CHAPTER 3




PROBLEM 3.1

o \(18 mm

3.1 Determine the torque T which causes a maximum shearing stress of 70 MPa in
the steel cylindrical shafi shown,

SOLUTION

Twr 55 J= 3¢

=

&
T = It Flo.ow)(70x10¢ ) = gul Nem —a

PROBLEM 3.2

\(15 mm

3.2 Determine the maximum shearing stress caused by a torque of magnitude 7=
800 N'm.

SOLUTION

- _.ZI_M_

4

27.3 MPa il

PROBLEM 3.3

3.3 Knowing that the internal diameter of the hollow shaft shown is 4 = 0.9 in,,
determine the maximum shearing stress caused by a torque of magnitude 7= 9 kip-in.

SOLUTION

¢, = fd,={4Yie) = 0.8 C= 0.8 m

C, = %kd = (%)(0.9)= 0.45 i

JI= Flet-ct )= T(os*o0.45* )= 0.5790 in'
Vo = & = QU8 2 4y s -

J ~ o6.85790

PROBLEM 3.4

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

SOLUTION
Cp = 3y =(H(1.6)= 0.8 ¢z 0.8 in
=4 = (£)(1.2) = 0.6 in
J=3(t - ") = (03%-0.6") = 0.4398 in*

Tmax = 'TJ-:Q'

T = Ll _{0.4398)(7.5)
S - 0.8

= 4.12 Kip-in &

T"“"i
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3.5 (a) For the hollow shaft and loading shown, determine the maximum shearing
stress. (b) Determine the diameter of a solid shaft for which the maximum shearing
stress is the same as in part a.

PROBLEM 3.5

SOLUTION
c, = 'JIL-JI .—.({‘(0,040) = .00 m

C, =4d, =($){0.060) = 0.030m C = 0,030 m

J =% (.- ¢')= Fo.030" - 0.020)"
AUNN
= 1.0210 ¥107° m*
- T& _ (2900%0.03) . - ¢
70.5 MPo el
= IS LA 2T
(b}  7=-3 s I=76 T ey
3 2T Q) (z4o0) 2 - a3
= = 2L67 710" m
Ca mE T(70.52%10%
-3 -3
Cy= 27.838%I0° m d,= 2C3= $5.8x10 m 55.8 mm -
PROBLEM 3.6 3.6 (a) Determine the torque which may be applied to a solid shaft of 90-mm cuter
diameter without exceeding an allowable shearing stress of 75 MPa. (&) Solve parta,
assuming that the solid shaft is replaced by a hollow shaft of the same mass and of 90-
SOLUTION mm inner diameter.

(@)  For the sofid shatt ¢ =2d = (‘z!')(o-oqw\: 2 0.0% m

—1: Tet - %(0.045)3

143,14 «» 16°° Wt

c !
Lo = 3% N TE T"ci: Gsxio Y4314 x 16) = 10.74 2 10% New

10,79 kN« m -t

(0) HMoMlow shaft C = -ZLCL = ("4’)(0.0‘!0) = 0.04m
For equal masses the cross sectionad areas wust be equed

AzTe = wlel-et) o G ={cfic?

C, = fo.045" + 0.045% = 0.0636396 m

J = :g' ((::v.‘i -¢") = 19. 3237 x16¢ m"
- Bad . (75 %10¢)(19. 3237 %107¢)  _ 1N
T € 6.0¢3C296 22.77 %167 Nem

22.8 kN-m -
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PROBLEI\![ 3.7 3.7 (a) For the 3-in.-diameter solid cylinder and loading shown, determine the
maximum shearing stress. (b) Determine the inner diameter of the hollow cylinder, of
4-in. outer diameter, for which the maxiroum stress is the same as in part 4.

SOLUTION
(@) Sohid sl'm.‘H' e=%d = +(20) = L5 in
T = 40 hip - in. - - (2- ‘(%
{a) va = - -n-c_s = .n-(l S.))i 7 5‘1‘5 uSI =
T = 40kip - in.
®) (b)Y Hoblow shatt ¢, =dd = £(40) = 2.0 in,
Ny = 'JéL(C;" Ciq) - I
Cs C, Toar
4 4 2T y _ 21 (4o)(2.0) .y
= - = 2.0 = 9.25 n
C Cz T Lona 2. T (2.595) 7.2
c, - 1.74395 in a": ZC' T 3,49 in —
PROBLEM 3.8 3.8 (a) Determine the torque which may be applied to a solid shaft of 0.75-in.
diameter without exceeding an allowable shearing stress of 10 ksi. () Selve part 4,
assuming that the solid shaft has been replaced by a hollow shaft of the same cross-
SOLUTION sectional area and with an inner diameter equal to half its outer diameter..
(@) Solid sha:Y{- e=1 = (W07 = 0.325 n.
T =Tt = J(0.2375) = 0.03)063 _n* Yo, = 10 Uy
T = ﬂ—‘m -(0 oogéo?bssx‘o) = 0.828 ktp in or 828 ﬂ- n =}

(b) Hopﬁow slqa_'F'f-
For Hhe same anee as the solid shaFt

- 2
A= w(es-e?) = mles -(FaY] = 3wct = T
Cy * %C = -.;5-(0-876') = 0.433013 in |
= %C, = 0.216506
J=3%(c'-¢") = L{om3rwr’ - 0. 271c506%) = 0.051772 "

. Zewd _ U0YX0.051772) - . -
T C. 0.93301% = 1.19¢& ktp-lh or HIC ;I ==
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PROBLEM 3.9 3.9 The torques shown are exerted on pulleys A and B . Knowing that each shaft is
: solid, determine the maximum shearing stress (a) in shaft AB, () in shaft BC.

SOLUTION
Shatt AB: Tas = 300N-M) A= 0.030 m , &= 0.0 5 m
Ty = 40N m B Torwn = RE-Y = 2T . _(23(3%0) _
J T T W (o083
46 mm ¥ = 56.588%/0° Pa - EC.C MPa =
<1 C
« ShePt BL: Tae = 200 + 400 = 700 N-wm
: 0.046m ¢z 0.023 m = e 2T . Q)70
d J T ok J Ted -“-(o_ 023)3
= 3¢.026x)0° Pa 36.6 MPa. -
PROBLEM 3.10 3.10 The torques shown are exerted on pulleys 4 and B which are attached to solid
circular shafis AB and BC. In order to reduce the total mass of the assembly,
determine the smallest diameter of shaft BC for which the largest shearing stress in the
assembly is not increased.
T, =300N m 1A
\ Y SOLUTION
30 mm
T = 40N -m B 5’"5(-% AB : '—i_;.g: 300 N'MJ d= 0.030m ) .= 0.015 m
men ?..=T8 . 2T _ (2)(300)
. o J TcE T T (o.018)?
NI
P = 56.58% %[0° Pa = S6.6 Mfq
Shaft BC: Tee = 300 + 400 = 700 N-m
d= 0.046m c= 0.B8m T, = L& = 2T . QX700)

J wes T m(6.023)°
= 36.626 #|0° Pa = 36.6 MPa

The pqrjes} stress (56.5838x10° Pu) occuns in pertion AB
Redoce He diameter o BC Fmvl‘de H+He some stress,

- . ~JTe _ 2T
Tac = 700 N-m o =
Cs - (Q)(700) v 375'*]0_‘”\1

Trfno.g * TT(SG.SSSY[DTj =

c = 19.895 06> m d=72¢ - 39.79 %[0 " m 9.8 muy
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PROBLEM 3.11 3.11 Knowing that each portion of the shaft AD consists of a solid circular rod,
’ determine (a) the portion of the shaft in which the maximum shearing stress occurs,
(b) the magnitude of that stress.

3001 - im. SOLUTION

Shaft AB 2 T = 4o 4b- in
C= 4d = 0.30 in

:
T > T = 5

12003 1 - in.

W th o dep = 09 in.

dBC=0.75iD. - ga‘gqoo) - .
Zoar ® T lom0ys = 43! psi
d,g = 06in. R
3 Y ° Shett BC: T =-400 41200 = 800 Jbin

- - 2T .
c:-ﬁd = 0,375 Zm,=]%'-=wcs=$)((og_:%g= 95.5‘3”3-

Shaft CD: T = -400 +1200 +500 = |300 fb.in
- - : e~ dTc _ 2T _(2X1300) _ .
C=%ed = 0.45n Coney T " Tes -_TLI'(O-XTS—)! T Q032 ps:

browears: (@) shdt BC (b) 9,66 Usi g

AV IRIINtS

PROBLEM 3.12 3.12 Knowing that a 0.30-in.-diameter hole has been drilled through each portion of
shaft 4D, determine (&) the portion of the shaft in which the maximum shearing stress
occurs, () the magnitude of that stress.

3008 . SOLUTION

Hole: ¢, =7d, = 0.15 in
Shatt AB: T = 400 fb-iw

! C,=hd, = 0.30 iv
dgc = 0.75in. J-:- gi(cz‘-— C" ) = 12[(0.304- 0.15")

BTN

dep = 09 in.

. T 0.011928 in')
Porarw Lz Hoo X 0.30 - .

A - G.onazs - 0600 psi
Shatt BE: T = -400+1200 = 800 fb in C,=4d,= 0.375 |n

J=%le'-c") = T(0.315%0.5%) = 0.030262 iw"

- TG . (Boo)ov.375) _ :
Tmar = —i'.* = 0. 030188 = q9.1) FSI

Sheft CD: T = =400 +1200 +500 = 1300 Mein  C =% d, = 045 in
J =%t = L (095" - 0.is¥) = 0.063¢17 in?
Tiay = IC: o U300(048) _ q)q¢ pei

- - -

Ny 0.063617

Answers ! (&) shaFt AB (b) 10.06 ks; -
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PROBLEM 3.13

(a) in shaft AB, (b) in shaft BC, (c) in shaft CD.

Ty=12kN-m
/T(; =05kN - m

46 mm

) N 46 mm ‘TT) =04kN-m

- /40mm

SOLUTION

Shaft AB: Tpg = 24X Nem, c=%d = 0.027m

= 1o AT _ )a4xot)
Thn = T % qigs - (oox7ys T [ EASHIO Fa

3.13 Under normal operating conditions, the electric motor exerts a torque of 2.4
kN-m at 4, Knowing that each shaft is solid, determine the maximum shearing stress

77.6 MPo, =

ShaFt BC# Tee = 4.4 kN-w = 1.2 kM-m = |2 l(U-mJ C."—'--’Iro, = 0028 m

= - 2T (2¥(, 2>10%)  _
fu‘ EC = T = -"-(O’ORZ;%.) - Q2.783*106PQ.

ShaFt CO : Top = O4#)0°N-m  C=dod = 0,023 m
3
Voo = e _ 2T . QICA L) = 20,929 */O‘Pa.

_  ——

3 T mWeE T W(0.023)°

2.3 MPa, -

20.9 MFPq -t

3.14 Under normal operating conditions, the electric motor exerts a torque of 2.4

PROBLEM 3.14 kN‘m at A.

In order to reduce the mass of the assembly, determine the smallest

diameter of shaft BC for which the largest shearing stress in the assembly is not

increased.

SOLUTION

See solubion +o problem 214 For -Ffjuv*e and For max: mumw
stresses n For'h'ov\s AB, BC, and _
value s Towose = 17.625 %10 Pa occ.uﬂ'v'j i ARB.

Aa'JUS+ ol\‘a.me«"‘er o‘F BC to oH‘a\‘v\ -H\e Same vcu?uc. oJ'\ :)v‘ess
T = E - AT

J =~ Tcd
3. AT _ XLaxje®) = _ 15S W2
cr = T7 - -"-(Tzézs.,qo‘) - ?.8"!'!5' ) L4g]

C = 20,43 10" d= 2c = 42.3%10°"° m

SLeqv\'n
7

ED of the shaf+ The lqw]e.s
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PROBLEM 3.15< 3.15 The allowable stress is 15 ksi in the 1.5-in.-diameter rod AB and 8 ksi in the

1.8-in.-diameter rod BC. Neglecting the effect of stress concentrations, determine the
largest torgue that may be applied at 4. '

T

Steel SOLUTION

R |
fn-..;- T) J—zc

Shat AB® Tiw = ISksi e =kd= 075
T=F1P0s) = 994 kip-in

Shatt BCT Ty = B ksi c=%d = 0.90
T = T (030)(8) = d-16 Kp-in.

The alfowakle torque s the smoaller value

T=Xcz,.,

3

T = 916 M‘F-M -

3.16 The allowable stress is 15 ksi in the steel rod 4B and 8 ksi in the brass rod
BC. Knowing that a torque T = 10 kip-in. is applied at 4, determine the required
diameter of (@) rod AB, (&) for BC.

PROBLEM 3.16

SOLUTION
. _ 3 2T
,LJ;.“, ":]'."G_'J \3_"' 3‘215 C —_ Tf'i’...,
Shatt AB:  T= (o kip.in Toug = 15 Ksi
2. Q)Y _ . 8
o -MT\'(IS) 0.4244% 1w
C = 075150 d=2¢ 7 1.503 . o
Shett BC: T=/0 ku‘P-im Tinme = & ks
3 (A)(1e) -
c = 1T(8) = 0.79577 im
c = 0.9267 in d=2c = L8553 in ~l

]

B
i

)
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3.17 The solid rod 4B has a diameter d,; = 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 which may be applied at 4.

PROBLEM 3.17

SOLUTION
T‘.‘" = -7‘5!‘0‘ Fa Tﬂ.” - Jg“”

Rod AB: C.='LA = O.O3OIMJ J'*%C*
Tott = 52 Zoiy = L(0.085)*(75%10%)

3 181 x10° N

Pipe Dz C,= 7d, *0.04Sm ¢, = (,-L =0.045-0.296
J=Z(e-¢*) = T(0.045" - 0.027*) = 2.8073 %15~ m*

-G
Tew = (2.8073;12452(75*106) = #.679500" Nom

Aldowable taraue is the smeadder vedue (3,18 ¥10° Nom ) 308 KNen =

3.18 The solid rod AB has a diameter d, = 60 mm and is made of a steel for which
the allowable §heaﬁng stress is 85 MPa. The pipe CD has an outer diameter of 90 mm
and a wall thickness of 6 mm; it is made of an aluminum for which the allowable

PROBLEM 3.18

90 mm p ' shearing stress is 54 MPa. Determine the largest torque T which may be applied at 4.
l SOLUTION
Rod AB: V.= 85%0°Fa | c24d= 0.030 m
Toy = %’E_’ﬂ -} & Vw

T (0.030V(35%10° ) = 3.60510° Nem

Ppe CD: Ty = 5440° Pa ¢,z Lo, = 0.045 m
C,= C~-t = 0.04§-0.,006 = 0,03 m
J= E(C - ¢/) = §(0.045"-0.087") = 2.8073 15" W
- J Yy _ (22073 ) (5% % 10%) 3,
T = =% = W 3.367%(0° N-m

- JiowahDe forque is sma fler vadue Tew = 3.364%(0° N+

3.37 KNewm -t
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PROBLEM 3.19 /

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

SOLUTION
= L& = * . 2T
’Eh" J J= -gC ¢ T T
) Ag: cto)250 o,
) Rod AB: ¢ sy = |55 X0 m
= Z5.18XI10 M = 2515 pamm dAB: Re = 50.2% mm -
. s . _Yias0) _ -6 2
Rod BL: ¢ o Covioey ~ B31.831x07° m
c = SI.CQXIOJM = 3.6 mwm d&F 2¢c = 63.4wmm -l

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

PROBLEM 3.20

Aluminum

SOLUTION

Sefid rod BC:
_c:-’id = 0.015m

= Ie
T J
You= 35 *10° Po.
Ton = £ %w = L (0.08P(a5%10%) = 132.53¢ Nem

Hollow ved AB: T, = 50 %/0° Pa Ton = 132.83¢ N-m

C,= 5d; = 3(0.025) = 0.0125 m o= ?
- T T - b o~ Lok

T‘a._%a_eﬁzgz(cz ¢,")

4. 4 2TwCa _ s (2)132.53¢)(0.0125 ) _ -2y
C-a - Cg_ - '_ITE,;"'- = 00128 -~ - (50 ”06) = 3.32082 %o m
e,z 7.59 210 m = 7.5%mwm d = 2¢ = 1$.18 mm A

Aoy abhe 4‘9%701:. 7:” = ]832.8§ N'm > )




PROBLEM 3.21 3.21 A torque of magnitude T= 1000 N-m is applied at D as shown, Knowing that
the diameter of shaft 4B is 56 mm and the diameter of shaft CD is 42 mm, determine
the maximum shearing stress in (@} shaft AB, (b) shaft CD.

SOLUTION

T-ag = ,wo Nm
Y
Tas = 2 Tep = o (1000) = 2500 N-

Shadt AB: Cc=td:-0.028 wm

Te . 2T _ _(aXaseo) .

T 3 Wes T W (o0283% 72.50 x10 72.5 MPa -
Sheft BC: ¢ = 5d = 0.020 m

_Te . 2T _ (a)Xlooo) _ < In©
T= 3 ° Tes® T (o020 - ©e8/¥lo 68.7MFo, ==
PROBLEM 3.22 3.22 A torque of magnitude 7= 1000 N'm is applied at [ as shown. Knowing that
the allowable shearing stress is 60 MPa in cach shaft, determine the required diameter

of (a) shaft 4B, (b) shaft CD.
SOLUTION

The * -‘%’ Teo = 122(1000) = 2500 N-w

T =000 N m

Shatt AB: Yot = 6O %)0° Py
7 s 5_; - 2T o= 2T _ _2)(aSe0) - 2€.52¢x 06 wd

Tcr "7 T w(eoxtod)
C = 29.82%(0° = 29.82 mm d= 2¢ = 5.¢ mm -

Sheft CD: Uy = 60x)0° Pa

_ Te . 2T \_ 2T . @QX1ooo) _ - 3
T3 "mer © e TTeowony - (080X m

C = 2.37%(03m = 2.97 mm 47 ¢ = U43.9 mm -




3.23 and 3.24 Under normal operating conditions a motor exerts a torque of magnitude

PROBLEM 3.23 Tr=1200 lbrin. at F. Knowing that the allowable shearing stress is 10.5 ksi in each shaft,
for the given data, determine the required diameter of (a) shaft CDE, (b) shaft FGH.
SOLUTION 323 rp=8in, r;=3in
TF = 1200 j‘o b
Y, .
To = =T, = £(1200) = 3200 Jb-in
Y\&- F
Ton = 10.5 ws/ = [0500 psi .
!
’f = :r__Q_ - 2-—7: CS - a_.
J Tes o Y
() S hatt CDE
s - Q)BRo0) _ o au0ig ind
- . n
c T (o 500) A
c - 0.5784 dog = 2C = IS8 in. -
b) Shedt FGH
3 _ R)(1200) .3
== = 0.0 n
C T (10500 0.072787 «
C= 0.H174 dpe = XC 7 0.835 in )
PROBLEM 3.24 3.23 and 3.24 Under normal operating conditions a motor exerts a torque of magnitude
) Te= 1200 Ib'in. at F. Knowing that the allowable shearing stress is 10.5 ksi in each shaft,
for the given data, determine the required diameter of {a) shaft CDE, (b) shaft FGH.
SOLUTION 324 r,=3in, rg=8in.
TF = ]300 Ho-in

T = %‘;T’F = -g—(l?oo) = 450 -

Tap= 10.5 ksi = 0500 psi T,
- ¢ _ 2T a_ 2T
= J =~ wed =57
Shaf+ CDE
s . @))(4se)  _ -
£~ = —————_—T\'(IOSOO‘) = 0.027284 w
C = 0.80/05 in dpe = A& = 0.602 in -
Shatt FGH
- (2.\0200) - .8
c = Tiog0y 0.072757 iw
C = 0. 474w A= 2¢ = 0.885 in -

O
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: 3.25 Under normal operating conditions a motor exerts a torque of magnitude 7. at
j PROBLEM 3.25 F. The shafts are made of a steel for which the allowable shearing stress is 12 ksi and

C) have diameters of dqp,p = 0.900 in. and dpg,, = 0.800 in, Knowing that r,= 6.5 in. and

SOLUTION r; = 4.5 in., determine the largest torque T, which may be exerted at F.
] fm = {2 ksi
i Shaft FG: ¢ =3d = 0.400 in
L :
T YE# - Ty
- R C Z ~
T,
Y 1

_ = J(0.400Y(12)= 1.206 ip i
] Shatt DE: c=4d= 0.450 in

= T (04561 °(2) = 1.7177 Kip-in

Teau

>

%5 - o Lo
Z2 (LN77) = 1489 kipein

Tr is the smaller Tr,dg = [4837 kp'in -

PROBLEM 3.26

1

3 a1 [

L

- e

= She¥t EF: Te =
=Te . 2T

] T J Tics

C 1

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 60 MPa. Knowing that a 600 N'm-torque
T, is applied at C, determine the required diameter of ()} shaft BC, () shaft EF.

SOLUTION

Shatt B2: T, = 600 N-m 7, = 60x*I0° Pa,
P & L 2T
T J ~ Tc®
etz AL - BUEOSY o aecav 1076 w?

Tz m{eox|0%)

C s 18.53%10 M= 18.58mm, g 22537 L mm -
| § - 5o -
R Te = 3o (6001 = 878 Nem
3. 2T _ (2)(31s) -t 5
€= 7 7 Ticonosy | STIB7/XIC w
-t

€ =15, 850" m = 15.85mm dy7 A 731, T mm




3.27 The two solid shafts are connected by gears as shown and are made of a steel
for which the allowable shearing stress is 50 MPa. Knowing that the diameters of the
two shafts are, respectively, dpe = 40 mm and dp; = 32 mm, determine the largest
torque T, which may be applied at C.

PROBLEM 3.27

SOLUTION

Shaft AC: U™ SOMO Pa | c=kel= 0.020m

T = J-E_—- = %cﬁ’zi = ¥ (0.020)°(50x10%)
= 62%.3 N-m

Shﬁ“ DF‘. Th.,‘_: SOVIO‘ Pa. 3 C zi’d = 0.0'6 (]

- JC o 3 “
Tp = = _'g:csL lzr_(0.0I6\ (50x10%)
= 32]1.7 Nem
From Stediest T. = %*—TF = —gg- (321.7) = 5147 Nem
[/
ADbowable vadoe of T is the smalder re. Tp = 515 Nowm -
PROBLEM 3.28 3.28 In the bevel-gear system shown & = 18.43°, Knowing that the allowable

shearing stress is 8 ksi in each shaft, determine the largest torque T, which may be
0.5 in. applied at A.

= ""C—T SOLUTION
A

Shaf¥ AP 7= 8 ksi

C-=*d = 0025\"\

i .625 in. ot - 1 3 - NN
‘B 0.625 T, % - %CS’L' = -2'-(0_25\ (3) = OJQG&S’R.P-;A
CTD Shd"‘{' B T= @ sy C.Z-;E‘J: O.3125 in
Tﬂ
To=S€ = Ltz = T(0.3125)'(8) = 03838 Kipin
Frow Staties 3 T, = 0BT, = (fand) T = (fan 12.437)(0.3825)

e
O. 12719 L(r[: £

Miowable valve oF T is the smaller

Tp = 01278 Kpin = 127-8 dbein -

i

L]

[ T
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PROBLEM 3.29

SOLUTION.

w = Weua_l»d* Pu Ur\i+ }el\ﬂ')l"ﬂ J
W= +'o+q.p we.&k'\-a

3.29 (a) For a given allowable stress, determine the ratio T/w of the maximum
allowable torque T and the weight per unit length w for the hollow shaft shown. (&)
Denoting by (T/w), the value ofthis ratio computed for a solid shaft of the same radius
c,, express the ratio T/w for the hollow shafl in terms.of {T/w}), and ¢,/c,.

7" .Spec.f‘Pf(.. we, L{‘
)“Q'H“ 3

e s s e s - . ey oo e s s e

w= s LhA L vA = T (et-e)
T = Jéz:: - I Q(‘;{- Cl o7y & L) (cz‘+c:<.::)CCJ?=-Cn‘) Tt
(Gl CorefTe = GTe (1, ) (ulhesioh) =
c)=0 For sodid shatt (L) g_;fs (sodid shett)
e Ve 8 EL-FL0 ) =

3.30 While the exact distribution of the shearing stresses in a hollow cylinder shaft
is a shown in Fig. (1), an approximate value may be obtained for 1, by assuming the
stresses to be uniformly distributed over the area A of the cross section, as shown in
Fig. (2), and then further assuming that all the elementary shearing forces act a distance
from O equal to the mean radiys r, = Y%(c, + ¢,) of the cross section. This
approXimate value is t, = T/4r,, where T is the applied torque. Determine the ratio
T o 7o Of the true value of the maximum shearing stress and its approximate value T,
for values of ¢ /c, respectively equal to 1.00, 0.95, 0.75, 0.50, and 0.

(a} b) SOLUTION
L] M I~ IEJ. - 2TC1 - ZTCz
For o.l'l f)aw SLa‘F"‘- Tm J - m W(C,_"-C.z)(qi-i-C"')
- 2Te,
A‘(sz"‘c.l')
‘ah = A
By defindion 7= Am A(c.+¢)
v oo T f ) (c / \
Dividmm *I:-M = c’-‘cz*c‘ | + v/ Ca
" Cr+ Gt \ + (G760 =
e /e, | .o | 0.5 |o.'rs | os |o;o |
T /T | 1O l [.025 |l.l20 | 1.200 | 1o | -
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PROBLEM 3"3‘ " 3.31 (a) For the solid steel sl‘laﬁ shown (G = 77 GPa), determine the angle of twist
al 4. (b) Solve part a, assuming that the steel shaft is hollow with a 30-mm outer
\ diameter and a 20-mm inner diameter.
SOLUTION

@ c=4d=x 0.0185m, J=Le": Flo.5)
= 79.822%10m? L2 18m | G=77x/0% Pa

) T 2 250 Nem =
250N

e - (250)(1.8D

9

NSRS T

@ = L78:99x07 1Ty g0 -
2 -

q\l_lj3

U349 %0 vad

(b) €, 0.05w, ¢ =%d =0.0i0m, T=%(c'-¢")

J = %(O(&)ISH)<O OIOU.) = gg.gjt}x;o'q o ? - %
- 250)(1.8Y -3 _ I8¢ -3
P Frioti(ea giawie T ThSBroTeed = g (c” S3r(o” )= 5.257 -

3.32 For the aluminum shaft shown (G = 3.9 x 10 ° psi), determine (a) the torque T
which causes an angle of twist of 5°, (b) the angle of twist caused by the same torque
T int a solid cylindrical shaft of the same length and cross-sectional area.

PROBLEM 3.32

SOLUTION
@ ¢=%Lk, 7212
Q= §° = g7 2¢mo‘” rod, L= 4Ft = 48 in
J=T(c,-c*)= L(0.251-0.8*) = 0.3988% in"
T _‘é.qwfo" J(O.Z ?qasm- }(87.286 /0]
=2.3229 <jo° foemn = 2.83 kip-in -t
(b) MoMlow shabt A= (- c}) Solid sheft A = Tle?

Matching areas ct: G -0 = 0.5 0.8 = 0.3125 it
C= 0.§590 in, J=%c' = F0.5590)" = 153.378%07° in*

. TL _ _z.3279%10° ) (48) _ »
q) GJ T (3.‘1\({0‘)(153_3,8”0-3 = R26.%3 %10 veol

t

13.00 " -
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3.33 The ship at A has just started to drill for oil on the ocean floor at a depth of
PROBLEM 3.33 5000 f&. Knowing that the top of the 8-in.-diameter steel drill pipe (G = 11.2 x

10° psi) 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.

SOLUTION
= I= - &J¢
S &J T = L
rv= L& . GJ9: . &GPz
J JL L
@ = 2rev =(AaM) = 12,566 vrad, C=%d =z 40in
L = S000 ¥+ = 60000 i s {1:2%10¢)(12. 564 (4.0)
Goooo
= 9.3826x/0 ps7 = 938 ksi et
PROBLEM 3.34 3.34 Determine the largest allowable diameter of a 3-m-long steel rod (G = 77 GPa)
ifthe rod is to be twisted through 30° without exceeding a shearing stress of 80 MPa.
SOLUTION
L= 3m @= 30T - 5234 x/07 rad, = 0xi0° Pa.
? 2o
. TL . GJo . GI@c . Ggc _ .zl
&7 T°L Jfé‘ JL L -+ ©7 3o
¢ -
= (g0 10 )(3"” = $5.953%10° m = 5953 mm

T71x10%)(523.6 xj0"3
(7xi0%) ) ) d=2¢ 2 1.9 mm -

PROBLEM 3.35 3.35 The torques shown are exerted on pulleys 4 and B. Knowing that the shafts are
. solid and made of aluminum (G = 77 GPa), determine the angle of twist between (a)
Aand B, (b) A and C,

@) Tag= 300 Nem, Lag 20.8m, Cuy=3el =0.015m
Jaa = ‘T(o ois) = 79.522 %10 T m ¢

Talss _ __(B00) (0.1 - -1
P 5T GJ T (77x10*Y7%.522x10°7 ° 41,095 ¥lo  rad
. Cpu = 2.8§%° -

(o) Tee = 300+ 400 = 700 Now, L“ 2 0.75m, Cq =%d = 0.023 »
Jae = T (0.023)" = 439,578 (0 m"

Tﬁc Lee _ __(700)(0.75) _ s
Pec. = GJe. = (17x10*)(4.572x0Y) T 15,51 %107 tad
Pac = Pog + Do = $9.606%/0" red = 3.42° e
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PROBLEM 3.36 3.36 The torques shown are exerted on pulleys B, C and D. Knowing that the entire

(bY Shaft

shaft is made of steel (G = 27 GPa), determine the angle of twist between (a) € and
30 mm B,(b) Dand B.

SOLUTION
(01$hatt BC: C=}d= 0.0/ m
Jee = Fc! = 79.522%07 "
Lge 0.8m, G= 27%10" Pa

@ 'I"I_,_= (460 ) (0.3)
BC ™ GJT T (@Ixio")(79. 522010

01499504 vad = B.54°
CO: c=4d=0.018m Jeo=F et = 164826207 v

36 mm

o ]

]

Lea= LOm  Tep = 500-900 = -500 Nem

P = L _ (-So0)(1.0) )
T 6T (27«10 )(1¢¥.89¢ = 10°%

=« 0.11220 rad

Qeo = Pact Pep = O.1490¢ - 0.11220 = 0.08674wsd = AU° =

30 mm

Answers ¢

PROBLEM 3.37

B
3 A 320 mm
A

lﬁ()mm

3.37 The solid brassrod AB (G = 39 GP&. }is bonded to the solid aluminum rod
BC(G= 27 &Pa). Determine the angle of twist (a) at B, (b) atA,

SOLUTION

Shaft AB: cC=%d = 0.0/ m L= 0.250 m
G = 39x(07 Pe T = |80 Nom

J =Tt = 79.522%10°" m?

TL _  (180)(0.250)

-3

Shaft BC: C?',':d = 0.01% m, L= 0.320m
G = 27x10¥Pa, T= 180 Nem

J= L' = 164.99¢ 2107 m’

- (180)(0.320) . _ |, 2
@s& = (27’“07)('9'*-8?6'10"‘ = 12.937%(07 va

A

(@ Fp= Pge = 12.937x 1067 vad = 0.741°

(0 @ = @ge+ Prg = 27.497xi07" vad = 1.573°

i
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3.38  The brass rod AB. (G =5.6 10°psi) is bonded 1o the aluminum rod BC
(G = 3.9 x 10" psi}. Knowing that each rod is solid, determine the angle of jwist
(a8, (HalC

SOLUTION
Both Por'}'fcns c=4+d = 0.25
J: %c": 6. 1359 %10 in* T= 306 Adbin

Shatt AB: Gag= S.en10%psi Lye= 4 # = 43

C}) @A - T LAS - (300) (’.'i81
B 8 Gaad (L6 %0 (6. 135957073 )

0.9419 ved = 24.0° —

1]

Shaft BC: G = 3.9%10%pc Lge= 6% =72in

Pae = Tlae . (Boo)(72)
VN (2.3 %104 )G, 1255w 072)
0.90%vad = &/.7°

P =P+ e,

T OHMT +0.903 = |,320 rad T T5.6° e

i
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3.39 Two solid steel shafts (G = 77 GPa) are connected by the gears shown.
Knowing that the radius of gear Bisr , =20 mm, determine the angle through which
end 4 rotates when T, = 75 N'm.

PROBLEM 3.39

SOLUTION

{:C-nﬂc.u) atiom o; +WQUC S

Circum{:erenh'ap contact Lora befureen
gears B and ¢

21‘.""_.‘;.--]29 . -1\"-"""'
Frve =% Te:

Tag = Tat 75 Mm
T = 29%2 (75) : 225 N-m
€C " 0.0%20

Jo =T’ = 200.012)" = 32.572%18" " Lo = 0.900 m

_TL _  {(235)(0.400) -
T 6T (17q0%)32.572x10°M°

Ratation amjie ot C 9%: Py = 35 250 252 padd
Circomfareficd displacement at contact porats of gears B and C
S No. = fuh
Rotation anale o B: @ =

Twist in shat AB:

Jug® Feu - F(0.00) = 15708%0°" m

-3
G = 77210" Ps Dy 25, RS ¥I0" vad

1]

e

L@, - 228 (35.835x16" )= 107, 65416 " vad
-]

0.020

4

- a « TL . (5)(0.500) = BLOOYXG el
G=77x10 Pa, Pae* g7 v Cr721607)(5.708x10"7) ° "~

PO+OV+I‘OV\ cv+ A @A T % + cp“. - ,38.7 x}O‘SM - -7‘9.*0 Y
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PROBLEM 3.40 3.40 Solve Prob. 3.39, assuming that a change in design of the assembly resulted in
the radius of gear B being increased to 30 mm.

617759&3 Y‘STSOMMJ 'T;f 75 Nem

Determine the an-j}e thvougn which
end A votates,

SOLUTION
Ca_pra‘tion olF +ovrques

\V‘C.UMPQI‘EJ"LG) ...od'l"acf ‘Fov‘ce b'&'f'vuﬁ-’
qesrs B ond C

- lag - Jeo . - Y
TR TR T i T

Tae = Ta = 75 Nemy

Teo = Z22(75) = 150 N-m

Tw\'s‘]' P .SLA‘H‘ CD

Jep = %[ct: - I}(O.Om)q= 32.572 xlod mt Ly T OH00 m
® - (150)(0.400)

C GJ‘ (77%10%)(22.572 wo")
Rotation angfe at C P = Py 7 23.923%10° rad.

G = 770" Pa,

= 23,923 %/0 " vad

CircumFerential displacement &t contact pomts of gears B omel C.
S= e = Vads

Rototion angle ot B Qo= 1= - 222(23.923/6™)= 47.34¢ 515

Twist in shaPt AB

Ja = %C,; = %(O-OIO\.’# = 15.708%10 m" Lig = O.500 m
- w0t P _TL . (G5 )(0-500) 1 ootric
G TIraet e, Qetiy (77%107)(15.708 %10~ 1.00$x(0 " ved

Rototion at A @ = Qp+ Pug = 78.85%10 > rad = 4.52° -
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.41 Two shafts, each of % - in. diameter, are connected by the gears shown
PROBLEM .41

Through which end A rotates when a 750 Ibrin. torque is applied at A.
SOLUTION

Calevlation of 'l‘orqués
Crrcomberentiald COU‘*a.cj'
Force between qears Bowd £

8in.
F = 1;3‘3- - TVFE \( D
L [ 6 in.

T,, = % Toa = —% (750) = 1000 Po-in, 5 in,
a

Tw;'s‘f' " SAG‘H‘ Fe

™
)

Lee = 8in, Jre=zC = F(0.875) = 81,063k ia" | G=11.2%10% psi
- Teeley _ (000 )(8) IR ot
Pee = GJe  (L2%10°)21063 xlO0"8) 22.995 =107 ¢
Rotation at E e T 22.995 <1077 wud

Tamje»‘i‘.‘aj o"fsp)ac ement ot qear civele S Ve = Mo,
- -3
Retation at B Cf)s*' % CDE T '%‘(29. 935*[05 ) = 20.660%)0  pod
Twist n shadt BA
Les

1]

6+8=1lin, Jeu= 3106305 int

- 7:& LB! - GAY-2I4ID - Y
Y - GJTag  (.2x0° )31 063%107 ) 23. 713 1107 red

Rototion of A
D = Qat D - 30.66o%167 2 27.713 ¥10" = 54373 215> ved

: 2.12°

Knowing that G = 11.2 % 10 *psi and that the shaft at F is fixed, determine the angle

gl
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PROBLEM 3.42 3.41 Two shafts, cach of § - in. diameter, are connected by the gears shown

Knowing that & = 11.2 x lD°psi and that the shaft at £ is fixed, determine the angle
trough which end A rotates when a 750 Ibin. torque is applied at 4.
SOLUTION 3.42 Solve Prob. 3.41, assuming that after a design change the radius of gear Bis 4

in. and the radius of gear E is 3 in.
Ca}c..n.pa:h' on o‘F ‘f'qu es

Tam eatiod comtact force
bdwcev\ qears B and &£

cTe . Ter
F Vo s

e — 2
TEF = ?«':' lag = M (750}
= £§62.5 Jbin
Twist in shatt FE
Lee = 8in, Jres 3¢'= F(0.396)": 31063505 in* G =11.2%/0% s,

. Teeles _  (5€2.85)(8) _ 02 x 107>
Pre G Jee GrLaxio* ) (21,063 0% ) 2. 985 %107 red

Rot ation at E G = 12.9885 xIC" red,
Tanqeatial displucement ot qeav cirele § = &, = Ve
Robation of B Ps = féq). = £ (12985003 ) © 4701087 rad
Twist shaft AB
Ler = 6+5 » 1l in, Jpg = 8.063%/07 in”,

- Dules ___750)CHH) = 23.7i3%(0" rad
q)AB GJe T Ol ke Y31 03 it ) 5 .7i3 w({D

p::"‘ »'H o da‘} A Cp‘

H

d')s + c?‘.g

9.720i %1075 + 23.713 x(c” = B3, 4149%x107 red
= 1.9i4° i
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PROBLEM 3.43 : 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 theee
solid steel shafts each of diameter d. Two of the gears have a radius r and the other

OLUTION two a radius #r. 1f the rotation of the coder F is prevented, determine in terms of T,
s }, G, J, and n the angle through which end A rotates.

-réb = '!:9' TAQ = T——%-E- - T._A.
n
r)
- _ Teed
: L = Y
cpb Yo Cps % = ﬁﬁéﬁ-—j’-
qﬂ - Tc.o'pco - T,
i el s
= - TJ iy
= = ldad . 4 1l T |
Pz PorPo = FheT talF 7 LL(Hek)
. S - @ T4/t
@8 - _r_g (pc - % = —&]-l(nq + F]L;'
- -I!.!‘..‘P‘_ﬂ = ._Ji
Pe = B5 T
Pn = ot Paa = %(#*F‘i*\) -
PROBLEM 3.44 J.43 A coder F, used to record in digital form the rotation of shaft A, 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 & Two of the gears have a radius r and the other
two a radius »r. If the rotation of the coder F is prevented, determine in terms of T,
.. i, G, J, and n the angle through which end 4 rotates.

See So/iion fo PROBLEM 344 For the gear train described in Prob, 3,43, determine the angle through which

343 for dweyopme“+a,p end 4 rotates when 7= 0.75 N'm, /= 60 mm, d = 4 mm, G =77 GPa, and n = 2.
eﬁvw‘HM or q’l

h= TE(1v ki

Datat T= 0.7 N'M) £= 0.0¢0 m”_, c= %J = 0.002 m G =77x/0%

SOLUTION

n=2, J=Zc' = T(0.002)" = 25133210 m"

QO - (0.75)(0.060)
YT ki 25033 %107 7)

(1+ 4+ &) = 30.52%107 red
= 1.749° -

[ S A S




1 1

1 11

LT e P —

3.45 The design specifications of a 2-m-long solid circular transmission shaft require

PROBLEM 3.45 that the angle of twist of the shafl not exceed 3° when a torque of 9 kNm is applied.

Determine the required diameter of the shaft, knowing that the shaft is made of (¢) 8
stecl with an allowabie shearing stress of 90 MPa and a modulus of rigidity of 77 GPa,

SOLUTION ' gt;) é [t:ronze with an aliowabie shearing stress of 35 MPa and a moduius of rigidity of
a.
q>=3°=&2.360w!0" rad T = 2%10% Nem L=2.0m
? = %:JL. = %—%‘—- - ct = 2;—;; baged on twist Maa’{
T- I::‘---£ = % o C.'3= 2T based Shear ne Stress
(@) Steed shaft: 7= q0x10° Pa, G=77x10% P
. 4o (2Y(9x10%)(2.0) i -y
Based on twist a»mjje c T 7410 V5T, 360340‘3‘5 = 2842%l10 m
= 4H.06x10n = Y.06 mm d= 2¢. = 82.1 mm
3
Baged on S‘neaﬂ'm\ steess ¢3 = @)axiot) 63.062%10° % m3

C = 39.92210° vy = 239.93 wmim

T(90% (0% )
d=2c= 79.9 wm

Requ{NJ uﬂue o‘P d & ‘“m quj e« 0' = 2.1 mm il
(b) Bronmze shadt: T 35x10¢ Po G = 42 %107 Pa
& on Fwi . _(2)(9x10%) (2.0) e L2103 15 v
Based on twist angﬂe o N G S.2113¥]jo " m
C T 47.78%07 m = 47.78mm d = 2¢ = 95.6 mm
\ . (R axio?) -6 3
Based on shearma s+nss Ci= f(TS‘hb‘) I = 168,702 4]0 " m
c= S+ 70x10°m = 5470 mm d=2c = 109.4 mn
Required value of d is the )arge/‘ d = 109.4 mm -d
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S 3.46 ‘The design specifications of a 4-ft-long solid circular transmission shaft require
PROBLEM 3.46 that the angle of twist of the shaft not exceed 4° when a torque of 6 kip-in. is applied.
Determine the required diameter of the shaft, knowing that the shaft is made of z steel

SOLUTION with an allowable shearing stress of 12 ksi and a modulus of rigidity of 11.2 x 10 ® psi.

Based on twist amqle @z 40 2 69.8/%/0 had. L= 4P = UBn,
T ¢ k"p' w = Gooo Bb. '\") G =1.2 XID‘ ps:‘

-TL - 2TL o 2TL _ {2)(¢ecoo)(ua)
? "6l T TGed c's TGP ~ T (1.2%(0°) 2.8 x10°3)

C T 0.69¢ in ad= 2¢ = 1.392 in

= 0.2345 ju!

Besed on slneqm'na stress T= 12 ksi = 12000 psi

= 1& . 2T ot = 2T . 2)(6000)

— N 3
¥ = £% ¢ Tihoey ~ = -3/88 i
C = 0.683 in o= 2c7 |.306 in,
?eﬁv;ﬂo’ a’iame'l'ef* 's Fhe }qwjef d=1.392 in. el

o —

———— ——— E L I e
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3.47 The design of the gear-and-shaft system shown requires that steel shafts of the
PROBLEM 3.47 same diameter be used for both 4B and CD. It is further required that r,,, < 60 MPa
and that the angle ¢, through which end D of shaft CD rotates not exceed 1.5°.

Knowing that G = 77 GPa, determine the required diameter of the shafis.
SOLUTION

Tea = To = 00O t-m

T [N m

Taa = 12 Teo 15 (1000)= 2500 Nem

=or Jes{zn based on s-‘-\f‘vc.!lsJ vie

Pow?e/“"or7ut Tag = 2500 Nem 400mm
ff-: T—Q- - _Q...I.-
J

- -"C‘ 600 mm

¢ = 29.82%107 w1 = 29.82 mm, d=2ec= 59.¢ wmm

Desijn based on potation awaupc @, = LS° = 26,18 1073 vad

ShaPt AB: Tg=2500 Nem | L= 0.4 m
Pun = L = @goo)(o.4) _ 1ogo
AR GJ G.J" &J
- = Jeco
Senrs Pe * Pua G3

- N - ooo _. Aj0a
P = —é—’q?e' oo .

Yo &I @ &7
Shaft Co Teo ® 1000 Nem, L=0.6m
Oep = TL . (jooo)(0.€) _ oo
@ &J &J &J
- _ 2A5o0e 6o _ 3loe _ _3loo
(Po = Pt Pep = &T + T @ &J G“!‘C‘
y . X3to0) _ (2Y3t00) - S
7 T (77 %1 K268 %02 ) 777.06 %10 " m
C T 3l.46 *!(53 M = 31.46 mm ; d = 2e Gz_q [P
Design must vse pq,qu* vodue For ol d= 62.9 mm -
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PROBLEM 3.48 3.48 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 A to D and that the angle of twist between 4 and D not exceed
1.5°. Knowing that 7,,, < 60 MPa and G = 77 GPa, determine the minimum diameter
shaft that may be used.

SN

SOLUTION

Torgues Ay
' ¢
Tag = 300 + 500 = 800 Nem N
T&c_'—' Soo ’\)'”’l) TCD =0

Design baseod » stress 7 = Gox/0® Pa

=1 _ 2T s_ 27 . G X8oo -
T=F ° Tes = 7TLZ = ‘lr(h')‘cox;oj = 3.483%10°% pd
C = 20.40%(0° m = 20,40 mm, d=20 = 40_8 mm

Design based ow deFormtion @op = 1.5° = 26.18%10°% md

Pose = ©
Pesp = Teclne _ (S00)(0.6) _ ¢oo
e a3 T T 6T
— Tealsa _ (800)(04) _ a0
Fe GI [cAy T TGT

= - G20 G0 26
B = Qe+ Pog + Pons = 1 ° G T = ETZ)GC-GC")

cts 2We) | (2)620) } 3 167" 4
TG Bopu (77 W) (26. 1850075 ) 19580 "
C = RLO4XIS m = 20.04 mm, d=2¢° 42.1 mm
Desijn must use p:wger vadoe oF d d = 42.1 mm wth

—— m——— g— SN e
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3.49 The solid cylindrical rod BC is attached to the rigid lever AB and to the fixed

PROBLEM 3.4% support at C. The vertical force P applied at A causes a small displacement A at point
A. Show that the corresponding maximum shearing stress in the rod is
A Gd,

SOLUTION

Lever AR furns 'Hvrooa‘o
a.hjfe cP +o Fosn'h'on A'B as
Skwv\ in the QU)/I':P:‘Q/’./ 'Ffjw‘(-'

Vewrticel o'.‘sppace.wrwf 18 A=a sin@
from whieh _ QP = avcsin -g—

The mogtim Um slneaf\'na stress in rod BL s

where d is the diameter of the rod and G its modulus of rigidity.

- - Lo . 49 _
ﬁ#'Gme“ GL = GZL

For sma],p -aé_-J arecsia -é- x© é‘

_ GdA
Lonert 2L o

A & B
oy
o
Al
CZ;LCP Qe Sin -é}"
- ]
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3.50 and 3.51 The solid cylindrical rod BC of length / = 24 in. is attached to the

rigid lever 4B of length a = 15 in. and to the support at C. When a ! 00-Ib force P is

A applied at 4, design specifications require that the displacement of 4 not exceed 1 in.

L when a 100-ib force P is applied at 4. For the material indicated determine the
required diameter of the rod.

3.50 Steel: 74=15%ksi, G=11.2x 10°psi.

PROBLEM 3.50

SOLUTION

At the allowable ‘th‘f‘ a’“d’h 5 g) = 'QA_ = —L'S' = 0.06667
$ = 382267 = 0.0667/6 vad.

T = Pa cos @ =(j00 W18 ) cos 3.8226° = 1496.7 Jb- 1w
Bd-ScJ on +wt's‘f = IE = _@_'_T_L- - C'I = 2TL

&I wee! nG9@
Based on stress T = Eg’- = T%ET: ot —%.‘,—;— (z=15000 psi)

Use )a.fael'* Vou’l)t 'Fuf‘ ole,sfsln C=0.399 /' d=.2c = 0.837 in, -

3.50 and 3.51 The solid cylindrical rod BC of length L = 24 in. is attached to the
rigid lever 4B of length a = 15 in. and to the support at C. When a 100-Ib force P is
applied at 4, design specifications require that the displacement of 4 not exceed 1 n.
when a 100-fb force P is applied at A. For the material indicated determine the
required diameter of the rod.

3.51 Aluminum: 7.~ 10 ksi, G = 3.9 x 10° psi.

SOLUTION

At He allowable twist avnjﬁc. St P = %z ',-"'6:= 0.06667
@ = 3.8226° = 0.066T16 pad.

T = Pocsd = (100)(15)cos 3.822¢° = 1496.7 bb-rn

Based on twist @ :GEJL - ATL . 42 2TL

TGeY NG
¢, (2)1496.7)(24) _ oy ) ‘
¢ w(3.9x10%¥(0.06¢T716) g7.838%10 " e O.544 in,

Rased on stress 7= Eg‘ = 132: 5= %7‘1: (Z= 10000 'osi)
= % = QS 283 %[O (n? C= 0.957 in

Use »Paurje" vatoe for 0‘0-3:'3'1 C = O0.54% 'n A=2¢=1.089 in -
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3.52 A 4-MN-mtorque T is applied at end 4 of the composite shaft shown. Knowing

PRO .
BLEM 3.52 that the modulus of rigidity is 77 GPa for the steel and 27 GPa for the aluminum, ;.
determine (2) the maximum shearing stress in the steel core, (b) the maximum shearing o3
stress in the aluminum jacket, (¢) the angle of twist at 4.
SOLUTION
Steeld core: ¢, =3d,= 0.027 m 54 mm

4

J, = £¢' = L(o.027)* = 834.79 110 -
- Aluminum jacket
GJ, = (77x10°)(834.79%10 ") = CH. 28%]T N-m* J 1/
Torgue cavvried by steed cone T, =GJ, /L
Mominom jacket: €, =%d, = 0.027m, ¢,=3d,= 0.036m

L= Fer-¢") = £(0.03%6"-0.022%) = 1.80355 x10™¢ m*
G,J, <(22x(0% )(1.30355%/0) = 48.70 x/0% N-m™

To Neuve carvied 57 afum'nuw: Jaak»vf Tz. = G,_J;_@/L
Tetad tomue T =T+ T, = (GJ, +GLP/L
T t x10° = 35 406 x|S 2 vad /m

L~ G, + G,  6L23uc+ 48.70m(0"
(@) Moayximum .ske.aﬂ'na stress 1w steed core
7 =67 = 6,62 < (77x0")N0.020)(35.406 10"
= 72.6%10° Pa 73.6 MPe
(B)  Masimun shearing stress in alominum jacket
7= G, = G, c,_iﬁ = (27210"(0.08¢ Y(3s5.40¢ xjo™ %)
= 34.4 x10° Pa

©) A\nﬁfc oF huie t

34.4 MPa

@ = L2 =(25)(35406x167%) = 88515 % ad
= S.07%

-
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3.53 The composite shaft shown is to be twisted by applying a torque T at end A.

PROBLEM 3.53 Knowing that the modulus of rigidity is 77 GPa for the steel and 27 GPa for the
aluminum, detennine the largest angle through which end 4 may be rotated if the

following allowable stresses are not to be exceeded 7, = 60 MPa and Topuminam 45

MPa.
SOLUTION 72 mm
Tm = G'Y:..“ = G CM&K% f')iimn'.lﬂ‘Q
25m
Q-_l( = ____2:9_5{__ -For e_aat\ w\w"‘ en‘aﬂ Steel core

T
L G Chﬂ.\’- Aluminum jncket}l//

Sf‘ee«p cove - ’Z/A,e( = goxo° PG..J Conone = i-d = 0.027 " G = 77%/0% Paq

coxio®

-3
= 28.860 x(0 " pad /m
L (77xio%)(0.027)

Plowinvw jacket: Tuapz 45x10°Pa | Cu,=%d= 0.036m  G=27x/0" Pa

_ 4s¥0°
L " (2v107)(0.0%)

= 46.29¢%10"° pad/m

Smallev vaboe gqoverns %.’! - 28.860%I0 " vad/im
Ablow abJe o.ane oF +wist PN = L (—f_'—" = (2.5 Y(28.860%(%)
= 721510  vad = 4.13° -
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3.54 The composite shafl shown consists of a 0.2-in.-thick brass jacket (G = 5.6 x

10° psi) bonded to a 1.2-in.-diameter steel core (G=11.2 x 10 ¢ psi). Knowing that
the shaft is subjected to 5-kip+in. torques, determine (a) the maximum shearing stress
in the brass jacket, (b} the maximum shearing stress in the steel core, (c) the angle of
twist of end B relative to end 4.

6 fi

PROBLEM 3.54
KX

SOLUTION

Steel core: i 'é‘c] = 0.6 in
J, =Tete Fo.c)! = 0.203575 in”
G, = (1.2»10%3(0.203577) = 2.2800 10" Pbein®
Torque carvied L\/ steed core 'TI=G.JT%

Ca=Ci+L = 0.6 +0.2 = 0.8 in

Brace Juoke:f-'
L Flo'o) - o' 060)= oasrsas

2.4¢30 %(0¢ dio-in”
T.=6J5%

T:T+Ta= (GI+60)T

Gads = (8.6 x10%)(0.439823) =
Torque cavried b;: brass jacket
Total torgue

Q -_._..._..'.,__-. _ 5;:!03
L G6J,+GJ, =  2.2%00x0% 2.4¢30 vi10*

= 1.05%2 210> ped /in

(&) Meoncimum slwean'ng stress in brass Jukd’
To = G Yo = G, CzTC_E - (&0 )(0.8X105s42 % 15°" )
T 4.72%10° psi 472 ksi -
b) Mavimum slnecm'nj stress w sheel core

Towr = G, Vo 2 G,c'rc_'2 = (11.2x10° )(0£X1.0592x/07)

= 7.08 10" psi 7.08 si -
€) Angle of huist (L= &M =72 i)
@ =L % = (72)( 1.0S42x(07*) = 75.5 *10™" vad
= 4.35° -
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PROBLEM 3V
|

3.55 The composite shaft shown is to be twisted by applying the torques shown.

Knowing that the modulus of rigidity is 11.2 x lOspsi for the steel and 5.6 x 10° psi
for the brass, determine the largest angle of twist of end B relative to end A4 if the

6 Rt following allowable stresses are not to be exceeded 7, = 15 ksi and 7., = 8 ksi.

SOLUTION

=
<

Q@

~
|

' = God

2;:3{ = TR For each moteriat

Steed core’t T~ 15 ksi = 15000psi | Cog =3d = 0.6 in

Porr - iS00 = 2.232] xi10"° vead Jin
L (N. 2ot ¥ 0.6)

Brass kad'-' L= 8 kst = 8000 psi ;| Coup= 0.6+0.2 208 in

Dop % 000 _ a ‘
L~ (56¥0(0g) 1.7857 ¢lo  red/in

Smetler valoe qoverns Q.?.z.fi = [.7357%10° " vad /iy
M}OUNLIQ O.nﬁje O'P +WI‘5+

L= 6% = 72in
P = L 9%-‘! = (72Y1.7857 %1073 ) = 128.§7 %07 pad
= 7.37° ~l

-

p— gy




* -

PROBLEM 3.56 3.56 Two solid steel shafts are fitted with flanges which are then connected by fitted
boits so that there is no relative rotation between the flanges. Knowing that G = 77
GPa, determine the maximum shearing stress in each shaft when a 500 N-m torque is
SOLUTION applied to flange 8.
Shaft AB

T=Tae, bis= 0.6m, =%d= 0.0I5m

Je = FC'= Z(0.08)" = 79.52%10"" m"

Ts8 Loy
P 7 Cughe

]

Giadhe o - (222101 (79.52716") 8
Laa 0.6

= 10.205x10° P

Shatt CD ‘
T:= Tcn_) Lo=0.9m, ¢ T 0.013m J-to-"' %C T %C0.0IB)’

Joo = 1648396 %1077 m”

The

1

Ty = ..___GEE:O P, 3(7’7#0;?2'(?.8‘?6*!0' P = j4108x10° @
Moa"c«k-'nj Y‘o‘l‘u‘l‘fou ot -H\c rﬂanﬁes (p6= cPc = qp

Toted torque on ‘Fﬂu\jcs T= TaatTee = £00 Nem

&oo = (10.205 xlo* + I4.108210° ) @ “ QP T 20.565 %0 rud
Tae = (l0.205x16* X20.565 x /o) = 209.87 N-m
Teo = (14. 108 %10*)(20.565 10> ) = 290.13 N-wm

M astim vm Skeaﬁ'na stress in AB

7,e el (20%.87)(c.018) _

3
T TS 39.54 10" Pa,

39.€ MPa =&

Martimum skew-'w stress w CD

Py = Tewe . (290.13)(0.018)

31.¢7»i0° Pa
Jeo 164.89¢ x)p™

31.7 MPa. =

'




-

T

-

1
i

L

]

(

—/ 1

—3

—

]

M

]

]

(1

3.57 and 3.58 Two solid steel shafts are fitted with flanges which 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 = 77 GPa, determine the maximum shearing stress in each shaft when
SOLUTION a 500 N'm torque T is applied to the flange indicated.
3.57 The torque T is applied to flange B.

PROBLEM 3.57

T:Tma_, L=O.6M C=*dTO.O'S_M
o= Fe' = T(o.0i5) = 79.52 107"
- -rﬂﬁ Llf!
Fe - G Joa >
GuaT; 77 %107 )(79. Szxto") N
= ]o,Qogxgo cpe 600

ShaFt CD
T = -T;D;. Lm :0.‘7",) C-‘-‘\{d =O.Ol8YhJ ‘J;.‘D: %an %(0.0la)"’
Jep T 164896 xi0" m!

q -
T, = Geo Jeo @, - (77%10% Y(164.89€ x(0 )CP

L -2 ) = \4.I6BxI0 @,

Chearance rotetion For 'F.paun%e B C'P"-‘ 1.6° = 2613 x10™" pad
Torque T remove clearance. Tha = (10,205 %15 N (260182107 ) = 267.17 Nom
Torque T" 4o cavse addian] rotation @ 1 T" = 500 - 267.17 = 23283 Nem
= Tae + Ten
232.33 = (10.205%10* + 14.103x10°) Q" = Q"= 9.5768 %10 Pred
Tio' = (10.205%(0* 5. 5755 (0%) = 97,73 N-m

L]

T = (14, loaxio‘)(,‘l.sn‘fwo") 135,10 N-m

Menimuom 5")6&»“;’! stress m AB

. Juc _(247.!7 + 92.73 )(0-613'1_ &
Trc T 56 522103 = 8.8 x10 Pa 3.8 MPa -

M aximum S‘Ie.q,m'nj S"'H’.SS in CO

7, = Toc _ (13§.10)(0.013)

¢ .
T T icdgicveT - Mo Pa 14,75 MPy,

- ~———




1

[

(1

Ll

L1

L}

PROBLEM 3.58 3.57 and 3.58 Two solid steel shafis are fitted with flanges which are then cannected
) by bolts as shown. The bolts are siightly undersized and permit a 1.5°rotation of one
flange with respect 1o the other before the flanges begin to rotate as a single unit.

SOLUTION Knowing that G = 77 GPa, determine the maximum shearing stress in each shaft when
a 500 N-m torque T is applied to the flange indicated.
3.58 The torque T is applied to flange C.
Shatt AB

T‘l Tﬁ‘s‘; L,‘n: O-GM) C_'—“‘*& = O—O'S-M
Ja™ s T(0.016) = 72.52%10""

P = Tas Laa

G Jar
+  _ Gaads 7%t )(79.52%ic ")
o G @ - (DXCHTIS2E ) g,

= ,0.205"[03 ¢a

Shat+ CD

T =T, Lo=09m, c=2d =0.08m, J,=Ect-L(o.018)"
Jep = 164, 8944 % (071 mY
Teo = Sedee @ . (O7xi0” Xle#.896 <15

[

- o @ = I+ o3 x0° Q.

Clearance rotation For ”anjc C @'=1.5°= 2¢.18%07 vad
Torque fo remove clearance © Teg = (19.103%10%)(26.18 x5 %) = 269.35 Nem
Torque T° to cavse addibioued rotedion @0 T": 500-3¢9.85 = 130,65 Mem
T' < T + Ten
130.65 = (10.205%0” + 14.108x10° )" P’ 5.3737 %40 vad
Tee = (10.205%10%X5.313716*) = 54.89 N-m
Teo = (14108 %10° (52737 1) = 75.81 Nem

Maximum sheah'na stress in AR

(. 73;3: : (;":‘”53:2(,‘;'_",'5) = 10.34 x10° Pa 10,34 MPo, =

Ma i mom skewtnj stress v CD

Teo = E—C ) (3‘;7;?5;3;575}?.2(0'%): 48.6%/0° Pa = 48.6 Mo
I .
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3.59 At atime when rotation is prevented at the lower end of each shaft, a 50-N-m
torque is applied to end 4 of shaft AB. Knowing that G = 77 GPa for both shafts,
determine (a) the maximum shearing stress in shaft CD, (b) the angle of rotation at A.

PROBLEM 3.59

SOLUTION
Let Tp = torque appdied ot A = SO Nem
Taa = torgue in shatt AR
Ter = Yovque in shadt CD

Statics
TA -T»3 - Fr;\ b
- Tm

Teo = L (T;. T“) = £ (TA -’;\33 Gear A Geav C
K\ncmdlcs . Y\Ag)ﬂ = Y}_fpc A= %cpc. = %Cpc
Anjpcs of twist Py - Tl Qo = Ten L _ EC!A-T@)L

GJas G, 1 G Jeo
Tasl - (h -Tas ) L
GIan G Jeo

= (4,712} _
<%+:r%:)ﬂe = ($+(B))Te = &7,
Tag = 0.5204% Ta = (0.52u4Y50) = 26.02 N-m
T = 3(50-26.02) = 15.99 Mem

(Q.) Maximum She«w‘(n% 5+"€65 in SL‘H CD

_ Tt - AT . @QY)(S.99) _ & +
% s o rrvyacai 47.1%10° Pa = Y| MPe,

(v) Anﬁpe of rofatiou of A

@ > Lal . 2%l @023 (0200) | an B
(CIN e C“" w {77%)0* )(0.00'IS)“'
= 0.779° )
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3.59 At a time when rotation is prevented at the lower end of each shaft, a 50-N'm
torque is applied to end 4 of shaft 4B. Knowing that G = 77 GPa for both shafts,
determine (a) the maximum shearing stress in shaft CD., (5) the angle of rotation at 4.

3.60 Solve Prob. 3.59, assuming that the 50-Nm torque is applied to end C of shaft
CD.

PROBLEM 3.60

SOLUTION
let To = forque appP{eJ of C = 50 N-m
Teo = Forque v shaPt CD
Tig = Jorque iw shabt+ AB

Statics.
TﬁB b f‘h F'- = 0 (
\

-rc."'Tco - Y\CF‘_: o
T“B = r{g (Tc." T;b\ = %(T¢ -TC.D3
Kinemathics : Papy = TP q}c =
L Tl g
Ah?!cs o‘P +w\s'f @t = _G_G-_f_]__; ?A G:A‘
Tl _ 2.2 T-To
GI, 2 2 GJas
T

Jde , 2 ~((1Ey — _ 9q-—

(T + N =)+ 3) T = 3T
0.479 T. = (0.4796)(S0) = 23.98 N-m

Tae = 2(50 -23.98) = 37.03 N-m

(@) Magimum 5'&&4«'5»&3 shress v shaft CD

7:-1: = T.‘.‘.E..C.....w; 2TG°= (2Y13°q’3)
J TS T (o.o06 P

= 70.7¥0° Pa = 70.7 WPa, -t

(b) Anaﬂe of rotetion ot A

Tl . 2Tel __ (2X39.08)(0.200)

-3
= = - 20.379 (0"
% GJas  TGCEt  T(77%0% ¥ 0.0075)* “4

= 1.169° il




PROBLEM 3.61

3.61 The steel jacket CD has been attached to the 40-mm-diameter steel shaft 4F 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
Sodid shaft: ¢ =4d = 0.020 m

Je = Jc¥ = T(0.020)" = 251.33%0"" "
Jacket: ¢, =5d = 0.040 m

-L = 0.040-0.004 = 0.036 m

Jr = Tlc,*-c") - T(o.o40™- 0.036") = 1.3829 xi5* m*

Torque camred Ly Shatt

Torqve carvied Ly' Jacket

T;,+J ‘]’o%qu e

s Je+dr

Ts = 6l 0/L
-G = G‘JJ (P/L.

T=Te+ Ty = s+ 360/ o 82 < _T

I . (Lot ) (500 T
- . 222907 () .
T 1.2829 xi0* +251.33 %/0°° #23.1 W-m
Mmimuw: Sheavr, e stress in Jac,l,(e;f
po= 13S . (423.1)(0.040) = |2 24v/0%Pa 12.24 MP,, -a

J.

. 3827 x)0-¢

PROBLEM 3.62

SOLUTION

cts

C =

3.62 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 = 11.2 x

10° psi, determine the diameter of the wire for which the torsional spring constant will
be 4.27 Ib-ft/rad.

Torsion spn‘ni} c.aus','a%f Kz 4.27 bb-Birad = 51.24 5b-in /MJ

K’Ifl‘“ - &L _ wGet
P ° TL/GT L 7L

ALK _ )A0(5124) _ 2099 210 % in?
TG wlil.axj08) ~ ZeT.1xio
0.1208 in, d=2¢c = O.2¢ in. e

[

e~
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PROBLEM 3.63 3.63 A solid shaft and a hollow shaft are made of the same material and arc of the
) same weight and length. Denoting by » the ratio c,/c,, show that the ratio 7/T, ofthe

torque T, in the solid shaft to the torque 7, in the hollow shaft is (4)
O Vv
O .\ 1- n? /(1+ n*) ifthe maximum shearing stress is the same in each shaft, (b)(1 -
L2 [ >

(1 + ) if the angle of twist is the same for each shaft.

SOLUTION
For equal weiqht awd Jenqth, the aneus ave equal
'\TC:-: -"'(Cal- C.t) = .“-Cg,l(""ht) .- Co = Cz'ff-na'
JS-_—Ichg = %C;('_n:.)?- J?==¥(Cz"'-cn")= .'Eczqcl'nq)
(@) For e.ql)ﬁ.’ stresses
,z - TSCO - —I_“C»:_

Js Ja
E: _J.:S._c..& - %CI.I'O-V\’L)?—C; - I—-na‘ ,J,_,hz

It IG(i-nMafione (402 Wi-m T 10

(b) Fovrequal anﬂ.pe,s oF turist
R L Tl

GJds GJ‘ "
-
R SN -
Th e, (1-n") 1= nd l+n‘-
PROBLEM 3.64 3.64 A torque T is applied as shown to a solid tapered shaft AB. Show by
) integration that the angle of twist at 4 is
T1TL
SOLUTION 122Gc*
In'l‘v"oo‘ucc c.oam’imale Y Py shown..

"= &
e g

Twist in dength J,
-ra _ ng . ZTLqu_
d9 = T GEeY ) T‘GC. )/

_ ?L-ZTLTOI aTe (M
-S,_?e“c‘«# TES D, Y

271! 2T +
= 225 3p(, = Tewl An W

- 2TLY 1TL ]
Tdy TGt Z‘IL" Zwect




3.65 An annular plate of thickness £ and modulus of rigidity G is used to connect

PROBLEM 3.65 shaft 4B of radius 7, to tube CD of inner radius r,. Knowing that a torque T is applied
to end 4 of shaft 4B and that end D of tube CD is fixed, (a) determine the magnitude
and location of the maximum shearing stress in the annular plate, (4) show that the_

SOLUTION angle through which end B of the shaft rotates with respect to end C of the tube is
Use o 'PV‘QQ lDoo\ Cov\Sl'S'hhj d’mc = ——

of shatt AR aud an innenr
orton of the plate BC the
voten radivs O"P X1 Pov\‘hon

b-e.t'nj ,O /"‘—‘"\ ft
The force per unit ¢
‘Pev\j*'ln o‘P c_\f;r_um#ewemaa l @t
is “Tt. .
"
2M=0 \_.\L» —'//
’L’t(?.'ﬂ',o),o -1 =0
_ _T

T = ZTl‘tp"
(o) Moximum sl«eqﬁnj stress oceuns at ,o= r, Tne = Z_TT-%ﬁ am
Skeam'nj strain T = ‘%_"' = Z—ﬂ%-ff—o-;_

The mﬁ#we circumteretict a’rSqu,ccmevJ
in vadiad fena-l—h d/o is

dS:= Ydp = p dy
49 = T

a9 =—L— d¢ __T dp

2MGtp* £ T 2nGE ,o*’

e R (= A g
v ) ZGE A z-nGt i Gt 2

,‘2.
"

=L {_' L. Lot -
2rGLE { At an> 'Lhrsrf re o nr{

O

o

—

-

3

3
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3.66 An annular aluminum plate (G = 27 GPa), of thickness ¢ = 6 mm, is used to

PROBLEM 3.66 connect the aluminum shaft 4B, of length L, = 90 mm and radius », = 30 mm, to the
aluminum tube CD, of length L, = 150 mm, inner radius r, = 75 mm and 4 mm
thickness. Knowing that a 2500-N-mtorque T is applied to end 4 of shaft 4B and that
end D of tube CD is fixed, determine {a) the maximum shearing stress in the shaft-
plate-tube system, (b) the angle through which end A rotates. (Hint; Use the formula

SOLUTION derived in Prob. 3.65 to solve part b.)
Shaft AB
Y= I__C_ = _2'.t = 'Z'T
J nes ™, 3
@) (28500) . e
2T Y(0.030) 58.9xi0" Fa ‘<
58.9 MPa,

AC
Plate BC (See PROBLEM 3.65 fon Ae-r{w:]‘ion)

PO A 500 =
L7 2mEnt ~ zu(o.00eY0.030)*

73. 7% 10° 7
72.7 MPa

ShaPtCD €= M= 0.0 m, Co= N+ 1 = O.015+0.00% = 0.0 w
J = Zlet- )= £(0.079%-0.075") = n.432210° ¢ m’

- Ter . (2509)(0.017) _ - -
T= F°° dmxo< - V7. 20 %{Q" Fo. 17.20 MPRa,

(o) Lar:\esl' stress 7 =73.7 MPz -

= Tolan _ 2Tl _ (2)(2500)(0.0%)
Shaft Ae Pre GI =~ TwGEcY T w(27x10%)(0.0%0)Y

= G.550¢]0"3 rad
Plate BC (See PROBLEM 3.65 HFor dervation)

Pog, = —L {.L-..L. _ 2o f v _ _1
YrGt (Nt 0Nt wm(27x107 Y 0.006) { 0.030* ©.075*
= 1146 %10™° vod

. Tly __(500)(o-1s0) _ _ N
. Tle _ = = 1210 ¥|0 rasd
ShaF+ CO Peo = =1 = tawio? Y11, 48207 ) “

Toted votakion sngle @ = G + Pac + Pop = 8- X107 vad

= o.510° -




PROBLEM 3.67

SOLUTION
Yot = S5 ¥(0° P =
__P _ joxuo®
T“.z-nT T 2m sy
T_. 2T
= ® Tes

e = 10.7 x> m

c®=

=z JO,7] mwm

3.67 Using an allowable stress of 55 MPa, design a solid steel shaft to transmit 10

kW at a frequency of 15 Hz.

onlo?‘WJ =

106,10 N+m

2T _ @(106.40) _
wE - T(EE*io*)

d=2¢ = 2.4 mm g

15 He

\. 2281 %16 “ m*®

PROBLEM 3.68 3.68 Using an allowable stress of 5 ksi, design a solid steel shaft to transmit | hp at
a speed of 1725 rpm.
SOLUTION
Tut? & ksi = 5000 psi =g hp = 1(6600) = 3300 fbein/s
172 3300 .
""-"—"'"‘ = 23.715 H = - .
f= -z 2 &IT / ¥ Im(28.75 © 12.26¢ 8 £bein
I__ s 2z = *JL’& 268) _ -3 Y
T= TTC."- c Y T T(SooS > 2.31coxp0 " m

C = 0.1325 in

d=2c = 0.26§ in -

PROBLEM 3.69
SOLUTION
Talt = 1500 pei
- 1200 _
= -635—— = 20 H2
r- Te . AL
37 Tes

= 0.7G 331‘ ;ﬂ

P=loo \'IP =

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

GO XIS Pb-in /s

< B _ 660xi0d . S/
T =E C ar(zey - 52521 %1 Bb-n

3. AT (2Y(5.2521 x(©3)
c Trt = m (75_0‘)3 = O 4458 fh

PROBLEM 3.70

SOLUTION
’2‘;” z 353‘[0‘ Pa

P =z 0,315 x0° W £ =

3.70 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

29 Hz

T = 211‘3% = 0.375 xj0' _ o 0530 N-m

AN (2
- Te _ AT
T=3F -7 -~

Cz 3.245%I0 " m =

2T _ (2)(2 0580) -
C_s - _-n':"/_z- - -n-(as'yloei) = 37.43*{0“ Ma
3.345 mm d=2¢ = 6.69 mm e

]

L

U

C

7

@,
s ) e Y

f
| S
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3.71 A hollow shaft is to transmit 250 kW at a frequency of 30 Hz. Knowing that
the shearing stress must not exceed 50 MPa, design a shaft for which the ratio of the
inner diameter to the outer diameter is 0.75.

PROBLEM 3.71

SOLUTION .
Toee = SO %O Po P =250v 10" W F=30 Ha

- _ _25oxo® _
T= 5_-1% = Jm(sey - 1326.3 N-m

J=%-c"= F0-@)")e = to7sec,t
pyeTo o TC . e3-_T __ __ 12263

J 1.0738 C,¢ 2 10738 T (1.0138 ) (50 *(0%)
el = 4. Toxw " m>®

C, = 29.12 %10 m = 29.12 mm d,= 2¢, = 58.2 mm -t

3.72 One of'two hollow drive shafts of an ocean liner is 125 fi long, and its outer and
inner diameters are 16 in. and 8 in., respectively. The shaft is made of a steel for which
T,y = 8500 psiand G =11.2 x 10° psi. Knowing that the maximum speed of rotation
SOLUTION of the shaft is 165 rpm, determine (@) the maximum power that can be transmitted by
the one shaft to its propeller, (&) the corresponding angle of twist of the shaft.

PROBLEM 3.72

sz',!{dg': 8"\
C, ey = Hin J= E(e.'-¢") = F(3"-4")= cosig in?
= I& . T-= ST _ (6031.8X(8500) . g 4058 x10° Jh-in

\T ) C& 3
les _
= “‘6'735' = Q.75 H=
@ P= 20FT « 2m(2.75)(c.4088x10") = 1o74x10" Jhin/s
WO Mx € lo.in/s 2 |
260 Moinds e © 1678 xlo he. -

L= 125 & = |S00 m

- TL _ (c.4088x0°) is00) _ .
L) @ = 5T (N.2x10°)(co31.8) 0. 1423 rud

= g,15° -l




PROBLEM 3.73 3.73 While a steel shaft of the cross section shown rotates at 120 rpm, a

stroboscopic measurement indicates that the angle oftwist is 2° in a 4-m length. Using
G =77 GPa, determine the power being transmitted.

SOLUTION

O wohaBmm Twist angle @ = 2° = 34.907%10°° rad
/L ¢ =% d = 0,018 m, C,=4d, = 0,087 m

2 -
i [}

T:F(c.-¢*) = T(0.0875 "~ 0.015")
J= 30268 x 10 m", Lzdm

TL L GJT@ . (12x10r)3.0268 ¥10" ) (34.907 ¥15* )
GJI T ==L " 4

2.0339010 Nom £ 2 120 0pm = 22 U2 = 2H2

(2TEYT = 21(@¥2.0339%/0™) = 25.6 xI0* W = 25.6 KW -

PROBLEM 3.74 3.74 Determine the required thickness of the 50-mm tubular shaft of Example 3.07,

SOLUTION
From Exa.mpﬁe. 3.01 P= 100 kW = ’00)”03W
T = 6O MPa = Eox/O* Pa C,>4d = 0.005 m
Given 'P = 4p Hz
1o loo xio?
- —— = Q7. 9 N‘
ZnF T AFldey T S ET R -
_ T (AN N . TC o __TCa et - Cz
J=T(c,)-¢") (AR v _c.") )= Gy - &S
v _ A% 2Tc, _ Y QN32.890(0.015) | 495 43 w0 m”
C, =& - 7= 0038 AT = 285.03
c, = 23.1 xjo™% m t =2¢,~C = L2axI6m * 1189 mm -t

if it is to transmit the same power while rotating at a frequency of 40 Hz.

i I
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PROBLEM 3.7 3.75 .The design of a machine element calls for a 1.5-in.-outer-diameter shaft to

. transmit 60 hp. (g} If the speed of rotation is 720 rpm, determine the maximum
shearing stress in shaft @. (&) 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.

LUTION
@ ®) SOLUTIO

P = 6o hp = (6OMNLEOOY = 396 x|6° b in/s
.F

= Igf’ = 12 Hz C =%d = 0.75in
3 [y
T - 2111; > 2:%"2';’ 5.2521 »10* fb. in
« L& _ 2T _ QUSasuxe*) _ . a,csx108
(QD r J- - .n_c‘ = Tr (0-75)3 . 6 |0 Psl
7.93 ks e
&) ,[_‘-_-_'_6_052: 18 Mz Cz:;'zl' , = O.75 in
3
< 2:; : 1?6(:22 3.5014 ¥10° Pb-in
J m(Ct-¢ 1)
3 +  2Te, v (2)3.5014 %10 )(0.75) Cy
- - = . - - - (4] T ]
C, C, ~z Q.78 W7 9285%107) 0./0§47 1n
C, = 0.569% in d,x 2¢, 7 1140 in -l
PROBLEM 3.76 3.76 A steel pipe of 60-mm outer diameter is to be used to transmit a torque of 350

N-m without exceeding an allowable shearing stress of 12 MPa. A series of 60-mm-
outer-diameter pipes is available for use. Knowing that the wall thickness of the
available pipes varies from 4 mm to 10 mm in 2-mm increments, choose the lightest
pipe that can be used,

SOLUTION
Tt = 60%[0° Pa C,=%xd, = 0.086 m

1: = TC.:. - 2Tcg
J- - -"(Czq— Cl" ]

- - v_ (@X3503(0-030) _ Ty
A A - 0.030 S TD = 25294 <77 m
C, = 22.43 x /o°° L =C,-C = 30mm- 2243 mm = 7.57 mm
Required thickness > 7.89mm. Avaifuble sice L= 8 mm -




3.77 A steel drive shaft is 6 fi long and its outer and inner diameters are respectively
equal to 2.25 in. and 1.75 in. (4) Knowing that the shafi transmits 240 hp while
rotating at 1800 rpm, determine the maximum shearing stress. (h) Using G=11.2 x

10° psi, determine the corresponding angle of twist of the shaft.

PROBLEM 3.77

SOLUTION

¢, = %d, = 0.875 in, Cz-:zlo!2=l.125"in_) [=GH =72 in

P = 240 hp = (2401(6600Y = 1,584 w10¢ fh./n/s
= ;'2_;_.9)&) = 30 He
= B LIH0C ey 1% A i
T = z%F - 2m (3o 84 1o
J = (") = ZQ.125"-0.87C") = 1:59530 in*
_ T¢ca (8.40%¢ x(o® (1. 125) .
@ T T s = 5926 p =
TL _ (8.4034w0% }(72) -t .
lo = e - Bex/o = . el
) @ &S iAo Y.51 530 33.86%/0 " rad [.9%0
3.78 Knowing that the allowable shearing stress of the steel to be used is 7500 psi,
PROBLEM 3.78 determine () the smallest permissible diameter of a shaft which must transmit 15 hp
while rotating at 2000 rpm, (b) the corresponding angle of twist in a 4-ft length of the
SOLUTION shaft (G = 11.2 x 10° psi).
; Qo
Tur= 7500 ps | §= 2892 = 33333 M2

P Ishp = (5)(cco0) = 99%j0% Lb-in/s
@) ¥-= TJE = #; s et ;?;’;: Cﬁr)cc“f];_;g? = 40.123 %15 in®
C= 0.3425 in d = 2¢ = 0O.685 in. s
o J-= I‘Ec* = —2-(0.3425)’ = U5l xS jat
L= 4FfF = 48 ,
?= TC;I:I-‘ =(IIFL;73£:!)(EUC.L:'2YLO'3 ~= 98.87107 red
= 5.33° -

SN T SRS B
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PROBLEM 3.79

3.79 Three shafts and four gears are used to form 2 gear train which will transmit 7.5
kW from the motor at 4 to a machine tool at F. (Bearing 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

P=75kw = 2.8%i0" W

Tw= 60 MPa = GO xwio* Pa

Shatt AR:  F.= 30 H2

: _ 1.5x10* .

Tt 37" Tagass 3:*" N
TE T . AL

7= —i“= %C:i L Cae® TE

e (2)( 39.782)

: = 422,17 w0 m?
A T (coxios )

Cag = 7.50%1S5 Vv = 750 wim
G’an = ZCM = 15.00 mn -
Shat CD:
- N &0 -
Feo = -i\:-&s ® s (30) = |12Hz
R C S 2.5%10° _ 44 472 N-m
Teo = 2T Ro 2n02)
T 2T 3 2T | R(99.472) . -~ 4
T f: = S T TZ T Th(eoxiof) LosS543 ¥/jo m
GE 10-18%10°3m = 10,13 mm dry = ACep = 0.4 mm -
Shatt EF:
- ¥ . 6o .
ter = ;F:-‘Pm = '-,E.;('z) = 4.8 Hz
- B_ _ 7S5xiof 248 .68 MNem
Tee = 20 2n(%.8)
T = = 2T - C.-: - )(24g.68) 2.6886 ¥ (o m?
Jer TCo® T (6o x10°)
Cer = 12.82x10°% = 13,82 w dge = 2Cep ™ 27-6 -




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

PROBLEM 3.80

SOLUTION
Ty = 75 MPa. = 75%]0° Pa,

Shaft AB: ¢ = hdig = 0.008m

T qloxi0° W
Shatt CD:  C = %dy = 0.010m
z: Lo 2L o T, Tcy, = I(0.00Y(75x10%) = 117, 81 Nem
Jo  TCL
fo = 72 fha = 22-a4) = ¢ H,

P = 218, T = 21(36)(17.81) = 7.0 ¥ (0> W

Shaft EF . Co=3deg = 0.014m
Ton = I{-Cf:f.u = %(0_014}’(75%10") * 323.27 N.m
o

- 62 =
= 05 (2.6) 3.8% He

v’
!

&0

27 Ve T = 2W(284Y(323.27) = 7. Boxip* W

Mastr mum a-’poUwLJ-Q PouE’V‘ is +ha Slﬂ\a\jjﬁ;\f .
Pu = 7.HUXIOCW = 7.1 kW -

C_J
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PROBLEM 3.81 3.81 The shafi-disk-belt arrangement shown is used to transmit 3 hp from point A
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 4B and CD

relgh are respectively 0.75 in. and 0,625 in.
SOLUTION
T = 9500 psi, P=3hp :é'g)(ggoo)r 19 806 jL-iﬂ/\S
= 11:-‘ = ..2.:‘: - I ,3
L S T T=207

A.Mou aL!ﬁ +or~1w.s

*35 L} o't‘emvfc.f* shatt .
o= -E ;nJ 7:u = %G‘E) (cLS'OOj T K594 jb‘l.h

%- in diameter S'\a":‘l‘
c=2im, Tu=¥(3 )5(‘!500) = 786.9 Ab-in
Statics:
@pﬁ T = GW(FR-R) t" r(F-F)
T - Ve - s T .
B R Te= gl ” g L= oxk
Y,

@) Allowahle dorques Toue = 4554 Sboin , T, = 786.9 B in

Assume T = 786.3bin.  Tlen T3 = (0.25)(786.9) = 196,73 b iy,
< 4S54 fb ia (ok&y)

T P 19800
= 20F = ® =
P= il Yo~ 7 Ta  2W(19€.73) 16.02 Ha -

(&) Allowehle torques To,ate = 7869 Ab-in , T e = 9S54 Jb-m,

Assome T, = 485.4 fhein  Thea T, = (0.25)(455.4) = 112.85 4. in
< 7869 M- i,

- T - P - ,9800 -
P=2nf1 -F‘B_2TFTES = mBasy T 7 He -t

T 1




PROBLEM 3.82 3.82 A steel shaft must transmit 150 kW at a speed of 360 rpm. Knowing that G
) =77 GPa, design a solid shaft so that the maximum stress will not exceed 50 MPa and
the angle of twist in a 2.5-m length will not exceed 3°.
SOLUTION
1 2¢0
P = 150x0 W t= 25 = 6Hz
sl

e cmaan = et [ = -

"

Desl‘jn ‘pol S+NSS Ph‘w\;'}' e S0 MPa = 50*}0‘ ’pﬁ.

e XTe J 2T L e AT _@(3.9739x10%)
LT3 Twes ¢ T TW(Soxio®]

C = 37.00 ¥lO™> wm

k)

= 50.C6/210 ¢

Des{jn for a.nﬂfe of Fwist Liwid @ = 2% = Sa2.3%¢ *ZO'J vad

- TL . 2TL . oo 2L | (R)(E.9782 x(0% X(2.5)
P57 T Tec “Tee T T(17x0t)(E2.3€ x(0™)

C = 35.40% 10> m

1.5207 %18

Use ,pqvjew vadue C- 3_7.00)"63M T 3%0mm d=2¢ = 74.0 mw -

PROBLEM 3.83 3.83 A steel shaft of 1.5-m length and 48-mm diameter is to be used to transmit 36
kW between a motor and a machine tool, Knowing that G =77 GPa, determine the
lowest speed of rotation of the shaft at which the maximum stress will not exceed 60

SOLUTION MPa and the angle of twist will not exceed 2.5°.
P = 3exio® w, c=s4d=0.029m, L=1Sm, G=77x10"P
Torque based on mantimum stress T = GOMPa = €OxI0°Ta

e Lo T=LE L Tty Toani(sono™) = 1.30288 116" Nem

Tar?ue, based on -"m‘s‘]‘ Mj’ﬁ C)O = 2.8° = 43,633 :-flt.?‘s vad

LIk - +.8J¢ _ Tc'6e _ W(o.000)*'(717x10° (43433 x(57)
Preec T g (i-9)

= LICT730 xiO> Nem

Sma.ﬂ)er -|-:>N]uc governs T = L1730 x10* M
- . N 3¢ x16* - y
P=2mkT - t 2T 2w (klel1%ox(o®) 491 Mz -

O

N R

H 1
[

1

—
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3.84 A 1.5-in.-diameter steel shaft of length 4 ft will be used to transmit 60 hp

between a motor and a pump. Knowing that G=11.2x 10 ¥ psi, determine the lowest
speed of rotation at which the shearing stress will not exceed 8500 psi and the angle
of twist will not exceed 2°.

PROBLEM 3.84

SOLUTION

C=%d 7 075im , L= 4P = 480

Torque based on maximum Slf\caw'ng stress Aimid L= 8500 ps:

= :% = &5 ¢ T =fetr = F(0.75 ) (8500) - 51¢33 0107 Hhein

Torqae based on Fwist anf’.’c Kt ? : 2° = 34.907 %0 pad

= IL . T : 6JP . TG _ T (0.75) 0L 2x104)(34.907% (0™ )
P &I L L (2Y(4%)
= 4,048 x 10® fb- v

Swmaller torgue qovesrns T = 4.048 x10" She in

P=a2nfT where Pz €O bp = (€O)6co0) = 39¢» 10° Dhein /s
P 396 x [0

= o = = 15.57 Hz = 934 vom ~et
AT 2M{4.043 x 0*) I
3.85 A 1.6-m-long tubular shaft of 42-mm outer diameter d, having the cross section
PROBLEM 3.85

shown is to be made of a steel for which z,; = 75 MPa and G = 77 GPa. Knowing that
_ the angle of twist of the shaft must not exceed 4° when the shaft is subjected to a

torque of 900 N-m, determine the largest inner diameter &, which can be specified in
—T the design.

d, * 42w d SOLUTION

=

c, = x4, = 0.0 m L=\L6wm

Bace d on stress Jimd 727 = 76 MPe = 75%{0° Pa

- Te, . _ Te, _ (900)(0.621 ) _ -9 q
= ";jr"'“ SN i Ty = 252210 wm
Beased on an-pc oP +W\‘5+ Pimff‘ ? T {e T §9.818 *!O-s rad
= TL . - TL (G000 )(1.6) -9 M
S e—— - o = - 588
4 &J J &P (77x10% )(€2.813 x(5%) A&7 xfo m
L“"'j” vatue 'Por J governs J= 2¢7.85% YIO-.' m ¥

J = ]}\'(C,"-C?_q)

% - _
el=et-2 o ool - @X(2¢7.88 x10™7) 23,942 x10"*
L T
CZ = 1244 *lo'&m = ]2.‘-{“} uthea} d.z = ZCL = 2"’.9 ™M N




PROBLEM 3.86

dl = HZ mm

|\

Ba.seo\ f= 2% 5+v~255 «pl'wn"l' T - 65 MPe =
Jz

fz':IE!. A

J

Based on Mjpt of twist Awit P = 3° =

T =

3.86 A 1.6-m-long tubular steel shaft (G = 77 GPa) of 42-mm outer diameter 4, 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 may rotate.

SOLUTION

C, = ‘i‘d. = 0.02l M, C, = J?:az. = 0.0185 m

J=2("-¢' ) Flo.ont*0.06" ) = 2259721077 m*

65 % 10° Pa,
_ (225,975 )65 % 0%)

G 502 = 699.43 Newm

5.3 %10 pad

Ik . T GIP (7707 W 225 .97%i0 ) (§2.36 x(0™*)
=55 L - [.¢c
= 569.40 Nem
Smaller 'f'owque: qoverns T = 569.40 N-m
P= 120 kW = j20x (0% W
- X P _ azox(o?®
P=2abT o F = g7 = 2T (569 40) 32.5% He -
= 2012 rem -

[
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3.87 The stepped shaft shown rotates at 450 rpm. Knowing that » = 10 mm,
determine the maximum power that can be transmitted without exceeding an allowable
shearing stress of 45 MPa.

PROBLEM 3.87

SOLUTION
d=100 mm | D=120 | = 10 mm
.5.: Ze o2, Lol o From Fiq. 3-32 K= 1.38
For smaller shatt ¢ = +d = 0.050 m r= _KJ_IQ = Z'ITKCT
T= 125": = 7"("(':)53‘-3;:‘*‘;’”0‘) = G.C43 %IO° N-m

T = 450 rpm = 7.5 Hz

Power T=20FT = 2v(7.5Yc.c43x10*) = 213 x10° W = 218 kW
LEM 3.88 3.88 The stepped shaft shown rotates at 450 rpm. Knowing that » = 4 mm,
PROB ’ determine the maximum power that can be transmitted without exceeding an allowable
shearing stress of 45 MPa.
SOLUTION

d'-:IOOMM, ‘D:lzcmm) n = I3 oy
D - lao _ r_ 4 _ . _
4 o * L2, d oo © 0.0t Frow F\ﬁ. 2.3 K=1).55
For smaller shadt ¢ = Yol = 0.050 m = ?C. - ir‘i'l:
T 7 (0.0503 (45 %10%) .
= - . J; .
T 2K QY(1.55 S.70 xfo” N-m

£ = 450 rpm = 7.5 Hz

Power P= 25FT = 20 (7.s X5.70 wlo¥) = 268 wio° W = 268 kW =t




PROBLEM 3.89

25in.

For smadler shatt

Crgd= 0.425 i
. T237% T (0.625 ) (8000)

3.89 Knowing that the stepped shaft shown must transmit 60 hp at a speed of 2100
rpm, determine the minimum radius r of the fillet if an allowable stress of G666 psiis
not to be exceeded.

SOLUTION
£ = 20 55y,

P =80 = (60Xce00) = 39¢wi0® Jbuin /s

T = B, 3% xiot

- ' 3 o
2“'F Em COE N (Y -Y T 406 "

r= K%_E-_..ZKI

e

K= 29— = T2 georsey = 178

'9 T ,32—?- = Z From Fia 2.32 5— * O.18

= 0.18d = (0.050)(1.25m) = O0.225 in. et
PROBLEM 3.90 3.90 The stepped shaft shown must transmit 60 hp. Knowing that the allowable

7 (0.625)% (gooo)

shearing stress in the shaft is €600 psi and that the radius of the fillet is r = 0. 25 in.,
determine the smallest permissible speed of the shaft.

SOLUTION

r = __.._.0'2’5' = ._Q- 4.5

d 25 0O.200, a-i2e 2.00
From Fu'j. 3.32 K=1.28

For smaller shabt C=4d = 0.625

= 1.826 x16° Mbein

J e
_ omedr
1=z -

(2)(1.26)
P = cobp = (Go¥esoo)

P=2a¥fT -~ ¥ -

396 xt0° Mbein /s

P _ 396 x(0? _
2T 27 (1.826 «103) ~

i

3. M2

2076 rpm -l

N S S S

) 5 3

| —




3.91 A 25- N'm torque is applied to the stepped shaft shown which has a full
quarter-circular fillet. Knowing that D = 24 mm, determine the maximum shearing
gtress in the shaft when (@) d = 20 mm, (b) d= 21.6wm.

PROBLEM 3.91

SOLUTION
D _ 2t _
() '-d'-'- 26 - .20
P= E(D-d )= k(M-20) 7 2 mm
R S
d " 2o >
From Fij 2, 32 K=1.3%
ull quarter-eircular fille
:xtg!?dsngedgeoflm'gertshnft Fow Srnalie# shq-P‘f’ N= ‘#0": OO0 wn
. KTe _ 2KT _ (2)U.34)(25) _ o P =
v~ Kle o KT o QELELS = 21300 P 206 MPa =2
D_ 2
(b) 5t 2 b iVt
r= 3 (D-d)= —'2-(23_21.6)-.- 1. 2imm 5"';'{;725’* 0.05856

Frow F|3 3, 32 K=1.42,

- KTe
=77

fFor 5maUeA shaPt ¢ =J£a’ = O, 0168 m,

. 2KT _ @ (0-42)(38) _ . -
= LT T Trloowe® 17.9 #10° Pa = 17.9 MPa

3,92 In the stepped shaft shown, which has a full quarter-circular fillet, D = 1.5 in.
and =12 in. Knowing that the speed of the shaft is 1800 rpm and that the
aliowable shearing stress is 8000 gsi, determine the maximum power that may be

PROBLEM 3.92

transmitted by the shaft.
d SOLUTION
R ) L/ e . .
3°77 ° {.25 f‘=’-i(D-J)'-' i‘(’u’: - 1.2 )=O.15 n
G785 =01
From Fij. 3.32 K=1.31
For smaller SAa’H‘ c= "»‘j_a’ = 0.6 n
Full quarter-circular fillet K -r' e Ji) 2 ’t
extends to edge of larger shaft = D 1= -Me - IC
e =73 T %ke ~zK
T = W(é.ﬁ;)sﬁ)aooo\ = 2072 . in t= 1800 rpm = 30 H2

P=2nFT = 2n(33(2072) = 890.6x(0" db-in/s

330, 6 x 10* fbinls _
6600 Ab.in/s/hp

Pow e~

59.72 '1!') ~a




PROBLEM 3.93 3.93 Inthe stepped shaft shown, which has a full auarter-circular fillet, the allowable
shearing stress is 12 ksi. Knowing that I3 =1.25 i, determine the largest allowable
torque that may be applied to the shaft if (a) d= 1. 1 in, (byd=1.0in.

SOLUTION

T = 12 ksi = 12000 Ps{

s | = ™ - "2 =
(@) D=l25 d= 1.1 ; 5'2 -f—,— .04

re3(D-d) 2 $0.25-11) = 0.675 in

O
$=%%F - 0,068

From F’r‘g 3.3z K= l.40
FOJ' SMQ))M s'\q‘r'"‘ c =-kd = 0.5;""
= KIe . T = gz . Te3% 7 (0.55) (12000)

Full quarter-circular fillet
extends to edge of larger shaft

T Ke KT zY(1.%0)
= 2240 Jb-in ]
b) D=0L25n d=10 in r 2-5(0-&) = é(l.zs-—’-o)': Q. 125 in.
g =l25, 1= °"25 2 0.125 Frow Fiq 3.32 K= 1.8

For .MJIM shaPt c--!gd * 0.50 in
T = TIST | _w(o.503*(12000) _

I = 2 R = (2.)(,.3!) 1798 )L’iﬂ ~nd
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PROBLEM 3.94 3.94 A 54-mm-diameter solid shaft is made of mild steel which is assumed to be
) elastoplastic with 7, = 145 MPa. Determine the maximum shearing stress and the
radius of the elastic core caused by the application of a torque of magnitude (a) 4

SOLUTION KN'm, (b) 5 kN'm.

c=%d = 0.027m Ty = 145 % )0° Pa

Compote Ty T = Fcn - B (0.027)usxio%) = H.483x)0° N-m
©) T = 40x10® o < T, efastic p=C= 2 Twmm ]

r = L& . 2T _ (2Xu.0xj0™
T T Ter T TWio.o®

Ua) T=2 §0O xlOs Newn > T Fﬁu"'n'c reaiom wi th e.paS'l'-'c Core,
Tke aX) MUw :slne.aw'nta S‘I'V‘GSS is Tmay" ’EY = /45 MPe. -
<3 (- £
Tg" 'gTr - s

129.4 %10 Pa * 129.4 MPa, -

P o4 3T _ o BX5uet) _ Pr
ct q‘ -T} 4 44332100 0.6540 e - 0. 83680

Pr = 0.3¢80 c = (0,8680)(0.027) = 0.0284% m = 23.4 mw =

PROBLEM 3.95 3.95 A 1.5-in.-diameter solid shaft is made of mild steel which is assumed to be
elastoplastic with 7, = 21 ksi. Determine the maximum shearing stress and the radiys
of the elastic core caused by the application of a torque of magnitude (a) 12 kipin., ()

SOLUTION 18 kip-in.
c=%d = 0.75mn e 20 ksl

Compote Ty Ty = %"= Fci = TloasW(@)) = 13.91¢ kip-in

(@) T =12 k"P‘ n < TY elastic /o =€ = O.75 in, -
- Te _ RT _ U2y _ ;
'T.' - J. Tes s W = |8-” kS el
(b)Y T =18 kp-in > Ty Pf’u'f'r‘c region with ebastic cove
The maximoum Skeam‘nj stress s Tmay= Tv = 2| ksi —t

T35 - &)

g_;f -y 3T 4__,(33_1’%1= 0.11457 Br - 0.49265
Ty -

Pr = 049265 c = (0.492¢5°)(0.785) = 0.369 in, et




3.96 A 30-mm-diameter solid rod is made of an elastoplastic material with 7, = 3.5

PROBLEM 3.96 . . . .
MPa. Knowing that the elastic core of the rod is 25 mm in diameter, determine the
magnitude of the torque applied to the rod.
SOLUTION
”L/yf 3.5%10* Pa C.=3]L'a'= 0.015 wm ,o,.:%_—c,r? 0.0I125 m

T, = JEE': = 1¢ 7 = I(oozs')q'fs S#0f) t 1%. 8555 Newm

£ . ©.0125
= % Seie T O.3333%3

ng—l;(,__ﬁnj &(:gbs;)l)— t,(oss.esz)] Zh2 Newm -,

PROBLEM 3.97 3.97 It is observed that a straightened steel paper clip can be twisted through several
revolutions by the application of a torque of approximately 0.8 Ibrin. Knowing that the
diameter of the wire used to form the paper clip is 0.04 in., determine the approximate

SOLUTION value of the vield stress of the steel.
c=%d =z 0.02 i, Ty = 0.8 fbein
- J‘f 4 T .3 _ AT _s
-]—';,'-'%TY-%'—C-:-! =€i"C-Q)" *-—3-—&'(?
T, = 2le - GUO-B) 47,7 ksi -t

AT e~ Zu(o.02)3

PROBLEM 3.98 3.98 The solid circular shaft shown is made of a steel which is assumed to be
- ’\" elastoplastic with 7, = 21 ksi. Determine the magnitude 7 of the applied torque when
the plastic zone is () 0.6 in. deep, (b) 1 in. deep.

g
SOLUTION
C=1.25 in fy = 2l kss

A
Tr = {Lw - _gcgp\‘/ (1 25)5(2.|) = 64.427 k\'p-fn

(@ ty=0.6in, pr=C-by=126-0.60 = 065, L -2 - o0.520

T=¢T,00- 4£)- £ (c4.427 [l—l(os’zo)] 82.9 kipein -

() Bz LOWm, p=C-by:l25-10 = 0.25n B 2% . 4200
T=27(-4% ,z)rg(eq.u'n )[) -'l',(a.Zoof] = 85.7 Kp-in -

1 [ e

[

1

O

L]
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PROBLEM 3.99 3.98 The so}id circular shaft shown is made of a steel which is assurned to be
. elastoplastic with 7, =21 ksi. Determine the magnitude T of the applied torque when
_ the plastic zone is (@) 0.6 in. deep, (b) 1 in. deep.
f\ 3.99 For the shaft and loading of Prob. 3.98, determine the angle of twist in a 4-ft
T length of shaft.

SOLUTION

C= 1.25 in, =2 ki = 2UxO psi, G =11.27/0° pu.

Lr 958 48 in

- - . LYy . L% | @2ixidt) -3
T = CE s g Bl LB OG0 o2 00miGT

. = £
E-% 950

P
@ £z 06 poze-t,s 125067 065 L2555 0
q = /g;? : 73‘;2:"’-5 > 138,44 /S pedd = 7.93° -~
() Terloin  pzcatyzlas-los 028 B2 g
P = P-%é— = ]%Tt)%%{_lpf = 360%0"rad * R0.6° -t

3.100 A torque T is applied to the 20-mm-diameter steel rod 4B, Assuming the steel
to be elastoplastic with G = 77 GPa and 7, = 145 MPa, determine (a) the torque T

when the angle of twist at 4 is 25, (b) the corresponding diameter of the elastic core
of the shaft.

PROBLEM 3.100

SOLUTION
C‘-"‘é‘d=‘0-0|0m Lz .5 m G=77xlo *.

/’)'/ Cq’v=L7¢=L§' }CPr'LT" |

T
_ (L.5Y 145 x10°) -
@f - (77#10‘7)(0.010) 282- 47 XIO ‘“QA

T = S& < Tt = Flo.00* (s %i0t) = 227,77 Nem

@ = RS° = 436.33x/6° red > @ %’-r 2824949 - o e4739
(@ T=2T(1-4$3)- $0.7)1- $044787)*] = 288 Nom e
(Y= % = 0.64737 Pr = 0-64737 ¢ = (0.64737)(0.00)

Pr= 64731 %(6°m 7 6.4737 mm dys 2Pe T 1295 mm -




PROBLEM 3.101

SOLUTION

Ly = 145 x10° Pa

e £E - gt
T >Ty¢

- Iyl
Pr GJ = Tmeve

T=3T(1-4+4%)
lf_

@
q;:ﬂt_—

0.72837

, cohd:0.00m, L= 1.2m

Pl’as%ic r\ejion with &Pu‘)’fc core

= el |

l -
%

251.08 x/0™2

—— i

3.101 A 18-mm-diameter solid circular shaft is made of a material which is assumed
to be elastoplastic with G =77 GPaand 7, = 145 MPa. Foral.2-m length, determine
the maximum shearing stress and the angle of twist caused by a 200 N'm torque.

5 T =200 Nom

L(0.009 (145%0%) = 166.04 Nem

@Y 166.04Y(1.2D

251,08 %/ o,
T (0.0 (17%10%)

z)¥2
_gé-}(-_-gf-}l- > 0.28¢4] ‘?’;r - 0.12837

95835 T B0 padd = [9.75° -

PROBLEM 3.102

SOLUTION

3.102 A solid circular rod is made of a material which is assumed to be elastoplastic.
Denoting by 7 and ¢, respectively, the torque and angle of twist at the onset of yield,
determine the angle of twist if the torque is increased to (@) 7= 1.1T,, (6) T =

1257, () T=13T,.

w

T=4T (1 -§ &)

T
(/N T ° l.lo

I.

&) T L.2§"
T .

() _,;-1.3

sla

or % T3 ’ EN
L
@ !
== = = 1.126 = 126 @ -
P 34 i Y
2. ! T 1.587 z |.537 ¢, -
¥ Ye-Glas ¢=" 4

3 2,15
Vy-(3)(1.3)

——
-

H

P=25P -
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PROBLEM 3.103 3.103 A0.75- in.-diameter solid circular shafl is made of a material which is assumed
to be elastoplastic with G = 11.2 x 10° psi and , = 21 ksi. For a 5-& length of the
shaft, determine the maximum shearing stress and the angle of twist caused by a 2-

SOLUTION kip-in. torgue.

C=3d = 0.3% in, G= 1L2>I0% psi, T;=2)si = 21000ps:
L= S5 = GO in T =2 kp-in = 2%0% Jb.in

Ty = g% -T-af-cs’}f, = 5‘(0.375)"(21000) = ,7398 2)0% fbejun,

T > TY z:la,s"':'c. r‘e:‘-'on w;"H‘l eP«;J—:‘c Corg . fm,‘="zr T R ksi ]

= C® o o L _ LU _ (€0)(21000Y
T P c €CG T (03 UN. A0 T

T:=T(I-4F)-

300*10’: V‘Af}i

!

- |
Cpr = = 3 = }.220
Y - _ BX2axet)
V % VL} L1398 > 103
P= 1.220 @ = (1.220YRooxI0?) = BEL*/C  vad = 2.0 ° 2




Py =

(b)

T 3&2 T 0.085m | C,'—_lg‘a’. o
= T(e,t-¢") = Flooss*-o.0187) =

Zh‘f‘- =

3.104 A hollow steel shaft is 0.9 m long and has the cross section shown. The steel
is assumed to be elastoplastic with 7, = 180 MPa and G = 77 GPa. Determine the
applied torque and the corresponding angle of twist (o) at the onset of yield, (b) when
the plastic zone is 10 mm deep.

PROBLEM 3.104

o |

30 mm 7O mm

|

SOLUTION
(o A‘{‘ +he onse'i' of )Jiefa’) +ha S‘MSS a’fs‘f‘v.‘bd“t‘o-\ is the
ePa.s‘Hc_ distribotion with Coew > T

' 0.015 m.

22777 % 107 m
“ e <) Y
I _ o )iso o) o6 pem

C, 5. 035
= 1.7 kNem

T‘f - Trca. R

< Ty

-l

RL _ 0Lrexe® Yo.9) _
G3I  (17x10"¥2.27177xi07¢)

3.44° -

601l %10 tad =

t = 0.010m Pr = c,-% = 0.035-0.0/0 = 0.025 m

v:%—@:ﬁfgerz

Q = Tl _ (180x10%)(0.9) — g4 156%10 rad = 4.82°

Gpy = (77x107)(0.025)
Torque T, cared 57 ebastic Par‘f’u‘m c, SPS/Of
L= Ij—..ﬁ! wheve J',?-;L(/Jr"-t‘,")
L (0.025"- 0. 015Y) = £2349.07%107" W

J Ty _ (S34.07x1077) (180 x10%) 2
i > oas T 3,845 x/o° New

Tov-que T; cavried 57 P,pa,s‘f‘r'c_ For"’l‘av\
- — S‘Ct 2 - 7 _ﬁ.s 'C, -
Tos 2wl mptdp = 20T K

= Zéﬁ(moxgo‘)(o.oas-"— 0.025%) = 10.273 x 10° N-m

Z
G

il

'E=’].'Y d’i‘,o‘-?/o'r.
J,
T":'

%ﬁ‘ Ty (Czs-/org)

Total +ar'7‘i¢
T=T,+T, = 3.945x10" + 16.273 x10" = 1412 %10 N-w

14.12 kNm -

[~

(]



PROBLEM 3.105 3.105 A hollow steel shaft is 0.9 m long and has the cross section shown. The steel
) is assumed to be elastoplastic with 7, = 180 MPa and G = 77 GPa. Determine (a) the
B angle of twist at which the section first becomes fully plastic, (b) the corresponding
magnitude of the applied torque.

30mm 70 mm SOLUTION

— C, =‘;?¢'-= 0.0 m ¢, =4l = 0.035m

() For onset .oF -Fu”y P,Pe.,eric yie)J{n:)J /o\, = ¢,

= L% o (09) |80 %0 = 140.2¢ ¥1G°S = R.0¢4°
¥ ¢ G (@.015X77 w 1q%) - 1G™ vaod . Of -

. e am S:‘ z’,,/o’al/o - :zw,,gf):z %"ify(czf-c,s)

) T,

= %(I?o 10 Y 0.0252 ~ 0,015 = 14.89 x 103 N.m
T 14.29 KkN-wm <

PROBLEM 3.106 3.106 A shaft of mild steel is machined to the shape shown and then twisted by
’ torques of magnitude 45 kip-in. Assuming the steel to be clastoplastic with r, =21 ksi,
determine () the thickness of the plastic zone in portion CD of the shaft, (&) the
length of the portion BE which remains fully elastic.

b s SOLUTION
S G e ‘ . ‘
2.5fin. x_.'l 2; (o) In. P;u*hon CDh C =3 d= .00 in
o Ty = -“-T-E—* = 277 = L0.00) (21 22,987 kip.in
(I =2 NS\ N ML T
T-3:f(l c.‘) »gg T 4 3937 - 0-3¢620
.§L= 0.1128%,  py =(0.7128](1.00) = 0.713 in, ty=C-p,702871 -

Qb) For \[ieapJ;nj ot Po-‘n'} E T= Tr_) C=Cg 3 T =40 k-p m
¢ T . = AT _ Q)4 :
LRt e ¢ O iR RS e

CE = l.0Oec 4 ;n‘
Usin3 Fm'lao/"i':'ons From the zlkofeh

RS - 10664 %
l.25-j.o0 ~ 4




PROBLEM 3.107 3.107 The magnitude of the torque T applied to the tapered shaft of Prob. 3.106 is
slowly increased. Determine (a) the largest torque which may be applied to the shaft,
(b) the length of portion BE which remains fully elastic.

A4 B E c|D

SOLUTION

(@) The Jarqest torgue whych may be fu?.eJ to the
shatt h.a,kes portion CD -Puﬂy Pﬂu.shc..

In Por+lon CD C= id .00 m
Ty= L8 - L3 = Froo\(21)r 22,987 Kipein,

TFov -Fw”r Pfus','-‘c shaPt Pr=0
3
T=§‘|}(l-%§} = £ Ty = £(32987)= 48982 Kip-in £ 440Kpin =

() For y}epaﬂn'nj at peint £, T=7r, c= Cr, T =43.982 kip-wm.

= Tt _ 2T 3 _ 4T _ QAW43.983) _ -5
ol s S T A 4y = 1.33333

Ce = 11006 in

DS"“Q bepcl"“ons Jrnm +he ghetel,

.25 -).lo06 %
,'-7\.5"‘ ].OO - .f

l.2s™

X = 2.%7 in ~t




PROBLEM 3.108 3.108 Considering the partially plastic shaft of Fig. 3.38¢, derive Eq. (3.32) by
' recalling that the integral in Eq. (3.26) represents the second moment about the raxis

of the area under the =g curve.
SOLUTION

o The stress is that shown on the Jefh
A [ o
] _'I’r T= 21’350/0 Tdp = Q?TS/;'JA = Ardl
vkw JA = 7 d[J and T = 2ol Momm‘f’ a,loou‘f‘
~ p the T-axis.

fge— C —

@' \::::s
, N\ i

I = I, - dagz
LR EE T £ A CTAN
j 3
=55 - et = 5% (1 - +6)
T =2rI = &Aype()- 45
Rem»pﬂ "H'm.,'*‘ TY -__I( - I-Csz/r - %I,L\;CS___%T;
Mence T =%T.(()-—J-£L!)

H

axis

*
C‘—4 "‘-Pr—‘il

4’.)“5




PROBLEM 3.109 3.109 Using the stress-strain diagram shown, determine (a) the torque which causes
) amaximum shearing stress of 15 ksi in a 0.8-diameter solid rod, (b) the corresponding

angle of twist in a 20-in. length of the rod.
7 {ksi)

SOLUTION

@) Ty = 15 ksi c=2%d = 0.400 in

i i
i 1
[} ]
] t
1 [l
| I
1 I
] |
I ]
] ]
1 ]
] I

0 0,002 0,004 0,006 0,008 0.010 ¥ Let z = X = £
[~ l—n"" ¢
- 2 - 3 2 - 3
TEav prde = ame? 2y da 27eE T

where He ‘m-}eﬁmfp I s ax'vem LY I-= S; Z57 d=z

Evalvate T u.s."n:) a method oF nomercod |'m+oaf\-d'l‘oﬂ.. IF S;MPSQ"\‘S
role s USEO!’ H+Hhe in+c,31‘ﬂ5h'o-4 Formude s

I=%58Swz*7

where W is a weiahtin tactor, Dsing Az = 0.25 we qet
He valoes gi\fei " Q-ine Fahle be,po-.}. o d

Z | Y | Tkei |2 U | w | wE, s
0 0.000 o) 0.000 \ 0. 00
0.25 | 0.002 8 0.500 | 4 2.00
0.5 | 0004 12 2.000 2 6.00
G.75 | O.006 | Yy 7.878 4 3L50
1.0 [0.008]| |5 5. 000 i 15,00
| 54.50 <t— w2’y

Te (0.25)(54.50)

3 = 4,54 ks
(@) T = Q‘H'CSI = 27 (0.‘)’00)3('4‘.543 = ).32¢ k-.p- " el
(k) Ymm = -9'7:@
@ = o 2 (22)(0.008) _ yop it pad = 22.9° -
C 0. 400

Nc+e.= Answm Mm/ a‘n"FFeJ\ s,p.‘j}n‘hp\/ a’ue "b J?‘F‘Pef‘%us o‘P.onm‘u'\

In reuf.'nj the stress” steain curve .

]

]

\

()
\_
i -

|

]

—

1
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PROBLEM 3.110 3.110 A hollow shaft of outer and inner diameters respectively equal to 0.6 in. and

0.2in. is fabricated from an aluminum alloy for which the stress-strain diagram is given

r (ksi) in the sketch. Determine the torque required to twist a 9-in, length of the shaft
through 10°.

16

12
8
4=

SOLUTION

P = 10° = 174.53 %107 poad
¢, = +d, = O.jvo , C,=4d, = 6.300 in
_ (0.200)(174.53 i)

1
[l
i
|
|
|
1
|
]
]
i
|
0 0.002 0,004 0,006 0.008 0.010 ¥

T = 22 S = 0.00582
'Y‘..-., = E"_—-Q = Lo-""")c(?n‘tﬁx‘o_:‘) = 0_00194
D A - S
et 2= = £ Z=5 =%

e f
T = 2w &z pPTdp = Z-rrc:f‘gZ Z%dz = 27¢> T
whevre +he in'l-ejrd I s givea L7 I = S,; 227 dz

Evaluate I vsing o method of numenicad inteqrahon. IF Simpson’s
role s vsed, Hhe in+e3v~«..+c'm formuta, is

I- %3- > w2z
wkem YRR weial\‘h'ua 'Fa.a'l‘ol\- Us;'n-a A?. -"-gl' W< %é'{' 'Hne vapucs
qiven in the +able’ Lefsw.

2 T T, ksi | 2% ksi | wo | w2t ks
V3 | 0.00|94 5.0 0.%9 | 0.89
\/z | 0.00291 | to.0 2.50 Y 0. 00
2/3 | 0.00383] \I.§ S 2 10,22
Sk | 0.00485 | 13,0 9.03 4 26. 11
) 0.00582 | 14.0 4.0 | 4. 00
71.22 — 3 w2y

I= @faﬂéﬂ-ﬂ) = B.9¢ ksi

T=2nc T = 2w(0.300)°(3.96) = 0.671 kip-in = 671 db-in =8

Note: Answer way PURYIN s.ﬂ.‘au‘ﬂ?, dve o dFferemces oF optaion
A v*ea..finﬁ the stress -sthrain cuvve.




PROBLEM 3.111

7 (MPa)

100

80

40 =
20 -

¢ 0.001

0.002

0.003 y

3.111 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 the torque applied to the shaft.

SOLUTION
cP = 5% = 87.26610™ vod

c=%d=0025m, L=6.725m

v = £ _(0.025)(87.286x (oS
O N 0.725

. X .
Let 2 o -f ' |
T=2v (g vdp = 2t § 2P0 de = 2net T

where the in-l*cjv*a) T s ﬂivew\ LY I=S;Zz‘fa’z

= 0.00301

Evefoute T vsfnj a method of nomericad :'nkjrwl'l'w\. I¥ Sa‘mpsw‘s

rule is vsed , +he inteqration formufa is

wke& WIS G wWer L'Hv.

PO

oWz

I
P
o
Iﬁ-

9 Focton. Usfn:l Az = O.Zb-) we jd‘ F+he vetoes

3;Ve.n in the +abPe bebow.

z | 7 T, MPa 2" 2, MPa | W | WZZ, MPa
0 o ) &) | o
0.25 |0.00018| 30 . 878 4 7.8
0.5 |0.0018 55 12.78 2 2.5
0,15 [o.0022¢| 75 H42. 19 4 168.75
Lo |0.00301 80 Bo. ) 3o.
283.75 F—Z w2z 7

1= 0:25)(283.75 x10%) _
i 3

=283.75 (0" Pa
272,65 %10° Pa

T=275¢°T = Zﬁ(o.oasf(z&esx 10°) T 2.32x10° Nem

= 2,22 kNem
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3.111 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 T of the torque applied to the shaft.

3.112 Three points on the nonlinear stress-strain diagram used in Prob. 3.111 are
(0,0), (0.0015,55MPa), and (0.003,80MPa). By fitting the polynomial 7=4 + By +
Cy through these points the following approximate relation has been obtained.

7=46.7 % 10° y - 6.67 x 10" y?
Solve Prob. 3.111 using the relation, Eq. (3.2) and Eq. (3.26).

PROBLEM 3.112

SOLUTION

g =5 = 87.266X10° wad | c=3%d=0.028m, L=0O.725m

T, = £2 (0.025X(87.266>107%)
way = e
L

2 = 3,009 2107
ket 2 =

O.725
-Y\ —4
T~ £

C

T = z::r_(ﬂ ,o?"?,’d/o = 27:'6‘“‘50' z*r dz

The given stress shran corve s
r= A+ BY 2= A BY., 2z + Ch, 2"
! <. )
T=213§ 2°(A+ BYanz + CN5 27 )92
= 2rc® % AS'Zza'Z + BVor §o' 22dz + CTo. So Zsz?s
=2met { $A + £ B sECNAE

Data: A=o , B=H4e. 730" | C=-6.67x10"

LA=0 . HBYu= 4 (46.7%10")3.001x107) = 35.12 410
Lol =% (6.67x10™)(3.0014(5° ) = -12.0810°
27 (0.025\35 0+ 3512xl0% ~ 12,08%/0%) = 2.2¢ %(0® N-m

= 2.2¢ KMNm -




3.113 The solid circular drill rod 4B is made of a steel which is assumed to be
clastoplastic with 7, = 160 MPa and G =77 GPa, Knowing that a torque T= 5 kN-m
is applied to the rod and then removed, determine the maximum residual shearing
stress in the rod.

PROBLEM 3.113

-
AL""! 95mm  SOLUTION

C= 0.025 m
JT=%c" = 2(0.025)" = cia.gaq 1™ m*
10m § T = Jc.fr - %{:CS'Z\« = ]2]}(0‘032)5(%0,;0‘) = 3.927%10° N-m

LoaJ\‘né: T-= 5*!0: N-w
T- 30 -4&)
3

Y - 37 (BMUS™0*)
H=a-3 -4 B .

O.1802%

>

e T O.SCHD | P <0.SM4C = 0014120010 m
T 4128 mm

Unpoalf;nﬂ : T = -}f whenre T = 5.*’01 K New
At p< 2"=£~——)——5 (0.025) _ 203.72 x{o* Pa

6_!3.56? e [o uid
At p=pr e ‘"('6;.)2.3::-'?) = liS.og xi10¢ Pa
Residuat: Ties = Thuy - '
At p=c Tres = 160%0°% = 208.72%]0° = - 43,22 10" Pq

- 43-7 MPQ-

At p=py Toes = 160510° = 11§08 %J0° =  44.92 xjo* Pa,
= 44,9 MPa —t
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3.114 The solid circular shaft 4B is made of a steel which is assumed to be

elastoplastic with G=11.2 x 10 6psi and 7, =21 ksi. The torque T is increased until
the radius of the elastic core is 0.25 in. Determine the maximum residual shearing
stress in the shaft after the torque T has been removed.

PROBLEM 3.114

SOLUTION
C = 0.3 in. /01' 0.2 in. % 0 e -15;‘
J=gc" s F(o.35Y = 0.u3701 in*
o ST | (0.44700)QD) o
Ty = < = N = 3. 916 Kp.in
2 ’ 5
T4 T~ + &) = 20520 1 - 4G
T 18,388 kip in
The stresses are 7, 7 O of
"Lj .:- T = g., Kse A/T P = 25 e
D, n=’ff= 21 Ksy a‘f,o: I in

Tovque c,)\a,wsc J.)d“;nﬁ unfouﬁiﬂa& T = - 18.3838 kpn
Stress o)m.njes a?wfne:] Un}oachnj 7' = %—Tﬁ (e,pa.sff'.s)

4

A"}',O:O 7= O

At p=oasin 2% ’Itg-_if;l(;mﬂ = 9.25 ks
M s oin Ts U%_”'S;”?’Oﬁo'?“ = 27.74 ks
Residvd stresses ave tound by aduling Loes = Thod — T
At p =0 Lo = O
M p= 02514 T~ 21 -975 = .75 Ksi —~a

At p=0.75in Tree = 21 =279 = ~6.74 Us:
(4

¢ HLTS




3,115 The hollow shaft 4B is made of a steel which is assumed to be elastoplastic
with 7, = 145 MPa and G = 77 GPa. The magnitude T of the torque is slowly
increased until the plastic zone first reaches the inner surface; the torque is then
removed. Determine () the maximum residual shearing stress, (b) the permanent
angle of twist of the shaft.

PROBLEM 3,113

SOLUTION

iane-radin G T 0.08m , outen radios C, = 0.030 m
J = L' -¢") - Z(o.030"- 0.018")
= 1L.1074S wio™ W

30 mm

LoaJ.‘na I Whea p, reaches inner surFace, then 7= Ty
<1 16, 3 s
Tuis 27§ Pt dp = 2nn £ = Fula-al)
= A (Jusx104)( 0.020* - 0.018°) = 6. 4285 x/0° Nom.
T 4L LD . g LY LT
Y= o a1 /O = C, ) A,pSa 'Y\—'I%- - (P- /° = c.G
. 148 » JO° -3 o
%M:((c:.(;i))iﬁwlo“) 130.77 13" rad = 7.493
Unloading 1 T = G.428510° Nem (edustic) &7 -Al;ﬁ

- {_6:4285 )(0.030)

At p=g \. 10745 x|O™8 = 17404 210" Pa
- ot (6H28€)(0.018) |, ¢
At p = C i RPCTTTY: lo4 .49 xjo~ Pa
e (LTOL _ ¢ 6.4285 ). 25) _ A .
P - &I (77 7oY. 10mSxj07¢ ) . 2810 M 5.8n
Residvaf: Cres = Thor = z' C&e«f Prsi ™ @'
(@) A p=C = 195 x10% - 1741 x]0* = -29.14%)0° Pa
= bt 2?-’ MPG. ‘
At p=C T s IO - 10%.49x10° = HO.S1*(0° P
= Ho.§5 MPa -
(1) Qo= 130.77x107 = 9423 10" = 3654 X107 vad
= 2.09° -

U
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PROBLEM 3.116 3.116 The solid shaft shown is made of a steel which is assumed to be elastoplastic
: with 7, = 145 MPa and G =77 GPa. The torque T is increased in magnitude until the
shaft has been twisted through 6° and then removed. Determine (a) the magnitude and

location of the maximum residual shearing stress, () the permanent angle of twist of
the shaft.

SOLUTION

C= 0.0 m P=6° = 104.TR >0 vad

Voouw = %__cp= (0-016X 1041245 7) 5 5527925
1 . O.¢
. e o _l4sxi0t
Yy ® T * Tirioa - ©.0012331
P Y _ 0.00/883 |
& T Vo, T osoatim - 067433
J= 3c' = FCooie) = 102,944 <o m*
Ty = £ = Iz - T(oo1e}(195x10°) = 952.92 N.w

)

At end of boiking Tra = 2T (1-4 gf): 4(932.92 )]1-4(0.c74a9)°]

). 14858 ¥ [0% N-m

i)

Un.pocu’a'nji ebuste T'z 114855 % /0% Nom
] 7 ‘ 3 N
Mpec 2 Lo L BEERI006 ) 175 52000° Pa
[}
At L= P N P{__ﬂ": (-178.62%10° (0.6M33)= 170.38x10° Px

@' TL _ (1.14885%157)(0.¢)
) GJ @7%109)(102.94¢ %))

86, 94 % 10 > veol =

Residoaf - 'ZJ,.QS T Looed — z' P CD)...,( - CP'

At p=c T = MSxI0“- 178.52%00° = < 33.852x10° P
= -33.5 MPa -

At p=py T = MH5=I0"- 1203810 = 24.621x (0" F
= 24.6  MPa —

A

Ppem = 109.72%(5> 86.949 #167° = 17,38 S vad = 1.019°




3.113 The solid circular drill rod AB is made of a steel which is assumed to be

PROBLEM 3,117 elastoplastic with 7, = 160 MPa and G = 77 GPa. Knowing that a torque 7= 5 kN'm
is applied to the rod and then removed, determine the maximum residual shearing
stress in the rod.

SOLUTION 3.117 In Prob. 3.113, determine the permanent angle of twist of the rod.

From +he solution 4o PROBLEM 3.113
C=0.025wm , J= G13.59 0™ m"J %" T 0.5¢49 5 pPr TO.014123 m

. - PP . S LY LY L
After bouding 7= 22 @= ET - 5 T £ X

- (10)lgoxi0¢)  _ _ o
Prons = o.on)Trviey - -4713 red = 8430
Dof‘l'nj Uh]ou’c'nq CP"— ——G:_IE_LL— (e,p«,sf-.'c,) ST = Sxmg N-m

1_ { Sx10®3(10)
?* (77x10%)(6/3.5x1077

= ).OS2% red T GO.GH"®

Permqnew"' +Fuwist anjfe
Grore * Pt —-P 7 1LH7UB 10583 = 0.413D rad = 28.7° m

3.114 The solid circular shaft AB is made of a steel which is assumed to be

PROBLEM 3.118 elastoplastic with G=11.2 x 10 ®psi and 7, =21 ksi. The torque T is increased until
the radius of the elastic core is 0.25 in. Determine the maximum residual shearing
stress in the shaft after the torque T has been removed.

SOLUTION 3.118 In Prob. 3.114, determine the permanent angle of twist of the shaft.

From the sodotion += ProBLEM 3.114
A'F‘*‘” pod'\'\a T = }J8.333 ‘(-‘p- ;An ,

B, L o= Y o L%
Y'%Q ’ CP‘,o -

=095 in, J= 0.49701 "

Pr =028 in | ~,

Vhere L= 24 i, ,TT = 2l l(s".) 'G':”Iz}l‘)f psi = ”"Q‘,a(losfs;
.. K4 (2N 120 w(o'sy-u[ = 10.3)°

Prend T o5 YOanes) -

Unfousting T = 18.383 Up-in

fe T (-18.303)(2t)
P T (1.2 x103Y0.4970 1)

Permananf Mjpe. oF Fuis} @Py\: Pront = @’
Ppern = 180 %(5™> = 79.2¢ x(T° = /00,74 x10 padd =

= 79.26 %0 vad = 4,54

£.77° -
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3.119 Atorque T applied to a solid rod made of an elastoplastic material is increased

PROBLEM 3.119 until the rod becomes fully plastic and then is removed. (a) Show that the distribution
of residual stresses is as represented in the figure. (b) Determine the magnitude of the
r torque due the stresses acting on the portion of the rod located within a circle ofradius
[
SOLUTION
Laa.alinﬂ
(a)
A'H'W IO“JMQ Pr =0, 7}“4 - —g-"‘['} - '_;Tzrcsfr %ch?:f
. i Te _ 2T, _ 2( Trd)
Un.poe.o'onj s K§ = TFes C_”_Cj % 'L{r ot {O— c
B %’fr’g
Residud Tves = fr—gz’rf :’2;(7—3%)
To Fnd €, Set To =0 aud p =L
- Co . - 2
O - , - gc' Co 9 c
&) T- 2n§ ,o»m,o : sz o' (1-4£)4p
1
- zun (E4E T - arme{ $G-ERET
. 4 s _ :
AN 2—% - ALq¢t = 0.2209 Bo -




3.116 The solid shaft shown is made of a steel which is assumed to be elastoplastic
with 73 =145 MPa and G =77 GPa. The torque T is increased in magnitude until the
shaft has been twisted through 6° and then removed. Determine (g) the magnitude and

location of the maximum residual shearing stress, () the permanent angle of twist of
the shaft.

3,120 Afier the solid shaft of Prob. 3.116 has been loaded and unloaded as described
in that problemn, 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

PROBLEM 3,120

SOLUTION which the shaft started to yield in the original loading.

From the sofution fo PROBLEM 32.116 C=0.016m, L=0.6m

Ty= 148 «10° Pa, J =102.944 xl0 " m"*

The residosl stress aof p=c s Toes = 83.5 MPe.

Fov .Doaap.'nj in Fhe j-posf-!-e. sense | +he stm)e in stress 4o

Pf\coyl)ce revewvsge yf@jof“na (s

Ty = Te-Tow = 145 %10 - 33.8x)0° = e §%j0° Pa

g = LC T 90 o (102:944 %3077 )(111.8 »10°)
) - vt e T 0.0%e

= 717 N-m

AAj e of "'M's'f

TL _ (7 x0*) (0.6}

-3
% - GJI ~(rmorY1ozavexe Ty $4.3 %[O vad

= 3.1 -

C—J
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3.114 The solid circular shaft AB is made of a steel which is assumed to be

glastoplastic with G = 11.2 x 10 ®psi and 7, =21 ksi. The torque T is increased until
the radius of the elastic core is 0.25 in. Determine the maximum residual shearing
stress in the shaft after the torque T has been removed.

3.121 After the solid shaft of Prob. 3.114 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 7, determine the magnitude T, of the
torque T, required to initiate yield in this second loading and compare it with the

SOLUTION magnitude Ty of the torque T which caused the shaft to yield in the original loading.

PROBLEM 3.121

From the sofubion +o PROBLEM 3.114  c= O.75 i, L=29in
Y= 2 ksi, T = 0.49701 in”
The residual stress at p=c s Tas = 6.74 Ksi

For Joading in the opposife sense, +le change it stress o
Proa\\)ce revers el Yc‘eﬂ.’fnj is

Tz Ty- Trg = R=6.79 = 14,26 ks,

. Le | v (049701 (14.26) _ _ ..
fl - "j— -1_. = JC. - 0.75 - q.‘fg,knprlh. ]

Voo o= 4T o (0.49700(20)
S c 0,78

= |8.,92 ku'P- v g




3.122 Knowing that the magnitude of the torque T is 1800 Ib+in., determine for each
of the aluminum bars shown the maximum shearing stress and the angle of twist at end
B. Use G=13.9 x 10° psi.

PROBLEM 3.122

SOLUTION
T = Ig00 ﬂa-in) L=36in
(o) O:_—‘Lgin_)lb'—'o.éfv\ %:—'——:3

o6
F’tom Tml:g}e 4.1 C, =0, 67 R Cz= 0. 268
Vi = /800
C,&b* ~ T ©.2en(h 3(0.6 )*
= IO-L‘}DHO fs1 = J OO Ks: -t
(1800 )(3¢) oS red = 9.3)° -

CP Czob3G (o 263X 1.8)(0.6 ) (3.9 2j0%)

(b)Y =100, b= L0 in, &= 100 | C =0.208, C,=0.1906

3 2

Doy = g = | 800 _ S " P
b e = GQEE- (O-?‘OSY'—C))(I.O)L = K.65%[0 Fsl £.65 les
(1800)(3¢) - i3 3o
¥z “53’- T lomoe Lo rerCaariey - | BR¥Ie = 6.77° --

C
(I

J ; : ‘ |

—

|
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3.123 Using 7,,= 10 ksi, determine for each of the aluminum bars shown the largest
PROBLEM 3.123 torque T which may be applied and the corresponding angle of twist. Use G=3.9
x 10° psi.
SOLUTION
(@) .
T = 10 ks:', G=23.9%b Ps; = 3.9x)0% ksi
- (a-‘) o= 1.3 ;n) l:):'O.él.th %za,% = 3
&) 8
Pom Table 3.1 ¢,70.267, €,=0.263
o’ T —_ 2
U T ———— I = ¢ ab 7.
Y T cabt ' >

T:(o.ac;7)(l.8)(o.c)"(lo)= 1.730 %p-in -l

TL (1.7306 )(gg} . "
) - - . A A
P TG (0B 8NoL Flanicry | 067X 10 e
= 8.95° -
()  @a=/0in, bzloin f:100 0208, C,=0.1906

T = C,ab T = (0.208)(1.OX1. 6 (10) = 2.08 Kip - in -
-_TL (2.03)(326) _ 2
?- c,ob*G ~ (0-1408 ).oX1.6P(3axioY) 136.6 %O~ rad
= 7.82° —




3.124 Knowing that 7= 800 N'm, determine for each of the cold-roiled yellow brass
bars shown the maximum shearing stress and the angle of twist at end B, Use G =39
GPa.

PROBLEM 3.124

d—VT

L) mm T = 00 N-m
T~ G - 39x)0" Pa

SOLUTION

L= 400mm = O.400 m

(@) @=50mm = 0.050w, bx50mm = 0.050 m

mm

From Tuble 3.1, ¢, 7 0.208, ¢, = 0. MH0¢

®)
_ T - Boo _ % -
Lo C.ab> ~ (0.208)0.050)(0.050)* 30.8xi0" fa = 30.8 MPa =
TL (oo X6.400) -3
- = - = .33 r
9 c.ob® G (0.0406)(0.05)0.05Y (89 x10% ) 7.83%107 red
= 0.535° —l

b) =70 mms0.0lom |

¢, = 0.24¢ , ¢, = 0.229

,‘-,J - I - 800
=T EGbt T (0.246)(0.010¥0.088 )

_ Tk . (800\60.’400}
P TCae 5 ” (6.2271(0.0710)(0.085 167

- 37.9%/0°Pa = 37.9 MPa =

= 1). 99 /o " vad

= 0.684° il

,__4_4
|

L]

.

L
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C 1 4
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PROBLEM 3.125 3.125 Using 7, = 50 MPa, determine for each of the cold-rolled yellow brass bars
shown the largest torque T which may be applied and the corresponding angle of twist.

Use G =39 GPa.

SOLUTION

Tos = 50%10° Fa. . L= 400 wm = 0,400 m

G = 239» 5" Pa

mm

@) Q=SOmm = 0.00M | bzS0mm = Q.00 m

o ) % = .00
{b) Fr‘ow\ Tab,?e 2.1 C,* 0.208 3 C‘ = 0. 1406
- .
fﬂﬁ‘ C\QB"

T= ¢, ok Lo, = (0.208 0.050)(0.050) (Sox10*) = 1300 N-m

= ].800 UN.m

_TL (J3oo)(O.400)
?Cabr € - (01406 1(6.050) (00563 (3q 7 107)

= 15.17%10°% prad

0.2 70 wm = 0.0%m, bz BEmm=0.08m F=42 = 2.0
FNM T@B}e 3.1 c, T O.244 N Ca_ = ©. 229
T = c,abz,, = (0.246)(0.0%)(0. 03¢} (50 »/0° ) = 1085 N-w,

e

T LOSS kNew, -t

¢=Tb (055 (0400)
C,ab”> G " (0.229)(0-0% ¥(0.085 )} (37 x (07

= 15.79%10" paof

= 0.9032°

gl




3.126 A 2-kip-in. torque T is applied to each of the steel bars shown, Knowing that
= 6 ksi, determine the required dimension b for each bar.

PROBLEM 3.126

SOLUTION
T =2 kpin Thys 6 Ks

¥b

(o) c\'vl‘c.;Pe-' c =
v e . 2T . 16T

VLS
(c) 3 _ 6T _ueyYal - .3
b - ‘“2’3.031 — .ﬂ.zé) - 1.6‘73 (1)
b= 1.193 jn ==

(B 5‘7qu: o= 6) % = L0, Frow arra.,ql) pe 2,) g = O. 108
SO B 3. T, - Z — - 3
/[—)-'i'n'.vﬁ - m - C.’ 5‘3 s b - C.nz:“’ 0.208}(;\ - '. 608 n )
b= LI1701n -t
€ Peo‘{“amjloe : a=2b, % = 4.0 ¢, = 0,24¢

T T . :_ T 2 -3
PV = - > s - O. n
o * TR0 ST T © TR B0k T O o4F

b= 0.878in &

3.127 A 300-N-mtorque T is applied to each of the aluminum bars shown. Knowing
PROBLEM 3.127 that £,, = 60 MPa, determine the required dimension & for each bar.

SOLUTION

Y = 300 N-m Toar = 6O 10 Pa,
©) civede: C.=';H>

2/._ = E:‘ 2—1 - ,
"TT T Tes T

2_ 16T - (16)(200) - sey, it . 3
b" > T Lons  TLoKIOS) ~ R5 46 %(0°" m

b= 294 (0' m = 2% mw, =

L 2%
‘.l

|

o
W

(b) square 0= b) 2 - \0o.  From Tuble 3.} ¢, = 0.208

-1 __T - 2_T_ __ 3 _ - 3
z',“‘“"'C.ctl»" o b ST, (G208 (Gowiet = X010 m

bt 28.9¢(0°m = 28.% mm =

) rectangle: a=2b, 220, C = 0.2%

.. T T . \s-.T - 302 = 10.16%I5" w®
Tier “Gab* T2 b A ATCER YA !

b =2 7xlG  m =RLT mm -

O

I

1

ey Ml

! H |
] i

-




PROBLEM 3.128 3.128 The torque T causes a rotation of 2° at end B of the stainless steel bar shown.
) Knowing that G = 77 GPa, determine the maximum shearing stress in the bar.

SOLUTION
=230 mm= 0.030 m , b = 20mn, = O. 020 m
P = 2° = 34.907 ¥10™* pad

= . . GablGy

oI Cab'G®  CbGPL
ma” C.OL* T cab* L~ c L

1
Yore = (0.1958)(0.020) (17 10"} (34.907 v10"3 )
e (0.23))(0.750)

Q. — - -
T =S From Table 3.1 & = 0,23/ ¢, = 0. 1958
= G0,.8 %|0° Pa

= 60,3 MPa -t
PROBLEM 3.129 3.129 Two shafts are made of the same material. The cross section of shaft 4 isa
) square of side b and that of shaft B is a circle of diameter 5, Knowing that the shafts
are subjected to the same torque, determine the ratio of the maximum shearing stresses
I__b b‘—' occurring in the shafis,

_I: E A. square %: by €,20.208 (Table 3.1)
il Yt s T

A B ¢ak* " g zos kb
€T
B. circle Q:-;'L-L, %-1{}&-% _ ?,1'—[:3-
7
?0/*‘;0 LA = f - -I— - - —
% 0208 Je = C.3005W = 0.944 -
PROBLEM 3.130 3.130 Determine the largest allowable square cross section of'a steel shaft of length

4 m if the maximum shearing stress is not to exceed 100 MPa when the shaft is twisted

through one complete revolution. Use G = 77 GPa.
SOLUTION

@ = AT rad; L= 4m .= 100210°Pa. G =77>0 T
Sq vare SE!‘J'HGN'\ - C, = 0,208 wad C, = O. 1406 From Ta.,’aje 3.1

YR SR - _TL _ TL
tmav T Calr, T &0 o ? CalbriG T biG

fwor T, b= Sulemb (0.208)(j00 x10¢)(4. 0)
P TwvY OTL GGP  (0.1466)7 %167 )(AT )

= 1.223710 % wm = 1.223 wmm —

TLenore e G ‘b‘G—




PROBLEM 3.131

Rebio: 2= 2CTe
~

For +he same .5+NS5G.’5 T3=TA - ._TL )

3._131 Shafts 4 and B arc made of the same material and have the same cross
sectional area, but A has a circular cross section and B has a square cross section.
Determine the ratio of the maximum torques 7, and T, which may be safely

applied to 4 and B, respectively.
SOLUTION

Le-} cC= \ﬂa)fus o‘P c.[r‘cupau/' seo‘Hon A a.Ma’ ’:7 = s;‘de
of square section B.

For eq:.)aﬂ areas -ﬂ'C.z = b"

I
< I
. . 3
C;mpe. 21 = ‘-:3_&‘ = ;Z_Zi o _]; = %IC 7-JA
Squau-e,: C,= 0.208 From Tolble 3.1
T = Ta = ...E- A = 3
Lg c‘ahz - C'bs 7-3 C' b 'fa
3
= %— * ﬁ%ﬁ. f‘ - / é
C.b*Ze 26,47 2a

PROBLEM 3.132

3.132 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 if the angles ¢, and ¢, through which
shafts A and B, respectively, may be twisted.

SOLUTION
Let € = radivs oF C.\.\VNCJ)M sechion A and b= side
of sqoare section B.

For @quad aveas TC = b ® =E-C'.»

Cirdle? M= s S22 g x B

C,:O.ZOS 5 C-z = O, [$06

Sqvaret  Table 3.1

= _Jto_ . _Ta \ - 6 208 L5
T = €. ab*  0.203 b Tg = 0.208 b 74
L Tel  _ o.acs BT L _ L4794 L7
CPB T Cab’G T o.foe W G = LG
R‘-)". 2& = LZ/‘ . LG = bﬁ - TA
° % & WLz, - ¢ enm /0.676 T 2

For equ ap 5“'&33 es

Do . 067647 = 1498 -t

%= Ta 5

L

[ S

J R

]

L

.
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3133 A 1.25-m—lbng steel anglé has an L 127x 76 6.4 cross section. From
Appendix C we find that the thickness of the section is 6.4 mm and that its area is 1252

mm’ . Knowing that T =060 MPa, G =77 GPa, and ignoring the effect of stress

concentrations, determine (&) the largest torque T which may be applied, (&) the
corresponding angle of twist.

PROBLEM 3,133

SOLUTION
A = 1252 mm b= 649w, = 0.0064m
o= -ﬁ- - 'éi" = 195.6 mm = O. 1956 m
[ L -
%-: =2 - 30.56

C,=C,= 3-'—(1-0.630%) = 0.3268

T 2
T e—— - l - C a. QJM
’L)p...f C,sz I b ~
(@) T =(0.2265 ¥(0.1956 )(0.0064) (6ox10*) = 156.95 (0% N-m
= |57.0 KNswm -=m

by @=-Tb_ - Goblul Clwxl . Twb
C.0.b*G C,ab>G CobG LG

_ (o xto* ) 1.25)

P = (0.0064)(77 x10%)

= 15219 ¥1C rad = 8.72° -t

f

)
S

— ) O O 1 3

]

O

—

3.134 A 3000 Ivin. torque is applied to a 6-fi-long stecl angle witha L 4 x 4 x ;
PROBLEM 3.134

cross section. From Appendix C we find that the thickness of the section is ; in. and

that its area is 2.86 in? . Knowing that G=11.2 x 10° psi, determine (a) the maximum

[4X4X3 SOLUTION shearing stress along line a-a, (b) the angle of twist.
: A =28 int, b=3inz 035 i, a:%:f@i—f_:?éi?fn.
£ . 2820 . 03 ¢, = c,=4(I- 0630 £)= 0.3230
©@) TCx= C,Ib"‘ = (0-3235)?;217)(0-375')1= 8.06 %0 pst = B.6€ ksy -m
k) P = c,?c%bﬂ@ :(0.3235\:’(0;22"5)?;;75\3(u.z sos) ng‘quo‘!r:d
= 3.5 :

Nete: L= 68t = 72 in




3.135 An 8-fi-long steel member witha W 8 x 31 cross section is subjected to a 5
PROBLEM 3.135 . . . . . .3,
. kip'in. torque. From Appendix C we find that the thickness of the section is 3 in. and

that its area is 2.86 in®. Knowing that G = 11.2 x 10° psi, determine () the
maximum shearing stress along line g-a, () 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 flange, respectively, by
expressing that the resulting angles of twist are equal.)

SOLUTION
Ws 31 Flange: 0= 7.995 1, b= owmgs, T=272 - 3.3
L
¢,= G=3(1-0680&) - 0.329 Q’F’E-%Fé
TF = Caabs %QE = KF %Q where KF" = GO 53
Ke = (0.3209)(7.925)(0.438)" = 0.2188 i
. 713 -

Web? a= 20-@) 0435 = 7.8 in, b=0.288in, 555 2502
co=c,= (1 -o0eted): 0.3249 P "'E:??:i?"é
Tw = Czabs GL =4 = KwGLﬁ W}\QV‘Q ‘(u = C.‘,_a b-’
Ky = (0.3249)(7.13)(0.285)® = 0.0563 in*
For rv-a}c.\m'ns +wist omj)es Pe = Pu = @

, , G
Toted torque T=2T +To = (ZKes K )EL

GQ . _T - e T T, = _KoT

T A+ K YT AU K

L " 2G+K, °
T, _ (0 U38NS000)  _ 2221 Meins T, = (0.05¢3)(5000) _ =oo g1 -

(2)0.2138)+0.0563 (200.2138) +0.0563
(@) ;= C.le :(o.ax?nz)i;.qis)(o.qas‘)" = W py R kel -
(6) 7, = C.Iw‘o" :(0.32‘:;:5)_(77.13)(0.235)" = Reopst = 296 kst -
© Q’Lf- - 57;-1}7& Cp:é%ﬁn(_:ﬁ where L= B = 96 in,
(50903 2¢ ) = 88.6x%0 rad = 5.08° -t

¢ = (1.2 %10 ) [@)(0.2139)+0.5€3]

(o [ o

L

3

J

R

I )

\

L

{ J

L]




3.136 A 3-m-long steel member has an W 250 x 58 cross section. Knowing that G
=77 GPa and that the allowable shearing stress is 35 MPa, determine (a) the largest
torque T which may be applied, (&) 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, 3.135.)

PROBLEM 3.136

SOLUTION

Q=208 mm . bT 12, 5 mm

Fpihat: 3
c,=C, = 3(1-0.6302)= 0. 3,94

2 |
s BT 15 04

- __TpL . _ 3GP _ G
Pe “cio'xw; s T Cab T - e

Ke = (o-smq)(o.zow(o.o:as)s = 159.53%/5° " m*

Web : o= 252 -(2)(13.8)= 225 vm |, b= 3 mm

e 208 —) 2:28.03, € =c,=%(1-0.632) - 0 2259

T (| b
T . Tl - 269 _ y GO
T- 13.5 Po * eI T. = C,ab = = K -

252 <8
L 1 TT777

Totad +o\r\7ue E

K. = (0.8259)(0.225)(0.008)* = 37.54 x o™ m*

q)F:@u: ¢

For Ma+o‘n[naj +Wfs+ aﬂ7p€5
T = 2T +Tw =( 2K+ K., ) B2

Gi.(p-=2‘;:+i(u Tk T:'{}%& T"g‘_%:ﬁ Te
Tw = 'Q_I'%'F"f(':) < Y= ‘(: % Tw
AMowable vibve for T based on allovabbe veloe Tor T
Tr = ©ob 7 = (0.2194)0.208)(0.0138 V(88 x /0 ) = 413.6 N.m
T = QU8+ 2N (413.6) = 924,85 Nem
Alowakle voloe ¥or T base on allowahbde valve For Tw

[

Tw = cab'T = (0.3257)(0.225)(0.008) (a5 %10 ) = 16%.25 N-m

- (2Y(159.53 )+ 22.5Y - .
T = 55t (164.25) 1560 N-m

Choose smadler valve T = 928 NMNem it
- TL - (?Q‘f.S')(.?.oo) = 16].0 )’)O-sM - 5' 7?' il
? (2 +K0 )G (356.6x1677)(T710°)




Gmm

60 mm

PROBLEM 3.137

3.137 and 3.138 A 750-N'm torque T is applied to a hollow shaft having the cross
section shown. Neglecting the effect of stress concentration, determine the shearing
stress at points aand b, Thickues = G mm.

AN

SOLUTION
Avec hounded 57 ceater Line

Q = 2L(23) + (60)(6) = 738} wm”

738/ )0 m*
\_/ ¢t

a.+ La“\ (o} and b
750

O0.006 m

2.97%/0° Fa = 847 MPa =

® @Y0.006)(7%Ix10°)

PROBLEM 3.138

3.137 and 3.138 A 750-N'm torque T is applied to a hollow shaft having the cross
section shown. Neglecting the effect of stress concentration, determine the shearing
stressatpoints gand b, Thickkness = 8 mm.

SOLUTION

Detaid of cornen

'
%t _:'Z't = e"‘amSO”
% o= +

T 2 tan 20°

2

7

SRt 6.928 mm

b=90-2e = 76, /%4 mm
Area bounded Ly ceater e
QA = %b{*— L o= 1’?—5‘: B (7¢. juy)*

= 2510.6 mm" = 2810.6%[0°% m*
1 -

S o — = 18.67%10° Pa
2t Q. (2)(0.008)(2510.6 ¥(0°¢)
= |]8.67 MPa

O.008 m

-l
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PROBLEM 3.13%

a 0.21in.

3.139 and 3.140 A 50-kip-in. torque T is applied to a hollow shaft having the cross
section shown. Neglecting the effect of stress concentration, determine the shearing
stress at points ¢ and b.

SOLUTION )
o AN
AY‘CC\. Lor)na'eup l>~' /f\
center Pine. M
3.5 in. o2 T ks )( ) 1—_
= —(1.9 2,25 }3.8
5 a A (‘ ) +( 335
— b TARHO it
0.3Tin " J_
e 2.8 —3
At Po{v\+ o t=20.2in
- _ T - S0 - .
LTt (2Y0-2)(18. %0 ) = 609 ks -
't = ' 7 s e =22 T HE2 Us: -
M POI'\ b t = 0.3 ", - 2t a - (2,)(0-3!'8-90) - - t

PROBLEM 3.140

3.139 and 3.140 A 50-kip-in. torque T is applied to a hollow shaft having the cross
section shown. Neglecting the effect of stress concentration, determine the shearing

stress at points a and b.
SOLUTION
Avea bounded by centerfine T
23
i 0= (23X42) = 125 45
= 12.719 in® !
e—2% —d
M Pm‘«\"r a t= #fh » 0.25 in
—~ 50 _ ;
C=Za = @o.=zney) ~  Be ks -
At poist b B =Fia 7 0.375 5
‘= X = =0 = &M ks e
LEZEQ T o ey




PROBLEM 3.141

t—-—-* 50 mm—hi

50 mm

IIO mm

3.141 and 3.142 A hollow member having the cross section shown is formed from
sheet metal of 2-mm thickness. Knowing that the shearing stress must not exceed 3
MPa, determine the largest torque which may be applied to the member,

SOLUTION

AV‘CG. bOt)r\c)Bd} Lu/

centerdine

L Qo = (48)(8) + o X 8)
] . . .
10 mm T 704 mnm = 70¥%]0° m
L = 0.002m
= 5_;; T = 2E 0.7 = 2)(0.002) (70410 )(3% j0¢ )
= 8.45 N.m i)
3.141 and 3,142 A hollow member having the cross section shown is formed from
PROBLEM 3.142 sheet metal of 2-mm thickness. Knowing that the shearing stress must not exceed 3
‘ \ MPa, determine the largest torque which may be applied to the member.
i |
f SOLUTION 4%
13
50 mm AY‘e& bOU“JEJ by -
C€ﬂ+€/‘ P1.n€ 4¢ 30
3>
o = 48)(18) +(30)(13)
20 . - < * e
mm = 1404 wwm = 1404 %[0 m b
L = 0.602 m
it ~ T = 2tQ7 = )6.002) 14040 ) Ex(0¢)

= 16.85 Nm -t

]




3.143 and 3,144 A hollow member having the cross section shown is to be formed

— — 3

__ﬁs_w

— 1

— 3 3 1 3

—

@

PROBLEM 3.143 from sheet metal of 0.06 in. thickness. Knowing that a 1250 Ib-in. torque will be
applied to the member, determine the smallest dimension & which may be used if the
—_ shearing stress is not to exceed 750 psi.
2in
R SOLUTION
4 2in AV‘eQ boohcjeﬂ‘ L?’ cen‘har?{ne

Q

i}

(5.94)(2.949) - 2.06d =

17.94434 -~ 2.06 4

0 b e 0.06 i, Z:T80pr, T 1250 dboin
5 i1, —] v - T
At
A |
2.9% a - T
.94 2tT
1250
- 2.06 = — = .
o 1:‘ 17,4634 - 2.06 o @060 353 |3.8889
a
_ 3.8747 _ -
.94 d - 2,06 = [,738 w
2.94

PROBLEM 3.144

3.143 and 3,144 A hollow member having the cross section shown is to be formed
Knowing that a 1250 [b-in. torque will be
applied to the member, determine the smailest dimension & which may be used if the

from sheet metal of 0.06 in. thickness.

shearing stress is not to exceed 750 psi.

|
2in. d SOLUTION
+ Avea bounded Ly center
2 in.
]L = (&594)2.99-d) + 194 o = \7.443¢ - 4.00 d
2in. .t = 0.06in , = piy») Ps"J T'-.- 1350 zpb'iﬂ
|———3in.———l = _-E—
T 3o
2.94-d T
A ==
dz 2t T l2so
Ly 594 17.463¢ - 400 d = o 061750 ~ 128881
_ 3.5047 .
7 d - _4.0—0 O-%q? [l
2.9%- 4




3.145 A hollow cylindrical shaft was designed to have a uniform wall thickness of
0.1in. Defective fabrication, however, resulted in the shafi having the cross section
shown. Knowing that a 15-kip-in. torque T is applied to the shaft, determine the

PROBLEM 3,145

0.08 in. shearing stress at points a and b.
SOLUTION
Rodigs of cuter civede = 1.2
Radivs oF inner civede = L) v
Mean radive = 1155,
Avea bounded By centerdine

0.12in. A =70 = TUISY = 4. 155 in®

; - 0.08 ;. e 1 _ . IS - -

. ) . T \5 . .
At peint b 1=0.12n 'L’~2ia-(2)(o.mx4‘lﬁ,>-IS.o'fka.,d

3.146 A cooling tube having the cross section shown is formed from a sheet of
stainless steel of 3 mm thickness. The radii ¢, = 150 mm and ¢, = 100 mn are
measured to the centerline of the sheet metal. Knowing that a torque of magnitude
T'=3 k N'm s applied to the tube, determine (a) the maximum shearing stress in the
tube, (b) 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,

PROBLEM 3.146

0 SOLUTION
Avea bounded l’f centerbine
Q=7 -ch)= m(150°- jod ) = 39270 ,..m.‘
= 29,27 %167 m*

t 0.002 m

3
@ v -T 3%|0

z - . ¢ :12.73 M —t
2EQ T (2)0.003)(29.27x1073) T 12.73 x10° Fa = 12.7 Pa

I

Y T, =@rctre) = 2we, t7

27 (0.156)°(6.003) (12712 x10° ) = &.46 %16° Nem
= S 4O UNewn ——

4

]

]

1 3
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J.147 A cooling tube having the cross section as shown is formed from a sheet of
PROBLEM 3.147 stainless steel of thickness r. The radii ¢ and ¢, are measured to the centerline of the

sheet metal. Knowing that a torque T applied to the tube, determine in terms of Te,
¢; , and ¢ the maximum shearing stress in the tube,

SOLUTION

£t

Avea beurded L‘/ center fine
Q= T(c-¢*)

S%eqm'nﬁ s+r~es_s
T

2w L(c*-cd) —

T
f':ata,'

3.148 Equal torques are applied to thin-walled tubes of the same length L, same
PROBLEM 3.148 thickness 1, and same radius ¢. One of the tubes has been slit lengthwise as shown.
Determine (a) the ratio 1,/7, of the maximum shearing stresses in the tubes, () the

T ratio ¢/, of the angles of twist of the shafts.

r\ SOLUTION

Without sbit

(a) ()]

Area. bounded L7 Cen"}‘e,wapl'ﬂe,: Q= 'lTC',z

=1 ._T :
e o awct
J = 2nce’t @, = AL TL

GI T amctG
With sht s  a=zme, b=t , §=3AS >
V= G = %

C
s e 2 _3T
b7 cab? AWCt*

$ = T -__3TL
C,ab*G  2MCL*G

Stress potio: "?\j' <3T . vt | 3c

e T S ~un
ta, ATWCE* T z
) . Q% _ 3T 20ctG | 3¢t -
Twist r‘aJ'\o . an. _'ZTTC.I'.BG" TL =

RO S




L]

1

L@

(]

]

1 [ 3 |

]

(1]

- 1 1

L

-i__i [ i

L1

T

rie o = L e b oA S0 e omonk P omba T b Y s it e 4ot e e e iy < s

oy e e gt il s v b et et = o s aas

PROBLEM 3.149

SOLUTION

3.149 A hollow cylindrical shaft of length Z, mean radius ¢,,,and uniform thickness

¢is subjected to torques 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 Secs. 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 hollow shafts.
(a) Show that the relative etror introduced by using the thin-wall-shaft formulas rather
than the elastic torsion formulas is the same for 7, and ¢ and that the relative ertor

is positive and proportional to the square of the ratio t/e,.. {b) Compare the percent
error corresponding to values of the ratio #/c,, equal 0.1, 0.2 and 0.4.

ket ¢, = ovter raddivs = C, ‘:l:t and €, = Tnner radivs = Cm-%1
TeElel-el) = I e en e, c)

= g('Cmt'i" Cmk +"$tt+ c:“cmt*it’z)(‘zc*‘) z

= QW(C:‘J- %tz) C...t

T =

q)]:

.TCA - T
J anlcor 4tV

TL TL
JG AW+ HEt=)ont G

Arec. bounded Ly centerdine Q'—' chi
~ o T

Lo.n. -

2t0. ~ meort

TL fds | Tllawgn/t) __TL
Y v t bne Y & ANCctG
Lo _T_ . 2Bt |, o8

= - = T Cn-
T  27C.rt T "
@ _TL  zmle-+htNeste £
@ CitC TL i
L&) L iE | £ oo | 0.2 | o0.4]
T Q = tar ‘-,%g.. 0.0025| 6.01 | 0,04

0.25%1 1% | 4% -




3,150 For the solid brass shaft shown, determine the maximum shearing stress m(a)
PROBLEM 3.150 portion AB, (b) portion BC. .

SOLUTION
Ty = 123 kip- in.

AB : T= 12.56-35 = 9 k\‘P.iv\

2
. T8 2T _ QXD
J e wlo.ns

2 8.85 ks, -t

BC: T =35 kip-in =5ols 0.625 in

_Te _ 2T . (2¥3.5) _ .
ZJ'J‘ ‘nc*'%ﬁ}‘ 9.13 Ksi  —a

c.'=-.}.l-b.315‘ in

3.151 Knowing that G = 5.6 x 10° psi for the solid brass shaft shown, determine the

PROBLEM 3.151 angle of twist at point C.
SOLUTION
T, = 125 kip - in.
& ' T = 3.3 kip - in. AB: T=12.5 -3.5 = 9 K'P ;n) L= %J:O.@g "

G~ 5.¢ )‘}OG Fs,‘ = \S:G V[Os Ks;
d=125in
\} Je= T’ E(0.875)" = 0,92077 in?

P Tl - ) (22

= = 5228 x]0
Gdm (B.exI0R Yo.q2077) | X e red

BC: T= 3.5 k-‘P-fn 3 c = "2!‘& = 0.6285 in
w = Fct = I(oe2s)' = 0.28%8 i

- Ta.; Lec - (3-5') (1‘4) = 624 ’o'-‘
Poc G3 T (5.ex03)(0.23%€3) 6OxI0 " red

Net angle of tvist Qoo Qg = 102420 rad = 0.587° -
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L1

1

L

L3

L
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3.152 The stepped shaft shown rotates at 9500
determine the maximum power

PROBLEM 3.152
(0] 12wmm, (b)) 20 wwa,

moLm L= wha soLuTion
350 pm
Frequ ency o= o vpw jits IS Hz
D =160 mm , d= 20mm,
= ‘LJ 2 40 mmm = 0.040 b 2
c a4 d
i
(o) V‘=l.?mm) '57 =§02' = 0. i5
. KTe _ 2wt
I Trc3( Y (424 [6F)
' 32 T (0.040) (42 ¥
= Lc'-—- < ——
T= 5 (2X(1.23)

tpm. Knowing that 7, = 42 MPa,
which can be transmitted if the radius 7 of the fillet is

Tau= 42MPa = 42210° R,

2175 %(0° N

P 2nfT = (201U 17810 ) = 30018 W = 304 kW =

(b r

A9 mm S s g0 T ©-25
- TePT (T¥0.040)(42x10%)

2K (2)(-20)
2mF T = (mOs)B.520%10° )

K=1.20
= 3.520%10° Nom

s 332%I0°W = 332kW -
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3.153 The long, hollow, tapered shaft 4B has a uniform thickness /. Denoting by G
the modulus of rigidity, shown that the angle of twist at end A is

TL c,+c,

PROBLEM 3.153

ey
SOLUTION
|\\““ﬁﬁ**“'1 From geomvhy
Wy b | s SpE
L\ l C= Y tan ot = 9—‘—!:5-‘-3/
¢
L;;——"- T =S . _GlL
' L Jr = Yok T Ta- G,
- G - Cal
IR A
Ce
J= arcit = zvg—c—‘ﬂ-@—c‘f y't
g) - SYB ——-—ZTA = TL‘3 SYB ir = TL3 (.__._l__ Yp)
Yy BT T TWCe-GY LG Yy, VP T an(G-GyiG
=-TL3 I = TL? ic-u*c QC, C“}
AT NS Ys"% e -G YL ( L=

TL (Ca - )
4T (Ca-Ca ) 26Ca  C®

_ TL {"Lt"—" .
Br{Ce-Co)EG LG Gt

- TL (Ceatad
41 GE CiCa®




3.154 Two solid steel shafls, each of 30-mm diameter, are connected by the gears
shown. Knowing that G = 77 GPa, determine the angle through which end 4 rotates
when a 200-N-m torque T is applied at 4.

PROBLEM 3,154

SOLUTION

Caelevlation oF torques

¢ ivcumberentiad contuct force between

qears B onmd D
. Te . Te
F B Va Mo

- Yo 90 _
Tog = Vo ‘l}a = gg(?()c)) = 300 N-m

Twist in skﬁ‘F"' DE
Joe = Lc? = L(0.015) = 79.5227107 "

Loe= 0.5 m
Dpe = A2EEme - (800 )(0:8) . . 24.497 %10 ved.
% " GJxe  (77710%)(79.522%1077 )
Retation of D Po = Por = 24.497%(0 " rad

Circum-rewenll‘?af stp,pacemen'f a.fl' ieaw c,-'ft,«oes S= Y;,CP.“> = f‘B Cpa

Rototion of B Qs ~ % Do = %05 (24.497%(5° ) = 36745 %(0° vod
va.s‘f i shatft AB

lyg = O.1 + 0.2+0440.2 = 0.9m, Tpg= 79.822%07 m"

o . Tasla __ (R00)(0.7) - 9 S ad

Pre - Gdaw (774107)(79.522%10°7) 29.83€ xio ¢
QD.}G/“—;OU\ d-+ A ¢“ = ¢3 + CP"B

"

- -3
26. TG 4 29,894 ¥ 1S padd ¢ 6614 %10 vad

z 28.79° -y
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SOLUTION

3.155 The angle of rotation of end A of the gear-and-shaft system shown must not
exceed 4°. Knowing that the shafis are made of a steel for which T = 65 MPa and
G = 77 GPa, determine the largest torque T which can be safely applied at end A4,

PROBLEM 3.155

Co.pcu.pa/\";on o‘F "'b#‘qd-? WJHD

Con*o.c.'}‘ 'Prﬂ‘w, F
F = I‘.\B__ - ‘r_D!'

(e Yo
TDE-""Y“‘.LH:‘G"QT:LS-T
rg 60

Since paf‘alel‘ +o|!‘q Ve OCCUNrS = Sha.;:‘i‘)
we Find the torque et based on
stress (n shaPt+ DE

ye TS | 2T . (WOT

3 © Tmed TCd

- T . L : ‘Y= 229.7 N-m <
T = i 1 = Flo.os)(esxi0t) 9

Twist tu shat DE .
an = ;C“t = 1}(0.0:5‘)" = 79,5822 XIOJ' mt ) Lo = 0.8 m J Jog = 1§ T

© - Teebe | (15 TI(0.8)
> G Ju (77x16%)(79. 522 %(0° )

Rotation «f D P, = 122.485 0" T
Cl(\cum?erem'}‘faﬂ oﬂfsppa\.cemen-‘i’ a)i‘ 3emf* c,(/\c)es 5 = Yx\:"PD » Y\B CPB
Rotution st B @ = —:’—; Do = :—5(122435'*(0"7‘% /83,722 %10 ¢ T

Twist in sh«tt AB :
Dhe, = Toa s

122,435 *IG° T

Lag = 01402404 +0.2 = 0.9m

__T(ea)
G Jas  (77x107)(79.522%107?

po‘l’ @’Ha-ﬂ of’ A

= 144.982=10° T

G s Gy = 18372850 T + J4C.992x15¢ T
330. 7 xf0™ ¢ T

Rotati on Linid @ 4° = 69.812 x(0"° rad.
Equating 330.71 w0 T = ¢.&13%)6 © T = 2.1 Nm

|

Liw’-]'inﬁ '}'or-que ;s the swaller vatve T = 21 N-m —




3.156 A sheet metal strip of width 6 in. and 0.12 in. thickness is to be formed into a
tube of rectangular cross section. Knowing that 7, = 4 ksi, determine the largest
torque that may be applied to the tube when (@) w=1.5in,, (H) w=12in, ()w=

PROBLEM 3.156

‘.__..w.__l 1in.
T - SOLUTION
perimeten = 6 in T 2w+ 2Ad
(3in.— w) depth o = -g - W
Aven bounded by cesterdine QL= wol= w(f-w)
Yeole o Te2tat . 28w(E-w)Z
Detar L= 0.12in, p=6in T = 4 ks
@ w=1Ls  T=@Yo.2)(1LE)1LEIMY = 2,16 Kip-in ~
(b) W= .2 T=@Xe12)02)1-3 ") = 207 kip-in -
©) w=l0 T=@¥orzX.o)2eX4) = 1,92 Kg.in -

The fargest allowable torque comesponcs to a square section.

3.157 Two solid brass rods AB and C‘D are brazed to a brass sleeve EF. Determine

PROBLEM 3.157 the ratio d,/d, for which the same maximum shearing stress occurs in the rods and in
the sleeve.
SOLUTION
let ¢,=1d, aud c,= +d,
- L& _Z2T-
shtt AR T - e oLl
Sheeve EF T = Jec. . 2Tc
e 2 z J-‘_ 11' zczlt - C. 9 3
c
For equad sheesses 21; = AV
TWer  TCt-cY)
4 ¥ 3
Cl - C, = C. Cz
3 Ce Y . 4
T — - = A X = | +
L@+ b4 . X [ o 2

%Prbx{wm.],';oms s+av‘+¢'nj with Xo= Lo

Solve By Svecess ve

%= W2 = 1184, %, <q2.189 = 126 wyzV2.21¢ = L120
%
v/ 172_229 = |.221 )(sa-JZ-?QI S W (convcwjeal)
= }.221 Ca | de _ .22\ e

T
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PROBLEM 3,158

1

L]

M

3.158 One of'the two hollow steel drive shafts of an ocean liner is 75 m long and has
the cross section shown, knowing that G = 77 GPa and that the shaft transmits 44
MW to its propeller when rotating at 144 rpm, determine (4) the maximum shearing
stress in the shaft, (b) the angle of twist of the shaft.

SOLUTION

mim L=75‘m> Lﬁ

F=184vpm = 755 = 24 H2

Pe 44 MW = 44x10° W

PsarfT o T = phr =300

e
U = 5F -2_“_(2‘4) = 2.9178%in" Nem

J

= -f = JO e = Q. 160 m

= _5.;}:‘?-.- 290 pm = O.290 wm

C-C) = J% (0.210" - o.]éc*) T j0.08xi0° m

T | R3178x10°)(0.290) . g3 qwi0* Pa = 3.9 MPa =t
J j6.0g »(0"%
TL oo (290982100 )75) | 281 .qu 103 ped = 16,15 ° -t

T (77%0*Y[0.08 x(073)




3.159 The shaft AB is made of a material which is elastoplastic with 7, = 12.5 ksi and

G =4x10° psi. For the loading shown, determine (a) the radius of the elastic core
of the shaft, (b) the angle of twist at end B.

PROBLEM 3,159

SOLUTION

c= 0.5 in

~t
Ty = % = Tty s FOST285)= 2.48% Ko-in

Ppas+r'c rlej o m'-FL, e)asf"ic. cove
3 —
Vo B s u-3 . w4 2A2451) - 0,38307

%‘f * £.692)8 pve (0.69318)(0.5) = 0.3%7 in. -
L= G6ft = 72 in G= 4x10° psi = 4x[0% ksi
Oy = Tl - 2%L _ QX2954)72) . 5.4499 ped

JG TG T (0.5) (4% j03)

& - P - - _Pr . 04199 _ o
G _Jg_ L@ o ST o 0,640 rad 37.2° =~

3.160 1f the 3 kiprin. torque applied to the shaft of Prob. 3.159 is removed,
determine (a)} the magnitude and location of the maximum residual shearing stress in
the shaft, (b) the permanent angle of twist of the shaft.

PROBLEM 3.160
SOLUTION
From the solution of PROBLEM 3.159, ot the ena of zpoaAfnj T=3 kip+in
£r = 069318, Grua = 064904 pad

Stresses T=0 ot pzo , T= 125k atpzpe Y= 125 ks at pre.

Unpoaaz!-'nj T=-3 kl‘P 1"

_Te _ AT _ _(2)X-3)
AT s g wes T (0.8

AT = (0.64318)(-15.28°) = [0.89 ¥s' af p= o .
TL . 2TL (2)(-3Y712)

G = 4x)o° ps Gx]o® ksi

=-(5.28 ¥Ksi at ,0=C.

A? = G\T = _“qu_ > W(O.S)"(QVIOS) = ‘“O.S{OO"" M
Residoat Toes = Thaa + AT
At p=c Tes = 12.6 = 15,28 = - 2.78 ksi -

l. 91 Ksi

At p=pe Tl =128 10.54

= @y +AQ = 0.€4904 -0.55004 7 0.099 vod
cppem o = £67° s
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PROBLEM 3.161

3.161 The composite shaft shown is twisted by applying 2 torque T at end 4.
Knowing that the maximum shearing stress in the steel shell is 150 MPa, determine the

corresponding maximum shearing stress in the aluminum core. Use G = 77 GPa for
steel and G = 27 GPa for aluminum.

SOLUTION

Le'} G., J, s omd ’LJ. rexe.r += the a.)uw\n‘nuw‘ cove.
ond G‘no J, 5 ond Ty refer 4o the steed shels

At Pe outer sortace on the steed shelp

.{‘ b=y &—?- Pt Q b _.f}; = _-.2-’-*--
: L L C. C,G,

At the ovter sorface of the afuminum core

Y = &2 - 2.0 . &

v L E:- &G
Mq'}o‘n:na % For‘ BO'}") COMPOHQH+S

A

.6, GG

So}v.'nﬂ For f,_
. &G
fz - C.. -6_'-; 'rl
= 0.030 .27'10. . !50“10‘
O.040C T1Txin®

39.4»0° Pa = 29.4 MPa wek
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3.C1 Shaft AB consists of n homogeneous cylindrical elements, which
can be solid or hollow. Tts end A is fixed, while its end B is free, and it is sub- ‘
jected to the loading shown. The length of element i is denoted by L, its cuter ' _
diameter by OD,, its inner diameter by ID,, its modulus of rigidity by G,, and *
the torque applied to its right end by T, the magnitude 7; of this torque beirig S
assumed to be positive if T, is observed as counterclockwise from end B and .
negative otherwise. (Note that ID; = 0 if the element is solid.) (@) Write a com-
puter program that can be used to determine the maximum shearing stress in s
each element, the angle of twist of each element, and the angle of twist of the o
entire shaft. (b) Use this program (o solve Probs. 3.9, 3.35, 3.37, 3.150, and ! ‘
3.is1. #
SOLUTION '
FOR FEhen CYLINDRICAL ELEMENST, FA7EN i
Ld}o‘oﬁjlpésc’:z_:?;' !
AMND AT PLTE ]
T
Jp = (22 ( D@f’-— 19%) .
OUTLINE DF [P0 M #
UFP DaZe TdrE VE T=T7rT l!f-
WD Lot} T ‘ ¥
TAY. = T /"Dc/z//Js ’
h
Fri, = T & / &y X
[NELE oF TWIST of LNTIRE SHRET STARIING ‘ "
Wrry &= O, UFPPATE THROU G4 7 fLeroenT "
(= @+ A4
b gtigirn OUTF T
X
Problem 3.9 and 335
Element Maximum Stress Angle of Twist t
(MPa) {degrees) :
1.0000 56.5884 2.5265 t
2.0000 36.6264 0.0887 ‘
Angle of twist for entire shaft = 3.4152 ° ¥
Problem 3.37 t
Element Maximum Stress  Angle of Twist [
(MPa} {degrees) ‘
4
1.0000 33,9531 0.8314 t
2.0000 19.6488 0.7413
Angle of twist for entire shaft = 1.5726 ° !
{
Problem 3.150 and 3./37
Element Maximum Stress  Angle of Twist t
(ksi) {degrees) ]
1.0000 9.1266 3.585%7
2.0000 -8.5526 -3.0002 .
Angle of twist for entire shaft = 0.5855 °




PROBLEM 3.C2

FIoOELPAM DUTPLT

3.C2 The assembly shown consists of # cylindrical shafts, which can be
solid or hollow, connected by gears and supported by brackets (not shown}.
End A, of the first shaft is free and is subjected to a torque Ty, while end B,
of the last shaft is fixed. The length of shaft A,B, is denoted by L, its outer di-
ameter by OD,, its inner diameter by ID,, and its modulus of rigidity by G.
(Note that ID, = 0 if the element is solid.) The radius of gear A, is denoted by
a;, and the radius of gear B, by b;. (a) Write a computer program that can be
used to determine the maximum shearing stress in each shaft, the angle of twist
of each shaft, and the angle through which end A, rotates. (b) Use this program
to solve Probs. 3.21, 3.39, 3.41, 3.42, and 3.154.

SOLUTION

ZORGUE 14 SHAFTS,  LNTESR 7=7,
z;/-; 74?{-#?5“'/8&')
For FacH SHA F7, ENTER
L °% 14 &

Compyrer  Jp T (777?7)( OD;I - /'D;)
7B = 77 (007)2))J;
= 7 Ai/éd Ji

(AN € OF RPGFRTION cd7T &A0 A,
COMPLTE [POTRTION AT THE "A" EMD 6F FReh SHRET
SVART T A  ANLLE = P/f/,b AaAnp  LPDATE
FAEor 7 TO (,,?#0 0P 2,
Awete = pnelE (A))8, -+ P _
Problem 3.21

Shaft No. Max.Stress (MPa) Twist Angle (degrees)

1.0000 68.7420 1.4615
2.0000 72.5013 0.7707
Angle through which Al rotates = 3,388 °
Problem 3.39
Shaft No. Max.Stress (MPa) 'Twist Angle {(degrees)
1.0000 47.7465 1.7764
2.0000 82.8932 2.0560
Angle through which Al rotates = 7.945 ¢
Problem 3.41
Shaft No. Max.Stress (ksi) Twist Angle (degrees)
1.0000 9.0541 1.3587
2.0000 12.0722 1.3175
Angle- through which Al rotates = 3.115 °
Problem 3.42
Shaft No. Max.Stress (kesi) Twist Angle (degrees)
1.0000 9.0541 1.3587
2.0000 6.7906 0.7411
Angle through which Al rotates = 1.914 ©
Problem 3.154
Shaft No. Max.Stress (MPa) Twist Angle (degrees)
1.0000 37.7256 1.6843
2.,0000 56.5884 1.4036

Angle through which Al rotates = 3.790 °




3.C3 Shaft AB consists of n homogeneous cylindrical elements, which
can be solid or hollow. Both of its ends are fixed, and it is subjected to the
loading shown. The length of element i is denoted by L,, its outer diameter by
OD,, its inner diameter by ID), its modulus of rigidity by G, and the torque ap-
plied to its right end by T, the magnitude T; of this torque being assumed to
be positive if T, is observed as counterclockwise from end B and negative oth-
erwise. Note that 1D, = 0 if the element is solid and also that T, = 0. Write a
computer program that can be used to determine the reactions at A and B, the
maximum shearing stress in each element, and the angle of twist of each ele-

PROBLEM 3.C3

Element n

Element 1

shearing stress in the shaft of Example 3.05.
SOLUTION WE ConsSipFrR 7wE BEACTIoN AT & AS
KEDUNDANT app BELEASE THE <FRET a7 8.
ComPUTF 65 Ins 7 7 Ad 7;‘ )t

FOR FRew FLEMENT  @FANTER
Ly, oz s 1P, G, TC
ol P LT

Jy =(T/zz) onf - 10f)
UPR 78 7o/2G e

72T |
AND o AMPLTE ForR? [FAck "t i EAMERT
7R = 7 (on/7)]J;
PH; = 7Ly /6:9,
CeMm PTE  Spt STAn gl WTH ES T AN

UF DRRNE THREOUEH 2 PLEPSENTY
& = é)‘,: + rpﬁfz

t g0,

COAIPUTE  Eom puE 7D yriT TORGVE AT &
w7 TRU = OD&/ZJJ
umer PRI = L6
o T
UnTE, () = UNMITT G/ L)+ Uni7 FHly

SULER Fost o
SR TEIRL Ang2E AT B 70 BF BERO.

Gt Fluwra (») = o

% == JlomrSy>)
HEN o= ZITE) +7E

JFOIE L fen ELEMENT @ JIAX Sookxst Tdmne TAY, = TAU; +Tg (umT TR, )
AtgLes oF TWIT ! TERL FHp = Py +rg(wuw:?y/£)

vspam Ourpe Problem 3.56 TA =  -0.290 kN*m

PE 2 4 TB = ~0.,210 kKN*m
Element tau max (MPa) Angle of Twist (degrees)

1 -39.588 -1.178

2 31.670 1.178

Problem 3.05 TA = -51,733 lb*ft

TB = -38.267 1lb*ft

ment. Use this program (a) to solve Prob. 3.56, (b) to determine the maximum -

(ﬁﬂ 7; = 7;3::_’))

- ./

@,
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3.C4 The homogeneous, solid cylindrical shaft AB has a length L, a di-
ameter d, a modulus of rigidity G, and a yield strength 7. It is subjected to a
torque T that is gradually increased from zero until the angle of twist of the
shaft has reached a maximum value ¢,, and then decreased back to zero. (a)
Write a computer program that, for each of 16 valves of ¢, equally spaced
over a range extending from O to a value 3 times as large as the angle of twist
at the onset of yield, can be used to determine the maximum value T, of the
torque, the radius of the elastic core, the maximum shearing stress, the per-
manent twist, and the residual shearing stress both at the surface of the shaft
and at the interface of the elastic core and the plastic region. (b} Use this pro-
gram to obtain approximate answers to Probs. 3.95, 3.113, 3.159, and 3.160.

PROBLEM 3.C4

SOLUTION
AT ONSET OF VIELD
J v/ 3
Y (@ 7;= 7)'; -C—:-" £ 7; <~
g = ZE . (_Z'i L _ %t
Yo gy T L /e e
Loapine: 1,2 7)'
3
d L _4:,( {1
7 7;,':--7;;-#(45')] £e. (1)
Y 3 »
o ¢
= < A E.(2)
pa
=R
UNLoADING (ELBsTIC) 71
P qﬁu-“ M—J— d—";_;: ARHELE ©F TWIST [Fore PINLeRDINY
¢
N . < > FRU AT o=
- 7% 7 ’ ©
- —_——tl Z
% i
’77

SUPERFASE  LORDINE AN UNILGRUING
Sore ke 7O F=34f, VN O2Py |NCREMENTS

. ? , a
WHEN & <4y 7,;.-7}:?;* A=z 9&4:%%7

when > p 5 7 use F&() (R Usé £l 2)

FESIDUAL ¢ A#UP.-:- cibM-—dlU 7{{;1? 1_7; 7/-?«2: 72_,_.?;;
&
7R 2
7ot CONTINUED




PROBLEM 3.C4 - CONTINUED

Problem 3.95
PHIM ™
deg kip*in.
C.000 0.000
0.417 2,783
0.833 5.567
1.250 8.350
1.667 11.133
2.083 13.916
2.500 15.871
2.917 16.865
3.334 17.423
3,750 17.760
4,167 17.9758
4.584 18.119
5.000 18.219
5.417 18.291
5.834 18.344
6.250 18.383

Prcblem 3.113
PHIM T™
deg kN*m
0.000 0.000
9.524 0.785
19.049 1.571
28.573 2,356
38.098 3.142
47.622 3,927
57.147 4.478
€6.671 4,759
76.186 4.916
85.720 5.012
95,245 5.072

104 .769 5.113
114.294 5.141
123.818 5.162
133.343 5.176
142,867 5.188

Problems 3.159 and 3.160
PHIM ™
deg kip*in.
0.000 0.000
5.157 0.491
10.313 0.982
15.470 1.473
20.626 1.963
25.783 2.454
30.940 2.799
36.096 2.974
41.253 3.073
46.410 3.132
51.566 3.170
56.723 3.196
61.879 3.213
67.036 3.22¢
72.193 3.23s8
77.349 3.242

RY
in.

0.750
0.750
0.750
0.750
0.750
0.750C
¢.625
¢.536
0.469
0.417
0.375
0.341
0.313
0.288
0.268
0.250

RY
mm

25.000
25.000
25.000
25.000
25.000
25.000
20.833
17.857
15.625
13.889
12.500
11.364
10.417

9.615

8.92%

8.333

RY
in.

0.500
0.500
0.500
0.500
0.500
0.500
0.417
0.357
0.313
0.278
0.250
0.227
0.208
g.192
0.179
0.167

INTER EotATE BETWEEY prubs @7 yALUES oF 1, /A'wravﬂ)'J

TAUM
ksi

0.000

4.200

8.400
12.600
16.800
21.000
21,000
21.000
21.000
21.000
21.000
21.000
21.000
21.000
21.000
21.000

TAUM
MPa

0.0060
32.000
64,000
96.000

128.000
160.000
160.000
160.000
160.000
180.000
160.000
160.000
160.000
160.000
160.000
160.000

TAUM
kgi

0.000

2.500

5.000

7.500
10.000
12.500
12.500
12.500
12.500
12.500
12.500
12.500
12.500
12,500
12.500
12.500

PHIP
deg

0.000
0.000
0.000
0.0060
0.000
¢.000
0.124
0.392
0.725
1.091
1.476
1.871
2.273
2.679
3.087
3.498

PHIF
deg

0.000
0.000
0.000
Q¢.000
0.000
0.000
2.837
8.960
16.575
24.946
33.733
42.764
$1.946
61.225
70.569
79.959

PHIP
deg

0.
0.
0.
0.
0.
0.
1.
4.
8.
13.
18.

23

000
000
000
000
000
000
536
851
974
506
263

.152
28.
33.
38.
43.

124
148
207
290

TAURL
kai

0.000
0.000
0.000
0.000
0.000
0.000
1.042
2.822
4.568
6.111
7.438
8.572
9.544
10.384
11.114
11.753

TAURL
MPa

0.000
0.000
0.000
0.000
0.000
0.000
7.942
21.502
34.805
46.562
56.667
65.307
72.719
79.116
84.677
89.547

TAUR1
kai

0.000
¢.000
0.000
0.000
0.000
0.000
0.620
1.680
2.71¢9
3.638
4,427

.681
.181
.615
.996

g,

TAURZ
ksi

0.000
0.000
0.000
0.000
0.000
0.000
-2.949
-4.449
-5.291
-5.800
-6.125
-6.343
-6.494
-6.602
-6.681
-6.741

TAUR2
MPa

0.000
0.000
0.000
0.000
6.000
¢.000
-22,469
-33.897
-40.313
~44.188
-46.667
-48.325
-49.475
-50.299
~50.904
-51.358

TAUR2
kei

0.000
0.000
0.000
0.000
0.000
0.000
~1.755
-2.648
-3.149
~3.452
-3.646
~-3.775
-3.865
-3.930
-3.977
-4.012

- T2 kipeim,

1“—'Z;f.k?k¢4b,

“— To =5 kM

- = 3 kl‘r'l.ﬂ.
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PROBLEM 3.C5

3.C5 The exact expression is given in Prob. 3.64 for the angle of twist

of the solid tapered shaft AB when a torque T is applied as shown. Derive an

approximate expression for the angle of twist by replacing the tapered shaft by

n cylindrical shafts of equal length and of radius r, = (n + i — 3)(c/n), where

i=1,2,...,n Using for T, L, G, and ¢ values of your choice, determine the

percentage erfor in the approximate expression when (a@)n = 4,(b)n = 8,
(e)n = 20,(d)n = 100.

SOLUTION FiRom [ 8.6%  [Frec7 srluies o

= - TTL
120 & e

7y 7L 7L
O, iib: (;5* éf;?y = cD-/éQﬁﬂié;fzjy

EONSIPER FYFCAL L a7

G =(mrl-F) )

If L/'?J _
J,;=;”:(Q)q

ach 7 ( “1)
Gy

EnzEr uMT vaLwes 08 T L G5 awe €,
o SN VALUES CAN @F KN T4TED J

LW TaTR NI VAL UE OF BERS FOr< P
ENTER N = NUMEER CyLiMoRICAL SHAFTT

For £ =] 107, VPPRTE <h

puch AP

EITPNF oim FROS/ETN

COEFFICIENT of TL/Gc"4

Exact coefficient from Prob. 3.64 is 0.18568
Number of elemental disks = n

n approximate exact percent error
4 0.17959 0.18568 -3.28185
8 0.18410 0.18568 -0.85311
20 0.18542 0.18568 ~-0.13810
100 0.18567 0.18568 -0.00554
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PROBLEM 3.Cé

3.C6 A torque T is applied as shown to the long, hollow, tapered shaft
AB of uniform thickness ¢. The exact expression for the angle of twist of the

shaft can be obtained from the expression given in Prob.

n cylindrical rings of equal length and of radius r, = (n+i-

(€)n = 20, (d) n = 100,
SOLUTION

CE THE M YN Breal BINGS,

For O
En Lan S

Kl

-

£

\é, = (ﬂﬂe‘n)r(}z-: (2mr; z‘)r; o e r

. T (%)
At &J,

ENToR U7 VA 0ES Fon L& 2 ave <

(Werw: <Pkciere ALvEr can o8 Emmmes 7 DEswaso)
ENTEL M. VhibE ofF PBREe For &

SN TER

/~on L'-'-‘.Z?zo')oj

ch=hrdd

RV m NUAMBER BF  YLAERIcAlL I AES

RS P

DWTEUT pF FROLRA 17

COEFFICIENT of TL/Gtc"3

Exact coefficient from Prob. 3.153 is 0.05968

n

4

8
20
100

Number of elemental digks = n

approximate exact percent error
0.058559 0.059683 -1.883078
0.059394 0.059683 ~-0.483688
0.059637 0.059683 -0.078022
0.059681 0.059683 o =0.003127

3.153. Derive an ap-
proximate expression for the angle of twist by replacing the tapered shaft by

i=12,...,n Using for T, L, G, ¢ and t values of your choice, determine
the percentage error in the approximate expression when {g)n = 4, (b)n = 8,

EINCE  THE SKBET 15 LonE ¢ SRLy THE ANELE
/5 DAL AND WE CAN ULE I RS TME  Ddce AETS

E =
-

Yc/n), where

3






