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5-1. A shaft is made of a steel alloy having an allowable
shear stress of 7,4w = 12 ksi. If the diameter of the shaft is
1.5 in., determine the maximum torque T that can be
transmitted. What would be the maximum torque T’ if a
1-in.-diameter hole is bored through the shaft? Sketch the
shear-stress distribution along a radial line in each case.

a) Allowable Shear Stress : Applying the torsion formula

Tc
Tmax = Tallow = 7
_ T (0.75)
2(0.75%
T =795 kip-in. Ans

b) Allowable Shear Stress : Applying the torsion formula

o75i

12:0 kst

T'e o-5in
Tmax = Tallow = T
T’(0.75
2= K(—)-
2(0.75* = 0.5%)
T’=6.381kip-in. =638 kip-in.  Ans 075 n
Tp  6381(0.5)
- =—=—————=800ks
To=osin = 3 = X075~ 0.5% '
5-2. The solid shaft of radius r is subjected to a torque T.
Determine the radius 7’ of the inner core of the shaft that ,
resists one-half of the applied torque (7/2). Solve the
problem two ways: (a) by using the torsion formula, (b) by ,
finding the resultant of the shear-stress distribution. N
T
)z Te _ Tr _ 2T
Yl 2T T AT G0
T = (;)r, = T
300t )
. ’ T _ 2T
Since T = —Tmax } g r(;)
r
r'=— =0841r Ans
24
z o
b) J2dT = 2x] o dp
[ o z‘

“‘fdr = 2”](:‘$Tmupz dp
jfdr = z;:jo"g(—zm—r,)p2 dp

4T (r" 3
= — d,
=l 0>

NN

r =L =0841r Ans
24
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5-3. The solid shaft of radius r is subjected to a torque T.
Determine the radius ' of the inner core of the shaft that
resists one-quarter of the applied torque (7/4). Solve the

problem two ways: (a) by using the torsion formula, (b) by
finding the resultant of the shear-stress distribution.

~

Since T = —Tmax = —7
r

e 2Tr _ (D

_P P2 2T . A= 2qpdp
b) 7= —C-r..,., r(”rj) ’",P- P

2T _ 4T 5
dT = ptdA= P[Fpl(hpdp) =P dp @/z‘
T 4T (v
AT = —,f p’dp
r

o

T;_::'I'.
40

™
<
.

INES
<13

r'=0707r Ans

*5-4. The tube is subjected to a torque of 750 N-m.
Determine the amount of this torque that is resisted by the
gray shaded section. Solve the problem two ways: (a) by

using the torsion formula, (b) by finding the resultant of the 100 mm /
shear-stress distribution.

A \\/ 25 mm

a) Applying Torsion Formula:

T 750(0.1)
Sl ) o493 M
fme = T T 01200259 :
T(0.1)

Y —
=0.4793( 10%) = S0 =0075

Tmax

T'=515N-m Ans

b) Integration Method:

t=(£)rm, and dA=27pdp
c

dT’ = ptdA = pt(2np dp) = 2n1p’ dp

0.1m
T=f2mpidp=22] .. (B)p’ dp
0.075m c

_ Zﬂrmu IO.lm 3

dp
c 0.075m
_ 2m(0.4793)( 106)[;:*]

0.lm

0.1 ry

0.075m

=5I5N'm Ans
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5-5. The solid 30-mm-diameter shaft is used to transmit 300N'm 500 N-m
the torques applied to the gears. Determine the absolute é‘(
maximum shear stress on the shaft. A
\ 200 N'm
C
400 N'm
300 mm D

Maximum S hear Stress : From the torque diagram

Y
X
400 mm B
Internal Torque : As shown on torque diagram.
m

500 m
T.,.x =400 N-m. Then, applying torsion Formula. TCm)
_ Tt 400
Ry e [

400(0.015)

= ————— =75.5 MP, Ans } + G
£0.015 : ° *3 o7 o)

_500 —

5-6. The solid 1.25-in.-diameter shaft is used to transmit the i
torques applied to the gears. If it is supported by smooth 600 Ib-in.
bearings at A and B, which do not resist torque, determine the
shear stress developed in the shaft at points C and D. Indicate
the shear stress on volume elements located at these points.

2100 Ib-in.

:, T( : ]5oolb- in
1500"';" m‘b'l‘ﬂ

Ibinfg\:___—_—@
o = Te 15000625 _ g 0,0 To=600 )

T 206259

Tc _ 600(0.625) . S g t% ]
=—= —————% = 1.56ks A
™ =7 Toesh | ok Ams

%:29,as; b oISeRST
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§5-7. 'The shaft has an outer diameter of 1.25 in. and an 600 Ib-in.
inner diameter of 1 in. If it is subjected to the applied
torques as shown, determine the absolute maximum shear

stress developed in the shaft. The smooth bearings at A and ’
B do not resist torque. 2100 1b-in. B

Te_ 1500(0.625)
T S — S —— = i
25 T 7 T foesr-ns ki Ans

*5-8. The shaft has an outer diameter of 1.25 in. and an 600 1b-in
inner diameter of 1 in. If it is subjected to the applied ’
torques as shown, plot the shear-stress distribution acting

along a radial line lying within region E£A of the shaft. The 3
smooth bearings at A and B do not resist torque. 2100 1b-in. ,

T=15001b-in.
o, = To_ __15000625) oo Cickss
Ty o6y -05¢]
S.304k
n=Ip. 000D __s4,
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5-9. The assembly consists of two sections of galvanized
steel pipe connected together using a reducing coupling
at B. The smaller pipe has an outer diameter of 0.75 in. and
an inner diameter of 0.68 in., whereas the larger pipe has an
outer diameter of 1 in. and an inner diameter of 0.86 in. If
the pipe is tightly secured to the wall at C, determine the
maximum shear stress developed in each section of the pipe
when the couple shown is applied to the handles of the
wrench.

151b
Tag _Te ”__210#37&_4_ = 782ksi  Ans 2/t in ) )
J 7(0.375% - 0.34%) @:J TAQSEIU‘A“”
1b-in
<10 4 N
——] HT :
e =62 MO a6k Ans b 210
J T EO05' - 043%)
5-10. The link acts as part of the elevator control for a -— ey
small airplane. If the attached aluminum tube has an inner 600N
diameter of 25 mm and a wall thickness of 5 mm, determine 75 mm
the maximum shear stress in the tube when the cable force /5 mm

of 600 N is applied to the cables. Also, sketch the shear-
stress distribution over the cross section.

600 N

T=60000.15=90N-m
4.5 MPe

Tc 90(0.0175) 10.3MPa

Tmax = — = = 14.5 MPa Ans
J  31(0.0175)% - (0.0125)%]

= =10.3 MPa
%[(0,0]75)‘ —(0.0125)4]

LT 90(0.0125)
T
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5-11. The shaft consists of three concentric tubes, each

made from the same material and having the inner and T =800 N-m

outer radii shown. If a torque of 7 = 800 N - m is applied to

the rigid disk fixed to its end, determine the maximum shear Z
T—

stress in the shaft.
2m

r; = 32 mm
r, = 38 mm

J= ’5' ((0.038)* - (0.032)*) + g( (0.030)* - (0.026)*) + %’ ((0.025)" - (0.020)*)

J =2.545(10"%)m"*

*5-12. The solid shaft is fixed to the support at C and

subjected to the torsional loadings shown. Determine the €
35mm A

shear stress at points A and B and sketch the shear stress on
volume elements located at these points.

35 mm
800 N-m
Tp  800(0.02)
g = —= ———= 6. T, = )
=77 T o0 - OTPMP Ans soonrr_ 2220
Ta =$00N m
T, c_ 500(0.035) boanr ull
Ta= A= "2/ 74MP A .
AT T T 00359 a ns <
OON-
7;;‘-7’14"
DA
7"-.7.44»4/’-
)
e
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5-13. A steel tube having an outer diameter of 2.5 in.
is used to transmit 3.50 hp when turning at 27 rev/min.
Determine the inner diameter d of the tube to the nearest
% in. if the allowable shear stress is 7,y = 10 ksi.

2.5 in.

0= 272r) =2.8274 rad/s
60

P=T,

3.50(550) = T(2.8274)

T=680.829 1b/ft
Tc
T =T

max — Callow —
J

. 2)(1.25
10(103) 680.829(12)(1.25)
~(1.25% =¢f
2( i)

¢; = 1.1569 in

d=231 Ans
Use d = 2% in. Ans

5-14. The solid aluminum shaft has a diameter of 50 mm
and an allowable shear stress of 7,5, = 6 MPa. Determine
the largest torque 77 that can be applied to the shaft if it is
also subjected to the other torsional loadings. It is required
that Ty act in the direction shown. Also, determine the
maximum shear stress within regions CD and DE.

Internal Torque: Asshown on FBD.
Maximum Shear Stress: Applying the torsion Formula and
assume failure at region BC.
Tgcc
Tmazx = Tallow = B_jc“
T, - 68)(0.025
6(10°) = T 68(0029)
7(0.025¢)

T, =21526 N-m=2I5N-m Ans

Maximum torque occurs within region BC as indicated on the
torque diagram.

Maximum Shear Stresses at Other Region: From the
torque diagram, the internal torque at region CD and DE are
Tep =98.26 N-m and Tz = 63.26 N - m respectively.

_ Tepc _ 98.26(0.025)
(7‘,.“ )CD = —J— = W =4.00 MPa Ans
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5-15. The solid aluminum shaft has a diameter of 50 mm.
Determine the absolute maximum shear stress in the shaft
and sketch the shear-stress distribution along a radial line
of the shaft where the shear stress is maximum. Set
T, = 20N-m.

Internal Torque: From the torque diagram, the critical
section is segment DE and T,z = 132 N .m.

Maximum Shear Stress: Applying the torsion formula

Unag=5.38 Mz
_Tec

T =g
132(0.025)
= ————— =538 MPa Ans

"~ 5(0.025%)

25mm

*5-16. 'The motor delivers a torque of 50 N - m to the shaft
AB.This torque is transmitted to shaft CD using the gears
at £ and F. Determine the equilibrium torque T’ on shaft
CD and the maximum shear stress in each shaft. The
bearings B, C, and D allow free rotation of the shafts.

Equilibrium:
(+2ME =0; SO0-F(0.05)=0 F = 1000N

@M =0;  T°-1000(0.125) =0
T'=125N-m Ans

Internal Torque: As shown on FBD.
Maximum Shear Stress: Applying torsion Formula.

Tpc_ 50.0(0015)
= o~ =043 MP Ans
(Fasdons =77~ = F(00159 :

Tope _ 125(0.0175)
=2RC T o 148 MPa Ans
(Tepdaas = =7~ = F(001759)
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5-17. 1If the applied torque on shaft CDis 7' = 75N -m,
determine the absolute maximum shear stress in each shaft.
The bearings B, C, and D allow free rotation of the shafts,
and the motor holds the shafts fixed from rotating.

Equilibrium:
(+2MF=0; 75-F(0.125)=0; F =600N

(+}:ME =0, 50-600(0.05-T, =0
T, =200N-m

Internal Torque: Asshown onFBD.

Maximum Shear Stress: Applying the torsion formula 50N-M
T 30.0(0.015) Neo-oN-m
T, == =566 MP A \
(%e)man J £(0.0154) 2 ns 7;A=3o.o N-m
Tepc  75.0(0.0175) 7508.m
T, == e =891 MP. A
(%eo)aux = =5 £(0.0175%) 2 ns [

5-18. The copper pipe has an outer diameter of 2.50 in.
and an inner diameter of 2.30 in. If it is tightly secured to the
wall at C and a uniformly distributed torque is applied to it

as shown, determine the shear stress developed at points A BW‘
and B. These points lie on the pipe’s outer surface. Sketch A @/ C
the shear stress on volume elements located at A and B. 125 Ib-ft /ft &
4in.

&l// y in’

\/12 i,

125(1)=125:0 16t

Internal Torque: As shownon FBD.
Maximum S hear Stress : Applying the torsion formula

T,c

J

_ 125.012)(1.25)
T E(1.254-1.15%)

Ty =

=1.72ksi Ans

o
)

T =

_ 218.75(12)(1.25)
T E(1254-1.15%)

~|

=3.02 ksi Ans
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5-19. The copper pipe has an outer diameter of 2.50 in.
and an inner diameter of 2.30 in. If it is tightly secured to the
wall at C and it is subjected to the uniformly distributed
torque along its entire length, determine the absolute
maximum shear stress in the pipe. Discuss the validity of

@’ ¢
this result. 125 Ib-ft /ft @

4in.

\/12 in.

Internal Torque: The maximum torque occurs at the support

C.
25 in.
T = (125 lb-ft/ft)( 7 ):260.42 Ib-ft
12in./ft
Maximum Shear Stress: Applying the torsion formula /39(
=€
T =Ty

_ 260.42(12)(1.25)

- =3.59 ksi A
H(125°- 1159 ' e

According to Saint- Venant's principle, application of the torsion
formula should be at points sufficiently removed from the supports
or points of concentrated loading.

*m5-20. The 60-mm-diameter solid shaft is subjected to

the distributed and concentrated torsional loadings shown. %
Determine the shear stress at points A and B, and sketch Clf ‘Q 2 kN-m/m
the shear stress on volume elements located at these points. Q. %

Internal Torque: As shown on FBD.
Maximum Shear Stress: Applying the torsion formula

T,c  400(0.03
7, = 2C 2005 g 3 mpa Ans
7~ E(0.03%)
T 03
gy = 265000 . wmpa Ans
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5-21. The 60-mm diameter solid shaft is subjected to the
distributed and concentrated torsional loadings shown. 22
Determine the absolute maximum and minimum shear C(@

. . . . “w-
stresses in the shaft and specify their locations, measured .Q 7S
from the fixed end. 0.4 m B ..“s 600 N-m
N € A
0.4m 400 N-m

Internal Torque: From the torque diagram, the maximum
torque 7;,, = 1400 N - m occurs at the fixed support and the
minimum torque T;, = 0 occurs atx = 0.700 m.

Shear Stress: Applying the torsion formula

T,

min €

T,hs = 7 =0 occursat x=0.700m Ans
£y, = Jman€ 19000009 _ 4, 6\, Ans
adx J £(0.034%)

occursat x=0 Ans

According to Saint - Venant's principle, application of the torsion
formula should be at points sufficiently removed from the supports
or points of concentrated loading. Therefore, t,,, obtained is not

valid.

5-22. The solid shaft is subjected to the distributed and

concentrated torsional loadings shown. Determine the 2
required diameter d of the shaft if the allowable shear stress ClH .‘s 2 kN-m/m

for the material is 7,5, = 175 MPa.

Internal Torque: From the torque diagram, the maximum
torque T,, = 1400 N - m occurs at the fixed support.

Allowable Shear Stress: Applying the torsion formula

T,

max

J

c

Tabs = Tallow =
max

175( 10°) = ii%‘()@

d=0.03441 m=344mm Ans

According to Saint Venant's principle, application of the torsion
formula should be at points sufficiently removed from the supports
or points of concentrated loading. Therefore, the above analysis

is not valid.
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5-23. The steel shafts are connected together using a fillet
weld as shown. Determine the average shear stress in the
weld along section a—a if the torque applied to the shafts is
T = 60 N-m. Note: The critical section where the weld fails

is along section a—a.
12 mm

(60/(0.025 +0.006))
27(0.025 +0.006)(0.012sin45°)

Tavg =

v
A

T,y =1.17MPa Ans

*5-24. The rod has a diameter of 0.5 in. and a weight of
51b/ft. Determine the maximum torsional stress in the rod / o

at a section located at A due to the rod’s weight.

2(s)=/01b

IM =0 T, — 15(1.5) - 5(3) = 0;
3(s)=/5)b
T, = 37.51b-ft

37.5(12)(0.25)
n 4
2(025) * 155t
18.3 ksi Ans

Tc
(TA)max =—J_ =

]
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5-25. Solve Prob. 5-24 for the maximum torsional stress

at B.
IM =0 - 15(1.5) = 5(3) + T, = 0;

7, = 37.51b-ft = 450 1b-in.
(TB)max _Tc_45000259 18.3 ksi Ans

J E0.25)

5-27. The wooden post, which is half buried in the ground,
is subjected to a torsional moment of 50 N -m that causes =
the post to rotate at constant angular velocity. This moment
is resisted by a linear distribution of torque developed by
soil friction, which varies from zero at the ground to 100 mm
1o N+ m/m at its base. Determine the equilibrium value for
iy, and then calculate the shear stress at points A and B, J”
which lie on the outer surface of the post. { /

Equilibrium :

1
M, =0; §t0(0.75)—SO=0
6 =13333N-m/m=133N-m/m Ans

Internal Torque: As shown on FBD.
Maximum S hear Stress : Applying the torsion formula

EO0N-m7| 50 Nt
Ta = T‘A,f (88-89)(0-5)
4 [\=22.22mm
50.0(0.05) v mo»m:]_) 2
= ———— =0.255MPa Ans Y
7(0.05%) /_( \
(2205
Ta = e :86.695).0'./,,,
BT
_27.78(0.05) _ 0141 MP A =278 4.m
T UE00sY a ns
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*5-28. A cylindrical spring consists of a rubber annulus
bonded to a rigid ring and shaft. If the ring is held fixed and
a torque T is applied to the shaft, determine the maximum
shear stress in the rubber.

Shear stress is maximum when r is the smallest, i.e. r = r;. Hence,
« T
Tmax = Em Ans

B5-29. The shaft has a diameter of 80 mm and due to fric-

tion at its surface within the hole, it is subjected to a variable Ty
. . 2
torque described by the function ¢ = (25xe*) N-m/m,
where x is in meters. Determine the minimum torque 7 80 mm

needed to overcome friction and cause it to twist. Also,
determine the absolute maximum stress in the shaft.

1= 256 T = [BeeN &

Integrating using Simpson's rule, we get

L = 66998 = 670N-m Ans
= BE 2 SBBOW _
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5-30. The solid shaft has a linear taper from r 4 at one end
to rp at the other. Derive an equation that gives the
maximum shear stress in the shaft at a location x along the
shaft’s axis.

- raL + (rp = rz)(L - x)

A — rp
r=r +——‘(L—X
B L )

L
P; 'rb ~
- ra(L — x) + rgx '\'I‘L___- .
L i Ir;
o .|
Tc_ Tr _ 2T AT e
Toax = — = il M|
7 r nrd L
_ 2T 27}
- TA(L - x) + rgx = 3 Ans
afA——2)3 {ra(L - x) + rpx)
5-31. When drilling a well at constant angular velocity, the Tp

bottom end of the drill pipe encounters a torsional
resistance 74. Also, soil along the sides of the pipe creates a
distributed frictional torque along its length, varying
uniformly from zero at the surface B to {4 at A. Determine
the minimum torque 7 that must be supplied by the drive
unit to overcome the resisting torques, and compute the
maximum shear stress in the pipe. The pipe has an outer
radius r, and an inner radius 7;.

TA+%tAL-7b=O

L= At al Ans
2
Maximum shear stress : The maximum torque is
within the region above the distributed torque.
Tc
Tmax = —‘J_
[ﬂ'; “BDy(r,) QQTa + nL)r,
Tmax = x4 3 = 2 n Ans
f(ra —r.‘) ”(rn —l"-)
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*5-32. 'The drive shaft AB of an automobile is made of a
steel having an allowable shear stress of 7,14 = 8 ksi. If the
outer diameter of the shaft is 2.5 in. and the engine delivers
200 hp to the shaft when it is turning at 1140 rev/min,
determine the minimum required thickness of the shaft’s wall.

o = 192D 11038 radss
60

P Tw

200(550) = T(119.38)

T =921421b-ft

Tc
Tallow = —
921. .
8(10°) = 22220D1A239) 62

2125 - rf)
t=r, —r, = 125 - 1.0762

0.174 in. Ans

-~
1]

5-33. The drive shaft AB of an automobile is to be
designed as a thin-walled tube. The engine delivers 150 hp
when the shaft is turning at 1500 rev/min. Determine the
minimum thickness of the shaft’s wall if the shaft’s outer
diameter is 2.5 in. The material has an allowable shear stress
of Tallow — 7 kSl

= 150027 =157.08 rad/s

P Tw

150(550)

7(157.08)

T = 525.211b-ft

Tc
Tallow = —
525.21(12)(1.
70104 = 2222142029 o

f(2st -8y’
t=r, —r; = 1.25 - 1.1460

0.104 in. Ans

~
1
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5-34. The gear motor can develop 1/10 hp when it turns at
300 rev/min. If the shaft has a diameter of %in., determine

the maximum shear stress that will be developed in the
shaft.

Internal Torque :

» =300 =L (2" “’d) Imin ) 0.0% radss
min rev 60s

P= ! (M) =55.0ft-1b/s

10 1hp
=£=ﬂ= 1.751 lbft
o 100

Tc
Toax = 5
J
. .2
- 1 75‘1(12)(0 5) = 856 psi Ans
£(0.25%)

5-35. The gear motor can develop 1/10 hp when it turns at
80 rev/min. If the allowable shear stress for the shaft is
Taow = 4 ksi, determine the smallest diameter of the shaft
to the nearest %in. that can be used.

Internal Torque : Allowable Shear Stress : Applying the torsion formula
. Tc
» =80 — (z’md) O 26677 radls Pz = Tatiow = 7
min \ rev / 60s ‘¢
«(16%) = 6.565(12) (%)
. - X
P=Ln (Zm)=55.0ﬂ-lb/s £(%)
10 1hp
P s50 d =0.4646 in. Ans
T=—=——=6565Ib-ft
o 2667% 1
Used= 3 in. diameter of shaft Ans
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*5-36. The drive shaft of a tractor is made of a steel tube
having an allowable shear stress of 7,0 = 6 ksi. If the
outer diameter is 3 in. and the engine delivers 175 hp to the
shaft when it is turning at 1250 rev/min, determine the
minimum required thickness of the shaft’s wall.

o= 1250 5 225 1min 4600 radss
min 60s

rev

P =175hp( ﬂ%ﬂf 1= 96,250 ft-1b/s
P

r=F %20 _ 73530 1b- ft
0] 130.90
z =z _ Tc
max allow 7
6(10°) = ——-—-—7?‘5'30?2)(1"5) ;= 1383in.
(154 - rd)
t=r, —r, = 1.5— 1.383 = 0.117 in. Ans

5-37. The 3-hp reducer motor can turn at 330 rev/min. If
the shaft has a diameter of % in., determine the maximum
shear stress that will be developed in the shaft.

Internal Torque :

o =330 =~ (2” "’d) Imin 1 0mradls
min \ rev 60s

P=3h (m)= 1650 - 1b/s
P10 asen
o 11.0

Maximum Shear Stress : Applying the torsion formula
c
Tmax = _J'
47.75(12)(3)

HO)

= 6.92 ksi Ans
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5-38. The 3-hp reducer motor can turn at 330 rev/min. If
the allowable shear stress for the shaft is 7,5, = 8 Ksi,
determine the smallest diameter of the shaft to the nearest
% in. that can be used.

Allowable Shear Stress : Applying torsion formula
Internal Torque :

Tc
i T .. =T = —
o =330 r_Gi (2"[3‘,) .%()Em_ =11.0xrad/s max allow 7
L e : o 47.75(12) ($)
8(10°) = —— 22
. x(4
P=3hp (SSO—ME—/E)=1650ft-1b/s £(9)
1 hp
d =0.7145 in. Ans
T =£=ﬂ=47,751b.ﬁ
o 1107 3. )
Used= 7 in. diameter of shaft Ans

5-39. The solid steel shaft AC has a diameter of 25 mm

and is supported by smooth bearings at D and E. It Zkg
is coupled to a motor at C, which delivers 3 kW of power TkW — =
to the shaft while it is turning at SOrev/s. If gears A g =
and B remove 1 kW and 2 kW, respectively, determine the e =
maximum shear stress developed in the shaft within A D ?

regions AB and BC. The shaft is free to turn in its support
bearings D and E.

(rAB)max =—=————" = 1.04 MPa Ans

TBCImax = — = —F/——————— 3.11 MPa Ans
(%ac) J  E00125%
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*5-40. A ship has a propeller drive shaft that is turning at
1500 rev/min while developing 1800 hp. If it is 8 ft long and
has a diameter of 4 in., determine the maximum shear stress
in the shaft caused by torsion.

Internal Torque :

@ =1500 fi(m)-l—m-"-' = 50.0 5 rad/s
min\ 1rev / 60s
P =1800 hp(ss—oﬂlllf)= 990 000 ft - Ib/s
1 hp
P 990000
=2=22M0_ msam-fe
— == 630254

Maximum Shear Stress : Applying torsion formula

tuux =

Tc_ 6302.54(12)(2)
J £(2%)
= 6018 psi = 6.02 ksi Ans

5-41. The motor A develops a power of 300 W and turns
its connected pulley at 90 rev/min. Determine the required
diameters of the steel shafts on the pulleys at A and B if the
allowable shear stress is 7,y = 85 MPa.

Internal Torque : For shafts A and B

0, =90 (__2” "‘d) Lmin o 3.00mradss
min \ rev 60s
P =300 W =300 N - m/s
P 300
T, = —=—r=3183N
A= on 300 "

r, 0.06
W =0, (;:-) = 3.00n(m) = 1.207 rad/s
P =300 W =300N-m/s

Allowable Shear Stress : For shaft A

T,
tmu = 1!“0' = _3_‘.
31.83(%
85(10%) = ——d(—")-
£#(3)
d, =0.01240m=124mm Ans
For shaft B
Tyc
Tmax = Tallow = T
79.58( %
85(10°) = _—T(TT
HED)

dy =0.01683m=16.8mm Ans
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5-42. The motor delivers 500 hp to the steel shaft AB,
which is tubular and has an outer diameter of 2 in. and an
inner diameter of 1.84 in. Determine the smallest angular
velocity at which it can rotate if the allowable shear stress
for material is 7,55, = 25 ksi.

Tc

Tallow = 7

(1)
214 - 0.92%)
T = 11137.22 Ib-in.

25(10°) =

P=To
500(550) = M(w)
12
@ = 296rad/s Ans

@, = 2830 rpm  Ans

5-43. The motor delivers 50 hp while turning at a constant ]
rate of 1350 rpm at A. Using the belt and pulley system this
loading is delivered to the steel blower shaft BC. Determine
to the nearest % in. the smallest diameter of this shaft if the B ¢ [[
allowable shear stress for steel if 7,5 = 12 ksi. 4 inI
) i
2in.}
T
o
50(550) = T'(1350 rev/miny( 2= Lmin '
lrev 60s ,
F F
T'=194.521b-ft
AF-F)=T g
4(F'-F) =(194.52)(12) |
(F'-F)=583.57Ib T
T=8(F'-F)

= 8(583.57) =4668.51b - in

Tanow = 12(10%) = 2883¢
7 o
c=0.628 in.

d=126in. Ans

Use 1% in. — diameter shaft. Ans
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*5-44. The propellers of a ship are connected to a solid
A-36 steel shaft that is 60 m long and has an outer diameter
of 340 mm and inner diameter of 260 mm. If the power
output is 4.5 MW when the shaft rotates at 20 rad/s,
determine the maximum torsional stress in the shaft and its
angle of twist.

6
=P _4519) _575(10°) Nem
w 20

Tc 225(10%)(0.170)
%[(0.170)‘ -(0.130)%)

= 44.3 MPa Ans

gL 2510960 =020851ad=119° Ans

IG %{(0.170)‘ —~ (0.130)*)75010%)

5-45. A shaft is subjected to a torque T. Compare the
effectiveness of using the tube shown in the figure with that
of asolid section of radius ¢. To do this, compute the percent

increase in torsional stress and angle of twist per unit length c |
for the tube versus the solid section. 2
C -
Shear stress : c-
For the tube,
T
(T))mex = _‘E
For the solid shaft,
T
(T)max = ':,:—c
Te _TIc
% increase in shear swess = Lolmez — (T)aes (100)= T‘—n % (100)
(fl)-ll ‘JT
x 4_ rXr 4_ (c\4
=%=4 jog)= ZE . [f[‘ - ‘(7) U 100y
4 gle* - ()4
= 6.67% Ans
Angle of twist :
For the ube,
TL
¢ e
For the shaft,
TL
* =30
6 - L _ TL
% increasc in ¢ = £ 22 100%) = 2D 1D (1009)
[ 2 ba o)
X 4_ (R 4_ (c\4
S Bk JOTNY YRS i Ll 2 T
b - (91
= 6.67% Ans
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5-46. The tubular drive shaft for the propeller of a hover-
craft is 6 m long. If the motor delivers 4 MW of power to the
shaft when the propellers rotate at 25 rad/s, determine the
required inner diameter of the shaft if the outer diameter is
250 mm. What is the angle of twist of the shaft when it is
operating? Take 7,,w = 90 MPa and G = 75 GPa.

Internal Torque :

P =4(10°) W=4(10°) N-m/s

Maximum Shear Stress : Applying torsion Formula.

. LTc
Tmax = Tallow = 7
.12
90( 106) - 160(103)(04 52
fo125- ()]
d, =0.2013 m =201 mm Ans

Angle of Twist :

_TL_ 160(10°) (6)
® =76 = (0125~ 0.10065%)75(10°)
=0.0576 rad = 3.30° Ans

5-47. The A-36 steel axle is made from tubes AB and CD
and a solid section BC. It is supported on smooth bearings
that allow it to rotate freely. If the gears, fixed to its ends, are
subjected to 85-N - m torques, determine the angle of twist
of gear A relative to gear D. The tubes have an outer
diameter of 30 mm and an inner diameter of 20 mm. The
solid section has a diameter of 40 mm.

85 N'm

TL
=3=
Pap G
2(85)(0.4) , _ (85)0.25)
2(0.015% - 0.014)(75)(10°)  2(0.024)(75)(10°)
= 0.01534rad = 0.879 Ans
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*5-48. The A-36 steel axle is made from tubes AB and CD
and a solid section BC. It is supported on smooth bearings
that allow it to rotate freely. If the gears, fixed to its ends, are
subjected to 85-N-m torques, determine the angle of twist
of the end B of the solid section relative to end C. The tubes
have an outer diameter of 30 mm and an inner diameter of
20 mm. The solid section has a diameter of 40 mm.

7L 85(0.250)
=222 D050 000113 rad=00646° A
Puc G~ 5(0.0201°(75)10°) ’ e

400 mﬁ D

85 N'm

85 N'm

5-49. The hydrofoil boat has an A-36 steel propeller shaft
that is 100 ft long. It is connected to an in-line diesel engine
that delivers a maximum power of 2500 hp and causes
the shaft to rotate at 1700 rpm. If the outer diameter of the
shaft is 8 in. and the wall thickness is %in., determine the
maximum shear stress developed in the shaft. Also, what is
the “wind up,” or angle of twist in the shaft at full power?

Internal Torque :

o =1700 — —— =56.67Tnrad/s

min rev 60s

rev (2:: rad) 1 min

P = 2500 hp

550 £t Ib/
(M)=1375000ft~lb/s

P 137
T=—=——5;.’(:0=7723.7lb~ft

Maximum S hear Stress : Applying torsion Formula.

_Tc

Tmax .,

_TBID@ A
TE@ioaeasny o ns

Angle of Twist :

o= TL_ _T1237(12)(100)(12)
" JG §(4*-3.625%)11.0(109)

=0.07725 rad = 4.43° Ans
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5-50. 'The splined ends and gears attached to the A-36 300N‘m 500 N-m
steel shaft are subjected to the torques shown. Determine

A
the angle of twist of gear C with respect to gear D. The shaft é‘§\ 200 N'm
has a diameter of 40 mm.
C

300 mm
Ny D

400N

400 mm

|
P’ ( & I".=Zw O 500 mm -

SooNm SOoN -

200(0.4)
(0.024)(75)(10°)

= 0004244 rad = 0.243°  Ans

bcp

5-51. The 20-mm-diameter A-36 steel shaft is subjected
to the torques shown. Determine the angle of twist of the 4
end B.

TcD?-”éaﬂ'm
Tha=—-90N'M

30N+ m
Internal Torque : As shownon FBD. ﬂ
Angle of Twist :

TL
05 = E
1
= T001H(75.0)(10) L 20008
+(=60.0)(0.6) + (~90.0)(0.2)]
=-0.1002 rad = 5.74° | Ans
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*5-52. The 8-mm-diameter A-36 bolt is screwed tightly
into a block at A. Determine the couple forces F that should
be applied to the wrench so that the maximum shear
stress in the bolt becomes 18 MPa. Also, compute the
corresponding displacement of each force F needed to
cause this stress. Assume that the wrench is rigid.

T-F@03) =0 (¢))
Tc 6 T(0.004)
Toax = — & 18(10°) = ————
" J (109 2(0.004%)
T =1.8096 N-m
From Eq. (1),
TL 1.8096(0.08)

e e =0.00480rad

JG g[(o.oow)‘ 175(10%)

s =ro =0.15(0.00480) = 0.00072 m = 0.720 mm Ans.

5-53. The turbine develops 150 kW of power, which is
transmitted to the gears such that C receives 70% and D
receives 30%. If the rotation of the 100-mm-diameter A-36
steel shaft is @ = 800 rev/min., determine the absolute
maximum shear stress in the shaft and the angle of twist of
end E of the shaft relative to B. The journal bearing at E
allows the shaft to turn freely about its axis.

P=Taw,  150(10°)W = T(800"Y )L min, 27 rad

min  60sec’ 1rev (\ 1790.493M-
7 .
T=1790.493 N-m 1R #9347
Te = 1790.493(0.7) = 1253345 N-m /770493
Tp = 1790.493(0.3) = 537.148 N- m (=

> 1255, 365N
T= 3 A
Maximum torque is in region BC. N 5371474

s = Tc _ 1790.493(0.05) =912 MPa  Ans

7 £(0.05)
dem = 2Ly = L (1790.493(3) + 537.148(4) + 0}
=236 T 16 ' |

7520.171

=———" " =0.0102 rad = 0.585° Ans
7(0.05)*(75)(10%)
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5-54. The turbine develops 150 kW of power, which is
transmitted to the gears such that both C and D receive an
equal amount. If the rotation of the 100-mm-diameter A-36
steel shaft is @ = 500 rev/min., determine the absolute
maximum shear stress in the shaft and the rotation of end B
of the shaft relative to E. The journal bearing at C allows
the shaft to turn freely about its axis.

P=Tw;  150(10°)W=T(500 =¥y 1 min) 27 rad)
min 60sec’ 1rev
T =2864.789 N -m
T
Te=Tp =2~ 1432394 N m

Maximum torque is in region BC.

Tc _ 2864.789(0.05)

max = —/~ =14.6 MP
£(0.05)° ?

7 Ans

TL 1
Pep = D(J—G) = 75[2864.789(3) +1432.394(4) + 0]

14323.945
£(0.05)4(75)(10°)

=0.0195rad = 1.11° Ans

Q&
\6‘3 T2 2064.7FI M oan

(t 2564. 789\ s

2504, 739N ™

1422.2 2E N~

Tz 11323944

5-55. The motor delivers 40 hp to the 304 stainless steel
shaft while it rotates at 20 Hz. The shaft is supported on
smooth bearings at A and B, which allow free rotation of
the shaft. The gears C and D fixed to the shaft remove 25 hp
and 15 hp, respectively. Determine the diameter of the shaft
to the nearest %in. if the allowable shear stress is
Tallow = S ksi and the allowable angle of twist of C with
respect to D is 0.20°.

P
External Applied Torque : Applying T= sz , we have

40(550) 25(550)

T, = =175.071b-ft  T.= 2 = 109.421b-

M = 2220) v et 20 b ft
15(550)

T, = = 65. .

b= Saa0y = 6565 b

Internal Torque : As shown on FBD.
Allowable Shear Stress : Assume failure due to shear stress.
By observation, section AC is the critical region.

Tc
Tmax = Talow = '7'
d
8(10%) = 175.07( :2)‘( £)
5(%)
d =1.102 in.

7/

NS

26565 Ib.fy @

26565 16 ¢

e

Angle of Twist : Assume failure due to angle of twist limitation.

e = TepLep
CID =~ T
0.2(7) _ 65.65(12)(8)
180

£ (4)*(11.0) (109

d=1.137in. (controls!)

Used = 11 in.
4
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*5-56. The motor delivers 40 hp to the 304 stainless steel
solid shaft while it rotates at 20 Hz. The shaft has a diameter
of 1.5 in. and is supported on smooth bearings at A and B,
which allow free rotation of the shaft. The gears C and D
fixed to the shaft remove 25 hp and 15 hp, respectively.
Determine the absolute maximum stress in the shaft and
the angle of twist of gear C with respect to gear D.

P
External Applied Torque : Applying T = 2 we have
40(550) 25(550)

=——"" =175. . =———=109.421b-ft
=gy = VSO T=To
15(550)
== . Ib-
b= 2ma0y = 656 o

Internal Torque : Asshownon FBD.
Allowable Shear Stress : The maximum torque occurs within
region AC of the shaft where T,,, = T, = 175.071b-ft.

Tou € _ 175.07(12)(0.75)

Tpy = —— =3.17 ksi A
B J £(0.75%) ' "
Angle of Twist :
Serp = Teplep
ap ="

_ 65.65(12)(8)
7 E(0.75%) (11.0)(108)

=0.001153 rad = 0.0661°  Ans

(\ Toc 217507 Ib.ft
Tasi7507 ﬁ/%kéj
7/

T=6565 Ib-ft

5-57. The motor produces a torque of 7= 20N-m on
gear A. If gear C is suddenly locked so it does not turn, yet
B can freely turn, determine the angle of twist of F with
respect to E and F with respect to D of the L2-steel shaft,
which has an inner diameter of 30 mm and an outer
diameter of 50 mm. Also, calculate the absolute maximum
shear stress in the shaft. The shaft is supported on journal
bearings at G and H.

F(0.03) =20 2o

F =666.67 N

2
T'= (666.67)(0.1) = 66.67 N -m 03m

Since shaft is held fixed at C, the torque is only in
region EF of the shaft.

TL 66.67(0.6)
S =357 =0.999(10)” rad
3 [(0.025)* - (0.015*175010°%)

Ans

Since the torque in region ED is zero,

90 ='0.999(10) rad Ans

Tc _ 66.67(0.025)

Tmax =

J  5((0.025)* - (0.015)%)

=3.12 MPa Ans

E

C IS

G

0,/
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5-58. The two shafts are made of A-36 steel. Each has a
diameter of 1 in., and they are supported by bearings at A,
B, and C, which allow free rotation. If the support at D is
fixed, determine the angle of twist of end B when the
torques are applied to the assembly as shown.

49,2016 o
I"-'o,””‘/'z 10 in.

Internal Torque: As shownon FBD.
Angle of Twist :

TL
=27
1

= 059 (110)(106) [-60.0(12)(30) +20.0(12)(10)]
7(0. .

=-0.01778 rad = 0.01778 rad

6 6
95 = 195 = 5(0.01778) = 002667 rad

Since there is no torque applied between F and B then

65 = 0 =0.02667 rad = 1.53° Ans
E=120 I
5-59. The two shafts are made of A-36 steel. Each has a S
diameter of 1 in., and they are supported by bearings at A, D
B, and C, which allow free rotation. If the support at D is
fixed, determine the angle of twist of end A when the
torques are applied to the assembly as shown.
. do__
F 53333 2/20 16

Internal Torque : As shown on FBD.
Angle of Twist :

0=y Ik
ET 2456
1
= T3 Toyos o120 +20001(10)]
(0. :

=-0.01778 rad = 0.01778 rad

6. 6
95 = ;05 = (0.01778) = 0.02667 rad

o = Torlor
AlIF JG

_=40(12)(10)
7 5(0.54)(11.0)(10%)
= —0.004445 rad = 0.004445 rad

Pa=0r+Pur
=0.02667 +0.004445
=0.03111rad = 1.78° Ans
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5-61. The 30-mm-diameter shafts are made of L2 tool
steel and are supported on journal bearings that allow the
shaft to rotate freely. If the motor at A develops a torque of
T = 45 N -m on the shaft AB, while the turbine at E is fixed
from turning, determine the amount of rotation of gears B
and C.

tnternal Torque : As shown on FBD.
Angle of Twist :

_TLislus
¢p = 1G
45.0(1.5)

~ 3(0.015%)75.0(10%)

=0.01132 rad = 0.648° Ans

= TCELCE
JG
67.5(0.75)

~ 300159 75.0(10%)

¢c

=0.008488 rad = 0.486° Ans

5-62. The 60-mm-diameter solid shaft is made of A-36

steel and is subjected to the distributed and concentrated

torsional loadings shown. Determine the angle of twist at 2 kN-m /m
the free end A of the shaft due to these loadings. @\

Internal Torque : As shown on FBD.
Angle of Twist :

Tac = ~400M.m
$a=2 = 4000-m
4 JG d
-400(0.6) *#= (200 -2000x) dx Toc * 200 -2000%
= 7(0.03975.0(109) fo £(0.034)75.0(10°) R e oox
N
= —0.007545 rad = | 0.432° | Ans 3 FooR-m
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5-63. When drilling a well, the deep end of the drill pipe is
assumed to encounter a torsional resistance T 4. Furthermore,
soil friction along the sides of the pipe creates a linear
distribution of torque per unit length, varying from zero at the
surface B to {; at A. Determine the necessary torque Tp that
must be supplied by the drive unit to turn the pipe. Also, what
is the relative angle of twist of one end of the pipe with
respect to the other end at the instant the pipe is about to
turn? The pipe has an outer radius 7, and an inner radius 7;.
The shear modulusis G.

%xoL+TA—Ta=0

A L} Ans
2
T+ 22 - LT 2R _
2
Ty = 2L+ 25 _ b
2 2L
_ [ T(x) dx
0= JG
L
= _L (to_L_+_2_ZA.— .&xz)dx
JG7o 2 2L
1 toL + 2T, L
= ot i".x’”
JG 2 6L o
_ L+ 3L
3JG

However, J = —2’E(r,,‘ -r%

2L(tpL + 3Ty)
= bl +3T) A
¢ 3n(r,* - riYH)G ns

*5-64. The assembly is made of A-36 steel and consists of
a solid rod 15 mm in diameter connected to the inside of a
tube using a rigid disk at B. Determine the angle of twist at
A. The tube has an outer diameter of 30 mm and wall
thickness of 3 mm.

Internal Torque : As shownon FBD.
Angle of Twist :

TL =
04 = JG Tas=  50A-m
_ sy 80(0.3)
%(0.0075")75.0( 10%) 5’5(0.015‘—0.012‘)75.0(109)

=0.04706 rad = 2.70° Ans
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5-65. The device serves as a compact torsional spring. It is
made of A-36 steel and consists of a solid inner shaft CB ]
which is surrounded by and attached to a tube AB using a _12in.
rigid ring at B.The ring at A can also be assumed rigid and
is fixed from rotating. If a torque of 7 = 2 kip - in. is applied
to the shaft, determine the angle of twist at the end C and
the maximum shear stress in the tube and shaft.

Internal Torque : As shown on FBD.
Maximum Shear Stress : 0.5 in.NC

(T5¢) max =T_W_ 10.2 ksi Ans
_Tyee o 200(1) ) pity
(fa0)aus = 2= = Frirgagyy = 186ksi Ans Z Kip'i %* -
Tac =20 Kip'!
Angle of Twist : 2 Kip-ilv
£
5, - Toalna
B 7G @ .
2.00)(12
= ZOUD 6002032 rad .
F(1*=0.75)) 11.0(10%) Toas 20 Kip-102.
o o Taclac
73 7
200024) oo
T E(059 1100109 0 f
bc=0s+bc
= 0.002032 + 0.044448
=0.04648 rad = 2.66° Ans

5-66. 'Ihe device serves as a compact torsion spring. It is
made of A-36 steel and consists of a solid inner shaft CB
which is surrounded by and attached to a tube AB using a
rigid ring at B.The ring at A can also be assumed rigid and
is fixed from rotating. If the allowable shear stress for the
material is 7,w = 12 ksi and the angle of twist at C is
limited to ¢, = 3°, determine the maximum torque 7
that can be applied at the end C.

Internal Torque: As shown on FBD.
Allowable Shear Stress : Assume failure due to shear stress.

Thce
Tmax = Tallow = 7

T (0.5)
(059
T=2356Kkip-in

120=

Tpa
Tmax = Tallow = 7

T (1)
F(14-0.759)
T=12.89kip-in

120=

Angle of Twist : Assume failure due to angle of twist limitation.

0y = aloa _ T(12)
BTTIG T F(14-075%11.0(10%)
= 0.001016T
S = Tyclse _ T(24)
BTG T §(05411.0(10°)
=0.022224T

(8c)atow =P8 +0cin
3(x)
Teo =0.001016T +0.022224T

T=225kip-in (controls!) Ans
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5-67. The shaft has a radius ¢ and is subjected to a torque

per unit length of #;, which is distributed uniformly over the A
shaft’s entire length L. If it is fixed at its far end A, « />
determine the angle of twist ¢» of end B. The shear modulus // ¢
is G. b / /%

( =~

e
73_[2]!,’

—6l’
2JG

n
However, J = Ec4

_,OLZ = ._IO_L_Z- Ans
£c*G  mc*G

¢=

*5-68. The A-36boltis tightened within a hole so that the
reactive torque on the shank AB can be expressed by the
equation ¢ = (kx?) N-m/m, where x is in meters. If a
torque of T =50N-m is applied to the bolt head,
determine the constant k and the amount of twist in the
50-mm length of the shank. Assume the shank has a
constant radius of 4 mm.

,'?,7/7/
i " T =50 N-m

o065 m
dT = tdx f
X

005m 2 00s P AN
= = Y = NN
IO kx*dx k3 0| 41.667(107°%) k A L
{
50 — 41.6667(10°%) k = 0 \\ ) %J - C
> S0 N-m
k = 120(10°) N/m® Ans 41 6667(10°9K
* ¢
In the general position, T = ] 1.20(10%)x*dx = 0.4(10%)%° 0.+(10°) X
0
- [T dx_ L [o0misy  60.410° 1dx ,\_\é )
JG JG7o \ 1/ AT s
—$ il
6y .4 005 m R ad - 4
=%[50X_o.4(10)x] l Yo mw
¢ 4 ° Tix)=50-2-49r?
1.875 _ 1.875

JG Z(0.004%)(75)(10°)

0.06217 rad = 3.56° Ans

1]
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5-69. Solve Prob. 5-68 if the distributed torque is
t = (kx¥3) N-m/m.

T =50N'm

dT = tdx

0.05 2 3 5 005 _3
T=|"" kxddx = k20 | = @oT6)(107) k
0 0

50 — 4.0716(107%) k= 0
k = 12.28(10°%) Ans

In the general position,
x 2 H
T = [[1228010°)00dx = 7368107 51
Angle of twist :

0= jT_(;Z;_“" = ;‘5_[:”’ "(50 - 7.3681(10*)x}]dx

L sox - 7.368110) Gyt |
o —— - . - 3
JG S)X 0

= ‘_1_562_5__ = 0.0518 rad = 2.97° Ans
£(0.004%) (75)(10°)

5-70. The contour of the surface of the shaft is defined by
the equation y = e¢”, where a is a constant. If the shaft is
subjected to a torque T at its ends, determine the angle of
twist of end A with respect to end B. The shear modulus is G.

=j'de

T, ax\4
h =2
JDC where, J(x) 2(e )

_ 2T (Ldx _ 2T 1

1}
~
IS
8
-
>
2
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5-71. The A-36 steel shaft has a diameter of 50 mm and is

subjected to the distributed and concentrated loadings

shown. Determine the absolute maximum shear stress in 200 N'm/m

the shaft and plot a graph of the angle of twist of the shaft in 250 N-m

radians versus x. N
< T
e %
0.5m \/B

Internal Torque : As shown on FBD.
Maximum Shear Stress : The maximum torque occurs at
x=0.5m where T,,, = 150+200(0.5) =250 N -m.

o = 1€ .._.250(0 025 _ 102 MPa Ans

Angle of Twist :

For 0Sx<0.5m

LT(x)dx
o= = (‘)

(150+200x)dx
0 JG
_ 150x+ 100
T JG
_ 150r+100x2
~ $(0.0254)75.0(10%)

=[326x+2.17x*](107°) rad

Atx=05m, ¢ =¢,=0.00217 rad
For 0.5m<x<1m Since T(x) =0, then

6 (x) = ¢ =0.00217 rad

Tix)=0
7

For 0.5m <X £ Im

T =150+200X

Xtm)
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*5-72. A cylindrical spring consists of a rubber annulus
bonded to a rigid ring and shaft. If the ring is held fixed and
a torque 7 is applied to the rigid shaft, determine the angle
of twist of the shaft. The shear modulus of the rubber is G.
Hint: As shown in the figure, the deformation of the
element at radius r can be determined from rdé = dry. Use
this expression along with r = T/(2ar?h) from Prob. 5-28,
to obtain the result.

rdf = ydr

de = — (1)

From Prob. § - 28,

T= T d 7= z
" 27 r2h G
_ T
v= 27 r*hG
From (1),
de = T _dr
2nhG r?
T r, dr T 1 .
8 = — I — —
27hG “r r*  2mhG 2r2 g,
T 1 1
= - + —]
2rhG 212 2r?
T S S

5-73. The A-36 steel shaft has a diameter of 50 mm and is
fixed at its ends A and B. If it is subjected to the couple,

determine the maximum shear stress in regions AC and CB
of the shaft. /( A 300 N-m
0.4m
Equilibrium : \<C
T,+T;-300=0 (1] 08m 3
Compatibility : \/
Ocia =P Z
L4 = 503 & 200M L
JG JG
T, =2.007, [2] N

N

Solving Egs. [1] and (2] yields :
T,=200N-m 7 =100N-m

Maximum S hear stress :

(A pax = — = 57—=——=8.15MPa  Ans
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5-74. The bronze C86100 pipe has an outer diameter of
1.5 in. and a thickness of 0.125 in. The coupling on it at C is
being tightened using a wrench. If the torque developed at
A is 125 Ib-in., determine the magnitude F of the couple
forces. The pipe is fixed supported at end B.

Equilibrium :

F12)-T; -125=0 ) 125 Ib-inv
Compatibility :
bcis =%cia
Tz (8) _ 125(10)
G JG

T, =156.251b - in.
From Eq. [1],
F(12)-156.25-125=0

F=2341b Ans

5-75. The bronze C86100 pipe has an outer diameter of
1.5 in. and a thickness of 0.125 in. The coupling on it at C is
being tightened using a wrench. If the applied force is
F = 201b, determine the maximum shear stress in the pipe.

Equilibrium :
L,+T-20(12) =0 [1]

Compatibility :

bcis =Pcra
L©® _T1.(10
JG JG
T, = 1257, (21

Solving Egs. [1] and [2] yields :
T, =106.671b-in. T, =13333Ib-in.

Maximum shear stress :

Toax = —— = 57— —————— = 389 psi Ans
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*#5-76. 'lhe steel shaft is made from two segments: AC has
a diameter of 0.5 in, and CB has a diameter of 1 in. If it is
fixed at its ends A and B and subjected to a torque of
500 1b - ft, determine the maximum shear stress in the shaft.
Gy = 10.8(10%) ksi.

Equilibrium :
T,+T-500=0 )
Com patibility condition : T‘ m
Spia = Pois 500 1b-f2 Ts
L), _T®  _ ha2)
5025  §(05 (05
14087, = 192 T )
Solving Egs. (1) and (2) yields
Th =60lb-ft T = 4401b-ft
Te _ 60(12)(0.25) _ .
Tae = 7= W = 293 ksi (max) Ans
Tps =I€= ﬂ‘_l_Z)_EO_S) = 26.9 ksi
J 5054
5-77. 'The shaft is made of L2 tool steel, has a diameter of 2kN

40 mm, and is fixed at its ends A and B. If it is subjected to
the couple, determine the maximum shear stress in regions
AC and CB.

Equilibrium :

T, +T ~2(0.1) =0 [1]

Compatibility :

Pcia =%cn
L, (04) T;(0.6)
G IG
T, = 1.507, (2]

Solving Egs. {1] and [2] yields :
T, =0080kN'm 7, =0.120kN-m

Maximum S hear stress :

(uedpy =——=—5———>-=955MPa Ans

(Tea)gay == = ——5————-=637TMPa Ans
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5-78. The composite shaft consists of a mid-section that 800 1b-ft 1 in. 3in )

includes the 1-in.-diameter solid shaft and a tube that is /(4 ARy 025 in.

welded to the rigid flanges at A and B. Neglect the thickness \ ] 800 Ib-ft

of the flanges and determine the angle of twist of end C of ' A 3}

the shaft relative to end D. The shaft is subjected to a torque 0.5 ft 4_\ ! \Q/D

of 800 Ib - ft. The material is A-36 steel. 0TSt ~ﬂ o5t $
F0.5 1t

Equilibrium :
800(12) -7~ =0
goolvft

T
Compatibility condition : @?‘,
A

ér=0s:; HOI5)12)  _ T(0.75X12)
HA9*~-(125C  X0.5)G

Tr =9376.421b-in.
I; =223.581bin.

TL _ 800(12)(1)(12) . 223.58(0.75X(12)
¢ =3 —= =0. = o
=536 T 505010005 T FOsy aLoxies) - 10 A =622 Ans

5-79. The shaftis made from a solid steel section AB and
a tubular portion made of steel and having a brass core. If
it is fixed to a rigid support at A, and a torque of
T =501b-ft is applied to it at C, determine the angle of
twist that occurs at C and compute the maximum shear
stress and maximum shear strain in the brass and steel.
Take Gy = 11.5(10%) ksi, Gy, = 5.6(10%) ksi.

Equilibrium : @}m -5
b isq
T, +T, ~50=0 ) Ffotb-ft _ "

Both the sieel tabe and brass core undergo the same angle of twist $c/8

b =TL o B _ T(2)(12)
“TIG T HOSHGBO0%) | KI1' - 059(11.5)(10°)

T = 0.032464 T (03}

Solving Egs. (1) and (2) yields :
T; = 48.4281b- f1, % = 1.5721b- ft

TL 1.572(12)(2)(12) + 50(12)(3)(12)

=X— =
¢c JG ;(0.5‘)(5.6)(106) ;(]‘)(11.5)(106)
= 0.002019rad = 0.116° Ans
Tise _ 50(12)(1) .
(Tt Jman a8 = 5 = -;‘(l—‘) = 382 psi

(G )mnpe = 2= = =02 - 39463 psi = 395 psi (Max)  Ans

Wmtx = ot = s = 343(107°) rad
(e Jme G 11.5(105) AW Ans

T c _ 1.572(12)(0.5)

(Tor Jmax = —J_‘ = —W = 96.07 psi = 96.1 psi (Max) Auns
(Tor Jmax 96.07 "
t Jmax = ———— = = = 17.2(107") rad A
(Yor Jm G 560109 (107) ns
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*5-80. The two 3-ft-long shafts are made of 2014-T6
aluminum. Each has a diameter of 1.5 in. and they are
connected using the gears fixed to their ends. Their other
ends are attached to fixed supports at A and B. They are
also supported by bearings at C and D, which allow free
rotation of the shafts along their axes. If a torque of
600 1b - ft is applied to the top gear as shown, determine the
maximum shear stress in each shaft.

4 ‘00 'b}"t
T+ F(=) = 600 = 0 )

2
T~ F(—=) =0 2
B (12) ()

From Eqs. (1) and (2)

7:4 + 27b -600 =0 (3)
49e) = 2@rF); e = 05¢rF

L L

A 205Ky T = 05T 4

1G (JG) A B “@

Solving Egs. (3) and (4) yields :
T, = 2401b-ft; T, = 1201b-ft

T80)max = — = ——————— = 4.35ksi Ans
(7o) J 5075

_ Tac _ 120(12)(0.75) _ R
(TAC)maz = —J— = W = 2.17 ksi Ans

600 1b-ft
R

¢

5-81. The two shafts are made of A-36 steel. Each has a
diameter of 25 mm and they are connected using the gears
fixed to their ends. Their other ends are attached to fixed
supports at A and B. They are also supported by journal
bearings at C and D, which allow free rotation of the shafts
along their axes. If a torque of 500 N-m is applied to the
gear at F as shown, determine the reactions at A and B.

Eguilibrium :
T, +F(0.1)-500=0 1]
T, - F(0.05) = 0 (2)

From Egs. [1] and [2]

T, +2T; -500=0 [3]
Compatibility :
0.1¢; =0.05¢,
6:=0.50;

T, (L. .
L (1.5) - 0‘5[77;(0 75)

JG JG

T, =0.2507;, [4}

Solving Egs. 3] and (4] yields :

T, =222N'm Ans
T. =556 N-m Ans

D, ~
F b ~
50 mm 7»7;3 A 0.75 m
100 mm —/“‘\}‘. \\\</ g
@jpo N-m
E //')\
- e
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5-82. Determine the rotation of the gear at £ in Prob. 5-81.

Equilibrium :
T, +F(0.1)-500=0 [1]
T, -F(0.05)=0 [2)

From Egs. [1] and [2]

T, +2T, -500=0 [3]
Compatibility :
0.1z =0.05¢,
0:=05¢,

T, (1. .
4 (1.5) =05 73(0.75)

JG JG

T, = 0.2507; (4]

Solving Egs. [3] and [4] yields :
Ty =22222N'm T, =5556N-m
Angle of Twist :

LL_ 55.56(1.5)

Y536 = 001259 (5.0 (107

=0.02897 rad = 1.66° Ans
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5-83. The A-36 steel shaft is made from two segments: AC

A
has a diameter of 0.5 in. and CB has a diameter of 1 in. If the 0.5 in.
shaft is fixed at its ends A and B and subjected to a uniform e /C/_T
distributed torque of 60I1b-in./in. along segment CB, ~_. IR
. . . Sin. VIR
determine the absolute maximum shear stress in the shaft. /«< \ Jj\/\\i//QGO Ib-in. /in.
. L\[\C/'ﬁf}’ 1in
20 in \ \r{\\,,/ﬂ/,
~ VTN /B
. AV
\ Y \(Q
. A
>
& 20020\~ 120 04

Equilibrium :
L+ Tz — 60(20) = O §))
Com patibility condition :

bcrs = Pcia

bo = J' T(x)dx= J’zo (T3 ~ 60x) dx
e G o £(0.5%)(11.0)(10°)
= 18.52(10°%) 7 - 0.011112
_ T.(5)
18.52(10°%) T ~ 0.011112 = ——— A2
(10T £(0.25%)(11.0)(10°)

18.52(10°%)T; — 74.08(10°°)T = 0.011112
18.527; — 74.08T, = 11112 @

Solving Egs. (1) and (2) yields :
i = 12001b-in. ; Tp = 1080 1b-in.

Tanadoc = 2= = ) = 5,50 ksi
( x)EC 7 ;—(0.54) 1
Tic _ 120.0(0.25) .
(Tawdac = A5 = 222020 _ 489y
e =TT = ooy '

Tabs =5.50ksi  Ans
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*5-84. The tapered shaft is confined by the fixed supports
at A and B. If a torque T is applied at its mid-point,
determine the reactions at the supports.

T——r1pn__

Equilibrium :
L+ -T=0 (m

Section Properties :
(x)=c+ IE.‘ = ;'(L+x)

[ c ®c*
Ix) = E[Z(L»fx)I = e’
Angle of Twist:

. Tdx J" Tdc
TT)IWG T i minte
AL (L dx
*AGJli(Len)
AL 1 r
T e vt | s —
3#:‘0[(1.4»:)’] %
_ AL
T 32456

N . CI N +

M YR BT %

Lt &

7AG Jo (L+x)

=_ZE{[__‘_]|‘ T
37c*GL (L+x)°

0
ML <
= 2ncG ‘5{ » Mo
Compatibility :
0=¢7-¢,
0o 3L _ 1L I‘
324xc'G  127c'G T

37
L =—T Ans

Substimting the result into Eq.[1] yields :

152
L= m?‘ Ans
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5-85. A portion of the A-36 steel shaft is subjected to a 300 Ib-in. /in.
linearly distributed torsional loading. If the shaft has the
dimensions shown, determine the reactions at the fixed
supports A and C. Segment AB has a diameter of 1.5 in. and
segment BC has a diameter of 0.75 in.

Equilibrium :

Ti+ Te - 9000 = 0 1 2.
T ) m’“‘
T = tx+ 2300 - gx = 150 + 2 t
R = -— — —3 —
2 2 P

o~ x

t 300
= — t = 5(60 —
60 — x 60 (6 »

But

)]

T 150 x + %[5(60 - 0)x

]

(300x — 2.54%) Ib-in.
Compatibility condition :

Paia = Pnc

T(x) dx 1 %0 2
= — T — -
j P 7 Io [T — (300x — 2.5x°)] dx

Paia

= LT - 1502+ 0833301
= —— - )4 .
JG 4 * 0
607, - 360000
G

607, ~ 360000 _  T-(48)
20.75%G 2(0.375)G

60T, — 7681 = 360 000 2)

Solving Egs. (1) and (2) yields :
Tc =2174 Ib-in. = 18.11b-ft Ans

T, = 87826 Ib-in. = 7321b-fi Ans
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5-86. Determine the rotation of joint B and the absolute .
maximum shear stress in the shaft in Prob. 5-85. 300 Ib-in. /in.

Equilibrium :

Th+ Tc — 9000 = 0 (1)

T =xx+-;(300—r)x= 150x+-'-2‘-'

But =39 560 -2
7

T

150x + %[5(60 - x))x

(300x - 2.5x%) 1b-in.

2.
Com patibility condition : 200-t {
==

Oan = Pac

1 60
oun = | 3_'(‘_]();1' = 35’[., (Ta - (300x - 2.55%)] dx

60
= Liznx - 1502 + 0.8333) ]
JG 0
60T, - 360 000
G

607, - 360000 _  Tc(48)
(075G £(0.375G

607, — 7687 = 360 000 )

Solving Egs. (1) and (2) yields :
Tc = 2174 1b-in. = 18.11b-ft

T, = 87826 Ib-in. = 7321b-ft

For segment BC :
TcL 217.4(48)
= R — = = 0.030540 rad
#r = #ac =36 T Hoamsr QL0
¢ = 1.75° Ans

Tor=1; ~(300 x 251y

- =_13 - 217.4(0.375) = 2.62 ksi

7 §(0375)*

For segment AB,

Te _ 8782.6(0.75)

Ll = 133ksi
7 £(0.75)*

r-l 13

Tabs = 13.3 ksi Ans
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5-87. The shaft of radius c is subjected to a distributed
torque ¢, measured as torque/length of shaft. Determine the
reactions at the fixed supports A and B.

L \ ~
W ) A
e
i 4
/
2ty
k [ L
T(x) =I°!o(l+’,‘7’,)dr=:o(x+3%) 1) 17__4 ] 1
By superposition : B mm’ A
= - )
0=¢p~-¢5 t. t= f,[l*({'f] 2t,

0= f* o+ i ds L) Tl

- B
o UG G ST e R i

_ Tl

S G nnness
+

From Eq. (1), T ¢,’
L. 4l » @)
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*5-88. Compare the values of the maximum elastic shear
stress and the angle of twist developed in 304 stainless steel
shafts having circular and square cross sections. Each shaft
has the same cross-sectional area of 9 in.2, length of 36 in.,
and is subjected to a torque of 4000 Ib - in.

Maximum S hear Stress :

For circular shaft
1
2 9\
A=nrnc"=9; c=|-
/4
2T  2(4000
(f‘)mu=-7;c=-;7.i=_=_(_—’)=525psi Ans

_4.81T _ 4.81(4000)

(%) max e > =713 psi Ans
Angle of Twist :
For circular shaft
6. = TL _ 4000(36)
TG £(2) 1100109
=0.001015 rad = 0.0582° Ans

For rectangular shaft

_ 710 TL _ 7.10(4000)(36)
T adG . 34(11.0)(10%)
=0.001147 rad = 0.0657° Ans

The rectangular shaft has a greater maximum shear stress and angle of
twist
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5-89. The shaft is made of red brass C83400 and has an
elliptical cross section. If it is subjected to the torsional
loading shown, determine the maximum shear stress within
regions AC and BC, and the angle of twist ¢ of end B
relative to end A.

Maximum S hear Stress :

2 _ 2(30.0)

(rDC)nn - rab? - 7(0.05)(0.022) il "
_ H005)(. Ans TBC s =300 30 N-
o, 2(50.0
(rAC)un = L= ( )

mab®  7(0.05)(0.022)
= 1.59 MPa Ans

Angle of Twist :

(@+¥)TL @
P54 =EW - Kc=-50.ox)-"‘

50N'™
_ (0.052 +0.022)
"~ 7(0.05%)(0.023)(37.0)(10°)

{(-30.0)(1.5) +(~50.0)(2)]

=-0.003618 rad = 0.207° Ans
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590. Solve Prob. 5-89 for the maximum shear stress
within regions AC and BC,and the angle of twist ¢ of end B
relative to C.

Maximum S hear Stress :

_ 2 2(300)

(%8C)ma = 77 = 7(0.05)(0.022) Tec = =30-00:m
=0.955 MPa Ans o 304-m
l
- M 2500)
AC/max ~ rab? - 71(005)(0022)
= 1.59 MPa Ans

Angle of Twist :

_(@+P) T L
o = w6
_ (0.05%+0.02%) (-30.0) (.5) somm

~ 7(0.05%)(0.02%)(37.0)(10°) T+ -50.00).m

=-0.001123 rad = | 0.0643°| Ans
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5-91. The steel shaft is 12 in. long and is screwed into the
wall using a wrench. Determine the largest couple forces F
that can be applied to the shaft without causing the steel to
yield. ry = 8 ksi.

F(16)-T=0 n F

481T
3

Tmax =Ty =
a

8103 =4.81T |
(10 == 9/

1)
T=1663.21b-in. F 16

From Eq. (1), l
F=1041b Ans

*5-92. 'The steel shaft is 12 in. long and is screwed into the
wall using a wrench. Determine the maximum shear stress in
the shaft and the amount of displacement that each couple
force undergoes if the couple forces have a magnitude of
F = 301b. Gy = 10.8(10°) ksi.

8in.

T-30(16) =0
T=4801b-in. o
ZR
. _481T _ 4.81(480) F=30t
max — (13 - (1)3 W~
=231ksi  Ans '
= 3olb
_710TL _ 7.10(480)(12) _ ) i2ag g i

a‘G  (1)*(10.8)(10°)

Or = 8(0.00379) = 0.0303 in. Ans
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5-93. The shaft is made of plastic and has an elliptical
cross-section. If it is subjected to the torsional loading
shown, determine the shear stress at point A and show the
shear stress on a volume element located at this point. Also,
determine the angle of twist ¢ at the end B. G, = 15 GPa. A4

40 N'm

/ SONm

1m
5( \ 50 mm
\}/ 20 mm
_2To)
nab?
=200 _;86MPa  Ans
7(0.05)(0.02)?
50””’@ L]
p=y @HTL (a +bHTL ¢c=GON.m,
na’’G
SON m
_ 0.05°+002°)50)(1.5)  _(0.05> +0.02°)(90)(2) Son. p,,

~ m0.05° )(0.023)(15)(10°)  7(0.05%)(0.023)(15)(10%)

=0.0157 rad = 0.899° Ans %%/ 7; 01." M pa

5-94. The square shaft is used at the end of a drive cable in
order to register the rotation of the cable on a gauge. If it has
the dimensions shown and is subjected to a torque of § N+ m,
determine the shear stress in the shaft at point A. Sketch the
shear stress on a volume element located at this point.

8 N-m

W=l

Maximum shear stress : Sa-m
481T  4.81(8)

(fn.‘)d = T = m = 308 MPa Ans 3@”/2 %

211




© 2008 by R.C. Hibbeler. Published by Pearson Prentice Hall, Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all
copyright laws as they currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

5-95. The brass wire has a triangular cross section, 2 mm on
a side. If the yield stress for brass is 7y = 205 MPa,
determine the maximum torque 7" to which it can be subjected
so that the wire will not yield. If this torque is applied to a
segment 4 m long, determine the greatest angle of twist of one
end of the wire relative to the other end that will not cause
permanent damage to the wire. Gy, = 37 GPa. 4m

Allowable Shear Stress :

20T
Toax =Ty = - Angle of Twist :
20T
205(10°%) = 5005 o = J6TL _ _46(0.0820)(4)
: a*G ~ (0.0024)(37)(10%)
T =0.0820N-m Ans =255 rad Ans

*5-96. Itisintended to manufacture a circular bar to resist
torque; however, the bar is made elliptical in the process of
manufacturing, with one dimension smaller than the other
by a factor k as shown. Determine the factor by which the
maximum shear stress is increased.

For the circular shaft :
Te _ T($) _ 16T
(Tmaz)e = — = * da = Ty
J f( 2—) nd
For the elliptical shaft :
2T 2T 16T
(Tmax)e = =

rab? m($)(4)? TR

167
. . T,
Factor of increase in shear stress = (Tmar)e "l";;’ 2
(Tmnx )c m
1
= — Ans
i
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5-97. The 2014-T6 aluminum strut is fixed between the
two walls at A and B. If it has a 2 in. by 2 in. square cross
section, and it is subjected to the torsional loading shown,

determine the reactions at the fixed supports. Also, what is
the angle of twist at C?

A
<s C
21t \
40 Ib-ft
2 ft B
2ft\/
Equilibrium :
T,+T,-60=0 (1]
Ta
Compatibility :
0=9¢r-¢;
0= 7.10(60)(12)(2)(12)
- G
+7.10(20)(12)(2)(12) _ 7.10(T3)(6)(12) _ 0
a‘G a'G B
T; =3201b: in. =26.71b- ft Ans
Substituting the results into Eq.[1] yields :
T, =3331b-ft Ans

Angle of Twist :

_7.10T,L _ 7.10(33.33)(12)(2)(12)
TG (24)(3.90)(10°)
=0.001092 rad = 0.0626° Ans

c
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5-98. The 304 stainless steel tube has a thickness of
10 mm. If the allowable shear stress is T,0w = 80 MPa,
determine the maximum torque 7 that it can transmit. Also,
what is the angle of twist of one end of the tube with respect
to the other if the tube is 4 m long? Neglect the stress

concentrations at the corners. The mean dimensions are
shown.

30 mm

—
},/ 70 mm \T

Section Properties :
A,, =0.07(0.03) = 0.00210 m’

[ ds =2(0.07) +2(0.03) = 0200 m

10 mm
Allowable Average Shear Stress :
T
tav. = Tilow = m
80(10°%) = T
2(0.01)(0.00210) | |
| 70 mm l
T =3360N-m=336kN-m Ans
Angle of Twist :
6= TL ds _ 3360(4)(0.200)
4A2G | ¢ 4(0.002102)(75.0)(10°)(0.01)

=0.2032rad = 11.6° Ans
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599. The 304 stainless steel tube has a thickness of
10 mm. If the applied torque is T = 50 N - m, determine the
average shear stress in the tube. Neglect the stress
concentrations at the corners. The mean dimensions are
shown.

Section Properties :

A,, =0.07(0.03) = 0.00210 m’

10 mm
Average Shear Stress :
_
. T
s = 27A, 30mm
_ 50 :
= 2(0.01)(0.00210) l |
= 1.19 MPa Ans I vomm |

*5-100. Determine the constant thickness of the
rectangular tube if the average shear stress is not to exceed
12 ksi when a torque of 7' = 20 kip -in. is applied to the
tube. Neglect stress concentrations at the corners. The mean
dimensions of the tube are shown.

T
Tnvg -
2tA,
12 20
21(8)
t = 0.104 in. Ans
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5-101. Determine the torque 7 that can be applied to the
rectangular tube if the average shear stress is not to exceed
12 ksi. Neglect stress concentrations at the corners. The mean
dimensions of the tube are shown and the tube has a thickness
of 0.125 in.

An= 2(4) = 8in’

T T
tavg = N 12 = ————
2tA, 2(0.125)(8)
T = 24kip-in. = 2 kip- ft Ans

5-102. A tube having the dimensions shown is subjected toa
torque of 7" = 50 N - m. Neglecting the stress concentrations
at its corners, determine the average shear stress in the tube at
points A and B. Show the shear stress on volume elements
located at these points.

Section Properties : sme [ 0.04Tm
A,, =0.047(0.045) = 0.002115 m’
Average Shear Stress :
T 50
T, = = =394
Cadws = 3727 = 20003 (0.002115) o+ MPa Ans
‘t\ %
, 0 Q
(T8) g = = =236 MPa Ans \‘/
Y& 214, 2(0.005)(0.002115) =394 MF.
\ J ('m“,a 394 Mf

Q;)Av =236 MPa
C
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5-103. The tube is made of plastic, is 5 mm thick, and has
the mean dimensions shown. Determine the average shear
stress at points A and B if it is subjected to the torque of
T = 5N-m. Show the shear stress on volume elements
located at these points.

A, =(0.11)(0.08) + -;—(0.08)(0.03) =0.01 m*

T _ 5 =50
2tA.  2(0.005)0.01)

TA=Tg=Tavg =

kPa Ans

*5-104. The steel tube has an elliptical cross section of
mean dimensions shown and a constant thickness of
t = 0.2 in. If the allowable shear stress is 70w = 8 ksi, and
the tube is to resist a torque of 7' = 250 1b - ft, determine
the necessary dimension b. The mean area for the ellipse is
A, = wb(0.5b).

\ 250 1b-ft

T, 7, T
avg = lallow =
21An
8(103)= 250(12)
2(0.2)(m)(b)(0.5b)

b=0.773 in. Ans
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5-105. The tube is made of plastic, is 5 mm thick, and has
the mean dimensions shown. Determine the average shear
stress at points A and B if the tube is subjected to the torque
of T = 500 N - m. Show the shear stress on volume elements
located at these points. Neglect stress concentrations at the
corners.

20 mm
20 mm

An = 2[%(0.04)(0.03)] + 0.1(0.04) = 0.0052m*

T )
(Tavga = (Tavg)s = ‘2’;;: [
500 193m
"~ 2(0.005)(0.0052) -
= 9.62 MPa Ans o

)03Mm

-qesMfe (NY
,). 7

f):v)‘ =962 MPa
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5-106. The steel tube has an elliptical cross section of the
mean dimensions shown and a constant thickness of
t = 0.2in. If the allowable shear stress iS T, = S ksi,
determine the necessary dimension b needed to resist the
torque shown. The mean area A, for the ellipse is 75(0.5b).

\ \.b 0.5b
300 Ib-ft \ﬁ

S0 1b-tt
Internal Torque : As shown on FBD the maximum torque
isT,,,=2701b-ft
T=50.01b-f¢ 0 Ibft
Allowable Average Shear Stress : "&@5
Tmnx
. = - T=-30.Clbdt

avg Tallow = 21A £0 1o-&

8(103)-_-—.___.“ 270012) b o=
2(0.2)(7 b)(0.5b) T=270 1b-$¢

&
=0. in. 80 Ib-ft
b =0.803 in Ans Bolbte it

300 Ib-ft

5-107. The symmetric tube is made from a high-strength
steel, having the mean dimensions shown and a thickness of
5 mm. If it is subjected to a torque of 7= 40N-m,
determine the average shear stress developed at points A
and B.Indicate the shear stress on volume elements located
at these points.

A, = 4(0.04)(0.06) + (0.04)* = 0.0112 m*

Tavg = T @./72’7; =357KP.
2tA,

40 —
2(0.005)(0.0112)

(tuvg )A = (tav; )3 bad 357 kPa Ans
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*5-108. Due to a fabrication error the inner circle of the
tube is eccentric with respect to the outer circle. By what
percentage is the torsional strength reduced when the
eccentricity e is one-fourth of the difference in the radii?

Average Shear Stress :
For the aligned tube

e o T T
avg 2!4,, 2(a-b)(n')(‘—§—" 2

+b
T =t @a-b)) (]
For the eccentric tube
TI
e 214,
(4 e , .
- ‘E'(i ”’)”""’ Factor = ZT_ _ T.v.(2)[%'(a-b)](7r)(?—" 2 =§
. tav 2 ‘b a 2
=a-1(a-b)-b = 2a=b) (D@ =b)(m (432)
4 4
3
3 a+b Percent reduction in strength = (l - —)x 100%=25% Ans
, 2 4
T =T.v,(2)[z(a-b)](7r)( > )

5-109. For a given average shear stress, determine the

. . AR R [ i N
factor by which the torque-carrying capacity is increased if \ 1.80in. |
the half-circular sections are reversed from the dashed-line
positions to the section shown. The tube is 0.1 in. thick. /

Section Properties :
0.552
AL = (1.1)(1.8)-[1’-(—2—2](2) = 1.02967 in®

2
A, = (1.1)(1.8)+[L(252](2) =2.93033 in?

Average Shear Stress :

T

Tavg = 37A ;0 T=2tA,1,,
Hence, T'=2:tA,1,,
T A, 293033
The factor of increase = — = — =

=2.85 Ans
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5-110. For a given maximum shear stress, determine the
factor by which the torque carrying capacity is increased if | 1.80in. |
the half-circular section is reversed from the dashed-line .
position to the section shown. The tube is 0.1 in. thick. 06%\'

|

1.20in.

2
A, = (1.10)(1.75) - "(—Ofﬂ = 1.4498 in®

Ay’ =(1.10)(1.75) +

2
z&) (O; ) - 2.4002 in?

max ="2‘t‘;;
T=2tAnTmax

ZtAII ) tnnx
ZtA!l tmnx

Factor =

5-111. The steel used for the shaft has an allowable shear s
stress of T,,w = 8 MPa. If the members are connected with 0 mm

20 mm 20 mm
a fillet weld of radius » = 4 mm, determine the maximum
torque 7 that can be applied. - ‘
i

Allowable Shear Stress :

bﬂ
8|~

D 50 r 4
-_— =2, -=—=0.20
a-20 - W %%
From the text, K =125
Tc
Toa = tnllov =K 7
T
6_ 5(0.01)
8(10) —1.25[5(0.01‘)
T=201Nm Ans
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*5-112. 'The shaft is used to transmit 0.8 hp while turning
at 450 rpm. Determine the maximum shear stress in the
shaft. The segments are connected together using a fillet
weld having a radius of 0.075 in.

9=L=2 2022 _o1s
d 05 d 05
From Fig. 5-36, K= 1.30.
= m =47.124 rad/s
60

P=Tw

0.8(550) = T(47.124)

T=93371b-ft
fons = ch _ 1.30(9.337)(12)(0.25) -503ksi  Ans

J 2(025%

5-113. The shaft is fixed to the wall at A and is subjected
to the torques shown. Determine the maximum shear stress
in the shaft. A fillet weld having a radius of 4.5 mm is used
to connect the shafts at B.

250N-m €
Maximum S hear Stress :
For segment CD
Tep ¢ 250(0.015)
(1CD)mu = 7 = Y
$(0.015%)
=47.2 MPa (Max) Ans
For segment EA .
Tep*R50 nNm
Teac 750(0.03) ZSoN-m
(Te ) pax = e = W = 17.68 MPa
300N-M
L <
For the fillet Toa =500 A-m
D 60 r 45
-—=—=2 d -=—=0.15
a3 e Itz
From the text, K=13
RE50N-m
Tpgc
=K B8
(rmu )/ J
.01
=13 200N _ 5 26 MPa
$(0.015%)
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5-114. 'The built-up shaft is to be designed to rotate at
720 rpm while transmitting 30 kW of power. Is this possible?
The allowable shear stress is 7,0 = 12 MPa.

rev  2mrad 1 min

® =720 — ( ) —— = 24 mrad/s
min lrev 60s
r=f 3009 _ s089Nm
o 24
fae = K55 12(10% = K[wu K =128
J $(0.03%)
..D.. = .’E = 1.2§
d 60

L -0133; r=798mm

60

Check: 2-4.7-60_15_ .5 im<79mm
2 2 2

No. it is not possible. Ans

5-115. The built-up shaft is designed to rotate at 540 rpm.
If the radius of the fillet weld connecting the shafts is
r = 720mm, and the allowable shear stress for the
material iS T,y0w = 55 MPa, determine the maximum power
the shaft can transmit.

LN Av)

= 1.25; = 12 = 0.12
60

r
d

gla

From Fig. 5-36, K = 1.30

Tc T(0.03)

Toax = K— 3 55(10°)= 130[——=]; T = 179433N-m
! J [§(0.034)]
w = 540 ¥ (2Erd lmin e radls
min 1rev 60s
P = Tw = 1794.33(187) = 101466 W = 101 kW Ans
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*#5-116. The steel used for the shaft has an allowable shear
stress of 740w = 8 MPa. If the members are connected
together with a fillet weld of radius r = 2.25 mm, determine
the maximum torque 7 that can be applied.

30 mm 30 mm
15 mm
¢) é E
I I
2 2
_ Tc
Allowable Shear Stress : Toaz = Tattow = K7
T
D 30 r 225 8(10% = 1.3 (jL'W”
§=E=2 and 2=1—5=0.15 £(0.0075¢)
From the text, K =1.30 T=816N-m

5-117. A solid shaft is subjected to the torque 7, which
causes the material to yield. If the material is elastic-plastic,
show that the torque can be expressed in terms of the angle of
twist ¢ of the shaftas T = %Ty(l — ¢*y/4¢%), where Ty and
¢y are the torque and angle of twist when the material begins

to yield.
¢ = rL Y,
P Py
YL
Pr = — @
e

Whenpy = ¢, ¢ = ¢y

From Eq. (1),

L
c= {;—Y @
Dividing Eq. (1) by Eq. (2) yields :
B % ®

Use Eq. 5—26 from the text.

T 27 tyc? 7
T=22ad - pp = a - 2

4¢3

UseEq.5-24, Ty = gm’ from the text and Eq. (3)

= Ana- 8
=3B 59 QED
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5-118. A solid shaft having a diameter of 2 in. is made of
elastic-plastic material having a yield stress of ry = 16 ksi
and shear modulus of G = 12(10%) ksi. Determine the
torque required to develop an elastic core in the shaft
having a diameter of 1 in. Also, what is the plastic torque?

Use Eq. 5~ 26 from the text:

T="2"4c - p)= ___”(16)[4(13) -0.5°]
6 6
= 32.46 kip-in. = 2.71 kip- ft Ans

Use Eq. 5~ 27 from the text:

2n 3 2n 3
1 —1Tyc = —(16)(1
p = 3 3 (16)(17)

33.51 kip-in. = 2.79 kip- ft Ans

5-119. Determine the torque needed to twist a short
3-mm-diameter steel wire through several revolutions if it is
made from steel assumed to be elastic-plastic and having a
vield stress of 7y = 80 MPa. Assume that the material
becomes fully plastic.

When the material becomes fully plastic then, from Eq. 52 in the text,

6
T = 2”3"8: 2"(82)“0 2(0.0015%) = 0.565N-m Ans
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*5-120. A solid shaft has a diameter of 40 mm and length
of 1 m. It is made from an elastic-plastic material having a
vield stress of 7y = 100 MPa. Determine the maximum
elastic torque 7y and the corresponding angle of twist. What
is the angle of twist if the torque is increased to 7" = 1.275?
G = 80 GPa.

Maximum elastic torque 7y,

Tyc
Ty = ——
YT
J 100(10%)(£)(0.02°
= o M0A0GIO02) _sieaNm = 126kN-m  Ans
c 0.02
Angle of twist :
Ty _ 100(10%)
=X = 20 000125 rad
™= 5 T a0 !
0.0012
0 =20 - 2(1) = 0.0625 rad = 3.58° Ans
Py 0.02
Also,
L 1256.64(1
o= L _ 1256641 065 rad = 3.58°

From Eq. 5-26 of the text,

nT S
7 =22 o 1202566 = mm(om’) ol
pr = 0.01474m
.y, 000125
=0y . 1) = 0.0848 rad = 4.86°
v =k T Gorana' ) g 6 Ans
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5-121. 'The stepped shaft is subjected to a torque T that T 60 mm
produces yielding on the surface of the larger diameter 55 mm

segment. Determine the radius of the elastic core produced E\ T

in the smaller diameter segment. Neglect the stress
concentration at the fillet. 8

Maximum Elastic Torque : For the larger diameter segment

T
7 J
T, =
Y [+
_tr(§)0.039
- 0.03

13.5(10°) nty

Elastic - Plastic Torque : For the smaller diameter segment
T, = ¥1,¢° = ¥, (0.0275°) = 13.86(10°) nz, > 13.5(10°°) 77y
Applying Eq. 5-26 of the text, we have

ntT
T = Ty'(4 C’ —'P;)
13.5(10°°) 77y = ’%’[4(0.0275’) -p7]
py =0.01298 m = 13.0 mm Ans

5-122. A bar having a circular cross section of 3 in.
diameter is subjected to a torque of 100in.-kip. If the
material is elastic-plastic, with 7y = 16 ksi, determine the
radius of the elastic core.

Using Eq.'S ~ 26 of the text,

nT
T = —g—'w’—pi)

7 (16)(10%)
6

100(10°) = @@1.5° - pyd)

pr = 1.16in.  Ans
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5-123. A tubular shaft has an inner diameter of 20 mm, an
outer diameter of 40 mm, and a length of 1 m. It is made of
an elastic perfectly plastic material having a yield stress of
7y = 100 MPa. Determine the maximum torque it can
transmit. What is the angle of twist of one end with respect
to the other end if the shear strain on the inner surface of
the tube is about to yield? G = 80 GPa.

10 mm Im
20 mm
Plastic Torque :
T, = ZNJ‘.'TY p*dp Angle of Twist :
' PN 100(10%)
=2n1y [—] Ty
=—=————=0.00125 rad
3 Jla " =G T 30(10%)
=2’”'Y(cz - )
3 o i
Yy . (0.00125
27 (100)( 108 =——L=(———-—) 1)=0.125rad =7.16° Ans
=L§)-(——l(0.023—0.013) ¢ Py 0.01 )
=1466 N-m =147kN-m Ans
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*5-124. The 2-m-long tube is made from an elastic-plastic
material as shown. Determine the applied torque 7, which
subjects the material of the tube’s outer edge to a shearing
strain of yu,x = 0.008 rad. What would be the permanent
angle of twist of the tube when the torque is removed?

Sketch the residual stress distribution of the tube.
45 mm

40 mm

7 (MPa)
¢ = Yokl 00 240
¢ 0.045
¢ = 0.3556 rad
However,

o =1

Pr
0.3556 = 0'—093(2)

Pr
pr = 0016875 m < 004 m

v (rad)

0.003

7(MPa)
Therefore the wbe is fully plastc. 240

¥ (rad)

Also, 0.003
0008 _ -
as 0 TR

r = 0.0071) > 0.003 B wm

Again, the be is fully plastic.

ADmm = 0003 Kw’
[ 5t ap %

L f
= zﬂ(cz - c”) v T4

5

= 2'_(?.‘.39.(.]_0:2(0,045’ - 0.04%) ("

= 136345N-m = 13.6kN°-m  Ans

The torque is removed and the opposike torgue of
7, = 13634.5 N-m is applied.
- TL 240(10%)
$ = ‘JLE G = 000 = 80 GPa T %N&T ~ 4.6 MPp;
13634.5 (2) / ’
§(0.045¢ - 0.04)(80)(10%)
0.14085 rd
¢, = ¢~ ¢ = 035555 ~ 0.14085 /
=0.215rad = 12.3° Ans
g = Be .13634.5 ©0.045) _ 253.5 MPa
J  §(0045' ~ 0.04%)

f-

B5.4ME, 253.5Mp, 35ME

:’l

0.04
D04 2635) = 2254 MP
" 004 0D = '
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5-125. The tube has a length of 2 m and is made of an
elastic-plastic material as shown. Determine the torque
needed to just cause the material to become fully plastic.
What is the permanent angle of twist of the tube when this
torque is removed?

100 mmM
60 mm
7 (MPa)

350

v (rad)

0.007
Plastic Torque :

T, = Zﬂjc' 1, pidp

=222 - )

27 (350)(10%) 3 3
= —-—3———(0.05 -0.03%)
=71837.75N-m =71.8 kN -m Ans
Angle of twist :
Yy _
¢p=—L Where py =¢; =0.03m
Py
0.007
= (W)(Z) =0.4667 rad

When areverse Tp = 71837.75 N - m is applied,

350(10%)
G="r 1=
5 = S0GPa
T.L 71837.75(2
$p=—== 2 =0.3363 rad

J £(0.054-0.034) 50(10°)
Permanent angle of twist :

¢, = ¢p— 95 =0.4667-0.3363
=0.1304 rad = 7.47° Ans
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5-126. The shaft is made from a strain-hardening material
having a 7—v diagram as shown. Determine the torque T
that must be applied to the shaft in order to create an elastic
core in the shaft having a radius of p. = 0.5 in.

(5

0.6 in.
7 (ksi)
15
10
 (ksl)
1S p—————r,
v (rad)
0 A{ 0.005 0.01
1)
o005 oo '™
o _ 10(10%)
4 0.005
7 =2010%7 m

7 - 10(10°) _ 1530) - 1000°)
y - 0.005 0.01 - 0.005

T = 1(10% ¥ + 5(10%) ®)

0.6
max = — (0.005) = 0.006
7, Y (( )

=2 ,=-——‘0.006 = 0.
Y cy.. 0.6( ) = 001p

Substituting ¥ into Eqs. (1) and (2) yields :
7 = 20(10%) p
7, = 1(10°) p + 5(10%)
T=2x Io zp*dp

2;]:’ 20(10°) p* dp + 27 ]:: [10(10%) p + 5(10%] p dp

39701b-in. = 3311b-ft  Anms
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5-127. The 2-m-long tube is made of an elastic perfectly T
plastic material as shown. Determine the applied torque 7’ /
that subjects the material at the tube’s outer edge to a shear /
strain of yp,x = 0.006 rad. What would be the permanent 35 mm \/\
angle of twist of the tube when this torque is removed? \/(() \ /
Sketch the residual stress distribution in the tube.
30 mm\/
7 (MPa)
210

v (rad)

Plastic Torque : The tube is fully plastic if y; 2 7, = 0.003 rad.

——; 7 = 0.005143 rad

0.003
. T
0.03 0.035° ¥ / 210 MPa.
Therefore the tube is fully plastic. You20-006 f ﬁﬂ

503 4+  193.09MfPa

R25.27 MPa.
/: | Fl

=211, p*dp
4
2
=2 (- ) |
_ 27(210)(10°) o-o3om

(0035 -0.03°) T /f

3
=6982.19N-m = 6.98kN-m Ans é
|

/

Angle of Twist :

gp=Tmey o (Oﬁo_ﬁ)(z) =0.34286 rad

<, 0.035
15:3 MPan
When a reverse torque of T, = 6982.19 N - m is applied,
Residual Shear St :
6= 20U o6 o Siress 16:9 P

Yy 0.003
2 T _  698219(0.035) 12527 P
P =T e————— = .
oy L 6982.19(2) 0.18389 rad J  5(0.0354-0.03%) a
PEIGTE 320,034 =0 f T,p  6982.19(0.03
JG ~ E(0.0354—0.03%)(70) (10°) L (003 1o o pa

"7 3(0.035-0.03%)

Permanent angle of twist,
(1), ==ty + 75 =-210+225.27= 153 MPa
¢, =9p—95 (1,); = =Ty + 7 =-210+193.09 = ~16.9 Mpa
=0.34286-0.18389 = 0.1590 rad = 9.11° Ans
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*5-128. The shear stress—strain diagram for a solid 50-mm
diameter shaft can be approximated as shown in the figure.
Determine the torque required to cause a maximum shear
stress in the shaft of 125 MPa. If the shaft is 3 m long, what
is the corresponding angle of twist?

Y =

[
c
= 0.01

7-&1

When 7 = 0.0025

p=-L
y‘ll
_ 0.02500025) _ o e
0.010
-0 _ 50(10°)
p-0  0.00625
£ = 8000 (10%)(p)

T - 50(10°) - 125(10%) - 50(10%)
p — 0.00625 0.025 — 0.00625
T = 4000 (10°)(p) + 25(10%)

T=2x J; tp’ dp
0.00625 6 3
=2x Io 8000(10%) p° dp

0.025
+2r f

0.00625

[4000(10%)p + 25(10%)1p? dp

T=329N-m = 327kN-m  Ans

Ymax 0.01
= —L =——(3
¢ c 0.025( )

1.20rad = 688  Ans

7 (MPa)
125
50—
v (rad
0.0025 0.010 (rad)

To  Sowy
o “omeas

V- goeomwle

0-0I5m
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5-129. The shaft consists of two sections that are rigidly
connected. If the material is elastic perfectly plastic as
shown, determine the largest torque 7 that can be applied
to the shaft. Also, draw the shear-stress distribution over a
radial line for each section. Neglect the effect of stress
concentration.

1.25in.

7 (ksi)
10

rad
0.002 v (rad)

Plastic Torque : For the smaller - diameter segment

T = 2nf:1,p’dp

2
= Ty C
3

10 Ks¢

= 27”(10)(0.5’)
=2.618kip-in. =218 Ib-ft Ans /

Maximum Shear Stress : For the bigger - diameter segment ./
o5in.

2.618(0.625)
5 (0.625%)
=6.83ksi < Ty = 10ksi (OK!)

T,

max

===
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5-130. The shaft is made of an elastic-perfectly plastic
material as shown. Plot the shear-stress distribution acting
along a radial line if it is subjected to a torque of
T = 2 kN-m. What is the residual stress distribution in the
shaft when the torque is removed?

-
o @

7 (MPa)
150

J— ¥ (rad)

0.001875

Elastic - Plastic Torque : The maximum elastic torque is

3 s 3 TP
Ty = ity¢’ = §(150) (10°) (0.02°) = 1.885kN -m and 150 oy
: s . 3 _ 2 ] 3 / -
the plastic torque is 7 = ¥ 7, = $(150) (10°) (0.02%) o Yirsd)
=2.513kN-m. Since T, < T < T, applying Eq. 5-26 from
the text, we have
150 Mpe
T,
1=22(40-p))
3 ﬂ(150)(10‘) 3
2(10°) = ——=—[4(002’ ) - p}] el
Py =0.01870 m = 18.7 mm 14878 MPa.
15915 MPa,
Residual Shear Stress : When the reverse torque T =2.0kN -m
is applied, '
Tc 2000(0.02) 7
c
T Se—=ma—— =159.
() puc 7 = Eoo) 159.15 MPa ;
Tc 2000(0.01870)
(f')p-o 0187m — ‘]— = .-f(()T‘) = 148.78 MPa

(%) puc =—150+159.15 = 9.15 MPa
(%) pmo.0187m = —150+148.78 = -1.22 MPa
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5-131. A 1.5-in.-diameter shaft is made from an elastic- T
plastic material as shown. Determine the radius of its elastic
core if it is subjected to a torque of 7" = 200 Ib- ft. If the
shaft is 10 in. long, determine the angle of twist.

T

7 (ksi)

3

v (rad
0.006 (rad)
Use Eq. 5—26 from the text :
nT
T= —(4c - py)
6
z(3)(10°
200(12) = _Qé__l[4(o.75’) - ph
py =0.542 in. Ans
0.006
6 =Y = 2=2(10) = 0111 rad = 6.34° Ans
Py 0.542
*5-132. A torque is applied to the shaft having a radius of
100 mm. If the material obeys a shear stress—strain relation
of 7 = 20y"*MPa, determine the torque that must be
applied to the shaft so that the maximum shear strain
becomes 0.005 rad.
100 mm
T
7 (MPa)
d
0.005 y (rad)

t—p Function:

= E = i -
Y= ¢ Y max 0. l(O.(X)S) 0.05p

7 =20(10°) (0.05p)" = 7.3681( 10°) p’
The Ultimate Torque :
T =2r _’: T pzdp
= 27(7.3681) ( 10°) f:""p} dp

= 46.2949(10%) [0.3p ¥

=6446.46N-m =645kN'm Ans
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5-133. The shaft is made of an elastic-perfectly plastic
material as shown. Determine the torque that the shaft can
transmit if the allowable angle of twist is 0.375 rad. Also,
determine the permanent angle of twist once the torque is

removed. The shaft is 2-m-long.
T /
20 mm /

7 (MPa)
150

J— 7 (rad)

0.001875

Angle of Twist :

Yuu = E - 0.375;0.02) = 0.00375 rad

Py 0.02

0.001875  0.00375 '

py = 00lm

Yr=a-oa/a75 red
Elastic - Plastic Torque : Applying Eq. 526 from the text

¥..z0-003]5 ad
Ty
= (4c-p0)

ACIC) [4(0.02°) ~0.01°]

B
6

=243473N-m =2.43kN-m Ans 0-02m

Permanent Angle of Twist : When the reverse torque
T=2434.73 N-mis applied,

_ 150(10°)
0.001875

=80 GPa

¢' = —= —— =().2422 rad

¢, =¢ — ¢'= 0375-0.2422
=0.1328 rad = 7.61° Ans
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5-134. Consider a thin-walled tube of mean radius r and
thickness ¢. Show that the maximum shear stress in the tube
due to an applied torque T approaches the average shear
stress computed from Eq. 5-18 as r/t — 0.

t 2r +¢ t 2r -t
rpb =r+— = ’ ri=r—-—-=
2 2 2 2
T 2r+1, 2r ~ t 4
J== -
2[( 5 ) ( 3 )]

= %[(Zr w0 - (2r-9Y= 31’5[64 P+ 16

. _ _7_'5 c=r = 2r+1t
max 19 o 2
T(Z r2+ 1) T(z r2¢ :)

Z(64rit+ 16rP] 2mrfr? + L1

T(2 +

2r2

2nr g5 + 15

452

!
30

r t
As — — oo then — > 0

t r
e - ;+0 T
mr 2rrt(l + 0) YT

T
= — QED
. 214,

5-135. The 304 stainless steel shaft is 3 m long and has an
outer diameter of 60 mm. When it is rotating at 60 rad/s,
it transmits 30 kW of power from the engine E to the
generator G. Determine the smallest thickness of the shaft
if the allowable shear stress iS 70w = 150 MPa and the
shaft is restricted not to twist more than 0.08 rad.

Internal Torgque:

P=30(10°) w(lﬁjﬁ'"—”)ﬂo(xo’) N-ml/s

P=__30(10’) =500N-m

T=3""&

Allowable Shear Stress : Assume failure due to shear stress.

= _Tc

‘max = ‘allow T 7
s _ 500(0.03)
150(10)-;(0'03‘”?)

r: = 0.0293923 m = 29.3923 mm

Angle of Twist : Assume failure due to angle of twist limitation.

_ 500(3)
£(0.03¢ - r#) (75.0)(10%)

r; =0.0284033 m = 28.4033 mm
Choose the smallest value of r; = 28.4033 mm

¢t =r,—r;= 30-28.4033 = .60 mm Ans
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*5-136. The 304 stainless solid steel shaft is 3 m long and E G
has a diameter of 50 mm. It is required to transmit 40 kW of
power from the engine E to the generator G. Determine the
smallest angular velocity the shaft can have if it is restricted
not to twist more than 1.5°.

Angle of Twist :

TL Angular Velocity :

¢ = 7C
1.57!'_ T(3) Q) =—==———=99.6rad/s Ans

180 §(0.025%)(75.0)(10°)

T =401.60N-m

5-137. The drilling pipe on an oil rig is made from steel
pipe having an outside diameter of 4.5 in. and a thickness of
0.25 in. If the pipe is turning at 650 rev/min while being
powered by a 15-hp motor, determine the maximum shear
stress in the pipe.

o = 9P _ 65 068 radis Tz 8000 bt
60

P
P=To

15(550) = T(68.068)

T = 121.201b-ft T 5000 1bft

'd

3000 b-dt

T 12120012)225) .
—_— —— 216 S1 Ans
7 et -2h P 5000 5000 Ib:ft

Tmax =

®5-138. The tapered shaft is made from 2014-T6
aluminum alloy, and has a radius which can be described by
the function 7 = 0.02(1 + x*?) m, where x is in meters.
Determine the angle of twist of its end A if it is subjected to
a torque of 450 N - m.

T=45N-m
¢4 =j£‘f= ¢ 450‘,1“ = 0.066315 j‘ L3_
IG 70 2000 + x7) @1(10%) O (1 4+ xhy

Evaluating the integral using Simpson's rule, we have

0.066315{0.4179] rad
0.0277 rad = 1.59° Ans

i

(2]
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5-139. The engine of the helicopter is delivering 800 hp
to the rotor shaft AB when the blade is rotating at
1500 rev/min. Determine to the nearest% in. the diameter of
the shaft AB if the allowable shear stress is 70w = 8 ksi
and the vibrations limit the angle of twist of the shaft to
0.05 rad. The shaft is 2 ft long and made of L2 tool steel.

Internal Torque:

o = 1500 (2” “")ll’"- =50.0 mrad/s
min\ 1rev / 60s
550 ft-Ib/s
P =300 hp (T) =440 000 ft-Ib/s Angle of Twist : Assume failure due to angle of twist Limitation
TL
P -
T=E=4:.-?o—°°:ﬁ=zsm.131b.ft =%
- 0.0 < B0L13(12)(2)(12)
Allowable Shear Stress: Assume failure due to shear stress (9 an0s)
e =X d=1966in.
‘max J
810°) = 2801.13(12) (§) Shear stress failure controls the design. Hence,
S A ¥ 21
£(9) 7
Used = 2-8- in. diameter shaft. Ans
d =2.776in. Ans

*5-140. The engine of the helicopter is delivering 800 hp
to the rotor shaft AB when the blade is rotating at
1500 rev/min. Determine to the nearest %in. the diameter
of the shaft AB if the allowable shear stress is
Taow = 10.5 ksi and the vibrations limit the angle of twist of
the shaft to 0.03 rad. The shaft is 2 ft long and made of L2
tool steel.

Internal Torgque :

o= 1500-'5,'1[2”‘1)11'" = 50.0 7 rad/s
min\ Irev / 60s
50 £ 1
P=800hp(M)=440000ft‘lb/s
1hp
P 440000
= o= =ML B

Allowable Shear Stress : Assume failure due 10 shear stress

Tc
Toax = 7
2801.13(12) (¢
10.5(10%) = -——-(“#)-
(9
d =2.536in.

Angle of Twist : Assume failure due to angle of twist limitation

_ 2801.13(12)(2)(12)

0.03 ;
£(49) (11.0)(109)

d=2234in.

Shear stress failure controls the design. Hence,

Used = 2% in. diameter shaft. Ans
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5-141. 'lhe material of which each of three shafts is made
has a yield stress of 7y and a shear modulus of G.
Determine which shaft geometry will resist the largest A
torque without yielding. What percentage of this torque can
be carried by the other two shafts? Assume that each shaft
is made of the same amount of material and that it has the
same cross-sectional area A.

For circular shaft:
A= ﬂc"; c= (é)%
n
Tc Tc
Tmaz = 'J-v Ty = ;C‘
3 Av:
n n(%)?
T= —C‘l'y = (‘) Ty
2
3
L. = 0.282 A%ty (controls) Ans
For the square shaft:
A= az. a= Ai
4.81T 481T
Tmax = 3 Ty = -
a Al

T = 02079 A’y

For the triangular shaft:
1 :
A= E(a)(asin 60°); a = 1.5197A1

20T 20T
Tomazx = —/ Ty = EE———
a (1.5197)%A3

3
T = 0.17554iz,

The circular shaft will carry the largest torque. Ans.

For the square shaft:

= 0299 100%) = 737 % Ans

0.2821

For the triangular shaft:

% = 21755 100%) = 622% Ans

~ 02821
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5-142. The A-36 steel circular tube is subjected to a
torque of 10kN-m. Determine the shear stress at the
mean radius p = 60 mm and compute the angle of twist of
the tube if it is 4 m long and fixed at its far end. Solve the
problem using Egs. 5-7 and 5-15 and by using Egs. 5-18
and 5-20. p=50mm
4m

Shear Stress: t=5mm
Applying Eq. 5-7, 10 kKN-m
0.005 0.005
r, =0.06+ =0.0625m r, =0.06- -5 = 0.0575m

T sE—_— = ——=
p=0-06m =75 T ¥(0.0625¢ - 0.0575%)

Applying Eq. 5-18,

tay == MR g s Ans
87214, 2(0.005)(7)(0.06%)
Angle of Twist:
Applying Eq. 5-15,
_TL
*=%
_ 10(10%)(4)
 £(0.0625* - 0.05754)(75.0)(10°)
=0.0785 rad = 4.495 Ans

Applying Eq.5 - 20,

_TL (ds
¢"4A;G t

TL
—ZA—}'T‘J Where Jd&' = 2n’p
_2nTLp
T 3A2Gt
27(10)(10%)(4)(0.06)

= 4[(7)(0.062)]%(75.0)(10°)(0.005)

=0.0786rad =4.503 Ans
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5-143. The aluminum tube has a thickness of 5 mm and
the outer cross-sectional dimensions shown. Determine the
maximum average shear stress in the tube. If the tube has a

length of 5 m, determine the angle of twist. G, = 28 GPa.
135N-m /

8 3m
B
280 N-m
150 mm % 'm
100 mm
An = (0.145)(0.095) = 0.013775 m*
oy, = B 280 Lo
P T 2401 2(0.013775)(0.005) .28°
" 1’6 5"'
=203MPa Ans 29 A Ao
TL (ds
- _IL fas .”"
¢ 4Am2 G t wr‘
|35 N.m

j? - 2(0.145) +2(0.095) ~9

0.005

96

* = 1oonTsranae)

[280(2) +145(3)] = 0.00449 rad = 0.258°  Ans
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