
: 152.3
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6-23  Preliminaries:
Table A-20: Su = 64 kpsi, S, = 54 kpsi
S! =0.5(64) = 32 kpsi
kq = 2.70(64)702% = 0.897
ky =1
k. = 0.85
Se = 0.897(1)(0.85)(32) = 24.4 kpsi
Fillet:

Fig. A-15-5: D = 3.75in,d = 2.5in, D/d = 3.75/2.5 = 1.5,and r/d = 0.25/2.5 = 0.10
- K; = 2.1. Fig. 6-20 with r = 0.25 in, ¢ = 0.82

Eq. (6-32): Ky=1+0.82(2.1-1)=1.90

omax = 5500, pst
16 12.8 kpsi
Omin = ——— = —12. si
min = 5500.5) P
32— (—12.8
O = 1.90‘#‘ — 15.2 kpsi
324 (—12.8
om = 1.90 [%] — —9.12 kpsi
R 0 B L NP
Y omin —12.8 ’

Since the midrange stress is negative,
Sq = Se = 24.4 kpsi
S 24.4
ng=—=-——=16I
Oy 15.2
Hole:
Fig. A-15-1:d/w = 0.75/3.75 = 0.20, K, = 2.5. Fig. 6-20, with r = 0.375 in, ¢ =0.85
Eq. (6-32): Kr=1+0.8525~-1) =228

4
max — = 2.67 kpsi
Imax = 5(3.75 — 0.75) pst
—16 )
Omin = = —10.67 kpsi
0.5(3.75 = 0.75)
2.67 — (—10.67
o, =2.28 (2 ) = 15.2 kpsi

2.67 + (—10.67)

on = 2.28 5

= —9.12 kpsi
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Since the midrange stress is negative,

S 54
ny: —y :‘

Omin —10.67
Sa = Se = 24.4 kpsi
Se 244
=—=——=1.61
M e T 152
Thus the design is controlled by the threat of fatigue equally at the fillet and the hole; the
minimum factor of safety isny = 1.61.  Ans.

’ = 5.06

6-24

(a) Curved beam in pure bending where M = —T
throughout. The maximum stress will occur at the
inner fiber where r. = 20 mm, but will be com-

7 pressive. The maximum tensile stress will occur at

A the outer fiber where r. = 60 mm. Why?
Inner fiber wherer, = 20 mm
"= ln(ril/r,-) - ln(22.:/17.5) = 198954 mm
e =20 — 19.8954 = 0.1046 mm
¢; = 19.8954 — 17.5 = 2.395 mm
A =25 mm’
S —T(2.395)107 (1076) = —52.34 T (1)

= Aer;  25(10-9)0.1046(10—3)17.5(103)

where T1s in N - m, and o; is in MPa.

O = %(—52.34T) = —26.17T, 04 =26.17T
For the endurance limit, S, = 0.5(770) = 385 MPa

ko = 4.51(770)7%%5 = 0.775

d, = 0.808[5(5)]'/? = 4.04 mm

ky = (4.04/7.62)7%197 = 1.07

S, = 0.775(1.07)385 = 319.3 MPa

For a compressive midrange component, o, = S./ny. Thus,

/

N 17T 210 2/ e al A - OVT N
Z0.171T = oO517.9/5 = 1 =—=.U7IN1II
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Outer fiber where r. = 60 mm
5

Fp = —————

In(62.5/57.5)

e = 60 — 59.96526 = 0.03474 mm

= 59.96526 mm

co = 62.5 —59.96526 = 2.535 mm

Mc; —T(2.535)1073 6

Aer; 25(1079)0.03474(1073)62.5(1073)
Comparing this with Eq. (1), we see that it is less in magnitude, but the midrange compo-
nent is fension.

1
Oy =0y = E(46.7T) = 23.35T

Using Eq. (6-46), for modified Goodman, we have

23.35T 2335T 1
+ ==-=>T=322N-m Ans.
319.3 770 3

(b) Gerber, Eq. (6-47), at the outer fiber,

3(23.35T) | [3(23.357) .
319.3 770 o
reducesto  T%+26.51T —120.83 =0

|
r=3 (—26.51 /26512 + 4(120.83)) —396N-m Ans.

(¢) To guard against yield, use 7 of part (b) and the inner stress.
420

— 503 Ans.
= 52.34(3.96) e

6-25

From Prob. 6-24, S, = 319.3 MPa, §, = 420 MPa, and S,;, = 770 MPa

(a) Assuming the beam is straight,
6M 6T
0, X = T"5 = 53T
T PR T 53[(1073)3]

Good AT 24T _ 1 s _313N.m 4
man. — _— = = = J. -m S.
oodma 3193 " 770 3 "

3024)T N 324)T 2_1
319.3 770 |

= 48(10%T

(b) Gerber:

T? +25.79T — 11437 = 1

[—25.79 +1/25.792 + 4(114.37) | = 3.86 N-m  Ans.

N —

T =




164 Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

(¢) Usingomax = 52.34(106)T from Prob. 6-24,
420

=— =208 Ans.
T 5534(3.86) s
6-26 @ 16Ky Tnax
a fmax - ]'[d?’
Fig. 6-21 for Hp > 200,r =3 mm,g; = 1
Kfs =1+¢qi(Kis— 1)
Kys = 1+1(1.6—-1)=1.6
Trax = 2000(0.05) = 100N -m, Tpin = 200 (100) =25 N-m
max — . - 9 min — 2000 i
16(1.6)(100)(10~°
7(0.02)3
500
Tmin = m(l()lg) = 25.46 MPa

1
Ty = 5(101.9 +25.46) = 63.68 MPa

1
T, = 5(101'9 — 25.46) = 38.22 MPa
S = 0.67S,, = 0.67(320) = 214.4 MPa
Ssy = 0.577S, = 0.577(180) = 103.9 MPa
S/ = 0.5(320) = 160 MPa
kg = 57.7(320)7%718 = 0.917

d, = 0.370(20) = 7.4 mm

7.4 —0.107
kp = (= = 1.003
b (7.62)

ke =0.59
Se = 0.917(1.003)(0.59)(160) = 86.8 MPa

Modified Goodman, Table 6-6
1 1

M T /S + (tn/Ssn)  (38.22/86.8) + (63.68/214.4)
(b) Gerber, Table 6-7

=1.36 Ans.
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6-27 S, =800 MPa, S, = 1000 MPa
(a) From Fig. 6-20, for a notch radius of 3 mm and S,; = 1 GPa, g = 0.92.
Kr=1+4+¢q(K;—1)=1+4+092(3-1)=2.84
4P 2.84(4)P
Omax = —-K E == —W = —4018P

1
Om = —04 = 5(—4018P) = —2009P

D+d
T=fp|—=
(75
0.150 + 0.03
Tax = 0.3P (—+) = 0.0135P

From Fig. 6-21, g; = 0.95. Also, K; is given as 1.8. Thus,

Kfs =1+¢qs(Kis—1)=140.95(1.8-1) =1.76
16Ky T 16(1.76)(0.0135P)

= _ — 4482 P
Fima 7d? 7(0.03)?

1
Ty =Ty = 5(4482P) = 2241P
Eqgs. (6-55) and (6-56):

o, = ol, = [(04/0.85) +312]"/* = [(~2009P /0.85)* + 3(2241P)?]"* = 4545P
S, = 0.5(1000) = 500 MPa

k, = 4.51(1000) %29 = 0.723

30 —0.107
kp = < > = 0.864

7.62
S, = 0.723(0.864)(500) = 312.3 MPa
: o, o, 1
Modified Goodman: — 4+ = = -
Se Sut n
4545 P 4545 P 1
=— P =17.5(10>) N = 16.1 kKN  Ans.
312310 1000106 3 (10% "
) . Sy
Yield (conservative): ny = — p
o, —+ O
800(10°)

=5.03 Ans.

T 5(4545)(17.5)(10%)

(actual): ol = (02 + 3720) " = [(—4018P)? + 3(4482P)%]'
— 8741P
Sy 800(10°)

=5.22

ny:

o/ 8741(17.5)103

max
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(b) If the shaft is not rotating, 7, = 7, = 0.
oy = 0, = —2009P
kp =1 (axial)
ke =0.85 (Since there is no tension, k. = 1 might be more appropriate.)
Se = 0.723(1)(0.85)(500) = 307.3 MPa

307.3

—800

307.3(10%) 307.3(10%) ;
np = = P=""""""—=-51.010)N
2009 P 3(2009)
=51.0kN Ans.
800(10°)

Yield: =390 Ans.

= 2(2009)(51.0)(10%)

6-28 From Prob. 6-27, Ky = 2.84, Ky, = 1.76, S, = 312.3 MPa

4 Prax _ _os4 [(4)(80)(10_3)
md? 7(0.030)2

Omax — _Kf ] = —321.4 MPa

20
Omin = %(—321.4) = —80.4 MPa

D+d

5 (0.150 4 0.03
Toax = f Poax | = — ) = 0.3(80)(10°) = ——

) = 1080 N-m
4

20
Thmin = =—(1080) =270 N-m
80

16T max ! 76|: 16(1080)

R Ty 030)3(10_6)] = 8 M

Tmax = Kfs

20
Tmin = %(358.5) = 89.6 MPa

321.4 — 80.4

o, =" 2" _120.5MPa
—321.4 — 80.4

Oy = 5 — —200.9 MPa
358.5 — 89.6

T, = " 27— 134.5 MPa
358.5 + 89.6

Ty = DO H896 o MPa
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Egs. (6-55) and (6-56):

o, = [(04/0.85)" + 3t2]""* = [(120.5/0.85)* + 3(134.5)*]"*

= 272.7 MPa

o), = [(~200.9/0.85)> + 3(224.1)2]""* = 454.5 MPa

Goodman:
o, 272.7
(0a)e = = = 499.9 MPa
1 —o0),/Su 1 —454.5/1000
Let f =09
0.9(1000)]>
a= M = 2594 MPa
312.3
1 0.9(1000
b= —Ltlog| 22U 530
3 312.3
1/b 499 91/-0-1532
N = (Ta)e =|—— = 46520 cycles Ans.
a 2594
6-29
Sy =490 MPa, S,;, =590 MPa, S, =200MPa
420 + 140 420 — 140
Oy = + =280 MPa, o, = — = 140 MPa
Goodman:
o, 140 -
(0a)e = = = 266.5 MPa > S, . finitelife
1 —om/Su 1 —(280/590)
0.9(590)]?
a= M = 1409.8 MPa
200
1 0.9(590
b= —=log (590) = —0.141355
3 200
266.5 \ ~1/0-14355
N=|—= = 131200 cycles
1409.8
Nremaining = 131200 — 50000 = 81200 cycles
350 + (=200
Second loading: (om)2 = * = 75 MPa
350 — (—200)
(0a)2 = — = 275 MPa
275
(04)er = ———=———— =315.0 MPa

1 —(75/590)
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(a) Miner’s method

315 \ ~1/0.141355
Ny = = 40200 cycles
1409.8

ni n ny 1 N 50000 4 ny 1
N, N, 131200 40200

ny = 24880 cycles Ans.

(b) Manson’s method
Two data points: 0.9(590 MPa), 10° cycles
266.5 MPa, 81200 cycles
0.9(590) a>(10%)P2
266.5  ax(81200)%:
1.9925 = (0.012315)*

log 1.9925
,= 8P 156789
10g0.012315
266.
a 06.5 = 1568.4 MPa

= (81 200)—0.156789

315 O\ 1/-0-156789
ny = (1568.4) = 27950 cycles Ans.

6-30 (a) Miner’s method
[0.9(76)1?
a=—"—

= 155.95 kpsi
30
1 0.9(76
b:—glo (76) = —0.11931
48 1/—0.11931
o] = 48 kpSi, Ny = (m) = 19460 CyCleS
38 1/—0.11931
o, =38kpsi, N = (@) = 137 880 cycles
39 1/—0.11931
o3 =32kpsi, N3 = (155.95> = 582 150 cycles
ni ny ns
T AT R |
Ny + N> + N3

4000 60 000 ns3
+ + =1

19460 137880 582150

(b) Manson’s method

The life remaining after the first cycle is Ng, = 19460 — 4000 = 15460 cycles. The
two data points required to define S;’l are [0.9(76), 10°] and (48, 15 460).
0.9(76)  ay(10%)>
48 ax(15460)

= n3 =209160 cycles Ans.

1.425 = (0.064 683)2
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I .
= oellAD) o934
log(0.064 683)
48 .
a = 167.14 kpsi

= (15 460)—0-129342

38\ ~1/0129342
Ny = ( ) = 94110 cycles

167.14

Ng, =94 110 — 60 000 = 34 110 cycles
0.9(76)  a3(10%)»

38 a3 (34 110y

log 1.8 38
= %% 0166531, a3=
102(0.029317) (34 110)-0-166531

30\ /0166531
N3 = ( ) = 95740 cycles Ans.

1.8 = (0.029317)%

3 = 216.10 kpsi

216.1

6-31 Using Miner’s method

0.9(100)]
a= M = 162 kpsi
50
1 0.9(100
b =—=log (100 = —0.085091
3 50
70 \ 1/—0:085091
o1 =T70kpsi, N = (@> = 19170 cycles
55\ 1/-0.08501
oy =55kpsi, Ny = (1—62> = 326250 cycles

03 = 40 kpSi, N3 — OO
0.2N 0.5N 0.3N
- - =1
19170 326250 )

N = 83570 cycles Ans.

6-32 Given S,; = 245LN(1, 0.0508) kpsi
From Table 7-13: a=134,b=-0.086,C =0.12
k, = 1.345,%9°LN(1, 0.120)
= 1.34(245)"0LN(1, 0.12)
= 0.835LN(1, 0.12)
kp, = 1.02 (as in Prob. 6-1)
Eq. (6-70) S. = 0.835(1.02)LN(1, 0.12)[107LN(1, 0.139)]
S, = 0.835(1.02)(107) = 91.1 kpsi
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Now
Cse = (0.12%> 4+ 0.139%) /2 = 0.184
Se = 91.1LN(1, 0.184) kpsi  Ans.

6-33 A Priori Decisions:

e Material and condition: 1018 CD, S,,; = 440LN(1, 0.03), and
S, = 370LN(1, 0.061) MPa

* Reliability goal: R = 0.999 (z = —3.09)
* Function:

Critical location—hole

e Variabilities:

Cra = 0.058
Cre = 0.125
Cp=10.138
Cse = (CP, + CL. + C2)'"? = (0.0587 4+ 0.125> 4 0.138%)"/2 = 0.195
Cre = 0.10
Cra =0.20

Coa = (0.10% + 0.20%) /2 = 0.234

C2 42 0.1952 4+ 0.2342
C, = =3¢ T Coa _ + =0.297
1+C2, 1 +0.2342

Resulting in a design factornys of,

Eq. (6-88): ny = exp[—(—3.09)v/In(1 + 0.297%) +In+/1 4+ 0.297%] = 2.56

* Decision: Setny = 2.56

Now proceed deterministically using the mean values:
Table 6-10:  k, = 4.45(440) %2 = 0.887
kp =1
Table 6-11: k. = 1.43(440) "8 = 0.891
Eq. (6-70): S, = 0.506(440) = 222.6 MPa

Eq. (6-71): S, = 0.887(1)0.891(222.6) = 175.9 MPa
From Prob. 6-10, Ky = 2.23. Thus,

. _ R R Se
6, =Kj—~ =Kp—>"— =5

AT H60-12) iy
npKrF,  2.56(2.23)15(10%)

- = 10.14 mm
488, 48(175.9)
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Decision: Depending on availability, (1) select # = 10 mm, recalculate n; and R, and
determine whether the reduced reliability is acceptable, or, (2) select # = 11 mm or
larger, and determine whether the increase in cost and weight is acceptable. Ans.

6-34 rl 25"

Rotation is presumed. M and S,,; are given as deterministic, but notice that o is not; there-
fore, a reliability estimation can be made.

From Egq. (6-70):
S, = 0.506(110)LN(1, 0.138)

= 55.7LN(1, 0.138) kpsi
Table 6-10:

k, = 2.67(110)"%?%LN(1, 0.058)
= 0.768LN(1, 0.058)
Based on d =1 in, Eq. (6-20) gives

1\ 0107
kp = —= = 0.879
0.30

Conservatism is not necessary
Se = 0.768[LLN(1, 0.058)](0.879)(55.7)[LN(1, 0.138)]
S, = 37.6 kpsi
Cse = (0.058% +0.138%) /% = 0.150
S. = 37.6LN(1, 0.150)

Fig. A-15-14: D/d = 1.25, r/d = 0.125. Thus K; = 1.70 and Eqgs. (6-78), (6-79) and
Table 6-15 give
1.70LN(1, 0.15)

K =
T (2/~/0.125)[(1.70 — 1)/(1.70)](3/110)
= 1.598LN(1, 0.15)

L RM - 32(1400)
0 =K; 5 = LS98[LN(1 ~ 0.15)] [771(1)3 }

— 22.8LN(1, 0.15) kpsi

From Eq. (5-43), p. 242:

In [(37.6/22.8)\/(1 10.155/(1 1 0.152)]
_ — 237
: VIn[(1 +0.152)(1 + 0.15%)]
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From Table A-10, py = 0.008 89
S.R=1-0.00889 =0.991 Auns.

Note: The correlation method uses only the mean of S,;; its variability is already included
in the 0.138. When a deterministic load, in this case M, is used in a reliability estimate, en-
gineers state, “For a Design Load of M, the reliability is 0.991.” They are in fact referring
to a Deterministic Design Load.

6-35

For completely reversed torsion, k, and kj of Prob. 6-34 apply, but k. must also be con-
sidered.

Eq. 6-74: k. = 0.328(110)*'*°LN(1, 0.125)
= 0.590LN(1, 0.125)
Note 0.590 is close to 0.577.
Sse = Ky kp kS,
= 0.768[LN(1, 0.058)](0.878)[0.590LN(1, 0.125)][55.7LN(1, 0.138)]
Ss. = 0.768(0.878)(0.590)(55.7) = 22.2 kpsi
Cse = (0.058% +0.125% + 0.138%) /2 = 0.195
Sse = 22.2LN(1, 0.195) kpsi

Fig. A-15-15: D/d = 1.25,r/d = 0.125, then K;; = 1.40. From Egs. (6-78), (6-79) and
Table 6-15

‘. _ 1.40LN(1, 0.15)
Y 14 (2/V/0.125) [(1.4 — 1)/1.41(3/110)

= 1.34LN(1, 0.15)

16T
r=Ke o
B 16(1.4)
T = 1.34[LN(1, 0.15)] [ ()3 ]

= 9.55LN(1, 0.15) kpsi
From Eq. (5-43), p. 242:
In [(22.2/9.55)\/(1 +0.152) /(1 + 0.1952)]

i =343
VIn[(1 +0.1952)(1 + 0.152)]

From Table A-10, py = 0.0003
R=1-p;r=1-0.0003=0.9997 Ans.

For a design with completely-reversed torsion of 1400 1bf - in, the reliability is 0.9997. The
improvement comes from a smaller stress-concentration factor in torsion. See the note at
the end of the solution of Prob. 6-34 for the reason for the phraseology.
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6-36

Sur = 58 kpsi
S, = 0.506(58)LN(1, 0.138)
= 29.3LN(1, 0.138) kpsi

Table 6-10: k, = 14.5(58)"%7"°LN(1, 0.11)

= 0.782LN(1, 0.11)
Eq. (6-24):
d, = 0.37(1.25) = 0.463 in

0.463\ %177

S. = 0.782[LN(1, 0.11)](0.955)[29.3LN(1, 0.138)]
S, = 0.782(0.955)(29.3) = 21.9 kpsi
Cse = (0.11%2 4+ 0.138%) /2 = 0.150
Table A-16: d/D =0,a/D =0.1,A =0.83 . K, =2.27.

From Egs. (6-78) and (6-79) and Table 6-15
2.27LN(1, 0.10)

K, = = 1.783LN(1, 0.10
LT (@/V0125) [(2.27 — 1)/2.271(5/58) ( )

Table A-16:
TADY  7(0.83)(1.25%) -
7= _ —0.159 in
32 32
Kk, M 783N, 0.10) (20
=N T N 0,159
— 17.95LN(1, 0.10) kpsi
& = 17.95 kpsi
C, = 0.10
In [(21.9/17.95)\/(1 0.105 /(1 + 0.152)]
Eq. (5-43),p. 242: 7= — — 1,07
VIn[(1 +0.152)(1 +0.102)]
Table A-10: pr = 0.1423

R=1-pr=1-0.1423 =0.858 Ans.
For a completely-reversed design load M, of 1400 Ibf - in, the reliability estimate is 0.858|
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6-37

For a non-rotating bar subjected to completely reversed torsion of 7,, = 2400 1bf - in

From Prob. 6-36:
Sé = 29.3LN(1, 0.138) kpsi

k, = 0.782LN(1, 0.11)
ky = 0.955
For k. use Eq. (6-74):
k. = 0.328(58)"!5LN(1, 0.125)
= 0.545LN(1, 0.125)
Sse = 0.782[LN(1, 0.11)](0.955)[0.545LN(1, 0.125)][29.3LN(1, 0.138)]
Ss. = 0.782(0.955)(0.545)(29.3) = 11.9 kpsi
Cse = (0.11%2 4+ 0.125% + 0.138%)'/2 = 0.216

Table A-16: d/D =0,a/D =0.1,A =0.92, K;; = 1.68
From Egs. (6-78), (6-79), Table 6-15
1.68LN(1, 0.10)

K, =
fs 1+ (2/«/0.125)[(1.68 —1)/1.68](5/58)
= 1.4030LN(1, 0.10)
Table A-16:
AD* 0.92)(1.25%
Jnet = T == 77( )( ) = 0.2201
32 32
T,c
=Ky 5 -

= 1.403[LN(1, 0.10)] [w]

0.2201
= 9.56LN(1, 0.10) kpsi

From Eq. (5-43), p. 242:

In [(11.9/9.56)\/(1 0.105 /(1 + 0.2162)]
_ — _0.85
: VIn[(140.102)(1 + 0.2162)]

Table A-10, py = 0.1977
R=1—-pr=1-0.1977=0.80 Ans.

6-38

This is a very important task for the student to attempt before starting Part 3. It illustrates
the drawback of the deterministic factor of safety method. It also identifies the a priori de-
cisions and their consequences.

The range of force fluctuation in Prob. 6-23 is —16 to +4 kip, or 20 kip. Repeatedly-
applied F,, is 10 kip. The stochastic properties of this heat of AISI 1018 CD are given.




Chapter 6 175

Function Consequences
Axial F, =10kip
Fatigue load Cra=0
Cke = 0.125
Overall reliability R > 0.998; z=-3.09
with twin fillets Ckxr=0.11
R > +/0.998 > 0.999
Cold rolled or machined Cra = 0.058
surfaces
Ambient temperature Cia=0
Use correlation method Cyp =0.138
Stress amplitude Ckxr=0.11
Csq =0.11
Significant strength S, Cs. = (0.058 +0.125% 4+ 0.138%)!/2
= 0.195

Choose the mean design factor which will meet the reliability goal

0.1952 4 0.112
o

=0.223
140.112
n = exp [—(—3.09)v/In(1 4 0.223%) + Inv/1 + 0.2232]

n =202

Review the number and quantitative consequences of the designer’s a priori decisions to
accomplish this. The operative equation is the definition of the design factor

K;F, S,
n

Solve for thickness 4. To do so we need

ky =2.675,22% = 2.67(64)" %% = (.887

kp =1
ke = 1.235;%978 = 1.23(64)"*7® = 0.889
kg =ke =1

S, = 0.887(1)(0.889)(1)(1)(0.506)(64) = 25.5 kpsi
Fig. A-15-5: D = 3.75in,d = 2.5in, D/d = 3.75/2.5 = 1.5,r/d = 0.25/2.5 = 0.10
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Kr = 21 = 1.857
A (2//025)[(2.1 — 1)/(2.1)1(4/64)

o KriFa _ 1.857(2.02)(10)
w.S, 2.5(25.5)

= 0.667 Ans.

This thickness separates S, and &, so as to realize the reliability goal of 0.999 at each
shoulder. The design decision is to make ¢ the next available thickness of 1018 CD steel
strap from the same heat. This eliminates machining to the desired thickness and the extra
cost of thicker work stock will be less than machining the fares. Ask your steel supplier
what is available in this heat.

6-39 f El
1" 4 1200 Ibf
15 |
l "
i
-
F, = 1200 Ibf
Sur = 80 kpsi

(a) Strength

k, = 2.67(80)"*?*LN(1, 0.058)
= 0.836LN(1, 0.058)

ky =1

k. = 1.23(80) *98LN(1, 0.125)
= 0.874LN(1, 0.125)

S/ = 0.506(80)LN(1, 0.138)
= 40.5LN(1, 0.138) kpsi

S. = 0.836[LN(1, 0.058)](1)[0.874LN(1, 0.125)][40.5LN(1, 0.138)]
S, = 0.836(1)(0.874)(40.5) = 29.6 kpsi
Cse = (0.058% +0.125% +0.138%) /2 = 0.195

Stress: Fig. A-15-1; d/w =0.75/1.5=10.5, K; = 2.17. From Eqgs. (6-78), (6-79) and
Table 6-15
2.17LN(1, 0.10)

Kr =
Iy (2/+/0.375)[(2.17 — 1)/2.17]1(5/80)
— 1.95LN(1, 0.10)
K/F,
—_J7e =010
= w_—ar °
KF 1.95(1.2
Gy = 17 952 54 kpsi

(w—d)t (1.5—0.75)(0.25)
Y A AN A S/
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S, = S, = 29.6 kpsi
In(S,/5a)/ (1 +€2) /(1 + €3)
)0
In [(29.6/12.48)\/(1 +0.105)/(1 + 0.1952)]

VIn(1 +0.102)(1 4 0.1952)

=

From Table A-20
pr = 4.481(107°)
R=1-4481(10"°) =0.999 955 Ans.
(b) All computer programs will differ in detail.

6-40 Each computer program will differ in detail. When the programs are working, the experi-
ence should reinforce that the decision regarding 7y is independent of mean values of
strength, stress or associated geometry. The reliability goal can be realized by noting the
impact of all those a priori decisions.

6-41 Such subprograms allow a simple call when the information is needed. The calling pro-
gram is often named an executive routine (executives tend to delegate chores to others and
only want the answers).

6-42  This task is similar to Prob. 6-41.

6-43  Again, a similar task.

6-44  The results of Probs. 6-41 to 6-44 will be the basis of a class computer aid for fatigue prob-
lems. The codes should be made available to the class through the library of the computer
network or main frame available to your students.

6-45  Peterson’s notch sensitivity g has very little statistical basis. This subroutine can be used to
show the variation in ¢, which is not apparent to those who embrace a deterministic ¢q .

6-46  An additional program which is useful.




7-1 (a) DE-Gerber, Eq. (7-10):

8(2)(2920)
(30 000)

=1.016in Ans.
(b) DE-elliptic, Eq. (7-12) ¢

A = {4[2.2(600)]* + 3[1.8(400)]*}
B = {4[2.2(500)]* + 3[1.8(300)]*}

Chapter 7

Y2 _ 2920 Ibf - in

= 2391 Ibf - in

I

1/2

1/3
2(2391)(30000)

2920(100 000)

(o]

an be shown to be

16n

T

A

d:[
S

B

Sy
2920

(

16(2)

1/3
l6n A2 B2
d=|—|—=+ —
\ T VS S
— 5 5 1/3
16(2 292 2391
= 6(2) 920 + i =1.0121in Auns.
T 30000 80000

(c) DE-Soderberg, Eq. (7-14) can be shown to be

)

2391

g

=[5

=1.090in Ans.

16n

T

A

Se

B

[

Sur

30000 i

)|

80000

(d) DE-Goodman: Eq. (7-8) can be shown to be

)]

16(2) (2920 2391 \1'? ,
= =1.0731in Ans.
b1 30000 100000
Criterion d(in) Compared to DE-Gerber
DE-Gerber 1.016
DE-elliptic 1.012 0.4% lower less conservative
DE-Soderberg 1.090 7.3% higher more conservative
DE-Goodman 1.073

5.6% higher more conservative
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7-2 This problem has to be done by successive trials, since S, is a function of shaft size. The
material is SAE 2340 for which S, = 1226 MPa, S, = 1130 MPa, and Hp > 368.

Eq. (6-19): kg = 4.51(1226)7%2% = 0.685
Trial #1: Choose d, = 22 mm
79 \ 0107
Eq. (6-20): ky = (m) = 0.893
Eq. (6-18): Se = 0.685(0.893)(0.5)(1226) = 375 MPa
dr=d—2r=0.75D —2D/20 = 0.65D
d 22
= 0.6r5 =065 33.8 mm
r:%:%:l.@mm
Fig. A-15-14:
d=d,+2r =22+ 2(1.69) = 25.4 mm
254
e L
r 1.69
@ =5 = 0.077
K: =19
Fig. A-15-15: Kis=1.5
Fig. 6-20: r=1.69mm, ¢g=0.90
Fig. 6-21: r=1.69mm, ¢g;=0.97
Eq. (6-32): Ky =1+4+090(1.9—-1) =1.81

Kpg=14097(1.5—-1)=1.49

We select the DE-ASME Elliptic failure criteria.
Eq. (7-12) withd asd,, and M,,, = T, = O,

1/3

162.5) [, (1.81(70)(10) 2+3<1.49(45)(103))2 v
P < 375 ) 1130

= 20.6 mm
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Trial #2: Choose d, = 20.6 mm

kp = ( ) = 0.899

7.62
Se = 0.685(0.899)(0.5)(1226) = 377.5 MPa
D = dr —%:31.7mm
0.65 0.65
D 1.
r=—= 3—7 = 1.59 mm
20 20

Figs. A-15-14 and A-15-15:
d =d, +2r =20.6 +2(1.59) = 23.8 mm

d 238
L% _116
4, 206

159
L 7 0,077
4, 206

We are at the limit of readability of the figures so

K.=19, Ky=15 ¢=09, g =0.97
L K;=181 K =149

Using Eq. (7-12) produces d, = 20.5 mm. Further iteration produces no change.

Decisions:
d, = 20.5 mm
20.5
D = 0.65 =31.5mm, d=0.75(31.5) =23.6 mm

UseD=32mm, d=24mm, r=16mm Ans.

7-3 Fcos20°(d/2) =T, F =2T/(dcos20°) =2(3000)/(6cos20°) = 1064 Ibf
Mc = 1064(4) = 42571bf - in

For sharp fillet radii at the shoulders, from Table 7-1, K; = 2.7, and K;; = 2.2. Examining
Figs. 6-20 and 6-21, with S,,; = 80 kpsi, conservatively estimateg = 0.8 and g; = 0.9. These
estimates can be checked once a specific fillet radius is determined.

Eq. (6-32): Kr=1+(08)27-1)=24
Krs =14+(0922-1) =21
(a) Static analysis using fatigue stress concentration factors:

From Eq. (7-15) withM =M,,, T =T,,, and M, =T, = 0,

1/2
| (KM 2+3 16K 75T \* /
max nd? nd?
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N S
Eq. (7-16): n=—2 = y

1/2
O nax 32K M 2+3 16K,T\*]"
nd? nd?

16n 2 211/2 3
d={——[4KM)*+3(KsT)’]
Sy

Solving for d,

16(2.5 s
) {W [4(2.4)(4257)° + 3(2.1)(3000)°] 1/2}
= 1.700in  Ans.
(b) k, = 2.70(80)~265 — (.845

Assume d = 2.00 in to estimate the size factor,
5 \~0-107
kp =(— = 0.816
0.3
Se = 0.845(0.816)(0.5)(80) = 27.6 kpsi
Selecting the DE-ASME Elliptic criteria, use Eq. (7-12) with M, = T, = 0.
1/3

) 172
L | 1623) [4 (2.4(4257)> 43 (M) } =2.133in

b4 27600 60 000

Revising kpresults ind = 2.138 in  Ans.

7-4 We have a design task of identifying bending moment and torsion diagrams which are pre-
liminary to an industrial roller shaft design.

F} = 30(8) = 240 1bf
F§& = 0.4(240) = 96 1bf
T = F&(2) = 96(2) = 1921bf - in

_r_1%_ 128 Ibf
15 15

Fg = Fjtan20° = 128 tan 20° = 46.6 1bf

F
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(@) xy-plane

'l , 46.6

Fy i
115"

— X
© 5.75" C A 275" B

240

Z Mo = 240(5.75) — FX(II.S) —46.6(14.25) =0

P 240(5.75) — 46.6(14.25)
AT 11.5

D Ma = F)(11.5) —46.6(2.75) — 240(5.75) = 0

o 240(5.75) + 46.6(2.75)
o 11.5

= 62.31bf

= 131.11bf

Bending moment diagram

M,
(Ibfein)

o

C A B
T
|
|
|

=128
|
—754

96 128

’47 5.75" 4? 42.75'4
C A

(0] —X
b s A B

. 115
=

|0 Fy

> Mp=0
= 96(5.75) — Ff\(ll.S) + 128(14.25)
. 96(5.75) + 128(14.25)
FA =
11.5
Z My =0
= F(Z)(ll.S) + 128(2.75) — 96(5.75)
Z 96(5.75) — 128(2.75)
FO ==
11.5

xz-plane

= 206.6 1bf

= 17.41bf

Bending moment diagram:
M,
(Ibfin) 100
o

A B
|

c \/_)‘

—352

Mc = /1002 + (=754)2 = 761 Ibf - in
My = /(—128)2 4 (—352)2 = 375Ibf - in

This approach over-estimates the bending moment at C, but not at A.
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(b) xy-plane

y

lli%l.l 62.3‘ 466‘
Lx» 30 Ibf/in

M,y = —131.1x + 15(x — 1.75)% — 15(x — 9.75)* — 62.3(x — 11.5)"

M,
(Ibfin)
1.75 c A B
ORCT T —
| ~128
229
~514

M .x Occurs at 6.12 in
M pax = —5161bf - in
Me = 131.1(5.75) — 15(5.75 — 1.75)* = 514

Reduced from 754 Ibf-in. The maximum occurs at x = 6.12in rather than C, but it is

close enough.
[’X» 12 Ibf/in li"

f f

17.4 206.6

xz-plane

M,, = 17.4x — 6(x — 1.75)% 4+ 6(x — 9.75)% 4+ 206.6(x — 11.5)!

M,
bfein
e 305 41 A B Let Mper = ,/M)%y + M)%z
s ¢ " Plot Mye(x)
; 35 1.75 <x <11.5in
Mrat| 516 |
(Ibf+in) i/‘\‘:m M pax = 5161bf - in
231 | atx =6.251n
o L X

Torque: In both cases the torque rises from 0 to 192 1bf-in linearly across the roller and is
steady until the coupling keyway is encountered; then it falls linearly to O across the key.  Ans.

7-5 This is a design problem, which can have many acceptable designs. See the solution for
Problem 7-7 for an example of the design process.
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7-6 If students have access to finite element or beam analysis software, have them model the shaft
to check deflections. If not, solve a simpler version of shaft. The 1" diameter sections will not

affect the results much, so model the 1" diameter as 1.25". Also, ignore the step in AB.

From Prob. 18-10, integrate M, and M,,
xy plane, withdy/dx =y’
131.1 62.3

EIly = 5 (x?) +5(x — 1.75)> = 5(x —9.75)° — T(x —11.5)> + C,
131.1 5 5 62.3
Ely=——_ (x%) + - 1.75)* — il 9.75)* — - 1.5 + Cix + G,

y=0atx =0 = (=0
y=0atx=11.5 = C;=1908.41bf-in’
From (1) x=0: Ely =1908.4
x=115: EIy =-2153.1
xz plane (treating z 1 +)

17.4 206.6
El7 = T(xz) —2(x — 1753 +2(x —9.75)> + (x —11.5)> + C;
17.4 1 1 206.6
Elz = T()ﬁ) — 5<x —1.75)% + E(x —9.75)* + (x = 1157 + C3x + C4
z=0atx =0 = ;=0
z=0atx=11.5 = C3=8975Ibf-in’
From (2)
x=0: El7 =8.975
x=11.5: EI7 = —683.5
At O: EI6 = /1908.42 + 8.9752 = 1908.41bf - in>
A: EI6 = /(=2153.1)2 + (—683.5)2 = 22591bf - in®  (dictates size)
2259
= = 0.000 628 rad
30(10%) (77 /64)(1.25%) e

0.001

2 5
"= 0.000628 ?

(1)

(2)
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At gear mesh, B

xy plane

.Vl

C 46.6 Ibf
A X
0

B

With I = I in section OCA,
yiy = —2153.1/EL,
Since yp /4 1s a cantilever, from Table A-9-1, with I = I, in section AB

. Fx(x—20) 466
YB/IAT TOEL | 2EL

(2.75)[2.75 = 2(2.75)] = —176.2/E1,

2153.1 176.2

VB = YAt YB/A = 7300100 (/64)(1.25%  30(106)(x/64)(0.875%)

= —0.000803 rad (magnitude greater than 0.0005 rad)

xz plane
128 Ibf

SipLbitl .
I
z|

, 6835, 128(275%) 484

AT TR SBAT T oEL T EL

, 683.5 484

BT T 0109 (o /64 (1.25%) 30109 (r/6dy 08755 000751 rad

6z = /(—0.000803)2 + (0.000751)2 = 0.001 10 rad

Crowned teeth must be used.

Finite element results: Error in simplified model
0o = 5.47(107%) rad 3.0%
04 = 7.09(107%) rad 11.4%
0p = 1.10(10%) rad 0.0%
The simplified model yielded reasonable results.
Strength Sur =712 kpsi, Sy = 39.5 kpsi

At the shoulder at A, x = 10.75 in. From Prob. 7-4,
M,, = =209.31Ibf-in, M,, = —293.01bf-in, T = 1921bf-in
M = \/(—209.3)2 + (—293)? = 360.0 Ibf - in
S! =0.5(72) = 36 kpsi
ke = 2.70(72)~%2% = (0.869
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From Fig. A-15-8 with D/d = 1.25 and r/d = 0.03, K;s = 1.8.
From Fig. A-15-9 with D/d = 1.25 and r/d = 0.03, K; = 2.3
From Fig. 6-20 with r = 0.03 in, ¢ = 0.65.

From Fig. 6-21 withr = 0.03 in, g; = 0.83
Eq. (6-31): Kr=1+0.65(23—-1)=1.85

Using DE-elliptic, Eq. (7-11) with M,,, = T, = 0,

Perform a similar analysis at the profile keyway under the gear.

The main problem with the design is the undersized shaft overhang with excessive slope at
the gear. The use of crowned-teeth in the gears will eliminate this problem.

1\ 0107
kp = — =0.879
0.3

ke =kg =k, =kr=1
S, = 0.869(0.879)(36) = 27.5 kpsi

Kpg=1+40.83(1.8 —1) =1.66

) 2 1/2
1 16 1.85(360) 1.66(192)
i 4 43—~
n w(13) 27500 39 500

n =3.89

7-7

(a)

(b)

One possible shaft layout is shown. Both bearings and the gear will be located against
shoulders. The gear and the motor will transmit the torque through keys. The bearings
can be lightly pressed onto the shaft. The left bearing will locate the shaft in the housing,
while the right bearing will float in the housing.

From summing moments around the shaft axis, the tangential transmitted load through
the gear will be

W, =T/(d/2) =2500/(4/2) = 1250 Ibf
The radial component of gear force is related by the pressure angle.
W, = W; tan ¢ = 1250 tan 20° = 455 1bf
W = [W? 4+ W2'/? = (455% 4 1250%)!/% = 1330 Ibf

Reactions R4 and Rp, and the load W are all in the same plane. From force and moment
balance,

Ra = 1330(2/11) = 242 Ibf
Ry = 1330(9/11) = 1088 Ibf
Mipax = Ra(9) = (242)(9) = 2178 Ibf - in
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Shear force, bending moment, and torque diagrams can now be obtained.

w

T—mn—wzinr— ein—bl
I I

242 1bf

—1088 Ibf Ans.

2178 1bf+in

2500 Ibfein

(c) Potential critical locations occur at each stress concentration (shoulders and keyways). To
be thorough, the stress at each potentially critical location should be evaluated. For now,
we will choose the most likely critical location, by observation of the loading situation,
to be in the keyway for the gear. At this point there is a large stress concentration, a large
bending moment, and the torque is present. The other locations either have small bend-
ing moments, or no torque. The stress concentration for the keyway is highest at the ends.
For simplicity, and to be conservative, we will use the maximum bending moment, even
though it will have dropped off a little at the end of the keyway.

(d) Atthe gear keyway, approximately 9 in from the left end of the shaft, the bending is com-
pletely reversed and the torque is steady.

M, = 2178 Ibf-in T, = 2500 Ibf - in M, =T,=0

From Table 7-1, estimate stress concentrations for the end-milled keyseat to be
K; =2.2 and K;; = 3.0. For the relatively low strength steel specified (AISI 1020
CD), estimate notch sensitivities of ¢ = 0.75 and g; = 0.9, obtained by observation of]
Figs. 6-20 and 6-21. Assuming a typical radius at the bottom of the keyseat of
r/d = 0.02 (p. 361), these estimates for notch sensitivity are good for up to about 3 in
shaft diameter.

Eq. (6-32):  K;=1+07522-1)=19
Kps=14+093.0—1) =238
Eq. (6-19): k. = 2.70(68)7%2% = 0.883
For estimating kj, guessd = 2 in.
ky = (2/0.3)7%197 = 0.816
S, = (0.883)(0.816)(0.5)(68) = 24.5 kpsi
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(e) Now estimate other diameters to provide typical shoulder supports for the gear and

®

Selecting the DE-Goodman criteria for a conservative first design,

[ 1/3
16n [[4(K M) [3(K s T)2]"?
Eq.(71-8)  d= ﬂ”{“ fSa>] ME fsSm>]
e ut
i 1/3
4 | Lo [4(1.9 - 2178)2]'"? .\ [32.8-250012]/2) 1"
R 24500 68000

d=1581in Ans.

With this diameter, the estimates for notch sensitivity and size factor were conservative,
but close enough for a first iteration until deflections are checked.

Check for static failure.

[ (32K M, \> 16K 1T\ 21
Eq. (7-15):  Opux = (#) +3<ﬂ)}

wd3 md3
[ /32(1.9)(2178)\ 2 16(2.8)(2500)\ 21"
o = | | e ) 3l e = 19.0 kpsi
O ( (158 )+ ( 7(1.58)° )} -

ny =S,/ =57/19.0=3.0 Ans.

max

bearings (p. 360). Also, estimate the gear and bearing widths.

| [« 03s 156 500 1| 158 > |« 04

1.250 - py { | py 131 [

Entering this shaft geometry into beam analysis software (or Finite Element software),
the following deflections are determined:

Left bearing slope: 0.000532 rad
Right bearing slope: —0.000850 rad
Gear slope: —0.000545 rad
Right end of shaft slope: —0.000850 rad
Gear deflection: —0.00145 in

Right end of shaft deflection: 0.00510 in

Comparing these deflections to the recommendations in Table 7-2, everything is within
typical range except the gear slope is a little high for an uncrowned gear.
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(g) To use a non-crowned gear, the gear slope is recommended to be less than 0.0005 rad.
Since all other deflections are acceptable, we will target an increase in diameter only for
the long section between the left bearing and the gear. Increasing this diameter from the
proposed 1.56 in to 1.75 in, produces a gear slope of —0.000401 rad. All other deflections

are improved as well.

7-8 (a)

Use the distortion-energy elliptic failure locus. The torque and moment loadings on the

shaft are shown in the solution to Prob. 7-7.
Candidate critical locations for strength:

* Pinion seat keyway
* Right bearing shoulder
* Coupling keyway

Table A-20 for 1030 HR: S, = 68 kpsi, Sy, =37.5kpsi, Hp =137
Eq. (6-8): S, =0.5(68) = 34.0kpsi
Eq. (6-19): ko = 2.70(68)7%2% = 0.883

ke =kg=ke =1
Pinion seat keyway
See Table 7-1 for keyway stress concentration factors

II((, ts :: 23%) } Profile keyway

For an end-mill profile keyway cutter of 0.010 in radius,
From Fig. 6-20: qg = 0.50
From Fig. 6-21: qs = 0.65
Eq. (6-32):

Kis =1+ qg(Kis — 1)

=140.65(3.0—-1) =23
Kr=140.5022-1)=1.6
1.875\ ~0-107
Eq. (6-20): ky = (W) = 0.822
Eq. (6-18): Se = 0.883(0.822)(34.0) = 24.7 kpsi
Eq. (7-11):
16 1.6(2178) 7 23250007%) "
n_ 7(1.875%) {4[ 24700 ] * 3[%] }

= 0.353, from which n = 2.83
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(b)

Right-hand bearing shoulder

The text does not give minimum and maximum shoulder diameters for 03-series bearings
(roller). Use D = 1.75 in.

r 0.030 D 1.75
—:m:0.019, T 154" 1.11
From Fig. A-15-9,
K; =24
From Fig. A-15-8,
K =16
From Fig. 6-20, q = 0.65
From Fig. 6-21, qs = 0.83

Ky =1+0.6524—1)=191
Kps=1+0.83(1.6—1) =1.50

0.453 )
M = 2178 (T) =493 Ibf - in

1/2
L_ 16 |, (191(493) 2+3 1.50(2500)\*]"
n - m(1.574%) 24700 37500

= 0.247, from which n = 4.05

Eq. (7-11):

Overhanging coupling keyway

There is no bending moment, thus Eq. (7-11) reduces to:

1 16V/3K T, 164/3(1.50)(2500)

n wddS,  7w(1.5%)(37500)
= 0.261 from which n = 3.83

One could take pains to model this shaft exactly, using say finite element software.
However, for the bearings and the gear, the shaft is basically of uniform diameter, 1.875 in|
The reductions in diameter at the bearings will change the results insignificantly. Use
E = 30(10°) psi.

To the left of the load:
Fb 2 2 2
- — —1
Oap 6E”(3x +b )
_ 0 1449(9)(3x7 + 27 — 119
~6(30)(109) (7 /64)(1.8254)(11)
= 2.4124(107%(3x% — 117)
Atx = 0: 0 = —2.823(10"*) rad

Atx = 9in: 6 = 3.040(10~*) rad
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_ 1449(9)(112 = 9%)
~6(30)(109) (7 /64)(1.8754)(11)
= 4.342(10"*) rad

Atx = 111in:

Obtain allowable slopes from Table 7-2.

Left bearing:
Allowable slope
n =
fs Actual slope
0.001
0.0002823
Right bearing:
0.0008
npg = ————— =1.84
0.0004342

Gear mesh slope:

Table 7-2 recommends a minimum relative slope of 0.0005 rad. While we don’t know the
slope on the next shaft, we know that it will need to have a larger diameter and be stiffer.
At the moment we can say

0.0005
Nfs = 1.64
0.000 304
7-9  The solution to Problem 7-8 may be used as an example of the analysis process for a similar
situation.
7-10 If you have a finite element program available, it is highly recommended. Beam deflection

programs can be implemented but this is time consuming and the programs have narrow ap-
plications. Here we will demonstrate how the problem can be simplified and solved using
singularity functions.

Deflection: First we will ignore the steps near the bearings where the bending moments are,
low. Thus let the 30 mm dia. be 35 mm. Secondly, the 55 mm dia. is very thin, 10 mm. The
full bending stresses will not develop at the outer fibers so full stiffness will not develop ei-
ther. Thus, ignore this step and let the diameter be 45 mm.

Statics: Left support: Ry = 7(315 — 140) /315 = 3.889 kN
Right support: R, = 7(140)/315 = 3.111 kN

Determine the bending moment at each step.

x(mm) 0 40 100 140 210 275 315
M(N - m) 0 155.56 388.89 544.44 326.67 124.44 0

Iis = (1/64)(0.035%) = 7.366(10"%) m*, Io = 1.257(10" ) m*, I4;5 = 2.013(10~7) m*
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Plot M /I as a function of x.

x(m) M/I1(10° N/m®) Step Slope ASlope
0 0 52.8
0.04 2.112
0.04 1.2375 —0.8745 30942 —21.86
0.1 3.094
0.1 1.932 —1.162 19325  —11.617
0.14 2.705
0.14 2.705 0 —15.457  —34.78
0.21 1.623
0.21 2.6 0.977 —24.769 —9.312
0.275 0.99
0.275 1.6894 0.6994  —42235  —17.47
0.315 0

e

Z

1S

Nl

00 O.IOS 0?1 0.I15 0?2 0.I25 0?3 0.;5

x (mm)

The steps and the change of slopes are evaluated in the table. From these, the function M /1
can be generated:

M/I = [52.8x — 0.8745(x — 0.04)° — 21.86(x — 0.04)" — 1.162(x — 0.1)"
—11.617(x — 0.1)! — 34.78(x — 0.14)! +0.977(x — 0.21)°
—9.312(x — 0.21)" 4 0.6994(x — 0.275)° — 17.47(x — 0.275)'] 10’
Integrate twice:

d
Ed—y = [26.4x> — 0.8745(x — 0.04)" — 10.93(x — 0.04)*> — 1.162(x — 0.1)"
X

—5.81(x —0.1)2 — 17.39(x — 0.14)> + 0.977(x — 0.21)!
—4.655(x —0.21)> 4 0.6994(x — 0.275)! — 8.735(x — 0.275)> + C;] 10° (1)

Ey = [8.8x° — 0.4373(x — 0.04)*> — 3.643(x — 0.04)° — 0.581(x — 0.1)*
—1.937(x — 0.1)> — 5.797(x — 0.14)* + 0.4885(x — 0.21)?
— 1.552(x — 0.21)° + 0.3497(x — 0.275)> — 2.912(x — 0.275)* + C1x + C,] 10°
Boundary conditions: y =0 atx = 0 yields C, = 0;
y =0 atx = 0.315m yields C; = —0.29525 N/m”.

Equation (1) with C; = —0.29525 provides the slopes at the bearings and gear. The fol-
lowing table gives the results in the second column. The third column gives the results from
a similar finite element model. The fourth column gives the result of a full model which
models the 35 and 55 mm diameter steps.
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x (mm) 0 (rad) F.E. Model Full FE. Model
0 —0.0014260 —0.0014270 —0.0014160
140 —0.000 1466 —0.000 1467 —0.000 1646
315 0.0013120 0.001 3280 0.0013150

The main discrepancy between the results is at the gear location (x = 140 mm). The larger
value in the full model is caused by the stiffer 55 mm diameter step. As was stated earlier,
this step is not as stiff as modeling implicates, so the exact answer is somewhere between the
full model and the simplified model which in any event is a small value. As expected, mod-
eling the 30 mm dia. as 35 mm does not affect the results much.

It can be seen that the allowable slopes at the bearings are exceeded. Thus, either the load
has to be reduced or the shaft “beefed” up. If the allowable slope is 0.001 rad, then the max-
imum load should be Fy,.x = (0.001/0.00146)7 = 4.79 kN. With a design factor this would
be reduced further.

To increase the stiffness of the shaft, increase the diameters by (0.001 46/0.001)1/ 4=
1.097, from Eq. (7-18). Form a table:

Old d, mm 20.00 30.00 35.00 40.00 45.00 55.00
New ideal d, mm 21.95 32.92 38.41 43.89 49.38 60.35
Rounded up d, mm 22.00 34.00 40.00 44.00 50.00 62.00

Repeating the full finite element model results in
x = 0: 6 = —9.30 x 10~* rad
x=140mm: 6 =—1.09 x 10~* rad
x=315mm: 6 =8.65x10*rad

Well within our goal. Have the students try a goal of 0.0005 rad at the bearings.

Strength: Due to stress concentrations and reduced shaft diameters, there are a number of
locations to look at. A table of nominal stresses is given below. Note that torsion is only to
the right of the 7 kN load. Using o = 32M/(nd®) and T = 16T /(wd"),

x (mm) 0 15 40 100 110 140 210 275 300 330
o (MPa) 0 220 37.0 61.9 47.8 60.9 52.0 39.6 17.6 0
7 (MPa) 0 O 0 0 0 6 8.5 12.7 202  68.1
o’(MPa) 0 220 37.0 61.9 47.8 61.8 53.1 45.3 39.2  118.0

Table A-20 for AISI 1020 CD steel: S,; =470 MPa, S, = 390 MPa
Atx =210 mm:
ko = 4.51(470)7%%% = 0.883, k;, = (40/7.62)"%1%7 = 0.837
S, = 0.883(0.837)(0.5)(470) = 174 MPa
D/d =45/40 = 1.125, r/d = 2/40 = 0.05.
From Figs. A-15-8 and A-15-9, K; = 1.9 and K;; = 1.32.




194

Solutions Manual e Instructor’s Solution Manual to Accompany Mechanical Engineering Design

From Figs. 6-20 and 6-21,g = 0.75 and ¢z, = 0.92,
Kr=1+0.75(19—-1)=1.68, and Kys =1+ 0.92(1.32 — 1) = 1.29.
From Eq. (7-11), with M,, =T, = 0,

2 2) /2
l 16 {4 [1.68(326.67)1| 43 |:1.29(107)] }

no 7(0.04)3 174(109%) 390(10°)
n =1.98
At x = 330 mm: The von Mises stress is the highest but it comes from the steady torque
only.
D/d =30/20=1.5, r/d=2/20=0.1 = K,z =142,
gs =092 = Ky =139

1__16 1.39(107)
n 7(0.02)3 (v3) [ 390(10°) ]
n =238

Check the other locations.
If worse-case is at x = 210 mm, the changes discussed for the slope criterion will im-
prove the strength issue.

7-11 and 7-12 With these design tasks each student will travel different paths and almost all

details will differ. The important points are

e The student gets a blank piece of paper, a statement of function, and some
constraints—explicit and implied. At this point in the course, this is a good experience.

e Itis a good preparation for the capstone design course.

* The adequacy of their design must be demonstrated and possibly include a designer’s
notebook.

* Many of the fundaments of the course, based on this text and this course, are useful. The
student will find them useful and notice that he/she is doing it.

* Don’t let the students create a time sink for themselves. Tell them how far you want them
to go.

7-13

I used this task as a final exam when all of the students in the course had consistent test
scores going into the final examination; it was my expectation that they would not change
things much by taking the examination.

This problem is a learning experience. Following the task statement, the following guid-
ance was added.

* Take the first half hour, resisting the temptation of putting pencil to paper, and decide what
the problem really is.

* Take another twenty minutes to list several possible remedies.

* Pick one, and show your instructor how you would implement it.
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The students’ initial reaction is that he/she does not know much from the problem state-
ment. Then, slowly the realization sets in that they do know some important things that the
designer did not. They knew how it failed, where it failed, and that the design wasn’t good
enough; it was close, though.

Also, a fix at the bearing seat lead-in could transfer the problem to the shoulder fillet, and
the problem may not be solved.

To many students’ credit, they chose to keep the shaft geometry, and selected a new,
material to realize about twice the Brinell hardness.

7-14 In Eq. (7-24) set

_ wd* _ wd?
o647 4
to obtain
2
d E
o= (2) (%) /52 (1)
[ 4 y
or
4%
d=—" |1 2)
b4 gk

(a) From Eq. (1) and Table A-5,

2 6
we (7Y (LY /380C0AU0%) oo s Ans.
24 4 0.282

(b) From Eq. (2),

4(24)%(2)(868) 0.282 .
d = =2in Ans.
w2 386(30)(100)
(¢) From Eq. (2),
n*d |gE
lo=——|—
41\ vy

Since d/1 is the same regardless of the scale.

lw = constant = 24(868) = 20 832

20 832
w =
12

= 1736 rad/s Ans.

Thus the first critical speed doubles.

7-15 From Prob. 7-14, w = 868 rad/s

A =0.78541in?, I =0.04909in*, y =0.282Ibf/in’,
E =30(10% psi, w = Ayl = 0.7854(0.282)(24) = 5.316 Ibf
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One element:

12(12)(24% — 122 — 12?)

6(30)(106)(0.049 09)(24)
yi = w81 = 5.316(1.956)(10~%) = 1.0398(107%) in
yi = 1.0812(107°)

Z wy = 5.316(1.0398)(107%) = 5.528(107%)

Eq. (7-24) 61 = = 1.956(10™*) in/Ibf

Y wy? = 5.316(1.0812)(10~%) = 5.748(10~°)

528(10-2
o) = \/g 2w \/386 [M] — 609 rad/s  (30% low)

S wy? 5.748(1076)

Two elements:

2.658 Ibf 2.658 Ibf

* 6" 6" ‘L ol —ﬂ

18(6)(242 — 182 — 62)
= 6(30)(105)(0.049 09)(24)
S1p =8y = 604 —6°—6%) 8.556(107) in/Ibf
6(30)(109)(0.049 09)(24)
Y1 = w1811 4+ wadin = 2.658(1.100)(10~%) + 2.658(8.556)(1075)
=5.198(107%) in = y»,

yi = y; =2.702(1077) in?
> wy = 2(2.658)(5.198)(10™%) = 2.763(10~?)

= 1.100(10~%) in/Ibf

511 =0

> wy? =2(2.658)(2.702)(1077) = 1.436(107%)

2.763(10—3
w; = /386 2.763(107) =862 rad/s (0.7% low)
1.436(10-%)

Three elements:

1.772 1bf 1.772 1bf 1.772 1bf

’64" 8" 8" 4"61

20(4)(24% — 20% — 42)
= 6(30)(105)(0.049 09)(24)
12(12)(242 — 122 — 122)
= 6(30)(105)(0.049 09)(24)
12(4)(24% — 122 — 4?)
= 6(30)(106)(0.049 09)(24)
4(4)(24% — 42 — 4?)
= 6(30)(10)(0.049 09)(24)

811 =633 = 6.036(107°) in/Ibf

= 1.956(10~%) in/Ibf

22

812 = 8n = 9.416(107) in/Ibf

= 4.104(107°) in/Ibf

13
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yi = 1.772[6.036(107°) + 9.416(107°) + 4.104(107°)] = 3.465(10~*) in
yo = 1.772[9.416(107°) + 1.956(10™%) + 9.416(107°)] = 6.803(10™*) in
y3 = 1.772[4.104(107°) 4+ 9.416(107°) + 6.036(107>)] = 3.465(10~%) in

> wy =2433(107%), Y wy® =1.246(107%)

2.433(1073) )

w; = ,[386| ——— | = 868 rad/s (same as in Prob. 7-14)
1.246(107°)

The point was to show that convergence is rapid using a static deflection beam equation.

The method works because:

* If a deflection curve is chosen which meets the boundary conditions of moment-free and
deflection-free ends, and in this problem, of symmetry, the strain energy is not very sensi-
tive to the equation used.

* Since the static bending equation is available, and meets the moment-free and deflection-
free ends, it works.

7-16 (a) For two bodies, Eq. (7-26) is

(mi811 — 1/w?) ms812 —0
mi & (m28y — 1/w?)
Expanding the determinant yields,
I 1
— | = (midi +m2bn) | — ) +mima(811822 — 812821) = 0 (1)
w W}

Eq. (1) has two roots 1 /w? and 1/w3. Thus
1 1 1 1Y
0 0})\? w0}
GG @) G- e
w? 0wl o) \w ) \w?)

Equate the third terms of Egs. (1) and (2), which must be identical.

11 1
—— =mimy(8118n — 812821) = — = wimma(81182 — 812821)
) @3

and it follows that

or,

1 g2
wy = — Ans.
w1 | wiw2(811822 — 612821)

(b) In Ex. 7-5, Part (b) the first critical speed of the two-disk shaft (w; = 35 Ibf,
wy = 55 1bf) is w; = 124.7 rad/s. From part (a), using influence coefficients

1 3862
wy = =466 rad/s Ans.
124.7\ 35(55)[2.061(3.534) — 2.2342](10-3)
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7-17 In Eq. (7-22) the term \/ I/ A appears. For a hollow unform diameter shaft,

— d}) /64 1 (d2+d?)(d2—d?) 1 T
\f \/ —d?) /4 \/R d2 — d? SVt

This means that when a solid shaft is hollowed out, the critical speed increases beyond that
of the solid shaft. By how much?

1/c13+d2 /

The possible values of d; are 0 < d; < d,, so the range of critical speeds is

wg/ 1+ 0 to about wg/1 + 1

or from w; to «/Ea)s . Ans.

7-18 All steps will be modeled using singularity functions with a spreadsheet. Programming both
loads will enable the user to first set the left load to 1, the right load to 0 and calculate 6;; and
d>1. Then setting left load to 0 and the right to 1 to get §;, and §,>. The spreadsheet shown
on the next page shows the §;; and &, calculation. Table for M /I vs x is easy to make. The
equation for M/1 is:

M/I =D13x +C15(x — ) + E15(x — D' + E17(x —2)!
+C19x — 9+ E19(x —9)' + E21(x — 14)!
+ C23(x — 15)° + E23(x — 15)!

Integrating twice gives the equation for Ey. Boundary conditions y = 0 at x = 0 and af
x = 16 inches provide integration constants (C, = 0). Substitution back into the deflection
equation at x =2, 14 inches provides the &’s. The results are: 8;; — 2.917(10_7),
812 = 81 = 1.627(1077), 855 = 2.231(1077). This can be verified by finite element analysis.

yi = 20(2.917)(1077) 4 35(1.627)(1077) = 1.153(107°)
vy = 20(1.627)(1077) 4+ 35(2.231)(1077) = 1.106(10~°)
yi = 1.329(1071%),  y3 =1.224(107'%)

D wy=6.177(107"), Y wy? =6.942(107%)

Neglecting the shaft, Eq. (7-23) gives

6.177(10—4
w; = /386 # =5860rad/s or 55970rev/min Ans.
6.942(1079)




Repeat for /1 =0 and F, = 1.
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A B C D E F G H 1
| =1 F,=0 R; = 0.875 (left reaction)
2
3 X M I =1, =0.7854
4 0 0 I, = 1.833
5 1 0.875 I; = 2.861
6 2 1.75
7 9 0.875
8 14 0.25
9 15 0.125
10 16 0
11
12 X M/I step slope A slope
13 0 0 1.114 082
14 1 1.114 082
15 1 047736 —0.636 722 477 047736 —0.63672
16 2 0.954 719
17 2 0.954 719 0 —0.068 19 —0.545 55
18 9 0.477 36
19 9 0.305837 —0.1715224 —0.043 69 0.024 503
20 14 0.087 382
21 14 0.087 382 0 —0.043 69 0
22 15 0.043 691
23 15 0.159 155 0.115463 554 —0.15915 —0.11546
24 16 0
25
26 C, = —4.906 001 093
27
28
29 811 = 2.91701E-07
30 821 = 1.6266E-07
1.2
s
Z os}
:3 0.6 -~
0.4
0.2
0 | | | | |
0 2 4 8 10 12 14 16




200 Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

Modeling the shaft separately using 2 elements gives approximately

11.32 Ibf 11 1bf

’e 45" —>f<—45" H!« 3.5" —>{<3.5" »1

T
9"
Rl RZ

The spreadsheet can be easily modified to give

811 = 9.605(1077), 81p = 821 = 5.718(1077), 82 = 5.472(1077)
yi = L716(107°), y, = 1.249(107°), yi =2.946(10"'%),
ys = 156110719, > wy =3.316(10"%), Y wy® =5.052(10"")

316(10—4
b /386 (L2000 o34 raas s

5.052(107%)

A finite element model of the exact shaft gives w; = 5340 rad/s. The simple model is

5.7% low.
Combination Using Dunkerley’s equation, Eq. (7-32):
! ! + ! = 3819rad/s A
— = rad/s Ans.
w} 58607 50342
7-19 We must not let the basis of the stress concentration factor, as presented, impose a view-

point on the designer. Table A-16 shows K;; as a decreasing monotonic as a function of
a/D. All is not what it seems.
Let us change the basis for data presentation to the full section rather than the net section,|

/ /
T = K10 = Kj 7

32T (32T
R =aps ~ M 7

Therefore
K,
Kio="a
Form a table:
(a/D) A K Kt/s
0.050 0.95 1.77 1.86
0.075 0.93 1.71 1.84
0.100 0.92 1.68 1.83 < minimum
0.125 0.89 1.64 1.84
0.150 0.87 1.62 1.86
0.175 0.85 1.60 1.88

0.200 0.83 1.58 1.90
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K, has the following attributes:

e It exhibits a minimum;

* It changes little over a wide range;

e Its minimum is a stationary point minimum ata/D = 0.100;
* Our knowledge of the minima location is

0.075 < (a/D) < 0.125

We can form a design rule: in torsion, the pin diameter should be about 1/10 of the shaft
diameter, for greatest shaft capacity. However, it is not catastrophic if one forgets the rule.

7-20

Choose 15 mm as basic size, D, d. Table 7-9: fit is designated as 15H7/h6. From
Table A-11, the tolerance grades are AD = 0.018 mm and Ad = 0.011 mm.

Hole: Eq. (7-36)
Dpnax = D+ AD =15+0.018 = 15.018 mm  Ans.
Dpin = D = 15.000mm  Ans.

Shaft: From Table A-12, fundamental deviation § = 0. From Eq. (2-39)

dmax = d + 6 = 15.000 + 0 = 15.000 mm  Ans.
dmin =d +0p — Ad =15.0004+0 — 0.011 = 14.989 mm Ans.

7-21

Choose 45 mm as basic size. Table 7-9 designates fit as 45H7/s6. From Table A-11, the
tolerance grades are AD = 0.025 mm and Ad = 0.016 mm

Hole: Eq. (7-36)
Dpnax = D+ AD =45.000 + 0.025 = 45.025 mm  Ans.
Dpin = D =45.000mm  Ans.
Shaft: From Table A-12, fundamental deviation § = +0.043 mm. From Eq. (7-38)

dmin =d + 8 =45.000 + 0.043 = 45.043 mm  Ans.
dmax = d + 6 + Ad = 45.000 4+ 0.043 4+ 0.016 = 45.059 mm  Ans.

7-22

Choose 50 mm as basic size. From Table 7-9 fit is 50H7/g6. From Table A-11, the tolerance
grades are AD = 0.025 mm and Ad = 0.016 mm.

Hole:

Dpax = D+ AD =50+ 0.025 = 50.025 mm  Ans.
Dyin = D = 50.000 mm  Ans.

Shaft: From Table A-12 fundamental deviation = —0.009 mm

dmax = d + 6 = 50.000 4+ (—0.009) = 49.991 mm  Ans.
dmin =d + 0 — Ad

= 50.000 + (—0.009) — 0.016

= 49.975 mm
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7-23 Choose the basic size as 1.000 in. From Table 7-9, for 1.0 in, the fit is H8/f7. From
Table A-13, the tolerance grades are AD = (0.0013 in and Ad = 0.0008 in.

Hole:
Dpax = D + (AD)pole = 1.000 + 0.0013 = 1.0013in  Ans.

Duyin =D =1.0000in Ans.
Shaft: From Table A-14: Fundamental deviation = —0.0008 in

dmax = d + 6 = 1.0000 4 (—0.0008) = 0.9992in  Ans.
dmin =d + 6 — Ad = 1.0000 4 (—0.0008) — 0.0008 = 0.9984 in  Ans.

Alternatively,
Adinin = dmax — Ad = 0.9992 — 0.0008 = 0.9984 in. Auns.

7-24 (a) Basic sizeis D =d = 1.5 in.
Table 7-9: H7/s6 1s specified for medium drive fit.
Table A-13:  Tolerance grades are AD = 0.001 in and Ad = 0.0006 in.
Table A-14: Fundamental deviation is § = 0.0017 in.
Eq. (7-36):  Dmax =D + AD =1.5011in Ans.
Duyin = D =1.500in Ans.
Eq. (7-37):  dmax =d + 8 + Ad = 1.5+ 0.0017 4+ 0.0006 = 1.5023 in  Ans.
Eq. (7-38):  dmin =d +6r =1.540.0017 4 1.5017in  Ans.
(b) Eq. (7-42):  Smin = dmin — Dmax = 1.5017 — 1.501 = 0.0007 in
Eq. (7-43):  Smax = dmax — Dmin = 1.5023 — 1.500 = 0.0023 in

E8max (dg - dz)(dz - dlz)
Eq. (7-40): Pmax =

2d3 d? — d?

109)(0.002 252 —1.5%)(1.52 -0
= B0 2 )5 ) =14720 psi Ans.
2(1.5)3 2.52-0
i — E8min | (d2 —d?) (d* — d?)
23 d2 — d?
30)(10%)(0.0007) [(2.5%2 — 1.5%)(1.52 -0
= GO )1 X ) =4480 psi  Ans.
2(1.5)3 2520

(¢) For the shaft:
Eq. (7-44):  0t.shat = —p = —14720 psi
Eq. (7-46): 0y shatt = —p = —14720 psi
Eq. (5-13): o' = (0} — o102+ 022)1/2
= [(—14720)2 — (—14720)(—14720) + (—14720)%]'/2
= 14720 psi
n=3_S,/0"=57000/14720 = 3.9 Ans.
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(d)

For the hub:

Eq. (7-45):

Eq. (7-46):
Eq. (5-13):

Eq. (7-49)

2.5%2 +1.52
2.52—-1.52

d>+d*
Othub = P—— = (14720) (
dz —d?

Ur,hub = —p = —14 720 pSl

) = 31280 psi

o' = (02 — o100 + o })!/?

= [(31280)% — (31280)(—14720) + (—14720)%]"/? = 40 689 psi
n==_5y,/c" =85000/40689 =2.1 Ans.
T = (/2) fpminld®

= (7/2)(0.3)(4480)(2)(1.5)> = 9500 Ibf - in  Ans.
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8-1
(a) [« 5 mm ] Thread depth= 2.5 mm  Ans.
| | | ’ Width = 2.5 mm  Ans.
omm>f = | g, =25—1.25—1.25=22.5mm
d-=25—-—5=20mm
[=p=5mm Ans.
(b)  f=5mm—| Thread depth = 2.5 mm  Ans.
MS Width at pitch line = 2.5 mm Ans.
LSmm*I d, =22.5 mm

d, = 20 mm

[=p=5mm Ans.

8-2 From Table 8-1,
d- =d—1.226869p
dn =d —0.649519p
d—1.226869p +d — 0.649519p

Using f = 0.08, form a table and plot the efficiency curve.

e
A, deg. e B

0 0 . F

10 0.678 B

20 0.796

30 0.838

40 0.8517 R S S —

= =tanA——"—
T Fdy,/2 tanA+ f tanA + f

d= > =d —0.93819%p
rd*> & 5
Ay = —— = —(d —0.938194p)~ Ans.
4 4
8-3 From Eqg. (¢) of Sec. 8-2,
p—platt/S
1 — ftanA
. Pd, B Fd, tanl+ f
2 21— ftana
Ty Fl/2m) 1— ftanA 1 — ftanA
=—= = tan A Ans.
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8-4 Given F = 6 kN, / =5 mm, and d,, = 22.5 mm, the torque required to raise the load is
found using Egs. (8-1) and (8-6)

S 6(22.5) [5 + n(0.0S)(22.5)] | 6(0.05)(40)
R=""27 | 7(22.5) = 0.08(5) 2

=10234+6=1623N-m Ans.

The torque required to lower the load, from Eqgs. (8-2) and (8-6) is

6(22.5) |: 7(0.08)22.5 -5 ] 6(0.05)(40)
L fd

2 (22.5) + 0.08(5) 2
=0.6224+6=6.622N-m Ans.

Since 77, is positive, the thread is self-locking. The efficiency is

6(5)

Eq. (8-4): ¢ T 2r(16.23)

=0.294 Ans.

8-S Collar (thrust) bearings, at the bottom of the screws, must bear on the collars. The bottom seg-
ment of the screws must be in compression. Where as tension specimens and their grips must
be in tension. Both screws must be of the same-hand threads.

8-6 Screws rotate at an angular rate of

1720

n=——="22.9rev/min
75

(a) The lead is 0.5 in, so the linear speed of the press head is

V =22.9(0.5) = 11.5 in/min  Ans.
(b) F = 2500 Ibf/screw
dn =3—-025=2.75in
seca = 1/co0s(29/2) = 1.033
Eq. (8-5):

2500(2.75) (0.5 + m(0.05)(2.75)(1.033)
R —

2 7(2.75) — 0.5(0.05)(1.033)) = 377.61bf - in
Eq. (8-6):
T, = 2500(0.06)(5/2) = 375 Ibf - in
Tiota1 = 377.6 4 375 = 753 1bf - in/screw
_I5302)
motor = m

b Tn  21.1(1720)
63025 63025

=21.11bf-in

= 0.58 hp Ans.
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8-7 The force F is perpendicular to the paper.

il ——
+—t =t —(+
- —I T [
. I ; 16 16
[
| |<J:— 2.406 |
| N
1 7 .
L=3——-—-— — =2.406 in
8 32
T =2.406F
M=|L ! F = |(2.406 ! F =2.188F
B 32)° \7 32)° 7
Sy = 41 kpsi

s 32M  32(2.188)F
Y md3 T 7(0.1875)3

F = 12.13 Ibf
T =2.406(12.13) =29.2 Ibf - in  Ans.

(b) Eq. (8-5),2a = 60°,1 = 1/14 = 0.0714 in, f = 0.075,seca = 1.155, p = 1 /14 in

= 41000

7 1
dp = — —0.649519 — | =0.39111in
16 14

Tr =
k 2 Den

Num = 0.0714 + 7(0.075)(0.3911)(1.155)

Den = 7(0.3911) — 0.075(0.0714)(1.155)

T = 0.028 45 Fjamp

Fau = — T = 29.2
0.02845  0.02845

Felamp(0.3911) (Num)

= 1030 Ibf Ans.

(¢) The column has one end fixed and the other end pivoted. Base decision on the mean
diameter column. Input: C=12, D=0.391in, S, =41kpsi, E = 30(106) psi,
L =4.1875in,k=D/4=0.097751in, L/k = 42.8.
For this J. B. Johnson column, the critical load represents the limiting clamping force
for bucking. Thus, Fejamp = Per = 4663 1bf.

(d) This is a subject for class discussion.

8-8 T =6(2.75) = 16.51bf - in
5 1 :
dy = - — — =0.5417 in
g 12

29°

| =-=0.16671n, o= = 14.5°, sec14.5° =1.033

N —
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0.1667 % 7(0.15)(0.5417)(1.033
Eq. (8-5): T = 0.5417(F/2) + 7(0.15) O3 _ ) o606 F

7(0.5417) — 0.15(0.1667)(1.033)
Eq. (8-6): T, = 0.15(7/16)(F/2) = 0.03281F

Tiota = (0.0696 + 0.0328) F = 0.1024F
16.5
= —+— =1611bf Ans.
0.1024

89 d, =40 -3 =37 mm,[ =2(6) = 12 mm
From Eq. (8-1) and Eq. (8-6)
10(37) | 12 + 7(0.10)(37) 10(0.15)(60)
k=" |:71(37) - 0.10(12)] * 2
=38.0+45=83.0N-m
Sincen =V /Il =48/12 = 4 rev/s
w=2nrn =2m(4) = 8x rad/s

so the power is
H=Tw=283.0(87) =2086 W Ans.

8-10
@ dn,=36—-3=33mm,/ =p=6mm
From Egs. (8-1) and (8-6)
_ 33F [6 + 71(0.14)(33)i| n 0.09090) F
2 [7(33) —0.14(6) 2
=(3.2924+4.050)F =7.34F N-m
w=2nrn =2m(1) = 2 rad/s
H=Tow
T:E = w =477N-m
1) 2
F = ﬂ = 65.0kN Ans.
7.34
Fl 65.0(6)
(b) e = 2T = @77 =0.130 Ans.
8-11

1
(@) Ly =2D + 1= 2(0.5) +0.25=1.25in Ans.
(b) From Table A-32 the washer thickness is 0.109 in. Thus,
[=05405+0.109 =1.1091in Ans.

(¢) From Table A-31, H = =0.4375in Ans.

@)

1
1
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(d) I+ H =1.109 + 0.4375 = 1.5465 in
This would be rounded to 1.75 in per Table A-17. The bolt is long enough. Ans.

) ly=L—-L7=175-125=0500in Ans.
l,=1—-1;=1.109 —0.500 =0.609 in Ans.
These lengths are needed to estimate bolt spring rate kp, .

Note: In an analysis problem, you need not know the fastener’s length at the outset,
although you can certainly check, if appropriate.

8-12

(@) Lt =2D +6 =2(14) +6 = 34 mm Ans.

(b) From Table A-33, the maximum washer thickness is 3.5 mm. Thus, the grip is,
[=144+14+35=31.5mm Auns.

(¢) From Table A-31, H = 12.8 mm

d [ +H=315+128 =443 mm
Adding one or two threads and rounding up to L = 50 mm. The bolt is long enough.
Ans.

() y=L—-L7=50-34=16mm Ans.

Li=1—-13=315—-16=155mm Ans.
These lengths are needed to estimate the bolt spring rate kp .

8-13

1
(@ Lt =2D+ 1= 2(0.5) +0.25=1.25in Ans.

, d d 0.5 )
(b) / >h—|—§=t1+520.875—|—7=1.1251n Ans.

() L>h+15d =1t +1.5d =0.875+1.5(0.5) = 1.625 in
From Table A-17, this rounds to 1.75 in. The cap screw is long enough. Ans.

dIlyg=L—-Lr=175-125=0.500in Ans.
I;=101'"—1;=1125-0.5=0.625in Ans.

8-14

@ Lr =2(12) +6 =30mm Ans.
d d 12

(¢) L>h+15d =1t +1.5d =20+ 1.5(12) = 38 mm
This rounds to 40 mm (Table A-17). The fastener is long enough. Ans.

d ly=L—Lyr=40-30=10mm Ans.
Ir=1'—1;=26—-10= 16 mm Ans.
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8-15
(a) Ag = 0.7854(0.75)% = 0.442 in®

Awpe = 0.7854(1.125% — 0.75%) = 0.552 in?
AgE  0.442(30)(10°)

kp = "= = = 1.02(10%) Ibf/in  Ans.
grip 13
AuweE  0.552(30)(10° ,
kyy = —be™ 300 _ 1.27(10°) 1bf/in ~ Ans.
13 13
1.02
="  —0.445 Ans.
1.02 +1.27
Dy — s= L 11 000083
Ti = — - = — = V. m
— 16 3 48
Original bolt
§ 5| |P|l (13 —0.02083)|P| 0.79(10-D)| P
— — = 9. n
Nut advance El: b AE J,  0.442(30)(105)
8»1
» 1P|l |P|(13) o
Equilibrium 18m| = = = 7.85(107")|P| in
AE )~ 0.552(30)(10°)

A
18] + 18m] = 8 = 0.02083
9.79(1077)|P| + 7.85(1077)| P| = 0.020 83
0.020 83

Fi=|P|= — 118101bf Ans.
9.79(10~7) + 7.85(10~7)

(c) At opening load Py
9.79(1077) Py = 0.020 83

.02
0 = M = 21280 1bf Ans.
9.79(107)
Asacheckuse F; =(1 —C)P,
F; 11810

Py = = 21280 Ibf

1—C  1-0.445

8-16 The movement is known at one location when the nut is free to turn
6=pt=t/N
Letting N; represent the turn of the nut from snug tight, N; = 6/360° and§ = N;/N.

The elongation of the bolt § is
_F
=%

The advance of the nut along the bolt is the algebraic sum of |§;| and |5, |

3p
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N
18b1 +18m| = <
Fi F N
—_t — = —
ky  km N
1 1 kp + ki, 0
N, =NF | —+ —| = F;N = —— Ans.
’ ’[kb+km] ( Kl > 73600 Y

As a check invert Prob. 8-15. What Turn-of-Nut will induce F; = 11 808 1bf?

1 1
N; = 16(11808
! ( ) <1.02(106) * 1.27(106))

= 0.334 turns = 1/3 turn  (checks)

The relationship between the Turn-of-Nut method and the Torque Wrench method is as
follows.

ky + k
N, = < bt ’") FN  (Turn-of-Nut)

kpkm
T = KF;d (Torque Wrench)
Eliminate F;
kp +km\ NT 0
Ny = ( Kok ) Kd = 3600
8-17
(a) From Ex. 8-4, F; = 14.4 kip, k, = 5.21(10°) Ibf/in, k,,, = 8.95(10°) Ibf/in
Eq. (8-27): T = kF;d = 0.2(14.4)(10%)(5/8) = 1800 Ibf - in  Ans.
From Prob. 8-16,
{— NF. (i N i) _ 16(14.4)(103)[ L, ! ]
kp  kn 5.21(10%) ~ 8.95(109)

= 0.132 turns = 47.5° Ans.

Bolt group is (1.5)/(5/8) =2.4 diameters. Answer is lower than RB&W|
recommendations.

(b) From Ex. 8-5, F; = 14.4 kip, k;, = 6.78 Mlbf/in, and k,,, = 17.4 Mlbf/in
T = 0.2(14.4)(10°)(5/8) = 1800 Ibf - in  Ans.

1 1
= 11(14.4)(10%) [6_78(106) * 17.4(106)]

=0.0325 =11.7° Ans. Again lower than RB&W.

8-18 From Eq. (8-22) for the conical frusta, withd/l = 0.5

K B 0.5774m
Ed|/h—os 2In{5[0.5774+ 0.5(0.5)1/[0.5774 + 2.5(0.5)]}

=1.11
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Eq. (8-23), from the Wileman et al. finite element study, using the general expression,
ki

— = 0.78952exp[0.629 14(0.5)] = 1.08
Ed (d/1)=0.5

8-19

For cast iron, from Table 8-8: A = 0.778 71, B = 0.616 16, E = 14.5 Mpsi

; 0.625 o
ki = 14.5(10°)(0.625)(0.778 71) exp ( 0.616 16—~ ) = 9.12(10°) Ibffin

This member’s spring rate applies to both members. We need &, for the upper member
which represents half of the joint.

kei = 2k, = 2[9.12(10%)] = 18.24(10%) Ibf/in
For steel from Table 8-8: A = 0.78715, B = 0.628 73, E = 30 Mpsi

k= 30(10°)(0.625)(0.787 15) exp(0.628 73%) = 19.18(10°) Ibf/in
kgeel = 2k = 2(19.18)(10%) = 38.36(10°) Ibf/in
For springs in series
1 1 1 1 1
km ke kgeel - 18.24(109%) * 38.36(109)
km = 12.4(10°) Ibf/in  Ans.

8-20

The external tensile load per bolt is
1
10

Also, [ =40 mm and from Table A-31, for d = 12 mm, H = 10.8 mm. No washer is
specified.

(%)(150)2(6)(10_3) — 10.6 kKN

Lt =2D+6=2(12) + 6 = 30 mm
[+ H =40+ 10.8 = 50.8 mm
Table A-17: L = 60 mm
l; =60 —30=30mm
l; =45 —30 = 15 mm
m(12)?
T4
Table 8-1: A; =843 mm?

Eq. (8-17):

— 113 mm?

Ay

113(84.3)(207
kp = ( )207) = 466.8 MN/m
113(15) + 84.3(30)

Steel: Using Eq. (8-23) for A = 0.787 15, B = 0.628 73 and E = 207 GPa
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Eq. (8-23): km = 207(12)(0.787 15) exp[(0.628 73)(12/40)] = 2361 MN/m
kg = 2k, = 4722 MN/m
Castiron: A =0.77871, B = 0.616 16, E = 100 GPa
km = 100(12)(0.778 71) exp[(0.616 16)(12/40)] = 1124 MN/m
kei = 2k, = 2248 MN/m

é:éﬂé = ky = 1523 MN/m
_ 466.8
466.8 + 1523
Table 8-1: A, = 84.3 mm?, Table 8-11, S, = 600 MPa
Egs. (8-30) and (8-31): F; = 0.75(84.3)(600)(107%) = 37.9 kN
Eq. (8-28):

= 0.2346

_ S,A— F; 600(107%)(84.3) — 37.9
- crP 0.2346(10.6)

n =51 Ans.

8-21 Computer programs will vary.

8-22 D3 =150mm, A =100 mm, B =200 mm, C =300 mm, D =20 mm, £ =25 mm.
ISO 8.8 bolts: d = 12 mm, p = 1.75 mm, coarse pitch of p = 6 MPa.

1
p=—(2 (150%)(6)(10~%) = 10.6 kN/bolt
10\ 4
=D+ E =20+25=45mm
L7t =2D+6=2(12) + 6 = 30 mm
Table A-31: H = 10.8 mm
[+ H =45+ 10.8 = 55.8 mm
Table A-17: L = 60 mm

\ D, |

-,

w
'
'
'
'
'
'
1

l;=60—30=30mm, [ =45-30=15mm, Ay =7(122/4) =113 mm?
Table 8-1: A; = 84.3 mm?
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Eq. (8-17):

113(84.3)(207)
~ 113(15) + 84.3(30)
There are three frusta: d,, = 1.5(12) = 18 mm

Dy = (20tan 30°)2 + dy, = (20tan30°)2 + 18 = 41.09 mm
Upper Frustum: t =20mm, E = 207 GPa, D = 1.5(12) = 18 mm
Eq. (8-20): ki = 4470 MN/m
Central Frustum: t =25mm, D =41.09 mm, E = 100 GPa (Table A-5) = k, =
52230 MN/m
Lower Frustum: t=225mm, E =100GPa,D =18mm = k3 =2074 MN/m
From Eq. (8-18): kn = [(1/4470) + (1/52230) + (1/2074)]"! = 1379 MN/m
466.8

" 466.8 + 1379

= 466.8 MN/m

b

Eq. (e), p. 421: = 0.253
Eqs. (8-30) and (8-31):
F; = KF, = KA,S, = 0.75(84.3)(600)(107°) = 37.9 kN
_ SpAr—F;  600(1073)(84.3) — 37.9
CP 0.253(10.6)

Eq. (8-28): n =4.73 Ans.

8-23

8
From Fig. 8-21,#; = h = 20 mm and #, = 25 mm
[ =204 12/2 =26 mm
t =0 (no washer), Ly =2(12) + 6 = 30 mm
L>h+15d =20+ 1.5(12) =38 mm

P = l(%)(1202)(6)(10—3) = 8.48 kN

Use 40 mm cap screws.
lg =40 —30 = 10 mm
,=1—-1;=26—10=16 mm
Ag=113mm?, A, =843 mm’

Eq. (8-17):

_ 113(84.3)(207)
b= 113(16) + 84.3(10)

=744 MN/m Ans.

dy = 1.5(12) = 18 mm

D = 18 + 2(6)(tan 30) = 24.9 mm | » |
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From Eq. (8-20):
Top frustum: D =18,t =13, E =207GPa = k; = 5316 MN/m
Mid-frustum: t=7,E =207 GPa,D =249 mm = k= 15620 MN/m
Bottom frustum: D =18,t =6, FE =100GPa = k3 = 3887 MN/m
1
- (1/5316) + (1/55620) + (1/3887)
C— 744
744 4 2158
From Prob. 8-22, F; = 37.9 kN
SpA; — F; 600(0.0843) — 37.9
T CP T 0.256(8.48)

= 2158 MN/m Ans.

m

= 0.256 Ans.

n

=584 Ans.

8-24

Calculation of bolt stiffness:
H =7/161n
Lr=2(1/2)4+1/4=11/4in
l=1/2+5/8+4+0.095=1.221in
L >1.12547/16+ 0.095 = 1.66 in
Use L =1.751n

ly=L— Ly =1.75-1.25=0.500 in
I, = 1.125 4 0.095 — 0.500 = 0.72 in

Ag = 1(0.50%) /4 = 0.1963 in’

A, = 0.1419 in? (UNC)

_ AE _0.1419(30)

k, — 5.9125 MIbf/in
I, 0.72
AZE  0.1963(30
ky = =4 — GO _ 11778 Mibfin
I 0.500

1

= 3.936 Mlbf/in Ans.

ko= (1/5.9125) + (1/11.778)
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Member stiffness for four frusta and joint constant C using Egs. (8-20) and (e).

Top frustum: D =0.75,t =0.5,d =0.5,E =30 = k; = 33.30 Mlbf/in

2nd frustum: D = 1.327,t =0.11,d =05,E =145 = k, = 173.8 Mlbf/in
3rd frustum: D = 0.860,t =0.515,E =14.5 = k3 = 21.47 Mlbf/in

Fourth frustum: D =0.75,t =0.095,d =0.5,E =30 = k4= 97.27 Mlbf/in

4 —1
ko = (Z 1 /k,) = 10.79 Mlbf/in  Ans.
i=1

C =3.94/(3.94 +10.79) = 0.267 Ans.

8-25

_ AE 0.1419(30)

kp = = = 5.04 Mlbf/in Ans.
) 0.845

From Fig. 8-21,
1
h = 2 + 0.095 = 0.595 in

d 0.5
l:h-l—z =O.595+7=0.845

Dy =0.75+ 0.845tan 30° = 1.238 in
[/2 =0.845/2 = 0.4225 in
From Eq. (8-20):

Frustum 1: D=0.75,t =0.4225in,d = 0.51in, E = 30 Mpsi = k; = 36.14 Mlbf/in
Frustum?2: D=1.0181n,t=0.1725in, E= 70 Mpsi,d = 0.5 in = k, = 134.6 Mlbf/in
Frustum 3: D=0.75,t =0.25in,d = 0.51in, E = 14.5 Mpsi = k3 = 23.49 MIbf/in

1

ks = — 12.87 Mibf/in  Ans.
(1/36.14) + (1/134.6) + (1/23.49)

5.04

= —— =0.281 Ans.
5.04 +12.87
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8-26 Referto Prob. 8-24 and its solution. Additional information: A = 3.5 in, Dy, = 4.25 in, static
pressure 1500 psi, Dp = 6 in, C (joint constant) = 0.267, ten SAE grade 5 bolts.
1 m(4.25%)

- (1500) = 2128 Ibf
10 4

From Tables 8-2 and 8-9,
A, =0.1419 in?
Sy = 85000 psi
F; = 0.75(0.1419)(85) = 9.046 kip
From Eq. (8-28),
SpA; — F;  85(0.1419) — 9.046

n= = =5.31 Ans.
cP 0.267(2.128)

8-27 From Fig. 8-21,#; =0.251n
h =0.254+0.065 =0.3151in
l=h+(d/2) =0.315+(3/16) = 0.5025 in
D; = 1.5(0.375) + 0.577(0.5025) = 0.8524 in
D, = 1.5(0.375) = 0.5625 in
[/2 =0.5025/2 = 0.25125 in

’eosms H‘ i

L— 0.6375" 0. 065

E =30Mpsi, ¢t =0.065in, D =0.5625 in
k = 78.57 Mlbf/in (by computer)

Frustum 1: Washer

Frustum 2: Cap portion
k—o.asw—»‘ i

/ ‘ \018625
F—osm *Jj

E =14Mpsi, t=0.186251n
D = 0.5625 + 2(0.065)(0.577) = 0.6375 in
k = 23.46 MlIbt/in (by computer)

Frustum 3: Frame and Cap

NERVE:
i 0.21125"

Po.sézs“%
E =14Mpsi, t=0.25125in, D =0.5625in
k = 14.31 Mlbt/in (by computer)

ko =

= 7.99 MIbf/in Ans.

71 /D 1-/1 42
- L/

/I/\ [ 1
40) = (1/14.01)

1 /7Q &7\

ya /
(r/70.57)
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For the bolt, LT =2(3/8) + (1/4) = 1in. So the bolt is threaded all the way. Since
A; = 0.0775 in?
_0.0775(30)

b= = 4.63 MIbf/in Ans.
0.5025

8-28
(@) F, =RF, . sinf

Half of the external moment is contributed by the line load in the interval 0 < 6 < .

T b
— = [ FR*sin0df = / F}, max R sin” 0 d
0 0

from which Fj, . = e
’ T

) M o) M

F, :/ F/Rsinfdf = —/ Rsinf df = ——(cos ¢ — cos ¢»)

max 1 b 7TR2 1 TR 1 2

Noting ¢; = 75°, ¢, = 105°
12000

max = ————(c0s 75° — cos 105°) = 494 1bf  Ans.

7(8/2)

(b) Fow = F,  RAG = 1 (ry () = 2M
max = b, max T 7R? N ) RN

B 2(12000)

max = ———— = 500 1bf Ans.
(8/2)(12)

(¢) F = Fxsinf
M = 2Fuax RI[(1) sin? 90° + 2 sin® 60° + 2 sin” 30° + (1) sin?(0)] = 6 Fpax R
from which

M 12000

Fo = —— = ———— =500 Ibf Ans.
max = 6R T 6(8/2) "

The simple general equation resulted from part (b)
2M

Fmax:ﬁ

8-29 (a) Table 8-11: S, = 600 MPa

Eq. (8-30): F; =0.9A;S, = 0.9(245)(600)(107%) = 132.3 kN
Table (8-15): K =0.18

Eq. (8-27) T =0.18(132.3)(20) =476 N-m Ans.
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(b) Washers:t = 3.4mm,d =20mm, D = 30mm, £ = 207 GPa = k; = 42175 MN/m
Castiron: t = 20 mm, d = 20 mm, D = 30 + 2(3.4) tan 30° = 33.93 mm,
E =135GPa =k, =7885MN/m
Steel: t = 20 mm, d = 20 mm, D = 33.93 mm, E = 207 GPa = k3 = 12090 MN/m
k= (2/42175 + 1/7885 + 1/12090) ' = 3892 MN/m
Bolt: ] = 46.8 mm. Nut: H = 18 mm. L > 46.8 4+ 18 = 64.8 mm. Use L = 80 mm.
L7 =2(20) 4+ 6 =46 mm, [; = 80 — 46 = 34 mm, [, = 46.8 — 34 = 12.8 mm,
A, =245 mm?, Ay = 720°/4 = 314.2 mm?
AJAE 314.2(245)(207)

= = = 1290 MN/m
Agly + Asly  314.2(12.8) + 245(34)

kp

C =1290/(1290 + 3892) = 0.2489, S, =600 MPa, F; =132.3kN
_ SpA— F; 600(0.245) — 132.3

= = =157 Ans.
C(P/N) 0.2489(15/4)

Bolts are a bit oversized for the load.

8-30 (a) ISOM 20 x 2.5 grade 8.8 coarse pitch bolts, lubricated.
Table 8-2 A; = 245 mm?
Table 8-11 Sy = 600 MPa
Ag = 1(20)?/4 = 314.2 mm?
F, = 245(0.600) = 147 kN
F; =0.90F, = 0.90(147) = 132.3 kN
T =0.18(132.3)(20) =476 N-m Ans.
(b) L >1+ H =48 + 18 = 66 mm. Therefore, set L = 80 mm per Table A-17.
Lt =2D + 6 =2(20) + 6 = 46 mm
lg=L—Lr=80—46=34mm
i, =1—-1; =48 —34 = 14 mm

<48 grip ﬂ
LT T "] Notto
__________ scale
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~AJAE 3142(245)(207)
CAgl 4+ Ay 314.2(14) + 245(34)

kp = 1251.9 MN/m

) )
%p—ﬂ%#—»

Use Wileman et al.
Eq. (8-23)
A=0.78715, B =0.62873

ki Bd 20
— =Aexp|— ) =0.78715exp | 0.628 73 [ — ) | = 1.0229
Ed L 48

G
ki = 1.0229(207)(20) = 4235 MN/m
1251.9
0.228

T 1251.9 + 4235

Bolts carry 0.228 of the external load; members carry 0.772 of the external load. Ans.
Thus, the actual loads are

F, = CP + F, = 0.228(20) + 132.3 = 136.9 kN
Fp=(1—C)P—F =(1-0.22820—1323=—116.9kN

8-31 Given pyax = 6 MPa, pnin = 0 and from Prob. 8-20 solution, C = 0.2346, F; = 37.9 kN,

A; = 84.3 mm°.
For 6 MPa, P = 10.6 kN per bolt
F;  37.910°
0, = — = 3750107 = 450 MPa
A, 84.3
Eq. (8-35):

CP _ 0.2346(10.6)(10%)
2A;, 2(84.3)
om = 0, + 07 = 14.75 + 450 = 464.8 MPa

= 14.75 MPa

Oq =

(a) Goodman Eq. (8-40) for 8.8 bolts with S, = 129 MPa, §,; = 830 MPa

_ Se(Sur — o) 129(830 — 450)

 Su+S.  830+129
Sq  51.12

=20 2% 347 Aps,
T e T 1475 s

Sa = 51.12 MPa
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(b) Gerber Eq. (8-42)
1
Sa = 2—&[514[\/55; + 4S€(S€ + al) - Sl%l‘ - 20—156]

1
= 2(129)
— 76.99 MPa

[830,/830 + 4(129)(129 + 450) — 830> — 2(450)(129)]

76.99
nfF=——
F= 1475

(¢) ASME-elliptic Eq. (8-43) with §;, = 600 MPa

Se
S, :7(S,/SZ+SZ—0.2—GI-S)
“ S2+ 82 Py =p T e T ¢

=5.22 Ans.

- [600v/6002 + 1292 — 4502 — 450(129) ] = 65.87 MPa
6002 4 1292
65.87
=_——— =447 Ans.
T a5 ”
8-32 , ,
A 7D 0.9%)(550
p=rd_mDp 7O _ g Nspolc
N 4N 4(36)
Table 8-11: Sy, =830MPa, S, =1040 MPa, S, = 940 MPa
Table 8-1: A; = 58 mm®

Ag = m(10%)/4 = 78.5 mm?
=D+ E =20+25=45mm
L7 =2(10) + 6 =26 mm
Table A-31: H = 8.4 mm
L>]l4+H=45+8.4=534mm
Choose L = 60 mm from Table A-17
ly=L— Ly =60—-26=34mm
ly,=1—1;=45—-34 =11 mm
AJAE 78.5(58)(207)

k = =
DT AL+ Ady  785(11) + 58(34)

= 332.4 MN/m
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Frustum 1: Top, E =207,t =20 mm,d = 10 mm, D = 15 mm

K — 0.57747(207)(10)
In ”:1.155(20) + 15— 10i| (15 + 10)}
1.155(20) + 154+ 10| \ 15— 10
= 3503 MN/m
Frustum 2: Middle, E =96 GPa, D = 38.09 mm, ¢t = 2.5 mm,d = 10 mm
0.57747(96)(10)
ky, =

In 1.155(2.5) +38.09 — 10 | /38.09 + 10
1.155(2.5) + 38.09 + 10 | \ 38.09 — 10

— 44044 MN/m

could be neglected due to its small influence on k,,.
Frustum 3: Bottom, £ =96 GPa,r =22.5mm,d = 10 mm, D = 15 mm

e 0.57747(96)(10)
3T " 1.155(22.5) + 15— 107 /154 10
1.155(22.5) + 15+ 10 | \ 15 =10
—= 1567 MN/m
1
= — 1057 MN/m
(1/3503) + (1/44044) + (1/1567)
332.4
= "7 0239
332.4 + 1057

F; =0.75A,S, = 0.75(58)(830)(107°) = 36.1 kN

Table 8-17: S, = 162 MPa
o = 1 361000 _ 62 Mpa
A, 58
(a) Goodman Eq. (8-40)
Se(Syr —oi)  162(1040 — 622)
T Su+S. 1040+ 162

56.34

= 56.34 MPa

a

(b) Gerber Eq. (8-42)

Sa [Sm\/ 2, 4 4Sy(Se + 07) — S, — 207 Se]

1
28,

__ b 5 o
= 2(162) [1040/10402 + 4(162)(162 + 622) — 1040 — 2(622)(162)]

= 86.8 MPa
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cpP 0.239(9.72)(10%)

0 = = 20 MPa
2A,; 2(58)
S, 86.8
=—=——=4.34 Ans.
ng o 20 ns

(¢) ASME elliptic

Se
S, = S, /824 82— 02 —0;S
‘ Sg+sg(p poore )

162
= — 2 2 _ 2 _
~ 8302 + 1622 [830v/8302 + 1622 — 6222 — 622(162)] = 84.90 MPa
84.90
= =424 Ans.
ng 20 ns

8-33 Let the repeatedly-applied load be designated as P. From Table A-22, S, =
93.7 kpsi. Referring to the Figure of Prob. 3-74, the following notation will be used for the
radii of Section AA.

rp=1in, r,=2in, r.=15in
From Table 4-5, with R = 0.5 in
rp = 05 = 1.457 107 in
2(1.5 - V1.52-0.5?)
e=r.—r,=15—1457107 = 0.042893 in
Co =Ty —1n =2—1.457109 = 0.542893 in
ci =rp —r; = 1.457107 — 1 = 0.457107 in
A =m(1%)/4 = 0.7854 in®

If P is the maximum load

M = Pr.=15P

P ~ P 1.5(0.457
o= (1479 = |4 LOBDN oo
eri ) 07854 0.0429(1)

o; 21.62P
o'a = O’m = — =

2

= 10.81P

(@) Eye: Section AA
k, = 14.4(93.7)7%718 = 0.553
d, =0.37d = 0.37(1) = 0.37 in

37\ ~0-107
kp = <£> =0.978

0.30
k. =0.85
S, =0.5(93
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(b)

(0

Since no stress concentration exists, use a load line slope of 1. From Table 7-10 for

Gerber
93.72 2(21.5)\?
_ 141 — 20.47 kpsi

“ T 50215 +\/ +( 93.7 ) pst

Note the mere 5 percent degrading of S, in S,

S, 2047(10%) 1894
nNf —m— — —= =
F =%, 10.81P P

Thread: Die cut. Table 8-17 gives 18.6 kpsi for rolled threads. Use Table 8-16 to find
S, for die cut threads

S, = 18.6(3.0/3.8) = 14.7 kpsi
Table 8-2:

A; = 0.663 in®
o = P/A;, = P/0.663 = 1.51P
04 =0m=0/2=151P/2=0.755P

From Table 7-10, Gerber

1202 2014.7)\? .
S, 14+ 1+ = 14.5 kpsi

= 2(14.7) 120

Sa 14500 19200

T T 0755 P
a .

Comparing 1894/ P with 19200/ P, we conclude that the eye is weaker in fatigue.
Ans.

Strengthening steps can include heat treatment, cold forming, cross section change (a
round is a poor cross section for a curved bar in bending because the bulk of the mate-|
rial is located where the stress is small). Ans.

Forny =2

1894
P = — = 947 1bf, max. load Ans.

8-34 (a)

(b)

41
Lz 1.542(0.134) + = =241 in. Use L = 21lin  Ans.

Four frusta: Two washers and two members
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Washer: E = 30 Mpsi,t =0.134in, D = 1.125in,d = 0.75 in

Eq. (8-20): ki = 153.3 Mlbt/in
Member: E = 16 Mpsi,t =0.751in, D = 1.2801in,d = 0.75 in
Eq. (8-20): ko = 35.5 Mlbf/in

1

Ky = — 14.41 MIbffin  Ans.
(2/153.3) + (2/35.5)

Bolt:
Lt =23/4)+1/4 = 1%, in
[ =2(0.134) 4+ 2(0.75) = 1.768 in
ly=L—Lyr=250—-1.75=0.75in
I, =1—1;=1.768 —0.75 = 1.018 in
A, =0.373in?> (Table 8-2)
Ag = 1(0.75)%/4 = 0.442 in®

A A E 0.442(0.373)(30
ky = —470— ( )30) — 6.78 MIbf/in
Agl, + Ay 0.442(1.018) + 0.373(0.75)
6.78
— "% _0320 Auns.
6.78 + 14.41

(¢) From Eq. (8-40), Goodman with S, = 18.6 kpsi, S,; = 120 kpsi
_18.6[120 — (25/0.373)]

= 7.11 kpsi
“ 120 + 18.6 bt
The stress components are
CP 0.320(6
Oy = = © = 2.574 kpsi

24,  2(0.373)

F; 25 .
om =04+ — =2.574+ ——— = 69.6 kpsi

A, 0373
s, 711
e T 2574 s

(d) Eq. (8-42) for Gerber

= 10.78 kpsi
10.78
=——=4.19 Ans.
= Ggs T Y Ans
85
(e) Nproof = =27 7n g — 1.17 Ans.

2.654 4+ 69.8

Ans.

S, = ! 120, /1202 4 4(18.6) | 18.6 + 25 120> =2 25
77 2(18.6) ’ 0 0.373 0.373

)
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8-35
(a) Table 8-2: A, =0.1419 in?
Table 8-9: S, = 85 kpsi, S,; = 120 kpsi
Table 8-17: Se = 18.6 kpsi
F; =0.75A;S, = 0.75(0.1419)(85) = 9.046 kip
4.
= i =0.236
4.94 +15.97
CcP 0.236P
o, = = = 0.832P kpsi
2A;  2(0.1419)
Eq. (8-40) for Goodman criterion
18.6(120 — 9.046/0.1419) .
S, = =7.55k
“ 120 + 18.6 Pol
Sa 7.55 .
e — =2 P =4.54kip Ans.
M e T 0832P - b Ans
(b) Eq. (8-42) for Gerber criterion
1 9.046 9.046
S, = 120, /1202 + 4(18.6) ( 18.6 + —— ) — 120> — 2 ——— ) 18.6
¢ 2(18.6) [ \/ +4(18.6) ( * 0.1419) <0.1419> }
= 11.32 kpsi
A\ 11.32
nf = — = =
o, 0.832P
From which
11.32 .
= = 6.80kip Ans.
2(0.832)
(¢) o, =0.832P = 0.832(6.80) = 5.66 kpsi
om = Ss+ 0, =11.32+ 63.75 = 75.07 kpsi
Load factor, Eq. (8-28)
S,A; — F; 85(0.1419) — 9.046
p = opAr— ki 8 ) =1.88 Ans.
CP 0.236(6.80)
Separation load factor, Eq. (8-29)
F; 9.046
n— ! = =1.74 Ans.
(1—-C)P 6.80(1 —0.236)
8-36  Table 8-2: A, =0.969 in* (coarse)
A; = 1.073in* (fine)
Table 8-9: Sy, =74 kpsi, S,; = 105 kpsi
Table 8-17: Se = 16.3 kpsi
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Coarse thread, UNC
F; = 0.75(0.969)(74) = 53.78 kip

F 5378
= DL 2210 g5 5 ks
o= A, T 0.969 pst
cP  030P
_Cr — 0.155P kpsi
%= 54, T 2(0.969) pst
Eq. (8-42):
S =563 [105/1052 + 4(16.3)(16.3 + 55.5) — 105> — 2(55.5)(16.3)] = 9.96 kpsi
S, 9.96

nf = =
o, 0.155P

From which
9.96

= 0.155(2)

=32.13kip Ans.

Fine thread, UNF
F; =0.75(1.073)(74) = 59.55 kip

59.55
0i = ———= = 55.5 kpsi
1.073
0.32P
= —— = 0.149P kpsi
%= 2(1.073) Pl
S, =9.96 (as before)
Sa 9.96
o, 0.149pP
From which
9.96
= = 33.42kip Ans.
0.149(2)
Percent improvement
33.42 — 32.13 .
——(100) = 4% Ans.
32.13

8-37

For aM 30 x 3.5ISO 8.8 bolt with P = 80 kN/bolt and C = 0.33

Table 8-1: A; = 561 mm?
Table 8-11: S, = 600 MPa
S, = 830 MPa

Table 8-17: S. = 129 MPa
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F; = 0.75(561)(107°)(600) = 252.45 kN
_252.45(107%)

: = 450 MP
Oj 361 50 a
P 0. 103
Op = cP _ 03ENA0) _ 53 53 mpa
24, 2(561)

Eq. (8-42):

1
Sa = 2129 [830/8302 + 4(129)(129 + 450) — 830 — 2(450)(129)] = 77.0 MPa

Fatigue factor of safety
S, 77.0
ng = =" =327 Ans.
o, 23.53
Load factor from Eq. (8-28),
_ SA—Fp 600(1073)(561) — 252.45
-~ CcP 0.33(80)

=3.19 Ans.

n

Separation load factor from Eq. (8-29),

F; 252.45

= = =471 Ans.
(1-C)P (1 -0.33)(80)

n

8-38
(a) Table 8-2: A; = 0.0775 in®
Table 8-9: Sy =85 kpsi, S, = 120 kpsi
Table 8-17: Se = 18.6 kpsi
Unthreaded grip
AJE  m(0.375)%(30)
T T 4135

kp = (.245 MlIbf/in per bolt Ans.
_ T 2 2y T 242y ")
Ay = 4[(D—|-2t) D] = 4(4.75 4°) = 5.154 in

kim

AL E 154 1
=T — 3.154630) (1 = 2.148 Mlbf/in/bolt. Ans.
I 12 6
(b) F; = 0.75(0.0775)(85) = 4.94 kip
oi = 0.75(85) = 63.75 kpsi
2000
P=pA= T[%M)Z] — 4189 Ibf/bolt
B 0.245
©0.245+2.148
CP  0.102(4.189)

Oy = = =2.77 kpSi
2A; 2(0.0775)

=0.102
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Eq. (8-40) for Goodman
_ 18.6(120 — 63.75)

= 7.55 kpsi
a 120 + 18.6 pst
S, 7.55
ng= " _273 Ans.
' o, 2.77

(¢) From Eq. (8-42) for Gerber fatigue criterion,

Sa = 3756 [120V120° + 4(18.6)(18.6 4 63.75) — 120" — 2(63.75)(18.6)]
= 11.32 kpsi
S 1132
=20 = 20409 Ans.
M e T 27T "

(d) Pressure causing joint separation from Eq. (8-29)

F;

n=———=1

(1-0C)P

F; 4.94 :

P = = = 5.50 kip

1-C 1-0.102

P 5500
p=—=——->—6=2626psi Ans.

A w424

8-39 This analysis is important should the initial bolt tension fail. Members: S, = 71 kpsi,
Ssy = 0.577(71) = 41.0 kpsi. Bolts: SAE grade 8, S, = 130 kpsi, S;y, = 0.577(130) =
75.01 kpsi

Shear in bolts

0.375
Ay =2 [”(T)] — 0.221 in?
A S 0.221(75.01
Fy=—"2"= (3 )=5.53kip
n

Bearing on bolts
Ap = 2(0.375)(0.25) = 0.188 in’
ApSye  0.188(130)

F, = = = 12.2 kip
n 2

Bearing on member

0.188(71
Fp= % — 5.34 kip

Tension of members

A; = (1.25 — 0.375)(0.25) = 0.219 in?

0.219(71)
=
F = min(5.53, 12.2,5.34,5.18) = 5.18 kip  Ans.

= 5.18 kip

t

The tension in the members controls the design.
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8-40 Members: S, = 32 kpsi
Bolts: Sy = 92 kpsi, Sy = (0.577)92 = 53.08 kpsi

Shear of bolts
0.375)2
A, =2 [u] — 0.221 in?
4
Fy 4 18.1 kpsi
T==—=—= . S1
A, 0221 p
S 53.08
n=-2=—"""—-—293 Ans.
T 18.1

Bearing on bolts
Ap = 2(0.25)(0.375) = 0.188 in*

= —— = —21.3 kpsi

%= 0.188 Pl
S 92

n = Y = =432 Ans.
lop]  |—21.3]

Bearing on members

S 32

n=-—°= =1.50 Ans.
lop|  |—21.3|

Tension of members

A, = (2.375 — 0.75)(1/4) = 0.406 in*

— " —9.85kpsi
%= 0.406 pst
s, 32
n=-—=——=2325 Ans.
A, 985

8-41 Members: S, = 71 kpsi
Bolts: S, = 92 kpsi, S5, = 0.577(92) = 53.08 kpsi

Shear of bolts
F=S5,A/n
53.08(2 4)(7/8)%
p, _ SOSQ@ATY _
1.8
Bearing on bolts
2(7/8)(3/4)(92
Fp, = (/8374 ):54.89kip
2.2
Bearing on members
2(7/8)(3/4)(71
p, = 20D o

24
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Tension in members
P (3 —0.875)(3/4)(71)
T 2.6
F = min(35.46, 54.89, 38.83,43.52) = 35.46 kip Ans.

= 43.52 kip

8-42 Members: S, = 47 kpsi
Bolts: Sy = 92 kpsi, S5y = 0.577(92) = 53.08 kpsi

Shear of bolts
0.75)?
Ag="OP g 40in?
4
20 )
7, = ———— = 15.08 kpsi
3(0.442)
S 53.08
=2 ="— =352 Ans.
Ty 15.08
Bearing on bolt
20 .
op = ————— = —14.22 kpsi
3(3/4)(5/8)
S 2
n—=_———_ 0 =6.47 Ans.
op —14.22
Bearing on members
F 20 .
Ap 3(3/4)(5/8)
S 47
n=—2=——"_ =331 Ans.
Op 14.22
Tension on members
F 20 .
0 = — = = 6.10 kpsi
A (5/8)[7.5—3(3/4)]
S 47
n=—=——=771 Ans.
8-43 Members: S, = 57 kpsi
Bolts: Sy = 92 kpsi, Sy = 0.577(92) = 53.08 kpsi
Shear of bolts 5
m(3/8) .5
Ay =3 1 = 0.3313in
F >4 16.3 kpsi
=—= = 16. si
B T4 T 03313 P
S 53.08
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Bearing on bolt
3 5 .
Ap=3|=)|—)=03516in
8 16
F >4 15.36 kpsi
op=——=———=—15. si
b= A, T 03516 P
Sy 92
=——=— =5.99 Ans.
=T (—15.36) "

Bearing on members

Ap = 0.3516 in® (From bearing on bolt calculations)

op = —15.36
Sy

n————
Op
Tension in members

Failure across two bolts

kpsi (From bearing on bolt calculations)

57
=371 Ans.
—15.36

3 3
[2§ -2 (§>] = 0.5078 in?

= 10.63 kpsi
T 05078 0P
57
=——=536 Ans.
10.63

8-44

12.8 kN

T 350 C
Rl

Ry

350

L.

AY B
200 50
1.4 kN Ry

Members: Sy, = 370 MPa

By symmetry, Ry = R, = 1.4 kN

ZMB:O 1.4(250) = 50R4 =0 = R4 =7kN

ZMA=0

200(1.4) —50Rp =0 = Rp=35.6kN

Bolts: Sy = 420 MPa, S, = 0.577(420) = 242.3 MPa

Bolt shear: As

%(102) — 78.54 mm>

7(10%)

— 89.13 MPa
78.54
S 242.3
=T 272

~ 7 T 89.13
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Bearing on member: Ap = td = 10(10) = 100 mm?
—7(10%)
op = = —70 MPa
100
Sy =370
n=—-—=——=2>529
o —70

Strength of member
AtA, M = 1.4(200) =280 N - m

1 3 3 3 4
Iy = 5 110(50°) — 10(10%)] = 103.3(10°) mm

Mc  280(25
o= Me _ 28025 550 6776 MPa
. 103.3(10%)
S, 370
=2 20 546
T el T 6776

AtC,M = 1.4(350) =490 N - m

1
Ic = E(10)(503) = 104.2(10%*) mm*

490(25
oc = #(103) = 117.56 MPa
104.2(103)
S 370
n= é = 1736 = 3.15 <546  Cmore critical
n =min(2.72,5.29, 3.15) = 2.72 Ans.
8-45 41
P
T T Fy; = 3000 Ibf
3000(3

3 P = & _ 1286 1bf

l 3000 Ibf 7
7" ‘73"44
R P tiwive

[0}
[_h 7
L1 o H=—in
] F 16
T || 2 1= 0005 = 1,005
. : : : X = 5 + E + . = 1. m
rol
: | | 2 3 L>1+H=1095+(7/16) = 1.532in

RERRRNE '
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3
Use1- bolts
4 1
Ly =2D + 1 =2(0.5)4+0.25=1.251n

lg=175-125=0.5
[, =1.095-0.5=0.595

0.5)2
Ag = ﬂ(4 ) 0.1963 in?
A, = 0.1419 in
AdA[E
ky = 4t
Aaly + Asly

B 0.1963(0.1419)(30)
~0.1963(0.595) + 0.1419(0.5)
= 4.451 MIbt/in

f«—10.75"—>

T T
| |
| |
| | t = 0.5475"
| |
| |
1 I

f«—05"—

Two identical frusta

A =0.78715, B =0.62873

d
kyn = EdA exp <0.628 73—)
Lg

0.5
= 30(0.5)(0.787 15 0.628 73 ——
05078715 [exp (0.62873, 55 )

ki = 15.733 Mlbf/in

B 4.451
© 4.451 +15.733

= 85 kpsi
Fi = 0.75(0.1419)(85) = 9.046 kip
o; = 0.75(85) = 63.75 kpsi
CP+F  0.2205(1.286) + 9.046
— A 0.1419

= 0.2205

,.QUJ

Op

= 65.75 kpsi

F 3 .
Ty = — = ——— = 15.28 kpsi
Ay 0.1963

von Mises stress

1/2

o' = (o} +3t2) " = [65.74> + 3(15.28%)]"/? = 70.87 kpsi

Stress margin
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8-46 2%, 2P(200) = 12(50)
12kN | 12(50
” P = ¥ = 1.5 kN per bolt
50 200 2(200)
o 3 Fs = 6 kN/bolt
Sp = 380 MPa
A, =245 mm?, Ay = %(202) = 314.2 mm?
F; = 0.75(245)(380)(107°) = 69.83 kN
69.83(10°
o; = ©9.8310°) = 285 MPa
245
CP+F 0.30(1.5) + 69.83
oy = o2 T 4.5+ (10%) = 287 MPa
A, 245
Fy,  6(10°
p= D 09 o) Mpa
Ag 3142
o’ = [287% + 3(19.1%)]'/? = 289 MPa
m =S, — o =380 —289 =91 MPa
Thus the bolt will not exceed the proof stress. Ans.
8-47  Using the result of Prob. 5-31 for lubricated assembly

2n fT

*70.18d
With a design factor of n, gives

T — 0.18n4Fxd  0.18(3)(1000)d

= = 716d
2 f 27(0.12)
orT/d =716. Also
T
= 0.18(0.75)(85 000) A,
= 114754,
Form a table
Size A T/d = 114754, n
128 0.0364 417.7 1.75
224 0.058 665.55 2.8
324 0.0878 1007.5 4.23

The factor of safety in the last column of the table comes from
2nf(T/d) 2w (0.12)(T/d)
n —= =

= 0.0042(T/d)
0.18F, 0.18(1000)
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Select a %" — 24 UNF capscrew. The setting is given by
T =(11475A,)d = 1007.5(0.375) = 378 Ibf - in

Given the coarse scale on a torque wrench, specify a torque wrench setting of 400 Ibf - in,
Check the factor of safety

2nfT 2(0.12)(400) 4.47
n —= = - .
0.18F,d  0.18(1000)(0.375)
8-48 <26 >]
- n !
| |
} 50 % 50 }
L) %0 50 \
7 7 )T
v MY
| |
| |

l 152

Bolts: §,, = 380 MPa, S, = 420 MPa
Channel: = 6.4 mm, S, = 170 MPa
Cantilever: S, = 190 MPa

Nut: H = 10.8 mm

F),=Fjp=F.=F/3
M = (50 4+ 26 + 125)F = 201F

Fy — g = 201F

— T _920lF
€7 2(50)

1
Fc=Fq+Fl= (g + 2.01) F =2343F

Bolts:
The shear bolt area is A = 7(12%)/4 = 113.1 mm?

Ssy = 0.577(420) = 242.3 MPa

Ssy A 242.3(113.1)(1073)
F==2 = =4.18 kN
n \2.343 2.8(2.343)
Bearing on bolt: For a 12-mm bolt, at the channel,
Ap = td = (6.4)(12) = 76.8 mm>
A 42 8(1073
Fo b\ _ 420176800791 ) o kN
n \2.343 2.8 2.343

Bearing on channel: A, = 76.8 mmz, S, = 170 MPa

170 [76.8(10‘3)
F P

= = 1.99 kN
28 | 2343 ] 7
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Bearing on cantilever:
Ap = 12(12) = 144 mm?
190 (144)(1073)
- 2.8 2.343

] =4.17kN

Bending of cantilever:

1
I = E(12)(503 —12%) = 1.233(10°) mm*

I 1.233(10°)
— = ——72 =14932
c 25

M 4932(190)

151 2.8(151)(10%)

F = =2.22kN

So F' = 1.99 kN based on bearing on channel Ans.

8-49

F' =4 kN; M = 12(200) = 2400 N - m Fi=4kN
2400
FX:F;S/:H::STSKN FX37W<%A
Fy=Fp =+/(4)?+4(37.52=377kN Auns. 3]
Fjy=4kN
Fo =4 kN Ans.
Bolt shear: | ¢
12)2 32‘
As:n( ) :113mm2 Fp=4kN
37.7(10)° ? Fj=37.5kN
= ——— =334 MPa Ans. ‘
113
Bearing on member:
Ap = 12(8) = 96 mm?
37.7(10)3
o= —;) = —393 MPa Ans.
96
Bending stress in plate: bl
bh®  bd? bd?
[=———"— —2(—+d°bd —
12 12 12 1
8(136)°  8(12)° 8(12)3 a:,
_ Mo By, 1809 +(32)%(8)(12) i jr—
12 12 12 a I
6 4 e
= 1.48(10)” mm” Ans. |
M = 12(200) = 2400 N - m L [

_ Mc _ 2400(68)

-~ 7(10)> = 110 MPa Ans.
T = Tascoy Y a am
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8-50 Miigféi.??fm p 200 Ibf F} = 150 Ibf y Fj = 150 Ibf
163 1 | ir ir l
1 g N
V =300 Ibf
F} = 1650 Ibf Fp = 1650 Ibf
4950
Shear of bolt: F),=Fy= — = 1650 Ibf
A, = %(0.5)2 — 0.1963 in2 F4 = 15001bf, Fp = 1800 1bf
F 1800 0170 o Bearing on bolt:
T=—=——= psi 1 /3
A 01963 Ay =3 <§) = 0.1875 in?
Ssy = 0.577(92) = 53.08 kpsi
F 1800
53.08 -~ __ — _ .
n=——=>579 Ans. 7= A 0.1875 9600 psi
9.17 :
92
n=-— =29.58 Ans.
9.6
: . 54
Bearing on members: Sy = 54 kpsi,n = Y 5.63 Ans.
Bending of members: Considering the right-hand bolt t
M = 300(15) = 4500 Ibf - in
. 2)3 . ) S S
/— 0.375(2)°  0.375(0.5) — 0.246 in* Ii L
12 12 ZL
Mc  4500(1) 18300 osi T
o=—= = si
I~ 0246 P
54(10)°
= 13300 =2.95 Ans.
T
8-51 The direct shear load per bolt is F' = 2500/6 = 417 1bf. The moment is taken only by the
four outside bolts. This moment is M = 2500(5) = 12500 Ibf - in.
, 12500 )
Thus F~ = ﬁ = 1250 Ibf and the resultant bolt load is
F = /(417)2 + (1250)2 = 1318 Ibf
Bolt strength, Sy = 57 kpsi; Channel strength, S, = 46 kpsi; Plate strength, S, = 45.5 kpsi
Shear of bolt: Ay = 1(0.625)% /4 = 0.3068 in’
S ST7)(57
== = (0.577)(57000) =7.66 Ans.
T 1318/0.3068
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Bearing on bolt: Channel thickness is t = 3/16 in;
) 57000
Ap = (0.625)(3/16) =0.117in";n = ———— = 5.07 Ans.
1318/0.117
46000
Bearing on channel: n=-———=408 Ans.
1318/0.117
Bearing on plate: Ap = 0.625(1/4) = 0.1563 in?
45500 g
n=-————=>540 Ans. il
1318/0.1563
Bending of plate: +—the
/= 0.25(7.5)  0.25(0.625)° 1
R V) 12
0.25(0.625)3 1\ /5 ) . 4 |
2| — -1l =257 =6.821 e — A
[ TR VYACT A " Y
M = 6250 Ibf - in per plate
M 6250(3.75
o= Me _020CT) 546 0 |
1 6.821 T
4
n= ﬂ = 13.2 Auns. B I
3436

8-52

Specifying bolts, screws, dowels and rivets is the way a student learns about such compo-
nents. However, choosing an array a priori is based on experience. Here is a chance for
students to build some experience.

8-53

Now that the student can put an a priori decision of an array together with the specification
of fasteners.

8-54

A computer program will vary with computer language or software application.
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9-1 Eq. (9-3):

F =0.707hlt = 0.707(5/16)(4)(20) = 17.7 kip  Ans.

9-2 Table 9-6: 7,y = 21.0 kpsi
f = 14.85h kip/in
= 14.85(5/16) = 4.64 kip/in
F = fl =4.64(4) = 18.56 kip Ans.

9-3 Table A-20:
1018 HR: S, = 58 kpsi, S, = 32 kpsi
1018 CR: S;; = 64 kpsi, Sy = 54 kpsi
Cold-rolled properties degrade to hot-rolled properties in the neighborhood of the weld.

Table 9-4:
Ta1 = min(0.30S,,, 0.40S,)
= min[0.30(58), 0.40(32)]
= min(17.4, 12.8) = 12.8 kpsi

for both materials.

Eq. (9-3): F =0.707hlty
F =0.707(5/16)(4)(12.8) = 11.3 kip Ans.

9-4 Eq. (9-3)

V2F  V2(32)
hl (5/16)(4)(2)

T = = 18.1 kpsi  Ans.

9-5 b=d=2in

(@) Primary shear Table 9-1

% F
T, = —

YT AT 1.414(5/16)(2)

= 1.13F kpsi
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Secondary shear Table 9-1
b d(3b* +d%)  2[(3)(2%) +2°]

f —=5.333in’
6 6
J = 0.707hJ, = 0.707(5/16)(5.333) = 1.18 in*
M TF(1
e = My TED 5 oa ki

X y J  1.18

Maximum shear

Tmax = \/r;’z + (1) +1))° = F\/5.932 4+ (1.13 + 5.93) = 9.22F kpsi

Tall 20 .
F = = ——=2.17kip Ans.
922 922
(b) For E7010 from Table 9-6, t,; = 21 kpsi
Table A-20:
HR 1020 Bar: Sur = 55 kpsi, Sy = 30 kpsi
HR 1015 Support: Sur = 50 kpsi, S, = 27.5 kpsi

Table 9-5, E7010 Electrode: S,; = 70 kpsi, S, = 57 kpsi
The support controls the design.

Table 9-4:
7,1 = min[0.30(50), 0.40(27.5)] = min[15, 11] = 11 kpsi
The allowable load from Eq. (1) is

1
F="9 _ " _119kip Ans.
922~ 922

(1)

9-6 b=d=2in

S
=

T = V_ F
YA 1.414(5/16)(2 4+ 2)

Primary shear

= 0.566F

Secondary shear

b+ 2+2)°
6 6

J =0.707hJ, = 0.707(5/16)(10.67) = 2.36 in*
Mr, (TF)(1)

"o _
=Ty = = =297F

Table 9-1: J, = 10.67 in’
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Maximum shear

Tall
F —

_ Ans.
161

which is twice Tyax/9.22 of Prob. 9-5.

Tnax = 702 + (1] + 7)) = F\/2972 + (0.556 +2.97)° = 4.61F kpsi

9-7 Weldment, subjected to alternating fatigue, has throat area of
A = 0.707(6)(60 + 50 + 60) = 721 mm?

Members’ endurance limit: AIS1 1010 steel

Sut = 320 MPa, S! =0.5(320) = 160 MPa

kq = 272(320)7%%% = 0.875

kp, =1 (direct shear)

k. = 0.59 (shear)

kg=1

1 1
= — =0.370
Ky 27

Sse = 0.875(1)(0.59)(0.37)(160) = 30.56 MPa

ky =

Electrode’s endurance: 6010
Sur = 62(6.89) = 427 MPa
S, =0.5(427) = 213.5 MPa
kg = 272(427)7%9 = 0.657
kp = 1 (direct shear)
k. = 0.59 (shear)
kg =1
kr =1/Kpg =1/2.7=0.370

F, = 1,A =30.6(721)(107°) = 22.1 kN Ans.

Sse = 0.657(1)(0.59)(0.37)(213.5) = 30.62 MPa = 30.56

Thus, the members and the electrode are of equal strength. For a factor of safety of 1,
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9-8 Primary shear =0 (why?)
Secondary shear
Table 9-1: Ju = 27r? = 27(4)? = 402 cm?
J =0.707hJ, = 0.707(0.5)(402) = 142 cm*
M =200F N-m (F inkN)
Mr  (200F)(4)

o= 20 M 5 80F (2 welds)
27 20142
140
F=20_ ™0 _490kN Ans.
T 282
9-9 Rank
Jy 3/12 2 2 ,
fom/ = 21— 42 @ og3a (L 5)
" ah 12k I :
3 2 2 2 2 ’
fon/ = 284D 47 e (L D
6Qa)h 3k I f
2a)* — 6a%a®> 5 |
| fom' = QW' —0a%a _5a” ) hes (@ 4
12(a + a)2ah _ 24h h :
1 [8a®+6a°+a’ 4 11 a’ ,
L fom' = @+ba’ta  at T a4 2)
3ah 12 2a+al  36h N f
2a)3 1 8a’ 2 2 ,
fo/ = GO L 847 &g (4 D
6h 4a  24ah 3k I f

3 3 2 2
O fom/ = X424 4o (a—> 3)

mah 4ah  4h h

These rankings apply to fillet weld patterns in torsion that have a square area a X a in
which to place weld metal. The object is to place as much metal as possible to the border.
If your area is rectangular, your goal is the same but the rankings may change.

Students will be surprised that the circular weld bead does not rank first.

9-10
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_ b a _ d? 2 a
X === —, y = = — = —
272 b+2d 3a 3
I 243 22 a (b4 24d) a? 2a3 2a3 3 a? a’
= — — — _— = — a —_ = —
" 3 3 9 3 3 9 3
I 33 1 (a? 2
fom = e P LA gy (& 4)
Ih~ 3ah 9 h
O e
I, =nr = 2
I wa’/8  a® a’
fom = 2 = = — =0.125( — 3
T T mah T sh (h) 3

The CEE-section pattern was not ranked because the deflection of the beam is out-of-plane,

If you have a square area in which to place a fillet weldment pattern under bending, your
objective is to place as much material as possible away from the x-axis. If your area is rec
tangular, your goal is the same, but the rankings may change.

9-11 Materials:
Attachment (1018 HR) Sy = 32 kpsi, S, = 58 kpsi
Member (A36) Sy = 36 kpsi, S, ranges from 58 to 80 kpsi, use 58.
The member and attachment are weak compared to the E60XX electrode.
Decision Specify E6010 electrode
Controlling property: 7,1 = min[0.3(58), 0.4(32)] = min(16.6, 12.8) = 12.8 kpsi

For a static load the parallel and transverse fillets are the same. If n is the number of beads,

F
T=————— =Tl
n(0.707)hl
F 25
0.707lty;  0.707(3)(12.8)
Make a table.
Number of beads Leg size
n h
1 0.921
2 0.460 — 1/2"
3 0.307 —5/16"
4 0.230 — 1/4"

Decision: Specify 1/4" leg size
Decision: Weld all-around
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Weldment Specifications:

Pattern: All-around square

Electrode: E6010

Type: Two parallel fillets Ans.
Two transverse fillets

Length of bead: 12 in

Leg:1/4 in

For a figure of merit of, in terms of weldbead volume, is this design optimal?

9-12  Decision: Choose a parallel fillet weldment pattern. By so-doing, we’ve chosen an optimal
pattern (see Prob. 9-9) and have thus reduced a synthesis problem to an analysis problem:

Table 9-1: A = 1.414hd = 1.414(h)(3) = 4.24h in’
Primary shear

o V. 3000 707

YA 4240

Secondary shear

_d@3p*+d*)  3[3(3%) +37]
— - — - =
J =0.707(h)(18) = 12.7h in*
,  Mry 300007.5)(1.5) 2657
‘L’x = = = =T
J 12.7h h y

Table 9-1: J, 18 in?

Tmax = \/7:;’2 + (75 + t;)z = %\/26572 + (707 + 2657)% = 4287
Attachment (1018 HR): S, = 32 kpsi, §,, = 58 kpsi
Member (A36): Sy, = 36 kpsi
The attachment is weaker
Decision: Use E60XX electrode
71 = min[0.3(58), 0.4(32)] = 12.8 kpsi

4287 .
Tmax = Tall = = 12 800 psti

4287 .
=—=0.3351n
12 800

Decision: Specify 3/8" leg size

Weldment Specifications:
Pattern: Parallel fillet welds
Electrode: E6010
Type: Fillet Ans.
Length of bead: 6 in
Leg size: 3/8 in
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9-13 An optimal square space (3" x 3") weldment pattern is || or — or L. In Prob. 9-12, there
was roundup of leg size to 3/8 in. Consider the member material to be structural A36 steel|

Decision: Use a parallel horizontal weld bead pattern for welding optimization and
convenience.

Materials:
Attachment (1018 HR): S, = 32 kpsi, S,; = 58 kpsi
Member (A36): Sy = 36 kpsi, S,; 58-80 kpsi; use 58 kpsi
From Table 9-4 AISC welding code,
T,n = min[0.3(58), 0.4(32)] = min(16.6, 12.8) = 12.8 kpsi
Select a stronger electrode material from Table 9-3.
Decision: Specify E6010
Throat area and other properties:
A = 1.414hd = 1.414(h)(3) = 4.24h in®
x=0b/2=3/2=1.51n
y=d/2=3/2=15in
d3b* +d*  3[3(3%) +37]
-6 6
J =0.707hJ, = 0.707(h)(18) = 12.73h in*

J, = 18 in°

Primary shear:
, V3000 7075

‘L'x = — = =
A 4.24h h

’
'TX

N
Secondary shear:

M
T// — _r

J

M
7 = 1" cos 45° = Tr cos 45° =
s 3000(6 + 1.5)(1.5) _ 2651
* 12.73h h
2651

T// — T// —
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Tas = /(7] + )% + 7}

1
:Z/@@1+wn5ﬂ+2ﬁﬂ

4279 .
= —— psi
h p

Relate stress and strength:
Tmax = Tall
4279
= 12 800

4279 . .
h=——=0.334in — 3/8in
12800

Weldment Specifications:

Pattern: Horizontal parallel weld tracks
Electrode: E6010

Type of weld: Two parallel fillet welds
Length of bead: 6 in

Leg size: 3/8 in

Additional thoughts:

Since the round-up in leg size was substantial, why not investigate a backward C 3 weld
pattern. One might then expect shorter horizontal weld beads which will have the advan-
tage of allowing a shorter member (assuming the member has not yet been designed). This
will show the inter-relationship between attachment design and supporting members.

9-14

Materials:
Member (A36): Sy =36 kpsi, S, = 58 to 80 kpsi; use S, = 58 kpsi
Attachment (1018 HR): S, = 32 kpsi, §,, = 58 kpsi
7,1 = min[0.3(58), 0.4(32)] = 12.8 kpsi
Decision: Use E6010 electrode. From Table 9-3: S, = 50 kpsi, S,; = 62 kpsi,
7,1 = min[0.3(62), 0.4(50)] = 20 kpsi

Decision: Since A36 and 1018 HR are weld metals to an unknown extent, use
Tal = 12.8 kpSi

Decision: Use the most efficient weld pattern—square, weld-all-around. Choose 6" x 6" size,
Attachment length:
i =64+a=6+625=12251n
Throat area and other properties:
A =1414h(b+d) = 1.414(h)(6 + 6) = 17.0h
b 6 d 6

i=-=-=3in, y=-=-=3in
2 2 2 2
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Primary shear

v F 20000 1176
T. = — = — = = pSl
YA A 17h h

Secondary shear

_(b+d)  (6+06)°
6 6

J = 0.707h(288) = 203.6h in*

Mry, 20000(6.25+3)(3) 2726
J 203.6h h

J, — 288 in’

psi

1 4760
Tmax = \/rgz () + 7)) = E\/27262 +(2726 + 1176)> = — = psi

Relate stress to strength

Tmax = Tall
4760
—— = 12800
h
4760 )
= ———=0.372in
12800

Decision:

Specify 3/8 in leg size

Specifications:

Pattern: All-around square weld bead track
Electrode: E6010

Type of weld: Fillet

Weld bead length: 24 in

Leg size: 3/8 in

Attachment length: 12.25 in

9-15 This is a good analysis task to test the students’ understanding
(1) Solicit information related to a priori decisions.
(2) Solicit design variables b and d.
(3) Find & and round and output all parameters on a single screen. Allow return to Step 1
or Step 2.
(4) When the iteration is complete, the final display can be the bulk of your adequacy
assessment.
Such a program can teach too.
9-16 The objective of this design task is to have the students teach themselves that the weld

patterns of Table 9-3 can be added or subtracted to obtain the properties of a comtem-
plated weld pattern. The instructor can control the level of complication. I have left the
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presentation of the drawing to you. Here is one possibility. Study the problem’s opportuni-
ties, then present this (or your sketch) with the problem assignment.

Section AA

—%b'ﬂ.—
'mi
L

— ’A 8" | S— b =
b ’ l 10000 Ibf

Body welds Attachment weld
not shown pattern considered

Use b; as the design variable. Express properties as a function of b;. From Table 9-3,
category 3:

A = 1414h(b — by)
i=b/2, y=d/2
bd>  bid®> (b by)d>

[, =

. 2 2 2
I =0.707h1,

.V F

T A 1.418h(b — b))
i _ Mc _ Fa(d/2)
I 0.707hI,

Tmax = /12 + 772

Parametric study
Leta=10in,b =8 in,d =8 in, by = 2in, 7y = 12.8kpsi, [ =2(8 —2) =12 in

A = 1.414h(8 — 2) = 8.48h in?
I, = (8 —2)(8%/2) = 192in’

I =0.707(h)(192) = 135.7h in*
. 10000 1179

= = ps1

8.48h h
, 10000(10)(8/2) 2948
T = = psi1
135.7h h

T

1 3175
Tax = E\/11792 1+ 20482 = —== 12 800

from which 2 = 0.248 in. Do not round off the leg size — something to learn.
I 192

fom =Lt =—"" =645

hl  0.248(12)

A = 8.48(0.248) = 2.10in’

[ = 135.7(0.248) = 33.65in*
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h* 0.248°
vol = 7z = 12 = 0.369in>
1 .
— = —33 05 =91.2 =eff
vol 0.369
1179
T/ = —— =4754psi
0.248
2948
1" = —— = 11887 psi
0.248
= 4127 = 12 800 psi
fmax = 5248 pst
Now consider the case of uninterrupted welds,

by=0
A = 1.414(h)(8 —0) = 11.31h
I, = (8 — 0)(8%/2) = 256in’

I =0.707(256)h = 181k in*

, 10000 884

T3
~10000(10)(8/2) _ 2210

4

181h h
Trax = 1\/ 8842 + 22102 = 2380 =T
max — h — A — tlall
Tmax 2380 .
T 12800 n

Do not round off A.
A =11.31(0.186) = 2.10in?

I = 181(0.186) = 33.67
884 0.1862

/

16 = 0.277 in’

T = ——=4753psi, vol=
0.186
2210
v 22 11882 psi
=086 pst
256
fom= 2+~ =_—"__ —86.0
oM = %0 T 0.186(16)
I 33.67
off — — 1217

(h2/2)] — (0.186%/2)16

Conclusions: To meet allowable stress limitations, / and A do not change, nor do 7 and 0. To
meet the shortened bead length, 4 is increased proportionately. However, volume of bead laid
down increases as 2. The uninterrupted bead is superior. In this example, we did not round /1
and as a result we learned something. Our measures of merit are also sensitive to rounding,
When the design decision is made, rounding to the next larger standard weld fillet size will

| +1 Tt
UCLITAST UIT HIITTIT.
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Had the weld bead gone around the corners, the situation would change. Here is a fol-
lowup task analyzing an alternative weld pattern.

i

a0

: |
o

9-17 From Table 9-2
For the box A =1.414h(b +d)
Subtracting b; from b and d; from d
A=1414h(b—-by+d —d))
d? dy  bd*

I,=—@b+d) — L -
u 6( +d) 5 >

1 1
= 5(b- by)d* + c (@ —dy)

length of bead [ =2(b—b1+d—dy)
fom = 1,/ hl

9-18 Computer programs will vary.

9-19 7, = 12800 psi. Use Fig. 9-17(a) for general geometry, but employ — beads and then ||
beads.

Horizontal parallel weld bead pattern

6"

b =6in
¥ d = 8in

From Table 9-2, category 3

A = 1.414hb = 1.414(h)(6) = 8.48 h in?
¥=b/2=6/2=3in, j=d/2=8/2=4in

bd*  6(8)? .
i=—=——=1% in’
I =0.707h1, = 0.707(h)(192) = 135.7h in*
. 10000 1179
= = ps1

T = =
8.48h h
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Mc _ T0000(10)(8/2) _ 2948

1

T = — psi
1 135.7h h
1 3175
Tmax = VT2 + 172 = 5(11792 +2948%)!/2 = == psi
Equate the maximum and allowable shear stresses.
3175
Tmax = Tall = — — = 12800
h

from which 7 = 0.248 in. It follows that

[ = 135.7(0.248) = 33.65in*
The volume of the weld metal is

h%l  0.248%(6 +6
vol = ML _ 024876 40) _ 369403
2 2
The effectiveness, (eff)y, is
1 33.65
ffly= — = —— =91.2i
(et = 0 = 0369 n
I 192
(fom)y = — = 64.5in

hl ~ 0.248(6 + 6)
Vertical parallel weld beads

b =61n
d = 8in

From Table 9-2, category 2
A = 1.414hd = 1.414(h)(8) = 11.31h in?
XxX=>b/2=06/2=3in, y=d/2=8/2=4in

3 8 ,
I, = == 85.33in’
I =0.707h1, = 0.707(h)(85.33) = 60.3h
10000 884

/

TV
o Me _ 10000000872 _ 6633

psi

T 60.3 h
1
Tnax = VT2 4 77 = (8847 4 6633%)1/2
6692

= hp51
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Equating tax to Ty gives h = 0.523 in. It follows that
I =60.3(0.523) = 31.5in*

h*l 0.523° . 3

vol = — = (8+8)=2.19in
2 2
I 316

fily = — =~ = 14.4i

ethv =70 = 219 n
I 85.33
(fom')y = -~ —10.2in

~hl 0.523(8+38)

The ratio of (eff)y/(eff)y is 14.4/91.2 =0.158. The ratio (fom')y/(fom')y is
10.2/64.5 = 0.158. This is not surprising since

I I 0.707 h1, 1, ,
= 1.414-% = 1.414 fom

eff - — = =
vol  (h?/2)l (h?/2)1 hl

The ratios (eff)y /(eff)y and (fom’)y/(fom’)y give the same information.

9-20 Because the loading is pure torsion, there is no primary shear. From Table 9-1, category 6:

J, =2nrd =27(1)° = 6.28in’
J =0.707 hJ, = 0.707(0.25)(6.28)

= 1.11in*
Tr  20(1
r= I 2 g okpsi Ans.
71
921 h=0375in, d=8in, b=1in

From Table 9-2, category 2:
A = 1.414(0.375)(8) = 4.24in?

a8 )
Iu = g = g = 85.31113
[ =0.707h1, = 0.707(0.375)(85.3) = 22.6in*
,_F 5 .
T = —=—— = 1.18kpsi
A 424

M = 5(6) = 30kip - in
c=(1+8+1-2)/2=4in

L Mc  304) ,
=" =" = 531kpsi
I~ 226

Toax = VT2 4+ 1772 = /1.182 + 5.312
= 5.44kpsi  Ans.
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9-22 h=0.6cm, b=6cm, d=12cm.
Table 9-3, category 5:
e—6—> A =0.707h(b + 2d)
B — 0.707(0.6)[6 + 2(12)] = 12.7 cm?
d? 122
e 5= = —48cm
b+2d 642(12)
7.2 2d3
| L= 2 —2d%5 + (b + 2d) 5>
A 3
2(12)°3
. 2(12%)(4.8) + [6 + 2(12)]4.8*
=461 cm’
I =0.707h1, = 0.707(0.6)(461) = 196 cm*
F 7500
r’:—:(—):5.91MPa
A 12.7(10%)
M =17.5(120) = 900N - m
cq =7.2cm, cpg =4.8cm
The critical location is at A.
M 900(7.2
pr = Mea 0002 _ 43 vy
1 196
Tmax = VT2 + 172 = (5917 +33.1%)"/2 = 33.6 MPa
120
n=—N — = _357 Ans.
Tmax  33.6
9-23  The largest possible weld size is 1/16 in. This is a small weld and thus difficult to accom-

plish. The bracket’s load-carrying capability is not known. There are geometry problems
associated with sheet metal folding, load-placement and location of the center of twist,
This is not available to us. We will identify the strongest possible weldment.

Use a rectangular, weld-all-around pattern — Table 9-2, category 6:

T A=1414h(b+d)
= 1.414(1/16)(1 4-7.5)

— (0.751in?
7.5
¥=5b/2=0.5in
d 175
jy=—=—=2375in
27 2

i
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- 7.5 -,
Ii =5 (b +d) = ~—[3(1) +7.5] = 98.4in
I = 0.707h1, = 0.707(1/16)(98.4) = 4.35in*
M = (375 +0.5)W = 4.25W
VoW

=2 =" _13nw
A 0751
Mc  425W(71.5/2
" = —IC = = (35 /2 _ 3 664w

Toax = VT2 + 772 = W/1.3322 + 3.6642 = 3.90W

Material properties: The allowable stress given is low. Let’s demonstrate that.

For the A36 structural steel member, Sy = 36kpsi and S,,; = 58 kpsi. For the 1020 CD
attachment, use HR properties of S, = 30kpsi and S,; = 55. The E6010 electrode has
strengths of §, = 50 and S,; = 62 kpsi.

Allowable stresses:

A36: 7,1 = min[0.3(58), 0.4(36)]
=min(17.4, 14.4) = 14.4 kpsi

1020: a1 = min[0.3(55), 0.4(30)]
T, = min(16.5, 12) = 12 kpsi

E6010: a1 = min[0.3(62), 0.4(50)]
= min(18.6, 20) = 18.6 kpsi

Since Table 9-6 gives 18.0 kpsi as the allowable shear stress, use this lower value.

Therefore, the allowable shear stress is
T, = min(14.4, 12, 18.0) = 12 kpsi

However, the allowable stress in the problem statement is 0.9 kpsi which is low from the
weldment perspective. The load associated with this strength is

Tmax = Tall = 3.90W = 900

W = @ = 2311bf
3.90

If the welding can be accomplished (1/16 leg size is a small weld), the weld strength is
12 000 psi and the load W = 3047 Ibf. Can the bracket carry such a load?

There are geometry problems associated with sheet metal folding. Load placement is
important and the center of twist has not been identified. Also, the load-carrying capability
of the top bend is unknown.

These uncertainties may require the use of a different weld pattern. Our solution pro-
vides the best weldment and thus insight for comparing a welded joint to one which em-
ploys screw fasteners.
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9-24

R, B

F = 1001bf, Ta1 = 3 kpsi
Fg =100(16/3) = 533.3Ibf
Fp = —533.3¢c0os60° = —266.7 Ibf
Fj = —533.3c0s30° = —462 Ibf

It follows that RX = 562 1bf and Rﬁ = 266.71bf, R4 = 622 1bf
M = 100(16) = 16001bf - in

100

462
266.7

266.7
562

The OD of the tubes is 1 in. From Table 9-1, category 6:
A = 1.414(zhr)(2)
= 2(1.414)(wh)(1/2) = 4.44h in>
Ju = 2nr® =21(1/2)% = 0.785in?
J =2(0.707)hJ, = 1.414(0.785)h = 1.11h in*

V62 140
A 444h h
, Te  Mc  1600(0.5) 7207
A R RV

7 =

The shear stresses, T’ and t”, are additive algebraically

1 861 .
Tmax = E(MO + 720.7) = o psi

861
Tmax = Tall = —— = 3000
A
861
h= 2 0287 — 5/16"
3000 =/

Decision: Use 5/16 in fillet welds Ans.
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9-25

G L 1 |i
¥ 2
- . ———x
‘ 8
I

l‘? g
I

9" 7 |

For the pattern in bending shown, find the centroid G of the weld group.

6(0.707)(1/4)(3) + 6(0.707)(3/8)(13)

X = 6(0.707)(1/4) + 6(0.707)(3/8)
= 9 in
L =2 (Ig + A3)
_ 3 i
5 0.707(1144)(6 ) +0.707(1/4)(6)(6%)
— 82.7in*
_ 3 i
=2 0.707(38)(6 ) | 0.707(3/8)(6)(4%)
= 60.4in*

I =14+ Iys =82.7+60.4 = 143.1in"

The critical location is at B. From Eq. (9-3),
o F
2[6(0.707)(3/8 + 1/4)]
o — Mc _ BF)O)
1 143.1

Tmax = VT2 + 172 = F1/0.1892 + 0.5032 = 0.537F

= 0.189F

= 0.503F

Materials:

A36 Member: Sy = 36 kpsi

1015 HR Attachment: Sy = 27.5 kpsi
E6010 Electrode: S, = 50 kpsi

a1 = 0.577 min(36, 27.5, 50) = 15.9 kpsi
_ta/n15.9)2
"~ 0.537  0.537

= 14.8kip Ans.

9-26  Figure P9-26b is a free-body diagram of the bracket. Forces and moments that act on the
welds are equal, but of opposite sense.

(a) M = 1200(0.366) =439 1bf - in  Ans.
(b) F, =1200sin30° = 600 Ibf Ans.
(c) Fy =1200cos 30° = 1039 Ibf _Ans
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(d) From Table 9-2, category 6:

A = 1.414(0.25)(0.25 4 2.5) = 0.972 in®

d> 2.52 4
Iy ="5(3b+d) = Z-[3(025) + 251 = 3.39in

The second area moment about an axis through G and parallel to z is
I =0.707h1, = 0.707(0.25)(3.39) = 0.599 in* Ans.

(e) Refer to Fig. P.9-26b. The shear stress due to F) is
Fy 600

=—=——==617psi

1T T 0972 P
The shear stress along the throat due to Fy is
Fy 1039

= — = ——— = 1069 psi

274 T 092 P

The resultant of 7; and 7, is in the throat plane
' = (17 +13)"% = (6177 + 1069%) /> = 1234 psi
The bending of the throat gives
M 439(1.25
oMo BAD) g6
1 0.599

The maximum shear stress is
Tmax = (772 4+ 772)1/% = (1234% 4+ 916%)'/? = 1537 psi  Ans.
) Materials:
1018 HR Member: Sy = 32 kpsi, S,; = 58 kpsi (Table A-20)
E6010 Electrode: Sy = 50 kpsi (Table 9-3)

S 0.577S8 S577(32
n —= 5y = 4 = 0.5 (3 ) =12.0 Ans.
Tmax Tmax 1.537

(g) Bending in the attachment near the base. The cross-sectional area is approximately
equal to bh.

Aj = bh = 0.25(2.5) = 0.625 in’
Fy 1039

_ 7 1662 psi
= A T 0625 pst

I bd* 0.25(2.5)?
- = = 25" _ 0.260 in?
c 6
At location A
Fy L+ M
oy = — + —
YT A /e
600 439
oy = ——— = 2648 psi

AW <aY~
U.UZLD U.Z0UU
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(h)

The von Mises stress o’ is

1/2

o' = (07 +317,) "7 = 126487 +3(1662)°]'/* = 3912 psi

Thus, the factor of safety is,

S 32

22— = —8.18 Ans.
o' 3912

The clip on the mooring line bears against the side of the 1/2-in hole. If the clip fillg
the hole

F —1200 0600 o
O=—=—F——=- si
td ~ 0.25(0.50) P
S 32(10°
n—=——2—_ ( ):3.33 Ans.
o/ ~9600

Further investigation of this situation requires more detail than is included in the task
statement.
In shear fatigue, the weakest constituent of the weld melt is 1018 with S,; = 58 kpsi

S, =0.58,; = 0.5(58) = 29 kpsi

Table 7-4:
k, = 14.4(58)7°71% = 0.780

For the size factor estimate, we first employ Eq. (7-24) for the equivalent diameter.

d, = 0.808+0.707hb = 0.808\/0.707(2.5)(0.25) = 0.537 in
Eq. (7-19) is used next to find &

d —0.107 0.537 —0.107
kp = | — === = 0.940
0.30 0.30

The load factor for shear k., is

ke =0.59

The endurance strength in shear is
Sse = 0.780(0.940)(0.59)(29) = 12.5 kpsi

From Table 9-5, the shear stress-concentration factor is K¢y = 2.7. The loading is
repeatedly-applied.

max 1.537 )
Ty =Ty = Kfst =27 = 2.07 kpsi

Table 7-10: Gerber factor of safety ny, adjusted for shear, with S5, = 0.67S8,,

170.67(58)7% /2.07 2(2.07)(12.5) 1?
”fzi[ 2.07 ] (12.5) —i 1+[0.67(58)(2.07)] =992 Ans.

Attachment metal should be checked for bending fatigue.
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9-27

Useb =d =4 in. Since h = 5/8 in, the primary shear is
' = _r = 0.283F
1.414(5/8)(4)
The secondary shear calculations, for a moment arm of 14 in give
7= 4[3(4%) + 4%
e 6
J =0.707hJ, = 0.707(5/8)42.67 = 18.9 in*
_ Mry 14F(2)
* Y J 18.9
Thus, the maximum shear and allowable load are:
Tmax = Fv/1.482 + (0.283 + 1.48)2 = 2.30F

Tall 20 )
— = _870kip Ans.
230 230 b Ans

= 42.67 in’

= 1.48F

F =

From Prob. 9-5b, t,; = 11 kpsi
a 11 )
Far= -2 — 478 kip
230  2.30

The allowable load has thus increased by a factor of 1.8  Ans.

9-28

Purchase the hook having the design shown in Fig. P9-28b. Referring to text Fig. 9-32a,

this design reduces peel stresses.

9-29

(a)

T=-

1/1/2 Pw cosh(wx)
— " dx
[ —1/2 4b sinh(a)l/2)

1/2
= A / cosh(wx) dx
—1/2

Al ) 1/2
= — smh(a)x)‘
w =12
Al . .
= —[sinh(wl /2) — sinh(—wl/2)]
w

_ %[sinh(a)l/Z) — (—sinh(wl/2))]

2A, sinh(wl /2)
- w

Pw
~ 4bl sinh(wl /2)

[2 sinh(wl /2)]
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®) 1/2) = ch‘osh(a)l/Z) _ Pw s
4b sinh(wl /2) 4b tanh(wl /2)
(c)
t(1/2) Pw 2bl
T 4bsinh(wl/2) ( P )
= % Ans.
tanh(wl /2)

For computer programming, it can be useful to express the hyperbolic tangent in terms

of exponentials:
K- ol exp(wl/2) — exp(—wl/2)
2 exp(wl/2) + exp(—wl/2)

9-30 This is a computer programming exercise. All programs will vary.
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Table 10-1: Ny,=N;,—1=12—-1=11
Ly, =dN; =0.105(12) = 1.26 in
Table 10-4: A =201, m=0.145
201 )
(a) Eq. (10-14): Sut = 278.7 kpsi

Table 10-6:

Eq. (10-6):

Eq. (10-3):

Eq. (10-9):

= (0.105)0-145

Ssy = 0.45(278.7) = 125.4 kpsi
D =1225-0.105=1.120in
D 1.120

— = ——=10.67
d 0.105

4(10.67) +2
~ 4(10.67) — 3
Fls. — d? Sy _ 7(0.105)3(125.4)(10°)
v 8KgD 8(1.126)(1.120)
d*G (0.105)*(11.75)(10%)
T 8D3N,  8(1.120)3(11)
Fls,, 45.2

L= ——
k * o 11.55

B =1.126

= 45.2 1bf

= 11.55 Ibf/in

k

Ly = +1.26 =5.17in Ans.

10-1
12 ! X ‘
1#& 1" ilu
' i 2
LV — P —
10-2 A = Sd"
dim(Aysey) = dim(S) dim(d™) = kpsi - in™
dim(Ag;) = dim(S;) dim (d{") = MPa - mm”
MPa mm™ )
Agr = -+ ——— Auseu = 6.894757(25.40)" Aygew = 6.895(25.4)" Ayseu Ans.
kpsi in
For music wire, from Table 10-4:
Ausew = 201, m =0.145; whatis Ag?
Agr = 6.89(25.4)%1%(201) = 2214 MPa - mm™  Ans.
10-3 Given: Music wire,d = 0.105 in, OD = 1.225 in, plain ground ends, N; = 12 coils.
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(b) Fls, =4521bf Ans.

(¢) k= 11.55Ibffin Ans.

263D 2.63(1.120)
- 05

Many designers provide (Lg)cr/Lo > 5 or more; therefore, plain ground ends are not
often used in machinery due to buckling uncertainty.

(d) (LO)cr = = 5.891in

10-4

Referring to Prob. 10-3 solution, C =10.67, N, = 11, S5y = 125.4 kpsi, (Lo)er =
5.89 in and F = 45.2 Ibf (at yield).

Eq. (10-18): 4<C<12 C=1067 OK.
Eq. (10-19); 3<N,<15 N,=11 OK.
o
Vs
Lo }t l F,
! |
| L
o +
Lo=5.17in, L;=1.261n
£ 30
= 260
= T 1155 n
Li=Lo—y =517—-2.60=257in
517 —1.26
f=2 _1=2"" "2 1050
Y1 2.60
Eq. (10-20): £>0.15 £=050 OK.

From Eq. (10-3) for static service

8F, D 8(30)(1.120
= K (L2 2y 106 | BOVUO T osnod b
nd? 7(0.105)?

Ssy _ 125.4(10%)

ng = = - 151
T 83224
Eq. (10-21): ng>12, ng=151 O.K.
45.2 45.2 .
=1 —=— ) =83224| —— | = 125391 psi
30 30

Ssy/Ts = 125.4(10%) /125391 = 1

Ssy/Ts = (ng)q: Not solid-safe. Not O.K.
Lo < (Lo)er: 5.17 <5.89 Margin could be higher, Not O.K.

Design is unsatisfactory. Operate over arod? Ans.
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10-5

Static service spring with: HD steel wire,d = 2 mm, OD = 22 mm, N; = 8.5 turns plain
and ground ends.

Preliminaries
Table 10-5: A =1783 MPa- mm”™, m = 0.190

1783

Eq. (10-14):

Table 10-6: Ssy = 0.45(1563) = 703.4 MPa
Then,
D=0D—-d=22—-2=20mm
C =20/2 =10
4C+2  4(10)+2
T4C -3 410)-3
N, =8.5—1="7.5turns
Ly =2(8.5) =17 mm

B =1.135

Eq. (10-21): Use ny = 1.2 for solid-safe property.

3 3 =3\30106
- wd’ Ssy /ng _ m(2)°(703.4/1.2) |:(10 )°(10 ):| _8LI2N
8KpD 8(1.135)(20) 103

k = =
8D3N,  8(20)3(7.5)

‘G (2%(79.3) [(10—3)4(109)

(10-3); ] = 0.002 643(10°) = 2643 N/m

F; 81.12

Y T 2643(10-3)

@ Lo=y+L;=30.69+17=47.7mm Ans.

(b) Table 10-1 Lo _ 4717 _ s ¢ A
able -1: = — = — = ). mm ns.
P=N "85

(¢) F; = 81.12 N (from above) Ans.
(d) kK =2643 N/m (from above) Ans.

(e) Table 10-2 and Eq. (10-13):
(Lo = 2.63D _ 2.63(20)
0.5
(Lo)er/Lo = 105.2/47.7 = 2.21

= 30.69 mm

= 105.2 mm

This is less than 5. Operate over a rod?

Plain and ground ends have a poor eccentric footprint. Ans.

10-6

Referring to Prob. 10-5 solution: C =10, N, =7.5, k = 2643 N/m, d = 2 mm,
D =20mm, F;=81.12 N and N, = 8.5 turns.

Eq. (10-18): 4<C<12, C=10 OK.
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Eq. (10-19): 3<N,<15 N,=175 OXK.
il 75 28.4
= = = A4 mm
I T 2643(10-9)
- 81.12(1.2) 268
jield = ————— = 306.8 mm
Yforyield = 5 43(10-3)
81.12 20.69
= = . mm
s = 5643(10-3)
T Vi 36.8
S:(y)foyeld_lz —1=0.296
i 28.4
Eq. (10-20): £>0.15, £€=029 O.K.
Table 10-6: Sgy = 0.45S,, O.K.
As-wound
8F,D 8(81.12)(20) 1073
=K = 1.135 — 586 MP
ts = 0B ( xd3 ) [ 7(2)3 ] [(10—3)3(106) a
Ssy  703.4 , ,
Eq. (10-21): — = ——=1.2 O.K. (Basis for Prob. 10-5 solution)
T 586
Table 10-1: Ly = N;d =8.5(2) = 17 mm
L £y +L 81'12+17 47.7
= — g = —— =477 mm
07 % T T 2643
2.63D  2.63(20
= (20) = 105.2 mm
o 0.5
Lo)e 1052
(Lodr _ =221
Lo 47.7

which is less than 5. Operate over arod? Not O.K.

Plain and ground ends have a poor eccentric footprint. Ans.

10-7

Given: A228 (music wire), SQ&GRD ends, d = 0.006 in, OD = 0.036 in, Ly = 0.63 in,
N; = 40 turns.

Table 10-4: A =201kpsi-in", m =0.145
D =0D —d = 0.036 — 0.006 = 0.030 in
C = D/d =0.030/0.006 = 5

B = 20) +2 =1.294
4(5) -3
Table 10-1: Ny = N; —2 =40 — 2 = 38 turns
201 :
Sut = W - 422.1 kpsl

Ssy = 0.45(422.1) = 189.9 kpsi
Gd*  12(10°)(0.006)*

k= = = 1.895 Ibt/i
8D3N, 8(0.030)3(38) "
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Table 10-1: Ly = N;d = 40(0.006) = 0.240 in
Now Fy = ky; where y; = Ly — Ly = 0.390 in. Thus,
8(kys)D 8(1.895)(0.39)(0.030
ok, [BRIDT | g, [801:895)(0.39)(0.030)
nd? 7(0.006)3

Ty > Ssy, that is, 338.2 > 189.9 kpsi; the spring is not solid-safe. Solving Eq. (1) for y;
gives

] (107%) =338.2kpsi (1

, (rg/ng)(d?)  (189900/1.2)(7r)(0.006)°
YT TgKgkD  8(1.294)(1.895)(0.030)
Using a design factor of 1.2,

Ly=Ls+7y =0.240+0.182 = 0.422 in

=0.1821in

The spring should be wound to a free length of 0.422 in. Ans.

10-8

Given: B159 (phosphor bronze), SQ&GRD ends, d = 0.012in, OD = 0.1201in, Ly =
0.81 in, N; = 15.1 turns.

Table 10-4: A =145kpsi-in™, m=0
Table 10-5: G = 6 Mpsi
D =0D—-d =0.120 — 0.012 = 0.108 in
C = D/d =0.108/0.012 = 9
409)+2

5= 409) =3
Table 10-1: N, =N;—2=15.1—-2=13.1turns
145 .
Su[ = m =145 kpSl
Table 10-6: Ssy = 0.35(145) = 50.8 kpsi

L Gd*  6(10°(0.012)*
~ 8D3N,  8(0.108)3(13.1)
Table 10-1: Ly =dN; =0.012(15.1) = 0.181 in
Now Fy = kys,ys = Lo — Ly =0.81 —0.181 = 0.629 in
8(kys)D 8(0.942)(0.6)(0.108
ok, [BRD] o [8(0.942(0.6)0.108)
wd3 7(0.012)3
Ty > Sgy, thatis, 108.6 > 50.8 kpsi; the spring is not solid safe. Solving Eq. (1) for y; gives
;o (Ssy/n)mwd? B (50.8/1.2)(7)(0.012)3(10%)
Vs = 8KpkD — 8(1.152)(0.942)(0.108)
Ly=Ls+y,=0.181+0.245 = 0.426 in
Wind the spring to a free length of 0.426 in.  Ans.

= 0.942 1bf/in

] (107%) = 108.6 kpsi (1

=0.2451in
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10-9 Given: A313 (stainless steel), SQ&GRD ends, d = 0.040in, OD = 0.2401in, Ly =

0.75 in, N; = 10.4 turns.

Table 10-4: A = 169kpsi-in™, m = 0.146

Table 10-5: G = 10(10°) psi
D = 0D — d = 0.240 — 0.040 = 0.200 in
C = D/d = 0.200/0.040 = 5

4 2
B = () + = 1.294
4(5) -3
Table 10-6: N, =N, —2=10.4 -2 = 8.4 turns
169 )
Syt = (0.040)0.1% = 270.4 kpsi
Table 10-13: Ssy = 0.35(270.4) = 94.6 kpsi

L _Gd* _ 10(109(0.040)*

8D3N, 8(0.2)3(8.4)
Table 10-6: L, = dN, = 0.040(10.4) = 0.416 in
Now Fy = kyy, ys = Lo — Ly = 0.75 — 0.416 = 0.334 in

B(ky ) D] _ | o, [8(47:62)(0.334)(0.2)
Bl 7mas | T 7(0.040)3

= 47.62 Ibt/in

s =

](10—3) =163.8kpsi (1)

Ty > Sy, thatis, 163.8 > 94.6 kpsi; the spring is not solid-safe. Solving Eq. (1) for y, gives

. (Syy/n)(d®)  (94600/1.2)(7)(0.040)3 ,
Vs = = =0.161 in
8K kD 8(1.294)(47.62)(0.2)

Ly=Ls+y,=0416+0.161 = 0.577 in
Wind the spring to a free length 0.577 in.  Ans.

10-10 Given: A227 (hard drawn steel), d = 0.135in, OD =2.0in, Ly =2.94in, N; = 5.25

turns.
Table 10-4: A = 140 kpsi - in”, m =0.190
Table 10-5: G = 11.4(10°) psi

D=0D—-d=2-0.135=1.865in
C =D/d =1.865/0.135 = 13.81

4(13.81) +2
— 22T 1,096
B~ 41381 =3
Ng= N, —2=525—2 =325 turns
140 ,
= 204.8 kpsi

Syt = ——
! (0.135)0-19
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Table 10-6: Sgy = 0.45(204.8) = 92.2 kpsi
L Gd*  11.4(10°)(0.135)*
- 8D3N,  8(1.865)%(3.25)
Table 10-1: Ly =dN; =0.135(5.25) = 0.709 in
Now Fy = kys,ys = Lo — Ly =2.94 —0.709 = 2.231 in
8(kys)D 8(22.45)(2.231)(1.865
o = Kp (ky)D | _ 1.096 ( ) ) )
wd? 7(0.135)3
Ty > Sy, thatis, 106 > 92.2 kpsi; the spring is not solid-safe. Solving Eq. (1) for y; gives

,_ (Sy/mrd) _ (92200/12)(0)(0.135° .
Vs T T8KgkD | 8(1.096)(22.45)(1.865) oM

Ly=Ls+y, =0.709 + 1.612 = 2.321 in

= 22.45 Ibt/in

] (107%) = 106.0 kpsi (1

Wind the spring to a free length of 2.32 in.  Ans.

10-11

Given: A229 (OQ&T steel), SQ&GRD ends, d = 0.144 in, OD = 1.0in, Ly = 3.75 in,
N; = 13 turns.

Table 10-4: A =147 kpsi - in™, m =0.187

Table 10-5: G = 11.4(10°) psi
D=0D—d=1.0-0.144 = 0.856 in
C = D/d = 0.856/0.144 = 5.944

4(5.944) + 2
B = i = 1.241
4(5.944) — 3
Table 10-1: N, =N;,—2=13—-2 =11 turns
147 )
Sur = —(0.144)0_187 = 211.2 kpsi
Table 10-6: Ssy = 0.50(211.2) = 105.6 kpsi
Gd* 11.4(10%)(0.144)%
k = = (107 ) = 88.8 Ibf/in

8D3N,  8(0.856)3(11)
Table 10-1: Ly =dN, =0.144(13) = 1.872 in
Now F; = kyy, ys = Lo — Ly = 3.75 — 1.872 = 1.878 in
8(ky,)D 8(88.8)(1.878)(0.856
. — Ky (kys) _ 1041 (88.8)( )( )
wd3 7(0.144)3

Ty > Syy,thatis, 151.1 > 105.6 kpsi; the spring is not solid-safe. Solving Eq. (1) for yy gives
, (Ssy/n)(d?)  (105600/1.2)(7)(0.144)°
YT TT8KpkD | 8(1.241)(88.8)(0.856)

Ly=Ls+y, =1878+1.094 =2972in

](10—3) =151.1kpsi (1

= 1.094 in

Wind the spring to a free length 2.972 in.  Ans.
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10-12  Given: A232 (Cr-V steel), SQ&GRD ends, d = 0.192in, OD =3in, Ly =9in, N; =

8 turns.
Table 10-4: A =169 kpsi -in", m =0.168
Table 10-5: G = 11.2(10%) psi
D=0D—-d=3-0.192 =2.808 in
C=D/d =2.808/0.192 = 14.625 (large)
4(14.625) + 2
B = i = 1.090
4(14.625) — 3
Table 10-1: N, =N; —2=8—2=06turns
169 .
Sm = W =223.0 kpSl
Table 10-6: Ssy = 0.50(223.0) = 111.5 kpsi
4 2(109)(0.192)*
p— G4 _ 12000O192)7 ) o e
8D3N, 8(2.808)3(6)
Table 10-1: Ly =dN; =0.192(8) = 1.536 in

Now Fs = kys, ys = Lo — Ly =9 — 1.536 = 7.464 in

8(kyss)D:| — 1.090 |:8(14.32)(7.464)(2.808)
b4 7(0.192)3

7, = Kp [ ] (107%) = 117.7kpsi (1)

Ty > Ssy,thatis, 117.7 > 111.5 kpsi; the spring is not solid safe. Solving Eq. (1) for yy gives
y = (Ssy/n)(wd?) _ (111500/1.2)(7)(0.192)°
y 8KpkD 8(1.090)(14.32)(2.808)
Ly=Ls+y, =1536+5.892=7428in
Wind the spring to a free length of 7.428 in.  Ans.

=5.8921in

10-13 Given: A313 (stainless steel) SQ&GRD ends, d = 0.2 mm, OD = 0.91 mm, Ly =
15.9 mm, N, = 40 turns.

Table 10-4: A =1867MPa-mm™, m =0.146

Table 10-5: G = 69.0 GPa
D=0D-d=091-0.2=0.71 mm
C=D/d=0.71/0.2 =3.55 (small)

4(3.55) +2
L= 2G) T2 e
4(3.55) -3
N, =N, —2 =40 —2 =38 turns
1
867 = 2361.5 MPa

ut = (0.2)0-146
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Table 10-6:
Ssy = 0.35(2361.5) = 826.5 MPa
r— d*G _ (0.2)*(69.0) [(10_3)4(109)]
8D3N,  8(0.71)3(38) (1073)3
= 1.0147(107°)(10% = 1014.7 N/m or 1.0147 N/mm

Ly =dN; = 0.2(40) = 8 mm

Fy = kys

vy=Lo— Ly =159—-8=17.9

-3010-3 -3
. = Ky [S(kysgD] a6 [8(1.0147)(7.9)(0.71)] [10 (10_)(10 )]
T 7(0.2)3 (1073)3
= 2620(1) = 2620 MPa (1

Ty > Syy, thatis, 2620 > 826.5 MPa; the spring is not solid safe. Solve Eq. (1) for yy giving
;o (Ssy/n)(rrd3) B (826.5/1.2)()(0.2)*
Ys = 8KpkD  8(1.446)(1.0147)(0.71)
Ly=Ls;+y. =8.0+2.08 =10.08 mm

= 2.08 mm

Wind the spring to a free length of 10.08 mm. This only addresses the solid-safe criteria,
There are additional problems. Ans.

10-14 Given: A228 (music wire), SQ&GRD ends,d = 1 mm,OD = 6.10 mm, Ly = 19.1 mm,
N; = 10.4 turns.

Table 10-4: A =2211 MPa-mm”, m = 0.145
Table 10-5: G = 81.7 GPa
D=0D—-d=6.10—1=5.1 mm
C=D/d=5.1/1=5.1
N, =N;—2=104 -2 = 8.4 turns
4(5.1) +2

= =1.287
B= 451y -3
2211
ut = (1)0—145 = 2211 MPa

Table 10-6: S, = 0.45(2211) = 995 MPa
4G ()'8LT) [(10—3)4(109)
8D3N,  8(5.1)38.4) | (10733
=9165N/m or 9.165 N/mm
Ly =dN, = 1(10.4) = 10.4 mm
Fy = ky;

] = 0.009 165(10°%)
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ys = Lo — Ly =19.1 —10.4 = 8.7 mm

8(kys)D 8(9.165)(8.7)(5.1
o KB[ L3 ]:1.287[< n>(<1)3>< )

:| = 1333 MPa (1)

Ty > Sy, thatis, 1333 > 995 MPa; the spring is not solid safe. Solve Eq. (1) for y; giving

, (Syy/m)(d?) (995/1.2)()(1)?
: 8KpkD 8(1.287)(9.165)(5.1)

Ly=Ls+y =10.4+543 =15.83 mm

Wind the spring to a free length of 15.83 mm. Ans.

10-15  Given: A229 (OQ&T spring steel), SQ&GRD ends, d = 3.4 mm, OD = 50.8 mm, Ly =
74.6 mm, N, = 5.25.

Table 10-4: A = 1855 MPa - mm™, m = 0.187
Table 10-5: G =77.2 GPa
D =0D—d =50.8—-34=474mm
C=D/d=474/3.4=1394 (large)
Ny, =N, —2=525—-2=23.25turns

4(13.94) +2
— TS 1095
B~ 4(13.94) =3
1855
— 1476 MPa

Sur = (3.4)0-187
Table 10-6: Ssy = 0.50(1476) = 737.8 MPa

L ‘G (34%712) [(10—3)4(109)
~ 8D3N, 8(47.4)3(3.25) | (1073)3

] = 0.00375(10%)

=3750 N/m or 3.750 N/mm
Ly, =dN; =3.4(5.25) = 17.85

Fy = kys
vy =Lo— Ly =74.6 —17.85 =56.75 mm
8(kys) D
n=Kp |: nd? i|
8(3.750)(56.75)(47.4
= 1.095 ( A X ) = 720.2 MPa (1)
m(3.4)3

Ty < Ssy, thatis,720.2 < 737.8 MPa
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.". The spring is solid safe. Withny = 1.2,
, (Syy/m)(d®)  (737.8/1.2)(m)(3.4)°
YT TRKpkD | 8(1.095)(3.75)(47.4)
Ly=Ls;+y, =17.85+48.76 = 66.61 mm

= 48.76 mm

Wind the spring to a free length of 66.61 mm. Ans.

10-16 Given: B159 (phosphor bronze), SQ&GRD ends, d = 3.7 mm, OD =254 mm, Ly =
95.3 mm, N, = 13 turns.

Table 10-4: A =932MPa-mm”, m = 0.064

Table 10-5: G = 41.4 GPa
D=0D—d=254—-37=217mm
C =D/d=21.7/3.7=5.865

4(5.865) +2
B = i — 1.244
4(5.865) — 3
N,=N;,—2=13—-2=11 turns
932
Sut == 7(3_7)0.064 = 857.1 MPa

Table 10-6: S, = 0.35(857.1) = 300 MPa

_d'G (3414 [(1079)%(107)
- 8D3N, 8(21.7)3(11) [ (1073)3

= 8629 N/m or 8.629 N/mm
Ly =dN;, =3.7(13) = 48.1 mm
Fs = ky;
vs = Lo— Ly =95.3 —48.1 =47.2 mm
8(kys) D
&= Ks |: nd3 :|

8(8.629)(47.2)(21.7)
7(3.7)3

Ty > Ssy, thatis, 553 > 300 MPa; the spring is not solid-safe. Solving Eq. (1) for y, gives

, (Ssy/n)(ﬂ’d3) (300/1.2)(7)(3.7)°
y = = = 21.35 mm
8KpkD 8(1.244)(8.629)(21.7)

Ly =Ly +y, =48.1+21.35=69.45mm

] = 0.008 629(10%)

= 1.244 |: ] = 553 MPa (1

Wind the spring to a free length of 69.45 mm. Ans.
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10-17 Given: A232 (Cr-V steel), SQ&GRD ends, d =4.3 mm, OD =76.2 mm, L,=
228.6 mm, N, = 8 turns.
Table 10-4: A = 2005 MPa-mm™, m =0.168
Table 10-5: G =77.2GPa
D=0D—-d=762-43=71.9 mm
C=D/d=1719/43 =16.72 (large)
4(16.72) + 2
4(16.72) — 3
N, =N; —2=8—2=06turns
2005
ut = —(4.3)0.168 = 1569 MPa
Table 10-6:
Ssy = 0.50(1569) = 784.5 MPa
d*G 4.3)4(77.2 1073)*(10°
_ _ WITT) FACTAOD Y G 601 479(10%)
8D3N, 8(71.9)3(6) (1073)3
= 1479 N/m or 1.479 N/mm
Ly =dN; = 4.3(8) = 34.4 mm
Fs = kyy
ys = Lo — Ly = 228.6 — 34.4 = 194.2 mm
8(kys)D 8(1.479)(194.2)(71.9
o= Ky | SRID Ny g [ SLATDYWADTLIN Y _ 013 o mpa (1)
nd? 7(4.3)3
Ty < Syy, thatis, 713.0 < 784.5; the spring is solid safe. Withn; = 1.2
Eq. (1) becomes
, (Ssy/n)(wd?®)  (784.5/1.2)()(4.3)°
y, = = = 178.1 mm
8KpkD 8(1.078)(1.479)(71.9)
Ly=Ls+y. =344+178.1 =212.5mm
Wind the spring to a free length of Ly = 212.5 mm. Ans.
10-18 For the wire diameter analyzed, G = 11.75 Mpsi per Table 10-5. Use squared and ground

ends. The following is a spread-sheet study using Fig. 10-3 for parts (a) and (b). For N,,,
k=20/2 = 10 Ibf/in.
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(a) Spring over a Rod (b) Spring in a Hole

Source Parameter Values Source Parameter Values

d 0.075 0.08 0.085 d 0.075 0.08 0.085
D 0.875 0.88 0.885 D 0.875 0.870 0.865
ID 0.800 0.800 0.800 ID 0.800 0.790 0.780
OD 0.950 0.960 0.970 OD 0.950 0.950 0.950
Eq. (10-2) C 11.667 11.000 10.412 | Eq.(10-2) C 11.667 10.875 10.176
Eq. (10-9) N, 6.937 8.828 11.061 | Eq. (10-9) N, 6.937 9.136 11.846
Table 10-1 N; 8.937 10.828 13.061 | Table 10-1 N; 8.937 11.136 13.846
Table 10-1 Lg 0.670 0.866 1.110 | Table 10-1 L 0.670 0.891 1.177
1.15y + Ly Ly 2.970 3.166 3410 | 1.15y+ Ly Lo 2.970 3.191 3.477
Eq. (10-13) (L) 4.603 4.629 4.655 | Eq. (10-13) (Lg)r 4.603 4.576 4.550
Table 10-4 A 201.000 201.000 201.000 | Table 10-4 A 201.000 201.000 201.000
Table 10-4 m 0.145 0.145 0.145 | Table 10-4 m 0.145 0.145 0.145
Eq. (10-14) S,; 292.626 289.900 287.363 | Eq. (10-14) S,; 292.626 289.900 287.363
Table 10-6 S,  131.681 130.455 129.313 | Table 10-6 S;,  131.681 130.455 129.313
Eq. (10-6) Kp 1.115 1.122 1.129 | Eq. (10-6) Kp 1.115 1.123 1.133
Eq. (10-3) ny 0.973 1.155 1.357 | Eq. (10-3) n, 0.973 1.167 1.384
Eq. (10-22) fom —0.282 —-0.391 —-0.536 | Eq. (10-22) fom —0.282 —0.398 —0.555

Forng > 1.2, the optimal size is d = 0.085 in for both cases.

10-19 From the figure: Ly = 120 mm, OD = 50 mm, and d = 3.4 mm. Thus
D=0D—-d=50—-3.4=46.6 mm

(a) By counting, N;
N, =125—-0.5=12turns Ans.
p=120/12 =10mm Ans.
The solid stack is 13 diameters across the top and 12 across the bottom.
Ly =13(3.4) =442 mm Ans.
(b) d =3.4/25.4 = 0.1339 in and from Table 10-5, G = 78.6 GPa

4G (3.4)%(78.6)(10%)
~ 8D3N,  8(46.6)3(12)

(107%) = 1080 N/m  Ans.

(¢) Fy =k(Lo— Ls) =1080(120 —44.2)(107°) = 81.9N Ans.
d) C=D/d=46.6/3.4=13.71
_4(13.71) +2

= 7T 096
B= 4371 =3
8KzF,D  8(1.096)(81.9)(46.6
T, = 857 ( VBLIE60) _ 0 Mpa ans.
d? 7(3.4)3

12.5 turns. Since the ends are squared along 1/4 turn on each end,

10-20

Fi =101bf, £ >10/0.375 = 26.67 Ibf/in. Try d = 0.080 in #14 gauge

One approach is to select A227-47 HD steel for its low cost. Then, for y; < 3/8 af
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For a clearance of 0.05 in: ID = (7/16) + 0.05 = 0.4875 in; OD = 0.4875 4 0.16 =
0.6475 in

D = 0.4875 4+ 0.080 = 0.5675 in
C = 0.5675/0.08 = 7.094

G = 11.5 Mpsi

N - d*G  (0.08)*(11.5)(10°)
“7 8kD3  8(26.67)(0.5675)3

N; =12+2=14turns, Ly =dN, =0.08(14) =1.12in O.K.

Lo=1.875in, y, =1.875—1.12=0.755in

Fy = ky, = 26.67(0.755) = 20.14 1bf

= 12.0 turns

4(7.094) +2
B = —( )+ = 1.197
4(7.094) — 3
8F,D 8(20.14)(0.5675) .
= =1.197 = 68046
=B ( e ) [ 7(0.08)3 ] pst
Table 10-4: A =140kpsi-in”, m =0.190
140 )
Ssy = 045W = 101.8 kpSl
101.8
n=——=150>12 O..
68.05
il 10 (68.05) = 33.79 kpsi
71 = —1, = —(68. = 33. si,
TR T 2014 P
101.8
n=——=301>15 OKX.
33.79

There is much latitude for reducing the amount of material. Iterate on y; using a spread
sheet. The final results are: y; = 0.32 in, k = 31.25 Ibf/in, N, = 10.3 turns, N; =
12.3 turns, Ly = 0.9851n, Lo = 1.820in, y; = 0.8351n, Fy =26.11bf, Kp = 1.197,
7, = 88 190 kpsi, ng = 1.15, and n; = 3.01.

ID =0.4875in, OD = 0.6475in, d = 0.080 in

Try other sizes and/or materials.

10-21 A stock spring catalog may have over two hundred pages of compression springs with up
to 80 springs per page listed.
 Students should be aware that such catalogs exist.
* Many springs are selected from catalogs rather than designed.
* The wire size you want may not be listed.
» Catalogs may also be available on disk or the web through search routines. For exam-
ple, disks are available from Century Spring at
1 —(800) — 237 — 5225
www.centuryspring.com

* Itis better to familiarize yourself with vendor resources rather than invent them yourself

» Sample catalog pages can be given to students for study.
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10-22  For a coil radius given by:

R=R 4+ 2Ry
- 2n N
The torsion of a sectionis T = PR where dL = R df
oU 1 oT 1 [N
Sp=r>=— | T—dL=— PR*do
oP GJ oP GJ Jy
p [N Ry—Ri )\’
= — R, + ) do
GJ 0 2r N
P 1 2n N R2 - R1
=— - ———— R + 0
GJ \4 R2 - R1 2n N 0
7PN 4 4 7PN 2 2
— — =— (R +R) (R +R
2GJ(R2—R1)(2 1) gy fit ) (Ri + &)
T 16PN
J = 3_2d4 S8y = o (R + Ry) (R} + R?)

P d*G
— Ans.

8)  16N(Ri + Ry) (R} + R3)

10-23  For a food service machinery application select A313 Stainless wire.
G = 10(10°) psi

Note that for 0.013 <d <0.101in A =169, m =0.146
0.10 <d <0.201n A =128, m =0.263
18 —4 1844
FazT:7lbf, F, = i =111bf, r=7/11
i 169 244 4 kpsi
TI'y d = 0.080 1, Sut = W = . ps1

Ssu = 0.67S,; = 163.7 kpsi, Ssy = 0.358,; = 85.5 kpsi
Try unpeened using Zimmerli’s endurance data: Sy, = 35 kpsi, S, = 55 kpsi

Gerber: S = = = 39.5 kpsi
T T T S/Su? T T (55/163.7) .

2 2 2
S, — (7/11)7(163.7) 14 \/1 L+ |: 2(39.5) ] — 35.0 kpsi
2(39.5) (7/11)(163.7)

o = Sya/ns =35.0/1.5 = 23.3 kpsi

_8F, s [ 8D a .
p=_—50107) = [7“0_082)] (107%) = 2.785 kpsi

2(233) —2.785 N 2(23.3) —2.7857°  3(233) 697

 4(2.785) [ 4(2.785) ] 4(2.785)

D = Cd =6.97(0.08) = 0.558 in




276

Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

4(6. 2
5= m —1.201
4(6.97) -3
8F,D 8(7)(0.558) = 4 )
=K =1.201 | —————=(10 =233k
fa= 0B ( xd® ) [ 2008 (V) pst
ny =35/23.3 =1.50 checks
4 10(1 6 . 4
Gd” _ 10(107)(0.08) = 31.02 turns

Na = SkD? = 8(9.5)(0.558)3
N, =314+2=33tums, L;=dN, =0.08(33) = 2.64in
Yinax = Foax/k = 18/9.5 = 1.895 in,
vs = (14 ) ymax = (1 4 0.15)(1.895) = 2.179 in
Lo=2.64+2.179 = 4819 in
(Lo = 2.632 = 2030559 _ 5 o5
o 0.5
s = 1.15(18/7) 7, = 1.15(18/7)(23.3) = 68.9 kpsi

ns = S5y/T, = 85.5/68.9 = 1.24

. kg B 9.5(386) _19H
~ \ #2d®2DN,y  \ 72(0.082)(0.558)(31.02)(0.283) z

These steps are easily implemented on a spreadsheet, as shown below, for different
diameters.

d dy d3 dy
d 0.080 0.0915 0.1055 0.1205
m 0.146 0.146 0.263 0.263
A 169.000 169.000 128.000 128.000
Sut 244.363 239.618 231.257 223.311
Ssu 163.723 160.544 154.942 149.618
Ssy 85.527 83.866 80.940 78.159
Sse 39.452 39.654 40.046 40.469
Ssa 35.000 35.000 35.000 35.000
o 23.333 23.333 23.333 23.333
B 2.785 2.129 1.602 1.228
C 6.977 9.603 13.244 17.702
D 0.558 0.879 1.397 2.133
Kp 1.201 1.141 1.100 1.074
Ty 23.333 23.333 23.333 23.333
ng 1.500 1.500 1.500 1.500
N, 30.893 13.594 5.975 2.858
N; 32.993 15.594 7.975 4.858
Ly 2.639 1.427 0.841 0.585
Vs 2.179 2.179 2.179 2.179
Ly 4.818 3.606 3.020 2.764
(Lo)er 2.936 4.622 7.350 11.220
Ty 69.000 69.000 69.000 69.000
n 1.240 1.215 1.173 1.133

f (Hz) 108.895 114.578 118.863 121.775
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The shaded areas depict conditions outside the recommended design conditions. Thus,
one spring is satisfactory—A313, as wound, unpeened, squared and ground,

d =0.0915in, OD =0.879+40.092 =0.971in, N; = 15.59 turns

10-24 The steps are the same as in Prob. 10-23 except that the Gerber-Zimmerli criterion is
replaced with Goodman-Zimmerli:
SSd
SS€ = T 4 o <
1 — (Ssm/Ssu)
The problem then proceeds as in Prob. 10-23. The results for the wire sizes are shown
below (see solution to Prob. 10-23 for additional details).
Iteration of d for the first trial
d d ds dy d d d; dy
d 0.080 0.0915 0.1055 0.1205|d 0.080 0.0915 0.1055 0.1205
m 0.146 0.146 0.263 0.263 | Kp 1.151 1.108 1.078 1.058
A 169.000 169.000 128.000 128.000 | 7, 29.008 29.040  29.090 29.127
Sur 244363 239.618 231.257 223311 |ny 1.500 1.500 1.500 1.500
Seu  163.723  160.544 154.942 149.618 | N, 14.191 6.456 2.899 1.404
Ssy  85.527  83.866 80.940  78.159 | N, 16.191 8.456 4.899 3.404
Sse 52706 53.239 54261  55.345 || L; 1.295 0.774 0.517 0.410
Ssa 43513 43560 43.634  43.691 | ys 2.179 2.179 2.179 2.179
Y 29.008 29.040 29.090  29.127 | Lo 3.474 2.953 2.696 2.589
6 2.785 2.129 1.602 1.228 | (Lo)er  3.809 5.924 9.354 14.219
C 9.052 12.309 16.856 22433 | 1 85.782 85.876  86.022 86.133
D 0.724 1.126 1.778 2.703 | ng 0.997 0.977 0.941 0.907
f (Hz) 141.284 146.853 151.271 154.326
Without checking all of the design conditions, it is obvious that none of the wire sizes
satisfyng > 1.2. Also, the Gerber line is closer to the yield line than the Goodman. Setting
ny = 1.5 for Goodman makes it impossible to reach the yield line (n; < 1). The table
below usesny = 2.
Iteration of d for the second trial
d d d3 dy d d d; dy
74 0.080 0.0915 0.1055  0.1205 ||d 0.080 0.0915 0.1055 0.1205
m 0.146 0.146 0.263 0.263 | Kp 1.221 1.154 1.108 1.079
A 169.000 169.000 128.000 128.000 |z, 21.756 21780 21.817 21.845
Sut 244363 239.618 231.257 223311 |ny 2.000 2.000 2.000 2.000
Seu  163.723  160.544 154.942 149.618 | N, 40.243 17.286 7.475 3.539
Sy 85.527 83.866 80.940  78.159 | N, 42243  19.286 9.475 5.539
Sse 52706 53.239 54261  55.345 | L 3.379 1.765 1.000 0.667
Ssa 43513 43560 43.634  43.691 |y 2.179 2.179 2.179 2.179
Y 21.756 21780 21.817 21.845 | Ly 5.558 3.944 3.179 2.846
B 2.785 2.129 1.602 1.228 | (Lo)er 2.691 4.266 6.821 10.449
C 6.395 8.864 12292 16485 |7, 64.336  64.407 64.517 64.600
D 0.512 0.811 1.297 1.986 |ny 1.329 1.302 1.255 1.210

f(Hz) 99.816 105.759 110.312 113.408

The satisfactory spring has design specifications of: A313, as wound, unpeened, squared

and ground, d = 0.0915 1n, OD = 0.811 + 0.092 = 0.903 in, N; = 19.3 turns.
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10-25 This is the same as Prob. 10-23 since S5, = Ssq = 35 kpsi. Therefore, design the spring
using: A313, as wound, un-peened, squared and ground, d = 0.915 in, OD = 0.971 in,
N; = 15.59 turns.

10-26  For the Gerber fatigue-failure criterion, S, = 0.67S,;,

Ssa r2s2 256\’
Sse = , Ssa = -1 1 ‘
¥ 1 - (Ssm/Ssu)2 e 2Sse * * rSsu
The equation for Sy, is the basic difference. The last 2 columns of diameters of Ex. 10-5
are presented below with additional calculations.
d=0.105 d=0.112 d=10.105 d=0.112

Sut 278.691 276.096 N, 8.915 6.190
Ssu 186.723 184.984 Ly 1.146 0917
Sse 38.325 38.394 Loy 3.446 3.217
Ssy 125.411 124.243 (Lo)er 6.630 8.160
Ssa 34.658 34.652 Kp 1.111 1.095
o 23.105 23.101 T, 23.105 23.101
B 1.732 1.523 ng 1.500 1.500
C 12.004 13.851 g 70.855 70.844
D 1.260 1.551 ng 1.770 1.754
ID 1.155 1.439 fa 105.433 106.922
oD 1.365 1.663 fom —0.973 —1.022

There are only slight changes in the results.

10-27  As in Prob. 10-26, the basic change is Sy, .
Ssa
For Goodman, Sge = —————
¢ 1 - (Ssm/Ssu)
Recalculate S;, with
§ - rSseSsu
e rSsu + Sse
Calculations for the last 2 diameters of Ex. 10-5 are given below.
d=0.105 d=0.112 d=0.105 d=0.112

Sut 278.691 276.096 N, 9.153 6.353
Ssu 186.723 184.984 Ly 1.171 0.936
Sse 49.614 49.810 Ly 3471 3.236
Ssy 125.411 124.243 (Lo)er 6.572 8.090
Ssa 34.386 34.380 Kp 1.112 1.096
o 22.924 22.920 T, 22.924 22.920
B 1.732 1.523 ny 1.500 1.500
C 11.899 13.732 Ty 70.301 70.289
D 1.249 1.538 ng 1.784 1.768
ID 1.144 1.426 fa 104.509 106.000
OD 1.354 1.650 fom —0.986 —1.034

There are only slight differences in the results.
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10-28 Use: E = 28.6 Mpsi, G = 11.5 Mpsi, A = 140 kpsi - in”* ,m = 0.190, rel cost = 1.

, 140 _
TI'y d = 0.067 1m, Sut = W =234.0 kpSl
Table 10-6: Ssy = 0.45S,, = 105.3 kpsi
Table 10-7: Sy = 0.758, = 175.5 kpsi
Eq. (10-34) with D/d = Cand C; = C
Fiax S
oa = —[(K)a(16C) + 4] = =
wd ny
AC?-C -1 d*s
— (16C)+ 4= T Oy
4C(C — 1) My Finax
d*s
4C2—C—1:(C—1)< ¢ Oy —1)
4ny max

, 1 nd?S, 1 ([ wd*Sy
cr——(1+ —1)C+- -2)=0
4 47’lyFmax 4 4nyFmax

2 2

:1 @:I: md? Sy — wd>Sy +2 | take positive root
2 | 16ny Fiax 167y Finax 4ny Fnax

_ 1| 7(0.067*)(175.5)(10°)
2 16(1.5)(18)

7(0.067)2(175.5)(103%)

_ 7(0.067)2(175.5)(10%)

therefore, use F; = 7 Ibf
18 —7
= — =22 1bflin
0.5
_d*G_ (0.067)*(11.5)(10°)
© 8kD3  8(22)(0.3075)3

Ny= N, — & —as08 - 110 4ues
b="Na=TF =™ 286

k

a

Lispr=23.555+0.5=4.055in

1Q1

2
2¢ =4.590
+\/[ 16(1.5)(18) ] 4(1.5)(18) +
D = Cd =0.3075 in
d’7; d? 33500 Cc-3
F="002T 41000 (4 - —=
8D 8D [ exp(0.105C) 6.5
Use the lowest F; in the preferred range. This results in the best fom.
7(0.067)3 33500 4.590 -3
= —1000(4 — ——— ) } = 6.505 Ibf
" 8(0.3075) {exp[0.105(4.590)] ( 6.5 )}

For simplicity, we will round up to the next integer or half integer;

= 45.28 turns

turns

Lo=(2C — 1+ Np)d =[2(4.590) — 1 +44.88](0.067) = 3.555 in

TIoT
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4C+2  4(4.590) +2

Body: Kp = = = 1.326
0N BB T4 =3 T 44590 -3
8KpFuxD  8(1.326)(18)(0.3075) |
‘= - 107 = 62.1k
fma e 200677 0 pst
So 1053
(ny)body == m =1.70
| 2y 2(0.134)
= 2d = 2(0.067) = 0.134in, C,= %= —4
" (0007 =TT 0067

4C; — 1 4(4) -1

K=o, —a = aay—a_ »
8 Finax D 8(18)(0.3075) 3 .
Sgy  105.3
(ny)p == 5558 = -0
2 12 2 2
fom — _(l)n d“(Np +2)D _ .7 (0.067)7(44.88 + 2)(0.3075) 0160
4 4
Several diameters, evaluated using a spreadsheet, are shown below.

d: 0.067 0.072 0.076 0.081 0.085 0.09 0.095 0.104
Sur 233.977 230.799 228.441 225.692 223.634 221.219 218.958 215.224
S5 105.290 103.860 102.798 101.561 100.635 99.548 98.531 96.851
Sy 175.483 173.100 171.331 169.269 167.726 165914 164.218 161.418
C 4.589 5.412 6.099 6.993 7.738 8.708 9.721 11.650
D 0.307 0.390 0.463 0.566 0.658 0.784 0.923 1.212
F; (calc) 6.505 5.773 5.257 4.675 4.251 3.764 3.320 2.621
F; (rd) 7.0 6.0 5.5 5.0 4.5 4.0 3.5 3.0

k 22.000 24.000 25.000 26.000 27.000 28.000 29.000 30.000
N, 45.29 27.20 19.27 13.10 9.77 7.00 5.13 3.15
Np, 44.89 26.80 18.86 12.69 9.36 6.59 4.72 2.75
Lo 3.556 2.637 2.285 2.080 2.026 2.071 2.201 2.605
L8 bt 4.056 3.137 2.785 2.580 2.526 2.571 2.701 3.105
K B 1.326 1.268 1.234 1.200 1.179 1.157 1.139 1.115
Trax 62.118 60.686 59.707 58.636 57.875 57.019 56.249 55.031
1y )body 1.695 1.711 1.722 1.732 1.739 1.746 1.752 1.760
TR 58.576 59.820 60.495 61.067 61.367 61.598 61.712 61.712
ny)B 1.797 1.736 1.699 1.663 1.640 1.616 1.597 1.569
ny)a 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500
fom —-0.160 —-0.144 —0.138 —0.135 —-0.133 —0.135 —0.138  —0.154

Except for the 0.067 in wire, all springs satisfy the requirements of length and number of
coils. The 0.085 in wire has the highest fom.
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10-29 Given: Ny = 84 coils, F; = 16 1bf, OQ&T steel, OD = 1.51in,d = 0.162 in.
D =15-0.162 =1.338 in
(a) Eq. (10-39):
Lo=2(D—d)+(Np+ Dd
=2(1.338 —0.162) 4+ (84 + 1)(0.162) = 16.12in  Ans.

or 2d + Lo = 2(0.162) + 16.12 = 16.45 in overall.
D 1.338
(b) C=—=-""=826
d ~ 0.162
4(8.26) + 2
p= dB2OVH2 66
4(8.26) — 3
8F;D 8(16)(1.338) ,
;= =1.166 | ————"| = 14950 Ans.
=B [ nd3 ] [ 7(0.162)° pstAns
(¢c) From Table 10-5use: G = 11.4(10% psi and E = 28.5(10°) psi
N, =N, +G =84 + 11'4—844t
a = INp E = 285 = 4 urns

_d'G (0.162)*(11.4)(10°)
~ 8D3N,  8(1.338)3(84.4)

= 4.855 Ibf/in Ans.

(d) Table 10-4: A =147 psi-in™, m =0.187
147 .
Su[ = W = 207.1 kpSl

Sy = 0.75(207.1) = 155.3 kpsi

Ssy = 0.50(207.1) = 103.5 kpsi
Body

_ wd’Sgy

- mwKgD

_ 7(0.162)*(103.5)(10°)

~ 8(1.166)(1.338)
Torsional stress on hook point B

2r,  2(0.25+0.162/2)

= 110.8 Ibf

— - = 4.086
2T 0.162
4C, — 1  4(4.086) — 1
(K)p= —2— — ( )=l 043
AC, — 4~ 4(4.086) — 4
0.162)3(103.5)(10°
p = PO1627U03.5A0D s g e
8(1.243)(1.338)
Normal stress on hook point A
2 1.338
d ~ 0.162
4C? —Cy—1 4(8.26)2—8.26—1
(K= iz -1 4820 — 1.099

4C1(Cy—1)  4(8.26)(8.26 — 1)
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o _F 16(K)AD+ 4
=9 = wd? wd?
155.3(103
F = >5.3(107) = 85.8 Ibf

[16(1.099)(1.338)]/[7(0.162)3] + {4/[7(0.162)?]}
= min(110.8, 103.9, 85.8) = 85.8 Ibf Ans.

(e) Eq. (10-48):
F—F 858-16

_ _ _ 144in  Ans.
Y k 1.855 mAans
10-30  Fo = 91bf, Fyo = 18 Ibf
18 — 18
— ? BBH9 _ 351r

Fa—T:4.51bf, Fm:

A313 stainless: 0.013 <d <0.1 A =169 kpsi - in", m =0.146

0.1<d<02 A = 128 kpsi - in™, m = 0.263
E =28 Mpsi, G = 10Gpsi
Try d = 0.081 in and refer to the discussion following Ex. 10-7
169

= Do

Ssu = 0.67S,; = 163.4 kpsi

Ssy = 0.358,; = 85.4 kpsi

Sy = 0.558,; = 134.2 kpsi

Sur = 243.9 kpsi

Table 10-8: S, =0.458,; = 109.8 kpsi

Sr/2 109.8/2
1 —[S,/(2S.)1? 1 [(109.8/2)/243.9]2
r=F,/F, =4.5/13.5=0.333

Se = = 57.8 kpsi

r282 25, \?
Table 6-7: S, = —* | —1 1 ¢
able 35, + + (rSm>

' 224'2 2(57. 2
Sa:(0333)( 3.99 _1+\/1+[L8)] = 42.2 kpsi

2(57.8) 0.333(243.9)
Hook bending
16Cc 4 Sa Sa
(0a)a a |:( )A 7d> + J'L'dz] (nf)A 5
45 [@c—c—Dnl6C 7 _ Sa
nd? 4C(C —1) )

This equation reduces to a quadratic in C—see Prob. 10-28
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The useable root for C is

7d?S, 7d2S,\> wd2S,
C=05 _ 2
144 +\/( 144 ) 36

=0.5

144 144 36

=491
D =Cd =0.398 in

B xd® [ 33500 c-3
=00 T +1000(4— =2
8D 8D | exp(0.105C) 6.5

Use the lowest F; in the preferred range.

0.081)3 33500 491 -3
Fizn( ) { —1000(4— G )}

8(0.398) | expl[0.105(4.91)]
= 8.55 Ibf
For simplicity we will round up to next 1/4 integer.
F; = 8.75 Ibf
k = % = 36 Ibf/in

_d*G_ (0.081)*(10)(10°)
- 8kD?  8(36)(0.398)3

G 10
Np =N, — z =237 — 78 = 23.3 turns

= 23.7 turns

a

Lo=Q2C — 14 Np)d =[2(4.91) — 1 4+ 23.3](0.081) = 2.602 in
Lax = Lo+ (Fnax — Fi)/k = 2.602 4+ (18 — 8.75) /36 = 2.859 in

4.5(4) [4C*—C — 1
= 1
18(1073) [4(4.91%) —4.91 — 1
= ( )[4 ) + 1| =21.1kpsi
7(0.0812) 491 -1
Sa 42.2
= ——=——=2 check
(nf)a o0~ 211 checks
4C+2  4(491)+2
Body: Kp 2 _ A )+ = 1.300

T 4C -3 4491) -3

_ 8(1.300)(4-5)(0~398)(10—3) — 11.16 kpsi

a

7(0.081)3
F, 13.5 .
Ty = F’:‘Ea = H(11.16) = 33.47 kpsi

7(0.081)%(42.2)(10%) . \/[n(0.081)2(42.2)(103)]2 _ 7(0.081)2(42.2)(103)
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The repeating allowable stress from Table 7-8 is

Ssr = 0.308,; = 0.30(243.9) = 73.17 kpsi
The Gerber intercept is
73.17/2

Sse = 1 —[(73.17/2)/163.4]2

= 38.5 kpsi

From Table 6-7,

1 (163.4\* (11.16 2(33.47)(38.5)]°
— - —1+.[1 =2.53
(1 )boty = 5 (33.47) (38.5) +\/ +[ 163.4(11.16) ]

Letr, =2d = 2(0.081) = 0.162

=4 K=ol o5
d 4(4)—4
(ta)B = %ra %(11 16) = 10.73 kpsi
(K)pB 1.25
(Tm)B = K—BTm m(33 47) =32.18 kpSl
Table 10-8: (S;,)p = 0.28S,; = 0.28(243.9) = 68.3 kpsi
68.3/2 _
(Sse)B = =35.7 kpSl

1 — [(68.3/2)/163.42

1 /163.4\%/10.73 2(32.18)(35.7) 1?
- -1 1 =251
(ny)p 2 (32.18) (35.7) +\/ +[ 163.4(10.73) }

Yield
Bending:
AFpx [(4C* —C — 1)
max — 1
(@4) nd> [ c—1*
4(18) 4(491)> — 491 — 1 _3 )
= 11(10 =84.4k
7(0.0812) [ aor—1  THuom pol
134.2
(I’ly)A = 84—4 =1.59
Body:
7, = (F;j/Fy)t, = (8.75/4.5)(11.16) = 21.7 kpsi
r=1t,/(tym — 1) = 11.16/(33.47 — 21.7) = 0.948
(Ssa) T (S ) 70'948 (85.4 —21.7) = 31.0 kpsi
— —T;) = K B . == . S1
sy = L T T hoag 1 1 P
(Ssa)y 31.0
(ny)body = == = 7776
Hook shear:
Ssy = 0.38,; = 0.3(243.9) = 73.2 kpsi
Tmx =5+ T =1073+3218 =429 kpsi
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73.2 171
()8 = g = 1
7.6m%d*(Ny +2)D  7.6m%(0.081)%(23.3 + 2)(0.398)
fom = — = — = —1.239
4 4

A tabulation of several wire sizes follow

d 0.081 0.085 0.092 0.098 0.105 0.12
Syt 243.920 242.210 239.427 237.229 234.851 230.317
Seu 163.427 162.281 160.416 158.943 157.350 154.312
S, 109.764 108.994 107.742 106.753 105.683 103.643
S, 57.809 57.403 56.744 56.223 55.659 54.585
S, 42.136 41.841 41.360 40.980 40.570 39.786
C 4.903 5.484 6.547 7.510 8.693 11.451
D 0.397 0.466 0.602 0.736 0913 1.374
OD 0.478 0.551 0.694 0.834 1.018 1.494
F; (calc) 8.572 7.874 6.798 5.987 5.141 3.637
F; (rd) 8.75 9.75 10.75 11.75 12.75 13.75
k 36.000 36.000 36.000 36.000 36.000 36.000
N, 23.86 17.90 11.38 8.03 5.55 2.77
Np 23.50 17.54 11.02 7.68 5.19 2.42
Lo 2.617 2.338 2.127 2.126 2.266 2918
Lisior 2.874 2.567 2.328 2.300 2.412 3.036
(02)A 21.068 20.920 20.680 20.490 20.285 19.893
(nf)a 2.000 2.000 2.000 2.000 2.000 2.000
Kp 1.301 1.264 1.216 1.185 1.157 1.117
(Ta)body 11.141 10.994 10.775 10.617 10.457 10.177
(Tm)body 33.424 32.982 32.326 31.852 31.372 30.532
Ser 73.176 72.663 71.828 71.169 70.455 69.095
Sse 38.519 38.249 37.809 37.462 37.087 36.371
(1 £)body 2.531 2.547 2.569 2.583 2.596 2.616
(K)p 1.250 1.250 1.250 1.250 1.250 1.250
(Ta)B 10.705 10.872 11.080 11.200 11.294 11.391
(Tm)B 32.114 32.615 33.240 33.601 33.883 34.173
(Ssr)B 68.298 67.819 67.040 66.424 65.758 64.489
(Sse) B 35.708 35.458 35.050 34.728 34.380 33.717
(nf)p 2.519 2.463 2.388 2.341 2.298 2.235
Sy 134.156 133.215 131.685 130.476 129.168 126.674
(0A) max 84.273 83.682 82.720 81.961 81.139 79.573
(ny)a 1.592 1.592 1.592 1.592 1.592 1.592
T; 21.663 23.820 25.741 27.723 29.629 31.097
r 0.945 1.157 1.444 1.942 2.906 4.703
(Ssy)body 85.372 84.773 83.800 83.030 82.198 80.611
(Ssa)y 30.958 32.688 34.302 36.507 39.109 40.832
(1y)body 2.779 2.973 3.183 3.438 3.740 4.012
(Ssy) B 73.176 72.663 71.828 71.169 70.455 69.095
(TB)max 42.819 43.486 44321 44.801 45.177 45.564
(ny)p 1.709 1.671 1.621 1.589 1.560 1.516
fom —1.246 —1.234 —1.245 —1.283 —1.357 —1.639

optimal fom

[I:he Shaded areas Shﬁ“ +]h P B 4 t1afiad
UITCCUIIUTTTULLS TTUT SAatrs1icu,
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10-31 For the hook,
M = FRsinf, oM/dF = Rsinf

R=D/2

0
1 [7/2 7 PR3
Sp = — FR>sin® Rd = ———
EI J, 2 EI

The total deflection of the body and the two hooks

__8FD’N, 7w FR® 8FD’N, wF(D/2)’

&G T2 EI T 4G E(7/64)(d%)
__8FD’ AT 8FD’N,
~aic PTE)T T ahG

G
No=Ny+ QED

10-32 Table 10-4 for A227:
A =140 kpsi - in"™, m =0.190

Table 10-5: E = 28.5(10%) psi
140 Ko
Sut = W =197.8 ps1
Eq. (10-57):

Sy = oui = 0.78(197.8) = 154.3 kpsi
D =125-0.162 = 1.088 in

C = D/d = 1.088/0.162 = 6.72
4CT—C—1 467226721 _

;= = =1.125
4C(C = 1) 4(6.72)(6.72 — 1)
32M
From o=K,——
wd3
Solving for M for the yield condition,
d3s 0.162)3(154 300
_ 7Sy 7(0162)7(154300) _ o 1 in

Y 32K; 32(1.125)
Count the turns when M =0

My
N=25—
d*E/(10.8DN)
from which
2.5
N =
1+ [10.8DMy/(d4E)]
2.5

= = 2.417 turns
1+ {[10.8(1.088)(57.2)]1/[(0.162)*(28.5)(10%)]}
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This means (2.5 — 2.417)(360°) or 29.9° from closed. Treating the hand force as in the
middle of the grip

3.5 .
r:1—|—7:2.751n

M, 572
F=—2—=—"""—-20.81bf Ans.
r 2.75

10-33 The spring material and condition are unknown. Givend = 0.081 in and OD = 0.500,
(@) D =0.500—-0.081 =0.419 in
Using £ = 28.6 Mpsi for an estimate
o d*E _ (0.081)*(28.6)(10%)
10.8DN 10.8(0.419)(11)

for each spring. The moment corresponding to a force of 8 1bf

Fr =(8/2)(3.3125) = 13.25 1Ibf - in/spring

= 24.7 Ibf - in/turn

The fraction windup turn is

Fr 13.25
= 7 = m = 0.536 turns
The arm swings through an arc of slightly less than 180°, say 165°. This uses up
165/360 or 0.458 turns. So n = 0.536 —0.458 = 0.078 turns are left (o

0.078(360°) = 28.1°). The original configuration of the spring was

n

Ans.
28.1°
~
0.41
(b) = —9 =5.17
0.081
405.17)2 =5.17—-1
4(5.17)(5.17—-1)
32M
o = Kl'—
wd3
32(13.25
= 1.168 ¥ = 296623 psi  Ans.
7(0.081)3

To achieve this stress level, the spring had to have set removed.

10-34 Consider half and double results

. . L2 N oM
Straight section: ) F M =3FR, — =3R
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Upper 180° section:
M = F[R + R(1 —cos¢)]

oP
Lower section: M = FRsin6
oM .
—— = Rsin#f
P

Considering bending only:

2F |9 , 3 . T o7 e
2R+ R (4 —4 ( Y+ R (2
7 |30+ (s —asmo[ + 3]+ (F)

_ 2FR?
- EI

7 21 —FR2(19 R+18L) A
4 ") T 2Er " s

oM
= FR(2—cos¢), —— = R(2—cosq)

2 L/2 b4 /2
b= U 9FR*dx + / FR*(2 —cos$)*Rd¢ + / F(Rsin6)*R d@]
0 0 0

10-35 Computer programs will vary.

10-36 Computer programs will vary.
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11-1  For the deep-groove 02-series ball bearing with R = 0.90, the design life xp, in multiples

of rating life, is

30000(300)(60)
Xp = 105 =540 Ans.
The design radial load Fp is
Fp = 1.2(1.898) = 2.278 kN
From Eq. (11-6),
540 1/3
Clo=2.278 {o.oz + 4.439[In(1,/0.9)]1/1:483 }
= 18.59 kN Ans.
Table 11-2: Choose a 02-30 mm with C;g = 19.5 kN. Ans.
Eq. (11-18):
R — oxp {_ [540(2.278/19.5)3 - 0.02]1'483}
4.439
=0.919 Ans.

11-2  For the Angular-contact 02-series ball bearing as described, the rating life multiple is

~50000(480)(60)

106 = 1440

XD

The design load is radial and equal to

Fp = 1.4(610) = 854 1bf = 3.80 kN
Eq. (11-6):

1440 1/3
0.02 + 4.439[1In(1/0.9)]1/1483

= 9665 1bf = 43.0 kN

Cio= 854{

Table 11-2: Select a 02-55 mm with C;yp = 46.2 kKN. Ans.
Using Eq. (11-18),

1440(3.8/46.2) — 0.027"*%
R=exp)— 4.439

=0.927 Ans.
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11-3

For the straight-Roller 03-series bearing selection, xp = 1440 rating lives from Prob. 11-2
solution.

Fp = 1.4(1650) = 2310 Ibf = 10.279 kN

1440\ /10
Cio = 10.279 (T) —91.1kN

Table 11-3: Select a 03-55 mm with Cj9p = 102 kN. Ans.
Using Eq. (11-18),

1440(10.28/102)19/3 — 0.027"*%
R =exp {— |: ( 4{439) ] =0.942 Ans.

11-4

We can choose a reliability goal of +/0.90 = 0.95 for each bearing. We make the selec-
tions, find the existing reliabilities, multiply them together, and observe that the reliability
goal is exceeded due to the roundup of capacity upon table entry.

Another possibility is to use the reliability of one bearing, say R;. Then set the relia-
bility goal of the second as

090
2 = R

or vice versa. This gives three pairs of selections to compare in terms of cost, geometry im-
plications, etc.

11-5

Establish a reliability goal of +/0.90 = 0.95 for each bearing. For a 02-series angular con-
tact ball bearing,

1440 1/3
Cio = 854

0.02 + 4.439[In(1/0.95)]1/1453

= 11315 1bf = 50.4 kN

Select a 02-60 mm angular-contact bearing with Cjp = 55.9 kN.

1440(3.8/55.9)3 — 0.027"**
RA:exp{—[ (3.8/ ) ] = 0.969

4.439
For a 03-series straight-roller bearing,

1440
0.02 + 4.439[1In(1/0.95)]1/1-483

3/10
Cio = 10.279 { } = 105.2 kN

Select a 03-60 mm straight-roller bearing with Cjp = 123 kN.

1440(10.28/123)19/3 — 0.027"*%
RB:exp{—[ ( /123) ] = 0.977

4.439
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11-6

The overall reliability is R = 0.969(0.977) = 0.947, which exceeds the goal. Note, using
R4 from this problem, and Rp from Prob. 11-3, R = 0.969(0.942) = 0.913, which still
exceeds the goal. Likewise, using Rp from this problem, and R4 from Prob. 11-2,
R = 0.927(0.977) = 0.906.

The point is that the designer has choices. Discover them before making the selection de-
cision. Did the answer to Prob. 11-4 uncover the possibilities?

Choose a 02-series ball bearing from manufacturer #2, having a service factor of 1. For
F, =8kNand F, =4kN

5000(900)(60)
D= 0e T 270
Eq. (11-5):
270 1/3
Cio=8 — 51.8kN
0.02 + 4.439[1In(1/0.90)]1/1483

Trial #1: From Table (11-2) make a tentative selection of a deep-groove 02-70 mm with
Co = 37.5kN.

F, 4

Co =375 = 0.107
Table 11-1:
F,/(VF.)=05>¢
X, =056, Y,=1.46
Eq. (11-9):

F, =0.56(1)(8) + 1.46(4) = 10.32 kN

Eq. (11-6): For R = 0.90,

270\ /3
Cio = 10.32 (T) — 66.7kN > 61.8 kN

Trial #2: From Table 11-2 choose a 02-80 mm having C;p = 70.2 and Cy = 45.0.
Check:

F, 4
— = — =0.089
Co 45

Table 11-1: X, = 0.56, Y, = 1.53
F, =0.56(8) + 1.53(4) = 10.60 kN
Eq. (11-6):

270\ /3
Cio = 10.60 (T) = 68.51 kN < 70.2 kN

.". Selection stands.

Decision: Specify a 02-80 mm deep-groove ball bearing. Ans.
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11-7 From Prob. 11-6, xp = 270 and the final value of F, is 10.60 kN.

270
0.02 + 4.439[In(1/0.96)]1/1:483

1/3
Cio = 10.6 { } = 84.47 kN

Table 11-2: Choose a deep-groove ball bearing, based upon Cj( load ratings.
Trial #1:

Tentatively select a 02-90 mm.

Cio=95.6, Co=062kN

Fo _ 4 _ 0.0645
Co 62
From Table 11-1, interpolate for Y.
Fa/CO Y2
0.056 1.71
0.0645 Y
0.070 1.63

Y, — 171 0.0645 —0.056
1.63—1.71  0.070 — 0.056

Y, = 1.71 + 0.607(1.63 — 1.71) = 1.661
F, = 0.56(8) + 1.661(4) = 11.12 kN

270 1/3
0.02 + 4.439[1In(1/0.96)]1/1-483 }

= 88.61 kN < 95.6 kN

= 0.607

Cio = 11.12{

Bearing is OK.
Decision: Specify a deep-groove 02-90 mm ball bearing. Ans.

11-8 For the straight cylindrical roller bearing specified with a service factor of 1, R = 0.90 and
F, = 12kN

_4000(750)(60)

B 106

180 3/10
Cio=12 (T) =57.0kN Ans.

XD = 180
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11-9

Assume concentrated forces as shown.
P, = 8(24) = 192 Ibf
P, = 8(30) = 240 Ibf
T =192(2) = 384 1bf - in
Y T*=-384+15Fcos20° =0

384
F=———%-—+=2721bf
1.5(0.940)

ZMZO =5.75Py + II.SRX — 14.25F sin20° = 0;

thus 5.75(240) + 11.5R), — 14.25(272)(0.342) = 0
R = —4.73 1bf

> My =-575P, — 11.5R} — 14.25F c0s20° = 0;

thus —5.75(192) — 11.5R% — 14.25(272)(0.940) = 0
Ry = —4131bf; Ry = [(—413)%> 4 (—4.73)*1"/ = 413 Ibf
ZFZ:RZO—I—PZ—I—RQ-I—FCOSZO(’:O
R% + 192 — 413 + 272(0.940) = 0
R} = —34.7 Ibf
Y FY =R}y + Py+ Ry — Fsin20° =0
R}, +240 — 4.73 — 272(0.342) = 0
R}, = —142 Ibf
Ro = [(—34.6)% + (—142)%]'/? = 146 1bf
So the reaction at A governs.

Reliability Goal: v/0.92 = 0.96
Fp =1.2(413) = 496 Ibf
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xp = 30000(300)(60/10°) = 540

540 1/3
0.02 + 4.439[1In(1/0.96)]1/1483 }
= 4980 Ibf = 22.16 KN

A 02-35 bearing will do.

Decision: Specify an angular-contact 02-35 mm ball bearing for the locations at A and O.
Check combined reliability. Ans.

Cio =496{

11-10  For a combined reliability goal of 0.90, use +/0.90 = 0.95 for the individual bearings.

_50000(480)(60)

TG = 1440

The resultant of the given forces are Rp = [(—387)% + 467%1'/* = 607 Ibf
and Rp = [316% + (—1615)%]'/2 = 1646 Ibf.

At O: F, = 1.4(607) = 850 Ibf

1440 1/3
0.02 + 4.439[In(1/0.95)]1/1:483 }

=112621bf or 50.1kN
Select a 02-60 mm angular-contact ball bearing with a basic load rating of 55.9 kN. Ans.
At B: F, = 1.4(1646) = 2304 1bf

Ball: Cip = 850 {

0.02 + 4.439[In(1,/0.95)]1/1483
=235761bf or 1049kN

1440 3/10
Roller: Cio = 2304 { }

Select a 02-80 mm cylindrical roller or a 03-60 mm cylindrical roller. The 03-series roller
has the same bore as the 02-series ball.  Ans.
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11-11  The reliability of the individual bearings is R = +/0.999 = 0.9995

From statics,
R, =—1634N, Ry, =107N, Ro=195N
Ry =—892N, Ry =-1744N, Rp=196N

60 000(1200)(60)
xXp = — 4320
106
Cio = 0.196 4340 s
o 0.02 + 4.439[1In(1,/0.9995)]1/1.483

= 8.9kN

A 02-25 mm deep-groove ball bearing has a basic load rating of 14.0 kN which is ample,
An extra-light bearing could also be investigated.

11-12 Given:
F.p =5601bf or 2.492kN
F.p =10951bf or 4.873kN

Trial #1: Use K4 = Kp = 1.5 and from Table 11-6 choose an indirect mounting.

0.47F, 0.47F,
o> E_(—1)0)
K
0.47(2.492) 0.47(4.873)
—_— <?> —
1.5 1.5
0.781 < 1.527 Therefore use the upper line of Table 11-6.
0.47F,
Fup = Fap = E— 157N
B

Py =04F. o + KaF,4 = 0.4(2.492) 4+ 1.5(1.527) = 3.29 kN
Pp = F,p =4.873 kN
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Fig. 11-16: fr=0.8
Fig. 11-17: fv =1.07
Thus, ay = frfv = 0.8(1.07) = 0.856

Individual reliability: R; = +/0.9 = 0.95
Eq. (11-17):

(Ci0)a = 1.4(3.29) |:

40 000(400)(60) 03
4.48(0.856)(1 — 0.95)2/3(90)(106)]
— 11.40 kN

) 40 000(400)(60) 03
(Cro)p = 1.4(4.873) [4_48(0.856)(1 - 0.95)2/3(90)(106)}
— 16.88 kN

From Fig. 11-15, choose cone 32305 and cup 32305 which provide F, = 17.4 kN and
K =1.95. With K = 1.95 for both bearings, a second trial validates the choice of cone
32305 and cup 32305. Ans.

11-13

y| R R =+/0.95 =0.975
ZE T = 240(12)(cos20°) = 2706 1bf - in
2
= —706 = 498 Ibf
6 cos 25°

In xy-plane:
Y Mo = —82.1(16) — 210(30) + 42R}. = 0
R} = 181 Ibf
Ry, =82+210—181 = 111 Ibf
In xz-plane:

> Mo =226(16) — 452(30) — 42R: =0
R: = —237 Ibf
R% =226 — 451 4237 = 12 1bf
Ro = (1112 + 1252 =112 Ibf  Ans.
Rc = (1817 +237%)1/2 =298 Ibf  Ans.
F.o = 1.2(112) = 134.4 Ibf
F.c = 1.2(298) = 357.6 Ibf
_40000(200)(60)

106
sa v

=480

XD




Chapter 11 297

480 173
0.02 + 4.439[1In(1/0.975)]1/1:483 }
= 1438 Ibf or 6.398 kKN

480 1/3
0.02 + 4.439([1In(1/0.975)]1/1.483 }

=38251bf or 17.02kN

(Ci)o = 134.4{

(Cr0)c =357.6 {

Bearing at O: Choose a deep-groove 02-12 mm. Ans.
Bearing at C: Choose a deep-groove 02-30 mm. Ans.

There may be an advantage to the identical 02-30 mm bearings in a gear-reduction unit.

11-14

Shafts subjected to thrust can be constrained by bearings, one of which supports the thrust,
The shaft floats within the endplay of the second (Roller) bearing. Since the thrust force
here is larger than any radial load, the bearing absorbing the thrust is heavily loaded com-
pared to the other bearing. The second bearing is thus oversized and does not contribute
measurably to the chance of failure. This is predictable. The reliability goal is not +/0.99,
but 0.99 for the ball bearing. The reliability of the roller is 1. Beginning here saves effort.

Bearing at A (Ball)
F. = (36> + 21252 = 215 Ibf = 0.957 kN

F, =555 1bf =247 kN

Trial #1:
Tentatively select a 02-85 mm angular-contact with Cyp = 90.4 kN and Cyp = 63.0 kN.

F, 247

— = —— =0.0392
Cy 63.0
25 000(600)(60
Xp = 506 )(60) = 900

Table 11-1: X = 0.56, > = 1.88
F, = 0.56(0.957) + 1.88(2.47) = 5.18 kN
Fp = foF, = 1.3(5.18) = 6.73kN

900 1/3
0.02 + 4.439[In(1/0.99)] /1453 }

= 107.7 kN > 90.4 kN

Cio=06.73 {

Trial #2:
Tentatively select a 02-95 mm angular-contact ball with C;op = 121 kN and Cy = 85 kN,
F, 247

— = ——=20.029
Co 85
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Table 11-1: Y, = 1.98

F, = 0.56(0.957) + 1.98(2.47) = 5.43 kN
Fp = 1.3(5.43) = 7.05 kN
900 }1/3

0.02 + 4.439[In(1/0.99)]1/1453
= 113kN < 121 kN O.K.

Cio =7.05 {

Select a 02-95 mm angular-contact ball bearing. Ans.

Bearing at B (Roller): Any bearing will do since R = 1. Let’s prove it. From Eq. (11-18)

when
3
ar FD>
- Xp < Xp R=1
( Cio

The smallest 02-series roller has a C1p = 16.8 kN for a basic load rating.

0427\’ (900) < ? > 0.02

S <?7>0.

16.8

0.0148 < 0.02 S.R=1
Spotting this early avoided rework from +/0.99 = 0.995.

Any 02-series roller bearing will do. Same bore or outside diameter is a common choice,
(Why?) Ans.

11-15

Hoover Ball-bearing Division uses the same 2-parameter Weibull model as Timken:
b=1.5,0 =4.48. We have some data. Let’s estimate parameters b and 6 from it. In
Fig. 11-5, we will use line AB. In this case, B is to the right of A.

115(2000)(16)
For FF = 18 kN, (X)) = ———— =138
106
This establishes point 1 on the R = 0.90 line.
log F F
2 100 —

39.6

1 10 100 X
0 1 2 logx
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The R = 0.20 locus is above and parallel to the R = 0.90 locus. For the two-parameter
Weibull distribution, xo = 0 and points A and B are related by [see Eq. (20-25)]:

x4 = 0[In(1/0.90)]'/% 1
xg = 0[In(1/0.20)]"/"
and xp/x4 is in the same ratio as 600/115. Eliminating 6

b— In[In(1/0.20)/ In(1/0.90)]

—1.65 Ans.
In(600/115) "

Solving for 6 in Eq. (1)

XA 1
0 = = =391 Ans.
[In(1/R1)]/76 — [In(1/0.90)]1/65 "

Therefore, for the data at hand,

e[~ (55) ]

Check R at point B: xg = (600/115) = 5.217

5.217\'%

Note also, for point 2 on the R = 0.20 line.
log(5.217) — log(1) = log(x,,)> — log(13.8)
(Xm)2 =172

11-16

This problem is rich in useful variations. Here is one.

Decision: Make straight roller bearings identical on a given shaft. Use a reliability goal of
(0.99)"/¢ = 0.9983.

Shaft a
Fi=(239> 4 111%)1/2 =264 1bf or 1.175kN

Fp = (502> 4107552 = 1186 Ibf or 5.28kN

Thus the bearing at B controls

10 000(1200)(60
o= (1200060) _ .
100
0.02 4 4.439[In(1/0.9983)]"/1483 = 0.080 26
0.3
Cio=1.2(5.2 =97.2kN
10 (>-2) (0.080 26)

Select either a 02-80 mm with C;o = 106 kN or a 03-55 mm with Cyp = 102 kKN. Ans.
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Shaft b
FL = (8747 +2274%)'/2 = 2436 Ibf or 10.84 kN
FJ, = (393 4+ 657%)1/2 =766 Ibf or 3.41kN

The bearing at C controls
_10000(240)(60)

105 144

XD

Cio = 1.2(10.84) 144 0.3—1221(1\1
o= "2 0.0826)

Select either a 02-90 mm with C;o = 142 kN or a 03-60 mm with Cyy = 123 kN. Ans.

Shaft c
Fr = (1113% +2385%)1/2 = 26321bf or 11.71kN

Fro= (417 +895%)"/2 =987 Ibf or 4.39kN

The bearing at E controls
xp = 10000(80)(60/10%) = 48

48 0.3
— 1201171 [ ———) =94.8kN
C1o (11.71) (0.0826) ?

Select a 02-80 mm with Cjy = 106 kN or a 03-60 mm with C;yp = 123 kN. Auns.

11-17

The horizontal separation of the R = 0.90 loci in a log F-log x plot such as Fig. 11-5
will be demonstrated. We refer to the solution of Prob. 11-15 to plot point G (F =
18 kN, xg = 13.8). We know that (C1p); = 39.6 kN, x; = 1. This establishes the unim-
proved steel R = 0.90 locus, line AG. For the improved steel

360(2000)(60)
(xm)1 = 106

We plot point G'(F = 18 kN, x5 = 43.2), and draw the R = 0.90 locus A,,G’ parallel
to AG

=432

log F F

2 100 Improved steel

55.8 Unimproved steel

39.6
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We can calculate (Cp),, by similar triangles.
log(Ci)m —log 18 10g39.6 —log 18
log43.2 —logl  log13.8 —log1l
log43.2 39.6
log
log 13.8 18
(Ci10)m = 55.8 kN

log(Ci0)m = ) + log 18

The usefulness of this plot is evident. The improvement is 43.2/13.8 = 3.13 fold in life,
This result is also available by (L19)m/(L10)1 as360/115 or 3.13 fold, but the plot shows
the improvement is for all loading. Thus, the manufacturer’s assertion that there is at leasf
a 3-fold increase in life has been demonstrated by the sample data given. Ans.

11-18 Express Eq. (11-1) as
For a ball bearing, a = 3 and for a 02-30 mm angular contact bearing, C;p = 20.3 kN.
K = (20.3)°(10°) = 8.365(10°)
At aload of 18 kN, life L, is given by:
K 8.365(10%) 6
L] = F—la = 1—83 = 1434(10 )reV
For a load of 30 kN, life L, is:
. 8.365(107) 0.310(10%)
= — = U. rev
? 303

In this case, Eq. (7-57) — the Palmgren-Miner cycle ratio summation rule — can be ex-
pressed as

I [

4+ = =1

L + L,
Substituting,

200000 n I _1
1.434(10%) © 0.310(10)
I, = 0.267(10% rev  Ans.
11-19  Total life in revolutions

Let:

[ = total turns
J1 = fraction of turns at F
f>» = fraction of turns at F,
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From the solution of Prob. 11-18, L; = 1.434(10°) rev and L, = 0.310(10°) rev.
Palmgren-Miner rule:
h b _nl A
Ly L, Ly L
from which
1

| =
fi/Li+ fo/L>

1
I= {0.40/[1.434(10%)1} + {0.60/[0.310(10°)]}

=451585rev Ans.

Total life in loading cycles
4 min at 2000 rev/min = 8000 rev

6 min . 12000 rev
— at 2000 rev/min =
10 min/cycle 20000 rev/cycle
451 585 rev

= 22.58 cycles Ans.
20000 rev/cycle

Total life in hours

min 22.58 cycles
10 - =376h Ans.
cycle 60 min/h

11-20 While we made some use of the log F-log x plot in Probs. 11-15 and 11-17, the principal
use of Fig. 11-5 is to understand equations (11-6) and (11-7) in the discovery of the cata-
log basic load rating for a case at hand.

Point D
Fp = 495.6 Ibf
log Fp = log495.6 = 2.70
30000(300)(60
Xp = 506 )(60) = 540

logxp = log540 = 2.73
Kp = F}xp = (495.6)(540)
= 65.7(10°) Ibf* - turns
log K p = log[65.7(10%)] = 10.82

Fp has the following uses: Fyesign, Fdesired» F When a thrust load is present. It can include
application factor ay, or not. It depends on context.
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Point B
xp = 0.02 4 4.439[In(1/0.99)]"/1483

= 0.220 turns
logxp =10g0.220 = —0.658

1/3 1/3
XD 540
Fe=Fp(=2) =4956(-—"—) =6685Ibf
b D(xB) ? (o.zzo)

Note: Example 11-3 used Eq. (11-7). Whereas, here we basically used Eq. (11-6).
log Fp = log(6685) = 3.825
Kp = 6685°(0.220) = 65.7(10°) Ibf* - turns (as it should)
Point A
Fs = Fp = Cy9 = 6685 Ibf
log C1o = log(6685) = 3.825
xa=1
logxs =log(l) =0
Ko = Fixa = C;y(1) = 6685° =299(10%) Ibf* - turns

Note that Kp /K9 = 65.7(109)/[299( 109)] = 0.220, which is xg. This is worth knowing
since

Kijgp=—
XB
log K10 = 10g[299(10%)] = 11.48

log F F
4 10"
6685

310

495.6

Now Cjp = 6685 Ibf = 29.748 kN, which is required for a reliability goal of 0.99. If we
select an angular contact 02-40 mm ball bearing, then C;p = 31.9 kN = 7169 Ibf.
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12-1 Givendyx = 1.000 in and bp,;, = 1.0015 in, the minimum radial clearance is
bmin — dmax ~~ 1.0015 — 1.000
fmn =" 7 2
Also l/d =1
r=1.000/2 = 0.500

r/c = 0.500/0.00075 = 667

N =1100/60 = 18.33 rev/s
P =W/(d) =250/[(1)(1)] = 250 psi

= 0.00075 in

8(1079)(18.33)

Eq. (12-7): S = (667%) [ 550 ] = 0.261
Fig. 12-16: ho/c = 0.595
Fig. 12-19: Q/(reNIl) =3.98
Fig. 12-18: fr/c=15.8
Fig. 12-20: 0,/0 =0.5

ho = 0.595(0.00075) = 0.000466 in  Ans.

f:E:E:O.OOW

r/c 667

The power loss in Btu/s is
_ 2nfWrN  27(0.0087)(250)(0.5)(18.33)
778(12) 778(12)
= 0.0134 Btu/s Ans.
Q = 3.98rcNI = 3.98(0.5)(0.00075)(18.33)(1) = 0.0274 in’/s
0, = 0.5(0.0274) = 0.0137 in’/s  Ans.

12-2 bin — dmax 1252 — 1.250

Conin = 3 5 = 0.001 in
r=125/2=0.625in
r/c =0.625/0.001 = 625
N = 1150/60 = 19.167 rev/s
400
P=—— —128psi
1.25(2.5) pst
l/d =2.5/125=2
25%)(10)(1079)(19.1
§— (6259)(10)(107°)(19.167) — 0.585

128
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The interpolation formula of Eq. (12-16) will have to be used. From Figs. 12-16, 12-21

and 12-19
For l/d =00, hy/c =096, P/pmx =0.84, Q =3.09
rcNI
l/d=1, hy/c =077, P/pmax = 0.52, Q =3.6
rcNI
l/d = l, ho/c =0.54, P/pmax = 042, Q =44
2 rcNI
l/d = l, ho/c =031, P/pmax = 0.28, Q =5.25
4 rcNI

Equation (12-16) is easily programmed by code or by using a spreadsheet. The results are;

l/d  yoo Vi Yi2 o Yia o Vijd

ho/c 2 096 077 054 031 0.88
P/ pmax 2 0.84 052 042 028 0.64
Q/rcNl 2 309 3.60 440 525 3.28

- ho =0.88(0.001) = 0.00088 in  Ans.
128
0.64
Q = 3.28(0.625)(0.001)(19.167)(2.5) = 0.098 in*/s Ans.

=200 psi Ans.

Pmax =

12-3 o _
- bmin — dmax _ 3.005 —3.000 _ 0.0005 in
2 2
r =3.000/2 = 1.500 in
I/d=15/3=05
r/c = 1.5/0.0025 = 600
N = 600/60 = 10 rev/s
800 .
= ——=177.78 psi
1.5(3)
Fig. 12-12: SAE 10, 1’ = 1.75 preyn
1.75(107%)(10
S = (600%) ( (01 _ 0.0354
177.78

Figs. 12-16 and 12-21:  h,/c = 0.11, P/pmax = 0.21
h, = 0.11(0.0025) = 0.000275 in  Ans.
Pmax = 177.78/0.21 = 847 psi  Ans.
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Fig. 12-12: SAE 40, i’ = 4.5 preyn

4.5
S =0.0354 —= ) =0.0910
1.75

hofc =0.19, P/pmax = 0.275
ho, = 0.19(0.0025) = 0.000475in Ans.
Pmax = 177.78/0.275 = 646 psi  Ans.

12-4 buin — die 3.006 — 3.000
Conin, = = — 0.003
2 2
r =3.000/2 = 1.5in
l/d =1
r/c = 1.5/0.003 = 500
N =750/60 = 12.5 rev/s
600
- =667
33) pst
Fig. 12-14: SAE 10W, i/ = 2.1 ureyn
2.1(107%)(12.5
S = (500%) ( V(2.5 1 _ 0.0984
66.7

From Figs. 12-16 and 12-21:
ho/c =0.34, P/pmax = 0.395
h, = 0.34(0.003) = 0.001 020 in  Ans.

66.7

—— =169 psi  Ans.
0.395

Pmax =

Fig. 12-14: SAE 20W-40, 1’ = 5.05 pureyn

5.05(107%)(12.5)
66.7

S = (500%) [ ] = 0.237

From Figs. 12-16 and 12-21:
ho/c =0.57, P/pmax = 0.47
h, =0.57(0.003) = 0.001 71 in  Ans.

66.7
Pmax = —047 = 142 pSi Ans.
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12-5 Dinin — dmax _ 2.0024 — 2

Cmin =
2 2
;d—2—1’ l/d =1/2=0.50
r_2_2_ in, /d =1/2=0.
r/c =1/0.0012 = 833
N = 800/60 = 13.33 rev/s
600

P = —— =300 psi
2(1)

Fig. 12-12: SAE 20, i/ = 3.75 pureyn

=0.0012 in

3.75(1076)(13.3)
300

S = (833%) { ] =0.115

From Figs. 12-16, 12-18 and 12-19:
ho/c =023, rf/c=3.8, QJ/(rcNl)=153
ho, = 0.23(0.0012) = 0.000276 in  Ans.
f= ﬁ = 0.004 56
833
The power loss due to friction is
2rfWrN  2m(0.00456)(600)(1)(13.33)
T 778(12) 778(12)
= 0.0245 Btu/s Ans.
Q =5.3rcNI
= 5.3(1)(0.0012)(13.33)(1)

=0.0848 in’/s  Ans.

12-6 n — 25.04 —2
Cmin = Omin 2 Fonax = >0 5 > = 0.02 mm

r=d/2=25/2=125mm, [/d=1
r/c = 12.5/0.02 = 625
N = 1200/60 = 20 rev/s

1250
P =— =2MPa
252
50(107%)(20)
— 2 —

From Figs. 12-16, 12-18 and 12-20:
hyo/c =0.52, fr/c=4.5, Q;/0 =0.57
ho, = 0.52(0.02) = 0.0104 mm Ans.
f= ﬂ = 0.0072
625

T = fWr =0.0072(1.25)(12.5) = 0.1125 N - m
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The power loss due to friction is
H =2nTN =2r(0.1125)(20) = 14.14 W Ans.
Qs =0.57Q The side flow is 57% of Q Ans.

12-7 bmin — dmax ~ 30.05 — 30.00
Conins = - = 0.025 mm
2

d 0
y == = — = 15 mm

2 2
r 15
-_= — = 600
c 0.025
N 1120 18.67 rev/

= — = . Iev/s
60
2750
= —— = 1.833 MP
30(50) :
60(1073)(18.67
S = (600%) (107X - 0.22
1.833(109)

l 50
—=—=1.67
d 30

This //d requires use of the interpolation of Raimondi and Boyd, Eq. (12-16).
From Fig. 12-16, the h,/c values are:

y1/4 = 0.18, y1/2 = 0.34, y1 = 0.54, Yoo = 0.89

h
Substituting into Eq. (12-16), —2 =0.659
C

From Fig. 12-18, the fr/c values are:
Yi/4 = 7.4, Yip2 = 6.0, y1 = 5.0, VYoo = 4.0

Substituting into Eq. (12-16), ﬁ =4.59
c

From Fig. 12-19, the Q/(rcNI) values are:
y1/4 = 565, Yij2 = 5.05, y1 = 4.05, Yoo = 2.95

Q
reNl

h, = 0.659(0.025) = 0.0165 mm Ans.
f =4.59/600 = 0.00765 Ans.
Q = 3.605(15)(0.025)(18.67)(50) = 1263 mm’/s Ans.

Substituting into Eq. (12-16), = 3.605
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12-3 _ bmn—dmy _ 751075
e 2 B 2
l/d =36/75=0.5 (close enough)
r=d/2=75/2=37.5mm
r/c =37.5/0.05 = 750
N =720/60 = 12 rev/s
2000
" 75(36)
Fig. 12-13: SAE 20, © = 18.5 mPa - s

= 0.05 mm

= 0.741 MPa

18.5(107%)(12)
0.741(10°)

S = (750%) [ ] =0.169

From Figures 12-16, 12-18 and 12-21:
ho/c =0.29, fr/c=15.1, P/pma =0.315
ho, =0.29(0.05) = 0.0145 mm Ans.
f =5.1/750 = 0.0068
T = fWr =0.0068(2)(37.5) =0.51 N-m
The heat loss rate equals the rate of work on the film
Hioss =27 TN =27(0.51)(12) = 38.5W Ans.
Pmax = 0.741/0.315 = 2.35 MPa  Ans.
Fig. 12-13: SAE 40, u = 37 MPa - s
S =0.169(37)/18.5 = 0.338
From Figures 12-16, 12-18 and 12-21:
ho/c =042, fr/c=18.5, P/pmax=0.38
h, =0.42(0.05) = 0.021 mm Ans.
f=285/750=0.0113
T = fWr =0.0113(2)(37.5) =0.85N-m
Hioss =2 TN =27(0.85)(12) = 64 W Ans.
Pmax = 0.741/0.38 = 1.95 MPa  Ans.

12-9 bunin — dmax 50.05 — 50
Cmin = T T T
F=d/2=50/2=25mm
r/c = 25/0.025 = 1000
I/d =25/50 = 0.5, N = 840/60 = 14 rev/s
2000

=———=16MPa
25(50)

= 0.025 mm
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Fig. 12-13: SAE 30, 4 = 34 mPa - s
34(1073)(14)
1.6(10°)
From Figures 12-16, 12-18, 12-19 and 12-20:
ho/c =040, fr/c=178, Qs/0=0.74, Q/(rcNIl) =49
ho = 0.40(0.025) = 0.010 mm  Ans.
f =17.8/1000 = 0.0078
T = fWr =0.0078(2)(25) = 0.39N-m
H =27TN =27(0.39)(14) =343 W Ans.
Q =4.9rcNI = 4.9(25)(0.025)(14)(25) = 1072 mm?/s
Q, = 0.74(1072) = 793 mm’/s  Ans.

S = (1000%) [ ] = 0.2975

12-10  Consider the bearings as specified by

.. 1
minimum f dirg, bi—(f’
. 1,
maximum W: d/_t(?, b

and differing only in d and d’.

Preliminaries:
l/d =1
P =700/(1.25%) = 448 psi
N = 3600/60 = 60 rev/s
Fig. 12-16:
minimum f: S =0.08
maximum W: S =0.20
Fig. 12-12: w = 1.38(107%) reyn
uN/P = 1.38(107°)(60/448) = 0.185(107%)
Eq. (12-7):

For minimum f:

r_ [ 908 sg
¢~ \ 0.185(10°°)

¢ =0.625/658 = 0.000950 = 0.001 in
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If this 1S ¢pin,
b—d =2(0.001) =0.002 in
The median clearance is

tg +1p —0001—|—td+tb

C = Cmin +

and the clearance range for this bearing is

_la+ 1
2

Ac

which is a function only of the tolerances.

r 0.2
-= | ———— =1040
c 0.185(1079)

¢ = 0.625/1040 = 0.000 600 = 0.0005 in

For maximum W:

If this 1S ¢pin
b —d = 2cmin = 2(0.0005) = 0.001 in

_ tg +1 tg+t
C = Cmin a7 = 0.0005 + a0
f t
Ac — d+
2

The difference (mean) in clearance between the rwo clearance ranges, Crange, 18

t, 1 t, 1
Crange = 0.001 + d; b (0.0005 + d;r b)

= (0.0005 in
For the minimum f bearing
b —d =0.002in
or
d =b—0.002 in

For the maximum W bearing
d' = b —0.001in
For the same b, #; and 74, we need to change the journal diameter by 0.001 in.
d —d=>b—0.001 - (b—0.002)
= 0.001 in

Increasing d of the minimum friction bearing by 0.001 in, defines d’ of the maximum load
bearing. Thus, the clearance range provides for bearing dimensions which are attainable
in manufacturing. Ans.
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d =80mm, b = 80.08 mm,

12-11 Given: SAE 30, N =8rev/s, T, =60°C, [/d =1,

W = 3000N
Bin — dmax .~ 80.08 — 80
Cnin = — = — 0.04 mm
2 2
r=d/2=80/2 =40 mm
r 40
— = —— =1000
c 0.04

= 2 _ 469 MPa
80(80)

Trial #1: From Figure 12-13 for7 = 81°C, u = 12 mPa - s
AT = 2(81°C — 60°C) = 42°C

-3
S = (1000%) [%] = 0.2047

From Fig. 12-24,
0.120AT 5
—— = 0.349 + 6.009(0.2047) 4 0.0475(0.2047)" = 1.58

4
AT =1.58 w =6.2°C
0.120

Discrepancy = 42°C — 6.2°C = 35.8°C
Trial #2: From Figure 12-13 for T = 68°C, u = 20 mPa - s,
AT = 2(68°C — 60°C) = 16°C

20
S =0.2047 )= 0.341

From Fig. 12-24,
0.120AT 5
——— = 0.349 4 6.009(0.341) 4 0.0475(0.341)" = 2.4

0.469
AT =24 (-2 ) =940
(0.120) 4°C

Discrepancy = 16°C — 9.4°C = 6.6°C
Trial #3: © =21 mPa-s, T = 65°C
AT = 2(65°C — 60°C) = 10°C

21
S =0.2047 (= ) =0.358
()
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From Fig. 12-24,

0.120AT 5
——— = 0.349 + 6.009(0.358) + 0.0475(0.358)" = 2.5
4
AT =25 m =9.8°C
0.120

Discrepancy = 10°C — 9.8°C = 0.2°C  O.K.
T,, = 65°C Ans.
T, =T,, — AT/2 =65°C — (10°C/2) = 60°C
T, =Ty + AT /2 = 65°C + (10°C/2) = 70°C
S =0.358
From Figures 12-16, 12-18, 12-19 and 12-20:

h
2 =068, fr/c=1.5, Q2 _ 3.8, 9 _ 0.44
c reN [ 0
h, = 0.68(0.04) = 0.0272 mm  Ans.
7.5
f=——=0.0075
1000

T = fWr =0.0075(3)(40) = 0.9 N - m
H =27TN =27(0.9)(8) =452 W Ans.
Q = 3.8(40)(0.04)(8)(80) = 3891 mm>/s

0, = 0.44(3891) = 1712 mm>/s  Ans.

12-12 Given:d = 2.51in,b = 2.504 in, ¢, = 0.002 in, W = 1200 Ibf,SAE = 20, T, = 110°F|
N = 1120 rev/min, and / = 2.5 in.

For a trial film temperature 7y = 150°F

Ty w S AT (From Fig. 12-24)
150 2421  0.0921 18.5

18.5°F
= 119.3°F

AT
Tav - TS + 7 == 1100F+

Ty — Tyy = 150°F — 119.3°F
which is not 0.1 or less, therefore try averaging

150°F + 119.3°F
(Tf)new = +2 = 134.6°F
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Proceed with additional trials

Trial New
Tf I/L, S A T Ta v Tf

150.0 2421 0.0921 185 1193 1346
134.6 3453 0.1310 23.1 121.5 128.1
128.1  4.070 0.1550 25.8 1229 1255
1255 4255 0.1650 27.0 1235 1245
1245 4471 0.1700 27.5 123.8 124.1
124.1 4515 0.1710 27.7 1239 124.0
124.0 4532 0.1720 27.8 1237 1239

Note that the convergence begins rapidly. There are ways to speed this, but at this point
they would only add complexity. Depending where you stop, you can enter the analysis.

(@) p=4.541(10"% reyn, S=0.1724

h

From Fig. 12-16: — = 0.482, h, = 0.482(0.002) = 0.000964 in
c

From Fig. 12-17: ¢ = 56° Ans.

(b) e=c—h, =0.002 —-0.000964 = 0.001 04 in Ans.
fr

(¢) From Fig. 12-18: — =4.10, f =4.10(0.002/1.25) = 0.00656 Ans.
c

d T = fWr =0.00656(1200)(1.25) = 9.84 1bf - in

_ 2nTN _ 27(9.84)(1120/60)
COT778(12) 778(12)

1120
(e) From Fig. 12-19: & =4.16, Q =4.16(1.25)(0.002) { —— ) (2.5)
reNl 60

= 0.124 Btu/s  Ans.

— 0.4851in’/s Ans.

From Fig. 12-20: % =06, 0O, =0.6(0.485) = 0.291in’/s Ans.
() From Fig. 12-21 0.45 1200 _ o706 A
rom Fig. 12-21: = 0.45, ax = ———— = si  Ans.
£ Do Pmax = 57520.45) P

Dpn = 16° Ans.
(8) ¢p, =82° Ans.
(h) Tr = 123.9°F Ans.
(i) Ty + AT =110°F 4 27.8°F = 137.8°F  Ans.
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12-13 Given:d = 1.250in, t; = 0.001in,b = 1.252in, #;, = 0.0031in, / = 1.25in, W = 2501bf,
N = 1750 rev/min, SAE 10 lubricant, sump temperature 7y = 120°F.
Below is a partial tabular summary for comparison purposes.
Cmin c Cmax
0.001 in 0.002 in 0.003 in
Ty 132.2 125.8 124.0
AT 24.3 11.5 7.96
Tnax 144.3 131.5 128.0
w 2.587 3.014 3.150
S 0.184 0.0537 0.0249
€ 0.499 0.7750 0.873
fr
— 4.317 1.881 1.243
c
Q
4.129 4.572 4.691
rcN;l
% 0.582 0.824 0.903
0
ho
— 0.501 0.225 0.127
c
f 0.0069 0.006 0.0059
0 0.0941 0.208 0.321
Qs 0.0548 0.172 0.290
ho 0.000501 0.000495 0.000382
Note the variations on each line. There is not a bearing, but an ensemble of many bear-
ings, due to the random assembly of toleranced bushings and journals. Fortunately the
distribution is bounded; the extreme cases, cpin and cmax, coupled with ¢ provide the
charactistic description for the designer. All assemblies must be satisfactory.
The designer does not specify a journal-bushing bearing, but an ensemble of bearings.
12-14 Computer programs will vary—Fortran based, MATLAB, spreadsheet, etc.
12-15 In a step-by-step fashion, we are building a skill for natural circulation bearings.

* Given the average film temperature, establish the bearing properties.

* Given a sump temperature, find the average film temperature, then establish the bearing
properties.

* Now we acknowledge the environmental temperature’s role in establishing the sump
temperature. Sec. 12-9 and Ex. 12-5 address this problem.

The task is to iteratively find the average film temperature, 7y, which makes Hgy., and
H,oss equal. The steps for determining cp,i, are provided within Trial #1 through Trial #3
on the following page




316 Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

Trial #1:

* Choose a value of T .
* Find the corresponding viscosity.
¢ Find the Sommerfeld number.
* Find fr/c, then
2545 WN fr
en =050 e
* Find Q/(rc¢NI) and Q5/ Q. From Eq. (12-15)

- 0.103P(fr/c)
~ (1-0.50,/Q)[0/(reN;jD)]
herA(Ty — Too)

14+«

AT

Hloss -

* Display T, S, Hgen, Hioss
Trial #2: Choose another T, repeating above drill.
Trial #3:
Plot the results of the first two trials.

Choose (Tr)3 from plot. Repeat the drill. Plot the results of Trial #3 on the above graph.
If you are not within 0.1°F, iterate again. Otherwise, stop, and find all the properties off
the bearing for the first clearance, cpin . See if Trumpler conditions are satisfied, and if so,
analyze ¢ and cpay -

The bearing ensemble in the current problem statement meets Trumpler’s criteria
(forng = 2).

This adequacy assessment protocol can be used as a design tool by giving the students
additional possible bushing sizes.

b (in) tp (in)
2.254 0.004
2.004 0.004
1.753 0.003

Otherwise, the design option includes reducing//d to save on the cost of journal machin-
ing and vender-supplied bushings
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12-16 Continue to build a skill with pressure-fed bearings, that of finding the average tempera-
ture of the fluid film. First examine the case for ¢ = cpin

Trial #1:

* Choose an initial T .

* Find the viscosity.

* Find the Sommerfeld number.
Find fr/c, hy/c, and €.

e From Eq. (12-24), find AT .

AT
Toy =T + T
* Display 7y, S, AT, and Tj,.
Trial #2:
* Choose another Ty. Repeat the drill, and display the second set of values for 77,
S, AT, and T,.
 Plot T,y vs Ty:
T,
2 Tl \
<_|
i } L
| | |
T, Tps @,

Trial #3:

Pick the third Ty from the plot and repeat the procedure. If (T¢)3 and (7}, )3 differ by more
than 0.1°F, plot the results for Trials #2 and #3 and try again. If they are within 0.1°F, de-
termine the bearing parameters, check the Trumpler criteria, and compare Hjos With the
lubricant’s cooling capacity.

Repeat the entire procedure for ¢ = cax to assess the cooling capacity for the maxi-
mum radial clearance. Finally, examine ¢ = ¢ to characterize the ensemble of bearings

12-17 An adequacy assessment associated with a design task is required. Trumpler’s criteria
will do.

d =50.007000 mm, b =50.0847009 mm
SAE 30, N = 2880 rev/min or 48 rev/s, W = 10 kN
bmin — dmax _ 50.084 — 50

Cmin = = 0.042 mm
2 2
r=d/2=50/2=25mm
r/c = 25/0.042 = 595
1
/'=3(55~5)=25mm
I'/d =25/50 = 0.5
6
W = 10(10%) = 4000 kPa

P =T = 3025025
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Trial #1: Choose (Tr); = 79°C. From Fig. 12-13, u = 13 mPa - s.

13(1073)(48
S = (595%) 130107)(48) = 0.055
4000(103)
i fr
From Figs. 12-18 and 12-16: — =23, e€=0.85.
C

978(10%) (fr/c)SW?
1+ 1.5¢2 psr?

B 978(10%) [2.3(0.055)(102)]
14 1.5(0.85)2 200(25)%

= 76.0°C
Ty =Ts + AT /2 = 55°C + (76°C/2) = 93°C
Trial #2: Choose (Tr), = 100°C. From Fig. 12-13, u = 7 mPa - s.

From Eq. (12-25), AT =

S =0.055 7 = 0.0296
13

From Figs. 12-18 and 12-16: ﬁ =16, =090

] = 26.8°C

Cc

_978(10%  [1.6(0.0296)(10%)

_1+1.5(0.9)2[ 200(25)*
C

26.8°

Ty = 55°C + = 68.4°C

7-‘(\ v

100 — (100°C, 100°C)

(79°C, 93°C)

80— (79°C, 79°C)

Trial #3: Thus, the plot gives (T7)3 = 85°C. From Fig. 12-13, u = 10.8 mPa - s.

10.
S = 0.055 <%> = 0.0457

From Figs. 12-18 and 12-16: ﬁ =22, €=0.875
c

_ 0 978(10%  [2.2(0.0457)(10%)
1+ 1.5(0.875%) [ 200(25)*

58.6°C

AT :| = 58.6°C

T,y =55°C+ = 84.3°C

- © 4.3°
Result is close. Choose Tf = 85°C + 84.3°C = 84.7°C

2
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Fig. 12-13: w=10.8 MPa - s
10.8
S =0.055( —— ) =0.0457
13
h
Ir_ 223, €=0.874, -2=0.13
C C
_ 0 978(10%  [2.23(0.0457)(10)7 S0.5°C
14 1.5(0.8742) 200(25%) T
59.5°C
T, = 55°C + = 84.7°C O.K.
From Eq. (12-22)
3
2 ersrc
0, = (1 + 1.5¢%) 3l
200)(0.0423)(25
1+ 1.5(0.874%)] | F2O )(25)
3(10)(10—)(25)

= 3334 mm’/s
h, = 0.13(0.042) = 0.00546mm or 0.000215in

Trumpler:
h, = 0.0002 4 0.00004(50/25.4)

= 0.000279in  Not O.K.
Thmax = Ts + AT =55°C+463.7°C = 118.7°C or 245.7°F O.K.
Pg; =4000kPa or 581 psi Not O.K.
n =1, asdone Not O.K.

There is no point in proceeding further.

12-18

So far, we’ve performed elements of the design task. Now let’s do it more completely
First, remember our viewpoint.

The values of the unilateral tolerances, 7, and ¢4, reflect the routine capabilities of the
bushing vendor and the in-house capabilities. While the designer has to live with these,
his approach should not depend on them. They can be incorporated later.

First we shall find the minimum size of the journal which satisfies Trumpler’s con-
straint of Py; < 300 psi.

W
P., = <
= 2ar =
114 [ w
<300 dz |—
2d%1'/d ~ = =\ 600('/d)
900

o= |———  — 1.73in
\/ 2(300)(0.5)
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In this problem we will take journal diameter as the nominal value and the bushing bore
as a variable. In the next problem, we will take the bushing bore as nominal and the jour-
nal diameter as free.

To determine where the constraints are, we will set #, = t; = 0, and thereby shrink
the design window to a point.

We set d =2.000 in
b=d+2cnmin=d + 2c
ng =2 (This makes Trumpler’sn, < 2 tight)

and construct a table.

*

c b d Ty Tinax ho Py Tmax 1 fom
0.0010  2.0020 2 21550  312.0 x v x v =574
0.0011 20022 2 20675  293.0 x v v v 606
0.0012  2.0024 2 19850  277.0 x v v v @ =637
0.0013  2.0026 2 19140 2628 x v v v =666
0.0014  2.0028 2 18523 2504 x v v v  —69
0.0015  2.0030 2  179.80  239.6 x v v v =120
0.0016 ~ 2.0032 2 17500  230.1 x v v v =745
0.0017 20034 2 171.13 2203 x v v v =165
0.0018  2.0036 2 16692 2139 v v v v =791
0.0019 20038 2 16350 2069 v Vv Vv v =812
0.0020  2.0040 2 16040 2006 v Vv Vv Vv = -832

*Sample calculation for the first entry of this column.
Iteration yields: Tf = 215.5°F

With Ty = 215.5°F, from Table 12-1
w=0.0136(10"%) exp[1271.6/(215.5 + 95)] = 0.817(107%) reyn

900 )
N =3000/60 = 50rev/s, P = 7 = 225 psi

2 -6
S:< 1 ) |:0.817(10 )(50)]:0-182

0.001 225
From Figs. 12-16 and 12-18: €e=07 fr/c=15.5
Eq. (12-24): 0.0123(5.5)(0.182)(900?)
P T a0 G0 0h e
Top = 120F 4 210 515 g0p 2 215 50F

For the nominal 2-in bearing, the various clearances show that we have been in contact
with the recurving of (4,)min. The figure of merit (the parasitic friction torque plus the
pumping torque negated) is best at ¢ = 0.0018 in. For the nominal 2-in bearing, we will
place the top of the design window at cpi, = 0.002 in, and b = d + 2(0.002) = 2.004 in,|
At this point, add the b and d unilateral tolerances:

d =2.000799%0 ;5 — 20047999 i

—U.001 —U.U00U
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Now we can check the performance at cyip, €, and cpax - Of immediate interest is the fom
of the median clearance assembly, —9.82, as compared to any other satisfactory bearing
ensemble.

If a nominal 1.875 in bearing is possible, construct another table with #, = 0 and
tg = 0.

c b d Tf Tnax hy, Py Tnax o fos fom
0.0020 1.879 1.875 157.2 194.30 X v v v —7.36
0.0030 1.881 1.875 138.6 157.10 v v v v —8.64
0.0035 1.882 1.875 133.5 147.10 v v v v —9.05
0.0040 1.883 1.875 130.0 140.10 v v v v —9.32
0.0050 1.885 1.875 125.7 131.45 v v v v —9.59
0.0055 1.886 1.875 124.4 128.80 v v v v —9.63
0.0060 1.887 1.875 123.4 126.80 X v v v —9.64

The range of clearance is 0.0030 < ¢ < 0.0055in. That is enough room to fit in our de-
sign window.

d=1875100in = 188110003 iy

The ensemble median assembly has fom = —9.31.

We just had room to fit in a design window based upon the (%,)min constraint. Further
reduction in nominal diameter will preclude any smaller bearings. A table constructed for a
d = 1.750 in journal will prove this.

We choose the nominal 1.875-in bearing ensemble because it has the largest figure
of merit. Ans.

12-19

This is the same as Prob. 12-18 but uses design variables of nominal bushing bore » and
radial clearance c.

The approach is similar to that of Prob. 12-18 and the tables will change slightly. In the
table for a nominal b = 1.875 in, note that at ¢ = 0.003 the constraints are “loose.” Set

b =1.875 in
d = 1.875—2(0.003) = 1.869 in
For the ensemble
b= 187510005, d=1.8691000
Analyze at ¢y = 0.003, ¢ = 0.004 in and cyax = 0.005 in

At cmin = 0.003in: Ty = 138.4°F, 1/ = 3.160, S = 0.0297, Hioss = 1035 Btu/h and the
Trumpler conditions are met.

At ¢ =0.004 in: Ty = 130°F, u' =3.872, S =0.0205, Hiss = 1106 Btw/h, fom =
—9.246 and the Trumpler conditions are O.K.

At Cmax = 0.005in: Ty = 125.68°F, ' =4.325 ureyn, S =0.01466, Hioss =
1129 Btu/h and the Trumpler conditions are O.K.

The ensemble figure of merit is slightly better; this bearing is slightly smaller. The lubri-
cant cooler has sufficient capacity
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12-20  From Table 12-1, Seireg and Dandage, 1o = 0.0141(10°) reyn and b = 1360.0
u(ureyn) = 0.0141 exp[1360/(T + 95)] (T in °F)
= 0.0141exp[1360/(1.8C + 127)] (Cin °C)
p(mPa - s) = 6.89(0.0141) exp[1360/(1.8C + 127)] (Cin °C)
For SAE 30 at 79°C
n = 6.89(0.0141) exp{1360/[1.8(79) + 127]}
=152mPa-s Ans.
12-21 Originally
d =2.000709%in, b =2.005T000 in
Doubled,
d =4.000709%% in, b = 401013950
The radial load quadrupled to 3600 Ibf when the analyses for parts (a) and (b) were carried
out. Some of the results are:
_ Trumpler
Part c ,LL/ S Tf fr/C Qs ho/c € Ii]oss ho ho f

(a) 0.007 3.416 0.0310 135.1 0.1612 6.56 0.1032 0.897 9898 0.000722 0.000360 0.00567
(b) 0.0035 3.416 0.0310 135.1 0.1612 0.870 0.1032 0.897 1237 0.000361 0.000280 0.00567

The side flow Q; differs because there is a ¢> term and consequently an 8-fold increase.
Hyss 1s related by a9898 /1237 or an 8-fold increase. The existing /1, is related by a 2-fold
increase. Trumpler’s (h,) ., 1S related by a 1.286-fold increase

fom = —&82.37 for double size

o ] } an 8-fold increase for double-size
fom = —10.297 for original size

12-22

From Table 12-8: K = 0.6(107'%) in® - min/(Ibf- ft-h). P = 500/[(1)(1)] = 500 psi,
V = DN/12 = 7(1)(200)/12 = 52.4 ft/min

Tables 12-10 and 12-11: =18, fr=1
Table 12-12: P Viax = 46700 psi - ft/min, Ppax = 3560 psi,  Viax = 100 ft/min

» 4 F 4500
T DL 2(1)(1)

= 637 psi < 3560 psi O.K.

F
P = — =500 psi V = 52.4 ft/min
DL

PV =500(52.4) = 26200 psi - ft/min < 46700 psi - ft/min  O.K.
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Solving Eq. (12-32) for ¢

__mbLw _ 77(1)(1)(0.005)
T 4fi KVF  4(1.8)(1)(0.6)(10719)(52.4)(500)

Cycles = Nt = 200(83270) = 16.7rev  Ans.

= 1388 h = 83270 min

12-23

Estimate bushing length with f; = f» = 1, and K = 0.6(107'%) in® - min/(Ibf - ft - h)

_ 1(1)(0.6)(10719)(2)(100)(400)(1000)
- 3(0.002)

Eq. (12-32): L —0.80 in

From Eq. (12-38), with f; = 0.03 from Table 12-9 applyingny =2 to F

and ficg = 2.7 Btu/(h - ft> - °F)
_720(0.03)(2)(100)(400) ,
= =3.58 in
778(2.7)(300 — 70)
0.80 < L < 3.58 in

Trial I: LetL =11in, D = 1 in

4(2)(100) . .
= ) 955 3560 psi O.K.
ma 71’(1)(1) pst < ps1
2(100
= (109 = 200 psi
1(1)
1)(400
V= % — 104.7 ft/min > 100 f/min  Not O.K.

Trial 2: Tty D =7/8in, L = 1 in

4(2)(100) ) .
nax = —————— = 291 psi < 3560 psi  O.K.
7(7/8)(1) P b
21
= (—OO) = 229 psi
7/8(1)
4
V= W — 91.6 ft/min < 100 f/min  O.K.

PV =229(91.6) = 20976 psi - ft/min < 46700 psi - ft/min ~ O.K.

V. A
33 1.3
91.6 — 33
91.6 =13+(18-13)| ——=)=174
i = N +( )(100_33)

100 1.8
L =0.80(1.74) = 1.39 in




324 Solutions Manual ¢ Instructor’s Solution Manual to Accompany Mechanical Engineering Design

Trial 3: Try D =7/8 in, L = 1.5 in
4(2)(100) . .
hax = ————— = 194 3560 O.K.
= 2 7/8)(1.5) B
~2(100)
~ 7/8(1.5)
PV = 152(91.6) = 13923 psi - ft/min < 46700 psi - ft/min  O.K.

D=7/8in, L=1.51in is acceptable Ans.

=152 psi, V = 91.6 ft/min

Suggestion: Try smaller sizes.
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14-1
22
d=" _ 2 _3667in
P 6
Table 14-2: Y =0.331
. 12
_ mdn _ w(3.667)(1200) _ o oh e
12 12
1200 + 1152
Eq. (14-4b): Ky=———""=196
q. ( ) v 1200
T 25H 25(1
W' = _ 03025H _ 63025(15) g 5
d/2 nd/2 1200(3.667/2)
Eq. (14-7):
K,W'P  1.96(429.7)(6
o=— _ 19 O _ 7633 psi = 7.63 kpsi Ans.
FY 2(0.331)
14-2
16 .
d=— =1333in, Y =0.296
12
1.
V= w — 244.3 fi/min
Eq. (14-4b): o 120042443
a ' T 1200 0
63025H  63025(1.5
f = = A5 006 1bf
nd/2 700(1.333/2)
Eq. (14-7):
K,W'P  1.204(202.6)(12
o =— = ( 2 15485 psi = 13.2kpsi Ans.
FY 0.75(0.296)
14-3

d=mN = 1.25(18) =22.5mm, Y =0.309
V= 7(22.5)(1073)(1800)

=2.121 m/
60 °
6.1 4+2.121
Eq. (14-6b): Ky=——=1348
60H 60(0.5)(10°)
W = = =2358N
wdn ~ w(22.5)(10-3)(1800)
K, W! 1.348(235.8
Eq. (14-8): 0= ——= ( )__ 68.6 MPa  Ans.
FmY — 12(1.25)(0.309)
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14-4
d=5(15)=75mm, Y =0.290
75)(1073)(200
y = UV DEYO) 6 2654 s
60
Assume steel and apply Eq. (14-6b):
6.1 +0.7854
v = o-140.78>% =1.129
6.1
H 10°
amdn  7(75)(1073)(200)
K,W! 1.129(6366
Eq. (14-8): 0=——= (6360) _ ¢> 6 MPa Ans.
FmY  60(5)(0.290)
14-5
d=1(16) = 16 mm, Y = 0.296
16)(1073)(4
y = ZUOUODED) ) 355 s
60
Assume steel and apply Eq. (14-6b):
6.1 +0.335
=——=1.055
' 6.1
60H 60(0.15)(10°
W' = = ( )(107) =447.6 N
adn  7(16)(1073)(400)
K,W! 1.055(447.6)
Eq. (14-8): F = = = 10.6
4. (14-8) omY  150(1)(0.296) mm
From Table A-17,use F = 11 mm Auns.
14-6

d=15(17)=255mm, Y =0.303
V— 7(25.5)(1073)(400)

= 0.534 m/s
60
6.1 +0.534
Eq. (14-6b): K, = Jg—l = 1.088
60H 60(0.25)(10°
W= = 0250100 _ 465N
wdn — 7(25.5)(10~3)(400)
K,W! 1.088(468
Eq. (14-8): F=—"— = 0% 149 mm

omY  75(1.5)(0.303)
Use F = 15 mm Ans.
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14-7
24 ,
d= 5 =48in, Y =0.337
4.
y = TEBG0 _ 6 83 fumin
12
1200 + 62.83
Eq. (14-4b): K, = —0F528 o5
1200
63025H  63025(6
- - © _ 3151 1vf
nd/2 50(4.8/2)
K,W'P  1.052(3151)(5
Eq. (14-7): F=— = CBDO) _ 5 46 in
oY 20(10%)(0.337)
Use F =2.5in Ans.
14-8
16 ,
d=—2=32in, V= 0.296
3.2)(600
_ 762000 _ 55 7 fymin
12
1200 + 502.7
Eq. (14-4b): Ky=——"""" =141
q. (14-4b) v 1200 9
63 025(15)
= — " —984.8 Ibf
600(3.2/2)
K ,W'P  1.419(984.8)(5
Eq. (14-7): F=— = ( )0 _ 5381
oY 10(103)(0.296)
Use F =2.5in Ans.
14-9 Try P = 8 which givesd = 18/8 =2.251inand Y = 0.309.
2.2
y = 12290000 _ 253 4 fymin
12
1200 + 353.4
Eq. (14-4b): Ky=——""=12
q. (14-4b) v 1500 95
25(2.
o 0302525 g g
600(2.25/2)
K,W'P  1.295(233.4)(8
Eq. (14-7): F=-—"" = ( ® _ 0.783 in

oY  10(10%)(0.309)
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Using coarse integer pitches from Table 13-2, the following table is formed.

d 1% K, w! F

P

2 9.000 1413.717 2.178 58.356 0.082
3 6.000 942.478 1.785 87.535 0.152
4 4.500 706.858 1.589 116.713 0.240
6 3.000 471.239 1.393 175.069 0.473
8 2.250 353.429 1.295 233.426 0.782
10
12
16

1.800 282.743 1.236 291.782 1.167
1.500 235.619 1.196 350.139 1.627
1.125 176.715 1.147 466.852 2.773

Other considerations may dictate the selection. Good candidates are P = 8 (F = 7/8 in)
and P=10(F = 1.251in). Ans.

14-10 Try m = 2 mm which gives d = 2(18) = 36 mm and Y = 0.309.
V- 7(36)(1073)(900)

= 1.696 m/
60 >
6.1 +1.696
Eq. (14-6b): K, = Jg—l — 1278
60(1.5)(10°
— (1.5)(10°) = 884 N
7(36)(10—3)(900)
1.278(884
Eq. (14-8): = —( ) = 24.4 mm
75(2)(0.309)
Using the preferred module sizes from Table 13-2:
m d \% K, w! F
1.00 18.0 0.848 1.139 1768.388 86.917
1.25 22.5 1.060 1.174 1414.711 57.324
1.50 27.0 1.272 1.209 1178.926 40.987
2.00 36.0 1.696 1.278 884.194 24.382
3.00 54.0 2.545 1.417 589.463 12.015
4.00 72.0 3.393 1.556 442.097 7.422
5.00 90.0 4.241 1.695 353.678 5.174
6.00 108.0 5.089 1.834 294.731 3.888
8.00 144.0 6.786 2.112 221.049 2.519
10.00 180.0 8.482 2.391 176.839 1.824
12.00 216.0 10.179 2.669 147.366 1.414
16.00 288.0 13.572 3.225 110.524 0.961
20.00 360.0 16.965 3.781 88.419 0.721
25.00 450.0 21.206 4.476 70.736 0.547
32.00 576.0 27.143 5.450 55.262 0.406
40.00 720.0 33.929 6.562 44.210 0.313
50.00 900.0 42.412 7.953 35.368 0.243

Other design considerations may dictate the size selection. For the present design,

m — D mm (F — 25 mm) i 9 000
1Tl — 4 1111171 \l —_— L llllll/ o a sUU
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14-11
22 60
dp = — =3.667in, dg =— =101in
6 6
. 12
y = TOLODNA00) _ 4155 fymin
12
Eq. (14-4b): K, = 1200+ 1152 _ 1.96
A 'S0
63 025(15
ge _63025(13) = 429.7 Ibf
1200(3.667/2)
Table 14-8: C, = 2100,/psi [Note: using Eq. (14-13) can result in wide variation in
C) due to wide variation in cast iron properties]
3.667 sin 20° 10sin 20°
Eq. (14-12): r = % —0.627in, = % — 1.710in
Eq. (14-14) C KW (1 + AT
. (14-14): oc=— — |-+ —
1 ¢ PlFcosp \ri  n
1.96(429.7) (1 1 \1"7?
= —2100 ( ) +
2cos20° \0.627  1.710
= —65.6(10°) psi = —65.6 kpsi  Ans.
e d 16 1.333i d 48 41
= — = ]. 1n, = — =41n
T2 ‘T2
1.333)(700
y = T30 _ 5443 ymin
12
Eq. (14-4b): K, = 1200 + 2445 _ 1.204
q- 1100 " 00 0
63 025(1.5
! (.5) = 202.6 Ibf

= 700(1.333/2)
Table 14-8:  C, =21004/psi (see note in Prob. 14-11 solution)

1.333 5in20° , 4 8in20° ,
Eq. (14-12): r; = — =0.2281n, r = = 0.684 in
Eq. (14-14):
1.202(202.6) [ 1 1 172 5
= —2100 = —100(10
oc [ F cos 20° <0.228 i 0.684>] (10

2100 \2[1.202(202.6 1 1
F = ( ) + — 0.668 in
100(103) c0s 20° 0.228 ' 0.684

Use FF =0.751in Ans.
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14-13 24 , 48 ,
dp = 5 =4.81in, dg = 5 =9.61in
4.8)(50
y = T@DOD o) <3 fymin
12
600 + 62.83
. (14-4a): =——=1.105
Eq. (14-4a) v 00
L % =5252H
50(4.8/2)
Table 14-8: C, = 19604/psi (see note in Prob. 14-11 solution)
4.8 sin 20° . .
Eq. (14-12): r = B — =0.821in, 7 =2r; =1.6421in
1.105(525.2H 1 1 \1"?
Eq. (14-14):  —100(10%) = —1960 ( - ) -
2.5c0s20 0.821  1.642
H=57Thp Ans.
14-14
dp =4(20) =80 mm, dg =4(32) =128 mm
80)(10~3)(1000
y = ZEOUY AN 159 s
60
Ea. (14-64): _3.05+4.189 373
Q- (14-6a): Ky = ——5——=2.
60(10)(10°
P = (10)(19°) = 2387N
7(80)(10~3)(1000)
Table 14-8: C, = 163vV/MPa (see note in Prob. 14-11 solution)
80 sin 20° 128 sin 20°
Eq. (14-12): =02 1368 mm, r = % —21.89 mm
Eq. (14-14 163 2.373(2387) ! + ! v 617 MPa A
. _ : or = — = — a ns.
q- (1414 oc 50c0s20° \13.68 ' 21.89
14-15 The pinion controls the design.
Bending Yp =0.303, Ys =0.359
17 30
dp=—=14171in, dg = — =2.500in
12 12
d 1.417)(525
y = Zden _ mAADO2) o) ¢ fiymin
12 12
1200 + 194.8
Eq. (14-4b): K, = =200 6
1200
Eq. (6-8): S, =0.5(76) = 38 kpsi

Eq. (6-19):

k, = 2.770(76)~ 925 =0.857
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225  2.25

|=——=——=0.1875in
Py 12
3Yp  3(0.303) )
Eq. (14-3): = = = 0.0379
q- (14-3) TP T 212 n
Eq. (), p. 717: t = /4(0.1875)(0.0379) = 0.1686 in
Eq. (6-25): d, = 0.808,/0.875(0.1686) = 0.310 in
Eq. (6-20): kp = —— = 0.996
q. (6-20) b ( 030 )
ke =kq =k =1, ky =166 (seeEx.14-2)
0.300
ry = 7 = 0.025in (see Ex. 14-2)
.02
r_r 0.025 —0.148

d~ 't 01686

Approximate D/d = oo with D/d = 3; from Fig. A-15-6, K; = 1.68.

From Fig. 6-20, with S,, = 76 kpsi and r = 0.025 in, g = 0.62. From Eq. (6-32)
Ky =140.62(1.68 — 1) =1.42

Miscellaneous-Effects Factor:

1
kf =kpiksr =1.65 <—) = 1.247

1.323
Eq. (7-17): Se = 0.857(0.996)(1)(1)(1)(1.247)(38 000)
= 40450 psi
40770 .
Oall = —2.25 = 18120 psi
¢ FYpoa . 0.875(0.303)(18 120)
- K,P; 1.162(12)
= 345 1bf
345(194.8
= # =2.04hp Ans.
Wear 33000

vi =1 =0.292, E; = E, =30(10%) psi

1

Eq. (14-13); C, = — 2285,/psi
9 (14-13) P 1—0.2922 pol
o (2
30(109)
d 1.417
Eq. (14-12): o= 7‘” sing = sin20° = 0.242 in
dc . 2.500 .
rp = —sing = sin20° = 0.428
2 2
11 1 -
—+—= + = 6.469 in

00490 04729
\V Py e . T4L0

1 L)
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From Eq. (6-68),
(SC)IOS = 04HB —10 kpSl
= [0.4(149) — 10](10°) = 49 600 psi
(Sc)ier  —49600

OC.all = — = = —33067 psi
CHTTT T s P
—33067\* [0.875 cos 20°
Eq. (14-14): i — (230677 0875cos 2001 ) i
2285 1.162(6.469)
22.6(194.8
= 22.6(154.5) =0.133hp Ans.
33000
Rating power (pinion controls):
H; =2.04 hp
H, =0.133 hp

Hyp = (min2.04,0.133) = 0.133 hp Ans.

14-16 See Prob. 14-15 solution for equation numbers.
Pinion controls: Yp = 0.322, Y = 0.447

Bending dp =20/3 =6.667 in, dg = 33.333in
V =ndpn/12 = 7(6.667)(870)/12 = 1519 ft/min
K, = (1200 4 1519)/1200 = 2.266
S) = 0.5(113) = 56.5 kpsi
ko, = 2.70(113)7%26° = 0.771
| =225/P; =2.25/3=0.75in
x = 3(0.322)/[2(3)] = 0.161 in

t = /4(0.75)(0.161) = 0.695 in

d, = 0.808,/2.5(0.695) = 1.065 in

ky = (1.065/0.30) %197 = 0.873
ke =kg =ke =1
rs = 0.300/3 = 0.100 in
r r 0.100
o= Tf = Ggog = 0144
From Table A-15-6, K, = 1.75; Fig. 6-20, g = 0.85; Eq. (6-32), Ky = 1.64
kpr = 1/1.597, ky = kpikpr = 1.66/1.597 = 1.039
S, = 0.771(0.873)(1)(1)(1)(1.039)(56 500) = 39 500 psi
oal = Se/n = 39500/1.5 = 26 330 psi
_ FYpou _ 2.5(0.322)(26330)

= 3118 Ibf
K, Py 2.266(3)

Wl
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Wear
Eq. (14-13): C, = 2285/psi
Eq. (14-12); ri = (6.667/2) sin20° = 1.140 in
ra = (33.333/2) sin 20° = 5.700 in
Eq. (6-68): Sc = [0.4(262) — 101(10%) = 94 800 psi

oc.an = —Sc//na = —94800/v1.5 = =77 404 psi

W — (O’C,M])Z Fcos¢ 1
o Cp K, 1/ri+1/r,

[ —T77404\* (2.5c0s20° 1
—\ 2300 2.266 1/1.140 + 1/5.700
= 1115 Ibf

W'V 1115(1519)
© 33000 33000

For 10% cycles (revolutions of the pinion), the power based on wear is 51.3 hp.

=513hp Ans.

Rating power—pinion controls
H; =144 hp
H, =513hp
Hipeq = min(144, 51.3) = 51.3 hp Ans.

14-17

Given: ¢ = 20°, n = 1145 rev/min, m = 6 mm, FF =75 mm, Np = 16 milled teeth,
Ng = 30T, S,; =900 MPa, Hg = 260, ny; = 3, Yp = 0.296, and Y5 = 0.359.

Pinion bending
dp =mNp = 6(16) = 96 mm
dg = 6(30) = 180 mm
mdpn  w(96)(1145)(1073)(12)

12 (12)(60)
6.1 +5.76
Eq. (14-6b): K, = :71 =1.944

S, = 0.5(900) = 450 MPa
a =445 b= -0.265
ko, = 4.51(900) 2% = 0.744
[ =2.25m = 2.25(6) = 13.5 mm
x =3Ym/2 = 3(0.296)6/2 = 2.664 mm

t =+4lx = \/4(13.5)(2.664) = 12.0 mm
de = 0.808/75(12.0) = 24.23 mm
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24.23 —0.107
kp = [ —— = 0.884
7.62

ke =kg=ke=1
rr = 0.300m = 0.300(6) = 1.8 mm
From Fig. A-15-6 forr/d =ry/t =1.8/12 = 0.15, K; = 1.68.
Figure 6-20, g = 0.86; Eq. (6-32),
Ky =1+40.86(1.68 —1) =1.58
ki = 1.66 (Gerber failure criterion)
kpp =1/Ky =1/1.537 = 0.651
kf = kpikgr = 1.66(0.651) = 1.08
Se = 0.744(0.884)(1)(1)(1)(1.08)(450) = 319.6 MPa

19.
Ol = % = —3 9.6 = 245.8 MPa
ng 1.3
FYmog — 75(0.296)(6)(245.8
Eq. (14-8): W' = I’:G u_ 71X 1)9(41( ) _ 16840N
’U .
Tn 16 840(96/2)(1145
H=—1__ O/ _ g6 oxw  ns.
9.55 9.55(10%

Wear: Pinion and gear
Eq. (14-12): r1 = (96/2)sin20° = 16.42 mm
r, = (180/2) sin20° = 30.78 mm

Eq. (14-13), with E = 207(10%) MPa and v = 0.292, gives

1
C, = — 190v/MP
P [2n(1 ~0.2922)/(207 x 103)] :

Eq. (6-68): Sc = 6.89[0.4(260) — 10] = 647.7 MPa
Sc 647.7
al = ——= = ——=— = —568 MP
0C,all NG 75 N
2
F 1
Eq. (14-14): w! = (UC,au> cos ¢
Cr Ky 1/ri+1/r

(568?75 cos 20° 1
11 1944 )\ 1/16.42 + 1/30.78

= 3433N
w'd 3433(96
T = 2”: 2( ) 164784 N mm = 1648 N - m
T 164.8(1145
po= 2t _1OAID) g5 7w = 19.8kW  Ans.
9.55 9.55
Thus wear controls the cearset power ratino: — 10 R kW Ang
HHUSS Sa-CONHO+S cgealsetpoweTadng 7 OV LS




V =ndpn/12 = 7w (2.833)(1120) /12 = 830.7 ft/min

Based on yielding in bending, the power is 67.6 hp.

Eq. (14-4b): K, = (1200 4 830.7)/1200 = 1.692
S, 90000
Ot = =% = —— = 45000 psi
ng
Table 14-2: Yp = 0303, Yg=0.410
FYpoy  2(0.303)(45000)
Eq. (14-7): W= - — 2686 Ibf
a- (14-7) K, P, 1.692(6)
W'V 2686(830.7
33000 33000

(a) Pinion fatigue

Bending

Eq. (2-17):
Eq. (6-8):
Eq. (6-19):

Table 13-1:

Eq. (14-3):

Eq. (b), p. 717:

Eq. (6-25):

Eq. (6-20):

Sut = 0.5Hp = 0.5(232) = 116 kpsi

S! =0.5S,, = 0.5(116) = 58 kpsi

a=270, b=-0265k,=270116)"%% =0.766

_ 1 N 125 225 225
Py Py Py 6

3Yp _ 3(0.303)
2P; 2(6)

) =0.3751in

X = = 0.0758

t = /4lx = /4(0.375)(0.0758) = 0.337 in
d, = 0.808v Ft = 0.808,/2(0.337) = 0.663 in

0.663 —0.107
kp = 2 —0.919
b ( 0.30 )
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14-18 Preliminaries: Np =17, Ng =51
N 17 )
dp=—=—=12.8331n
P, 6
51 )
dg = 3 = 8.500 in

ke =kq =k, =1. Assess two components contributing to ky. First, based upon
one-way bending and the Gerber failure criterion, ky; = 1.66 (see Ex. 14-2). Second,
due to stress-concentration,

0.300  0.300
ry = = = 0.050in (see Ex. 14-2)
’ Pd 6
. r ry 0.05
Fio A-15-6: - = - — — (0.148
° d t 0.338
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Estimate D/d = oo by setting D/d = 3, K; = 1.68. From Fig. 6-20, ¢ = 0.86, and
Eq. (6-32)
Ky =1+0.86(1.68 —1) =1.58

1 1
kfr = — = — = 0.633
K; 158

ki = kpiksy = 1.66(0.633) = 1.051
Se = 0.766(0.919)(1)(1)(1)(1.051)(58) = 42.9 kpsi

S, 42.9
ou = — = —— =21.5 kpsi
ng 2
FY 2(0.303)(21 500
wt = FYpour _ ( )( ) _ 1283 Ibf
Ky Py 1.692(6)
wty 1283(830.7)
H = = =323hp Ans.
33000 33000
(b) Pinion fatigue
Wear
From Table A-5 for steel: v =0292, E =30(10% psi

Eq. (14-13) or Table 14-8:

1
Cr= {2n [(1 — 0.2922)/30(10)]

1/2
} = 2285,/psi

In preparation for Eq. (14-14):

d 2.833
Eq. (14-12): o= 7’3 sing = sin20° = 0.485 in
d 8.500
ry = 7G sing = sin20° = 1.454 in
L D X 1T
— J— — = . m
r r 0.485 1.454
Eq. (6-68): (Sc) 108 = 0.4Hp — 10 kpsi

In terms of gear notation
oc = [0.4(232) — 10]10° = 82 800 psi

We will introduce the design factor of ny; = 2 and because it is a contact stress apply if
to the load W’ by dividing by v/2.

o¢ 82800

OCal = ——— = = —58 548 psi
C,all ﬁ «/Q p
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(0

Solve Eq. (14-14) for W"

—58548\%[ 2co0s20°
W’:( ) [ cos ]:2651bf

2285 ) | 1.692(2.750)
265(830.7)

= 200D 6 6Thp  Ans.

"= 733000 boanm

For 10® cycles (turns of pinion), the allowable power is 6.67 hp.

Gear fatigue due to bending and wear

Bending
3Yg  3(0.4103) .
Eq. (14-3): = = = 0.1026
q-(14-3) YT 2R T 26 .
Eq. (b), p. 717 t = \/4(0.375)(0.1026) = 0.392 in
Eq. (6-25): d, = 0.808,/2(0.392) = 0.715 in
0715\ ~0107
Eq. (6-20): kp = —— =00911
q. (6-20) b ( 030 )
ke=ks=k.=1
rorp o 0.050
Lo P 0128
d t 0.392

Approximate D/d = oo by setting D/d = 3 for Fig. A-15-6; K; = 1.80. Use K =
1.80.

1
kfy = 180 = 0.556, ky =1.66(0.556) =0.923

S. = 0.766(0.911)(1)(1)(1)(0.923)(58) = 37.36 kpsi
S, 37.36

Oa1 = — = —— = 18.68 kpsi
ng 2
FYgou  2(0.4103)(18 680
wi = Yoo _ 202109US0) _ 5y
K, — Py 1.692(6)
1510(830.7)
= 2 _380hp  Ans.
A= 7733000 poam

The gear is thus stronger than the pinion in bending.

Wear Since the material of the pinion and the gear are the same, and the contact
stresses are the same, the allowable power transmission of both is the same. Thus,
H,; = 6.67 hp for 108 revolutions of each. As yet, we have no way to establish S¢ for]
10%/3 revolutions.
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(d) Pinion bending: H; =32.3 hp
Pinion wear: H, = 6.67 hp

Gear bending: H; = 38.0 hp
Gear wear: Hjy = 6.67 hp

Power rating of the gear set is thus
Hiyeqg = min(32.3, 6.67, 38.0, 6.67) = 6.67 hp  Ans.

14-19 dp =16/6 =2.667in, dg =48/6 =8 in

V— 7(2.667)(300)

B = 209.4 ft/min
33000(5
W= 33000(3) = 787.8 Ibf
209.4

Assuming uniform loading, K, = 1. From Eq. (14-28),
Q, =6, B=02512-6)*°=0.8255
A =50+ 56(1 —0.8255) = 59.77
Eq. (14-27):

0.8255
59.77 4 +/209.4
K, = = 1.196

59.77

From Table 14-2,
Np =16T, Yp =0.296

NG = 48T, Y = 0.4056
From Eq. (), Sec. 14-10 with F = 2 in

0.0535
2+/0.296
7) = 1.088

(Ky)p = 1.192< 3

(Ks)g =1.192

0.0535
2+/0.4056
< = 1.097

From Eq. (14-30) with Cy,,c = 1

Cpp= ——— —0.0375 + 0.0125(2) = 0.0625
"I = 10(2.667) + 2)

Com=1, Cpus=0.093 (Fig. 14-11), C.=1
K, =14 1[0.0625(1) 4+ 0.093(1)] = 1.156
Assuming constant thickness of the gears - Kp =1

mg = Ng/Np = 48/16 = 3

With N (pinion) = 10® cycles and N (gear) = 10%/3, Fig. 14-14 provides the relations:

(Yn)p = 1.3558(10%) 700178 = 0.977
(Yn)g = 1.3558(10%/3) %0178 — 00.996
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Fig. 14-6: Jp =027, Jg =038
From Table 14-10 for R = 0.9, Kp = 0.85
Kr=Cr=1
Eq. (14-23) with my =1 [ = - 200;111200 (3 i 1) —0.1205
Table 14-8: C, = 2300,/psi
Strength: Grade 1 steel with Hpp = Hpg = 200
Fig. 14-2: (S)p = (S)g = 77.3(200) + 12 800 = 28 260 psi
Fig. 14-5: (Se)p = (Se)g = 322(200) + 29 100 = 93 500 psi
Fig. 14-15: (Zn)p = 1.4488(10%) 7092 = 0.948

(Zn)g = 1.4488(108/3)7%023 = 0.973
Fig. 14-12: HBP/HBGzl CHZI

Pinion tooth bending
Eq. (14-15):

KmKB

P
w»:W&mmg

— 787.8(1)(1.196)(1.088) (g) [%]

0.27
=13167psi Ans.
Factor of safety from Eq. (14-41)

S,YN/(KTKR)] _28260(0.977)/[(1)(0.85)]
B 13167

=247 Ans.

Spp = [

o

Gear tooth bending

(6)[(1.156)(1)] .

(0)g = 787.8(1)(1.196)(1.097) | = || ——=——| = 9433 psi Ans.
2 0.38

(Sp)G = 28260(0.996)/[(1)(0.85)] _ 351 Ans.

9433

Pinion tooth wear

) K, Cf 1/2
Eq. (14-16): (o0)p =C, | W K, Ky Ky——

dpF I ),
— 2300 | 787.8(1)(1.196)(1.088) | 120 Ly
a [ SO, )<2.667(2)><0.12()5>]
=98760 psi Ans.
Eq. (14-42):
(SH)P:[SCZN/(KTKR)] :{93500(0.948)/[(1)(0.85)]}:1'06 .
e » 98760
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Gear tooth wear

(K 1'7? 1.097\ /2 _
(GC)G = (K )P (UC)P = m (98 760) =99170 ps1 Ans.

~93500(0.973)(1)/[(1)(0.85)]
(Sw)G = 99170 =108 Ans

The hardness of the pinion and the gear should be increased.

14-20 dp = 2.5(20) =50 mm, dg = 2.5(36) =90 mm

10731
y = Tdenp _ 7GOA0THA0) oo
60 60

60(120) B
7(50)(10—3)(100) 458.4N

W' =
Eq. (14-28): K,=1, Q,=6, B=0.25(12—-6)*3=0.8255
A =50+ 56(1 — 0.8255) = 59.77

59.77 + /200(0.2618) 1*%*
o7 — 1.099

Eq. (14-27): K, = |:

Table 14-2: Yp=0.322, Yqg=0.3775
Similar to Eq. (a) of Sec. 14-10 but for SI units:

1
Ki= o= 0.8433(mFv/Y )" %%
b

(Ky)p = 0.8433[2.5(18)v/0.322]"%® = 1.003 use 1
(Ky)g = 0.8433[2.5(18)v/0.3775 " > 1 use 1

Cme =1, F=18/254=0.709in, C,f = 101?0) —0.025 = 0.011
Com =1, Cua =0.247 +0.0167(0.709) — 0.765(10~4)(0.709%) = 0.259
C.=1
Ky =14 1[0.011(1) +0.259(1)] = 1.27
Eq. (14-40): Kp=1, mg=Ng/Np=236/20=1.8
Fig. 14-14: (Yy)p = 1.3558(10%)70-0178 — (0,977
(Yn)g = 1.3558(108/1.8)700178 — 0.987
Fig. 14-6: (Y))p =033, (Yy)g =038
Eq. (14-38): Y7 = 0.658 — 0.0759 In(1 — 0.95) = 0.885

SeC. 14-15 YQ = ZR = 1
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Eq. (14-23) withmpy = 1:

cos 20° sin 20° 1.8
Z; = 7 =0.103

2 1.8 +
Table 14-8: Zr = 1914/MPa
Strength Grade 1 steel, given Hpp = Hpg = 200
Fig. 14-2: (orp)p = (oFp)G = 0.533(200) + 88.3 = 194.9 MPa
Fig. 14-5: (oup)p = (oHp)G = 2.22(200) 4+ 200 = 644 MPa
Fig. 14-15: (Zy)p = 1.4488(10%)79023 = 0.948
(Zy)G = 1.4488(10%/1.8)7%:023 = 0.961
Fig. 14-12: Hpp/Hpg =1 . Zw=1

Pinion tooth bending

1 KygkK
(o)p=(W’K0Kva— 2 B)
bm[ YJ P
458.4(1)(1.099)(1) | —— [[ 127DV _ 4308 mpa 4
= . . = . a ns.
182.5) || 033
orp Yy 1949 0.977
Eq. (14-41): (Sp)p = — — 499 Ans.
q- (14-41): (Sp)e (0 Y9Y2>P 43.08[1(0.885)] "

Gear tooth bending

1 1.27(1)
Eq. (14-15):  (0)g = 458.4(1)(1.099)(1) [ ][ } —37.42MPa Ans.

18(2.5) || 0.38
1949 [ 0.987
SF)G = —5.81 Ans.
(3r)c 37.42[1(0.885)} "
Pinion tooth wear
Ky Zg
Eq. (14-16): (00)p = | Zg, | WK, KoK, 2R
dwlb ZI P
191_[458.4(1)(1.099)(1) | 2 ! 501.8 MPa A
= . . = . a ns.
50(18) || 0.103
OHP ZNZW 644 0948(1)
. (14-42): (Su)p = - — 137 Ans.
Eq. (14-42): (Su)p ( o YoYz )P 501.8 [1(0.885)] "

Gear tooth wear
(KS)G
0.)G =
(0e)a [(Ks)p
644 |:O.961(1)

501.8 [ 1(0.885)

12 1\ 1/2
:| (oo)p = (I) (501.8) = 501.8 MPa Ans.

(Sw)c = ] =1.39 Ans.
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14-21

P, = P, cosy = 6co0s30° = 5.196 teeth/in

d 10 3o079m 4 48(3 079) = 9.238 i
= — = 3. m = — . = Y. m
P =519 T
07
y = TCOCO) _ 11 ¢ fymin
12
33000(5) 50.77 + 2418\
P 22 6823 1bf, K, = | — : —1.210
241.8 59.77

From Prob. 14-19:
Yp =0.296, Yg = 0.4056
(Ky)p =1.088, (Ky)g=1.097, Kp=1
mg =3, (Yny)p=0977, (Yn)g =0.996, Kr=0.85
(S)p=(S)g=28260psi, Cyp=1, (So)p=(S)¢ =93500 psi
(Zy)p =0.948, (Zn)g =0.973, C, =2300./psi
The pressure angle is:

tan 20°
cos 30°

Eq. (13-19): ¢, =tan™! ( ) =22.80°

3.079

(rp)p = c0s22.8°=1.4191in, (rp)g = 3(rp)p =4.258 in

a=1/P,=1/6=0.167 in

Eq. (14-25):
1/2 2 1/2
3.079 2 9.238
7 = [(T + 0.167) — 1.4192} + [(T + 0.167) — 4.2582}
. 2
B (3 079 N 9 38) in 2 80
2 2

= 0.9479 + 2.1852 — 2.3865 = 0.7466 Conditions O.K. for use

PN = Dn COS$y = %cos 20° = 0.4920 in

0.492
Eq. (14-21): my = 2N _ — 0.6937
0.95Z ~ 0.95(0.7466)
in22.8°c0s22.8°7 (3
Eq. (14-23): [ = |22 © — 0.193
2(0.6937) 3+ 1

Fig. 14-7: T, =045, J, =0.54
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Fig. 14-8: Corrections are 0.94 and 0.98
Jp =0.45(0.94) =0.423, Jg = 0.54(0.98) = 0.529

Cne =1, —0.0375 4 0.0125(2) = 0.0525

Cpp= ———
P = 10(3.079)
Com=1, Cpa=0093, C,=1

K, =14 (1)[0.0525(1) + 0.093(1)] = 1.146

Pinion tooth bending

(0)p = 682.3(1)(1.21)(1.088) (5-196> [1.146(1)

= 6323 psi  Ans.
2 0.423

_28260(0.977)/[1(0.85)]
(Sp)p = 6323 =5.14 Ans.

Gear tooth bending

(0)6 = 682.3(1)(1.21)(1.097) (5'196) [1146(1)

= 5097 psi  Ans.
> 0.529] 5097 psi  Ans

_28260(0.996)/[1(0.85)]
(Sp)g = 007 =6.50 Ans.

Pinion tooth wear

1.146 1 172 .
(6.)p = 2300 {682.3(1)(1.21)(1.088) [3 078(2)} <0 193)} = 67700 psi Ans.

93 500(0.948) /[(1)(0.85)] B
(Sp)p = 7700 = 1.54 Ans.

Gear tooth wear

(o = | 27 1/2(67700)—67980 i A

9)G = | {088 = psi  Ans.
93500(0.973) /[(1)(0.85)]

S = —1.57 Ans.

(Sm)6 67980 s

14-22

Given: Np = 17T, Ng =51T, R =0.99 at 108 cycles, Hp = 232 through-hardening
Grade 1, core and case, both gears.

Table 14-2: Yp =10.303, Y5 =0.4103
Fig. 14-6: Jp=0.292, J5 = 0.396

dp=Np/P =17/6 =2.8331in,d; =51/6 =8.51in
Pinion bending

From Fig. 14-2:

0.99(S) 107 = 77.3Hg + 12800

= 77.3(232) + 12800 = 30734 psi
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Fig. 14-14: Yy = 1.6831(10%) %% = 0.928
V =mdpn/12 = 7(2.833)(1120/12) = 830.7 ft/min
Kr=Kr=1, Sp=2Syp=+2
30734(0.928)

=~ = 14261 psi
Oall 2(H(1) psi1

0,=5, B=02512-5)"*=09148
A =504 56(1 —0.9148) = 54.77

0.9148
54.77 + v/ 830.7
54.77

0.0535
24/0.
koo (200 e o e
Ky = Cmf =1+ Cmc(Cprpm + CinaCe)
Cine =1
C,r = F 0.0375 + 0.0125F
PP= 04 '
2
=~ —0.0375 4 0.0125(2
10(2.833) + 2)
= 0.0581
Com =1
Ca = 0.127 + 0.0158(2) — 0.093(10~*)(2%) = 0.1586
C, =1
K, =1+ 1[0.0581(1) 4+ 0.1586(1)] = 1.2167
Kg=1
Eq. (14-15): W' = FJpo
K,K,K,P;K,Kp
2(0.292)(14 261
= ( A ) = 775 Ibf

1(1.472)(1)(6)(1.2167)(1)
W'V 775(830.7)

33000 33000 P
Pinion wear
Fig. 14-15: Zn = 2.466N 005 = 2 466(10%) 790 = 0.879
Mg =51/17=3

in20°cos20° / 3
_ sm-U cos — 1205, Cy=1
2 341
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Fig. 14-5: 099(S) 107 = 322Hp + 29100
— 322(232) 429100 = 103 804 psi
103 804(0.879
Oc,all = ( ) = 64519 pSi
V2(1)(1)
2
Fdpl

Eq. (14-16): Wi = <ac’a“) P

Cr ) KoKoK,KnCy

_(64519\ [ 2(2.833)(0.1205)
B ( 2300 ) [1(1.472)(1)(1.2167)(1)]
= 300 Ibf

W'V 300(830.7)
T 33000 33000

=7.55hp

The pinion controls therefore Hyyeq = 7.55 hp  Ans.

14-23
| =225/P _
7 = 2P,
2. 25 3Y 3.674
t =dlx = Y
t \/ 2Pd) Py v

d d

—0.107
1.5487,/ FV/Y/Py s ( 7 ﬁ) —0.0535

0.30 Py

3.674 FJY
d, = 0.808vVFt = 0.808\/F ( S ) VY =1.5487 ;F

kp =

0.0535
1 FVY
K,=—=1.192 VY Ans.
kp, P,

14-24 Yp = 0.331, Y = 0.422, Jp = 0.345, J6 = 0.410, K, = 1.25. The service conditions
are adequately described by K,,. Set Sp = Sy = 1.

dp =22/4 =5.5001n
dc = 60/4 = 15.000 in

_ m(5.5)(1145)
o 12

— 1649 ft/min
Pinion bending
0.09(S1) 107 = 77.3Hp + 12800 = 77.3(250) + 12800 = 32 125 psi
Yy = 1.6831[3(10%)]7%%3% = 0.832
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32125(0.832)
1(1)(1)
B =0.25(12 — 6)*>/* = 0.8255
A =50+ 56(1 — 0.8255) = 59.77
0.8255
K, = (5 9'775;“_7‘;@> = 1.534
Ki=1, Cn=1

Eq. (14-17): (oa)p = = 26728 psi

F
Cme = — —0.0375 4+ 0.0125F

10d
= 325 — 0.0375 + 0.0125(3.25) = 0.0622
10(5.5)
Cpa = 0.127 4+ 0.0158(3.25) — 0.093(107%)(3.25%) = 0.178
C.=1

Ky = Cpy =14 (1)[0.0622(1) + 0.178(1)] = 1.240
Kp=1 Kr=1
26728(3.25)(0.345)

Eq. (14-15); Wi = — 3151 Ibf
1.25(1.534)(1)(4)(1.240)
3151(1649
= SO e s
33000

Gear bending By similar reasoning, Wi = 3861 Ibf and H, = 192.9 hp
Pinion wear

mg = 60/22 = 2.727
cos 20° sin 20° 2.727
I = =0.1176
2 142727
0.99(Se) 107 = 322(250) 4 29 100 = 109 600 psi
(Zn)p = 2.466[3(10%)]7%9% = 0.727
(Zn)g = 2.466[3(10%)/2.72717%%° = 0.769
109 600(0.727)

(Gc,a) = = 79679 psi
e 1(1)(1) P
wi — ( Geat ? Fdpl
37\ Cy ) KoKyKKnCy
7 2 25(5.5)(0.
_ (79679 3.25(5.5)(0.1176) 1061 bt
2300 1.25(1.534)(1)(1.24)(1)
1061(1649

33000
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Gear wear

Similarly, W, = 11821bf, Hy=59.0 hp
Rating
Hrated = min(Hla H2a H35 H4)

= min(157.5, 192.9, 53,59) =53 hp Ans.

Note differing capacities. Can these be equalized?

14-25

From Prob. 14-24:

W =31511bf, W, = 3861 Ibf,
Wi = 1061 Ibf, W, = 1182 Ibf
_ 33000K,H  33000(1.25)(40)

w! = 1000 1bf
\% 1649
Pinion bending: The factor of safety, based on load and stress, is
wi 3151
Sp)p=——=-"—"—=3.15
(PP = 1000 = 1000
Gear bending based on load and stress
(SF)G = WZ’ _3861 _ 386
2977000 ~ 1000
Pinion wear
w! 1061
based on load: ny=——=——=1.06
1000 1000
based on stress: (Sg)p =+/1.06 =1.03
Gear wear
w! 1182
based on load: =2 —_—_~—1.18
asec on fod "= 1000 ~ 1000
based on stress: (Sg)g =~1.18 =1.09

Factors of safety are used to assess the relative threat of loss of function 3.15, 3.86, 1.06,
1.18 where the threat is from pinion wear. By comparison, the AGMA safety factors

Spp, Sk, (Sw)p, (SH)G
are

3.15,3.86, 1.03,1.09 or 3.15,3.86, 1.06'/2 1.18!/2

and the threat is again from pinion wear. Depending on the magnitude of the numbers,
using Sr and Sy as defined by AGMA, does not necessarily lead to the same conclusion
concerning threat. Therefore be cautious.
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14-26  Solution summary from Prob. 14-24: n = 1145 rev/min, K, = 1.25, Grade 1 materials,
Np =22T, NG =60T, mg =2.727, Yp=0.331, Y5=0422, Jp=0.345,
Jg = 0410, P;=4T/in, F=325in, Q,=6, (No)p=23(10°), R =0.99
Pinion Hp: 250 core, 390 case
Gear Hg: 250 core, 390 case
K, =1240, Kr=1, Kp=1, dp=5500in, dg = 15.000 in,

V =1649 ft/min, K, =1.534, (K,)p =(Ks)¢g =1, (Yny)p =0.832,
(Yn)g =0.859, Krp=1
Bending
(oan)p = 26728 psi (S;)p = 32125 psi
(oan)G = 27546 psi (S1)g = 32125 psi
W! = 3151 Ibf, H; =157.5hp
W3 = 3861 Ibf, H; =1929 hp
Wear
¢ =20°, I =0.1176, (Zy)p =0.727,
(Zn)g =0.769, Cp = 2300,/psi
(Se)p = Se = 322(390) 4 29 100 = 154 680 psi
154 680(0.727
(ocan)p = ( ) _ 112450 psi
1(DH(D)
154 680(0.769
(oca)G = ( ) = 118950 psi
L(D)(D)
112450\ 2113(1649
Wi = (1061) = 2113 1bf, H; = 2113(1649) = 105.6 hp
79679 33000
118950 2 2354(1649)
F = 1182) =23541bf, Hy= ————F——— =117.6h
4 (109 600(0.769)) (1182) * = 733000 P
Rated power
Hipeq = min(157.5,192.9, 105.6, 117.6) = 105.6 hp  Ans.
Prob. 14-24
Hipeqg = min(157.5, 192.9, 53.0, 59.0) = 53 hp
The rated power approximately doubled.

14-27 The gear and the pinion are 9310 grade 1, carburized and case-hardened to obtain Brinell

285 core and Brinell 580-600 case.
Table 14-3:
0.99(St) 107 = 55000 psi
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Modification of S; by (Yn)p = 0.832 produces

(oan) p = 45657 psi,
Similarly for (Yn)c = 0.859
(ou)g = 47161 psi, and

W{ = 4569 Ibf, H; =228 hp
W3 = 5668 Ibf, H, =283 hp
From Table 14-8, C, = 2300@. Also, from Table 14-6:
0.99(S¢) 107 = 180000 psi

Modification of S by (Yx) produces
(oc.an)p = 130525 psi
(0c,an)c = 138069 psi

and
W3t =24891bf, H;=1243hp

Wi =27671bf, H, = 138.2hp
Rating

Hiyeq = min(228, 283, 124, 138) = 124 hp  Ans.

14-28

Grade 2 9310 carburized and case-hardened to 285 core and 580 case in Prob. 14-27.

Summary:
Table 14-3: 0.99(S1) 17 = 65000 psi

(oa) p = 53959 psi
(oan)g = 55736 psi
and it follows that
W{ =5399.51bf, H; =270hp
W5 = 6699 Ibf, H; =335hp
From Table 14-8, C), = 2300\/;Tsi. Also, from Table 14-6:
S, = 225000 psi
(0c.an)p = 181285 psi
(0c.an)g = 191762 psi
Consequently,
Wi = 4801 1bf, H; =240hp
W, =53371bf, H,; =267 hp
Rating
Hipeq = min(270, 335, 240, 267) = 240 hp. Ans.
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14-29 n = 1145rev/min, K, =1.25, Np =22T, Ng = 60T, mg = 2.727, dp = 2.75 in,
dg =7.5in, Yp =0.331, Y;=0422, Jp=0.335 Jsg=0.405, P =8T/in,
F =1.625in, Hp =250, case and core, both gears. C,, =1, F/dp = 0.0591,
Cr=0.0419, Cpn=1, Cpa=0.152, C,=1, K, = 1.1942, Kr=1,
Kg=1, Kg=1, V =824ft/min, (¥Yy)p =0.8318, (Yn)g =0.859, Kg=1,
I =0.11758
0.99(S) 107 = 32 125 psi

(oan) p = 26 668 psi

(oan)G = 27546 psi
and it follows that

W{ =879.31bf, H; =21.97hp
W5 = 1098 Ibf, H, =27.4hp
For wear
W§ =304 1bf, H; =7.59hp
W, =3401bf, Hy = 8.50 hp
Rating
Hiateq = min(21.97,27.4,7.59, 8.50) = 7.59 hp

In Prob. 14-24, Hyyeq = 53 hp

Thus

7.59 1 1
—— =0.1432 = ——, not— Ans.
53.0 6.98 8

The transmitted load rating is
W .q = min(879.3, 1098, 304, 340) = 304 Ibf

I

In Prob. 14-24
w!  =1061 Ibf

rated —

Thus

304 1 1
—— =0.2865=——, not-, Ans.
1061 3.49 4

14-30 Sp =Sy =1, P;=4, Jp=0345 J;=0410, K,=1.25

Bending
Table 14-4: ¢ 90(S,) 107 = 13 000 psi
13000(1) )
Wp = a)e = —2 — 13000
(ca)p = (oa)G o ps1
FJ 13 000(3.25)(0.345
Wi = oan £ Jp _ (3.25)( ) _ 1533 Ibf
K,K,K;P;K,,Kp 1.25(1.534)(1)(4)(1.24)(1)
1533(1649)
H=————-=766h
1= 733000 P

W, = W!Jg/Jp = 1533(0.410)/0.345 = 1822 Ibf
H> = H\Jg/Jp = 76.6(0.410)/0.345 = 91.0 hp
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Wear
Table 14-8: Cp = 1960,/psi
Table 14-7: 0.99(Sc) 107 = 75000 psi = (0¢,an) p = (0¢,a)G

Wi — (oc,a) P : Fdpl
3 Cp KoKvaKme

. (75 000)2 3.25(5.5)(0.1176)
1960 ) 1.25(1.534)(1)(1.24)(1)

= = 1295 Ibf
W, = Wj = 1295 Ibf
_1295(1649)

—H.— — 64.7h
4= 33000 P
Rating

Hiyeqg = min(76.7,94.4,64.7, 64.7) = 64.7hp Ans.
Notice that the balance between bending and wear power is improved due to CI’s more

favorable S../S; ratio. Also note that the life is 107 pinion revolutions which is (1/300) of
3(10°). Longer life goals require power derating.

14-31 From Table A-24a, E,, = 11.8(10%)
For ¢ = 14.5° and Hg = 156

1.4(81) .
Sc = : = 51693 psi
2sin 14.5°/[11.8(109)]

For ¢ = 20°

1.4(112) .
Sc = : = 52008 psi
2sin20%/[11.8(109)]

Sc = 0.32(156) = 49.9 kpsi

14-32 Programs will vary.

14-33
(Yn)p =0977, (¥Yn)G =0.996

(S p = (Sr)g = 82.3(250) + 12150 = 32725 psi

32725(0.977) .
=——— =137615
(oan) P 10.85) psi
37615(1.5)(0.423
Wi = (1.)(0.423) — 1558 Ibf
1(1.404)(1.043)(8.66)(1.208)(1)
1558(925
oy = 93802 s

33000
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32725(0.996)

== 77 38346 psi
(oa)G 1(0.85) pst
38 346(1.5)(0.5346
I = (-5)C ) = 2007 Ibf
1(1.404)(1.043)(8.66)(1.208)(1)
2007(925
33000
(Zn)p = 0948, (Zy)g = 0.973
Table 14-6: 0.99(Sc)]07 = 150000 pSi
0.948(1) ,
(Uc’a]]OW)P = 150000 [W] = 167 294 pSl
167294\ % [ 1.963(1.5)(0.195
Wi = U-5)( )| = 2074 1bf
2300 1(1.404)(1.043)
2074(925
= 20O ey
33000
0.973 .
(Oc.allow)G = —0.948(167 294) = 171706 psi
171706\ % [ 1.963(1.5)(0.195
I = -5) )| = 2167 Ibf
2300 1(1.404)(1.052)
2167(925
= 21670925 = 60.7 hp
33000

Hipeq = min(43.7, 56.3, 58.1,60.7) = 43.7hp Ans.

Pinion bending controlling

14-34
(Yn)p = 1.6831(10%) 700323 = 0.928

(Yn)g = 1.6831(108/3.059) 70923 = 0.962

Table 14-3: S; = 55000 psi
55000(0.928) .
= ~ =60047
(oan) p 10.85) psi
60047(1.5)(0.423
Wlt = (1.5)( ) = 2487 1bf
1(1.404)(1.043)(8.66)(1.208)(1)
2487(925)
H =" _697h
1= 33000 007 hP
0.962
A = —(60047) = 62247 psi
(oan)G 0.928( ) pst
62247 (0.5346
Wzt = (2487) = 3258 Ibf
60047 \ 0.423
3258
H, = — (69.7) =91.3 hp

2487
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Table 14-6: S, = 180000 psi
(Zn)p = 2.466(10%) 70956 — 0.8790
(Zn)G = 2.466(10°/3.059) 70056 — 0.9358
180 000(0.8790)

A p = — 186 141 psi
(0c,an) P 10.83) psi
186 141\2 [ 1.963(1.5)(0.195
- (1.5) ) — 2568 Ibf
2300 1(1.404)(1.043)
2568(925
33000
0.9358
)G = 186 141) = 198 169 psi
(0c.a)G 0.8790( ) pst
198169\ % /1.043
r_ 2568) = 2886 Ibf
Wi <186141> (1.052)( )
2886(925)
=" _809h
4= 33000 o0ohp

Hiyeg = min(69.7, 91.3, 72, 80.9) = 69.7hp Ans.

Pinion bending controlling

14-35

(Yn)p =0.928, (¥Yn)g =0.962 (See Prob. 14-34)

Table 14-3: S; = 65000 psi
65 000(0.928) )
=——— =70965
(oan) p 10.85) psi

70965(1.5)(0.423)

W = = 2939 Ibf
1(1.404)(1.043)(8.66)(1.208)
2939(925)

= ————=2824h
T 733000 P
65 000(0.962) )
(O'all)G = 1(0—85) = 73565 ps1
73565 (0.5346

W) = (2939) = 3850 Ibf
70965 \ 0.423
3850

H; (82.4) = 108 hp

~ 2039
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Table 14-6: S, = 225000 psi
(Zy)p = 0.8790, (Zn)G = 0.9358
225 000(0.879) .
— = 232676
(oc,a) P 1(0.85) pst
232676\ [ 1.963(1.5)(0.195
= (1.5) ) — 4013 Ibf
2300 1(1.404)(1.043)
4013(925
) = 40130925) _ 112.5 hp
33000
0.9358
)G = ————(232676) = 247711 psi
(0c.an)G 0.8790( ) psi
247711\? /1.043
Wi = 4013) = 4509 Ibf
4 (232676) (1.052>( )
4509(925
H, = 409025) _ 126 hp
33000

Hipea = min(82.4, 108, 112.5, 126) = 82.4hp Ans.

The bending of the pinion is the controlling factor.
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15-1 Given: Uncrowned, through-hardened 300 Brinell core and case, Grade 1, N¢ = 10° rev of
pinion at R = 0.999, Np = 20 teeth, Ng = 60 teeth, O, = 6, P; = 6 teeth/in, shaft angle
90°, np = 900 rev/min, Jp = 0.249 and Jg = 0.216 (Fig. 15-7), F =1.25in, Sf =

Sy=1K,=1.
Mesh dp =20/6 =3.333in
dg = 60/6 = 10.000 in
Eq. (15-7): v = (3.333)(900/12) = 785.3 ft/min
Eq. (15-6): B =0.25(12 — 6)*/* = 0.8255
A =50+ 56(1 —0.8255) = 59.77
5977 + 7853\
Eq. (15-5): K, = < Y077 ) = 1.374
Eq. (15-8): U max = [59.77 4+ (6 — 3)]* = 3940 ft/min
Since 785.3 < 3904, K, = 1.374 is valid. The size factor for bending is:
Eq. (15-10): K = 0.4867 +0.2132/6 = 0.5222
For one gear straddle-mounted, the load-distribution factor is:
Eq. (15-11): K, = 1.10 +0.0036(1.25)* = 1.106
Eq. (15-15): (Kr)p = 1.6831(107) 790323 = 0.862
(Kp)g = 1.6831(10°/3)70923 = 0.893
Eq. (15-14): (Cr)p = 3.4822(10%)70:0092 — |
(Cp)g = 3.4822(10°/3)709%02 — 1 069
Eq. (15-19): Kr =0.50 —0.251og(1 — 0.999) = 1.25 (or Table 15-3)
Cr=+Kr=+125=1.118
Bending
Fig. 15-13: 0995 = S4r = 44(300) 4 2100 = 15 300 psi
Eq. (15-4): (Oal) P = Sus = S;?{ I:[L( - = 151??;)((3556)2) — 10551 psi
Eq. (15-3): Wi = ga[li’;( 1:22’;
10551(1.25)(1)(0.24
- 6(1;)(?:537(4)(3.)5(2;(2(;(1.19())6) = 690 1ot
690(785.3)
= ?’;W = 16.4hp
Eq. (15-4): ()G = 1o SO893) 10930 psi

1(1)(1.25)
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10930(1.25)(1)(0.216)

A = 620 Ibf
G 7 6(1)(1.374)(0.5222)(1.106)
620(785.3
h = # = 14.8 hp Ans.
33000
The gear controls the bending rating.
15-2  Refer to Prob. 15-1 for the gearset specifications.
Wear
Fig. 15-12: Sqe = 341(300) 4 23 620 = 125920 psi
For the pinion, Cy = 1. From Prob. 15-1, Cg = 1.118. Thus, from Eq. (15-2):
(o) p = Sac(CL)pCH
c,all) P SH KTCR
125920(1)(1
(Uc,all)P = ¢ = 112630 pSl

1(1)(1.118)
For the gear, from Eq. (15-16),

B; = 0.00898(300/300) — 0.00829 = 0.000 69
Cy =1+0.00069(3 — 1) =1.001 38

And Prob. 15-1,(Cr)g = 1.0685. Equation (15-2) thus gives

(CeaG = 5ac(CL)GCH
c,all)G SHKTCR
125920(1.0685)(1.001 38) .
= = 120511
(oc,all)G 1(1)(1.118) ps1
For steel: C, = 2290,/psi
Eq. (15-9): C, = 0.125(1.25) 4+ 0.4375 = 0.59375
Fig. 15-6: 1=0.083
Eq. (15-12): Cre =2
2
. Fdpl
Eq. (15-1): W;; _ <(Gc,all)P) P
Cp KoKy Ky CyCyc
(112630 2 1.25(3.333)(0.083)
o 2290 1(1.374)(1.106)(0.5937)(2)
= 464 1bf
464(785.3)
=———=110h
37 7733000 P
W — 120511\ 1.25(3.333)(0.083)
¢~ \ 2290 1(1.374)(1.106)(0.593 75)(2)
= 531 Ibf
531(785.3)

Hi= 33000 12’6 hp
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The pinion controls wear: H =11.0hp Ans.

The power rating of the mesh, considering the power ratings found in Prob. 15-1, is

H =min(16.4, 14.8,11.0, 12.6) = 11.0 hp Ans.

15-3

AGMA 2003-B97 does not fully address cast iron gears, however, approximate compar-
isons can be useful. This problem is similar to Prob. 15-1, but not identical. We will orga-
nize the method. A follow-up could consist of completing Probs. 15-1 and 15-2 with
identical pinions, and cast iron gears.

Given: Uncrowned, straight teeth, P; = 6 teeth/in, Np = 30 teeth, Ng = 60 teeth, ASTM
30 cast iron, material Grade 1, shaft angle 90°, F = 1.25, np = 900 rev/min, ¢, = 20°,
one gear straddle-mounted, K, = 1,Jp = 0.268,J5 = 0.228,SFr = 2,8y = V2.

Mesh dp =30/6 = 5.000 in
dc = 60/6 = 10.000 in
v; = m(5)(900/12) = 1178 ft/min

Set Ny = 107 cycles for the pinion. For R = 0.99,
Table 15-7: Sqar = 4500 psi

Table 15-5: Sae = 50000 psi

swKp o 4500(1)
- SpKrKg o 2(1)(1)

Eq. (15-4): Swi = 2250 psi

The velocity factor K, represents stress augmentation due to mislocation of tooth profiles
along the pitch surface and the resulting “falling” of teeth into engagement. Equation (5-67)
shows that the induced bending moment in a cantilever (tooth) varies directly with ~/E of the
tooth material. If only the material varies (cast iron vs. steel) in the same geometry, / is the
same. From the Lewis equation of Section 14-1,

M K,W'P
0O —— —— =
I/c FY

We expect the ratio ocy/0geel to be

ocr  (Kya Ec

Ojsteel ( K v ) steel E steel

In the case of ASTM class 30, from Table A-24(a)

(EcDay = (134 16.2)/2 = 14.7 kpsi

14.7
(KU)CI = T(Kv)steel = 0~7(Kv)steel

Then
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Our modeling is rough, but it convinces us that (K;)cr < (Ky)steel, but we are not sure of]
the value of (K, )cr. We will use K, for steel as a basis for a conservative rating.

Eq. (15-6): B =0.25(12 — 6)** = 0.8255
A =50+ 56(1 —0.8255) = 59.77

0.8255
59.77 + /1178
K, = ( + ) — 1.454

Eq. (15-5): 977

Pinion bending (o) p = Syr = 2250 psi
From Prob. 15-1, K.,=1, K, =1.106, K, =0.5222

¢ (oa)pFKyJp

Eq. (15-3): =
% (159 P~ PiK K KKy
2250(1.25)(1)(0.268
= (1.25)X ) = 149.6 Ibf
6(1)(1.454)(0.5222)(1.106)
149.6(1178
H, = 149.6(1178) =5.34hp
33000
Gear bending
JG 0.228
WE=WL— =149.6 | —— ) = 127.3 Ibf
ST TP p (0.268)
127.3(1178)
= ——— =454h
2= 733000 P
The gear controls in bending fatigue.
H =454hp Ans.
15-4 Continuing Prob. 15-3,
Table 15-5: Sqae = 50000 psi
50000 ,
Swt = Oc,all = 7\/5 = 35355 psi
2
Fdpl
Eq. (15-1): W' = <Oc’a“> P
Cp KoKvaCsCxc
Fig. 15-6: I =0.86
Eq. (15-9) Cs = 0.125(1.25) 4+ 0.4375 = 0.59375
Eq. (15-10) Ky =0.4867 + 0.2132/6 = 0.5222
Eq. (15-11) K, = 1.10 4+ 0.0036(1.25)*> = 1.106
Eq. (15-12) Cie=2

From Table 14-8: C, = 1960,/psi
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35355\ 1.25(5.000)(0.086
Thus, w! = ( A ) =91.6 Ibf
1960 1(1.454)(1.106)(0.59375)(2)
91.6(1178)
Hy=H,=>———"=327hp Ans.
33000

Rating Based on results of Probs. 15-3 and 15-4,
H = min(5.34,4.54,3.27,3.27) = 3.27hp Ans.
The mesh is weakest in wear fatigue.

15-5

Uncrowned, through-hardened to 180 Brinell (core and case), Grade 1, 10° rev of pinion at
R =0.999, Np = z; = 22 teeth, Ng¢ = zo = 24 teeth, O, = 5, m,; = 4 mm, shaft angle
90°, n; = 1800 rev/min, Sp =1, Sy =+/Sp=+1, Jp =Y;; =023, Jg =Y, =
0.205, F=b=25mm, K, = Ky = K7 = Ky = 1 and C), = 190~/MPa.

Mesh dp =d,1 =mz; = 4(22) = 88 mm

dG = mezo = 4(24) = 96 mm
Eq. (15-7): Ver = 5.236(107°)(88)(1800) = 8.29 m/s
Eq. (15-6): B =0.25(12 — 5)** = 0.9148

A =50+56(1 —0.9148) = 54.77

0.9148
54.77 + /200(8.29
Eq. (15-5): K, = T (8.29) = 1.663
54.77
Eq. (15-10): K, = Y, = 0.4867 + 0.008 339(4) = 0.520

Eq. (15-11) with K,.p = 1 (both straddle-mounted),
Ky = Kppg =1+ 5.6(107°)(25%) = 1.0035
From Fig. 15-8,
(Cp)p = (ZyT)p = 3.4822(107)709602 — 1 00
(CL)G = (ZnT)g = 3.4822[10°(22/24)]17%902 — 1.0054
Eq. (15-12): Cie =Zy. =2 (uncrowned)
Eq. (15-19): Kg =Yz =0.50 —0.25 log (1 — 0.999) = 1.25
Cr=7Zz;=+Y;=+125=1.118
From Fig. 15-10, Cy=27,=1

Eq. (15-9): Z, =0.004 92(25) 4+ 0.4375 = 0.560
Wear of Pinion
Fig. 15-12: ogiim = 2.35Hp + 162.89
= 2.35(180) + 162.89 = 585.9 MPa
Fig. 15-6: I =7Z; =0.066
(ox1im)P(ZNT)PZW
Eq. (15-2): (on)p = SiKoZ,

585.9(1

= 289DWM 5 mpa
V1(1)(1.118)

w, = (21) bde 21

Eq. (15-1):

\C, ) T000KAK,KupZyZxc
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The constant 1000 expresses W’ in kN

524.1\° 25(88)(0.066
Wi = (83)( ) = 0.591 kN
190 1000(1)(1.663)(1.0035)(0.56)(2)
xdn W' 7(88)1800(0.591)
Eq. (13-36): H; = = — 4.90 kW
q- (13-36): Hs = =257500 60000 20
Wear of Gear oy 1im = 585.9 MPa
585.9(1.0054
(oH)G = 585.9(1.0054) = 526.9 MPa
V1(1)(1.118)
526.9
we = wi, TG _ 501 (2209 _ 504 kN
(op)p 524.1
88 .
He - 7(88)1800(0.594) _ 493 kW
60000

Thus in wear, the pinion controls the power rating; H = 4.90 kW  Ans.

We will rate the gear set after solving Prob. 15-6.

15-6

Refer to Prob. 15-5 for terms not defined below.
Bending of Pinion
Eq. (15-15):  (Kp)p = (Yn7)p = 1.6831(10%) 70032 = 0.862
(Kp)g = (Yyr)g = 1.6831[10°(22/24)17%0% = 0.864

Fig. 15-13: oriim = 0.30Hp + 14.48

= 0.30(180) + 14.48 = 68.5 MPa
Eq. (15-13): K,=Ys=1
From Prob. 15-5: Y, =1.25, v, = 8.29 m/s

Kr=1 K,=1663, Ky=1, Y, =052, Kpgg=1.0035 Y; =023
_ oF limYNT 685(0862)

Eq. (5-4): — - — 470 MP
q- -4 OF)P = kY, 1(1)(1.25) a
(oF)pbme YgY
Eq. (5-3): W =
409 P~ 1000K 4K, Y, K11

47.2(25)(4)(1)(0.23)

1000(1)(1.663)(0.52)(1.0035)
(88)1800(1.25)
H, = = 10.37 kW
: 60 000
Bending of Gear
OFlim = 68.5 MPa
(F) 68.5(0.864) 473 MP
o =———— =47. a
6 =11 .25)
47.3(25)(4)(1)(0.2
: 7.3(25)(4)(1)(0.205) _LI2KN

G~ 1000(1)(1.663)(0.52)(1.0035)

88)1800(1.12
g, = TEOIBOAL12) g 9w

2 60000
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Rating of mesh is

Haing = min(10.37,9.29,4.90,4.93) = 4.90 kW  Ans.

with pinion wear controlling.

15-7

(a)

(b)

(Sk)p = (%)P = (Sp) = (%)G
(sa: KL/KTKR) P (sar K/ K7 KR)G

(W[PdKoKvaKm/FKxJ)P - (WlPdKoKvaKm/FKxJ)G
All terms cancel except for s,;, K1, and J,

Sar)p(Kp)pJp = (Sar)6 (K1) JG
From which

(su) = (sar)P(KL)pJp (5ur) J_Pm/g

e (Kp)eJg “g e
Where 8 = —0.0178 or B = —0.0323 as appropriate. This equation is the same as
Eq. (14-44). Ans.

In bending
Wi — (@ FK,J ) _ <sﬂ K FK,J ) )
SF PdKoKvaKm 11 SF KTKR PdKoKvaKm 11
In wear
(SacCLCU) —C (WtKoKvaCsCxc‘)]/z
SuKrCg)y 7 Fdpl »
Squaring and solving for W’ gives

W :( 52.C1CF, > ( Fdpl ) )
SHK7CRCE ) 2o \KoKyKnCsCxc )
Equating the right-hand sides of Egs. (1) and (2) and canceling terms, and recognizing
that Cr =+/Kg and P;dp = Np,

we obtain

Cp &(Sat)ll(KL)llKlelKTCsCxc

(Sac)n =

(Co)n\ Sr C3NpK,l
For equal W' in bending and wear
2
Su_ WSr)” _ 1
S, Sk

So we get

Ans.

Cp (Sar)P(KL)pJp Ky K7 CsCxe
(Sac)G =

(CL)6CH NplK,
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Gc,a O",a
(Su)p = (Sp) = ( ”) - ( ¢ “)
oc Jp oc Jg

Substituting in the right-hand equality gives
[SacCrL/(CRKT)]P _ [sacCLCH/(CrKT)]G

[cp\/WfKoKUKmCSCXC/(FdPI)L [Cp\/WfKOKUKmCSCxc/(deI)]G

(0

Denominators cancel leaving
(Sac) P(CL)P = (34c)G(CL)GCH
Solving for (s,.)p gives,

. (Cr)g
(Sac)p = (Sac)G(CL)PCH (D

From Eq. (15-14),(Cr)p = 3.4822N; "% (Cp)g = 3.4822(Ny /mg) """ Thus,
(Sac)p = (sac)G(l/mG)_O'%OZCH = (Sac)Gm%OG()zCH Ans.

This equation is the transpose of Eq. (14-45).

15-8
| Core Case
Pinion | (Hg)11 (Hp)12
Gear (Hp)a1  (Hp)x

Given (Hpg)1; = 300 Brinell
Eq. (15-23): (Sqz)p = 44(300) 4+ 2100 = 15300 psi
From Prob. 15-7,

Jp 0.249\ .
(Sar)G = (sa,)pj—gmc‘m323 = 15300 (m) (37093%) = 17023 psi
17023 — 2100
(Hp)yy = ————— " = 339 Brinell Ans.
44
5a0) 2290 15300(0.862)(0.249)(1)(0.593 25)(2) 141 160 osi
S = —
)G = 1 0685(1) 20(0.086)(0.5222) P
141160 — 23 600 ,
(Hp)an = o — 345 Brinell Ans.

(Sac) P = (Sac)gme 2 Cy = 141 160(3°%%%)(1) = 150811 psi

150811 — 23600
(Hp)1p = 31 = 373 Brinell Ans.

Care Case
Pinion | 300 373 Ans.
Gear 339 345
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15-9 Pinion core

(sar) P = 44(300) + 2100 = 15 300 psi
15300(0.862)
(ca)p = TI(1.25)
10551(1.25)(0.249)

W= = 689.7 Ibf
6(1)(1.374)(0.5222)(1.106)

= 10551 psi

Gear core
(Sar)G = 44(352) + 2100 = 17 588 psi
17 588(0.893) .

a = —~ =12565
(oun)G 1(1)(1.25) pst

. 12565(1.25)(0.216)
N 6(1)(1.374)(0.5222)(1.106)

t

=712.5 Ibf

Pinion case

(Sqc)p = 341(372) 4+ 23620 = 150472 psi
150472(1) .
= —— =134590
(Oc,an) P [((L118) psi
1.25(3.333)(0.086)

W (134590)2 {
—\ 2290 / [1(1.374)(1.106)(0.59375)(2)

] = 685.8 Ibf

Gear case

(Sac)c = 341(344) 4 23620 = 140924 psi
140924(1.0685)(1) .
= = 134685
(0c.an)G [(D(L1I8) psi

(134 685)2[ 1.25(3.333)(0.086)

W=

= 686.8 Ibf
2290 1(1.374)(1.106)(0.593 75)(2):|

The rating load would be
W ..q = min(689.7, 712.5, 685.8, 686.8) = 685.8 Ibf

T
which is slightly less than intended.
Pinion core
(sqz)p = 15300 psi (as before)
(o) p = 10551 (as before)
W! = 689.7 (as before)
Gear core
(Sar)G = 44(339) + 2100 = 17016 psi
o = IO _ 155,
; 12 156(1.25)(0.216)
- 6(1)(1.374)(0.5222)(1.106)

= 689.3 Ibf
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Pinion case
(Sqc)p = 341(373) + 23620 = 150813 psi
150 813(1)

= ———— = 134895 psi
(0c,a) P [((L118) psi

W — (134 895 2[ 1.25(3.333)(0.086)
-~ \ 2290 ) 1(1.374)(1.106)(0.593 75)(2)

:| = 689.0 Ibf

Gear case
(Sac)g = 341(345) 4+ 23620 = 141265 psi
141265(1.0685)(1)

= = 135010 psi
(Ocan)G 1(1)(1.118) pst

; (135 010>2|: 1.25(3.333)(0.086)
2290 1(1.1374)(1.106)(0.593 75)(2)

] = 690.1 Ibf

The equations developed within Prob. 15-7 are effective.

15-10

The catalog rating is 5.2 hp at 1200 rev/min for a straight bevel gearset. Also given:
Np =20teeth, Ng =40teeth, ¢, =20°, F =0.71in, Jp =0.241, Js = 0.201,
P; = 10teeth/in, through-hardened to 300 Brinell-General Industrial Service, and
0, = 5 uncrowned.

Mesh
dp =20/10 =2.000in, dg = 40/10 = 4.000 in
2)(12
py = Zdpnp _ 1QU200) o 3 fymin
12 12
K0:1$ SF:1, SH:1
Eq. (15-6): B =0.25(12 — 5)%% = 0.9148
A =50+ 56(1 —0.9148) = 54.77
0.9148
54.77 + /6283
Eq. (15-5): K, = = 1.412
q- (15-5) v < 5477 )
Eq. (15-10): K, = 0.4867 +0.2132/10 = 0.508
Eq. (15-11): K, = 1.2540.0036(0.71)> = 1.252
where K., =1.25

Eq. (15-15):  (Kp)p = 1.6831(10%)70%323 = 0.862
(K1) = 1.6831(10°/2)7 %023 = 0,881

Eq. (15-14):  (Cp)p = 3.4822(10%)~%%%%2 = 1,000
(Cp)g = 3.4822(107 /2) 790692 — 1 043
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Analyze for 10” pinion cycles at 0.999 reliability
Eq. (15-19): Kgr =0.50 — 0.251og(1 — 0.999) = 1.25
Cr=+vKr=+125=1.118

Bending
Pinion:
Eq. (15-23): (8qr)p = 44(300) + 2100 = 15300 psi
15300(0.862) .
Eq. (15-4): =——— =10551
q. ( ) (Swe) P 1((1.25) psi
FK.,J
Eq. (15_3): Wt _ (Swt)P xJP
PdKoKvaKm
_ 10551(0.71)(1)(0.241) — 201 Ibf
10(1)(1.412)(0.508)(1.252)
201(628.3)
H =—=38h
' 733000 P
Gear:
(sar)G = 15300 psi
15300(0.881) .
Eq. (15-4): =—— "~ =10783
q. (15-4) (Swt)G 1(1)(1.25) psi
10783(0.71)(1)(0.201
Eq. (15-3): w! = ( )X ) = 171.4 1bf
10(1)(1.412)(0.508)(1.252)
171.4(628.3)
Hy=——F=33hp
33000
Wear
Pinion:

(Cw)g =1, 1=0.078, C,=2290,/psi, Cyc=2
Cy = 0.125(0.71) 4+ 0.4375 = 0.526 25
Eq. (15-22): (Sac)p = 341(300) 4 23 620 = 125920 psi

125920(1)(1) )
= ——— > =112630
(Oc,an) P [(D(L1IS) psi
— [<ac,au)p]2 Fdpl
Cp K()KUKmCSCxC

Eq. (15-1):

2290 1(1.412)(1.252)(0.526 25)(2)
— 144.0 Ibf
| 144(628.3)

_(112630)2[ 0.71(2.000)(0.078) ]

H; =2. hp

33000
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Gear:
(Sac)c = 125920 psi
125920(1.043)(1) )
= = 117473
(Oc,an) [()(L.118) psi
117473\ 0.71(2.000)(0.078
= ( X ) = 156.6 Ibf
2290 1(1.412)(1.252)(0.526 25)(2)
156.6(628.3
y = D000 5o,
33000
Rating:

H =min(3.8,3.3,2.7,3.0) = 2.7 hp

Pinion wear controls the power rating. While the basis of the catalog rating is unknown,
it is overly optimistic (by a factor of 1.9).

15-11 From Ex. 15-1, the core hardness of both the pinion and gear is 180 Brinell. So (Hp)1;
and (Hp ), are 180 Brinell and the bending stress numbers are:

($q1)p = 44(180) + 2100 = 10020 psi
(8ar)g = 10020 psi

The contact strength of the gear case, based upon the equation derived in Prob. 15-7, is

(Sac)G = Cp \/szf-l ((Sat)P(KL)PKxJPKTCSCxc>
ac)G = —

(CL)GCu\ SF NplK;

Substituting (s,;) p from above and the values of the remaining terms from Ex. 15-1,

2290 \/1.52 (10020(1)(1)(0.216)(1)(0-575)(2)) — 114331 psi

1.32(1H)\ 1.5 25(0.065)(0.529)
114331 — 23620
(Hp)y» = YR = 266 Brinell

The pinion contact strength is found using the relation from Prob. 15-7:
(Sac) P = (Sac)gme 2 Cy = 114331(1)*%2(1) = 114331 psi

114331 — 23600
(Hp)12 = 341 = 266 Brinell

| Core Case
Pinion | 180 266
Gear 180 266

Realization of hardnesses

The response of students to this part of the question would be a function of the extent
to which heat-treatment procedures were covered in their materials and manufacturing
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prerequisites, and how quantitative it was. The most important thing is to have the stu-
dent think about it.

The instructor can comment in class when students curiosity is heightened. Options
that will surface may include:

* Select a through-hardening steel which will meet or exceed core hardness in the hot-
rolled condition, then heat-treating to gain the additional 86 points of Brinell hardness
by bath-quenching, then tempering, then generating the teeth in the blank.

* Flame or induction hardening are possibilities.

* The hardness goal for the case is sufficiently modest that carburizing and case harden-
ing may be too costly. In this case the material selection will be different.

* The initial step in a nitriding process brings the core hardness to 33-38 Rockwell
C-scale (about 300-350 Brinell) which is too much.

Emphasize that development procedures are necessary in order to tune the “Black Art”
to the occasion. Manufacturing personnel know what to do and the direction of adjust-
ments, but how much is obtained by asking the gear (or gear blank). Refer your students
to D. W. Dudley, Gear Handbook, library reference section, for descriptions of heat-
treating processes.

15-12

Computer programs will vary.

15-13

A design program would ask the user to make the a priori decisions, as indicated in
Sec. 15-5, p. 786, SMED&. The decision set can be organized as follows:

A priori decisions

* Function: H, K,, rpm, mg, temp., N1, R

* Design factor: ng (Sp = ng, Sy = /nq)

* Tooth system: Involute, Straight Teeth, Crowning, ¢,
 Straddling: K,

e Tooth count: Np(Ng = mgNp)

Design decisions

¢ Pitch and Face: P;, F

* Quality number: Q,

e Pinion hardness: (Hg)1, (Hp)3
e Gear hardness: (Hg)», (Hp)4
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15-14

Nw =1, Ng =56, P; = 8 teeth/in, d = 1.5 in, H, = lhp,

K,=125 ng=1, F,=2in, A =850in
(a) mGZNG/NW:56, D=N(;/P,=56/8=7.0in
pe=m/8=03927in, C=15+7=85in
Eq. (15-39): a=p,/m =0.3927/7 =0.125in
Eq. (15-40): b =0.3683p, = 0.1446 in
Eq. (15-41): h; = 0.6866p, = 0.2696 in
Eq. (15-42): d, =1.5+2(0.125) = 1.75in
Eq. (15-43): d, =3 —2(0.1446) = 2.711 in
Eq. (15-44): D, =7 +2(0.125) = 7.25in
Eq. (15-45): D, =7 —2(0.1446) = 6.711 in
Eq. (15-46): ¢ =0.1446 — 0.125 = 0.0196 in
Eq. (15-47): (Fw)max = 2¢/2(7)0.125 = 2.646 in
Vi = m(1.5)(1725/12) = 677.4 ft/min
7)(1725/56
G = Al /50 = 56.45 ft/min
12
0.3927
Eq. (13-28): L = p.Ny =0.3927in, A =tan ! = 4.764°
7(1.5)
P, 8
P, = — = 8.028
cosA  cos4.764°
=T —03913i
Pn = P, = 0. n
7(1.5)(1725) .
Eq. (15-62): = —679.8 ft/
e ) * 7 12c0s4.764° i
(b) Eq. (15-38):  f = 0.103 exp[—0.110(679.8)**"] 4 0.012 = 0.0250
Eq. (15-54): The efficiency is,
— ftan 20° — 0.0250 tan 4.764°
o= SOSOn = JtanA _ cos a — 07563 Ans.
cos¢, + fcoth  cos20° 4 0.0250 cot4.764°
33000ngH,K,  33000(1)(1)(1.25
Eq. (15-58): W. = MdToZa _ (DDA _ o661 ans.

Eq. (15-57): Wi, = WS (

n = 20°, 1, = 70°F,

Vge 56.45(0.7563)

coS ¢y, sin A + f cosA

cos ¢, cosr — f sink)

_9 (COS 20°sin4.764° 4+ 0.025 cos 4.764°
c0s20°cos4.764° — 0.025sin4.764°

) = 106.4 Ibf Ans.
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(0

(d)

Eq. (15-33): C, = 1190 — 47710g 7.0 = 787
Eq. (15-36): Cym = 0.0107y/—562 + 56(56) + 5145 = 0.767
Eq. (15-37): Cy = 0.659 exp[—0.0011(679.8)] = 0.312

Eq. (15-38): (W' = 787(7)%8(2)(0.767)(0.312) = 1787 Ibf

Since W, < (W), the mesh will survive at least 25 000 h.

0.025(966)
Eq. (15-61): W, = = —29.51bf
a- ( ) Wy 0.025sin4.764° — cos 20° cos 4.764°
29.5(679.8)
Eq. (15-63): Hf = ———= = 0.608 h
q. ( ): Hy 33000 p
106.4(677.4)
=——>-=2.18h
v 33000 P
966(56.45
33000

The mesh is sufficient Ans.

P, = P;/cos A = 8/c0s4.764° = 8.028
pn =1m/8.028 =0.3913 in

B 966
~ 0.3913(0.5)(0.125)

oG = 39500 psi

The stress is high. At the rated horsepower,

1
oG = m39 500 = 23940 psi acceptable

Eq. (15-52):  Amin = 43.2(8.5)"7 = 1642 in* < 1700 in®
Eq. (15-49):  Hoes = 33000(1 — 0.7563)(2.18) = 17 530 ft - Ibf/min

Assuming a fan exists on the worm shaft,

1725

Eq. (15-50):  hicr = 375 +0.13 = 0.568 ft - Ibfi(min - in® - °F)
17530

Eq. (15-51): ty =70+ ———"_ —882°F Ans.

0.568(1700)
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Chapter 16

16-1
@ 6,=0° 6,=120°, 6,=90° sinf, =1, a=35in

0.28pa(1.5)(6) 12"
Eq. (16-2): My = p“i )()f $in0(6 — 5cos ) do
OO
— 17.96p, Ibf - in
1.5)(6)(5) (12
Eq. (16-3): MN:M/ sin? 0 d6 = 56.87p, Ibf - in
OO

¢ =2(5¢c0s30°) = 8.66 in

56.87p, — 17.96p,
Eq. (16-4): F =
q- (16-4) 8.66

pa = F/4.49 =500/4.49 = 111.4 psi for cw rotation

56.87p, + 17.96p,
8.66

Pa = 57.9 psi for ccw rotation

Eq. (16-7): 500 =

A maximum pressure of 111.4 psioccurs on the RH shoe for cw rotation.  Ans.

(b) RH shoe:
Eq. (16-6): Tg = 0'28(111'4)(1'5)(6)12(008 0" = cos120°) _ 5530 1bf-in Ans.
LH shoe:
Eq. (16-6): Tp = 0'28(57'9)(1'5)(6)21(008 0" = cos120°) _ 1310 1bf-in Ans.
T = 2530 + 1310 = 3840 Ibf-in  Ans.
(©) . Force vectors not 0 scale

Secondary
Primary shoe

shoe
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RH shoe: Fy =500sin30° = 250 Ibf, F) = 500cos 30° = 433 Ibf

1 120° 9 1 27'[/3 rad
Egs. (16-8): A = (— sin’ 9) =0.375, B= <— — —sin 20) = 1.264
2 0 2 4 0

_ 111.4(1.5)(6)
o 1
111.4(1.5)(6)
y:TTT
R = [(—229)% + (940)%]'/? = 967 Ibf  Ans.
LH shoe: F, =2501bf, F, =433 1bf
_ 57.9(1.5)(6)
N 1
57.9(1.5)(6)
y = f
R = [(130)> + (171)%]"/2 = 215 Ibf  Ans.

Egs. (16-9): R, [0.375 — 0.28(1.264)] — 250 = —229 Ibf

[1.264 4+ 0.28(0.375)] — 433 = 940 Ibf

Egs. (16-10): R, [0.375 4+ 0.28(1.264)] — 250 = 130 Ibf

[1.264 — 0.28(0.375)] — 433 = 171 Ibf

16-2 6, =15°, 6, =105°, 6,=90° sinf,=1, a=5in

Eq. (16-2): My =

0.28p,(1.5)(6) [1%°
pai )(6) / sinf(6 — 5cos ) d = 13.06p,
1

5°

Eq. (16-3): My

1.5)(6)(5) [105°
- M / sin? 0 d6 = 46.59p,
1

50
¢ = 2(5¢c0s30°) = 8.66 in

46.59p, — 13.06p,
Eq. (16-4): F =
q- (16-4) 8.66

= 3.872p,

RH shoe:
pa = 500/3.872 = 129.1 psi  on RH shoe for cw rotation Ans.

~0.28(129.1)(1.5)(6%)(cos 15° — cos 105°)
- 1

= 2391 Ibf-in

Eq. (16-6): Tg

LH shoe:

46.59p, + 13.06p,
8.66

T 0.28(72.59)(1.5)(6%)(cos 15° — cos 105°)
L =
1

Tiotal = 2391 + 1344 = 3735 1bf - in  Ans.

500 =

Pa = 72.59 psi on LH shoe for ccw rotation  Ans.

= 1344 1bf - in

Comparing this result with that of Prob. 16-1, a 2.7% reduction in torque is achieved by,

11Ci‘|’\ﬂ' 7;0711 ]PQC ]"\Y'Q](iﬂﬂ' m';lfpria]
it = Tt

o) 0105 Ulaikat o Hhatoridis
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16-3 Given: 0, =0°, 6, =120°, 6,=90° sinf,=1, a=R=90mm, f =0.30,
F =1000N = 1kN, r =280/2 = 140 mm, counter-clockwise rotation.

LH shoe:

_ fpabr

M
! sin 8,

{r(l —costy) — % sin’ 92:|

_0.30p,4(0.030)(0.140)

7 [0.140(1 —cos 120°%) —

0
sin? 1200]

= 0.000222p, N -m

b ) 1
My = sz rd —2——sin292
sinf, |2 4

_ 1a(0.030)(0.140)(0.090) [120" ( n ) _ lsin2(120°)]
1 2 \180) 4

= 47770100 p, N-m

180° — 6, .
¢ = 2rcos — = 2(0.090) cos 30° = 0.15588 m

4.777(107%) — 2.22(107%)
F=1= Pa
0.15588
Pa = 1/1.64(107%) = 610 kPa

] = 1.64(107%) p,

_ fPabr*(cosb; — cos 6)

T
L sin 0,
0.30(610)(10)(0.030)(0.140%)
— . [1 —(—0.5)]
=161.4N-m Auns.
RH shoe:
My =222(10%p, N-m
My =4.77(10% ps N-m
¢ =0.15588 m
4.77(107%) 4 2.22(107%) 5
F=1= = 4.49(10
a [ 0.155 88 2107 Pa
= =2228kPa Ans.
Pa = 4 49(10-3) © A

Tr = (222.8/610)(161.4) =59.0N-m Ans.
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16-4

(a)

(b)

Given: 6; = 10°, 6, =75° 6, =75° p,=10%Pa, f =0.24,
b = 0.075m (shoe width), a=0.150m, r=0.200m, d =0.050 m, ¢ = 0.165 m.
Some of the terms needed are evaluated as:

0, ) ) 1
A= |:rf siné do —a/ sin 6 cos@d@] = r[—cos@]é —a [5 sin20:|

0 0

)

0y
750 1 75°
= 200[—cos 6], — 150 [5 sin® 9] = 77.5 mm
10°

6, 0 1 757 /180 rad
B = / sin® 0 df = [— - sin29] =0.528
o, 2 107/180 rad

0,
C = / sinf cosf df = 0.4514
0,

Now converting to pascals and meters, we have from Eq. (16-2),

b 0.24[(10)91(0.075)(0.200
fsz)“ r g = 0-2AA0PI0.075)(0.200) 3 2os) 569 N m
sin 6, sin 75°

From Egq. (16-3),

6
_ pabraB _ [(10)*](0.075)(0.200)(0.150) (0.528) = 1230 N - m

M
N sin 6, sin 75°

Finally, using Eq. (16-4), we have
My — My 1230 — 289

F = =5.70kN Ans.
c 165
Use Eq. (16-6) for the primary shoe.
- fpabr*(cos@; — cos by)
B sin 6,
0.24[(10)©]1(0.075)(0.200)2(cos 10° — cos 75°)
= - =541 N-m
sin 75°
For the secondary shoe, we must first find p,.
Substituting
M 1230 i M 289 into Eq. (16-7)
= — an = — nto . =1),
N 106 pa f 106 pa 1 q
1230/10° 289/10°
5.70 = ( / )palgg( /107 Pa , solving gives p, = 619(10)° Pa
Then

B 0.24[0.619(10)6](0.075)(0.20())2(005 10° — cos 75°)
- sin 75°

so the braking capacity is Tiota1 = 2(541) +2(335) = 1750 N - m  Ans.

T =335N-m
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(¢) Primary shoes:

b
R =L c-fB)-F,
sin 6,
109)(0.075)(0.200
_ 10X : X )[0.4514—0.24(0.528)](10)_3—5.70:—0.658 kN
sin 75°
pabr
R, = B+ fC)—F
Y sin@a( MEA
109)(0.075)(0.200
_ 1O : 75)( )[0.528—|—0.24(0.4514)](10)_3—0:9.88 kN
sin

Secondary shoes:

b
R, =2+ fB) - F,
sin6,
0.619(10)°1(0.075)(0.200
= [ ( ),]( X )[0.4514+0.24(0.528)](10)—3 —5.70
sin 75°
= —0.143 kN
pabr
R, = B— fC)—F
Y sin@a( A Y

6
= [0-615(10)°1(0.075)(0-200) [0.528 — 0.24(0.4514)](10) ™% — 0

sin 75°
=4.03 kN
Note from figure that 4y for secondary shoe is opposite to yi .
+y for primary shoe. | Y
I\ |7
Combining horizontal and vertical components, #77: 7

Ry = —0.658 —0.143 = —0.801 kN |
Ry =9.88 —4.03 = 5.85kN ‘

R = /(0.801)2 + (5.85)2
=5.90kN Ans.

16-5 Preliminaries: 6; = 45° — tan_1(150/200) =8.13°, 6, =98.13°
0, = 90°, a = [(150)% + (200)*]'/? = 250 mm

(sin? ), = 0.480

Eq. (16-8): A= 8.13°

98.13°

oy = 1.1314

1
2
0,
Let C :/ sinf df = — (cos@)
04
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Eq. (16-2):
_ fpabr (rC — aA) = 0.25p,(0.030)(0.150)

sin 6, sin 90°

=5.59(10"%)p, N-m

My [0.15(1.1314) — 0.25(0.48)]

0 1 98.137/180 rad
Eq. (16-8): B = (— — —sin 29) =0.925
2 4 8.1377/180 rad

B pabraB _ P4(0.030)(0.150)(0.250)
sin 6, 1

= 1.0406(10)p, N-m

Using F = (My — My)/c, we obtain

Eq. (16-3): My

(0.925)

104.06 — 5.59
400 = Wpa or pg = 203 kPa Ans.
briC  0.25(203)(10%)(0.030)(0.150)2
p_ fPabr’C _ 0.25203)(10)(0.030)(0.150° | o
sin 6, 1
=38.76 N-m Ans.
16-6 For +367:
f = f+36; =0.2543(0.025) = 0.325
0.325
My =5.59(107) p, | == ) = 7.267(107) p,
0.25
Eq. (16-4):
Jop — 10406 —7.267
= T 1050.500) Pe
Pa = 207 kPa
207\ [ 0.325
T =3875(=— )= )=514N-m Ans.
203 )\ 0.25
Similarly, for —367:
f = f—36f =0.25-3(0.025) = 0.175
M; =3.913(107°) p,
Pa = 200 kPa
T =267N-m Ans.
16-7 Preliminaries: 6, = 180° — 30° — tan~'(3/12) = 136°, 6, = 20° — tan"'(3/12) = 6°,

6, =90°, a=[3)?+12?%"Y2=1237in, r=10in, f=0.30, b=2in.
_0.30(150)(2)(10) (13
N sin 90° 6°

= 12800 Ibf - in

Eq. (16-2): My sinf(10 — 12.37cos 0) db
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_ 150(2)(10)(12.37) 1%

, sin®6 d = 53300 Ibf - in
sin 90° 6°

Eq. (16-3): My

LH shoe:
cp =124+ 124+4=28in

Now note that My is cw and My is ccw. Thus,

~ 53300 — 12800

= = 1446 1bf
28
L F, = 1446 1bf
o
4[ FR,,\, 14 ____TF, . =361 Ibf
16" °
0.30(150)(2)(10)? 6° — 136°
Eq (16:6); T, = 2o0IS0@UONeos6” = cos 1367 _ 5 1 pp . iy
sin 90°
RH shoe:
Pa Pa
My = 53300 =3553p,, M; = 12800 =853
N (150) P M1 (150) b
On this shoe, both My and My are ccw.
Also cr = (24 — 2tan 14°) cos 14° = 22.8 in
F,.: = Fr sin 14° = 361 Ibf Ans.
Fr = Fr/cos 14° = 1491 1bf
355.3+85.3 .
Thus 1491 = Tpa = pa =T17.2psi
0.30(77.2)(2)(10)? 6° — 136°
Then Tp = LT DEUONC0s67 = cos 136 _ 21 e 4

sin 90°
Tiotal = 15420 + 7940 = 23400 Ibf - in  Ans.

16-8 0,
My =2 | (fdN)(a'cos® —r) wheredN = pbrdf
0

0,
=2fpbr | (a'cos® —r)df =0
0

6, 6,
a/f cos@d@:r/ do
0 0

oy - 'r82 _ r(60 ‘)(n/180) — 1.200r
sin 6, sin 60°

From which

Eq. (16-15) .
r S1In

L — 1.170
2(60)(7r/180) + sin[2(60)]
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16-9
(a) Counter-clockwise rotation, #; = w/4rad, r =13.5/2=6.751n

4r sin 6, 4(6.75) sin(r /4)
a = =
20, +sin26, 2w /4 4+ sin(2mw/4)
e =2(7.426) = 14.85in Ans.

=7.426 in

P Actuation
lever

o = tan"1(3/14.85) = 11.4°

L !"'ﬁf‘eioda 21250 Y Mg =0=3F"—6375P
0.428P F*=2.125P

Y Fi=0=—F"+R"
R® = F* =2.125P
F¥ = F*tan11.4° = 0.428P

Y Fp=—P-F +R
RY = P +0.428P = 1.428P

'F-" Left shoe lever.
F/\

Z Mg =0=7.785" — 15.28F*

i S* = 15'28(2 125P) = 4.174P
T — 778 o
Sy
7.78"W SY = f§* =0.30(4.174P)

L S = 1.252P
f:» Y Fy=0=R"+5 +F
R = —FY — §
= —0.428P — 1.252P

— —1.68P
ZFX:O:RX—SX+FX
Rx:Sx_Fx

=4.174P —2.125P
= 2.049P
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0.428P 1.428P
2.125P
e
2.125P
1.252P
4.174P
4.174P E Ans
1.252P
2.049P 2.049P
e
1.68P 1r2.68P
Left shoe lever Right shoe lever

(¢) The direction of brake pulley rotation affects the sense of S”, which has no effect on
the brake shoe lever moment and hence, no effect on S* or the brake torque.

The brake shoe levers carry identical bending moments but the left lever carries a
tension while the right carries compression (column loading). The right lever is de-
signed and used as a left lever, producing interchangeable levers (identical levers). But
do not infer from these identical loadings.

16-10 r =13.5/2=6.75in, b =7.51n, 6, =45°
From Table 16-3 for a rigid, molded nonasbestos use a conservative estimate of
pa = 100 psi, f = 0.31.
In Eq. (16-16):
20, 4 sin26, = 2(r /4) 4 sin2(45°) = 2.571
From Prob. 16-9 solution,
b
N =S =4174P = paz L (2.571) = 1.285pabr
P = 1'285(100)(7 5)(6.75) = 1560 Ibf A
T 4174 D= "
Applying Eq. (16-18) for two shoes,
T =2afN =2(7.426)(0.31)(4.174)(1560)
= 29980 Ibf-in Ans.
16-11 From Eq. (16-22),

_ pabD 90(4)(14)
===
fé = 0.25(7)(270°/180°) = 1.178

Py = 2520 Ibf Ans.

Eq. (16-19): P, = P exp(— f¢) = 2520 exp(—1.178) = 776 1bf Ans.

_ (P —P)D (2520 —-1776)14
- 2 N 2

T =122001bf -in Ans.
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16-12 Given: D =300 mm, f =0.28, b =80mm, ¢ =270°

fé = 0.28()(270°/180°) = 1.319

Py = P exp(— fé) = 7600 exp(—1.319) = 2032 N
2P, 2(7600)

~ »D ~ 80(300)

Pa

D 300
T =(P — PZ)E = (7600 — 2032)7

=835200N-mm or &8352N-m Ans.

Py = 7600 N.

= 0.6333 N/mm> or 633kPa Ans.

n = 200 rev/min

£ =020, pg=70psi

P, P P
bD  70(3)(16
Eq. (16-22): p=L ( ;( ) 1680 Ibf
f¢ =0.2037/2) = 0.942

16-13
<
N N
P, F
1’1\ 125 t 275 l
12
o =cos ! (12 = 5130
200
¢ =270° —51.32° =218.7°
T
=0.30(218.7)—— = 1.145
o ( ) 1307
125+ 275 F 125 + 275)400
py= UBTIDE (25279400 _ oo ans.
125 125
Py = Pyexp(f¢) = 1280 exp(1.145) = 4022 N
D 250
T =(P — PZ)E = (4022 — 1280)7
=342750N-mm or 343N-m Ans.
16-14
(a) D — 16", b — 3||
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Eq. (16-14): P, = Pexp(— f) = 1680 exp(—0.942) = 655 Ibf
D 16
T = (P~ P = (1680 — 655)—

= 8200 1bf-in  Ans.
o _Tn_ 82000200)
63025 63025
3P, 3(1680)
10
(b) Force of belt on the drum:
R = (16807 + 655%)'/2 = 1803 Ibf

=26.0hp Ans.

= 504 Ibf Ans.

P =

1680 Ibf

655 1bf

Force of shaft on the drum: 1680 and 655 Ibf
Tp, = 1680(8) = 13440 1bf - in

Tp, = 655(8) = 5240 1Ibf - in

13,440 lbf-int l5240 Ibfein

1803 Ibf

e Net torque on drum due to brake band:
\, T =Tp —Tp,
= 13440 — 5240
= 8200 Ibf - in

1680 1bf

S~ 655 Ibf
8200 Ibf-in

The radial load on the bearing pair is 1803 1bf. If the bearing is straddle mounted with
the drum at center span, the bearing radial load is 1803/2 = 901 Ibf.

Eq. (16-22):
(c¢) Eq.(16-22) - p

Y}
o 2P 20680
Plo=0"= 7306y = T3(16)

4

=T70psi Ans.

As it should be
2P . 2(655)

—270° = = =273 psi Ans.
Plo=270 316) — 3(16) psi Ans

16-15 Given: ¢=270°, b=2.125in, f=0.20, T=1501bf-ft, D=8.25in, ¢, =2.251in
Notice that the pivoting rocker is not located on the vertical centerline of the drum.
(a) To have the band tighten for ccw rotation, it is necessary to have ¢; < ¢,. When fric-

tion is fully developed,

% =exp(f¢) = exp[0.2(37/2)] = 2.566
2
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(b)

If friction is not fully developed

P/ P, <exp(f¢)

To help visualize what is going on let’s add a force W parallel to P;, at a lever arm of
c3. Now sum moments about the rocker pivot.

> M =0=csW+ci Py — ;P

From which
Cc P2 — C1 P 1

W =
Cc3
The device is self locking for ccw rotation if W is no longer needed, that is, W < 0,
It follows from the equation above
h_ o
P, 7 ¢
When friction is fully developed
2.566 = 2.25/c;
2.25

¢ = ——=0.8771n
2.566

When P,/ P; is less than 2.566, friction is not fully developed. Suppose P/ P, = 2.25,
then
2.25

T 225
We don’t want to be at the point of slip, and we need the band to tighten.

ci 1in

(&%)
<=0
P/ P,

When the developed friction is very small, P;/P, — 1 and ¢; — ¢, Ans.

Rockerhas ¢y = 1 in
P 2.25
2 _ 22595
P2 C1 1
In(P;/ P In2.25
po /R 022 19
[0} 3w /2

Friction is not fully developed, no slip.
P,

T =(P P)D—P =
= (1 D5 =5 P, 5

Solve for P,

B 2T _2(150)(12)
T (P/Py) — 11D~ (225 — 1)(8.25)

Py =2.25P, = 2.25(349) = 785 1bf

2P 2(78Y)
— bD —2.125(8.25)

P = 349 1bf

)4 = 89.6 psi Ans.
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(¢) The torque ratio is 150(12)/100 or 18-fold.

349
P, = = 19.4 1bf
18

Py =225P, =2.25(19.4) = 43.6 1bf

89.6 .
p= = = 498 psi  Ans.

Comment:

As the torque opposed by the locked brake increases, P, and P; increase (although
ratio is still 2.25), then p follows. The brake can self-destruct. Protection could be
provided by a shear key.

16-16 np
(a) From Eq. (16-23), since F="=

(D —d)
then
B 2F
~ wd(D —d)
and it follows that
2(5000)
7(225)(300 — 225)
=0.189 N/mm?> or 189000 N/m’> or 189kPa Ans.

T = —f(D +d) = %0'25)(300 + 225)

Pa =

=164043N-mm or 164N-m Ans.
(b) From Eq. (16-26),

F= %(D2 — &Y

AF B 4(5000)
(D2 —d?»  w(300% — 2252)
— 0.162 N/mm? = 162 kPa Ans.

From Eq. (16-27),
T = %fpa(D3 —d’) = %(0.25)(162)(103)(3003 —225%)(107)°

=166 N-m Ans.

16-17
(a) Eq.(16-23):
p pa 7(120)(4)

(D —d) = 7(6.5 —4) = 18851bf Ans.

F =
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Eq. (16-24):
T — ﬂfgad(Dz _ dZ)N _ 7[(024)é120)(4) (652 _ 42)(6)
=71251bf -in Ans.
®) T — 7(0.24)(120d) (6.52 _ dz)(6)

8

d, in T,1bf - in

2 5191
3 6769
4 7125 Ans.
5 5853
6 2545

(¢) The torque-diameter curve exhibits a stationary point maximum in the range of]
diameter d. The clutch has nearly optimal proportions.

16-18

(a) D2 _ 2
7 = TIPad( - N _ cpra— ca?

Differentiating with respect to d and equating to zero gives

dT
— =CD?*>-3Cd*=0
dd
d* = 2 Ans
V3 '
d*T
- = —-6Cd
dd?

which is negative for all positive d. We have a stationary point maximum.

6.5
(b) d*=—=375in Ans.

V3
. 7(0.24)(120) (6.5/ﬁ)[

3 6.5% — (6.52/3)1(6) = 7173 Ibf - in

(c) The table indicates a maximum within the range:

3<d<5in

d
< 0.80

(d) Consider: 045 < D=




Solutions Manual e Instructor’s Solution Manual to Accompany Mechanical Engineering Design
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Multiply through by D
0.45D < d < 0.80D
0.45(6.5) < d < 0.80(6.5)
2.925<d <5.2in
d\* 1
2) =d*/D=— =0577
(D) P=7
which lies within the common range of clutches.
Yes. Ans.
16-19 Given: d = 0.306m, [=0.060m, 7 =0200kN-m, D =0330m, f=0.26.
e e
| 60 K _1 (12 o
I | =t —_— = 1131
11 165 o an <60)
LNotwscalelCL
Uniform wear
Eq. (16-45):
0.26)(0.306
0.200 = 7 ,) ( )Pa (0.330% — 0.306%) = 0.002432p,
8sin11.31°
= 0200 o okpa A
Pa= 0002432 ~ 00 A
Eq. (16-44):
d 82.2)(0.306
F= ’”’2" (D—dy= " )2( ) (0330 — 0.306) = 0.949 kN Ans.
Uniform pressure
Eq. (16-48):
0.26
0200 = 0200Pa_ 6 3353 0306%) = 0.00253 p,
12sin 11.31°
0.200
= =79.1kPa Ans.
Pa= 1000253 @ am
Eq. (16-47):
79.1
F= %(DZ _ay =" : ) (03302 — 0.306%) = 0.948 kKN Ans.
16-20  Uniform wear
1
Eq. (16-34); T = (02 = 00) fpari (5 = 17)
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Eq. (16-33): F = (02— 01)pari(ro — i)
Thus, r o _ (1/2)(62 — 61) fpari(ry —r})
fFED  f(62 — 01)pari(ro — ri)(D)
ro+ri  D/2+d/2 1 d
= = =—(14+—= K. Ans.
2D 2D g\!Tp) OF Ans
Uniform pressure
1
Eq. (16-38): T = 30— 00 fpa (5 = 77)
Eq. (16-37):
1
F=2(0=00pa (ry —17)
T (/O =0 fpalr; —ri) 2 { (D/2)} — (d/2)? }
fFD (1)) f(60, = 01)pa (r2—r})D 3 | [(D/2)* —(d/2)*D]
2(D/2)°(1 —(d/D)*) 1[1—(d/D)’
= =—-|— | O.K. Ans.
3(D/2)*[1 —(d/D)*1D 3 [1—(d/D)?
16-21 w =2rn/60 = 2 500/60 = 52.4 rad/s
H 2(10°
) 52.4
Key:
T 2
F=—= 38-2 = 3.18 kN
r 12
Average shear stress in key is
3.18(10°
= # = 13.2 MPa Ans.
6(40)
Average bearing stress is
F 3.18(10°
op=—— = —# = —26.5MPa Ans.
Ap 3(40)
Let one jaw carry the entire load.
1 /26 45
rav:§ 74‘7 = 17.75 mm
T 38.2
F=—=——=215kN

ray  17.75
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The bearing and shear stress estimates are
—2.15(10%)
Op = ———————
10(22.5 — 13)

B 2.15(10%)
~10[0.2577(17.75)2]

= —22.6 MPa Ans.

= 0.869 MPa Ans.

16-22 w) = 2nn/60 = 27 (1800)/60 = 188.5rad/s
wr =0

From Eq. (16-51),
LL  Tn  320(8.3)

— — = 14.09N -m - s°
L+ W] — W 188.5—-0

Eq. (16-52):
188.52
= 14.09 ( )(10—3) =250kJ
Eq. (16-55):
E 250(103
AT = = a0’ =27.8°C Auns.
Cpm — 500(18)
16-23
260 + 240
n= 1t = + = 250 rev/min
2 2
260 — 240
=" """ —0.08 Ans.
250
w = 2m(250)/60 = 26.18 rad/s
E,— E 5000(12
=21 _ U2 1004 1bf-in . 52
C,? 0.08(26.18)2
m w
L= d; +d7) = @(dg'i'diz)
8g1 8(386)(1094)
d2+d? 607 + 56
w = 0.260 Ibf/in®  for cast iron
w502
V= — = 1931 in’
w  0.260
1t
Also, V= ”Z (42 = d?) = 7 (60% — 56%) = 3641 in’

Equating the expressions for volume and solving for ¢,

1931
= ﬁ =531in Ans.
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16-24 (a) The useful work performed in one revolution of the crank shaft is
U = 35(2000)(8)(0.15) = 84(10%) in - Ibf
Accounting for friction, the total work done in one revolution is
U = 84(10%) /(1 — 0.16) = 100(10%) in - Ibf

Since 15% of the crank shaft stroke is 7.5% of a crank shaft revolution, the energy|
fluctuation is

E, — E; = 84(10%) — 100(10°)(0.075) = 76.5(10%) in - Ibf  Ans.
(b) For the flywheel
n = 6(90) = 540 rev/min
2mn B 2 (540)

w 60 60 rad/s
Since C, =0.10
E,—E 50103
o BB 765000 g cr i 2

Cio*  0.10(56.5)2

Assuming all the mass is concentrated at the effective diameter, d,

md?
I = —
4
4g1  4(386)(239.6)
W= 7 = 18 = 161 1bf Ans.

16-25 Use Ex. 16-6 and Table 16-6 data for one cylinder of a 3-cylinder engine.

C, =0.30
n = 2400 rev/min or 251 rad/s
3(3368
Tn = ( ) =804 in - Ibf Ans.
4

E, — E; =3(3531) = 10590 in - Ibf

S Ey—E; 10590
 Cy? 0.30(2512)

= 0.5601in - Ibf - s> Ans.

T, T,
(1)1 = —Fyyrp=——rp=——Ans.
rG —n
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2) | Equivalent energy

(1/2) b} = (1/2)(1); (w})

! w3 53
| I ()= —5h=— Ans.
o n

I ré\* (me 6\ (ré\° 4
@ =) ()= () (2) =
Ip rp mp rp rp
I n*lp

From (2) () = =5 = n*lp Ans.
n n

I
() I, = Iy + Ip +n’lp + = Ans.
n

100
_ 2
¢ I,=10+14+10 (1)+1—02

=104+14+1004+1=112

t reflected load inertia
reflected gear inertia Ans.
pinion inertia
armature inertia

16-27 (a) Reflect I}, I5, to the center shaft

Reflect the center shaft to the motor shaft

Ip + mPl, + I, /m®

n2

Iy, + 0’ +

2

2 Ip m IL
Ie=1Iy+1Ip+nilp+—=+—Ip+
n n

Ans.
m3n?
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) Ip R?’Ip I
(b) For R =constant =nm, I, =1y + Ip+n Ip—l——2—|— 2 —  Ans.
n n R?
ol 2(1 4(105)(1
(¢c) ForR=10, —=0+0+2n(1) — (L _4doHd +0=0
on n3 nd
n® —n?—200=0
From which
n* =2.430 Ans.
m*=——=4.115 Ans.
2.430
Notice thatn*and m™ are independent of /. .
16-28 From Prob. 16-27,
Ip R*Ip I
_ 2
Ie—IM+IP+I’le—|—ﬁ—|— e
1 100(1) 100
=10+14+n*()+—+——+ —
+ +n()+n2+ o 02
1 100
=10+ 14+n"+ =+ — +1
n n
n I,
1.00 114.00
1.50 34.40 |
2.00 22.50 100 - ° *
2.43 20.90 B y
3.00 22.30 i . *
4.00 28.50 .
5.00 37.20 . e °
6.00 48.10 were
7.00 61.10 012t1 6 8 10 7
8.00 76.00 243
9.00 93.00
10.00 112.02

tional gears.

Optimizing the partitioning of a double reduction lowered the gear-train inertia to
20.9/112 = 0.187, or to 19% of that of a single reduction. This includes the two addi-

16-29 Figure 16-29 applies,
L =10s, 1 =0.5s
h—1 . 10—-0.5 .

= 19
1 0.5
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The load torque, as seen by the motor shaft (Rule 1, Prob. 16-26), is

1300(12
L= 130012) = 1560 1bf - in
10
The rated motor torque 7} is
2
= 63025(3) = 168.07 1bf - in
1125

For Egs. (16-65):
2w
Wy = %(1125) = 117.81 rad/s

2
Wy = %(1200) = 125.66 rad/s

-T 168.
ws — Wy 125.66 — 117.81

T,wy  168.07(125.66)
ws —w, 12566 — 117.81

= 2690.4 1bf - in

b=

The linear portion of the squirrel-cage motor characteristic can now be expressed as

Ty = —21.41w + 2690.4 1bf - in

Eq. (16-68):
1560 — 168.07> 19

T, = 168.07
g ( 1560 — T,

One root is 168.07 which is for infinite time. The root for 10 s is wanted. Use a successive
substitution method

T2 New T2
0.00 19.30
19.30 24.40
24.40 26.00
26.00 26.50
26.50 26.67
Continue until convergence.
T, =26.771

Eq. (16-69):
_ —21.41(10 — 0.5)
~ 1n(26.771/168.07)

T—-b
w =

= 110.72 in - Ibf - s/rad

a
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Th—b 26771 — 26904
a  —2141
Wmin = 117.81 rad/s Ans.
124.41 + 117.81
B 2
Omax — Omin 124.41 — 117.81
" (Omax + Omin)/2 (12441 + 117.81)/2

= 124.41 rad/s Ans.

= 121.11 rad/s

= 0.0545 Ans.

N
1, 1 5 .
Ey = 1w} = 5(110.72)(117.81)° = 768 352 in - Ibf

1 1
E, = ilwg = 5(110.72)(124.41)2 = 856 854 in - Ibf

AE =E; — E; =768352 — 856854 = —88502 in - Ibf

Eq. (16-64):
AE = C,1&* = 0.0545(110.72)(121.11)?
= 88508 in - 1bf, close enough Ans.
During the punch
63025H
T=—"2-
n
T1.0(60/2 1560(121.11 2
b To(60/2m) 1560 )(60/27) _ 28.6 hp
63025 63025

The gear train has to be sized for 28.6 hp under shock conditions since the flywheel is on
the motor shaft. From Table A-18,

m w
1= Sy +d) = g (d +df)

8 8¢
8gl 8(386)(110.72)
W=——"75= 2. 72
&2+ d: 42+ d;

If a mean diameter of the flywheel rim of 30 in is acceptable, try a rim thickness of 4 in
di =30 —(4/2) =28 in
do =304 (4/2) =321in

_ 8(380)(110.72)

= 189.1 Ibf
322 4282

Rim volume V is given by

! !
V= %(doz —d?) = %(322 —282) = 188.5]
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where [ is the rim width as shown in Table A-18. The specific weight of cast iron is
y = 0.260 Ibf - in®, therefore the volume of cast iron is

w 189.1 .3
= —=——=72731n
y 0.260
Thus
188.51 =727.3
727.3
| =——=3.86in wide
188.5

Proportions can be varied.

16-30 Prob. 16-29 solution has I for the motor shaft flywheel as
I =110.72 in - Ibf - s*/rad
A flywheel located on the crank shaft needs an inertia of 10?1 (Prob. 16-26, rule 2)
[ =10%*(110.72) = 11072 in - Ibf - s*/rad
A 100-fold inertia increase. On the other hand, the gear train has to transmit 3 hp under
shock conditions.
Stating the problem is most of the solution. Satisfy yourself that on the crankshaft:
T, = 1300(12) = 15600 Ibf - in
T, = 10(168.07) = 1680.7 Ibf - in
w, = 117.81/10 = 11.781 rad/s
ws = 125.66/10 = 12.566 rad/s
a=-21.41(100) = —2141
b =2690.35(10) = 26903.5
Ty = 2141w, +26903.5 1bf - in

15600 — 1680.5\ "
15600 — T»

T, = 1680.6 (

The root is 10(26.67) = 266.7 1bf - in

w=121.11/10 = 12.111 rad/s

C, =0.0549 (same)
Wmax = 121.11/10 = 12.111 rad/s Ans.
Wmin = 117.81/10 = 11.781 rad/s Ans.

E,, E,, AE and peak power are the same.
From Table A-18

8gl 8(386)(11072)
W= 2 = 2
d2 +d: dz +d;
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Scaling will affect d, and d;, but the gear ratio changed I. Scale up the flywheel in the
Prob. 16-29 solution by a factor of 2.5. Thickness becomes 4(2.5) = 10 in.
d =30(2.5) =75in
do, =754 (10/2) =801n
di =75—(10/2) =70 in
8(386)(11072)
T 802470
3026

v="—— =11638in’
0.26

= 3026 Ibf

V= %I(SOZ —70%) = 11781

= 11—638 = 9.88 in

1178
Proportions can be varied. The weight has increased 3026/189.1 or about 16-fold while
the moment of inertia / increased 100-fold. The gear train transmits a steady 3 hp. But the
motor armature has its inertia magnified 100-fold, and during the punch there are decel-
eration stresses in the train. With no motor armature information, we cannot comment.

16-31 This can be the basis for a class discussion.
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Chapter 17

Given: F-1 Polyamide, b = 6 in, d = 2 in @ 1750 rev/min
C =9(12) = 108 in, vel. ratio 0.5, Hyom = 2 hp, Ky, = 1.25,n4 = 1
Table 17-2:  t = 0.05 in, dpin = 1.0 in, F, = 35 Ibf/in,
y = 0.0351bf/in?, f = 0.5
Table 17-4: C, =0.70

w = 12y bt = 12(0.035)(6)(0.05) = 0.126 Ibf/ft
05 = 3.123 rad, exp(f6) =4.766 (perhaps)
wdn  7(2)(1750)

V = = 916.3 ft/min
12 12
w (VN> 0.126 /916.3)\°
Eq. (e).p. 865 Fo= —— (=) = —22 (222} =09131bf Ans.
(@) Eq. (o), p T 307 (60) 32.17( 60 ) s
63025H,.. K 63025(2)(1.25)(1 ,
T = om2sMd - _ U259 _ g0 01bf - in
" 1750
o7 2
ar = 2L 200 gq
d 2

Eq. (17-12): (F1)q = bF,C,C, = 6(35)(0.70)(1) = 147 1bf  Ans.
F,=F,—AF =147 —-90 =57 Ibf Ans.
Do not use Eq. (17-9) because we do not yet know f”.
Fia + F> 147 + 57
— o —Fe=—(—
(F1)a — Fe 1 147 —0.913
F— F. } 3123 < 570913

The friction is thus undeveloped.

Eq. (@), p. 866: F; = — 0913 =101.11bf Ans.

1
Eq. (17-7): f'= —1In [ ) — 0.307
B

(b) The transmitted horsepower is,
_ (AF)V _ 90(916.3) —25hp Ans.
33000 33000
_H 25 |
HyomKs  2(1.25)
From Eq. (17-2), L =2253in Ans.
3C%w
2F;
where C is the center-to-center distance in feet.
3(108/12)%(0.126)
- 2(101.1)

(¢) From Eq. (17-13), dip =

=0.151in Ans.




Chapter 17

421

Comment: The friction is under-developed. Narrowing the belt width to 5 in (if size is
available) will increase f’. The limit of narrowing is by, = 4.680 in, whence

w = 0.0983 Ibf/ft

(F1)q = 114.7 1bf

F.=0.7121bf F, =24.61bf
T =901bf-in (same) f=f=050
AF = (F1)qg — F» =90 Ibf dip =0.173 in

F; = 68.9 1bf

Longer life can be obtained with a 6-inch wide belt by reducing F; to attain f' = 0.50.
Prob. 17-8 develops an equation we can use here

(AF + F)exp(f0) — F.

F; =
exp(f0) —1
F,=F — AF
Fi+ F
Fi = 1+ F,
2
1 F, —F,
f/ - ln 1 Cc
) 3(CD/12)*w
dip=—7——
2F;
which in this case gives
Fy =114.9 Ibf F.=00913Ibf
F, =248 1bf f =00
F; = 68.9 1bf dip = 0.222 in

So, reducing F; from 101.1 1bf to 68.9 1bf will bring the undeveloped friction up to
0.50, with a corresponding dip of 0.222 in. Having reduced F; and F>, the endurance
of the belt is improved. Power, service factor and design factor have remained in tack.

17-2

There are practical limitations on doubling the iconic scale. We can double pulley diame-
ters and the center-to-center distance. With the belt we could:

e Use the same A-3 belt and double its width;

* Change the belt to A-5 which has a thickness 0.25 in rather than 2(0.13) = 0.26 in, and
an increased Fy;;

¢ Double the thickness and double tabulated F,, which is based on table thickness.

The object of the problem is to reveal where the non-proportionalities occur and the nature
of scaling a flat belt drive.

We will utilize the third alternative, choosing an A-3 polyamide belt of double thickness,
assuming it is available. We will also remember to double the tabulated F,, from 100 Ibf/in to
200 Ibf/in.




422

Solutions Manual e Instructor’s Solution Manual to Accompany Mechanical Engineering Design

In assigning this problem, you could outline (or solicit) the three alternatives just mentioned
and assign the one of your choice—alternative 3:

Ex.17-2: b=10in, d =161in, D = 321in,
Polyamide A-3, t =0.131in, y =0.042, F, =
100 Ibf/in, C, =094, C, =1, f =0.8

T — 63 025(60)(1.15)(1.05)

= 5313 Ibf - i
260 5313 in
w = 12 ybt = 12(0.042)(10)(0.13)
= 0.655 1bf/ft

V =mdn/12 = 7w (16)(860/12) = 3602 ft/min
0; = 3.037 rad
For fully-developed friction:
exp( f6y) = [0.8(3.037)] = 11.35
wV?  0.655(3602/60)2
¢ 32174
Fi) =F =bF,C,C,
= 10(100)(0.94)(1) = 940 Ibf
AF =2T/D = 2(5313)/(16) = 664 1bf
F, =F — AF =940 — 664 = 276 Ibf
Fi+ F,
= SR
940 + 276
- 2
Transmitted power H (or H,):
AF(V) 664(3602)
T 33000 33000

1 F, — F,
f/ - ln 1 C
0,4 F—F,
1 1 940 —73.4
= n
3.037 276 —73.4

= 0.479 undeveloped

F. = = 73.4 Ibf

F;

Fe

— 73.4 = 535 1bf

=72.5hp

Note, in this as well as in the double-size case,
exp( f6y) is not used. It will show up if we
relax F; (and change other parameters to trans-
mit the required power), in order to bring f" up
to f = 0.80, and increase belt life.

You may wish to suggest to your students
that solving comparison problems in this man-
ner assists in the design process.

Doubled: » =20in, d =32in, D = 721in,
Polyamide A-3, ¢ =0.26in, y =0.042,
F, =2(100) =200 Ibt/in, C, =1, Cy, =1,
f=0.38

T =4(5313) = 21252 1bf - in
w = 12(0.042)(20)(0.26) = 2.62 Ibf/ft
V = m(32)(860/12) = 7205 ft/min

0 = 3.037 rad

For fully-developed friction:

exp( f6g) = exp[0.8(3.037)] = 11.35
wV? B 0.262(7205/60)>

F. = = 1174.3 Ibf
g 32.174
(F1)a =20(200)(1)(1)
= 4000 Ibf = F,

AF =2T/D = 2(21252)/(32) = 1328.3 Ibf
F,=F — AF =4000 — 1328.3 = 2671.7 Ibf
F, + F,

Fi = l ) — L'c

4000 +2671.7

—1174.3 = 2161.6 1bf

Transmitted power H:
B AF(V) B 1328.3(7205)
© 33000 33000
1 Fi; — F,
f/ - ln 1 Cc
1 ( 4000 — 1174.3 )

= 3037 "\2671.7 — 11743
= 0.209 undeveloped

=290 hp

There was a small change in C),.

Parameter Change  Parameter Change
Vv 2-fold AF 2-fold
F, 16-fold F; 4-fold
Fy 4.26-fold H, 4-fold
F 9.7-fold f’ 0.48-fold

Note the change in F_ !
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17-3

192"

As a design task, the decision set on p. 873 is useful.
A priori decisions:

* Function: Hyom =60 hp, n =380 rev/min, C =192in, K;=1.1
* Design factor: nyg =1

Initial tension: Catenary

Belt material: Polyamide A-3, F, = 100 Ibf/in, y = 0.042 Ibf/in®, f = 0.8
* Drive geometry: d = D =48 in

Belt thickness: ¢ =0.13in

Design variable: Belt width of 6 in

Use a method of trials. Initially choose b = 6 in

_ wdn _ 7(48)(380)
12 12

w = 12y bt = 12(0.042)(6)(0.13) = 0.393 Ibf/ft
wV? B 0.393(4775/60)>

= 4775 ft/min

F. = = 77.4 1bf
g 32.174
T — 63 025HnomKsnd — 63 025(60)(11)(1) = 10946 1bf - in
n 380
2T  2(10946
aF = 20 200936 oo bt
d 48

Fy = (F1)qg =bF,C,Cy, = 6(100)(1)(1) = 600 Ibf
F, =F — AF =600 —456.1 = 143.9 1bf
Transmitted power H

_AF(V)  456.1(4775)

= = 66 hp

33000 33000

Fi+F 600 + 143.9
=t g SOOI 4~ 20461

2 2

1 F, —F 1 600 — 77.4
fl=—In|=——=)==In{——"") =0.656

g \F,—F.)] n \1439-774

Eq. (17-2): L = [4(192)% — (48 — 48)21"/2 + 0.5[48(7) + 48(r)] = 534.8 in

Friction is not fully developed, so bn, is just a little smaller than 6 in (5.7 in). Not having
a figure of merit, we choose the most narrow belt available (6 in). We can improve the
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design by reducing the initial tension, which reduces F; and F>, thereby increasing belt life,
This will bring f” to 0.80

_ (AF 4+ F)exp(f6) — F,
N exp(f0) — 1
exp(f0) = exp(0.80mr) = 12.345

Fi

Therefore
456.1 +77.4)(12.345) — 77.4
F = ( * ) ) = 573.7 1bf
12.345 — 1
Fh=F —AF =573.7—456.1 = 117.6 1bf
F F 573.7+117.6
F = 1; 2 _F. = +—77.4:268.31bf

These are small reductions since f’ is close to f, but improvements nevertheless.

3C7w  3(192/12)%(0.393)
2F, 2(268.3)

= (0.562 in

dip =

17-4  From the last equation given in the Problem Statement,

1
1 —{2T/[d(ay — az)b]}

exp(f¢) =

T
[1 " dlas—anb az)b] exp(f¢) =1

[L} (F9) = exp(f¢) - 1
o | PP =ew(re

b— 1 (Z_T)[ exp(f ) }
Cag—ax\ d )| exp(fo) —1

But 27/d = 33000H,/V

Thus,
b 1 (33 OOOHd>[ exp( fo) ] 0.E.D.
ap — a 14 exp(f¢) — 1

17-5 Refer to Ex. 17-1 on p. 870 for the values used below.

(a) The maximum torque prior to slip is,
T — 63025 HpomKsna  63025(15)(1.25)(1.1)
B n B 1750
The corresponding initial tension is,

T 8/11.
_ (oo 1Y _ 7428 (TLITHTN e iir A,
D \exp(f6) — 1 6 \1L.17—1

= 7428 1bf-in Ans.




Chapter 17 425

(b) See Prob. 17-4 statement. The final relation can be written

o 1 {33 000H,, exp( f6) }
" F,CoCy — (12y1/32.174)(V/60)2 | Viexp(f6) — 1]
B 1 [33 000(20.6)(1 1.17)]
100(0.7)(1) — {[12(0.042)(0.13)]/32.174}(2749/60)2 | 2749(11.17 — 1)
=4.13in Ans.

This is the minimum belt width since the belt is at the point of slip. The design must
round up to an available width.

Eq. (17-1):
.1 (D—d .1 [18—=6
0y =m — 2sin —— | =m —2sin P
2C 2(96)
= 3.016511 rad
0 +2sin! b-d +2sin”! 186
=7 1 — =7 1 —
b 2C 2(96)
= 3.266674
Eq. (17-2):

1
L = [4(96)* — (18 — 6)*]'/% + E[18(3.266 674) + 6(3.016511)]
=230.074in Ans.

2T  2(742.8

(c) AF = — = ( )
d

(F)a =bF,C,C, = F =4.13(100)(0.70)(1) = 289.1 Ibf

F,=F —AF =289.1 —247.6 = 41.5 1bf

= 247.6 lbf

0.271
F.=256(—-=")=17.71bf
0.393
Fi+ F 289.1 +41.5
F = 1+ 2—FC=+—17.7=147.61bf

Transmitted belt power H
_AF(V)  247.6(2749)
© 33000 33000

H 206
HoomKs  15(1.25)

= 20.6 hp

1.1
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If you only change the belt width, the parameters in the following table change as shown.

Ex. 17-1 This Problem

b 6.00 4.13

w 0.393 0.271

F, 25.6 17.6
(F1)a 420 289

P 172.4 42

F; 270.6 147.7

f 0.33* 0.80%**
dip 0.139 0.176

*Friction underdeveloped
**Friction fully developed

17-6  The transmitted power is the same.

n-Fold
b=6in b=12in Change
F. 25.65 51.3 2
F; 270.35 664.9 2.46
(F1)a 420 840 2
F 172.4 592.4 3.44
H, 20.62 20.62 1
nf 1.1 1.1 1
/! 0.139 0.125 0.90

dip 0.328 0.114 0.34

If we relax F; to develop full friction ( f = 0.80) and obtain longer life, then

n-Fold
b=6in b=12in Change
F, 25.6 51.3 2
F; 148.1 148.1 1
F 297.6 323.2 1.09
F> 50 75.6 1.51
1 0.80 0.80 1

dip 0.255 0.503 2
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17-7

Find the resultant of F; and F5:

., D—d
o = SIn e
2C
_ D—d
simo = ——
2C

- 1 /D —d\*?
cose =1— - ———
2 2C

N 1 (D—d\
R*" = Ficosa + Frcosa = (F1 + F,) 1—5 S Ans.

D—d

Ry:Fl SiIlO(—FzSiI‘lOl:(Fl—Fz) Ans.

From Ex. 17-2,d = 16 in, D =36 in,C = 16(12) = 192 in, F; = 940 Ibf, F, = 276 1bf

. [36-16
o = Sin
2(192)

:| = 2.9855°

[ —16\2
R* = (940 +276) | 1 — = (36 6) } — 1214.4 Ibf

2\ 2(192)

(36— 16
| 2(192)

RY = (940 — 276) ] — 34.6 Ibf

d 16
T =(F — F) <§> — (940 — 276) <7> — 5312 1bf - in

17-8 Begin with Eq. (17-10),

2exp(f6O
F,=F, + Fi&
exp(f6)—1
Introduce Eq. (17-9):

Foral [eXp(fG)JrlH 2exp(f6) }: gy 2T [ exp( f6) ]
D |exp(fO) — 1] |exp(f0)+1 D |exp(fO)—1
Fi = F. + AF [M]
exp(fo) —1
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Now add and subtract F, \‘MJ
exp(f60) —1
F =FC+FC[ exp(f0) }JFAF[ exp(f0) ]—Fc[ exp(f0) ]
exp(f0) — 1 exp(f0) — 1 exp(f0) — 1
B exp(f6) B exp(f0)
Fy = (F.+ AF) [—exp(fé) — 1] + F. — F, [—exp(fe) — 1]
B exp(f6) ] F
fr=(esah [eXp(fe) - 1} xp(0) — 1
F = (F. 4+ AF)exp(f0) — F, 0.E.D.
exp(f60) —1

From Ex. 17-2: 6; = 3.037rad, AF = 664 1bf, exp(f0) = exp[0.80(3.037)] = 11.35,
and F, = 73.4 Ibf.

_ (7344 664)(11.35 —73.4)

| — 802 Ibf
(11.35— 1)
Fy = F, — AF = 802 — 664 = 138 Ibf
802 + 138
- + —73.4 = 396.6 Ibf
1 F,—F 1 802 — 73.4
fl=—In[—C) = In =0.80 Ans.
6, \F —F. 3.037 \138—73.4

17-9 This is a good class project. Form four groups, each with a belt to design. Once each group
agrees internally, all four should report their designs including the forces and torques on the
line shaft. If you give them the pulley locations, they could design the line shaft.

17-10 If you have the students implement a computer program, the design problem selections
may differ, and the students will be able to explore them. For Ky = 1.25, ny = 1.1,
d = 14 in and D = 28 in, a polyamide A-5 belt, 8 inches wide, will do (b, = 6.58 in)

17-11 An efficiency of less than unity lowers the output for a given input. Since the object of the
drive is the output, the efficiency must be incorporated such that the belt’s capacity is
increased. The design power would thus be expressed as

. Hnom KS ng

H,
d eff

ns.

17-12 Some perspective on the size of F,. can be obtained from

e w (VN _Laybr (VY
T g\60) T g 60
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An approximate comparison of non-metal and metal belts is presented in the table
below.

Non-metal Metal
v, Ibf/in® 0.04 0.280
b, in 5.00 1.000
t,1in 0.20 0.005

The ratio w/wy, is

w  12(0.04)(5)(0.2)

Wy, 12(0.28)(1)(0.005)

The second contribution to F. is the belt peripheral velocity which tends to be low in
metal belts used in instrument, printer, plotter and similar drives. The velocity ratio
squared influences any F./(F;),, ratio.

It is common for engineers to treat F, as negligible compared to other tensions in the
belting problem. However, when developing a computer code, one should include F,.

17-13  Eq. (17-8):
) —1
AF = F, — F, = (F, —FC)M
exp(f6)
Assuming negligible centrifugal force and setting F; = ab from step 3,
AF 0
buin = Xp(/9) ()
a |exp(fo)—1
Al H HyomK (AF)V
S0, = S A
d nom 8 s71d 33000
N 33000Hom Ksng
Vv
1 /33000H, 0
Substituting into (1), bpin = — d exp(/9) Ans
a \% exp(f0) —1
17-14 The decision set for the friction metal flat-belt drive is:

A priori decisions

* Function: Hyom =1 hp, n=1750rev/min, VR =2, C=15in, K;=1.2,
N, = 10° belt passes.

* Design factor: ny; = 1.05

* Belt material and properties: 301/302 stainless steel
Table 17-8: Sy =175000 psi, E =28 Mpsi, v =0.285
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* Drive geometry: d =2in, D =4in
¢ Belt thickness: ¢ = 0.003 in
Design variables:
e Belt width b
* Belt loop periphery
Preliminaries
H; = HyomKsng = 1(1.2)(1.05) = 1.26 hp

- 63 025(1.26)
o 1750

=45.38 Ibf - in

A 15 in center-to-center distance corresponds to a belt loop periphery of 39.5 in. The
40 in loop available corresponds to a 15.254 in center distance.

—2
Oj=m —2sin"' | ——=— | =3.010 rad
2(15.254)
Op = 2sin"' | ———— | =3.273 rad
p =7+ 2sin [2(15.274)] ra

For full friction development

exp( f6y) = exp[0.35(3.010)] = 2.868

mdn  w(2)(1750)
2 1

Sy = 175000 psi

V = = 916.3 ft/s

Eq. (17-15):
Sp = 14.17(10°)(10°) %47 = 51212 psi

From selection step 3

T Et 7, sy, 28(100(0.003)
= [ FT - v2)d] - [ T (1-0285%)(2)

= 16.50 Ibf/in  of belt width
(F1)qg = ab =16.50b

] (0.003)

For full friction development, from Prob. 17-13,

AF  exp(f6a)

bmin =
" a exp(f6a) — 1
2T  2(45.
AF = — = ﬂ = 45.38 Ibf
d 2
So
45.38 2.868 .
min = =4.231n
16.50 \ 2.868 — 1
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Decision #1: b =4.51n
Fi = (F), =ab =16.5(4.5) = 74.25 Ibf
Fh=F —AF =74.25 — 45.38 = 28.87 1bf

R+ F 742542887
T2 T 2

, 1. (F 1 74.25
fl=—In(—=]= In =0.314
0. \F) 3010 \2887
_ (AF)V _ 45.38(916.3)

© 33000 33000

H, 1.26
n = =
ST H K 1(12)

= 51.56 Ibf

Existing friction

= 1.26 hp

t

=1.05

This is a non-trivial point. The methodology preserved the factor of safety corresponding
tong = 1.1 even as we rounded b, up tob.

Decision #2 was taken care of with the adjustment of the center-to-center distance to
accommodate the belt loop. Use Eq. (17-2) as is and solve for C to assist in this. Remem-
ber to subsequently recalculate 6; and 6p.

17-15

Decision set:

A priori decisions

* Function: Hyom =5hp, N =1125rev/min, VR =3, C=20in, K;=1.25,
N, = 10° belt passes

* Design factor: ng =1.1

 Belt material: BeCu, S, =170000psi, E = 17(106) psi, v =0.220

* Belt geometry: d =3in, D =9in

* Belt thickness: ¢ = 0.003 in

Design decisions

* Belt loop periphery
* Belt width b

Preliminaries:
H; = HyomKsng = 5(1.25)(1.1) = 6.875 hp
63 025(6.875) .
=~ = 2 1bf -
1125 385 in
Decision #1: Choose a 60-in belt loop with a center-to-center distance of 20.3 in.
9-3
04 =m —2sin”"! = 2.845rad
2(20.3)
9-3
Op = 7 + 2sin”! = 3.438 rad
2(20.3)
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For full friction development:
exp( f0y) = exp[0.32(2.845)] = 2.485
wdn B m(3)(1125)
12 12
S = 56670 psi

V= = 883.6 ft/min

From selection step 3

6
Et ]t _ [56 670 — 17(10°)(0.003)

2T 2 2
AF = - = (385.2) = 256.8 Ibf
AF 256. 2.4
bmin - exp(de) - 268 85 =3.69in
a |exp(f80) —1] 1164\ 24851

Decision #2: b =41n
Fi = (F)), =ab =116.4(4) = 465.6 1bf
I =F — AF =465.6 —256.8 = 208.8 1bf

Fi+F, 465.6+208.8
2 2

.1 (F 1 465.6
ff==—In(=)= In =0.282
0 \F,) 2845 \208.8

(AF)V  256.8(883.6)
~ 33000 33000
H 688
T 5005 T 5(1.25)

F, = = 337.3 Ibf

Existing friction

= 6.88 hp

F; can be reduced only to the point at which f" = f = 0.32. From Eq. (17-9)

T 2 /2.
_T exp(fbq) + 1 _ 385.2 (2.485+1 3013 Ibf
d | exp(f6q) —1 3 \2485-1
Eq. (17-10):
2 9 2(2.485
Fo— F | 29PUO0D |50 3 2489 ) g g e
exp(f64) + 1 2.485+1
Fy= F| — AF = 429.7 — 256.8 = 172.9 Ibf
and f=f=032

17-16 This solution is the result of a series of five design tasks involving different belt thick-
nesses. The results are to be compared as a matter of perspective. These design tasks are
accomplished in the same manner as in Probs. 17-14 and 17-15 solutions.
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The details will not be presented here, but the table is provided as a means of learning.
Five groups of students could each be assigned a belt thickness. You can form a table from
their results or use the table below

t, in
0.002 0.003 0.005 0.008 0.010
b 4.000 3.500 4.000 1.500 1.500
CD 20.300 20.300 20.300 18.700 20.200
a 109.700 131.900 110.900 194.900 221.800
d 3.000 3.000 3.000 5.000 6.000
D 9.000 9.000 9.000 15.000 18.000
F; 310.600 333.300 315.200 215.300 268.500
Fi 439.000 461.700 443.600 292.300 332.700
F, 182.200 209.000 186.800 138.200 204.300
Nfs 1.100 1.100 1.100 1.100 1.100
L 60.000 60.000 60.000 70.000 80.000
f 0.309 0.285 0.304 0.288 0.192
F; 301.200 301.200 301.200 195.700 166.600
Fi 429.600 429.600 429.600 272.700 230.800
F, 172.800 172.800 172.800 118.700 102.400
f 0.320 0.320 0.320 0.320 0.320

The first three thicknesses result in the same adjusted F;, F; and F> (why?). We have no
figure of merit, but the costs of the belt and the pulleys is about the same for these three
thicknesses. Since the same power is transmitted and the belts are widening, belt forces
are lessening.

17-17 This is a design task. The decision variables would be belt length and belt section, which
could be combined into one, such as B90. The number of belts is not an issue.

We have no figure of merit, which is not practical in a text for this application. I sug-

gest you gather sheave dimensions and costs and V-belt costs from a principal vendor and

construct a figure of merit based on the costs. Here is one trial.

Preliminaries: For a single V-belt drive with Hyom = 3 hp, n = 3100 rev/min,|
D = 12in, and d = 6.2 in, choose a B90 belt, K; = 1.3 and ny = 1.

L,=90+1.8=91.8in
Eq. (17-16b):

2
C =0.25 [91.8 - %(12 + 6.2)] + \/|:91.8 — %(12 + 6.2)] —2(12 —6.2)?

=31.47 in
12—-6.2

2(31.47)
exp( f04) = exp[0.5123(2.9570)] = 4.5489
wdn  7(6.2)(3100)

12 12
T= T=

@:n—zmﬂ[ ]22%mmd

V = = 5031.8 ft/min
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Table 17-13:

o o

180
Angle 6 = 6,

180
= (2.957 rad) (
T b1

) = 169.42°

The footnote regression equation gives K; without interpolation:
K| = 0.143543 + 0.007 468(169.42°) — 0.000015 052(169.42°)* = 0.9767
The design power is
H; = HyomKsng = 3(1.3)(1) =39 hp

From Table 17-14 for B90, K, = 1. From Table 17-12 take a marginal entry of H,, = 4,
although extrapolation would give a slightly lower Hy,p, .

Eq. (17-17): H, = K1 K, Hp
=0.9767(1)(4) = 3.91 hp

The allowable A F, is given by
_ 63025H,  63025(3.91)

= = = 25.6 Ibf
“T n(d)2) 3100(6.2/2)
The allowable torque 7, is
AF,d 25.6(6.2
T,=—2" = ( ):79.4lbf-in
2 2
From Table 17-16, K. = 0.965. Thus, Eq. (17-21) gives,
5031.8\\”
F.=0965{ —— | =24.41bf
1000

At incipient slip, Eq. (17-9) provides:

F (z) [exp(fe) + 1] _ (79.4) (4.5489—|— 1) 001
d) | exp(f0) —1 6.2 ) \4.5480 — 1

Eq. (17-10):

2exp(f6 2(4.5489
Fr=Fot B | —SPUO) | o4 y00| 282989 1 575 1y
exp(f6) + 1 45439 + 1
Thus, F,=Fj — AF, =572 —25.6 = 31.61bf
H,N, (39D
Eq. (17-26): ngy = HalVo _ GOVA 4 53 s

H; 39

If we had extrapolated for Hy,,, the factor of safety would have been slightly less
than one.

Life Use Table 17-16 to find equivalent tensions 77 and 75.

K 576
Ty = Fy + (Fp); = F) + 7" = 572+ = = 150.1 Ibf

Ky 576
h=F+(Fp)=F + D= 572+ = 105.2 1bf
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From Eq. (17-27), the number of belt passes is:

~1
1193 —10.929 1193 —10.929

Np=|[|-—= — = 6.76(10°

P [(150.1) +<105.2> (109

From Eq. (17-28) for Np > 109,

. NpL, 10°(91.8)
= >
720V~ 720(5031.8)

t >25340h Ans.

Suppose n s was too small. Compare these results with a 2-belt solution.
Hyp = 4 hp/belt, T, = 39.6 1bf - in/belt,
AF, = 12.8 Ibf/belt, H, = 3.91 hp/belt

NyH, NpH,  2(391)

nps = - - =2.0

Hy  HpomK,  3(1.3)
Also, Fi = 40.8 Ibf/belt,  F, = 28.0 Ibf/belt,
F; =9.99 Ibfbelt,  F. = 24.4 Ibf/belt

(Fp); = 92.9 Ibf/belt,  (Fp), = 48 Ibf/belt
T) = 133.7 Ibf/belt, T, = 88.8 Ibf/belt
Np =2.39(10'%) passes, ¢ > 605600 h

Initial tension of the drive:
(F))arive = NpFi = 2(9.99) = 20 Ibf

17-18

Given: two B85 V-belts withd = 5.4 in, D = 16 in,n = 1200 rev/min, and K, = 1.25
Table 17-11: L,=85+1.8=286.8in
Eq. (17-17b):

2
C =025 [86.8 - %(16 + 5.4)] + \/[86.8 — %(16 + 5.4)] —2(16 — 5.4)2

=26.05in Ans.

Eq. (17-1):
16 — 5.4
2(26.05)

0y = 180° — 2sin™! [ ] = 156.5°

From table 17-13 footnote:
K; =0.143543 + 0.007 468(156.5°) — 0.000015 052(156.50)2 = 0.944

Table 17-14: Kr,=1

Vv — 7(5.4)(1200)

= 1696 ft/min
12

Belt speed:
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Use Table 17-12 to interpolate for Hy,p.

2.62 —-1.59
2000 — 1000

H, = K1 K)NpHyp, = 1(0.944)(2)(2.31) = 4.36 hp

Hyp = 1.59 4 ( ) (1696 — 1000) = 2.31 hp/belt

Assuming ng = 1
Hy = KsHpomng = 1.25(1) Hyom

For a factor of safety of one,

H, = H;
4.36 = 1.25H,0m
4.36
Hyom = 125 =3.49hp Ans.

17-19

Given: Hpom = 60 hp, n =400 rev/min, Ky = 1.4, d = D =261in on 12 ft centers.
Design task: specify V-belt and number of strands (belts). Tentative decision: Use D360 belts,

Table 17-11: L, =360+3.3=363.3in
Eq. (17-16b):

2
C=0.25 |:363.3 — %(26 + 26)i| + \/[363.3 — %(26 + 26)] —2(26 — 26)?

= 140.8 in (nearly 144 in)
g =m, Op=m expl0.51237]=15.0,
wdn 1w (26)(400)
2 12
Table 17-13: For & = 180°, K; =1
Table 17-14: For D360, K, =1.10
Table 17-12: Hyp, = 16.94 hp by interpolation
Thus, H, = K| K>H, = 1(1.1)(16.94) = 18.63 hp
H; = KyHyom = 1.4(60) = 84 hp
Number of belts, Nj

V= = 2722.7 ft/min

Kt _ o 8 _

Ny = —— — —
b= KK Hy H, 18.63

Round up to five belts. It is left to the reader to repeat the above for belts such as C360
and E360.

_ 63025H, _ 63025(18.63)
T on(d/2)  400(26/2)

_ (AF,)d _ 225.8(26)
a — 2 -

= 225.8 Ibf/belt

= 2935 1bf - in/belt
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Eq. (17-21):

vV \? 2722.7\?
F.=3498 — ) =3.498 — 25.9 Ibf/belt
1000 1000

At fully developed friction, Eq. (17-9) gives

T O)+17 2935 /541
:_[e"p(f ) + ]: 0 ( + ):169.3lbf/belt

d [exp(f0) —1 26 \5—-1
2exp(f0) 2(5)
Eq. (17-10): Fi = F. + F; | ————="" | =259+ 169.3 | —= | = 308.1 Ibf/belt
q. ( ): Fi c+ l[exp(fe)H] + [5+J e

F, =F — AF, =308.1 —225.8 = 82.3 Ibf/belt

H,Ny, _ (185.63)

= 1.109 Auns.
H,; 84

nf's -

Reminder: Initial tension is for the drive
(F})drive = NpF; = 5(169.3) = 846.5 1bf
A 360 belt is at the right-hand edge of the range of center-to-center pulley distances.
D <C <3(D+4d)
26 < C < 3(26+126)

17-20  Preliminaries: D = 60 in, 14-in wide rim, Hpom, = 50 hp, n = 875 rev/min, K; = 1.2
ng=1.1,mg =875/170 = 5.147, d = 60/5.147 = 11.65 in

(a) From Table 17-9, an 11-in sheave exceeds C-section minimum diameter and pre-
cludes D- and E-section V-belts.

Decision: Used = 11 in, C270 belts
Table 17-11: L,=270+29=2729in

2
C =025 |:272.9 — %(60 + 11)] + \/|:272.9 — %(60 + 11)] —2(60 — 11)?

=76.78 in

This fits in the range
D <C<3(D+d)

60 < C < 3(60+11)
60in < C <2131in

., [60—11
0g = m — 2sin —— | =2.492 rad
2(76.78)
60 — 11
Op = 2sin”!' | ———— | = 3.791 rad
D=7 +2sin [2(76.78)] ra

exp[0.5123(2.492)] = 3.5846
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For the flat on flywheel
exp[0.13(3.791)] = 1.637

mdn _ w(11)(875)
12 12

V= = 2519.8 ft/min

Table 17-13: Regression equation gives K; = 0.90

Table 17-14: K, =1.15

Table 17-12:  Hy, = 7.83 hp/belt by interpolation

Eq. (17-17): H, = K1 K>H, = 0.905(1.15)(7.83) = 8.15 hp
Eq. (17-19): H; = HyomKsng = 50(1.2)(1.1) = 66 hp

Eq. (17-20): Ny = % = % = 8.1 belts

Decision: Use 9 belts. On a per belt basis,

_ 63025H, _ 63025(8.15)

= = = 106.7 1bf/belt
n(d/2) 875(11/2)
AF,d 106.7(11)

T, = = = 586.9 Ibf per belt

2 2

vV’ 2519.8)\°
F.=1716 —— ) =1.716| ——— ] = 10.9 Ibf/belt
1000 1000

At fully developed friction, Eq. (17-9) gives
T |:exp(f9d) + 1] _586.9 (3.5846 +1

) = 94.6 Ibf/belt

T d exp(f0g) — 1 11 \3.5846 — 1
Eq. (17-10):
2 exp( f64) 2(3.5846)
Fil=F+F| —20 70 | 10.9+94.6| =) | — 158.8 Ibf/belt
1= et l|:exp(f9d)+1] T [3.58464—1} ©

F, = F| — AF, = 158.8 — 106.7 = 52.1 Ibf/belt
NyH, _ 9(8.15)

nfs = H, 7 =1.11 O.K. Auns.
Durability:
(Fp)1 = 145.45 Ibf/belt, (Fp), = 76.7 Ibf/belt
T\ = 304.4 Ibf/belt, T, = 185.6 Ibf/belt
and t > 150000 h
Remember: (F)drive = 9(94.6) = 851.4 Ibf

Table 17-9: C-section belts are 7/8" wide. Check sheave groove spacing to see if
14"-width is accommodating.
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(b) The fully developed friction torque on the flywheel using the flats of the V-belts is

exp(f6) —1 1.637 — 1
exp(f0)+1 1.637+ 1

The flywheel torque should be
Thy = mgT, = 5.147(586.9) = 3021 Ibf - in  per belt

That = AF,-|: ] = 60(94.6)( ) = 1371 1bf-in per belt

but it is not. There are applications, however, in which it will work. For example,
make the flywheel controlling. Yes. Ans.

17-21

@ s S is the spliced-in string segment length
D, is the equatorial diameter

D' is the spliced string diameter

§ 1s the radial clearance

D | S+nD,=nD =n(D,+28) =nD,+ 276

From which
S
b= —
2
The radial clearance is thus independent of D, .
12(6
6= L =11.5in Ans.
2

This is true whether the sphere is the earth, the moon or a marble. Thinking in terms
of aradial or diametral increment removes the basic size from the problem. Viewpoint
again!

(b) and (¢)

Pitch surface |

Table 17-9: For an E210 belt, the thickness is 1 in.

210+4.5 210 4.5
TR 4o 20¥45 204
¢ 0A7*16" T T T
4.5
286 = —
T
4.5

1) = 0.716 in

)
|
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The pitch diameter of the flywheel is
Dp—2 =D
Dp =D +26 =60+2(0.716) = 61.43 in

We could make a table:

Diametral Section
Growth A B C D E

1.3 1.8 29 33 45

T T T T

26

The velocity ratio for the D-section belt of Prob. 17-20 is

. D425 60+33/7
mG = =
d 11

=5.55 Ans.

for the V-flat drive as compared tom, = 60/11 = 5.455 for the VV drive.
The pitch diameter of the pulley is still d = 11 in, so the new angle of wrap, 6,4, is

D+25—d
by =n —2sin (272 79)  aps,
2C

D+25—d
+—) Ans.

Op = 2sin”!
p =1 +2sIn ( °C
Equations (17-16a) and (17-16b) are modified as follows

D+ 6§ —d)?
l¢:2C+%UI+%+dy+LjiE—L Ans.

c;:ozsl}p—%um+%+dq

2
+JP¢—%UI+%+dq —2AD+28—d)>} Ans.

The changes are small, but if you are writing a computer code for a V-flat drive,
remember that 6; and 6p changes are exponential.

17-22 This design task involves specifying a drive to couple an electric motor running at
1720 rev/min to a blower running at 240 rev/min, transmitting two horsepower with a
center distance of at least 22 inches. Instead of focusing on the steps, we will display two
different designs side-by-side for study. Parameters are in a “per belt” basis with per drive
quantities shown along side, where helpful.
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Conclusions:

Parameter Four A-90 Belts Two A-120 Belts
mg 7.33 7.142
K 1.1 1.1

ng 1.1 1.1

K, 0.877 0.869
K> 1.05 1.15
d,in 3.0 4.2

D, in 22 30

6,4, rad 2.333 2.287

V, ft/min 1350.9 1891
exp( fbq) 3.304 3.2266
L,,in 91.3 101.3
C,in 24.1 31
H,,», uncorr. 0.783 1.662
Np Hi,p, uncorr. 3.13 3.326
T,,1bf -in 26.45(105.8) 60.87(121.7)
AF,, Ibf 17.6(70.4) 29.0(58)
H,, hp 0.721(2.88) 1.667(3.33)
e 1.192 1.372
Fy, 1bf 26.28(105.2) 44(88)
F,, Ibf 8.67(34.7) 15(30)
(Fp)y, Ibf 73.3(293.2) 52.4(109.8)
(Fp)», Ibf 10(40) 7.33(14.7)
F., 1bf 1.024 2.0

F;, Ibf 16.45(65.8) 27.5(55)
Ty, 1bf - in 99.2 96.4

T,, 1bf - in 36.3 57.4
N’, passes 1.61(10°) 2.3(10%)
t>h 93 869 89 080

¢ Smaller sheaves lead to more belts.

» Larger sheaves lead to larger D and larger V.

* Larger sheaves lead to larger tabulated power.

* The discrete numbers of belts obscures some of the variation. The factors of safety

exceed the design factor by differing amounts.

17-23

In Ex. 17-5 the selected chain was 140-3, making the pitch of this 140 chain14/8 = 1.75 in,
Table 17-19 confirms.

17-24

(a) Eq. (17-32): H, = 0.004N| %n? p@=0077)

1000K, N[> p08
Eq. (17-33): H, = T3
nll
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Equating and solving for n; gives

0.25(10% K, N0427"/>*
= P(22-0.07p) Ans.

(b) For a No. 60 chain, p =6/8 =0.75in, N, =17, K, =17

B {0.25(106)(17)(17)0-42

1/2.4
0.7522-0.07079)] } = 1227 rev/min  Ans.

Table 17-20 confirms that this point occurs at 1200 £ 200 rev/min.

(c) Life predictions using Eq. (17-40) are possible at speeds greater than 1227 rev/min.
Ans.

17-25 Given: a double strand No. 60 roller chain with p = 0.75 in, N = 13 teeth at 300 rev/min,|

N> = 52 teeth.

(a) Table 17-20: Hyp, = 6.20 hp
Table 17-22: K, =0.75
Table 17-23: K,=1.7
Use K,=1
Eq. (17-37):

H, = K| KyHy, = 0.75(1.7)(6.20) = 7.91 hp Ans.

(b) Egs. (17-35) and (17-36) with L/p = 82

13452
A= 2% e 495

C =

Sl S

52 — 13\?
49.5+\/49.52—8< 5 ) =23.95p
T

C =23.95(0.75) = 17.96in, roundupto 18in Ans.

(¢) For 30 percent less power transmission,
H =0.7(791) = 5.54 hp

25(5.54
T = w = 1164 1bf-in Ans.

300
Eq. (17-29):
0.75 .
D=——" __ —313in
sin(180°/13)
T 1164
F==—=——=7441bf Ans.

r o 3.13/2
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17-26  Given: No. 40-4 chain, N = 21 teeth forn = 2000 rev/min, N, = 84 teeth,
h = 20000 hours.
(a) Chain pitchis p =4/8 = 0.500 in and C = 20 in.
L 2(20) 21484 (84 —21) . -
Eq. (17-34). — = = 135 pitch link
QU730 =5+ = ¥ 5220005 pitches  (or links)
L =135(0.500) = 67.5in Ans.
(b) Table 17-20: Hy, =7.72hp  (post-extreme power)
Eq. (17-40): Since K is required, the N 13 7 term is omitted.
(7.72%2) (15 000)
const = = 18399
135
18399(135)7"/*°
t/ab = [W] = 6.88 hp Ans.
(c) Table 17-22:
21\ !5
Ki=|— =1.37
17
Table 17-23: K, =3.3
H, = K1 K>H/, = 1.37(3.3)(6.88) =31.1 hp  Ans.
N 21(0.5)(2000
(d) y = Mpn  2109C000) 556 f/min
12 12
33000(31.1
| = # = 586 Ibf Ans.
1750
17-27 This is our first design/selection task for chain drives. A possible decision set:

A priori decisions

* Function: Hyom, 11, space, life, K

* Design factor: ny

* Sprockets: Tooth counts Ny and N,, factors K| and K>
Decision variables

e Chain number

 Strand count

* Lubrication type

* Chain length in pitches

Function: Motor with Hyom = 25 hp at n = 700 rev/min; pump at n = 140 rev/min;
mg = 700/140 =5

Design Factor: ng = 1.1

Sprockets: Tooth count N = mgN; = 5(17) = 85 teeth—odd and unavailable. Choose
84 teeth. Decision: Ny = 17, N, = 84
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Evaluate K| and K>

Eq. (17-38): H; = HyomKsny
Eq. (17-37): H, = K1 Ky Hyp
Equate H; to H, and solve for Hy,:
KsndHnom
H,
tab Kl Kz
Table 17-22: Ki=1
Table 17-23: K, =1,1.7,2.5, 3.3 for 1 through 4 strands
P 1.5(1.1)(25) _ 41.25
o (DK, K>

Prepare a table to help with the design decisions:

Chain Lub.
Strands K, H, No. Hep ngs  Type
1 1.0 41.3 100 59.4 1.58 B
2 1.7 24.3 80 31.0 1.40 B
3 2.5 16.5 80 31.0 2.07 B
4 B

33 12.5 60 13.3 1.17

Design Decisions

We need a figure of merit to help with the choice. If the best was 4 strands of No. 60
chain, then

Decision #1 and #2: Choose four strand No. 60 roller chain withnygg; = 1.17.
_ KiKyHy,  1(3.3)(13.3)

" Ko He 1525
Decision #3: Choose Type B lubrication
Analysis:
Table 17-20: Hup = 133 hp
Table 17-19: p =0.751n

Try C =30 1n in Eq. (17-34):
L_2€ NM+M (N2 — N1)?
P p 2 472C/p
17484 (84 —17)?

2 472(30/0.75)

— 2(30/0.75) +

= 1333 — 134

From Eq. (17-35) with p = 0.75 in,C = 30.26 in.
Decision #4: Choose C = 30.26 in.
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17-28 Follow the decision set outlined in Prob. 17-27 solution. We will form two tables, the first
for a 15000 h life goal, and a second for a 50 000 h life goal. The comparison is useful.

Function: Hyon = 50 hp at n = 1800 rev/min,  npymp = 900 rev/min
mg = 1800/900 =2, K;=1.2
life = 15000 h, then repeat with life = 50 000 h

Design factor:ng = 1.1
Sprockets: N| = 19 teeth, N, = 38 teeth
Table 17-22 (post extreme):

N 1.5 19 1.5
K=(2) =(=2) =118
17 17

K,=1,1.7,25,3.3,39,4.6,6.0
Decision variables for 15 000 h life goal:
KsngHpom  1.2(1.1)(50)  55.9

Table 17-23:

Hyy = =
w = Tk 1.18K, K>
K\K2Hgy — 1.18K,Hy
npy = —im2tab _ 280 — 0.0197K5 Higs
: K, Hoom 1.2(50)

Form a table for a 15000 h life goal using these equations.

K, H, Chain# Hy nfs Lub

1.0 55.90 120 21.6  0.423 c
1.7 32.90 120 21.6 0.923 c
25 2240 120 216 1.064 C
33 1690 120 216 1404 C
39 1430 80 156 1.106 C
4.6 12.20 60 124 1126 C
6.0 9.32 60 124 1416 C

0NN B~ W

There are 4 possibilities wherenygg > 1.1
Decision variables for 50 000 h life goal
From Eq. (17-40), the power-life tradeoff is:

(H!,)**15000 = (H/;)*>50000

, [15 000

1/2.5
b = W(Ht/ab)zj] = 0.618 Hy,

Substituting from (1),

55.9) 345

H/, =0.618 — —
tab (Kz K2

(1)
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The H” notation is only necessary because
mally would not do.

KiK2H], K K»(0.618
n s = =
77 Ky Huom

KS Hnom
Form a table for a50 000 h life goal.

H'.)
@b — 0.618[(0.0197) K Hyyp] = 0.0122K5 Hiyp,

we constructed the first table, which we nor-

K, H, ~ Chain# Huyp ngg Lub
1 1.0 34.50 120 21.6  0.264 c’
2 1.7  20.30 120 21.6  0.448 C’
3 25 13.80 120 21.6  0.656 c’
4 33 10.50 120 21.6  0.870 c’
5 39 8.85 120 21.6  1.028 C’
6 4.6 7.60 120 21.6  1.210 c’
8 6.0 5.80 80 15.6 1.140 c’

There are two possibilities in the second table with nyg > 1.1. (The tables allow for the
identification of a longer life one of the outcomes.) We need a figure of merit to help with
the choice; costs of sprockets and chains are thus needed, but is more information than

we have.

Decision #1: #80 Chain (smaller installation) Auns.

ngs = 0.0122K, H,p, = 0.0122(8.0)(15.6) = 1.14 O .K.

Decision #2: 8-Strand, No. 80 Ans.
Decision #3: Type C' Lubrication Ans.

Decision #4: p = 1.0 in, C is in midrange of 40 pitches

L_2C, Ni+N>  (No=Np)?
p P 2 472C/p

19438 (38 —19)2

— 2(40) + —+ ( )

2 * 4772(40)

=108.7 = 1l10eveninteger Ans.
Eq. (17-36):
N + N L 19 4+ 38
A=t 2T 0 grs
2 P

c 1 38 — 19)°
Eq. (17-35): — =~ | 81.5+,/81.52—38 = 40.64

p 4 2

C = p(C/p) = 1.0(40.64) =

40.64 in (for reference) Ans.
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17-29

The objective of the problem is to explore factors of safety in wire rope. We will express
strengths as tensions.

(a)

(b)

Monitor steel 2-in 6 x 19 rope, 480 ft long

Table 17-2: Minimum diameter of a sheave is 30d = 30(2) = 60 in, preferably
45(2) = 90 in. The hoist abuses the wire when it is bent around a sheave. Table 17-24
gives the nominal tensile strength as 106 kpsi. The ultimate load is

m(2)?

Fy, = (Sw)nomAnom = 106 |: ] =333 kip Ans.

The tensile loading of the wire is given by Eq. (17-46)

(L) ()

W =412) =8kip, m=1
Table (17-24):
wl = 1.60d*l = 1.60(2%)(480) = 3072 Ibf or 3.072 kip

Therefore,
2 .
F, =(8+3.072) (1 + 32—2> = 11.76 kip Ans.
Eq. (17-48):
Fy— E.dy,An,
D

and for the 72-in drum

F 12(10°)(2/13)(0.38)(2%)(1073)
b =

- =39kip Ans.
For use in Eq. (17-44), from Fig. 17-21
(p/Su) =0.0014
Su = 240 kpsi, p. 908
0.0014(240)(2)(72
Fr = ( > )(2)(72) =242kip Ans.
Factors of safety
Static, no bending:
F, 333
n=—=-"-"" =283 Ans.
F, 11.76

Static, with bending:

F,—F, 333-39
Eq. (17-49): - _ —25.0 Ans.
4 s F, 11.76
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Fatigue without bending:

Fy 24.2
F, 11.76
Fatigue, with bending: For a life of 0.1(10°) cycles, from Fig. 17-21
(p/Su) = 4/1000 = 0.004
0.004(240)(2)(72)
Fr = 5

69.1 — 39

= 69.1 kip

=2.56 Ans.

If we were to use the endurance strength at 10° cycles (Fy = 24.2 kip) the factor of
safety would be less than 1 indicating 10° cycle life impossible.

Comments:

* There are a number of factors of safety used in wire rope analysis. They are differ-
ent, with different meanings. There is no substitute for knowing exactly which fac-
tor of safety is written or spoken.

* Static performance of a rope in tension is impressive.
¢ In this problem, at the drum, we have a finite life.

* The remedy for fatigue is the use of smaller diameter ropes, with multiple ropes
supporting the load. See Ex. 17-6 for the effectiveness of this approach. It will also
be used in Prob. 17-30.

* Remind students that wire ropes do not fail suddenly due to fatigue. The outer
wires gradually show wear and breaks; such ropes should be retired. Periodic in-
spections prevent fatigue failures by parting of the rope.

17-30

Since this is a design task, a decision set is useful.

A priori decisions

* Function: load, height, acceleration, velocity, life goal

* Design Factor: ny

e Material: IPS, PS, MPS or other

* Rope: Lay, number of strands, number of wires per strand

Decision variables:
¢ Nominal wire size: d
* Number of load-supporting wires: m

From experience with Prob. 17-29, a 1-in diameter rope is not likely to have much of a
life, so approach the problem with the d and m decisions open.

Function: 5000 Ibf load, 90 foot lift, acceleration = 4 ft/s>, velocity = 2 ft/s, life
goal = 10° cycles

Design Factor: ng =2
Material: 1PS
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Design variables
Choose 30-in Dy, Table 17-27: w = 1.60d? 1bf/ft

wl = 1.60d%] = 1.60d*(90) = 144d> 1bf, ea.

Eq. (17-46):
W a 5000 4
F=(—4+w])l1+= +144d% ) (1 + —
= (o) (1) = G 1) (14 523)
5620
T 1 162d? Ibf, each wire
m
Eq. (17-47):
P (p/Su)SuDd
F= 2

From Fig. 17-21 for 10° cycles, p/S, = 0.004; from p. 908, S, = 240000 psi, based on
metal area.

0.004(240 000)(30d) )
Fr = 5 = 14400d 1bf each wire

Eq. (17-48) and Table 17-27:

EydyA,  12(109)(0.067d)(0.4d>
F, = wa _ 12a0°) 20 A ):10720d31bf, each wire

Eq. (17-45):
Fy —F, _ 14400d — 10720d°
F (5620/m) + 162d>

We could use a computer program to build a table similar to that of Ex. 17-6. Alterna-
tively, we could recognize that 162d° is small compared to 5620/m, and therefore elimi-
nate the 1624 term.

. 14400d — 107204 m

ng =

(14400d — 10720d°)

= 5620/ m ~ 5620
Maximize ny,
9
T~ 0= " 114400 — 3(10720)d%]
ad 5620
From which
14400
d* = | —— = 0.669 in
32160
Back-substituting
= —[14400(0.669) — 10720(0.669*)] = 1.14
ny =g 620[ ( ) — ( )] m

Thus ny=1.14, 2.28, 3.42, 4.56 for m=1, 2, 3, 4 respectively. If we choose d =0.50 in,
thenm = 2.
14400(0.5) — 10720(0.5%)

ng = =2.06
(5620/2) + 162(0.5)2
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This exceedsng = 2
Decision #1: d = 1/2 in

Decision #2: m = 2 ropes supporting load. Rope should be inspected weekly for any
signs of fatigue (broken outer wires).
Comment: Table 17-25 gives n for freight elevators in terms of velocity.

d2
Fy = (Su)nomAnom = 106000 (%) = 83252d” Ibf, each wire

F, 83452(0.5)?
n—=——=—
F;  (5620/2) + 162(0.5)?
By comparison, interpolation for 120 ft/min gives 7.08-close. The category of construc-

tion hoists is not addressed in Table 17-25. We should investigate this before proceeding
further.

=17.32

17-31

2000 ft lift, 72 in drum, 6 x 19 MS rope. Cage and load 8000 1bf, acceleration = 2 ft/s.

(a) Table 17-24: (S))nom = 106 kpsi; S, = 240 kpsi (p. 1093, metal area); Fig. 17-22:
(p/Su)1e = 0.0014

0.0014(240)(72)d
Fr = (2 )(72) = 12.1d kip
Table 17-24: wl = 1.64*2000(107%) = 3.2d” kip
Eq. (17-46): F = (W + wl) (1 + 51)
g

2
—(8+32d) 1+ ——
8+ >( i 32_2)

= 8.5+ 3.4d* kip

Note that bending is not included.

B Fy . 12.1d
T E T 85+ 344

d, in n

0.500 0.650

1.000 1.020

1.500 1.124

1.625 1.125 < maximumn Ans.
1.750 1.120

2.000 1.095
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F, = 8+32012 1+ 2
T\g T 322

= 2.12 + 3.4d* kip
Fy = 12.1d kip
12.1d
T 21243442

(b) Trym = 4 strands

d, in n
0.5000 2.037
0.5625 2.130
0.6250 2.193
0.7500 2.250 < maximum n Ans.
0.8750 2.242
1.0000 2.192

Comparing tables, multiple ropes supporting the load increases the factor of safety,
and reduces the corresponding wire rope diameter, a useful perspective.

17-32
ad
n—=-—
b/m + cd?
dn B (b/m + cd*)a — ad(2cd) B
dd (b/m + cd?)? N
From which
b
d* =,/— Ans.
mc

o a~/b/(mc) a |m

= Gjm) +clb/ma] -~ 2\ pe

These results agree closely with Prob. 17-31 solution. The small differences are due to
rounding in Prob. 17-31.

17-33 From Prob. 17-32 solution:

ad
n=-————
b/m + cd?
Solve the above equation for m
’ (1)
m=———
ad/ny — cd?
dm _[(ad/ny) — ad?)(0) — bl(a/n) — 2cd]

T o
ad [(ad/ny) — cd?]?
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From which d* = a Ans.
2cny
Substituting this result for d in Eq. (1) gives
4bcny
m* = 5 Ans.
a

17-34
An = 0.40d* = 0.40(2%) = 1.6 in?

E, = 12Mpsi, w = 1.6d> = 1.6(2%) = 6.4 Ibf/ft
wl = 6.4(480) = 3072 Ibf

Treat the rest of the system as rigid, so that all of the stretch is due to the cage weighing
1000 Ibf and the wire’s weight. From Prob. 4-6
Pl wl)l
_ P
AE 2AE
_1000(480)(12) ~ 3072(480)(12)
~1.6(12)(106) 2(1.6)(12)(10°)
=0.340.461 =0.761 in

31

due to cage and wire. The stretch due to the wire, the cart and the cage is

~9000(480)(12)

= 0.761 = 3.461in  Ans.
2= 612105 oA

17-35 to 17-38 Computer programs will vary.
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20-1
(a) 12+

4 —

N [ 1]

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210

(b) f/(NAx) = f/(69 - 10) = f/690

x f fx fx* f/(NAx)

60 2 120 7200 0.0029

70 1 70 4900 0.0015

80 3 240 19200 0.0043

90 5 450 40500 0.0072
100 8 800 80000 0.0116
110 12 1320 145200 0.0174
120 6 720 86400 0.0087
130 10 1300 169 000 0.0145
140 8 1120 156 800 0.0116
150 5 750 112500 0.0174
160 2 320 51200 0.0029
170 3 510 86700 0.0043
180 2 360 64 800 0.0029
190 1 190 36100 0.0015
200 0 0 0 0
210 1 210 44100 0.0015

69 8480 1104600
_ 8480
Eq. (20-9) X = w0 - 122.9 keycles

Eq. (20-10)

1 104 600 — 8480%/697"/
S, =
! 69 — 1
= 30.3 kcycles Ans.
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20-2 Data represents a 7-class histogram with N = 197.

X f fx fx2
174 6 1044 181656
182 9 1638 298116
190 44 8360 1588400
198 67 13266 2626688
206 53 10918 2249108
214 12 2568 549552
220 6 1320 290400
197 39114 7789900
39114
X = ——— = 198.55 kpsi  Ans.
197
7783900 — 39 1142/1977"2
S, =
g 197 — 1

= 9.55 kpsi Ans.

20-3

Form a table:

X f fx fx2
64 2 128 8192
68 6 408 27744
7 6 432 31104
76 9 634 51984
80 19 1520 121 600
84 10 840 70560
88 4 352 30976
92 2 184 16928
58 4548 359088
c o P e 4 ks
X =——="78.
58 pSl
359088 — 45482/587"/*
Sy = |: 58— 1 / ] = 6.57 kpsi

From Eq. (20-14)

foy = —L e __1(x-—7&4>2
Testvan T 2\ Tes
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20-4 (a)

y f fy 1y y f/(Nw) ) g(y)
5.625 1 5.625 31.64063 5.625 0.072727 0.001 262 0.000295
5.875 0 0 0 5.875 0 0.008 586 0.004 088
6.125 0 0 0 6.125 0 0.042 038 0.031 194
6.375 3 19.125 121.9219 6.375 0.218 182 0.148 106 0.140262
6.625 3 19.875 131.6719 6.625 0.218 182 0.375493 0.393 667
6.875 6 41.25 283.5938 6.875 0.436364 0.685 057 0.725 002
7.125 14 99.75 710.7188 7.125 1.018 182 0.899 389 0915128
7.375 15 110.625 815.8594 7.375 1.090909 0.849 697 0.822 462
7.625 10 76.25 581.4063 7.625 0.727273 0.577 665 0.544 251
7.875 2 15.75 124.0313 7.875 0.145455 0.282 608 0.273 138
8.125 1 8.125 66.01563 8.125 0.072727 0.099 492 0.10672

55 396375  2866.859

For a normal distribution,

y =396.375/55 = 7.207, Sy = ( 5

) 1 1 (x — 7.207)2
= — exXp| —= | ——————
Y 0.4358/21 P175\ 7043538

For a lognormal distribution,

2866.859 — (396.3752/55))1/2 = 0.4358

() — 1 ool 1 (lnx—1.9732>2
8L "~ x(0.0604)(v/27) P12 0.0604

(b) Histogram

12 Data

0.8

0.6

0.4

0.2

0
563 588 6.13 638 663 688 7.3 738 7.63 7.88 8.13

log N

% =1n7.206818 — Inv/1 + 0.0604742 = 1.9732, sy = Iny/1 4+ 0.0604742 = 0.0604
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20-5 Distribution is uniform in interval 0.5000 to 0.5008 in, range numbers are a = 0.5000,

b = 0.5008 in.
b 0.5000 + 0.5008
(a) Eq. (20-22) ity = ‘“2“ - ;’ — 0.5004
b—a 0.5008 —0.5000
Eq. (20-23) o, =22 — 0.000231
23 23
(b) PDF from Eq. (20-20)
ey = | 1250 0.5000 < x < 0.5008 in
10 otherwise
(¢) CDF from Eq. (20-21)
0 x < 0.5000
F(x) = { (x —0.5)/0.0008 0.5000 < x < 0.5008
1 x > 0.5008

If all smaller diameters are removed by inspection, a = 0.5002, b = 0.5008

0.5002 + 0.5008 )
= — 0.5005 in
2
0.5008 — 0.5002
Oy = =0.000173 in
24/3
Flx) = 1666.7 0.5002 < x < 0.5008
10 otherwise
0 x < 0.5002
F(x) =14 1666.7(x — 0.5002) 0.5002 < x < 0.5008
1 x > 0.5008

20-6 Dimensions produced are due to tool dulling and wear. When parts are mixed, the distrib-
ution is uniform. From Eqgs. (20-22) and (20-23),

a =y —/3s = 0.6241 — +/3(0.000581) = 0.6231 in
b =y + v3s = 0.6241 + +/3(0.000581) = 0.6251 in

0.623

W t the di i —
e suspect the dimension was 0.625

in Ans.
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20-7 F(x) =0.555x — 33 mm

(a) Since F(x) is linear, the distribution is uniform at x = a
F(a) =0=0.555(a) — 33
s a = 59.46 mm. Therefore, at x = b
F(b) =1=0.555b —33
. b = 61.26 mm. Therefore,

0 X < 59.46 mm
F(x) =1 0.555x —33 59.46 <x <61.26 mm
1 x > 61.26 mm

The PDF is d F/dx, thus the range numbers are:

0.555 59.46 < x <61.26 mm
fx) = {O otherwise Ans.
From the range numbers,

59.46 + 61.26

Uy = + =60.36 mm Ans.
61.26 — 59.46

0y = —————— =0.520mm Ans.

24/3

(b) o is an uncorrelated quotient F = 3600 Ibf, A = 0.112 in?
Cr =300/3600 = 0.08333,  C4 = 0.001/0.112 = 0.008 929
From Table 20-6, for o

3600
=M _ % 3143 psi Ans.
s 0112
0.083332 + 0.0089292) 7"/
6y =32143| ¢ + Y 2604 psi Ans
(11 0.008929?)

Co =2694/32143 = 0.0838 Ans.

Since F and A are lognormal, division is closed and o is lognormal too.

o = LN(32143,2694) psi Ans.
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20-8 Cramer’s rule

Ty Zx?
Txy Xx? TyExd — TxyZa?
ay = = ns.
Yx Xx? TxTxd — (Xx?)?
rx? ¥x?
Xx Xy
Tx?2 Txyl ZxZxy-— ZyZx?
a, = = Ans.
Yx Xx2 YxXxd — (E)Cz)2
x? Ex?
X y x? x’ xy
0 0.01 0 0 0
0.2 0.15 0.04 0.008 0.030
0.4 0.25 0.16 0.064 0.100
0.6 0.25 0.36 0.216 0.150
0.8 0.17 0.64 0.512 0.136
1.0 —0.01 1.00 1.000 —0.010
3.0 0.82 2.20 1.800 0.406
a; =1.040714 a, = —1.04643  Ans.
Data Regression
X Yy y
0 0.01 0
0.2 0.15 0.166 286
0.4 0.25 0.248 857
0.6 0.25 0.247 714
0.8 0.17 0.162 857
1.0 —0.01 —0.005 71
03— O Data

Regression
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20-9

Data  Regression

Su S, S, S SuSe
0 20.35675
60 30 39.08078 3600 1800
64 48 40.32905 4096 3072
65 295 4064112 4225 19175
82 45 45.94626 6724 3690
101 51 51.87554 10201 5151
119 50 5749275 14161 5950
120 48 57.80481 14400 5760
130 67 60.92548 16900 8710
134 60 62.17375 17956 8040
145 64 65.60649 21025 9280
180 84 76.52884 32400 15120
195 78 81.20985 38025 15210
205 96 84.33052 42025 19680
207 87 84.95466 42849 18009
210 87 85.80086 44100 18270
213 75 86.82706 45369 15975
225 99 90.57187 50625 22275
225 87 90.57187 50625 19575
227 116 91.196 51529 26332
230 105 92.1322 52900 24150
238 109 94.62874 56644 25942
242 106 9587701 58564 25652
265 105  103.0546 70225 27825
280 96  107.7356 78400 26880
295 99  112.4166 87025 29205
325 114 121.7786 105625 37050
325 117 1217786 105625 38025
355 122 1311406 126025 43310
5462 22745 1251868 501855.5
m=0312067 b =2035675 Ans.

S’

140 —

0  Data
Regression

120

100

80

60

40

20
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20-10 g:Z(y_ao_azxz)Z
8—ao _22 —ag — ax*) =0
Zy—nao—azzxzz() = Zy=nao+azzx2
Ans.
;—OZZZZ@—ao—azxz)(zx):O = ny:a02x+azzx3

Cramer’s rule

Ty Zx?
Txy Xx3 Tx3Ty — x?Xxy
ao = 3 = 3 5
‘ pIPS ) nXx’ — TxTx
Tx Xx?
‘ n Xy
. ¥x Xxy nYxxy — Xxxy
2 = =

) Exz‘ C nYxd — XxXx2
Sx Tx3

Data Regression

X y y X2 x3 Xy
20 19 19.2 400 8000 380
40 17 16.8 1600 64000 680
60 13 12.8 3600 216000 780
80 7 7.2 6400 512000 560
200 56 12000 800000 2400

_800000(56) — 12000(2400)
~ 4(800000) — 200(12000)
4(2400) — 200(56)

ap = = —0.002
4(800000) — 200(12 000)

5 0 Data
Regression

20 —

0 20 40 60 80 100




Chapter 20 9

20-11

Data  Regression

X y y x2 y? xy xX—X (x — x)?
0.2 7.1 7.931803  0.04 50.41 142 —0.633333 0.401111111
04 103 9.884918  0.16 106.09 412  —0.433333  0.187777778
0.6 12.1 11.838032  0.36 146.41 7.26  —0.233333  0.054444 444
0.8 13.8 13.791147 0.64 19044  11.04 —0.033333 0.001 111111
1 16.2  15.744262 1.00 262.44  16.20 0.166666  0.027777778

2 252 25509836  4.00 635.04  50.40 1.166666  1.361111111
5 84.7 6.2 1390.83  90.44 0 2.033333333
- 6(90.44) — 5(84.7
m=k= © ) ( ) = 9.7656
6(6.2) — (5)2
A - 84.7 — 9.7656(5
b=F = ( ):5.9787
6
F
30 — O Data
Regression
25—
20 —
15—
10 —
L o
0 ! | ! | Ly
0 0.5 1 1.5 2 2.5
(a) P 5 547 14.117
X = —; = — = .
6 " 6
Eq. (20-37)
1390.83 — 5.9787(84.7) — 9.7656(90.44)
ki 62
= 0.556
Eq. (20-36)
1 (5/6)2
» =0.556,/ - = 0.3964 1bf
% 6 " 2.0333

F; =(5.9787,0.3964) 1bf  Ans.
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(b) Egq. (20-35)

0.556
= —— = 0.3899 Ibf/in

SA
" /2.0333
k = (9.7656, 0.3899) Ibf/in  Ans.

20-12

The expression € = §/1 is of the form x/y. Now & = (0.0015, 0.000 092) in, unspecified
distribution; 1 = (2.000, 0.0081) in, unspecified distribution;

C, =0.000092/0.0015 = 0.0613
C, =0.0081/2.000 = 0.00075
From Table 20-6, € = 0.0015/2.000 = 0.00075

0.06132 + 0.004 052]1/ 2

5e = 0.00075
oe [ 1+ 0.004 052

= 4.607(107%) = 0.000 046

We can predict € and 6, but not the distribution of e.

20-13

o =¢cE
€ = (0.0005, 0.000034) distribution unspecified; E = (29.5, 0.885) Mpsi, distribution
unspecified;

C, = 0.000034/0.0005 = 0.068,

C, =0.0885/29.5 = 0.030

o is of the form x, y
Table 20-6
& = éE = 0.0005(29.5)10° = 14750 psi
65 = 14750(0.068> + 0.030% 4 0.068% + 0.030%)!/2
= 1096.7 psi
Cy = 1096.7/14750 = 0.074 35

20-14

3_Fl
" AE

F = (14.7,1.3)kip, A = (0.226,0.003)in*,1 = (1.5, 0.004) in, E = (29.5, 0.885) Mpsi dis-
tributions unspecified.

Cr=13/147=0.0884; C4 =0.003/0.226 = 0.0133; C; =0.004/1.5 = 0.00267;

Crg =0.885/29.5=0.03
Mean of §:
5— Fl - 1 1
~ AE AJ\E
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From Table 20-6,

8 = FI(1/A)(1/E)

1
0.22629.5(106)
=0.00331in Ans.

§ = 14700(1.5)

For the standard deviation, using the first-order terms in Table 20-6,

6= = (C+ P+ i+ ) =5 (G + G )

&s = 0.003 31(0.0884% + 0.00267% 4 0.01332 + 0.03%)1/2

=0.0003131in Ans.

Cov
Cs =0.000313/0.00331 = 0.0945 Ans.

Force COV dominates. There is no distributional information on 4.

20-15

M = (15000, 1350) Ibf - in, distribution unspecified; d = (2.00, 0.005) in distribution|
unspecified.

32M 1350 0.005
=~ Cw=12g00 =009, Ca= 5o =0.0025
T

? 15000 2.00

o is of the form x/y, Table 20-6.

Mean: _ _
32M . 32M _ 32(15000)

rd3  wdd  w(23)
= 19099 psi  Ans.

o =

Standard Deviation:
65 =5 [(Ch + CR)/(1 +C3)] "
From Table 20-6, Cp = 3Cq = 3(0.0025) = 0.0075
G =0 [(Cy +(3C)?) /(1 +(3Ca)’]
= 19099[(0.09° 4+ 0.0075%) /(1 + 0.0075%)]'/2
= 1725 psi  Ans.

12

COV:
1725

Co = — =0.0903 Ans.
19099

Stress COV dominates. No information of distribution of o.
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20-16
fx)

X X

Fraction discarded is o 4+ B. The area under the PDF was unity. Having discarded o 4
fraction, the ordinates to the truncated PDF are multiplied by a.

1
a=——-"
I —(x+B)
New PDF, g(x), is given by

otherwise

o) = {(J)‘(X)/[l —(@+p] x=x=x

More formal proof: g(x) has the property

1=/ng(x)dx =a/xzf(x)dx

1:a|:/Oo f(x)dx—/XIf(x)dx—/oof(x)dx]
—00 0 X

l=a{l—F(x))—[1—Fx)]}

1 1 1
“TFa)-Fan (- -a 1-(a+p

20-17
(@) d=1UJ[0.748,0.751]

0751 +0.748

1y . — 0.7495 in

0751 —0.748 ,

6= -T2 4000866 1n

23
f(x) ! ! 333.3in"!
e = = . 1
= T4 T 0751 — 0.748 n
X —0.748

Flx) = ——— %% 33330 0.748)

0.751 — 0.748
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(b) F(x1) = F(0.748) =0
F(x2) = (0.750 — 0.748)333.3 = 0.6667
If g(x) is truncated, PDF becomes
f(x) 333.3

(0 = 500 g(x) = = =500 in~!
- PR F(xy) — F(x1) ~ 0.6667 —0
.; / /
b 0.748 4+ 0.750
g L po= Y + — 0.749 in
0748 0749 0750 0751 2 2
b —a  0.750 — 0.748
b= 22 _ — 0.000577 in
23 23
20-18 From Table A-10, 8.1% corresponds to z; = —1.4 and 5.5% corresponds to z, = +1.6.
ki =u+z10
ky =+ 226

From which

ki —ziky  1.6(9) — (—1.4)11

72— 21 1.6 — (—1.4)
—9.933
.~ ky—ky
[0 —
72 — 21
_ =9 — 0.6667
16— (—14)

The original density function is

1 1 [k —9.933\°
k = ——=¢X — |\ — Ans.
T = S es67v p[ 2( 0.6667 ) }

20-19 From Prob. 20-1, u = 122.9 kcycles and 6 = 30.3 keycles.

: _xlo—,u_xlo—122.9
T T 303

x10 = 122.9 + 30.3z19
From Table A-10, for 10 percent failure, z;90 = —1.282

x10 = 122.9 4+ 30.3(—1.282)
= 84.1 kcycles Ans.
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20-20

x f  fx fx X f/(Nw) 63
60 2 120 7200 60 0.002899 0.000399
70 1 70 4900 70 0.001449 0.001206
80 3 240 19200 80 0.004348 0.003009
90 5 450 40500 90 0.007246 0.006204
100 8 800 80000 100 0.011594 0.010567
110 12 1320 145200 110 0.017391 0.014871
120 6 720 86400 120 0.008696 0.017292
130 10 1300 169000 130 0.014493 0.016612
140 8 1120 156800 140 0.011594 0.013185
150 5 750 112500 150 0.007246 0.008647
160 2 320 51200 160 0.002899 0.004685
170 3 510 86700 170 0.004348 0.002097
180 2 360 64 800 180 0.002899 0.000776
190 1 190 36100 190 0.001449 0.000237
200 0 0 0 200 O 5.98E-05
210 1 210 44100 210 0.001449 1.25E-05
69 8480
x = 122.8986 s, = 22.88719
x f/(Nw) f(x) x f/(Nw) f(x)
55 0 0.000214 145 0.011594 0.010935
55 0.002 899 0.000214 145 0.007 246 0.010935
65 0.002 899 0.000711 155 0.007 246 0.006518
65 0.001 449 0.000711 155 0.002 899 0.006518
75 0.001449 0.001951 165 0.002 899 0.00321
75 0.004 348 0.001951 165 0.004 348 0.00321
85 0.004 348 0.004 425 175 0.004 348 0.001 306
85 0.007 246 0.004 425 175 0.002 899 0.001 306
95 0.007 246 0.008 292 185 0.002 899 0.000439
95 0.011594 0.008 292 185 0.001 449 0.000439
105 0.011594 0.012839 195 0.001 449 0.000122
105 0.017391 0.012839 195 0 0.000122
115 0.017391 0.016423 205 0 2.8E-05
115 0.008 696 0.016423 205 0.001499 2.8E-05
125 0.008 696 0.017357 215 0.001499 5.31E-06
125 0.014493 0.017357 215 0 5.31E-06
135 0.014493 0.015157
135 0.01159%4 0.015157
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—— Histogram
— — PDF

20-21

xf fx? f/(Nw) f®
174 6 1044 181656 0.003807 0.001642
182 9 1638 298116 0.005711  0.009485
190 44 8360 1588400 0.027919  0.027742
198 67 13266 2626668 0.042513  0.041068
206 53 10918 2249108 0.033629 0.030773
214 12 2568 549552  0.007614 0.011671
222 6 1332 295704 0.003807 0.002241
1386 197 39126 7789204
= 198.6091 s, =9.695071
X fw) f@ ool —=om
— — PDF
170 0 0.000529  °%F -
170 0.003807 0.000529 o0t 1 k&
178 0.003807 0.004297 o003} / \
178 0.005711 0.004297 sl K \
186 0.005711 0017663 | /
186 0.027919 0.017663 \
194 0.027919 0.036752 005 / !
194 0.042513 0.036752 oo f ) \
202 0.042513 0.038708 005 -
202 0.033629 0.038708 0 [ !
210  0.033629 0.020635 150 170 190 210
210  0.007614  0.020635
218 0.007614  0.005568
218 0.003 807 0.005568
226 0.003 807 0.00076
226 0 0.00076
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20-22
x o f X ffw) )
64 2 128 8192  0.008621 0.00548
68 6 408 27744  0.025862 0.017299
72 6 432 31104 0.025862 0.037705
76 9 684 51984 0.038793 0.056742
80 19 1520 121600 0.081897 0.058959
84 10 840 70560 0.043103 0.042298
88 4 352 30976  0.017241 0.020952
92 2 184 16928 0.008621 0.007 165
624 58 4548 359088
x="78.41379 s, = 6.572229
x J/(Nw) S x J/(Nw) Sx)
62 0 0.002684 82 0.081897 0.052305
62 0.008621 0.002 684 82 0.043103 0.052305
66 0.008 621 0.010197 86 0.043103 0.03118
66 0.025862 0.010197 86 0.017241 0.03118
70 0.025862 0.026749 90 0.017241 0.012833
70 0.025862 0.026749 90 0.008621 0.012833
74 0.025862 0.048446 94 0.008621 0.003 647
74 0.038793 0.048446 94 0 0.003 647
78 0.038793 0.060581
78 0.081897 0.060581
f
0.09 - Data
— — PDF
0.08 —
0.07 —
0.06 - A~
7 | Sd
0.05 - /7 \
0.04 - / \
/
0.03 |- ./ \\
0.02 — // \\
001 = — d \TI\
0 ,’_‘ ! ! | Ly
60 70 80 90 100
20-23
_ 4P 4(40) _
= = = 5093k
TR T 71 pst
. 46p 4(8.5) .
Oy = —ndZ = 7-[(12) = 10.82 kpSl
(Any = 5.9 kpsi

S
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Forno yield, m = 8§, —o0 >0

m_:um_o_,um __Hm

0 m 6m Om

= = —2.230 0
12.3

From Table A-10, py = 0.0129
R=1-pr=1-0.0129=0.987 Ans.

20-24 For a lognormal distribution,

Eq. (20-18) py =Inpuy —Iny/1+C?
Eq. (20-19) 6y =,/In(1+C2)

From Prob. (20-23)

y— 0 = Ux

IS, ~In /1+C} ) - (ln6 —Iny/1 +Cg)

Sy [1+C2
=In|=2 + 5
o 1+CSy
A 2 NS
Gy =|In(1+c3)+m(1+c2)]

- \/m [(1+¢3)(1+c2)]

n Sy [1+C;
n & 1+c§y

Hm

/N

My =

9%}

= ~
o
\/m [(1+c3)(1+c)]
_ 4P 4(30) _
S —38.197 k
TR T (1Y pst
46p  4(5.1) .
o =15 = (1) = 6.494 kpsi
6.494
C, = ——— =0.1700
38.197
3.81
Cs. = —— =0.07681

" T 496
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| 496 [ 1+0.170°

n

38.197\ T+ 0.076812

f=— = —1.470
JIn[(1+0.076812)(1 +0.170%)]

From Table A-10
pr = 0.0708
R=1-pr=0929 Ans.

20-25
X n nx nx’
93 19 1767 164 311
95 25 2375 225 625
97 38 3685 357 542
99 17 1683 166 617
101 12 1212 122 412
103 10 1030 106 090
105 5 525 55125
107 4 428 45 796
109 4 436 47 524
111 2 222 24 624

136 13364 1315 704

% = 13364/136 = 98.26 kpsi

1315704 — 13364%/136
135

ta
=
I

1/2
) = 4.30 kpsi

Under normal hypothesis,
20.01 = (xp.01 — 98.26)/4.30
X0.01 = 98.26 4+ 4.30z¢.01
= 98.26 + 4.30(—2.3267)
= 88.26 = 88.3 kpsi  Ans.

20-26 From Prob. 20-25, i, = 98.26 kpsi, and 6, = 4.30 kpsi.
Cy = 0x/ 1y =4.30/98.26 = 0.04376
From Egs. (20-18) and (20-19),
wy = In(98.26) — 0.043 76%/2 = 4.587
oy = VIn(1 4 0.043762) = 0.043 74

For a yield strength exceeded by 99% of the population,

2001 = (Inxp01 — py)/0y = Inxoor =y + Gyz0.01
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From Table A-10, for 1% failure, zg o1 = —2.326. Thus,

Inxp.01 = 4.587 + 0.043 74(—2.326) = 4.485
X0.01 = 88.7 kpSi Ans.

The normal PDF is given by Eq. (20-14) as

Fo) = — L e _1<x—98.26>2
~a30v27 P T2\ 430

For the lognormal distribution, from Eq. (20-17), defining g(x),

- 1 . 1 (lnx —4.587)2
X) = X = =
S = oy T 2\ 004374

x(kpsi)  f/(Nw) f @) g (x) x(kpsi)  f/(Nw) S, g (x)
92 0.00000  0.03215 0.03263 102 0.03676  0.06356  0.06134
92 0.06985 0.03215 0.03263 104 0.03676  0.03806  0.03708
94 0.06985  0.05680  0.05890 104 0.01838  0.03806  0.03708
94 0.09191  0.05680  0.05890 106 0.01838  0.01836  0.01869
96 0.09191  0.08081  0.08308 106 0.01471  0.01836  0.01869
96 0.13971  0.08081  0.08308 108 0.01471  0.00713  0.00793
98 0.13971  0.09261  0.09297 108 0.01471  0.00713  0.00793
98 0.06250  0.09261  0.09297 110 0.01471  0.00223  0.00286
100 0.06250  0.08548  0.08367 110 0.00735  0.00223  0.00286
100 0.04412  0.08548  0.08367 112 0.00735  0.00056  0.00089
102 0.04412  0.06356  0.06134 112 0.00000  0.00056  0.00089

Note: rows are repeated to draw histogram

0.16 — — Histogram
- = [

0.14 — il G))

0.12 —
=
g 01f
> 2~
£ -2 =
Z 008 ¥ Y
< 7 -
o 4 RS
c s >
£ 0.06 — s RN

44
s AN
0.04 — 4 =
' b
N,
0.02 N
~
0 | | | | | | | [~

90 92 94 96 98 100 102 104 106 108 110 112
x (kpsi)

The normal and lognormal are almost the same. However the data is quite skewed and
perhaps a Weibull distribution should be explored. For a method of establishing the
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Weibull parameters see Shigley, J. E., and C. R. Mischke, Mechanical Engineering Design,
McGraw-Hill, 5th ed., 1989, Sec. 4-12.

20-27

Letx = (S'fe) 10
xo =79 kpsi, 6 =86.2kpsi, b=2.6
Eq. (20-28)
X=x0+ (0 —x0)'(1+1/b)
X =794 (862 —79I'(1 +1/2.6)
=794 7.2T(1.38)
From Table A-34, I"'(1.38) = 0.888 54

¥ =79 +7.2(0.88854) = 85.4 kpsi Ans.
Eq. (20-29)
6 = (0 — xo)[T(1 +2/b) — T*(1 + 1/b)]'/?
= (86.2 — TN[I(1 4+2/2.6) — I'*(1 + 1/2.6)]'/?
= 7.2[0.923 76 — 0.888 54%]'/2
= 2.64 kpsi  Ans.
_ 6 264

C,=—=—=0.031 Ans.
X 854

20-28

X = Sut
xo =277, 6 =462, b=438
pr = 27.7 + (46.2 — 27.7)['(1 + 1/4.38)
=27.7 + 18.5T(1.23)
= 27.7 4+ 18.5(0.91075)
— 4455 kpsi  Ans.
6y = (46.2 — 27.7)[T(1 +2/4.38) — I'*(1 + 1/4.38)]'/2
= 18.5[['(1.46) — I'*(1.23)]'/?
= 18.5[0.8856 — 0.91075%]'/?
— 4.38kpsi  Ans.
4.38
¥ T 4455
From the Weibull survival equation

b
R:exp|:—<;_i2) i|=1—P

= 0.098 Ans.
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b
X40 — X
R40=CXP\‘—<SO XO>J=1—p4o
— X0

40 —27.7 \**®
—exp|— [ —— — (.846
46.2 —27.7

pao=1—Rsy=1—-0.846 =0.154 = 15.4% Ans.

20-29
X = Sut

xo=151.9,6 = 193.6,b = 8
py = 151.9 + (193.6 — 151.9)T°(1 + 1/8)
=151.9 4+ 41.7T(1.125)
= 151.9 + 41.7(0.94176)
= 191.2 kpsi  Ans.
&y = (193.6 — 151.9)[T'(1 +2/8) — I'*(1 + 1/8)]'/?
= 41.7[['(1.25) — '*(1.125)]'/?
= 41.7[0.906 40 — 0.941 76°]'/
= 5.82 kpsi  Ans.
582

2 0.030
Cx 191.2

20-30
X = Sut

xo=47.6,0 =125.6,b =11.84
x=47.6+(125.6 —47.6)I'(1 +1/11.84)
x =47.6+78TI'(1.08)
= 47.6 4+ 78(0.95973) = 122.5 kpsi

6y = (125.6 — 47.6)[I"(1 +2/11.84) — I'*(1 + 1/11.84)]'/?
= 78[I'(1.08) — I'*(1.17)]'/?
= 78(0.95973 — 0.93670%)'/?
= 22.4 kpsi

{ i x—xob
=1—exp|—
p p 0= 6o

| [ /100 —47.6 \''®
=l—-exp|—(——=—
P17 \1256 476

= 0.0090 Ans.

From Prob. 20-28
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Y= Sy
Yo =64.1,0 = 81.0,b = 3.77
¥ =64.1+(81.0 — 64.)[(1 + 1/3.77)
= 64.1 +16.91(1.27)
= 64.1 + 16.9(0.902 50)
= 79.35 kpsi
oy = (81 — 64.1)[['(1 +2/3.77) — T'(1 + 1/3.77)]"/
oy = 16.9[(0.88757) — 0.902 50%]'/2
= 4.57 kpsi

3.77
B (y—yo)
p=1—exp|—
0 — yo

70 — 64.1\*"
=1- - =0.019 Auns.
p exp (81—64.1) :| 0.019 Ans

20-31 x=S,;, = W[122.3, 134.6, 3.64] kpsi, p(x > 120) = 1 = 100% since xo > 120 kpsi

133 — 122.3 V%
133) = ===
plx > 133) eXp[ (134.6—122.3) }

=0.548 =54.8% Ans.

20-32 Using Egs. (20-28) and (20-29) and Table A-34,
wn =no+ (0 —no)l'(1 +1/b) =36.9 4 (133.6 — 36.9)I'(1 + 1/2.66) = 122.85 kcycles
6p = (0 — no)[['(1 +2/b) — T'3(1 + 1/b)] = 34.79 keycles
For the Weibull density function, Eq. (2-27),

i) 2.66 n—36.9 \*6! o n—2369 \>%
n)= _ -
W 133.6 — 36.9 \ 133.6 — 36.9 P 133.6 — 36.9

For the lognormal distribution, Egs. (20-18) and (20-19) give,
wy = 1In(122.85) — (34.79/122.85)% /2 = 4.771
&y = V/[1 4 (34.79/122.85)2] = 0.2778

From Eq. (20-17), the lognormal PDF is

o) 1 1 (111;1—4.771)2
n=———exp|—[———
LN 02778 nv2m Pl T2\ T 02778

We form a table of densities fw(n) and f7y(n) and plot.
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n(kcycles) Sfw(n) fin(n)
40 9.1E-05 1.82E-05
50 0.000991 0.000241
60 0.002498 0.001 233
70 0.004 380 0.003501
80 0.006401 0.006739
90 0.008 301 0.009913
100 0.009 822 0.012022
110 0.010750 0.012644
120 0.010965 0.011947
130 0.010459 0.010399
140 0.009 346 0.008492
150 0.007 827 0.006597
160 0.006139 0.004926
170 0.004 507 0.003 564
180 0.003092 0.002515
190 0.001979 0.001739
200 0.001 180 0.001184
210 0.000654 0.000795
220 0.000336 0.000529

fn)

0.014 |-

0.012

0.010

0.008

0.006

0.004 |~

0.002 —

100 150 200 250
n, keycles

The Weibull L10 life comes from Eq. (20-26) with a reliability of R = 0.90. Thus,

no.10 = 36.9 4+ (133 — 36.9)[In(1/0.90)]"/>% = 78.1 kcycles  Ans.

The lognormal L10 life comes from the definition of the z variable. That is,

Inng =y +6yz or nyg=exp(iy+6y2)
From Table A-10, for R = 0.90, z = —1.282. Thus,
no = exp[4.771 4+ 0.2778(—1.282)] = 82.7 kcycles

Ans.
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20-33 Form a table

X g(x)
i LA0T  fi  fix1070)  fix?(10710) (10°)
3.05 3 9.15 27.9075  0.0557
3.55 7 24.85 88.2175  0.1474
4.05 11 44.55 180.4275  0.2514
4.55 16 72.80 331.24 0.3168

5.05 21 106.05 535.5525 0.3216

OO0 ~JO\N U W —

5.55 13 72.15 400.4325 0.2789
6.05 13 78.65 475.8325 0.2151
6.55 6 39.30 257.415 0.1517
7.05 2 14.10 99.405 0.1000
10 7.55 0 0 0 0.0625
11 8.05 4 32.20 259.21 0.0375
12 8.55 3 25.65 219.3075 0.0218
13 9.05 0 0 0 0.0124
14 9.55 0 0 0 0.0069
15 10.05 1 10.05 101.0025 0.0038

100 529.50 2975.95

529.5(10°)/100 = 5.295(10°) cycles Ans.

X

Sx

2975.95(10'%) — [529.5(10%)12/1007"*
100 — 1

= 1.319(10%) cycles Ans.
C, =s/x =1.319/5.295 = 0.249

[ty = In5.295(10°) — 0.249%/2 = 13.149

&y = VIn(1 + 0.249?) = 0.245
1 1 (Inx — 2
ST Y
8 X6y 27 p|: 2 Oy

) 1.628 1 /Inx — 13.149\?
= exp|—=z|————
gl x P75 0.245
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10° g(x)
0.5
04 ] S_uperposed
histogram
and PDF
03k 71
02+
IN
ol ' ]
3.05(10%) 10.05(10%)

x, cycles

20-34
x =S, = W[70.3, 84.4,2.01]
Eq. (20-28) wy =70.3+(84.4 —70.3)'(1 + 1/2.01)
=70.3 + (84.4 —70.3)['(1.498)
=70.3 4+ (84.4 —70.3)0.886 17
= 82.8 kpsi  Ans.

6, = 14.1[0.99791 — 0.886 17%]'/>

= 6.502 kpsi
6.502
Cy=—=0.079 Ans.
82.8

Eq. (20-29) &y = (84.4 —70.3)[T(1 +2/2.01) — ['*(1 + 1/2.01)]"/?

20-35 Take the Weibull equation for the standard deviation
&r = (0 — xo)[['(1 +2/b) — T2(1 + 1/b)]'/?
and the mean equation solved for x — xg
x —xo = (0 —xo)I'(1 +1/b)
Dividing the first by the second,

6, [T(142/b)—T(1+ 1/b)]'/2
¥—xo °(1+ 1/b)

1 =+~R =0.2763

VT2 +1/b)

4.2 I'(1+2/b)
49 —33.8
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Make a table and solve for b iteratively

b 14+2/b 1+ 1/b T(A+2/b) T+ 1/b)

3 1.67 1.33 0.90330 0.89338  0.363
4 L.5 1.25 0.88623 0.90640  0.280
4.1 1.49 1.24 0.88595 0.90852  0.271

b =4.068 Using MathCad Ans.

X—xo 49 —33.8
r(1+1/b) 7 +'F(1+-1ﬁ¢068)
= 49.8 kpsi  Ans.

0 =xy+

20-36
x =8, = W[34.7, 39, 2.93] kpsi
¥ =347+ (39— 3471+ 1/2.93)
= 34.7 +4.3I(1.34)
— 34.7 + 4.3(0.89222) = 38.5 kpsi
6y = (39 — 34D (1 +2/2.93) — T'2(1 4+ 1/2.93)]'/?
= 4.3[I'(1.68) — ['*(1.34)]'/?
— 4.3[0.905 00 — 0.892222]'/2
= 1.42 kpsi Ans.
C, = 1.42/38.5 =0.037 Ans.
20-37
x(Mrev)  f fx fx?
1 11 11 11
2 22 44 88
3 38 114 342
4 57 228 912
5 31 155 775
6 19 114 684
7 15 105 735
8 12 96 768
9 11 99 891
10 9 90 900
11 7 77 847
12 5 60 720
Sum 78 237 1193 7673

e = 1193(10%)/237 = 5.034(10°%) cycles

= = 2.658(10° 1
Oy 37— 1 58(10°) cycles

Cy =2.658/5.034 = 0.528

. \/7673(1012) — [1193(106)12/237
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From Egs. (20-18) and (20-19),
ity = In[5.034(10%)] — 0.528%/2 = 15.292

6y = +/In(1 4 0.528%) = 0.496

From Eq. (20-17), defining g(x),

- 1 . 1 (lnx - 15.292>2
X)) = ————"—¢X B
8 20496 v2r P T2\ 0.496

x(Mrev)  f/(Nw)  g(x)-(10°

0.5 0.00000 0.00011
0.5 0.04641 0.00011
1.5 0.04641 0.05204
1.5 0.09283 0.05204
2.5 0.09283 0.16992
2.5 0.16034 0.16992
3.5 0.16034 0.207 54 025 - —— Histogram
3.5 0.24051 0.207 54 — — PDF
4.5 0.24051 0.17848 s
4.5 0.13080 0.17848 '
5.5 0.13080 0.13158 _
5.5 0.08017 0.13158 °§ 015
6.5 0.08017 0.09011 =%
6.5 0.06329 0.09011 0.1
7.5 0.06329 0.05953
7.5 0.05063 0.05953 0.05
8.5 0.05063 0.03869
8.5 0.04641 0.03869 0
9.5 0.04641 0.02501
9.5 0.03797 0.02501
10.5 0.03797 0.01618
10.5 0.02954 0.01618
11.5 0.029 54 0.01051
11.5 0.02110 0.01051
12.5 0.02110 0.006 87
12.5 0.00000 0.006 87
Inx — py R
7 = — = Inx =pu,+0,z=15292+0.496z
y

L life, where 10% of bearings fail, from Table A-10, z = —1.282. Thus,

Inx = 15.292 + 0.496(—1.282) = 14.66
©x=232x10°rev Ans.
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