CHAPTER 3






PROBLEM 3.1

(a) Determine the maximum shearing stress caused by a 4.6-kN - m torque T in
the 76-mm-diameter shaft shown. (b) Solve part a, assuming that the solid shaft
has been replaced by a hollow shaft of the same outer diameter and of 24-mm
inner diameter.

SOLUTION

(a)  Solid shaft:

(b)  Hollow shaft:

c=%=38mm=0.038m

J = gc“ - %(0.038)4 = 3.2753%10° m*
3

__Te _ (46x10%0038) _ ., oo

J 3.2753x107°

T =534MPa <
¢y =% = 0.038m
2
= %di =12mm = 0.012 m
J= E(C;‘ —q) = %(0.0384 - 0.012%) = 3.2428 x107° m*

Te _ (4.6x10%)(0.038)

—— =53.9x10° Pa
J  3.2428x10

7T =539 MPa 4
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S0mm PROBLEM 3.2
—
(a) Determine the torque T that causes a maximum shearing stress of 45
. |-

ssmm MPa in the hollow cylindrical steel shaft shown. (b) Determine the
maximum shearing stress caused by the same torque T in a solid cylindrical

A shaft of the same cross-sectional area.
_7\_/

SOLUTION
(@) Given shaft: J = %(cg —cf )

J = %(454 —-30%) = 5.1689 x 10® mm* = 5.1689 x 107 m*

J c
6 6
p o GBI X 010 _ o oo 105
45 %10

T=517kN-m «
(b)  Solid shaft of same area:

A=7(3 - q) = 7(45* = 30°) = 3.5343x 10° mm’

et =4 or c=\/z=33.541mm
T

g , Te_ 2T

J = , =
2 J e’
3
T = (2)5.1689 x 1(3) ) =87.2x10° Pa
7(0.033541)

7 =87.2 MPa 4
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PROBLEM 3.3

Knowing that d =1.2in., determine the torque T that causes
maximum shearing stress of 7.5 ksi in the hollow shaft shown.

J=2(ch-d)= %(0.84 ~ 0.6%) = 0.4398 in*

2
Tc
Tmax=7
T:@:% T = 4.12 kip - in «
C .
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PROBLEM 3.4

Knowing that the internal diameter of the hollow shaft shown is d = 0.9in.,

determine the maximum shearing stress caused by a torque of magnitude
T =9kip - in.

SOLUTION

¢, = %dz = (%)(1.6) =08in. c¢=08in.

¢ = %dl = ej(og) = 0.45 in.

_ T4 a\_ T 4 4y _ . 4
J—2(02 Cl)—2(0-8 0.45%) = 0.5790 in
Te _ (9)08)

T =

7. =12.44ksi 4
M7 0.5790 max
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60 mm PROBLEM 3.5

A torque T =3kN-m is applied to the solid bronze cylinder shown.
Determine (a) the maximum shearing stress, (b) the shearing stress at

s
\

¢ > point D which lies on a 15-mm-radius circle drawn on the end of the
T=3kN. 1:5‘ 900 min cylinder, (c) the percent of the torque carried by the portion of the cylinder
L/ within the 15 mm radius.

SOLUTION
(@ ¢ =%d =30mm =30x10"m

J= %g - %(30 x107)* =1.27235x10° m*

T =3kN =3x10°N
_Te _ (3x10°)30x107)

"= 335X 108 = 70.736 x 10° Pa
. X

7, = 70.7 MPa <
(b) pp =15mm =15x10"m

Pp . _ (A5 107)(70.736 x 107°)

T, = 7, = 35.4 MPa 4
P (30x107) P
(C) TDZM TD:@ZZpgTD
Ip Pp 2
T, = %(15 x 1072)%(35.368 x 10%) = 187.5N - m
Io  100% = 187'53 (100%) = 6.25% 6.25%4
T 3x10

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it
without permission.




PROBLEM 3.6

(a) Determine the torque that can be applied to a solid shaft of 20-mm diameter without exceeding an
allowable shearing stress of 80 MPa. (b) Solve Part @, assuming that the solid shaft has been replaced by a
hollow shaft of the same cross-sectional area and with an inner diameter equal to half of its own outer
diameter.

SOLUTION
(a)  Solid shaft: c= % = %(0 020) = 0.010 m
J="c* 7 0.10)* =15.7080 x 107°
27 2
T = ”% _ (15.7080 ><01819O)(80 X10°) _ 155 664 T=1257N -m 4

(b) Hollow shaft: Same area as solid shaft.

2
1 3
4= 7Z'(C§ - 012) = ;{c% - (Eczj :l = Zr[c% = 7c?

—c = (0.010) = 0.0115470 m
"5

¢ = lc2 = 0.0057735 m
2

J = %(c;‘ —c ) = —(o 0115470* — 0.0057735%) = 26.180 x 10~
6 -9
- Tomd _ (80X109(26.180x107) _ o\ 1o I =1814N-m 4
¢, 0.0115470

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




C o
— <— 3 in.
8in. /t=—111
v | |
HuE
4in. > 4_(125'
i

PROBLEM 3.7

The solid spindle AB has a diameter d;=1.5 in. and is made of a steel with
an allowable shearing stress of 12 ksi, while sleeve CD is made of a brass
with an allowable shearing stress of 7 ksi. Determine the largest torque T

that can be applied at 4.

SOLUTION

Analysis of solid spindle 45:

Analysis of sleeve CD:

The smaller torque governs:

c=1a =075
2

T:E JT w3
J c 2

T = % (12x10°)(0.75)* =7.95%10* Ib - in

¢ =%d0=%(3)=1.5in.

c;=c, —t=15-025=1.251n.
_TT 4 4\ _T 4 4y _ . 4
=3 (e -¢) = S (15" ~1.25%) = 4.1172in

Jr _ (41172)(7 x10%)
c, 1.5

T= =19.21x10* b - in

T=795%10°1b - in

T = 7.95kip -in «
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Cﬁ PROBLEM 3.8

— ~—3in. The solid spindle 4B is made of a steel with an allowable shearing stress of
8in Yy 12 ksi, and sleeve CD is made of a brass with an allowable shearing stress
' 1= 3™ of 7 ksi. Determine () the largest torque T that can be applied at A if the
allowable shearing stress is not to be exceeded in sleeve CD, (b) the
. N P corresponding required value of the diameter d; of spindle 4B.
I =
4in — ~—d,

SOLUTION

(a)  Analysis of sleeve CD: ¢, = %d,, = %(3) =1.51n.
g=c¢ —-t=15-025=1251n.

ng(c;‘ ~cf) = %(1.54 ~1.25% = 41172 in*

Jr _ (4.1172)(7x10%)

T= =19.21x10%1b -in
cy 1.5
T =19.21kip - in 4
. . . Tc
(b)  Analysis of solid spindle AB: T=7
3
Lo Za L D20 i
c 2 T 12x10

c= 3/M =1.006in. d =2c
V4

d =2.0lin. 4
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PROBLEM 3.9

T, =300N-m A

The torques shown are exerted on pulleys 4 and B. Knowing that both
shafts are solid, determine the maximum shearing stress (a) in shaft AB,

30 mm
(b) in shaft BC.
Ty = 400 N - m
46 mm <—

SOLUTION
(a¢)  Shaft 4B: T, =300N-m, d =0.030m, ¢ =0.015m
;o Te_ 2T _ (2)(300)
gz m(0.015)°
= 56.588 x 10°Pa
()  Shaft BC: Tye = 300 + 400 = 700 N - m

d =0.046 m, ¢ = 0.023 m

Te _ 2T _ (2)(700)

T = — = =
T ad 1(0.023)

= 36.626 x 10°Pa

. = 56.6 MPa 4

. =36.6 MPa <«
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PROBLEM 3.10
T, =300N-m|
In order to reduce the total mass of the assembly of Prob. 3.9, a new design
30 mm —> is being considered in which the diameter of shaft BC will be smaller.
Determine the smallest diameter of shaft BC for which the maximum value
of the shearing stress in the assembly will not increase.

SOLUTION
Shaft 4B: T, =300N-m, d =0.030m, ¢ =0.015m
. Te _ 2T _ (2)(300)
g xd m(0.015)°
= 56.588 x10° Pa = 56.6 MPa
Shaft BC: Tye = 300 + 400 = 700 N - m

d =0.046 m, ¢ = 0.023 m
_Te_ 2T (700)

Tinax 3 3
J 7 7(0.023)
= 36.626 x 10° Pa= 36.6 MPa

The largest stress (56.588 x 10°Pa) occurs in portion AB.

Reduce the diameter of BC to provide the same stress.

Tc 2T
TBC=700N-m Tmax:TZF
s 2T (2)(700)

=7.875x107°m’>

c’ = = <
AT 7(56.588x10%)

c=19895x10"m d =2¢=39.79x10"m
d =39.8 mm <«
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PROBLEM 3.11

60N-m

Knowing that each portion of the shafts 4B, BC,
and CD consist of a solid circular rod, determine
(a) the shaft in which the maximum shearing
stress occurs, (b) the magnitude of that stress.

144N .m

48N+ m /i ; dep =21 mm

SOLUTION
Shaft 4B: T =48N-m
c =%d =7.5mm = 0.0075 m
Tc 2T
Tmax = =—3
J 7
o =28 55 433MPa
7(0.0075)
Shaft BC: T =—48+144 =96 N - m
c=td=omm g, =820 _ DO g g350p,
2 J e 7(0.009)
Shaft CD: T =—48+144+60 =156 N- m
c=td=105mm g, =162 CXDO) g5\ p,
2 J  zd  m(0.0105)
Answers: (a) shaft CD (b) 85.8 MPa <«
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60N - m PROBLEM 3.12

Knowing that an 8-mm-diameter hole has been
drilled through each of the shafts 4B, BC, and
CD, determine (a) the shaft in which the
maximum shearing stress occurs, (b) the
magnitude of that stress.

SOLUTION
1
Hole: a =5dl =4 mm
Shaft AB: T =48N-m
1
Cy =Ed2 =7.5mm
J = %(c;‘ ~ ) =§(0.00754 —0.004%) =4.5679 x 10 m*
o =1 2 GO0 _ 56 10 Mpa
J 45679%10°
Shaft BC: T'=-48+144=96N-m c, =%d2=9mm
J = %(c;‘ ~¢) =§(0.0094 ~0.004%) =9.904 x 10 m*
T =2 = OO _ g7 539 MPa
J 9.904x10
Shaft CD: T=-—48+144+60=156N-m ¢, =%d2=10.5mm
J = %(c;‘ ~¢f) =§(0.01054 ~0.004%) =18.691x 10~ m*
T =22 2 15OO0109) _ 5 636 Mpa
J 18.691x10°
Answers: (a) shaft CD (b) 87.6 MPa <«
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PROBLEM 3.13

Under normal operating conditions, the
electric motor exerts a 12-kip - in.
torque at £. Knowing that each shaft is
solid, determine the maximum shearing
in (a) shaft BC, (b) shaft CD, (c) shaft

SOLUTION

(a)  Shaft BC:

)"\3
3 3
-8C
B |/ ),15m.

() Shaft CD:

‘t‘k‘l ‘l’h{\ )
3k’r'pni/"=\ . “ep

2in.

(¢) Shaft DE:

T 300
=P,

2.25m.

From free body shown:

Tye =3kip -in
Tc Tc 2 T
’z':—:” :——3
J T4 W
2
2 3kip - in

(1 3
—x1.751n.
2

From free body shown:
Trp =3+4=Tkip-in
From Eq. (1):

2T 2 7kip-in
FTEE T iny
From free body shown:
Tphr =12kip - in
From Eq. (1):

221:2 12 kip - in

T w1 RS
5><2.251n.

(M

T =2.85ksi 4
T =4.46 ksi 4
7 =537 ksi 4
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PROBLEM 3.14

Solve Prob.3.13, assuming that a 1-
in.-diameter hole has been drilled
into each shaft.

PROBLEM 3.13 Under normal
operating conditions, the electric
motor exerts a 12-kip - in. torque at
E. Knowing that each shaft is solid,
determine the maximum shearing in
(a) shaft BC, (b) shaft CD, (c) shaft
DE.

SOLUTION

(a)  Shaft BC: From free body shown: T~ =3Kkip - in

/'\3
* -sc
B ) 175n.

¢ =%(l.75)=0.875 in. ¢ =%(1)=0.5m.

T

> (0.875* — 0.5%) =0.82260 in*

ng(cé‘—cf‘)z

_Ic _Gkip n)O0875in,) 7 =3.19ksi 4
J 0.82260 in
(b)  Shaft CD: From free body shown: T, =3+4 =7kip-in
llbrlinr\ ) c = l (20) =1.01n.
3kiouin. _7; 2
< 2in. > J_E(C4_C4)—£(1 0* - 0.5%) =1.47262 in*
= la-d)=30 S =1.
_Te _(kip n)(0in) 7 =475ksi <
J 1.47262 in
(¢) Shaft DE: From free body shown: 7,; =12kip - in
E 2.25 .
T ==
T 3 %)/mpm ¢, === =1125in
From motr
4',]5;’). /4 4 4 V4 4 4 . 4
J= 5(% - ):5(1.125 - 0.5%) =2.4179in
. _Tc _(2 kip - in)(1.125 in.) 7 =558ksi 4

J 2.4179 in*
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PROBLEM 3.15

The allowable shearing stress is 15 ksi in the 1.5-in.-diameter steel rod 4B and
8 ksi in the 1.8-in.-diameter brass rod BC. Neglecting the effect of stress
concentrations, determine the largest torque that can be applied at 4.

SOLUTION
Tnax = E: J = 045 T = _C3Tmax
J 2 2
Rod 4B: Toax = 15 ksi c= %d = 0.75 in.
T 3 .
T = 5(0.75) (15) = 9.94 kip - in
Rod BC: Toax = & Kksi c= %d = 0.90 in.
T 3 . .
T = 3(0.90) (8) =9.16kip - in
The allowable torque is the smaller value. T =9.16kip-in 4
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PROBLEM 3.16

The allowable shearing stress is 15 ksi in the steel rod 4B and 8 ksi in the
brass rod BC. Knowing that a torque of magnitude 7' = 10 kip - in. is applied
at A, determine the required diameter of (@) rod 4B, (b) rod BC.

SOLUTION
Tinax _E: JZE; 03 = =
J 2 T pax
(@) Rod4B: T =10kip -in Toax = 15 ksi
&= DU 6 44403
7(15)
c =0.7515 in.
(b) RodBC: T=10kip-in 7, =8ksi
=209 79577 in2
(8
c =0.9267 in.

d =2¢ =1.503in. 4

d =2c¢ =1.853in. 4
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PROBLEM 3.17

Aluminum

The allowable stress is 50 MPa in the brass rod AB and
25 MPa in the aluminum rod BC. Knowing that a torque of
magnitude 7 = 1250 N - m is applied at 4, determine the
required diameter of (a) rod 4B, (b) rod BC.

SOLUTION
Tnax =E J=Z 3= 27

J 2 T pax
(@) Rod 4B: &= DU _ 561551003

(50 x10%)

¢ =2515x10"m = 25.15 mm
d s = 2¢ = 50.3 mm 4

(b) Rod BC: ¢ = DUBD 5 g315106m°

(25 % 10°)

¢ =31.69x10"m = 31.69 mm
dge = 2¢ = 63.4 mm 4
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PROBLEM 3.18

Aluminum

The solid rod BC has a diameter of 30 mm and is made of an
aluminum for which the allowable shearing stress is 25 MPa.
Rod 4B is hollow and has an outer diameter of 25 mm; it is
made of a brass for which the allowable shearing stress is 50
MPa. Determine (@) the largest inner diameter of rod 4B for
which the factor of safety is the same for each rod, (b) the
largest torque that can be applied at 4.

SOLUTION
Solid rod BC: 7T = Ie J = £(:4
J 2
7, = 25x10°Pa
¢=1d=0015m
2
T, = gc%au = %(0.015)3(25 x10°) = 132.536 N - m
Hollow rod 4B: 7, = 50x10°Pa
T, =132.536 N - m
e = ldz = l(0.025) =0.0125m
2 2
Ty = _JTa” = Z(CE‘ - Cﬁ)@
cy 2 c,
014 _ A 2T
T
=0.0125" - (2)(132'536)(050125) =3.3203x10” m*
7(50 x 10%)
(a) ¢ =7.59%107m = 7.59 mm d; = 2¢; =15.18 mm <
(b)  Allowable torque. T, =1325N -m <
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PROBLEM 3.19

The solid rod AB has a diameter d, 3 = 60 mm. The pipe CD has
an outer diameter of 90 mm and a wall thickness of 6 mm.
Knowing that both the rod and the pipe are made of a steel for
which the allowable shearing stress is 75 Mpa, determine the
largest torque T that can be applied at 4.

SOLUTION
r, = 75%109Pa T, =%l
Rod AB: c=Ld=0030m J=%¢
2 2
T, = gc%an = %(0.030)3(75 x 10°)
=3.181x10° N - m
Pipe CD: ¢, = %dz =0.045m ¢ =c, —t=0.045 — 0.006 =0.039 m
J = %(c;‘ ) = %(0.0454 ~0.039%) = 2.8073x 10™° m*
—6 6
Ty = (28073 X(l)%42(75 x107) =4.679%10° N -m
Allowable torque is the smaller value. T, =3.18x10° N - m

3.18kN-m <«
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PROBLEM 3.20

The solid rod 4B has a diameter d,z = 60 mm and is made of a
steel for which the allowable shearing stress is 85 Mpa. The
pipe CD, which has an outer diameter of 90 mm and a wall
thickness of 6 mm, is made of an aluminum for which the
allowable shearing stress is 54 MPa. Determine the largest
torque T that can be applied at 4.

SOLUTION
Rod 4B: 7, =85%x10°Pa ¢ = %d =0.030 m
Ty = LTa =2 Tall
c 2
- %(0.030)3(85 x10°) = 3.605x10° N - m
Pipe CD: T, =54x10°Pa ¢, = %dZ =0.045m
¢, =¢y —t=0.045 - 0.006 = 0.039 m
J = %(c;‘ ) = %(0.0454 ~0.039%) = 2.8073% 10™° m*
-6 6
T, = Tty _ (28073x107°)(54x10%) _ oo oan
¢ 0.045
Allowable torque is the smaller value. T, =3.369x10° N - m

337kN-m <«
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PROBLEM 3.21

A torque of magnitude 7' =1000 N - m is applied at
D as shown. Knowing that the diameter of shaft AB
D is 56 mm and that the diameter of shaft CD is
42 mm, determine the maximum shearing stress in
(a) shaft AB, (b) shaft CD.

T =1000N - n

SOLUTION
Tep =1000N - m
Ty =27 =12 (1000)=2500 N - m
7o 40
(a)  Shaft 4B: c= %d =0.028 m
- =2—T3=M5002=72.50><106 72.5MPa 4
J x 7(0.028)
(b)  Shaft CD: c= %d =0.020m
JTe 2 _ @100 _ 66 g5100 68.7 MPa 4

J xd 7(0.020)
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PROBLEM 3.22

A torque of magnitude 7 =1000 N -m is applied
at D as shown. Knowing that the allowable
D shearing stress is 60 MPa in each shaft, determine
the required diameter of (a) shaft AB, (b) shaft CD.

T = 1000 N - m

SOLUTION
Tp =1000N - m
Tis =270 =12 (1000) = 2500 N - m
7o 40
(a) Shaft 4B: 7, =60x10° Pa
p=te 2L 5 20 D@0 o6 56,10¢ m
J 7zc 7t 7 (60x10%)
¢ =29.82x107 =29.82 mm d=2c=59.6mm 4
(b)  Shaft CD: 7, =60x10° Pa
p=te 20 5 20 @000 66105106 m?
J zc 7t 7 (60x10%)
c=21.97x10"m =21.97 mm d =2c=43.9mm 4
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PROBLEM 3.23

Under normal operating conditions, a motor exerts a
torque of magnitude 7, =1200Ib-in. at F.
Knowing that 7, =8in., 7, =3in, and the

allowable shearing stress is 10.5 ksi - in each shalft,
determine the required diameter of (@) shaft CDE,
(b) shaft FGH.

SOLUTION
T, =12001b - in

T, =27 =81200=32001b - in

7,y =10.5 ksi =10500 psi
Tec 2T 3 2T
T=—=—73 o ¢ =—
J e T

(a) Shaft CDE:

S (2) (3200)
7 (10500)

=0.194012 in*

¢=0.5789 in. dpg =2c dpp =1.158 in. 4
(b) Shaft FGH:

= 2)1200) _ 0.012757 in*
7 (10500)
c=0.4174in. dpg =2c drc =0.835in. 4
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PROBLEM 3.24

Under normal operating conditions, a motor exerts a
torque of magnitude T at F. The shafts are made of a
steel for which the allowable shearing stress is 12 ksi
and have diameters dc-pr = 0.900 in. and

drcy = 0.800 in. Knowing that rp = 6.5 in. and

r¢ =4.5 in., determine the largest allowable value of
Tr.

SOLUTION
Shaft FG: c= %d =0.400 in.
JT, 3
TF,all ==l 2303 all
T 3 . .
= 5(0.400) (12) =1.206 kip - in
Shaft DE: c =%d =0.450 in.
V4
Tgan = 5 03%11
V3 3 . .
= 5(0.450) (12) =1.7177 kip - in
r.o=Yor, 7, =%217177) =1.189 kip - in
p ’ 6.5
Allowable value of T}, is the smaller. Tp =1.189kip - in «
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PROBLEM 3.25

The two solid shafts are connected by gears as shown and are made
of a steel for which the allowable shearing stress is 8500 psi.

Knowing that a torque of magnitude 7. = 5 kip - in. is applied at C

and that the assembly is in equilibrium, determine the required
diameter of (a) shaft BC, (b) shaft EF.

SOLUTION
Toax = 8500 psi = 8.5 ksi
(a) Shaft BC: T- = 5kip -in
Te 2T 2T
Thax = — = 3 c=3
J 7 7T ax
c=3 26 = 0.7208 in.
7(8.5)
dge =2¢ =1.442in. <4
(b)  Shaft EF: T, =27, = E(5) =3.125kip - in
7 4
c=3 2r 3 (2)(3.125) =0.6163 in.
70 max 7(8.5)

dpe = 2c = 1233 in. <4
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PROBLEM 3.26

The two solid shafts are connected by gears as shown and are
made of a steel for which the allowable shearing stress is
7000 psi. Knowing the diameters of the two shafts are,

respectively, dz- =1.61in. and dgz =1.25in., determine the
largest torque T that can be applied at C.

SOLUTION
Tax = 7000 psi = 7.0 ksi
Shaft BC: dpgc =1.61n.
c= la? = 0.8 in.
2
TC = JTmaX = Eﬂl‘maxc3
c 2
T 3 . .
= 3(7.0)(0.8) = 5.63 kip - in
Shaft EF: dgr =1251n.
c= laf = 0.625 in.
2
T, = I Tax _ meaxc3
c 2
- %(7.0)(0.625)3 = 2.684 kip - in
. ry 4 .
By statics, T =+ T, = —(2.684) = 430kip - in
Lo 2.5

Allowable value of T, is the smaller.

T, = 430 kip - in «
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PROBLEM 3.27

A torque of magnitude 7" = 100 N - m is applied to shaft AB of the
gear train shown. Knowing that the diameters of the three solid
shafts are, respectively, d,; =21 mm, dq, =30mm, and
dgr = 40mm, determine the maximum shearing stress in
(a) shaft AB, (b) shaft CD, (c) shaft EF.

SOLUTION
Statics:
Shaft 4B: Tyy=T,=T3=T
Gears B and C: rg =25mm, 7, =60 mm
Force on gear circles. Fye = Ty _Tc
B Tc
r.=Ter, =01 _gur
g 25
Shaft CD: Tep =T =T, = 24T
Gears D and E: 7p =30 mm, rp =75 mm
Force on gear circles. Fpp = T _Tp
'p T
T, =21, = 04r) = 6T
p 30
Shaft EF: Tpp =Ty = Tpp = 6T
Maximum Shearing Stresses. 7, = Te _ 2—T3
J oz
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PROBLEM 3.27 (Continued)

(a) Shaft 4B: T =100 N -m

c= %d =10.5mm =10.5x107m

Tmax = % =550x 106 Pa Toax = 55.0 MPa «
T DX
(b) Shaft CD: T = (2.4)(100) = 240 N - m

c=%d=15mm=15><10_3m

ax = L‘m}“ =453%10°Pa T = 45.3 MPa <
(15x107)
(c) Shaft EF: T = (6)(100) = 600 N - m

c=%d=20mm=20x10_3m

(2)(600)

mx = 2 = 47.7 % 10° Pa Tpax = 47.7 MPa 4
(20 x107°)
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PROBLEM 3.28

A torque of magnitude 7 = 120N - m is applied to shaft AB of
the gear train shown. Knowing that the allowable shearing stress
is 75 MPa in each of the three solid shafts, determine the
required diameter of (@) shaft AB, (b) shaft CD, (c) shaft EF.

SOLUTION
Statics:
Shaft 4B: Tyy=T,=T3=T
Gears B and C: rg =25mm, 7, =60 mm
Force on gear circles. Fge = Ty _Tc
: Be
r.=Ter, =01 _g4r
g 25
Shaft CD: Tep =Tp =Ty = 24T
Gears D and E: rp =30mm, r; =75 mm
Force on gear circles. Fpp = T _Tp
'p T
T, =21, =041y = 6T
L) 30
Shaft EF: Tpp =Ty =Tp = 6T

Required Diameters.

_Tc 2T
C:32_T
V?Z"Z'
d=2c=23 2r
T,

max

Tow = 75 % 10°Pa
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(a) Shaft 4B:

(b) Shaft CD:

(c) Shaft EF:

PROBLEM 3.28 (Continued)

2(120)

3—————~— =20.1x10"m
(75 x10”)

T, = (2.4)(120) = 288 N - m

dep = 23L88)6 =269%10"m
(75 x10%)

Tye = (6)(120) = 720 N - m

dgp = 23L20)3 =36.6x10"m
7(75%107%)

d,;; =201 mm <

dep =269 mm 4

dgr = 36.6 mm <
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PROBLEM 3.29

(a) For a given allowable shearing stress, determine the ratio 7/w of the
maximum allowable torque 7 and the weight per unit length w for the
hollow shaft shown. (b) Denoting by (7/w), the value of this ratio for a
solid shaft of the same radius c,, express the ratio 7/w for the hollow shaft
in terms of (7'/w), and c,/c,.

SOLUTION
w = weight per unit length,
pg = specific weight,
W = total weight,
L = length
w gLA
== pL = pgd = pgr(c3 - <)
2., 2 2
Jry me —¢f n(cz +01)(02 —01)
Ty = 5 Tar = Tanl
cy 2 o 2 c,
2., 2
o +6 )T,
@ L= (2 + )z . [+ &)z (hollow shaft) <«
w w 2pgc,
¢, = 0 for solid shaft: (Z) = Sl (solid shaft)
wly 2pg
2 2
(b) w=1+c_12 (Z]:(Z] (14_0_12]4
Tw), c; w w Jo ¢
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PROBLEM 3.30

While the exact distribution of the shearing stresses in a
hollow-cylindrical shaft is as shown in Fig. a, an approximate
7o value can be obtained for 7, by assuming that the stresses
/ / are uniformly distributed over the area 4 of the cross section,
as shown in Fig. b, and then further assuming that all of the
elementary shearing forces act at a distance from O equal to
the mean radius (¢, +¢,) of the cross section. This
(@ ®) approximate value 7, = T/A4r,,, where T is the applied torque.
Determine the ratio 7, /7, of the true value of the maximum
shearing stress and its approximate value 7, for values
of ¢ /c,, respectively equal to 1.00, 0.95, 0.75, 0.50, and 0.

Tmax

SOLUTION
For a hollow shaft:
- Te, 2T, 2Tc, _ 2Tc,
g ﬂ'(cé‘ —014) 71'((:22 —cf)(c% +clz) A(c§ +clz)
By definition, T, = L _ =
Ar,  Alc, +¢)
DiViding, Tmax — c2(zc2 + sl) — 1+ (01/02)2 <
7, ¢+ 1+ (¢/c,)
¢le, ‘ 1.0 ‘ 0.95 ‘ 0.75 ‘ 0.5 ‘ 0.0 ‘
Tnax! To ‘ 1.0 ‘ 1.025 ‘ 1.120 ‘ 1.200 ‘ 1.0 ‘
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PROBLEM 3.31

with a 30-mm-outer

)25() N-.m

(a) For the solid steel shaft shown (G = 77 GPa), determine the angle
of twist at 4. (b) Solve part a, assuming that the steel shaft is hollow

diameter and a 20-mm-inner diameter.

SOLUTION
@ c=1d=0015m, J=2c*="0015"

2 2 2
J=79.522x10"m®*, L=18m, G =77x10°Pa
T'=250N-m Q= 1

GJ
Q= (250)1.8) = 73.49 x 107 rad

(77%10°)(79.522 x 107°)

o= (73.49 x 107)180
T

() ¢, =0015m, clédl =0.010m, J= %(c;‘ —

)

p=421° 4

J =Z0.015* - 0.010%) = 63.814x10° m* 402
2 GJ

o= (250)(1.8)

= =91.58x 107 rad =
(77 x10%)(63.814 x 107%)

180

——(91.58x107 p=5254
/4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc.

All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.32

For the aluminum shaft shown (G = 27 GPa), determine (a) the torque T
that causes an angle of twist of 4°, (b) the angle of twist caused by the same
torque T in a solid cylindrical shaft of the same length and cross-sectional

area.
12 mm
SOLUTION
TL GJo
a = — T =—=—
(a) ?="0 7
@ =4°=69813x10" rad, L =1.25m
G =27GPa =27x10° Pa
J =7 (et - ) =2 (0.018* - 0.012%) =132.324 x 107 m*
2 2
7o @27 10%)(132.324 x 10%)(69.813 x 107°)
1.25
=199.539N- m T=199.5N -m <«
(b))  Matching areas: A = nc? =ﬂ'(622 —¢f )

¢ =yc3 — ¢ =\0.018> —0.012> =0.013416 m

J =%c4 = %(0.013416)4 =50.894 x 1070 m*

TL (195.539)(1.25)

=t - - =181.514x 10 rad @ =10.40° <
GJ (27 x10°)(50.894 x 10%)

4
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PROBLEM 3.33

Determine the largest allowable diameter of a 10-fi-long steel rod (G = 11.2 x 10° psi) if the rod is to be twisted
through 30° without exceeding a shearing stress of 12 ksi.

SOLUTION

L=10ft=120in. ¢ =30°= ?I’OTg = 0.52360 rad

7 =12ksi =12 x10°psi

(p—ﬂ T_GJ(p Tc _GJoc _ Goc c_i
GJ’ L’ J JL L’ Go
(12 x 10°)(120)

= (0.24555 in.

(1.2 10°)(0.52360)

d =2c=0491in. «
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PROBLEM 3.34

While an oil well is being drilled at a depth of 6000 ft, it is observed that the top of the 8-in.-diameter steel
drill pipe rotates though two complete revolutions before the drilling bit starts to rotate. Using
G =11.2x10° psi, determine the maximum shearing stress in the pipe caused by torsion.

SOLUTION
For outside diameter of 8 in., ¢ = 4 in.
| l‘ =i, For two revolutions, ¢ =2(27) =4x radians.
&in.

l__ G =11.2x10° psi
L =6000 ft = 72000 in.

From text book,

o=1L
GJ
Tc
Ty ="
J
Divide (2) by (1). T G

Q L

_Gep _ (11x10°)(4)(47)

" L

72000

1)
)

=7679 psi
7, = 7.68ksi 4
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PROBLEM 3.35
300N - m
The electric motor exerts a 500 N - m torque on
the aluminum shaft ABCD when it is rotating at a
constant speed. Knowing that G = 27 GPa and that
the torques exerted on pulleys B and C are as shown,
determine the angle of twist between (a) B and C,
44 mm (b) Band D.

yi m
1m

SOLUTION

(a) Angle of twist between B and C.
Tee =200 N -m, Lp-=12m

c =%d =0.022m, G=27x10’Pa

Jpe = %04 = 367.97x10°m
7L (200)(1.2)

= = = 24.157 x 107 rad =1.384° «
GJ  (27x10°)(367.97 x 10°) Paic

Pgic =

(b)  Angle of twist between B and D.

Ty =500N-m, Ly =09m, c¢= %d =0.024m, G=27x10"Pa

Jop = gc“ = %(0.024)4 = 521.153x 10 m*
o = GO 31980 %10 rad
(27 x10°)(521.153 % 10%)
Pop = Pyic + Poip = 24.157x107° +31.980 x 107 = 56.137 x 10~ rad Psp = 3.22° 4
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30 mm PROBLEM 3.36

30 mm

36 mm The torques shown are exerted on pulleys B, C,

A 400 N - m
[ JON-m 36 mm and D. Knowing that the entire shaft is made of
500N - m steel (G =27 GPa), determine the angle of
twist between (a) C and B, (b) D and B.

SOLUTION
(a)  Shaft BC: c= %d =0.015m

Jpe = %c“ =79.522x 10 m*

Ly =08m, G=27x10"Pa

Ppc = % = a7 10(:‘)(()(7);(252) 109 0.149904 rad Ppc = 8.54° 4
(b)  Shaft CD: c= %d =0018m  Jgp = %04 =164.896x 10~ m*

Lep =1.0m Tpp = 400 — 900 = =500 N - m

Oep = = = (500)1.0) = —0.11230 rad

GJ  (27x10°)(164.896 x 107%)
Psp = Pse + Ocp = 0.14904 — 0.11230 = 0.03674 rad

Qs = 2.11° <
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/\ PROBLEM 3.37
T e
| ! : The aluminum rod BC (G = 26 GPa) is bonded to the brass rod AB

200 mm (G = 39 GPa). Knowing that each rod is solid and has a diameter of
,— Brass 12 mm, determine the angle of twist (a) at B, (b) at C.
g (B
300 mm L,— Aluminum
C

q 100 N - m

SOLUTION
Both portions:

c =%d =6mm=6x10"m

J = gc“ - %(6 x107)* = 2.03575x 10 m*

T =100 N-m
Rod AB: G,p =39x10°Pa, L, =0.200m
(@ @g=0;= gi;“} = (39)(1(()19())(02)'((?;53?“09) =0.25191 rad @y =14.43° <
Rod BC: Gge = 26x10°Pa, Ly =0.300 m

e = Zf/ T 26x% 1(()19())(02).((())31(;?x 109 ~ 020679 rad

() @ = @5 + Ppe = 025191 + 0.56679 = 0.81870 rad P = 46.9° <
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PROBLEM 3.38

The aluminum rod 4B (G = 27GPa) is bonded to the brass
rod BD (G = 39GPa). Knowing that portion CD of the
brass rod is hollow and has an inner diameter of 40 mm,
determine the angle of twist at 4.

O

A /l/
\/400 mm

SOLUTION
Rod 4B: G =27x10°Pa, L=0.400 m
T =800N - m c=%d=0.018m
J= gc“ = %(0.018)4 = 164.896 10 m
Pup = LU (%00)(0.400) —— = 71.875x 10 rad
GJ  (27x10%)(164.896 x107%)
Part BC: G=39%x10°Pa L=0375m, c¢= %d =0.030 m

T =800 +1600 = 2400 N - m, J = gc“ - %(0.030)4 = 127234 %10 m*

TL (2400)(0.375)

= E_ =18.137 x 10 rad
biC = G T 39X 10°)(1.27234 X 109

Part CD: ¢ = %dl = 0.020 m

¢y = Ld, = 0030m, L=0250m
2

J =2 (c3 - ef) = 2(0.030* - 0.020%) =1.02102 x 10 m*
2 2

TL (2400)(0.250)

- = =15.068 x 107> rad
Yo = G T 39 % 10°)(1.02102 % 107

Angle of twist at 4. @y = Pyp T Ppic T Pcip
=105.080 x 10~ rad

9, =6.02° 4
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PROBLEM 3.39

1 < 3in The solid spindle 4B has a diameter d =1.5 in. and is made of a steel with
8in —t=7in G =11.2x10%psi and 7,; = 12 ksi, while sleeve CD is made of a brass
with G = 5.6 x10%psi and 7, = 7 ksi. Determine the angle through end
| | A can be rotated.
[ |
4in. —
b
SOLUTION

Stress analysis of solid spindle AB:

Stress analysis of sleeve CD:

The smaller torque governs.

Deformation of spindle AB:

Deformation of sleeve CD:

Total angle of twist:

= %ds =075 in.

T=E Tzﬁzzrc3
J c 2

T = %(12 x10°)(0.75)* = 7.95x10°1b - in

¢ =%do = %(3) = 1.5in.

aq=c—t=15-0.25=1.25in.
_ T4 4\ _ T4 4N _ . 4
J = 2(c2 o) = S (15" —1.25% = 4.1172in

Jr _ (41172)(7x107)
cy 1.5

T = =19.21%x10°1b - in

T =795%10°1b - in
¢=0.751n.

J = %04 =0.49701in*, L=12in, G=11.2x10° psi

3
01 = e = TXNOVUD 17138 radians

GJ  (11.2x10)(0.49701)

J=41172in*, L=8in, G=5.6x10°psi

_TL _ (7.95x10°) ()
GJ  (5.6x10%) (4.1172)

Pcp = 0.002758 radians

@up = P45+ Pcp = 0.019896 radians @.p =1.140° 4
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C o PROBLEM 3.40

] TIVB ~— 3in. The solid spindle 4B has a diameter d, = 1.75in. and is made of

Sin. i Llin a steel with G =11.2x10°psi and 7, = 12 ksi, while sleeve

- CD is made of a brass with G = 5.6x10°psi and 7, = 7 ksi.

Determine (a) the largest torque T that can be applied at 4 if the

given allowable stresses are not to be exceeded and if the angle of

I twist of sleeve CD is not to exceed 0.375°, (b) the corresponding
4in. — angle through which end 4 rotates.

< b}

SOLUTION
Spindle AB: c= %(l.75in.) =0.875in. L =12in, 7, =12ksi, G =11.2x10° psi
J="c% = %0875 = 0.92077in*
2 2
Sleeve CD: ¢ =125in, ¢, =1.5in, L =8in, 7, =7ksi

J =%(c§ — ) =41172in*, G =5.6x10° psi

(a)  Largest allowable torque 7.

Ciriterion: Stress in spindle 4B. T =% T = ﬁ
c
T= —(0'92077)(12) =12.63kip-in
0.875

_ Jr_41172in*

: (7ksi) T =19.21kip-in
c, 1.51n.

Critrion: Stress in sleeve CD. T

Criterion: Angle of twist of sleeve CD ¢ =0.375° = 6.545 x 107 rad

6
poTL 7 _JG ,_ GUIEEXI0) (oo o
JG L 8
T =18.86 kip - in
The largest allowable torque is T =12.63kip -in 4
. T L. L.
(b)  Angle of rotation of end A. Gy =0yp =0y p+0c,p=0—"—=T)——
J: G, J G,
= (12.63x10%) 12 — + 8 -
(0.92077)(11.2x 10%)  (4.1172)(5.6 x 10%)

=0.01908 radians @, =1.093° 4
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PROBLEM 3.41

7

Two shafts, each of _-in. diameter, are

connected by the gears shown. Knowing
that G=11.2x10°%psi and that the shaft
at F'is fixed, determine the angle through
which end 4 rotates when a 1.2 kip - in.
torque is applied at 4.

12 in.
SOLUTION
Calculation of torques.
. . Ty  Tgr 5
Circumferential contact force between gears B and E. F="28=2 Top=—=T4
s g ]

T, =12kip-in=12001b-in

Ty = 4—65(1200) = 16001b-in

Twist in shaft FE.
. 1 7 . 6 .
L=12in, c:Ed:Em" G =11.2x10°psi
V4 (7 N
J=Sc =2 = | =57.548x107in*
2 2116
Ppr = LU (16600)(12) —— =29.789 x 10" rad
GJ  (11.2x10”)(57.548 x107)
Rotation at E. Q5 = Qg =29.789 x 10~ rad

Tangential displacement at gear circle. 0 = 1@ = 130,

Rotation at B. Q5 = r—E¢E = i(29.789 x107) = 39.718 x 10 rad
g 4.5
Twist in shaft BA. L=8+6=14in. J=57548x10"in*
Pup = LU (16200)(14) —— =26.065x 10" rad
GJ  (112x10°)(57.548 x107)
Rotation at 4. @, =P+ Qg = 65783x10 " rad @, =3.77° <4
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PROBLEM 3.42

240 mm

Two solid shafts are connected by gears as shown. Knowing
that G = 77.2 GPa for each shaft, determine the angle
through which end A4 rotates when 7, = 1200N - m.

SOLUTION
Calculation of torques:
Circumferential contact force between gears B and C. F = T _Iep Tep = r—CTA B
g e g
240
T =1200N-m T, = EOZOO) =3600 N - m
Twist in shaft CD: c= %d =0030m, L=12m, G =772x10°Pa

J = %04 - %(0.030)4 = 127234 %10 m*

Pop = = (39600)(1'2) —— = 43.981x 107 rad
GJ  (77.2x107)(1.27234 x107")
Rotation angle at C. Pc = Pep = 43.981x 107 rad
Circumferential displacement at contact points of gears B and C. 0 =1:Qp = 150
) To 240 -3 3
Rotation angle at B. Qg =—@Qc = %(43.981 x1077) =131.942 x 107" rad
B
Twist in shaft AB: c= %d =0.02lm, L=1.6m, G=772x10"Pa

J = gc“ - %(0.021)4 — 305.49 % 10° m*

Oup = I _ (1300)(1.6) —— = 81.412x 10 rad
GJ  (77.2x107)(305.49x107)
Rotation angle at 4. @, =05+ 0,5 =213.354%x 10 rad p, =12.22° 4
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PROBLEM 3.43

A coder F, used to record in digital form the rotation
of shaft A4, is connected to the shaft by means of the
gear train shown, which consists of four gears and
three solid steel shafts each of diameter d. Two of the
gears have a radius » and the other two a radius nr. If
the rotation of the coder F is prevented, determine in
terms of 7, /, G, J, and n the angle through which end
A rotates.

SOLUTION
Typ =T,
7 T T
Tep = _CTAB =48 4
g n n
v T, T
Tpp = ETep ZQ—_/;
p n n
— _ Teplpgp _ T
Pr = Per GJ G
e, _9r _ Td
@p p e n nGJ
Oep = Teplep Tl
LT GI T nGJ
T, T, TAZ( 1 1)
be =Pt = 56r " n6r T ai\

e oo _TI(1 1
= — = — = —| — 4+ —
s e n GJ(n4 2

g n
0 _ Luslap _ T4
BTG GJ
TA(1 1
0 0, = A <
P4 Pp Pup GJ(n“ nz ]

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.44

For the gear train described in Prob. 3.43, determine
the angle through which end A rotates when
T =5Ib-in, | = 2.4in., d =1/16in.,
G =112x10%psi, and n = 2.

PROBLEM 3.43 A coder F, used to record in digital
form the rotation of shaft 4, is connected to the shaft
by means of the gear train shown, which consists of
four gears and three solid steel shafts each of diameter
d. Two of the gears have a radius » and the other two a
radius nr. If the rotation of the coder F is prevented,
determine in terms of 7, /, G, J, and n the angle
through which end 4 rotates.

SOLUTION

See solution to Prob. 3.43 for development of equation for ¢,,.

¢—Ll(1+i+ij
417G n?

Data: T=5lb-in, /[ =24in., c¢= %d = % in, G=112x10°psi
T (1 4
n=2 J==c"= —(—) = 1.49803 x10~%in*
2 2132
@, = 6(5)(2'4) — (1 L ij = 938.73x 10 rad @, =53.8° 4
(11.2 X 10°)(1.49803 x 107%) 4 16
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PROBLEM 3.45

The design of the gear-and-shaft system shown
requires that steel shafts of the same diameter be
D used for both 4B and CD. It is further required

that 7., <60 MPa, and that the angle ¢, through

max —

which end D of shaft CD rotates not exceed 1.5°.
Knowing that G = 77 GPa, determine the required
diameter of the shafts.

T =1000 N - m

400 mm

600 mm
SOLUTION
rg 100
Tep =Tp =1000N-m T, = =T, =——(1000) = 2500N - m
o 40
For design based on stress, use larger torque. T =2500 N-m
Te 2T
T=—= —3
J zc
c=2L —(2)(25002 =26.526 x10™°m’
7t 7(60x10°)
c=29.82x10"m =29.82mm, d =2c=59.6 mm
Design based on rotation angle. op =1.5°=26.18 % 107 rad
Shaft 4B: T, =250N-m, L=04m
_ TL _ (2500)(0.4) _ 1000
Pan =67 GJ GJ
B ~ 1000
Op = Oy era
Gears
on=T8g = (@](moo] _ 2500
P Lo NG GJ
Shaft CD: Tep =1000N-m, L=0.6m
_ TL _ (1000)(0.6) _ 600
er =Gy GJ GJ
o+ 2500 +@ _ 3100 _ 3100
O =0T P0 =75 "6 T 6l Gzt
4= 2100 (29)(3100) — =979.06x10~ m*
Gy, (77 x107)(26.18 x 107)
c=3146x10"m =31.46mm, d =2c=62.9mm
Design must use larger value for d. d =629mm <«
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300N -m

500 N - m

0.6 m

PROBLEM 3.46

The electric motor exerts a torque of
800 N - m on the steel shaft ABCD when it
is rotating at constant speed. Design
specifications require that the diameter of
the shaft be uniform from 4 to D and that
the angle of twist between A4 to D not
exceed 1.5°. Knowing that 7, <60MPa
and G = 77 GPa, determine the minimum
diameter shaft that can be used.

SOLUTION

Torques:

T,5 = 300 + 500 = 800 N - m

Tge =500N - m, Tep =0
Design based on stress. 7 = 60x10°Pa
p=le M s QB0 g gg106m?
J zc nt  7(60x10°)

¢ =2040%x10"m = 20.40 mm,

Design based on deformation.

d =2c¢ = 40.8 mm

Op 4 =1.5°=26.18 % 1073 rad

620 (2)(620)
- 4

z 4
Gzc

wGe

=195.80 x 10" m*

Ppic =0
_ TyeLpe _ (500)(0.6) 300
Yor="Gr T Gar GJ
_ TyL,s  (800)(0.4) 320
pa="Gr T Gar Gl
Ppia = Ppic Y Pcip t Ppia = 620 =
GJ
0620 (2)(620)

G Pp, 4
c=21.04x10"m = 21.04 mm,

Design must use larger value of d.

(77 % 10°)(26.18 X 107%)

d =2c=42.1mm
d=421mm 4
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PROBLEM 3.47

The design specifications of a 2-m-long solid circular transmission shaft require that the angle of twist of the
shaft not exceed 3° when a torque of 9 kN - m is applied. Determine the required diameter of the shaft,

knowing that the shaft is made of (a) a steel with an allowable shearing stress of 90 MPa and a modulus of
rigidity of 77 GPa, (b) a bronze with an allowable shearing of 35 MPa and a modulus of rigidity of 42 GPa.

SOLUTION
@ =3°=52360x10"rad, T=9x10°N-m L=20m
=£ = ZZ;L noct =£ based on twist angle.
GJ  7nc"G 7Go
T = Te =2—T2 oo =£ based on shearing stress.
J 7 T
(a)  Steel shaft: 7=90x10°Pa, G =77x10’ Pa
3
Based on twist angle, et = (2)Ox107)(2.0) =2.842x107% m*

()

(77 % 10°)(52.360 x 107)
¢ =41.06x107° m= 41.06 mm d =2c¢ =82.1mm

5 _ (9O x10%)

= =63.662x107° m’
(90 x10%)

Based on shearing stress,

c=3993%x10"m=39.93mm d =2¢ =79.9mm

Required value of d is the larger. d =82.1mm <«
Bronze shaft: 7=35%x10°Pa, G =42x10"Pa
3
Based on twist angle, 4= (2)(99X 10)2.0) —- =5.2103 % 10° m*
(42 x107)(52.360 x 107)
c =47.78x107° m=47.78 mm d = 2¢ =95.6 mm
3
Based on shearing stress, ¢ = w =163.702 x 10 m*
7(35x%10%)
¢ =54.70x 107 m = 54.70 mm d =2c¢ =109.4 mm
Required value of d is the larger. d =109.4 mm <«
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PROBLEM 3.48

A hole is punched at 4 in a plastic sheet by applying a 600-N
force P to end D of lever CD, which is rigidly attached to the
solid cylindrical shaft BC. Design specifications require that
the displacement of D should not exceed 15 mm from the
time the punch first touches the plastic sheet to the time it
actually penetrates it. Determine the required diameter of
shaft BC if the shaft is made of a steel with G = 77GPa and
7,; = 80 MPa.

SOLUTION

Torque T =rP =(0.300 m)(600 N) =180 N - m

Shaft diameter based on displacement limit.

o 15 mm

p===——"2=0.005rad
r 300 mm

oo L _ 2L
GJ nGc*

4 _ 2TL _ (2)(180)(0.500)
7Gp  x(77 x10°)(0.05)

11.045x107°m =11.045m d = 2¢ = 22.1 mm

=14.882x 107 m*

C

Shaft diameter based on stress.

7 =80x10°Pa r=£=2—T3
J e

222l _ (2080
rr 7(80x10%)

c=11273%x10"m =11273mm d = 2c = 22.5mm

=1.43239x10°m’

Use the larger value to meet both limits. d =22.5mm <4
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PROBLEM 3.49

The design specifications for the gear-and-shaft system
shown require that the same diameter be used for both
shafts, and that the angle through which pulley 4 will
rotate when subjected to a 2-kip - in. torque T, while
pulley D is held fixed will not exceed 7.5°. Determine
the required diameter of the shafts if both shafts are made
of a steel with G = 11.2x10%psi and 7,; = 12 ksi.

SOLUTION

Statics:

Gear B.

Gear C.

Torques in shafts.

Deformations:

Kinematics:

+‘>ZMB =0: T F
rF =T, =0 F =Tglrs 8 '~
s v B
=M, = 0: =
1eF =Ty =0
o v = F
B
7 5 F T
n=-X==-=25 'JD
rg 2

Typ=Ty=Tp Tcp=Tc=nly=nl,

Peip = TEL}L D= ng‘}L D)
Py = %) = %)
¢ =0 @c=¢p+@op =0+ ngAJL)
pPp = ~1c¥Pp  Pp = —:_C¢c =—ngc  Pp anL )
B
Oy =@+ Ppic = nZ‘;L + 25 = ( Z?TAL D
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PROBLEM 3.49 (Continued)

Diameter based on stress.

Largest torque: T,=Typ =nl,
ro= Tl _ 2”T3A T, =7, =12x10°psi, T, =2x10’Ib-in
J e
3
¢ =320 _J@CICXN) _ 6 6ar5in, =20 =1285in.
nT,, (12 x10%)

Diameter based on rotation limit.
@ =17.5°=0.1309 rad
o= (n* +DT,L _ @Q(129T,L

L=8+16 =241in.

GJ nc'G
3
o= QUDILL _ JOOICXIONEY _ 6r34gin o = 2¢ = 1247 in.
znGo 7(11.2 x10%)(0.1309)
Choose the larger diameter. d =1.285in. 4
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PROBLEM 3.50

Solve Prob. 3.49, assuming that both shafts are made of a
brass with G = 5.6x 10°psi and 7,; = 8 ksi.

PROBLEM 3.49 The design specifications for the gear-
and-shaft system shown require that the same diameter
be used for both shafts, and that the angle through which
pulley 4 will rotate when subjected to a 2-kip - in.
torque T, while pulley D is held fixed will not exceed
7.5°. Determine the required diameter of the shafts if
both shafts are made of a steel with G = 11.2 x10° psi
and 7,; =12 ksi.

SOLUTION

Statics:

Gear B.

Gear C.

Torques in shafts.

Deformations:

Kinematics:

|
+‘>ZMB=0: 8 r\Nr\
¥ '8
gl =T,=0 F =Tglrg F
EM, = 0:
roF =T,=0 T F
3
g T
D
n=lc_3_ss
g 2

Peip = Tg}L D= ng‘}L D)
Py = %) = %)
P =0 @c=¢p+@op =0+ ngAJL)
3Pp = ~1c¥Pp  Pp = —:_C¢c =—ngc  Pp anL )
B
Oy =@+ Ppic = n:‘;L + 2; = s Z?TAL D
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PROBLEM 3.50 (Continued)

Diameter based on stress.

Largest torque: T, =T, =nT,
7, = = 2”T3A 7, =7, =8x107psi, T,=2x10°Ib-in
J y 46
3
¢ =20 _J@CICXI) _ 3555 g = 20 =1471in,
nT,, (8 x107)

Diameter based on rotation limit.
@ =7.5°=0.1309 rad
o= (n* +)T,L _@U257T,L

L=8+16 =241n.

GJ G
3
= QUDLL _, (2)(7'25)(26X 00CY _ 6 7415in., d = 2¢ = 1.483 in.
G 7(5.6 X 10°)(0.1309)
Choose the larger diameter. d =1.483in. 4
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PROBLEM 3.51

A torque of magnitude 7" =4 kN- m is applied at end 4 of the
composite shaft shown. Knowing that the modulus of rigidity
is 77 GPa for the steel and 27 GPa for the aluminum,
|~ determine (a) the maximum shearing stress in the steel core,

54 . . . . .
e (b) the maximum shearing stress in the aluminum jacket, (c)

A .
St come 7/ g 95 1 the angle of twist at 4.
Aluminum jacket M
SOLUTION
1 T 4 _7 4 -9
Steel core: e =3 d,=0.027m J, :Ecl = 5(0.027) =834.79x10
GJ; = (77 x10°)(834.79 x 10™%) = 64.28 x 10° N - m?

Torque carried by steel core. T, =GJp/L
Aluminum jacket: ¢ =%dl =0.027m, ¢, =%d2 =0.036 m

J =%(c;‘ ) =§(o.0364 ~0.027%) =1.80355x 107 m*

GyJ, =(27 x10%)(1.80355 x 107%) = 48.70 x 10> N - m?
Torque carried by aluminum jacket. T, = G,J,¢/L
Total torque: T=T+T, =(GJ, +G,J,) ¢/L

Q T 4x10°

y_ = =35.406x107 rad/m
L GJ +GyJ, 64.28x10°+48.70x10°

(a) Maximum shearing stress in steel core.

T=Gy= Glcl% = (77 x 107)(0.027)(35.406 x 107>) =73.6 x10° Pa 73.6 MPa <4

(b) Maximum shearing stress in aluminum jacket.

T=G,y= Gzcz% =(27 x 107)(0.036)(35.406 x 107) =34.4x10° Pa 344 MPa <
()  Angle of twist. Q= L% =(2.5)(35.406 x 107°) =88.5 x 10 rad p=507° 4
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54 mm
A

Steel core

Aluminum jacket

PROBLEM 3.52

The composite shaft shown is to be twisted by applying a
torque T at end A. Knowing that the modulus of rigidity is 77
GPa for the steel and 27 GPa for the aluminum, determine the
largest angle through which end 4 can be rotated if the

following allowable stresses are not to
Tyeos = 00 MPa and 7, ... = 45MPa.

steel —

be exceeded:

SOLUTION

Steel core:

Aluminum Jacket:

Smaller value governs:

Allowable angle of twist:

%
Thhax = Gymax = Gcmax Z
Pan _ Tl gor each material.
L Ge

max

T, = 60x10° Pa, ¢ =1d=0.027m, G =77x10° Pa

max >y

6
Pu__ OOXI0 58 460%107 rad/m
L (77x10°)0.027)
Tall = 45X 106 Pa’ Cmax = %d = 003611‘1, G =27x% 109 Pa

Qi _ 45%10°

5 =46.296 x 10~ rad/m
L (27 x10°)(0.036)

% = 28.860 x 10~ rad/m

Oy =L % = (2.5)(28.860 x 10~%) = 72.15x 10~ rad

¢au = 4.130 4
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PROBLEM 3.53

The solid cylinders 4B and BC are bonded together at B and are
in. attached to fixed supports at 4 and C. Knowing that the modulus of
rigidity is 3.7 x 10° psi for aluminum and 5.6 x 10° psi for brass,
determine the maximum shearing stress (a) in cylinder AB, (b) in

T =125kip - in. Q ¥ cylinder BC.
B
Brass
—
18 in.

SOLUTION

The torques in cylinders 4B and BC are statically indeterminate. Match the rotation ¢, for each cylinder.

Cylinder 4B: c= %d = 0.751in. L =121n.

J = gc“ = 0.49701 in*

_ Tl _ T,5(12)
GJ  (3.7x10%)(0.49701)

= 6.5255x107°T

Cylinder BC: c= %d =1.0in. L =18 in.

J=2c = Z1.0)* =1.5708 in*
2 2

_ Tpel _ Tpc(18)
GJ  (5.6x10%)(1.5708)

Py = 2.0463x 10T},

Matching expressions for @z 6.5255x 107, = 2.0463 X 10T}

Tge = 3.1889 T (1)
Equilibrium of connection at B: Tyg+Tee —T=0 T =125x10°1b - in
Typ + Tpe = 12.5x10° 2)
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PROBLEM 3.53 (Continued)

Substituting (1) into (2), 41889 T, = 12.5x10°

T3 =29841x10°1b-in  Tpe = 9.5159x10°1b - in

(@) Maximum stress in cylinder AB.

_ Tee (29841 x10%)(0.75)

T p = =4.50x10% psi T,n = 4.50 ksi 4
B 0.49701 P 48
(b) Maximum stress in cylinder BC.
Tyee  (9.5159 x10%)(1.0) s .
Tpe = = = 6.06 X 10° psi Thr = 6.06 ksi 4
BC g 1.5708 P BC
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PROBLEM 3.54

i Solve Prob. 3.53, assuming that cylinder 4B is made of steel, for
Aluminum—__ | . which G=11.2 x 10° psi.

PROBLEM 3.53 The solid cylinders AB and BC are bonded together

T = 125kip - iu( 3 at B and are attached to fixed supports at 4 and C. Knowing that the
5 1d modulus of rigidity is 3.7 x 10° psi for aluminum and 5.6 x 10° psi for
Hirasi brass, determine the maximum shearing stress (¢) in cylinder 4B,
I " (b) in cylinder BC.
m.

SOLUTION

The torques in cylinders 4B and BC are statically indeterminate. Match the rotation ¢, for each cylinder.

Cylinder AB: ¢ = %d =0.75in. L=12in. J = gc“ = 0.49701 in*

@y = Lasl _ TAB6(12) =2.1557x107°T,
GJ  (11.2x10°)(0.49701)

Cylinder BC. ¢ = %d =1.0in. L=18in. J = %04 - %(1.0)4 = 1.5708 in*

_ Tgel _ Ty(18)
GJ  (5.6x10%)(1.5708)

= 2.0463 X 10T},

Matching expressions for @3~ 2.1557 X 107°T,, = 2.0463 X 10Ty, Tpe = 1.0535 T )
Equilibrium of connection at B: Ty + Ty =T =0 T, p + Tpe = 12.5x10° )
Substituting (1) into (2), 2.0535 T, =125 10°

T,5 = 6.0872x10°Ib - in Tye = 6.4128x10°1b - in

(a) Maximum stress in cylinder 4B.

3
7,y = L _ (CO872XT0DOT5) _ g 19, 103 g 7,5 =9.19ksi €
J 0.49701
(b) Maximum stress in cylinder BC.
3
Tge = Tpce _ (64128 x107)(1.0) _ 4.08 x 10° psi Tge = 4.08 ksi 4

J 1.5708
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PROBLEM 3.55

Two solid steel shafts are fitted with flanges that are then
connected by bolts as shown. The bolts are slightly undersized
and permit a 1.5° rotation of one flange with respect to the
| 2 other before the flanges begin to rotate as a single unit.

Knowing that G = 11.2 X 10° psi, determine the maximum
8T =3501Ib-ft shearing stress in each shaft when a torque of T of magnitude
420 kip - ft is applied to the flange indicated.

3 ft
PROBLEM 3.55 The torque T is applied to flange B.

2 ft

SOLUTION
Shaft 4AB:
J s = %c4 = %(0.625)4 = 0.23968 in*
T,zL
@y = ~ABZAB
GJ 4
GJ 05 (11.2x10%)(0.23968)
Typ = I3 - 24 %
AB
=111.853x10°p,
Shaft CD:
Applied torque: T =420kip - ft =50401b - in

T =T Lgp=23ft=36in, c= %d = 0.75in.

Jep = 2ct = 2(0.75)* = 0.49701 in*
2" 2
Tepl
o = ~Cotep
GJep
6
1y = Glene _ (12X10904970) | o) o0 165
LCD 36
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PROBLEM 3.55 (Continued)

Clearance rotation for flange B: @, =1.5°=26.18 107 rad

Torque to remove clearance: T/p= (111.853x10%)(26.18 x 107) = 2928.3 Ib - in

Torque T” to cause additional rotation ¢”: T” = 5040 — 2928.3 = 2111.7 Ib-in

" _ ot ”
I"=T;p+Tcp

2111.7 = (111.853 x 10*)p” + (154.625 x 10%)p” @” =7.923x107 rad

77, = (111.853x10%)(7.923 x 107) = 886.21 Ib - in
T{n= (154.625 x 10%)(7.923 x 107%) = 1225.09 Ib - in

Maximum shearing stress in 4B.

o, = Tae _ (29283 48862100.629) _ oo £1 =995 ksi 4
J s 0.23968

Maximum shearing stress in CD.

o _ Tope _ (1225.09)(0.75)
L T 0.49701

= 1849 psi Top = 1.849 ksi <
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PROBLEM 3.56

Two solid steel shafts are fitted with flanges that are then
connected by bolts as shown. The bolts are slightly undersized
and permit a 1.5° rotation of one flange with respect to the
other before the flanges begin to rotate as a single unit.
Knowing that G = 11.2 X 10° psi, determine the maximum
shearing stress in each shaft when a torque of T of magnitude
420 kip - ft is applied to the flange indicated.

PROBLEM 3.56 The torque T is applied to flange C.

SOLUTION
Shaft 4AB:
T=T;, Lj=2ft=24in, c= %d = 0.625 in.
Jp =2t = Z(0.625) = 0.23968 in*
2 2
T,sL
@y = —AB=AB
GJ 05 (11.2x10°)(0.23968)
Typ = 7 - 24 2
4B
=111.853x 10’y
Shaft CD:
Applied torque: T =420kip- ft =50401b-in
T=Tp, Lep=3ft=36in, c= %d =0.751n.
Jep = 2c* = Z(0.75)* = 0.49701 in*
2 2
TepL
9 = ~CR=CD
6
T.p = GJep @c _ (11.2x10°)(0.49701) o = 154.625%10° .
Lep 36
Clearance rotation for flange C: @ =1.5°=26.18x 107 rad
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PROBLEM 3.56 (Continued)

Torque to remove clearance: Tfp = (154.625 x 10%)(26.18 x 107) = 4048.1Ib - in
Torque T” to cause additional rotation ¢”: T” =5040 — 4048.1 =991.91b-in
I"=Tjy+ T
991.9 = (111.853 x10%)¢” + (154.625 x 10°)¢” .  ¢”"=3.7223x10>rad
Tip = (111.853x107)(3.7223 x 107°) = 416.35 Ib - in
T = (154.625 x107)(3.7223x10™%) = 575.56 Ib - in

Maximum shearing stress in AB.

T (416.35)(0.625)
J i 0.23968

= 1086 psi 7,5 = 1.086 ksi 4

Maximum shearing stress in CD.

_ Tepe | (4048.1+ 575.56)(0.75)
Jep 0.49701

Tep = 6980 psi Tep = 6.98 ksi 4
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60 mm

300 mm )

100 mm

45 mm

500 mm

PROBLEM 3.57

Ends 4 and D of two solid steel shafts 4B and CD are fixed, while
ends B and C are connected to gears as shown. Knowing that a
4-kN - m torque T is applied to gear B, determine the maximum
shearing stress (@) in shaft 4B, (b) in shaft CD.

SOLUTION

Gears B and C:

Solve (2) for F and substitute into (3):

Shaft AB:

Shaft CD:

7 40
Ps =_C¢c =—@ P5 =0'4¢c (D
rs 100
YMp=0:Tgy =r1.F ()
SMyp=0:T T, =rgF 3)
7, 100

T-Ty==2Tg T'=T;p+—Tp

Pp = ¢B/A

P = ¢C/D

To 40 4)

L=03m, ¢=0030m
Tyl _ Ty (03)
JG %(0.030)46

= 235.79 x10° %B (5)

L=05m, ¢=0.0225m

TepL Tep (0.5)
JG %(0.0225)4G

= 1242><103TC?D (6)

Substitute from (5) and (6) into (1):

@y = 0.4¢-: 23579 x 103%3= 0.4 %1242 %10 TCFD

Tep = 047462 = T, (7
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PROBLEM 3.57 (Continued)
Substitute for T, from (7) into (4):
T =T, +2.5(0474627 ;) T =2.1865T,5 (8)
For T =4 kN - m, Eq. (8) yields
4000N - m = 2.18657 T,s =18294N -m
Substitute into (7): Tep = 0.47462(1829.4) = 868.3N - m
(a) Stress in AB:

Ty 2T, 2 18294
Ty = = =

y = 0030 =43.1x10° 7,5 = 43.1 MPa <
T c 7T (0.

(b) Stressin CD:

2Ty 2 8683

T e S oomy =S Foo = 453 MPa <
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PROBLEM 3.58

60 mm

Ends 4 and D of the two solid steel shafts AB and CD are fixed,
while ends B and C are connected to gears as shown. Knowing that
the allowable shearing stress is 50 MPa in each shaft, determine the
largest torque T that may be applied to gear B.

45 mm

300 mm Y

100 mm

D
500 mm
SOLUTION
Gears B and C:
7 40
5 =00 =—c 05 =04 ¢c )
v 100
p (B
Tep
t;
BN g F SMy =0 Tpp =r.F )
\ t
6 SMy =0 T — Ty =rgF 3)
Solve (2) for F' and substitute into (3):
7 100
T-T,=-2T T=Tp+—T,
AB e CD AB 40 CD (4)
T =Ty +25T,
Shaft 4B: L=03m, ¢=0.030 m
b=y =280 =T8O _g3577510' Lan )
JG T 0.030) G G
2
Shaft CD: L=05m, ¢=0.0225m

b= =28 =T _jpp510' Lo ©)

JG %(0.0225)4 G
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PROBLEM 3.58 (Continued)

Substitute from (5) and (6) into (1) :
Gy =040 23579x10° Tis _g4x1242x10° T2
G G
T =0.47462T
Substitute for 7., from (7) into (4):

T =T, +25(0.47462 T ;) T =2.1865T,,

Solving (7) for T,, and substituting into (8),
Tep
T =21865| —=— T =4.6068 T,
0.47462

Stress criterion for shaft AB:

TAB = Tall =50 MPa:

T4p ZT Typ=—Typ=—CTyp
= %(0.030 m)*(50 x 10° Pa) = 2120.6 N - m
From (8): T =2.1865(2120.6 N - m) = 4.64 kN - m

Stress criterion for shaft CD:

TCD = Tau = 50 MPa:

Tep = Tffc Top = gc%@ = %(O.OZZSm)3(50><106 Pa)
= 894.62N - m
From (7): T =4.6068(894.62 N - m) = 4.12kN - m

The smaller value for T governs.

()

(®)

)

T=412kN-m <«
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PROBLEM 3.59

The steel jacket CD has been attached to the 40-mm-diameter steel
shaft AE by means of rigid flanges welded to the jacket and to the
rod. The outer diameter of the jacket is 80 mm and its wall thickness
is 4 mm. If 500 N - m torques are applied as shown, determine the
maximum shearing stress in the jacket.

SOLUTION
Solid shaft: c= %d = 0.020 m
Jg = §c4 = %(0.020)4 = 251.33x10° m*
Jacket: ¢, = %d = 0.040 m
¢ =¢, —t=0.040 - 0.004 = 0.036 m
_ T4 4\_ T 4 4
J, = 2((:2 o) = S (0.040" - 0.036%)
=1.3829x10°m*
Torque carried by shaft. Ty = GJg /L
Torque carried by jacket. T, =GJ,¢/L
Go T
Total torque. T =Ty + 7, = (Jg+J,)Go/L ek A
L Jg+J,
-6
T, J,; T = (1.3829 % 107°)(500) — 4231 N-m

T Jg+J,  1.3829%107° +251.33x107°
Maximum shearing stress in jacket.

;= Ty _ (423.1)(0.040)
J,  1.3829x10°°

=12.24%10°Pa 12.24 MPa «
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(»

PROBLEM 3.60

A solid shaft and a hollow shaft are made of the same material and
are of the same weight and length. Denoting by # the ratio ¢,/ c,,

show that the ratio T./T, of the torque 7 in the solid shaft to the
torque T, in the hollow shaft is

o
(a) (- n*)/(1+n?) if the maximum shearing stress is the same in
¢ =nc
! 2 each shaft, (b) (1—n) (1 + nz) if the angle of twist is the same for
each shaft.
SOLUTION

For equal weight and length, the areas are equal.

2 _ 2 2\ _ 2 2
ey —ﬂ(cz—cl)—ﬂcz(l—n)

7T 4
S

(a) For equal stresses.

r= Tcy _ Ti6y

T 4 242
J. =—c =—c,(1—-n
760 =3 2 ( )

Js Jh
T _Je_ Fal-nYe _ d-w _(-n)" <
T, iy ESA-ne,(-nP)"? 1+ nH)(1-n?)P? 1+ n?
(b)  For equal angles of twist.
_LL _T,L
GJ,
T, _ Zey(1-n)’ _(-n? _1-n <
T, Zes(1-n') 1-n* 1+ n?
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PROBLEM 3.61

A torque T is applied as shown to a solid tapered shaft 4B. Show by
integration that the angle of twist at 4 is

o= 7TL
1272Gc*
SOLUTION
Introduce coordinate y as shown.
-
L
Twist in length dy:
A Y= o \
_Tdy _ Tdy _ 2TL'dy \
GJ] g% mGe'y \
2 Lo\ y
o= [ 2TL* dy _ 2TL v dy y=L
L 2Get T aGett )R i

2L
ot )1 _2TL4{_1+L}
zG* | 3y'), =Gt 240 30

2TL4{ 7 } 7L ' e

xGet 248 | 127G
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PROBLEM 3.62

spring constant will be 4.27 Ib - ft/rad.

The mass moment of inertia of a gear is to be determined experimentally by
using a torsional pendulum consisting of a 6-ft steel wire. Knowing that
G=112x10° psi, determine the diameter of the wire for which the torsional

SOLUTION

Torsion spring constant K = 4.27 b - ft/rad = 51.24 Ib - in/rad

_r_ T _GJ_ aGc
¢ TLIG] L 2L
A2 2LK _ (9(72)(5124)
G 7w(11.2x10%

¢ =0.1203 in.

=209.7x10%in*

d =2c¢=0241in. 4
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PROBLEM 3.63

An annular plate of thickness ¢ and modulus G is used to
connect shaft AB of radius r; to tube CD of radius r,. Knowing
that a torque T is applied to end 4 of shaft AB and that end D
of tube CD is fixed, (a) determine the magnitude and location
of the maximum shearing stress in the annular plate, (b) show
that the angle through which end B of the shaft rotates with
respect to end C of the tube is

op = | L _ L
B anGe\ 2 R

SOLUTION

Use a free body consisting of shaft 4B and an inner portion of the plate BC, the outer radius of this portion

being p.

The force per unit length of circumference is z¢.

(@)

()

a4+

M =0 4 \

trp)p—T =0 l T \1
T

r= 27tp? L f’\;f

T N /

. . 3 B y
Maximum shearing stress occurs at p = 7, Toax = 2? ™ - <
Shearing strain: y = Lz Lz

G 2nGTp

The relative circumferential displacement in radial length dp is
dé=ydp=pdy

d
P

0= I dp T dp
21Gtp* p 2xGTP?

s Tdp T (rdP_ T [ 1
W 2xGtp®  2xGtdn PP 272Gt

T 1 1 T 1 1
R Y=y e s f Gyt R M3 <
2nGt | 2n 25 4rGt | K I3

Pgic = j
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PROBLEM 3.64

Determine the maximum shearing stress in a solid shaft of 12-mm diameter as it transmits 2.5 kW at a
frequency of (a) 25 Hz, (b) 50 Hz.

SOLUTION
c=%d=6mm=0.006m P =25kW = 2500 W
(@) [ =25Hz r=-"L - 2% _i59155N - m
— 2f  27(25)
T=E=2—TS=2(15'—91553)=46.9><106P21 7 = 46.9 MPa 4
J oz 7(0.006)
() f=50Hz 7=2% _79577N m
— 27(50)
T=2(L5773)=23.5><106Pa 7 =23.5MPa 4
7(0.006)
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PROBLEM 3.65

Determine the maximum shearing stress in a solid shaft of 1.5-in. diameter as it transmits 75 hp at a speed of
(@) 750 rpm, (b) 1500 rpm.

SOLUTION
c= %d = 0.75 in. P =75 hp = (75)(6600) = 495x 10 Ib - in/s
750
=" =125H
@  f=- z
P 495x10°

= 6.3025x10°Ib - in

T2xf 27(125)

_Tc _ 2T _ (2)(6.3025x10%)

== —— =9.51x 10" psi T=951ksi 4
J zc 7(0.75)
1500
b =~ — =25Hz
b f %0
3
= 85107 5 15135 10%Ib - in
27(25)
3
7= DGISBXN0) _ 760103 psi T =476ksi 4

7(0.75)°
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PROBLEM 3.66

Design a solid steel shaft to transmit 0.375 kW at a frequency of 29 Hz, if the shearing stress in the shaft is not
to exceed 35 MPa.

SOLUTION

7, =35x10°Pa P =0375x10°W f =29Hz
P 0375x10°

T= =2.0580 N-m
2rf 27(29)
L Y MU
J zc 7t 7w(35x%x10°)

¢ =3345x10"m = 3.345mm
d=2c d =6.69 mm 4
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PROBLEM 3.67

Design a solid steel shaft to transmit 100 hp at a speed of 1200 rpm, if the maximum shearing stress is not to
exceed 7500 psi.

SOLUTION

T, = 7500psi P = 100hp =660 x 10*Ib - in/s

3
f:@:Q()HZ T = s :660X10 =52521x10°1b - in
60 2r f 27(20)
3
p=le 2 5 2 _QG2XA0) s
J zc T 7(7500)
¢ = 0.7639in. d=2c d =1.528 in. 4
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PROBLEM 3.68

Determine the required thickness of the 50-mm tubular shaft of Example 3.07 if is to transmit the same power
while rotating at a frequency of 30 Hz.

SOLUTION

From Example 3.07, P =100kW =100 x 10° W

7,; = 60MPa = 60 x 10° Pa ¢y = %d =25mm = 0.025m

£ =30Hz
r=-L 5305 N-m

2 f
J=2(d-dd) o=t

ot e st (2)530.52)(0.025)

= = 249.90x 10" m*
T (60 x10°)

¢ = 22.358x107° m = 22.358 mm

t =c¢, —¢ =25mm — 22.358 mm=2642 mm t =2.64mm <«
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PROBLEM 3.69

While a steel shaft of the cross section shown rotates at 120 rpm, a
12 3in. stroboscopic measurement indicates that the angle of twist is 2°

in a 12-ft length. Using G =11.2 x10° psi, determine the power
being transmitted.

SOLUTION

@ =2°=34907x10"rad L =12ft=144 in.

¢, = %du =15in. ¢ = %d,. = 0.6in.

J = %(c;‘ —ct) = 205" - 0.6*) = 7.7486 in’*

2
120
=—=2Hz
! 60
6 -3
7= quo _ (11.2x10 )(7.74;ij)(34.907><10 ) = 21.037 x10°Ib -in

P =27 fT=27(2)(21.037 x 10%) = 264.36x 10’ Ib-in/s
Since 1hp =66001b -in/s, P=40.1hp <
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PROBLEM 3.70

The hollow steel shaft shown (G = 77.2 GPa, 7,; = 50 MPa)

T rotates at 240 rpm. Determine (a) the maximum power that can
be transmitted, (b) the corresponding angle of twist of the shaft.

SOLUTION
1
1
¢ =—d, =12.5mm
2
_ T4 a\_ 7 4 4
J = 2(02 cl) = ~160)* - (12.5)"]
=1.234x10°mm* =1.234 x10°m*
7, = 50x10° Pa
6 —6
- _Te . _1,J _(50x10 )(1.2343><10 ) 20567 N - m
J c 30x10~
Angular speed. f =240 rpm = 4 rev/sec = 4 Hz

(a)  Power being transmitted. P =2xfT = 2m(4)(2056.7) = 51.7x 10° W

P =51.7kW <«

TL (2056.7)(5)

== 5 —— = 0.1078 rad
GJ  (77.2x107)(1.234x107)

(b)  Angle of twist. 1)

9 =617 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.71

As the hollow steel shaft shown rotates at 180 rpm, a
stroboscopic measurement indicates that the angle of twist of

r the shaft is 3°. Knowing that G = 77.2 GPa, determine (a) the
power being transmitted, (b) the maximum shearing stress in the
shaft.

SOLUTION
1
c = Edz =30 mm
1
2
_ T4 4\ _ T 4 4
7 =2 - i) = 160" - 12.5%)]
=1.234x10°mm* = 1.234 x 10 m*
@ = 3°=0.05236 rad
oo IL
GJ
9 -6
T Gl _ (77.2 x107)(1.234 x 107°)(0.0536) ~9976IN -m
L 5
Angular speed: f =180 rpm = 3 rev/sec = 3 Hz

(a) Power being transmitted. P =2xfT="2r(3)997.61) = 18.80 x 10°'W

P =18.80 kW <«

-3
() Maximum shearing stress. 7, = Te, _ 097.6DB30x 160 )
J 1.234x 10"

=24.3x10°Pa 7, =243 MPa <
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PROBLEM 3.72

The design of a machine element calls for a 40-mm-outer-diameter
shaft to transmit 45 kW. (a) If the speed of rotation is 720 rpm,
determine the maximum shearing stress in shaft a. (b) If the speed of
rotation can be increased 50% to 1080 rpm, determine the largest inner
diameter of shaft b for which the maximum shearing stress will be the
same in each shaft.

SOLUTION
720
=—=12H
@ == z

P =45kW = 45x10°W
P 45x10°

Tozf 27(12)

c=%d=20mm=0.020m

=596.83 N -m

= % _ 2 _ (D8 49494 %10 Pa T = 47.5MPa <
1080
b =—
& f==
3
_BXI0T 709N - m
27(18)
=16 _
J
014 _ Cg _ 2TC‘2
¢ =0.020* - (2)(397'89)(0'0§O) =53.333x10”
7(47.494 x10°)
¢ =1520x107m = 15.20 mm dy = 2¢, = 30.4 mm <«

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




1 ' PROBLEM 3.73

A steel pipe of 3.5-in. outer diameter is to be used to transmit a torque
3.5 n. of 3000 Ib - ft without exceeding an allowable shearing stress of 8 ksi.
A series of 3.5-in.-outer-diameter pipes is available for use. Knowing
that the wall thickness of the available pipes varies from 0.25 in. to
0.50 in. in 0.0625-in. increments, choose the lightest pipe that can be
used.

SOLUTION
T =30001b-ft=36%x10>1b - in

@=%%=L%m.

Tc, 2Tc,
T=—707="77_ &
J n(q -q )
3
¢ =c _e =1.75% - (2)36x10 )3(1'75) = 43655 in*
nT (8 X 107)
¢, =1.4455in.

Required minimum thickness: ¢ =c¢, — ¢
t=1.75-1.4455=0.3045 in.
Available thicknesses: 0.251in., 0.31251n., 0.375 in., etc.
Use t=0.3125in. 4
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PROBLEM 3.74

The two solid shafts and gears shown are used to

- transmit 16 hp from the motor at 4, operating at a speed
of 1260 rpm, to a machine tool at D. Knowing that the
maximum allowable shearing stress is 8 ksi, determine
the required diameter (a) of shaft AB, (b) of shaft CD.

SOLUTION
(a) Shaft 4B: P =16 hp = (16)(6600) = 105.6 x 10* Ib - in/sec
1260
=——=21Hz
4 60
7 =8 ksi = 8 x10° psi
3
T,y = 2 = 1056X107 _ 4035 1p . in
2nf 27(21)
Tc 2T /ZT
T=—= —3 Cc = 3——
J 7 T
¢ = | AEWO3D _ 399 in,
(8 x107)
d,p =2c=0.799 in. d,p =0.799 in. 4
(b)  Shaft CD: Tep = :—C Ty = %(800.32) =1.33387x10°1b - in
B
3
o= 3'[2_T _ (2)(1.33387>3<10 ) _ 0.473 in.
T (8 x107)
dep = 2¢ = 0.947 in. dep = 0.947 in. 4
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PROBLEM 3.75

The two solid shafts and gears shown are used to
transmit 16 hp from the motor at 4 operating at a speed
of 1260 rpm to a machine tool at D. Knowing that each
shaft has a diameter of 1 in., determine the maximum
shearing stress (@) in shaft AB, (b) in shaft CD.

SOLUTION
(@)  Shaft 4B: P =16 hp = (16)(6600) = 105.6 x 10* Ib - in/sec
1260
== =21Hz
/="
3
Ty = = 1056107 03514 in
2rf 27 (21)
c=td=05m.
2
Tc 2T
T=—=—-
J
= %0'332) = 4.08x 10’ psi
7(0.5)
(b)  Shaft CD: Tep = :—C Ty = 2(800.32) =1.33387x 10°Ib - in
B

_ 2T (2)(1.33387 x10°)
e’ 7(0.5)°

= 6.79 x 10°psi

7,5 = 408 ksi 4
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PROBLEM 3.76

Three shafts and four gears are used to form a gear train
that will transmit 7.5 kW from the motor at 4 to a
machine tool at . (Bearings for the shafts are omitted in
the sketch.) Knowing that the frequency of the motor is
30 Hz and that the allowable stress for each shaft is
60 MPa, determine the required diameter of each shaft.

SOLUTION

Shaft AB:

Shaft CD:

Shaft EF:

P=75kW=75x10°W 7,; = 60 MPa=60x10° Pa

3
Fip=30Hz Tp=—>t T3X10_ 35789N.m
2n fup 2m(30)
Tey 2T 5 2T
T=—=—— " Cip=—"
Jup  TCyp nT
Cis =%‘782)=422.17x10—9 m’
(60 x 10°)
cup = 7.50x107 m = 7.50 mm d 5 =2¢,5 =15.00mm <«
3
fCD=”—BfAB=ﬂ(30)=12Hz Tpp = P _T53X1Y g9 475N - m
e 150 onfepy  2m(12)
TCD=TCCD =—23T céD=2TCD = 2(99'4722 =1.05543x107% m*
Jep  megp nT (60 x 10”)
cep =10.18 10> m=10.18 mm dep =2¢op =20.4mm <
P 75x10°

=248.68 N -m

fEF:ifCD:ﬂ(lz)ZLLSHZ Tgp =
r 150

n 2nfyy 27 (4.8)

p= Lo o 2 DY) ) eg6510¢ m
Jer  megg (60 %< 10”)
cpr =13.82x107° m =13.82 mm dpp =25 =27.6mm <
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PROBLEM 3.77

Three shafts and four gears are used to form a gear train that will
transmit power from the motor at 4 to a machine tool at F. (Bearings
for the shafts are omitted in the sketch.) The diameter of each shaft is
as follows: d ;=16 mm, d ,=20mm, d; =28mm. Knowing
that the frequency of the motor is 24 Hz and that the allowable
shearing stress for each shaft is 75 MPa, determine the maximum
power that can be transmitted.

SOLUTION

7,,=75MPa =75 x 10° Pa

ShaftAB: 45 = ~dp=0008m =248 = 2
2 J 48 TTCyp
7. =23 7. =2(0.008) (75%10%= 60319 N
all _ECABTall _E( .008)" (75 x10%)= 60. ‘m
fip = 24Hz Py = 27f 5Ty =27(24)(60.319) = 9.10 x 10° W

Shaft CD: Cep = %dCD =0.010m

el _ 20 2T = (0.010) (75% 105 = 117.81N ‘m
Jep  Tegp 2 2

fop =L f =% (24)=9.6Hz Py =27 f Ty = 27(9.6)(117.81)=7.11x 10> W

Shaft EF: Cpp= %dEF =0.014m
T, = %cgﬂan = % (0.014)3 (75 % 10°) = 323.27 N :m

For="2 1= 0.6)=3 84 Hz
" 150

Py =27 [Ty =271(3.84)(323.27)=7.80x10° W

Maximum allowable power is the smallest value. Py=711x10°W =7.11kW <«
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PROBLEM 3.78

A 1.5-m-long solid steel of 48 mm diameter is to transmit 36 kW between a motor and a machine tool.
Determine the lowest speed at which the shaft can rotate, knowing that G = 77.2 GPa, that the maximum
shearing stress must not exceed 60 MPa, and the angle of twist must not exceed 2.5°.

SOLUTION

P=36x10°W, c=%d=0.024m, L=15m, G=772x10°Pa

Torque based on maximum stress: 7=60MPa =60 x 10° Pa
Tc JT 7 ; T 3 6 3
T=— T="-="¢c"7==(0.024)(60x10") =1.30288 x 10° N -m
J c 2 2
Torque based on twist angle: ¢=2.5°=43.633 %10 rad

Lo _Glp_ 7c*Gep  7(0.024)* (77 x10”)(43.633 x 107°)
GJ L 2L (2)(1.5)

=1.17033% 10N -m

(0:

Smaller torque governs, so 7'=1.17033x 10> N -m

P 36 x10°
22T 27m(1.17033 x 10%)

P=2xfT f

f=490Hz <
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PROBLEM 3.79

A 2.5-m-long steel shaft of 30-mm diameter rotates at a frequency of 30 Hz. Determine the maximum power
that the shaft can transmit, knowing that G = 77.2 GPa, that the allowable shearing stress is 50 MPa, and that
the angle of twist must not exceed 7.5°.

SOLUTION
czéd =15mm=0.015m L=25m
. 6 TC‘
Stress requirement. 7=50x10"Pa 7= 7
=% o703 2 E50x10°)0.015)° = 26507 N - m
c 2 2
Twist angle requirement. @ =75°=13090x10"rad G = 77.2x10°Pa
o= TL _ 2TL
GJ nGc*

T = %Gc“go - %(77.2 % 10°)(0.015)*(130.90 x 10) = 803.60 N - m

Smaller value of T is the maximum allowable torque.
T =26507N-m

Power transmitted at /=30 Hz.

P =27fT = 27(30)(265.07) = 49.96 x 10° W P =50.0kW <
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PROBLEM 3.80

A steel shaft must transmit 210 hp at a speed of 360 rpm. Knowing that G = 11.2 x 10° psi, design a solid
shaft so that the maximum shearing stress will not exceed 12 ksi, and the angle of twist in a 8.2-ft length must
not exceed 3°.

SOLUTION
Power: P = (210 hp)(6600 in - Ib/s/hp) =1.336 x 10° in - Ib/s
Angular speed: f =(360 rpm) I min. _ 6 Hz
60 sec
6
Torque: P _1386XM07 5665 4 10% Ib - in
2r f (27)(6)
Stress requirement: T =12ksi, 7= Ie =2—T3
7T
3
¢ = 2L = S/ DCCTEXN) _ H94in,
T 7(12x107)
Angle of twist requirement: @ =3°=5236x10"rad

L =82ft=984in.

o _TL _ 2TL
GJ  nGc*
3
e 2L _, (2)(36.762 x 10 )(98.4)_3 14077 in.
nGo 7(11.2x10°)(52.36 x107°)
The larger value is the required radius. ¢ =1.408 in.
d =2c d =2.82in. 4
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PROBLEM 3.81

The shaft-disk-belt arrangement shown is used to transmit 3 hp from
point 4 to point D. (a) Using an allowable shearing stress of 9500 psi,
determine the required speed of shaft AB. (b) Solve part a, assuming that
the diameters of shafts AB and CD are, respectively, 0.75 in. and 0.625 in.

SOLUTION
7=9500psi P =3hp = (3)(6600) = 19800 Ib - in/s
T = E = 2_T T = ECST
J 2

Allowable torques.

3
> _in. diameter shaft: c= iin., Ty = 3 (9500) = 455.41b - in
s 16 2\16
z(3Y
% -in. diameter shaft: c= %in., T, = ?(§) (9500)=786.91b-in
. rB
Statics: Ty =rg(l - F,) To=r(F-F) .
T, =L, = 1'41?55 T, = 0.25T, Te
e .
. F
(@)  Allowable torques. Ty =45541b-in T, =786.91b-in
Assume T, =78691b -in
Then Ty = (0.25)(786.9) = 196.731b - in < 455.41b - in (okay) "
[
P 19800

P=27fT  fun =7 fus =16.02Hz <

2T,  27(196.73)

()  Allowable torques. Ty =78691b-in T, =45541b-in
Assume T, =45541b-in
Then Ty = (0.25)(455.4) =113.851b -in < 786.91b - in
p 19800

P=27fT  fus =7 fus =272 Hz 4

7T,  27(113.85)
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PROBLEM 3.82

A 1.6-m-long tubular steel shaft of 42-mm outer diameter ¢, is to be
d, =42 mm dy made of a steel for which 7,;, = 75MPa and G = 77.2 GPa. Knowing
that the angle of twist must not exceed 4° when the shaft is subjected to a
— Yt torque of 900 N - m, determine the largest inner diameter d, that can be
specified in the design.

SOLUTION
¢ = %dl =0.02lm L=16m

Based on stress limit: 7 = 75MPa = 75 x 10° Pa

To . _Te _ (900)0.021)

- s 10° =252x10""m*
T X

Based on angle of twist limit: @ = 4° = 69.813 x 107> rad

L TL (900)(1.6)

== o J=== - — =267.88x10" m*
GJ Gp  (77x10°)(69.813x107)

4

Larger value for J governs. J =267.88x107m*

J =%(cl4—cg)

-9
¢ oot 22 oyt - D26T88X107)

T T

=23.943x 107 m*

¢, =12.44%x107° m = 12.44 mm dy, =2c, =249 mm <
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i PROBLEM 3.83

A 1.6-m-long tubular steel shaft (G = 77.2GPa) of 42-mm outer
d, = 42 mm dy diameter d; and 30-mm inner diameter d, is to transmit 120 kW between
a turbine and a generator. Knowing that the allowable shearing stress is
65 MPa and that the angle of twist must not exceed 3°, determine the
minimum frequency at which the shaft can rotate.

SOLUTION
1 1
¢ =—d =0.021m, ¢, =-d,=0015m
2 2
J="(ct-cf) = %(0.0214 ~0.015) = 225.97 x 10 m*

Based on stress limit: 7 = 65MPa = 65x 10° Pa

-9 6
T:& c T _JT _ (22597 x107)(65x10%) _ 69943 N - m
G 0.021

Based on angle of twist limit: ¢ = 3° = 52.36x10™ rad
L . _Glp _ (T % 107)(225.97 x 107°)(52.36 x 107)

¢ GJ L 1.6

=56940N - m
Smaller torque governs. T =569.40 N - m

P=120kW =120x10° W

P 120x10°

- f=335Hz 4
T 27(569.40)

P =2nfT so f=2

or 2010 rpm <«
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PROBLEM 3.84

Knowing that the stepped shaft shown transmits a torque of magnitude
T = 2.50kip - in., determine the maximum shearing stress in the shaft

when the radius of the fillet is (a) r = %in., b) r= lisin.

SOLUTION
D =2in. d =1.5in. 2=i=1.33
d 15
c= %d = 0.751n. T =25kip-in
Te _ 2—T3 = —(2)(2'5)3 = 3.773 ksi
J e 7(0.75)
1. .
(a) r= gm. r =0.1251n.
r_0125 0833
d 1.5
From Fig. 3.32, K =142
Tc .
Toax = K7 = (1.42)(3.773) Toax = 5.36 ksi 4
3. .
(b) r=—in. 7 = 0.18751n.
16
r _ 01875 _ 0.125
d 1.5
From Fig. 3.32, K =133
Tc .
Toax = K7 = (1.33)(3.773) T = 5.02ksi d
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PROBLEM 3.85

Knowing that the allowable shearing stress is 8 ksi for the stepped shaft
shown, determine the magnitude 7 of the largest torque that can be

transmitted by the shaft when the radius of the fillet is (a) r=% in.,
b) r :% in.

SOLUTION
D=2in. d=15in. 2:1.33
d
1 . .
c= Ed =0.751n. Tax = S ksi
Tc JT T,
7. =K— or T = Zfmax _ Pmax>
e J Kc 2K
3. .
(a) r=—in. r = 0.18751n.
16
r _ 01875 _ 0.125
d 1.5
From Fig. 3.32, K =133
3
r = Z&OT) T =3.99 kip - in 4
(2)(1.33)
1. .
b)) r= ) in. r = 0.25 in.
2025 _ 1667
d 15
From Fig. 3.32, K =1.27

I 7(8)(0.75)°
T (2)1.27)

T =4.17 kip - in <
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PROBLEM 3.86

The stepped shaft shown must transmit 40 kW at a speed of 720 rpm.
Determine the minimum radius » of the fillet if an allowable stress of
36 MPa is not to be exceeded.

SOLUTION
Angular speed: f = (720 rpm) _Hz =12 Hz
60 rpm
Power: P =40x10°W
3
Torque: = P = 4010 =530.52N -m
2 f 27(12)

In the smaller shaft, d = 45mm, ¢ = 22.5mm = 0.0225m

_Te _ 2T _ (D(33052) _ 59 oo 106 pa

J md 7(0.0225)°

Using 7, = 36 MPa = 36 x 10° Pa results in

ax

6
K = Tm o SO0y 5y
T 29.65%10
From Fig 332 with 2 = 20M™ _ 5 I _ (24
d 45mm d
r =024d = (0.24)(45 mm) r =10.8 mm <
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PROBLEM 3.87

The stepped shaft shown must transmit 45 kW. Knowing that the allowable
shearing stress in the shaft is 40 MPa and that the radius of the fillet is
r = 6 mm, determine the smallest permissible speed of the shaft.

SOLUTION

From Fig. 3.32,

For smaller side,

o0 oo
d 30
D _ 60
d 30
K =126

c:%d=15mm=0.015m

KTc 2KT
T= =

J B 7’
3 3 6
r =%t _ 7O E0XI0T) _ 68 30N . 1
2K (2)1.26)
P =45kW = 45x10° P =27/T
3
/e P 45%10 - 426 Hz f =42.6Hz <4

22T 27(168.30 x 10°)
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PROBLEM 3.88

The stepped shaft shown must rotate at a frequency of 50 Hz. Knowing that
the radius of the fillet is » = 8 mm and the allowable shearing stress is 45
MPa, determine the maximum power that can be transmitted.

SOLUTION
KTe 2KT et
T = = 3 T =
J e 2K
d=30mm c :%d =15mm =15x10"m
D =60mm, r=8mm
D_60 5 3 26667
d 30 d 30
From Fig. 3.32, K =1.18
-3\3 6
Allowable torque. T = (15 X 1077)7(45 < 107) =202.17N-m
(2)(1.18)
Maximum power. P =2rfT = (27)(50)(202.17) = 63.5 X 10°wW P =635kW <«
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Full quarter-circular fillet
extends to edge of larger shaft.

PROBLEM 3.89

In the stepped shaft shown, which has a full quarter-circular fillet, D = 1.25 in.
and d=1in. Knowing that the speed of the shaft is
2400 rpm and that the allowable shearing stress is 7500 psi, determine the
maximum power that can be transmitted by the shaft.

SOLUTION

From Fig. 3.32,

For smaller side,

=—=125

D _1.25
d 10

= %(D —d) =0.15 in.

0.15

o2 015
d 1.0
K =131
1 .
c=—d =0.5In.
2
KTc Jr  nc’r
T = Ir'=—2=
J Kc 2K
3
7 = 2O G300 _ 4 4541410 1b - in

(2)1.31)
f =2400 rpm = 40 Hz
P =2xfT = 27(40)(1.1241 x 10°)

=282.5x10°1b - in/s P=428hp <
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PROBLEM 3.90

=Lp-da

S

Full quarter-circular fillet
extends to edge of larger shaft.

A torque of magnitude 7 = 200 Ib - in. is applied to the stepped shaft shown,
which has a full quarter-circular fillet. Knowing that D = 1in., determine the
maximum shearing stress in the shaft when (a) d = 0.8 in., (b) d = 0.9 in.

SOLUTION
@ 2-19_y5s
d 08
r= l(D—a?) =0.11in.
2
LAY
d
From Fig. 3.32, K =1.31
For smaller side, c= %d =04 in.
KTe 2KT
T = =
J e
_ (2)(1.31)(200)
7(0.4)°
(b) b = 10 =1.111
d 09
r= %(D —-d)=0.05
r 2005 05
d
From Fig. 3.32, K =144

For smaller side, c= %d = 0.45 in.

- _ 2KT _ (2)(1.44)(200)

= 2.61x10° psi 7 =261ksi 4

=2.01x10% psi 7 =2.01ksi 4

p o 7(0.45)
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PROBLEM 3.91

In the stepped shaft shown, which has a full quarter-circular fillet, the
allowable shearing stress is 80 MPa. Knowing that D = 30 mm, determine
the largest allowable torque that can be applied to the shaft if
(a) d =26 mm, (b) d = 24 mm.

Full quarter-circular fillet
extends to edge of larger shaft

SOLUTION
7 =80x10°Pa
@ 2-3C_11ss r-lo—ay=2mm L=2 00768
d 26 2 d 26
From Fig. 3.32, K =1.36
Smaller side, c= %d =13mm = 0.013m
KTc  2KT
T = = 3
J 7c
3 3 6
T:ﬂ'clez'(O.OB)(SOXlO)2203N.m T—203N-m 4
2K (2)(1.36)
w 2-39_155 -ty =zmm -3 0025
d 24 2 24
From Fig. 3.32, K =1.31

c=%d=12mm=0.012m

_z’t m(0.012)*(80 x 10%)
2K (2)(1.31)

T =1658 N-m 7 =1658N-m «
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PROBLEM 3.92

A 30-mm diameter solid rod is made of an elastoplastic material with 7, = 3.5 MPa. Knowing that the elastic
core of the rod is 25 mm in diameter, determine the magnitude of the applied torque T.

SOLUTION

');,: EMPA
L ¥

301-» z;T N Tﬁ'”z""”' <= A
l l" LLASTIC CORE

7y =3.5x10°Pa, ¢ = l(30 mm) = 15mm = 0.015m
2

Py = %(25 mm) = 12.5mm = 0.0125m

T, =Le, = Zr, = Z(0.0157(3.5x10°) = 18.555N - m
c 2 2
3 3
T=27|1- 20| 2 2(18.555)1 - LU
3 )3 (0.015)
-=212N-m T=212N-m 4
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PROBLEM 3.93

The solid circular shaft shown is made of a steel that is assumed to be
elastoplastic with 7, = 21ksi. Determine the magnitude 7 of the

applied torques when the plastic zone is (@) 0.8 in. deep, (b) 1.2 in. deep.

SOLUTION
7y = 2lksi
TY = ﬂ = TY£c3
C

=(mkm%05mf

Ty =111.3kip - in

7)‘, 2= DEP7H OF PLASTIC ZONE
Bk <= 1Stk
Edyc PY
CcoRk

(@) Fort=08in. p, =1.5-0.8=0.7in.

Eq. (3.32)

4 1 p3
T=—-T,1--2L]|=
3Y[ 48}

(b) Fort=1.2in.

3

%(111.3 kip - in)[l -

4 1pi| 4 .
T=—T,|1-—"L|=—(111.3kip-in)|1
Y|: 403i| 3( p )|:

1(07iny’
4 (1.5in)?

T =144.7kip - in 4

py =15-12=03in.

_ 1(03in)’
4 (1.5 in.)?

T =148.1kip - in «
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’\/ PROBLEM 3.94

¢ =32mm T The solid circular shaft shown is made of a steel that is assumed to be
elastoplastic with 7, = 145 MPa. Determine the magnitude T of the
T ﬁ applied torques when the plastic zone is (a) 16 mm deep, (b) 24 mm
/) deep.
SOLUTION

¢ =32mm = 0.032 m
7y = 145x10°Pa
_Jry 7

T, =20 = Z3r, = Z(0.032)3 (145 x 109
c 2 2

=7.4634%10°N - m

(a) tp =16mm=0.016m
Py =c—1p,=0.032-0.016=0.016m

3 3
r=2r 12120 |28 7 463axi0h) 1- L 2016
3 4¢) 3 40.032°

=9.6402x10°N - m T=964kN-m <4

()  tp=24mm=0024m
Py =c—tp=0032—0.024 = 0.008 m

3 3
r=2n1-120 | 224634 x10%)| 1 - 12008
3 453 40.032

=99123x10°N-m T =991kN -m <
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PROBLEM 3.95

The solid shaft shown is made of a mild steel that is assumed to be
elastoplastic with G =11.2x10°psi and 7, = 21ksi. Determine the
maximum shearing stress and the radius of the elastic core caused by the
application of torque of magnitude () T =100 kip - in.,
(b) T =140 kip - in.

SOLUTION
c=15in, J= %c“ = 7.9522in*, 7, = 21ksi

(@) T =100kip -in

_ Tc _ (100 kip - in)(1.5in.)

; A 7, =18.86 ksi 4
J 7.9522 in

Since 7,, < 7y, shaft remains elastic.
Radius of elastic core: ¢ =1500in. 4

(b) T =140kip - in

= 440d-5) _ 26.4ksi. Impossible: 7,, = 7, = 21.0 ksi 4
7.9522
. o J 7.9522 . L
Plastic zone has developed. Torque at onset of yieldis 7, = —7, = (21ksi) =111.33kip - in

c 1.5

4 1 p3
Eq.(3.32): T=-T,|1--£L
q( ) 3Y£ 403]

3
(&j -3l 4310 00743 P _ 06104
c T, 11133 ¢

Py = 0.6104c = 0.6104(1.51in.) Py =0916in. 4
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PROBLEM 3.96

It is observed that a straightened paper clip can be twisted through several revolutions by the application of a
torque of approximately 60 mN - m. Knowing that the diameter of the wire in the paper clip is 0.9 mm,
determine the approximate value of the yield stress of the steel.

SOLUTION

c =%d =0.45mm = 0.45x 10" m

T, =60mN-m=60x10°N-m

4 4 Jrt 4 & 2
T, = —T, :——YZ—'—CST :_CST
PTRTR T T3t v Ty
-3
g, = ole . _OOO0XI0T) 514 q06p, 7, =314 MPa <

T2 27 (045% 107
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PROBLEM 3.97

The solid shaft shown is made of a mild steel that is assumed to be
elastoplastic with 7, = 145MPa. Determine the radius of the elastic core
caused by the application of a torque equal to 1.1 Ty, where Ty is the
magnitude of the torque at the onset of yield.

30 mm

SOLUTION

1 4 ’
c=—d=15mm T =-1T, 1—[&]
2 3 c

Pr _ 44— 3T1 = J4 - (3)(1.1) = 0.88790

¢ Y

Py = 0.88790¢ = (0.88790)(15 mm) Py =13.32mm <«
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PROBLEM 3.98

For the solid circular shaft of Prob. 3.95, determine the angle of twist caused
by the application of a torque of magnitude (a) 7T = 80Kkip - in.,
() T =130kip - in.

SOLUTION
1 1 . 3 .
c=—d=—03)=15in. 7y =21 x 10 psi
27 2
L=4ft=48in. J = %04 = %(1.5)4 =7.9522 in*
Torque at onset of yielding: 7 = % T = s
C
3
1, = ol _ @IX10009522) _ 1y 3305 10°b - in
c 1.5
(@) T =80kip-in=80x10°1b-in
. . . TL
Since T < Ty, the shaft is fully elastic. ¢ = —
GJ
3
- OIOES 43 115%107 rad =247 4
(11.2 x10°)(7.9522)
4 3
(b) T =130kip-in =130x10°lb-in T >7, T =§TY!1—(&] }
S ®
3
@y = I _ (11330 >6< 109G _ 60,000 10 rad
GJ  (11.2x10°)(7.9522)
3
Py 3L :i/4_w = 0.79205
P T, 111.330x 10
-3
p=_— B S0000XI07 _ 555 10 rad 0 = 434° <
0.79205 0.79205
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PROBLEM 3.99

The solid shaft shown is made of a mild steel that is assumed to be
elastoplastic with G = 77.2 GPa and 7, = 145 MPa. Determine the angle
of twist caused by the application of a torque of magnitude (a)
T =600N-m, (b) T =1000 N - m.

.v

30 mm

SOLUTION

¢ =%d =15mm=15x 107 m

Torque at onset of yielding: T= % = 2_T3
zc
7ty m15x107°)°(145 % 10%)
Iy === > =768.71N - m

(@ T =600N-m. Since T < Ty, the shaft is elastic.

_TL _ 2TL (2)(600)(1.2)

= - = =0.11728 rad =6.72° 4
?=6r T 7 (15 x107)%(77.2 x 10%) ¢

(b)) T =1000N - m. T > Ty, A plastic zone has developed.

so-(3]] 3e-f)

gy = ok 2L @UESTHED 15006 rag
GJ _ 7*'G 2(5x 107 (772x10%)

Pr _slq— B0 _ 46003
p 768.71
¢ =

gy _ 015026
0.46003  0.46003

= 0.32663 rad p=1871° 4
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PROBLEM 3.100

A 3-ft-long solid shaft has a diameter of 2.5 in. and is made of a mild steel that is assumed to be elastoplastic
with 7, = 21ksi and G =11.2x 10®psi. Determine the torque required to twist the shaft through an angle of
(a) 2.5°, (b) 5°.

SOLUTION
L=3ft=36in,, c= %d =125in, 7, = 21x10° psi
J =" = 2125 = 3835 in*
2 2
3
g = e p It BEDCIXAO) ) 4rr 101 - in
J c 1.25
3
gy = ok _ (4927X100B0) _ 53 999 110 rad = 3.0939°
GJ  (11.2x10°)(3.835)
(@) @ =2.5°=43.633x10"rad o <@y The shaft remains elastic.
oo L
GJ
;o Glo _(12x 10°)(3.835)(43.633 x 107)
L 36
=52.059x10°Ib - in T =52.1kip-in <

(b)) @ =5°=287.266x% 10~ rad 0> @y A plastic zone occurs.

3
r=drli-1e
3 4\ ¢
_3 3
1(53.999><10 ]

= i(64.427 x10H|1 - — 5
3 4 87.266 x 10~

=80.814x10°1b - in T =80.8 kip - in 4
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PROBLEM 3.101

For the solid shaft of Prob. 3.99, determine (a) the magnitude of the torque T
required to twist the shaft through an angle of 15°, (b) the radius of the
corresponding elastic core.

e PROBLEM 3.99 The solid shaft shown is made of a mild steel that is
B assumed to be elastoplastic with G =77.2GPa and 7, =145 MPa.

\f Determine the angle of twist caused by the application of a torque of
30 mm magnitude (a) T =600 N - m, (b) T =1000 N - m.

SOLUTION

c=%d=15mm=15><10_3m

@ =15°=0.2618 rad
Ly, Lty  (1.2)145%x10%

= cG  (15%x107°)(77.2x10%)
(@) Since ¢ > @y, there is a plastic zone.
Tyc 2T
T = =
Y J e
7’t,  m15x107)%(145 % 10°)
2 2
4 1o, Y| 4 1(0.15026 Y’
T=2T1-~| 2| | = 2(768.71) 1——('—]
3 4\ ¢ 3 4\ 0.2618
=976.5N - m T=977N-m <«
B) Ly = pyp = coy
-3
py =00 = U5x107)(0.13026) _ ¢ 6151073 m Py =8.61 mm <

P 0.2618
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PROBLEM 3.102

The shaft 4B is made of a material that is elastoplastic with
7, = 12ksi and G = 4.5 x 10° psi. For the loading shown, determine
(a) the radius of the elastic core of the shaft, (b) the angle of twist at
end B.

SOLUTION

(a)

()

Radius of elastic core.

¢ = 0.5in. 7y =12 x10% psi
JTY VK T 3 3
T, =L ==, = =(0.5°(12%x10°)
c 2 2
= 2356.21b - in

T =25601b-in>T, (plastic region with elastic core)

3

4 1p
T=271,]1--21
3Y( 4c3j

3
p_Y3= 4 3T _ 4 _3E560) _ 54051
c T, 2356.2
Py _ 0.9047 py = (0.9047)(0.5) py = 0.452in. <
C

Angle of twist.

L=64ft=768in. G =4.5x10°psi

Tyl 2TyL  (2)(2356.2)(76.8)
JG  mc*'G m(0.5)*(4.5%x10%

Dy = 0.4096 radians

Py _ Pr Q= e _ 0.4096 = 0.4527 radians

¢ ¢ py 09047

@ =259 4
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PROBLEM 3.103

A 1.25-in.-diameter solid circular shaft is made of a material that is assumed to be elastoplastic with
Ty = 18ksi and G =11.2 X 10%psi. For an 8-ft length of the shaft, determine the maximum shearing stress
and the angle of twist caused by a 7.5 kip - in. torque.

SOLUTION
= %d = 0.625in, G =112x10°psi, 7, = 18 ksi=18000 psi
L=8ft=96in. T=75kip in=7.5x10°lb-in
T, = gc%y - %(0.625)3(18000) = 6.9029x 10°Ib - in
C
T > Ty : plastic region with elastic core .. 7., = 7y = 18ksi Toax = 18 ksi 4
yp =0 g 2t (LT OOU8000) 6665107 rad
L ¢ ¢G  (0.625)(11.2x10%
3
T = —Ty[l —lq’Y]
4o
L S ! — = 1.10533
Py 3J4_3T i/4_ ()(7.5x10%)
Iy 6.9029 x 10°
@ = 1.10533p, = (1.10533)(246.86 x 10~) = 272.86 x 107 rad 0 =15.63° 4
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PROBLEM 3.104

A 18-mm-diameter solid circular shaft is made of a material that is assumed to be elastoplastic with
7y = 145MPa and G = 77GPa. For a 1.2-m length of the shaft, determine the maximum shearing stress and

the angle of twist caused by a 200 N - m torque.

SOLUTION

TY=145><106Pa, c=%d=0.009m, L=12m, T=200N-m

T, =75 - 2o~ % (0.009)(145 % 10°) = 166.04 N - m
c 2 2
T > Ty (plastic region with elastic core) T..x = Ty = 145MPa 4
oy = LL_2hL _ (2)A6604)1.2) 251.08 x 107> radians

GJ G 7(0.009)*(77 x 10°)

3
r=2r, —l%
3 4 ¢y

3
Py :4_£=4_w=0,3g641 Py _ 072837
0 T, 166.04 P

p  251.08x107°

- = = 344.7 x 107> radians
0.72837 0.72837

4

9 =19.75° 4
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PROBLEM 3.105

A solid circular rod is made of a material that is assumed to be elastoplastic. Denoting by 7, and ¢y,
respectively, the torque and the angle of twist at the onset of yield, determine the angle of twist if the torque is
increasedto (a) T =1.1Ty, (b) T =125Ty, (¢) T =13 Ty.

SOLUTION
3
T:iTYl lqo%
3 4 ¢
L R T !
o Y Py 34_£
TY
T Q 1
@) —=110 - _112 =1.126 9, €
@ 7 oy Y- 3)10) Y o
T (1) 1
py —=125 Lo __ =  _1s87 =1.587 9, €
@7 o JA- 0029 Y %
© L-13 21 _5s 9=2150, 4

Ty oy 34-03)(1.3)
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The hollow shaft shown is made of a steel that is assumed to be
elastoplastic with 7, = 145MPa and G = 77.2 GPa. Determine
the magnitude 7 of the torque and the corresponding angle of twist
(a) at the onset of yield, (b) when the plastic zone is 10 mm deep.

/ PROBLEM 3.106
2\,

60 mm

25 mm

SOLUTION

(a)  Atthe onset of yield, the stress distribution is the elastic distribution with 7., = 7.
1 1
cy = Edz =0.030m, ¢ = Edl =0.0125m

J=2(c4 - ) = 2(0.030* - 0.0125%) = 12340 x 10" m*
2 2

-6 6
f g - Tye, . I - Jry _ (12340 10°) 145 x10%) _ (g o5
J ¢ 0.030
Ty = 5.96kN-m <
3
gy = ok oG8N _ 313 0410 rad oy = 17.94° <
GJ  (77.2x107)(2.2340107°)
(b) t =0.010m Py =c, —t=0.030-0.010 = 0.020 m
PP _PP_ ., v
L L TG
6
2 (o Xlgo 0O _ 469,56 %10 rad 0 =269 4
Gpy  (77.2x10°)(0.020)
Torque T carried by elastic portion: q<p<py
_ _ _ Lipy _z 4
T =71y at p = py. Ty _Tl where JI_E(pY_cl)

J, =§(0.ozo4 —0.0125%)=212.978%10™° m*

ity (212.978x1077)(145%10°)
Py 0.020

T; =1.5441x10°N-m
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PROBLEM 3.106 (Continued)

Torque T carried by plastic portion:
P’ ¢ o
n = 2”.[,;@/72‘{/7 = 2”TYT Z_TY(Cg —/7;)

3
Py

= 2?”(145 % 10%)(0.030° — 0.020%) = 5.7701x 10> N - m
Total torque:

T=T+T, =15541x10° + 57701 x 10* = 7.3142x 10*N - m

T =731kN -m <«
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60 mm

25 mm

PROBLEM 3.107

For the shaft of Prob. 3.106, determine (a) angle of twist at which
the section first becomes fully plastic, (b) the corresponding
magnitude 7T of the applied torque. Sketch the 7 — ¢ curve for the

shaft.

PROBLEM 3.106 The hollow shaft shown is made of a steel that
is assumed to be elastoplastic with 7, =145MPa and
G = 77.2 GPa. Determine the magnitude T of the torque and the
corresponding angle of twist (a) at the onset of yield, (5) when the
plastic zone is 10 mm deep.

SOLUTION

q = ld1 =0.0125m
2

¢, = %dz =0.030m

(a)  For onset of fully plastic yielding, p, = ¢

=T L Y= o=

Lr,  (25)(145x10%

T _ PP _ap

L

=751.295x 10 rad

r =

3|2

b T,= 27er2 ,p'dp=2r1, %

oG (0.0125)(77.2x109)

=%”Ty(c; ~a)

B

= %”(145 % 10%)(0.030° — 0.0125%) = 7.606 x 10> N - m

From Prob. 3.101, @y =17.94° Ty =596 kN - m
Also from Prob. 3.101, @ =269° T =731kN -m
Plot T vs ¢ using the following data. 8 ]
@, deg 1 Gon, 7.2 (#3.0,7.61)
’ 0] 17.94 26.9 43.0 >43.0 ‘ ¢
T . (\1.44, 5.9¢)
KN-w
TIN-mi o 596 | 731 | 761 | 761 ‘ 5
3
z
I
0 /Io> Z.b" f? slo‘s '-f'o° .{lo"

o, = 43.0° <

T, = 7.61kN-m <«
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PROBLEM 3.108

A steel rod is machined to the shape shown to form a tapered solid shaft to which
torques of magnitude 7 = 75kip -in. are applied. Assuming the steel to be
elastoplastic with 7, = 21ksi and G =11.2 % 10° psi, determine (a) the radius of the
elastic core in portion 4B of the shaft, (o) the length of portion CD that remains fully
elastic.

SOLUTION
(a) Inportion 4B. c= %d =1.251n.
T, = JABTTY - gc%y - %(1.25)3(21 x10%) = 64.427 x10°Ib - in

3
Pr oy 3T :i/4_m = 0.79775
c Ty 64.427 x 10
Py = 0.79775¢ = (0.79775)(1.25) = 0.99718 in. Py =0.997 in. <4

b)  For yielding at point C. T=1,, c=c, T=75x10°Ib-in
( ¥

Using proportions from the sketch,

L .25

: 1314494 W 1

I 1 Sin.
| A

b so !

!

150 -1.31494 _ x x =3.70 in.

1.50 -1.25 5
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PROBLEM 3.109

If the torques applied to the tapered shaft of Prob. 3.108 are slowly increased,
determine (a) the magnitude 7T of the largest torques that can be applied to the shaft,
(b) the length of the portion CD that remains fully elastic.

PROBLEM 3.108 A steel rod is machined to the shape shown to form a tapered solid
shaft to which torques of magnitude 7 = 75 kip - in. are applied. Assuming the steel
to be elastoplastic with 7, =21ksi and G =11.2x10%psi, determine
(a) the radius of the elastic core in portion 4B of the shaft, (b) the length of portion
CD that remains fully elastic.

SOLUTION
(a) The largest torque that may be applied is that which makes portion 4B fully plastic.

In portion 4B, c= %d =1.251n.

T, =20 o %o Z 1250021 x10%) = 64427 x 10° Ib - in
c 2 2
3
For fully plastic shaft, py =0 T = iTY - lp—g = iT
3 4 c 3
T = %(64.427 x10%) = 85.903x10° Ib - in T =859kip-in «

(b) ForyieldingatpointC, 7 =7y, c=c T =85.903x10%1b - in

X°

o Te_ 2T
! J, ﬂci
3
¢, = 3| 2L _ ,[@B5903 X310 ) = 1.37580 in.
Ty (21x107%)
Using proportions from the sketch,
| las
|
1
| LL375g0 Sin,
( t
| X
{ .50 4

150 —1.37580 _ x r 24810, 4

1.50 —1.25 5
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7 (ksi)

16
12

8
4

PROBLEM 3.110

A hollow shaft of outer and inner diameters respectively equal to 0.6 in.
and 0.2 in. is fabricated from an aluminum alloy for which the stress-
strain diagram is given in the diagram shown. Determine the torque
required to twist a 9-in. length of the shaft through 10°.

0 0.0020.004 0.006 0.008 0.010 -y

SOLUTION

Let

where the integral / is given by

@ =10°=174.53x 107 rad
2 2

_ e _ (0.300)(174.53x107)

Tox =2 5 = 0.00582
-3
oGP (0.100)(174.53x107) _ (000
L 9
o7 P a_l
ymax (%) S) 3

c 1
T=27rj zpzrdpzzircgj. Zrdz=2nc; 1

Ly
Izj z°Tdz
13

Evaluate / using a method of numerical integration. If Simpson’s rule is used, the integration formula is

I =32wz27

where w is a weighting factor. Using Az =L, we get the values given in the table below.

z y 7, ksi 227, ksi w wz’z, ksi
1/3 0.00194 8.0 0.89 1 0.89
12 0.00291 10.0 2.50 4 10.00
2/3 0.00383 11.5 5.11 2 10.22
5/6 0.00485 13.0 9.03 4 36.11
1 0.00582 14.0 14.0 1 14.00
71.22 —3Zwz’r
1= WOUOL2D) 564
T = 27es] = 272(0.300)°(3.96) = 0.671 kip - in T =6711b-in <

Note: Answer may differ slightly due to differences of opinion in reading the stress-strain curve.
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7 (ksi) PROBLEM 3.111
16
14 T i Using the stress-strain diagram shown, determine (a) the torque that
o b causes a maximum shearing stress of 15 ksi in a 0.8-in.-diameter solid
b rod, (b) the corresponding angle of twist in a 20-in. length of the rod.
4 P
L

0 0.0020.004 0.006 0.008 0.010

SOLUTION
(@)  Tpu =15 ksi c= %d = 0.400 in.
From the stress-strain diagram,  %,,,, = 0.008

Let z=—""==
Vimax ¢

c 1
T= 27zj0 p*rdp=27c j Frdz=27c]

1
where the integral / is given by 1= j 2t dz
0

Evaluate / using a method of numerical integration. If Simpson’s rule is used, the integration formula is

=252
3
where w is a weighting factor. Using Az = 0.25, we get the values given in the table below.
z y 7, ksi 227, ksi w wz’z, ksi
0 0.000 0 0.000 1 0.00
0.25 0.002 8 0.500 4 2.00
0.5 0.004 12 3.000 2 6.00
0.75 0.006 14 7.875 4 31.50
1.0 0.008 15 15.000 1 15.00
54.50 ——Iwz’t
;= 025)(5450) _ o
3
T =271 = 27(0.400)°(4.54) T =1.826 kip - in «
cp
(b) Vmax = T
o= Ll _ QOO008) _ 406103 rad @ =229 4
c 0.400

Note: Answers may differ slightly due to differences of opinion in reading the stress-strain curve.
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\

PROBLEM 3.112

d =50 mm

A 50-mm-diameter cylinder is made of a brass for which the stress-

7 (MPa) ;\ /,‘ strain diagram is as shown. Knowing that the angle of twist is 5° in a
T L/725 mm 725-mm length, determine by approximate means the magnitude 7' of
100 — torque applied to the shaft
80 >
60 [ !
40 i
20 -~ i
0 0001 0002 0,003 ¥
SOLUTION

@ =5°=87266x10"rad ¢ = %d =0.025m, L =0.725m

cp _ (0.025)(87.266 X 10™)

Vs = = 0.00301
L 0.725

Let =L =P
7max ¢

c 1 1
T= 27[!0 prdp =2nc’ IO z*tdz =2mc’ ] where the integral I is given by / = L 22rdz

Evaluate I using a method of numerical integration. If Simpson’s rule is used, the integration formula is

I = Eszz’r
3
where w is a weighting factor. Using Az = 0.25, we get the values given in the table below.
- y 7, MPa 2’7, MPa W wz*r, MPa
0 0 0 0 1 0
0.25 0.00075 30 1.875 4 7.5
0.5 0.0015 55 13.75 2 27.5
0.75 0.00226 75 42.19 4 168.75 « Swit
1.0 0.00301 80 80 1 80 — 18375 % 10° Pa
283.75
6
I (0.25)(2833.75><10 ) 23655 10 Pa
T = 27cT = 27(0.025)°(23.65 x 10°) = 2.32 x10° N - m T =232kN-m <«
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PROBLEM 3.113

Three points on the nonlinear stress-strain diagram used in Prob. 3.112 are (0,0), (0.0015,55 MPa), and
(0.003,80 MPa). By fitting the polynomial 7 = A+ By + Cy* through these points, the following
approximate relation has been obtained.

T =46.7x10°y — 6.67 x10?y?
Solve Prob. 3.113 using this relation, Eq. (3.2), and Eq. (3.26).
PROBLEM 3.112 A 50-mm diameter cylinder is made of a brass for which the stress-strain diagram is as

shown. Knowing that the angle of twist is 5° in a 725-mm length, determine by approximate means the
magnitude 7 of torque applied to the shaft.

SOLUTION
@ =5°=87266x10"rad, ¢ = %d =0.025m, L =0.725m

yo (0.025)(87.266 x 107)
mer 0.725

=3.009x 1073

71’1’18.)( c
¢ 2 32
T =27r.|.0 pTdp=2rc J-Oz 7dz
The given stress-strain curve is
T=A+By+Cy* = A+By, z+Cy2. 2*

1
T=2ﬂ'c3J-022(A+B}/maxz+C}/§mzz)dz
_ 3 ) I, Uy
=2rc {Ajoz dz+B7/maxJ.OZ dz+C7r2naXJ-Oz dz}
1 1 1
=27c*{=A+-By,, +-C
{3 4 7/1’1’121)( 5 yrznax}
Data: A=0, B=467x%x10", C=-6.67x10"

—A=0, lBymax = %(46.7>< 10%)(3.009 x 107%) = 35.13 x 10°

4
%c;ﬁm = —%(6.67 % 10'%)(3.009 x 107)? = —12.08 x 10°

T = 27(0.025)°(0 + (35.13x10° —=12.08 x10*) = 2.26 x10° N - m T =226kN-m<
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‘ PROBLEM 3.114
C T
1.2in.~ The solid circular drill rod 4B is made of a steel that is assumed to be elastoplastic

with 7, = 22ksi and G =11.2x 10° psi. Knowing that a torque 7 = 75kip - in. is
applied to the rod and then removed, determine the maximum residual shearing stress
in the rod.
SOLUTION
¢ =121in. L =35 ft = 420 in.
J="c =% 12)* =3.2572 in®
2 2
1, = L% B257DQ2) _ 59 715145 . in
c 1.2
Loading: T =75kip - in
+ 1oy
T==T|1--£L
3 YL 4 c3]
3
£r - 430 _ 4O _ 55513
c Ty 59.715
Pr_ 0.61458, Py = 0.61458¢ = 0.73749 in.
c
. Tp .
Unloading: 7 = — where T =75kip - in
At p=c r’=m=27.63ksi
3.2572
(75)(0.73749) .
At p = =——"" 2 =16.98ksi
p=pr 3.2572
Residual: Tos = Tioad — T
At p=c Toes = 22 — 27.63 = =5.63 ksi
At p = py Tres = 22 —16.98 = 5.02 ksi

maximum 7,,, = 5.63 ksi 4
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PROBLEM 3.115

Q‘_—VT
1.2in. Tn Prob. 3.114, determine the permanent angle of twist of the rod.

PROBLEM 3.114 The solid circular drill rod 4B is made of steel that is assumed to
be elastoplastic with 7, =22ksi and G =11.2x 10° psi. Knowing that a torque
T = 75kip - in. is applied to the rod and then removed, determine the maximum
residual shearing stress in the rod.

SOLUTION
From the solution to Prob. 3.114,
c=12in.
J =3.2572 in*
Pr _0.61458
c

py = 0.73749 in.

PP . oLV Il It 354 -420in

After loading, y=— . =—=
L P Py PG
3
i = —220@2X10) 1865 rad = 64.09°
(0.73749)(11.2 x 10°)
. . , TL . 3
During unloading, ¢ = o7 (elastic) T =5%x10°N-m

, (75 x10%)(420)

= - = 0.86347 rad = 49.47°
(11.2 x10°)(3.2572)

Permanent angle of twist.

Poerm = Ploaa — ¢ = 1.11865 — 0.86347 = 0.25518 9 =14.62° 4
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PROBLEM 3.116

The solid shaft shown is made of a steel that is assumed to be
elastoplastic with 7, =145MPa and G = 77.2 GPa. The torque is
increased in magnitude until the shaft has been twisted through 6°; the
torque is then removed. Determine (a) the magnitude and location of the
maximum residual shearing stress, (b) the permanent angle of twist.

16 mm

SOLUTION
c=0016m ¢@=6=10472x10"rad
-3
y (0.016)(104.72x107) _ 2o

L 0.6

6
7y =L = &109 = 0.0018782
G 772x10

Py _ ¥y _ 00018

- - = 0.67260
¢ Vo  0.0027925

J = %64 = %(0.016)4 = 102.944 x 10°m*

r, =% _ gc%y - %(0.016)3(145 x10°) = 932.93 N - m

c

3
Atend of loading. 7,4 = iTY( -~ %&] = %932.93){1 - %(0.67433)3} =1.14855x10° N - m

3 &
Unloading: elastic T’ =1.14855%x10° N - m
’ 3
Atp=c p = Te_ (11485510 )(0;9016) =178.52x10°Pa
J 102.944 x 10
Tc py 6 6
At p = py 7= s (178.52 x 10°)(0.67433) = 120.38 x 10° Pa
C
’ 3
g =T o QUESXION00 __ g671 5102 1aq = 4.97°
GJ  (77.2x10°)(102.944 x107)

M: Tres = Tload — v (operm = Poad ~ ¢’

(@) Atp=c 7. =145x10° —178.52 x10° = —33.52 x 10° Pa 7. = —33.5MPa
At p = py 7. =145x10° —120.38 x 10° = 24.62 x 10° Pa 7. = 24.6 MPa
Maximum residual stress: 33.5MPaat p =16 mm <«

(B)  Pperm = 104.72x107° —86.71x 107> = 17.78 x 10 rad Dperm = 1.032° 4
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PROBLEM 3.117

After the solid shaft of Prob. 3.116 has been loaded and unloaded as
described in that problem, a torque T, of sense opposite to the original
torque T is applied to the shaft. Assuming no change in the value of ¢,
determine the angle of twist ¢, for which yield is initiated in this second
loading and compare it with the angle ¢, for which the shaft started to
yield in the original loading.

PROBLEM 3.116 The solid shaft shown is made of a steel that is
assumed to be elastoplastic with 7, =145MPa and G = 77.2 GPa.
16:mm The torque is increased in magnitude until the shaft has been twisted
through 6°; the torque is then removed. Determine (a) the magnitude
and location of the maximum residual shearing stress, (b) the permanent
angle of twist.

SOLUTION
From the solution to Prob. 3.116,
¢=0.016m, L=06m
7y, = 145x10° Pa,
J =102.944 %10 m*
The residual stress at p = ¢ is Tres = 33.5 MPa
For loading in the opposite sense, the change in stress to produce reversed yielding is

T, =Ty — T = 145x10° —=33.5x10° = 111.5x 10°Pa

T

;o Be oo Jn_ (102944 x107)(111.5x10°)
T e 0.016
=717N-m

Angle of twist at yielding under reversed torque.

3

_LL _ (L7X 10008 _ 5416%10 rad 9 =3.10° <

GJ  (77.2x107)(102.944 x107")
Angle of twist for yielding in original loading.
-y _ P
Y G L

6

_Lry _ QOASXTO) 56 43451073 rad oy, = 4.04° <

cG  (0.016)(77.2x10%)
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The hollow shaft shown is made of a steel that is assumed to be
elastoplastic with 7, =145MPa and G =77.2GPa. The
magnitude 7 of the torques is slowly increased until the plastic
zone first reaches the inner surface of the shaft; the torques are
then removed. Determine the magnitude and location of the
maximum residual shearing stress in the rod.

/ PROBLEM 3.118
2\8

60 mm
25 mm
SOLUTION
1
2
1
cy = Edz = 30 mm

When the plastic zone reaches the inner surface, the stress is equal to 7,. The corresponding torque is

calculated by integration.

dT = pt dA = pry2ap dp) =271, p*dp

T=2rx TYICZ o’ dpz%rry (cg —cf)
<

=27”(145><106)[(30><10‘3)3 —(12.5%x107)*1=7.6064x10° N-m

Unloading. 7" =7.6064x10° N - m
J = %(c;‘ ~cf) = %[(30)4 —(12.5)*] = 1.234 x 10°mm* = 1.234 x 10°m*
’ 3 -3
7= o  GO068x100U25x107) _ 77 050 x 10°Pa = 77.05 MPa
J 1.234x10
’ 3 -3
7 = L0 TO06X10)G0XI07) _ 195 63 10°Pa = 192.63 MPa
J 1.234 %10
Residual stress.
Inner surface: T =Ty — 7, =145 —77.05 = 67.95 MPa
Outer surface: Tos = Ty — Ty = 145 -192.63 = —47.63 MPa
Maximum residual stress: 68.0 MPa at inner surface. 4
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PROBLEM 3.119
|
5 i /\T In Prob. 3.118, determine the permanent angle of twist of the rod.

PROBLEM 3.118 The hollow shaft shown is made of a steel that is
assumed to be elastoplastic with 7, =145MPa  and
G = 77.2 GPa. The magnitude T of the torques is slowly increased
until the plastic zone first reaches the inner surface of the shaft; the
60 mm torques are then removed. Determine the magnitude and location of

g the maximum residual shearing stress in the rod.
25 mm

SOLUTION

2

C) =%d2 =30 mm

When the plastic zone reaches the inner surface, the stress is equal to 7,. The corresponding torque is
calculated by integration.

dT = pt dA = pr,2mpd p) =27ty p*dp
&) 27
T=27n'YJ.Cl o’ dpzTTY(cg —cf)
=27”(145><106)[(30><10*3)3 —(12.5%107%)’1=7.6064x10°N - m

Rotation angle at maximum torque.

C1Pmax _ — T_Y
L =g
6
o = 22 = XA 75130 g
Ge,  (77.2%10%)(12.5x107)
Unloading. T’ =17.6064%x10° N -m

J = %(c;‘ ) = %[(30)4 —(12.5)*] = 1.234 x 10°mm* = 1.234 x 10°m*

’ 3
g=1L_ (7'60694 x107)) — = 0.39922 rad
GJ  (77.2x107)(1.234x107°)
Permanent angle of twist.
Pperm = Prnax — ¢ =0.75130 — 0.39922 = 0.35208 rad Pperm = 20.2° <4
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PROBLEM 3.120

A torque T applied to a solid rod made of an elastoplastic material is increased until
the rod is fully plastic and them removed. (a) Show that the distribution of residual
shearing stresses is as represented in the figure. (b) Determine the magnitude of the
torque due to the stresses acting on the portion of the rod located within a circle of
radius cy.

SOLUTION
Tv
y T
T
+
3%
Loading Unloading Residual
(a)
. 4 4r 2
After loading: Py =0, T = ETY = EECSTY = Tc%'y
Unloading: z’=E=Z—TS=2(Tl—°§d)=—TY atp =c¢
J zc zc
4 _p
T =—Ty—
37 ¢
Residual: Tres = Ty — iryﬁ =1y (1 - 4—pj
3 ¢ 3c
To find ¢ set, T =0 and p =
0=1-% . =3 ¢ = 0.150c <
3c

(34)c
b)) T, = 24 prdp = 2nj ZY(I—égjdp

3

9

_iP_
34

27

0

(3/4)c

1
=2n1,¢° {5

Or
= @TYC =0.2209 Z'Yc

=271,C° {—

64 256

}

(

3

4

JH

4

3

)

1

4

[

3

4

I}

T, = 0.2217,c 4
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PROBLEM 3.121

2.4 in.

\/( 25 in.
A ~N
A \

)

Determine the largest torque T that can be applied to each of the two
brass bars shown and the corresponding angle of twist at B, knowing that
7, =12ksiand G = 5.6 x 10° psi.

SOLUTION

L =25in, G=56x10°psi, 7, =12x10°psi

a

T = T 5 or T = cab’c,,.
cab
Q= —TL3 or = %
c,ab’G c,bG
(@ a=4in, b=1lin, % = 4.0 From Table3.1: ¢ = 0.282,
From (1): T = (0.282)(4)(1)*(12 x 10%) = 13.54 x 10°
3
From (2): = (0289)@HAZXT0Y) _ ) 15376 radians

(0.281)(1)(5.6 x 10%)

(b) a=2.4in., b =1.6in., % =15 From Table 3.1: ¢, = 0.231,
From (1): T = (0.231)(2.4)(1.6)*(12 x 10%) = 17.03 x 10°
3
From (2): (0.23D@HA2X107)  _ ) 1395 radians

" (0.1958)(1.6)(5.6 x 10°)

(1)

)

T =13.54kip -in 4

@ =3.08 <«

¢, = 0.1958

T =17.03kip - in 4

0 =226 <4
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\/ 25 in.
A ~

! in. PROBLEM 3.122
P L

- Each of the two brass bars shown is subjected to a torque of magnitude
))/1.6 m. T =12.5kip-in. Knowing that G = 5.6 x 10°psi, determine for each
/<\ bar the maximum shearing stress and the angle of twist at B.

2.4 in.

a8

»)
SOLUTION

L =25in., G =5.6x10° psi, T =125x10°1b-in
(@) a=4in, b =1lin, %:4.0

From Table 3.1: ¢ =0282, ¢, =0.281

3
T = = 22Xy g2 7. =11.08 ksi 4
cab®  (0.282)(4)(1)
3
p=—Tt o U2xXTONZ) _ _ 04965 radians
c,ab’G  (0.282)(4)(1)° (5.6 x 10°)
9 =284° 4

(b) a=24in, b=16in, % =15

From Table 3.1: ¢ =0231, ¢, =0.1958

3
T = s = 2 X0 g 100 7. =881 ksi €
cab®  (0.231)(2.4)(1.6)
6
p=—1"L - (125 x100@3) ___ _ 02899 radians
c,ab’G  (0.1958)(2.4)(1.6)°(5.6 x 10°)
9 =1661° 4
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300 mm

PROBLEM 3.123

Each of the two aluminium bars shown is subjected to a torque of
magnitude 7 = 1800 N - m. Knowing that G = 26 GPa, determine

for each bar the maximum shearing stress and the angle of twist at

SOLUTION

T =1800N-m

L=0300m G =26x10"Pa

(@) a=b=60mm = 0.060m % =1.0

From Table 3.1:

T

¢ =0208, ¢, =0.1406

1800

max

TL

c,ab? - (0.208)(0.060)(0.060)*

= 40.1x10° Pa Tpax = 40.1MPa <

(1800)(0.300)

¢:

(b) a=95mm = 0.095m,

From Table 3.1:

c,ab’G - (0.1406)(0.060)(0.060)* (26 x 10%)

= 0.011398 radians @ = 0.653° 4

b =38 mm = 0.038 m, %:2.5

¢ =0258, ¢, =0249

T = T S = 1800 - =50.9%10° Pa 7. = 50.9MPa <«
cab®  (0.258)(0.095)(0.038)
Q= T (1800)(0.300) = 0.01600 radians 0 =0917° 4

c,ab’G - (0.249)(0.095)(0.038)*(26 x 10%)
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PROBLEM 3.124

Determine the largest torque T that can be applied to each of the
two aluminium bars shown and the corresponding angle of twist at

B, knowing 7,; = 50 MPa and G = 26 GPa.

300 mm

SOLUTION
L=0300m, G=26x10"Pa, 7, =50x10°Pa
T = cﬂ% or T = cab’c,,, (1)

(@) a=b=60mm = 0.060m, %: 1.0

From Table 3.1: ¢ = 0.208, ¢, = 0.1406

From (1): T = (0.208)(0.060)(0.060)*(50 x 10°) = 2246 N - m T=225kN-m <

From (2): = (E)(?'12410086))((()6.300600))((5206X><110069)) = 0.01422 radians @ =0.815° 4
(b)) a=95mm =0.095m, b=38mm = 0.038m, % =25

From Table 3.1: ¢ =0.258, ¢, =0.249

From (1): T = (0.258)(0.095)(0.038)*(50 x 10%) = 1770 N - m T=1770kN-m <«

From (2): — (0258)(0.300)(50 X 10 = 0.01573 radians @ =0901° 4

(0.249)(0.038)(26 x 10°)
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PROBLEM 3.125

G=11.2x10°psi.

Determine the largest allowable square cross section of a steel shaft of length 20 ft if the maximum shearing
stress is not to exceed 10 ksi when the shaft is twisted through one complete revolution. Use

SOLUTION

Divide (2) by (1) to eliminate 7.

Solve for b.

For a square section,

From Table 3.1,

L =20ft = 2401n.
T = 10ksi = 10 x 107 psi
¢ =1 rev = 2x radians

T

T =
c,ab?

max

_TL
c,ab’G
¢ _ cqab’L _ ¢lL

T Cab’G  c,bG

b= LT,
oG
2210
b
¢ = 0.208,
¢, = 0.1406
(0.208)(240)(10 x 10° )

~ (0.1406)(11.2 x 105(27)

(1)

@

b = 0.0505 in. 4
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PROBLEM 3.126

Determine the largest allowable length of a stainless steel shaft of %x%—in. cross section if the shearing stress

is not to exceed 15 ksi when the shaft is twisted through 15°. Use G = 11.2 x 10° psi.

SOLUTION
a= Ein. =0.751n.
4

b= %in. =0.3751n.

T = 15 ksi = 15x 107 psi

p=15°= 15z rad = 0.26180 rad
180

T
Tnax = 1
max clab2 ( )
TL
== 2
4 c,ab’G @
qab’L ¢l

. . 7
Divide (2) by (1) to eliminate 7. = =
@by Toae  Cab°G  ¢,bG

Solve for L. L= M
clfmax
a _ 075
b 0.375
Table 3.1 gives ¢ =0.246, ¢, =0.229
6
I = (0.229)(0.375)(11.2 x 10°)(0.26180) = 632 in. L =682 in 4

(0.246)(15 x 10%)
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PROBLEM 3.127

The torque T causes a rotation of 2° at end B of the stainless steel bar
shown. Knowing that b = 20mm and G = 75GPa, determine the

maximum shearing stress in the bar.

SOLUTION

a =30mm = 0.030 m
b =20mm = 0.020 m

@ =2°=34907x10"rad

3
p=—TL . 704G
c,ab’G L
T c,ab’Gp  c,bGo
Tmax = 3 = 3 =
cab cab’L oL
a_30_ys
b 20
From Table 3.1,
¢ =0.231
c, = 0.1958
-3 9 -3
e (0.1958)(20 x 107°)(75 x 10 )(34.907 x107) _ 502 % 10° Pa . =592 MPa 4
(0.231)(750 x107)
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PROBLEM 3.128

The torque T causes a rotation of 0.6° at end B of the aluminum bar
shown. Knowing that b =15mm and G = 26 GPa, determine the

maximum shearing stress in the bar.

SOLUTION

a=30mm=0.030 m
b=15mm=0.015m

@=0.6°=10.472x10 rad

o= TL3 L= czab3G¢
c,ab’G ol
- r _ c,ab’Go _ c,bGo
" cab®  cab’L ol
a_30_5p
b 15
From Table 3.1,
¢, =0.246
¢, =0.229
~(0.229)(15x107)(26x10%)(10.472x107°)
- (0.246)(750x107)
=5.07x10° Pa Toa = 5.07 MPa <
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—b—] ’;bj PROBLEM 3.129

T Two shafts are made of the same material. The cross section of shaft 4 is a
b square of side » and that of shaft B is a circle of diameter 5. Knowing that the
L shafts are subjected to the same torque, determine the ratio 7,/7; of maximum

A B shearing stresses occurring in the shafts.
SOLUTION
A, Square: % =1, ¢ =0208 (Table3.1)
LT _ T
47 qab® 020801
B. Circle: czlb TB=2=2—T3=16—];
2 J e b
Ratio: T L7 g3005x T4~ 0.944
r, 0208 16 7,
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PROBLEM 3.130

Shafts 4 and B are made of the same material and have the same
cross-sectional area, but 4 has a circular cross section and B has a
square cross section. Determine the ratio of the maximum shearing
stresses occurring in 4 and B, respectively, when the two shafts are
subjected to the same torque (7, = Tj;). Assume both deformations
to be elastic.

SOLUTION

Let ¢ be the radius of circular section 4 and b be the side square section B.

For equal areas,

Circle:

Square:

Ratio:

For T, = Ty,

et = b? b= c\/;

= Lac _ 24

4 J 7’
% =1 ¢ =0.208 from Table 3.1
Ty = Ty _ Ty

cab* b’

Lol 2T T
TB

Tg o Ty e Ty

T4 T4

4 = (2)(0.208W7 -4 20737 4
Tp Tp
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PROBLEM 3.131

n Shafts 4 and B are made of the same material and have the same cross-
sectional area, but 4 has a circular cross section and B has a square
cross section. Determine the ratio of the maximum torques 7,4 and 73
that can be safely applied to 4 and B, respectively.

B

SOLUTION

Let ¢ = radius of circular section 4 and b = side of square section B.

For equal areas 7c? = b,

b
Jr
. T, 2T
Circle: T, =4 =4 T, ==cr
T 2 4T
Square:
From Table 3.1, ¢ = 0.208
T, Ty
Tp = —= Ty = bt
B clab2 clb3 B B
. b
. T, 3¢t S w1 g,
Ratio: —£ = = B = -4
TB Clb TE Clb TB 201\/; TB
For the same stresses, Tg =17, Lo 1 L _ 1.356 <
T, (2)(0.208)\/7 Ty
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PROBLEM 3.132

A Shafts 4 and B are made of the same material and have the same length
and cross-sectional area, but 4 has a circular cross section and B has a
square cross section. Determine the ratio of the maximum values of the
angles ¢, and ¢ through which shafts 4 and B, respectively, can be

B twisted.

SOLUTION

Let ¢ = radius of circular section A4 and b = side of square section B.

For equal areas, rct =b* . b=Arme

. T cQ Lt

Circle: =4 _=r4 . _ Lty

A2 7max G L ¢A G

Square: From Table 3.1, ¢ =0.208 ¢, =0.1406

75 = T T T, = 0.208 b’z

cab>  0.208b°
T,L  0208b°r,L 14794 Lz,

Op = LaG  014066°G G
Ratio: Pa Lty DG _ 676574 _ 67647 T4
¢ G 1479%4L7t, cTy Ty
For equal stresses, 7, = 7, s 0676\ s ~1.198 <
P4 ?4
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PROBLEM 3.133

Each of the three aluminum bars shown is to be twisted through
an angle of 2°. Knowing that b = 30 mm, 7,; = 50 MPa, and

G= 27 GPa, determine the shortest allowable length of each
bar.

SOLUTION

@ =2°=34907x107rad, 7=50x10°Pa G =27x10°Pa, b=30mm=0.030 m

For square and rectangle, T = T e

c,ab? c,ab’G

9 _ cab’L I = c,bGo
T cab’G ot

Divide to eliminate T then solve for L.

(@) Square: % =1.0 From Table 3.1, ¢ =0.208, ¢, =0.1406

_ (0.1406)(0.030)(27 x 10”)(34.907 x 10~)

L - =382x107m L =382 mm <
(0.208)(50 x 10)
(b) Circle: c=1b=0.015m T:E (p=2
2 J GJ
Divide to eliminate T'; then solve for L. P _ JL = L
T cGJ G
9 -3
I = Gy _ (0.015)(27 x 10 )(3461.907><10 ) = 283%10%m L =283 mm 4
T 50x10
(¢)  Rectangle: a=12b % =12 FromTable3.1, ¢ =0219, ¢, =0.1661
9 -3
I = (0.1661)(0.030)(27 x 10°)(34.907 x 10™) _ 429 % 10" m [ = 429 mm 4

(0.219)(50 x 10%)
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PROBLEM 3.134

to each bar.

Each of the three steel bars is subjected to a torque as shown.
Knowing that the allowable shearing stress is 8 ksi and that
b =1.41n., determine the maximum torque T that can be applied

SOLUTION
(a) Square:

From Table 3.1,

(b) Circle:

(c) Rectangle:

From Table 3.1,

Toax = S ksi, b =14in.

a=b=14in. =10
b

¢ =0.208
Toax = T 3 T = clabzz'max
cab

T = (0.208)(1.4)(1.4)(1.4)*(8)

c= lb = 0.7 in.
2
Tmax = E = 2]; T = EC}Tmax
J e 2

_7 3
=2 0.7)°8)

a = (12)1.4) = 1.68in. % =12

¢ =0.219

T = cab’t,,, = (0.219)(1.68)(1.4)*(8)

T =4.57kip - in «

T =431kip-in <«

T =5.77kip - in 4
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»I ‘*-1111- PROBLEM 3.135
N

LS E X A 36-kip - in. torque is applied to a 10-ft-long steel angle with an L8 X 8 X 1 cross section.
From Appendix C, we find that the thickness of the section is 1 in. and that its area is,
15.00 in®. Knowing that G =112 x10®psi, determine («) the maximum shearing stress
|<78 i ‘ along line a-a, (b) the angle of twist.

m. —

8 in.

a

SOLUTION
: 2
a=A B s potin, Y215
t lin b
Since 255 ¢q=c= 1(1 - 0.6302]
b 3 a
or G =c = 1[1 - Mj =0.3193
3 15
T=36x10°1b-in; L =120in; G =11.2x10%psi
(@)  Maximum shearing stress: Tax = d 5
cab
3
T = —— 955 %107 psi . =752ksi 4
(0.3193)(15)(1)
. TL
b Angle of twist: =—
®) 4 c,ab*G
3
0= (36 x 10°)(20) — 0.08052 radians 0=461° 4

(0.3193)(15)(1)°(11.2 x 10%)
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PROBLEM 3.136

3m A 3-m-long steel angle has an L.203 x 152 x12.7 cross section. From
Appendix C, we find that the thickness of the section is 12.7 mm and
that its area is 4350 mm’. Knowing that 7, = 50 MPa and that
G =772 GPa, and ignoring the effect of stress concentration,
determine (a) the largest torque T that can be applied, (b) the
corresponding angle of twist.

T
1203 X 152 X 12.7 Q

SOLUTION

A=4350mm? b=127mm a="2?
A 4350

Equivalent rectangle. a=— m = 342.52 mm
4 = 2697
b
o =c = l(l - 0.6302j = (0.32555
3 a
(@) T, = T2 7. =50x10°Pa
cab

T = cab’r,, = (0.32555)(26.97 x 107)(12.7 x 107)* (50 x 10°)
=70.807N - m T=708N-m 4

TL (70.807)(3)

b = =
®) e c,ab®G  (0.32555)(26.97 x 107)(12.7 x 107)(77.2 x 10°)

= 0.15299 rad p=3877" 4
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PROBLEM 3.137

An 8-ft-long steel member with a W8 x 31 cross section is subjected to a 5-kip - in. torque.
The properties of the rolled-steel section are given in Appendix C. Knowing that

b P G =11.2x10%psi, determine (¢) the maximum shearing stress along line a-a, (b) the
maximum shearing stress along line b-b, (c) the angle of twist. (Hint: consider the web and
flanges separately and obtain a relation between the torques exerted on the web and a
WS X 31 flange, respectively, by expressing that the resulting angles of twist are equal.)
SOLUTION
a 7995
Flange: =7995in.,, b=0435in, —=——=1838
A ¢ b 0435
¢ =c¢ =—(1-0.630=) =0.3219 =—
T3 a o c,ab’G
G
T, = czabSﬂ = Kf% where K, = cyab’
K, =(0.3219)(7.995)(0.435)' = 0.2138 in’
. . a 7.13
Web: a =80-(2)0.435) =7.131in., b=0.285in.,, —=——=25.02
b 0285
| b) L
¢ =¢ ==1-0.630—| =0.3249 =
! 2 3( aj P czab3G
T, = czabz’% = KW@ where K, = c,ab’
L L
K,, = (0.3249)(7.13)(0.285)° = 0.0563 in*
For matching twist angles: Pr=¢, =@
Gy
Total torque. Ir=2T,+T,=Q2K, +K,) -
Gy _ T T - K,T T - K, T
L 2K,+K, ' 2k,+Kk, " 2K, +K,
= (0.2138)(5000)  _ 2211b-in; T, = (0.0563)(5000)  _ 557 1b - in
: (2)(0.2138)+ 0.0563 (2)(0.2138)+ 0.0563
T
(@ r,=—"5= 2221 - =4570 psi 7, =457 ksi 4
T qab® (0.3219)(7.995)(0.435)
b z,= TWZ = 557 5 = 2960 psi 7,, = 2.96 ksi «
cab (0.3249)(7.13)(0.285)
(o) Gop___ T (sz where L =8ft =96in.
L 2K,+K, G2K, +K,)
® (5000)©6) = 88.6 107 rad @ =508 <

T 112 % 109[(2)(0.2138) + 0.563]
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C | )T PROBLEM 3.138

W310 X 60
A 4-m-long steel member has a W310 X 60 cross section. Knowing that
G =77.2GPa and that the allowable shearing stress is 40 MPa, determine
(a) the largest torque T that can be applied, (b) the corresponding angle of twist.

Refer to Appendix C for the dimensions of the cross section and neglect the
effect of stress concentrations. (See hint of Prob. 3.137.)

SOLUTION
W310x60, L=4m, G=772GPa, 7, =40MPa
For one flange: From App. C, a=203mm, b=13.1mm, a/b=1550
1 0.630
Eq. (3.45): =¢, =—|1-———1=0320
9- 343 a=a 3( 15.50}
T.L T.(4)
Eq. (3.44): ¢, =—L5—= L 5 (1)
c,ab’G  0.320(0.203)(0.0131)7(77.2 x 107)
¢, = 355.04x107°T,
For web: From App. C, a=303-2(13.1) =276.8mm, b =75mm, a/b=2369
1 0.630
Eq. (3.45): =¢ =—|1-———]=0.328
q. ( ) =6 3[ 36.9]
Eq.(3.44): ¢, = L& 3 9
0.328(0.2768)(0.0075)°(77.2 x 107)
$, =1.3542x107°T;, Q)
Since angle of twist is the same for flanges and web:
¢ =@,  355.04x 10’6Tf =13542x107°T, 3

T, =3.8147,

But the sum of the torques exerted on the two flanges and on the web is equal to the torque T applied to the
member:

2T, +T, =T )
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Substituting for 7,

From (3):

For one flange:
From Eq. (3.43):

Eq. (6):

For web:

Eq. (5):

(a)  Largest allowable torque:

- from (3) into (4):

23.814T,)+T, =T

T, =338

T, = ¢ab7,,, = 0.320(0.203)(0.0131)*(40 x 10°)

PROBLEM 3.138 (Continued)

T, =0.11589T

14(0.11589T) T, = 0.44205T

=44591N -m

44591 = 0.44205T

T, = cab’t,,. = 0.328(0.2768)(0.0075)*(40 x 10%)
=20428N-m
204.28 = 0.11589T

Use the smaller value.

(b)  Angle of twist: Use T, which is critical.

Eq. (1):

¢ =¢, =(355.04 % 107°)(445.91) = 0.15831 rad

)
(6)
T =1009 N - m
T=1763N-m

T =1009N-m <«

é=9.07° 4
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i 90 mm i PROBLEM 3.139

a
L]

V. A torque 7= 750 kN - m is applied to a hollow shaft shown that has a uniform 8-mm
wall thickness. Neglecting the effect of stress concentrations, determine the shearing

B stress at points a and b.

SOLUTION

Detail of corner.

Area bounded by centerline.

lt = e tan 30°
2

t
“ = 2 tan 30°
8
2 tan 30°
b =90 - 2e = 76.144 mm

= 6.928 mm

1.3, B 3

a=—b~—b=-""bh" = "(76.144)
4 4

272
= 2510.6 mm? = 2510.6 x 107 m?
t =0.008 m
T 750

=18.67 x10°Pa

T T 2 T (2)(0.008) (2510 1079

7 =18.67 MPa «
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10 1nm PROBLEM 3.140

—| = 6 mm

stress at points a and b.
125 mm

—| =6 mm

10 mm

f A torque 7= 5 kN - m is applied to a hollow shaft having the cross section
shown. Neglecting the effect of stress concentrations, determine the shearing

SOLUTION

T=5x10°N-m

Area bounded by centerline.

a = bh = (69)(115) = 7.935 x 10> mm?
=7.935%107> m?
At point a: t = 6 mm = 0.006 m

T 5%10°

Y (2)(0.006)(7.935 x 107%)

=52.5x%10°Pa
At point b: t =10mm = 0.010 m
T 5%10°

T 2 T (2)(0010)(7.935 % 107)

=31.5x10°Pa

7 =52.5MPa <«

7 =31.5MPa <«
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2 mm PROBLEM 3.141

/q» ~— A 90-N - m torque is applied to a hollow shaft having the cross section
b shown. Neglecting the effect of stress concentrations, determine the shearing
40 mm 55 mm ;
stress at points a and b.
4 mm P
|
f
55 mm
SOLUTION
|
[
b [ | $Zmm SEmany
[
|
< mm —e g
I
|
!

Area bounded by centerline.

$R 39

39 39

’9

a=52%x52-39%x39 + %(39)2 = 2378 mm? = 2.378 x 10 m?

T=90N -m
T 90N -m

T, =o—= — —— 7, = 473 MPa 4
2ta 2(4x107m)(2.378 x 107 m?)

T 90N -m

- E - 2(2 X 10_3 m)(2 378 X 10—3m2) Ty = 9.46 MPa 4

Tp
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50 mm

PROBLEM 3.142

A 5.6 kN -m torque is applied to a hollow shaft having the cross section

——> shown. Neglecting the effect of stress concentrations, determine the
shearing stress at points ¢ and b.
100 mm <— 5 mm
l L]
T b
8 mm
SOLUTION

Area bounded by centerline.

At point a,

At point b,

T

2at

T

T =—=
2at

a = (96 mm)(95mm) + %(47.5 mm)’ = 12.664 x 10° mm?

=12.664 x 107> m?
t =5mm = 0.005m

3
56 x10 = 442x10°Pa 7 =442 MPa <
(2)(12.664 X 10~%)(0.005)
t = 8mm = 0.008m
3
56x10 — 276 x10° Pa 7 =27.6 MPa <

(2)(12.664 x 107)(0.008)
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50 mm

' PROBLEM 3.143

20mm A hollow member having the cross section shown is formed from sheet
metal of 2-mm thickness. Knowing that the shearing stress must not

i exceed 3 MPa, determine the largest torque that can be applied to the

member.
20 mm
SOLUTION
Area bounded by centerline.
48 a = (48)(18) + (30)(18)
\3 = 1404 mm? = 1404 x 10™° m?
ye| = 30 t =0.002m
30 T= % or T =2tar = (2)(0.002)(1404 x 107°)(3 x 10%)

a

T =1685N-m «
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| PROBLEM 3.144

! 0.2i
0.5 in. o ! 15in A hollow brass shaft has the cross section shown. Knowing that the
6in. 9 6 "~ shearing stress must not exceed 12 ksi and neglecting the effect of stress
D%

concentrations, determine the largest torque that can be applied to the
l 0.2in. shaft.

<—0.2 in.

O.STin. — |<—0.2 in.
5 in.

SOLUTION
Calculate the area bounded by the center line of the wall cross section. The area is a rectangle with two semi-
circular cutouts.
b=5-02=48in.
h=6-05=55in.
r=15+0.1=1.6iIn.

bh — 2[%#] = (4.8)(5.5) — 7(1.6)* = 18.3575 in?

a =
T : .
T = Tow = 12x10°psi £, = 02in.
T =2at . 7. =(2)18.3575)(0.2)(12x10%) = 88.116 x 10’ Ib - in

T = 88.1kip - in = 7.34 kip - ft 4
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PROBLEM 3.145
2in. (4
A hollow member having the cross section shown is to be formed from sheet metal of
0.06 in. thickness. Knowing that a 1250 Ib - in.-torque will be applied to the member,
2in. determine the smallest dimension d that can be used if the shearing stress is not to
L exceed 750 psi.
2Tin.
L—Sin.—»l
SOLUTION ?'qq_d
Area bounded by centerline.
a=(594)(2.94-d)+1.94d =17.4636—-4.00d d Z
t=0.061in., 7=750psi, T=12501b-in
r=l 1.y 5.
2ta
ool
2t Z
' 2.94- &
d= 35747 _ 0.894 in. d = 0.894 in. <4
4.00
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PROBLEM 3.146

89
=

A hollow member having the cross section shown is to be formed from sheet metal of
0.06 in. thickness. Knowing that a 1250 Ib - in.-torque will be applied to the member,

4 2in.  determine the smallest dimension d that can be used if the shearing stress is not to
exceed 750 psi.

[N
=]

e 3in—]

SOLUTION

Area bounded by centerline.

9w
a = (5.94)(2.94) — 2.06d = 17.4636 — 2.06d

t=0.06in., 7=750psi, T =12501b-in
r= L 5
2ta
T
a = ——
21z 1.9%
17.4636 — 2.06d = & = 13.8889
(2)(0.06)(750)
d = 3.5747 =1.735 in. d =1.7351in. 4
2.06
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2.4 in.

0.08 in.

0.12 in.

PROBLEM 3.147

A hollow cylindrical shaft was designed to have a uniform wall thickness of
0.1 in. Defective fabrication, however, resulted in the shaft having the cross
section shown. Knowing that a 15 kip - in.-torque is applied to the shaft,
determine the shearing stresses at points a and b.

SOLUTION

Radius of outer circle = 1.2 in.

Radius of inner circle = 1.11n.

Mean radius = 1.151n.

Area bounded by centerline.

a=nr? = n(1.15)?% = 4.155in?

At point a,

At point b,

t =0.081n.
_r____ r=226ksi 4
2ta  (2)(0.08)(4.155)
t =0.121n.
_ I 15 7 =15.04ksi 4

2ta (2)(0.12)(4.155)
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PROBLEM 3.148

g A cooling tube having the cross section shown is formed from a sheet of stainless
1) steel of 3-mm thickness. The radii ¢; = 150 mm and ¢, = 100 mm are measured to
the center line of the sheet metal. Knowing that a torque of magnitude 7=3 kN - m

© is applied to the tube, determine (a) the maximum shearing stress in the tube, () the
magnitude of the torque carried by the outer circular shell. Neglect the dimension of
the small opening where the outer and inner shells are connected.
SOLUTION

Area bounded by centerline.

a= 71'(012 - c§) = 7(150% — 100%) = 39.27 x 10> mm?

=3927 %107 m?

t =0.003m
(@ 7= % = (2)(0.0033)2;?237 105 " 12.73 x10° Pa 7 =12.76 MPa 4
(b) T, =Qrctre)=2rctr
= 272(0.150)%(0.003)(12.73 x 10%) = 5.40 x 10* N - m T, =540kN -m «
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PROBLEM 3.149

A hollow cylindrical shaft of length L, mean radius c,,, and uniform
thickness ¢ is subjected to a torque of magnitude 7. Consider, on the
one hand, the values of the average shearing stress 7,,. and the angle
of twist @ obtained from the elastic torsion formulas developed in
Sections 3.4 and 3.5 and, on the other hand, the corresponding values
obtained from the formulas developed in Sec. 3.13 for thin-walled
shafts. (a) Show that the relative error introduced by using the thin-
walled-shaft formulas rather than the elastic torsion formulas is the
same for 7,,, and ¢ and that the relative error is positive and
proportional to the ratio tc, . (b) Compare the percent error
corresponding to values of the ratio t/c,, of 0.1, 0.2, and 0.4.

SOLUTION

Let ¢, = outer radius = c,, + 3 ¢ and ¢, = inner radius = ¢,, — 3¢

J = %(cg - 014) = %(C% + 012)(6‘2 +c)cy —¢)

1 1
= %(Ci +c,t+ th +ct —ct+ ZIZJ(ZCm)t

= 272'(63, + ltzjcmt
4

: Tc,, T
" J 272'( 2, 1 2]
2+ 1|t
TL TL

Area bounded by centerline. a=nmch
T T
Tave = 7, = P
2ta  2mc,t
_TL .ds TLQxmc, )ty TL
P2="3 4>_ - 224 3
4a°G " ¢t Arme,)"G 27, tG
27[(63, + ltz)t 2
(a) Ratios: Tave _ T2 X 4 =1+ lt_z <
T, 2mct T 4c,
2ﬁ(c,2n + ltz)cth 2
& = Tl:; X 4 =1+ lt— 4
o 2rctG 1L 4c,
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PROBLEM 3.149 (Continued)

t
5 — 0.1 0.2 0.4
(b) M_lzﬁ_lzlt_ Cm
T @ 4 crzn 1
el 0.0025 0.01 0.04
% 0.25% 1% 4%

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it
without permission.



PROBLEM 3.150

Equal torques are applied to thin-walled tubes of the same length L,
same thickness ¢, and same radius c. One of the tubes has been slit
lengthwise as shown. Determine (a) the ratio 7, /7, of the maximum
shearing stresses in the tubes, (b) the ratio ¢,/¢, of the angles of twist
of the shafts.

SOLUTION
Without slit:

Area bounded by centerline. a = 7z¢?

T T
Ta = —_—= 5
2ta  2mct
J =27t P L
GJ 2rctG
With slit: a=27e, b=1, L= o5
b t
1
T 3T
=5,
cab 27ct
P S/
b c,ab’G  27ct’G
2
(a)  Stress ratio: 5 _ 3T 5 2rct = 3 D _ 3¢ <
T, 2mct T t T, t
(b)  Twist ratio: 9 _ 3L 27t G _ 3 D _ 3 <
@, 21ct’G TL ? o,
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A PROBLEM 3.151

The ship at A4 has just started to drill for oil on the ocean floor at a depth of 5000 ft.
Knowing that the top of the 8-in.-diameter steel drill pipe (G = 11.2x 10° psi)
5000ft  rotates through two complete revolutions before the drill bit at B starts to operate,
determine the maximum shearing stress caused in the pipe by torsion.

B —
SOLUTION
GJ L
T:ﬁ: GJoc _ Goc
J JL L

@ =2rev = (2)(2r) =12.566rad, ¢ = %d =4.0in.
L = 5000 ft = 60000 in.

Tzaszm%azwamo)

=9.3826 x 10’ psi 7 =9.38ksi «
60000
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6.8 kip - in. PROBLEM 3.152

The shafts of the pulley assembly shown are to be
redesigned. Knowing that the allowable shearing
stress in each shaft is 8.5 ksi, determine the smallest
allowable diameter of (a) shaft AB, (b) shaft BC.

10.4 kip - in.

3.6 kip - in. 1.31in.

SOLUTION
(¢)  Shaft 4B: T, =3.6x10°b - in
7. =8.5ksi =8.5x10°psi
T 4 Tc 2T
J =—c¢ T = =
2 max J 7Z'C3
3
¢ = Hap _ QOO0 _ g a6 dp=2c=1292in. 4
T pax 7(8.5x10%)
(b)  Shaft BC: Tye = 6.8x10° Ib - in

7. =8.5x10° psi

3
=+ 2lsc _ 5 (2)(6'8“2 ) = 07985 in.
7T pax 7(8.5x107)

dpe =2¢ =1597 in. 4
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PROBLEM 3.153

A steel pipe of 12-in. outer diameter is fabricated from

1 -in. -thick plate by welding along a helix which forms an angle

of 45° with a plane perpendicular to the axis of the pipe.
Knowing that the maximum allowable tensile stress in the weld
is 12 ksi, determine the largest torque that can be applied to the

pipe.

SOLUTION
From Eq. (3.14) of the textbook,
045 = Tinax
hence, 7T, = 12ksi = 12 x 107 psi
c, = %do = %(12) = 6.00 in.
¢ =c¢,—t=600-0.25=575in.

J= %(c;‘ ~cf) = %[(6.00)4 — (5.75)*] = 318.67 in.

Tc Tnax.
max 7 T = T
3
r = 2X100GI86T) _ s 1031h - in
6.00

T = 637kip - in <
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PROBLEM 3.154

For the gear train shown, the diameters of the three solid shafts
are:

dup =20mm dop =25mm dg; = 40mm

Knowing that for each shaft the allowable shearing stress is
60 MPa, determine the largest torque T that can be applied.

SOLUTION

Statics: Ty=T
T T 7 75
D =48 T, =XT,p=—T=25T
o g g 30

Toe Tep g, Tep - 20smy =57

Determine the magnitude of 7'so that the stress is 60 MPa = 60 x 10° Pa.

_TIc JT w5

T Tyt = — = —7cC
J shaft c
Shaft 4B: c= %dAB =10mm = 0.010 m

Ty=T= %(60 x10°)(0.010)° 7 =942N-m
Shaft CD: c= la’CD =12.5mm = 0.0125 m
2
Top = 2.5T = %(60 x10%)(0.0125° T =73.6N-m
Shaft EF: c= ldEF = 20mm = 0.020m
2

Tpp = 7.5T = %(60 x10%)(0.020)° T =100.5N-m

The smallest value of T is the largest torque that can be applied. T=736N-m 4
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200 mgf‘ "/

PROBLEM 3.155
250 mm
Two solid steel shafts (G = 77.2GPa) are connected to a coupling disk B
and to fixed supports at 4 and C. For the loading shown, determine (a) the
reaction at each support, (b) the maximum shearing stress in shaft 4B, (c) the
maximum shearing stress in shaft BC.

SOLUTION

Shaft AB: T =T, L;j=0200m, c= %d = 25mm = 0.025m

T =Tt = 0.025 = 613.59x10°m* ¢, = Laslap
2" 2 GJ 43

Glap  — (77.2x10%)(613.59 x 10™)
Lyp ’ 0.200

Py = 236.847 x10° @,

Shaft BC: T =Tz0, Lpe=0250m, c= %d =19mm = 0.019m

Toe = ZFct = (0019 = 20471x10°m* ¢, = 28clsC
) GJ g

Glyc , _ (772x10)Q0AT1x107) _

63.214x10°p
B B
Ly 0.250

Tpe =

Equilibrium of coupling disk. 7 =T, + Tp¢

(a)

()

(©

1.4x10° = 236.847x10°p; + 63.214x10°p; ¢ = 4.6657 x 107" rad.
T, = (236.847 x 10*)(4.6657 x 107) = 1.10506 x 10° N - m
Ty = (63.214 X 10°)(4.6657 x 107°) = 294.94 N - m

Reactions at supports. T,=T,; =1105N-m <«

Tp =Ty =295N-m <

Maximum shearing stress in AB.

_ Tyge  (1.10506 x 10°)(0.025)

T = = 45.0x10°Pa 7,5 = 45.0 MPa <
BT 613.59x107° 48

Maximum shearing stress in BC.

’Z'BC _ TBCC _ (29494)(0019) =274x% 106 Pa TBC = 27.4 MPa 4

Jpe  204.71x107°
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PROBLEM 3.156

A
e gt
=< C In the bevel-gear system shown, « =18.43°. Knowing that the
S allowable shearing stress is 8 ksi in each shaft and that the system is in
' 065 equilibrium, determine the largest torque T, that can be applied at A4.
o
(I_)
TB
SOLUTION

Using stress limit for shaft A:

Using stress limit for shaft B:

From statics,

7 = 8ksi, c= %d =0.251n.

T, = % - %r@ - %(8)(0.25)3 = 0.1963 kip - in

7=8ksi, c¢= %d = 0.31251n.

T, = % - %r@ - %(8)(0.3125)3 = 0.3835kip - in

Tp
T, = (tan18.43°)(0.3835) = 0.1278 kip - in

The allowable value of T, is the smaller.

T, =10.1278 kip - in T,=12781b-in 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




T, =1001b - in.

““\A

Tp =2001b - in.
' G
(/\E

PROBLEM 3.157

Three solid shafts, each of %—in. diameter, are
connected by the gears shown. Knowing that
G=11.2x10° psi, determine (a) the angle

through which end A4 of shaft 4B rotates, (b) the
angle through which end E of shaft EF rotates.

SOLUTION

Geometry:

rg =1.5in., 7. =6in., 1 = 2in.

Ly =48in., L., = 36in,

Statics:

Gear B.

Gear F.

Gear C.

T,=1001b-in O

T, =2001b-in D

+‘>ZMB =0:

1.5, +100 = 0

F, = 67.667 Ib
)IM, = 0:

2F, +200 = 0

F, =1001b

)IM = 0;

—(6)(66.667) — (6)(100) + T,- = 0

T, =10001b - in D

Lye = 48in.

hy

== 672.¢67 4b

F=loo b
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PROBLEM 3.157 (Continued)

Deformations:
For all shafts, c= %d = 0.3751n.
J = §c4 = 0.031063 in*
Py = LapLas = (102)(48) =0.013797 rad O
GJ (11.2x10°)(0.031063)
Oy = ~EEEEE (202 ) = 0.027594 rad D
GJ (11.2x10%)(0.031063)
Pop = Telep _ (10060)(36) = 0.103476 rad D
GJ (11.2x10°)(0.031063)
Kinematics: Pc = Pop = 0.103476 rad D

relp = 1cQe Pp = :—0%%(0103476) = 0.41390 rad
B .

@ @, =@p+ @, = 041390 +0.01397 = 0.42788 rad

F

(B)  Qp = Qp + Qg = 0.31043 + 0.027594 = 0.33802 rad O

9, =245°D 4

o =1937°D 4
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PROBLEM 3.158

The design specifications of a 1.2-m-long solid transmission shaft require that the angle of twist of the shaft
not exceed 4° when a torque of 750 N - m is applied. Determine the required diameter of the shaft, knowing
that the shaft is made of a steel with an allowable shearing stress of 90 MPa and a modulus of rigidity of
77.2 GPa.

SOLUTION
T=750N-m, ¢=4°=69.813x107rad,
L=12m, J =§c4

7=90MPa =90x10°Pa G = 77.2GPa = 77.2x10° Pa

Based on angle of twist. ¢ = I _ LL“
GJ 7Gce
c=4 2L _ 4 (2)(9750)(1'2) —- =18.06 X 10°m
nGo 7(77.2 x107)(69.813 x107°)
Based on shearing stress. 7 = Te _ 2—];
J &
c= 3/2—T = 3% =1744x107m
T (90 x10°)
Use larger value. ¢ =18.06 X107 m = 18.06 mm d =2c¢=36.1mm <«
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PROBLEM 3.159

The stepped shaft shown rotates at 450 rpm. Knowing that » = 0.5in.,
determine the maximum power that can be transmitted without
exceeding an allowable shearing stress of 7500 psi.

SOLUTION
d = 5in.
D = 6in.
7 =0.51n.
b_6_ 1.20
d 5
295 o0
d 5
From Fig. 3.32, K =133
For smaller side, c= %d = 2.51n.
KTc 2KT
T = = 3
J e
3 3
7= _ 7200 _ 384046 10°1b - in
2K (2)1.33)
f =450 rpm = 7.5 Hz
Power. P =27fT = 272(7.5)(138.404 x 10*) = 6.52 x 10%in - Ib/s
Recalling that 1 hp = 6600 in - Ib/s, P =988 hp 4
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PROBLEM 3.160

A 750-N - m torque is applied to a hollow shaft having the cross section shown
and a uniform 6-mm wall thickness. Neglecting the effect of stress concentrations,
determine the shearing stress at points a and b.

SOLUTION

Area bounded by centerline.

Then at points a and b,

a= 2%(33)2 + (60)(66) = 7381 mm? R VI

= 7381x10°m?
t = 0.006 mat both ¢ and b,

T 750 — 847 x10°Pa 7 = 8.47 MPa <

T 2 T (2)(0.006)(7381x 10
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PROBLEM 3.161

The composite shaft shown is twisted by applying a torque T at end A4.
, Knowing that the maximum shearing stress in the steel shell is

E 150 MPa, determine the corresponding maximum shearing stress in the
%" aluminum core. Use G =77.2GPa for steel and G=27GPa for

aluminum.

40 mm

Aluminum

SOLUTION
Let G, J,, and 7, refer to the aluminum core and G,, J,, and 7, refer to the steel shell.

At the outer surface on the steel shell,

p=22 . 2_n_ 0
UL L ¢ G,
At the outer surface of the aluminum core,
_ a9 v _n_"4n
}/1 = = =
L L ¢ G
Matching % for both components,
L o _0
G, oG

¢ G, 0030 27x10°

7 = 5150 x10° = 39.3%10°Pa
¢ G 0040 77.2x10

Solving for 7,, T, =

7, =39.3MPa <
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PROBLEM 3.162

Two solid brass rods 4B and CD are brazed to a brass sleeve EF.
Determine the ratio d,/d, for which the same maximum shearing stress
occurs in the rods and in the sleeve.

SOLUTION
Let ¢ = laf and c, = la’
1 2 1 2 2 2
Shaft AB: PR L 2_T3
Ji 7
Sleeve EF. T, = Te, . 2Tq

2T
For equal stresses, = =

3 4 4
e 71'((:2 - )

4 4 _ 3
G~ =46
c
Let x=-2 *-1=x or x=3Yl+x

G
Solve by successive approximations starting with x, = 1.0.

x =42 =1.189, x, =42.189 =1.216, x, = 2.216 =1.220
x, = 32220 =1.221, x5 =32.221 =1221 (converged).

x =1221 £ 1221 b 121 <
e d
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