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CHAPTER - 1
What is Kinematics? Kinenmatics is the study of motion (position, veloeity, acceleration).
A major goal of understanding kinematics i1s to develop the ability to design a system that
will satisfy specified motion requirements. Tlus will be the emphasis of this class.
What is Kinetics? Kinetics 15 the study of effect of forces on moving bodies. Good
kinematic design should produce good kinetics.
Delinitions Link:
A link 15 defined as a member or a combination of members of a meehamsm connecting
other members and having relative motion between them. The hnk may consist of one or
more resistant bodies. A link may be called as kinematic link or element. Eg
Reciprocating steam engine.
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Classification of hink 15 binary, ternary and quarternary.
Joint: A connection between two links that allows motion between the lmks. The motion
allowed mav be rotational (revolute joint), translational {shding or prismatic joint), or a
combination of the twa (roll-slide joint).
Kinematic pair: Kinematic par 15 a joint of two hoks having relative motion between
them. The tvpes of kinematic pair are classified according to

Mature of contact ( lower pair, Higher pair)

Mature of mechanical contact { Closed pair, unclosed pair)

Mature of relative motion { Sliding pair. turning pair. rolling pair, screw pair, spherical
panr)
classiflication of kinematics pairs
g fo t 0 ative moti W t i
a) Sliding pair:- When the elements of a pair are connected in such a way that one can
only slide relative to the other, the pair 1s known as a shding pair,
* The prston and evhnder, cross-head
* Gdes of a reciprocating steam engine
« Ram and its guades in shaper
* Tail stock on the lathe bed
(b) Turning pair:-When the elements of a pair are connected in such a way that one can
only turn or revolve relative to another link, the pair is known as homing pair,
* A shaft with collars at both ends fitted into a circular hole
* The crankshaft i a journal bearing in an engine
* Lathe spindle supported in head stock
* Cycle wheels turming over their axles




are the examples of a turning pair
() Rolling pair:- When the elements of a pair are connected i such a way that one link
rolls over another fixed link, the pair 15 known as rolling pair

* Ball and roller bearings
(d) Screw pair:- When the elements of a pmr are conmected m suchea way that one
element turn about the other by screw tlweads, the pair is known as serew pair.
* The lead screw of a lathe with nut
* Bolt with a nut
{¢) Spherical pair:- When the elements of a pair are connected i such a way that one
element turns or swivels about the other fixed element, the pair formed is called a
spherical pair.
* The ball and socket jout
« Attachment of a car mirror
* Pen stand

Aceording to the bpe of contael between the elements

{a) Lower pair:-When the elements of a parr having a surface contact between them
when relative motion takes place and the surface of one element slides over the surface of
the other, the pair formed 15 known as lower pair.

* shiding pairs

* NUrning pairs

* SCTEW palrs

(b) Higher pair:- When the elements of a par having a line or point contact between
them when relative mohon takes place and the motion between the two elements 15 partly
turming and partly shiding, then the paw 15 known as higher par,

« Pair of fnchon dises

* toothed geaning

* Belt and rope drives

According to nature of mechanical constraint

{a) Closed pair:- When the elements of a par are held together mechameally m such a

way that only required relative motion occurs, it 15 then known as closed pair,

* The lower paurs are closed par.

(b) Un closed pair/Open Pair:- When the elements of a pair are in contact either due to
foree of gravity or spring action, the pair 15 called as a Un-closed parr or Open Par,

* The cam and follower and gravity

Kinematic chain: When the kinematic pairs are coupled in such a way that the last link is
jomed to the first link to transmut defimte motion it 15 called a kinematic chain Eg: The
crank shaft of an engme forms a kinematie par with the beanngs winch are fixed n a pan,
the connecting rod with the crank forms a second kimematic pair, the piston with the
connecting rod forms a third par and the piston with the evlmder forms the fourth par.
The total combmation of these links 1s a kinematic chain. Eg: Lawn mover

Here, we had to check whether the mven link 15 a kinematie chain We can use two
fornmlas




1.1= 2p-4

2 = (321 -2
Mechanism If motion of any of the movable links results in definite motions of the others
the linkage is known as mechanism

Machine When a mechamsim is required to transinit power of to do some particular type
of work 1t then becomes a machine,
Degrees of Freedom [t 1s defined as the number of input parameters which must be
independently controlled in order to bring the mechanism in o nseful engineering
purposes, It 1s also defined as the mumber of independent relative motions, both
translatnonal and rotational, a pair can have. Degrees of freedom = 6 - no. of restramnts. To
find the number of degrees of freedom for a plane mee bam sm we have Grubler's
equation F =3 (n-1)-2 ji—j:2
F = Mobility or mumber of degrees of freedom

n = Number of links including frame.

1 = Joints with single (one) degree of freedom
I: = Jomts with two degrees of freedom.
F = 0, results in a mechanism with *F* degrees of freedom.

F =0, results in a statically determinate structure.

F < 0, results in a statcally indeterminate struchure
Grashoff's Law:

Grashoff 4-bar linkage: A linkage that contains one or more links capable of
undergoing a full rotation. A linkage is Grashoft if: 5+ L <P + Q (Where: S = shortest
link length, L = longest, P, Q) = intermediate length links). Both joints of the shortest link
are capable of 360 degrees of rotation in a Grashoff linkages. This gives us 4 possible
linka ges:

1.1 crank-rocker (mmput rotates 360

1.2 rocker-crank-rocker (coupler rotates 360)
1.3 rocker-crank (follower)

1.4 double crank {all hnks rotate 360).

Inversion of Mechanism

we can obtain as many mechanisms as the number of links in a Kinematic chain by
fixirng, in tum, 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
Types of Kinematic Chains
The most important kinematic chains are those which consist of four lower pairs, each pair
beng a slding pair or a tuming pair. The following three types of Kinematic chains with four
lower pairs are important from the subject point of view
1. Four bar chain or quadric cyclic chain,
2. Single slider crank chain, and
3. Double shider crank chain.




Inversions of Four Bar Chain

Though there are many inversions of the four bar chain, yet the following are important from
the subject paint of view ;

1. Beam engine (crank and lever mechanism),

A part of the mechanism of a beam engine (also known as crank and lever mechanism ) which
consists of four links, 1s shown in Fig. In this mechanism, when the crank rotates about the
fixed centre A, the lever oscillates about a fixed centre D. The end £ of the lever CDE is
connected to a piston rod which reciprocates due to the rotation of the crank. In cther words,

the purpose of this mechanism is to convert rotary motion into reciprocating motion.
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2. Coupling rod of a locomotive (Double crank mechanism). The mecharsm of a couplng
rod of a lecomotve (also known as double crank mechanism) which consists of four links, 15
shiown in Fig.

In this meachanism, the Bnks AD and BC (having equal length) act as cranks and are connected
to the respeciive wheels. The link CD acts as a coupling rod and the link AB is fixed in order
to mainta:n a constant cantre o centre distance between them. This mechanism s meant for

transmitting rotary motion from one wheel to the other wheel

3.Watt's straight line mechanism or Double lever mechanism: In this mechamsm, the
links AR & DE act as levers at the ends A & E of these levers are fixed. The AB & DE are

parallel m the mean position of the mechamsm and couplimg rod BD 15 perpendicular to
the levers AB & DE. On any small displacement of the mechamsm the tracing pome ‘'C*
traces the shape of number *8°, a portion of which wall be approxamately srmght. Hence
this 15 also an example for the approxamate straight line mechamsm. This mechamsm 1s

shown below
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Inversions of Slider crank Chain: It 15 a four bar chain having one shding pair and three
tuming pairs. [t is shown in the figure below the purpose of this mechanism is to convert
rolary motion to reciprocating motion and vice versa.
There are [our inversions in a single slider chain mechanism.

They are: 1) Reciprocating engine mechamsm (1 = mversion)

2) Oscillahing cyhinder engine mechanism (2wt inversion)

3) Crank and slotted lever mechantsm ( 2nd mversion)
4) Whatworth quuck return motion mechamsm (3« mversion)

5) Rotary engne mechanism (3 inversion)

) Bull engne meehamsm (4 mversion)

7) Hand Pump ( 4m inverswon)
Reciprocating engine mechanism: In the first mversion, the hink | e, the evhinder and

the frame 15 kept fixed. The fig below shows a reciprocaling engime
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A slotted hnk 1 15 fixed. When the crank 2 rotates about O, the shding piston 4
reciprocates in the slotted link 1. This mechamism 15 used m steam engine, pumps,
compressors, 1O, engnes, ele.

Crank and slotted lever mechanism: [t 15 an application of second inversion. The crank
and slotted lever mechamsm 15 shownin higure below
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In this mechanism link 3 is fixed. The slider (link 1) reciprocates in oscillating slotted
lever (link 4) and erank (lnk 2) rotates. Link 5 connects link 4 to the ram (lmk 6). The
ram with the cutting tool reciprocates perpendicular to the fixed hnk 3. The ram with the
tool reverses its direction of motion when link 2 1s perpendicular to link 4. Thus the
cutting stroke 15 executed dunng the rotation of the crank tlrongh angle a and the retum
droke 15 executed when the crank rotates through angle B or 360 — 4. Therefore, when the
crank rotates wmformly, we get,
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Thrd inversion 15 obtaned by foang the crank 1.e. link 2. Whatworth quick retum
mechamsm 1s an application of third inversion. This mechanism 1s shown in the figure
below. The crank OC 15 hixed and OO rotates about O. The shder shides in the slotted hink
and generates a circle of radius CP. Link 5 connects the extension OQ provided on the




oppostte side of the link 1 to the ram (link 6). The rotary motion of P 1s taken to the ram R
which reciprocates. The quick retwrn motion mechanism is used m shapers and slotting
machines. The angle covered during cutting stroke from P1 to P2 in counter clockwise
direction 15 a or 360 -28. Durmg the return stroke, the angle covered 1s 28 or 5.
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Rotary engine mechanism or Gnome Engine:
Rotary engne mechamsm or gnome engne 15 another appheation of third mmversion. It 1s
a rotary cylinder V — type infernal combustion engine used as an aero — engine. But now
Gnome engine las been replaced by Gas turbines, The Gnome engine has generally seven
eylinders in one plane. The erank OA 15 fixed and all the connecting rods from the pistons
are connected to A. In this mechanism when the pistons reciprocate in the evlinders, the
whole assembly of evlinders, pistons and connecting rods rotate about the axis O, where
the entire mechamcal power developed, 15 obtamed 1n the form of rotahion of the crank
shaft. This mechamsm 1s shown in the figure below
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Double Slider Crank Chain: A four bar cham having two hwmng and two shiding pairs
such that two pams of the same kmd are adjacent 15 known as double shder erank cham
Inversions of Double slider Crank chain: [t consists of two shding pairs and two
turmng pairs. There are three important inversions of double shder erank cham.
1) Elliptical tramunel.
2) Seotch yoke mechamsim.
3) Oldham’s Coupling.
Elliptical Trammel: This 15 an instrument for drawing ellipses. Here the slotted link 1s
fixed. The shiding block P and Q 1n vertical and horizontal slots respectively. The end R

generates an ellipse with the displacement of shders P and Q.
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Let us take O.X and & ¥ as honzoatal and vertical axes and let the link & .4 15 mclmed at an
angle 8with the horizontal, as shown in Fig. 5 34 (). Now the co-ordinates of the point P on the link
B A wall be

=P =APcos and y=PR =8P san B
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Thus s the equation of an ellipse. Hence the path traced by point P 15 an ellipse whose senm-

mFpoT a5 15 4P and semi-miner axis 15 5P
Node : I P is the mad-point of bnk 84, then AP = FP. The above equation can be wiitten as
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Ths t5 the equation of 3 circle whose radas 15 AP Henee if Pis the mad-point of ok B4, it wall trace
a qrcle
Scotch voke mechanism: Thos mechamsm 15 used to convert rotary mohon in to
reciprocaling motion The inversion is obtained by fixing either the link 1 or link 3. Link |
15 fived. In thos mechamsm when the hink 2 rotates about B as cendre, the hink 4

reciprocates. The fixed link 1 guides the frame.
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Oldham’s coupling: The third inversion of obtaned by fixing the hink connecting the 2
blocks P & Q. If one block 15 turming through an angle, the frame and the other block wall
also turn through the same angle. It is shown in the figure below
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An appheation of the thord inversion of the double shder crank mechamsm 15 Oldham’s
coupling shown in the figare. This coupling 1s used for connecting two parallel shafts
when the distance between the shafis 15 small, The two shafts to be connected have

flanges at thew ends, secured by forgng. Slots are cut in the flanges. These flanges form 1




amd 3. An intermediate dise baving tongues at nght angles and opposite sides is fitted in
between the flanges. The intermediate piece forms the link 4 which shides or reciprocates
in flanges 1 & 3. The link two 1s fixed as shown. When flange 1 tums, the intermediate
dise 4 mmst hrn through the same angle and whatever angle 4 turns, the flange 3 must
tum through the same angle. Hence 1. 4 & 3 nmst have the same angular velocity at every
mstant. Ifthe distance between the axis of the shaft 15 x, it will be the diameter if the
circle traced by the centre of the intermediate piece. The maximum sliding speed of each
tongue along its slot is given by
Ll LI ]

wlhere,
oy = angular velocity of each shaft in rad/sec
v = linear velocily in my'sec

Cam and followers

A cam is a rotating machine element which gives reciprocating or oscillating
mation to another element known as 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.

Classification of Followers

The followers may be classified as discussed below :

1. According to the surface In contacl. The followers, according to the
surface in contact, are as follows :

(@) Knife edge follower. When the contacting end of the follower has a sharp
knife edge, it is called a knife edge follower, The sliding motion takes place
between the contacting surfaces (/.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.
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(b) Roller follower. When the contacting end of the follower is a roller, it is
called a roller follower, Since the rolling motion takes place between the




contacting surfaces (ie. 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.
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(c) Flat faced or mushroom follower. When the contacting end of the
follower s a perfectly flat face, it is called a flat-faced follower. The flat faced
followers are generally used where space is limited such as in cams which
operate the valves of automobile engines.
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(d) Spherical faced follower. When the contacting end of the fdlower is of
spherical shape, it is called a spherical faced follower, 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.
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According to the motion of the follower. The fdlowers, according to its
mation, 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.




(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 ratating 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 fellower. VWhen the motion of the follower is along an axis passing
through the centre of the cam, it iIs known as radial follower

(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.
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Classification of Cams

Though the cams may be classified in many ways, yel the following two types are important
from the subject point of vew

1. Radial or disc cam. In radial cams, the follower reciprocates or cscillates in a direction
perpendicular to the cam axis. The cams as shown in Fig are all radial cams.
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2. Cylindrical cam. In cyindrical cams, the follower reciprocates or oscillates in a direction
paralfel to the cam axs. Tha follower ndes in a groove at its eylindrical surface. & cyindrical
grooved cam wilth a reciprocating and an oscillating follower 5 shown in F-g
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Terms Used in Radial Cams
1. Base circle. |t is the smallest circle that can be drawn to the cam profile.

2. Trace point. it i5 a reference point on the follower and is used to generate the pitch cunve,
In case of knife edge follower, the knife edge represanis the trace point and the pitch cunse




corresponds to the cam profile. In a reller follower, the centre of the roller represents the trace
point.

3. Prezsure angle. I is the angle between the direction of the follower motion and a normal
to the pitch curve. This angle s very important in designing a cam profile. If the pressure angle
is too large, a reciprocating follower will jam in its beanings.

4. Pitch point. |t is a paint on the pitch cunve having the maximum préessune angle.

2. Prlch circle. It is a arcle drawn from the cenfre of the cam through the pitch points.

6. Pitch curve. It i5 the curve generated by the frace point as the follower moves relative to
the cam. For a knife edge follower, the pitch curve and the cam profie are same whermeas for a
roller follower, they are separated by the radius of the roller.

T. Prime circle. i is the smallest circle that can be drawn from the cenfre of the cam and
tangent to the pitch curve. For a knife edge and a flat face follower, the prme circle and the
base circle are identical. For a roller follower, the prime circle 15 larger than the basa circde by
the radius of the roller

B. Lift or stroke. It is the maxmum fravel of the follower from ds lowest posibion to the

Top most position.
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NORMAL FORCES

When an object rests on a surface, the surface exerts a normal force on the object, keeping it
from accelerating dowrw and
A normal force is perpendicular to the contact surface of an object. Example — When we are
standing. we do not fall through the Noor becawse the downward force of our weight is balanced
bry the upward nonnal force exerted by the surface of the floor. The magmtudes of these forces are
equal, but they are apphed m opposite directions. Howewver, 1f we stood on a piece of paper. the
normal force of the paper would not be great enough to counteract our weight because the paper is
not strong enough. The forces would be unbalanced and we would accelerate downward. falling
through the paper




FRICTION

It is harder to move objects with larger inertia, but there are ways o make moving objects with
larger amounts of inertia easier. One way 15 to reduce the anount of frichion between the object
and its comfact surface.
Frction is a force that resists the relative motion of two objects in contact, caused by the
uregndanitics of the surfaces coming mto contact and colliding with ¢ach other.
There ame two rypes of fraction 1o consider:

» Static friction is the force that opposes the stant of relative motion between two objects in

contact with each other
o Kinetic friction is the force that opposes the relative motion between two objects i contact
with each other when the objects are actually in molion.

Important things to know abowt friction:
1. Friction is always parallel to the contact surface and is in the opposite direction of the force
casing the moiion
2. Static friction is always greater than kinetic friction

» This is due to inertia - An object at rest fends to stay ar rest while an object in motion tends (o

confine moving.

3. Fnction increases as the force between two surfaces increases.

+ Frction depends on the nature of the matenials coming imto contact with cach other

» Friction depends on the force pressing the objects together
Laws of Static Friction
Following are the laws of static fnction
1. The force of Fiction always acts in a direction, opposite to that in which the body tends o
miove,
2. The magnitude of the force of friction is exaclly equal to the force, which tends the body
fo move.
3. The magnitude of the limiting ficton (F ) bears a constant ratio to the aormal reaction
(R} between the two sufaces. Mathematically

FiRn= constant

4. The force of friction 15 mdependent of the area of contact, between the two surfaces,
5. The force of friction depends upon the roughness of the surfaces
Laws of Kinetic or Dynamic Friction
1. The force of Fiction always acls in a direction, opposite to that in which the body is
MoAVImg.
2. The magnitude of the kinetic friction bears a constant ratio to the normal reaction between
the two surfaces. But this ratia 5 slightly less than that in case of imiing fnclion.
3. For moderate speeds, the force of friction remains constant. But it decreases slighily with
the ncrease of speed.
Laws of Solid Friction
1. The force of fricton 15 directly proportional to the normal load bebeeen the surfaces,
2. The force of friction is independent of the area of the contact surface for a given nomal
hsad,
3. The force of friction depends upon the material of which the contact surfaces are made,
4. The force of fricthon 15 mdependent of the velocity of sliding of ane body relative lo the
cther body.




Laws of Fluid Friction
1. The force of friction is almost independent of the load.
2. The force of friction reduces with the increase of the temperature of the lubricant.
3. The force of ficton i ndependent of the substances of the beanng surfaces,
4. The force of friction is different for different lubricants.
Coefficient of Friction
it is defined as the ratio of the Emiting friction {F) o the nomal reaction (Rry) between the two
bodies. It is generally denated by 1. Mathematcally, coefficient of friction,
= iR
Angle of Repose
Consider that a body A of weight (W) is resting on an inclined plane B, as shown in Fig. 10.3. If
the angle of indination o« of the plane to the honzontal is such that the body begins to move
down the plane, then the angle ¢4 is called the angle of repose.
A litthe consideration will show that the body will Begm 1o move down the plane when the angle
of inclination of the plane i equal to the angle of fncton (L&, o = §). This may be proved as
follows -
Thie weight of the body (W) can be resclived inta the following two components ;
1. W sin o, paraliel to the plane B. This component tends (o slide the body down
the plane,
2. W cos o, perpendicular to the plane B. This component is balanced by the normal
reaction (Ru) of the body A and the plane B The bedy will only begin o move down the plane,
Wit &

.:F'd.

A

i l.'r""d;-g"ﬁf
=] ‘--. rF:.

[

W sinw = I :""l"'-.:"' W Cos o
ana=p=Eng o d=9§

Screw Jack
The screw jack 15 a dewice, for [ifing heavy loads, by applying a comparatively smaller effort at
its handle. The principle, on which a screw jack works is simiar to that of an inclined plane
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Fig (&) shows a common form of a screw jack, which consists of a square threaded rod

(also called screw rod or simply screw) which fits into the inner threads of the nut. The load, to
be raised or lowered, is placed on the head of the square threaded rod which is rataled by the
apphcation of an effort at the end of the lever for lifing or lowering the load.

Torque Required to Lift the Load by a Screw Jack

If one complete tum of a screw thread by imagined to be unwound, from the body of the

screw and developed, it will ferm an mclined plane as shown in Fig
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i Devchopmest of 5 sonres i&j Foroes &g on the somrew

p = Pitch of the screw,

d = Mean diameter of the screw,

o= Helix angle,

P = Effort applied at the circumference of the screw to lift the
lead,

W = Load o be lfed, and

i = Coeficient of fnction, between the screw and nut = tan ¢,
where & is the friction angle

tani o = 'K o

Hewving the foroes along the plane
PFoma =W sanaeFs W el
and respfing the forces perpendscular io the plane
ﬂ'.,ﬁ = Fun@m+W cosa
Suhakibuting Bis vaboe of .'-.'.,. nequalsin (i),
Poosa = W osen @+ g P ain o+ W ood @)
= W s+ g Psina+p W oo
Pomm el - Peanca = W il o« W omsa

PHicos o - i sileh = WO§ S O &l C08 £ )
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Subaking (b valos of g = t@ndom i ghove aquabion, we pet
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Multiplying the humeraior and denominaiof iy cosd

i + ' i [+ i)
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Tongue reguited o overcome Inchon befeeen the somw and nul

o !
I,= Pu==W n{d + §)—

the axial Ioad is taken up by a thrust collar or a flat surface, as shown in Fig.
50 that the load does not rotate with the screw, then the torque required to overcome friction at
the collar

._ﬁ:l,_*ll

Wl (= W R

ilsede and ifade radn of he oollar
= Mean raduas of the oodlar, and
= Lo soaend of Trscton Tor e ool

Total torgoe regeinsd o overcome friction (de b roinke the somw ),

FaT +T, J'-T'-p'nl..l.:

1 @n effort ", s applied at the end of a kever ol o kength | then the total lomgue requaed 1o
wefCoime (rscinon mist be cdual to Ehe orgue applied ol the cod al the levet, Le

IT=FPim=Fl

Exampla-1

A 150 mm diamadar valve, against whiich a steam pressure of 2 MN/mz is

acting, i1s closed by means of a square threaded screw 50 mm n exlernal diameler with & mm
pitch, if the coefficient of frickion is 0,12 ; find the fomue reguired fo turm the handle




saluilon, Given: D= 1 mm=013 mm= 019 m: B=7MNT =2 x 10F e
dy = 50 mm | p= 6 fm g an =2
We bnow that load on the vabee

K .3 & X T aa
W= Pressume x Amea= pex 3 07 =2 < =013 N

= L& W N
Mo an duaimeter of the aiicws
i = W . = 47 mm = 00ET m
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Wi know thatl fonee reguined bo tum; the bamdie

L o =

,-tlhl.l.+l..|l1l:|1-

F=W lafijm & &) et
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Toapse regualend o furm the Ranadle,
FT=PeFI=511=04T2=142Nm ik
Example-2
The cutter of a broaching maching is pulied by square threadsd scraw of 55
mm external diameter and 10 mm pitch. The operating nut lakes the axial load of 400 N o a
flatsurface of B0 mm infemal diameter and 90 mm axtarnal diametar. If the coefficient of
firction 1= 0. 15 for all confact surfaces on the nul, determine the power required fo rolate the

operatng nul, when the cutting speed (s & m'min.

Sl Chiven - ol = S5 mm ; p= 10 mm = 0000 m; W o= 30N |'.|‘_. = G} Wi oF
K= Mmn ; [}, = 00 mm or K =4imm-u=tmé=u,=01%
W knovw thod e zn deameter of the sores:
d=d.~- pl= 55 - 1] = 5 mm
1] . 2
s —= = LN
xd Xx3D

and lorce requeired af the circumiemnos of the sorew;

P=Whaia+e)=W|natime |
I - tan o tan ¢ |

v i ) L PP
[} - o637 = 005
W Lnow (ol mean radsies of the flal ssrace
K+ 8 45+ M
= — =

| =

s Toanl e PR

i'"F-g-ulﬂﬁ'-:ﬂhl-i‘l-lllﬁ-l'!lr."-T.‘-"ﬂill'ﬂl

A1 MN-mm = 441 N-m (' p, =y

Sane the culimg speed o8 & mimen, theselone speed of the somew

N _M _L_r{l}rpm
Pebch LiTi]l

anpular speed, = I X x GlEFel= 56154 rals
W know (had power requized 10 operaie the nim

=Tm=441 0 6284 = XTT W = L1777 kW Am
Torque Required to Lower the Load by a Screw Jack

If ane complete tum of a screw thread be imagined to be unvwound fromthe body of the screw
and developed, it will form an inclined plane as shown in Fig.




Let p = Pitch of the screw,

d = Mean diameter of the screw,

a = Helix angle,

F = Effort applied at the circumference of the screw to [ower the load
W = Load fo be lifted, and

p = Coefficient of frction, between the screw and nut = tan ¢,

where ¢ is the friction angle

From the geomeimy of the igure, we Tunad ihod

o = pind

Resolving the fonoes along the plane
Feoog e =F-W upE=p~N,- W ana
and resodving ihe [orces perpendicular 1o the plans
ﬁ_l =W cos e - Psana
Sobatiiming this valoe of &, il aquatm i),
Foma @ =@ (W gos o Prana)— W sina
= 1. W oS - . Paan i - WS o
P oo o -+ gL, P osin i W oom o — W sam e

Fricos of + | fn o) = W (0 oos - il b

P W [} s ol £l 4 )
= - ———

(E0d i 4 i Sl £2)
Subituging the vadue of = 1368 @ n the above aquatson, we gel

i af & Oo% i 8
P=W x =

00 O & Eaf o S olh
Sulsply ing the nusmeralor ahd de nomanalon By ©os &
| an @ C0s I — sl o oon
P s m—e— Sttt
(oo O CO% &+ Sy e i L

W oiam (& =
Torgue regamred I vercome Inoieon betwesn the sorew mnd nul,

d

F= P H‘LL"'IIUI'IJI%

Example-3

wim [

(= 4]

i)

The mean diameter of @ square threaded screw jack is 50 mm. The pifch aof
the thread = 10 mm. The coefficrant of fncfion 15 815, What force must be applied af the end of

a 0.7 m long lever, which is perpendicular fo the longifudinal axis of the screw to raise a load of
20 kN and to lower @7
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W know thal lodce regosred 3l the corcumberence of the wWies
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Fl— 00637 =151

MNow [he [oroe reguueed o the ond of the lever may be found ol vy s relatoon,
Foxl=Fxd
Pwd 4314 xO0E

e | 2w LY

r=

= |5 N Ama

Foirce Frgitaed Lo Jower Thi Josged
We know thal the force poiguired o the cucumilerenos of e sCrew;
| tan &= fan o |
F=Wimi@=a= W] —————————
[0+ Lo & Lo o .'

= 1 DI%5- 00637 | = N
- M — 0
o ! i+ 05w 00637 | AL
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o the foroe roquised &l the end of the lever may be found out by the melstion,

= Bl N AN

Prd 1700 O3

2 2x07

Pxl=Px= o Pz

Efficiency of a Screw Jack

The efficiency of a screw jack may be defined as the rato between the ideal effort (1.a, the
effort reguired to move the load, neglecting friction) to the actual effort (ie. the effort required
fo move the load taking fction mio account).

We know that the effort required to it the [oad (W) when friction is taken inte account

W tam i + 9
Hehn anglhe,
Amghe ol Inchon, amd
- g = Coellcweml ol Incon belwean the sofew aid nis = Lah &

If there would have been no fiction bebween the screw and the nut, then i wall be equald to
Zerg, The value of effort Ponecessary to raise the load, will then be gven by the equation

Pz Wiana

Fllic WOy

lifzalefion  E Wiama Lan 2
Actual affon P

WOk g+ @) EANIE = &)

Maximum Efficiency of a Screw Jack
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Over Hauling and Self Locking Screws

Pz W anif- a)

o d
F=pPx = W ¢ =

in the above expression, if ¢ < a, then torque required to lower the load will be negative. In
other words, the load will start moving downward without the application of any torque. Such a
condition 5 known as over haulding of screws. If however, § = a, the torgue required 1o
lewer the koad will pasilive, indicaling that an effort is applied to lower the load. Such a screw
is known as saff locking screw. In other words, a screw will be self locking of the fiction angle
is greater than helix angle or coefficient of friction iz greater than tangent of helix angle Lo, por
tan ¢ > tan

Efficiency of Self Locking Screws
ian i@
for sl bocking screws, @2 @ oF @54
Eficency of sl lacking screws
_ g fang _ tan ¢ - fan’ ¢)
g+ b lo g

|
From Bus eupressson we = thal &Moency of sl 'n-..'inn!': sTeny 18 kews than - o 0 N

the elicency i more than SFE, 1hen the sorew i said 1o e overhasling

BEARING
Ahaaﬂng 15 a machine element that constraing relative mobon 1o only the desired molion,
and reduces fnction between moving parts

classification

Depending upon the direction of the force

f T 7 4 alial } 4 & i 5 ¢ LT . 3 AT ’ "
Radia bearing : Radial beanng supports the load which 1z perpendicular to the axis of the shaf

Thuvst bearing: Thurst bearing supports the load which acts along the axis of the shaft

Depending upon the type of firiction




Sliding contact bearing:in this 1ype of beanings, the surface of the shaft slides over the

sirface of the bush. To prevem fncnon, both surfaces are sepamated by a thin iilm of labncating

otl. Generally. Bush ts made from bronze or white metal.
Examnple: Plain beanng. joumal beanng, sleeve beanng

Rolling contact bearing or anti-friction bearing tere wilimg frcnon comes

i play. This beanng 15 also called anbi-fnction beanng as nction 15 neghgble wiich 15 i

ranee of 0.0 1% 1o (D03 R Q

§ 3 T 2 y f . f T g’ " nirll T | 1 = oA
Example: Bearings used in awromobile axle, gearbox, machine tool spindles, small elecimc

[EE R

Types of rolling contact bearings

L I this tvpe of weannes, the radms of the ball 1s slightly less
Deep groove ball bearing i s type of bearings, the rad he ball is slightl

ihan the radius of curvature of the groove. Tius creates pount contact. Thus fncton 15 less and so
t can be used in hieh-speed - D 10 low frich spera e rse and the "
11 Cam B2 used 1 lugh-speed .I]l]l-ll..lll-.llr-. e 1o 0w ITichiom IL-..J'"...I..-.-.. se and the nose

level 15 also low, Tt can fake axial as well as radial loads

[.‘}'[il‘.ll]l‘il:ﬂl rofler bi.'tl.nng These beanng are used where lngh load carrying capacity is

I K [ I i is
recqured, Here rollimg elements are cylindncal in shape mstead of balls as i deep goove ball
beanng. o mves ine contact and same as previous case mcton loss 15 less 50 10 can be used 1o

the high sped apphicanon. This beanng can not take thrust load

.ﬁ.]'lgll[ﬂ]" contact bearing This ivpe of beanng is designed in such a way that line of

reaction at the pomt of contacts for a ball at the mer race and outer race, make an angle with
the axis of the bearing.  Dueé 1o this, ot can take the radial and axial loads sinultaneously. Load
camrving capacity of such beanngs is high compared to deep groove ball beanngs. Howevel

" By amas # Nhi b [ A 5 i 3 :
wo beanngs are reguired 1o take thaust load m both directions.

Self-aligning bearing In this tvpe of beaning. the external surface of the beanng bush 15

nsade spherical. The centre of this sphencal surface 1s at the centre of the beanng so 1t can align
iself with the joumal. It 15 used to compensate any misaligment. It can take both mdial anxt

axial loads,




bearing block

thrust bearing angular contact ball bearing needle roller bearing

Tﬂ[‘ﬁ.‘l' roller hEH.ﬂng'] Tere rolling elements are rollers. They are arranged in such 3 way that

axes of individmal rolling elements intersect at a conuman point at the axisof the bearmg. Thisis
for the pure rolling motion

Two beanngs are requered 1o take axaal loads

This type of bearings 15 commeonly wsed inautomobile, ralway amnd machine tools

Thurst ball hﬂﬂ!‘]l‘%] fuerst Ball Beanng consist two row of balls. Ball

ills, imnmer and outer
race are made from high carbon chromimum steel while the roller 15 made from case hardenad
sl These beannies are generaily used m the gearbox e to a large munber of balls, 1t can

take comparatively high thmest load, However,. 1t can take thnst loading single direction only




Friction in journal bearing

Lat ¢ = Angle betwedn X (resultant of F and .Fu'm_n mnd .ﬁ',\_.
i = Cosflscient of (Fction hetween ihe joamal and beating
I = Frsctionall lorgue sn oy, and
F = Radsus of the shall i metees

For unaform meohion, the resaiiant (orce acling on he shall mist be féfo and the resulEunt
lumang maomenl of the shall masi be rem. [n other wonds

ReW and T Wi W OF a6 §&=Wr ui &
Sanoe @ i very small, there fore subsiEhsling sin = tah §

F=Wrtan®=p Wr i
If i shaft rotates with angolar velooity o mdfs then power wasied in fniction,

P =TT = 20EDw alls

N = Speed of the shall in rcpm

Friction of Pivot Bearing

The beanng surfaces placed at the and of a shaft to take the axial thrust are known as
pivots, The pivel may have a flat surface or conical surface. When the cone is truncated, i is
then known as truncated or trapezoidal pivot.
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FALEEREN A,

ah Flsi pevosl (b} Combcnl pivol. () Truncaied vl

Consinder the two condition for friction

1. The pressure i& uniformly distributed throughout the bearing surface, and

2. The wear is uniform throwghout the bearning surface

Friction of collar bearing

The collar may have flat beanng surface or conical beanng surface, but the flaf surface is
most commonly used. There may be a single collar, as shown in Fig,  or several collars along
the length of a shaft, as shown in Fig in order to reduce the mtensity of pressure,

L

|'.‘" #.-' Coilar

r.._.._ ‘|
i Smgle M i} Multsi Na
{odlar collar

Flat Pivot Bearing

When a vertical shaft rotates in a flat pivot bearing as shown in Fig,, the skding friction will be
along the surface of contact between the shaft and the beanng.

Let W=Load transmitted over the bearing surface,

R =Radius of beanng surface,

p =intensity of pressure per unit area of bearing surface between rubbing surfaces, and




p =Coefficient of friction

We will consider the following two cases !
1. When there is a uniform pressure

Wohe s the peie-asiene os uilofmby daseri Pated over the Be shing area, then
¥
xR

Loanasdier o reng o o Ehissicness ofF o Eh hEsshg anca
hea of PEanng

Load tranemsiied o the ring

Friciofal redssianc® o shching of e fng aclmng tangenlallv ol radies r
F =poW = pp s 2% rak

Frictonal lopgue on s fang
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Tictal Irnchcnal iongue
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=T o= T = 2% N6
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2. When there is a uniform wear
L= ]
pr = C{ac

joad fransmuited ie the fing

o = pw IR

'\"rr ar
i Al

L |
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F
Eh=

Totxl koad tranvumaiied b e
Wz| 2xCdr=2xClr g = 2nC.
We know thal ifsctional iorgoe actifig on the ring

i

dr = YRR o —

= 2% pCr o

Total frschonal lorgise on the heafing

Conical Pivot Bearing
The conical pivot bearing supporting a shaft carrying a load Wis shown in Fig

Indenaity o pressure normal ko
the e
S afple of the cohé
Lo liscinl of Irclsom
Bszpwée i Ale shall and the
Eszarimg, and
B = Hadsos ol the shall
Conndder o wmall fifg ol Fadeos ramd thickness o Dot o 5
the lemeth of mng along the cone, soch Lthal
il = br COveiy X
Area ol the feng
i = 2%r.dl = 2%raF OOSSC O

1 1 ol LS O

Considar uniform condition




We knovw that nofmal load actung of the: fng

-'*I-'l-‘_ = Mormial peedsie = Area

PE ZEradr DOEC

and vertical bomd sctzng on the rimg,

SW = Veracal componemt of S =8 sn o

=p_ W FErde 0o @ sin = pow 2% e
Tiostad vertical loasd iransmiticd 1o the baaring.
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W= | g, oxdorde = Ixp 1 °
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Considering uniform wear

let or be the mormal intensity of pressure at a distance r from the cenfral axis.

We know that, in case of uniform wear, the intensity of pressure varnes inversaly with the
distance

= Cia constasty  of
s the load Eamsmitied 10 e fing
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W = p o igadr = —wlinrdr= 2oCdr
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Flat Collar Bearing
collar beanngs are used to take the axial thrust of the rotating shafts, There may be a single

codlar or multiple collar beanngs as shown in Fig. The collar bearings are also known as thrust
bearings.

i Mukipir ooller Boanng
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Considering uniform pressure
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Considering unifrom wear




Friction Clulches
& fmetion clulch has its principal applhcaton in the transmission of power of shafts and
machines which mus! be started and stopped frequently. Its application is also found in cases
in which power is to be delivered to machines partially or fully loaded. The force of friction is
used lo stan the driven shaft from rest and gradually brings it up to the proper speed without
excessive slipping of the friction surfaces. In automobiles, friction clutch is used to connect the
engine 1o the diven shaft. In operating such a dlutch, care should be taken so that the fiction
surfaces engage easily and gradually bnings the driven shaft up o proper speed. The proper
alignment of the beanng must be maintained and it should be located as close to the clutch as
possible, It may be noted that

1. The contact surfaces should develop a nctional force that may pick up and hold the load
with reasonably low pressure bebereen the contact surfaces.
2. The heat of ficton should be rapidly dissipated and tendency to grab should be at a
minimum,
3. The surfaces should be backed by a matenal stiff encugh to ensure a reasonably uniform
distribution of pressure.
The fnction clutehes of the following types are important from the subject point of view :
1. Disc or plate clulches (single disc or multiple disc clufch),
2. Cone clutches, and

3. Centnfugal clutches.

Single Disc or Plate Clutch

A single disc or plate cutch, as shown In Fig. 10.21, consists of a clutch plate whose both
sides are faced with a friction matenal {(usually of Ferrode). It is mounted on the hub which is
free lo move axially along the splines of the driven shaft, The pressure plate is mounted nside
the clutch body which is bolted to the flywheel, Both the pressure plate and the flywheel rotate
with the engine crankshaft or the driving shaft. The pressure plate pushes the clutch plate
towards the fiywheal by a set of strang springs which are arranged radially inside the body.
The three levers (also known as release levers or fingers ) are carried on pivots suspended
froen the case of the body. These are arranged in such a manner 50 that the pressure plate
moves away from the flywheel by the inward movement of a thrust bearing. The bearing is
mounted upon a forked shaft and moves forward when the clutch pedal is pressed,

When the clutch pedal is pressed down, its linkage forces the thrust release bearing to movein
towards the fiywheel and pressing the longer ends of the levers inward. The levers are forced
to turn on their suspended pivot and the pressure plate moves away from the flywheel by the
kEnife edges, themeby compressing the clutch spnngs. This actioh remowes the pressure from
the clutch plate and thus moves back from the fiywheel and the driven shaft becomes
stationary. On the other hand, when the fool is taken off from the clulch pedal, the thrust




beanng moves back by the levers. This allows the springs o extend and thus the pressung
plate pushes the cutch plate back towards the fiywheel
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Frocomnal VOIS BCTeE 0o LG Tl

F=Fur=ppudtrdur=1gup pr o
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P oF hais




L Comiadearg b fofm pof oy
Wihem the peessure o8 unalormby deseribasied over the entane anca of the frction face, then the
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"=

wheie
W have discaised above that the [nctional tobgoe o the clementay fing of radios »an
Uhichoree s aris
I = 1xppr o
Entegrateng thas egqualizon wilhan the himsts from ry o r, for the kodal Frectional josgue
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Sulstibuting the valoe of p from aguation i k
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CHAPTER - 3
Introduction
The power 15 transmiited from one shaft oo the other by means of belts, chains and gears.
The belts and ropes are flexible members which are used where distance between the wo
shafts 1s large. The chains also have flexibility but ihey are prefemed for imermediate
distances. The gears are used when the shafts are very close with each other. This tvpe of
drive 15 also called positive dnve becanse there 15 no slip. I the distance 15 slightly larger,
chain drive can be used for making it a posinve dnve. Belts and ropes ransmat power due
to the friction between the belt or ope and the pulley. There is a possibility of slip and
creep and that is why, this dnve 15 not a positve drive. A gear train is a combinaton of
gears which are used for transmutting mofion from one shaft to anether
Power Transmission Devices
Power transmassion devices are very commonly used to transmif power from one shaft to
another Belts, chams and gears are used for this purpose. When the distance between the
shafts 15 large, belts or ropes are used and for intenmediate distance chans can be used
For belt drive distance can be maximum but this should not be more than ten metres for
good results, Gear dnve is used for short distanges.
Belts
In case of belts, friction berween the belt and pulley is used o transmit power. In practice, there 15
always some amowunt of slip berween belt and pulleys, therefore, exact velocity rafio cannot be
obtained. That is why, belt dove s not a positive drive. Therefore, the belt drive is wed where
exact velocry rano is not required.

The flar belt is rectangular in cross-section. The pulley for this belt is shghtly cowned to prevent
slip of the belt to one side. It utilises the mction between the flat surface of the belt and pulley,

The V-belt 1% traperoidal in section. I utilizes the force of friction between the inchned sides of
the belt and pulley. They are prefermed when distance is comparative shorter. Several V-belts can

also be used together if power transnutted 15 more,
The circular belt or rope is circular in section Several ropes also can be used together 1o ransmat
INHITE POWLT.

The belt drives are of the following types :

() open belt drive, and

(b} cross belt drive.

Open Belt drive
Open belt drive is used when sense of rotation of both the pulleyvs is same. It 15 desimble
to keep the nght side of the belt on the lower side and slack side at the top to increase the

mgle of contact onthe pulleys. This type of dnve

pitch B angle
bl thicknass [r)




Cross Belt Drive

In case of cross belt drive, the pullevs rotate 1 the opposite direction. The angle of
contact of belt on both the pulleys is equal., the belt has o bend in two different planes.
As a result of this, belt wears very fast and therefore, this type of dnive 15 not preferred for
power imnsmission. This can be used for ransmission of speed an low power

_— . I
2 _ = it
T e

A
Since power transnuited by a belt dnve 15 due to the Inchion. belt dnve is subjected to ship
and creep.
Velocity ratio of belt drive
Itis the ratio bet ween the velocities of the driver and the follower or driven.
Let &1 and &2 be the diameters of dnving and driven pulleys. respectively.
N1 and A2 be the comesponding speeds of driving and driven pulleys, respectively.
The velocity of the belt passing over the dnver
v=ad, N,/60
If there is no slip between the belt and p
V=V a=md N 260
Cr, nd; N /60=md;N 60
O, Wy Nx=d: /d
If theckness of the belt 1s *r, and 1t 15 not negligible i companson to the diameter,
Or, NyM=dv+t'dy+t
Let there be total percentage slip “5° in the belt drive which can be taken info account as
follows
V=V (1-8/100)
nh Ny 60=2d, N /60 1-5/100)
If e thnckness of belt 1s also to be considered
: NiNy=de+tdi 4t *11-5/100)
Ny Ni=di+1 £ der 1 *(1-5/100)

The belt moves from the tight side to the slack side and vice -versa, there 15 some loss of
power because the length of belt continuously extends on nght side and contracts on loose

sicle. Thus, there 15 relative motion between the belt and pulley due to body slip. This 1s
known as creep.




Length of open belt drive

Wiz hanve aleeady disooesed i AL 11,6 that inan open el dive, Both the pol brys motde ot
Loy’ difeCcisnd o shown an Fag 1011
Ladt r, and ry = Kadii of e larger and smalker palicys
C U simnae b oem e Gemires of Dwo puleys ol e O8O0 mnad
L Total kength of Gwr ekl

&l the bell keaves the langer palley ol £ and O and the smaller puliey at F and £ a5 shown in
Fg 10,10, Through 0, drow £, AF paraliel jo FF

From ike geome iy of the figure, we find that O, M wall be perpesdicalar o 0, §

L&t the anghe 1.|'rr__rr_ = o Fadlcans

We bnow (hsl the iength of the: bl
L = Arc G & FF + A FEMH + NG
= XA JE « FF « A FK
From ithe: peometny off the fgure, we lind il
M _ ZE - EMN
[T TN

ML =
Sanoe o 1% viery emesll ithereione puticng

L0 = o (il radeansg

e JF

Shfrm Earfy Arc FK

e T

EF : = WJUR, O 1"~ (), M

Fapanding thiy equation by binomeal theorem

iy r s
EF =xil =] i ]
| o X |

Subakiboleng (A valoes of 2 JE Srosm S Qualeon i 3T & A TPoam Squuie=om 0 ¢ amd 5 froim
GEJUSEL O o N SN RO, W Bl
L=2g] — 4d f+
i 3




e o the® Darper and srmalber puldley s
= [hsiznce bereoen the centres of o palbeys (1 # T
= NoEH lempbh o T Bl
Lt bl leaves the larger pullcy al £ and € and the wmalller pulley af F and }, ax showniin
12 Thresipgh O, direw LM paradlked (o FF
Froam the goometey of Use Tipire, w e Tafid thai l':‘il' w il e perpendicilar 1o O )
Lt the angle MY, O, = cx fachans
Wi kmow (sl the Empth o the bell
i ARC Lrdi = BF & AR FEN « MG
= Y{Arc JE & EF = Arg FE)

From the geometny of the Ggore, we Timd that

L0 4 E + EAM

=M

e L

Sence o o8 vy sanadl, therefore polling

O = 0o FelaEns

r : : 3
o b =~ (L M5 |I|'

EF = MOy =y 9




Fapanding they equastion by binomaat theorem

I m+ m
EF = & =1

|2
Culah milang (B values ol are JE Ifoim & gualsd (ili afc FE (o égualion (v aid EF [5om
LIS | v N SEEalion {1 L we Sl

L Fs
Substbuting the valoe of @ - —— Iroim goqquakeon i

In temes o paliey Siemelen

Power Transmitted by a Balt

the drnang pulley (or driver) A and the drven pulley (or follower) B. We

have already discussed that the driving pulley pulls the belt fram one side and delivers
the same 1o e

other side. |t s thus cbvows that the tension an the former side (e, tight side) will be
greater than the

latter side {Le. slack side)

Trand Tz = Tensions in the tight and slack side of the belt respectively in newtons,
riand r: = Hade of the driver and follower respectively, and

v = Velocity of the belt in m's




The siloctive turmansg (dniveng ) fofce ol the  aremmierenoe ol the Tolbs e is the dalleee foe
betssen ihe o lemions fle T - T,
Wink dones per socomd = (7 Fobw Me-mu's

o pecr et bramsemslied Peil, - Tiv'W

Ratio of Driving Tensions For Flat Belt Drive

ap WFaF=ef
E3 -:_rl-'T

i
—

|

R o P — - ST 9
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T1= Tension in the belt on the tight side,
Tz = Tenskn in the belt on the slack side, and
8= Angle of contact in radians (Le. angle subtended by the arc AB, along which the

be#t touches the pulley at the cenire)
MNow consider a small portion of the belt PO, sublending an angle 0 at the centre of the
pulley . The belt PO s n eguiibnum under the following forces

Femnenn .|'.|'| i ey i P
Temsion (I« 5 T) o i bel ot
Pecamried e mciioen """-. M |
. Fricoonal force, F =« K, whire s the cosllsciend o fnosos be tween 1he b and
sl

Hesolvang all the fonoes honroaially and equateng the same

L &1
Ky =0T + 47 J5h :-f 4+ T i :_:-

Sinoe the smphe 60 s very smsdl, (vewe fore putisng sen &6 7 2= &3 7 2 in coguoateon i

) ;
M T A S s T ey D IS v e

I Mo plochmg "

=




Moo resodvang the fonoes vemcally, we have

&8 &S|
bow Ry = (T + 81 cos— — Toos—

Sance Ehe amghe OF i very small, therelon pathng Cos S8 F 2= 1 of SEshody (o,

&7
px R, =T« 8 -T=5F or Ry=—

B
Fopuateng the valnes of 8, 7om equations i and inv)

) T
= b B
i

Iniegraling badh fdes bersoen the his .": amd T mmd Frosm 0 G0 B nespechve ]y,
" &7 : I,

L ¢ s = ||_1|_'|'|| o !":-C.!—:
L ) T T.

Fopuateom i) can be expressed im lerms of comesponding loganibm o the hase 1k i

-

g o I_ i

Centrifugal Tension

the belt contnuously nuns over the pulleys, therefore, some centrifugal force is caused,
vhose effect is to increase the tension on both, ght as well as the slack sdes, Thae
tension caused by centnfugal force s called centrifugal tension. At lower belt speeds
(less than 10 m/'s), the centrifugal tension 15 very small, but at higher belt speads

imore than 10 mis), its effect s considerable and thus should be taken nto account.

ro= Mass of the Bl por uml lengihon ke

= Lamear velooeby of the el eh s




r = Badios of the pulley over which (b bell rums vn metres, and
Iy = Conrilugal lenson acting tanpentially = Fand (F e wions
We knovw that kengih of the Bell Q)
= r.d8
and mass of the bell FLP = o, r. i
» Leninfogal foroe actmg on e bedl PR

¥ .
Iy = . ) — = "
r

The centfilugal wemasen T acting tampentially a1 P and {0 keeps the bell in squbbmum
Mot pescivamg the boroes §l e contrifegal once snd ceptrifugal fenason ) horononiadly smd
SLEling e wamee, W e

A &l AW
T, '-|I|:ITI*J'I '-|‘.1||l—': =

= s

= m a8 v

L
a8 i1
S the g be 48 o5 very small, theselore, polling Hnfl — | in the albor @ wpression,

| -
= =
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. F ;—1| m. WY o _|'I =

Maximum Tension in the Belt

A hibe comasderalnen w il shoerw (Sl the mokmasm ienssom an the beb () os eopal Lotk fodal
ienson in the Lepht ssde of the beldt (T )
Lt o = Maimum safe sbess in Mmm
b = Width of the bt in men and
I Thisc lone s ol the Bedt &n eram
W knovw thal mepammim e nssen en Ehe bell,
T = Nlaximmim sEress  cross- secisonal area of bell = o, bt
When centfifisg al Ehuios i neglecied. tea
T ior F_: = T pLe Fenseno am e bghi 9de of the bl
and when ceptniugal ensssn & conadered, then
FiorT .5 =T +TF;

Condition For the Transmission of Maximum Power
Wi knover [l porser Tamsameiied by a el
P = (T, -Ti»
T, = Tensson i the pht sade of the beltim newions
I: = Tenwson in the shack ssde ol the bell in newions, and
v = Velodily of i hell inm's
Fromi AL 11 14, we have also s5en thal the ralso ol dniviag lenaaons s
T

P

Sabahiuling the valoe of 7. il Sgusled i,

Iy |
i b ] e T
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Wi Know thal _J¥ |
Mo imum Eenssod o which the bell can be subgeciad @
D lon, and
I = Cenrilmgal ensanm il mewion
Sl Dorian g the valee of T, o oo .
F=il=TpivrC
= (T - matpwC = —m v )l (Substitging T'_= & )

For mu bmum power, diffe rentiste the shove ox pre ssion w eth respect b0 snd equate 1o zero,

i
&

LI
[ i i, w0 =0
F-AT-=0of T=3T, 1w

I shows thal when the power transmitted i movimim, 15d of the mazimum lension is
abvarhied s centrilugal lefron

Initial Tension in the Belt

When a belt is wound round the two pulleys (Le. driver and follower), its two ends are
Jeirved

tegether | 50 that the belt may continuously mowve aver the pulleys, since the mation of
the belt from

the dnver and the follower is governed by a firm grp, due to fichkon between the belt
and the pulleys.

In order to increase thes gnp, the belt is tightened up. At this stage, even when the
pulleys are stationary,

the belt is subjected to some tension, called inilial fension.

When the driver starts ratating, it pulls the beit from cne side (Increasing tension n the
bt

on thes sde) and delvers it o the other Sde (decreasing the tension in the balt on that
side). The

increased temsion in one side of the belt is called ftension in tight side and the
decreased tension in the

clher side of the belt 1= called tension in the slack side.




W | T = Il Eendeon e e bell,
T, = Tensen s e beht side of the el
T, = Temseon in the slack side of the beit, and
@ = CoefMicient of incsease of the bell kength per unai fonce
A Ltk corsederateom will shoss Bl the more e of ensaon an e Eighi ik
=T,-T
snd imcreass on the lengih ol e bell on s rghil sade
|
Semalarty, decreais i lemsson an the slack sads
= Fg=1Ts
and deorease i the kemgth of the beli on ihe shack side

= @il - Tl Ii

:-Iil.ll

Asinmumng thad the bell malerial i1 perectly elastss wach thad the kength of the bell remasns
oopsiamd, when ol 5 &l resd of i mobion, there{ore isoreass on kength on the ipha sede 15 agqual 1o
decmease &n the length on the slack sede. Thas, equaking oquations (7 and i &)

Bl -T= &i{T,~Ta of F -T=T,-T,

I+ Ts :
To = e—h i Mog bocting coninfegal Enskmn)

T+ Ty 27

M onskdenas o ranfugsl enson

V-belt drive

V-belt is mostly used in factones and workshops where a great amount of power i to
be tAnsmitted from one pulley to ancther when the teo pulleys are very near to each
oAher

The Y-balts are made of fabne and cords moulded in rubber and coverad with fabne
and

rubber, These belts are moulded o a rapezoedal shape and are made endlass, These
are particulary suitable for short drives Le when the shafts are at a short distance
apartl. The imncluded angle for the W-belt is usually from 30° = 407, In case of flat belt
drive, the belt runs over the pulleys whereas in case of V-belt drive, the nm of the
pulley is grooved in which the Vioel runs. The effect of the groove is to increase the
frictional grip of the V-belt on the pulley and thus fo reduce the tendency of slipping. In
crder to hawve a good gnp on the pulley, the V-belt i5 in contact with the side faces of
the groove and not at the bottorm. The power is transmitted by the “wedging acticn
betwesn the belt and the WV-groowve in the pulley

Fabr and
wirbilne O

@ Crms-sochon of 3 V-Iich Fri - sgtioon of & V- groowend palley




Gears
Gears are also used for power transmission. This 15 accomplished by the successive
engagement of teeth. The two pears ransnut motion by the direct contact like chamn drive.
Grears also provide positive dnve.
The dnve berween the two gears can be represented by using plain eylinders or dises 1
and 2 having diameters equal to their pitch circles as shown in Figure 3.5, The pomt of
contact of the two pitch surfaces shell have velocity along the common tangem. Because
there 15 no slip, definite motion of gear 1 can be transmitted to gear 2 or vice-versa

The tangental veloaty “Fp" = w, rl
=t 12

where 1 and #2 are pitch arcle radii of gears 1 and 2, respectively

Gears are also used for power trnsmission. This is accomplished by the successive
engagement of teeth. They can be applied between two shafls which are

Parallel

Collinear

Perpendicular and mtersecting

Perpendicular and nomntersecting

Inclined at any arbitrary angle
Classify gears
Avcording to the position of axes of the shafls. The axes ol the 1wo shafis berween which
the moton 15 1o be ransmitted, may be
Parallel, () Intersecting, and () Non-intersecting and non-parallel,
2. According fo the peripheral velocity of the gears. The gears, accordimg 1o the
penpheral
velocity of the gears may be classified as

() Low velocity, (b) Medium velocity, and () High veloaty




According to the type of gearing. The gears. according to the type of gearing may be
classified as ;

External geanng. (b) Internal geanng. and () Rack and pinon.

According fo position of teeth on the gear surface. The teeth on the gear surface may be
{a) straight, () mnclined, and (¢} curved

Working  Whaole
depth  depth

J’f‘
.

HOMENCLATURD OF GLAR TEITH e e
to this circle)
Piteh cirefe. It 15 an imaginary crcle which by pure rolling action, would gmve the same
mition as the actual gear
2. Pitch circle diameter. It 15 the diameter of the pitch drcle. The size of the pear is
msually specified by the pitch circle diamerer. It is also known as pifeh digmeter.
3. Pitch point. 1t 1s a common point of comtact between two pitch crcles.

4. Pitch surface. It is the surface of the rolling discs which the meshing gears have
replaced a1 the pirch crcle.

5. Pressure angle or angle of obliguiy. It is the angle between the common nommal to
two gear teeth o the point of comact and the common tangent at the pitch point.  The
standard pressure angles are 14 and 207,
6. Addendum. It 15 the radial distance of a tooth from the pitch arcle 1o the wop of the
tooth.
7. Dedendum. It 15 the radial distance of a toath from the pitch circle 1o the bottom of the
tooth.
8. Addendum circle. It 15 the arcle drawn through the top of the teeth and is concentric
with the pitch circle.
9. Dedendum circle. It is the crcle dravwn through the bottom of the teeth It is also called
root circle.
10. Cirenlar pitch.

It is the distance measured on the circumference of the pitch




circle from a point of one tooth to the comresponding point on the nexi tooth. It 15 wsually
denoted by pe.
Mathematically,

Circular patch =nDD/T

Where. D=diameter of pitch circle

T=nmmber of teeth on the wheel
Dametral plich. 1t s the matio of number of teeth to the pich cucle diameter in
millinmetres.
It is denoted by pd
. Marthemmatically,
Diameetral pitch, Pa=T./T»

D=diameter of pitch circle
T=mumber of tecth on the wheel

Module. It is the ratio of the pitch circle diameter in millimerers to the numbser of eerth.
It is usually denoted by m. Mathemarically,
m=DvT

Working depih_It 1s the adial distanee from the addendum crcle to the clearance arcle.
It 15 equal to the sum of the addendum of the rwo meshing pears.
16. Toerh thickness. It is the width of the weoth measured along the pitch circle.
17. Tooth space . 1115 the wadth of space between the two adjacent teeth measured along
the pirch circle.
18. Backfash. It 15 the difference between the tooth space and the tooth thickness, as
measured along the pitch circle. Theoretically, the backlash should be zero, but in actal
practice some backlash must be allowed 1o prevent jamming of the teeth due 10 1ooth
erross aid thermmnal expansion.

. Face af tooth . 11 15 the surface of the gear tooth above the ptch surface.

. Flank of tooth_ It is e surface of the pear tooth below the pitch surface.

. Top tand_ It is the surface of the top of the tooth

- Face widih, Tt is the width of the gear tooth measured parallel to its axs,
23. Profife. It 15 the curve formed by the face and flank of the tooth
24. Fillet radins. 1t 15 the radius that connects the root cirele 1o the profile of the tooth
15, Parth of confact. It is the path maced by the point of contact of two teeth from the
beginnming to the end of engagement
26. * Length of the path of comact. I 15 the length of the common normal aut-off by the
addendum circles of the wheel and pinion,

27. ** Am of comfact. It is the path wraced by a point on the pitch arcle from the
bepinming 1o the end of engagement of a given pair of teeth. The arc of contact consists of
ro'o parns, i.e

(@) Arc of approach. It 15 the pomtion of the path of contact from the beginmng of the
engagement 1o the pitch point




Simple gear train

Asimple gear irain uses two gears, which may be of different sizes. If one of these gears is
attached 1o a motor or a crank then it is called the driver gear. The gear that is numed by

the driver gear is called the dnven gear.  The input and the ouwtput shaft are necessanly being
parallel to each other. In this pear train, there are series of gears which are capable of receiving
and transmitting mofon from one gear o another They may mesh externally or intemnally. Each
gear rotates about separate axis fixed to the frame. Two gears may be external meshing and
mtermal meshing.

Velociry ratio:

NN =TT =dxd,

Compound gear train

Drivicn

B

3 I e

A ;|||11|nﬂnnu
T TN

When there are more than one gear on a shaft, | itis called a compound train of gear,

in a simple tran of gears do not effect the speed ratio of the system. But these gears are useful
in Brdging ower the space between the diver and the diven

In a compound train of gears, as shown in Fig .the gear 1 is the drving gear mounted on

shaft 4, gears 2 and 3 are compound gears which are mounted on shaft B. The gears 4 and 5
are also

compound gears which are mounted on shaft C and the gear 6 is the driven gear mounted on
shaft 0.




N, = Speed ol ,_I':n.'nnF g |
I = Momber of eeth on driving pear |
Vo Ny N = Speed ol rapective pears o £, 36d
T _..n" s 1, = Peumiber of kel on espechive pears
Lmnce pear | it in mesh with gear 2, theee fore wis spesd ralse i
N : L._

s II'I
Samabarly, for pears 1 and 4, spead malio is

N,
ansd ow pears 3 and b, spocd rao s

The speend ratio of compound pear ain s obianed by maitphrang the equations i, & and i),
s 13 T T N, TamT,uT,
= kW o W e e

oo

T h T ¥y NixThxT

Reverted gear train

When the axes of the first gear (L& first drver) and the last gear (e, [ast driven or follower)
are co-axial, then the gear train is known as reverted gear train as shown in Fig.

We zes that gear 1 (& first driver) drives the gear 2 (e, first doven or follower) in the
apposite directon. Since the gears 2 and 3 are mounted on the same shaft, therefore they
form a compound gear and the gear 3 will rotate in the same direction as that of gear 2. The
gear 3 (which 5 now the second drver) drives the gear 4 (Le. the last driven or follower) in the
same dineclion as that of gear 1. Thus we see that in a reverted gear tramn, the motion of the
farst gear and the last gear is like.

s

Co-aoal ._.._-"'F.-

= i -

Product of aomber ol leelh on dnvens
Piodect o fumibef of leeth on divvers

Speed R0 =

T x T

N,
Ny TixTh

Epicyclic gear train
in an epicyclic gear train, the axes of the shafts, over which the gears are mounted, may move

relative to a fived axis, A simple epicyclic gear train 5 shown in Fig., where a gear 4 and the




arm C have a common axis at O » about which they can rotate. The gear B meshes with gear A
and has its axis on the arm at Oy, about which the gear B can rotate, If the arm & fixed, the
gear frain is simple and gear 4 can drive gear B

of vice- versa, but if gear A s fixed and the arm is rotated about the axis of gear A (Le. O 1),
then the gear B is forced to rotate upon and arcund gear A. Such a motion is called epicyclic
and the gear trains arranged i such a manner that ene o more of thelr members Mo upan
and around ancther member are known as epicyclic gear trains (epl. means upon and cyclic
means arcund). The epicyclic gear trains may be simple or compound. The epicydic gear
trains are useful for transmitting high wvelocity ratios with gears of moderate size in a
comparatiiely lesser space. The epicyclic gear trans are used in the back gear of lathe,
differential gears of the automobiles, hoists, pulley blocks, wrist watches etc.
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CHAPTER - 4

Governors and Flywheel 4.1 Function of governor 4.2 Classification of governor 4.3 Working of
Watt, Porter, Proel and Hartnell governors. 4.4 Conceptual explanation of sensitivity, stability
and 1sochromsms. 4.5 Funchion of flywheel. 4.6 Companson between flywheel &governor. 4.7
Fluctmation of energy and coefficient of fluctuation of speed.

GOVERNOR AND FLY'WHEEL
Introduction
The govemoris adevice whichis  regulate the mean speed of an engine, when there are variations
in the load, during long penods. On the other hamnd, when the load on the engine decreases, its speed
increases and thus less working fluid & required the govemor has po influence over eyvelic speed
flucruation
Tvpes of governor
Governors are classiied based wpon two different pnimerples. These are:Centrifugal
governors are further classified as -

s Cenmifugal govemeor

*  Inerhia governors

Centrifugal governors are Murther classified as -

Cmtnfu.gﬂ povemors

| |

Pendulum type Loaded type

I i
Watt povernor

Deiad weaght povemor spang controlled povemaor

f |
Porter povemor Braell govemnor

Hartnell Hartung \Iﬁk son —Hartnel Pidkering

Govemor

Watt Governor

The sinmgplest form of a centnfugal governor 15 a Wati govemor, It consist of pair of two balls and whach
is attached with the spindle with belp of arms. The upper am pinned at point ©. the  lower amn are
fixed comnect to the sleeve. The sleeve freely move on the spindle which 15 driven by engine. The

spindle rotate the balls take of position depending upon speed of spindle
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The ames of the governor nay be connected to the spandle m the following three ways

1. The pivet P, may be on the spindle axis.

2. The prved P. iy be offset from the spusdle axis and the arns when produced mtersest at O,
3, The pivet P, nay be offset, but the amms cross the axis at £,

Let

)
Watt governor
mr = Mass of the ball m ke,
w = Weight of the ball n newtons = wg,
I'= Tenston in e ammin newtons,
= Angular velocity of the amm and ball about the spindle axis nad's,
r = Radius of the path of rotation of the ball ie. honzontal distance from the centre of the ball to the

spindle axis @ metres,

Fe= Centrifugal force acting on the ball in newtons = mv'/y

I = Height of the governor i mefres.
It is assuined that the weight of the arms, links and the sleeve ane pegligible as compared 1o
the weight of the balls. Now, the ball is in equilibnwm under the action of
L. the centnfingal force (Fc) acting on the ball,
1. the tension (T o the am,
3. the weight{vw) of the ball.

Taking moments aboul poind (7, we have
Feihl Swkr = mpgr
m.omt sk = mr | b= glm” i
WEER g8 EXpreLstd s My & and oo in s, them & is in metres, 1V isihe et R UL Ehen
W = 2x NED

A S e 'i‘m.'::n
{ImN 6Oy N
Porter Governor
It differs from the watt governor 1s 1n the use of o heavaly weighted sleeve, The load moves up and
down the central spindle. Thus additional downwand force mncreases the speed of revolution required to
enable the balls 1o nise to any predetermined level.

Consider the forces acting on one-half of the governor
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Let m = Mass of each ball in kg,

= Weiglt of each ball v newtons = m.g,

M= Mass of the centml load m ke,

FF= Weight of the central load 1 newtons = Mg,

r= Radius of rotateon 1 metres,

h = Height of govermor in metres |

N'= Speed of the balls in rpoam

= Angular speed of the balls i rad’s= 2060 md's,

Fo = Cenimifiigal force acting on the ballin newtons = nrve T,

T1= Force in the anmn in mewtons,

= Foree in the link in newtons,

o= Ange of melinaton of the ann (or wpper hnk) to the vertical, and

B=Augle of mclination of the Link (or lower link) to the vertical,

The weight of arns and weight of suspension inks and effect of fction to the movement of sleeve are
neglected

Thoungh there ape several ways of determining the relation between the height of the governor () and
the angular speed of the balls (o).

L AMleihod of pesmlution of faroes

Ciofndhe i @ A0 &g hiwriiam of the [oroes hmg
&l [ wep v

F. cos B i M.t
i 2

M.g

" % ooa B
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Apmn, consadering ithe ageibhbriom ol the forces acting on 8, The poimd B is i;m equilsbriom
ifder the sclsoi of B Mollowamg fofces, &5 shownoon Fag 18 5 (2

b he wsail ol bl dw = a0

i} The cealridugal Foice (F

iy The tenseon im e smi T, L and
The ienssos im e limk (1, §

Kesodvimg Ihe loroes werbcally
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In this method, equilshrinm of the forces actimg on
the lsnk A1 ame consadensd. The nsteniensous oenine | e
ol the poind of inlersecton of PR prodoced and o e theoagh
¥ perpendicalar o the spindle axiy, = shown in Fg, 124
Taking momenls about ke point [

W
Fooo B = wx MW % =23 [{]

M &
.m:-:lh%-m

M M.p 1D

Rkd ) L
IM Mg (IM +MD)

i) 2 | BM

M i 2 | T Wiy |

| BN BM |

&

|
m. g lah &+ — iLan o + Lan 5

v dhing therodaghou by 1an o,
¥ M .z tam [

e
i, i -\.||

NN 2. ian fa |

W know il Fo.= monr s LE {E =

When no=tanl or o= . tEn

m+M 'y

L [

Proell C.ov'ermar

The proell governor has ball fixed at B and © at extension of ink DF and EG The aem FP and GO are
pivoted at P and O respectaly

Consider the equalibrmm forces one-half of povernor as shown 1 fig b the mstantneous centr 1 les on
on the mtersection of line PF produced and from D drawn perpendicular to spindle axis. The
perpenidicular BM 15 drasm on 15




Govornor axis

Fig. Proell govemor
T-EI'F.FI'IQ maments about | using the same notations

W M. g
Fp-w BM = w o IM &+ — [ED Ir|.:r|lll’r_\|_r_|ll

M Mg (M= MDY
-mAcwmr T - mr | o 1w P 5 M)

Muluptyang and divedang by FA, we have

i It o g | I Ml .I

B = e | L N e & e

fM | M 2\ o))

Far | M.g |
e e o fEan . + i)
m | ?

M { tanf |
e W, U3REX | 1. @ e &
EM | ana |
= tmn fi
s b [ = it s AE = — i = m——
We know thal F .= mao'r i afid e

[ oM
F3T8 Rl R L
— —
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Hartnell Groverno:

A Hartell governor is & spang loaded governor I consisis of two bell cank levers pivoted ar the
poants 003 to the frame. The frame is attached to the govemor spindle and themefore rotates with .
Each lever carries a ball at the end of the vertical armm OF and a roller at the end of ihe honzonial arimn
OR. A helecal spring in compression provides equal downward forees on the two rollers through a

collar on the sleeve, The spring foree meay be adjusted by serening a oot up o down on the sleeve.




Let mr= Mass of each ball m kg,

M= Mass of sleeve in kg,

ri® Moo radias of rotation i metres,

rz= Maximuum radius of rotation in metres

ot = Angilar speed of the governor at mnmnium radiis m md's,

a2 = Angular speed of the governor al maximmm radis s rad's,

51 = Spnng force exerted on the sleeve

5:= Spning force exerted on the slesve at

Foi1=Cenmfugal force = m {12 e

Frr= Centniugal force at = m (ma)2r:,

¢ = Stiffness of the spring or the force required 1o conpress the spring by one mum.,
x = Length of the vertical or ball arm of the lever i metres,

v = Length of the hortzontal or sleeve ann of the lever in metres. and

r = Distance of fulorum & from the govemor axis or the radins of rofation when the governor 15 1

mid-position

Sprrg

| il

Consider the forces acting at one bell crank lever. The minimum and maximum position IS

shiown im Fig.. Let h be the compression of the spring when the radius of rotation changes from
o

Adding equoaisens o § and id'L

=Y

I + &
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Sensifiveness of Governors

A governor 1s said to be sensitive, if its change of speed s from no Load to full load may




be as small a fraction of the mean equilibnum speed as possible and the corresponding
sleeve [ift may be as large as posable,

Suppose ol = max. Equlibnum speed

02 = man. equilibriom speed

0 = mean equilibrium speed = (o1+ w2)2
Therefore sensitiveness = {ml- w2)/2
Stability of Governors
A povernor 1s sad fo be stabfe when for every speed within the working mnge there 15 defmite
confipuration [.e. there 15 only one radins of rotation of the governsor balls at which the povernor
eqquilibriuny For a stable governor, if the equilibrium speed mcreases. the radius of governor balls must

also increase.

Isochronous Governors
This 15 an extreme case of sensitiveness. When the equilibrium speed is constant for all

radn of rotation of the balls witlun the working range, the governor 15 said 1o be m

wochromsm. This means that the difference between the maximum and mumimuam
equilibrium speeds 1s zero and the sensitiveness shall be infimte.

FLYWHEEL:-

A flywheel 1s a wheel of heavy mass mounted on the crank shaft and 1t stores energy dunng the penod
when the supply of energy 15 more

during the penoed when the fly wheel absorbs energy 115 speed meoreases and dunng
the peraod when it releases eneray its speed decreases.
In engne, the flywheel absorbs the stroke and gves ot the energy dunng idle strokes and thus keeps
the maximmim spead and mininmm speed of crankshaft near the mean shaft in a thermodmame cyele.
In power press. the flywheel absorbs the mechanical energy produced by electne motor dunng wle
pented and gives the energy when actual operation is performed. In this way with the use of flvwheel,
mitor of smialler capacity is able to serve the parpose.

Fluctuation of Eneray

The flucinaiion of energy may be deternoned by the fuming moment diagram for one complete cycle of
opemfion. Consider the tuming moment diagram for a single cvlmder double acting steam

engine as shown in Fig,

We see that the mean resisting torgue line 4F cws the ming moment
diagram at pounts B, C, [ and E. When the crank moves from o o p, the work done by the engine is
eqqual 1o the area aBp, whereas the energy required is represented by the area 2.48p. In other words, the
engine has done less work (equal to the area a A8) than the requirement. This ameunt of energy 15
taken from the flywheel and hence the speed of the flywheel decreases. Now the crank moves from p to
g, the work done by the engne is equal to the area pR6Cy, whereas the requirement of energy i5
represented by the area pBCy, Therefore, the engine has done more work than the requirenent




Moan resisting o
toeTpun
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This excess work (equal to the area BBC) s stored an the flywheel and hence the speed of the lywhesl
increases while the crank moves from pr to g Sinnlardy, when the crank moves from g to r, more work
15 taken from the engne than s developed. This loss of work 15 represented by the amea © ¢ D) To
supply this loss, the flywheel gives up some of its energy and thus the speed decreases while the crank
moves from g to ¢ As the crank mowves from r o 5, excess energy 15 again developed given by the area
D d E and the speed again increases. As the piston moves from 5 to e, again there 15 & loss of work and
the speed decreases. The vanations of energy above and below the mean resisting torque line are called
NMuchiwations af energy.

Maximum fluctuation of energy

Determination of Maximum Fluctoation of Energy

Aturming moment diagram for a mult-cvimder engine is shown by a wavy curve in Fag

The hovizontal line A represents the mean torgque line, Let ai, as, a5 be the areas above the
mean tomgue line and @2, o4a0d o6 be the areas below the niean torque line. These areas represent
some quantity of energy which 15 esther added or subtracted from the esergy of the moving parts of
the engine.

Let the energy i the fywheel at 4= E,

then from Fig. 1644, we have

Energyat B=E +m

Energy ai &= E+ q1—m

Energy at D=E + q1— a:+ @3

Energyat E=E+m—m+ai—

Energrat F=E+am-m+a—aqa+as

Energy at = E + a1— a1+ a3— a4+ 05— o= Energy at 4 (L e cyclerepeats after 7)

Let us now suppose thal the greatest ofthese energies is at B and least at E, Therefore,

My iwan energy in fIywheel= £ +@

Minimuim energy in the Aywheel= E+a1— e+ as— a4




AE=Maxmmnem fluctuation of epergy,
AE=Maximmm energy — Mininnum energy
(E*m)={E*@i= 0+ qgh= ) 0 g=qai¥ q4
Coefficient of Fluctuation of Energy
It nmy be defined as the ratio of the maximom Muctastion of energy fo the work done

per cycle. Mathematically, coefficient of fluctuation of energy

CeoMaximm fuctation of energy Work done per cyvele

SMoumum uctushon of emergy
Work done per owle

Fluctuation of speed
When fiywheel absorbs energy 11s speed nses amd when 1t @mves up energy its speed decreases. The

difference between neinaum speed and mininmm spead is called as fucniation of speed

CoelTicient of Fluctuation of speed

The rato of fluctuation of speed to the mean speed 15 called Coefficient of Fluctuation of spead
It 15 denoted as B,

o =maximnomn axgular velocity of flywheel at maximim speed 1 cpom M),

co=mininmum angular velocity of fhywheel af numonum speed in rpam M

co=mnean agular veloaity of fhywheel af mean speed in cpm™

Acconding to the theory,

Fo={0a; 007 ) 0o

Energy Stored in a Flywheel

Afhywhesl is shown in Fig.  that when a fiywheel abzorbs energy, its speed increases
and when it gives up energy, its speed decregsas.

Let m = Mass of the Aywheesl in kg,

k = Radius of gyration of the flywheel in metres

.I'r T
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N + N
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i = Mean ampiala Speid dering the cvole in rad's

N =N
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CHAPTER -5

Explain the concept of balancing:

Explain static balancing of rotating parts:

Explain the principle of balancing of reciprocating masses:
State the causes and effect of unbalance:

Different between static and dynamic balancing. :

Explain the concept of balancing:

Balancing 1s the process of ehmunahng or at least reducing the ground forces and/or
moments. It 15 aclieved by changng the location of the mass centres of hnks.
Balancmg of rotatmg parts 15 a well known problem. A rotating body with fixed
rotation axis can be fully balanced ie. all the inertia forces and moments. For
mechamsm contaming links rotating about axis which are not fixed, force balancing 1s
possible, moment balancing by itself may be possible, but both not possible. We
eenerally oy to do force balancmg. A fully force balance 15 possible, but any action in
foree balancing severe the moment balancing
Balancing of rotating masses: The process of providing the second mass i order to
counteract the effect of the centrifiigal force of the first mass is called balancing of
rolaling masses.

Static balancing: The net dynamic force acting on the shaft is equal to zero. This
requires that the lme of action of three centnifugal forces must be the same. In other
words, the centre of the masses of the system mmst lie on the axis of the rotation. This
15 the condition for static balancing.

Dynamic balancing- The net couple due to dynamic forces acting on the shaft is
equal to zero. The algebraic sum of the moments about any poit n the plane nmst be
ZeT0.




Static balancing of rotating mass
Balancing of a single rotating mass by single mass rotating in the same plane:

Contader 3 dunarbeip mass m, aachad 1o & eluaft rotatmmg At go rad's &6 shovwn m Fig
Lt ry b the roditts of nitation of the mads py (e dostance beliveen the i 0f rotaton of the sbalt

g the centre of gaviiv of e 1@ H,)

We know dat the cenmfuml force exerted by the s o on the shal)
,|r'|- = iy N {ri
Thes centnifugal force acts radially outwards and thos producss bending moment on the
shaft, Jn order to countermt the efact of dus force, a balancing mass (w,) rmay be attached 1 the
sams plane of rotatzon as that of disnrbmg mass (m;) such that the centnfugal forces due o the
b miasses e equal mud opposibe
_rturhing

B mAss

-
L]

&

n,.} Ars of rolation

[
;
»— Balancrg mass
'z
Balanoing of 3 angle manag mss by 3 sogle mos roonag @ 1he aame plane

Lat ry = Fadias of rolation of the balam g A e (L ilistancs Detween e
axis of rotation of the shaft and the centre of gravaty of mass m, )
Cambupal force due 10 mase

F;- = -0 -y
Fl'l‘.l?l'.i!"le l'1'_ﬁ'.'|'||l'1"v. i and i1

iy X =y or m rl _IJ'_-\. ':'

CASE 2:

BALANCING OF A SINGLE ROTATING MASS BY TWO MASSES
ROTATING

IN DIFFERENT PLANES.

There are two possibilities while attaching two balancing masses:

1. The plane of the disturbing mass may be in between the planes of the
two

balancing masses.

2. The plane of the disturbing mass may be on the left or right side of two
planes

containing the balancing masses.

In order to balance a single rotating mass by two masses rotating in different
planes




which are parallel to the plane of rotation of the disturbing mass i) the net
dynamic force

acting on the shaft must be equal to zero, i.e. the centre of the masses of the
system must lie on the awxis of rotation and this is the condition for static
balancing i) the net couple due to the dynamic forces acting on the shaft must
be equal to zero, i.e. the algebraic sum of the moments about any point in the
plane must be zero. The conditions 1) and i) together give dynamic balancing.

THE PLANE OF THE DISTURBING MASS LIES IN BETWEEN THE
PLANES

OF THE TWO BALANCING MASSES.

The plane of the doturbing moss les nbetwesn The pinnes of the Two belancing masies
m

72

beecegmc e

=
| e
|

=

D)

Consider the disturbing mass m Iving in a plane A which is 10 be balanced by two
rofating masses m; and my lying in two different plancs M and N which are parallel 10
ihe plane A as shimvn

Let v, ry and r: be the radii of rotation of the masses in planes A, M and N respectively.
Lt Ly, Ly and L be the distance between A and M, A and N, and M and N respectively
Mow,

The centrifugal force exerted by the mass m in plane A will be,

F=m wr (1)

Simikarly,
The centnfugal force exerted by the mass my in plane M will be,

F |"I’I:'|'.I:.'|:r',_" R




And the centrilugal force exened by the mass m; in plane N will be,

F,=m,wér, (3)

For the condition of siatc balan ing.

F=F, +F
or mw’r=m, w'r,+m,w’r,
iLe. mr=m,r+m,r,

Now, 10 determine the magnitude of balancing force in the plane "M or the dynamic
force al the beaning (Y of a shaft, ke moments abowt ° P ° which is the poinl of
iniersection of the plane N and the axis of rotation

I herefore,
F ; ¥lL=F {1

or mwTr, xXL=mw'rxL,

Therefore,

r'I"IIJ'IL =mirlL. oFr M r|=mr£—- e s i s i -{5}

g - L

Similarly. in order to find the balancing force in plane *N° or the dynamic force at the
bearing “F of a shaft, take moments about * (0" which is the point of intersection of the
plane: M and the axis of rotation
I herelone,

. xL=F. XL,

or m,w'r, xL=mw*r xL,

Therefore,

m,,L=mrL, or m,r, m:LL—" (6)

For dynamic balancing equations (3) or (6) must be satisfied along with equation (4)




CASE XNl
WHES THE PLANE OF THE DISTURBING MASS LIES ON ONE ENDOF THE
TWO PLANES CONTAINING THE BALANCING MASSES,

When Ihe plane of the distorbeg mass lies on one end of the plones of the bolancing masses
m

7

-
.-

T

For static balancing.

F.=F. +F,

Or MW" =M r+m,ur,

LE. My I =mr+m,r,

For dynamic balance the net dynamic force acting on the shalt and the nel couple due 1o
dynamic forces acting on the shafl 15 aqual 1 sero.

l'o find the balancing force in the plane *M" or the dynamic force at the bearing *() of 2
shaft. take momenis abopt . w.e




F,xL=F xL,
or m, Lu"r_ XL=mw"r xL,

Therefore,

I"I"Ii r,_L =mi I'-.- Or |‘:1; I, =il LL-

Similarty, to find the balancing force in the plane *N° |, take moments about OF, Le.,

F,xL=F xL,
or m,w'r, xL=mw'r xL,
Therefore,

m,r,L=mrL, or

CASE )
BALANCING OF SEVERAL MASSES ROTATING IN THE SAME PLAME

b it ingran

0 hpat v thngram
BALAMCING CF SEVERAL MASSES ROTATING IN THE SAME PLAME

Consider a ngd rotor revolving with a constant angular velocity  rad’s. A number of
masses say, four are depicted by point masses at different radu in the same transverse
plane




I my, mz oy and my are e masses revolving al radon rg, re 0o and 1 espectively in the
SAMe plane.
The centrifugal forces exerted by cach of the masses ane F;, Foa, Foo and oy respectively
Let F be the vecior sum of these forces. Le

F=F_,+F, +F,, +F,

=M, W+ M, Wi, +m, W M W,

The rodor is said 1o be statically balanced if the vector sum F is zero Il the vector sum F
15 oot Fero, e, the rotor is unbalanced, then introduce a counterweigh | balance werght)
of muass ‘'m° ot radies 0" to balanoe the rotor so that,

m, W', + M, W', +m, w'r, +m, w'r,+m w’r

or
|‘:|'|I |_.-r‘[‘|‘ :'__1|.r‘1‘:_I =M, I, +mr — | [ S —— [3}

e magnitude of either *m’ or *r" may be selecied and the other can be calculated.
In general, if % m, I, is the vector sum of M, r,, m,r,. m,r,, m, r, ec, then,

Tmr+mr=0 (4)

CASE 4:
BALANCING OF SEVERAL MASSES ROTATING IN DIFFERENT PLANES
When several masses revolve in different planes, they may be mansiermed 1w a reference

plane and this reference plane & a plane passing through a point on the axis of rotation
and perpendscolar to i,

referance plard

|‘|1ﬂﬁEI'IIil'I|.'I
Tusned through % m
Mawe chimection of Mice

(Ol
Couple veolors

/hen a revolving mass in one plane is fransferred to a reference plane, its effect is to
awse a force of same magnitude to the centrifugal force of the revalving mass to act in
1e reference plane along with a couple of magnitude equal to the product of the force
nd the distance between the two planes,

v order to have a complete balance of the several revelving masses in different planes,




1. the forces in the reference plane must balance, i.e., the resuttant force must be zero and
2. the couples about the reference plane must balance i.e,, the resultant couple must be
ZETO,

A mass placed in the reference plane may satisfy the first condition but the couple

balance is satisfied only by two forces of equal magnitude in different planes. Thus, in
general, two planes are needed to balance a system of rotating masses

balanicing of reciprocating engineg

Slider Crank Meclamism:

Primary And Secondary Accelerati
Acceleration of the reciprocating mass of a slider-crank mechanism is given by,

a, = Acceleration of piston

T cos 2B ]
=r:u'||:1nl-]-- _________ i1
n

I
Where n==
r

And, the force required 1o accelerate the mass ‘'m’ 5

cos28 |

n |

F=mrao cosf+

=Mro cosd + mro’

The first term of the equation (1) , Le mro’ cos® is called primary accelerating
. cos 28
force the second term Mo i5 called the secondary acock rating foroe,

1]
Maximum value of primary accelerating force is Mo’

mro
And Maxmmum value of secondary acoekerating lorce 15
mn

Crenerally, "n° value s much greater than one; the secondary force s small compared 1o
primary force and can be safely neglected [or slow speed cngines




sccelen g fovoe

Figuwe ia)

Figure (1)

In Fig (b, the forces acting on the engine frame due 1o inertia force are shown

Al 0¥ the force exeried by the crankshalt on the main beanngs has (wo Componenis,

sl el |
honzontal l":l and vertscal I" 1)

*. - - -
I'_- i= an horisonial force, whach is an unbalanced shaking foroe,

|":| and I";. halance each other but form an unbalanoed shaking couple.

The magnitede and direction of these unbalanced force and couple go on changing with
angle B The shaking force produces linear vibrations of the frame in horsontal direction,
whereas the shaking couple produces an oscillating vibration

+h E
The shaking foroe l'_., i5 the only unbalanced force which may hamper the smooth
runmmng of the engine and effon 15 made 1o balance the same,

Howewer il is nol al all possible 1o balance il completely and only some modifications can
b carried oul




Balancing OF The Shaking Force:

Shaking force 15 bemg alanced by adding a rotatmg counter mass at radius ‘v directly opposite the
crank. This provides only a parial balance, This conater mass is in addition 1o the omss wsed 1o balance
the rotating wubalance due to the nmss at e crank pin. Thas 15 shown 1 figure (e)

mro’ conh

Pr unaey farce

Figuie ic)

The horizontal component of the centrifugal force due 1o the balancing mass is
mr @’ cosB and this is in the line of stroke. This compenent neutralizes the unbalanced
reciprocating force. But the rotating mass also has a componemt mre’ sind
perpendicular to the hine of stroke which remaims unbalanced. The unbalanced force 15
gero ool B o= OF or IR0 and mazimum 3t the middie of the stroke e, 8 = W, The
magnitude or the max imom valoe of the unbalanced force remains the same e egqual o
l't]rm" Thus insicad of shiding to and fro on is mounting. the mechanism iends o

jump wp and down,
3

To minmige the effect of the unbalance force a compromisg 15, usually made, 15 — of the
g L

| 3
reciprocating mass s halanced or a value betweoen = 1] 1

I *c' is the fraction of the reciprocating mass, then

The primary force balanced by the mass - cmrw®cosB
and
The primary force unbalanced by the mass = (1-c) mrw® cos 8

Vertical component of centrifugal force which remains unbalanced
= mro sind

In reciprocating engines, unbalance forces m the dircction of the Bime of stroke ane more
dangerous than the forces perpendicular 1o the Ting of stroke




Resultant unbalanced force at any instant

- (1 -c)mrw’ cosBf + jemrw’sinaf

The resuliant unbalanced force s minimom when, ©=

This method is just equivaleni to as if a revolving mass al ihe crankpin is completely
balanced by providing a counter mass al the same radius diametrically opposite 1o the
crank. Thus if m, is the mass al the crankpin and “c” is the fraction of the reciprocating
mass “m’ to be balanced . the mass al the crankpin may be considered as cm+m,
which s 1o be compleiety balanced

SECONDARY BALANCING:

. , cos 28
secondary accelerabion [onoe 15 egual o mrig —————-— —{1)
n
Iis frequency i twice that of the pnmary force and the magmiude jflf't bmes the

magnitude of the primary fofce.

- aenz COS20

The secondary force = also equal to M 200" 2 ke |
n

Consider, iwo cranks of an engine, one actual one and the other imaginary with the
following specilications.

lonugimry
2o
2
n
m

Angular velocily

length of crank

Maoxx ol the crank pin

con 26

28 -[w:]cn- 28
N E Y cos 6 B

P ey force Secomdmy force

anf
in

el ondlry Crank




mri2w)’
4n

Centrifugal force induced in the imaginary crank =

Component of this force along the ine of stroke 15 = ﬂmszﬂ

r
Thus the effect of the sccondary foree 1s equivalent to an magmary crank of length T

rodating sl double the angular velocity, Le. twice of the engine speed. The imaginary
crank comcides with the actual ai mner top-dead centre. Al other times, it makes an angle
with the line of stroke equal (o twice that of the engine crank.

The secondary couple about a reference plane s given by the multiplication of the
secondary force with the distance * 1° of the plane from the reference plane

COMPLETE BALANCING OF RECIPROCATING PARTS

Conditions (o be fulfilled
|. Primary forces must halance 1.e., primary force polygon s enclosed.
. Primary couples musi balance ie., primary couple polygon is enclosed.
3, Secondary forces must halance e, secondary force polygon = enclosed.
. Secondary couples must balance ie., secondary couple polygon is enclosed
Usually, it 15 nol possible (o satisfy all the above conditons fully for mulli-Cy hinder
engine. Mostly some unbalanced force or couple would exist in the reciprocating engines
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CHAPTER - 6

Vibration of machine parts 6.1 Introduction to Vibration and related terms (Amplitude, '
time period and frequency, cycle) 6.2 Classification of vibration, 6.3 Basic concept of
natural, forced & damped vibration 6.4 Torsional and Longmdmal vibraton, 6.5
Canses & remedies of vibration

Introduction

When elastic bodies such as a spring, a beam and a shaft are displaced from the eguilibrium

position by the application of external forces, and then released, they execule

a vibratory motion,

Classify vibrations

1-Free or natural vibrations

Longiudnal vibrations,

Transverse vibrations

Torsional vibrations.

2= Forced vibrations

F-Damped vibralions.

Natural Vibration

When no external force acts on the body, after ghving it an nital displacement, then the body is

said to be under free or natural vibrations. The frequency of the free vibrations is called free

or natural frequency.

¢ Longitudinagl vibratfons. When the particles of the shaft or disc moves parallel te the

aas of the shaft, as shown in Fig (&), then the vibrations are known as longifudinal

vibrations,

In this case, the shaft is elongated and shortened alternately and thus the tensile and

COmpressive

stresses are induced alternately in the shaft, Purely longitudinal vibration occurs when all
particles of the

.r_."'_-':.r.'ltl’..':..'_;.':. hﬂdh‘ move ||'| ﬂnl:f
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1 Loamdael vibianoms, (O Transveme vVileatioin () Tofuiodial vilignlson.

s 2. Transverse vibrations. When the particles of the shaft or disc move
approximatelyperpendicular to the axis of the shaft, as shown in Fig. (b), then the




vibrations are known astransverse vibrations. In this case, the shaft is straight and
bent alternalely and bending stresses are induced in the shatt,
3. Torsional vibratiens, When the paricles of the shaft or disc move in a crcle about
the axis of the shaft, as shown in Fig.(c), then the vibrations are known as forsional
vibrations. In this case, the shatt is twisted and unfwisted allernately and the torsional
shear stresses are inducedin the shaf.

2- Forved vibrations,

When the body vibrates under the influence of external force, then the body is said to be
under forced vibrafions. The external force applied to the body is a periodic disturbing force
created by unbalance. The vibrations hawe the same frequency as the applied force,
3-Damped vibrations,

When there is a reduction in amplitude over every cycle of vibraticn, the moticn is said tobe

damped vibration. This is due to the fact that a certain amount of energy possessed by the
wibrating system is always dissipated in overcoming frictional resistances to the motion.

Define with respect to vibration
Cyvele:
Amplitude:
Time Period:
1. Period of vibration or time period. It is the time interval after which the motion is repeated
itsell. The period of vibration is usually expressed in seconds,

2. Cycle, It is the molion completed during one time period,
3. Freguency. It is the number of cycles described in one second. In 5.1, unils, the freguency

is expressed in heriz (briefly written as Hz) which is equal {o one cycle per second,
State the causes of Vibration
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 —wvibrating alertl m owr mobile phones. Here a small
amount of unbalanced weight 15 rotated by a motor causing the vibration which makes the
mobile phone to wibrate. You would have expenenced the same sort of wibration
occwring in vour front loaded washing maclunes that tend to wvibrate duning
the —spinmingl mode.

Misalipnment: This 15 an other major cause of vibration particularly 1n maclunes that
are driven by motors or any other prime movers,

Bent Shaft: A rotating shaft that 15 bent also produces the the vibratmg e ffect smee 1t
losses it rotation capabality about its center,
Gears in the machine: The pears in the machine always tend to produce vibration,
mainly due to their meshing. Though this may be controlled to some extent, any problem
i the gearbox tends to get enhanced with ease.

Bearings: Last but not the least, here 1s a major contnbutor for vibration. In majonty of
the cases every initial problem starts in the beanngs and propagates to the rest of the
members of the machine. A beanng devoid of lubricatnon tends to wear out fast and fmls




quickly, but before this is poticed 1t damages the remaining components in the machine
ad an imtial leok would seem as if sometling had gone wromg with the other
components leading to the beanng farlure,

EfMects of vibration:

(a)Bad Effects: The presence of vibration 1n any mechameal system produces inwanted

noise, high stresses, poor reliability, wear and premature failure of parts. Vibrations are a

great souree of human discomfort m the form of physical and mental strams.
(b)Good Effects: A vibmation does useful work in nusical instruments, vibrating screens,
shakers, relive pamn in physiotherapy

Methods of reduction of vibeation:
+ =uitbalance 1s 15 man cause, 5o balancing of parts 15 necessary.
* ang shock absorbers.
using dynamic vibration absorbers.

providing the sereens (1f noise 15 to be reduced)




