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21.1 Introduction

We have seen in previous chapters on belt and rope
drives that slipping may occur. In order to avoid slipping,
steel chains are used. The chains are made up of number of
rigid links which are hinged together by pin jointsin order
to provide the necessary flexibility for wraping round the
driving and driven wheels. These wheels have projecting
teeth of specia profileand fit into the corresponding recesses
inthelinks of the chain as shown in Fig. 21.1. The toothed
wheelsare known as* sprocket wheelsor simply sprockets.
The sprockets and the chain are thus constrained to move
together without slipping and ensures perfect velocity ratio.

* These wheels resemble to spur gears.
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Fig. 21.1. Sprockets and chain.

The chains are mostly used to transmit motion and power from one shaft to another, when the
centre distance between their shaftsis short such asin bicycles, motor cycles, agricultural machinery,
conveyors, rolling mills, road rollers etc. The chainsmay al so be used for long centre distance of upto
8 metres. The chainsare used for velocitiesup to 25 m / sand for power upto 110 kW. In some cases,
higher power transmission is also possible.

21.2 Advantages and Disadvantages of Chain Drive over Belt or Rope Drive
Following are the advantages and disadvantages of chain drive over belt or rope drive:
Advantages

1.
2.

0 N Ok W

Asno slip takes place during chain drive, hence perfect velocity ratio is obtained.

Since the chains are made of metal, therefore they occupy less space in width than abelt or
rope drive.

. It may be used for both long as well as short distances.

. It givesahigh transmission efficiency (upto 98 percent).

. It giveslessload on the shafts.

. It hasthe ability to transmit motion to several shafts by one chain only.
. It transmits more power than belts.

. It permits high speed ratio of 8 to 10 in one step.

9.

It can be operated under adverse temperature and atmospheric conditions.

Disadvantages

1.
2.

3.

The production cost of chainsisrelatively high.

The chain drive needs accurate mounting and careful maintenance, particularly lubrication
and slack adjustment.

The chain drive has vel ocity fluctuations especially when unduly stretched.

LN s o e

Sports bicycle gear and chain drive mechanism
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21.3 Terms Used in Chain Drive
Thefollowing terms are frequently used in chain drive.

1. Pitch of chain. Itisthe distance between the hinge centre of alink and the corresponding
hinge centre of the adjacent link, as shown in Fig. 21.2. It isusually denoted by p.

[ Chain roller
ARG

Hinge Centre

Sprocket

Fig. 21.2. Terms used in chain drive.

2. Pitch circle diameter of chain sprocket. It is the diameter of the circle on which the hinge
centres of thechain lie, when the chainiswrapped round asprocket asshowninFig. 21.2. The
points A, B, C, and D are the hinge centres of the chain and the circle drawn through these
centresis called pitch circle and its diameter (D) is known as pitch circle diameter.

21.4 Relation Between Pitch and Pitch Circle Diameter

A chainwrapped round the sprocket isshownin Fig. 21.2. Sincethelinks of thechain arerigid,
therefore pitch of the chain does not lie on the arc of the pitch circle. The pitch length becomes a
chord. Consider one pitch length AB of the chain subtending an angle 6 at the centre of sprocket
(or pitch circle),

Let D = Diameter of the pitch circle, and

T = Number of teeth on the sprocket.

From Fig. 21.2, wefind that pitch of the chain,

p=ro=2403n 3] =23 an 3] <0an 3]

We know that 0= ﬁ
. (360° . (180°
p=Dsin ST 7 D sin -
180°
or D = pcosec T
The sprocket outside diameter (D), for satisfactory operation is given by
D,=D+08d,
where d, = Diameter of the chainroller.

Note: The angle 6/2 through which the link swings as it enters contact is called angle of articulation.

Contents

Top



Contents

762 ® A Texthook of Machine Design

21.5 Velocity Ratio of Chain Drives
The velocity ratio of achain driveisgiven by

N
VR = N, T,
where N, = Speed of rotation of smaller sprocket inr.p.m.,

N = Speed of rotation of larger sprocket in r.p.m.,
T = Number of teeth on the smaller sprocket, and
T2 = Number of teeth on the larger sprocket.

The average velocity of the chain isgiven by

_nDN _ TpN
60 60
where D = Pitch circle diameter of the sprocket in metres, and

p = Pitch of the chainin metres.

21.6 Length of Chain and Centre Distance
An open chain drive system connecting the two sprocketsis shownin Fig. 21.3.

' Larger sprocket

Fig. 21.3. Length of chain.
Let T, = Number of teeth on the smaller sprocket,
T, = Number of teeth on the larger sprocket,
p = Pitch of the chain, and
x = Centredistance.
Thelength of the chain (L) must be equal to the product of the number of chain links (K) and the
pitch of the chain ( p). Mathematically,
L =Kp
The number of chain links may be obtained from the following expression, i.e.
T +T, 2Xx L-T|p
K"+~ [ 2n } x
Thevalueof K as obtained from the above expression must be approximated to the nearest even

number.
The centre distance is given by

2
_ Pl _htTe Tt D) _g(T-nY
X = 4[K 2 +\/(K 2 8| "2z

In order to accommodateinitial sagin the chain, the value of the centre distance obtained from
the above equation should be decreased by 2to 5 mm.
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Notes: 1. The minimum centre distance for the velocity transmission ratio of 3, may be taken as

_thi+d
s +30to 50 mm
where d; and d, are the diameters of the pitch circles of the smaller and larger sprockets.
2. For best results, the minimum centre distance should be 30 to 50 times the pitch.

3. Theminimum centre distanceis sel ected depending upon the velocity ratio so that the arc of contact of
the chain on the smaller sprocket isnot lessthan 120°. It may be noted that larger angle of arc of contact ensures
amore uniform distribution of load on the sprocket teeth and better conditions of engagement.

21.7 Classification of Chains
The chains, on the basis of their use, are classified into the following three groups:
1. Hoisting and hauling (or crane) chains,
2. Conveyor (or tractive) chains, and
3. Power transmitting (or driving) chains.
These chains are discussed, in detail, in the following pages.

21.8 Hoisting and Hauling Chains

These chains are used for hoisting and hauling purposes and operate at a maximum velocity of
0.25m/ s. The hoisting and hauling chains are of the following two types:

1. Chain with oval links. Thelinks of thistype of chain are of oval shape, asshowninFig. 21.4
(). Thejoint of each link iswelded. The sprocketswhich are used for thistype of chain have receptacles
to receive the links. Such type of chains are used only at low speeds such asin chain hoists and in

anchors for marine works.
(o0 o) 43 _3F

(a) Chain with oval links. (b) Chain with square links.

N\ 4

Fig. 21.4. Hoisting and hauling chains.
2. Chain with squarelinks. Thelinks of thistype of chain are of square shape, asshowninFig.
21.4 (b). Such type of chains are used in hoists, cranes, dredges. The manufacturing cost of thistype
of chain islessthan that of chain with oval links, but in these chains, the kinking occurs easily on
overloading.

21.9 Conveyor Chains

These chains are used for elevating and conveying the materials continuously at a speed upto
2m/ s. The conveyor chains are of the following two types:

1. Detachable or hook joint type chain, as shown in Fig. 21.5 (a), and

2. Closed joint type chain, as shown in Fig. 21.5 (b).

R R
i i
| | | | | |
| |

bbb e

(a) Detachable or hook joint type chain. (b) Closed joint type chain.

Fig. 21.5. Conveyor chains.
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The conveyor chains are usually made of malleable cast iron. These chains do not have smooth
running qualities. The conveyor chainsrun at slow speeds of about 0.8to3m/ s.

21.10 Power Transmitting Chains

These chains are used for transmission of power, when the distance between the centres of
shafts is short. These chains have provision for efficient lubrication. The power transmitting chains
are of the following three types.

1. Block or bush chain. A block or bush chain is shown in Fig. 21.6. This type of chain was
used in the early stages of development in the power transmission.

G =0

Fig. 21.6. Block or bush chain.

It produces noise when approaching or leaving the teeth of the sprocket because of rubbing
between the teeth and the links. Such type of chains are used to some extent as conveyor chain at
small speed.

2. Bush roller chain. A bush roller chain as shown in Fig. 21.7, consists of outer plates or pin
link plates, inner plates or roller link plates, pins, bushes and rollers. A pin passes through the bush
which is secured in the holes of the roller between the two sides of the chain. Therollers are freeto
rotate on the bush which protect the sprocket wheel teeth against wear. The pins, bushes and rollers
are made of aloy steel.

Bush /J\(' Pin . . Outer plate
X Pin link plate
Y% I 2 i Pinfinkeplate)

[N I ][ .
(7474, | N7z . T . ; T —1
Roller—\7 - - i > i T
Inner plate | | ~—d —> ! b

(Roller link | |
plate) _%77? ! = = ! ;_% — —— : : I : |i
|7 /| | ][ {

' o I I == I = S
| ! |

Fig. 21.7. Bush roller chain.

A bush roller chainis extremely strong and simplein construction. It gives good service under
severe conditions. Thereis alittle noise with this chain which is due to impact of the rollers on the
sprocket wheel teeth. This chain may be used where there is a little lubrication. When one of these
chains elongates sightly dueto wear and stretching of the parts, then the extended chainis of greater
pitch than the pitch of the sprocket wheel teeth. Therollersthen fit unequally into the cavities of the
wheel. Theresult isthat the total |oad falls on one teeth or on afew teeth. The stretching of the parts
increase wear of the surfaces of the roller and of the sprocket wheel teeth.
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11 | |” .
i,
Rear wheel chain drive of a motorcycle

The roller chains are standardised and manufactured on the basis of pitch. These chains are
availablein single-row or multi-row roller chains such assimple, duplex or triplex strands, as shown

inFig. 21.8.
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Simplex chain. Duplex chain. Triplex chain.

Fig. 21.8. Types of roller chain.
3. Silent chain. A silent chain (also known asinverted tooth chain) is shown in Fig. 21.9.

Link

Fig. 21.9. Silent chain.
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It is designed to eliminate the evil effects caused by stretching and to produce noiseless
running. When the chain stretches and the pitch of the chain increases, the linksride on the teeth
of the sprocket wheel at aslightly increased radius. Thisautomatically correctsthe small change
in the pitch. There is no relative sliding between the teeth of the inverted tooth chain and the
sprocket wheel teeth. When properly lubricated, this chain gives durable service and runs very
smoothly and quietly.

The various types of jointsused in asilent chain are shown in Fig. 21.10.

Solid pin Pin

(b) Solid bush type.

2

Pin Split pin

Split bearing

(¢) Split bush type. (d) Rocket pin type.
Fig. 21.10. Silent chain joints.

21.11 Characteristics of Roller Chains

According to Indian Standards (IS: 2403 —1991), the various characteristics such as pitch,
roller diameter, width between inner plates, transverse pitch and breaking load for the roller chains
aregiven inthefollowing table.

Table 21.1. Characteristics of roller chains according to IS: 2403 — 1991.

1O Pitch Roller Width between| Transverse Breaking load (kN)
Chain | (p) mm | diameter inner plates pitch Minimum
number (dy) mm (by) mm (py)mm Smple Duplex Triplex
Maximum Maximum

05B 8.00 5.00 3.00 5.64 4.4 7.8 111
06 B 9.525 6.35 5.72 10.24 89 16.9 24.9
08 B 12.70 851 7.75 13.92 17.8 31.1 445
10B 15.875 10.16 9.65 16.59 22.2 445 66.7
12B 19.05 12.07 11.68 19.46 289 57.8 86.7
16B 254 15.88 17.02 31.88 423 84.5 126.8
20B 31.75 19.05 19.56 36.45 64.5 129 1935
24B 38.10 25.40 25.40 48.36 97.9 195.7 293.6
28B 44.45 27.94 30.99 59.56 129 258 387
32B 50.80 29.21 30.99 68.55 169 338 507.10
40B 63.50 39.37 38.10 72.29 262.4 524.9 787.3
48 B 76.20 48.26 45.72 91.21 400.3 800.7 1201
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21.12 Factor of Safety for Chain Drives

Thefactor of safety for chain drivesis defined astheratio of the breaking strength (W) of the
chain to the total load on the driving side of the chain (W). Mathematically,

Factor of safety = %

The breaking strength of the chain may be obtained by the following empirical relations, i.e.
W, = 106 p? (in newtons) for roller chains
= 106 p (in newtons) per mm width of chain for silent chains.
where p isthe pitch in mm.

The total load (or total tension) on the driving side of the chain is the sum of the tangential
driving force (F;), centrifugal tension in the chain (F) and the tension in the chain due to sagging

(F9).
We know that the tangential driving force acting on the chain,
Power transmitted (in watts) P .
T~ " Speed of chaninm/s v (in newtons)
Centrifugal tension in the chain,
Fc = mv2 (in newtons)
and tension in the chain due to sagging,
Fg = kmg.x (in newtons)
where m = Mass of the chain in kg per metre length,
x = Centre distance in metres, and
k = Constant which takes into account the arrangement of chain drive

= 2t0 6, when the centreline of the chainisinclined to the horizontal
at an angle less than 40°

= 1to 1.5, whenthecentreline of the chainisinclined to the horizontal
a an angle greater than 40°.

The following table shows the factor of safety for the bush roller and silent chains depending
upon the speed of the sprocket pinion in r.p.m. and pitch of the chains.

F

Table 21.2. Factor of safety (n) for bush roller and silent chains.

Type of Pitch of Speed of the sprocket pinionin r.p.m.

chain chain (mm)
50 200 400 600 800 | 1000 1200 | 1600 2000

Bush 12-15 7 78 | 855 | 935 | 102 | 11 | 117 | 132 | 148
roller | o5_o5 7 82 | 935 | 103 | 11.7 | 129 14 | 163 -
chain

30-35 7 | 855 | 102 | 132 | 148 | 163 | 195 | - -

Silent | 127-1587 | 20 | 222 | 244 | 287 | 200 | 310 | 334 | 378 420
chan | 1905_254 | 20 | 234 | 267 | 300 | 334 | 368 ' 400 | 465 53.5

21.13 Permissible Speed of Smaller Sprocket

Thefollowing table shows the permissible speed of the smaller sprocket or pinion (inr.p.m.) for
the bush roller and silent chain corresponding to different pitches.
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Common bicycle is the best example of a chain drive

Table 21.3. Permissible speed of smaller sprocket or pinion in r.p.m.

Type of Number of teeth on Pitch of chain (p) in mm
Chain sprocket pinion
12 15 20 25 30
Bush roller 15 2300 1900 1350 1150 1000
chain 19 2400 2000 1450 1200 1050
23 2500 2100 1500 1250 1100
27 2550 2150 1550 1300 1100
30 2600 2200 1550 1300 1100
Silent chain 17-35 3300 2650 2200 1650 1300

Note: The chainvelocity for theroller chainsmay beashighas20m/ s, if the chainsare properly lubricated and
enclosed, whereas the silent chain may be operated upto 40 m/ s.

21.14 Power Transmitted by Chains
The power transmitted by the chain on the basis of breaking load is given by

_ XV
= nxKg (in watts)
where W, = Breaking load in newtons,

v = Velocity of chainin m/s
n = Factor of safety, and
Kg = Servicefactor = K,.K,.K,
The power transmitted by the chain on the basis of bearing stressis given by

p = o X AXV
= —Ks
where o, = Allowable bearing stressin MPaor N/mm?,

A = Projected bearing areain mm?,
v = Velocity of chainin m/s, and
Kg = Servicefactor.
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The power rating for simple roller chains depending upon the speed of the smaller sprocket is
shown in thefollowing table.

Table 21.4. Power rating (in kW) of simple roller chain.

Soeed of Power (kW)
smaller 068 08B 108 12B 16 B
sprocket or pinion

(r.p.m.)
100 0.25 0.64 1.18 2.01 4.83
200 0.47 1.18 2.19 3.75 8.94
300 0.61 1.70 3.15 5.43 13.06
500 1.09 2.72 5.01 8.53 20.57
700 1.48 3.66 6.71 11.63 27.73
1000 2.03 5.09 8.97 15.65 34.89
1400 2.73 6.81 11.67 18.15 38.47
1800 3.44 8.10 13.03 19.85 -
2000 3.80 8.67 13.49 20.57 -

The service factor (K¢) is the product of various factors, such as load factor (K,), lubrication
factor (K,) and rating factor (K;). The values of these factors are taken as follows:
1. Load factor (K,) = 1, for constant load
=1.25, for variable load with mild shock
= 1.5, for heavy shock loads
2. Lubrication factor (K,) = 0.8, for continuous lubrication
=1, for drop lubrication
= 1.5, for periodic lubrication
3. Rating factor (K,) =1, for 8 hours per day
= 1.25, for 16 hours per day
= 1.5, for continuous service

21.15 Number of Teeth on the Smaller or Driving Sprocket or Pinion
Consider an arrangement of a chain drive in which the smaller or driving sprocket has only four
teeth, asshownin Fig. 21.11 (a). Let the sprocket rotates anticlockwise at a constant speed of N r.p.m.
Thechainlink ABisat adistanceof d/ 2 from the centre of the sprocket and itslinear speed isgiven by
1%

max
B Viin
A B A
| | W
AN /
a2 N e a cos%

C i \\I>_/___ 2_L

D E

(@ b
Fig. 21.11. Number of teeth on the smaller sprocket.
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~ndN

Vmax = 60
where d = Pitch circle diameter of the smaller or driving sprocket in metres.
When the sprocket rotates through an angle 6/2, the link AB occupies the position as shown in

m/s

Fig. 21.11 (b). From the figure, we see that the link is now at a distance of (% X COS g) from the

centre of the sprocket and its linear velocity is given by

nd N cos6/2
Vmin = g9 m/s

From above, we see that the linear velocity of the sprocket is not uniform but varies from
maximum to minimum during every cycle of tooth engagement. This resultsin fluctuationsin chain
transmission and may be minimised by reducing the angle 6 or by increasing the number of teeth on
the sprocket. It has been observed that for a sprocket having 11 teeth, the variation of speed is
4 percent and for the sprockets having 17 teeth and 24 teeth, the variation of speed is 1.6 percent and
1 percent respectively.

In order to have smooth operation, the minimum number of teeth on the smaller sprocket or
pinion may betaken as 17 for moderate speedsand 21 for high speeds. The following table showsthe
number of teeth on asmaller sprocket for different velocity ratios.

Table 21.5. Number of teeth on the smaller sprocket.

Type of chain Number of teeth at velocity ratio
1 2 3 4 5 6
Roller 31 27 25 23 21 17
Silent 40 35 31 27 23 19

Note: The number of teeth on the smaller sprocket plays an important role in deciding the performance of a
chain drive. A small number of teeth tends to make the drive noisy. A large number of teeth makes chain pitch
smaller which isfavourablefor keeping the drive silent and reducing shock, centrifugal force and friction force.

21.16 Maximum Speed for Chains

The maximum allowable speed for the roller and silent chains, depending upon the number of
teeth on the smaller sprocket or pinion and the chain pitch is shown in the following table.

Table 21.6. Maximum allowable speed for chains in r.p.m.

Type of chain Number of Chain pitch (p) in mm
teeth on the smaller
sprocket (T,) 12 15 20 25 30
Roller chain 15 2300 1900 1350 1150 1100
19 2400 2000 1450 1200 1050
23 2500 2100 1500 1250 1100
27 2550 2150 1550 1300 1100
30 2600 2200 1550 1300 1100
Silent chain 17-35 3300 2650 2200 1650 1300

Note: Ther.p.m. of the sprocket reduces as the chain pitch increases for a given number of teeth.
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The standard profiles for the teeth of a sprocket are shown in Fig. 21.12. According to Indian
Standards (1S: 2403 — 1991), the principal dimensions of the tooth profile are as follows:

1. Tooth flank radius (r )
=0.008d, (T2 +180)
=012d,(T+2)

where d, = Roller diameter, and
T = Number of teeth.

2. Roller seating radius (r;)
= 0.505 d, + 0.069 3d;
=0.505d,;

3. Roller seating angle (o)

90°
= 140° - ?
90°
= 120°— T

4. Tooth height above the pitch polygon (h,)
08p
=0.625p-0.54d, + 1
=05(p—d)

(a) Tooth profile of sprocket.

B bf2 _ l«—— bf3—>
) by b <t
— by ] b f1
Re b b
ra rx ra \1 | I r(l \‘
| 4
D
f I I I |
pt p[ Pt |

(b) Rim profile of sprocket.

Fig. 21.12

...(Maximum)
...(Minimum)

...(Maximum)

...(Minimum)

...(Maximum)
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...(Maximum)

...(Minimum)
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5. Pitch circle diameter (D)

- P poosc (@j
sin (18()) T
T
6. Top diameter (D,)
=D+125p—d,
...(Maximum)
wousfs-18) -4
...(Minimum)
7. Root diameter (D)
=D-2r,
8. Tooth width (by,)
=0.93b, whenp<12.7 mm
=0.95b, when p>12.7 mm
9. Toothsideradius(r,) = p
10. Tooth siderelief (b,) Chain drive of an automobile
=01pto0.15p

11.  Widths over teeth (b;, and by ;)
= (Number of strands—1) p, + by,

21.18 Design Procedure of Chain Drive

The chain driveis designed as discussed below:

1. First of al, determine the velocity ratio of the chain drive.

2. Select the minimum number of teeth on the smaller sprocket or pinion from Table 21.5.

3. Find the number of teeth on the larger sprocket.

4. Determine the design power by using the service factor, such that

Design power = Rated power x Service factor

5. Choose the type of chain, number of strands for the design power and r.p.m. of the smaller
sprocket from Table 21.4.

6. Note down the parameters of the chain, such as pitch, roller diameter, minimum width of
roller etc. from Table 21.1.

7. Find pitch circle diameters and pitch line velocity of the smaller sprocket.

8. Determinetheload (W) on the chain by using the following relation, i.e.

Rated power

"~ Pitch line velocity
9. Calculate the factor of safety by dividing the breaking load (W;) to the load on the chain
(W). Thisvalue of factor of safety should be greater than the value given in Table 21.2.
10. Fix the centre distance between the sprockets.

11. Determinethe length of the chain.
12. The other dimensions may befixed as given in Art. 21.17.

Example 21.1. Design a chain drive to actuate a compressor from 15 kW electric motor
running at 1000 r.p.m., the compressor speed being 350 r.p.m. The minimum centre distance is
500 mm. The compressor operates 16 hours per day. The chain tension may be adjusted by
shifting the motor on slides.
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Solution. Given : Rated power = 15 kW ; N, = 1000 r.p.m ; N, = 350 r.p.m.
We know that the velocity ratio of chain drive,

N; 1000
VR = N2 —ﬁ—286say3

From Table 21.5, wefind that for theroller chain, the number of teeth on the smaller sprocket or
pinion (T,) for avelocity ratio of 3 are 25.
*. Number of teeth on the larger sprocket or gear,

N, 1000
T, =T,x N, =25x 35 =715say 72 Ans,
We know that the design power
= Rated power x Service factor (K 5)
The service factor (Kg) is the product of various factors K,, K, and K,. The values of these
factors are taken as follows:

Load factor (K,) for variable load with heavy shock

=15
L ubrication factor (K,) for drop lubrication
=1
Rating factor (K,) for 16 hours per day
=125
. Service factor, Kg = KK, K;=15%x1x125=1875
and design power = 15x 1.875=28.125 kW

From Table 21.4, we find that corresponding to a pinion speed of 1000 r.p.m. the power
transmitted for chain No. 12 is 15.65 kW per strand. Therefore, achain No. 12 with two strands can
be used to transmit the required power. From Table 21.1, we find that

Pitch, p = 19.05 mm

Chain drive
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Roller diameter, d = 12.07mm
Minimum width of roller,
w = 11.68 mm
Breaking load, W, =59 kN =59 x 10*N
We know that pitch circle diameter of the smaller sprocket or pinion,

180 180
d, = pcosec (TJ = 19.05 cosec (Ej mm
=19.05% 7.98 =152 mm = 0.152 m Ans.
and pitch circle diameter of the larger sprocket or gear
180 180
d, = p cosec (fj = 19.05 cosec (ﬁj mm
= 19.05 x 22.9 = 436 mm = 0.436 m Ans.
Pitch line velocity of the smaller sprocket,
m dy Ny 7 x 0.152 x 1000

v, = 0 - 50 =7.96 m/s
.. Load on the chain,
_ Rated power _ 15 B
= Pitch line vlocity ~ 706 ~ -84 KN =1844N
3
and factor of safety = We = S9x10° 32
W 1844

Thisvalueis more than the value given in Table 21.2, which isequal to 11.

The minimum centre distance between the smaller and larger sprockets should be 30 to 50 times
the pitch. Let ustakeit as 30 times the pitch.

.. Centre distance between the sprockets,
=30p=30%19.05=572mm
In order to accomodateinitia saginthe chain, the vaue of centredistanceisreduced by 2to 5 mm.
.. Correct centre distance
X =572 -4 =568 mm
We know that the number of chain links

2
_Ti+T,  2x [ T-Th(p
K=E=%"*7 "2z | x
_25+72 2x568 72— 257 19.05
~ T2 TT1005 2n | 568
=485+ 59.6+ 1.9 = 110
~. Length of the chain,

L = K.p=110 x 19.05 = 2096 mm = 2.096 m Ans.

EXERCISES

1. Designaroller chain to transmit power from a 20 kW motor to areciprocating pump. The pump isto
operate continuously 24 hours per day. The speed of the motor is 600 r.p.m. and that of the pump is
200 r.p.m. Find: 1. number of teeth on each sprocket; 2. pitch and width of the chain.

2. Design achain driveto run ablower at 600 r.p.m. The power to the blower is available from a8 kW
motor at 1500 r.p.m. The centre distance isto be kept at 800 mm.
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A chain drive using bush roller chain transmits 5.6 kW of power. The driving shaft on an electric
motor runs at 1440 r.p.m. and velocity ratio is 5. The centre distance of the driveisrestricted to 550 +
2% mm and allowable pressure on the pivot joint is not to exceed 10 N/mm?. The drive is required to
operate continuously with periodic lubrication and driven machine is such that load can be regarded
as fairly constant with jerk and impact. Design the chain drive by calculating leading dimensions,
number of teeth on the sprocket and specify the breaking strength of the chain. Assume a factor of
safety of 13.

QUESTIONS

State the advantages and disadvantages of the chain drive over belt and rope drive.
Explain, with the help of aneat sketch, the construction of aroller chain.

What do you understand by simplex, duplex and triplex chains?

Writein brief on

(a)Hoisting and hauling chains,

(b)Conveyor chais, and

(c)Silent chains.

Write the design procedure for achain drive.

OBJECTIVE TYPE QUESTIONS

Which one of the following is a positive drive?

(@) Crossed flat belt drive (b) Ropedrive
(c) V-beltdrive (d) Chaindrive
The chain drive transmits ............ power as compared to belt drive.
(@) more (b) less
Therelation between the pitch of the chain (p) and pitch circle diameter of the sprocket (D) isgiven by
. (90") . [12 °)
(8 p=Dsin T (b) p=Dsn T
180° 360°
(© p:Dsin(T) (d) p=Dsin(Tj

where T = Number of teeth on the spoocket.

In order to have smooth operation, the minimum number of teeth on the smaller sprocket, for moder-
ate speeds, should be

(@ 15 (b) 17
(o 21 (d) 25
The speed of the sprocket reduces as the chain pitch .......... for agiven number of teeth.
(@) increases (b) decreases
ANSWERS
1. (d) 2. (a) 3. (0 4. (b) 5. (a)
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. Maximum Fluctuation of

Energy.

. Coefficient of Fluctuation

of Energy.

Energy Stored in a Flywheel.
Stresses in a Flywheel Rim.
Stresses in Flywheel Arms.
Design of Flywheel Arms.
Design of Shaft, Hub and
Key.

Construction of Flywheel.

22.1 Introduction

A flywheel used in machines serves as a reservior
which stores energy during the period when the supply of
energy ismore than the requirement and releasesit during
the period when the requirement of energy is more than
supply.

In case of steam engines, internal combustion engines,
reciprocating compressors and pumps, the energy is
developed during one stroke and the engine is to run for
the whole cycle on the energy produced during this one
stroke. For example, in|.C. engines, the energy isdevel oped
only during power stroke which is much more than the
engine load, and no energy is being developed during
suction, compression and exhaust strokes in case of four
stroke engines and during compression in case of two stroke
engines. The excess energy devel oped during power stroke
isabsorbed by theflywheel and releasesit to the crankshaft
during other strokesin which no energy is devel oped, thus

776
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rotating the crankshaft at a uniform speed. A little consideration will show that when the flywheel
absorbs energy, its speed increases and when it releases, the speed decreases. Hence aflywheel does
not maintain a constant speed, it simply reduces the fluctuation of speed.

In machines where the operation is intermittent like punching machines, shearing machines,
riveting machines, crushersetc., the flywheel stores energy from the power source during the greater
portion of the operating cycleand givesit up during asmall period of the cycle. Thusthe energy from
the power source to the machinesis supplied practically at a constant rate throughout the operation.

Note: The function of agovernor in engine
isentirely different from that of aflywheel.
It regulates the mean speed of an engine
when there are variations in the load, e.g.
when the load on the engine increases, it
becomes necessary to increase the supply of
working fluid. On the other hand, when the
load decreases, lessworking fluid isrequired.
The governor automatically controls the
supply of working fluid to the engine with
the varying load condition and keeps the
mean speed within certain limits.

Asdiscussed above, theflywheel does
not maintain a constant speed, it simply
reduces the fluctuation of speed. In other
words, aflywheel controls the speed variations caused by the fluctuation of the engine turning moment during
each cycle of operation. It does not control the speed variations caused by the varying load.

Flywheel stores energy when the supply is in excess, and
releases energy when the supply is in deficit.

22.2 Coefficient of Fluctuation of Speed

The difference between the maximum and minimum speedsduring acycleiscalled themaximum
fluctuation of speed. The ratio of the maximum fluctuation of speed to the mean speed is called
coefficient of fluctuation of speed.

Let N, = Maximum speed inr.p.m. during the cycle,
N, = Minimum speed inr.p.m. during the cycle, and
N; + N,

N = Mean speed inr.p.m. = 5

.. Coefficient of fluctuation of speed,

S N N; + N,
o -0y 2(o - wy)
= = ...(In terms of angular S
5 o + @, ( gular speeds)
- 2(v —V
=V Ve _ (4 = v2) ..(In terms of linear speeds)
\Y% Vi + Vs,

The coefficient of fluctuation of speed is a limiting factor in the design of flywheel. It varies
depending upon the nature of service to which the flywheel is employed. Table 22.1 shows the per-
missible values for coefficient of fluctuation of speed for some machines.

Note: The reciprocal of coefficient of fluctuation of speed is known as coefficient of steadiness and it is de-
noted by m.

i _ N 0V

Cs Ni-Np op-0p vi—V

m =
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Table 22.1. Permissible values for coefficient of fluctuation of speed (C,).

SNo. Type of machine or class of service Coefficient of fluctuation of speed (Co)

1. Crushing machines 0.200

2. Electrical machines 0.003

& Electrical machines (direct drive) 0.002

4. Engines with belt transmission 0.030

5 Gear wheel transmission 0.020

6. Hammering machines 0.200

7. Pumping machines 0.03 to 0.05
8. Machine tools 0.030

9. Paper making, textile and weaving machines 0.025

10. Punching, shearing and power presses 0.10t0 0.15
11. Spinning machinery 0.10 to 0.020
12. Rolling mills and mining machines 0.025

22.3 Fluctuation of Energy

Thefluctuation of energy may be determined by the turning moment diagram for one complete
cycle of operation. Consider a turning moment diagram for a single cylinder double acting steam
engineasshowninFig. 22.1. Thevertical ordinate represents the turning moment and the horizontal
ordinate (abscissa) represents the crank angle.

A little consideration will show that the turning moment is zero when the crank angleis zero. It
risesto amaximum value when crank angle reaches 90° and it isagain zero when crank angleis 180°.
Thisisshown by the curveabc in Fig. 22.1 and it represents the turning moment diagram for outstroke.
The curve cdeisthe turning moment diagram for instroke and is somewhat similar to the curve abc.

Since the work done is the product of the turning moment and the angle turned, therefore the
area of the turning moment diagram represents the work done per revolution. In actual practice, the
engine is assumed to work against the mean resisting torque, as shown by a horizontal line AF. The
height of the ordinate aA represents the mean height of the turning moment diagram. Since it is
assumed that the work done by the turning moment per revolution is equal to the work done against
the mean resisting torque, therefore the area of the rectangle aA Feis proportional to the work done
against the mean resisting torque.

Mean resisting
T b torque d
g | |
£ | |
: | |
E
N B e S F
AVERN
T Lo Lo
L L INS L L Ne
0° p 90° 4 180° r 270° s 360°

— Crank angle —>

Fig. 22.1. Turning moment diagram for a single cylinder double acting steam engine.

We seein Fig. 22.1, that the mean resisting torque line AF cuts the turning moment diagram at
points B, C, D and E. When the crank movesfrom ‘a’ to ‘p’ the work done by the engineisequal to
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the areaaBp, whereasthe energy required isrepresented by the areaaABp. In other words, the engine
has donelesswork (equal to the areaaAB) than the requirement. Thisamount of energy istaken from
the flywheel and hence the speed of the flywheel decreases. Now the crank moves from p to g, the
work doneby the engineisequal to the areapBbCq, whereasthe requirement of energy isrepresented
by the area pBCq. Therefore the engine has done more work than the requirement. This excess work
(equal to the area BbC) is stored in the flywheel and hence the speed of the flywheel increaseswhile
the crank movesfrom p to g.

Similarly when the crank movesfrom qto r, morework istaken from the engine than isdevel oped.
Thisloss of work is represented by the area CcD. To supply thisloss, the flywheel gives up some of
its energy and thus the speed decreases while the crank moves from q to r. Asthe crank moves from
r to s, excess energy is again developed given by the area DAE and the speed again increases. Asthe
piston moves from s to e, again there is a loss of work and the speed decreases. The variations of
energy above and below the mean resisting torque line are called fluctuation of energy. The areas
BbC, CcD, DdE etc. represent fluctuations of energy.

o Positive loop
Mean resisting

torque

s

Negative loop

—Turning moment —s»

— Crank angle —>
Fig. 22.2. Tunring moment diagram for afour stroke internal combustion engine.

A little consideration will show that the engine has

amaximum speed either at q or at s. Thisis due to the
fact that the flywheel absorbs energy while the crank / t

moves from p to g and from r to s. On the other hand,
the engine has aminimum speed either at por at r. The
reason isthat the flywheel gives out some of its energy
when the crank movesfrom ato p and fromqtor. The
difference between the maximum and the minimum
energiesis known as maximum fluctuation of energy.

A turning moment diagram for a four stroke
internal combustion engine is shown in Fig. 22.2. We
know that in afour stroke internal combustion engine,
there is one working stroke after the crank has turned
through 720° (or 4 radians). Sincethe pressureinside the engine cylinder islessthan the atmospheric
pressure during suction stroke, therefore anegative loop isformed as shown in Fig. 22.2. During the
compression stroke, thework isdone on the gases, therefore ahigher negativeloop isobtained. Inthe
working stroke, the fuel burnsand the gases expand, therefore alarge positive loop isformed. During
exhaust stroke, the work is done on the gases, therefore a negative loop is obtained.

A turning moment diagram for acompound steam engine having three cylinders and the resultant
turning moment diagram is shown in Fig. 22.3. The resultant turning moment diagram is the sum of

Flywheel shown as a separate part
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the turning moment diagramsfor the three cylinders. It may be noted that thefirst cylinder isthe high
pressure cylinder, second cylinder istheintermediate cylinder and thethird cylinder isthelow pressure
cylinder. The cranks, in case of three cylinders are usually placed at 120° to each other.

Resultant
turning moment
£ VMean torque
=
Q
g
o
g
on
£
£ ;
=
= -
A - A
NN / \ RAERN /
Lo \ 7 . \ /
‘V' \l/ \r/ ‘I/

0° 60°  120° 180° 240° 300° 360°
—— Crank angle —»

Fig. 22.3. Turning moment diagram for a compound steam engine.

22.4 Maximum Fluctuation of Energy

A turning moment diagram for amulti-cylinder engine is shown by awavy curvein Fig. 22.4.
The horizontal line AG represents the mean torque line. Let a;, a;, a; be the areas above the mean
torque line and a,, a, and a, be the areas below the mean torque line. These areas represent some
guantity of energy which is either added or subtracted from the energy of the moving parts of the
engine.

E NS G (A)
g

e Mean

= torque line

5

F

| 0° —— Crank angle —>» 360

Fig. 22.4. Turning moment diagram for a multi-cylinder engine.
Let the energy in the flywheel at A = E, then from Fig. 22.4, we have
Energy atB=E+a,
Energyat C=E+a, —a,
Energyat D=E+a, —a,+a,
Energyat E=E+a —a,+a;—3,
Energyat F=E+a -a,+a;-a,+a
Energya G=E+a —a,+a,—a,+a;—a;=Energy at A
L et us now suppose that the maximum of these energiesisat B and minimum at E.
. Maximum energy in the flywheel
=—E+ al
and minimum energy in the flywheel

=E+a-a,+a-3,
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. Maximum fluctuation of energy,
AE = Maximum energy —Minimum energy

=(E+a)-(E+a-a,+a-a)=a,-a+3a,
22.5 Coefficient of Fluctuation of Energy

It isdefined asthe ratio of the maximum fluctuation of energy to the work done per cycle. Itis
usually denoted by C.. Mathematically, coefficient of fluctuation of energy,

_ Maximum fluctuation of energy

E Work done per cycle
The workdone per cycle may be obtained by using the following relations:
1. Workdone/ cycle =T ean X0
where Trean = Mean torque, and

0 = Angleturned in radians per revolution
= 2, in case of steam engines and two stroke internal combustion
engines.
= 47, in case of four stroke internal combustion engines.
The mean torque (T, ,,) in N-m may be obtained by using the following relationi.e.
T -Px60_P

mean
2nN o . .
where P = Power transmitted in watts,

N = Speedinr.p.m., and
o = Angular speed in rad/s=2nN/ 60
2. Theworkdone per cycle may also be obtained by using the following relation:

Workdone / cycle = @

where n = Number of working strokes per minute.
= N, in case of steam engines and two stroke internal combustion
engines.
= N/ 2, incaseof four strokeinternal combustion engines.
The following table shows the values of coefficient of fluctuation of energy for steam engines
and internal combustion engines.
Table 22.2. Coefficient of fluctuation of energy (C,) for steam and internal
combustion engines.

SNo. Type of engine Coefficient of fluctuation of
energy (Cp)
1. Single cylinder, double acting steam engine 0.21
2. Cross-compound steam engine 0.096
3. Single cylinder, single acting, four stroke gas engine 1.93
4, Four cylinder, single acting, four stroke gas engine 0.066
58 Six cylinder, single acting, four stroke gas engine 0.031

22.6 Energy Stored in a Flywheel

A flywheel is shown in Fig. 22.5. We have aready discussed that when a flywheel absorbs
energy its speed increases and when it gives up energy its speed decreases.
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Let m = Mass of the flywheel in
kg,
k = Radius of gyration of the
flywheel in metres,

| = Massmoment of inertiaof
the flywheel about the
axis of rotation in kg-m?
= mk3
N, and N, = Maximum and minimum
speedsduring thecyclein
r.p.m.,
o, and ®, = Maximum and minimum

Fig. 22.5. Flywheel.
angular speeds during the cycleinrad/ s,

N = Mean speed during the cycleinr.p.m. = w
o = Mean angular speed during thecycleinrad/ s= %
C, = Coefficient of fluctuation of speed = Ny & N2 or & :00)2
We know that mean kinetic energy of the flywheel,
E = %x | o? :%x m.k?.®? (in N-m or joules)

Asthe speed of the flywheel changes from w, to w,, the maximum fluctuation of energy,

AE = Maximum K.E. — Minimum K .E. = %x I (o)? - % x | (w,)?
1 1
= 5% 1 [(@) —(@)°|=5x1 (01 + ) (@ - o)
= Lo (0,-0,) [w=@j ()
= L.o? [%) ...[Multiplying and dividing by ]
= 1.0%Cg = mk2.0?.Cg (e T=mkd) (i)
1
= 2ECq ( E=§><|-032j...(iii)

The radius of gyration (k) may be taken egual to the mean radius of the rim (R), because the
thickness of rim is very small as compared to the diameter of rim. Therefore substituting k = Rin
equation (ii), we have

AE = mR2.0%Cg= mVv2Cg (s v=oR)

From this expression, the mass of the flywheel rim may be determined.

Notes: 1. In the above expression, only the mass moment of inertia of the rim is considered and the mass
moment of inertiaof the hub and armsis neglected. Thisisdueto the fact that the major portion of weight of the
flywheel isintherim and asmall portion isin the hub and arms. Also the hub and arms are nearer to the axis of
rotation, therefore the moment of inertia of the hub and armsis very small.

2. Thedensity of cast iron may be taken as 7260 kg / m? and for cast steel, it may taken as 7800 kg / m3.
3. Themass of the flywheel rimis given by
m = Volume X Density =2t RxX A x p
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From this expression, we may find the value of the cross-sectional area of the rim. Assuming the
cross-section of the rim to be rectangular, then

A=Dbxt
where b = Width of the rim, and
t = Thickness of therim.
Knowing theratio of b/twhich isusually taken as 2, we may find the width and thickness of rim.

4. Whentheflywheel isto be used asapulley, then the width of rim should be taken 20 to 40 mm greater
than the width of belt.

Example 22.1. The turning moment diagram for a petrol engine is drawn to the following
scales:

Turning moment, 1 mm = 5 N-m;
Crank angle, 1 mm= 1°.

The turning moment diagram repeats
itself at every half revolution of the engine
and the areas above and below the mean
turning moment line, taken in order are
295, 685, 40, 340, 960, 270 mn?.

Determine the mass of 300 mm
diameter flywheel rim when the coefficient
of fluctuation of speed is 0.3% and the
engine runs at 1800 r.p.m. Also determine
the cross-section of the rim when the width
of the rim is twice of thickness. Assume
density of rim material as 7250 kg / m®.

Solution. Given: D = 300 mm or
R=150mm=0.15m; C4=0.3%=0.003 ; N = 1800 r.p.m. or ® = 21 x 1800/ 60 = 188.5 rad/s
p=7250kg/ m?
Mass of the flywheel

Let m = Mass of the flywheel in kg.

First of dl, let us find the maximum fluctuation of energy. The turning moment diagram is
shownin Fig. 22.6.

Since the scale of turning moment is 1 mm =5 N-m, and scale of the crank angleis 1 mm = 1°
=/ 180 rad, therefore 1 mm? on the turning moment diagram.

=5xm/180=0.087 N-m
Let thetotal energy at A = E. Therefore from Fig. 22.6, we find that
Energy at B = E + 295
Energy at C = E + 295685 = E —390
Energy atD = E—390 + 40 = E - 350
Energy at E = E—350-340 = E-690
Energy at F = E—690 + 960 = E + 270
Energyat G = E+270-270=E = Energy at A
From above we see that the energy is maximum at B and minimum at E.
. Maximum energy =E+29%5
and minimum energy =E-690
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We know that maximum fluctuation of energy,
A E = Maximum energy — Minimum energy
= (E + 295) — (E — 690) = 985 mm?
= 985 x 0.087 = 86 N-m
We also know that maximum fluctuation of energy (A E),
86 = mR2.w?.Cg=m(0.15)? (188.5)? (0.003) = 2.4 m
m = 86/2.4=358kgAns.

>

Mean turning
moment line

— Turning moment —»

— Crank angle —>

Fig. 22.6
Cross-section of the flywheel rim
Let t = Thickness of rim in metres, and
b = Width of riminmetres=2t ...(Given)

.. Cross-sectional area of rim,
A=bxt=2txt=2t2
We know that mass of the flywheel rim (m),
35.8 = Ax 2R x p = 2t? x 21t x 0.15 x 7250 = 13 668 t2
t? = 35.8/13668 =0.0026 or t=0.051 m =51 mmAns.
and b =2t=2x51=102mm Ans.
Example 22.2. Theintercepted areas between the output torque curve and the mean resistance

line of a turning moment diagram for a multicylinder engine, taken in order from one end are as
follows:

— 35, + 410, — 285, + 325, — 335, + 260, — 365, + 285, — 260 mn®.
The diagram has been drawn to a scale of 1 mm= 70 N-mand 1 mm = 4.5°. The engine speed
is 900 r.p.m. and the fluctuation in speed is not to exceed 2% of the mean speed.

Find the mass and cross-section of the flywheel rim having 650 mm mean diameter. The density
of the material of the flywheel may be taken as 7200 kg / me. The rimis rectangular with the width
2 times the thickness. Neglect effect of arms, etc.

Solution. Given: N =900 r.p.m. or ® = 2t x 900/ 60 = 94.26 rad/s; w,— ®, = 2% ® or
w — 0
)

=Cg=2%=0.02; D=650mmor R=325mm=0.325m; p = 7200 kg / m?
Mass of the flywheel rim

Let m = Mass of the flywheel rim in kg.

First of al, let us find the maximum fluctuation of energy. The turning moment diagram for a
multi-cylinder engineis shownin Fig. 22.7.

Sincethe scale of turning moment is1 mm= 70 N-m and scal e of the crank angleis1 mm=4.5°
=/ 40 rad, therefore 1 mm? on the turning moment diagram.

=70xm/40=55N-m
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Mean turning

285 .
? moment line

>

— Turning moment —»

— Crank angle——
Fig. 22.7
Let thetotal energy at A = E. Therefore from Fig. 22.7, we find that
EnergyatB = E—35
Energyat C = E—-35+410=E + 375
EnergyatD = E+375-285=E+ 90
EnergyatE = E+90+ 325=E + 415
EnergyatF = E+415-335=E+ 80
Energy at G = E+ 80+ 260 = E + 340
Energy atH = E+340-365=E—-25
Energy at K = E—25+ 285 =E + 260
Energy at L = E+260—-260=E = Energy a A
From above, we see that the energy is maximum at E and minimum at B.
. Maximum energy =E+415
and minimum energy =E-35
We know that maximum fluctuation of energy,
= (E + 415) — (E — 35) = 450 mm?
= 450 x 5.,5= 2475 N-m
We al so know that maximum fluctuation of energy (AE),
2475 = m.R%.0%.Cg = m (0.325)% (94.26)2 0.02 = 18.77 m
. m = 2475/ 18.77 = 132 kg Ans.
Cross-section of the flywheel rim
Let t = Thickness of the rim in metres, and
b = Width of therimin metres= 2t ...(Given)
. Areaof cross-section of the rim,
A=bxt=2txt=2¢
We know that mass of the flywheel rim (m),
132 =Ax2nRxp=2t?x 21 x 0.325 x 7200 = 29 409 t*
o t2 =132/29409=0.0044 or t=0.067 m=67 mmAns.
and b =2t=2x67=134mmAns.
Example 22.3. Asingle cylinder double acting steam engine devel ops 150 kW at a mean speed
of 80 r.p.m. The coefficient of fluctuation of energy is 0.1 and the fluctuation of speed is+ 2% of
mean speed. If the mean diameter of the flywheel rimis 2 metres and the hub and spokes provide 5

percent of the rotational inertia of the wheel, find the mass of the flywheel and cross-sectional area
of the rim. Assume the density of the flywheel material (whichis cast iron) as 7200 kg / m®.
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Solution. Given: P = 150 kW = 150 x 103 W; N = 80 r.p.m. ; Cc=01 0, - o,
=+2%m;D=2morR=1m; p =7200 kg/m?
Mass of the flywheel rim
Let m = Mass of the flywheel riminkg.
We know that the mean angular speed,

© = 21t N _ 21 x 80
60 60
Since the fluctuation of speed is + 2% of mean speed (), therefore total fluctuation of speed,
0,-0, =4%»=0.040
and coefficient of fluctuation of speed,

=84rad/s

Co=2"% g0
(O]

We know that the work done by the flywheel per cycle
_ Px60 _150x10° x 60

N 80
We also know that coefficient of fluctuation of energy,

=112 500 N-m

C = Maximum fluctuation of energy
E ™ Workdone / cycle

.. Maximum fluctuation of energy,
AE = C x Workdone/ cycle
= 0.1 x 112500 = 11 250 N-m

Since 5% of the rotational inertia is provided by hub and spokes, therefore the maximum
fluctuation of energy of the flywheel rim will be 95% of the flywhesl.

. Maximum fluctuation of energy of therim,
(AE),, = 0.95x 11250 = 10 687.5 N-m
We know that maximum fluctuation of energy of therim (A E),; .,
10687.5 = mR2.w?.Cg=mx 12(8.4)20.04=2.82m
m = 10 687.5/2.82 = 3790 kg Ans.
Cross-sectional area of therim

Let A = Cross-sectional area of therim.
We know that the mass of the flywheel rim (m),

3790 = Ax2nRx p = Ax 2 x 1 x 7200 = 45 245 A

o A = 3790/ 45 245 = 0.084 m? Ans.

Example 22.4. A single cylinder, single acting, four stroke oil engine develops 20 kW at
300 r.p.m. The workdone by the gases during the expansion strokeis 2.3 times the wor kdone on the
gases during the compression and the wor kdone during the suction and exhaust strokesisnegligible.
The speed isto be maintained within £ 1%. Deter mine the mass moment of inertia of the flywheel.

Solution. Given: P = 20 kW = 20 x 10°* W; N = 300 r.p.m. or ® = 2 x 300/ 60
=3l42rad/s; w;,—w, =+ 1% ®

First of al, let us find the maximum fluctuation of energy (AE). The turning moment diagram

for afour stroke engineis shownin Fig. 22.8. It isassumed to be triangular during compression and
expansion strokes, neglecting the suction and exhaust strokes.
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We know that mean torque transmitted by the engine,
Px 60 20x10° x 60

Toean = AN - 27mx300 =636.5N-m
and *workdone per cycle =T ey X 0 =636.5x 47 =8000N-m (i)
Let W, = Workdone during compression stroke, and
W = Workdone during expansion stroke.

T Max. torque B

T max }
AE

Q
&
8
=
| T Mean torque D E

- AL 10 e

n N2 B 3m 4

Suction Expansion Exhaust

Compression
— Crank angle () —
Fig. 22.8

Since the workdone during suction and exhaust strokes is negligible, therefore net work done
per cycle

= W —Wo =W —W/2.3=0.565 W (i)
From equations (i) and (ii), we have
W, = 8000/ 0.565 = 14 160 N-m

Theworkdone during the expansion strokeis shown by triangle ABC in Fig. 22.8, inwhich base
AC=nradiansand height BF =T __

.. Workdone during expansion stroke (W),

1
14160 = 5 X1 X T, = LE7LT,
or T, = 14160/1571=9013N-m

We know that height above the mean torque line,
BG =BF-FG=T_,-T,
= 9013 -636.5 = 8376.5 N-m

Sincethe areaBDE shown shaded in Fig. 22.8 above the mean torque line representsthe maximum
fluctuation of energy (A E), therefore from geometrical relation,
Area of A BDE _ (BG)?
Areaof A ABC  (gp)2 @ Wehave

* The workdone per cycle may also be calculated as follows :
We know that for afour stroke engine, number of working strokes per cycle
n=N/2=300/2=150
.. Workdone per cycle=P x 60/ n =20 x 10° x 60/ 150 = 8000 N-m
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Maximum fluctuation of energy (i.e. areaof A BDE),

BG )’ BG
*AE= Areaof A ABC BE =W BE

B 8765
= 14 160 (Wj =12 230 N-m
Since the speed isto be maintained within + 1% of the mean speed, thereforetotal fluctuation of
speed
0, -0,=2%0n=0020
and coefficient of fluctuation of speed,

Cq = O - W 0.02
®
Let | = Mass moment of inertia of the flywhee! in kg-m?2.
We know that maximum fluctuation of energy (AE),
12230 = 1.02%Cg

=1(31.42)20.02=19.74|
| =12 230/ 19.74 = 619.5 kg-m? Ans.

22.7 Stresses in a Flywheel Rim
A flywheel, asshown in Fig. 22.9, consists of a
rim at which the major portion of the mass or weight
of flywheel is concentrated, a boss or hub for fixing
the flywheel on to the shaft and anumber of armsfor
supporting the rim on the hub.
The following types of stresses are induced in
therim of aflywheel:
1. Tensile stress dueto centrifugal force,
2. Tensilebending stress caused by therestraint
of the arms, and
3. The shrinkage stresses due to unequal rate
of cooling of casting. These stresses may be
very high but thereis no easy method of de-
termining. This stress is taken care of by a
factor of safety.
We shall now discuss the first two types of
stresses asfollows:

1. Tensile stress due to the centrifugal force

Thetensile stressin the rim due to the centrifugal force, assuming that the rim is unstrained by
thearms, is determined in asimilar way as athin cylinder subjected to internal pressure.

Let b = Width of rim,
t = Thickness of rim,

* The maximum fluctuation of energy (AE) may also be obtained as discussed below :
From similar triangles BDE and BAC,

DE BG BG _ 83765
A—C—ﬁ DE—ﬁ>< AC—WXE—Z.QZI'&:’
. Maximum fluctuation of energy (i.e. area of A BDE),

AE = %x DE x BG :%X2.92><8376.5:12 230 N-m
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A = Cross-sectional areaof rim=b x t,
D = Mean diameter of flywheel

R = Mean radius of flywhes!,

p = Density of flywheel material,

o = Angular speed of flywheel,

v = Linear velocity of flywheel, and
o, = Tensile or hoop stress.

S

X
A Y

/— Keyway

— 1
-:Idl d

QU
—>~|<—|__b—>|~<—
‘ [N

Fig. 22.9. Flywhesdl.
Consider asmall element of the rim as shown shaded in Fig. 22.10. Let it subtends an angle 50
at the centre of the flywheel.
Volume of the small element
= ARJ0
*. Mass of the small element,
dm = Volume x Density
= ARJ30.p =p.ARSO
and centrifugal force on the element,
dF = dm.o?.R=p.ARS0.0%.R
= p.AR.0?.50
Vertical component of dF
= dF.sin® Fig. 22.10. Cross-section of aflywheel rim.
= p.AR.®2.50sin0
.. Total vertical bursting force across the rim diameter X-Y,

= p_ARZ_(D2 J‘on sin 6do

= p.AR.0? [— cos O] =2p. AR.0? N0
Thisvertical forceisresisted by aforce of 2P, such that
2P =20, x A (i)

From equations (i) and (ii), we have
2pAR.0% =20, x A
o o, = p.R.w?=p.v2 (s V=0R) ..(iii)
whenpisinkg/m*andvisinm/s, then o, will bein N/ m? or Pa.
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Note : From the above expression, the mean diameter (D) of the flywheel may be obtained by using therelation,
v = tD.N/60

2. Tensile bending stress caused by restraint of the arms

Thetensile bending stressin the rim dueto the restraint of the armsis based on the assumption
that each portion of the rim between a pair of arms behaves like a beam fixed at both ends and
uniformly loaded, as shown in Fig. 22.11, such that length between fixed ends,
nD 2nR
| = W =

The uniformly distributed load (w) per metre length will be equal to the centrifugal force
between a pair of arms.

, where n = Number of arms.

o w = b.t.p.w?R N/m
We know that maximum bending moment,

W.Iz_b.tp.ooz.R(ZJtRJ2

12 12 n

%bx'{2

and section modulus, Z

Zj}

Section X-X
Fig. 22.11
-. Bending stress,
_M _b.tp.o® . R(27R) 6
% =7~ 12 n b x t2
19.74p .@* . R® 1974p.v*.R .
— > = 5 ..(1v)
n? .t n? .t

...(Substituting ® = V/R)

Now total stressin therim,

6 =0,+0,

If thearms of aflywheel do not stretch at all and are placed very closetogether, then centrifugal
forcewill not set up stressintherim. In other words, 6, will be zero. Onthe other hand, if thearms are
stretched enough to allow free expansion of therim dueto centrifugal action, therewill be norestraint
duetothearms, i.e. 6, will be zero.

It has been shown by G. Lanza that the arms of a flywheel stretch about % th of the amount
necessary for free expansion. Therefore the total stressin therim,

3 _,1__3 V2+£x19.74p.v2.R .

=2 %t 7%= 7P 25 21
4935 R

=pN2|0.75+

P [ n? .t J
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Example 22.5. A multi-cylinder engine is
torun at a constant load at a speed of 600 r.p.m.
On drawing the crank effort diagramto a scale
of 1m= 250 N-mand 1 mm= 3°, theareasin sq
mm above and below the mean torque line are as
follows:

+ 160, - 172, + 168, — 191, + 197, — 162 sq mm

The speed is to be kept within £ 1% of the
mean speed of the engine. Cal culatethe necessary
moment of inertia of the flywheel.

Determine suitable dimensionsfor castiron
flywheel with a rim whose breadth is twice its
radial thickness. The density of cast iron is 7250
kg / m?, and itsworking stressintensionis6 MPa.
Assume that the rim contributes 92% of the
flywheel effect.

Solution. Given: = N = 600 r.p.m. or

Flywheel = 791

©=2nx600/60=6284rad/s ;p=7250kg/ m?; 6,= 6 MPa=6 x 10° N/m?

Moment of inertia of the flywheel
Let

I = Moment of inertia of the flywheel.

First of al, let us find the maximum fluctuation of energy. The turning moment diagram is

shownin Fig. 22.12.

Mean torque
line

>

—Turning moment —

G(A)

162

—— Crank angle —»

Fig. 22.12
Since the scale for the turning moment is 1 mm = 250 N-m and the scale for the crank angleis

1mm=3°= % rad, therefore

1 mm? on the turning moment diagram

= 250 x % =13.1N-m
Let thetotal energy at A= E. Therefore from Fig. 22.12, we find that

Energy at B = E + 160

EnergyatC = E+160-172=E-12
EnergyatD = E—-12+ 168 = E + 156
EnergyaE = E+156—-191=E-35
EnergyatF = E-35+197=E + 162
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Energy at G = E+ 162 —162 = E = Energy at A
From above, we find that the energy is maximum at F and minimum at E.
. Maximum energy = E+ 162
and minimum energy =E-35
We know that the maximum fluctuation of energy,
A E = Maximum energy —Minimum energy
= (E + 162) — (E—35) = 197 mm? = 197 x 13.1 = 2581 N-m

Since the fluctuation of speed is + 1% of the mean speed (), therefore total fluctuation of
speed,

0, - 0, =2%n=0020
and coefficient of fluctuation of speed,

Cq = o~ ® =0.02
(O]

We know that the maximum fluctuation of energy (AE),
2581 = l.w?.C=1(62.84)20.02=791
. | =2581/79=32.7kg-m? Ans.
Dimensions of a flywheel rim
Let t = Thickness of the flywheel rim in metres, and
b = Breadth of the flywheel rimin metres=2t ...(Given)
First of al let usfind the peripheral velocity (v) and mean diameter (D) of the flywheel.
We know that tensile stress (o),
6 x 106 = p.v2=7250 x V2
. V2 = 6x 108/ 7250 = 827.6 or v=28.76 m/s
We also know that peripheral velocity (v),

nD.N =« Dx600
28.76 = 0 - 50 =3142D

D =28.76/31.42=0.915m =915 mm Ans.

Now let us find the mass of the flywheel rim. Since the rim contributes 92% of the flywheel
effect, thereforethe energy of theflywheel rim (E,; ) will be 0.92 timesthetotal energy of the flywheel
(E). We know that maximum fluctuation of energy (AE),

2581 =Ex2Cg=Ex2x0.02=0.04 E
E = 2581/0.04 = 64 525 N-m
and energy of theflywheel rim,
m = 0.92E=0.92 x 64 525 = 59 363 N-m
Let m = Mass of the flywheel rim.
We know that energy of the flywheel rim (E;.),

59 363 = % xmx V2= % x m(28.76)2=413.6 m

m = 59 363/ 413.6 = 143.5kg
We also know that mass of the flywheel rim (m),
1435 =bxtxnDxp=2txtxnx0.915x 7250 = 41 686 t
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- t? = 143.5/ 41 686 = 0.003 44
or t = 0.0587 say 0.06 m =60 mm Ans.
and b =2t=2x60=120 mm Ans.

Notes: The mass of the flywheel rim may also be obtained by using the following relations. Since the rim
contributes 92% of the flywheel effect, therefore using

1 Lim = 0.92 g ey OF MK =0.92 x 32.7 = 30 kg-m?
Sinceradius of gyration, k = R=D/2=0.915/2 = 0.4575 m, therefore
30 30 30
m = F = (0_4575)2 = 0209 - 143.5 kg
2. (ABE),, = 0.92 (A E)fIyWhee|

mv2.Cs = 092 (A E)gypeq
m (28.76)2 0.02 = 0.92 x 2581
1655 m = 23745 or m= 2374.5/16.55 = 1435 kg

Example 22.6. The areas of the turning moment diagramfor one revolution of a multi-cylinder
engine with reference to the mean turning moment, below and above the line, are

—32, + 408, — 267, + 333, — 310, + 226, — 374, + 260 and — 244 mn¥.

The scale for abscissa and ordinate are: 1 mm = 2.4° and 1 mm = 650 N-m respectively. The
mean speed is 300 r.p.m. with a percentage speed fluctuation of + 1.5%. If the hoop stress in the
material of the rimis not to exceed 5.6 MPa, determine the suitable diameter and cross-section for
the flywheel, assuming that the width is equal to 4 times the thickness. The density of the material
may be taken as 7200 kg / m®. Neglect the effect of the boss and arms.
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Solution. Given: N = 300 r.p.m. or ® = 2 © x 300/60 = 31.42 rad/s; o, = 5.6 MPa
=5.6 x 10° N/m?; p = 7200 kg/m®
Diameter of the flywheel

Let D = Diameter of the flywheel in metres.

We know that peripheral velocity of the flywheel,

nD.N 7 Dx300
60 60

We al'so know that hoop stress (c,),
5.6 x 106 = p x v2=7200 (15.71 D)? = 1.8 x 106 D?
o D? =56x100/1.8x10=3.11 or D=1764mAns.
Cross-section of the flywheel
Let t = Thickness of the flywheel rim in metres, and
b = Width of the flywheel rimin metres=4t ...(Given)
.. Cross-sectional area of the rim,
A=bxt=4txt=4t>m?
Now let us find the maximum fluctuation of energy. The turning moment diagram for one
revolution of amulti-cylinder engineisshownin Fig. 22.13.

=15.71D m/s

>

71 (A)

Mean turning
moment line

—Turning moment —p

— Crank angle ——

Fig. 22.13

Since the scale of crank angleis 1 mm = 2.4°= 24 x % = 0.042 rad, and the scale of the

turning moment is 1 mm = 650 N-m, therefore
1 mm? on the turning moment diagram
= 650 x 0.042 = 27.3 N-m

Let the total energy at A = E. Therefore from Fig. 22.13, we find that
EnergyatB = E—-32
Energyat C = E—32+408=E + 376
Energy at D = E+ 376 —267 = E + 109
Energy at E = E+ 109 + 333 =E + 442
Energyat F = E+442-310=E + 132
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Energy at G = E+ 132+ 226 = E + 358
EnergyatH = E+ 358 -374=E - 16
Energyatl =E-16+260=E + 244
Energy atJ = E+ 244 -244=E =Energy a A
From above, we see that the energy is maximum at E and minimum at B.
Maximumenergy = E + 442
and minimum energy =E-32
We know that maximum fluctuation of energy,
A E = Maximum energy —Minimum energy
= (E + 442) — (E — 32) = 474 mm?
= 474 x 27.3 =12 940 N-m
Since the fluctuation of speed is+ 1.5% of the mean speed, therefore total fluctuation of speed,
o, —, = 3% of mean speed = 0.03 ®
and coefficient of fluctuation of speed,

_ 0 -0y _
Cg= =2 =003

Let m = Mass of the flywheel rim.
We know that maximum fluctuation of energy (AE),

17642
12940 = MRZ.@A.Cq=m (31.42)20.03 =23 m

= 12940/ 23 =563 kg Ans.

We also know that mass of the flywheel rim (m),

563 = AxmDxp=41t2xmx 1764 x 7200 = 159 624 t2

. t? = 563/ 159 624 = 0.00353
or t = 0.0594 m = 59.4 say 60 mm Ans.
and b =4t=4x60=240 mm Ans.

Example 22.7. An otto cycle engine develops 50 kW at 150 r.p.m. with 75 explosions per
minute. The change of speed from the commencement to the end of power stroke must not exceed
0.5% of mean on either side. Design a suitable rim section having width four times the depth so that
the hoop stress does not exceed 4 MPa. Assume that the flywheel stores 16/15 times the energy stored

by the rim and that the workdone during power stroke is 1.40 times the workdone during the cycle.
Density of rim material is 7200 kg / m®.

Solution. Given: P=50kW =50x 10°W ; N=150r.p.m.; n=75; 6,=4 MPa= 4 x 10° N/m?;
p = 7200 kg/m?

First of al, let usfind the mean torque (T, ) transmitted by the engine or flywheel. We know
that the power transmitted (P),

2n NxT,
3 = mean -
50 x 10° = ~—— M= = 1571 T,
T, oo = 50 x 103/ 15.71 = 3182.7 N-m

Since the explosions per minute are equal to N/2, therefore the engine is a four stroke cycle
engine. The turning moment diagram of afour stroke engineis shown in Fig. 22.14.
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We know that *workdone per cycle
= T ean X 0 =3182.7 x 4t =40 000 N-m
.. Workdone during power or working stroke
= 1.4 x 40 000 = 56 000 N-m (i)

Max. torque B

Mean torque

——Torque —>

A F C
T 21 3n 4n

Suction Compression | Power or Exhaust

working

—— Crank angle (0) —
Fig. 22.14

The workdone during power or working stroke is shown by atriangle ABC in Fig. 22.14 in
which base AC = nradiansand height BF =T __

.. Workdone during working stroke
- % xuxT _ =1571T (i)
From equations (i) and (ii), we have
T, = 56000/1.571=35646 N-m
Height above the mean torque line,
BG =BF-FG=T,_, — T e = 35646 —3182.7 = 32 463.3 N-m
Since the area BDE (shown shaded in Fig. 22.14) above the mean torque line represents the
maximum fluctuation of energy (AE), therefore from geometrical relation

Areaof A BDE _ (BG)?
Areaof A ABC ~ (gF)? "’

Maximum fluctuation of energy (i.e. area of triangle BDE),

we have

= f triangl C B—GZ— 6 000 —32463'32
A E = Areaof triangle ABC x BE =5 * | 35646
=56 000 x 0.83 = 46 480 N-m
Mean diameter of the flywheel
Let D = Mean diameter of the flywheel in metres, and
v = Peripheral velocity of the flywheel in m/s.
* The workdone per cycle for afour stroke engine is aso given by
P x 60 Px60 _ 50000x 60
Workdone/ cycle = Number of explosion/min = n - 75 =40 000 N-m
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We know that hoop stress (o),
4 x 106 = p.v? = 7200 x V2
. V2 =4x108/7200 = 556
or v=2358m/s
We also know that peripheral velocity (v),

nDN = Dx150
60 60
D =2358/7.855=3mAns.
Cross-sectional dimensions of therim
Let t=Thickness of therim in metres, and
b = Width of therimin metres=4t
...(Given)
.. Cross-sectional areaof therim, Flywheel of a motorcycle
A=bxt=4txt=412
First of all, let usfind the mass of the flywheel rim.
Let m = Mass of the flywheel rim, and
E = Tota energy of the flywheel.
Sincethefluctuation of speed is0.5% of the mean speed on either side, thereforetotal fluctuation
of speed,

2358 = =7.855D

N, —N, = 1% of mean speed = 0.01L N
and coefficient of fluctuation of speed,

— Nl_NZ —
Co =~ 2 =001

We know that the maximum fluctuation of energy (A E),
46480 =Ex2C,=Ex2x0.01=0.02E
E =46 480/ 0.02 = 2324 x 103 N-m

16
Since the energy stored by the flywheel is I timesthe energy stored by the rim, therefore the

energy of therim,

Eim = % E= % x 2324 x 108 = 2178.8 x 103 N-m

We know that energy of therim (E,;.).,

2178.8 x 10° = %x mx V2= % x m(23.58)2=278 m
) m = 2178.8 x 103/ 278 = 7837 kg
We also know that mass of the flywheel rim (m),
7837 = AxnDxp=4t?xxx3x 7200 = 271 469 t?
o t2 = 7837/ 271 469=0.0288 or t=0.17m= 170 mm Ans.
and b =4t=4x170=680 mmAns.

Example 22.8. A shaft fitted with a flywheel rotates at 250 r.p.m. and drives a machine. The
torque of machine varies in a cyclic manner over a period of 3 revolutions. The torque rises from
750 N-mto 3000 N-muniformly during 1 / 2 revol ution and remai ns constant for the following revol ution.
It thenfallsuniformly to 750 N-mduring thenext 1 / 2 revolution and remains constant for onerevol ution,
the cycle being repeated thereafter. Determine the power required to drive the machine.
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If the total fluctuation of speed is not to exceed 3% of the mean speed, determine a suitable
diameter and cross-section of the flywheel rim. The width of therimisto be 4 timesthe thickness and
the safe centrifugal stressis 6 MPa. The material density may be assumed as 7200 kg / me.

Solution. Given: N =250 r.p.m. or ® = 2 7t x 250/ 60 = 26.2 rad/s; o, — 0, = 3% o or
Q=% = =3%=003 ;0,=6MPa=6x 109N/m? ; p = 7200 kg / m°
®
Power required to drive the machine

The turning moment diagram for the complete cycle is shown in Fig. 22.15.

T 3000 -—— B C J
Zg AE 1125
= T ¢
= mean
= 1875 L M N \P A
g 1125
g E ¥
£ 73017 G H D
T F

|

|
T 2n 3n 47 S5 67
1

0
—>|%Rev.|<_1 Rev. —>|%Rev. Rev. —>|

— Crank angle ——
Fig. 22.15
We know that the torque required for one complete cycle
= Areaof figure OABCDEF
= Area OAEF + Area ABG + Area BCHG + Area CDH

= OF x OA + % x AG x BG + GH x CH + % x HD x CH
=67 x 750 + % x 1t (3000 — 750) + 21t (3000 — 750)

+ % x 1t (3000 — 750)

= 4500t + 1125t + 4500 T + 1125 © = 11 250 T N-m (i)
If T, oqn 1S the mean torque in N-m, then torque required for one complete cycle
=T ean X 6TN-mM (i)

From equations (i) and (ii),
Trean = 11250t/ 6 © = 1875 N-m

We know that power required to drive the machine,

P =T o X 0=1875x 26.2 =49 125 W = 49.125 kW Ans.

Diameter of the flywheel
Let D = Diameter of the flywheel in metres, and
v = Peripheral velocity of the flywheel in m/s.
We know that the centrifugal stress (c,),
6 x 10° = p x v2=7200 x V2
V2 = 6x10%/7200=833.3 or v=28.87m/s
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We also know that peripheral velocity of the flywheel (v),

nDN =wnDx250
28.87 = 0 - 50 =131D

- D =2887/13.1=22mAns.
Cross-section of the flywheel rim
Let t = Thickness of the flywheel rim in metres, and
b = Width of the flywheel rimin metres=4t ...(Given)
.. Cross-sectional area of the flywheel rim,
A=bxt=4txt=4t>m?
First of al, let us find the maximum fluctuation of energy (A E) and mass of the flywheel rim
(m). In order to find AE, we shall calculate the values of LM and NP.
From similar triangles ABG and BLM,
LM BM LM 3000 - 1857
AG T BG ¥ x T 3000- 750
Now from similar triangles CHD and CNP,

NP CN NP 3000 - 1875
W -cH or = = 3000~ 750 =05 or NP=05n
From Fig. 22.15, we find that
BM = CN =3000 - 1875 = 1125 N-m
Since the area above the mean torque line represents the maximum fluctuation of energy,
therefore maximum fluctuation of energy,

A E = AreaLBCP = AreaLBM + Area MBCN + Area PNC

=05 or LM=05~=

%XLMXBM+MNXBM+%XNP><CN

% x05mx 1125+ 2w x 1125 + % x 051 x 1125

= 8837 N-m
We know that maximum fluctuation of energy (AE),

2
2.2
8837 = mRE.w?.Cg=m (7) (26.2)20.03=249m

. m = 8837/ 24.9 = 355 kg

We also know that mass of the flywheel rim (m),

3/5 =AxnDxp=4t2xmx22x 7200 =199 077 t?

. t? = 355/ 199 077 = 0.00178 or t = 0.042 m = 42 say 45 mm Ans.
and b =4t=4x45=180 mm Ans.

Example 22.9. A punching machine makes 25 working strokes per minute and is capabl e of
punching 25 mm diameter holes in 18 mm thick steel plates having an ultimate shear strength of
300 MPa.

The punching operation takes place during 1/10 th of a revolution of the crank shaft.

Estimate the power needed for the driving motor, assuming a mechanical efficiency of 95 per
cent. Determine suitable dimensions for the rim cross-section of the flywheel, which isto revolve at
9 times the speed of the crank shaft. The permissible coefficient of fluctuation of speed is0.1.
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The flywheel isto be made of cast iron having a working stress (tensile) of 6 MPa and density
of 7250 kg / m2. The diameter of the flywheel must not exceed 1.4 m owing to space restrictions. The
hub and the spokes may be assumed to provide 5% of the rotational inertia of the wheel.

Check for the centrifugal stressinduced intherim.

Solution. Given: n=25; d; =25 mm; t; = 18 mm; t, = 300 MPa = 300 N/mm?;

Ny, =95%=0.95; C;=0.1;06,=6MPa=6N/mm?; p =7250 kg/m?; D = 1L.4mor R=0.7m

Punching Machine

Power needed for the driving motor
We know that the area of plate sheared,
Ag =md, xt, =71 x 25 x 18 = 1414 mm?
.. Maximum shearing force required for punching,
Fg = Agx 1, = 1414 x 300 = 424 200 N
and energy required per stroke
= * Average shear force x Thickness of plate
1

= — sttlz

5 E x 424 200 x 18 = 3817.8 x 10° N-mm

2
.. Energy required per min

= Energy / stroke x No. of working strokes/ min

= 3817.8 x 10° x 25 = 95.45 x 105 N-mm = 95 450 N-m
We know that the power needed for the driving motor

_ Energy required per min 95 450

60x N,y = B0x 095 ~ 167OW
= 1.675 kW Ans.
*  Astheholeis punched, it is assumed that the shearing force decreases uniformly from maximum value

to zero.

Top



Contents

Flywheel = 801

Dimensionsfor the rim cross-section

Considering the cross-section of the rim as rectangular and assuming the width of rim equal to
twice the thickness of rim.

Let t = Thickness of rim in metres, and
b = Width of rimin metres=2t.
.. Cross-sectional area of rim,
A=bxt=2txt=2t?
Since the punching operation takes place (i.e. energy is consumed) during 1/10 th of arevolution

of the crank shaft, therefore during 9/10 th of therevolution of acrank shaft, the energy isstored inthe
flywhed!.

. Maximum fluctuation of energy,

AE = S . Energy/stroke = S 3817.8 x 10°

10 10
= 3436 x 10% N-mm = 3436 N-m
Let m = Mass of the flywheel.

Since the hub and the spokes provide 5% of the rotational inertia of the wheel, therefore the
maximum fluctuation of energy provided by the flywheel rim will be 95%.

-~. Maximum fluctuation of energy provided by therim,
(AE),;, = 0.95x A E=0.95x 3436 = 3264 N-m

Sincetheflywheel isto revolve at 9 timesthe speed of the crankshaft and there are 25 working

strokes per minute, therefore mean speed of the flywheel,
N =9x25=225r.p.m.

and mean angular speed, ® =2m x 225/ 60 = 23.56 rad/s

We know that maximum fluctuation of energy (A E),

3264 = mR2.w?.Cg=m(0.7)% (23.56)>0.1=27.2m
m = 3264/ 27.2 = 120 kg
We also know that mass of the flywheel (m),
120 =AxnD xp =2t x 1 x 14 x 7250 =63 782 t?

. t2 =120/63782=0.00188 or t=0.044m=44 mmAns.
and b=2t=2x44=838mmAns.
Check for centrifugal stress

We know that peripheral velocity of the rim,

nD.N nx14x225

60 60
.. Centrifugal stressinduced inthe rim,

o, = p.v2 = 7250 (16.5)? = 1.97 x 10° N/m? = 1.97 MPa
Since the centrifugal stress induced in the rim is less than the permissible value (i.e. 6 MPa),
thereforeit issafe Ans.

=16.5m/s

22.8 Stresses in Flywheel Arms
Thefollowing stresses are induced in the arms of a flywheel.
1. Tensile stress due to centrifugal force acting on the rim.
2. Bending stressdueto thetorque transmitted from the rim to the shaft or from the shaft to therim.

3. Shrinkage stresses due to unequal rate of cooling of casting. These stresses are difficult to
determine.
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We shall now discussthe first two types of stresses asfollows:
1. Tensilestress dueto the centrifugal force

Dueto the centrifugal force acting on the rim, the armswill be subjected to direct tensile stress
whose magnitude is same as discussed in the previous article.

- Tensile stressin the arms,

— 3 - 3 2
Oy =7 G=7PXV
2. Bending stress due to the torque transmitted
Due to the torque transmitted from the rim
to the shaft or from the shaft to the rim, the arms
will be subjected to bending, because they are
required to carry the full torque load. In order to
find out the maximum bending moment on the
arms, it may be assumed asacentilever beam fixed
at the hub and carrying a concentrated load at the
free end of the rim as shown in Fig. 22.16.
Let T = Maximum
torque transmitted by the shaft, Fig. 22.16
R = Mean radius of the rim,
r = Radius of the hub,
n = Number of arms, and
Z = Section modulus for the cross-section of arms.
We know that the load at the mean radius of the rim,

F =

_|
‘_|;U|

. Load on each arm =

Py

n
ich lieson the arm at the hub,

-0.

and maximum bending moment w

_ T
M “Rn (R=r)

-. Bending stressin arms,

M_T
O =7 "Rn.z RN

.. Total tensile stressin the arms at the hub end,
G =0yt 0y
Notes: 1. The total stress on the arms should not exceed the allowable permissible stress.
2. If the flywheel is used as a belt pulley, then the arms are also subjected to bending due to net belt
tension (T, — T,), where T, and T, are the tensions in the tight side and slack side of the belt respectively.
Therefore the bending stress due to the belt tensions,

_(-T)(R-T1)
n
5% Z
... (*.+ Only half the number of arms are considered to be effective in transmitting the belt tensions)

Tota bending stress in the arms at the hub end,

b2

Op = Opy t Oy
and the total tensile stress in the arms at the hub end,

G = Gy * Oy + Oy
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22.9 Design of Flywheel Arms
The cross-section of the armsis usually €elliptical with major axis as twice the minor axis, as
shownin Fig. 22.17, and it is designed for the maximum bending stress.
Let a, = Mgjor axis, and
b, = Minor axis.
. Section modulus, -
Z= 2 b, (a,)? (i)
We know that maximum bending moment,

T
M=grp (R-1) - b,

. Maximum bending stress,
M T (ii) ' R

% =7 = Rnz R a,—
Assuming a, = 2 b,, the dimensions of the arms may be obtained
from equations (i) and (ii).
Notes: 1. The arms of the flywheel have a taper from the hub to the rim. The
taper is about 20 mm per metre length of the arm for the major axis and 10 mm per metre length for the minor
axis.

Fig. 22.17. Elliptical cross
section of arms.

2. Thenumber of armsare usually 6. Sometimesthe armsmay be 8, 10 or 12 for very large sizeflywheels.

3. The arms may be curved or straight. But straight arms are easy to cast and are lighter.

4. Since arms are subjected to reversal of stresses, therefore aminimum factor of safety 8 should be used.
In some cases like punching machines amd machines subjected to severe shock, a factor of safety 15 may be
used.

5. The smaller flywheels (less than 600 mm diameter) are not provided with arms. They are made web
type with holesin the web to facilitate handling.

22.10 Design of Shaft, Hub and Key
Thediameter of shaft for flywheel isobtained from the maximum torque transmitted. We know
that the maximum torque transmitted,

T
Toox = 16 *° (d)?
where d, = Diameter of the shaft, and
T = Allowable shear stressfor the material of the shaft.

The hub is designed as a hollow shaft, for the maximum torque transmitted. We know that the

maximum torque transmitted,
T d* - d;
me = E x T d
where d = Outer diameter of hub, and
d, = Inner diameter of hub or diameter of shaft.

The diameter of hub is usually taken as twice the diameter of shaft and length from 2 to 2.5
times the shaft diameter. It isgenerally taken equal to width of the rim.

A standard sunk key isused for the shaft and hub. The length of key is obtained by considering
the failure of key in shearing. We know that torque transmitted by shaft,

_ d
TmaX—LXWXTx —=

where L = Length of the key,
T = Shear stressfor the key material, and
d, = Diameter of shaft.

Contents
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Example 22.10. Design and draw a cast iron
flywheel used for a four stroke |.C engine devel oping
180 kW at 240 r.p.m. The hoop or centrifugal stress
developed in the flywheel is 5.2 MPa, the total
fluctuation of speed isto be limited to 3% of the mean
speed. The work done during the power strokeis 1/3
more than the average work done during the whole
cycle. The maximum torque on the shaft is twice the
mean torque. The density of cast iron is 7220 kg/m?.

Solution. Given: P = 180 kW = 180 x 10° W,
N =240 rp.m.; 6, = 52 MPa = 5.2 x 106 N/m?;
N; —N,=3%N; p = 7220 kg/m®

Contents

First of all, let usfind the maximum fluctuation of energy (AE). The turning moment diagram of

afour stroke engineis shown in Fig. 22.18.

We know that mean torque transmitted by the flywheel,

_ Px60 180x10° x 60

mean

2n N
and *workdone per cycle

2 x 240
= Ton X0 =7161 x 4t =90 000 N-m

=7161 N-m

Since the workdone during the power stroke is 1/3 more than the average workdone during the

whole cycle, therefore,

Workdone during the power (or working) stroke

=90 000+% % 90 000 = 120 000 N-m (i)
The workdone during the power stroke is shown by atriangle ABC in Fig. 22.18 in which the

base AC = &t radiansand height BF =T __

Max. torque
T AE
Q
% Mean torque
HT D E

A F C
T 21 31T 4n
Suction Compression | Power or Exhaust
working

—— Crank angle () —>

Fig. 22.18

The workdone per cycle may also be obtained as discussed below :

Workdone per cycle = @ , where n = Number of working strokes per minute

For afour strokeengine, n=N/2=240/2=120

180 x 10° x 60

.. Workd le=
'orkdone per cycle 50

=90 000 N-m
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.. Workdone during power stroke

1 .
=5 xuxT (i)
From equations (i) and (ii), we have
5 xnuxT_ . =120000
120 000 x 2
Trox = — =76 384 N-m

Height above the mean torque line,
BG =BF-FG=T,_, — T = 76384 —7161=69 223 N-m
Since the area BDE shown shaded in Fig. 22.18 above the mean torque line represents the
maximum fluctuation of energy (A E), therefore from geometrical relation,

Areaof A BDE _ (BG)?
Areaof A ABC (BF)?’
*Maximum fluctuation of energy (i.e. area of A BDE),

we have

69 223
76 384

BG 2 2
A E = Areaof A ABC x (—j =120 000 ( j =98 555 N-m

BF
1. Diameter of the flywheel rim
Let D = Diameter of the flywheel rim in metres, and
v = Peripheral velocity of the flywheel riminm/s.
We know that the hoop stress developed in the flywheel rim (c,),
5.2 x 106 = p.v2=7220 x \?
V2 =52x100/7220=720 or v=26.8m/s
We also know that peripheral velocity (v),

nD.N _2Dx230
0 0 =131D

D =26.8/13.1=2.04mAns.

26.8 =

2. Mass of the flywheel rim
Let m = Mass of the flywheel riminkg.

We know that angular speed of the flywheel rim,
_2nN _ 2mnx 250

0 - 50 =25.14rad/s
and coefficient of fluctuation of speed,
SN =Ny
Cs = - N - 0.03

We know that maximum fluctuation of energy (A E),

2
m = 98 555/ 19.73 = 4995 kg Ans.

2
204
98555 = mR2w?.Cq=m|——| (25.14)20.03=19.73m

* The approximate value of maximum fluctuation of energy may be obtained as discussed below :
Workdone per cycle =90 000 N-mm ...(as calculated above)
Workdone per stroke =90000/ 4 =22500N-m ...(+. of four stroke engine)

and workdone during power stroke = 120 000 N-m
. Maximum fluctuation of energy,

AE =120 000 — 22 500 = 97 500 N-m
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3. Cross-sectional dimensions of therim
Let t = Depth or thickness of the rim in metres, and
b = Width of therimin metres= 2t ...(Assume)
.. Cross-sectional area of therim,
A=bt=2txt=2t?
We know that mass of the flywheel rim (m),
4995 = Ax D x p =21t?x t x 2.04 x 7220 = 92 556 t?
. t2 = 4995/ 92556 = 0.054 or t=0.232say 0.235m= 235 mmAns.
and b =2t=2x235=470 mm Ans.

4. Diameter and length of hub
Let d = Diameter of the hub,
d, = Diameter of the shaft, and
| = Length of the hub.

Since the maximum torque on the shaft is twice the mean torque, therefore maximum torque
acting on the shaft,

Toax = 2% Ty = 2 % 7161 = 14 322 N-m = 14 322 x 10° N-mm
We know that the maximum torque acting on the shaft (T__,),

x 1 (d; )3— — ><40(d )®=7.855(d,)?
...(Taking T = 40 MPa = 40 N/mm?)
. (d)® = 14322 x 103/ 7.855 = 1823 x 103
or d, = 122say 125 m Ans.

The diameter of the hub is made equal to twice the diameter of shaft and length of hub is equal
to width of therim.

14 322 x 10°

o d=2d,=2x125=250mm=0.25m
and | =b=470 mm=0.47 mm Ans.

5. Cross-sectional dimensions of the elliptical arms
Let a, = Mgjor axis,
b, = Minor axis=0.54a, ...(Assume)
n = Number of arms=6 ...(Assume)
o, = Bending stress for the material of arms = 15 MPa = 15 N/mm?

...(Assume)
We know that the maximum bending moment in the arm at the hub end, which is assumed as
cantilever isgiven by

14 322
= >04x 6 (204-025 N-m

= 2094.5 N-m = 2094.5 x 103 N-mm
and section modulus for the cross-section of the arm,

T
M="TRn (R-r)= D

x b (alz— 25 X 05a, (a,)?=0.05(a)*
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We know that the bending stress (c,),
M _ 20945x10° 41890 x 10°

L=7" 0.05(a)° (&)
o (a)® =41890x 103/ 15=2793x 10° or a, =140 mmAns.
and b, =053, =05x140=70 mm Ans.

6. Dimensions of key
The standard dimensions of rectangular sunk key for ashaft of diameter 125 mm areasfollows:
Width of key, w = 36 mm Ans.
and thickness of key = 20mmAns.
Thelength of key (L) is obtained by considering the failure of key in shearing.
We know that the maximum torque transmitted by the shaft (T, ).

d 125
14322><103:L><W><tx71:L><36><40x7:90><103L

L = 14322 x 10°/ 90 x 10% = 159 say 160 mm Ans.

L et usnow check thetotal stressin the rim which should not be greater than 15 MPa. We know
that total stressin therim,

o =p.V? [0.75+ 4.935 RJ

n® .t

_ 7220 (26.8)2[0.7“%} N/

6% x 0.235
= 5.18 x 10° (0.75 + 0.595) = 6.97 x 106 N/m?=6.97 MPa
Sinceit islessthan 15 MPa, therefore the design is safe.

Example 22.11. A single cylinder double acting steam engine delivers 185 kW at 100 r.p.m.
The maximumfluctuation of energy per revolutionis 15 per cent of the energy developed per revolution.
The speed variation islimited to 1 per cent either way from the mean. The mean diameter of therim
is2.4 m. Design and draw two views of the flywheel.

Solution. Given: P = 185 kW = 185 x 103 W ; N =100 rp.m; A E= 15% E = 0.15 E;
D=24morR=12m
1. Mass of the flywheel rim

Let m = Mass of the flywheel rim in kg.

We know that the workdone or energy developed per revolution,

Px 60 _ 185x 10° x 60
E = N 100 =111 000 N-m
. Maximum fluctuation of energy,
AE =0.15E=0.15x 111 000 = 16 650 N-m

Since the speed variation is 1% either way from the mean, therefore the total fluctuation of
speed,

N, —N, = 2% of mean speed = 0.02N
and coefficient of fluctuation of speed,
N, - N

- _1 2 _
Co =~ 2 =002
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Velocity of the flywhes!,
nD.N _ mx24x100

vV = &0 = &0 =12.57 m/s

We know that the maximum fluctuation of energy (A E),
16 650 = mv2.Cg=m(12.57)20.02=3.16 m
o m = 16 650/ 3.16 = 5270 kg Ans.
2. Cross-sectional dimensions of the flywheel rim
Let t = Thickness of the flywheel rim in metres, and
b = Width of the flywheel rimin metres=2t ...(Assume)
.. Cross-sectional area of therim,
A=bxt=2txt=2¢
We know that mass of the flywheel rim (m),
5270 = Axn D xp=2t?x n x 2.4 x 7200 = 108 588 t?
...(Taking p = 7200 kg / m°)
. t2 =5270/108588=0.0485 or t=0.22m=220 mmAns.
and b =2t=2x220=440 mm Ans.

3. Diameter and length of hub
Let d = Diameter of the hub,
d, = Diameter of the shaft, and
| = Length of the hub,

Steam engine in a Laboratory
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We know that mean torque transmitted by the shaft,

T Px60_ 185x 10° x 60
mean T 2x N 2mx100
Assuming that the maximum torque transmitted (T ) by the shaft is twice the mean torque,
therefore

=17 664 N-m

Toax = 2% T en =2 % 17664 = 35 328 N-m = 35.328 x 105 N-mm
We al'so know that maximum torque transmitted by the shaft (T, ),

35.328 x 10° = — >< T(d)® = = x40 (dy)° =7.855 (d,)?

...(Assuming T = 40 MPa= 40 N/mm?)
(d))® =35328x10°/7.855=45x10° or d,=165mmAns.

The diameter of the hub (d) is made equal to twice the diameter of the shaft (d,) and length of
the hub (I ) isequal to the width of the rim (b).

d=2d;,=2x165=330mm; and | = b =440 mm Ans.
4. Crossrsectlonal dimensions of theelllptlcal arms

6

Let a, = Mgjor axis,
b, = Minor axis=0.54a, ...(Assume)
n = Number of arms=6 ...(Assume)
6, = Bending stress for the material of the arms
= 14 MPa= 14 N/mm? ...(Assume)

We know that the maximum bending moment in the arm at the hub end which is assumed as
cantilever isgiven by

T T 35328
M = R (R-r)= D 1 (D-d)= 24%6 (2.4-0.33) N-m
= 5078 N-m = 5078 x 10% N-mm ...(d istaken in metres)
and section modulus for the cross-section of the arm,
b L (a)?= x05a, (a,)*=0.05(a)3

We know that the bending stress (6,
M 5078x10° 101560 x 10°

Y7 us@® @)
. (al)3 = 101560 x 103/ 14 = 7254 x 103
or a, = 193.6 say 200 mm Ans.
and b, =0.54a, =0.5x200=100 mmAns.

5. Dimensions of key
The standard dimensions of rectangular sunk key for ashaft of 165 mm diameter are asfollows:
Width of key, w = 45mm Ans.
and thickness of key =25mmAns.
Thelength of key (L) is obtained by considering the failure of key in shearing.
We know that the maximum torque transmitted by the shaft (T ),

d
35.328 x 10° =L><W><1:><71 =Lx45x40x1—25 =148 500 L

L = 35.328 x 105/ 148 500 = 238 mm Ans.
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L et usnow check thetotal stressin the rim which should not be greater than 14 MPa. We know
that the total stressin therim,

4.935R
n°. t

= 2 [0.75 +

4935x1.2

= 7200 (1257)% | 0.75+
6% x 0.22

} N/m?
= 1.14 x 10° (0.75 + 0.75) = 1.71 x 10° N/m? = 1.71 MPa

Sinceit islessthan 14 MPa, therefore the design is safe.

Example 22.12. A punching press pierces 35 holes per minute in a plate using 10 kN-m of
energy per hole during each revolution. Each piercing takes 40 per cent of the time needed to make
one revolution. The punch receives power through a gear reduction unit which in turn is fed by a
motor driven belt pulley 800 mm diameter and turning at 210 r.p.m. Find the power of the electric
motor if overall efficiency of the transmission unit is 80 per cent. Design a cast iron flywheel to be
used with the punching machine for a coefficient of steadiness of 5, if the space considerations limit
the maximum diameter to 1.3 m.

Allowable shear stressin the shaft material = 50 MPa

Allowable tensile stress for cast iron = 4 MPa

Density of cast iron = 7200 kg / m®

Solution. Given: No. of holes = 35 per min; Energy per hole = 10 kN-m = 10 000 N-m ;
d=800mm=0.8m;N=210rp.m.;n=80%=0.8;1/Cy=50rC4=1/5=0.2;D_,, =13 m;
7 =50 MPa =50 N/mm? ; 6, = 4 MPa =4 N/mm?; p = 7200 kg / m®
Power of the electric motor

We know that energy used for piercing holes per minute

= No. of holes pierced x Energy used per hole
= 35 x 10 000 = 350 000 N-m/ min

.. Power needed for the electric motor,

Energy used per minute 350 000
P= 60X N = 60x08

=7292W =7.292kW Ans.

Design of cast iron flywheel
First of all, let usfind the maximum fluctuation of energy.
Sincethe overall efficiency of the transmission unit is80%, thereforetotal energy to be supplied
during each revolution,
_ 10000
Er =08
We know that velocity of the belt,
v =t d.N=mnx 0.8 x 210 = 528 m/min
-. Net tension or pull acting on the belt
_ Px60 729260
- v~ 528
Since each piercing takes 40 per cent of the time needed to make one revol ution, therefore time
required to punch ahole

=12 500 N-m

=828.6N

=0.4/35=0.0114 min

and the distance moved by the belt during punching ahole
= Velocity of the belt x Time required to punch ahole
= 528 x 0.0114 = 6.03 m
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.. Energy supplied by the belt during punching ahole,
E; = Nettension x Distance travelled by belt
= 828.6 x 6.03 = 4996 N-m

Thus energy to be supplied by the flywheel for punching during each revolution or maximum
fluctuation of energy,

AE = E; —E; =12500-4996 = 7504 N-m
1. Mass of the flywheel
Let m = Mass of the flywheel rim.

Since space considerations limit the maximum diameter of the flywheel as1.3 m ; therefore let
us take the mean diameter of the flywheel,

D=12morR=06m
We know that angular velocity

2ntx N 2ntx 210
= 50 = 50 =22rad/s

We also know that the maximum fluctuation of energy (A E),
7504 = mR2.w?.Cg=m(0.6)? (22)0.2=34.85m
m = 7504/ 34. 85 215.3 kg Ans.
2. Crosssectlonal dimensions of the flywheel rim
Let t = Thickness of the flywheel rim in metres, and
b = Width of the flywheel rimin metres=2t ...(Assume)
.. Cross-sectional area of therim,
A=bxt=2txt=2t?
We know that mass of the flywheel rim (m),
2153 =AxnDxp=2txm x 1.2 x 7200 = 54.3 x 10° t?
- t2 = 215.3/54.3 x 10° = 0.003 96
or t = 0.063 say 0.065 m = 65 mm Ans.

and b =2t=2x65=130 mmAns
3. Diameter and length of hub
Let d = Diameter of the hub,
d, = Diameter of the shaft, and
| = Length of the hub.

First of all, let usfind the diameter of the shaft (d,). We know that the mean torque transmitted
by the shaft,

Px60 _ 7292 x 60
Toen = 2N~ 2nxzio - SoroNM
Assuming that the maximum torque transmitted by the shaft istwice the mean torque, therefore
maximum torque transmitted by the shaft,
Toax = 2% Ty = 2 % 3315 = 663 N-m = 663 x 10° N-mm

We know that maximum torquetransmitted by the shaft (T, ).

663 x 10° = — x1(d))®= x 50 (d,)®=9.82 (d,)®
. (d)® = 663 x 103/ 9.82 = 67.5 x 10°
or d, =40.7 say 45 mm Ans.
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The diameter of the hub (d) is made equal to twice the diameter of the shaft (d,) and length of
hub (| ) isequal to the width of the rim (b).

d=2d,=2x45=90mm=0.09mand| =b=130 mmAns.
4. Crossrsectlonal dimensions of theelllptlcal castiron arms

Let a, = Mgor axis,
b, = Minor axis=0.5a, ...(Assume)
n = Number of arms=6 ... (Assume)

We know that the maximum bending moment in the arm at the hub end, which is assumed as
cantilever isgiven by

T T 663
M_R.n (R_r)_D.n( —)— (12 0.09) N-m
= 102.2 N-m = 102 200 N-mm
and section modul us for the cross-section of the arms,
Z—— xb (a1)2— x05a, (a,)>=0.05(a)3

We know that bending stress (),

M 102200 _ 2044x10°
S Z oos(@)° (@)°
o (a)® =2044x 103/ 4=511x10° or a, =80 mmAns.
and b, =054, =0.5x80=40mmAns.
5. Dimensions of key
The standard dimensions of rectangular sunk key for a shaft of diameter 45 mm are asfollows:
Width of key, w = 16 mm Ans.
and thickness of key =10 mm Ans.
Thelength of key (L) is obtained by considering the failure of key in shearing.
We know that maximum torque transmitted by the shaft (T, ),

d
663 x 103 = L x WX T X ?1 =L x 16 x 50 x 4—25 =18x 103L
L = 663 x 10%18 x 10° = 36.8 say 38 mm Ans.
Let us now check the total stressin the rim which should not be greater than 4 M Pa.
We know that the velocity of the rim,
nDXxN nx12x210

V=" ° ) =132m/s
.. Total stressin therim,
6 =pV? | 075+ 49BR) - 7200 (13.2)2 | 0.75 + —4'2935 x 0.6
n?.t 6° x 0.065

= 1.25x 10° (0.75 + 1.26) = 2.5 x 106 N/m2 = 2.5 MPa
Sinceit islessthan 4 MPa, therefore the design is safe.

22.11 Construction of Flywheels

Theflywheels of smaller size (upto 600 mm diameter) are casted in one piece. Therim and hub
arejoined together by means of web asshowninFig. 22.19 (a). The holesin theweb may be madefor
handling purposes.
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In casetheflywheel isof larger size (upto
2.5 metre diameter), the arms are made instead
of web, asshowninFig. 22.19 (b). The number
of arms depends upon the size of flywheel and
its speed of rotation. But the flywheels above
2.5 metre diameter are usually casted in two
piece. Such a flywheel is known as split
flywheel. A split flywheel hasthe advantage of
relieving the shrinkage stressesinthearms due
tounequal rate of cooling of casting. A flywheel
made in two halves should be spilt at the arms
rather than between thearms, in order to obtain
better strength of the joint. The two halves of
the flywheel are connected by means of bolts
through the hub, as shown in Fig. 22.20. The
two halves are also joined at the rim by means
of cotter joint (asshowninFig. 22.20) or shrink
links (as shown in Fig. 22.21). The width or
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Flywheel with web (no spokes)

depth of the shrink link istaken as 1.25to 1.35 timesthethickness of link. Theslotintherimintowhich
thelink isinserted is made dightly larger than the size of link.

(a) Flywheel with web.

Rim | Arms

Hub

(b) Flywheel with arms.

Fig. 22.19

Fig. 22.20. Split flywheel.
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Fig. 22.21. Shrink links.
Therelative strength of arim joint and the solid rim are given in the following table.
Table 22.3 Relative strength of a rim joint and the solid rim.

SNo. Type of construction Relative strength
1 Solid rim. 1.00
2. Flanged joint, bolted, rim parted between arms. 0.25
3. Flanged joint, bolted, rim parted on an arm. 0.50
4. Shrink link joint. 0.60
5 Cotter or anchor joints. 0.70

Example 22.13. A split type flywheel has outside diameter of the rim 1.80 m, inside diameter
1.35 m and the width 300 mm. the two halves of the wheel are connected by four bolts through the
hub and near the rimjoining the split armsand also by four shrink links on the rim. The speed is 250
r.p.m. and a turning moment of 15 kN-mis to be transmitted by the rim. Determine:
1. The diameter of the bolts at the hub and near therim, 6, = 35 MPa.
2. The cross-sectional dimensions of the rectangular shrink links at the rim, o, = 40 MPa;
w=125h.
3. Thecross-sectional dimensions of the elliptical arms at the hub and rimif the wheel has six
arms, o, = 15 MPa, minor axis being 0.5 times the major axis and the diameter of shaft
being 150 mm.
Assume density of the material of the flywheel as 7200 kg / m®.
Solution. Given: Dy =18 m; D, = 1.35 m; b =300 mm = 0.3 m; N = 250 r.p.m. ;
T =15kN-m = 15000 N-m; 6, = 35 MPa= 35 N/mm?; 6, = 40 MPa= 40 N/mm?; w=1.25h;
n=6;b, =05a,;0,=15MPa=15N/mm?; d, = 150 mm; p = 7200 kg / m?.
1. Diameter of the bolts at the hub and near therim
Let d, = Core diameter of the boltsin mm.
We know that mean diameter of the rim,
D, +D; 18+135

D=—"7 2

=1575m

and thickness of therim,
D,-D 18-135
t = =

2 2
Peripheral speed of the flywheel,

nD.N =®x1575x%x 250
Vv = 0 - &0 =20.6m/s

We know that centrifugal stress (or tensile stress) at therim,
o, = p X V> =7200 (20.6)> = 3.1 x 10° N/m? = 3.1 N/mm?
Cross-sectiona area of therim,
A =Dbxt=0.3x0.225=0.0675m?
. Maximum tensile force acting on the rim
=0, x A=3.1x10°x 0.0675= 209 250 N (i)

=0.225m
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We know that tensile strength of the four bolts

= 2 (d)?0,,xNo. of bolts= 7. (d)?35x4=110(d?  ..(i)
Sincethe bolts are made as strong asthe rim joint, therefore from equations (i) and (ii), we have
(d,)? = 209250/ 110 = 1903 or d =43.6 mm
The standard size of the bolt is M 56 with d_ = 48.65 mm Ans.
2. Cross-sectional dimensions of rectangular shrink links at therim
Let h = Depth of thelink in mm, and
w = Width of thelinkinmm=1.25h ...(Given)
.. Cross-sectional area of each link,
A =wxh=125h?mm?
We know that the maximum tensile force on half therim
= 2 x ¢, for rim x Cross-sectional area of rim

=2x3.1x10°x 0.0675 =418 500 N (i)
and tensile strength of the four shrink links
=0y xAx4=40x1.25h%x 4=200 h? (V)

From equations (iii) and (iv), we have
h? = 418 500/ 200 = 2092.5 or h=45.7 say 46 mm Ans.

and w = 1.25h=1.25 x 46 = 57.5 say 58 mm Ans.
3. Cross-sectional dimensions of the elliptical arms
Let a, = Mgjor axis,
b, = Minor axis=0.5a, ...(Given)
n = Number of arms=6 ...(Given)

Since the diameter of shaft (d,) is 150 mm and the diameter of hub (d ) istaken equal to twice

the diameter of shaft, therefore
d=2d,=2x150=300mm=0.3m
We know that maximum bending moment on arms at the hub end,
T T 15000
M=Rn R-N=p57 O-9= 157555

= 2024 N-m = 2024 x 10° N-mm

(1575-0.3)

. T T
Section modulus, Z= 3 b, (a)?= 3 054, (a,)>=0.05(a)?

We know that bending stress for arms (),
M 2024x10° 405x10°

15 =5 = =
Z 7 005(a)’ ()’
. (a)® =405x10°/15=27x10° or a, =139.3say 140 mm Ans.
and b, =05a, =05x140=70 mmAns.
EXERCISES

1. The turning moment diagram for a multicylinder engine has been drawn to a scale of 1 mm =
1000 N-mand 1 mm = 6°. The areas above and bel ow the mean turning moment linetaken in order are
530, 330, 380, 470, 180, 360, 350 and 280 sg.mm.

For the engine, find the diameter of the flywheel. The mean r.p.m is 150 and the total fluctuation of
speed must not exceed 3.5% of the mean.
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Determine a suitable cross-sectional area of the rim of the flywheel, assuming the total energy of the

flywheel to be g that of the rim. The peripheral velocity of the flywheel is 15 nv/s.

2. A machine hasto carry out punching operation at the rate of 10 holes/min. It does 6 N-m of work per
sq mm of the sheared areain cutting 25 mm diameter holesin 20 mm thick plates. A flywheel isfitted
to the machine shaft which isdriven by aconstant torque. The fluctuation of speed is between 180 and
200 r.p.m. Actual punching takes 1.5 seconds. Frictional losses are equivalent to 1/6 of the workdone
during punching. Find:

(a) Power required to drive the punching machine, and
(b) Mass of the flywheel, if radius of gyration of the wheel is 450 mm.
3. Theturning moment diagram for an engine is drawn to the following scales:
1 mm=3100 N-m; 1 mm = 1.6°
The areas of theloops above and below the mean torque linetaken in order are: 77, 219, 588, 522, 97,
116, 1200 and 1105 mm?,

The mean speed of the engine is 300 r.p.m. and the permissible fluctuation in speed is+ 2 per cent of
mean speed. The stressin the material of the rim is not to exceed 4.9 MPa and density of its material

15
is 7200 kg/m3. Assuming that the rim stores 6 of the energy that is stored by the flywheel, estimate

(a) Diameter of rim; and (b) Areaof cross-section of rim.

4. A singlecylinder internal combustion engine working on the four stroke cycle develops 75 kW at 360
r.p.m. The fluctuation of energy can be assumed to be 0.9 timesthe energy developed per cycle. If the
fluctuation of speed is not to exceed 1 per cent and the maximum centrifugal stressin the flywheel is
to be 5.5 MPa, estimate the mean diameter and the cross-sectional area of therim. The material of the
rim has a density of 7200 kg / m®. [Ans. 1.464 m ; 0.09 m?]

5. Designacast iron flywheel for afour stroke cycle engine to develop 110 kW at 150 r.p.m. The work
done in the power stroke is 1.3 times the average work done during the whole cycle. Take the mean
diameter of the flywheel as 3 metres. Thetotal fluctuation of speedislimited to 5 per cent of the mean
speed. The material density is 7250 kg / m3. The permissible shear stress for the shaft material is
40 MPaand flexural stress for the arms of the flywheel is 20 M Pa.

6. A punching pressisrequired to punch 40 mm diameter holesin aplate of 15 mm thickness at therate
of 30 holes per minute. It requires 6 N-m of energy per mm? of sheared area. Determine the moment
of inertia of the flywheel if the punching takes one-tenth of a second and the r.p.m. of the flywheel
varies from 160 to 140.

7. A punch pressisfitted with aflywheel capable of furnishing 3000 N-m of energy during quarter of a
revolution near the bottom dead centre while blanking a hole on sheet metal. The maximum speed of
the flywheel during the operation is 200 r.p.m. and the speed decreases by 10% during the cutting
stroke. The mean radius of the rim is 900 mm. Calculate the approximate mass of the flywheel rim
assuming that it contributes 90% of the energy requirements.

8. A punching machine makes 24 working strokes per minute and is capable of punching 30 mm diam-
eter holes in 20 mm thick steel plates having an ultimate shear strength of 350 MPa. The punching

operation takes place during 0 th of arevolution of the crankshaft. Find the power required for the

driving motor, assuming amechanical efficiency of 76%. Determine suitable dimensions for the rim

cross-section of the flywheel, which revolves at 9 times the speed of crankshaft. The permissible
coefficient of fluctuation of speed is 0.4

The flywheel isto be made of cast iron having a safe tensile stress of 6 MPaand density 7250 kg/m?.
The diameter of the flywheel must not exceed 1.05 m owing to space restrictions. The hub and spokes
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may be assumed to provide 5% of the rotational inertia of the wheel. Check for the centrifugal stress
induced in the rim.

Design completely the flywheel, shaft and the key for securing the flywheel to the shaft, for a punch-
ing machine having a capacity of producing 30 holes of 20 mm diameter per minute in steel plate 16
mm thickness. The ultimate shear stressfor the material of the plateis 360 MPa. The actual punching
operation estimated to last for aperiod of 36° rotation of the punching machine crankshaft. This crank
shaft is powered by aflywheel shaft through a reduction gearing having aratio 1 : 8. Assume that the
mechanical efficiency of the punching machine is 80% and during the actual punching operation the
flywheel speed isreduced by amaximum of 10%. The diameter of flywhed isrestricted to 0.75 m dueto
space limitations.

A cast iron wheel of mean diameter 3 metre has six arms of elliptical section. The energy to be stored
initis560 kN-m when rotating at 120 r.p.m. The speed of the mean diameter is 18 m/s. Calculate the
following:

(a)Assuming that the whole energy is stored in therim, find the cross-section, if the width is 300 mm.

(b)Find the cross-section of the arms near the boss on the assumption that their resistance to bending
isequal to the torsional resistance of the shaft which is 130 mm in diameter.

The maximum shear stress in the shaft isto be within 63 MPaand the tensile stress 16 MPa. Assume
the minor axis of the ellipse to be 0.65 major axis.

A cast iron flywheel isto be designed for asingle cylinder double acting steam engine which delivers
150 kW at 80 r.p.m. The maximum fluctuation of energy per revolution is 10%. The total fluctuation
of the speed is 4 per cent of the mean speed. If the mean diameter of the flywheel rim is 2.4 metres,
determine the following :

(@) Cross-sectional dimensions of the rim, assuming that the hub and spokes provide 5% of the
rotational inertiaof the wheel. The density of cast iron is 7200 kg/mS and tensile stress 16 MPa.

Take width of rim equal to twice of thickness.

(b) Dimensionsof hub and rectangular sunk key. The shear stressfor the material of shaft and key is
40 MPa.

(c) Cross-sectional dimensions of the elliptical arms assuming major axis astwice of minor axisand
number of arms equal to six.

Design acast iron flywheel having six armsfor afour stroke engine developing 120 kW at 150 r.p.m.
The mean diameter of the flywheel may betaken as 3 metres. The fluctuation of speed is2.5% of mean
speed. The workdone during the working stroke is 1.3 times the average workdone during the whole
cycle. Assume allowable shear stressfor the shaft and key as40 MPaand tensile stressfor cast iron as
20 MPa. The following proportions for the rim and elliptical arms may be taken:
(a) Width of rim = 2 x Thickness of rim
(b) Mgjor axis= 2 x Minor axis.
A multi-cylinder engineisto run at aspeed of 500 r.p.m. On drawing the crank effort diagram to scale
1 mm = 2500 N-m and 1 mm = 3°, the areas above and below the mean torque line are in sg mm as
below:

+ 160, — 172, + 168, — 191, + 197, — 162
The speed is to be kept within £ 1% of the mean speed of the engine. Design a suitable rim type C.1.
flywheel for the above engine. Assume rim width as twice the thickness and the overhang of the
flywheel from the centre of the nearest bearing as 1.2 metres. The permissible stresses for therim in
tension is 6 MPaand those for shaft and key in shear are 42 MPa. The allowable stressfor thearmis
14 MPa. Sketch adimensioned end view of the flywheel.
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An engineruns at aconstant load at aspeed of 480 r.p.m. The crank effort diagram isdrawn to ascale
1 mm =200 N-m torque and 1 mm = 3.6° crank angle. The areas of the diagram above and below the
mean torque line in sq mm are in the following order:

+ 110, — 132, + 153, — 166, + 197, — 162

Designtheflywhesl if thetotal fluctuation of speed isnot to exceed 10 r.p.m. and the centrifugal stress
intherimisnot to exceed 5 MPa. You may assume that the rim breadth is approximately 2.5 timesthe
rim thickness and 90% of the moment of inertiais due to the rim. The density of the material of the
flywheel is 7250 kg/md.

Make a sketch of the flywheel giving the dimensions of the rim, the mean diameter of the rim and
other estimated dimensions of spokes, hub etc.

A four stroke oil engine developing 75 kW at 300 r.p.misto havethetotal fluctuation of speed limited
to 5%. Two identical flywheels are to be designed. The workdone during the power strokeisfound to
be 1.3 times the average workdone during the whole cycle. The turning moment diagram can be
approximated as a triangle during the power stroke. Assume that the hoop stress in the flywheel and
the bending stress in the arms should not exceed 25 MPa. The shear stress in the key and shaft
material should not exceed 40 MPa. Give a complete design of the flywheel. Assume four arms of
elliptical cross-section with the ratio of axes 1 : 2. Design should necessarily include (i) moment of
inertia of the flywheel, (ii) flywheel rim dimensions, (iii) arm dimensions, and (iv) flywheel boss and
key dimensions and sketch showing two views of the flywheel with all the dimensions.

QUESTIONS

What is the main function of aflywheel in an engine?

In what way does a flywheel differ from that of a governor? Illustrate your answer with suitable
examples.

Explain why flywheels are used in punching machines. Does the mounting of a flywheel reduce the
stressinduced in the shafts.

Define ‘ coefficient of fluctuation of speed’ and ‘ coefficient of steadiness'.

What do you understand by ‘fluctuation of energy’ and ‘ maximum fluctuation of energy’.
Define ‘ coefficient of fluctuation of energy’.

Discuss the various types of stresses induced in aflywheel rim.

Explain the procedure for determining the size and mass of a flywheel with the help of a turning
moment diagram.

Discuss the procedure for determining the cross-sectional dimensions of arms of a flywheel.
State the construction of flywheels.

OBJECTIVE TYPE QUESTIONS
The maximum fluctuation of speed isthe
(a) difference of minimum fluctuation of speed and the mean speed
(b) difference of the maximum and minimum speeds
(c) sum of the maximum and minimum speeds
(d) variations of speed above and below the mean resisting torque line

The coefficient of fluctuation of speed isthe............ of maximum fluctuation of speed and the mean
speed.

(@) product (b) ratio

() sum (d) difference
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In aturning moment diagram, the variations of energy above and below the mean resisting torqueline
iscaled

(@) fluctuation of energy (b) maximum fluctuation of energy
(c) coefficient of fluctuation of energy (d) none of these

If E = Mean kinetic energy of the flywheel, C4 = Coefficient of fluctuation of speed and
A E = Maximum fluctuation of energy, then

(@ AE=E/Cq (b) AE=E? x Cq4

(0 AE=ExCgq (d AE=2ExCq

The ratio of the maximum fluctuation of energy to the ....... is called coefficient of fluctuation of
energy.

(&) minimum fluctuation of energy (b) workdone per cycle

Dueto the centrifugal force acting on the rim, the flywheel arms will be subjected to

(a) tensilestress (b) compressive stress

(c) shear stress (d) none of these

Thetensle stressin the flywheel rim due to the centrifugal force acting on therim is given by

V2 V2

@ P ) B
3p.v2

© =3 @) pv?
where p = Density of the flywheel material, and

v = Linear velocity of the flywhesl.
The cross-section of the flywheel armsis usually
(@) dliptical (b) rectangular
(c) I-section (d) L-section

In order to find the maximum bending moment on the arms, it is assumed as a
(@) simply supported beam carrying a uniformly distributed load over the arm

(b) fixed at both ends (i.e. at the hub and at the free end of the rim) and carrying a uniformly
distributed load over the arm.

(c) cantilever beam fixed at the hub and carrying a concentrated load at the free end of the rim
(d) none of the above

The diameter of the hub of the flywheel isusually taken

(@) equal to the diameter of the shaft (b) twice the diameter of the shaft

(c) threetimesthe diameter of the shaft (d) four timesthe diameter of the shaft

ANSWERS

1. (b) 2. (b) 3. (a) 4. (d) 5. (b)
6. (a) 7. (d) 8. (a) 9. (o) 10. (b)
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