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23.1 Introduction

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

2. Toapply forces, asin brakes, clutchesand spring-
loaded valves.

3. Tocontrol motion by maintaining contact between
two elements asin cams and followers.

4. To measure forces, as in spring balances and
engineindicators.

5. To store energy, asin watches, toys, etc.

23.2 Types 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
springismade may becircular, square or rectangular. Thetwo formsof helical springsarecompression
helical spring as shown in Fig. 23.1 (a) and tension helical spring as shown 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 wireis subjected to
torsion. In other words, in aclosely coiled helical spring, the helix 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.

Inopen 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) Theseare easy to manufacture.

(b) These are 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 ratethat increaseswith the
load isdesired. The conical spring, asshowninFig. 23.2 (a), iswound with auniform pitch whereas
thevolute springs, asshown in Fig. 23.2 (b), arewound in the form of parabol oid with constant pitch

(@) 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 partially or completely telescoping. In either case,
thenumber 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 magjor 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 shownin Fig. 23.3. The
helical type may be used only in applications where the load 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.

|
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(a) 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 asshownin Fig. 23.5. These springs are 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 a compression 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.

Severe service means rapid continuous |oading 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, as in 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 ngll(ﬁ:/tx?(G) elaks’t\ll;:rlr:?/ngE)
service service service
1. Carbon steel
(a) Uptoto 2.125 mm dia 420 525 651
(b) 2.125t04.625 mm 385 483 595
(¢) 4.625108.00 mm 336 420 525
(d) 8.00t0 13.25 mm 294 364 455
(e) 13.25t0 24.25 mm 252 Bl 392 80 210
() 24.25 to 38.00 mm 224 280 350
2. Music wire 392 490 612
3. Oil tempered wire 336 420 525
4. Hard-drawn spring wire 280 350 437.5
5. Stainless-steel wire 280 350 437.5 70 196
6. Monel metal 196 245 306 44 105
7. Phosphor bronze 196 245 306 44 105
8. Brass 140 175 219 85 100
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
8 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
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23.5 Terms used in Compression Springs
Thefollowing termsused in connection with compression springs areimportant from the subject
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 is the product of total
number of coils and 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 a compression spring, as shown in Fig. 23.6, isthe length of
the spring in the free or unloaded condition. It isequal to the solid length plus the maximum deflection

or compression of the spring and the clearance between the adjacent coils (when fully compressed).
Mathematically,

a \ H
K Ao )L

o
~ >
Free length
<l Compressed
Length
= % H% % =
Compressed
solid

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+3  +0155
Thefollowing relation may aso be used to find the free length of the spring, i.e.
Le =n.d+§,  +(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 theratio of the mean diameter of the coil to the
diameter of the wire. Mathematically,

Spring index, C=D/d
where D = Mean diameter of the coil, and
d = Diameter of thewire.

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/3
where W = Load, and
& = Deflection of the spring.

*

In actual practice, the compression springs are seldom designed to close up under the maximum working
load and for this purpose a clearance (or clash alowance) 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, o= %
The pitch of the coil may also be obtained by using the following relation, i.e.
Pitch of the cail, p= I'Fr:,|'5+d
where L. = Freelength of the spring,

Lg = Solid length of the spring,
n' = Total number of coils, and
d = Diameter of the wire.
In choosing the pitch of the coails, 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: Indesigning 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 cail, 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 asinactive 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 increasevariesfrom 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 thespringwire.

23.7 End Connections for Tension Helical
Springs

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

Themain disadvantage of tension spring isthefailure
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,

nN=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
shown in Fig. 23.10 (a).

Let D = Mean diameter of the spring cail,
d = Diameter of the spring wire,
n = Number of active cails,
G = Modulus of rigidity for the spring material,
W = Axia load on the spring,
T = Maximum shear stressinduced in the wire,
C = Spring index = D/d,
p = Pitch of the coils, and
& = Deflection of the spring, as aresult of an axial load W.

|

D—>

w

(a) Axially loaded helical spring. (b) Free body 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><B:£><1:1><d3
2 16
8W.D 0
T, = N
1 I d3
The torsional 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 al'so act
onthewire:

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-sectiond area of the wire
W AN
= == (i)
T d2 md

— X
4
Thedirect shear stressdiagram isshown in Fig. 23.11 (b) and the resultant diagram of torsional
shear stress and direct shear stressis shown in Fig. 23.11 (c).

LN

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

|
en
Inner ! o | E
edge | = | =
ot w1
A = — N U D .~
2z 3]
| S | 2
2] o
% <
< | [
| b |
| | —— 7 —
(¢) Resultant torsional shear and direct (d) Resultant torsional shear, direct shear
shear stress diagram. and curvature 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® md?
The positive sign is used for the inner edge of the wire and negative sign is used for the outer
edge of thewire. Since the stressis 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|1+
md md nd 2D

T:Tli‘t2
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8W.D 1) 8W.D
= nds 1+z = KSX$ ...(lll)
... (Substituting D/d = C)
where Kg = Shear stressfactor = 1 + %

8WD 1
From the above equation, it can be observed that the effect of direct shear (W X 2c J is

appreciable for springs of small spring index C. Also we have neglected the effect of wire curvature
inequation (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, aWahl’s
stress factor (K) introduced by A.M. Wahl may be used. The resultant diagram of torsional shear,
direct shear and curvature shear stressis shown in Fig. 23.11 (d).

.. Maximum shear stressinduced in the wire,

8W.D 8WC

T=Kx =K x (V)
nd? n d?
4C -1 N 0.615
where K=ac_a2" ¢

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

1.8

(o)}
/

to

Steress factor (K) —»
~
T

_—

-
=)

01 2 3 4 5 6 7 8 91011 12 1314 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, Kg and K, such that
K = Kgx K

where K = Stress factor due to shear, and

S
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 the wire. We
know that

®
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Total active length of the wire,
| = Length of one coil x No. of activecoils=n D xn

Let 06 = Angular deflection of the wire when acted upon by the torque T.
.. Axial deflection of the spring,

d =0xD/2 ()
We also know that

T T G.o
J

D/2 |
0= T—I considerin T_60
~JG 9377
where J = Polar moment of inertia of the spring wire
= % x d*, d being the diameter of spring wire.
and G = Modulusof rigidity for the material of the spring wire.

Now substituting the values of | and J in the above equation, we have

D
T (W 5 2) mBN 16wp?n

0 = = (i)
4
Substituting this value of 6 in equation (i), we have
16W.D°n _D 8W.D°n 8WC3n
5 = —= = ... ("~ C=DlId)

X =
Gd* 2 Gcd* Gd
and the stiffness of the spring or spring rate,

4
W G.d® Gud — congtant

5 _8D%n 8C3n

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 springisalso affected. The eccentricload on the spring increasesthe stresson one side
of the spring and decreases on the other side. When the load is offset by a distance 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|like acolumn and may fail by buckling
at acomparatively low load asshown in Fig. 23.13. Thecritical axial load (W) that causes buckling
may be calculated by using the following relation, i.e.
W, =kxKgxLe
where k = Spring rate or stiffness of the spring = W/J,
L. = Freelength of the spring, and
Ky = Buckling factor depending upon theratio L./ D.

, where D isthe 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 Guided end
\

Fixed end Guided end

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

L/D | Hinged end spring | Built-inend spring | L./ D| Hinged end spring Built-in end spring
1 0.72 0.72 B 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 springs having plain endswhere asabuilt-in end spring isoneinwhich 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 is located 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.

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 |oad takes up whol e of the deflection
andthenit transmitsalarge part of itsdeflectionto the adjacent coils. Inthisway, awave of compression
propagatesthrough the coilsto the supported end from whereit isreflected back to the defl ected 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 applicationsis 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
N 2n D?%n p &
where d = Diameter of thewire,

D = Mean diameter of the spring,
n = Number of activeturns,
G = Modulusof 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 5
.. Shear stressfactor,
Kg = 1+i:1+L:1.05
2C 2x10
and maximum shear stress (neglecting the effect of wire curvature),
T = Kgx SWE =1.05x M = 534.7 N/mm?
m d x5
= 534.7 MPa Ans.

*  Superfluous data.
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Example23.2. Ahelical springismadefromawire 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 10% N/mm?

We know that mean diameter of the spring,

D =D,-d=75-6=69mm

D 69
.. Spring index, C= q = ry =115
Let W = Axial load, and

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

1 1

Kg=1+—==1+——=1
2C 2x115
and maximum shear stressinduced in the wire (t),
350 = KS><8W—'E:1.043><8W—X369:0.848W
nd X6

W = 350/0.848 =412.7 N Ans.
We know that deflection of the spring,
8W.D3.n

G.d*

.. Deflection per active turn,

§ 8W.D® 8x412.7(69)° 9.96 mm A
- = = =9 mm Ans.
n G.d* 84 % 10%x 6

2. Considering the effect of curvature
We know that Wahl’s stress factor,
4C -1 N 0.615 4x115-1 N 0.615

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 SWE =1.123x BXW—XZH'E’ = 0.913W
nd X6
RS W = 350/0.913 = 383.4 N Ans.
and deflection of the spring,
_ 8W.D%n
- G.d*
.. Deflection per active turn,
3 3
5 _8W.D _ 8 x 383.4 (69) 926 mm Ans.

n G.d*  84x10°x6*
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 ;3 =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 coil,
d = Diameter of the spring wire, and
C = Spring index = D/d.
Sincethe springisto beenclosed 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 (3),

8W.C%.n _8x1000x C*x 30 240 C*

80 =

G.d  8x10®xd  85d
3
C° _80x85 0,
d 240

Let us assume that d =4 mm. Therefore
C3=283d=283%x4=1132 or C=484
and D = C.d=4.84x4=19.36 mmAns.
We know that outer diameter of the spring coil,
D, =D+d=19.36+4=2336 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 iscorrect.

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

4C -1 0615 4x484-1 + 0.615

K = + = =1.322
4C -4 C 4x484 -4 484
.. Maximum shear stressinduced,
= K x 8W.2(: _1329% 8><1000><24.84
md nx4

= 1018.2 N/mm? = 1018.2 MPa Ans.

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 a spring
index of 6. The spring has 18 active coils. The
spring wire is hard drawn and oil tempered
having following material properties:

Design shear stress= 680 MPa

Modulus of rigidity = 80 kN/mn?

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

Solution. Given : W, = 30 N;
d=2mm:C=D/d=6:n = 18" Tension springs are widely used in printing machines.

=680 MPa= 680 N/mm?; G =80kN/mm?
=80 x 10% N/mm?

®



836 = A Textbook of Machine Design

1. Initial torsional shear stressin the wire
We know that Wahl’s stress factor,

K_4C 1 0615 4x6-1 0615_1.2525

4C — 4 C 4x6-4 6
.. Initial torsional shear stressin thewire,

T = K x SW'—XZC = 1.2525 w = 143.5 N/mm?
nd X2
= 1435 MPaAns.

2. Spring rate
We know that spring rate (or stiffness of the spring),
_ G.d _80x10°x2
- 8C%n 8x6°x18
3. Forceto cause the body of the spring to itsyield strength

=5.144 N/mm Ans.

Let W = Forceto cause the body of the spring to itsyield strength.
We know that design or maximum shear stress (1),
680 = K x 8W'2C _1.2505x W X26 = 478W
nd X 2

W = 680/4.78=142.25N 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 stress for spring wireis420 MPa and modulus of rigidity is
84 kN/mn?.

4C -1 0.615
T I'sf K = + —
ake Wahl’ sfactor, ac_a C

Solution. Given : W=1000N; 38 =25mm; 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 cail, and
d = Diameter of the spring wire.
We know that Wahl’s stress factor,
4C-1 0615 4x5- 1 0.615

K= + = =131
4C -4 C  4x5- 4 5

, where C = Spring index.

and maximum shear stress (1),
8W.C _ 131x 8x1000x5 _ 16 677
n d?  d? d?
d? =16677/420=39.7 or d=6.3mm
From Table 23.2, we shall take astandard wire of size SWG 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 cail,
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.

420 = K x
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We know that compression of the spring (),

og = 8W.C°.n _ 8x1000 (5)°n _186n
G.d 84 x 10° x 6.401
n =25/186=1344say 14 Ans.
For squared and ground ends, the total number of turns,
n=n+2=14+2=16 Ans.
3. Freelength of the spring
We know that free length of the spring
=n'.d+3+0156=16x%x6.401+25+0.15%x 25
= 131.2mm Ans.

4. Pitch of the coil
We know that pitch of the cail
Free length 1312
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/mnr?.
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 : W, = 2250 N ; W, = 2750 N; § =6 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 for amaximum load of
W, = 2750 N, and
d = Diameter of the spring wire.
We know that twisting moment on the spring,

=8.75mm Ans.

T =W, x 2 = 2750x 24 _ 6875 d J-c=P_s
2 2 d
We also know that twisting moment (T ),

T 3 s 3 3
75d = —x1txd’=—x420xd” =8248d
6875 d 16 16

d?> =6875/82.48=83.35 or d=9.13mm
From Table 23.2, we shall take a standard wire of size SVG 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 cail,
D, = D—-d=47.45-9.49 = 37.96 mm Ans.
2. Number of turns of the spring coil
Let n = Number of activeturns.

Itisgiventhat theaxia deflection (5) 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 (3),
_ 8W.C°.n_ 8x500(5)°n
T G.d 84x10°x9.49
o n =6/0.63=9.5say 10 Ans.
For squared and ground ends, the total number of turns,
n'=10+2=12Ans.
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

=0.63n

5 = -2 %2750 =33 mm
mex 500
We know that free length of the spring,
L =n.d+5, , +0156 ., Fig. 23.14
=12%x949+33+0.15x 33
=151.83 say 152 mm Ans.

4. Pitch of the coil
We know that pitch of the cail
_ Freelength 152
T on-1  12-1
The spring isshown in Fig. 23.14.
Example 23.7. Design and draw a valve spring of a petrol engine for the following operating
conditions :
Spring load when the valveisopen = 400 N
Spring 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; |, =40mm;|,=50 mm; t =400 MPa
= 400 N/mm?
1. Mean diameter of the spring coil
Let d = Diameter of the spring wirein mm,
and
D = Mean diameter of the spring coil
= Inside dia. of spring + Dia. of spring
wire=(25+d) mm
Sincethe diameter of the spring wireis obtained
for themaximum spring load (W,), therefore maximum
twisting moment on the spring,

=13.73say 13.8 mm Ans.

Petrol engine.
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25+d

T:V\AX%=400(

We know that maximum twisting moment (T ),

) = (5000 + 200 d) N-mm

(5000 + 200 d) = —XTXdS—Ex4OO><d3 78.55 d®

Solving this equation by hit and trial method, we find that d = 4.2 mm.
From Table 23.2, wefind that standard size of wireis SVG 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
c=—=2""""_66 . (+D=25+d)

d 4.47
- Wahl's stress factor,
K = 1C -1 . 0615 _4x66-1 . 0.615 1997
aC -4 C 4x6.6-4 66
We know that the maximum shear stress (t),
\MC_ 8x400x 6.6 8248
400 = K x 4 1.227 x a2 = e
d? =8248/400=20.62 or d=4.54mm
Tak| ng larger of the two values, we have
d =4.54mm
From Table 23.2, we shall take a standard wire of size SWG 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 cail,
D, =D +d=29.877 + 4.877 = 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, -1, 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),

8W.D®.n  8x150(29.877)%n

G.d*  80x10°(4.877)*

=0.707 n

... (Taking G = 80 x 10° N/mm?)
n =10/0.707 = 14.2 say 15 Ans.
Takl 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 —1—O><4OO 26.67 mm
150

max

®
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An automobile suspension and shock-absorber. The two links with green
ends are turnbuckles.

.. Freelength of the spring,
L =n.d+5, , +0156 .,
=17 x 4.877 + 26.67 + 0.15 x 26.67 = 113.58 mm Ans.
4. Pitch of the cail
We know that pitch of the coil
_ 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/mm?; 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/mn? = 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; T = 550 MPa = 550 N/mm?; G = 84 kN/mm?
=84x103N/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
onthe spring (i.e. before the valve lifts),

=7.1mm Ans.

T 2 U 2
= — (D =—(65°0.7 = 2323 N
A 4( ) Py 4( )

Fig. 23.15

®
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and maximum tensile force acting on the spring (i.e. when the valve blows off freely),
L 2 T 2 _
W, = 2 (D) p, = 2 (65)°0.75 = 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%:2489x%:7467d ..(~~ C=D/d=6)

We know that maximum twisting moment (T ),

7467 d = £6><1:><d3:%><550><d3:108d3

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 coil,
D =6d=6x8.839=53.034 mm Ans.
Outside diameter of the coil,
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 (3),

3 3
35 = 8W.C". 8x166x 6°xn 03861

G.d  84x10° x8839
n = 3.5/0.386=9.06 say 10 Ans.

For aspring 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 mmwhen the springisin free state, thefree
length of the tension spring,

L. =nd+(n—1)1=10x 8839 + (10— 1) 1= 97.39 mm Ans,

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

Free length  97.39

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 thewireislimited to 500 MPa. The modulus of rigidity for
the spring material is 80 kN/mn?. Calculate: 1. Diameter of the spring wire, 2. Mean coil diameter,
3. Number of active turns, and 4. Pitch of the coil.

=10.82 mm Ans.

®



842 = A Textbook of Machine Design

C -1 N 0.615
4C -4

Solution. Given : Valve dia. = 60 mm; Max. pressure = 1.2 N/mm?; §, =10 mm; C=5;
3, =35mm; =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= , where C isthe spring index.

= % (60)% 1.2 = 3394 N
and maximum compression of the spring,
Oy = 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,
K = 4C—1 0615 4x5-1 0615_1_31
4C—4 C 4x5-4 5
We also know that the maximum shear stress (1),

500 = K x WC_131 8><436;L><5:727280
7 d? md 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 or D=C.d=5x%127=63.5mmAns.

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

8W.C3.n 8x4364x5°xn
45 = = =43n
G.d 80x 10° x12.7
n =45/43=105say 11 Ans.
Takl ng the ends of the coil as squared and ground, the total number of turns,
n=n+2=11+2=13Ans.
Note: The valve of n may also be calculated by using

5 = 8W.C%n
17 Gd
8><3394><53><n_334n
35 = Tgox10° x12.7 : or n=35/334=105say 11

®
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4. Pitch of the coil
We know that free length of the spring,
Lp=n.d+3, , +0155 =13 x12.7+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/mn? 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 ©
Solution. Given: m=2.97kg ; x=150mm=0.15m;y=1125mm=0.1125m ; r,= 100 mm
=0.1m;r;=150mm=0.15m; N, = 240r.p.m. ; T = 420 MPa= 420 N/mm?; G = 84 kN/mm? = 84
x 103 N/mm?2; C=8
The spring loaded governor, asshownin Fig. 23.16, isa* Hartnell type governor. First of all, let
us find the compression of the spring.

Pitch of the coil = =18.1mm Ans.

a—] 7 J— Spring

ﬁ 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,

o, = ZTEEBONZ = 2“;0240 =2514rad/s

Sincetheincreasein speed is 7.5%, therefore maximum speed,

W, = 0 + 75 xXwm, = 25.14 + 75 x 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 F, = Centrifugal force at the maximum speed, and
Fc, = Centrifugal force at the minimum speed.
We know that the spring force at the maximum speed (w,),

0.15 866 N
0.1125

S, = 2Fa x> =2m(w)? K x> = 2x 297 (27)2 0.15%
y y

Similarly, the spring force at the minimum speed w,,

S = 2 Fp x X = 2m ()% 1, x X = 2% 2,97 (25.14)% 0.1x —22> — 500 N
y y 0.1125

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

y y y

=86, +6,=(b=1)=+(r-r)Z=(0 -1, =

6 1 2 (1 )X ( 2)X (1 2)X
= (0.15-0.]) 0'01125 =0.0375m = 37.5 mm

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

' |<—r2::1

|

. |
! |

N |
| |

)
2
3, |
* FN 62
(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,
1C -1 N 0615 4x8-1 N 0.615 —1184

K=2c-2""C “axs-a s
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We also know that maximum shear stress (1),

8W.C :1.184><8X866X8 20885

n d? nd>  d?
... (Substituting W = S;, the maximum spring force)
d?2 =20885/420=49.7 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 coil.
We know that the spring index,
C =D/d or D=C.d=8x7.62=60.96 mmAnSs.
3. Number of turns of the cail
Let n = Number of active turns of the coil.
We know that compression of the spring (),
8W.C3.n 8x366x8xn
G.d  84x10°x7.62

420 = K x

2.34n

375 =

... (SubstitutingW =S, - S))

o 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,

375

d = ——x866=28873mm
max - 366

We know that free length of the cail,,
Le =n.d+3,  +0155 .
= 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 cail
_ Freelength  239.2
~ on-1  18-1
Example 23.11. A single plate clutch is to 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/mn? 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 be taken as0.3. If the axial thrust isto be provided by six springs of about 25 mm mean
coil diameter, design the springs selecting wire from the following gauges :
SWG 4 5 6 7 8 9 10 u 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/mny.
Solution. Given: P = 30 kW = 30 x 108 W ; N = 3000 r.p.m.; p = 0.085 N/mm?;
v=2300 m/min;d, =13d,orr,=13r,; u=0.3; No. of springs=6; D =25mm; t =420 MPa
=420 N/mm?; G = 84 kN/mm? = 84 x 103 N/mm?

=14.07 mm Ans.

®
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First of al, let usfind the maximum load on each spring. We know that the mean torquetransmitted
by the clutch,
_ Px60 30x10°x 60
mean - 2n N 2 1 x 3000
Since an overload of 20% is allowed, therefore maximum torque to which the clutch should be
designed is given by

=955 N-m

T =12T ., =12x955=114.6 N-m = 114 600 N-mm ()
Letr, andr, betheoutside and insideradii of thefriction surfaces. Since maximumintensity of
pressure is at the inner radius, therefore for uniform wear,
*pxr, = C(aconstant) or C=0.085r,
We know that the axial thrust transmitted,
W =Cx2m(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 (ii)]
114 600 = 21 x 0.3 % 0.085r, [(1.3r,)?—(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

. Meanradius,
r:ﬁ;5:1%;”n=1m5mm=0umm

We know that surface speed at the mean radius,
v=2nrN=2mx0.1175 x 3000 = 2215 m/min
Since the surface speed as obtained above is less than the permissible value of 2300 m/min,
therefore the radii of the friction surface are safe.

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 thrustisto be provided by six springs, therefore maximum load on each spring,

1689
=

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

We know that the maximum torque transmitted,

T=Wx % =281.5x %’ = 3518.75 N-mm

We also know that the maximum torque transmitted (T ),

=2815N

T 3 T 3 3
= —x1tXxd°=-"-x420xd° =8248d
3518.75 16 16

. d® = 3518.75/82.48=42.66 or d=3.494 mm
L et 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
¢ d 349

*  Pleaserefer Chapter 24 on Clutches.
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and Wahl's stress factor,
4C —1 0.615 4x7.155— 1 0.615

K = =121
AC—4  C  4x715-4 7155

We know that the maximum shear stress (t),
420 = K x 8W,.D _121x 8><2812><25_ 21281
nd3 nd d
d® =21681/420=516 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,

_ 8W.D°.n  8x28L5(25)°8
8= " Ga  saxio (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+38+0.156 =10 x 4.064 + 12.285 + 0.15 x 12.285 mm
= 54.77 mm Ans.

=12.285 mm

3. Pitch of the coil
We know that pitch of the cail
Free length  54.77
n-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 is,

=6.08 mMm Ans.

1
U= EW.E‘) (i)
We have already discussed that the maximum shear stressinduced in the spring wire,
3
= KXSW'DorW:nd T
T d3 8K.D

We know that deflection of the spring,

8W.D°.n _8xmd’t D®n_mt.D%n
G.d* 8K.D ~ G.d* K.d.G

d =
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Substituting the values of Wand 3 in equation (i), we have

1 nd®t m7.D%.n
X

U=% 8Kk D Kde
2 2
= 12 (n D.n)(Exdzj: 12 xV
4K*.G 4 4K*.G
where V = Volume of the spring wire

= Length of spring wire x Cross-sectional area of spring wire
T 2
= (nD.n)| =xd
o)
Note: When aload (say P) falls on aspring through aheight h, then the energy absorbed in aspring is given by

U=P(h+d=43 W3

where W = Equivalent static load i.e. the gradually applied load which shall produce
the same effect as by the falling 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 hasto 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 =100 mm=0.1m;d=20mm =0.02 m; n = 30;
G = 85 kN/mm? = 85 x 10° N/m?
Maximum shear stressinduced

Let T = Maximum shear stressinduced.

We know that spring index,
01 5

c-D_01
T d 002

.. Wahl’s stress factor,
0615 4x5-1 0615

ac-1, = + =131
4C-4 C 4x5-4 5

K =
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Volume of spring wire,

V= (n D.n)(% X d2) = (n x 0.1x 30) E (0.02)2} m?
= 0.002 96 m3
We know that energy absorbed in the spring (U),

1000 = % xV= < < 000296 = 2©
4K2.G 4 (1.31)2 85x 10° 10
-~ 72 = 1000 x 10%5/ 5 = 200 x 10%5
or T = 447.2 x 108 N/m?2 = 447.2 MPa Ans.

Deflection produced in the spring
We know that deflection produced in the spring,
nt.D®n _ mx447.2x10° (0.1)% 30

K.d.G  1.31x0.02x85x10°
= 189.3mm Ans.

Example 23.13. A closely coiled helical spring is made of 10 mm diameter steel wire, the coil
consisting of 10 complete turnswith a mean diameter of 120 mm. The spring carriesan axial pull of
200 N. Determine the 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/mn¥.

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

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

=0.1893 m

8W.D d 8x 200 x 120 10 2
1= ——|1+—|= 1+ N/mm
nd? 2D n (10)3 2 x120
= 61.1 x 1.04 = 63.54 N/mm? = 63.54 MPa Ans.
Deflection in the spring
We know that deflection in the spring,
3 3
5 = 8W.D°n _ 8x200 (120)° 10 3456 mm Ans.

G.d* 80x 10° (10)*
Stiffness of the spring
We know that stiffness of the spring
W 200

— =——=58N/mm
5 3456

Strain energy stored in the spring
We know that strain energy stored in the spring,

1
U= 2 W.4 = 2 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 fromrest, 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 turnsin each
spring is 20. Modulus of rigidity, G = 80 kN/mn.

®
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Solution. Given: No. of springs=10; W, = 75 kN = 75000 N ; W, = 15 kN = 15000 N ;
h=50m=50000mm;d=50mm;C=6;n=20;G=_80KkN/mm?=80x 10° N/mm?
We know that net weight of the falling load,
P =W, -W, =75000-15000=60 000N
Let W = The equivalent static (or gradually applied) load on each spring
which can produce the same effect as by thefalling load P.
We know that compression produced in each spring,

3 3
5 = 8W.C .n:8W><6 X20:0.00864Wmm
G.d 80 x 10° x 50

Sincethework done by thefalling load isequal to the energy stored in the helical springswhich
are 10 in number, therefore,

P(h+6):%Wx6x10

1
60 000 (50 000 + 0.008 64 W) = 3 W x 0.008 64W x 10

3x10°+518.4 W =0.0432 W?
or W2 —12000 W-69.4x10°=0

12 000 + /(12 000) + 4x1x 69.4x10° 12 000 + 527000

2 2
=269500 N ... (Taking +ve sign)

We know that Wahl’s stress factor,
4C-1 0615 4x6-1 0.615
K = + = +
aC -4 C Ax6-4 6
and maximum stressinduced in each spring,

W =

=125

T =K x 8W‘E —1.25x w = 2058.6 N/mm?
nd 7 (50)
= 2058.6 MPaAns.

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 = 20
t=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

1

=5 MV’ = % x 20 000 (2)? = 40 000 N-m = 40 x 105 N-mm (i)

Buffers have springs inside to absorb shock.
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Let 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.axzzw.azwmso:zsow N-mm i)

From equations (i) and (ii), we have
: W =40 x 106/ 250 = 160 x 10° N
We know that torque transmitted by the spring,

300

T= WX%:160><103 = 2= = 24%10°% N-mm

We also know that torque transmitted by the spring (T ),
24 x 10° = 1—Tz;><1:><d3 =%>< 600 x d° = 117.8d3

d® =24 x106/117.8=203.7 x 10° or d=58.8 say 60 mm Ans.
2. Number of turns of the spring coil
Let n = Number of active turns of the spring coil.
We know that the deflection of the spring (3),

8W.D3.n 8x160x10° (300)% n
250 = = =31L7n
G.d* 84 x10° (60)*
... (Taking G = 84 MPa = 84 x 10° N/mm?)
n =250/317= 788&aty8Ans
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+38+0.156 =10 x 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 cail
_ Freelength 8875
- -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: w

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

=98.6 mm Ans.

2. The shape of the wire does not remain square or rectangular while > bl

forming helix, resulting intrapezoidal cross-sections. It reducesthe | I;
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 (L5t + 0.9 b) '

b?.t2 l— D — |
Thisexpressionisapplicablewhenthelonger side(i.e.t>b) isparallel Eig. 23,18, Soring of

totheaxisof the spring. But when the shorter side(i.e.t <b) isparallel tothe 9. 23.18. Sp "9

. . . rectangular wire.
axis of the spring, then maximum shear stress,

W.D (L5b+ 09t)
X
b? .t?

T =KX

=K
and deflection of the spring,
245W.D%.n
G.b? (t — 0.56 b)

For springs made of square wire, the dimensions b and t are equal. Therefore, the maximum
shear stressis given by

d =

T = K x 2.4t\)/;/.D
and deflection of the spring,
_ 5568W.D%n _ 5568W.C%n LcD
°F T Gw | 6b ( 'EJ
where b = Side of the square.
Note: In the above expressions,
= 4C_1+%,andC:2
aC -4 C 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. Maximumload on each spring, 2. Sde of the square section of the wire, 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;
7 =365 MPa=365N/mm?2; C=6; G =80 kN/mm?2 = 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
1 >

=5 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“’V)zx 200 = 1296 x 10°
. 2 W = 1296 x 103/ 200 = 6480 N Ans.
2. Side of the square section of the wire
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,
1C -1 . 0615 4x6-1 . 0.615

- = =1.2525
4C -4 C 4x6-4 6
and maximum shear stres (t),
24W.D 24x6480x6b 116870
365 = K X T = 12525 X b3 = b2

o b? = 116 870/365=320 or b=17.89 say 18 mm Ans.
3. Mean diameter of the cail
We know that mean diameter of the cail,,
D =6b=6x18=108 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 _ 5568 6480x 6° x n

G.b © 80x10°x18
n =200/5.4=37 Ans.

=54n

200

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 diagram is used
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 T,/ 2 and the variable shear stressis aso 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
appliedtotheyield strength (t,), asafe stressline CD may be drawn 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)
2 C Safe stress line
p q/2
°
| R
2 |
o I
0, 5 5
/12— |
- gﬂ = |
< Dy /E.S. :l

—— Mean stress —>
Fig. 23.19. Modified Soderberg method for helical springs.
From similar triangles PQD and AOB, we have

PQ _OA , _PQ___ O

QD ~ OB G6D-0Q OB-0G0
T, T2 1

T - Te 21, —7

s~ T2 7

Te Ty
or 27,.T,~ T, T = £s — T Te

Te Ty

Fs 2 Ty Ty =Ty Te T, T,

Dividing both sides by 7.7, and rearranging, we have

1 Th— 7T 2t :
— =+ (i)
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,.T
Ty =T+
Te
2. The value of mean shear stress (t,,) is calculated by using the shear stress factor (K), while the

variable shear stressis calculated by using the full value of the Wah!’s factor (K). Thus
Mean shear stress,

8W,x D
= K
1 W, +W..
where K.=1+—; and W _=_—max ___mn
S 2C " 2
. 8W, x D
and variable shear stress, T, = KX Vd3
T
4C -1 0.615 W —W._
= +——;andW, = ™ ___mn
where K=2ca" ¢ 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_. =1000N; C=6; FS = 125; T, = 770 MPa

=770 N/mm?; 1= 350 MPa = 350 N/mm?; 8 = 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 ..(~ DId=C=6)
We know that the mean load,
W= Wirax +Win _ 1000 + 400 ~ 700 N
m 2 2
W, — W 1 —
and variable load, W, = —= 5 min _ 1000 =400 _ 300 N
Shear stress factor,
1 1
=1+—=1+ =1.083
Ks 2C 2x6

Wahl's stress factor,

K = 4C -1 . 0.615: 4X6_1+ 0.615:1_2525
4C -4 C 4x6-4 6
We know that mean shear stress,

= KS><8Wm >; D :1.083><8X 700>3<6d _ 115282 N/mm?
) nd nd d
and variable shear stress,
T = K ><8W'—>;D=1.2525><8X300:6d - 57‘210 N/mm?
v nd nd d
We know that
1 T m T 27,
F.S Ty Te
11582 _ 5740 2y 5740
1 d? g2 N d2 _L6+ 328 404
1.25 770 350 d?2  d? d?2

- d?2 =1.25%x404=505 or d=7.1mmAns.
2. Diameters of the spring
We know that mean diameter of the spring,
D =Cd=6x7.1=42.6 mmAns.
Outer diameter of the spring,
D,=D+d=426+7.1=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 (3),

3 3
30 = 8W.D".n _ 81000 (42.6)° n _304n
G.d* 80x10° (7.1)*

o 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=12Ans.
4. Freelength of the spring
We know that free length of the spring,
L =n.d+8+0.156=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,
8, = Deflection of spring 1,
d, = Deflection of spring 2,
k, = Stiffnessof spring 1=W/§,, and
k, = Stiffness of spring2=W/ 3,

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

.. Total deflection of the springs,

Springs in series.

Fig. 23.20
5 =5,+5, &
w_w. w
o K Kk Kk
w
1t 1 |
k k  k
where k = Combined stiffness of the springs.

23.17 Springs in Parallel
Consider two springs connected in parallel as shownin Fig 23.21.
Let W = Load carried by the springs,
W, = Load shared by spring 1,
W i Lc?ad shared by_ ring 2, Springsin parallél.
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 Sk =8k +3k,
k =Kk +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, =5 n,=7

We know that the deflection of the spring,

5 - gw.D’n W _ G.d*
© G.d? 8 8D%n
Since G, D and d are constant, therefore substituting
G.d* w X
5 = X, aconstant, wehave —— =k =—
8D d n
or X =kn=12k
The spring is cut into two springswithn, =5andn, = 7.
Let k, = Stiffness of spring having 5 turns, and
k, = Stiffness of spring having 7 turns.
k = 5:%:2.4k Ans.
n 5
and @:1:%:1.7kAns.
n, 7

23.18 Concentric or Composite Springs
A concentric or composite spring is used for one of the following purposes:

1. To obtain greater spring force
within a given 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 springsare used
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
governors of 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).

Fig. 23.22. Concentric springs.

Consider a concentric spring as shown in Fig. 23.22 (a).
Let W = Axia load,

W, = Load shared by outer spring,
= Load shared by inner spring,
= Diameter of spring wire of outer spring,
= Diameter of spring wire of inner spring,
= Mean diameter of outer spring,
= Mean diameter of inner spring,
= Deflection of outer spring,
= Deflection of inner spring,
= Number of active turns of outer spring, and
= 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 springs is approximately same, i.e.

Tl = T2
8W,.D;.K;  8W,.D, K,
n(d)® T m(dy)?
When stress factor, K, = K, then
W,.D,  W,.D, _
3 = 3 (i)
(dy) (dz)
If both the springs are effective throughout their working range, then their free length and
deflection areequdl, i.e.

S o OUaaao S
NORON RN RN

[y

>
N

8, =9,

8 (D)°ny B (Do) W (D)’ W (D),
(d)* G (d)' G (d)* (dy)*

or

..(ii)

®
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When both the springs are compressed until the adjacent coils meet, then the solid length of
both the springsisequd,, i.e.
n.d, =n,d,
.. Theequation (ii) may be written as

W (D)° _ W (Dy)°

= (i
@ @ i
Now dividing equation (iii) by equation (i), we have
D)? (D,)? D, D
(B)” _ (Do) —1 = =2 = C, the spring index ()

(dy) (dy) d d
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 W, W (dy)?

=—5 o — (v
@7~ @7 % W () v
From Fig. 23.22 (a), wefind that the radial clearance between the two springs,
Dl D2 dl d2
*c=| ———"7|—-| =+—=
2 2 2 2
Usually, theradia clearance between the two springsistaken as dez .
[ D (i b dh-dy
L2 2 2 2 2
or @ = d, (Vi)
From equation (iv), we find that
D, =Cd;,andD,=Cd,
Substituting the values of D, and D, in equation (vi), we have
LZC‘O'Z =d, or Cd,-2d,=Cd,
d C .
d,(C-2=Cd, or t=—"— (Vi
1(C-2)=Cdy or P=o7 (vii)

Example23.19. 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 the wire
diameters.

Solution. Given : W=5000 N ; 8 =40 mm; 1, = 1, = 850 MPa = 850 N/mm?; C = 6;
G = 80 kN/mm? = 80 x 10° N/mm?

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

Let W, and W, = Load shared by outer and inner spring respectively,

d, and d, = 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
2¢c=(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, =Cd,andD,=Cd,
Cd, -Cd, =24,
d C 6 :
<4 -~ =——=15
or d, c_ 2 6_2 (i)
d 2
We also know that W 1} = (L5)% =225 ..(ii)
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,

K :K2:4C—1 0615 4x6-1 0.615:1.2525
1 4C - 4 C 4x6-4 6

and maximum shear stressinduced in the outer spring (t,),

8x3462x6 66 243

8w, C
850 = leLzzlzszsx

n(d)® n(d)?  (d)?
. (d,)?> = 66243/850=78 or d, =8.83say 10 mmAns.
and D, =C.d; =6d,=6x10=60 mmAns.
Similarly, maximum shear stressinduced in theinner spring (t,),
850 = K, 8W2.C2 19505 % 8% 15382>< 6_29 4228
m(d,) n(dy) (dy)
(d,)?> =29428/850=34.6 or *d,=5.88say 6 mmAns.
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),

_8WCn,  8x3462x 6> x 1y
40 = Gd;  80x10®x10 a8
n, =40/7.48=535say 6 Ans.
Assuml ng square 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.

= =15 or dy=—+=-—-=5887sy6mm
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nd, 8x10
' ——==—""=133 14
or n, d 6 say
and n, =14-2=12Ans (v n)=n,+2)

Since both the springs have the same free length, therefore
Free length of outer spring
= Freelength of inner spring
=Lg +8+0.156 =80+ 40+ 0.15 x 40 = 126 mm Ans.
Other dimensions of the springs are as follows:
Outer diameter of the outer spring
=D, +d,; =60+ 10=70mm Ans.
Inner diameter of the outer spring
=D,-d; =60-10=50mm Ans.
Outer diameter of theinner spring
=D,+d,=36+6=42mmAns.
Inner diameter of the inner spring
=D,-d,=36-6=30mmAns.

et L LR L TR

= _._._-___Ti :“unun -

Shock absorbers

Example 23.20. A composite spring hastwo closed cail helical springsas shown in 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. Theinner 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/mm?.

Solution. Given : §, =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

Sincethe outer spring is 15 mm larger than the inner 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 (),

8R (D)°n, _ 8R (40°10

G(d)*  84x10°x5*
P, = 15/ 0.0975 = 154 N

15 =

= 00975 R,
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Now the remaining load i.e. W—P, = 400 — 154 = 246 N istaken together by both the springs.
Let 8, = 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 5, mm is given by

R 154
Let W, = Load taken by theinner spring to compressit by 5, mm.

8W, (D,)°n, _ 8W,(30)°8

We know that 5, = G(d,)  BAxICxa 0.08 W,
o W, =3,/0.08=12539,

and P,+W, = W—P, =400 —154 = 246 N

or 10.278,+ 1258, = 246 or d,=246/22.77 =108 mmAns.

.. Total compression of the outer spring
=9,+9,=15+10.8=258 mm Ans.
2. Load shared by each spring
We know that the load shared by the outer spring,
W, =P, +P,=154+10.27 §,=154 + 10.27 x 10.8 =265 N Ans.
and load shared by the inner spring,
W, =1256,=125x10.8=135N Ans.
Note:  Theload shared by theinner 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
=—==—=8
€ dg b5
and spring index of the inner spring,
D, 30
=—<=—=175
C2 d, 4

. Wahl’s stress factor for the outer spring,

_4C, -1 0615 4x8-1 0.615
K, = + = +
c, -4 C 4x8-4 8
and Wahl’s stress factor for the inner spring,
_ 4c, -1 N 0615 _4x75-1 N 0.615 _1197
2 4C, -4 G, 4x75-4 715
We know that shear stressinduced in the outer spring,

=1.184

1, = Ky x DL g 154 BX25XA0 _ 5556 Nymm?
n (dy) mx5
= 255.6 MPaAns.
and shear stressinduced in the inner spring,
1, = Ky x D2 g 197, 8X135%30 _ 155 g6 Nymm?
7 (d,) X4
= 192.86 MPa Ans.
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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
sguare 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 helica
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 pure bending. Accordingto A.M. Fig. 23.23. Helical torsion spring.
Wahl, the bending stressin ahelical torsion spring
made of round wireis

2M _, 32Wy

o, = Kx =
b nd? nd?
4c*-c-1
where K = Wahl'sstressfactor = ——5—-—,
4C° - 4C
C = Springindex,

M = Bending moment =W x y,
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,
Ml  MxznDn 64 M.Dn

*6:—_ =
El Exnd*/64 E.d*

where | = Length of thewire=m.D.n,
E = Young'smodulus,

| = Moment of inertia= &X d4,
D = Diameter of the spring, and
n = Number of turns.

. 64 M.D.n
and deflection, d=0xy=———
When the spring is made of rectangular wire having width b and thicknesst, then
6 M 6W Xy
o, = Kx =K x
b th? th?
o < 3c?-Cc-08
where =
3c? -3C
*  Weknow that M/ | = E/ R, where Ristheradius of curvature.
E.l I El M ( |)
R=— O —=— o0 0=— v R==
M 8 M E.l 0
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12 aM.D.n. 12 aM.D.n
— 5 and 8§=0y="—""—-—X
Etb Etb
In casethe spring ismade of square wirewith each sideequal to b, then substitutingt =b, inthe
aboverelation, we have

Angular deflection, 6 =

o, = K><6';/I :K><6W3><y
b b
12ntM.Dn. 12 tM.D.n
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 wireisto be wound round amandrel. A small clearance must also
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 mmdiameter. If a torque of 6 N-misapplied on the spring, find the bending stressinduced 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/mm?. The number of effective turns may be taken as 5.5.

Solution. Given: D=60mm ; d=6mm ; M =6N-m=6000 N-mm ; C=10 ; E =200 kN/mm?
=200 x 108 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 stressinduced,
6, = K x 32d'\2 =1.08x 32X—E;0300 = 305.5 N/mm? or MPa Ans.
T X
Angular deflection of the spring
We know that the angular deflection of the spring (in radians),
o= 64 M.E.n _ 64 x 6000><360><45.5 — 049 rad
Ed 200x10° x 6
= 0.49 x 180 = 28° Ans.
n

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 thereis atendency 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
slowly. 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 a state of pure bending. L

w

Let W = Forceapplied at the outer end A of the spring,

y
I

Distance of centre of gravity of the spring from A, _ A _
Length of strip forming the spring, Fig. 23.24. Hat spird spring.

®
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b = Width of strip,

t = Thickness of strip,

I = Moment of inertia of the spring section = b.t3/12, and
Z = Section modulus of the spring section = b.t%/6

wzol_ b b
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 amaximum distance from the application of
W,

.. Bending moment at B,
Mg =M, = Wx2y=2Wy=2M
- Maximum bending stress induced in the spring
material,
s M 2Wxy 12Wy 12M
bz bt?/6  bt*> bt
Assuming that both ends of the spring are clamped,
the angular deflection (in radians) of the spring is given by

Flat spiral spring of a mechanical clock.

_ Ml _12MI --|—b't3
T El Ebt T
and the deflection, 5=6xy-= _'V'E"I'y
_12MlLy 12W.y%l oyl ( o = 12\N.yj
~ Ebt*  Ebt?  Et bi?
The strain energy stored in the spring
2
:EMG:EMXM_IZEXMI
2 2 ElI 2 EI

1, W2y2l B W2y2l
2 Exbt*/12  Ebt®

6W?2.y?] 240t _ 144 W2y? . bl
Ebt® =~ 24t  Ep%t* 24
... (Multiplying the numerator and denominator by 24 bt)
2 2
= (Zci{))E x btl = (;f)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,),
12 M 12 M
800 = = =

bt>  8(0.25°%
o M = 800/32=25N-mmAns.
Number of turnsto wind up the spring
We know that the angular deflection of the spring,
_12MI - 12x25x 2500

Ebt®  200x 10% x 6 (0.25)3
Since one turn of the spring is equal to 2r radians, therefore number of turns to wind up the

spring

=40 rad

=40/ 2n =6.36 turns Ans.
Strain energy stored in the spring
We know that strain energy stored in the spring
1

= E M.9:%x24><40=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 asingle platefixed 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, )
b = Width of plate, and Ny
L = Length of plate or distance i
of the load W from the cantilever end.
We know that the maximum bending moment at the w
. [ — 5]
cantilever end A, Y _L
M = WL t
I bt¥/12 1
and section modulus, Z= ;z E; :Exb.t2 A B b
. Bending stressin such a spring, Fig. 23.25. Flat spring (cantilever type).
M WL _BW.L
0=—-= =7
6 (i)

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

5 we o owlE o awp (i)
~ 3El  3Exbt}/12 Ebtd
2 0.2 ow.L
_ o=
- 3Et b.t*

®
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It may be noted that due to bending moment, top fibreswill bein tension and the bottom fibres
arein 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.

_____ -

el
P

(a) Cross-section

(b) Bending stress
of plate.

(c) Shear stress
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 ¥
Maximum bending moment in the centre, W, =2W
M = WL A Y B |
. _ 2 t
Section modulus, Z=Dht*/6 Iy i T
i M wiL W<—L—>|<—L—>W
. Bending stress, S =7 " bi’le L =21
_ 6wl Fig. 23.27. Flat spring (simply supported
b.t?

beam type).
We know that maximum deflection of asimply

supported beam loaded in the centreis given by

Leaf spring

5= ML) _@wv) @y’ wi
"~ 48El 48 E.| 3E.l
(" 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 is cut into a series 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 .
c = i2 ()
g 4wl 20l? W)
o - nEbt® 3Et
w

Y
h
_Y

by

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 shown in Fig. 23.29 (@), the stresswill be uniform throughout. If
thistriangular plate is cut into strips of uniform width and placed one below the other, as shown in
Fig. 23.29 (b) to form agraduated or laminated leaf spring, then

w

|<—L E—— =V_t_
4 Yy [ Y

g
>
\\—\‘;

Fig. 23.29. Laminated leaf spring.

6 W.L
o = W (V)
6W.L° o2
and 0= ——=— (Vi
nEbt® Et )
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
|eaves) is50% greater than in the graduated | eaves, assuming that each spring el ement deflectsaccording
toitsown elastic curve. If the suffixes. and ; are used to indicate the full length (or uniform cross-
section) and graduated |eaves, then

3
O = E Og
6WL.L 3| 6W;.L W 3. W
2 ~ o 2| o —=oX—
nebt ng bt N 2 ng
3n
We _ 3n ..(vii)
We 2ng
Adding 1 to both sides, we have
We 4 3ng 1 o We +We 3N +2ng
Ws 2ng W 2ng
W = Z—nG (VVF+W )_ Z—nG W
G |3 +2ng 7 13n.+2ng (Vi)
where W = Total load on the spring = W + W,
W, = Load taken up by graduated |eaves, and
W = Load taken up by full length leaves.
From equation (vii), we may write
W _ 20
e 3ne
W, 2
or S 41 = s +1 ... (Adding 1 to both sides)
We 3ne
W +We  2ng +3ng
W 3ne
3ne 3ne
= —F FW) = ——F |w i
W (2%+3HFJ(WG ) (ZHG+3nFJ ..(ix)
.. Bending stressfor full length leaves,
6WeL 6L 3n 18W.L
O = 2~ 2 W=—
nebt® nebt® 2ng +3ng bt (2ng +3ng)
Since OF =5 O6> therefore
_2, .2, 18 W.L B 12W.L
%6~ 3" 3 pt?(2ng +3n) b’ (2ng +3np)

The deflection in full length and graduated leavesis given by equation (iv), i.e.
5 = 20X L2 212 18W.L ~ 12w.L
" 3Et 3Et|bt? 2ng +3ng) | Ebt* (2ng +3np)

23.22 Construction of Leaf Spring
A leaf spring commonly used in automobilesis of semi-elliptical 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 minuswidth 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

Square end tapered

et

=

Thinned-end ?
Centre bolt

2w
Fig. 23.30. Semi-elliptical leaf spring.

The longest 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 variousforms as shown
inFig. 23.30. Sincethe master |eaf 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 leaves as shown
in Fig. 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% gresater 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 |eaf.

2. By giving agrester 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
|eft betweentheleaves. Thisinitial gap, asshown by CinFig. 23.31, iscaled nip. When the central bolt,
holding the various |eaves together, istightened, the full length leaf will bend back as shown dotted in
Fig. 23.31 and have an initia stressin a direction opposite to that of the normal load. The graduated

2
2w \— Graduated leaf

Fig. 23.31

leaves will have an initia stress in the same direction as that of the normal load. When the load is
gradualy applied to the spring, the full length leaf isfirst relieved of thisinitial stressand then stressed
in oppositedirection. Consequently, thefull length lesf will be stressed |essthan the graduated lesf. The
initial gap between theleaves may 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 casesdueto 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 theinitial gap C. In other words,

dg =0.+C
6W;. 1 4wW.?

C=08; -0 = - N (
¢ P n Ebf? n.Ebf o

Since the stresses are equal, therefore
GG = GF
6Ws;.L  6W:.L W W
o —=—
nebt?  nebt? N ne

W, = &xWF:%xW

Ne
and W. :ExWG:ExW
F nG n

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

ew.L>  aw.l®  awl.l .
C= 3~ 3= 3 (1)
n.Ebt n.Ebt n.Ebt
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Theload on the clip bolts (W,) required to close the gap is determined by the fact that the gap is
equal to theinitial deflections of full length and graduated leaves.
: C =08+,
aw.® A w6 W,

nEbt®  n.Ebt? 2  ng.Ebt® 2

W W 3W_2ngW, +3neW W (2ng +3n)

n N 2ng 2 ng.ng 2 nz.ng

2 n-.ng W

_ 2NNtV (i)
n2ng +3n)

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

or

=

.. Final stress, o= X—= -
nebt?  nebt? 2 nebit? 2

6L { 3ne W Ne.ng W }

BWel 6L W _ 6L (WF \/\43)

X —
nebt? | 2ng +3ne n(2ng + 3ng)
_ 6w 3 3 Ng
bt?> | 2ng +3nz  n(2ng + 3ng)

_ 6W.L 3n —ng
bt? | n(2ng + 3ng)

_6WL[3(nc+ng)—ng | 6W.L
bt? | n(2ng +3ng) nbt?

(V)

... (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
The length of the leaf spring leaves 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-balts. It is the
ineffective length of the spring,
n= = Number of full length leaves,
ng = Number of graduated leaves, 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)

2
= 2L, - 3 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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Lengthof smallestleaf = S eCiVeIBNON 1 ttective length

n —
Length of next leaf = w x 2 + Ineffective length

n —
Similarly, length of (n—1)th leaf

Effective length )
=~ -7 = (n—1) + Ineffective length

Thenth leaf will bethe master leaf and it isof full length. Since the master leaf has eyeson both
sides, therefore

Length of master |eaf
where

=2L,+n(d+t)x2
d = Inside diameter of eye, and
t = Thickness of master |eaf.
The approximate relation between the radius of curvature (R) and the camber (y) of the spring
isgiven by

The exact relationis given by
y(2R+y) =(L)?
where L, = Half span of the spring.
Note : The maximum deflection ( 8 ) of the spring is equal to camber (y) of the spring.

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, thefollowing 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
in mm in mm

Upto and including 65 8or 10 12 or 15 10o0r 11

Above 65 12 or 16 17 or 20 1

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.

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

Under 50 20x4 6 6

50, 55 and 60 25x%x5 8 8

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

90, 100 and 125 32x6 10 10

®
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Bolt~\ X—> _>| / |<_
Wz - N
pEe—e—y
/IV ——Clip
i
\K cj //9\>;Spring
| leaves
. Urh |/

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) IS: 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 Si 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
valuesarefor 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
50Cr1 Hardened 1680 — 2200 1540 — 1750 461 — 601
50Cr1V 23 and 1900 — 2200 1680 — 1890 534 — 601
55S 2Mn 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/mn¥ and allowable stress in 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?2; ¢ = 600 MPa = 600 N/mm?
We know that load on each spring,

W = Tota Iogd :@:BSkN
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 (o),
BW.L 6x17500x500 52.5x10°

nbit? nbit? nbit?
nbt2 = 525 x 106/ 600 = 87.5 x 10° -0

and deflection of the spring (),

600 =

6W.L°>  6x17500(5000°  65.6x10°
T nEb® nx200x10°xbxt®  nbt®
n.b.t3 = 65.6 x 108/ 80 = 0.82 x 10° (i)
Dividing equation (ii) by equation (i), we have
nbt® _ 0.82x10°

nbt?  875x10°
Now from equation (i), we have

b= 875x10° 875x10° _

or t=9.37say 10 mm Ans.

87.5 mm

nt? 10 (10>

and from equation (ii), we have

0.82x10° 0.82x10°
b= = =82 mm

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 thetotal depth to the width of the spring is 3. Also determine the deflection of the
spring.
Solution. Given : n=12; n-.=2;2L, = 1.05m = 1050 mm; | = 85 mm; 2W = 5.4 kN
=5400 N or W= 2700 N ; o 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 is given that the ratio of the total depth of the spring (n x t) and width of the spring (b)
is 3, therefore

nxt

=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 18 x 2700x 4825 225476

280 = = =
bt? (2ng +3ng) 4txt?(2x10+3x 2) t3

- t3 = 225476/280=805.3 or t=9.3say 10mmAnRs.
and b=4t=4x10=40mmAns.
Deflection of the spring

We know that deflection of the spring,

B 12w.L3

" Ebt® (2ng +3np)

B 12 x 2700 x (482.5)°

© 210x10% x 40x 10° (2x 10 + 3x 2)

mm

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

Example 23.25. A locomotive semi-elliptical 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 are to 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 leaves.

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; 6 = 400 MPa= 400 N/mm?; E = 210 kN/mm? = 210 x 10° 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 is given that ratio of the total spring depth (n x t) and width of leavesis 2, therefore

nxt
b =2 or b=nxt/2=18xt/2=09t

We know that the effective length of the leaves,
2L =2L,—-1=1000-100=900 mm or L =900/2=450mm
Since all the leaves are equally stressed, therefore final stress (o),

BWL 6x35x10°x450 583x10°

400 = 2 - 2 3
nbt 18x9txt t
o t3 =583 x 10°/400=1458 or t=11.34say 12 mmAns.
and b =9t=9x12=108 mm Ans.
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2. Initial gap
Weknow that theinitial gap (C) that should be provided between the full length and graduated
leaves before the band load is applied, is given by
_ 2wl 2x35x10° (450)°

= 5= 3 3 =9.04 mm Ans.
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 35x 10°

P n(2ng +3ng) 18(2x15+3x3)

Example 23.26. A semi-elliptical 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-elliptical 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=510mm
and number of graduated leaves,
Ng =N-ng=7-2=5
Assuming that the leaves are not initially stressed, the maximum stress (o),
18W.L 18x 3000x 510 26480

= 4487 N Ans.

30 = (2ne + o) GxE(@x513x2) 2 o=
t2 =26480/350=75.66 or t=8.7say 9 mmAns.
2. Deflection of spring
We know that deflection of spring,
12w.L3 B 12 x 3000 (510)°
%= Epe (2ng +3n.) 210x10° x 65% 9 (2x 5+ 3x 2)
=30 mm Ans. ... (Taking E = 210 x 10% N/mm?)

3. Diameter of eye

Theinner diameter of eyeisobtained by considering the pin in the eye in 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,
I, = Length of the pin which is equal to the width of the eye or leaf
(i.e. b) =65 mm ...(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), -

3000 = dx1, xp, [Clearance ~\ . Plate
= dx 65x8=520d o, o ¥
d = 3000/ 520 _|E_ _______ o} d
=577 say 6 mmAns. < J T
Let us now consider the bending of the pin. Since there |<_ li=b _>|
is a clearance of about 2 mm between the shackle (or plate) L | L |

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

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

Leaf spring.

Maximum bending moment on the pin,
M = WZ Iy _ 30004>< 69 51750 N-mm

and section modulus, Z= % x d® = 0.0982 d*®

We know that bending stress (c,.),

M 51750  527x10°
0= 7 o &
d3 =527 x 10°/80=6587 or d=18.7 say 20 mmAns.

We shall take the inner 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),

.. (Taking 6, = 80 N/mm?)

3000 = 2><%><d2 X1 = 2><% (20 © = 62841
o T = 3000/ 628.4 = 4.77 N/mm?, which is safe.
4. Length of leaves

We know that ineffective length of the spring
=1=80mm ... (*- U-bolts are considered equivalent to a band)

®
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Length of the 6th |eaf
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Effective length
n j—

+ Ineffective length

;0—23 + 80 =250 mm Ans.

1020

1020

;0—22x4+80:760mm Ans.

x 2+ 80 =420 mm Ans.

x 3+ 80 =590 mm Ans.

;0—22x5+80:930mm Ans.

;O_Zix 6+ 80 = 1100 mm Ans.

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

We know that length of the master leaf

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

5. Radiusto which the leaves should beinitially bent

Let R = Radiusto which the leaves should beinitially 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 (o y=9)
- 10083430 _ 50565 mm ans
EXERCISES

1. Designacompression 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’s factor = ac _1+%, where C = spring index.
4C -4 C

[Ans.d=5.893mm ; D =47.144 mm ; n = 6]

A helical valve spring isto be designed for an operating load range of approximately 90to 135N. The
deflection of the spring for the load rangeis 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
4C -4

0.615 i o
+ T, C being the spring index.

Take Wahl's factor

[Ans.d=274mm ; D=274mm ;n=6]

®
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3. Design ahelical spring for a spring loaded safety valve for the following conditions:
Operating pressure = 1 N/mmn?
Maximum pressure when the valve blows off freely
= 1.075 N/mm?
Maximum lift of the valve when the pressureis 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=17.2mm; D=94.6 mm ; n=12]

4. A vertical spring loaded valveisrequired 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 beinserted 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 reaches to avalue of 200 N, the end of the lever moves downward by 25 mm.

|<— 200 mm —»le— 200 mm jér

| Lever Stop :
Y T

"N

2 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 kN/mmZ.
[Ans. 0.33N/mm ; 3.4 mm ; 27.2mm; 10 ; 77 mm]

6. Itisdesired to design avalve spring of |.C. engine for the following details:
(@) Spring load when valveisclosed =80 N
(b) Spring load when valve is open = 100 N
(c) Space constraints for the fitment of spring are:
Inside guide bush diameter = 24 mm
Outside recess diameter = 36 mm
(d) Valvelift=5mm
() 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 ; 54.85 mm ; 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?2,

Thefollowing datarelate to asingle plate friction clutch whose both sides are effective:
Power transmitted = 35kW

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

= 12.5mm

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.

10.

1.

12.

13.

14.

15.

16.

17.

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. 8 turng]
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 a maximum deflection of 200 mm.
Design the spring if the allowable shear stress is not to exced 300 MPaand G = 84 kN/mm?2,

_ 24WD . 559W.D3n
For square wire, T= 3 and d = —
a G.a

where 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]

A load of 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 springindex is8. Find the maximum
shear stressinduced in the spring and the amount of compression produced. The modulus of rigidity
for the material of the spring wire is 84 kN/mm?.

5 O o
1

[Ans. 287 M Pa; 290 mm]
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 theyield 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 coil. [Ans. 10 mm ; 60 mm]
A helical spring B is placed inside the coils of asecond 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 Aand B
are 100 mm and 70 mm respectively and wire diameters are 13 mm and 8 mm respectively. Find the
|oad taken and the maximum stressin each spring.
[Ans. W, =1670N ; W, =630N ; 6, =230 MPa; o, = 256 MPa]
Design a concentric spring for an air craft engine valve to exert a maximum 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]
Thefreeend of atorsional spring deflectsthrough 90° when subjected to atorque of 4 N-m. The spring index
is 6. Determine the coil wire diameter and number of turnswith the following deta.:
Modulus of rigidity = 80 GPa; Modulus of elasticity = 200 GPa; Allowable stress = 500 M Pa.
[Ans.5mm ; 26]
A flat spiral steel spring isto 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]
A semi-elliptical spring has ten leavesin all, with the two full length leaves extending 625 mm.
Itis 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 modul us of
rigidity for the material of helical spring is 80 kN/mm?.

®
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18. A carriage spring 800 mm long isrequired to carry aproof 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 plates is not to exceed 190 MPa, determine :

1. Thenumber 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 kN/mm?. [Ans.6;23mm ; 3.5m]

19. A semi-élliptical laminated spring 900 mm long and 55 mm wide is held together at the centre by a
band 50 mm wide. 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-elliptical 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 has two full length leaves and

five graduated leaves. If the spring carries a central load of 1600 N, find :

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

leaves.
2. Themaximum stressif 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

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

Classify springsaccording 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.
4. Theextension springs are in considerably |ess use than the compression springs. Why?
5. Explain the following terms of the spring :

(i) Freelength; (i) Solid height;
(iif)  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 |eaves.

11. Whatisnippinginaleaf spring? Discussitsrole. List the materialscommonly 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.

®
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10.

OBJECTIVE TYPE QUESTIONS
A spring used to absorb shocks and vibrationsis

(a) closely-coiled helical spring (b) open-coiled helical spring
(¢) conical spring (d) torsion spring

The spring mostly used in gramophonesis

(&) helical spring (b) conical spring

(¢) laminated spring (d) flat spiral spring

Which of the following spring is used in amechanical wrist watch?

(a) Helical compression spring (b) Spiral spring

(¢) Torsion spring (d) Bellevilespring

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

aC -1 N 0.615 aC -1 N 0.615
@ acva cC 0 2c-2" "¢
1C+1 _ 0.615 1C +1 _ 0.615
(9 AC — 4 C (d) AC +4 C
When helical compression spring is cut into halves, the stiffness of the resulting spring will be
(a) same (b) double
(¢) one-half (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
@ = 0 2
ki +k, k +k;
k, + k k, — k
© W @ S
k .k, k .k,
When two concentric coil springs made of the same material, having same length and compressed
equally by an axial 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
(c) equa to
A leaf spring in automobilesis used
(a) toapply forces (b) tomeasureforces
(c) to absorb shocks (d) tostorestrain 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. (c) 5. (b)
6. (b) 7. (a) 8. (a) 9. (¢ 10. (b)
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