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Preface

I am pleased to present a book on “Textile Mechanisms for Spinning 
and Weaving Machines” for the students of Textile Technology and also 
for industry professionals. This book gives an exhaustive account on 
mechanics in textile machinery in spinning, weaving processes in which 
every textile students must know about the applied mechanics in textile 
machineries. The book has been written in both SI conventional and still in 
use F.P.S. systems. The object of this book is to present the subject matter 
in a most concise, compact and more solved practical problems in a lucid 
manner.
	 The aim of the book is to analyze the various mechanisms involved; and 
many difficult problems are solved in steps which would be of interest to 
readers. This should help the students to develop an analytical thinking about 
the machineries. A number of problems involving work energy, impulse-
momentum and principle of moments have been taken in to consideration and 
incorporated in relevant chapters.
	 The chapters are divided into many sections in order to isolate individual 
pieces of information as an aid to study. The work is intentionally pitched at 
a fairly easy level so as to be of the utmost use to as wide range of students 
not only in India but also for the students studying textile courses in other 
developed countries. 
	 The subject matter has been amply illustrated by incorporating a good 
number of solved unsolved and well-graded examples of every variety. 
At the end of each chapter, numerical questions have been asked so that 
the students can practice the same which may be asked in their University 
Examinations.
	 Although, every care has been taken to check mistakes and misprints, yet 
it is difficult to attain perfection. Any errors, omissions and suggestions for 
further improvement will be thankfully acknowledged and the same will be 
incorporated in the next edition.
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	 I am grateful to my parents, family and my professors who have helped me 
directly and indirectly to bring out this book. I would like to thank Woodhead 
Publishing India, who accepted my proposal to publish this book, although 
other books on this topic are already available. Finally, I hope this book will 
be of good use to the students of Textile Technology, and I dedicate this book 
to the great Almighty who has helped and gave me fillip to bring out my 
maiden book publication.
	 I look forward in receiving your comments and suggestions to update this 
book.

G. Nagarajan
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Foreword

It gives me immense pleasure to note that the first edition of this book 
titled “Textile Mechanisms for Spinning and Weaving Machines” is 
being brought out. I congratulate the author of the book for his dedicated 
efforts in bringing this book, which has covered almost all critical areas 
of mechanics involved in textile spinning, weaving and knitting machines 
thoroughly under 20 different chapters. The chapters discuss types of power 
drives used in textile machinery, including belt and rope drives, and cover 
the design of cone drums in speed frames; different types of cams used in 
ring frames and looms are also discussed, as well as equations of motion 
and textile applications, energy calculations in textile machines, frictional 
forces and their calculation, clutches and brakes. The author has worked 
out sufficient problems in each chapter for better understanding of students 
and faculty who handle this subject on mechanics. The author has worked 
in textile industry and also in academics for long years which make this 
book very practical. This book will be very useful to all undergraduate 
and postgraduate students of Textile Technology besides students studying 
textiles in polytechnic colleges.
	 I wish the author great success in all his future endeavors.

Dr G Ramakrishnan
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1.1	 Introduction
The belt or rope is used to transmit power from one shaft to another by means 
of pulleys which rotate at the same speed or at different speeds. The amount 
of power transmitted depends upon the following factors:
	 (a)	 The velocity of the belt.
	 (b)	 The tension under which the belt is placed on the pulleys.
	 (c)	 The arc of contact between the belt and the smaller pulley.
	 (d)	 The condition under which the belt is used.
	 In order to fulfill the above conditions, it may be noted that
	 1.	 The shafts should be properly in line to ensure uniform tension across 

the belt section.
	 2.	 The pulleys should not be too close together in order that the arc of 

contact on the smaller pulley may be as large as possible.
	 3.	 The pulleys should not be so far apart which cause the belt to weigh 

heavily on the shafts and thus increase the friction load on the 
bearings.

	 4.	 A long belt tends to swing from side to side, causing the belt to run 
out of the pulleys which in turn develops crooked spots.

	 5.	 The tight side of the belt should be at the bottom, so that if sag is 
present on the loose side will increase the arc of contact at the pulleys.

	 6.	 In order to obtain good results with the flat belts, the maximum 
distance between the shafts should not exceed 10 meters and the 
minimum should not be less than 3.5 times the diameter of the larger 
pulley.

1.2	 Selection of belt drive
The selection of belt drive depends upon various factors which are listed 
below:
	 1.	 Speed of the driving and driven shafts
	 2.	 Speed reduction ratio
	 3.	 Power to be transmitted

1
Belt, rope and chain drives
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2	 Textile mechanisms in spinning and weaving machines

	 4.	 Centre distance between the shafts
	 5.	 Positive drive requirements
	 6.	 Layout of the shafts
	 7.	 Space available
	 8.	 Service conditions

1.3	 Types of belt drives 
	 (a)	 Light drives – These are used to transmit small powers at belt speed 

of up to 10 m/s. It is commonly used in agricultural machines and 
small machine tools.

	 (b)	 Medium drives – These are used to transmit medium power at belt 
speeds over 10 m/s up to maximum 22 m/s as in machine tools.

	 (c)	 Heavy drives – These are used to transmit large powers at belt speeds 
above 22 m/s. It is commonly found in compressors and generators.

1.4	 Types of belts 

Figure 1.1  Types of belts

	 1.	 Flat belt – The flat belt as shown in Fig. 1.1(a) is mostly used in 
factories and workshops, where a moderate amount of power is to be 
transmitted from one pulley to another. The two pulleys should not be 
more than 8 meters apart.

	 2.	 V-belt – The V-belt as shown in Fig. 1.1(b) is mostly used in workshops 
and factories where a moderate amount of power is to be transmitted 
from one pulley to another, when the two pulleys are very near to 
each other.

	 3.	 Circular belt or rope – The circular belt or rope as shown in Fig. 
1.1(c) are commonly used in industries and workshops, where large 
amount of power is to be transmitted from one pulley to another and 
also when the two pulleys are more than 8 m apart.

© 2015 by Woodhead Publishing India Pvt. Ltd.
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1.5	 Flat belt drives
The power from one pulley to another may be transmitted by any of the 
following types of belt drives.
	 1. Open belt drive
	 The open belt drive as shown in Fig. 1.2 is used with shafts arranged in 
parallel and rotating in the same direction. In this case, the driver A pulls the 
belt from one side (i.e. lower side RQ and delivers it to the other side, i.e. 
upper side LM). Thus the tension in the lower side belt will be more than that 
in the upper side belt. The lower side belt (because of more tension) is known 
as tight side whereas the upper belt side (because of less tension) is known as 
slack side as shown in Fig. 1.2.

Figure1.2  Open belt drive

	 2. Crossed belt drive
	 The crossed belt drive as shown in Fig. 1.3 is used with shafts arranged 
parallel and rotating in opposite direction.
	 In this case, the driver pulls the belt from one side (i.e. RQ) and delivers 
it to the other side (i.e. LM). Thus the tension in the belt RQ will be more than 
that in the belt LM. The belt RQ (because of more tension) is known as tight 
side, whereas the belt LM is known as slack side because of less tension (as 
shown in Fig. 1.3).
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4	 Textile mechanisms in spinning and weaving machines

Figure 1.3  Crossed belt drive

	 At the point where the belt crosses, it rubs against each other and there 
will be excessive wear and tear. In order to avoid this, the shafts should be 
placed at a maximum distance of 20 b, where b is the width of the belt and the 
speed of the belt should be less than 15 m/s.
	 3. Quarter turn belt drive
	 The quarter turn belt drive (Fig. 1.4a), also known as right angle belt 
drive, is used with shafts arranged at right angles and rotating in one definite 
direction. In order to prevent the belt from leaving the pulley, the width of the 
face of the pulley should be greater or equal to 1.4 b, where b is the width of 
the belt.
	 In some cases if the pulleys cannot be arranged as shown in Fig. 1.4(a), or 
when the reversible motion is desired, then a quarter turn belt drive with guide 
pulley as shown in Fig. 1.4(b) may be used.
	 4. Belt drive with idler pulleys
	 A belt drive with idler pulley, as shown in Fig. 1.5(a), is used with shafts 
arranged parallel and when an open belt drive cannot be used due to small 
angle of contact on the smaller pulley. This type of drive is provided to obtain 
high velocity ratio and when the required belt tension cannot be obtained by 
other means.
	 When it is desired to transmit motion from one shaft to several shafts, 
all arranged in parallel, a belt drive with many idler pulleys, as shown in Fig. 
1.5(b) may be utilized.
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Figure 1.4  (a) Quarter turn belt drive; (b) Quarter turn belt drive with guide pulley

Figure 1.5  (a) Belt drive with single idler pulley; (b) Belt drive with many idler pulleys

	 5. Compound belt drive
	 A compound belt drive as shown in Fig. 1.6 is used when power is 
transmitted from one shaft to another through a number of pulleys.
6. Stepped or cone drive pulley drive 
	 A stepped or cone drive pulley as shown in Fig. 1.7 is used for changing 
the speed of the driven shaft while the main or driving shaft runs at constant 
speed. This is accomplished by shifting the belt from one part of the steps to 
the other (Fig. 1.7).
	 7. Fast and loose pulley drive
	 A fast and loose pulley drive as shown in Fig. 1.8 is used, when the 
driven or machine shaft is to be started or stopped whenever desired without 
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6	 Textile mechanisms in spinning and weaving machines

interfering with the driving shaft. A pulley which is keyed to the machine 
shaft is called fast pulley and runs at the same speed as that of the machine 
shaft. A loose pulley runs freely over the machine shaft and is incapable of 
transmitting any power. When the driven shaft is required to be stopped, the 
belt is shifted on to the loose pulley by means of sliding bar having belt forks.

Figure 1.6  Compound belt drive

Figure 1.7  Stepped or cone pulley drive

	 8. Timing belt drive
	 A recent addition to the range of belt drives is the timing belt drive. One 
major disadvantage of gear drives is the distance between the driving and 
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driven shafts. Large gear wheels may be necessary or there may be smaller 
wheels plus a series of idler wheels. One disadvantage of gear drives is 
negative character and slippage of gears. The timing belt overcomes both 
disadvantages. Timing belt is a flat belt built with a tough flexible structure 
and minimum stretch with neoprene teeth molded on its inner surface. The 
driving and driven pulleys are cut with a matching teeth and thus a positive 
drive is achieved. Calculation of speed with such a drive is similar to the 
normal gears. This timing belt drive is found in spinning preparatory machines 
like carding and draw frame machines.

Figure 1.8  Fast and loose pulley drive

	 9. Cone pulley drive
	 Cone pulley drive is another form of drive common in textile machines. 
Such type of drive is used in sizing machines to control the warp stretch in the 
wet section as shown in Fig. 1.9.
	 A side shaft driven by the main motor at headstock is employed to drive 
the drag roller at the head stock and the sizing roller in the size box through 
the intermediate cone pulleys and a differential. The position of the belt on 
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8	 Textile mechanisms in spinning and weaving machines

the cone pulleys is adjusted automatically by a spring-mounted tension feeler 
which is mounted on the front of the drying chamber. The drive to the drag 
roller is taken from the side shaft through the manually adjustable expanding 
pulleys with a view to controlling the dry stretch between the drag roller and 
the take-up roller at the head stock. This system of controlling stretch gives 
good results, if properly set.

	

Figure 1.9  Cone pulley drive

	 10. Positively Infinite Variable (PIV) gear drive
	 PIV gear comprises two sets of expanding pulleys with serrations on their 
inner face, which are linked by a chain belt, consisting of thin plates, engaging 
the serrations. The relative speed of the driving and driven parts is changed by 
turning a knob, which shifts the belt towards the centre of one set and away 
from the centre of other set of expanding pulleys as shown in Fig. 1.10.
	 The PIV drive consists of only one PIV gear for controlling the relative 
speeds of the sizing rollers in size box and the take-up roller at the head stock. 
There is no separate control of stretch in dry and wet sections. A tension feeler 
roller is provided at the front of the drying chamber. The movement of the 
feeler alters the position of a pointer on a dial between the two limit switches, 
one each on either side. The contact of the pointer with one of the switches 
is utilized in sending an impulse to an auxiliary motor capable of running in 
either direction. 
	 The auxiliary motor changes the setting of the PIV gear in such a manner 
which changes the speed of the sizing rollers so as to correct the rise or fall in 
tensions in the warp sheet.
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	 Belt, rope and chain drives	 9

	 This mechanism prevents the creel tension from reaching the wet sheet 
between the immersion roller and the rear squeezing nip. Thus the importance 
of correct setting of PIV gear need not be emphasized. 
	 It should also be ensured that optimum setting of the drive mechanism 
and proper synchronization among different motors of the multi-motor drives 
is a pre-requisite for obtaining the lowest possible stretch in warp during 
sizing process.

	

Figure 1.10  PIV gear assembly

1.6	 Velocity ratio of belt drive
Velocity ratio of the belt drive is expressed as the ratio between the velocities 
of the driver and the driven or follower. It may be expressed mathematically, 
as mentioned below:
	 D1 = Diameter of the driver

© 2015 by Woodhead Publishing India Pvt. Ltd.
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10	 Textile mechanisms in spinning and weaving machines

	 D2 = Diameter of the driven or follower
	 N1 = Speed of the driver in rpm
	 N2 = Speed of the driven in rpm
	 Therefore, the length of the belt that passes over the driver in 1 minute  
= π × D1 × N1

	 Similarly, the length of the belt passes over the driven in 1 minute  
= π × D2 × N2

	 Since, the length of the belt passes over the driven in 1 minute is equal to 
the length of the belt that passes over the follower in 1 minute, therefore
	 π × D2 × N1 = π × D2 × N2

	 Therefore, Velocity ratio = 2 1

1 2
=

N D
N D

 

	 If the thickness of the belt (t) is to be considered, then velocity ratio,  

= 2 1

1 2

+
=

+
N D t
N D t

	 The velocity ratio of a belt drive may also be obtained as discussed below:

 = 1 1
1 60

π× ×
=

D NV m/s

	 And the peripheral velocity of the driven or follower pulley is 
1 1

1 60
π× ×

=
D NV m/s

	 When there is no slip, then V1 = V2

		  1 1

60
D Nπ× ×

	 =	 2 2

60
D Nπ× ×  or

		  2

1

N
N

	 =	 1

2

D
D

	 …(1.1)

1.6.1	 Velocity ratio of a compound belt drive

In some occasions, the power is transmitted from one shaft to another through 
a number of pulleys as shown in Fig. 1.6. Consider a pulley 1 driving the 
pulleys 2 and 3 keyed to the same shaft; therefore the pulley 1 also drives the 
pulley 3 which in turn drives the pulley 4.
	 Let D1= Diameter of the pulley 1
	  D2 = Speed of the pulley 1 in rpm
	 D2, D3, D3 and N2, N3, N4, = corresponding values for pulleys 2, 3, and 4.
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	 We know that velocity ratio of pulleys 1 and 2,

		  2

1

N
N

	 =	 1

2

D
D

	 ...(1.2)

	 Similarly, velocity ratio of pulleys 3 and 4

	  	 4

3

N
N 	 =	 3

4

D
D 	 ...(1.3) 

	 Multiplying equations (1.2) and (1.3)

		  2 4

1 3

N N
N N

× 	 =	 31

2 4

DD
D D

×

	 or 1 34

3 2 4

D DN
N D D

×
=

×
 (since N2 = N3 being keyed to the same shaft)

	 or Speed of the last driven Product of diameters of drivers=
Speed of the first driver Product of diameters of driven

1.6.2	 Slip of belt

In the previous discussions, we have always considered that there is a firm 
grip between the belts and shafts. Sometimes, the frictional grip becomes 
insufficient. This may cause some forward motion of the driver without 
carrying the belt with it and also the driven pulley. This is called as slip of the 
belt and is normally expressed as percentage.
	 The result of the belt slippage is to reduce the velocity ratio of the system. 
As the slipping of the belt is a common phenomenon, belt should never be 
used where a definite velocity ratio is required.
	 Let S1% = slip between driver and belt
	 S2% = slip between driven and belt
	 Therefore, velocity ratio of the belt passing over the driver per second,

	  	 1 1 1 1 1

60 60 100
D N D N Sv π× × π× × = − × 

 
	 …(1.4)

		  
1 1 11
60 100

D N Sπ× ×  = − − 
 

	 and the velocity of the belt passing over the driven per second

		  2 2 2 21
60 100 100

D N S Sv v vπ× ×    = − × = −   
   

© 2015 by Woodhead Publishing India Pvt. Ltd.

  



12	 Textile mechanisms in spinning and weaving machines

	 Substituting the value of v from Eq. (1.4),

		  2 2 1 1 1 21 1
60 60 100 100

D N D N S Sπ× × π× ×   = − −  
  

		
2 1 1 2

1 2
1

100 100
N D S S
N D

 = − − 
 

		  1 1 2 1 1 2

2 2
1 1 Neglecting

100 100 100 100
D S S D S SS
D D

+ ×   = − = −   ×  

	 Where S – S1 + S2 = total percentage of slip.
	 If thickness t of the belt is considered, then,

		  2 1

1 2
1

100
N D t S
N D t

 +  = −  +   
		  …(1.5)

	 Example 1.1: (In SI units) An engine running at 150 rpm drives a line 
shaft by means of a belt. The engine pulley is 750 mm diameter and the pulley 
on the line shaft being 450 mm. A 900 mm diameter pulley on the line shaft 
drives a 150 mm diameter pulley keyed to a dynamo shaft. Find the speed of 
the dynamo shaft when 
	 1.	 There is no slip 
	 2.	 There is a slip of 2% at each drive (Fig. 1.11)

Figure 1.11  Speed of dynamo shaft at: (a) no slip; (b) slip of 2% at each drive

	 Solution:
	 Given N1 = 150 rpm; d1 = 750 mm; d2 = 450 mm; d3 = 900 mm; d4 = 150 mm
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	 1.	 When there is no slip

		
1 34

1 2 4

d dN
N d d

×
=

×  

		
4 750 900 10

150 450 150
N ×

= =
×

		  N4 = 150 × 10 = 1500 rpm
	 2.	 When there is a slip of 2%

	  	
1 34 1 2

1 2 4
1 1

100 100
d dN S S

N d d
×   = − −  ×   

		  4 750 900 2 21 1
150 450 150 100 100
N ×   = − −  ×   

 = 9.6

		  N4 = 15089.6 = 1440 rpm

	 Example 1.2: Find the speed of a shaft which is driven with the help of a 
belt by an engine running at 200 rpm. The diameter of the engine pulley is 51 
cm and that of the shaft is 30 cm.

	 Solution:
	 Speed of the driver (engine) N1 = 200 rpm
	 Diameter of the driver (engine pulley) d1 = 51 cm
	 Diameter of driven shaft d2 = 50 cm
	 Let N2 be the speed of the driven shaft,
	 Therefore,

	
2 1

1 2

N d
N d

−

		  2
2 1

1

51 200 340 rpm
30

dN N
d

= × = × =

	 Example 1.3: If in the above problem, if the thickness of the belt is  
10 mm, find the speed of the shaft.
	 Solution:
	 Thickness (t) = 10 mm = 1 cm
	 N1 = 200 rpm
	 N2 = ? 
	 d1 = 51 cm
	 d2 = 30 cm
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14	 Textile mechanisms in spinning and weaving machines

	 We know that,

	 2 2

1 2

N d t
N d t

+
=

+

	 1
2 1

2

d tN N
d t

 +
= = × + 

		  50 1 52200 200 335.4 rpm
30 1 31

 +
= × = × = + 

	 Example 1.4: A shaft running at 200 rpm is to drive a parallel shaft at 
300 rpm. The pulley on the driving shaft is 60 cm in diameter. Calculate the 
diameter of the pulley on the driven shaft.
	 (i)	 Neglecting belt thickness
	 (ii)	 Belt thickness of 5 mm
	 (iii)	 Assuming in the latter case a total slip of 4%

	 Solution:
	 N1 = 200 rpm
	 N2 = 300 rpm
	 d1 = 60 cm
	 Thickness (t = 5 mm = 0.5 cm)
	 Slip = 4%
	 d2 = ?
	 (i)	 Neglecting belt thickness

					    2

1

N
N

	 =	 1

2

d
d

					    d2	 =	 1
1

2

N d
N

×

						     =	
200 60 40 cm
300

× =

	 (ii)	 Taking belt thickness in to account.

					    2

1

N
N

	 =	 1

2

d t
d t

+
+

					    d2 + t	 =	 1
2

2
( ) Nd t

N
+ ×
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	 Belt, rope and chain drives	 15

						     =	
200(60 0.5)
300

+ ×

	 	 		 	 	 =	 40.33
					    d2	 =	 40.33 – 0.5 = 39.83 cm

	 (iii)	 Considering belt thickness and total slip.

					    2

1

N
N

	 =	 1

2
1

100
d t S
d t

 +  −  +   

					    300
200

	 =	
2

60.5 41
0.5 100d

  −  +   

					    d2 × 0.5	 =	 60.5 × 0.96 × 
200
300

= 38.72 cm

		  			  d2	 =	 38.72 – 0.5 = 38.22 cm

1.6.3	 Creep of belt

When the belt passes from the slack side to the tight side, a certain portion of 
the belt extends and contracts again when the belt passes from the tight side 
to slack side. Due to these changes of length, there is relative motion between 
the belt and the pulley surfaces. This relative motion is called as creep. The net 
effect of creep is to reduce slightly the speed of the driven pulley or follower. 
Considering the creep, the velocity ratio is given by

		  2

1

N
N

	 =	 21

2 1

E fd
d E f

+
×

+
	 …(1.6)

	 Example 1.5: The power is transmitted from a pulley of 1 m diameter 
running at 200 rpm. to a pulley of 2.5 m diameter by means of a belt. Find the 
speed lost by the driven pulley as a result of the creep, if the stress on the tight 
and slack side of the belt is 1.44 N/mm2 and 0.49 N/mm2. Respectively, the 
Young’s Modulus of the material of the belt is 100 N/mm2.

	 Solution:
	 Diameter of the driver pulley d1 = 1 m
	 Diameter of driven pulley d2  = 2.5 m
	 Stress on the tight side ( f1) = 1.44 N/mm

2

	 Stress on the slack side ( f2) = 0.40 N/mm
2

	 Young’s Modulus E = 100 N/mm2
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16	 Textile mechanisms in spinning and weaving machines

	 Let be the speed of the driven pulley,
	 Using Eq. (1.6), we get

		  2

1

N
N

	 =	 21

2 1

E fd
d E f

+
×

+

		  2

200
N

	 =	 1 100 0.49
2.5 100 1.44

+
×

+

			   =	 1 100.7
2.5 101.12

×

			   =	 2
200 100.7
2.5 101.12

N = ×

			   =	 79.67 rpm
	 If we neglect the creep, then 

		  2

1

N
N 	 =	 1

2

d
d

		  N2	 =	 1
1

2

d N
d

×

		  N2	 =	 2.5 200 80 rpm
200

× =

	 Speed lost by driven pulley due to creep = 80 – 79.67 = 0.33 rpm

	 Example 1.6: If in the above problem, the belt is 50 cm wide and 10 mm 
thick, then find the speed in rpm lost by the driven pulley as a result of creep, 
if the tensions on the tight side and slack sides of the belt are 10 N/mm width 
and 4 N/mm width, respectively. E value of the belt is 100 N/mm².
Solution: 
	 From Example 1.5, the data are 
	 d1 = 1 m; = 200 rpm; d2 = 2.5 m
	 Width of the belt (b) = 50 cm = 500 mm
	 Thickness of the belt (t) = 10 mm 
	 Area of cross-section = b × t
	 = 500 × 10 = 5000 mm2

	 Tension in the tight side = 10 N/mm width
	 = 10 × Width = 10 × 500 = 5000 N
	 Tension on slack side = 4 N/mm width
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	 = 4 × 500 = 2000 N

	 Stress on tight side f1 = 
Tension on tight side
Area of cross-section

	 = 
5000
5000

 = 1 N/mm2

	 Stress on slack side f2 = 
Tension on slack side

Area of cross – section

	 = 
2000
5000

 = 0.4 N/mm2

	 Value of E = 100 N/mm2

	 Let N2 be the speed of the driven pulley.

	 Therefore 22 1

1 2 1

E fN d
N d E f

+
= ×

+

	 2 1 100 0.4
200 2.5 100 1
N ×

= ×
+

	 2
200 100 0.4
2.5 101

N +
= ×  = 79.09 rpm

	 If creep is neglected, then 

	 2 1

1 2

N d
N d

=

	 1
2 1

2

dN N
d

= ×

	
1

2.5
 × 200 = 80 rpm

	 Speed lost due to creep = 80 – 79.09 = 0.01 rpm

	 Example 1.7: With the help of a belt, an engine running at 200 rpm 
drives a line shaft. The diameter of the pulley on the engine is 80 cm and the 
diameter of the pulley on the line shaft is 40 cm. A 100 cm pulley on the line 
shaft drives a 20 cm diameter pulley keyed to a dynamo shaft . Find the speed 
of the dynamo shaft when there is:
	 (a)	 No slip
	 (b)	 A slip of 2.5% at each drive
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18	 Textile mechanisms in spinning and weaving machines

	 Solution:
	 Engine speed N1 = 200 rpm
	 Diameter of driver pulley on engine d1 = 80 cm
	 Diameter of follower pulley d2 = 40 cm
	 Diameter of driven pulley on line shaft d3 = 100 cm
	 Diameter of follower pulley on dynamo shaft d4 = 20 cm
	 Slip at each drive S1 = S2 = 2.5%
	 Let N4 be the speed of dynamo shaft,
	 (i)	 When there is no slip.

		  1 34

1 2 4

d dN
N d d

×
=

×

		  1 3
4 1

2 4

d dN N
d d

×
= ×

×

		  = 
80 100 200
40 20
×

×
×

 	= 2000 rpm
	 (ii)	 When there is a slip of 2.5%

		  1 34 1 2

1 2 4
1 1

100 100
d dN S S

N d d
×   = − −  ×   

		  N4 = 1 3 1 2
1

2 4
1 1

100 100
d d S SN
d d

×   × − −  ×   

		  = 200 80 100 2.5 2.51 1
40 20 100 100
× ×   × − −  ×   

		  = 97.5 97.52000
100 100

× ×  = 1901.25 rpm

1.7	 Power transmitted by a belt
Figure 1.12 shows the driving pulley or driver A and the driven pulley or 
follower B.
	 As discussed that the driving pulley pulls the belt from one side and 
delivers the same to the other side, it is thus obvious that the tension on the 
tight side will be greater than the slack side, as shown in Fig. 1.12.
	 Let T1 and T2 = Tensions at tight side and slack side of the belt in Newton’s.
	 r1 and r2 = Radii of the driver and driven, respectively
	  v = velocity of the belt in m/s

© 2015 by Woodhead Publishing India Pvt. Ltd.

  



	 Belt, rope and chain drives	 19

Figure 1.12  Power transmitted by belt

	 The effective turning (driving) force at the circumference of the follower 
is the difference between the two tensions( T1 − T2)
	 Therefore, work done per second = Force × Velocity
		  = (T1 − T2) × v Nm.
	 and the power transmitted P = (T1 − T2)v Watts.

	 	 = 1 2( )
1000

T T v− ×
 kW 

	 Torque exerted on driving pulley = (T1 − T2) × r1
	 Torque exerted on driven pulley = (T1 − T2) × r2

	 Example 1.8: (SI units) A belt is running over a pulley of diameter 120 
cm at 200 rpm; the angle of contact is 165 degrees and coefficient of friction 
between the belt and the pulley is 0.3. If the maximum tension in the belt is 
3000 N, find the power transmitted by the belt.

	 Solution:
	 Diameter of pulley (d) = 120 cm = 1.2 m
	 Speed of the pulley (N) = 200 rpm
	 Angle of lap or contact = 165° 

	 	= 165
180
× π radians (since 1 degree = 

180
π

radian)

	 Coefficient of friction (µ) = 0.3
	 Maximum tension in the belt (T1) = 3000 N

	 Velocity of the belt (v) = 
60
D Nπ× ×

		  1.2 200
60

π× ×  	= 12.56 m/s
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20	 Textile mechanisms in spinning and weaving machines

	 Let T2 bet the tension on the slack side of the belt.

	 Therefore 	 1

2

T
T

	 =	 eµq
⁪

			   =	 0.3 165
180

e × π
×

			   =	 2.3714

		  1

2

T
T

	 =	 2.3714

	 or 	
2

3000
T

	 =	 2.3714

		  T2	 =	 1265 N

	 Power transmitted by the belt = 1 2( )
1000

vT T− ×

	 = 
12.56(3000 1265)
1000

− ×  = 21.79 kW

	 Example 1.9: (SI units) An open belt drive connects two pulleys of 120 
cm and 50 cm diameters, on parallel shafts 4 m apart. The maximum tension 
in the belt is 1855.3 N. The coefficient of friction is 0.3. The driver pulley of 
diameter is 120 cm runs at 200 rpm. Calculate:
	 (a)	 The power transmitted
	 (b)	 Torque on each of the two shafts

	 Solution:
	 Diameter of larger pulley (d1) = 120 cm = 1.2 m
	 Radius of the larger pulley (r1) = 1.2/2 = 0.6 m
	 Diameter of smaller pulley (d2) = 50 cm = 0.5 m
	 Radius of smaller pulley (r2) = 0.5/2 = 0.25 m
	 Distance between shafts (x) = 4 m
	 Max. tension (T1) = 1855.3 N
	 Coefficient of friction (µ) = 0.3
	 Speed of the driver pulley (N1) = 200 rpm
	 We know that the velocity of belt is given by

		  v	 =	 1 1

60
d Nπ× ×

			   =	
1.2 200
60

π× ×

	 	 	 =	 12.56 m/s
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	 Let us now find the angle of contact (θ) for an open belt drive. For an open 
belt drive, the angle of contact is given by
	 	 θ	 =	 180 − 2α	 …(1.7)

	  	 Sin α	 =	 1 2r r
x
×

			   =	
0.6 0.25

4
×

	 	 	 =	 0.0875
	 	 α	 =	 sin–1 0.0875
	 	 	 =	 5.02° 
	 Substituting this value of α in Eq. (1.7)
	 	 θ	 =	 180 – 2 × 5.02
			   =	 169.96°

	 	 	 =	 169.96 × 
180
π

radians = 2.967

	 We know that 

		  1

2

T
T

	 =	 eµq
⁪.

		
2

1855.3
T

	 =	 2.7180.3 × 2.967 = 2.435

		
2

1855.3
T

	 =	 2.435 

		  T2	 =	
1855.3
2.435

 = 761.8 N

	 (i)	Power transmitted = 1 2( )
1000

vT T− ×

	 	= (1855.3 – 761.8) × 12.56
		  = 13.73 kW
	 (ii)	Torque on the driver shaft = (T1 × T2) × r1

	 	= (1855.3 – 761.8) × 0.6
		  = 656.1 N
		 Torque on driven shaft
		 = (T1 – T2) × r1

		 = (1855.3 – 761.8) × 0.25
	 = 273.4 N 
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1.8	 Ratio of driving tensions for flat belt drive
Consider a driven pulley rotating in the clockwise direction as shown in  
Fig. 1.13.

Figure 1.13  Ratio of driving tensions for flat belt

	 Let 
	 T1 = Tension in the tight side of the belt
	 T2 = Tension in the slack side of the belt
	 θ = Angle of contact in radians (i.e. angle subtended by the arc AB, along 
which the belt touches the pulley at the centre)
	 Now consider a small portion of the belt PQ subtending at an angle dθ at 
the centre of the pulley as shown in Fig. 1.13. The belt PQ is in equilibrium 
under the following forces.
	 1.	 Tension T in the belt at P
	 2.	 Tension (T + dT)⁪ in the belt Q
	 3.	 Normal reaction RN and
	 4.	 Frictional force, F = µ × RN, where µ is the coefficient of friction 

between the belt and the pulley.
	 Resolving the forces horizontally and equating the same,

	 RN = ( )sin sin
2 2

d dT dT Tθ θ
+ + 	 …(1.8)

	 Since the angle dθ is very small, therefore putting sin
2 2

d dθ θ
=  = in Eq. 

(1.8)
	 RN = (T + dT⁪) (dq⁪/2) + (T × dq/2⁪) = T.dq/2⁪ = dt.dq/2⁪+ Tdq/2⁪ 
	 = T.dθ 	 	 	 	 …(1.9)
	 (Neglecting dT⁪. dq/2⁪)
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	 Now resolving the forces vertically, we have
	 µ × RN = (T + dT⁪) cos (dq/2⁪ – T cos dq/2⁪	 …(1.10)
	 Since the angle dT⁪ is very small, therefore putting cos dq/2⁪ = 1 in Eq. 
(1.10),
	 µ × RN = T dT⁪ + = T = dT⁪ or RN = dT/µ⁪	 …(1.11) 
	 equating the values of RN from Eqs. (1.9) and (1.11),
	 T. dq⁪ = dT/µ⁪ or dT/T⁪ = µ. dq⁪.
	 Integrating both sides between the limits T1 and T2 and from θ to θ 
respectively,
	 loge (T1/T2) = µθ or e

µθ
⁪				    …(1.12)

	 Equation (1.12) can be expressed in terms of corresponding logarithm to 
the base 10, 
	 i.e. 2.3 log (T1/T2) = eµθ

	 The above expression gives the relation between the tight side and slack 
side tensions, in terms of co-efficient of friction and angle of contact.

1.9	 Centrifugal tension
 Since the belt continuously runs over the pulleys, therefore some centrifugal 
force is caused whose effect is to increase the tension on both, tight as well as 
the slack sides. The tension caused by the centrifugal force is called centrifugal 
tension. At lower speeds (less than 10 m/s), the centrifugal tension is very 
small, but at higher belt speeds (more than 10 m/s), its effect is considerable 
and must be taken in to account.
	 Consider a small portion PQ of the belt subtending an angle dθ at the 
centre of the pulley as shown in Fig. 1.14.

Figure 1.14  Centrifugal tension
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	 Let m = Mass of the belt per unit length in kg
	 v = Linear velocity of the belt in m/s
	 r = Radius of the pulley over which the belt runs in meters, and
	 Tc = Centrifugal tension acting tangentially at P and Q in Newton’s.
	 We know the length of the belt PQ
	  = r.dθ⁪.
	 and mass of the belt PQ = m.r. dθ⁪.
	 Therefore centrifugal force acting on the belt PQ
	 FC = (m.r.dθ) v2/r = m.dθ.v2

	 The centrifugal tension acting tangentially at P and Q keep the belt in 
equilibrium.
	 Now resolving the forces (i.e. centrifugal force and centrifugal tension) 
horizontally and equating the same,
	 TC sin (dθ/2) + TC sin (dθ/2) = FC = m.dθ. v2.
	 As the angle dθ⁪ is very small, putting sin (dθ/2⁪ = dθ/2⁪ in the above 
expression
	 = 2 TC (dθ/2) = m.dθ.v2 
	 or TC = m.v2

	 1.	 When the centrifugal tension is taken in to account, then total tension 
in the tight side,

		  T ⁪
r1 = T1 + TC

		  And total tension in the slack side
		  T⁪

r2 = T2 + TC

	 2.	 Power transmitted
		  P = (T ⁪

r1 = T⁪
r2) × v⁪

		  = (T1 + TC) – (T2 + TC)v = (T1 + T2)v
	 	 From the above expression, the centrifugal tension has no effect on 

power transmitted.
	 3.	 The ratio of driving tensions may be written as
		  2.3 log (T ⁪

r1 – TC)/(T
⁪
r2 – TC)

	 	 = µ.θ

	 Example 10.1: A belt embraces the smaller pulley at an angle of lap of 
185° and runs at a speed of 1700 m/min. The belt dimensions are width = 20 
cm and thickness = 8 mm. Its density is 1 g/cm3. Determine the maximum 
power that can be transmitted at the above speed, if the maximum permissible 
stress in the belt is not to exceed 250 N/cm2 and µ = 0.25.
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	 Solution:
	 Angle of contact or lap = 165° = 165 × π/180 radians = 2.88 rad.
	 Speed of the belt (v) = 1700 m/min
 	 1700 / 60 = 28.33 m/s 
	 Width of the belt (b) = 20 cm 
	 Thickness of the belt (t) = 8 mm = 0.8 cm
	 Density of the belt = 1 g/cm3

	 = 1/1000 kg/cm3

	 Max. permissible stress (f ) = 250 N/cm2

	 Coefficient of friction µ = 0.25
	 Let us first find the maximum tension and centrifugal tension in the belt
	 The maximum tension in the belt (Tm) = f × (Area of the belt) = f × (b × t)
	 = 250 × 20 × 0.8 = 4000 N.
	 Centrifugal tension (TC) is given by
		  TC	 =	 mv2

	 Where	 m	 =	 Mass of the belt per meter length
	 	 	 =	 Density × Volume of belt of 1 m length
	 	 	 =	 Density × (b × t × L)
	 	 	 =	 1/1000 × (20 × 0.8 × 100) kg 
	 	 	 	 	 [Length of 1 m = 100 cm]
			   =	 1.6 kg
	 Substituting the value of m = 1.6 kg in
		  TC	 =	 mv2

	 	 	 =	 1.6 × 28.33 *28.33
			   =	 1284 N
	 We know that
		  Tm	 =	 T1 + TC

		  T1	 =	 Tm + TC

	 	 	 =	 4000 – 1284
			   =	 2716 N
	 Let T2 be the tension on the slack side of the belt

		  1

2

T
T

	 =	 eµθ

			   =	 e0.25 + 2.88 = 2.056
		  T2	 =	 T1/2.056
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		  T2	 =	 2716/2.056
			   =	 1321N
	 Maximum power transmitted by the belt 
			   =	 (T1 – T2) × v /1000
	 	 	 =	 2716 – 1321 × 28.33 / 1000
			   =	 39.52 kW

	 Example 1.10: A belt of density 1 g/cm³ has a permissible stress of  
250 N/cm2. Determine the maximum power that can be transmitted by a belt of  
20 cm × 1.2 cm if the ratio of the tight side to the slack side tension is 2.

	 Solution:
	 Density of the belt = 1 g/cm3 = 1/1000 kg/cm3

	 Max. permissible stress f = 250 N/cm2

	 Width of the belt b = 20 cm
	 Thickness of the belt t = 1.2 cm
	 Ratio of tensions = T1/T2 = 2.0
	 Let us find the mass of 1 m length of the belt and also the maximum 
tension in the belt
	 m = Mass of 1 m length of belt
	 = Density × Volume of 1 m length
	 = 1/ 1000 × (b × t × 1000)
	 = 1/1000 × (20 × 1.2 × 100) kg
	 = 2.40 kg
	 Let Tm = Maximum tension
	 = (Max. stress) × Area of cross-section of belt
	 = 250 × b × t = 250 × 20 × 1.2 
	 = 6000 N
	 Now, for maximum power transmitted, velocity of the belt is given by
		  v	 =	 √Tm/3m
			   =	 √6000/3 × 2.4 
	 	 	 =	 28.86 m/s
	 Now, the power transmitted is
		  P	 =	 (T1 × T2) × v /1000
	 Let us find the values of T1 and T2.
	 We know that Tm = T1 + TC
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	 TC = Centrifugal tension
	 T1 = Tension on tight side
	 But for max. power transmission,
	 TC = 1/3 Tm

	 = Substituting the value of TC in 
	 Tm = T1 = TC

	 Tm = T1 + 1/3 Tm

	 T1 = Tm – 1/3 Tm = 2/3 Tm

	 T1 = 2/3 × 6000 = 4000 N

	 But 1

2

T
T

 = 2.0 : T2 = 1

2
T

	 = 4000/2 = 2000 N
	 Therefore, power transmitted =
	 P = (T1 – T2) × v / 1000
	 = (4000 – 2000) × 28.86 / 1000
	 = 57.18 kW

1.10	 Initial tension in the belt
The tension in the belt which is passing over the two pulleys (i.e. driver and 
follower) when the pulleys are stationary is known as initial tension in the 
belt.
	 When power is transmitted from one shaft to another shaft with the help 
of the belt passing over the two pulleys which are keyed to the driver and 
driven shafts, there should be firm grip between the pulleys and belt. When 
the pulleys are stationary, the firm grip is increased by tightening the two ends 
of the belt. Hence the belt is subjected to some tension. This tension is known 
as initial tension in the belt.
	 Let T0 = Initial tension in the belt
	 T1 = Tight side tension of the belt
	 T2 = Slack side tension of the belt
	 α = Co-efficient of increase of belt length per unit force
	 When power is supplied to one of the pulleys and transmitted to the other, 
the tension in the two free length of the belts will be changed. The tight side 
of the belt stretches until the pull is increased from T0 to T1 and slack side 
shortens until the pull is decreased from T0 to T2.
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	 Therefore, increase of tension in tight side = ( T1 – T0 )
	 and increase in tension in slack side = (T0 – T2)
	 Now increase in length of belt on tight side = α × increase in tension
	  = α × (T1 − T0)
	 Similarly, decrease in length of belt on slack side = α × (T1 × T0)
	 For a perfectly elastic material of the belt, the length of the belt remains 
constant when it is at rest or in motion.
	 Hence increase in length on tight side should be equal to decrease of 
length on the slack side.
	 	 α.(T1 = T2)	 =	 α. (T0 – T2)⁪
		  T1 – T0	 =	 T0 – T2

		  T0	 =	 T1 + T2/2	 …(1.13)
	 If centrifugal tension is considered, then
		  T0	 =	 T1 + T2 + 2TC / 2	 …(1.14)

	 Example 1.11: An open belt running over two pulleys of 24 cm and 60 
cm diameters connects two parallel shafts 3 m apart and transmits 3.75 kW 
from the smaller pulley which rotates at 300 rpm. Co-efficient of friction 
between the belt and the pulleys is 0.3 and the safe working tension is 100 N/
cm width. Determine the following:
	 (i)	 Minimum width of the belt
	 (ii)	 Initial tension in the belt
	 (iii)	 Length of the belt required

	 Solution:
	 Diameter of larger pulley d1 = 60 cm; r1 = 30 cm
	 Diameter of smaller pulley d2 = 24 cm; r2 = 12 cm
	 Distance between two shafts x = 3 m = 300 cm
	 Power transmitted = 3.75 kW
	 Speed of the smaller pulley (N2) = 300 rpm
	 Co-efficient of friction (µ) = 0.3
	 Safe working stress = 100 N/cm width
	 Let b = width of belt
	 Then Tmax = 100 × b = 100 b N
	 For an open belt drive, angle of contact is given by
	 	 θ	 =	 180 − 2α
	 Α is given by 
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	 	 Sin α	 =	 (r1 – r2)/x
	 	 	 =	 30 – 12 / 300
	 	 	 =	 0.06
	 	 α	 =	 sin−1 0.06
			   =	 3.45°
	 Substituting the value of α = 3.45° in
	 	 θ	 =	 180 – 2 α
	 	 θ	 =	 180 – 2 × 3.45
	 	 θ	 =	 173.1°
	 	  	=	 173.1 × 3.13/180 = 3.02 radians
	 Now we know that 
		  T1/T2	 =	 eµθ

			   =	 e0.3 × 3.02 
			   =	 2.474
		  T1	 =	 2.474 T2

		  Power transmitted	 =	 (T1 – T2) × v / 1000
		  3.75	 =	 (T1 – T2) × v/1000
		  v	 =	 π × d2N2 / 60
	 	 	 =	 π × 24 × 300/60
	 	 	 =	 376.9 cm/s or 3.769 m/s
	 Substituting this value in power equation,
		  3.75	 =	 (T1 – T2) × v/1000
		  (T1 – T2)	 =	 3.75 × 1000/3.769
			   =	 994.7 N
		  (T1 – T2)	 =	 994.7 N
	 Substituting the value of T1 = 2.474 in (T1)
		  (2.474T2 – T2)	 =	 994.7 N
		  1.474T2	 =	 994.7 N
		  T2	 =	 994.7/1.474 = 674.8 N
		  T1	 =	 2.474T2

		  T1	 =	 2.474 × 674.8 = 1669.5 N
	 (i)	 Minimum width of the belt required, neglecting centrifugal tension, 

we have Tmax⁪ = T1

	 	 100 b = 1669.5 N
		  b = 1669.5/100 = 16.7 cm
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	 (ii)	 Initial belt tension = T0 = T1 + T2/2
	 	 = 1669.5 + 674.8/2 = 1172.15 N
	 (iii)	 Length of the belt required.
	 	 For an open belt drive, length of the belt required is 
		  L = π (r1 + r2) = (r1 – r2)

2 /x + 2x
	 	 = π (30 +12) = (30 – 12)2/300 + 2 *300
		  = 733 cm or 7.33 m

1.11	 V-belt drive
V-belt drives are most commonly used in factories and workshops where a 
great amount of power is to be transmitted from one pulley to another when 
the two pulleys are very near to each other.

Figure 1.15  (a) Cross-section of V-belt

	 The V-belts are made of fabric and cords molded in rubber and covered 
with fabric and rubber, as shown in Fig. 1.15(a). These belts are molded to a 
trapezoidal shape and are made endless. These are suited for short drives, i.e. 
when the shafts are at short distance apart. The included angle for the V-belt 
is usually 30 to 40 degrees. In case of flat belt drive, the belt runs over the 
pulleys whereas in V-belt drives, the rim of the pulley is grooved in which the 
V-belt runs. The effect of the groove is to increase the frictional grip of the 
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V-belt on the pulley and thus reduce the tendency to slipping. The power is 
transmitted by the wedging action between the belt and the V-groove in the 
pulley.
	 A clearance must be provided at the bottom of the groove as shown in 
Fig. 1.15(b) in order to prevent touching to the bottom as it becomes narrower 
from wear. The V-belt drive may be inclined at any angle with tight side either 
at top or bottom. In order to increase the power output, several V-belts are 
operated side by side. In case of multiple v-belt drives, all the belts should 
stretch at the same rate so that the load is equally divided between them. If one 
of the set of belts break, the entire set should be replaced at the same time. If 
only one belt is replaced, the new belt will be tightly stretched and will move 
with different velocity.

 

Figure 1.15  (b) Cross-section of a V-grooved pulley

	 Advantages of V-belt drives:
	 1.	 The V-belt gives compactness due to the small distance between the 

centres of the pulleys.
	 2.	 The drive is positive, since the slip between the belt and the pulley 

groove is negligible.
	 3.	 The drive is smooth since the belt are endless and there is no joint 

problem.
	 4.	 The life of the v-belt is longer up to 3–5 years.
	 5.	 It can be easily installed and removed.
	 6.	 The belts have the cushioning effect to bear the shock when the 

machine is started.
	 7.	 The high velocity ratio (maximum 10 may be obtained).
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	 8.	 The wedging action of the belt in the groove gives high value of 
limiting ratio of tensions. Therefore the power transmitted by V-belts 
is more than flat belt for the same coefficient of friction, arc of contact 
and allowable tension in the belts.

	 9.	 The V-belt may be operated in either direction with tight side of the 
belt at the top or bottom. The centre line may be horizontal, vertical 
or inclined.

	 Disadvantages of V-belt drives
	 1.	 The V-belt drive cannot be used with large centre distances.
	 2.	 V-belts are not as durable as flat belts.
	 3.	 The construction of pulleys for V-belts is more complicated than 

pulleys for flat belts.
	 4.	 The belt life is greatly influenced with temperature changes, improper 

belt tension and mismatching of belt lengths.
	 5.	 The centrifugal tension prevents the use of V-belts at speeds below 

5m/s and above 50 m/s.

	 Example 1.12: The maximum allowable tension in a V-belt of groove 
angle of 45° is 1500 N. The angle of lap is 170° and the co-efficient of 
friction between the belt and the pulley is 0.27. If the belt is running at 2 m/s, 
determine:
	 (i)	 Net driving tension
	 (ii)	 Power transmitted by the pulley. Ignore the effect of centrifugal 

tension.

	 Solution:
	 Angle of groove 2α = 45°; α = 22.5° 
	 Maximum allowable tension on the belt (Tmax) = 1500 N
	 Angle of lap (θ) = 170° = 170 × π/180 = 2.96 radians
	 Co-efficient of friction (µ) = 0.27
	 Belt speed (v) = 2 m/s
	 We know that
		  Tmax	 =	 T1 + TC

	 Where TC is centrifugal tension. If centrifugal tension is ignored, then
		  Tmax	 =	 T1 = 1500 NTmax

	 Now for V-belt drive, the ratio of tensions is given by
		  T1/T2	 =	 eµθ = e2.96 × cosec 22.5°

	  	 	 =	 8.109
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		  T2	 =	 T1/8.109
		  T2	 =	 1500/8.109 = 185 N
	 (i)	 Net driving tension = (T1 – T2)
	 	 = (1500 – 185) = 1315 N
	 (ii)	 Power transmitted 
		  = (T1 – T2) × v Watts
	 	 = 1315 × 2 = 2630 W

1.11.1	 Ratio of driving tensions for V-belt
A V-belt with grooved pulley is shown in Fig. 1.16.

	

Figure 1.16  V-belt with grooved pulley

	 Let R1 = Normal reaction between the belt and sides of the groove
	 R = Total reaction in the plane of the groove
	 2β = Angle of the groove
	 µ = Co-efficient of friction between the belt and sides of the groove
	 Resolving the reactions vertically to the groove,
	 R = R1sin β + R2sin β = 2R1sin β
	 or R1 = R/2 sin β
	 We know that the frictional force
	 = 2 µ R1 = 2 µ × R/ sin β = µ R/ sin β = µ R Cosec β.
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	 Thus the relationship between T1 and T2 for the V-Belt drive will be

	 2.3 log (
1

2
T

T  = µ θ Cosec β)

1.12	 Rope drive
The rope drives are widely used where a large amount of power is to be 
transmitted from one pulley to another over a considerable distance. It may 
be noted that the use of flat belts is limited for the transmission of moderate 
power from one pulley to another when the two pulleys are not more than 8 m 
apart. The flat belts require excessive cross-section to transmit large amount 
of power. The frictional grip in the rope drive is more than that of the V-belt 
drive.
		 One of the main advantage of rope drive is that a number of separate 
drives may be taken from one driving pulley. For example, this type of drives 
can be seen in many conventional spinning mills, the line shaft on each floor 
is driven by ropes passing directly from the main engine pulley on the ground 
floor.
	 The rope drives are classified into two types:
	 1.	 Fibre ropes
	 2.	 Wire ropes

1.12.1	 Fibre ropes
The ropes for transmitting power are usually made from fibrous materials 
such as hemp, manila and cotton. The hemp and manila ropes are rough and 
hence the ropes made out of them are not very flexible and possess poor 
mechanical properties. Hemp ropes have less strength as compared to manila 
ropes. When the hemp and manila ropes are bent over the sheave or pulley, 
there is some sliding of fibers, causing the ropes to wear and chafe internally. 
In order to minimize the defect, the rope fibres are lubricated with a tar, tallow 
or graphite. The lubrication also makes the rope moisture proof. The hemp 
ropes are suitable only for hand-operated hoisting machinery and as the ropes 
for lifting tackle, hooks, etc.
	 The cotton ropes are very soft and smooth. The lubrication of the cotton 
ropes is not required. It may be noted that manila ropes are stronger than 
cotton ropes.
	 Advantages of fiber rope drives:	
	 1.	 The operation is smooth, quiet and steady.
	 2.	 They give high mechanical efficiency.
	 3.	 They are less affected by outdoor conditions.
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	 Sheave for fiber ropes

 

	 The fiber ropes are circular in cross-section as shown in Fig. 1.17(a). 
The sheave for the fiber ropes is shown in Fig. 1.17(b). The groove angle 
of the pulley for rope drives is usually 45°. The groove in the pulleys are 
made narrow at the bottom and the rope is pinched between the edges of the 
V-groove to increase the holding power of the rope on the pulley.

Figure 1.17  (a) Cross-section of a rope; (b) sheave for fibre ropes
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1.12.2	 Wire ropes
When a large amount of power is to be transmitted over long distances from 
one pulley to another (i.e. when the pulleys are up to 150 m apart), then wire 
ropes are used. The applications of wire ropes are in elevators, cranes, mine 
hoists and suspension bridges. The wire ropes run on grooved pulleys but they 
rest on the bottom of the grooves and are not wedged between the sides of the 
grooves.
	 The wire ropes have the following advantages over cotton ropes.
	 (a)	 Lighter in weight
	 (b)	 Smooth operation and withstand shock loads
	 (c)	 They are more reliable
	 (d)	 They do not fail suddenly
	 (e)	 They are more durable, have high efficiency and low cost

	 Example 1.13: A rope drive transmits 75 kW through a 150 cm diameter 
45° grooved pulley rotating at 200 rpm. Co-efficient of friction between the 
ropes and pulley grooves is 0.3. and angle of lap is 160°. Each rope has a mass 
of 0.6 kg/m and can safely run with a pull of 800 N. Allow for centrifugal 
tension. Determine 
	 (i)	 Number of ropes required for the drive
	 (ii)	 Initial rope tension

	 Solution:
	 Power = 75 kW
	 Diameter of driver pulley (d1) = 150 cm = 1.5 m
	 Speed of driver pulley (N1) = 200 rpm
	 Angle of groove (2α) = 45°; α = 22.5° 
	 Angle of lap = 160 × π/180 = 2.79 radians
	 Mass of one rope per meter
	 length (m) = 0.6 kg
	 Max. safe tension in one rope = 800 N
	 Now the velocity (v) of the rope = π × d1 × N1/ 60
	 = π × 1.5 × 200 / 60 = 15.7 m/s
	 (i)	 Let us find the power transmitted by one rope.
		  Centrifugal tension is given by 
	 	 TC = m × v2

	 	 0.6 × 15.7 × 15.7 = 147.894 N
		  But Tmax = T1 + TC

© 2015 by Woodhead Publishing India Pvt. Ltd.

  



	 Belt, rope and chain drives	 37

		  T1 = Tmax – TC

	 	 = 800 – 147.894
	 	 = 652.106 N
		  Now the tension in the rope is given by

					    1

2

T
T

	 =	 e0.3 × 2.70 × Cosec 22.5°

					    e	 =	 8.95
					    T2	 =	 T1/ 8.95
					    T2	 =	 652.106 / 8.95
						     =	 72.86 N
		  Power transmitted by one rope 
						     =	 (T1 − T2) × v/ 1000 W
	 	 		 	 	 =	 (652.106 – 72.86) × 15.7 / 1000
	 	 		 	 	 =	 9.094 kW
		  Total power transmitted = 75 kW
	 	 Number of ropes required = Total power transmitted / Power 

transmitted by one rope
	 	 		 	 75/9.094	 =	 8.24 
	 (ii)	 Initial tension (T0), if centrifugal tension is considered.
					    T0	 =	 T1 + T2 + 2TC / 2
	 	 		 	 	 =	 652.106 + 72.86 + 2 *147.894 / 2
	 	 		 	 	 =	 510.377 N

	 Example 1.14: A pulley is used to transmit power by means of ropes, 
has a diameter of 3.6 m and has 15 ropes of 45° angle. The angle of contact 
is 170° and µ between the ropes and the groove side is 0.28. The maximum 
possible tension in the ropes is 960 N. and the mass of the rope is 1.5 kg per 
m length. What is the speed of the pulley in rpm and the power transmitted if 
the conditions of maximum power prevail?

	 Solution:
	 Diameter of pulley D = 3.6 m
	 No. of ropes = 15
	 Angle of groove = 2α = 45°; α = 22.5°
	 Angle of contact = 170° × π / 180 = 2.965
	 Co-efficient of friction (µ) = 0.28
	 Max. tension (Tmax) = 960 N
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	 Mass of rope (m) = 1.5 kg per m length
	 For maximum power
	 (i)	 Centrifugal tension
					    TC	 =	 1/3 × 960 = 320 N
		  Velocity of the rope is given by
					    v	 = 	√Tm/3m 
	 	 		 	 	 =	 √ 960 / 3 *1.5
	 	 		 	 	 =	 14.60 m/s
		  Velocity of the rope is given by
					    v	 =	 π × DN/60
					    N	 =	 14.60 × 60 / π × 14.60
			   			   =	 77.45 rpm
		  Now the ratio of tensions in the rope is given by
					    T1/T2	 =	 eµCosec θ

						     =	 e0.28 × 2.965 × Cosec 22.5°

						     =	 8.756
					    T2	 =	 T1/8.756
		  But		  Tm	 =	 T1 + TC

	 	 		 	 960	 =	 T1 + 320
					    T1	 =	 960 – 320 = 640 N
					    T1	 =	 640 / 8.756
	 	 		 	 	 =	 73.08 N
	 	 Maximum power transmitted by one rope =
		  (T1 – T2) × v / 1000
	 	 (640 – 73.68) × 14.60 / 1000	  
		  = 8.277 kW
		  Total power transmitted 
	 	 = Power of one rope × no. of ropes
	 	 = 8.277 × 15
		  = 124.16 kW

1.13	 Chain drives
We have seen in belt and rope drives, slipping may occur. In order to avoid 
slipping, steel chains are used. The chains are made up of rigid links which 
are hinged together to provide the necessary flexibility for warping, around 
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the driving and driven wheels. The wheels have projecting teeth and fit in 
to the corresponding recesses in the links of the chain as shown in Fig. 1.18. 
The wheels and the chains are constrained together to move together without 
slipping and ensures perfect velocity ratios. The toothed wheels are known as 
sprocket wheels or sprockets. These wheels resemble to spur gears.
	 The chains are mostly used to transmit motion and power from one shaft 
to another, when the distance between the centers of the shafts is short such as 
in bicycles, motor cycles, agricultural machinery and road rollers, etc.

Figure 1.18  Sprocket and chain

Advantages and disadvantages of chain drives over belt or rope drives
(a) Advantages
	 1.	 As no slip takes place in chain drives, perfect velocity ratio can be 

obtained.
	 2.	 They occupy less space in width, since they are made of metal than a 

belt or rope drive.
	 3.	 The chain drives may be used when the distance between the shafts is 

less.
	 4.	 The chain drive gives high transmission efficiency up to 98%.
	 5.	 The chain drive gives less load on the shafts.
(b) Disadvantages
	 1.	 The production cost of the chains is high.
	 2.	 The chain drive requires accurate mounting and careful maintenance.
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Numerical questions

	 1.	 Find the speed of a shaft which is driven by a belt on an engine 
running at 300 rpm. The diameter of the engine pulley is 60 cm and 
that of the shaft is 40 cm.

		  Ans. 450 rpm
	 2.	 A shaft running at 120 rpm has to drive a parallel shaft at 180 rpm. 

The pulley on the driving shaft is 75 cm in diameter. Calculate the 
diameter of the pulley on the driven shaft: (i) neglecting belt thickness; 
(ii) taking belt thickness in to account which is 15 mm; (iii) assuming 
in the latter case a total slip of 4.5%.

		  Ans. 50 cm, 49.7 cm, 47.8 cm
	 3.	 The power is transmitted from a pulley of 1 m diameter running at 

200 rpm to a pulley of 2.25 m diameter by means of a belt. Find the 
speed lost by the pulley as a result of the creep, if the stress on the 
tight and slack side of the belt is 1.4 N/mm2 and 0.5 N/mm2. The 
Young’s Modulus of the material of the belt is 100 N/mm2.

		  Ans. 0.2 rpm
	 4.	 Two parallel shafts 120 cm apart are to have a velocity ratio of 2.5 

and are to be connected by a flat belt. The pulley on the high speed 
shaft is 24 cm diameter. Determine the length of the belt required: (i) 
if the belt is open, (ii) if the belt is crossed.

		  Ans. (i) 373.4 cm (ii) 386 cm
	 5.	 Two parallel shafts 12 m apart are to be connected by a belt running 

over the pulleys of diameters 480 cm and 80 cm, respectively. 
Determine the length of the belt: (i) if the belt is open, (ii) if the belt 
is crossed.

		  Ans. (i) 33.13 m, (ii) 33.45 m
	 6.	 A shaft running at 200 rpm drives another shaft at 300 rpm, and 

transmits 6 kW through a belt. The belt is 10 cm wide and 1 cm thick. 
The distance between the shafts is 4 m. The smaller pulley is 50 cm 
in diameter. Calculate the stress in (i) open belt, (ii) crossed belt , if  
µ = 0.3. 

		  Ans. (i) 126.8 N/cm², (ii) 118.47 N/cm2

	 7.	 The maximum allowable tension in a flat belt is 1500 N. The angle 
of lap is 170° and coefficient of friction between the belt and the 
material of the pulley is 0.27. Neglecting the effect of centrifugal 
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tension, calculate the net driving tension and the power transmitted if 
the belt speed is 2 m/s.

		  Ans. (i) 826.7 N, (ii) 1.6534 kW.
	 8.	 A V-belt having an angle of lap of 180° has a cross-sectional area of 

6.2 cm² and runs in a groove of included angle of 40°. The density 
of the belt is 0.0013 kg/cm³ and maximum stress is limited to 400 N/
cm2, the coefficient of friction is 0.2. Find the maximum power that 
can be transmitted, if the wheel has mean diameter of 30 cm and runs 
at 1000 rpm.

		  Ans. 30 kW
	 9.	 Find the number of ropes required in a rope drive which is used to 

transmit 230 kW from a pulley of 1 m diameter running at 450 rpm. 
The safe pull in each rope is 800 N and mass of the rope is 0.46 kg per 
m length. The angle of lap is 160° where the angle of groove is 45°. 
The co-efficient of friction between the rope and the pulley is 0.3.

		  Ans. 21
	 10.	 A V-belt of mass 0.9 kb/m length is used to transmit power between 

two shafts. The angle of lap is 170° and angle of groove is 45°. The 
co-efficient of friction between the belt and the pulley is 0.17 and 
maximum allowable tension in the belt is 2.2 kN. Find (i) velocity of 
belt for maximum power, (ii) power transmitted at this velocity.

		  Ans. (1) 28.54 m/s, (ii) 30.67 kW
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2.1	 Introduction
A combination of two or more gears is made to mesh with each other to 
transmit power from one shaft to another. Such a combination is called gear 
train or train of toothed wheels. The nature of the train wheel used depends 
upon the velocity ratio required and the relative position of the axes of shafts. 
A gear train may consist of spur, helical or bevel gears. 

2.2	 Nomenclature of gears
The following terms are illustrated in Fig. 2.1.

Figure 2.1  Terms used in gears

	 1.	 Pitch circle: It is an imaginary circle which by rolling action would 
give the same motion as the actual gear. 

2
Gear trains
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	 2.	 Pitch circle diameter: It is the diameter of the pitch circle. The size 
of the gear is usually specified by the pitch circle diameter. It is also 
known as pitch diameter.

	 3.	 Pitch point: It is a common point of contact between two pitch circles.
	 4.	 Pitch surface: It is the surface of the rolling discs which the meshing 

gears have replaced at the pitch circle.
	 5.	 Pressure angle or angle of obliquity: It is the angle between the 

common normal to two gear teeth at the point of contact and the 
common tangent at the pitch point. It is usually denoted by α. The 
standard pressure angles are 14.5° and 20°.

	  6.	 Addendum: It is the radial distance of a tooth from the pitch circle to 
the top of the tooth.

	  7.	 Dedendum: It is the radial distance of a tooth from the pitch circle to 
the bottom of the tooth.

	 8.	 Addendum circle: It is the circle drawn through the top of the teeth 
and is concentric with the pitch circle.

	 9.	 Dedendum circle: It is the circle drawn through the bottom of the 
teeth. It is also called root circle.

	 10.	 Circular pitch: It is the distance measured on the circumference of 
the pitch circle from a point of one tooth to the corresponding point 
on the next tooth. It is usually denoted by pc. 

2.2.1	 Types of gear trains
Following are the different types of gear trains:
	 1.	 Ordinary gear trains are further classified as
		  (a)	 Simple gear train
			  (b)	� Compound gear train (The compound gear train may be a 

reverted gear train or non-reverted gear train)
	 2.	 Epicyclic gear train

2.2.2	 Simple gear train
When there is only one gear on each shaft as shown in Fig. 2.2 (a, b, c), it is 
known as simple gear train. The gears are represented by pitch circles.
	 When the distance between the two gears is small, the two gears 1 and 
2 are made to mesh with each other to transmit motion from one shaft to the 
other as shown in Fig. 2.2(a). The gear 1 drives gear 2, therefore gear 1 is 
called driver and gear 2 is called driven or follower. It may be noted that the 
rotation of the driven gear is opposite to the rotation of the gear 1.
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Figure 2.2  Simple gear train

	 Let N1 = Speed of gear 1 (or driver) in rpm
	  N2 = Speed of the gear 2 (or driven) in rpm
	  T1 = Number of teeth in gear 1
	  T2 = Number of teeth in gear 2
	 The speed ratio or velocity ratio of gear trains is the ratio of the speed of 
the driver to the speed of the driven or follower and ratio of speeds of any pair 
of gears in mesh is the inverse of their number of teeth.
	 Therefore,
		  Speed ratio	 =	 N1/N2 = T1/T2

	 It may be noted that ratio of the speed of the driven or follower to the 
speed of the driver is known as train value of the gear. Mathematically,
		  Train value	 =	 N2/N1 = T1/T2

	 Hence, the train value is the reciprocal of speed ratio.
	 In some occasions, the distance between two gears is large. The motion 
from one gear to another in such a case may be transmitted by either of the 
following two methods.
	 1.	 By providing large sized gears
	 2.	 By providing two or more intermediate gears
	 In the first method, providing large sized gears is inconvenient and 
uneconomical.
	 In the second method, providing one or more intermediate gears is 
convenient and economical.
	 It may be noted that when the number of intermediate gears is odd, the 
rotation of both the gears (i.e. driver and driven) will be in the same direction 
as shown in Fig. 2.2(b).
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	 If the number of intermediate gears is even, the rotation of driver and 
driven will be in opposite direction as shown in Fig. 2.2(c).

Velocity ratio of simple gear train

Consider a simple gear train of gears with one intermediate gear as shown in 
Fig. 13.1(b).
	 Let N1 = Speed of driver in rpm
	 N2 = Speed of intermediate gear in rpm
	 N3 = Speed of the driven or follower in rpm
	 T1 = Number of teeth in driver
	 T2 = Number of teeth in intermediate gear
	 T3 = Number of teeth in driven or follower
	 Since, the driving gear 1 is in mesh with intermediate gear 2; therefore, 
the speed ratios of these two gears is
		  N1/N2	 =	 T2/T1	 … (2.1)
	 Similarly, the intermediate gear 3 is in mesh with driven or follower gear 
2; therefore the speed ratios of these two gears is
		  N2/N3	 =	 T3/T2	 … (2.2)
	 The speed ratio of the gear train shown in Fig. 2.2(b) is obtained by 
multiplying Eqs. (2.1) and (2.2).
		  N1/N2 × N2/N3	 =	 T2/T1 × T3/T2

		  N1/N2	 =	 T2/T1

	 or
	 Speed ratio of driver / speed ratio of driven or follower = Number of teeth 
on driven / number of teeth on driver
	 Train value = Speed of driven / speed of driver = Number of teeth in 
driver / number of teeth in driven
	 The above equation holds good even if there are any number of intermediate 
gears. From the above, it may be noted that the speed ratio and train value is 
independent of the size and number of intermediate gears. These intermediate 
gears are called as idle gears. These idle gears do not affect the speed ratio 
or train value of the system. The idle gears are used for the following two 
purposes.
	 (a)	 To connect gears where a large distance is required.
	 (b)	 To get required direction of rotation of the driven or follower 

(clockwise or anti-clockwise).
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2.2.3	 Compound gear train 
When there is more than one gear on a shaft as shown in Fig. 2.3, it is called 
a compound train of gear. 

	

Figure 2.3  Compound gear train

	 We have seen in the simple train of gears, the idle gears do not affect 
the speed ratio of the system. These gears are useful in bridging the space 
between the driver and the follower.
	 But whenever the distance between the driver and the driven or follower 
has to be bridged over by intermediate gears and at the same time a great 
(or much less) speed ratio is required, then the advantage of intermediate 
gears is intensified by providing compound gears on intermediate shafts. In 
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such cases, each intermediate shaft has two gears rigidly fixed to it so that 
they have the same speed. One of these two gears meshes with the driver and 
the other with the driven or follower attached to the next shaft as shown in  
Fig. 2.3.
	 As shown in Fig. 2.3, the gear 1 is the driving gear fixed on the shaft A, 
gears 2 and 3 are compound gears which are fixed on shaft B. The gears 4 and 
5 are also compound gears which are fixed on shaft C and the gear 6 is the 
driven gear fixed on shaft D.
	 Let N1 = Speed of driving gear 1
	 T1 = Number of teeth on driving gear 1
	 N2, N3, …N6 = Speed of the respective gears in rpm
	 T2, T3, …T6 = Number of teeth on respective gears
	 Since gear 1 is in mesh with gear 2, therefore its speed ratio is 
		  N1/N2	 =	 T2/T1	 …(2.3)
	 Similarly, the gears 3 and 4, speed ratio is
		  N3/N4	 =	 T4/T3	 …(2.4)
	 And for gears 5 and 6, the speed ratio is
		  N5/N6	 =	 T6/T5	 …(2.5)
	 The speed ratio of the compound gear trains is obtained by multiplying 
Eqs. (2.3), (2.4) and (2.5)
		  N1/N2 × N3/N4 × N5/N6	 =	 T2/T1 × T4/T3 × T6/T5

	 or
		   *N1/N6	 =	 T2/T1 × T4/T3 × T6/T5

	 *Since the gears 2 and 3 are fixed on tone shaft B, therefore = . Similarly 
gears 4 and 5 are fixed on shaft C, therefore N4 = N5

	 i.e. Speed ratio of the first driver / speed ratio of the last driven or follower
	 = Product of number of teeth on the driven or followers / product of 
number of teeth on drivers
and 
	 Train value = Speed of the last driven or follower / speed of the first driver
	 = Product of number of teeth on the drivers / product of number of teeth 
on driven or followers
	 The advantage of compound gear train over a simple gear train is that a 
much larger reduction from the first shaft to the last shaft can be obtained with 
small gears. Usually, for a speed reduction in excess of 7 to 1, simple train is 
not used, a compound or worm gearing is used.
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 Figure 2.4  Gearing of a textile machine

	 Example 2.1: The gearing diagram of a textile machine is shown in Fig. 
2.4. The motor shaft is connected to shaft A and rotates at 975 rpm. The gear 
wheels B, C, D and E are fixed to parallel shafts rotating together. The final 
gear F is fixed to the output shaft. What is the speed of the gear F? The number 
of teeth on each gear is as follows.
	 Gear A B C D E F
	 No. of teeth 20 50 25 75 26 65

	 Solution:
	 NA = 975 rpm: TA = 20: TB = 50: TC = 25: TD = 75: TE = 26: TF = 65
	 From Fig. 2.4, the gears A, C and E are drivers, while the gears B, D and 
F are driven or followers. Let the gear A rotates in clockwise direction. Since 
the gears B and C are fixed on the same shaft, therefore it is a compound gear 
and the direction of rotation of both these gears is in anti-clockwise direction. 
Similarly the gears D and E are fixed on the same shaft, which is also a 
compound gear; the rotation of these gears is in clockwise direction. The gear 
F will rotate in anticlockwise direction.
	 Let NF = Speed of the gear F, i.e. last driven or follower.
	 We know that
	 Speed of the first driver / Speed of the last driven or follower = Product of 
no. of teeth on driven / Product of no. of teeth on drivers
		  NA/NF	 =	 TB × TD × TC/TA × TC × TE

			   =	 50 × 75 × 65/20 × 25 × 26
			   =	 18.75
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		  NF	  =	 NA/18.75
			   =	 975/18.75
			   =	 52 rpm

2.2.4	 Reverted gear train (Fig. 2.5)
When the axes of the first gear (i.e. first driver) and the last gear (i.e. driven 
or follower) are co-axial, then the gear train is known as reverted gear train as 
shown in Fig. 2.5. 
	 From Fig. 2.5., gear 1 (first driver) is driving the gear 2 (last driven or 
follower) in the opposite direction. Since the gears 2 and 3 are fixed on the 
same shaft, therefore they form a compound gear and the gear 3 will rotate 
in the same direction as that of gear 2. The gear 2 (which is now the second 
driver) drives the gear 4 (the last driven or follower) in the same direction as 
gear 1.

	

Figure 2.5  Reverted gear train
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	 Thus in reverted gear train, the rotation of the first and the last gear is 
same.
	 Let T1 = Number of teeth on gear 1
	 r1 = Pitch circle radius of gear 1
	 N1 = Speed of gear1
	 Likewise,
	 T2, T3, T4 = Number of teeth on respective gears
	 r2, r3, r4 = Pitch circle radius of respective gears
	 N2, N3, N4 = Speed of respective gears
	 Since the distance between the centers of the shafts of gears 1 and 2 as 
well as gears 3 and 4 is same, therefore
		  r1 + r2	 =	 r3 + r4	 …(2.6)
	 Also the circular pitch or module of all the gears is assumed to be 
same. Therefore, number of teeth on each gear is directly proportional to its 
circumference or radius.
		  *T1 + T2	 =	 T3 + T4	 …(2.7)
	 Speed ratio = Product of number of teeth on driven / Product of number 
of teeth on drivers
	 or
		  N1/N4	 =	 T2 × T4/T1 × T3	 …(2.8)
	 From Eqs. (2.6), (2.7) and (2.8), we can determine the number of teeth on 
each gear for the given centre distance, speed ratio and module only when the 
number of teeth on one gear is chosen arbitrarily. The reverted gear trains are 
used in automotive transmission, lathe back gears, industrial speed reducers 
and in clocks where the minute and hour hand shafts are co-axial.
	 •	 We know the circular pitch, p
					    p	 =	 2 *π *r/T = π *m
		  or		  r	 =	 mT/2⁪ where m is the module.
					    r1	 =	 mT/2; r2 
						     =	 mT2/2; r3

						     =	 mT3/3; r4 = mT4/4
		  Applying in Eq. (2.6),
					    mT1/2 + mT2/2	 =	 mT3/3 + mT4/4
					    T1	 =	 T2 = T3 + T4
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2.2.5	 Epicyclic gear train (Fig. 2.6)

Figure 2.6  Epicyclic gear train

In an epicyclic gear train, the axes of the shafts, over which the gears are 
mounted, may move relative to affixed axis. A simple epicyclic gear train is 
shown in Fig. 2.6. In Fig. 2.6, the gear A and the arm C have a common axis 
at O1 about which they can rotate. The gear B meshes with gear A and has its 
axis on the arm O2, about which the gear can rotate. If the arm is fixed, the 
gear train is simple and the gear A can drive gear B or vice-versa, but if gear A 
is fixed and the arm is rotated about the axis of the gear A (O1), then the gear B 
is forced to rotate upon and around gear A. Such a motion is called Epicyclic 
and the gear trains arranged in a manner that one or more of their members 
move upon and around another member are known as epicyclic gear train 
type (Epi means upon and cyclic means around). Epicyclic gear train may be 
simple or compound type.
	 Epicyclic gear trains find their applications in textile machines especially 
in differential gear box of speed frames and in comber machines. It is 
useful for transmitting high velocity ratios with gears of moderate sizes in 
comparatively lesser space.

2.2.6	 Velocity ratio of epicyclic gear train
Two methods are in practice to find out the velocity ratio of epicycle gear 
train:
	 1.	 Tabular method
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	 2.	 Algebraic method
	 These methods are discussed in detail as follows.
1. Tabular method
Consider an epicyclic gear train as shown in Fig. 2.6.
		 Let TA = Number of teeth on gear A
		 TB = Number of teeth on gear B
		 Let us suppose that the arm is fixed. Therefore the axes of both the gears 
are also fixed relative to each other. When the gear makes one revolution anti-
clockwise, the gear B will make TA/TB revolutions. Assuming anti-clockwise 
rotation as positive and clockwise rotation negative, we can say that gear A 
makes +1 revolution anti-clockwise, gear B will make (−TA/TB) revolutions. 
This statement of relative motion is entered in the first row of Table 2.1.
		 Secondly, if the gear A makes +x revolutions, then the gear B will make 
(−x *TA/TB) revolutions. This statement is entered in the second row of  
Table 2.1.
		 In other words, multiply the each motion entered in the first row by x.
		 Thirdly, each element of an epicyclic train is given +y revolutions and 
entered in the third row. Finally, the motion of each element of the gear train 
is added up and entered in the fourth row. 

Table 2.1  Table of motions

Step no. Conditions of motions Arm C Gear A Gear B
1 Arm fixed,. Gear A rotates through 

+1 revolution. i.e. anti-clockwise
 0  +1  –TA/TB 

2 Arm fixed. Gear A makes +x 
revolutions

 0  +x  −x * TA/TB 

3 Add +y revolutions to all elements +y +y +y

4 Total motion(adding 2 and 30 +y +x +y y − x * TA/TB

	 When two conditions about the motion of rotation of any two elements 
are known, then the unknown speed of the third element may be obtained by 
substituting the given data in the third column of the fourth row.
2. Algebraic method
In the algebraic method, the motion of each element of the epicyclic gear 
train relative to the arm is obtained in the form of equation. The number of 
equations depends upon the number of elements in the gear train. But the two 
conditions are usually applied in any epicyclic gear train, i.e. some element is 
fixed and the other has specified motion. These two conditions are sufficient 
to solve all the equations and hence to determine the motion of any element 
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in the epicyclic gear train.
	 Consider the epicyclic gear train shown in Fig. 2.6.
	 The arm C is fixed. Therefore the speed of the gear a relative to the arm C 
is = NA − NC

	 and the speed of the gear B relative to the arm C is = NB − NC

	 Since the gears A and B are meshing directly, they revolve in opposite 
direction.
	 = NB − NC/NA − NC = −TA/TB

	 Since the arm C is fixed, its speed NC = 0
		  NB/NA	 = 	−TA/TB

	 If the gear A is fixed, the speed of gear NA = 0
		  NB − NC/0 − NC	 = 	−TA/TB

	 or	 NB/NC	 =	 1 + TA/TB

	 Among the two methods, tabular method is easier and hence mostly used 
in solving problems on epicyclic gear train.

	 Example 2.2: In an epicyclic gear train, shown in Fig. 2.7, an arm carries 
two gears A and B, each having 36 and 45 teeth, respectively. If the arm rotates 
at 150 rpm in the anti-clockwise direction about the centre of the gear A which 
is fixed, determine the speed of the gear B. If the gear A instead of being fixed 
makes 300 rpm in the clockwise direction, what will be the speed of gear B?

Figure 2.7

	 Solution:
	 TA = 36; TB = 45; NC = 150 rpm (anti-clockwise)
	 We shall solve the problem first by tabular method and then by algebraic 
method.
1. Tabular method
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Table 2.2  Table of motions

Step no. Conditions of motions Arm C Gear A Gear B
1 Arm fixed. Gear A rotates through 

+1 revolution, i.e. anti-clockwise
 0  +1  −TA/TB

2 Arm fixed. Gear A makes +x 
revolutions

 0  +x  −x * TA/TB 

3 Add +y revolutions to all elements +y +y +y

4 Total motion (adding 2 and 3) +y +x+ y y − x * TA/TB

Speed of gear B when A is fixed
Speed of the arm C is 150 rpm anti-clockwise, therefore from the fourth row 
of the table
		  y	 =	 +150 rpm
	 also, the gear A is fixed, therefore
		  x + y	 =	 0 or x = −y = −150 rpm
	 Speed of gear B, NB = y − x *TA/TB
			   =	 150 + 150 (36/45 = + 270) rpm
	 Speed of gear B = +270 rpm anti-clockwise
	 Speed of gear B when A makes 300 rpm clockwise.
	 Since the gear A makes 300 rpm clockwise, therefore from the fourth row 
of table
		  x + y	 =	 300
	 Or	 −300 + y	 =	 −300 − 150 = −450 rpm
	 Speed of gear B =
		  NB	 =	 y − x *TA/TB
			   =	 150 + 450 * 36/45
			   =	 510 rpm anti-clockwise
2. Algebraic method
Let 		 NA	 =	 Speed of gear A
		  NB	 =	 Speed of gear B
		  NC	 =	 Speed of arm C
	 Assuming the arm C is fixed, speed of gear A relative to arm C
			   =	 NA − NC
	 and speed of gear B relative to arm C is
			   =	 NB − NC
	 Since the gears A and B revolve in opposite direction,
		  NB − NC/NA − NC	 = 	−TA/TB
	 Speed of gear B, when gear A is fixed
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	 When gear A is fixed, the arm C rotates at 150 rpm in anti-clockwise 
direction.
		  NA	 =	 0; NC = +150 rpm
		  NB − 150/0 − 150	 =	 −36/45
		  NB	 =	 −150 × −0.8 + 150 = 120 + 150 = 270 rpm
	 Speed of gear B when gear A makes 300 rpm clockwise.
	 Since the gear A makes 300 rpm clockwise, therefore
		  NA	 =	 −300 rpm
		  NB − 150/300 − 150	 =	 −36/45
		  NB	 =	 −450 × −0.8 = 150 = 360 + 150 = 510 rpm

2.2.7	 Compound epicyclic gear train (Sun and  
Planet gear)

A compound epicyclic gear train is shown in Fig. 2.8. It consists of two  
co-axial shafts, S1 and S2, an annulus gear A which is fixed, the compound 
gear or planet gear B, C, the sun gear D and the arm H. The annulus gear has 
internal teeth and the compound gear is carried by the arm and revolves freely 
on a pin of the arm H. The sun gear is co-axial with the arm and annulus gear 
but independent of them.

Figure 2.8
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	 The annulus gear A meshes with gear B and the sun gear D meshes with 
the gear C. It is to be noted that when the annulus gear is fixed, the sun gear 
provides the drive and when the sun gear is fixed, the annulus gear provides 
the drive. In both cases, the arm acts as a follower. 
	 Note: The gear at the centre is called the sun gear and the gears whose 
axes move are called planet gears.
	 Let TA, TB, TC and TD be the teeth and NA, NB, NC and ND be the speeds for 
the gears A, B, C and D, respectively. When the arm is fixed and the sun gear 
D is turned anti-clockwise, then the compound gear B-C and the annulus gear 
A will rotate in the clockwise direction.

	 Let TA, TB, TC and TD be the teeth and NA, NB, NC and ND be the speeds for 
the gears A, B, C and D, respectively. When the arm is fixed and the sun gear 
D is turned anti-clockwise, then the compound gear B-C and the annulus gear 
A will rotate in the clockwise direction.
	 The table of motions of the various elements is shown below.

Table 2.3  Table of motions

Step 
no.

Conditions of motions Arm Gear 
D

Compound 
gear B-C

Gear A

 1 Arm fixed. Gear D rotates 
through +1 revolution

0  +1 −TD/TC −TD/TC × TB/TA

 2 Arm fixed. Gear D rotates 
through +x revolutions

0 +x −x *TD/TC −x *TD/TC × *TB/TC

 3 Add +y revolutions to all 
elements

+y +y +y  +y

 4 Total motion +y x + y y + x*TD/TC y − x *TD/TC × TB/TC 
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	 If the annulus gear A is rotated through one revolution anti-clockwise 
with the arm fixed, then the compound gear rotates through TA/TB revolutions 
in the same sense and the sun gear D rotates through TA/TB × TC/TD revolutions 
in clockwise direction.

	 Example 2.3: An epicyclic train of gears is arranged as shown in  
Fig. 2.9. How many revolutions does the arm, to which the pinions B and C 
are attached make?
	 1.	 When A makes one revolution clockwise and D makes half-a 

revolution anti-clockwise and
	 2.	 When A makes one revolution clockwise and D is stationary. The 

number of teeth on the gears A and D are 40 and 90 teeth, respectively.

Figure 2.9

	 Solution:
	 TA = 40; TD = 90 
	 First we have to find number of teeth on gears B and C (TB and TC). Let dA, 
dB, dC and dD be the pitch circle diameters of gears A, B, C and D, respectively. 
Therefore from the geometry of figures, we have
		  dA + dB + dC	 =	 dD or dA + 2dB = dD (dB = dC)
	 Since the number of teeth are proportional to the pitch circle diameters, 
therefore
		  TA + 2TB	 =	 TD or 40 + 2TB = 90
	 From which	 TB	 =	 25 and TC = 25 (TB = TC)
	 The table of motions is shown below.
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Table 2.4  Table of motions

Step 
no.

Conditions of motions Arm Gear 
A

Compound 
gear B-C

Gear D

1 Arm fixed. Gear A 
rotates through −1 
revolution (i.e. 1 rev. 
clockwise)

0 −1 +TA/TB + TA/TB × TB/TD 
= + TA/TD

2 Arm fixed. Gear A 
rotates through -x 
revolution

0 −0x +x *TA/TD +x *TA/TB

3 Add −y revolutions  −y −y −y −y

4 Total motion −y −x−y x* TA/TB –y x*TA/TB −y

	 1. Speed of .arm when A makes 1 revolution clockwise and D makes half 
revolution anti-clockwise.
	 Since the gear A makes 1 revolution clockwise, therefore from the fourth 
row of the table
		  −x − y	 =	 −1 or x − y = 1	 …(2.9)
	 And also, the gear D makes half revolution anti-clockwise, therefore
		  x *TA/TB − y	 =	 ½ or x * 40/90 − y = ½
		  40x − 90y	 =	 45 or x − 2.25 y = 1.125	 …(2.10)
	 From Eqs. (2.9) and (2.10), x = 1.04 and y = −0.04
		  Speed of arm	 =	 −y = −(−0.04) = +0.04
			   =	 0.04 revolution anti-clockwise
	 1. Speed of arm when A makes 1 revolution clockwise and D is stationary.
	 Since the gear A makes 1 revolution clockwise, therefore from the fourth 
row of table
		  − x − y	 =	 −1 or x + y = 1	 …(2.11)
	 Also the gear D is stationary, therefore,
		  x*TATD/TD − y	 =	 0 or x * 40/90 − y = 0
		  40x − 90y	 =	 0 or x − 2.25y = 0	 …(2.12)
	 From Eqs. 2.11 and 2.12, we get
		  x	 =	 0.692 and y = 0.308
	 Therefore, speed of arm = −y = 0.308 = 0.308 revolution clockwise.

	 Example 2.4: In an epicyclic gear train shown in Fig. 2.10. The internal 
wheels A and B and compound wheels C and D rotate independently about 
axis O.The wheels E and F rotate on pins fixed to the arms G. E gears with A 
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and C and F gears with B and D. All the wheels are having same module and 
the number of teeth are: TA = 28: TD = 26: TE = TF = 18.
	 1.	 Find the number of teeth on A and B.
	 2.	 If the arm G makes 100 rpm clockwise and A is fixed, find the speed 

of B. 
	 3.	 If the arm G makes 100 rpm clockwise and the wheel A makes 10 rpm 

anti-clockwise, find the speed of wheel B.

Figure 2.10

	 Solution:
	 TC = 28: TD = 26: TE = TF = 18.
	 1.	 Number of teeth on wheels B and C
		  Let 		 TA	 =	 Number of teeth on wheel A
					    TB	 =	 Number of teeth on wheel B
		  If dA, dB, dC, dD, dE and dF are the pitch circle diameters of wheels A, 

B, C, D, E and F respectively, then from the geometry of figures
					    dA	 =	 dC + 2dE

		  and 		 dE	 =	 dD + 2dF

		  Since the number of teeth are proportional to their pitch circle 
diameters for the same module,

					    TA	 =	 TC + 2TE = 28 + 2 × 18 = 64
					    TB	 =	 TD = 2TF = 26 + 2 × 18 = 62
	 2.	 Speed of wheel B when arm G makes 100 rpm clockwise and wheel 

A is fixed.
		  This can be calculated by constructing the table of motions which is 

shown in table below.
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Table 2.5  Table of motions

Step 
no.

Conditions of 
motions

Arm 
G

Wheel 
A

Wheel 
E

Compound 
wheel C-D

Wheel 
F

Wheel B

1 Arm fixed. 
Wheel A 
makes +1 rev. 
anticlockwise

0 +1 +TA/TB −TA/TB ×  
TE/TC 

= TA/TC 
× TD/

TF

+TA/TC × 
TD/TF × 
TF/TB

= +TA/TC 
× TD/TB 

2 Arm fixed. 
Wheel A 
rotates through 
+x revolutions

0 +x +x *
TA/TE 

−x *TA/TC +x *TA/
TC × 
TD/TF

+x *TA/TC 
× TD/TB⁪

3 Add +y 
revolutions to 
all elements

+y +y +y +y +y +y

4 Total motions +y x + y y + x 
*TA/TE

y − x *TA/TC y + x 
*TA/TC 
*TD/TF

y + x * TA/
TC *TD/TB 

	 Since the arm G makes 100 rpm clockwise, from the fourth row of table,
		  y	 =	 −100
	 Also, the wheel A is fixed, therefore,
		  x + y	 =	 0 or x = −y = 100
	 Speed of wheel	 B	 =	 y + x × TA/TC × TD/TB
			   =	 −100 + 100 × 64/28 × 26/62
			   =	 −100 + 95.8 = −4.2 rpm clockwise
	 3.	 Speed of wheel B when arm G makes 100 rpm clockwise and wheel 

A makes 10 rpm counter clockwise
		  Since the arm G makes 100 rpm clockwise, therefore
					    y	 =	 −100
		  Also the wheel A makes 10 rpm counter clockwise, therefore
					    x + y	 =	 10
		  or		  x	 =	 10 − y = 10 + 100 = 110
		  Speed of wheel	 B	 =	 y + x × TA/TC *TD/TB
						     =	 −100 + 110 × 64/28 × 26/62
						     =	 −100 + 105.4 rpm
						     =	 +5.4 rpm counter or anti-clockwise

2.2.8	 Epicyclic gear train with bevel gears (Fig. 2.11)
Epicyclic bevel gears are used to make a compact epicyclic system, and they 
permit a very high speed reduction with few gears. The useful application of 
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bevel gears is found in differential mechanism in speed frame machines. In the 
speed frame differential mechanism, the speed of rotation of the bobbin has 
to be reduced when the diameter of the bobbin builds up. Since the delivery 
rate is constant from the front roller nip, when the bobbin diameter increases 
it tends to pull more material from the front roller. But the front roller delivery 
is always constant throughout the build of the bobbin, the only possibility 
is to reduce the bobbin speed so as to continue the winding process. This 
requirement is fulfilled by the differential gears.

Figure 2.11

	 Example 2.5: Two bevel gears A and B having 40 teeth and 30 teeth are 
rigidly mounted on two co-axial shafts X and Y. A bevel gear C having 50 
teeth meshes with A and B and rotates freely on one end of arm. At the other 
end of the arm is welded a sleeve and the sleeve is riding freely loose on the 
axes of the shafts X and Y. 
	 If the shaft X rotates at 100 rpm clockwise and the arm rotates 100 rpm 
anti-clockwise, find the speed of shaft Y.

	 Solution:
	 TA = 40; TB = 30; TC = 50; NX = NA = 100 rpm clockwise
	 Speed of arm = 100 rpm anti-clockwise
	 First, we have to prepare the table of motions
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Table 2.6  Table of motions

Step 
no.

Conditions of motions Arm Gear A Gear C Gear B

 1 Arm B fixed. Gear A 
rotates through +1 
revolution anti-clockwise

 0  +1  ± TA/TC  −TA/TC × TC/TB 
= −TA/TB

 2 Arm B fixed Gear A 
rotates through +x 
revolutions

 0  +x ±x*TA/TC  −x *TA/TB

 3 Add +y revolutions to all 
motions

 +y + y  +y  +y

 4 Total motion  +y x + y y ± x *TA/TC y − x *TA/TB

	 •	 The ± sign is given to the wheel C since it is in different plane. So 
we cannot indicate the direction of motion specifically, i.e. either 
clockwise or anti-clockwise.

		  Speed of the arm is 100 rpm clockwise, therefore from the fourth row 
of the table,

					    Y	 =	 +100 
		  Also the speed of the driving shaft X or gear A is 100 rpm anti-

clockwise, therefore
					    x + y	 =	 −100
				    	 x	 = 	−y = − 100 − 100 = −200 
		  Speed of the driven shaft (i.e.) shaft Y
					    NY	 =	 Speed of gear B 
						     =	 y − x *TA/TB

						     =	 −100 − (−200 × 40/30)
						     =	 +366.7 rpm anti-clockwise

2.2.9	 Epicyclic gear train in textile testing (Fig. 2.12)
Epicyclic gear train finds application in testing equipments for determining 
the linear density of the yarn. In Fig. 2.12, the bevel gears A, B and C are 
equal in size. Bevel A is fixed on stud S, bevel B is an idler wheel and bevel 
C is free to rotate on stud S. The arm D rotates around stud S and receives its 
motion from the handle H. If the handle H is rotated in clockwise direction, 
bevel C also rotates in clockwise direction but it makes two revolutions for 
each revolution of the handle, one revolution due to the gearing via B with A 
and the other due to the rotation of the arm D.
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Figure 2.12

2.2.10	 Epicyclic gears as transmission gears (Fig. 2.13)
Epicyclic gears can be used as transmission gears which is best illustrated by 
an example.

Figure 2.13  Epicyclic gear train as transmission gears

	 Example 2.6: In Fig. 2.13, wheels A and B are internal gears and B is free 
to rotate independently about centre O. Wheels C and D form a compound 
carrier with centre Q, carried by the arm E and meshing with A and B. Wheel 
A is fixed and has 22 teeth; wheel B is rotated by power source. How many 
revolutions will the last wheel make?
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	 Solution:
	 The value of gear train is given by
		  e	 =	 +22/19 × 20/23 = +440/437
	 The value of e is positive because clockwise rotation of the first wheel A 
causes clockwise rotation of wheel B. 
		  e	 =	 l − a/f − a
		  440/437	 =	 l −1/0 − 1
		  −440/437	 =	 l − 1
		  1 − 440/437	 =	 l = −3/437
	 The wheel B rotates in the opposite direction to that of the arm E and the 
speed reduction ratio is 437/3 = 146:1.

	 Example 2.7: Figure 2.14 shows a planetary mechanism using four gears. 
Wheel A is fixed and has 40 teeth, wheel B has 50 teeth and compounded 
with it is wheel C with 51 teeth. Wheel C drives the last wheel D which has 
50 teeth. The arm E rotates about the fixed shaft of wheel A. Calculate the 
reduction ratio.

Figure 2.14

	 Solution:
	 The value of the gear train is
		  e	 =	 +49/50 × 51/50
			   =	 +2499/2500
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	 Let the arm rotates through 1 revolution. Then
		  e	 =	 +2499/2500
			   =	 l − 1/0 − 1
		  −2499 / 2500	 =	 l − 1
	 and	 1 − 2499/2500	 =	 1/2500
		  l	 =	 1/2500
	 Hence with the use of planetary gearing, a high reduction ratio of 2500 : 
1 = obtained

2.2.11	 Epicyclic gear train in loom let-off motion
Epicyclic gear train is used in Roper’s let-off motion in a loom to control the 
rate at which the warp is released from the loom beam. The epicyclic gear 
train is shown in Fig. 2.15; there is a ratchet wheel, R, rotated intermittently by 
a pawl, whose movement is dependent on both the warp tension and the loom 
beam diameter. The ratchet wheel is loose on the shaft S and is compounded 
with an eccentric E. There is a wheel A of 35 teeth loosely mounted on this 
eccentric. Is the first wheel of the train Wheel A drives an internal gear B of 40 
teeth, which is secured to shaft S? On the other end of shaft S is a small pinion, 
which drives the beam gear.

Figure 2.15  Roper let-off motion
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	 The arm of the train is eccentric which is rotating at the speed of the 
ratchet wheel. The value of the gear train is
		  e	 =	 +35/40
			   =	 +7/8
	 If we assume wheel A as first wheel with zero rev/ min. and the arm 
rotates through one revolution, then:
		  e	 =	 l − 1/ 0 − 1
			   =	 +7 /8
	 from which	 l	 =	 +1/8
	 Thus a reduction ratio of 8 : 1 is obtained between the ratchet wheel and 
the pinion driving the beam wheel.

2.2.12	 Epicyclic gear train as differentials 

Figure 2.16

In this system, the last wheel D is secured to the housing of the mechanism. 
The housing also having the outer gear F through which the second input may 
be fed. In this differential, the first input is through the bevel A, which meshes 
with bevel B, part of a compound carrier.
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	 The value of the system is
		  e	 =	 +18/ 30 × 16/ 48 = +1/5
	 Let the input speed be 400 rev/min and the shell or wheel D remain 
stationary. Now we have to determine the speed and direction of rotation of 
output shaft, i.e. rev/min of the arm E. Since
		  e	 =	 l − a/ f-a
			   =	 1/5 = 0 − a/ 400 − a
		  a	 =	 − 400/4 = − 100 rev/min
	 Therefore, the output shaft rotates at = 100 rpm anti-clockwise.
	 If through the shell D, the second input is given in clockwise direction at 
20 rev/min. How will this affect the output speed? The last wheel now has +20 
rev/min, i.e. l = +20. Putting this value in the equation, we have
		  e	 =	 l − a/f-a
		  1/5	 =	 20 − a/ 400 − a
		  a	 =	 −300/4 = −75 rev/min
	 If instead feeding the speed of 20 rev/min. in clockwise direction, we had 
fed in anti-clockwise direction, the output speed will be given by
		  1/5	 =	 −20 − a/400 − a
	 from which	 a	 =	 −500/4 = −125 rev/min
	 From this, it can be clearly seen that the output speed is controlled 
basically by the constant input speed of 400 rev/min, but that a second input 
speed which can be variable also has an effect. This is the great advantage of 
differential gear which can add and subtract rotary motion.
	 This can be explained in tabular method as shown in Table 2.7.

Table 2.7  Analysis of differential gear

Step no. Conditions of motions Wheel A Wheel D Arm E
1 Gears fixed on arm  A  A  a

2 Arm fixed 400 − a 1/5(400 − a)  0

3 Total motions  400  20  A

	 From Table 2.7
		  20	 =	 1/5 (400 − a) + a
			   =	 80 + 4/5a
			   =	 −60 + 4/5a
		  a	 =	 −5 × 60/4 = −75 rev/ min
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Numerical problems (in SI units)
	 1.	 A simple gear train consists of two gears only. Each gear is mounted 

on separate shaft which are parallel. The first gear is driving the 
second gear and the speed of the first gear is 600 rpm. The number 
of teeth on first and second gears are 20 and 30 teeth respectively. 
Determine: (i) speed ratio of the gear train; (ii) Train value of the 
gear train; (iii) Speed of second gear; (iv) Direction of rotation of the 
second gear, if first gear is rotating clockwise.

		  Ans. (i) 3, (ii) 0.33, (iii) 200 rpm, (iv) Anti-clockwise.
	 2.	 A simple gear train consists of three gears mounted on a separate 

shaft. The shafts are parallel. The gear 1 meshes with gear 2 and gear 
2 meshes with gear 3. The gear 1 is the driver rotating clockwise at 
1000 rpm and gear 3 is follower. The number of teeth on the gears 
1, 2 and 3 are 20, 30 and 50, respectively. Find (i) speed ratio of the 
gear train, (ii) speed of the follower, (iii) direction of rotation of the 
follower.

		  Ans. (i) 2.5, (ii) 400 rpm, (iii) Clockwise
	 3.	 Two parallel shafts are connected with the help of two gears one gear 

on each shaft. The number of teeth on one gear is 40 and speed of 
the shaft is 500 rpm. If the speed ratio is 2.5 and circular pitch of the 
gears is 24 mm, determine: (i) number of teeth and speed of another 
shaft; (ii) centre distance between two shafts.

		  Ans. (i) 100 and 200 rpm; (ii) 534.75 mm
	 4.	 In a compound gear train, the power is transmitted from a motor shaft 

to output shaft. The motor shaft is connected to gear 1 whereas the 
output shaft is connected to gear 4. The gears 2 and 3 are mounted on 
the same shaft. The gear 1 meshes with gear 2 whereas gear 3 meshes 
with gear 4. The motor shaft is rotating at 1200 rpm in the clockwise 
direction. Find the direction and speed of the output shaft if no. of 
teeth on gears 1, 2, 3 and 4 are 25, 50, 20 and 40.

		  Ans. 300 rpm clockwise

Figure 2.17
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	 5.	 In an epicyclic gear train shown in Fig. 2.17, the number of teeth on 
wheels A, B and C are 48, 24 and 50, respectively. If the arm rotates 
at 400 rpm clockwise, find (i) speed of wheel C when A is fixed and 
(ii) speed of wheel A when C is fixed.

		  Ans. (i) 16 rpm clockwise; (ii) 16.67 rpm anti-clockwise
	 6.	 In an epicyclic gear train shown in Fig. 2.18, the wheel C is keyed to 

the shaft B and wheel F is keyed to shaft A. The wheels D and E rotate 
together on a pin fixed to the arm G. The number of teeth on wheels 
C, D, E and F are 35, 65, 32 and 68, respectively. If the shaft A rotates 
at 60 rpm and the shaft B rotates at 28 rpm in the opposite direction, 
find the speed and the direction of rotation of arm G.

Figure 2.18

		  Ans. 90 rpm in the same direction as shaft A 
	 7.	 An epicyclic gear train shown in Fig. 2.19 has a sun wheel S of 30 

teeth and two planet wheels P-P of 50 teeth. The planet wheels mesh 
with internal gear of a fixed annulus A. The driving shaft carrying the 
sun wheel transmits 4 kW at 300 rpm. The driven shaft is connected 
to an arm which carries the planet wheels. Determine the speed of 
the driven shaft and the torque transmitted if the overall efficiency is 
95%.
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Figure 2.19

	 Ans. 56.3 rpm; 644.5 N-m
	 8.	 An epicyclic gear train shown in Fig. 2.20 is composed of fixed 

annular wheel A having 150 teeth. The wheel A is meshing with wheel 
B which drives wheel D through an idle wheel C. D being concentric 
with A. The wheels B and C are carried on an arm which revolves 
clockwise at 100 rpm about the axis of A and D. If the wheels B and 
D have 25 and 40 teeth, respectively, determine the number of teeth 
on C and the sense of rotation of C.

	

Figure 2.20

		  Ans. 30; 600 rpm; clockwise
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	 9.	 An epicyclic gear train consists of a fixed annular wheel of 180 teeth. 
Meshing with wheel A is a gear B which drives gear D through idle 
gear C. The gear D is concentric with wheel A. Gears B and C are 
carried on an arm which revolves at 80 rpm clockwise. About the axis 
of A or D, if the gears B and D are having 30 and 48 teeth respectively, 
find the number of teeth of C and speed and sense of rotation of C.

		  Ans. 36: 490 rpm clockwise
	 10.	 An epicyclic gear train consists of sun and planet gear. The annular 

gear D has 80 internal teeth whereas the sun and planet gear consists 
of 40 and 20 external teeth, respectively. The gear B meshes with 
annular gear D and also with sun gear A. The arm E rotates about the 
centre of annular gear D. The gear B is carried on the arm E. If the 
gear D is fixed and the arm rotates at 30 rpm, find the speeds of gears 
A and B.

		  Ans. NA = 90 rpm; NB = −90 rpm
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3.1	 Introduction
The parts of a machine may have a linear motion or circular motion or motion 
along a curved path whose radius is changing. For example, in case of a loom, 
the movement of shuttle is in straight line from one end to the other end, 
whereas the movement of sley move along with circular arcs with centre as 
the axis of the crank shaft. This chapter deals with these types of motions and 
also with the forces which act on these parts.

3.2	 Linear displacement
Displacement involves direction as well as magnitude and hence it is a vector 
quantity. Therefore, it can be represented by a straight line. The magnitude is 
represented by the length of the line and the direction is represented by the 
arrowhead placed on the line.

3.3	 Angular displacement
Angular displacement is the angle moved by a revolving body. The commonest 
unit for angular displacement is 1 revolution. Another useful unit is 1 radian 
which is the angle subtended at the center of the circle by an arc equal to the 
radius as shown in Fig. 3.1.

	 Figure 3.1  Angular displacement

3
Rotary motion
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	 	 1 revolution	 =	 2 * π radians = 360° 
	 or 	 1 radian	 =	 ½ * π of a revolution = 57.3° 

3.4	 Speed
It is the rate of change of position, or displacement in unit time. Linear speed 
is generally expressed in feet per second, angular speed in revolutions per 
minute (rpm), revolutions per second or radians per second.

3.5	 Transmission of rotary movement in machines
The exact speed of rotation of machine parts are arrived by connecting them 
together by toothed gears, chains, belt or rope drives. Gears and chains give 
an exact speed relationship between the parts they connect together. Belts and 
ropes may slip when transmitting movement.

 Figure 3.2  Speed calculations for wheel gearing

	 When two parts are connected by toothed gearing or by chain gearing, 
the speeds are in inverse proportion to the number of teeth in the two wheels. 
There is a general rule that the speed of a driven shaft is the speed of the driver 
multiplied by the product of the number of teeth in the driver wheels, and 
divided by the product of the numbers of teeth in the driven wheels as shown 
in Fig. 3.2.
		  N1	 =	 N * A/B * B/C * D/E  = N* A/C * D/E
	 or	 N	 =	 N1 * E/D * C/A
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	 Example 3.1: Speed gear for seamless hosiery machines. Many knitting 
machines are fitted with a two-speed driving gear, to enable the knitting 
operations to be carried out at reduced speed.

Figure 3.3  Seamless hose knitting machine

	 From Fig. 3.3, 
	 Slow speed : Sleeve pinion speed = Machine pulley speed = 150 rpm
	 Fast speed : Sleeve pinion speed = Machine pulley speed * 33/27 * 33/27
	 = 150 * 33/27 * 33/27 = 224 rpm

	 Example 3.2: Loom shedding tappet shaft drive
	 Figure 3.4 shows the usual arrangement of gearing between the crank 
shaft of the loom and the shafts on which the shedding tappets are placed. 
Since one pick is inserted in the cloth for each revolution of the crank shaft, 
the speed of the crank shaft divided by the speed of the tappet shaft must be 
equal to the number of picks to the repeat of the pattern.
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.
Figure 3.4  Loom shedding drive

	 Hence, 2 picks per repeat. Tappets are placed on the bottom shaft.
	 Speed of the bottom shaft = 180 * 30/60 = 90 rpm
	 3 picks per repeat, tappets on tappet shaft, wheels A and B in gear.
	 Speed of tappet shaft = 180 * 30/60 * 28/42 = 60 rpm
	 Speed of crank shaft/Speed of the tappet shaft = 180/60 = 3
	 4 or 5 picks per repeat.
	 With C and D in gear, for 4 picks per repeat, the speed of the tappet must 
be ¼ of the crank shaft speed, i.e. speed of the tappet shaft = 180/4 = 45 rpm; 
since the speed of the bottom shaft is 90 rpm, the wheels C and D must be in 
the proportion 1:2.

	 Example 3.3: A loom is driven by a V-rope drive from an individual 
motor. The motor speed is 960 rpm and the effective diameters are 3 and 16 
in. for motor and loom, respectively.
	 Answer: Loom speed = Motor speed * 3/16
	 = 960 * 3/16 = 180 rpm (Assuming no slip)
	 If the wear on the ropes cause the rope to reduce the pulley diameters by 
0.1 in., the effective speed will be 
	 960 * 2.9/15.9 = 175 rpm
	 Such an adjustment has to be provided for the distance between the pulley 
canters to compensate for belt wear.
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3.6	 Classification of gears 
The motion from one shaft to another shaft may be transmitted by belts, ropes 
and chain drives. These methods are used when the two shafts are having 
long centre distance. If the distance between the shafts is small, then gears are 
used to transmit motion from one shaft to another. In case of belts and ropes, 
the drive is not positive and slip in the motion always takes place. This slip 
will reduce the velocity ratio. But, gear drives are positive and transmit exact 
velocity ratio. 
	 The gear is defined as a toothed element which is used for transmitting 
motion from one shaft to another.
	 The following are the important classifications of gears.
	 (i)	 Classification based on the position of the axes on the shafts. The axes 

of the two shafts between which motion is transmitted may be.
	 	 (a) Parallel, (b) intersecting, (c) non-parallel and non-intersecting
	 (a) Parallel shafts
	 The following are the main types of gears to join parallel shafts.
	 (i) Spur gears, (ii) Helical gears, (iii) Double-helical gears
	 (i) Spur gears – The gears used to connect two parallel shafts and having 
straight teeth parallel to the axes of the wheel as shown in Fig. 3.5(a) are 
known as spur gears. In Fig. 3.5(a) the gears have external teeth on the outer 
surfaces and the two shafts rotate in opposite direction.

Figure 3.5  Spur gears

	 In Fig. 3.5(b), the internal teeth are formed over the outer wheel and 
external teeth are formed over the inner wheel. The inner wheel having 
external gears (smaller gear) is known as pinion. The two shafts will rotate in 
the same direction. In spur gears, the contact occurs across a line. Hence, spur 
gears are having line contact.
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	 (ii) Helical gears
	 The gears used to connect two parallel shafts and having their teeth 
inclined or curved to the axes of the shafts as shown in Fig. 3.6 are known as 
helical gears. In helical gears, each tooth is helical in shape. The two mating 
gears will have the same helix angle but have teeth opposite.
	 In helical gears, the contact occurs at a point of curved teeth at the 
beginning of engagement and afterwards extends along a diagonal line across 
the teeth.

Figure 3.6  Helical gears

	 (iii) Double helical gears
	 A pair of helical gears secured together, one having a right-hand helix 
and the other having a left-hand helix, are known as Double-helical gears 
(Fig. 3.7). This pair is mounted on one shaft and the similar other pair, which 
is having opposite teeth, is mounted on other parallel shaft which is to be 
connected.
	 The double helical gear is also known as herringbone gear if the right and 
left inclinations of the double helical gears meet at a common apex and there 
is no groove in between them as in Fig. 3.7.

Figure 3.7  Double helical gears
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	 (b) Intersecting shaft
	 When two intersecting shafts are to be connected, bevel gears are used. 
If the teeth on the gears are straight radial to the point of intersection of 
shaft axes, then gears are known as straight bevel. But if teeth are inclined, 
then gears are known as helical bevel or spiral bevel as shown in Fig. 3.8(a)  
and (b).

Figure 3.8  (a) Straight bevel; (b) Spiral bevel

	 (c) Non-parallel and non-intersecting shafts
	 When two non-parallel and non-intersecting shafts are to be connected, 
skew bevel gears or skew spiral gears are used.

3.7	 Gears in textile machines
Gears like spur, helical, worm and worm gearing, rack and pinion, ratchet 
wheels are mostly used in spinning and weaving machines. They are discussed 
in the following sections.

3.7.1	 Worm and worm gearing
This type of gearing is used where the speed of the driven shaft must be less 
than the speed of the driver shaft.
	 From Fig. 3.9, it is seen that the worm must drive the wheel: the wheel 
will not drive the worm. The worm is really a screw or thread suitably shaped 
to fit the teeth of the wheel. The worm in its simplest form has a single thread 
cut helically from one end to the other. The worm is prevented from moving 
endways by suitable collars on the driving shaft and as the worm rotates it 
moves the wheel slowly round.
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Figure 3.9  Single worm and wheel

	 In one revolution of the worm as the direction indicated in Fig. 3.9, tooth 
A will be forced to remain in the groove from A to B, and at the end of the 
revolution it will occupy position B, i.e. one revolution of the worm moves the 
wheel one tooth. If the wheel has, say, 100 teeth, it will require 100 revolutions 
of the worm to give the wheel one revolution. The single worm is considered 
as a driving wheel having one tooth.
	 Worms are sometimes made “double” or “triple”, in which case instead of 
there being a single screw thread on the worm there are two or three, as shown 
in Fig. 3.10.

Figure 3.10  Double worm
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	 Figure 3.10 shows a double worm, the threads are distinguished from 
the other by dark lines. It will be seen that now a tooth at A will move in one 
revolution of the worm to position B, hence the double worm moves in wheel 
2 teeth per revolution and it may be considered the speed calculations as a 
driving wheel of 2 teeth. Likewise, a treble worm may be considered as a 
driving wheel of 3 teeth.
	 The best way to distinguish between single, double and treble worm is to 
look at the end of the worm, when the beginning of each thread can be seen.

3.7.2	 Ratchet wheels
Ratchet wheels are generally used to convert a reciprocating or to-and-fro 
movement in to an intermittent rotary movement.

Figure 3.11  Ratchet wheel

	 The wheel as shown in Fig. 3.11 receives its movement from the driving 
pawl which has a to-and-fro movement. On its driving movement, the pawl 
pushes the wheel in the direction of the arrow, usually through a displacement 
of one tooth, sometimes the displacement for 2 or more teeth. On its backward 
movement, the driving pawl slips back over one or more teeth ready for its 
next forward movement. To ensure that the wheel will not turn backwards 
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during the backward movement of the driving pawl, a second pawl called the 
retaining or holding pawl is used. This retaining pawl can move freely on a 
fixed fulcrum pin so that the wheel can turn easily in the forward direction, 
and at the same time, the retaining pawl prevents any backward movement of 
the pawl.
	 In certain applications, the amount of movement given by the driving 
pawl is variable and then it is necessary to have a composite retaining pawl to 
ensure that the movement given to the wheel is not lost. This is illustrated in 
Fig. 3.11 in detached form where three pawls of different lengths are mounted 
side by side.
It can be seen that any movement of the wheel over one-third or a tooth 
displacement, will be retained by one or other of the pawls.
	 Ratchet wheels are commonly used in spinning machineries, and in 
weaving and knitting machines.
	 A common example in weaving is the use of ratchet wheel is in the taking 
up motion of the loom, as shown in Fig. 3.12.

Figure 3.12  Ratchet wheel

	 A ratchet wheel R tooth receives usually 1 tooth movement for every 
reciprocation of the loom, i.e. for every pick of weft inserted in the cloth. R is 
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compounded with a gear wheel A, driving a compound carrier BC, the latter 
driving the beam wheel D fixed to the taking up roller E, which draws the 
cloth forward and also drives the cloth roller on which the cloth is wound. The 
wheel A is the change wheel, by changing which the picks per inch in the cloth 
is altered.
	 Picks per inch in the cloth = Picks inserted divided by inches of cloth 
drawn forward in the same time.
	 When the ratchet wheel has been given one complete turn,
Picks inserted = R (considering R to represent the number of teeth in wheel R.)
	 Inches of cloth drawn forward = 1 * A/B * C/D * circumference of roller 
E in inches.
	 Picks per inch = R/ 1 * A/B * C/D * circumference of E 
	 = R/A * B/C * D/ circumference of E
	 Assuming wheel sizes are: R = 50 teeth, A = change wheel, B = 75 teeth 
= 15, D = 120T, E = 15 inches circum.
	 Picks per inch = 50/A * 75/15 * 120/15 = 2000/A.
	 If for example, change wheel of 35 teeth is used, picks per inch will be 
	 2000/35 = 57.14. This is approximately the picks per inch in the cloth 
when the cloth is under tension in the loom. When the cloth is taken from the 
loom and the tension is relaxed, the picks may come closer together to the 
extent of 1 to 3 percent or even more. To allow for this, it is customary to add 
1.5 percent to the picks as calculated above.
	 Therefore, picks per inch 
	 = 2000/A + 1.5 percent = 2000/A * 101.5/100 = 2030/A 
	 or Change wheel A = 2030/picks per inch required
	 The number 2030 is called “dividend” of the taking up motion of the 
loom.
	 That is, the number which when divided by the number of teeth in the 
change wheel gives the number of picks per inch in the cloth.
	 It will be obvious that these calculations give approximate results, owing 
to the difference in cloth tension during weaving and also the chances of cloth 
slippage over the taking up roller surface.
	 In knitting machines, a similar arrangement for drawing-off and winding-
up of knitted fabric is made operated from a ratchet wheel. The number of 
courses per inch is regulated in knitting process and not the rate of drawing 
the cloth forward as in weaving.
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3.7.3	 Hunting cog motions

Hunting cog motion principle forms the basis of widely used stop motions 
for measuring lengths as in Scutcher in blow room and in warping machines.
 The principle of hunter cog motion is explained as follows:
	 From Fig. 3.13, two wheels, gear together, one of the wheels having 
different number of teeth from the other. Fixed to the side of each wheel is a 
projection, the outer point of one in line with a tooth P, whereas the other P1, 
is opposite to the gap between two adjacent teeth. The tooth at P can gear in 
the usual way with any tooth of the other wheel except that at P1. When P and  
come together the projections meet and the wheels are forced apart. Provision 
has been made in such a way that operates the stop motion every time P and  
P

1 come together.

Figure 3.13  Hunter and cog motion

	 The time that elapses after P and P1 come together until again depends 
upon the number of teeth in the two wheels. Both wheels must make an exact 
number of revolutions. If, for example, one wheel has three times as many 
teeth as the other, the hunting cogs will come together every revolution of the 
larger wheel, the smaller one making three revolutions.
	 In general, if the diameters of the wheels are in the proportion A/B, then 
* in any given time being in the proportion B/A: the hunting cogs will come 
together every B revolutions of wheel A or every A revolutions of B.
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Figure 3.14  Hunting cog motion

	 Example 3.4: A hunting cog motion on a cotton Scutcher has one of 
the cog wheels A on a 5 in. diameter calendar roller, round which the cotton 
passes. The other, B is on the stop motion lever which stops the roller every 
time the hunting cogs come close together.
	 If Wheel A has 21 teeth and Wheel B has 71 teeth, what length of cotton 
will pass round the roller between stoppages?

	 Solution: The lowest whole number proportion between the teeth is 
21/71; the cogs will come together every 71 revs. of wheel A.
	 The length of cotton passing round the calendar roller will be
B/A * diameter of calendar roller * π/12
	 = 71/21 * 5 * π/12 = 93 ft

3.7.4	 Bevel gears
Bevel wheels are used to connect two shafts which are at right angles to each 
other. Figure 3.15 illustrates the general method of driving.
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Figure 3.15  Bevel gears

	 The direction of rotation and the calculations connected with bevel wheels 
are similar to other wheels. For instance, if A with 20 teeth is driving B with 
30 teeth, then
		  A/B	 =	 revolution of B
	 	 20/30	 =	 0.66 revs. of B

3.7.5	 Spiral gears
Spiral gears are used to drive shafts at right angles to each other. As the teeth 
are set at 45° to the wheel sides, the gearing is quarter than ordinary gears.

3.7.6	 Rack and pinion 

Figure 3.16  Rack and pinion
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	 The rack and pinion is an important element in the gearing of textile 
machinery. A straight-toothed rack is used in to which gears a wheel: the rack 
slides in, guides and is attached to some part of the mechanism that requires 
to be moved in a straight line at a definite speed for a certain distance.
	 An elementary type of this is shown in Fig. 3.16. Wheel A is the pinion 
and B is the rack. The wheel A revolves on a fixed centre in the direction of the 
arrow, and by virtue of gearing with B it moves the rack forward as shown in 
Fig. 3.16; if A has 16 teeth, one revolution of the wheel will move the rack a 
distance equal to 16 teeth on the rack so that to know the exact distance moved 
by the rack it is necessary to know the pitch of the teeth or the space occupied 
by the whole of the teeth that are moved. 
	 If the pitch of the teeth in Fig. 3.16 is half-an inch, then three revolutions 
of A will move the rack 3 x 16 = 48 teeth and the distance moved by the rack 
will be 48 × ½ in. = 24 in.

3.7.7	 Star wheel 
This arrangement sometimes forms part of the gearing of a machine especially 
to produce an intermittent feed to the rollers whilst other parts are running 
continuously. 

Figure 3.17  Star wheel
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	 Figure 3.17 gives its essential features. An arm carrying a pin or stud D 
is fixed to the shaft. This arm is also provided with turned boss A having a 
recess cutout at K. On the shaft to be driven intermittently is keyed a specially 
formed wheel E, having slots L and the surface between the slots cutout to 
the same radius as the boss A. As the pin D revolves, it passes in to one of the 
slots l and carries the star wheel E along with it until it emerges from the slot. 
The recess at K permits E to revolve by allowing room for the points of the 
star to describe a portion of a circle. On coming out of the slot of E, the pin D 
will continue its motion for the greater part of a revolution without any effect 
on the star wheel, which thus remains stationary, and E is only moved again 
when D enters the next slot. If E has five slots, it will require five revolutions 
of A to produce one revolution of E. For purpose of calculation, the pin D may 
be considered as a wheel of one tooth and the star-wheel E as a wheel of five 
teeth. The arrangement may be made for more than one pin D and carrying 
slots to suit the characters of the intermittent motion required.

Figure 3.18  Star wheel in comber machine

	 Figure 3.18 shows the application of star wheel in comber machine in 
spinning preparatory. The object is to revolve the roller H intermittently so 
that a certain length of cotton will pass between the two rollers at definitely 
fixed times in the machine’s cycle of actions. This effect is obtained by gearing 
H through G to the wheel F; on the same shaft as F is fixed, the star-wheel 

© 2015 by Woodhead Publishing India Pvt. Ltd.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18877-4&iName=master.img-017.jpg&w=185&h=204


88	 Textile mechanisms in spinning and weaving machines

E, and in this wheel is geared a pin D attached to a disc. The disc C revolves 
continuously, but the star-wheel E will only move round a fifth of a revolution 
at that part of the revolution of C when the pin D gears with the slots in E. 
The rest of the movement of C will have no effect on E, so that the star wheel 
remains idle during this period. 

	 Example 3.5: A machine shaft is revolving at the rate of 180 revolutions 
per minute. What is the speed in revolutions per second, radians per second 
and radians per minute?

	 Solution:
	 1 revolution = 2 * π radians = 360° 
	 or 1 radian = ½ * π of a revolution = 57.5°
	 (a)	 Revolution per minute of the machine shaft = 180
	 	 Revolution per second = 180/60 = 3 
	 (b)	 Radians per minute
	 	 1 revolution = 2 * π radians
	 	 For 180 revolutions = 180 * 2 * π = 1130.4 radians per minute
	 (c)	 Radians per second
	 	 For 180 revolutions, the shaft has 1130.4 radians per minute
	 	 For 1 second, radians per minute/60
	 	 = 1130.4/60 = 18.84 radians per second

	 Example 3.6: Calculate the spindle speed in an upright spindle winding 
frame, if the spindle wharves are 1.25 in. diameter driven by bands from a 5 
in. diameter tin roller, revolving at 220 rpm. Allow for 4 percent loss by slip.

	 Solution:
	 Speed of the tin roller = 220 rpm
	 Diameter of the tin roller = 5 in.
	 Diameter of the spindle wharves = 1.25 in.
	 Speed of the upright spindle =
	 Speed of the tin roller * Tin roller diameter/Spindle wharve diameter
	  220 * 5/1.25 = 880 rpm
	 If the slip is 4%, then the actual speed of the spindle is
	 96/100 = 845 rpm

	 Example 3.7: At what speed must the tin roller of a ring spinning machine 
be driven to give a spindle speed of 900 rpm? The tin roller diameter is 10 
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in., the wharve on the spindle is 7/8 in. diameter and the slip is estimated as 5 
percent.

	 Solution:
	 In order to drive the spindle speed at 9000 rpm,
	 Spindle speed = Tin roller speed/spindle wharve diameter
	 Tin roller speed = Spindle speed * Spindle wharve diameter
	 = 9000 * 7/8 in.
	 = 7875 rpm
	 Tin roller diameter = 10 in.
	 Therefore, tin roller speed = Tin roller speed/Tin roller diameter
	 = 7875/10 = 787.5 rpm
	 If the slip is estimated as 5 percent, the tin roller must rotate
	 787.5 * 105/100 = 0.828 rpm
	 The tin roller must rotate 828 rpm to give a spindle speed of 9000 rpm. 

	 Example 3.8: A 7-wheel take-up motion has the following gearing: 
ratchet wheel of 24 teeth is compounded with a standard wheel of 36 teeth. 
This gears with the change wheel, compounded with a 24 tooth wheel. The 
latter drives a wheel of 89 teeth, compounded with one of 15 teeth, driving a 
beam wheel of 90 teeth. The roller circumference is 15.05 in.
	 Find the dividend or constant number for the motion, slowing 1.5 percent 
for contraction. The standard wheel may be changed to 27 or to 18 teeth. With 
these wheels, what will be the relation between picks per inch and change 
wheel?

	 Solution:
	 Ratchet wheel (A) = 24T; Standard wheel (B) = 36T; CW(C) =?; D = 24T; 
E = 89T; F = 15 T; G = 90T; H = 15.05 in.
	 Constant = A/B * C/D * E/F * G/H * contraction percent 
	 = 24/36 * C/24 * 89/15 * 90/15.05 * 101.5/100 = 0.98 OR 1
	 With a standard wheel of 27 teeth, picks per inch inserted is 
	 = 24/27 * 1/24 * 89/15 * 90/15.05 = 1.31
	 Picks per inch inserted = 1/1.31 = 0.76 picks per in.
	 With a standard wheel of 18 teeth, picks per inch inserted is
	 = 24/18 * 1/24 * 89/15 * 90/15.05 = 1.97
	 Picks per inch inserted = 1/1.97 = 0.50 picks per in.
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	 Example 3.9: A taking-up motion on a jute loom has the following 
gearing: a 44 tooth ratchet wheel is compounded with the change wheel. This 
gears with a 70 tooth wheel, compounded with one of 27 teeth, which drives 
the beam wheel of 80 teeth. The beam is 15.05 in.
	 Calculate the constant number or dividend and the number of picks 
or shots per inch with a 39 tooth change wheel. No allowance is made for 
contraction in jute weaving.
	 Solution:
	 Ratchet wheel (A) = 44T; CW (B) = ?; C = 70t; D = 27T; E = 80T; F = 
15.05 in.
	 Dividend or Constant number = A/B * C/D * E/F
	 = 44/B * 70/27 * 80/15.05
	 = Dividend is 606/B
	 With 39 tooth change wheel, shots per inch is
	 Dividend/change wheel = 606/39 = 15.54 shots/in.

	 Example 3.10: A taking-up motion on a woollen loom is arranged as 
follows:
An 18 tooth chain sprocket wheel on the dobby, revolving once per pick, 
drives a sprocket of 18 teeth, compounded with a gear wheel of 20 teeth. The 
latter drives the change wheel, which is compounded with a pinion of 18 teeth 
driving one of 84 teeth. This wheel is compounded with a single worm driving 
a worm wheel of 85 teeth on the end of taking-up roller or beam, which is 20 
inches in circumference. It is intended that the number of teeth in the change 
wheel should be equal to the picks per inch in the cloth. What allowance has 
been made for contraction?

	 Solution:
	 Percentage contraction allowed is =
	 A = 18t; B = 20T; C = ?; D = 18t; E = 84T; F = 1T; G = 85T; H = 20 in. 
circumference
	 A/B * C/D * E/F * G/H
	 = 18/20 * C/18 * 84/1 * 85/20 
	 Change wheel (C) = 17.85 or 18
	 Actual change in wheel is 17.85
	 Contraction 5 = 18-17.85/18 * 100 = 0.83

	 Example 3.11: The following taking-up motion on an automatic loom for 
cotton weaving has been arranged so that the number of teeth in the change 
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wheel should be equal to the number of picks per inch in the cloth. A ratchet of 
42 teeth is compounded with a wheel of 28 teeth. The latter drives the change 
wheel, compounded with a wheel of 12 teeth. This wheel drives through a 
single carrier, the beam wheel of 110 teeth, the beam circumference being 
14.14 in. roller shaft. What cloth contraction has been allowed in working out 
the gearing?

	 Solution:
	 A = 42T, B = 28T, Change wheel 9(C) = ?; D = 12T; E = 110T; F = 14.14 
in.
	 A/B * C/D * E/F = 42/28 * C/12 * 110/14.14
	 C = 0.97
	 Contraction% = 100 – X/100 = 0.97
	 Therefore X = 0.97 * 100 = 100 – X
	 X = 3 percent

Numerical questions
	 1.	 The traverse on an upright spindle winding frame winding flanged 

warper’s bobbins operated from a mangle wheel motion. The mangle 
wheel has 126 teeth or pins and the pinion has 8 teeth. The pinion 
is compounded with a wheel of 100 teeth, which drives one of 90 
teeth on the roller shaft. The tin roller of 5 in. diameter drives the 
spindle wharves of 1.25 in. diameter; the bobbin flanges resting 
on friction driving discs on the spindles. Find the number of coils 
wound between the bobbin flanges during one traverse, allowing for 
3 percent slippage at the spindle drive.

		  Ans. 68 coils
	 2.	 A taking-up motion of a rayon loom is arranged as follows:
		  The ratchet wheel is the change wheel and is compounded with a 

single worm which drives a worm wheel of 60 teeth on the take-up 
roller. If the number of teeth in the ratchet wheel is to be equal to the 
number of picks per inch in the cloth, calculate the circumference of 
the cloth roller allowing 1.5% contraction.

		  Ans. 30.45 in.
	 3.	 In a semi-positive let-off motion, the warp beam is connected to 

the ratchet wheel which turns the beam by the following gearing. 
A 96 tooth wheel on the beam gears with one of 24 teeth, which is 
compounded with a 20 tooth worm wheel. A double worm driving 
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the worm wheel is compounded with the ratchet wheel, which has 
80 teeth. Calculate the average number of teeth taken per pick by the 
ratchet pawl when the beam is 20 and 50 in. circumference, the cloth 
having 40 picks per inch.

		  Ans. 4 teeth at 20 in.; 11 teeth in 8 picks at 50 in.
	 4.	 A measuring and stop motion on a beam warping machine consists 

of a measuring roller, connected by gearing to a cam which stops the 
machine on completion of each revolution of the cam. The measuring 
roller is turned by the yarn being in contact with the surface of the 
roller, which has a circumference of 0.5 yard. The gearing from the 
measuring roller to the cam is a single worm driving a worm wheel of 
70 teeth, compounded with another single worm driving a wheel of 
100 teeth on the cam shaft. Calculate the length of “warp” or length 
warped between the stops by the cam.

		  Ans. 3500 yards
	 5.	 The yarn passing through a sizing machine is measured and marked by 

a cam mechanism, the cam operating a marking hammer which puts a 
“cut” mark on the warp after every revolution of the cam. The cam is 
driven by gearing from a measuring roller of 2/5 yard circumference, 
which is turned by the warp. The gearing to the cam is as follows: A 
change wheel (roller wheel) on the measuring roller drives a second 
change wheel (stud wheel) which is compounded with a single worm. 
The worm drives a worm wheel of 45 teeth on the cam shaft. Suggest 
suitable size of the wheels for a cut length of 90 yards.

		  Ans. Stud wheel; Roller wheel = 5:1, 100 teeth and 20 teeth.
	 6.	 A cotton conveyor lattice consists of a flexible belt of 1/8 in. thick, 

on which are fixed lags of 3/8 of an in. thick. The belt passes over a 
pulley of 4.5 in. diameter, driven as follows: a wheel of 96 teeth on 
the lattice pulley shaft gears with a pinion of 12 teeth, compounded 
with a worm wheel of 88 teeth, which is driven by a single worm 
revolving at 450 rpm. At what rate in inches per minute, does the 
lattice convey the cotton?

		  Ans. 9.3 yards per minute
	 7.	 In a cotton opener, the feed and the pedal rollers which feed the cotton 

to the beater get their movement from the top cone drum through the 
following gearing: A single worm on the top cone shaft drive a worm 
wheel of 62 teeth, compounded with a gear wheel of 34 teeth. The 
latter drives a wheel of 40 teeth on the pedal roller, and another wheel 
of 40 teeth on the pedal roller drives one of 33 teeth on the feed roller. 

© 2015 by Woodhead Publishing India Pvt. Ltd.

  



	 Rotary motion	 93

The pedal roller is 2 * 3/4 in. and the feed roller is 3 in. in diameter.
		  What is the draft between the pedal and feed roller? If the top cone 

drum speed is 640 rpm, at what rate in yards per minute does the 
pedal roller deliver cotton to the beater?

		  Ans. Draft = 1.12; Speed of feed = 2.1 yards per minute.
	 8.	 Allowing for belt thickness of ¼ in. and for 2 percent loss of speed 

by slip, find, to the nearest half-inch, suitable diameters of line shaft 
pulleys, revolving at 100 rpm. 

		  (a)	� A revolving cylinder plain web knitting frame which is required 
to have a cylinder speed of 30 rpm. The cylinder wheel has 288 
teeth and is driven by a wheel of 48 teeth on the driving shaft, 
which has a 10 in. diameter driving pulley.

	 	 (b)	 �A French circular machine to have a needle ring speed of 24 
rpm. The wheel on the needle ring has 32 teeth and is driven by 
one of 16 teeth. This is compounded with a meter wheel, gearing 
with another on the machine shaft. The machine driving pulleys 
are 8 in. diameter and are driven by a 6 in. diameter pulley on 
a countershaft. The pulley on the counter shaft, which is driven 
from the line shaft pulley is 18 in. diameter.

		  Ans. 
	 	 (a)	 Belt thickness = ¼ in.; Diameter of the line shaft pulley = 18.57 in.
	 	 (b)	 Belt thickness = ¼ in.; Diameter of the line shaft pulley = 11.63 in.
	 9.	 In a drum winding machine, the warper’s bobbin are driven by 

frictional contact between the yarn and the bobbin and the driving 
drums are 7 in. diameter. The traverse cam which operates the thread 
guide is driven from the drum shaft by the following gearing. A 
wheel of 12 teeth on the drum shaft drives one of 24 teeth which is 
compounded with a single worm. The worm wheel of 32 teeth is fixed 
to the cam. 

	 	 (a)	 �Calculate the winding rate assuming 2% slip between drum and 
bobbin, when the drum speed is 180 rpm.

		  (b)	� Find the constant number, if there is no slip which is equal to the 
product of bobbin circumference and number of coils in a double 
traverse.

	 	 (c)	 �If when the bobbin circumference is 4 in., the number of coils in 
a double traverse is found to be 334. What is the percentage slip 
between the bobbin and the drum?

		  Ans. (a) 128 yards/min.; (b) 1408; (c) 5.1 percent
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	 10.	 A quick traverse cheese winding machine has a cheese driving roller 
of 3 in. in diameter. The thread guides are reciprocated by a cam, 
driven by gearing at half the speed of the machine shaft. The latter 
drives the rollers by a change wheel A of range 20 to 58, driving 
through a 34 tooth carrier another change wheel of range 20 to 30. On 
the roller shaft, find the greatest and the least number of coils that can 
be wound on double traverse when the cheese diameters are (a) 3 in. 
and (b) 6 in.

		  Ans. (a) 5.8 coils and 1.33 coils; (b) 2.9 and 0.66 coils
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4.1	 Acceleration
Acceleration is the rate at which the velocity of a body changes, or the change 
in velocity in unit time. The unit for linear acceleration is 1 foot per square 
second (ft/s2), and for angular acceleration the unit is radian per square second 
(radian/s2).

4.2	 Retardation

When the velocity of the body is decreasing, the acceleration is considered to 
be negative and is often called as retardation. When the body is moving with 
a constant acceleration a, the relationship between the velocities of the body 
at the beginning and at the end of a time period t and the space or distance S 
passed over by the body is given by the following equations:
	 (a)	 V = u ± at
	 (b)	 S = u t ± ½ 2

	 (c)	 V2 = u2 ± 2
	 (d)	 S = average velocity * time
		  Where V is final velocity, u is initial velocity, a is acceleration or 

retardation due to gravity and S is the distance or space moved by the 
body.

		  The plus sign is used to denote acceleration and the minus sign 
denotes retardation.

		  The acceleration must be uniform, which very often is not the case 
in moving machine parts. The familiar example of a body moving 
with uniform acceleration is a falling body. The velocity of the body 
increases approximately 32.2 ft/s2; it is denoted by the letter “a” or 
“g”. If again, the body is thrown upwards in to the air vertically, it 
is subject to retardation due to gravity and its velocity is reduced by 
32.2 ft/s.

4
Equations of movement
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		  Familiar examples in machines where the acceleration is approximately 
uniform, as such in the movement of the parts of most belt-driven 
machines when starting up or stopping, the movement of the loom 
shuttle while it is passing through the warp shed. The acceleration of 
the shuttle by the picker, however, is not generally uniform and the 
equations of motions cannot be applied directly in that case.

	 Examples:
	 1.	 A stone is dropped from a bridge and is observed to take 3 s to reach 

the bottom. What is the height of the bridge and the maximum velocity 
of the stone? Assume a = 32.2 ft/s.

		  Solution:
					    V	 =	 u + at
						     =	 0 + 32.2 * 3 = 96.6 ft/s
					    S	 =	 u t + ½ at2

						     =	 0 + ½ * 32.2 * 3 * 3
						     =	 144.9 ft

	 2.	 A shuttle is moving at 40 ft/s when it enters the warp shed and moves 
5 ft before it is through the shed. During its passage, it is subjected to 
a retardation, which may be considered uniform of 30 ft/s2. Find the 
time it takes to traverse the shed and its velocity when leaving.

		  Solution:
		  Initial velocity u	 =	40 ft/s
		  Distance moved S = 5 ft
		  Leaving velocity V = ?
			  Time = ?
		  We know that,	 V2	 =	 u2 − 2 aS
						     =	 402 − 2 * 30 * 5 = 36.05 ft/s
					    Time	 =	 ?
					    V	 =	 u − at
					    36.05	 =	 40 − 30 * t
					    Time (t)	 =	 0.133 s

	 3.	 A machine is started from rest to full speed of 180 rpm with a uniform 
acceleration of 36 radian/s2. Find the time taken to reach full speed 
and the angle moved through by the driving shaft during acceleration.
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		  Solution:
		  The final angular velocity is 180/60 = 3 rev/s
					    V	 =	 u + at
					    3* 2 * π	 =	 18.84 radian/s
	  				   18.84	 =	 0 + 36 t
					    t	 =	 0.523 s
					    S	 =	 ut + ½ at2

						     =	 0 + ½ * 36 * 0.5232 = 4.92 radians
						     =	 4.92 * 57.3° = 283° 
		  Angle moved by the shaft during acceleration is 283° 

	 4.	 A cricket ball is thrown vertically upwards with a velocity of 64 ft/s. 
How high it will rise, what time it will elapse before it strikes the 
ground and how fast will it be moving? Assume a = 32 ft/s2.

		  Solution:
					    V	 =	 u + at
					    64	 =	 0 + 32.* t
					    t	 =	 64/32 = 2 s
					    S	 =	 u t + ½ at2

						     =	 0 + ½ * 32 * 4
						     =	 64 ft.
			  Again,	 S	 =	 u * 2 − ½ * 32 * 4
					    64	 =	 u * 2 − ½ * 32 * 4
					    64	 =	 2 u − 64
					    u	 =	 128/2 = 64 ft/s

	 5.	 A loom shuttle is required to pass through the warp shed at a distance 
of 4 ft in 1/12th of second. What is its average speed during the 
passage? It is subjected to a retardation of 32 ft/s2 during the passage. 
What are its speeds at the beginning and at the end of the passage?

		  Solution:
		  We know that	 S	 =	 average velocity * time
		   		  4	 =	 average velocity * 1/12th of second
			   Average velocity	=	4/0.083 s = 48 ft/s
			   Average velocity	=	u ± ½ at
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					    48.01	 =	 u − ½ 32 * 0.083 s
						     =	 48.01 + 1.33 = 49.03 ft/s
					   Initial velocity	 =	 49.3 ft/s
					   Leaving speed	 =	 V2 = u2 − 2 a S
						     =	 49.3 * 49.3 − 2 * 32 * 4
					    V	 =	 46.63 ft/s

	 6.	 The shuttle of a heavy loom enters the warp shed at a speed of 36 ft/s 
and it is retarded at the rate of 12 ft/s2. What time will it take to pass 
through the shed, a distance of 5 ft, and with what speed will it leave 
the shed?

		  Solution:
		  Leaving velocity (V) − V2 = u2 − 2 a S
					    u	 =	 36 ft/s; S = 5 ft
					    V2	 =	 362 − 2 * 12 * 5
						     =	 34.29 ft/s
		  Time (t):	 V	 =	 − u − at
					    34.29	 =	 36 − 12 * t
					    t	 =	 0.142 s

	 7.	 A spinning mule carriage is accelerated from rest to a speed of  
30 in./s in 1.5 s. It then moves at a uniform speed for 0.5 s and 
finally it is retarded and stopped in a further 1.5 s. Assuming constant 
acceleration and retardation find their values. Also find the distances 
moved by the carriage: (a) during acceleration; (b) during retardation; 
(c) when the speed is constant.

		  Solution:
					    V	 =	 30 in./s; t = 1.5 s
		  Therefore,	 V	 =	 u + at
					    30	 =	 0 + a * 1.5
					    a	 =	 20 ft/s
					    V2	 =	 u2 − 2aS
					    302	 =	 0 − 2 * 20 * S
					    S	 =	 22.5 in.
		  Movement during constant speed =
					    S	 =	 u t + ½ at2
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					    S	 =	 30 * 2 + ½ * 22.5 * 22

					    S	 =	 15 in.

	 8.	 A carding engine was observed to take 24 s to take a full speed of 
160 rpm. What is the acceleration and how many revolutions does the 
card make during the acceleration?

		  Solution:
					    V	 =	 u + at
					    160/60	 =	 0 + a * 24
					    a	 =	 160/60 = 2.66 rev/s ÷ 24 s = 0.111 rev/s2

		  or 0.111* 2 * π radians = 0.697 radians/s
		  No. of revolutions at the time of acceleration =
					    S	 =	 ut + ½ at2

						     =	 0 + ½ * 0.111 * 24 * 24
						     =	 31.96 revolutions

Numerical questions

	 1.	 A carding engine was observed to make 120 revolutions in coming to 
rest when the belt is put on loose pulley. If the running speed is 160 
rpm and the retardation is uniform, what is the retardation and how 
long does it take the card to stop?

		  Ans. Retardation = 0.186 radians/s2; Time to stop = 1.5 min
	 2.	 The rim shaft of a spinning mule has to be brought to rest in 1.5 

s from a speed of 960 rpm. What is the retardation and how many 
revolutions does the shaft make before coming to rest? After the stop, 
the shaft has to be accelerated in reverse direction to a speed of 48 
rpm. If the value of acceleration is the same as the retardation during 
the stop, how long does it take and how many revolutions are made 
during acceleration?

			  Ans. Retardation = 67 radian/s2; Retardation during stop = 12; Time 
to accelerate = 0.075 s; Revolution during acceleration = 0.03.

	 3.	 In a loom running at 220 picks/min, the shuttle begins to move at 
100° past beat-up and comes to rest at 225°. How long is the shuttle 
moving?

		  Ans. 49.39 km/h
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	 4.	 The yarn width in the reed is 100 cm and the shuttle length with the 
curved ends neglected is 30 cm. The loom speed is 200 picks/min and 
100° of crank shaft rotation is available for shuttle movement through 
the shed. If the retardation is 950 cm/s2, determine (a) mean velocity, 
(b) maximum velocity, and (c) minimum velocity.

		  Ans. Mean velocity = 15.66 m/s; Maximum velocity = 16.05 m/s; 
Minimum velocity = 15.21 m/s

	 5.	 A beam warping machine with a normal warping speed of 480 yards/
min is stopped with uniform retardation in 2 s. What length of yarn 
will run on to the beam during stoppage? If the beam diameter is 1 
foot, what is the angular retardation of the beam in radian/s2?

		  Ans. 8 yards; Angular retardation = 24 radians/s2

	  6.	 A loom shuttle is moving at 30 ft/s when it leaves the warp shed. It 
has to be brought to rest in a further 9 in. of movement and ought to 
be stopped before the crankshaft moves a further 60 degrees. Loom 
speed is 180 picks per minute.

		  (a)	� If the retardation is uniform, what is its value? Will the shuttle be 
stopped in time?

			  (b)	� Assuming that the shuttle is just stopped as the crank completes 
the 60 degrees movement, what is the average retardation?

		  Ans. (a) Retardation = 600 radians/s2; shuttle stops in 54 degrees of 
crank movement. (b) Retardation = 594 ft/s2

	 7.	 The slur cock’s on a cotton frame move at 54 in./s during ½ revolution 
of the cam shaft whose speed is 60 rpm. How far do they move during 
that time?

		  They are given a speed of 54 in./s in 1/8th s. If the acceleration is 
uniform, what is the value and the distance moved by the slur cock’s 
during the acceleration?

			  Ans. 27 in.; Acceleration = 432 in./s2. Distance moved during 
acceleration = 3.375 in.
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5.1	 Introduction
A velocity having magnitude and direction can be represented by a straight 
line, the length of the line representing the magnitude of the velocity and the 
direction in which the line is drawn representing the direction of the velocity.
	 This is shown in Fig. 5.1(a), if AB is 6 units long, represents the velocity 
of the train running at 60 miles per hour in a direction 30 degrees to the east of 
North, then AC is 4 units long, will represent a velocity of 40 miles per hour 
towards the South.

Figure 5.1(a) and (b)

	 If a body has a movement which is the result of two separate velocities, 
for example the velocity of a man who walks across the deck of a moving 
ship, the resultant velocity is found by the parallelogram of velocities. This is 

5
Parallelogram of velocities
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shown in Fig. 5.2(b), the resultant R of the man’s velocity M, relative to the 
ship, and the ship’s velocity S, showing the actual direction and the rate of 
movement of the man relative to the water. The resultant can be found also by 
drawing a triangle, as illustrated.
	 M and S are the components of man’s resultant velocity R. Conversely, 
any velocities can be split up in to two or more components in any given 
directions. Generally, but not always, the components required are those at 
right angles to each other, and an example is given in Fig. 5.1(a), where the 
velocity is 60 miles per hour represented by AB has been resolved into two 
components AD and DB; AD represents the northerly components of the 
train’s velocity and by calculation or measurement it will be found to be 52 
miles per hour. DB, 3 units long, shows that the train is moving towards the 
East at 30 miles per hour. 

5.2	 Velocity
The rate of change of displacement with respect to time is known as the 
velocity of a particle or body. If the direction of displacement is known, then 
the direction of velocity can be easily obtained. If the displacement is constant 
in direction, the velocity will be in the same direction. But if the displacement 
is not constant in direction, then the velocity at a given instant will be in the 
same direction as the displacement at that instant. As displacement at that 
instant is in tangential direction, hence the direction of velocity be tangential 
to the path of the particle or body.

	 Exercises:
	 1.	 A shuttle 3 ft above the floor level and moving at 30 ft/s flies out of 

the loom at an angle of 10° to the horizontal. How high will it rise, 
how fast will it move horizontally before it strikes the floor, how fast 
and in what direction is it then moving as shown in Fig. 5.2?

Figure 5.2
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		  Solution:
		  Consider the vertical movement.
		  Vertical velocity Vv is given by 
	 	 		 	 30 * sin 10°	 =	 5.20 ft/s
		  Horizontal velocity Vh is given by
	 	 		 	 30 * cos 10°	 =	 29.54 ft/s
	 	 The shuttle has initial velocity of 5.29 ft/s, retardation is −32.2 ft/s; 

space passed over by shuttle is 3 ft, since upward movement has been 
considered positive by taking the initial velocity positive.

					    V2	 =	 u2 + 2as
						     =	 5.20²* + 2 * 32.2 * 3
					    V	 =	 ±14.8 ft/s
	 	 The vertical velocity when the shuttle strikes the floor is downwards, 

hence the shuttle vertical velocity is given by V = ±14.8 ft/s
	 	 Total time of flight can be given by
					    V	 =	 u = at
	 	 		 	 −14.8	 =	 5.20 + 32.2 * t
					    t	 =	 0.620 s
		  In other words, upward and downward movement can be considered 

separately.
			  Upward movement, 
					    V	 =	 u + at
					    0	 =	 5.20 + 32.2 * t
					    t	 =	 5.20/32.2 = 0.161 s
					    V2	 =	 u2 – 2as
					    0	 =	 5.202 – 2 * 32.2 * s
					    s	 =	 0.42 ft or 5 in.
		  The shuttle will rise approx to 5 in. or 0.42 ft
		  Downward movement,
			   		  S	 =	 3 ft + 0.42 ft = 3.42 ft.
					    V2	 =	 u2 + 2 as
						     =	 0 + 2 * 32.2 * 3.42
	 	 		 	 	 =	 14.84 ft/s
					    V	 =	 u + at
					    14.8	 =	 0 + 32.2* t
					    t	 =	 14.8/32.2 = 0.460 s
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	 	 Total time taken for the shuttle to reach the floor = 0.161 + 0.460 = 
0.622 s

		  Final shuttle velocity:
	 	 The final velocity of the shuttle when it strikes the floor is the 

resultant of horizontal velocity and final vertical velocity downwards. 
Therefore, the final shuttle velocity is 

					    V 2	 =	 √14.82 + 29.552 
					    V	 =	 33 ft/s
	 	 Angle of shuttle flight is 
	 	 		 	 tan θ	 =	 14.8/29.55 = 0.5 or 27° 

	 2.	 A bale comes down from a shoot inclined at 60° from the horizontal, 
and is projected from it at a velocity of 24 ft/s. How fast is it moving 
(a) horizontally, (b) vertically, as it leaves the floor? During a drop 
to the lorry 16 ft below the bottom of the shoot, the vertical velocity 
is increased by the acceleration of gravity 32 ft/s, but the horizontal 
velocity remains unchanged. What is the vertical velocity when it 
reaches the lorry, the magnitude and direction of the actual velocity, 
the time taken from the bottom of the shoot to the lorry and the 
horizontal distance from bottom of the shoot to where the bale strikes 
the lorry?

		  Solution:
		  Vertical velocity Vv = 24 sin 60° = 20.78 ft/s
		  Horizontal velocity Vh = 24 cos 60° = 12 ft/s
		  Final vertical velocity:
					    V 2	 =	 u² + 2 as
					    V 2	 =	 0 + 2 * 32 * 16
					    V	 =	 38.15 ft/s
		  Time taken (t) is 
					    V	 =	 u + at
	 	 		 	 38.15	 =	 20.78 + 32 * t 
					    t	 =	 0.542 s
		  Actual velocity is
					    V ²	 =	 Horizontal velocity2 + Final vertical velocity2

	  	 		 	 	 =	 √12² + 38.152

					    V	 =	 39.99 ft/s
		  Horizontal movement of the bale to the lorry is 
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		  Horizontal velocity * time
					    12 * 0.542	 =	 6.504 ft

	 3.	 In a bobbin-changing automatic loom, the shuttle at the time of 
transfer is moving horizontally forward at 1.5 ft/s. If the transfer 
hammer moves the new bobbin downwards at 9 ft/s, then in what 
direction should the bobbin approach the shuttle so that it will enter 
parallel to the vertical sides of the shuttle?

		  Solution:
	 	 		 	 tan θ	 =	 9/1.5 = 6
					    tan−1	 =	 80.53 or 90 − 80.53
						     =	 10° from the vertical.

	 4.	 The picking stick of an under pick loom, swinging about a fixed 
fulcrum from a rocking shaft, has passed the vertical position by 6° 
when the shuttle is about to leave the picker. If the upper end of the 
stick, where it passes through the picker is moving at 40 ft/s, then 
how fast is it moving the picker horizontally?

		  Solution:
		  Horizontal velocity Vh = 40 ft/s * cos 6° = 39.9 ft/s

	 5.	 During the run in of a spinning mule carriage, the counter faller moves 
horizontally with the carriage. The yarn passes from the rollers to the 
counter faller makes an angle of 4° and of 45° with the horizontal at 
the beginning and at the end of the run, respectively. Find, for each 
position, the rate at which the counter faller is moving towards the 
roller as a fraction of the speed of the carriage.

		  Solution:
		  Since the counter faller is moving horizontally, the rate of movement 

at the beginning is 
	 	 		 	 cos 4°	 =	 0.997
		  At the end of the run,
	 	 cos 45° = 0.707

	 6.	 A knitting needle in a cotton’s frame moves downwards at an angle of 
15° with the vertical. What are the relative rates of movement of the 
needle bar due to (a) the needle in and out motion, (b) the needle up 
and down movement.
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		  Solution:
		  Knitting needle in and out motion:
	 	 (a)	 sin 15 °/cos 15° = tan 15° = 0.267
			  (b)	 Knitting needle up and down movement = sin 90° = 1.00

Numerical questions

	 1.	 A man walks at 4 miles per hour (a) towards the front, (b) towards the 
rear of a bus travelling at 10 miles per hour. What is his velocity in 
each case, relatively to the earth?

		  Ans. (a) 14 miles; (b) 6 miles per hour
	 2.	 A man jumps from a bus at 10 miles per hour at right angles to the 

direction in which the bus is travelling. If the speed of the bus is 
17.3 miles per hour, in what direction and with what velocity does he 
strike the ground?

		  Ans. 30° with the direction of the bus; 20 miles per hour
	 3.	 In what direction must a stone be thrown at 60 miles per hour from a 

train moving at 42.5 miles per hour, so that it will hit a tree directly 
opposite the window from which it is thrown?

		  Ans. Backwards at 45° with the direction of the train
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6.1	 Introduction
The fundamental importance of a force is that it is the cause of movement or 
change of movement in bodies. Thus, an aero plane in flight, a loom shuttle 
passing through the warp shed, action of knitting needle in knitting machine, 
the movement of the ring rail in spinning machines all have their movements 
as the result of action of their forces or the stopping of shuttle at the end of the 
traverse, or the change in the direction of a motor car turning a corner requires 
the application of force.
	 Again, if a body is at rest it does not follow that no forces are acting on 
it: it simply means that the forces acting on it in any direction are exactly 
balanced by equal forces acting on it in opposite direction.

6.2	 Definitions and units
Mass is the quantity of matter in a body. Quantities of matter are compared 
by the effect of gravity on them. The usual unit of mass is 1 pound (lb) or 
kilograms (kg). Another common unit of mass is the Engineers Unit of mass, 
which is equal to “g” lb, where “g” is 32.2, the value of acceleration due to 
gravity. Hence the number of Engineer’s unit of mass in a body = no. of lb/g.
	 Force produces or tends to produce changes in motions of a body. Its 
nature can be explained by the Newton’s laws of motion:
	 1.	 Everybody continues in its state of rest or of uniform motion in a 

straight line, except in so far as it is compelled by impressed forces to 
change that state.

	 2.		 Motion takes place in the direction of the applied force, and the 
change of motion is proportional to the applied force.

	 3.	 For every force in action, there is an equal and opposite reaction.
	 A familiar example is the shuttle in a loom. The shuttle remains at rest 
in the shuttle box, until the picker applies force to move the shuttle in to the 
warp shed. The picker applies force to the shuttle to give sufficient velocity to 
carry it through the warp. The picker must apply the force in the direction the 

6
Force, mass and momentum
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shuttle is moving – horizontally and parallel to the reed. As the shuttle passes 
through the warp shed, it would travel at a constant speed but for the frictional 
resisting forces at the race board and reed. These forces act in the direction 
opposite to that in which the shuttle is moving and reduces the speed of the 
shuttle. Finally, the shuttle enters the shuttle box, striking the swell and picker 
and applying force to these parts. At the same time, the picker and swell apply 
equal and opposite forces, acting on the shuttle in the direction opposite to that 
in which it is moving, bringing it again to rest.

6.3	 Units of force
	 (a)	 The Poundal – The force that acts for 1 second on a mass of 1 lb and 

changes its velocity by one foot per second.
	 (b)	 The pound (lb) – The force that is required to support a mass of 1 lb 

against the attractive force of gravity.
	 The Poundal is known as the absolute unit of force, and the pound is the 
gravitational unit. It is generally easier to measure the force in pounds than in 
poundals; and except for scientific work, the pound is the common unit.
	 Since a force of 1 pound, acting for 1 second on a mass of 1 lb, changes its 
velocity by “g” foot per second, as when 1 lb of mass is allowed to fall freely 
under the influence of gravity, it follows that
		  0 pound	 =	 g poundals
	 Pounds of force are frequently written as pounds (weight) or lb wt to 
distinguish them from pounds of mass.

6.4	 Momentum in quantity of motion
If a force acts on a mass for a certain time and changes its rate of movement, 
it changes its quantity of motion or momentum. When a given force is applied 
for a given time to a body, the change of momentum is the same whatever the 
mass of the body, but the change in the rate of movement of the body, if of 
large mass, is less than that of a smaller body. Momentum thus depends on 
both rate of movement and mass and is equal to the product
	 Mass * Velocity, the unit of momentum is 1 unit of mass * 1 unit of 
velocity: generally 1 Engineers unit of mass (g, lb) * 1 foot per second

Relation between force, time and momentum
The change in velocity of a body caused by a force acting on it is directly 
proportional to the magnitude of the force, directly proportional to the time 
during which the force acts, and inversely proportional to the mass of the 
body.
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	 Hence, change of velocity V = Force F * Time T/ Mass M
	 or	 V	 =	 F * T/M
	 Correct units are V is foot per sec, F in poundals, Time in seconds, M is 
lb, for 1 poundal acting on 1 lb of mass for 1 second changes its velocity by  
1 foot per second. 
	 Fundamental formula: Force * Time = Mass * Velocity
	 The product, force * time is termed as Impulse
	 Hence Impulse = Momentum
	 Force (lb) = Change in momentum per second
	 Or, Force (lb) = Mass (Engineer’s units) * Acceleration
	 Since change of velocity/time = acceleration

	 Example 1:
	 The shuttle of a loom weighing 0.75 lb is given a velocity of 50 ft/s in the 
time the loom crankshaft revolving at 200 rpm turns 50°. What is the average 
force acting on the shuttle during that time to change its velocity?

	 Solution:
	 The time during which the force acts is the time for 50/360 revolution at 
200 rpm. 
	 i.e.,	 50/360 * 60/200 s	 =	 0.041 s
		  e	 =	 Mass * change in velocity/time
			   =	 0.75/32 * 50/0.041 = 28.58 lb (wt)
	 This is the average force acting during the time. The force will be constant 
only if the acceleration is uniform.

	 Example 2: In the above problem, the shuttle leaves the picker and 
moving at 50 ft/s and passes through the warp shed in 0.1 s. During the 
passage, a retarding force acts on the shuttle. What is the retarding force and 
the shuttle velocity if the average retarding force is equal to the weight of the 
shuttle?

	 Solution:
		  Force	 =	 Mass*Retardation
		  Retardation	 =	 Force/Mass
			   =	 0.75/32/0.75 = 32 ft/s
		  Shuttle velocity (u)	 =	 V − at
		   u	 =	 50 − 32 * 0.1 = 46.8 ft/s
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	 Example 3: A mule carriage weighing 6400 lb is given a velocity of 30 
in./s in 1.5 s. What average force has acted on it to give this velocity?

	 Solution:
		  Force	 =	 Mass * Velocity/time
			   =	 6400/32 * 30/12/1.5 s
			   =	 333.33 lb

	 Example 4: A shuttle of a heavy loom weighs 3.2 lb and is moving at 40 
ft/s when it has passed through the warp. It must be stopped before the crank 
shaft, running at 150 rpm, has turned 60°. What is the least average force 
required to stop the shuttle?

	 Solution:
	 Time for the shuttle to pass through the warp shed is 
		  60/360* 60/150	 =	 0.066 s
		  Force	 =	 3.2/32 * 40/0.066 = 60 lb

	 Example 5: The griffe of a single lift jacquard loom weighs 128 lb 
and is moved up and down vertically with a simple harmonic motion, with 
a maximum displacement of 4 in. from its bottom position. It is operated 
through a long connecting rod from a crank rotating at 120 rpm. In a 4 in. 
diameter circle, a resistance of 30 lb due to friction at the guides is constantly 
operating in the opposite direction to that of the griffe movement. What force 
and in what direction, up or down movement, must be applied to the griffe? 
	 (a) At the beginning, centre and end of the up movement. (b) At the 
beginning, centre and end of the down movement? At the start or either up 
or down movement an acceleration of v2/r is required: at the end of down 
movement, retardation of v2/r is required, where v = crank pin speed in ft/min 
and r = radius of the crank circle in feet. In the centre position, acceleration is 
zero.

	 Solution:
	 Speed of the crank pin in ft/s = 120/60 * 4/12 * π = 2.09 ft/s
	 Acceleration = v2/r = 2.09*2.09*12/2 = 26.20
	 Maximum accelerating force = Mass * acceleration
	 = 128/32 * 26.20 = 104.8 lb
	 (a)	 At the beginning of the up movement, the force required is 
		  Mass + resistance + inertia force
		  = 128 + 30 + 104.8 = 263 lb
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		  At the middle acceleration is zero, therefore
		  Mass + Resistance
		  = 128 + 30 = 158 lb
		  At the end of the up movement,
		  Mass + Resistance − Inertia resistance
		  = 128 + 30 − 104.8 = 53 lb.
	 (b)	 At the start of the down movement,
		  Mass − Resistance − inertia resistance
		  128 − 30 − 104.83 = 6.83 lb
		  At the middle,
		  Mass − Resistance
		  = 128 − 30 = 98 lb
		  At the end of the down movement,
		  Mass − Resistance + inertia resistance
		  = 128 − 30 + 104.83 = 203 lb

Numerical questions
	 1.	 The thread guide bar of a high speed winding machine reciprocates 

with a speed of 5 ft/s. At the ends of its stroke, it has to get up this 
speed in 1/100 s. Find the average force required to reverse the 
movement per lb of the mass of the bar.

		  Ans. Force = 15.62 lb
	 2.	 A loom sley is equivalent to a mass of 96 lb concentrated on the loom 

sword pin at the beat-up position, it is stationary. After one quarter of 
a revolution of the crank shaft, the sley sword pin has speed equal to 
that of the crank pin, which is revolving in a 5 in. diameter circle at 
140 rpm. What average force has acted on the sley during that time to 
change its velocity?

		  Ans. Force = 141.3 lb
	 3.	 A mule carriage weighing 6400 lb and moving at 30 in./s has to be 

brought to rest in 0.1 s. What average force is required to stop it?
		  Ans. Force = 500 lb
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7.1	 Introduction 
Whenever a force acts on a body and the body undergoes some displacement, 
then work is said to be done. For e.g., if a force (P) acting on a body causes it 
to move through a distance(s) as shown in, then work done by the force P is
	 Force × Displacement
	 = F × x
	 If the force varies uniformly from zero to a maximum value of F, then
	 Work done = 0 + F/2 * x = ½ × F * x
	 When a couple or torque (T) acting on a body causes angular displacement 
(θ) about an axis perpendicular to the plane of the couple, then
	 Work done = Torque × Angular displacement = T θ
	 The unit of work depends upon the unit of force and displacement. In the 
S.I. system of units, the practical unit of work is N-m. It is the work done by a 
force of 1 Newton, when it displaces a body through 1 m. The work of 1 N-m 
is known as joule, normally written as J such that 1 N-m = 1 J.

7.2	 Units of work (in SI units)
We have already discussed that the work is the product of the force and 
distance through which the body moves due to the action of the force. Then 
the units of work depend on the units of work and distance. The units of work 
are
	 1 N-m – It is the work done by a force of 1 N, when it displaces the body 
through 1 m, it is called joule (briefly written as J). Mathematically,
		  1 Joule	 =	 1 N-m
	 1 kN-m – It is the work done by a force of 1 k N, when it displaces a body 
through 1 m. It is also called kilo joule (briefly written as kJ). Mathematically,
		  1kilo- joule	 =	 1 k N-m
	 Note: Sometimes, the force stretches or compresses a spring or penetrates 
into a body. In such cases, the average force is taken as half of the force for 
the purpose of calculating the work done.

7
Work and power
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7.3	 Graphical representation of work

The work done during any operation can be represented by a graph, by plotting 
distance along X-X axis and the force along Y-Y axis.
	 Since the work done is equal to the product of the force and distance, 
therefore the area of the figure enclosed represents the work done to some 
suitable scale. Such diagrams are called force-distance diagrams. If the force 
applied is not constant and varies uniformly with the distance, the force 
distance diagram is not a rectangle but a trapezium.

	 Example 1: (In SI units) A spring is stretched by 50 mm by the application 
of force. Find the work done if the force required to stretch 1 mm of the spring 
is 10 N.

	 Solution: 
	 Spring is stretched by the application of force (s) = 50 mm
		  Force applied	 =	 10 N
	 Work done to stretch the spring by 50 mm
			   =	 Force × Distance
			   =	 10 × 50 = 500 N
		  Average force	 =	 500 / 2 = 250 N
		  Work done	 =	 Average force × Distance
			   =	 250 × 50 = 12500 N-m
			    =	 12.5 J

7.4	 Useful definitions
Work: Work is done when a resistance is overcome through a displacement. 
The amount of work done is the product of the resistance, or the force 
overcoming the resistance and the displacement.
	 The usual unit of the work is I foot pound (lb wt), the work done when a 
resistance of 1 lb is overcome through a displacement of 1 foot (in FPS units).
	 Power: Power is defined as the rate of doing the work. It is thus the measure 
of performance of engines. For e.g., an engine doing a certain amount of work 
in 1 s will twice as powerful as an engine doing the same amount of work in 
2 s. The usual unit is 1 HP (Horse Power). In S.I. units, the unit of power is 
watt, which is written as W. This is equal to 1 N-m/s or 1 J/s. Sometimes it is 
also mentioned in kW or MW.
	 The rate of doing work is equal to 33,000 ft lb/min.
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	 Example 2: A loom beam weighing 100 lb is moved down from beam 
store to loom at a distance of 100 ft by means of a trolley, which when loaded 
offers a resistance of 20 lb. If the centre of gravity of the beam is 9 in. from the 
floor level in the beam store and 1 ft. 9 in. from the floor when in loom, how 
much work is done by the over looker in moving the beam?

	 Solution:
	 Work done in lifting beam against gravity = 100lb *1 ft (rise of centre of 
gravity)
	 = 100 ft lb
		 Work done in moving the truck	 =	 Resistance * Displacement
			    =	20 lb * 100 ft lb
			    =	2100 ft lb
		  Total work done	 =	 2100 ft lb
	 If the work is done in 3 min., Horse power expended is 
	 HP = Work done per minute/time = 2100/33000*3 = 0.021 HP

	 Example 3: A carding engine requires one horse power to drive at 180 
rpm. If the belt pulley is 18 in. in diameter, what resistance does the driving 
belt has to overcome?

	 Solution:
	 Belt speed = 180 * π * 18/12 = 847.8 ft
	 Work done by the belt per minute = resistance at the pulley rim * belt 
movement per minute
	 = 33000 ft lb
	 Resistance at the pulley rim = 33000/847.8 = 38.92 lb
	 Resistance of machine parts may be due to one or more of several reasons:
	 1.	 Resistance due to gravity: In lifting of a hoist, raising the lifter rail in 

speed frame, lifting of griffe in a jacquard loom.
	 2.	 Resistance due to friction: Bearings of the machines, the loom 

shuttle and the reed and the race board, the resistance offered by the 
movement of the flats in a carding machine.

	 3.	 Strain resistance: The resistance offered by the springs to extension 
or compression, as in springs of heald shaft reversing motions. In 
this case, the resistance varies in direct proportion to the stretch or 
compression of the springs.
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	 4.	 Inertia resistance: The resistance offered by a body to having its 
velocity changed, i.e. being accelerated. If the acceleration is uniform, 
the resistance has a constant value.

	 Work may be positive or negative. A familiar example is the lifting of 
griffe in Jacquard loom, as shown in Fig. 7.1.

Figure 7.1

	 As shown in Fig. 7.1., positive work has to be done in overcoming the 
resistance of gravity acting downwards on the griffe. This positive work is 
done by the driving crank pulling down at the lower end of the connecting 
rod. During the downward movement of the griffe, the force of gravity is now 
available to lower the griffe; and in doing so, it applies an upward force from 
the connecting rod to the crank, helping to turn the crank shaft. If the friction 
is not there, the net work done by the crankshaft, per revolution, in lifting 
and lowering the griffe would be zero, since the positive work done during 
the upward movement is being exactly balanced by the negative work done 
during the downward movement. 
	 The same thing applies during stretching or compression of the springs; 
positive work is done during stretching or compression of the springs and 
negative work is done when the springs remain in its original length. Also, 
during acceleration, positive work is done in overcoming the inertia resistance 
and negative work is done during retardation.

7.5	 Work done by a varying force
When work is done in overcoming a varying resistance, the amount of work 
done is the product of the average resistance and the displacement.
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	 Work can always be represented by the area of a diagram, one ordinate of 
which represents the resistance or the force overcoming it and the other is the 
displacement. For a uniform resistance, the work diagram is a rectangle.

Figure 7.2  (a) and (b) Representation of the work done by graphical method

	 When resistance varies uniformly from zero to a maximum, the work 
diagram is a triangle. In Fig. 7.2(a), when the resistance varies uniformly from 
R1 to R2, the work diagram is a trapezium. In Fig. 7.2(b), when the resistance 
varies uniformly from zero to R, the average resistance is R/2 and the work 
done is R/2 * displacement.
	 When the resistance varies uniformly fro to , the average resistance is 
 +/2 and the work done is R1 + R2/2 * displacement.

	 Example 4: The two springs for reversing the motion of a heald shaft, as 
shown in Fig. 7.3., have their ends to be extended 5 in. to get them in position 
with the heald shaft down. If the stiffness of the spring is 1 lb wt per in., find 
the work done (a) in putting the springs in position (b) in stretching the springs 
to additional 4 in. when the shaft is lifted.

Figure 7.3
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	 Solution:
	 The spring offers resistance which varies uniformly with the stretch. The 
term “stiffness” refers to the force required to stretch the spring 1 in., in this 
case 1 lb.
	 (a)	 The work done on each spring in overcoming the resistance which 

varies uniformly from 0 to 5 lb, the displacement being 5 in.
					    Work done per spring	 =	 5/2 * displacement
						     =	 5/2 * 5 = 12.5 in lb
			   Work done on two springs	=	12.5 * 2 = 25 in lb
	 (b)	 Each time when the shaft is lifted, the springs have to be stretched to 

additional 4 in. to 5 in. The resistance offered by the springs varies 
from 5 lb at the beginning and 9 in. at the end.

					    Work done per spring	 =	 5 + 9/2 * displacement
			   			   =	 7 * 4 = 28 in. lb
		  Work done in stretching two springs during lift of the shaft
						     =	 28 * 2 = 56 in. lb

Numerical questions

	 1.	 A hoist, with its loads, weighs 2 tons. How much work is done in 
lifting it 80 ft? If it goes up in 2 min., what average horse power is 
required?

		  Solution:
		  Work done = 160 tons
		  HP required = 5.34
	 2.	 At what horse power does a man weighing 140 lb work:
		  (a)	 If he climbs a mountain 3300 ft high in 2 h?
		  (b)	 If he climbs 15 ft rope in 12 s?
		  (c)	� If he pushes a lawnmower against a resistance of 25 lb at 3 miles 

per hour?
		  Solution: (a) 0.117, (b) 0.318, (c) 0.2 HP
	 3.	 A ring frame traveler moving in a circle of 1.8 in. diameter at 9000 

rpm offers a resistance to movement of 250 grains. What HP is 
expended, if the frame has 400 spindles, in moving the travelers?

		  Ans. HP = 1.83
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	 4.	 Cloth is drawn forward by the taking up motion of a loom against a 
cloth tension of 300 lb. If there are 60 picks per inch in the cloth and 
the loom speed is 180 picks per minute, what work is done per minute 
in taking up the cloth?

		  Ans. 75 ft lb
	 5.	 A loom shuttle offers an average resistance, during picking of 30 lb 

over a distance of 6 in. How much work is done per minute in picking 
the shuttle, if the loom speed is 180 picks per minute?

		  Ans. 3600 ft lb
	 6.	 An endless chain of flats in a carding engine is driven by a 16 tooth 

chain wheel (one revolution of the wheel moving the chain 16 flats). 
The chain wheel is compounded with a 56 tooth worm wheel, driven 
by a single worm, which is compounded with a 32 tooth worm wheel. 
This in turn is driven by a single worm, compounded with a rope 
driving pulley of 13 in. diameter.

		  (a)	� How many revolutions does the driving pulley make per 
revolution of the chain wheel and how far is the driving rope 
displaced?

		  (b)	� If a pull of 8 lb wt is required at the rim of the driving pulley 
to move the flats, how much work is done per revolution of the 
chain wheel?

		  (c)	� If the pitch of the flats is 1.5 in. and the speed of the chain is 3.5 
in. per minute, what HP is required in driving it?

		   Ans. (a) 1792 revs, (b) 6100 ft, (c) 48800 ft lb, (d) HP = 0.316. 
	 7.	 The resistance offered by a rayon thread in stretching was found to 

increase uniformly with the stretch up to a load of 100 g. The stretch 
was then 5 mm. How much work is done in cm g units?

		  Ans. 25 cm g
	 8.	 The inertia resistance of the shuttle and the picker of an under pick 

loom increases uniformly with displacement from 0 to 54 lb during a 
shuttle displacement of 8 in. How much work is done in overcoming 
the resistance? In addition to inertia resistance, the shuttle is constantly 
acted by a frictional resistance of 3 lb during the 8 in. displacement 
and the loom speed is 165 ppm. What horse power is expended in the 
shuttle?

		  Ans. 18 ft lb, HP = 0.1
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	 9.	 A spiral spring used for loom let-off motion has a stiffness of 30 lb/
in. and has to be compressed to 3 in. by the over looker in adjusting 
the warp tension. How much work is done in compressing the spring? 
When working, the spring compression is increased from 3 to 3.1 in. 
How much work is done during the increase in compression?

		  Ans. 135 in. lb, 9.15 in. lb
	 10.	 The driving belt from a motor to a line shaft is removed from the 

motor pulley. With the machine belts on the loose pulleys, it was 
found with a spring balance that a force of 20 lb is required on the 
driving belt to turn the shaft and machine belts. Assuming that the 
resistance remains constant, what HP is required to run the shaft at 
200 rpm, if the driving pulley on the line shaft is 3 ft diameter?

		  Ans. HP = 1.14
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8.1	 Introduction
Any exertion such as a push or a pull is a force, and this force will have 
magnitude and will be exerted in some direction. The magnitude or amount 
of the force may be represented by a straight line drawn to a convenient scale 
say 10 lb = 1 in. Such lines are shown in Fig. 8.1. In Fig. 8.1, the lines are 
represented by their lengths of forces mark; they are also shown by their 
position of the directions of the force. But none of the lines tell us the sense of 
the direction of the force; it means we do not know whether the force is from 
A to B or from B to A.

Figure 8.1

	 To represent forces by lines, we must represent amount, direction and 
the sense of direction. The sense of direction is represented by an arrow-head 
somewhere on the line itself as shown in Fig. 8.1(a).

Figure 8.1(a)

	 Such lines are sufficient to represent forces so that we can put down our 
thoughts for graphical solution to a problem.

8.2	 Lines of representation of forces
Forces can be represented by lines just as we represent the distances. Suppose 
if number of forces act on a body and tend to move it in various directions, it 

8
Resolution of forces
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will be equally simple to show the direction in which it will tend to move and 
the magnitude of the resultant force which is actually exerted in this direction.
This can be best illustrated by an example shown below.

Figure 8.2

	 Example 1: A body is acted upon by several forces whose directions are 
shown in Fig. 8.3. If A = 12 lb, B = 20 lb, C = 30 lb, and D = 7 lb, then find the 
resultant force.

	 	

	 Figure 8.3	 Figure 8.4

	 Solution:
	 Take a scale, say 10 lb = 1 in. and commence at a point E and draw a line 
parallel to any of the lines in Fig. 8.3. In Fig. 8.4, we have started by drawing 
EF parallel to D and in the same sense as shown by the arrow-head and the 
length EF equal to 7 lb on the scale. From F draw a line parallel to any of the 
lines in Fig. 81, except D, and again in the same sense we have chosen C, 
and so made FG parallel to C and equal to 30 lb on the scale. From G draw 
a line parallel to B or A. We have chosen B and made GH parallel to E, again 
noting the direction of arrow-head and equal to 20 lb on the scale. Now draw 
HJ parallel to the remaining line A and make its length equal to 12 lb on the 
scale. By joining EJ, we obtain a line which represents the resultant direction 
of the four forces acting on the body. When measured by the scale, we get its 
amount; and of course, the sense of direction must always be away from the 
starting point, as shown by the arrow on EJ. If we measure the length EJ on 
the scale, it will found to be 63.25 lb.
	 There is no hard and fast rule to start with the point D; the force D is taken 
as an example. Any of the forces may be chosen as the starting point. The next 
example takes the same diagram of the position of the forces as in Fig. 8.3.
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	 Example 2: In this example with the same diagram, A is chosen as the 
starting force. It is to be noted that (i) the arrow heads of the components ABC 
must all run in the same direction; (ii) the arrow head on the resultant runs in 
the opposite direction.
	 Proceed by drawing EF parallel to A. Now draw FG parallel to C, then 
GH parallel to D, then HJ parallel to B. Join EJ and we obtain the resultant 
and it will be found when measured on the scale is 63.25 lb, which is exactly 
same as obtained in Example 1.
	 The forces shown in the above examples show the direction in which 
they are acting, however large or small. If the body is fixed or if there is great 
frictional resistance, the body will not move; but the resultant is the force 
which tends to move the body.

8.3	 Law of Polygon of forces
If any number of forces acting at a point can be represented in direction and 
magnitude by the sides of the polygon taken in order, then the forces are in 
equilibrium.
	 Let the forces P1, P2, P3, P4 and P5 acting at O be represented in direction 
and magnitude by the sides AB, BC, CD, DE, EA of the polygon ABCDE. Join 
AC, AD.
	 Then 
		  AB + BC	 =	 AC
		  AC + CD	 =	 AD
		  AD + DE	 =	 AE
		  AE + EA	 =	 0
	 Hence we may say that the system is in equilibrium.
	 From the diagram, it is clear that the resultant of the forces represented by 
AB, BC, CD, DE is represented by AE.

Figure 8.5
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8.4	 Law of Triangle of Forces 
If three forces acting upon a body be represented by magnitude and direction 
by the sides of the triangle taken in order, they will be in equilibrium.

Figure 8.6

	 Let forces P, Q, R acting at O be represented in magnitude and direction 
by the sides of the triangle taken in order.
	 Complete the parallelogram BCAD. Then BD, being equal and parallel 
to CA represents Q. By the law of parallelogram of forces, the resultant of 
BC and BD = BA = −AB = −R, i.e. the resultant of P and Q = −R. Hence the 
resultant of P, Q and R = −R + R = 0.
	 Hence the system is in equilibrium.

8.5	 Tension and compression
When a string neglects its weight and is pulled with a force P, then at every 
point of the string equal and opposite forces P act. Each of these forces is 
called the tension of the string. It must be remembered that tensions at every 
point of a string are equal and opposite. This is shown by arrow showing the 
direction of tension at any part of the consideration (Fig. 8.7).

Figure 8.7

© 2015 by Woodhead Publishing India Pvt. Ltd.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18877-9&iName=master.img-006.jpg&w=203&h=72


124	 Textile mechanisms in spinning and weaving machines

	 Let AB be a string whose end A is fixed to some point and let a weight 
W be attached to B. It is evident that the string is pulling at A; hence if the 
equilibrium of A is considered, the arrow is showing the tension T in the part 
adjacent to A points downwards. Again the string is clearly preventing the 
weight at B from falling down, i.e. the string is pulling B upwards. Hence the 
arrow near B points upwards. 

Figure 8.8

	 We will assume that when a light string passes round a smooth peg or 
pulley, its tension remains unchanged. When a bar is pulled at its ends by 
equal and opposite forces, it is in tension and the above remarks apply to it. A 
bar under tension is called a tie. When a bar is pushed at both ends by equal 
and opposite forces, it is said to be under compression.
	 Let AB be a bar subjected to compressive forces P at A and B. At every 
point of AB equal and opposite forces P’ (where P’ = P) act. P; acting at A 
must balance the external force P; hence, when considering the equilibrium 
of A, the arrow showing P’ must point towards A. So when considering the 
equilibrium of B, the arrow points towards B. 
	 A bar under compression is called strut.

8.6	 Graphical methods
The triangle of forces and polygon of forces can be used to obtain graphically 
the resultant forces acting at a point.

	 Figure 8.9(a)	 Figure 8.9(b)	 Figure 8.9(c)

	 (a)	 Let the forces P1 and P2 act at a point. To find their resultant, draw 
a line AB parallel and proportional to P1 on a suitable scale. Then 
AB represents P1 in direction and magnitude. Similarly draw BC to 
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represent P2. Join AC. Then AC represents the resultant of the forces 
in direction and magnitude. AC can be measured using the scale.

	 (b)	 In Fig. 8.9(a) are shown two forces , acting at O. The spaces about 
these forces are named as A,B,C. The force P1, which lies between 
spaces A and B, is then named as AB. The force P2 is then named as 
BC. This diagram showing the position of the forces is called space 
diagram.

	 (c)	 In Fig. 8.9(b), draw a vector to represent P1 (A vector is a straight 
line representing a force in magnitude and direction). Since in the 
space diagram, P1 has been named as AB, the vector representing  by 
corresponding small letters ab. Similarly, the force P2 is represented by 
the vector bc just as BC in space diagram. Join ac. Then ac represents 
the resultant. This diagram which shows the direction and magnitude 
of the forces is called a vector or force diagram (Fig. 8.9c).

	 This method of naming the forces in the space and vector diagram is 
called Bow’s notation. 
	 Thus, we can see from the above diagrams that we can move either 
clockwise or anti-clockwise but the movement must be uniform throughout. 
If P1 is named as AB, then  must be named as BC and not CB.

8.6.1	 Graphical methods for more than two forces
In the previous article, we have seen only two forces. Now, let it be required 
to find the resultant of three forces. Let the three forces be P1, P2, P3 acting 
at O. Draw the space diagram as shown in Fig. 8.10(a). Draw vectors ab, bc, 
cd to represent AB, BC, CD. Join ad. Then ad represents the resultant; ad is 
the line joining the initial point of the first force and terminal point of the last 
force. The position and direction of the resultant have been shown in the space 
diagram by a dotted line with two arrow heads which has been drawn parallel 
to ad. In the space diagram, the forces are AB, BC, CD and the resultant is AD. 

	 Figure 8.10(a)	 Figure 8.10(b)
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	 The force that is applied at O will produce equilibrium, which is called 
the equilibrant of the system. The equilibrant is equal and opposite to the 
resultant and in the diagram it is represented by DA in the space diagram and 
da in the vector diagram (Fig. 8.10b).
	 The method explained above is applicable to any number of forces.

8.6.2	 Jib crane
The essentials of a jib crane are shown in Fig. 8.11(a) and (b).
	 AD is a vertical post. AC is a rod called jib hinged at A so that it can turn 
around A in a vertical plane. It is supported by a chain or rod DC called tie 
which is attached to a point D in AD. At C there is a pulley over which passes 
a chain ECF; the load W to be lifted is attached to the end F, while the end 
E is wound round a drum. The effort is applied at E or to lift the load. ED is 
horizontal and EC coincides with it.
	 Supporting the pulley at C to be smooth, the tension in EC = tension in  
CF = W.

	 Figure 8.11(a)	 Figure 8.11(b) 

	 Figure 8.11(b) shows the vector diagram of the forces acting at C; ab 
represents W, bc represents the tension in EC which is also W; cd has been 
drawn parallel to AC and ad parallel to DC.
	 The diagram is drawn with the following data:
	 The jib AC = 5 m, the tie CD = 3.6 m, AD = 2.4 m, AE = 1.6 m, 
	 W = 20 kN 
	 By measurement with suitable scale value, it is found that
		  Force in AC	 =	 50 KN thrust
		  Force in CD	 =	 18 KN tension 
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	 Example 3: In a jib crane, the height of the vertical post, as measured 
with its joints with the jib and the tie is 2.1 m. The jib is 4.5 m and the tie is 
3 m long. A load of 50 KN is suspended from a chain passing over a smooth 
pulley supported on the crane head and the chain is fixed to the post at a point 
0.9 m above its junction with the jib. Find graphically the stresses on the jib 
and the tie. Find also: (i) if the supporting chain is taken parallel to the tie, and 
(ii) it is parallel to the jib

Figure 8.12

	 Solution:
	 The crane and the forces acting at the crane head C are shown in  
Fig. 8.12(a). Let us consider the thrust in the jib AC be P KN, and let tension 
DC be T. The tension T in the chain EC is 50 KN, being equal to the weight. 
The tension in the portion CM of the chain is also 50 KN. By applying bow’s 
notation provided the two known forces in CM and CE are together, there 
being no unknown forces between them. 
	 The force T = 50 KN in CE tends to move the point C towards E. Make 
EC towards the right hand side. Then T can be replaced by an equal force 
acting along the line and pushing at C. The free body diagram of the crane 
head C can be drawn as shown in Fig. 8.12(b), which may be taken as space 
diagram. The spaces have been named as A’ B’ C’ and D’. Figure 8.12(c) 
shows the vector forces of a polygon. 
	 By measuring c’, d’, and a’ d’ we get P and T.
		  P	 =	  141.5 KN thrust
		  T	 =	 55.5 KN pull
	 (i)	 Let BE coincide with CD. Then the total force in the direction CD is  

T + T = 50 + T. At C, there are only three forces, viz. 50 KN along 
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CM, P along AC and 50 + T along CD. Now the sides of the triangle 
ACD are parallel to these forces.

					    P/AC	 =	 50 + T/CD = 50/DA
					    P/4.5	 =	  50 + T/ 3 = 50/2.1
		  Then	 P	 =	 107.14 KN (compression)
					    T	 =	 21.43 (tension)
	 (ii)	 Let CE coincides with AC. Then the forces acting at C are 50 KN 

along CM, P − 50 along AC, and T along CD. 
					    P − 50/ 4.5	 =	 T/3 = 50/2.1
	  	 Then	 P	 =	 157.14 KN (compression)
					    T	 =	 71.43 KN (tension).
8.6.3	 Force and its characteristics

Force produces or tends to produce a change in the state of rest or of uniform 
motion in a straight line of a body.
	 Consider a horizontal force P (Fig. 8.13) applied to a body placed on a 
rough horizontal plane. When the applied force P is small, the body does not 
move. When P is increased, the body will start moving in a straight line if the 
line of action of P passes through the centre of gravity(cg) of the body. Hence 
there will be a motion of translation as well as rotation if the line of action of 
P does not pass through the centre of gravity of the body.
	 Thus we know that the effect of force depends on three characteristics.
	 (i)	 Magnitude
	 (ii)	 Direction
	 (iii)	 Position or line of action

Figure 8.13
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	 If we draw a straight line parallel to the line of action of the force, whose 
length is proportional to the magnitude of the force, the line is said to represent 
the force in magnitude and direction.
	 Thus let a force P of 15 lb acting in the north-east direction and 1 in. 
length represents 5 lb then a straight line AB of length 3 in. drawn in the 
north-east direction will represent the force P in direction and magnitude. An 
arrow is placed on the line with the arrow-head pointing north-east represents 
the sense of the force, i.e. the force is acting from A towards B. The force 
represented by the line AB is written as AB.
	 Vectors are also represented by a single letter P or a etc. The magnitude 
of the vector a is represented by (a) or a.

8.7	 Resolution and composition of a force
Resolution of a force means ‘finding components of a given force in two 
given directions’.
	 Let a given force be R which makes an angle θ with X-axis as shown in 
Fig. 8.14. It is required to find the components of the force R along X-axis and 
Y-axis.
	 Components of force along X-axis = R cos θ
	 Components of force along Y-axis = R sin θ
	 Hence the resolution of forces is the process of finding out components of 
forces in specified directions.

Figure 8.14
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8.8	 Resolution of a number of coplanar forces
Let a number of coplanar forces R1, R2, R3… are acting at a point as shown in 
Fig. 8.15 (forces acting in one plane are called coplanar forces).

Figure 8.15

	 Let	 θ1	 =	 Angle made by R1 with X-axis
	  	 θ2	 =	 Angle made by R2 with X-axis
	 	 θ3	 =	 Angle made by R3 with X-axis 
	 Let	 H	 =	 Resultant components of all forces along X-axis
		  V	 =	 Resultant components of all forces along Y-axis
		  R	 =	 Resultant of all forces
	 	 θ	 =	  Angle made by resultant with X-axis
	 Each force can be resolved in to two components, one along X-axis and 
other along Y-axis.
	 Component of  along X-axis = R1 cos θ1

	 Component of  along Y-axis = R1 sin θ1

	 Similarly, the components of R2 and R3 along X-axis and Y-axis are  
(R2 cos θ2, R2 sin θ2) and (R3 cos θ3, R3 sin θ3), respectively.
	 Resultant components along X-axis = sum of components of all forces 
along Y-axis
		  V	 =	 R1 sin θ1 + R2 sin θ2 + R3 sin θ3 +…
	 Then resultant forces,	R	 =	 √ H2 + V2

	 The angle made by R with X-axis is given by tan θ = V/H.

© 2015 by Woodhead Publishing India Pvt. Ltd.

  



	 Resolution of forces	 131

	 Example 4: Two forces are acting at a point O as shown in Fig. 8.16. 
Determine the resultant in magnitude and direction.

Figure 8.16

	 Solution:
	 The problem can be solved by resolution of forces.
	 Force = 50 N and force Q = 100 N.
	 Let us first, find the angles made by each force with X-axis.
	 Angle made by P with X-axis = 15° 
	 Angle made by Q with X-axis = 15 + 30 = 45° 
	 Let H = Sum of components of all forces along X-axis
	 V = Sum of components of all forces along Y-axis
	 The sum of components all forces along X-axis is given by
		  H	 =	 P cos 15° + Q cos 45° 
	 	 	 =	 50 × cos 15° + 100 cos 45°
			   =	 119 N
	 Sum of components of all forces along Y-axis
		  V	 =	 P sin 15° + Q sin 45°
	 	 	 =	 50 sin 15° + 100 sin 45°
			   =	 83.64 N
	 The magnitude of the resultant force is given by 
		  R	 =	 √ H2 + V2

	 	 	 =	 √1132 + 83.64 2 = 145.46 N
	 The direction of the resultant force is given by
	 	 Tan θ	 =	 V/H
	 	 θ	 =	 tan−1 83.64/119 = 35.10° 
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	 Example 5: A heald shaft is connected as shown in Fig. 8.17 to a dobby 
jack at B. If the jack has to exert an upward force of 20 lb to support the shaft, 
find the forces acting on the cords AD and AC.
	 Solution:
	 In the above figure, three forces act at the point A.
	 (i)	 The upward force of 20 lb
	 (ii)	 Force in the cord AD
	 (iii)	 Force in the cord AC
	 The problem can be solved graphically.
	 Set of xy = 20 units long to represent the force AB. From the ends of this 
line, setoff lines parallel to AD and AC. To meet in z, then yz represents the 
force in AC and zx represents the force in AC. By calculation or measurement, 
these forces are found to be 14.1 lb.
	 In order to represent the force in the triangle xyz, arrow heads show the 
directions in which the forces act; xy represents an upward force. The arrow 
heads must follow round the triangle so that the forces yz and zx are downward, 
showing that the forces in the two cords AD and AC are away from A.

Figure 8.17

	 We have seen from the diagram that the cords AD and AC are said to 
be in tension, since the forces acting on them tend to stretch the cords. This 
means the upper end of AD is applying a downward force of 14.1 lb to help to 
balance the downward force of 20 lb. Hence, the lower end of AD is applying 
the same force of 14.1 lb upwards at D to help to support the shaft.
	 It is to be noted that the total tension or force required to break the cord 
is 14.1 lb, and not 28.2 lb. It means one force is the action and the other is the 
reaction. 
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	 This can be clearly explained by another example.
	 Consider a vertical cord attached to a hook supporting a weight of 10 lb. 
The lower end of the cord is applying the upward force of 10 lb needed to 
support the weight. The upper end is applying a downward force of 10 lb to 
the hook. Hence the total force to break the cord is 10 lb and not 20 lb.
	 Example 6: The picker of an over pick loom is offering a horizontal 
resistance of 100 lb (Fig. 8.18). Find the pull required to apply to move the 
picker, if the strap is in same vertical plane as the picker and makes an angle 
of 30 degrees with the picker spindle.

Figure 8.18

	 Solution:
	 The problem can be solved graphically.
	 Set off xy = 100 lb horizontally, which represents the horizontal resistance 
of the pull of the strap. This component must be 100 lb to overcome the picker 
resistance.
	 Set off xz to represent the picker parallel to the shaft.
	 Complete the right-angled triangle xyz.
	 Measure the distance of xz which is 115 lb and gives the necessary pull of 
the strap.
	 (or) horizontal resistance = 100 lb
	 Angle made by the picker on the spindle = 30° 
	 Pull exerted by the picker = 100/sin 30°
	 = 100/0.866 = 115 lb

	 Example 7: A horizontal weighting lever AB shown in Fig. 8.19 is 9 in. 
long, pivoted at A and carrying a weight of 2 lb at B. At C is a link CP attached 
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to the lever, the angle ACP = 60 degrees and AC = 1.5 in. Find out the force 
CP that must apply to the lever to keep it in equilibrium. And what is the 
direction and magnitude of the force at the pivot A? Ignore the weight of the 
lever itself.

Figure 8.19

	 Solution:
	 In this problem, three non-parallel forces act on the lever
	 (a)	 The force of gravity 2 lb acting vertically downwards 
	 (b)	 The force in the supporting link CP
	 (c)	 Reaction at the pivot or fulcrum A
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	 It may be noted that all these three forces meet at point obviously at D. 
The direction of the reaction must then be in the direction of the line DA. 
The magnitude of the forces can be found by the triangle of forces by taking 
suitable scale and solving it graphically. From which the force in CP is 
approximately 13.83 lb and the reaction at the pivot or fulcrum A is 12. 2 lb. 
Another method is to solve by Principle of Moments.
	 Taking moments about the pivot or fulcrum A, we have
		  W × 9	 =	 AC sin 60° × CP
		  CP	 =	 18/1.5 × sin60°
			   =	 13.83 lb
		  CP	 =	 13.83 lb
	 Reaction at pivot A =
	 	 √CP3 − AB3	 =	 √13.83 2 − 282 = 187.28, but AC = 1.5 in.
	 	 13.48 − 1.5	 =	 12.19 lb

	 Example 8: A ring frame traveler rotates and the forces acting on it are 
shown in Fig. 8.20. Find the resultant force acting on the traveler.

Figure 8.20

	 Solution:
	 From Fig. 8.20, the forces acting on the traveler are 
	 (i)	 Horizontal inward pull of 280 grains
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	 (ii)	 Horizontal outward pull or centrifugal force of 100 grains
	 (iii)	 Vertical yarn tension of 195 grains
	 From the polygon law of forces, the problem can be solved graphically.
		  Consider 140 grains	 =	 1 cm
	 Therefore,	 195 grains	 =	 1.39 cm
		  280 grains	 =	 2 cm
		  1900 grains	 =	 13.57 cm
	 When the measurements are drawn to scale and the resultant force is 
measured, it is found to be 11.9 cm.
		  Resultant force	 =	 11.9 × 140 = 1666 grains

	 Example 9: Figure 8.21(a) shows the load applied to a scutcher lap during 
lap formation. Find the pressure between the roller and the lap at the start and 
at the end of the lap.

	 Solution:
	 The pressure between the roller and the lap acts along the line joining 
the centers’ of roller and lap, and the resultant of the pressures applied by the 
two rollers must be equal to the downward load acting on the lap. In other 
words, the sum of the vertical components of the pressures must be equal to 
the downward load.
	 (i)	 Start of the lap
		  The triangle of forces acting on the lap is shown in Fig. 8.21(b)
		  Hence, the distance between the rollers and the lap is
		  + 1.5 = 6.25 in
		  Distance xy = √ 6.25 * 6.25 − 5.125 * 5.125 = 3.56 in.
		  From similar triangles,
					    P/650	 =	 6.25/3.56 
					    P	 =	 1140 lb
	 (ii)	 End of the lap
		  The triangle of forces is shown in Fig. 8.21(c) 
		  The distance between the centers of lap and roller is
						     =	 4.75 + 6 = 10.75 in.
				   Distance xy	 =	√10.75810.75 − 5.12585.125 = 9.45 in.
		  From similar triangles,
					    P/650	 =	 10.75/9.45
					    P	 =	 753 lb
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Figure 8.21
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	 Example 10: Figure 8.22 shows a bracket carrying a rope drive for a ring 
spinning frame subjected to loads, horizontal and vertical loads, due to ropes, 
each of 220 lb and the weight of the pulleys is 20 lb. What is the magnitude 
and direction of the resultant load applied to the bracket?

Figure 8.22

	 Solution:
	 Horizontal pull on the pulley = 220 lb
	 Vertical pull on the pulley = 220 lb
	 Load on the pulley = 20 lb
	 Therefore, the vertical load acting downwards = vertical pull = load on 
the pulleys
			   =	 220 lb + 20 lb = 240 lb
	 Construct a right angled triangle to show the forces.
		  Resultant AC	 = 	√AB2 + BC2

	 	 	 =	 √ 2202 + 2402

			   =	 325.57 lb
	 Angle (α) to the vertical = 
	 	 Sin α	 =	 AB/AC
			   =	 220/325.57 = 0.67
	 α = sin−1 0.67 = 42° to the left of vertical acting through the centre of the 
pulleys.

	 Example 11: A hinged horizontal loading platform projects 6 feet from 
a wall and is supported by two chains, attached to its other corners, and to 
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the wall above, each chain making an angle of 45° with the horizontal. If the 
platform weighs 100 lb. and a load of 500 lb. is placed centrally on it, what is 
the tension in each chain and the reaction at the hinge?

	 Solution:
	 Weight of the platform = 100 lb
	 Load applied to the plat form = 500 lb centrally
	 Let the tensions on the chains on both sides be .
	 Total load on the platform =
	 Weight of the platform + Load applied on the platform
	 = 100 lb + 500 lb = 600 lb
	 Since, the two chains are making an angle of 45° to the vertical respectively,
	 Tension on the chains =
		  2 T1 × 2 sin 45°	 =	 total load on the platform
		  T1	 =	 600/1.414 × 2
			   =	 212.16 lb.
	 Reaction at each hinge =
	 Total load on the platform = 600 lb
	 Since the load is acting at the centre of the platform, the reaction R at the 
each hinge is
	 R/sin 45° = 300 lb (Since the load is equally shared by the two chains)
		  R	 =	 300 × sin 45°
		  R	 =	 300 × 0.707
			   =	 212 7 lb

Numerical questions
	 1.	 A war per’s beam weighing 500 lb is rolled up an inclined plane of 

30° with the horizontal on to the rail board of a truck. The beam is 
pulled up by ropes passed round the gudgeon pins and the rope makes 
an angle of 60° with each other as shown in Fig. 8.23. What pull P is 
required, parallel to the incline, to roll the beam up and what is the 
tension in the ropes? Ignore the friction between the gudgeon pins 
and the beam flanges.

		  The rail board is supported by chains at each side of the truck making 
an angle of 45 degrees with the horizontal. If the weight of the rail 
board is 40 lb, find the tension in each chain when the beam is at the 
centre of the rail board.
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Figure 8.23

		  Ans. P = 250 lb; rope tension = 144 lb; chain tension on the truck  
= 191 lb

	 2.	 A cross-wound cylindrical ball of yarn is driven by resting it on two 9 
in. diameter calendar rollers; distance of 10 in. horizontally between 
centers. Find the pressure applied by each calendar to the ball. 

	 (a)	 When the ball is 18 in. diameter, its weight, including the centre shaft 
is 112 lb and an additional load of 30 lb acts vertically on the ball 
centre shaft. 

	 (b)	 If the ball centre shaft is 4 in. diameter and weighs 70 lb, find the 
downward load applied to the centre shaft when starting the ball to 
give the same pressure from the calendar rollers, as when the ball is 
18 in. diameter.

		  Ans. (a) 76.5 lb; (b) 78 lb
	 3.	 A flat clipping machine weighing 2240 lb is lifted by tackle to the first 

floor of the workshop and is pulled through a loading door by ropes. 
The ropes apply a horizontal pull. What pull is required when the 
tackle chain makes an angle of 20° with the vertical and what is the 
load on the tackle chain?

		  Ans. Horizontal pull = 817.6 lb
		  Load on tackle = 2385.6 lb
	 4.	 A warp thread is deflected downward from the horizontal by a vertical 

heald shaft, until it makes an angle of 10° with the horizontal. If the 
tension on the warp thread is 1 oz, what force is required at the heald 
shaft to pull 1000 such threads?

		  Ans. 21.6 lb
	 5.	 Figure 8.24 shows the method of tensioning yarn in weaving machine. 

Assuming the guide rollers are frictionless, what warp tension T will 
keep the weighting lever in equilibrium?

		  Ans. T = 175 lb; reaction at the pivot = 304 lb
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Figure 8.24

	 6.	 The under picking stick of a loom is shown in Fig. 8.25. The picking 
stick is under the action of three forces, viz. the shuttle resistance of 
50 lb, the vertical force P applied by the side lever and the supporting 
force or reaction R at the fulcrum. Find the magnitude of P and 
magnitude and direction of R.

Figure 8.25

		  Ans. P = 300 lb; R = 304 lb 
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	 7.	  A line shaft bearing has to carry a vertical load of 200 lb including 
the weight of shafts and pulleys. In addition, load due to the pull of 
the belts, each of 100 lb are applied as shown in Fig. 8.26 making 
an angles 30° to the right and left of the vertical. All the forces are 
considered to be acting in the same plane. What is the total load 
carried by the bearings?

		  Ans. 373 lb

Figure 8.26

	 7.	 Give illustrations of triangle and polygon law of forces.
	 8.	 A string OA is attached to a fixed point O and carries a weight of 100 

N at A. A horizontal force X is applied to the weight. If in the position 
of equilibrium OA is inclined to the vertical at 30°, find graphically 
the magnitude of X and the tension in the string. 

		  Ans. X = 57.8 N; tension = 115.5 N
	 9.	 Find the resultant of following system of forces acting at a point.
		  40 N towards east
		  100 N towards 30 degrees north of east
		  150 N towards north
		  200 N towards south-west
		  Ans. 61 N inclined 75 degrees to north of west.
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9.1	 Introduction
Every particle of a body is acted upon by the force of gravity. The force of 
attraction which is proportional to the mass of the particle acts vertically 
downwards and is known as weight of the body. As the distance between the 
different particles of a body and the centre of the earth is the same, therefore 
these forces may be taken to act along parallel lines. This point through which 
the whole weight of the body acts irrespective of its position is known as 
centre of gravity, written as CG. It may be noted that everybody has one and 
only one centre of gravity.
	 The centre of gravity is therefore that point in a body where the resultant 
of the force of gravity acts. In other words, when a body is acted upon by 
gravity alone, the centre of gravity is the point upon which the body will 
balance; if supported at that point, the body will be in equilibrium.
	 Let us take some practical examples of centre of gravity. 
	 A thin symmetrical plate of uniform material will have its centre in the 
centre; for instance, a square plate, a circular or a uniform rod of any section 
will have its centre of gravity at its middle point.

9.2	 Centre of gravity of irregular bodies
In case of irregular bodies or bodies that are not homogenous in structure, the 
centre of gravity may be found by balancing the body on a knife edge support 
or other test, and in many cases by calculation or graphics.
	 Pulleys and other revolving bodies, no matter how carefully they are 
made, may have their centre of gravity out of the centre of the pulley. They 
are used to be out of centre and out of balance and liable to cause serious 
troubles while running. Such bodies have to be carefully balanced by adding 
to or removing some portions of the material until they will be at rest in any 
position when supported on their geometrical centre.

9.3	 Centre of gravity of levers
If a uniform lever is supported at its centre, its weight will act directly over 
the support and will not affect the balance, but if such a lever is fulcrumed on 

9

Centre of gravity
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