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Inredveiion e Design
Principles

Learning Outcomes
On the completion of this module the student must be able to:

e Describe the principles of practical design techniques
e Describe the general consideration and procedure affecting design
e Describe the general procedure in design

1.1 Introduction

In this subject it is not necessary to memorise any formula or method

“ﬂ.” of calculation. You are merely expected to know where to find a

— certain formula which will be applicable to a certain problem, and
how to solve this problem correctly.

Note:
A During the examination you will be allowed to consult your personal
notes and text books; therefore keep your notes neat and tidy and

learn to use them quickly and correctly during your studies.

1.2 Principles of practical design techniques

To design is to take decisions. Thus, when the designer is faced with a certain
practical problem, he has to rely on his own knowledge (theoretical as well as
practical) to solve it.

In practice, we nowadays find, for example, more than one kind of water pump,
and although they serve the same purpose, namely, to pump water, their
designs may be completely different.

We can thus come to the conclusion that for every problem in design technique
there is a different approach, because different decisions are taken by the
designers.

The study of mechanical design is therefore the consideration of different factors
which determine the mechanical arrangement of the parts in a machine, and
such an arrangement again determines the sizes, form and material of the part
concerned.
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Y| | Think about it!
Q A bad decision will obviously result in a poor design and product.

Otherwise, the principle of decision-making is a principle of meeting a
compromise, for example, any designer's aim is to use the strongest material for
his design, but this material could be ftoo expensive and uneconomical,
consequently he must compromise and use a weaker material, with the result
that the size, and perhaps the form of the part will have to be altered.

Each problem you will be faced with can roughly be approached as follows.

1.2.1 Preparation and analysis
Analyse the problem and make sure that you understand what is required.
Gather the information in a logical sequence.

1.2.2 Synthesis
Gather all possible information and approach the problem from different
angles. For this purpose you will make certain assumptions.

1.2.3 Test

Test your result in the light of various practical applications. For example decide
whether the particular part will fit and whether it will perform the work
economically.

1.2.4 Modification
Modify in case the test fails.

After the various parts for a machine have been manufactured, they have to
be assembled; thus, during the designing process, the designer must make sure
that:

e the various parts fit together correctly and precisely

e the parts can be assembled easily and quickly by the factory personnel

e parts which must be replaced during maintenance, are within easy reach

e adjustment points are fitted in convenient places

The design of a machine or structure implies full responsibility of the designer for
complete drawings as part of the specifications, for the buildings of models if
necessary, for suggestions, advice and inspection during erection, and, finally,
the release of the finished machine to the owner.

After a machine has been tested under working conditions, as a critical proof
test of what be expected in service, itis considered to be a marketable product.

The arrangements for building similar machines in large numbers is an
engineering problem of "production" and the important factors involved are
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closely related to the following considerations, although not all of them
necessarily apply to each design problem.

1.3 General considerations and procedure affecting design

e The determination of the motion of parts, or kinematics of the machine.

e The selection of materials from which the machine is to be constructed.

e The determination of the form and size of the machine parts.

e A study of the frictional resistance of moving parts and the means of
lubrication.

e A study of convenient-and economical features in the operation and
maintenance of the machine.

e A consideration of the employment of standard parts.

e A consideration of the-safety of the operator of the machine.

A study of the facilities of the shop in which the machine or structure is to be

fabricated.

A consideration of the number of articles to be manufactured.

A study of the cost of construction and the cost of operation.

A study of the assembling of parts for the finished machine.

A consideration of the transportation of the machine.

1.3.1 Kinematics

Geometry, frigonometry and the calculus are used to determine the location of
centfres of rotation and changes in the position of parts. The velocities and
displacements should be thoroughly worked out, with no thought at this stage
of the work as to materials, form, size and strength of parts.

1.3.2 Selection of materials

It is essential that a general knowledge of the properties of materials and their
behaviour under working conditions should serve as a guide to their proper
selection.

Some of the important characteristics of materials are:
strength

durability

flexibility

mMass

resistance to heat and corrosion

ability to be cast, welded, or hardened
machinability

electrical conductivity

insulating capacity

cost.

Brass, forinstance, may be used in place where cast iron would be used if it were
more resistant to corrosion.
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At high speeds non-metallic gears are used to reduce the noise caused by
metal gears. Usually unlike metals are used to reduce friction and ensuing wear,
but an exception to this is the use of cast iron on cast-iron.

A notable example of research into industrial applications in design is the
discovery of high-speed tool steel which increased production by as much as
500 per cent. A later development is stellite cemented tungsten carbide and
similar alloys for cutting edges.

Definition: Stellite alloy

A range of cobalt-chromium alloys designed for wear resistance. It
may also contain tungsten or molybdenum and a small but

important amount of carbon. It is a frade marked name of the
Kennametal Stellite Company and was invented by Elwood Haynes

in the early 1900s as a substitute for cutlery that stained (or that had
to be constantly cleaned).

1.3.3 Form and size of parts
Some parts of a machine require little, if any, consideration of strength.

In order to design any machine part for form and size, it is necessary to know the
forces which the part must sustain, and it is important to antficipate any suddenly
applied or impact load, which might cause failure.

Normal Loads are often exceeded by conditions which are outside the usual
range, and while only momentarily applied, they dictate the working unit stress
which should be used.

An example of this is the starting of a machine under full load, in which case the

forces it is subjected to are considerably greater than those required for normall
running.

Did you know?
@ The necessity of reducing vibrations by absorption may require that
the machine frames be made heavier than would be required if only

strength were considered.

Each part of a machine should be the simplest resistant member that will safely
withstand the stresses imposed by the load, and the general shape should
conform to what usage and tradition have prescribed for machine parts.

1.3.4 Frictional resistance and lubrication

There is always a loss of power owing to frictional resistance, and it should be
noted that the friction of starting is higher than running friction. Careful attention
should be given to the matter of lubricating all surfaces which move in contact
with others, whether in rotating, sliding, or rolling bearings.
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The selection of the proper provision for lubrication will often radically influence
the design of a machine. The drawings should indicate the size and location of
oil holes and oil grooves for all parts that require them.

1.3.5 Convenient and economical factors
Facility for adjustment for wear must be provided, employing various take up
devices and arranging them so that alignment of parts will be preserved.

If parts have to be changed for different products or replaced on account of

wear of breakage, easy access should be provided, and the necessity of
removing other parts to accomplish this should be avoided if possible.

Think about it!
The economical operation of a machine should be studied, in order
to learn whether it has the maximum capacity consistent with the

production of good work.

1.3.6 Use of standard parts

This is closely related to costs, and a study of this matter may avoid needless
expense, since the cost of standard or stock parts is frequently only a fraction of
the cost of similar parts made to order.

Standard or stock parts should be used whenever possible: parts for which

patterns are already in existence, such as gears, pulleys, and bearings; and parts
which may be selected from regular shop stock, such as screws, nuts and pins.

Note:
A The use of special bolts, studs and pins should be avoided. Bolts and
studs should be of as few sizes as possible so as to avoid the delay

caused by changing drills, reamers and taps.

1.3.7 Safety of operation

The design engineer does not always have a free hand in this matter, because
safety devices add to the cost of the machine, but it is his duty to provide for
the safety of the operator to the greatest possible extent.

Any moving part of a machine that is within the zone of a worker is considered
an accident hazard, and may be the cause of an injury. Investigation has shown
that three-quarters of all accidents are preventable; half of them by the removal
of the hazards and half by safety education.

Note:
A Safety devices should in no way interfere with the operation of the
machine, slow up production, or inconvenience the worker

unnecessarily.
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1.3.8 Shop facilities
The design engineer should be familiar with the limitations of his employer's shop,
in order to avoid the necessity of having work done in some other shop.

« ' . | | Think about it!
- Q =| | Itis sometimes necessary to plan and supervise shop operations and
to draft methods for casting, handling and machining special parts.

1.3.9 Number of articles to be manufactured

This affects the design in a number of ways. The engineering and shop costs
which are called fixed charges or "overhead expenses" are distributed over the
number of articles which are manufactured, so that if only a few are to be
made, extra expense is not-justified, unless the machine is large or of special
design, and therefore the designer, must, as far as possible, restrict his
specification to standard parts.

1.3.10 Cost of construction and operation

Many of the matters already discussed have a direct bearing on cost, and this
is one of the most important considerations involved in design. In some cases it
is quite possible that the high cost of an article would immediately bar it from
further consideration.

Under all conditions the design engineer should use all his skill in an endeavour
to reduce the cost of the following item:s:

e design

material

shop processes

assembling

testing

transportation

the up-keep of the machine in the hands of the purchaser.

1.3.11 Assembling and transportation

Every machine must be assembled as a unit before it can function. Large units
often have to be assembled in the shop, tested, and then taken apart to be
transported to their place of service. Large flywheels are made in sections, partly
to meet the restriction of transportation.

1.4 General procedure in design

The first consideration in the design of any machine is to understand the
requirements of the problem. Design in general, involves the application of
known engineering principles to certain problems.

‘@ \ Did you know?
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No engineering design ever failed where correct theory was used by
the designer, because correct theory must agree throughout with
correct practice.

The design engineer must be certain that his assumptions are correct and his
data as complete as possible before proceeding with the design.

1.4.1 Rational design

When mathematics can be employed to determine the form and size of parts,
the design is called a rational design; but unfortunately rational design cannot
be applied to the solution of all problems.

When rational design is used, the size of the parts should be calculated from the
forces to which the part will be subjected, and on the basis of safe limits of stress
intensity. Machines in which rigidity is of prime importance often do not lend
themselves to mathematical treatment, except as a check.

In general, they are designed to give satisfactory operating results, and,
considering strength only, some parts may have various degrees of oversize.

1.4.2 Empirical design

For cases in which rational design cannot be applied, the design engineer
should make use of the proportions of a similar machine which may have been
developed by a process of evolution.

Did you know?
@ Empirical design is the result of using data derived from machines
and designs in actual use, and such information is usually tabulated

in various handbooks for ready reference.

In empirical design, a survey of machines similar to the one contemplated, leads
to the incorporation of the good features and the avoidance of the bad
features of existing machines.

If an actual machine cannot be studied, recourse should be had to the
technical press, catalogues, photographs or verbal descriptions.

It is always legitimate to take advantage of the experience which others have
gained in the same field, and in this way costly errors may often be avoided.

1.4.3 Designing by experience
The early years of employment of design engineers are often spentin a number
of plants, and this results in first-hand experience in a broad field of design.

The designer's mind is stocked with information, factual data and principles of
procedure, and when he wishes to use a certain machine element, he recalls
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the material, form and dimensions from former association and then adapts
them to the problem.

Before the development of the principles of mechanics as applied to strength
of materials, all design was necessarily based on experience.

@ Activity 1.1

1. Name five general considerations and methods of procedure affecting
design. Discuss each one briefly.
2. Write brief notes on:
2.1 The form and size of parts.
2.2 Frictional resistance and lubrication.
2.3 The use of standard parts.

[@] Self-Check

| am able to: Yes | No

e Describe the principles of practical design techniques

e Describe the general consideration and procedure affecting
design

e Describe the general procedure in design

If you have answered ‘no’ to any of the outcomes listed above, then speak

to your facilitator for guidance and further development.
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Module 2

Uhimare ane Working)
Siress

Learning Outcomes
On the completion of this module the student must be able to:

Describe the types of stress

Describe bending and twisting

Demonstrate stress calculations

Describe shear stress

o Single

o Double

e Describe crushing (bearing) on a curved surface

e Describe the behaviour of materials under a tensile test
e Describe working stress

o Describe factors of safety

2.1 Introduction

Ultimate strength is the point at which a structure will fail. Working
stress is the point at which the designed structure will operate at full
stress load. This is usually a factor of safety of 3 to 5 times less than the
ultimate strength.

If aload on a beam will be expected to handle a working stress of 23 000 kg
with potential shock loading of 68 000 kg then the ultimate strength of the beam
to use should be 340 000 kg with a factor of safety designed in of 5 times the
maximum shock load. This factor of safety is often enough to prevent failure of
the structure resulting from fatigue and corrosion.

2.2 Siress
Consider a bar (say steel) subjected to a pull P, as shown in Figure 2.1. P is called
the load, and is measured in Newtons.
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/ ﬁ P in newtons

P in newtons -
e —
Area in square
metres
Figure 2.1

This load tends to stretch the bar, and is resisted by the adhesion between the
particles of the material. This resistance is called stress.

If the bar has a cross-sectional area of A square meftres, then the intensity of
stress (o) in the material is g newtons per square metre (N/m?). The word

“intensity" is usually omitted, and the word "stress" is taken to mean "intensity of
stress".

Important Note!
Load and stress are two different things.

Load is the force applied, and is measured in Newtons.
Stress is the resistance fo the load, and is measured as

Load 2
: newtons per square metre (N/m3?).
Cross—sectional area

2.3 Types of stress
There are four main types of stress caused by four different ways of loading,
namely:

2.3.1 Tension
When the load tends to stretch the material.

P newtons Q P newtons
—r—- &
o

\ A square metres

Figure 2.2

Tensile load = P newtons
Cross-sectional area = A square metres
Tensile stress = o+ newtons per square metres

Tensile load

Tensile stress =

Cross—sectional area

_P 2
O'T—AN/m
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2.3.2 Compression
When the load tends to shorten the body.

1
P newtons
P newtons A@

) S /

\ A square metres

Figure 2.3

Compressive load = P newtons
Cross-sectional area = A square metres
Compressive stress = g, hewtons per square metres

Compressive load

Compressive stress =

Cross—sectional area
P 2
o =~ N/m

2.3.3 Shear
When the load tends to slide (shear), one portion of the body over the other.

P newtons

| A square metre

P newtons
Figure 2.4

Shear load = P newtons
Cross-sectional area = A square metres
Shear stress = T newtons per square metres

Sh load
Shear stress = 222292
Shear area
_P 2
T=- N/m
2.3.4 Crushing

When two pieces of material are pressed together and there is a tendency to
squeeze them out over the area of contact.
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F pewtons

A square melres

— i —

P newtons

Figure 2.5

Crushing load = P newtons
Cross-sectional area = A square metres
Crushing stress = g, hewtons per square metres

Crushing load
Area of contact between two pieces

Shear stress =
o, = g N/m?
2.4 Bending and twisting

In addition to the above four ways in which a piece of material may be loaded,
it can also be bent or twisted. These two ways however, do not produce special

stresses.

When a bar is bent, one side is put into tension and the other side into
compression, as shown in Figure 2.6. Bending is not dealt with in this course.

Compressive stress

Tensile stress

Figure 2.6

When a piece of material (say a shaft) is twisted, each cross-section tends to
slide over the adjacent one and a shear stress is produced. This will be dealt with
later.
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2.5 Calculations

One of the main essentials of design is speed and accuracy in calculations. It is
of the utmost importance that the student should understand what is meant by
"accuracy". A problem which asks for the necessary diameter of shaft will end
up, say, as follows:

Diameter of shaft= 93,726 mm (make it 25 mm).

The fact that the nearest practical size is taken in the final answer does nof,
however, mean that wild approximations can be taken in the intermediate
working.

On the other hand, it is not necessary to work things out to a long string of figures.

A good general rule is to work all calculations to three significant figures. The
following examples illustrate what is meant by "correct to three significant
figures".

Full Number Correct to three significant figures
2576.15 2580
17.423 17.4
3061.243 3060
0.014678 0.0147
0.00032134 0.000321

In the worked examples in this and the following lectures, note how all
intermediate steps are worked out. This is much better than carrying on long
string of fractions and working out the final answer only.

Note:
A The units (newton, metre, etc.) are stated at each step. This must be
\ } | done in all examples worked out.

[O Worked Example 2.1

A tie-rod of 60 mm diameter carries a pull of 180 kN. Find the tensile stress in
the material.

Note: A tie-rod is a member designed to carry tension only. If used in
compression, it would buckle, owing to its slenderness.

Solution:
d?

Cross-sectional area of rod = -
_TX (0,06)2

4
Tensile load

Tensile stress =

Cross—sectional area
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180 x 103N

"~ 0,00283m?2

=63 604 240 N/m2
Say =63,6 X 106N/m2

= 63,6 MPa

A Note:
1 N/m2equals 1 pascal (Pa).

[O Worked Example 2.2

——

What diameter mild steel rod is required to carry a pull of 120 kN, if the tensile
stress in the steel is not to exceed 62 MPa?¢

Solution:

Tensile load

Tensile stress = -
Cross—sectional area

Tensile load

~ Cross-sectional area = ————
Tensile stress

120 X 103N
62 X 106 N/m?

0,001936 m?

d2

3

|

But cross-sectional area
Now & =0,001936 m?

0,001936 x4
dz = m2

=0,00246 m?

d =,/0,00246 m?

=0,0496 say 50 mm diameter rod

‘ LO \ Worked Example 2.3

What is the maximum Load that can be carried by a hollow cast iron column
of outside diameter 254 mm and inside diameter 200 mm, if the compressive
stress in the material is not to exceed 52 MPa?¢

Solution:

Cross-sectional area of column = %(D2 —d?)
where D = outside diameter
and d = inside diameter

Cross-sectional area of column = %(0,2542 —0,2%)

=0,0193 m?
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Compressive load

Compressive stress = -
Cross—sectional area
~ Compressive load = Compressive stress x Cross-sectional area

=52 X 10° N/m? x 0,0193 m?
‘ [O \ Worked Example 2.4

= 1004 N
A steel rod is 30 mm diameter for part of its length and 45 mm diameter for the
remainder. A pull is applied, which produces a tensile stress of 77 MPa in the
thinner portion. Calculate this pull and the stress in the thicker portion.

Solution:
P newtons E’ E P newtons
E A
3
Figure 2.7
30 mm Diameter portion
2
Cross-sectional area = %
1 x (0,03m)?

4
7,069 x 10™*m?

Tensile load

Tensile stress =

Cross—sectional area

Tensile load = Tensile stress x Cross-sectional area
=77 X 106N/m2 X 7,069 X 10~*m?
=544 x 103N
= 54,4 kN

This is the pull P applied to the 30 mm diameter portion, and therefore it
must also be applied to the 45 mm portion, since the pull at one end of the
bar cannot be greater than that af the other end.

45 mm diameter portion
_ md?

Cross-sectional area = -
_ 1 x (0,045m)?

4
=1,59 X 1073m?

Tensile load

Tensile stress

Cross—sectional area
54,4 x 103N

1,59 X 10~3m?2

Gateways to Engineering Studies

24



Mechanical Drawing and Design | N5

= 34,22 MPa |

Note:
A The load on each portion of the rod is the same, but that the stresses
\ ) | are different.

[O Worked Example 2.5

——

In order to punch a 22 mm diameter hole in a steel plate, a force of 500 kN is
required on the punch.

Determine:
(a) the crushing stress on the punch.
(b) The maximum thickness of plate that can be punched if the shear stress in

the material is 300 MPa.

Solution:
l 500 kN
Pu
Plat nch
ate ¢ 22‘_ -_F_________,___...---
o000 000
&
DiE S
Figure 2.8
(a) Area of contact between punch and plate = “sz
_ mx(0,022m)?
- 4
=3,8 X 107*m?

. _ Crushing load
Crushing stress =
Area of contact between punch and plate
_ 500X 103N
3,8 X 10~*m?

= 1316 MPa

(b) Shear area = circumference of hole x thickness
=nd X t
=3,14 x0,022m X T
=0,0691m xt
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_ Sheer load

Shear stress =
Shear area

Sh load
~ Shear areq =224

Shear stress
500 x 103N

0,0691m x t = 300x106N/m?2
=1,667 x 10~3m?
_1,667x1073m?

T 0,0691m
=0,0241m
=24,1mm

T

2.6 Single and double shear
The following two sketches (Figure 2.9 and Figure 2.10) illustrate the difference
between single and double shear:

2.6.1 Single shear

One section

[ | / "A" square metres
F newtons _—*L lj %—"
I ’ P newtons
———— —
1

Figure 2.9

In the case of single shear, the load is borne by one section of the pin and the
Shear stress = Shear load

(i‘aross—sectional area
T =- N/m?
AP
= — N/m?

md?
4

2.6.2 Double shear

Two sections
2 x "A" gquare
metres

P newtons —
-——

4]

-) P newtons

=7

L]
Figure 2.10

In the case of double shear, the load is borne by two sections of the pin and the
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Sh load
Shear stress = ear oa

Cross—sectional area

__PF 2
T 2xA N/m

N 2
=—s N/m
T

T

2.7 Crushing (or bearing) on a curved surface
P newtons

Figure 2.11

The actual area of contact between the two objects (Figure 2.11) is the curved
surface ”7‘1 x [. For various reasons the pressure between the surfaces will not be

uniform. It will be greater at the bottom of the groove than at the sides.

If therefore, the load is divided by the curved surface areaq, the answer obtained
will be too small. In order to achieve a more reasonable result the area used in
design is the "projected" areq, ie d x [, and we have

[ i Bearing load
Crushing or Bearing stress = ———9 22

Projected area
P

O, = m N/m2
Did you know?
@ The word "crushing" is generally used when there is no movement
between the surfaces, and "bearing" when the cylinder can turn in
the groove.

2.8 Behaviour of materials under a tensile test

When a gradually increasing tensile load is applied to a bar of material (say mild
steel), it stretches. At first, when the load, and hence the stress, is low, the stretch
is very small, and a special apparatus, called an extensometer, must be used to
measure it.

‘ " \ Definitions:
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Up to a certain point the material is elastic, that is, if the load is removed, all
the stretch will disappear and the bar will return to its original length. The
stress in the material at this point is called the elastic limit.

Just past the elastic limit the stretch suddenly becomes comparatively large,
and this is called the yield point. If the load is removed after the elastic limit or
yield point have been passed, it will be found that not all the stretch
disappears. "Permanent set" is said to have occurred, and the material is no
longer perfectly elastic.

If further load is applied, the bar continues to stretch in comparatively large
amounts unfil no more load can be applied.

The bar narrows down (or "waists") at some point and very soon breaks. This

maximum load that can be applied is called the ultimate load, and the
corresponding stress is called the ultimate stress or ultimate strength of the

material.

Waisting

Figure 2.12

The foregoing is a description of the behaviour of mild steel under a tensile test.
Other materials behave more or less in the same way. Some have no marked
yield point, while others are elastic almost up to the ultimate stress and break
suddenly with no waisting.

2.9 Working stress, factor of safety
In designing a part of a machine or structure it is obvious that the stress in the
material must not be permitted to reach anywhere near the ultimate stress.

In fact, it must not be allowed to reach even the elastic limit, otherwise when
the load was applied permanent deformation would occur and the part would
be useless.

Actually it would not even be safe to design to a stress slightly below the elastic
limit, since any miscalculation or unexpected load might cause an excessive
stress. Also, if the part is to be subjected to repeated or fluctuating loads, the
material would suffer from fatigue and failure would eventually occur.

Definition: Fatigue
’ A weakening of the material as a result of a change in its structure in

the form of a type of crystallization.
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For a number of reasons, therefore, the stress in a material must be kept well
below the ultimate stress, and such a stress is called the safe or working stress. It
is found by dividing the ultimate stress by a figure called the Factor of Safety.

Thus we have:

_ Ultimate stress

Safe or working stress = Factor of safety

. Load
Also, since stress = A‘;‘:a, we have
_ Safeorworking load

Safe or working stress

Area
__ Ultimate load

And Ultimate stress

Area

In the foregoing discussion we have referred particularly to tensile stresses. The
same applies in most respects to compression, shear and crushing, and in each
case a factor of safety must be used to fix the safe working stress to be adopted.

2.10 Choice of factor of safety
The factor of safety used in practice depends upon a large number of
considerations, some of which are:-

e Consequences of failure - if someone is liable to be killed or injured a high
factor must be used.

e Nature of load - steady, alternating, or shock. An alternating load causes
fatigue in the material, and a shock load may be hard to estimate.

e Accuracy with which loads may be estimated. If much guess work is
involved, a high factor must be used.

e Reliability of materials. Castings may have blow holes in them and
temperature stresses as a result of iregular cooling; timber may have weak
spofs.

e Length of fime member has to last. This applies particularly to wearing parts.
If they are to last a long time, the crushing or bearing stresses must be kept
low.

e Amount of care and attention the object will receive. Compare the bearings
of a generating set in a power station operating under ideal conditions, with
those of a windmill which is probably greased only when they squeak.

These, and many other items, must be considered when deciding what factor
or safety (and hence what working stresses) should be used in a design. Such a
decision can be made only with personal practical experience or by using the
experience of others as published in various engineering handbooks.

At this level you are not expected to have such experience, and the factor of
safety or the working stress to be used, will always be specified.

‘ [O \ Worked Example 2.6
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Two steel plates, each 20 mm thick, are joined together by a Lap joint with 3
24-mm-diameter rivets. Find the shear stress in the rivets and the crushing stress
between the rivets and the plates when the joint is carrying a pull of 105 kN

Solution:
3
Load carried by each rivet =22X10
=35 kN

. . dZ
Cross-sectional area of rivet = "T
_ 1 x(0,024 m)?

N

4
= 4,524 x 10~*m?

Since itis alap joint, the rivets are in single shear.

t =0,02 m

4,524 x 10~ o2

\ : : ?35!‘:1@

35 kﬁ’ |

Figure 2.13

Shear load

Shear stress on rivet

Cross—sectional area
35 x103N

4,524X10~4m?2

=77.4 MPa

Note that the contact area between the rivet and the plates is a curved
surface, therefore the projected area must be used. Also the pull of 35 kN
comes on to half the length of the rivet, and so the projected area of contact
is diameter of rivet x thickness of plate.

Projected area of contact =d x f
=0,024 mx0,02m
=4,8x 10~*m?

Crushing load

Crushing stress

Projected area
35 x103N

4,8 x 10™4m?2

=729 MPa

‘ [O \ Worked Example 2.7
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A knuckle joint has the following dimensions: Diameter of pin 20 mm, width of
eye 22 mm, width of forks 12 mm.

When this joint is carrying a pull of 50 kN, determine:
1. the shear stress in the pin;

2. the bearing stress between the. pin and the eye;
3. the bearing stress between the pin and the fork.

Fork
Pin l I E I I
S
! il
1 ]
50 kN 1 B 50 kN
(R
PESERIE
i
Bl
] p '
Lo |
Eye l &20 mm[
Figure 2.14
Solution:

1. The pinis in double shear

Shear load

Shear stress

Cross—sectional area

P
N /m?
2xA
50 X103N

2 % % x (0,02 m)2

79.6 MPa

2. The contact area between the pin and the eye is a curved surface, 20 mm
in diameter and 22 mm in length.

Projected area of contact =d x 1
=0,02mx0,022m
= 4,4 x 10~*m?

Bearing load

Bearing stress

Projected area
50 x103N

4,4 x 10~4m?2

113,6 MPa

3. The contact area between the pin and the fork is two curved surfaces,
each 20 mm in diameter and 12 mm long.
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Projected area of contact =2xd x 1
=2x0,02mx0,012m
=4,8x 10"*m?

Bearing load

Bearing stress =

Projected area
50 X103N

4,8 x 10~4m?2

104,2 MPa

[O Worked Example 2.8

What diameter mild steel tie-rod would you use to carry aload of 150 kN if the
ultimate tensile stress of mild steel is 496 MPa and a factor of safety of 4 is to
be used? What load would break the rod you are using?

Solution:

I Ultimate st
Working stress = —Lmate stress
Factor of safety

496 x10°N/m?

4
124 MPa

Working load

Working stress = ,
Cross—sectional area

Working load
Working stress

~ Cross-sectional area =

150 X103N
124 X 106N /m?
=1,21 X 1073m?
d2
But area =”T
dZ
2= =121 x1073m?

4

42 = ,1,21><10_3m2><4
[

d =.1,541 x 10~3m2

d =0,0393m
Say 40-mm-diameter rod
Using a 40 mm diameter rod:
2
Cross-sectional area = %
mx (0,04 m)?

4
=1,257 x 1073m?
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Ultimate load

Ultimate stress = :
Cross—sectional area
~ Ultimate load = Ultimate stress x Cross-sectional area

=496 X 10°N/m? x 1,257 x 1073m?
‘ [O \ Worked Example 2.9

= 623,3 kN
A mild steel bar, 20 mm square, is tested in shear, and is found to break under
a Load of 156 kN. One 24-mm-diameter rivet of the same material is used in a
lap joint to carry a load of 35 kN. What factor of safety does this represent?

Solution:

Shear load

Shear stress = -
Cross—sectional area

156 X103N
0,02 m x0,02m

= 390 MPa

Since 156 kN is the load which broke the bar, it follows that 390 MPa is the
ultimate stress of the material. The rivet is in single shear (see Figure 2.9).

. . d?
Cross-sectional area of rivet = ”T
— % (0,04 m)?

4
= 4,524 x 10~*m?

Shear load

Working stress in rivet material =

Cross—sectional area
35 x103N

T 4524 x 10~4m?

=77,4 MPa

The rivet material, therefore, has an ultimate stress of 390 MPa and a working
stress of 77,4 MPa.

Ultimate stress

Working stress = o sarety

__ Ultimate stress

~ Factor of safety =

Working stress

390 X10%Pa
77,4 X 106Pa

=5
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@ Activity 2.1

1. A length of steel tubing with an outside diameter of 30 mm and an inside
diameter of 22 mm is subjected to an axial pull of 15 kN. Determine the
stress in the steel.

2. What diameter mild steel fie rod is required to carry a pull of 150 kN if the
tensile stress in the steel is not to exceed 60 MPa?

3. A Length of shafting has diameters of 50 mm, 57 mm and 70 mm at various
places. It carries a compressive Load, which produces a stress in the 57 mm
diameter portion of 80 MPa. Determine the stresses in the other two
portions.

4. A short column consists of two sections welded together as shown. Both
sections are square and hollow. The Lower section is 150 mm square outside
and 140 mm square inside. If the compressive stress in the lower section is
24MPa, determine the load on the column. Also determine the inside
measurement of the upper section so that the stress in it will be the same
as in the lower section.

fe s e e —

o —— = — =

e —— ——
b —— S S

L]

Figure 2.15

5. A knuckle joint has to carry a pull of 80 kN, and the shear stress in the pin is
not to exceed 85 MPa. What diameter pin must be used?
If the eye is 28 mm wide and the forks 16 mm wide, what will be the crushing
stresses between the pin and the eye and between the pin and the fork
when the joint is carrying the 80 kN pulle

6. A steel fie-bar, 25 mm in diameter, was designed to carry a pull of 50 kN
with a factor of safety of 4. Determine the working stress in the bar and the
ultimate tensile stress of the steel.
If this bar is replaced by one of 20 mm in diameter of the same material,
what load can it carry if the factor of safety is to remain the same?
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7. The maximum pressure on a 380-mm-diameter piston of a steam engine is
820 kPa.

8. Calculate the required piston rod diameter when the ultimate stress of the
material equals 275 MPa and a factor of safety of 5 is used.

[@] Self-Check

| am able to: Yes | No
e Describe the types of stress
e Describe bending and twisting
e Demonstrate stress calculations
e Describe shear stress
o Single
o Double
e Describe crushing (bearing) on a curved surface
e Describe the behaviour of materials under a tensile test
e Describe working stress
e Describe factors of safety
If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.
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Module 3
Lap and Bunr Jolnis

Learning Outcomes
On the completion of this module the student must be able to:

e Describe rivet heads
e Describe types of riveted joints
e Describe the design of riveted joints
o Methods of failure of single-riveted lap joints
o Working stress to be used if not given
o Strength of solid plate
o Efficiency of riveted joints
Describe the methods of failure of double-riveted lap joints
Describe butt joints
Describe lozenge joints
Describe riveted joints on high pressure cylinders
o Thin cylinders
o Joints for cylindrical pressure vessels, ie boilers and tanks
e Describe fasteners
o Threaded
Proportions of ISO thread
Designation of ISO screws
Specifications
Bolts and studs in fension
Bolts in shear
Length of threaded part on studs and tap bolts
Covers for steam engine cylinders
Covers for inspection holes
o Design of bolts for fixing covers to steam engine cylinders and manholes
e Describe studs or bolts used for steam cylinder covers and manhole doors
o Number
o Size
o Pitch

O O O O O O O O

3.1 Infroduction
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Rivets, known as permanent fasteners, are an effective means of
joining plates and steel sections. Plate work such as boilers, air
receivers, tanks, ship's plates, etc. Steel sections are used in
bridgework, headgears, steel-framing of all types, and reinforcing for
large construction works.

Usually only the thickness (t) of the plate orin steelwork the load (F) to be carried,
is given.

From this known data we can design an effective joint as follows:

Size of rivet (d).

Pitch of rivets (p).

Distance between rows of rivets (Pr).

Distance from edge of plate to centre of rivefts (y).
Type of joint (if not stated).

3.2 Rivet heads

1’ID|
; | ]
| - -
1 r""- 1 I
| s .
D
[ S— D
‘ ] i
I
1,6 D
e d —] L 1,6 D
SNAP HEAD PAN HEAD
i
a :
- | S / 3
[ - & L e,

-2

— e ———
] LD [ D [
Conical Head e .
Countersunk
Heads

Figure 3.1
No absolutely definite sizes can be given for rivet heads, since they depend to
some extent on the manufacturer.
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The following proportions shown in Figure 3.1 are suitable for sketching.

3.3 Types of riveted lap joints
Joints are classified as either lap joints or butt joints.

3.3.1 Lap Joints
Inlap joints, one plate overlaps the other and the rivets pass through both plates.

3.3.1.1 Single-riveted lap joint
The two plates overlap and are joined by means of one row of rivets.

j

Figure 3.2

3.3.1.2 Double-riveted lap joint (chain riveting)
The two plates overlap and are joined by means of two rows of rivets. The rivets
are placed next to each other.

7N N
A
NN S

P\

Figure 3.3

3.3.1.3 Double-riveted lap joint (zig-zag riveting)
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The two plates overlap and are joined by means of two rows of rivets. The rivets
are staggered in the plates.

ARV AR
N

el

3

-

Figure 3.4

In all lap joints the straining forces in the plates are not in the same plane and
they produce a couple, tending to bend the joint.

Figure 3.5

3.3.2 Butt joints

In butt riveting, the plates are kept in alignment and a butt strap or cover plate
is placed over the joint and riveted to each plate; frequently two straps are
used, one placed on each side of the plates.

When a single cover strap is used in a butt joint, the same tendency can be
observed as in a lap joint, where the straining forces in the plates tend to bend
the joints. The bending action may be ovoid_ed in butt joints by using two straps.

——

Figure 3.6

3.3.2.1 Single-riveted butt joint
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Figure 3.7 shows a butt joint, and since only one row of rivets passes through
each plate, it is a single-riveted joint.

In the isometric drawing two cover straps are shown. In the orthographic
drawing only one strap was used.

Figure 3.7

3.3.2.2 Double-riveted butt joint (chain riveting)
Two rows of rivets pass through each plate, and the rivets are arranged directly

opposite each other.
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0606

Figure 3.8

3.3.2.3 Double-riveted butt joint (zig-zag riveting)
Two rows of rivets pass through each plate. The rivets are staggered in the plates.
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Figure 3.9

3.3.2.4 Treble-riveted butt joint
In modern high-pressure boiler work, freble-riveted butt joints having two cover

straps are often used.
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Figure 3.10

From Figure 3.11 it can be seen that the pitch of the outer row of rivets is twice
that of the inner rows. By omitting alternate rivets, less metal is removed by
drilling, and a stronger joint is obtained.
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Figure 3.11
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Sometimes the width of the outer strap is made narrower than the width of the
inner one.

Figure 3.12

3.3.2.5 Lozenge joint
This joint is used to connect flat tie-bars in bridge and other structural work. This
joint is of nearly uniform strength throughout.

A\l
i @,
’
S
S

Figure 3.13

3.4 Definitions and basic concepts
3.4.1 Thickness of plates (t)
The thickness is used as the basis for designing riveted joinfs.

Standard plate thicknesses in millimetres are 6, 8, 10, 12, 15, 18, 20, 22, 25, 28, 30,
32, 35, 38, 40, 45, 50.

3.4.2 Thickness of cover plates (1)

The cover plates are usually thinner than the main plates. They are made 0,625
to 1 times the thickness of the main plates. The ends are chamfered at an angle
of 80°. For treble-riveted joints where alternate rivets is omitted from the outer
row, see Figure 3.10.

— S5xt(p—d)
17 gx(p-2d)

3.4.3 The diameter of the rivets (d)
The diameter of the rivets depends on the thickness of the main plates used, and
may be determined by using the empirical formula:
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d =6\t
Standard rivet diameters in millimetres are 6, 8, 10, 12, 16, 20, 24, 30, 36.

3.4.4 -The pitch of the rivets (p)
This is the distance between the centre of two successive rivets in the same row.

The pitch is calculated with regard to the strength of the rivets and the plates,
the diameter of the rivets and the thickness of the plates. The pitch should never
be less than 2 x d, so as to allow for the head to be formed.

3.4.5 Diagonal pitch (pd) (zig-zag riveting)

This is the distance diagonally from the centre of arivet in one row to the centre
of a rivet in the next row, in a zig-zag rivet arrangement. It need not be
calculated, for it works out automatically by placing the second row of rivets
equally spaced between the first row. When calculated it, use the formula:

(& er

3.4.6 The margin of the plate (y)

This margin is the distance measured from the edge of the plate to the centre
line of the rivet holes. To ensure that the rivets will not tear out at the side of the
holes, the margin is made equal to 1,5 x d.

Figure 3.14

3.4.7 Distance between the rows of rivets (P,.)

This is the distance between the two centre lines of the rows of drilled rivet holes.
The minimum value in chain riveting is usually taken as 2 x d, and in zig-zag
rivetingas2xdor0,6 x p.

3.4.8 Overlap of plates

This is the distance the plates overlap in arivet joint.
Single-riveted lap joint =2 x y.

Double-riveted lap joint=2 x y + B..
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3.5 Design of riveted joints
Before designing a joint, it would be wise to investigate all the ways in which a
joint may fail.

3.5.1 Methods of failure of single-riveted lap joints
We will consider a very simple joint consisting of two strips of plate with one rivet
joining them.

3.5.1.1 Tearing of plate at rivet hole

0

2 z E + Cross—sectional area
k|
of plate at rivet

hole = (p-d) x t

Figure 3.15

The plate can fail in tension at the line through the rivet hole. It will naturally fail
here and not elsewhere, as it is weakened by the hole.

Ultimate tensile load

Ultimate tensile stress =

Cross—sectional area of plate at rivet hole

~ Ultimate tensile load = Ultimate tensile stress x Cross-sectional
area of plate atrivet hole

= Ultimate tensile stress x (p - d) x t

or
Allowable tensile load = Allowable tensile stress x (p - d) x t

3.5.1.2 Shearing of rivet
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Cross—sectional area
2

mx d

&

of the rivet =
Figure 3.16

The rivet may shear at the joint of the two plates.

Ultimate shear load

Ultimate shear stress . -
Cross—sectional area of rivet

Ultimate shear stress x Cross-sectional
area of rivet

~ Ultimate shear load

2

. d
= Ultimate shear stress x FT
or

2

d
Allowable shear load = Allowable shear stress x FT

3.5.1.3 Crushing of rivet or plate

J_Er’

d

Frojected area of

contact = d =t

Figure 3.17

The plate or rivet may crush, with the result that the joint will become loose. In
Figure 3.17 the rivet head has not been drawn, so as to show what happens.

Ultimate crushing load

Ultimate crushing stress =

Projected area of contact

~ Ultimate crushing load = Ultimate crushing stress x Projected
area of contact
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= Ultimate crushing stress x d x t
or
Allowable crushing load = Allowable crushing stress x d x t

In each of the above cases, if g;, T and g, are the allowable stresses, then P is
the allowable load, and if g;, T and o, are the ultimate stresses, then P is the
ultimate load.

3.5.1.4 Cross-Tearing of the Plate

Figure 3.18

Failure may occur as a result of the rivet tearing the plate at the margin. This will
never occur if the distance from the centre of the rivet to the edge of the plate
is1,5xd.

3.5.2 Working stresses to be used if not given

Tensile-stress in the plate ..., 77 MPa
Shear stress in the rivets ..., 108 MPa
Crushing stress between plate and rivet......... 154 MPa

3.5.3 Strength of solid plate
Ultimate tensile stress in solid plate =

Ultimate tensile load

Cross—sectional area of plate

~ Ultimate tensile load = Ultimate tensile stress in solid plate x
Cross-sectional area of plate

= Ultimate tensile stress in solid plate x p x t
or
Working load = Working tensile stress in solid plate x p x t

3.5.4 Efficiency of riveted joints
The efficiency of ariveted jointis given by the ratio of the least strength in a pitch
width to the strength of a pitch width of solid plate.

The efficiency will be given by the smaller of the following values.
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7 H St th i d plat
3.5.4.1 Tearing efficiency =22 of pierced plate
Strength of solid plate

Ultimate tensile stress of plate XCross—sectional area of plate at rivet hole

Ultimate tensile stress of plate XCross—section area of plate
or X (p—d) Xt

o XpXt
p—d

p

Strength of rivet

3542 Sheoring efﬁCienCy - Strength of solid plate

Ultimate shear stress of rivet X Cross—sectional area of rivet

Ultimate tensile stress of plate XCross—sectional area of plate
X d?

=1TX
4
orXpXt

. .. _ Crushing strength
3.54.3 Crushing efficiency Strength of solid plate

Ultimate crushing stress X projected area of contact

Ultimate tensile stress of plate XCross—sectional area of plate
ocXdxt

o XpXt
ocXd

O XD

In designing riveted joints, the following efficiencies will serve as a guide to a
well-designed joint:

Single-riveted lap joiNt .....occeveciieieeeee, 56%
Double-riveted lap joint ....cccoieieicciieeeeiieee, 66%

Single-riveted butt joint ......cccieeiiiiiii 66% 2 cover
Double-riveted butt joint ......ccccooeeiiiiiiieie, 75% straps

An examination of the following sketches shows that a riveted joint consists of a
number of "pitch lengths", all identical.

Think about it!
If, therefore, we design one pitch length, we have designed the
whole joint.
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: P
Figure 3.20 Double-riveted lap joint (chain riveting)

Figure 3.21 Double-riveted lap joint (zig-zag riveting)

‘ [O \ Worked Example 3.1
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Two portions of a tie-plate 50 mm wide and 12 mm thick, are joined by a lap
joint with one 20 mm diameter rivet. If the plates are carrying a pull of 30 kN,
find:

i) the tensile stress in the plates;

ii) the shear stress in the rivet;

i) the crushing stress between the plate and the rivet.

In practice, of course, one rivet would never be used, but we must deal with
a simple case before proceeding to more difficult ones.

Solution:

. Tensile load
i Tensile stress =

Cross—sectional area of plate
P

(p—-d)x t
30 x 103N

- (0,05 m—0,02m) X 0,012m
=83,3x 106 N/m?
= 83,3 MPa

Shear load

ii. Shear stress

Cross—sectional area of rivet
P

_ 340 x 103N

T 7 x(0,02m)2

95,5 x 106 N/m?
95,5 MPa

Crushing load

iil. Crushing stress .
Projected area of contact
P

dxt
30 x 103N

0,02m x 0,012 m
125 x 106 N/m?
=125 MPa

‘ [O \ Worked Example 3.2

If, in Worked Example 3.1, the materials have the ultimate stresses given below,
at what load will the joint fail and in what mannere What will be the safe
working load with a factor of safety of 42 What is the efficiency of the joint?
Ultimate tensile stress of plate steel = 464 MPa

Ultimate shear stress of rivet steel = 384 MPa

Ultimate crushing stress of plate and rivet = 620 MPa

Solution:
Plate in tension
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Ultimate tensile load = Ultimate tensile stress x cross-sectional area
of plate at rivet hole
=g X(p—d)xt
=464 x 106 N/m?2x (0,05m-0,02m) x0,012m
=167,04 x T03 N
= 167,04 kN

Rivet in shear
Ultimate shear load = Ultimate shear stress x cross-sectional area of

rivet

nd?
4

=384 x 106 N/m? x

=120,64 x 103N
= 120,64 kN

7 x (0,02)?

Crushing rivet on plate
Ultimate crushing load = Ultimate crushing stress x Projected area
of contact
=0, XdXt
=620x 106 N/m?x 0,02m x 0,012m
=148,8x 103N
= 148,8 kN

So we see that to break the joint in the three different ways requires loads of
167,04 kN, 120,64 kN, and 148,8 kN, respectively. It is obvious, therefore, that it
will fail by shearing the rivet at 120,64 kN.

Ultimate load

Safe working load = Factor of safety

_ 120,24x 103N

4
=30,16 x 103N
= 30,16 kN

The object of the joint was to join two plates 50 mm wide by 12 mm thick. Now
the ultimate strength of these plates in tension is:

Ultimate tensile stress in plate x cross-sectional area of plate

=0 XpXt

=464 x 106 N/m?x 0,05m x 0,012m
=278,4x 103N

= 278,4 kN

If we had joined them with a joint with a strength of 278,4 kN, we would have
had 100%-efficiency. But our joint has a strength of only 120,64 kN.
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Therefore the efficiency of the joint is:

_ 120,64 %x 103N
278,4 X 103 N

= 43,33%

x 100

‘ [O \ Worked Example 3.3

A tfie-plate is required to carry a pull of 110 kN. It is to be made of 10 mm thick
plate and is to have a lap joint with a single row of 20 mm diameter rivets. The
working stresses in the materials are:

Tensile stress (o) in plate =124 MPa
Shear stress (1) in rivets = 100 MPa
Crushing stress (g,.) between plates and rivets =154 MPa

Find the necessary width for the tie-plate and design the joint.

Solution:
Number of rivets
Working load for one rivet in shear = Working shear stress x cross-
sectional area of rivet

_ nd?

4 2
=100 x 106 N/mzx%
=31,42x 103N
= 31,42 kN

No of rivets required to carry 110 kN = 110X 107N 1033N
31,42 X 10° N
=35

So 4 rivets must be used.

Width of plate
As can be seen from Figure 3.22, the cross-sectional area of the plate in
tension is (w - 4d) x t.
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Figure 3.22

Load = Cross-sectional area x Tensile stress
P =(w—4d) Xt Xo;
110 X 103N = (w—4x002m)x001m x124 x 106N/m2

110x103N
w—4x%x002m =
0,01 m X124x106N/m?

w—0,08m =0,0887 m
w =0,0887m + 0,08 m
=0,1687 m

Make with of plate = 170 mm

Check for crushing of rivets between the plate
First method

Working load for one rivet in crushing = Working crushing stress
x Projected area of contact
=o.XdXt
154 x 106 N/m?x 0,02m x 0,01 m
=30,8x 103N
= 30,8 kN
110 x 103 N

No of rivets required for 1TOkN = 5
30,8 X 10° N
= 3,57

As we have 4 rivets, they are safe for crushing.

Alternative method
We have 4rivets carrying 110 kN

. . 110 X 103 N
~ 1rivet carries ————

=275 X 103N
=27,5kN

. . load
Which produces a crushing stress of ———
projected area

_27,5x103N

dxt
_ 275%x103N

"~ 0,02mx0,01m
= 137,5 x 106 N/m?
=137,5 MPa

As the allowable crushing stress is 154 MPa, this is satisfactory.

Arrangement of rivets
Distance from centre of rivet to edge of plate must be 1,5 x d
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y =1,5x0,02m
=0,03m
=30 mm
Sothelap =2xy
=2x30mm
=60 mm

Now 4 rivets have to be fitted into a plate 170 mm wide.
A little consideration shows that the arrangement shown in Figure 3.23 will be
suitable. Note that the distance between the cenftres of the rivets is more than

the minimum allowable, which is 2 x d.

p =2x0,02mm
=40 mm

60
N

22

42
170

452

T — i g i T s . S
T A S o 1]

Eiu |

22

Figure 3.23

3.6 Methods of failure regarding double-riveted lap joints
Consider a simple joint consisting of two strips of plate joined by two rivets.

3.6.1 Tearing of Plate
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Cross-sectional area

of plate at rivet hole

= (p-d)y xt

Figure 3.24

The plate may fail in fension at the rivet hole.

Note:
‘A\ The fact that there are two rivets makes no difference.

Failure occurs at a section with one hole.

Ultimate tensile load = Ultimate tensile stress x Cross-sectional
area of plate atrivet hole
P =0 X ((p-dxt

3.6.2 Shearing of rivets

TV
L\i\/:i\:\\;/:f&\\\\ii—?

&

—T
o
/|

Cross-sectional area of

2
Nx7wxd
rivets = ———————

4
Figure 3.25

Both rivets have to shear.
Ultimate shear load = Ultimate shear stress x Cross-sectional
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area of rivets

dZ
P :TXNXT[T

where N is the number of rivets in shear and in this case N will be 2
2

d
P =T><2XT[T

3.6.3 Crushing rivets against the plate

u)7//5/>
A

Projected area of contact

= N=xd =t
Figure 3.26

Crushing at both rivets has to occur. The heads have not been drawn in the
isometric sketch, so as to show what happens.

Ultimate crushing load = Ultimate crushing stress x Projected area
of contact

P =0.X NxdXt

In this case N is again 2

‘ [O \ Worked Example 3.4

A tie plate is to be designed to carry a pull of 220 kN. There is to be a double,
chain-riveted lap joint in the plates, which are 20 mm thick. Design the plates
and joint, using a factor of safety of 4 and ultimate stresses of 460 x 10¢, 388 x
10¢, 620 x 108 pascals for tension, shear and crushing.

P =0,X2xdXxt

Solution:
Rivet Diameter
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Since no rivet diameter is specified, we must first decide on a suitable one.
d =6Vt
=6 x/20
=6Xx4472 mm
= 26,832 mm
Use 24 mm standard diameter rivets.

Note that 30 mm standard diameter rivets could also be used.

Working Stresses

_ Ultimate tensile stress

Factor of safety
_ 450 x 10 N/m?

Ot

4
=115 x 10° N/m?

Ultimate shear stress

Factor of safety
388 x 10% N/m?

4
=97 x 108 N/m?
_ Ultimate crushing stress

Factor of safety
650 x 10% N/m?

4
155 x 106 N /m?

No of rivets

Working load for 1 rivet in shear = ”sz XT

2
= 2002 m) o 97 x 106N /m?

= 43,88 kN
Number of rivets to carry 220 kN = sz
43,88 X 10° N
=5

Five rivets would do, but since the joint is chain-riveted, we must have an even
number, so we use 6 rivets in two rows of 3.

Width of Plate

As can be seen from the sketch, the area of plate carrying the load is (w —
Nd) x t.

Cross-sectional area of plate atrivet holes = (w -3d) x t
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Allowable tensile load = Allowable tensile stress x Cross-sectional area
of the plate atrivet holes

P =0, x(w—3d)xt
w—3d = F

O'tXt
w = P + 3d
O'tXt
3
= 220x10°N +3%0024m

115x10% N/mZ2x0,02 m
=0,096 m+ 0,072 m
=0,168 m

Say =168 mm

Figure 3.27

Check for crushing

Working load for 1 rivetin crushing =o. X d Xt
=115 x 10°N/m? x 0,024m x 0,02 m
=74,4 kN
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. . 220x103N
Number of rivets required = ——
74,4X10°N

=297

As we have 6, there will be no danger of crushing occurring.

Arrangement of Rivets
Distance from centre of rivet to edge of plate =1,5 xd

y =1,5%0,024m
=0,036 m
=36 mm

Minimum distance betweenrivet centres =2 x d

P =2x0,024m
=0,048 m
=48 mm

The following arrangement will therefore be satisfactory:

36 48 1 36
S /an |
T‘Z{é 24k | R%ﬁ

oo

Figure 3.28

So far we have learnt how to design riveted joints for tie bars.

In these problems, a definite load was given, and the number of rivets and width
of plate to carry this load were calculated.
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We now have to deal with joints for boilers, compressed-air-receivers, etc. In this
case, only the thickness of the plates is given, and we have to join them as
efficiently as possible.

Thus we have to decide on the size of the rivets and how far apart they are to
be spaced (ie their pitch). The size of the rivet is obtained from the empirical
formula d = 6vt, so it remains only to find the pitch.

Now, if we make the pitch very large, we will have a joint which is strong in
tension in the plates as there are very few rivet holes in it. It will, however, be
weak in shear of the rivets, for there will not be enough of them.

If, on the other hand, we make the pitch small in order to get more rivets, then
we are weakening the plates, owing to the large number of holes in them.

The ideal condition would be when a compromise is reached and we have
equal strengths in the plates in tension and the rivets in shear. To obtain the best
pitch, therefore, we write:

Strength of plate in tension = Strength of rivets in shear

Therefore:
For single-riveted lap joint
Strength of plate in tension = Strength of rivets in shear

2
o X(p—d)xt =TX%

For double-riveted lap joint

Strength of plate in tension = Strength of rivets in shear

2
o Xx(p—d)xt =rx2x%

Note:

A In theory, there is no difference in strength between chain and zig-
zag riveting. In practice, zig-zag riveting gives a tighter joint and is

used mainly in boiler work.

Worked Example 3.5

Calculate a suitable pitch for a single-riveted lap joint for 12 mm thick steel
plates.

Tensile stress of steel = 480 MPa
Shear stress of steel = 384 MPa
Crushing stress of steel = 618 MPa
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Factor of safety = 6

Calculate the failing loads and the working loads per pitch length for tension,
shear and crushing. How would the joint in all probability fail and at what load?¢
What is the safe load per pitch lengthe

Determine the efficiencies of the joint for tension, shear and crushing.

State the joint efficiency.

Solution:
Diameter of Rivets

d =6Vt
=6 xV12
=6 X 3,464 mm
= 20,784 mm

Use 20 mm diameter standard-size rivets.

Stresses
Ultimate stresses:
o, =480 Mpa
T =384 Mpa
o, =618 Mpa

Working stresses:

Allowable stress = ———
Factor of safety

480 x 10° N/m?

Ultimate stress

O =—— = 80 MPa
6 2
T = w = 64 MPa
_ 618 x 10 N/m?
O =—— = 103 MPa

Pitch
Consider one pitch length of the joint.

For the best pitch:
Strength of plate in tension = Strength of rivets in shear

2

o X(p—d) Xt =T><%

We can use either ultimate or working stresses because we are equating the
tensile strength to the shear strength.

2
480 x 106N /m? x (p — 0,02m) x 0,012m =384 x 10N /m? x —"X“"zz ™)

120637,2N
—-0,02m = .
p ’ 480x106N/m?2x0,012
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p =0021m + 0,02m
=0,041 m
Pitch =41 mm

Check that this is above the allowable minimum.
Minimum pitch =2 xd
=2x20 mm
=40 mm

Failing loads per pitch length
Ultimate stresses must be used.

Plate in tension
Ultimate tensile load = Ultimate tensile stress x Cross-sectional area
of plate at rivet hole
P =0 X(p—d)Xxt
=480 x 1O6N/m2 X (0,041 m —0,02m) x0,012m
= 120,96 kN

Rivet in shear
Ultimate shear load = Ultimate shear stress x Cross-sectional area

of rivet

nd?
=TX_
4

2
= 384 x 10°N /m? x 221

= 120,64 kN

Crushing of Rivets against the plate
Ultimate crushing load = Ultimate crushing stress x Projected area of
contact
P =0, XdXt
=618 X 10°N/m? x 0,02m x 0,012 m
= 148,32 kN

The failing load is therefore 120,6 kN (the smallest of the three) and the joint
would fail by shearing the rivets.

Working loads per pitch length
These may be found by either using working stresses or dividing the failing loads
(ultimate loads) by the factor of safety.

Plate in tension
Allowable tensile load = Allowable tensile stress x Cross-sectional
area of plate atrivet hole
P =g, x(p—d)xt
=80 x 106N/m2 X (0,041 m —0,02m) x 0,012 m
= 20,16 kN
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or

. Ultimate t ile load
Allowable tensile load = ———= e 24
Factor of safety

120,96 x 103 N
P = T

= 20,16 kN

Rivetin Shear
Allowable shear load = Allowable shear stress x Cross-sectional area
of rivet

nd?
P =1X—
4

2
= 64 x 106N /m? x S22

=20,11 kN

Crushing of Rivet against the plate
Allowable crushing load = Allowable crushing stress x Projected area
of contact
=o.XdXt
=103 X 10°N/m? x 0,02m x 0,012 m
= 24,72 kN

or
_ Ultimate crushing load

Allowable crushing load =
Factor of safety
_148,32%x 103N
6

= 24,72 kN

The safe load is therefore 20,11 kN (the smallest of the three).

Efficiencies
Again we can work with either ultimate or working stresses.
Using ultimate stresses:

Strength of solid plate per pitch length
Ultimate tensile load = Ultimate tensile stress x Cross-sectional
area of plate
P =0, XpXt
=480 x 10°N/m? x 0,041 m X 0,012 m
= 236,16 kN

If this strength were obtained for the joint it would be 100% efficient.

Strength of pierced plate in tension = 120,96 kN

.. . . __ Strength of pierced plate
Efficiency in tension Strength of solid plate

_ 120,96 X 103 N
236,16 X 103 N

=0,512
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=51,2%

Strength of rivetin shear = 120,64 kN

Strength of rivet

Efficiency in shear = .
Strength of solid plate

_ 120,64 x 103
236,16 x 103

=0,511
=51,1%

Strength in crushing = 148,32 kN

Crushing strength

Efficiency in crushing = Strength of solid plate

_ 148,32 X 103N
"~ 236,16 x 103N
=0,628
= 62,8%

The joint efficiency is the lowest of these, namely 51,1%.

‘ [O \ Worked Example 3.6

Design a double-riveted lap joint with staggered riveting for steel plates, 22
mm thick, using the following data:

Rivet diameter = 64/t

Ultimate stresses — tension 495 MPa
shear 385 MPa
crushing 650 MPa

Factor of safety =5
Use the method of equating tensile and shear loads to find the pitch.
Check for crushing and find the joint efficiency. Find the working load per

metre length of the joint. Sketch the joint freehand and insert all dimensions.

Solution:
Diameter of Rivets

d =6Vt
=6 X122
= 28,143 mm

Use 30 mm diameter standard-size rivets.
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Pitch
Using ultimate stresses, consider one pitch length of the joint.

Strength of plate in tension = Strength of rivets in shear

2
o X(p—d)xt =r><N><%

2
495 x 106N /m? x (p — 0,03 m) x 0,022m =385 x 106N /m? x —”X(O'?f ™)

544 281N
—-0,03m =
p ! 495x106N/m2x0,022

p =0,05m + 0,03m
=0,08 m
=80 mm

Check that this is above the allowable minimum.
Minimum pitch =2xd
=2x30 mm
=60 mm

Failing load per pitch length

Plate in tension
Ultimate tensile load = Ultimate tensile stress x Cross-sectional area
of plate at rivet holes
P =0, X(p—d) Xt
=495 x 10°N /m? x (0,08 m — 0,03 m) X 0,022 m
= 544,5 kN

Rivet in shear
Ultimate shear load = Ultimate shear stress x Cross-sectional area

of rivets
d?

P =7TXNX—
4

2
= 385 x 106N /m? x 2 x =231

= 544,28 kN

Crushing of Rivets against the plate
Ultimate crushing load = Ultimate crushing stress x Projected area of
contact
P =0, XNxdXt
=650 X 10N /m? x 0,03 m x 0,022 m
= 858 kN

Joint Efficiency
Strength of solid plate per pitch length
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Ultimate tensile load = Ultimate tensile stress x Cross-sectional area
of plate
P =0, XpXt
=495 x 10°N/m? x 0,08 m x 0,022 m
=871,2 kN

_ Lowest of three ultimate loads

Efficiency = .
Strength of solid plate
_ 544,28 X 103N

871,2 X 103N
=0,625
=62,5%

Check for crushing
This has been done, as the failing load in crushing has been shown to be higher
than those for tension or shear.

Working load per metre length
Failing load per pitch length

544,28 kN

Failing loads

Factor of safety
544,28 x 103N

Working load per pitch length

5
108,86 kN

Since the pitch is 0,08 m, the working load for 0,08 m length = 108,86 kN

Working load per 1 mlength =108,86 x 103 N X Lm
0,08 mm
=1 360,75 kN
Sketch
Distance from centre of rivets to edge of plate =1,5xd
=1,5x30 mm
=45 mm

Distance betweenrows =2xd
=2x30 mm
=60 mm

As no particular heads are specified, assume they are snap heads.

Gateways to Engineering Studies

67



Mechanical Drawing and Design | N5

£
L] ////’%7 HE

45 60 45 |
il |
B —  ——b——]
| e |
r/ ™
| ] 1
[ I
% F
L -l -~
f". T~
L1
! )
[
1'\ Fa |

=

\kj

|

(f\ yan
U

Figure 3.29

‘ [O \ Worked Example 3.7

Two steel plates, each 10 mm thick, are joined by a double-riveted lap joint.
The rivets having shnapheads to be arranged in zig-zag form having a pitch of
60 mm.

Use the following working stresses: o, = 108 MPa, t = 85 MPq, ¢, = 148 MPa and

Calculate:

(a)a suitable diameter for the rivets by equating the tensile and shearing
loads;

(b)the working strength of the solid plate;
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(c) the working strength of the pierced plate;

(d)the working shear strength of the rivefts;

(e) the working crushing strength of the rivets against the plate;
(f) the allowable safe load for the joint;

(9) the efficiency of the joint.

Solution:
(a) Diameter of rivets

Strength of plate in tension = Strength of rivets in shear

2
o X(p—d)xt =‘L'XN><%

2xmwxd?

108 x 10°N/m? x (0,06 m — d) x 0,01m =85 x 105N /m? X

64 800 - 1080 000d = 133517 688 d?
133517 688 d* + 1080 000d - 64800 =0

1d? + 0,0081d - 0,00049 =0
d = —b+Vb2-4ac
- 2a
a =+1
b =+0,0081
¢ =-—0,000491
d = —0,0081 + +/+0,00812—[4x1x(—0,00049)]
2x1
_ —0,0081 i\/Wozoé
—-0,03691 2

2
0,0185 Use the 20 mm diameter standard-size rivets

(b) Working strength of solid plate
P =0, XpXt
=108 x 106N/m2 X 0,06mx0,01lm
= 64,8 kN

(c) Working strength of pierced plate
P =0, xX(p—d)xt
=108 x 106N/m2 x (0,06 m—0,02m) X 0,01m
= 43,2 kN

(d) Working shear strength of rivets

dZ
P :TXNXHT

mx (0,02 m)?

=85 X% 10°N/m? x 2 x "

= 53,41 kN
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(e) Working crushing strength of rivets against the plate

P =0, XNxdxt
=148 X 10°N/m? x 0,02m x 0,01 m
= 59,2 kN

(f) The allowable safe load for the joint
It is the-smallest of the three working strengths of the joint, namely 43,2 kN.

(q) Efficiency of joint

Efficienc __ Working strength of rivets in shear
Y Strength of solid plate

43,2 x 103N
=—x100
64,8 x 103N

= 66,7%

‘ [O \ Worked Example 3.8

Design a triple-riveted lap joint in which the pitch of the rivets in the outer rows
is fwice the pitch of the rivets in the inner row for plates 22 mm in thickness.

Determine the pitch and diameter of the rivets, taking the tensile stress in the
plates as 93 MPaq, the shearing stress in the rivets as 70 MPa and the crushing
stress of the rivets against the plate as 118 MPa. Also find the efficiency of the
joint.

Solution:
Rivet diometer =64/t
=6 x+22
= 28,14 mm

Use 30 mm standard-diameter rivets.

Pitch
Strength of plate in tension = Strength of rivets in shear

2
o X(p—d)xt =rxN><%

2
93 x 106N/m2 X (p—0,03m) x 0,022m =70x 106N/m2 x 7x(0,03 m)

4
197 920 N
p = +0,03m
93X106N/m?2x0,022 m

=0,0967m + 0,03 m
=0,127 m
=127 mm

Check that this is above the allowable minimum.
Minimum pitch =2xd
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Figure 3.30

Strength of plate against tearing at AA =g, X (p —d) Xt
=93 x 10°N/m? x (0,127 m — 0,03 m) X 0,022 m
=198,5 kN

Strength of plate against tearing at BB =g, X (p — d2) x t + Strength of
One rivet at AA in shear

2

=atx(p—d2)xt+r><Nx%

6
=93 x 1;2” x (0,127 m — 0,03 m) x 0,022 m + 70 X 10°N/m? X 1 X

=137082 N + 49480 N
= 186,562 kN

x(0,03m)?
4

2

Strength of rivets against shearing =1 X N % %

mx(0,03m)?

=70 X 10°N/m? x 4 x "

=197,92 kN
Strength of rivets against crushing =0, XNxdxt
=118 x 10°N/m? x 0,03 m x 0,022 m
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=311,52 kN

Strength of solid plate =o, Xxp Xt
=93 x 10°N/m? x 0,127 m X 0,022 m
= 259,842 kN

Therefore failing will occur in tearing the plate at BB 186,562 kN.

Failing load

Efficiency of joint

Strength of solid plate
186,562 x 103

"~ 259,842 x 103N
=0,718
=71,8%

3.7 Butt joints

So far only lap joints have been discussed. The only difference in the calculation
of butt joints with two cover straps is in shear. It should be remembered that each
rivet shears twice.

The resistance offered by the rivet in butt joints is twice the resistance offered by
the rivet in lap joinfs.

To be on the safe side, the rivet is not taken as being twice as strong as in single
shear, but 1,75 times as strong, unless another value is mentioned in a question.

Rivet in double shear

PO RO ROy
s P22 A TN BN e
W/M A

Figure 3.31

Cross-sectional area of rivet in double shear = 1,75 x Cross-sectional
area of rivet in single shear

=175 x ™
4

‘ [O \ Worked Example 3.9

Two steel plates, each 10 mm thick, are joined by a single-riveted butt joint
using two cover plates. Determine the diameter and pitch of rivets by
equating shear to tensile strength. Also determine the strengths and
efficiencies of the joint.

Ultimate stresses: o, = 432 MPa
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T =355 MPa
oc =710 MPa
Solution:
Diameter of rivet = 64/t
=6 x10
= 18,97 mm

Use 20 mm diameter standard rivets.

Strength of plate in tension = Strength of rivets in shear
2
o x(p—d)xt =rxNx1,75x%

(Single rivet, double shear)

432 x 105N /m? x (p — 0,02m) x 0,01m =356 x 10°N/m? x 1 x 1,75 x =(002m*

195,17X103 N
p = +0,02m
432X106N/m2x0,01m

=0,065m

Use 65 mm pitch.

Tensile strength of joint

P =0, X(p—d) Xt
=432 x 10°N /m? x (0,065 m — 0,02m) X 0,01 m
= 194,4 kN
Shear strength of rivets

xd?
4

=355x%x10° x 1 x 1,75 X
= 195,2 kN

P =1txNXx1,75
©x(0,02m)?

Bearing strength of rivets against the plate
P =o.xdXxt
=710 x 106N/m2 X 0,02m x 0,01 m

= 142 kN
Strength of solid plate
P =o¢XpXt
=432 X 106N/m2 X 0,065m x 0,01 m
= 208,8 kN
Efficiencies
3
Tensile =20 100
280,8 X 10°N
= 69,23%
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_195,2 x 103N

Shear =122X100 . 44
280,8 X 10°N
= 69.52%
Crushing = 2X1°N 100
280,8 X 10°N
= 50,57%

Efficiency of joint is lowest calculated as above.
Efficiency of joint = 50,57 %.

‘ [O \ Worked Example 3.10

Design a double-riveted butt joint to connect two 12 mm steel plates, using
two cover straps and the following ultimate stresses:

Tensile stress = 462 MPa
Shear stress = 372 MPa
Crushing stress = 648 MPa
Factor of Safety = 6

Solution:
Rivet diameter =6+t

=6 x+12
= 20,78 mm

Use 20 mm diameter standard-size rivets.

Pitch of rivets
Strength of plate in tension = Strength of rivets in shear

_ nd?
o X(p—d)xt —TXNX1,75XT
462 X 10°N/m? X (p — 0,02m) x 0,012m =372 x 10°N/m? x 2 x 1,75 X

(Double rivets, double shear)
409035 N

% (0,02 m)?

P = 462x106N/m2x0,012 m +0,02m
=0,0937m
Use a pitch of 24 mm.
Working stresses
6 2
o = 4-62><1(; N/m? _ 77 MPa
6 2
;= 372><1(; N/m? _ 62 MPa
6 2
o = 648x10°N/m? _ 108 MPa

6
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Working loads
Tensile working load in solid plate =g, X p X t
P =77 x10°N/m? x 0,094 m x 0,012 m
= 86,86 kN

Tensile working load in pierced plate =0, X (p —d) Xt
P =77 x10°N/m? x (0,094 m x 0,02 m) X 0,012m
= 68,38 kN

xd?
4

62 X 10N /m? x 2 x 1,75 X
= 68,71 kN

Shear working load on rivets
P

TXN X175 X

x(0,02 m)>?
4

Crushing working load =g, xNxdxt
6
P =108 x 22 x2x0,02m x 0,012 m

m?2

= 51,84 kN

Efficiencies
_ 68,38 x 103N
86,86 X 103N

=787%

Tensile x 100

_ 68,17 x 103N
86,86 X 103N

=78.5%

Shear x 100

_ 51,84 x 103N
86,86 X 103N

=59.7%

Crushing X 100

3.8 Lozenge joint

When two tie-bars (ie steel plates to carry tension such as occurs in a bridge)
have to be connected by a riveted joint, the usual arrangement is a *lozenge”
joint.

That this is the most efficient arrangement may be seen by considering the
sketch shown in Figure 3.32. Sufficient rivets can be put in to make the joint as
stfrong as, or stronger than, the solid plate in shearing and bearing.

As holes have to be punched in the plate, however, it cannot be made 100%
strong in tension.
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Figure 3.32

By arranging as shown, there is only one hole at section A, while at B, where
there are two holes, failure cannot occur without shearing the rivet at A as well
as tearing the plate at B.

At C there are three holes weakening the plate, but the 2 rivets at B and 1 rivet
at A, a total of 3rivets, have to be shorn before failure can occur at C.

Theoretically, the most efficient joint is given by a very large number of very small
rivets. As this is impracticable, a reasonable size rivet has to be selected. This is
best done by using the Formulad = 6 x +/t.

Always remember that the pitch must not be less than 2 x d and the margin not
less than 1,5 x d. Thickness of cover plates for a lozenge joint may be taken as

Stw=d) '\ here N = number of rivets at section CC.
8(w—Nd)

Calculation of loads
At section A, load = stress x area
P =0, xXx(w-—-4d) Xt

At section B, load = stress x area + load of one rivet in double shear
2
P =0, X (W — 2d) X t+rxN><1,75><%

At section C, load = sifress x area + load of three rivets in double shear
2
P =g, x (W — 3d) X t+rx3x1,75x%

Calculation of rivet diameter
To find rivet diameter, equate shearing load on one rivet to the crushing load on
one rivet.
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dZ
rx1,75x”T =g, xdXxt
or

d =6Vt

‘ [O \ Worked Example 3.11

Design a butt joint to connect two 178 mm x 10 mm tie-plates. Working stresses
are: Tension 108 x 106 N/m2, Shear 62 x 106 N/m2 and Crushing 170 x 10¢ N/m2.

Solution:
Rivet diameter
Shearing load on one rivet = Crushing load on one rivet

dZ
r><1,75><”T =g, XdXxt

62 X 10°N/m? x 1,75 X

xd?

" =170 X 106N/m2 Xdx0,010m
d* _ 170 x10°N/m?x0,010 mx4
d 62X105N/m2x1,75X1T

d =0,0199

Use 20 mm diameter standard-size rivets.

or d =6Vt
= 6v10

=18,97 mm Say 20 mm diameter rivets
Safe tensile load of the plate at the section with one rivet hole

=0 X (w—4d) Xt
=108 X 10°N/m? x (0,178 m — 0,02) X 0,010 m
= 170,64 kN

2
Safe shearing load of one rivet in double shear =1 x 1,75 X %
=62 x 105N /m? x 1,75 x =(@0z2m)*

= 34,09 kN

Safe crushing load of onerivet =g, xd xt
=170 x 2N
m2

=34 kN

x0,02mx0,01m

Hence the crushing load determines the number of rivets required.
(Note that the crushing load is the minimum safe load).
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Maximum safe load

Number of rivets = ——
Minimum safe load

_ 170,64 X103
34x103

=5,02

Use 6 rivets arranged as in Figure 3.33.

5xt(w—d) _ 5x0,01(0,178-0,02)

Thickness of cover plates =

8(w—Nd)  8(0,178—3x0,02)
t, =0,0084
Say 10 mm
].__ 280
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Figure 3.33

Safe tensile load at section AA =g, x (w—d) Xt
=108 x 10°N/m? x (0,178 m — 0,02 m) x 0,01 m
= 170,64 kN

Safe tensile load atf section BB =g, X (p — 2d) x t + Shear load of
one rivet in double shear
2
=atx(w—2d)xt+r><1,75x%
=108 X 10°N/m? x (0,178 m —2m x 0,02m) + 0,01 m
m X (0,02m)?

+62 X 106N /m? x 1,75 X 1

=149040 N + 34086 N
=183,126 kN

Safe tensile load at section CC =g, X (w — 3d) x t + Shear load of
three rivets in double shear

2
:atx(w—Sd)xt+rx1,75xNxdT
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=108 x 106N/Tn2 x (0,178 m -3 x0,02m)+0,01m
X (0,02m)?

+62 x 106N /m? x 1,75 x 3 X 2

=127 440 N + 102 259 N
= 229,699 kN

2
Safe shear load for all rivets =7x 1,75 X N X dj

x(0,02m)>?

62 X 10N/m? x 1,75 X 6 X
= 204,52 kN

Safe crushing load for rivets against main plate =g, X N xXd Xt
=170 X 10°N/m? x 6 X 0,02m x 0,01 m
= 204 kN

Safe crushing load for rivets against cover plates =g, X N Xd X2 X t;
=170 X 10°N/m? x 6 x0,02m x 2 X 0,010 m
= 408 kN

Safe tensile load for cover plates at section CC =g, X (W —3d) Xd Xt
=108 X 10°N/m? x (0,178 m — 3 x 0,02 m) X 2 x 0,010 m
=254,9 kN

Hence weakest part is at AA.

Joint Efficiency = 1064 x10°N

WXtXog
_ 170,64 x103N

"~ 0,178 m x0,01 m x108x106N/m?2
=0,888
= 88.8%

3.9 Thin cylinders

When the thickness of the metal is small compared with the diameter of the
cylinder (shell), the relationship between the internal pressure and the thickness
of the metal may be calculated as follows.

There are two ways in which a thin cylinder or pipe subjected to internal pressure
can burst. Figure 3.34a represents failure along a longitudinal section and Figure
3.34b on a circumferential section.
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Figure 3.34

3.9.1 Longitudinal Section
The force caused by the internal pressure (p;) tending to separate the two
halves is resisted by the tensile stress in the metal across the longitudinal section.

A portion sufficiently far from the end plates to receive no assistance from them
is considered.

Consider the equilibrium of one half of the cylinder with an imaginary steel plate
aftached as shown.

%
—t
D
p; = internal pressure (gauge pressure)
D = internal diameter
£ = Tlength
t = thickness of metal

Figure 3.35
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Note:
Sometimes the absolute pressure is given instead of gauge pressure
therefore the following formula must be used to obtain the gauge
pressure:
Gauge pressure = Absolute pressure - Atmospheric pressure
where 1 atmosphere = 101,4 kPA.

The resultant upward force on the curved surface must equal the downward
force on the plate, namely, P; x D x [ newtons.

Hence the force tending to force the two halves of the cylinder apartis P, x D x
newtons.

This force is resisted by the stress in the metal o, N/m? acting on two sections
each I x t m2.

Hence 2XoXIxt =PixDxl
o _PixDxl
t 2xIxt
_PixD
0Oy =———

2Xt

If the cylinder is constructed from riveted plates and the efficiency of the
longitudinal joint is N; then the average stress in the longitudinal joint is as follows:

_ Pi x D
2XtXng

OtxmxDxt

This is called the circumferential or hoop stress.

Note:
‘A\ Circumferential or hoop stress acts on a longitudinal section.

3.9.2 Circumferential Section
The force tending to separate the two halves is the force on the end plates (see

Figure 3.34), namely ”xfz X P;

This is resisted by the stress (at) in the metal acting across a circumferential
sectionof arearm x D x t.

xD?
o XmTXDXt = X P;
_ mxD? P;
o =
4 TTXDXt
_ PixD
o =—

4xt
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If the cylinder is constructed from riveted plates and the efficiency of the
circumferential joint is n. then the average stress in the joint is given by

_  PixXD
Oy ————
4XtXnc

This is the longitudinal stress.

Note:
‘A\ Longitudinal stress acts on a circumferential section.

3.10 Joints for cylindrical pressure vessels; boilers, tanks, etc

3.10.1 Longitudinal Joints

The type of joint (namely, lap or butt, single-riveted or multiple riveted) has to be
settled. Usually a treble-riveted butt joint with double cover straps and zig-zag
riveting is chosen, since this type of joint gives a high efficiency, which is required
for the longitudinal seam.

It depends largely on the diameter of the vessel and the working pressure, and
definite rules cannot be given. A joint efficiency must then be assumed, based
on the following values:

Lap joints:  Single-riveted 55%
Double-riveted 70%
Treble-riveted 77%

Butt joints:  Single-riveted 65%
Double-riveted 80%
Treble-riveted 85%

Quadruple-riveted  90%

The plate thickness t may be calculated from

_ PixD
Ot = Xexm

Taking g, = 83 MPa (for steel), and the rivet diameter, pitch, etc. may then be
determined.

This may be made weaker than the longitudinal joint — compare

_ PiXD PiXD
Ot = Tt 2xt
those for the longitudinal joint.

. Itis usually of the lap type with rivets equal in diameter to

with g, =

The pitch may be settled for staunchness and the rivet shearing area checked.
Thus, if p is the “ring pitch”, and if there are n rows,
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the total number of rivets is

_ NXmXD

NT—p

The total shear area = N x "sz and the total resistance to

dZ
sheor=r><NT><"T

The value of t given by equating this resistance to the axial

bursting force "TDZ x (p;) should not exceed 65,5 MPa.

[O Worked Example 3.12

A cylindrical vessel having a diameter of 2m is subjected to an internal
pressure of 1,25 MPa. The vessel is constructed from steel plates 16 mm thick
which have an ultimate tensile stress of 450 MPa.

If the efficiencies of the longitudinal and circumferential joints are 80 and 60
per cent respectively, what is the factor of safety?

Solution:
Longitudinal Joint

P;xD
T oaxtxmy

_ 1,25 x 105N/m? x 2m
T 2x0016mx08
=97,7 MPa

O¢

_ ultimate stress

Factor of safety =

Working stress

450 X 10°N/m?
97,7 X 106N /m?2

Circumferential Joint

Pi XD

4XtXng

1,25 X 10°N/m? x 2m
4X0,016mX0,6

65,1 MPa

__ ultimate stress

Factor of safety =

Working stress
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_ 450 X 10°N/m?
65,1 X 106N /m?2
=6,9 MPa

Therefore the factor of safety is the lowest of the two, namely, 4,61.

‘ [O \ Worked Example 3.13

A cylindrical vessel (1,8 m internal diameter), is required to withstand an
internal pressure of 552 kPa. Determine the thickness of metal required and
design the longitudinal and circumferential joints which are to be riveted. Take
o, T and g, as 69 MPq, 52 MPq, 144 MPq, respectively.

Solution:
As the hoop stress is double the longitudinal stress, the required thickness of
metal is determined from the hoop stress.

Longitudinal joint
Assume a double-riveted butt joint chain riveting with two cover straps,
efficiency 80%

_ P;xD
B 2XtXng

_ 552x103N/m? x1,8m
" 2x69x 106N/m2 x 0,8
=0,009m

Ot

t

Say =10 mm plate thickness

ultimate stress
Factor of safety = ————

Working stress

__ 450 X 105N/m?
97,7 X 106N /m?

Diameter of rivets =64/t

=6v10
=18,97 mm

Use 20 mm diameter rivets, standard size.

Pitch
Equating tensile strength to shear strength

_ nd?
o X(p—d)xt —TXNXTX1,75
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2
69 x 105N /m2 x (p —0,02m) x 0,01m =52 x 106N /m? x 2 x Z02m_

(Double rivets, double shear)
_ 57177 N

P = eoxi06N/m2x0,01m +0,02m
=0,083m + 0,02m
=0,103m

=103 m

x 1,75

Thus pitch will be strong enough but we have to check it for steam tightness.

_pr-d
n = —

p
_p-0,02m

08 =

p
08p =p—0,02m
p—08 =002m

02p =0,02m
_0,02m
02
p =01

Make the pitch equal to 100 mm.

Actual Efficiency of Longitudinal joint

o X(p—d)xt _ p—-d

Tension = ————— =*=——
orXpXt 14
_0,1m-0,02m
0,1m
=0,8
=80%
_ TXNXmd?x1,75
Shear = O XPXtX4
52X108N/m?x2xmwx (0,02 m)?
= /m”x2xmx(002m)” 4 55
69%x106N/m?2x0,1 mx0,01 mx4
=0,829
=82,9%
Crushing = Zedixaxt
o XpXt

_ 144x10°N/m?x2x0,02 m
T 69x106N/m2x0,1m
=0,835

=83,5%

The efficiency of the joint = 80%.

Thickness of cover plates (t,)
t; =0,625xt

=0,625%x0,1m
=0,0625m
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Use 8 mm standard thickness plate.

Margin of plate
y =15xd
=15%x0,02m
=0,03m=30mm

Distance between rows
P. =2xd
=2x02m
=0,04m
=40 mm

Circumferential joint
A single-riveted lap joint will be assumed using the same size of rivets as for the
longitudinal joint.

P; X

As 10 mm plate is being used, a joint efficiency of n, = ax—::(t is required.
t

552x103N/m?x1,8m
= / x 1,75
69x106N/m2x4x0,01 m
=0,36

=36%

Equating tensile strength to shear strength

2
o Xx(p—d)xt =rxNx%

2
69 x 106N /m? x (p— 0,02m) x 0,01m =52 x 10°N/m? x 1 x =22m-
— 16 336,3 N + 0,0Zm
69><106N/m2><0,01
=0,0437
=43,7mm
Number of rivets in circumference = "%D
_mXx1,8m
Np = 0,0437
= 129 rivets
Use 129 rivets with an exact pitch of
— mx1,8m — 0,0438

129
= 43,83 mm pitch

Check if 129 rivets is sufficient
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nD? _ md?
—, X pressure =71 X Ny X e
D% Xp;X4
NT = pl
4XTXTTA?
_ D*xp;

TXd?
_ (1,8 m)?x552x103N/m?

52X106N/m2x(0,02 m)?
= 86 rivets

129 rivets is more than sufficient.
Actual Efficiency of Circumferential joint

Tension = ZX@- Ot _ p—d

PXtXo¢
_ 43,83 mm-20mm
43,83 mm

=0,544
= 54,4%

x4

Shear = =
PXtXog

52X10°N/m?xmx(0,02 m)?
" 0,04383 mx0,01 mMXx69x106N/m2x4
= 0,54
=54%

. daxt
Crushing =22
pXtXog

_ 144x10°N/m?x0,02 mx0,01 m
" 0,04383 mx0,01 MX69X 106N /m?
= 0,952
=95,2%

The joint is satisfactory.

[O Worked Example 3.14

A boiler of 2 200 mm internal diameter is required to generate steam at a
pressure of 1,7 MPa. Calculate the thickness of the shell plates and design the

longitudinal and circumferential riveted joinfts.

The material used will be steel of ultimate tensile stress of 460 MPa and a factor
of safety of 5is to be used. The shearing stress is to be taken as g of the tensile

stress.

Solution:
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Working stresses

Ultimate tensile stress

Or = Factor of safety
_ 460X10°N/m?
5
= 92 MPa
T = Ix92x10°N/m?
=73,6 MPa

Longitudinal joint

Assume a treble-riveted butt joint with double cover straps and diagonal
riveting, having an efficiency of 85%. The joint riveting arrangement will be with
alternate rivets omitted from the outer row.

Plate thickness

P; XD

T 2xtxm
P; XD

- 2 X O XNy
1,7X 10°N/m? x22m

" 2x92mx 106N/m2? x 0,85
=0,0239m
Use 24 mm standard thickness plate.

Ot

Diameter of rivets

d =6Vt
= 624
=29,4mm
Use 30 mm diameter rivets

Pitch for outer-row rivets
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Figure 3.36

Equating tensile strength to shear strength

o x(p—d)xt :rxNx”szxljs
92 x 106N /m2 x (p — 0,030 m) X 0,024 m= 73,6 X 105N /m? X 5 X

p = Srivets contained in one pitch

455217 N
p = 4+ 0,03m
92x106N/m2x0,024 m

=0,236m
=236mm

% (0,03 m)?

X 1,75

This pitch will be strong enough but we have to check it for steam tightness.
n =b24
p—d

p
0,85 = [l
p
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0,85p =p—0,03m
p—085p =0,03m

0,15p =0,03m
_0,03m
~ 015
=02m

Make the outer pitch equal to 200 mm.

Actual Efficiency of Longitudinal joint

Tensile strength of joint =g, X (p —d) Xt
6
=92 x X x (0,2m — 0,03 m) x 0,024 m

m?2

=375,36 kN

Shear strength of joint =t X N x "sz x 1,75

2
73,6 x 105N /m? x 5 x X1008)

= 455,22 kN

x 1,75

Thus the safe load which the joint can carry = 375,36 kN

Strength of solid plate =g, xp Xt
=92 X 10°N/m? x 0,2m X 0,024 m
= 441,6 kN

o . _ 375,36 X 103N
Efficiency for tearing = ——=———2—

=85%

L ) _ 455,22 x 103N
Efficiency for shearing = 116 % 10°N

=103,1%

Check crushing stress

_ Safe load

- Projected area rivets against plate
_ 375,36 X 103N

5xdxt
375,36 x 103N

T 5x0,03mx 0,024 m
=104,3 MPa well on the safe side

Oc

Thickness of cover plates
For joints of this kind

— 5xt(p—d)

1 8(p—2d)
_ 5x0,024 m(0,2 m—0,03 m)

8 x (0,2m —2x0,03m)
=0,0182m

Gateways to Engineering Studies

920



Mechanical Drawing and Design | N5

Use 20 mm standard plate thickness.

Margin of plate

y =15%xd
=1,5%x0,03m
=45 mm

Distance between rows of rivets

P. =2xd
=2xX30mm
=60 mm

Diagonal pitch

Width of butt straps

(4xy)+(@4xP)
= (4 X 45 mm) + (4 x 60 mm)
=420 mm

Circumferential joint
A double-riveted lap joint with diagonal riveting is assumed. The same size of
rivets as for the longitudinal joint is used.

Figure 3.37
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As 24 mm plate is being used, a joint efficiency of

_ P;xXD

B O X4 Xt

_ 1,7 x10°N/m?x2,2m
"~ 92x106N/mZ%x0,024 m
=42,4%

ne

Equating tensile strength to shear strength.

2
o, X (p—d)xt =T><Nx%
2
92 X 10N/m? x (p — 0,03m) X 0,024 m= 73,6 X 10N/m? x 2 x nx(o,i3 m)
104 050 N
P = Sx10oN/m?x0024m +0,03m
=0,077m
=77 mm
_ T XTXD

Number of rivets in circumference = .
— 2XTX2,2m

0,077

=179,5 rivets (say 180)

N

Use 90 rivets in each row

_mx22m
T 90
=76,79 mm

Check if 180 rivets is sufficient

nD? nd?
—XP, =TXNX—
4 4

nD? 4
=—XP, X ——

4 T X md?
_ D*xp;

Txd?
_ (2,2m)?x1,7 x 106N /m?

" 73,6 x 106N/m2x(0,03 m)2
=124,2 rivets

N

180 rivets is more than sufficient.

Actual Efficiency of Longitudinal joint

Tensile strength of joint =0, X (p —d) Xt
=92 x 10°N/m? x (0,07679 m — 0,03 m) X 0,024 m
=103,31 kN

2

Shear strength of joint =7 x N X %
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mx(0,03)?

= 73,6 X 10N /m? x 2 x ===

=104,05 kN

Strength of solid plate =g, Xxp Xt
=92 X 10°N/m? x 0,07679 m x 0,024 m
= 169,55 kN

Efficiency of circumferential joint
_ 103,31 X 103N
Ne =050
169,55 X 10°N

=60,9%

This is more than the 42,4% which is required.

pd = |(P)?+ (2)2
= Joor + (7

=71,23mm
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Figure 3.39

3.11 Fasteners

Fasteners are used to hold or fasten objects in a definite position with respect to
other objects. There is a great variety of fasteners used today in the assembling
of machines, building frames, bridges and other objects.

Fasteners are also used to hold objects in a definite place. Some of the fasteners
are so widely used, that the manufacturers and other interested persons have
agreed that they shall be made according to definite specifications as to size,
shape and other details.

+ ' . | | Think about it!
- Q -1 | Such fasteners are regarded as being "standardised", because they
are manufactured according to "standard" specifications.

3.11.1 Threaded fasteners

The threaded fasteners, such as screws, bolts and nuts, are most frequently used,
and should be shown in position in an assembly drawing. All forms of the
threaded fasteners depend upon the screw threads for their holding power.

Threads may be classified as either square-section or vee-section. The square-
section threads are normally used for power transmission, while the vee-threads
are used for nuts and bolts, pipe fixings and finer work.
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Square-thread Vee-thread
Figure 3.40

3.11.2 Proportions of ISO thread

In prgcti:e the Min. major diameter
root is rounded’ } / specified in ./,
and cleared i ;_" dimensional /
beyond a X : - = tables £

width of P
8

/ —_———f |y Y N1
\ / N L N/
v 1 v v
[ PITCH P .
| NUT . 90°
(INTERNAL. THREAD) | .
H = 0,866 03P o , AXIS OF NUT
) P = pitch H = 0,866 03 P Hy, = 0,216 5L H, o =0,108 25 P
5
/8H= 0,324 76 P °/8H= 0,541 27 P Hjg = 0,164 34 B 17, .= 0,613 43 P
'P ]
¥ IH,q /871 A [ _~In practice crests a,
— s N ! / L) G bolts may be roun-—dem
L i ded inside the max.
3},311 5__, utline P

Max. minor

|/ f
/ // iameter at

A A / / intersection of
LTV ’A ; / 3 root contour and
Max. minor diameter specified BOLT [ flank of thread
in dimensional tables ' 90°

. (EXTERNAT THREAD) |
i ] - = ; ) AXTS OF BOLT

Figure 3.41 Design form of ISO metric thread

3.11.3 Designation of ISO screw threads

The International Organisation for Standardisation (ISO) has formulated a series
of screw threads which should be used in countries using the metric system.

Metric screw threads may be one of three series, namely:
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1. Coarse-pitch series, ISO thread.
2. Fine pitch series, ISO thread.
3. Constant-pitch series, ISO thread.

The coarse thread series, like the fine thread series, has a pitch which varies with
the diameter of the bolt. In the constant thread series, the pitch remains
constant irrespective of the diameter of the thread.

All the series, except the coarse thread series, are used in special circumstances.
The vast majority of threads used, come from the coarse-thread series.

The method used on drawings for stating an ISO thread, is quite simple. Instead
of stating the thread form and series, you need use only the letter “M". The
diameter of the thread is stated immediately after “M’.

Thus M12 is ISO coarse-pitch thread form, 12 mm diameter thread, and M20 is
ISO coarse-pitch thread form, 20 mm diameter thread. The pitch of the coarse
thread series can be read off from tables.

If a thread is used from a constant-pitch series or fine-pitch series, the pitch is
added after the diameter, so that M14 x 1,5 is a 14 mm diameter ISO thread,
with a constant pitch of 1,5 mm, and M24 x 2 is a 24 mm diameter ISO thread
with a fine pitch of 2 mm.

3.11.4 Specification: ISO metric screw threads

Head of Bolt Nut Washer

Nominal Coarse Fine Width  Height | Height | Thickness Outside
size Thread Core Core | Thread Core Core | across diameter
diameter | pitch diameter ~ Area | pitch diameter Area | flats

(Bolt) mm? (Bolt) mm2
M1,6 0,35 1,171 1,07 0,3 4,0
M2 04 1,509 1,79 0,3 50
M2,5 0,45 1,948 2,98 0,5 6,5
M3 05 2,387 4,47 55 2,0 2,4 0,5 7,0
M4 0,7 3,141 7,75 7,0 2,8 3,2 0,8 9,0
M5 0,8 4,019 12,70 8,0 35 4,0 1,0 10,0
M6 1,0 4,773 17,90 10,0 4,0 5,0 15 12,5
M8 1,25 6,466 32,80 1,0 6,773 36,0 13,0 55 6,5 15 17,0
M10 15 8,160 52,30 1,25 8,466 56,3 17,0 7,0 8,0 2,0 21,0
M12 1,75 9,853 76,20 1,25 10,466 86,0 19,0 8,0 10,0 25 24,0
M14 2,0 11,546 105 15 12,160 116 22,0 9,0 11,0 25 28,0
M16 2,0 13,546 144 15 14,160 157 24,0 10,0 13,0 3,0 30,0
M18 2,5 14,933 175 15 16,160 205 27,0 12,0 15,0 3,0 34,0
M20 2,5 16,933 225 15 18,160 259 30,0 13,0 16,0 3,0 37,0
M22 2,5 18,933 282 15 20,160 319 32,0 14,0 18,0 3,0 39,0
M24 3,0 20,319 324 2,0 21,546 365 36,0 15,0 19,0 4,0 44,0
M27 3,0 23,319 427 2,0 24,546 473 41,0 17,0 22,0 4,0 50,0
M30 35 25,706 519 2,0 27,546 586 46,0 19,0 24,0 4,0 56,0
M33 35 28,706 647 2,0 30,546 733 50,0 21,0 26,0 5,0 60,0
M36 4,0 31,092 759 3,0 32,319 820 55,0 23,0 29,0 5,0 66,0
M39 4,0 34,092 913 3,0 35,319 980 60,0 25,0 31,0 6,0 72,0
M42 45 36,479 1050 3,0 38,319 1210 65,0 26,0 34,0
M48 5,0 41,866 1380 3,0 44,319 1540 75,0 30,0 38,0
M56 55 49,252 1910 4,0 51,093 2050 85,0 35,0 34,0
M64 6,0 56,639 2520 4,0 59,093 2740 95,0 40,0 51,0

Table 3.1
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3.11.5 Bolts and studs in tension

When a bolt or stud is used in tension, the stress will be greater in the threaded
than in the unthreaded portion, since the cross-sectional area is smaller at the

root of the thread.

Crest

Depth

Pitch

Aiametet
MNominal

iameter

e
¥

iﬁhﬁ . -4
Core OT
root

= p

Thread Angle

Figure 3.42

When dealing with bolts or studs in tension, therefore, we must always use core
or root diameters and areas and not nominal diameters and areas.

The correct core diameters and core areas for ISO metric bolts and studs may
be found in Table 3.1.

3.11.6 Bolts in shear

A

Note:

It is only when bolts are in tension that we must take the core area
into account.

When a bolt is used in shear, as in Figure 3.43, it is assumed that it is not threaded
too far and that the section in shear is an unthreaded part.

Figure 3.43

Section in
shear

i | ?
-
[ ]

LD
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3.11.7 Length of threaded part on studs an tap bolts

d
[=a]
<
: I
IE |
1 =T
- ey =l |
J ' —F
TAP BOLT
A = Minimum distance threaded fastener must be screwed into threaded hole.
B = Standard length of tap bolt.
= Nominal diameter of fastener
dr = Root diameter
C+E-= %d minimum
A for Steel =d
A for cast-iron, brass, bronze = 1,5d
A for aluminium = 2d
Figure 3.44

3.11.8 Covers for steam engine cylinders
The curved wall and circular cover of a steam engine cylinder are made out of
a special type of cast-iron with a very fine grain, or of cast steel.

Covers may be flat or spherical, and are bolted to the end of the cylinder, using
studs or tap bolts. In the cover through which the piston rod passes, provision is
made for a stuffing box and gland.
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Cover

Piston rod

iston rod

gk

Gland
STUFFING BOX AND GLAND

Figure 3.45 Covers for steam engine cylinders

3.11.9 Covers for inspection holes
Boilers used for power stations, factories and locomotives, are large, with
numerous parts fitted inside them.

Enfrance to the inside of the boiler is in certain cases necessary. Inspection must
be carried out on parts fitted inside the boiler or repairs, or replacement to be
done inside the boiler.

Inspection holes are covered with special covers made of cast iron, cast steel

or mild steel. They may be circular, with a diameter of +400 mm or have an oval
form, 400 mm x 300 mm, or any other special form.

Note:
‘A\ Fixing of covers is carried out by means of tap bolts or clamps.
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The finishing of the bearing areas of the cover and cylinder flange or boiler
flange assures tight sealing.

275

- -

Figure 3.46 Various types of inspection cover

3.11.10 Design of bolts for fixing covers to steam engine cylinder and manholes
In designing the bolts or studs for cylinder and manhole covers etc, the
procedure will depend to some extent on the information given in the problem,
but there are a number of points to be taken into consideration in each case.

3.11.10.1 Number of studs for strength

The steam (or gas or water) pressure in the cylinder (or boiler or tank) acts on an
area (circular, rectangular, etc.) and causes a total force on the cover of
pressure times area.

D% .
X — circular

P;
P; X L X B rectangular
P; x m(a X b) ellipse

P
P
P

Where P = Total force on cover (hewtons)
P; =Internal pressure (pascals)
D = Diameter of packing circle (meftre)
L and B = Overall dimensions of the packing (metre)
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In some cases, as shown in Figure 3.47, when the spigot is a good fit in the
cylinder, it may be assumed that the steam pressure acts over the cross-
sectional area of the cylinder only.

: Cover Recess for Eustun. nut
' ' e ~Hut
NS e
e AN 3O R v N Studs
|
P l
. Spigot
Cylinder on znier

e

Figure 3.47 Cylinder and cover with spigot
l

27 1%

3 § ‘H"‘Pa cking

Figure 3.48 Cylinder and cover with cover packing

The total force OD the cover puts the studs into tension, so the core area must
be used and the allowable load (force) per stud found from:

Total force

Number of studs
nD?
4

Z2|v

~ Alowable load per stud =-—=P; X X %
Also

Allowable load per stud = core area of stud x allowable tensile stress

d 2
= ”Tr X ot
D? 1 dr?
Therefore P, x ”4 = =T x ot
nD? 4
N Py 4 Txdy2xt
P;xD?
N =—
dr“Xot
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or when core diameter has to be found.

2 _P; nD? 4
d? =-tx—
N 4 Xot
P; D2
dT = [Ltx —
N ot

The working stress used for the studs will be very low (ie a high factor of safety)
to allow for the tightening of the nuts which puts a considerable and unknown
load on them.

3.11.10.2 Number of studs for steam tightness

It is not sufficient for the studs or bolts to be strong enough, they must also ensure
steam fightness, and in order to do so, they must be close enough to one
another.

No hard and fast rule for this can be laid down, but the pitch of the studs or bolts
(ie the distance between their centres measured on the pitch circle) should be
from 3d for high pressures to 6d for low pressures, where d is the nominal
diameter of the stud or bolt.

PCD = PITCH CIRCLE DIAMETER
Figure 3.49

Gateways to Engineering Studies

103



Mechanical Drawing and Design | N5

PCD =D + 2t +d

PCD =D + 2t + 2 (6 to 10 mm) + 2d

Nut i AL Nut
=177 Stud W 7
// 5 y{——ﬁylinder /u/a‘f: i //\é
== cover - :
§ $ Cylinder flange \\‘\*‘\‘iﬂ ‘% Bolt
Cylinder Q N Cylinder |
Bore (D) § [\ Bore (D) |
Cylinder 7 3d : Cylimie‘r/ I
Wall (t) wall (t) d approx.
6 to 10 mm
STUD BOLT

PCD =D + 2t + d |

N
%//////////’:ﬂ:% Bolt Cylinder

NN opinier
__ Cylinder i

T L Bolthead cut away
Bore (D) |
Cylinde \

Wall (&) 4 approx.
2
BOLT PART OF HEAD CUT AWAY

Figure 3.50

_ Circumference of pitch circle

Pitch =

Number of studs or bolts
_ TXPCD

P

N

3.11.10.3 Thickness of cylinder walls
The thickness () of metal in castings is in excess of that required for strength. This
applies to cylinders that must be rigid and, in cases where no liner is used, allows

for re-boring.

) 2
t =M+0,008m

20,6 X 106 N /m?

Where

P; = internal pressure in pascals

D = internal cylinder diameter in metres
3.11.10.4 Thickness of cylinder covers
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The thickness of cover (t;) varies from t + 5mm for small cylinderstot + 14 mm
for larger cylinders.

3.11.10.5 Thickness of cylinder flanges
The thickness of cylinder flanges (A4) should not be less than d for steel, 1,5d for
castiron, and 2 d for aluminium.

3.11.10.6 Flange width
The distance from the centre of the fastener to the edge of the flange should
not be less than 1,5 d. This gives a flange width of not less than 3d.

3.11.10.7 Diameter of studs or bolts

In most problems of this type it is first necessary to decide on a suitable bolt or
stud diameter, and in doing so, a few practical points must be taken into
consideration.

In order to obtain steam tightness at the joint, the reels must be well tightened
up. Unless a high tensile steel is used, studs or bolts of under M16 may very easily
be overstressed in the lightening-up process and are liable to fail in use. They
should, therefore, be avoided, except in very small assemblies.

‘ \ Note:
A From M16 to M24 there is little danger of over-tightening, and these

are the most practical sizes.

Over M24 are clumsy, cannot be lightened to full advantage with an ordinary
spanner, and should be avoided, except for large, high-pressure cylinders.

The size of studs or tap bolts (not bolts and nuts) is also fixed to some extent by
the thickness of the cylinder flange intfo which they are screwed. A stud or tap
bolt must screw in sufficiently far to ensure that there is no danger of it pulling
out of the metal by stripping the thread. This depends on the materials of which
the stud and cylinder are made.

For mild-steel studs into steel flanges, the maximum value of d = A, and for mild
steel studs into cast iron, cast steel, brass or bronze flanges d = 1% and for mild

steel studs info aluminium flanges d = g . (See Figure 3.51).

‘ [O \ Worked Example 3.15

Determine the tensile stress in an M22 diameter bolt carrying a tensile load of
22,3 kN.

Solution:
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. Tensile load
Tensile stress = ——

Core arga
22,3 %X 10° N
—————— (see Table 9.1)

282 mm

79,1 N/mm?
=79,1 X 106 N/m?
=79,1 MPa

‘ [O \ Worked Example 3.16

What size bolt should be used to carry a tensile pull of 33,4 kN if the stress in the
material is not to exceed 62 MPa?2

Solution:

, _ Tensile load
Tensile stress = —————
Root area

Tensile load
Root area = ——

Tensile stress
_ 334x103N
" 62x106 N/m?2
=0,00053871 m?
=5,3871 x 10~* 10® mm?
= 538,71 mm?

Turn to Table 3.1, find the nearest higher core area in the table and read the
nominal-size diameter from the left-hand column.

The nearest higher core area for coarse-threaded bolts equals 647 mm?, which
is an M33 diameter bolt.

The nearest higher core area for fine-threaded bolts equals 586 mm?, which is
an M30 x 2 diameter bolt.

Thus use an M33 coarse-threaded bolt or an M30 x 2 fine-threaded bolt.

3.12 Number, size and pitch of studs or bolts for cylinders, covers
and manhole doors

‘ [O \ Worked Example 3.17

A steam engine cylinder has a 200 mm bore and 22 mm thick walls. The
maximum steam pressure is 1,38 MPa and the stress in the cover bolts is not to
exceed 16,5 MPa. Determine the number of M24 coarse-threaded bolts
required. Assume a cover with spigot.

Solution:
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nD?
4

= 1,38 x 106 N/m? x
= 43,35 kN
This force has to be resisted by the bolts which are in tension.

P =P X
x(0,2)?
4

Total force or cover

Allowable load per bolt =

Number of bolts

P
N
_ 43,35 x 103 newtons

- DTS e (1)

Also, allowable load per bolt = Core area of bolt x Allowable tensile stress
=324 x107°m? x 16,5 X 10° N/m?
= 5346 newtons

Equating this answer to equation 1, we get

43,35 x 103
————newtons = 5346 newtons

__ 43,35 x 103newtons

~N =
5346 newtons
N =812

Using 9 bolts.

Now to check for steam tightness
PCD |

Figure 3.51

Pitch circle diameter =D + 2t + 2(6 mm) + 2d
=200mm + 2(22mm) + 2 (6mm) + 2 (24 mm)
=304 mm

. __ Circumference of pitch circle
Pitch =
Number of bolts
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_ W XPCD

N
_ mX304mm
B 9
=106,12 mm

Since the bolts are 24 mm in diameter, and the pitch for steam fightness must
be between 3d and éd, then

3d to 6d
=3X24mmto 6 X 24 mm
=72mmto 144 mm

Thus a pitch of 106,12 mm will ensure a joint that is steamtight.

‘ [O \ Worked Example 3.18

A steam engine cylinder is 0,45 m diameter and uses steam at 1,24 MPa.

Calculate:

1. The thickness of the cylinder walls, which are made of cast iron.

2. The thickness of the flanges.

3. The thickness of the cylinder cover.

4. Number, size and pitch (which should be approximately 4d) of mild steel
studs for the cylinder cover.

5. Width of flange.

Tensile stress of steel = 464 MPa.
Factor of safety = 8.
A cover with a spigot is used.

Solution:
1. Thickness of cylinder walls = P"—ED + 0,008 m
20,6 X106 N/m?2

_ 1,24 x105N/m?x0,45m
~ 20,6 x106 N/m2
=0,035m

t =35mm

+ 0,008 m

2. Thickness of the flanges =12tto1,5¢t
=12 X 35mmto15 X 35mm
A =42mmto 52,5 mm
Make it, say, 45 mm.

3. Thickness of cylinder cover =t + 10 mm

=35mm+ 10 mm
=42 mm

4. Size of studs =

A
1,5
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_ 45mm
1,5
= 30 mm diameter

Total force on cover = Internal pressure X Area of cylinder

nD?
4

=1,24 x 10° x
=197,21 kN

=PiX

x(0,45)2

This force has to be resisted by the studs which are in tension.

Total force on cover

Allowable load per stud =

Number of studs

3
= 2720 X 10 D eWEONS weeeeeeeeeeeeennn (1)

Also,
allowable load per stud = Core area of stud X Allowable tensile stress
= 519 x 1076 m? x 281 N/m?

8
=30 102 newtons
Note: coarse-thread studs are assumed.

Equating this answer to equation 1, we get

3
30 102 newtons 197,21 X107

N

newtons

197,21 x 103newtons
30 102 newtons

6,55 (say 7)

PCD =D + 2t +d
=450 mm + (2 x35mm) + 30 mm
=550 mm

Circumference of pitch circle

Pitch

Number of studs
T XD

N
7T X550 mm

7
246,84 mm
Pitch to be approximately 4 x d

=4 X 30mm

=120 mm

Design is unsatisfactory.
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Our pitch is too large, thus we must use a smaller-diameter stud so that there
can be more studs.

Let us try a M16 coarse-threaded stud.

Allowable load per stud = Core area of stud X Allowable tensile stress

464x10°
8

=144 x 107® m?2 x
= 8352 newtons

Equating this answer to equation 1, we get

197,21 x 103
8352 newtons = Tnewtans

_ 197,21 x 103newtons

8352 newtons
N =126,6
Say 27 studs

PCD =D + 2t + d
=450mm + (2 x35mm) + 16 mm
=536 mm

_ Circumference of pitch circle

Pitch =
Number of studs
_ mX536mm

27
=62,37 mm

Pitch to be approximately 4 x d

=4 X 16 mm
=64 mm
Design is safisfactory.
5. Width of flange =3xd
=3 X 16 mm
=48 mm

‘ [O \ Worked Example 3.19

A flat circular cover is used to close the end of a steam pipe, 230 mm inside
diameter. The pipe metal is 22 mm thick and the steam pressure is 1,24 MPa.
Find a suitable diameter, number and pitch of the bolts holding down the
cover if the working stress is 27,6 MPa.

Solution:
Total force on cover = Internal pressure X Area of pipe
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nD?
4

=1,24 x 10° N/m? x
= 51,52 kN

=PiX

mx(0,23)2
4

Total force on cover

Allowable load per bolt =

Number of bolts

_ P
N 3
51,52 X 10

= NeWLONS ..........cceuvun.... (1)

Also, allowable load per bolt = Core area of bolt x Allowable tensile stress
Let us fry an M18 coarse-threaded bolt, which has a core area of 175 mm?

allowable load per bolt =175 X 107°m? x 27,6 x 10 N/m?
= 4830 newtons

Equate this answer to equation 1, we get

51,52 x 103
4830 newtons = Tnewtons

_ 51,52 x 103
= Tnewtons

=10,66 (say 11 bolts)

PCD =D + 2t +2(6mm) + 2d
=230mm + 2(22mm) + 2(6 mm) + 2(18 mm)
=322 mm

_ Circumference of pitch circle

Pitch =
Number of bolts
_ T XPCD

N
_ T X332

11
=91,96 mm

Check for steam tightness

Pitch = xd, which should be between 3d and 6d
_ pitch

d
_ 91,96 mm

18 mm

= 5,1 which is in the limits

A smaller diameter bolt, say M16, would have given a better result.
You are advised to re-calculate the previous example, using M16 coarse-
threaded bolts.
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‘ [O \ Worked Example 3.20

Figure 3.52 shows a steam chest opening, 360 mm by 200 mm, which is to be
closed by means of a cast iron flat cover. The steam pressure is 1 MPa, and
the jointing material may be considered as extending to the bolts and to be
subjected to the same pressure.

Design the flange and cover, using a stress of 42 MP for the bolts. The steam
chest walls are 20 mm thick and the flange must be capable of taking either
bolts or studs although we are considering bolts only here.

|
i - -

: joint |
]

500
. | |
SAE AR - 2
— - - - 4 - o ‘
N I e ety ? N i
‘1_-? ’ 5 1 i .
TR | 7 I
SR ' A o
PO : i b =]
al- Ve e A o~ -
g 17 v n
. o A1 3|
a7 ‘N
NI & ; A |
R R RN R IE : g
" I 4
—-1p - - .t S
= 2 ~
Figure 3.52
Solution:
Flange thickess =15t
= 1,5tx20mm
A = 30mm
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Diameter of tap bolts = 4

,5
omm
1,5

W=

Try =20 mm nominal diameter coarse-threaded bolts.
Let aand b = overall pitch centres of the tap bolts
a =x + 2t + 2(8) + 2d
=360 + (2 x 20) + 16 + (2 x 20)
456 mm

o
I

y+ 2t +2(8) + 2d
=200 + (2 x 20) + 16 + (2 x 20)
=296 mm

Effective joint area

The effective joint area should terminate at the inside of the bolts.
=a—d
=456 — 20
=436 mm
B =b —d
=296 — 20
=276 mm

Total force on cover = Internal pressure X Area
P =P, xLxB
=1x 105> x 0,436 m X 0,276 m
= 120,34 kN

This force has to be resisted by the bolts which are in tension.

Total force on cover
Number of bolts

Allowable load per bolt =

_P
N
_ 120,34 x 103newtons

RO s (1)

Also,
allowable load per bolt = Core area of bolt X Allowable tensile stress in bolts
allowable load per bolt =225 x 107°m?2 x 42 x 10° N/m?
= 9450 newtons

Equate this answer to equation (1), and we get
120,34 x10%  _ 9450

_ 120,34 x 103

9450
= 12,73 (say 14 bolts)
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Assume one bolt at each corner and the number of bolts along length a equal
5 and along b equal 4.

456

The pitch of the bolts along lengtha = -

=114 mm

296

The pitch of the bolts along lengthb = vy

=98,67 mm
For steam tightness the pitches should be between 3d and 6d.

3 X 20mmto6 X 20mm
=60mmto 120 mm

The pitches of 114 mm and 98,67 mm are satisfactory.

@ Activity 3.1

1. Two flat bars, 200 mm wide by 20 mm thick, are to be joined by means of
a butt joint with double cover straps. Conical head rivets at the bottom
with countersunk heads at the top are to be used, with zig-zag riveting.
There are three rows of rivets on each side of the butt joint (3 rivets in the
first row, 2 rivets in the second row and 1 rivet in the third or outside row).
Calculate:

a) The diameter of the rivefts.

b) The thickness of the cover strap.

c) The distance between the rows.

d) The distance between the centre line of the rivet hole to the edge of
the plates.

e) The pitch.

f) The diagonal pitch.

g) The length of the cover strap.

What is a joint like this called?

Make a free-hand sectional front elevation sketch taken through the

centre line of the bars, as well as a plan showing 12 rivets. Insert all

dimensions.

2. Two lengths of 22 mm steel plate, each 280 mm wide, are to be joined by
a single-riveted lap joint, using 4 rivets of 24 mm diameter. Give a fully
dimensioned sketch of the joint. Determine the safe load that may be
applied to the plates, and state how, and at what load, the joint would
probably fail.

Tensile stress of steel = 462 MPa
Shear stress of steel = 384 MPa
Crushing stress of steel = 618 MPa
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Factor of safety 6.

3. Two lengths of tie-plate, 12 mm thick and 180 mm wide, are joined by a
single-riveted lap joint with 3 rivets, 24 mm in diameter. When this joint is
carrying a pull of 120 kN, determine:

i) the tensile stress in the plates;

ii) the shear stress in the rivets;

i) the crushing stress between the rivets and the plates.

If the ultimate stresses of the materials are the same as in question 1,
determine the efficiency of this joint.

@ Activity 3.2

1. Design a double-riveted lap joint with chain riveting for a tie-plate, 15 mm
thick, to carry a pull of 280 kN.
The ultimate stresses of steel in tension, shear and crushing are 465 MPa,
385 MPa and 620 MPaq, respectively, and a factor of safety of 5 is to be
used.
Give a fully dimensioned sketch of the joint.

2. Calculate, by equating the tensile and shearing loads, a suitable pitch for
a single-riveted lap joint for an 18 mm steel plate.

Diameter of rivet =6\t
Tensile stress of steel =464 MPa
Shearing stress of steel =384 MPa
Compressive stress of steel = 616 MPa
Factor of safety =8

Calculate the failing loads per pitch length of your design for tension, shear
and compression, and then determine the allowable load and the
efficiency.

Draw, freehand, two views of the joint, using flush countersunk heads on
one side and standard snap heads on the other. Insert the dimensions.

3. Two steel plates, each 12 mm thick, are joined by a double-riveted lap joint,
using snaphead rivets of diameter d = 6+/t, using the nearest standard-size
rivet.

Design a suitable joint by equating tensile and shear strengths.

Then calculate the safe loads per pitch width of the joint for tension, shear
and crushing; deduce the efficiency of the joint.

Tensile stress of plates, 492 MPa

Shear stress of rivets, 402 MPa

Crushing stress of rivets and plates, 648 MPa

Factor of safety = 6

4. Two steel plates, each 15 mm thick, are joined by a double-riveted lap joint
with rivets of diameter d = 6+/t, using the nearest standard-size rivet.
Determine a suitable pitch for the rivets, given:-

Tensile stress of steel, 463 MPa
Shear stress of steel, 386 MPa
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Crushing stress of steel, 618 MPa.
Calculate the efficiencies relative to tearing, shear and crushing.
State the efficiency of the joint.

&p‘ Activity 3.3

1. Two mild steel plates, each 15 mm thick, are connected by a double-
riveted butt joint with two cover straps.
If 20 mm diameter rivets are used, calculate the pitch of the rivets and the
efficiency of the joint. Take the working stresses in shear as being 92 MPa
and in tension as being 124 MPa. Calculate the bearing stress in the joint.
2. A tension member is to be made from two lengths of flat bar, 20 mm thick,
and connected by means of a butt joint with two cover plates, the total
load on the tie bar being 600 kN.
Determine:
(a) The width of the flat bar.
(b) The number of 30 mm diameter rivets required.
(c) The thickness of the cover plates.
(d) The efficiency of the joint.
Use the following safe stresses: tensile 124 MPa, shear 93 MPa, crushing 185
MPa. Sketch the lozenge joint, showing the arrangement of rivets with
principal dimensions.

&p‘ Activity 3.4

1. An air reservoir, 1 min diameter, is subjected to an internal pressure of 827
kPa. The longitudinal butt joint is double zig-zag riveting and has two cover-
straps.

a) Assume an efficiency of 75% in the longitudinal joint and determine the
thickness of the shell plates.
b) Find the diameter of the rivets to the nearest standard size.
c) Find the pitch of the rivets to the nearest milimetre by
(i) equating the shear strength of the rivets to the tensile strength of the
plate;
(i) equating the bearing strength of the rivets to the tensile strength of
the plate.
d) Evaluate the efficiency of the joint for tearing, bearing and shear, using
the smaller pitch. Use working stresses of 77 MPa in shear, 93 MPa in
tension, and 154 MPa in bearing.

R, || Activity 3.5
Q‘ Y

Gateways to Engineering Studies
116




Mechanical Drawing and Design | N5

1. What size coarse-threaded metric bolt must be used to carry a tensile pull
of 20 kN if the allowable stress is 55,2 MPa?

2. Determine the tensile stress in a fine-threaded stud having a core diameter
of 12,16 mm carrying a pull of 15 kN.

3. Three mild-steel studs, each M20 diameter, have to be screwed into the
following flanges:

One in steel, one in cast iron and the other one into aluminium.
Calculate the flange thickness for each case.

4. Calculate the number of 16 mm diameter coarse-threaded studs required
from a strength point of view for the cover of a steam engine cylinder 356
mm in diameter, with maximum steam pressure 1,4 MPq, if the stress in the
studs is not to exceed 62 MPa. Do you consider the number of studs you
obtain to be suitable from a steam tightness point of view?

Sketch an elevation of the cover, half in section, and insert dimensions.
The cylinder wall is 30 mm thick and the flange 32 mm thick.

5. Determine the size, number and pitch of bolts for fixing a cover to the
flanges of a steam engine of 380 mm bore. The thickness of the cast iron
cylinder wall is 20 mm and the flanges are 25 mm thick. The steam pressure
is T MPa. Allow a working stress in the bolts of 31 MPa.

6. A cast-steel manhole cover for a rectangular-shaped hole measuring 460
mm by 300 mm, with the corners rounded at 76 mm radii, is fitted to the
end of a tank. The pressure in the tank is 5,7 Mpa. The plate for the tank is
25 mm thick and the flange of the manhole cover is 28 mm thick, and, in
addition, it has a spigot 6 mm deep and several reinforcing ribs 20 mm thick
on its back.

Calculate the number and diameter of the studs, whose centres should be
about 3d apart. The centres of the studs should not be nearer than 1%d to
the edge of the tank plate and the manhole cover outer edge.

Tensile strength of stud steel = 616 MPa. Factor of safety = 8.

Sketch, about half-size, two views of your design with all main dimensions.

[@] Self-Check

| am able to: Yes | No
e Describe rivet heads

e Describe types of riveted joints

e Describe the design of riveted joints

o Methods of failure of single-riveted lap joints

o Working stress to be used if not given

o Strength of solid plate

o Efficiency of riveted joints

Describe the methods of failure of double-riveted lap joints
Describe butt joints

Describe lozenge joints

Describe riveted joints on high pressure cylinders
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o Thin cylinders
o Joints for cylindrical pressure vessels, ie boilers and tanks
e Describe fasteners
o Threaded
Proportions of ISO thread
Designation of ISO screws
Specifications
Bolts and studs in fension
Bolts in shear
Length of threaded part on studs and tap bolts
Covers for steam engine cylinders
Covers for inspection holes
Design of bolts for fixing covers to steam engine cylinders and
manholes
e Describe studs or bolts used for steam cylinder covers and
manhole doors
o Number
o Size
o Pitch
If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.

o |0 |0 |0 |0 |0 |0 |0 |O
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Module 4

Cofer ane Knuekle Jolnis

Learning Outcomes
On the completion of this module the student must be able to:

e Describe knuckle joints
o Standard proportions

e Describe cotter joints
o Standard proportions
o Design

4.1 Introduction

Knuckle joints are used to connect two shafts which are subjected
to a load that moves in one plane and are found in valve
mechanisms. Cotter joints are used where shafts are subjected to
axial forces, eg at the connecting rod of a steam engine as well as
at the crosshead connection.

In a cotter joint, the one end of the shaft is turned taper and fits into a taper
socket on the end of the other shaft. When the taper end and socket are fitted,
a hole is drilled through the fitted position and is secured by means of a coftter.
The taperis £ 3 mm per 100 mm.

The clearance in the rod is on the opposite side to that of the clearance in the
socket. The cotter is tapered on the one side only and the ends should be
bevelled to prevent them from spreading when hit with a hammer. The deeper
the coftter is driven into the joint, the more secure the joint becomes.

4.2 Knuckle joints

This joint is also known as the fork or pin joint, and is used to connect two bars,
which require a small axial movement in one plane, and it is to be found in
almost every branch of mechanical and some structural work: the fie bars of a
roof fruss or braced girder, links of a suspension bridge, valve mechanism of
reciprocating engines, all are examples of its use.

As illustrated in Figure 4.1, it consists essentially of three parts, which are:
e the single eye forged with rod A;
e the double eye or fork forged with rod B;
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e the pin C which connects the two parts of A and B at their junction with the
eye.

Both rods have an octagonal form, which facilitates the manipulation of the joint
and rods.

Figure 4.1

The joint will, as far as possible, be designed to have equal strength at its critical
sections. The stress in any part of the joint is calculated from the knowledge of
the load carried by the joint and the dimensions of the specific part.

Three forms of stresses are involved, namely, tensile, shear and crushing. In each
case the stress is given by dividing the axial load by the cross-sectional area of
the section.

Axial load

Stress = -
cross—sectional area

In order to design a knuckle joint, we must investigate the ways in which it can
fail and the stresses induced in the various parts.

Failure of the joint may occur in the following ways:

e The solid rod of diameter d may tear

Figure 4.2

Axial load = Tensile stress X Cross — sectional area
_ nd?
4

e The single eye may tear
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Figure 4.3

Axial load = Tensile stress X Cross — sectional area
P =0, x(d,—d;)Xb

e The fork may tear

Figure 4.4

Axial load = Tensile stress X Cross — sectional area
=0, x2(d,—d;)*Xa

e The pin may shear
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Figure 4.5

Axial load = Shear stress X Cross — sectional area

p =T><2”i"2

e The pin may be crushed against the single eye

Figure 4.6

Axial load = Crushing stress X Projected area
P =0,Xd;Xb

e The pin may be crushed against the fork

Figure 4.7

Axial load = Crushing stress X Projected area
P =0, X2Xd;Xa
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Note:
A The bending stress in the pin may be greater than the shear stress
and it is for this reason that the pin diameter d; is usually made equal

tfo the rod diameter d.

In each case:

e if Pisthe failing load, then stress is the ultimate stress

e if Pis the safe working load, then stress is the safe working stress

e if Pisthe actual applied load, then stress is the actual induced stress

4.2.1 Standard proportions of the knuckle joint
These proportions should only be used when the rod diameter is known and

calculations are not required.

stop p]'\n // tE.l‘[.‘IE-!.'ed
A : pln
. A

K

radius

Figure 4.8
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In engineering design, considerable use is made of what are known as "standard
proportions". Text-books and handbooks have been published showing
common parts and fitting such as knuckle joints, tottered joints, flanged
couplings, etc, with all dimensions in good proportion.

These dimensions are the result partly of calculations and partly of experience.
They will be found to vary somewhat in different handbooks, but will not differ
very much in the main size.

Figure 4.8 shows an isometric sketch of a knuckle joint with standard proportions.
It will be noted that the diameters of the rods and of the pin are each shown as
one unit. If we wish to draw a joint for 20 mm diameter rods, then our unit will be
20 mm, and where a dimension of 1,2 is shown on the sketch, we will make it

=1,2x20mm
=24 mm

The other dimensions are worked out in a similar way.

‘ [O \ Worked Example 4.1

A pin or knuckle joint connects the ends of two rods A and 8, each 24 mm in
diameter and subjected to a pull of 30 kN. The end of rod A has an eye which
is 48 mm in diameter and 30 mm thick bored to take the pin which is 24 mm in
diameter. The forked end of rod B has two bearings, each with an outside
diameter of 48 mm, 18 mm wide and bored 24 mm diameter for the pin.

Calculate:

1. Tensile stress in each rod away from the joint.

2. Shear stress in the pin.

3. Tensile stress in the metal of the eye.

4. Bearing stress between the pin and the fork bearings.

Solution:
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A

24

30 kN o ; ‘:?__30 kN
=~ L]
1rB 1 A

30 ku‘_@g_ _
(1

Figure 4.9

1. Tensile stress in each rod away from the joint

i)
o ¥

E
§§3 el
—— G
50 e

Figure 4.10

Axial load = Tensile stress X Cross — sectional area

Axial load

~ Tensile stress -
C;OSS—SeCthTlal area

Ot md?

34o><1031v><4

x(0,024 m)2

66,32 x 10° N/m2
= 66,32 MPa

2. Shear stress in the pin
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Figure 4.11

Axial load = Shear stress X Cross — sectional area

Axial load

~ Shear stress -
CT%SS—SGCthTlal area

£ andiz
4
30x103Nx4
2x7x (0,024 m)?

33,16 x 10° N/m?
=33,16 MPa

3. Tensile stress in the metal of the eye

Figure 4.12

Axial load = Tensile stress X Cross — sectional area

Axial load

~ Tensile stress -
CTOS}S)—SGCthTlal area

O’ —
t " (do—dp)xb

_ 30x103N
(0,048 m—0,024 m)x0,03 m
=41,67 x 10° N/m2
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= 41,67 MPa

4. Bearing stress between the pin and the fork bearing

Figure 4.13

Axial load = Crushing stress X Projected area

, Axial load
~ Crushing stress =

Projected area
_ P
- 2xdixa
30x103N
" 2x0,024 mx0,018 m
= 34,72 x 10° N/m?

= 34,72 MPa

O¢

‘ [O \ Worked Example 4.2

A knuckle joint for two round rods is required to carry a load of 50 kN. The
working stresses in tension, shear and bearing must not exceed 124, 62 and 93
MPa, respectively.

Calculate the necessary diameters of the rods and pin.

Using the standard proportions given in Figure 4.8, determine the outside
diameter and the widths of the eye and fork.

Check the tensile and bearing stresses in the eye and fork.

Solution:
Rods

7 50 kN
»:r-;_,//
/ 7

5&’1?
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Figure 4.14

Axial load = Tensile stress X Cross — sectional area

Axial load

Cross — sectional area = ————
Tensile stress

md?
4

d

LY

PXx4

O XTT
30X103N X4
124x106 N/m2xm
/5,134 x 10-4m?

=0,0227 m
Say 23 mm diameter rod.

Pin
Axial load = Shear stress X Cross — sectional area

Axial load

Cross — sectional area = —————
Shear stress
1Tdi2

4

diz

2 X

<N |

Px4
TX2XT

_ 50x103Nx4

T\ 62x106 N/m2x2xT
= /5,134 x 10~4m?
=0,0227m

Say 23 mm diameter pin.
Standard proportions

Outside diameter of eye and fork =2 xd
=2x23mm
=46 mm

Width ofeye =1,2Xd
=1,2x23mm
= 27,6 mm

Say =28 mm

Width of forks =0,75Xd
=0,75x23 mm
=17,25mm
Say =18 mm
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Tensile stress in eye

Figure 4.15

Axial load = Tensile stress X Cross — sectional area

Axial load

~ Tensile stress = -
CTOS;—SGCthTlal area

o’ s —
t " (do—dpxb
_ 50x103N
(0,046 m—0,023 m)x0,028 m

= 77,64 x 10° N/m?

= 77,64 MPa which is less than the allowable 124 MPa

Tensile stress in fork

Figure 4.16

Axial load = Tensile stress X Cross — sectional area
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Axial load

~ Tensile stress = -
CT'OSSP—SECflOTLal area

% = Sap-apxa

50x103N
2(0,046 m—0,023 m)x0,018 m
60,39 x 10° N/m2

= 60,39 MPa which is less than the allowable 124 MPa

Bearing stress in eye
This is the same as the bearing stress in the pin which is crushed against the
eye.

Figure 4.17

Axial load = Bearing stress X Projected area

, _  Axial load
~ Bearing stress = ———
Projected area

P
"~ d;xb

50x103N
"~ 0,023 mx0,028 m
=77,64 x 10° N/Tn2

= 77,64 MPa, which is less tha the allowable 93 MPa

O¢

Bearing stress in fork
This is the same as the bearing stress in the pin which is crushed against the
fork.

Figure 4.18
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Axial load = Bearing stress X Projected area

Axial load

~ Bearing stress = —————
Projected area

P
2xd;xa
50x103N
2x0,023 mx0,018 m
60,39 x 10° N/m?
= 60,39 MPa which is less than the allowable 3 MPa

‘ LO \ Worked Example 4.3

A pin in a knuckle joint is subjected to an axial load of 20 kN. Assume that the
thickness of the eye is to be 1,5 times the diameter of the pin. The allowable
stress of the material in tension and compression as a result of bending is 62
MPa and the allowable stress in shear is 31 MPa. The allowable bearing stress
is 21 MPa. Determine the required pin diameter.

O, —

Solution:
Check the pin for (a) bending (b) shear and (c) bearing.

(a) Bending

N\ ?90 KN
7
;‘1
Figure 4.19 Where M = bending moment
P = axial load
_ PXL L = thickness of eye
M =— _ .
8 o, = bending stress
— 90x10°Nx1,5xd; Z, = elastic modulus of
8 . Tl,'di3
= 16875 d;N section = —-

AlsoM =o0,Z,

16875 X d;N =62 x 105N /m? x 224
16875 x d;N = 6,09210° x d;>N/m?
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42 —__16875N
t 6,09 X106 N /m?
d;> =2,771 x 1073m?
d; =0,0526 m
Say =53 mm

b) Shear
Axial load = Shear stress X Cross — sectional area

s _ Axialload
Cross — sectional area = ——
Shear stress

2><7'L'di2
4
2
d;

[ |

_ Px4

- TX2XT
90x103N x4

T 31x106 N/m2x2xm

V1,85 x 10-3m2
=0,043m

Say =43 mm

d;

b) Bearing
Axial load = Bearing stress X Projected area

, _  Axial load
Projected area = ————
Bearing stress

P

di Xb = 0'_
PC
d;x15d; = —
_ P
h ocX1,5
d. = 90 X103 N
L7 | 21x106N/m2x1,5
=0,0535m
=54 mm

Say
A pin of 54 mm diameter should be used.

‘ LO \ Worked Example 4.4

Two mild steel rods tfransmit a pull of 60 kN, and are to be connected by a
knuckle joint. Calculate the diameter of the rods, and design the joint so that
the ultimate tensile stress will not exceed 460 MPq, the ultimate shearing stress
420 MPa and the ultimate compressive stress - 835 MPa. Use a safety factor of
5.

Solution:
Working stresses
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Ot

__ 460x10°N/m?

5

=92 MPa

_ 420x10°N/m?
5

84 MPa

_ 835x10°N/m?

5
=167 MPa

The rod may fail in tension

O

Figure 4.20

Axial load

Cross — sectional area =

nd?

= Tensile stress X Cross — sectional area

Axial load
Tensile stress

4

d

Say

Px4
O XTT
60x103N x4
92x108 N/m2xm
=,/0,0288 x 10~*m?
= 30 mm diameter rod

Pin may fail in double shear

Figure 4.21

Axial load

= Shear stress X Cross — sectional area
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s _ Axialload
Cross — sectional area = ————
Shear stress
2><7'l.'di2 P
T

4

d, = , Px4
TX2XT
=\/ 60x103Nx4
84%106 N/m2x2xm
=0,021m
Say =21 mm

Since additional stresses as a result of bending in the pin must be allowed for,
make the pin the same size as the rod, namely 30 mm in diameter.

Single eye on rod

Figure 4.22

Axial load = Tensile stress X Cross — sectional area

, _ Axialload
Cross — sectional area = -
Tensile stress

(do —d)b =<

Ot
P
b

o(do—d;)

Assume d, =2 X d; from standard proportions
=2 x30mm
= 60mm

_ 60 x103N

" 92 x106 N/m2x(006 m—0,03 m)
=0,0217m

Say =22mm

Now b
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Check the bearing stress in the eye

Axial load = Bearing stress x Projected area

. _ Axialload
Bearing stress =

Projected area
P
d;Xb
60 x10° N
"~ 0,03m x0,022m
=90,9 MPa
Which is less than the allowable Double eye on rod bearing stress of 167 MPaq,

therefore well within the limit allowed.

O¢

Double eye on rod

Figure 4.23
Axial load = Tensile stress X Cross — sectional area

Axial load

Cross — sectional area = - .
Tensile stress

P
ZX(do—di)a =
Ot
a = P
or(do—d;)x2
_ 60 X103N
92 X106 N/m?x(006 m—0,03 m)x2

=0,0109 MPa
Say 12 mm thick

Check the bearing stress in the fork

Axial load = Tensile stress X Projected area

Axial load

Bearing stress = ———
Projected area
oc = z(do - di)a

_ 60 x103N
2 (0,06 m—0,03m) 0,012 m
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= 83,33 MPa

which is less than the allowable bearing stress of 167 MPa, therefore well within
the limit allowed.

Thickness at curved section of fork

Figure 4.24
At this section (x — x) the resisting area consists of two rectangles,
Where area =2Xa;Xc

Assume c =12xdanda; =0,6xd
(from standard proportions)
S C =1,2x30mm
=36 mm and
a; =0,6x30mm
=18 mm

Check tensile stress at this section

Axial load Tensile stress X Cross — sectional area

Axial load

Tensile stress ,
Crogs—sectlonal area

oy =
2XaqXc
60 X103N
2x0,018 m 0,036 m

= 46,3 MPa,which is well below the tensile stress

All other dimensions are obtained by using standard proportions.
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4.3 Cotter joints

Cotter joints are used chiefly to connect rods, etc, which are subjected to axial
forces only; that is to say, when it is desired to connect two rods in the direction
of their lengths.

For instance, a valve spindle may be connected to a valve rod, a piston rod

may be connected to a cross-head, or two separate lengths of rods for a deep-
well pump may be joint together.

Note:
A In most cases the load which is applied to the joint is tensile during
the stroke in one direction, and compressive during the reverse

stroke.

The coftter joint comprises of three main portions, namely
1. the rod which enters the socket Figure 4.25q;

2. the socket Figure 4.25b;

3. the cotter Figure 4.25c.

%_._

a) Pierced Rod

%
rd

\\\

SN

7

J

b) Socket

77
[ L
T

c) Cotter
Figure 4.25

The cotter joint has numerous forms, some of which are shown in Figure 4.26.
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P— B p—

T3 L

"]

- —— —

%

)

‘5%
Q
nx\

N
B

N2\

TAK < :ﬁ/é / ;‘w%
U

(iii) {iv) (v)

NN - ;/\t\\;\;;\ I NN
e N
NN

(vi)

Figure 4.26

Figure 4.26(i) and Figure 4.26(ii). These are the standard cottered joints for joining
two rods. Figure 4.26(i) has a parallel rod end and socket, the rod being drawn
up tightly against the collar “x" by driving in the tapper cotter.

Figure 4.26(ii) has a tapered rod end which is drawn tightly into the tapered
socket by driving in the cotter. The collar is not essential in this case but is
provided to help in removing the rod from the socket if it should stick.

In both cases note the clearances at “c". These are essential for the cotter to be
able to draw the joint up tightly. The clearance in the rod is on the opposite side
to the clearance in the socket, the clearance being approximately 3 mm.
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Figure 4.26(iii) shows a piston rod afttached to a cross-head by means of a
cottered joint.

Figure 4.246(iv) and Figure 4.26(v) show cotters as used on foundation bolts, etc.
Note the large clearance in Figure 4.26(v) to enable the coftter to be inserted.
Figure 4.26(vi) . Two rods joined by a tubular sleeve and cotters.

In each case where the rod end is tapered the taper should be 1in 16 or I mm
per 16 mm on the diameter (ie the diameter decreases by 1 mm for 16 mm
length of taper).

The taper on the cottersis 1in 32 or 1 mm per 32 mm length except when some

retaining device such as a grub-screw is provided to prevent the cotter working
loose. In that case the taper may be considerably more.

Note:
‘A\ The coftter is tapered only on one of its long sides, and that its cross-

section is of rectangular shape.

We will always speak of the cotter being of breadth b and thickness t; so far as
the breadth b is concerned, it is the mean breadth of the tapered cotter which
is meant. tis of constant thickness, as is shown in Figure 4.27.

1 unit
Recess for d"_
locking pin ™~ —
i I
\@ |
|
|

No taper \\ fmt;ﬂl +,

32 units

Lt i e i

Figure 4.27

On giving consideration to Figure 4.28, it will be seen that when the load being
carried by the joint is acting towards the right arrow P, the compressive load is
being carried by the collar x; when the load acts in the reverse direction, the
joint is subjected to tensile force, and this tensile load is carried by the cotter,
which latter, obviously, tends to shear through in two places.

Gateways to Engineering Studies

139



Mechanical Drawing and Design | N5

Note:
A The slot which goes right through the socket, penetrates partly
through the enlarged diameter D, and partly through the smaller

diameter D;.

This enlarged diameter, D, offers resistance to the cotter when the rod is being
subjected to tension, that is, when the load is being carried and movement is in
a direction opposite to that indicated by the arrow P.

Cotter
Theikness of cotter t
. Taper 1 in 32
_— _‘_...--"'"'_
Socket ‘]i Pierced rod
T o P
7 T
________ |

SV —
E.\\ i

h

Clearances + 3 mm

Figure 4.28

4.3.1 Standard proportions
The following standard proportions can be used for a cotter joint. All letters
should refer to Figure 4.28.

D =24d a =g = 0,75d e =

D, =1,75d b =1,3d f =0,5d

d, =1,21d t =0,31d c =g — 3mm
d, =1,5d t; =0,45d

Standard proportions only to be used when calculations are not required.

4.3.2 Design of cottered joints
In order to design cofttered joints we must investigate all the possible ways in
which they can fail. The symbols used are the same as those in Figure 4.8.

Suppose the joint is subjected to a fluctuating load of +P newtons and that the
safe tensile, shear and compressive stresses are a,, T and g, respectively. For mild
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steel it is always safe to assume that the ratio of the safe tensile stress, to the safe
shear stress to the safe crushing stress is as

listo0,8isto 1,6ie:
o, .1.0,150s1:08:1,6

Referring to Figure 4.29 we see that when the load is a compressive one, ie
acting in the direction of arrow P the rod of diameter d is in compression, and
that the thrust is carried by the collar having the diameter d,. Failure may occur
in the following ways.

=
A
%} B
’ /"
3% 7 P
175 A
'F’Nl {/{{\ — 2zl
N
. |..__ __ti g
= N —
Figure 4.29

e The collar may be sheared so that it slides over-the solid shaft

Figure 4.30

Shear load = Shear stress X Shear area
P =1TXmdy Xty cvvnininannnn... (1)

e The collar may be crushed against the Socket
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Figure 4.31

Crushing load = Crushing stress X Projected area
P =at><§(d§—df) .................. (1)

When the load is in the other direction, a tensile force acts along the rods, and
failure may occur in the following ways.

e The solid rod of diameter d may tear

Figure 4.32

Tensile load = Tensile stress X Cross — sectional area
d4-
P =0 X T i, (3)

e The pierced rod may tear

Figure 4.33
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Tensile load = Tensile stress X Cross — sectional area
T .2
P =atx(%—d1><t) .................. (4)

Note:
‘A\ If the pierced rod is tapered the diameter d; will be the diameter on

the smaller portion of the taper.

e The socket may tear at the cotter hole

Figure 4.34

Tensile load = Tensile stress X Cross — sectional area
P =0, x{E(DF—d?) = t(Dy —d)}orrcrrn, (5)

e The cotter may shear

Figure 4.35

Shear load = Shear stress X Cross — sectional area
STX2XtEXbDooiiiinnn.. (6)
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Cotteris in double shear.

e The end of the pierced rod may shear

Figure 4.36

Shear load = Shear stress X Cross — sectional area
P =7X2Xd{XAueovvivivinnnn... (7)

e The end of the socket may shear

Figure 4.37

Shear load = Shear stress X Cross — sectional area
P =17X2(D—dy) X geeeevivianann.n. (8)

e The cotter may be crushed against the rod
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Figure 4.38

Crushing load = Crushing stress X Projected area
P =0, XdyXteeeeuiinin.n. (9)

e The cotter may be crushed against the socket

2|

t2]rd

Figure 4.39

Crushing load = Crushing stress X Projected area
P ZUCX(D_dl)t .................. (]O)

When the various sizes of the parts of a coftter joint are given and it is required to
calculate the allowable load carried by the joint, or the various stresses induced
in the various parts of the joint, equation (1) to (10) are used in the calculations.

For equal strength of all parts of the cotter joint, equations (1) to (10) are equal
to each other, and can be used to calculate the various sizes for the parts of a
joint.

Therefore, when the allowable tensile stress, shear stress and crushing stress as
well as the allowable load carried by the joint are given and it is required to
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obtain suitable sizes for the parts of the cotter joint it is necessary to equate some
of the equations (1) to (10) to each other as follows:

e To find the breadth (b) of the cotter
Equate equation (6) to equation (9).

Shear load in cotter = Crushing load in cotter against rod

TX2XtXb =0.Xdy Xt
:O'CXdl (-l-l)

TX2

e To find the thickness (t) of the cotter
Equate equation (4) to equation (9).

Tensile load in pierced rod = Crushing load in cotter against rod

dl
atx(%—dlxt) =g.Xdy Xt
_ ogXmXdq
t =1 oty (12)

e To find the diameter (d,) of the pierced rod
Substitute the value of t from equation (12) in equation (9) and we have

P =0, XdyXt.coevvninin.n. (9)

_ O'tXTl'Xdl
= X X
P =oexd 4(oc+or)

. d = M
m n(oc+ot)

To find outside diameter (d,) of collar

Equate equation (2) to equation (9)

Crushing load in collar = Crushing load in cotter against rod
atx%(dg—df) =g.xXdy Xt

d, =J§(d1xt)+d§ ............... (14)

Always adjust calculated diameters of the collar joint to correspond to the next
upper standard size round bar.

Table 4.1 shows the standard diameters of round steel bars, in millimeters:
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Standard diameters of round steel bars
(mm)

6 20 50 100
8 22 55 110
10 25 60 130
12 30 65 150
14 35 70 170
16 40 80
18 45 90

Table 4.1

To find the thickness (t;) of the collar
Equate equation (1) to equation (6)

Shear load in collar = Shear load in cotter

TXmdy Xty =TX2XtXDb
_ 2Xtxb

X dl

e To find the rod diameter (d)
Equate equation (3) to equation (4).
Tensile load inrod = Tensile load in pierced rod

nd? nd?
o x T =y (- dixt)
4d,xt

d =d? =2t (16)

A

e To find the length (a) at the end of the pierced rod
Equate equation (7) to equation (6).
Shear load in end of pierced rod = Shear load in cotter

TX2XdyXa =tX2XtXb

e To find the enlarged diameter (D) of the socket
Equate equation (?9) to equation (10).

Crushing load in cotter against rod = Crushing load in cotter against socket
O-CXdlxt =O-tX(D_d1)t
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e To find the diameter (D,) of the pierced socket
Equate equation (5) to equation (4).

T n2 _ 42 i
gy X {Z(D1 —di) —t(D; — d1)} =0t (T —dy X t)
0,785Df - 1,57d% - Dlt + 2d1t = O ................... (] 9)

Equation (19) is a quadratic equation and can be solved by using the formula

_ —b+Vb2-4ac

b, 2a
e To find the length (g) at the end of the enlarged end of the socket
Equate equation (8) to equation (6).

Shear load in enlarged end of socket = Shear load in cotter

TX2(D—dy)g =TX2XtXbh
txb

g B (20)

Di—dq

The head of a cotter joint may also be in the form of a Stirup. (Rectangular).
Figure 4.40.

'\!
(‘“ ! [
r“ : b I;IE
F o —d . © : S - 1° o P
|
—-j 1 ! fr
Wl [
G )

Figure 4.40
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The joint may fail in any of the following ways:

R The solid rod may tear

Figure 4.41
Tensile load = Tensile stress X Cross — sectional area

2
p =at><% .................. ()

ii. The square head may tear at the cotter hole

Figure 4.42

Tensile load = Tensile stress X Cross — sectional area

Again, try to use a standard size square steel bar for the pierced rod. Table 4.3
shows the standard width across flats in millimeters of square steel bar:
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Standard diameters of round steel bars

(mm)
10 16 25 40
12 18 30 45
14 20 35 50

Table 4.2

iil. The forked head-may tear at the cotter hole

Figure 4.43
Tensile load = Tensile stress X Cross — sectional area
P =0, X2XfX@—=1t) ceeviviininnnn.. (c)

iv. The cotter may shear

Figure 4.44
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Shear load = Shear stress X Cross — sectional area
P =TX2XbXt ccviviiiannnnnn.. (d)

v.  Shearing of the rectangular head

Figure 4.45
Shear load = Shear stress X Cross — sectional area
P =TX2XCXe€ voviiiinnnnnn.. (e)
Vi. Shearing of the forked ends
-?
g
Figure 4.46

Shear load = Shear stress X Cross — sectional area

P =TX4AXFXG oviiiiininnnnnn. (f)
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Vii. Cotter may be crushed against the square head

Figure 4.47
Crushing load = Crushing stress X Projected area
P =0cXCXt vviiiiniinnnnnn. (9)
Viil. Cotter may be crushed against the forked end
Figure 4.48

Crushing load = Crushing stress X Projected area
P =0 X2X[f Xt ciiiiiiiinnnnnnn.. (9)
Again, for equal strength of all parts of the joint, equations (a) to (g) are equal

to each other, and can be used to calculate the various sizes for the parts of
such ajoint.
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‘ [O \ Worked Example 4.5

A cottered bolt of the type shown in Figure 4.26(iv) has to be designed to carry
a pull of 130 kN and the working stresses are not to exceed 124 MPa, 93 MPa
and 216 MPa for tension, shear and crushing respectively.

Design the bolt and the cotter.

Solution:
P
dr
B d
N\
1
)
d1
— ] sl i]
~———-d 1
l
£
'|r
- [
m
!
Figure 4.49

Find diameter d, pierced section

d. = 4XP(0c+0¢)
1 n(oc+ot)

_ [4x130x 103 (216 X 106+124X10°)
(216 X 109+124%x10°)

=42,10 x 1073

d, =0,0458m

Say 50 mm standard size round bar.

Cotter breadth (b)
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Shear load in cotter = Crushing load in cotter against pierced section
TX2XtXb =0,Xdy Xt
- O'CXd]_

X2
_ 216 X 10°N/m?x0,050 m

93x105N/m?2x2

b =0,0581 Say 58 mm

Cotter thickness (t)

Tensile load in pierced section = Crushing load in cotter against pierced section

TL’dz
(Tl—dlxt) =g, Xdy Xt
t = g XTTXdq
4(oc+ot)

124 X 10°N/m?xmwx0,050 m
4(216X108N/m?2x124X106N/m?2)

t =0,0143 Say 14 mm

Root diameter (d,) of bolt

Tensile load in bolt = Tensile load in pierced section

nd? md?

4 =at(T_d1Xt)
4dq Xt

d, = /d%—%

=\/(0,050 m)? —

=,/1,609 x 103
=0,040 m

o X

4 x0,050mx0,014m
[

Use M48 nominale diameter standard size bolt.

Dimension (a) at end of pierced section
Shear load in pierced section end = Shear load in cotter

TX2XdyXa =tX2XtXb
__txb

_ 0,014 m x0,058 m
0,050 m
=0,0162m Say 17 mm

Dimension (g)

This depends on where the bolt has to fit and does not affect the strength.

Collar
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This does not carry the load as the bolt is in tension so any reasonable
dimension will do.
Make it say 60 mm diameter and 6 mm thick.

‘ [O \ Worked Example 4.6

Design a cottered joint to fransmit 60 kN. Use ultimate shear stress= 417 MN/m?,
ultimate tensile stress= 460 MN/m? and ultimate crushing stress = 834 MN/m?2,
Use a factor of safety of 5.

Solution:
Allowable stresses

_ 417 x 10°N/m?

Shear stress = . = 83,4 MPa
6 2
Tensile stress = 280X10°N/m” _ 95 yipg
6 2
Crushing stress = Z2X1N™ _ 166,.8 MPa

5
Diameter of pierced rod d,

d. = 4XP(0c+0¢)
1 n(oc+ot)

4 x 60 x 103 (166,8 X 1064+92x106)
m(166,8 X 106+92x10%)

J1,2884 x 1073
d;, =0,0359m
Say 40 mm diameter which correspond to a standard size round bar.

Breadth of cotter

Shear load in cotter = Crushing load in cotter against rod
TX2XtXb =0,Xdy Xt

b - O'CXdl
TX2
_166,8 X 10°N/m?x0,04 m
83,4 X 105N /m?2x2
=0,04m
b =40m

Cotter thickness (t)

Tensile load in pierced rod = Crushing load in cotter against rod
2
(T[le_dlxt) :O'thlxt

O XTTXdq

4(octoy)
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_ 92 X 10°N/m?xmx0,04 m
4(166,8 X 106N/m?2 + 92 X 106N/m?2)
t =0,0111 Say 11 mm

Outside diameter “d," of collar

Crushing load in collar = Crushing load in cotter against rod
atx%(dg—d%) =g, Xd; Xt

d, =\/§(d1xt)+d5

= \/% (0,04m x 0,011 m) + (0,04 m)?
=/2,16 x 10-3

d, = 0,0465 m.Say 50 mm diameter which correspond to a standard size round
bar.

Thickness t; of the collar
Shear load in collar = Shear load in cotter

TXmdy Xty =TX2XtXDb
t =2Xt><b

T X dl
_ 2X0,011m x0,04m

T X 0,04m
=0,007 m
t; =7mm

Diameter of rod "d"

Tensile load inrod = Tensile load in pierced rod

d? d?
o x " =0y (- dy xt)

d = /d%—%dlxt

= J(0,04 m)2 —% % 0,04m X 0,011 m

=,/1,0398 x 103
d =0,0322

Say 35 mm diameter which correspond to a standard size round bar.

Length”a” at the end of the pierced rod

Shear load in end of pierced rod = Shear load in cotter
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TX2XdyXa =tX2XtXb
_txb

dq
_ 0,011 m x0,040m

0,040 m
a =0011m

Enlarge diameter “D” of the socket
Equate equation (?9) to equation (10).

Crushing load in cotter against rod = Crushing load in cotter against socket
ocXdy Xt =ac X (D—dyt

D =2xXd,
= 02 x40 mm
D =80 mm correspond to a standard size
round bar.

Diameter “D,"” of pierced socket

O-tx{%(Dlz_d%)_t(Dl_dl)} =0t (an%—d1 Xt)

0,785D% — 1,57d? — D;t + 2d,t =

0,785D% — 1,57 x 0,042 — D; X 0,011 + 2 X 0,04 x 0,011 =
0,785D12 —0,0025-0,011D, + 0,00088 =

Dl2 —0,041D; — 0,0021 =

D, =

_ +0,014++/4+0,000196+0,0084

2
__ +0,014+++0,00896

2
__+0,01440,093

2
=0,535m
Say 55 mm correspond to standard size round bar.

Length “g" at the end of the enlarged socket
Shear load in enlarged end of socket = Shear load in cotter

TtX2(D—dy)g =TX2XtXb
_ txb
D—dy
_ 0,011 m x0,04m
0,08 m—0,04m
g =0011m

=11m
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‘ [O \ Worked Example 4.7

Two lengths of 65 mm diameter steel tie-rods are joined together by a
cylindrical sleeve 300 mm long, 65 mm inside diameter and 25 mm thick with
two slightly tapered coftters 150 mm long and 50 mm by 20 mm mid-section
inserted in prepared slots, midway on either side of the joint.

Calculate the failing loads in tension, shear and crushing and then state the
allowable load on the joint.

Tensile stress of mild steel =495 MPa
Shearing stress of mild steel = 386 MPa
Crushing stress of mild steel = 618 MPa

Factor of safety =6

How could this joint be improved?

t=20 mm

Figure 4.50

As failing loads are asked for, ultimate stresses must be used.
There is no need to consider the solid rod as it will definitely fail first at the cotter
hole.

Note: The socket is of uniform thickness therefore D, = D (see Figure 4.28).

Tensile load for rod at cotter hole
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Figure 4.51

Tensile load for sleeve at cotter hole

Figure 4.52

Shear Load for Cotter

|

d = 65 mm

Tensile load = Tensile stress X Cross — sectional area

2
P =atx(%—d1xt)
= 495 x 109N /m? (ZL251) 0,065 m x 002 m
= 999,1 kN

t='2ﬂnm‘

D =115 mm

Tensile load = Tensile stress X Cross — sectional area
P =0, x{Z[D? - a?] - [D - dy]¢}
= 495 x 105N /m? {% [(0,115 m)? — (0,065m)2] — [0,115m — 0,065m]0,02m}

= 495 x 10°N/m?[0,0077 m? — 0,001 m?]
=331,7 kN
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1(a) J

Figure 4.53

Shear load = Shear stress X Cross — sectional area

=TX2XtXDb
=386 x 10°N/m? x 2% 0,02m x 0,05m
=772 kN

Shear Load to shear end of pierced rod

g

—
el

\\Ji
> S

Figure 4.54
Shear load = Shear stress X shear area
P =1Xx2Xxd;Xa

=386 x 10°N/m? x 2 X 0,065m X 0,05m
= 2509 kN

Shear Load to shear end of pierced sleeve
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g= 50mm

8 | L

25
—

o F—1 i

Figure 4.55

Shear load = Shear stress X Cross — sectional area

P =17x4%xgx0,025
=386 X 10°N/m? x 4 x 0,05m X 0,025 m

=1920 kN

Crushing cotter against rod
t = 20 mm

d1=55rrrrn

Figure 4.56

Crushing load = Crushing stress X Projected area

P =0,xXdy Xt
=618 X 10°N/m? x 0,065m x 0,02 m
=803,4 kN

Crushing cotter against sleeve
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t = 20mm

mm
115 mm

d
Dy

Figure 4.57
Crushing load = Crushing stress X Projected area

P =0, %x(D—dt
=618 X 10°N/m? X (0,115 m — 0,065 m)0,02 m
=618 kN
The failing load for the joint is therefore:

618 kN and the allowable load

Failing load

Factor of safety
_ 618x103N

6
=103 kN

In order to improve this joint we must raise this value of 618 kN by increasing
the contact area between the cotter and the sleeve. This can be done either
by increasing the thickness of the cotter, or the outside diameter of the sleeve,
or both.

Increasing the thickness of the cotter will decrease the 999,1 kN strength of the
rod at the cotter hole and should, therefore, be avoided, but we nofice that
crushing the cotter on the rod is 803,4 kN and shear of the cofter 772 kN. Thus,
an increase in cotter thickness is justified.

To obtain the most suitable joint we must design it for equal strength of all parts.

The rod diameter d; was given and we assume that it can not be altered.

Therefore d; = 65 mm.

Sizes of cotter
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Breadth

Shear load in cotter = Crushing load in cotter against rod
TX2XtXb =0.Xdy Xt
_ OcXdq
b TX2
__ 618 x 10°N/m?x0,065 m

T 386 x 106N/m2x2
=0,052m
b =52m

Thickness
Tensile load in pierced rod = Crushing load in cotter against rod
at(”sz—dlxt) =0.Xdy Xt
opX TXd
4(octay)
495 X 109N /m?xmx0,065 m
4(618 x 105N/m2 + 495 x 106N/m?)
=0,023m
=23 mm

t =

Outside diameter of sleeve

Crushing load in cotter against rod = Crushing load in cotter against sleeve
0. Xd; Xt =0, X (D—dt

D =2d,
=2 x0,065
=0,130m
D =130mm

Length”a” at end of rod
Shear load in pierced rod = Shear load in cotter

TX2XdyXa =tX2XtXb
_ txb

dq
_0,023m x0,052m

0,065 m
a =0,0184m
say 19 mm

Length “g” at the end of the enlarged socket

Shear load in end of sleeve = Shear load in cotter

tX2(D—dy)g =TX2XtXDb
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— txb

" D-d,
_0,023m x0,052m

~ 0,130 m—0,065m

=0,0184m
Say 19 mm
Improved cotter joint
] il b 1 Iy
( I i ! I T
piieia At Rt Tt S |

Figure 4.58
Failing load of this joint

Tensile load in rod at cotter hole

Figure 4.59

2 =at><(mzlz—d1xt)

2
=495 X 10°N /m? (M

=902,5 kN

Tensile load in sleeve at cotter hole

— 0,065 m X 0,023 m)
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23

/_

130

Figure 4.60

=0, x {Z[D? - d?] - [D — d, ]t}
= 495 x 105N /m? {g [(0,13 m)? — (0,065m)?] — [0,13 m — 0,065m]0,023m}
= 4188 kN

Shear load in cotter

T} L
ad
7,
52

Figure 4.61

P =1TX2XtXb
=386 x 10°N/m? x 2 x 0,023 m x 0,052 m
=923,3 kN

Shear load to shear end of pierced rod
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\\II

i é
=TX2XdyXa

=386 X 10°N/m? x 2 x 0,065m x 0,019 m
a =953,4kN

Figure 4.62

Shear load to shear end of pierced sleeve.

g= 19
o L
N P

L o

- — e —

Figure 4.63

P =17Xx4%xgx0,0325m
=386 x 10°N/m? X 4 x 0,019 m x 0,0325m
=953,4 kN

Crushing load in cotter against rod.
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1\\\§\[\§\\ 3
65

Figure 4.64
P =0,Xdy Xt

=618 x 10°N/m? x 0,065 m X 0,023 m
=9239 kN

Crushing load in cotter against sleeve

23

—_——lee el

NN

b5
130

NN

Figure 4.65
P = Oc X (D - dl)t

=618 x 10°N/m? x (0,13 m — 0,065 m)0,023 m
=923,9 kN

The failing load for the improved joint is therefore 902,5 kN and the allowable
load

Failing load

Factor of safety
902,5x103N

6
= 150,42 kN instead of 103 kN a big improvement
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‘ [O \ Worked Example 4.8

A cottered joint joins two 45 mm diameter rods. The end of one rod is increased
to 50 mm diameter and then tapered to 45 mm diameter over a length of 128
mm. The other rod has a socket 80 mm outside diameter bored to fit the
tapered end of the first rod. A cotter 50 mm wide and 12 mm thick fitted
midway in the taper portion joins the two rods.

Calculate for a pull of 22 kN in the rods:

(a) tensile stress in the rods away from the joint
(b) shear stress in the coftter

(c) tensile stress in the rod at the cotter hole

(d) tensile stress in the socket at the cotter hole
(e) crushing stress between cotter and rod-end
(f) crushing stress between cotter and socket

Criticise this joint.

Solution:
t = 12 Thick.

Ld————-
22 kN . /§ b—so | . 22 kN
=
I >\\ —— i
WSY\ R,
a =39 P 39
128

Figure 4.66

(a) Tensile stress in rods

Tensile load = Tensile stress X Cross — sectional area

md?
4
o = 4P
t d?
_ 4x22Xx103N

"~ x(0,045 m)?
=13,83 x 10° N/m?
= 13,83 MPa
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(b) Shear stress in the cotter

Shear load = Shear stress X Cross — sectional area

P =1TX2XtXb
P
T

2XtXb
22x103N

T 2%0,012 m2x0,05 m
= 18,33 x 105 N/m?
= 18,33 MPa

(c) Tensile stress in the pierced rod

Tensile load = Tensile stress X Cross — sectional area
d 2
P =at><(”41 —dlxt)
P

Oy =

7'L'd12
4

The weakest section will be at AA and the diameter there may be obtained
either by calculation or by measurement on a sketch drawn to scale.

—dq Xt

g
: X | *2 w2
A ; B " o
= b
L L~ !
l
22 |b=50_ ) =1l
3oL ' / =
2 o =
@ | Wl
E|E! ‘
[5=] m
=la g ,
T | o
a =39 X B~ %7
a+b=8.b .
L = 128
Taper portion of pierced rod
Figure 4.67
f =2,5mm
a
2,5mm
X =——Xa
L

_ 2,5mmx39mm

128 mm

=0,762mm

Diameter at AA =45mm + 2 x.

Gateways to Engineering Studies
169



Mechanical Drawing and Design | N5

=45mm + (2 X 0,762 mm)
=45mm + 1,52
= 46,52 mm

o, =15 x(0,04652 m)% — 0,04652 m x 0,012 m
4

=19,27 X 10® N/m?
=19,27 MPa

(d) Tensile stress in the socket at the cotter hole

The weakest section is at BB and the internal diometer must be calculated or
measured from a sketch drawn to scale.

X, _ 2,5mm
atb 4
2 25 G+ b
_ 2,5mmx89mm
T 128mm
=0,74mm

Diameter at BB =45mm + 2 x,
=45mm + (2 X 1,74 mm)
= 485 mm

Tensile load = Tensile stress X Cross — sectional area
P =0, x {Z[D} - a?] - t[D, - dl}
P

Oy — T
t O'tx{z[Dlz_—d%]—t[Dl—dl]}
— 22x103N
ath[(o,os m)2—(0,0485 m)2]—0,012 m[0,08 m—0,0485 m]}
= 7,85 x 105 N/m?
=7,85MPa

(e) Crushing stress between cotter and rod-end
Crushing load = Crushing stress X Projected area

P =o0,Xdy Xt
dlpxt (d, = diameter at AA)
_ 22 x103N
0,04652m x0,012 m
= 39,41 X 106N /m?
= 39,41 MPa

(f) Crushing stress between cotter and socket
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Crushing load = Crushing stress X Projected area

P — O—C X (D —_ dl)t
___ P .
= oot (d, = diameter at BB)
_ 22 X103N
(0,08 m x0,0485 m)x0,012 m
= 58,2 x 106N/m2

= 58,2 MPa

Criticism
The first thing we notice is that the rods are very lightly loaded at 22 kN
because the stress (a) 13,83 MPa is very low. Let us examine the other stresses.

The normal values for ultimate strengths of mild steel are:

Tension = 463 MPa
Shear =386 MPa
Crushing =618 MPa

In each of the six points considered we have therefore,

_ Ultimate stress of
Working stress

Factor of safety

463 MPa

386 MPa

a. =33,5 b. ——— =211
13,83 MPa 18,33 MPa
463 MPa 463 MPa

C. =24 d. =59
19,27 MPa 7,85 MPa
618 MPa 618 MPa

e. = 15,7 f. =10,6
39,41 MPa 58,2 MPa

This shows poor design as there is no use having a factor of safety of 59 for one
part when the factor is only 10,6 for another. The factor of safety for the joint
as a whole is only 10,6.

The use of a thicker cotter would raise b, e and f but it would decrease ¢, so
a larger diameter rod-end is also needed. f, which is exceptionally low could
also be raised by increasing the. outer diameter of the socket at its end.

Let us redesign this joint to carry a load of 22 kN using a factor of safety of say
30.

. Ultimate tensile stress
Allowable tensile stress =

Factor of safety
_ 463x10% N/m?

30
o, =1543 MPa
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Ultimate shear stress

Allowable shear stress
Factor of safety

386x10°% N/m?
30
12,87 MPa

L
I

Ultimate crushing stress

Allowable crushing stress
Factor of safety

_ 618x10° N/m?
30
o, = 20,6 MPa

To find the diameter d, of the pierced rod at AA

d. = 4XP(oc+0¢)
1 n(oc+oy)

4x22x%103 (20,6 X 106+15,43%x106)
(20,6 X 106+15,43x106)

V3,175 x 1073
=0,056m
d, =56m

To find the breadth (b) of the coftter

Shear load in cotter = Crushing load in cotter against rod
TX2XtXb =0.Xdy Xt
b - O'CXdl

TX2
_ 20,6 Xx 10°N/m?x0,056 m

T 12,87 x 106N/m2x2
=0,045m
b =45m

To find the thickness (t) of the cotter

Tensile load in pierced rod = Crushing load in cotter against rod
2
ot(”le—dlxt) =o0cXdy Xt
O XTTXdq
4(octor)
15,43 X 10°N/m?xmx0,056 m

4(20,6 X 106N/m? + 15,43 x 106N/m2)
=0,0188

t =19mm

t =

To find the rod diameter (d)

Tensile load inrod = Tensile load in pierced rod
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wd? nd?
o x T =0 (- dixt)

_ 2 4d1Xt
d = [q2 —*axt

T

m X0,019m

= \/(0,056 m)2 — 2%

=,1,78 x 1073
=0,0422 m
Sayd =42mm

T

To find the length”a” at the end of the pierced rod
Shear load in end of pierced rod = Shear load in cotter

TX2XdyXa =tX2XtXb
_ txb

dy

Note d, should actually be the average diameter of the front end of the
pierced rod as shown in Figure 4.68, but as the taper of the pierced rod is only
1in 16, on the diameter (which is small), diameter at AA may be used.

A
]__ 6 N
/ The amount of
—_-__,._—"""-l_lcd I taper in this
S ‘ w sketch is enlaraged
© El for clarity
o ol <
n| =
o = Q@
e I
w ! e
z b S5 8
""‘-—-__\%
A
Figure 4.68
_ 0,019m x0,045m
B 0,056 m
a =0,0153m

To find the enlarged diameter (b) of the socket

Crushing load in cotter against rod = Crushing load in cotter against socket
ocXdy Xt =acX(D—dyt
D =2d,
02 x 0,056 m
=0,112mm
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D =112mm

To find the diameter (D) of the pierced socket

2
O X {%(Df —d}) —t(Dy - dl)} =0 (HT_ d; X t)
0,785D% — 1,57d? — D;t + 2d,t =
0,785D? — 1,57 x 0,0562 — D; X 0,019 + 2 X 0,056 x 0,019 =
0,785D2 — 0,0049 — 0,019D, + 0,00213 =
D2 — 0,0242D, — 0,0035 =
-b+VbZ—4ac

D =
1 2a
_ +0,024+/70,000586+0,014

2
_0,0242+0,121

2
=0,0725
Say D; = 73 mm correspond to standard size round bar.

To find the length “g" at the end of the enlarged end of the socket
Shear load in enlarged end of socket = Shear load in cotter

TX2(D—dy)g =TX2XtXb
tXb

D—dq
_0,019m x0,045m

0,112 m—0,056 m
=0,0153m
Sayg =16 mm

Thickness 19
P

s ra

1 }

45
Sy .
m | WO - "L‘L'_ - ™ i — - =
5|8 N\ = | =
N i !
! A ;

|
.

Figure 4.69
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The above design gives the following stresses for the various parts:
a) Tensile stress in the rods = 15,85 MPa.

b) Shear stress in the cofter = 12,87 MPa.

c) Tensile stress in the pierced rod = 15,72 MPa.

d) Tensile stress in the socket at the cotter hole = 15,72 MPa.

e) Crushing stress between cotter and rod-end = 20,68 MPa.

f) Crushing stress between cotter and socket = 20,68 MPa.

The factor of safety in all six ways is approximately 30.

‘ [O \ Worked Example 4.9

Find the diameter (d), the diameter (d,) of the enlarged end of a cotter bolt.
Also find the width (b) of the cotter, thickness 13 mm.

. 4
Given: 1t = < 01 0c = 20

Solution:
Diameter of pierced end

Tensile load in pierced rod = Crushing load in cotter against bolt
dZ
at(%—dlxt) =g.Xdy Xt
d1 - 4(o.+o)t
O XTT
- 4(20.+0¢)X%0,013m

O XTT
_ 4X30¢X0,013m

O XTT
=0,0496m
Say d, = 50 mm (diameter of pierced end)

Nominal diameter of bolt

Tensile load in bolt = Tensile load in pierced end

md? nd?
o x - = (- dixt)

2 4dqxt
df -

4x0,05 X0,013
\/0,052 S—

=+/0,00167
=0,0409

d
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Say d = 41 mm core diameter of bolt
Using a M48 diameter bolt (hominal size)

Width of cotter

Shear load in cotter = Crushing load in cotter against bolt

TX2XtXb =0.Xdy Xt
=O'C><d1

TX2
_ 2X O'CXd]_

4
EXUCXZ
5
= Z X 0,05 m

=0,0625m
Say b =63 mmwidth

Say for instance that the core diameter of the bolt was given in the question,
say 36 mm and the rest of the question was the same, the problem would be
solved in the following manner:

Tensile load in the bolt = Tensile stress X Core area

2
P =0 X %
mx (0,036 m)?
4
P =1,018%x 1073 x o

=0, X

Diameter of Pierced end

4XP(oc+0¢)
d = [————=

n(oc+ay)

_ |4x1,018 X 10730 (20¢+0¢)
w(2o¢+at)

=,/1,944 x 10-3
0,0441m
Sayd; =45mm

Width of cotter

Shear load in cotter = Crushing load in cotter against bolt
TX2XtXb =0,Xdy Xt
— UCXdl
TX2
_ 20:X0,045mM
=20 P!
EO'tXZ
_ 0,045 m x5
4
=0,056m
b =56 mm
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@ Activity 4.1

1. Two steel rods, joined by a forked joint, take a working load of 30 kN, and
the working tensile stress in the rods is 40 MPa. Calculate the required rod
diameter (d) and sketch a suitable joint, using the following proportions:
diameter of pin (d,) = d; width of eye (b) = 1,25 d; width of each
fork bearing (a) = 0,75 d; outside diameter of eye and fork (d,) = 2d.
Then calculate:

1. shear stress in the pin

2. bearing stress on the pin in the eye
3. bearing stress on the pin in the fork
4. tensile stress in the metal of the eye.

2. Aroundrod (D) sustains a pull of 100 kN. If the maximum tensile stress in the
rod is not to exceed 62 MPa, find the diameter of the rod.

If the above rod is connected to a knuckle joint, as shown in the figure,
calculate the pin diameter (d) using a shear stress of 80 Mpa, a bearing
stress of 120 MPa and a bending stress of 75 MPa.

Use empirical values to determine the other dimensions of the joint, and
sketch two views fully dimensioned.

Figure 4.70
3. Give the reason why, in a knuckle joint, the diameter of the pin is made
equal to the diameter of the rod.

&p‘ Activity 4.2

1. In a cottered foundation bolt, the diameter of the bolt through which the
cotter passes is 40 mm and the thickness of the cotteris 12,5 mm.
Find:
(a) the allowable load for the bolt;
(b) the necessary width of the cotter;
(c) the bearing stress between the cotter and the bolt.
Take shear stress as 40 MPa and tensile stress as 70 MPa.
2. Design a cottered bolt similar to that shown in Figure 4.26 (iv).
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The boltis to carry a pull of 100 kN with working stresses of 124 MPa, 93 MPa
and 200 MPa in tension, shear and crushing respectively. The end of the
bolt where the cotter passes through is to be square in section.
Give a dimensioned sketch of your design.

3. Design a cottered joint for rods 70 mm in diameter. Use the following
working stresses: Shear = 75 MPa, Crushing = 160 MPa and Tensile = 80 MPa.

&p‘ Activity 4.3

1. Two round steel rods 40 mm in diometer are connected by a cottered joint
which consists of a cylindrical sleeve into which the rods are pushed and
each rod has a cotter passing through it and through the sleeve. Design
the joint and make a detailed dimensional sketch of the joint. Assume
tensile stress in rods = 77 MPaq, shearing stress in the cotters = 70 MPa, and
the bearing pressure on the cotter = 123 MPa.

2. Sketch a cottered joint for connecting the ends of two round steel rods 25
mm diameter using a cotfter 6 mm thick and 25 mm wide. The end of one
rod is increased to 30 mm diameter (Mean diameter of the tapered
portion) where it fits into the socket of the other rod.

The outside diameter of the socket is 60 mm.

Calculate for a pull of ? kN in the rods.

a) tensile stress in the rods away from the joint.

b) tensile stress in each rod at the cotter hole

c) shear stress in the cotter

d) crushing stresses on the cofter (i) in the rod (ii) in the socket.

e) tensile stress in the socket

Note: The length of the taper head is not given therefore d1, the mean
diameter of the taper should be used in the calculations.

3. Using standard proportions sketch, full size, a sectional elevation and an
outside plan of cottered joint for 30 nm diameter rods.

Insert all dimensions.

[ vl'] Self-Check

| am able to: Yes | No
e Describe knuckle joints
o Standard proportions
e Describe cotter joints
o Standard proportions
o Design
If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.
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Plistons

Learning Outcomes
On the completion of this module the student must be able to:

e Describe pistons
o Rings
o Rods
e Describe shafting
o Torsion equation for shafts
o Power developed by a torque
Describe the design of shafts
Describe the saving of mass
Describe the standard sizes of bright steel bars
Describe geared shafts
Describe the forces which act on the parts of the driving mechanism of
steam and similar engines
o Crossheads
o Design of the crankshaft
o Internal combustion engine

5.1 Introduction

The piston rod is generally known as the coupling between the piston
and the crankshaft in an engine, or between the cylinder head of a
steam engine and the crosshead.

The crosshead is the link with the connecting rod mounted on the steam engine's
crankshaft. The crosshead is mounted on a single or double slide bar. It receives
power axially from the cylinder and transfers it to the turning crankshaft.

Very few, if any, theoretical calculations can be applied to the design of pistons.
They are almost always designed from empirical formulae which have been
derived from practical experience.
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5.2 Steam engine pistons
5.2.1 Box-type pistons

-
= !

2,5 to 4

Figure 5.1

Pistons of this nature have to be made sufficiently strong to resist the greatest
pressure to which they are likely to be subjected. This in many cases means that
a pressure greater than the initial steam pressure acting has to be allowed for.

It is in pistons of this nature especially that calculations for their design cannot
be made with any degree of complete accuracy and because of this it is usual
to fix the various thicknesses of metal by means of some empirical rule or other.

For medium sized and fairly large cast iron box type pistons, the proportions may
be as given in Figure 5.1. The proportions given in this figure are in terms of the
unit O,]2D\/§ where D = cylinder diameter in metre and p = steam pressure in
pascals.

Box-type pistons, unless of small size, are usually strengthened by means of radial
ribs, as shown in Figure 5.1.
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The number of these ribs is generally based on the diameter of the piston,
although it should be realised that such number also depends to a certain
extent upon the stiffness of the design of the body or (box) of the piston.

A rule for the approximate number of ribs is 40 + 2 where 0 is the piston diameter
in meftres. As far as is practicable make the thickness of these ribs the same as
the thickness of the body metal of the pistons.

5.2.2 Conical type pistons
Perhaps the most commonly used type of high pressure piston is that of the type
shown in Figure 5.2.

This is the conical type of piston, complete with junk ring, piston ring and spring,
and an endeavour will be made to show how the principal sizes of such a piston
are obtained.

Zarl g T
J'E'r 2 Junk ring 1
gt
DTN ..-- - 1 AT i P
e det oA T g =
"-:::-'-i‘.‘:l-:':.‘.l'i;';-. w
TAR T .
R Xy /
[ I
D IPELDES piston ring

| T
Figure 5.2

The outside diameter, D, is of course fixed from consideration of the power to be
developed in the cylinder.

For the total depth H of the piston there is no hard and fast rule but some idea
of this may be obtained from the fact that the height E (in metre) of the cone is

usually made = %, again D should be in metre. For thicknesses T and t use

_ 14 R?-x?
2Xoxsin @ X

And t = _PxXy

oXxsin @

where T = the thickness at a point x metre distant from the axis of the piston
rod.
t =thickness at a point y metre distant from the axis of the piston
rod.
p = difference of pressure (pascal) between two sides of piston.
o = maximum allowable stress in material (21 MPa for cast iron, and
62 MPa for steel).
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6 =the base angle of the cone (approximately 45°).

The whole object in adopting the conical shape for a piston is to obtain the
utmost rigidity and strength without having undue mass. A typical piston of this
type is shown in Figure 5.3.

In this, the piston boss is bored with a fine taper to fit the piston rod, and in
addition the piston bears against a collar on the rod. When compared with
Figure 5.2 it will be seen that the piston of Figure 5.3 has three rings in place of
the deep ring; furthermore, the piston in Figure 5.3 is not provided with a junk
rng.

W PTR 1_* '.?
Sa ® 1 .‘-
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o eyt Yy oo
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Figure 5.3
Conical pistons may be made of either cast steel, forged steel or of cast iron.

Sometimes a pressed steel conical body C is fitted with a cast iron "bull-ring" R to
obviate the possibility of a steel piston working on a cast iron cylinder and thus
obviate "scoring” or cutting of the cylinder.

C (steel)

E (cast irom)

Figure 5.4

5.3 Piston rings

Piston rings are usually made of cast iron. As will be seen from Figure 5.5 the two
piston rings P are placed one on each side of a restraining ring R, and this latter
limits the outwards movement of the split piston rings.

Gateways to Engineering Studies

182



Mechanical Drawing and Design | N5

When these piston rings become slightly worn they fit the cylinder closely and
are prevented from expanding further by means of the shoulders S on the
restraining rings.

On top there is the junk ring J, made usually of steel or cast iron and this is
provided so that the piston rings may be replaced when necessary without
taking the piston off the piston rod and out of the cylinder.

7

Figure 5.5

5.3.1 Proportions for piston rings

i i i : iston diamet
Thickness of piston ring measured radially =222

40
__ piston diameter

Width of piston ring measured axially o

5.4 Piston rods

The piston rod of a steam engine is in compression and fension on alternate
strokes as shown in Figure 5.6.

Piston team
/ pressure

pressurd —- 4|—.l iston ro —3———Piston ro
Piston
Piston rod in compression Piston rod in tension
Figure 5.6

On the stroke when the rod is in compression it tends to buckle and it will do so
at a load much less than that which would break it in tension.

It must therefore be designed with a very low working stress of (that is a high
factor of safety) 17 MPa to 28 MPa for mild steel. It is immaterial whether this
stress is considered as a tensile or compressive stress as in either case we have:

Load on pistonrod = Area of pistonrod X stress in piston rod

nd?
P =—Xo
4
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where d = diameter of piston rod also

Load on pistonrod = Area of piston X cylinder pressure
_ md?

Pr==xp
where D = cylinder diameter

This applies only to the body or centre part of the rod where buckling would
occur. The ends of the rod cannot buckle so they are designed with a normal
working stress (ie medium factor of safety).

5.4.1 Fixing Piston rod to Piston
The end of the piston rod to which the piston is aftached is almost always
tapered and threaded as is shown in Figure 5.7.

RN

Z

W

The nut must be securely locked. Because the nut has been tightened, the
screwed part is subject to tension only; therefore the permissible stress in the
screwed end may be higher than that for the main body of the rod.

Figure 5.7

A permissible stress at the screwed end may be taken to be from 48 MPa to 55
MPa. The design of this end consists of finding the diameter of the threaded part,
using the core area as it will carry the tensile load.

Core diameter of screwed end (d,) = |22

T X o0t

Screw threads may be one of three series, namely:
1) Coarse pitch series.

2) Fine pitch series.

3) Constant pitch series.

Nominal sizes for standard threads in the above three series are.

Coarse pitch series from 1,6 mm to 68 mm.
Fine pitch series from 8 mm to 68 mm.

Constant pitch series:
a 0,35 mm constant pitch from 1,5 mm to 3,5 mm diameter.
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a 0,5 mm constant pitch from 4 mm to 5,5 mm diameter.
a 0,75 mm constant pitch from 6 mm to 11 mm diameter.
a 1 mm constant pitch from 8 mm to 30 mm diameter.

a 1,25 mm constant pitch from 10 mm to 14 mm diameter.
a 1,5 mm constant pitch from 12 mm to 80 mm diameter.
a 2 mm constant pitch from 18 mm to 150 mm diameter.
a 3 mm constant pitch from 30 mm to 250 mm diameter.
a 4 mm constant pitch from 42 mm to 300 mm diameter.
a 6 mm constant pitch from 70 mm to 300 mm diameter.

To find the nominal diameter of a threaded portion it can be looked up, from a
table of screw threads, as done before or as follows:

Nominal diameter of bolt = Core diameter + 1,227 X pitch
d =d,+1227p

The length of the taper is given as approximately one -quarter of the cylinder
diameter L = % The taper varies from 1 in 4 to 1 in 24 on the diameter. The

smaller the taper the firmer can the rod be secured to the piston, but the larger
the taper the easier it will be for the piston to be removed from the rod.

5.4.2 Fixing piston rod to cross-head

The cross-head is either forged solid with the rod as in Figure 5.8 or attached by
means of a cotter as in Figure 5.9 and this joint is designed as per Module 4.

=N S
o)—3 e
3T ( '
ﬁ | F_————— =

Figure 5.8 Figure 5.9

‘ [O \ Worked Example 5.1

Calculate the diameter of a piston rod for a safe stress of 17 MPa. The greatest
force on the rod is 260 kN.

Solution:

load = Area X Stress

nd?
P =—Xo
4
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Px4
d = |[—

X0

_ 260Xx103Nx4
TX17X106N /m?

d =0,1395 Say 140 mm diameter

‘ [O \ Worked Example 5.2

In a horizontal steam engine the cylinder diameter is 215 millimetres and the
greatest difference in steam pressure on the two sides of the piston is 380 kPa.

If the width of the piston is approximately one-quarter of the cylinder diameter,
design the piston rod. Show the tapered part on which the piston fits, the
screwed end, nut, etc by means of neat sketches. Use safe stresses of 17 MPa
for the rod and 41 MPa for the screwed part.

Solution:

Maximum load onrod = Piston area X steam pressure
nD?
P = T X p

2
= TS« 380 x 103 N/m?

=249,87 x 103 N
P =249,87 kN

Load onrod = Area of rod X stress inrod

nd?
P =—Xo
4
Px4
d = |—
TXo
_ |249,87x87x103N x4
TX17X106N/m?2

=0,1368 metre

Say 137 mm diameter

Length of taper portion =

_ 915mm

P )

4
= 228,75
Say 230 mm

Diameter at end of taper
Assume a taper of 1in 6 on the diameter.
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A taper of 1 in 6 on the diameter means that the diameter decreases 1 mm
foreach 6 mm inlength. Therefore in a 230 mm length the diameter decreases

by 1 x%= 38,33 mm

Hence diameter at end of taper.

=137 mm — 38,33 mm
=98,67 mm

Say 99 mm diameter

Load in threaded portion = Load in piston rod
Load in threaded portion = Core area of threaded portion X stress in threaded

portion
_ mdy?

= X
P ” o

PXx4

dy = \’nxat
_ ,249,87><103N><4
TX41Xx106N/m?2

= 0,0881 metre

d, =88millimetre

A constant pitch series thread will be used with a constant pitch of 3 mm, 4
mm or 6 mm.

Let us take a 6 millimetre pitch.

Nominal diameter of threaded portion =d, + 1,227 p
d =88+ 1,227 X6
d =95,362

Say 96 mm diameter

Constant =00,12D./p

=0,12 x 0,915v380 x 103
=67,69

Width = 2,5 to 4 multiply with the constant
=3,5X%X 67,69
= 237 millimetres
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Figure 5.10

‘ [O \ Worked Example 5.3

A steam engine cylinder has a bore of 762 millimetre and the maximum steam
pressure is 1,03 MPa. Find the diameter of the piston rod for a direct stress of
27,5 MPa.

At the piston end the rod is tapered 1 in 4 on the diameter for a length of
152millimetres and then runs parallel for 38 millimetres beyond which it is
threaded for the piston nut. The nominal diameter of the threaded part is 102
millimetres and the total thickness of the piston boss is 202 millimeftres.

Sketch the rod end and piston boss.

Calculate the maximum tensile stress in the threaded portion.

Solution:
Maximum load on pistonrod = Area of piston X Steam pressure
_ mD?
P==xr
= x O72M 1,03 x 10° N/m?
=469,72 kN

For the rod Load = Area of rod X stress inrod
_ md?
P =—Xo
4

Px4
d = |—

TXo
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_ |469,72x103Nx4
TX27,5Xx106

d =0,1476 metre

Say d = 148 mm

A taper of 1in 4 on diameter means that the diameter decreases 1 mm for

each 4 mm in length. Therefore in a 152 mm length the diameter decreases
by 1 x 1752 = 38 mm. Hence diameter at end of taper

=152 — 38mm
=114 mm

Threaded portion

Nominal diameter of bolt = Core diameter + 1,227 X pitch
Core diameter = Nominal diameter — 1,227 X pitch

For a nominal diameter of 102 mm a pitch of 2mm, 3 mm, 4 mm or 6 mm can
be used.

Assume a pitch of 6 mm
d, =102 —1,227 x 6 mm

=94,638 mm
Say 95 mm
, , i Load
Tensile stress in threaded portion = oa
_ P
Oy = o, 2
4
_ 469,72x103Nx4
Ot = ooos 6

~ x(0,095 m)6
= 66,27 MPa
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* : Nut

=

152

x#@ M12 Studs, sq.
necked, with

castle nuts

—— Locking plate

Figure 5.11

‘ [O \ Worked Example 5.4

The maximum pull in the piston rod of a steam engine is 71 kN and the
diameter of the rod is 64 mm. At the crosshead end the rod diameter is
increased to 75 mm diameter and is then tapered to 70 mm diameter over a
length of 140 mm where it fits the socket which has an outside diameter of 114
mm. A cotter 64 mm by 19 mm is fitted at the centre of the joint.

Calculate:
a) tensile stress in the body of the rod.
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b) shear stress in the coftter.
c) tensile stress in the socket.
d) crushing stress on the cotter in the rod and the socket.

Solution:
/9 thick
c =
de AT
| e
?TL—N—-——é g R 64 § é
- \ o
B NN :jL
[~ ] 1
Cl——.—_..j’
E
Figure 5.12

a) Tensile stress in the body of the rod

. Tensile Load
Tensile stress

Cross—sectional area
P

O = nd?
4
71x103N x4

x(0,064 m)2
22,07 MPa

b) Shear stress in the cotter

Shear load
Shear stress =

Cross—sectional area
P

T =
2XbXt
71x103N
2X0,064 mx0,019 m

= 29,2 MPa

c) Tensile stress in the socket

Maximum stress will occur where cross-section of socket is smallest for
example at CC.

Diameter BB can be obtained from direct measurement from a scale
drawing or from calculations.
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140

p 75

38 ’ : [\\\\x

102
Tapered end

Cotter hole

I
Figure 5.13

_ Difference between end diameters

Length
_ 75mm-70 mm

Taper

140 mm

140
1 . :
Taper = %= 1in 28 on diameter

To find diameter at BB.

_ Difference between the two diameters

Taper
p Length
1 _ 75mm-Diameter at BB
o 28 - 38 mm
mm = 75 mm — Diameter at BB

Diameter at BB =75mm — %mm

=75mm — 1,357 m
=73,643 mm

Gateways to Engineering Studies

192



Mechanical Drawing and Design | N5

19 |

b 114

Cross-sectional area
of socket at BE

Figure 5.14

Tensile Load

Tensile stress =

Cross—sectional area

_ P
9 = {g(nz—aZ)-t(D—d)}

_ 71x103

a {%(0,114)2—0,0736432—0,019 (0,114—0,073643)}
_ 71x103N

" 5,181x10~3m2

= 13,704 MPa

d) Crushing stress on the cotter in the rod

Diameter at AA

Taper

1

28

Diameter at AA =

Difference between the two diameters
Length

_ 75 mm-Diameter at AA

102 me,
mm
75 mm —

28
71,357 mm

é 71,357

Projected area between
cotter and rod at AA

Figure 5.15

Crushing stress

Crushing load

B Projected area
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71x103N

"~ 0,071357 m X 0,019 m
=52,37 MPa

Crushing stress on the coftter in the socket

. Crushing load
Crushing stress = =0 027
Projected area

P
(D—-d)xt
_ 71x103N
(0,114 m—0,073643 m) X 0,019m
=92,59 MPa

O, =

|\

d 114

|
> !

Projected area between
cotter and socket at CC

Figure 5.16

‘ [O \ Worked Example 5.5

The piston rod of a steam engine is connected to the crosshead by means of
a cottered joint, having a tapered solid rod entering the corresponding
tapered socket of the cross-head. Rod, socket and cotter are of mild steel,
with the following strengths.

Tensile stress = 46 MPa
Shearing stress = 42 MPa
Crushing stress = 84 MPa

Design the following:

1) The diameter of the tapered rod (d,)

2) The thickness of the cotter.

3) The width of the cotter.

4) The diameter of the socket at the coftter hole.

5) The diameter of the socket at the large end of the socket.
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Make a neat dimensioned sketch of the assembly, if the piston rod is 38 mm in
diameter. Other dimensions may be obtained using standard proportions.

e
Section through cotter at B
centre line _1|1.H_ /
| . R
p |
L Ay

é 'u
(Pistun
Rod i

<

l
:
N\

VHININ

i)
7

%
/

7

N\

\1
\J
)
v
111114 101

Y/

=]
[y
Q
+
rt
m
L]

Length of taper

Figure 5.17 Cofttered joint

Load in the rod

Tensile load = Tensile stress X Cross — sectional area
P = O X T
- 6 )\ /2 TX0038m?
46 X 10° N/m "
=52,17 kN

1. Diameter (d,) at AA pierced rod

d. = 4XP(oc+0¢)
1 (oc+0y)

_ 4x 52,17 X 103 (84 X 106+46x10°6)
TX84 X 106X46x108

Say 48 mm diameter
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2. Thickness of the cotter

Tensile load in pierced rod = Crushing load in cotter against the rod
2
at(”le—dlxt) =o0.Xdy Xt
O XTTXdq
4(oc+0¢)
46 x 10°xmx0,048 m
" 4(84 X 106 + 46 X 106)

=0,0133
Sayt =14 mm

3. The width of the cotter

Shear load in cotter = Crushing load in cotter against rod

TX2XtXb =0.Xdy Xt
=0'C><d1

TX2
_ 84 x10%x0,048

42x106%2
=0,048m

Say b =48 mm
4. Diameter (D,) of the socket at the cotter hole

Tensile load in pierced socket = Tensile load in pierced rod
o X {% (Df —d3) — t(D; — d1)} = 0¢ (an% —d; X t)
0,785D% —1,57d? — D,;t + 2d,;t =0
0,785D? — 1,57 x 0,0482 — D; X 0,014 + 2 x 0,048 X 0,014 =0
0,785DZ — 0,00362 — 0,014D, + 0,001344 =0
D? —0,0178D; — 0,0029 =0

D _ —btVb2-4ac
, = —

2a
_ +0,0178++/0,000317+0,0116

2
_ +0,017840,122

2
=0,0697
Say =70mm

5. The diameter of the socket at the large end of the socket (D)

Crushing load in cotter against rod = Crushing load in cotter against socket
o. Xdy Xt =a.%x(D—dyt

D =2d,
=2x0,048m
D =96 mm

Length a
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Shear load in end of pierced rod = Shear load in cotter

TX2Xd;yXa =tX2XtXb
_txb

dq
_ 0,014m x0,048m

0,048
=0,014 M
=14 mm

Length g
Shear load in end of socket = Shear load in cotter
TX2(D—dy)g =TX2XtXb
_ txb

- Di—dy
_0,014m x0,048m

"~ 0,096 mx0,048 m
=14 mm

Assume a taper of 1in 16 on the diameter.
Small diameter of taper

_ Diameter at AA—Small diameter of taper

Taper

Length (a)
l _ 0,048 m—Small diameter of taper
16 0,014 m
small diameter of taper =0,048m — 1—16 X 0,014 m
=0,047125m

=47,125 mm

Large diameter of taper

_ Large diameter — Small diameter

Taper =

Length of taper

Note: Length of taper =a + g + clearance
assume a clearance of 5 mm

~ Length of taper =14mm+ 14 mm+ 5mm
=23mm

Large diameter = % X 23 mm+ 47,125 mm
=48,563 mm

Other dimensions obtained from standard proportions.

[O Worked Example 5.6

In a high pressure conical type of cast steel piston, the diameter D is 1 524 mm
and the difference of pressure between the two sides of the piston is 655 kPa.

The base angle of the conical partis 37,5 degrees.
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Find the respective thicknesses of the conical part near the boss (x = 178 mm)
and at a point where the conical part meets the rim(or crown) of the piston,
(y = 666 mm). See Figure 5.2.

___ P R?-x?
" 2xoxsin@ x
_ 655%103 N/m? x(0,762 m)—(0,178 m)>?
"~ 2x62%106 N/m2xsin 37,5° 0,178 m
T =0,0268m

Say T =27 mm

—_ Xy
oxxXxsin 6
_ 655x103 N/m?x0,666 m

" 62x106 N/m? xsin 37,5°
t =0,0116m
Sayt =12mm

Note: For compound or triple-expansion steam engines, it will be seen that for
a low-pressure piston of conical type (as compared with a high-pressure one)
the base angle of the cone is much less. When designing a low-pressure piston
certain practical contingencies must be guarded against.

One is, getfting a very much higher initial steam pressure than the normal
working pressure in the cylinder, especially when starting the engine. To meet
such contfingencies TWICE the normal difference of steam pressure between
the two sides of the piston is used when designing t for a low-pressure piston.

(This doubling of pressure does not apply to the design of any piston other than
a LOW-PRESSURE one).

‘ [O \ Worked Example 5.7

The normal difference in pressure between the two sides of a conical cast steel
low pressure pistonis 165 kPa. The diameter of the pistonis 2,74 m and the base
angle of the cone is 19 degrees.

Calculate the thicknesses, T and t, taking a stress value of 62 MPa.
Take x and y (as per Figure 5.2), to be 178 mm and 280 mm respectively.

Solution:

Pressure to be taken =2 X 165 X 103 N/m?
=330 KPa

N R?-x?

2Xagxsin @ X
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_ 330x10% N/m? (1,372 m)—(0,178 m)?
T 2x62x106 N/m2xsin 19° 0,178 m
=8,174 x 1072 x 10,397 m

=0,0849m

Say T =85mm

__pxy
oXxXsin @
_ 330%10% N/m?x1,280 m

62X106 N/m?2 xsin 19°
=0,0209 mm
Sayt =21 mm

5.5 Shafting
Shafts are generally subjected to a combination of bending and torsion, but in
some cases either of these may be so small as to be negligible.

An example of pure torsion occurs when an electric motor is directly coupled to
a cenftrifugal pump. The shafting between the motor and the pump is in pure
torsion; there is no bending action onit.

Pump

MOTOR

/

/ AN

Figure 5.18

A railway carriage axle, for instance, may be considered to be subjected to
bending only.

=
=

‘ Mass of carriage

d )

L

S5

Figure 5.19

In the case of an electric motor fitted with a pulley for a belt drive the shaftis in
torsion and also bending, as a result of the pull in the belts.
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I

Figure 5.20

We will deal with solid and hollow shafts subjected only to pure torsion, ie twisting
only with no bending.

5.6 The torsion equation for shafts
@ T Go

Ji r l

Where T4, = Maximum torque or twisting moment (Nm)
J = Polar moment of inertia (m?*)
d, = Diameter of solid shaft
D = External diameter of hollow shaft (m)
= Internal diameter of hollow shaft (m)
= Allowable shear stress in shaft material (Pa)

d
T
r = % for solid shafts and g for hollow shafts (m)
G = Modulus of rigidity of shaft material (Pa)
6 = Angle of twist in radians
One radian = % degrees

One radian = 57,295 degrees, say 57,3 degrees
[ =Length of shaft (m)

5.6.1 Torque
Torque or turning moment is the product of force and perpendicular distance
from the fulcrum or turning point.

Figure 5.21
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Torque = Force X Perpendicular distance
T =p XR P in newtons and R in meter
T =PRNm

5.6.2 Maximum and Mean Torque
An electric motor or a turbine provides an almost uniform torque, because the
driving force is applied steadily and at the same radius throughout a revolution.

A single-cylinder reciprocating engine, on the other hand, does not supply a
uniform torque, as the pressure, on the piston varies and so does the
effectiveness of the crank. (In the dead centre positions the crank is completely
non-effective, for no amount of pressure on the piston will turn it).

This variation in torque is smoothed out to some extent by the flywheel or by
using more cylinders, but is never entirely eliminated. Thus there is a maximum
torque at some point in the cycle, and it is at this point that the greatest stress
will occur in the shaft, and it is therefore for this torque that the shaft must be
designed.

Note:
‘A\ It is usual to assume the maximum torque to be approximately 1,3

times the mean torque.

5.6.3 Polar Moment of Inertia
It is the moment of inertia, about an axis through the centre of gravity of a body,
but perpendicular to the plane of the body.

Figure 5.22
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Jp That1yy
= T[d;} +7T_dg

64 64

74 for solid shafts
32

Similarly, J, = %{D”‘ — d*} for hollow shafts

5.6.4 Shear stress

When a torque is applied to a shaft each section tends to slide round on the
next one and hence the material is in shear. The shear will not be uniform across
the section, but will be greatest at the outside, where there is most tendency to
sliding between the layers.

Secondly, the area of each ring of metal carrying these stresses is greater at the
outside than at the centre, and therefore the forces at the outside are greater.
Thirdly, the forces at the outside are acting at a greater radius than at the inside,
and so can resist a higher torque.

Figure 5.23

We see, therefore, that the outside layers of the shaft are the important ones, as
they carry the highest stress and resist most of the torque. The formula
connecting torque and stress cannot therefore be a simple one like we have for
direct tension, shear or compression.

5.6.4.1 Solid Shafts

T, T nd¥
mx == Noter==and =
] ; 32
Tmax = ; X]
_ nd¢ 2
=ETX—X—
32 7 dg
_ mdg
Tmax - 16 T

5.6.4.2 Hollow Shafts

Gateways to Engineering Studies

202



Mechanical Drawing and Design | N5

T"}‘”‘ == rzgondjzi[D“—d“]
Tnax ==XJ
=rx%[D4—d4] x%
ik
5.6.5 Modulus of rigidity

This is the ratio of shear stress to shear strain for a linear elastic material. It is
denoted by G. It is also known as the shear modulus.
_ Shear stress

G

Shear strain

5.6.6 Angle of twist
The rotary motion of prime movers such as steam engines and electric motors is
tfransmitted by means of circular shafts.

The driver exerts a torque or turning moment on the shaft at one place along its
length, and the torque is transmitted to other places along the shaft to
overcome the resisting torques of the driven mechanisms.

In transmitting a torque, the shaft is twisted. The driven end lags more or less

behind the driving end and, for any particular shaft, the angle of twist is
proportional to the torque fransmitted.

Note:
A An enquiry into the action of the torque on the material of the shaft
shows that the material is in shear, and therefore the twist is a shear

strain.

In Figure 5.24 a circular shaft of length t and diameter d is represented as fixed
at one end.

Figure 5.24
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Aline AB is scribed along the length of the shaft, and a corresponding radial line
OB on the circular end.

If now the free end of the shaft is subjected to a twisting moment or torque T,
the shaft will be twisted. The twist will vary uniformly from zero at the fixed end to
a maximum at the other end.

The line AB will take up the position AC, which is really a portion of a helix of very
long pitch, but may be considered as a straight line when the angle of twist is
small. The radius OB will swing through an angle to the position OC. The angle
BOC is the angle of twist in the length L.

Note:
‘A\ Provided that the elasticity of the shaftis not impaired, the radius OB

remains straight in its new position OC.

If angle BOC is e in radian measure, then:

_ Arc __ BC _ BC
Radius OB %d
_dxe

~Bc =22
2

Now, the shear strain on the outside of the shaft

BC _ BC _ dx#8

AB l 21

But shear stress = shear strain X modulus of rigidity

. axe
e T =—XG
21

or Angle of twist 8 for solid shaft = Z—TGl
Angle of twist 8 for hollow shaft = zd

GD

Note:
‘A\ e is in radians and that the units used must be consistent, ie t and d

in meters and T and G both in pascals.

This can also be seen when the torsion equation is used.

Q
o)

Q|

d
2

butr =

D D =11«
Il
N =
;\n|

QU
Q
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5.7 Power developed by a torque

P A P in newtons and

R in meters

Figure 5.25

Let a force of P newtons acting at a radius of R meters, move the arm around
at N r/min.

Torque yeqn = Force X Radius
=p XRNm
Work done by force = Force X Distance moved
Work done in 1 revolution = Force X Circumference of circle
=P X2mRNm

Work done in 1 minute = Work done per one revolution X number of revolutions
2nPRX N
2w TN

‘A\ Note: P X R =Thean

Power Developed = Work done per second
_ 21T meanN
60
T mean — mean torque (Nm)
N = Revolutions per minute (r /min)
Power transmitted = Power Developed (WATTS (W))

5.8 Design of shafts
Shafts may be designed for either (a) strength or (b) stiffness, and the expressions
involved in calculating their dimensions are:

5.8.1 Designing for strength
5.8.1.1 Solid Shafts

T _ md3
max 1o

d. =° ,Tmaxx16
=R
TTXT
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5.8.1.2 Hollow Shafts

T _m [D4—d4]
max 16 D
. D*—d*  _ Tpaxx16
” D TTXT

5.8.2 Designing for stiffness
5.8.2.1 Solid Shafts

~[8~13
S IS

Tmax
]
Tmax
4

ndd
32

4 32T, l
ds — max
nGo

5.8.2.2 Hollow Shafts

Tmax _ GO

] 1

Tmax _ GO

T pa_g4y
32(D da%) l l

32T,
D% — d%) = max
( ) nGo

5.9 Saving in mass

By using a hollow shaft instead of a solid shaft, a saving in mass is obtained. To
obtain this saving in mass, we compare the volume of unit length of the two
shafts being considered.

The lengths will both be the same; the mass per cubic metre will be the same,
so that it is only a matter of comparing the cross-sectional areas of the two
shafts.

Percentage saving = {%} x 100

As; = area of solid shaft
Ap = areaof hollow shaft

5.10 Standard sizes of bright steel bars

5.10.1 Solid
Nominal diameter in millimeters
3 11 19 32 50 80 120
4 12 20 35 55 85 125
5 13 22 36 60 90 130
6 14 24 38 *64 95 140
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/ 15 25 40 65 100 150
8 16 26 42 70 105 160
9 17 *28 45 75 110 180
10 18 30 48 *76 115 200
*These sizes are non-preferred
Table 5.1
5.10.2 Hollow
Outside Wall Mass | Area of | Second Radius | Modulus | Approx.
diameter | thickness per section | moment of of number
(mm) (mm) unit (cm?) of area | gyration | section Z of
length I(cm?) (cm) (cm?d) metres
kg/m per ton
27 3,2 1,89 2,43 1,75 0,846 1,28 530
34 2,6 2,01 2,61 3,25 1,12 1,90 498
3,2 2,42 3,15 3,79 1,10 2,23 414
4,0 2,95 3,84 4,41 1,07 2,59 339
42 2,6 2,57 3,34 6,78 1,42 3,16 390
3,2 3,11 4,05 7,99 1,40 3,72 322
4,0 3,81 4,95 9,41 1,38 4,39 263
48 3,2 3,59 4,61 11,8 1,60 4,88 279
4,0 4,41 5,66 14,0 1,57 5,80 227
4,9 5,24 6,65 16,0 1,55 6,60 191
60 3,2 4,54 5,83 23,8 2,02 7,90 221
4,0 5,59 7,16 28,6 1,99 9,47 179
4,9 6,67 8,52 32,9 1,97 10,9 150
76 3,2 5,80 7,42 49,5 2,59 13,0 173
4,5 7,92 10,1 64,9 2,54 17,0 127
5,4 9,41 12,0 75,3 2,51 19,8 107
89 3,2 6,81 8,77 80,3 3,02 18,0 147
4,0 8,43 10,8 97,8 3,00 22,0 119
5,4 111 14,1 124 2,95 27,9 90,1
114 3,6 9,90 12,7 195 3,91 34,1 102
4,5 12,1 15,4 233 3,89 40,8 82,7
5,4 14,5 18,5 274 3,86 47,9 69,0
6,3 16,8 21,5 315 3,81 55,1 59,6
Table 5.2

L

Worked Example 5.8

Solution:

What power can be transmitted by a 65 mm diameter shaft at 280 r/min if the
torsional stress in the shaft is not to exceed 62 MPa?

As no mention is made of maximum and mean torques, it is assumed that the
torque is constant.
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T :T[_dgl-
%6
= Z % (0,065 m)? x 62 x 10° N /m?

=3343,2 Nm

2nwTN

Power = 5
_ 2X T X3343,2 Nm X280

60
= 98028 watts

= 98,028 kW

‘ [O \ Worked Example 5.9

Calculate the diameter of a solid shaft fo transmit 261 kW at 180 r/min. The
maximum torque exceeds the mean torque by 15 %.

Shearing strength of forged steel = 432 MPa.
Factor of safety = 8.

Solution:

. Ultimate stress
Working stress =

- Factor of safety
_432x10% N/m?

8
=54 MPa

Power = M

60
T __ Power x 60
mean 27N
_ 261 x 103 x60

2 X1 X180

Tmean = 13846,5 Nm
Tmax = Tmean X E

= 13846,5 x 2
100

=15923,5 Nm

3 [TmaxX16
d = \/7
— 3/15923,5X16
\I TX54X10°
=1/1,502 x 10-3
d =0,1145

Use 115 mm standard-size bar
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5.11 Geared shafts

It is important to understand that when two shafts are connected by a pair of
gears only the SPEED and the TORQUE are changed. The power remains the
same. Actually-there is a small loss of power owing to friction, but this is usually
neglected in designing the shaft.

‘1\'

, Gear x with diameter D

1

o

T—Gear y with diameter DE

Figure 5.26
dy da Dy
Torque on gear x =Py XR =P, ><7=P3><7=P4><7

ds

Torque on shaft B =P, X % = P X Y

di
Torque on gear x _ PaX—- __ Dy
Torque on gear'y P4xdz_2 D,
Number of teethin gear x _ r/minin geary
Number of teeth in gear y r/min in gear x

Power output by shaft B = Power input to A x Ef ficiency

‘ [O \ Worked Example 5.10

A 40 MW, 1 740 r/min electric motor is fitted with a 24 tooth pinion which drives
a 60 tooth gear on a pump shaft. Find the torque on the motor shaft and on
the pump shaft.
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Solution:
Motor shaft
2nTN
Power =
_ Powerx60
2N
_ 40x10°% x60
2X1TX1740
=219524 Nm
Pump shaft
24
Speed of pump shaft =1740 X o
=696 r/min
2nTN
Power ==C
_ Powerx60
2XTTXN
_ 40x10°% x60
2XTTX696
= 548810 Nm
Torque on motor shaft _ Teeth on motor pinion
Torque on pump shaft Teeth on pump gear

Torque on motor shaftxTeeth on pump gear

Torque on pump shaft =
_ 21952460

24
= 548810 Nm

Teeth on motor pinion

[O Worked Example 5.11

If the angle of twist in a 150 mm mild-steel shaft is to be limited to 1°in twenty
diameters, determine the maximum shear stress in the material. G = 90 GPa

Solution:
wradians = 180°

, _ 21l
Angle of twist 0 = o

Butl =20d
_ OxdxG

"~ 2x20xd
_0,0175%90x10° N/m?

2%20
= 39,38 MPa

[O Worked Example 5.12
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A shaft fransmits 75 kW at 120 r/min. The maximum torque is forty per cent
greater than the mean. Taking maximum stress allowable as 65 MPaq,
determine the necessary diameter for:

(i) a solid shaft

(i) a hollow shaft whose internal diameter is half its external diameter.

Solution:
Power = W
T — Powerx60
mean 2XTTXN
__ 75%103 x60
2X1X120
Tooan = 5968 Nm
_ 140
Tmax - Tmean Xlﬁ
=5968 Xx —
100
Tmax = 8355 Nm
Solid shaft
3 ’Tmax><16
d TXT

— 3| 8355%X16
TX65%X106

= 16,546 x 104

=0,0868

Say 90 mm diameter standard size

Hollow Shaft
D*—d* TmaxX16 D
= Imax butd =2
D TXT 2
D
p*-(3) _ TmaxX16
D TTXT
D
D*-—— _ 8355x16
. D . TX65X10°
D*-0,0625 D _
— " =6,546x107*

D

D

_ 3/6,546x1074

B 0,9375

= 1/6,9824 x 104
= 0,887

Say 89 mm outside diameter standard size

Inside diameter = 82—9 = 445 mm
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‘ [O \ Worked Example 5.13

A line shaft running at 150 r/minis 15m long and is to tfransmit 45 kW. The shaft
is of mild steel having a working shear stress of 58 MPa. The permissible torsional
deflection is to be 12° and the modules of rigidity is to be 83 GPa.

Calculate a suitable diameter for this shaft.

Solution:

60
_ Powerx60

Tmean 27T N
_ 45%103 x60
T 2xmx150
= 2865 Nm
Assume Thean = Tmax

“ Tax = 2865 Nm

Suitable shaft diameter
Design for strength

— 3 |Tmaxx16
d, = ’
TXT

3| 2865x%x16
TX58X106

=1/2,516 x 104
=0,06312
Say =64 mm

Design for stiffness

_ 4 [32Tmaxl _ °
dy, = /n(;e 0 =12

4 32X2865%15 — 12°Xm
TX83x109%0,2094 180°
=1/2,5186 x 10-5 = 0,2094 radians
=0,0708
Say =70mm

Therefore a 70 mm-diameter standard-size shaft will be used.

‘ [O \ Worked Example 5.14

A hollow shaft with a ratio of inside diameter to outside diameter of 1 to 2, is
required to tfransmit 600 kW at 130 r/min. The maximum torque exceeds the
mean torque by 15%. The shear stress is not to exceed 60 MPa and the twist in
a length of 4 metres is not to exceed 1°.
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G = 80GPa
Calculate suitable outside and inside diameters.

Solution:

Power =
60
_ Powerx60

T 2xmxN
_ 600x103 x60

2X1TX130

= 44074 Nm

115
Tmax = 44074 X =

=50685 Nm

21T Tmean N

Tmean

Suitable shaft diameters
Design for strength

D*—d* _ Tmaxx16 da_ 1
D, — D 2
(2d)*-d* _ 50685x16 “D=2d
Zf . TTXT
16‘12;"’ = 4,3023 x 1073
7,5d%® =4,3023 x 1073
_3/4,3023x1073
d = =
d =0,083m
D =2x0,083
=0,166m
Design for stiffness
4 _ g4\ — 32Tmaxl — 10
@ ) 75%950685 4 ? }
4 _ 4 — X X — °XTT
(Zd) d Tx80%x109%0,0175 180°
15d* =1,4751x 1073 =0,0175 radians

41,4751 x 1073
d = |[=——
15

d =0,0996m (Say 100 mm)
D =2x100=200mm

Therefore use a hollow shaft with inside diameter = 100 mm and outside

diameter 200 mm.

‘ [O \ Worked Example 5.15

A hollow propeller shaft for an automobile having an engine developing a
maximum power of 80 kW at 1 500 r/min is driven through a gear-box with a
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low gear ratio of 3:1. The driving efficiency is 90%. The shear stress in the shaft
material must not exceed 50 MPa.

Calculate:

i. the torque transmitted by the engine

i. the power atthe propeller shaft

ii. the speed of the propeller shaft

iv. the torque transmitted by the propeller shaft

v. theinside and outside diameters of the propeller shaft, assuming that the
internal diameter is 0,9 tfimes the external diameter.

Solution:
i) Engine torque
Power =Z2fTmeanl
T _ Powe6r0><60
mean T o nx N
_80x103 x60
T 2xmx1500
=509,3 Nm

i) Power output by propeller shaft

Power output by propeller shaft = Power output by engine x Ef ficiency

=80 x 103 X =
100

=72 kW

i) Propeller shaft speed
Speed of propeller shaft = Engine speed X %

__ 1500
R
=500 r/min
iv) Torque transmitted by propeller shaft
T — Powerx60
mean 2 XTX N

_ 72x103 x60

T 2xmx500

=1375 Nm

v) Propeller shaft diameters
Assume Trnean = Tmax = 1375 Nm

Design for strength

D*—d* _ Tpmaxx16

d=09D
4_ 4 4 13?7);1)-(16
D7-(09d)"  _ i ~D=2d
4_0256D4 TX50%x10
D-0656D7 — 1 401 x 104

0,344D% =1,401x10~*
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D = 3 ’1,4-01><10_4

0,344
D =0,074m (Say 76 mm standard size)
d =09%x76mm

=68,4m

‘ [O \ Worked Example 5.16

Find the maximum value of torsional shear stress in a 70 mm-diameter shaft
transmitting 38 k W at 80 r/min, if the maximum twisting moment exceeds the
mean by 40 per cent. What is the greatest twis in degrees per metre length if
the modulus of rigidity is 83 MPa?

Solution:
T _ Powerx60
mean 2N

_38x103 x60
2XTX80

=4536 Nm
= 4,536 kNm

140

T(max) = T(mean) X E
T(max) = T(mean) x 1,4

=4536 x 1,4

=6,35 kNm

_ 16XTinax

D3
— 16X6350 Nm
x(0,07)3m3

=94,3 MPa

Angle of twist 0 = Z—Z

=20d

_ 2X94,3x10° x1
"~ 0,7x83%x10°
= 0,03246 radians
_ 0,03246x180°

radians

0 degrees

=1,86°

‘ [O \ Worked Example 5.17

A hollow steel shaft is required to transmit a torque of 7 960 Nm with a
maximum shear stress not exceeding 41 MPa. If the outer diameter is to be
twice the inner diameter, calculate the two diameters. If the shaftis 6,1 m long
and the modulus of rigidity is 83 GPa, calculate the angle of twist.
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Solution:
_ mt [D*—d*
r = 1_6[ D ]
7960 Nm = T[22 -2]
16 2d
7960 Nm = 0,196 x 41 X 10° N/m? x 7,5 d3
d3 — 7960 Nm
0,196X41x106 N/m?2x7,5
=0,0509m
~d =50mm
D =2d
=2x50
D =100mm

Angle of twist

Tmax _ T _ GO

N D

_ 2X41x10° x6,1
83x109x0,1
= 0,0603 radians

0,0603x180
8 =———— degrees

= 3,46°

‘ [O \ Worked Example 5.18

Determine the percentage that a hollow shaft of outside diameter 250 mm
and inside diameter 125 mm is stronger in torsion than a solid shaft having the
same mass per metre run.

Solution:
(Cross-sectional areas must be equal)

2

SR S
A d? = D2 — d12
= 250% — 1252
= 46875

s~ dg =+46875 = 216,5 mm diam

Torque on solid shaft

md
T = _ST
16
__ mwX0,21653

16
=0,001993 7
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Torque on hollow shaft
_ mt [D*-d*

T 16l D
rewlad
— nt [0,25 —,125 ]

16 0,25
=0,00288t
The hollow shaftis = {O'OOZS?);(;;) ;:9931} x 100
= 44,51%

‘ [O \ Worked Example 5.19

1 500 kW at 210 r/min is to be fransmitted by a hollow nickel steel shaft whose
outside diameter is 1,8 times the inner diameter. If the shaft is subjected to
torsion only, determine:

(a) the size of the hollow shaft required, assuming an allowable stress of 200

MPa
(b) the size of the solid shaft for the above conditions, using an allowable stress
of 170 MPa
(c) the percentage saving in mass of the hollow shaft over the solid one.
Solution:
_ Powerx60
a) T =
LT = 1500%x60x103
o 2 XX 210
= 68 kNm and for hollow shaft
_ [ m D*-d*
T = (1_6 D 6) e
. 3 _ mx200x10° (1,8d*-d
* 68 x 10 16 ( 1,8d )
95d3 _ 3 _ 68x103x16
1,8 =527 d° = e xToe
- d3 68x103x16

T 5,27xmx200x106
Andd =0,069m=70mm

~ internal diameter =70mm
And eternal diameter =1,8 X 70
=126 mm

b) For solid shaft

_ md?

. J3 =
~d? o= —
nd3 = 68x103x16
TX170%x10°
Andd =0,127m
=0,127 mm
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(c) For equal lengths

Cross — sectional area of hollow shaft = %(126 —70)(126 + 70)

= 8600 mm?
Cross — sectional area of solid shaft = % X 1272

= 12650 mm?

Percentage saving = {%} x 100

S

12650—-8600

= {—} % 100
12650

=32%

5.12 Forces acting on parts of driving mechanism of steam and

similar engines
The driving mechanism of a steam engine is shown in Figure 5.27.

cover —l guides Crank pic

Cylind Connec#4ng rod
, |

P Crosshead

b E
. R
piston rod
crosshead pin

Figure 5.27

The force P on the piston brings the piston and piston rod into motion, and they
in turn, bring the crosshead on the piston rod line AB info motion. The motion

direction of the crosshead is laid down by the guides.

The connecting rod hinges at the crosshead pin and drives the crank pin in a

circularpatha b c d.

Steam is admitted in turn at the front end and back end of the cylinder - into the
front to move the piston from C to D and into the back to move the piston from

D to C. During the stroke from c to D, a compressive stress is set up in the
rod, while on the return stroke from D to C, a tensile stress is set up in the
rod.

piston
piston

crosshead pin and the crank pin.

Note:
‘A\ With each stroke, a crushing stress and a shear stress are setup i

n the
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Force on piston = Steam pressure X Cross — sectional area of piston

Po=pix==

Force on piston at = Steam pressure X (Cross — sectional area of piston rod)
piston rode side (back end)

nD?  md?

e (2 2)

5.13 Crossheads
Two types of crossheads are shown in Figure 5.28. Their function is to fransmit the
side thrust due to the obliquity of the connecting rod on to the guide and so
prevent the piston rod from being bent

Leay e iem ] Slipper

Figure 5.28

As the crosshead forms a swivel for the connecting rod, the joint must therefore
be in the form of a knuckle joint.

Either the crosshead is the eye and the connecting rod the fork (Figure 5.29) or
the crosshead is the fork and the connecting rod the eye (Figure 5.30).

”}?i
-4

t;;‘l I

AL -i i
I

Figure 5.29 Figure 5.30

There are three forces acting on the crosshead pin, as will be seen from Figure
5.31 which shows diagrammatically the piston rod, crosshead, connecting rod,
etc of a steam engine.
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Z TN

P < oy

Figure 5.31

There are

e the horizontal force P along the piston rod

e a vertfical reaction R at the guides

e the thrust Q which is acting along the connecting rod. From the initial steam
pressure and area of piston, the force P may be calculated, and since the
lines of action of all the forces are known, the triangle of forces (Figure 5.32)
may be drawn.

Figure 5.32

Note:
A Note that whatever angle a the connecting rod makes with the
horizontal, (Figure 5.31) a corresponding angle a is made in Figure

5.32.

The force Q and reaction R may now be calculated, or measured off to scale.

The direction of the arrows for Q and R may not be clear. Remember, we are
considering the forces acting on the crosshead. The crosshead presses
downwards on to the guide, but the reaction of the guide on the crosshead is
upwards.

Similarly, the crosshead pin pushes along the connecting rod, but the resistance
is back along the rod on to the pin.

An examination of the following diagrams shows that, if P remains constant, then
Q and R both increase to a maximum.
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Actually P remains constant only up to the position of cut-off, which usually
occurs before this maximum position of the crank is reached.

Figure 5.33

5.13.1 Maximum Pressure on Guides

5.13.1.1 Steam Engine

It is usual to speak of the length of any connecting rod in terms of the radius of
the crank.

Let:- n = ratio of length of connecting rod to that of the crank.
L =length of connecting rod
r =radius of crank.
Then:- n =Zor-==
r n L

Maximum pressure on the guides occurs when the connecting rod and crank
are at 90° to each other, provided that steam is cut off from behind the piston

of’rerg of the stroke.
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90°

Figure 5.34

P

Maximum pressure on guides (Rmax) = 7=

This formula indicates that if n (é) is decreased, then the value of R, iINCreases.

It is, therefore, necessary to make the rafio é as large as possible by employing

a long connecting rod. Connecting rods for steam engines are usually made
not less than 4 to 5 cranks in length.

The maximum force Q.4 in the connecting rod is given by %.

The only design calculation that can be made for a crosshead is the area of the
slipper (guide), the size of the pin and the cotter joint for the piston rod, if any.

The latter has already been considered.

5.13.2 Area of slippers
The bearing area of the top or bottom slipper (in square metres) is thus:-

Rmax
Safe bearing pressure (pp)

Area of slipper =

The intensity of the safe bearing pressure between the sliding surfaces of the
crosshead slippers and guides depends principally upon the metals of which
these surfaces are made and also upon the sliding speeds.

Note:
A Pressure on slippers can be taken between 200 kPa and 700 kPa.
Note that these values assume that the surfaces will be properly

lubricated.
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The ratio of the length (t) to breadth (b) of the surface of the slipper is left to the
discretion of the designer, but a fairly good average value might be:-

l=25X%XDb

Figure 5.35

In all cases, the centre of the crosshead shoe should pass through the centre of
the gudgeon pin.

5.13.3 Size of the gudgeon pin
The pin is designed for wear and not strength - that is, on bearing pressure and
not on shear or bending, but this may be checked.

The bearing surface (also called a journal) for a crosshead pin may be
supported as at Figure 5.36 or as at Figure 5.37.

M = Maximum bending moment
— Qmax X!l
8

Also
M =o0,XZ,
Where 0, = safe bending stress and
Z = section modulus

Solid pin
_ na’

32

Hollow pin
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7 = T {—de4_di4}
320 a,

The length (I) of the gudgeon pin is made equal to its external diameter or
possibly up to 1,3 times its external diameter.

5.14 Design of the crankshaft

The crankshaft is made of forged steel, and is located in the crankcase directly
below the cylinders. The bearing surfaces on the shaft are accurately ground to
size, and the entire shaft is delicately and accurately balanced.

Note:
‘A\ The crankshaft is supported in the crankcase by bearings known as

main bearings. Each main bearing fits on a main bearing journal.

The purpose of the crankshaft is to change the reciprocating motion of the
piston in the cylinder to a rotary motion.

£ .
max
—

o
I
1 |
\Crank pin

(Big-end journal)

5.14.1 Types of cranks
5.14.1.1 Overhang crank (case 1)

]
=]

|

1/ ) Ez —
Main bearing jourzal

Figure 5.36

5.14.1.2 Centre crank (case 2)
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Crank pin (big-end journal)

) % ‘
= - =} el ﬂ.i
7 F in bearing journal
2 2
!
Figure 5.37
5.141.3 Off-centre crank (case 3)
Y
[ Tpax (Crank pin (big-end journal)
A
L A

T‘_z"i } |_2__

\Haiﬂ bearing journal

Figure 5.38

5.14.2 Design of the crank pin (Big-end journal)

The size of the crank pin is usually estimated from the safe bearing pressure,
which varies between 4,1 MPa to 13,8 MPa.

The length (1) of the crank pin can be taken between 1d to 1,25d.

Force = Bearing pressure X projected area
Qmax =PbXZ1Xd
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5.14.3 Design of the main bearing journal

The diameter of the journal may be designed for:
e twisting moment

e bending moment

e bearing pressure

e Twisting moment
We have already seen that the effective force on the piston is transmitted
through the connecting rod to the crank pin, thus causing a torque or twisting
moment at the crankshaft.

Note:
‘A\ There exist a number of twisting-moment factors whose usefulness is

questionable.

The torque produced is the product of the force acting along the connecting
rod and the crank arm when it is perpendicular to the connecting rod.

Connecting rod

Crank arm

A 0

Figure 5.39

Maximum Torque = Maximum force in connecting rod X crank radius
Tmax = Qmax Xr

Torque can also be found from the brake power of the engine.

2nT N
Brake power = %
T — Brake powerx60
mean 27N
Tomax = Tmean + % over load

Now
=" pn3
Tmax 16D XT

D = 3 | TiaxX16
TTXT
e Bending momentin main bearing journals

M = Maximum bending moment
M for overhung crank (case 1) = Quuax X 1
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M

M for of f — centre crank (case 3) = Cma

Also

Qmax Xl

4
xXaxb

l
= section modulus
D3

Z for solid shaft = =

_ T D4—di4
Z for hollow shaft = 5( P )

for centre crank (case 2) =

M =0, Xz,
Where g, = safe bending stress

e Bearing pressure

Where:

Force = bearing pressure X projected area
Force =p, XD X1,

force for overhung crank = Quqax

force for centre crank = %

force for of f — centre crank = largest of two reactions

Safe bearing pressure can be taken between 1,7 MPa to 5,5 MPa.

The length

(1) of the main bearing can be taken between 1,25 D to 2D.

5.15 Internal combustion engine
In an internal combustion engine there is no crosshead, the side thrust being

taken by t

he piston pressing on the cylinder wall. The thrust in the connecting

rod and the reaction on the cylinder wall are found in the same way as for a
steam engine.

Cylindq{\‘

Gudgeon Pin

Figure 5.40

b
o

A

Note:
Because the cylinder pressure in an internal combustion engine
drops considerably during the early portion of the expansion stroke,
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the maximum force (Q..qx) in the gudgeon pin, connecting rod and
crankshaft may be taken as P where P is the maximum explosion
force on the piston.

‘ [O \ Worked Example 5.20

A single-acting steam engine has a cylinder bore of 380mm and a stroke of
450mm. The connecting rod is 680mm long. The steam pressure is 690 kPa,
assumed constant until late in the stroke.

Determine the thrust in the correcting rod and the reaction at the crosshead
guide when:

a) the crank is 30° from dead centre

b) when the crank is at right angles to the line of stroke.

Solution:
Force on piston = Steam pressure X (Cross — sectional area of piston
P =p; X nTDz
= 690 x 10N /m? x Z22m"
= 78254 N
P =178,254 kN

Choosing a suitable scale, we draw the crank and connecting rod in the two
positions A and B.

Note that the length of the crank arm is half the stroke

Strok
Length of crank arm = froke

_ 450mm

2
=225mm

A) Scale Tmm = 10mm

Line of stroke

Figure 5.41 ‘
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Choosing a suitable scale, we now draw the friangle of forces, R being
perpendicular and Q being parallel to the connecting rod. Rand Q are then
found by measurement or calculation.

Scale Tmm =1 kN

R Triangle of forces

P = 78,254 kN
Figure 5.42

=79 X1kN = 79 kN
R =14mm = 14 X 1 kN = 14 kN

By measurement

S
I
3
3
3
I

B) Scale Tmm =10 mm

ﬂF‘de

P

Figure 5.43

Scale 1 mm =1 kN

P = 78,254 kN
Figure 5.44

By measurement Q@ =85mm = 85 X 1kN = 85kN
R =31mm = 31 X 1kN = 31kN

Gateways to Engineering Studies

229



Mechanical Drawing and Design | N5

a =20°

Note that the scales used in the diagrams are far too small for accuracy. You
should use a much larger scale. More accurate results may be obtained using
trigonometry.

‘ [O \ Worked Example 5.21

The total force behind the piston of a steam engine is 280 kN.

Calculate:
1. the reaction R provided by the guide.
2. the magnitude of the compressive force along the connecting rod.

The connecting rod makes an angle (a) of 20 degrees with the axis of the
cylinder.

Solution:
Figure 5.45
1. Reaction (R)
tana = 5
P
~R =Ptana
=280 x 103N X tan 20°
=101,9 kN
2. Force in connecting rod (Q)
cosa = E
QP
Q - cosa
_ 280x103N
h cos 20°
Q =298kN

‘ [O \ Worked Example 5.22

Particulars for a vertical petrol engine are:
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Piston diameter 90 mm

stroke 114 mm

length of connecting rod 200 mm

gudgeon pin 20 mm in diameter

length of small end bearing = 25 mm

crank pin (big end) = 45 mm in diameter and 38 mm long.

Gas pressure on piston = 1,1 MPa at the position when the crank is af right
angles to the line of stroke

Calculate:

1. the force in the connecting rod for the given position

2. thereaction between the piston and the cylinder wall for the given position
3. the pressure on the top and bottom end bearings of the connecting rod

Solution:
Force on piston = Gas pressure on piston X Cross — sectional area of piston
2
= 1,1 x 106N /m? x Z002m)*
’ 4
= 6998 N
P
R
Q
con-rod = 200 mm
h
— otroke
Crank = ——
2
= jﬁ = 5? mm
2 :
Figure 5.46
To find a

sina =57mm
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a =16,56°

1. Force in connecting rod

6 998 N

[0
Figure 5.47
cosa ==
QP
Q - cosa
— 6998N
Cc0s 16,56°
Q =7301N
2. The reaction between the piston and cylinder wall
tana = 5
P
~R =Ptana
= 6998 X tan 16,56°
= 2081 N

3. Pressure on con-rod bearings
3.1 Top end (small end on gudgeon pin)

Force
Projected Area of gudgeon pin

Bearing pressure =

~ 0,025m x0,020 m

= 14,6 MPa

3.2 Bottom end (crank pin bearing)

Force

Bearing pressure =

Projected Area
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- Q
P, =
lyxd
7301 N
0,038 m x0,045m

4,27 MPa

‘ [O \ Worked Example 5.23

In the same engine as in Worked Example 5.22, determine the thrust in the
connecting rod and the side force on the piston when the connecting rod is
at right angles to the crank. The gas pressure for this position is 1,4 MPa.

Solution:
P
L
o
Con-rod = 200 mm
Crank = 57 mm
Figure 5.48
tang = —
200
a =1591°
c
15,.41°
P Q
Figure 5.49
Force on piston = Gas pressure on piston X Cross — sectional area of piston
2

(0,09 m)?

= 1,4 X 10°N /m? x 722

=8906 N
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Force in the connecting rod

e

cosa =—

QP
Q - cosa
8906 N
a cos 15,91°
Q =9261N
Force reaction between the piston and cylinder wall
tana = 5
P
~R =Ptana
= 8906 X tan 15,91°
= 2539 N

‘ [O \ Worked Example 5.24

The maximum load behind the piston of a steam engine is 280 000 N.

Determine the diameter and the length of bearing surface for the solid steel
gudgeon pin for the crosshead of this engine. The following assumptions will
be made:

length of gudgeon pin = 1,3 x diameter of gudgeon pin
Ration =35
permissible bearing pressure =8 300 kN/m?
safe bending stress for steel =48 000 kN/m?

Solution:
Design gudgeon pin for wear
PXn
Qmax - Vnz-1
_ 280x103x5
T V25-1
= 285,77 kN

Qmax =PleXde
285,77 x 103 =8,3 x 10® x 1,3d, x d,

_ |285,77x103

dy = [—2——

1,3x8,3x106
=0,1627

Say 163 mm in diameter, and length equals 1,3 x 163 mm = 212 mm

Check gudgeon pin for bending strength

M = O—b X Z
x1 nd3
Qmax — O_b x
8 32
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— QmaxXl 32

o
b 8 d3
_285,77%x103 Nx0,212m 32
8 x(0,163 m)3
=17,81 MPa

This is safe, since the permissible stress is 48 MPa.

‘ [O \ Worked Example 5.25

The total load P behind the piston of a steam engine is 280 000 N. Find the
length I and breadth b of the guide shoe.

Assume that | = 2,5 x b, and take the safe bearing pressure between the
sliding surface to be 520 kN/m? The connecting rod is 5 times the radius of the
crank.

Solution:
P

Rmax

i

n2_
_ 280x103N

V25-1
7,5 kN

1]
vl

Rmax
Safe bearing pressure Py,
57,5X103N

~ 520x103N/m?
Ixb =0,110 m?
2,5b xb =0,110 m?
0,110 m?
b = 2,5
=0,2098 m
Say b =210mm
andl =2,5b
=2,5%X210 mm
=525 mm

Area of slipper =

‘ [O \ Worked Example 5.26

a) Aninternal combustion engine has a bore and stroke of 65 mm and 20-mm
respectively, with a connecting rod 180 mm long. When the crank is 60°
past top dead centre on the power stroke, the effective pressure on the
piston is 1,05 MPa.

Calculate:
i) The effective force on the piston.
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ii) The side thrust on the piston.
i) The thrust along the connecting rod.

b) If the above condition is assumed to give maximum side thrust on the
piston, calculate the length of piston if the allowable pressure is not to
exceed 105 kPa.

Solution:
a) i) Effective force on piston

Force = pressure X bore area
P =1,05x 10°N/m? %x (0,065)2
= 3484 N

Figure 5.50
sina =sinf X %
= sin 60° x 222
0,18
= 0,866 x =22
0,18
=0,2165
~a =12,5°
i) Side thrust on piston
R =Ptana

=3484 N X tan12,5°
=3484 N x 0,2217
=772,38N
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i) Thrust along the connecting rod

P =Qcosa
3484 =(Qcos12,5°

_ 3484 N

Q B cos12,5°
_ 3484 N
"~ 0,976

Q =3569,6 N

b) Length of piston
R =P, xDxI
772,38 N =105 x 103 N/m? x 0,065 X [
l — 772,38 N
105%103 N/m?2 x0,065

=0,113m

[l =0,113m

‘ |:O \ Worked Example 5.27

The maximum force on a connecting rod was found to be 7 kN. Calculate the
dimensions for a suitable gudgeon pin if the bearing pressure is imited to 12
MPa.

Solution:
Diameter of gudgeon pin

Qmax =Py xX1lxd, Assume |l = 1,5d,
7kN =12x103N/m? x1,5d, xd,
d.2 = 7 kN
e 12x103 N/m? x1,5

d. =+/0,000388

d, =0,0197m
d, =say20m
and [ =1,5d,
=1,5%X 20 mm
[l =30mm

‘ [O \ Worked Example 5.28

The following data are given for a single cylinder four-stroke compression
ignition engine.

a) Maximum explosion force 70 kN.

b) Allowable shear stress for the hollow gudgeon pin 35 MPa.
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c) Ratio of external diameter to internal diameteris 2:1 and the bearing length
= 2 x external diameter of pin.

Calculate:
i.  The dimensions of the hollow gudgeon pin.
i. The stresses due to bending in the gudgeon pin, stating clearly the
assumptions made.
ii.  Check for bearing pressure and state whether the design of the pin is
safe.

Solution:
Dimensions of the hollow gudgeon pin

P = Quuax =T X area of resistance X 2
=TX % [d.? — d;*] x 2 (use 2 for double shear)
70 x 103N =35 x 10° N/m? xg[(zdi)zdiz] x 2 (given d, = 2d;)

70x103Nx4 2 2
= [4dl - di ]
TX35X106N/m2 x2

0,001273 = 3d;”

0,001273
di =
3

=0,0206 m
d; =say20mm

and d. =2xd; (given)
=2x20
d, =40mm

Bending stress in gudgeon pin

Q) Il =2xd,
=2 X40mm
=80 mm
l . . . L .
b) M = Qm%x (simply supported with uniformly distributed loading)
M = gy X Z
Qmaxxl _ o, X l[de4_di4]
8 321 d,
70%x103Nx0,080 m = 0, X L (0,04)4—(0,02)4] m3
8 32 0,04
2,56x1076-0,16x107°
700 Nm =lab[ = a ]m3
32 0,04
2,4x107°
700 Nm =g, [ — ] 3
5,89
700 Nm =2=m3xo
106 b
700 Nmx10° o
5,893 b

118,8 X 10° Pa =0,
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o, =118,8 MPa

Checking bearing pressure
The bearing pressure should not exceed 13,8 MPa

Qmax =Py, x1Xxd,
70 x 103N =P, x 0,08 m X 0,04 m
P, =21,9MPa (Design not safe)

To decrease the bearing pressure from 21,9 MPa to 13,8 MPa, the diameter of
the gudgeon pin should be increased. From this we can see that the bearing
pressure is the criterion of gudgeon pin design.

‘ [O \ Worked Example 5.29

Design a suitable crank pin for a crankshaft used in a petrol engine. The
explosion force is 20 kN, and a safe bearing pressure of 7 MPa is to be used.
Assume length of crank pin = 1,3 X diameter of crank pin.

Solution:
Diameter and length of crank pin

P=0Qmu =P;xdxl
» =P, xdx13d
20 x 103 =7 x 10° N/m? x 1,3d?

d = , 20x103N
7x106N/m?2 x1,3
=0,047m
sayd =48 mm
andl; =48x1,3
=62,4mm

say l;, =63mm

The lining for the big-end may be a suitable white metal, such as Hoyt's metal,
in a brass or gunmetal liner or in the rod itself, and for the small-end a chilled
phosphor bronze bush.

‘ [O \ Worked Example 5.30

A diesel engine develops 260 kW at 180 r/min. Calculate the diameter for the
main bearing journal if the maximum torque exceeds the mean torque by 15%
and the shear stress in the material is 54 MPa.

Solution:
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Mean torque
T _ Powerx60
mean 2XTTXN

260x103Wx60
2XmX180 r/min

13,79 x 103 Nm

Maximum torque
Tmaximum = Tmean + % overload

= 13,79 x 103 + % x 13,79 X 103
= 13,79 x 103 x 2,069 x 103
= 15,859 x 103 Nm

Diameter of solid shaft

_ 3
Tmaximum = 1_6TD
T

15,859 X 103 Nm = - X 54 x 10 N/m? x D3

1

_ 3\/15,859)(103 Nmx16
D =
TX54Xx108 N/m?
=0,114m
D =114 mm

‘ [O \ Worked Example 5.31

An engine has a bore and stroke of 65 mm and 90 mm respectively with a
connecting rod 180 mm long. When the crank is 60° past the top dead centre
on the power stroke, the effective pressure on the pistonis 1,05 MPa.

Calculate

i. the twisting moment on the crankshaft. (Assume that the calculated
torque in (i) is the maximum).

i. the diaometer of the main journal if the shear stress in the shaft is 42 MPa.

Solution:
(Fromm Worked Example 5.26 « = 12,5°)
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Figure 5.51

Length OC

0C =sin(6 + a) X OB
= sin(60° + 12,5°) X "Zﬂ
=sin 72,5 x 0,045
=0,9537 x 0,045

oc =0,0429m

Force along the connecting rod
(from Worked Example 5.26 Force = 3569,6 N).

Twisting moment

T = Qmax X 0C
= 35696 N X 0,0429 m
= 153,14 Nm
Diameter of crankshaft
T = 1—”6w3

153,14 Nm =—x 42 x 10° N/m? x D*

D =° 153,14 Nmx16
TX42X 108 N/m?
=0,026 26 m
say D =28mm
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‘ [O \ Worked Example 5.32

The following data are given for a single-cylinder compression ignition engine:

a) Maximum explosion force 70 kN.

b) The centre of the big-end bearing is at mid-position between the main
bearings, which are 450 mm apart.

c) The bending stress -n the main bearing journals is not to exceed 70 MPa.

State clearly the assumptions made, and calculate:
i. The diameter of the main bearing journals.
i. The bearing pressure in the main bearing journals.

Solution:

Bending moment for cenfre crank

! .
= QTX (Treat as simply supported beam with a central 4 concentrated load)

- 70x103 Nx0,45 m
4
M =7875x103N
Diameter of main bearing journals
M = gy X Z
M =g, x %D3
7,875 x 103 Nm =70 x 106 N/m? x %D3
D = 3| 7,875x103 NmX32
T\ Tx70%x106 N/m?
=0,1046m
say D =105mm

Bearing pressure in main bearing journals

Force =p, XD X1, Assume (a)l, =125D
Z =pyxDx125D (b) Force =~
3
T =y X 1,25 X (0,105)2m?
70x103 N
br = 2x1,25%(0,105)2m?2
= 2,54 % 10°Pa

Py, = 2,54 MPa

@ Activity 5.1

1. The maximum pressure in a cylinder of 200 mm diameter is 1 MPa.
Calculate the diameter of a piston rod for a safe stress of 20 MPa.

2. In a high pressure conical type of cast-steel piston, the diameter D is 1 000
mm and the difference of pressure between two sides of the piston is 500
kN/m?2. The base angle of the conical partis 37,5 degrees.
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Find the respective thicknesses of the conical part near the boss where x =
120 mm and at a point where the conical part meets the rim (or crown) of
the piston where y = 520 mm, x and y referring to Figure 5.2.

3. The piston rod of a horizontal steam engine has a diameter of 100 mm and
takes a pull of 222 kN. At the piston end it is tapered to 82 mm diameter
and then screwed 75 mm diameter for the piston nut. The screw thread is
of the constant type pitch having a pitch of 4 mm. The thickness of the
piston boss is 140 mm.

At the crosshead end it is tapered to 20 mm diameter over a length of 190
mm to fit the socket. A cotter, 94 mm wide by 22 mm thick, fixes the rod to
the socket at the centre of the tapered length.

Calculate:

i) tensile stress in threaded portion.

ii) shear stress in cotter.

iii) fensile stress in piston rod at cotter hole.

4. A piston rod for a steam engine of cylinder diameter 610 mm and steam
pressure 690 kPa is tapered and screwed at the piston end and enlarged
and tapered with a cofter fixing at the crosshead end.

Calculate, using a factor of safety of 15 for direct tension, the diameter of
the body of the rod.

Calculate all the other sizes at the rod ends using a factor of safety of 8.
The taperis 1 in 16 on the diameters at both ends and the lengths of the
tapers may be assumed as 160 mm at the piston end and 200 mm at the
crosshead end.

The cotter may be assumed as 30 mm thick. The socket need not be
designed.

Tensile strength of steel = 463 MPa.

Shearing strength of steel =386 MPa.

Crushing strength of steel =618 MPa.

Draw, free-hand, dimensioned views of both ends of the piston rod.

@ Activity 5.2

1. Two steel shafts, a driver transmitting 64 kW at 220 r/min and a driven, run
parallel side by side with their centres 600 mm apart, and with a speed
reduction of 5 to 1, obtained through gear wheels keyed to the shafts
Calculate the diameters of the two shafts for a working shear stress of 65
MPa.

2. Compare the strength of a 150 mm diameter solid shaft and a hollow shaft
of the same weight per unit of length. The hollow shaft has an external
diameter of 200 mm.

3. A motor-car shaft consists of a steel tube with an internal diameter of 31,75
mm and is 3,175 mm thick. The engine develops 8,95 kW. at 2000 r/min.
What will the maximum stress in the tube be when the power is fransmitted
through a 4:1 gearing?
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4. A shaftis 20 mm in diameter and 380 mm long. When running st 2 000 r/min
under a certain load, the torsion meter showed a deflection of 3,06°. The
modulus of rigidity of the - shaft material is 82 x 109 Pa. What power is being
transmitted and what will the shearing stress in the shaft be?

&p‘ Activity 5.3

1. The particulars of a steam engine are: Cylinder diameter 500 mm; stroke
600 mm; length of connectingrod 1,5 m.
At the moment when the crank is at right angles to the connecting rod, the
effective steam pressure on the piston is 550 kPa.
For this position, determine the thrust on the crosshead guide and the force
in the connecting rod.
From this data obtain the bearing pressure on the crosshead pin which is
90 mm diameter, by 114 mm long, and the bearing pressure on the slipper
which is 150 mm wide by 250 mm long.

2. The following information is given for a four-cylinder four-stroke petrol
engine:
a) Maximum pressure in cylinder = 2 400 kPa.
b) Diameter of piston = 95 mm.
c) Length of small-end bearing = 48 mm.
d) Length of big-end bearing = 1,4 x diameter of big-end.
e) Allowable bearing pressure for the small-end bearing = 14 MPa.
f) Allowable bearing pressure for big-end bearing = 7,5 MPa.
Calculate
i) the maximum force on piston.
i) the diameter of small-end bearing.
i) the length and diameter of big-end bearing.

3. The total force P on the piston of a steam engine is 300 kN. Find the pressure
on the guides
a) when the connecting red makes an angle of 15 degrees with the line of

stroke;

b) when itis a maximum. (Ratio fz 3).

[@] Self-Check

| am able to: Yes | No
e Describe pistons

o Rings

o Rods
e Describe shafting

o Torsion equation for shafts

o Power developed by a torque
e Describe the design of shafts
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Describe the saving of mass

Describe the standard sizes of bright steel bars

Describe geared shafts

Describe the forces which act on the parts of the driving
mechanism of steam and similar engines

o Crossheads

o Design of the crankshaft

o Internal combustion engine

If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.
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Friciion

Learning Outcomes
On the completion of this module the student must be able to:

e Describe friction

e Describe lubrication

o Lubricants

o Lubricating methods

Describe bearings

Describe velocities and bearing pressures

Describe bearing and losses

Describe he working pressure for bearings and crossheads

Describe the size of solid and hollow shafts to transmit a given power (pure
torsion)

6.1 Intfroduction

Friction is the resistance between two surfaces which prevents the
movement of one surface against the other.

One advantage of friction is the usefulness of friction in the clutch of a car; a
disadvantage would be friction in a car's gearbox.

The earth's gravity plays a role (10 m/s?) in friction as it exerts a force making it
difficult to move, eg a block of wood or other material over a surface.

6.2 Friction

When two surfaces are in contact and slide relative to each other, a tangential
force acting so as to resist the motion is set up along the plane of contact; this
force is referred to as the friction force.

The law for dry friction states that the friction force is:

1. independent of the area of contact

2. directly proportional to the normal force holding the surfaces together;
3. independent of the velocity of sliding.
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The frictional resistance is greater at the moment when the surfaces are about
to commence sliding than during the process of sliding.

These two forms of resistance are referred to as static and kinetic friction,
respectively.

F = pQ where F = tangential friction force resisting sliding,
Q = normal force holding the surfaces together
and u = coefficient of friction which represents
the static or kinetic coefficient of
friction, depending upon whether F is
equal to the force required to cause or
to maintain sliding.

Type of bearing Coefficient of friction
Ball bearing, radial 0,002 to 0,003 (rolling)
Thrust 0,001 (rolling)
Deep groove 0,001 3 (rolling)
Self-aligning 0,001 0O (rolling)
Roller bearing 0,005 to 0,008 (rolling)
Self-alighing 0,002 7 (rolling)
Collar bearing, thrust 0,03 (sliding)
Step bearing 0,015 (sliding)
Ring-oiling 0,010 t0 0,015 (sliding)
Plain 0,009 (sliding)

Table 6.1 Coefficient of friction of bearings with good lubricant

6.3 Lubrication

Lubrication implies the infroduction of grease or oil between the bearing
surfaces of machine components with the object of reducing friction (and
hence the power required to overcome frictional resistance) and of minimising
surface wear.

The different types of lubrication follow.

6.3.1 Hydrostatic lubrication

Oil is pumped to the bearing under pressure sufficiently great to overcome the
average pressure at the bearing surfaces. The parts are thereby "floated" on a
layer of a fluid which is continuously maintained.

Hydrostatic lubrication is also used in machine tools which have a reciprocating
motion, such as shapers, planers, and slotting machines, the oil being pumped
to the slides carrying the reciprocating parts.
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6.3.2 Hydrodynamic lubrication
The bearing surfaces involved in the transmission of motion and power are

usually so shaped that they do not lie parallel, but are inclined or curved relative
to each other.

Examples are:

(a) the antfi-friction bearings in which ball or roller surfaces engage with races in
a rolling motion associated with a small amount of slip;

(b) gear teeth which combine rolling and slipping motions;

(c) thrust bearings of the filted pad type involving sliding motion and

(d) journal bearings, in which the surfaces slide over each other but which,
because of the eccentricity of the journal and its bearings, are not parallel.

Hydrodynamic lubrication occurs when engaging surfaces have relative sliding
motion and converge to produce a wedge shaped film of lubricant.

FLUID WEDGE

Figure 6.1

6.4 Lubricants
6.4.1 Grease

Grease is a mineral oil which has been thickened by the addition of graphite,
soaps, or other ingredients.

Grease can be used where oil is not a practical proposition, for example, in the
wheel bearings of a motor-car, where oil would be washed out by water thrown
up from the road.

Greases are used where slow or medium speeds are required and the working
temperature is below 120°C.
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When choosing a grease the following points should be considered:

e |t must be of the right viscosity to ensure complete distribution and to form
the required protecting film.

It must resist the formation of deposits.

It must not thicken during working conditions.

It must have good heat-carrying properties.

If possible it should contain graphite, as graphite flakes break down and are
caught in the 'rough spots’, whilst the remainder form a highly polished
surface.

When comparing grease with oll, it is found that grease has an important place
in the field of lubrication.

Greasing methods can be placed in three categories:

1. compression cups

2. aone-shot system, where the grease is piped to various points by intermittent
pressure from a reservoir

3. asin 2., but with a constant feed.

6.4.2 Oil

Oil lubrication is used when working speeds and temperatures are high. Many
modern machines use a cenfralised lubricating system in order to simplify the
lubrication tasks, and oil is conveyed under pressure from a central reservoir
along pipe runs to the various bearings. Oil can be used very successfully in
lubricators, or rings, and it is important to note that the oil can be filtered and
used again so long as it retains its lubricating properties.

6.4.3 Viscosity

The viscosity of a lubricant is best thought of as its resistance to motion; hence
for low viscosities the resistance to motion is low and movement takes place
easily, while a lubricant with a high viscosity does not flow easily.

Note:
A As temperature increases, the viscosity decreases. A lubricant with a
low viscosity may flow so easily that it is squeezed out from the parts

it is lubricating.

The ‘oiliness’ of a lubricant can be described as its ability to maintain a film
between surfaces even when subjected to pressure. It is obvious therefore that
a lubricant for a particular machine or engine must be carefully chosen by
taking all these points into consideration.

Several factors should be considered when choosing a lubricant:
e the velocity of the shaft

e the coefficient of friction between shaft and bush

e the temperature conditions
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e the atmospheric conditions

e the pressure of lubrication required

6.4.4 Precautions to be observed in using lubricants

It is essential that:

e the correct lubrication should be used for a particular job

e the best method should be used to apply the lubricant

e for high speeds and low pressures a light oil should be used

e forlow speeds and high pressures a lubricant with enough ‘body’ to prevent
wear should be used.

6.5 Lubricating methods
6.5.1 Pressure lubrication
This method is largely used in machine tools, internal combustion engines, etc.

The principle is that the oil is forced under pressure between the rubbing
surfaces, ie into the gap between the bush and the shaft.

Note:
‘A\ As the pressure increases, the shaftis forced to rise on an oil film. This

condifion is known as 'fully floating’.

It has the following disadvantages:

e As rofatfion stops, the oil ceases to flow and tends to drain away from the
bearing.

e |t takes time for the oil pressure to build up when starting, with a consequent
increased rate of wear during this period.

e Ifthe oilis cold, the viscosity is greater, so extra power is required to overcome
the extra friction.

6.5.2 Lubricators

6.5.2.1 Ring-lubricated bearing

On long high-speed bearings as well as on long countershaft bearings, ring
lubrication is often resorted to Figure 6.2 shows that the body proper of the
casting is provided with a frough large enough to hold a considerable quantity
of ail.

The upper brass is so cut that one or more jointed rings may be hung over the
shaft, their lower portion dipping into the oil chamber. When the shaft rotates,
the ring also rotates, and in doing so it deposits a quantity of oil on the shaft.

After working along the shaft the oil drains back into the trough below.
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RING-OILING

Figure 6.2

6.5.2.2 The needle lubricator

The needle lubricator is often used on plain bearing caps, where the shafts carry
moderate. loads at average speeds.

The bottle is filled with oil, the double-tapered cork or wooden stopper carrying

the needle is inserted, and the lower part of the stopper is fitted into the bearing
cap.

The rotation of the shaft shakes the needle so that air bubbles rise in the oll
chamber and displaced drops of oil flow down the needle onto the shaft.
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NEEDLE LUBRICATOR
Figure 6.3

Gateways to Engineering Studies
251



Mechanical Drawing and Design | N5

6.5.2.3 The wick lubricator

The wick lubricator acts on the syphon principle. If a wick is run from an oil
reservoir in the cap of a bearing to the surface requiring lubrication, it will syphon
oil over. When the machine is stationary, the wick can be withdrawn by

means of a wire and left in the oil reservoir until required again.

N

3

k

5

WICK LUBRICATOR
Figure 6.4

6.5.2.4 The hand-pressure grease lubricator
The hand-pressure grease lubricator may be of brass or iron. A turn of the knurled
top forces lubricant upon the shaft.

An alternative method is to force the grease downward by means of a light
piston, the pressure on which is maintained by a spiral spring.

=
HAND PRESSURE f:%g“ﬁ%

GREASE CUP
STAUFFER 'TELL-TALE'
GREASE LUBRICATOR
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Figure 6.5
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6.6 Bearings
The function of a bearing is to support a part which has motion relative to the
portion containing the bearing with as small a frictional resistance as possible.

Note:
‘A\ The relative motion is most frequently rotation about a common axis.

If a shaft is machined in one or more places in order that the shaft may be
supported by some form of bearing, the suitably machined part of the shaft is
called a journal. The combination of shaft and support is called a journal
bearing.

« ' .| | Think about it!
- Q -| | When designing simple journal bearings, wear, which is inevitable,
must be considered.

If a material softer than the journal is used at the surface of the bearing, wear
will occur mainly at that surface, and adjustment and replacement are
facilitated by providing a surface in the form of a bush or steps. The latter may
be lined wholly or partly with a suitable material.

The choice of this material will depend on its thermal conductivity and on the
bearing pressure and speed, since the possibility of overheating must not be
overlooked. Babbitt metal (89 percent tin, 3,5 percent copper, 75, percent
antimony) and similar alloys are frequently used.

Engine bearings are usually the plain or bushed type, and they work under most
exacting conditions of speed and load. The most heavily loaded engine
bearings are the big and small-end bearings of the connecting rod and main
bearings of the crankshaft.

The big-end bearing consists of "half” (split) steel or bronze shells lined with white
metal. Most modern engines are fitted with the thin-shell pre-finished type of
bearing which consists of a steel shell about 1,55 mm thick, lined with metal
whose thickness is only about 0,255 - 0,385 mm.

Thin-shell bearings have a long life, and they are readily assembled or replaced
without boring, scraping or hand fitting of any kind. In fact, it is damaging to
carry out any of this work because of the fine tolerances and the excellence of
the surface finish obtained by means of diamond boring or broaching.
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(c)
WHLITE METAL LINER

WHITE-METALLED HALF-BUSH TUEBINE SHAFT BEARING

10 EQUIDISTANT _ GM LINER
LONGITUDINAL

Figure 6.6

6.6.1 Classes of bearings

Bearings may be classified into three main groups, namely:
e Journal bearings

e Thrust bearings

e Fooftstep bearings
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6.6.1.1 Journal bearings
In this type of bearing the supporting pressure of the bearing is at right angles to

the shaft axis.

.

—_———

2

Figure 6.7

6.6.1.2 Thrust bearings

In this type of bearing the pressure is largely parallel to the axis of a shaft (having
"end thrust" and passing through and beyond the bearing) as in propeller drives
etc. (Also called "collar bearings").

s

Figure 6.8

6.6.1.3 Footstep bearings
In this type of bearing the supporting pressure is vertically upwards, ie parallel to
the shaft axis (the end of which rests within the bearing).

Figure 6.9

6.6.2 Solid bearings

The simplest form of bearings, the solid bearing, is shown in Figure 6.7, Figure 6.8
and Figure 6.9. These bearings are used for shafts which rotate slowly or at
infrequent intervals. The hole in the bearing is bored so that the shaftis a running
fit.

The shaft must be passed into the bearing axially, ie endwise. No provision is
made for wear or for adjustment on account of wear, and the complete
bearing has to be replaced, should the wear become excessive. This type of
bearing has a very limited field of application.
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6.6.3 Bushed bearings

The next stage in bearing development is represented by Figure 6.10, where the
simple solid bearing is bushed. Bushes of this type are of brass, gun metal or
phosphor bronze, and are renewable when worn.

The bushes are kept in position either by using set-screws or pins, or the outside
of the bush is a driving or interference fit in the hole of the casting, and they are
pressed in position by means of hydraulic pressure.

The inside of the bush is bored as a running fit for the shaft.
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Figure 6.10

6.6.4 Split type of bearing

Another method of taking up wear is by dividing the bearing with a plane
containing the axis of the shaft and normal to the direction of the load. In Figure
6.11 the upper half or cap is secured to the machine frame by means of studs
and nufts.

Alignment between the parts is maintained by a narrow offset A on the line of
division to ensure that no longitudinal relative movement occurs, the offset
portion in the cap need not extend the whole length and may then fit into a
recess arranged in the lower half. Wear is taken up by removing some of the
metal at B.

Thin metal strips called shims are frequently provided inifially at B; wear may then
be taken up by removing one or more of the strips. The bofttom of the offset at
Ais usually clear of the pedestal. The bore is then turned to size and the bearing
fits snugly around the shaft again.
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BEARING IN TWO PARTS
Figure 6.11
If a thrust bearing of the type shown in Figure 6.12 is used, the bearing must

consist of two parts (split bearing), otherwise it is not possible to place the shaft
in position.

Y

Figure 6.12

6.6.5 Pedestal bearing
As mentioned previously, bearings are split into halves to facilitate installation
and also to allow for adjustment for wear.

For higher speeds and in the larger sizes shafts run in brass, phosphor-bronze or
gun-metal “brasses” made in two halves, supported in a rigid cast-iron block,
and held down by a separate bolted cap.

The brasses must be provided with some means of preventing their rotation and
their axial movement along the shaft. Means of lubrication must also be
provided.

Figure 6.13 shows a pedestal bearing with split bearing brasses C and B. The
bearing housing consists of two parts, namely, the bearing cap D and the base
A, which are bolted together and house the split brasses.

The bearing cap does not rest on the base K. The clamping action is therefore
maintained when the split brasses are machined at E and F to take up the wear
of the bearing.
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Figure 6.13

6.6.6 Prevention of rotation of brasses

When a shaft rotates in split bearing brasses, it tends to rotate the bearings with
it. To counteract this rotation of the halves, various methods are employed, as
shown below:
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PEEVENTION OF ROTATION OF BRASSES

Figure 6.14

At (a) the casting is octagonal. The outside of the brasses are also octagonal,
except for the middle portion which is recessed. This recessing facilitates fitting
and prevents rock.

At (b) a pip, snug, or register is cast on the lower brass. This fits a corresponding
hole in the casting.

At (c) lugs are left at the sides of the brass and corresponding recesses left in the
casting.

At (d) the lower brass is squared and fits a casting to correspond.

6.6.7 Ball and roller bearings

Ball and roller bearings have the following advantages over plain bearings. The
coefficient of friction is lower and is practically the same at starting as in motion;
heavier loads and higher speeds are permissible; less speed is required; less
lubricant is used; and wear is practically nil.
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On the other hand, the first cost is greater, the bearing cannot be used in halves,
any defects may produce serious consequences, and the bearings are
frequently noisy after long use.

6.6.7.1 Typical examples of ball and roller bearings

Single row Self aligning

Figure 6.17
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Needle roller bearing .

Single thrust

bearing with spherical
seating

Cylindrical roller Spherical roller Tapered roller bearing
bearing

Figure 6.18

6.7 Velocities and bearing pressures (maximum allowed)

Type of bearing Type of lubrication | Pressure on Velocity
projected m/min
area kPa

Turbines, pumps ring-lubricated 480 1280
journals 25 to 250 annular
mm bearings
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in diameter

generators, motors, | ring lubricated 700-200 73-366
journals 50 to 400

mm

in diameter

reduction gears, pressure-lubricated 1 035 550-1 830
marine turbines annular bearings

oil cooler

diesel engine forced feed 3 450 280
main bearing
Table 6.2

6.8 Bearing losses
Power loss = uQVv
where u = coefficient of friction.
Q =load on bearing in newtons
V = peripheral velocity in metres per second.

‘ [O \ Worked Example 6.1

A solid shaft, 70 mm in diameter, fransmits 125 kW at 440 r/min.

Calculate:
1. the torque transmitted
2. the shear stress in the shaft

A collar on this shaft must resist an axial force of 2 225 N.

Calculate the bearing pressure between the collar and the bearing if the
outside diameter of the collar is taken as twice the diameter of the shaft.

Solution:
1. Torque transmitted

Power = ZEimeanl

T _ Powerx60
mean 2XTTXN

_ 125x103x60
2XTTX440

=2713 Nm

2. Shear stress in the shaft

Assume
Tmean = Tmax
_ ”ds3
16
__TXx16
nds3
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_ 2713 Nmx16
x(0,07 m)3

=40,28 MPa

3. Bearing pressure between collar and bearing

4]
o .:,“’
et |
I K=
2 .'?.25.__1:-7 [ — REIREY S
] 1
—1

Figure 6.19

‘ [O \ Worked Example 6.2

A solid shaft fransmitting 53 kW at 140 r/min has a load of 18 kN applied at the
journal. The maximum allowable shear stress due to torque must not exceed
65 MPa, and the maximum bearing load allowed on the journal projected
areais 1 MPa. If the ratio of length of journal to journal diameteris 2 to 1, find
the diameter and length of journal.

Solution:
Calculate the diameter and length of journal:
Consider shearing first:

Power = Zlmeanl
T _ Powee(1)*><60
mean 21N
_ 53x103x60
T 2xmx140
=3615 Nm
= 3,615 kNm
Assume
Tmean = Tmax
T = iﬁ

16
3|Tx16
wds = \’ TXT
_ 3 3615 Nmx16
a w/nx65>< 106 N/m2
=0,06566m
sayd =66mm

Lengthl =2 Xxd;
=2X66
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. =132mm

Consider bearing pressure:
Force

Pressure = ———
Projected area
Q
o P ==
b ™ ixa
butl =2d;
w P, = Q
2dgxdg
Q
P = =<
b 242
18x103N
wd? =

2X1X108 N/m?
=,/0,009 m3
=0,09486 m

sayd =95mm

Length | = 2dg
=2X%X95
=190 mm

~ Safe sizes are: = 190 mm dy, = 95 mm

Worked Example 6.3

o]

The load on a crankshaft journal is 11,5 kN, and the crankshaft transmits a
torque of 4,2 kNm. If the diameter and length of the journal are 75 mm and
150 mm, respectively, find the shear stress and bearing pressure.

Solution:
mdgS
Torque = 1; X T
_ 16XT
xd3
_ 16X4200 Nm

~ 7% (0,075)3 m3
=51 x 106 N/m?
7 =51 MPa

Calculate the bearing pressure:

_ Force
Pressure = ———
Projected area

11,5x103N
0,075 mx0,15m
=1x 10° N/m2
=1MPa

Worked Example 6.4

g
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The two journals of a shaft carry a flywheel of mass 10 160 kg midway between
them. If the coefficient of friction is 0,075 and the speed 70 r/min, find the work
done per minute and the power absorbed by friction.

Diameter of journals = 300 mm.

Solution:
Total load on bearings (Q) = 10160 kg X 9,81 m/s?
=99669,6 newtons
Total friction force (F) =uxQ
=0,075 X 99669,6
= 7475,22 newtons
Distance moved in metres per minute =m Xd X N
=mx03x%x70
= 65,97 metres per minute
Work done per minute = Friction force X distance moved per minute
=7475,22 N X 65,97 m
=493140,26 Nm per minute
Power absorbed by friction = friction force X V

=uxXQxV

= 747522 N x =2 m/s

=7097,72 watts

= 8219 kW

‘ [O \ Worked Example 6.5

A shaftis supported by two bearings being one metre apart. A flywheel having
a mass of 10 000 kg is situated on the shaft at a point 0,25 m from the left end
support. The shaft has a diameter of 250 rnm and each journal has n length of
375 mm.

If the shaft rotates at 250 r/min and u = 0,075 calculate -
the reaction at each journal;

1.
2. the work done per minute at each journal;
3. the total work done per minute;
4. the power absorbed by friction at each journal;
5. the total power absorbed by friction;
6. the frictional torque in the shaft;
7. the shear stress in the shaft owing to the frictional torque; and
8. the pressure at each journal in MPa.
Solution:
1. Reaction at each journal: Q= J'g‘ﬂi%ﬂ = 98,1 kN
R, x1 =98,1x0,25 N .
R, =73,575kN 0,250 0,75 m |
~
Ra Rb
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Moments about R,
R,x1 =981 x 0,75
R, =73,575kN

2. Work done per minute at each journal

Work done at A = friction force X distance moved in m/min
=uX R, XmdN
=0,075 x 73,575kN X ¢ X 0,25m X 250 r/min
=1 083,48 kNm per minute

Work doneat B =11 X R, X mdN
=0,075 X 24,525 kN XndN X 0,25m X 250 r/min
= 361,16 kNm per minute

3. Total work done per minute
Total work done = work done by A + work done by B
=1083,48 kNm per minute + 361,16 kNm per minute
=1 444,64 kNm per minute

Alternatively:
Total work done per minute = Total friction force X distance moved in m/min
=u X Q xXmdN
=0,075 X 98,1 kN X m X 0,25m X 250 r/min
= 144,64 kNm per minute

4. Power absorbed by friction at each journal:

Power at A = Work done per second
_ 108348

60
= 18,058 kW

361,16
Power atB = s

=6,019 kNm/s
=6,019 kW

5. Total power absorbed by friction:
Total power = power at journal A + power at journal B
= 18,058 kW + 6,019 kW
=24,077 kW
Alternatively:

Total power absorbed by friction = Total friction force X V
TdN

SH X Q X=F
=0,75 X 98,1 X w X 0,25m X = kNm/s

= 24077 kW

6. Frictional torque in the shaft:
2nNT

60

Total power =
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_ 60xXPower

T =
21N
T = 60x24,077
2XTX250
T =0,9197 kNm
T =919,7 Nm

7. Shear stress in the shaft:
T =Zzd3
16
_ 16XxT

" mxd3
_ 16X919,7 Nm

x(0,25)3m3
T =299775 N/m?
T =299,775 kN /m?
Say t =0,3 MPa to overcome friction only

8. Pressure at each journal:

R
Pressureat A = -

area of journal A
73,575x103N

- 0,25m x0,375m
= 784800 N /m?
=0,7848 MPa

Rp
area of journal B
24,525X103N

- 0,25m x0,375m
= 261600 N/m?
=0,2616 MPa

‘ [O \ Worked Example 6.6

A horizontal shaft is subjected to an axial thrust of 60 kN taken up by a collar.
Mean friction diameteris 150 mm, width 25 mm measured radially. Coefficient
of friction 0,06.

Pressureat A =

Find the work absorbed per minute if the speed is 60 r/min. Also find the power.

Solution:
Friction force =puxQ
= 0,06 X 60 x 103
Distance moved =m Xd XN
=1 x 0,15 x 60
Work absorbed =m X Q XmXdXN
= 0,06 x 60 X 103 N X 7 X 0,15m X 60r/min

=101,8 X 103> Nm/min
_ 101800
60
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=1,7 x 103W
=17 kW

@ Activity 6.1

1. A crankshaft journal is loaded to the extent of 20 kN and the crankshaft
transmits a torque of 5 kNm. Find the size of the journal. The maximum
shearing stress must not exceed 60 MPa, and the maximum bearing
pressure is 1 MPa on the projected area of the journal. Assume [ = 2,5d.

2. The two journals of a shaft carry a flywheel of mass 8 500 kg midway
between them. If speed is 70 r/min and the coefficient of friction is 0,09, find
the work done per minute and the power absorbed in friction. The journals
have a diameter of 270 mm.

3. A horizontal shaft is subjected to an axial thrust of 80 kN taken up by a
collar. The mean friction diameter is 200 mm, the width 30 mm measured
radially, and the coefficient of friction is 0,08. Find the work absorbed by
friction per minute if the speed is 40 r/min. Also find the power required to
overcome friction.

4. A crankshaft journal loaded to the extent of 20 kN has a journal diameter
of 75 mm. The maximum shearing stress must not exceed 60 MPa. Assume
[ = 2,5d, and calculate:

(i) the torque transmitted by the crankshaft;
(i) the bearing pressure.

“@'] Self-Check

| am able to: Yes | No
e Describe friction

e Describe lubrication

o Lubricants

o Lubricating methods

Describe bearings

Describe velocities and bearing pressures

Describe bearing and losses

Describe he working pressure for bearings and crossheads
Describe the size of solid and hollow shafts to transmit a given
power (pure torsion)

If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.
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Keys and Keyways

Learning Outcomes
On the completion of this module the student must be able to:

e Describe keys

o Gib-head

o Feather

o Woodruff

Describe finding the size of keys
Describe standard key sizes
Describe taper pins and splines
Describe the design of keys
Describe the design of a splint shaft
Describe keyways

Compare keys and coftters

7.1 Intfroduction

Keyways are cut into shafts and pulleys so that keys can be fitted to
ensure a positive drive. The pulley keyway is lined up with the keyway
in the shaft. The general dimension of the key is expressed in terms of
the shaft diameter.

7.2 Keyway
This is a recess in a shaft or hub to accommodate a key.
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KEY SEAT OR
KEYKAY

THE SHAFT

THE KEY

" THE HUB,
BOSS, OR NAVE

Figure 7.1

Keyways are cut out with milling machines, shaping machines or key seaters. If
a horizontal milling machine is used, the resulting keyway will look like the one in
Figure 7.2.

Figure 7.2
If a vertical miling machine is used, the resulting keyway will look like the one in
Figure 7.3.
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Figure 7.3

In both cases, the end of the milled slot has the same profile as the cutter.

7.3 Keys

A key is defined as a piece of metal inserted between the joint of two parts to
prevent relative movement, or as a piece of metal inserted in an axial direction
between a shaft and hub to prevent relative rotation.

Did you know?
@ Keys are always made of steel because they are subjected to

considerable crushing and shearing stresses.

7.3.1 Different types of keys

There is a wide variety of keys, designed for light and heavy duties, for parallel
and tapered shafts, to allow axial movement of the hub along the shaft and to
prevent relatfive rotation or to prevent both axial movement and relative
rotation between the shaft and the hub.

Keys may be divided into five classes:
e sunk

saddle

tfangent

round

splined

7.3.1.1 Sunk keys

These keys are divided into three classes.
e Parallel sunk keys

e taper-sunk keys

e  Woodruff sunk keys

e Parallel sunk key
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This key may be rectangular or square section, uniform in width and thickness
throughout. Ends may be squared or rounded.

Note:
A A parallel key is taperless and is used where the pulley, gear, or other
mating piece is required to slide along the shaft over the key and

then to be fastened with a screw.

Figure 7.4

Feather key

A featheris a particular kind of parallel key which transmits a turning moment
and also axial movement. It is fastened to shaft or the hub, the key being a
sliding fit in the keyway of the moving piece.

Figure 7.5 shows a feather key screwed to the shaft.

(MEDIDM) (HEAVY)

FEATHER
KEY

Figure 7.5
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In the double-head feather key, the key has a projection at each end to
prevent its axial movement in the hub.

FEATHER EKEY

et
.

Figure 7.6

Figure 7.7 shows a single-head feather, fitted to the encircling member

SINGLE-HEAD FEATHER.
FITTED TO ENCIRCLING MEMBER

Figure 7.7

Figure 7.8 shows a peg feather key. The peg on a peg feather key usually
fits intfo a hole on the hub or other part of the sliding piece.

Figure 7.8

Standard proportions for parallel sunk key
Keys may fail either by shearing or by crushing, as already stated.

Equating the moment of the total shear strength of a key to the moment of
the compressive strength, and assuming that the crushing stress of the
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material is twice the shearing stress (ie o, = 21), it is found that theoretically
keys should be made square.

This is the approximate cross-section of a feather which is, from its nature, only
a running fit in the keyway. In practice, the breadth W (width) of a key is

made approximately equal to % (wWhere d; equals the diameter of the shaft)
and the depth T (thickness) of a key is made approximately equal to

X

>

I
QU
[

QwiINWIN

%]

%
O

o

that keys should rarely fail in shear. The failure is, in fact, generally due to
deformation of the key or the shaft through the forces which tend to turn the
key over, particularly when those forces alternate in direction.

1
/ Eds

Figure 7.9

A rectangular key is recessed halfway into the boss and halfway into the shaft
when measured at the side and not when measured on the centre line.
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]

Figure 7.10

The weakening effect of the keyway upon the shaft must be taken into
account. The deeper the key in the shaft, the weaker the shaft becomes.

The shaft may be enlarged in the neighbourhood of the keyway, say 25 % of
its original diameter.

This also facilitates the entry of the gibheaded key; it is, however, an
unnecessary refinement in shafts of normal design, since the cost of forging
the enlargement may be greater than the increased cost of a shafts that is
slightly bigger in diameter.

Similarly a wheel boss may be enlarged in the neighbourhood of the key.

e Taper-sunk key
This is a key of rectangular or square section, uniform in width, tapered in
thickness. The ends may be squared or rounded. For rigid fastening, the key
is made so that it is a good fit on its top and bottom faces and is also a good
fit sideways.

This type of key requires a parallel keyway of uniform depth in the shaft and
one of slightly varying depth to suit the taper of the key in the boss of the
wheel.

The standard proportions for a taper key are the same as the proportions for
a parallel key, but T (thickness) is measured at the larger end of the taper.
The taperis 1in 100.
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Cy— SUNK KEY

Section CP
Figure 7.11

Keys are sometimes provided with gib-heads to facilitate withdrawal; a
wedge is driven between the face of the boss and the head.

Figure 7.12

The following proportions relating to Figure 7.12 are suggested for rectangular
gib-headed keys:

W = standard width = %

T = standard thickness at large end

— 2y =4
37 T 6
B =13T
4
C =
A =111
2

Angle of chamber = 45°
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Figure 7.13

e Woodruff sunk key
The Woodruff key is an easily adjustable sunk key. As will be seen from Figure
7.14, it is segmental, being part of a cylindrical disc capable of tilting in @
recess milled in the shaft by a cutter having the same curvature as the disc
from which the key is made.

This key is largely used on machine-tool and automobile work.

Its main advantages are:

e |t accommodates itself to any taper in the hub, nave, or boss of the
mating piece

e itis useful on tapering shafts ends

The disadvantages are:
e The singular depth of the keyway weakens the shaft
e if cannot be used as a feather

-

.Um

V2222222223

b —— - ———
e e | —

Figure 7.14
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7.3.1.2 Saddle keys

These are keys of uniform width, but taper in thickness. They can be in two formes:
e flat saddle keys

e hollow saddle keys

e Flat saddle key
This is a taper key to fit a keyway in the hub and a flat on the shaft. It is apt to
slip round the shaft under heavy load, and thus is suitable for light duty only.

Figure 7.15

e Hollow saddle key
This, too is a taper key made to fit a keyway in the hub, the bottom of the key
being shaped to fit the curved surface of the shaft. It is suitable for light duty
for it holds only by friction.
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Figure 7.16

7.3.1.3 Tangential keys

When transmitting heavy power or when fitting a large flywheel to shafts, it may
be necessary to use more than one key. Flywheels about 3 metres in diameter
or more should be secured by two keys at right angles, or by two tangent keys
at 120°.

This ensures at least three bearing points and eliminates all risk of rocking. When
two or more keys are employed, an allowance must be made in the design on
account of the difficulty of getting all keys to fit simultaneously.

This allowance will vary according to the type of work and the general
character of the workshop appliances, but in general an assumption of an
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overload of from 50% to 75% is sufficient to cover all imperfections in

manufacture and assembly.
=

TAPER OF KEYS IN 100

= =
4— THE TAPERING IS ENTIRELY OM THE INSIDE FACES T
TANGENTIAL KEYS
ALTERNATIVE ARRANGEMENTS
Figure 7.17

For drawing purposes, the following proportions may be used:

T =0,1d, w = 0,276 d B = 0,345 d,
W =0,3d, A=0,75d,

where d; is the diameter of the shaft. Figure 7.18 shows a Lewis key. This is also a
form of tangential key. A single key is used as compared with the double keys in
the tangential type.

Figure 7.18
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7.3.1.4 Round keys
These keys may be parallel or tapered. The parallel one is called a key, while the

tapered one is a taper pin.

A TAPER PIN
. "u!“]'m
Y
_ 1_ - _
: ROUND KEY

Figure 7.19

They are fitted into a hole drilled partly in the shaft and partly in. the hub. They
are used to built-up crankshafts and are also used extensively where the parts

are shrunk on. The diameter is usually made % the diameter of the shaft.

ROUND
(LIGHT DUTY) -

Figure 7.20

Figure 7.21 shows two methods of fixing a hub or collar ring to a shaft, using a
taper pin. Standard taper pins have a taper of 1 in 48 on the diameter.
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Figure 7.21

7.3.1.5 Splines:
Figure 7.22 shows a single spline shaft. The key or spline is integral (in one piece)
with the shaft.

SPLINE
THE KEY OR SPLINE IS
INTEGRAL (IN ONE PIECE)
WITH THE SHAFT

Figure 7.22

If a shaft is carrying very heavy loads, it should be obvious that the load is
transferred to the hub via the key. This means that the power that any shaft or
hub can transmit is limited by the strength of the key or single spline.

If heavy loading is expected, the shaft and hub will be multi-splined. The number
of splines will depend on the load to be carried the greater the number of
splines, the greater the permissible loading. Splined shafts are largely used in
automobile work.

SPLINE SHAFT

SPLINE HUB
SPLINED MEMBERS

Figure 7.23
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7.4 Comparison between keys and cotters
Keys are generally driven in parallel to the axes of shafts which are subjected to
torsional, or twisting, stress.

Cotters are generally driven in at right angles to the connected rods or hubs,
which are subjected to compressive or tensile stress along their axes. Briefly, keys
are usually employed fo transmit a twisting moment, whereas coftters are
generally used in tension or compression only.

7.5 Design of keys
In finding the sizes of the keys, it is usual to equate the torque on the shaft to the
torque on the key.

The key may fail in two ways:
e by shearing
e Dby crushing

7.5.1 Shearing of key

Shear area of key = W x £

Figure 7.24

Torque on key (due to shearing) = Force X radius
T key =F X rbutForce = Stress X Area
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_ Shaft diameter

Radius = >
Shaft diameter
= Stress X Shear Area X ff
_ ds
=T ey XW X1 X >
Power X 60
Torque on shaft = — also

d 3
Torque on shaft = nl—g X Tsnast

Equate the torque on the shaft to the torque on the key.

Torque on shaft = Torque on key (due to shear)

Power X 60 dg
N T ey XW x1 >

or
n'd53

_ ds
?xrshaft _TkeyXW Xlx?

7.5.2 Crushing of key

Crushing area key = :g— ®x 8

Figure 7.25

Force X radius

Stress X Area
__ Shaftdiameter

2

Torque on key (due to crushing)
but Force

Radius

Tkey =FXr

. Shaft diamet
= Stress X Crushing Area X Shaft dlameter

_T ds
Qckey —EXZX?
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Now again

Torque on shaft = Torque on key (due to crushing)

Power X 60 _ T dg
———— =0, X=XIx=
2N key *" 2 2

or

wdg3 _ T ds
o X Tshast = Qcpey X5 XIX

where
d, = diameter of shaft (m)
W = width of key (m)
T = thickness of key (m)
[ =length of key (m)
Tsnare = Qllowable shear stress in shaft materia 1 (Pa)
T key = allowable shear stress in key material (Pa)
o. = crushing stress in key material (Pa):
P =Powerin watts

The usual method adopted is to work out the width of the key and the thickness
of the key from empirical formulae and the shaft diameter. These are then used
in (a) and (b) to find the length of the key required.

Alternatively, the tables for sizes of keys included in this lecture may be used to

find the width and thickness, after which the length may be found as above.

1 2 3 4 5 6 7
Shaft Key Keyway
diameter section Width Depth
Over to WxT Shaft and Hub
hub Parallel Taper

6 8 2X2 2 1,2 1,0 0,5
8 10 3X3 3 1,8 1,4 0,9
10 12 4X 4 4 2,5 1,8 1,2
12 17 5X5 5 3,0 2,3 1,7
17 22 6X6 6 3,5 2.8 2,2
22 30 8X7 8 4,0 3,3 2,4
30 38 10X 8 10 5,0 3,3 2,4
38 44 12X8 12 50 3,3 2,4
44 50 14X9 14 5.5 3,8 2,9
50 58 16 X 10 16 6,0 4,3 3,4
58 65 18X 11 18 7,0 4,4 3,4
65 75 20X 12 20 7,5 4,9 3,9
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75 85 22X 14 22 9,0 5,4 4,4
85 95 25X 14 25 9,0 5,4 4,4
95 110 28 X 16 28 10,0 6,4 5,4
110 130 32X 18 32 11,0 7,4 6,4
130 150 36 X 20 36 12,0 8,4 7,1
150 170 40 X 22 40 13,0 9,4 8,1
170 200 45 X 25 45 15,0 10,4 9,1
200 230 50 X 28 50 17,0 11,4 10,1
230 260 56 X 32 56 20,0 12,4 11,1
260 290 63 X 32 63 20,0 12,4 11,1
290 330 70 X 36 70 22,0 14,4 13,1
330 380 80 X 40 80 25,0 15,4 14,1
380 440 90 X 45 90 28,0 17,4 16,1
440 500 100 X 50 100 31,0 19,5 18,1
Table 7.1

‘ [O \ Worked Example 7.1

A shaft, 114 mm in diameter, transmits 75 kW at 100 r/min. The key in the driving
pulley is 100 mm long. How wide should it be if the shear stress in the material
is not to exceed 70 MPa?¢

Solution:
Torque on shaft = Torque on key (due to shearing)

PXx60 _ dg
N Tkey><W><l><2

75%x103x60 N
—Nm =70><106—><W><0,1m><
2XTx100 m2

7162 Nm =399000 x W N
_ 7162Nm

"~ 399x103N
=0,0179m

0,114 m
2

Say 18 mm wide.

‘ [O \ Worked Example 7.2

A square key is to be used to key a gear to a 3é6mm shaft. The hub length of
the gearis 64 mm. Both shaft and key are made of the same material having
the same allowable shear stress. What are the minimum dimensions of the sides
of the square key?

Solution:
Torque on shaft = Torque on key (due to shear)
7'L'dsS":shaft

16

:TkeyXW Xlx%bUTTkey:TShaft
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(0,036 m)3t 0,036m
— R = Tepare X W % 0,064 m X —

_ m(0,036 m)3Tspqart 9 2
16 0,064 mx0,036 m

=0,00795m

Say 8 mm wide by 8 mm thick

‘ [O \ Worked Example 7.3

A feather key is 13 mm wide by 10 mm deep, and is to fransmit 680 Nm of
torque from a shaft 38 mm in diameter. The steel key has an allowable stress
in tension and compression of 110 MPa and an allowable stress in shear of 55
MPa. Determine the required length of the key.

Solution:
Length required to resist shear:

Torque on shaft = Torque on key (due to shear)
ds
Tshaft =Tkey><W XlX;
680 Nm =55X 10°N/m? x 0,013 x [ X
_ 680 Nmx2
55X106N/m?x0,013x0.038 m
=0,05m
[ =50mm

0,038 m
2

Length required to resist compression:

Torque on shaft = Torque on key (due to crushing)

— 1 ds
Tshaft = Qckey X > X 1% o

0,01m 0,038 m

680 Nm =110 x 10N /m?2 x X X ==
| = 680 Nmx2x2
110x106N/m2x0,01x0.038 m
=0,065m
Il =65mm

Use a key of 65 mm in length.

‘ [O \ Worked Example 7.4

A feather key is 13 m wide by 10 mm deep, and is to tfransmit 680 Nm of torque
from a shaft 38 mm in diameter. The steel key has an allowable stress in tension
and compression of 110 MPa and an allowable stress in shear of 55 MPa.
Determine the required length of the key.
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Solution:
Length of key required to resist shear:

Torque on shaft = Torque on key (due to shear)
ds
Tshaft :TkeyXW XlX;

680 Nm =55 x 106N /m? x 0,01 x [ x 2232
_ 680 Nmx2
"~ 55x106N/m2x0,01x0.038 m
=0,065m
[l =65mm

Length of key required to resist crushing:

Torque on shaft = Torque on key (due to crushing)

— T ds
Tshaft = Qckey X=X L x >

680 Nm =110 X 105N /m? x 22 x [ x 22227
l — 680 NmX2xX2
110><106N/m2><0,013><0.038m
= 0,050 m
Il =50mm

Use a key of 65 mm in length.

‘ [O \ Worked Example 7.5

A shaft of 40 mm in diameter is transmitting a torque of 500 Nm by means of a
pin key as shown. The material of the pin has an allowable shear stress of 68

MPa. Find the size of the pin.
O

N

=

Figure 7.26
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Solution:
Torque on shaft = Torque on pin
Tshase = Force X radius
= Shear stress X Shear area X radius
2

Tshaft =TX

2
500 Nm =68 X 10N /m? x anp % 0,0420m

2 _ 500 Nm 4X2
d,” =
2X1X0,040 mXx68X106N/m?2
= —44992
d, =+/2,341%10~*m

=0,0153m

Say d, = 16 mm in diameter

7.6 Design of a spline shaft

"

Figure 7.27

Splined connections as shown above are used to permit relative axial
movement between the shaft and hub of the connected member. The splines
are keys made integrally with the shaft and usually are four, six or ten in number.

The splines are usually made with straight sides or cut with an involute profile.
When there is relative axial movement in the splined connection, the side
pressure on the splines should be limited to about 7 MPa.

The torque capacity of a splined connection is:

. T=pXAXn,

i. ds=d,+2h

ii. d,=ds;—2h
ds—d,

iv. h=-—=-—"=
2

V. IfWZWlthenW=W1=

dy
2n
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where

p = permissible pressure on the splines <7 MPa
A = total area of the splines, square meftres
A = %(ds — d,.) X (number of splines) X [

d, = shaft diameter [m]

d, = theroot diameter of the splined shaft [m]
h = the height of splines [m]

W = the width of splines [m]
[ = effective length of splines [m]
n = the number of splines on the shaft

W, =the width of the keyways [m]

r, = meanradius [m]
_ dg+dy

4
T =torque [Nm]

‘ [O \ Worked Example 7.6

A splined connection in an automobile tfransmission consists of 10 splines cut in
a shaft of 58 mm in diameter. The height of each spline is 5,5 mm and the
keyways in the hub are 45 mm long.

Determine:

a. the power that may be fransmitted at 2 500 r/min if the allowable normal
pressure on the splines is limited to 5 MPa.

b. the force required to slide the hub axially under full load (¢ = 0,1).

Solution:
d, =ds,—2h
= 0,058 m — 0,0055 m
= 0,047 m
A = %(0,058 m — 0,047 m) x 10 x 0,045 m
= 2,475 x 1073m?
_ dst+dy
Tm =7
_ 0,058m—0,047m
= 208 m-0oeTm
=0,02625m
T =pXAXn,
=5x 10°N/m? x 2,475 X 1073m? x 0,0265 m
=324,8 Nm

2mwTN
1. Power =

60
_ 2 Xm X324,8Xx2500
60
Power =85,03 kW
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2. force on splines =p X A
=5x 10°N/m? x 2,475 X 1073m?
= 12375 N

sliding force = force on splines X friction coef ficient
=12375 x 0,1
=1237,5N

Note
sliding force = friction force

‘ [O \ Worked Example 7.7

A splined connection is required for the transmission of an automobile having
an engine developing a maximum power of 84 kW at 1 200 r/min.

The maximum torque exceeds the mean torque by 45%. There are 10 splines
cut in a shaft. The width of the splines is equal to 0,5 times the width of the
grooves. The shear stress in the shaft due to twisting must not exceed 45 MPa.

Calculate:

(i) the maximum torque transmitted by the shaft
(i) the core diameter of the shaft

(iii) the width of the splines

(iv) the width of the grooves

(v) the outside diameter of shaft

(vi) the height of the splines

(vii) the shear stress in the splines

Solution:

(i) maximum torque transmitted
T — Powerx60
mean 21TN

_ 84x103X60NMm
2XX1200

=668,5 Nm
145
Tmax = Tmean X E
= 668,5 Nm x —=>
100

Tax = 969,3 Nm

(i) the core diameter of the shaft

ndr3
T, = X T
max 16

drg — Tmax*x16

TTXT
_ 9693Nm16
TX45Xx105Nm?2
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d, =31097 x 10~*m3
=0,0479
Say d, = 48 mm in diameter

(i) the width of the splines
w

W = O,5W1 o W1 = E

W, =2WwW
Circumference of core diameter =mdr
Also: circumference =n(w + W,)
=n(W + 2W)
=3nW
~mnd, =3nW

_ mdy

3m
_ mx0,048m

3x10
=0,005m

W =5mm

(iv) the width of the grooves

W, =2W
=2 X5mm
W, =10mm

(v) the outside diameter of shaft
Assumep =7 MPaand !l =60 mm
T =aXpXn,
T =%(ds—dr)><7t><l><p><
969,1 = %(dS —0,048m) x 10 X 0,06 X 7 X 10° x

969,3 _ "1 1,
Toxoomaies -z (s~ 0,048m) x= 2(ds — 0,048)

2308 x 10™* =0,125 x (d,* — 0,048%)
ds®> —0,0482 =1,8464 x 1073
ds® =1,8464 x 1073 + 0,0482
dy =+/4,1504 x 1073
= 0,0644
Say dg; = 64 mm in diameter

(ds+dy)

(ds+0,048)

(vi) height of the splines
P
2
_ 64mm-48mm
B 2
h =8mm

(vii) shear stress in the splines
Torque on shaft = Torque on splines
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_ dr
Tshaft ~ Tsplines XnXW x1IXx 7

969,3 Nm = Tgpiines X 10 X 0,005 m x 0,06 m X =
B 969,3 Nmx2
Tsplines = 700,005 mx0,06 mx0.048 m
=13,5 MPa

@ Activity 7.1

Define a key.

Keys are divided into five classes. Name each class.

When will a feather key be used in a design?2

A standard Woodruff key for a shaft (64 mm in diameter) is to be used.

Calculate the size of key needed.

Write down the standard proportions for a gib-headed key.

If this gib-headed key is going to be used on a shaft having a diameter of

100 mm, what will the size of the gib-headed key be?

6. A pin key is used to secure a lever to a shaft with a diameter of 50 mm. If
the torque transmitted is 260 N.m and the material of the pin has an
allowable stress of 78 MPa, find the size of the pin required.

7. A shaft is 38 mm in diameter, and fransmits a torque of 645 Nm. The
allowable stress in tfension and compression for the key is 100 MPa and the
allowable shear stress in the key is 60 MPa. Use the tables provided to
determine the width and thickness of the key, and then determine the
required length of the key.

8. A shaft of 48 mm in diameter has six splines cut info it, the splines being 40
mm long. The depth of each spline is 7 mm. The allowable normal pressure
on the splines is limited to 4,5 MPa. For a speed of 2 200 r/min, determine
the power that may be transmitted.

9. A motor-car transmission consists of a splined connection having 10 splines

cut in a shaft of 60 mm. The keyways in the hub are 45 mm long, and the

power tfransmitted by the splines is 20 kW when the transmission is rotating

at 2 500 r/min. If the allowable normal pressure on the splines is limited to 5

MPa, determine the required height of the splines.

“@'] Self-Check

| am able to: Yes | No
e Describe keys

o Gib-head

o Feather

o Woodruff
e Describe finding the size of keys
e Describe standard key sizes
e Describe taper pins and splines

Gateways to Engineering Studies

293

Ao~

o




Mechanical Drawing and Design | N5

e Describe the design of keys

e Describe the design of a splint shaft
e Describe keyways

o Compare keys and cotters

If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.
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Module 8
Couplings

Learning Outcomes
On the completion of this module the student must be able to:

e Describe shaft couplings
Flange couplings
Strength of the coupling
Marine coupling
Flexible couplings
o Muff coupling
e Describe claw coupling
o Standard proportions
o Design
e Describe universal joint or Hooke's coupling
o Variation in angular velocity of driving shaft
o Determine maximum and minimum angular velocities
o Calculate the size of bolts for a flange coupling, given the number of bolts
and pitch circle diameter to transmit the power at a given speed by
equating the torque on the shaft to the torque on the bolts

@)
@)
@)
@)

8.1 Introduction

Couplings are basically used to join shafts which allows power to be
transmitted, or to join pipes. Such a coupling must be able to
transmit the maximum torque generated in the shaft. Couplings are
divided into two groups: solid and flexible.

8.2 Shaft coupling
Shaft couplings are used to join two shafts which are required to transmit rotary
motion. They may also, in special circumstances, be used as belt pulleys.

8.3 Flange couplings (rigid type)

These are used for shafts of which the diameter exceeds about 75 mm. The
flanges may be made of cast iron and keyed to each shaft or forged integrally
with the shaft.
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The flanges are connected by fitted bolts. Solid flange couplings are more
expensive, and are used only when considerations of space and mass affect
the design.

Did you know?
@ Cast iron couplings may be made plain, but are preferably
shrouded, that is, the flanges are recessed to shield the heads and

nuts of the bolts.

Figure 8.1
P
Key
/
 —
T N Chipping
Key %ﬁ Strip
N V_\-’ -

Figure 8.2

Each flange should be forced onto the shaft by hydraulic pressure, and then
trued up in a lathe in order to ensure accuracy of alignment.

One shaft may enter the coupling of the other about 8 mm, or a projection + 6
mm on one coupling may fit info a recess on the other.
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This, however, increases the difficulty of assembling and dismounting the
shafting.

Figure 8.3
Shaft en=
ters other
coupling
Figure 8.4

The bolts connecting the flanges are in shear. They should be fitted bolts, and
the holes should be reamed for accuracy. The keys in the couplings should fit at
the sides and not at the top and bottom.
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8.4 Standard Proportions for Flange Couplings
8.4.1 Plain Flange Coupling

Z
7
%,
=
N\
N

T

ID!
D

1\ 777 '777;
N NN/
wﬁ\\\\\ﬁ/é/ A
Y 4
NN A
. AT
Figure 8.5
D; = 2d, d, = 0,25 d;
D, = 3d, 1 =1,5d,
D; =1,75d; t; =0,5dg
D, = 3ds + 3d, t, =5mmto 10 mm
n = 0,02 dg + 3 (to the nearest number)
. dg
Key sizes W=-=

A Note:
d, must be in mm. n = number of coupling bolts.
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8.4.2 Shrouded Flange Coupling

A
e
7/, N\
)4 =

Figure 8.6

Standard proportions are the same as for Figure 8.5, and the width of the rim (t;)
= 0,5, d; +13mms t, = 5mmto 10 mm.

Rotation of the bolts during the process of screwing home the nuts is prevented
by means of a small snug, or pin, inserted close to the head of the bolt.

In order to protect the threads when driving home the bolts, the diameter of the
threaded portion of the bolts may be made 3 mm to 6 mm less than the main
diameter.

The bolts themselves often have tapered shanks, and they are designed for a
shear stress of about 27,6 MPa. The low value is used to allow for bending.
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8.5 Strength of coupling
The actual forces acting are, in most cases, incalculable and for this reason the
design of the shaft coupling is based largely on the results of experience.

As has already been stated, the connecting bolts, which theoretically are
subject only to shear, may likewise by subjected to forces due to bad alignment
of the shaft or even to the bending of the shaft if the bearings are too far apart.

In ordinary couplings, the moment of the strength of the bolts in shear should
theoretically be equal to the moment of resistance of the shaft to twisting.

Therefore:
Torque on bolts = Torque on shaft
force X radius = %Tdf

T 2 D T
Ty X—dp? Xnx =2 =21dg?
4 2 16

Where:
d, = diameter of bolts
n = number of bolts
D, = pitch circle diameter of bolts
d, = diameter of shaft
T, = shear stress in bolts
T = shear stress in shaft

From this equation the size of the bolts can be calculated if their number is
assumed in accordance with the standard proportion formula.

8.6 Marine coupling

Figure 8.7
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In marine couplings, the number of bolts usually are 6, 8, 9 or 12. In the case of
large shafts, these bolts are tapered, being 3 mm in 100 mm in length, and the
bolts are sometimes made with, but often without heads.

It is necessary to obtain the diameter of the coupling bolts before the dimensions
of the coupling can be found, and for this purpose the pitch circle diameter of
the bolts (D,) may be taken as equal to 1,6 d,. Outside diameter of the flanges
(D,) = dg + 3dp, + 50 mm.

Thickness of flange (t;) =0,3ds
Number of bolts (n) =242

Note:
‘A\ The size of the locating disc varies from 125 mm to 150 mm in

diameter and 25 mm to 48 mm in thickness.

8.7 Flexible couplings

These are frequently used when the permanent correct alignment of the
shafting cannot be ensured. A direct drive usually is more economical than a
drive by means of a belt or bearing.

It has, of course, the disadvantage that four bearings must be in correct
alignment. It is difficult to maintain this adjustment, and for this reason flexible
couplings are fitted. These also possess, a certain amount of resilience, which
gives a cushioning effect when fluctuating loads are being transmitted to the
generator, and reduces the liability to shaft fracture.

‘ \ Note:
A On small drives operating at moderate speeds, a flexible coupling

may have rubber, leather or other fabric as the flexible element.

These couplings are, however, bulky for larger powers. In this case the flexible
element may consist of a plate, say 8 mm thick, bolted to a flange on the driving
shaft on the inner circumference and bolted likewise on the outer
circumference. Such a coupling is shown in Figure 8.8.

A simple type of coupling which permits-a small longitudinal movement of the
shafts is shown in Figure 8.9, The holes in one flange are bushed in order that the
bolts may have a suitable bearing surface.

The bolts must be strong on account of the bending stresses they are subjected
fo.
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Figure 8.8

SR E R ) -ul----l--h-ul-----—- LR TR
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Figure 8.9
8.8 Muff coupling

A muff coupling is easily removed, and occupies little space. A split muff
coupling has the hole for the shaft bored with a piece of .shim clamp between
the halves. A parallel key which extends the full length of the coupling is used.
Two keys may also be used.
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Most of the torque is carried by friction, the key being used for extra safety. It is
quite common to design the coupling by assuming that the key takes half the

torque and friction the other half.
- A

[ 3,6 d

1,2 dg

5

p——

L 057 dg
[_a
Figure 8.10 Split muff coupling

‘ [O \ Worked Example 8.1

Two shafts, each 76 mm in diameter, are to be connected by a flange
coupling; the diameter of the bolt circle is 128 mm. Find the diameter and
number of bolts required. The Stress in the shaft is 69 MPa and in the bolts 62
MPa.

Solution:
According to standard proportions
n =0,024+3
=0,02%x76+3
=152+3
= 4,52 bolts

The nearest even number is 4 bolts.

Torque on bolts = Torque on shaft
. 1'L'dl,2 _ nds3><‘c
o 16
0,128m _ mx(0,076)3m3x69x10® N/m?

2

D,
XX T X2

~mxdy? X 62 %108 N/m? x =
_ (0,076)3m3x69x10% N/m?x2

ady? =
62X106 N/m2x0,128 mx16
d, =+/0,000477 m?
=0,02184m
=21,84mm

say d, =22mm
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‘ [O \ Worked Example 8.2

Design a shaft and flange coupling to tfransmit 373 kW at 300 r/min.
Shear stress for shaft equals 69 MPa.

Shear stress for bolts equals 55 MPa.

Shear stress for key equals 83 MPa.

Crushing stress for bolts equals 27,6 MPa.

Crushing stress for key equals 207 MPa.

Solution:

_ Powerx60

2mTN
_ 373X103XwXx60

T 2xmx300 r/min
T =11873 Nm

d3
also T = w1
16

_ mxdg3x69x108 Nm

11873 Nm
16

) 3 ’ 11873Nmx16
wds = TX69x106 Nm
=0,09568 m
= 95,68 mm

T

use d; = 100 mm standard shaft

Length of key
(a) Consider shearing
Torque on shaft = Torque on key (due to shear)

— ds
T =W xlekeyx7

11873 Nm =0,028 m X I X 83 x 106N /m? x 2221
l _ 11873 NmX2
"~ 0,28x83x106N/m2x0,1m
| =0,102m

Length =102 mm

(b) Now consider crushing
Torque on shaft = Torque on key (due to crushing)
T = g X[ xa. X %

11873 Nm =>22"m x [ X 207 X 10°N/m? X == m
11873 NmXx2x2

L= 0,016 mx207X106N/m?2x0,1m
[l =0,143m
Length =143 mm

Since we always design for safety, use a key length of 143 mm.
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Assume 4 bolts for this size of shaft. Pitch circle diameter.

D, =3d, standard proportion
=3 x 100
=300 mm

Torque on bolts = Torque on shaft
. T[db2

XnXTy X2 =11873 Nm

cd? = 11 873 Nmx4Xx2
" %b TX4X55X106 N/mZx0,300 m
d, =+/0,000458 m?
=0,0214m
d, =21,4mm

~d, = Standard bolts of 21,4 mm diameter
~ Use 4 — 24 mm bolts

Crushing of bolts in flanges

Torque = Force X radius X number of bolts
_ Torque

~ Force =———

Radiusxn

11873 Nmx2

0,3m x4
=19788 N
= 19788 kN

_ Force

=

But stress

Area
_ 19788 N

tl de
19788 N

- 27,6X10% N/m2x0,024 m
=0,02987m
=29,87 mm

27,6 X 106 N /m?

oty

Use a flange thickness of 30 mm
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Figure 8.11

Other dimensions may be obtained from standard proportions. See Figure 8.5.

‘ [O \ Worked Example 8.3

A brushed-pin type of flexible coupling for connecting an electric motor and
a centrifugal pump shaft has to be designed.

The power to be transmitted is 18 kW at 1 000 r/min.

The diameters of the motor and pump shaft are 50 mm and 45 mm,
respectively. A pitch circle diameter for the pins of 152 mm will be used.

There are six pins of minimum diameter 12 mm, these values being chosen to
keep the necessary dimensions of the rubber bushes reasonably low.

Solution:
Powerx60
T =
21T N
_ 373x103XwWx60
2X1mx300 r/min
T =11873 Nm
also
Torque = Force X Perpendicular distance
T =PXR
172 Nm =P X °'1522m
_ 172 Nmx2
" 0152m
P =2263N
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. _ Total force
Force on each pm =——
Number of pins

_ 2263N

6
=377N

Assume gap = 5 mm
Rubber bush
b

12

L

/1
Thin brass bush

Figure 8.12

As can be seen from Figure 8.12, the portion of the pin of least diameter (12 mm)
is threaded to be secured into the coupling by using a standard nut and washer.

Assume that the enlarged portion of the pinis 18 mm in diameter. On the latter
slides a thin brass sleeve, 2 mm thick, carrying the rubber bush, say 8 mm in
thickness for the rubber bush; its overall dimensions will be 18 + 4 + 16 =
38 mm.

Let i be the necessary bearing length of the bush; then its projected area is
0,038 x lm?.

A suitable value for bearing pressure, having regard to the life and durability of
the rubber, will be 310 kPa, although higher values are sometimes specified.

Force

Bearing pressure = ————
Projected Area

P

P, =
[x0,038 m
310 x 103 N/m? = %
[x0,038 m
| = 377N
310x103N/m2 x0,038m
=0,032
Il =32mm

Stresses in the pins
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The portion of the pin that is 12 mm in diameter should be a tapping fit in the
coupling disc, since a clearance would set up bending stresses, which might
reach unduly high values.

The threaded portion should be as short as possible, so that the shear can be
taken by the unthreaded “neck”.

This shear stress due to the torque will be:

_ Force _ 377N
" Areaof neck %xdbzmz
377 %x4N
" 1 x(0,012)2m?
= 3,33 MPa
Note:
A Although this value is low, other and more serious stresses will be
present.

Since the pin is not rigidly held in the left-hand face and the rubber is
compressible, the force P at the enlarged portion will cause bending in the pin.

Its effect on the 12 mm portion will be reduced by the longitudinal resistance of
the shoulder to bending, but in estimating the bending stress, this resistance will
be neglected.

Assuming a uniform distribution of load P along the bush, the arm of the bending
moment will be

arm =G ><32)+5
arm =21mm

L_ 32 mm
~

g

12
18

|

T

i
ey — —

|

|

Force

Figure 8.13
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(Figure 8.13 shows the force acting on the pin)

Now bending stress
M =0X%x7
Force X distance = o X %dlf
_ Force xDistance x32

T X db3
_ 377N x0,021m 32

T x (0,012)3 m3
o =46,7 MPa

Since the coupling rotates in one direction only, this is not an alternating stress;
but some fluctuation of these tensile and compressive stress (due to bending)
will occur as the motor or pump outputs vary.

Note:
‘A\ Care should be taken in assembling that the nuts are not tightened

down unnecessarily.

General

The remaining proportions of the coupling may now be fixed, as shown in Figure
8.14. The outer diameter of the hubs is twice the shaft diometer, and the length
corresponds to that for the standard rigid type.

The overall diameter and width of flanges are fixed by the dimensions of the
bushes and the pitch circle diameter of the pins.

The halves of the coupling, which are of cast iron in this case, may be of steel in
special circumstances, and should be machined all over to ensure balance,
particularly when required to run at high speeds.

Each half is secured to its shaft by a standard sunk key 64 mm long, by 13 mm
wide, by 9 mm deep.
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Figure 8.14

The brass sleeve and rubber bush are slipped on the pin from the smaller end,
and fit against the thin 35 mm head at the opposite end. Thus, if necessary, the
pin and its assembly may be withdrawn to the left after removing the nut, or the
left-hand half coupling may be withdrawn over the bushes.

Since a clearance of 5 mm is left between the faces of the two halves of the
coupling, there is no rigid connection between them, the drive taking place
through the medium of compressible rubber bushes.

8.9 Claw coupling

A claw coupling is a type of clutch, but as it can not slip it can only be engaged
when the shafts are stationary or when shock does not matter. This coupling is
designed for disengagement at will.

The coupling may have 2, 3 or 4 claws. The fixed half of the coupling is pressed
on and keyed to one shaft (B), and the other half is arranged to slide along a
feather on the shaft (A); the two halves engage by means of projecting claws
on the faces.

The sliding half is operated by a lever, the forked end of which fits the groove
around this part of the coupling. Shaft (A) enters the half B for a short distance,
and is supported by it.

When the sliding half is disengaged, shaft (A) remains stationary while the bush
on the fixed half revolves around it. A lubricator of the Stauffer type is usually
fitted to supply grease to the bush.
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Dimensions of a coupling for 50 mm shafts are given in Figure 8.15. For diameters
of 75 mm upwards, two feathers, opposite to one another, are provided for the
sliding half.

Shaft B enters fixed half
60; key 16 = 10

Shaft A enters
fixed half 25.

Brass bush 25 long
6 thick forming

Feather bearing for shaft A

Rey 16 wide x101

SLIDING HALF

Figure 8.15

Figure 8.16 shows a claw coupling in the engaged position and Figure 8.17
shows a claw coupling in the disengaged position.

fr___‘.i

|
—
£

et

o I —

ENGAGED
Figure 8.16
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) A

-l FEATHER **

B TAPER KEY
- - - -

N\

DISENGAGED SECTION CF

Figure 8.17 Claw coupling

8.10 Standard proportions for a claw coupling

L, x £ X Lo x
r r
1
DA Q
B - Y _-.1 A . B Face area
= -__ﬁ*-jr P -q ~ _ of"r:l];aw
) N | "
ZEN
_ \ D
Area " EP%
Figure 8.18
Unit  (U) = d, + 25 =055 x U
D=21xU L;=06 xU
D, =16xU L,=05 xU
D,=15xU X=03xU
r=05xU

8.11 Claw coupling design
8.11.1 Consider shearing of the claws
Torque on the shaft = Torque on the claws

d3
nl—; X Tsnase = Total force on claws X Tieqn
R+r D+d B )
Tmean = — OF—— Where D = outside diameter of claws and
2

d = inside diameter of claws

3
— Tds” Tshaft x 1

Total force on claws

16 Tmean
wdg T haft 4 1
Force (P) per claw ——4t x X =
16 (D+d) n
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Where n = number of claws
— ”dSBTShaft (-I )
TanlDad) T

Now
Total shear force = (Shear stress X Shear area of claws)
= T (D2 — g2
Tclaws X 7 ( )
Shear force (P) per claw = T¢qus X %(D2 —d?) x %
= Tcoiaws X 8111(D2 - dZ) ........................ (2)

Equating equation (1) and (2)

7'L'ds31:shaft =7 X l(DZ _ dZ)
an(D+d) claws ™ g

(D2 —d®)(D+d) = 205 Tshare

Tclaws

8.11.2 Consider crushing of the claws

Torque on the shaft = Torque on the claws

7Td53 —
o X Tshast = Total force on claws X Tyean

mdg3 1
=~ Total force on claws =—=X Tepqp X ——
16 Tmean
— 7Tds3

4
= 76 < Tshast X (D+d)

wdg3T 1
Force (P) per claw =—>_RSt y

4(D+d) n
Now
Total crushing force = (Crushing stress X Face area of claws)
= O jaws X L X R X1

Where h = height of claw and | = length of claw
h =R-—ror DT_d

. D-d
Total crushing force X 1% —-Xn

=~ 0Oc claws

Crushing force (P)per claw = T quws X %(D2 —d?) e (2)

Equating equation (1) and (2)

T[ds3><‘[shaft _ IXD—d
_— = O—C x _—
4n(D+d) claws 2

D2 _ 42 = ”ds3Tshaft

2XNXIXOc aws
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‘ [O \ Worked Example 8.4

Two 60mm-diameter shafts are to be connected by a claw coupling. There
are three claws on each half of the coupling with an external diameter of
twice the internal diameter. The depth of the claws is 32 mm. The shear stress
in the shaft due to torsion is 62 MPa.

Calculate:

i. the torque fransmitted by the shaft

i. theinternal and external diameter of the claws, if the allowable shear
stress in the claws must not exceed 6 MPa and the compressive stress
must not exceed 10 MPa

ii. the minimum length of the key in one half of the coupling if the shear
stress in the key must not exceed 48 MPa, and the compressive stress in
the key must not exceed 142 MPa

iv. the power transmitted at 240 r/min, if the angle of twist is not to exceed
2 degrees over a length of 3 metres of the shaft. The modulus of rigidity
is 83 GPa

Solution:
i. The torque fransmitted by the shaft

_ wD3
Torque = o X7

3,13
= OO 62 x 10° N/m?

=2629,5 Nm
T =2,6295kNm

i. Internal and external diameters of the claws

Shearing
3
(D2 — d2)(D +d) =2&Thaft  p 24

Tclaws
_2x(0,06)3m3x62x10% N/m?
[(2d)? — d?][2d + d] =%
6x106 N/m?2
[4d? — d?][3d] = 0,004464 m?3

3d3® x 3d =0,004464 m3

d3 = 0,004464 m3
9
d =3496m3
=0,079m

sayd =80mm
D =80mmx?2
D =160mm

Crushing
”ds3Tshaft
D2 — dz = > >/
2XNXIXOc 1 auws
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mx(0,06m)3x62x10° N/m?

2 g2 —
(Zd) d 2x3X0,032 m X10X106 N/m?2
4d? —d? =0,0219 m?
2 _00219m?
d 3
d =4/0,007304 m?
= 00,0855

Sayd =86mm
D =2 x86mm

D =172mm

Use the following dimensions for safety:
D =172mm
d =86mm

ii.  The minimum length of the key due to shearing
Torque on shaft = Torque on key

ds
= X X[ X—
Tshafe Tiey X W [ >

Since the width of the key is unknown, we assume it according to
standard proportions

. d
s Width = ?S
ds ds
= X—=X[IX—
T Tkey 2 l >
T _ 5% IXTgey
8
. _ Tx8
==
dg XTkey
2629,5 Nmx8
(0,06)2m2x48x106N/m?
=0,1218m
~l =122mm

The minimum length of the key due to crushing
Torque on the shaft = Torque on the key

= X Zx [ x s
Tshaft - O-Ckeys 2 2

butT = % according to standard proportions
T = ds l ds
2T ==X 1IXog,, X
T = dg?xIxog
_(0,06)>m?x1x142x10°N/m?
26295 Nm = -
| = 2629,5 NmxXx24
(0,06)2m?2x142%x105N /m?
=0,1235m
Il =124 mm

Use a key with a length of 124 mm.
Alternate method to find length of key.
Assume key sizes according to Table 7.1.
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~ width = 18 mm and thickness = 11mm for a 60 m diameter shaft

Shearing
_ d
Tshaft - Tkey X W X l X?S
| = TshaftX2
WXTgeyXds
_ 2629,5 Nmx2
0,018 mx48x10°N/m2x0,06 m
=0,102m
~1l =102mm
Crushing
_ T ds
Tshaft = Ocgeys X5 X [ x S
T X2
2629,5 Nm = ——heft™2

WXTgeyXds
2629,5 Nmx4

L= 0,011 mx142Xx106N/m2x0,06 m
=0,112m
[ =112mm

Use a key with a length of 112 mm

iv.  The power transmitted at 240 r/min

Tmax _ GO
Ji l
_ GXOxX] _ mdg*
Tmax == but] = e
_ GxBxmdg* — 90
32x1
_ 83x10°N/m?x0,035 xmwx(0,06 m)* _ X2
32x3m 180
=1232 Nm = 0,035 radians
_ 2mNT
Power =

60
_ 2Xmx240 r/min X1232Nm
60

=30,96 kW

[O Worked Example 8.5

Two shafts are to.be connected by a claw coupling. There are 3 claws on
each half of the coupling - the external and internal diameters of which are
160 mm and 80 mm respectively. The shaft on which the coupling is positioned
transmits 80 kW at 290 r/min.

The shear stress in the shaft due to torsion is 62 MPa.

Calculate:
i. the diameter of the shaft
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i. thelength (depth)of the claws if the compressive stress in the claws is 12
MPa

Solution:

i. The diameter of the shaft

_ 2mNT
Power =——
60
_ Powerx60

~T =
2XTXN
_ 80x103Wx60

T 2xmx290 r/min

=2634 Nm
_ 2634 kNm

3
d3
AlsoT =2 x1
16

3 _ Tx16
adgd =
TTXT

_ 2631 Nmx16
TX62X106N/m?

=1/0,0002162 m3
=0,06m
=60 mm

T

i. Thelength (I) of the claws
2 _ g2 = _mdsXTshare
b d 2XnXIX0ciqws

3
Tds” XTshaft

| =

2XNX0¢ g qus X (D2 —d?)
x(0,06m)3x62x10% N/m?
2x3x12x106 N/m2x[(0,16 m)2—(0,08 m)2]
0,0304
sayl =31mm

‘ [O \ Worked Example 8.6

Figure 8.19 shows a claw coupling assembly. The shaft on which the coupling
is positioned transmits 75 kW at 50 r/min. The shaft is supported by two bearings
mounted on the floor. The claw coupling has four jaws - two on each face.
The internal diameter is 0,6 times the external diameter. The depth of the claws
is 25 mm. The outline and details of the operating lever are shown.

Calculate:

i. the diameter of the shaft (allowable stress due to shearing should not
exceed 60 MPQ)

i. the shearing and bearing stresses induced in the key. Use a key
measuring 32 mm x 18 mm x 250 mm

i. the inside and outside diameters of the claws if the shear stress in the
claws must not exceed 6,5 MPa and the pressure between claws is
limited to 20 MPa
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iv. the diameter of the shaft of the operating mechanism. (Assume
effective length of the hand-operated lever to be 400 mm and the
maoaximum force applied 300 N. Calculate for pure torsion and take
allowable stress as 30 MPa.

fa
[ 8]

__-.._l u
Bearing Bearing
AN \"x\\\\\‘f\\'\\“\."\\\"‘\1‘\‘\"\\\\\\\\.\

Figure 8.19

Solution:

i. Calculate the shaft diameter

_ 2mNT
Power =
60

_ Powerx60

~T =
2mTN
_ 75x103Wx60

"~ 2xmx50 r/min

= 14324 Nm
_ 14,324 kNm

dg3 °
AlsoT =—=xr1
16

3 TX16
KX dS =
TTXT
_ 14,324 103Nm x16
TX60X106N/m?2
3
d, =4/0,00122 m3
d;, =106 mm
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i. Shearstressinduced in the key
Torque on shaft = Torque on key

Tshaft = Tkey XW X1X %
T — TshafeX2
key WxIxds
14,324x10% Nmx2
"~ 0,032 mx0,250%0,106 m
Tkey = 33,78 MPa

Crushing stress induced in the key
Torque on shaft = Torque on key

_ T I ds
Tshaft = Ocpey X3 X IX 3

2 2
o — TshaftX4
Ckey TxIxdg
_ 14,324%10% Nmx4
0,018 mx0,25x0,106 m
Ockey = 120,12 MPa

i. Inside and outside diameters of the claws
Shearing of claws

(D? — d?)(D + d)
[D2 — (0,6D)2][D + 0,6D]

3
— 2ds” Tshaft

d=06D
Tclaws

_ 2%(0,106)3x60x10° N/m?
6,5X106 N/m?2

[D? — 0,36 D?][D + 0,6D] =0,022 m3
0,64D?> x 1,6 D = 0,022 m3
1,024 D3 =0,022 m3
_3[0,022m3
b = \} 1,024
D =278mm
d =0,6 X278 mm
d =169 mm
Crushing of claws
2_ g2 — M9 Tshare
D d 2><n><l><crcclaws
2 2 _  2%(0,106)3x60x10° N/m?
D*—(0,6D)" = 2X2X0,025 m x20X106 N/m?2
D? — 0,36 D> =0,1123 m?

0,64 D> =0,1123 m?

0,1123 m?2
D =
0,64

D =419mm
d =06 X419 mm
d =252mm

Use claws having an outside diameter of 419 mm and an inside
diameter of 252 mm.
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iv. Diameter of the shaft of the operating mechanism
Torque = Force X radius

=300 N X 0,4m
_ 120 Nm
3
AlsoT =2% x ¢
3 T§<616
s st = TXT
_ 120Nm X16
T Tx30x106N/m?2
d, =3/0,0000203 m3
=0,02728m
ds =28mm

8.12 Universal joint or Hooke’s coupling

When the axes of two shafts are inclined to one another, a form of coupling
known as a Hooke's joint or coupling may be used. One advantage of the use
of this coupling is that the angle between the axes of the shafts may be altered
while the shafts are in motion.

Thus, in the mechanism of the motor car, universal joints must be infroduced
between the gear box and the back axle. In this manner the driving shaft can
be out of line in any direction without interfering in any way with the transmission
of the rotation from the gear box to the back axle.

Note:

As arule, a universal joint does not work well if the angle a (see Figure
A 8.20 below) is more than 45°, and the angle should preferably be

limited to about 20° or 25°, except when the speed of rotation is slow
and little power is fransmitted.

8.12.1 Variation in Angular Velocity of Driving Shaft
Owing to the angularity between two shafts connected by a universal joint,
there is a variation in the angular velocity of one shaft during a single revolution.

Thus, the angular velocity of the driven shaft will not be the same at all points of
the revolution as the angular velocity of the driving shaft. In other words, if the
driving shaft moves with a uniform motion, then the driven shaft will have a
variable motion.
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Figure 8.20

8.12.2 Determining Maximum and Minimum Angular -Velocities

If shaft A (see Figure 8.20 above) runs at a constant speed, shaft B revolves at a
minimum speed when shaft A occupies the position shown in the sketch, and
the maximum speed of shaft B occurs when the fork of the driving shaft A has
turned 90° from the position illustrated.

Let:
Maximum angular velocity of driven shaft = w,
Minimum angular velocity of driven shaft = w,

Angular velocity of driving shaft = w
Angle between the shafts =«
Then maximum angular velocity of driven

W =w X
cosa

and minimum angular velocity of driven = w, = w X cosa

_ 2mN

Also w =—
60

Where w = Angular velocity inrad/s
N = Speed inr/min

8.12.3 Double Hooke’s joint

The driven shaft can be made to revolve at the same speed as the driver at all
instants by the use of an intermediate shaft and two Hooke's joints, as shown in
Figure 8.21.

The two forks at the ends of the intermediate shaft C must lie in the same plane
and shafts A and B must be equally inclined to shaft C. There are thus two
possible positions for shaft B.
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B
C o
o \20:
T

A BN

Figure 8.21

If the forks on C are incorrectly set at right angles [90°] , then w; will fluctuate
between

w

w cos? a and —;
cos“

— i mm W
LI I I 1

Figure 8.22

The shafts A and B are forked at the ends as shown in Figure 8.22. The joint is
made by two pins P and P of equal size; these allow the forked ends to turn freely
about. their axes.

If the power transmitted from a to b is known, the mean torque can be obtained:

_ 2nNT mean
Power = 0
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As the pin P is in double shear, the diameter of the pin d can be calculated from:
Torque on pin = Torque on shaft
Force X radius = 1161'56153 and Force = stress X area

2 ds
S

2><§dZXTp><] =1£6rsds3 but J
20 g2 i
or8d“t, =1d; "3

2
d

In Figure 8.23 the shafts are keyed into similar forked ends, which engage with
pins arranged on opposite sides of a centre cross-piece. As shown in Figure 8.24,
one pin passes right through the cross-piece and the projections at each end
form the * journals” for one forked end.

The short pins are arranged at right angles to the long pin; they are driven in and
held either by set screws, bearing on recessed portions, or by tapered pins
passing through cross-piece and pin.

The long pin may be locked in position in the same way, but in the smaller sizes
it is assumed to secure sufficiently without pinning.

Another arrangement is shown in Figure 8.25. Four similar pins are screwed into
the forked ends and locked in position by means of thin. check nuts. Plain ends
projected into the cross-piece and form trunnion bearings.

Thus arranged, the pins can easily be taken out for inspection or dismantling.

Yet another arrangement consists of a cross-piece having four machined
journals. On each journal there fits a set of pin rollers in a cage which is a press
fit in the fork end of the rod.

This arrangement is a very compact one, and is used extensively in motor
vehicles. The cages are pre-packed with lubricant and require very little
maintenance.
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. &
> .

g o N =
i n
=2
O
[~ =N
W

B

Figure 8.23

shallow groove
for end of set
sSCrew

Figure 8.24

Another arrangement is drawn in Figure 8.25. This consists of two fork ends and
two plates which are bolted together by four bolts. This type is easy to take apart
for maintenance but tend to be bulkier than other types.
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DETAIL OF -PLATE DETAIL -OF -FORK
Figure 8.25

‘ [O \ Worked Example 8.7

A Hooke's coupling connects two shafts which are inclined at an angle of 20°.
The speed of the driving shaftis 1 000 r/min. Find the maximum and minimum
angular velocities of the driven shaft.

Solution:
Maximum speed w; = wseca
butw =—
_ 2mx1000

60
=104,7 rad/s
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fwy =1047 X —
cos 20°

=104,7 x 1,064
~wy; =111,4rad/s
Maximum speed w, = w cos20°
=104,7 x 0,94
=98,42rad/s

‘ LO \ Worked Example 8.8

Assume that two universal joints of which the shafts are inclined at 20° are fitted
incorrectly at 90°. The speed of the driving shaftis 1 000 r/min.

Find the maximum and minimum velocities of the driven shaft.

Solution:
_ 2@mN
w — —
60
_ 21%1000

60
=104,7 rad/s

Maximum value of w; =

=118,5rad/s
Maximum speed w, = w cos?20°
=104,7 X cos? 20°
= 104,7 x (0,94)2
=92,51rad/s

‘ [O \ Worked Example 8.9

Figure 8.26 shows two views of a universal coupling designed to transmit 11 kW
at 200 r/min.
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Cast steel

B L T
\ %

e b R \
SRR

Keys 13 x 10

30 RE-DESIGN FOR 22 KW
at 150 r/min

DESIGNED TO TRANSMIT
11 ¥W at 200 r/min

ALL DIMENSIONS
IN MILLIMETRES

Figure 8.26

From the sizes given you are required to determine:
Shaft torque

shear stress in keys

compressive stress in keys

shear stress on pins

bearing stress on pins in fork

shear stress in shaft

SOk

Then redesign for 22 kW at 150 r/min; not exceeding the stress calculated
above. The distance between forks (J) is in each case 2d;.

Solution:
1. Shaft torque
27TNT
Power =
W T = Powerx60
2mTN

_ 11x103x60
T 2xmx200
T =525Nm
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4. Shear stress in pins

fork
~ Radius

Force

Torque

Tshaf t

Tp in

Tpin

2
=50,6 X 10° N/m?
=0,05m

= stress X area
— T2
= Tpin X 2 X Zd

= Force X radius
=7Xx2X %dz X R
— 4XTshaft

2XTXA2XR
4X525 Nm

2x1x(0,025)2m2x0,05m
=10,7 X 10° Pa
=10,7 MPa

5. Bearing Stress on Pins in Fork

J =2d;

=2X5mm

=100 mm

Mechanical Drawing and Design | N5
2. Shear stress in key
Torque = Force X radius
but Force = area X stress
alsoarea =W x1
~Torque =W X1 XTy, X % where W = %
525 Nm =0,013m X 0,083 m x7x %2 =2
_ 525 Nmx2 _
Tkey 0,013 m x0,083 m x0,05 m
12,5 mm
Trey = 19,46 x 10° Pa W =13mm
=19,46 Pa [l =0,083m
3. Crushing stress in key
Torque = Force X radius
but Force = area X stress
also area =< x1
7 d d
~ Torque =E><l><ac><7s but T =f
_ 2Xx525 Nm T &
Tc = 5,005 m x0,083 m x0,05 m T2 12
— 6 2 — 50
=50,6 X 10° N/m -5
o, =50,6 MPa =42
say - =5mm

The force acts at the shear line of the pin, ie between coupling piece and

where d = dia.of pin
2 for double shear

Gateways to Engineering Studies

328




Mechanical Drawing and Design | N5

Torque = number of pins X area X stress X radius

R =distance between forks + thickness of forks
_ 100+30

2
=65 mm

=0,065m
~Torque =2XdXF Xa.XR
525Nm =2x0,025m x0,03m X g, X 0,065 m d =dia.of pin
F

thickess of fork
_ 525 Nm

Oc = 5X0,025 m x0,03 m x0,065 m
= 5,4 x 10 N /m?
o. =54MPa

6. Shear stress in shaft
_7'l'ds3
Tshare = 16 X Tshaft
16XTspaft

Tshaft T xdg3
16X525Nm
x(0,05)3m3

21,4 X 10° Pa
=21,4 MPa

Re-design for 22 kW at 150 r/min

Power = 2nNT
_ Powerx60
r = 2T N
_ 22x103x60
T 2mx150
=1400 Nm
T =14kNm
Shaft size
3

16
3 [16XT

d, = /
TTXT
_ 3| 16 X1400
Tx21,4x106

=0,0693m
d;, =70mm
Key sizes
Width w =%
=710
4
=175
say W =18 mm
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Thickness T = %
_ 70
T
=11,5mm
say T =12mm

Length of key in shear
Torque = Force X radius

— ds
Tshafe =W X1IX Ty, X .

| = 2XTshaft
WXTgeyXds
_ 2X1400 Nm
"~ 0,018 mx19,46x106 N/m2x0,07 m
=0,114m
[ =114mm

Length of key in crushing
T dg
Tshaft ZEXlXO'CX?

| = 4XTsnaft
TXUckedes
_ 4x1400NM
"~ 0,012 mx50,6x106 N/m2x0,07 m
=0,132m
Il =132mm

~ Use key measuring 18 mm x 12 mm x 132 mm

Diameter of pins in shear
Force acts on shear line of pin
Distance between forks =] =2 xdy See Figure 8.26
=2XxX70mm
=140 mm
~ Radius = ? mm

=70mm
=0,07m

Force = stress X area
= Tpin X 2 X %dz
Torque = Force X radius
Tshart = Tpin X 2 X %dz X radius
1400 Nm =10,7 X 10°N/m? x 2 X % x d?x0,07m
d = \/ 1400 Nmx4
10,7x105N/m?2x21mx0,07 m
=0,034m
sayd =35mm
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Thickness of fork
Force = stress X area
= g, X number of pins X area of one pin
=0, X2XdXF See Figure 8.26

distance between forks+thickness of forks
2

Radius =
0,14+F

2
R =007+ g
~ Torque = force X radius
Tshaft =0, X2XdXFX (0,07+§)

1400 Nm =54 X 10°N /m? x 2 x 0,035m x F (0,07 + 2)

1400 Nm
=0,07F + 0,5 F?
5,4 X106N /m2x2x0,035m

0,0037 =0,07 F + 0,5 F?
0,5F2+0,07F —0,0037 =0
wherea =0,5

b =07
c =-0,0037
F o= —-b+VbZ-4ac
2a
_ —0,07++/(0,07)2-4(0,5)(=0,0037)
a 2X0,5
=-0,07 £ 0,111
=0,041m we use the plus value only

F =41 mm

&p‘ Activity 8.1

1. A solid shaft, 50 mm in diameter is required to transmit 18 kW with a stress
due to twisting only of not more than 52 MPa. Calculate the operating
speed in r/min and also the diameter of the 6 coupling bolts on a pitch
circle diameter of 150 mm. The bolts have the same shear strength as the
shaft.

2. Make a neat sketch of a solid flange coupling of which the shaft diameter
is 100 mm. Use standard proportions to find the dimensions of the coupling.

3. The following particulars refer to a flange coupling:

Diameters of shaft to be connected 100 mm

Number of coupling bolts 6
Pitch circle diameter of the bolts 250 mm
Allowable shear stress in the bolts 9,5 MPa

If the shafts transmit 110 kW at 210 r/min, calculate the diameter of the
coupling bolts.

Gateways to Engineering Studies

331



Mechanical Drawing and Design | N5

4. A cylindrical, solid shaft is required to transmit 25 kW at 1 400 r/min from a
motor. The shaft is coupled to the motor by means of a solid flange
coupling.

Calculate:
i. The diameter of the shaft, if the stress in the shaft is not to exceed 10
MPa.
i. The number of the coupling bolts which have a diameter of 14 mm.
The allowable shear stress in the bolts must not exceed 4,5 MPa. The
bolts are spaced on a pitch circle diameter of 142 mm.
ii.  The thickness of the flanges due to crushing of the bolts and flanges.
The allowable compressive stress for these bolts is not to exceed 1,8
MPa.

@ Activity 8.2

1. Make a neat sketch of a claw coupling, showing the two halves
disengaged.

2. Make a neat sketch to show how the operating lever of a claw coupling is
used to move the clutch faces together, and show a means of lubricating
this mechanism.

3. Two 60mm-diameter shafts are to be connected by a claw coupling. There
are three claws on each half of the coupling with an external diameter of
160 mm, internal diameter of 80 mm, and a depth of 32 mm. The shear
stress in the shaft due to torsion is 62 MPa.

Calculate:

i. the shear and compressive stresses in the claws;

i. the minimum length of the key in one half of the coupling if the shear
stress in the key must not exceed 50 MPa, and the compressive stress
in the key must not exceed 148 MPa.

4. A shaft, on which a claw coupling is positioned, transmits 30 kW at 200
r/min. The shaft is supported by two bearings mounted on the floor.
Calculate:

i.  the diameter of the shaft (allowable stress due to twisting should not
exceed 55 MPa);

i. the diameter of the shaft of the operating mechanism. Assume the
effective length of the hand-operating lever to be 380 mm and the
maximum force. applied 270 N. Calculate for pure twisting and take
allowable stress as 31 MPa;

ii. size of pins of circu 1ar cross.-section fixing the operating handle and
levers in position. (Calculate for shear, taking the allowable stress as
170 MPq)

@ Activity 8.3
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1. Sketch a universal joint that has a cross-piece and bearing caps with
needle bearings. Show clearly how the needle bearings are held in the fork
ends of the rod.

2. Two shafts are connected to each other by means of a Hooke's coupling.
The shafts are inclined at 30° to each other. The driving shaft rotates at a
constant speed of 120 r/min, and fransmits 60 kW,

Calculate:
i. the maximum angular velocity of the driven shaft
i. the minimum angular velocity of the driven shaft
ii.  the torque transmitted by the shaft
iv. the diameter of the shaft if the stress in the shaft material must not
exceed 45 MPa

3. The diameter of the shaft of the Hooke's joint (universal coupling) shown in

Figure 8.27, is 80 mm. Evaluate the other sizes from values given on the

drawing.
(&)
_'_,..-’
ﬁa
Sk
I
g
=
.{.‘J
A= 2 d o
g
B=C=1,74d
8

E=1,2 ds
F=0,64d
8 G
G=0,54
5
H=4d
8
J=24d
&
shallow
groove for end
of set screw
Figure 8.27
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[@] Self-Check

| am able to: Yes | No
e Describe shaft couplings
o Flange couplings
o Strength of the coupling
o Marine couplin
o Flexible couplings
o Muff coupling
e Describe claw coupling
o Standard proportions
o Design
e Describe universal joint or Hooke's coupling
o Variation in angular velocity of driving shaft
o Determine maximum and minimum angular velocities
e Calculate the size of bolts for a flange coupling, given the
number of bolts and pitch circle diameter to tfransmit the power
at a given speed by equating the torque on the shaft to the
torque on the bolts
If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.
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Belis

Learning Outcomes
On the completion of this module the student must be able to:

Describe belt drives

Describe belt materials and the choice of belting material
Describe belt joints

Describe pulleys

Describe the shapes of pulley rims

Perform belt calculation

o Angle of lap

o Ration of tensions

e Describe the size of flat belt for transmitting a given power

9.1 Intfroduction

Belt drives are used to transmit power over long distances. Machines
used to be fitted with flat belts because they were easy to repair and
required litfle maintenance.

9.2 Belt drives
One of the principal features of belt driving, compared with other forms of
gearing, for example toothed gearing or chain gearing, is the absence of noise.

Belts do not fransmit shock, and under a sudden heavy load tend to slip on the
pulley, perhaps thereby eliminating damage to the machine or job.

Did you know?
@ Belting is especially adapted to drives where the distance between
the shafts is quite considerable.

9.2.1 Flat belts
They are not made continuous, but are cut to the required length and are then
joined by cementing or by fasteners.

Flat belts are unsuitable for short drives, as the arc of contact of the belt on the
pulley is too small' resulting in numerous slips.
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9.2.2 Open belt drive
This type of belt drive is used where it is essential that both pulleys should rotate
in the same direction.

Slack Side

ARC of contact Tight side\

Figure 9.1 Open belt

9.2.3 Crossed belt drive

If the driven pulley has to revolve in an opposite direction to that of the driving
pulley, the belt has to be crossed. However, wear is caused by the belt sides
rubbing together. However, the efficiency is increased as a result of the larger
arc of belt contact on the pulleys.

Figure 9.2

9.3 Belt materials

The following are the three most common forms of belting in present-day use:
e Leather

e Cotton and canvas

e Rubber and canvas

9.3.1 Leather belts

Steer hide leather are cut info suitable strips and joined together. Double belts
are made by placing the flesh sides together and then cementing and stitching
them.

9.3.2 Cotton and canvas belts
When they have to pass through belt shifting forks, the wear on the belt edges
tends to cause the plies to come apart. The strength of this belt is about the
same as that of leather belts.

9.3.3 Rubber and canvas belts
They are especially adapted to use in wet places, but are not reliable in the
presence of oil and grease, as the plies tend to come apart.

Gateways to Engineering Studies

336



Mechanical Drawing and Design | N5

9.4 Choice of belting material

The following points should be considered when selecting the most suitable

belting material for a flat belt drive:

e Friction between belt and pulley.

e Conditions under which drive must operate, such as oil, dust, dampness.

e Size of pulleys and centre distance between them, in other words, will
material bend or straighten easily.

e Will material have to withstand abnormal tension or stretch.

9.5 Belt joints
The aim, when joining up the ends of flat belts, should be to make the joints as
stfrong as the belting, and to keep a uniform thickness.

9.5.1 Cemented and laced joints
The ends of the belt are usually joined in such a way that the joint can be easily
broken or separated.

R
<
Q
Q
<
Q

O
o}

“~"_| | Think about if!
Q For thick belts, the joints are sometimes riveted to give extra strength.

CEMENTED AND RIVITED CEMENTED. _AND | ACED
ag 9 ¢ g oi0
o2 A A A
0 0% 0 0 090

Q

) CEMENTED RIVETED AND LACED

Figure 9.3
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9.5.2 Metdllic fasteners

A good-joint should be strong, flexible and light. The fastener should be cut off
a little less than the width of the belt, to prevent dangerous metallic edges
projecting beyond the side of the belt.

Figure 9.4 Alligator fastener

CLIPPER _FASTENER,

ENLARGED VIEW OF CLIPPER
Figure 9.5

9.5.3 Belts tfransmitting heavy loads
Holes are punched into the two ends of the belt, the fasteners inserted as shown
and then flattened down with a hammer.
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a I/
a g

Figure 9.6 Butt joint with metal fasteners

9.6 Pulleys

They are made of wood, cast iron, steel or wrought iron. Pulleys constructed
entirely from wood, have the advantage of lightness. They are generally built up
in two halves and held together by bolts. They are mostly used on main shafts
and other light drives.

Large pulleys that are run at high speed should be accurately balanced before
being assembled.

9.6.1 Solid pulleys
These pulleys are cast in one piece.

A disadvantage in the use of these is that if replacement becomes necessary,
the entire arrangement of shaft and pulleys has to be taken down.

\

D

Figure 9.7 Straight-armed cast iron solid pulley

Gateways to Engineering Studies
339



Mechanical Drawing and Design | N5

9.6.2 Split pulleys

These are used where it is necessary to mount a pulley some distance from the
end of a shaft already carrying pulleys. It is obvious that if replacement becomes
necessary, no trouble will be encountered.

3

Figure 9.8 Cast-iron split pulley

Figure 9.9 Built-up split pulley

9.6.3 Cone Pulleys

This type of pulley is very useful where it is desired to provide for a suitable range
of spindle speeds, for example in alathe where it is desired to obtain the correct
cutting speeds for large and small diameters, different metals, etc.
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—

Figure 9.10 Five-step cone pulley

9.7 Shapes of pulley rims
The rims of flat belt pulleys can be formed to suit the particular type of drive and
may be flat, crowned or flanged.

9.7.1 Flat-rim pulley
This type is used when it is required to move the belt from one pulley to another,
for example fast and loose pulleys on lathe countershaft.

9.7.2 Crowned-rim pulley
Rounding or crowning is done to keep the belts on the pulleys. The belt takes the
shape of the crowned rim and therefore, cannot slip off easily.

9.7.3 Flanged-rim pulley
They are used when it is desired to ensure that the belt does not come off the
pulley.

NNANRNS

FLAT RIM PULLEY

--._—/_‘\-w

CROWNED-RIM PULLEY

FLANGED-RIM PULLEY

Figure 9.11
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9.8 Belt calculations

If there is no slipping of the belt on the pulleys, then the speed of the pulleys is
inversely proportional to the diameters, in other words small pulley, high speed;
large pulley, slow speed.

Speed of driver = Speed of driven
ndn =mnDn
Where d = driver-pulley diameter D = driven-pulley diameter
n = driver-pulley r/min N = driven-pulley r/min

Driven Driven
Driver ’ or Driv or \\
er
n r/min ' follower ) - n r/min follower o
N r/min
Open belt Crossed belt
Figure 9.12

9.8.1 Speed of belt
If the belt is not slipping, the speed of the belt over both pulleys will be the same,
therefore it must be moving at the same speed as the circumference of either

of the pulleys.

Speed of belt in metres per minute = nDn
where D = Effective diameter of pulley in metres
N =r/minof pulley

9.8.2 Effective diameter of pulley

If the belt thickness is appreciable in comparison with the pulley diameters, the
effective diameter of the pulley is measured to the centre of the belt, but if the
belt is thin or the pulley large, the belt thickness may be neglected.

—

=l
=l
B
S| 2
=
= A
ua]

Figure 9.13
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Effective diameter =D + %t + %t
= (D + t) metres

In practice, there is always a small amount of slip or creep, and the driven pulley
runs at a slightly slower speed than it should in theory. The loss in speed should
not be more that about 2%. If it is more than this, then either the belt is too loose,
or it is too small for the job, or it is being run at too high a speed.

9.8.3 Power transmitted by a belt

When a belt drive is operating, one side is "tight" and the other side is "slack”. This
does not mean that the "slack" side is completely loose, since there must be
some tension in it or the belt would slip around the pulley and not drive it.

Slack side

tight side

Figure 9.14 Open belt

If this is not clear to the student, he should imagine a piece of belting lying over
a pulley on a line shaft as shown. If end A is pulled, the belt will just slip over the
pulley and not turn it.

If a pull is now applied to end B, the belt will not slip, and it will be possible to
make the pulley turn. Obviously, pull A must be greater than pull B, and the
effective pull tending to turn the pulley, will be pull A minus pull B.

Figure 9.15
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A belt pulley thus has two pulls acting on it - the force T; on the tight side and
the force T2 on the slack side, and the effective force turning the pulley is (T; —
T,) .

T2 Slack

T, tight

Figure 9.16

Now,
work done = Force X Distance
Work done per minute = Force X Distance moved per minute
= (T, — T,) X Speed of belt in metres per minute
Power transmitted = W
or taking belt thickness infto account

Work done per minute = (T, —T,) X t(D + t)N
(T —Ty)Xm(D+t)N

60

Power transmitted =

Note:
T, = Force in belt on tight side

T, = Force in belt on slack side
AV

D = Diameter of pulley in meftres
t =Thickness of belt in metres
N =revolutions per minute (r/min).
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9.9 Angle of lap

Angle of lap (

Figure 9.17

The angle of lap on the smaller pulley is always used, since the belt will slip on it
before it does so on the larger one.

9.9.1 Open belt

Figure 9.18

The angles of wrap 8, and 6, for an open belt may be determined by:
sina = %
6, =180°+ 2a
6, =180°—2a
Length of belt = %(D +d)+a(D+d)+2xC Xcosa®
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9.9.2 Crossed belt

Figure 9.19

. R-71
sina = —

c

01 == 02 1800 + 2“

Length of belt =(§x9)+(§x0)+2x6><cosa°

A Note:
D=2XRandd=2Xr

The ratio % may be given in a question or it may be calculated. Its value depends
2

on:

e The angle of lap of the belt on the pulley.

e Coefficient of friction between the belt and the pulley.

For flat belts = gub

Where =2,718
= coefficient of friction between belt and pulley
= angle of lap of belt on pulley in radians

= angle of vee

L ST e e
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A Note:
T radians = 180°
‘ [O \ Worked Example 9.1

An electric motor is fitted with a 300 mm diameter pulley from which a belt
passes to a 1 metre diameter pulley on an intermediate shaft.

On the intermediate shaft, there is also a 230mm diameter pulley from which
a belt passes to a 600mm diameter pulley on a machine shaft.

If the motor runs at 750 r/min, determine the speed of the machine shaft.
a) if there is no slip
b) b) if there is 2% slip in each drive

Solution:
Motor Intermediate Machine
Figure 9.20
Q) Speed of driver = Speed of driven
Speed of motor = Speed of intermediate shaft
nDN =mnD;N;
_mdn _ @
M= =,

_03mx750r/min

1im
N, =225r/min

Speed of intermediate shaft = Speed of machine

md;N; =mnDN
wd{N d,{N
N =I4M _ G
D D
_0,23m x 225r/min
0,6 m

N =86,25r/min -

b) Speed of intermediate shaft = 225r/min X %
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=220,5r/min
Speed of machine = 4y

_0,23m x 220,57r/min 98
0,6 m 100
= 82,84 r/min

‘ [O \ Worked Example 9.2

A 230mm belt pulley is running at 75U r/min. Find the speed of the belt in metres
per minute.

Solution:
Speed of belt =mnDN
=n X 0,23m X 750 r/min
= 541,92 metres per min —

‘ [O \ Worked Example 9.3

A 200mm diameter belt pulley is turning at 90U r/min. The force on the tight
side is 1 335 N and on the slack side 554 N. What power is being fransmitted?

Solution:
. T1{—T>) X tiDN
Power transmitted = (11=T) x TDN 26)0 L
_ (1335N—554N) X 7 0,2 M X900

60
= 7360,75 watts

=736075W -

‘ [O \ Worked Example 9.4

What power can be transmitted by a leather belt 100mm wide by 10mm thick
from a 250mm diameter pulley at 800 r/min if the allowable tensile stress in the
beltis 1,38 MPa, and it is assumed that the force on the tight side of the belt is
2,2 times that on the slack side? (Note: 1 MPa = 1 X 10° N/m?).

Solution:

, ) Allowabl in bel
Allowable tensile stress in the belt owable force in belt

Cross—sectional area of belt
Allowable force in belt = Allowable tensile stress in the belt
1,38 x 10 N/m? x 0,1m x 0,01 m
=1380N -

This is the maximum pull we are allowed to have in the belt, so it will be the pull
in the tight side (T;).
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But we are fold that T,
o T,

2T,

1
=N

I
|z

,2
380

22
T, =6273N —
_ (T11—Tp) X i(D+ON

=N

Power transmitted p”
_ (1380-627,3) x 7(0,25+0,01)800

60
= 8197,6 watts

=8,1976 W —

‘ [O \ Worked Example 9.5

What width belt is required to transmit 11 kW from a 280mm diameter pulley at
750 r/min if the allowable tensile force of the belt is 14 newtons per milimetre
width of belt and it is assumed that the ratio of tension on the tight and slack
sidesis 2,3¢

Solution:
Power transmitted = (T1426)+DN
(T1 _ Tz) — Power tra:ls)r;itted X60
_ 11x103x60
1X0,28%X750
T,—T, =10004N -
But ratio of force = % =23
2
T:
T, = 2—13
Substitute in T,—T, =1000,4N
And we have T, + ZT—; =1000,4 N
23T-T _ 1000 4 N
2,3 ’
=11 = 1000,4 N
2,3 ’
1000,4 X2,3
T, = TN
=1770 N

But we are allowed 14 N/mm width of belt

. Width of belt = —12
14 N/mm

=126,4mm -

‘ [O \ Worked Example 9.6
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The angle of lap of a belt on a pulley is 165° and the coefficient of friction
between belt and pulley is 0,36. Find the ratio of tensions.

Solution:
180° = m radians
o _ X165
165° = ™
= 2,88 radians —
I = eue

1 =92 7180,36><2,88

= 2,71810%7
1 =282 -

‘ LO \ Worked Example 9.7

Determine the width of the flat belt required to transmit 9 kW from a 230mm
diameter pulley running at 1 250 r/min.

The belt is in contact with the pulley rim for 160°, and the coefficient of friction
is 0,24.

The maximum allowable pull in the belt is 16 newtons per millimetre of width.

Solution:
180° = mradians

X160
165° =
180

= 2,79 radians -
u6

— = e
1 = 2’7180,24-><2,79

= 2,718%7
3 =1,954 -

T, =1,954T,
— (Tl—Tz) X TDN

60
_ Power transmitted x60

nDN
9%x103x60

"~ 7x0,23x1250
=598N -
Substitute for T; in equation 1
1,954T, — T, =598N

0,954T, =598 N
_ 598

2 7 0,954
T, =627 N
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Now T, =1954 T,
=1,954 X 627N
=1225N -

T

Width of belt = , -
Maximum allowable pull in belt
_ 1225N

" 16 N/mm
=76,56 mm
say 77 mm —

‘ LO \ Worked Example 9.8

Determine the maximum power that can be transmitted by a flat belt, given
the following data:
e Width of belt 100 mm

e diameter of pulley 450 mm
e speed 500 r/min
e angle of contact of belt on pulley 190°
e coefficient of friction 0,32
e working tension of the belt not to exceed 13 newtons per milimetre width
Solution:
180° = m radians
190° = 190Xm
180
= 3,316 radians —
n _ Jue
= =e
T;
- 2 7180:32%3,316
T, !
= 2,7181.061
4 =289 >
T;
Now T, =
2,89
T; =13 N/mm X 100 mm
=1,300N -
__ 1300N
I, = 2,89
T, =450N —

) T,—T,) X TDN
Power transmitted = A=T2XmON

60
_ (1300%450) x T X0,45 X500

60
=10,01 kW -

‘ [O \ Worked Example 9.9

Two pulleys, one 450 mm in diameter and the other 200 mm in diameter, are
on parallel shafts 1,95 m apart, and are connected by a crossed belt.
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Find the length of belt required and the angle of contact between the belt
and each pulley.

What power can be transmitted by the belt when the larger pulley rotates at
200 r/min, if the maximum permissible tension in the belt is TkN and the
coefficient of friction between belt and pulley is 0,252

Solution:
Figure 9.21
D =2R
~R = % — 20mm _ 225 mm
ar = g = 20"2""" = 100 mm
. R+r1
Siha = B
_ 225+ 100
~ 1950
=0,1667
a =9,59°
Angle of lap 6, =06, =180°+ 2a

= 180° + 2(9,59°)
= 180° + 19,18°
=199,18°

180° = mradians

o _ mMx199,18
+199,18° = 50

= 3,476 radians
Length of belt = (gx 6) + (%x 9) +2XC Xsina

= (22 x3,476) + (5% x 3,476) + 2 X 1950 X c05 9,59°

=782,1+ 347,6 + 3845,5
= 4975,2 mm
=4,9752m
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T
1 = ub

2 =9 7180,25><3,4-76

= 2’7180,869
ho=2385 -
T;
T, =1000 N given
T, =-2
2 7 2385
_ 1000 N
2,385
=419,3 N
Power = —Tl_Tzﬁz mbN
(T, =T, = (1000—419,3)6>Sn><0,45 X200
= 2736,5 watt
=2,7365 kW

@ Activity 9.1

1. A pulley, 200 mm in diameter, is mounted on a line shaft running at 240
r/min. A machine which is to run at 600 r/min, and requires 22 kW is to be
driven by a flat belt from this pulley. Determine:

i. the diameter of the pulley that must be fitted to the machine

i. the width of belting that must be used, assuming that the angle of
contactis 161° on the machine pulley, the coefficient of friction is 0,3
and the allowable tension of belting 15 newtons per milimetre width

2. Determine the maximum power that can be transmitted from a 380mm
diameter pulley running at 720 r/min by a flat belt if the angle of contact
of the belt on the pulley is 170°, the coefficient of friction is 0,3, and the
tension of the belt is not to exceed 178 N.

3. An open flat belt drive is required to transmit 25 kW at 200 r/min. The
diameters of the driving pulley and the driven pulley are 200mm and
150mm, respectively. The angle of contact of the driven pulley is 176° and
the centre distance between the two parallel shafts is 1,5 metre.
Coefficient of friction = 0,37.

Calculate:

i. the belt speed in metres per second

i. the ratio of tensions

ii. the tension in the slack side

iv. the tension in the tight side

v. the angle of contact of the two pulleys if a crossed belt drive is used
vi.  thelength of belt for an open drive

vii.  the lengths of belt for a crossed drive
Sketch the following two views of the larger pulley:
a) a full-sectional front view
b) an outside side view
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[@] Self-Check

| am able to: Yes | No
Describe belt drives

Describe belt materials and the choice of belting material
Describe belt joints

Describe pulleys

Describe the shapes of pulley rims

Perform belt calculation

o Angle of lap

o Ration of tensions

e Describe the size of flat belt for transmitting a given power
If you have answered ‘no’ to any of the outcomes listed above, then speak
to your facilitator for guidance and further development.
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Module 10
Weldead Jolinis

Learning Outcomes
On the completion of this module the student must be able to:

Describe the types of welding

Describe welding properties of materials

Describe the types of welded joints

Describe recommended proportions for weld joints

Describe the design of welds

Describe the strength of butt and fillet welded joints in simple cases of:

o Bending

o Tensions

o Compression

o Torsion

e Describe the eccentric load parallel with the weld group

e Describe the eccentric loading perpendicular to the plane of the weld
group

e Describe the eccentric loading in the same plane as the weld group

(twisting)

10.1 Introduction

The quality of the electrode determines the strength of a welding
joint. When comparing the strength of a mild steel plate with an
electrode, the breaking strengths of different electrodes can be
impressive.

Definition: Welding
The art of joining metals by pressure, after heating to a plastic or
semi-molten state, or of joining the metals by fusion alone.

10.2 Types of welding
Welding may be divided into five general classes, each of which has its
particular field of use in manufacturing.

These classes are:
e forge welding
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thermit welding

gas welding
electric-resistance welding
electric-arc welding

10.2.1 Forge welding

Forge welding consists of heating the parts in a forge or furnace until plastic and
then hammering them together, a suitable flux being used to carry away the
scale or oxide formed by contact of the heated metal with the air.

This process is practically obsolete, except in a modified form used in the
manufacture of small pipes and tubes.

10.2.2 Thermit welding

In thermit welding, a suitable mould is built around the parts to be welded, and
thermit, a mixture of finely powdered aluminium and iron oxide, is confined in a
crucible above the mould.

When the thermit is ignited, the iron is released by the heat of combustion, and
drops into the mould through an opening in the bottom of the crucible.

The weld metal is essentially cast steel fused into the parts welded. This process
is used principally in the repair of heavy machine parts and in the building up of
defective castings.

10.2.3 Gas welding

Gas welding utilises the heat produced by the combustion of either acetylene
or hydrogen in a stream of pure oxygen. The flame is directed against the edges
of the part to be welded, bringing the parent metal to the melting point; and
extra metal required to fill the space between the parts is supplied by a welding
rod of suitable material, melted in the gas flame.

Did you know?
@ Acetylene welding is the most common form of gas welding and is
widely used for repair work, for welding thin plates, and for welding

gas, steam and hydraulic pipe lines.

A torch that supplies streams of pure oxygen around the heating flame makes
an excellent device for cutting heavy slabs up to 300 mm thick.

Flame cutting of irregular shapes by hand or by machine is becoming an
important fabricating process.

10.2.4 Electric resistance welding

In the electric-resistance process, the parts are brought into contact, and a
heavy current at low voltage is passed through the junction. Because of the high
electrical resistance at the junction, the metal is rapidly brought up to the fusion
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temperature. Pressure, applied mechanically, forces the parts together and
forms the weld.

The resistance process is divided into classes such as spot welding, butt welding,
flash welding, and seam welding. Butt and flash welding are economical where
mass production justifies the special equipment required for each individual job.

Did you know?
@ This process is widely used in the assembly of the bodies of

automobiles, refrigerators, and other pressed-steel parts.

The ordinary spot welder requires little special equipment, and is used extensively
in the manufacture of such parts as gear housings, switch housings, lamp
reflectors, and other similar parts built in small lofs.

The field of resistance welding has been extended by the development of
electronic controls such as the thyratron, so that many dissimilar metals can now
be joined by welding, for instance, copper to aluminium, bronze to steel, and
copper to steel.

10.2.5 Electric-arc welding

In the electric-arc process, the heat is supplied by a continuous arc drawn
between two electrodes. In the original process, now practically obsolete, the
arc is drawn between carbon electrodes, the heat being reflected onto the
parts to be welded.

In the carbon-arc process, the work itself forms one electrode, a carbon rod
being used for the second electrode. With the carbon electrode, it is difficult to
make vertical and overhead welds, and excess carbon is Likely to be present in
the weld meftal.

Did you know?
@ The metallic-arc process is the most common electric welding
process. The work forms one electrode, and the welding rod forms

the second electrode.

Overhead welding is possible, since molten metal from the tip of the welding rod
is carried by the arc to the weld. The electric-arc process is readily adapted to
welding machines with automatic regulation of arc length, speed and other
variables.

Semi-automatic machines are used when the paths of the seams are irregular
and not easily followed by fully automatic machines.

Molten steel has an affinity for oxygen and nitrogen, which make up the air;
hence the weld metal is likely to contain gas pockets and nitrides, which
weaken the weld and reduce the corrosion resistance.
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To prevent this, a shielded arc may be used. The welding rod is heavily coated
with a material which, in the heat of the arc, gives off large quantities of inactive
gas, thereby protecting the weld metal from contact with the air.

« ' . | | Think about it!
-Q =| | Welds made in this manner are about 20 per cent stronger than
those made with bare welding rods.

The atomic-hydrogen are-welding process is a recent development used to
prevent oxidation of the metal. A reducing atmosphere is created by forcing a
jet of hydrogen through the arc drawn between two tungsten electrodes.

The heat of the arc separates the hydrogen into atoms, which later recombine,
giving back the heat of disassociation.

The atomic-hydrogen atmosphere protects the weld metal.

10.3 Welding properties of materials
Most metals can be welded by some process, but some are more readily
welded than others, and the properties of the weld depend upon many factors.

At the temperatures reached, structural changes in the metal that change the
physical properties and the corrosion resistance may take place. Some
elements in the base metal, such as zinc, may vaporise during the welding and
cause porous weld metal.

Gaseous oxides may cause blow holes, soluble oxides in the molten metal
reduce the strength and toughness of the weld, and insoluble oxides cause slag
inclusions in the weld.

Metals of high thermal expansion and low thermal conductivity are subject to
high cooling stresses in the weld. The elements present as impurities or as alloys,
the kind of metal used in the welding rod, the material used for shielding the rod,
the fluxing material, and the welding procedure all affect the weld
characteristics.

All the plain carbon steels except spring steel and tool steel (with carbon
contents from 0,75 to 1,50 per cent), can be satisfactorily welded, but the Lower-
carbon steels are the most readily welded. Nickel, chromium and vanadium
improve the welding qualities slightly.

Since the weld metal is essentially cast steel, it follows that cast-steel parts are
easily welded by either the gas or electric processes.
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Think about it!
The high strength and other desirable properties of alloy steels are
chiefly due to their action on the carbon and to their response to

heat treatment.

The cast weld material is normally weaker than the heat-treated alloys, so that
the weld is weaker than the base metal unless special precautions are taken.

Special-composition welding rods, usually of the shielded type, producing weld

material of nearly the same analysis as the base metal, should be used, and the
parts should be heat-freated after welding.

Note:
‘A\ Castironis difficult to weld by any process, and even under the most

favourable conditions, the results are more or less unreliable.

Satisfactory welds can be made only by care in preheating, preparation, and
welding procedure. What is more important welds should be made by
experienced operators only.

Gas welding is, in general, superior to arc welding in strength, reliability and
machinability. Gas welding, requires careful pre-heating to prevent warpage
and shrinkage stresses, whereas the more localised heating with the arc reduces
the seriousness of these effects.

Practically all the common metals, including stainless steel, copper, bronze,
nickel, monel, and nickel silver can now be satisfactorily welded. Metals
containing high percentages of lead, tin, zinc, aluminium, magnesium and
molybdenum are somewhat difficult to weld.

This is due to the vaporizing of some of the ingredients, and to the fact that oxide
forms and acts as an insulator interfering with the flow of current and heat.

10.4 Types of welded joints

10.4.1 Butt welds

A butt weld is a weld in which the fused metal lies substantially within the
extension of the planes of the surfaces of the parts joined or within the extension
of the planes of the smaller of two parts of differing size.

The basic forms of butt weld are shown in Figure 10.1 but in practice many
variations of these examples are permissible.
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Double "J" tee joint

Figure 10.1

10.4.1.1 Terms applied to butt welds
Although a single vee joint is shown in Figure 10.2, the terms apply to other forms
of preparation.
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Size or effective
throat thick= Reinforce=
A

—

Fusion face

Throat thickness

Penetration

‘Root face
Sealing run or
penetration bead

Root

Gap

Figure 10.2

The throat thickness is the minimum thickness of weld metal measured:

e foravee, U, Jor bevel-butt weld, along a line passing through the root

e for a close square-butt weld, in the plane of the abutting faces; or

e for an open square-butt weld at the centre of the original gap in a plane
parallel to the fusion faces.

The effective throat thickness is the nominal throat thickness used for the purpose
of design. (In a complete penetration butt weld, this is the thickness of the thinner
part joined.)

10.4.2 Fillet welds
A fillet weld is any fusion weld approximately triangular in cross section, not a
butt weld as previously defined, but including the weld in a corner joint.
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Single-fillet lap joint

Square tee joint

Figure 10.3

10.4.2.1 Terms applied to fillet welds

(a) _ Convex Size = min. leg () Min. leg length size
Flat (b) lengt = 1,414 x throat thickness
Toe A
Concave y
Fusion
face ’/ k “
Depth of y
penetratio / \ y
Y 1 . | RITIIITT
Root Pus 'Eue Actual leg Actual leg
usion length length
face Effective thruat
Throat thickness actunal
Throat .
. and effective
thickness

Figure 10.4

The throat thickness is the minimum thickness of weld metal measured along a
line passing through the root.

Effective throat thickness is the throat thickness used for purposes of design. (This
may be the actual throat thickness or a fraction of it, depending on the shape
of the fillet.)
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10.5 Recommended proportions for weld joints

mm to & mm=12 mm  Square groove welded on both sides

XY

3 mm —-l—L-Hmmtnﬁ

3mm to 6

Double-vee groove

Single bevel groove

Figure 10.5a
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5 mm

Angle ¥ Positions
450 min a1l
207 min F.V.0.

Single "U" groove
X

Y"R—\7 _Em

r

Double "U" groove

Anple ¥  Positions
#53 min &ll
207 min f.v.0o.

5 mm

1,5 mm £0 5 mm
"I" groove

Root opening (A)
= 3 mm max

|

Bequired fillet gize plus (A)
Fillet welded joint

Double-fillet gorner joint

Figure 10.5b

10.6 Design of welds
One of the most important factors in the design of a weldment is determining
the weld size. Weld size affects cost as well as strength and distort ion.

Note:
A In a butt weld where full strength of the joint is required, the weld
must have the same thickness as the connecting plates.
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As a rule, the stress and weld size are not calculated, because a butt weld has
strength equal or greater than the base metal.

The strength of a fillet weld is based on the effective throat thickness which is the
shortest distance from the root to the face of the weld.

Fillet welds are classified according to the direction of the load.
e parallel load
e fransverse load

Transverse load

plate "1

FParallel load

Figure 10.6

10.6.1 Parallel loading
The plane of maximum shear stress in the conventional 45° fillet weld is 45° throat
as shown in Figure 10.7.

’751:31191 Parallel load

loading
Figure 10.7

The size of a fillet weld is specified by the leg length of the largest inscribed
isosceles right triangle or the Lengths of the largest inscribed right friangle.
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The leg length of a fillet weld with equal legs is given by w and the leg lengths
of a fillet weld with unequal legs are given by a and b.

Y1 L
W a
b 7 == b~
Fillet weld with Fillet weld with
equal legs unequal legs

Figure 10.8

The strength of a fillet weld subjected to parallel loading is based on the
effective throat thickness which is the shortest distance from the root to the face
of the weld. For an equal leg (45°) fillet weld the throat is 0,707 (cos of 45°) times
the leg size of the weld.

10.6.1.1 Throat size of fillet weld with equal legs

.

Flat

Leg size w

-

A
o

Throat size (tthraat]

Figure 10.9

Throat size = Leg size X cos 45°
AD = AB X cos 45°

tthroat =w X 0,707
_ Throat size

or Leg size
XSS 45°
AB =
Cc0s 45°
- tthroat
0,707

w = 1,414 X tinroar OF tinroar = 00,707 w
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10.6.1.2 Throat size of fillet weld with unequal legs

&
£/
&8
&
Figure 10.10
tanf =22
AC

Throat size AD = cosf X AB

10.6.2 Transverse loading
The plane of maximum shear stress in the conventional 45° fillet is the 67%° throat

as shown in Figure 10. 11.

Shear stresg

loading
Transverse load

,.lf‘. ’ v - o -
1 Transverse ;'

Figure 10.11

The strength of a fillet weld subjected to transverse Loading is based on the
effective throat thickness, which is the distance from the root to the face of the

weld at an angle of 67%°.
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Throat size

(

t )]
throat

DN
NN
Leg
size _
oW
Figure 10.12
Throat size (Distance AD)
sin 45° _ sin 67%c>
AD - leg size (AC)
AD = sin 45°xAC
sin67§°

tthroat = 0,765 w
or

= tthroat
0,765
w =131 tihroar OF CW

Leg size

From the above it can be seen that fillet welds placed perpendicular to the
direction of the applied load (transverse loading) are somewhat stronger than
fillet welds in the direction of loading (parallel loading).

It is common practice to freat both of these types of fillet welds as being of equal
strength, using the smaller of the two, in other words:  tin0a: = 707 w.

10.7 Strength of welded joints
To properly design welded products, the strength of the welded joints must be
analysed.

10.7.1 Butt welds

The stress on a butt joint is calculated by the formula:
Tensile load

Tensile stress = -
Cross — sectional area

Gateways to Engineering Studies

368



Mechanical Drawing and Design | N5

10.7.1.1 Square butt joint
1

=t
tthroat plate

Figure 10.13 Determining strength of buftt joints

oy = x 1
tthroat

where g, = Tensile stress
P =Tensile load
[ =Length of weld — width of plate
trnroar = Effective throat thickness equals thickness of plate

Allowable tensile stress of 138 MPa is recommended for butt joints.

t
throat 2

Figure 10.14

10.7.2 Fillet welds

10.7.2.1 Lap joint with side and end weld

In considering a typical fillet weld such as shown in Figure 10.15, it is noted that
the opposing forces tend to make the members slip and cause shearing stresses
in the welds.
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e,

actual g“#
{P‘) . : e o
Leg (w) ———r
Cross section
of fillet
(B)
Figure 10.15

The stress is highest on the plane where the thickness of the weld is the smallest
which occurs at the throat. Hence the shear stress on the weld is determined by
the formula:

Shear load
Shear stress = ———

Shear area
P

T =
tthroatXleffective
P

0,707 WXleffective

The effective Length of a fillet weld must be taken as that length only which
continues to have the specified weld size, and throat thickness corresponding.

It is common practice in the case of fillet welds with open ends, ie not specially
end-freated, to obtain the effective length, for calculation purposes, by
subtracting twice the weld size from the actual length, ie 1 x
Leg size for starting of weld + 1 X Leg size for stopping of weld.

Effective Length of weld = Actual ength of weld — 2 X Leg size
leffective = lactual — 2w
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Leffeﬂive ) Lac‘i'l.ial. -2

lactual

w | “effective , | w

-1
S—

Figure 10.16a

leffective = lactual — 2w
Throat area of weld = 0,707 X W X lorrective

lactual

woll. leffective [ W

|

—

Throat area of weld = Throat area of weld A — Throat area of weld B
= 2(0,702 Xw X leffective)

A Note:
Throat area of weld A = Throat area of weld B

Fillet welds terminating at the ends or sides of parts or members must, wherever
practicable, be returned continuously around the corners for a distance not less
than twice the size of the weld.

B
Figure 10.16b

This provision applies, in particular, to side and end-fillet welds in tension which
connect brackets, beam seatings and similar parts
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4 A
-

of
wpe]
o
P9 Fnd weld | .
Y=
w
i
1 hg
v __l w
Figure 10.17a
leffective |
3 ﬁ -y
= )
] I ' l'
P Side weld I P
I
= [ =y
o
)

Figure 10.17b

Figure 10.18

Normal load

Normal stress =

Troat area of weld
_ P
0,707 wXlefgective
1,414 P

WXleffective
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10.7.3 Lap joint with double weld
10.7.3.1 When size of weld equals size of weld B

1actual

Figure 10.19

Normal load

Normal stress
Troat area of weld A+Troat area of weld B
P

O' =
(01707 WXIeffective) + (01707 szeffective)
0,707 P

WXleffective

10.7.3.2 When size of weld equals size of weld B

Figure 10.20

0,707 P

Stressinweld A = ————
WaXleffective
. 0,707 P

Stressinweld B = ———
WpXlefrective
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10.7.4 Perpendicular joint with top and bottom fillet welds

&

Figure 10.21
P = U(tthroatA X g effective + ttnroat B X lp effective)
= 0(0,707 Wa X lg effective + 0,707 wp X Ip effective)
=2x0X0,707 Xwy X ly efrective

A Note:
wy =Wz and l, effective =X lg effective

P

1,414 WaXly effective
0,707 P

waXla effective

10.7.5 Perpendicular joint with circumferential fillet
Fillet weld (w)

Figure 10.22
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Normal force = Normal stress X (2 X Throat area weld A + 2 X Throat area weld B)
P =aX (2 Lthroat 4 X lA +2X tthroat B X lB)
=0(2%0,707 Xxwy X1, +2x%x0,707 X wg X lg)
=0x2x0,707 xwy(l, +1g)
=1,414 x o x wu(l, +1g)
P

1,414xwy(lg +1lg)
0,707 P

wa(lg +1g)

Fillet weld (w)

Figure 10.23

Normal stress X Throat area weld
0 X tinroar X Td
oX0,707w xmTXd

2,22 XoXxwxXd
P

O' — e—
2,22Xwxd
_045P

wxd

Normal force
P

Allowable shear stress of 94 MPa is recommended for fillet welds, and the normal
stress to be taken as 138 MPa.

‘ [O \ Worked Example 10.1

Calculate the throat thickness to be taken in the calculation of the weld

strength in each of the following cases:

(a) 6 mm fillet weld

(b) afillet weld having one Leg dimension 10 mm and the other 13 mm

(c) a butt weld joining two 12 mm plates

(d) a butt weld joining two plates, one being 12 mm thick and the other 14
mm
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Solution:

(a)

t
throat

6 mm

Figure 10.24
tehroat = 0,707 Xw

=0,707 x 6 mm
=4,242 mm

'

(b)

Figure 10.25

tanf =
_10mm
13 mm

=0,769
6 =37,57°
tinroat = COSO X a
=co0s37,57°x 10 mm
=0,793 x 10 mm
=7,93mm

SRS

(c)
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5 e

Figure 10.26
tinroar = Plate thickness
=12mm
(d)
g
1 E? % " ?
W
! =1
-~
Figure 10.27
tihroar = thickness of thinner platte
=12mm

‘ [O \ Worked Example 10.2

Obtain the throat area to be taken in the case of a 10 mm end fillet of 150 mm
overall Length,

(a) if no return side fillets are used

(b) if return fillets 25 mm Long are employed at both ends of the weld.

Solution:

(Q) Effective length of weld = Overall length of weld — 2 x Leg size
I =150mm — 2 X 10 mm
=150 mm — 20 mm
[ =130mm
Throat size = 0,707 X w
=0,707 x 10 mm
=7,07mm
Throat area = Throat size X ef fective Length
=7,07mm X130 mm
=919,1 mm?

Effective length of weld = The full 150 mm Length is taken
Throat area = Throat size X ef fective length
=7,07mmx 150 mm
=1 060,5 mm?

‘[O \ Worked Example 10.3
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If two 6 mm thick plates are to be welded with a butt joint, determine the
required length of weld if the joint is subjected to a tensile load of 44,5 kN. Take
allowable tensile stress as 138 MPa.

Solution:

Figure 10.28

Tensile load

Tensile stress = :
CT'OSIE—SECthTlal area

g, =
t tthroat X1
P

tthroat X0t
_ 44,5 x103N
0,006 m X138 x 106 N/m2

=0,0537m
sayl =54 mm

‘ [O \ Worked Example 10.4

If two 6 mm thick plates are to be joined by fillet welds, what is the required
length of the weld if aload of 45 kN is applied as shown. Allowable shear stress
equals 93 MPa.
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1actual

45 kﬂ(}:

Figure 10.29

Solution:
Shear load

Shear stress =
Throat area of weld A + Throat area of weld B

P

’l’ g
2(0,707 wxlefsective)
I _ P
effective 2X0,707XWXT
_ 45 x 103N
2x0,707%0,006 mx93Xx106N/m?2
say =57,03mm

Actual length of weld = Effective length + 2w
=57,03mm+2 X 6mm
=57,03mm+ 12 mm
=69,03mm
say lactual =70 mm

[O Worked Example 10.5

Determine the factor of safety for the joint shown in Figure 10.30 below. The
material is steel and the allowable shear stress for fillet welds is?4 MPa. The leg
size of the fillet weld is 5 mm.
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350 N/mm

Weld both sides-

Figure 10.30

Solution:
The beam is so short (20 mml that the bending moment is neglected and the
joint is studied for vertical shear only.

Total shear Load on beam =350 N/mm X 300 mm
=105 kN
Effective Length of weld = Actual length — 2 X leg size
lefrective =300mm — 2 X 5mm
=300mm — 10 mm
=290 mm

. Shear load
Shear stress in weld =

Throat area of weld A + Throat area of weld B
14

2(0,707x wXleffective)
105X103N
2(0,707%0,005 m X 0,29 M)
51,21 x 10 N/m?
94x10% N/m?
51,21x10% N/m?

=184

T =

Factor of safety

‘ [O \ Worked Example 10.46

Determine the weld sizes required for the joint shown in Figure 10.31. Take the
working stress for' the fillet weld as 80 MPa.
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90 kN = s pibrpl gttt

]'——""""IBD ki

NRIaRARRE RN ERAREL
a0 ]':H"‘-_'-“J

|__ll-l'-'1-m -

ISR NNNE

T raTd

Figure 10.31

Solution:

The beam is so short (20 mml that the bending moment is neglected and the

joint is studied for vertical shear only.

leffective = lactual - 2w

leffective =144 mm — 2w
Shear load

Shear stress =
Total throat area of welds

_ P
T = x0707x Wxlof fective
80 x 106 N/m2 — 180x103N
4%0,707x wx(0,114 m—2 w)
80 % 106 N/m2 - 180x103N
0,322 w—5,656 w2
3
0322w — 5,656 w? = 2T
80Xx10% N/m?
=2,25x 1073m?
w? —0,057w + ,000398 =
—b+VbZ-4ac

_ 0,057++/0,00325-0,001592

2
_ 0,05740,041

2
0,098 ; 0,016
2 2
=49 mm or 8 mm

Use the practical size 8 mm.

[O Worked Example 10.7
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It is required to calculate the side weld lengths for the joint shown using 10 mm
fillet welds. Use a stress of 100 MPa for the end welds and 75 MPa for the side
welds.

200 %N -a—0 F mmnn—.
$———-— 400 kN
200 kN 5— |i|HTII1|'
Lipbineglg
|
i
g !
i
|
lnliIHHlE
Figure 10.32
Solution:

. Normal load carried by end welds
Normal stress in end welds = 4

Total throat area of endwelds
_ Normal load carried by end welds

2(0,707 Xw Xleffective )
Normal load carried by end welds =100 x 10® N/m? x 2 x 0,707 X 0,01m x 0,1m
=141,4 kN

The remaining Load is to be carried by the side welds
Remaining load =400 X 103N — 141,4 X 103N
= 258,6 kN

Shear load

Shear stress = -
Total throat area of side welds

P

T =
4(0,707% Wxleffective)
] _ 258,6 X 103N
effective 75%106 N/m2x4x0,707x0,01m
=0,122m
loctuar = 122 mm + 10mm
=132 mm

It is not necessary to add twice the weld size in this case, as one end of each
weld is continuous with the end weld.

10.8 Eccentric load parallel with the welds

With axial loads on unsymmetrical sections such as angles welded on the flange
edges, the throat area of the welds should be proportioned so that the sum of
the resisting moments of the welds about the neutral axis of the angle is zero.

Gateways to Engineering Studies

382



Mechanical Drawing and Design | N5

Weld A

|

effective B |

e O

Figure 10.33

Resisting moment of weld A = Resisting moment of weld B
Throat area of weld A X Shear stress X a = Throat area of weld B X Shear stress X b
0,707 X w X I X loyfrece @ X TX @ =0,707 X W X I X lofrect ®XTX Db

leffectf@>< a = leffect>< b
_ leffect ®xD

leffect@ T T T it eiiteiittit ittt @

a

The required weld length to resist the load
Load = Shear stress X Throat area of weld

P =1x0,707 xw X (lfrect @+ lefect @)
P
leffect@-l'leffect s AN @

7X0,707Xw

Substitute for lysreee @ i 2)

leffect ®Xb _ P
a + leffect -

TX0,707Xw

10.9 Eccentric loading perpendicular to the plane of the weld
group

Figure 10.34
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In the case of eccentric loading perpendicular to the group of welds, the welds
are commonly designed to carry the vector sum of the direct shear stress and
the maximum bending stress, based on a working throat stress not exceeding 77
MPa.

10.9.1 Design of welds in bending
A few typical welded connections subjected to eccentric loading
perpendicular to the plane of the weld group are shown in the following figures.

10.9.1.1 Vertical welds

Figure 10.35

10.9.1.2 Horizontal welds

Figure 10.36

10.9.1.3 Circumferential welds
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Fillet weld (w)

Figure 10.37

Figure 10.38

10.9.2 Design formulae

The design of a welded connection where the load is eccentrically applied
perpendicularly to the plane of the weld group is carried out by using the
following standard formulae.

. Sh load
(a) Direct shear stress = T od
Total throat area of weld
_ P
™o 0,707xwxtotal ef fective length of weld
. _ Bending moment
(b) Bendlng siress = Section modulus
" Zex
g. = PXe
Bz
where P = applied load
e = eccenlfricity of the applied load from the weld
_1
xx %

1,, = Total moment of inertia of the welds about the x-x axis
y = distance from the neutral axis to the outer layers of the welded
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section along the y-y axis.

(c) Resultant shear stress = ./tp? + gg?

O {Bending stress)

e

T (Direct shear stress

=~ T_ (Resultant shear
stress)

S I ——

Figure 10.39

The corresponding approximate section modulus in bending of nine typical
welded connections are shown in Figure 10.40.
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Figure 10.40
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10.10 Eccentric loading in the same plane as the weld group
(twisting)

A general case of eccentric loading in the same plane as the weld group is
shown in Figure 10.41.

Figure 10.41

10.10.1 Design of welds in twisting

A few typical welded connections subjected to eccentric loading in the same
plane as the weld group is shown in the following figures.

10.10.1.1 Vertical welds

Figure 10.42

10.10.1.2 Horizontal welds
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Figure 10.43

10.10.1.3 Circumferential welds
Fillet weld (w)

Figure 10.44

Figure 10.45
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10.10.2 Design formulae

— (amtre line
of ~ald group

e

Figure 10.46

The fillet welds are subjected to the action of a load P acting at a distance e
from the centre of gravity of the welds.

In Figure 10.4, let abed represent the fillet welds of the connection shown in

Figure 10. 46.
a b
______ 1
| 7 i
?
5 |
:..4'-? = |
F
A

| @ ¢ |Stress diagram

C. of G. || |

x - 5 - |

Tu,

=-'='a "\\ I

| ™~ |

S\

Weld |throat -\_R
thicHness
I
1
d
Figure 10.47
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The welds are subjected to a direct shear (T,) and to a turning shear 7, which
is proportional to the distance of the weld section from the centre of gravity and
is a maximum at the corners of the weld.

In the stress diagram in Figure 10.47, ©; is to represent its maximum value. The
maximum total (resultant) shear (Tg) is then the vector sum of T, and 7;.

. _ Shear load
(a) Direct shear stress =
Total throat area of weld
P
T =
D 0,707xwxtotal ef fective length of weld
. Turning momentxr
(b) Turning shear = g —
Polar moment of inertia
_ PXeXTrmax
lp
where P = applied load

e = eccentricity of the applied load from the centre of gravity
of the weld group
1, =1, +1,,

_1/ 2 2
Tmax _E la +lb

(C) Maximum resultant shear stress (Tg) =+/Tp? + Tp2 + 217Tp X cos 6
l
and cos§ = —=

/1a2+lb2

The foregoing is the fundamental theory underlying the calculation of the welds
for brackets eccentrically loaded in the plane of the welding.

Formulae for the polar moment of inertia of various combinations of top and
bottom end side fillet welds are given in Figure 10.48.
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‘ [O \ Worked Example 10.8

An angle measuring 150 mm x 90 mm x 10 mm is to be welded to a steel plate
by fillet welds along the edges of the 150 mm leg. The angle is subjected to a
tension of 220 kN. Determine the weld lengths required if placed as shown in
Figure 10.49. (Allowable shear stress not to exceed 63,5 MPQq).

r |~ 100 mm = a
| & 220 kN
50 mm = b

5,
)

Figure 10.49

Solution:
P

TX0,707Xw

leffer:tXb
a

+ leffect =

The angle thickness is 10 mm, therefore the leg size of the weld is taken as 10

mm.
leffect ®X0,05m 220X 103 N

l =
0,1m effect 63,5 x 10 N/m2 0,707 x0,01 m

0'5leffect+ leffect = 0,49 m
1'Sl€ffect = 0,49 m

_049m
leffective - 15

=0,327m

Actual length of weld ® = Effective Lengthweld ® + 2 x weld size for
starting and stopping of weld
=327mm+ 2 x 10 mm
=347 mm

L ive XD
leffect @ = —effeCt;W.
_ 0,327 mx0,05m
- 0,1m
=0,164m

Actual length of weld® = Effective Lengthweld @ + 2 x weld size for
starting and stopping of weld
=164mm+ 2 x10mm
=184 mm
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[O Worked Example 10.9
A bracket carrying a Load of 150 kN at an arm of 190 mm from the plane of
the welds is connected to the face of the main member by a top and bottom
weld 127 mm Long and 305 mm apart, and by 2 side welds with an effective
Length of 305 mm, as shown in Figure 25.17.
Calculate the size of fillet weld to be used, if the allowable throat stress of the
weld is not to exceed 77 MPa .
- 150 kN
1
127 mm 20 om
: E ¥
| A I 1
P 3 3 1
= 1 1 T
(3] 7] o ¥
L'—N..--"'—‘- il S
Figure 10.50
Solution:
. h load
Direct shear stress = Shear loa
Total throat area of weld
_ 150 x 103 N
Tp =
2x 0,707 x w(0,127 m + 0,305 m)
245,56 x 10°
TD - TN/m
. di
Bending stress = Bending moment
PS)e(cetlon modulus
op =5 — See Figure 10.40 for Z,,
XX
_ 150 x 103 N x0,19 m
0,236 X w X0,305 m(3 X 0,127 m + 0,305 m)
— 28 500 Nm
0,0494 w m?
5 , 3
oy — 77,22 X 10 Nm
w
Resultant shear stress = \/1p% + 052
_\/ 245610312  [577,2x103]2
w o= P
w w
_ 16,03 x1010+33,32 x 1010
= =
_ /39,35 x 1010
N wz
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_ 627,263 x 103

w

N/m

Working throat stress = Resultant shear stress
627,263X103N/m
77 x 106 Njm? =200 W
627,263x103N/m
77X 106 N /m?
w =0,00815m
=8,15mm

W:

Use 9 mm fillet welds.

[O Worked Example 10.10

A circular bar is welded to a steel plate as shown in Figure 10.51. The bar
diameteris 50 mm, and it carries a load of 2 000 N at the free end.

The size of fillet weld used is 20 mm, and the allowable shear stress in the
welded joint should not exceed 66 x 10¢ Pa.

Calculate the maximum length of bar to be used if the mass of the shaft is
neglected.

9 000 N

Figure 10.51

Solution:

. Shear load
Direct shear stress

a Total throat area of weld

P
‘L' =
b 0,707 X w Xcircumference of weld
_ 9000 N
Tp

"~ 0,707 x 0,02m x 1 X 0,05m
Tp = 4052 x 103N/m?

_ Bending moment

Bending stress :
Section modulus
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_ Pxe

Zxx
_ 9000 N X e

"~ 0,555 x 0,02 mx0,05 m X0,05m
=324,32 x 10° N/m?

Resultant shear stress = \/1p% + og?

Tr =+/(4052 x 103)Z + (324,32 x 106 X e)?2
66 x 106 N/m? =,/1,64 x 103 +/10 518,35 x 103 x e
1
(10518,35 x 103 x e2 x N2/mb)z =66 x 106 N/m? — 4,052 x 106 N/m?
= 61,948 10° N /m?
10 518,35 x 1013 x e2 = (61,948 x 10°N/m?)?

Op

2 _  3,838x105 NZ/m*
e e
105,1835 x1015 N2/m?6
e? =0,0365m?
e =0,191m

e =191 mm

‘ [O \ Worked Example 10.11

A bracket carrying a load of 15 kN at an arm of 200 mm from the plane of the
welds is connected to the face of the main member by a top weld 130 mm
long and by two side welds, each having an effective length of 280 mm, as
shown in Figure 10.52.

What size of fillet weld should be used if the allowable throat stress of the welds
is not to exceed 77 MPa?¢

150 kN

E .
]
<+
<+

, 200

280

-
e,
T
S

Figure 10.52
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Solution:

Direct shear stress =

Bending stress

Shear load

Total throat area of weld

_ 150 x 103 N
Tp =
0,707 X wx(2x0,28 m + 0,13 m)
307,48 x 10°
Tp =—N/m

w

__ Bending moment

a Section modulus

There are two section moduli in this case, a top one and a bottom one, and

the least has to be used.

Zyy top

Z.x bottom

Resultant shear stress

TR

TR

Allowable throat stress
77 X 10® N/m?
w

w

Use17 mm fillet welds.

= 0,236 w lb(Zba + lb)
=0,236 xw %x0,28m(2 x0,13m + 0,28m)
=0,036 X wm?

2 (2lg+1p)
latlp

=0,236 xw (0,28 m)z (2 0,13 m+0,28 m)
, ’ 0,13m + 0,28 m

0,0244 w m? (least, therefore to be used)
150 x 103N x 0,2m

0,0244 w m?2
1229,51 x 103 N/m

w
=,/1p? + 05°

_\/[307,48x103]2+ [1229,51><103]2
w w

9,45 x 10104+151,17 x 1010
W2
1267,37 x 103
=——N/m

w

= 0,236 w I,

= Resultant shear stress

1267,37x103
=———N/m

w
1267,37x103N/m
77x 108 N/m?2

0,0165m

[O Worked Example 10.12

Determine the size of fillet weld required, for the weld group shown in Figure
10.53, if the allowable stress is 77 MPa.
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. 200 ky
Centre line—= 250

of weld group
F

ot

Figure 10.53
Solution:
. Shear load
Direct shear stress =
Total throat area of weld
_ 200 x 103 N
Tp =
0,707 X wx2(0,3m+ 0,2 m)
282,89 x 10°
T, == N/m

w

Turning moment =P Xe
=200 x 103N X 0,25m
=50 x 103 Nm

1
Tmax = 2V la + lb

= 2J©02 m)Z+ (0,3 m)?
Tmax = 0,1803m

Polar moment of inertia = 0,118 w(l, +1,)3
=0,118 w(0,3m + 0,2 m)3
=0,01475 w m?3

Turning momentXryax

Turning shear

Polar moment of inertia
50 x 10° Nm x0,1803 m

0,01475 w m3
611,186 x 10°
=——N/m
I w
cosf =-—==
w/la‘Hb
0,2m
V(0,2 m)2+(0,3)?
= 0,555

Resultant shear stress = /tp? + t72 — 2T7Tp X €0S O
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_ 282,89x10312 611,186x103 611,186x103 _ 282,89x103
Tp = ” + +2X X

_ |6,455 x 1011
TR =T wz

803,425 x 103
g = ——2"2N/m

w

x 0,55

Allowable throat stress = Resultant shear stress
3
77 x 106 N/m? = 3222500

w
_803,425X103N/m

77X 106 N /m?
w =0,0104m

Say 11 mm fillet weld.

[O Worked Example 10.13

Determine the size of the required fillet weld for the bracket shown in Figure
10.54 to carry a load r-F 200 kN. (Allowable stress not to exceed 66 MPa.)

250

Figure 10.54
Solution:
_ ld®
T 2+l
(0,125 m)?
T 2x0,125m+0,25m
=0,03125m
=31,25mm
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Shear load

Direct shear stress =
Total throat area of weld

80 x 103 N
0,707 X wx(2lg+1p)
80 x 103 N

~ 0,707 x wx(2x0,125 m+0,25 m)
_ 226308
N/m

1
Tmax = E,’la + lb

=2./(0,125 m)? + (0,25 m)?
Tmax = 0,1398m

Tp =

la

/ 1.%+1,%

_ 0,125m
(0,125 m)2+(0,25)2
=0,4472

L, =0,059w(2l,+1,)% -

cosf =

0,707wig%(Ig+1,)?
21+,
0,707wx0,1252(0,125+0,25)?
2%0,125+0,25

=0,059 w(2 x 0,125 + 0,25)3 —

=7,375 x 1073w — 3,107 x 1073w
= 4,268 X 103wm™3

Turning momentXryax

Turning shear = ——
Polar moment of inertia

_ 80 x 10° N x0,025 mx0,1398 m
4,268 x10~3 wm3

665098
=——N/m

Maximum resultant shear stress = \/‘L’DZ + 742 — 2T7Tp X cOs 6

\/[226308 66;98]2 +2 [&‘;’93] [22;308] 0,4472

712062

Allowable throat stress = Resultant shear stress
66 x 105 N/m? ="222N/m
712062 N/m
66X 106 N/m?

0,0108 m

w =

w

Use, say 11 mm fillet welds.

L

Worked Example 10.14

A shaft of 50 mm in diameter is joined to a plate by a 6 mm fillet weld. The
working stress in shear may not exceed 77 MPa.
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Determine the maximum torque the welded joint can sustain.

Solution:

Torque X %

Maximum shearing stress in the fillet weld = —
Polar moment of inertia

0,05m
— T x 2
0,555 w d2
0,05m
— T x 2
0,555 w d2
T x 0,025 m

0,555 x0,006 m x (0,05 m)3
=60,06 x 103 Tm™3

Working stress = Maximum shearing stress
77 x 10 N/m? =60,06 x 103Tm™3
_ 77%x10° N/m?
"~ 60,06 x 103 m3
=12820,5Nm

[O Worked Example 10.15

A shaft having a diameter of 50 mm is welded to a pulley by means of fillet
welding. If the allowable shear stress of both the shaft and the welded joint is
69 x 106 N/m2, calculate the size of weld to be used.

Solution:

_ md?
Torque = e X7

3
T x %xwxmﬁ N/m?

0,555 w d2
1693,5 Nm

T x 2
2

Maximum shear stress = ]
/)

1693,5 Nmx

0,555 X w X (0,05 m)3

610 270
N/m

0,05m

Allowable shear stress = Maximum shear stress

69 x 106 N/m? =227 N/m
_ 610 270 N/m

W = o x 106 N/m2

w =0,00884 Nm

Say 2 mm fillet weld.
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[O Worked Example 10.16

Ascertain the size of fillet welds for the weld groups shown below under the
loading indicated:

y
s | 250 50 kN
= |
Q \ Tmax 1 250 50 kN
o "'| +
] _| _]_ I N A ]
e o | o s Bl o :I:
! :
—T— max
250 effective! - g
‘ b Y
o X X - - = -
S
’ }
2
$
i
y
] [L0.707 W
(a) (b)
Figure 10.55
Solution:
lgxt3
(a) L == (neglect very small)
where t = throat size = 0,707 w
3
I _tX la
Yy 12
lp =Ly + lyy
= lyy
_txls
12
0,707 x w x (0,25 m)3
12
=9,206 X 10~*wm?
. Sh load
Direct shear stress = gar od
Total throat area of weld
_ P
™ = 0,707 X wXtotal ef fective length of weld
50 x 103 N
0,707 X w X 0,25 m
282 885
= N/m
w
_1 ’ 2 2
Tmax ~ E la + lb
=-J(0,25 m)2+0
=0,125m
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la

cosf =
/ 12 +1,2

0,25m

- (0,25 m)2+0
=1

Turning momentXrmyax

Turning shear z
D
— D Xé X Tmax
Polar moment of inertia
_ 50 x 103 N x0,25 mx0,125m

9,206 X10~* wm3

1697313
= 19313 N /m

w

Resultant shear stress =./tp%+ 172 — 2177 X COS 6

J[282885] + [1697313] +2 [697313] [282885

3,921x1012
W2
1980198
Tp = —N/m

w

Allowable throat stress = Resultant shear stress

77 x 106 N/m? =228 N /m
_ 1980 198 N/m
" 77% 106 N/m?
w =0,0272m

Use, say 26 mm fillet welds.

_ tle3
(b) b =55
bXt
lyy = (neglect very small)
L, = lxx + 1,
_txb®
12
_ 0707 Xw X (0,25 m)3
12

9,206 x 10~*wm?3

Shear load

Direct shear stress =
Total throat area of weld

P

0,707 X wxtotal ef fective length of weld
50 x 103 N

0,707 X w X 0,25m

282 885
= N/

/laz + 1,7

J00,25 m)Z+0

Tp =

Tm ax

N= N
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la

/ 1.%+1,%
0

cos @

Turning shear

Resultant shear stress

0,125m

Turning momentXryax

Ip
— D Xe X Tmax
Polar moment of inertia
_ 50 x 103 N x0,25 mx0,125 m
T 9,206 x10~* wm?
— 1697263 N/m

= J1p2 + 172 + 2777 COS O

J[ZSZSSS] + [169;263]2 40

2,961x1012
W2
1720676

=—, N/m

Allowable throat stress

77 x 105 N/m?

= Resultant shear stress
1720 676

=—, N/m

_ 1720676 N/m
77% 106 N/m?2

w =0,0224m

say 23 mm fillet weld.

Activity 10.1

%

1. Calculate the safe load for the butt-welded mild steel fie-bars shown in the
figure. Each baris 100 mm wide x 12 mm thick. Allowable tensile stress = 90

MPa.

I s

Figure 10.56

2. Find the safe value of P, in the example shown in the figure below, from the
point of view of the side fillet welds. Allowable stress= 77 MPa.
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6 mm side fillets

]
i
'P' newtons=—= ’l |

Gusset plate

Figure 10.57

3. The figure shows a connection with two end welds both having 25 mm
return side fillets. Calculate the strength of the welded joint, when the

allowable stress is equal to 110 MPa.
/ 8 mm end fillets

Figure 10.58

4. It is required to calculate the side weld length for the joint shown having
fillet welds of 6 mm. Assume allowable stress for end welds to be 108 MPa
and for side welds to be 77 MPa.

250 kN

a0 -|1l}HI1II. 500 kN
S . d
250 k}qs, AL 4
LI
i
c
=

!
1
|
|
RALLLLLLAY

Figure 10.59
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$ Activity 10.2
Q‘ Y

1. Determine the size of fillet weld required for the flat plate loaded as shown.
Allowable shear stress equals 66 MPa.

300 kN

|

75

250

weld

| 250 I

i

Figure 10.60
2. A channel is welded to a support. Determine the size of weld required for

a steady load of 22 kN. Allowable shear stress equals 66 MPa.
3.

22 kN (constant)

5

e
65 __{
—

N

Figure 10.61
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4. When welding an angle to an upright as shown, it was found that the total
weld length was 140 mm. Determine the effective weld lengths of A and B.

|

=2
- ~ - - }-
p——t ﬂ
Figure 10.62
[@] Self-Check
| am able to: Yes | No

Describe the types of welding

Describe welding properties of materials

Describe the types of welded joints

Describe recommended proportions for weld joints

Describe the design of welds

Describe the strength of butt and fillet welded joints in simple

cases of:

o Bending

o Tensions

o Compression

o Torsion

e Describe the eccentric load parallel with the weld group

e Describe the eccentric loading perpendicular to the plane of
the weld group

e Describe the eccentric loading in the same plane as the weld
group (twisting)

If you have answered ‘no’ to any of the outcomes listed above, then speak

to your facilitator for guidance and further development.
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1. Answer ALL the questions.
2. Read ALL the information carefully.
3. Questions may be answered in any order, but subsections of questions must

be kept together.

4. Number the answers according to the numbering system used in this question
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5. Show ALL the intermediate steps.
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BOOK.

7. Where possible, standard size items must be used.

8. All the answers must be approximated accurately to THREE decimal places.
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QUESTION 1

DATA:

A lathe requires 30kW to operate at full capacity when the rotational
frequency of the 80 mm diameter shaft is 200 revolutions per minute. One
end of the shaft is reduced to 70 mm to provide for a spline connection with
8 splines each 6mm in depth.

The ultimate shear and crushing stress in the shaft material is 640 Mpa and
38 MPa respectively. A safety factor of 4 is used. The shear area of the
splines is 45 percent greater than the crushing area of the splines.

The 80mm diameter shaft driving the lathe is driven by an open belt flat
drive. Assume that no losses occur between the belt drive and the lathe.
The 8 mm thick flat belt is 145 mm wide and has a maximum allowable safe
stress of 160 N/cm of belt width.

The tension ratio between the belts is 2,56 :1. The power loss due to friction
between the driving pulley and the driven pulley is 25W and the centre
distance between the two pulleys is 1 ,2 m. The driven pulley diameter is
230 mm.

The 520 mm driving pulley is supported midway between two journal
bearings on the solid shaft. The compressive stress between the shaft, and
the bearings is 806 kPa.

The 600mm long shaft is driven by a flange coupling keyed to the shaft.
There are no losses due to friction between the driving pulley and the flange
coupling. The maximum torque on the shaft exceeds the mean 16,5
percent. The shear stress in the shaft may not exceed 127 MPa and the
maximum modulus of rigidity is 82 GPa .

The flange coupling uses three M10 bolts. The maximum allowable shear
stress for the bolts is 47,5 MPa. The shear stress and the compressive
stress in the key is 76MPa and 192 MPa respectively.

The flange coupling is driven by a crank arm mounted on the same shaft.
The crank is rotated by the connecting rod of a single cylinder steam engine
which produces a constant steam pressure of 1 425 kPa. The cylinder with
a diameter of 320 mm and a wall thickness of 20 mm requires15 studs to
seal the cylinder. The safe allowable tensile stress for the studs is 25 MPa.
Assume the core area equates to 70 per cent of the nominal area. The
connecting rod is 2,37 m long and the stroke length of the crank is 127 m.

The 18 mm valve mechanism rods are connected by means of a knuckle
joint. All the parts are made of the same material. The allowable tensile
stress in the joint is 104,5 MPa.

Calculate the following on the spline shaft:

1.1 The torque transmitted by the spline connection (3)
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1.2 The total compressive area (4)
1.3 The total shear area (2)
1.4 The length of the splines (2)
1.5 The width of the splines (3)
[14]
QUESTION 2
Calculate the following on the belt drive:
2.1 The tension in the tight side of the belt. (2)
2.2 The tension in the slack side of the belt. (2)
2.3 The power transmitted by the driving pulley. (3)
24 The velocity of the belt drive. 4)
2.5 The rotational frequency of the driven pulley (3)
2.6 The length of the belt. (3)
2.7 The rotational frequency of the driving pulley. (3)
[20]
QUESTION 3
Calculate the following on the shaft and the coupling:
3.1 The maximum torque in the shaft. (5)
3.2 The diameter of the shaft. (2)
3.3 The maximum angle of twist in radians (3)
[10]
QUESTION 4
Calculate the following on the bearing:
4.1 The forces acting on each bearing (3)
4.2 The required width of the bearings (3)
[6]
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QUESTION 5

Calculate the following on the flange coupling:

5.1 The pitch circle diameter of the flange coupling. (3)
5.2 The outside diameter of the boss (1)
5.3 The length of the boss (1)
54 The outside diameter of the flange (1)
5.5 The flange thickness (1)
5.6 The length of the key required to join the flange to the shaft (7)

[14]
QUESTION 6

Calculate the following on the steam cover:

6.1 The force acting on the cover (3)
6.2 The diameter of each stud (3)
6.3 The pitch circle diameter (3)
6.4 The circular pitch of the stud. Check for steam tightness. (5)
[14]
QUESTION 7
I(_Jalculate when the crank arm is at right angles to the connecting rod centre
ine:
7.1 I1_'he magnitude of the angle the crank arm makes with the piston rod centre  (3)
ine
7.2 The magnitude of the angle between the connecting rod and the piston rod (1)
centre line
7.3 The magnitude of the force on the crank arm (3)
7.4 The magnitude of the force on the cross head guides (3)
7.5 The diameter of the piston rod if the safe compressive stress for the piston (3)

rod steel is 95 MPa
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[13]

QUESTION 8

Calculate the following on the knuckle joint:

8.1 The tensile load on the knuckle joint (3)
8.2 The thickness of the eye required for tension (3)
8.3 The thickness of the fork ends (3)
[9]
TOTAL: 100
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QUESTION 1
Data
=30kW; D, = 80mm; N = 200r/min; D,,,,,, = 70mm;n = 8; h_yy,, = 6mm;
r—P?— 160MPa;a, =3— =9,5MPa; A, = 1,454_
1.1 For torque
?nNTmsm
60 )
eop __ eof30x10°) v

e Tmsan = — = :r(zoo)/ - 14‘32,3951an
1.2 For total compressive area (T,... = Tean)

Tm =0 AC’RMJGR

where d = D — 2k = [0,07 — 2(0,008)] = 0,058mm”

and Rinean = (D +d) =3(007+0,058) = 0, 032mm~

Tinax (1532355 .
& R 111 -~ . K P 5 o
Ae CcRmean  (5.5%10°)(0032) 4712 X 107°m

1.3 For total shear area

A, = 1454, = 145(4,712 X 1073)" = 6,832 X 10°m*”

14 Forlength of spline
.= nhl
P (4712010717 _ )
s L= i ‘_—._-—(8;(0006.‘ 0,09816m = 99mm”

1.5 For width of spline

=nwl
4. Vegdzxie~)” -
LW === ———;— = 8,626 X 10 im = 9mm”
nL (800,059
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[14]
QUESTION 2
DATA
d, = 80mm; t= 8mm;w = 145mm; T/cm = 160N /cm ; T, = 2,56T,; P, . = 25W;
C=12m;d =23mm; D = 520mm
2.1 For tension in tight side of belt (2)
Ty = wxX  [om =(145)7(160) = 2320N~
2.2 For tension in slack side (2)
T, = 2,56T,
ana "’
W Ty = =220 =906 25N v
= 2.8 2,E6
2.3 The power transmitted by the driving pulley (3)
Py =P, +P,,_ =(30x10%)7+(25)" =30,025kW v
24 The velocity of the belt drive (4)
Py = (T —T)w
_ B f@oozs)”
(T.-T.) (23207 -506,25") 21,238m/s v
25 The rotational frequency of the driven pulley (3)
- zid+oin
60 )
— _&w __eo(21238)" _ . .
" T Ta+)  ml023+0.008) 176%,265v)miin >
2.6 The length of the belt (3)
M o g (D—d)* ,
L=2(D+d+2t) +———+2(C)
= Z[0,52 + 0,2342(0,008)”] + S8BT L 55 5)
2 i r : i ; 4{1‘ 2;‘ [ 3

L
L=3,02Im"~
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2.7 The rotational frequency of the driving pulley (3)
, = nipEnN
R P
.o o— B0v __s0f21238)" ” o o
e w(D+e)  wlBE2+0.0083 768,212r /min
[20]
QUESTION 3
DATA
L=600mm; T, .. = L1657, . .;7, = 127MPa; G = 82GPa
3.1 For maximum torque on shaft ()
&0
eop  e0(30,025%10°)"
“ Tmean = 55 = Zlreanin 373227Nm »
“Toge = L 2T 0n = (1,165)(373,227) 7 = 434,809Nm v
3.2 For shaft diameter (2)
hed
Tnax = o077
% | v
= ®[18Tngs _ P 16BN _ o ooeon — demm v(std size)
Ny =T w127 x10%;
3.3 For maximum angle of twist (3)
10, 2Timae & (10.23(434,809) 71,6}
8= G;” = reaxiee0rer” = 0,071 radians «
[10]
QUESTION 4
DATA

d, = 26mm; ¢, = 806MPa
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4.1 For forces acting on each bearing

F.=T,+T,=2320+ 906,25 = 3226,25N v
F F.=2(3226,25)" = 1613,1258 v

bearing =

b ey

4.2 For width of each bearing

F=wd_o, )
Fo_ {1613,125)"
d.c. (0,026} " {806x10%)

W= =0,0769767m = 77mmv

QUESTION 5

DATA
n=3;d = M10; 7y, = 47,5MPa; 7,,, = 76MPa; g, = 192MPa

5.1 For pitch circle diameter of flange coupling

! nT .7
Tm.a.x - Tbol':.l - ?d PCDTboEc
- ”
v PCD =Slmex - E(88209)
nxd*ry, (3w (0.01)3(47.5x10%)

= 0,0777004m = 78mmv

5.2 For outside diameter of boss

D,=2D=2(26)=52mm v

5.3 For length of boss

Ly = 1,3D + 2mm = 1,3(26) + 2mm = 358mm = 36mm ¢

5.4 For outside diameter of flange

D.=45D = 4,5(26) = 117mmv
OR

D,=PCD+3d =78+ 3(10) = 108mm

Gateways to Engineering Studies
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5.5 For flange thickness (1)

t, = %D = % (26) = 6,5mm = 7mm v

4

5.6 For length of key required (7)

w X t = 8 X 7mm (std kev size according to shaft size)

Consider compression
! i
Tomaw = Tyey = 3 tLDO,
L = mex = 4(431.805) = 0,049772m = 50mm v

¢Dz, {o.007) % (0,0263(152x 108}

Consider shearing

Tomax = Thoy = wLD*r
o (234 v -
L = Zmax — 3334809 = 0,055011m = 55mm +

Wor {0.008)* (3,026 76x10%)

Use key wX t X L=8X7X55mm v

[14]

QUESTION 6
DATA
@ = 1425kPa; D = 320m; t = 20mm;n = 15; o, ... = 25MPa; 4, = 0,74,
6.1  For force acting on cover (3)

F= fozp = f(o,:iz)*’-’(mzs X 10%)7 = 114605,3N = 114,605%kN «
6.2 For diameter of each stud 3)

F=F=07n (':d*) o,

{ 2(114.608 x10%2 " _ _
Ni o, ?nm:: = o (15w (2s %100 0,023577m = 24mm

6.3 For pitch circle diameter (3)

PCD =D+ 2t +d =320+ 2(20)"+ 24" = 384mm v

Gateways to Engineering Studies
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6.4

For circular pitch. Check for steam tightness.

Cp =82 _ =E8)° _ 50.425mm v

n (15}

§2 = 1425kPa falls above 1215kPa ~ 3d < P < 5d

3d = 3(24) = 7Zmmv
5d =5(24) = £20mm v

~ Cp falls between 3d & 5d. Yes, steam tight! v

QUESTION 7

7.

RN

7.2

7.3

7.4

Gateways to Engineering Studies

DATA

L =237mr = 22 = 0,635m; 0, ye500n = 95MPa

For magnitude of angle between crank arm and piston rod centre line

L
ftaneg = —

|

For magnitude of angle between connecting rod and piston rod centre line

B =008 — a=90°— 75¢ = 15° &

For force on crank pin

F
cosd = -
e
» . B w
= _F_ o 124605 X107

cosd {coz 150"

= 118,648kN v

For force on cross head guide

®
tanf = —
F

w R =F tanf = (114,605 X 10%) "(tanl5%) " = 30,708kN ~

13
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7.5 For diameter of piston rod (3)

F=Zd%g.

IE

d="[= ‘J*‘“"'e"s"” L~ 0,039192m = 40mm ¥ (std size)

w(55x10% )"

[13]
QUESTION 8
DATA
d = 18mny; o, = 104,5MPa
8.1 For tensile load on the knuckle joint (3)
F, = Td%a, =7 (0,018%) “(104,5 X 10%)7 = 26,592kN v
8.2 For thickness of eye required for tension (3)
= (d, —d,y)to;
where d,=2d, = 2(182 = 36mm"”
_ F 26,552 16" ) _ _
L E= Tmae ‘(9’0363 o019 (0t E i) 0,0141376m = 14 or 15mm+
8.3 For thickness of the fork ends (3)
F. = 2(d,—dy)ty0, {
. F _ (26,562x10% } _ G o
BT :-:a;—‘a._,}a: ~ (e,038) "—(0.018) *](104,5%10%) 7,06858 X 107"m = 7mm
[9]
TOTAL: 100

Gateways to Engineering Studies
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THE FOLLOWING DATA IS APPLICABLE TO ALL THE QUESTIONS.

Two rods of a valve mechanism in a steam engine are connected by means of a knuckle
joint. The rods have the same diameter and all the parts are made of the same material.
The joint has to withstand a load of 55 kN.

The following allowable stresses apply to the knuckle joint.

Tensile stress 112 MPa
Shear stress 63 MPa
Compressive stress 135 MPa

The engine has a cylinder diameter of 385 mm and produces a maximum steam
pressure of 1 367 kPa. The crank arm is making an angle of 90° with the piston rod
centre line and the piston rod is in compression. The stroke length is 466 mm and the
connecting rod length is 960 mm.

The crank arm on the steam engine drives a shaft on which a flange coupling is
mounted. The flange coupling is designed to transmit 480 kW at 294 revolutions per
minute. The pitch circle diameter is equivalent to three times the shaft diameter.

The following ultimate stresses are used on the coupling:

Shear stress in shaft 465 MPa
Shear stress in bolts 486 MPa
Shear stress in key 381 MPa
Compressive stress in key 882 MPa

A safety factor of three must be used for the flange coupling.

A belt pulley, 360 mm in diameter is mounted on and driven by a 0,8 m long hollow shaft
from the flange coupling. There is a 5 percent power loss between the flange coupling
and the driving pulley.

The driving pulley drives a 280 mm pulley by means of a crossed flat belt. The driving
pulley revolves at 281 revolutions per minute and the coefficient of friction is 0,4. The
pulley centres are 1,2 m apart. The 15 mm thick belt can carry a tensile load of 105 kN
and the tensile stress in the belt material is 26 MPa.

The driven pulley is mounted on a 65 mm diameter shaft which is supported by two
bearings 1 m apart.

The driven pulley is mounted two thirds of the distance from the right hand bearing. The
compressive stress between the shaft and the bearing is 19,3 MPa.

The driven pulley drives a compressor which delivers air at a pressure of 1 420 kPa
into a storage tank. The storage tank has a longitudinal double riveted butt joint with

Gateways to Engineering Studies
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one cover plate. The stress in the joint may not exceed 60 MPa. The wall thickness is
18 mm. The longitudinal efficiency of the joint is 26,3 per cent The pitch of the rivets
is48 mm.

The ultimate stresses for the rivets and plate are as follows:

Tensile stress 400 MPa
Shear stress 320 MPa

Use a safety factor of four for these stresses.

QUESTION 1

Calculate the following on the knuckle joint

1.1 The diameter of the two round valve mechanism rods (3)
1.2 The diameter of the pin (3)
1.3 The thickness of the eye (6)
1.4 The thickness of the fork ends (5)
1.5 The thickness of the curved section of the fork (2)
1.6 The diameter of the pin head and collar (1)

[20]
QUESTION 2

Calculate the following on the steam engines

2.1 The force on the piston rod (3)
2.2 The force on the connecting rod (6)
2.3 The force on the cross head guide (2)
24 The force on the crank pin (1)

[12]
QUESTION 3

Calculate the following on the flange coupling.

3.1 The shaft diameter (4)
3.2 The length of the key (7)
3.3 The number and the diameter of the bolts required (3)

Gateways to Engineering Studies
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[14]
QUESTION 4
The shaft driving the coupling must be replaced by a hollow shaft which has
the same outside diameter as the solid shaft. The allowable shear stress in
the hollow shaft exceeds that of the solid shaft by 15 per cent.
Calculate the following on the shaft:
4.1 The internal diameter of the hollow shaft (3)
4.2 The percentage saving in weight if the hollow shaft is used (2)
4.3 The power transmitted by the hollow shaft (2)
4.4 The maximum angle of twist in degrees for the hollow shaft between the (3)
coupling and the pulley, if the modulus of rigidity is 85 GPa and the torsion
in the hollow is equal to that of the solid shaft.
[10]
QUESTION 5
Calculate the following on the belt drive:
5.1 The contact angle on the driving pulley 4)
5.2 The width of the belt (3)
5.3 The length of the belt (3)
54 The tension in the slack side of the belt 4)
5.5 The velocity of the belt (2)
5.6 The power transmitted by the belt (3)
[19]
QUESTION 6
Calculate the following on the bearings:
6.1 The force acting on each bearing due to the forces in the belt (5)
6.2 The width of the bearing (3)
[8]

Gateways to Engineering Studies
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QUESTION 7

7.1

7.2

7.3

7.4

7.5

7.6

7.7

Calculate the following on the storage tank:

The diameter of the storage tank

The diameter of the rivets (Equate B2 = BIR)

The tearing strength of the plate between the rivets
The strength of the solid plate

The shear strength of the rivets

The tearing efficiency of the joint

The thickness of the cover plate

TOTAL: 100

Gateways to Engineering Studies
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QUESTION 1

Data:
F = 55kN; o, = 112MPa; v = 63MPa; g, = 135MPa

1.1 For diameter of the valve mechanism rods

F,. = Zn’dzo}

. a £
nd= J%E‘- = ’%}1%; 0,025005m = 25nun” (std size)

1.2 For diameter of pin

F=2(%di)s

4F x| 4(55 % 109)7
{,’ J = 0,02357496m = 24mm

2n(63 % 108)7

but d = d, = 25mm”
1.3 For thickness of the eye
Consider tearing

d, = 2d, = 2(25) = 20mm
F=(d, —d,)to.
_ F '5:)(10’ l
(d.-d. e  (0.05"—0.025" ) (112 X108}

= 0,0196m = 20mm”~

Consider crushing
F_ issx10®)

=0,01629m = 17mm”~

- 2. G¢ ~ (0,025 (135 x10%)
Use ¢ = 20mm”

Gateways to Engineering Studies
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1.4 For thickness of the fork ends
Consider tearing
F=2(d; - dy)tyo,
L F _ (s5x106%) _ e "
U T g | 20005-00257)(112x10%) AL 10 e == L retre
Consider crushing
F = 2d,t0,
(53 2 -
R 1:‘, = ’<ooi'i)x’l(iaixmﬂ = §,148148 X 107%m = 8mm or Imm”~
-a Lo - N & J
Use t, = 10mm”
1.5 For thickness of curved section of fork
b=12d, = 1,2(25) = 30mm
F = 2bt,o,
Wty = L = 1_ss>fr10 2 =8,1845 X 107 ¥*m = 9mm”
= 2ne, 2(oe3)*{112x10%)
1.6 For diameter of pin head and collar
ds = 1,5d, = 1,5(25) = 37,5 = 38mm”~
QUESTION 2
Data:
D=385mm; P=1367 kPa; L=960mm; r= % (466) =0,233mm;
2.1

For force on piston rod

F ==D%p=7(0385%)7(1367 x 10°)” = 159140,1837N = 159,14kN"

Gateways to Engineering Studies
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2.2 For force on connecting rod. (6)
sind =£
o
g = stn‘l':(oTi%l,: = 14,0467
cosfd = E

Fo_ (15314x10°)"

= 164044, 743N = 164,045kN”
cosd (00514046 )

2.3 For force on cross head guide (2)
tand =2
F

R = Ftanf = (159,14 x 10%) (tan14,046 )" = 39813,794N = 39,814kN"

2.4 For force on crank pin (1)
— — . v
Fcrank win Fconnectmg red ~ 164’"04'SkN
[12]
QUESTION 3
Data:
P = 480kW;N ===; PCD = 3D;SF = 3; 1,54, = == = 155MPa;
486 381 882
Thotes = —5~ = 162MP; Ty, = —— = 127MPG; 0, = —— = 294MPa
31 For shaft diameter (4)

p = 2N Tinean
E0
enp  s0i4Box10%)

- Tmaan = TN T (25e) "~ = 15590,588:\”‘?‘!"
& Toar = Tonsan (10 overload)
Tonax = ;dar
1 I -
o d = $ [16Tgy _ * 116(15590,6E8) =0,08001m

mr A e(155x10°)
Use d = 80mm” (std size)

Gateways to Engineering Studies
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3.2 For length of key

wXt=22 X 14mm

Consider shearing:
1
Tmax = Tr{f‘)’ = :“’DLT
o ~N = V‘
= Ymms e =0,1395015m = 140mm”

wdr  (0,022)7 (0.08)(127 x10°)

Consider crushing
_ _ 1
Tmax - Tksy -3 tDLo,
- afl , v
L = *fnax 115690 £56) = 0,1893912m = 190mm”

Do, (0012)" (0,08} (254x10°)
Usekeysizew X t X L: 22 X 14 X 190mm”

3.3 For number and diameter of bolts

Select n = 4 bolts (std number for shaft diameter between 45mm and 102mm)

Consider shearing
Tmaxw = 5 @ PCDT
. I (13
d= -! BTmar _ 2 8(13550,688) — 0,0159775m

\nrpcpr 4 (8 a(ax0,08) “T1s2310% )
Use d = 16mm” (std size)

QUESTION 4

Data:
d, = 80 mm; D = 80mm; 1), = 1,151,

Gateways to Engineering Studies
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4.1 For internal diameter of hollow shaft (3)

Teotia = Thotiow
4 z (D%—a.*

16 7 °F 1& D .
Dd%r, = (D* - d,*)(1,157,)

y P )
ad, =" [D3=22

115
¢ B
d, = ‘J (0,087)% — L0 = 0,048077m
- + 2 - e '
4.2 For percentage saving in weight (2)

AE-AB
%sac:ing = 1 X 100

- sﬂ = "
(e = [(p -]

('ybstwing - (g X 100
(0,048%)"
Wsaring = W
&
" Wogping = 36% "
4.3 For power transmitted by hollow shaft (2)

Py = Py — Py = (480 % 10%) — [(480 x 10%)(5%)]
P, = (480 x 10*) — (24 x 10%)”
& P, = 456kW "

44 For maximum angle of twist in degrees (3)

_ 584Tmayl
o= G(D* —dr)

_ s2a(1s590 6883008} .

= et ilnoe)—(oee)7] 2 T03645
s 6 =2404°v

[10]

QUESTION 5

Data:

Driving pulley:D = 360mm; N = 281 r/min; u= 0,4
Driven pulley: d = 280mm

Belt: = 12m; t = 15mmy; Ty, = 105kN; 0. = 26MPa

Gateways to Engineering Studies
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51 For contact angle of the driving pulley (4)
. o _ [D*d)
stnp = "
& B =sin7t [—-——('D;::d)] = sin” { oi?;(’;s} ] = 15,466°"
6 = 180°+ 28 = 180° + 2(15466°) " = 210,932°"
52 For belt width (3)
T, = wia.
N A (108x10%) ~ _ -
BW S R = e — 0/26923m = 270mm
5.3 For length of the belt (3)
: 2
L=3(D +d +2t) + 22T L o0
T - 2 .L‘!(
L ==[0,36+ 0,28+ 2(0,0157)] + In.asso2 Sk T4 2012)
L =1,052433539+0,093521+ 24
e L - 315467”
5.4  For tension in the slack side (4)
-;:‘=€"Le Lo.;)(‘!m 932" %=} — 1367
T, = 4367,
_or _(tosx1pf) L P
Ty =5 = = 24082,5638N = 24,083kN
5.5 For belt speed (2)
_ =(psay _ =(038+0,0157 0261 P
=== = =5,517m/s
5.6 For power transmitted (3)

P =(T,— T.)v=[(105x 10%) — (24,083 x 10%)7](5,517) " = 446419,089W
WP = 446419k

[19]
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QUESTION 6

Data:
D =e5dmm; L =1m; ¢, = 19,3MPa

6.1 For forces on each bearing
F.=T,4T,=(105x% 10%) + (24,083 X 10%) = 129,083kN"
For left hand bearing: take moments about right hand bearing

ECWM = ZACWM
RyXL=F XL

o _2p _(2\7 3N — —_—
= Ry=2F =(2) (129,083 X 10°) = 86,055kN

3
For right hand bearing: take moments about left hand bearing

LCWM = TACWM
F,XZL=RgXL

1 1 g 3 ar
Ry =1F = (%) (129,083x 10°) = 43,028kN
6.2 For width of bearing

F=wd_o,

F
d.0,
(_139,033:40’)/
T {0,085) "(1%,3%10° )
w = 0,1028855745m

Lw=103mm”

w =

OR
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Length of each bearing

86 x10°
LH Yarin -
Bearine 0 065 x19,310°
= 68,55 mm

_ 43x10°
0,065 x19,310°
=34,27 mm

[8]
QUESTION 7

Data:

2 = 1420kPq; 0, = 60MPa;t = 18mm;n = 2; n;, = 26,3%; P = 48mm
Rivets:SF = 4; o, = i;ﬂ = 100MPa; T= 1;" = 80MPa;

7.1 For diameter of storage tank (3)

o = 20
a 2tyg ,
p =M% 2(0,018) (0,263) " (50x10% )

P (1220 x106%)"

= 0,400056m = 400mm"”

7.2 For diameter of rivets (4)

F.=F
o.(P—d)t= n(%dz)‘z

(100 x 10%)(0,048" — d)(0,018") = 2*(Z) d* (80 % 10°)
0,048 — d = 69,813d*
d? 4+ 0,0143d —6,8755 X 107 =0
d = —bivd -dac _ —(0,0143) £,/(0,0143) "~ 4(1){-6,8755 x10™")
2z 2010

4 = Z801%) (0053357) _ 1 0200285m

Use d = Q.Onn;z‘/(std size)
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7.3 For tearing strength of plate between rivets (2)

F. = a.(P — d)t = (100 x 10%)(0,048 — 0,027)(0,018) = 50,4kN"~

7.4 For strength of solid plate (2)

Fona = Ptg, = (0,048)(0,018)7(100 X 10%) = 86,4kN "~
7.5 For shear strength of rivets (2)

F,=nZ(d%)7 = (2)5(0,02)* (80 10%) = 50,265kN

7.6 For tearing efficiency of the joint (3)
50,265 x10°
"= P00 [ 86,4x10° ]x 100 = 568,33%

7.7 For thickness of the cover plate (1)

t, = %(plate thickness) = %(18) = 11,25mm
oty = 12mm” (std size)

[17]

TOTAL: 100
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QUESTION 1

1.1 A crossed flat belt drive is used to transmit power. The driving pulley is 320
mm in diameter and rotates at 680 revolutions per minute and the
coefficient of friction is 0,4. The driven pulley is 600 mm in diameter and the
centres of the pulleys are 900 mm apart. The drive belt can withstand a 7
kN tensile load and is 1 0 mm thick. The allowable tensile stress in the belt
material is 4,5 MPa.

Calculate:

1.1.1  The contact angle of the driving pulley

1.1.2  The width of the belt

1.1.3 The total length of the belt

1.1.4 The power transmitted by the belt

1.2 The 600 mm diameter driven pulley in QUESTION 1.1 is mounted on a
shaft between two bearings and is positioned 400 mm from the left-hand
bearing and 600 mm from the right-hand bearing. Calculate the length of

the bearing if the compressive pressure between the 80 mm diameter shaft
and the left hand bearing is 2 MPa.

[20]

QUESTION 2

2.1 A hollow shaft with a diameter ratio of 2 : 1 transmits 650 kW at 200
revolutions per minute. The maximum torque exceeds the mean torque by
15 per cent. The angle of twist is 2,5 degrees over the shaft length of 600
mm and the modulus of rigidity is 89 GPa.

Calculate the external diameter and the internal diameter of the shaft.

2.2 Compare the strength of the hollow shaft mentioned in QUESTION 2.1 with
the strength of a solid shaft with the same mass and length and made of the
same material.

2.3 A splined connection in a vehicle transmission consists of 1 0 splines cut
into a 60 mm diameter shaft. The height of each spline is 5 mm, the splines
in the hub are 70 mm long and the allowable pressure on the splines is 6
MPa.

Calculate:

2.3.1 The power that can be transmitted at 2 750 revolutions per minute.
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2.3.2 The force required to slide the hub axially, under full load, if the coefficient
of friction is 0,3.

QUESTION 3
A boiler shell is to be made of plates 15 mm thick and is to withstand a
steam pressure of 1,2 MPa. The efficiencies of the longitudinal and
circumferential joints are 70% and 30% respectively. The joint is riveted into
place with a double riveted butt joint. The tensile stress is 105 MPa, the
shear stress is 75 MPa and the crushing stress is 130 MPa. A rivet in
double shear is 1,75 times as strong as a rivet in single shear.
Calculate:

3.1 The maximum permissible diameter of the boiler

3.2 The pitch of the rivets if B=60

3.3 The safe working load for the joints

QUESTION 4
A rectangular steam chest opening, 350 mm by 310 mm, is to be closed by
means of a flat cast-iron cover. The jointing material may be considered to
extend to the bolts and to be subjected to the same pressure. The steam
pressure is 1,5 MN/m? and the allowable stress for the bolts is 40 MPa. The
steam chest walls are 23 mm thick. Use M22 bolts.
Calculate:

4.1 The effective area of the jointing material

4.2 The force exerted by the steam on the cover

4.3 The number of bolts if the core area= 0,8 nominal area

4.4 The pitch of the bolts

4.5 Whether the cover will be steam tight

4.6 The total length and breadth of the cover

QUESTION 5

(2)

[20]
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5.1 A knuckle joint subjected to a load of 80 kN connects two 40 mm diameter
rods. The pin is also 40 mm in diameter and the outside diameter of the eye
and the fork is 80 mm. The eye thickness is 30 mm and the fork thickness is
15 mm. A safety factor of 5 is used and all the parts are made of the same

material.

Calculate:
5.1.1  The ultimate tensile stress 4)
5.1.2  The ultimate shear stress (2)
5.1.3 The ultimate compressive stress (2)

5.2 Sketch freehand THREE views of the knuckle joint mentioned in (6)
QUESTION 5.1 and insert dimensions.

5.3 Explain the purpose of knuckle joints and state THREE applications of this (4)

type of joint.
[18]
QUESTION 6
A tie plate is welded to a gusset plate by means of two 14 mm side angle
fillets, each 150 mm long. The allowable stress is 80 MPa.
6.1 Determine the safe load for this weld if no return welds are used. (4)
6.2 Make a neat freehand sketch of this weld and insert the appropriate welding  (2)
symbol.
[6]
TOTAL: 100
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QUESTION 1
Data:
Driving pulley: D, = 320mm; N, = 680r/min
Driven pulley: D, = 600mm

u=04C=900mm; T, = 7kN;t = 10mm; o, = 4,5MPa

111 for contact angle: (3)

D. +D,
sinf = =

R -1 032106 _ ]
# B=sinTt =22 = 30,738

~» 8 =180°+ 23 = 180° + 2(30,738%) = 241,476°

1.1.2 for width of belt: (2)
T, = wta.

oo T o THIOE
W= top  (OOL45%10%) 0,155555m

Say w = 160mmm

1.1.3  for total length of belt: (3)
L="Y/,m(Dy + Dy +26) + 222y o0
L=1/,7[032+ 0,6 +2(0,01)] + 222E2RE , »15)

(0,83
L=1476 6+ 024544 + 1,8
L=3,522m
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1.1.4  for power transmitted by the belt: (7)
, _ 1814767 ..
tension ratio: ¢ ==.; = 4214 radians
5 = g8 = p(0(a214)
I
<. T1 = 5, 396 T?_
for T»: Ty =5,396T,
T = hi -7000-1297257\1
"2753% 5,39 e
o _ =(D.+0N, _ n(0,32+0,01)(s80)
for velocity: v = b = p = 11,75 m/s
for power:
P =(T;—T,)v=(7 000 —1297,257)(11,75) = 67 007,23 I¥’
~P=67kW
1.2 Data: ds =80mm;L =1m; o, =2 MPa (5)
Solution: r, 00— 1] Rs
<o —oem |
n+T;

F. =T, + T, = 7000 + 1 297,257 = 8297,257 N

for R :take momentsabout Ry

Z CWH = Z ACWM

RyXx1=8297257 x0,6
~ Ry =4978,354 N

for Rg:take momenisabout R,
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Z CWM = Z ACWM

8297,257 X 04 =Rgx1
» Rg =3318,903 N
~ maximum forceR, =4 978,354 N

For bearing length:
F =dle,

F 4 978,354

o = 082 <105 =0031114713 m = 31mm

L=

[20]
QUESTION 2

Data:
B 2d; P = 650 kW; N = 200r/min; Tpee= 1,15 T oqn: 8 = 2,5% L = 600 mm;G = 89 GPa

21 forinside and outside diameter of hollow shaft
2rRNTpean
p = = _mean
60

. _60P _60(650x 10%)
Timeen TonN T 2mi200)
T = 1,15 gen = 1,15(31 035214) = 35 690,496 Nin

=31035,214N

_ 984Tnexl & _ g6 _ (934)_ 48 _4Cq8
g = 0 - where D* —d*={2d%) —d*=15d
1544 = 2 maxs

a6

I 584, 0 L s lfsaxl-(ss 690,496)(0,6) 0,043 997 m
1566 N 15(2,5){(89 x 10%) ~

Sayd = 44mm

LD =2d = 2{44)
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2.2 Data: D = 124 mm;d = 62 mm
For shaft diameter
.‘;, = ‘431

.1/4 ';'Ed;"= 1/4.7[{1)2. — dz)

nd,={D*—d*)=110,088)° - {0,044)== 0076 21m

& dy = 80 mm (stendard size)
For strength

Bwﬂlmv = Tsoud

D-’i __dn‘
D

(88)* — (34)°
(88)

a3 =

{80)° =

5129000 = 63§ 880

& Strength of hollow to solid shafr 1:1,247 8

2.3 Data:
=10;d=060mn;h=5mn;L=70mm; @ = 6 MPa

231 for power transmitted
T = {2ARmegn = p(nLi) 1/5 (D — )

T = (6 x 10){10)(6,07){0,005) 1/, (0,06 —0,005)

=T =377,5Nm

_ 2aNT
T80

5 2m(2 750)(577,5)
- 60

(80,14124)
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232 for force required (2)
E, = u X perpendicular force
F, = ppinlh)

F, = {0,3)(6 x 10%){10){0,07)(0,005)

+F,=6300N

[20
QUESTION 3
Data:
t=15mm; = 1,2 MPg; n, = 70%; 1. = 30%; 0. = 105 MPa; 1 =75 MPq; 6. = 130MPa

3.1 for diameter of shell

fg’l c ( ] )(.' r ) ) l 838

Consider circumferential joint: 5 = %
_ 4tn,0  4(0,015)(0,3)(105 x 105)

. 4
rd=—2t= 2 105 =1,57

. Usediameterof 1,575m
3.2 for pitch of rivets
d=6Jt =615 = 23237 9m = 24 mm (standard size)
Frearing = Fshaaring
(P -d)to, = 1,75-:1(1/ 4ftd:)‘£'

1,75nrd T 1,75(2mi 0.022)%(75x 10%
wP="——%d= - { )

ity 4(0,0450{105x108)

= (0,099 388 m = 100 nun
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3.3 for safe working load

Tearing strength:

F. ={P —d)to, ={0,1—0,024){0,015){105 x 10°%) = 119,7 kN

Shearing strength:
F, = 1,75n(Y/,7d*)r = 1,75(2) 1/, 7(0,624)%(75 x 10°) = 118,752 ki

Compressive strength:

F. = ndto, = 2{0,024)(0,015)(130 x 10%) = 93,6 kN

~ Safeload = F,= 93,6 kN

QUESTION 4

Data:
X =350 mm; Y =310 mm; 9 = 1,5MN/m?; 6. = 40MPa; M22

4.1 for effective area of jointing material: (5)
a=X+2t+ 2d + 2 clearance = 350 + 2{23) +2(22) + 2(4) = 248 mm

b=Z+2t+ 2d +2 clearance = 301 + 2(23) + 2(22) + 2{4) = 408 mm
A =axb=(0,448)(0,408) = 0,182 784m>
4.2 for force exerted on cover (2)

F=@A=(15x%10%(0,182784)= 274,176 kN

4.3 for number of bolts (3)
F =F = 08n(1/,md?)s

4F 4(274,176 x 10%)

- — = 225395 = 24 holt
0.87d%g.  0,87(0,022)°(40 x 10°) oK

l‘. n
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44 for pitch of bolts: (4)
X+ 2t+3@ 350 +2(23) +3(22
l.= = =) (22) =92, 4 mm
5 5
Y+ 2t+3d 310 +2(23) +3(22)
Ly= - = mn = 105,5 mm
4.5 for steam tightness (2)

1,5MN/m?is above 1,125 MPa - pitch must fail between 3d and 5d
3d =3(22) =66mm and 5d = 5(22) = 110 nun
Yes, steam tight
4.6 for total length and breadth of cover (4)
Length =X + 2t + 6d = 350 + 2{23) + 6{(22) = 528 mm

Breadth =Y + 2 + 6d = 310 4+ 2(23) + 6{22) = 488 mm

[20]
QUESTION 5
Data:
F=80k;d=d, =40 mm; do =80mm;t =30mm; &, = 15mm;§F =5
511 for ultimate tensile stress (4)

Consider rod F =1/ ndla,

4F _4(30 x 109 = 63662x5=231831MP
wdi | RQeB7 T

NG =

Consider eye: F ={d,—dy)to.

F_ (80x10%)
(d- —dqypt~ (0,08 —0,04){0,03)

o Op =

= 66,666 6 X 5 = 333,333MPa

Ultimate tensile stress = 318,31 MPa
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5.1.2 for ultimate shear stress (2)

Consider pin: F=2(1,7a?)

aF 4(80 x 103)

Tedl = Im00D? = JLE31X 5 = 159,155 M Pa

N

5.1.3  for ultimate compressive stress (2)

Consider eye: F =dyto,

F {80 x10%)
= = 66,667 x5 = 333,333 MPa

"9 = g (0,00)(003)

52 Sketch (6)

| | -

T
t
1

}

o SOmm 5, 0mm 15

\Y

-

! |
0 ?

i
I

|
I e
J

£
KN -
’ - L0mm
|
5.3 Purpose: Used to join two parts or rods, where one may have a small angular 4)

or axial movement about the other.

Applications:

1. Machinery:valve mechanisms, reciprocating engines

2. Structures: suspension chains, bridges, roof trusses, braced girders

3. Joints of gearing and elevator chains
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[18]
QUESTION 6

Data:
t=14mmL =150 mm; ¢ =80 M Pa

6.1 for safe load: (4)
i =0,7078 = 0,707(14) = 9,898 mum
Ly =2(L—2t)=2[150 - 2(14)] = 244 mm
~F=tl,o-=1{9898 x 1073){0,244)(80 x 10°} = 193,209 kN
62  sketch (2)
14 mm
[6]
TOTAL: 100
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