4.11 TUTORIAL PROBLEMS:

1.

A machine of mass 100 kg is supported on openings of total stiffness 800 kN/m and has
a rotating unbalanced element which results 1n a disturbing force of 400 N at a speed of
3000 r.p.m. Assum-ing the damping ratio as 0.25, determine : 1. the amplitude of
vibrations due to unbalance ; and 2. the transmitted force. [Ans. 0.04 mm ; 35.2 N]

A mass of 500 kg 1s mounted on supports having a total stiffness of 100 kN/m and
which provides viscous damping, the damping ratio being 0.4. The mass is constrained
to move vertically and is subjected to a vertical disturbing force of the type F cos w ¢.
Determine the frequency at which resonance will occur and the maximum allowable
value of /7 if the amplitude at resonance is to be restricted to 5 mm. [Ans. 2.25 Hz ; 400
NI

A machine of mass 75 kg is mounted on springs of stiffness 1200 kN/m and with an
assumed damping factor of 0.2. A piston within the machine of mass 2 kg has a
reciprocating motion with a stroke of 80 mm and a speed of 3000 cycles/min. Assuming
the motion to be simple harmonic, find : 1. the amplitude of motion of the machine, 2.
its phase angle with respect to the exciting force, 3. the force transmitted to the
foundation, and 4. the phase angle of transmitted force with respect to the exciting force.
[Ans. 1.254 mm ; 169.05° ; 2132 N ; 44.8°]



UNIT-V MECHANISMS FOR CONTROL

5.1 INTRODUCTION TO GOVERNOR:

A centrifugal governor is a specific type of governor that controls the speed of an engine
by regulating the amount of fuel (or working fluid) admitted, so as to maintain a near constant
speed whatever the load or fuel supply conditions. It uses the principle of proportional control.

It 1s most obviously seen on steam engines where it regulates the admission of steam into the
cylinder(s). It is also found on internal combustion engines and variously fuelled turbines, and in
some modern striking clocks.

5.2 PRINCIPLE OF WORKING:

Power is supplied to the governor from the engine's output shaft by (in this
instance) a belt or chain (not shown) connected to the lower belt wheel. The governor i1s connected
to a throttle valve that regulates the flow of working fluid (steam) supplying the prime mover
(prime mover not shown). As the speed of the prime mover increases, the central spindle of the
governor rotates at a faster rate and the kinetic energy of the balls increases. This allows the two
masses on lever arms to move outwards and upwards against gravity. If the motion goes far enough,
this motion causes the lever arms to pull down on a thrust_bearing, which moves a beam linkage,
which reduces the aperture of a throttle valve. The rate of working-fluid entering the cylinder is
thus reduced and the speed of the prime mover is controlled, preventing over speeding.

Mechanical stops may be used to limit the range of throttle motion, as seen near the
masses in the image at right.

The  direction of the  lever arm  holding the  mass will
be along the vector _ sum of the reactive centrifugal force wvector and the
gravitational forcc.

5.3 CLASSIFICATION OF GOVERNORS:

Governors are classified based upon two different principles.
These are:
1. Centrifugal governors

2. Incrtia governors

Centrifugal governors are further classified as -
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(4) Height of governor

It is the vertical distance between the centre of the governor halls and the point of
intersection between the upper arms on the axis of spindle is known as governor height.
It is generally denoted by h.

5) Sleeve lift
The vertical distance the sleeve travels due to change in the equilibrium
Speed is called the sleeve lift. The vertical downward travel may be termed as Negative

lift

(6) Isochronism

This is an extreme case of sensitiveness. When the equilibrium speed is constant for all radii of
rotation of the balls within the working range, the governor is said to be in isochronism. This means
that thc diffcrence between the maximum and minimum cquilibrium speeds is zero and the
scnsitiveness shall be ininite.

(7) Stability

Stability is the ability to maintain a desired engine speed without Fluctuating. Instability results
in hunting or oscillating due to over correction. Excessive stability results in a dead-beat governor
or one that does not correct sufficiently for load changes

(8) Hunting

The phenomenon of continuous fluctuation of the engine speed above and below the mean
speed 1s termed as hunting. This occurs in over- sensitive or isochronous governors. Suppose an



isochronous governor is fitted to an engine running at a steady load. With a slight increase of load,
the speed will fall and the sleeve will immediately fall to its lowest position. This shall open the
control valve wide and excess supply of energy will be-given, with the result that the speed will
rapidly increase and the sleeve will rise to its higher position. As a result of this movement of the
sleeve, the control valve will be cut off; the supply to the engine and the speed will again fall, the
cycle being repeated indefinitely. Such a governor would admit either more or less amount of fuel
and so effect would be that the engine would hunt.

5.4 SENSITIVENESS

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 equilibrium speed as possible and the corresponding sleeve lift

may be as large as possible. Suppose W1 = max. Equilibrium speed w2 = min. equilibrium
speed W = mean equilibrium speed = (w1+ w2)/2 Therefore sensitiveness =

(wl-w2)/2
5.5 CHARACTERISTICS AND QUALITIES OF CENTRIFUGAL GOVERNOR:

For satisfactory performance and working a centrifugal governor should possess The
following qualities.
On the sudden removal of load its sleeve should reach at the top most position at Once.
Its response to the change of speed should be fast.
Its sleeve should float at some intermediate position under normal operating Conditions.
At the lowest position of slecve the engine should develop maximum power,
It should have sufficient power, so that it may be able to exert the required force At the sleeve
to opeIate the control & mechanism

o oo oD



5.6 WATT GOVERNOR:

The simplest form of a cantrifugal governor 1s a Watt governor, as shown 1o Fig. It is
basically a conical pendulum with links attached to a sleeve of neglizible mass The arms of the
zovemnor may he connecrad to the spindle in the following three ways :

1. The pivet I, may be on the spindle axis as shown in Tig. (g).

2. lhe pivot £ mav bz offset from the spmdle axis and the arms when produced intersect at
Q. as shawn in Tig (),

3. Ths pwvot &, may be offset, but the arms cross the axis at €. as shovnm Fig (¢).
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Watt governor.



Let m = Mass of the ball in kg.
w = Weight of the ball in newtons = m.g.
T = Tension in he anu in newlons.
o = Anguler velocity of the arm and ball about the spindle axis in
rad/s,

= Raduwus of the path of rotation of the ball 7 e. horizon:al distance
from the centre of the ball to the spindle axis in metres,
F — Centrifugal force acting on the ball in newtons — .o "r.and
i = Height cf the govarmor in metres.
It is assumed that the weight of the arms, links and the sleeve are nagligible as compared ‘o
the weight of the balls. Now. the tall is in equilibrium under the action of

1. the centrifugal force (F,.) acting on the ball. 2. the tension (7) in the arm. and 3. the weighr
(w) of the tall.

Taking moments about point O, we have
Fe Xt =wXr=mgr

or m.wsrh =mgr or h=gi@? -
When g is expressed in n/s* and winrad/s, then 7 is in metres. If Vis the speed in r.p.m , then
o =2rN60
981 8905
h= = — metres L (2 g=981mish) ... (i)

(@2nN/60)° N
Note - We see fram the above expression that the Leight of a governor A. is inversely proportional to N,
Therefore at lngl speeds, (he value of % 1 siall. Al suchispzecs, (b chiange 1 tie value of i comespoudiug (o
@ stuall chengs mospeed 15 wsulicient (o =nable 4 govemor of tis type (o operate (he mechansin lo gve the
necessary change in the fuel supply. This governor may or.ly wark satisfactonly at relatively low speeds i.e.
from 60 to 80 rp.m.



5.7 PORTER GOVERNOR:
The Porter governor 1s a modification of a Watt's governor. with central load attached to the
sleeve as shown mn Fig. (a). The load moves up and down the central spmndle. This additional

downward force increases the speed of revolution required to enable the balls to rise to any pre-
determined level

Consider the forces acting on one-half of the governor as shown 1n Fig. (5).

1P

()
Porter governor.
Let m = Mass of each ball in kg,
w = Weight of each ball in newtons =m g,
M = Mass of the central load in kg.
W = Weight of the central load in newtons =M g.

r = Radius of rotation 1n metres,

h = Height of governor in metres , T, = Force in the arm in newtons,

N = Speed ofthe ballsnrpm .. T, = Force in the link in newtons,

@ = Angular speed of the balls in rad/s o = Angle of inclination of the arm (or
=2 N/60 rad’s. upper link) to the vertical, and

FC = Centn:ﬁ:gal force acting on the ball ﬁ = Angle of inclination of the link
i newtons = m. 2.7,

(or lower link) to the vertical



5.8 PROELL GOVERNOR:

The Proell governor has the balls fixed at B and C'to the extension of the links DF and £G. as
shown i Fig (a). The arms FP and GQ are pivoted at P and O respectively.

Consider the equilibrium of the forces on one-half of the governor as shown in Fig (5).
The mnstantaneous centre (I) lies on the intersection of the line PF produced and the hine from D
drawn perpendicualr to the spindle axis. The prependicular B M 1s drawn on ID.
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Fig. Proell governor.



5.9 HARTNELL GOVERNOR:

A Hartnell governor 1s a spring loaded governor as shown in Fig. It consists of two
bell crank levers prvoted at the points O.O to the frame. The frame 1s attached to the governor spindle
and therefore rotates with it. Each lever carries a ball at the end of the vertical arm OB and a roller at
the end of the honizontal arm OR. A helical spring in compression provides equal downward forces
on the two rollers through a collar on the sleeve. The spring force may be adjusted by screwing a nut
up or down on the sleeve.

Let m = Mass of each ball in kg,

M = Mass of sleeve in kg. Spring
7, = Minimum radius of rotation in  Bell crank
metres. Lever
r, = Maximum radius of rotation in
" metres.

®, = Angular speed of the governor at
mimmum radius in rad/s,
o

= Angular speed of the governor at
maximum radius in rad/s.
S, = Spring force exerted on the sleeve
at ®, 1n newtons,
S, = Spring force exerted on the sleeve
at @, in newtons, Hartnell governor.
F, = Centrifugal force at ®, in newtons = m ((n.ll)3 5P

FC2

s = Stiffness of the spring or the force required to compress the spring by one mm.

= Centrifugal force at @, in newtons = m (0,)° 7.

x = Length of the vertical or ball arm of the lever in metres,
v = Length of the honizontal or sleeve arm of the lever in metres. and

» = Distance of fulcrum O from the governor axis or the radius of rotation when the
governor 1s i mid-position, 1n metres.



5.10 HARTUNG GOVERNOR:
A spring controlled govemnor of the Hartung type 1s shown in Fig (a). In this type of
governor, the vertical arms of the bell crank levers are fitted with spring balls which compress against
the frame of the govemor when the rollers at the horizontal arm press against the sleeve.

Let S = Spring force.
F, g Centnifugal force.
M = Mass on the sleeve. and

x and v = Lengths of the vertical and honzontal arm of the bell crank
lever respectively.
Spring balls

b1 (Bl
/ Roller | . |
Bell crank bl y i

"L-—;__ - r
levar Sleeve ¥ .

(a) ‘ (b)
Fig. Harmung governor.

Fig. (a) and (b) show the governor 10 mid-position. Neglecting the effect of obliquity
of the arms. taking moments about the fulcrum O,

Fe x1'=3x1'+%g;x}.-



5.11 WILSON HARTNELL GOVERNOR:

A Wilson-Hartnell govemor 1s a governor 1n which the balls are connected by a spring 1n
tension as shown in Fig. An auxiliary spring 1s attached to the sleeve mechanism through a
lever by means of which the equilibrium speed for a given radius may be adjusted. The main spring
may be considered of two equal parts each belonging to both the balls. The line diagram of a Wilson-
Hartnell governor 1s shown in Fig.

|¢-— r—ﬂ!—r—b
Main spring
— ; T s Balls #n.\ 'x ,@\
S\ ""_."\ “l"' / .LLL.L.‘_L.{ - sﬁ.}hl
: Auxlllary A TN e
| spring. N> (% NS S
> O« b S
- ‘_i ! j’_j{ |
f.’f.-"f:f \_ j ‘J\_\K\ 1
Lever :_' a—»4—b—»

Wilson-Hartnell governor. Line diagram of Wilsen-Hartnell governor.

5.12 PICKERING GOVERNOR:

A Pickening govemor 1s mostly used for driving gramophone. It consists of “three straight
leaf springs arranged at equal angular intervals round the spindle. Each spring carries a weight at the
centre. The weights move outwards and the springs bend as they rotate about the spindle axis with
imcreasing speed.
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5.13 DIFFERENCE BETWEEN A FLYWHEEL AND A GOVERNOR:

Soo Flvoleel Governos

1 It s provided on the engine and | It s provided on pome movers
fabt:cmr-.g machines wiz, mlhng sich as enznes and hrhines
mdls; punchung machmes; sheac
machines, presses ete.

a [t hacticn i to stexe avadable | Its fmetion i to egulate the supply
mechancal enecey when @ 3 | of daving thad prodncng enecey.
excess of the load requueements and | accordmg to the load requrements
o pat with the same when the | 20 that ar duffecent Joads almost 2
avadable enecgy 13 less than that | comstant speed] :¢ mamtaned
requuced by the load.

3 In engne: It mkes care of | Ir mke care of Suctation of speed
Bocmanons of speed  ducng | due 1o vamanoa of load over mnge
thermadmanue cyele. of woriing of engins: and rawrhines.

4 It worlks cmxz-_nno:x;lw_: from c;t]e to | It works m'_emzi-.rtér.ﬂi_r, 1 onk
cycle. when there 15 change m the Joad.

3 In Ghocaton machines it 5 very | B fox govemoar, there woerd have
scomonpeal o mse o 2z i mse | heen et A mose
rechnces cap:tal mrestment on pome cms:‘:mptcﬂ of dm':r,g fhud thue e
movers and thex AuNns Spenies. | SCONCMUTES (M8 COMMUNPLIN

5.14 GYROSCOPE AND ITS APPLICATIONS

{(19) Gyroscope

A gyroscope is a device for measuring or maintaining orientation, based on the principles of
conservation of angular momentum. A mechanical gyroscope is essentially a spinning wheel or
disk whose axle is free to take any orientation. This orientation changes much less in response to a
given external torque than it would without the large angular momentum associated with the
gyroscope's high rate of spin. Since external torque is minimized by mounting the device in
gimbals, its orientation remains nearly fixed, regardless of any motion of the platform on which it
1s mounted. Gyroscopes based on other operating principles also Exit, such as the electronic,
microchip-packaged MEMS gyroscopce devices found in consumer clectronic devices, solid state
ring lascrs, fiber optic gyroscopes and the extremely sensitive quantum gyroscope. Applications of
gyroscopes include navigation (INS) when magnetic compasses do not work (as in the Hubble
telescope) or are not precise enough (as in ICBMs) or for the stabilization of flying vehicles like
radio-controlled helicopters or UAVs. Due to higher precision, gyroscopes are also used to
maintain direction in tunnel mining.
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(20) Description and diagram:

Diagram of a gyro wheel. Reaction arrows about the output axis (blue) correspond to
forces applied about the input axis (green), and vice versa. Within mechanical systems or devices,
a conventional gyroscope is a mechanism comprising a rotor journal led to spin about one axis, the
journals of the rotor being mounted in an inner gimbal or ring, the inner gimbal is journal led for
oscillation in an outer gimbal which is journal led in another gimbal. So basically there are three
gimbals. The outer gimbal or ring which is the gyroscope frame 1s mounted so as to pivot about
an axis in its own planc determined by the support. This outer gimbal possesses onc degree of
rotational frccdom and its axis possesses none. The next inner gimbal is mounted in the gyroscope
frame (outer gimbal) so as to pivot about an axis in its own plane that is always perpendicular to
the pivotal axis of the gyroscope frame (outer gimbal). This inner gimbal has two degrees of
rotational freedom. Similarly, next innermost gimbal is attached to the inner gimbal which has
three degree of rotational freedom and its axis posses two. The axle of the spinning wheel defines
the spin axis. The rotor is journaled to spin about an axis which is always perpendicular to the axis
of the innermost gimbal. So, the rotor possesses four degrees of rotational freedom and its axis
possesses three. The wheel responds to a force applied about the input axis by a reaction force
about the output axis.

The behavior of a gyroscope can be most easily appreciated by consideration of the front
wheel of a bicycle. If the wheel is leaned away from the vertical so that the top of the wheel moves
to the left, the forward rim of the wheel also turns to the left. In other words, rotation on one axis
of the turning wheel produces rotation of the third axis.



5.15 EFFECT OF THE GYROSCOPIC COUPLE ON AN AERO PLANE
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5.16 EFFECT OF GYROSCOPIC COUPLE

This couple is, therefore, to raise the nose and dip the tail of the aero plane.

Notes

1.When the aero plane takes a right turn under similarConditions as discussed above, the effect of
the reactiveCouple will be to dip the nose and raise the tail of theaero plane.

2. When the engine or propeller rotates in anticlockwise direction when viewed from the rear or
tail end and the aero plane takes a left turn, then the effect of reactive gyroscopic couple will be to
dip the nose and raise the tail ofthe aero plane.

3. When the acro planc takes a right turn under similar Conditions as mentioned in note 2 above,
the effect of Reactive gyroscopic couple will be to raise the nose and dip the of the aero plane.

4. When the engine or propeller rotates in clockwisc dircction when viewed from the front and
the aero plane takes a left turn, then the effect of reactive gyroscopic couple will be to raise the tail
and dip the nosc of the acro planc.

5. When the aero plane takes a right turn under similar conditions as mentioned in note4 above,
the effect ofreactive gyroscopic couple will be to raise the nose and dip the tail of the aero plane.

5.17 EFFECT OF GYROSCOPIC COUPLE ON SHIP

The top and front vicws of a naval ship arc shown in fig. The forc end of the ship is called
bow and the rear end is known as stern or aft. The left hand and the right hand sides of the ship,
when viewed from the stern are called port and star board respectively. We shall now discuss the
effect of gyroscopic couple in the naval ship in the following three cases:

1. Steering
2. Pitching, and
3. Rolling



5.17.1 EFFECT OF GYROSCOPIC COUPLE ON A NAVAL SHIP DURING
PITCHING& STEERING
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Steering is the turning of a complete ship in a curve towards left or right, while it moves
forward, considers the ship taking a left turn, and rotor rotates in the clockwise direction
when viewed from the stern, as shown in Fig. below. The effect of gyroscopic couple on a
naval ship during steering taking left or right turn may be obtained in the similar way as

for an aero plane as discussed in Art.

When the rotor of the ship rotates in the clockwise direction when viewed from
the stern, it will have its angular momentum vector in the direction ox as shown in Fig. A1.
As the ship steers to the left, the active gyroscopic couple will change the angular
momentum vector from ox to ox’. The vector xx’ now represents the active gyroscopic

couple and is perpendicular to ox. Thus the plane of active gyroscopic couple is



perpendicular to xx’ and its direction in the axis OZ for left hand turn is
clockwise as shown in Fig below. The reactive gyroscopic couple of the same
magnitude will act in the opposite direction (i.e in anticlockwise direction). The
effect of this reactive gyroscopic couple is to raise the bow and lower the stern.

Notes

. When the ship steers to the right under similar condition as discussed above,
the effect of the reactive gyroscopic couple, as shown in Fig. B1, will be to raise
the stern and lower the bow.

. When the rotor rotates in the anticlockwise direction, when viewed from the
stern and the ship is steering to the left, then the effect of reactive gyroscopic
couple will be to lower the bow and raise the stern.

. When the ship is steering to the right under similar conditions as discussed in
note 2 above, then the effect of reactive gyroscopic couple will be to raise the
bow and lower the stern.

. When the rotor rotates in the clockwise direction when viewed from the bow or
fore end and the ship is steering to the left, then the effect of reactive gyroscopic
couple will be to raise the stern and lower the bow.

. When the ship is steering to the right under similar conditions as discussed in
note 4 above, then the effect of reactive gyroscopic couple will be to raise the
bow and lower the stern.

. The effect of the reactive gyroscopic couple on a boat propelled by a turbine
taking left or right turn.

5.17.2 Effect of Gyroscopic couple on a Naval Ship during Rolling:

We know that, for the effect of gyroscopic couple to occur, the axis of
precession should always be perpendicular to the axis of spin. If, however, the axis of
precession becomes parallel to the axis of spin, there will be no effect of the gyroscopic
couple acting on the body of the ship. In case of rolling of a ship, the axis of precession
(i.e. longitudinal axis) is always parallel to the axis of spin for all positions. Hence,
there 1s no effect of the gyroscopic couple acting on the body of a ship.



5.18 EFFECT OF GYROSCOPIC COUPLE ON A 4-WHEEL DRIVE:

Comnsider the four wheels 4, 3. C and D of an
automobile locomotive taking a turn towards left as shown
inFig. 14.11. The wheels 4 and " are inner wheels, whereas

B and D are cuter whezls. The centre of gravity (C.G.) of
the vehicle lics vertically above the road surface.

Let m = Mass of the vehicle in kz.
W = Weight of the velicle in newtons = m.g.
rw = Radius of the wheels in metres.
R = Radins of curvaturz in metres
(R = Iy)-
h = Dislance vf centie of gravity, vertically
above the rozd surface in meatres,
x = Width of track in metras,
Iy = Mass moment of inertia of one of the
wheels in kg-m?,
Oy = Angular velocity of the wheels or ve-
locity of spin in rad/s.
Iz = Mass moment of inertia of the rotating
parts of the engine in kg-m?2,
we = Angular velocity of the rotating parts of
the engine inrad’s,

G = Gear ratio = 0 /0,

v = Liuear velocily of he velucle i m/s = gy

v Inner wheel - Outer wheel
I
T Left turn \\\
i
) /'|
| I A1)
w4 N\ / wi4
P2 A P2
Q2 " i @2
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Wrd Wwia
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2
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Fig. 14.11. Four wheel drive
moving m a curved path.



A little consider=ation will show,
that the weighr o7 the vehizle () will be
equally disaibuled over he four wheels
which will act downwards. The reaction
between cach wheel and the road surface
of the same magmtude will act upwards.
Lherstore

Roszd reaetion over =ack wheel
— W4 —mn.g 4 newlins

Lzt us now consider the effeer of
the gyrescopic couple and centrifugal couple on the vehicle.
L. Effect of the gyroscopic couple
Since the vehicle takss a turn towards left due 1o the precession and other rorating parts,
therefore a gyroscopic conple will act.
We know that velocity of precession,
0y = vl
*. Gyroscopic couple cue to 4 wheels.
Cor — 4 L5y 00
and gyrosecpic couple due to the roteting parts of the engine.
Cp = I 0p 0p=Ip. G0y, Op - O wgfey)
=, Ner gyroscopic enple.
C=Cypt Cp=41L;0,.0 - I..G.00. 03
7 (D\]ih(l)? (4 .{‘L‘ = (JJEI



The pasitive sign is used when the wheels and retaring parts of the engine rotate in the same
direction. If the rotating parts of the engine r=volves in opposite direction. then megative sign is used.

Due 10 the gyroscopic couple, vartical reaction on the road swface will be produced. The
reaction will he vertically nprwards an the onter wheels and vertically downwards on the inner wheels.
Fel themazmbude of this reaction at e two onder or mimer wheels be #newions. hen

Pz O e P O
S verhical reaction a ench ol the onter or mmier whezls,
P20
Note:  We have discussed abeve that when rotating parts of the cagine rotare in opposite dirsetions. then —ve
sizn 15 nsed. L.a. net gyroscopic eonple,
C=C,-C

When Cp > Cy, lism € will be —ve, Thus (e reaviion will be vertically dewnwards vn (ls vutst wheels
ariel serhienlly upnvards anthie mner wheels.
2. Effect of the centrifugal coapte

Since the vehicle moves along a curved path, therefore centrifuaal force will act outwardly at
the centre ol wavily ol the velnele e elfect of s cenim Mzl foee s also e overtinn The velnele.
We know that centrifugal foree.
mox \‘:

FC=

. The couple teudmg (0 overlu the velinele or overturmng couple.

5
my”

Co=Icxh= ]

This overtuming couple 1s balanced by vertical reactions. which are verzically upwards on
the ourer wheels and vertically cownwards on the inner wheels, Let the maznitude of this reaction at

iz 1wo oer or mimer wheels be ¢ 1hen

C mar h
0 TV .
x=Co or Q=2 ="
e o X R
- Vertical reaction at cach of the ourtar or inner wheels.
& . eyt

2 2Rx
2o Total verticslvesction al each of the onler wheel.
w P oo
4 2 =
and toral vertical reaction at 2sach of the innar wheel,
Vv P
g X_¥ D
1 2 2

A little consideration will show that when the vehicle s running ar high speeds, ) may be
7ero or even neaative. This will canse the inner wheels to leave the gromnd rhns tending to ovarhun
e aulomobile. In vrder to bave the contaet between the mmer wheels and e grovnd. e suo of
72 and @/2 must be less than /4,



19. SOLVED PROBLEMS

1.(i) Explain the function of the proell governor with the help of a neat sketch. Derive
that relationship among the various forces acting on the link. (12)

The Proell governor has the balls fixed at B and C to the extension of the links
DF and EG, as shown in Fig. 18.12 (a). The arms FP and GQ are pivoted at P and O
respectively.

Consider the equilibrium of the forces on one-half of the governor as shown in
Fig. 18.12 (b). The instantancous centre (/) lies on the intersection of the line PF
produced and the line from D drawn perpendicular to the spindle axis. The
perpendicular B M is drawn on ID.
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Fig. 18.12. Proell governor.

Taking moments about /,
Mg

= L
fexBM-—wreM+—xID-magxIM+—
L Z

x 1D LB |

!l'q-l' & :"t'f . g 1.'1; = _"lvfil_) ‘I
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Multiplying and dividing Ly #44, we have
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M M.u(

= xlang | urg +——|1+
BM { 2 |

M.z :
m._ g xtano + = (tanca + tan[})
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tan 3
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_ tanf
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We know that #.=m.o*r: 00— - and g
[
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2 i I g x
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Substituting @=2aA/60. and g=Y 81 m/s*, we get

r

I"'J .
1 e FT
BM m h

Ip.rJ
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1 (ii). What are centrifugal governors? how do they differ from inertia governor? (4)

The centrifugal governors are based on the balancing of centrifugal force on
the rotating balls by an equal and opposite radial force, known as the controlling force

In inertia governors the positions of the balls are affected by the rate of change
of speed. i.e., angular acceleration or retardation of the governor shaft. The amount of
displacement of governor balls is controlled by suitable springs and the fuel supply to
the engine is controlled by governor mechanism.

Though the sensitiveness of the inertia governors is more, there is a practical
difficulty of balancing the inertia forces caused by the revolving parts of the governor
to the controlling force. Hence these governors are not preferred when compared with
the centifugal governors.

2. . A Proell governor has equal arms of length 300 m m. The upper and

arms of the lower links are each 80 mm long and parallel to the axis when th ra
of rotation of the balls are 150 mm and 200 m m. The mass of each ball is 10
and the mass of the central load is 100 kg. Determine the range of speed of t
governor.

lower ends of the arms are pivoted on the axis of the governor. The extension e

Solution. Given : PF=DF=300mm ; BF=80mm ; m=10kg ; M =100 kg
;1= 150 mm; #»= 200 mm

First of all, let us find the minimum and maximum speed of the governor. The

minimum and maximum position of the governor is shown in Fig. 18.13.
Let N1 =Minimum speed when radius of rotation, »| = FG = 150 mm
;and
N>=Maximum speed when radius of rotation , #»= FG = 200
mm. From Fig. (a), we find that height of the governor,

[J‘ F]
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(@) Mirimum pos:tion

From Fig. (a), we find that
sina =sinB=130/300=0.5

and MD=FG=150mm=0.15m
FM=FD cos B =300 cos 30° =260 mm = 0.26 m
M =FMtana=0.26 tan 30°=0.15m

BM =BF + FM=180+260=340 mm=0.34 m
ID=IM+MD=0.15+0.15=03m
We know that centrifugal force,

5 N, Y
e —m [o0g) " 45 — iU[ ?-'fU : | 0.15—0.0165 [¥,)*
Now taking moments abnir noint [ "
Fox DM = g M+ ML 1p
£
or ﬂﬂil"'ﬁ[I'Vi)znﬁfl:iﬂx.qﬁlxﬂ75+%xﬂ.3
0.0056 lNI]2 = 14715+ 147 15 = 161 865
’ 161.865
(Np)2 - = o
LS5

hOPGO (PF)? —(FG) >0 (300) *—(200) >

FM=GD=PG=224mm=0224m
BM=BF+FM=80+224=304 mm= 0304 m

Ve KTOW TTat 14V, ) —ml = JI
0.224 3 g

o 22 10+103) 89 _321785 or
0.30< 10 10224

We kriow “rat range n7 speed

=N, N,=180 170=10rp.m. Ans

(@) Maximum positicn,

ora = B =30°

N, = 170rp.m

N, — 180 rp.,

0224 mm0U 0.224 m

(rn-fPorg-1)



3. The radius of rotation of the balls of a Hartnell governor is 8) mm at the
minimum speed of 300 r.p.m. Neglecting gravity effect, determine the speed after
the sleeve has lifted by 60 m m. Also determine the initial compression of the
spring, the governor effort and the power.

The particulars of the governor are given below:

Length of ball arm = 150 mm ; length of sleeve arm = 100 mm ; mass of each
ball = 4 kg ; and stiffness of the spring =25 N/m m.

Solution. Given : r1= 80 mm = 0.08 m ; N1=300 r.p.m. or w 1= 21T X

300/60 =31.42rad/s ; h=60mm=0.06m ;x=150mm=0.15m ; y= 100 mm = 0.1
m;m=4kg;s=25N/mm

(=" e
o { M-S, |
Fur® ""ﬁ | F TR
o ¥ M € :
g s | 7ok S T J,
_.C’_,;.__._...,..--..i.....!_.} ) __?rr '-R__ : ‘ﬂu
~n : .',I SRS——— | A ...,,.......‘-,E...._,.,.
y . L _1 D .l T
R, T
(e Diinmuey posiiolL. (B Maxinuny posilion,

The minimum and maximum position of the governor is shown in Fig. 18.36
(@) and (b) respectively. First of all, let us find the maximum radius of rotation (r2).
We know that lift of the sleeve,

h—(r, -r) X
X
i X ; 01:
o1 I, = —f.'.Y.T=0.08— 0.06 x 0.1 =017 o (‘,'ff—h.:—h:]

N
St and S>= Spring force at the minimum and maximum speed respectively, in
ncwtons

We know centrifugal force at the minimum speed,

For =m(W1)*m=4(31.42)°008=316N
Now taking moments about the fulcrum O of the bell crank lever when in
minimum position as shown in Fig 18.36 (a). The gravity effect is neglected, i.e. the
moment due to the weight of balls, sleeve and the bell crank lever arms is neglected.

Mg+ & Iy . 0.5 :
ﬁ_l XXxX= —-‘I "'}'1} 51 b _‘- oar \i - 2 p(i b . = 2 X 3]H ~ i l = 948 l\

wod e A =0)

We knowthat 5. -5, -hs or 5,-5 +hs-948+50 =25 - 2448 N
Wz know that centritigal force ar the maximum speed,

£

2N,

1)

(2a N,
@

by — (t.u_»]E “( = ' 0.17 — 0007 16 t.u"v;ll

Initial compression of the spring



We know that initial compression of the
spring

Governor eflor
We krow that the governor effort,

e S5 = 8 2448 ~ 918

S 918
- —T—?,?.gz mm Ans.

5 Lis

—T50 N Ans,

4
‘i
£

r

Now mking maments atont the fuleum Jwhen 1in mavimum pasitinn as shown in Fig 18.35 (5)

‘Ll__.'-.' T _'h_'ir;:f_\_ -8
L
= iy Rt A48 e
0.007 46 (N,)" 0.15 = ——x 0.1 000. 12 (N) -122.4 M=)
Eall 122 4 . i x
(V;)" —- —109285 or N -331 cp.m Ans
U112 :

Governor power
We know that the governor power

=P xh=750x0.06=45N-m Ans.

4. A Porter governor has all four arms 250 mm long. The upper arms are attached
on the axis of rotation and the lower arms are attached to the sleeve at a distance
of 30 m m from the axis. The mass of each ball is 5 kg and the sleeve has a mass
of 50 kg. The extreme radii of rotation are 150 mm and 200 m m. Determine the

range of speed of the governor.

Solution. Given : BP=BD=250mm ; DH=30mm ;m=5kg; M=50kg; n

=150 mm ; 2= 200 mm

First of all, let us find the minimum and maximum speed of the governor. The
minimum and maximum position of the governor 1s shown in Fig. 18.8 (@) and (b)

respectively.

¥ b:’d!;—b
P
4;|

fad Munizwen piniun,

Fig. 18.8

{80 Maion an pusition.

Let Ni=Minimum spced when 71 = BG = 150 mm ; and M
= Maximum speed when r» = BG = 200 mm.
From Fig. 18.8 (a), we find that height of the governor,



] s 7
ALOPGOWBP)Y2—(BG)2 0 ®50) - (150) > 0200 mm 002 m

BF=BG-FG=150-30=120 mm ... (CEFG = DH)

f {
and DFO % DB)2 (BF)2 250 (120)2 0219 mm

ltan 0 1 =BG/PG=150/200=0.75 and tan B
= BFIDE = 1201219 = 0.548

_tanfl; 0.548 - 0751
tano 075
? M(*+q' b+5ﬂ{1+l}'3l)
‘. m+= i i/ 5 ol ne
Ae krow that (M) = 2 e i = 2 x BJ:‘ = 43206
m h g 0.2

N =208rpm.

From I'ig, 18.8(56), we find that height of the governor,

Iy — Pl (B — (86— J1250)F - (20002 1.0 mm—0.15 m

HE =58 PO =240 $y=T14) mmn

and DF=./(DE)? - (BF}? =\J(250;% —(170}% =152mm
i tan &t~ BGPC - 200150 — 1,333
and tan 3.~ B/ LF= 170/183 = D.93
an 3, 9
e tanfl,  0.93 S

ano, 1.333

We know that

M -
r'i-?-?“""?zI 835 h+7“_“‘” 845
& 5 = i !

{ ]

683

=3

m fis a .15
N,=238rp.n

We know that range of spe=d

1l
=

-

I
B

38 208 = 30 ~p.m. \us

5. A spring loaded governor of the Hartnell type has arms of equal length. The
masses rotate in a circle of 130 mm diameter when the sleeve is in the mid
position and the ball arms are vertical. The equilibrium speed for this position
is 450 r.p.m., neglecting friction. The maximum sleeve movement is to be 25 mm
and the maximum variation of speed taking in account the friction to be 5

Solution. Given : x =y ;d =130 mm or » =65 mm = 0.065 m ; N =450 r.p.m.
orw =21 x450/60=4723rad/s ; A=25mm=0.025m; M=4kg; F=30N

1. Value of each rotating mass



per cent of the mid position speed. The mass of the sleeve is 4 kg and the fricti
may be considered equivalent to 30 N at the sleeve. The power of the govern
must be sufficient to over-come the friction by one per cent change of spe
either way at mid-position. Determine, neglecting obliquity effect of arms ;
The value of each rotating mass : 2. The spring stiffness in N/mm and 3. T
initial compression of spring.

Let m = Value of each rotating mass in kg, and

S = Spring force on the sleeve at mid position in newtons.
Since the change of speed at mid position to overcome friction is 1 per cent either
way (i.e. + 1%), therefore

Minimum speed at mid position,

wW=w-0.0lw=0.99%w = 0.99 x 47.13 = 46.66 rad/s and
maximum speed at mid-position,
W2=w+0.0lw=1.0lw=101x47,13 =47.6 rad/s
~ Centrifugal force at the minimum speed,

FCl=m (w1 )*r=m (46.66)>0.065=141.5m N
and centrifugal force at the maximum speed,
Fea=m (W 2)*r=m (47.6) 0.0065 = 147.3
m N We know that for minimum speed at mid-position,

i

S+ Mg+ F)—2 by » —
ot S+4x081-30)=2x 1415 mx1
('\- x=¥)
$1924=283m ...()

and for maximum speed at mid-poesition,

S+ (-"Lf,g +F =2 ;v_l'—_._ X —
.‘-
S+(dxY98l+30) =x 1473 m=]
alzx=4)
46 m
RO )

S+ 69.74

From equations (i) and (7,
m — 5.2 kg Aus,

2. Spring stiffness in N/mm
Let s = Spring stiffness in N/mm.
Since the maximum variation of speed, considering friction i1s = 5% of the mid-
position
speed, therefore,
Minimum speed considering
friction,



0 '=w-0050=0050=0035x 4712 =44 8 rad's
and maximum spe=d considering friction,
i, =m+005m="056m= 1050 x47 15 = 49.5 rad’s

We «now that minimium radius of rotation considering friction,

v ey RN, e
r—r-h=x——00060- — 00525 m
) 2
va—y and a4 —-:—I
And maximum radius of rotation considering friction,
Ve krow taat for minimum speed considesing friction,
= o0 T
S+Mg-F=2R, %
y
S  M@x381 3N =2x 545 = | (ee =)

§,+624 = 1096 or 5 =1006-924=108676 N
and for maximum speed r:t:-:lslderi:{g feiction,

S+ (M pt F)—2Rs %=
=

3. Inidal compression of the spring (** ¥=¢
We inow that initicl compression of the spring

S 108676
1 ¢
s 3272 . s,

6. In an engine governor of the Porter type, the upper and lower arms are 200 m
m and 250 mm respectively and pivoted on the axis of rotation. The mass of the
central load is 15 kg, the mass of each ball is 2 kg and friction of the sleeve
together with the resistance of the operating gear is equal to a load of 25 N at the
sleeve. If the limiting inclinations of the upper arms to the vertical are 30° and
40°, find, taking friction into account, range of speed of the governor.

Solution . Given : BP=200mm=02m ;BD=250mm=025m; M=15kg,m=
2kg; F=25N;a,=30°%0a,=40°

First of all, let us find the minimum and maximum speed of the governor.

The minimum and maximum position of the governor is shown Fig. 18.7 (&) and (b)
respectively.

Let N1 = Minimum speed, and N>= Maximum speed.

From Fig. 18.7 (a), we find that minimum radius of rotation, » =

BG = BP sin 30°=0.2 x 0.5 = 0.1 m Height of the governor,

hi=PG=BPcos30°=0.2x0.866=0.1732 m

and DG JBDY - (BG) - y0.25)" - 0.1y - 0.23m
tan i, — BCIDG - 0.10.23 - D.1318
and tan o, =tan 20° = 0.3774
Ctan B, 04348

= = = (1753
tan cz; 05774



2, 40° }
‘b@ : iz
——
m3 “‘}5\ B,
D
Mg~ 1
Y

All diszensions in -,
(a2} Minimum positicn. (A} Maximum position.
Fip. |87
We know that when the sleeve moves downwards, the frictional force (F) acts upwards and the

minimum speed 18 given by,

Mg-F
mg-(TET)0+ ) g
(J‘i"‘llz — = =
m.g fy
/ 4
2x4981 +|—|5X9.21 2 ]“ +0.733 g5
i ! X = 33596
2x9.381 U.1732

’ Ny~ 1838 rpan,
Now from Fig. 18.7 (£).we find that maximur radius of rotation
r=BG=BFsin 40" = 0.2 x 0.643 =1).1258 m

Height of the governor,
hy,=FCU=EBPcos 40" =02 <0765 =0.153Z2m

2= i(BD - (BGY =4(0.25) - (0.1288)" = 0.2154 11
lar: B, = BG/DG = 0.1268 / 0.2154 = 0,58

and

and far o, - tan 40Y —[1L.83Y

fanf, 0.59
G = = = = (0,703
 tan (t, ().B5Y

We know that when the sleeve moves upwards, the frictional force (F) acts downwards

and the maximum speed is given by,
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F 895

—_ A F.

x : =
2 x 981 014632

19 23!

(8

N'z =222 rpm.

We know that range of
speed

=No— N1 =222 -183.3 =38.7 r.p.m. Ans.

7.In a spring loaded governor of the Hartnell type, the mass of cach ball is 1kg, length of
vertical arm of the bell crank lever is 100 mm and that of the horizontal arm is 50 m m.
The distance of fulcrum of each bell crank lever is 80 mm from the axis of rotation of
the governor. The extreme radii of rotation of the balls are 75 mm and 112.5 m m. The
maximum equilibrium speed is 5 per cent greater than the minimum equilibrium speed
which is 360 r.p.m. Find, neglecting oblig-uity of arms, initial compression of the spring

and equilibrium speed corresponding to the radius of rotation of 100 m m.

Solutdon. Given !m -2 kg i x - 100 mm-0.1lm;y-50 mm- 0.05m; r— 50 mm
=008 m S r o=3b mm =000 m p=1125 mm= 01125 m ; N, = 360 r.pm. or
@, - 2x»360/60 ~ 37.7 radfs

Since the maximum equilibrivm speed is 5% greater than the minimum equilibrium speec
(w1, therefore maximum equilibrium speed,

0, = 1.05 x37.7 =20 B rad’s
Wz know that centrifugal force at the minimum equilibrium speed,
[, -mlo) r-1(377)0075- 1066 N
and centrifugal force at the maximum squilibrium speed,
Fey = m (0,)2 1= 1 (39,6)* 0.1125 = 1754 N
frrtial campessiog af tie sprog
Lel 5
S, = Spring forco correspording 10 @s.
Since the nbliquity of arms is neglecred . ther=fore far minimu™ equilibrinm position

1l

Spring force currespording w @, and

o X L
Mg+ 85 =2FKx" =2x106.6 x = 4264 N
y 0.05

5, =4264 N e A =0)
and for maximum ec uilibrium position,
My+5 =2F, xX=2x1764x
7 s 0.05
S, —T056N (M=




Wo know that lift ef the slceve,

h—{r - ’I - {ﬂ]l/!—ﬂﬂ!rl&—ﬂ-ﬂa iHhm
X 0.1
5. -5 705.6- 4264 . :
and stiffness of the spring >~ — = =14 830 Njm =14 88 N/uun
i IJ-\.- ]. B {J
Initial comprassion of the spring

S ¥ nIT‘ [

& 354 =286 mm Ans
s 14.89

Lguilibrivum speed corvesponding ta radius of retation r - 100 arn — 0.1 m
Lot N = Eguilibrium speed 11 r.p.m,

Since the obliquizy of the arms is neglected, therefore the centrifugal forcs at any instant,

i 9

—. I-_I|
Fo=FE. - R, H.i1}| -
(& f)

- 0075

=106t 1 (1764 10k, L}‘ =153 N
0.1125 - 0.075

We know that centrifugal force (F- .

153 — m. " —1
\

] 0.1— 00011 N?
< =153/00011= 090

._.G*J

D
39 or N=373rpm Ans

5.20 REVIEW QUESTIONS

(1) What are the effects of friction and of adding a central weight to the sleeve of a Watt

governor ?

(2) What is stability of a governor ? Sketch the controlling force versus radius diagrams for a

stable, unstable and isochronous governor. Derive the conditions for stability.

(3) Prove that the sensitiveness of a Proell governor is greater than that of a Porter governor
(4) When the sleeve of a Porter governor moves upwards, the governor speed
(5) When the relation between the controlling force (#¢ ) and radius of rotation (#) for a spring

controlled governor is F¢ = a.r + b, then the governor will be

5.21 TUTORIAL PROBLEMS

1.

In a governor of the Hartnell type, the mass of cach ball is 1.5 kg and the Iengths of the
vertical and horizontal arms of the bell crank lever are 100 mm and 50 mm respectively.
The fulcrum of the bell crank lever is at a distance of 90 mm from the axis of rotation.
The maximum and minimum radii of rotation of balls are 120 mm and 80 mm and the
corresponding equilibrium speeds are 325 and 300 r.p.m. Find the stiffness of the
spring and the equilibrium speed when the radius of rotation is 100 mm.

[Ans. 18 KN/m, 315 r.p.m.]|

A governor of the Hartnell type has equal balls of mass 3 kg, set initially at a radius of
200 mm. The arms of the bell crank lever are 110 mm vertically and 150 mm



n

horizontally. Find : 1. the initial compressive force on the spring, if the speed for an
initial ball radius of 200 mm is 240 r.p.m. ; and 2. the stiffness of the spring required
to

permit a sleeve movement of 4 mm on a fluctuation of 7.5 per

cent in the engine speed. [Ans. 556 N ; 23.75 N/mm|
A four wheel trolley car of total mass 2000 kg running on rails of | m gauge, rounds a
curve of 25 m

radius at 40 km / h. The track is banked at 10°. The wheels have an external diameter of
0.6 m and each pair of an axle has a mass of 200 kg. The radius of gyration for each pair
is 250 mm. The height of C.G. of the car above the wheel base is 0.95 m. Allowing for
centrifugal force and gyroscopic couple action, determine the pressure on each rail.
[Ans. 4328 N ; 16 704 N]
Each paddle wheel of a steamer have a mass of 1600 kg and a radius of gyration of 1.2
m. The steamer turns to port in a circle of 160 m radius at 24 ki / h, the speed of the
paddles being 90 r.p.m. Find the
magnitude and effect of the gyroscopic couple acting on the steamer. [Ans.
905.6 N-m]

The rotor of the turbine of a yacht makes 1200 r.p.m. clockwise when viewed from
stern. The rotor has

a mass of 750 kg and its radius of gyration 1s 250 mm. Find the maximum gyroscopic
couple transmit-ted to the hull (body of the yacht) when yacht pitches with maximum
angular velocity of 1 rad /s. What is the cffect of this couple ? |Ans. 5892 N-m]






UNIT-1 FORCE ANALYSIS

Part-A(2 Marks)

1. Write D’Alembert’s principle. What is the use of it? (AU - APRIL/MAY-2011)

D'Alembert's principle states that the inertia forces and torques, and the external forces

and torques acting on a body together result in statical equilibrium. Use (or) Application (or)
significance:

By applying D’ Alembert’s principle to a dynamic analysis problem, we can reduce it into an

equivalent problem of static equilibrium.

2. Distinguish between static force and inertia force. (AU - MAY /JUNE -2013)

*  While analyzing the mechanism, if mass of the body and inertia force are not
considered, then it is called static force.

» The inertia force is an imaginary force, which when acts upon a rigid body, brings it
in an equilibrium position.

Inertia force = - Acceleration force=-m. a

3. What are the conditions for a body to be in equilibrium under the action of (a) two

forces, (b) two forces and torque (AU - MAY /JUNE -2012)

a) Condition for two forces:
* The forces are of the same magnitude.
* The forces act along the same line.
* The forces are in opposite direction.

b) Condition for two forces & Torque:
* The forces are equal in magnitude, parallel in direction and opposite in sense.
* The forces from a couple, which is equal and opposite to the applied torque.

4. What is engine shaking force? (AU - MAY /JUNE -2013)

The force produces in an engine due to the mass of piston, and mass of the connecting
rod 1s called engine shaking force.

5. Differentiate between static & dynamic equilibrium. (or) What are the conditions for a

body to be in static and dynamic equilibrium? (AU-NOV/DEC-2007)

Necessary and sufficient conditions for static and dynamic cquilibrium arc:

1.Vector sum of all the forces acting on a body is zero.

2. The vector sum of all the moments of all the forces acting about any arbitrary point or axis
is zero.

First conditions are sufficient conditions for static equilibrium together with second condition
is necessary for dynamic equilibrium.

6. What is free body diagram? (AU- APRIL/MAY -2005)

A free body diagram is a sketch of the isolated or free body which shows all the
pertinent weight force, the externally applied loads, and the reaction from its supports
&connections acting upon it by the removed clements.



10.

11.

Define piston effort and crank effort. (AU-NOV/DEC-2012)

* Piston effort is defined as the net or effective force applied on the piston, along the line
of stroke. It is also known as effective driving force (or) net load on the gudgeon pin.

* Crank effort is the net effort (force) applied at the crank pin perpendicular to the crank,
which gives the required turning moment on the crankshaft.

Define crank pin effort.  (AU-NOV/DEC-2006)
The component of force acting along connecting rod perpendicular to the crank is known
as crank-pin effort.

What are the requirements of an equivalent dynamical system? (or) Write the conditions
for any disturbed mass have the same dynamical properties.
(AU-NOV/DEC-
2013) 0 The mass of the rigid body must be equal to the sum of masses of two
concentrated masses.
iee.ml+m2=m

O The centre of gravity of the two masses must coincide with the centre of gravity of the rigid
body.
i.e. m111 = m212

0 The sum of mass moment of incrtia of two masscs about their centre of gravity is
equal to the mass moment of inertia of the rigid body.
2
ie.11.12 = (kG)

What is the function of a flywheel? how does it differ from that of a governor?

(AU-NOV/DEC-
2012) O The function of flywheel is to reduce the fluctuations of speed during a cycle
above and below the mean value for constant load from prime mover. The function of
governor 1s to control the mean speed over a period for output load variations.

+  Flywhcel works continuously from cyclc to cycle. Governor works intcrmittently, i.c. only
when there is change in the load.

* Flywheel has no influence on mean speed of the prime mover. Governor has no influence
over cyclic speed fluctuations.

Differentiate between the usage of flywheel in engines and punching presses with turning

moment diagrams. (AU- APRIL/MAY -2011)

* In the engines, the output of the flywheel was constant and input torque was varying during
each cycle.

+ In casc of punching prcss, the input of the flywheel is constant and output torquc is varying
cyclically.



12. Define coefficient of fluctuation of energy. (AU-NOV/DEC-2010)

It is the ratio of maximum fluctuation of energy to the work done per cycle.
Ci=Maximum fluctuation of energy/Work done per cycle.

13. Why flywheels are needed in forging and pressing operations? (AU- APRIL/MAY -2005)

In both forging and pressing operations, flywheels are required to control the variations in speed
during each cycle of an engine.

14. Define unbalance and spring surge? (AU- APRIL/MAY -2003)

Unbalance: A disc cam produces unbalance because its mass is not symmetrical with the axis of
rotation.

Spring surge: Spring surge means vibration of the retaining spring.

15. Define windup. What is the remedy for camshaft windup?

« Twisting effect produced in the camshaft during the raise of heavy load follower is called
as windup

+ Camshaft windup can be prevented to a large extend by mounting the flywheel as close as
possible to the cam.

Part-B

1. (i) Derive the equation of forces on the reciprocating parts of an engine, neglecting the
weight of the connecting rod. (12) (AU-NOV/DEC-2013)

The various forces acting on the reciprocating parts of a horizontal engine are shown in Fig.
The expressions for these forces, neglecting the weight of the connecting rod, may be derived as
discussed below :

1. Piston effort. It is the net force acting on the piston or crosshead pin, along the line of stroke. It
is denoted by Fprin Fig.
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Fig. Forces on the reciprocating parts of an engine.

Let HIR = Mass ol the reciprocaling parls, e.g. piston, crosshead pin or
gudgeon pin cte.. in kg, and



WR = Weight of the reciprocating parts in Newton — mr g

We know that acceleration of the reciprocating parts,

» o f cos 28|
iy =tp =10 .r" oos B |
\ n {

Accelerating force or inertia force of the reciprocating parts,

2 cos X
. F =gty = Mg 1| cos B =

Therefore.
Piston effort, Fp = Net load on the piston £ Inertia force
= .F1 - F] (Neglecting fnctional resistance)
= F,_ - r, - R, ~tConsidering frictional resistance)
where R, = Frictional resistance.
The —ve sign is used when the piston is accelerated. and +ve sign 1s used when the piston is
retarded,

In a double acting reciprocating steam engine, net load on the piston.
F
where P+ A = Pressure and cross-sectional area on the back end side of the
piston,

=p A =-psA=p A -p A —a)

P-- A, = Pressure and cross-sectional area on the crank end side of the
piston,
a = Cross-sectional area of the piston rod.
2.Force acting along the connecting rod. 1t is denoted by Fo in Fig. 15.8. From the gcom-ctry of the
figure, we find that

'p
Fi b
Q™ cos @

We know that  cos @=

A, Thrust on the sides of the cylinder walls or normal reaction on the gride bars. 1t is
denoted by F in Fig. 13,8 From the figure, we find that

FOFpsine O FPOsing O Fplang ..ie, FpO— FPcos @ cos@



4. Crank-pin effort and thrust on crank shaft bearings.

The force acting on the connecting rod Fo may be resolved into two components, one
perpendicular to the crank and the other along the crank. The component of Fg perpendicular to the
crank is known as crank-pin effort and it is denoted by Frin Fig. 15.8. The component of Fg along the
crank produces a thrust on the crank shaft bearings and it is denoted by Fp in Fig. 15.8. Resolving F
perpendicular to the crank,

_ F, sia B+ )
Crank effunl, r=FRxr=-t————Xr
os
Fp (s1in B cosd + cos B s 0)
= xXr
cos §
| su ()
-~ Ip|smn® | cos B %7
! cos ¢
=F;(sin 8 + ccs B tan §) ¥ 7 -7}
Weknow that/sind = s €
: r s € { {
aub=—sm A= T H—-—
n \ r
—
2 sin~ B 11 5 3
aned cos §=4J1 sm:o=.J. =—yn~ s 0
e n
smd zmb n sin b
tam @ = - = N =
cus O 1 Jro sin™H Jr;‘ sin” @

Substruting the value of tan ¢ 1n equation (7), we have crank cffort.

= cos O sm 6
T=FE|sM0+ 77— |x»
’ 7 sm- 0
o sin 26
—F, xp( 80 0+ ———— .
: 2\u" — s~ 0 =4

(" 2 cos Bsm B=sm 26)
F OF sin(@0¢@)0 £PO sinB (0¢)
roou cos ¢

and resolving Fy along the crank,
F
F OF cos(80¢)0 T o cos@(0@)
B8 cos @

5. Crank effort or turning moment or torque on the crank shaft. The product of the
crankpin cffort (Fr) and thc crank pin radius (r) is known as erank effort or turning moment or
torque on the crank shaft. Mathematically,

1 (ii) What is turning moment diagram and draw it’s for four stroke IC engine? (AU-
NOV/DEC-2013)



The turning moment diagram is the graphical representation of the turning moment (T) for
various position of the crank (0),
A turning moment diagram for a four stroke cycle internal combustion engine is shown in

Fig. We know that in a four stroke cycle internal combustion engine, there is one working stroke
after the crank has turned through two revolutions, i.e. 720° (or 4 ©t radians).
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Fig. Turning moment diagram for a four stroke cycle internal combustion engine.
2. The crank and connecting rod of a petrol engine, running at 1800 r.p.m.are 50 mm and

ing parts is 1 kg. At a point during the power stroke, the pressure N/mm?, when it has
moved 10 mm from the inner dead centre. Determ the gudgeon pin, 2. Thrust in the

connecting rod, 3. Reaction betw cylinder, and 4. The engine speed at which the above
values b

NOV/DEC-2011)

200 mm respectively. The diameter of the piston is 80 mm and the mass of the reciprocaton

Solution. Given : N = 1800 r.p.m. or ® = 2z x 1800/60 = 188.52 rad/s ; r =50 mm = 0.05 m; / =
200 mm ; D =80 mm ; mr=1kg;p=0.7N/mm?; x =10 mm



1. Vet load on the gndgeon pin

We know that loac on the piston.
] =§p?xp =Ex(so)-’ x0.7=350N

¢ /J-'——"'H_\‘
% ® T_ _??0,_“:—:2-" "’_,?(\ s0mm )
n__h-_—i'_‘-_;:_____f:i__c' kil

FP LoC | o

\ /

\ /
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Fig. 15.10

When the piston has moved 10 mm from the inner dead centre. f.e. when 2= 10 mm the
crank rotates from OC, to OC throuzh an angle 6 as showninFig 1510,

By measwmemnent, we find that '8 — 337,
We know that ratio of lengths of conneenng rod and crank.
n — Lr—200/50 —1
ard nertia force on the reciprecanng parts.,
( cos 20

Fro=ms s =m‘g-mz.r cos 9+
\ n




=1 (188.52)* x 0.05( cos 33° + 5 66" ]: 1671 N
3

We know that net load on the gudgeon pin,

Fy = F, — F; =3520 - 1671 = 1849 N Ans.

2. Thrust in the connecting rod

Let p = Angle of inclinanon of the connecung rod to the line of
stroke
Wik A s S sin B ‘.m 33° & 0.5446 — 0.1361
m R 4
o = 7.82°
We kucm that thrust in the connecting rod.
F; 1849 o
Fo=—0" =1866.3N Ans.

cos q; cos 7.82°
Y. Reacnion berween the piston and cylinder
We know that reaction between the piston and cylinder.

Fyy =Fp tan ¢ =1849 tan 782° =254 N Ans.

4. Enugme speed ar which the above values will become zere

A little consideration will show that the above values will become zero. if the mertia force on

the reciprocating parts (£7) 15 equal to the load on the piston (£ ). Let ®, be the speed in rad/s, at
which /i — F .

A

- 20 )
ms (0)1)' J"c059+ COS;? ]——-D‘ X p

oS

1 (e)* X 0.03 (cos 330 4 “’"4“ ]:%x 802 x07 or 0047 (@) =3520
(@,)* =3520/0.047 = 74 894 or , = 273.6 rad's
*. Corresponding speed inrpm .

N,=273.6%60/2n=2612rpm. Ans
3. The crank and connecting rod lengths of an engine are 125 mm and 500 mm respectively.
The mass of the connecting rod is 60 kg and its centre of gravity is 275 mm from the crosshead
pin centre, the radius of gyration about centre of gravity being 150 mm.
If the engine speed is 600 r.p.m. for a crank position of 45° from the inner dead centre,
determine, using Klien’s or any other construction 1. the acceleration of the piston; 2. the
magni-tude, position and direction of inertia force due to the mass of the connecting rod.
(AU-APR/MAY-2011)



Sohution. Griven : »— OC — 125 mm : 7 — PC — 500 mm; m. — 60 kg : PG — 275 mm :
m.=60kg: PG=TT5mm k_=150mm : N=600rpm orm="2rx 600/60 =67 §4 rad/s -0 =45°
1. Acceleration of the pision

Let ap = Acccleration of the piston.

First of all, draw the configuration diagram OCP. as shown in Fig 15 24, 10 some suitable
scalc. such that

OC=r=125mm : PC=7/=500mm : and 6 = 45°
Now, draw the Klien’s acceleration diagram QCQON, as shown in Fig, in the same manner as
already discussed. By measurement,

NO=90mm=0.09m
Acceleration of the piston,

ar =97 x NO = (62.84)" x 0.09 =355.4 m/s Ans.
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2. The magnitude, position and direction of inertia force due to the mass of the connecting rod
The magnitude, postition and direction of the inertia force may be obtained as follows:

(i) Replace the connecting rod by dynamical equivalent system of two masses, assuming that one
of the masses is placed at P and the other mass at D.

(i) Locatc the points G and D on NC which is the acccleration image of the conncecting rod. Let
these points arc g and d on NC. Join gO and dO. By mcasurcment, gO = 103 mm = 0.103 m

Acceleration of G, ac=® > x g0, acting in the direction from g to O.
(iii)  From point D, draw DFE parallel to dO. Now E is the point through which the inertia force of the

connecting rod passes. The magnitude of the inertia force of the connecting rod 1s given by F¢ = mc X

® 2% g0 =60 x (62.84) > x 0,103 = 24 400 N = 24.4 kN Ans.



(iv)  From point £, draw a line parallel to gO, which shows the position of the inertia force of the
connecting rod and acts in the opposite direction of g¢O.

4 (i) A connecting rod is suspended from a peint 25 mm above the centre of small end, and 650
mm above its centre of gravity, its mass being 37.5 kg. When permitted to oscil-late, the time
period is found to be 1.87 seconds. Find the dynamical equivalent system constituted of two
masses, one of which is located at the small end centre,

(AU-APR/MAY-2010)

Salution. Given : h=650mm =0.65m ;/, =650 -25=625mm
=0.625m:m=3?5kg‘rp=1_875 25 mm
J' : Small end

First of all, let us find the radius of gyration (k) of the connect- ) _
ing rod (considenng it 1s a compound pendulum), about an axis passing 7 .

through 1ts centre of gravity, G. A\ ’ /
We know that for a compound pendulum, time period of |
oscillation (1)), i
. l
4 ;. r . h J ' [
*+ i 87 )’ + (0.65)° k1
187 =2x Ge) ¥ or Lx = (k) +(06_} | |
gh 2r 981 x 065 |
Squanng both sides, we have ! .
2 < YVv¥.lc
- 4225 A T
0.088s = Ke) +04 I 1
638 -1 3
(kg)® = 0.0885 x 6.38 — 0.4225 = 0.1425 m’ 1
ke=037Tm --.'__.:_,._A_
Big end ' -
It 15 grven that one of the masses 1s located at the small end centre. Ml
Let the other mass 1s located at a distance /, from the centre of gravity G, "
as shownm Fig 1519 We know that, for a dynamucally equivalent system Fig. 1518
I 1y = (ko) m, m,
| |
k)  0.1425 | r
w20 =028 m E . -, DL L .1
h 0.625 ! A } B
| |
Let  m, =Mass placed at the small end T g o
centre 4. and
Fig. 1519

m., = Mass placed at a distance /, from

G ie atB
'e know that. for a dynanucally equivalent system.

hL.m 0228 x 375

< A _ =10
""L+h 0625+0228 kg Aus.

s e
i my o b O625%315 o an

2T L +1, 0625+0228




4(ii) The turning moment diagram for a multicylinder engine has been drawn to a scale 1
m m = 600 N-m vertically and 1 m m = 3° horizontally. The intercepted areas between the output
torque curve and the mean resistance line, taken in order from one end, are as follows :

+52, - 124, + 92, — 140, + 85, — 72 and + 107 m m?%, when the engine is running at a speed
of 600 r.p.m. If the total fluctuation of speed is not to exceed £ 1.5% of the mean, find the
necessary mass of the flywheel of radius 0.5 m. (AU-MAY/JUNE-2012)

Solution. Given : N=600r.p.m. oro=27x600/60=6284rad/s;R=05m

W
A1 e
CRid

—Tarilr g nutesrt —

Cran4 angls —m
Since the total fluctuation of speed is not to exceed O 1.5% of the mean speed,

therefore w 1 — W 2= 3%, w=0.03 w



and coefficient of fluctuation of speed,

-,
c =272 _003
. ©
The turning moment diagram 1s shown m Fig. 16.7.

Smce the turming moment scaleis 1 mm = 600 N-m and crank angle scale 1s 1 mun = 3°
=3 x n/180 = nt/ 60 rad, therefore

1 mm? on turning moment diagram
=600 = w/60=3142 N-m
Let the total energy at 4 = E. then refernng to Fig. 16.7,
Energyat B =E+ 352 (Maximum energy)
Energyat C =E+52—-124=E-T72
Energyat D =E-T72+92=E+ 20
Energyat E =E+20-140=E-120 AMinimum energy)
Energyat F =E~120+85=E-35
Energvat G =E-35-72=E-107
Energyat H = E—- 107+ 107 =E =Energyat 4
We know that maximum fluctuation of energy,
A £ = Maximum energy — Mimmum energy
=(E+52)-(E-1200=172=172 x 31.42= 5404 N-m
Let m = Mass of the flywheel in kg
We know that maximum fluctuation of energv (A E ).
5404 =m R:_m:_CS =m % (0.5) x (62.84) x 003 =296m

m=>5404/296=183 kg Ans.
. 5 A

shaft fitted with a flywheel rotates at 250 r.p.m. and drives a machine. The torque of machine
varies in a cyclic manner over a period of 3 revolutions. The torque rises from 750 N-m to 3000
N-m uniformly during 1/2 revolution and remains constant for the following revolution. It
then falls uniformly to 750 N-m during the next 1/2 revolution and remains constant for one
revolution, the cycle being repeated thercafter.

Determine the power required to drive the machine and percentage fluctuation in speed,
if the driving torque applied to the shaft is constant and the mass of the flywheel is 500 kg with
radius of gyration of 600 m m. (AU-MAY/JUNE-2013)

Solution. Given : N = 250 r.p.m. or w = 21 x 250/60 = 26.2 rad/s ; m = 500 kg ; £ = 600 mm =
0.6 m

The turning moment diagram for the complete cycle is shown in Fig.



We know that the torque requured for one complete cycle
= Area of figure OABCDEF

= Area OAEF + Area ABG + Area BCHG + Area CDH

=0and+%xAGxBG+GHxCH+%xHDxCH

=6rx 750 +-;—xz(3000—750)+2x(3000-750)
+%x ®(3000 — 750)

=11250nN-m 4D
IfT,, ., 1s the mean torque in N-m. then torque required for one complete cycle
=T e X 6T N-m (i)

From equanons (7) and (if),
=11250x/6n=1875N-m

T-ﬂl

— Turning moment (N=m)




Power required fo drive die machine
We know that power required to drve the machine.
P=T n*0=1R7T1x267=49 1279W=49 125 kW Ass
Cocfficient of fluetuation of speed

Let C; = Coefficiemt of flucraation of spead.
First otall letus find the valies of /.M and NP From smlar triangles AB(GGand B1. M
IM DBM LM 300C - 1875

16°-"180 " =z " 3000 — 750 05 o LM=05n
Now, fivm sumlar wiangles CHD aud CNP.

NP _CN NP _3000 1875
HD CH n 3000 - 750

=05 or NP=05m

BM = CN=3000—-1875=1125N-m

Since the area above the mean tarque line represents the maximum fluctuation of energy.
therefore, maxamum fuctnation ot en=srgy.

AR = Area LECP= Area LBEM -+ Arsa MBUN+ Area PNC

:%XT..MK BM + MN x BRM +%X NP x CN

1 1
=—X05mx1125 + 2r x 1125 + = x 0.5T x 1125

e

=8837 N-m

Wz know that maximum fluctuation of energy (A E).

883/ = mF2@Co =500 x (U.6)% x (26.2)* x =123 539 C

8837
123559

S = 0.071 Ans.
6. A single cylinder, single acting, four stroke gas engine develops 20 kW at 300 r.p.m. The
work done by the gases during the expansion stroke is three times the work done on the
gases during the compression stroke, the work done during the suction and exhaust strokes
being negligible. If the total fluctuation of speed is not to exceed = 2 per cent of the mean
speed and the turning moment diagram during compression and expansion is assumed to
be triangular in shape, find the moment of inertia of the flywheel.
(AU-NOV/DEC-2013)
Solation. Given: P=20kW=20x 10" W N=300rpm or ©=2x > 300/60=3142 rad’s
Smice the wial fuciuation of speed (0, — m,) 18 not o exceed = 2 pa cent of the wean speed
(). therefore

o —w, —4% w

and ceefficient of fluctuation of speed.



The turning moment-crank angle diagram for a four stroke engine is shown in Fig. It is assumed

to be triangular during compression and expansion strokes, neglecting the suction and exhaust
strokes.

We know that for a four stroke engine, number of working strokes per cycle,
n=N2=300/2=150

. Work done/cycle =P x 60/n =20 = 10° x 60/150 = 8000 N-m ()]

 — Tuming mement —»

<A Sucuor > i€ Compression >

< Expansion b« Extaust P

Crank ange ——»

Since the work done during suction and exhaust strokes is negligible. therefore net work
done per cycle (during compression and expansion strokes)

W W =W e 2 W
=2 L S I TR -~ (W Wg=3Wg) ..
Equarting equations (/) and (/7), work done duning expansion stroke,
Wy = 8000 x 3,2 =12 000 N-m

We know that work done during expansion stroke (#5).

12 000 = Area oftrianp.lmiBC:_—ixBCxAG:%xnxAG
AG =T, =12000 < 2/n="7638 N-m

and mean turning moment,
T - FG = Work done/cycle " 8000
A Crank angle/cycle  4n
.. Excess turning moment.

T_.. =AF=AG-FG=7638-637=7001N-m

=637 N-m



Now. from stmular tnangles ADE and ABC,

DE AF y 0
— or DE:ixB(‘j‘:z—?—l-xn:lESrad
BC AG AG 7638

Since the area above the mean tuming moment line represents the maximum fluctuation of
energy, therefore maximum fluctuation of energy,

AE = Area of .l.iDE=%XDE><.{F=éx2.88x7001=100811§-m

Let 1= Moment of mertia of the flvwheel 1 kg-m? _

We know that maximum fluctuation of energy (A E),
10 081 = f.(t):.C'S =I%x(3142)x004=3951
= 10081/ 39.5=2552kg-m’ Ans.

7. The turning moment curve for an engine is represented by the equation, T = (20 000 + 9500 sin
20 — 5700 cos 20 ) N-m, where 0 is the angle moved by the crank from inner dead centre. If the
resisting torque is constant, find: 1. Power developed by the engine ; 2. Moment of inertia of

2 flywheel in kg-m , if the total fluctuation of speed is not exceed 1% of mean
speed which is 180 r.p.m; and 3. Angular acceleration of the flywheel when the crank has turned

through 45° from
inner dead centre. (AU-NOV/DEC-2012)

Solution. Given : 7= (20 000 + 9500 sin 28 — 5700 cos 20 ) N-m ; N = 180 r.p.m. or W
=211 x 180/60 = 18.85 rad/s
Smce the total fluctuation of speed (®, — ®,) 1s 1% of mean speed (w). therefore coefficient
of flucruation of speed.
W, —

o =1 2 _10=D01
w

1. Power developed by tire engine
We know that work done per revolution

2n n

= [ 1d€= [ (20000 + 9500sin 28 — 5700cos 2€) q©
G 0

[0 0000 _ 95%0c0s26 _ 5700sin20 '™

B3 2 2§

=20 000 x 71 =40 000 = N-m

and mean resisting torque of the engine.

r = Work done per revolution 40 (00
e 2l n -~ 2x

= 20000 N-m

We know that power developed by the engine
=T, - ©®=20000 x 18.85=377 000 W= 377 kW Ans.



2. Momen: of tnertin of the flinvheel
Let I = Moment of inertia of the flvwheel in ka-m?.

The tuming moment diagram for one stroke (7. half revolution of the crankshaft) 1s shown
in Fig. 16.13. Since at points B and D the terque 2xerted on the crankshaft is equal to the mean
resisting torque on the flywheel therefore.

E Sy 4EEIN
20 000 + 9300 s1n 28 — 5700 cos 20 — 20 QDO
or 0500 s1n 28 — 3700 cos 20

tan 28 — sin 28/cos 20 — 5700/9500 — 0.6
20 =31 @~155"
8 — 15.5° and 0, — 90° +15.5° - 105.5°

C
& =
E A =N F
= ‘|B b .":21_‘::::':_:';';‘::::::‘:::_‘-'
g : : o _E |
= y | | \ I
& , : | |
'E ' | : I :
| : 4 : I
0 & 45° 80° 8, 135° 180°
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Maximum flucmarion of ensrey.
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D

10237
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We know that maximum fluctuation of energy (A E),
11078 =1 ?.Cs=1x(18.85)2x0.01 =3.55/

/=11078/3.55 = 3121 kg-m” Ans.
3. Angular acceleration of the flywheel Let a = Angular
acceleration of the flywheel, and 6 = Angle turned by the

crank from inner dead centre = 45°

The angular acceleration in the flywheel is produced by the excess torque over the mean torque.



We know that excess lorque al any instant,

Texcess ~ T~ Tmean

= 20000 + 9500 sin 26 — 5700 cos 26 — 20000

= 9500 sin 20 — 5700 cos 20
~ Excess torque at 45° = 9500 sin 90° — 5700 cos 90° =9500 N-m . . . (i) We

also know that excess torque

=lLa=3121xa ... (i)
From equations (i) and (ii), a =

9500/3121 = 3.044 rad /s* Ans.

8(i) A punching press is driven by a constant torque electric motor. The press is provided with a
flywheel that rotates at maximum speed of 225 r.p.m. The radius of gyration of the flywheel is
0.5 m. The press punches 720 holes per hour; each punching operation takes 2 second and
requires 15 kN-m of energy. Find the power of the motor and the minimum mass of the flywheel
if speed of the same is not to fall below 200 r. p. m.

(AU-MAY/JUNE-2012)



Solution. Given N} = 225 rpm: k= 0.5m : Hole punched =720 perhr; E; =15kN-m
=15x 10°Nm: N, =200 rpm.
Power of the motor
We know that the total energy required per second
= Energy required / hole x No. of holes /s
=15 x 107 x /20/3600 = 3000 N-m/s
.. Power of the motor = 3000 W = 3 kW Auns. (o I1N-ms=1W)
Minzinmum mass of the flynwheel

Let m = Mimmum mass cf the flywhezl.
Since cach punching operation takes 2 scconds. therefore cnergy supplicd by the motor 1n 2
seconds

E, =3000x 2=6000 N-m
. Energy to be supplied by the flywheel dunng punching or maximum fluctuation of energy.
AE = E; — E, =15 x10° — 6000 = 9000 N-m
Mean speed of the flvwheel,

¢\" - . J\r\ JJ:“ - 200
N=- e - =2125rpm

We know that mam:uu.;.l fluctuation ;f energy (AE),

9000 = L X rr}_ﬁ‘:.‘\'{.\rl -N5)
900 ;

-

205 %™ (0.5) x2125%(225—200) = 14565 m

m =9000/14.565 = 618 kg Ans.

8 (ii) A punching press is required to punch 40 mm diameter holes in a plate of 15 mm
thickness at the rate of 30 holes per minute. It requires 6 N-m of energy per mm? of sheared area.
If the punching takes 1/10 of a second and the r.p.m. of the flywheel varies from 160 to 140,
determine the mass of the flywheel having radius of gyration of 1 metre.

(AU-APR/MAY-2011)

Selution. Given: d = 40 mm; ¢/ = 15 mm; No. of holes = 30 per min.; Encrgy required = 6
Nm/mm?; Time = 1/10 s = 0.1 s; N1 = 160 r.p.m.; N2= 140 r.p.m.; £ = Im We know that sheared area
per hole

O d.:01mw0400 150 1885 mm?
~ Energy required to punch a hole,
E1=6x1885=11 310 N-m and cncrgy
required for punching work per second
= Energy required per hole x No. of holes per second
=11310 x 30/60 =5655 N-m/s

Since the punching takes 1/10 of a second, therefore, energy supplied by the motor in 1/10
second,



E>=15655x1/10=565.5 N-m
~ Energy to be supplied by the flywheel during punching a hole or maximum fluctuation of
energy of the flywheel,

AEDOE - E2011 310- 565.50 10 744.5 N-m



UNIT-11 BALANCING Part-A(2 Marks)

Write the importance of balancing?

If the moving part of a machine are not balanced completely then the inertia forces are set up
which may cause excessive noise, vibration, wear and tear of the system. So balancing of machine
1S necessary.

Why rotating masses are to be dynamically balanced? (or) Why balancing of dynamic forces
is necessary? (AU-NOV/DEC-2008)

If the rotating masses are not dynamically balanced, the unbalanced dynamic forces will cause
worse effects such as wear and tear on bearings and excessive vibrations on machines. It is very
common in cam shafts, stcam turbine rotors, engine crank shafts, and centrifugal pumps, etc.

Differentiate: static and dynamic balancing. (AU-NOV/DEC-2012)
S.No Static Balancing Dynamic Balancing

. ; Th t amic fi th t
The net dynamic force acting on the R IR Gynaniic (ete gk UG I

1 Shafisequalito zero couple c!ue to the dynamic force is
equal to zero.

_ . : It deals with balancing of dynamic

2 It deals only witly balancing or force and balancing of couple due to

dynamic forces.

dynamic forces.

Why is only a part of the unbalanced force due to reciprocating masses balanced by revolving
mass? (Or) Why complete balancing is not possible in reciprocating engine?
(AU-NOV/DEC-2009)
Balancing of rcciprocating masscs is donc by introducing the balancing mass opposite to the
crank. The vertical component of the dynamic force of this balancing mass gives risc to “Hammer
blow”. In order to reduce the Hammer blow, a part of the reciprocating mass is balanced. Hence
complete balancing is not possible in reciprocating engines.
Can a single cylinder engine be fully balanced? Why? (AU-NOV/DEC-2011)

No. A single cylinder engine can’t be fully balanced. Because the unbalanced forces due to

reciprocating masses remains constant in magnitude (because of variation in 6).
‘What are the effects of hammer blow and swaying couple?

+ Thc cffcct of hammer blow is to causc the variation in pressurc between the wheel and the rail,
such that vehicle vibrates vigorously.

* The effect of swaying couple is to make the leading wheels sway from side to side.

List the effects of partial balancing of locomotives? (AU-NOV/DEC-2010)

* Variation in tractive force along the line of stroke,
»  Swaying couplc, and
*  Hammer blow

Define tractive force. (AU-APR/MAY-2010)

The resultant unbalanced force due to the two cylinders along the line of stroke is known
as tractive force.



9. What is swaying couple?
The unbalanced force acting at a distance between the line of stroke of two cylinders,
constitute a couple in the horizontal direction. This couple is known as swaying couple.

10. Define hammer blow with respect to locomotives? (AU-NOV/DEC-2013)
The maximum magnitude of the unbalanced force along the perpendicular to the line of
stroke 1s known as hammer blow.

11. State the conditions for static and dynamic balancing? (or) Write the condition for complete
balancing? (AU-NOV/DEC-2013)
* The net dynamic force acting on the shaft is zero. This is called as conditions for static
balancing.
+  The net couple due to dynamic force acting on the shaft is zero.

12. What are the condition to be satisfied for complete balance of in- line engine?

* The algebraic sum of the primary and secondary forces must be zero, and
*  The algebraic sum of the couples due to primary and secondary forces must be zero.
13. Whether grinding wheels are balanced or not? If so why?

Yes, the grinding wheels are properly balanced by inserting some low density materials.
If not the required surface finish won’t be attained and the vibration will cause much noise.

14. Differentiate between the unbalanced force caused due to rotating and reciprocating
masses?

»  Complete balancing of revolving mass can be possible. But fraction of reciprocating mass
only balanced.

* Theunbalanced force due to reciprocating mass varies in magnitude but constant in direction.
But in the case of revolving masses, the unbalanced force is constant in magnitude but varies
in direction.

15. Unbalanced effects of shafts in high speed machines are to be closely looked into — Why?
(AU-MAY/JUNE-2013)
The dynamic forces of centrifugal forces or a result of unbalanced masses are a function the
angular velocity of rotation.
16. Write a note on the effect of firing order on balancing of reciprocating mass in
multicylinder engines. (AU-APR/MAY-2011)
In multi-cylinder engines, there are several possibilities of the order in which firing takes place.
To overcome the problem of vibrations, fuel distribution, exhaust distribution, etc., the designers
are selecting different firing orders.

17. Two masses in different planes are necessary to correct the dynamic unbalance — Justify.
(AU-MAY/JUNE-2012)
» If the balancing mass and disturbing mass lie in different planes, disturbing mass cannot be
balanced by a single mass as there will be a couple left unbalanced.

* Insuch cases, at least two balancing masses are required for complete balancing and the three
masses are arranged in such a way that the resultant force and couple on the shaft are zero.



PART-B

1. A shaft has three eccentrics, each 75 mm diameter and 25 mm thick, machined in one piece
with the shaft. The central planes of the eccentric are 60 mm apart. The distance of the centres
from the axis of rotation are 12 mm, 18 mm and 12 mm and their angular positions are 120°
apart. The density of metal is 7000 kg/m?. Find the amount of out-of-balance force and couple
at 600 r.p.m. If the shaft is balanced by adding two masses at a radius 75 mm and at distances
of 100 mm from the central plane of the middle eccentric, find the amount of the masses and
their angular positions. (AU-MAY/JUNE-2013)

Solution. Given D=75mpm =007 m /=23 mm=0023m 7= 20m=0012m
g =18 om =001Bm:7,=12 mm = 0012 om : P = 700C l:gfm‘t
w= 2~ GOVO0 — 67 84 radlls =y 5w = 0075 m

We know that masc of each eccentric,

N =600 cpm. or

m

n 1
o~ g — e — Volume > Density — —* D' Xrxp

— "(0.075)°(0.025)7000 = 0.77 kg
4

Let L and M be the planes at distances of 100 mm from the central plane of middle eccentric. The position
of the planes and the angular position of the three eccentrics is shown in Fig. 21.12 (a) and ()
respectively. Assuming L as the reference plane and mass of the eccentric 4 in the vertical direction, the
data may be tabulated as below :

Plane Mass Radins Cent, force (JJ ustance from Cenple W
(m) kg {r) m fm.r) kg-m plare L.(I)m fan.2.d) It_g-m"
f7) (2) (1) (e (%) ()
LR Ty 0.075 75 %107 my 0 D
4 077 0.C12 224 % 1073 0.04 0.3626 » 107
.77 0C1s 1386 ¥ 10° 0.1 1336 x 103
c 077 0.C12 2.24 = 107 0.16 1.4734 ~ 1073
M My 0L 5> 1077 my, 0.2 LS % 1077

hirof~balance force

1he out-of-balancc force 15 obtawncd by drawing the force polygon. &5 shown mn Feg. 21.12
(€). from the datz given 1 Tabl= 21.6 (column 4). The rzsuliant ac represents the out-of-balance

torce. 1 @mm
|
|
|
| 75
|
HE ,
Aty ; hve il o | A
L A (B = W a0
b o
| | o
| ) 120%™\ 120°
le— g0 —s}e—60—>] ] 12,@ .18
——100—+{e— 100 —+| 12¢¢

-
All dimegsicns in mm @m.
() Posihim of planes (77 Angula positiem of masses



Since the centrifugal force is proportional to the product of mass and radius (i.e. m.r), therefore
by measurement.

2064
Out-of-balance force = vector oc = 4.75 x 107 kg-m

=475 x 1073 x w2=4.75 x 1073 (62.84)*= 18.76 N Ans.

)
a N %
| ; a-
& 0! -
A 4 Balancing couple Sb' a
b : . 'Y -
 a : Out-of-balance L < b
o = -~ T couplo pe ] > l "
. ; o _
c F
el
Outanferalance &
force
0a =9.24x10~ v ¢’ =03696x107 ca=924x10""
ab—13.86x%107 a ¥ —1.386x10" ab—1386x10"
be=0.24x10" e =14784x107 be=924x1¢"
cd =T75% 10_3my_{
(r) Force polygon (d) Cougle polygon (e) Force polygon

Fig 21.12
Out-of-balance couple

The out-of-balance couple is obtained by drawing the couple polygon from the data given in Table 21.6 (column
6), as shown in Fig. 21.12 (d). The resultant o ' ¢’ represents the out-of-

balance couple. Since the couple is proportional 1o the product of [orce and distance (m.r.1}, there-lore by measurement,

Out-of-balance couple = vector o'c’ = 1.1 x 10~ kg-m’
=1.1x107 x @’ =1.1x107(62.84)* = 434 N-m Ans.
Amount of balancing masses and their angular positions

The vector ¢ ' o' (in the direction from ¢"to 0" ), as shown in Fig. 21.12 () represents the balancing
couple and is proportional to 15 x 10 * mp, i.e.

15 x 107 mm = vector ¢ " o' = 1.1 x 107 kg-m?or
mm = 0.073 kg Ans.
Draw OM in Fig. 21.12 (b) parallcl to vector ¢ ' o' . By mcasurement, we find that the angular
position of balancing mass (#m) 1s 5° from mass A4 in the clockwise direction. Ans.
In order to find the balancing mass (mv), a force polygon as shown in Fig. 21.12 (e) 1s drawn.

The closing side of the polygon i.e. vector do (in the direction from d to o) represents the balancing
force and is proportional to 75 x 10 ? m.. By measurement, we find that,

75 x 1073 my= vector do = 5.2 X107 kg-m or m1= 0.0693 kg Ans.

Draw OL in Fig. 21.12 (b), parallel to vector do.
By measurement, we find that the angular position of mass (1) is 124° from mass 4 in the
clockwise direction. Ans.

2.(i) A, B, C and D are four masses carried by a rotating shaft at radii 100, 125, 200 and 150
mm respectively. The planes in which the masses revolve are spaced 600 mm apart and the mass



of B, C and D are 10 kg, 5 kg, and 4 kg respectively.Find the required mass A and the relative
angular settings of the four masses so that the shaft shall be in complete balance.

(AU-NOV/DEC-2012) (8)



Solution. Given : ra=100mm=0.1m; r3=125mm=0.125m ; rc=200mm=02m; rp=
150mm=0.15m ;mp=10kg ; mc=5kg; mn=4kg
1. The position of planes is shown in Fig. 21.10 (a). Assuming the planc of mass 4 as the
reference plane (R.P.), the data may be tabulated as below :

Plane Mate (m) Radins (r;| Cent. Ferce - ,,3 Distance from Conple L,,:
K m (n.rikg-m plave A (hm im.r.i) kg-m’
1) 12} (£ (1) i) (6}
ARD) ™, 21 01m, 0 0
B 10 0125 125 0.5 0.75
C 5 02 1 12 12
D - 0.15 0.¢ 13 1.08

First of all, the angular setting of masses C and D is obtained by drawing the couple polygon
from the data given in Table 21.4 (column 6). Assume the position of mass B in the horizontal direction
OB as shown in Fig. 21.10 (5). Now the couple polygon as shown in Fig.(¢) is drawn as discussed below

1. Draw vector o' #' in the horizontal direction (i.e. parallel to OB) and equal to 0.75 kgm’, to
some suitable scale.

2. From points o' and #', draw vectors o' ¢’ and b’ ¢’ equal to 1.2 kg-m” and 1.08 kg-m?

respectively. These vectors intersect at ¢'.

3. Now in Fig. 21.10 (b), draw OC parallel to vector o' ¢’ and OD parallel to vector b' ¢,
By measurement, we find that the angular setting of mass C from mass B in the anticlockwise

dircction, i.e. £ BOC = 240° Ans.

and angular setting of mass D from mass B in the anticlockwise direction, i.e. £ BOD = 100°
Ans.

In order to find the required mass 4 (ma) and its angular setting, draw the force polygon to
some suitable scale, as shown in Fig. 21.10 (d), from the data given in Table 21.4 (column 4).
Since the closing side of the force polygon (vector do) is proportional to
0.1 ma, therefore by

measurement,

0.1 m=0.7 kg-m? or mA=7 kg Ans.

Now draw OA4 in Fig. 21.10 (# ), parallel to vector do. By measurement, we find that the angular
setting of mass 4 from mass B in the anticlockwise direction, i.e.

£ BOA =155° Ans.
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2(ii) Derives the expressions for the following: (i) Variation in tractive force and (ii) Swaying
couple. (8) (AU-NOV/DEC-2009)

Variation in tractive force
The resultant unbalanced force due to the two cylinders, along the line of stroke, is known as

tractive force. Lct the crank for the first cylinder be inclined at an angle © with the line of stroke, as
shown in Fig. 22.4.
Since the crank for the second cylinder is at right angle to the first crank, therefore the angle of

inclination for the second crank will be (90° +8 ).

Let m = Mass of the reciprocating parts per cylinder, and
¢ = Fraction of the reciprocating parts to be balanced.



= Il—c]mmz.rcose
Similarly, unbalanced force along the line of steke for cylinder 2,
={l- c}mmz -recos(90° 1 6)
=+ As per definiion, te taclive loree
£, = Resultant unbalanced force m o

- “/".

alomp the Hoe ol sinske ! *r «
o ] =9 mu'rcosd
- l-0) me reos® Linn p? 5trxa

Connecting roc =y mo rsin
- - {
| )rﬁ -Canx

8y
1 8o bsind

+ (1 Ame’ 1008007+ 6)

3 Fig. 22 4 Variation of tractive forre.

= (1 e)men” . rlost sind)

We know that unbalanced force along the line of stroke for cylinder |

The tractive foree (s maximum or minimum when (cos 8 sin 8) is maximum or mini
mum. For (cos B —sin §) to be maximum or minimum,

-i[!‘.n'iﬁ-*ﬁiﬂi:l:=ﬂ ur —sin®—cos8—0 v —sinB@-—cosH
do

s tan0——1 or v-135° or 315°
''hus, the tractive force is maximum or minimum when 8 = 1357 or 315°.
. Maximum and minimum value of the tractive torce or the variation in tractive force

—- 1{1=¢) M J(cosi35%—sinl357) = Laf?- (1—0) me® s

The unbalanced forces along the line of stroke for the two cylinders constitute a couple about
the centre line YY between the cylinders as shown in Fig. 22.5.

This couple has swaying effect about a vertical axis, and tends to sway the engine alternately in
clockwise and anticlockwise directions. Hence the couple is known as swaying couple. a = Distance
between the centre lines of the two cylinders.

Lel ¢ = Distanice between the centre Hues ol Qi two cylinders,

s Swaying conple .

1('--r:) m e reosf

l‘?
=il C)!n.w?.rcu:aﬁxz <y :
Line of stroke a I
: : fer einger 1 2
“(=Jmt rcos{90°+6)S  yo—— T lyv 2
Z L re of stroke for| &
. } cylinder 2 2
- li-f}mm‘!,r_xi(r:ne | 5ing) -"' v
. ; . s { -ghm o roos (80°+ 8)
T]il .‘:\\’il)‘"lﬁ I‘.ﬂll]llt' in maxinmnn ar saimnenn when
(cos8+sin®) is mwaxinum or minimuin, For (cost+sing) Fig 22.5 Sway!ng couple.
e maxismmn ar sininm,
* 4 18=—cos®
o (cos® | sinf) =0 or sin8 1cos@=0 or —slnB=-cos
)
tant) =1 or 1—35%° or 225°

Thus, the swaving couple is maximum or minimum when 8 — 45° ar 225°.

», Maximum and minimuim value of the swaving couple
) A a a , . U]
. —c)nlm".rxi(cos 45°+5ind5%) =l — (1 —clmm” r
3. A shaft carries four masses A, B, C and D of magnitude 200 kg, 300 kg, 400 kg and 200

kg respectively and revolving at radii 80 mm, 70 mm, 60 mm and 80 mm in planes measured from
A at 300 mm, 400 mm and 700 mm. The angles between the cranks measured anticlockwise are A



to B 45°, B to C 70° and C to D 120°. The balancing masses are to be placed in planes X and Y.
The distance between the planes A and X is 100 mm, between X and Y is 400 mm and between Y
and D is 200 mm. If the balancing masses revolve at a radius of 100 mm, find their magnitudes
and angular positions. (AU-MAY/JUNE-2012)

Solution. Given : ma= 200 kg ; miz =300 kg ; mc =400 kg ; mp=200 kg ; ra= 80 mm =0.08m

rp=70mm=0.07m;rc=60mm=0.06m ; rp=80mm =008 m ; rx=rvy=100mm=0.1 m
Let mx = Balancing mass placed in plane X, and mv= Balancing mass placed in
plane Y.
The position of planes and angular position of the masses (assuming the mass A as horizontal)

are shown in Fig. 21.8 (&) and (b) respectively.

Assume the plane X as the reference plane (R.P.). The distances of the planes to the right of plane
X are taken as + ve while the distances of the planes to the left of plane X are taken as — ve. The data may
be tabulated as shown in Table 21.2.

Pl e Maw (m) Redivs (v) f"—'rl.",rh.'.':'_._.1: Diddonee from Couple & E):
-‘.‘5‘ hid fuLr) J'r_,"_!!. Plawe T (i d) )'JJ'J:
() 2 (1 (! (5 %)
4 200 003 18 -01 —-16
XR2P) miy 01 0lm, Q 0
B 302 .07 21 0.2 4.2
4 400 .06 24 03 7.2
J Miee 0.1 21y 04 0.04 my
D 203 .08 18 06 25

The balancing masses mx and my and their angular positions may be determined graphi-cally as
discussed below :

1. First of all, draw the couple polygon from the data given in Table 21.2 (column 6) as shown in Fig.
21.8 (¢) to some suitable scale. The vector d ' o' represents the balanced couple. Since the balanced

couple is proportional to 0.04 my, therefore by measurement,



2
0.04 my =vectord' o' =73 kg-m™ or m y=1825kg Ans,
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The angular position of the mass sy is obtained by drawing Omy in Fig. 21.8 (), parallel to vector d ‘o’ .
By measurement, the angular position of sy is 8 v 0 120 in the clockwise direction from mass ma (i.e.

200 kg ). Ans.

2. Now draw the force polygon from the data given in Table 21.2 (column 4) as shown in Fig. 21.8 (d).
The vector eo represents the balanced force. Since the balanced force is proportional to 0.1 mx,

thercfore by measurcment,
0.1 mx O vector eo 0 35.5 kg-m or mx= 355 kg Ans.
The angular position of the mass mx is obtained by drawing Omx in Fig. 21.8 (b), parallel to vector eo.

By measurement, the angular position of mx is 8 x 0 1450 in the clockwise direction from mass ma
(i.e. 200 kg ). Ans.

4. Four masses A, B, C and D as shown below are to be completely balanced.

A | B C D
Mass (kg) — 30 50 40
Radius 180 240 120 150
(mm)




Let

The planes containing masses B and C are 300 mm apart. The angle between planes containing
B and C is 90°. B and C make angles of 210° and 120° respectively with D in the same sense.
Find :
1.  The magnitude and the angular position of mass A ; and
2.  The position of planes A and D. (AU-NOV/DEC-2011)
Solution. Given : ra= 180 mm =0.18 m ; mg=30kg ; re =240 mm = 0.24 m ;
me=50kg;rc=120mm=0.12m ;mp=40kg ; m=150mm=0.15m
£ BOC=90°; 2 BOD=210°; £ COD=120°
1. The magnitude and the angular position of mass A

ma= Magnitude of Mass 4,
x = Distance between the planes 8 and D, and v = Distance between the planes 4 and 5.
The position of the planes and the angular position of the masses is shown in Fig. 21.9 (a) and (b)
respectively.
Assuming the plane B8 as the reference plane (R.P.) and the mass B (sg) along the horizon-tal line as
shown in Fig. 21.9 (b), the data may be tabulated as below :

Plane Wass Radius i ent foree L.;._-: Distance frawm | Couply - .;._-3
{m) ko ir) fwrr) kg-m plave B () m rnLerngr)
i1 2} (& ! {3l 6}
A My 0.18 0.08 m, =y —0.18in, 3
B(RP) 30 0.24 1.2 € 0
C 30 0.12 o] 03 1.8
D 40 U.13 6 X ox

The magnitude and angular position of mass 4 may be determined by drawing the force polygon from
the data given in Table 21.3 (Column 4), as shown in Fig. 21.9 (c¢), to some suitable scale. Since the
masses are to be completely balanced, therefore the force polygon must be a closed figure. The closing

side (i.e. vector do) is proportional to 0.18 ma. By measurement,
0.18 ma= Vector do = 3.6 kg-m or ma=20 kg Ans.
In order to find the angular position of mass A, draw O4 in Fig. 21.9 () parallel to vector do. By

measurement, we find that the angular position of mass 4 from mass B in the anticlockwise

21130
dircction is £ AOB = 236° Ans.

2. Position of planes A and D

The position of planes 4 and D may be obtained by drawing the couple polygon, as shown in Fig.

21.9 (d), from the data given in Table 21.3 (column 6). The couple polygon is drawn as discussed below :

1. Draw vector o' ¢’ parallel to OC and cqual to 1.8 kg-m?, to somc suitable scalc.

2. From points ¢' and o', draw lines parallel to OD and OA respectively, such that they intersect at
point d' . By measurement, we find that

6 x = vector ¢’ &' = 2.3 kg-m?orx=0.383 m



We see from the couple polygon that the direction of vector ¢ " d' 1s opposite to the direction of
mass D. Therefore the plane of mass D is 0.383 m or 383 mm towards left of plane B and not towards
right of plane B as already assumed. Ans.

Again by measurement from couple polygon,
—0.18 ma.y = vector o' d' = 3.6 kg-m?

—0.18x20y=36 ory=—1m
The negative sign indicates that the plane 4 1s not towards left of B as assumed but it is 1 m or 1000

mm towards right of pne 5. Ans.

5. An inside cylinder locomotive has its cylinder centre lines 0.7 m apart and has a stroke of
0.6 m. The rotating masses per cylinder are equivalent to 150 kg at the crank pin, and the
reciprocating masses per cylinder to 180 kg. The wheel centre lines are 1.5 m apart. The cranks
are at right angles.

The whole of the rotating and 2/3 of the recipro-cating masses are to be balanced by masses
placed at a radius of 0.6 m. Find the magnitude and direction of the balancing masses.

Find the fluctuation in rail pressure under one wheel, variation of tractive effort and the
magnitude of swaying couple at a crank speed of 300 r.p.m. (AU-NOV/DEC-2008) Solution. Given
a=07m; s=Ilc=06mor

re=rc=0.3m; m =150 kg, m2=180Kkg; ¢ =2/3; ra=rp=0.6 m; N=300 r.p.m. or w

0 200 300/ 60 = 31.42 rad/s

We know that the equivalent mass of the rotating parts to be balanced per cylinder at the crank
pin,

m=mp=mc=m +cnm=150+2x180=270kg

Magnitude and direction of the balancing masses Let ma and mp= Magnitude of the
balancing masses 8 A and 8 p= Angular position of the balancing masses ma and mp

from the first crank B.

The magnitude and direction of the balancing masses may be determined graphically as discussed
below :

1. First of all, draw the space diagram to show the positions of the planes of the wheels and the
cylinders, as shown in Fig. 22.7 (a). Since the cranks of the cylinders are at right angles, therefore
assuming the position of crank of the cylinder B in the horizontal direc-tion, draw QC and OB
at right angles to each other as shown in Fig. 22.7 ().

Tabulate the data as given in the following table. Assume the plane of wheel A as the reference plane.

Plane fra sy, Radives Ceail. forer < @7 Distanire from { -ruJ'P}" + @ -,
(m) kg fr)m (o1} kg-m plane A (1) fm.rl) kg-nr
{1 i) {3 'l 5 (&)
ARF) )y 08 086 in 0 C
nl 270 0.3 R1 0.4 2.4
C 270 0.3 81 L1 89.1
D my, 0.6 0.6m;, 1.5 C.9 my

3. Now, draw the couple polygon from the data given in Table 22.1 (column 6), to some suitable
scale, as shown in Fig 22.7 (¢). The closing side ¢ ‘o represents the balancing couple
and it 1s proportional to 0.9 mp. Therefore, by measurement,



0.9 ru, = vector ¢'o’ = 9.5 ku-n’ ur mp = 105 kg Ans.

-2 105= @xzoa =58.3kg
m 270

and balancing mass for reciprocating masses.
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Fig. 22.7

4. To determine the angular position of the balancing mass D, draw OD in Fig. 22.7 (b) parallel to
vector ¢ 'o’ . By measurement,

6 p=250° Ans.
5. In order to find the balancing mass A, draw the foree polygon from the data given in
Tablc 22.1 (column 4), to somc suitablc scalc, as shown in Fig. 22.7 (d), The veetor do represents
the balancing force and it 1s proportional to 0.6 ma. Therefore by measurement, 0.6ma = vector do =
63 kg-m or ma= 105 kg Ans.
6. To determine the angular position of the balancing mass 4, draw O4 in Fig. 22.7 (b) parallel to
vector do. By measurement,

B 4=200° Ans.
Fluctuation in rail pressure
We know that each balancing mass105 kg

~ Balancing mass for rotating masses,
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;, Fluensation in rail pressure ar hammer blow

<105 — 45.6 kg

= Bw =166 (31.12)" 0.6 = 27 602 N, Aus o rm L=y = 1)

N

Variation of tractive effort
We know that maximum variation of tractive effort

i

- 2 ot O - DE AR | z
il mew r=+2| 1—— 180(41.42)"0.3N
R 7

\ -

=+ 23 12T N Ams [ rpier)
Swaying couple
We know that maximum swaying couple
7 29
; 0.711- : I
afl — & o 3 é 4
_ A8 i ats — 2 1180(31.42)20.3 N-m
JZ V2
- R7T97 N-m Ans,

6. The following data apply to an outside cylinder uncoupled locomotive :
Mass of rotating parts per cylinder = 360 kg ; Mass of reciprocating parts per cylinder = 300 kg ;
Angle between cranks = 90° ; Crank radius =0.3 m ; Cylinder centres = 1.75 m ; Radius of balance
masses = 0.75 m ; Wheel centres = 1.45 m. If whole of the rotating and two-thirds of reciprocating
parts are to be balanced in planes of the driving wheels, find :

1.Magnitude and angular positions of balance masses,

2.Speed in kilometres per hour at which the wheel will lift off the rails when the load on each
driving wheel is 30 kN and the diameter of tread of driving wheels is 1.8 m, and

3.Swaying couple at speed arrived at in (2) above, (AU-NOV/DEC-2013)

Solution : Given : m1=360kg ; mo=300kg; £ AOD=90° ; ra=m=03m;a=175m; =
re=075m;c=2/3.
We know that the equivalent mass of the rotating parts to be balanced per cylinder,

n

- Y Tx o
at— my — My — o - c.m, - 360 + Z x 300 - 550 kg

1. Magnitude and angular position of balance masses
Let mp and mc= Magnitude of the balance masses, and 0 ;3 and B ¢ = angular position

of the balance masses #ig and me from the crank 4.

The magnitudce and dircction of the balance masscs may be determined, graphically, as discusscd
below :
1. First of all, draw the positions of the plancs of the wheels and the cylinders as shown in Fig.
22.11 (a). Since the cranks of the two cylinders are at right angles, therefore assum-ing the
position of the cylinder 4 in the horizontal direction, draw OA and OD at right angles to each
other as shown in Fig. 22.11 (b).



Piane Mass Radsus Cent force +w'  Disiance from Couple + w’
() Ay (i) s (1) Rg-mn plane B w | fuurd) kg-nf
it {2 (3 4 {54 'R}
A Hhll 03 ThH = L ~ uhid
B(RP my, 0.75 075 m, 0 0
& m 0.75 075 m 1.45 1.08 m
VB 560 0.3 158 1.6 268 8

2. Assuming the plane of wheel B as the reference plane, the data may be tabulated as be-low:

3. Now draw the couple polygon with the data given in Table 22.4 column (6), to some suitable scale as
shown in Fig. 22.11(c). The closing side d ‘o’ represents thebalancing couple and it is proportional to

1.08 mic. Therefore, by measurement,
1.08B m = 269.6 kg-m“ or m. =249 kg Ans,

~vg AP +ve Dr"
*>—PF—> e o
Cylinder Cylinder 0.3m
: o~ Wheel —a = B 4
bcy 03m™
g I 10.75m
0.15 m— «— 1,45 m—| —0.15m '
| p— 1,76 M ————
C‘-".'
(a) Position of planes. () Position of masses.
"
d

-—

\ |
|

| & 16849 0.75 mg
2688 4 | 1.08mc |
\ 1
\ S— '284 ¢
e W
' 0.75 mg
\
<+ 0o
25,2
(c) Couple polygon. (d) Force polygon.

Fig. 22.11

4. To determine the angular position of the balancing mass C, draw OC parallel to vector d'o " as shown
in Fig. 22.11 (). By measurement, 8 ¢= 275° Ans.

5. In order to find the balancing mass B, draw the force polygon with the data given in Tablecolumn



(4), to some suitable scale, as shown in Fig. 22.11 (d). The vector co represents the balancing force
and it is proportional to 0.75 ms. Therefore, by measurement, 0.75 mi= 186.75 kg-m or
mp =249 kg Ans.
4. To determine the angular position of the balancing mass B, draw OB parallel to vector oc as shown Fig.

22.11 (b). By measurement, 8 g = 174.5° Ans.
2. Speed at which the wheel will lift off the rails

Given ; P=30kN=30x10N:D=1.8m

Let w = Angular speed at which the wheels will lift off the rails in rad/s, and v =
Corresponding linear speed in km/h.
We know that each balancing mass, mg = mc= 249 kg
~ Balancing mass for reciprocating parts,
1t 2 300

- =219~ S x 249 89
B-———x219= 3ok 249 - 89 ke
P |30x10
We know that o=, [— =, =212 radis vl 0 By — e
P \’ Ah \/395(0.?5 ( B =10
and v=mx{N2=212%x18/2=1908m/'s

= 10.08 = 3600/ 1000 = 68.7 km/h Ans

L Swaving coupie at speed o = 21.1 rad’s
We know that the swaving couple
1.74 lv?-
a(l- c) 2 ] (=
e - L 2J.300{21.2)0.3 N-m
b ve
= 16 657 N = 16.687 kN m Aus

7. The three cranks of a three cylinder locomotive are all on the same axle and are set at 120°. The
pitch of the cylinders is 1 meter and the stroke of each piston is 0.6 m. The reciprocating masses
are 300 kg for inside cylinder and 260 kg for each outside cylinder and the planes of rotation
of the balance masses are 0.8 m from the inside crank. If 40% of the reciprocating parts are to
be balanced, find :

1. the magnitude and the position of the balancing masses required at a radius of (.6 m
2
And

2. the hammer blow per wheel when the axle makes 6 r.p.s. (AU-MAY/JUNE-

2013) Solution. Given : £ AOB=2 BOC=2 COA=120°; la=lz=lc=0.6 mor ra=rz=rc=0.3
m;m=300kg;mo=260kg;c=40%=04;b1=h=06m;N=6rp.s.

=6 x 2 1M =137.7 rad/s
Since 40% of the reciprocating masses are to be balanced, therefore mass of the reciprocat-ing
parts to be balanced for each outside cylinder,
ma=mc=c * mo=0.4 x 260 = 104 kg and mass of the
reciprocating parts to be balanced for inside cylinder,
ma=c xm=04x300=120kg
1. Magnitude and position of the balancing masses



Let  B)and B> = Magnitude of the balancing masses in kg, 8 | and 8 z = Angular

position of the balancing masses B and B> from crank A.

The magnitude and position of the balancing masses may be determined graphically as discussed

below :

1.

2,

First of all, draw the position of planes and cranks as shown in Fig. 22.8 (@) and () respectively.
The position of crank A is assumed in the horizontal direction.

Tabulate the data as given in the following table. Assume the plane of balancing mass B (i.e.
plane 1) as the reference plane.

lable 22.2
FPlage Mass Radius Ceat. force +w° | Distance from Couple + @
(m)kg (r) m (m.r) kg-m plane! {ljm {m.rl) k_J,r-m"

(1) 2) (3 (1) {5l (6)

A 104 0.3 31.2 0.2 §.24
1{RF) B 0.6 05 B a 0

B 120 0.3 34 X PN,

2 B, 0.6 A A 1.R .96 R,

G 104 03 312 18 561G

e

. Now draw the couple polygon with the data given in Table 22.2 (column 6), to some suitable

scale, as shown in Fig. 22.8 (¢). The closing side ¢ ‘o’ represents the balancing couple and it is
proportional to 0.96 B:. Therefore, by measurement,
0.96 By = vector ¢ o' = 55.2 kg-m? or Bo=57.5 kg Ans.

. To determine the angular position of the balancing mass B2, draw OB; parallel to vector ¢ ‘o’ as

shown in Fig. 22.8 (/). By measurement, 8 2 = 24° Ans.

. In order to find the balance mass B, draw the force polygon with the data given in Table

22.2(column 4 ), to some suitable scale, as shown in Fig. 22.8 (d). The closing side co represents
the balancing force and it is proportional to 0.6 B1. Therefore, by measurement,
0.6 B1=vector co = 34.5 kg-m or B1=57.5 kg Ans.

. To determine the angular position of the balancing mass B/, draw OB, parallel to vector co, as

shown in Fig. 22.8 (b). By measurement,

1 =215° Ans,
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() Couple polygon. () Force polygon.

2. Hammer blow per wheel
We know that hammer blow per wheel

=B1.w 2h=57.5(37.7)*20.6 = 49 035 N Ans.

8. The following data refer to two cylinder locomotive with cranks at 90° :

Reciprocating mass per cylinder = 300 kg ; Crank radius = 0.3 m ; Driving wheel diameter = 1.8
m ; Distance between cylinder centre lines = 0.65 m ; Distance between the driving wheel central
planes = 1.55 m.

Determine : 1. the fraction of the reciprocating masses to be balanced, if the hammer blow is not
to exceed 46 kN at 96.5 km. p.h. ; 2. the variation in tractive effort ; and 3. the maximum swaying
couple. (AU-MAY/JUNE-2009)

Solution. Given : m=300kg; r=03m;D=1.8mor R=09 m;a=0.65 m; Hammer blow
=46 kKN =46 x 10° N ; v=96.5 km/h = 26.8 m/s
1. Fraction of the reciprocating masses to be balanced

Let ¢ = Fraction of the reciprocating masses to be balanced, and

B = Magnitude of balancing mass placed at cach of the driving wheels at radius 5.
We know that the mass of the reciprocating parts to be balanced O c.s O 300¢ kg

H.E
$— =
Wheaal L':y_linrlﬁ_r (‘}Imdar 'thcl
A 5y © 2 c ﬁ?“ 300 = g
|n I
:fUU cky
| F ﬁ\
i o'l gam W
e 4—0.5E M|+
0.45 m U4am
+ 1.6 m

{a) Position of planes. (/) Position of cranks. Fig. 22.9
The position of planes of the wheels and cylinders is shown in Fig. 22.9 («), and the position of



Plane Mass Radius | Ceat facor=m®  Distance from | Couple + m°
(m) kg {r) m (m.r) kgy-m plare A (Din (mri) kg 2
(1) 2) (3 £ 5 (6)
ARP) B b B 0 C
B 300 ¢ 0.3 90 ¢ 0.15 10.5 ¢
£ U0 ¢ 0.3 - B 1.1 MW
D B b Bb 1.55 1.55 B.b

cranks is shown in Fig 22.9 (). Assuming the plane of wheel A4 as the reference plane, the data may be
tabulated as below :

Now the couple polygon, to some suitable scale, may be drawn with the data given in Table 22.3
(column 6), as shown in Fig. 22.10. The closing side of the polygon (vector c'o’ ) represents the
balancing couple and is proportional to 1.55 B.b.

From the couple polygon,

B o . i
1.55 B.WO (40.5¢)*0 (99 ¢) >0 107¢
S Bbh=107¢c/1.55=069¢
We know that angular speed,

W =vR=26.8/0.9=298rad/s ~ Hammer

blow, 5 bt
46 x 10°=B. w~.b

=69 ¢ (29.82=61275¢ Fig.

¢ =46 x 10%/61 275 =0.751 Ans. 22.10

2. Variation in tractive effort
We know that variation in tractive effort,
= =\2(1-0) mo’.r= £2(1-0.751) 300(29.8)°0.3
=28 140 N = 28 14 kN Ans.

3. Maximum swaying couple

We know the maximum swaying couple

2 0.63(1 0.751)

ad z 9 <AL »300 (29.8] 20.3=9148 N-m

<1

N

[

= 4,148 kN-m Ans.




UNIT-11I SINGLE DEGREE FREE VIBRATION Part-A(2 Marks)

How will you classify vibration? (Or) what are the different type f vibratory motions?
(AU-MAY/JUNE-2009)

* Free vibrations

* Longitudinal vibration, [
Transverse vibration, and O
Torsional vibration.

* Forced wvibrations, and 0O
Damped vibration.

‘What are the causes and effect of vibration?

The causes of vibration are unbalanced forces, elastic nature of the system, self
excitation, wind and earthquakes.

The existence of vibration clements in any mechanical system produces unwanted
noise, high stress, poor reliability and premature failure of one or more of the parts.

What do vou mean by a degree of freedom or movability? (AU-NOV/DEC-2007)
The number of independent coordinates required to completely define the motion of
a system is known as degree of freedom of the system.

What is the limit beyond which damping is detrimental and why? (MAYJUNE-2013)

When damping factor O > 1, the aperiodic motion is resulted. That is, aperiodic
motion means the system cannot vibrate due to over damping. Once the system is disturbed,
it will take infinite time to come back to equilibrium position.

What is meant by critical damping? (AU-MAY/JUNE-2012)

The system is said to be critically damped when the damping factor G = 1. If the
system is critically damped, the mass moves back very quickly to its equilibrium position
within no time.

Define critical or whirling or whipping speed of a shaft? Give one application of critical
damping. (AU-NOV/DEC-2012)

The speed at which resonance occurs is called critical speed of the shaft. In other
words, the speed at which the shaft runs so that the additional deflection of the shaft from
the axis of rotation becomes infinite is known as critical speed.

The property of critical damping 1s used in designing elecrical instruments, hydraulic
door closers and large guns.

What are the factors that affect the critical speed of a shaft? (au-Nnov/DEC-2007) The
critical speed essentially depends on:

* The cecentricity of the C.G of the rotating masses from the axis of rotation of the
shaft,

* Diameter of the disc,

*  Span of the shaft, and

» Type of supports connections at its ends.



10.

12.

13.

14.

What is the effect of inertia on the shaft in longitudinal and transverse vibrations?

In longitudinal vibrations, he inertia effect of the shaft is equal to the that of a mass
one third of the mass of the shaft concentrated at its free end.

Define logarithmic decrement. (AU-APR/MAY-2010)

Logarithmic decrement is defined as the natural logarithm of the amplitude
reduction factor. The amplitude reduction factor is the ratio of any two successive
amplitudes on the same side of the mean position.

Define damping factor and damping co-efficient. (AU-NOV/DEC-2013)

* The damping factor or damping ratio is defined as the ratio of actual damping coefficient
(c) to the critical damping co-efficient(cc).

The damping force per unit velocity is known as damping co-efficient.
Ll

Define node in torsional vibration. (or) what is nodal section in two rotor system.
(AU-NOV/DEC-2013)
Node is the point or the section of the shaft at which amplitude of the torsional
vibration is zero. At nodes, the shaft remains unaffected by the vibration.
What is difference between damping, viscous damping and Coloumb damping?
(AU-NOV/DEC-2012)
*  Damping: The resistance against the vibration is called damping.
*  Viscous Damping is the damping provided by fluid resistance.
*  Coloumb damping is the dampin results from two dry or unlubricated surfaces
rubbing together.

Define torsional equivalent shaft?

A shaft having diameter for different lengths can be theoretically replaced by an
equivalent shaft of uniform diameter such that they have the same total angle of twist
when equal opposing torques are applied at their ends. Such a theoretically replaced shaft
is known as torsion ally cquivalent shaft.

Determine the natural fidjuency of mass of 10kgsuspended at the bottom of two
springs of stiffness: 5 N/tith and 8 N/mm in series. (AU-MAY/JUN-2013)

; s
Natural Frequency ,fn=1;2n\f/
r

fn=1/21mv/13000/10
- 74 Hz

. State natural frequency of torsional vibration of a simple system?

Natural frequency of torsional vibration,

Where C = Rigidity modulus of shaft, I = Mass M.I. of rotor, J = polar

M.1 of shaft, and 1 = Length of node from rotor.



PART-B
1. A machine of mass 75 kg is mounted on springs and is fitted with a dashpot to damp out

amplitude of vibration diminishes from 38.4 mm to 6.4 mm in two Assuming that the
damping force varies as the velocity, determine : 1. dash-pot at unit velocity ; 2. the ratio
of the frequency of the dam frequency of the undamped vibration ; and 3. the periodic
time of t (AU-MAY/JUNE-2013)

vibrations. There are three springs each of stiffness 10 N/mm and it is found that the

complete oscillations.
Solution. Given : m =75 kg ; s =10 N/mm = 10 x10° N/m ; x;=38.4 mm = 0.0384 m ; x3=

6.4 mm = 0.0064 m
Since the stiffness of each spring is 10 x 10* N/m and there are 3 springs, therefore total stiffness,
s=3x10x10% = 30x10° N/m
We know that natural circulzr frequancy cf moticn,

s [30x10°
W = —=i————— =0 rall's
R

75

1. Resistance of the dashpot at unit velocity
Lut ¢ = Resistunce ol e dasiipot in newlons al unic velocity /& i
Nim's,
X, — Amplitude after ore complete oscillation in metres and
x; = Amplitude atter two complete oscillations in metres.

N X
We know that " oY
Xz X
(2] -2 ey
- : 3 42 X X N =
{‘JY_! “j - -
’ 1.2 ’
N [ 00384717 _
ar g — —‘ — = =f."-15
A5 Xy 1.0054
We also know that
- ( ij o
|9 _— =
\ yiwy) —a

2. 2. Ratio of the frequency of the damped vibration to the frequency of undamped vibration

2
10, 245 = AX—
Ji20? —a*
29 z y
0.8931 - —‘i,if or l).S—ﬂ .. [Squaring bath sides)
Vi00-a 400 -a”
a —1.94 or a-?8

We know that a=c!/im
c—axeém— 28 % 2xT5—- 120 N/m's Ans.



= (0}
Let fa = Frequency of damped vibration = -:_d
LI

; g Dp
L = Frequency ol undamped vibrution = 1'

I

{ 7 9 7 ]
fe oy 2 W L) 20)" —(2.8
B N _d_'.(_n=_d= ) ( 'J J{ ) _ ) = (199 \iis,
f::rE I o 0, o, m, 0

3. Pevledic ume of damped vibratlon
We know that perioc.c time af damged vibration

_eR 2n in

— = = =32 5 Ans.
o, "J[c’r." _at \:"'.EL":! —(28)°

2. The mass of a single deg  ree damped vibrating systemis 7.5 kg  and makes 24 free
oscillations in 14 seconds wh en disturbed from its equilibrium positio n. The amplitude of
vibration reduces to 0.25 of i ts initial value after five oscillations. Dete rmine : 1. stiffness of
the spring, 2. logarithmic d ecrement, and 3. damping factor, i.e. the ratio of the system

damping to critical damping. (AU-NOV/DEC-2012)

Solution. Given : m =7.5 kg
Since 24 oscillations are made in 14 seconds, therefore frequency of free vibrations,

£ =2414=1T
crud w, —2nx fp —2xx1.7—10.7 rad’s
1. Siiffoess of the spoing
Let s = Stiffness of the spring in N/m.
We know thas {mpﬁ =sim of s= [m”}%;: (10 7;27 5 = %60 N/m Ans.
2. Lagarvithmic decremem
Let x, = Initial amplitude,
x; — Linal amplitude after five oscillations — 0.25 x, .. (Glven)
B M s B, M, _f Y \ l sl R 8 B J
N OXr M N X A Lx; T g W =%
y [« o ¥ P
s L S [ Y [ ) =" =132
X; X3 1025y

We know that logarizhmic decrement,

d=log, i—']= log, 132 —0.28 Ans.
TR

3. PDamping Factar
Let ¢ = Damping coefficien: for the actual system, and
r, — Damping coefficient for the eritical damped system.

We know that logarithric decrement (§ ],

axix axen




24% 305
O —4— ‘Squaring horh sifes)
114.5-a? AR
Ui QOIRL 2'= 345 o
We knovs that a—cl/Zm cr
Co—am®, —2x7.5x10,7 — 160.5 N/avs Ans,

ar A= 0ALE! o a=I(1.476h

c—ax2m—0476 x 2 « 7.5 — 7.2 N/m/s Ans.

and
Damping factcr = ¢/, = 7.2/ 1605 = 0.045 Ans

3(i) The measurements on a mechanical vibrating system show that it has a mass of 8 kg
that the springs can be combined to give an equivalent spring of stiffn vibrating system have a
dashpot attached which exerts a force of 40 N whe velocity of 1 m/s, find : 1. critical damping
coefficient, 2. damping factor, decrement, and 4. ratio of two consecutive amplitudes. (AU-

MAY/JUN-2012)
Solution. Given : m = 8 kg ; s = 5.4 N/mm = 5400 N/m
Since the force exerted by dashpot is 40 N, and the mass has a velocity of | m/s , therefore Damping
coefficient (actual),
1. Crtical damping coellicient
We kncw that critical damping coefficient,

" . N . 5400
fo =Emm, = dmxﬂl/— =2x8 = 416 N/ods Ans.
i X B
2. dlamping factor
We know that damping factor
r 40
—— ——— =0.096 Ans.
c. 416
3. Logarithuuc decrement
We <nuw Ui Jogarithimc decrement,
2rc 2rx 40

= — NGB Ans.

I :
Jicdt - 16/ - (10)?

4. Rarlo af mo consecirive amplitudes

Let x,anc x _, = Magnitude of two consecutive amplitudes,

We know thar Ingarithmic decrement,

ﬁ:luge[ Xn ] Y e I 2.7)'% = 1.82 Ans.

N Xl



3 (ii) An instrument vibrates with a frequency of 1 Hz when there is no damping. When the
damping is provided, the frequency of damped vibrations was observed to be 0.9 Hz. Find 1.

the damping factor, and 2. logarithmic decrement.

Solution. Given : f,=1Hz ; /4= 0.9 Hz

1. Damping factor
Let m=  Mass of the instrument in

o= kg, Damping coefficient or
damping force per unit
velocity in N/m/s, and

c= Critical damping coefficient
n

N/m/s.

We know that natural circular frequency of undamped vibrations,
o, —2rx f, — 2rx1-6.281 rad's

and circualar frequency of camped vibrations,
W, =21x [p=£nx09=560 rad's

Wa alsa know that circular frecuency of damped vibrations (@y),

2

566 =(w,)? a2 =(6.281)% a?

Syuaring but' sides
(5.66)%= (A.284)° - A’ or 22 = 305 - &°

=75 ot a=214
We know (at, a=olim ur c=a%2m=2.74 « Zm= 548 m Nhnls
and G — 2wy — 2= 6.281 - 12,568 wm Nini's
Camping luclor,
¢l ¢ — 0. A8/ 12,008 i — U 130 Ans.

ne

Logavithmic decrement
e know that legarithmic decrement,
5 2nc =z 2rx3.48m 344
ookl o - P 2 i i 3
yic:)™ —¢° Ji12.568 m)° (548 m)° 113

=304 Amns

4(i) A coil of spring stiffness 4 N/mm supports vertically a mass of 20 kg at the free end.

beginning of the fourth cycle is 0.8 times the amplitude of the previous the damping force per
unit velocity. Also find the ratio of the frequ undamped vibrations. (AU-APR/MAY-2010)

The motion is resisted by the oil dashpot. It is found that the amplitude at the vibration.
Determine ency of damped and

Solution. Given : s =4 N/mm = 4000 N/m ; m = 20 kg

Damping force per unit velocity
Let ¢ = Damping force in newtons per unit velocity i.e. in N/m/s x;,
= Amplitude at the beginning of the third cycle,



xn11= Amplitude at the beginning of the fourth cycle = 0.8 x;

We know that natural circular frequency of motion,

w, =, P 4000 =1414 rad’s
R/l 210
% o 2n
Gﬂ':l lClg(.I — ] ]= Ef{?
et A yle) —a®
X 2n
ur ‘II;:(' N 2 -
i B TR VL
n 2n

or

logal.2b - AR 0.223=ax
V200—a* \l-‘zoo_g‘-

Squaring both sides

2 2 = 3
a’ xdn 3954

0.05 = : .
200— 2% 200-a*
0.05 » 200 - 0.05 2 = 39,52’ or 39554 =10
5 a=10/3855=025 or a=05
Wa know that a-clZm

c—ax2m— 0.5 %2 x 20 — 20 N/m/s Ans.
Rauo of the frequencies

w

d
2

Lat fy, = Frequency of damped vibrations =

i o " w,,
f.x = Frequency of undamgec vibrations = 5
I

2 2 2 e
Al T T ()" —a =’/{|-1.|4} —(0.3)°
o 4K Oy @ ), \ 14,14

( Wy =~y (w,)* = g )

= 0.999 Ans.

4(ii) Derive an expression for the natural frequency of single degrees of freedom system.
(AU-MAY/JUNE-2009)

We know that the kinetic energy is due to the motion of the body and the potential energy is
with respect to a certain datum position which is cqual to thc amount of work required to move the
body from the datum position. In the case of vibrations, the datum position is the mean or
equilibrium position at which the potential energy of the body or the system is zero.

In the free vibrations, no energy is transferred to the system or from the system. Therefore
the summation of kinetic encrgy and potential energy must be a constant quantity which is same at
all the times. In other words,



W ineti !
e know that kinetic Lf (KF+PFl-0

ut

and putential nergy,

[+ PF - Mean fore

#l1. i b sl .
—x0 : ] -—xsX |- ]
edl | 2 L ¢ ] ) &
9
1 < O . j o TN
—xmx dn—x— et —xsxZyn— -0
2 dr g 2 dt
d'z ¥ . ::'2 s G-
] mx. Ll sx= 0 nr . 4 wy=1)

tj’f- g l'.dri: ; n

W knaw that the Iandamnenis:] srquAlion of sirmple hammame maotion is

2
1 '

—= 0 x=0
ar

Comparing equations,

0] s
1) — —
; ‘JJ’II

Far |8 v rt
Time period, t,= =2« F
] n Vs
i Fds ¥ E
and natural frequency ' SO DR Y o T 3
“ oy, 2zeVm 2mVa

laking the value of g as Y 81 m/s® and & in metres,

1 ;E}_;é:l 0 4985
2z S B

'J? &7 i= H7
0

5. A vertical shaft of 5 mm diameter is 200 mm long and is supported in long bearings at its
ends. A disc of mass 50 kg is attached to the centre of the shaft. Neglecting any increase in
stiffness due to the attachment of the disc to the shaft, find the critical speed of rotation and
the maximum bending stress when the shaft is rotating at 75% of the critical speed. The centre
of the disc is 0.25 mm from the geometric axis of the shaft. E = 200 GN/m2. (AUMAY/JUN-

2013)

energy,

e = Displacement )

(- g =sd)

Solution. Given: d=5mm=0.005m ;/=200mm =0.2m ; m=50kg ; e=0.25 mm=0.25 x

107 m ; £ =200 GN/m*= 200 x 10° N/m?

Critical speed of rotation



We know that moment of inertia of the shaft,

I= " xa'= T (0.005)! =30,7x10""2m?
54 64

Since the shaft is supported in long bearings, it is assumed to be fixed at both ends. We know
that the static deflection at the centre of the shaft due to a mass of 50 kg,

W 30%9.51(0.2)°

& = ~333%10 *m
192E1  192%200%10° <30 7x 10 2

(. W=mpg)

oy

We know that critical spead of rotztion (or natural frequency of transverse vitrations],
v 0.£985

s =W = 8.64 r.p.s Ans

Maximum bending stress

Let 0 = Maximum bending stress in N/m?, and

N = Speed of the shaft = 75% of critical speed =0.75 N.. . . (Given)

When the shaft starts rotating, the additional dynamic load (#1) to which the shaft is
subjected, may be obtained by using the bending equation,

M_a o6 B o

I'oa ¥i
We know that for a shaft fixed at both ends and carrying a point load (#1) at the centre, the
maximum bending moment
W

Wit o
o o S

j g 12 ;
ol 8 oRNIRIT .8 gi0u096N

iz i 0.00u/ 2 Uz

aril [f_',-; >

Additional deflectiun due w luad W),

< -0
... M:::E.:ﬂ:t.lﬂ 3-3327x10 3G

= __§=
YW T soxosl
We kuuw Lthat
- +e » +a
i (N ¥ K njr ) . s AT ;
_] o} ( v I—J - -~ tSubstituting @, — N aad - N )
(0] € = F)
: +0.25x10 °
38275102 TOXI0T _ 0324103
[ & T

7R AT |
|
\O.h. e J

a=032x1072 /3,327 »107'2 =0.0062 x10° N/ m? -..[ Taking + ve sign)
- 96.2 » 10° NAn” = U5.2 MN/n® Ass.



6.(i) A shaft 50 mm diameter and 3 metres long is simply supported at the ends and carries
three loads of 1000 N, 1500 N and 750 N at 1 m, 2 m and 2.5 m from the left support. The

Young's modulus for shaft material is 200 GN/m?. Find the frequency of transverse
vibration. (AU-NOV/DEC-2011)

Solution. Given :>=200 x d =50 mm 10°N/=0.05m ;m* =3 m, W1=1000N ; W>=1500 N ; W3 =
750 N;

E =200 GN/m

The shaft carrying the loads is shown in Fig. 23.13

We know that moment of inertia of the shaft,

=Tt — T 0,054 - 0.307 %105 m?
64 64

and the s:at:ic deflection du2 to a point load W,

0=
Y|
1000 N 1IRON 750N
IC ID l-'-'
A1 1 B
B 4
S— i
o 2m
o zhm :I |
= 3m >
Fig. 2313

Staric defleciicn due 1o a load of 1000 N,

1000x1° % 2°
& = : ——=T7.24x10"3 m
3x200x10° x0.307Tx107 x3

.. (llerea=1m, and =2 m)

Simmilurly, static deflection due (o a lead ol 1300 N,
- 1500 2° =1
3% 200x10° x0.307x10-° %3

We know that frequency of transverse vidration,

1086107 m

-

ang 4
04985 0.1985
iy = = > = - 4
JO+8,+8;  7.24%107 1 10.85%107° | 2.12%1073
_ 0.4985

= 01122 = 3.0 Hz Ans.



6.(ii) Calculate the whirling speed of a shaft 20 mm diameter and 0.6 m long carrying a
mass of 1 kg at its mid-point. The density of the shaft material is 40 Mg/m? and Young’s
modulus is 200 GN/m? Assume the shaft to be freely supported. (AU-MAY/JUNE-2009)

Solution. Given - #/=20om =002 m ; i=006m sy =1kg: P =40 Mg."m:
=40 % |0 pfm® = A0 = |0 kgfm?® 7= 200 GN/m? = 200 x 10° N/m?

Il shafl s shuwn dn Fig 2515

We krow that moment of inertia of the shaft, kg —
LB ECAY
B N 4 il g d S sV l.—..., ‘‘‘‘‘‘‘‘‘‘
f=— =—{U0.0Z : chai
t\-dhd ‘_41 UZ) m AJ|I_ i e AR 7 e
~ TAEG x 1070 | ot
Since the density aof shaft materizl is 40 = 107 keg/m®, Fig, 23.15

therefore mass of the shaft cer metre length,

Lk, — Ared x length < density —i;—l'_U.‘JEI: xIxA0xl® = 125 fg/m
Wz know thar static deflection due to T kg of mass at the centre,
W 1%9.81(0.EF
13E] 485 200%107 x {854 107
snd statie deflpction dor o mass of the shafi

o =28%11% m

5wt 5%12.6%9.81(0.6)"

&. = rir: 14 1
38400 384xZ200x10" 17 800107

= N.133%107 m

I'requency of transverse vibrztion,

f 04935 0.4985
o . 0.133%10 2
OF—2- f e ke
Vo 127 \[78x10 T
.49y
o VBB e
11.52x107
Let N = Whirling speed of a shaft.

We know that whirling speed of a shaft in r.p s. is equal to the frequency of transvorsc
vihration in Hz , therefore

N =433 rps. =435 x [0 = 2588 cpm. Ans.



1.

UNIT-1V FORCED VIBRATION Part-A(2 Marks)

‘What is meant by forced vibrations ? Give Examples of forced vibrations. (vov/iprc-
2011)

When the body vibrates under the influence of external force, then the body is said
to be under forced vibrations.

Examples:

*  Ringing of electrical bell

«  The vibrations of air compressors, internal combustion engines, machine tools and
various other machinery.

What are the types of external excitation? (vov/ipec-2011)

«  Periodic forces

* Impulsive forces and 0 Random forces.

What is the vibration isolation? (AU-MAY/JUNE-2009)

The term vibration isolation refers to the prevention or minimization of vibrations
and their transmission due to the unbalanced machines.

Specify the importance of vibration isolation? (AU-NOV/DEC-2009)

When an unbalanced machine is installed on the foundation, it produces vibration
in the foundation. So, in order to prevent these vibrations or to minimize the transmission
of forces to the foundation, vibration isolation is important.

When does resonance takes place in a system?(AU-NOV/DEC-2010)

When the frequency of external force is cqual to the natural frequency of a
vibrating body, the resonance occurs, At resonance, the amplhitude of vibration becomes
exclusively large.

Define transmissibility? (AU-NOV/DEC-2013)
When a machine is supported by a spring, the spring transmits the force applied on
the machine to the fixed support or foundation. This is called as transmissibility.

What is meant by harmonic forcing? (AU-NOV/DEC-2013)
The term harmonic refers to a spring-mass system with viscous damping, excited
by a sinusoidal harmonic force.

F =Fesin wt
Define transmissibility ratio or isolation factor? (AU-NOV/DEC-2012)
The ratio of force transmitted (FT) to the force applicd (F) 1s known as

transmissibility ratio

What is the role of transmission ratio?
Transmission ratio, also known as transmissibility, is a measure of the effectiveness
of the vibration isolation matcrial.



10. What is meant by dvnamic magnifier or magnification factor? What are the factors
on which it depend? (AU-NOV/DEC-2010)

It is the ratio of maximum displacement of the forced vibration (Xmax) to the deflection

due to the static force F (x0)

- [+
lfTﬂJ e "
e B, f 3 &
L*".m“ o
g | 1 -
"J s (w,)’

It depends on: (i) the ratio of circular frequencies

(i1) The damping factor ( O }

11. Write down the expression for amplitude of forced vibration. ? (AU-NOV/DEC-2012)

Amplitude of forced vibration,

12. List out the materials used for vibration isolation. Laso which material is most
suitable for compressive loads? (AU-MAY/JUN-2012)

a

O
0
0

Rubber

Felt

Cork

Metallic Springs

Cork is suitable for compressive loads because it is not perfectly elastic. At
high loads it becomes more flexible.

13. Show that for effective isolation of vibration, frequency ratio r >v2.
(AU-MAY/JUN-2013)

When r >V2, then transmissibility is less than one for all values of damping factor.

This means that the transmitted force is always less than the excited force.

14. Sketch the graph for (®/®mn) Vs Transmissibility for different values of damping
factor.

1
o s
< c
& |'|f— .
] g 1au
d ks |
INER
8 = -.[.5...; st 16D
| + | {
- — {140° 2
% 01 = '} 5 g
: | ; ot =
d s A | 120 g
5. i b 0o
] £ 2
= it M
= T‘\‘ '._ " | |
a o % i | 50
U % L 20
0 haastiin | I e
i { 4 ] N | |2 4 i # 2.0



15. What are the methods of isolating the vibration?

« High speed engines/machines mounted on foundation and supports cause
vibrations of excessive amplitude because of the unbalanced forces. It can be
minimized by providing “spring-damper” , etc.

- The materials used for vibration isolation are rubber, felt cork, etc. These are
placed between the foundation and vibrating body.

PART-B
1. Derive the relation for the displacement of mass from the equilibrium position of the
damped vibration system with harmonic forcing. ? (AU-NOV/DEC-2013)

Consider a system consisting of spring, mass and damper as shown in Fig. 23.19. Let the
system is acted upon by an external periodic (i.e. simple harmonic) disturbing force,

FixO Fcosw .t
where F = Static force, and
w = Angular velocity of the periodic disturbing force.

When the system is constrained to move in vertical guides, it has only one degree of
freedom. Let at sometime £, the mass is displaced downwards through a distance x from its
mean position.

The equation of motion may be written as,

-~ /..'[".- A A A

d°x ax £ L
Hif — — — %X —— sx+ Ionsot < .
at® ar Spring ;i: i b
> -
= x ux L <
nT mx . ex | 1sv=Frosmr |
_f - | ]
i at Mean pas ben
P |
Position after -4 ----.% -
tme 1 ol S
1
o i
af
Fig 2319 Trequ=ncy of under
imnies] Tereesl wilaollons,

This equation of motion may be solved either by differential equation method or by graphi-
cal method as discussed below :

1. Differential equation method

The cquation (i) 1s a diffcrential cquation of the second degree whosc right hand side is some
function in £. The solution of such type of differential equation consists of two parts ; one part is
the complementary function and the second is particular integral. Therefore the solution may be
written as

xX=x1+x2
where x| = Complementary function, and x> = Particular integral.

The complementary function is same as discussed in the previous article, i.e. x; 0 Ce-""cos

(w q¢t—0)...(#) where C and 0 are constants. Let us

now find the value of particular integral as discussed below : Let the particular integral of equation
() 1s given by



colf +

x; =Bsinar+ B cosor - . lwhere B, and £, are corstanis)

ﬂ - B mcosmt - 3 csinoe
dt =
1°x 2
and =—H o’ sinowr— Hym? rosmd
di*
Substituting these values in the given differential equation (11, we get
m(-Bw’ sinmi— B cosmil +c(B ocosmi— B wsinmd) +s(B sinws + B, cosent)
=Frosamr
ar ( mBow caB, sB)sinori( mo® B 1 cal i sE,) coser
—lcosat

ur [(5— ma’) B - coB, ]sin m.r+[cm.£?l —(5-ma") B;] cosal

— Frosar+0sinod
Comparing the coefficizars of sin we and cos we on the left hand side and right hand side
separatelv, we ge:

(s mw)l¥ cob, =0 . (fig)

and cody 1 s m’ )8 =F oo o (%)

Now Trom equaticr (#)
S—mw) B - oo B,

[ e }.?'
P RJ i 43 Al '..‘El i I‘i
Gl
Subst:tuting the value of B, in equation (1)

{ %) (s mea®)
S—m) (53— 2w il F7
[ 13]
2 2 2
2w’ B+ (s-mo’) B —caF
¥ 2.3
B [-‘.'?' w = (s—1m’) ]— cwkF
" 5 co
u =W B 3-8
= —As—mw™ )~
2 =
S—aM0° conkF
and 3; = o 3 . [Trom equation (W]
cm o +i5-mw)
Fis-mw’)
= T .
ol B +15—m.mz.|2
S e partieslae dolegeal ol e dillereial spunion (3 9

xn — By sit @+ By cosmr



ek Fls mm’)
Y .

S —xsinws — —XCOS ot
et +{s— mm©)~ &0+ (s—mm)”
J’T [ ?
= , . caoslnane 1 (s ™) cus m.r] (vi)
et +(s—mu)” - e
Let cv= Xsina: and s— g’ — X coso
» B 7, 2.7 - W
& > Jc ©° +(s—ma“) .+ . \By syuaring arn addizig)
20 af ew
and tnp=——  or ¢=tan™! T
£ — fim” | s— muen®
Now the equarinm (17) ™ay he written as
r _
1= — [ Xsinosinw+ Xcosgeosnif
o 1ls ma')
EX
—c— o %005 (et —¢)
o 1 (s me®)®

e a
Iy e”.o® +(s— mw® )2

= —5 2)2

— X COS (L —)
e + (s— i

= £ # €05 (ant— )

? ? T
,jc“.m‘ +(s— mo*)?

+ The complete solution cf the d:fferential aquation (/) bacomes
¥=3+1%

£

=0 =eosime @)

T oos(wy.r 9) | - -
-V{c".m?+(s-m.(u?'}"

In actual practice, the value of the complementary function ., at any time ¢ is much smaller
as compared to patticilar integral v, Therefore, the displacement «, at any time ¢, is given hy the

varticular integral x, only.

!

: A= *COS [t —¢) oo ()
el 742
Jdat | s mo’)
A lide consideriion will shiowe that the fregueney ol foreed viteation is cgumal e e anpu i
velccity of the periodic force and the amplitude of the forced vibration is equal o the maximum
displacemen: cf vibraticn.
3 Maximur displacernent or the aanplitude ol Toreed vibralivn,

F
Amav = Loith
7 P wn o {VIER
\{"c’:.o}‘ + (5= mo’ )
This copration shows 110 notion is sitople aomonic whose stonbn bequenicy 5 ol (e

F

arnplitude is —= =
P2, B Zy2
Ve L +\5— 01 }



2. A mass of 10 kg is suspended from one end of a helical spring, the other end being fixed.
The stiffness of the spring is 10 N/mm. The viscous damping causes the amplitude to
decrease to one-tenth of the initial value in four complete oscillations. If a periodic force
of 150 cos 50 t N is applied at the mass in the vertical direction, find the amplitude of the
forced vibrations. What is its value of resonance ? ? (AU-NOV/DEC-2014)

-

Solution, Given ., m— 10 kg & = 10 N/mm = 10 > 10* N/m ; ¥-= “‘)

Since the periodic force. [, — ['cos e —130cos50¢, therefore
Statie foree, F=150N
and angular velocity of the periodic distusbing force.
w =50 rad’s
We know that angular spced or natural circular frequency of free vibrations,

. s lloxl10® R—
u = =‘ = L™ i 5
" *Jm 10

Amplitude of the forced vibrations
Since the amplitude dzcreases to L/ 10th of the initial value in four complete oscillazions,

therefore, the rativ ol irclial amplitude {x ) o the fnal anplitude 2ler four comnplete oscillutivns
{x;) is given by

L Hgrdpsigt 'ﬂdl No_ X _X _ X
Yo XYoo N K X ¥ gy W
N Y, v, ‘!""'
| | f \ <oy . N
- g -Qo -178 ( y ]
Y [*s (.x; /10 | (10} | =
We know that
"~ = aX—F—
logy | TR~ = opspg— 252K
4(31-6)?—'39 1000 ;12

We know that amolitude of the forcad vibrations,

4 [ﬂ.'s". &y

0.015 0.015

[ T 12 0083+225
(57.74%(50)° 1_[ 50 ]
\/ 10x10%°




Squaring oth sidss and rearranging,
308324 =332 or a =833 ur a=2.387
We know that a—clm o c¢c—ax2m— 2887 x2x10- 57.71 N'ms
and deflection nf the sysrem pradiced by the statc force /7,
x, = Fls=150/10 x 10° = 0.015 m
3. The mass of an electric motor is 120 kg and it runs at 1500 r.p.m. The armature mass is 35
kg and its C.G. lies 0.5 mm from the axis of rotation. The motor is mounted on five springs
of negligible damping so that the force transmitted is one-eleventh of the impressed force.
Assume that the mass of the motor is equally distributed among the five springs.
Determine : 1. stiffness of each spring; 2. dynamic force transmitted to the base at the
operating speed; and 3. natural frequency of the system. ? (AU-MAY/JUN-2013)



Selation. Givim my = 120 kg . m, =38 kg, r=05 mm =5 x W w e=107
N - 1500 rp.m. or @ — 2x » 1300/ 60 - 157.4 rad/s |

1. Stiffuiess of each spring

Let s — Combined stiffness of the spring in N-m, and
o, = Natural circular frequency of vibration of the machine in
rac/s.
A5 o
———— —UHxI0™ m=98 mm Ans
1.53

Amplivde of Farced vibratmis at resenance

We know that amplitude of Forced vibrat:ons at resonance,

sz Y ) ’l;(———1 L (LORZZ 22

X .. — XX — L s — (L e Ty = 2 Ans.
ma =0 57 51%31 6 m =822 mm Ans
We know thal wy, = e/ my

s =3 (o, }2 =120x2037=240 840N/ m

Since these are five springs therefore stiffnass of each spring

= 246 840/5 = 49 368 N/m Ans.
We know that rransmussibility ratic ().

1. 1 W ()"
& O @ ]" o' —(@.)? st —(m,)
[ @, )
or 157.0% - (@)  =11ie,)® o (0,)° =2057 or e,=45.34 ralis

2. Phemaum furew Semsurifenod o e diase ol el opersafvorg speed (o T30 e po. e 1370 raedis)

Wo koiow hul maximmn unbalanced Joree on e mowr due o wmiadure s,

F—mpw r—33157.0°3x107 =432 N

Dynamic force transmitzec 1o the Dase

F=¢r =
¥ Ll

<432 =3927 N Agns.
3. Nawiral frequency of the systeni
We Lave cileolaed dbove ial the mataral [Tequency ol Gie sysienn,

o, —45.33 rads Ans.

4. What do you understand by transmissibility? Describe the method of finding the
transmissibility ratio from unbalanced machine supported with foundation. (AU-NOV/DEC-
2012)

A little consideration will show that when an unbalanced machine is installed on the
foundation, it produces vibration in the foundation. In order to prevent these vibrations or to
minimize the transmission of forces to the foundation, the machincs arc mounted on springs and
dampers or on some vibration isolating material, as shown in Fig. 23.22. The arrangement is
assumed to have one degree of freedom, i.e. it can move up and down only.



It may be noted that when a periodic (i.e. simple harmonic) disturbing force F cos w £ is
applied to a machine of mass m supported by a spring of stiffness s, then the force is transmitted by
means of the spring and the damper or dashpot to the fixed support or foundation.

The ratio of the force transmitted (F7) to the force applied (F) i1s known as the iselation
factor or transmissibility ratio of the spring support.

We have discussed above that the force transmitted to the foundation consists of the
following two forces :

1.Spring force or elastic force which is equal to s. Xmay, and
2.Damping force which 1s equal to ¢. W Xuax.

Since these two forces are perpendicular to one another, as shown in Fig.23.23, therefore the
force transmitted,

EX gy
’ v 2 »
"_"r =‘J|\‘--'Iu:'.' VL (‘.'U-"‘mu-)
7 4o : =
= rmﬁ.\,ﬂ" o7 4y CUtmiar P &
Tranzmisshility ratio
{ > * 9
EF. x _ .y +cm i
8—""'1"“ nIr Plﬁ. b
I o
We know that
; F
o Ry
S F

[ cw e ©
T — e —

2eom 3
1+
= J [Cc'mn ]

¥ -
{ ey T 11 o
L M Co-ty o, 3
When the demper 15 not provided, thea ¢ = D, and
1
= =
1-{o/m,)"

From above, we see that when €/ 6, > L € i5 ncgative. Lhis means that there 45 a phase
differ=nce of 1807 hetween the transnittad foree and the distarking “orce (Meosm#) The value nf

W/ w, must be grezter than J2 if ¢ is to b2 less thar 1 and it is the numerical value of ¢.

mdepondent of anv phase differencc betwecen the forees that may exist which is important. L7 1s
Jirefore wome couvement (o use sguation (7) m the followiny fonn, ie



1

£ :—.l
1 { AT
(e, )" =1

- (FT)
Fiz. 23.21 15 the zraph for different values of damping factor ¢/c_ to show the vaiation of
transmissihility ratio (& ) apanst the ratio €/,
1. When @/ n, — \5. then all the curves pass Unvugh the pomt & =1 for 21l values of
damping factor ¢/c, .

17
: Ll
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Fig. 23 14, Graph showing the venation of trensmizsibiaty 1atic.

2. When v iy, < V2 then & > 1 for all vahias af damping tactor ¢/ This means tha- the
torce rransmitied to the foundar:on through clestic support 15 greater than the Zorce applicd

3, When wiw, >+/2 _then e < 1 for all valuas of dampino factor ¢i¢.. This shows that
the force transmitted throuzh elastue support is less than tae spplied fores. Thus vibratior isolation

is possiblz only 10 the range of @/, > v2 -

5. A machine has a mass of 100 kg and unbalanced reciprocating parts of mass 2 kg
which move through a vertical stroke of 80 mm with simple harmonic motion. The machine
is mounted on four springs, symmetrically arranged with respect to centre of mass, in such
a way that the machine has one degree of freedom and can undergo vertical displacements
only.

Neglecting damping, calculate the combined stiffness of the spring in order that the
force transmitted to the foundation is 1 /25 th of the applied force, when the speed of rotation
of ma-chine crank shaft is 1000 r.p.m.

When the machine is actually supported on the springs, it is found that the damping

reduces the amplitude of successive free vibrations by 25%. Find : 1. the force transmitted



to foundation at 1000 r.p.m., 2. the force transmitted to the foundation at resonance, and 3.
the amplitude of the forced vibration of the machine at resonance. (AUMAY/JUN-2012)
Solution. Grven my — 100 k2 : my — 2 kg : 7 — €0 mum — €08 m: ; & — 1/25
N—1X0rpm. or gp_ 21:x1000/60 — 101/ rad's
Combined sriffness of springs
Let 5 = Combinad stiffness of springs in N/m, and
my, = Nalural ewenlar Reguescy of vilrzon of the snachnme moral/s

We know thet transmissibility ratio (g ).

L ! @) (o)
EZ[ @ ]3_1 :mz—(m,, Y A0 = (m, )
o,
We know that Wy, = Jg*T
s—m (0,) —100x421.6 = 47 160 N/m Ans

|. Furee tronsmifted to the fowadation ar 1000 5w

Zet Fy; = Foree transnutted, and
1y = hetial anphivde of vibration.
Smce the demping recuees the ampi:tude of suecessive free vibratioas by 25%. therefore
Tinal amplituds of vibration.

1'2 = AA-."f',’.l
We know that
7 | 1 x 21 5 2
lngé{‘—l - or Iﬂge( 1 |= e
2] Jw) —a 0.75% | J4216=a

Squering both sides,

5 1 3
2 4n2 39547
R, 5 G g e

(0.2877)* — . .
421.6-a° 21 5-a°

35-0083a° =39.54° or a°=C884 or a=094



We know taat damping coeffictent or damping force per umt velocity,
¢ =ax2m =0.94x2x100 = 183 N/m/s
and critical damping cosicient.
¢, —2m.o, —2x100%20.5 = 4100 N/m/s
Actual value of transnuscibility ratio.

5 V2
L0
11— .

\l- ceon | | @)

| (2x188x104.7 -
A 4100205

b § A Rt
~14+022

- "l = = e ==
2x188x1027 7 [ (1047 Juzzies
1100%20.5 I L 20.5 |

A
7508

Wz know thzt the maximnm 1mbalanred “orea on the machme due to rec:iprocating parts,
F—-r'nw.? .a(lO‘%T) (0.08/2)=877 N e il R L
Furce imansunlled o (ke foundaticn,
Fr:EFZQf‘M'Xﬂ?? =386 N Ans. s RS ?:F'I"F)
- and waxnnum vobalanved foree on the wacknve due 10 reciprovatmy parts al resonance speed o,
F=m (0, r=2(20.5%(008/2)=33.6 N . .(, r=1/2)
Forcs lrausun led (o (e fovodaiion al tesonanee,
Fr =eF =1092x336 = 367 N Aus.
3. Amplitiide of the foerced vibration of the machine ar resonance
We knowr that cmplitude of the forced vibration at -esonznrs
Foree tmumsumited al resomunee 367
Combined stiffness 42160

=87 mm Ans.

_87x1073 4

6.(i) Derive the relation for magnification factor in case of forced vibration. ? (Nvov/pEC-2013)
It is the rutw of mecimim displocemen of the furced vibrogon (x| ) to the deflection
aue e the static foree Fix, ). We Lave proved 1n the previous article thet the maximum displace
ment cr the amplitude of forced vibration,
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The magnification factor or dvaamic magznifier gives the factor by which the static deflection
produced by a force I” (i.e. x ) must be multipl:ed 1n order to obta:n the maximum amplitude of the
forced vibration {i.e x, ) by the harmenic force I" cos m

Yy =Y XD
Fig. 23.21 shows the relationship batween th2 magnificat:on factor (D) znd phase angle ©

for different value of @/, and for values of damping factor ¢/c, = 0.1, 02 and 0.5.



6.(ii) A single cylinder vertical petrol engine of total mass 300 kg is mounted upon a steel
chassis frame and causes a vertical static deflection of 2 mm. The reciprocating parts of the
engine has a mass of 20 kg and move through a vertical stroke of 150 mm with simple
harmonic motion. A dashpot is provided whose damping resistance is directly proportional
to the velocity and amounts to 1.5 kN per metre per second.

Considering that the steady state of vibration is reached ; determine : 1. the amplitude of
forced vibrations, when the driving shaft of the engine rotates at 480 r.p.m., and 2. the speed
of the driving shaft at which resonance will occur.

Solution : Given. m =300 kg; 8 =2 mm =2 x 107 m; m =20kg; /=150 mm
=0.15m; ¢ = 1.5 kN/m/s = 1500 N/m/s ; ¥ =480 r.p.m. or w 0 200 480 / 60 = 50.3 rad/s
1. Amplirade of the forced vibrations
Wz kaow that stitfness of the frame
s=mg! § =300 % 9.81/2 x 107 =147 x 10° N/m
Siace the length of stroke (/) = 130 mm = .15 m, therefore radins of crank.
p=ll2=015/2=0075m

W know that the centrifugal foree duc to the rociprocetng parts or the statie Zorec.
F=m oty =20 (503)° 0075 =3765 N
Amplitude of the Zerced vibrat.on (maximun:),
F

x’”m’ = T 7 e P
J{"m" +i{s—mw™)

3795

J(lsocﬂ:so_:\)f +[1.4710% —300(50.3)* I

d ) = n ==53x10~ m
v5.7x107 +s00x107 71010
1. Speed of the driving shafi ar wirich tiie résonance acours
Tel N = Speed of fie drvimg sball @t which the resomance ocenrs i

Lp.m.
We know that the anpular speed ar which th2 rasonance oceurs,

- fm’r (es
=0, = E: 2 =70 rads
\ m 300

N=0OX80/2T = 0%60/2t =663.4 rpm. Aus



UNIT-V MECHANISMS FOR CONTROL. Part-A(2 Marks)

1. What is meant by sensitiveness of governors? (AU-NOV/DEC-2013)
The sensitiveness is defined as the ratio of the mean speed to the
difference between the maximum and minimum speeds. A governor is said to
be sensitive, when it really to a small change of speed.

2. What is meant by hunting? (AU-NOV/DEC-2012)
The phenomenon of continuous fluctuations of the engine speed above
and below the mean speed is termed as hunting. This occurs in oversensitive
govVernors.

3. What is meant by isochronous condition in governors? (AU-MAY/JUNE-2013)
A governor with zero range of speed is known as an isochronous governor.
Actually the isochronism is the stake of Infinite sensitivity.

4. What are centrifugal governor? How do they differ from inertia governor?

* The centrifugal governor controls the fuel supply by means of the centrifugal
forces on the governor balls.

* Inertia governor work s based on the inertia forces caused by an angular
acceleration or retardation of the shaft.

5. Explain the term stability of the governor? (AU-NOV/DEC-2010)

A governor 1s said to be stable if there 1s only one radius of rotation for
all equilibrium speeds of the balls within the working range. If the equilibrium
speed increases the radius of governor ball must also increase.

6. Derive an expression for the height in the case of a Watt governor.
(AU-APR/MAY-2010)

FCxhoy=wxr=mgr 1
m. W .r.h=m.g.ror h=gi/w
2
When g is expressed in m/s and w in rad/s, then % is in metres. If & is the speed in r.p.m., then w
=21 N/60
9.81 895

AO@mN/ 60 ONZ
7. Define steering, pitching and rolling. (Or) list some of the terms related to motion of
ships using gyroscopic principle. (AU-NOV/DEC-2013)

* Steering is the turning of a complete ship in a curve towards left or right, while
it movcs forward.

« Pitching is thc movement of a complete ship up and down in a vertical planc
about transversc axis.

» Rolling is the movement of a ship in a linear fashion.

8. Write the expression for gyroscopic couple?



Gyroscopic couple, C =l-w-we
Where I = Moment of inertia of the disc,

w = Angular velocity of the engine, and we=  Angular velocity of precession.

9. What will be the effect of gyroscopic couple on a disc fixed at a certain angle to a
rotating shaft? (AU-MAY/JUNE-2013)

The gyroscopic couple is applied through the bearings which support
the shaft. The bearings will resist equal and opposite couple.

10. What is the effect of gyroscopic couple on an automobile taking a turn?
(AU-NOV/DEC-2012)

While an automobile will move in a straight line, there will not be any
gyroscopic effect on it; but when it takes a turn (towards left or right), it will be
subjected to gyroscopic couple. The tendency of this couple is to overturn the
vehicle.

11. What is gyroscopic torque?
Whenever a rotating body changes its axis of rotation, a torque is applied
on the rotating body. This torque is known as gyroscopic torque.

12. Which part of the automobile is subjected to the gyroscopic couple?
The rotating parts of automobile such as engine rotor, wheels and bearings
are subjected to the gyroscopic couple.

13. What is meant by reactive gyroscopic couple? (AU-NOV/DEC-2011)

When the axis of spin itself moves with angular velocity @y, the disc is
subjected to reactive couple whose magnitude is same but opposite in direction
to that of active couple.

The reactive couple to which the disc is subjected when the axis of spin
rotates about the axis of precession is known as reactive gyroscopic couple.

14. What is meant by applied torque and reaction torque?( MAY/JUN-2012) The torque
cxerted by onc body on another is called applicd torque. When one body excrts torque on
another body, then the opposite torque cxerted by the second body on the first is called
reaction torque.

15. What is the effect of gyroscopic couple on rolling of ship? Why?

We know that, for the effect of gyroscopic couple to occur, the axis of
precession should always be perpendicular to the axis of spin. In case of rolling
of a ship, the axis of precession is always parallel to the axis of spin for all
positions. Hence there is no effect of the gyroscopic couple acting on the body
of the ship during rolling

PART-B
1.(i) Explain the function of the proell governor with the help of a neat sketch.
Derive that relationship among the various forces acting on the link. (12)

(AU-NOV/DEC-2013)



The Proell governor has the balls fixed at B and C to the extension of the links
DF and EG, as shown in Fig. 18.12 (). Thc arms FP and GQ arc pivoted at P and O

respectively.

Consider the equilibrium of the forces on one-half of the governor as shown in
Fig. 18.12 (). The instantaneous centre (/) lies on the intersection of the line PF
produced and the line from D drawn perpendicular to the spindle axis. The

perpendicular B M is drawn on /D.
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. 18.12. Procll governor.
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Multiplying and dividing Ly M, we have
o _ﬂ:’_ g M | Mg(IM | MDY
7 e ( M ' EM J

F=mpox=x

SRRl

e Mi=iMr M)

EM Mo :
= W {m.q x tano + 2 = (tanct + tan |,HJ
M Mg, tap’
= ®lane | SLg + 1+
BM { 2 ‘ tar o
tan 3
We know that 4. =m.o¢ r; lanc ——and 9
- h Lanoi
2 J"c AL
mo .r= S % E[m._ﬂ ! H {L Q}}
BM h 2
M
g | B T L+ g g
e W a P b .

SLIJ‘SU[;J‘IEHQ w =21 760, and g=481 m/s?, we ger

M
a7 M o 3 1+ 4 8y5

. BM m kb

1 (ii). What are centrifugal governors? how do they differ from inertia governor?
(4) (AU-NOV/DEC-2013)

The centrifugal governors are based on the balancing of centrifugal force on
the rotating balls by an equal and opposite radial force, known as the controlling force.
In inertia governors the positions of the balls are affected by the rate of change of
speed. 1.e., angular acceleration or retardation of the governor shaft. The amount of
displacement of governor balls is controlled by suitable springs and the fuel supply to
the engine 1s controlled by governor mechanism.

Though the sensitiveness of the inertia governors is more, there is a practical
difficulty of balancing the inertia forces caused by the revolving parts of the governor
to the controlling force. Hence these governors arc not preferred when compared with
the centifugal governors.

2.. A Proell governor has equal arms of length 300 m m. The upper and
lower ends of the arms are pivoted on the axis of the governor. The extension
arms of the lower links are each 80 mm long and parallel to the axis when the
radii of rotation of the balls are 150 mm and 200 m m, The mass of each ball is 10

i
A



kg and the mass of the central load is 100 kg. Determine the range of speed of the
governor. (AU-MAY/JUNE-2013)
Solution. Given : PF=DF =300 mm ; BF =80 mm ; m =10 kg ; M =100 kg

;#1=150 mm; 2= 200 mm

First of all, let us find the minimum and maximum speed of the governor. The minimum
and maximum position of the governor is shown in Fig. 18.13.

Let N1 =Minimum speed when radius of rotation, »1 = FG = 150 mm

:and
N> = Maximum speed when radius of rotation , r»= FG =

200 mum. From Fig. (@), we find that height of the governor,

Y B S
& &
é’ ~
r¢ i ", Fe = "’"'v h,
F R ——4—+mp
8  mgy/ £ mg
R FY 50 v Y F)Y = i
G , G
'f_ i)
| v s D i o 'n
Mg Mg
“ All dimensions in mm. =
(@) Minimum position, (@) Maximury pos:tion,
From Fig. (@), we find that
sina=sinB=150/300=0.5 orad =B =30°
and MD=FG=150mm=0.15m
FM=FD cos =300 cos 30° =260 mm = 0.26 m
M =FMitana=026tan30°=0.15m
BM=BF+ FM=80+260=340 mm =0.34 m
D=IM+MD=0.15+0.15=03m
We know that centrifugal force, .
g s fInNT —
fe ~m (@) 5~ 10/ —4 | 01000165 (V)
Nnw taking maments abner poim [ ¢
Fox DM = m.gx B+ M-E 1p
(4
or “mﬁ.‘—l["\"!)Eﬂﬂdzll]xﬁﬁ]xﬂ'5+Myﬂ3
| #
0.0056 (N,)* = 1£.715 - 147 15 = 161.865
= 161.8BES
A —_ 28904 o N,=170rp.m.

Llbo



AOPGO (PF)? - (FG)2O(300)2—(200)2

FM=GD=PG=224mm=0.224 m
BM=BF+FM=80+224=304 mm=0304m
M+ M ]895

Ko b rsiomnr £ '_."I.'Y,,")' = —
We krow that (N) T =

0222 (10+ 100 ) 895
U.304 [ 10 ]-’J 22
We know that range of speed ’

- N,-N,—180-170 - 10 rpan. A

hy

=32 38y or

O0224mm00.224 m

L g U.-Durq—l}

N, — 180 rp.m.

3. The radius of rotation of the balls of a Hartnell governor is 80 mm at the minimum speed
of 300 r.p.m. Neglecting gravity effect, determine the speed after the sleeve has lifted by 60 m

m. Also determine the initial compression of the spring, the governor effort and the
power.The particulars of the governor are given below:

Length of ball arm = 150 mm ; length of sleeve arm = 100 mm ; mass of each ball =4 kg
; and stiffness of the spring = 25 N/m m. (AU-NOV/DEC-2012) Solution. Given : 1 = 80 mm

=0.08 m ; N1=300 r.p.m. or W 1= 21T X

300/60 =31.42rad/s ; A =60 mm =0.06 m ; x = 150 mm = 0.
0.lm;m=4kg;s=25Nmm

15m;y=100 mm=

[y
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The minimum and maximum position of the governor is shown in Fig. 18.36
(@) and (b) respectively. First of all, let us find the maximum radius of rotation (r2).
We know that lift of the sleeve,

= }.'
b= - )L
X

=K+ lx s 0.08 + 0.06 »
y

0.15

=017 m oo h=h o+ h)

N
S1and S>= Spring force at the minimum and maximum speed respectively, in
newtons

We know centrifugal force at the minimum speed,

Foir =m(W1)r=4(3142008=316N
Now taking moments about the fulcrum O of the bell crank lever when in
minimum position as shown in Fig 18.36 (a). The gravity cffect is neglected, i.e. the
moment due to the weight of balls, sleeve and the bell crank lever arms is neglected.
Medn, o o §-2Rax’-2x306x fl

Y _948 N
7} -, \

|-|- .
4

FC] XX=

w2 M-0)
Weknowthat 5. -5 -hs or 5, -5 +hs-948+00 =25 - 2448 N
We know that centritigal force at the saximum speed,

S

o AL T .
] f-z—m["_ i | 0.17 — 0.007 46 (&;)°
P, l-’u F

2N,
GO

'!-‘El — i fw;.g]: I3 _[

Initial compression of the spring
We. know that initial compression of the .- 918 37.02. s Tekin
spring g 25
C- OVernor [’ﬁ ort
‘We krow thet the governor effort,
S, — 5 2448 - 948
2 d

Now mking maments ahant th2 fuleyim Swhen (0 maximum pasitinn a3 shown in Fig. 18.34 (8)

e

4

=750 N Ans

Mg

4y xn X 5 _"
2 2
0.00746 (N>)? 015 =225 400 o 000012 (N - 1224 T
- y
(V)" - .1#—4— 109 285  or N, = 331 cp.m. Ans.
D00112 *

Governor power
We know that the governor power
=P x h=750%0.06=45 N-m Ans.



4. A Porter governor has all four arms 250 mm long. The upper arms are attached
on the axis of rotation and the lower arms are attached to the sleeve at a distance of
30 m m from the axis. The mass of each ball is 5 kg and the sleeve has a mass of 50
kg. The extreme radii of rotation are 150 mm and 200 m m. Determine the range of
speed of the governor. (AU-MAY/JUNE-2012)

Solution. Given : BP=BD =250 mm ; DH=30mm ;m=5kg; M=50kg; r =
150 mm ; 2= 200 mm

First of all, let us find the minimum and maximum speed of the governor. The
minimum and maximum position of the governor 1s shown in Fig. 18.8 (@) and (&)
respectively.

#o
1 ! A%
o i 0 - T
A f s f:
7 7
s F o
= | R
4 r _""E "'—-'- rz —
% v NG
v 1 . N
oA g
Gl
ob:l —w
Mg 1;“ ' EJ_ ¥
;\ 2
1) Minnen position. S Mlesimury sonitgor
Fig. 18.8
Let N1 = Minimum spced when /1 = BG = 150 mm ; and N> =

Maximum speed when #2= BG = 200 mm.
From Fig. 18.8 (@), we find that height of the governor,

; ) 2
A OPGOWBP)2—(BGH*0®50)°—(150)°0 200 mm 0 0.2 m
B B FE < T5 —30 = 1 m ... (CEFG = DH)

f 2 ¥ I|l 2 2
and DFO Y DB)“—(BF)~-N250)°—(120)° 0219 mm

tan@ 1 =BCG/PG=150/200=0.75and tanf 1=
BFIDF =120/219 = 0.548

R T
tangy 075
I 5
2 m+ I.:I |l + l;'|} 835 W " u e UJJD 8‘]5
We krow that (N = - R x o = 43208
i &y 5 02



IFrom I'ig. 18.8(5), we find that height of the governor,

Iy = PG= (BPE =BG = 12000 = (2000 =1l mm—0.15 m

B =5 FOO=2U11 30 =1TH mm

and DF=\J(DE)*— | BF)? =J(250;* - (170)* =152mm
- tan &,~ BG/IC - 2001150 - 1.333
and tan [3,~ BEDE- 160/183 - D.Y3

tan [}, . 093

gz = = o=
 wmnea, 1.333
‘We know that
M 0
m+—(+q;) gor N+—(=07) o0
< 5l I 5 U.15
N, =238 rp.n,

‘We know that range of spead
=N, N =238 208=30rpm. Ans

5. A spring loaded governor of the Hartnell type has arms of equal length. The
masses rotate in a circle of 130 mm diameter when the sleeve is in the mid position
and the ball arms are vertical. The equilibrium speed for this position is 450 r.p.m.,

mm and the maximum variation of speed taking in account the friction pe
cent of the mid position speed. The mass of the sleeve is 4 kg friction may b
considered equivalent to 30 N at the sleeve. The powe governor must b
sufficient to over-come the friction by one per cent ch speed either way at mid
position. Determine, neglecting obliquity ef arms ; 1. The value of eac
rotating mass : 2. The spring stiffness in N/mm and 3. The initial compressio
of spring. ( AU-NOV/DEC-2011)

neglecting friction. The maximum sleeve movement is to be 25 to be S and the r of
the ange of fect of

Solution. Given : x=y ;d =130 mm or r = 65 mm = 0.065 m ; N=450 r.p.m.
orw =21 x450/60=47.23rad/s; A=25mm=0.025m; M=4kg; F=30N

1. Value of each rotating mass
Let m = Value of each rotating mass in kg, and

S = Spring force on the sleeve at mid position in newtons.
Since the change of speed at mid position to overcome friction is 1 per cent cither
way (i.e. £ 1%), therefore

Minimum speed at mid position,



w=w-0.01w=0.99% =0.99 x 47.13 = 46.66 rad/s and
maximum speed at mid-position,

wo2=w+0.0lw=1.01w=1.01 x47.13 =47.6 rad/s

~ Centrifugal force at the minimum speed,

FCl=m (W [ #=m (46.66) 0.065=141.5 m'N
and centrifugal force at the maximum speed,
Fea=m (W 2 r=m (47.6)* 0.0065 = 147.3
m N We know that for minimum speed at mid-position,

S+Mg+ ) =2 kx>

X
"

o1 S+(4%x081-30)=2x141.5mx1

MR e i |
S1924=283m ...()

and for maximum speed at mid-position,

5+ (-J"L]‘.g+ F': S ;:('-g_-; Xi
v

S+(dxY8l +430) =¢ = 147.3:mx1
o lr k=9
£+69.74 =246 m
R (1
From equations (/] and ()
m — 5.2 kg A,

2. Spring stiffness in N/mm
Let s = Spring stiffncss in N/mm.
Since the maximum variation of speed, considering friction is £ 5% of the mid-
position
speed, therefore,
Minimum speed considering
friction,
o '=w-0050=00850m=005x 4712 =44 8 rad/s
and maximum spead considering friction,
M, =m+0 N5 ="08m= 1.05 x 47 15 = 49.73 radfs
'z «now that minirtum radius of rotation considering Triction,
g-r-Qx%—uMb-ﬁm”

= 0.0025 m
h
wx—yoand g e

And maximum radius of rotation considering friction,



—0N07Tam

. .02
L=i+h X '_i"’ 0055+ Jl': 2

Casyand by =
~ Centrifugal foroe at ~he minimum sproe consider ng friction
' m P r 52(14.8)° 00525 548N
and cerrifugel force at the maximum speec consicaring friction,
K., = m(@,)* r,=52(44.5)F Q.UTMS =087 N
Lez S, - Spring force at minirum speed considering friction. znd
&, Spring force at maximum speed considering friction.

We know that for minimuir speed considesing friction,

S+(M.g-F)= EFL'_f g
¥
S 1 (Ax81 ) =2x5485 | (e x=y)

§,+$24 = 1006 or 5 =1096-924=108676N

and for maxirmum speed consldering friction,
S+ (M g+ F)— ?Ft-,: x'i—r_
3. linftial cormpression of the spring ('r ¥=y)
We <now that initic] compression of the spring
2o P 522 mm A,
< 3272 5.

6. In an engine governor of the Porter type, the upper and lower arms are 200 m m

and 250 mm respectively and pivoted on the axis of rotation. The mass of the central

load is 15 kg, the mass of each ball is 2 kg and friction of the sleeve

together with the resistance of the operating gear is equal to a load of 25 N at the

sleeve. If the limiting inclinations of the upper arms to the vertical are 30° and 40°,

find, taking friction into account, range of speed of the governor.

(AU-APR/MAY-2011)

Solution . Given : BP=200mm=02m ; BD=250mm=025m; M=15kg,m=
2kg; F=25N;a,=30°%ad,=40°

First of all, let us find the minimum and maximum speed of the governor.

The minimum and maximum position of the governor is shown Fig. 18.7 (a) and (b)
respectively.,
E& N1 = Minimum spced, and V> = Maximum spced.
From Fig. 18.7 (a), wc find that minimum radius of rotation, »1 =
BG = BP sin 30° = 0.2 x 0.5 = 0.1 m Hcight of thc governor, A1 =
PG=BPcos30°=0.2x0.866=0.1732 m



and DG— J(BDY - (BG) - y0.25)" - (0.1 —0.23m
tan - BGIDG - 010,24 - 01348

and lan ;= tan 20° = 0.5774

_tanfy _ 04348 _ 075
tan ey 05774

b



All dirziensions in crun,
() Minimum positicn. (») Maxirum positian.
Fip. 1R

We know that when the sleeve moves downwards, the frictional force (#) acts upwards and the

minimum speed is given by,

2 —fF
m.g—'—j'g -

2

]”“") 893
" e

hARRE - .
() m.g i
/ £
2x981+|—'5"9'm & ]u+0_75:«; .
SN
- 2 %9381 N

N~ 1835 rpam.
Now from Fig. 18.7 (£),we find that maximum radius of rotat.on
r=HBG=BFsin 40" = 0.2 x 0.643 = 1.1258 m

Height of the governor,
hy=F0=BPcos 40" =02 <0766 =0153Zm

and
Lar: [3g = BG&G/DG=0.1268 1 0.2154 =0.55

nned far oL, — tin 407 = [1.8349

g = tan B2 ” 05"] g ')-?03
tan ce, (0.854Y

DG = JiBD - (BO) =/(0.25)° - (0.1268)" = 0.2154 1

Wc know that when the slecve moves upwards, the frictional force (F) acts downwards

and the maximum speed 1s given by,



i T
g+
A e A ]'fl | 4s)

|:Jl¥'|'_'; |h — k = ] BBJ
g g L
eas) (|AERE8LEA ':l | 0705
= y & 2 P oy A4 224
Z2x9381 01532

N,=222 rpm.

We know that range of
speed

=No— N1=222 - 183.3=38.7 r.p.m. Ans.

7.In a spring loaded governor of the Hartnell type, the mass of each ball is 1kg, length of
vertical arm of the bell crank lever is 100 mm and that of the horizontal arm is 50 m m.
The distance of fulcrum of each bell crank lever is 80 mm from the axis of rotation of the
governor. The extreme radii of rotation of the balls are 75 mm and 112.5 m m. The
maximum equilibrium speed is 5 per cent greater than the minimum equilibrium speed
which is 360 r.p.m. Find, neglecting oblig-uity of arms, initial compression of the spring
and equilibrium speed corresponding to the radius of rotation of 100 m m. (AU-
APR/MAY-2010)
Solution. Given i m -1 kg i x—-100mm-0.1m; y-50 mm- 003 m: r- 30 mm
=068 m ;e =ddmwn=007m; rp=1125 wm= 01125 m ; N, = 360 c.p.m. or
©, = 2rx 260060 = 37.7rad's
Since the max:mum equilibrium speed is 5% greater than the minimum equilibrium speec
iw, ), Herelure maxinan equilibriom speed,
@, — 1.03 = 37.7T — 396 rad’s
We know that centrifugal Force at the minimum equilibrivm speed.

Fo, —w o)’ — 1 37TD?0.075- 1066 N

and cenfrifugal force at the maximum equilibrium speed,
Fry = m(@,)%r,=1(39.6)° 0.1125 = 1764 N

fnftial compressiog af thie spring

Let S5, = Spring force currespording © @, and
S, = Spring forct corresponding 10 @..
Since rhe nhliquity af arms is neglecred . therafore for minimo™ equilibriiom position

Mg+ 85 =2F, % Y o 2%106.6x et 4264 N
¥ 0.05
5 =42064N e M= 0)
and for maximum ecuilibrium position,
Mish 8 =3 F, 0 =184 % - = 7058 N
T 0.05

5, —7056N (- M=



We xnow that lift of the slceve,

b= -1} L= 01125 - 0.075) 005 _ 001875 m
I ™ 0.1

S, -5 7056 - 426.4

and stiffness of the spring > = T =14 890 N/ = 14 .89 N/uun

Inifial cnmpression nf the spring

S 4284

s 1489

= =286 mm Ans
Lguilibraum speed corvesponding (o radius of retation r - 100 i - 0. m
Let N - Equilibrium speed it r.pam.
Since the ebliquity of the arms is neglected. therefore the centrifugal forer ar any instant.

frr]'

FC=F.'“.' -U}?._F\"’.I]

‘\.r7 & fi‘ E
0.1 =-0.075 —153 N
0.1125 - 0.075

LS ’

=106.6 1 (1/6.4 10L.E)

We know that centrifugal force (£ ).

7

e f Ay A

153 - m.of 1| 2“0\ ] 0.1-00011 N

L

N?=153/00011=139090 or AN=373rp.m Ans




