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6-1 Introduction

Electromagnetic —
forces

Flange —__
coupling

p.277

6-1 Introduction

m 1784, Charles-Augustin Coulomb 1 Eng|ander

m 0~ T (experiment) 2 German
m 1820, A. Duleau (French) 3 FrenCh
m 0~ T (analytical) ' .
by assuming: 4. American

= plane remains plane
= diameter remains straight

O for circular shaft ©

X for other shaft,
warping (#+ ) occurs



http://en.wikipedia.org/wiki/File:Charles_de_coulomb.jpg
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* 6-2 Torsional Shearing Strain

m plane remains plane

m diameter remains
straight

= 0 : angle of twist

m B>B,D—>D’
BB’, DD’in the
same plane

B’& Band D & D’
on the same radius

straight shaft of constant diameter

p.278

$ 6-2 Torsional Shearing Strain

[ I N J \
i _,,,;:—;:*ilg, 24 ,/‘;\-.
Two torsional angles: gand & e j o

BB’ _cd small strain | . |||

tany. =tang =" =L =7 ( It

rl_ vl
DD’ pf _ } Q=Ac=— _p
tan}//’: ED :T:yp c Y = Y% CYc

valid for elastic or inelastic homogeneous or heterogeneous materials
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P * 6-3 Torsional Shearing Stress

— The Elastic Torsion Formula

(/ L i ’* \\ A

T=T =IAprpdA=%fA psz=%L Psz,{/\’” P,

S\

m—i

J=| p’*dA polar second moment of area
A

ZSdA =2 p dp

p.280 . .
* 6-3 Torsinal Shearing Stress —

The Elastic Torsion Formula

Tc

U T
c  p T

"7

m valid for linearly elastic, homogeneous, isotropic
material (t = Gy)
B Tmax = Tc

mT,= 0 at center
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i 6-4 Torsional Displacements

= 6=

=

p.282

0

T

:pr

p
_Tp
J

p

v, L

0

_L
GJ

% A
T L

Gp

do
(or Yo =P~

dL

* 6-4 Torsional Displacements

Comparison:

, iIf T or J varies along L)

Br "//
\d) “.—I\ T
™ B
- L )

m T =T, must be obtained from a free-body diagram.

m If T, G, orJis not constant along the length of the shaft,

_N ik
0=2.55

or

— L TI’(X)
I G(x)I(x)
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* 6-4 Torsional Displacements

positive outward for T and 6

= Sign convention

T -
7= P Direction of zfrom T
l —]7 positive shear?

Not always consistent!

negative shear?
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* Example Problem 6-1 (I)
15 in.-kip
20 in.Kip = 10 in.-kip 10 in.-kip
£
Ha ]

Determine
Tags Teer Teps Toe="?

Draw a torque diagram.
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n.-K1p
g =
- 4 [" Tre
55 in. ki
111, p in.-Kip
. ‘_ .0 ,
@ 55 in.-kip ‘
20 in. kip 10, kip in.ip
]
; (I " &———tgr W Tog
(e | 55 umkip |
50 ‘
& 0L20inkip
520
S 0
g
g-20r 10
=t 35 -k;p i -kip
h 7
=60 B c £
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ZM =T, —20=0

D M =T, —20+55=0

D M =T, -20+55-10=0

D> M=T,,-20+55-10-15=0
T,, =+200in-kip @%.
Toc =—35.0in-kip
Tep =—250i0n-kip O@

Toe =—10.0in-kip

* Example Problem 6-2 (1)

® ;=150 mm
® r,=200 mm
m G =80Gpa
mL=2m

Determine
Tmax =
7,(inside surface)=?
0="



p.284

* Example Problem 6-2 (II)

T
J=§(

0

P _ ri4)=g(200‘ —150‘)5 17181(10_6)”]4

_Tc_30010°)200(0°) o, o v 1pa
© 3 17isiot)

Toax =T

max

. _Tp_30010°J150(10°)

== 171810°) ~262MPa

TL 30010°)2)

= = ~ |
GJ ~ B0AC Ja7181foe) " 043 Tad - (not degreel)

p.285

* Example Problem 6-3 (I)

Given:
20 kip-ft m G =12,000 ksi
2 Find:
T Tmax = ?
4 in

Og/a =7?

Z 1
5 ﬁ\J Ocg ="

Ocin ="
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$ Example Problem 6-3 (II)
Th . >'M, =0: T —20+5=0
T,s =—15 kip-ft
7 M, =0: Ty +5=0
| Ty =5 kip-ft
T =—15kip-ft
T =5kip-ft

20 kip-ft

Or Alternatively,
s Tic=+3kipf D> M, =0: T,-20+5=0
. v, T,=15kip-ft
] 2
B T sk > M, =0: T,-T,; =0;T,; =15kip-ft
p.286

* Example Problem 6-3 (III)

Joe :g& :g(z‘*) =25.13in
s :g& 22(34):127.23 in*
T . 20 kip\<ﬁ s
T _~ID@) _ opsys || L] )
B ). | 12723 —
BC = TocCec = S(12)(2) =4.775 ksi e skip
Joo 2513

¥ A
ry
]
I Lx l 175c =
78 ksi

Toax = Toe =4.775ksi=4.78ksi umsksi



p.287

* Example Problem 6-3 (IV)

—

e .
9N C

Opyn = Tiobw _ “BUJON2) . 401973189 -
Gl 12,0000127.23) ~ . 7m0
Ocp = Tecbee __S(1A()2) ~0.011%rad
GecJse  12,000(25.13) e
o 6yp = Oy + 6y =0.011938+(-0.012733) =—0.000795 rad —)-
=-0.0456°
E *la B
p.287
* Example Problem 6-4 (I)
Given:
m d,=1.50in.
m d;=10in.
Steel shaft ]
m d.=6in.
m G =12,000 ksi
m T,=750ftlIb
Find:

Tmax Of Shaft CD = ?

0,=2

10
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* Example Problem 6-4 (II)

m d,=1.50in.
m d;=10in.
m d.=6In.

.
o
o

: T,=rF
e TD:rcF

...........
e,
.
O
,

v
o
o

““““ ST, =T, :(§j750:450ft- Ib
- 5

B

_ TenCeo _ 450(12)(0.75)

max —

= 8150psi
Joo  (7/2)0.75) sl

p.288

*Examp'e Problem 6-4 (TIT) H-_

_“Teokeo __ —4502)(4)(12)

0. = - =-0.04346 rad ("
P Gepdep  12(10°)(7/2)(0.75%)  _ 5 400
o a4
_ _ Gears move the same arc length @
S= rBeB - rCeC/D i.e., the same number of teeth IB

+
o
<>
® 3
T\
@

I, 3
0, =é90/o =§(0.04346)= 0.02608rad |,
=1.49°

Angle of twist

Tasbas _ 75012)()(12)

=0.09054rad (,

0. —
Ae GagJdas 12(106)(75/2)(0-754) =5.19°

0, =05 +0,5 =0.02608+0.09054=0.11662rad =6.68 (,

11
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* Example Problem 6-5 (I)

Given tapered shaft:

Find:
o(T, L, G, =2 p:r+2fL—r

©(p), I(p)

p.290

* Example Problem 6-5 (II)

T T 2T
4 =7 ' /2 7o

o, G
4
dx = 2T4dx: 2TL 7 Ox
Gp Grp o )G?Z'I’4(L+X)
p=—(L+X
_on [ AN (i_ij
Gar* %o (L+x)*  3Gar'(80 L

T P
97!°G.J(x)dx J(x)—zp [L

do=_"

0

3 (Ler)}4
m Alternative : place the origin at O’

r 2T J-zL dx 7TL

P L Grrtde x* 12Gxrt

7ML
12Gzr*
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6-5 Stresses on Oblique Planes

¥

\

T,y dA cos o

e T
Ty dA sin o

O, +0. O, — O, .
o =——Y4+ X Ycos20+r1,SiNn20=
n 2 2 Xy
o, -0, .
7, =———2Sin20+7, c0529=-
2 Xy

p.296
6-5 Stresses on Oblique Planes

For pure torsion

Stress

maxo, =1, o.=45(T), 135 (C)

maxt,, =T, a=0° 9(°

13



2-6 Stresses on an Inclined Plane in
an Axially Loaded Member

Assumption: stress uniformly distributed

0)

2-7)

20
(2-8)

0 CCW: +5"\, %z % ke
x L
N=Pcos0 # 45/79( S 135 _-"180 Angle, 6°
V =-Psin® o, =071, =—Pl2A—

Axially loaded only! o and  vanish at 90°

27
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* 6-5 Stresses on Oblique Planes

Steel longitudinal split

%—m—'/’

(a) | G t i
tearin ray cast iron .

Al / 9

\

(b) : ) . .
buckling © tension failure
of brittle mat’l

Low carbon Steel

(d)

shear failure of ductile mat’l

= «&ﬁ\" max t

14
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i Example Problem 6-6 (I)

mt=6mm,
Omax (Steel tube) = 80 Mpa
T ..=2

max — *

150 mm
/

T=12KkN-m
o, (weld) = 345 Mpa
T, (Weld) = 205 Mpa

Determine factor of safety
FS=7?

p.298

i Example Problem 6-6 (II)

B G (tube) =80 Mpa, T, ="?

J =’—2’(r;‘ —ri4)=7—2T(754 —69*)=14.096(10° )mm* =14.096(10°° ) m*

Grme = Trmy =%=80|\/|Pz;1=80(106)N/m2

T _OmJ _80L0°[14006/10°)
™o 7510°)

=15.03¢10°)N-m=15.04kN-m

15
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i Example Problem 6-6 (III)

m T=12KkN-m, o (weld) = 345 Mpa, t,;; (weld) = 205 Mpa
FS= 7

In =ty sin2a = Csin 2a_12(103)( 5)(10 3

#C 12](103()) %‘i@% ?

sin2(60°) =55.29 MPa (T)

Ty =T, C0S200 =—C0S 20 = " cosZ 60°)=-31.92 MPa
J 14.096(10°°)
Fs =%u_ 345 654 =Fs
o, 5529
FS. = Tt _ 205 6
t, 3192
p.300

$ 6-6 Power Transmission

m Work done by a constant torque T

W, =Td ¢ : angular displacement (rad)

m Power: rate of doing work

dw, d¢ :
Power =—* =T -~ o : angular velocit
ot dt : /
T:N-m 1 rpm =2z rad/min
® : rad/min 1 hp = 33000 ft - Ib/min

Power: N -m /min lwatt=1N-m/s
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* Example Problem 6-7 (1)

B Oporer = 200 rpm

m Power =800 hp
Motor m Gear boxratio=4:1
m G =12,000 ksi
m 7, =20 ksi
m 0, (for 10’ propeller shaft)
=40

Determine

min diameters of two shafts
=77

p301 Motor

* Example Problem 6-7 (II)

(a) considering T, = 20 ksi
Power=To 800(33,000)=T,(200)27)

‘F ‘

T,(200)27)=T,(800)2~)

®oror = 200 rpm
Power =800 hp

Gear box ratio=4:1
G =12,000 ksi

T, =21010ft-Ib T, =5252ft-Ib
J, T, 2101012) (m/2)! _ _
o 1 2000) ¢,=2.002in. d,=2c, =4.00in

17
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Example Problem 6-7 (III)

(b) Considering 0,,,, (propeller shaft) = 4°

=

(3=

=l

0= l B ®poer = 200 rpm
GJ ®  Power =800 hp
7 (4)= 5252(12)(10)12)  Corbwmiozis
180 (12)10° Jzc; /2) L

JZ _TZ
c, T c,

¢, =1.5483>1.2612
d, =2c, =2(1.5483=3.0966in.=3.10in.

p. 303

i 6-7 Statically Indeterminate Members

m Statically indeterminate members
m Equations of equilibrium

m Distortion equations

52582)_(W2K! . 1 oeioic (d —2e ~230i
2000°) ¢, =1.2612in. (d,=2c,=2.32in.)

18
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* Example Problem 6-8 (I)

m Solid section AB
m Annealed bronze
m G, =45 GPa

m Hollow section BC

100 mm

m Aluminum alloy
m Gg. =28 GPa
Determine

Tnax = ¢ IN both sections

p. 304

* Example Problem 6-8 (II)

T, +T, =3010°)

eB/A =eB/C

=) Talss — Telsc
Guedae  Gacdec

30 kN'm

19
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i Example Problem 6-8 (III)
T, +T, =30(10°)

3,6 =(1/2)50¢)=9.81710°F )mm* =9.81710° )m*
3, =(m/2)(50° —30*)=8.54510°)mm* =854510° )m

T.(2) T.(1.4)

45(109)(9A-817)(10’6): 280 J8.5e5)0 7] g S0LE 501,

= T,=16914kN-m T, =13086KkN-m
_T,Ce _1691410°[50)10°)

ey 9.81710°)
b Tl 1308610°)50)10°*)

=86.1IMPa

3 3544107) =76.6 MPa

p. 305

i Example Problem 6-9 (1)

m Aluminum alloy tube
m G, = 4000 ksi
=10 ksi

m Securely connected at the end
of a Steel core

® G, = 11,600 ksi

u Tallowable

\*y/" ~Aluminum H Tallowable = 14 kS|

Determine
Max. 7= ?

0 = ? under max. 7

20



®  Aluminum alloy tube

p. 306 = G, = 4000 ksi

B Ty = 10 kst

i Example Problem 6-9 (II) L
¥ L * T L
5 (g=L2—="£")
A {2\.@" TaLa — TsLs P Gp
Ta =X I:> Gaca - Gscs
7,(60)  t.(60)
TP 4000 )0) 11600 )2)
)
= 1, =145,
Ta+l=T 1, (allowablg=14ksi
0, =0, =1.4(10)ksi=1.4t,(allowablg
= 1, controls
p. 306
i Example Problem 6-9 (III)
T, =14ksi
1, =14/1.45=9.655ksi <10ksi
14,000(z/2)(1*
- _nd,_14.000(7 ) 51,990 n.1o
C, 1
9,655(7z/2)(2" -1
T =fada_ (=/2) )=113,75o in.Ib
C, 2
Max. T= ?

T=T,+T, =113,750+21,990 =135, 740 in.-Ib =135.74 in.- kip

_tl, 1400060)

=% =G, 116h0r)y) 00A

0=0

21
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* Example Problem 6-10 (I)

Given:
m Section CD

m Solid, bronze, Gz = 45 GPa
m Section EF
m Hollow aluminum alloy tube
G, =28 GPa
m Steel core, G, = 80 GPa
m Bolt clearance = 0.03 rad
before EF carries any load
m T=54KkNm

Find:
Tmax — 7 IN each material

p. 308

* Example Problem 6-10 (II)

Ty +T,+T, =54(10°)

T Tgp=Ty+ T _ _
— | Ot = O e + g + 05 =0
54 kNm g5 =0.03 rad
Tep=-Tp
] —
c DE F (QF/E)A _(QF/E)S
/ Opr

Oorc \l 0.03 rad

22
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$ Example Problem 6-10 (IIT)

JA = (7'5/2)(604 _304) :19.085(106) mm* 219.085(104) m? i M
Jo = (1/2)(60") = 20.36(10°) mm" = 20.36(10°°) m* o
Js =(n/2)(30") =1.272310°) mm* =1.272310°°) m* Q\\

O
T+ T+ T =5410) == Tedo, Tda T _gh10)
B CA CS
75(20.36)(10°) _ 7,(19.085)(10°)  7,(12723)(10°
60(10°) 60(10°) 30(10°)

) _5410°)

167, +157, + 27, = 2.546(10°)

p. 309

i Example Problem 6-10 (IV)

~Tsls " Taba +0.03=0
GBCB GACA

O, /
B / )

~0.03

%@ . 504
45(10°)(60)(10°%) 28(109)(60)(10‘3)

7.L
9 — H A—A _ \/
A S GACA
T,(1.4) _ 15 (1.4)
28(10°)(60)(10°)  80(10°)(60)(10°)

+0.03=0 8r, =9r, +324(10°)

10z, = 72'5

1,=529MPa 1, ~1000MPa 1, =756MPa

23
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* 6-8 Combined Effects -

Normal and Shearing Stress

/’I‘\
_\‘.-JT
' P
x Gy—z\
‘ _Tc
Txy—T

J s [ plane stress
small element at =
the outside surface

p. 317
* Example Problem 6-11 (I)
. m d=100 mm
m P =200 kN
m T=30kN-m
Determine

stresses at point A

\ Cp s Tmax = 7

X

24
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i Example Problem 6-11 (II)

o, =A= ~ N/n? =2546MPa= 255MPa(C)
A (n/4)0.100)
T

T, —LC:MMS?)N/W =15279MPa=1528 MPa
Y ) (m/2)0.050)

p. 317

$ Example Problem 6-11(III)

o, =—2546MPa c,=0 T, =—15279MPa

2
o, +0o, o, —0, )
Cpipz = > i\/( > +Ty

_-2546+0 \/((—25.46)—

2

6, =—1273+15332=1406 MPa
G,, =—1273-15332=-1661MPa

c,=0,=0

¢ _Om ;om =14059—g—16605) ~1533MPa

2
. 0) +(~15279F =—1273+15332

25
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* Example Problem 6-12 (I)

Given: a pressure vessel ~ m d; =24 in.

mt=1/2in.
Rigid Plate m P=250 pSl
r m T =150 ft-kip
Determine

Gmax ! Tmax = 7

p. 318

* Example Problem 6-12 (II)

2 m d,=24in.

-Rigid Plate

)T mt=1/2in.
Oy
e pr_25012) :
T —c, = = —~3000psi
- J e T T T 02) P
i ch=0y=ﬂ=&12)=6000psi
$ t 12

_Tc_15010° J12)125)

%= T o5 —12) o

26
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i Example Problem 6-12 (III)

2
c,+0, G,—0, )
Cpip2 = > i\/[ > +Ty

_3000+6000 \/(3000—6000)2

5 5 +(3894° =4500+4173

c,, =4500+4173=8673MPa
o,, =4500-4173=327MPa

G,;=0,=0
Gpax =0 =8670psi(T)

min

Goex —O
T = — 2

_8673-0
i 2 2

=4340MPa

p. 322 . . -
* 6-9 Stress Concentrations in Circular

Shafts Under Torsional Loadings

—_— 1
D i d
rad. = r

\rud,,ir
m Uniform shaft
Tc
Trex =7
J
m Stress Concentration

K:K(E,ij
d'd

m K can be used to determine t,,,, as long as t,,, does not
exceed the proportional limit.

27
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E

p. 323

6-9 Stress Concentrations in Circular

4

LS

i

Stress concentration factor K,

Shafts Under Torsional Loadings

Q0 0.2 0.4 0.6 0.8 1.0
Ratio r/d

Shafts Under Torsional Loadings

‘ 6-9 Stress Concentrations in Circular

&T = =K~L

(o]

387

Stress concentration factor K,

0 0.05 0.10 0.15 0.20
0.06 Ratio r/d

28
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i Example Problem 6-13

m D=4in.
md=2in.

q
|

Tallowable =8 kSi

rad. = r

Determine

rmin =?

p. 324

i Example Problem 6-13

m [n the 2in. diameter section

o _Te_ 6281
™y (m/2)1*)

m In the fillet
K E:8 ksi

allowable— "Mt J

=3998psi

T
K, =8/3.998=2
m D/d =2, K,=2. From Fig. 6-25(b), »

r=0.06d =0.06(2)=0.1200in.

29
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Shafts Under Torsional Loadings

(o]

387

Stress concentration factor K,

* 6-9 Stress Concentrations in Circular

0.05 0.10 0.15

0
0.06 Ratio r/d
* 8 Exercises
6-18, 6- 22, 6-36,
6- 74, 6- 87, 6-98,

6-47,
6- 148

30



