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I ntroduction

The subject Machine Design is the creation of new and better machines and improving the
existing ones. A new or better machine is one which is more economical in the overall cost of
production and operation. The process of design is along and time consuming one. From the
study of existing ideas, a new idea has to be conceived. The idea is then studied keeping in
mind its commercial success and given shape and form in the form of drawings. In the
preparation of these drawings, care must be taken of the availability of resourcesin money, in
men and in materials required for the successful completion of the new idea into an actual
reality. In designing a machine component, it is necessary to have a good knowledge of many
subjects such as Mathematics, Engineering Mechanics, Strength of Materias, Theory of

Machines, Workshop Processes and Engineering Drawing.

Classifications of M achine Design

The machine design may be classified as follows:
1. Adaptive design. In most cases, th&designer's Work%%

existing designs. This type of design needs Mo 1al, knowledge or skill and can be
attempted by designers of ordinw'al % 0. <The designer only makes minor

ncerned with adaptation of

alternation or modification in the existing des the product.

2. Development design. This type of desi ’&qu considerable scientific training and design
ability in order to modify the existi ns.into a new idea by adopting a new material or
different method of manufacture. In this case, though the designer starts from the existing
design, but the final product may differ quite markedly from the original product.

3. New design. This type of design needs lot of research, technical ability and creative
thinking. Only those designers who have personal qualities of a sufficiently high order can
take up the work of a new design. The designs, depending upon the methods used, may be
classified as follows:

(a) Rational design. Thistype of design depends upon mathematical formulae of principle of
mechanics.

(b) Empirical design. This type of design depends upon empirical formulae based on the
practice and past experience.

() Industrial design. This type of design depends upon the production aspects to

manufacture any machine component in the industry.
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(d) Optimum design. It isthe best design for the given objective function under the specified
constraints. It may be achieved by minimising the undesirable effects.

(e) System design. It isthe design of any complex mechanical system like a motor car.

(f) Element design. It is the design of any element of the mechanical system like piston,
crankshaft, connecting rod, etc.

(g) Computer aided design. Thistype of design depends upon the use of computer systems to

assist in the creation, modification, analysis and optimisation of a design.

General Considerationsin Machine Design

Following are the general considerations in designing a machine component:

1. Type of load and stresses caused by the load. The load, on a machine component, may act
in several ways due to which the internal stresses are set up. The various types of load and

stresses are discussed later.

2. Motion of the parts or kinematics%f th machine.@%lccessful operation of any
machine depends largely upon the_simplest g&a&of the parts which will give the
motion required. \/ a& S

The motion of the parts may be: CO N ‘

(a) Rectilinear motion which includes ur@vio\nal’and reciprocating motions.

(b) Curvilinear motion which incl uqeig’

(c) Constant velocity.

yoscillatory and simple harmonic.

(d) Constant or variable acceleration.

3. Selection of materials. It is essential that a designer should have a thorough knowledge of
the properties of the materials and their behaviour under working conditions. Some of the
important characteristics of materials are: strength, durability, flexibility, weight, resistance to
heat and corrosion, ability to cast, welded or hardened, machinability, electrical conductivity,

etc. The various types of engineering materials and their properties are discussed later.

4. Form and size of the parts. The form and size are based on judgment. The smallest
practicable cross-section may be used, but it may be checked that the stresses induced in the

designed cross-section are reasonably safe. In order to design any machine part for form and
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size, it is necessary to know the forces which the part must sustain. It is also important to

anticipate any suddenly applied or impact |oad which may cause failure.

5. Frictional resistance and lubrication. There is always a loss of power due to frictional
resistance and it should be noted that the friction of starting is higher than that of running
friction. It is, therefore, essential that a careful attention must be given to the matter of
lubrication of all surfaces which move in contact with others, whether in rotating, dliding, or
rolling bearings.

6. Convenient and economical features. In designing, the operating features of the machine
should be carefully studied. The starting, controlling and stopping levers should be located on
the basis of convenient handling. The adjustment for wear must be provided employing the
various take up devices and arranging them so that the alignment of parts is preserved. If
parts are to be changed for different products or replaced on account of wear or breakage,
easy access should be provided and the necessity of removingsother parts to accomplish this
should be avoided if possible. The econdmical ‘eperation o@%

production or for the processing of material sh bg% jed, in order to learn whether it has
the maximum capacity consistent w%h\e?ﬁdu(qio geod work.

A

hine which isto be used for

7. Use of standard parts. The use of sta@pa(ts Is closely related to cost, because the cost
of standard or stock parts is only ;fnsg n.,éf the cost of similar parts made to order. The
standard or stock parts should be usedWhenever possible; parts for which patterns are al ready
in existence such as gears, pulleys and bearings and parts which may be selected from regular
shop stock such as screws, nuts and pins. Bolts and studs should be as few as possible to
avoid the delay caused by changing drills, reamers and taps and also to decrease the number

of wrenches required.

8. Safety of operation. Some machines are dangerous to operate, especialy those which are
speeded up to insure production at a maximum rate. Therefore, any moving part of a machine
which is within the zone of a worker is considered an accident hazard and may be the cause
of an injury. It is, therefore, necessary that a designer should always provide safety devices
for the safety of the operator. The safety appliances should in no way interfere with operation
of the machine.
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9. Workshop facilities. A design engineer should be familiar with the limitations of this
employer’s workshop, in order to avoid the necessity of having work done in some other
workshop. It is sometimes necessary to plan and supervise the workshop operations and to

draft methods for casting, handling and machining special parts.

10. Number of machines to be manufactured. The number of articles or machines to be
manufactured 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 articlesto be
manufactured. If only afew articles are to be made, extra expenses are not justified unless the
machine is large or of some specia design. An order calling for small number of the product
will not permit any undue expense in the workshop processes, so that the designer should

restrict his specification to standard parts as much as possible.

11. Cost of construction. The cost of construction of an article is the most important

consideration involved in design. In some cases, it is quite ible that the high cost of an
article may immediately bar it from furtiier considerati g

tests of handmade samples have shown that i %& cial value, it is then possible to
justify the expenditure of a consij-eﬁkejnﬁi o) %ﬁaey in the design and development of

automatic machines to produce the article, y.if it can be sold in large numbers. The
aim of design engineer under all conditi @bou\ld be to reduce the manufacturing cost to the

minimum. Q

ons. article has been invented and
m

12. Assembling. Every machine or structure must be assembled as a unit before it can
function. Large units must often be assembled in the shop, tested and then taken to be
transported to their place of service. The final location of any machine is important and the

design engineer must anticipate the exact location and the local facilities for erection.

General Procedurein Machine Design

In designing a machine component, there is no rigid rule. The problem may be attempted in

several ways. However, the general procedure to solve a design problem is as follows:
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MNeed or Aim

Synthesis (Mechanisms)
Analysis of forces

Material selection

Design of elements
(Size and stresses)

Modification

Detailed drawing

Production

Fig.1. Generalach Deﬂgn re
1. Recognition of need. First of all, make aco ent of the problem, indicating the

need, aim or purpose for which the W to<po

2. Synthesis (Mechanisms). Select the @ble\mechanlsm or group of mechanisms which
will give the desired motion. ‘Q )

3. Analysis of forces. Find the forces acting on each member of the machine and the energy

transmitted by each member.

4. Material selection. Select the material best suited for each member of the machine.

5. Design of elements (Size and Stresses). Find the size of each member of the machine by
considering the force acting on the member and the permissible stresses for the material used.

It should be kept in mind that each member should not deflect or deform than the permissible
limit.
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6. Modification. Modify the size of the member to agree with the past experience and
judgment to facilitate manufacture. The modification may also be necessary by consideration

of manufacturing to reduce overall cost.

7. Detailed drawing. Draw the detailed drawing of each component and the assembly of the

machine with compl ete specification for the manufacturing processes suggested.

8. Production. The component, as per the drawing, is manufactured in the workshop.

The flow chart for the general procedure in machine design is shown in Fig.

Note: When there are number of components in the market having the same qualities of
efficiency, durability and cost, then the customer will naturally attract towards the most
appealing product. The aesthetic and ergonomics are very important features which gives

grace and lustre to product and dominates the market.

Engineering materials and their DI‘OD&I% ’(gf

The knowledge of materials and their prop E;%eat\s gnificance for a design engineer.

The machine elements should be made of aterial which has properties suitable for

the conditions of operation. In addition X! design engineer must be familiar with the

effects which the manufacturing pr aﬂd heat treatment have on the properties of the
materials. Now, we shall discuss the commonly used engineering materials and their

propertiesin Machine Design.

Classification of Engineering Materials

The engineering materials are mainly classified as.
1. Metals and their aloys, such asiron, steel, copper, aluminum, etc.
2. Non-metals, such as glass, rubber, plastic, etc.
The metals may be further classified as:
(a) Ferrous metals and (b) Non-ferrous metals.
The *ferrous metals are those which have the iron as their main constituent, such as cast iron,

wrought iron and steel.
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The non-ferrous metals are those which have a meta other than iron as their main

constituent, such as copper, aluminum, brass, tin, zinc, etc.

Selection of Materialsfor Engineering Pur poses

The selection of a proper material, for engineering purposes, is one of the most difficult
problems for the designer. The best material is one which serves the desired objective at the
minimum cost. The following factors should be considered while selecting the material:

1. Availability of the materials,

2. Suitability of the materials for the working conditionsin service, and

3. The cost of the materials.

The important properties, which determine the utility of the material, are physical, chemical
and mechanical properties. We shall now discuss the physical and mechanical properties of

the material in the following articles.

Physical Properties of Metals Q/

) )
The physical properties of the metals include | %« size and shape, density, electric
and thermal conductivity, and melti nt. cg%VoII@w’ing table shows the important
X

physical properties of some pure metals.

M echanical Properties of M etals (‘\,0 D
The mechanical properties of the metd's are those which are associated with the ability of the
material to resist mechanical forces and load. These mechanical properties of the metal
include strength, stiffness, elasticity, plasticity, ductility, brittleness, malleability, toughness,

resilience, creep and hardness. We shall now discuss these properties as follows:
1. Strength. It is the ability of a material to resist the externally applied forces without
breaking or yielding. The internal resistance offered by a part to an externally applied forceis

caled stress.

2. Stiffness. It is the ability of a material to resist deformation under stress. The modulus of

elasticity isthe measure of stiffness.
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3. Elasticity. It is the property of a material to regain its original shape after deformation
when the external forces are removed. This property is desirable for materials used in tools

and machines. It may be noted that steel is more elastic than rubber.

4. Plasticity. It is property of a material which retains the deformation produced under load
permanently. This property of the materia is necessary for forgings, in stamping images on

coins and in ornamental work.

5. Ductility. It is the property of a material enabling it to be drawn into wire with the
application of atensileforce. A ductile material must be both strong and plastic. The ductility
is usually measured by the terms, percentage elongation and percentage reduction in area.
The ductile material commonly used in engineering practice (in order of diminishing

ductility) are mild steel, copper, aluminium, nickel, zinc, tin and lead.

6. Brittleness. It is the property of a material opposte to t|||ty It is the property of

breaking of a material with little permépen ortlon materlals when subjected to
tensile loads snap off without givin Sl b Cast iron isabrittle material.
7. Malleability. It is a specia case of du hlch permits materials to be rolled or

hammered into thin sheets. A malleabl eﬁm’al\sh’ould be plastic but it is hot essentia to be
so strong. The malleable material only used in engineering practice (in order of

diminishing malleability) are lead, soft steel, wrought iron, copper and aluminium.

8. Toughness. It is the property of a material to resist fracture due to high impact loads like
hammer blows. The toughness of the material decreases when it is heated. It is measured by
the amount of energy that a unit volume of the material has absorbed after being stressed upto
the point of fracture. This property is desirable in parts subjected to shock and impact |oads.

9. Machinability. It is the property of a material which refers to arelative case with which a
material can be cut. The machinability of a material can be measured in a number of ways
such as comparing the tool life for cutting different materials or thrust required to remove the
material at some given rate or the energy required to remove a unit volume of the material. It

may be noted that brass can be easily machined than steel.
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10. Resilience. It isthe property of a material to absorb energy and to resist shock and impact
loads. It is measured by the amount of energy absorbed per unit volume within elastic limit.

This property is essential for spring materials.

11. Creep. When a part is subjected to a constant stress at high temperature for a long period
of time, it will undergo a slow and permanent deformation called creep. This property is

considered in designing internal combustion engines, boilers and turbines.

12. Fatigue. When a material is subjected to repeated stresses, it fails at stresses below the
yield point stresses. Such type of failure of a material is known as *fatigue. The failure is
caused by means of a progressive crack formation which are usually fine and of microscopic

size. This property is considered in designing shafts, connecting rods, springs, gears, etc.

13. Hardness. It is a very important property of the metals and has a wide variety of

meanings. It embraces many different properties such as stance to wear, scratching,
deformation and machinability etc. It al$® means the ab|I| a metal to cut another metal.
The hardness is usually expressed in numbers endent on the method of making
the test. The hardness of a metal may be d efollowmg tests:

(a) Brinell hardness test, Q/

(b) Rockwell hardness test, &

(c) Vickers hardness (also called Di @VMI d) test, and
(d) Shore scleroscope.

Steel

It isan aloy of iron and carbon, with carbon content up to a maximum of 1.5%. The carbon
occurs in the form of iron carbide, because of its ability to increase the hardness and strength
of the steel. Other elements e.g. silicon, sulphur, phosphorus and manganese are also present
to greater or lesser amount to impart certain desired properties to it. Most of the steel
produced now-a-days is plain carbon steel or simply carbon steel. A carbon steel is defined
as a steel which has its properties mainly due to its carbon content and does not contain more
than 0.5% of silicon and 1.5% of manganese.

The plain carbon steels varying from 0.06% carbon to 1.5% carbon are divided into the
following types depending upon the carbon content.

1. Dead mild steel — up to 0.15% carbon
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2. Low carbon or mild steel — 0.15% to 0.45% carbon

3. Medium carbon steel — 0.45% to 0.8% carbon

4. High carbon steel — 0.8% to 1.5% carbon

According to Indian standard *[1S: 1762 (Part-1)-1974], a new system of designating the steel
is recommended. According to this standard, steels are designated on the following two basis.
(a) On the basis of mechanical properties, and (b) On the basis of chemical composition. We
shall now discuss, in detail, the designation of steel on the above two basis, in the following
pages.

Steels Designated on the Basis of M echanical Properties

These steels are carbon and low alloy steels where the main criterion in the selection and
inspection of steel is the tensile strength or yield stress. According to Indian standard IS:
1570 (Part—)- 1978 (Reaffirmed 1993), these steels are designated by a symbol ‘Fe' or ‘Fe E’
depending on whether the steel has been specified on the basis of minimum tensile strength
or yield strength, followed by the figure indicating the m| um tensile strength or yield
stressin N/mmz2. For example ‘ Fe 290’ fieans astee! haV| mum tensile strength of 290

N/mm2 and ‘' Fe E 220’ means a&e@l &% f 220 N/mm2.

Steels Designated on the Basis of Chemical %OSI'[IOI’]
According to Indian standard, 1S : 157! IUSec 1)-1979 (Reaffirmed 1991), the carbon

steels are designated in the followin :
(a) Figure indicating 100 times the avérage percentage of carbon content,

(b) Letter ‘'C’, and

(c) Figure indicating 10 times the average percentage of manganese content. The figure after
multiplying shall be rounded off to the nearest integer.

For example 20C8 means a carbon steel containing 0.15 to 0.25 per cent (0.2 per cent on
average) carbon and 0.60 to 0.90 per cent (0.75 per cent rounded off to 0.8 per cent on an

average) manganese.

Effect of Impurities on Steedl

The following are the effects of impurities like silicon, sulphur, manganese and phosphorus
on stedl.
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1. Silicon. The amount of silicon in the finished steel usually ranges from 0.05 to 0.30%.
Silicon is added in low carbon steels to prevent them from becoming porous. It removes the

gases and oxides, prevent blow holes and thereby makes the steel tougher and harder.

2. Sulphur. It occurs in steel either as iron sulphide or manganese sulphide. Iron sulphide
because of its low melting point produces red shortness, whereas manganese sulphide does
not affect so much. Therefore, manganese sulphide is less objectionable in steel than iron

sulphide.

3. Manganese. It serves as a valuable deoxidising and purifying agent in steel. Manganese
also combines with sulphur and thereby decreases the harmful effect of this element
remaining in the steel. When used in ordinary low carbon steels, manganese makes the metal
ductile and of good bending qualities. In high speed steels, it is used to toughen the metal and

to increase its critical temperature.

4. Phosphorus. It makes the stedl britfle. It also produo%%i shortness in stedl. In low
carbon steels, it raises the yield point and imppéves the tesistance to atmospheric corrosion.
1; | J

The sum of carbon and phosphorus u es eed-0.25%.

Refer ences: &Q‘i )
1. Machine Design - V.Bandari . QQ

2. Machine Design — R.S. Khurmi

3. Design Data hand Book - SMD Jalaludin.
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M anufacturing consider ationsin M achine design

M anufacturing Pr ocesses

The knowledge of manufacturing processes is of great importance for a design engineer. The

following are the various manufacturing processes used in Mechanical Engineering.

1. Primary shaping processes. The processes used for the preliminary shaping of the
machine component are known as primary shaping processes. The common operations used
for this process are casting, forging, extruding, rolling, drawing, bending, shearing, spinning,

powder metal forming, squeezing, etc.

2. Machining processes. The processes used for giving final shape to the machine
component, according to planned dimensions are known as machining processes. The
common operations used for this process are turning, planning, shaping, drilling, boring,

reaming, sawing, broaching, milling, grmdmg, hobbing, etc.

3. Surface finishing processes. Th proc wdeagood surface finish for the
machine component are known as sur cesses The common operations used
for this process are polishing, buffing, h Iapplng, abrasive belt grinding, barrel
tumbling, electroplating, super finishing |gi ng, etc.

4. Joining processes. The proc&se)}'used for joining machine components are known as

joining processes. The common operations used for this process are welding, riveting,

soldering, brazing, screw fastening, pressing, sintering, etc.

5. Processes effecting change in properties. These processes are used to impart certain
specific properties to the machine components so as to make them suitable for particular
operations or uses. Such processes are heat treatment, hot-working, cold-working and shot

peening.

Other considerationsin Machine design
1. Workshop facilities.
2. Number of machines to be manufactured

3. Cost of construction
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4. Assembling

I nter changeability

The term interchangeability is normally employed for the mass production of identical
items within the prescribed limits of sizes. A little consideration will show that in order to
maintain the sizes of the part within a close degree of accuracy, alot of time is required. But
even then there will be small variations. If the variations are within certain limits, all parts of
equivalent size will be equally fit for operating in machines and mechanisms. Therefore,
certain variations are recognized and alowed in the sizes of the mating parts to give the
required fitting. This facilitates to select at random from a large number of parts for an

assembly and resultsin a considerable saving in the cost of production.

In order to control the size of finished part, with due allowance for error, for
interchangeable partsis called limit system. It may be noted that when an assembly is made
of two parts, the part which enters into the other, is known vel oped surface (or shaft for
cylindrical part) and the other in which%ne eftters is caII eloplng surface (or hole for
cylindrical part). The term shaft refers not onI to eter of a circular shaft, but it is
also used to designate any external di i of The term hole refers not only to the

diameter of acircular hole, but it is also used gnate any internal dimension of a part.

O
Important Termsused in Limit msr& >

The following terms used in limit s;lgm (or interchangeable system) are important from the

subject point of view:

Tolerance
Allowance

Tolerance —

S Lower limit —

— Lower limit Upper limit —
— Upper limit

Fig. Limits of sizes.
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1. Nominal size. It isthe size of a part specified in the drawing as a matter of convenience.

2. Basic size. It isthe size of a part to which al limits of variation (i.e. tolerances) are applied
to arrive at final dimensioning of the mating parts. The nominal or basic size of a part is often
the same.

3. Actual size. It is the actual measured dimension of the part. The difference between the
basic size and the actual size should not exceed a certain limit; otherwise it will interfere with
the interchangeability of the mating parts.

4. Limits of sizes. There are two extreme permissible sizes for a dimension of the part as
shown in Fig. The largest permissible size for a dimension of the part is called upper or high
or maximum limit, whereas the smallest size of the part is known as lower or minimum

limit.

5. Allowance. It is the difference between th ensuons of the mating parts. The
allowance may be positive or negativesW Sizeisless than the hole size, then the
ecz%at

allowance is positive and when the shaft siz er than the hole size, then the allowance

is negative. 0

T T

S 2 s =2

= & =5

= A e =T — O I
+ | 2] +_ 1 £
] 7 = y
N 7 = 7
r 7 n 7
(a) Unilateral tolerance. (b) Bilateral tolerance.

Fig. Method of assigning Tolerances
6. Tolerance. It is the difference between the upper limit and lower limit of a dimension. In
other words, it is the maximum permissible variation in a dimension. The tolerance may be

unilateral or bilateral. When al the toleranceis allowed on one side of the nominal size, e.g.

+0.000
20°% then it is said to be unilateral system of tolerance. The unilateral system is mostly

used in industries as it permits changing the tolerance value while still retaining the same
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allowance or type of fit. When the tolerance is allowed on both sides of the nominal size, e.g.

+0.002
207°%2 then it is said to be bilateral system of tolerance. In this case + 0.002 is the upper

limit and — 0.002 is the lower limit.

7. Tolerance zone. It is the zone between the maximum and minimum limit size.

Tolerance }

—— Upper deviation
Lower deviation

Tolerance

Lower deviaiton
Upper deviation

¥

—
-

__ Tolerance

:

le— Max. s1ze —=
I

Zero line

L Min, size

Basic size

Max. size

Fig. Tolerance Zone
8. Zero line. It is a straight line corresponding to the basc size, The deviations are measured
from this line. The positive and negativeydeviations are sh ove and below the zero line

respectively.

9. Upper deviation. It is the algebraic dlffegga)etween the maximum size and the basic
ed by a symbol ES (Ecart Superior) and of a

size. The upper deviation of a hole is r??ﬁ@y
"

shaft, it is represented by es. ‘Q
10. Lower deviation. It is the algebraic difference between the minimum size and the basic
size. The lower deviation of a hole is represented by a symbol El (Ecart Inferior) and of a

shaft, it is represented by ei.

11. Actual deviation. It is the agebraic difference between an actual size and the

corresponding basic size.

12. Mean deviation. It is the arithmetical mean between the upper and lower deviations.
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13. Fundamental deviation. It is one of the two deviations which are conventionally chosen

to define the position of the tolerance zone in relation to zero line, as shown in Fig.

— Tolerance
r Tolerance zone ¥ $
Upper
A * deviation
Max. Fundamental deviation Lower deviation i
size .
Min Y __ _ Zeoline Y
size + .
L Basic size
Fig. Fundamental deviation.
Fits

The degree of tightness or looseness between the two mating parts is known as a fit of the
parts. The nature of fit is characterized by the presence and size of clearance and interference.
tual size of the @t is less than the actua size
ig.,3.5 other words, the clearance is
d %f pefore assembly. The difference

must be positive. & o

The clearance is the amount by which the %;ze of the shaft is less than the actual size

The clearance is the amount by which the
of the mating hole in an assembly as shﬁwn in

the difference between the sizes ofsthe hole

of the mating hole in an assembly as s@ n+kig. (a). In other words, the clearance is the
difference between the sizes of thedlo d'a‘thé shaft before assembly. The difference must

be positive.
Max. o
Min. clearance interference Min. interference
n i, |
Max. & B
clearance

{a) Clearance fit. () Interference fit. (¢) Transition fit.
Fig. Types of fits.
The interference is the amount by which the actual size of a shaft is larger than the actual

finished size of the mating hole in an assembly as shown in Fig. (b). In other words, the
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interference is the arithmetica difference between the sizes of the hole and the shaft, before

assembly. The difference must be negative.

Types of Fits

According to Indian standards, the fits are classified into the following three groups:

1. Clearance fit. In this type of fit, the size limits for mating parts are so selected that
clearance between them always occur, as shown in Fig. (a). It may be noted that in a
clearance fit, the tolerance zone of the hole is entirely above the tolerance zone of the shaft.
In aclearancefit, the difference between the minimum size of the hole and the maximum size
of the shaft is known as minimum clearance wheresas the difference between the maximum
size of the hole and minimum size of the shaft is called maximum clearance as shown in Fig.

(a). The clearance fits may be dslide fit, easy dliding fit, running fit, slack running fit and loose

running fit.
2. Interference fit. In this type of fit, the size limits for the mating parts are so selected that
interference between them always occuly as Skown in F| . It may be noted that in an

interference fit, the tolerance zone of the hoI 1 beI ow the tolerance zone of the

shaft. In an interference fit, the dlff

e maximum size of the hole and the

m mterference whereas the difference
between the minimum size of the hole a@w maxi mum size of the shaft is called maximum
interference, as shown in Fig. (b). /\ .

The interference fits may be shrink f’bheavy drivefit and light drivefit.

minimum size of the shaft is known as i

3. Transition fit. In this type of fit, the size limits for the mating parts are so selected that
either a clearance or interference may occur depending upon the actual size of the mating
parts, as shown in Fig. (c). It may be noted that in a transition fit, the tolerance zones of hole

and shaft overlap. The transition fits may be force fit, tight fit and push fit.

Basis of Limit System

The following are two bases of limit system:

1. Hole basis system. When the hole is kept as a constant member (i.e. when the lower
deviation of the hole is zero) and different fits are obtained by varying the shaft size, as

shown in Fig. (a), then the limit system is said to be on a hole basis.
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2. Shaft basis system. When the shaft is kept as a constant member (i.e. when the upper
deviation of the shaft is zero) and different fits are obtained by varying the hole size, as

shown in Fig.(b), Then the limit system is said to be on a shaft basis.

ARRAAARAY

S ) | P
D29 | 317 7

e

- 2

1. Clearance fit. 2. Transition fit. 3. Interference fit.
{a) Hole basis system. {h) Shalt basis system.

Fig. Bases of Limit System.

Shaf Shaft
Shafts —
Hole A — vz Hole Holes
= N = = AN

V\\\K/k N \'\\\T\A\:I NN Zero . N Zero

Shalt 77222 2 Hole Hg]‘* line 7 \% Shaft line
1 " 2 B
Basic size bhfﬂ Shaft S Hole

3

1. Clearance fit. 2. Transition fit. 3. Interference fit.

() Hole basis system. (b) Shaft basis system.

Fi Zﬁs qffl;i\mit System
The hole basis and shaft basis syst ay also be shown as in Fig. with respect to the zero
line. It may be noted that from the manufacturing point of view, a hole basis system is aways
preferred. This is because the holes are usually produced and finished by standard tooling like
drill, reamers, etc., whose size is not adjustable easily. On the other hand, the size of the shaft
(which is to go into the hole) can be easily adjusted and is obtained by turning or grinding

operations.

References:

1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi

3. Design Data hand Book - SMD Jalaludin.
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Problem-1:

The dimensions of the mating parts, according to basic hole system, are given as follows:
Hole : 25.00 mm Shaft : 24.97 mm

25.02 mm 24.95 mm
Find the hole tolerance, shaft tolerance and allowance.

Solution. Given : Lower limit of hole = 25 mm ; Upper limit of hole = 25.02 mm ;
Upper limit of shaft = 24 97 mm ; Lower limit of shaft = 24 95 mm
Hole tolerance
We know that hole tolerance
= Upper linut of hole — Lower limit of hole
= 2502 -25=0.02 mm Ans.

Shaft rolerance
We know that shaft folerance
= Upper limit of shaft — Lower limit of shaft
= 2497 —-2495=0.02 mm Ans.
Allowance

We know that allowance
= Lower limit of hole — Upper limit of shaft

= 2500—-2497=0.03 mm Ans.

Problem-2: N7 ¢
Cdlculate the tolerances, fundamental jafion 1t§0f sizes for the shaft designated as
7y R

40 H8/ 7.
Solution. Given: Shaft designation =40 H8 / /7

The shaft designation 40 H8 / /7 means that the basic size 15 40 mm and the folerance grade for
the hole 15 8 (i.e. I T 8) and for the shaftis 7 (fe. I T 7).

Tolerances
Since 40 mm lies in the diameter steps of 30 to 50 mm, therefore the geometric mean diameter,

D= J30x 50 =38.73mm

We know that standard tolerance unit,
i=0453p +0001 D
=045 335 73 +0.001 x 38.73
=045=338+003873=155973 or 1.56 microns
=156 x0.001=0001 56 mm A~ 1 micron = 0.001 mm)
From Table 3 2, we find that standard tolerance for the hole of grade 8 (7 T 8)
=251i=25x 0001 56=0.039 mm Ans.

and standard tolerance for the shaft of prade 7 (7 T'7)
=161=16x 0.001 56 = 0.025 mun Ans.
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Fundamental deviation
We know that fundamental deviation (lower deviation) for hole H,
EI=10
From Table 3.7, we find that fundamental deviation (upper deviation) for shaft f;
es =—5.5 (D)4
=—55(38.73)%41 =— 24 63 or—25 microns
=—25x%0.001 =-0.025 mm Ans.
-. Fundamental deviation (lower deviation) for shaft f,
el =es—IT=-0.025-0.025=-0.050 mm Ans.
The —ve sign indicates that fundamental deviation lies below the zero line.
Limits of sizes
We know that lower limut for hole
= Basic size = 40 mm Ans.
Upper limit for hole = Lower limit for hole + Tolerance for hole
= 40 + 0.039 = 40.039 mm Ans.
Upper limit for shaft = Lower limit for hole or Basic size — Fundamental deviation
(upper deviation) (- Shaft flies below the zero line)
= 40— 0.025=39.975 mm Ans.
and lower limit for shaft = Upper limit for shatft — Tolerance for shaft
= 39975 -0.025=39.95 mm Ans.

Problem-3: P
A journal of nominal or basic size of 75 ru abearing with close running fit. Find the
limits of shaft and bearing. What is the maxir@ d.minimum clearance?

Solution. Given: Nominal or basic size = 75 mm

From Table 3.5, we find that the close running fit is represented by H 8/g 7, ie. a shaft g 7
should be used with H 8 hole.

Since 75 mm lies in the diameter steps of 50 to 80 mm, therefore the geometric mean diameter,

D = /5080 =63 mm
We know that standard tolerance unit,
1 =045 %’E +0.001 D=045 .%f% +0.001 x 63
=179+ 0.063 =1 853 micron
= 1853 x 0.001 =0.001 853 mm
. Standard tolerance for hole “H" of grade 8 (IT 8)
=251=25x*0.001 853 = 0.046 mm
and standard tolerance for shaft *g” of grade 7 (JT' 7)
=161=16*0.001 853 =0.03 mm
From Table 3.7, we find that upper deviation for shaft g,
es =—2.5 D" =_25(63)"**=— 10 micron
=—10x 0001 =-0.01 mm
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. Lower deviation for shaft g,
el =es—IT=-001-0.03=-0.04 mm
We know that lower linut for hole
= Basic size = 75 mm
Upper limit for hole = Lower limit for hole + Tolerance for hole
=75+ 0046 = 75.046 mm
Upper limit for shaft = Lower limit for hole — Upper deviation for shaft
(- Shaft g lies below zero line)
=75-0.01=7499 mm
and lower limit for shaft = Upper limit for shaft — Tolerance for shaft
=7499—-0.03 =7496 mm
We know that maximum clearance
= Upper linut for hole — Lower limit for shaft
= 75.046 — 74 96 = 0.086 mm Ans.
and minimum clearance = Lower limit for hole — Upper limut for shaft
=75-7499=0.01 mm Ans.

References:
1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi §<5

3. Design Data hand Book - S MD Jalahudi
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Stress

When some external system of forces or loads acts on a body, the internal forces (equal and
opposite) are set up at various sections of the body, which resist the external forces. This
internal force per unit area at any section of the body is known as unit stress or simply a

stress. It is denoted by a Greek letter sigma (c). Mathematically,
Stress, ¢ = P/A

Where P = Forceor load acting on a body, and

A = Cross-sectional area of the body.

In S.I. units, the stress is usually expressed in Pascal (Pa) such that 1 Pa= 1 N/m?. In actual
practice, we use bigger units of stressi.e. megapascal (MPa) and gigapascal (GPa), such that
1MPa=1x10°N/m*=1 N/mm2

And 1GPa=1x10°N/m*=1 kN/
Strain > ’()'
When a system of forces or Ioadw it undergoes some deformation. This

deformation per unit length is known as un@ n. or simply a strain. It is denoted by a
Greek letter epsilon (g). Mathematlcally&

>
Strain, e= 41 /1 or 6I’:\€.I

Where 4l = Changein length of the body, and
|= Original length of the body.

N

Tensile Stressand Strain

X

| —- -

- -
P-d———I———:-—,f" P - o, O g —-
| -

_
(a) (b
Fig. Tensile stress and strain
When a body is subjected to two equal and opposite axial pulls P (also caled tensile load) as

shown in Fig. (a), then the stress induced at any section of the body is known as tensile stress
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asshown in Fig. (b). A little consideration will show that due to the tensile load, there will be
a decrease in cross-sectional area and an increase in length of the body. The ratio of the
increase in length to the original length is known as tensile strain.
Let P = Axial tensile force acting on the body,

A = Cross-sectional area of the body,

I = Original length, and

ol = Increase in length.

Then Tensile stress, o= P/A

and tensile strain, &=2al/1

Young'sModulus or Modulus of Elasticity
Hooke's law* states that when a material is loaded within elastic limit, the stress is directly

proportional to strain, i.e.

G o<Eg or oc=E.:st
- _0_ Pxli
“‘_ e Axdl Q’
where E is a constant of proportionality known } Y odulus or modulus of elasticity.
In S.I. units, it is usually expressed i GRe'i.e. or kN/mm?. It may be noted that

Hooke's law holds good for tension as well a% 6n.
O
The following table shows the val u&s«@dgl us of easticity or Young's modulus (E) for the
materials commonly used in engineeriig practice.
Values of E for the commonly used engineering materials.

Material Modulus of elasticity (E) in
GPai.e. GN/n? for kN/mn?

Steel and Nickel 200to 220

Wrought iron 190 to 200

Cast iron 100 to 160

Copper 90to 110

Brass 80to 90

Aluminium 60 to 80

Timber 10
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Shear Stressand Strain

When a body is subjected to two equal and opposite forces acting tangentially across the
resisting section, as a result of which the body tends to shear off the section, then the stress
induced is called shear stress.

(a) ()
Fig. Single shearing of ariveted joint.
The corresponding strain is known as shear strain and it is measured by the angular
deformation accompanying the shear stress. The shear stress and shear strain are denoted by
the Greek letters tau (t) and phi () respectively. Mathematically,

Tangential force
Shear stress, t. =

Resisti

Consider a body consisting of two plates co ‘\by‘a rivet as shown in Fig. (a). In this
case, the tangentia force P tends to shear% \e rivet at one cross-section as shown in Fig.
(b). It may be noted that when thet forceis resisted by one cross-section of the rivet
(or when shearing takes place at one oss-sécti on of the rivet), then the rivets are said to be
in single shear. In such a case, the arearesisting the shear off therivet,

T

A="xd?
4
And shear stress on the rivet cross-section
P P 4P
T :Z = 7[ = ﬂ:dz
xd?

Now let us consider two plates connected by the two cover plates as shownin Fig. (). Inthis
case, the tangential force P tends to shear off the rivet at two cross-sections as shown in Fig.

(b). It may be noted that when the tangential force is resisted by two cross-sections of the
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rivet (or when the shearing takes place at Two cross-sections of the rivet), then the rivets are

said to bein double shear. In such a case, the area resisting the shear off therivet,

A=2><%><d2 (For double shear)

and shear stress on the rivet cross-section.

Fig. Double shearing of ariveted joint.

Notes:
1. All lap joints and single cover butt jOIﬂtS} %é% shear, while the butt joints with
double cover plates are in double sh:r\/
2. In case of shear, the area involved is par, Qg e‘external force applied.
3. When the holes are to be punched %ﬂed in the metal plates, then the tools used to
perform the operations must overcemehe ultl mate shearing resistance of the material to be
cut. If ahole of diameter ‘d’ isto be punched in ametal plate of thickness ‘t’, then the areato
be sheared,
A=ndxt

And the maximum shear resistance of the tool or the force required to punch ahole,

P=dAxt=mdxtxT

Where o,= Ultimate shear strength of the material of the plate.

Shear Modulusor Modulus of Rigidity
It has been found experimentally that within the elastic limit, the shear stress is directly
proportional to shear strain. Mathematically

T <@ or T=C.¢ or T/¢=C
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Where t= Shear stress,
¢= Shear strain, and
C = Constant of proportionality, known as shear modulus or modulus of rigidity. It is
also denoted by N or G.

The following table shows the values of modulus of rigidity (C) for the materialsin every day
use:

Values of C for the commonly used materials

Material Modulus of rigidity (C) in GPai.e. GN/m” or kNmnt
Steel 80 to 100

Wrought iron 80to 90

Cast iron 40 to 50

Copper 30to 50

Brass 30to 50

Timber 10

N &
Linear and Lateral Strain > % .
Consider acircular bar of diameter Mgﬂ@ﬁ ected to atensile force P as shown in

Fig. (). ’(Q, ©
r.i¢ | ——= i" + 1+ 8l -

(a) (b)

Fig. Linear and lateral strain.
A little consideration will show that due to tensile force, the length of the bar increases by an
amount dl and the diameter decreases by an amount éd, as shownin Fig. (b). similarly, if the
bar is subjected to a compressive force, the length of bar will decrease which will be followed

by increase in diameter.

It is thus obvious, that every direct stress is accompanied by a strain in its own direction
which is known as linear strain and an opposite kind of strain in every direction, at right

anglestoit, is known as lateral strain.
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4.18 Poisson's Ratio
It has been found experimentally that when a body is stressed within elastic limit, the lateral
strain bears a constant ratio to the linear strain, Mathematically,

Latera Strain
LinearStrain

= Constant
This constant is known as Poisson'sratio and is denoted by 1/m or p.
Following are the values of Poisson's ratio for some of the materials commonly used in

engineering practice.
Values of Poisson’s ratio for commonly used materials

SNo. |Material Poisson 'sratio
(Umor w)
1 Steel 0.25t00.33
2 Cast iron 0.23t00.27
3 Copper 0.31t00.34
4 Brass 0.32t00.42
5 Aluminium 0.32100.36
6 Concrete 0.081t00.18
7 Rubber 0.45t00.50

Vo

When a body is subjected to a system of forces, it undergoes some changesin its dimensions.

Volumetric Strain

In other words, the volume of the body is changed. The ratio of the change in volume to the
original volume is known as volumetric strain. Mathematically, volumetric strain,
&, =oVIV

Where 3V = Changein volume, and V = Origina volume

Notes: 1. Volumetric strain of arectangular body subjected to an axial force is given as

= 51

~
“

: where £ = Linear strain.

—

2. Volumetric strain of arectangular body subjected to three mutually perpendicular forcesis

given by
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= +£ +
& B TETE

where e,, &y and g, are the strains in the directions x-axis, y-axis and z-axis respectively.

Bulk Modulus

When a body is subjected to three mutually perpendicular stresses, of equal intensity, then the
ratio of the direct stress to the corresponding volumetric strain is known as bulk modulus. It
isusually denoted by K. Mathematically, bulk modulus,

Direct stress o

" Volumetric strain = 8V /V

Relation Between Bulk Modulus and Young's Modulus
The bulk modulus (K) and Y oung's modulus (E) are related by the following relation,

mE E
3(::—7‘1 qn{l—.f_p.}
Relation between Young's Modulus an% Mo (}
The Young's modulus (E) and moduk\of rigidity
nE
/_(rf+1] "-'(1+ L)

\/
Factor of Safety 0 N
It is defined, in genera, as the @of the maximum stress to the working stress.

Mathematically,

elated by the following relation,

Factor of safety = Maximum stress/ Working or design stress
In case of ductile materials e.g. mild steel, where the yield point is clearly defined, the factor
of safety is based upon the yield point stress. In such cases,
Factor of safety = Yield point stress/ Working or design stress
In case of brittle materials e.g. cast iron, the yield point is not well defined as for ductile
materials. Therefore, the factor of safety for brittle materials is based on ultimate stress.
Factor of safety = Ultimate stress/ Working or design stress
Thisrelation may also be used for ductile materials.
The above relations for factor of safety are for static loading.
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Problem:
A steel bar 2.4 m long and 30 mm square is elongated by aload of 500 kN. If poisson's ratio
is0.25, find the increase in volume. Take E = 0.2 x 10° N/mmZ
Solution. Grven: [ =24m=2400nm : 4 =30 x 30=000 nm?;: P =500 kN = 300 = 10 N ;

m=025:E=02 %108 N/mm?

=t

T o4 =
=t 3

1=+
—t
=
[
[ ]
5]
=

We know that voiume of t

Siress P/ A

and Vonne's madnineg F =
Young's modulng E

o Frrme e
=

¢
4
[
L
(3

Refer ences:
Reeences 4 <

1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi
3. Design Data hand Book - SMD JW C\}‘, ®
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Stresses dueto Changein Temper ature—T hermal Stresses

Whenever there is some increase or decrease in the temperature of a body, it causes the body
to expand or contract. A little consideration will show that if the body is alowed to expand or
contract freely, with the rise or fall of the temperature, no stresses are induced in the body.
But, if the deformation of the body is prevented, some stresses are induced in the body. Such
stresses are known as thermal stresses.
Let | =0Origina length of the body,

t = Rise or fall of temperature, and

a = Coefficient of thermal expansion,

dl Increase or decreasein length,

ol =1 a.t

If the ends of the body are fixed to rigid supports, so that its expansion is prevented, then
compressive strain induced in the body,
dl .ot
£, = 7] —'1-?'>Q/
/K
Thermal stress, \/ b& v
Ca

Oy = EE.E =0 t.E
’ ~wsr

1. When a body is composed of tw; @iff.érént materials having different coefficient of
thermal expansions, then due to the)r‘@ in ter;qperature, the material with higher coefficient of
thermal expansion will be subjected to compressive stress whereas the material with low
coefficient of expansion will be subjected to tensile stress.

2. When a thin tyre is shrunk on to a wheel of diameter D, its internal diameter d is a little
less than the wheel diameter. When the type is heated, its circumference  d will increase to 7
D. In this condition, it is slipped on to the wheel. When it cools, it wants to return to its
original circumference n d, but the wheel if it is assumed to be rigid, prevents it from doing
0.

. nD—nd D-—4d
Strain. € = = -
Td d

This strain is known as circumferential or hoop strain.

Therefore, Circumferential or hoop stress,
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_E(D-d)

o =>Lre
d

Problem:

A composite bar made of aluminum and steel is held between the supports as shown in Fig.
The bars are stress free at a temperature of 37°C. What will be the stressin the two bars when
the temperature is 20°C, if (a) the supports are unyielding; and (b) the supports yield and
come nearer to each other by 0.10 mm?

It can be assumed that the change of temperature is uniform all along the length of the bar.
Take Es= 210 GPa; Ea= 74 GPa; as= 11.7 x 10°/°C ; and a;= 23.4 x 10°/ °C.

Steel Aluminium
z‘!\._ ____SUITIIT]_____ B
~——— (00 mm 41-44—30[1 mi

Solution. Given : t, =37°C; t, = 20°C ;}5 = 210 GPa = QfD % 10° N/m? ; E =74 GPa
=74 x 10° N/m’; o, =117 x 105/°C ; 0, =234 % 10°/°C ,d, =50 mm = 0.05 m ; d, = 25 mm
=0.025m;/ =600mm=06m;/ =300mm=03m
Let us assume that the nght support at B 1s removed and the bar1s allowed to contract freely due
to the fall in temperature. We know that the fall in temperature,
t=t,— ,=37-20=17°C
. Contraction in steel bar
=0 .l .r=11.7%105x 600 x 17=0.12 mm
and contraction in aluminium bar
=a,. ] . 1=234x10%x300x 17=0.12 mm
Total contraction = 0.12+0.12=024 mm=024 x 10> m
It may be noted that even after thus contraction (i.e. 0.24 mm) 1n length, the bar 1s still stress free
as the right hand end was assumed free.

Let an axial force P isapplied to theright end till thisend is brought in contact with the right
hand support at B, as shown in Fig.

Steel Aluminium

‘r?

After contraction in length —»‘
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We know that cross-sectional area of the steel bar,
n 7 _ T 2 _ -3 _ 2
4,= 5(d)" =-(005" =1964x10” m
and cross-sectional area of the aluminmm bar,
n »_ W 1 32
4= 5 d,)’ = 3 (0.025)° =0491 %10~ m

We know that elongation of the steel bar,
. Pxl, Px06 0.6P

= 3 g — g M
5T A XE, 1964x107° x210x10° 41244 x10
1455x 107 Pm

and elongation of the aluminmim bar,

PXx] Px03 03F
8, = — 2 =

= = 3 5 = 3 m
A, X E; 0491107 x 74 %10 3633410

=8257x10°Pm

. Total elongation, 0l = dl_+dl
= 1455x10° P+ 8257 % 10°P=9712%x 10" Pm
Let ©_ = Stress in the steel bar, and

o, = Stress i the aluminium bar.
(tr) When the supports are unyielding
When the supports are unyielding, the total confraction 1s equated fo the total elongation,i.e.
024x10° =9712x10°P or P=24712N
. Stress in the steel bar,
o, = P4, =24 712/(1.964 x 107) = 12 582 x 10° N/m’
= 12582 MPa Ans.
and stress in the aluminium bar,
G, = P4, =24 712/(0.491 x 107) = 50 328 x 10° N/m’
= 50328 MPa Ans.
(D) When the supports yield by 0.1 mm

When the supports yield and come nearer to each other by 0.10 mm, the net contraction in
length

=024-0.1=0.14mm=0.14 x 10° m

Problem:

A copper bar 50 mm in diameter is placed within a steel tube 75 mm external diameter and 50
mm internal diameter of exactly the same length. The two pieces are rigidly fixed together by
two pins 18 mm in diameter, one at each end passing through the bar and tube. Calculate the

stress induced in the copper bar, steel tube and pins if the temperature of the combination is
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raised by 50°C. Take Es = 210 GN/m? ; E. = 105 GN/m? ; as = 11.5 x 10°/°C and o, = 17 x
10°/°C.
Solution. Given: d, =50 mm ;d_=75mm ;d =50 mm ;d =18 mm = 0018 m;

p 3
t = 50°C; E_ = 210 GN/m’ = 210 x 10° N/m’; E_ = 105 GN/m? = 105 x 10° N/m?;
o, =11.5 x 1075/°C ; &, = 17 x 1075/°C

The copper bar in a steel tube 1s shown m Fig 4.18.

¢

E Copper bar S0mm 7% mm

| T

w7 )
Steel tube -
Pin

We know that cross-sectional area of the copper bar,

A = g(df)? - %(5:})1 =1964 mm’ = 1964 x 10~ m’

and cross-sectional area of the steel tube,

4, = 7@ - @7 ]=7[097 - (50 ] = 2455 mm®
= 2455 x 105 m’
Let I = Length of the copper bar and steel tube.
We know that free expansion of copper bar
=o_.1.t=17x10°x]x50=850x 1078
and free expansion of steel tube
=a . t=115x10%x]x50=575x 101
. Difference in free expansion
=850x10%]1-575x10%71=275 x 109/ (D
Since the free expansion of the copper bar is more than the free expansion of the steel tube,
therefore the copper bar is subjected to a compressive stress, while the steel tube is subjected
to a tensile stress. Let a compressive force P newton on the copper bar opposes the extra
expansion of the copper bar and an equal tensile force P on the steel tube pulls the steel tube
so that the net effect of reduction in length of copper bar and the increase in length of steel
tube equalizes the difference in free expansion of the two.
Therefore, Reduction in length of copper bar dueto force P
_ Rl
4. E
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B P P
= = g = . 5 o
1964 > 10 ~ x105x10 20622 x 10
and increase in length of steel bar due to force P
Pl Pl rpl

—_ — ot 6
A E  2455%x10°x210x10° 515.55x10

P Pl
+

- Net effect in length =
meteliectm Iengf = 50622 %105 51555 x10°

=485x10°PI+194x10° PI=6.79x 10° P
Equating this net effect in length to the difference in free expansion, we have
679 x 10° P1 =275x10°%] or P=40500N
Stress induced in the copper bar, steel tube and pins
We know that stress mduced in the copper bar,
o, =P/ A, =40500/ (1964 x 10 =20.62 x 10° N/m’ =20.62 MPa Ans.

Stress induced in the stee] tube,

G, =P/A4_ =40500/(2455 x 10%) = 16.5 x 106 N/ m? = 16.5 MPa Ans.
’ ' AN 7 N\, Y S

and shear stress induced 1n the pms,

P 40500
= — —79.57 x10° N/m’ =79.57 MPa Ans.

P 5
24y 5 x% (0.018)°

...~ The pin 1s in double shear )
References:
1. Machine Design - V.Bandari .
2. Machine Design — R.S. Khurmi
3. Design Data hand Book - SMD Jalaludin.
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Impact Stress
Sometimes, machine members are subjected to the load with impact. The stress produced in

the member due to the falling load is known as impact stress. Consider a bar carrying a load
W at aheight h and falling on the collar provided at the lower end, as shown in Fig.

Let A = Cross-sectional area of the bar,

E = Young's modulus of the material of the bar,

| = Length of the bar,

ol = Deformation of the bar,

P = Force at which the deflection 8l is produced,

oi = Stress induced in the bar due to the application of impact load, and

h = Height through which the load falls.

We know that energy gained by the system in the form of strain energy

= 1 X P xal
2
And potential energy lost by the weight
\ -
= W(h+al) Q/
-

Since the energy gained by the system is eq@o @tential energy lost by the weight,

therefore \/ bsr o
”

%xﬁxﬁf:ﬁ’ (h+a&h

1 o, ] 3
| lr P:ﬁrﬁ( A and &l =

{ o, %]
—mXxAx—L— =W | h+-L
K |

o]

L
wi

E

From this quadratic equation, we find that

W 2hAE )
G; = : [+, 1+ W ‘ ... [Taking +ve sign for maximum value]

When h = 0, then 6; = 2W/A. This means that the stress in the bar when the load in applied
suddenly is double of the stress induced due to gradually applied load.
Problem:

An unknown weight falls through 10 mm on a collar rigidly attached to the lower end of a

4l 5
{G- —
25

(Gf:}_m?:ﬂ‘

vertical bar 3 m long and 600 mmz2 in section. If the maximum instantaneous extension is
known to be 2 mm, what is the corresponding stress and the value of unknown weight? Take
E = 200 kN/mm*.
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Solution. Given - 7 = 10 mm : / =3 m = 3000 mm ; 4 = 600 mm’: 8/ = 2 mm
E =200 KN/mm’ = 200 x 10° N/mm’
Stress in the bar

Let o = Stress in the bar.

We know that Young's modulus,

Stress o ol

Strain & _ﬁ

ES8 _200x10° x2 _ 400

o= =2 =1333 N/mm” Ans
[ 3000
Value of the unknown weight
Let W = Value of the unknown weight.
W 2hAE
We know that o=—|1+,1+
. Wi
400 W 2 % 10 X 600 X 200 X 10°
=1+ 1+
3 W > 3000
400 = 600 800 000
o1+ ,’1 —
3IW W
80 000 800 000
—1= 1+ ——
W W
Squarmg both sides,
6400 x 10° 160000 800000
- 41— =1+
W= W W
2 2
6400 x 10 _16=80 or 6400 x 10 o6

W = 6400 x 10%/96 = 6666.7 N Ans.

Resilience

When a body is loaded within elastic limit, it changes its dimensions and on the removal of
the load, it regains its original dimensions. So long as it remains loaded, it has stored energy
in itself. On removing the load, the energy stored is given off asin the case of a spring. This
energy, which is absorbed in a body when strained within elastic limit, is known as strain
energy. The strain energy is always capable of doing some work.

The strain energy stored in a body due to externa loading, within elastic limit, is known as
resilience and the maximum energy which can be stored in a body up to the elastic limit is

called proof resilience. The proof resilience per unit volume of a material is known as
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modulus of resilience. It is an important property of a material and gives capacity of the
material to bear impact or shocks. Mathematically, strain energy stored in a body due to

tensile or compressive load or resilience,

And Modulus of resilience

Where ¢ = Tensile or compressive stress,
V = Volume of the body, and
E = Young's modulus of the material of the body.

When a body is subjected to a shear load, then modulus of resilience (shear)

-

Where t = Shear stress, and

C = Modulus of rigidity.

When the body is subjected to torsion, then r& usgqggj ience

_ i
= icy ¢
Problem: &:‘"‘
A wrought iron bar 50 mm in diam 2.5 m long transmits shock energy of 100 N-m.

Find the maximum instantaneous stres and the elongation. Take E = 200 GN/m?.

Solution. Given -d=50mm : /=2.5m =2500 mm ; U= 100 N-m = 100 x 10° N-mm ;
E =200 GN/m? = 200 x 10° N/mm?
Muaximum instantaneous siress

Let o = Maximum instantaneous stress.

We know that volume of the bar,

v = %m‘2 x 1 :% (50) x 2500 = 4.9 x 10° mm’

We also know that shock or strain energy stored in the body (U),

ol x¥V o’ x49x10°

= - =1225 o
2F 2 % 200 X 10

100 x 103

100 x 10°/12.25=28163 or o =903 N/mm’ Ans.

2
o-
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Elongation produced
Let 8/ = Elongation produced.

We know that Young's modulus,

Stress o o

 Strain & 8l/]

oxI 903 x2500

5 =113 mm Ans.
E 20010

&l =

References:

1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi

3. Design Data hand Book - SMD Jalaludin.
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Torsional Shear Stress

When a machine member is subjected to the action of two equal and opposite couples acting
in parallel planes (or torque or twisting moment), then the machine member is said to be
subjected to torsion. The stress set up by torsion is known as torsional shear stress. It is zero
at the centroidal axis and maximum at the outer surface. Consider a shaft fixed at one end and
subjected to a torque (T) at the other end as shown in Fig. As a result of this torque, every
cross-section of the shaft is subjected to torsional shear stress. We have discussed above that
the torsional shear stressis zero at the centroidal axis and maximum at the outer surface. The
maximum torsional shear stress at the outer surface of the shaft may be obtained from the

following equation:

Where 1 = Torsional shear stress induced at the outer surface of the shaft or maximum shear

stress,

r = Radius of the shaft, Q,
<

T = Torque or twisting moment, 3

J = Second moment of araﬂr; og &é}fts polar axis or polar moment of

inertia, N
C = Modulus of rigidity for the shaf)t{?&%%l o

| = Length of the shaft, and N
0 = Angle of twist in radians@gth L.

.%;:;___J;%__Z ___4@ﬁL_¥__

= \Vos 4
Tﬂfgz d=2r

The above equation is known as torsion equation. It is based on the following assumptions:
1. The material of the shaft is uniform throughout.
2. The twist along the length of the shaft is uniform.

3. The normal cross-sections of the shaft, which were plane and circular before twist, remain

plane and circular after twist.
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4. All diameters of the normal cross-section which were straight before twist, remain straight
with their magnitude unchanged, after twist.

5. The maximum shear stress induced in the shaft due to the twisting moment does not
exceed its elastic limit value.

Note: 1. Since the torsional shear stress on any cross-section normal to the axis is directly
proportional to the distance from the centre of the axis, therefore the torsional shear stress at a

distance x from the centre of the shaft is given by

2. From eqguation (i), we know that

I T
= o1 T=1tx—
J o1 r
For a solid shaft of diameter (d), the polar moment of inertia,
n 4 T 4 4
J =T L. ——xd +—xd =—xd
XX YY 64 64 32
Therefore, \ > ({,(i&f
m 4 2 =
T = Tx xd x| = T o
32 d 16
In case of a hollow shaft with external d@r&r (.d:,) and interna diameter (d;), the polar
moment of inertia, N
n s s d,
J — 12 [(d)* (d)*]and r— EX
4 4
b : . 2 T — .
32 d, 16 d,
: 5
_ B @y a—#h | Substituting. £ =~ |
16 dy |

3. The expression (C x J) is called torsional rigidity of the shaft.
4. The strength of the shaft means the maximum torque transmitted by it. Therefore, in order
to design a shaft for strength, the above equations are used. The power transmitted by the
shaft (in watts) is given by

InN .1 | 2aN

s - " ST LY |
p=——="T.0 A m=
G0 I g0 |
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Where T = Torque transmitted in N-m, and
® = Angular speed in rad/s.
Problem:
A shaft is transmitting 100 kW at 160 r.p.m. Find a suitable diameter for the shaft, if the

maximum torque transmitted exceeds the mean by 25%. Take maximum allowable shear

stress as 70 MPa.
Snlutijnn. Given: P=100kW =100 10° W, N=160rpm ;T =125T - 1=70MPa
=70 N/mm"
Let T, oon= Mean torque transmitted by the shaft in N-m, and

d = Diameter of the shaft in mm.
We know that the power fransmutted (P),

2 N
100 x 10° = == f*ﬁf"’m _ X 16;; Tnean _ 1676
T =100 x 10%16.76 = 5966.6 N-m

mean

and maximum torque transmitted,
T =125 x5966.6=7458 N-m = 7458 x 10° N-mm

I
We know that maximum torque (T, ),

T n .
x100 = — x1xd?=— xT0xd3= 3
7458 = 10 16 TXd 6 TO = d 13.75d
- d? = 7458 x 10°/13.75=542.4 x 10° or d=81.5 mm Ans.
Bending Stress Q:O S
In engineering practice, the machine p Xﬁructural members may be subjected to static or

dynamic loads which cause bendi ngy in‘the sections besides other types of stresses such
as tensile, compressive and shearing stresses. Consider a straight beam subjected to a bending
moment M as shown in Fig.

The following assumptions are usually made while deriving the bending formula.

1. The materia of the beam is perfectly homogeneous (i.e. of the same material throughout)
and isotropic (i.e. of equal elastic propertiesin all directions).

2. The materia of the beam obeys Hooke's law.

3. The transverse sections (i.e. BC or GH) which were plane before bending remain plane
after bending also.

4. Each layer of the beam is free to expand or contract, independently, of the layer, above or
below it.

5. The Y oung’'s modulus (E) is the same in tension and compression.

6. Theloads are applied in the plane of bending.
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A little consideration will show that when a beam is subjected to the bending moment, the
fibres on the upper side of the beam will be shortened due to compression and those on the
lower side will be elongated due to tension. It may be seen that somewhere between the top
and bottom fibres there is a surface at which the fibres are neither shortened nor Iengthened.
Such a surface is called neutral surface. The intersection of the neutral surface with any
normal cross-section of the beam is known as neutral axis. The stress distribution of a beam

isshown in Fig. The bending equation is given by

, c E
T-7"7 o

Where M = Bending moment actinms\t\me;ivepzec%

o = Bending stress, Q

| = Moment of inertia of the cross-secti c&oqt the neutral axis,
y = Distance from the neutral ax&@e %xtriame fibre,

E = Young's modulus of the m pj‘ the beam, and

R = Radius of curvature of theBeam.

From the above equation, the bending stressis given by
— 1: >< JE—
°= 7R

Since E and R are constant, therefore within elastic limit, the stress at any point is directly
proportional toy, i.e. the distance of the point from the neutral axis.
Also from the above equation, the bending stress,

M M M
g=——XYy=——=
I Ily £

Theratio I/y is known as section modulus and is denoted by Z.
Notes: 1. the neutral axis of a section always passes through its centroid.
2. In case of symmetrical sections such as circular, square or rectangular, the neutral axis

passes through its geometrical centre and the distance of extreme fibre from the neutral axis
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isy=d/ 2, where d is the diameter in case of circular section or depth in case of square or
rectangular section.

3. In case of unsymmetrical sections such as L-section or T-section, the neutral axis does not
pass through its geometrical centre. In such cases, first of all the centroid of the section is
calculated and then the distance of the extreme fibres for both lower and upper side of the
section is obtained. Out of these two values, the bigger value is used in bending equation.
Problem:

A beam of uniform rectangular cross-section isfixed at one end and carries an electric motor
weighing 400 N at a distance of 300 mm from the fixed end. The maximum bending stressin
the beam is 40 MPa. Find the width and depth of the beam, if depth is twice that of width.

Solution. Given: W =400 N: L = 300 mm ;
o, =40 MPa =40 N/'mm’ ; h =2b

The beam 1s shown in Fag. 5.7.

Let b = Width of the beam 1n mm, and

h = Depth of the beam in mm.
N >
. Section modulus,

2 2 3
b.h :b(zb) :Eb i’
6 6 3
Maximum bendmg moment (at the fixed end),

M = W.L=400 x 300 =120 x 10° N-mm
We know that bending stress (D’b)._

Z =

oM _120x10°x3 _ 180 % 10°

Z 25 b
b =180 x 10°/40=45x10° or b=16.5 mm Ans.
and h=2b=2x165=33mm Ans.

Problem:

A cast iron pulley transmits 10 kW at 400 r.p.m. The diameter of the pulley is 1.2 metre and
it has four straight arms of elliptical cross-section, in which the major axis is twice the minor
axis. Determine the dimensions of the arm if the allowable bending stressis 15 MPa.

Solution. Given - P=10kW=10% 10° W ; N=400rpm:D=12m= 1200 mm or
R =600 mm ; 6, = 15 MPa = 15 N/mm?

Let T = Torque transmitted by the pulley.
We know that the power transnutted by the pulley (P),
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Ia N. T 2ux400xT

60 60
T =10x 10°/42 =238 N-m = 238 » 10° N-mm

10 x 10° = =42T

Since the torque fransmitted is the product of the tangential load and the radius of the pulley,
therefore tangential load acting on the pulley

- 3
= EZ—HSBXIU =3967TN
R 600

Since the pulley has four arms, therefore tangential load on each arm,
W =3967/4=992N
and maximum bending moment on the arm,
M=WxR=9912x600=>59 520 N-mm
Let 2b = Minor axis in mm, and
2a = Major axis mmm =2 % 2b=4b __(Given)
. Section modulus for an elliptical cross-section,

_z x a’h = z (2b) x b =7 b* mm®
=3 =, C -

We know that bending stress (g,),
M 59 520 _ 18 943

15 =— 3 3
) Z b b
or b’ =18943/15=1263 or b=10.8 mm
Minor axis, 2b =2x108 =216 mm Ans.
and major axis, 2a =2x2b=4x%108=432 mm Ans.

A N
OB
Refer ences: ,Q

1. Machine Design - V.Bandari .
2. Machine Design — R.S. Khurmi
3. Design Data hand Book - SMD Jalaludin.
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Principal Stresses and Principal Planes

In the previous chapter, we have discussed about the direct tensile and compressive stress as
well as simple shear. Also we have aways referred the stress in a plane which is at right
angles to the line of action of the force. But it has been observed that at any point in a
strained material, there are three planes, mutualy perpendicular to each other which carry
direct stresses only and no shear stress. It may be noted that out of these three direct stresses,
one will be maximum and the other will be minimum. These perpendicular planes which
have no shear stress are known as principal planes and the direct stresses along these planes
are known as principal stresses. The planes on which the maximum shear stress act are

known as planes of maximum shear.

Deter mination of Principal Stressesfor a Member Subjected to Bi-axial Stress

When a member is subjected to bi-axial stress (i.e. direct stressin two mutually perpendicular
planes accompanied by a simple shear stress), then the normal and shear stresses are obtained
as discussed below:

Consider a rectangular body ABGP of |form cro |onal area and unit thickness
subjected to normal stresses ; and o, as (a) In addition to these normal
stresses, a shear stress T also acts. 'tlk@yr( oeks on ‘Strength of Materials’ that
the normal stress across any obllque sectl EF inclined at an angle 6 with the

direction of o5, asshownin Fig. (a), IS

Gy + O oy + T
g = ! 2 2 = cos 268 + 1t sin 26 D
I 2 ']

And tangential stress (i.e. shear stress) across the section EF,

1
T =5 (0;—0,) sin 26 — T cos 26 i)

Since the planes of maximum and minimum normal stress (i.e. principal planes) have no
shear stress, therefore the inclination of principal planes is obtained by equating t1 = 0 in the

above equation (ii), i.e.

i

1 )
E (0;—0y) sm20—1cos26=0

-
21t
tan 26 =

(i)

01— 03
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(a) Direct stress in two mutually () Direct stress in one plane accompanied
prependicular planes accompanied by by a simple shear stress.

a simple shear stress.

Fig. Principal stressesfor amember subjected to bi-axial stress
We know that there are two principal planes at right angles to each other. Let 61 and 6, be the
inclinations of these planes with the normal cross-section. From the following Fig., we find
that

o =q;
2T
e — 4+
sin 26, = = =
J{Gl— g, + 41
_ 2T
and sin 26, = — = =
J(Gl— ) +41
Oy — 04
Also cos20 = £ 1 = -
\/(Gl— o,) +41
Oy — 04
Cos 281 =+ 1 = =
'JI:EII— o)) +41
01— 02
and cos 20, =

\/(Gl— 53)2+ 47

Fatima Michael College of Engineering & Technology




Fatima Michael College of Engineering & Technology

Design of Machine Members-| Unit-1
Lecture Notes—10

The maximum and minimum principal stresses may now be obtained by substituting the
values of sin 260 and cos 20 in equation (i).

So, Maximum principal (or normal) stress,

s3] + T
2
And minimum principal (or normal) stress,

1
g,y = t J(Gl - :33}2 +41 .(iv)

Oy + O3
2

The planes of maximum shear stress are at right angles to each other and are inclined at 45°

- — \f(cl G») +47 )

Op =

to the principal planes. The maximum shear stress is given by one-half the algebraic
difference between the principal stresses, i.e.

O; — O,
=1 ‘:—-J(Gl 02}2+4T _(v)

WX 2

Notes: 1. when a member is subjected to direct stress in one pI ane accompanied by a simple
shear stress, then the principal stresses g obtained by sub g o2 = 0 inequation (iv), (V)
and (vi).

1
G, = —_}[ (Glj}jlﬂf'rj'

- =

I S P 2]
T.mﬁ'l' o :|: {Gl" + 4 T
17 [ 43 a
E_ﬂﬂ{pl) +41 ]

Therefore the nature of oy, will be opposite to that of oy, i.€. if oy is tensile then oy, Will be

2. In the above expression of ot2, the value of is more than o1/2

compressive and vice-versa.

Application of Principal Stressesin Designing M achine Members

There are many cases in practice, in which machine members are subjected to combined
stresses due to simultaneous action of either tensile or compressive stresses combined with
shear stresses. In many shafts such as propeller shafts, C-frames etc., there are direct tensile

or compressive stresses due to the external force and shear stress due to torsion, which acts
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normal to direct tensile or compressive stresses. The shafts like crank shafts, are subjected
simultaneously to torsion and bending. In such cases, the maximum principal stresses, due to
the combination of tensile or compressive stresses with shear stresses may be obtained. The
results obtained in the previous article may be written as follows:

[«.,r'(cr:,)g—t- 4 1.-3]

1. Maximum tensile stress,

Gr{mmj - T

P | =

2. Maximum compressive stress,

. 1 [\/ﬁ}
Gf‘(mmj T4 : E {Gf'} LT
3. Maximum shear stress,
1 I|I 5
Trrr:ui = T |: [Gr }_ +4 TI:|

Where o; = Tensile stress due to direct load and bending,
= Compressive stress, and
T = Shear stress due to torsion.
Notes: 1. When t = 0 as in the case of thin/c llk‘&l shell subjected in internal fluid
pressure, then cymax = ot &
2. When the shaft is subjected to an aX|al P) in addition to bending and twisting
moments as in the propeller shafts of shi

due to axial load must be added to t

stlafts for driving worm gears, then the stress
mg ‘stress (op). Thiswill give the resultant tensile

stress or compressive stress (ot or 6¢) depending upon the type of axia load (i.e. pull or push).

Problem:
A shaft, as shown in Fig., is subjected to a bending load of 3 kN, pure torque of 1000 N-m
and an axial pulling force of 15 kN. Calculate the stresses at A and B.

3kN
w
A i
7 ' 15@
—g——— S0mmDia -——M— — =
Y

B 1000 N=m

Je————— 250 mm ———>]
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Solution. Given : W = 3 kN = 3000 N ;

T=1000 N-m =1 % 108 N-mm : P = 15 kN

=15 % 10° N ;d =50 mm; x =250 mm

We know that cross-sectional area of the shaft,
b1

4 =—xd?
4

T , .
= — (50)° = 1964 mm-
4
.. Tensile stress due to axial pulling at points 4 and B.

P 15x10° ,
c, - — ——— ~—7.64 N/mm- — 7.64 MPa
A 1964
Bending momeant at points .4 and B,
M = Wx=3000x 250=750 x 10? N-mm
Section modulus for the shaft,

T I
Z =— xdd=— (500
32 32

=12.27 % 103 mm?
.. Bending stress at points 4 and B.

M 750%10°

G, = —
bz 1227100

=61.1 N/mm?® = 61.1 MPa

This bending stress is tensile at point 4 and
compressive af point B.
.. Resultant tensile stress at point 4.
G, =C,+c,=61.1+7.64
= 68.74 MPa
and resultant compressive stress at point B.
3~ 6, ©,—6l.1 7.64—53.46MPa
We know that the shear stress at points 4 and B due to the forque transmitred.
16T _ 16 x1x10°

= —— =40.74 N/mm?* = 40 .74 MFa
wd m (50)

-
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Stresses af point A
We know that maximum principal (or normal) stress at point A.

Ca 1[1‘ 2, 1}
O g max) 5 +T (o) +47

68.74 1 > 5
- = | J68.74)2 + 4 (40.72)" |

~
e

= 34,37 + 53.3 = 87.67 MPa (tensile) Ans.

Minimum principal (or normal) stress at point A.

_Sa 1[ 2., 1}_ : _
Camin = 35 J©G,)2+ 41> | =3437-533=—18.93 MPa

= 18.93 MPa (compressive ) Ans.

and maximum shear stress at point 4.

2 2 Al a2
Tamay) = %[J(G_&) +41 ]=%[\/(68.;4} + 4 (40.74) ]

= 53.3 MPa Ans.

Stresses at point B

We know that maximum principal (or normal) stress at point B.

Ogp 1[||' 7 1]
GB(max]l - ?-l_ E {GB} t4r

5346 1 3 3
- +— [\/(53.46)‘ 1 4 (40.74) J
2 2
= 26.73 +48.73 = 75.46 MPa (compressive) Ans.
—

Minimum principal (or normal) stress at point B,

cg lr—F—=
GB(HHM} - T_ E|: (GB)_ +4t :|

=26.73-48.73 =—22 MPa

= 22 MPa (tensile) Ans.

and maximum shear stress at point B,

"Bma) %[m ] =1 [J(53.4612 + 4 (40.74)° ]

= 48.73 MPa Ans.

References:

1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi

3. Design Data hand Book - SMD Jalaludin.
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Factor of Safety
It is defined, in general, as the ratio of the maximum stress to the working stress.
Mathematically,

Factor of safety = Maximum stress/ Working or design stress

In case of ductile materials e.g. mild steel, where the yield point is clearly defined, the factor
of safety is based upon the yield point stress. In such cases,
Factor of safety = Yield point stress/ Working or design stress
In case of brittle materials e.g. cast iron, the yield point is not well defined as for ductile
materials. Therefore, the factor of safety for brittle materials is based on ultimate stress.
Factor of safety = Ultimate stress/ Working or design stress
Thisrelation may also be used for ductile materials.
The above relations for factor of safety are for static loading.
Design for strength and rigidity:

Design for strength:

All the concepts discussed so far and the problems do are strength based, i.e., there
will be some permissible stress or strefigth our task |m|t the stresses below the

given permissible value and accordi gly sizi ng e mg& element.

Design for rigidity or stiffness: N
It the ability to resist deformati ’&und\er the action of external load. Along with

strength, rigidity isaso very import ating property of many machine components. Ex:
helical and leaf springs, elastic elements in various instruments, shafts, bearings, toothed and
worm gears and so on.

In many cases, this parameter of operating capacity proves to be most important and
to ensure it the dimensions of the part have to be increased to such an extent that the actual
induced stresses become much lower that the allowable ones. Rigidity also necessary to
ensure that the mated parts and the machine as awhole operate effectively.

Forces subject the parts to elastic deformations: shafts are bent and twisted, bolts are
stretched ect.,

1. When a shaft is deflected, its journals are misaligned in the bearings there by causing the
uneven wear of the shells, heating and seizure in the sliding bearings.
2. Deflections and angles of turn of shafts at the places where gears are fitted cause non-

uniform load distribution over the length of the teeth.
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3. With the deflection of an insufficiently rigid shaft, the operating conditions or antifriction
bearings sharply deteriorate if the bearings cannot self aligning.

4. Rigidity is particularly important for ensuring the adequate accuracy of items produced on
machine tools.

Rigidity of machine elements is found with the help of formulae from the theory of
strength of materials. The actual displacements like deflections, angles of turn, angles of twist
should not be more that the allowable values. The most important design methods for
increasing the rigidity of machine elements are as follows.

a) The decrease in the arms of bending and twisting forces.

b) The incorporation of additional supports.

c) The application of cross sections which effectively resist torsion (closed tubular) and
bending (in which the cross section is removed as far as possible from the neutral axis).

d) The decrease of the length of the parts in tension and the increase of their cross section

area
From the above it's clear that the stiffness of a member d s not only on the shape and
size of its cross section but also on el asti®smodiilus of the used.

Preferred Numbers
When a machine is to be made in several IIh dlfferent powers or capacities, it is

necessary to decide what capacities wj ‘ayer\ a certain range efficiently with minimum
number of sizes. It has been sho ex{ﬁerience that a certain range can be covered
efficiently when it follows a geometfical progression with a constant ratio. The preferred
numbers are the conventionally rounded off values derived from geometric series including
the integral powers of 10 and having as common ratio of the following factors:

3/10,%10, %10, %10
These ratios are approximately equal to 1.58, 1.26, 1.12 and 1.06. The series of preferred
numbers are designated as *R5, R10, R20 and R40 respectively. These four series are called
basic series. The other series called derived series may be obtained by simply multiplying or
dividing the basic sizes by 10, 100, etc. The preferred numbersin the seriesR5 are 1, 1.6, 2.5,
4.0and 6.3.
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The concept of stiffnessin tension, bending, torsion, and combined situations
Stiffnessin tension:

|
pe—i-—f— P
|
F
. F 74
=9 _A_4
E E E

ol may be a constraint or SA may be a constraint
Stiffnessin Bending:

0,d,0 may be constraints

l,a"
" 5 G M nomS N N
( _+_ PEZZEZZPZEZEZZ. N otral ) ( N 5:.‘ i‘. A
L\ LV i
[ A surface ) ( J~—X_-—1

/ b4
Stiffnessin Torsion: Qfo N
0 may be a constraint. §
Y x"\&’

0 |
- ! i .
: |\ o
v ———— ] i
! L--—_-:;_i;____ﬂ_ _I‘ ___II Hi‘t‘mg\'
N—— Siav
al =
2 I o =2y

T/ =1/r = GO/1
Combined situations:

o1, 62, and Tmax @Ny one or two may be constrains. Then control the elements of the formulae

like o, T by adjusting the geometry of the machine element or changing the type of material
used which changes E.

G+ Go 1 2 R
G,y = f+7\/{ﬁl—ﬁ'3) +41
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o+ O 1 7 3
Cpn = %—E\{(Ul—ﬁz)”r‘”'
oy —6y 1 2 2
T = 3 —EJ(GI—GJJ +41
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Fracture Toughness

Fracture toughness is an indication of the amount of stress required to propagate a preexisting
flaw. It is a very important material property since the occurrence of flaws is not completely
avoidable in the processing, fabrication, or service of a

material/component. Flaws may appear as cracks, voids,

metallurgical inclusions, weld defects, design discontinuities, or
some combination thereof. Since engineers can never be totally mode: <
sure that a materia is flaw free, it is common practice to assume
that a flaw of some chosen size will be present in some number of
components and use the linear elastic fracture mechanics (LEFM) .
approach to design critical components. This approach uses the . "
flaw size and features, component geometry, loading conditions 4~
and the material property called fracture toughness to evaluate the » g
ability of a component containing aflaw to resist fracture. -
A parameter called the stress-intensity factor (K) is u to
determine the fracture toughness of Most Meaterials. Agﬁ
numeral subscript indicates the ode of fr gqg he three modes of fracture are
illustrated in the image to the rlght Mode ract e<condition in which the crack plane
is normal to the direction of largest tensile | 'l:hls is the most commonly encountered
mode and, therefore, for the remainder o&matenal we will consider K|

The stress intensity factor is afugy leading, crack size, and structural geometry. The

ed

stress intensity factor may be repr by the following equation:

K, =o\mp

Where: K| is the fracture toughness in MPaym ( psiin)
o isthe applied stressin MPa or psi
a isthe crack length in meters or inches

isacrack length and component geometry factor that is different

for each specimen and is dimensionless.
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Role of Material Thickness

Specimens having standard proportions but different
absolute size produce different values for K,. This results
because the stress states adjacent to the flaw changes with

the specimen thickness (B) until the thickness exceeds some

Unit-1

Brittle fracture -
Center area constramed
to strain In Y direction.

Shear lips-
Free surface allows
strain in Z direction

critical dimension. Once the thickness exceeds the critical
dimension, the value of K, becomes relatively constant and
this value, K¢ , is a true materia property which is called

the plane-strain fracture toughness. The relationship

Thin Section

I

Predominately ductile fracrure

due to biaxial smess state.

Shear lips occupy a large
percentage of thickness.

between stress intensity, K, and fracture toughness, Kic, is
similar to the relationship between stress and tensile stress.
The stress intensity, K|, represents the level of “stress’ at the

tip of the crack and the fracture toughness, K¢, is the

Thick Section

=

Predomnately brittle fracture

due to triaxial stress state

Shear lips cccupy a small
percentage of thickness

highest value of stress intensity that a material under very
ial can withs@
without fracture. As the stress intensity factor eggk

i meter other
rep in reference

N

specific (plane-strain) conditions that a m

value, unstable fracture occurs.
mechanical properties, K,c is common

books and other sources.

s
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Plane Strain - a condition
of a body in which the
displacements of al points
in the body are paralel to
a given plane, and the
values of theses
do

depend on the distance

displacements not
perpendicular to the plane
Plane Stress — a condition
of a body in which the
state of stress is such that
two of the principa
stresses are always parallel
to a given plane and are
constant in the normal
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Plane-Strain and Plane-Stress

When amaterial with acrack isloaded in tension, the materials develop plastic strains as the
yield stress is exceeded in the region near the crack tip. Materia within the crack tip stress
field, situated close to a free surface, can deform laterally (in the z-direction of the image)
because there can be no stresses normal to the free surface. The state of stress tends to biaxia
and the material fracturesin a characteristic ductile manner, with a 45° shear lip being formed
at each free surface. This condition is called “plane-stress’ and it occurs in relatively thin
bodies where the stress through the thickness cannot vary appreciably due to the thin section.
However, material away from the free surfaces of a relatively thick component is not free to
deform laterally as it is constrained by the surrounding material. The stress state under these
conditions tends to triaxial and there is zero strain perpendicular to both the stress axis and
the direction of crack propagation when a material is loaded in tension. This condition is
caled “plane-strain” and is found in thick plates. Under plane-strain conditions, materials
behave essentially elastic until the fracture stress is reached and then rapid fracture occurs.

Since little or no plastic deformation is noted, this mode fract s termed brittle fracture.

Plane-Strain Fracture Toughness Testlng

When performing a fracture toughn @common test specimen configurations
are the single edge notch bend (SENB or t int bend), and the compact tension (CT)

specimens. From the above discussion, @ear\ that an accurate determination of the plane-
W

strain fracture toughness requires a ?
(B). Testing has shown that plane-strarh conditions generally prevail when:

whose thickness exceeds some critical thickness

pa2yKe|
g, )

is the minimum thickness that produces a condition where
Where: B ) _ S
plastic strain energy at the crack tip in minimal

Kic isthefracture toughness of the material

s, istheyield stress of material
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When a material of unknown fracture toughness is tested, a
specimen of full material section thickness is tested or the
specimen is sized based on a prediction of the fracture
toughness. If the fracture toughness value resulting from the
test does not satisfy the requirement of the above equation,
the test must be repeated using a thicker specimen. In

addition to this thickness calculation, test specifications Fiz Fi2

) l——SPan:-‘mr—-l
have severa other requirements that must be met (such as == S

a

the size of the shear lips) before a test can be said to have %E- W=Bor2B l
resulted in aK,c vaue. 1 1
When a test fails to meet the thickness and other test ¥
requirement that are in place to insure plane-strain SENESRacihnen

condition, the fracture toughness values produced is given the designation Kc. Sometimes it
is not possible to produce a specimen that meets the thickness requirement. For example
when a relatively thin plate product with high toughness is«being tested, it might not be
possible to produce a thicker specimen with plaig-strain ¢ s at the crack tip.
S
Plane-Stress and TransitionaI—Stres}SQt}/ b% o
For cases where the plastic energy at the cr ipAS not~ negligible, other fracture mechanics
parameters, such as the J integral or Rﬁ\e (\:an’ be used to characterize a material. The
toughness data produced by these mg, esfs will be dependant on the thickness of the
product tested and will not be a true material property. However, plane-strain conditions do
not exist in all structural configurations and using K¢ values in the design of relatively thin
areas may result in excess conservatism and a weight or cost penalty. In cases where the
actual stress state is plane-stress or, more generaly, some intermediate- or transitional-stress
state, it is more appropriate to use J integral or R-curve data, which account for slow, stable
fracture (ductile tearing) rather than rapid (brittle) fracture.
Uses of Plane-Strain Fracture Toughness
K,c values are used to determine the critical crack length when agiven stressis applied to a
component.
Kie
Yalma

o, =
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Where: sc  isthecritical applied stress that will cause failure
Kic isthe plane-strain fracture toughness

Y isaconstant related to the sample's geometry

is the crack length for edge cracks

or one half crack length for internal crack

K\c values are used also used to calculate the critical stress value when a crack of a given

1KY
(’1,.=— IC
' ;T(G‘Yj

is the crack length for edge cracks

length is found in a component.

Where: a )
or one half crack length for internal crack

S is the stress applied to the material

Kic isthe plane-strain fracture toughness

Y is a constant relatedto the &amp@%)metry
Orientation gg(y

The fracture toughness of a materiWhly with grain direction. Therefore, it is
customary to specify specimen and crack orj %t?ons t;y an ordered pair of grain direction

symbols. The first letter designates the irgctibn normal to the crack plane. The second

letter designates the grain direction t,.o’the fracture plane. For flat sections of various
products, e.g., plate, extrusions, forgings, etc., in which the three grain directions are
designated (L) longitudinal, (T) transverse, and (S) short transverse, the six principal fracture

path directionsare: L-T, L-S, T-L, T-S, S-L and S-T.

3
+t - o
| *
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Stress Concentr ation:

Whenever a machine component changes the shape of its cross-section, the smple stress
distribution no longer holds good and the neighborhood of the discontinuity is different. His
irregularity in the stress distribution caused by abrupt changes of form is caled stress
concentration. It occurs for all kinds of stresses in the presence of fillets, notches, holes,
keyways, splines, surface roughness or scratches etc. In order to understand fully the idea of
stress concentration, consider a member with different cross-section under a tensile load as
shown in Fig. A little consideration will show that the nomina stress in the right and left
hand sides will be uniform but in the region where the cross-section is changing, a re-
distribution of the force within the member must take place. The material near the edges is
stressed considerably higher than the

AdA

average value. The maximum stress

LAk

—

Y

occurs at some point on the fillet and is B — E
directed parallel to the boundary at that

TN

point. Fig. Str centration

Theoretical or Form Stress Concehtration E ct

The theoretical or form stress concentraifon f deflned as the ratio of the maximum
stress in a member (at a notch or afillet) t I@Dml nal stress at the same section based upon
net area. Mathematically, theoretical or K&
Ki= Mé@m stress’ Nominal stress
The value of K; depends upon the material and geometry of the part. In static loading,

ress concentration factor,

stress concentration in ductile materials is not so serious as in brittle materials, because in
ductile materials local deformation or yielding takes place which reduces the concentration.
In brittle materials, cracks may appear at these local concentrations of stress which will
increase the stress over the rest of the section. It is, therefore, necessary that in designing
parts of brittle materials such as castings, care should be taken. In order to avoid failure due

to stress concentration, fillets at the changes of section must be provided.

In cyclic loading, stress concentration in ductile materials is always serious because
the ductility of the material is not effective in relieving the concentration of stress caused by
cracks, flaws, surface roughness, or any sharp discontinuity in the geometrical form of the

member. If the stress at any point in a member is above the endurance limit of the material, a
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crack may develop under the action of repeated load and the crack will lead to failure of the
member.

Stress Concentration due to Holes and Notches

Consider a plate with transverse elliptical hole and subjected to a tensile load as shown in
Fig.1(a). We see from the stress-distribution that the stress at the point away from the hole is
practically uniform and the maximum stress will be induced at the edge of the hole. The

maximum stressis given by

And the theoretical stress concentration factor,
2al

T f
K - 2o o(1222)
f [} h ¥ |

T I T

:_. | .; |
??HHHHHE“ ﬁuﬁﬁﬁ Epaad] Jrong =
b LA B .

| i | ¢ J

alh =12 alb=1/2 aib=1
= G 0= 20 o =3c

iy man

{a) (h) (c)
) 4
Fig.1. Str,é concentration due to holes.
The stress concentration in the notched tension member, as shown in Fig. 2, is influenced by
the depth a of the notch and radius r at the bottom of the notch. The maximum stress, which
applies to members having notches that are small in comparison with the width of the plate,
may be obtained by the following equation,

[ g \
s :G'l‘l‘il

max ¥ |

Fig.2. Stress concentration due to notches.
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M ethods of Reducing Stress Concentration
Whenever there is a change in cross-section, such as shoulders, holes, notches or keyways

and where there is an interference fit between a hub or bearing race and a shaft, then stress
concentration results. The presence of stress concentration can not be totally eliminated but it
may be reduced to some extent. A device or concept that is useful in assisting a design
engineer to visualize the presence of stress concentration and how it may be mitigated is that
of stress flow lines, as shown in Fig.3. The mitigation of stress concentration means that the

stress flow lines shall maintain their spacing as far as possible.

(a) Poor (h) Good
/’WW% N
| {c) Preferred w{a‘} Preferred

Figf{
In Fig. 3 (a) we see that stresslin&ten\gﬂﬂlc

corner. In order to improve the situation, 1;{/
(c) to give more equally spaced flow Iine}

d.cut very close to the sharp re-entrant
y e provided, as shown in Fig. 3 (b) and

(a) Poor (h) Good (c) Preferred

Fig. reducing stress concentration in cylindrical members with shoulders

}
7 1 . . 2 :
7] 2 '
(a) Poor (k) Preferred

Fig. Reducing stress concentration in cylindrical members with holes.
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(a) Poor (H) Good (c) Preferred

Fig. Reducing stress concentration in cylindrical members with holes
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Completely Reversed or Cyclic Stresses

Consider a rotating beam of circular cross-section and carrying a load W, as shown in Figl.
This load induces stresses in the beam which are cyclic in nature. A little consideration will
show that the upper fibres of the beam (i.e. at point A) are under compressive stress and the
lower fibres (i.e. at point B) are under tensile stress. After half a revolution, the point B
occupies the position of point A and the point A occupies the position of point B. Thus the
point B is now under compressive stress and the point A under tensile stress. The speed of
variation of these stresses depends upon the speed of the beam.

From above we see that for each revolution of the beam, the stresses are reversed
from compressive to tensile. The stresses which vary from one value of compressive to the
same value of tensile or vice versa, are known as completely reversed or cyclic stresses. The
stresses which vary from a minimum value to a maximum value of the same nature, (i.e.
tensile or compressive) are called fluctuating stresses. The stresses which vary from zero to
a certain maximum value are called repeated stresses. The stresses which vary from a
minimum value to a maximum value of the opposite natur from a certain minimum
compressive to a certain maximum tésile oy from a %um tensile to a maximum
compressive) are called alternating {ress& z\g&

W
' IS

™,
|

\ vy

—_— =

B

Fig.1. Shaft subjected to cyclic load

Fatigue and Endurance L imit

It has been found experimentally that when a material is subjected to repeated
stresses; it fails at stresses below the yield point stresses. Such type of failure of a materia is
known as fatigue. The failure is caused by means of a progressive crack formation which are
usually fine and of microscopic size. The failure may occur even without any prior indication.
The fatigue of material is effected by the size of the component, relative magnitude of static
and fluctuating loads and the number of load reversals.
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In order to study the effect

(a’} Repeate d stress.

fatlgue
used. In this method, a standard mirror

a fatigue testing machine while the speci
the bending stress at the upper fibres v

while the bending stress at the |

{f'} Flue LLLd[LTJ;_, stress.

Fig.2. Thhe-st? @
i arotating mirror beam method is

en “asshownin Fig.2 (a), isrotated in

aded in bending. As the specimen rotates,

maximum compressive to maximum tensile

tbres varies from maximum tensile to maximum

compressive. In other words, the specimen is subjected to a completely reversed stress cycle.
This is represented by a time-stress diagram as shown in Fig.2 (b). A record is kept of the
number of cycles required to produce failure at a given stress, and the results are plotted in
stress-cycle curve as shown in Fig.2 (c). A little consideration will show that if the stress is
kept below a certain value as shown by dotted line in Fig.2 (c), the material will not fail
whatever may be the number of cycles. This stress, as represented by dotted line, is known as
endurance or fatigue limit (ce). It is defined as maximum value of the completely reversed
bending stress which a polished standard specimen can withstand without failure, for infinite
number of cycles (usually 107 cycles).

It may be noted that the term endurance limit is used for reversed bending only while

for other types of loading, the term endurance strength may be used when referring the
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fatigue strength of the material. It may be defined as the safe maximum stress which can be
applied to the machine part working under actual conditions.

We have seen that when a machine member is subjected to a completely reversed
stress, the maximum stress in tension is equal to the maximum stress in compression as
shown in Fig.2 (b). In actual practice, many machine members undergo different range of
stress than the completely reversed stress. The stress verses time diagram for fluctuating
stress having values 6pin and omax 1S Shown in Fig.2 (). The variable stress, in general, may
be considered as a combination of steady (or mean or average) stress and a completely
reversed stress component oV. The following relations are derived from Fig. 2 (e):

1. Mean or average stress,

For repeated loading, the stress vari%erm maximum to ngé omin = 0) in each cycleas

shown in Fig.2 (d). %
\N t N
Gmﬂ.‘.‘

2

N\

O, = 0,=

3. Stress ratio, R = 6max/Omin. FOr compl%K(eversed stresses, R = — 1 and for repeated

stresses, R= 0. It may be noted that c@t be g\;reater than unity.
4. The following relation between entiurance limit and stress ratio may be used

) 3o,

o
£ 2-R

Effect of L oading on Endurance Limit—L oad Factor

The endurance limit (c€) of a material as determined by the rotating beam method is for
reversed bending load. There are many machine members which are subjected to loads other
than reversed bending loads. Thus the endurance limit will aso be different for different
types of loading. The endurance limit depending upon the type of loading may be modified as
discussed below:

Let Ky = Load correction factor for the reversed or rotating bending load. Its value is
usually taken as unity.

Ka = Load correction factor for the reversed axia load. Its value may be taken as 0.8.
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Ks = Load correction factor for the reversed torsional or shear load. Its value may be
taken as 0.55 for ductile materials and 0.8 for brittle materials.

. Endurance limit for reversed bending load, g, =0,K,=0,
Endurance limit for reversed axizl load, g, =0K
and endurance limit for reversed torsional or shear load. T, =0k,

Effect of Surface Finish on Endurance L imit—Surface Finish Factor

When a machine member is subjected to variable loads, the endurance limit of the
material for that member depends upon the surface conditions. Fig. shows the values of

surface finish factor for the various surface conditions and ultimate tensile strength.

Mirror polished
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z

When the surface finish factor’is known, then the endurance limit for the material of
the machine member may be obtained by multiplying the endurance limit and the surface
finish factor. We see that for a mirror polished material, the surface finish factor is unity. In
other words, the endurance limit for mirror polished material is maximum and it goes on
reducing due to surface condition.

Let  Kgr = Surfacefinish factor.

Then, Endurance limit,

o, =0,K,=0, KK =0 K A K =1)
..{For reversed bending load)

=oc, K =0 KK .(For reversed axial load)

=t K =0 K.K ..(For reversed torsional or shear load)
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Effect of Size on Endurance L imit—Size Factor

A little consideration will show that if the size of the standard specimen as shown in Fig.2 (a)
isincreased, then the endurance limit of the material will decrease. Thisis due to the fact that
alonger specimen will have more defects than a smaller one.

Let Ky = Sizefactor.

Then, Endurance limit,

c,=0,xK_ ...(Considering surface finish factor also)
=0, x K_=0,K K K =0.K, K_ (- K,=1)
=0 K K =0 K K K_ ...(For reversed axial load)
=t K K =0 KK K_ ... (For reversed torsional or shear load)

The value of size factor is taken as unity for the standard specimen having nominal diameter
of 7.657 mm. When the nominal diameter of the specimen is more than 7.657 mm but less
than 50 mm, the value of size factor may be taken as 0.85. When the nominal diameter of the

specimen is more than 50 mm, then the value of size factor may be taken as 0.75.

Effect of Miscellaneous Factorson En@ré\ce Limit
In addition to the surface finish factor (Kgy), S and load factors Ky, K, and K,
there are many other factors such é@u y f ﬁyr) “temperature factor (Ky), impact
factor (K;) etc. which has effect on the éndur. |m|t of a material. Considering al these
factors, the endurance limit may be deterrr& usi ng the following expressions.
1. For the reversed bending load, end{y‘r\@llmlt

¢ =0,K K KKK
2. For the reversed axial load, endurance limit,

o =0 _K K KKK
3. For the reversed torsional or shear load, endurance limit,

¢ =1 K K KKK
In solving problems, if the value of any of the above factors is not known, it may be taken as
unity.

Relation between Endurance Limit and Ultimate Tensile Strength

It has been found experimentally that endurance limit (ce) Of a material subjected to

fatigue loading is a function of ultimate tensile strength (o).

Fatima Michael College of Engineering & Technology




Fatima Michael College of Engineering & Technology

Design of Machine Members-| Unit-2
Lecture Notes— 16

For steel, o, = 0.5 g,:
For cast steel, o, = 04 g,:
For cast won, o, = 0.35 g,:

For non-ferrous metals and alloys, 0,=03 g,

Factor of Safety for Fatigue L oading

When a component is subjected to fatigue loading, the endurance limit is the criterion for
failure. Therefore, the factor of safety should be based on endurance limit. Mathematically,

Endurance limuit stress a
Factor of safety (F.5)) = - - =
Design or working stress Oy

g

For steel, o,=08w09%¢c,
o, = Cndurance limit stress for completely reversed stress cycle, and|

o, = Yield point stress.

Fatigue Stress Concentration Factor

When a machine member is subjected to cyclic or fatigue loading, the value of fatigue stress
concentration factor shall be applied instead of theoretical stress concentration factor. Since
the determination of fatigue stress concentration factor is n@n easy task, therefore from
experimental testsit is defined as A ’(,,Q}
Fatigue stress concentration factor, x

g N Ny

I Endurance limit without stress concentration

-

Endurance limit with stress concentration
\fw \
Notch Sengitivity N
In cyclic loading, the effect of the n?or the fillet is usually less than predicted by the use
of the theoretical factors as discussed before. The difference depends upon the stress gradient

in the region of the stress concentration and on the hardness of the material. The term notch
sensitivity is applied to this behaviour. It may be defined as the degree to which the
theoretical effect of stress concentration is actually reached. The stress gradient depends
mainly on the radius of the notch, hole or fillet and on the grain size of the material. Since the
extensive data for estimating the notch sensitivity factor (q) is not available, therefore the
curves, as shown in Fig., may be used for determining the values of g for two steals. When
the notch sensitivity factor g is used in cyclic loading, then fatigue stress concentration factor
may be obtained from the following relations:

K, -1

X, -1

T

q:

Or
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1.2

O HEEEEEN

’ SIEE:] quenched and tempered

[.0

/| Steel, nurmahzcd P e

T 0.9 or anm:-alcd,/’"r 1T
= 0.8 i -~ Lﬂlmninium, wrought alloys
B 07 -~
.'% 0.6 I + R
E 0.5 ’ / / / + ; F
5 04 ,f/ / }_ 7 Lk
Z 03 / % 2 )

0.2]. 7

0.1 ! Based on data for ifr < 3

1 2 k! 4 5 6 7 8 9
Notch radius () mm —=
K.=1+g(K,—-1) _..[For tensile or bending stress]
And L Q,
a "4
Kﬁ =1l+g(&, —1) ...[For shear siress]
Y
Where K; = Theoretical stress concenteation f or bending loading, and

Kis = Theoretical stress concentration factor for l%onal ‘Or shear loading.
References: & N
. , N
1. Machine Design - V.Bandari . 0 \
2. Machine Design — R.S. Khurmi ’
3. Design Data hand Book - SMD Jalaludin.
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Problem: Determine the thickness of a 120 mm wide uniform plate for safe continuous
operation if the plate is to be subjected to a tensile load that has a maximum value of 250 kN
and a minimum value of 100 kN. The properties of the plate material are as follows:
Endurance limit stress = 225 MPa, and Yield point stress = 300 MPa. The factor of safety
based on yield point may be taken as 1.5.

Let t = Thickness of the plate in mm.
: Area, A = b > t=120 t mm’

We know that mean or average load,

W + W 250 + 100

W, = = =175kN =175x10° N
i 3
Mean stress. o = W = 175 <10 N/mm’
m o4 120+
’ _ . 50 —
Variable load, 7, = ~/ma . Wonin _ 250 - 100 _ 751N =75x10° N
W, 75x10° 5
Variable stress, 0, = —— = Dx7 N/fmm™
¥ A 1202

According to Soderberg’s formmula,

1 o, o
FS o, O,
1 _175x10° | 75x10° 486 278 _7.64
1.5 120rx300 120¢x225 ¢ r
t=T64=x15=1146say 11.5mm Ans.

Problem: Q\'}

Determine the diameter of a circular”rod made of ductile material with a fatigue strength
(complete stress reversal), . = 265 MPa and a tensile yield strength of 350 MPa. The
member is subjected to a varying axial load from Wiyin = — 300 x 10% N t0 Wiy = 700 x 10°
N and has a stress concentration factor = 1.8. Use factor of safety as 2.0.

Let d = Diameter of the circular rod mn mm.

Arca, 4 = 7 xd? =07854 4" mm’
We know that the mean or average load,

Wy + Wi 700 x10° + (= 300 x 10%)

W, = =200x10° N’
m 2 2
W, 200x10°  2346x10° -
Mean stress. g, = = — = - N'mm
A 0.78544d° d-
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Variable load, ¥, = Wi ;W”"'" _T00x10° - ;_ 300x10%) _ 500%10° N
o W, 500x10° 6365x10° . 5
. Variable stress, 0, =—- = = S N/mm
Y A4 0785447 d?
We know that according to Soderberg’s formula,
1 o, O,*xKjy
Fs. o, o
1_2546x 10° , 6365 10° % 1.8 _T27 4323 _ 5050
2 drx350 d? x 265 dt  d’ d?
d2=5050%2=10100 or d=100.5 mm Ans.

Problem:
A circular bar of 500 mm length is supported freely at its two ends. It is acted upon by a
central concentrated cyclic load having a minimum value of 20 kN and a maximum value of
50 kN. Determine the diameter of bar by taking a factor of safety of 1.5, size effect of 0.85,
surface finish factor of 0.9. The material properties of bar are given by: ultimate strength of
650 MPa, yield strength of 500 MPa andAend{rance strengtrl‘(vgo MPa.

Solution. Given - /=500 mm : W =20kN =20 = 10° N : W =30 kN =350 x 108N ;

FS =15:K_=085:K,_=09:0, =650 MPa = 650 N'mm’: G_= 500 MPa = 500 N/mm?:
o, =350 MPa = 350 N/mm’ |
Let d = Diameter of the bar in mm.
We know that the maximum bending moment,
v = Vo X _ 50 3107 % 500
e - -
and mimmum bending moment,
M = W i
. -
-, Mean or average bending moment,

M. +M._ . 6250%10° + 2500 % 10°
M = max T Muin _ x X _4375%10° N-mm

m 2 2

= 6250 %10° N-mm

I 20x10° x 500
X X X 9550 x10° N-mm

and vanable bending moment,

M —M_. 6250x10° — 2500 x 10°
0, =me ~ e 220X T T T 1875 x10° N-mm

P

Section modulus of the bar,
- L xd®=00982 d° mm’
32

. Mean or average bending stress,
M, _4375x10° _445x10° o

m

11

Om T Z  0.09824° d’
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and variable bending stress,
M, 1875x10° 19.1x10° 5
o = = = 3 N/mm
A 0.09824 d
We know that according to Goodman's formula,
1 _ Oy o, X K,
F'Sr' GH Gﬁ' * K.SJ!?’ x K::
1 445x10° 19.1x10° x 1 -
L + - (Taking K= 1)

15 47 %650 d° x350x0.9x0.85
68 x10° 71x10° 139x10°
— + =
d’ d’ d?
: d¥=139x10°%x15=209 x 10° or d=59.3 mm
and according to Soderberg's formula,
1 o o, X Kf

FS. o, o,xK, xK_

5% 108 6 -
1 445x10 19.1x10° x1 (Taking K= 1)

1.5 g% %500 d3x35ﬂx0_9x0.85
89x10° 71x10° 160x10°
L i FERRE
d¥=160x10*%x15=240=10° or d=621mm
Taking larger of the two values, we hmed 67' 1 u:lm Ans.

References: Q/CO
1. Machine Design - V.Bandari . Q& N

2. Machine Design — R.S. Khurmi ,? %
3. Design Data hand Book - SMD Jaldudin.
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Problem:

A 50 mm diameter shaft is made from carbon steel having ultimate tensile strength of 630
MPa. It is subjected to a torque which fluctuates between 2000 N-m to — 800 N-m. Using
Soderberg method, calculate the factor of safety. Assume suitable values for any other data

needed.
Solution. Grven: d=50mm ; ¢, =630 MPa= 630 N/mm” - T, =2000N-m:T . =—3800N-m

4 min
We know that the mean or average torque,
T - Y N o _ 2000 + (— 800)
m 7 il

= 600 N-m = 600 % 10° N-mwm

5. Mean or average shear stress,

_ 16T, 16x600x10°

T = 3 3
md m(50)
Variable torque,

=744 N/mm’ [ I=%xrxd3]

r -T. 2 — (-
T,= mm_tmn 2000 2‘ 800) _ 1400 N-m =1400 x 10° N-mm

16 7, 16x1400x 10°

nd’ n(50)°
Since the endurance limit in reversed bending (G ) 1s taken as one-half the ultumate tensile

strength (i.e. 6, = 0.5 0) and the endurance limit in shear (T_) 1s taken as 0.35 0, therefore

T, = 0.55 g, = 055x=05 g, = 0275 g,
=0.275 = 630 =173.25 N/mm’

— 57 Nimm”

r. Vanable shear stress. T =

Assume the yield stress (0. for carbon steel in reversed bending as 510 N/mm?, surface finish

factor (K ) as 0.87. size factor (K_) as 0.85 and fatigue stress concentration factor (Kﬁ) as 1.
Vo S
Since the yield stress in shear (T ) for shear loading 1s taken as one-half the yield stress in

reversed bending (D’})._ therefore

T, = 0.5 5, = 0.5 x 510 = 255 N/mm’

Let F.S. = Factor of safety.
We know that according to Soderberg’s formula.
1 T, x K 244 57x1
I T_m ¥ ¥ £ — + -

FS. 1, T1,xK,,xK_. 255 17325x087x0853

=0.096 + 0445 =0.541
ES. =1/0541=1285 Ans.

Problem:
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A simply supported beam has a concentrated load at the centre which fluctuates from a value
of Pto 4 P. The span of the beam is 500 mm and its cross-section is circular with a diameter
of 60 mm. Taking for the beam material an ultimate stress of 700 MPa, a yield stress of 500
MPa, endurance limit of 330 MPa for reversed bending, and a factor of safety of 1.3,
calculate the maximum value of P. Take a size factor of 0.85 and a surface finish factor of
0.9.

Solution. Given: W, =P W, =4P ;L =500 mm: d=60mm : 5, =700 MPa=700 N/mm?

min max

o, = 500 MPa = 500 N/mm?: o_= 330 MPa =330 N/mm?: £S5.=13:K_=085:K,_ =09

We know that maximum bending moment,

Wpax X L _ 4P 500

M = =500P N-mm
s 4 -
and mummum bending moment,
M, = W"‘"’;x L_ P’fm =125P N mm

-, Mean or average bending moment,

M+ M . S00P+125
M, = Moox * Mown  OPEIDP _ 315 5p Nomm
and vanable bending moment, |
M - M S00P - 125P
M o= Tme— Tmm 2 ~187.5P N-mm

5
“ i

Section modulus. Z Zxd® = ij (60)° =21.21%10° mm’

32

Mean bending stress,

M 3125 :
o = =T P3 = 00147 P N/mm’
" Z 2121 =10

and vanable bending stress,

o =L TP 60088 Nimm?
' Z  2121x10
We know that according to Goodman’s formula,
1 G o, x K,
L] + of

u

_0.0147F N 0.0088P =1
1.3 700 33009085

_2pe N 348PF 358F

o 108 10°
3

SO o, <K, =xK_
1

. (Taking K =1)

[a—

1
1 08
1—><—=1.3 TEBINWN=13785 kKN

F= 5.8

al
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and according to Soderberg's formula,

o, K
1 _Om, v X &y

F.§5 0, 0OpxKg XK
1 0.0147p 0.0088P 1  294P + 348P 64.2P

+ =
1.3 500 33009085 108 108 10¢

1 10f
P=—x——=11982 N =11982 kN
137 642

From the above, we find that maxumum value of P=13.785 kKN  Ans.

References:

1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi

3. Design Data hand Book - SMD Jalaludin.
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Introduction to Riveted Joints
A rivet isashort cylindrical bar with a head integral to it. The cylindrical portion of the rivet

is called shank or body and lower portion of shank is known as tail, as shown in Fig. The
rivets are used to make permanent fastening between the plates such as in structural work,

ship building, bridges, tanks and boiler shells. The riveted joints are widely used for joining

light metals.

The fastenings (i.e. joints) may be classified into the following — Head

two groups: '

1. Permanent fastenings, and Shank
le— or

2. Temporary or detachable fastenings. Body

The fastenings (i.e. joints) may be classified into the following

two groups: fa— Tail

1. Permanent fastenings, and

2. Temporary or detachable fastenings Fig. Rivet parts.

The permanent fastenings are those %estenings which&ot be disassembled without

destroying the connecting components. The p%% permanent fastenings in order of
strength are soldered, brazed, wel dw'ed ' .

Qs

The temporary or detachable fastenig&w t\hoée fastenings which can be disassembled

without destroying the connecting eﬁts The examples of temporary fastenings are

screwed, keys, cotters, pins and spl ir:éj oints.

M ethods of Riveting
The function of rivetsin ajoint is to make a connection that has strength and tightness. The

strength is necessary to prevent failure of the joint. The tightness is necessary in order to

contribute to strength and to prevent leakage asin a boiler or in aship hull.

When two plates are to be fastened together by arivet as shown in Fig. (a), the holes in the
plates are punched and reamed or drilled. Punching is the cheapest method and is used for
relatively thin plates and in structural work. Since punching injures the material around the
hole, therefore drilling is used in most pressure-vessel work. In structural and pressure vessel
riveting, the diameter of the rivet hole is usually 1.5 mm larger than the nominal diameter of
therivet.
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,}"ﬁ‘-— Original head

AL £

////~<— Backing up bar
FEEA

(@) Initial position. (b) Final position.
Fig. Methods of riveting.
The plates are drilled together and then separated to remove any burrs or chips so as
to have a tight flush joint between the plates. A cold rivet or ared hot rivet is introduced into
the plates and the point (i.e. second head) is then formed. When a cold rivet is used, the

process is known as cold riveting and wh hot rivet is E ,Ahe process is known as hot

riveting. The cold riveting process is ugd for u% i

make leak proof joints. \/
The riveting may be done by hafd or rlveti\ng machine. In hand riveting, the

original rivet head is backed up by aham @ieav)? bar and then the die or set, as shown in
Fig.(a), is placed against the end to be @ied and the blows are applied by a hammer. This
causes the shank to expand thus fill 'mg’;\’e hoi’é and the tail is converted into a point as shown
in Fig.(b). As the rivet cools, it tends to contract. The lateral contraction will be slight, but

s while hot riveting is used to

there will be a longitudina tension introduced in the rivet which holds the plates firmly
together.

In machine riveting, the die is a part of the hammer which is operated by air,
hydraulic or steam pressure.

Notes:

1. For stedl rivets up to 12 mm diameter, the cold riveting process may be used while for

larger diameter rivets, hot riveting processis used.

2. In case of long rivets, only the tail is heated and not the whole shank.

Types of Rivet Heads
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According to Indian standard specifications, the rivet heads are classified into the following

three types.

1. Rivet headsfor general purposes (below 12 mm diameter) as shown in Fig.

1;- =3 : _.I'. -
L S
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0.7 d ;
I
[ I
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= ;
an i
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o !
I :
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| i |
[ —-~]

() Snap head.
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(B Pan head, {e) Mushroom head, e Cominter sunle
nead 1247,

}-«— 1.5 d—>] n }f_l__s_q:-{ n

| 0433 d 1sar /0433d
5 | mr‘ = \ J 7o 60 :
g ! g | %“
- | ] ‘ 3
i : |;‘4_’//.; * I t
ot f —e} o —e]

(f) Flat counter sunk

head 607,
o

(£} Round counter sunk
head 60°,

f rri%

I’dﬁf'/?
ot f —t
(h) Flat head,

Fig. Rivet heads for al purposes (below 12 mm diameter).
2. Rivet headsfor general purposes (From 12 mm to 48 mm diameter) as shown in Fig.

(1) Snap head.

1.6 d
J .
f d

f-_l'{l’ d-‘

/ |
0.7 d I-'f—|—3"-| 07d i j e
1 | 054 A I "
o [ - -
g PE oy
i ™ \
r/ff//‘ i
""l {! 1""—

(k) Pan head.

(c) Pan head with tapered neck.
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(¢f) Round counter
sunk head 607,

(&) Flat counter i f1Flat head.

sunk head 60°.

Fig. Rivet heads for general purposes (from 12 mm to 48 mm diameter)
3. Rivet heads for boiler work (from 12 mm to 48 mm diameter, as shown in Fig.

—1.6d lL6d
—L—_---I-_- N
0.7 d 0.125d Uﬁa‘ 0.7dl

AN _ / |1 Gd
T k | / T Y .' / 60:&
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A y <
(a) Snap head. (b) Ellipsoi N (c) Pan head (Type ).
l4d&
13d
[fed |
| o254\ 4
[ !

*h:[-]n ) "
1
|

- -

} T i
|

l.4dforrivetsunder 24 mm.  (€) Pan head with tapered neck.  (f) Steeple head.

Length

Types of Riveted Joints

Following are the two types of riveted joints, depending upon the way in which the plates are
connected.
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1. Lapjoint, and

2. Buttjoint.
1. Lap Joint
A lap joint is that in which one plate overlaps the other and the two plates are then riveted
together.
2. Butt Joint
A buitt joint is that in which the main plates are kept in alignment butting (i.e. touching) each
other and a cover plate (i.e. strap) is placed either on one side or on both sides of the main
plates. The cover plate is then riveted together with the main plates. Butt joints are of the
following two types:
1. Single strap butt joint, and

2. Double strap butt joint.

In asingle strap butt joint, the edges of the main plates butt against each other and only
one cover plate is placed on one side of the main plates and then riveted together. In a double
strap butt joint, the edges of the main r&at
placed on both sides of the main plates and then

e%iég er.
are the t&% riveted joints depending upon the

&P+
1. Singleriveted joint, and & .
N\

utt against er and two cover plates are

In addition to the above, follow

number of rows of the rivets.

2. Doubleriveted joint. 0 o

A single riveted joint is that i;\vhich there is a single row of rivetsin a lap joint as
shown in Fig (a) and there is a single row of rivets on each side in a butt joint as shown in
Fig. A double riveted joint is that in which there are two rows of rivetsin a lap joint as
shown in Fig. (b) and (c) and there are two rows of rivets on each side in a butt joint as shown

inFig.
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(a) Singleriveted lap joint. (b) Double riveted lap joint (c) Double riveted lap
(Chain riveting). Joint (Zig-zag riveting).
Fig. Single and double riveted lap joints.
Similarly the joints may betripleriveted or quadruple riveted.
Notes: 1. when the rivetsin the various rows are opposite to each other, as shown in Fig. (b),

then the joint is said to be chain riveted. Orfnthe other hand @}e rivets in the adjacent rows
are staggered in such a way that every rwe:%h ;& the two rivets of the opposite
row as shown in Fig. (c), then the joint issaid t6 b itzg,a riveted.

2. Since the plates overlap in lap joiMor%g&ce\P, P acting on the plates are not in

the same straight line but they are at a di %g equal to the thickness of the plate. These
forces will form a couple which may Cy%fejoint. Hence the lap joints may be used only
where small loads are to be transmi‘!@?On the other hand, the forces P, P in a butt joint act
in the same straight line, therefore there will be no couple. Hence the butt joints are used

where heavy loads are to be transmitted.

.

T C_ (I - :P | I,h,;{(:}_
| ] | @
: CI} -

(8) Chain riveting. (b) Zig-zag riveting.
Fig. 9.7. Tripleriveted lap joint.
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Fig. Singleriveted double strap buitt joint.
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Fig. Double riveted double strap (equal) butt joints.
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Fig. Double riveted double strap (unequal) butt joint with zig-zag riveting.
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Important Terms Used in Riveted Joints

The following terms in connection with the riveted joints are important from the subject point
of view:

1. Pitch. It is the distance from the centre of one rivet to the centre of the next rivet measured
parallel to the seam as shown in Fig.1 It is usually denoted by p.

2. Back pitch. It is the perpendicular distance between the centre lines of the successive rows
asshownin Fig.1. It isusually denoted by p.

3. Diagonal pitch. It is the distance between the centers of the rivets in adjacent rows of
zigzag riveted joint as shown in Fig. It isusually denoted by pg.

4. Margin or marginal pitch. It is the distance between the centres of rivet hole to the
nearest edge of the plate as shown in Fig. 9.6. It is usually denoted by m.

+
+

ECIET
T lie [0 &1 e Flel s
i (Teie Y| oHlx
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1}
ﬁ?f/fm i v
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Fig.1. Tripleriveted double strap (unequal) butt joint.

Caulking and Fullering

In order to make the joints leak proof or fluid tight in pressure vessels like steam boilers, air
receivers and tanks etc. a process known as caulking is employed. In this process, a narrow
blunt tool called caulking tool, about 5 mm thick and 38 mm in breadth, is used. The edge of
the tool is ground to an angle of 80°. The tool is moved after each blow aong the edge of the
plate, which is planed to a level of 75° to 80° to facilitate the forcing down of edge. It is seen
that the tool burrs down the plate at A in Fig.2 (&) forming a metal to metal joint. In actual
practice, both the edges at A and B are caulked. The head of the rivets as shown at C are also
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turned down with a caulking tool to make a joint steam tight. A great care is taken to prevent

injury to the plate below the tool.

Caulking tool Fullering tool
Caulked rivet N
£ i ’f".-’; A ; | N\ 80°4 'a}
W/ 7 W= W W;f
I AN - | | A\
(a) Caulking. (b) Fullering.

Fig.2. Caulking and fullering.

A more satisfactory way of making the joints staunch is known as fullering which has
largely superseded caulking. In this case, a fullering tool with a thickness at the end equal to
that of the plate is used in such a way that the greatest pressure due to the blows occur near
the joint, giving a clean finish, with less risk of damaging the plate. A fullering process is
shownin Fig. (b).

Failures of a Riveted Joint > %

A riveted joint may fail in thefollowmg ays

1. Tearing of the plate at an edge. A J&ay fail due to tearing of the plate at an edge as
shown in Fig.3. This can be avoid,es\' lgeép\ing the margin, m = 1.5d, where d is the
diameter of the rivet hole.

2. Tearing of the plate across arow of rivets. Due to the tensile stresses in the main plates,
the main plate or cover plates may tear off across a row of rivets as shown in Fig. In such
cases, we consider only one pitch length of the plate, since every rivet is responsible for that
much length of the plate only.

The resistance offered by the plate against tearing is known as tearing resistance or tearing
strength or tearing value of the plate.

Let  p=Pitch of therivets,

d = Diameter of therivet hole,
t = Thickness of the plate, and

ot = Permissible tensile stress for the plate material.
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We know that tearing area per pitch length,
At = (p-dit
.. Tearing resistance or pull required to tear off the plate per pitch length,

=A .or=(p-d)t.oy
When the tearing resistance (P,) is greater than the applied load (P) per pitch length, then this
type of failure will not occur.
3. Shearing of therivets. The plates which are connected by the rivets exert tensile stress on
therivets, and if the rivets are unable to resist the stress, they are sheared off as shown in Fig.
5.

It may be noted that the rivets are in single shear in a lap joint and in a single cover
butt joint, as shown in Fig. But the rivets are in double shear in a double cover butt joint as
shown in Fig. The resistance offered by a rivet to be sheared off is known as shearing
resistance or shearing strength or shearin{value of the riv%)

A, T,
.._447/{/ 7 ///;//{C/ // 7 //,;/:’//, //5

"'U

€) Shearing@\&a‘ﬁf\';et inalap joint.
|

7
P ) b
RN i
(b) Shearing off arivet in asingle cover butt joint.
Fig. 5. Shearing of rivets.
! |
i |
. W ,
- | /,—,é-’—--
Vil
N

Fig.6. Shearing off arivet in double cover butt joint.
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Let d=Diameter of therivet hole,
. = = Safe permissible shear stress for the rivet material, and
n = Number of rivets per pitch length.
We know that shearing area,

AS:%xdz ...(In single shear)

=2><%><d2 ... (Theoretically, in double shear)

=1.875x % x d?... (In double shear, according to Indian Boiler Regulations)
. .. Shearing resistance or pull required to shear off the rivet per pitch length,

Psznx%deX‘r ... (In single shear)

=n><2><£><d2><g .. (Th @ally,indoubleshear)
4 <

As we discussed earlier, when the shearing t | ’gaone cross-section of the rivet, then
therivets are said to be in single shear . \Sigaflarl %ﬁn the shearing takes place at two cross-
sections of therivet, then therivets are said t deuble shear.

=nx1.875x% % xd?x1 @oubl‘e shear, according to Indian Boiler Regulations)

(‘\,

When the shearing resi stanc%bs)

then this type of failure will occur.

is greater than the applied load (P) per pitch length,

4. Crushing of the plate or rivets. Sometimes, the rivets do not actually shear off under the
tensile stress, but are crushed as shown in Fig. Due to this, the rivet hole becomes of an oval
shape and hence the joint becomes loose. The failure of rivetsin such a manner is aso known
as bearing failure. The area which resists this action is the projected area of the hole or rivet
on diametric plane.

The resistance offered by a rivet to be crushed is known as crushing resistance or

crushing strength or bearing value of therivet.
Let d=Diameter of therivet hole,
t = Thickness of the plate,

. oc = Safe permissible crushing stress for the rivet or plate material, and
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n = Number of rivets per pitch length under crushing.

We know that crushing area per rivet (i.e. projected area per rivet),

Ac=d.t
. Total crushingarea=n.d.t

And crushing resistance or pull required to crush the rivet per pitch length,
P.=n.d.t.o.

When the crushing resistance (P.) is greater than the applied load (P) per pitch length, then

this type of failure will occur.

Strength of a Riveted Joint
The strength of ajoint may be defined as%%imu\m force, which it can transmit, without
causing it to fail. We have seen that %d P. are the pulls required to tear off the plate,
shearing off the rivet and crushing 6{7;% e

on increasing the pull on a riveted joint, it will fail when the least of these three pulls is

e rivet. A little consideration will show that if we go

reached, because a higher value of the other pulls will never reach since the joint has failed,
either by tearing off the plate, shearing off the rivet or crushing off the rivet.

If thejoint is continuous as in case of boilers, the strength is calculated per pitch length. But
if thejoint issmall, the strength is calculated for the whole length of the plate.

Efficiency of a Riveted Joint

The efficiency of a riveted joint is defined as the ratio of the strength of riveted joint to the
strength of the un-riveted or solid plate. We have already discussed that strength of the
riveted joint

= Least of P, Psand P.

Fatima Michael College of Engineering & Technology




Fatima Michael College of Engineering & Technology

Design of Machine Members-| Unit-3
Lecture Notes— 23

Strength of the un-riveted or solid plate per pitch length,

P= P. 1.o¢
.. Efficiency of theriveted joint,
_ Leastof B, P,andP,

pxtxo,

Where p = Pitch of therivets,
t = Thickness of the plate, and

or = Permissible tensile stress of the plate material.
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Problems on design of riveted joints

Problem:
A double riveted lap joint is made between 15 mm thick plates. The rivet diameter and pitch
are 25 mm and 75 mm respectively. If the ultimate stresses are 400 MPa in tension, 320 MPa
in shear and 640 MPa in crushing, find the minimum force per pitch which will rupture the
joint. If the above joint is subjected to a load such that the factor of safety is 4, find out the
actua stresses developed in the plates and the rivets.
Solution. Given : t=15mm :d=25mm : p=75 mm : 6, =400 MPa =400 N/mm? ; T, =320
MPa =320 N'mm?’: ¢ o, = 0640 MPa =640 N/mm?
Minimum force per pitch which will rupture the joint

Since the ultimate stresses are given, therefore we shall find the ultimate values of the resistances
of the joint. We know that ultimate tearing resistance of the plate per pitch.

P, =(p—d)t=oc, =(75-25)15x400=300000N
Ultimate shearing resistance of the rivets per pitch.

T . m
P, =nx 7 xdx1,=2x 4 (25)2320=314200N (= n=2)

S
and ultimate crushing resistance of the rivets per pitch,
P =nxdxtxc,=2x25x15=640=480000N

From above we see that the minimum force per pitch which will rupture the joint 1s 300 000 N
or 300 kN. Ans.

Aecrual stresses produced in the plates and rivets
Since the factor of safety 1s 4. therefore safe load per pitch length of the joint
= 300 000/4 =75 000N

Let 5, T, and G, be the actual tearing. shearing and crushing stresses produced with a safe
load of 75 000 N 1n tearing. shearing and crushing.
We know that actual tearing resistance of the plates (P, ).
75000 =(p-d)txc, =(75-25)15=0c, =7500G,,
G,, = 75000 /750=100 N/mm” = 100 MPa Ans.
Actual shearing resistance of the rivets (P, ).

i . i
75000 =nx o oxd? T =2x (2521, =982 T,
T, = 75000/ 982 =764 N/mm’ = 76.4 MPa Ans.
and actual crushing resistance of the rivets (P, ).

TS000 =nxdxt <5m=2><25>a lixc€a=750crm
o = 75000/ 750 = 100 N/mm? = 100 MPa  Ans.

ca

Problem
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Find the efficiency of the following riveted joints:
1. Single riveted lap joint of 6 mm plates with 20 mm diameter rivets having a pitch of 50
mm. 2. Double riveted lap joint of 6 mm plates with 20 mm diameter rivets having a pitch of
65 mm. Assume Permissible tensile stress in plate = 120 MPa Permissible shearing stress in
rivets = 90 M Pa Permissible crushing stressin rivets = 180 MPa.
Solution. Given: f=6mm :d=20mm c,=120MPa=120 N/mm?: 7=90 MPa =90 N/mm?;
G, =180 MPa =180 N/mm?
1. Efficiency of the first joint
Pitch. p = 50mm ..(Given)
First of all, letus find the tearmng resistance of the plate, shearing and crushing resistances of the
rivets,
(") Tearing resistance of the plate
We know that the tearing resistance of the plate per pitch length.
P, =(p-d)txc,=(50-20)6x120=21 600N
(i) Shearing resistance of the rivet

Since the joint is a single riveted lap joint. therefore the strength of one rivet in single shear is
taken. We know that shearing resistance of one rivet,

_T[
PS—E-‘

(ii7) Crushing resistance of the rivet

1T
d2> = (200290 =28 278 N

Since the joint is a single riveted. therefore strength of one rivet is taken. We know that crushing
resistance of one nvet,

P,=dxtxc,=20x6x180=21600N
. Strength of the joint
= Leastof P, P, and P_=21 600 N
We know that strength of the unriveted or solid plate,
P=pxtxc,=50x6x120=36000N
.. Efficiency of the joint.
P and P 21600

3 Least of 3
T 36000

T'I =
2. Efficiency of the second joint
Pitch. p = 65 mm ..(Given)

E.
P =0.60 or 60% Ans.

(") Tearing resistance of the plate,
We know that the tearing resistance of the plate per pitch length.
P,=(p —d)txc,=(65-20)6=120=32400N
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(i) Shearing resistance of the rivets
Since the joint is double riveted lap joint. therefore strength of two rivets in single shear 1s
taken. We know that shearing resistance of the rivets,

P _=nx % xd?xr=2x % (20 90 =356 556 N
(ii7) Crushing resistance of the rivet
Sinee the joint is double riveted, therefore strength of two rivets is taken. We know that erushing
resistance of rivets.
P =nxdxtxg,=2x20x6x180=43200N
- Strength of the joint
= Leastof P, P_and P,=32 400 N

We know that the strength of the unriveted or solid plate.
P=pxtxc,=65x6x120=46800N

". Efficiency of the joint,
Leastof B, P and P 32400

I

={.692 or 69.2% Ans.

n= P = 46 800
Refer ences:
1. Machine Design - V.Bandari. a Q}

2. Machine Design — R.S. Khurmi gé
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Design of boiler joints according to IBR

Design of Boiler Joints

The boiler has a longitudinal joint as well as circumferentia joint. The longitudinal joint is
used to join the ends of the plate to get the required diameter of a boiler. For this purpose, a
butt joint with two cover plates is used. The circumferential joint is used to get the required
length of the boiler. For this purpose, a lap joint with one ring overlapping the other
alternately is used.

Since a boiler is made up of number of rings, therefore the longitudinal joints are staggered
for convenience of connecting rings at places where both longitudinal and circumferential
joints occur.

Design of L ongitudinal Butt Joint for a Boiler

According to Indian Boiler Regulations (I.B.R), the following procedure should be adopted
for the design of longitudinal butt joint for a boiler.
1. Thickness of boiler shell. First of all, the thickness of the boiler shell is determined by

using the thin cylindrical formula, i.e.
\ Q.
PD :
t = —— + 1 mm as comrosion allowance
=0 XM

Where = Thickness of the boiler shell Ny COW’ <
P = Steam pressure in boiler, Q/ >
D = Internal diameter of boiler &" \ ’
ot = Permissible tensile str
ni = Efficiency of the longitudinal joint.
The following points may be noted:
(a) The thickness of the boiler shell should not be less than 7 mm.
(b) The efficiency of the joint may be taken from the following table.
Indian Boiler Regulations (1.B.R.) alows a maximum efficiency of 85% for the best joint.
(c) According to 1.B.R., the factor of safety should not be less than 4.
2. Diameter of rivets. After finding out the thickness of the boiler shell (t), the diameter of the
rivet hole (d) may be determined by using Unwin's empirical formula,
i.e.  d=6t(whentisgreater than 8 mm)
But if the thickness of plate is less than 8 mm, then the diameter of the rivet hole may be

calculated by equating the shearing resistance of the rivets to crushing resistance. In no case,
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the diameter of rivet hole should not be less than the thickness of the plate, because there will
be danger of punch crushing.

3. Pitch of rivets. The pitch of the rivets is obtained by equating the tearing resistance of the
plate to the shearing resistance of the rivets. It may noted that (a) The pitch of the rivets
should not be less than 2d, which is necessary for the formation of head.

(b) The maximum value of the pitch of rivets for alongitudinal joint of a boiler as per |.B.R.
iS Pmax = C x t + 41.28 mm where t = Thickness of the shell plate in mm, and C = Constant.
The value of the constant C may be taken from DDB. If the pitch of rivets as obtained by
equating the tearing resistance to the shearing resistance is more than prax, then the value of
Prax 1S taken.

4. Distance between the rows of rivets. The distance between the rows of rivets as specified
by Indian Boiler Regulationsis as follows:

(a) For equal number of rivets in more than one row for lap joint or butt joint, the distance
between the rows of rivets ( py) should not be less than 0.33 p + 0.67 d, for zig-zig riveting,

and 2 d, for chain riveting.
(b) For joints in which the number of rivets %er rows |Q% he number of rivetsin inner
th

rows and if the inner rows are chain riveted een the outer rows and the next
rows should not be less than 0.33 p + ever is greater. The distance between
the rows in which there are full number of r|v | not be less than 2d.
(c) For jointsin which the number of riy; uter rows is half the number of rivetsin inner
rows and if the inner rows are zig- @ed the distance between the outer rows and the
next rows shall not be lessthan 0.2 p + 1.15 d. The distance between the rows in which there
are full number of rivets (zig-zag) shall not be less than 0.165 p + 0.67 d.
Note: In the above discussion, p isthe pitch of the rivetsin the outer rows.
5. Thickness of butt strap. According to |.B.R., the thicknesses for butt strap (t;) are as given
below:
(a) The thickness of butt strap, in no case, shall be less than 10 mm.
(b) t;=1.125t, for ordinary (chain riveting) single butt strap.

—d
=

For single butt straps, every alternate rivet in outer rows being omitted.

t, = 1.125¢

t; = 0.625t, for double butt-straps of equal width having ordinary riveting (chain riveting).
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- 06 P
t, = 0.625t p—Zd}‘

For double butt straps of equal width having every alternate rivet in the outer rows being
omitted.

(c) For unequal width of butt straps, the thicknesses of butt strap are

t; = 0.75t, for wide strap on the inside, and

t; = 0.625t, for narrow strap on the outside.

6. Margin. The margin (m) istaken as 1.5 d.

Note: The above procedure may also be applied to ordinary riveted joints.
References:
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Design of eccentric loaded riveted joints and Problems

Eccentric L oaded Riveted Joint

When the line of action of the load does not pass through the centroid of the rivet system and
thus all rivets are not equally loaded, then the joint is said to be an eccentric loaded riveted
joint, as shown in Fig. 1(a). The eccentric loading results in secondary shear caused by the
tendency of force to twist the joint about the centre of gravity in addition to direct shear or

primary shear.
Let P = Eccentric load on the joint, and

e = Eccentricity of the load i.e. the distance between the line of action of the
load and the centroid of therivet systemi.e. G.

The following procedure is adopted for the design of an eccentrically loaded riveted joint.

Note: This pictureis given as additional information and is no d| rect example of the current

chapter.

1. First of all, find the centre of gr G of% %;%’u
Let A= Cross-sectional areaof @@h

X1, Xo, X3 €tC. = Dlstances® $from QY, and
Y=, Y2, Y3 €tc. = Dist )&sof rivets from OX.

AXy+AX, +AX;+..  AX +HAX, +AXg +

Weknow that X = =
AL +A, +A+ n.A

X X, Xyt
n

...(where n = Number of rivets)

Similarly, 3*/: yl+y2+y3+...
n
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Fig. 1. I'E%tric loaded riveted joint.

2. Introduce two forces P1 and P2 at the centre of gravity ‘G’ of the rivet system. These

forces are equal and opposite to P as shown in Fig.(b).

3. Assuming that all the rivets are of the same size, the effect of P, = P is to produce direct

shear load on each rivet of equal magnitude. Therefore, direct shear load on each rivet,
P .
P, = —,acting parallel to theload P,
n

4. The effect of P, = P is to produce a turning moment of magnitude P x e which tends to
rotate the joint about the centre of gravity ‘G’ of the rivet system in a clockwise direction.
Due to the turning moment, secondary shear load on each rivet is produced. In order to find

the secondary shear load, the following two assumptions are made:
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(@) The secondary shear load is proportional to the radial distance of the rivet under

consideration from the centre of gravity of the rivet system.

(b) The direction of secondary shear load is perpendicular to the line joining the centre of the

rivet to the centre of gravity of therivet system..
Let Fi1, F=, F3 ... = Secondary shear loads on therivets 1, 2, 3...€tc.

Fi,, F,, F3 ... = Radia distance of the rivets 1, 2, 3 ..etc. from the
centre of gravity ‘G’ of therivet system.

..From assumption (a), Fioli; Foal,and soon
F F E

or L2383
I1 |2 |3

S

\
We know that the sum of the external tur 'n%gfdue to the eccentric load and of

must b equ&
Pe= Fi.l1 +@}%‘ Eslzs+ ...
N\

_ Fllltqu?xlﬁl:lx'fxg{_

internal resisting moment of the riv 0.¢

1 1

=%Mi+mf+mf+l

From the above expression, the value of F; may be calculated and hence F, and F; etc. are
known. The direction of these forces are at right angles to the lines joining the centre of rivet
to the centre of gravity of the rivet system, as shown in Fig. 1(b), and should produce the
moment in the same direction (i.e. clockwise or anticlockwise) about the centre of gravity, as

the turning moment (P X ).

5. The primary (or direct) and secondary shear load may be added vectorially to determine
the resultant shear load (R) on each rivet as shown in Fig.1 (c). It may also be obtained by

using therelation
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R=1/(P.)? +F, + 2Psx Fx cos0

Where 6 = Angle between the primary or direct shear load (Fs)
And secondary shear load (F).

When the secondary shear load on each rivet is equal, then the heavily loaded rivet
will be one in which the included angle between the direct shear load and secondary shear
load is minimum. The maximum loaded rivet becomes the critical one for determining the
strength of the riveted joint. Knowing the permissible shear stress (1), the diameter of the
rivet hole may be obtained by using the relation,

Maximum resultant shear load (R) = ZX d®xr

From DDB, the standard diameter of the rivet hole ( d ) and the rivet diameter may be

specified

Notes : 1. In the solution of a probl&n the shear loads may be laid off
approximately to scale and generaII the rivet, aximum resultant shear load will
be apparent by inspection. The values Io tRat.rivet may then be cal cul ated.

2. When the thickness of the plate is é"q}%en the diameter of the rivet hole may be
checked against crushing.

3. When the eccentric load P isinclined at some angle, then the same procedure as discussed

above may be followed to find the size of rivet.

Problem: An eccentrically loaded lap riveted joint is to be designed for a steel bracket as
shown in Fig. 2. The bracket plate is 25 mm _ _ i

thick. All rivets are to be of the same size. Load - - - ‘ .
on the bracket, P =50 kN ; rivet spacing, C = _(*_
100 mm; load arm, e = 400 mm. Permissible {*
shear stress is 65 MPa and crushing stress is _(*_
120 MPa. Determine the size of the rivets to be

used for the joint.
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Solution. Given: t=25mm ; P=50kN =50 x 103N ; e=400mm ; n=7; 1= 65 MPa = 65
N/mmy ; [1c = 120 MPa = 120 N/mm?.

Y B 50 kN
- 400 >
= 100 100 b= r
1, (F 2F 3 I
100 |Fyes H": 1}}*"}
RS
+ | E A ..
W mfr/ Nl
oM —— I —=<
T6 Fy /|' 5 ,_ X
F; F,

Fig.2

First of all, let us find the centre of gravity (G) of the rivet system.

Let X = Dlstanc§0f§>re of grav@%’

y Dist entr avuy from OX

X1, X2, Xs... = Distances of centre of gravity %h rivet from OY, and
Y1, Y2, ¥3... = Distances of centre of grav@f each rivet from OX.

We know that ‘Q

_ x1+xl+x3+x4+x§+x5+x;

n

100 + 200 + 200 + 200
= - =100 mm (e x=xg=x;=0)

- WMtV Y+ ¥yt Vs + Vgt Vg

n
200 + 200 + 200 + 100 + 100

= 7 =1143mm _ (- Vs =Yg = 0)

The centre of gravity (G) of the rivet system lies at a distance of 100 mm from OY and 114.3
mm from OX, as shown in Fig. 2.

We know that direct shear load on each rivet,
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P sox10°
P =—
- i

=——=T7143 N
7

The direct shear load acts parallel to the direction of load P i.e. vertically downward as shown
in Fig. 2. Turning moment produced by the load P due to eccentricity (e)
=P x e=50x 103 x 400 = 20 x 10° N-mm

This turning moment is resisted by seven rivets as shown in Fig.2.

100—-T-— 100

———
on
=
-<—— 114.3

All dlmu@m mm.
Let Fy, Fy, F3, Fs, Fs, Fg and F7 be ﬂ%condary shear load on therivets 1, 2,3,4,5,6and 7
placed at distances |y, 12, I3, 14, Is, 16 and |7 respectively from the centre of gravity of the rivet

system as shown in Fig. 3.
From the geometry of the figure, we find that

I, = I; = /(100)* + (200 —114.3)> = 1317 mm
}'2 =200—-1143 =857 mm

Iy=1 = J(mu}l +(114.3 - 100)* =101 mm
Is = Ig = 4/100)> + (1143)* =152 mm

Now eguating the turning moment due to eccentricity of the load to the resisting moment of
the rivets, we have
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[0 + @) + @) + 0 + () + ) + )]

1

_ ? [20) + @) + 2000 + 2057 ]

1 (el =l =Land =1

F 3 3
50 x 10% x 400 = 1311 - [2(131_?)- + (857 + 20012 + 2(152}3]

20 x 108x 1317 = F,(34 690 + 7345 + 20 402 + 46 208) = 108 645 F,
F, =20x 105 % 131.7/ 108 645 =24 244 N

Since the secondary shear loads are proportional to their radial distances from the centre of
gravity, therefore

I 857
F,=F x—==24244x% =15776 N
- L 131.7
I
F3=F1>'<E_=FI=34344N (L =1)

1

I 101
F,= FFx+=24244x——=18593 N
A 131.7

b4 y 2.
By drawing the direct and secondarym% eachrivet, we see that the rivets 3, 4 and
5 are heavily loaded. Let us now find the g%fnetWEen the direct and secondary shear load
for these three rivets. From the geometr Fig.3, we find that
g J“\@ g

100 100 _
cosB, = —=——=0.76
- 33 1317
Cos {34 = _lm :_10{} = (.99
I, 101
100 100
cos By = — =——=10.658
I 152

Now resultant shear load on rivet 3,

Ry = J[P;E]? + (FS)2 + 2P, X Fy % cos 6

=J(?143)3 +(24244)* + 2x 7143 % 24 244 0.76 =30 033 N

Resultant shear load on rivet 4,
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R,= \/UJ}}J +(#y)" + 2 P, % Fy X cos 6,

= \/(?143)1 +(18 593)” + 2 x 7143 X 18 593 X 0.99 = 25 684 N

And resultant shear load on rivet 5,

Rs= \/[PE)E +(F5)1+2P}><F5 % cos 5

= J(?H;)J +(27981)? +2x7143x 27 981 % 0.658 =33121 N

The resultant shear load may be determined graphically, as shownin Fig.3.
From above we see that the maximum resultant shear load is on rivet 5. If d is the diameter of

rivet hole, then maximum resultant shear load (Rs),

I 2 I r 7 7
331721 = — xdxrt=— xd-x65=51d"
4 4

d?

33121/51=6494 or d=255mm

From DDB, we see that according the standar dl@g;;% the rivet hole (d) is 25.5 mm and
the corresponding diameter of rivet is 24 im.
Let us now check thejoint for crushing ar@é know that

Max load _ R; _ 33121
Crushing area d xt 255x25

Crushing stress =

51.95 N/mm? = 51.95 MPa

Since this stress is well below the given crushing stress of 120 MPa, therefore the design is
satisfactory.
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I ntroduction to Welded Joints

Introduction

A welded joint is a permanent joint which is obtained by the fusion of the edges of the two
parts to be joined together, with or without the application of pressure and a filler material.
The heat required for the fusion of the material may be obtained by burning of gas (in case of
gas welding) or by an electric arc (in case of electric arc welding). The latter method is
extensively used because of greater speed of welding. Welding is extensively used in
fabrication as an aternative method for casting or forging and as a replacement for bolted and
riveted joints. It is also used as a repair medium e.g. to reunite metal at a crack, to build up a
small part that has broken off such as gear tooth or to repair a worn surface such as a bearing
surface.

Advantages and Disadvantages of Welded Joints over Riveted Joints

Following are the advantages and disadvantages of welded joints over riveted joints.

Advantages

1. The welded structures are usually Iigr{er an riveted stru@gs. Thisis due to the reason,
that in welding, gussets or other connecting com n% t used.
jenc

2. The welded joints provide maxiWL e:100%) which is not possible in
case of riveted joints. )

3. Alterations and additions can be easily /A the existing structures.

4. Asthe welded structure is smooth in @aranbe, therefore it looks pleasing.

5. In welded connections, the tensf?i}iemﬁérs are not weakened as in the case of riveted
joints.

6. A welded joint has a great strength. Often a welded joint has the strength of the parent
metal itself.

7. Sometimes, the members are of such a shape (i.e. circular steel pipes) that they afford
difficulty for riveting. But they can be easily welded.

8. The welding provides very rigid joints. Thisisin line with the modern trend of providing
rigid frames.

9. It is possible to weld any part of a structure at any point. But riveting requires enough
clearance.

10. The process of welding takes less time than the riveting.

Disadvantages
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1. Since there is an uneven heating and cooling during fabrication, therefore the members
may get distorted or additional stresses may develop.

2. It requires a highly skilled labour and supervision.

3. Since no provision is kept for expansion and contraction in the frame, therefore there is a
possibility of cracks developing in it.

4. The inspection of welding work is more difficult than riveting work.

Types of Welded Joints

Following two types of welded joints are important from the subject point of view:

1. Lapjoint or fillet joint, and 2. Butt joint.

| T P
-1 = 01 | i
) 1 \
y ] {
]
) E— 4 y —
(a2} Single ransverse. (B) Dnuhle Lmnu erae () Parallel fillet.

Fig.1. Types &;@aand Butt Joints

Lap Joint
The lap joint or the fillet joint is (%lned by overlapping the plates and then welding the

edges of the plates. The cross-section of thefillet is approximately triangular. Thefillet joints
may be

1. Single transverse fillet, 2. Double transverse fillet and 3. Parallel fillet joints.

The fillet joints are shown in Fig.1. A single transverse fillet joint has the disadvantage that
the edge of the plate which is not welded can buckle or warp out of shape.

Butt Joint

The butt joint is obtained by placing the plates edge to edge as shown in Fig.2. In butt welds,
the plate edges do not require beveling if the thickness of plate is less than 5 mm. On the
other hand, if the plate thicknessis 5 mm to 12.5 mm, the edges should be beveled to V or U-

groove on both sides.
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- 60" - i

(@) Square butt joint. (k) Single V-butt {c) Single U-butt (e} Double V=buit

(&) Double U-butt
joint. joint. joint.

Joint.
Fig. 2. Types of Buit joints

The butt joints may be

1. Square butt joint, 2. Single V-butt joint 3. Single U-butt joint,
4. Double V-butt joint, and 5. Double U-butt joint.
These joints are shownin Fig. 2.

The other type of welded joints are corner joint, edge joint and T-joint as shown in Fig. 3.

A /A
(a) Corner joint. (b) Edge joint. (c) T-joint.
Fig. 8, Oth yp% nts’
Basic Weld Symbols Q,O o
A
S No. Form of weld Sectional representation Symbol
e
: 7
1. Fillet 7
A AN
) Square butt W ] ’[ T
3. Single-} butt W,' 1 /\_/\
4, Double-F butt % X
5. Single=U butt W/;’_ f:}
e
6. Double-U butt % NN (‘{
"/’ i
7. Single bevel butt / |)
o
7 .
8. Double bevel butt /
7
7
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Unit-3

5 No. Form af weld Sectional representation Symbal

0. Single=/ buit % %
éf,
7
10, Double-J butt fm E
11. Bead (edge or seal) % [
12. Stud L
4\@
5, | Sealingrm NNV O
14. | Spo L X
is. Seam e S XX
16. Mashed seam 7 BN 777777/ [}QOQ
Before After
17. Plug - /
-
G | Eerivaig A RN =
o, | siieh G T
20. Projection k% T ooy A
Before After
21. Flash S I/I
TR
Rod or bar Tube
o Butt resistance or
pressure (upset) ! |
Rod or bar Tube
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Supplementary Weld Symbols
ooar ST TR T T e s el
[EFEFR LN fdrpgcwery ] &ELTHEFYEE Ay PTG T diifd W R RS
1 Wl ol ersrasadd (P — Yy
LYoo B T P -
-~
= T== == == i— i
& ricia weld - -
-
2 Flush contour T
7 o
& 4L L
a4 Convex contour N
S
s
= . l
] Concave contour = . "»_h_
v
=
S
6. Grinding finish G
T Machining finish M
8. Chipping finish C
References:
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Elements of awelding symbol

Elements of a Welding Symbol

A welding symbol consists of the following eight elements:
1. Referenceline, 2. Arrow,

3. Basic weld symbols, 4. Dimensions and other data,

5. Supplementary symbols, 6. Finish symbols,

7. Tail, and 8. Specification, process or other references.

Standard L ocation of Elements of a Welding Symbol

The arrow points to the location of weld, the basic symbols with dimensions are located on
one or both sides of reference line. The specification if any is placed in thetail of arrow. Fig.

1. shows the standard locations of welding symbols represented on drawing.

— Length of weld

Finish symbol — Unwelded length
Contour symbol s’s‘
5« I
Size Field weld symbol

Reference line
/— Weld all around symbol

S 5 Zoly
Specification 9 £g/( E ;
process or | -~ “]

other reference —» |

Tail (omit when
reference is not
used)

Both

Arrow

side
V"

Arrow connecting reference
line to arrow side of joint,
to edge prepared member
or both

Basic weld symbol
or detail reference

Fig.1 Standard location of weld symbols.

Some of the examples of welding symbols represented on drawing are shown in the following
table.
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Repr esentation of welding symbols.

5 Nao Tiesired weld Represeniaiian on drawing
1 N _
o ] Rl Y
i =TT
i Vayy)
T I
. Vi
e L i WArLFr s il
:--% !-'( 3 mm
~ R Y O T ;
= Smgle V-butt weld -machining /
AR S M
Tifisi . ¥
[V AN €7
P
E Thzgealale W Laail wprddd rs -
3. Doble VoLl weld S
LA
W
T ) L
- E— ST W [ R
. Plug weld - 30° Groove- ] i - ! i }.g
1
h angle-flush eontour o ' f
= - |
Grsvs s {
S5 o ST T
- = 1) mm ==
S0
S (BO)Y 40 (100)
. : 5 I '—5'9—
5 Staggered intermittent fillet welds +_...| W 40(100)
60 4;7'
a0 0| 1o
Ty
100 40
40 100
0|y L
40
Z
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Contents: Design of Welded Joints

Strength of Transverse Fillet Welded Joints

We have aready discussed that the fillet or lap joint is obtained by overlapping the plates and
then welding the edges of the plates. The transverse fillet welds are designed for tensile

strength. Let us consider asingle and double transverse fillet welds as shown in Fig. 1(a) and

(b) respectively.

[ | i 1 ! ! ' 1 7
- T ! | i A AL .
p | B I [ P po | EE N
'z | ' L e e | Em : — =
- . ! = ! | I =
. 4 \ . '
| | ! { . | I
— \ -y e.
¥ _ ¥ _
i ) I 12l
| — r | 5 —_
» | ! P . " =
e L | L I f o b ] A |
- >s= 4 = == 4 ¥
(@) Single transverse fillet weld. (h) Double transverse fillet weld.
Fig.1 Transversefillet welds.
The length of each side is known as leg or size of the Weld e perpendicular distance of

the hypotenuse from the intersection oﬁ@ l& own as throat thickness. The
minimum area of the weld is obtai at the tt o& ich is given by the product of the
throat thickness and length of weld.

Let  t=Throat thickness (BD), &

s=Leg or size of weld,

= Thickness of plate, and ‘Q

| = Length of weld,
From Fig.2, we find that the throat thickness,

t=sxsn45°=0.707 s
Therefore, Minimum area of the weld or throat area,
A = Throat thickness x Length of weld
=tx1=0.707sx |

If o; is the allowable tensile stress for the weld metal, then the tensile strength of the joint for
singlefillet weld,

P = Throat area x Allowable tensile stress = 0.707 s X | X o
And tensile strength of the joint for double fillet weld,

P=2x0.707sx|xc;=1414s%| X 6
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Note: Since the weld is weaker than the plate due to slag and blow holes, therefore the weld
is given areinforcement which may be taken as 10% of the plate thickness.

Strength of Parallel Fillet Welded Joints

The parallel fillet welded joints are designed for shear strength. Consider a double paralel
fillet welded joint as shown in Fig.3 (a). We have already discussed in the previous article,

that the minimum area of weld or the throat area,
A=0.707sx |
If 7 is the allowable shear stress for the weld metal, then the shear strength of the joint for
single parallel fillet weld,
P = Throat area x Allowable shear stress=0.707sx | x 1
And shear strength of the joint for double parallel fillet weld,
P=2x0.707xsx|x1t=1414sx|x1

f‘ — { T :

P o i GF Pe— g — >
s DY |
-i ——

|“_"1—"‘

(b) Combination of transverse

(&) Double parallel fillet weld.
and parallel fillet weld.

Nt
K
Notes: 1. If there is a combinatio @&gle transverse and double parallel fillet welds as
shown in Fig. (b), then the strengtr:k‘ the joint is given by the sum of strengths of single
transverse and double paralléel fillet welds. Mathematically,
P=0.707sx |1 x oy + 1.414sx |, X T

Where |, is normally the width of the plate.
2. In order to alow for starting and stopping of the bead, 12.5 mm should be added to the
length of each weld obtained by the above expression.

3. For reinforced fillet welds, the throat dimension may be taken as 0.85t.

Problem:

A plate 100 mm wide and 10 mm thick is to be welded to another plate by means of double
paralel fillets. The plates are subjected to a static load of 80 kN. Find the length of weld if
the permissible shear stress in the weld does not exceed 55 MPa.
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Solution. Given: *Width = 100 mm ;
Thickness = 10 mm: P = 80 kKN = 80 % 10° N ;
T =55 MPa = 55 N/mm?

Let ! =Length of weld. and
5 = Size of weld = Plate thickness = 10 mm
. (Given)
We know that maximum load which the plates can carry for double parallel fillet weld (P),
80x10° = 1414 xsxIxt=1414%x10x[%x55=7781
- I =80x10%/778 =103 mm
Adding 12.5 mm for starting and stopping of weld run, we have
{1 =103+12.5=1155mm Ans.
Strength of Butt Joints

The butt joints are designed for tension or compression. Consider asingle V-butt joint as
shown in Fig. 4(a).

A

2 + ¥ ¥ + + .. 2
£ L e Ty
—-f—— i‘ .'i I + \

() Single V=butt joint. ) (&) Double V-butt joint,
Fig.4. Butt Joints

In case of butt joint, the length of leg or size of weld is equal to the throat thickness which is
equal to thickness of plates. Therefore, Tensile strength of the butt joint (single-V or square butt

joint),

P=txl|xo;
Where | = Length of weld. It is generally equal to the width of plate. And tensile strength for
double-V butt joint as shown in Fig. 4(b) is given by
P=(t1+t) | xot

Where t; = Throat thickness at the top, and
to = Throat thickness at the bottom.
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It may be noted that size of the weld should be greater than the thickness of the plate, but it
may be less. The following table shows recommended minimum size of the welds.

Stressesfor Welded Joints
The stresses in welded joints are difficult to determine because of the variable and

unpredictable parameters like homogenuity of the weld metal, thermal stresses in the welds,
changes of physical properties due to high rate of cooling etc. The stresses are obtained, on
the following assumptions:

1. Theload is distributed uniformly along the entire length of the weld, and

2. The stress is spread uniformly over its effective section.

The following table shows the stresses for welded joints for joining ferrous metals with mild
steel electrode under steady and fatigue or reversed load.

Stress Concentration Factor for Welded Joints

The reinforcement provided to the weld produces stress concentration at the junction of the

weld and the parent metal. When the parts are subjected to fatigue loading, the stress

concentration factors should be taken into account. Q}
N <&

Refer ences: gé
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Problem:

A plate 100 mm wide and 12.5 mm thick isto be welded to another plate by means of parallel
fillet welds. The plates are subjected to a load of 50 kN. Find the length of the weld so that
the maximum stress does not exceed 56 MPa. Consider the joint first under static loading and
then under fatigue loading.

Solution. Given: *Width = 100 mm ; Thickness = 12.5 mm ; P = 50 kN = 50 x 10°N ;
T =56 MPa = 56 N/mm’

Length of weld for static loading
Let  [=Length of weld, and
5 = Size of weld = Plate thickness
=125 mm .. (Given)
We know that the maximum load which the
plates can carry for double parallel fillet welds (P),

S0x10°=1414s5x[x T
=1414%125%x]%x56=990]
I=150x% 10°/990 = 50.5 mm

Adding 12.5 mm for starting and stopping of
weld run, we have

[=505+125=63mm Ans.
Length of weld for fatigue loading

From Table 10.6, we find that the stress
concentration factor for parallel fillet welding 15 2.7.

. Pernmssible shear stress,
T= 56/2.7=20.74 N/mm?
We know that the maximum load whach the plates can carry for double parallel fillet welds (P),

50<10°=14145xIx1=1414%x125x%1x2074=3671
- =50 x10°/367=136.2 mm
Addmg 125 for starting and stopping of weld run, we have
/=1362+125=1487 mm Ans.

Problem:

A plate 75 mm wide and 12.5 mm thick is joined with

another plate by a single transverse weld and a double

paralel fillet weld as shown in Fig. The maximum tensile £ |_T P
_ 75 mm —=
and shear stresses are 70 MPa and 56 MPa respectively. !
Find the length of each parallel fillet weld, if the joint is

subjected to both static and fatigue loading.
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Solution. Given - Width = 75 mum ; Thickness = 12.5 mum ;
o, =70 MPa =70 N/mm? ; T = 56 MPa = 56 N/mm?.

The effective length of weld (/) for the transverse weld may be
obtained b‘_i,’ subtracting 12.5 mum from the width of the plate.

i I, = 75-125=625mm
Length af each parallel f illet for static loading
Let I, = Length of each parallel fillet.
We know that the maximum load which the plate can carry 1s

P = Area x Stress=75x125x70=65625N
Load carned by single transverse weld,
P, =0707sx;x0,=0707 % 125%x625%xT70=38664N
and the load carried by double parallel fillet weld,
Py= 14145x L, x1=1414x125x],%56=9901,N

". Load carried by the jomnt (P),
65625 =P, +P,=38664+9901, or I,=272mm
Adding 125 mm for starting and stopping of weld run, we have
[,=272+125=397 say 40 mm Ans.
Length of each parallel fillet for fatigue londing

From Table 10.6, we find that the stress concentration factor for fransverse welds 15 1.5 and for
parallel fillet welds1s2.7.

*. Permussible tensile stress,
o, =70/ 1.5 =46.7 N/mm’
and pernussible shear stress,
T =56/2.7 =20.74 N/mm?
Load carrned by single transverse weld,
P, =0707s%x1 xc,=0707x125%625%x46T7=25795N
and load carried by double parallel fillet weld,
P,=1414sx1,x1=1414%1251,%2074=366, N
. Load carried by the jomt (P),
65625 = P;+P,=25795+3661, or [,=108.8mm
Adding 125 mm for starting and stopping of weld run, we have
[, =1088+125=1213mm Ans.
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Contents: Special fillet welded joints

Special Cases of Fillet Welded Joints
The following cases of fillet welded joints are important from the subject point of view.

1. Circular fillet weld subjected to torsion. Consider a

circular rod connected to a rigid plate by a fillet weld as

shownin Fig. 1.
Let d = Diameter of rod, c “ri {;
r = Radius of rod,
T = Torque acting on the rod, ¢
s = Size (or leg) of weld, ‘>/<<
t = Throat thickness,  in
J = Polar moment of inertia of the Fig. 1. Circular fillet weld subjected to torsion.
weld section = ﬂ
4
We know that shear stress for the materi&l; x g( &Q/Q/
. Tr Txdi2 ¢
T
Txd/?2 2T
B ﬁrdi_.-"4 - ntd?

,\V.

This shear stress occurs in a horizéhgl plar{é along a leg of the fillet weld. The maximum
shear occurs on the throat of weld which isinclined at 45° to the horizontal plane.
Length of throat, t = ssin 45° = 0.707 s and maximum shear stress,
2T _283T
e = 0707 sxd>  msd

2. Circular fillet weld subjected to bending moment.
Consider a circular rod connected to a rigid plate by afillet C ﬂ’i w}
weld as shown in Fig.2.
Let d = Diameter of rod, ¢
M = Bending moment acting on the rod, ";{
s = Size (or leg) of weld, —]s|e—
t = Throat thickness, Fig.2.Circular fillet weld subjected to Bending moment.
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Z = Section modulus of the weld section

ntd’
4

We know that the bending stress

M M 4 M

Z mdl/a mtd

This bending stress occurs in a horizontal plane along a leg of the fillet weld. The maximum
bending stress occurs on the throat of the weld which is inclined at 45° to the horizontal
plane.
Length of throat, t =ssin 45° = 0.707 s and maximum bending stress,
1M 5.66 M
O imar) = X 07075 % d’ - msd’ |

3. Long fillet weld subjected to torsion. Consider avertlc@ate attached to a horizontal

0
plate by two identical ﬂlletweldsassho%m <
Let T = Torque acting on the vertl x’(y

| = Length of weld,

s= Size (or leg) of weld, Q,

t = Throat thickness, and &"

J = Polar moment of inertiao@pweld section

tx P txF
12 6

=2.>(

It may be noted that the effect of the applied torque is to rotate the vertical plate about the Z-
axis through its mid point. This rotation is resisted by shearing stresses developed between
two fillet welds and the horizontal plate. It is assumed that these horizontal shearing stresses
vary from zero at the Z-axis and maximum at the ends of the plate. This variation of shearing
stress is analogous to the variation of normal stress over the depth (1) of a beam subjected to
pure bending.

Therefore, Shear stress,

Txl!2 3iT

= 11.. =
txIPl6 txl”
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The maximum shear stress occurs at the throat and is given by

3T 4242 T
S _
max 0 707sx 1> sxl
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Contents. Unsymmetrical welded joints

Axially L oaded Unsymmetrical WeldedSections
Sometimes unsymmetrical sections such as angles, channels, T-sections etc., welded on the

flange edges are loaded axially as shown in Fig. In such cases, the lengths of weld should be
proportioned in such a way that the sum of resisting moments of the welds about the gravity
axisis zero. Consider an angle section as shown in Fig.

Let I, = Length of weld at the top,

Ip = Length of weld at the bottom,

| = Total length of weld =1, + |

P = Axial load,

a = Distance of top weld from gravity axis,

b = Distance of bottom weld from gravity axis, and

f = Resistance offered by the weld per unit length.

ey
]
Y 4
ﬁ |
"// a
-f; C.G | +
—_f/,r__ —_— —————Ii.h——l—h——'—l"'f"
U,

\J .
Fig. Axially |6§¥ unsymmetrical welded section

Moment of the top weld about gravity axis
=lyxfxa
And moment of the bottom weld about gravity axis
=lpxfxb
Since the sum of the moments of the weld about the gravity axis must be zero, therefore,
[axfxa—-lpxfxb=0
orlaxa=Ilyxb ()
We know that I =la+1p (i)
From equations (i) and (ii), we have
[xb . Ixa

[ = . and I =
a a+b b
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Eccentrically L oaded Welded Joints

An eccentric load may be imposed on welded joints in many ways. The stresses induced on
the joint may be of different nature or of the same nature. The induced stresses are combined
depending upon the nature of stresses. When the shear and bending stresses are
simultaneously present in ajoint (see case 1), then maximum stresses are as follows:

Maximum normal stress,

-
o

7 »
— {j_b l 2 +4 2 ?:—,.- 5 p-— L]
Oltimay = + (Gp) T A
) 2 2 nrd 4
At
Y

And Maximum shear stress,

!
)

Jo,) +47

Where o = Bending stress, and

,_"
|
[ | =

max

SRR
|
-
|
|
N
|
o =

n-

T = Shear stress. Fig.1. Ec ically loaded welded joint
When the stresses are of the same nature&h@e ay be cor@%vectorl aly (seecase 2).
We shall now discuss the two cases entri oIIows
Casel %ﬂr
Consider a T-joint fixed at one end and su tqan eccentric load P at a distance e as
shownin Fig. 1 &: -
Let s= Size of weld, O

| = Length of weld, and Q
t = Throat thickness.
The joint will be subjected to the following two types of stresses:
1. Direct shear stress due to the shear force P acting at the welds, and
2. Bending stress due to the bending moment P x e.
We know that area at the throat,
A = Throat thickness x Length of weld
=tx|x2=2tx]|.. (For doublefillet weld)
=2x%x0.707sx|=1414sx]| ... (since, t =scos45° = 0.707 9)

Shear stress in the weld (assuming uniformly distributed),

P F

U= 4 1414s5x1
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Section modulus of the weld metal through the throat,

Z= » 2 ...(For both sides weld)

L 0707sxI* | sxI?

» 2

6 4242

Bending moment, M=P x e

M PKeK474" 4242 Px e
z sx /I sx I’

. Bendmng stress, g, =

We know that the maximum normal stress,

1 1 2 2
O nax) = 5 O + 3 Jgp)” +41
And maximum shear stress, \
A in

) +417,

Case? Qe
When awelded joint is loaded eccentn(@’%shown in Fig.2, the following two types of the

stresses are induced: ‘Q

1. Direct or primary shear stress, and

2. Shear stress due to turning moment.

Fig.2 eccentrically loaded welded joint.
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Let P =Eccentricload,

e = Eccentricity i.e. perpendicular distance between the line of action of load and

centre of gravity (G) of the throat section or fillets,

| = Length of single weld,

s= Sizeor leg of weld, and

t = Throat thickness.
Let two loads P; and P, (each equal to P) are introduced at the centre of gravity ‘G' of the
weld system. The effect of load P, = P is to produce direct shear stress which is assumed to
be uniform over the entire weld length. The effect of load P, = P is to produce a turning
moment of magnitude P x e which tends of rotate the joint about the centre of gravity ‘G’ of
the weld system. Due to the turning moment, secondary shear stressis induced.

We know that the direct or primary shear stress,

Load P F

T,=———————=—2= -
' Throst area A4 2#xI
P _ P

T 2x0707sxi 1414 s5x1

Since the shear stress produced duét{th(ellﬁ rgéwﬂent (T =P x e) a any section is
proportiona to its radia distance from the%re stress due to P x e at the point A is
proportional to AG (r2) andisin adlrectlo& ht angles to AG. In other words,

T T
2= Constant

T
T =—2Xr (D

Where 17 is the shear stress at the maximum distance (r2) and t is the shear stress at any
distance r. Consider a small section of the weld having area dA at adistancer from G.
Shear force on this small section

=1 xdA

And turning moment of this shear force about G,
T o]
AT = TXdAXr=—=XdAXr" ... [ From equation (1]

n

Total turning moment over the whole weld area,
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Where J = Polar moment of inertia of the throat area about G.

[1Shear stress due to the turning moment i.e. secondary shear stress,

T xr Pxexmn
T, = = = =
< J J

In order to find the resultant stress, the primary and secondary shear stresses are combined
vectorialy.
Resultant shear stressat A,

Ty = \/(lez +(19)* + 21y X T, X cOs ©
8 = Angle betwzen T and T, and
cosB =r/n
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Problem:
A welded joint as shown in Fig. 10.24, is subjected to an eccentric load of 2 kN. Find the size
of weld, if the maximum shear stressin the weld is 25 MPa

Solution. Given: P=2kN =2000 N ¢ = 120 mm ;
I=40mm ; 1, =25 MPa=25 N/mm’

Let 5 = Size of weld in mm_ and ; ~¢/
t = Throat thickness. /}\?”}
The joint, as shown in Fig. 10.24, wall be subjected to ?
direct shear stress due to the shear force, P = 2000 N and 7
bending stress due to the bending moment of P x e. 7
We know that area at the throat, ?‘f‘
A=2tx]=2x0707sx] _%_____T_Imm
= 14145%1] i_‘_ o —y Y
= 1.414 5 * 40 = 56.56 x 5 mm? ’ 2 kN

R
. Shearstress, T = P_ 2000 = 354
A 5656xs 5

Bending moment, M = P x e = 2000 % 120 = 240 % 10° N-mm
Section modulus of the weld through the throat,

N/mm?

x I 40)°
Z=S :Sl: ) =377 % 5§ min
4242 4242

3

M _240x10° _ 636.6

~. Bending stress, g, = = = N/mm’
8 bz 377xs 5
We know that maximum shear stress (T, ).
2 2
1 7 1 636.6 354 3203
25 = — (crb)2+4r=—‘f + 4 ] =
2 2 5 5 5

Problem:

A bracket carrying aload of 15 kN isto be welded as shown in Fig. Find the size of weld
required if the allowable shear stressis not to exceed 80 MPa.

Solution. Given : P =15 kN =15 x 10° N ; 1 = 80 MPa = 80 N/mm?’; » = 80 mm :
I=50mm; e =125 mm
Let 5 = Size of weld in mm, and
t = Throat thickness.
We know that the throat area,
A =2xtx]=2x0T707s5x]
= 14145 %x[=1414 x5 x 50 =70.7 s mm?
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. Direct or primary shear stress,

P 15x10° 212  ,
- —= = N/mm”
A 707 5 5

Ty

t1 3 +1%) _07075x50[3 80)' + (50’1 &

J =
i) W]
= 127 850 s mm* (s t=0.707 5)
{ I e < : ¥
Y —_— 124> Y P L) — ™ J
! [ 1 b I r y
Pr—— i —— B W T a T
P 2 L S S & VIR
| [ ! [ 72/ o | i
| | B I | dolm Ta | s |
SR Y S L guiE = 1 gp ™1
Gl & & |
' [ ! LG | | |
P ! ! T, ! Ll
I ¥ ! i v Ll
| —— — _— — !‘ j.
I | e
S0 e P - L . l
== Ir-—_']u—-— T
All dimensions in mm,
*. Maximum radius of the weld,
ry = \J(4B)? + (BG) = (40)> + (25)° = 47 mm
Shear stress due to the turning moment i.e. secondary shear stress,
Pxexr 15x10° x125x47 6893 __ 5
r, = e = N/mm~
< J 127 850 s 5
b 25
and cos® = L === =0532
47

”
2
We know that resultant shear stress,

t= \/(Tl)z +(0)" + 21 X1, cos B

W W
- - )
80 = J 212] N 689_3} +ox 212 % 689.3 % 0.532 = 822
g s 5 5 5

s =2822/80=103 mm Ans.
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I ntroduction to Screwed Joints:

A screw thread is formed by cutting a continuous helical groove on a cylindrical
surface. A screw made by cutting a single helical groove on the cylinder is known as single
threaded (or single-start) screw and if a second thread is cut in the space between the
grooves of the first, a double threaded (or double-start) screw is formed. Similarly, triple
and quadruple (i.e. multiple-start) threads may be formed. The helical grooves may be cut
either right hand or left hand.

A screwed joint is mainly composed of two elementsi.e. a bolt and nut. The screwed
joints are widely used where the machine parts are required to be readily connected or
disconnected without damage to the machine or the fastening. This may be for the purpose of
holding or adjustment in assembly or service inspection, repair, or replacement or it may be
for the manufacturing or assembly reasons. The parts may be rigidly connected or provisions
may be made for predetermined relative motion.

Advantages and Disadvantages of Screwed Joints
Following are the advantages and disadvantages,of the SCI‘@OI nts.
on

Advantages

1. Screwed joints are highly rellableln |

2. Screwed joints are convenient to assemble ble.

3. A wide range of screwed joints may b ted to various operating conditions.

4. Screws are relatively cheap tg\' ce.. due to standardization and highly efficient
manufacturing processes.

Disadvantages

The main disadvantage of the screwed joints is the stress concentration in the threaded
portions which are vulnerable points under variable load conditions.

Note : The strength of the screwed joints is not comparable with that of riveted or welded

joints.

Important Terms Used in Screw Threads

The following terms used in screw threads, as shown in Fig. 1, are important from the subject

point of view:
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]

orminal

dia

i Pitch (lia -m

e Major dia o,
foeMinor dia—»

—

|

e
Depth of thread—

Fig.1 Terms used in screw threads

1. Major diameter. It is the largest diameter of an externa or internal screw thread. The
screw is specified by this diameter. It is aso known as outside or nominal diameter.

2. Minor diameter. It is the smallest diameter of an external or internal screw thread. It is
also known as core or root diameter.

3. Pitch diameter. It is the diameter of an i

aginary cyIinde@p acylindrical screw thread,
at su th}nts as to make equal the width
t ‘t{beads. It is also called an effective
gatwhich the ridges on the bolt are in

the surface of which would pass througmhe th
of the thread and the width of the spaces bet
diameter. In anut and bolt assembl?\\%

@} nut.

.hr\eac’l to the corresponding point on the next.

complete touch with the ridges of the corr

4. Pitch. It isthe distance from a point
Thisis measured in an axial directi
Mathematically,

eenr corresponding pointsin the same axia plane.

1
No. of threads per umt length of screw

Pitch =

5. Lead. It is the distance between two corresponding points on the same helix. It may aso be
defined as the distance which a screw thread advances axially in one rotation of the nut. Lead
is equal to the pitch in case of single start threads, it is twice the pitch in double start, thrice
the pitch in triple start and so on.

6. Crest. It isthe top surface of the thread.

7. Root. It isthe bottom surface created by the two adjacent flanks of the thread.

8. Depth of thread. It isthe perpendicular distance between the crest and root.

9. Flank. It isthe surface joining the crest and root.
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10. Angle of thread. It isthe angle included by the flanks of the thread.
11. Slope. It is half the pitch of the thread.
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Stressesin Screwed Fastening due to Static L oading

The following stresses in screwed fastening due to static loading are important from the
subject point of view:

1. Internal stresses due to screwing up forces,

2. Stresses due to external forces, and

3. Stress due to combination of stresses at (1) and (2).

Initial Stresses dueto Screwing up Forces

The following stresses are induced in abolt, screw or stud when it is screwed up tightly.
1. Tensile stress due to stretching of bolt. Since none of the above mentioned stresses are
accurately determined, therefore bolts are designed on the basis of direct tensile stress with a
large factor of safety in order to account for the indeterminate stresses. The initial tensionin a
bolt, based on experiments, may be found by the relation
Pi =2840d N
Where Pi = Initial tension in abolt, and
| <
<&

d = Nomina diameter of bolt, in fiam.
The above relation is used for making a join i&%@%like steam engine cylinder cover
joints etc. When thejoint is not reanht id-tight joint, then the initial tensionin
abolt may be reduced to half of the above va% such‘cases
Z4a50 d N

The small diameter bolts may fail gk}téni ng, therefore bolts of smaller diameter (less
than M 16 or M 18) are not permitted in making fluid tight joints. If the bolt is not initially
stressed, then the maximum safe axial load which may be applied to it, is given by

P = Permissible stress x Cross-sectional area at bottom of the thread
(d,+d,
T
Stress area = — | £ - |
:! 2
Where d, = Pitch diameter, and
d. = Core or minor diameter.

Stresses due to External Forces

The following stresses are induced in a bolt when it is subjected to an externa load.

1. Tensile stress. The bolts, studs and screws usually carry aload in the direction of the bolt
axis which induces a tensile stress in the bolt.

Let d. = Root or core diameter of the thread, and
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ot = Permissible tensile stress for the bolt material.
We know that external load applied,

T .
P = E(dc}_ Oy

Y=
de — \jﬂ: o;

Notes: (a) if the external load is taken up by a number of bolts, then

T 7
= : {-ﬂrr)_ G! XH

(b) In case the standard table is not available, then for coarse threads, d. = 0.84 d, whered is
the nominal diameter of bolt.

2. Shear stress. Sometimes, the bolts are used to prevent the relative movement of two or
more parts, as in case of flange coupling, and then the shear stress isinduced in the bolts. The
shear stresses should be avoided as far as possible. It should be noted that when the bolts are
subjected to direct shearing loads, they should be located in such a way that the shearing load
comes upon the body (i.e. shank) of the bolt and not up threaded portion. In some
cases, the bolts may be relieved of shear load by u pins. When a number of bolts
are used to share the shearing load, t %’ﬁd be fitted to the reamed holes.

Let d=Magor diameter of the bolt, an

n = Number of bolts.
Shearing load carried by the bolt O
g y s, ‘AQ

4P

5

| 7
P = —%d " ®XTxn or d=
I 4 v

3. Combined tension and shear stress. When the bolt is subjected to both tension and shear
loads, as in case of coupling bolts or bearing, then the diameter of the shank of the bolt is
obtained from the shear load and that of threaded part from the tensile load. A diameter
dightly larger than that required for either shear or tension may be assumed and stresses due
to combined load should be checked for the following principal stresses.

Maximum principal shear stress,

1 2 2
T = E V(o) 4t

And maximum principal tensile stress,

G:('ﬂ )

(] |,FI

1 3
+ ? 1“(62)2 + 41
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These stresses should not exceed the safe permissible values of stresses.
References:
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Contents. Stresses due to combined loading and design of cylindrical cover plates.

Stress due to Combined Forces

The resultant axial 1oad on a bolt depends upon the following factors:

1. Theinitial tension due to tightening of the bolt,

2. The external load, and

3. Therelative elastic yielding (springiness) of the bolt and the connected members.

When the connected members are very yielding as compared with the bolt, which is a soft
gasket, as shown in Fig. 1 (a), then the resultant load on the bolt is approximately equal to the
sum of theinitial tension and the external load. On the other hand, if the bolt is very yielding
as compared with the connected members, as shown in Fig. 1(b), then the resultant load will
be either the initial tension or the external load, whichever is greater. The actual conditions
usually lie between the two extremes. In order to determine the resultant axial load (P) on the

bolt, the following equation may be used :

p=H+

1+ a

xP =R + KR | Substituting

‘ . Gasket

Wi; : //
.,,//// _ i
(@) (h)

Fig.1

Where P; = Initial tension due to tightening of the bolt,

P, = External load on the bolt, and

a = Ratio of elasticity of connected partsto the elasticity of bolt.
For soft gaskets and large bolts, the value of a is high and the value of a (1+a) is
approximately equal to unity, so that the resultant load is equa to the sum of the initia
tension and the external load. For hard gaskets or metal to metal contact surfaces and with
small bolts, the value of ais small and the resultant load is mainly due to the initial tension
(or externa load, in rare case it is greater than initial tension). The value of ‘a’ may be

estimated by the designer to obtain an approximate value for the resultant load. The values of
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al(1+ a) (i.e. K) for various type of joints are shown in the following table. The designer thus
has control over the influence on the resultant load on a bolt by proportioning the sizes of the

connected parts and bolts and by specifying initia tension in the bolt.

Values of K for various types of joints.

Type of joint L= 1 : a
Metal to metal joint with through bolts 0.00 to0 0.10
Hard copper gasket with long through bolts 0.25 to 0.50
Soft copper gasket with long through bolts 0.50 t0 0.75
Soft packing with through bolts 0.75 to 1.00
Soft packing with studs 1.00

Design of Cylinder Covers

The cylinder covers may be secured by means of bolts or studs, but studs are preferred. The
possible arrangement of securing the cover with bolts and stu isshown in Fig. 2 (a) and (b)
respectively. The bolts or studs, cylindefycov Iate and flange may be designed as
discussed below:
1. Design of boltsor studs
In order to find the size and number of b%ca studs, the followi ng procedure may be
adopted.
Let D = Diameter of the cylinder 0& ’

p = Pressurein the cylinder,‘Q
d. = Core diameter of the bolts or studs,
n = Number of bolts or studs, and
ot = Permissible tensile stress for the bolt or stud material.

We know that upward force acting on the cylinder cover,

T 7 .
=S (D) p ()

Thisforceisresisted by n number of bolts or studs provided on the cover.

Resisting force offered by n number of bolts or studs,
T 7
P= (d.)” Gy X n (i)

From equations (i) and (ii), we have
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T ' T 2 »
20 p = T @) oy xn i)

a

5d, i: D, :I 1.5d| e
I

A Cinder cover Bolt 'f“'}—i
o

D1l —  »

- D =
|

.....

Cylinder

|
A

(a) Arrangement of securing the cylinder cover with bolts.

= Dﬁ =
—= 154, = D > 1.5d, |=~—
P Web |
—*—. th Cylinder
| %mwr
_l_ / \“:.' A ) ) I
A\ NN
+ N\ ! Stud (d)
Hole (d,) ' "" Ll} =
| =— (Cylinder

I
Fig. 2.
From this equation, the number of bolts or studs may be obtained, if the size of the bolt or
stud is known and vice-versa. Usually the size of the bolt is assumed. If the value of n as
obtained from the above relation is odd or a fraction, then next higher even number is
adopted. The bolts or studs are screwed up tightly, along with metal gasket or asbestos
packing, in order to provide a leak proof joint. We have already discussed that due to the
tightening of bolts, sufficient tensile stress is produced in the bolts or studs. This may break
the bolts or studs, even before any load due to internal pressure acts upon them. Therefore a

bolt or a stud less than 16 mm diameter should never be used.
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The tightness of the joint also depends upon the circumferential pitch of the bolts or studs.
The circumferential pitch should be between 20 d; and 30 d; , where d; is the diameter of the
hole in mm for bolt or stud. The pitch circle diameter (Dy) is usually taken as D + 2t + 3d;
and outside diameter of the cover iskept as

Do=Dp+3d;=D + 2t + 6d;
where t = Thickness of the cylinder wall.
2. Design of cylinder cover plate
The thickness of the cylinder cover plate (t;) and the thickness of the cylinder flange (tz) may
be determined as discussed bel ow:

Let us consider the semi-cover plate as shown in Fig. 3. The internal pressure in the
cylinder tries to lift the cylinder cover while the bolts or studs try to retain it in its position.
But the centres of pressure of these two loads do not coincide. Hence, the cover plate is
subjected to bending stress. The point X isthe centre of pressure for bolt load and the point Y
isthe centre of internal pressure.

We know that the bending moment at A—f\, \ AQ/

! £ [ ] Y
0318 D ;
.' II. ; f E.mmp ,
| '

A | 0 | A
[ D >

Fig.3
Total bolt load
M =

-

P \
(OX - 0Y) == (0.318 Dp — 0212 D)

P
—x 0106 D, =0053 Px D
2 P F

2

Z

1
—w (1)
6 1

Where w = Width of plate
= Qutside dia. of cover plate — 2 x dia. of bolt hole
=Dp—2d;
Knowing the tensile stress for the cover plate material, the value of t; may be determined by

using the bending equation,
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i.e,oct=M/Z

iaw« X

/f % /
—

fff 7

W

_>| +'(_F|g4

3. Design of cylinder flange
The thickness of the cylinder flange (t2) may be determined from bending consideration. A
portion of the cylinder flange under the influence of one bolt is shown in Fig. 4. The load in
the bolt produces bending stress in the section X-X. From the geometry of the figure, we find
that eccentricity of the load from section X-X is

e = Pitch circle radius — (Radius of bolt hole +Thickness of cylinder wall)

x &

F
f ~

!

\

O

II !

AN

Fig.5

=D_p_(ﬂ+r]
§ g

Bending moment, M = Load on each bolt x e
r
=—xX g
n
R = Cylinder radius + Thickness of cylinder wall

D
=—+t
.

Width of the section X-X,

2R
1 Where nisthe number of bolts.

w =

Section modulus,
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1 2!
£ = —'H'(!"u)_‘
6 2

Knowing the tensile stress for the cylinder flange material, the value of t, may be obtained by

using the bending equationi.e ot =M/ Z.
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Problems on cylinder cover plates design

Problem:
A steam engine cylinder has an effective diameter of 350 mm and the maximum steam
pressure acting on the cylinder cover is 1.25 N/mm?. Calculate the number and size of studs

required to fix the cylinder cover, assuming the permissible stressin the studs as 33 MPa.

Solution. Given: D =350 mm : p=1.25 N/mm?’ : c,=33 MPa=33N mm?’
Let d = Nomunal diameter of studs.

d, = Core diameter of studs, and

n = Number of studs.

We know that the upward force acting on the cylinder cover.
I8 1!
P= ;xﬂj Xp=5(350)2 125=120 265 N (i)

Assume that the studs of nominal diameter 24 mm are used. From Table 11.1 (coarse series), we
find that the corresponding core diameter (d,) of the stud is 20.32 mm.

. Resisting force offered by n number of studs,
T 3 n .y
P = Zx(dﬁj er;r:rzz{mjz) 33xn=10700 nN (i)

From equations (7) and (i7), we get
n =120 265/10700=11.24 say 12 Ans.
o XN
Taking the diameter of the stud hole (d,) as 25 mm. we have pitch circle diameter of the studs,
DP=D1 +2r+3d1 =350+2=10+3 = 25=445 mm

_(Assuming ¢ = 10 mm)
- #Circumferential pitch of the studs
XD, mx445

n 12
We know that for a leak-proof joint. the circumferential pitch of the studs should be between

20 \/aTl to 30 4/d; . where d, 1s the diameter of stud hole in mm.
- Minimum circumferential pitch of the studs
=20,/d; =20+/25 =100 mm
and maximmum circumferential pitch of the studs
=30,Jd; =30425 =150 mm

Smee the circumferential pitch of the studs obtained above lies within 100 mm to 150 mm,
therefore the size of the bolt chosen 1s satisfactory.

Size of the bolt =M 24 Ans.

=116.5 mun
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Problem:

A mild steel cover plate is to be designed for an inspection hole in the shell of a pressure
vessel. The hole is 120 mm in diameter and the pressure inside the vessel is 6 N/mm?. Design
the cover plate along with the bolts. Assume allowable tensile stress for mild steel as 60 MPa
and for bolt material as 40 MPa.

Solution. Given : D =120 mm or r = 60 mm : p = 6 N/mm? ; o, = 60 MPa = 60 N/mm? ;
G,, =40 MPa = 40 N/'mm’

First for all. let us find the thickness of the pressure vessel. According to Lame's equation,
thickness of the pressure vessel.

+ 60+ 6
p=7r u—l = 60 —1|=6 mm
60 — 6

Cr—p -
Let us adopt r =10 mm
Design of bolts
Let d = Nomuinal diameter of the bolts.

d_ = Core diameter of the bolts. and
n = Number of bolts.
We know that the total upward force acting on the cover plate (or on the bolts),

P =§ (DY p =§ (120)%6 = 67 867 N (i)
Let the nominal diameter of the bolt 1s 24 mm. From Table 11.1 (coarse series), we find that the

corresponding core diameter (d_) of the bolt 15 20.32 mm.

.. Resisting force offered by n number of bolts,

n 9 It
P=7 (d.)’ 64 xn= " (2032)" 40xn=67867 N=12973n N .. (i}

From equations (i) and (i7), we get
n =0678067/12973=523 say 6
Taking the diameter of the bolt hole (d,) as 25 mm. we have pitch circle diameter of bolts,
D,=D+2t+ 3d,=120+2x10+3 x 25=215mm
-~ Circumferential pitch of the bolts
= ! XHDP _Ix 215 =112.6 mm

We know that for a leak proof joint, the circumferential pitch of the bolts should lie between

20,/d; to 30,/d; .where d, 1s the diameter of the bolt hole in mm.
= Minimum circumferential pitch of the bolts

= 20,/d; = 20+/25 =100 mm
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and maximum circumferential pitch of the bolts

= 30,fd, =30+/25 =150 mm

Smce the circumferential pitch of the bolts obtained above 1s within 100 mm and 150 mm.
therefore size of the bolt chosen 1s satisfactory.

Size of the bolt = M 24 Ans.

Design of cover plate
Let t, = Thickness of the cover plate.
The semi-cover plate 1s shown n Fig. 11.27.
We know that the bending moment at 4-4.
M =0.053P =D,
= (0.053 = 67 860 = 215
= 773 265 N-mm
Outside diameter of the cover plate.
D,=D,+ 3d, =215+ 3 x 25 =290 mm
Width of the plate,
w =D —2d =290-2x25=240 mm

- Section modulus,

1 1 7
z=- w(t)? = £ %240 (1)" = 40 (t)* mm’

We know that bending (tensile) stress.
G, =MZ or 60=773265/40 (t,)>
(1) =773265/40x60=322 or t; =18 mm Ans.

References: ,Q
1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi
3. Design Data hand Book - SMD Jalaludin.
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Contents: Design of bolted joints under eccentric loading-1
Eccentric L oad Acting Parallel to the Axis of Bolts

Consider a bracket having arectangular base bolted to a wall by means of four bolts as shown
inFig.1. A little consideration will show that each bolt is subjected to a direct tensile load of

W, =—.whercn 1s the number of bolts.
Ill

) SO
ﬁ)ﬁ_—ﬁﬁ /\//l,lxl 27777 //ﬁ/l_

L,

N

Sis N

o] \ T—*—

Fig.1. Eccentric load acting parallel to the@of bolts.
Further the load W tends to rotate the b}:\c ugt)‘%( A-A. Due to this, each bolt is

stretched by an amount that depend ponitsd thetilting edge. Since the stressis

a function of eongation, therefore oIt perlence a different load which also
depends upon the distance from the tiltin or-convenience, all the bolts are made of
same size. In casetheflangeis heavy, e‘sonsidered as arigid body.

Let wbetheloadinabolt peru ance due to the turning effect of the bracket and let
W; and W, be the loads on each of the bolts at distances L; and L, from the tilting
edge.

Load on each bolt at distance L,

Wi =w.L;

And moment of thisload about the tilting edge
=w.Ly x Ly =w (Ly)?
Similarly, load on each bolt at distance Lo,
W, =w.L,
And moment of thisload about the tilting edge
=w.Ly x Ly =w (Lo)?
So, Total moment of the load on the bolts about the tilting edge
= 2w (L)* 2w (Lo)? ...(1)
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... (Since, there are two bolts each at distance of L; and L,)
Also the moment due to load W about the tilting edge
=W.L ... (ii)
From equations (i) and (ii), we have
W_L
T 2[I) + (L))
It may be noted that the most heavily loaded bolts are those which are situated at the greatest

(i)

WL = 2w (L)*+2w(L,)’ or w

distance from the tilting edge. In the case discussed above, the bolts at distance L2 are heavily

loaded.

So, Tensile load on each bolt at distance L,

wLL,

[(L1)° + (L))°]

And the total tensile load on the most heavily loaded bolt,
We =W + Wz ... (V)

If dc is the core diameter of the bolt and ot is the tensile Strev; the bolt material, then tota

tensile | oad, \ \ Koo
% .

It
W, = 1 (d) o, (V)

vy -
From equations (iv) and (v), the value of\(fn%%bbtai ned.
Problem: Q " ’

A bracket, as shown in Fig.1, suppofis a Ioéd of 30 kN. Determine the size of bolts, if the

... [From equation (7ii)]

FV:E = W_,=H'.L_,= 2

maximum allowable tensile stress in the bolt materia is 60 MPa. The distances are: L1 = 80

mm, L, =250 mm, and L =500 mm.

Solution. Given : W = 30 kN : G, = 60 MPa = 60 N/mum? ; Ll = 80 mm ; LJ = 250 mm ;
L =500 mm

We know that the direct tensile load carried by each bolt,

w30 i
= —="—=75kN
il 1
and load in a bolt per unit distance,
WL 30 500

=0.109 kN/mum

T 2M) + @)1 21(80) + (250)7]
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Smnce the heavily loaded bolt 1s at a distance of L, mm from the tiling edge. therefore load on
the heavily loaded baolt,
W, =wL,=0.109 = 250 =17.25 kN
*. Maximmum tensile load on the heavily loaded bolt.
W, =W, + W, =T5+2725=34T751N =34 750N
Let d. = Core diameter of the bolts.

We know that the maximum tensile load on the bolt (7).

34 750 = %(dcjj G, = % ({f{,}l 60 =47 (d. }2
(dﬁ}z =34 750/47 =740

27.2 mm

or d,
From DDB (coarse series), we find that the standard core diameter of the bolt is 28.706 mm
and the corresponding size of the boltisM 33. Ans.
References:
1. Machine Design - V.Bandari .
2. Machine Design — R.S. Khurmi Q}
3. Design Data hand Book - SMD Jalal flin.
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Eccentric L oad Acting Perpendicular to the Axis of Bolts

A wall bracket carrying an eccentric load perpendicular to the axis of the boltsis shown in
Fig.2.

L

| - | .— W

| [ AR
A A A

Fig. 2. Eccentric load perpendicular to the axis of bolts.
In this case, the bolts are subjected to direct shearing load which is equally shared by all the
bolts. Therefore direct shear load on each bolts,
Ws = WIn, where n is number of Bolts.

A little consideration will show th the r| WI|| try to tilt the bracket in the
clockwise direction about the edge A- eamer the bolts will be subjected to
tensile stress due to the turning moment. Th mum tensile load on a heavily loaded bolt

(W) may be obtained in the similar ma@ dlscussed in the previous article. In this case,
bolts 3 and 4 are heavily |oaded.
Maximum tensile load on bolt 3 or 4,
Wy = W, = —— 2
- 2[(L) + (L)
When the bolts are subjected to shear as well as tensile loads, then the equivaent loads may

be determined by the following relations:

Equivalent tensile load,

w, =~ | W, + ) + a7, |

And equivalent shear load,

e

17 [ 2
W, =~ [J{er + HW,)" }
Knowing the value of equivalent loads, the size of the bolt may be determined for the given
allowable stresses.
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Problem:
For supporting the travelling crane in a workshop, the brackets are fixed on steel columns as

shown in Fig. The maximum load that comes on the le—400 mm
bracket is 12 kN acting vertically at a distance of 400 mm :]kh
from the face of the column. The vertical face of the T—-— ¢
bracket is secured to a column by four bolts, in two rows 3750 ‘
(two in each row) at a distance of 50 mm from the lower _L
edge of the bracket. Determine the size of the bolts if the T1L
permissible value of the tensile stress for the bolt material 50 mm
is 84 MPa. Also find the cross-section of the arm of the
bracket which isrectangular.
Solution. Given: W=12kN=12x 10° N: L =400 mm ;
Li=50mm:L,=375mm:c,=84MPa=84N mm?: n=4
We know that direct shear load on each bolt.
w12
W= " = 1 =3 kN
Since the load W will try to tilt theNgracket in/fh’ WSG direction about the lower edge,
therefore the bolts will be subjected to‘tghsile Ue to turning moment. The maximum
loaded bolts are 3 and 4 (See Fig.1), bec lie'at the greatest distance from the tilting
edge A-A (i.e. lower edge). O
We know that maximum tensile Ioa@ied B’y bolts 3 and 4,
W.ILL, 12 x 400 x 375
W - 6.29 kN’

fT 2T (L)' 2050 1 (375
Since the bolts are subjected to shear load as well as tensile |oad, therefore equivaent tensile
load,

7, 0y a7 | =2 [629+ (6297 + 4x ¥ i

=
Il
b | =

(6.29 - 8.69) =740 kN =7400 N

o | =
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Size of the bolt
Let d. = Core diameter of the bolt.

We know that the equivalent tensile load (W, ).
T L
7490 = - ()" 6, = (d:)" 84 = 66 (d.)°
. (d)* =7490/66=113.5 or d_=10.65 mm
From Table 11.1 (coarse series). the standard core diameter is 11.546 nun and the corresponding
size of the bolt 1s M 14. Ans.

Cross-section of the arm of the bracket
Let t and b = Thickness and depth of arm of the bracket respectively.

. Section modulus.
1
= — r_bj
6

Assume that the arm of the bracket extends upto the face of the steel column. This assumption
gives stronger section for the arm of the bracket.

- Maximum bending moment on the bracket.

M =12 = 10% = 400 = 4.8 x 105 N-mm

We know that the bending (tensile) stress (o),

o M _ 48x10°x6  288x10°
z t.b’ t.b’

th? =28.8 x 105/84 =343 x 10° or t=343 < 10°/ B2

Assuming depth of arm of the bracket, b= 250 mm, we have
=343 =< 10°/(2 8? = 5.5 mm Ans.
- N

References: ’Q
1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi
3. Design Data hand Book - SMD Jalaludin.
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Eccentric L oad on a Bracket with Circular Base

Sometimes the base of a bracket is made circular as in case of a flanged bearing of a heavy
machine tool and pillar crane etc. Consider a round flange bearing of a machine tool having

four boltsas shownin Fig. 1.

W
le—— [ ————] !
rJ //z. 1"
s
R "f;érz T sy
_*,,f _ -
, L.
r f// IIIITIIEI LI T IA T I IY, .
A

(a)
Fig.1. Eccentric load on a bracket with circular base.
Let R=Radiusof the column flange,
r = Radius of the bolt pitch ci rcI% %
w = Load per bolt per unit distance from ghe ﬂ@
L = Distance of the load from the tilti %
L1, Ly, Ls, and L4 = Distance of bolt ¢ om thetilting edge A.
As discussed in the previous article, equaiﬁg’ ternal moment W x L to the sum of the
resisting moments of al the bolts, w '
WL = w{L P+ {LF + L+ (L]
'IF_E A7}

W= I.J...-I-I_'. & .f.-] _I}-_]-:..' ___I:II':_:

Now from the geometry of the Fig. 1(b), we find that
Li=R-rcosoal,=R+rsina
Ls=R+rcosaand Ly=R-rsina
Substituting these values in equation (i), we get
W.L
W= ap? 247
Load in the bolt situated at 1 = w.L; =

WLL ~  W.L(R-rcosd)
AR +2+2 4R 42
This load will be maximum when cos o is minimum i.€. when cos oo = —1 or a = 180°.
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Maximum load in abolt
WL(R+71)
- 4 RE + 2 r]
In generdl, if there are n number of bolts, then load in abolt
2W L (R — r cos o)
n (2}2l - rl}

And maximum load in a bolt,
2WL(R+T1)
C n QR +Y
The above relation is used when the direction of the load W changes with relation to the bolts

as in the case of pillar crane. But if the direction of load is fixed, then the maximum load on
the bolts may be reduced by locating the bolts in such a way that two of them are equally
stressed as shown in Fig.2. In such a case, maximum load is given by

(180

QWL L n |
n 2R™ + . ,T_

2 Dowel
' pin

R + rcos

W =

T

Knowing the value of maximum load, /I L '\

we can determine the size of the bolt. /R
Note: Generaly, two dowel pins as”y - L AN f J;‘
shown in Fig. 2, are used to take up the ! }( '
shear load. Thus the bolts are re||

of shear stress and the bolts
designed for tensile load only. Fig.2.

Problem:

A flanged bearing, as shown in Fig.1, is fastened to a frame by means of four bolts spaced
equally on 500 mm bolt circle. The diameter of bearing flange is 650 mm and a load of 400
kN acts at a distance of 250 mm from the frame. Determine the size of the bolts, taking safe

tensile stress as 60 M Pafor the material of the bolts.
Solution. Given :n =4 : d=500 mm or ¥ = 250 mum : D = 650 mum or R = 325 mm ;
W=400 kN=400 x 10®° N: L =250 mum : o= 60 MPa = 60 N/mm?
Let d .= Core diameter of the bolts.
We know that when the bolts are equally spaced, the maximum load on the bolt,
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awe | R rcm[ li{) '
W, = :
il 2R+
(180
. o1 15 - |
1% 100 10° x 250 | 22> + 230 cos |
- | —01 643N

1 2(325) (134:-}?

Wz also know that maximom lead on the bolt (W).

Tt n - ¢
91643 — — a.)” & ) (d.)? 60 —47.13 (d,)

(d)* =91643/47.13=1945 or d_ =44 mm
From DDB, we find that the standard core diameter of the bolt is 45.795 mm and
corresponding size of the bolt isM 52. Ans.
References:

1. Machine Design - V.Bandari .
2. Machine Design — R.S. Khurmi
3. Design Data hand Book - SMD Jalaludin.
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Eccentric L oad Acting in the Plane Containing the Bolts

When the eccentric load acts in the plane containing the bolts, as shown in Fig.1, then the

same procedure may be followed as discussed for eccentric loaded riveted joints.

|
|
%
4 Goo3l
F 1 4|
I ¥
' W

Fig. 1. Eccentric load in the plane containing the bolts.

Problem:
Fig.2 shows a solid forged bracket to carry a vertical load of 13.5 kN applied through the

o the flat séﬂ vertical stanchion through
four bolts. Calculate suitable diameter D and d f

t% the bracket, if the permissible
stresses are 110 MPa in tenstion and“65 MPa.in |mate also the tensile load on each

top bolt and the maximum shearing force®tn eac%lt s
Solution. Given : =135 kN =13 500 N g,.= 110 MPa = 110 N/mm? ; 7= 65 MPa
= 65 N/mm?

=

centre of hole. The square flange is

i 25
| Ky |
300 D= L=300 |
1 ..,.- "‘_\"'. - ‘\I
UEE - R
All dimensions in mm. All dimensions in mm.
Fig.2 Fig.3
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Diameter D for the arm of the braciet
The section of the arm having D as the diameter is subjected to bending moment as well as
twisting moment. We know that bending moment,
M = 13 500 x (300 — 25) = 3712.5 % 10° N-mm

and twisting moment, T = 13 500 x 250 = 3375 » 10° N-mm

-~ Equivalent twisting moment,

T, = JM? +T? = /(37125 x10°) + (3375 x10°)2 Nemm

= 5017 = 10° N-mm

We know that equivalent twisting moment (7).
n I
5017 % 103 = E>~:T>~<.D3 =Ex65xD3 =12.76 D?

DF =5017 = 10° /12,76 = 393 = 10°
or D =73.24 say 75 mm Ans.
Diameter (d) for the arm of the braclet

The section of the arm having d as the diameter is subjected to bending moment only. We know
that bending moment,

75
M = 13500 (250 - ?J =2868.8 x 10° N-mm

. n 3
and section modulus, Z = E Xd’ =0.09824d3

We know that bending (tensile) stress ().
M 2868.8x10° 202x10°

H0="7z""00824& &
d*=292x10%/110=2655 =« 10° or d = 64.3 say 65 mm Ans,
A Y °

Tensile load on each top bolt
Due to the eccentric load . the bracket has a tendency to tilt about the edge E-E. as shown in
Fig. 11.46.
Let w = Load on each bolt per mm distance from the tilting edge due to the
tilting effect of the bracket.
Since there are two bolts each at distance L; and L, as shown in Fig. 11.46. therefore total
moment of the load on the bolts about the tilting edge E-E
=2(wL) L, +2(w.L,) L, =2w[(L)*+(L,)*]
= 2w [(37.5)% + (237.5)}] = 115 625 w N-mm el 7)
(- L;=37.5 mm and L, = 237.5 mm)
and turning moment of the load about the tilting edge
= W.L=13 500 x 300 = 4050 % 10° N-mm (1)
From equations (7) and (if). we have
w = 4050 % 10*/ 115 625 = 35.03 N/mm
*. Tensile load on each top bolt
=wL,=35.03 =x237.5=8320N Ans.
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Maximum shearing force on each bolt
We know that primary shear load on each bolt acting vertically downwards.

W 13500 .
= =3375N (= No. of bolts_n = 4)

17, 4
Since all the bolts are at equal distances from the centre of gravity of the four bolts (G),
therefore the secondary shear load on each bolt 1s same.

Distance of each bolt from the centre of gravity (G) of the bolts.

I =L=L=1~= \/(1{!{!)2 +(100)* =141.4 mm

B é

!
|

-
=

W
.. Secondary shear load on each bolt.
W e 250 % 141.
—— _ i £ : i :li 300 x 5J>‘;l4l4 — 5067 N
2 ) A3 +BY @) 4(141 4y

Since the secondary shear load acts at right angles to the line joining the centre of gravity of
the bolt group to the centre of the bolt as shown in Fig. 4, therefore the resultant of the
primary and secondary shear load on each bolt gives the maximum shearing force on each
bolt. From the geometry of the Fig. 4, we find that

01 =04 =135° and 62 =03 =45°

Maximum shearing force on the bolts 1 and 4

= \/(Wﬂ}z + (W’ﬂ}2 + 2 W x W, X cos 135°

= \[(33?5)3 + (5967)% — 2 x 3375 x 5967 x 0.7071 =4303 N Auns.

And maximum shearing force on the bolts 2 and 3

Fatima Michael College of Engineering & Technology




Fatima Michael College of Engineering & Technology

Design of Machine Members-| Unit-4
Lecture Notes — 46

= \/(Wsﬂz + (W3) + 2 Wy X Wy X cos 45°

= - = 8687 N Ans.
J(3375)2 + (5967)% + 2 x 3375 x 5967 x 0.7071 e

References.

1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi

3. Design Data hand Book - SMD Jalaludin.
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Introduction

A key is a piece of mild steel inserted between the shaft and hub or boss of the pulley to
connect these together in order to prevent relative motion between them. It is always inserted
parallel to the axis of the shaft. Keys are used as temporary fastenings and are subjected to
considerable crushing and shearing stresses. A keyway is a slot or recess in a shaft and hub of

the pulley to accommodate a key.

Types of Keys
The following types of keys are important from the subject point of view :

1. Sunk keys, 2. Saddle keys, 3. Tangent keys, 4. Round keys, and 5. Splines.

Sunk Keys
The sunk keys are provided half in the keyway of the shaft and half in the keyway of the hub

or boss of the pulley. The sunk keys are of the following types :
1. Rectangular sunk key. A rectangular sunk key is shown @g The usual proportions of
this key are :

Width of key, w=d /4 ; and thickngss of key, %
where d = Diameter of the shaft or Mf th in t~he hub.

The key has taper 1 in 100 on the top side on
./

Fig. Sunk Key
2. Square sunk key. The only difference between a rectangular sunk key and a square sunk
key is that its width and thickness are equal, i.e. w=t=d /4
3. Parallel sunk key. The parallel sunk keys may be of rectangular or square section uniform
in width and thickness throughout. It may be noted that a parallel key is a taper less and is
used where the pulley, gear or other mating piece is required to slide along the shaft.
4. Gib-head key. It is a rectangular sunk key with a head at one end known as gib head.
It is usually provided to facilitate the removal of key. A gib head key is shown in Fig.

(a) and its use in shown in Fig. (b).
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Gib head key
i
7
( 70

Taper 1:100
1.75¢ : “ [*— LA
e =7

—f o fas N\
<

=

Fig. Gib head key and its use.
The usual proportions of the gib head key are:
Width, w = d /4 ; and thickness at large end, t=2w /3=d/6
5. Feather key. A key attached to one member of a pair and which permits relative axial
movement is known as feather key. It is a special type of parallel key which transmits a

turning moment and also permits axial movement. It is fastened either to the shaft or hub, the

key being a sliding fit in the key way of the moving piece.
y being g y way of ﬁr\ gp OQ’

R Feather keys — \ : i :
) l

/J////x/ﬁ:’// f]ffff/wa

[ .

NN

S

(h}

Fig. Feather Keys

6. Woodruff key. The woodruff key is an easily adjustable key. It is a piece from a
cylindrical disc having segmental cross-section in front view as shown in Fig. A woodruff
key is capable of tilting in a recess milled out in the shaft by a cutter having the same
curvature as the disc from which the key is made. This key is largely used in machine tool

and automobile construction.
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Fig. Woodruff Key
The main advantages of a woodruff key are as follows:
1. It accommodates itself to any taper in the hub or boss of the mating piece.
2. It is useful on tapering shaft ends. Its extra depth in the shaft prevents any tendency to turn
over in its keyway.
The disadvantages are:
1. The depth of the keyway weakens the shaft.
2. It can not be used as a feather.
Saddle keys
The saddle keys are of the following two typ
1. Flat saddle key, and 2. Hollow saddle key.

®®

gas;%the hub and is flat on the shaft as

A flat saddle key is a taper key Whv k
shown in Fig. It is likely to slip round the ft"under load. Therefore it is used for

comparatively light loads. KQ} -

Hollow saddle key

Flat saddle key

(=wi3i=di12

Fig. Flat saddle key and Tangent keys
A hollow saddle key is a taper key which fits in a keyway in the hub and the bottom of the
key is shaped to fit the curved surface of the shaft. Since hollow saddle keys hold on by
friction, therefore these are suitable for light loads. It is usually used as a temporary fastening

in fixing and setting eccentrics, cams etc.
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Tangent Keys

The tangent keys are fitted in pair at right angles as shown in Fig. Each key is to withstand
torsion in one direction only. These are used in large heavy duty shafts.

Round Keys

The round keys, as shown in Fig. (a) are circular in section and fit into holes drilled partly in
the shaft and partly in the hub. They have the advantage that their keyways may be drilled
and reamed after the mating parts have been assembled. Round keys are usually considered to

be most appropriate for low power drives.

fRnund key- . Tapered pin L

O _!/ dV =N
[ g ' NN

) | f ! N Yool l -.',
e e e e S e e e

/ e N B

é \ | r‘|‘| / ] . {

,I -..TL|_. l i
(a) | (b)

Splines Q)
Sometimes, keys are made integral Wit}&he sh i % in
the keyways broached in the hub. W, ar as
splined shafts as shown in Fig. Thesc\ghafts ally have four,

six, ten or sixteen splines. The splined s@e rélatively
N\

stronger than shafts having a single ke

A, by /i
Ve ) L EANL LS .
‘Q( D=125dand h=025D

Stresses in Keys:

Forces acting on a Sunk Key

When a key is used in transmitting torque from a shaft to a rotor or hub, the following two
types of forces act on the key:

1. Forces (F1) due to fit of the key in its keyway, as in a tight fitting straight key or in a
tapered key driven in place. These forces produce compressive stresses in the key which are
difficult to determine in magnitude.

2. Forces (F) due to the torque transmitted by the shaft. These forces produce shearing and
compressive (or crushing) stresses in the key.

The forces acting on a key for a clockwise torque being transmitted from a shaft to a hub are

shown in Fig.
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In designing a key, forces due to fit of the key are neglected and it is assumed that the

distribution of forces along the length of key is uniform.

S i
____________ T ‘ '1—:}]_!_ | \

Strength of a Sunk Key

A key connecting the shaft and hub is shown in Fig.
Let T =Torque transmitted by the shaft,
F = Tangential force acting at the circumference of the shaft,

d = Diameter of shaft,

1 = Length of key, Q}

w = Width of key. ) ’(g‘,
T and oc = Shear and cmshinwog&eﬁai of key.

t = Thickness of key, and

A little consideration will show that due to er transmitted by the shaft, the key may
fail due to shearing or crushing. Consid&heqriﬁg of the key, the tangential shearing force
acting at the circumference of the shafty '

F = Area resisting shearing x Shear:t@ess( =lxwxrt

Therefore, Torque transmitted by the shaft,

T:inzfxu'xrxi (@)
2 2

Considering crushing of the key, the tangential crushing force acting at the circumference of
the shaft,

F = Area resisting crushing x Crushing stress
T
=Ilx—x%o,
2

Therefore, Torque transmitted by the shaft,

T:ﬁ'X%:fX%XG(xg -.-(ii)

The key is equally strong in shearing and crushing, if
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d t
Ixwxer— =l XKoo, Xx—=
. _ =

w o g
t 2t
The permissible crushing stress for the usual key material is at least twice the permissible
shearing stress. Therefore from the above equation, we have w = t. In other words, a square
key is equally strong in shearing and crushing.

In order to find the length of the key to transmit full power of the shaft, the shearing
strength of the key is equal to the torsional shear strength of the shaft. We know that the
shearing strength of key,

d
T = E><u=><*r><?

And torsional shear strength of the shaft,

T = % KTy R d3 Q/
~ <
From the above >‘ g(’(y

L S

. d n 3
IXWXTX— = —X T Xd

T Td md T T
gty e spiboe STg ek
8 wx1 2 T T

N/
When the key material is same as th@the shaft, then t=1,. So, 1=1.571 d.
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Cottered Joints:

A cotter is a flat wedge shaped piece of rectangular cross-section and its width is tapered
(either on one side or both sides) from one end to another for an easy adjustment. The taper
varies from 1 in 48 to 1 in 24 and it may be increased up to 1 in 8, if a locking device is
provided. The locking device may be a taper pin or a set screw used on the lower end of the
cotter. The cotter is usually made of mild steel or wrought iron. A cotter joint is a temporary
fastening and is used to connect rigidly two co-axial rods or bars which are subjected to axial
tensile or compressive forces. It is usually used in connecting a piston rod to the crosshead of
a reciprocating steam engine, a piston rod and its extension as a tail or pump rod, strap end of
connecting rod etc.

Types of Cotter Joints

Following are the three commonly used cotter joints to connect two rods by a cotter:
1. Socket and spigot cotter joint, 2. Sleeve and cotter joint, and 3. Gib and cotter joint.

Socket and Spigot Cotter Joint

In a socket and spigot cotter joint, one end of the rods (say A)«s provided with a socket type
of end as shown in Fig., and the other éid of the other ro@y B) is inserted into a socket.
The end of the rod which goes into a socket is Also Calle@yspigot. A rectangular hole is made
in the socket and spigot. 4 cotter is}&v{ﬁe bﬁry throﬁgh a hole in order to make the
temporary connection between the two rods. ‘%adis ‘usually acting axially, but it changes
its direction and hence the cotter joi t.be ‘designed to carry both the tensile and

compressive loads. The compressiw;{bs, taken up by the collar on the spigot.

Clearance Cotter
3 i
(20 3 mm) ﬁé Socket collar
..I' } o T
7

Socket

Spigot _"1 ’}"_

Fig. Socket and spigot cotter joint

Design of Socket and Spigot Cotter Joint

The socket and spigot cotter joint is shown in Fig.

Let P = Load carried by the rods,
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d = Diameter of the rods,

d; = Outside diameter of socket,

d, = Diameter of spigot or inside diameter of socket,

ds; = Outside diameter of spigot collar,

t;= Thickness of spigot collar,

d4 = Diameter of socket collar,

¢ = Thickness of socket collar,

b = Mean width of cotter,

t = Thickness of cotter,

1 = Length of cotter,

a = Distance from the end of the slot to the end of rod,

o; = Permissible tensile stress for the rods material,

T = Permissible shear stress for the cotter material, and

o. = Permissible crushing stress for the cotter material.
The dimensions for a socket and spigot cotter joint may btained by considering the

various modes of failure as discussed befow: Q,
1. Failure of the rods in tension géy
N\ /7 N\C .

T <
P =Z>=:n’l><|:ip

.
From this equation, diameter of the rods :c’@/ bedetermined.

"
2. Failure of spigot in tension acro’s{s& eakest section (or slot)

From this equation, the diameter of spigot or inside diameter of socket (d;) may be
determined. In actual practice, the thickness of cotter is usually taken as d, / 4.
3. Failure of the rod or cotter in crushing

P =d,xtxo,
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From this equation, the induced crushing stress may be checked.

4. Failure of the socket in tension across the slot

a1 2 X
P = {Z1@) - @)1~ @ —dyt}o,
From this equation, outside diameter of socket (d;) may be determined.

5. Failure of cotter in shear

F -2

AR
From this equation, width of cotter (b) is@ i\ned.
|

6. Failure of the socket collar in ¢

—+-d, d,

o /

—f i

P =(d,—d,)txo,

From this equation, the diameter of socket collar (d4) may be obtained.
7. Failure of socket end in shearing

From this equation, the thickness of socket collar (c) may be obtained.
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8. Failure of rod end in shear

P=2axdyxt
From this equation, the distance from the end of the slot to the end of the rod (a) may be
obtained.

9. Failure of spigot collar in crushing

T .
= < [@) @) ]o.
4
From this equation, the diameter of the spigot collar (d;) may be obtained.

10. Failure of the spigot collar in shea@g\ Q}
« b4

“ri d 3

|

—f =

F=md,xt;x1

——
NN

A

From this equation, the thickness of spigot collar (t;) may be obtained.
11. Failure of cotter in bending

The maximum bending moment occurs at the centre of the cotter and is given by
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=
—.'_')r.;, ]_ [ P /_ a
-—<—*—"_ ) i
P L T—=v_2
PP A AN L fdimdy)
Py 2 )
'} - : P
- —/—
| -
21 dy—dy dy) P_d
w s e A e e Vs, — ol x ks ]
M miax 2 l 3 2 2 J 2 4
_P' _d'| dl_di_ d_!__d‘| ﬂrjw
=5l T aE B )
We know that section modulus of the cotter,
Z=txb6
Bending stress induced in the cotter,
P[ d-i T ﬂrl + ﬂrj )
G, = Mmﬂ % | P{ﬂ’4 +054d;)
tX E: '6 2 £X b
This bending stress induced in the co\tf‘s(}hﬁld% than the allowable bending stress of
the cotter.
12. The length of cotter (1) in taken as 4 &g N
13. The taper in cotter should not e in-24. In case the greater taper is required, then a

locking device must be provided.

14. The draw of cotter is generally taken as 2 to 3 mm.

Notes: 1. when all the parts of the joint are made of steel, the following proportions in terms
of diameter of the rod (d) are generally adopted:
d=175d,d,=121d,d3=15d,d4=24d,a=¢c=0.75d,b=1.3d,1=4d,t=0.31d
401 =045d,e=1.24d.

Taper of cotter = 1 in 25, and draw of cotter = 2 to 3 mm.

2. If the rod and cotter are made of steel or wrought iron, then T = 0.8 o; and o, = 2 o, may be
taken.
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Problem:
Design and draw a cotter joint to support a load varying from 30 kN in compression to 30 kN
in tension. The material used is carbon steel for which the following allowable stresses may
be used. The load is applied statically. Tensile stress = compressive stress = 50 MPa ; shear
stress = 35 MPa and crushing stress = 90 MPa.

Solution. Given : P=30kN=30x 10°N;5,=50 MPa=50 N/ mm*; 1=35MPa=35N / mm’ ;
5, =90 MPa =90 N/mm’

1. Diameter of the rods
Let d = Diameter of the rods.
Considering the failure of the rod in tension. We know that load (P),

30x 103 =E>-(n’2><crr :%xd2x50=39.3d3

. d? =30x10°/393=763 or d=276say28mm Ans.
2. Diameter of spigot and thickness of cotter
Let d, = Diameter of spigot or inside diameter of socket, and
t = Thickness of cotter. It may be taken as d,/ 4.
Considering the failure of spigot in tension across the weakest section. We know that load (P),

T 3 T - d
30x10° = [E (dy)” —dy X zi| g = |:Z (d,) —d, XT] 50 =26.8 (d,)?
(d,)? =30%10°/268=1119.4 or d,=334say34mm

and thickness of cotter, r = % = ? =8 5mm

Let us now check the induced crushing stress. We know that load (P),
30x10° =d,xtx0,=34x8.5%0_=2890,
G, = 30x10°/289=103.8 N/mm’

Since this value of 6 is more than the given value of 5, =90 N/mm’, therefore the dimensionsd,
=34 mm and /= 8.5 mm are not safe. Now let us find the values of d, and 7 by substituting the value of
o,=90 N/mm? in the above expression, i.e.

d )
30x 103 = d, X T? X 90 =22.5 (d,)?
(d))? =30x10°/225=1333 or d,=365say40mm Ans.

and t=d,/4=40/4=10mm Ans.
3. Outside diameter of socker
Let d, = Outside diameter of socket.

Considering the failure of the socket 1n tension across the slot. We know that load (P),

30%10° — E (@) - (@)} - (@ - dy) z} o

n 5
= [1 {@)? - @0} - (d, - 40) 10} 50
30 % 10°/50 = 0.7854 (d,)* —1256.6—10d, + 400
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or (d)’-12.7d,—18546 =0

127027 +4x18546 1272871

2 2
499 say 50 mm Ans. ..(Taking +ve sign)

dy

4. Widrh of corter
Let b = Width of cotter.
Considering the failure of the cotter in shear. Since the cotfer 1s in double shear, therefore load (F),

30x10° =2bxtxT=2bx10%x35=700h
b = 30x10°/700 = 43 mm Ans.
5. Diameter of socker collar
Let d, = Diameter of socket collar.
Considering the failure of the socket collar and cotter in crushing. We know that load (P),
30%10° = (dy—d,) tx o= (d,—40)10 x 90 = (d,—40) 900
o dy—40 = 30x 10°/900 = 333 or dy=333+40 = 733 say 75mm Ans.
6. Thickness of secket coflar
Let ¢ = Thickness of socket collar.

Considening the failure of the socket end mn shearing. Since the socket end 1s m double shear,
therefore load (P),

30x10% = 2(d,—~d,) e xt=2(75-40) c x 35=2450¢
¢ = 30x10%/2450=12mm Ans.
7. Distance from the end of the slot to the end of the rod
Let a = Distance from the end of slot to the end of the rod.
Considening the failure of the rod end mn shear. Since the rod end 1s in double shear, therefore

load (P),
30%10° = 2axd,xt=2ax40%35=2800a
- a = 30x10°/2800=10.7 say 11 mm Ans.
8. Diameter of spigof collar
Let d; = Drameter of spigot collar.
Considening the failure of spigot collar in crushing. We know that load (P),

30%10° = %[(dg)l - (dz)z] G, = %[(ds}z — (40)° ] 90
30x10° x 4
: d)V—(40P = ———— = " —424
ol (dy)"~(40) 90 xm
(n‘3}2 = 424+ (402 =2024 or d; = 45mm Ans.
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9. Thickness of spigot collar
Let t, = Thickness of spigot collar.
Considering the failure of spigot collar in shearing. We know that load (P),
30%10° =md, xt; xT=mx40 x 1, x35=44001,
t, =30x10%/4400=6.8 say 8 mm Ans.

10. The length of cotter (/) 1stakenas4d.
[ =4d=4%28=112mm Ans.
11. The dimension e 1s takenas 1.2d.
e = 1.2x28=33.6say34mm Ans.
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Sleeve and Cotter Joint

Sometimes, a sleeve and cotter joint as shown in Fig., is used to connect two round rods or
bars. In this type of joint, a sleeve or muff is used over the two rods and then two cotters (one
on each rod end) are inserted in the holes provided for them in the sleeve and rods. The taper
of cotter is usually 1 in 24. It may be noted that the taper sides of the two cotters should face
each other as shown in Fig. The clearance is so adjusted that when the cotters are driven in,

the two rods come closer to each other thus making the joint tight.

The various proportions for the sleeve algl cotter Jomt in te the diameter of rod (d ) are
as follows :
Outside diameter of sleeve,
d;=25d
Diameter of enlarged end of rod, &Qf
d, = Inside diameter of sleeve = @
Length of sleeve, L=8d .
Thickness of cotter, t=d2/4or0.31d
Width of cotter, b=125d
Length of cotter, 1=4d
Distance of the rod end (a) from the beginning to the cotter hole (inside the sleeve end) =

Distance of the rod end (c) from its end to the cotter hole =1.25d

Design of Sleeve and Cotter Joint

The sleeve and cotter joint is shown in Fig.
Let P = Load carried by the rods,

d = Diameter of the rods,

d; = Outside diameter of sleeve,

d, = Diameter of the enlarged end of rod,
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t = Thickness of cotter,

1 = Length of cotter,

b = Width of cotter,

a = Distance of the rod end from the beginning to the cotter hole (inside the sleeve

end),

¢ = Distance of the rod end from its end to the cotter hole,

ot, T and 6. = Permissible tensile, shear and crushing stresses respectively for the
material of the rods and cotter.
The dimensions for a sleeve and cotter joint may be obtained by considering the various
modes of failure as discussed below:
1. Failure of the rods in tension

The rods may fail in tension due to the tensile load P. We know that
i
P=—xd*x O;
4

From this equation, diameter of the rods (d) may be obtained.

2. Failure of the rod in tension across %e weakest secti slot)
- - y

P={%(dljj _dix“{j:

vy =
From this equation, the diameter of eﬁﬁrg%,% of the rod (d;) may be obtained. The

thickness of cotter is usually taken as d, / 4¥
N\

3. Failure of the rod or cotter in CI{{
P=dyxtxag,

From this equation, the induced crushing stress may be checked.

4. Failure of sleeve in tension across the slot

P = E [(d;) —(dy)*]—(dy — d) t| o,

From this equation, the outside diameter of sleeve (d;) may be obtained.
5. Failure of cotter in shear
P=2bxtxt
From this equation, width of cotter (b) may be determined.
6. Failure of rod end in shear
P=2axdyx1

From this equation, distance (a) may be determined.
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7. Failure of sleeve end in shear
P=2(d~-d,)cx1

From this equation, distance (c) may be determined.
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Problem:

Design a sleeve and cotter joint to resist a tensile load of 60 kN. All parts of the joint are

made of the same material with the following allowable stresses: o; = 60 MPa ; 1= 70 MPa ;

and o, = 125 MPa.

Solution. Given : P=60 kN =60 x 10° N ; o,= 60 MPa =60 N/mm’; T=70 MPa =70 N/mm*
0,=125MPa=125 N/mm’
1. Diameter of the rods

Let d = Diameter of the rods.

Considering the failure of the rods in tension. We know that load (P),

60x 103 = %xdzxm :%)-m'2 ® 60 =4713d?

d? =60%10°/47.13=1273 or d=35.7say36mm Ans.
2. Diameter of enlarged end of rod and thickness of corter
Let d, = Diameter of enlarged end of rod, and
t = Thickness of cotter. It may be taken as d,/ 4.
Considening the failure of the rod in tension across the weakest section (i.e. slot). We know that

load (P),
|_TI 3 -l It 2 dl
60x10° = |2 (dy)" —dy x i (dy)" —dy x 2 60 =32 13 (d,)

(dy)* = 60%10°/32.13=1867 or d,=432say44 mm Ans.
and thickness of cotter,

oM A
—4—4— I ANS.

Let us now check the induced crushing stress in the rod or cotter. We know that load (P),
60x10° =d,xtxc,=44x11 x5,=484 0,
G, = 60 % 10°/484=124N/mm’

Since the induced crushing stress is less than the given value of 125 N/mm?, therefore the
dimensions d, and ¢ are within safe limits.

3. Outside diameter of sleeve
Let d, = Outside diameter of sleeve.

Considering the failure of sleeve in tension across the slot. We know that load (P)

60% 103 = E [(d)* — (d)*]1 - (dy — dy) fJ :

! E (&) — (4] - (d — 44) 11} 60
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60 10°/60 = 0.7854(d,)’—1520.7—11d, +484
or  (d)*—14d,-2593 =0

14 + J(14)> + 4x 2593 14+102.8
1= 2 B 2
584 say 60 mm Ans.

4. Width of cotter
Let b = Width of cotter.
Considering the failure of cotter in shear. Since the cotter 1s in double shear, therefore load (P),
60%10° =2bxrxt=2xbx11x70=1540b
. b = 60 x 10°/1540 = 38.96 say 40 mm Ans.
5. Distance of the rod from the beginning to the corter hrole (inside the sieeve end)
Let a = Required distance.

Considering the failure of the rod end m shear. Smce the rod end 1s i double shear, therefore
load (P),

60 x 10° = 2axd,x1=2a%x44x70=6160a
a = 60 x 103,"616(}:9_?'4511}'1013]111 Ans.
6. Distance of the rod end from its end to the cotfter hrole
Let ¢ = Required distance.

Considering the failure of the sleeve end in shear. Since the sleeve end 1s in double shear,
therefore load (P),

60%10° =2 (dj—dy)) cx1t=2(60-44)cxT0=2240¢c
¢ = 60x%10°/2240=2678 say 28 mm Ans.

1. Machine Design - V.Bandari . Q
2. Machine Design — R.S. Khurmi Q
3. Design Data hand Book - S MD Jalaludin.
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Gib and Cotter Joint

This joint is generally used to connect two rods of square or rectangular section. To
make the joint; one end of the rod is formed into a U-fork, into which, the end of the other
rod fits-in. When a cotter is driven-in, the friction between the cotter and straps of the U-fork,
causes the straps open. This is prevented by the use of a gib.

A gib is also a wedge shaped piece of rectangular cross-section with two rectangular
projections, called lugs. One side of the gib is tapered and the other straight. The tapered side
of the gib bears against the tapered side of the cotter such that the outer edges of the cotter
and gib as a unit are parallel. This facilitates making of slots with parallel edges, unlike the
tapered edges in case of ordinary cotter joint. The gib also provides larger surface for the
cotter to slide on. For making the joint, the gib is placed in position first, and then the cotter is

driven-in.

LXL{)H‘QP

Fig. Gib and cotter Joint

Let F be the maximum tensile or compressive force in the connecting rod, and
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b = width of the strap, which may be taken as equal to the diameter of the rod. d

h = height of the rod end

t; = thickness of the strap at the thinnest part

t; = thickness of the strap at the curved portion

t3 =thickness of the strap across the slot

[; = length of the rod end, beyond the slot

1, = length of the strap, beyond the slot

B = width of the cotter and gib

t = thickness of the cotter

Let the rod, strap, cotter, and gib are made of the same material with 6.’ o' and 7 :as the
permissible stresses. The following are the possible modes of failure, and the corresponding
design equations, which may be considered for the design of the joint:

1. Tension failure of the rod across the section of diameter, d

el
! : 5

7

2. Tension failure of the rod across the s&t Fl\%
(Figh . . <

3

AFed UNQe” —. ==

i

crushing

| " 2|
- " A under
fensaon Fig.1
N
E=(bh- ht)o

If the rod and strap are made of the same material, and for equality of strength, h=2t;
3. Tension failure of the strap, across the thinnest part (Fig.2)

r a_l

| o |
—
i
I :-'l-::.l'l'.llé"'
L Fig.2
F=2bt o,

4. Tension failure of the strap across the slot (Fig.3)
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Areo unckai
crushing

T

P ER B el M

tension  Fig.3
F=2bt 214= 2tb -t o

The thickness, t2 may be taken as (1.15 to 1.5) t], and
Thickness of the cotter, t = b/4.
5. Crushing between the rod and cotter (Fig.1)
F=hto.;and h=2t;
6. Crushing between the strap and gib(Fig.3)
F=2tt;0,

7. Shear failure of the rod end. It is under dou\ble shear (Fig.4)Q/

Fig.4

~
‘Q F = 21,ht

8. Shear failure of the strap end. It is under double shear (Fig.5).

o Fig.5
F=41t;t
9. Shear failure of the cotter and gib. It is under double shear.
F=2Btr
The following proportions for the widths of the cotter and gib may be followed:
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Width of the cotter =0.45 B

Width of the gib=0.55B

The above equations may be solved, keeping in mind about the various relations and
proportions suggested.

Problem:

Design a cotter joint to connect piston rod to the crosshead of a double acting steam engine.
The diameter of the cylinder is 300 mm and the steam pressure is 1 N/mm®. The allowable
stresses for the material of cotter and piston rod are as follows: 6, = 50 MPa ; t = 40 MPa ;

and o, = 84 MPa

Solution. Given : D=300mm ; p=1N/mm’; ¢,=50 MPa= 50 N/mm? ; 1=40 MPa=40N/mm*
o, =84 MPa =84 N/mm’

We know that maximum load on the piston rod,

T[ . T
P=—xD'xp= Z-(30:))2 1=70 695N

The various dimensions for the cotter jomt are obtained by considering the different modes of
failure as discussed below :
1. Diameter of piston rod af cofter

Let d, = Diameter of piston rod at cotter, and

t = Thickness of cotter. It may be taken as 0.3 d,.
Considering the failure of piston rod in tension at cotter. We know that load (P),

m 9 I
70 695 = [1 (dy)* — dy % f] o; = [1 (dy)? — 03 (d, )2} 50 =24.27 (d,)?

(dljg =70695/2427=2913 or d,=53.97say55mm Ans.
and t=03d,=03%55=16.5mm Ans.
2. Widrh of corter
Let b = Width of cotter.
Considering the failure of cotter in shear. Since the cotter is in double shear, therefore load (P),
T0 695 =2bxitx1=2bx165=40=1320h
o b = 70695/1320=>53.5 say 54 mm Ans.
3. Diameter of socket
Let d, = Diameter of socket.
Considering the failure of socket in tension at cotter. We know that load (P),

70 695 = E [ (d5)* = (d,)* ] - (d5 - dy) r} o,

_ E [(&)* =(55)° ] = (d3 = 55) 15.5} 50

=39.27 (d,P— 118792825 d, +45 375
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or (d.)*-21d,—3570 =0
M+ JON! +4%3670 214123
2 B
Let us now check the mduced crushing stress in the socket. We know that load (7)),
70695 = (d,—dy)1x0,=(72—55)165 % 0,=280.50,
g, = 70655 /2805 = 252 N/mm’

Since (he induced erushmg is ereater (han (he permussible value of 84 Ny, (herefore lel us

d; =

=72mm . .(Taking+v=-sign)

find the value of d, by substituting o_ = 84 N/mm? in the
above expression, i.e.
70 695 =(d;—55)16.5x 84 = (d,—55) 1386
d;—55 = 70695/1386 = 51
or dy = 55+51=106 mm Ans.
We know the tapered length of the piston rod,
L=22d,=22x55=121mm Ans.
Assuming the taper of the piston rod as 1 m 20, there-
fore the diameter of the parallel part of the piston rod,
1 55 121

=ty + —X—=55+—X— =
d=1d3 5" 50 5 30 58 mm Ans.
and diameter of the piston rod at the tapered end,

L 1 121 1

dy=dy ——X—=55——X— = 52 mm Ans.
2 20 2 20

A 4 « <
References: N
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DESIGN OF KNUCKLE JOINT

The following figure shows a knuckle joint with the size parameters and proportions
indicated. In general, the rods connected by this joint are subjected to tensile loads, although
if the rods are guided, they may support compressive loads as well.
Let F. = tensile load to be resisted by the joint
d = diameter of the rods
d; = diameter of the knuckle pin
D = outside diameter of the eye
A =thickness of the fork
B =thickness of the eye
Obviously, if the rods are made of the same material, the parameters, 4 and B are related as,
B=2A
L.8d i

Fig. Knuckle Joint

Let the rods and pin are made of the same material, with o, 6. and t as the permissible
stresses. The following are the possible modes of failure, and the corresponding design
equations, which may be considered for the design of the joint:

1. Tension failure of the rod, across the section of diameter, d
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7z,d2

F T

2. Tension failure of the eye (fig.1)

Aregunder
crushing

m

& D lx'\_Al'eu under

el B W
F = (D-d)) B o
3. Tension failure of the fork (fig.2)
Ared under
crushing red under
Fig.2
4. Shear failure of the eye (Fig.3)
Fig.3

F=(D-d)Br

5. Shear failure of the fork (Fig.4)

F=2(D-d) At




Fatima Michael College of Engineering & Technology

Design of Machine Members-1 Unit-8
Lecture Notes - 54

6. Shear failure of the pin. It is under double shear.
F=2x"d’xr
4

7. Crushing between the pin and eye (fig.1)
F=d,Bo.
8. Crushing between the pin and fork (fig.2)
F=2d Ao,
For size parameters, not covered by the above design equations; proportions as indicated in

the figure may be followed.

Problem:
Design a knuckle joint to transmit 150 kN. The design stresses may be taken as 75 MPa in
tension, 60 MPa in shear and 150 MPa in compression.

Solution. Given : P=150kN=150x 10°N ; ,= 75 MPa =75 N/mm’ ; T=60 MPa =60 N/mm? ;
g,=150MPa= 150 N/mm’
S~
1. Failure of the solid rod in tension

Let d = Diameter of the rod.
We know that the load transmitted (P),

150 10° = %xdl X G, =%><d2 X 75 =59d2

- d> =150x10°/59 = 2540 or d = 504say 52mm Ans.
Now the various dimensions are fixed as follows

Diameter of knuckle pin,

Outer diameter of eye, dy=2d=2x
Diameter of knuckle pin head and collar,
dy =15d=15%52=T78mm
Thickness of single eye or rod end,
t =125d=125x52 = 65mm
Thickness of fork, t; =075d =0.75%52 = 39 say 40mm
Thickness of pimn head, t, =05d=05x52=26mm
2. Failure of the knuckle pin in shear
Since the knuckle pin 1s m double shear, therefore load (F),

A

2 =104 mm

150 % 10° = EKEX(J1)2’|5=2><§X(52}21 — 42431
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- T = 150 % 10°/4248 = 353 N/mm’ = 353 MPa
. Failure of the single eye or rod end in tension

[

The single eye or rod end may fail in tension due to the load. We know that load (P),
150%10° = (d,~d)) tx 6,=(104—52) 65 x 5,=3380,
o, = 150x10°/3380=44.4N/mm’* = 44.4 MPa

4. Failure of the single eye or rod end in shearing
The single eye or rod end may fail in shearing due to the load. We know that load (P),
150%10° = (dy—d)tx1=(104-52)65 x1=33801
T = 150 % 10°/3380=44.4 N/mmy’ = 44.4 MPa
5

. Faiiure of the single eye or rod end in crushing
The single eye or rod end may fail i crushing due to the load. We know that load (P),
150%10° = d; xtxg,=52%65 x0,=33800,
o, = 150 % 10°/3380 =44 4N/mm? = 444 MPa
6. Failure of the forked end in tension
The forked end may fail in tension due to the load. We know that load (P),
150%10° = (d,—d) 2, x 5,=(104—52) 2 x 40 x 5,=4160 o,
o, = 150% 10°/4160 = 36 N/mm’ = 36 MPa
7. Failure of the forked end in shear
The forked end may fail in shearing due to the load. We know that load (P),
150%10° = (dy—d) 21, xT=(104—-52)2 x40 x1=41601
T = 150 % 10%/4160= 36 N/mm’ = 36 MPa

=]

. Failure of the forked end in crushing
The forked end may fail in crushing due to the load. We know that load (P),
150%10° = d x2t xg =52%x2x40xc, =41600,
o, = 150 % 10°/4180=36 N/mm’ = 36 MPa

From above, we see that the induced stresses are less than the given design stresses, therefore
the joint 1s safe.
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1. Machine Design - V.Bandari .

2. Machine Design — R.S. Khurmi

3. Design Data hand Book - S MD Jalaludin.

Fatima Michael College of Engineering & Technology




Fatima Michael College of Engineering & Technology

Design of Machine Members-1I Unit-8
Lecture Notes - 55

Shafts:

A shaft is a rotating machine element which is used to transmit power from one place to
another. The power is delivered to the shaft by some tangential force and the resultant torque
(or twisting moment) set up within the shaft permits the power to be transferred to various
machines linked up to the shaft. In order to transfer the power from one shaft to another, the
various members such as pulleys, gears etc., are mounted on it. These members along with
the forces exerted upon them causes the shaft to bending.

In other words, we may say that a shaft is used for the transmission of torque and
bending moment. The various members are mounted on the shaft by means of keys or
splines. The shafts are usually cylindrical, but may be square or cross-shaped in section. They
are solid in cross-section but sometimes hollow shafts are also used. An axle, though similar
in shape to the shaft, is a stationary machine element and is used for the transmission of
bending moment only. It simply acts as a support for some rotating body such as hoisting
drum, a car wheel or a rope sheave. A spindle is a short shaft that imparts motion either to a

cutting tool (e.g. drill press spindles) or to a work piece (e. g 1 spindles).

Types of Shafts

The following two types of shafts are 1 e subject point of view:

1. Transmission shafts. These shafts trans en between the source and the machines
absorbing power. The counter shafts, li ’Swfts\, over head shafts and all factory shafts are
transmission shafts. Since these s ery machine parts such as pulleys, gears etc.,
therefore they are subjected to bendg addition to twisting.

2. Machine shafts. These shafts form an integral part of the machine itself. The crank shaft is

an example of machine shaft.

Stresses in Shafts

The following stresses are induced in the shafts:

1. Shear stresses due to the transmission of torque (i.e. due to torsional load).

2. Bending stresses (tensile or compressive) due to the forces acting upon machine elements
like gears, pulleys etc. as well as due to the weight of the shaft itself.

3. Stresses due to combined torsional and bending loads.

Design of Shafts

The shafts may be designed on the basis of
1. Strength, and 2. Rigidity and stiffness.
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In designing shafts on the basis of strength, the following cases may be considered:
(a) Shafts subjected to twisting moment or torque only,

(b) Shafts subjected to bending moment only,

(c) Shafts subjected to combined twisting and bending moments, and

(d) Shafts subjected to axial loads in addition to combined torsional and bending loads.

Shafts Subjected to Twisting Moment Only
a) Solid shaft:

When the shaft is subjected to a twisting moment (or torque) only, then the diameter of the

shaft may be obtained by using the torsion equation. We know that
T 7
J
Where T = Twisting moment (or torque) acting upon the shatft,
J = Polar moment of inertia of the shaft about the axis of rotation,
T = Torsional shear stress, and
r = Distance from neutral axis to *e outer most ﬁb

=d /2; where d is the diameter of the sh g&\(’,

We know that for round solid shaft, po r ent

J \

Vet

mda 0 '
Then we get, T :%

From this equation, diameter of the solid shaft (¢) may be obtained.
b) Hollow Shaft:

We also know that for hollow shaft, polar moment of inertia,
4 4 4
=L@ @)’

Where d, and d; = Outside and inside diameter of the shaft, and r =d, / 2.

Substituting these values in equation (i), we have

; 4 _ ray4
= I:(da) —(d;) :I ?ﬂ B

Let £ = Ratio of inside diameter and outside diameter of the shaft=d;/ d,

Now the equation (iif) may be written as
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n d,)*
= — AT¥X —
=4 d

@

- HJ_I_“T % 4 4
|:_— d—s J—EXI(HFG:I 1—k")

From the equations, the outside and inside diameter of a hollow shaft may be determined.

It may be noted that

1. The hollow shafts are usually used in marine work. These shafts are stronger per kg of
material and they may be forged on a mandrel, thus making the material more homogeneous
than would be possible for a solid shaft. When a hollow shaft is to be made equal in strength
to a solid shaft, the twisting moment of both the shafts must be same. In other words, for the

same material of both the shafts,

i 4
T=Zxg|ed —W@) | T
16 d, 16
d)* — @) .
o) — () . @) _ 5 o d)} (1 -k =d
o

2. The twisting moment (7)) may be obtained\by using the follgWing relation:
We know that the power transmitted (in *atts) the{,shiftQ/

2ANXT P X 60

g O T="%5-n
y oo,
Where T = Twisting moment in N-m, and Q/ \

N = Speed of the shaft in r.p.m. . ’

3. In case of belt drives, the twisting@t;@“) is given by

T=(T;-T)R

Where T and 7, = Tensions in the tight side and slack side of the belt respectively, and R =
Radius of the pulley.

Shafts Subjected to Bending Moment Only
a) Solid Shaft:

When the shaft is subjected to a bending moment only, then the maximum stress (tensile or

compressive) is given by the bending equation. We know that

M O,

I y

Where M = Bending moment,
I =Moment of inertia of cross-sectional area of the shaft about the axis of rotation,
o, = Bending stress, and

y = Distance from neutral axis to the outer-most fibre.
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We know that for a round solid shaft, moment of inertia,

T d

I— —xd* and y—
Substituting these values in equation
M Op

=k e or M= Exabx;f3

i 4 32

—xd ey -
64 2

From this equation, diameter of the solid shaft (¢) may be obtained.
b) Hollow Shaft:

We also know that for a hollow shaft, moment of inertia,
T & w4 18 -4 4
d==|Td — (d, =—1d 1" 11—k \where k=d./ d
@) -@pt]=-— @, ) ( /d,)

Andy=dy/ 2
Again substituting these values in equation, we have
M
s 4 4
—(d 1-k
5 Y)Y )

-
o G 3—; x oy (d,) 11—k

Fa |$-|.:9

T
From this equation, the outside diameter of the )‘{aﬁt %&ay be obtained.

Shafts Subjected to Combined Twisting M e‘%and Bending Moment
When the shaft is subjected to combi

"sting‘moment and bending moment, then the
shaft must be designed on the basj ¢'two moments simultaneously. Various theories
have been suggested to account for the elastic failure of the materials when they are subjected
to various types of combined stresses. The following two theories are important from the
subject point of view:

1. Maximum shear stress theory or Guest's theory. It is used for ductile materials such as mild
steel.

2. Maximum normal stress theory or Rankine’s theory. It is used for brittle materials such as
cast iron.

Let © = Shear stress induced due to twisting moment, and

o, = Bending stress (tensile or compressive) induced due to bending moment.

a) Solid Shaft:

According to maximum shear stress theory, the maximum shear stress in the shaft,
e

fe 2 2
MY '\Gb) +4T
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Substituting the values of 6, and ©

1 [(32m ) 16TY 16 [ [o5 3]
Tmf:r:?\/[ FE : 4_4[]-“]?3 | = |: M +T |
T 3 Y ]
or Ex Tne XA~ = JM?* + T?

The expression vV M >+ T7? is known as equivalent twisting moment and is denoted by

T.. The equivalent twisting moment may be defined as that twisting moment, which when

acting alone, produces the same shear stress (1) as the actual twisting moment. By limiting
the maximum shear stress (Tmax) €qual to the allowable shear stress (t) for the material, the

equation (f) may be written as

{5 i 3
j;: _.'1,_{‘-4_]"2 =E><TX|1FJ

From this expression, diameter of the shaft (d) may be evaluated.

Now according to maximum normal stress theory, the maximl}rg normal stress in the shaft,

AN
L o 2
by = Op +E (o) + 41
A 7 A A Y
1 32M 1 [(32MY 16T Y
S e —| +4|—
2 nd” 2 e’ nd

1]
L
[l
1
2| =
=
+
A
+
&
Wil

The expression %[M ++/M? +T?]is known as equivalent bending moment and is denoted

by M.. The equivalent bending moment may be defined as that moment which when acting
alone produces the same tensile or compressive stress (op) as the actual bending moment. By
limiting the maximum normal stress [op(max)] equal to the allowable bending stress (cb),
then the equation (iv) may be written as

M, = %[ML“I'ME 12 | =%><GI,><0’3

From this expression, diameter of the shaft (d) may be evaluated.

b) Hollow shaft:
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In case of a hollow shaft, the equations (i) and (v) may be written as

2 32 [ 3 4
== ..;lJr +T - — E;‘r ]._k
T L@,y -k

L]

M, = %{M T T = %x g (d,) (1—iY)

It is suggested that diameter of the shaft may be obtained by using both the theories and the
larger of the two values is adopted.
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Problem:

A shaft is supported by two bearings placed 1 m apart. A 600 mm diameter pulley is mounted
at a distance of 300 mm to the right of left hand bearing and this drives a pulley directly
below it with the help of belt having maximum tension of 2.25 kN. Another pulley 400 mm
diameter is placed 200 mm to the left of right hand bearing and is driven with the help of
electric motor and belt, which is placed horizontally to the right. The angle of contact for both
the pulleys is 180° and p = 0.24. Determine the suitable diameter for a solid shaft, allowing
working stress of 63 MPa in tension and 42 MPa in shear for the material of shaft. Assume

that the torque on one pulley is equal to that on the other pulley.

Solution. Given : 4B = 800 mm ; o= 20° ; D = 600 mm or R =300 mm ; AC =200 mm ;
Dp =700 mm or Ry =350 mm ; DBE=250mm ; 8 =180°=mnrad; W=2000N; T; = 3000 N,
T,/T,=3; T=40 MPa = 40 N/mm’

The space diagram of the shaft is shown in Fig (a).

We know that the torque acting on the shaft at D,

. T
1- =Ry
I
1

= 3000 [1 - 5}350 =700 * 10° N-mm ( TyTy=3)

T=(T,-T)Ry=T

The torque diagram 1s shown in Fig_(b).
Assuming that the torque at D is equal to the torque at C, therefore the tangential force acting on
the gear C,

s _ T _ 700x 10° s
© R. 300 ]
and the normal load acting on the tooth of gear C,
F, 2333 2333
W. = = = =2483 N

€ cosag  cos20°  0.9397
The normal load acts at 20° to the vertical as shown in Fig.
Resolving the normal load vertically and horizontally, we get

Vertical component of W- i.e. the vertical load acting on the shaft
at C,

Wy = We cos 20°
=2483 «x 09397 =2333 N

and horizontal component of . i.e. the horizontal load acting on
the shaft at C,

Weg = W sin 20°
= 2483 = 0342 =849 N
Smce T,/T,=3and T, = 3000 N, therefore
I"2 = ‘Tl f3=3000/3=1000N
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Wev
Gear D Pulley o _
C ~ ,
—!/ y = Wiy
A B ! ‘ '- ) ]
Vi % [ L\ T+
B A 7 I A -+—r——‘i———.——-‘
L — T,
200 |« 250
[ 800 | W
1 All dimensions in mm.
i (a) Space diagram.
. 700 % 10° Nemm |
' ' (B) Torque diagram.
lf*\ C D BI
‘ 2333 N 2000 N |
| l' l' |
A T C D B {(c) Vertical load diagram.

R sa9x 4000 N Ray
|

A ‘ l lB (d) Horizontal load diagram

T oo |

1 1

Ran ! ! Kisn

i | —————— l i
A 475 % 10 489.5 x 10 ! B (e) Vertical B M. diagram.

‘ C D |

| __.5?-;200 740750

Y Horizontal B.M. diagram.
A } = 5 ~| B (f) &

| I . l

e ! 887874 |

L~ 606552 | (g) Resultant B.M. diagarm.
A C D I'B

. llorizontal load acting on the shaft at D,
Wpg = T} + T, = 3000 + 1000 = 4000 N
and vertical load acting on the shaft at D,
Woy = W=2000N
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Diameter of the shafi
Let d = Diameter of the shaft.
We know that the equivalent twisting moment,
T, = JM? + T? = /(887 874)2 + (700 x 10°)> = 1131 x 10° N-mm
We also know that equivalent twisting moment (7)),

1131 %100 = ™ w15 d’ =%x40x53 =7.86 d3

d®> =1131x10°/786=144x10° or  d=524say 55 mm Ans.

Problem:

A steel solid shaft transmitting 15 kW at 200 r.p.m. is supported on two bearings 750 mm
apart and has two gears keyed to it. The pinion having 30 teeth of 5 mm module is located
100 mm to the left of the right hand bearing and delivers power horizontally to the right. The
gear having 100 teeth of 5 mm module is located 150 mm to the right of the left hand bearing
and receives power in a vertical direction from below. Using an allowable stress of 54 MPa in

shear, determine the diameter of the shaft.

Solution. Given - P = 15 kW = 15 = 10° V\}: N =200 1'.p_n{?1{B =750 mm; T, = 30;
mp=5mm ; BD=100mm ; T-=100 ; m-=5mm ; AC= 150 mm ; T =54 MPa = 54 N/mm?’

The space diagram of the shaft 1s shown in Fig. 14 8 (a).

We know that the torque transnutted by the shaft,

Px60 15x10° x 60 5
T= = =716 N-m =716 = 10° N-mm
2N 21 x 200
The torque diagram 1s shown in Fig_ 14 8 (b).
We know that diameter of gear
= No. of teeth on the gear ¥ module

.. Radius of gear C,
Tr xmgp _ 100 x 5

c 3 5 =250 mm

and radius of piion D,
R, = In < mp _ 30x5
2
Assuming that the torque at C and D is same (i.e. 716 * 10° N-mm), therefore tangential force
on the gear C, acting downward,

=75 mm

T _716x10°
Fep=—"=—""—"—"=2810N
R 250
and tangential force on the pinion D, acting horizontally,
T _716x10°
Fp=3- " 75  —9550N
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The vertical and horizontal load diagram 1s shown i Fig. 148 (¢) and (d) respectively.
Now let us find the maximum bending moment for vertical and horizontal loading.
First of all, considenng the vert:cal loading at C. Let R i ; and Ry, be the reactions at the bearings
A and B respectively. We know that
R+ Rpy = 2870 N
Tzkmg moments about 4, we get
px 730 — 2870 x 150

b

"BV
C C
= ,-CGear  pjyion D D Fip
A = /
- —H———_ ——————

150 4100

- 750 =

All dimensions in mm.
{a) Space diagram.

|
|
|
| [ 716 % 10° N-mm
|
|
|
|
|

|
A C b ! B (/) Torque diagram.
| |
28TON I |
| |
AT C D B (c) Vertical load diagram.
| |
Ry | | Ryy
i I 9550 ."«Ii
N Lo
T C D T (d) Horizontal load diagram.
|
Rap | ! Ry
S |
I | i I
A L/ s : . 57 400 | ! B (e) Vertical B.M. diagram.
e > |
| |
I I g
- N
|- AN
o |l 827700 \ g (/) Horizontal BM. diagram.
o C b
| -
' I
A ! 39:’3‘90 329(’?0 ! B () Resultant B.M. diagram.
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Ry, =2870 x 150/ 750=574N

and R = 2870—-574=2296 N

AV
We know that BM. at 4and B,
My = Mgy =0
BM at My = Ry, © 150 = 2206 » 150 = 344 400 N-nom
BM aild My = Bpgp = 100 =574 = 100 = 57 400 N-mm

The B M. dingram for vertcal Ioading i5 shownn Fig. 14 8 {a).
Now conswdering horzontal loading at D Let B, cand B be the reactions at the bearings 4 and
B respectively. We know that
Ryt Ry = 9550 N
Takmg moinets about 4, we pef
By = T30 = 9550 (750 — 100} = 9550 = 650
i Ry = 8550 G50/ T =82TTHN
and Ry =8550-B2T7= 1273 N

e know that B M at 4 and B,

M= M0
BM at €, My = Ry % 150=127% = 150 = 190 950 Nosin
BM aiD, My = Rige = 100 =8277 = 100 = 827 700 N-mm

The B M diagram for honzontal loadimg 15 shown in Fig 1420/
We know that resultant B M. at C,
M= JiMey) + (M) = 344 400)7 + (190 050
= 303 790 M-mum

and resultant B AL at D

My = Jidpy ) + (Mpg)? =457 4001 + (827 700)°
= E25 650 N-mun
The resultant B M. diagram 15 shown m Fig. 14.8 {(g). We see that the bending moment 15
TraEima at

-~ Maximum bending moment,

M = Mp= 829 690 N-mm
Let d = Diameter of the shaft.
We know that the equivalent twisting moment,

T, = M? + T? = /(829 690) + (716 x 10%)? =1096 x 10° N-mm
We also know that equivalent twisting moment (T),
1096 x 10° = L xtxd® = L xsaxq® =106 d°
16 16
d? = 1096 x 10%10.6 = 103 4 x 10°
or d =47 say 50 mm Ans.
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Shafts Subjected to Axial L.oad in addition to Combined Torsion and Bending Loads:

When the shaft is subjected to an axial load () in addition to torsion and bending loads as in
propeller shafts of ships and shafts for driving worm gears, then the stress due to axial load

must be added to the bending stress (T75). We know that bending equation is

M o_o My _Mxd 3
I ¥y e T xd* nd
64

And stress due to axial load

4 il (F d solid shaft
= = 3 _{For round solu att)
Teg? nd
F 4F
= = : : = - 3 ...{ For hollow shaft)
Z[@O} - (@) ] n|(d,)? - (@) ]
B ) F R
T (d,) (L-K) A
Resultant stress (tensile or compressive) @r Nshaft, 1%}
-~ ’ -
32M’+4F_32 M+de
T wd nd* nd 8 -0
v M A
= 3231.&';-1 f Substituting M7 =M | Fxd \'
nd’ \
In case of a hollow shaft, the resulten@ess, ¥
y 32M | 4F
n(d,) 1~k m(d,)’ (1-k)
3 Fd, (1 +k? 32 ]
= ;2 : {M+ A G ]j|= 3 e 4
r(d,) 1-k") 8 m(d,)” (1-k7)

In case of long shafts (slender shafts) subjected to compressive loads, a factor known as
column factor () must be introduced to take the column effect into account.

Therefore, Stress due to the compressive load,

ax4F

or
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_ uax4F
= : .
I(da)_ l:l _k_)
The value of column factor (o) for compressive loads* may be obtained from the following
relation :

Column factor,

1
1-0.0044 (L/K)

This expression is used when the slenderness ratio (L / K) is less than 115. When the

o —

slenderness ratio (L / K) is more than 115, then the value of column factor may be obtained
from the following relation:
Column factor, a
o,(L/K )
- cr”E
Where L = Length of shaft between the bearings,

K = Least radius of gyration,

= Compressive yield point stré®s of shaft m te
C = Coefficient in Euler's fosmula depe % e end conditions.

The following are the different Values 0 epe pon the end conditions.
C =1, for hinged ends, Q/
=2.25, for fixed ends, N
= 1.6, for ends that a y festrained as in bearings.

In general, for a hollow shaft subjected to fluctuating torsional and bending load, along with
an axial load, the equations for equivalent twisting moment (7,) and equivalent bending

moment (M,) may be written as

T =J[K,,,:-<_M+QFJ”E{1+;:-}} + (K, xT)

&

I 743 4
=—xT1id,)y (1-k
T )y ( )

M. = %[Km x M +—05Fn’&§1 5 ) + \I{K’” x M+ —U'Fa” ;1 =) : + (K, xT}J

18 - 4
=—® 0 dﬁ_ L_k
B p (d) )

It may be noted that for a solid shaft, £ = 0 and dy = d. When the shaft carries no axial load,

then F' = 0 and when the shaft carries axial tensile load, then o = 1.
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Problem:

A hollow shaft is subjected to a maximum torque of 1.5 kN-m and a maximum bending
moment of 3 kN-m. It is subjected, at the same time, to an axial load of 10 kN. Assume that
the load is applied gradually and the ratio of the inner diameter to the outer diameter is 0.5. If
the outer diameter of the shaft is 80 mm, find the shear stress induced in the shaft.

Solution. Given: T=1.5kN-m= 1.5 x 10° N-m ; M =3 kN-m =3 x 10> N-m ;
F=10kN=10x10°N;k=d;/d,=0.5; d, = 80 mm = 0.08 m

Let T = Shear stress induced in the shaft.

Since the load is applied gradually, therefore from DDB, we find that K, =1.5 ; and K= 1.0

We know that the equivalent twisting moment for a hollow shaft,

I=J Kme+“Fd”ngk_}_}(K.xr):

[ 3 % 0.08 (1 +0.5%) ,
=\/1.5><3><1{:3+1><m’<m gﬂg*“ﬂ'] + (IxL5x10%)?

\ {7. .

= /(4500 +125)2 + (1500)% = 4862 N-m =4862 x 103 N-mm
We also know that the equivalent twisting nyu(ent?si%b‘oilow shaft (T.),

4862 = 103 =% w1 (d) (1-k* = % x T (80)° (1 -0.5%) =94 2601

T=4862 % 103/ 94 260 = 51.6 N/mm? = 51.6 MPa Ans.
Problem: :
A hollow shaft of 0.5 m outside diameter and 0.3 m inside diameter is used to drive a
propeller of a marine vessel. The shaft is mounted on bearings 6 metre apart and it transmits
5600 kW at 150 r.p.m. The maximum axial propeller thrust is 500 kN and the shaft weighs 70
kN.

Determine:

1. The maximum shear stress developed in the shaft, and

2. The angular twist between the bearings.
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Selution. Given : a' =05m; d =03m;P=5600kW=5600x=10° W:L=6m:
N=150rpm.:F= 500 KN=500 x 103N ; =70 kKN =70 x 10> N

1. Maximum shear stress developed in the shaft
Let T = Maximum shear stress developed in the shaft.
We know that the torque transmitted by the shaft,

;o Px60_5600x 10° x 60 456 460 N
" 2N 2mx150 - 'm

and the maximum bending moment,
WxL 70x10°x6

M= = =52 500 N-m
g 8

Now let us find out the column factor a. We know that least radius of gyration.

I 4 4
T [og @)t = @)

K= E B T b 3
Sl - @]
B \][(dojl +(d)'1[(d,) - (d)’]
16[(d,)* - (d;)’]
_ %J(dj F(d) = i J©057 + (03 =0.1458m
-. Slendemess ratio,
L/K=6/01458=41.15
and column factor, o = ! 3 [ . % < 115)
1-0.0044 (—] '
K
1 1

= 1-00044x41.15 1-018 122

Assuming that the load 1s applied gradually, therefore from Table 14.2. we find that
K, =15and K =1.0
Also k=d/d,=03/05=06

We know that the equivalent twisting moment for a hollow shaft.

5.2
T=J[Kme+aFd"él+k )} (K, x T)*

=3
3
1.22%x500x10° x 0.5 (1 + 0.67) | ,
=\]{1.5x53500+ X 300x10° x 0.5 (1 + }} + (1% 356 460)2

8

2\{(?3 750 + 51 850)% + (356 460)" =380 x 10° N-m

We also know that the equivalent twisting moment for a hollow shaft (7).
T : T
380 x 103 = E XxT(d,) A -F)=—-x7(05’ [1-(06)']=0021

380 % 10%/0.02 = 19 x 105 N/m? = 19 MPa Ans.

Fatlma Mlchael College of Engineering & Technology




Fatima Michael College of Engineering & Technology

Design of Machine Members-1 Unit-8
Lecture Notes - 58

2. Angular twist between the bearings

Let 8 = Angular twist between the bearings mn radians.
We know that the polar moment of inertia for a hollow shaft,

= - 1= — 1= m
J =35 d)" — ()] = 2= [(0.5)" —(0.3)7] =0.005 34 +

From the torsion equation.

T _ Gx8 e hav
} = I W NDave
TxL 356460 %06
6= = = (0.0048 rad

GxJ 84x10° x0.00 534
_ (Taking G = 84 GPa = 84 x 10° N/m?)

0.0048 x 180 _ 0.275% Ans.
1"
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Design of Shafts on the basis of Rigidity

Sometimes the shafts are to be designed on the basis of rigidity. We shall consider the
following two types of rigidity.

1. Torsional rigidity. The torsional rigidity is important in the case of camshaft of an I.C.
engine where the timing of the valves would be affected. The permissible amount of twist
should not exceed 0.25° per metre length of such shafts. For line shafts or transmission
shafts, deflections 2.5 to 3 degree per metre length may be used as limiting value. The widely
used deflection for the shafts is limited to 1 degree in a length equal to twenty times the

diameter of the shaft. The torsional deflection may be obtained by using the torsion equation,

T G .0 T.L

7 I or B= ﬂ
where 0 = Torsional deflection or angle of twist in radians,
T = Twisting moment or torque on the shaft,
J = Polar moment of inertia of the cross-sectional area about the axis of rotation,

G = Modulus of rigidity for the shaft material, and Q/
L = Length of the shaft. \ Q}

2. Lateral rigidity. It is important in case of trghs S% hafting and shafts running at high
speed, where small lateral deﬂectiw ca s&ﬁage wut-of-balance forces. The lateral
rigidity is also important for maintaining pro%%rmg}learances and for correct gear teeth
alignment. If the shaft is of uniform crog’&u’on\, then the lateral deflection of a shaft may be

obtained by using the deflection for?

variable cross-section, then the lateral deflection may be determined from the fundamental

s in Strength of Materials. But when the shaft is of

equation for the elastic curve of a beam, i.e.

d’y M

dax?  EI
BIS codes of Shafts

The standard sizes of transmission shafts are:
25 mm to 60 mm with 5 mm steps; 60 mm to 110 mm with 10 mm steps ; 110 mm to 140
mm with 15 mm steps ; and 140 mm to 500 mm with 20 mm steps. The standard length of the

shafts are 5 m, 6 m and 7 m.
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Problem:
A steel spindle transmits 4 kW at 800 r.p.m. The angular deflection should not exceed 0.25°
per metre of the spindle. If the modulus of rigidity for the material of the spindle is 84 GPa,
find the diameter of the spindle and the shear stress induced in the spindle.
Solution. Given : P=4kW=4000 W: N=800rpm. :6=0.25= 025 x % =(0.0044 rad :
L=1m= 1000 mm : G=84 GPa=84 x 10 N/m’ = 84 x 10° N/'mm’
Diameter of the spindle

Let d = Diameter of the spindle in mm.
We know that the torque transmitted by the spindle.

T — Px 60  4000x 60
2N 27 x 800

=47.74 N-m = 47 740 N-mm

T GxB Txl
We also know that — = or J=
J L Gx0
LAV 47 740 % 1000 120 167
o 32 T 84x10° x0.0044 O
d* =129167%32/m=13 %105 or d=33.87 say 35 mm Ans.

Shear stress induced in the spindle
Let T = Shear stress induced in the spindle.
We know that the torque transmitted by the spindle (7).

n 3 L 3
7740 = —XTXd =—XxT1(35) =842
47740 = T T (35)" =84201

T =47 740 / 8420 = 5.67 N/mm? = 5.67 MPa Ans.

S
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Use of internal and external circlips, Gaskets and seals
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Problems:
Compare the weight, strength and stiffness of a hollow shaft of the same external diameter as
that of solid shaft. The inside diameter of the hollow shaft being half the external diameter.
Both the shafts have the same material and length.
Solution. Given :d,=d:d,=d,/2 or k=d,/d,=1/2=05
Comparison of weight
We know that weight of a hollow shaft,
Wy = Cross-sectional area » Length < Density
= % [(da )2 - (d,-)z] x Length = Density (@)

and weight of the solid shaft,

s

Since both the shafts have the same material and length, therefore by dividing equation (i) by
equation (i7), we get

W, = %x d* x Length x Density ..(if)

Wa _ (o) —(d)' _ (d,) —(d)’

(od=d
Wé dz (dg )2 ( o)
d,)’ _
= 1—(((;—1 =1-k>=1-(0.5>=0.75 Ans.
Comparison of strength o
We know that strength of the hollow shafft,
m
Ty = 1 *° d) 1-k% (i)
and strength of the solid shaft.
T
T = EXTX d’ (V)
Dividing equation (777) by equation (iv), we get
L ) a-kYH _ @) -k “
E -4 @, rd=d)
=1-(0.5*=0.9375 Ans.
Cemparisen of stiffness
We know that stiffness
I GxJ
6 L
~. Stiffrvess of a hollow shaft
R o RN SO L )
S = 7 F g L) () | w7)

andl stiftness of a volid slatn
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G @ 4
S. = —x—xd (v
51732 )

Dividing equation (v) by equation (vi), we get
Sa () —(d)'  (@d)' —@d)t (@)’
s d* d,)* (d,)*
=1-k*=1-(0.5*=0.9375 Ans.

(v d=d)
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Shaft Coupling

Shafts are usualy available up to 7 meters length due to inconvenience in transport. In order
to have a greater length, it becomes necessary to join two or more pieces of the shaft by
means of a coupling.

Shaft couplings are used in machinery for several purposes, the most common of which are
the following:

1. To provide for the connection of shafts of units those are manufactured separately such as
amotor and generator and to provide for disconnection for repairs or alternations.

2. To provide for misalignment of the shafts or to introduce mechanical flexibility.

3. To reduce the transmission of shock loads from one shaft to another.

4. To introduce protection against overloads.

5. It should have no projecting parts.

Types of Shafts Couplings

Shaft couplings are divided into two main groups as follows:

1. Rigid coupling. It is used to connect two shafts which perfectly aligned. Following
types of rigid coupling are important frofthe Subject poi ngew

(a) Sleeve or muff coupling. %

(b) Clamp or split-muff or comerh %ﬂy Q

(c) Flange coupling. g% ‘

2. Flexible coupling. It is used to ¢ t\\/vo’shafts having both lateral and angular
misalignment. Following types of K coﬁpling are important from the subject point of
view:

(a) Bushed pin type coupling,

(b) Universa coupling, and

(c) Oldham coupling.

Sleeve or M uff-coupling

It is the simplest type of rigid coupling, made of cast iron. It consists of a hollow cylinder
whose inner diameter is the same as that of the shaft. It is fitted over the ends of the two
shafts by means of a gib head key, as shown in Fig. The power is transmitted from one shaft
to the other shaft by means of a key and a deeve. It is, therefore, necessary that al the
elements must be strong enough to transmit the torque. The usual proportions of a cast iron
sleeve coupling are as follows:

Outer diameter of the sleeve, D = 2d + 13 mm
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And length of the sleeve, L =3.5d
Where d isthe diameter of the shaft.
In designing a sleeve or muff-coupling, the following procedure may be adopted.

Muff
— Key

W ///f////// / /

- — d
7 7
i, b |
Shat‘l—f
!-—: L :=l

1. Design for sleeve
The sleeve is designed by considering it as a hollow shaft
Let T =Torque to be transmitted by the coupling, and

= Permissible shear stress for the matefial of the WhICh iscast iron.
The safe value of shear stressfor cast iron may aﬁ& 4 MPa.
We know that torque transmitted by a sectl
(4 _ 40
T=£><rr|uJ:£><Tc><D 1 -k _(~ k=diD)
16 L D 16

From this expression, the induced Sh@\%SSI n the leeve may be checked.

2. Design for key

The key for the coupling may be designed in the similar way as discussed in Unit-5. The
width and thickness of the coupling key is obtained from the proportions. The length of the
coupling key is at least equal to the length of the sleeve (i.e. 3.5 d). The coupling key is
usually made into two parts so that the length of the key in each shaft,

L 35d
I=75==

After fixing the length of key in each shaft, the induced shearing and crushing stresses may
be checked. We know that torque transmitted,

T=I1XWwWxXTX E ... (Considering shearing of the key)!

= I % I X G, X i ... (Considering crushing of the key)
2 7
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Note: The depth of the keyway in each of the shafts to be connected should be exactly the
same and the diameters should also be same. If these conditions are not satisfied, then the key
will be bedded on one shaft while in the other it will be loose. In order to prevent this, the key
is made in two parts which may be driven from the same end for each shaft or they may be
driven from opposite ends.
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Problem: Design and make a neat dimensioned sketch of a muff coupling which is used to
connect two steel shafts transmitting 40 kW at 350 r.p.m. The materia for the shafts and key
is plain carbon steel for which alowable shear and crushing stresses may be taken as 40 MPa
and 80 M Pa respectively. The materia for the muff is cast iron for which the allowable shear
stress may be assumed as 15 M Pa.
Solution.
Given: P = 40 kW = 40 x 10° W; N = 350 r.p.m.; 7s = 40 MPa = 40 N/mm2; ocs = 80 MPa =
80 N/mm?; o¢ = 15 MPa= 15 N/mm?.
Px60 40 x10° x 60
T=72aN ~2mx3so ~Hoonm

= 1100 > 103 N-mm

We also know that the torque transmitred (7).
1100 = 10° =%><T§ xd = E X 40x d°> = 7.85 d?
d* =1100 » 10°/7. 86 = 140 x 10° or d = 52 say 55 mm Ans.
2. Design for sleeve > Q/
We know that outer diameter of the muuff, x’(”
D= 2d+13rM5 173 say 125 mm Ans.

S
L:3.5d:@< : ;192.5wy195mmAn3

Let us now check the induced shearsstréss in thé muff. Let 1 be the induced shear stressin

and length of the muff,

the muff which is made of cast iron. Since the muff is considered to be a hollow shaft,

therefore the torque transmitted (T),

D | 16 125

T
1100 ¥ 103 = — X T,
16

=370 % 103 71,
T_=1100 x 10°/370 x 10° = 2.97 N/mm’
Since the induced shear stress in the muff (cast iron) is less than the permissible shear stress
of 15 N/mmz2, therefore the design of muff is safe.
3. Design for key
From Design data Book, we find that for a shaft of 55 mm diameter,
Width of key, w = 18 mm Ans.
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Since the crushing stress for the key material is twice the shearing stress, therefore a square
key may be used.
Then, Thickness of key,t =w =18 mm Ans.
We know that length of key in each shaft,
|=L/2=195/2=97.5mm Ans.
Let us now check the induced shear and crushing stresses in the key. First of all, let us
consider shearing of the key. We know that torque transmitted (T),

55

d 55
1100 x 103 = I X wXx T, xT:Q?.:‘rxlers X— =482 10315
T, =1100 x 10°/48.2 x 10° = 22.8 N/mm’
Now considering crushing of the key. We know that torque transmitted (T),

. t d __ 18 55
1100 % 10* = IX =X Gy X — =9T.5X— X0, X — =241 x10°c

¥ g

o_ — 1100 = 10°/ 24.1 » 10% — 45.6 N/mm’

Since the induced shear and crushing str are less than the@mlss ble stresses, therefore

the design of key is safe. \ %Q/
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Clamp or Compression Coupling or split muff coupling

It is aso known as split muff coupling. In this case, the muff or sleeve is made into two
halves and are bolted together as shown in Fig. The halves of the muff are made of cast iron.
The shaft ends are made to a butt each other and a single key is fitted directly in the keyways
of both the shafts. One-half of the muff is fixed from below and the other half is placed from
above. Both the halves are held together by means of mild steel studs or bolts and nuts. The
number of bolts may be two, four or six. The nuts are recessed into the bodies of the muff
castings. This coupling may be used for heavy duty and moderate speeds. The advantage of
this coupling is that the position of the shafts need not be changed for assembling or
disassembling of the coupling. The usual proportions of the muff for the clamp or
compression coupling are:

Diameter of the muff or Sleeve, D = 2d + 13 mm

Length of the muff or sleeve, L =3.5d
Where d = Diameter of the shaft.

In the clamp or compression coupling, the power i?éj?ﬂitted from one shaft to the

other by means of key and the friction Betweeh,the muff aft. In designing this type of

coupling, the following procedure nQy be adop t\%

1. Design of muff and key
The muff and key are designed in the similar way as discussed in muff coupling.
2. Design of clamping bolts
Let T = Torgue transmitted by the shaft,
d = Diameter of shaft,
dp = Root or effective diameter of bolt,
n = Number of bolts,
ot = Permissible tensile stress for bolt material,
p = Coefficient of friction between the muff and shaft, and

L = Length of muff.
Fatima Michael College of Engineering & Technology




Fatima Michael College of Engineering & Technology

Design of Machine Members-| Unit-8
Lecture Notes - 65

We know that the force exerted by each bolt
T 7
= —{(dy) o
4 b t
Then, Force exerted by the bolts on each side of the shaft
| 5 H

Let p be the pressure on the shaft and the muff surface due to the force, then for uniform

pressure distribution over the surface,

4| =

s 2
Force n (dp)” G; X

P = proiected ar 1
Projectad area S Lxd

Then, Frictional force between each shaft and muff,

1
F = « pressure x area = L X pX—X md x L

T 2 n m
= j.lxi(a‘bj‘crrxTxnzyle{db}lsrxn

And the torque that can be transmi tt@ge.,eoupl ing,

. . .

d s 2 d n 2
T = FX—_,:!.IXKE(?I&,]LGTXHKT:EXH [db)“GrXHX(f

From this relation, the root diameter of the bolt (d,) may be evaluated.

Flange Coupling

A flange coupling usually applies to a coupling having two separate cast iron flanges. Each
flange is mounted on the shaft end and keyed to it. The faces are turned up at right angle to
the axis of the shaft. One of the flanges has a projected portion and the other flange has a
corresponding recess. This helps to bring the shafts into line and to maintain alignment. The
two flanges are coupled together by means of bolts and nuts. The flange coupling is adapted
to heavy loads and hence it is used on large shafting.

The flange couplings are of the following three types:
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1. Unprotected type flange coupling. In an unprotected type flange coupling, as shown in

Fig.1, each shaft is keyed to the boss of a flange with a counter sunk key and the flanges are
coupled together by means of bolts. Generaly, three, four or six bolts are used. The keys are
staggered at right angle along the circumference of the shafts in order to divide the
weakening effect caused by keyways.

—> iy & i je—

L=15d 8 L=15d [<—
Fig.1 Unprotect %é Flénge Coupling.
The usual proportions for an unprotecte@Je cast iron flange couplings, as shown in
Fig.1, are asfollows:
If d is the diameter of the shaft or inner diameter of the hub, then Outside diameter of hub,
D=2d
Length of hub, L =1.5d
Pitch circle diameter of bolts, D; = 3d
Outside diameter of flange,
D,=D;+(D;—D)=2D;-D=4d
Thickness of flange, t;=0.5d
Number of bolts =3, for d upto 40 mm
=4, for d upto 100 mm
=6, for d upto 180 mm
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2. Protected type flange coupling. In a protected type flange coupling, as shown in Fig.2,

the protruding bolts and nuts are protected by flanges on the two halves of the coupling, in

order to avoid danger to the workman. The thickness of the protective circumferential flange

(tp) istaken as 0.25 d. The other proportions of the coupling are same as for unprotected type
flange coupling.

Fig.2. Protected T@ange Coupling.
3. Marine type flange coupling. In e type flange coupling, the flanges are forged
integral with the shafts as shown in @, '

o ) Y

Fig.3. Solid Flange Coupling or Marine Type flange coupling.
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The flanges are held together by means of tapered headless bolts, numbering from four to
twelve depending upon the diameter of shaft. The other proportions for the marine type
flange coupling are taken as follows:

Thickness of flange=d/ 3

Taper of bolt=1in20to 1in 40

Pitch circle diameter of bolts, D; =1.6d

Outside diameter of flange, D, =2.2d
Design of Flange Coupling

Consider aflange coupling as shown in Fig.1 and Fig.2.
Let d=Diameter of shaft or inner diameter of hub,
D = Outer diameter of hub,
D, = Nominal or outside diameter of bolt,
D; = Diameter of bolt circle,
n = Number of bolts,
t; = Thickness of flange,
1s, Tp and 1 = Allowabl e shear stfess fo
1c = Allowable shear stress for the flan
Gaob, and ook = Allowable crqu

The flange coupling is designed as dlscussed

aft, bolt@% material respectively

atgx . cast iron,
and key material respectively.

1. Design for hub
The hub is designed by consi derlng.{& hollow shaft, transmitting the same torque (T) as
that of a solid shaft.

dw
T=—x1
R R

The outer diameter of hub is usually taken as twice the diameter of shaft. Therefore from the
above relation, the induc