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16.1 Introduction

A machine part subjected to an axial compressive
forceiscalled astrut. A strut may be horizontal, inclined
or even vertical. But avertical strutisknown asacolumn,
pillar or stanchion. The machine members that must be
investigated for column action are piston rods, valve push
rods, connecting rods, screw jack, sidelinks of togglejack
etc. In this chapter, we shall discuss the design of piston
rods, valve push rods and connecting rods.

Note: The design of screw jack and toggle jack is discussed in
the next chapter on ‘ Power screws' .

16.2 Failure of a Column or Strut

It has been observed that when a column or astrut is
subjected to a compressive load and the load is gradually
increased, a stage will reach when the column will be
subjected to ultimate load. Beyond this, the column will fail
by crushing and the load will be known as crushing load.
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It has also been experienced, that
sometimes, acompression member does not
fail entirely by crushing, but also by bending
i.e. buckling. Thishappensinthecaseof long
columns. It has a so been observed, that al
the* short columnsfail dueto their crushing.
But, if a **long column is subjected to a
compressive load, it is subjected to a
compressive stress. If the load is gradually
increased, the column will reach a stage,
when it will start buckling. The load, at 1
which the column tends to have lateral Depending on the end conditions, different columns
displacement or tends to buckle is called ~ have different crippling loads
buckling load, critical load, or crippling load and the column is said to have developed an elastic
instability. The buckling takes place about the axis having minimum radius of gyration or least moment
of inertia. It may be noted that for a long column, the value of buckling load will be less than the
crushing load. Moreover, the value of buckling load islow for long columns, and relatively high for
short columns.

16.3 Types of End Conditions of Columns

In actual practice, there are a number of end conditions for columns. But we shall study the
Euler’s column theory on the following four types of end conditions which are important from the
subject point of view:

Both the ends hinged or pin jointed as shown in Fig. 16.1 (a),

Both the ends fixed as shown in Fig. 16.1 (b),

One end isfixed and the other hinged as shown in Fig. 16.1 (c), and
One end isfixed and the other free as shown in Fig. 16.1 (d ).
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Fig. 16.1. Types of end conditions of columns.

16.4 Euler's Column Theory
The first rational attempt, to study the stability of long columns, was made by Mr. Euler. He

*  Thecolumnswhich havelengthslessthan 8 timestheir diameter, are called short columns (seea soArt 16.8).
**  The columns which have lengths more than 30 times their diameter are called long columns.
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derived an equation, for the buckling load of 1ong columns based on the bending stress. While deriving
thisequation, the effect of direct stressis neglected. Thismay bejustified with the statement, that the
direct stressinduced in along columnis negligible as compared to the bending stress. It may be noted
that Euler’s formula cannot be used in the case of short columns, because the direct stress is
considerable, and hence cannot be neglected.

16.5 Assumptions in Euler's Column Theory
Thefollowing simplifying assumptions are made in Euler’s column theory :
1. Initialy the columnis perfectly straight, and the load applied istruly axial.
2. The cross-section of the column is uniform throughout its length.

3. Thecolumn material isperfectly elastic, homogeneousand isotropic, and thus obeysHooke's
law.

Thelength of column isvery large as compared to its cross-sectional dimensions.
The shortening of column, due to direct compression (being very small) is neglected.
Thefailure of column occurs due to buckling alone.

The weight of the column itself is neglected.

N o gk

16.6 Euler's Formula
According to Euler’s theory, the crippling or buckling load (W) under various end conditions

is represented by ageneral equation,

Crn’El Cnr’E AK?

T B (T 1=AKD)
Cn’E A
(17k)?
where E = Modulusof elasticity or Young'smodulusfor the material of the column,

A = Areaof cross-section,
k = Least radius of gyration of the cross-section,
| = Length of the column, and

C = Constant, representing the end conditions of the column or end fixity
coefficient.

The following table shows the values of end fixity coefficient (C) for various end conditions.

Table 16.1. Values of end fixity coefficient (C).

S No. End conditions End fixity coefficient (C)
1 Both ends hinged 1
2. Both ends fixed 4
3. One end fixed and other hinged 2
4. One end fixed and other end free 0.25

Notes: 1. Thevertical column will have two moment of inertias (viz. I, and IW). Since the column will tend to
bucklein the direction of least moment of inertia, therefore the least val ue of the two moment of inertiasisto be
used in the relation.

2. In the above formula for crippling load, we have not taken into account the direct stresses induced in the
material due to the load which increases gradually from zero to the crippling value. As a matter of fact, the
combined stresses (due to the direct load and slight bending), reaches its allowable value at aload lower than
that required for buckling and therefore this will be the limiting value of the safe |oad.
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16.7 Slenderness Ratio

In Euler'sformula, theratiol / kisknown as slendernessratio. It may be defined astheratio of
the effective length of the column to the least radius of gyration of the section.

It may be noted that the formula for crippling load, in the previous article is based on the
assumption that the slendernessratio | / kis so large, that the failure of the column occurs only dueto
bending, the effect of direct stress (i.e. W/ A) being negligible.

This equipment is used to determine the crippling load for axially loaded long strufs.

16.8 Limitations of Euler’s Formula
We have discussed in Art. 16.6 that the general equation for the crippling load is

w =S n’E A
“ (17k)?
Crippling stress,
W, _Cr’E
Gcr - A (l/k)2

A little consideration will show that the crippling stresswill be high, when the slendernessratio
issmall. We know that the crippling stressfor acolumn cannot be more than the crushing stress of the
column material. It isthus obviousthat the Euler’s fromulawill give the value of crippling stress of
the column (equal to the crushing stress of the column material) corresponding to the slenderness
ratio. Now consider amild steel column. We know that the crushing stress for mild steel is 330 N/mm?
and Young's modulus for mild steel is0.21 x 10° N/mm?.

Now equating the crippling stress to the crushing stress, we have
Cn’E _
[
1x 9.87 x 0.21x 10°
(17k)?

=330 ... (Taking C = 1)
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or (1/K? = 6281
I /k =79.25say 80
Hence if the slenderness ratio is less than 80, Euler’'s formula for a mild steel column is not
valid.
Sometimes, the columns whose slendernessratio is more than 80, are known as long columns,
and those whose slendernessratio isless than 80 are known as short columns. It isthus obvious that
the Euler’s formula holds good only for long columns.

16.9 Equivalent Length of a Column
Sometimes, the crippling load according to Euler’s formulamay be written as
_ mE|
Wcr - L2

where L isthe equivalent length or effective length of the column. The equivalent length of agiven
column with given end conditions is the length of an equivalent column of the same material and
cross-section with hinged ends to that of the given column. The relation between the equivalent
length and actual length for the given end conditionsis shown in the following table.

Table 16.2. Relation between equivalent length (L) and actual length (/).

SNo. End Conditions Relation between equivalent length (L) and
actual length (1)
1. Both ends hinged L=I
I

2. Both ends fixed L = E

I
3. One end fixed and other end hinged L = 2
4, One end fixed and other end free L =2

Example 16.1. A T-section 150 mm x 120 mm x 20 mmis used as a strut of 4 mlong hinged at
both ends. Calculate the crippling load, if Young's modulus for the material of the section is
200 kN/mn?.

Solution. Given : | =4 m = 4000 mm ; E = 200 kN/mm? = 200 x 10% N/mm?

First of all, let us find the centre of gravity (G) of the
T-section as shown in Fig. 16.2. Flange +

a, = 150 x 20 = 3000 mm?

L Web
Its distance of centre of gravity from top of the flange,

y, =20/2=10mm %
a, = (120 - 20) 20 = 2000 mm? ‘JZOL’

Y
Let y bethedistance between the centre of gravity (G) and TI | | 20
top of the flange, _Y_ X | < T
We know that the area of flange, G 120
|

Areaof web,

Its distance of centre of gravity from top of the flange, All dimensions in mm.
y, = 20+100/2=70 mm Fig. 16.2
T_antdy, 3000 x 10 + 2000 x 70 — 34 mm

y+ 3000 + 2000

Top



Contents

Columns and Struts = 605

We know that the moment of inertia of the section about X-X,

3 3
Iy = {—150 (207 | 3000 (34 —10)%+ 20 (100)” (11200)

+ 2000 (70 — 34)2}
=6.1x 106 mm?

20 (150)° . 100 (20)°

YY
12 12
Sincel, islessthan I, therefore the column will tend to buckle in Y-Y direction. Thus we
shall take thevalue of | as|,,, = 5.7 x 10° mm*.

Moreover asthe column is hinged at its both ends, therefore equivalent length,
L =1=4000 mm
We know that the crippling load,
_ m’El _9.87x200x10°x 5.7 x 10°
o = 12 (4000)2
Example 16.2. An |-section 400 mm x 200 mm x 10 mmand 6 mlong is used as a strut with

both ends fixed. Find Euler’ s crippling load. Take Young's modulus for the material of the section as
200 kKN/mn.

Solution. Given: D=400mm ; B=200mm ;t=10mm ;| = 6m = 6000 mm ; E = 200 kN/mm?
=200 x 103 N/mm?

and I =5.7 x 106 mm*

=703 x 103N =703 kN Ans.

Thel-sectionisshown in Fig. 16.3. 200 _>|
ot
-4
|
d x Sl 400
|
|
|
|

Y
All dimensions in mm.

Crippling /oodf Fig. 16.3
We know that the moment of inertia of the [-section about X-X,
_ BD® bd?®

X120 12
_ 200 (400)° (200 —10) (400 — 20)°
12

12
= 200 x 10 mm?
and moment of inertia of the |-section about Y-Y,

| _Z(gj+d.t3
Yy 12 12

., {10 (200)3} , (400 - 20) 10°
- 12 12
= 13.36 x 108 mm?
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Sincel, islessthan|,,, therefore the section will tend to buckle about Y-Y axis. Thuswe shall
takel asl, = 13.36 x 10* mm*,
Since the column isfixed at its both ends, therefore equivalent length,
L =1/2=6000/2=3000 mm
We know that the crippling load,

_ m’E| _ 9.87x200x10°x13.36x 10°

o2 (3000)2
= 2930 kN Ans.

=293x10° N

16.10 Rankine’s Formula for Columns

We have already discussed that Euler’sformulagives correct resultsonly for very long columns.
Though this formulais applicable for columns, ranging from very long to short ones, yet it does not
give reliable results. Prof. Rankine, after a number of experiments, gave the following empirical
formulafor columns.

1 1 1
YREREYYRREYYE (i)
\Ncr WC WE
where W, = Crippling load by Rankine’sformula,
W, = Ultimate crushing load for the column =6, x A,

2
El
W = Crippling load, obtained by Euler’s formula= T 2

A little consideration will show, that the value of W, will remain constant irrespective of the
fact whether the columnisalong one or short one. Moreover, in the case of short columns, the value
of W will bevery high, thereforethe value of 1/ W, will be quite negligible ascomparedto 1/ W_.
It is thus obvious, that the Rankine's formula will give the value of its crippling load (i.e. W)
approximately equal to the ultimate crushing load (i.e. W, ). In case of long columns, the value of W
will be very small, therefore the value of 1/ W will be quite considerable as compared to 1/ W.. It
is thus obvious, that the Rankine’s formula will give the value of its crippling load (i.e. W)
approximately equal to the crippling load by Euler’s formula (i.e. W¢). Thus, we see that Rankine's
formulagives afairly correct result for all cases of columns, ranging from short to long columns.

From equation (i), we know that
111 WerW
W, W W WexWe
WexWe W

Wcr = We + W 1+ %
WE
Now substituting the value of W, and W in the above equation, we have
W = O X A _ O X A OO :A.kz)
o o.x Ax L? o, _AL?
1+ 5 —— 1+ =Xx—r
T E | n°E Ak

6.x A Crushing load

2 2
1+ a(Lj 1+a(L)
k k

where 6, = Crushing stress or yield stressin compression,
A = Cross-sectional area of the column,
. GC
a = Rankine'sconstant= ——,
n°E
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L = Equivaent length of the column, and
k = Least radius of gyration.

The following table gives the values of crushing stress and Rankine's constant for various
materials.
Table 16.3. Values of crushing stress (c.) and Rankine’s constant (a)
for various materials.

a g _ GC
SNo. Material G, in MPa a= 2E
1. Wrought iron 250 9000
. 1
2. Cast iron 550 1600
) 1
& Mild steel 320 7500
) 1
4. Timber 50 750

16.11 Johnson’s Formulae for Columns
Prof. J.B. Johnson proposed the following two formulafor short columns.

1. Straight line formula. According to straight line formula proposed by Johnson, the critical
or crippling load is

w, = Ao 22() [ Aol

where A = Cross-sectional areaof column,
o, = Yield point stress,
_ 206y | Oy

17 3¢ \3CE
= A constant, whose value depends upon the type of material aswell as
the type of ends, and
L
M = Slendernessratio.
If the safe stress (W, / A) isplotted against slendernessratio (L / k), it works out to be astraight
ling, so it isknown as straight line formula.

2. Parabolic formula. Prof. Johnson after proposing the straight line formula found that the
results obtained by thisformulaare very approximate. He then proposed another formula, according
to which the critical or crippling load,

(6

2
L
4 C_Tysz E (ij } with usual notations.

If acurve of safe stress (W, / A) isplotted against (L / k), it works out to be aparabolic, soitis
known as parabolic formula.

Fig. 16.4 showstherelationship of safestress (W, / A) and the slendernessratio (L / k) asgiven
by Johnson's formula and Euler’s formula for a column made of mild steel with both ends hinged
(i.e. C=1), having ayield strength, o, = 210 MPa. We see from the figure that point A (the point of
tangency between the Johnson's straight line formula and Euler’s formula) describes the use of two
formulae. In other words, Johnson's straight line formula may be used when L / k < 180 and the
Euler’'sformulaisused when L / k > 180.

cr

W = Axcy{l—
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Similarly, the point B (the point of tangency between the Johnson’s parabolic formulaand Euler’s
formula) describesthe use of two formulae. In other words, Johnson’s parabolic formulais used when
L / k<140 and the Euler’sformulais used when L / k > 140.

Note : For short columns made of ductile materials, the Johnson’s parabolic formulais used.

T 420 \\
~ 350 Euler
5 «
S 280 |— Parabolic.=
Z 210 -
Y I B
ﬁ —~ B
| 70 A
—
0 40 80 120 160 200

—— Slenderness ratio (L/K) —>

Fig. 16.4. Relation between slendeness ratio and safe stress.

16.12 Long Columns Subjected to Eccentric Loading

In the previous articles, we have discussed the effect of loading on long columns. We have
always referred the cases when the load acts axially on the column (i.e. the line of action of the load
coincideswith the axis of the column). But in actual practiceit isnot aways possibleto have an axial
load on the column, and eccentric loading takes place. Here we shall discuss the effect of eccentric
loading on the Rankine's and Euler’s formulafor long columns.

Consider along column hinged at both ends and subjected to an eccentric load as shown in
Fig. 16.5.

., v
JIS—— i

Fig. 16.5. Long column subjected to eccentric loading.
Let W = Load on the column,
A = Areaof cross-section,
e = Eccentricity of theload,
Z = Section modulus,

y, = Distance of the extremefibre (on compression side) from the axis of the
column,

k = Least radius of gyration,
| = Moment of inertia= Ak2,
E = Young's modulus, and

| = Length of the column.
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We have already discussed that when a column is subjected to an eccentric load, the maximum
intensity of compressive stressis given by therelation
s WM
max- A Z
The maximum bending moment for a column hinged at both ends and with eccentric loading is
given by

z
|
s
oD
8
|
.|§
I
s
oD
8
N

(1= AK)

+ (e Z= My = Ak

C

> »|=
>

1
[N

k2 2k \ E.A

€Y. L W
+—=tseC— |[—
k2 2k \ E.A

... (Substituting | = L, equivalent length for both ends hinged).

+ey°sec| W}

I>(-
>
|

16.13 Design of Piston Rod

Since apiston rod moves forward and backward in the engine cylinder, thereforeit is subjected
to alternate tensile and compressive forces. It isusually made of mild steel. One end of the piston rod
is secured to the piston by means of tapered rod provided with nut. The other end of the pistonrod is
joined to crosshead by means of a cotter.

Piston rod is made of mild steel.

. W e L | W .
*  Theexpressono,, = A [1+ %fsecﬂ ﬁ} may also be written as follows:
— W + WX €Ye L w | |
Omex= AT A & gy ___(Substituting k?=— and A:—z)
K2 A k
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Let p = Pressure acting on the piston,
D = Diameter of the piston,
d = Diameter of the piston rod,
W = Load acting on the piston rod,
W, = Buckling or crippling load = W x Factor of safety,
o, = Allowabletensile stress for the material of rod,
6, = Compressiveyield stress,
A = Cross-sectional area of the rod,
| = Length of therod, and
k = Least radius of gyration of the rod section.
The diameter of the piston rod is obtained as discussed below:
1. Whenthelength of the pistonrodissmall i.e. when slendernessratio (I / k) islessthan 40,
then the diameter of piston rod may be obtained by equating the load acting on the piston
rod to itstensile strength, i.e.

w=Lxd?xo,
4
or T D?x p=Zxd?xo,
4 4
d=D |2

Gt
2. When the length of the piston rod islarge, then the diameter of the piston rod is obtained
by using Euler’s formulaor Rankine's formula. Since the piston rod is securely fastened
to the piston and cross head, therefore it may be considered as fixed ends. The Euler’s

formulais
2
n“E |
Wcr = L2
and Rankine'sformulais,
O X A

WCF = —2
1+a (t)

Example 16.3. Calculate the diameter of a piston rod for a cylinder of 1.5 mdiameter in which
the greatest difference of steam pressure on the two sides of the piston may be assumed to be 0.2 N/mim?.
Therod ismade of mild steel and is secured to the piston by a tapered rod and nut and to the crosshead
by a cotter. Assume modulus of elasticity as 200 kN/mn? and factor of safety as 8. The length of rod
may be assumed as 3 metres.

Solution. Given: D =15m=1500mm; p=0.2N/mm? ; E=200kN/mm?= 200 x 10% N/mm?;
| =3 m=3000 mm

We know that the load acting on the piston,

T T
W = 2 xD?xp= 2 (1500)2 x 0.2 =353 475N
-, Buckling load on the piston rod,

W,, = W x Factor of safety = 353475 x 8 =2.83 x 10° N

Since the piston rod is considered to have both ends fixed, therefore from Table 16.2, the
equivalent length of the piston rod,

L = I—=M=1500mm
2 2
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Let d = Diameter of piston rod in mm, and
v
| = Moment of inertia of the cross-section of the rod = o xd*

According to Euler’sformula, buckling load (W),

n?E | _ 9.87x200x10°x t d*
L2 (1500)2 x 64
. d4 =283x10%/0.043=65.8x10° or d=90mm
According to Rankine's formula, buckling load,
W = O X A

“ W (i)

We know that for mild steel, the crushing stress,

2.83 x 106 = = 0043 d"

1
= = 2 -
O, 320 MPa =320 N/mm¢, and a= 7500

and least radius of gyration for the piston rod section,

B e
k= A 64 td?2 4

Substituting these values in the above equation (i), we have

320x 79
72 251.4d?>  251.4d*
2.83x 106 = = - =
! (1500><4) 14+ 4800 d®+ 4800
7500\ d d?
251.4 d* —2.83 x 10° d2 — 2.83 x 10° x 4800 = 0
or d*—-11257 d?-54x10° =0
g2 - 11250+ /(11257 + 4x1x 54x10° _ 11257 +18 512
2 - 2
=14 885 ... (Taking +ve sign)
or d = 122 mm

Taking larger of the two values, we have
d = 122 mm Ans.

16.14 Design of Push Rods

The push rods are used in overhead valve and side valve
engines. Since these are designed as long columns, therefore
Euler’s formulashould be used. The push rods may be treated as
pin end columns because they use spherical seated bearings.

Let W = Load acting on the push rod,

D = Diameter of the push rod,
d = Diameter of the hole through the
push rod,
| = Moment of inertia of the push rod,

These rods are used in overhead

T 4 .
= a x D", for solid rod valve and side valve engines.
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T .
o (D* — d*), for tubular section

| = Length of the push rod, and
E = Young's modulus for the materia of push rod.

If misthefactor of safety for the long columns, then the critical or crippling load on therod is
given by

W, =mxW
2
Now using Euler’sformula, W, = 2 the diameter of the push rod (D) can be obtained.
Notes: 1. Generdly the diameter of the hole through the push rod is 0.8 times the diameter of push rod, i.e.

d=08D
2. Since the push rods are treated as pin end columns, therefore the equivalent length of therod (L) is
equal to the actual length of therod (1).

Example 16.4. The maximum load on a petrol engine push rod 300 mm long is 1400 N. It is
hollow having the outer diameter 1.25 times the inner diameter. Spherical seated bearings are used
for the push rod. The modulus of elasticity for the material of the push rod is 210 kN/mn?. Find a
suitable size for the push rod, taking a factor of safety of 2.5.

Solution. Given:1=300mm; W=1400N ; D =1.25d ; E=210kN/mm? =210 x 103 N/mm?;
m=2.5

Let d = Inner diameter of push rod in mm, and

D = Outer diameter of the push rodinmm=1.25d ...(Given)

.. Moment of inertia of the push rod section,

T T
= — (D4 _ g% = — 4_ 44 = 4 4
I 64(D d*) 64[(1.25d) d*] = 0.07 d* mm
We know that the crippling load on the push rod,
W, =mxW=25x 1400 = 3500 N

cr
Now according to Euler’sformula, crippling load (W),

n°E | 9.87x210x10°x 0.07 d*

3500 = =16d* LCoL=l)
L2 (300)2
- d4 =3500/1.6 = 2188 or d=6.84 mm Ans.
and D =1.25d=1.25 x 6.84 = 8.55 mm Ans.

16.15 Design of Connecting Rod

A connecting rod isamachine member which is subjected to alternating direct compressive and
tensile forces. Since the compressive forces are much higher than the tensile forces, therefore the
cross-section of the connecting rod is designed as a strut and the Rankine’s formulais used.

A connecting rod subjected to an axial load W may bucklewith X-axisasneutral axis(i.e.inthe
plane of motion of the connecting rod) or Y-axis as neutral axis (i.e. in the plane perpendicul ar to the
plane of motion). The connecting rod is considered like both ends hinged for buckling about X-axis
and both endsfixed for buckling about Y-axis. A connecting rod should be equally strong in buckling
about either axes.

Let A = Cross-sectional area of the connecting rod,

| = Length of the connecting rod,
o, = Compressiveyield stress,
W, = Crippling or buckling load,

Contents
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l,and Iyy = Mzment of inertia of the section about X-axis and Y-axis respectively,
an

Kk, and lg,y = Radius of gyration of the section about X-axis and Y-axis respectively.

Fig. 16.6. Buckling of connecting rod.
According to Rankine'sformula,

W. about X-axis = G X A = G X A ... (" For both ends hinged, L =1)
cr L 2 | 2
l+a|— l+a|—
Ky Ko
d  W._aboutYeaxis = — XA OGcXA ___(-.-Forbothendsfixed,L:lj
an ., aoout Y-axis = = 5

2 2
1+a (LJ 1+a (I J
kyy 2kyy

In order to have a connecting rod equally strong in buckling about both the axes, the buckling
loads must be equal, i.e.

O XA  O.xA (I JZ_[ I JZ
7" 2o i) L2k,
1+a( lj 1+a[ ! J X i

- 2 kyy
k2XX=4k2yy o =41, (P 1=AXKD)
This shows that the connecting rod is four |
times strong in buckling about Y-axis than about '
X-axis. If 1 >4 Iyy’ then buckling will occur about V % !
Y-axisand if | <4 Iyy’ buckling will occur about — )t T
X-axis. Inactual practice, 1 iskept slightly lessthan 3t 5
41,,. Itisusually taken between 3 and 3.5 and the i
connecting rod is designed for buckling about X-axis. Y ) i l
The design will alwyas be satisfactory for bucklin -
about Y-gxis " g ° |<_4t _>|
The most suitable section for the connecting (@) )
rod is|-section with the proportionsas shownin Fig. Fig. 16.7. I-section of connecting rod.
16.7 (a).

Area of the section
=2(4txt)+3txt=111
. Moment of inertia about X-axis,

1 3 3
= —|4t(51)°-3t (3t
and moment of inertiaabout Y-axis,

1 3, 1 3}
= |2x—tx(4t)°+ — (31) t
! { 12 “9 12( )

—4—19'[4
2

—1_31t4
” =
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Lo _419 12 _

=—Xx—=32
I 12 131

1%
I XX
yy
Notes: 1. Thel-section of the connecting rod is used dueto itslightness and to keep the inertiaforces aslow as
possible. It can aso withstand high gas pressure.

2. Sometimes a connecting rod may have rectangular section. For slow speed engines, circular sections
may be used.

3. Since connecting rod is manufactured by forging, therefore the sharp corners of |-section are rounded
off asshown in Fig. 16.7 (b) for easy removal of the section from the dies.

Example 16.5. A connecting rod of length | may be considered as a strut with the ends free to
turn on the crank pin and the gudgeon pin. In the directions of the axes of these pins, however, it may
be considered as having fixed ends. Assuming that Euler’ sformulaisapplicable, determinetheratio
of the sides of the rectangular cross-section so that the connecting rod is equally strong in both
planes of buckling.

Solution. The rectangular cross-section of the connecting rod is shown in Fig. 16.8.

Since the value of lies between 3 and 3.5, therefore I-section chosen is quite satisfactory.

Let b = Width of rectangular cross-section, and
h = Depth of rectangular cross-section. T
..Moment of inertiaabout X-X, T
_ bh?
= X - 4_X h
and moment of inertiaabout Y-Y, A b l
| hb? I
- Y
. Yooo12 .
According to Euler’sformula, buckling load, Fig. 16.8
2
_nEl
o T 2

-, Buckling load about X-X,
2

T
W, (X-axis) =
and buckling load about Y-Y,
2 2
T Ely, _ 4n°El,,
(112)? |2
In order to have the connecting rod equally strong in both the planes of buckling,
W, (X-axis) = W, (Y-axis)
mEl, 4m°Ely,

|
2 X ... (.~ L =1, for both ends free to turn)

W, (Y-axis) = . ("= L =112, for both ends fixed)

or I, =41

|2 |2 XX vy
3 3
ﬂ=4hb or h2=4p2
12 12
and h2/ b2 =4 or h/b=2Ans.

16.16 Forces Acting on a Connecting Rod

A connecting rod is subjected to the following forces :

1. Forcedueto gas or steam pressure and inertia of reciprocating parts, and

2. Inertiabending forces.

We shall now derive the expressions for the forces acting on a horizontal engine, as discussed
below:
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1. Forcedueto gasor steam pressure and inertia of reciprocating parts
Consider a connecting rod PC as shown in Fig. 16.9.

. Crank pin
Connecting
F rod
AN Fe -\ Crank
. Fy ,
FP4>|P :¢__ o o L
Fp (0]
Y
Gudgeon or

Wr Wris% pin Inner dead Outter d%aii) .

centre (I.D.C.) centre (O.D.C.)

Fig. 16.9. Forces on a connecting rod.
Let p = Pressure of gas or steam,
A = Areaof piston,

m, = Mass of reciprocating parts,

= Mass of piston, gudgeon pin etc. + % rd mass of connecting rod,

o = Angular speed of crank,

o = Angle of inclination of the connecting rod with the line of stroke,
0 = Angle of inclination of the crank from inner dead centre,

r = Radius of crank,
| = Length of connecting rod, and

n = Ratio of length of connecting rod to radius of crank =1/r.

We know that the force on the piston due to pressure of gas or steam,
F, = Pressure x Area=p x A
and inertia force of reciprocating parts,

cos Zej

F, = Mass x *Acceleration = m, x ? x r (cose +
n

It may be noted that in ahorizontal engine, reciprocating parts are accelerated from rest during
thefirst half of the stroke (i.e. when the piston moves from inner dead centre to outer dead centre). It
isthen retarted during the latter half of the stroke (i.e. when the piston moves from outer dead centre
to inner dead centre). The inertia force due to the acceleration of reciprocating parts, opposes the
force on the piston. On the other hand, the inertiaforce due to retardation of the reciprocating parts,

helps the force on the piston.
-. Net force acting on the piston pin (or gudgeon or wrist pin),
Fr = Force due to pressure of gas or steam + Inertiaforce
=F_*F

The —ve sign is used when the piston is accelerated and +ve sign is used when the piston is

retarted.

* ' i i - o?r [cose+ 520
Acceleration of reciprocating parts
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Theforce F, givesrise to aforce F. in the connecting rod and a thrust F; on the sides of the
cylinder walls (or normal reaction on crosshead guides). From Fig. 16.9, we see that force in the
connecting rod at any instant.

F.= FP = - FP
¢ cos¢ \/ sin?0
1-—

n2

The force in the connecting rod will be maximum when the crank and the connecting rod are
perpendicular to each other (i.e. when 6 =
90°). But at this position, the gas pressure
would be decreased considerably. Thus, for
all practical purposes, the force in the
connecting rod (F.) is taken equal to the
maximum force on the piston due to
pressure of gas or steam (F ), neglecting
piston inertia effects.

2. Inertia bending forces

Consider a connecting rod PC and a
crank OC rotating with uniform angular
velocity o rad /s. In order to find the
acceleration of various points on the
connecting rod, draw the Klien's
acceleration diagram CQNO as shown in
Fig. 16.10 (a). CO represents the
acceleration of C towards O and NO
representsthe acceleration of P towards O.
The acceleration of other pointssuch asD,
E, F and G etc. on the connecting rod PC
may be found by drawing horizontal lines
from these pointsto intersect CN at d, e, f
and g respectively. Now dO, €O, fO and
gO represents the acceleration of D, E, F
and G dl towardsO. Theinertiaforceacting
on each point will be asfollows:

Inertiaforceat C = mx @? x CO
Inertiaforceat D = mx ? x dO

Inertiaforceat E=mx o? x eO, and
so on.

. . . . Connecting ro.
Theinertiaforceswill be oppositeto

the direction of acceleration or centrifugal

forces. Theinertiaforces can be resolved into two components, one parallel to the connecting rod and
the other perpendicular to therod. Theparalléel (or longitudinal) components adds up algebraically to
the force acting on the connecting rod (F.) and produces thrust on the pins. The perpendicular (or
transverse) components produces bending action (al so called whipping action) and the stressinduced
in the connecting rod is called whipping stress.

*  For derivation, please refer to author’s popular book on ‘ Theory of Machines'.
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mw*CO

| =

I

|

1
P o —cC
e——— X 34>|X
Ryt l

(©)

Y

Fig. 16.10. Inertia bending forces.

A little consideration will show that the perpendicular componentswill be maximum, when the
crank and connecting rod are at right angles to each other.

The variation of theinertiaforce on the connecting rod islinear and islike asimply supported
beam of variable loading as shown in Fig. 16.10 (b) and (c¢). Assuming that the connecting rod is of
uniform cross-section and has mass m, kg per unit length, therefore

Inertiaforce per unit length at the crank pin
=m, x 2r
and inertiaforce per unit length at the gudgeon pin
=0
Inertiaforces due to small element of length dx at adistance x from the gudgeon pin P,
X
dF, =m, x 0’ x T x dx
*. Resultant inertiaforce,
|
' X my X o°r [xz}
F = xolr x=xdx=—2—— | =
] oM | L2,

x| m
= mlwazr :Exwzr ... (Substituting m,.I = m)

Thisresultant inertiaforce acts at a distance of 2| / 3 from the gudgeon pin P.

Sinceit has been assumed that % rd mass of the connecting rod is concentrated at gudgeon pin
P (i.e. small end of connecting rod) and % rd at the crank pin (i.e. big end of connecting rod),
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therefore the reactions at these two ends will bein the same proportion, i.e.
1 2
Re=3 Fyand Ro=3F

Now the bending moment acting on the rod at section X-X at a distance x from P,

M. = X * X ZXEXEXXE
x = RpXX="m x o 5 3
3
=}Fxx—mxm2r><x— Ro=1F
3 | 2 3|2 3 |

... (Multiplying and dividing the latter expression by )
Fxx o X R [x x3j

(i)

3 32 3 12
For maximum bending moment, differentiate M, with respect to x and equateto zero, i.e.
dyix F 3x?
—£ =0 —|1-—1=0
dx or 3 |2
3x? |
1-—=0 2— |2 X=—
2 or 3x“ =1 or NE

Substituting this value of x in the above equation (i), we have maximum bending moment,

_ R [\/Iéj F,[I |}

M . = - 0
33 12 3[V3 343
ix 2l 2Fxl
T3 33 93
m 2 | 2 | (F _m 2)
= 2X—XOTTX—=MX®OTX—— | R EXOT
2 93 93 2
and the maximum bending stress, due to inertia of the connecting rod,
M
O = —;‘ax
where Z = Section modulus.

From above we see that the maximum bending moment varies asthe square of speed, therefore,
the bending stress dueto high speed will be dangerous. It may be noted that the maximum axial force
and the maximum bending stress do not occur simultaneously. In an |.C. engine, the maximum gas
load occurs close to top dead centre whereas the maximum bending stress occurs when the crank
angle 6 = 65° to 70° from top dead centre. The pressure of gasfalls suddenly asthe piston movesfrom
dead centre. In steam engines, even though the pressure is maintained till cut off occurs, the speed is
low and therefore the bending stress due to inertiais small. Thus the general practiceisto design a
connecting rod by assuming the force in the connecting rod (F ) equal to the maximum force on the
piston due to pressure of gas or steam (F, ), neglecting piston inertia effects and then checked for
bending stress due to inertiaforce (i.e. whipping stress).

*  B.M. dueto variable loading from (0 tom o’r x TXJ isequal to the area of triangle multiplied by distance

of C.G. from X-X (i-& %) .
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Example 16.6. Determine the dimensions of an I-section connecting rod for a petrol engine

from the following data :

Diameter of the piston =110 mm

Mass of the reciprocating parts = 2 kg

Length of the connecting rod from centre to centre

=325mm

Sroke length =150 mm

RPM. = 1500 with
possible
overspeed of
2500

Compression ratio =4:1

Maximum explosion pressure = 2.5 N/mn?

Solution. Given: D=110mm=0.11m; m,=2kg ; Connecting rod of a petrol engine.

[=325mm=0.325m ; Strokelength=150mm=0.15m;
N, =1500rp.m.; N, =2500rp.m.; *Compressionratio=4:1;p=25 N/mm?
We know that the radius of crank,

. Strokelength 150 _ .\ 0075 m

2 2
and ratio of the length of connecting rod to the radius of crank,
n= =38 _y3
r 75

We know that the maximum force on the piston due to pressure,

T Y
FL = " xDZxp= 1 (110)225=23760 N

and maximum angular speed,
2t X Ny 21 x 2500

o = =261.8rad/s
max 60 60
We know that maximum inertiaforce of reciprocating parts,
cos 20
F, = Mg (0’ (oose+ ) . (i)

Theinertiaforce of reciprocating parts is maximum, when the crank is at inner dead centre, i.e.
when 6 = 0°.

F = 2, (14. lj F . .
| = Mg (0)T N ... [From equation (i)]

1
= 2(261.8)2 0.075 (1+ 4—3j =12672N

Since the connecting rod is designed by taking the force in the connecting rod (F ) equal to the
maximum force on the piston due to gas pressure (F ), therefore
Force in the connecting rod,
Fo=F =23760N

*  Superfluous data.
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Consider the I-section of the connecting rod with the proportions as shown in Fig. 16.11. We
have discussed in Art. 16.15 that for such a section

=32 Y Y
yy | ;
k2xx |
or W 3.2, whichis satisfactory. | T 5¢
|
We have also discussed that the connecting rod is designed X — — 1— —-X 3t
for buckling about X-axis(i.e. inaplane of motion of the connecting |
rod), assuming both ends hinged. Taking afactor of safety as6, the |
buckling load, |
W, =F.x6=23760x6=142560 N 8%
and area of cross-section, RV
A =2(4tx 1) +tx3t=11t2mm? Fig. 16.11

Moment of inertia about X-axis,
3 3 4
o {4'[(5'[) _3t(3Y }:419'[ o
xx 12 12 12

.. Radius of gyration,

[ { a19t* 1
=X = X —— =178t
Ko A 12 11t?

We know that equivalent length of the rod for both ends hinged,
L =1=325mm
Taking for mild steel, 6, = 320 MPa = 320 N/mm? and a = 1/ 7500, we have from Rankine's
formula,

_ OXA
Wcr - L 2
l1+a|—
)
2
142 560 = 320 x 11t .
N 1 325
7500 ( 1.78 t
t2 t4
405 =

1. 4% 21 a4
t2

or t*-40.5t>-1798=0

405+ (4052 + 4x179.8 405+ 486
) -

t2 = = 4455

... (Taking +ve sign)
or t = 6.67 say 6.8 mm
Therefore, dimensions of cross-section of the connecting rod are
Height =5t=5x6.8=34 mm Ans.
Width = 4t=4x6.8=27.2mm Ans.
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Thickness of flange and web
=t=6.8 mm = 0.0068 m Ans.
Now let usfind the bending stress due to inertia force on the connecting rod.
We know that the mass of the connecting rod per metre length,
m, = Volume x density = Area x length x density

=AxIxp=11t?xIxp (o A=111))
= 11(0.0068)? 1 x 7800 = 3.97 kg ... (Taking p = 7800 kg / m®)
-~. Maximum bending moment,
I 2
2 2
M_ =M TrX—=morx— o (om=m.
max 9\/5 my 9\/5 (-m m, )
(0.325)?

= 3.97 (261.8)2 (0.075) x ——=—=138.3N-
( )° ( ) % 93 m
and section modulus,
| _419t4xi_£t3
Z«=5t/2° 12 5t 30

419
o (0.0068)° =44 x 100 m?

.. Maximum bending or whipping stress due to inertia bending forces,
Mo 1383

Obme) = Z,,  44x107°

= 31.4 MPa, which is safe

Note: The maximum compressive stress in the connecting rod will be,

= 31.4 x 10° N/m?

Ocimax) = Direct compressive stress + Maximum bending stress

320
= ? +31.4=84.7 MPa

EXERCISES

1. Comparetheratio of strength of asolid steel column to that of a hollow column of internal diameter
equal to 3/4th of its external diameter. Both the columns have the same cross-sectional areas, lengths
and end conditions. [Ans. 25/7]

2. FindtheEuler’scrippling load for ahollow cylindrical steel column of 38 mm external diameter and
35 mm thick. Thelength of the columnis 2.3 m and hinged at its both ends. Take E = 200 GN/m?. Also
determine the crippling load by Rankine's formula, using

G, = 320MPa; anda= [Ans. 17.25kN ; 17.4 kN]

7500

3. Determine the diameter of the pistion rod of the hydraulic cylinder of 100 mm bore when the maxi-

mum hydraulic pressure in the cylinder islimited to 14 N/mm?. The length of the piston rod is1.2 m.

The factor of safety may be taken as 5 and the end fixity coefficient as 2. [Ans. 45 mm]

4. Findthediameter of apiston rod for an engine of 200 mm diameter. The length of the pistonrodis0.9
m and the stroke is 0.5 m. The pressure of steam is 1 N/mm?. Assume factor of safety as 5.

[Ans. 31 mm]
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5. Determine the diameter of the push rod made of mild steel of an I.C. engine if the maximum force
exerted by the push rod is 1500 N. The length of the push rod is 0.5 m. Take the factor of safety as2.5
and the end fixity coefficient as 2. [Ans. 10 mm]
6. The eccentric rod to drive the D-slide valve mecha-
nism of a steam engine carries a maximum compres-
sive load of 10 kN. The length of the rod is 1.5 m.
Assuming the eccentric rod hinged at both the ends,
find
(@) diameter of therod, and
(b) dimensions of the cross-section of therod if it is
of rectangular section. The depth of the sectionis
twice its thickness.
Take factor of safety = 40 and E = 210 kKN/mm?2.
[Ans. 60 mm ; 30 x 60 mm]
7. Determine the dimensions of an |-section connecting
rod for an internal combustion engine having the fol-
lowing specifications :

622 = A Textbook of Machine Design

Diameter of the piston = 120 mm
Mass of reciprocating parts = 350 kg/m? of
piston area

Length of connecting rod = 350 mm
Engine revolutions per minute = 1800
Maximum explosion pressure = 3N/mm?
Stroke length = 180 mm

Theflange width and the depth of the |-section rod are
intheratio of 4t: 6t wheret isthe thickness of the
flange and web. Assume yield stressin compression Screwjacks
for the material as 330 MPa and afactor of safety as
6. [Ans. t=7.5mm]

8. Theconnecting rod of afour stroke cycle Diesel engine
isof circular section and of length 550 mm. The diameter and stroke of the cylinder are 150 mm and
240 mm respectively. The maximum combustion pressure is 4.7 N/mm?. Determine the diameter of
the rod to be used, for afactor of safety of 3 with amaterial having ayield point of 330 MPa.

Find also the maximum bending stressin the connecting rod due to whipping action if the engine runs
at 1000 r.p.m. The specific weight of the material is 7800 kg/m?®.

[Ans. 33.2mm ; 48 M Pag]
QUESTIONS

1. What do you understand by a column or strut ? Explain the various end conditions of a column or
strut.

2. State the assumptions used in Euler’s column theory.

3. Define‘dendernessratio’. How it is used to define long and short columns ?

4. What is equivaent length of a column ? Write the relations between equivaent length and actual
length of a column for various end conditions.

5. Explain Johnson’s formulafor columns. Describe the use of Johnson’s formulaand Euler’s formula.

6. Writethe formulafor obtaining a maximum stress in along column subjected to eccentric loading.
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How the piston rod is designed ?
Explain the design procedure of valve push rods.
Why an |-Section is usually preferred to around section in case of connecting rods?
OBJECTIVE TYPE QUESTIONS
A machine part is designed as a strut, when it is subjected to
(@) anaxid tensileforce (b) anaxial compressive force
(c) atangential force (d) any one of these
Slendernessratio is the ratio of
(@) maximum size of a column to minimum size of column
(b) width of column to depth of column
(c) effectivelength of column to least radius of gyration of the column
(d) effective length of column to width of column
A connecting rod is designed as a
(@) long column (b) short column
(c) strut (d) any one of these
Which of the following formulais used in designing a connecting rod ?
(@) Euler’'sformula (b) Rankine'sformula
(c) Johnson’s straight line formula (d) Johnson's parabolic formula
A connecting rod subjected to an axial load may buckle with
(@) X-axisasneutral axis (b) Y-axisasneutral axis
(c) X-axisor Y-axisas neutral axis (d) Z-axis
In designing a connecting rod, it is considered like .............. for buckling about X-axis.
(a) both ends hinged (b) both ends fixed
(c) oneend fixed and the other end hinged (d) oneend fixed and the other end free

A connecting rod should be

(a) strong in buckling about X-axis

(b) strong in buckling about Y-axis

(c) equaly strong in buckling about X-axis and Y-axis
(d) any one of the above

The buckling will occur about Y-axis,if

@ ly=1, (b) I,=4,
(© Ixx>4|yy (d) IXX<4Iyy
The connecting rod will be equally strong in buckling about X-axisand Y -axis, if
@ 1=l (b) 1,=2l,
© 1x=3l, (d) 1,=4,
The most suitable section for the connecting rod is
(@) L-section (b) T-section
(c) I-section (d) C-section
ANSWERS
1. (b) 2. (c) 3. (¢ 4. (b) 5. (c)
6. (a) 7. (c) 8. (¢ 9. (d) 10. (c)
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