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23.1 Introduction

A spring isdefined as an el astic body, whose function
isto distort when loaded and to recover its original shape
when the load is removed. The various important
applications of springs are asfollows:

1.

2.
3.
4,

5.
232 Ty

To cushion, absorb or control energy dueto either
shock or vibration as in car springs, railway
buffers, air-craft landing gears, shock absorbers
and vibration dampers.

To apply forces, asin brakes, clutchesand spring-
loaded valves.

To control motion by maintai ning contact between
two elements asin cams and followers.

To measure forces, as in spring balances and
engineindicators.

To store energy, asin watches, toys, etc.

pes of Springs

Though there are many types of the springs, yet the
following, according to their shape, areimportant from the
subject point of view.
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1. Helical springs. The helical springs are made up of awire coiled in the form of ahelix and
isprimarily intended for compressive or tensile loads. The cross-section of the wire from which the
spring ismade may be circular, square or rectangular. Thetwo formsof helical springsare compression
helical spring asshown in Fig. 23.1 (a) and tension helical spring asshown in Fig. 23.1 (b).

(a) Compression helical spring. (b) Tension helical spring.
Fig. 23.1. Helical springs.

The helical springs are said to be closely coiled when the spring wireis coiled so close that the
plane containing each turnisnearly at right anglesto the axis of the helix and the wire is subjected to
torsion. In other words, in aclosely coiled helical spring, thehelix angleisvery small, itisusually less
than 10°. The major stresses produced in helical springs are shear stresses due to twisting. The load
applied is parallel to or along the axis of the spring.

In open coiled helical springs, the spring wireiscoiled in such away that thereisagap between
the two consecutive turns, as aresult of which the helix angleislarge. Since the application of open
coiled helical springs are limited, therefore our discussion shall confine to closely coiled helical

springsonly.
The helical springs have the following advantages:
(a) These are easy to manufacture.
(b) Theseare available in wide range.
(c) Thesearereliable.
(d) These have constant spring rate.
(e) Their performance can be predicted more accurately.
(f) Their characteristics can be varied by changing dimensions.

2. Conical and volute springs. The conical and volute springs, as shown in Fig. 23.2, are used
in special applicationswhere atelescoping spring or aspring with aspring rate that increaseswith the
load isdesired. The conical spring, asshownin Fig. 23.2 (a), iswound with auniform pitch whereas
the volute springs, asshown in Fig. 23.2 (b), are wound in the form of paraboloid with constant pitch

(a) Conical spring. (b) Volute spring.
Fig. 23.2. Conical and volute springs.
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and lead angles. The springs may be made either partialy or completely telescoping. In either case,
the number of active coilsgradually decreases. The decreasing number of coilsresultsinanincreasing
spring rate. This characteristic is sometimes utilised in vibration problems where springs are used to
support abody that has avarying mass.

The major stresses produced in conical and volute springs are also shear stresses due to twisting.

3. Torsion springs. These springs may be of helical or spiral type as shown in Fig. 23.3. The
helical type may be used only in applicationswhere the | oad tends to wind up the spring and are used
in various electrical mechanisms. The spiral typeis aso used where the load tends to increase the
number of coils and when made of flat strip are used in watches and clocks.

The major stresses produced in torsion springs are tensile and compressive due to bending.

|
?(\f'\(\(\ I

b i

(@) Helical torsion spring. (b) Spiral torsion spring.
Fig. 23.3. Torsion springs.

4. Laminated or leaf springs. Thelaminated or leaf spring (also known asflat spring or carriage
spring) consists of a number of flat plates (known as leaves) of varying lengths held together by
means of clamps and bolts, as shown in Fig. 23.4. These are mostly used in automobiles.

The major stresses produced in leaf springs are tensile and compressive stresses.

Fig. 23.4. Laminated or leaf springs. Fig. 23.5. Disc or bellevile springs.

5. Disc or bellevile springs. These springs consist of a number of conical discs held together
against slipping by acentral bolt or tube as shown in Fig. 23.5. These springsare used in applications
where high spring rates and compact spring units are required.

The major stresses produced in disc or bellevile springs are tensile and compressive stresses.

6. Special purpose springs. These springsareair or liquid springs, rubber springs, ring springs
etc. Thefluids (air or liquid) can behave as acompression spring. These springs are used for special
types of application only.
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23.3 Material for Helical Springs

The material of the spring should have high fatigue strength, high ductility, high resilience and
it should be creep resistant. It largely depends upon the service for which they are used i.e. severe
service, average service or light service.

Sever e service means rapid continuous loading where the ratio of minimum to maximum

load (or stress) is one-half or less, asin automotive valve springs.

Average service includes the same stress range as in severe service but with only intermittent
operation, asin engine governor springs and automobile suspension springs.

Light serviceincludes springs subjected to loadsthat are static or very infrequently varied, asin
safety valve springs.

The springs are mostly made from oil-tempered carbon steel wires containing 0.60 to 0.70 per
cent carbon and 0.60 to 1.0 per cent manganese. Music wire is used for small springs. Non-ferrous

materials like phosphor bronze, beryllium copper, monel metal, brass etc., may be used in special
cases to increase fatigue resistance, temperature resistance and corrosion resistance.

Table 23.1 shows the values of alowable shear stress, modulus of rigidity and modulus of
elasticity for various materials used for springs.

The helical springs are either cold formed or hot formed depending upon the size of the wire.
Wires of small sizes (lessthan 10 mm diameter) are usually wound cold whereaslarger sizewiresare
wound hot. The strength of thewiresvarieswith size, smaller sizewireshave greater strength and less
ductility, due to the greater degree of cold working.
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Table 23.1. Values of allowable shear stress, Modulus of elasticity and Modulus
of rigidity for various spring materials.

Material Allowable shear stress (t) MPa Modulus of | Modulus of
Severe Average Light ”gll(ﬂ;ynée) elakslt\;/cmE)
service service service
1. Carbon steel
(@) Uptoto 2.125 mm dia 420 525 651
(b) 2.125t0 4.625 mm 385 483 595
(c) 4.625108.00 mm 336 420 525
(d) 8.00t013.25 mm 294 364 455
(e) 13.25t024.25 mm 252 315 392 80 210
(f) 24.25 to 38.00 mm 224 280 350
2. Musicwire 392 490 612
3. Oil tempered wire 336 420 525
4. Hard-drawn spring wire 280 350 4375
5. Stainless-steel wire 280 350 437.5 70 196
6. Monel metal 196 245 306 a4 105
7. Phosphor bronze 196 245 306 44 105
8. Brass 140 175 219 35 100

23.4 Standard Size of Spring Wire
The standard size of spring wire may be selected from the following table :

Table 23.2. Standard wire gauge (SWG) number and
corresponding diameter of spring wire.

SWG Diameter SWG Diameter SWG Diameter SWG Diameter
(mm) (mm) (mm) (mm)
7/0 12.70 7 4.470 20 0.914 33 0.2540
6/0 11.785 8 4.064 21 0.813 34 0.2337
5/0 10.973 9 3.658 22 0.711 35 0.2134
4/0 10.160 10 3.251 23 0.610 36 0.1930
3/0 9.490 11 2.946 24 0.559 37 0.1727
2/0 8.839 12 2.642 25 0.508 38 0.1524
0 8.229 13 2.337 26 0.457 39 0.1321
1 7.620 14 2.032 27 0.4166 40 0.1219
2 7.010 15 1.829 28 0.3759 41 0.1118
3 6.401 16 1.626 29 0.3454 42 0.1016
4 5.893 17 1.422 30 0.3150 43 0.0914
5 5.385 18 1.219 31 0.2946 44 0.0813
6 4.877 19 1.016 32 0.2743 45 0.0711

Top



Contents

Springs ® 825

23.5 Terms used in Compression Springs

Thefollowing terms used in connection with compression springs areimportant from the subj ect
point of view.

1. Solid length. When the compression spring is compressed until the coils come in contact
with each other, then the spring is said to be solid. The solid length of a spring isthe product of total
number of coilsand the diameter of the wire. Mathematically,

Solid length of the spring,
Lg=nd
where n' = Total number of coils, and
d = Diameter of thewire.

2. Freelength. Thefreelength of acompression spring, as shown in Fig. 23.6, isthe length of
the spring in thefree or unloaded condition. It isequal to the solid length plusthe maximum deflection
or compression of the spring and the clearance between the adjacent coils (when fully compressed).

Mathematically,
w
A
) W
R A ;L
; ik
8 = % %v
T £ | 53
> S
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W

Fig. 23.6. Compression spring nomenclature.

Free length of the spring,

L = Solid length + Maximum compression + *Clearance between

adjacent coils (or clash allowance)
=n.d+d ,,+0156

Thefollowing relation may also be used to find the free length of the spring, i.e.

Le=nd+3 , +(n—1)x1mm
In this expression, the clearance between the two adjacent coilsistaken as 1 mm.

3. Spring index. The spring index is defined as the ratio of the mean diameter of the cail to the
diameter of the wire. Mathematically,
Spring index, C=DI/d
where D = Mean diameter of the coil, and
d = Diameter of the wire.

4. Spring rate. The spring rate (or stiffness or spring constant) is defined as the load required
per unit deflection of the spring. Mathematically,
Spring rate, k=W/d
where W = Load, and
& = Deflection of the spring.

*  Inactual practice, the compression springs are seldom designed to close up under the maximum working
load and for this purpose a clearance (or clash allowance) is provided between the adjacent coilsto prevent
closing of the coils during service. It may be taken as 15 per cent of the maximum deflection.
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5. Pitch. The pitch of the coil is defined as the axial distance between adjacent coils in
uncompressed state. Mathematically,

Free length
Pitch of the coil, p = %
The pitch of the coil may also be obtained by using the following relation, i.e.
Pitch of the coil, p = LF;,LSer
where L. = Freelength of the spring,

L = Solid Iength of the spring,
n' = Total number of coils, and
d = Diameter of the wire.
In choosing the pitch of the coils, the following points should be noted :
(a) Thepitch of the coilsshould be such that if the spring isaccidently or carelessly compressed,
the stress does not increase the yield point stressin torsion.
(b) The spring should not close up before the maximum service load is reached.
Note: In designing atension spring (See Example 23.8), the minimum gap between two coils when the spring
isin the free state is taken as 1 mm. Thus the free length of the spring,
L = nd+(n-1)
Le
n-1

and pitch of the coil, p =

23.6 End Connections for Compression Helical Springs

The end connections for compression helical springs are suitably formed in order to apply the
load. Various forms of end connections are shown in Fig. 23.7.

| | | |
(a) Plain ends. (b) Ground ends. (¢) Squared ends. (d) Squared and
ground ends.

Fig 23.7. End connections for compression helical spring.

Inall springs, the end coils produce an eccentric application of theload, increasing the stresson
one side of the spring. Under certain conditions, especially where the number of coilsis small, this
effect must be taken into account. The nearest approach to an axial load is secured by squared and
ground ends, where the end turns are squared and then ground perpendicular to the helix axis. It may
be noted that part of the coil whichisin contact with the seat does not contribute to spring action and
hence are termed as inactive coils. The turns which impart spring action are known as active turns.
Astheload increases, the number of inactive coils also increases due to seating of the end coils and
theamount of increase variesfrom 0.5 to 1 turn at the usual working loads. Thefollowing table shows
the total number of turns, solid length and free length for different types of end connections.
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Table 23.3. Total number of turns, solid length and free length for

different types of end connections.

Type of end Total number of Solid length Freelength
turns (n')

1. Plain ends n (n+1)d pxn+d
2. Ground ends n nxd pxn

3. Squared ends n+2 (n+3)d pxn+3d
4. Squared and ground n+2 (n+2)d pxn+2d

ends
where n = Number of activeturns,

p = Pitch of the coils, and
d = Diameter of the spring wire.

23.7 End Connections for Tension Helical
Springs

Thetensile springs are provided with hooks or loops
asshowninFig. 23.8. Theseloops may be made by turning
whole coil or half of the coil. In a tension spring, large
stress concentration is produced at the loop or other
attaching device of tension spring.

The main disadvantage of tension springisthefailure
of the spring when the wire breaks. A compression spring
used for carrying atensile load is shown in Fig. 23.9.

Fig. 23.8. End connection for tension
helical springs.

w

Fig. 23.9. Compression spring for

carrying tensile load.
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Note: Thetotal number of turns of atension helical spring must be equal to the number of turns (n) between the
points where the loops start plus the equivalent turns for the loops. It has been found experimentally that half
turn should be added for each loop. Thus for a spring having loops on both ends, the total number of active
turns,

n=n+1
23.8 Stresses in Helical Springs of Circular Wire

Consider ahelical compression spring made of circular wire and subjected to an axial load W, as
shownin Fig. 23.10 (a).

Let D = Mean diameter of the spring coil,
d = Diameter of the spring wire,
n = Number of active coils,
G = Modulus of rigidity for the spring material,
W = Axial load on the spring,
T = Maximum shear stressinduced in thewire,
C = Spring index = D/d,
p = Pitch of the coils, and
& = Deflection of the spring, asaresult of an axia load W.

__4_2

D—>
W
(a) Axially loaded helical spring. (b) Freebody diagram showing that wire
is subjected to torsional shear and a
direct shear.
Fig. 23.10
Now consider apart of the compression spring as shown in Fig. 23.10 (b). Theload Wtendsto
rotate the wire due to the twisting moment ( T) set up in the wire. Thus torsional shear stress is
induced in the wire.
A littleconsideration will show that part of the spring, asshownin Fig. 23.10 (b), isin equilibrium
under the action of two forces W and the twisting moment T. We know that the twisting moment,

T= W><2=£><rl><d3
2 16
8W.D (0
T, = N
1 7.Ed3

Thetorsional shear stress diagram is shown in Fig. 23.11 (a).

In addition to the torsional shear stress (t,) induced in the wire, the following stresses also act
on thewire:

1. Direct shear stress due to the load W, and
2. Stressdueto curvature of wire.
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We know that direct shear stress due to the load W,

o = Load
2 Cross-sectional area of the wire
W 4W
= (i)

T d? n d?

Thedirect shear stressdiagram isshownin Fig. 23.11 (b) and the resultant diagram of torsional
shear stress and direct shear stressis shown in Fig. 23.11 (c).

(a) Torsional shear stress diagram. (b) Direct shear stress diagram.

I

|
Outer Inner | > |.g
edge edge | £ K
F - - s
| 2 %
I Z | 1 <

| |

I

J
|

(d) Resultant torsional shear, direct shear

(¢) Resultant torsional shear and direct
and curvature shear stress diagram.

shear stress diagram.

Fig. 23.11. Superposition of stressesin a helical spring.
We know that the resultant shear stressinduced in the wire,
8W.D + 4w
nd® nd?
The positive sign is used for the inner edge of the wire and negative sign is used for the outer
edge of the wire. Since the stress is maximum at the inner edge of the wire, therefore
Maximum shear stressinduced in the wire,
= Torsional shear stress + Direct shear stress
8W.D 4w 8W.D d
= T+ > = 7 |11+ 5=
nd ntd ntd 2D

T:Tli'tz:
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8W.D( 1) 8W.D
— |14+ — |= Kex ——
nd? s nd3

.(110)
... (Substituting D/d = C)

2C

where Kg = Shear stressfactor = 1+ i
2C

WD 1
From the above equation, it can be observed that the effect of direct shear [W x zj is

appreciable for springs of small spring index C. Also we have neglected the effect of wire curvature
in equation (iii). It may be noted that when the springs are subjected to static loads, the effect of wire
curvature may be neglected, because yielding of the material will relieve the stresses.

In order to consider the effects of both direct shear as well as curvature of the wire, a Wahl’s
stress factor (K) introduced by A.M. Wahl may be used. The resultant diagram of torsional shear,
direct shear and curvature shear stressis shownin Fig. 23.11 (d).

.. Maximum shear stressinduced in the wire,

8W.D 8sw.C .
T=Kx =K x WV
n d3 nd? )
4C -1 0615
where K=ac_a" "¢

The values of K for agiven spring index (C) may be obtained from the graph as shown in
Fig. 23.12.

18

=
(o2}
L —

=
N

— Steress factor (K) —
[
S
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_—

1.0
01 2 3 45 6 7 8 91011121314 15 16
— Spring index (C) ——>
Fig. 23.12. Wahl’s stress factor for helical springs.

We see from Fig. 23.12 that Wahl's stress factor increases very rapidly as the spring index
decreases. The spring mostly used in machinery have spring index above 3.

Note: The Wahl’s stress factor (K) may be considered as composed of two sub-factors, K and K., such that
K = Kgx K

where Kg = Stressfactor due to shear, and

K. = Stress concentration factor due to curvature.

23.9 Deflection of Helical Springs of Circular Wire

In the previous article, we have discussed the maximum shear stress developed in thewire. We
know that
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Total active length of the wire,
| = Length of one coil x No. of active coils=nt D x n

Let 0 = Angular deflection of the wire when acted upon by the torque T.
.. Axial deflection of the spring,
d =0xD/2 (i)
We also know that
Tt _Ge
J D/2 |
0 = % ...(consjderi ng } = ?j
where J = Polar moment of inertia of the spring wire
=T g4 , d being the diameter of spring wire.
and G = Modulus of rigidity for the material of the spring wire.
Now substituting the values of | and J in the above equation, we have
D
T (W x 2) mDN o ew.D2n }
0 = 3G = p = 7 (1)
. T odc Gd
32

Substituting this value of 6 in equation (i), we have
5= 16WD®n D _B8WDn_8WC%n
Gd* 2 Gcd Gd
and the stiffness of the spring or spring rate,
w Gd*  Gd
S 8D°n 8C%n

.. (- C=DId)

= constant

23.10 Eccentric Loading of Springs

Sometimes, the load on the springs does not coincide with the axis of the spring, i.e. the spring
is subjected to an eccentric load. In such cases, not only the safe load for the spring reduces, the
stiffness of the spring isal so affected. The eccentric load on the spring increasesthe stresson one side
of the spring and decreases on the other side. When the load is offset by adistance e from the spring
axis, then the safe load on the spring may be obtained by multiplying the axial load by the factor

D

2e+ D
23.11 Buckling of Compression Springs

It has been found experimentally that when the free length of the spring (L) is more than four
timesthe mean or pitch diameter (D), then the spring behaves|ike acolumn and may fail by buckling
at acomparatively low load asshownin Fig. 23.13. Thecritical axial load (W,,) that causes buckling
may be calculated by using the following relation, i.e.

Wcr =kx KB x I‘F
where k = Spring rate or stiffness of the spring = W9,
L. = Freelength of the spring, and
Kg = Buckling factor depending upon theratio L./ D.

, Wwhere D is the mean diameter of the spring.
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The buckling factor (K) for the hinged end and built-in end springs may be taken from the
following table.

Fixed end Gui ged end

Fixed end Guided end

Fig. 23.13. Buckling of compression springs.
Table 23.4. Values of buckling factor (Kp).

L/D | Hinged end spring | Built-inend spring | L./ D| Hinged end spring Built-in end spring
1 0.72 0.72 5) 0.11 0.53
2 0.63 0.71 6 0.07 0.38
3 0.38 0.68 7 0.05 0.26
4 0.20 0.63 8 0.04 0.19

It may be noted that ahinged end spring is one which is supported on pivots at both endsasin
case of springshaving plain endswhere asabuilt-in end spring is oneinwhich asquared and ground
end spring is compressed between two rigid and parallel flat plates.

It order to avoid the buckling of spring, it iseither mounted on acentral rod or located on atube.
When the spring islocated on atube, the clearance between the tube walls and the spring should be
kept as small as possible, but it must be sufficient to allow for increase in spring diameter during
compression.

L - Aw arr

Sl

In railway coaches strongs springs are used for suspension.
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23.12 Surge in Springs

When one end of a helical spring is resting on a rigid support and the other end is loaded
suddenly, then all the coils of the spring will not suddenly deflect equally, because some time is
required for the propagation of stressalong the spring wire. A little consideration will show that inthe
beginning, the end coils of the spring in contact with the applied load takes up whol e of the deflection
andthenit transmitsalarge part of itsdeflection to theadjacent coils. Inthisway, awave of compression
propagates through the coilsto the supported end from whereit isreflected back to the deflected end.
This wave of compression travels along the spring indefinitely. If the applied load is of fluctuating
typeasinthe case of valve spring in internal combustion enginesand if thetimeinterval between the
load applications is equal to the time required for the wave to travel from one end to the other end,
then resonance will occur. Thisresultsin very large deflections of the coilsand correspondingly very
high stresses. Under these conditions, it isjust possible that the spring may fail. This phenomenonis
called surge.

It has been found that the natural frequency of spring should be atleast twenty timesthe frequency
of application of a periodic load in order to avoid resonance with all harmonic frequencies upto
twentieth order. The natural frequency for springs clamped between two platesis given by

d 6G.g
f = cles/s
" 2xD?%n p R4
where d = Diameter of the wire,

D = Mean diameter of the spring,
n = Number of activeturns,
G = Modulus of rigidity,
g = Acceleration dueto gravity, and
p = Density of the material of the spring.
The surgein springs may be eliminated by using the following methods :
1. By using friction dampers on the centre coils so that the wave propagation dies out.
2. By using springs of high natural frequency.
3. By using springs having pitch of the coils near the ends different than at the centre to have
different natural frequencies.
Example 23.1. A compression coil spring made of an alloy steel is having the following
specifications :
Mean diameter of coil = 50 mm ; Wire diameter = 5 mm ; Number of active coils = 20.
If this spring is subjected to an axial load of 500 N ; calculate the maximum shear stress
(neglect the curvature effect) to which the spring material is subjected.
Solution. Given: D =50mm;d=5mm;*n=20; W=500 N
We know that the spring index,

D 50

- —===10

c d 5

.. Shear stress factor,
Ke=1+ - =1+—2 —105
2C 2x10
and maximum shear stress (neglecting the effect of wire curvature),
v = Kex IN-D 1055 8X50X50_ 534 7 Nimm?
nd x5

= 534.7 MPa Ans.

*  Superfluous data.
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Example23.2. Ahelical spring ismade fromawire of 6 mmdiameter and has outside diameter
of 75 mm. If the permissible shear stress is 350 MPa and modulus of rigidity 84 kN/mn?, find the
axial load which the spring can carry and the deflection per active turn.

Solution. Given: d =6 mm; D, = 75 mm; t = 350 MPa = 350 N/mm?; G = 84 kN/mm?
= 84 x 103 N/mm?

We know that mean diameter of the spring,
D=D,-d=75-6=69mm

D 69
. Spring index, C= r = Y =115
Let W = Axia load, and

4/ n = Deflection per active turn.
1. Neglecting the effect of curvature
We know that the shear stress factor,

Kg = 1+i=1+;=1.043
2C 2x115
and maximum shear stressinduced in the wire (),
350 = Kgx 8W'3D =1.043x M =0.848W
nd X6

. W =350/0.848=412.7 N Ans.
We know that deflection of the spring,
8W.D%n
- G.d*
.. Deflection per active turn,
s 8WwW.D3® 8x4127(69)3
- = 7= 5 2 =9.96 mmAns.,
n G.d 84x10°%x 6
2. Considering the effect of curvature
We know that Wahl’s stress factor,

4C -1 N 0.615 4x115-1 0615

K = = + =1.123
4C -4 C 4x115-4 115
We also know that the maximum shear stress induced in the wire (1),
350 = K X 8W'2C =1.123x SXW—XZH'S = 0913W
nd X6
. W = 350/0.913 =383.4 N Ans.
and deflection of the spring,
5 - 8W.D.n
~ G.d?
.. Deflection per active turn,
3 3
3 _ 8W.D" _8x3834 (69) — 9.26 mm Ans.

n G.d* 84 x10°x 6*
Example 23.3. Design a spring for a balance to measure 0 to 1000 N over a scale of length
80 mm. The spring isto be enclosed in a casing of 25 mm diameter. The approximate number of turns
is 30. The modulus of rigidity is 85 kN/mm?. Also calculate the maximum shear stress induced.

Solution. Given : W=1000N ; § =80 mm ; n=30; G = 85 kN/mm? = 85 x 103 N/mm?
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Design of spring
Let D = Mean diameter of the spring cail,
d = Diameter of the spring wire, and
C = Spring index = D/d.

Sincethe spring isto be enclosed in acasing of 25 mm diameter, therefore the outer diameter of
the spring coil (D, =D +d ) should be less than 25 mm.

We know that deflection of the spring (9),
8W.C3n 8x1000x C3x30 240C?

80 = -
G.d 85x 10°x d 85d
3
C® _80x85 _ o4
d 240

L et us assume that d = 4 mm. Therefore
C3=283d=283%x4=1132 or C=484
and D =C.d=4.84x4=19.36 mm Ans.
We know that outer diameter of the spring coil,
D, =D+d=19.36+4=23.36 mmAns.

Since the value of D, = 23.36 mm is less than the casing diameter of 25 mm, therefore the
assumed dimension, d = 4 mm is correct.

Maximum shear stressinduced
We know that Wahl’s stress factor,

K = 4C -1 N 0615 4x484-1 N 0.615
T 4AC -4 C  4x484-4 484
.. Maximum shear stressinduced,

8W.2C —1322x% 8x1000 x 4.84

nd T x 4?
1018.2 N/mm? = 1018.2 MPaAns.
Example 23.4. A mechanism used in
printing machinery consists of a tension
spring assembled with a preload of 30 N. The
wirediameter of springis2 mmwith aspring
index of 6. The spring has 18 active cails. The
spring wire is hard drawn and oil tempered
having following material properties:
Design shear stress= 680 MPa
Modulus of rigidity = 80 kN/mm?

Determine : 1. the initial torsional
shear stressin thewire; 2. spring rate; and
3. the force to cause the body of the spring
to itsyield strength.

Solution. Given : W, = 30 N; -
d=2mm: C=D/d=6:n=18: Tension springs are widely used in printing machines.
7 =680 MPa= 680 N/mm?; G =80 kN/mm?
=80 x 10% N/mm?

=1.322

K x
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1. Initial torsional shear stressin thewire
We know that Wahl’s stress factor,

4C -1 0615 4x6-1 0.615
+ = +

K = = =1.2525
4C -4 C 4x6—-4 6
.. Initial torsional shear stressin thewire,
T = K x M =1.2525x 2 30X8 _ 1435 Njmm?
ntd TX 2
= 143.5 MPa Ans.

2. Spring rate
We know that spring rate (or stiffness of the spring),
_ G.d 80x10°x2
"~ 8C3%n 8x63x18
3. Forceto cause the body of the spring to itsyield strength

=5.144 N/mm Ans.

Let W = Force to cause the body of the spring to itsyield strength.
We know that design or maximum shear stress (1),
680 = K x 8W'2C _ 12505 x W XZG = 478W
nd TX 2

. W =680/4.78 =142.25 N Ans.
Example 23.5. Design a helical compression spring for a maximum load of 1000 N for a
deflection of 25 mm using the value of spring index as 5.

The maximum permissible shear stressfor spring wire is 420 MPa and modulus of rigidity is
84 kN/mn¥.

_ 4C -1 N 0.615
4C -4 C
Solution. Given : W= 1000 N; 8 =25 mm; C = D/d = 5; T = 420 MPa = 420 N/mm?;
G =84 kN/mm? = 84 x 10% N/mm?
1. Mean diameter of the spring coil
Let D = Mean diameter of the spring coil, and
d = Diameter of the spring wire.
We know that Wahl’s stress factor,
1C -1 N 0615 4x5-1 N 0.615

TakeWah!’ sfactor, K , Where C = Soring index.

K = = =131
4C -4 C 4x5-4 5
and maximum shear stress (1),
8W.C 8x1000x5 16677
420 = K x =1.31x =
nd? nd? d?

d2 =16677/420=39.7 or d=6.3mm

From Table 23.2, we shall take astandard wire of size SVG 3 having diameter (d ) = 6.401 mm.

.. Mean diameter of the spring coil,

D =C.d=5d=5x6.401 = 32.005 mm Ans. ..(- C=D/d=5)
and outer diameter of the spring coil,
D, = D +d=32.005 + 6.401 = 38.406 mm Ans.

2. Number of turns of the coils

Let n = Number of active turns of the coils.
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We know that compression of the spring (),

os = 8W.C°.n _ 8x1000 (5)°n _186n
G.d 84 x 10° x 6.401
. n=25/186=1344say 14 Ans.
For sguared and ground ends, the total number of turns,
nN=n+2=14+2=16Ans
3. Freelength of the spring
We know that free length of the spring

=n'd+5+0150=16x%x6.401+25+0.15%x 25

= 131.2mmAns.
4. Pitch of the coil
We know that pitch of the coil
_ Free:length _ 1312 _ 8.75 mm Ans.
n-1 16-1

Example 23.6. Design a close coiled helical compression spring for a service load ranging
from 2250 N to 2750 N. The axial deflection of the spring for the load range is 6 mm. Assume a
spring index of 5. The permissible shear stress intensity is 420 MPa and modulus of rigidity,
G = 84 kN/mn?.

Neglect the effect of stress concentration. Draw a fully dimensioned sketch of the spring, show-
ing details of the finish of the end coils.

Solution. Given:Wl:2250N;W2:2750N;6:6mm; C=D/d=5; t =420 MPa
=420 N/mm?; G = 84 KN/mm? = 84 x 10% N/mm?
1. Mean diameter of the spring coil

Let D = Mean diameter of the spring coil for a maximum load of
W, =2750 N, and
d = Diameter of the spring wire.
We know that twisting moment on the spring,

T =W, x2 = 2750x 2 _ 6875 d ...[-.-c:9=5j
2 2 d
We also know that twisting moment (T ),

n 3_ T 3 3
6875d = —xtxd°=—x420x d° =8248d
16 16

d?> = 6875/82.48=83.35 or d=9.13mm
From Table 23.2, we shall take astandard wire of size SNVG 3/0 having diameter (d ) = 9.49 mm.
.. Mean diameter of the spring coil,
D =5d=5x9.49 =47.45 mm Ans.
We know that outer diameter of the spring coil,
D, =D +d=47.45+9.49 = 56.94 mm Ans.
and inner diameter of the spring coil,
D, = D—d=47.45-9.49 = 37.96 mm Ans.
2. Number of turns of the spring coil
Let n = Number of active turns.

Itisgiventhat theaxia deflection (8) for theload rangefrom 2250 N to 2750 N (i.e. for W=500 N)
is6mm.
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We know that the deflection of the spring (5),
8W.C%.n _ 8x500(5)°n _ 0631
G.d 84 x 10° x 9.49
. n =6/0.63=95say 10 Ans.
For sguared and ground ends, the total number of turns,
n' =10+2=12 Ans.
3. Freelength of the spring

Since the compression produced under 500 N is 6 mm, therefore
maximum compression produced under the maximum load of 2750 N is

= i><2750:33mm
500

We know that free length of the spring,

max

Le=nd+3 , +0156 . Fig. 23.14
=12%x949+33+0.15x 33
=151.83 say 152 mm Ans.
4. Pitch of the cail
We know that pitch of the cail

_ Freelength 152
T oon-1  12-1
The spring isshownin Fig. 23.14.
Example 23.7. Design and draw a valve spring of a petrol engine for the following operating
conditions:
Soring load when the valveisopen = 400 N
Soring load when the valve is closed = 250 N
Maximum inside diameter of spring = 25 mm
Length of the spring when the valve is open
=40 mm
Length of the spring when the valve is closed
=50 mm
Maximum permissible shear stress = 400 MPa
Solution. Given : W, =400 N ; W, = 250 N ;
D,=25mm; I, =40mm; |, =50 mm;t =400 MPa
=400 N/mn?
1. Mean diameter of the spring coil
Let d= Diameter of the spring wirein mm,
and
D = Mean diameter of the spring cail
= Inside dia. of spring + Dia. of spring
wire = (25 + d) mm
Sincethe diameter of the spring wireis obtained
for the maximum spring load (W,), therefore maximum
twisting moment on the spring,

=13.73say 13.8 mm Ans.

Petrol engine.
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D (25+d

T = W x— =400 )=(5000+200d)N-mm

We know that maximum twisting moment (T ),

T 3 s 3 3
= —x1xd°=—x400xd° =7855d
(5000 + 200 d) 16 16

Solving this equation by hit and trial method, we find that d = 4.2 mm.
From Table 23.2, we find that standard size of wireis SWG 7 having d = 4.47 mm.
Now let us find the diameter of the spring wire by taking Wahl's stress factor (K) into
consideration.
We know that spring index,
D 25+447

- —=22""""_66 D=
C=y A4 . (+D=25+d)

.. Wahl’s stress factor,
K = 4ac —1 0615 4x6.6— 1 0.615 1997
4C - 4 C 4x66-— 4 6.6
We know that the maximum shear stress (1),
8W,.C 8x400x 6.6 8248
400 = K x =1.227 x =
n d? nd? d?
d? =8248/400=20.62 or d=454mm
Takmg larger of the two values, we have
d =454 mm
From Table 23.2, we shall take a standard wire of size SAVG 6 having diameter (d ) = 4.877 mm.

*. Mean diameter of the spring coil
D =25+d=25+4.877=29.877 mm Ans.
and outer diameter of the spring coil,
D, = D +d=29.877 + 4877 = 34.754 mm Ans.
2. Number of turns of the coil

Let n = Number of active turns of the coil.

We are given that the compression of the spring caused by aload of (W, —W.,), i.e. 400 — 250
=150Nisl,—I,,i.e. 50—40 = 10 mm. In other words, the deflection (5) of the spring is 10 mm for
aload (W) of 150 N

We know that the deflection of the spring (3),

3 3
8W.D>.n _ 8x150 (20877)°n _ .

G.d* 80 x 10° (4.877)*

... (Taking G = 80 x 10% N/mm?)
n = 10/0.707 = 14.2 say 15 Ans.
Tak| ng the ends of the springs as squared and ground, the total number of turns of the spring,
n' =15+2=17 Ans.
3. Freelength of the spring
Since the deflection for 150 N of load is 10 mm, therefore the maximum deflection for the

maximum load of 400 N is

S = 10 x 400 = 26.67 mm

max 150
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An aufomobile suspension and shock-absorber. The two links with green
ends are turnbuckles.

.. Freelength of the spring,
Le=nd+3 , +01558 .,
= 17 x 4.877 + 26.67 + 0.15 x 26.67 = 113.58 mm Ans.
4. Pitch of the coil
We know that pitch of the cail
_ Freelength 11358
T oon-1  17-1

Example 23.8. Design a helical spring for a spring loaded safety valve (Ramsbottom safety
valve) for the following conditions :

Diameter of valve seat = 65 mm; Operating pressure = 0.7
N/mn?; Maximum pressure when the valve blows off freely = 0.75
N/mm?; Maximum lift of the valve when the pressure rises from 0.7 to
0.75 N/mm? = 3.5 mm; Maximum allowable stress = 550 MPa;
Modulus of rigidity = 84 kN/mn?; Spring index = 6.

Draw a neat sketch of the free spring showing the main
dimensions.

Solution. Given : D, = 65 mm; p, = 0.7 N/mm?; p, = 0.75
N/mm?; § = 3.5 mm ; © = 550 MPa = 550 N/mm?; G = 84 kKN/mm?
=84 x 108 N/mm? ;C=6
1. Mean diameter of the spring coil

Let D = Meandiameter of the spring coil, and

d = Diameter of the spring wire.

Sincethe safety valveisaRamsbottom safety valve, thereforethe
spring will be under tension. We know that initial tensile force acting
on the spring (i.e. before the valve lifts),

=7.1mm Ans.

=

Fig. 23.15

Y Y
W=7 (D)% p, = 2 (65)20.7 = 2323 N
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and maximum tensile force acting on the spring (i.e. when the valve blows off freely),
- % (D)2 p, = g (65)20.75 = 2489 N
.. Force which produces the deflection of 3.5 mm,
W =W, -W, =2489 - 2323 = 166 N
Since the diameter of the spring wire is obtained for the maximum spring load (W,), therefore

maximum twisting moment on the spring,

T= W2x%—2489><%—7467d ..(~+ C=DId=6)

We know that maximum twisting moment (T ),
L 3_T 3 3
= —x1txd®=—x550xd?=108d
7467 d 16 16

d? = 7467/108=69.14 or d=8.3mm

From Table 23.2, we shall take a standard wire of size SWG 2/0 having diameter (d)
= 8.839 mm Ans.

.. Mean diameter of the cail,
D =6d=6x8.839=53.034 mm Ans.
Outside diameter of the cail,
D, =D +d=53.034 + 8.839 = 61.873 mm Ans.
and inside diameter of the coil,
D, = D—d=53.034-8.839 = 44.195 mm Ans.
2. Number of turns of the coil
Let n = Number of active turns of the coil.
We know that the deflection of the spring (5),

- 8W.C°.n _ 8x166x6°xn _ 0.386 n
G.d 84 x 10° x 8.839
n = 3.5/0.386 = 9.06 say 10 Ans.
For a spring having loop on both ends, the total number of turns,
nN=n+1=10+1=11Ans
3. Freelength of the spring
Taking the least gap between the adjacent coilsas 1 mm when the spring isin free state, thefree
length of the tension spring,

L =nd+(n-1)1=10x8.839+(10-1) 1=97.39 mmAns.

4. Pitch of the coil
We know that pitch of the coil

_ Freelength _ 97.39 _ 1405 mm Ans.

n-1 10-1

The tension spring is shown in Fig. 23.15.

Example 23.9. A safety valve of 60 mm diameter isto blow off at a pressure of 1.2 N/mn®. It is
held on its seat by a close coiled helical spring. The maximum lift of the valve is 10 mm. Design a
suitable compression spring of spring index 5 and providing an initial compression of 35 mm. The
maximum shear stressin the material of the wire islimited to 500 MPa. The modulus of rigidity for
the spring material is 80 kN/mme2. Calculate : 1. Diameter of the spring wire, 2. Mean coil diameter,
3. Number of active turns, and 4. Pitch of the coil.
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4C - 1+% where C isthe spring index.
4C -4 C

Solution. Given : Valve dia. = 60 mm ; Max. pressure = 1.2 N/mm?; 8,=10mm; C=5;
8, =35mm; 1 =500 MPa= 500 N/mm?; G = 80 kN/mm? = 80 x 10° N/mm?
1. Diameter of the spring wire
Let d = Diameter of the spring wire.
We know that the maximum load acting on the valve when it just begins to blow off,
W, = Areaof thevalve x Max. pressure

Take Wahl’ sfactor, K=

- % (60)% 1.2 = 3394 N

and maximum compression of the spring,
O o = 0, +0,=35+10=45mm
Since aload of 3394 N keepsthe valve on its seat by providing initial compression of 35 mm,

therefore the maximum load on the spring when the valveis oepn (i.e. for maximum compression of
45 mm),

W = 3324><45=4364N

We know that Wahl’s stress factor,
4C -1 0615 4x5-1 0615
K = + = + =131
4C -4 C 4x5-4 5
We also know that the maximum shear stress (1),

500 = K x 8W.2C —131x 8 x 436:1><5: 72 7280
nd nd d
d2 =72780/500=145.6 or d=12.06mm

From Table 23.2, we shall take a standard wire of size SWG 7/0 having diameter
(d) =12.7 mm. Ans.

2. Mean coil diameter
Let D = Mean coil diameter.
We know that the spring index,
C=D/d oo D=C.d=5x127=63.5mmAns.

3. Number of activeturns
Let n = Number of activeturns.
We know that the maximum compression of the spring (),

_ 8W.C.n_8x4364x5°xn
G.d  80x10°x127
n=45/43=105say 11 Ans.
Takmg the ends of the coil as squared and ground, the total number of turns,
nN=n+2=11+2=13Ans.
Note: The valve of n may also be calculated by using

=43n

5 - 8W,.C%.n
17 Gd
8><3394><53><n_334n
35 = 80 % 10° x 12.7 . oo n=35/334=105say 11
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4. Pitch of the cail
We know that free length of the spring,
L =nd+3, ,+0156, ,=13x127+45+0.15x 45
= 216.85 mm Ans

Freelength  216.85
n-1 13-1
Example 23.10. In a spring loaded governor as shown in Fig. 23.16, the balls are attached
to the vertical arms of the bell crank lever, the horizontal arms of which lift the sleeve against the
pressure exerted by a spring. The mass of each ball is 2.97 kg and the lengths of the vertical and
horizontal arms of the bell crank lever are 150 mm and 112.5 mm respectively. The extreme radii
of rotation of the balls are 100 mmand 150 mm and the governor sleeve beginsto lift at 240 r.p.m.
and reaches the highest position with a 7.5 percent increase of speed when effects of friction are
neglected. Design a suitable close coiled round section spring for the governor.
Assume permissible stress in spring steel as 420 MPa, modulus of rigidity 84 kN/mm? and
spring index 8. Allowance must be made for stress concentration, factor of which is given by

ac -1, %, where C is the spring index.
4C -4 C
Solution. Given: m=2.97kg ; x=150mm=0.15m; y=112.5mm=0.1125m; r, = 100 mm
=0.1m;r, =150 mm=0.15m; N, = 240 rp.m. ; T = 420 MPa = 420 N/mm?; G = 84 kN/mm?
=84 x 108 N/mm?; C=8
The spring loaded governor, asshownin Fig. 23.16, isa*Hartnell type governor. First of al, let
us find the compression of the spring.

Pitch of the coil = =18.1mm Ans.

- 2 1) — Spring

ﬂ Ball

Lever

\_ Sleeve
“ Spindle

Fig. 23.16

*  For further details, see authors popular book on ‘ Theory of Machines'.
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We know that minimum angular speed at which the governor sleeve beginsto lift,
2w N, 2mx240

60 60

Since theincrease in speed is 7.5%, therefore maximum speed,

L= O +E><oo2 = 25.14+E><25.14: 27 rad/s
100 100

The position of the balls and the lever arms at the maximum and minimum speedsis shown in
Fig. 23.17 (a) and (b) respectively.
Let Fc, = Centrifugal force at the maximum speed, and
Fc, = Centrifugal force at the minimum speed.
We know that the spring force at the maximum speed (®,),

()

X 2 X 2 0.15
=2Fyx—=2m nx—=2x297(27)° 0.15x =866 N
S c1 y ()" 1y y (27) 01125
Similarly, the spring force at the minimum speed .,
0.15

=500 N

X 2 X 2
=2F,x==2m(®,)° r, x = =2x 2.97 (25.14)“ 0.1x
8= 2Fep X = 2m (o) 1 (2514 0.1x 5=

Since the compression of the spring will be equal to thelift of the sleeve, therefore compression
of the spring,

(2]
|

y y y
=8 +6,=(r, —r) = )L =(r =) -
1+ 0, =(r =) X +(r—rn) » (p —r2) X

(0.15 — 0.7 2112
0.15

This compression of the spring is due to the'spri ng force of (S, —S,) i.e. (866 —500) = 366 N.

=0.0375 m = 37.5 mm

|
N

3 |
* ' 5,
(a) Maximum position. (b) Minimum position.
Fig. 23.17

1. Diameter of the spring wire
Let d = Diameter of the spring wirein mm.
We know that Wahl’s stress factor,

4C -1 N 0615 4x8-1 N 0.615

= =1.184
4C -4 C 4x8—-4 8

K =
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We also know that maximum shear stress (1),

8w.C —1184x 8x866x8 20885

n d? nd2  d?
... (Substituting W = S, the maximum spring force)
d?2 =20885/420= 497 or d=7.05mm

From Table 23.2, we shall take the standard wire of size SWG 1 having diameter (d)
=7.62 mm Ans.
2. Mean diameter of the spring coil

Let D = Mean diameter of the spring cail.

We know that the spring index,

C=D/d oo D=C.d=8x7.62=60.96 mm Ans.

3. Number of turns of the coil

Let n = Number of active turns of the coil.

We know that compression of the spring (5),

8W.C3.n 8x366x8 xn

375 = = =234n
G.d 84x10° x 7.62

420 = K x

... (Subgtituting W=§, -S))

n=375/234=16 Ans.
and total number of turns using squared and ground ends,
nN=n+2=16+2=18
4. Freelength of the coil
Since the compression produced under a force of 366 N is 37.5 mm, therefore maximum
compression produced under the maximum load of 866 N is,

) —Ex866 88.73 mm
366

max
We know that free length of the cail,,
Le=nd+3 ., +01558 .,
=18 x 7.62 + 88.73 + 0.15 x 88.73 = 239.2 mm Ans.
5. Pitch of the coil
We know that pitch of the coil

_ Freelength _ 2392 _ 4 07 mm Ans
n-1 18-1

Example 23.11. Asingle plate clutch isto be designed for a vehicle. Both sides of the plate are
to be effective. The clutch transmits 30 kW at a speed of 3000 r.p.m. and should cater for an over load
of 20%. The intensity of pressure on the friction surface should not exceed 0.085 N/mnm? and the
surface speed at the mean radius should be limited to 2300 m/ min. The outside diameter of the
surfaces may be assumed as 1.3 times the inside diameter and the coefficient of friction for the
surfaces may betaken as0.3. If the axial thrust isto be provided by six springs of about 25 mmmean

coil diameter, design the springs selecting wire from the following gauges :

SWG 4 5 6 7 8 9 10 1 12
Dia. (mm) | 5.893 | 5.385 4.877 | 4.470 4,064 | 3.658 | 3.251| 2.946 | 2.642
Safe shear stressis limited to 420 MPa and modulus of rigidity is 84 kN/mm?.

Solution. Given: P = 30 kW = 30 x 103 W ; N = 3000 r.p.m.; p = 0.085 N/mm?;
v=2300 m/min;d, =1.3d,orr, =13r,; u=0.3; No. of springs=6; D =25mm ; © = 420 MPa
=420 N/mm?; G = 84kN/mm2—84><103 N/mm?
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First of al, let usfind the maximum load on each spring. We know that the mean torque transmitted
by the clutch,
T - Px60_ 30 10° x 60
mean 2n N 2 7 x 3000
Since an overload of 20% is allowed, therefore maximum torque to which the clutch should be
designed isgiven by

=955 N-m

Trox = 12T o, = 1.2 %955 =114.6 N-m = 114 600 N-mm (i)
Letr, andr, betheoutsideandinsideradii of thefriction surfaces. Since maximum intensity of
pressureis at the inner radius, therefore for uniform wear,
*pxr, = C(acongtant) or C=0.085r,
We know that the axial thrust transmitted,
W=Cx2r(r,-r,) (i)
Since both sides of the plate are effective, therefore maximum torque transmitted,
Toox = 3 WXW(r,+1,) 2=2nu.C[(r})?=(r,)? ...[From equation (i)]
114 600 = 2 x 0.3x 0.085r, [(1.31,)*—(r,)?] =0.11 (r,)3
. (r,)® =114600/0.11=1.04 x 10° or r,=101.4 say 102 mm
and r, =13r,=13x102=132.6 say 133 mm

. Mean radius,
r= ; rp 133 ; 102 1175 mm=01175m

We know that surface speed at the mean radius,
v=2nrN=2xnx0.1175 x 3000 = 2215 m/min
Since the surface speed as obtained above is less than the permissible value of 2300 m/min,
therefore theradii of the friction surface are sefe.

We know that axial thrust,

W=Cx2r(r,—r,)=0.085r,x2m (r,—r,) .. (- C=0.085r,)

= 0.085 x 102 x 21 (133 -102) = 1689 N

Sincethisaxial thrust isto be provided by six springs, therefore maximum load on each spring,

1689
W, = —~=28L5N

1. Diameter of the spring wire
Let d = Diameter of the spring wire.

We know that the maximum torque transmitted,
T=W x% = 281.5x% % = 3518.75 N-mm

We al so know that the maximum torque transmitted (T ),

T 3 T 3 3
= —x1txd°=—x420xd° =8248d
3518.75 16 16

o d® = 3518.75/82.48=42.66 or d=3.494mm
Let usnow find out the diameter of the spring wire by taking the stressfactor (K) into consideration.
We know that the spring index,

D 25

= —=——=7.155
c d 349

*  Pleaserefer Chapter 24 on Clutches.
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and Wahl’s stress factor,
4C -1 0615 4x7.155-1 0.615
K = + = +

T 4C -4 C  4x7155-4 7.155
We know that the maximum shear stress (1),

8W,.D 8x2815x25 21681
420 = K x e =1.21x% e B
. d® =21681/420=51.6 or d=3.72mm
From Table 23.2, we shall take a standard wire of size SWG 8 having diameter
(d) =4.064 mm. Ans.
Outer diameter of the spring,
D, = D +d=25+4.064 = 29.064 mm Ans.
and inner diameter of the spring,
D, =D-d=25-4.064 = 20.936 mm Ans.
2. Freelength of the spring
L et us assume the active number of coils (n) = 8. Therefore compression produced by an axial
thrust of 281.5 N per spring,

=121

_ 8W.D°.n_8x2815(25)°8
8% 764" ax10 (4.064)*
For sguare and ground ends, the total number of turns of the coil,
nN=n+2=8+2=10
We know that free length of the spring,
Lr =n'.d+3+0.156 =10 x 4.064 + 12.285 + 0.15 x 12.285 mm
= 5477 mm Ans.

=12.285 mm

3. Pitch of the coil
We know that pitch of the coil
_ Freelength  54.77
T -1 10-1
23.13 Energy Stored in Helical Springs of Circular Wire
We know that the springs are used for storing energy which is equal to the work done on it by
some external load.
Let W = Load applied on the spring, and
& = Deflection produced in the spring due to the load W.
Assuming that the load is applied gradually, the energy stored in aspring s,
1

=6.08 mMm Ans.

U= EW.ES (i)
We have already discussed that the maximum shear stress induced in the spring wire,
_ 8W.D ndd1t
T =KX orW =
ndd 8K.D

We know that deflection of the spring,

B 8W.D3.n_8><nd3.1:>< D®.n _ nt.D%.n
T G.d* 8K.D ~ G.d* K.d.G
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Substituting the values of Wand 6 in equation (i), we have

1 nd®t w1.D%.n

U= _-X
2 8K.D K.d.G
TZ s 2 TZ
= 5 (nD.n)(—xd ): > xV
4K?.G 4 4 K-.G
where V = Volume of the spring wire

= Length of spring wire x Cross-sectional area of spring wire

T 2
=(nD.n)|=xd j
won:
Note: When aload (say P) falls on aspring through aheight h, then the energy absorbed in aspring is given by
U=P(h+d=3 W3

where W = Equivalent static load i.e. the gradually applied load which shall produce
the same effect as by thefalling load P, and

& = Deflection produced in the spring.

Another view of an automobile shock-absorber
Example 23.12. Find the maximum shear stress and deflection induced in a helical spring of
the following specifications, if it has to absorb 1000 N-m of energy.

Mean diameter of spring = 100 mm ; Diameter of steel wire, used for making the spring =
20 mm; Number of coils= 30 ; Modulus of rigidity of steel = 85 kN/mn?.

Solution. Given : U =1000 N-m; D=100mm=0.1m;d=20mm=0.02m; n=30;
G =85 kN/mm? = 85 x 10° N/m?
Maximum shear stressinduced

Let T = Maximum shear stressinduced.

We know that spring index,

C- D_01_
~d 002
.. Wahl’s stress factor,
4C -1 0615 4x5-1 0.615
4C -4 (o 4x5-4 5
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Volume of spring wire,

Vv = (n D.n) (g x d2) = (m x 0.1x 30) B (0.02)2} m?

= 0.002 96 m®
We know that energy absorbed in the spring (U),
2 2 2
T T 51
1000 = xV = x 0.00296 = ——
4K2.G 4 (1.31)% 85x 10° 10"
. 12 = 1000 x 101>/ 5 =200 x 10'°
or T = 447.2 x 106 N/m? = 447.2 MPaAns.
Deflection produced in the spring
We know that deflection produced in the spring,
2 6 2
5 = n1T.D°n 7w x447.2x10° (0.1)° 30 01893 m

K.d.G  1.31x0.02x 85x10°
= 189.3 mm Ans.

Example 23.13. A closely coiled helical spring is made of 10 mm diameter steel wire, the coil
consisting of 10 complete turns with a mean diameter of 120 mm. The spring carriesan axial pull of
200 N. Determinethe shear stressinduced in the spring neglecting the effect of stress concentration.
Determine also the deflection in the spring, its stiffness and strain energy stored by it if the modulus
of rigidity of the material is 80 kN/m?.

Solution. Given: d=10mm ;n=10; D =120mm ; W=200N ; G =80kN/mmn? =80 x 10° N/mm?
Shear stressinduced in the spring neglecting the effect of stress concentration

We know that shear stressinduced in the spring neglecting the effect of stress concentrationis,

8W.D d 8% 200x 120 10 2
1= ——\1+—|= N/mm
nd? 2D  (10)° 2x120
= 61.1 x 1.04 = 63.54 N/mm? = 63.54 MPaAns.
Deflection in the spring
We know that deflection in the spring,
3 3
5 = 8W.D4 n_ 8x200 (iZO) 410 3456 mm Ans.
G.d 80x10° (10)
Siffness of the spring
We know that stiffness of the spring
= ﬂ:ﬂ:m; N/mm
& 3456
Strain energy stored in the spring
We know that strain energy stored in the spring,
1 1
U= 5 W.6 = 5 x 200 x 34.56 = 3456 N-mm = 3.456 N-m Ans.

Example 23.14. At the bottom of a mine shaft, a group of 10 identical close coiled helical
springs are set in parallel to absorb the shock caused by the falling of the cage in case of a failure.
The loaded cage weighs 75 kN, while the counter weight has a weight of 15 kN. If the loaded cage
falls through a height of 50 metres from rest, find the maximum stressinduced in each spring if it is
made of 50 mm diameter steel rod. The spring index is 6 and the number of active turns in each
spring is 20. Modulus of rigidity, G = 80 kN/mn?.
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Solution. Given: No. of springs=10; W, = 75kN = 75000 N ; W, = 15 kN = 15 000 N ;
h=50m=50000mm;d=50mm;C=6;n=20;G=280KkN/mm?=80 x 10° N/mm?
We know that net weight of the falling load,
P=W,-W,=75000-15000=60000N
Let W = The equivalent static (or gradually applied) load on each spring
which can produce the same effect as by the falling load P.
We know that compression produced in each spring,

_BW.C°.n _ 8W x6°x 20

G.d  80x10°x50
Sincethework done by thefalling load isequal to the energy stored inthe helical springswhich

are 10 in number, therefore,

= 0.008 64 W mm

P(h+38)= %Wxé‘)xlo

1
60 000 (50 000 + 0.008 64 W) = > W x 0.008 64W x 10

3x10°+ 5184 W =0.0432 W?
or W2 -12000W-69.4x10°=0

12 000 + /(12 000)% + 4 x 1x 69.4x 10° _ 12 000 + 527000

2 2
=269 500 N ... (Taking +ve sign)
We know that Wahl's stress factor,

4C -1 0615 4x6-1 0.615
+ = +

W =

K = = =125
4C -4 C 4x6-4 6
and maximum stressinduced in each spring,
v =k x OVE 05, BX209509%0 _ 5058 6 Nimm?
nd 7 (50)
= 2058.6 MPa Ans.

Example23.15. Arail wagon of
mass 20 tonnes is moving with a
velocity of 2 m/s. It is brought to rest
by two bufferswith springs of 300 mm
diameter. The maximum deflection of
springs is 250 mm. The allowable
shear stress in the spring material is
600 MPa. Design the spring for the
buffers.

Solution. Given : m = 20t
=20000kg;v=2m/s; D=300mm;
d = 250 mm; t = 600 MPa
=600 N/mm?

1. Diameter of the spring wire

Let d =Diameter of the

spring wire.

We know that kinetic energy of the wagon

Buffers have springs inside to absorb shock.

:% m v? =%x 20 000 (2)? = 40 000 N-m = 40 x 10° N-mm (i)
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L et W be the equivalent load which when applied gradually on each spring causes a deflection
of 250 mm. Since there are two springs, therefore

Energy stored in the springs

= %xW.SxZ:W.S:szsozzsoW N-mm ..(ii)
From equations (i) and (ii), we have
W =40 x 105/ 250 = 160 x 10° N
We know that torque transmitted by the spring,

300

T= Wx%:160><103 =3 2 = 24x10% N-mm

We also know that torque transmitted by the spring (T ),

T 3_ T 3 3
= —x1txd’=—x600xd*=117.8d
24 x 10 16 16
d® =24 x10%/117.8=203.7 x 10 or d=758.8 say 60 mm Ans.

2. Number of turns of the spring cail
Let n = Number of active turns of the spring coil.
We know that the deflection of the spring (3),

050 = 8W.D°.n _ 8x160x10° (300)° n _ 317n
- c.d? 84 x 10° (60)* '
... (Taking G = 84 MPa = 84 x 10° N/mm?)
n=250/3L7= 7883ay8Ans
Assuml ng square and ground ends, total number of turns,
nN=n+2=8+2=10Ans.
3. Freelength of the spring
We know that free length of the spring,
Lr =n'.d+3+0.156=10x 60 + 250 + 0.15 x 250 = 887.5 mm Ans.

Spring absorbs
energy of train

Station buffer
Train buffer compresses spring

Motion of train
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4. Pitch of the coil
We know that pitch of the coil
_ Freelength  887.5
- -1 10-1
23.14 Stress and Deflection in Helical Springs of Non-circular Wire

The helical springs may be made of non-circular wire such as rectangular or square wire, in
order to provide greater resilience in a given space. However these springs have the following main
disadvantages:

1. Thequality of material used for springsis not so good. ¢

2. The shape of the wire does not remain square or rectangular while @7\ —{ D

forming helix, resulting in trapezoidal cross-sections. It reducesthe | It
energy absorbing capacity of the spring. |

3. The stress distribution is not as favourable as for circular wires.

But this effect is negligible where loading is of static nature. N
For springs made of rectangular wire, as shown in Fig. 23.18, the maxi- |

mum shear stressisgiven by '

><W.D(1.5t+0.9b) |

b?.t2 - D—>

Thisexpressionisapplicablewhenthelonger side(i.e.t>b) isparallel g ——

tothe axisof the spring. But when the shorter side (i.e. t <b) isparallel tothe '9. 22,25, Sp“_ng ©

. . . rectangular wire.
axis of the spring, then maximum shear stress,
L, W.D(15b+09t)

b? t2

=98.6 mm Ans.

w

t=K

t=K
and deflection of the spring,

2.45W.D%.n

G.b% (t — 056 b)
For springs made of square wire, the dimensions b and t are equal. Therefore, the maximum
shear stressis given by

o =

T = Kx 2.4;/;/.D

and deflection of the spring,
_ 5568W.D%n _ 5568W.C°n (“C_Dj

°= T ep | ob U
where b = Side of the square.
Note: In the above expressions,

K = 4C_l+%,andC:E

4C -4 Cc b

Example 23.16. A loaded narrow-gauge car of mass 1800 kg and moving at a velocity
72 m/min., is brought to rest by a bumper consisting of two helical steel springs of square section.
The mean diameter of the coil is six times the side of the square section. In bringing the car to rest,
the springs are to be compressed 200 mm. Assuming the allowable shear stress as 365 MPa and
spring index of 6, find :

1. Maximum load on each spring, 2. Side of the square section of thewire, 3. Mean diameter of
coils, and 4. Number of active coils.

Take modulus of rigidity as 80 kN/mn¥.
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Solution. Given : m = 1800 kg; v = 72 m/min = 1.2 m/s; & = 200 mm;
T =365 MPa= 365 N/mm?; C=6; G =80 kN/mm? = 80 x 10° N/mm?
1. Maximum load on each spring,

Let W = Maximum load on each spring.
We know that kinetic energy of the car
= % mv? = % %1800 (1.2)% = 1296 N-m = 1296 x 10> N-mm

This energy is absorbed in the two springs when compressed to 200 mm. If the springs are
loaded gradually from 0 to W, then

(O+W

)ZX 200 = 1296 x 103

. W = 1296 x 103/ 200 = 6480 N Ans.
2. Side of the square section of thewire
Let b = Side of the square section of the wire, and
D = Mean diameter of thecoil =6 b ..( C=D/b=6)
We know that Wahl’s stress factor,
4C-1 0615 4x6-1 0615

+ = + =1.2525
4C -4 C 4x6-4 6

K =
and maximum shear stres (),
365 = Kx 21}# =1.2525 x
o b2
3. Mean diameter of the coil
We know that mean diameter of the coil,
D =6b=6x18=108 mmAns.

24x6480x6b 116870
b3 v
116870/365=320 or b=17.89 say 18 mm Ans.

4. Number of active coils
Let n = Number of active coils.
We know that the deflection of the spring (3),

_ 5568W.C°.n  5568x6480x6°xn _

200 =
G.b 80x10° x 18
n =200/5.4=37Ans.

54n

23.15 Helical Springs Subjected to Fatigue Loading

The helical springs subjected to fatigue loading are designed by using the * Soderberg line
method. The spring materials are usually tested for torsional endurance strength under a repeated
stress that varies from zero to a maximum. Since the springs are ordinarily loaded in one direction
only (theload in springsis never reversed in nature), therefore amodified Soderberg diagramisused
for springs, as shown in Fig. 23.19.

The endurance limit for reversed loading is shown at point A where the mean shear stressis
equal to 7,/ 2 and the variable shear stressisalso equal to T,/ 2. A line drawn from Ato B (the yield
point in shear, ry) gives the Soderberg’s failure stress line. If a suitable factor of safety (F.S) is
applied to theyield strength (ry), asafe stressline CD may bedrawn parallel to theline AB, asshown
in Fig. 23.19. Consider a design point P on the line CD. Now the value of factor of safety may be
obtained as discussed below :

*  We have discussed the Soderberg method for completely reversed stresses in Chapter 6.
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. ____A Soderberg line
T (Failure stress line)
@ c Safe stressline
e 1,12
17}
<@
ko R
> |
| o4
0O, 5 5
T — |
- T >
< ’cy/F.S.4>‘
< Ty >

—— Mean stress —>
Fig. 23.19. Modified Soderberg method for helical springs.

From similar triangles PQD and AOB, we have

PQ _OA PQ _  OA
o OB O 0D-0Q 0B-00
T, T2 1
L_Tm Ty_Le 2t, — 1,
F.S. -
or 27,.1,-T, T, = %—rm.re
Te Ty

£s 2 T, Ty =Ty Te +T,. Ty

Dividing both sides by TeTy and rearranging, we have
F.S. Ty Te
Notes: 1. From equation (i), the expression for the factor of safety (F.S) may be written as

Ty

FS = 21,.1,
Ty =T, +—
e

2. The value of mean shear stress (1,,) is calculated by using the shear stress factor (K ), while the
variable shear stressis calculated by using the full value of the Wahl’s factor (K). Thus

Mean shear stress,

8W_xD
Tm = Ko nmd3
where Kg = 1+ i; and szw
2C 2
8W, xD
and variable shear stress, T, = KXLdS
T
4C -1 0615 W —W..
= +——;and W, = —m——mn
where K=xca" ¢ Y 2
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Example 23.17. A helical compression spring made of oil tempered carbon steel, is subjected
to aload which varies from 400 N to 1000 N. The spring index is 6 and the design factor of safety is
1.25. If theyield stressin shear is 770 MPa and endurance stressin shear is 350 MPa, find : 1. Sze
of the spring wire, 2. Diameters of the spring, 3. Number of turns of the spring, and 4. Free length of
the spring.

The compression of the spring at the maximum load is 30 mm. The modulus of rigidity for the
spring material may be taken as 80 kN/mn?.

Solution. Given : W, = 400 N; W, , = 1000 N; C=6; FS = 1.25; 1t = 770 MPa
=770 N/mm?; 1= 350 MPa =350 N/mm?; & = 30 mm ; G = 80 kN/mm? = 80 x 10% N/mm?

1. Size of the spring wire
Let d = Diameter of the spring wire, and
D = Mean diameter of the spring=C.d=6d ..(*- D/d=C=6)

We know that the mean load,

Whex + Whin 1000 + 400

W, = > =700 N
W, —W.. 1000 — 400
and variable load, W, = —/= > mn — > =300 N
Shear stress factor,
1 1
=1+—=1+—-=1083
Ks 2C 2x6
Wahl’s stress factor,
- 4C-1 0615 4x6-1 O.615=1'2525

+ = +
4C -4 C 4x6-4 6
We know that mean shear stress,

T = Kex 8W, >; D - 1.083x 8 x 700;< 6d _ 115282 N/mm2
_ m nd nd d
and variable shear stress,
1 = K ><8WV—>;D=1.2525>< SXBOO: 6d _ 57‘21'0 N/mm?
v w d nd d
We know that
1 T el 21,
F.S. Ty Te
11582 _ 5740 « 5740
1 __d* &> T o> 76,328 _404
1.25 770 350 d> d? d?
d?2 =125%x404=505 or d=7.1mmAns.

2. Diameters of the spring
We know that mean diameter of the spring,
D =Cd=6x7.1=42.6mmAns.
Outer diameter of the spring,
D,=D+d=426+71=49.7mmAns.

and inner diameter of the spring,
D, =D-d=426-7.1=355mmAns.
3. Number of turns of the spring

Let n = Number of active turns of the spring.
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We know that deflection of the spring (5),

3 3
4o BW.DIn _8x1000(426)°n oo,

G.d* 80x10° (7.1)*
. n =30/3.04=9.87say 10 Ans.
Assuming the ends of the spring to be squared and ground, the total number of turns of the

spring,

nN=n+2=10+2=12 Ans.
4. Freelength of the spring
We know that free length of the spring,
Le=nd+86+0156=12x7.1+30+0.15x 30 mm
= 119.7 say 120 mm Ans.

23.16 Springs in Series
Consider two springs connected in series as shown in Fig. 23.20.
Let W = Load carried by the springs,
d, = Deflection of spring 1,
8, = Deflection of spring 2,
k, = Stiffnessof spring 1=W/6,, and
k, = Stiffnessof spring2=W/ 6,

A little consideration will show that when the springs are connected in series,
then thetotal deflection produced by the springsisegual to the sum of the deflections
of theindividual springs.

.. Total deflection of the springs,

Springsin series.

Fig. 23.20
5=5,+0, @

w W W

or — =t
W

11,1

k ko k
where k = Combined stiffness of the springs.

23.17 Springs in Parallel
Consider two springs connected in parallel as shown in Fig 23.21.
Let W = Load carried by the springs,
W, = Load shared by spring 1,
W = L(_)ad shared by_ pring 2, Springs in parallel.
k, = Stiffness of spring 1, and Fig. 23.21
k, = Stiffness of spring 2.
A little consideration will show that when the springs are connected in parallel, then the total
deflection produced by the springs is same as the deflection of the individual springs.

We know that W=W, +W,
or ok =38k +dKk,
k =k +k,
where k = Combined stiffness of the springs, and

& = Deflection produced.
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Example 23.18. A close coiled helical compression spring of 12 active coils has a spring
stiffness of k. It is cut into two springs having 5 and 7 turns. Determine the spring stiffnesses of

resulting springs.

Solution. Given:n=12;n,=5n,=7
We know that the deflection of the spring,

_ 8wW.D%n W _ G.d*
- Gt 8§ 8D%n
Since G, D and d are constant, therefore substituting
G.d* w X
5 = X, aconstant, wehave — =k =—
8D ) n
or X =kn=12k

The spring is cut into two springswithn, =5and n, = 7.
Let k, = Stiffness of spring having 5 turns, and
k, = Stiffness of spring having 7 turns.

X 12k
TS
m
X 12k
and k2:n—:T_
2

23.18 Concentric or Composite Springs

=24k Ans

1.7 k Ans.

A concentric or composite spring is used for one of the following purposes:

1. To obtain greater spring force
within agiven space.

2. To insure the operation of a
mechanism in the event of failure of one of
the springs.

The concentric springs for the above
two purposes may have two or more springs
and have the same free lengths as shown in
Fig. 23.22 (a) and are compressed equally.
Such springs are used in automobile
clutches, valve springsin aircraft, heavy duty
diesel engines and rail-road car suspension
systems.

Sometimes concentric springsareused
to obtain a spring force which does not
increasein adirect relation to the deflection
but increases faster. Such springs are made
of different lengths as shown in Fig. 23.22
(b). The shorter spring begins to act only
after the longer spring is compressed to a
certain amount. These springs are used in
governorsof variable speed enginesto take
care of the variable centrifugal force.

A car shock absorber.
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The adjacent coils of the concentric spring are wound in opposite directions to eliminate any
tendency to bind.

If the same material is used, the concentric springs are designed for the same stress. In order to
get the same stress factor (K), it is desirable to have the same spring index (C).

o
) +——
G
u\_—

) O
,

Fig. 23.22. Concentric springs.
Consider a concentric spring as shown in Fig. 23.22 (a).
Let W = Axial load,
W, = Load shared by outer spring,
W, = Load shared by inner spring,
d, = Diameter of spring wire of outer spring,
d, = Diameter of spring wire of inner spring,
D, = Mean diameter of outer spring,
D, = Mean diameter of inner spring,
d, = Deflection of outer spring,
8, = Deflection of inner spring,
n, = Number of active turns of outer spring, and
n, = Number of active turns of inner spring.

Assuming that both the springs are made of same material, then the maximum shear stress
induced in both the springsis approximately same, i.e.

T, =T,
8W.D;.K;  8W,.D,.K,
n(d)® m(dy)’?
When stress factor, K, = K, then
W.D, W,.D,

= N
(dl)3 (d2)3 ( )
If both the springs are effective throughout their working range, then their free length and
deflection are equdl, i.e.

8, =0,
8 (D) _ 8W ()" M, W (D) n W (D)%
(d)* G (d)" G (dy)* (dy)’

or

(i)
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When both the springs are compressed until the adjacent coils meet, then the solid length of
both the springsisequal, i.e.
n.d, =n,.d,
.. Theeqguation (ii) may be written as
W (D)° _ W, (Dy)°

(d)° = T4, (i)
Now dividing equation (iii) by equation (i), we have
(D)* _ (Dy)? D _D,

= or — = C, the spring index (v
@’ @7 4 ring )

i.e. the springs should be designed in such away that the spring index for both the springsis same.
From equations (i) and (iv), we have
W, d,)?
\Mz = —%5 or W_ (@) 1)2 (V)
(dy) (dy) W (dy)
From Fig. 23.22 (a), we find that the radial clearance between the two springs,

(Dl Dz) (dl dzj
*C: —_——_ = |- =4 —=
2 2 2 2
d —dy

Usually, theradia clearance between the two springsistaken as o

.(ﬂ_&j_(ﬂJr%)_dl—dz
L2 2 2 2)7 2
Dl_DZ

or =d, ...(Vi)

2
From equation (iv), wefind that
D, =Cd;,andD,=C.d,
Substituting the values of D, and D, in equation (vi), we have

Cd, -Cd
% =d, or Cd,-2d,=Cd,
d C y
d(C-2=Cd, or —t=—"— (Vi
1 (C-2) 2 4, C-2 (vii)

Example 23.19. A concentric spring for an aircraft engine valveisto exert a maximumforce of
5000 N under an axial deflection of 40 mm. Both the springs have same free length, same solid
length and are subjected to equal maximum shear stress of 850 MPa. If the spring index for both the
springsis6, find (a) theload shared by each spring, (b) the main dimensions of both the springs, and
(c) the number of active coilsin each spring.

Assume G = 80 kN/mn? and diametral clearance to be equal to the difference between thewire
diameters.

Solution. Given : W= 5000 N ; § = 40 mm; 1, = 1, = 850 MPa = 850 N/mm?; C = 6;
G =80 kN/mm? = 80 x 10° N/mm?

The concentric spring isshown in Fig. 23.22 (a).
(a) Load shared by each spring

Let W, and W, = Load shared by outer and inner spring respectively,
d, andd, = Diameter of spring wiresfor outer and inner springs respectively, and
D, and D, = Mean diameter of the outer and inner springs respectively.

*  The net clearance between the two springsis given by
2c=(D,;-D,)—(d; +d,)
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Since the diametral clearanceis equal to the difference between the wire diameters, therefore
(D,-D,) - (d;+d,) =d,-d,

or D,-D, =2d,
We know that D, =Cdj,adD,=Cud,
Cd, -Cd, =2d,
dy C 6 .
4 -——=—_=15
or d, C_2 6-2 (1)
d
Wealsoknow that & = (—1j =(15)?%=225 (i)
W, d,
and W, + W, = W=5000N (i)

From equations (ii) and (iii), we find that
W, = 3462 N, and W, = 1538 N Ans.
(b) Main dimensions of both the springs
We know that Wahl’s stress factor for both the springs,
1C -1 N 0.615_4x6-1 N 0.615
4C -4 C 4x6-4 6
and maximum shear stressinduced in the outer spring (t,),
850 = Ky x i\/\llczi _ 1955 % 8x3462x 6 66 243

(dy) 7t(d1)2 (d1)2
(d)? =66243/850=78 or d, =8.83say 10 mm Ans,

and D, =Cd,=6d,=6x10=60 mmAns.
Similarly, maximum shear stressinduced in theinner spring (1),

850 = Kj x &2'2 —1.2525% 8% 1538; 6_29 4228
n(d,) n(d,) (d,)

(d,)? =29428/850=234.6 or *d,=5.88say 6 mmAns.

K, = K2 = =1.2525

1

and D, =Cd,=6x6=36mmAns.
(c) Number of active coilsin each spring
Let n, and n, = Number of active coils of the outer and inner spring respectively.

We know that the axial deflection for the outer spring (3),

3 3
40 = 8W.C .nl:8><3462>;6 an:7.48nl
G.d; 80x10° x 10

. n, =40/7.48=535say 6 Ans.
Assuming sgquare and ground ends for the spring, the total number of turns of the outer spring,

n'=6+2=8
.. Solid length of the outer spring,
Ly =n.d;=8x10=80mm

Let n,’ be the total number of turns of the inner spring. Since both the springs have the same
solid length, therefore,
n,.d, =n,".d;

*  Thevalue of d, may also be obtained from equation (i), i.e.

d, 883
=—==—"——=5887 6 mm
15 15 i
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n.d, 8x10
R =133 say 14
n, d, 6 say
n, =14-2=12Ans. (o n=n,+2)

Since both the springs have the same free length, therefore
Free length of outer spring

= Freelength of inner spring

=Ly +0+0.156=80+40+0.15x40= 126 mm Ans.
Other dimensions of the springs are asfollows:
Outer diameter of the outer spring

=D, +d, =60+10=70 mm Ans.
Inner diameter of the outer spring

=D, -d; =60-10=50 mm Ans.
Outer diameter of the inner spring

=D,+d,=36+6=42mmAns.
Inner diameter of the inner spring

=D,-d,=36-6=30mmAns.

Shock absorbers

Example 23.20. A composite spring hastwo closed cail helical springsas shownin Fig. 23.22 (b).

The outer spring is 15 mm larger than the inner spring. The outer spring has 10 coils of mean
diameter 40 mm and wire diameter 5mm. The inner spring has 8 coils of mean diameter 30 mm and
wire diameter 4 mm. When the spring is subjected to an axial load of 400 N, find 1. compression of
each spring, 2. load shared by each spring, and 3. shear stressinduced in each spring. The modulus
of rigidity may be taken as 84 kN/mn?.

Solution. Given : 6, =1, -1, =15mm;n, =10; D, =40 mm; d, =5mm; n, = 8;

D,=30mm;d,=4mm; W=400N ; G = 84 kN/mm? = 84 x 103 N/mm?
1. Compression of each spring

Since the outer spring is 15 mm larger than theinner spring, therefore the inner spring will not

takeany load till the outer spring iscompressed by 15 mm. After this, both the springs are compressed
together. Let P, be the load on the outer spring to compressit by 15 mm.

We know that compression of the spring (9),
8R (D)°’n _ 8R (40)° 10

G (dy)* 84 x10° x 5*
P, = 15/0.0975 = 154 N

15 =

=0.0975 R,
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Now the remaining load i.e. W—P, = 400 — 154 = 246 N is taken together by both the springs.
Let 6, = Further compression of the outer spring or the total compression of the inner spring.

Since for compressing the outer spring by 15 mm, the load required is 154 N, therefore the
additional load required by the outer spring to compressit by 6, mm is given by

R 154
Let W, = Load taken by theinner spring to compressit by 6, mm.

8W, (D,)°n,  8W,(30)°8

We know that 5, = G () EEYIET I 0.08 W,
o W, =6,/0.08=12539,

and P,+W, =W-P, =400-154=246 N

or 10.276,+ 1250, = 246 or 6,=246/22.77 =108 mmAns.

.~. Total compression of the outer spring
=0,+06,=15+10.8=258 mmAns.
2. Load shared by each spring
We know that the load shared by the outer spring,
W, =P, +P,=154+10.27 5, =154 + 10.27 x 10.8 = 265 N Ans.
and load shared by the inner spring,
W, =1255,=125x10.8=135N Ans.
Note:  Theload shared by the inner spring is also given by
W, = W-W, =400-265=135N Ans.
3. Shear stressinduced in each spring
We know that the spring index of the outer spring,

D, 40
C, = —=—=8
X . . 1 ) dl 5
and spring index of the inner spring,
=2 _0_s5

. Wahl's stress factor for the outer spring,
K, = 4c, -1 N 0615 _4x8-1 N 0.615
4C, -4 C 4x8—-4 8
and Wahl’s stress factor for the inner spring,
4c, -1 N 0615 4x75-1 N 0.615

=1.184

- = =1.197
2 4Cc,-4 G, 4x75-4 75
We know that shear stressinduced in the outer spring,
1, = Ky x DL g 184, 8X 25X A0 _ 5556 Njmm?
w (d;) X5
= 255.6 MPaAns.
and shear stressinduced in theinner spring,
1, = Ky x 2 02De g 197, BXIXI0 _ 495 g5 Njmm?
w (d,) TX 4
= 192.86 MPaAns.
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23.19 Helical Torsion Springs

The helical torsion springs as shown in Fig. 23.23, may be made from round, rectangular or
square wire. These are wound in a similar manner as helical compression or tension springs but the
ends are shaped to transmit torque. The primary
stress in helical torsion springs is bending stress
whereas in compression or tension springs, the
stresses are torsional shear stresses. The helical
torsion springs are widely used for transmitting
small torques as in door hinges, brush holdersin
electric motors, automobile starters etc.

A little consideration will show that the
radius of curvature of the coils changes when the
twisting moment is applied to the spring. Thus,
thewireisunder purebending. Accordingto A.M. Fig. 23.23. Helical torsion spring,
Wahl, thebending stressin ahelical torsion spring
made of round wireis

oy, = K><32'\;I :KXSZWe;y
m d m d
4C*-C -1
where K = Wahl'sstress factor = —————,
4C“ - 4C
C = Springindex,

M = Bending moment =W xy,
W = Load acting on the spring,
y = Distance of load from the spring axis, and
d = Diameter of spring wire.
and total angle of twist or angular deflection,
MI _MxznDn 64M.Dn
El Exnd‘/64 Ed*

*e:

where | = Length of thewire=mn.D.n,
E = Young'smodulus,
| = Moment of inertia= %X d?,
D = Diameter of the spring, and
n = Number of turns.
64 M .D.
and deflection, 5= 0x y:T“r]xy
When the spring is made of rectangular wire havi ng width b and thicknesst, then
6M 6W Xy
o, = Kx—=KxX
b th? th?
. ‘ - 3c*-Cc-08
where = Tac?_ac

*  Weknow that M /| = E/ R, where Risthe radius of curvature.

R:Eorl=E or9=M—'I ---('-'R=*)
M 06 M E.l 0
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12M.Dn 12 tM.D.n
o and S=0y = o x
Etb Etb

In casethe spring is made of square wirewith each side equal to b, then substitutingt =b, inthe
above relation, we have

Angular deflection, 6 =

6 M 6W x y
Gb: KXF:KX b3
12aM.D.n. 12 tM.D.n
92—4, and 82—4X
Eb Eb

Note : Since the diameter of the spring D reduces as the coils wind up under the applied load, therefore a
clearance must be provided when the spring wire isto be wound round a mandrel. A small clearance must aso
be provided between the adjacent coilsin order to prevent sliding friction.

Example 23.21. A helical torsion spring of mean diameter 60 mm is made of a round wire of
6 mm diameter. If a torque of 6 N-mis applied on the spring, find the bending stress induced and the
angular deflection of the spring in degrees. The spring index is 10 and modulus of elasticity for the
spring material is 200 kN/m?. The number of effective turns may be taken as 5.5.

Solution. Given: D=60mm ; d=6mm ; M =6 N-m= 6000 N-mm ; C =10 ; E = 200 kKN/mm?
=200 x 10° N/mm?; n=5.5
Bending stressinduced

We know that Wahl’s stress factor for a spring made of round wire,
4C* -C -1 4x10*°-10-1

K = 3 = > =1.08
4C° - 4C 4x10° -4x10
-~. Bending stress induced,
o, = Kx 32 I\g =1.08 x 32X—60300 = 305.5 N/mm? or MPa Ans.
ntd TX6

Angular deflection of the spring
We know that the angular deflection of the spring (in radians),
64 M.D.n _ 64x 6000 x 60x 5.5
Ed*  200x10° x 6*
180

0.49 x — = 28° Ans.
T

0= =049 rad

23.20 Flat Spiral Spring

A flat spring isalong thin strip of elastic material wound like a spiral as shown in Fig. 23.24.
These springs are frequently used in watches and gramophones etc.

When the outer or inner end of this type of spring is wound B
up in such away that thereisatendency in the increase of number
of spirals of the spring, the strain energy is stored into its spirals.
Thisenergy isutilised in any useful way while the spirals open out
dowly. Usually theinner end of spring isclamped to an arbor while
the outer end may be pinned or clamped. Since the radius of
curvature of every spiral decreases when the spring is wound up,
therefore the material of the spring isin astate of pure bending. L
W

Let W = Forceapplied at the outer end A of the spring,
Distance of centre of gravity of the spring from A, _ A _
Length of strip forming the spring, Fig. 23.24. Flat spiral spring.

y
I
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b = Width of strip,

t = Thickness of strip,

I = Moment of inertia of the spring section = b.t%/12, and
Z = Section modulus of the spring section = b.t%/6

Ly t_ bt bt
y 12xt/2 6

When the end A of the spring is pulled up by aforce W, then the bending moment on the spring,
at adistance y from the line of action of Wisgiven by

M=Wxy Spring '
The greatest bending moment occursin the spring at

B which isat a maximum distance from the application of
W,

.. Bending moment at B,
Mg=M_, =Wx2y=2Wy=2M
. Maximum bending stress induced in the spring
meaterial,

My  Wxy 12Wy 12M
z bt?/6 bt? bt?

Assuming that both ends of the spring are clamped,
the angular deflection (in radians) of the spring is given by

G, =

Flat spiral spring of a mechanical clock.

Ml _12MI [ b'tsj
0 =—= vl ==
El Ebt 12
and the deflection, 5= 0x y:ME;'I-V
_12MlLy 12W.y%l oyl ( oy = 1zvv.yJ
~ Eb*  Eb?  Et bt?
The strain energy stored in the spring
2
:EM_G:EMXM_'IzlxM .
2 2 El 2 ElI

1 W2y2l W2yl

= —X =
2 Exbt®/12 E.b.t3

_ WAy 24bt _144W2y° | btl
T Eb 2t Bt 24
... (Multiplying the numerator and denominator by 24 bt)
2 2
= % x btl = (ZCZ))E x Volume of the spring
Example 23.22. A spiral spring is made of a flat strip 6 mm wide and 0.25 mm thick. The
length of the strip is 2.5 metres. Assuming the maximum stress of 800 MPa to occur at the point of
greatest bending moment, cal culate the bending moment, the number of turns to wind up the spring
and the strain energy stored in the spring. Take E = 200 kN/mn?.
Solution. Given:b=6mm;t=0.25mm ;| =2.5m= 2500 mm ; T =800 MPa= 800 N/mm?;
E = 200 kN/mm? = 200 x 10° N/mm?
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Bending moment in the spring

Let M = Bending moment in the spring.
We know that the maximum bending stressin the spring material (c,),
12M 12M
800 = =

bt?  6(0.252

o M = 800/32=25N-mmAns.
Number of turnsto wind up the spring

We know that the angular deflection of the spring,
12MI1 _ 12x 25x 2500

T = 3 7 =40 rad
E.bt 200 x 10° x 6 (0.25)
Since one turn of the spring is equal to 2r radians, therefore number of turns to wind up the
spring

=40/ 2n = 6.36 turns Ans.
Strain energy stored in the spring

We know that strain energy stored in the spring

= %M.G:%x24x40=480 N-mm Ans.

23.21 Leaf Springs

Leaf springs (also known as flat springs) are made out of flat plates. The advantage of |eaf
spring over helical spring is that the ends of the spring may be guided along a definite path as it
deflects to act as a structural member in addition to energy absorbing device. Thus the leaf springs
may carry lateral loads, brake torque, driving torque etc., in addition to shocks.

Consider asingleplate fixed at one end and |oaded at the other end asshownin Fig. 23.25. This
plate may be used as aflat spring.

Let t = Thickness of plate, Y
b = Width of plate, and Ry
L = Length of plate or distance j_
of theload Wfrom the
cantilever end. - L w
We know that the maximum bending moment at the Y _L
cantilever end A, t
M = WL , A B T
d secti aul Z_I__bt/12_£ 2
ana section modiius, Ty tl2 6 Fig. 23.25. Flat spring (cantilever type).
.. Bending stressin such a spring,
M WL  6WL 0
o =S5~ - 2 U
z % xbt? bt

We know that the maximum deflection for a cantilever with concentrated load at the freeend is
given by

5 we o owe o oawl® i)
3E.l  3Exbt®/12 Ebt
26.° BW.L

— | O =
T 3Et b.t?
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It may be noted that due to bending moment, top fibreswill be in tension and the bottom fibres
are in compression, but the shear stressis zero at the extreme fibres and maximum at the centre, as

shownin Fig. 23.26. Hencefor analysis, both stresses need not to be taken into account simultaneously.
We shall consider the bending stress only.

max

_____ - ]

i

(a) Cross-section (b) Bending stress (¢) Shear stress
of plate. diagram. diagram.
Fig. 23.26
If the spring isnot of cantilever typebutitislike T
asimply supported beam, with length 2L and load 2W b
in the centre, as shown in Fig. 23.27, then X
M aximum bending moment in the centre, W, = 2W
M = WL A B i
. 2 t
Section modulus, Z=Dht“/6 Iy i T
_ M wlL W<—L—>|<—|_—>W
. Bending stress, S="7"1vi/6 =21
_ 6W.L Fig. 23.27. Flat spring (simply supported
b.t?

beam type).
We know that maximum deflection of asimply

supported beam loaded in the centre is given by

Leaf spring

52 WM(L)°_ @) @) _wl®
T 48EJ ~ 48El  3El

..(v Inthiscase, W, =2W, and L, = 2L)
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From above we see that a spring such as automobile spring (semi-elliptical spring) with length
2L and loaded in the centre by aload 2W, may be treated as a double cantilever.

If the plate of cantilever iscut into aseries of n strips of width b and these are placed as shown
in Fig. 23.28, then equations (i) and (ii) may be written as

6W.L
= e .(110)
d 4wl 20l? W)
~ nEbt® 3Et
w
I: L >

oy

t

T

/ \

Fig. 23.28

The aboverelations give the stress and deflection of aleaf spring of uniform cross-section. The
stress at such a spring is maximum at the support.

If atriangular plateisused as shownin Fig. 23.29 (a), the stresswill be uniform throughout. If
this triangular plate is cut into strips of uniform width and placed one below the other, as shown in
Fig. 23.29 (b) to form a graduated or laminated leaf spring, then

w

7= L >
|<7L —> V_L
Y V_L | —i_

>~
\L\‘\

Fig. 23.29. Laminated leaf spring.

_ BW.L
c = bl (V)
6W.L2 o2
and d = =— (Vi
nEbt® Et W)
where n = Number of graduated |eaves.

A little consideration will show that by the above arrangement, the spring becomes compact so
that the space occupied by the spring is considerably reduced.
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When bending stress alone is considered, the graduated leaves may have zero width at the
loaded end. But sufficient metal must be provided to support the shear. Therefore, it becomes necessary
to have one or moreleaves of uniform cross-section extending clear to the end. We see from equations
(iv) and (vi) that for the same deflection, the stressin the uniform cross-section leaves (i.e. full length
leaves) is50% greater than inthe graduated | eaves, assuming that each spring element deflectsaccording
toitsown elastic curve. If the suffixes - and ; are used to indicate the full length (or uniform cross-
section) and graduated |eaves, then

3

GF:EGG

oW L 3{6WG-L} W3 W

nebt? 2| ngbt? n 2 ng
W, 3n
—F - =F (Vi)
We 2ng
Adding 1 to both sides, we have
%+1:3n|:+1 or We +We _ 3N +21g
We 2Ng We 2ng
21 2Ng
= — +Wg)=| ———— |W
Wg (3nF+2nGJ(W|: G) [3n|:+2nej ..(Viii)
where W = Total load on the spring = W + W

W, = Load taken up by graduated leaves, and
W = Load taken up by full length leaves.
From equation (vii), we may write

We _ 2N
We 3n:
W, 2
or Wo i q1-2T6 9 ... (Adding 1 to both sides)
We 31
We +We  2ng +3ng
W 3n
3ne 3ne
= | — + W) =| ——|W i
W, (2nG+3nFj(WG ) (2%+3npj (iX)
.. Bending stressfor full length leaves,
6 WL 6L 3ne 18W.L
O = 2 - 2 W=-—
nebt® nebt®\2ng +3ne bt® (2ng +3ng)
Since Of = 3 Og, therefore
2 2 18W.L 12W.L
o O

= — = —X =
¢ 3 3 bt?(2ng +3n:) bt? (2ng +3ng)
The deflection in full length and graduated leaves is given by equation (iv), i.e.
_20px? 2017 18W.L ~ 122W.L°
T 3Et 3Et|bt? 2ng +3n:)| Ebt* (2ng +3np)

23.22 Construction of Leaf Spring
A leaf spring commonly used in automobilesis of semi-élliptical form as shownin Fig. 23.30.
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Itisbuilt up of anumber of plates (known asleaves). Theleavesareusually given aninitial curvature
or cambered so that they will tend to straighten under theload. The leaves are held together by means
of aband shrunk around them at the centre or by a bolt passing through the centre. Since the band
exerts a stiffening and strengthening effect, therefore the effective length of the spring for bending
will be overall length of the spring minus width of band. In case of a centre bolt, two-third distance
between centres of U-bolt should be subtracted from the overall length of the spring in order to find
effective length. The spring is clamped to the axle housing by means of U-bolts.

Egg shaped end Ordinary rounded end

l @ @ Square end taperedj

=

Main leaf

Thinned-end ?
Centre bolt

Fig. 23.30. Semi-elliptical leaf spring.

Thelongest leaf known as main leaf or master |eaf
has its ends formed in the shape of an eye through which
the bolts are passed to secure the spring to its supports.
Usually the eyes, through which the spring is attached to
the hanger or shackle, are provided with bushings of some
antifriction material such as bronze or rubber. The other
leaves of the spring are known as graduated leaves. In
order to prevent digging in the adjacent | eaves, the ends of
thegraduated | eaves aretrimmed in variousformsas shown
inFig. 23.30. Sincethemaster leaf hasto with stand vertical
bending loads as well as loads due to sideways of the
vehicle and twisting, therefore due to the presence of
stresses caused by these loads, it is usual to provide two
full length leaves and the rest graduated |eaves as shown
inFig. 23.30.

Rebound clips are located at intermediate positions
in the length of the spring, so that the graduated leaves
also share the stresses induced in the full length leaves
when the spring rebounds.

23.23 Equalised Stress in Spring Leaves
(Nipping)

We have aready discussed that the stressin the full

length leavesis50% greater than the stressin the graduated Leaf spring fatigue testing system.
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leaves. In order to utilise the material to the best advantage, all the leaves should be equally stressed.
This condition may be obtained in the following two ways :

1. By making the full length leaves of smaller thickness than the graduated leaves. In thisway,
thefull length leaveswill induce smaller bending stress dueto small distance from the neutral axisto
the edge of the leaf.

2. By giving agreater radiusof curvatureto thefull length leavesthan graduated |eaves, asshown
inFig. 23.31, before the leaves are assembled to form a spring. By doing so, agap or clearance will be
left betweentheleaves. Thisinitial gap, asshownby CinFig. 23.31, iscalled nip. When the central balt,
holding the various |leaves together, istightened, the full length leaf will bend back as shown dotted in
Fig. 23.31 and have an initial stressin a direction opposite to that of the normal |oad. The graduated

— e

= C=Nip

w, 4
2
2w Graduated |eaf

Fig. 23.31

leaves will have an initia stress in the same direction as that of the normal load. When the load is
gradually applied to the spring, thefull length leaf isfirst relieved of thisinitial stressand then stressed
in oppositedirection. Consequently, thefull length leaf will be stressed lessthan the graduated leaf. The
initial gap between theleavesmay be adjusted so that under maximum load condition the stressin all the
leaves is equal, or if desired, the full length leaves may have the lower stress. This is desirable in
automobile springs in which full length leaves are designed for lower stress because the full length
leaves carry additional |oads caused by the swaying of the car, twisting and in some cases dueto driving
the car through the rear springs. Let us now find the value of initial gap or nip C.

Consider that under maximum load conditions, the stress in al the leaves is equal. Then at
maximum load, the total deflection of the graduated leaves will exceed the deflection of the full
length leaves by an amount equal to the initial gap C. In other words,

d; =9-+C
6Wg. LB 4w.3

C=08g -0 = -
¢ T ngEbt® n.Ebi® (I)

Since the stresses are equal, therefore

Og = Of
6Ws L  6WeL or W Wk
ngbt?>  nebt? e Ne

W, = &XWF =T yw
Ng n

and WF:&xWG=E><W
Ng n

Substituting the values of W, and W in equation (i), we have

_oewl  oawl® o oawl® i)
- nEbt® nEbt nEbt®
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Theload on the clip bolts (W) required to close the gap is determined by the fact that thegap is
equal to theinitial deflections of full length and graduated |eaves.
: C =0.+0g
2W.L13 43w 65 W

nEbt®  n.Ebt® 2 ngEb 2
W W 3W_ 2neW +3neW W (216 +31)

o n N 2ng 2 Neng 2 neng
_ 2ngngW
W, = T 13 @n +3m) .(110)

Thefinal stressin spring leaveswill bethe stressin thefull length leaves dueto the applied load
minustheinitial stress.

.. Final stress, 0= —— — = -—
nebt?  nebt? 2 nobt? 2

6L { 3ne Ne.ng W }
= > xXW —
nebt® | 2ng + 3ng n (2ng + 3ng)

6WeL 6L W _ 6L (W V\@J
Y F

_ewL[ 3 ng
bt? | 2ng +3n:  n(2ng + 3ng)
_BW.L { 3n - ng }

bt? | n(2ng + 3ng)
6W.L | 3(ng +ng) — g 6W.L :
= > = > (V)
bt n(2ng + 3ng) nbit

... (Substituting n = n. + ng)
Notes: 1. Thefina stressintheleavesisalso equal to the stressin graduated leaves due to the applied load plus
theinitial stress.

2. The deflection in the spring due to the applied load is same as without initial stress.

23.24 Length of Leaf Spring Leaves
Thelength of the leaf spring |eaves may be obtained as discussed below :
Let 2L, = Length of span or overall length of the spring,
| = Width of band or distance between centres of U-bolts. It is the
ineffective length of the spring,
n- = Number of full length leaves,
ng = Number of graduated |eaves, and
n = Total number of leaves = n. + ng.
We have already discussed that the effective length of the spring,
2L =21, -1 ...(When band is used)

= 2L, —% I ... (When U-bolts are used)

It may be noted that when there is only one full length leaf (i.e. master leaf only), then the
number of leavesto be cut will be n and when there are two full length leaves (including one master
|eaf), then the number of leavesto be cut will be (n—1). If aleaf spring hastwo full length leaves, then
the length of leavesis obtained asfollows :
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Length of smallest leaf = H“Le'lengm + Ineffectivelength
n —_—
Length of next leaf = EfﬂLellengm x 2 + Ineffective length
n —

Similarly, length of (n— 1)th leaf
_ Effective length
- n-1
Thenth leaf will bethe master leaf and it isof full length. Since the master |eaf has eyeson both
sides, therefore

Length of master leaf
where

x (n—1) + Ineffective length

=2L+n(d+1t)x2

d = Inside diameter of eye, and
t = Thickness of master leaf.

The approximate relation between the radius of curvature (R) and the camber (y) of the spring
isgiven by
(Ly?
2y

The exact relation is given by

y(2R+y) = (L)?

where L, = Half span of the spring.
Note : The maximum deflection ( &) of the spring is equal to camber (y) of the spring.

R =

23.25 Standard Sizes of Automobile Suspension Springs

Following are the standard sizes for the automobile suspension springs:

1. Standard nominal widthsare: 32, 40*, 45, 50*, 55, 60*, 65, 70*, 75, 80, 90, 100 and 125 mm.
(Dimensions marked* are the preferred widths)

2. Standard nominal thicknessesare: 3.2,4.5,5, 6,6.5,7,7.5,8,9, 10, 11, 12, 14 and 16 mm.

3. Attheeye, the following bore diameters are recommended :
19, 20, 22, 23, 25, 27, 28, 30, 32, 35, 38, 50 and 55 mm.

4. Dimensionsfor the centre bolts, if employed, shall be as given in the following table.

Table 23.5. Dimensions for centre bolts.

Width of leavesin mm Dia. of centre bolt Dia. of head in mm Length of bolt head
inmm inmm

Upto and including 65 8or 10 12 or 15 100r 11

Above 65 12 or 16 17 or 20 11

5. Minimum clip sections and the corresponding sizes of rivets and bolts used with the clips
shall be as given in the following table (See Fig. 23.32).

Table 23.6. Dimensions of clip, rivet and bolts.

Soring width (B) in mm Clip section (b x t) Dia. of rivet (d,) Dia. of bolt (d,)
in mm x mm in mm inmm

Under 50 20 x 4 6 6

50, 55 and 60 25x5 8 8

65, 70, 75 and 80 25x 6 10 8

90, 100 and 125 32x6 10 10
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Bolt~\ X— —> 1 f—
Wz - |
e
Al// «———Clip
i d
\g al' @\>;Spring
| leaves
. Ui |/

Section X-X

A
o)
Y

Fig. 23.32. Spring clip.

Notes : 1. For springs of width below 65 mm, one rivet of 6, 8 or 10 mm may be used. For springs of width
above 65 mm, two rivets of 6 or 8 mm or onerivet of 10 mm may be used.

2. For further details, the following Indian Standards may be referred :
(a) 1S : 9484 — 1980 (Reaffirmed 1990) on ‘ Specification for centre bolts for leaf springs'.
(b) 1S : 9574 — 1989 (Reaffirmed 1994) on ‘Leaf springs assembly-Clips-Specification’.

23.26 Materials for Leaf Springs
The material used for leaf springsis usually a plain carbon steel having 0.90 to 1.0% carbon.
The leaves are heat treated after the forming process. The heat treatment of spring steel produces
greater strength and therefore greater load capacity, greater range of deflection and better fatigue
properties.
According to Indian standards, the recommended materials are :
1. For automobiles: 50 Cr 1, 50 Cr 1V 23, and 55 S 2 Mn 90 all used in hardened and
tempered state.
2. For rail road springs : C 55 (water-hardened), C 75 (oil-hardened), 40 Si 2 Mn 90 (water-
hardened) and 55 Si 2 Mn 90 (oil-hardened).
3. The physical properties of some of these materials are given in the following table. All
values are for oil quenched condition and for single heat only.

Table 23.7. Physical properties of materials commonly used for leaf springs.

Material Condition Ultimate tensile Tensileyield Brinell hardness
strength (MPa) strength (MPa) number
50Cr 1 Hardened 1680 — 2200 1540 — 1750 461 — 601
50Cr1V 23 and 1900 — 2200 1680 — 1890 534 — 601
55Si 2 Mn 90 tempered 1820 — 2060 1680 — 1920 534 — 601

Note: For further details, Indian Standard [1S : 3431 — 1982 (Reaffirmed 1992)] on ‘ Specification for steel for
the manufacture of volute, helical and laminated springs for automotive suspension’ may be referred.

Example 23.23. Design a leaf spring for the following specifications :

Total load = 140 kN ; Number of springs supporting theload = 4 ; Maximum number of leaves
= 10; Span of the spring = 1000 mm ; Permissible deflection = 80 mm.
Take Young's modulus, E = 200 kN/mm? and allowable stressin spring material as 600 MPa.
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Solution. Given : Total load = 140 kN ; No. of springs = 4; n = 10; 2L = 1000 mm or
L =500 mm; & =80 mm ; E = 200 KN/mm? = 200 x 10° N/mm?; ¢ = 600 MPa = 600 N/mm?
We know that |oad on each spring,
_ Total load 140
~ No.of springs 4
W=35/2=175kN =17500 N
Let t = Thickness of the leaves, and
b = Width of the leaves.
We know that bending stress (),
6W.L 6x17500x500 52.5x10°

nbt? nbit? "~ nbt?
n.b.t? = 52,5 x 10/ 600 = 87.5 x 10° ()

and deflection of the spring (9),

=35kN

600 =

_ 6W.® _ 6x17500 (500)° _ 65.6x10°
T nEbt® nx200x10®xbxt®  nbt®
. n.b.t® = 65.6 x 105/ 80 = 0.82 x 106 (i)
Dividing equation (ii) by equation (i), we have
nbt®  0.82x10°

nbt? = 87.5x10°
Now from equation (i), we have

3 3
b = 87.5x%x10 _ 87.5x10 — 875 mm

nt? 10 (10)?

or t=9.37say 10 mm Ans.

and from equation (ii), we have
0.82x10° 0.82x10°
b = 3 3
nt 10 (10)
Taking larger of the two values, we have width of leaves,
b = 87.5say 90 mm Ans.
Example 23.24. A truck spring has 12 number of leaves, two of which are full length leaves.
The spring supports are 1.05 m apart and the central band is 85 mmwide. The central load isto be
5.4 kN with a permissible stress of 280 MPa. Determine the thickness and width of the steel spring
leaves. Theratio of the total depth to the width of the spring is 3. Also deter mine the deflection of the
spring.
Solution. Given: n=12; n.=2; 2L, = 1.05m = 1050 mm; | = 8 mm; 2W = 5.4 kN
=5400 N or W= 2700 N ; 6 = 280 MPa = 280 N/mm?
Thickness and width of the spring leaves
Let t = Thickness of the leaves, and
b = Width of the leaves.

Sinceit isgiven that the ratio of the total depth of the spring (n x t) and width of the spring (b)
is 3, therefore

82 mm

nxt
T =3 or b=nxt/3=12xt/3=4t

We know that the effective length of the spring,
2L =2L,—1=1050-85=965mm
L = 965/2=4825mm
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and number of graduated leaves,
Ng =N-n.=12-2=10
Assuming that the leaves are not initially stressed, therefore maximum stress or bending stress
for full length leaves (o),
18W.L 18x 2700x 4825 225476

280 = — = > = 3
bt® (2ng +3ng) 4txt°(2x10+3x2) t

o t3 = 225476/280=2805.3 or t=9.3say 10 mmAns.
and b=4t=4x10=40 mmAns.
Deflection of the spring

We know that deflection of the spring,

1wl

" Ebt3 (2ng + 3np)

_ 12 x 2700 x (482.5)°
 210%10° x 40x 10° (2x 10 + 3x 2)

= 16.7mmAnRSs. ... (Taking E = 210 x 10° N/mm?)

Example 23.25. A locomotive semi-élliptical laminated spring has an overall length of 1 m
and sustainsaload of 70 kN at its centre. The spring has 3 full length leaves and 15 graduated |eaves
with a central band of 100 mmwidth. All the leaves areto be stressed to 400 MPa, when fully loaded.
The ratio of the total spring depth to that of width is 2. E = 210 kN/mn?. Determine :

1. The thickness and width of the |eaves.

2. Theinitial gap that should be provided between the full length and graduated |eaves before
the band load is applied.

3. Theload exerted on the band after the spring is assembled.

Solution. Given : 2L, = 1 m = 1000 mm; 2W = 70 kN or W = 35 kN = 35 x 108 N;
n-=3;n;=15;1 =100 mm; ¢ = 400 MPa= 400 N/mm?; E = 210 kN/mm? = 210 x 103 N/mm?
1. Thickness and width of leaves

Let t = Thickness of leaves, and

b = Width of leaves.
We know that the total number of leaves,
n=n.+n;=3+15=18
Sinceit isgiven that ratio of the total spring depth (n x t) and width of leavesis 2, therefore

nxt
e =2 or b=nxt/2=18xt/2=9t

We know that the effective length of the leaves,

2L =2L,-1=1000—-100=900mm or L =900/2=450mm
Since all the leaves are equally stressed, therefore final stress (6),

BW.L 6x35x10°x 450 583x10°

400 = 2 = 2 3
nbt 18x9txt t
o t3 = 583 x 10%/400 = 1458 or t=11.34say 12 mm Ans.
and b=9t=9x12=108 mm Ans.
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2. Initial gap

We know that theinitial gap (C) that should be provided between the full length and graduated
leaves before the band load is applied, is given by
2W.2 2% 35x10° (450)°
nEbt® 18x 210x10° x 108 (12)°
3. Load exerted on the band after the spring is assembled

We know that the load exerted on the band after the spring is assembled,

2nengW  2x3x15x 35x10°

® n@ng +3n) 18(2x15+3x3)

Example 23.26. A semi-élliptical laminated vehicle spring to carry a load of 6000 N is to

consist of seven leaves 65 mm wide, two of the leaves extending the full length of the spring. The

spring isto be 1.1 min length and attached to the axle by two U-bolts 80 mm apart. The bolts hold

the central portion of the spring so rigidly that they may be considered equivalent to a band having

a width equal to the distance between the bolts. Assume a design stress for spring material as 350
MPa. Determine :

1. Thickness of leaves, 2. Deflection of spring, 3. Diameter of eye, 4. Length of leaves, and 5.
Radius to which leaves should be initially bent.

Sketch the semi-élliptical leaf-spring arrangement.
The standard thickness of leaves are: 5, 6, 6.5, 7, 7.5, 8, 9, 10, 11 etc. in mm.
Solution. Given : 2W=6000 N or W=3000N;n=7;b=65mm;n.=2;2L, =11m
= 1100 mmor L, =550 mm ;| =80 mm ; ¢ = 350 MPa= 350 N/mm?
1. Thickness of leaves
Let t = Thickness of leaves.
We know that the effective length of the spring,
2L =2L,—1=1100-80=1020 mm
. L =1020/2 =510 mm
and number of graduated leaves,
Ng =N-N=7-2=5
Assuming that the leaves are not initially stressed, the maximum stress (c;),
18W.L 18x3000x 510 26480

C= =9.04 mm Ans.

= 4487 N Ans.

30 = P ne +3n)  6x (2x5+3x2 & 079
o t? =26480/350=75.66 or t=8.7say 9 mmAns.
2. Deflection of spring
We know that deflection of spring,
12w.L3 _ 12 x 3000 (510)°
T Ebt® (2ng +3n.) 210x10° x65x 9 (2% 5+ 3% 2)
=30 mmAnNs. ... (Taking E = 210 x 10° N/mm?)

3. Diameter of eye

Theinner diameter of eyeis obtained by considering the pin in the eyein bearing, because the
inner diameter of the eyeisequal to the diameter of the pin.

Let d = Inner diameter of the eye or diameter of the pin,
|, = Length of the pin which is equal to the width of the eye or |eaf
(i.e.b)=65mm ...(Given)

p, = Bearing pressure on the pin which may be taken as 8 N/mm?.
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We know that the load on pin (W), -

Clearance ] Plate
3000 = d x|, xp, /’ \ Ve

— — Eye
=dx65x8=520d | - i

d =3000/520 S Ay I old
= 5.77 say 6 mm INZ 7 L

Let us now consider the bending of the pin. Since there — h=b —
is a clearance of about 2 mm between the shackle (or plate) L

and eye as shown in Fig. 23.33, therefore length of the pin fe— L,—>
under bending, Fig. 23.33

l, =1, +2%x2=65+4=69mm

Leaf spring.
Maximum bending moment on the pin,

M = W: 2 _ 3000: 69 _ 51 750 N-mm

and section modulus, Z= 3—n2 x d® = 0.0982 d3

We know that bending stress (c,),

M _ 51750  527x10° .
80 = = 00982 d° e ... (Taking 6, = 80 N/mm?)
d® =527 x10%/80=6587 or d=18.7 say 20 mm Ans.
We shall take theinner diameter of eye or diameter of pin (d ) as20 mm Ans.
Let us now check the pin for induced shear stress. Since the pin isin double shear, therefore
load on the pin (W),

3000 = Zx%xdz ><1:=2><% (20)2 1 = 6284 1
i T = 3000/ 628.4 = 4.77 N/mm?, which is safe.
4. Length of leaves

We know that ineffective length of the spring

=[=80mm ... (* U-bolts are considered equivalent to a band)
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mLele”gm + Ineffective length
n —

= %+80:250mm Ans.

Length of the2nd leaf = % x 2+ 80 =420 mm Ans.
Length of the3rd leaf = % x 3+ 80 =590 mm Ans.
Length of thedthleaf = &_20 x4+ 80 =760 mm Ans.
Length of the5thleaf = &_20 x5+ 80 =930 mm Ans.
Length of the6thleaf = % % 6+ 80 =1100 mm Ans.

The6th and 7th leaves arefull length leaves and the 7th leaf (i.e. thetop leaf) will act asamaster

We know that length of the master |eaf

= 2L, +m(d+1) 2= 1100 + 7t (20 + 9)2 = 1282.2 mm Ans.

5. Radiusto which the leaves should be initially bent

R = Radiusto which the leaves should be initially bent, and
y = Camber of the spring.

We know that
y(2R-y) = (L))?
30(2R-30) = (550)2 or 2R—30 = (550)%/30 = 10 083 (ry=9)
R= 008+30_ chessmm Ans

EXERCISES

Design acompression helical spring to carry aload of 500 N with a deflection of 25 mm. The spring
index may be taken as 8. Assume the following values for the spring material:

Permissible shear stress = 350 MPa

Modulus of rigidity = 84 KN/mm?
Wahl'sf _ Ao -1, 0805 herec = springind
sfactor T C ' Where C = spring index.

[Ans.d=5.893mm ; D =47.144 mm ; n = 6]
A helical valve spring isto be designed for an operating |oad range of approximately 90to 135N. The
deflection of the spring for the load range is 7.5 mm. Assume a spring index of 10. Permissible shear
stress for the material of the spring = 480 MPaand its modulus of rigidity = 80 kN/mm?. Design the
spring.

4C -1 0.615 . o
—— + ———, C being the spring index.

Take Wahl’s factor =
4C -4 C
[Ans.d=274mm ;D=274mm;n=6]
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3. Designahelica spring for a spring loaded safety valve for the following conditions :

Operating pressure = 1 N/mm?
Maximum pressure when the valve blows off freely
= 1.075 N/mm?
Maximum lift of the valve when the pressure is 1.075 N/mm?
= 6mm
Diameter of valve seat = 100 mm
Maximum shear stress = 400 MPa
Modulus of rigidity = 86 kN/mm?
Spring index =55 [Ans.d=172mm ; D=94.6 mm; n=12]

4. A vertical spring loaded valveis required for a compressed air receiver. The valve isto start opening
at apressure of 1 N/mm? gauge and must be fully open with alift of 4 mm at a pressure of 1.2 N/mm?
gauge. The diameter of the port is 25 mm. Assume the allowable shear stressin steel as 480 MPaand
shear modulus as 80 KN/mm?.

Design asuitable close coiled round section helical spring having squared ground ends. Also specify
initial compression and free length of the spring.
[Ans.d=7mm; D=42mm; n=13]

5. A spring controlled lever is shown in Fig. 23.34. The spring isto be inserted with an initial compres-
sion to produce aforce equal to 125 N between the right hand end of the lever and the stop. When the
maximum force at A reachesto avalue of 200 N, the end of the lever moves downward by 25 mm.

|<—200mm—>i<—200mm4;l¥
p

| Lever Sto
) |
Z $ A

Spring

Fig. 23.34
Assuming a spring index as 8, determine: 1. spring rate, 2 size of wire, 3. outside diameter of the
spring, 4. number of active coils, and 5. free length, assuming squared and ground ends.
The allowable shear stress may be taken as 420 MPaand G = 80 kKN/mm?2.
[Ans. 0.33N/mm ; 3.4 mm ; 27.2mm; 10; 77 mm]
6. Itisdesiredto design avalve spring of I.C. engine for the following details :

(@) Spring load when valveisclosed = 80 N
(b) Spring load when valveis open =100 N
(c) Space congtraints for the fitment of spring are :

Inside guide bush diameter = 24 mm

Outside recess diameter = 36 mm
(d) Valvelift=5mm
(e) Spring steel has the following properties:
Maximum permissible shear stress = 350 MPa
Modulus of rigidity = 84 kN/mm?
Find : 1. Wire diameter; 2. Spring index; 3. Total number of coils; 4. Solid length of spring; 5. Free
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length of spring; 6. Pitch of the coil when additional 15 percent of the working deflection is used to
avoid complete closing of coils.

[Ans.29mm ; 10.345; 9; 26.1 mm ; 54.85mm ; 7 mm]
A circular cam 200 mm in diameter rotates off centre with an eccentricity of 25 mm and operates the
roller follower that is carried by the arm as shown in Fig. 23.35.

Fig. 23.35
Theroller follower is held against the cam by means of an extension spring. Assuming that the force
between the follower and the cam is approximately 250 N at the low position and 400 N at the high
position.
If the spring index is 7, find the diameter of wire, outside diameter of spring and the number of active
coils. The maximum shear stress may be taken as 280 MPa. Use G = 80 kN/mm?,
The following datarelate to asingle plate friction clutch whose both sides are effective:
Power transmitted = 35kwW

Speed = 1000 r.p.m.
Permissible uniform pressure on lining material
= 0.07 N/mm?
Outer radius
—————— of plae -
Inner radius P =15

Coefficient of friction of lining material

=03
Number of springs =6
Spring index =6
Stress concentration factor in spring

= ac -1 +%, C = Spring index

4C -4 C

Permissible stress in spring steel

= 420 MPa
Modulus of rigidity of spring steel

= 84 kN/mm?
Compression of spring to keep it engaged

= 125mm

Design and give a sketch of any one of the springs in the uncompressed position. The springs are of
round section close coiled helical type and are situated at mean radius of the plate.
[Ans.d=5.65mm; D =33.9mm ; n=6]
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9. A railway wagon weighing 50 kN and moving with aspeed of 8 km per hour hasto be stopped by four
buffer springs in which the maximum compression allowed is 220 mm. Find the number of turnsin
each spring of mean diameter 150 mm. The diameter of spring wireis 25 mm. Take G = 84 kN/mm?.

[Ans. 8turng

10. The bumper springs of arailway carriage are to be made of square section wire. The ratio of mean

diameter of spring to the side of wireisnearly equal to 6. Two such springsare required to bring to rest

acarriage weighing 20 kN moving with avelocity of 1.5 m/swith amaximum deflection of 200 mm.
Design the spring if the allowable shear stressis not to exced 300 MPaand G = 84 kN/mm?2.

_ 24W.D 559W.D3n
For square wire, T = 3 andd= a
a Ga'

Side of the wire section,
Mean diameter,
= Number of coils, and
W = Load on each spring.
[Ans.a=26.3mm ; D=157.8mm ; n = 33]
11. Aloadof 2kN isdropped axially on aclose coiled helical spring, from aheight of 250 mm. The spring
has 20 effectiveturns, and it ismade of 25 mm diameter wire. The spring index is 8. Find the maximum
shear stress induced in the spring and the amount of compression produced. The modulus of rigidity
for the material of the spring wire is 84 kN/mm?2.

where

5 O o
I

[Ans. 287 M Pa; 290 mm]
12. A helical compression spring made of oil tempered carbon steel, is subjected to aload which varies
from 600 N to 1600 N. The spring index is 6 and the design factor of safety is 1.43. If the yield shear
stress is 700 MPa and the endurance stress is 350 MPa, find the size of the spring wire and mean
diameter of the spring cail. [Ans. 10 mm ; 60 mm]
13. A helical spring B is placed inside the coils of a second helical spring A, having the same number of
coilsand free length. The springs are made of the same material. The composite spring is compressed
by an axial load of 2300 N which is shared between them. The mean diameters of the spring A and B
are 100 mm and 70 mm respectively and wire diameters are 13 mm and 8 mm respectively. Find the
load taken and the maximum stress in each spring.
[Ans. W, =1670 N ; W, = 630N ; 6, = 230 MPa; 6,5 = 256 M Pa]
14. Design aconcentric spring for an air craft engine valve to exert amaximum force of 5000 N under a
deflection of 40 mm. Both the springs have same free length, solid length and are subjected to equal
maximum shear stress of 850 MPa. The spring index for both the springsis 6.
[Ans.d, =8mm; d,=6mm;n=4]
15. Thefreeend of atorsona spring deflectsthrough 90° when subjected to atorque of 4 N-m. The spring index
is6. Determine the coil wire diameter and number of turnswith the following data:
Modulus of rigidity = 80 GPa; Modulus of elasticity = 200 GPa; Allowable stress = 500 M Pa.
[Ans.5mm ; 26]
16. Aflat spird steel springisto giveamaximum torque of 1500 N-mm for amaximum stress of 1000 M Pa.
Find the thickness and length of the spring to give three complete turns of motion, when the stress
decreases from 1000 to zero. The width of the spring strip is 12 mm. The Young's modulus for the
materia of the strip is 200 kN/mm?, [Ans. 1.225 mm ; 4.6 m]
17. A semi-elliptical spring hasten leavesin all, with the two full length leaves extending 625 mm.
It is 62.5 mm wide and 6.25 mm thick. Design a helical spring with mean diameter of coil 100 mm
which will have approximately the same induced stress and deflection for any load. The Young's
modulus for the material of the semi-elliptical spring may be taken as 200 kN/mm? and modulus of
rigidity for the material of helical spring is 80 KN/mm?.
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18. A carriage spring 800 mm long is required to carry a proof load of 5000 N at the centre. The spring is
made of plates 80 mm wide and 7.5 mm thick. If the maximum permissible stress for the material of
the platesis not to exceed 190 MPa, determine :

1. The number of platesrequired, 2. The deflection of the spring, and 3. The radiusto which the plates
must beinitially bent.
The modulus of elasticity may be taken as 205 kKN/mm?2. [Ans. 6; 23mm ; 3.5m]

19. A semi-elliptical laminated spring 900 mm long and 55 mm wide is held together at the centre by a
band 50 mmwide. If the thickness of each leaf is5 mm, find the number of leavesrequired to carry a
load of 4500 N. Assume a maximum working stress of 490 MPa.

If the two of these leaves extend the full length of the spring, find the deflection of the spring. The
Young's modulus for the spring material may be taken as 210 KN/mm?.
[Ans. 9; 71.8 mm]

20. A semi-élliptical laminated spring is made of 50 mm wide and 3 mm thick plates. The length between
the supportsis 650 mm and the width of the band is 60 mm. The spring hastwo full length leaves and
five graduated leaves. If the spring carries a central load of 1600 N, find :

1. Maximum stressin full length and graduated leaves for an initial condition of no stress in the

leaves.
2. The maximum stress if theinitial stressis provided to cause equal stress when loaded.
3. Thedeflection in parts (1) and (2). [Ans. 590 MPa; 390 MPa ; 450 MPa ; 54 mm]

QUESTIONS

1. What isthe function of a spring? In which type of spring the behaviour is non-linear?

Classify springs according to their shapes. Draw neat sketchesindicating in each case whether stresses
are induced by bending or by torsion.

3. Discussthe materials and practical applications for the various types of springs.
The extension springs are in considerably less use than the compression springs. Why?
5. Explain the following terms of the spring :

(i) Freelength; (i) Solid height;
(iii)  Spring rate; (iv) Activeand inactive cails;
(v) Spring index; and (Vi) Stressfactor.

6. Explain what you understand by A.M. Wahl’s factor and state its importance in the design of helical
springs?

7. Explain one method of avoiding the tendency of a compression spring to buckle.

A compression spring of spring constant K is cut into two springs having equal number of turns and
the two springs are then used in parallel. What is the resulting spring constant of the combination?
How does the load carrying capacity of the resulting combination compare with that of the original
spring?

9. Provethat in aspring, using two concentric coil springs made of same material, having same length
and compressed equally by an axial load, the loads shared by the two springs are directly proportional
to the square of the diameters of the wires of the two springs.

10. What do you understand by full length and graduated |eaves of aleaf spring? Write the expression for
determining the stress and deflection in full length and graduated leaves.

11. Whatisnippinginaleaf spring?Discussitsrole. List the materials commonly used for the manufacture
of the leaf springs.

12. Explain the utility of the centre bolt, U-clamp, rebound clip and camber in aleaf spring.

Top



Contents

884 = A Texthook of Machine Design

10.

OBJECTIVE TYPE QUESTIONS
A spring used to absorb shocks and vibrationsis

(@) closely-coiled helical spring (b) open-coiled helical spring
(c) conical spring (d) torsion spring

The spring mostly used in gramophonesis

(@) helical spring (b) conical spring

(c) laminated spring (d) flat spiral spring

Which of the following spring is used in a mechanical wrist watch?

(@) Helical compression spring (b) Spiral spring

(c) Torsion spring (d) Bellevile spring

When ahelical compression spring is subjected to an axial compressive load, the stressinduced in the
wireis

(a) tensilestress (b) compressive stress
(c) shear stress (d) bending stress

In aclose coiled helical spring, the spring index is given by D/d where D and d are the mean cail
diameter and wire diameter respectively. For considering the effect of curvature, the Wahl's stress
factor K isgiven by

4C -1 0.615 4C -1 0.615
@ 2c+a’C ® ac-a'C
4C+1 0615 4C+1 0615
© ac-4” " c @ 2cva cC
When helical compression spring is cut into halves, the stiffness of the resulting spring will be
(@) same (b) double
() one-haf (d) one-fourth

Two close coiled helical springs with stiffness k; and k, respectively are conected in series. The
stiffness of an equivalent spring is given by

k; . k k; — k.
@ e 0 -2
ky + Ky k + Ky
ky + k k; — k.
© T @ =
K, . ko ki . ko
When two concentric coil springs made of the same material, having same length and compressed
equally by an axia load, the load shared by the two springs will be ............ to the square of the
diameters of the wires of the two springs.
(a) directly proportional (b) inversely proportional
() equa to
A leaf spring in automobilesis used
(a) toapply forces (b) tomeasureforces
(c) to absorb shocks (d) to storestrain energy
In leaf springs, the longest leaf is known as
(@) lower leaf (b) master leaf
(c) upper leaf (d) none of these
ANSWERS
1. (¢ 2. (d) 3. (0 4. (0 5. (b)
6. (b) 7. (@ 8. (1 9. (¢ 10. (b)
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Types of Clutches.
Positive Clutches.
Friction Clutches.

Material  for
Surfaces.

Considerations in
Designing a Friction
Clutch.

Types of Friction Clutches.
Single Disc or Plate Clutch.

Design of a Disc or Plate
Clutch.

Multiple Disc Clutch.
Cone Clutch.

Design of a Cone Clutch.
Cenftrifugal Clutch.

Design of a Centrifugal
Clutch.

Friction

24.1 Introduction

A clutch is a machine member used to connect a
driving shaft to a driven shaft so that the driven shaft may
be started or stopped at will, without stopping the driving
shaft. Theuse of aclutchismostly found in automobiles. A
little consideration will show that in order to change gears
or to stop the vehicle, it is required that the driven shaft
should stop, but the engine should continue to run. It is,
therefore, necessary that the driven shaft should be
disengaged from the driving shaft. The engagement and
disengagement of the shaftsis obtained by meansof aclutch
which is operated by alever.

24.2 Types of Clutches

Following are the two main types of clutches
commonly used in engineering practice:

1. Positive clutches, and 2. Friction clutches.
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We shall now discuss these clutches in the following pages.

24.3 Positive Clutches

The positive clutches are used when apositive driveisrequired. The simplest type of apositive
clutch isajaw or claw clutch. The jaw clutch permits one shaft to drive another through a direct
contact of interlocking jaws. It consists of two halves, one of which is permanently fastened to the

Fixed ~<—Moving—s»

Feather
ke~ g ), PN/ ke

(b) Spiral jaw clutch.

(a) Square jaw clutch.
Fig. 24.1. Jaw clutches.

driving shaft by asunk key. The other half of the clutchismovableand it isfreeto slideaxially onthe
driven shaft, but it is prevented from turning relatively to its shaft by means of feather key. The jaws
of the clutch may be of squaretype asshown in Fig. 24.1 (a) or of spiral type asshownin Fig. 24.1 (b).

A sguare jaw type is used where engagement and disengagement in motion and under load is
not necessary. Thistype of clutch will transmit power in either direction of rotation. The spiral jaws
may beleft-hand or right-hand, because power transmitted by them isin onedirection only. Thistype
of clutchisoccasionally used where the clutch must be engaged and disengaged whilein motion. The
use of jaw clutches are frequently applied to sprocket wheels, gears and pulleys. In such a case, the
non-sliding part is made integral with the hub.

24.4 Friction Clutches

A friction clutch has its principal application in the transmission of power of shafts and
machines which must be started and stopped frequently. Itsapplicationisalso found in casesin which
power isto be delivered to machines partially or fully loaded. The force of frictionisused to start the
driven shaft from rest and gradually bringsit up to the proper speed without excessive slipping of the
friction surfaces. In automobiles, friction clutch is used to connect the engine to the drive shaft. In
operating such aclutch, care should be taken so that the friction surfaces engage easily and gradually
bring the driven shaft up to proper speed. The proper alignment of the bearing must be maintained
and it should be located as close to the clutch as possible. It may be noted that :
1. The contact surfaces should develop africtional force that may pick up and hold the load
with reasonably low pressure between the contact surfaces.

2. The heat of friction should be rapidly *dissipated and tendency to grab should be at a
minimum.

3. The surfaces should be backed by a material stiff enough to ensure a reasonably uniform
distribution of pressure.

24.5 Material for Friction Surfaces

The material used for lining of friction surfaces of a clutch should have the following
characteristics:

*  During operation of a clutch, most of the work done against frictional forces opposing the motion is
liberated as heat at the interface. It has been found that at the actual point of contact, the temperature as
high as 1000°C isreached for avery short duration (i.e. for 0.0001 second). Dueto this, the temperature of
the contact surfaces will increase and may destroy the clutch.
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It should have a high and uniform coefficient of friction.

It should not be affected by moisture and ail.

It should have the ability to withstand high temperatures caused by slippage.
It should have high heat conductivity.

It should have high resistance to wear and scoring.

The materials commonly used for lining of friction surfaces and their important properties are
shown in the following table.

Table 24.1. Properties of materials commonly used for lining of
friction surfaces.

Material of friction surfaces Operating | Coefficient of Maximum Maximum
condition friction operating pressure
temperature (°C) (N/mm?)

Cast iron on cast iron or steel dry 0.15-0.20 250 — 300 0.25-04
Cast iron on cast iron or steel In oil 0.06 250 — 300 06-0.8
Hardened steel on Hardened steel In oil 0.08 250 0.8-0.8
Bronze on cast iron or steel In oil 0.05 150 0.4
Pressed asbestos on cast iron or steel dry 0.3 150 — 250 02-03
Powder metal on cast iron or steel dry 04 550 0.3
Powder metal on cast iron or steel In oil 0.1 550 0.8

24.6 Considerations in Designing a Friction Clutch
Thefollowing considerations must be kept in mind while designing afriction clutch.

1.

N

o 0 A~ w

7.

The suitable material forming the contact surfaces should be selected.

Themoving parts of the clutch should have low weight in order to minimisetheinertiaload,
especialy in high speed service.

The clutch should not require any external force to maintain contact of the friction surfaces.
The provision for taking up wear of the contact surfaces must be provided.

The clutch should have provision for facilitating repairs.

The clutch should have provision for carrying away the heat generated at the contact
surfaces.

The projecting parts of the clutch should be covered by guard.

24.7 Types of Friction Clutches

Though there are many types of friction clutches, yet the following are important from the
subject point of view :

1.
2.
3.

Disc or plate clutches (single disc or multiple disc clutch),
Cone clutches, and
Centrifugal clutches.

We shall now discuss these clutches, in detail, in the following pages.

Note : The disc and cone clutches are known as axial friction clutches, while the centrifugal clutch is called
radial friction clutch.
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24.8 Single Disc or Plate Clutch

Clutch plate with friction lining

Flywheel —~_

Crank

shaft \

Thrust
W bearing

Driven shaft

Release lever
@ (withdrawl finger)

Knife edge

Fig. 24.2. Single disc or plate clutch.

A single disc or plate clutch, as shown in Fig 24.2, consists of a clutch plate whose both sides
are faced with africtional material (usualy of Ferrodo). It is mounted on the hub which is free to
move axially along the splines of the driven shaft. The pressure plate is mounted inside the clutch
body which is bolted to the flywheel. Both the pressure plate and the flywheel rotate with the engine
crankshaft or the driving shaft. The pressure plate pushes the clutch plate towards the flywheel by a
set of strong springs which are arranged radially inside the body. The three levers (also known as
release levers or fingers) are carried on pivots suspended from the case of the body. These are
arranged in such a manner so that the pressure plate moves away from the flywheel by the inward
movement of athrust bearing. The bearing is mounted upon aforked shaft and moves forward when
the clutch pedal is pressed.

When the clutch pedal is pressed down, its linkage forces the thrust release bearing to movein
towardstheflywheel and pressing thelonger
ends of the levers inward. The levers are
forced to turn on their suspended pivot and
the pressure plate moves away from the
flywheel by the knife edges, thereby
compressing the clutch springs. Thisaction
removes the pressure from the clutch plate
and thus moves back from the flywheel and
the driven shaft becomes stationary. On the
other hand, when the foot is taken off from
the clutch pedal, the thrust bearing moves
back by the levers. Thisallowsthesprings  when a car hits an object and decelerates quickly
to extend and thusthe pressureplate pushes  the objects are thrown forward as they continue to
the clutch plate back towards the flywheel. move forwards due fo inerfia.
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Theaxial pressure exerted by the spring providesafrictional forceinthe circumferential direction
when the rel ative motion between the driving and driven members tends to take place. If the torque

dueto thisfrictional force exceeds the torque to be transmitted, then no slipping takes place and the
power istransmitted from the driving shaft to the driven shaft.

24.9 Design of a Disc or Plate Clutch

Consider two friction surfaces maintained in contact by an axial thrust (W) as shownin
Fig. 24.3 (a).

f Single disc or plate

=1

Friction surface

(@) )
Fig. 24.3. Forces on a disc clutch.
Let T = Torque transmitted by the clutch,
p = Intensity of axial pressure with which the contact surfaces are
held together,

r,andr, = Externa and internal radii of friction faces,
r = Mean radius of thefriction face, and
p = Coefficient of friction.
Consider an elementary ring of radiusr and thickness dr as shown in Fig. 24.3 (b).
We know that area of the contact surface or friction surface
=2mr.dr
Normal or axia force on thering,
OW = Pressure x Area=p x 2r r.dr
and thefrictional force on thering acting tangentially at radiusr,
Fo=uxdW=pupx2rr.dr
Frictional torque acting on thering,
T =F xr=pupx2nrdrxr=2mpp.redr
We shall now consider the following two cases:
1. When thereisauniform pressure, and
2. When thereisauniform axial wear.
1. Considering uniform pressure. When the pressure is uniformly distributed over the entire
area of thefriction face as shown in Fig. 24.3 (a), then the intensity of pressure,
W

. L [(rl)z - (rz)zJ
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where W = Axial thrust with which the friction surfaces are held together.

We have discussed above that the frictional torque on the elementary ring of radius r and
thicknessdr is

T, = 2nppr2dr
Integrating this equation within the limitsfromr, tor, for thetotal friction torque.
. Total frictional torque acting on the friction surface or on the clutch,

¢ r3 B
'[12n w.p.ridr = 2nu.p{—}
T2 3 r,

(n)® - (rz)el w {(rl)a - (rz)el
2n u.p{— =21 | X
3 nl(r)’ - (1) 3
... (Substituting the value of p)

3 3
2 HW{M} W WR
3 ()" —(rz)
2 {(rlf - (1)’
R= 2 2
3L(n)° —(r2)
2. Considering uniform axial wear. The basic principle in designing machine parts that are
subjected to wear dueto sliding friction isthat the normal wear is proportional to thework of friction.

The work of friction is proportional to the product of normal pressure ( p) and the sliding velocity
(V). Therefore,

Normal wear o< Work of friction «< p.V

where } = Mean radius of the friction surface.

or p.V =K (aconstant) or p=K/V ..(i) —g’ézral

It may be noted that when thefriction surfaceis new, there
isauniform pressure distribution over the entire contact surface. "
This pressure will wear most rapidly where the sliding vel ocity f
ismaximum and thiswill reduce the pressure between thefriction T
surfaces. This wearing-in process continues until the product }
p.Vis constant over the entire surface. After this, thewearwill — 7~~~ 7~~~ 7~
be uniform as shown in Fig. 24.4. S

Let p be the normal intensity of pressure at a distance r Fig. 24.4. Uniform axial wear.

fromthe axisof the clutch. Sincetheintensity of pressurevaries
inversely with the distance, therefore

p.r = C(aconstant) or p=C/r (i)
and the normal force on thering,
SW = p.2nr.dr :%x 2nr.dr = 2nC.dr
.. Total force acing on the friction surface,
W = I::ZE Cdr=2nClrl =2nC (- 1,)

w

X " 2n (n—1)
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We know that the frictional torque acting on the ring,
T = 2mppridr =2npx % xr?.dr = 2np.Cor.dr (-~ p=Cin

.. Total frictional torque acting on the friction surface (or on the clutch),

" 2t
[*enpCrdr=2npuc {—}
P 2

T =
P}
2 2
(n)” - (r2) 2 2
= 2np C {% =npCl(n)" - ()]
= X [(1) = ()] = SXRW (5 + 1) = BW.R
2w (r, —1,) 2
rn+r, ) L
where R = 5 = Mean radius of the friction surface.
Notes: 1. In general, total frictional torque acting on the friction surfaces (or on the clutch) is given by
T = nuWR
where n = Number of pairs of friction (or contact) surfaces, and
R = Mean radius of friction surface
3 _ 3
=2 {%} ... (For uniform pressure)
L) = ()
_n+n

5 ... (For uniform wear)
2. For asingle disc or plate clutch, normally both sides of the disc are effective. Therefore a single disc
clutch hastwo pairs of surfacesin contact (i.e. n = 2).

3. Since the intensity of pressure is maximum at the inner radius (r,) of the friction or contact surface,
therefore equation (ii) may be written as

Prax X1, = C or Prax =C /T,
4. Since the intensity of pressure is minimum at the outer radius (r,) of the friction or contact surface,
therefore equation (ii) may be written as
Prin X, = C or Prin=C/1,
5. The average pressure ( p,,) on the friction or contact surface is given by
Total forceon friction surface W
Cross-sectional area of friction surface g [(r)° = ()]

6. In case of a new clutch, the intensity of pressure is approximately uniform, but in an old clutch, the
uniform wear theory is more approximate.

av

7. Theuniform pressure theory givesahigher friction torque
than the uniform wear theory. Thereforein case of friction clutches,
uniform wear should be considered, unless otherwise stated.

24.10 Multiple Disc Clutch

A multipledisc clutch, asshownin Fig. 24.5, may be
used when a large torque is to be transmitted. The inside
discs (usually of steel) are fastened to the driven shaft to
permit axial motion (except for the last disc). The outside
discs (usually of bronze) are held by bolts and are fastened
to the housing which is keyed to the driving shaft. The
multiple disc clutches are extensively used in motor cars, A twin disk clutch
machine tools etc.
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Outside discs

A 4% %72\
A NN NN [N NN KN I\
— _[C _ — — —— - — — — ——\ \\_J_]_ —
Inside discs ? ¥ Spring

T NN N N7

r NINP NN \% Feather key
: ¥
T

.. \ 7 .
Driving Driven shaft
shaft

Fig. 24.5. Multiple disc clutch.
Let n, = Number of discs on the driving shaft, and
n, = Number of discs on the driven shaft.
Number of pairs of contact surfaces,
n=n+n,-1
and total frictional torque acting on the friction surfaces or on the clutch,

T = nuWR
where R = Mean radius of friction surfaces
2 {(rl) - ()? (For unif )
=3 (r1)2 B (r2)2 ... (FOr unitorm pressure,
L+ .
= e ... (For uniform wear)

Example 24.1. Determine the maximum, minimum and average pressure in a plate clutch
when the axial forceis4 kN. Theinside radius of the contact surface is 50 mm and the outside radius
is 100 mm. Assume uniformwear.

Solution. Given: W=4kN =4000N ; r,=50mm  r, =100 mm
Maximum pressure
Let Prax = Maximum pressure.
Since theintensity of pressure is maximum at theinner radius (r,), therefore
Prax X1, =C or C=50p,.
We also know that total force on the contact surface (W),
4000 = 2rC (r,—r,) = 2n x 50 p,,, (100-50) = 15 710 p,,,

. Pk = 4000/ 15710 = 0.2546 N/mm?  Ans.
Minimum pressure
Let Prin = Minimum pressure.
Since the intensity of pressure is minimum at the outer radius(r, ), therefore,
Prin X, =C or C=100p.,,
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We know that the total force on the contact surface (W),

4000 = 2nC (r, —r,) = 2m x 100 p;, (100 —50) =31 420 p;;,,

- Prin = 4000/ 31420 = 0.1273 N/mm? Ans.

Average pressure
We know that average pressure,

_ Tota normal force on contact surface W
Pav = Cross-sectional area of contact surface n[(r)? - ()%

= 4000 = 0.17 N/mm? Ans.

[(100)° - (50)?]

Example 24.2. A plate clutch having a single driving plate with contact surfaces on each side
isrequired to transmit 110 kW at 1250 r.p.m. The outer diameter of the contact surfacesisto be
300 mm. The coefficient of frictionis 0.4.

(@) Assuming a uniform pressure of 0.17 N/mn?; determine the inner diameter of the friction
surfaces.

(b) Assuming the same dimensions and the same total axial thrust, determine the maximum
torque that can be transmitted and the maximum intensity of pressure when uniform wear
conditions have been reached.

Solution. Given: P=110kW =110 x 10°W ; N= 1250 r.p.m. ; d,=300mmorr, =150mm;
uw=04;p=0.17 N/mm?

(a) Inner diameter of the friction surfaces
Let d, = Inner diameter of the contact or friction surfaces, and
r, = Inner radius of the contact or friction surfaces.
We know that the torque transmitted by the clutch,
Px 60 110x10° x 60
T 2nN 21x1250
= 840 x 10% N-mm
Axial thrust with which the contact surfaces are held together,
W = Pressure x Area=p x Tt [(r,)? —(r,)?]
= 0.17 x m [(150)? - (r,)?] = 0.534 [(150)2 — (r,)?] (i)
and mean radius of the contact surface for uniform pressure conditions,
2 {(rl)?’ - (rz)T _2 {(150)3 - (rz)T
T3 - ()7 3[ (150 - (1)’
.. Torque transmitted by the clutch ( T),
840 x 10° = nu.W.R

=840 N-m

2| @50)% - ()3 e
- 2x 0.4x 0.534[(150)? —(rz)z]xg{m} (v n=2)

= 0.285 [(150)% - (r,)]

or (150)° — (r2)3 = 840 x 103/ 0.285 = 2.95 x 10°
(r2)3 = (150)% — 2.95 x 106 = 0.425 x 10° or r,=75mm
and d, =2r,=2x75=150mm Ans.
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(b) Maximum torque transmitted
We know that the axial thrust,
W = 0534 [(150)% - (r,)?] ... [From equation (i)]
= 0.534[(150)2 - (75)3 = 9011 N
and mean radius of the contact surfaces for uniform wear conditions,
n+r, 150+75

2 2
Maximum torque transmitted,

T =nuW.R=2x0.4x 9011 x 112.5 =811 x 103 N-mm
= 811 N-m Ans.
Maximum intensity of pressure

For uniform wear conditions, p.r = C (aconstant). Sincetheintensity of pressureis maximum at
theinner radius (r,), therefore

Prax X1, =C or C =P X 75 N/mm
We know that the axial thrust (W),
011 =2nC(r,—r,) =21 X p,,, *x 75 (150 -75) = 35 347 p,,,
P = 9011/ 35347 = 0.255 N/mm? ~ Ans.

Example 24.3. A single plate clutch, effective on both sides, is required to transmit 25 kW at
3000 r.p.m. Determine the outer and inner diameters of frictional surfaceif the coefficient of friction
is 0.255, ratio of diameters is 1.25 and the maximum pressure is not to exceed 0.1 N/mn¥. Also,
determine the axial thrust to be provided by springs. Assume the theory of uniform wear.

Solution. Given : n=2; P =25 kW =25 x 108 W; N = 3000 r.p.m. ; u = 0.255;
d/d,=125or r,/r,=125;p_ = 0.1N/mm?
Outer and inner diameters of frictional surface
Let d, and d,= Outer and inner diameters (in mm) of frictional surface, and
r,andr, = Corresponding radii (in mm) of frictional surface.
We know that the torque transmitted by the clutch,

3
_ Px€0_25%10° X80 _ 79 6 N-m = 79 600 N-mm
2n N 2 1 x 3000

For uniform wear conditions, p.r = C (aconstant). Sincetheintensity of pressureis maximum at
theinner radius (r,), therefore.
Prax X1, = C
or C=0.1r, N/mm
and normal or axial load acting on the friction surface,
W=2rC(r,-r)=2rx01r,(1.25r,-r,)
= 0.157 (r,)? o (o 1,11, =1.25)
We know that mean radius of the frictional surface (for uniform wear),
r{+r, 125r,+r,

R = - —1.1257t
2 2 2

and the torque transmitted (T ),
79600 = nu.W.R=2x 0.255 x 0.157 (r,)> 1.125r,=0.09 (r,)*
(ry)® =79.6 x 10°/ 0.09 = 884 x 10% or r, =96 mm
and r, =125r,=125x96=120 mm

R = =1125 mm
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. Outer diameter of frictional surface,
d, =2r; =2x120=240mm Ans.
and inner diameter of frictional surface,
d, =2r,=2x96=192mm Ans.
Axial thrust to be provided by springs
We know that axial thrust to be provided by springs,
W=2rC(r,—-r)=2rx01r,(1.25r,-r,)
= 0.157 (r,)? = 0.157 (96) = 1447 N Ans.

Example 24.4. A dry single plate clutch is to be designed for an automotive vehicle whose
engineisrated to give 100 kW at 2400 r.p.m. and maximum torque 500 N-m. The outer radius of the
friction plateis 25% more than the inner radius. Theintensity of pressure between the plateis not to
exceed 0.07 N/mm?P. The coefficient of friction may be assumed equal to 0.3. The helical springs
required by this clutch to provide axial force necessary to engage the clutch are eight. If each spring
has stiffness equal to 40 N/mm, determine the dimensions of the friction plate and initial compres-
sion in the springs.

Solution. Given: P = 100 kW = 100 x 10% W; *N = 2400 r.p.m.; T = 500 N-m
=500 x 10° N-mm ; p=0.07 N/mm?; u = 0.3 ; No. of springs = 8 ; Stiffness/spring = 40 N/mm
Dimensions of the friction plate

Let r, = Outer radius of the friction plate, and

r, = Inner radius of the friction plate.
Since the outer radius of the friction plate is 25% more than the inner radius, therefore
r, =125r,
For uniform wear conditions, p.r = C (aconstant). Sincetheintensity of pressureismaximum at
the inner radius (r,), therefore
p.r, =C or C=0.07r,N/mm
and axial load acting on the friction plate,
W=2nC(r,—r,)=2nx007r,(1.25r,-r,) =0.11(r,)? N ()
We know that mean radius of the friction plate, for uniform wear,

n+r, 125 +1,

R = 7 = > =1.125r,
. Torque transmitted (T ),
500 x 10° = np.WR=2x0.3x 0.11(r,)?1.125r,= 0.074 (r,)® (2 n=2)
(r,)® =500 x 103/ 0.074 = 6757 x 10° or r, =190 mm Ans,
and r, =1.25r,=1.25x190=237.5mmAns.

I nitial compression in the springs
We know that total stiffness of the springs,
s = Stiffness per spring x No. of springs = 40 x 8 = 320 N/mm
Axial force required to engage the clutch,
W = 0.11 (r,)?> = 0.11 (190)? = 3970 N ... [From equation (i)]
- Initial compression in the springs
=W/s=3970/320=12.4 mm Ans.

*  Superfluous data
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Radiator

Circulating
water

In car cooling system a pump circulates water through the engine and through the pipes
of the radiator.

Example 24.5. Asingle dry plate clutch isto be designed to transmit 7.5 kW at 900 r.p.m. Find :
1. Diameter of the shaft,
2. Mean radius and face width of the friction lining assuming the ratio of the mean radius to
the face width as 4,
3. Outer and inner radii of the clutch plate, and
4. Dimensions of the spring, assuming that the number of springs are 6 and spring index = 6.
The allowable shear stress for the spring wire may be taken as 420 MPa.
Solution. Given : P = 7.5 kW = 7500 W ; N = 900 r.p.m. ; r/b = 4; No. of springs = 6;
C=D/d=6; 1t =420 MPa= 420 N/mm?
1. Diameter of the shaft
Let d, = Diameter of the shaft, and
T, = Shear stress for the shaft material. It may be assumed as 40 N/mm?.

We know that the torque transmitted,
Px60 7500 x 60
T=27aN 2nx90

We also know that the torque transmitted (T),

=79.6 N-m = 79 600 N-mm (i)

T T
79600 = 72X T (dg)® = 6% (dg)® = 7.855 (d)°

o (d)® =79600/7.855=10134 or d,=21.6say 25mm Ans.
2. Mean radius and face width of thefriction lining

Let R = Mean radius of the friction lining, and

b = Facewidth of thefriction lining = R/4 ... (Given)
We know that the area of the friction faces,

A=2nRb

Normal or the axial force acting on the friction faces,
W=Axp=2nRb.p
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and torque transmitted, T = w WRn=pu (2r Rb.p) R.n
u(ZnRx%x pJ angxpaRg.p.n (1))

Assuming theintensity of pressure (p) as0.07 N/mm? and coefficient of friction ( u) as0.25, we
have from equations (i) and (ii),

79 600 = gx 0.25% R® x 0.07 x 2 = 0.055 R®

... (-~ n=2, for both sides of plate effective)
o R3 = 79600/ 0.055 = 1.45 x 106 or R=113.2 say 114 mm Ans.
and b=R/4=114/4=285mm Ans.

3. Outer and inner radii of the clutch plate
Let r,andr, = Outer and inner radii of the clutch plate respectively.

Sincethefacewidth (or radial width) of the plateisequal to the difference of the outer and inner
radii, therefore,

b=r—-r, or r,—r,=285mm .(110)
We know that for uniform wear, mean radius of the clutch plate,
R = % or n+r,=2R=2x114=228 mm . (iv)

From equations (iii), and (iv), wefind that
r, =12825mm and r,=99.75mmAns.
4. Dimensions of the spring
Let D = Mean diameter of the spring, and
d = Diameter of the spring wire.
We know that the axial force on the friction faces,
W = 2n Rb.p=2r x 114 x 28,5 x 0.07 = 1429.2 N

In order to allow for adjustment and for maximum engine torque, the spring is designed for an
overload of 25%.

.. Total load on the springs
= 1.25W=1.25x 1429.2=1786.5N
Since there are 6 springs, therefore maximum load on each spring,
W, =1786.5/6=297.75N
We know that Wahl's stress factor,
4C-1 0615 4x6-1 0.615
K = + = +
4C -4 C 4x6-4 6
We also know that maximum shear stressinduced in the wire (1),

8Ws C _ 1.9595 x 8x 297.75x 6 _ 5697
nd? n d? d?
o d? =5697/420=13.56 or d=3.68 mm
We shall take a standard wire of size SWG 8 having diameter (d) = 4.064 mm Ans.
and mean diameter of the spring,

D =C.d=6x4.064=24.384 say 24.4mm Ans.

=1.2525

420 = K x
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L et usassumethat the spring has 4 active turns (i.e. n = 4). Therefore compression of the spring,
8W,.C°n  8x297.75x 6° x 4

=6.03 mm
Gd 84 x 10° x 4.064

o =

... (Taking G = 84 x 10° N/mm?)
Assuming sgquared and ground ends, total number of turns,
N=n+2=4+2=6
We know that free length of the spring,
L =n.d+38+0.1556
= 6x4.064 + 6.03 +0.15 x 6.03 = 31.32 mm Ans.
L 3132
n-1 6-1

Example 24.6. Design a single plate automobile clutch to transmit a maximum torque of 250
N-mat 2000 r.p.m. The outside diameter of the clutch is 250 mm and the clutch is engaged at 55 knvh.
Find: 1. the number of revolutions of the clutch slip during engagement; and 2. heat to be dissipated
by the clutch for each engagement.

The following additional data is available:

Enginetorque during engagement = 100 N-m; Mass of the automobile = 1500 kg; Diameter of
the automobile wheel = 0.7 m; Moment of inertia of combined engine rotating parts, flywheel and
input side of the clutch = 1 kg-m?; Gear reduction ratio at differential = 5; Torque at rear wheels
available for accelerating automobile = 175 N-m; Coefficient of friction for the clutch material
= 0.3; Permissible pressure = 0.13 N/mm?.

Solution. Given : T = 250 N-m = 250 x 10 N-mm; N = 2000 r.p.m. ; d; = 250 mm or
ry=125mm;VvV=55km/h=153m/s; T,= 100 N-m; m=1500kg; D,=0.7mor R ,=0.35m;
| =1kg-m?;T,=175N-m; Gear ratio=5; u =0.3; p = 0.13 N/mm?

1. Number of revolutions of the clutch dlip during engagement

First of all, let usfind theinside radius of the clutch (r,). We know that, for uniform wear, mean

radius of the clutch,

and pitch of the coils = =6.264 mm Ans

ri+r, 125+r,

R =
2 2

625+ 05r,

and axial force on the clutch,
W = pr[(r)?—(r,)? =0.13 x 1 [(125)> - (r,)?]
We know that the torque transmitted (T ),
250 x 10° = nu.WR=2x 0.3 x 0.13  [(125)? - (r,)?] [625+ 0.5T,]
=0.245[ 976.56 x 10° + 7812.51,—62.5 (r,)>— 0.5 (r,)]
Solving by hit and trial, we find that
r, = 70mm
We know that angular velocity of the engine,
o, = 2nN/60 =2t x 2000/ 60 =210rad /s
and angular velocity of the whesl,
_ Velocity of whedd V153

Radiusof whed R, 0.35
Sincethe gear ratio is 5, therefore angular velocity of the clutch follower shaft,

0, =, x5=437x5=2185rad/s

=437 rad/s
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We know that angular acceleration of the engine during the clutch slip period of the clutch,

0, = TEI_T =1001250=—150rad/52
Let a = Linear acceleration of the automobile.
We know that accel erating force on the automobile,
F = Ta 175 _ =500 N
a~ R 035

We a'so know that accelerating force (F,),
500 = ma=1500x a or a=500/1500 = 0.33 m/s?
- Angular acceleration of the clutch output,

_ Acceleration x Gear ratio  0.33x 5

% = T Radiusof whed 035
We know that clutch slip period,

= 4.7 rad/s®

At = Wy — We _ 2185 - 210 0055 s
0y — 0 47— (—150)

Angle through which the input side of the clutch rotates during engagement time (At) is

0, = 0 X At +%(xe (At)?

= 210 x 0.055 + % (~ 150) (0.055)? = 11.32 rad

and angle through which the output side of the clutch rotates during engagement time (At) is
0, = my X At + % o, (At)?

1
=218.5x0.055 + 2 x 4.7 (0.055)? = 12 rad

. Angleof clutch dlip,
0 =6,-6,=12-11.32=0.68 rad
We know that number of revolutions of the clutch slip during engagement

= 6 _088_ 0.11 revolutions Ans,

2n 2w
Heat to be dissipated by the clutch for each engagement

We know that heat to be dissipated by the clutch for each engagement

=T.0=250x%0.68=170JAns.

Example 24.7. A multiple disc clutch has five plates having four palrs of active friction
surfaces. If theintensity of pressureis not to exceed 0.127 N/mn?,
find the power transmitted at 500 r.p.m. The outer and inner radii
of friction surfaces are 125 mm and 75 mm respectively. Assume
uniform wear and take coefficient of friction = 0.3.

Solution. Given: n, +n, =5; n=4; p = 0.127 N/mm?;
N=500rpm.;r,=125mm;r,=75mm;u=0.3

We know that for uniform wear, p.r = C (a constant). Since
the intensity of pressure is maximum at the inner radius (r,),
therefore,

pr,=C or C=0.127 x 75=9.525 N/mm —
A twin-disk clufch
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and axial force required to engage the clutch,
W =2nC (r, —r,) = 2n x 9.525 (125 - 75) = 2993 N
Mean radius of the friction surfaces,

R = h+0h :125;75:100mm:0.1m

2
We know that the torque transmitted,
T =nuWR=4x0.3x%2993 x 0.1 =359 N-m
Tx2nN 359x2nx500
60 60
Example 24.8. A multi-disc clutch has three discs on the driving shaft and two on the driven
shaft. The inside diameter of the contact surface is 120 mm. The maximum pressure between the

surface is limited to 0.1 N/mn?. Design the clutch for transmitting 25 kW at 1575 r.p.m. Assume
uniformwear condition and coefficient of friction as 0.3.

Solution. Given:n, =3;n,=2;d,=120mmorr,=60mm; p . = 0.1 N/mm?; P = 25 kW
=25x103W; N=1575r.p.m.; u =0.3

Let r, = Outsideradius of the contact surface.

We know that the torque transmitted,

_ Px60 _ 25x10°x 60

- 2nN 2mx1575
For uniform wear, we know that p.r = C. Sincetheintensity of pressureismaximum at theinner
radius (r,), therefore,

.. Power transmitted, P = =18800 W = 18.8 kW Ans.

=151.6 N-m =151 600 N-mm

Prax X1, =C or C=0.1%x60=6N/mm
We know that the axial force on each friction surface,
W = 2rnC (r, —r,) =21 x 6(r, —60) = 37.7 (r, — 60) (i)

For uniform wear, mean radius of the contact surface,

hthh _h+60_ 0 .4
2 2 !

We know that number of pairs of contact surfaces,
n=n+n,-1=3+2-1=4
. Torque transmitted (T),
151 600 = nu.WR=4x0.3x 37.7 (r, —60) (0.5r, + 30)
... [Substituting the value of W from equation (i)]

R =

= 22,62 (r,)?— 81432

()2 = 151 600 + 81 432 10302
1 22.62
or r, =101.5mmAns.

Example 24.9. A multiple disc clutch, steel on bronze, isto transmit 4.5 kW at 750 r.p.m. The
inner radius of the contact is 40 mmand outer radius of the contact is 70 mm. The clutch operatesin
oil with an expected coefficient of 0.1. The average allowable pressureis 0.35 N/mn?. Find : 1. the
total number of steel and bronze discs; 2. the actual axial force required; 3. the actual average
pressure; and 4. the actual maximum pressure.

Solution. Given: P=4.5kW =4500W ; N=750r.p.m.;r,=40mm;r, =70mm;u=0.1;
p,, = 0.35 N/mm?
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1. Total number of steel and bronze discs
Let n = Number of pairs of contact surfaces.
We know that the torque transmitted by the clutch,
Px60 4500 x 60
2aN  2mx 750
For uniform wear, mean radius of the contact surfaces,
_rptr, 70+40
-2 2
and average axial force required,
W =p,, xm[(r)?—(r,)% =0.35x  [(70)> - (40)] = 3630 N
We also know that the torque transmitted (T ),
57300 = nu.WR=nx0.1x 3630 x55=19965n
n =57300/19965=2.87

Since the number of pairs of contact surfaces must be even, therefore we shall use 4 pairs of
contact surfaceswith 3 steel discsand 2 bronze discs (because the number of pairsof contact surfaces
is onelessthan the total number of discs). Ans.

2. Actual axial forcerequired
Let W' = Actual axia force required.

Since the actual number of pairs of contact surfacesis 4, therefore actual torque devel oped by
the clutch for one pair of contact surface,

T 57300

n
We know that torque developed for one pair of contact surface (T "),

14325 = uW'.R=01xW'x55=55W"
W' =14325/5.5=2604.5N Ans.
3. Actual average pressure
We know that the actual average pressure,
w’ 2604.5

=57.3 N-m =57 300 N-mm

=55 mm

=14 325 N-mm

=0.25 N/mm2 Ans.

Par = 1) = ()] = [(70° = (40)7]
4. Actual maximum pressure
Let Prax = Actual maximum pressure.

For uniform wear, p.r = C. Since the intensity of pressure is maximum at the inner radius,
therefore,

Prax X1, =C or C=40p,,, N/mm
We know that the actual axial force (W"),
2604.5 = 2rnC (r, —r,) =2n x40 p,,, (70-40) =7541p,
P = 2604.5/ 7541 = 0.345 N/mm? Ans.

Example 24.10. A plate clutch has three discs on the driving shaft and two discs on the driven
shaft, providing four pairs of contact surfaces. The outside diameter of the contact surfacesis
240 mm and inside diameter 120 mm. Assuming uniform pressure and i = 0.3, find the total
spring load pressing the plates together to transmit 25 kW at 1575 r.p.m.
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If there are 6 springs each of stiffness 13 kN/mand each of the contact surfaces hasworn away
by 1.25 mm, find the maximum power that can be transmitted, assuming uniform wear.

Solution. Given: n, =3;n,=2;n=4;d, =240 mmorr;, =120 mm; d, = 120 mm or
r,=60mm;pu=03;P=25kW=25x10°W;N=1575rp.m.
Total spring load

Let W =Tota spring load.

We know that the torque transmitted,
Px60 25x10°x 60

2N 2rx1575
= 151.5 x 103 N-mm

Mean radius of the contact surface, for uniform pressure,

2 [(rlf - <r2>3] _2 [(120? - <60>3] ~s33mm

3(n)" - ()] 3[(120° - (60)?
and torque transmitted (T ),
151.5x 10°=nuWR=4x03x Wx 93.3=112W
W =151.5x 108/ 112 = 1353 N Ans.

T= =151.5 N-m

Maximum power transmitted
Given: No. of springs=6
.~. Contact surfaces of the spring = 8
Wear on each contact surface = 1.25 mm
Total wear = 8x1.25=10mm=0.01m
Stiffness of each spring = 13 kN/m = 13 x 103 N/m
Reduction in spring force
= Total wear x Stiffness per spring x No. of springs
=0.01x13x10°x6=780N
and new axial load, W = 1353 -780=573N
We know that mean radius of the contact surfaces for uniform wear,

R = rl;rz=1202+60=90mm=0.09m

and torque transmitted, T=n.uW.R=4x%x03x573%0.09=62N-m

_Tx2rn N _ 62x 21 x1575
~ 60 60

=10 227 W =10.227 kW Ans

.. Power transmitted, P

24.11 Cone Clutch

A cone clutch, as shown in Fig. 24.6, was extensively used in automobiles, but now-a-days it
has been replaced completely by the disc clutch. It consists of one pair of friction surface only. In a
cone clutch, thedriver iskeyed to the driving shaft by asunk key and has an inside conical surface or
face which exactly fitsinto the outside conical surface of the driven. The driven member resting on
the feather key in the driven shaft, may be shifted along the shaft by aforked lever provided at B, in
order to engage the clutch by bringing the two conical surfaces in contact. Due to the frictional
resistance set up at this contact surface, the torque is transmitted from one shaft to another. In some
cases, a spring is placed around the driven shaft in contact with the hub of the driven. This spring
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holds the clutch faces in contact and maintains the pressure between them, and the forked lever is
used only for disengagement of the clutch. The contact surfaces of the clutch may be metal to metal
contact, but more often the driven member is lined with some material like wood, leather, cork or
asbestos etc. The material of the clutch faces (i.e. contact surfaces) depends upon the allowable
normal pressure and the coefficient of friction.

/{}% Conical friction surface

|

ivi |

Driving shaft | Driven shaft
|

|
Driver ol %\ Driven

Fig. 24.6. Cone clutch.

24.12 Design of a Cone Clutch

Consider apair of friction surfaces of acone clutch asshowninFig. 24.7. A little consideration
will show that the area of contact of a pair of friction surface is afrustrum of acone.

riction surface

Fig. 24.7. Friction surfaces as a frustrum of a cone.

Let p, = Intensity of pressure with which the conical friction surfaces are held
together (i.e. normal pressure between the contact surfaces),

r, = Outer radius of friction surface,
r, = Inner radius of friction surface,

) L o+
R = Mean radius of friction surface = 172

o = Semi-angle of the cone (also called face angle of the cone) or angle of
the friction surface with the axis of the clutch,
p = Coefficient of friction between the contact surfaces, and

b = Width of the friction surfaces (also known as face width or cone face).
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Consider asmall ring of radius r and thickness dr as shown in Fig. 24.7. Let dl isthe length of
ring of the friction surface, such that,

dl = dr cosec o
Areaof ring = 2 r. dl = 2r r.dr cosec o
We shall now consider the following two cases:
1. When thereisauniform pressure, and
2. When thereisauniform wear.
1. Considering uniform pressure
We know that the normal force acting on the ring,
dW_ = Normal pressure x Areaof ring=p, X 2m r.dr cosec o,
and the axial force acting on the ring,
dW = Horizontal component of 8W, (i.e. in the direction of W)
= 0W, xsino=p, x 2rr.dr cosec o X sin . = 21 X p.r.dr
.. Total axial load transmitted to the clutch or the axial spring force required,

: 2 | ()% = (1,)?
W = jr 2n x p,.rdr =2n p, > =2np, | ———=—
2

r 2

=T pn [(r1)2 - (r2)2]
_ w

i Tc|:(r1)2 - (rz)z]

We know that frictional force on thering acting tangentially at radiusr,
F, = W.0W, = u.p, x 2nr.dr cosec o
-. Frictional torque acting on thering,

T, =F, xr=u.p,x 2mr.dr coseco, xr

= 2m 1., cosec o.r? dr

Integrating this expression within the limits from r, to r, for the total frictional torque on the
clutch.

. Total frictiona torque,

and

(i)

37"
T= jr;lZnu.pn. cosec o.r? dr = 27 .p,, COSeC o [r_}
1P
(n)° - (@)1
3

=2n u.pncoseco{
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Substituting the value of p,, from equation (i), we get

xmm{(af —(rzf}
ﬂ[(rl)z _(rz)z] 3

2 (n)° = (r)° i
3><u.W cosnec:o{(rl)2 - (rz)z} (1)

T=2nux

Friction surface

Friction
surface

W=W, sin a
(b) During engagement of the clutch.

Fig. 24.8. Forces on afriction surface.

2. Considering uniform wear

InFig. 24.7, let p, be the normal intensity of pressure at adistance r from the axis of the clutch.
We know that, in case of uniform wear, the intensity of pressure variesinversely with the distance.

p.r =C(aconstant) or p,=C/r
We know that the normal force acting on the ring,
dW_ = Normal pressure x Areaof ring = p, x 2nr.dr cosec o
and the axial force acting on the ring,
W = 8W_ xsino.=p, x 2 r.dr cosec o, X sino.
=2m x p.rdr

= 2m % c xr.dr =2 C.adr ( o8 :E)
r

.. Total axial load transmitted to the clutch,
= ["oncdr=2nC[r]i=2nC (4 - 1)
2 2
_w ... (iii)
2m (1, — 13)
We know that frictional force on thering acting tangentially at radiusr,
F, = WwdW, = p.p, X 2r r.dr cosec o

or C=
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A mammoth caterpillar dump fruck for use in quarries and open-cast mines.

-. Frictional torque acting on thering,
T =F xr=u.p, x2rr.drcoseco xr
C
=ux T x 2mr.dr cosec oo X r = 2 n.C cosec o X r dr

Integrating this expression within the limits fromr, to r, for the total frictional torque on the
clutch.

.. Total frictional torque,

T

27
jfzn 1.C cosec o X r dr = 2mp.C COSeC o [%}
2

2

() - (rz)z}
2

Substituting the value of C from equation (iii), we have

2t n.Ccosec o [

2 2
T= Znux—xcoseca{u}
n+r .
= WW cosec o SC = 1t WR cosec o ..(1v)
rn+r . o
where R = I = Mean radius of friction surface.

Since the normal force acting on the friction surface, W, = W cosec o, therefore the equation
(iv) may bewritten as

T=puW,R (V)
The forces on a friction surface, for steady operation of the clutch and after the clutch is
engaged, isshown in Fig. 24.8 (a) and (b) respectively.
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From Fig. 24.8 (a), we find that

n+r
r,—r, =bsno and R=% or r +r,=2R
-. From eguation (i), normal pressure acting on the friction surface,
b = W _ W _ W
"or[(n)? - () m(p+r)(m-r) 2nRbsina
or W=p x2rRbsnoa=W, sina
where W, = Normal load acting on the friction surface = p, x 2nR.b

Now the equation (iv) may be written as
T=p(p,*2nR bsino) Rcosec o= 2m p.p, R%b

Thefollowing points may be noted for a cone clutch :

1. The above equations are valid for steady operation of the clutch and after the clutch is
engaged.

2. If the clutch is engaged when one member is stationary and the other rotating (i.e. during
engagement of the clutch) as shown in Fig. 24.8 (b), then the cone faces will tend to slide on each
other dueto the presence of relative motion. Thus an additional force (of magnitude u.W, cos o) acts
on the clutch which resists the engagement, and the axial force required for engaging the clutch
increases.

-. Axial forcerequired for engaging the clutch,
W, =W+ W, cosa=W,.sino+uW cosa
=W, (sino + p cos o)
It has been found experimentally that the term (u W._.cos o) is only 25 percent effective.
: W, =W, sino+0.25u W, coso=W_ (sino +0.25 u cos o)

3 Under steady operation of the clutch, a decrease in the semi-cone angle (o) increases the
torque produced by the clutch (T ) and reducesthe axial force (W'). During engaging period, the axial
force required for engaging the clutch (W,) increases under the influence of friction as the angle o
decreases. The value of o. can not be decreased much because smaller semi-cone angle (o) requires
larger axial forcefor its disengagement.

If the clutch isto be designed for free disengagement, the value of tan oo must be greater than .
In casethevalue of tan o islessthan y, the clutch will not disengageitself and axial force required to
disengage the clutch is given by

W, =W, (uncoso—sino)

Example 24.11. The contact surfacesin a cone clutch have an effective diameter of 80 mm. The
semi-angle of the cone is 15° and coefficient of friction is 0.3. Find the torque required to produce
slipping of the clutch, if the axial force applied is 200 N. The clutch is employed to connect an
electric motor, running uniformly at 900 r.p.m. with a flywheel which is initially stationary. The
flywheel hasa mass of 14 kg and itsradius of gyration is 160 mm. Cal cul ate the time required for the
flywheel to attain full-speed and also the energy lost in slipping of the clutch.

Solution. Given: D=80mmor R=40mm; a=15°; 1 =0.3; W=200N ; N=900r.p.m.
or o= 2n % 900/60 = 94.26 rad/s; m=14 kg ; k=160 mm = 0.16 m
Torque required to produce slipping of the clutch

We know that the torque required to produce slipping of the clutch,

T = nw WRcosec o = 0.3 x 200 x 40 cosec 15° = 9273 N-mm
= 9.273N-m Ans.
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Timerequired for the flywheel to attain full-speed
Let t = Timerequired for the flywheel to attain full speed from the stationary
position, and
o = Angular acceleration of the flywhesl.
We know that mass moment of inertia of the flywhes!,
I = mk2=14(0.16)2 = 0.3584 kg-n?
We also know that thetorque ( T),
9.273 = 1 x 0. = 0.3584
o =9.273/0.3584 = 25.87 rad / &
and angular speed (),
94.26 = @, + 0.t =0+ 2587 x t = 25.87 t o (o @y =0)
t =94.26/25.87 = 3.64 sAns.
Energy lost in dlipping of the clutch
We know that angular displacement,

0y + O
0 X t

0 = Average angular speed x time =

_ 0+ 541716 rad

-. Energy lost in slipping of the clutch,
=T.0=9273x171.6 =1591 N-m Ans.

Example 24.12. An engine developing 45 kW at 1000 r.p.m. is fitted with a cone clutch built
inside the flywheel. The cone has a face angle of 12.5° and a maximum mean diameter of 500 mm.
The coefficient of friction is 0.2. The normal pressure on the clutch face is not to exceed 0.1 N/mm?.
Determine: 1. the face width required, and 2. the axial spring force necessary to engage the clutch.

Solution. Given : P = 45 kW = 45 x 103 W; N = 1000 rp.m. ; o, = 12.5° ; D = 500 mm or
R=250mm;pn=0.2; p,=0.1N/mm?
1. Face width

Let b = Facewidth of the clutch in mm.

We know that torque developed by the clutch,

3
7= Px00_45x10 X0 _ 13 Nm = 430 x 10° N-mm
2n N 2 1 x 1000
We also know that torque developed by the clutch (T ),

430 x 10° = 2m. p. p,. R2b =21 x 0.2 x 0.1 (250)*b = 7855 b
o b = 430 x 108/ 7855 = 54.7 say 55 mm Ans.
2. Axial spring force necessary to engage the clutch

We know that the normal force acting on the contact surfaces,

W, =p,*x2tRb=0.1x2r x 250 x 55 =8640 N
. Axial spring force necessary to engage the clutch,

W, =W, (sino + 0.25 u cos o)

= 8640 (sin 12.5° + 0.25 x 0.2 cos 12.5°) = 2290 N Ans.

Example 24.13. Determine the principal dimensions of a cone clutch faced with leather to
transmit 30 KW at 750 r.p.m. from an electric motor to an air compressor. Sketch a sectional front
view of the clutch and provide the main dimensions on the sketch.
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1
Assume : semi-angle of the cone = 12§°; u = 0.2 ; mean diameter of cone= 6to 10 d where

disthe diameter of shaft; allowable normal pressure for leather and cast iron= 0.075to 0.1 N/mn;
load factor = 1.75 and mean diameter to face width ratio = 6.

Solution. Given : P = 30 kW = 30 x 10° W; N = 750 r.p.m.; o = 12%°; n=02;
D=6t010d;p,=0.075t0 0.1 N/mm?; K =175;D/b=6
First of all, let usfind the diameter of shaft (d). We know that the torque transmitted by the shaft,
Px60 . _30x10°x 60
2nN =" 27x 750
668.4 x 10° N-mm
We also know that the torque transmitted by the shaft (T ),

x1.75=668.4 N-m

T T
668.4x 10° = 7 X T d® = 167 42 d® =8.25d* ... (Taking = 42 N/mm?)
d® =668.4x10%/825=81x10° or d=43.3say 50 mmAnSs.

Fig. 24.9

Now let usfind the principal dimensions of a cone clutch.
Let D = Mean diameter of the clutch,

R = Mean radius of the clutch, and

b = Facewidth of the clutch.

Since the allowable normal pressure ( p,) for leather and cast iron is 0.075t0 0.1 N/mm?,
therefore let ustake p, = 0.1 N/mm?.

We know that the torque developed by the clutch ( T),

R
668.4x 10° = 2m . p,. RPb=2nx0.2x 0.1 x R? x 3= 0.042 R®

..(-» D/b=6or 2R/b=6 or R/b=3)
R R3 = 668.4 x 103/ 0.042 = 159 x 10° or R=250 mm
and D = 2R=2x 250 =500 mm Ans.

Sincethis calculated val ue of the mean diameter of the clutch (D) isequal to 10 d and the given
value of D is 6 to 10d, therefore the calculated value of D is safe.

We know that face width of the clutch,
b=D/6=500/6=83.3mm Ans.
From Fig. 24.9, wefind that outer radius of the clutch,

[, = R+gsina=250+%3 'n12%°:259mm ANS.
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and inner radius of the clutch,

r, = R—Esinoc=250—E 'n12£°=241mm Ans.
2 2 2 2

24.13 Centrifugal Clutch

The centrifugal clutchesareusually incorporatedinto
the motor pulleys. It consists of anumber of shoes on the
inside of arim of the pulley, as shown in Fig. 24.10. The
outer surface of the shoes are covered with a friction
material. These shoes, which can moveradialy in guides,
are held against the boss (or spider) on the driving shaft
by means of springs. The springs exert aradially inward
force which isassumed constant. The weight of the shoe,
when revolving causesit to exert aradially outward force
(i.e. centrifugal force). The magnitude of this centrifugal
force depends upon the speed at which the shoe is
revolving. A little consideration will show that when the
centrifugal force is less than the spring force, the shoe
remains in the same position as when the driving shaft
was stationary, but when the centrifugal forceis equal to
the spring force, the shoe is just floating. When the Centrifugal clutch with three discs
centrifugal force exceedsthe spring force, the shoe moves and four steel float plates.
outward and comes into contact with the driven member
and pressesagainst it. Theforce with which the shoe presses against the driven member isthe difference
of the centrifugal force and the spring force. Theincrease of speed causesthe shoeto pressharder and
enables more torque to be transmitted.

Cover Ferrodo Lining

plate _\ /

Spider
- ,

Driving \ o Driven l

shaft shaft

Fig. 24.10. Centrifugal clutch.

24.14 Design of a Centrifugal Clutch

In designing a centrifugal clutch, it isrequired to determine the weight of the shoe, size of the
shoe and dimensions of the spring. The following procedure may be adopted for the design of a
centrifugal clutch.

1. Mass of the shoes
Consider one shoe of acentrifugal clutch as shownin Fig. 24.11.
Let m = Mass of each shoe,
n = Number of shoes,
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r = Distance of centre of gravity of the shoe from the 17
centre of t.he spider, . P S
R = Insideradiusof the pulley rim, [ReSSSSTNEaN.
N = Running speed of the pulley inr.p.m., F = A\
® = Angular running speed of the pulley inrad/s
=2n N/60radls,
®, = Angular speed at which the engagement beginsto
take place, and

u = Coefficient of friction between the shoe and rim.

We know that the centrifugal force acting on each shoe at
the running speed,

*P_= meAr '
Cc q
Since the speed at which the engagement begins to take Fig. 24&;’;?&;? 2&3? e
placeis generaly taken as 3/4th of the running speed, therefore '
the inward force on each shoe exerted by the spring is given by

3% 9
P=m 2r:m(—mj r=— mo’r
s = M@ 4 16

. Net outward radial force (i.e. centrifugal force) with which the shoe presses against therim
at the running speed

= P, - P, = mo’r - 9 metr =L mets
16 16
and thefrictional force acting tangentially on each shoe,
F=uP,—-P)
Frictional torque acting on each shoe
=FxR=p(P,-P)R
and total frictional torque transmitted,
T=p(P,-~P)Rxn=nF.R
From this expression, the mass of the shoes (m) may be evaluated.
2. Size of the shoes
Let | = Contact length of the shoes,
b = Width of the shoes,

R = Contact radius of the shoes. It is same as the inside radius of therim
of the pulley,

6 = Angle subtended by the shoes at the centre of the spider in radians, and

p = Intensity of pressure exerted on the shoe. In order to ensure reasonable
life, it may be taken as 0.1 N/mn?.

Y
Weknowthat 6= —orl=0R= 3 R ...(Assuming 6 = 60° = 1t / 3 rad)

!
R

*  Theradial clearance between the shoe and the rim is about 1.5 mm. Since this clearance is small as
comparedtor, thereforeitisneglected for design purposes. If, however, theradial clearanceisgiven, then
the operating radius of the mass centre of the shoe from the axis of the clutch,

r, = r+c,wherecistheradial clearance,
Then P, =mao’r; and P,= m(m,)?r,
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.. Areaof contact of the shoe

=1l.b
and the force with which the shoe presses against the rim
=Axp=Llbp

Since the force with which the shoe presses against the rim at the running speed is (P, — P,
therefore
l.b.p =P ,—Py
From this expression, the width of shoe (b) may be obtained.
3. Dimensions of the spring
We have discussed above that the load on the spring is given by
P = 2 x malr
s 16

The dimensions of the spring may be obtained as usual.

Example 24.14. A centrifugal clutch is to be designed to transmit 15 kW at 900 r.p.m. The
shoes are four in number. The speed at which the engagement begins is 3/4th of the running speed.
The inside radius of the pulley rim is 150 mm. The shoes are lined with Ferrodo for which the
coefficient of friction may be taken as 0.25. Determine: 1. mass of the shoes, and 2. size of the shoes.

Solution. Given: P=15kW =15x 103W; N=900rp.m.;n=4;R=150mm=0.15m;
uw=0.25

1. Mass of the shoes

Let m = Mass of the shoes.
We know that the angular running speed,
o = 2nN = 2mx 900 =94.26rad/s
60 60

Since the speed at which the engagement beginsis 3/4 th of the running speed, therefore angular
speed at which engagement beginsis

o = S o=>x9426=707rad/s
172973

Assuming that the centre of gravity of the shoeliesat adistance of 120 mm (30 mm lessthan R)
from the centre of the spider, i.e.
r=120mm=0.12m
We know that the centrifugal force acting on each shoe,
P. = mw?r =m(94.26)>0.12 = 1066 mN
and theinward force on each shoe exerted by the spring i.e. the centrifugal force at the engagement
speed, o,
P, = m(®,)?r =m(70.7)>0.12 = 600 mN
We know that the torque transmitted at the running speed,

3
T= P><60:15><10 ><6O:159 N-m
2t N 21 x 900
We also know that the torque transmitted (T ),
159 = p (P,—P) Rx n=0.25 (1066 m—600m) 0.15x 4=70m

m = 159/70 = 2.27 kg Ans.
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2. Size of the shoes
Let | = Contact length of shoesin mm, and
b = Width of the shoesin mm.

Assuming that the arc of contact of the shoes subtend an angle of 6 = 60° or «t / 3radians, at the
centre of the spider, therefore

| = 9.R=%><150=157 mm

Areaof contact of the shoes
A =1.b=157bmm?

Assuming that the intensity of pressure ( p) exerted on the shoesis 0.1 N/mm?, therefore force
with which the shoe presses against the rim

=Ap=157bx0.1=15.7bN (i)
We also know that the force with which the shoe presses against therim
= P,—P,=1066 m—600 m= 466 m
= 466 x 2.27 = 1058 N (i)
From equations (i) and (ii), wefind that
b =1058/15.7=674mm Ans.

Special trailers are made to carry very long loads. The longest
load ever moved was gas storage vessel, 83.8 m long.

EXERCISES

1. Asingledisc clutch with both sides of the disc effective is used to transmit 10 kW power at 900 r.p.m.
The axial pressureislimited to 0.085 N/mm?. If the external diameter of the friction lining is 1.25 times
theinternal diameter, find the required dimensions of the friction lining and the axial force exerted by the
springs. Assume uniform wear conditions. The coefficient of friction may be taken as 0.3.

[Ans. 132.5 mm ; 106 mm ; 1500 N]
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2.

10.

A single plate clutch with both sides of the plate effectiveisrequired to transmit 25 kW at 1600 r.p.m.
The outer diameter of the plate islimited to 300 mm and the intensity of pressure between the plates
not to exceed 0.07 N/mm?. Assuming uniform wear and coefficient of friction 0.3, find the inner
diameter of the plates and the axial force necessary to engage the clutch.

[Ans. 90 mm ; 2375 N]

Give a complete design analysis of a single plate clutch, with both sides effective, of a vehicle to
transmit 22 kW at a speed of 2800 r.p.m. allowing for 25% overload. The pressure intensity is not to
exceed 0.08 N/mm? and the surface speed at the mean radius is not to exceed 2000 m/min. Take
coefficient of friction for the surfaces as 0.35 and the outside diameter of the surfacesisto be 1.5 times
theinside diameter. The axial thrust isto be provided by 6 springs of about 24 mm coil diameter. For
spring material, the safe shear stressis to be limited to 420 MPa and the modulus of rigidity may be
taken as 80 kN/mm?2. [Ans. 120 mm ; 80 mm ; 3.658 mm]

A multiple disc clutch has three discs on the driving shaft and two on the driven shaft, providing four
pairs of contact surfaces. The outer diameter of the contact surfacesis 250 mm and theinner diameter
is 150 mm. Determine the maximum axial intensity of pressure between the discs for transmitting
18.75 kW at 500 r.p.m. Assume uniform wear and coefficient of friction as 0.3.

A multiple disc clutch employs 3 steel and 2 bronze discs having outer diameter 300 mm and inner
diameter 200 mm. For acoefficient of friction of 0.22, find the axial pressure and the power transmitted
at 750 r.p.m., if the normal unit pressure is 0.13 N/mm?.

Also find the axial pressure of the unit normal pressure, if this clutch transmits 22 kW at
1500 r.p.m. [Ans.5105N ; 44.11 KW ; 0.0324 N/mm?]

A multiple disc clutch has radial width of the friction materia as 1/5th of the maximum radius. The
coefficient of friction is0.25. Find the total number of discsrequired to transmit 60 kW at 3000 r.p.m.
The maximum diameter of the clutch is 250 mm and the axial force islimited to 600 N. Also find the
mean unit pressure on each contact surface. [Ans. 13 ; 0.034 N/mm?|

An engine developing 22 kW at 1000 r.p.m. is fitted with a cone clutch having mean diameter of 300
mm. The cone has aface angle of 12°. If the normal pressure on the clutch faceis not to exceed 0.07
N/mm? and the coefficient of frictionis 0.2, determine :

(a) the face width of the clutch, and
(b) the axial spring force necessary to engage the clutch.
[Ans. 106 mm ; 1796 N]

A coneclutch isto be designed to transmit 7.5 kW at 900 r.p.m. The cone has aface angle of 12°. The
width of thefaceishalf of the mean radius and the normal pressure between the contact facesisnot to
exceed 0.09 N/mm?. Assuming uniform wear and the coefficient of friction between the contact faces
as 0.2, find the main dimensions of the clutch and the axial force required to engage the clutch.
[Ans.R=1124mm ;b=56.2mm ;r, =1182mm;r,=106.6 mm ; W_ =917 N]
A soft cone clutch has a cone pitch angle of 10°, mean diameter of 300 mm and a face width of 100
mm. If the coefficient of friction is 0.2 and has an average pressure of 0.07 N/mm? for a speed of 500

r.p.m., find : (a) the force required to engage the clutch; and (b) the power that can be transmitted.
Assume uniform wear. [Ans. 1470 N ; 10.4 kW]

A cone clutch is mounted on a shaft which transmits power at 225 r.p.m. The small diameter of the
cone is 230 mm, the cone face is 50 mm and the cone face makes an angle of 15° with the horizontal.
Determine the axial force necessary to engage the clutch to transmit 4.5 kW if the coefficient of
friction of the contact surfacesis0.25. What isthe maximum pressure on the contact surfaces assuming
uniform wear? [Ans. 2414 N ; 0.216 N/mm?]
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11. A soft surface cone clutch transmits a torque of 200 N-m at 1250 r.p.m. The larger diameter of the

12.

clutch is 350 mm. The cone pitch angle is 7.5° and the face width is 65 mm. If the coefficient of
frictionis 0.2, find :

1. the axial force required to transmit the torque;
2. the axial force required to engage the clutch;

3. theaveragenormal pressure on the contact surfaceswhen the maximum torqueisbeing transmitted;
and

4.the maximum normal pressure assuming uniform wear.
[Ans. 764 N ; 1057 N ; 0.084 N/mm?; 0.086 N/mm?|

A centrifugal friction clutch hasadriving member consisting of aspider carrying four shoeswhich are
kept from contact with the clutch case by means of flat springs until increase of centrifugal force
overcomesthe resistance of the springs and the power istransmitted by the friction between the shoes
and the case.

Determine the necessary mass and size of each shoeif 22.5 kW isto be transmitted at 750 r.p.m.
with engagement beginning at 75% of the running speed. The inside diameter of the drum is 300
mm and theradial distance of the centre of gravity of each shoe from the shaft axisis 125 mm. Assume
u=0.25. [Ans.5.66 kg ; | =157.1 mm ; b= 120 mm]

N o o &

Clutches, brakes, steering and transmission need to be carefully designed to ensure the
efficiency and safety of an aufomobile

QUESTIONS

What is a clutch? Discuss the various types of clutches giving at least one practical application
for each.

Why a positive clutch is used? Describe, with the help of aneat sketch, the working of ajaw or claw
clutch.

Namethe different types of clutches. Describe with the help of neat sketchesthe working principles of
two different types of friction clutches.

What are the materials used for lining of friction surfaces?
Why it is necessary to dissipate the heat generated when clutches operate?
Establish aformulafor the frictional torque transmitted by a cone clutch.

Describe, with the help of a neat sketch, a centrifugal clutch and deduce an expression for the total
frictional torque transmitted. How the shoes and springs are designed for such a clutch?
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OBJECTIVE TYPE QUESTIONS

1. Ajawclutchisessentialy a

(a) positive action clutch (b) coneclutch
(c) friction clutch (d) discclutch
2. Thematerial used for lining of friction surfaces of aclutch should have............. coefficient of friction.
(@ low (b) high
3. Thetorque developed by adisc clutchis given by
(8 T=0.25u.WR (b) T=05uWR
() T=0.75uWR (d T=pWR
where W = Axial force with which the friction surfaces are held together ;

u = Coefficient of friction ; and
R = Mean radius of friction surfaces.

4. In case of a multiple disc clutch, if n; are the number of discs on the driving shaft and n, are the
number of the discs on the driven shaft, then the number of pairs of contact surfaces will be

@ n, +n, (0 n +n,-1
(© n+n,+1 (d) none of these
5. The cone clutches have become obsol ete because of
(@) small cone angles (b) exposure to dirt and dust
(c) difficulty in disengaging (d) all of these
6. Theaxia force (W,) required for engaging a cone clutch is given by
(@ W,sina (b) W, (sino+pcoso)
(© W, (sno+0.25u cosa) (d) none of these
where W, = Normal force acting on the contact surfaces,

o, = Face angle of the cone, and
u = Coefficient of friction.

7. Inacentrifugal clutch, theforcewith which the shoe presses against the driven member isthe...............
of the centrifugal force and the spring force.

(a) difference (b) sum
ANSWERS
1. (@ 2. (b) 3. (d) 4. (b) 5. (d)
6. (¢ 7. (@)
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