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This book was first published as part of TMH Outline Series and was well received by the students
and teachers alike. The new edition, is now being published as Sigma Series. |1 have expanded the
material by adding numerous problems at the end of each chapter. This will give students an opportu-
nity to try and reinforce the concepts learned. | hope that the new format of the book is more
convenient and will be appreciated by the students.

The seeds of this book were planted over thirty-five years ago when as a teacher in the Government
Engineering College, Aurangabad, I tried to use different methods to make the subject easy to
understand for the students and by giving a large number of problems as exercises.

The book has been written mainly for the prefinal- and final-year students studying for the
Mechanical Engineering degree course and comprehensively covers a major portion of the syllabi
prescribed by various Indian universities. The students preparing for B section of A.M.LE.(Mechanical)
will also find it useful. The final-year students of diploma courses in Mechanical Engineering will
find the first ten chapters of the book in line with their syllabus. Practicing engineers will also find it
useful as a great number of challenging problems are included in the text.

The theoretical part has been given a bnief but precise coverage which makes it an indispensable
supplement to any standard book on the subject.

The subject matter is divided into two parts of which the part of basic theory to be applied for
design of any machine component is covered in the first four chapters. The second chapter includes
the concept of manufacturing tolerances required to be used in designing of a machine component.
Chapters 5 through 20 are devoted to explaining the procedures of designing different machine
elements such as bolts, power screw, springs, shafts, belt and rope drives, gears of different types,
sliding contact and rolling contact bearings as the titles of the chapters suggest. The last chapter is a
new concept of machine design termed Optimum Design, giving a basic concept of optimization used
in Machine Design as suggested by J.B. Johnson.

Machine Design is not an exact science as there are a variety of methods to arrive at the solution in
the form of specifications of any machine element satisfying the necessary functional requirements
and no solution is a unique solution to the problem. There may be more than one solution and all may
be reasonably correct. This aspect becomes clear as the readers go through the solved problems where
many assumptions have to be made for solving them. This may cause confusion in the minds of the
students. In order to avoid this possibility, most of the problems have been formulated by stating all
the assumptions required to solve them. But such an approach should not deter them from using their
own thinking and reasoning abilities. Hence, some problems which require the students to make their
own assumptions are also included. This will familiarize them with the process of making proper
assumptions and will therefore, make them better equipped to tackle the practical problems, they may
require to handle in their field of study or work.
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Fundamental Concepts

CONCEPT REVIEW

1.1 FORCE, TORQUE

According to Newton'’s second law of motion, force may be defined as
F=mxa

In SI units one newton is the force required to accelerate a mass of one kg with an acceleration of one
metre per second squared.

If a body is in rotational motion at an angular speed of @ 1/s, with radius of rotation r, the force which
keeps the body 1n rotation is centripetal force given by

Centripetal force = mrar = mv*/r

where v is tangential velocity in m/s.

Force that exists away from the centre due to mass of the body and is equal and opposite to the
centripetal force is termed as centrifugal force.

For a rotating body of mass m with its mass assumed to be concentrated in a ring of radius £, the
product mk® is known as mass moment of inertia of the body and is denoted by letter /.

I=mk’

Two equal and opposite parallel forces at a distance

x form a couple given by
C=F:-xNm
A couple due to force F as shown in Fig. 1.1 causes
twisting of the shaft and is termed as torque T acting on
the shaft. It is given by
T'=FxrNm
This torque causes the rotational motion of shaft or disc
mounted on it and may be written as
T'=IJloeN.m

where [ is the moment of inertia of disc and shaft and o
is the angular acceleration in rad/sec”.

Fig. 1.1
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1.2 WORK, POWER AND ENERGY

Work done in displacing a force F Newtons by a distance d metres is given as

Work =Fxd N.m

Work done in causing the angular motion @ radians of a body subjected to torque T is given by
Work = T@ N.m

The rate of doing work is defined as power. Thus
P=F(df)y=FxvN.m/s

The capacity to do the work is termed as energy.

P=T0O/N=Tx @wN.m/s

Table 1.1 Mass Moments of Inertia of Common Solids

Solid Mass M- Radius of gyration
i K
i 2
1. Sphere 4 . about Ad = £ Mr’ 0.6325 »
[ B ]
2. Cylinder | about A4 = 3 Mr 0.0707 r
A ; A
r I B _ hz ?'1 3 3
— about BB = M’[E+T 0.289 Jh® +3r

3. Hollow Cylinder o ey Bron
‘4 T SE——
’
R ‘B

about A4 = %M{RI+ )

0.707 1,I' R 41

_ B OR*+r? 3 5§
b about BB = ”[ﬁ"‘ i H.EE'JJH +3(R+r°)
- B _M 2 T
4. Prism T about A4 s (a® + b 0.2887 .Ja’ +b

1 I N N
y M
¥ _ about 88 = 4. (1 + 4% 0.2887 A2 +b?
DU PR B
5, Thin Ring ' about A4 = M7 T
Al]l 4
.
6. Thin UniformRod ! 2 ahuutﬂ.e=%— iz
|
A B )
B i abnutd.ﬂl'=MT 113
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Fundamental Concepts 3

1.3 MACHINE AND MACHINE ELEMENTS

Machine is a device to perform useful work when some form of energy is supplied to it. Lever, power
screw, inclined plane are examples of simple machines while lathe, i.c. engines, washing machine etc.,
are examples of complex machines.

The smallest component of machine such as a bolt, spring, pin etc. is termed as a machine element for
the purpose of machine design.

WORKED EXAMPLES

e T e T

1.1

1.2

13

It is required to lift water at the top of a 20 m high building at the rate of 50 litres/min. Assuming
the losses due to friction equivalent to 5 m and those due to leakage equal to 5 m head of water;
efficiency of pump 90% and efficiency of motor 90%, decide the kilowatt capacity of motor re-

quired to drive the pump.
Solution:
Work to be done = wOQHg w = density of water
w =1 kg/litre @ = discharge
© = 50 litres per min. H = head of water
H=20+5+5=30m g = gravitational constant
Work output/min = 1 % 50 % 30 x 9.81 N.m/min
1x 50 x 30 x9.81
Input power = D9%00 1000550 0.302 kW.

A power screw is rotated at constant angular speed of 1.5 revolutions/s by applying a steady torque
of 15 N.m. How much work is done per revolution? What is the power required?
Solution:

Work per revolution = 79 T=15Nm
=15x 2% @ =1 revolution = 27 rad.
= 94.24 Nm per revolution

P = Work/s = (Work/rev) x (No. of revolutions/s)
=0424x1.5=141.36 W.
Power is transmitted by an electric motor to a machine by using a belt drive. The tensions on the
tight and slack side of the belt are 2200 N and 1000 N respectively and diameter of the pulley is
600 mm. If speed of the motor i1s 1500 r.p.m, find the power transmitted.

Solution: T
D = Diameter of pulley in mm F = Tangential force, N
N = Speed rp.m v = Peripheral velocity, m/s \
P=Tw
=Frw=Fv
F=T,— T, =2200 - 1000 = 1200 N \_\ /
= nDN _ mx600x1500 — 47 12 ms .

60 1000 x 60

P= umﬁn‘:}lu = 56.548 kW Fig. B-1.3°
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1.4

1.5

1.6.

The flywheel of an engine has a mass of 200 kg and radius of gyration equal to | m. The average
torque on the flywheel is 1200 N.m. Find the angular acceleration of flywheel and the angular
speed after 10 seconds starting from rest.

Solution:
1= mk® = 2000 % (1)* = 2000 kgm’
r=leg, . a= =350 0.6 rad/s’

W=, + or=0+0.6 x10 =6 rad/s.
Calculate the moment of inertia and radius of gyration of a solid sphere of mass 10 kg and dia-
meter 6.5 m about its centroidal axis.
Solution:

5 5 2

k=0.6325x3.25=2.055 m (Refer Table 1.1)
Calculate the work done per minute by a punch tool making 20 working strokes per min when a 30
mm diameter hole 1s punched in 5 mm thick plate with ultimate shear strength of 450 MPa in each
stroke.
Solution: Force required to punch one hole = area sheared x ultimate shear strength = ndt x §,
where  « = diameter of hole in mm

t = thickness of plate in mm
5, = ultimate shear strength in MPa.

2
I=g mr = 2 HIUK(E] = 49 kg.m*

= IX 3[;;;;5; B0 512.0575 kN
Work done/min = Average force x Thickness of plate x No. of holes/min
_ 2120575 5 _
5 ST 20=10.692875 kN.m

OBJECTIVE QUESTIONS

1.1

1.2

1.3

1.4

A force of 50 N acts on a roller of mass 10 kg initially at rest on a frictionless surface. The roller
travels 10 m while the force acts. The work done on the roller is

(a) zero (b) 1251 (c) 250J {d) 500 ]

A cricket ball of mass 150 gm is moving with a velocity of 12 m/s and is hit by a bat such that it is
turned back with a velocity of 20 m/s. The force of blow acts on the ball for 0.01 s. Average force
exerted on ball by the bat is

(a) 120N (b) 240 N (c) 480N (d) 960 N

A flywheel with moment of inertia of 10 kgm? rotating with 120 r.p.m. will stop in 5 revolutions at
a braking torque of

(a) 2.5 % 10° N.m (b) 50.265 N.m (c) 62.5N.m (d) 103.3 N.m

Force required to punch a hole of 20 mm diameter in a 5 mm thick plate with ultimate shear
strength of 250 MPa is

(a) 100 kN (b) 78.54 kN (c) 314.16 kN (d) 5kN
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1.5 In a machine a force of 120 N is required to lift a load of 3000 N and a force of 200 N is required
to lift a load of 7000 N. Hence a force of 250 N will be required to lift a load of
(a) 87500 N (b) 9500 N (c) 6250 N (d) 8000 N

1.6 A table has a heavy circular top of radius 1 m and mass 20 kg. It has four legs of negligible mass
fixed symmetrically on its circumference. Maximum mass that may be placed anywhere on the

table without toppling is

(a) 20 kg (b) 24 kg (c) 48 kg (d) 10 kg
1.7 Bar is the unit of

(a) area (b) time (c) pressure (d) mass

REVIEW QUESTIONS

1.1 Define a machine. How does it differ from a component? How is the component of a machine
different from its element?

1.2 Compare force and torque, mass and mass moment of inertia.

1.3 Define work. Differentiate between power and energy.

1.4 Denve the relationship between power and torque.

PRACTICE PROBLEMS

1.1 Find the moment of inertia of a flywheel of mass 100 kg and diameter 1 m if the mass is distributed
uniformly over the area. If this flywheel is subjected to a uniform torque of 100 N.m, find the time
required to attain a speed of 2000 r.p.m. starting from rest.

1.2 If above flywheel has its mass concentrated in a rim of radius 600 mm, how much time will it take
to stop from a speed of 1800 r.p.m. when a braking torque of 120 N.m is applied.

1.3 A rope is passing over a free rotating pulley. One end of the rope is attached to a mass of 100 kg
and the other end to a mass of 25 kg. Neglecting the friction and mass of the pulley find tension in
the rope.

1.4 35 kW power is transmitted from one shaft to the other at 1500 r.p.m. of a driver pulley having 600
mm diameter. Find the tensions in the belt if the ratio of tensions is 2.

ANSWERS

Objective Questions
() d 2)ec ()b @b (b B c (e

Practice Problems
(1) 12.5 kgmz, 26.18 sec (2) 56.54 sec (3) 392 N (4) 148.6 N, 743 N
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Design Procedure, Simple
Stresses

CONCEPT REVIEW

2.1 INDUCED STRESS

A machine element offers resistance to failure when an external force acts on it. This resistance per unit
area is termed as induced stress. The induced stress normal to the cross section is designated by letter o
and that tangential to cross section is designated as T.

2.2 STRENGTH

Any material can resist the effect of external force acting on it up to a limited value of induced stress.
This limiting value is termed as the strength of material. 5 is used to represent strength. Thus S, §,, 5,
S, 5, represent yield point strength, ultimate tensile strength, ultmate compressive strength, ultimate
shear strength and yield point shear strength respectively. The unit of strength is same as that of induced
stress, i.e. MPa which is 10° N/m? or N/mm?.

2.3 LOAD—CAPACITY

Different forces actirg on a machine element due to useful work to be done or due to the situation of
working constitute the load on the machine member. This load may deform the member, cause wear and
tear, or in extreme case may cause fracture of the member.

The material used for manufacture and the dimensions of cross section of machine element decide
capacity of the member to resist the above-mentioned effects of load.

2.4 DESIGN OF MACHINE MEMEBER

The procedure of machine design basically involves selection of material and dimensions of cross
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section of the machine member in such a manner that load does not cause failure of the member by
deformation, wear or fracture. This may be achieved by writing in equation form as

Capacity of the member to resist failure > the effect of load

or in the form of known quantities, as,

Strength per unit area of cross-section > induced stress

or according to the type of failure

&> oor 1, where § is the tensile, compressive or shear strength,

2.5 FACTOR OF SAFETY

The above equation may be conveniently written by using sign of equality as
§ = o (or 7) x Constant
S

Constant (2.13)
This constant decides how much more the strength should be as compared to the induced stress. It
assures the safety of machine member from failure and hence is termed as factor of safety and may be
designated as F.S. Right hand side of Eq. (2.1) is termed as permissible or safe or allowable stress, while
left hand side is induced stress.
F.S. may be arbitrarily selected as 3 to 5 based on yielding or 5 to 7 based on fracture failure. Exact
knowledge of situation helps the designer to select F - 5. more precisely.

2.6 DESIGN PROCEDURE

or cglor 1) =

Designing of machine elements involves following steps:

(a) Specifying the problem

(b} Selection of proper mechanism

(¢} Analysis of forces

(d) Selection of material

(e) Selection of factor of safety

(f) Calculation of cross-sectional dimensions using basic design eguation

(g) Modifying and finalising dimensions with proper tolerances and preparing drawings with proper

instruction for manufacturing.
Class-room problems usually involve only last four steps, while practical problems may involve some

more sieps.

2.7 SIMPLE STRESS: DIFFERENT SITUATIONS

(a) Direct tensile stress: The load causes uniformly distributed tensile induced stress on any cross
section of the member (Fig. 2.1). Hence design equation may be written for ductile material when

yielding is the criteria of failure as. :j | A
P
Induced stres B X 2.1b S e e
nduced stress 0= —=— ;
‘“ A4 F-8 = A l4
For brittle material or ductile material with fracture as criteria of = P
failure, o0,=PlA T - —>
P Sy
Induced stress g, = i = TS (2.2) Fig.2.1



B
(b)

(c)

(d)

(e)

(f) Bending: The machine element when loaded as

Machine Design

Direct compressive stress: For any section 4 A (Fig. 2.2}

=
design equation may be written as ,.'E i
p_s —
L
g.= —= £33 ]
“ A4 F-S (23) = P
: o, =PiA 3 —
Direct shear stress: (Fig. 2.3) =
In above case load P causes the induced stress tangential to 4
the specific cross section for which design equation is Fig. 2.2
Sy
Induced shear stress 1, = E = FJ{ S for ductile material = —— for brittle material
i 1 I i
! | [ :
| ! >—£5_’F 1= P/A l v ﬁ_"‘”
' ' e o
L= Pid
Pl A AL
- 2.3
Fig f
Double shear: 1f the possibility of failure due to shear is at the two

sections 44 and BB (Fig. 2.4), resistance i1s offered by these
sections to the apphed shear force. The design equation then be-

P Sys . .
T= —=— for ductile material
24 F-§ A B
(R
Sy . : LA |
. for brittle material (2.4) Y ¥
i Y P
o 4l | /7
Bearing: The two components such as shaft and
bearing (Fig. 2.5) rub against each other causing i 1 r= P24
wear. Wear can be kept minimum by limiting the A A

bearing pressure between the components. The
limiting value of bearing pressure P, is based on Fig. 2.4
compressive strength of softer matenal and the

rubbing velocity. This bearing pressure is assumed P
to act uniformly on projected area d x [ Hence
the design equation is G R —

Pl T
B P P 25) W R

- Projected area Tdl

1 ot — [ o

in Fig. 2.6 bends under given load. As a result, Fig. 2.5

the nature of induced stress is tensile at outer

fibre and compressive at the inner. All materials are weak under tension than under compression,
hence design equation by using basic strength of material formula
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E = EL __-E_ s} f = F
I _].-' R :‘ L}
A} p
Becomes o, = M- sedislsnail]
I F:S§ g
(2.6) 7
= u for brittle material | :
F.S r brittle materia
) E 5}. . . )
Again 0, = —y=—— for ductile material
K F-S
. (2.7}
SHI'
= — for brittle matenal
F B S .
Equation (2.6) 15 useful for determination of cross-sectional
dimensions. The ratio 4 is termed as section modulus where
¥

[ 1s moment of inertia of cross section about the axis of bend-
ing and y is distance of the fibre from the neutral axis. Equa- Fig. 2.6
tion (2.7} is useful for finding permissible radius of curvature. i

A transverse shear stress is also induced in the cross-section but it does not occur at the top and
bottom fibre and hence may be neglected. For pure bend-

ing there is no transverse shear stress. 4
(g) Twisting: A pure twisting moment acting on the machine i s e e

member (Fig. 2.7) of circular cross section induces tor-
sional shear stress. The shear stress is zero at centre and
increases with the increase in radius. Therefore, the de-

-
it
-
-~
. ; : A
sign equation for torque 7 is T Lyt 'X
gz ff«%‘ — 'Eé—

___i 3 . ' 1
T—z =F.s for ductile material : T F X
and £ g > (2.8)
L . M- T e Fig. 2.7
z, FS J

(h) Permissible elastic deformation: In some machine components elastic deformation is not allowed
to exceed a particular limit. Equations to be used in such case are as under:
For direct tension or compression
- (2.9)

AE
where & is deformation and / the original length of member.

For bending, various deflection equations from strength of material may be used. For twisting mo-
ment 7, 1f @ 1s the permissible angle of twist then

Ti

g= 7G (2.10)
where { = length of shaft, mm J = Polar moment of inertia of cross section, mm®
G = Modulus of rigidity, MPa Z, = Polar section modulus = 4 mm’
y
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LIV
/L

<+—h

Table 2.1 Moments of Inertia of Some Standard Cross Section
Section Figure I. ' ¥l Z,
(1) Circle £ T L 4 4
y 64 64 32 32
d
X X
¥y
i 1 n .3 1, .2 [T
2} Rectangle — bd —dh —bd —db
2t 2 12 o4 6
4 .
, d
X 1 X
: ¥
-}I‘I
Al
¥ T 3 X 3 X 3 i 2
3) Elipse —bh —abh —ba —ab
85 Hlis g 65 6 312 32"

(4) Hollow Circular

-}r
d,
X x
d,
¥

dd - d? d? —d?
i T | % T X% —Y
= (d* - = (d* -t ol i
64[" i) 154(" i) 31[ d J 32[ d, J

i@

(5) Boxorl Section
I .
=51 K

1] i
- [ !-4—5-»-}

Section
=8-1
f,f: - ;t} for [ section

dpps Ly lpgr_Llyp 1L
12 3 g 27 6

BD? — bd* 1 | DB? — db?
D 6 B

Polar moment of inertia F=l +1,
; [+

and, Polar Section modulus = ————
depth/2

www.EngineeringEBooksPdf.com
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2.8 MANUFACTURING TOLERANCES

Tolerance is defined as the permissible deviation from the ba-
sic dimension. It is impracticable to get a machine part of an
accurate basic size as it increases the cost without increasing
the utility of part. A large tolerance decreases the cost (Fig. 2.8).

Size of the part when specified by providing tolerance on

Cost ——

either side of basic size is termed as the unilateral method. Speci-

fying the size by providing tolerance on both sides of basic size

is bilateral method of tolerances. A bar diagram shows the maxi-  Fig. 2.8

mum and minimum sizes of hole and shaft. The diagram 2.9

indicates the shaft and hole tolerances for clearance fit. Similar N ol

diagram results for interference fit except that, the hole and

shaft tolerance positions are interchanged and in place of clear- == i A

ance there is interference. Figure 2.10 shows the results of bi- \Lg j _/

lateral and unilateral tolerances respectively. From this figure .

it can be concluded that in bilateral method of tolerances the

type of fit may change by changing tolerance range, Bilateral  Fig. 2.9

method is used for dimensioning holes.

H.T: Hole telerance LMC: Least Metal Condition > o

S.T: Shaft tolerance MMC: Maximum Metal Condition e o sl

B.S: Basic size ClL
As tolerance i1s deviation from the basic size, the two sizes ob-

tained are termed as lower (or fundamental) deviation and upper ~ - X :

deviation and are designated as SN ST ik

ei — lower deviation on shaft Ef —lower deviation on hole
es — upper deviation on shaft ES - upper deviation on hole % HT

Tolerance —

Vd
v
=

{a)

A
7

IT - Tolerance Kol {b)

S.T.

2 RN

Thus '
es=ei+ITand ES=EI+IT §SIT'

The method of tolerance where basic size is used for shaft is
known as basic shaft system. The method which uses basic size  pjg. 2.10
for hole is termed as basic hole system. Former method is used
when standard shafts are available and the latter when standard reamers are available.

The method of selective assembly is used when parts are to be produced on a very large scale. In this
method, a large tolerance range is used and the assembly is made by selecting holes and shafts with
small clearance or interference. This reduces the cost but gives a close fit. This method requires sorting
of shafts and holes in different groups. This requires additional labour and also more number of gauges
and increases the cost of production. It also results in non-interchangeable assembly which needs com-
plete replacement of assembly, e.g. ball bearings.

Preferred numbers: Preferred numbers are used for standardisation. They are obtained by using the
series having numbers in G.P with common ratio as 0. Captain Renard put forth this concept and
hence, the series are termed as R 5, R 10, R 20, where 5, 10, 20 etc. are values of #. Thus the series can
be written for numbers between 10 and 100 as

R5 10,16, 25,40, 63 with common ratio = {fﬁ = 1.6

RI10 10, 12.5, 16, 20, 25, 31.5, 40, 50, 63, 80 with common ratio = lm =1.25
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WORKED EXAMPLES

2.1

2.2

2.3

24

2.5

An m.s bar of 12 mm diameter is subjected to an axial load of 50 kN in tension. Find the magnitude
of induced stress.

p  S0x10°
Solution: 0,= 7 = =442.09 MPa
% x (12)?
If the length of bar in above example is 1 m and the modulus of elasticity of the material of the bar

is 2 x 10° MPa, find the elongation of bar.
pl 50x50° %1000 x 4

AE xx(12)? x2x10°

If Poisson’s ratio for the material of bar in above example is 0.3, find the change in diameter of the
bar.

Solution: ol = =2.21 mm

lateral strain
longitudinal strain

Solution: Poisson’s ratio L =

Longitudinal strain = % =221x1073

Lateral strain = 0.3 x 2.2] x 10~ = decrease in diameter

original diameter

. Decrease in diameter = 0.663 x 107 x 12 = 7.956 x 10~ mm
If ultimate tensile strength for the material of bar in the above examplﬂ is 650 MPa, find the factor

of safety.
S,

Solution: F.§= X = 650 _ 1.47 LE2LLS
o, 44209

A steel wire of 6 mm diameter 1s used for hoisting. 100 m length of

wire is hanging vertically with a load of 1.5 kN being lifted at the L2

lower end of wire. The density of wire material is 7.7 x 10*
N/m?® and E = 2 x 10° MPa. Determine the total elongation of wire.

Solution: Total elongation = elongation due to weight W (1.5 kN) + ! "C-‘;-;;l
elongation due to self weight W, acting from C.G. of wire at L/2 :
X r( 6 Y ” L2
ow W'_al[]{ﬂ}] X 1 xT7.7x10° % 100N
=217.71 N
. _wL WL [ W\
Total elongation = AE + YT
Fig. E-2.5

lﬁxlﬂﬂﬂxlxlﬂj 217. 71 %1 x10°

E{ﬁ)lexlﬂs 2:»-: {E}lexlﬂj
= 28.44 mm

www.EngineeringEBooksPdf.com
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2.6 A steel flat 10 mm wide and 12 mm thick bar is bent into a circular arc of radius 12 m. Find the

2:7

2.8

maximum intensity of stress induced in the cross section.
E =2x10° MPa

2x10° 2x10° x 6
Solution: a, = 2 y=—-——-—~:~:£ s}
R 12x1000 2 12 > 1000

The thickness of flanges and web of a 200 mm X 75 mm
standard channel is 12 mm and 6 mm respectively. Find 4 4
moment of inertia of section about XX and YY axes. 1

12
Solution:  I_= Tli x 75 x 200° - é x 69 x 176° ]
= 18652288 mm"* o e
To find 7, let us find x ¥ - = X
+ + |
E= ﬂ'fIl ﬂ“,.-'fz ﬂf.l'g il e
2a; +a,
s, @, — areas of flange and web respectively ¥ !
Xy, X4, X3 — distances of C.G. of areas from reference line B Ilr'
AB 5 75 -
(S xI2x375)x2+176 x6x3
= E-2.T
% 75x12x2+176 %6 Fig.
= 2474 mm

using parallel axis theorem
I, = [éxllx?ijj X 2+ [75x 12 (37.5 — 24.74)*] x 2

+ é x 176 % 63 + 176 x 6 X (24.74 ~ 3)* = 1638166.4 m*

Two identical steel bars are pin connected and a load of 500 kN is attached to point B. Find the
required area of cross section of bars so that the normal stress in bars is limited to 200 MPa. Also
find the vertical displacement of point B. E = 200 GPa, BC = 4B =3 m.

Solution: From the equilibrium of forces

2(11/2) F,—500=0
F, =354 kN
Required area 4 = il
permissible stress
354 %1000
T 200

= 1770 mm?*

By approximation
DB’
cos 45°
of either link.

BB = where DB is the extension
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Pl 354 %3000 x10°
DB = = =3 mm
AE 1770 %2 x10°

BE = —_ =425mm

142

2.9 A machine element is subjected to an axial load of 200 kN. Design the member.

Solution: First three steps of design procedure are eliminated and we start from the 4th step, Le.
selection of material. The materials available are m.s., C.1, A, |, copper and its alloys. The last two
may not be used due to high cost and with no specific reason for using them. As the load is tensile
and C.I is weak under tension, m.s is the appropriate choice.

Referring to the Table 2 hot rolled 14C6 or 20C8 steel may be used for which §, = 300 MPa,
S =400 ~ 500 MPa.

In absence of any specific condition the factor of safety of 3 to 5 based on SJ, may be used. Let
F.8=3,85, =300 MPaand P =200 kN

Cp_ S, 200100 300

“TAFS T Tnp 3
4

d = 50.46 mm

For standardisation let 4 = 50 mm even though it may reduce F- S slightly. If we round it off to
the next standard diameter of 55 mm cost may increase which is undesirable.

2.10 If length of the element in above example is 1000 mm, what maximum axial load should act on the

2.11

rod such that deformation in axial direction is not more than 0.5 mm ?

E =2 x 10° MPa
Solution:
s1= 2L . p=05x 7(50)° x2x10° — 196.35 kN
AR T 1000x1000

Thus, if maximum permissible elongation 1s the criteria of design, the rod cannot take a load of
200 kN even though induced stress is within the permissible limit.
A compression member of FG 200 C.1 has to support a load of
750 kN. Using a ratio of 2 for the outer to inner diameter and d
F - S as 6, based on the ultimate strength, find the diameters of
the rod using S, = 630 MPa for FG 200 C.1.
Solution:
From Fig. E-2.11, the area of cross section of machine member is

A= f [(2d)? - d?] = 0.75 1 "
Fig. B-2.11

where d 15 the inner diameter.
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P Se 750 x 10° x 6
g omea 0.75 md® o
d = 55.05 mm rounded to 55 mm
outer diameter = 24 = 110 mm
2.12 Ifthe compression member in Example 2.11 has square cross section with the side of outer square,
double the side of inner square, find the cross-sectional dimension,

Solution:
e A= 45— = 387 ////a
: o=%*= Sue / o
" ATFs ./7///
A== F-9) 2>
2 750 x10° x 6 Fig. E-2:12
R

b = 48.79 mm rounded to 50 mm
outer side =2 b = 100 mm.
2.13 If the material for compression member in Examples 2.11 and 2.12 is 30 C8 steel what will be the
changes in design ?
Solution:
As the compressive strengths of 200 FG C.1. and 30 C8 steel are approximately same, the dimen-
sions of cross section will also remain the same. Use of 200 FG C.1 may reduce the cost. As C.I or
steel pipes are readily available, use of circular cross section is preferable.
2.14 A hollow compression member is subjected to an axial load of 50 kN. The material used is 200 FG
C.I with 5, = 600 MPa. Find the cross-sectional dimensions if
(a) the section is hollow circular with outer diameter 1.5 times the inner diameter
(b) the section is square box with side of outer square 1.5 times the side of inner square
(c) the section is square the outer side of which is 1.5 times diameter D of circular bore. Based on
ultimate strength F - 5 = 6.

D> — b

1.5 D} —» ] 5 h—> - 1.5 ) ——=

(a) (b) (c)

Fig. E-2.14
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2.15

2.16

Solution:

For compressive load
P

A = — where A4 is the area of cross section
Uf
50,000 ;
A S con
=().9817 I’ for section at a P=50,000N
A=09817 D = 500 mm*
o D = 22568 mm
For case (b) A=TO5
: 1.25 5 =500, .. 5=20mm
For case (c) A= (2.25—%] g

= 1.46 D? = 500 mm’,
A link shown in Fig. E-2.15 is subjected to a ten-

s D= 18.5 mm modified to 20 mm.

sile load of 40 kN with h=2 ¢ L =475 mm. /" ZIRD
Maximum permissible elongation is 0.125 mm. k i "o T ®
The matenial used is 30 C8 steel with S, = 330
MPa, S, = 500 MPa. Find 4" and t" I P
Solution: - L
Failure of the link may take place under two con- -
ditions
E-2.15
Condition 1: Induced stress < permissible stress Fig.
letF-S=4
A
ﬂ-l — -.E — -_-.-.ll.-.-
4 F:§
e e 40x10° x 4 —
=hxt= 330 = 484,848 mm
Putting h =21 t= 1556 rounded to 16 mm
h =32 mm Pl
Condition 2: Permissible elongation £ 0.125 mm. Now &/ = AE
40 10° x 475
0.125 =
hxex2x10°
f = 19.49 rounded to 20 mm h =40 mm.

Thus, with ¢ = 20 mm and /4 = 40 mm both induced stress and deformation will be within limit,
If a slot of 15 mm width has to be cut in the link of Example 2.15 what modification in # and ¢ is

required?
Solution.

There is no need of separate calculation if thickness is to be kept the same. The designer should
see that the area of cross section remains same for the link with slot. This is achieved by increasing
the dimension A by 15 mm which is the width of the slot. Thus the modified dimensions will be

=20 mm and i = 55 mm.
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S
Zei

. [ =

Fig. E-2.16

2.17 A shaft is supported with two bearings and is subjected to a radial load of 70 kN. Permissible

2.18

2.19

bearing pressure is 1.5 MPa. Diameter of shaft is 100 mm. Find the length of bearings.
Solution:

ioad on each bearing

projected area of each bearing
Load on each bearing = 35 kN

Permissible bearing pressure =

Projected area of each bearing = diameter of shaft x length of bearing
Substituting 7
35,000 _ -
1.5= ool s 4= 23333 mm modified to 235 mm.
Solve Example 2.14 for the section shown in Fig. E-2.18. ,
Solution: 0.5
Area of section = ({:——G.ZS)DZ ]
=0.5354 D’ = 500 mm* Fig. E-2.18
D = 30.56 mm, modified to 30 mm.
Two links of 30 C8 steel are connected by a pin of the same —Ff]. .z
material. The links are subjected to an axial tensile load of 5 =l 1
kN and have a rectangular cross section with width to thick- | ]
ness ratio of 2 : 1. Design the links and the pin. (a)
Solution: P : ’
First, let us decide the dimensions of pin. The pin is sub- —=—— T ¥
| |

jected to single shear and bearing as shown in Fig. E-2.19 l
(a) and (b) respectively. Let P, = 30 MPa.
Again as S}, = 330 MPa for 30 C8 steel, Sys =055, S}, = 166

MPa. LetF - S =3 A
(a) Bearing failure of pin, ‘_‘ ﬁ{;[%

; 7
= 165.67 mm® (b)

= I =
["'u

5x10

30

length [ of the pin depends on the thickness of links. Let Fig. E-2.19
us calculate it.

SP=Pyxdxl sdxl=

(b) C, = =TS

|
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Area of cross section of link
5000 x 3

330

: t=6.74 = 10 mm and b= 20 mm
Lcnglh ofpin/=20mm, ..d=8.285=10mm. Letuscheck diameter of the pin for shear

50004

=hxt=2¢

=L — 63.66 MPa
A gx10?
165
FS= e ~ 27

F-S is less than 3 and by increasing the diameter of the pin, hole for the pin in the link will
have to be increased. Hence there is no harm in keeping the pin weaker.

Portion of the link to receive the pin will be modified in shape as shown in Fig. E-2.19(c).
Let us check margin /, of the link at the end.

This margin is decided by considering failure at the end of the link by shearing as shown in
Fig. E-2.19(d).

“ =
T I
; P 10
i ! '
(c) (d)
Fig. E-2.19
hY
P ¥s
= X etF.-S=4
"T24 FsS
5000 x4
2xx10= 165

2 I, = 24.24 rounded to 25 mm

2.20 A hypothetical machine element is subjected to bending moment as shown in Fig. E-2.20(a). P =
6 kN, / = 350 mm. Material is 30 C8 steel with 5, = 350 MPa, F - 5 = 3. Find the dimensions of the
most economical cross section. P
Solution.
The conventional cross sections used are (a) solid circu-
lar, (b} rectangular and (c) I section as shown in Fig. E-
2.20 (b)
Maximum bending moment acting on fixed end =P x

=6 x 1000 x 350 = 21 x 10° N.mm

-
¥

A
-

WANRAN

Fig. E-2.20(a)
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| e |
5 — gt 2
= V ::n-
‘ | '/é l r*i"‘l???ﬂ'??ﬁ l
; t
e el e D |'*—5I—F"
Fig. E-2.20(b)
M S
g = *=s——  [etF:5~=3
* Z FS
_ 21x10° %3 0
R et
. . = oo _JE 4
(a) for circular section [, =1 = o4 d* mm
EH=%a'3=IEﬂﬂ{}nnn3, - d=56.8 mm = 60 mm

(b) for rectangular section [, = LE th’

th* = —tx (2 ¢* = 18,000 mm’

(c) forl section

I = —4:(?:)3 —23 % (57)°

12
=83.08 1}
Ze = 35 =23 737 = 18,000 mm’

t= 9.1l mmx 10 mm
Thus, most economical section 1s the one with minimum cross-sectional area.

(a) for circular section cross-sectional area = % x 60° = 2827.43 mm’

(d) for rectangular section cross-sectional area = 90 x 30 = 2700 mm®

(c) for I section cross-sectional area = (170 x 40 — 50 x 30) = 1300 mm*
Hence, I section is preferable.

19

A C.I pulley of 600 mm diameter transmits 30 kW at 300 r.p.m. The pulley is secured to the shaft
by means of key. The material for shaft and key is 30C8 steel. Find the diameter 4 of shaft and

dimensions of key, assuming width of key = d/4. For 30C8 Steel S, = 330 MPa.
Solution:
v = peripheral speed of pulley in m/s
D = diameter of pulley in m
F, = Tangential force on pulley
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xDN _ 7 X 600 %300
60 60x1000
Power =F, xv

30 x 1000

U= =0.424 m/s

F,= YR =3183.36 N
Torque = F, x radius of pulley
_ 318336 x300 R n—
= 1000 = m= X .mm
Sys 165
Safe T= e =33 MPa,as §,,=05 S,
Again
T=t-Z,
955x10° x5 T
= = 3 3= S
Zy o 28.94 x 10° mm’ = = d&

d = 352.8 mm = 55 mm
F-S of 5 is selected because the strength of shaft is reduced due to keyway.
The key fails due to shearing and crushing (Fig. E-2.21).

{c)

Shearing area hatched Crushing area hatched
Fig. E-2.21
The key is subjected to a tangential force
o 55X N
Yodi2 552 '

w=~§=l4mm

From Fig. E-2.21 (b), shearing area 1s w x [/
= 34727.3 _ 165 LetF-S=4
wx [ F-S

[=60.133 mm = 60 mm
F-S for key is chosen less than the F.S for shaft as replacement of key is easier and economical,

Crushing of key is used to find thickness ‘¢’. Crushing area is é b
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S,. = 630 MPa, F-S =4 based on S,,.
_ 347273 _ Suc _ 630

. = ; t=7349 =B mm
-%xﬁﬂ F-S 4
. The key should be rectangular with dimensions as, =8 mm
w = 14 mm
{ =60 mm.

2.22 The pulley in Example 2.21 has 4 straight arms of elliptic

2.23

section with the major axis of ellipse being double the minor
axis. Determine the cross section of arms using S, = 140
MPa for C.I.

Solution:

The torgue on pulley causes b.m on arms as shown in Fig. E-
2.22. Take the maximum length of arms equal to difference
between radius of pulley and radius of shaft, i.e. = 300-27.5
= 272.5 mm,

_ 3183.36 %2725
-, Maximum b.m on each arm =

4
= 216866.4 N.mm
Taking F-S =7
o - 2168664 _ 140
' Z 7

i 3. g 2
Z = 10843.32 mm Imz b(zb) q e Fig. E-2.22

: b= 3(.'!22:1'1111 32mm,ﬂ-ﬁ4mm.
A hollow steel shaft 3 m long transmits 25 kN.m torque. The total angle of twist not exceeding 2°
and permissible shear stress is equal to 60 MPa, find the inner and outer diameter of shaft. G=0.8
% 10° MPa.

Solution: o T 2xm _ 25x10° %3000
S JGT T 180

%{d: ~d)x0.8x10°

dj —d; =2.7356 x 10* mm*
167d,
n(d) —d})
_ 16x25x10°% 4,

T x2.7356 x10%

d,=128.9]1 mm = 130 mm
d, = 5891 mm = 58 mm
Inner diameter is modified on the lower side as it increases the section modulus.

Again induced 7= = 60 MPa

2.24 Calculate the value of maximum clearance, hole tolerance and shaft tolerance according to the

basic hole system for following combinations. Basic size is 50 mm. (1) H; pg, (2) Hggs
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Tolerance grade Tolerance in microns
7 75x Id
6 a7x Vd
5 32%x dd
Fundamental deviation in microns
forhole ... 0

for shaft g ... 8 d’

for shaft p ... 2.1 d*
Solution:

1. For H.p, combination, /T for shaft =4.7 %"fﬁ-ﬁ = 17.315 microns

IT for hole = 7.3 ﬁ = 26.89 microns
Fundamental deviation for hole H = (0 microns

Fundamenta] deviation for shaft p=2.1 3 50> = 28.5 microns
Hole size = 50.00 mm to 50.02689 mm
Shaft size = 50.0285 mm to 50.04581 mm
These sizes are obtained as
Min. size of hole = Basic size + Fundamental deviation
= 50+ 0.00 = 50.00 mm
Max. size of hole = Minimum size + Tolerance
= 50.00 + 0.02689 = 50.02689 mm
Min. size of shaft = 50 + 0.0285 =+ 50.025 mm
Makx. size of shaft = 50.0285 + 0.01731 = 50.04581 mm
2. For Hgg; combination

IT for shaft = 3.2 x 3/ 50 = 11.79 microns

IT for hole = 4.7 x ¥ 50 =17.31 microns
Fundamental deviation for hole H = 0.00 microns

Fundamental deviation for shaft p = -8 ¥ 2500 = _108.57 microns
Hole size = 50.00 mm to 50.01731 mm
Shaft size = 4990322 mm to 49.89143 mm
2.25 Using the table for tolerances find the type of fit, maximum and minimum clearance or interfer-
ence for 150 (37 - e8 combination.
Solution:
For  G7 hole of basic size = 150 mm
Ef = 14 microns, IT = 40 microns
For e8 shaft e1 = —85 micron, /7 = 63 microns
Hole size = 150.014 to 150.054 mm
Shaft size = (150 - 0.085 - 0.063) = 149.852 mm to 149.915 mm
Max. clearance = Max. hole size — Min. shaft size = 150.054 — 149.852 = 0.202 mm
Min. clearance = Min. hole size — Max. shaft size = 150.014 - 149.915=0.099 mm.
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2.26 What are the values of maximum interference, hole tolerance and shaft tolerance in following cases?
(a) Hole size Max. 50.025 mm. Min. 50.000 mm
Shaft size Max. 50.042 mm. Min. 50.026 mm
(b) Hole size Max. 200.046 mm. Min. 200.000 mm
Shaft size Max. 200.079 mm. Min. 200.050 mm
Solution:
(a) Maximum interference = Max. shaft size — Min. hole size = 50.042 — 50.00 = 0.042 mm
Hole tolerance = 50.025 — 50.00 = 0.025 mm
Shaft tolerance = 50.042 — 50.026 = 0.016 mm
(b) Max. interference = 200.079 — 200.00 = 0.079 mm
Hole tolerance = 0.046 mm
Shaft tolerance = 0.029 mm
2.27 Draw the bar diagram and state the type of fit for 80 H.J; and 90 H P combination of shaft and
hole.
Solution:
From the Table 7 for grade 6 and 5. tolerances are 22 and 15 microns respectively. While lower
deviation for Hg hole, J shaft and Py shaft is +9, -9 and +37 microns respectively.
.. For HgJ; combination
Hole size = 80.031 mm to 80.009 mm
Shaft size = 8§0.006 mm to 79.991 mm
For H,P; combination
Hole size = 80.031 mm to 80.009 mm
Shaft size = 80.052 mm to 80.37 mm

H.J. bar diagram
Hole tolerance
Shaft tol. Clearance {min.)
& o
/m — 80.031 -——

79.99] - -‘
Y Y U

: |

LMC MMC
Fig. E-2.27a
Shaft tol.
/ Min. interf.
P
7

: %_‘,..- Hale tol.

Fig. E-2.27b
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2.28

2.29

2.30

231

2.32

Determine the limiting dimensions of a gudgeon pin and piston of 20 Hgg, combination.
Solution:
For a (gs) type shaft fundamental deviation is (—~16) microns and tolerance is 9 microns and for an
H; hole of 20 mun diameter, fundamental deviation and tolerance are 0.00 and +13 microns respec-
tively.

Min. shaft size = 20 — (0.016) = 19.984 mm

Max. shaft size = 19.984 + (0.009) = 19.993 mm

Min. hole size = 20.00 mm

Max. hole size = 20.00 + 0.013 = 20.013 mm

Min. clearance = Min. hole — Max. shaft = 0.007 mm

Max. clearance = Max. hole — Min. shaft = 0.029 mm.
Design a shaft and hole combination for selective assembly with a maximum and minimum inter-
ference of 0.030 mm and 0.018 mm respectively. A batch of holes of varying sizes from 60 mm to
60.024 mm and shafts of varying sizes from 60.024 to 60.048 mm are produced.
Solution:
Four groups of holes of min. and max. sizes
Min. size 60.00 mm 60006 mm 60012 mm  60.018 mm
Max. size 60,006 mm  60012mm  60.042mm  60.024 mm
Four corresponding groups of shafts of sizes
Min. size 60.024 mm  60.030 mm  60.036 mm  60.042 mm
Max. size 60.030 mm 60036 mm  60.042mm  60.048 mm
If the maximum and minimum interference in above example have been changed to 0.032 mm and
0.016 mm respectively suggest the groups.
Three groups of holes of following sizes are suggested:

60.00 mm 60.008 mm 60.016 mm

60.008 mm 60.016 mm 60.048 mm
Corresponding 3 groups for sizes of shafts are:

60.024 mm 60.032 mm 60.040 mm

60.032 mm 60.040 mm 60.048 mm

Suggest the types of fits for the shaft and hole in Example 2.26.
Solution:

From the Table 7, 50 H, P and 200 H-P, are the type of fits.
Considering, maximum interference be-
tween a hole and shaft of 100 mm nominal
diameter as 47 microns and minimum in-
terference 3 microns, find the dimensions
of parts with basic shaft system and basic
hole system.

Assuming equal tolerance on hole and shaft;
from the bar diagram tolerance on shaft and

hole is = % (47 — 3) = 22 Microns
With basic hole system, the dimensions
are
hole size = 100.00 and 100.022 mm
shaft size 100.025 and 100.47 mm

<
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and with basic shaft system the dimensions are
shaft size = 100.00 and 100.022 mm.
hole size = 99.097 and 99.075 mm.
2.33 Wnte R 10/3 series, R 20/3 series for numbers between 10 and 100.
Solution:

For R 10 series, ratio is iﬁ'ﬁ =1.26
. Numbers in R 10 series are 10, 12.5, 16, 20, 25, 31.5, 40, 50, 63, 80, 100.
~ R 10/3 senes is obtained by taking every third number, i.e.
10, 20, 40, 80 or 12.5, 25, 50, 100 or 16,31.5,63

Similarly R 20 series is obtained by taking step ratio 210 and then to obtain R 20/3 we take every

third number.
. R 20 series 10, 11.2, 12.5, 14, 16, 18, ..., 80, 90, 100
- R 20/3 series 10, 14, 20, 28, 40, 56, 80, or

11.2, 16,224, 31.5,45,63,90 or
14, 20, 28, 40, 56, 80.

OBJECTIVE QUESTIONS

2.1 Opening and closing of wheel valve requires application of

(a) coplanar forces (b) spatial forces (c) moment (d) couple
2.2 Polar section modulus of a hollow shaft with inner diameter as half the outer diameter D is ap-
proximately _
(a) 0.472 D° (b) 0.587 D° (c) 0.184 ¥ (d) 0.5 0°
2.3 A cantilever is likely to fail due to excessive stress in
(a) single shear (b) torsional shear  (c) tension (d) compression
2.4 Increase in factor of safety causes decrease in
(a) cost (b) size
(c) induced stress (d) strength of machine member.
2.5 Bending moment at 4 on the cantilever shown in 5 kN
Fig. 0-2.5
(a) 120 kN.m (b) 60 kN.m ‘)
(c) zero (d) 40 kN.m 4 ZI 20 K
2.6 A bar of length L metres hanging vertically pe—ram

weighing W N/m carries a load of P Newton at Fig. 0-2.5
the free end. The tensile force at a distance d " 2
metres from support of the bar in Newton is

(a) P (b) {P+W(L-d)} (c) {PTW(L+d} (d) (P+ Wd)
2.7 The area under stress-strain curve represents

(a) material hardness (b) breaking strength

(c) energy required to cause the failure (d) none of the above

2.8 Whach of the following is dimensionless?
(a) Young’s modulus (b) stress (c) strain (d) deformation
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2.21 Bilateral method of tolerancing is used

(a) in producing parts on large scale (b) for dimensioning of holes
(c) for dimensioning of shafts (d) in selective assembly
2.22 Interference fit is produced
(a) under minimum metal condition (b) inthe assembly of parts with minimum tolerances
(¢) under maximum metal condition (d) in basic shaft system
2.23 The cost of production can be reduced by
(a) using a large factor of safety (b) using large tolerances

(c) using low quality matenal for production (d) using unskilled labour

REVIEW QUESTIONS

2.1 What are the different possibilities of failure of any machine element?

2.2 What is the role of force analysis in design procedure?

2.3 Define “Machine Design™.

2.4 Differentiate between induced stress and safe or design stress.

2.5 What is factor of safety? Why is it necessary? Why a very small or a very large factor of safety
should not be used?

2.6 What is moment of inertia of section? How does it differ from mass moment of inertia?

2.7 What is section modulus and polar section modulus? Find the section modulus for rectangular area
in terms of width and thickness.

2.8 Compare the section modulus of rectangular section about the two axes. Explain how is it beneficial
to use rectangular section in a direction in which depth is larger when subjected to bending moment.

2.9 Find the polar section modulus of hollow shaft.

2.10 Define simple stress and give few examples of machine components subjected to simple stress.

2.11 Differentiate between single and double shear.

2.12 In what respect does bending stress differ from direct tensile or compressive stress?

2.13 Differentiate between direct shear stress and torsional shear stress.

2.14 Compare rectangular box section, hollow circular section, elliptic section subjected to bending
moment in terms of economy.

2.15 Why is transverse shear stress neglected while designing a part subjected to bending moment due
to transverse load?

2.16 Design of a part subjected to bending moment is done on the basis of safe tensile stress, Why?

2.17 Equation (2.8) is applicable to only circular cross sections. Why?

2.18 Why is the value of permissible bearing pressure for most components smaller than the permissi-
ble crushing stress even though bearing stress is developed due to crushing of the two components
against each other?

2.19 What should be the method of design if a component has more than one possibilities of failure?

2.20 Discuss the factors affecting selection of material for machine element.

2.21 Define failure. What are the possible modes of failure?

2.22 Why is designing essential before manufacture?

2.23 Why are the tolerances used in manufacture?

2.24 Which type of components should be given bilateral tolerances? Why?
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160 kN 130 kN
20 kN/m 15 kKN/m
L Im l-L im - 2m J -"7";5 ’;;E
2m lm*>|
0.5 kN/m 0.5
4 B T
3 kN

j|""—21114*£|<7Im—>| /?97_ l].sm l ;%_
i_ 4 l’ ‘E\ﬂ—]m Em—:-J

1 m +I—4 I m |-|
Fig. P-2.5
A d
| ] \— S - - - F—
= 2’y
Fig.P-2.8 and P-2.9

2.9 A machine component shown in Fig. P-2.9 is made of 30C8 steel.
D=154d,F -8 =4based on §,. Ne-
glecting the effect of stress concentra- I
tion, find D and d if P = 40 kN. 44 .

2.10 A circular bar shown in Fig. P-2.101s @ l
subjected to a tensile axial load of 20
kN. End of the rod has a slot of 7.5 mm
thickness. The material of the rod IS  Fig. P-2.10
35C8 steel with 5, = 350 MPa, §,,.= 500
MPa and a factor of safety of 4 based on 5, . Find
d and 4.

2.11 A circular rod is used as handle for rotating the
screw of a screw jack. The frictional torque be-
tween the screw and nut is 11 kN mm. Find the
diameter of rod of 30CS steel. F - S is 3.5 based
on S,

2.12 The {ever keyed to the shaft in Fig. P-2.12 has a
rectangular section with A= 3 ¢. A load of 10kN
is gradually applied at the end of the lever. Find
the section of lever at 44. Also find the dimen-
sions of key. Material for lever and key 1s 20C4
steel with SJ, =300 MPa, 5 =500 MPa,F-Sis
3 based on S, and 5 based on §5,,.
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Combined Stresses:
Theories of Failure

CONCEPT REVIEW

3.1 DEFINITION

A part subjected to two types of loading simultaneously gets a combination of stresses induced at a point
in the cross section. The design equations are based on the failure of the component at that point where
these combined stresses exceed the limit.

3.2 COMBINED BENDING MOMENT AND AXIAL LOAD

A hypothetical member subjected to two loads simultaneously may be treated as a member subjected to
P, and P, separately. The stresses under P, and P, are calculated separately and superimposed on each

(Fig. 3.1 and Fig. 3.2). P,
{T = ﬂ:—ﬁ.ﬂ- ¢
"z Z 4
ﬂ.l'- — .-E- ; i ) ) ’.-Fl
. A g
. : " Al B Fig.3.1
- Total induced stress at the top fibre = o, +0, = E + ?
. Rl B
and total induced stress at the bottom fibre = -0, +0, = ——E- + L.:IT

3.3 DESIGN EQUATION

Design equation for the component may be written as
Al 5 Sy

Z A N
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A 5 E Lo P a— — _
R >
; 7]

0 )

Fig. 3.5

Maximum strain theory allows higher values of g, under biaxial stress condition if both ¢, and o, are
positive.

Total strain energy theory does not hold good for the condition o, = o, = ;.

The energy of distortion theory has same limitation as that of maximum shear stress theory.

In practice, the maximum principal stress and maximum strain theories are not applicable if failure
occurs by yielding, and cannot be used for ductile materials. Maximum principal stress theory 1s used for
brittle materials while maximum strain theory 1s used for pressure vessels. Maximum shear stress and
maximum energy of distortion theories are applicable to ductile matenals.

WORKED EXAMPLES

SEE— rw—— e e

3.1 A frame of C clamp as shown in Fig. E-3.1 is subjected to a load of —
5 kN. The matenal is 200 FG C.1. Eccentricity e = 50 mm. If the -
section is rectangular with & = 3b, find the dimensions b and A.

. F-5=j, bLm
.1_

Solution: o . _,,l P
5000 x50x 6
Total stress at inner fibre, C, = 5000 + ool o T i
bx h bh?
. Design equation is
5n{}ﬁ+5ﬂﬂﬂx5ﬂxﬁ_zm — h
3b° 95 5 Fig. E-3.1
Thus, by trial and error b = 17 mm
h =51 mm. E | &
3.2 Solve the above example assuming the cross section of [ section as
shown in Flg E-3.2. ] f— Tt
Solution: l:
Area of section = 15 l 1Y
M.1. of section = é x 5(71)° - é x 4t (5¢)° f L*—ﬁ.r—»}
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40 Machine Design

3.9 A load P=44 kN is applied to a crankshaft at a distance of
200 mm from the beanng (Fig. E-3.9). Matenal for the shaft
1s 30C4 steel with §, = 276 MPa. Using factor of safety of 2
and maximum shear stress theory find the diameter of the

shaft.
Solution:
Bending moment = 44000 x 200 N.mm
44000 x 200 x 32
e L
o ¢ Fig. E-3.9
T 44000x150x16 33.61 x10°
T= = = MPa
Z, nd’ d’
Using maximum shear stress criteria
\)

10°
3

J(89.63)° +4(33.61)% = -2?
d = 87.06 mm rounded to 90 mm.
3.10 A cylindrical shaft of outer diameter double the inner diameter is subjected to a bending moment
of 15000 N.m and torque of 25000 N.m. Find the dimensions of shaft with F - § of 2.

?y = J(0? +47%), ~

Solution:
M 3215000 X107 32 x15000 X2 X0 °
g= —= = = 20371.83/d
Z  m(dy-d})d, xx15d;
25 16 x10° 25000 x 16 x 10°
s T SPORRIGXIT x16x10° _,, 8488.2636 3

Zp  m(dy-d})d, 15nd? 43
Let the material be 30C8 with S, = 350 MPa

3
350 _ 1% [(20371.83) +4(2 x8488.2636)°

2 d,
d, =609, . d4=60mm
dy = 120 mm

3.11 A hub is press fitted on a shaft. An element in the hub is subjected to a radial compressive stress
(pressure) of 50 MPa and hoop stress of 75 MPa. Find the factor of safety if (a) hub is made of
30C8 steel with 5, = 350 MPa. Using maximum shear stress theory (b) if the hub is made of C.I
with §,, = 200 MPa, §,. = 700 MPa.

Solution:
(a) Using maximum shear stress theory

0,-0; 75-(-50)

fmax = T =T

Sy 35002

i 62.5
(b} For brittle materials, using coulomb—Mohr’s theory

=62.5 MPa

F-S= =282as5,=058,
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44  Machine Design

3.7

3.8

Find the factor of safety for the following condition of stresses. The material used is 30 C4 steel
with §, = 310 MPa. Use three theories of failure of Problem 3.6.

(a) o, =70MPa, ¢, =30 MPa.

(b) o, =70 MPa, 7, = 30 MPa clockwise.

(c) o,=-10MPa, g, =-60 MPa, 7, =30 MPa anti-clockwise.

(d) o,=50MPa, g, =20MPa, 7, = = 4() MPa.

A 400 x 400 mm plate of 45C8 steel has normal stress acting on all edges. o, = 40 MPa, o, is
compressive in nature. Using maximum shear stress theory factor of safety is 3. Find the change in
length in x direction. §, = 400 MPa, £'= 2.1 X 10° MPa and g = 0.25.

3.9 The frame of a portable hydraulic rivetter is shown p
in Fig. P-3.9, Load P is 45 kN. The material used { |:|"‘ ¥
for the frame 15 40 C8 steel with yield strength of 1 20|mm
400 MPa. Find the dimensions of I section for g Y
the frame using factor of safety of 2.5, ) LA
3.10 The frame of a press is shown in Fig. P-3.10. = o —-h:,//-i— 2
60 kN, ¢ = 200 mm and « = 150 mm. The mate- , — el
rial used is S0C4 steel with yield point strength % LA ; J
of 450 MPa. Usims_factor of safety of 3, find the e—Sr—+
dimension ¢. ' Fig. P-3.9
I'—r — l
¥i sl ey T L\\Q\F"
N
— d |- E—!—l At W 10¢ \Q
| | | | _"'\\\"_;
Fig. P-3.10 Fig. P-3.11

3.11

3.12

3.13

3.14

3.15

Solve Problem 3.9 using a T section as shown in Fig. P-3.11. How is it economical? Why is it not
practicable?

A 50 mm diameter non-rotating shaft of steel with §, = 400 MPa is subjected to a steady torque of
1500 Nm. Find the permissible steady bending moment that can be superposed on it if the factor of
safety by Mises Hencky theory is 13.

A 30 mm diameter steel shaft is subjected to maximum bending moment of 100 Nm; an axial
tensile force of 5000 N and a torque of 200 Nm. §, = 240 MPa. Determine factor of safety by all
theories of failure.

Determine the diameter of a ductile steel bar subjected to an axial tensile load of 40000 N and a
torsional moment of 16 x 10° Nmm. Use factor of safety of 5, E= 2.1 x 10° MPa, S, =210 MPa.
Use (i) Maximum shear stress theory, (ii) Max. E.D. theory.

A machine part is designed by using maximum E.D. theory and a factor of safety of 3. The mate-
rial has S, = 400 MPa, o, = 150 MPa, 7,, = 0, Find g,.
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48 Machine Design

For a definite period of life Eq. (4.1) is used.

A machine part subjected to a load other than the
completely reversible type is designed by splitting the
stress in two components as shown in Fig. 4.3. The
mean or static stress 18 designated by g, and the
variable stress is @,. The maximum and minimum values
of stresses are given by g, and o, respectively.
T + Timin o _ﬂn'uax ~ O min

2 T2
When o, = 0, the load induces a static stress only and
failure occurs at SJ_. or §,. At g, = 0, the load is com-
pletely reversible and failure occurs at S, These two

conditions are shown in the diagram suggested by
Soderberg (Fig. 4.4) by points 4 and B respectively,
Thus .

.=

- &y | |
- v -

i
™
f Y
Y
D min
Fig. 4.3
=5

F A

Fig. 4.4

Fig. 4.5

According to Soderberg any combination of g, and ¢, may be represented by a point on the straight line
joining points 4 and B. The actual combination of ¢, and ¢, causing failure of the machine element 1s
represented by a point on the parabola (shown dotted) joining points 4 and C where OC = §. The

parabola 1s suggested by Gerber.

Goodman’s line lies between these two lines such that the first part of Goodman’s line is obtained by
joming the points 4 and C till the line BD making an angle of 45° with abscissa intersects at D (Fig. 4.5).

Using Soderberg’s diagram PR = g, (F-S)

PO =0,(F-§5)
S}' —Op (F-8) a, (F-5)
or SF = SE
gﬂl + U‘-‘ s ]
o 5. & ¥5

BQ PQ

OB A0

4.3)
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64 Machine Design

, :r=ﬁ
Pe——1:, 60 110 Aé}(m"" 6 |—p ]
[ Y ‘ . Y i
Y f

Fi-g- P'4tg

4.10 A bar of 50CS steel is subjected to a tensile load P varying from 0 to maximum. The properties of

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

material are 5, = 1.2 GPa, §, = 600 MPa, K, = 1.8, ¢ = 0.95, size factor = 0.85 and reliability factor
= ().868. Find the maximum P value for 2.5 x 10° number of cycles. Diameter of bar is 20 mm.

The work cyele of mechanical component subjected to completely reversible loading consists of
the following:

{a) 350 MPa for 85% of time (b) +400 MPa for 12% of time

(c) =500 MPa for 3% of time

The material for the component is 50 C4 steel with §, = 660 MPa, S, = 280 MPa. Determine the
life of the component.

A transmission shaft carries a pulley mid-way between two bearings. The b.m on the shaft varies
from 200 to 600 N.m and the torque on the pulley varies from 100 to 300 Nm. For the” shaft
material S, = 550 MPa. The endurance strength correction factor for torque = 0.6, K, = (.85,
K, = 0.88 for both b.m as well as torque. S.C.F for b.m is 1.6 and for torque 1.3. Find the diameter
of shaft using Von Mises Hencky theory. Use F- S =2 and §, = 300 MPa.

Calculate the life of the component subjected to o, = 210 MPa, o, = 116 MPa and S.C.F = 1 4.
The materal tests 5, = 630 MPaand §,=0.36 S,

A shafi of 30 mm diameter made of 30C8 steel has a 7.5 mm transverse hole. It is subjected to (a)
fluctuating torque between 0 and 90 N.m, (b) completely reversed torque of 40 N.m, (¢) a torque
varying between 15 to 85 N.m. Find the factor of safety in each case. K, =0.85 K, =0.84, K_= 0.6,
5,.,=05778,8,=300MPa, K,=25, g=0.95, §, =200 MPa.

A circular rod of 30C8 steel with all the characteristic as Problem 4.14 is subjected to a b.m
varying between 50 and 1000 N.m and an axial load varyving between 5 and 15 kN tensile. The
maximum of two loads occur simultaneously. Find the diameter of the rod using F - S equal to 3.
A beam of a circular section is sub- P

jected to a load P varying between i r=02D

5 to 15 kN. It is machined from 20 y ’r '

C4 steel. Determine the diameter D 45 ) 15— - ) i :
using F- 8§ =2,4=10.95, 5, =560 Y *

MPa, S, =300 MPa, §, =280 MPa. &

Find the dimension D for the beam

in Problem 4.16 when it is sub- D D DR D

Jected to a steady load of magni- Fig. P-4.16

tude 15 kN.

A rectangular plate of Problem 4.3 with D = 60 mm, & = 40 mm is subjected to an axial load of
25 kN. Find the radius ‘7’ of the fillet for the plate of 30C8 steel with §, =300 MPa.
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68 Machine Design

Failure of portion of the rod receiving the cotter:

Consider section BE of rod where the slot for the cotter i1s made :f
Fig. E-5.1(d) for which dy
gul agy op 10000 _ _gg (5.4) ol
A [J‘: g ] —| |
g U
Substituting d,f = 100 from Eq. (5.2) Fig. E-5.1d

d; = 16.7 mm modified to 20 mm.

If the cotter is stronger than the rod, application of
an external force will cause double shearing of the | e
- . P - | e [
rod as shown 1n Fig. E-3.1(¢) | i i
P 10000 -
= = = 50 MP o
YA 2 i (52)
10000

=2:=<5l:l:-=:2l:l = 5 mm modified to 10 mum. T

The sleeve may be made out of C.1 or 30 C8 steel.
Let us design using both the materials and see which
is economical.

Considering the tearing failure at section CC, Fig. E-5.1e
Fig. E-5.1(f) and (g)

A
i B
i

CL 1)
N

Using C.I 0, = Lig 19000 =20 (5.6)

{Z (a3 a2y~ (s - i)}

—_—  |—

Fig. E-5.1f

Substituting ¢; = 20 mm and 7 = 6 mm we get d; = 34 mm meodified to 35 mm. Crushing of cotter
against the sleeve:
g = P 10000

——— =100, . d;=36.67 mm modified to 40 mm
€A (dy—d)) *
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T2 Machine Design

(b} Beanng of pin: Using Eq. 2.6 from Chapter 2 and taking P, = 20 MPa we get,

15000

20xt°

(c) Bending check: Here the induced bending stress using shearing and bearing is calculated and
checked if it is within the limit. The pin may be considered as a simply supported beam with
the load and reactions, both uniformly distributed. Hence, the maximum b.m at the centre is
taken as the mean of the b.m due to (a) concentrated load and (b) uniformly distributed load,

20= S =375 mm modified to 40 mm.

Le. M= %{ where / is the length of the pin between the points 4 and B which may be taken as

1.5 1= 60 mm,
15000 x 60 i 5
P =0l = ::rrﬁd,,- - (20) o,
= 190.98 MPa. This value being high, let us increase the value of 4, to 30 mm so that the
induced stress becomes

g, = 15000 _ 56 58 MPa

6 x 7 (30)
which is well within the limit. Hence, d, = 30 mm. Also,an P2 < 3 4
mcrease in d, reduces the value of r as the projected area is E

d, - 1. This in turn reduces the bending moment and the

height o1 the single eye as well as the double eye thereby . 3
reducing the cost of material. i o
Design of rod with single eve:
At the section A4 !

p S Fig. E-5.4¢

F

150004 330

wd* 3 d =

d = 13.17 mm modified to 20 mm,
The thickness t of the eye is the same as that !
found for a pin under bearing. As the diameter B
of the pin is modified from 20 mm to 30 mm, do
the thickness may be changed from 40 mm to | A ;

40 » % = 26.67 mm modified to 30 mm. : : 5 -
. For tearing failure of the rod at section BB A

P 330 J
(do—-d,) 3 B
15000 Fig. E-8.44

=110 MP
(d, —30)30 :
d,, = 34.54 modified to 40 mm.

P
Y

ﬂ-!=
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6 |
Design of Levers

CONCEPT REVIEW

6.1 INTRODUCTION

A rigid rod capable of turning about a fixed point and doing some useful work after the application of an
effort is termed as a lever. The fixed point about which a lever turns is the fulcrum. Levers may be
straight or bent. A straight tommy bar used to operate a screw jack, the lever of a lever loaded safety
valve, a bell crank lever and a rocker arm are the different types of levers.

6.2 DESIGN MATERIALS AND PROCEDURES

A lever may be forged or cast and accordingly forged steel or cast steel or C.1 may be used. It is always
subjected to a bending moment and hence is designed for the bending failure while the fulcrum pin and
the support are designed as the pin for a knuckle joint.

WORKED EXAMPLES

6.1 A tommy bar is used to operate upon a screw jack for which, the frictional torque to be overcome
15 50 N.m. Find the length and the diameter of the rod made of 30C8 steel.

Solution:
A frictional torque of 50 x 1000 N.mm may be overcome [ z = = —F
by applying a manual force of 250 N at the end of a lever of il
length [ ’-— ! -
= 2025 =200 mm. Fig. E-6.1

For 30C8 steel, S, = 330 MPa. Therefore, when the factor of safety is 4. g, = 80 MPa.
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80 Machine Design

A

Fig. E-6.5a

Reaction at the fulcrum = J[]EI'[}[] +622.22 +3000 cos 45° 7 +(3000sin 459° =4302 N.
Bearing of pin: Assuming 1 =4 4302=20 dp‘j‘. S dy=14.66 =15 mm
Maximum b.m at A4 = 3000 x (100 — 7.5) = 277500 N.mm A

Taking the rectangular section with theratioh : r=3: |
we get, 277500 = oth’/6 =0, x 1.5

3 A
277500

|| = 13.22 mm modified to 15 mm
y8ixla Fig. E-6.5b
4 h =45 mm,

Using a bush of thickness 1 mm, the hole for the pin has a diameter of 17 mm.

! 1

Z x15x(45)° - —x15x(17Y I
- The section at the hole has £ = = % 51 2 7/;’ ,
= 4789.56 mm’ iy ' y 7 mm
| 3000 x 100 555
The induced value of o, = 1780 56 62.63 MPa Y =
which 1s within the limit. -] 5

The actual value of £ 1s slightly greater than the calculated value
since the thickness at the base 1s increased and hence. the section is Fig. E-6.5¢
more safe.

The dimensions of the pin at 4 may be kept the same as the dimensions of the fulcrum pin. Due
to shear, the failure of the pin at B induces.

r= — 300 _ 15 16 MPa which is a safe value.

2x Z(15)?
x % (15)

6.6 Design a foot lever shown in Fig. E-6.6. For the lever, a key and a shaft permissible value of g, =
80 MPa, 7= 40 MPa.
Solution:
Twisting moment acting on the shaft = 1000 x 800 N.mm = % d> x40
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84 Machine Design

6.9 A cranked lever (Fig. E-6.7) is subjected to a force of 500 N (/ = 400 mm) applied at the radius of
500 mm, design the lever for g, = 90 MPa, 7 = 40 MPa, o, = 100 MPa.
6.10 Design a rocker arm as shown in Fig. P-6.2. The force due to gas pressure is 3000 N. The length of

each arm is 100 mm from the fulcrum. Use I section with forged steel for rocker arm with
S, =330 MPa and N = 4. For the pin P, = 20 MPa, §, = 300 MPa.

ANSWERS

—— — = == = _— s

Objective Questions
(1) b 2)c (B)a @Hb (G)d

Practice Problems

(1) t=15mm, b =45 mm,dr_,=£= 16 mm

(2) d,=25mm, /=50 mm, =12 mm for I section of width 4 ¢ and height 71,

(3) d,=40mm, length of the pin /= 80 mm section of lever near the fulerum = 30 x 90 mm? and at the
load end = 20 x 40 mm?

(7) 7=25mm, B=75mm, d, = 15 mm

(8) Rectangular section of lever b= 50 mm, = 17 mm — 20 mm, dF=2ﬂ mm, [ = 20 mm, section of
the lever at fulecrum 4, = 535 mm

(9) d=31.69 - 35mm, D =43.26 - 45mm, D, =50 mm, = 12 mm, B =40 mm

(10) dp=15nmLLF=45mm,1sﬂctinﬂr=ﬁnmdepﬂ1=6r=36mm,widﬂ1=4r=24mm.
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88 Machine Design

1.5

= Torque transmitted by B
(T — Tag) x 250 = 200,000 4000 N
and Ig=3Ty
2T, 5 % 250 = 200,000 = l A 52 Vertical

Ty =400 N and T;, = 1200 N T T s.f. diagram
Resultant force at 4 = 4000 N vertically down- R/‘\m ,
Vertical
wards.

. . 4 b.m. diagram
Resultant force at 8 = 1600 N acting horizon- g 1600
tally towards right. l i
Neglecting the mass of the pulley, the verti- Horizontal
cal s.f and b.m diagrams are as shown in T f.d. diagram
Fig. E-7.4(b). Rou
Vertical reactions R = Ry = 2000 N 4 Horizontal
Maximum vertical b.m = 2000 x 450 = 900,000 b.m. diagram
N.mm
From the horizontal S.F diagram 240,000
Ry = 53333 N, Ry = 2133.33N
Maximum b.m at D = 1600 x 300 = 480,000
N.mm T!:urqm:
From the torque diagram shown in Fig. 52 53 diagram
E-7.4 (b) torgue at 4 = 200000 N.mm C A D B
From the b.m diagram the resultant b.m at .4
Fig. E-7.4b
] . (480,000)2
= ”'.'I (900,000)° + 5

=93.145 % 10* N.mm
* A is the critical point

T atd=10° J(1.5x93.145) + (1.2 20)* = 141.76 x 10* N.mm

5, =400 MPa. Hence §, = 200 MPa using a factor of safety of 2.5 and weakening effect due to
the keyway equal to (0.75.

. 200 % 0.75 SR
) ge=gg oMb
167, 16 x 141 x 76 x 10*
(2) d= ¢ =3 = 49,36 mm rounded to 50 mm
Tt T % 60

71 200,000 % 750 x 32

JG  m(50)* x 0.8 x10°
The length ! is to be taken between the points between which the torque acts (i.e. between 4 and
B).
A 600 mm diameter pulley driven by a horizontal belt transmits power to a 200 mm diameter

pinion. The pulley has a mass of 90 kg, K, = 2, K, = 1.5 and 7= 40 MPa. Find the diameter of the
shaft.

Solution:
Taking moments of vertical forces (@ A with weight of pulley =90 x 9.81 = 8829 N

(3) Also 8= = {(0.003 rad
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92 Machine Design

7.8

25 %1000 x 60
Torque = =795.77471 N.m
2 %300

795.77 x 1000 x 16
nx41.25

=46.14 mm modified to 50 mm to take into account the weakening
effect due to keyway.

Diameter of shaft =d = \Hj

Key: W“ldtl'mfthekcy—g— 12.5 mm

795.77 x 1000

Tangential force on key = 35 =31830.8N

31830.8
Ix12.5

_ 318308
12.5%41.25

The empirical relation is / = 3.5 d. Let us use / = 100 mm to have sufficient length of the shaft
inside the coupling.

=41.25 MPa

Shearing of key, 7=

=61.732 mm

Crushing of key: 31830.8 = crr[% x !]

For 30C8 steel o= o100 MP P ikt e
or siec e a, =
3 5 100 100
= 6.366 mm
Let us use t=8mm

Weakening effect =1 -025x0.2 - 1.1 % % ={.774

This effect i1s considered in modifying the value of d
Mouff: 1t is treated as a hollow shaft. For 200 FG C.I

Safe shear stress 7= 200 _ 16.7 MPa
2x6

x| dg —dy
Torque = 79577471 Nmm=Tx —
16| dy

dﬂ- _5[]4
=167x |2
16| d,

By trial and error, ¢, = 69.5 mm modified to 75 mm
A Length of the muff = 100 mm.
For the connection of above shafts if the protected type of flange coupling is used, find the dimen-

sions of flanges and bolts,
Solution:

From Example 7.8, diameter of shafts = 50 mm
diameter of hub = 75 mm
key dimensions = 12 % 8 X 75 mm
No.ofbols=002d+3=4
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<] b2 e
; l j: 2 T e s >
.; -
S—-—F-—>— b < Y
=" T Z
-1 A
-
Fig. 8.5 Fig. 8.6
Integrating the above equation
B _A2PI, s
dc  ppp | lzP l
_12PI* i : t
and = 7 ety on further integration. Y T
..
Substituting P =0atx=/! and y=0atx=/
K 2 3
We have o= 12 P} ¢y = 6Pl
EBr EBr
~ Maximum deflection v at x = 0 is given by
3 . 8.7
_ 6P (8.4) Fig
EBf

A leaf spring of simply supported type as shown in Fig. 8 7 will give the same equations of stress and
deflection as Eqgs (8.3) and (8.4) when the load is 2P and the unsupported length is 2 /.

8.8 SPRING WITH EXTRA FULL LENGTH LEAVES

The leaves which are cut from the onginal tnangular leaf, are termed as graduated leaves. In actual
practice some extra leaves with the same length as that of the top leaf are added to increase the stiffness
of the spring.

7
The extra full length leaves behave as ordinary cantilever -~
beam for which the deflection is 5 ib
4P g
y=
Ebt -] '
Let n,and n, represent the number of extra full length and - f
graduated leaves respectively. g T
As the leaves are stacked over each other the total load is ", i P
shared by them such that deflection of the two is the same. ¥ \l
Let Pl P, -
6P, 4P, J 3
.
EE - - 3 =4, = < 3 :: n ;JI
En, bt En bt s
Pg:ﬂ=Pg+ﬂ= P Fig. 8.8
2n,  3nm, (Zmy+3n,) (2n, +3n,)
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8.4

8.5

; ; ; 77000 x 25
Stiffness of inner spring, K, = =213BENmMm asC=35

8x5 %9

Total load = Load shared by outer spring for 19 mm deflection + Load shared by outer spring for
further deflection + Load shared by inner spring for further deflection.
Load causing 19 mm deflection of outer spring
=311.012x 19 = 590922 N
Remaining load = 849090.78 N
It 1s shared by two springs in proportion to the stiffnesses

311.012 x 849090.78
(311.012 +213.88)

=50311.191 N

- Total load on outer spring =

50311.191 + 590922 = 56220411 N
A spring loaded safety valve is held against its seat by a close coiled helical compression spring.
The diameter of the valve is 75 mm and blow off pressure is 1.1 MPa. Mean diameter of the coil is
100 mm and compression is 25 mm. Find the diameter of spring bar and the number of active coils
if permissible shearing stress is 500 MPa and G = 0.8 x 10° MPa.
Solution:

. Load shared by outer spring =

Maximum lead on the spring = 1.1 x % x 752 = 4859.6511 N

BK x4859.65xC
Now, 500 =
7 X (100/C )
4C -1
KC? = 404.04 putting K = 2505

4C-4 C

by trial and error C=17
x d=150/7=21.43 mm = 21.50 mm

5
s B RELIXD TR AL
B X 73 x4859.65

In the above example let the normal pressure on the valve be 1.00 MPa, blow off pressure remain-
ing the same. The deflection of spring causing the opening of valve is 3.5 mm. What will be the
change in the design procedure and calculations?

Solution:

The maximum load and hence the dimensions d remains unchanged. For calculating the number of

active turns the force causing the deflection 6= 3.5 mm is given by

p= % (17— 17 x 75° = 485.965 N

0.8x10° %x21.5%3.5
n= =451 modifiedto 5+ 2=7
8% 77 % 485.965
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118 Machine Design

8.17 A helical compression spring is subjected to a load varying between 800 and 1500 N. The material
used is oil tempered cold drawn wire having S,, = 700 MPa and §,, = 356 MPa. Find the diameter
of the wire and the number of coils if C=5and N = 2.5.

Solution:
: 4C -1
K,=1+ 0.615 =1.123 K = = 1.1875
5 4C -4
800 + 1500 8x1.123x1150x%5
P, = , oaT,= =16443.352 1o,
2 nd? d?
P.= 750N
Ex1.1B75x750x 5
5 _11339.789
nd* d>

Using Soderberg’s modified equation we have,
T.—T, 2T,

1
—_— = +
N S, S

1 5103.463 g 2x11339.789

2,5  700d? 356d°
d=13.322 mm and D, = 66.61 mm.
If the deflection of the spring during load variation is assumed as 7 mm

0.8x10% x13.322 %7
n= =10.6576 = 11
8 % 5% % 700

. Total number of tums = 13.

8.18 A close coiled helical compression spring has a mean coil diameter of 60 mm and the diameter of
the wire 15 10 mm. Number of active and mactive coil tums 1s 11 and 2 respectively. Free length of
the spring i1s 210 mm. Decide the maximum load that can be applied on the spring if the minimum
load is one third of the maximum load. Use F-8 = 1.5, §,, = 700 MPa and §,, = 1360 MPa.

Solution:
K. =11025, K, =115
3P +P.. 3P, — P
Pm. s t'!‘lll'l2 II'III'I = EFM, P.‘, F=; min 2 mm &5 me
Bx1.1025%2P . xb6
T, = — =(0.337 P, MPa
m (10)
Bx1.15xF,;, x6
T, = =0.1758 P, MPa
r(10)?
1 {{] 337 -0.1758) P, +2::<I}.1?SE Eae
1.5 TOO 360
P.. =55236N,P . =1657TN, -
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8.10

B.11

8.12

8.13

8.14

8.15

Design a compression spring made of square steel wire subjected to a maximum load of 3000 N.
Spring index = 7, deflection under load = 150 mm, permissible shear stress = 40 MPa and
G = 0.8 x 10° MPa.

A close coiled helical compression spring is subjected to a continuously varying load. The maxi-
mum lpad = 600 N, minimum load = 200 N, spring index = 6, 5, = 650 MPa, §, = 350 MPa. Find
the factor of safety if the diameter of the wire 1s 6.44 mm, ;

A raillway wagon 1s resting on six helical springs. The mass of the wagon causes a load of
15 % 10* N. The dynamic load due to irregularities is 50 kN. Corresponding to an amplitude of
oscillation of 20 mm, design the spring with the NiCr steel having S, = 750 MPa, S, = 400 MPa,
C=6, G=10.84 x 10° MPa and factor of safety = 2.25.

Design a cantilever leaf spring to absorb 800 N.m energy. The deflection 15 150 mm, length of the
spring = 600 mm, permissible stress = 875 MPa and E = 2 x 10° MPa.

A semi-¢lliptic laminated spring | m long carries a central load of 5 kN. It is made of spring steel
with a safe bending stress of 450 MPa. Maximum deflection of the spring 1s 130 mm. Calculate the
thickness, width and number of leaves of the spring.

In Fig. P-8.15 a cantilever spring of maximum width 600 mm
and length 1 m rests on a close coiled helical spring of 10 mm
wire diameter. The spring index is 10 and number of active
coils is 8. Calculate the thickness of the cantilever spring if a é
load of 2.1 kN causes a deflection of 40 mm at the end of the

cantilever. Also calculate the stresses induced in the leaf and
helical springs. ' Fig. P-8.5

| P

ki

A

8.16-8.18 Design a close coiled helical spring for.

8.19

8.20

8.21

8.22

8.23

8.24

Maximum load = 4.5 kN, Deflection = 40 mm, t= 500 MPa and C = 6.

P = 500N, C = 8, Deflection 8 mm and 7= 400 MPa.

P =200 N -800 N, C=35, Deflection = 10 mm, §, = 800 MPa, §, = 350 MPaand F-S = 2.

A close coiled helical compression spring used for front suspension of an automobile has spring
stiffness of 80 N/mm. The ends of the spring are squared and ground and the design load is 7.5 kN,
Find the diameter of the wire and free length of the spring if the material used has a safe shear
stress of 580 MPa. Assume C = 6.

A machine is supported on four springs for vibration iselation. The load on the foundation is 70
kN and the deflection due to this load is 12 mm. Design the spring for a safe shear stress of 450
MPa, considering a solid deflection of 25 mm and the outside diameter of the spring not exceeding
150 mm.

A P-Bronze helical spring 1s required to absorb 9000 N.mm of energy without exceeding the
maximum permissible shear stress of 30 MPa. Calculate the dimensions of spring if the maximum
deflection is 20 mm. Assume spring index = 6.

Two concentric helical springs having the maximum diameters 50 mm and 30 mm respectively are
subjected to a maximum total load of 1.5 kN. Maximum deflection under this load is 18 mm and
the deflection when compressed solid is 25 mm. The material for both the springs is same and
T = 230 MPa. Design the spnings with suitable assumptions.

The spring rates for two concentric springs are 50 N/mm and 30 N/mm for the outer and inner
spring respectively. The outer spring i1s 15 mm longer than the inner spring. If the total load is
3.5 kN, find the load carried by each spring.

A helical spring of spring rate 25 N/mm is arranged in series with another spring of stiffness
35 N/mm. Find the force required to give a total deflection of 50 mm.
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60x0, )
or A= ford <45 mm (9.1)

40 = a £
=[ '] for d > 45 mm

Sy

The initial tightening produces a tensile load given by

F, = 2860 d N, where d = diameter of the bolt in mm (9.2)
The tightening torque is given by
T = CdF, where C is a constant = 0.2, (9.3)

9.3 PRELOADING OF BOLTS

In the applications like pressure vessels and cylinder covers, c
it 1s essential to apply the initial ightening torque to make a B
joint leakproof. The initial tightening elongates the bolt and 7
compresses the connected members. This situation is repre- D
sented by point 4 1n Fig. 9.1
0, = elongation of bolt G
&, = compression of the part
B(é = external force F, H
AF = initial tightening load F; o F E
B.J = increase in bolt load due to external load = AF
JG = decrease in part load due to F, = F, - AF
CE = limiting value of external load when the joint opens, Fig. 9.1

-
&
‘T
“':'ﬂ

=F,

By similar triangles AFD and CED
FE 0y +0
ol I (9.4)
F S

As &, and , are ?nversel}f proporticnal to stiffnesses K, and K, 6,/8, = K /K,
F;i _ KF' +Kf_r (9‘5]
FK, .

Effect of External Load F, on Bolt Load and Part Load

The load on the bolt increases by AF (BJ) which increases the deflection of the bolt by Ad, = AJ. There
is a decrease in load on the part by (F, — AF), i.e. JG which reduces the compression of tﬁe part by the
same amount, i.e. JG = ﬂﬁpl Using the relationship between deflection and stiffness we can write

AF _F,—AF
K, K

A8, = = A8,

n
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Referring to Table 6 and using the coarse series, M 16 x 2 [SOQ metric threads with a root area of

157 mm? may be used.
Initial tightening = 2860 d = 2860 x 16 = 45760 N
45760

157

Tightening torque = CdF; = 0.2 x 16 x 45760 = 146432 N.mm.
9.2 A steel bolt of M 16 x 2 is 300 mm long and carries an impact load of 5000 N.mm. If the threads

Tightening stress = =291.46 MPa

stop adjacent to the nut and £ = 2.1 x 10° MPa

(a) find the stress in the root area. Fi Y
(b) find the stress if the shank area is reduced to root area.

Solution: -

(a) From Fig. E-9.2, energy stored = ;— F-é

d=F/%  where k is the stiffness Y .5
e ) 5]
[J= EY for tensile load 6= T Fig. £-9.2
_ AE

- Stiffness of bolt k f

For 16 x 2 threads, shank area 4 = % % 16% = 201.06 mm?

" 201.06 x 2.1x10°

300 = 140742 N/mm
2
ek & gy

Again, 7%

- JE » 5000 x 140742 =375156 N

From Table 6 root area for M16 x 2 bolt is 157 mm?

_ 375156
157
(b) Now, Aq =157 mm?® = Area of reduced shank

157 x2.1x10°
- 300

F= Jixﬁﬂﬂﬂxlﬂﬂﬁ}ﬂ.ﬂﬂ =33151.168 N

=238.94 MPa

= 109900.00 N/mm

_33151.168
157
9.3 A cast iron cylinder head is fastened to a cylinder of bore 500 mm with 8 stud bolts. The maximum
pressure inside the cylinder is 2 MPa. The stiffness of part k, = 3k;. What should be the mitial
lightening load so that the joint is leakproof at maximum pressure.

=211.153 MPa.
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—
i+ —rl
Fioo
100
| 1=
o—-—0—-—{)
=y F'|+ r;
o ﬁ Izm¢
| | H
0
|—a —»w—0b —=
ri‘! P‘g-l'? e R
@
0.18 What will be the size of the bolts in the above problem 1f P _@
the beit center line is inclined at 30° with the horizontal as ; i
shown by dotted lines. P, : . Py
9.19 The material for the bolts shown in Fig. P-9.19 10C4 steel | \_ﬁ—ﬁ
with 5, = 210 MPa, N=3, a = 100 mm, 6 = 200 mm, ¢ = T ’I
250 mm, d= 115 mm. The diameter of the bolts is 16 mm. [— b —r] ¢
Find P, and P;.
Fig. P-9.19
ANSWERS

Objective Questions
(1) c (2) a (3) a (4) a (5) c (6) a (7) b (8) b 9 c
(10) b (11) ¢ (12) b (13) b

Practice Problems
(1) M20x 1.5, 57200 N, 22.8 N.m (2) M30x3.5 (3) MBOx6
(4) 61 kN (5) (a) 234 MPa, (b) 206.88 MPa
(6) F,=45,000 N, Joint does not open, M 30 3.5 (7) 7378.24 N,
(8) 1.377, 7490 N (9) M20x2.5 (10y M12x1.75

Pi{a +b) P
6a® +4b* —4ab 8

(12) With F-S =6, §, = 333 MPa, M 16 x 2 bolts can be used in both cases.
(13) M 24 x 3, 68640 N, 329.472 Nm

(14) (a) M27 x 3, (b) M33 x 3.5

(15) d=6.32 = 10mm (16) M8 x 1.25 (17) M10x 1.5

(18) M10x 1.5 (19) P, =19860 N, P, =22362.7N

(11)
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144 Machine Design

10. Find the height H of the nut using W
H=nxp (10.11)
11. Check the threads of the nut for shearing by using the equation
. (10.12)
rd, t-n
where = thickening of threads at the root

12. Find L/k by using the equation

20K E
S,

Lik = (10.13)
If the calculated value of L/k exceeds the actual L/k ratio, use J.B.

Johnson's formula (Eq. (10.9)) to check for buckling, Else, use Euler’s

formula (Eq. (10.8)) to check for the same. The buckling or cnippling

load obtained from Eqgs (10.8) or (10.9) must be 2-3 times the actual Fig. 10.4

compressive load. If the actual load is tensile, then this calculation

need not be done.

10.6 OTHER VARIETIES OF SCREWS

Multistart threads may be used to increase the linear displacement of a screw in one revolution. But this
increases the angle o and if o > ¢, the screw may overhaul. For this purpose a compound screw
(Fig. 10.5) may be used for increasing the linear displacement per revolution. Total displacement in one
revolution = p, + p, as the threads are of opposite hands. In differential screws (Fig. 10.6) the threads of
the same hand with a small difference in the pitch are used so that the total displacement per revolution
is equal to the difference of the two pitches. This is used in precision equipments.

|

el — 4
.__E‘ .

= N ==k
— :{Pl

!

Compound screw Differential screw
Fig. 10.5 Fig. 10.6

A ball bearing screw is used for reducing the friction between the screw and the nut. The use of this
screw increases the cost of manufacturing (Fig. 10.7). They are used in precision machine tools.
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148 Machine Design

10.4 The lead screw of a lathe has trapezoidal threads. To drive the tool carriage the screw has to exert
an axial force of 20 kNN, The thrust is carried by the collar. The length of the lead screw 15 1.5 m.
Coefficients of friction at the collar and nut are 0.1 and 0.15 respectively. Suggest suitable size of
the screw and height of the nut if the permissible bearing pressure is 4 MPa.

Solution:
Since the speed of the screw is high permissible, P, is very small. Hence, it is advisable to base the
preliminary calculation on wear of the screw. Using Eq. 10.10 we get

W =P, x % @d,+d)(d,-d) n

\ H H
putting d +d)=2d_, {du—d.:):F:ﬂ:; and d—=w
i

we get

= 46,06 mm

r oW JZHZﬂﬂﬂﬂ

T o wx1.5x4

Here the adapted value of yis 1.5.

The nearest standard size is 55 mm x 9 mm. From Table 10
d, =55 mm, p=9mm, d.=45.5 mm
d_ = 50.5 mm, B = 15° for trapezoidal thread
H=15x505=7575

<« Numberof tasadsof mt= % - 8.41 modified to 9

Now, we check for the maximum shear stress

9
T x50.5

mmhfed coefficient of friction = 0.15 sec 15° =0,15529
@ = 8.82°

o = tan™ = 3.25%

7,= 20000 %51 x tan (3.25° + 8.82°) = 107986.07 N.mm

16 x 107986

— " = 5,838 MPa
" x(d5.5)
50000 x 4
g, = *% =30.75MPa
n % (45.5)°

= %\/ (30.75)* +4(5.838)° = 16.44 MPa

Al = —19 1838

0.25 x 50.5
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182 Machine Design

Solution :
For the screw let 0. =80 MPa considering crushing failure
100000 x 4
T x 80

Therefore, we use screw of 48 mm nominal diameter and a pitch of 8 mm.

8
T x44

@=tan"' 0.12 = 6.84°

7,= 100000 X % tan (6.84 + 3.31) = 393860.76 N.mm

= 39.89 mm.

of screw, d.=

a=tan"’ =331° Let u=0.12

_ 393860.76 x16

= 31.34 MPa
n (40)

T

100000 x 4
Induced o, = = 79.57 MPa

7 (40)°
. As per the energy of distortion theory maximum induced stress

= J(TQ.S?]I +3(31.34)* =96.32 MPa
F-5=300/96.32 = 3.1]

500 _
0.25 x 40

Using 1.B. Johnson's formula

Considering buckling L’k = 50

300 (50)*
P¢=30ﬂx%x4ﬂ3 1- (50) ]

4x025xx? x2.1%x10°

= 240572.59 N which is 2.4 times the actual load and hence
safe value.
MNut: For the P-bronze nut P, = 15 MPa
100000 x 4
. Number of threads in the nut = = 12.057
(482 —402)x15

Use 13 threads so that height of the nut is 104 mm.
To calculate the thickness of the nut let g, = 60 MPa. Considering tearing of nut

100000 x4
n(dl -48%)

Thickness of the nut collar may be calculated by considering shearing.
Let T =30 MPa

g, = ", dy = 66.52 mm modified to 70 mm.
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156 Machine Design

e\ e i = e

Fig. E-10.9¢

sspe BOAE3T
50

Letus adapt t=4mmandb =12 mm

, o =369 mm

Moment of inertia of the cross section in the plane of link = é X 4{12]3

4x12x12 - 12
12x4 T

. Value of & for the cross section in the plane of the link =

o Lk = %1 = 10 which is a very small value.  4092.74

Similarly m-1 of the ¢/s in the plane perpen- E
dicular to the plane of the link = 1/2 x 12(4]3,

s o = = o

= R

. 3 64
sk in this plane = — =1.33
B 48 4092.74 N
120

s Lk = 133 90.22 < 117. Hence, use J. B.  Fig. E-10.9d

Johnson's formula,
The link in the plane is considered to be fixed at both the ends. Hence, C= 4

S, (L/k)?
P,=S,4|1- il S
4Cn* E
300(90.22)*
=300x48 |1~ [ ) =13339.647T N
4x4xm?x2.1x108
which is very large as compared to the actual load of 2046.37 N. Hence, o —

there is no possibility of buckling.
Pins at the joints are designed with bearing, shearing and bending

consideration just like a pin in the knuckle joint. Load on each pin is [ =
409274 N. Use P, =20MPaand/:d=1: 1.
4092.74 =20x d°, -. d=1=14305mm = 15mm. [ ______|
The attachment of the link to the nut may be done as shown in Fig.
E-10.9(e) such that the length of the pin is 15 + (2 x thickness of link)
=23 mm. With a small clearance it may be 24 mm.
.. Bending moment on the pin = 4092.74 x 24/6
M 4092.74x32x24 15
g="== = 49.4 MPa B
Z rx(15) x6 o 24—

There is no harm caused to the pin due to bending as the stress in-
duced due to bending is small. Fig. E-10.9e

b= = S
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164 Machine Design

Fig. 11.4
Equations (1) and (ii) become
UN - 5T=0 (i)
N-T86=0 (iv)
Substituting the value of V from (iv) in (iii)
8T =urse (v)
or or _ uoe (vi)
T
iy 0
—_— = df
* n T ‘qu 0
T
or = = ¢h® | (1L.1)
I
Power transmitted P = Tangential force x v
= (T, = Ty)v (11.2)
. . rDN,  mdN,
where v = peripheral velocity in m/s = 0 - 60 where N, and N, are the speeds of the bigger
and smaller pulleys respectively. N
For the Vbelt the same expressions are used by modifying N, T N3
pitop’ o2 =
From Fig. 11.5 N is the resultant of N, and N,.
Since both the forces are equal hence,
N =N, sin a/2 + N; sin o/2
=2 N, sin a/2 |
= N - E E o & .--'_""“I
T Zsinaiz 2 o -
N

* Equation (iv) is written as 2. - cosec % ~T86=0

Fig. 11.5
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‘IT2 Machine Design

2
‘ﬂtb

= Bending moment on four arms with section modulus Z =
Using g, = 10 MPa
bm=40,xz=4x 10X 352:{3?.{14}2

t =7.32 mm. Let us adapt 7= 10 mm.
For the bigger pulley, torque =(751.54 — 356.18) x 300 =6 (0,- Z)

- .. 2
10x 6x 1 t(54.3)
t =6.82 mm. We take the thickness r = 10 mm.

thickness of rim = % + 2 = 3 mm for the smaller pulley

s %+z=4nm1ﬁ:rthe bigger pulley

11.4 It is required to design a leather cross belt drive to connect
7.5 kW, 1440 r.p.m electric motor to a compressor running
at 480 r.p.m. The distance between the centres of the pul-
leys is twice the diameter of the bigger pulley. The belt
should operate at 20 m/s approximately and its thickness is
5 mm. Density of leather = 950 kg/m® and S, = 25 MPa.
Solution: Fig. E-11.4

dn 20 x 60

v=—, nd= =0.265m
60 T %1440

The nearest standard diameter is 250 mm.

D= % x250=750mm, ..v=18.86m/s

Centre distance = 1.5 m

(0.75 +0.25)°

L=2C+ % (0.75 + 0.25) + =4.654m

D+d—sin'1 L 1947
20 -

&= 180+ 38.94 = 218.94°
T, 0.25x 21824,

T

@ =sin"

p_7.5%x1000
v 18.86

T T =397.65N
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Belt, Rope and Chain Drive 177

P, =0.89 x 19.96 x 1 = 17.76 N/mm?
This is smaller than the actual bearing pressure. Hence it is advisable to use the duplex 10 B
chain for which 4 =2x67,g=2x0.95
P.=60.1N

2133.33-33+60.1
2% 67
= 16.36 N/mm? which is less than 17.76 Nmm?.

. Actual bearing pressure =

Hence the chain is safe.
.. 'We use the duplex 10 B chain.
Other details may be worked out by referring to manufacturer’s catalogue.

OBJECTIVE QUESTIONS

i ——— B - —

11.1

11.2

11.3

11.4

11.5

11.6

11.7

T
Ratio of tensions T—l in a V belt drive is given by
2

(a) EJ.!E (‘h) Eﬂﬂmﬂ (C) Eﬂﬂmu 'l {d} eﬂﬂ':ﬂﬂ- o2

where @ = angle of lap, & = groove angle.

In case of a belt drive the maximum power is transmitted if the value of centrifugal tension is

(a) % tension T} on tight side (b) % total tension T, on tight side
(c) % tension 7, on slack side (d) % the sum of (T, + T5)
Magnitude of initial tension in the belt should be

T, Iy +1, +2T,
(a) zero ®) T+ ©) - @ T,-T

The magnitude of velocity of the belt for maximum power transmission should be

I, Power
(a) 1’3;; (b) 2gh () (h-T5)r (d) T -T,)

Maximum induced stress in the belt is
I I T,  Et I,  Et
® & ®) % © %74 @ %*D
Slip is the result of
(a) insufficient friction between the belt and the pulley
(b) unequal elongation of belt due to 7; and T,
(c) elongation of belt due to T,
(d) none of the above
The angle of contact in a belt drive should be
(a) more than 150° in the smaller pulley (b) more than 150° in the larger pulley
(c) 1B0° (d) between 150° and 200° on either pulley
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11.15
11.16

11.17

11.18

11.19

11.20

11.21

11.22

11.23
11.24

11.25

Belt, Rope and Chain Drive 181

Solve Problem 11.14 using a cross belt drive.

In an open belt drive the smaller pulley is of 300 mm diameter and rotates at 300 r.p.m. The
bigger pulley has a diameter of 500 mm and is situated at a distance of 576 mm centre to centre
from the smaller pulley. The coefficient of friction 1s 0.25, when 4 kW 1s being transmutted.
Which of the following alternatives is more effective to increase power to be transmitted:

(a) increasing initial tension by 10%

(b) increasing i by 10%

{(c) increasing angle of lap to 190° by using idler pulley

A compressor is driven by an electnc motor by a flat leather belt. The details of the belt dnve are

ftem Diameter e I N Power
Motor pulley 300 mm 144° 0.3 800 r.p.m 22 kW
Compressor pulley 1200 mm 216° 0.25 225 rpan 22 kW

Thickness of belt = 8 mm, maximum permissible stress in the belt = 2.8 MPa, the density of the
belt = 1000 kg/m>. Calculate the width of the belt.

In an electric motor and a compressor V belt drive, diameters of the motor and the compressor
pulley are 250 mm and 1250 mm respectively. Groove angle for the motor pulley is 35° whereas
compressor pulley is flat. The centre distance is 2 m. The power to be transmitted is 20 kW at
1750 r.p.m of the motor pulley. Each belt has a mass of 0.3 kg/m and area of ¢/s of the belt = 200
mm?. The maximum permissible stress is 2.5 MPa. Determine the number of belts required if the
coefficient of friction for both the pulleys is 0.3.

In the flat belt drive of Problem 11.18, V belts are used with a groove angle of 60° then, with
other parameters remaining the same calculate the increase in power. Area of flat and V belts 1s
the same.

In the Problem 11.18 find the number of belts required if the same amount of power is transmit-
ted by using V belt drive of groove angle 45° and the area of ¢/s of belts is 140 mm?.

Two parallel shafts connected by a crossed belt have pulleys of diameters 400 mm and 600 mm.
The centre distance is 5 m. The direction of rotation of the driven shaft is to be reversed by using
an open belt drive. State whether we can use the same belt. If not what 1s the remedy? If a belt of
thickness 8 mm and width 100 mm 1s used and initially 63 kW power 1s transmitted at 600 r.p.m.
calculate the change in the transmitted power when an open belt drive is used. In case the same
amount of power is to be transmitted what modification is required?

Find the width of the leather belt 6 mm thick transmitting 20 kW at 500 r.p.m of 750 mm diameter
pulley, 8= 150°, u=0.3, m= 1000 kgj‘mj, permissible maximum tensile stress 2.75 MPa.

V belt with cross-sectional area of 250 mm? and angle of groove 45° has density 1.5 mg/m’. The
angle of lap is 180°. The coefficient of friction between pulley and belt is 0.25 and maximum
stress i1s hmited to 4.75 MPa. Find the maximum H.P that can be transmitted.

A roller chain is used to connect two shafts spaced 25 pitches apart to transmit 75 kW at
300 r.p.m of a 17 tooth driver sprocket to 34 tooth driven sprocket. The working period is 18 hrs,
per day with abnormal service conditions. Specify the length and size of chain.

A double strand No. 8 type roller chain is used to transmit power between a 15 tooth driving
sprocket relating at 500 r.p.m. Driving source is an electric motor and a moderate shock 1s ex-
pected. Driven sprocket has 60 teeth. Determine the rated power and approximate centre dis-
tance, if the chain length is 90 pitches. From Table power rating of chain is 16,99 kW, tooth
correction factor is 0.85, multiple strand factor is 1.7, service correction factor is 1.3, pitch=25.4
mm.
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Brakes 1BS

T :b-T,-¢c+P-a=0 forclockwise rotation (12.8)

I.-b-T,-c+ P-a=0 foranticlockwise rotation (12.9)
The brake becomes self-locking if Iy - b=T,-cor 7, - b=T, - c forEqs (12.8) and (12.9) respectively.
For an additative brake (Fig. 12.4), Egs. (12.8) and (12.9) change to

T,-b+Ty-c~P-a=0and | (12.10)
T,-b+T,-c—P-a=0 (12.11)
0
i =
Fig. 12.3 Fig. 12.4

Here moments of 7, and 7, are added together hence it is called as, additative brakes whereas in a
differential band brake, the moments are substracted from each other. The additative brake does not
become self-locking in any case but requires a larger braking force.

12.6 LONG SHOE BRAKES

When the angle of contact of the shoe and the brake drum is larger than 60°, the pressure distribution is
non-uniform and hence, the normal reaction N cannot be assumed to act at a point. This type of shoe
brake is termed as the long shoe brake.

External shoe Internal shoe External shoe

Fig. 12.5
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Further calculation of dimension may be made by using Eq. 12.22 for heat dissipation
- 7% 0,75 % 600

50 =23.56 m/s
pV=193x 108, S p=0.0819 % 10° Pa
N =p x Area of contact, .. Areaof contact= % = 24420 mm?

Let the angle of contact be 60°
375 x = x b =24420

3

b= 62.18 mm. Let us adapt &= 100 mm.
-~ Angle of contact will be 37.5°
Maximum b.m on the lever = P (a - b)

= §30 x 664 N.mm

=::r,z='}'ﬂx%brl

830 x 600 %6
r-\{ %100 =20.66 mm =2] mm.

The dimension of the fulcrum pin may be calculated by first finding the reaction at the fulcrum.
Reaction at fulcrum in vertical direction = 2000 — 830 = 1170 N
Horizontal reaction = 0.3 x 2000 =600 N

Resultant reaction = Jll?ﬂl +600° =1314.87N
Dimensions of the fulcrum pin may be calculated by using the method described in chapter two
using Eqgs. 2.2.4 to 2.2.7.
In the brake shown in Fig. E-12.2 diameter of the drum rotating at a speed of 100 r.p.m is 600
mm. Find the breaking torque and the amount of heat generated per unit time. i = 0.3,

_h-.
P
L=

25 150
A +E |
EQ D
275 P TC 250 Y2.5kN

A
sy ORI e oA (0 i é Vs
315 ' # Cy ¢

Fig. B-12.2
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T, (l+utan8
Shilie Bt sesoniblo = st 0 7]
T, (1-ptan6)

T
aiid e the td plaag 22 A1t eamd)
I, (1-ptan@)

L _ T e dr [HHHIIHT

and so on.

T, T, T T, (I-ptan6
2aNT
60000
Substituting T=7162=(T,— T;) x 0.4 N.m
T,-T,=17905N (ii1)
Again from the equilibrium equation for the lever

23 100
=k Lo b W e =
200x12-T x ] + T 1 0

T, -4 T, = 9600 (iv)

Now, power to be absorbed = 450 kW =

From Egs. (i11) and (iv)
T,=276833 Nand T, =20673.33 N

T, _ 20678.33
T, 276833

l1+utan8y

1-ptan 8

l+ptan8® 1+035tan15°

Again = =
l-ptan@® 1-0.35tanl5°

n=112, say 12,
Therefore 12 blocks should be used.
Calculate the value of torque that the back-stop in Fig. E-12.5 can resist if the maximum pressure
between the lining and the drum is 1.4 MPa. Also find the coefficient of friction required to hold
the load. & =30 mm.
Solution:
Backstop should operate when the direction of rotation reverses.
Ty = Prax br
=14x30x320=13440N
For the backstop to operate when the rotation is reversed
13440 x 50 = T, x 200

T, =3360 N
320
Torque = (13440 — 3360) x ——— =3225.6 N.m
1000
Again p— ettt
1

As 6=210° p=0.378.
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Resultant reaction = 4/ (2.08307)? +(0.5367)> =2.151 kN

Similarly for the left hand shoe
ot [l sin? 120° + {Laz(ﬁ— in 24 ﬂ ~0.95x0.5
1000 2 37 4
= 0.2604 kN
Ry= Mﬁgﬁlﬁ s [[%- ﬂ?) = % in? IE:}"] —0.95 x 0.866
= 0.2565 kN

R = /(0.2604) +(0.2565)> =0.3655 kN.

12.10 Find the value of p,, for each shoe and the value of torque exerted by the brake. Also find the
power, absorbed for the pivoted type of shoe brake shown in Fig. E-12.10 (a) and (b).

375 ——=

625
ST
o 5
275 ¥ i\ q})
500 N i ¥
275 Y
O
Fig. E-12.10a Fig. E-12.10b
Solution
For the right hand shoe
oS0035
625
br
3000 x 487.5 — 2™ 9+ sin 8) x 275 = 0

3000 x 487.5 —

100 % 250
Pm X ; = (£+3in%)x2'?5=ﬂ

2
P =0.166 MPa
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202 Machine Design

12.5 Draw the free body diagram of each link of the brake shown in Fig. P-12.5. Calculate the force P
if the power to be absorbed is 15 kW at 200 r.p.m. Check the design for heating. p = 0.3.

e

il
Lad
o

Fig. P-12.6

12.6 In an internal expanding shoe brake shown in Fig. P-12.6, @, = 15° and ¢, = 105°. The value of
maximum shoe pressure 1s 0.7 MPa, u = 0.25, width of the lining = 50 mm. Find the torque
capacity if the inner radius of the drum is 125 mm.

12.7 Find the width of the shoe in an internal expanding /’ 250 ¢
shoe brake with @, = 15° and ¢, = 150°, g = 0.35,

P,,=0.85 MPa, R=150 mm, b= 250 mm, distance 622 N -
of pivot from the centre of drum = 125 mm. The 1
power to be absorbed is 10.38 kW at 120 r.p.m. 200

12.8 For the brake shown in Fig. P-12.8, g = 0.3. The
permissible maximum pressure is 1 MPa and the
force at the end of the lever is 622 N. Find the width
of the band and the torque capacity.

12.9 Design a brake shown in Fig, P-12.9 of torque ca-  Tie P-12,8
pacity of 900 N.m, u=03,p,_=0.525MPa, b=

3
drum. Find the values of P, D and b.

12.10 A double block brake brings the brake drum rotat-
ing at a speed of 300 r.p.m to rest within 5 seconds.
The brake drum diameter is 600 mm and a torque
capacity of 10000 N.m. The permissible bearing
pressure is 0.5 MPa. Determine the actuating force
at the end of the lever of length | m. The distance
between the two fulcrums is 500 mm and the axis
of the drum shaft 1s at a distance of 350 mm from
the line joining the two fulcrums. Design the shoe,
pivot pin and find the cross section of the lever at £
the critical section g = 0.3, Fig. P-12.9

width of the shoe = 54 where D is the diameter of p
i
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‘E’-Eﬂ 360 500
N

sy rw 7\—; N
275 T = =

580 i AN e ‘:: s ‘

:[____ T <ﬂ' =) / -= 300
0 275 \ d

1, L o —

- 77 77

| 470 | 470 | <275, ] 275 |
Fig. P-12.24 Fig. P-12.25

12.28 In a band and block brake 8= 15°, number of blocks is 12. The thickness of the block 75 mm;
diameter of drum 850 mm. The least force applied at 500 mm from the fulcrum on the lever is
610.8 N, a = 150 mm, b = 30 mm. Find the power absorbed at 240 rp.m if i =0.4.

ANSWERS

Objective Questions
(Iy b (2) c b EHb ()d Wb (De (8) ¢ (9 b
(10} c (1 e (1) ¢

Practice Problems

(1) 1811 N, 167.67 N.m (2) 1365 N for anticlockwise rotation (3) 174 mm
(4) 134° (5) 713.26 N, b= 105 mm, for angle of contact of 60°
(6) 258.00 N.m (7) 50 mm (8) 50 mm, 532 N.m

(9} D =308.3 modified to 310 mm, P=9087.216 N, b= 103.33 mm
(10} P=1940.87 N, b =73.8 — 75 mm for angle of contact 30°, lever of 30C8 steel section 63 x 21
mm, pivot pin dia. 20 mm
{11} 467.5 N, 515N,5714N (12} b=216.66 — 220 mm
(13) B5.86 N.m, 321.59 rev, 8.575 sec (14) 16588.6 N
(15) distance of pivot from A 62.5 mm, 416.67 N for both
(16} b= 280 mm; shaft diameter 30 mm, band is safe
(17) anticlockwise, dia. of cylinder = 45.66 — 50 mm, self-locking not possible

(18) clockwise, 0.261, 1156.3 N.m {(19) D =380 mm, 4811.4 N, 2.45 MPa
(20) Sl (21) 1067.99 N (22) 457.92 kW
P(b+c)-T, b

(23) T=1082.75 N.m, P=37352 N, P=7264.18 N

(25) max. pr. intensity = 0.166 for RHS, 0.187 for LHS; 593.88 N.m; 37.31 kW, ves

(26) 28 mm, 182.616 N.m, 2.151 kN for RHS, 5.5 kN for LHS, pr. itensity for RHS is 0.36 MPa
(27} anticlockwise 180 N.m, clockwise 221.54 N.m (28) 225 kW,
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Nut

Driver shaft

N\
~

x

Cuver-...__________}

Fig. 13.3

keeps them away from the inner radius of pulley rim. When driver shaft starts rotating the c.f force acts
on shoes. When this force overcomes the spring force it comes in contact with the inner radius of rim.
This speed is design=ted as engagement speed. Further increase in speed increases the force N on the
inner radius of rim. The frictional force on the rim is pV. If the engagement speed is @, and the maxi-
mum speed of rotation of driver shaft is @, then

N=mr [wré - mf } where m is the mass of the shoe in kg, r the radius of C.G of shoe. If R is the inner
radius of rim, *»" is the number of shoes and y the coefficient of friction then frictional torque
Tr=nxpuxmr(®; —w) xR (vii)

Usually three, four or six shoes are used. In some clutches the thin plates are used as spring, while in
others, springs are not used.

WORKED EXAMPLES

13.1 A clutch plate with maximum diameter 60 mm has maximum lining pressure of 0.35 MPa. The
power to be transmitted at 400 r.p.m is 135 kW and g = 0.3. Find inside diameter and spring force
required to engage the clutch. If the springs with spring index 6 and material spring steel with
safe shear stress 600 MPa is used find the wire diameter if 6 springs are used.

Solution;

~ 60 x1000x135

I3 =3222 88 N.m
2 400

Using Eq. (v) and (i),

Tp= uWem = uap, (r; —5*)r,
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13.16 Friction affects the engagement force as well as disengagement force in case of

(a) c.fclutch (b) cone clutch
(c) single plate clutch (d) multiple plate clutch

13.17 The number of effective surfaces with 5 steel and 4 brass plates in multiple plate clutch is
(a) 5 (b) 9 (c) 8 (d) 4

13.18 Mass of shoe of centrifugal clutch of maximum speed 1000 r.p.m is 2.25 kg hence with maxi-
mum speed of 1500 r.p.m for the same power transmission the mass of the shoe should be

(@) 1.5kg (b) 1kg (c) 4.5kg (d) 1.12kg

REVIEW QUESTIONS

13.1 What is the difference between a clutch and coupling? How clutch differs from brake?
13.2 Explain the working of single plate clutch by drawing a neat sketch. What is the function of
toggle lever?
13.3 Why are more springs used in single plate clutch?
13.4 What are the desirable properties of friction material to be used for clutches?
13.5 Compare the cone clutch and single plate clutch explaining why cone clutch is rarely being used
nowadays.
13.6 Derive the relationship of friction torque in clutches using uniform intensity of pressure theory.
13.7 Derive the relationship for friction torque in clutches using uniform rate of wear assumption.
Explain why this assumption is usually used in designing clutch.
13.8 Derive the expression for friction torque in centrifugal clutch.
13.9 What are the fields of application of different types of clutches? Explain the reasons for the same.
13.10 Explain the working of a centrifugal clutch by drawing a neat sketch.
13.11 What is the engagement factor? Why does it occur?
13.12 How the speed of engagement affects the capacity of centrifugal clutch? Why too small or too
large engagement speed should be avoided?
13.13 What will be the effect of stiffness of spring and the mass of the shoe on the engagement speed
and the capacity of centrifugal clutch?
13.14 Why the driven shaft should be a splined shaft in case of cone and plate clutch?
13.15 Why too small (less than 8°) or too large (more than 36°) cone angle should be avoided in case of
cone clutch?
13.16 What is the role of heat dissipation in the design of clutch?
13.17 Cone angle in cone clutch should be between 10° to 157, why?
13.18 What should be the range of the ratio of inner to outer diameter of plate clutch friction surfaces?
Why?
13.19 Why the springs are fitted with initial tension in centrifugal clutch? How is the initial tension
adjusted?
13.20 The centrifugal clutches are used for the engines which cannot be started under load. Explain.
13.2]1 Why are the slots provided on the clutch plate?
13.22 Which assumption is used in designing the clutch out of (a) uniform rate of wear, (b) uniform
intensity of pressure? Why?
13.23 Multiple plate clutches are used on two-wheelers while single plate clutches are used on four-
wheelers. Why?
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Spur Gear

CONCEPT REVIEW

P ———— e —_—

14.1 DEFINITIONS

1.

2.

A pair of spur gears is equivalent to a pair of cylindrical discs keyed to parallel shafts and having
line contact used to transmit torque.

Pitch circle diameter is the diameter of the circle which by pure rolling would transmit the same
motion as the actual gear wheel.

3. The pitch point is the point of contact of two pitch circles.
4.

The circular pitch p is the distance measured along the pitch circle circumference from the point
on one tooth to the corresponding point on the next tooth. It is calculated as,

_ pitch circle circumference Circular pitch
P No. of teeth
) nd, _ nd,
1 P [ 2
Module is the pitch circle diameter divided
by number of teeth
d, d,
i.e. m = — =— mm for spur gears
IP [ 2
nd,
Circular pitch p = i Tm mm
P

The addendum is the radial distance from the
pitch circle to the top of the tooth.

Fig. 14.1
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8.
9. A pinion is the smaller of the two mating gears. {

10. A rack is a gear wheel with infinitely large number of 2 \

11.

12,

13.
14.
15.
16.

17.

For 20° pressure angle ¢, = 17.1 say 18 for a, = 1; for 14—

pressure angle £, = 31.9 say 32. Hence for calculation of pinion,

The dedendum is the radial distance from the pitch circle to the bottom of the tpoth space.

teeth hence pitch circle circumference 1s a straight line,
or it is a gear with infinite radius. 5
Fressure angle ¢ or angle of obliguity is the angle which 4

the common normal to the profiles of the two teeth at _\
the point of contact makes with the common tangent to 3 !
the two pitch circles at the pitch point.

Condition of correct gearing: For velocity ratio to re-
main constant the contact surfaces should have a pro-
file such that the common normal to the two contacting Fig. 14.2

surfaces intersects the line joining the centres at a fixed

point.

The profiles satisfying this condition are known as conjugate profiles.

Involute, epi and hypo cycloid are the standard curves satisfying this condition.

It is common practice to use involute profile for gear teeth due to ease of manufacture and pnsslhll-
ity of more precision in cutting involute profile. _

Interference takes place in the involute gears which can be avoided if the addendum circles of two
mating gears cut the common tangent between the points of tangency.

This places the limitation on the minimum number of teeth on the pinion which is given by the
expression,

a1, 2a, /G
(J1+Asin3¢]-l (J1+Asin3¢)—l

where addendumn = a, m

f I

P P 1{1
= — 2 |=—=|—+2

and 4 rx[r ]G[G J

For contact between the rack and pinion,

{ o= where addendum = a.m

sm:I @
s F,
2 Fa

the starting value of number of teeth to be assumed should be 18 to F,

20 for 20° pressure angle and 32 for 14—% °. Force acting on the

tooth of spur gear F, is normal to the tooth profile which is re-
solved in two components namely,

F,=F_ sing¢
F,=F,cos ¢
F.=F tan ¢ Fig. 14.3




14.2 DESIGN EQUATIONS

(2) Beam strength or Lewis Equation

The tooth subjected to F, and F, may be treated as cantilever and
the actual stress distribution is as shown in Fig. 14.4(¢c) but the design
is based only on bending as in 14.4(b). Let b and ¢ be the width and
thickness of the tooth at the root (a) [TTTTITITIT @.

T 1] o

6 (b) [

O,

Fh 6Fh Wﬁﬂﬂ Tn~Ce
._.I:=M=]I =2t (€) 6.+ 0.

Z 2p OO
Fig. 14.4

6

2

F,=0,x ba- multiplying both numerator and

denominator by p

II
B P(ﬁhp)

The bracketed quantity depends on the form of the tooth and is termed as Lewis form stress factor *y’
2 F,=0,-b-p-y

o, is permissible statlc bending stress which is modified to K, o, where K, is the velocity factor used for
takmg into account the fatigue loading

il F,=K, u} b-p-y (14.2.1)

K, = —— for peripheral velocity V"< 10 m/s

3+ V

=5  for 10 mis < V<20 m/s

6+V
= ;—géi—_; for v = 10 m/s
y=0.154- Nuigt‘ltieth for 20° full depth teeth
=0.175- Nn?ff‘::;th for 20° stub teeth
=0.124 - Nﬂf}iﬂt‘:e & for 145" pressure angle

usually =10 m to 15 m where m = module

Lewis form factors can also be obtained directly from Table 28. The values given in the table are modi-
fied for stress concentration and load sharing ratio.
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14.5 PRACTICAL DESIGN ASPECTS

The involute profile is normally used for gears as the involute s
rack has a straight line profile as shown in Fig. 14.6. Involute ¢F\—\/_*\E/_\ SR Ane
profile poses the difficulty of interference when number of _./ \_
teeth is reduced below the minimum number of teeth. This
difficulty is overcome by (a) using stub teeth of which height Fig. 14.6

is less than the full depth teeth, (b) by using composite profile

with cycloidal curve at the root of the tooth and (c) by increas-

ing centre distance.

In epicyclic gear train internal gears are used. The teeth of these internal gears are stronger than those
of the corresponding spur gears. Operation is smooth and quiet because a greater number of teeth are in
contact.

Gears are made from gray and alloy C.1, C.S., forged steel, brass, bronze and impregnated fabric.
Heat treatments such as through hardening, case hardening, nitriding, induction or flame hardening may
be used for improvement of surface strength.

Lubrication of gears is important and may be achieved by (a) applying lubricant by an o1l can, dnp
oiler or brush, (b) dipping larger gear into bath of oil in case of gears in enclosed casing, (c) using EP
lubricant if contact pressure is high.

While mounting the gears, care should be taken to see that the shafts are parallel.

Spur gears are highly efficient, the loss of power in friction being only 1 to 2%.

WORKED EXAMPLES

14.1 In a spur gear drive the diameter of pinion is 80 mm and the centre distance 160 mm. The power
to be transmitted is 4.5 kW at 800 r.p.m of pinion. Using 20° full depth teeth and material for
pinion a steel with permissible static bending stress of 200 MPa and for gear a steel with a
permissible static bending stress of 150 MPa, determine the necessary module and width of the
teeth using Lewis Equation only.

Solution: :
nd N % 80 x 800
y=—""t-= =3.35m/
60 1000 x 60 5
Fomia busial o B0 1342.87 N
Ty 335 T
3
= =(0.472
Y 3+3.35
As the material for the gear is weak, let us test the gear for beam strength
d d, +d
t =-£'=E[ascf:ntredistance: 2 g, sod, =240 mm
£ i 5 g



14.2

0.912xm
Yy =0.154 - a0

~ Lewis Equation for gear
Fi=K, 0,5, b-p
Letb=12m

0912 m

1342.87 =0.472 x 150 x [0.154~ )x 12 wm?*

By tnal and errorm =2 b =24 mm
t,=120,1,= 40
0912

For gear y, = 0.154 — 120 =(.1464

for pinion y, = 0.154 - % =0.1312

O, ¥y = 21.96 and a,y, = 26.24 Ex Oy > ﬂ'gyg}
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Thus the pinion is stronger than gear hence m and & based on the strength of the gear are satisfac-

tory for the pinion.

A pair of gears is to be designed for compact size. Power to be transmutted 20 kW at 1450 r.p.m
of pinion and gear ratio 4 : 1. Tooth profile 20° stub. Material for pinion C.S and for gear C.L

Determine the module and necessary face width by using Lewis Equation.
Solution:
For compact size use minimum number of teeth. Let addendum = module

2a,/G 0.5

" (JHAsinz ¢] —1=J1+i[i+z]sin1 20°-1

= 15.44 say 16
t, =64, g,= 100 MPa, o, =70 MPa

0.841

¥, =0.175 - === = 0.1224, .. y,0, = 12.24 MPa

16

0.841
< = 01618, .. y,0,

Ye=0.175- =11.33

- Let us design gear

_ T x16mx1450
60 x 1000

=1.214 m m/s

s 3
K, 3+1214m

_ P _ 20,000 16474.464
= 2

V 1214N m
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. Lewis Equation for gear with b= 12 m
F,=K,0y,bxp
16474.464 _ 3
m I+1.214m
by trial and error m = 5 mm, b = 60 mm.
14.3 A train of gears transmitting 5.6 kW at 1440 r.p.m is shown in Fig. E-14.3(a), ¢, = 20, r, = 100, ¢

&
=25, t,= 150, m, = m, =5 mm, m_.= m ;= 6 mm, ¢ = 20°, Calculate tangential and radial forces
between 4 and B and between C and D; and resultant reactions at bearings E, and E..

] % 11.33 X 12rm?

|—150 —> <100 >
Fig. E-14.3a
Solution:
P .1'I'r'|ti'|...i Nﬂ
F;I=Flwherela"|= 0 d,=tm_ =100 mm

dp, = tymy, = 500 mm, d.=tm_= 150 mm
d;=tm,=%00 mm

%100 %1440
60 x 1000
=7.54 m/s

5.6 x1000
Fy = 0oy =TA2TN; £, =F,tan p=27032N
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Solution:
=0.124 - —— D.054 =0.0898, 4 =20x5=100mm
20 P
o % 100 x 1000 Ly
60 > 1000

K,= —>— =0.3642

Y 345236
F ot 1909.5548 N

5236 T

As the pinion and gear are of the same material let us check pinion for induced bending stress
1909.5548

F, =K ovbp, .. 0=

e i 0.3642 x 0.0898 X 60 X 77 X 5

= (1.96 MPa which is safe

31 5 2
F, = dpbkaF% -ﬁ*}iﬂml-‘ll—}{[ I + ] ]=ﬁﬂﬂ :::D.Iﬁxi

2 |E, E, 1.4 10°
= 1.2876 N/mm>
2% 2.5
F, =100 x 60 x 1.2876 | ———> | =11036.571 N
25+1
Fy=0ybp=100x0.0898 X 60 x £x 5 = 846345 N
- F;should not exceed 8463.45 N

21 % 5.236 (60 C +1909.5548)
21x5.236 +,/60 C +1909.5548

Bj,r trial and error the equation is satisfied for C =330 N/mm for which the error is 0.06 mm
0.06 mm error 1s permissible
14.7 A 20° full depth steel pinion meshes with a C.1 gear with 220 B.H.N. Centre distance is 200 mm
and the speed ratio 3 : 1. The speed of the pimion is 600 r.p.m. The module and the face width of
the pair are 5 mm and 50 mm respectively. The dynamic tooth factor is 8 N/mm/micron. Wear

8463.45 = 1909.8548 +

load factor 0.95 N/mm?. The tooth pitch error e = 8 + 1.25 (m + 0.25 Jd ) microns where
m = module in mm and 4 = p.c.d of gear in mm. Assume permissible static stress for pinion 110
MPa and for gear 55 MPa. Find the maximum safe power transmitted by the spur gear pair.

Solution:
_ .-:z’p +d, dg
Centre distance C = 3 =3
2 dp
dp + Sdp
200 == ————, - dp=1ﬂ{]mm,dg=3mrmn

2
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14.10

14.11

k = 11500, N,, = 1800 r.p.m, ¢, = 20, Total error = 0.106 mm

0.106 x 1800 x 20 -
F,= 5 J11500x 60 x1.66 X107 =4304.9 N

F,+F,=3183+4304.9 = 74879 N
F,=140% 0.1084 X 12 X X 25 = 14303.042 N
F,=F,+ F,=7487.9 N = d bkQ

2x3
0= §i5]

5429 88
100x60x1.5

1.5

k, = = (.8274 N/mm?

k=5 ging v | £ = £ =2x10° =200
14 "\E, E )P

Se  0.342x2

> i
1.4  2x105 °
Again S,,=2.75 BHN - 70

o 581.98 + 70 -
T TR

Two 20° full depth spur gears carry 35 kW at 860 r.p.m, speed ratio is 2 : 1 with centre distance
225 mm. Module = 5 mm. The error on both gears taken together is 0.122 mm. Calculate neces-
sary face width material steel, &= 1.2.

0.8274 = S = 381.98 MPa

Solution:
d,+d d
P_"% —225and — =2, - d =150 mm
2 d, i
150 % 860
s kil T N
60 > 1000
F = 1 5185.185 N
875 '
0.122 x 860 x 30 > :
Fye - J1150056% x5.535 107 4 5185185
1 mhprt N sec?
m= G _ PP _ssisyxips 20
1+G* 2g mm
_ x 4 _
Fy=dbk,0=150x12xbx 3 =240
Using F, =F,b=33.176 mm say 35 mm.

A pair of spur gears with 20° involute full depth teeth has a module of 8 mm. The p.c.d of gear is
360 mm. The gear ratio is 2.5 : 1. Calculate number of teeth on each wheel, addendum, total

depth, clearance, outside diameter, root diameters, dedendum, base circle diameter. State whether
the interference will occur?
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Solution:
d, =360 mm and d, = 360/2.5 = 144 mm
N, =360/8 =45 and N, = 18
Addendum =m=8 mm
Dedendum = 1,157 m = 9,256 mm
Total depth = 17.256 mm (add. + ded.)
Clearance = 1.256 mm (ded. —add.)
Qutside diameter = p.c.d + 2 addendum
For pinion outside diameter = 144 + 2 x 8 = 160 mm
For gear outside diameter = 360 + 2 x 8 = 376 mm
Root diameter of pinion = Qutside diameter - 2 x Total depth
=160-2x17.256= 125488 mm
Root diameter of gear =376 — 2 x 17.256 = 341 .488 mm

p.c.d ( pinion)
2

Radius of base circle of pinion = x cos 20° = 169.14467 mm

Interference occurs if the
2a,

{J1+Asm23ﬂ°)—1

RH.S = 36.59. As N, = 45, i.e. N, > 36.59
. Interference does not occur.

14.12 Design a pair of spur pinion and gear made of cast steel and C.I respectively. The diameter of
pinion is 140 mm and it transmits 30 kW at 1250 r.p.m. The gear ratio is 3 : | and teeth are 20°
full depth involute,

Solution:
The problem may be solved by first assuming minimum number of teeth necessary to avoid
interference and then checking it at the end from the module obtained. Let us assume , = 16 and

1 1
here A= ——[-L +2) =096
it 15[2*5*' ]

Ng*i

t, =48,
_ 0912 _ o _
=0.154 - == =0.097, . 6, = 110% 0.097 = 10.67
0912
=0.154 - === =0.135

& -:Igy =55 x0.135=7.425
‘. gear has to be deslgnedg

o B0 B e, R B wage
60 x 1000 6+9.163
o 30x1000
™ TolRg T A
Let b =12 m, Lewis Equation may be written as

31274 =0395Tx 7425 % 12mx mm.
m = 5.436 mm say 6 mm, b= 60 mm

With this module the number of teeth on pinion may be changed to 24 so that the p.c diameter
of pinion is 144 mm and that of gear 432 mm.
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14.13

14.14

Check the design of Problem 14.12 for wear strength and dynamic tooth load assuming B.H.N
250 for pinion material. Assume an error of 0.04 mm for which C = 228 kN/m.
Solution:

¥g = 0.141 for a number of teeth 72

Fa=55%x0.141 x60 x 6x=8777.0 N

For B.H.N 250, 5. =275x250-70=617.5 MPa
617.5)°
k,= ( ) -s1n 20° ] + ]
1.4 2x10°  1x10°
2x3
=1.397 N/mm*, Q0= —— =15
¢ 341

2 F,=dpbk,= 144 x 60 x 1.397x 1.5=18105.12 N
This 1s satisfactory as  F, = F,
2V (bC+ F)

F,= +F
2w+ JBCHE

_ 21x9.163[60 x 228 +3274) — 1274 = 13275.335 N

21%9.163 ++/ 60 x 228 + 3274
F; with reduced error to 0.02 mm comes
F;=9896.5 N but still F, > F,
. Thus modification in design by increasing m = 8 mm, reducing number of teeth to 18,
b = 80 mm gives

Fy=aybp ¥ =0.1371 for a number of teeth 54
=55x0.1371 xB0x xx8=15161N

F =144 x 80 x 1.397 x 1.5=24140.16 N

F,= 15482 N with ¢ = 0.04 mm
which can be reduced further by reducing error slightly. Hence the design is satisfactory.
A pair of spur gears has pinion made of material with 80 MPa safe static bending stress, gear
made of material with safe static bending stress of 55 MPa. The module and face width of the
teeth are 5 mm and 60 mm respectively. The pinion rotates at 600 r.p.m. The number of teeth on
pinions and gear are 20 and B0 respectively. Find the capacity in kW of the gear drive. The error

is limited to e= 16 + 1.25 (m + 0.25 ﬂ ) microns. B.H.N of the pinion material is 250.

Solution:
For finding capacity the condition to be satisfied is F, < F,and F, < F,.

e, = 16+ 1.25 (5+ 0.25 v 100 )= 25.375 microns for pinion

e, =16+ 1.25 (5 + 0.25 v 400 ) = 28.5 microns for gear
total error = 53.875 microns = (L.053875 mm

LB+ Ey

2x1x10"
Ix10°

=0.114 x 0.053875 [ J = 409.45 N/mm
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7 x 100 x 600
V= o000 ~314mss
21%3.14(60 % 409.45 + ;)
Fd'= +Fr
21x3.14 +,/60 x 409.45 + F,
¥, = 0,154 - % =0.1084, .. g, =8.672

¥, =0.1426, .. oy,=9.843
Fy=0y,bp,=7843 x60x tx5=T7391.85N
From previous problem &, = 1.397 N/m’

2x4
441

=100x60x 1397 x 1.6=134112N
- If F; < Fy; then both conditions are satisfied.
s Let Fy= F, from which F, < 500 N, this is too small.

Hence using the same matenal for gear as that of pinion and increasing module to 6 mm.
Fro=80x01426 x 60 xr x6=12902.144 N

for which F,=5000N, .. P= SF{E” =15.7kW.

Find the incremental dynamic load occurring on a pair of spur gears of the Problem 14.14 using
equivalent mass. Assume pinion to be solid disc and gear of C.I and spokes with inside diameter
380 mum.

Solution;

F, =dpbk,Q where Q= =16

e, = 235.375 microns, e, = 28.5 microns
Combined error = 0.053875 mm from previous problem.

Pon. B

20%x 600 200
E.E

=2 —F78 | _94%10°5N/m
9 EF+E3

o 4 4
mg = ——(rg —1;")
2ry

Note: In this solution unit of mass used is kg instead of N sec®/m used in Examples 14.8 and 14.9,
but answer does not differ.

sec, E, =1 x 10" N/m?*, E, =2 x 10" N/m’

- 80 = 3, . 240 _ 190
b =60 mm 000 ™ P 7200 kg/m”, ry 1000 ™ and r; 1000 ™
using m =6 mm

. mx0.06x 7200 x (0.24% —0.19%)

m, = =23.73 kg

2(0.24)°
60 2
m,, =:rx{],ﬂ6x?'3ﬂﬂx(lmn] =5.292 kg



14.12

14.13

14.14

14.15

14.16

14.17

14,18

14.19

14.20

14.21

Spur Gear

Velocity factor is used to take care of

(a) effect of high velocity (b) possibility of fatigue failure

(c) possibility of high wear (d) pitting
Material combination factor is used for finding

(a) beam strength (b) dynamical load
(c) wear strength (d) heat capacity

Out of the pinion and gear, design should be made of the gear for which
(a) Lewis factor y is smaller (b) bending stress g, > is smaller

(c) oy is smaller (d) oy is bigger
Dynamic tooth load depends on
(a) pitch line velocity (b) misalignment of shafts
(c) inaccuracy in tooth profile (d) pressure angle
The expression used for the wear strength of the gear is
(8) F,=d,bk,0 () F,=dbk,0
21V (be+ F,)
(©) F,=F, d) F,=F+

21F+1('bc+ﬁ

The spur gears are used for gear ratios up to

(a) 6 (b) 2 (c) 10 (d) 20

For 50 mm diameter gear of involute 20° teeth the interference will occur if module is
(a) 1.5 mm (b) 2.01 mm (c) 3.0 mm (d) 4.0 mm

If the dynamic tooth load is not within the limit it is advisable for making design safer to
(a) reduce the module (b) reduce the face width

(c) reduce the error (d) reduce the hardness

If two pairs of spur gears are used for speed reductions from 1800 r.p.m to 200 r.p.m the speed of

the 2nd pinion for compact gear box should be

(a) 900 r.p.m (b) 600 r.p.m (c) 450 rp.m (d) B0O rp.m
With the point of view of wear strength, 20° pressure angle is

(a) superior to 14'4° (b) inferior to 14'4°

(c) as good as 14'4° (d) none of the above

REVIEW QUESTIONS

14.1

14.2
14.3

14.4
14.5
14.6

Explain the action of forces on the spur gear tooth when power is to be transmitted from one shaft

to the other.,

241

Define (a) module, (b) circular pitch, (c) face width of gear, (d) addendum, (e) pressure angle.

Explain the importance of Lewis form factor in designing the spur gear. Derive the equation of

beam strength of spur gear.
What are the causes of failure of gear tooth?
How number of teeth affects the design of gears?

Explain the concept of wear strength and further state the method of checking the design of gear

for wear strength.
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14.7
14.3
149

14.10

14.11
14.12
14.13

14.14
14.15
14.16
14.17

14.18

Machine Design

What are different materials used for gears? What type of heat treatment is recommended?
Why is it preferred to use involute type teeth for gears? What is stub teeth? Why are they used?
Why dynamic load is induced in the gear teeth? Explain the procedure of designing for dynamic
load using Buckingham Equation.

Describe method used to calculate the dynamic load on gears using M.F. Spotts’ equation of
mechanics.

Write a short note on “Lubrication of gears™.

What are the applications of spur gears? Explain in brief.

After studying the topic of helical gears, explain why spur gears are preferred in certain applica-
tions.

Define beam strength of the tooth and derive the relationship for the same.

Write a short note on *Velocity Factor® explaining its significance in gear tooth design.

What are the conditions to be satisfied for the safe design of spur gear tooth?

Explain why a less number of teeth is desirable but not practicable below a particular number.
How is that number decided?

Write short notes on (i) Pitting and (ii) Seizure of gear teeth.

PRACTICE PROBLEMS

14.1

The gear train shown in Fig. P-14.1 is required to transmit 40 kW at 1500 r.p.m of pinion 4. The
speed ratio between 4 and B is 5 : 2 and between Cand D is 3 : 1. Find the speeds of gears B, C
and D and number of teeth on each wheel if module is 5 mm, Also find the reactions on bearings
R, and R, if pressure angle is 20°.

A
R R
IR 2
R R
200

ot S () b= [} == all

Fig. P-14.1
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14.9

14.10

14.11

14.12

14.13

14.14

14,135

A 35 kW 1s to be transmitted at 450 r.p.m to a shaft with gear ratio 4 : 1 using 20° full depth
involute spur gear drive. Pinion is made of heat treated C.S with ¢, = 200 MPa and gear with high
grade C.1 with g, =90 MPa, module 15 10 mm. Design the pair and check 1t for wear and dynamic
tooth load k,, = 4.25 N/mm?, C = 632 N/mm.

Two-stage spur gear reducer is used to transmit 7.5 kW. Input shaft rotates 720 r.p.m and output
shaft at 80 r.p.m. Pressure angle 20° number of teeth on pinion 18, g, for all gears = 100 MPa,
k., =0.142 (B.H.N/100)°. Design the gear drive by Lewis Equation and specify surface hardness.
Two meshing spur gears with 20° full depth teeth have module of 6 mm. Pinion has 20 teeth and
gear ratio 80. Pinion and gears are solid discs with b = 50 mm. Speed of the pinion is 900 r.p.m.

Find the dynamic load for an error of e =32 + 2.5 (m + 0.25 -J'F} where m and d are in mm and
EITOr 1S iN MICTrons.

Two meshing spur gears have 20° full depth teeth. Gears are solid discs; 7, = 25, £, = 75, b = 60
mm, speed of the pinion 1,760 r.p.m. The power to be transmitted 60 H‘j: m = 5 mm. Find the

required value of B.H.N and check the teeth for bending e = 16 + 2.5 (m + 0.25 Jd )

Two gears with m = 6 mm, 20° full depth teeth mesh with each other with gear ratio 2. The
number of teeth on pinion = 24, b = 75 mm. Speed of pinion is 860 rp.m,e=32+2.5(m +0.25
Jd ) microns. B.H.N of pinion and gear 320. Find the kW capacity of the pair.

A spur gear drive is required to transmit 25 kW at 200 r.p.m of pinion. The velocity ratiois 2 : 1.
The centre distance is 450 mm. The safe static stress for the material is 55 MPa. Design the gears.
Assume involute teeth of 20° pressure angle. Use beam strength equation.

Check the gears in Problem 14.14 for wear strength and dynamic load. Hardness of the material
may be 300 B.H.N. Let the error in cutting the teeth be 0.04 mm.

4

Fig. P-14.15

14.16

The number of teeth on gears 1, 2, 3 and 4 are 24, 36, 18 and 36 respectively. The pressure angle
15 20° module = 4 mm. Gear 1 is driver and rotates at 1500 r.p.m transmitting 16 kW. Determine
the tooth forces on the gears.




You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,
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14.30 A pair of spur gears with 20° full depth teeth is used to transmit 20 kW at 900 r.p.m of pinion.
The gear ratio is 6 : 1. The material for pinion is C.S with permissible static stress 55 MPa.
Determine the module and face width of the gear from the standpoint of beam strength; wear
strength and dynamic tooth load. Assume minimum number of teeth on pinion. K, = 3/(3 + V),
wear factor = 1.3 N/mm?, C for 0.07 mm, error = 590 kN.m. Use Buckingham equation for

dynamic tooth load.

1431 A pair of gears with 20° full depth teeth of involute profile have m = 6 mm, & = 75 mm,
dp = 144 mm, dg = 288 mm. The pinion rotates at 1200 r.p.m and transmits 60 kW. Find the
required B.H.N of gear material. e =32 + 2.5 (m + 0.25 v d ) microns. Use Spott's approach.

14.32 Solve above problem using Buckingham equation for dynamic tooth load.

14.33 What conclusion can be drawn by comparing the two results in the above problem.

ANSWERS

Objective Questions
MHec (Dec B(3)d e B)a B (Md B d 9 c (10)d (11) a
(12) b (13)c (14) c (15 c (16)a (1) a (18) d (19 ¢ (20) b (21) a

Practice Problems
(1) Vertical ractions 755 N, 1991 N, Speed of B 600 r.p.m, of D = 200 r.p.m, Horizontal reactions
2075 N, 527041 N, t, =40, t5= 100, 1= 20, t;, = 60.
(2) 3 mm.
(3) V,454.62N 1, 5936.57 N |, H.R. 6565.77 N « and 3227.6285 N «
(4) V3=14875378 Nl V,=4369.4N | H,=498941 N, H,=807.52N —

N, N,

(5) 2728.4 N, 454733 N, NyN,=1+
N, N,

(6) m=4mm, b=35mm

(7) m=3mm,£:-=ﬂﬁnm1,dp= 128 mm, d, = 448 mm.

(8) b= 120 mm, assuming mass of gear 50 kg, diameter of gear shaft = 90 mm, d, = 180 mm,

d, = 1080 mm

(9) b= 58.42, modified to 100 mm.
(10) m =5 mm, B.H.N = 240. (11) 2373 N (12) B.H.N =300
(13) 50 kW (14) m =6 mm, b= 90 mm. (16) 2122 N, 4244 N,
(25) m =6 mm, d, = 96 mm, d, = 384 mm (26) 23.236 kW using M.F. Spott’s approach
(27) 1953.158 N (28) 78.87 kW (29) 27.09 — 30 mm
(30) Design is modified to use C.S for both the pinion and gear with m = 6 mm, b= 72 mm.
(31) 250.6 BH.N (32) 427.35 B.H.N

(33) Buckingham approach is more conservative.
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17.13
17.14
17.15
17.16

17.17

17.18

17.19
17.20

17.21

Machine Design

Find the power that can be transmitted to a phosphor-bronze gear from a hardened steel worm
rotating at 1500 r.p.m with a transmission ratio of 25. The centre distance is 300 mm. The teeth

are 14%"‘ involute.

Find the diameter of worm for worm gear drive with & = 20° and pitch 35 mm double start
threads.

A worm gear reducer unit is used for centre distance of 275 mm. Find the worm diameter and
axial module.

If for the above unit gear ratio 1s 20 what is approximate power input rating in order to prevent
overheating?

For a pair of worm and worm gear with transmission ratio 20 and centre distance 400 mm. Find
the axial module and the lead angle.

A hardened steel worm rotating at 1250 r.p.m transmits power to a phosphor bronze gear with
transmission ratio 15 : 1, centre distance is 225 mm. Recommend the power for which the pair
should be used.

Find the power transmitted by considering failures in bending, wear and heat dissipation for a
work and worm gear drive and decide the safe power to be transmitted if the worm rotates at
2500 r.p.m and p-bronze gear rotates at 100 r.p.m. Centre distance is 300 mm for p-bronze safe
o= 53 MPa.

Compute the efficiency of drive in the above problem.

In the above problem assuming power to be transmitted 15 kW, find the diameter of worm and
gear shafts.

A hardened steel worm rotating at 2500 r.p.m tansmits power to a p-bronze gear with transmis-

sion ratio 20 : 1. The centre distance i1s 240 mm. The teeth are 14%"" involute. Complete the

design.

AN_S_‘%_W_’ERS

——r— e m———— e

Objective Questions

(1) ¢
(10) d

2)d @)e @Ha ()b BGc (NHd @d (Oc
(Ihd (12)b (13) ¢ (14 c

Practice Problems
(1) Triple start, 60 (2) 320.52 mm, 17.57 kW, 26.37 kW (3) 12.94 kW

(4) 11.35kW (5) Lewis Equation 14.7 kW, Heat Cap. 8.57 kW, Wear Cap. 11.57 kW
(6) d,, =90 mm, d,= 360 mm, triple start, 7,=45  (7) 136 mm, 45.33 mm (8) 15.71 kW
(9) 9°-27-7" ~ (10) Double start, 40 (11) Single start d, = 40, d, = 140, m = 4 mm
(12) Double start, r, = 50, m = 10 mm (13) 61.21 mm
(14) 92.86 mm, ma=9.85mm (15) 16263kW  (16) 14 mm, 14.57° (17) 12.748 kW

(18) 1

5.71 kW with heat dissipation criteria. Calculated value of P.= 34 mm should be reduced to 32

mm to get centre distance 305 mm with double start threads.
(19) 40%.
(20) Worm shaft 60 mm, gear shaft 60 m assuming length of shaft between the bearing 25.
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Sliding Contact Bearings 293

18.6 HEAT GENERATED AND DISSIPATED

Heat generated is due to friction torque T

Te=uW-di2
Ny D BN -
H = 60 = U 2 60 = UWV walts (1v)
Heat dissipated is given by Lasche’s equation
Z
H,;= & :{]E] watts (v)
AM=Tyg-T,

Difference between bearing temp. T, and surrounding temp. T,
K =10.273 for bearing of heavy construction in °C m> /W
= 0.484°C m*/W with light or medium construction

If operating temperature #; is given, then Af = % (tn— 1)

18.7 PARAMETERS AFFECTING THE BEARING PERFORMANCE

Small clearance causes more heat generation but has greater load capacity. Large clearance reduces the
heat generation but is mechanically undesirable. The value of clearance ratio ¢/D should be between
0.001 to 0.002,

Value of i, for satisfactory operation of bearing should be 0.00015 mm diameter.

Larger L/D ratio 1s desirable to minimize end leakage but with the point of view of space limitation,
manufacturing tolerances and shaft deflection, smaller L/D ratio is desirable. L/[J should be within | to
2 and L/D < ] used for highly loaded engine bearings.

The pressure at which oil film breaks and metal to metal contact begins is known as critical pressure.
It depends on the material and degree of smoothness of surfaces in contact.

18.8° SOMMERFIELD AND OTHER DIMENSIONLESS NUMBERS

The theory of hydrodynamic lubrication is based on Reynold’s equation. Comprehensive computer so-
lutions to this equations were obtained by Raimondi and Boyde and have been tabulated in the tables
giving correlation between many dimensionless numbers. They are also available in the form of charts.
These charts or tables are entered using a number which is introduced in Article 18.4 and is known as
Sommerfield number given by

Cr

EN: Z -2-
§= — [E] or N [L1 where % or — is the reciprocal of clearance ratio. N” is N/60, i.e.

revolutions per sec.
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