
LECTURE NOTES – TOM 

CHAPTER 1: Introduction 

Introduction 
We have already discussed that a machine is a device which receives energy and 
transforms it into some usefulwork. A machine consists of a number of parts or 
bodies. In this chapter, we shall study the mechanisms of the various parts or 
bodies from which the machine is assembled. This is done by making one of the 
parts as fixed, and the relative motion of other parts is determined with respect to 
the fixed part. 
 Kinematic Link or Element 
Each part of a machine, which moves relative to some other part, is known as a 
kinematic link (or simply link) or element. A link may consist of several parts, 
which are rigidly fastened together, so that they do not move relative to one 
another. For example, in a reciprocating steam engine, as shown in Fig. 5.1, piston, 
piston rod and crosshead constitute one link ; connecting rod with big and small 
end bearings constitute a second link ; crank, crank shaft and flywheel a third link 
and the cylinder, engine frame and main bearings a fourth link. 
 

A link or element need not to be a rigid body, but it must be a resistant body. A 
body is said to be a resistant body if it is capable of transmitting the required forces 
with negligible deformation. Thus a link should have the following two 
characteristics: 
1. It should have relative motion, and 

2. It must be a resistant body 

Types of Links 
In order to transmit motion, the driver 
and the follower may be connected by the following three types of links : 
1. Rigid link. A rigid link is one which does not undergo any deformation while 
transmitting 
motion. Strictly speaking, rigid links do not exist. However, as the deformation of a 
connecting rod, 
crank etc. of a reciprocating steam engine is not appreciable, they can be 
considered as rigid links. 
2. Flexible link. A flexible link is one which is partly deformed in a manner not to 
affect the 
transmission of motion. For example, belts, ropes, chains and wires are flexible 
links and transmit 

tensile forces only. 
3. Fluid link. A fluid link is one which is formed by having a fluid in a receptacle 
and the 
motion is transmitted through the fluid by pressure or compression only, as in the 
case of hydraulic 

presses, jacks and brakes. 

Kinematic Pair 
The two links or elements of a machine, when in contact with each other, are said 
to form a 
pair. If the relative motion between them is completely or successfully constrained 
(i.e. in a definite 
direction), the pair is known as kinematic pair. 

First of all, let us discuss the various types of constrained motions. 

Types of Constrained Motions 
Following are the three types of constrained motions : 
1. Completely constrained motion. When the motion between a pair is limited to 
a definite 



direction irrespective of the direction of force applied, then the motion is said to be 
a completely 
constrained motion. For example, the piston and cylinder (in a steam engine) form 
a pair and the 
motion of the piston is limited to a definite direction (i.e. it will only reciprocate) 
relative to the 

cylinder irrespective of the direction of motion of the crank, as shown in Fig. 5.1. 

 

2. Incompletely constrained motion. When the motion between a pair can take 
place in more 
than one direction, then the motion is called an incompletely constrained motion. 
The change in the 
direction of impressed force may alter the direction of relative motion between the 
pair. A circular bar 
or shaft in a circular hole, as shown in Fig. 5.4, is an example of an incompletely 
constrained motion 

as it may either rotate or slide in a hole. These both motions have no relationship 

with the other. 

 

 

 

 

3. Successfully constrained motion. When the motion between the elements, 
forming a pair is 

such that the constrained motion is not completed by itself, but by some other 
means, then the motion 
is said to be successfully constrained motion. Consider a shaft in a foot-step 
bearing as shown in Fig. 
5.5. The shaft may rotate in a bearing or it may move upwards. This is a case of 
incompletely constrained 
motion. But if the load is placed on the shaft to prevent axial upward movement of 
the shaft, 
then the motion of the pair is said to be successfully constrained motion. The 
motion of an I.C. engine 
valve (these are kept on their seat by a spring) and the piston reciprocating inside 
an engine cylinder 

are also the examples of successfully constrained motion. 

Classification of Kinematic Pairs 
The kinematic pairs may be classified according to the following considerations : 
 
1. According to the type of relative motion between the elements. The 
kinematic pairs according 



to type of relative motion between the elements may be classified as discussed 
below: 
(a) Sliding pair. When the two elements of a pair are connected in such a way 
that one can 
only slide relative to the other, the pair is known as a sliding pair. The piston and 
cylinder, cross-head 

and guides of a reciprocating steam engine, ram and its guides in shaper, tail stock 
on the lathe bed 
etc. are the examples of a sliding pair. A little consideration will show, that a sliding 
pair has a 
completely constrained motion. 
(b) Turning pair. When the two elements of a pair are connected in such a way 
that one can 
only turn or revolve about a fixed axis of another link, the pair is known as turning 
pair. A shaft with 
collars at both ends fitted into a circular hole, the crankshaft in a journal bearing 
in an engine, lathe 
spindle supported in head stock, cycle wheels turning over their axles etc. are the 
examples of a 

turning pair. A turning pair also has a completely constrained motion. 
(c) Rolling pair. When the two elements of a pair are connected in such a way that 
one rolls 
over another fixed link, the pair is known as rolling pair. Ball and roller bearings 
are examples of 
rolling pair. 
(d) Screw pair. When the two elements of a pair are connected in such a way that 
one element 
can turn about the other by screw threads, the pair is known as screw pair. The 
lead screw of a lathe 
with nut, and bolt with a nut are examples of a screw pair. 
(e) Spherical pair. When the two elements of a pair are connected in such a way 
that one 
element (with spherical shape) turns or swivels about the other fixed element, the 
pair formed is 
called a spherical pair. The ball and socket joint, attachment of a car mirror, pen 
stand etc., are the 
examples of a spherical pair. 
 
2. According to the type of contact between the elements. The kinematic pairs 

according to 
the type of contact between the elements may be classified as discussed below : 
(a) Lower pair. When the two elements of a pair have a surface contact when 
relative motion 
takes place and the surface of one element slides over the surface of the other, the 
pair formed is 
known as lower pair. It will be seen that sliding pairs, turning pairs and screw 
pairs form lower pairs. 
(b) Higher pair. When the two elements of a pair have a line or point contact when 
relative 
motion takes place and the motion between the two elements is partly turning and 
partly sliding,then 
the pair is known as higher pair. A pair of friction discs, toothed gearing, belt and 

rope drives, ball and 
roller bearings and cam and follower are the examples of higher pairs. 
 
3. According to the type of closure. The kinematic pairs according to the type of 
closure 
between the elements may be classified as discussed below : 



(a) Self closed pair. When the two elements of a pair are connected together 
mechanically in 
such a way that only required kind of relative motion occurs, it is then known as 
self closed pair. The 
lower pairs are self closed pair. 
(b) Force - closed pair. When the two elements of a pair are not connected 

mechanically but 
are kept in contact by the action of external forces, the pair is said to be a force-
closed pair. The cam 
and follower is an example of force closed pair, as it is kept in contact by the forces 
exerted by spring 

and gravity. 

Kinematic Chain 
When the kinematic pairs are coupled in such a way that the last link is joined to 
the first link to transmit 
definite motion (i.e. completely or successfully constrained motion), it is called a 
kinematic chain. In other 
words, a kinematic chain may be defined as a combination of kinematic pairs, 
joined in such a way that each 

link forms a part of two pairs and the relative motion between the links or elements 
is completely or successfully 

constrained. 

 

Mechanism 
When one of the links of a kinematic chain is fixed, the chain is known as 

mechanism. It may be used for transmitting or transforming motion e.g. engine 
indicators, typewriter etc. 
* The differential of an automobile requires that the angular velocity of two 
elements be fixed in order to 
know the velocity of the remaining elements. The differential mechanism is thus 
said to have two degrees of freedom. Many computing mechanisms have two or 
more degrees of freedom. 
A mechanism with four links is known as simple mechanism, and the mechanism 
with more than four links is known as compound mechanism. When a 
mechanism is required to transmit power or to do some particular type of work, it 
then becomes a machine. In such cases, the various links or elements have to be 
designed to withstand the forces (both static and kinetic) safely. 
A little consideration will show that a mechanism may be regarded as a machine in 
which 

each part is reduced to the simplest form to transmit the required motion. 

 
 
 
 



 
Number of Degrees of Freedom for Plane Mechanisms 
In the design or analysis of a mechanism, one of the most important concern is the 
number of 
degrees of freedom (also called movability) of the mechanism. It is defined as the 
number of input 

parameters (usually pair variables) which must be independently controlled in 
order to bring the 
mechanism into a useful engineering purpose. It is possible to determine the 
number of degrees of 
freedom of a mechanism directly from the number of links and the number and 
types of joints which it includes.

 

 

Grubler’s Criterion for Plane Mechanisms 
The Grubler’s criterion applies to mechanisms with only single degree of freedom 
joints 
where the overall movability of the mechanism is unity. Substituting n = 1 and h = 
0 in Kutzbach 
equation, we have 
1 = 3 (l – 1) – 2 j or 3l – 2j – 4 = 0 
This equation is known as the Grubler's criterion for plane mechanisms with 
constrained 
motion.A little consideration will show that a plane mechanism with a movability of 
1 and only 
single degree of freedom joints can not have odd number of links. The simplest 
possible mechanisms 

of this type are a four bar mechanism and a slider-crank mechanism in which 

l = 4 and j = 4. 

Inversion of Mechanism 
When one of links is fixed in a kinematic chain, it is called a mechanism. So we can 
obtain as many mechanisms as the number of links in a kinematic chain by fixing, 
in turn, different links in a kinematic chain. This method of obtaining different 
mechanisms by fixing different links in a kinematic chain, is known as inversion 

of the mechanism. 
It may be noted that the relative motions between the various links is not changed 
in any manner through the process of inversion, but their absolute motions (those 
measured with respect to the fixed link) may be changed drastically. 
Note: The part of a mechanism which initially moves with respect to the frame or 
fixed link is called driver and that part of the mechanism to which motion is 
transmitted is called follower. Most of the mechanisms are reversible, so that same 
link can play the role of a driver and follower at different times. For example, in a 



reciprocating steam engine, the piston is the driver and flywheel is a follower while 
in a reciprocating air compressor, the flywheel is a driver. 
 
 
 
 

 
 
 
 
 
 
 

Inversions of Four Bar Chain 
Though there are many inversions of the four bar chain, yet the following are 
important from the subject 
point of view : 
 
 

1. Beam engine (crank and lever mechanism). 
A part of the mechanism of a beam engine (also known ascrank and lever 
mechanism) which consists of four links,is shown in Fig. 5.19. In this mechanism, 
when the crankrotates about the fixed centre A, the lever oscillates abouta fixed 
centre D. The end E of the lever CDE isconnected to a piston rod which reciprocates 
due to therotation of the crank. In other words, the purpose of thismechanism is to 
convert rotary motion into reciprocatingmotion. 

 

2. Coupling rod of a locomotive (Double crank mechanism). The mechanism of 

a coupling 
rod of a locomotive (also known as double crank mechanism) which consists of four 
links, is shown 
in Fig. 5.20. 
In this mechanism, the links AD and BC (having equal length) act as cranks and 
are connected 
to the respective wheels. The link CD acts as a coupling rod and the link AB is fixed 
in order 
to maintain a constant centre to centre distance between them. This mechanism is 
meant for transmitting 
rotary motion from one wheel to the other wheel. 
 
3. Watt’s indicator mechanism (Double lever mechanism). A *Watt’s indicator 

mechanism 
(also known as Watt's straight line mechanism or double lever mechanism) which 

consists of four 



 

CAM AND FOLLOWER 

A cam is a rotating machine element which gives reciprocating or oscillating 
motion to another element knownas follower. The cam and the follower have a line 
contact and constitute a higher pair. The cams are usually rotated at uniform 
speed by a shaft, but the follower motion is predetermined and will be according to 
the shape of the cam. The cam and follower is one of the simplest as well as one of 

the most important mechanisms found in modern machinery today. 
 The cams are widely used for operating the inlet and exhaust valves of internal 
combustion engines, automatic attachment of machineries, paper cutting 
machines, spinning and weaving textile machineries, feed mechanism 

of automatic lathes etc. 

Classification of Followers 
The followers may be classified as discussed below : 
1. According to the surface in contact.The followers, 
according to the surface in contact, are as follows : 
 
(a) Knife edge follower. When the contacting end of the follower has a sharp knife 
edge, it is called a 
knife edge follower, as shown in Fig. 20.1 (a). The sliding motion takes place 
between the contacting 
surfaces (i.e. the knife edge and the cam surface). It is seldom used in practice 
because the small area of 
contacting surface results in excessive wear. In knife edge followers, a considerable 
side thrust exists 

between the follower and the guide. 
 
(b) Roller follower. When the contacting end of the follower is a roller, it is called a 
roller follower, as shown in Fig. 20.1 (b). Since the rolling motion takes place 
between the contacting surfaces (i.e. the roller and the cam), therefore the rate of 
wear is greatly reduced. 
In roller followers also the side thrust exists between the follower and the guide. 
The roller followers are extensively used where more space is available such as in 
stationary gas and oil engines and aircraft engines. 
 
(c) Flat faced or mushroom follower. When the contacting end of the follower is a 
perfectly flat face, it is called a flat-faced follower, as shown in Fig. 20.1 (c). It may 
be noted that the side thrust between the follower and the guide is much reduced 
in case of flat faced followers. The only side thrust is due to friction between the 

contact surfaces of the follower and the cam. The relative motion between these 
surfaces is largely of sliding nature but wear may be reduced by off-setting the axis 
of the follower, as shown in Fig. 20.1 (f ) so that when the cam rotates, the follower 
also rotates about its own axis. The flat faced followers are generally used where 
space is limited such as in cams which operate the valves of automobile engines. 
Note :When the flat faced follower is circular, it is then called a mushroom follower. 



 
(d) Spherical faced follower. When the contacting end of the follower is of 
spherical shape, it is called a spherical faced follower, as shown in Fig. 20.1 (d). It 
may be noted that when a flat-faced follower is used in automobile engines, high 
surface stresses are produced. In order to minimise these stresses, the flat end of 
the follower is machined to a spherical shape. 

 
 
2. According to the motion of the follower. The followers, according to its 
motion, are of the 
following two types: 
 
(a) Reciprocating or translating follower. When the follower reciprocates in 
guides as the cam rotates uniformly, it is known as reciprocating or translating 
follower. The followers as shown in Fig. 20.1 (a) to (d) are all reciprocating or 
translating followers. 
 

 
(b) Oscillating or rotating follower. When the uniform rotary motion of the cam 
is converted 
into predetermined oscillatory motion of the follower, it is called oscillating or 
rotating 
follower. The follower, as shown in Fig 20.1 (e), is an oscillating or rotating follower. 
 
3. According to the path of motion of the follower. The followers, according to 
its path of 
motion, are of the following two types: 
 
(a) Radial follower. When the motion of the follower is along an axis passing 
through the 
centre of the cam, it is known as radial follower. The followers, as shown in Fig. 
20.1 (a) 
to (e), are all radial followers. 
(b) Off-set follower. When the motion of the follower is along an axis away from 
the axis of 
the cam centre, it is called off-set follower. The follower, as shown in Fig. 20.1 ( f), 
is an 



off-set follower. 
Note :In all cases, the follower must be constrained to follow the cam. This may be 
done by springs, gravity 
or hydraulic means. In some types of cams, the follower may ride in a groove. 
 
 

 
 
CLASSIFICATION OF CAMS 
 
1. Radial or disc cam. In radial cams, the follower reciprocates or oscillates in a 
direction perpendicular to 
the cam axis. The cams as shown in Fig. 20.1 are all radial cams.  
 
2. Cylindrical cam. In cylindrical cams, the follower reciprocates or oscillates in a 
direction parallel to the cam 
axis. The follower rides in a groove at its cylindrical surface. A cylindrical grooved 
cam with a reciprocating and an oscillating follower is shown in Fig. 20.2 (a) and 
(b)respectively. 

Note :In actual practice, radial cams are widely used. Therefore our discussion will 
be only confined to radial cams 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3:Power Transmission 

1. Introduction 
The belts or ropes are used to transmit power fromone shaft to another by means of 

pulleys which rotate at the 
same speed or at different speeds. The amount of power transmitteddepends upon 
the following factors : 
1. The velocity of the belt. 
2. The tension under which the belt is placed on thepulleys. 
3. The arc of contact between the belt and the smallerpulley. 
4. The conditions under which the belt is used. 



It may be noted that 
(a) The shafts should be properly in line to insureuniform tension across the belt 
section. 
(b) The pulleys should not be too close together, inorder that the arc of contact on 
the smaller pulley 
may be as large as possible. 

(c) The pulleys should not be so far apart as to causethe belt to weigh heavily on 
the shafts, thus increasing 

the friction load on the bearings. 

(d) A long belt tends to swing from side to side, causing the belt to run out of the 
pulleys,which in turn develops crooked spots in the belt. 
(e) The tight side of the belt should be at the bottom, so that whatever sag is 
present on theloose side will increase the arc of contact at the pulleys. 
( f) In order to obtain good results with flat belts, the maximum distance between 
the shaftsshould not exceed 10 metres and the minimum should not be less than 
3.5 times the 
diameter of the larger pulley. 
Selection of a Belt Drive 
Following are the various important factors upon which the selection of a belt drive 

depends: 
1. Speed of the driving and driven shafts,  
2. Speed reduction ratio, 
3. Power to be transmitted,  
4. Centre distance between the shafts, 
5. Positive drive requirements,  
6. Shafts layout, 
7. Space available, and  
8. Service conditions. 
Types of Belt Drives 
The belt drives are usually classified into the following three groups : 
1. Light drives. These are used to transmit small powers at belt speeds upto about 
10 m/s, as 
in agricultural machines and small machine tools. 
2. Medium drives. These are used to transmit medium power at belt speeds over 
10 m/s but 
up to 22 m/s, as in machine tools. 
3. Heavy drives. These are used to transmit large powers at belt speeds above 22 
m/s, as in 
compressors and generators. 
 Types of Belts 
(a) Flat belt. (b) V-belt. (c) Circular belt. 

 
                                                                            Fig. 11.1. Types of belts. 
Though there are many types of belts used these days, yet the following are 
important from 
the subject point of view : 
1. Flat belt. The flat belt, as shown in Fig. 11.1 (a), is mostly used in the factories 
and 
workshops, where a moderate amount of power is to be transmitted, from one 
pulley to another when 
the two pulleys are not more than 8 metres apart. 



2. V-belt. The V-belt, as shown in Fig. 11.1 (b), is mostly used in the factories and 
workshops, 
where a moderate amount of power is to be transmitted, from one pulley to 
another, when the 
two pulleys are very near to each other. 
3. Circular belt or rope. The circular belt or rope, as shown in Fig. 11.1 (c), is 

mostly used 
in the factories and workshops, where a great amount of power is to be 
transmitted, from one pulley 
to another, when the two pulleys are more than 8 meters apart. 
 
Types of Flat Belt Drives 
The power from one pulley to another may be transmitted by any of the following 
types of 
belt drives: 
1. Open belt drive. The open belt drive, as shown in Fig. 11.3, is used with shafts 
arranged 
parallel and rotating in the same direction. In this case, the driver A pulls the belt 
from one side (i.e. 
lower side RQ) and delivers it to the other side (i.e. upper side LM). Thus the 
tension in the lower side 
belt will be more than that in the upper side belt. The lower side belt (because of 
more tension) is 
known as tight side whereas the upper side belt (because of less tension) is known 
as slack side, as 
shown in Fig. 11.3. 

 
Fig. 11.3. Open belt drive. 
2. Crossed or twist belt drive. The crossed or twist belt drive, as shown in Fig. 
11.4, is used 
with shafts arranged parallel and rotating in the opposite directions. 

 
Fig. 11.4. Crossed or twist belt drive. 



In this case, the driver pulls the belt from one side (i.e. RQ) and delivers it to the 
other side 
(i.e. LM). Thus the tension in the belt RQ will be more than that in the belt LM. The 
belt RQ (because 
of more tension) is known as tight side, whereas the belt LM (because of less 
tension) is known as 

slack side, as shown in Fig. 11.4. 
 
 
 
 
 
 
VELOCITY RATIO OF BELT DRIVE: 
 

 



 

 

SLIP : 
Sometimes, the frictional grip becomesinsufficient. This may cause some forward 
motion of the driver 
without carrying the belt with it. This may also cause some 
forward motion of the belt without carrying the driven pulley 
with it. This is called slip of the belt and is generally expressed 
as a percentage. 
The result of the belt slipping is to reduce the velocity 
ratio of the system. As the slipping of the belt is a common 

phenomenon, thus the belt should never be used where a 
definite velocity ratio is of importance (as in the case of hour, 

minute and second arms in a watch. 

 



 

 

 

 

 

 

 

LENGTH OF OPEN BELT: 



 



 

 

LENGTH OF CROSSED BELT: 

 



 

 

 

 

 

 

 

 

 

 

 

 

POWER TRANSMITTED: 



 

RATIO OF BELT TENSIONS:

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CENTRIFUGAL TENSION: 



 

 

 

 

 

 

 

MAX TENSION IN BELT: 



 

CONDITION OF MAX POWER TRANSMISSION: 

 

 

 



INITIAL TENSION: 

 

 

 

 

 

 

 

 

 

 

 

 

V-BELTS AND V-BELTS PULLEYS 



 

 

 
Advantages and Disadvantages of V-belt Drive Over Flat Belt Drive 
Following are the advantages and disadvantages of the V-belt drive over flat belt 

drive. 
Advantages 

1. The V-belt drive gives compactness due to the small distance between the 
centres of pulleys. 
2. The drive is positive, because the slip between the belt and the pulley groove is 
negligible. 
3. Since the V-belts are made endless and there is no joint trouble, therefore the 
drive is 
smooth. 
4. It provides longer life, 3 to 5 years. 
5. It can be easily installed and removed. 
6. The operation of the belt and pulley is quiet. 
7. The belts have the ability to cushion the shock when machines are started. 
8. The high velocity ratio (maximum 10) may be obtained. 

9. The wedging action of the belt in the groove gives high value of limiting ratio of 
tensions. 
Therefore the power transmitted by V-belts is more than flat belts for the same 
coefficient of friction, 
arc of contact and allowable tension in the belts. 



10. The V-belt may be operated in either direction with tight side of the belt at the 
top or 
bottom. The centre line may be horizontal, vertical or inclined. 
Disadvantages 
1. The V-belt drive cannot be used with large centre distances. 
2. The V-belts are not so durable as flat belts. 

3. The construction of pulleys for V-belts is more complicated than pulleys for flat 
belts. 
4. Since the V-belts are subjected to certain amount of creep, therefore these are 
not suitable 
for constant speed application such as synchronous machines, and timing devices. 
5. The belt life is greatly influenced with temperature changes, improper belt 
tension and 
mismatching of belt lengths. 
6. The centrifugal tension prevents the use of V-belts at speeds below 5 m/s and 

above 50m/s. 

 

GEAR DRIVES 

 

 

 

TERMINOLOGIES USED: 

 



1. Pitch circle. It is an imaginary circle which by pure rolling action, would give 
the same 
motion as the actual gear. 
 
2. Pitch circle diameter. It is the diameter of the pitch circle. The size of the gear 
is usually 

specified by the pitch circle diameter. It is also known as pitch diameter. 
3. Pitch point. It is a common point of contact between two pitch circles. 
4. Pitch surface. It is the surface of the rolling discs which the meshing gears have 
replaced 
at the pitch circle. 
5. Pressure angle or angle of obliquity. It is the angle between the common 
normal to two 
gear teeth at the point of contact and the common tangent at the pitch point. It is 
usually denoted by _. 
The standard pressure angles are 14 1/2° and 20°. 
6. Addendum. It is the radial distance of a tooth from the pitch circle to the top of 
the tooth. 
7. Dedendum. It is the radial distance of a tooth from the pitch circle to the bottom 

of the tooth. 
8. Addendum circle. It is the circle drawn through the top of the teeth and is 
concentric with 
the pitch circle. 
9. Dedendum circle. It is the circle drawn through the bottom of the teeth. It is 
also called 
root circle. 

 
13. Clearance. It is the radial distance from the top of the tooth to the bottom of 

the tooth, in 
a meshing gear. A circle passing through the top of the meshing gear is known as 
clearance circle. 
14. Total depth. It is the radial distance between the addendum and the 
dedendum circles of 
a gear. It is equal to the sum of the addendum and dedendum. 



15. Working depth. It is the radial distance from the addendum circle to the 
clearance circle. 
It is equal to the sum of the addendum of the two meshing gears. 
16. Tooth thickness. It is the width of the tooth measured along the pitch circle. 
17. Tooth space . It is the width of space between the two adjacent teeth 
measured along the pitch 

circle. 
18. Backlash. It is the difference between the tooth space and the tooth thickness, 
as measured 
along the pitch circle. Theoretically, the backlash should be zero, but in actual 
practice some 
backlash must be allowed to prevent jamming of the teeth due to tooth errors and 
thermal expansion. 
19. Face of tooth. It is the surface of the gear tooth above the pitch surface. 
20. Flank of tooth. It is the surface of the gear tooth below the pitch surface. 
21. Top land. It is the surface of the top of the tooth. 
22. Face width. It is the width of the gear tooth measured parallel to its axis. 
23. Profile. It is the curve formed by the face and flank of the tooth. 
24. Fillet radius. It is the radius that connects the root circle to the profile of the 

tooth. 
25. Path of contact. It is the path traced by the point of contact of two teeth from 
the 
beginning to the end of engagement. 
26. *Length of the path of contact. It is the length of the common normal cut-off 
by the 
addendum circles of the wheel and pinion. 
27. ** Arc of contact. It is the path traced by a point on the pitch circle from the 
beginning 
to the end of engagement of a given pair of teeth. The arc of contact consists of two 
parts, i.e. 
(a) Arc of approach. It is the portion of the path of contact from the beginning of 
the 
engagement to the pitch point. 
(b) Arc of recess. It is the portion of the path of contact from the pitch point to the 
end of the 
engagement of a pair of teeth. 
Note :The ratio of the length of arc of contact to the circular pitch is known as 
contact ratio i.e. number of pairs 
of teeth in contact. 

 
 
Types of Gear Trains 
Following are the different types of gear trains, depending upon the arrangement of 
wheels : 
1. Simple gear train, 
2. Compound gear train, 
3. Reverted gear train, and  
4. Epicyclic gear train. 
In the first three types of gear trains, the axes of the shafts over which the gears 
are mounted are fixed relative to 
each other. But in case of epicyclic gear trains, the axes of the shafts on which the 
gears are mounted may move relative to a fixed axis. 

 
SIMPLE GEAR TRAIN 



 

 
 
COMPOUND GEAR TRAINS 



 

 

 



 
REVERTED GEAR TRAINS: 

 

 
EPICYCLIC GEAR TRAINS 

 



 

 

 
 
 
 
 



 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 Lecture notes: GOVERNORS AND FLYWHEEL 

Introduction 
The function of a governor is to regulate the meanspeed of an engine, when there 
are variations in the load e.g.when the load on an engine increases, its speed 
decreases, 
therefore it becomes necessary to increase the supply of workingfluid. On the other 
hand, when the load on the enginedecreases, its speed increases and thus less 
working fluid is 

required. The governor automatically controls the supply ofworking fluid to the 
engine with the varying load conditionsand keeps the mean speed within certain 
limits. 
A little consideration will show, that when the loadincreases, the configuration of 
the governor changes and avalve is moved to increase the supply of the working 
fluid ; 
conversely, when the load decreases, the engine speed increasesand the governor 
decreases the supply of workingfluid. 
Note :The functionof a flywheel in an engine is entirely different from that of 
agovernor. It controls the speed variation caused by the fluctuationsof the engine 
turning moment during each cycle of operation. Itdoes not control the speed 
variations caused by a varying load. The 
varying demand for power is met by the governor regulating thesupply of working 

fluid. 
 
Types of Governors 
The governors may, broadly, be classified as 

1. Centrifugal governors, and 2. Inertia governors. 
 



 

 

 



 
 
1. Watt Governor 

The simplest form of a centrifugal governor is a Watt governor, as shown in Fig. 
18.2. It is 
basically a conical pendulum with links attached to a sleeve of negligible mass. The 
arms of the 
governor may be connected to the spindle in the following three ways : 
1. The pivot P, may be on the spindle axis as shown in Fig. 18.2 (a). 
2. The pivot P, may be offset from the spindle axis and the arms when produced 
intersect at 
O, as shown in Fig. 18.2 (b). 

2. The pivot P, may be offset, but the arms cross the axis at O, as shown in Fig. 
18.2 (c) 



 

 
Question. Calculate the vertical height of a Watt governor when it rotates at 60 r.p.m. 
Also find the change in vertical height when its speed increases to 61 r.p.m. 

 
 
 



 
m = Mass of each ball in kg, 
w = Weight of each ball in newtons = m.g, 
M = Mass of the central load in kg, 
W = Weight of the central load in newtons = M.g, 
r = Radius of rotation in metres, 

 

 



 
 

 



 

 

 



 
Question. A Porter governor has equal arms each 250 mm long and pivoted on the 
axis 
of rotation. Each ball has a mass of 5 kg and the mass of the central load on the 
sleeve is 25 kg. The 
radius of rotation of the ball is 150 mm when the governor begins to lift and 200 mm 
when the 
governor is at maximum speed. Find the minimum and maximum speeds and range 
of speed of the 
governor. 

 



 
 

3. Proell Governor 
The Proell governor has the balls fixed at B and C to the extension of the links DF 
and EG, as 
shown in Fig. 18.12 (a). The arms FP and GQ are pivoted at P and Q respectively. 
Consider the equilibrium of the forces on one-half of the governor as shown in Fig. 
18.12 (b). 
The instantaneous centre (I) lies on the intersection of the line PF produced and the 
line from D 
drawn perpendicular to the spindle axis. The perpendicular BM is drawn on ID. 

 



 

 
Question. 
A governor of the Proell type has each arm 250 mm long. The pivots of the 
upper and lower arms are 25 mm from the axis. The central load acting on the sleeve 
has a mass of 
25 kg and the each rotating ball has a mass of 3.2 kg. When the governor sleeve is in 
mid-position, 
the extension link of the lower arm is vertical and the radius of the path of rotation of 
the masses is 
175 mm. The vertical height of the governor is 200 mm. 
If the governor speed is 160 r.p.m. when in mid-position, find :1. length of the 
extension 
link; and 2. tension in the upper arm. 



 
 
 
 
 
 
 
 
 
 

4. Hartnell Governor 
A Hartnell governor is a spring loaded governor as shown in Fig. 18.18. It consists 
of two 
bell crank levers pivoted at the points O,Oto the frame. The frame is attached to the 
governor spindle 

and therefore rotates with it. Each lever carries a ball at the end of the vertical arm 
OB and a roller at 
the end of the horizontal arm OR. A helical spring in compression provides equal 
downward forces 
on the two rollers through a collar on the sleeve. The spring force may be adjusted 
by screwing a nut 
up or down on the sleeve. 
 
 
 
 
 



 

 

 



 

 

 
 
 
 
 
 



 
 
Question. In a spring loaded Hartnell type governor, the extreme radii of rotation of 
the balls are 80 mm and 120 mm. The ball arm and the sleeve arm of the bell crank 
lever are equalin length. The mass of each ball is 2 kg. If the speeds at the two 
extreme positions are 400 and420 r.p.m., find : 
1. the initial compression of the central spring, and 
2. the spring constant. 

 
 
 
 
Stability of Governors 
A governor is said to be stable when for every speed within the working range there 
is a 
definite configuration i.e. there is only one radius of rotation of the governor balls 
at which the 
governor is in equilibrium. For a stable governor, if the equilibrium speed 
increases, the radius of 
governor balls must also increase. 
Note :A governor is said to be unstable, if the radius of rotation decreases as the 

speed increases. 
 
 
 
 
 



Isochronous Governors 
A governor is said to be isochronous when the equilibrium speed is constant (i.e. 
range of 
speed is zero) for all radii of rotation of the balls within the working range, 
neglecting friction. Theisochronism is the stage of infinite sensitivity 

 
Sensitiveness of Governors 

 
 



 
 
 
Flywheel 
A flywheel used in machines serves as a reservoir, which stores energy during the 
period 

when the supply of energy is more than the requirement, and releases it during the 
period when the 
requirement of energy is more than the supply. 
In case of steam engines, internal combustion engines, reciprocating compressors 
and pumps, 
the energy is developed during one stroke and the engine is to run for the whole 
cycle on the energyproduced during this one stroke. For example, in internal 
combustion engines, the energy is developedonly during expansion or power stroke 
which is much more than the engine load and no energy isbeing developed during 
suction, compression and exhaust strokes in case of four stroke engines andduring 
compression in case of two stroke engines. The excess energy developed during 
power strokeis absorbed by the flywheel and releases it to the crankshaft during 
other strokes in which no energyis developed, thus rotating the crankshaft at a 

uniform speed. A little consideration will show thatwhen the flywheel absorbs 
energy, its speed increases and when it releases energy, the speed decreases.Hence 
a flywheel does not maintain a constant speed, it simply reduces the fluctuation of 
speed. In 
other words, a flywheel controls the speed variations caused by the 

fluctuation of the engineturning moment during each cycle of operation. 
In machines where the operation is intermittent like *punching machines, shearing 
machines, 
rivetting machines, crushers, etc., the flywheel stores energy from the power source 
during the greaterportion of the operating cycle and gives it up during a small 
period of the cycle. Thus, the energyfrom the power source to the machines is 
supplied practically at a constant rate throughout theoperation. 
Note: The function of a **governor in an engine is entirely different from that of a 
flywheel. Itregulates the mean speed of an engine when there are variations in the 
load, e.g., when the load on the engineincreases, it becomes necessary to increase 
the supply of working fluid. On the other hand, when the loaddecreases, less 
working fluid is required. The governor automatically controls the supply of 
working fluid tothe engine with the varying load condition and keeps the mean 
speed of the engine within certain limits. 
As discussed above, the flywheel does not maintain a constant speed, it simply 

reduces the fluctuationof speed. It does not control the speed variations caused by 
the varying load. 
 
 
 
Fluctuation of Energy 
The fluctuation of energy may be determined by the turning moment diagram for 
one complete 
cycle of operation. Consider the turning moment diagram for a single cylinder 
double acting steam 
engine as shown in Fig. 16.1. We see that the mean resisting torque line AF cuts 
the turning moment 
diagram at points B, C, D and E. When the crank moves from a to p, the work done 

by the engine is 
equal to the area aBp, whereas the energy required is represented by the area 
aABp. In other words, 
the engine has done less work (equal to the area a AB) than the requirement. This 
amount of energy 



is taken from the flywheel and hence the speed of the flywheel decreases. Now the 
crank moves 
from p to q, the work done by the engine is equal to the area pBbCq, whereas the 
requirement of 
energy is represented by the area pBCq. Therefore, the engine has done more work 
than the 

requirement. This excess work (equal to the area BbC) is stored in the flywheel and 
hence the speed 
of the flywheel increases while the crank moves from p to q. 
Similarly, when the crank moves from q to r, more work is taken from the engine 
than is 
developed. This loss of work is represented by the area C c D. To supply this loss, 
the flywheel gives 
up some of its energy and thus the speed decreases while the crank moves from q 
to r. As the crank 
moves from r to s, excess energy is again developed given by the area D d E and the 
speed again 
increases. As the piston moves from s to e, again there is a loss of work and the 
speed decreases. The 

variations of energy above and below the mean resisting torque line are called 
fluctuations of 

energy. The areas BbC, CcD, DdE, etc. represent fluctuations of energy. 
A little consideration will show that the engine has a maximum speed either at q or 
at s. This 
is due to the fact that the flywheel absorbs energy while the crank moves from p to 
q and from r to s. 
On the other hand, the engine has a minimum speed either at p or at r. The reason 
is that the flywheel 
gives out some of its energy when the crank moves from a to p and q to r. The 
difference between the 
maximum and the minimum energies is known as maximum fluctuation of 

energy. 
 
Determination of Maximum Fluctuation of Energy 

 



 
 
Coefficient of Fluctuation of Speed 
The difference between the maximum and minimum speeds during a cycle is called 
the maximum fluctuation of speed. The ratio of the maximum fluctuation of 
speed to the mean speed is called the coefficient of fluctuation of speed. 

 
The coefficient of fluctuation of speed is a limiting factor in the design of flywheel. It 
varies depending upon the nature of service to which the flywheel is employed. 
Note. The reciprocal of the coefficient of fluctuation of speed is known as 

coefficient of steadiness and is denoted by m.  
 
 
 
 



 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Module 5 
BALANCING OF MACHINE 
 
 
Introduction 
The high speed of engines and other machines is a common phenomenon now-a-
days. It is, therefore, very 
essential that all the rotating and reciprocating parts should be completely 
balanced as far as possible. If these parts are not properly balanced, the dynamic 
forces are set up. These forces not only increase the loads on bearings and stresses 
in the various members, but also produce unpleasant and even dangerous 
vibrations. In this chapter we shall discuss the balancing of unbalanced forces 
caused by rotating masses, in order to minimise pressure on the main bearings 

when an engine is running. 
 
 
Balancing of Rotating Masses 
We have already discussed, that whenever a certain mass is attached to a rotating 
shaft, it exerts some centrifugal force, whose effect is to bend the shaft and to 
produce vibrations in it. In order to prevent the effect of centrifugal force, another 
mass is attached to the opposite side of the shaft, at such a position so as to 
balance the effect of the centrifugal force of the first mass. This is done in such 
away that the centrifugal force of both the masses are made to be equal and 
opposite. The process of 
providing the second mass in order to counteract the effect of the centrifugal force 
of the first mass, 

is called balancing of rotating masses. 
The following cases are important from the subject point of view: 
1. Balancing of a single rotating mass by a single mass rotating in the same plane. 
2. Balancing of a single rotating mass by two masses rotating in different planes. 
3. Balancing of different masses rotating in the same plane. 
4. Balancing of different masses rotating in different planes. 



We shall now discuss these cases, in detail, in the following pages. 

 
By introducing a single balancing mass in thesame plane of rotation as that of 
disturbing mass, the centrifugal forces are balanced. In otherwords, the two forces 
are equal in magnitude and opposite in direction. But this type of arrangementfor 

balancing gives rise to a couple which tends to rock the shaft in its bearings. 
Therefore inorder to put the system in complete balance, two balancing masses are 
placed in two differentplanes, parallel to the plane of rotation of the disturbing 
mass, in such a way that they satisfy the following two conditions of equilibrium. 
 
1. The net dynamic force acting on the shaft is equal to zero. This requires that the 
line of 
action of three centrifugal forces must be the same. In other words, the centre of 
the 
masses of the system must lie on the axis of rotation. This is the condition for 
static 

balancing. 
 

2. The net couple due to the dynamic forces acting on the shaft is equal to zero. In 
other 
words, the algebraic sum of the moments about any point in the plane must be 
zero. 
The conditions (1) and (2) together give dynamic balancing. 
 



The following two possibilitiesmay arise while attaching the two balancing masses : 
1. The plane of the disturbing mass may be in between the planes of the two 
balancing 
masses, and 
2. The plane of the disturbing mass may lie on the left or right of the two planes 
containing 

the balancing masses. 
 
1. When the plane of the disturbing mass lies in between the planes of the 
two balancing 

masses 

Consider a disturbing mass m lying in a plane A to be balanced by two rotating 
masses m1 
and m2 lying in two different planes L and M as shown in Fig. 21.2. Let r, r1 and r2 
be the radii ofrotation of the masses in planes A, L and M respectively. 

 



 
It may be noted that equation (i) represents the condition for static balance, but 
in order to 
achieve dynamic balance, equations (ii) or (iii) must also be satisfied 
 
 
 
 
2. When the plane of the disturbing mass lies on one end of the planes of the 

balancing 

Masses 



 

 
 
 
 



 
 
 

 

 



 

 

 



 

 
 

 



 

 

 



 
 
CAUSES OF OUT-OF-BALANCE 
 
Below lists some common causes for unbalance. 
a) Bent or bowed between support bearings 
b) Overhung weight bends shaft under gravity 
c) Unevenly distributed solid or liquid inside rotor 
d) Loose parts on the rotor 
e) Eccentrically manufactured diameters on the rotor 
f) Misalignment of the drive train to the rotor axis 
g) Loose drive couplings flop about 
h) Loose tolerances between assembled parts on rotor 
i) Shoulders on rotor manufactured out-of-square to axis 
j) Voids or cavities within the rotor 
k) Misalignment of bearings force shaft to bow. 
 

REDUCING OUT-OF-BALANCE PROBLEMS 

 
Minimizing vibration involves minimizing out-of-balance forces. The following table 

indicates simple actions to take to reduce the problems of out-of-balance. 

i) Make the rotor with all diameters on the same axis 
ii) Machine the rotor from one piece of material 
iii) Machine the rotor complete without altering the initial machining set-
up 
iv) Finish machine multiple part rotors when fully assembled on the shaft 

v) Reduce lengths of unsupported sections and overhangs 
vi) Keep tolerances tight on parts assembled on the rotor 
vii) Align the drive train to the axis of the rotor carefully 

viii) Insure the bearing supports are aligned 



 

 

END. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
VIBRATION OF MACHINE PARTS  
 
 
Introduction 



When elastic bodies such as a spring, a beam and ashaft are displaced from the 
equilibrium position by the applicationof external forces, and then released, they 
execute 
a vibratory motion. This is due to the reason that, when abody is displaced, the 
internal forces in the form of elasticor strain energy are present in the body. At 
release, these 

forces bring the body to its original position. When the bodyreaches the equilibrium 
position, the whole of the elastic orstrain energy is converted into kinetic energy 
due to which 
the body continues to move in the opposite direction. Thewhole of the kinetic 
energy is again converted into strainenergy due to which the body again returns to 
the equilibrium 
position. In this way, the vibratory motion is repeatedindefinitely. 
 
Terms used Vibration Motion: 
1. Period of vibration or time period. It is the time interval after which the 
motion is 
repeated itself. The period of vibration is usually expressed in seconds. 
2. Cycle. It is the motion completed during one time period. 

3. Frequency. It is the number of cycles described in one second. In S.I. units, the 
frequency 
is expressed in hertz (briefly written as Hz) which is equal to one cycle per second. 
 
Types of Free Vibrations 
The following three types of free vibrations are important from the subject point of 
view : 
1. Longitudinal vibrations,  
2. Transverse vibrations 
3. Torsional vibrations. 
Consider a weightless constraint (spring or shaft) whose one end is fixed and the 
other end carrying a heavy disc, as shown in Fig. 23.1. This system may execute 
one of the three above mentioned types of vibrations. 

 
 
1. Longitudinal vibrations. When the particles of the shaft or disc moves parallel 
to the 
axis of the shaft, as shown in Fig. 23.1 (a), then the vibrations are known as 
longitudinal vibrations.In this case, the shaft is elongated and shortened 
alternately and thus the tensile and compressivestresses are induced alternately in 
the shaft. 
 
2. Transverse vibrations. When the particles of the shaft or disc move 
approximately 



perpendicular to the axis of the shaft, as shown in Fig. 23.1 (b), then the vibrations 
are known astransverse vibrations. In this case, the shaft is straight and bent 
alternately and bending stresses areinduced in the shaft. 
 
3. Torsional vibrations*. When the particles of the shaft or disc move in a circle 
about the 

axis of the shaft, as shown in Fig. 23.1 (c), then the vibrations are known as 
torsional vibrations.In this case, the shaft is twisted and untwisted alternately 
and the torsional shear stresses are inducedin the shaft. 
 
Note : If the limit of proportionality (i.e. stress proportional to strain) is not 
exceeded in the three types ofvibrations, then the restoring force in longitudinal 
and transverse vibrations or the restoring couple in torsionalvibrations which is 
exerted on the disc by the shaft (due to the stiffness of the shaft) is directly 
proportionalto the displacement of the disc from its equilibrium or mean position. 
Hence it follows that the accelerationtowards the equilibrium position is directly 
proportional to the displacement from that position and the vibrationis, therefore, 
simple harmonic. 
 

Natural Frequency of Free Longitudinal Vibrations 
The natural frequency of the free longitudinal vibrations may be determined by the 
following 
three methods : 
1. Equilibrium Method 

Consider a constraint (i.e. spring) of negligible mass in an unstrained position, as 
shown in 
Fig. 23.2 (a). 
Let s = Stiffness of the constraint. It is the force required to produce 
unit displacement in the direction of vibration. It is usually 
expressed in N/m. 
m = Mass of the body suspended from the constraint in kg, 
W = Weight of the body in newtons = m.g 

 

 



 
2. Energy method 

 
3. Rayleigh’s method 

 

 

 
 

 
 
 
Natural Frequency of Free Transverse Vibrations 



 

 
 
Frequency of Free Damped Vibrations (Viscous Damping) 
The damping provided by fluid resistance is known as viscous damping. 

 



 
 
 
Frequency of Under Damped Forced Vibrations 

 

 
 
 
 
 
Critical or Whirling Speed of a Shaft 



 

 
 
TORSIONAL VIBRATION 
 

 
 

 



 
 
 
Effect of Inertia of the Constraint on Torsional Vibrations 

 

 
Q A shaft of 100 mm diameter and 1 metre long has one of its end fixed and the 
other end carries a disc of mass 500 kg at a radius of gyration of 450 mm. The 
modulus of rigidity for the shaft material is 80 GN/m2. Determine the frequency of 
torsional vibrations. 
 
 
Longitudinal vibration 



 

 
 
Causes of Vibrations:  

1. Unbalance: This is basically in reference to the rotating bodies. The uneven 
distribution of mass in a rotating body contributes to the unbalance. A good 
example of unbalance related vibration would be the “vibrating alert" in our 
mobile phones. Here a small amount of unbalanced weight is rotated by a 
motor causing the vibration which makes the mobile phone to vibrate. You 
would have experienced the same sort of vibration occurring in your front 
loaded washing machines that tend to vibrate during the “spinning" mode. 

2. Misalignment: This is an other major cause of vibration particularly in 
machines that are driven by motors or any other prime movers. A small figure 

is attached herewith to let you know about the types of misalignment. They 
are 

3. Bent Shaft: A rotating shaft that is bent also produces the the vibrating effect 
since it losses it rotation capability about its center. 

4. Gears in the machine: The gears in the machine always tend to produce 
vibration, mainly due to their meshing. Though this may be controlled to 
some extent, any problem in the gearbox tends to get enhanced with ease. The 
major things that tend to cause excessive vibration in gears are 
1.  

1. Misalignment of the gear axis 
2. Gear teeth running out of contact 
3. Wear and breakage of gear tooth. 

5. Loose Foundations: This is a simple area where we fail to look into in any 

machine that vibrates. The improper mounting of the machine without 
holding it rigidly to the ground causes the machine to vibrate. The next time 
your water pump at home vibrates be sure to check out the foundation bolts 
of the motor before you proceed with further analysis. 

 
REMEDIES: 



Some tips to prevent these vibrations are: 
 Guarantee proper gear operation. 
 Maximise engagement rigidity. 
 Reduce the transmission error. 
 Use helical gears, since they guarantee a greater contact between the gears 

and reduces the generated noise. 

 Use materials with internal damping. 
 Study the final speed reducer configuration, especially the housing, 

studying the possible ways in which the structure may vibrate and 
preventing resonances. 

 Know the final application and design for it taking into account the speed 
reducer’s characteristics 

 

END. 
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