CAM

Introduction

Cam - A mechanical device used to transmit motion to a follower by direct contact.
Where Cam — driver member
Follower - driven member.
The cam and the follower have line contact and constitute a higher pair.
In a cam - follower pair, the cam normally rotates at uniform speed by a shaft, while the
follower may is predetermined, will translate or oscillate according to the shape of the cam.
A familiar example is the camshaft of an automobile engine, where the cams drive the push
rods (the followers) to open and close the valves in synchronization with the motion of the
pistons.
Applications:
The cams are widely used for operating the inlet and exhaust valves of Internal
combustion engines, automatic attachment of machineries, paper cutting machines,
spinning and weaving textile machineries, feed mechanism of automatic lathes.
Example of cam action
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Classification of Followers

(i) Based on surface in contact. (Fig.3.1)

(a) Knife edge follower
(b) Roller follower
(c) Flat faced follower
(d) Spherical follower
8
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Fig. 3.1 Types of followers



(i1) Based on type of motion: (Fig. 3.2)
(a) Oscillating follower

(b) Translating follower

Follower

@—_@
Cam / Camshaft
(a)

(ii1) Based on line of motion:

(a) Radial follower: The lines of movement of in-line cam followers pass through the
centers of the camshafts (Fig. 3.1a, b, ¢, and d).

(b) Off-set follower: For this type, the lines of movement are offset from the centers
of the camshafts (Fig. 3.3a, b, ¢, and d).
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Fig.3.3 Off set followers
Classification of Cams

Camshaft
(b)

Fig.3.2

(b)

Cams can be classified based on their physical shape.

a) Disk or plate cam (Fig. 3.4 a and b): The disk (or plate) cam has an irregular contour
to impart a specific motion to the follower. The follower moves in a plane perpendicular
to the axis of rotation of the camshaft and is held in contact with the cam by springs or

gravity.
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Fig. 3.4 Plate or disk cam.

b) Cylindrical cam (Fig. 3.5): The cylindrical cam has a groove cut along its cylindrical
surface. The roller follows the groove, and the follower moves in a plane parallel to the

axis of rotation of the cylinder.
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Fig. 3.5 Cylindrical cam.

¢) Translating cam (Fig. 3.6a and b). The translating cam is a contoured or grooved
plate sliding on a guiding surface(s). The follower may oscillate (Fig. 3.6(a)) or
reciprocate (Fig. 3.6(b)). The contour or the shape of the groove is determined by the

specified motion of the follower.
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Fig. 3.6 Translating cam



Terms Used in Radial Cams
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Pressure angle: It is the angle between the direction of the follower motion and a normal to
the pitch curve. This angle is very important in designing a cam profile. If the angle is too
large, a reciprocating follower will jam in its bearings.

Base circle: It is the smallest circle that can be drawn to the cam profile.

Trace point: It is the reference point on the follower and is used to generate the pitch curve.
In the case of knife edge follower, the knife edge represents the trace point and the pitch
curve corresponds to the cam profile. In the roller follower, the centre of the roller represents
the trace point.

Pitch point: It is a point on the pitch curve having the maximum pressure angle.

Pitch circle: It is a circle drawn from the centre of the cam through the pitch points.

Pitch curve: It is the curve generated by the trace point as the follower moves relative to the
cam.For a knife edge follower, the pitch curve and the cam profile are same where as for a
roller follower; they are separated by the radius of the follower.

Prime circle: It is the smallest circle that can be drawn from the centre of the cam and
tangent to the point.For a knife edge and a flat face follower, the prime circle and the base
circle and the base circle are identical.For a roller follower, the prime circle is larger than the
base circle by the radius of the roller.

Lift (or) stroke: It is the maximum travel of the follower from its lowest position to the
topmost position.



Motion of the Follower

Cam follower systems are designed to achieve a desired oscillatory motion. Appropriate
displacement patterns are to be selected for this purpose, before designing the cam
surface. The cam is assumed to rotate at a constant speed and the follower raises, dwells,
returns to its original position and dwells again through specified angles of rotation of the
cam, during each revolution of the cam.

Some of the standard follower motions are as follows:
They are, follower motion with,

(a) Uniform velocity

(b) Modified uniform velocity

(¢) Uniform acceleration and deceleration

(d) Simple harmonic motion

Displacement diagrams: In a cam follower system, the motion of the follower is very
important. Its displacement can be plotted against the angular displacement 6 of the cam
and it is called as the displacement diagram. The displacement of the follower is plotted
along the y-axis and angular displacement 6 of the cam is plotted along x-axis. From the
displacement diagram, velocity and acceleration of the follower can also be plotted for
different angular displacements 6 of the cam. The displacement, velocity and acceleration
diagrams are plotted for one cycle of operation i.e., one rotation of the cam. Displacement
diagrams are basic requirements for the construction of cam profiles. Construction of
displacement diagrams and calculation of velocities and accelerations of followers with
different types of motions are discussed in the following sections.

Displacement, Velocity and Acceleration Diagrams when the Follower Moves with
Uniform Velocity

Fig.3.8 shows the displacement, velocity and acceleration patterns of a follower having
uniform velocity type of motion. Since the follower moves with constant velocity, during
rise and fall, the displacement varies linearly with 0. Also, since the velocity changes
from zero to a finite value, within no time, theoretically, the acceleration becomes infinite
at the beginning and end of rise and fall.
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Displacement, Velocity and Acceleration Diagrams when the Follower Moves with
Simple Harmonic Motion

In fig.3.9, the motion executed by point P!, which is the projection of point P on the
vertical diameter is called simple harmonic motion. Here, P moves with uniform angular
velocity o, along a circle of radius r (r = s/2).



Fig.3.9

Displacement = y =rsina =rsina,t ; v, =r [eq.1]
Velocity = y =@, rcos@,t ; yp, =70, [eq.2]
Acceleration = y = —a)pzr sinw,t = —a)pz Vi Vi = —ra)p2 leq.3]
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Fig.3.10
s= Stroke or displacement of the follower.

0, = Angular displacement during outstroke.



0; = Angular displacement during return stroke

® = Angular velocity of cam.

. 0
t, = Time taken for outstroke = —%
10
: 0.
t; = Time taken for return stroke = —-
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. . ST TS
Max. velocity of follower during outstroke = vomax = 1o, = 57 T30
0 o
. . . N/ 10
Similarly Max. velocity of follower during return stroke =, Vipax = 57 = 0
. . ) s(z) 7o
Max. acceleration during outstroke = aoma = re”p, (from d3) = e = R

. . . s
Similarly, Max. acceleration during return stroke = ary,x = 5(—

Displacement, Velocity and Acceleration Diagrams when the Follower Moves with

Uniform Acceleration and Retardation

Here, the displacement of the follower varies parabolically with respect to angular
displacement of cam. Accordingly, the velocity of the follower varies uniformly with
respect to angular displacement of cam. The acceleration/retardation of the follower
becomes constant accordingly. The displacement, velocity and acceleration patterns are

shown in fig. 3.11.
s = Stroke of the follower
0, and 0, = Angular displacement of the cam during outstroke and return stroke.

® = Angular velocity of cam.
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Time required for follower outstroke =t, = —=
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~ |t

% S VOyy +VO0, .«
to to 2
2

Average velocity of follower during outstroke =
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cvo =202 % = Max. velocity during outstroke.
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Average velocity of follower during return stroke =

VImin = 0

2s  2ws

S
[
|
[

Acceleration of the follower during outstroke = a, =

Displacement —e-

Velocity ——»

Acceleration ——s

r

e = Max. velocity during return stroke.
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Similarly acceleration of the follower during return stroke = a, = PE
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Construction of Cam Profile for a Radial Cam

In order to draw the cam profile for a radial cam, first of all the displacement diagram for
the given motion of the follower is drawn. Then by constructing the follower in its proper
position at each angular position, the profile of the working surface of the cam is drawn.
In constructing the cam profile, the principle of kinematic inversion is used, i.e. the cam
is imagined to be stationary and the follower is allowed to rotate in the opposite
direction to the cam rotation.

The construction of cam profiles for different types of follower with different types of
motions are discussed in the following examples.

Practise problems:
(1) Draw the cam profile for following conditions:

Follower type = Knife edged, in-line; lift = 50mm; base circle radius = S0mm; out stroke
with SHM, for 60° cam rotation; dwell for 45° cam rotation; return stroke with SHM, for
90° cam rotation; dwell for the remaining period. Determine max. velocity and
acceleration during out stroke and return stroke if the cam rotates at 1000 rpm in
clockwise direction.

Displacement diagram:
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Cam profile:
» Construct base circle.
» Mark points 1,2,3.....in direction opposite to the direction of cam rotation.

» Transfer points a,b,c.....I from displacement diagram to the cam profile and join
them by a smooth free hand curve.

» This forms the required cam profile.
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Calculations:

27N 2x 7w x1000
60 60

Angular velocity of cam = @ = =104.76 rad/sec

Max. velocity of follower during outstroke = Vo = %

o

_ X 104.76 x 50

ZX%

=7857mm/sec =7.857m/sec

Similarly Max. velocity of follower during return stroke =, vrma = %
_ X 104'76/X 0 _ 5238mmisec = 5.238m/sec
2x7
7’o’s

Max. acceleration during outstroke = a0y = roazp (from d3) = PE

o



2 2
_ 2 x(104.76)" x50 _ 2469297.96mm/sec’ = 2469.3m/sec’
2 2
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Similarly, Max. acceleration during return stroke = ary,x = =

20°,

2 2
_ 22 x(04.76) x50 _ 1007465 76mmisec? — 1097 5misec?

2><(%)2

(2.) Draw the cam profile for the same operating conditions of problem (1), with the
follower off set by 10 mm to the left of cam center.

Displacement diagram: Same as previous problem.

Cam profile: Construction is same as previous case, except that the lines drawn from
1,2,3.... are tangential to the offset circle of 10mm dia. as shown in the fig.

M




A3) Draw the cam profile for following conditions:

Follower type = roller follower, in-line; lift = 25mm; base circle radius = 20mm; roller
radius = 5mm; out stroke with UARM, for 120° cam rotation; dwell for 60° cam rotation;
return stroke with UARM, for 90° cam rotation; dwell for the remaining period.
Determine max. velocity and acceleration during out stroke and return stroke if the cam
rotates at 1200 rpm in clockwise direction.

Displacement diagram:

ZE R

Cam profile:
» Construct base circle and prime circle (25mm radius).

» Mark points 1,2,3.....in direction opposite to the direction of cam rotation, on
prime circle.

» Transfer points a,b,c.....]1 from displacement diagram.

A\

At each of these points a,b,c... draw circles of Smm radius, representing rollers.

» Starting from the first point of contact between roller and base circle, draw a
smooth free hand curve, tangential to all successive roller positions.

» This forms the required cam profile.



Calculations:

27N 2xmx1200

=125.71rad/sec

Angular velocity of the cam = @ = 0

. . 2s  2ws
Max. velocity during outstroke =vo, .. = —

_9_0
_ 2x125.71x 25

2X%

Max. velocity during return stroke = vr,, =

=2999.9mm/sec =2.999m/sec

2s  2ws  2x125.71x25

t, 6, 7,

=3999.86mm/sec = 3.999m/sec

Vo 4’s

max —

Acceleration of the follower during outstroke = a, = = =

t% 0}

=359975mm/sec’ = 359.975m/sec>

4x(125.71) x 25




Similarly acceleration of the follower during return stroke = a, =

2
- A0S XS _ 05 6mmsec = 639.956misec?

(75

(4.) Draw the cam profile for conditions same as in (3), with follower off set to right
of cam center by Smm and cam rotating counter clockwise.

Displacement diagram: Same as previous case.

Cam profile: Construction is same as previous case, except that the lines drawn from
1,2,3.... are tangential to the offset circle of 10mm dia. as shown in the fig.




GEAR DRIVE

Introduction

The slip and creep in the belt or rope drives is a common phenomenon, in the transmission of motion or power
between two shafts. The effect of slip is to reduce the velocity ratio of the drive. In precision machine, in
which a definite velocity ratio is importance (as in watch mechanism, special purpose machines..etc), the only
positive drive is by means of gears or toothed wheels.

Gears are machine elements that transmit motion by means of successively engaging teeth. The gear teeth act
like small levers. Gears are highly efficient (nearly 95%) due to primarily rolling contact between the teeth,
thus the motion transmitted is considered as positive. Gears essentially allow positive engagement between
teeth so high forces can be transmitted while still undergoing essentially rolling contact. Gears do not depend
on friction and do best when friction is minimized.

Let the wheel A be keyed to the rotating shaft and the wheel B to the shaft, to be rotated. A little
consideration will show, that when the wheel A is rotated by a rotating shaft, it will rotate the wheel B in
the opposite direction as shown in Fig. 4.1 (a). The wheel B will be rotated (by the wheel A) so long as the
tangential force exerted by the wheel A does not exceed the maximum frictional resistance between the two
wheels. But when the tangential force (P) exceeds the frictional resistance (F), slipping will take place
between the two wheels. Thus the friction drive is not a positive drive.
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(a) Friction wheels. (5) Toothed wheels.
Fig. 4.1.
In order to avoid the slipping, a number of projections (called teeth) as shown in Fig. 5.1 (b), are provided
on the periphery of the wheel A, which will fit into the corresponding recesses on the periphery of the
wheel B. A friction wheel with the teeth cut on it is known as toothed wheel or gear. The usual connection
to show the toothed wheels is by their pitch circles.

|
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Advantages and Disadvantages of Gear Drive

The following are the advantages and disadvantages of the gear drive as compared to belt, rope and chain
drives :

Advantages:

1. It transmits exact velocity ratio.

2. It may be used to transmit large power.

3. It has high efficiency.

4. It has reliable service.

5. It has compact layout.

Disadvantages:

1. The manufacture of gears requires special tools and equipment.

2. The error in cutting teeth may cause vibrations and noise during operation.



Classification of Toothed Wheels

Gears may be classified according to the relative position of the axes of revolution. The axes
may be

1. Gears for connecting parallel shafts,
2. Gears for connecting intersecting shafts,
3. Gears for neither parallel nor intersecting shafts.

Gears for connecting parallel shafts

1. Spur gears: Spur gears are the most common type of gears. They have straight teeth,
and are mounted on parallel shafts. Sometimes, many spur gears are used at once to
create very large gear reductions. Each time a gear tooth engages a tooth on the other
gear, the teeth collide, and this impact makes a noise. It also increases the stress on the
gear teeth. To reduce the noise and stress in the gears, most of the gears in your car are

External contact Internal contact

Spur gears

Spur gears are the most commonly used gear type. They are characterized by teeth, which

are perpendicular to the face of the gear. Spur gears are most commonly available, and are

generally the least expensive.

. Limitations: Spur gears generally cannot be used when a direction change between the
two shafts is required.

. Advantages: Spur gears are easy to find, inexpensive, and efficient.

2. Parallel helical gears: The teeth on helical gears are cut at an angle to the face of the
gear. When two teeth on a helical gear system engage, the contact starts at one end of
the tooth and gradually spreads as the gears rotate, until the two teeth are in full
engagement.




Helical gears

Herringbone gears
(or double-helical gears)

This gradual engagement makes helical gears operate much more smoothly and quietly than
spur gears. For this reason, helical gears are used in almost all car transmission.

Because of the angle of the teeth on helical gears, they create a thrust load on the gear when
they mesh. Devices that use helical gears have bearings that can support this thrust load.

One interesting thing about helical gears is that if the angles of the gear teeth are correct,
they can be mounted on perpendicular shafts, adjusting the rotation angle by 90 degrees.

Helical gears to have the following differences from spur gears of the same size:

Tooth strength is greater because the teeth are longer,
Greater surface contact on the teeth allows a helical gear to carry more load than a
spur gear

o The longer surface of contact reduces the efficiency of a helical gear relative to a spur
gear

Rack and pinion: (The rack is like a gear whose axis is at
infinity mathematically but practically a gear of larger
length.)

Racks are straight gears that are used to convert rotational
motion to translational motion by means of a gear mesh.
(They are in theory a gear with an infinite pitch diameter).
In theory, the torque and angular velocity of the pinion
gear are related to the Force and the velocity of the rack by the radius of the pinion gear,
as is shown.

-

Perhaps the most well-known application of a rack is the rack and pinion steering system
used on many cars in the past.



Gears for connecting intersecting shafts: Bevel gears are useful when the direction of
a shaft's rotation needs to be changed. They are usually mounted on shafts that are 90
degrees apart, but can be designed to work at other angles as well.

The teeth on bevel gears can be straight, spiral or hypoid. Straight bevel gear teeth actually
have the same problem as straight spur gear teeth, as each tooth engages; it impacts the
corresponding tooth all at once.

Just like with spur gears, the solution to this problem is to curve the gear teeth. These spiral
teeth engage just like helical teeth: the contact starts at one end of the gear and progressively
spreads across the whole tooth.

Straight bevel gears
gears

On straight and spiral bevel gears, the shafts must
be perpendicular to each other, but they must also
be in the same plane. The hypoid gear, can engage
with the axes in different planes.

Input
Pinion

Drive

This feature is used in many car differentials. The
ring gear of the differential and the input pinion
gear are both hypoid. This allows the input pinion
to be mounted lower than the axis of the ring gear.
Figure shows the input pinion engaging the ring
gear of the differential. Since the driveshaft of the :
car is connected to the input pinion, this also lowers Hypoid gears

the driveshaft. This means that the driveshaft

doesn't pass into the passenger compartment of the car as much, making more room for
people and cargo.




Neither parallel nor intersecting shafts: Helical gears may be used to mesh two shafts
that are not parallel, although they are still primarily use in parallel shaft applications. A
special application in which helical gears are used is a crossed gear mesh, in which the
two shafts are perpendicular to each other.

Crossed-helical gears

Worm and worm gear: Worm gears are used when large gear reductions are needed. It is
common for worm gears to have reductions of 20:1, and even up to 300:1 or greater.
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Many worm gears have an interesting property that no other gear set has: the worm can
easily turn the gear, but the gear cannot turn the worm. This is because the angle on the
worm is so shallow that when the gear tries to spin it, the friction between the gear and
the worm holds the worm in place.

This feature is useful for machines such as conveyor systems,
in which the locking feature can act as a brake for the
conveyor when the motor is not turning. One other very
interesting usage of worm gears is in the Torsen differential,
which is used on some high-performance cars and trucks.




Terms Used in Gears
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Addendum: The radial distance between the Pitch Circle and the top of the teeth.

Dedendum: The radial distance between the bottom of the tooth to pitch circle.

Base Circle: The circle from which is generated the involute curve upon which the tooth profile is based.
Center Distance: The distance between centers of two gears.

Circular Pitch: Millimeter of Pitch Circle circumference per tooth.

Circular Thickness: The thickness of the tooth measured along an arc following the Pitch Circle

Clearance: The distance between the top of a tooth and the bottom of the space into which it fits on the
meshing gear.

Contact Ratio: The ratio of the length of the Arc of Action to the Circular Pitch.

Diametral Pitch: Teeth per mm of diameter.

Face: The working surface of a gear tooth, located between the pitch diameter and the top of the tooth.
Face Width: The width of the tooth measured parallel to the gear axis.

Flank: The working surface of a gear tooth, located between the pitch diameter and the bottom of the teeth
Gear: The larger of two meshed gears. If both gears are the same size, they are both called "gears".

Land: The top surface of the tooth.

Line of Action: That line along which the point of contact between gear teeth travels, between the first point of
contact and the last.

Module: Millimeter of Pitch Diameter to Teeth.
Pinion: The smaller of two meshed gears.

Pitch Circle: The circle, the radius of which is equal to the distance from the center of the gear to the pitch
point.

Diametral pitch: Teeth per millimeter of pitch diameter.

Pitch Point: The point of tangency of the pitch circles of two meshing gears, where the Line of Centers crosses
the pitch circles.

Pressure Angle: Angle between the Line of Action and a line perpendicular to the Line of Centers.
Root Circle: The circle that passes through the bottom of the tooth spaces.

Working Depth: The depth to which a tooth extends into the space between teeth on the mating gear.



Gear-Tooth Action
Fundamental Law of Gear-Tooth Action
Figure shows two mating gear teeth, in which

e Tooth profile 1 drives tooth profile 2 by
acting at the instantaneous contact point K.

e NN, is the common normal of the two
profiles.

e N, is the foot of the perpendicular from O,
to N 1N 2

e N, is the foot of the perpendicular from O,
to NiN>.

Although the two profiles have different
velocities V; and V5 at point K, their velocities
along N;N; are equal in both magnitude and
direction. Otherwise the two tooth profiles
would separate from each other. Therefore, we
have

ON, v=0,N, o,
or

o _ON,

o, ON,

We notice that the intersection of the tangency N;N, and the line of center O,0; is point
P, and from the similar triangles,

AO,N, P=AO,N, P

Thus, the relationship between the angular velocities of the driving gear to the driven gear, or
velocity ratio, of a pair of mating teeth is

o 0P
®, OP

Point P is very important to the velocity ratio, and it is called the pitch point. Pitch point
divides the line between the line of centers and its position decides the velocity ratio of the
two teeth. The above expression is the fundamental law of gear-tooth action.



Constant Velocity Ratio

For a constant velocity ratio, the position of P should remain unchanged. In this case, the
motion transmission between two gears is equivalent to the motion transmission between
two imagined slip-less cylinders with radius R; and R, or diameter D; and D,. We can get
two circles whose centers are at O; and O, and through pitch point P. These two circles are
termed pitch circles. The velocity ratio is equal to the inverse ratio of the diameters of pitch
circles. This is the fundamental law of gear-tooth action.

The fundamental law of gear-tooth action may now also be stated as follow (for gears with
fixed center distance)

A common normal (the line of action) to the tooth profiles at their point of contact must, in
all positions of the contacting teeth, pass through a fixed point on the line-of-centers called
the pitch point.
Any two curves or profiles engaging each other and satisfying the law of gearing are
conjugate curves, and the relative rotation speed of the gears will be constant(constant
velocity ratio).

Conjugate Profiles

To obtain the expected velocity ratio of two tooth profiles, the normal line of their profiles
must pass through the corresponding pitch point, which is decided by the velocity ratio. The
two profiles which satisfy this requirement are called conjugate profiles. Sometimes, we
simply termed the tooth profiles which satisfy the fundamental law of gear-tooth action the
conjugate profiles.

Although many tooth shapes are possible for which a mating tooth could be designed to
satisfy the fundamental law, only two are in general use: the cycloidal and involute profiles.
The involute has important advantages; it is easy to manufacture and the center distance
between a pair of involute gears can be varied without changing the velocity ratio. Thus
close tolerances between shaft locations are not required when using the involute profile. The
most commonly used conjugate tooth curve is the involute curve.

conjugate action : It is essential for correctly meshing gears, the size of the teeth ( the
module ) must be the same for both the gears.

Another requirement - the shape of teeth necessary for the speed ratio to remain constant
during an increment of rotation; this behavior of the contacting surfaces (ie. the teeth flanks)
is known as conjugate action.



Forms of Teeth
Involute Profile

The following examples are involute spur gears. We use the word involute because the
contour of gear teeth curves inward. Gears have many terminologies, parameters and
principles. One of the important concepts is the velocity ratio, which is the ratio of the rotary
velocity of the driver gear to that of the driven gears.

Generation of the Involute Curve

P
P

The curve most commonly used for gear-tooth = ( \
profiles is the involute of a circle. This involute
curve is the path traced by a point on a line as P
the line rolls without slipping on the P
circumference of a circle. It may also be defined
as a path traced by the end of a string, which is
originally wrapped on a circle when the string is
unwrapped from the circle. The circle from
which the involute is derived is called the base \
circle.

The involute profile of gears has important Involute curve

advantages;

1. It is easy to manufacture and the center distance between a pair of involute gears
can be varied without changing the velocity ratio. Thus close tolerances between shaft
locations are not required. The most commonly used conjugate tooth curve is the involute
curve.

2. In involute gears, the pressure angle, remains constant between the point of tooth
engagement and disengagement. It is necessary for smooth running and less wear of gears.
3. The face and flank of involute teeth are generated by a single curve where as in cycloidal
gears, double curves (i.e. epi-cycloid and hypo-cycloid) are required for the face and flank
respectively. Thus the involute teeth are easy to manufacture than cycloidal teeth.

In involute system, the basic rack has straight teeth and the same can be cut with simple
tools.

Cycloidal profile:

A cycloid is the curve traced by a point on the circumference of a circle which rolls without
slipping on a fixed straight line. When a circle rolls without slipping on the outside of a fixed
circle, the curve traced by a point on the circumference of a circle is known as epi-cycloid. On the



other hand, if a circle rolls without slipping on the inside of a fixed circle, then the curve traced
by a point on the circumference of a circle is called hypo-cycloid.

Advantages of Cycloidal gear teeth:

1. Since the cycloidal teeth have wider flanks, therefore the cycloidal gears are stronger than
the involute gears, for the same pitch. Due to this reason, the cycloidal teeth are preferred
specially for cast teeth.

2. In cycloidal gears, the contact takes place between a convex flank and a concave surface,
where as in involute gears the convex surfaces are in contact. This condition results in less
wear in cycloidal gears as compared to involute gears. However the difference in wear is
negligible

3. In cycloidal gears, the interference does not occur at all. Though there are advantages of
cycloidal gears but they are outweighed by the greater simplicity and flexibility of the
involute gears.

The profile of involute gears is the
single curvature.

The pressure angle from start of
engagement of teeth to the end of
engagement remains constant,
which results into smooth running.

Manufacturing of involute gears is
easy due to single curvature of
tooth profile.

The involute gears have

interference problem.

More wear of tooth surface.

The strength of involute teeth is less
due to radial flanks

The profile of cycloidal gears is double
curvature  i.e.  epicycloid and
hypocycloid.

The pressure angle varies from start of
engagement to end of engagement,
which results into less smooth
running.

Manufacturing of cycloidal gears is
difficult due to double curvature of
tooth profile.

The cycloidal gears do not have
interference problem.

Less wear as convex face engages with
concave flank.

The strength of cyloidal teeth is
comparatively more due to wider
flanks.



Systems of Gear Teeth

The following four systems of gear teeth are commonly used in practice:

1. 14 %:° Composite system
2. 14 %° Full depth involute system

3.20° Full depth involute system
4. 20° Stub involute system
The 14%° composite system is used for general purpose gears.

It is stronger but has no interchangeability. The tooth profile of this system has cycloidal
curves at the top and bottom and involute curve at the middle portion.

The teeth are produced by formed milling cutters or hobs.

The tooth profile of the 1414 full depth involute system was developed using gear hobs for
spur and helical gears.

The tooth profile of the 20° full depth involute system may be cut by hobs.

The increase of the pressure angle from 14%° to 20° results in a stronger tooth, because the
tooth acting as a beam is wider at the base.

The 20° stub involute system has a strong tooth to take heavy loads.

Length of Path of Contact

Base Circle

L Base Circle
Pinion



Consider a pinion driving wheel as shown in figure. When the pinion rotates in clockwise,
the contact between a pair of involute teeth begins at K (on the near the base circle of pinion
or the outer end of the tooth face on the wheel) and ends at L (outer end of the tooth face on
the pinion or on the flank near the base circle of wheel).

MN is the common normal at the point of contacts and the common tangent to the base
circles. The point K is the intersection of the addendum circle of wheel and the common
tangent. The point L is the intersection of the addendum circle of pinion and common
tangent.

The length of path of contact is the length of common normal cut-off by the addendum
circles of the wheel and the pinion. Thus the length of part of contact is KL which is the sum
of the parts of path of contacts KP and PL. Contact length KP is called as path of approach
and contact length PL is called as path of recess.

r, = O;L = Radius of addendum circle of pinion,and

R 4 = O,K = Radius of addendum circle of wheel

r = O;P = Radius of pitch circle of pinion,

and R = O,P =Radius of pitch circle of wheel.

Radius of the base circle of pinion = O;M = O;P cos¢ =r cos¢

and radius of the base circle of wheel = O2N = O2P cos ¢ = R cos¢

From right angle triangle O,KN
KN:\/(OzK)2 - (OzN)2
= (R, - R cos’ ¢

PN=0,Psing = Rsin¢g
Path of approach: KP
KP=KN-PN

= \/(RA)2 —R*cos’ ¢ — Rsing
Similarly from right angle triangle O;ML

ML= \/(01]4)2 - (01M )2

= J, Y =7 cos’ ¢
MP=0,Psing = rsin¢g




Path of recess: PL PL = ML — MP
= \/(ra)z —r*cos’ ¢ —rsing

Length of path of contact = KL

KL =KP+ PL
= \/(RA)2 ~R*cos’ ¢ +\/(ra)2 —r?cos’ ¢ —(R+r)sing

Length of Arc of Contact

Arc of contact is the path traced by a point on the pitch circle from the beginning to the end
of engagement of a given pair of teeth. In Figure, the arc of contact is EPF or GPH.

(I) Pitch
Circle
Gear
Profile Afidendwn
Circles
Pitch

Circle

Base Circle

Considering the arc of contact GPH.

The arc GP is known as arc of approach and the arc PH is called arc of recess. The angles
subtended by these arcs at O are called angle of approach and angle of recess respectively.

Lenghtof pathof approach _ KP
cos¢ cos¢

Length of arc of approach = arc GP =

Length of arc of recess = arc PH = Lenghtof pathof recess = PL

cos¢g cos¢

KP N PL KL  Lengthof pathof contact
cos¢ cos@g cos¢ cos¢

Length of arc contact = arc GPH = arc GP + arc PH =



Contact Ratio (or) Number of Pairs of Teeth in Contact
The contact ratio or the number of pairs of teeth in contact is defined as the ratio of the
length of the arc of contact to the circular pitch.

Lengthof the arc of contact
P.
Where: F.=Circular pitch= wxm and m = Module.

Mathematically, Contatratio=

Interference in Involute Gears

The tooth tip of the pinion will then undercut the tooth on the wheel at the root and damages
part of the involute profile. This effect is known as inferference, and occurs when the teeth
are being cut and weakens the tooth at its root.

In general, the phenomenon, when the tip
of tooth undercuts the root on its mating
gear is known as interference.

Pt % AR
\ Undercut I Pinion

Similarly, if the radius of the addendum circles ot the wheel increases beyond O, M, then the
tip of tooth on wheel will cause interference with the tooth on pinion. The points M and N
are called interference points. The interference may only be prevented, if the point of contact
between the two teeth is always on the involute profiles and if the addendum circles of the
two mating gears cut the common tangent to the base circles at the points of tangency.
1. Height of the teeth may be reduced.
2. Under cut of the radial flank of the pinion.
3. Centre distance may be increased. It leads to increase in pressure angle.
Minimum number of teeth on the pinion avoid Interference ‘t’

2z

»

[{1+G{G+2]shzﬁ}; —1]

d:=

Minimum number of teeth on the wheel avoid Interference ‘T’

7- 2a,

(3G




Backlash:

The gap between the non-drive face of the pinion tooth and the adjacent wheel tooth is
known as backlash. Backlash is the error in motion that occurs when gears change direction.
The term "backlash" can also be used to refer to the size of the gap, not just the phenomenon
it causes; thus, one could speak of a pair of gears as having, for example, "0.1 mm of
backlash."

Practise problems:

1) Two gears in mesh have a module of 8 mm and a pressure angle of 20°. The larger gear
has 57 teeth while the pinion has 23 teeth. If the addenda on pinion and gear wheel are
equal to one module (1m), find
a. The number of pairs of teeth in contact and
b. The angle of action of the pinion and the gear wheel.

Solution:
Data: £=23; 7=57; addendum = 1m=8mm and f{=20°
Pitch circle radius of the pinion=r = m_ % =92
Pitch circle radiusof the gear = R = mT_8x57 _ 228mm

Addendumcircle radiusof the pinion=r, = r +addendum
r, =92+8=100mm
Addendumcircle radiusof the gear= R, = R+ addendum
R,=228+8=236mm

Lengthof pathof contact= KL = KP+ PL

= \/(RA )Y — R*cos’¢p + \/(ra )Y —r*cos’p — (R +r)sing
—J(236) —(228) cos’20 +/(100) — (92)*cos’20
— (228 +92)sin20

= 39.76mm

Lengthof pathof contact

Lengthof arc of contact=

cosp
= 39';?) =42 31mm
cos
Numberof pairsof teethin contact= Lengt}'zof are Of contact
circular pitch

_ Lengthof arcof contact _42.31
P T m

=1.684~2



Lengthof arc of contact

Angle of actionof gear wheel = x360°

2t x R
- 4231 x360=10.637°
21 x 228
Angle of actionof pinion= Lengthof arcof contact 360°
2nxr
- 2231 | 360-2636°
21w %92

2.) Two gear wheels mesh externally and are to give a velocity ratio of 3 to 1. The teeth are of
involute form ; module = 6 mm, addendum = one module, pressure angle = 20°. The pinion
rotates at 90 r.p.m. Determine: 1. The number of teeth on the pinion to avoid interference on it
and the corresponding number of teeth on the wheel, 2. The length of path and arc of contact,
3.The number of pairs of teeth in contact, and 4. The maximum velocity of sliding.

Solution:

Given: G=T/t=3;m =6mm dp=Ay=1module=6 mm ; ¢ =207
N,=90rpm. or ® =21 x90/60=943rad/s

We know that number of teeth on the pinmion to avoid mnterference.

- 2 Ap B 21%6
J1+G(G+2)sin’ ¢ —1 J1+3(3+2)sm320': -1
=18.2 say 19

and corresponding number of teeth on the wheel,
T=Gt=3x19=57
Length of path and arc of contact:
‘We know that pitch circle radius of pinion.
r=mi/2 =6 x19/2=57Tmm
.. Radius of addendum cirele of pinion,
1y =7+ Addendum on pinion (45) =57 + 6 = 63 mm
and pitch cirele radus of wheel,
R=m.T/2=6x57/2=171 mm
". Radms of addendum circle of wheel,

R, = R + Addendum on wheel (4y;) =171+ 6 =177 mm
We know that the path of approach (i.e. path of contact when engagement occurs).

KP =/(Ry)* — R>cos’ o — R sin

= ,f(l??)l — (1712 cos? 20°—171sin20°= 742 - 58 5=157 mm



and the path of recess (i.e. path of contact when disengagement occurs),

BPL— ,f(rA): — coslq} —rsmo

= /(63) —(57)% cos? 20° — 57sin 20° = 33.17 — 19.5 =13 67 mm
.. Length of path of contact.
KL=KP+PL=157 +13.67 = 2937 mm
We know that length of arc of contact

_ Length of path of contact 2937

= =31.25 mm
cosh cos20°

Number of pairs of Teeth in contact:
We know that cireular piteh,

e =MXm=TMXx6=18.852 mm

. Number of pairs of teeth in contact

_ Length of arc of contact 3125

=1.66
P 18.852
Maximum velocity of sliding:
Let o, = Angular speed of wheel m rad/s.
We know that — — x or on =0y e i KE = 3.14 rad/s
@ = 3 57
J. Maximmum velocity of shdmng,

vy =(my +0,) KP
=(943 +3.14)157 =197.35 mm/s .



GOVERNORS

5.1 Governors

The function of a governor is to regulate the mean speed of an engine, when there are variations in the load
e.g. when the load on an engine increases, its speed decreases, therefore it becomes necessary to increase
the supply of working fluid. A little consideration will show, that when the load increases, the configuration
of the governor changes and a valve is moved to increase the supply of the working fluid; conversely,
when the load decreases, the engine speed increases and the governor decreases the supply of working
fluid. We can observe that the function of a flywheel in an engine is entirely different from that of a
governor. It controls the speed variation caused by the fluctuations of the engine turning moment during
each cycle of operation. It does not control the speed variations caused by a varying load. The varying
demand for power is met by the governor regulating the supply of working fluid.
5.2 Types of Governors
The governors may, broadly, be classified as

1. Centrifugal governors, and

2. Inertia governors.
The centrifugal governors, may further be classified as follows :

Centrifugal governors

Pendulum type Loaded type
Watt governor [ |
Dead weight governors Spring controlled governors
| |
Porter governor Proell governor
| |
Hartnell governor Hartung governaor Wilson-Hartnell governor Pickering governor

5.3 Centrifugal Governors

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. Centrifugal governor consists of two balls of
equal mass, which are attached to the arms as shown in Fig. 5.1. These balls are known as governor balls
or fly balls. The balls revolve with a spindle, which is driven by the engine through bevel gears.

The upper ends of the arms are pivoted to the spindle, so that the balls may rise up or fall down as they
revolve about the vertical axis. The arms are connected by the links to a sleeve, which is keyed to the
spindle. This sleeve revolves with the spindle; but can slide up and down. The balls and the sleeve rises
when the spindle speed increases, and falls when the speed decreases. In order to limit the travel of the
sleeve in upward and downward directions, two stops S, S are provided on the spindle. The sleeve is
connected by a bell crank lever to a throttle valve. The supply of the working fluid decreases when the
sleeve rises and increases when it falls. When the load on the engine increases, the engine and the governor
speed decreases. This results in the decrease of centrifugal force on the balls. Hence the balls move inwards
and the sleeve moves downwards.

The downward movement of the sleeve operates a throttle valve at the other end of the bell crank lever to
increase the supply of working fluid and thus the engine speed is increased. In this case, the extra power
output is provided to balance the increased load. When the load on the engine decreases, the engine and the
governor speed increases, which results in the increase of centrifugal force on the balls. Thus the balls
move outwards and the sleeve rises upwards. This upward movement of the sleeve reduces the supply of
the working fluid and hence the speed is decreased. In this case, the power output is reduced. The
controlling force is provided either by the action of gravity as in Watt governor or by a spring as in case of
Hartnell governor.



A governor controls engine speed. As it rotates, the weights swing outwards, pulling down a spindle that
reduces the fuel supply at high speed. When the balls rotate at uniform speed, controlling force is equal to
the centrifugal force and they balance each other.
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Fly-balls & i
Links et = o=
Sleeve — = ' Bell crank Throttle
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Supply of
working fluid

Fig. 5.1.

Terms Used in Governors

The following terms used in governors are important from the subject point of view ;

1. Height of a governor. It is the vertical distance from the centre of the ball to a point where the axes of
the arms (or arms produced) intersect on the spindle axis. It is usually denoted by h.

2. Equilibrium speed. It is the speed at which the governor balls, arms etc., are in complete equilibrium
and the sleeve does not tend to move upwards or downwards.

3. Mean equilibrium speed. It is the speed at the mean position of the balls or the sleeve.

4. Maximum and minimum equilibrium speeds. The speeds at the maximum and minimum radius of
rotation of the balls, without tending to move either way are known as maximum and minimum equilibrium
speeds respectively.

Note : There can be many equilibrium speeds between the mean and the maximum and the mean and the
minimum

equilibrium speeds.

5. Sleeve lift. It is the vertical distance which the sleeve travels due to change in equilibrium speed.



5.4 Watt Governor

The simplest form of a centrifugal governor is a Watt governor, as shown in Fig. 5.2. It is basically a
conical pendulum with links attached to a sleeve of negligible mass. The arms of the governor may be
connected to the spindle in the following three ways :

1. The pivot P, may be on the spindle axis as shown in Fig. 5.2 (a).

2. The pivot P, may be offset from the spindle axis and the arms when produced intersect at O, as shown in

Fig. 5.2 (b).
3. The pivot P, may be offset, but the arms cross the axis at O, as shown in Fig. 5.2 (c).
Pa I PP
1O B /
e i S i
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h / i \ h i
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Fig. 5.2.
Let m = Mass of the ball in kg.

w = Weight of the ball in newtons = m.g.
T = Tension in the arm in newtons.

® = Angular velocity of the arm and ball about the spindle axis in

rad/s,

r = Radius of the path of rotation of the ball i.e. horizontal distance

from the centre of the ball to the spindle axis in metres.

F. = Centrifugal force acting on the ball in newtons = m.@?.r. and

h = Height of the governor in metres.

It is assumed that the weight of the arms, links and the sleeve are negligible as compared to

the weight of the balls. Now. the ball is in equilibrium under the action of
1. the centrifugal force (FC) acting on the ball,
2. the tension (T) in the arm, and
3. the weight (w) of the ball.
Taking moments about point O, we have

F.xh =wxr=mgr

¢
m.w>rh =mgr or h=glo® (@)
When g is expressed in m/s2 and o in rad/s, then h is in metres. If N is the speed in r.p.m., then
o =2InN/60
95
P 981 — = B — metres ... (- g=9.81 mfs?)
(2N /60)” N ... (i)

Note : We see from the above expression that the height of a governor h, is inversely proportional to
N2.Therefore at high speeds, the value of h is small. At such speeds, the change in the value of h
corresponding to a small change in speed is insufficient to enable a governor of this type to operate the
mechanism to give the necessary change in the fuel supply. This governor may only work satisfactorily at
relatively low speeds i.e.from 60 to 80 r.p.m.



Practise Problem:

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

Given :
N1=60 r.p.m.
N2=61r.p.m.
Initial height
We know that initial height,
= 895,, = iq,, =0.248 m
(M- (60)°
Change in vertical height
We know that final height,

5 5
h = 3 =85 om

(VM) (6D
Change in vertical height = h1 —h2=0.248 — 0.24 = 0.008 m = § mm
5.5 Porter Governor
The Porter governor is a modification of a Watt’s governor, with central load attached to the sleeve as
shown in Fig. 5.3 (a). The load moves up and down the central spindle. This additional downward force
increases the speed of revolution required to enable the balls to rise to any predetermined level. Consider
the forces acting on one-half of the governor as shown in Fig. 6.3 (b).
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Let m = Mass of each ball in kg, F. = Centnifugal force acting on the ball
w = Weight of each ball in newtons = m.g, in newtons =m. w21

M = Mass of the central load in kg,

W = Weight of the central load in newtons =
M.g,

r = Radius of rotation in metres,

h = Height of governor in metres ,

N = Speed of the balls in r.p.m ., B = Angle of inclination of the link
® = Angular speed of the balls in rad/s

=2 N/60 rad/s,

Though there are several ways of determining the relation between the height of the governor (h) and the
angular speed of the balls (®), yet the following two methods are important from the subject point of view :
1. Method of resolution of forces ; and

2. Instantaneous centre method.

T1 = Force in the arm in newtons,
T2 = Force in the link in newtons,
o = Angle of inclination of the arm (o1

upper link) to the vertical. and

(or lower link) to the vertical.



1. Method of resolution of forces
Considering the equilibrium of the forces acting at D, we have

w M.
I, cosf=—= g

2 2
_ M.g

2cos B
Again, considering the equilibrium of the forces acting on B. The point B is in equilibrium under the action
of the following forces, as shown in Fig. 6.3 (b).
(i) The weight of ball (w = m.g),
(ii) The centrifugal force (FC),
(iii) The tension in the arm (T1), and
(iv) The tension in the link (T2).

Resolving the forces vertically,

M.
Licosao=T1, cosB+w=fg+m.g

M.
- 1‘1 cos ﬁzTg

Resolving the forces horizontally,
T,sinca+ T, sin f=F

' JM' 1 -
T; sin o + £ x sin = F¢ - s Mz
2 cos ° 2cosP
; M.
T; sin o + gxt&ﬂB:E:
" M.
T sino=F. — jgxtanli
g
rsing 3 x tan B
4 xos 1y —'M'g+m.g
2
[Mj.g + m.g]tanccch — Mjg x tan f
M. & M. tan
g+m.g= s o B
Z tan o 2 tan o
| -y tan :
Substituting B =¢.and tan a = L. wehave
tan o
M. 2 M.g 5
1‘?' +m.g=mw rx———=xgq i Fo=mary)
s r &
1 M.g
mw h=mg+—=(1+q)

A



1 m—i-g{1+q)
m

m o

m+£{]+q)

o = m.g+M—g(l+q} & N Y Y -
2 m.h m h
2 +M a1+
2N Y i o 9) 8
60 m h

m+£(1+q} 60 m-l-g(\l+q) 805
N‘?z—'ixg[_] S B, =
m h
Notes : 1. When the length of arms are equal to the length of links and the points P and D lie on the same
vertical line, then

2n m h

tan o = tan f or g=tano/tanf=1

Therefore the above equation becomes
2 (m+M) 3 g

- i h
2. When the loaded sleeve moves up and down the spindle, the frictional force acts on it in a direction
opposite to that of the motion of sleeve.
If F = Frictional force acting on the sleeve in newtons, then the above equations get reduced as
M.g:F \

. e l(l +q) _—
W= = . it

meg h
_mg+(M.gt F) xﬁ
n.g h

N

m.g+
-

{(Wheng=1)

The + sign is used when the sleeve moves upwards or the governor speed increases and negative sign is
used when the sleeve moves downwards or the governor speed decreases.
2. Instantaneous centre method
In this method, equilibrium of the forces acting on the link BD are considered. The instantaneous centre |
lies at the point of intersection of PB produced and a line through D perpendicular to the spindle axis, as
shown in Fig. 6.4. Taking moments about the point I,

Fe x BM =wx IM +ixID

M.g

7

IM M. ID
Fo=m.gx — £ »
BM 2 BM
IM M.g (IM + MD
+
BM Fat

=m.gx IM + x 1D

IM M.g
=m.gx £
BM 2 [

IM  MD)
BM BM

M.g

=m.gtan o + (tan o + tan B) !

4




Dividing throughout by tan o

e M . - M .
= =m.g + g 1+ an. =m.g+—g(1+q) '.‘g:mnﬁ
tan o 2 tan o = tan ¢
We know that F. = 0 F; and mq:%
I h M'.g "
. B .7 x; = m.g+?{1+g)

m.g+M%g(l+q) 1 m—o—g(l—t—g] -
or h = - i — 0‘1

m oy m (03]

___(Same as before)
When tano=tanP or g=1.then
m + M o

=
] -

T

Practise Problems:

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

Solution:

Given: BP=BD =250 mm=0.25m; m= Skg;M=15kg;rl =150 mm=0.15m; r2 =200 mm = 0.2 m
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(@) Minimum position. (h) Maximum position.
Fig. 6.5.

The minimum and maximum positions of the governor are shown in Fig. 6.5 (a) and (b) respectively.
Minimum speed when r1 = BG =0.15 m

Let N1 = Minimum speed.

From Fig. 6.5 (a), we find that height of the governor,

h = PG = /(PB)® — (BG)® =4/(0.25) — (015> =02 m
We know that

+M 895 5+15 895
¥ 1) I A i g7 s T
m hy 5 0.2

Ni1=133.8 r.p.m.




Maximum speed when r2=BG =0.2 m
Let N2 = Maximum speed.
From Fig. 6.5 (b), we find that height of the governor,

I = PG =/(PB)” - (BG)> =4/(0.25)> - (0.2 =0.15m
We know that

5 m+M 895 5415 895
(N>) = 3 = 3%
- i) h 5 0.15

=23 867

N2=154.5r.p.m.

We know that range of speed = N2 — N1 =154.4 — 133.8 =20.7 r.p.m.

(3.) The arms of a Porter governor are each 250 mm long and pivoted on the governor axis. The mass of
each ball is 5 kg and the mass of the central sleeve is 30 kg. The radius of rotation of the balls is 150
mm when the sleeve begins to rise and reaches a value of 200 mm for maximum speed. Determine the
speed range of the governor. If the friction at the sleeve is equivalent of 20 N of load at the sleeve,
determine how the speed range is modified.

Solution:

Given : BP=BD =250 mm ; m=5kg; M=30kg;rl =150 mm ; r2 =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. 6.6 (a) and (b) respectively.

Let N1 = Minimum speed when r1 = BG = 150 mm, and
N2 = Maximum speed when 12 = BG =200 mm.

(&) Minimum position. (b) Maximum position.

Fig. 6.6.
Speed range of the governor
From Fig. 6.6 (a), we find that height of the governor,

Iy = PG = (PB)* — (BG)? =+/(250)> — (150)° =200 mm =02 m

We know that

7 ] 5 .5 5
(N1)‘=J”+Mx£= +30><89“=3132
m h, 5 0.2

N1 =177 r.p.m.
From Fig. 6.6 (b), we find that height of the governor,

Lh

hy = PG = Jr_PB}J - (BG)* = Jumf —(200)* =150 mm = 0.15 m



We know that < - .
I " |
(Nz}z _m +M ” 891 _3 +_3=D xﬂ — 41767
m h, 5 0.15
N2 =204.4rpm.

We know that speed range of the governor = N2 — N1 =204.4 — 177 =27.4 r.p.m.
Speed range when friction at the sleeve is equivalent of 20 N of load (i.e. when F =20 N)
We know that when the sleeve moves downwards, the friction force (F) acts upwards and the minimum
speed is given by

mg+(M.g—F) o 895
m.g hy

] 2
.[4?\?1_'}— =

_ 5x9.81+(30x9.81-20) % 895
5x9.81 02
N1 =172 r.p.m.
We also know that when the sleeve moves upwards, the frictional force (F) acts downwards and the
maximum speed is given by

P meg+(M.g+ F) K 895

= 20500

(N3
) m.g hy

~ 5x9.81+(30x9.81+ 20) . 805
5%x9.81 .15
N2 =210 r.p.m.

= 44200

We know that speed range of the governor = N2 — N1 =210 - 172 =38 r.p.m.

(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 mm 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 mm.
Determine the range of speed of the governor.

Solution: Given : BP=BD =250 mm ; DH=30 mm ; m=5kg; M=50kg; ri=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. 6.8 (a) and (b) respectively.

Fig. 6.8.
Let N1 = Minimum speed when ri = BG = 150 mm ; and



N2 =Maximum speed when r2=BG =200 mm.
From Fig. 18.8 (a), we find that height of the governor,

h = PG = (BP)? — (BG)? = \/(250)% — (150)2 = 200 mm = 0.2 m
BF =BG —FG=150-30=120 mm ...( FG=DH)

DF = \/(DB)® — (BF)” = /(250)" — (120)> = 219 mm
tan o, = BG/PG = 150/ 200 = 0.75
tan B, = BF/DF = 120/219 = 0.548

_tanf, 0548

0.731
ran oy 0.75
M 50 3
; m + = 1+q) 205 St i (1+0.731) 805
(V) = s X — = B X = 43206
m h 5 0.2
N;=208 rp.m.
From Fig. 6.8(b), we find that height of the governor,
hy=PG=,|(BP)’ — (BG)” =/(250)> —(200)> =150mm=0.15m
BF=BG-FG=200-30=170 mm
DF:J(DBf —(BF)? =J£350}1 —(170)> =183 mm
tan o.,= BG/PG = 200/150 =1.333
tan |32=BFDF= 170/183 =0.93
_ tanf, 093 7
* tana, 1333
M 50 =
. 33:+Tt_1+q3} 305 5+T(1+0' 7) 805
(N =———x = = ® =56 683
i m Iy 5 0.15

N,=238 tpm.
We know that range of speed = N2— N1=238 —208 = 30 r.p.m.

Sensitiveness of Governors

Consider two governors A and B running at the same speed. When this speed increases or

decreases by a certain amount, the lift of the sleeve of governor A is greater than the lift of the sleeve of
governor B. It is then said that the governor A is more sensitive than the governor B.

In general, the greater the lift of the sleeve corresponding to a given fractional change in

speed, the greater is the sensitiveness of the governor. It may also be stated in another way that for a given
lift of the sleeve, the sensitiveness of the governor increases as the speed range decreases. This definition of
sensitiveness may be quite satisfactory when the governor is considered as an independent mechanism. But
when the governor is fitted to an engine, the practical requirement is simply that the change of equilibrium
speed from the full load to the no load position of the sleeve should be as small a fraction as possible of the



mean equilibrium speed. The actual displacement of the sleeve is immaterial, provided that it is sufficient
to change the energy supplied to the engine by the required amount.

For this reason, the sensitiveness is defined as the ratio of the difference between the maximum and
minimum equilibrium speeds to the mean equilibrium speed.

Let

N1 = Minimum equilibrium speed,

N2 = Maximum equilibrium speed, and

N, + N,

~

N = Mean equilibrium speed =

Sensitiveness of the governor
N-N 2N -N)

N N+ N
_ 20y — o)
0y + 0

Hunting

A governor is said to be hunt if the speed of the engine fluctuates continuously above and

below the mean speed. This is caused by a too sensitive governor which changes the fuel supply by a large
amount when a small change in the speed of rotation takes place. For example, when the load on the engine
increases, the engine speed decreases and, if the governor is very sensitive, the governor sleeve
immediately falls to its lowest position. This will result in the opening of the control valve wide which will
supply the fuel to the engine in excess of its requirement so that the engine speed rapidly increases again
and the governor sleeve rises to its highest position. Due to this movement of the sleeve, the control valve
will cut off the fuel supply to the engine and thus the engine speed begins to fall once again. This cycle is
repeated indefinitely. Such a governor may admit either the maximum or the minimum amount of fuel. The
effect of this will be to cause wide fluctuations in the engine speed or in other words, the engine will hunt.

Isochronous Governors

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

Let us consider the case of a Porter governor running at speeds N1 and N2 r.p.m.

M 1
< g + q) 305
[_Nl}‘ PR ——

m By

m + M (1+q)
=3 25 2 895
(N =———x
= m hs

For isochronism, range of speed should be zero i.e. N2 — N1 = 0 or N2 = NI. Therefore from equations
above, 41 = /K2, which is impossible in case of a Porter governor. Hence a Porter governor cannot be
isochronous.
Note : The isochronous governor is not of practical use because the sleeve will move to one of its extreme
positions immediately the speed deviates from the isochronous speed.

Stability of Governors

A governor is said to be stable when for every speed within the working range there is a

definite configuration i.e. there is only one radius of rotation of the governor balls at which the governor is
in equilibrium. For a stable governor, if the equilibrium speed increases, the radius of governor balls must
also increase.

Note : A governor is said to be unstable, if the radius of rotation decreases as the speed increases.



Effort and Power of a Governor

The effort of a governor is the mean force exerted at the sleeve for a given percentage

change of speed (or lift of the sleeve). It may be noted that when the governor is running steadily, there is
no force at the sleeve. But, when the speed changes, there is a resistance at the sleeve which opposes its
motion. It is assumed that this resistance which is equal to the effort, varies uniformly from a maximum
value to zero while the governor moves into its new position of equilibrium.

The power of a governor is the work done at the sleeve for a given percentage change of
speed.

It is the product of the mean value of the effort and the distance through which the sleeve
moves.

Mathematically,

Power = Mean effort x lift of sleeve

The effort and power of a Porter governor may be determined as discussed below.
Let N = Equilibrium speed and

¢ = Percentage increase in speed.

Increase in speed = ¢.N

and increased speed =N+ cN=N (1 +¢)

P = Mean force exerted on the sleeve during the increase in speed or the effort of the governor.

M -M)g (m+M)[(1+c) -1]g

P
f ) 7

zun+M][1+fz+3"_l]g=c{m+M]g

-

If F is the frictional force (in newtons) at the sleeve, then

P=c(mg+Mg=F)

We have already discussed that the power of a governor is the product of the governor effort and the lift of
the sleeve.

Let

x = Lift of the sleeve.

Governor power = P x x
g,
de” M
m T

1+2¢ 2

(1+g)|g-h





