UNIT =1 - Force Analysis

(1) Introduction: If the acceleration of moving links in a mechanism is running with considerable amount of
linear and/or angular accelerations, inertia forces are generated and these inertia forces also must be overcome

by the driving motor as an addition to the forces exerted by the external load or work the mechanism does.

(2) Newton’s Law: First Law Everybody will persist in its state of rest or of uniform motion (constant
velocity) in a straight line unless it is compelled to change that state by forces impressed on it. This means that
in the absence of a non-zero net force, the center of mass of a body either is at rest or moves at a constant
velocity. Second Law A body of mass m subject to a force F undergoes an acceleration a that has the same
direction as the force and a magnitude that is directly proportional to the force and inversely proportional to the
mass, i.e., F = ma. Alternatively, the total force applied on a body is equal to the time derivative of linear
momentum of the body. Third Law The mutual forces of action and reaction between two bodies are equal,
opposite and collinear. This means that whenever a first body exerts a force F on a second body, the second
body exerts a force —F on the first body. F and —F are equal in magnitude and opposite in direction. This law is

sometimes referred to as the action-reaction law, with F called the "action" and —F the "reaction"

(3) Types of force Analysis:
o Equilibrium of members with two forces

o Equilibrium of members with three forces
o Equilibrium of members with two forces and torque
o Equilibrium of members with two couples.

o Equilibrium of members with four forces.

(4) Principle of Super Position: Sometimes the number of external forces and inertial forces acting on a
mechanism are too much for graphical solution. In this case we apply the method of superposition. Using
superposition the entire system is broken up into (n) problems, where n is the number of forces, by considering
the external and inertial forces of each link individually. Response of a linear system to several forces acting
simultaneously is equal to the sum of responses of the system to the forces individually. This approach is useful

because it can be performed by graphically.

(5) Free Body Diagram: A free body diagram is a pictorial representation often used by physicists and
engineers to analyze the forces acting on a body of interest. A free body diagram shows all forces of all types

acting on this body. Drawing such a diagram can aid in solving for the unknown forces or the equations of



motion of the body. Creating a free body diagram can make it easier to understand the forces, and torques or
moments, in relation to one another and suggest the proper concepts to apply in order to find the solution to a
problem. The diagrams are also used as a conceptual device to help identify the internal forces—for example,

shear forces and bending moments in beams—which are developed within structures.

(6) D’Alemberts Principle: D'Alembert’s principle, also known as the Lagrange—d'Alembert principle, is a
statement of the fundamental classical laws of motion. It is named after its discoverer, the French physicist and
mathematician Jean le Rond d'Alembert. The principle states that the sum of the differences between the forces
acting on a system and the time derivatives of the momenta of the system itself along any virtual displacement

consistent with the constraints of the system is zero.

(7) Dynamic Analysis of Four bar Mechanism: A four-bar linkage or simply a 4-bar or four-bar is the
simplest movable linkage. It consists of four rigid bodies (called bars or links), each attached to two others by
single joints or pivots to form closed loop. Four-bars are simple mechanisms common in mechanical
engineering machine design and fall under the study of kinematics.

o Dynamic Analysis of Reciprocating engines.

o Inertia force and torque analysis by neglecting weight of connecting rod.
o Velocity and acceleration of piston.

o Angular velocity and Angular acceleration of connecting rod.

o Force and Torque Analysis in reciprocating engine neglecting the weight of connecting rod.
o Equivalent Dynamical System
o Determination of two masses of equivalent dynamical system

(8) Turning Moment Diagram: The turning moment diagram is graphical representation of theturning
moment or crank effort for various positions of crank.

LECTURE-2

(9)Single cylinder double acting engine:



A turning moment diagram for a single cylinder
double acting steam engine is shown in Fig. The vertical
ordinate represents the turning moment and the horizontal
ordinate represents the crank angle.

the turning moment on the crankshaft,
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Turning moment diagram for a single cylinder, double acting steam engine.
where F, = Piston effort.
- = Radius of crank,
n = Ratio of the connecting rod length and radius of crank, and

68 = Angle turned by the crank from inner dead centre.



From the above expression, we scc
that the turning moment (T ) is zero. when the
crank angle (0) is zero. It is maximum when
the crank angle is 907 and it is again zero when
crank angle is 180°,

This is shown by the cwrve abe in
Fig. and it represents the turning
moment diagram for outstroke, The curve
cde 1s the rurning moment diagram for
instroke and is somewhat similar to the
curve abe.

Since the work done is the product
of the turning moment and the angle turned.
therefore the arca of the tuming moment
diagram represents the work done per
revolution. In actual practice. the engine is
assumed to work against the mean resisting
torque. as shown by a horizontal line AF.
The height of the ordinate a4 represents the
mean height of the turning moment diagram.
Since 1t 1s assumed that the work done by
the turning moment per revolution is equal
to the work done against the mean resisting

torque. thercfore the arca of the rectangle
aAFe is proportional to the work done against

For flywheel, have a look at your taillors manual

A < [ - achir
the mean resisting torque. I ARG
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A tarning meanent dinsran for a four sooke oyele inteamal combustion engines is sheowm in
Fig Wie kenonar that moa four stroke cyele internal combnation engine, thare is one working
sroke afier ihe crank has nomed ihrough toco revohmions, o 7207 (or 4 © radiane)
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Teming monsert diasram for a four strake cycle mternal combaustion eneie.

Since the pressure inside the engine cylinder is less than the ammospheric pressure during
the suction strolks. therefors a nesgative loop is formed as shownin Fig. 15.2. Durmna the compression
stroke. the work is done on the cases_ therefors a ligher nesatiee lnnlz- 1s obhtamed. Dnorine the

expansion or working stroke, the fuel birns and the gases expand, therefore a larze positive loops s
obtamed. In this stroke, the work is done by the gases, Dhuring exhanst stroke, the work 1s done on
the zases. therefore a negative loop is formed. It may be noted that the effect of the inertia forces on
the piston is taken inte acconnt in Fig




1) Tuming moment di for a multi cvh

A scparate taming moment diagram for a compourxd steam engine having three cylinders
and the resultant turming moment diagram 1s shown in Fig. The resultant turning moment
ciagram is the sum of the tuning moment diagrams for the three cylinders, It nay be noted that the
first cvlinder is the high pressure eylinder. second eylinder 1s the mtermediate cylinder and the third
cylinder is the low pressure cylinder. The cranks. m case of three cylinders, are usually placed at

1207 1o each other,
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Turning moment diagram for a multi-cylinder engine.
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(12) Fluctuation of Energy:
The difference in the kinetic energies at the pomt is called the maxinmm flucmation of
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The fluctuation of energy may be determuned by the tummg moment diagram for one complete
cycle of operation. Consider the tuming moment diagram for a single cylinder double acting steam
engine as shown i Fig. We see that the mean resistng jorgue line 4 F cuts the mming moment
diagram at pomnts 8, C, D and £. When the crank moves from o to p. the work done by the engine is
equal 1o the area aBp. whereas the energy required 15 represented by the area e 4Bp. In other words,
the engine has done less work (equal to the area o 4 5) than the requirement. This amount of energy
1s taken from the flywheel and hence the speed of the flywheel decreases. Now the crank moves
from p to ¢, the work done by the engme 15 equal to the area pBbCy. whereas the requirement of
enerzy 1s represented by the area pB8Cq. Therefore. the engine has done more work than the
requirement. This excess work (equal to the area BEC) is stored in the flywheel and hence the speed
of the flywheel increases while the crank moves from p to .

Sunilatly, when the crank moves from ¢ 10 r. more work is taken from the engine than is
developed. This loss of work 1 representad by the area Ce D. To snpply this loss, the flywheel gives
up some of its enermy and thus the speed decreases while the crank moves from g to 7, As the crank
moves from » 10 5, excess energy 1s agam developed given by the area D @ £ and the speed agamn
imncreases. As the piston moves from s to e, agam there is a loss of work and the speed decreases. The
variations of energy above and below the mean resisting torque Ime are called flucimations of
energy. The arcas BHC, CeD. DJE. etc. repeesent fluctuations of energy.

Alinle considesation will show that the engine has a maximum speed esther at g or at 5. This
is dve to the fact that the flywheel absorbs energy while the crank moves from pto g and from rto 5.
On the other hand. the engme has a minimom spead either ai p or ary, The reason is that the fiywheel
gives out some of its energy whea the crank moves from ato p and g to 7, The difference berween the
maxinum and the mmimum energies 1s known as maximum flwctuation of energy.



LECTURE-5

(13) Fluctuation of Speed:

This is defined as the rato of the difference between the maximmum and minimmum ansualar
speeds dunng a cycle to the mean speed of rotation of the crank shaff.

(14) Maximum fluctuation of energzy:

A mming moment diagram for a multi=cylinder engine is shown by a wavy curve in Fig.
The horizontal line 4 G represents the mean torque line. Let a;, a;, a; be the areas above the
mean torque line and a,, @, and g, be the areas below the mean torque line, These areas represent

some quantity of energy which is either added or subtracted from the energy of the moving parts of
the engine.

Let the energy in the flywheel at 4 = £. 8}

then from Fig. we have ' Y
A z
',.,‘ d

Encrgyat 8 = E - g,

: 4
Energyar C = £+ a—a,

EnergyatD = E+ o —a, +ay
Energy st £ = E+ 0, -a, +ay—a
Energyat F =E+a, —a,ta,—a,~ a;
Energy st G= E+a —a,to,—a,~a,—ay,
= Energy at 4 (i.e. cycle
repeats after G)

Let us now suppose that the greatest of
these energies is at 5 and least at £. Therefore.

Maxivadine snsten’ s fiveitisel A Nyvhaeel steres energy when the supply
RIS RSty I IYWIS is In excess and releases energy when
=E+a, energy is in deficil

Minimum enesgy in the flywheel
-E+ao -a,+a;—-a,
. Maximum fluctuation of energy,
A £ = Maxunum energy — Minmum energy

"(E"a]]-'.E‘(Tl—(7:‘173—(7‘)-(7-_\—0’3 - ay



LECTURE-6

(15) Coefficient of fluctuation of energy:

It may be defined as the ratio of the maximum fMuctuation of energy to the work done
per cycle. Mathematically. coefficient of fluctuation of energy,
Maximum fluctuation of energy
Work done per cycle
The work done per ¢ycle (in N-m or joules) may be obtained by using the following rwo
relations .
1. Wosk done percycle =7, =8
where T ean — Mean torque, and
8 = Angle umed (in radians). in one revolution.
= 2. in case of steam engine and two stroke mremal combustion
CNRINSS
= 4, m case of founr stroke internal combustion engines,

Ce =

The mean torque (7__ ) in N-m may be obtamed by using the following relation :
SEXS0 8
W 2N
where P = Power transmitted in watts,
N = Speed m rp.m.. and
« = Angular speed inrad’s = 2 V/60
2. The work done per cycle may also be obtained by using the following relation -

Px 60
Work done per cycle = —
‘where n = Number of working strokes per minute,

= N, In case of steam engines and two stroke intermal combustion
engines,
= N (2, in case of four stroke intemal combustion engines,



{160 Cosefficient of fluncination of speed:

The difference betweesn the mnxinmm and mminmnoum speeds dunmg a cvele s called the
maxcimam fTancineticn of speed. The ratie of the maxunuem fluctuation of speed to the mean speed 15
called the cowfficienr of flacinoalioen of speed.

L=t Ny oand W, = Bdaximum and minimum spesds in rpom. during the cycle, amd

N+ N
A = bdean speeed oy vpoan. = -

Coefficient of floctation of spesd,
A r s w — A
MM = '{'l"l ! :]

H haly N+

o —m, 2 [l:':l:| — ]

(lin termns of angslsr cpeeds)

£ [
|_I — ., : I '-'I — W ]
= s = . - (L terms of linesr speeds]
1 z

(1T Enerey stored in flvwheel:

A flywheeal is a3 rotatine mass that = used as an enerEy reservod in & machime. I absorizs
enerEy I the form of kinetic enerpy, durnng those pernods of crenk rotation when acnsl torminge
M et is greater than the resistine memens and release ensrzy, by way of partine with some of
itz FLE, when the scnaal normines muonsent is less than the resistine o mesnt.

1 im pomchi BSS:

The flyrarhesls used for prinss movers constinate 3 Class of problems in which the resissine
fongoe is sssmmed o be comstens amd the driving tongmoe varbes. fhywhsels noed in punmching
rivering and simdlar meachinss consdbate another class of problems o which the scmaldrvims)
Trnine momens provided by an elecoc motor i more or less constant bar the resistngs
fongoelosd) vanies.



LECTURE-7

We have discnssed that the function of a flywheel in an engine is 1o reduce the

flucmations of speed, when the load on the crankshaft
is constant and the input torque varies dunng the
cycle. The flywheel can also be used to perform the
same function when the torque is constant and the
load varies during the cycle. Such an application is
found in punching press orin a rivetting machine,
A punching press is shown diagranunatically in Fig.

The crank is driven by a motor which supplies
constant torque and the punch is at the position of
the shider i a shder-crank mechanism. From Fig.

we see thar the load acts only during the
rotation of the crank from 6 =6, to 6 = 6, , when
the actual punching takes place and the load is zero
for the rest of the cycle. Unless a flywheel is
used. the speed of the crankshaft wall merease too
much doring the rotation of crankshaft will
increase oo much during the rotatien of crank
fromB = B.__. to =21 or 8=0 and agamn from
8 =0 to B=8,. becanse there is no load while
mput energy continues to be supphed. On the other
hand. the drop in speed of the crankshaft is
very large during the rotation of crank from

Operaton of flywheel in a
punching press.
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LECTURE-8

6=06 10 6=06, due 10 much more load than the
energy supplied. Thus the flywheel has to absord
excess energy availlable at one stage and has to make
up the deficient energy at the other stags 1o Keep to
fluctuations of speed within permissible fimits. This
15 done by choosing the suitable moment of 1nertia of
the flywheel

Let E; be the encrgy required for punching a
hole. This energy is determined by the size of the hole
punched. the thickness of the material and the physi-
cal properties of the material.

Let d; = Diameter of the hole punched.

f; = Thickness of the plate. and et T r
t, — Ultimate shear stress for the plate Punching press and fiywheel
matenal,

.~ Maximum shear force required for punching,
Fy; = Area sheared x Ultimate shear stress = wd, .4, T,

It is assuned that as the hole is punched, the shear force decreases uniformiy from maxinmum
value to zero.

. Work done or energy required for punchime a hole.
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