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BASICS OF MACHINE DESIGN

 Machine Design :

It is defined as the use of scientific principles,
Technical informations,
and imagination
In the description of a machine or mechanical system,
to perform specific functions with maximum economy and efficiency.

» Design is an innovative and highly iterative process.

» A designer uses principles of basic engineering sciences such as physics,
mathematics, statics, dynamics, thermodynamics, heat transfer, fluid
mechanics, Vibration etc.
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CoURSE OBJECTIVES

1. Understanding the process and methods of design of
machines elements.

2. Abilities of developing equations pertaining to the design of
machines.

3. Knowledge of different materials and their properties for
designing the components of machine elements and the
ability to design new machines or modify existing machine
according to the need.
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COURSE OUTCOMES

After taking this course students should be able to,

1. Design and analyse different types of clutches, brakes and welded
connections.

2. Select and design appropriate bearing as per the requirement.

3. ldentify different types of springs and design the same as per the
requirement.

4. Design and analyze geared transmission system.
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SYLLABUS

Unit-l

Welded Joints: Types of Welded connections, Design of Simple and eccentrically loaded welded
connections. Clutches & Brakes: Plate, Cone and Centrifugal Clutches, Classification and Design
of Brakes.

Unit-ll

Bearings & Lubrication: Laws of friction, Lubrication, Hydrodynamic and Hydrostatic bearings, Ball
and Roller bearings, Method of load estimation and Selection of bearings.

Unit-lll
Springs: Design of helical springs, design of torsion and leaf springs, elementary idea of rubber
springs.
Unit-1V

Power Transmission with Toothed Gears: Selection of Gears and Gear Materials, Tooth Forces,
Design of different types of Gears.
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BEARINGS

 Bearings are machine elements which are used to support a rotating
member viz., a shatft.

 They transmit the load from a rotating member to a stationary member
known as frame or housing.

 They allow relative motion between two members in one or two directions
with minimum friction, and also prevent the motion in the direction of the

applied load.

» Bearings support a shaft or an axle and holds them in correct positions.
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Classification of Bearings

2 According to direction of force;
1. Radial Bearing : Supports the load which is perpendicular to axis of the shatft,

2. Thrust Bearing : Supports the load which acts along the axis of the shatft.

(a) Radial bearing (b) Thrust bearing
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Classification of Bearings

2 According to type of friction or contact :
1. Sliding Contact (Journal) Ll eaig

2. Rolling Contact (Antifriction)

Shaft

Bush

(a) Sliding contact bearing
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Applications of Bearings

2 Sliding contact
» Crankshaft bearings in petrol and diesel engines,
o Centrifugal pumps
e Large size electric motors

o Steam and gas Turbines,concrete mixture, Rope conveyor and marine
Installations

2 Rolling contact

» Automobile front and rear axles, machine tool spindles, Gear boxes.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 13-08-2020



Lubrication

» The objective of lubrication is to reduce friction wear and heating of
machine parts that move relative to each other.

* A Lubricant is a substance that when inserted between the moving
surfaces, accomplishes theses purposes.

» Lubricants are usually liquid but can be a solid, such as graphite, or
molybdenum disulfide, or a gas, such as pressurized air.
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Types of lubrication

1. Thick film lubrication or Hdrodynamic lubrication or : the surfaces are separated by thick film of
lubricant and there is no metal-to-metal contact. The film thickness is anywhere from 8 to 20 ym.
Hydrodynamic lubrication.

2. Thin film lubrication — Here even though the surfaces are separated by thin film of lubricant, at
some high spots Metal-to-metal contact does exist, it also known as mixed film lubrication. Surface
wear is mild. The coefficient of friction commonly ranges from 0.004 to 0.10.

3. Boundary lubrication — Here the surface contact is continuous and lubricant is continuously
smeared over the surfaces and provides a continuously renewed adsorbed surface film which
reduces the friction and wear. The typical coefficient of friction is 0.05 to 0.20.
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(a) Hydrodynamic (b) Mixed film (c) Boundary (continuous

surface separated intermittent local contact and extensive |local contact)
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Types of lubrication

4. Hydrostatic lubrication :

» In these bearings, externally pressurized lubricant is fed into the bearings to separate the

surfaces with thick film of lubricant.
» These types of bearings do not require the motion of the surfaces to generate the lubricant

film. Hence they can operate from very low speed to high speed.
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Types of lubrication
5. Elastohydrodynamic lubrication:

* Rolling contact bearings come under this category. The oil film thickness is very small.

 The contact pressures are going to be very high. Hence to prevent the metal-to-metal
contact, surface finishes are to be of high quality.

e Such a type of lubrication can be seen in
» Gears,
* Rolling contact bearings,
e Cams etc.
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Types of lubrication

6. Solid film lubrication:

For extreme temperature operations ordinary mineral oils are not
satisfactory. Few examples of Sold lubricants are:

* Graphite,
* Molybdenum disulphide
e and their combination,

Applications :
* Furnace applications
* Hot drawing mills
e Trunion bearings of liquid metal handling systems
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Hydrodynamic lubrication

Also called full-film, or fluid lubrication has following characteristics:

The load-carrying surfaces of the bearing are separated by a thick film of
lubricant.

* Requires an adequate supply of lubricant at all times.

| QOil flow

()

. , Resultant oil
Minimum film W< film force

thickness, hy

» Does not require introduction of the lubricant under pressure.

14

Hydrodynamic Lubrication
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Hydrodynamic lubrication

* Initially the loaded journal bearing is at rest.
» The bearing clearance space is filled with olil.
* The load (W) has squeezed out the oll film at the bottom.

Oil inlet

w

Journal at Rest




Hydrodynamic lubrication
» The shaft starts Slow clockwise rotation.

e This will cause it to roll to the right position as it tries to “climb the wall” of the bearing surface. .
» Continuous slow rotation would cause the shaft to stay in this position.

Oil inlet Bearing
/ Journal

The result is the boundary
lubrication.

Journal at Rest

Boundary Lubriaction
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Hydrodynamic lubrication

» As the shaft rotating speed is increased, more and more oil goes into the contact zone.

» Finally a speed is reached at which the pressure built up in the contact zone is high enough to “float”
the shatft.

» Under suitable conditions full separation of the journal and bearing surfaces occurs.

Oil inlet

Bearing
Journal
/ [ ] Oil flow
N Resultant oil
Minimum film <« film force

thickness, hy
W

Journal at Rest Boundary Lubriaction Hydrodynamic Lubrication
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VISCOCITY

It is defined as the internal frictional resistance offered by a fluid to change its shape or relative
motion of its parts

» In Fig. let a plate A be moving with a velocity U on a film of lubricant of thickness /4.The film as
composed of a series of horizontal layers and the force /' causing

 these layers to deform or slide on one another just like a deck of cards. The layers in contact
e with the moving plate are assumed to have a velocity U;
e Newton’s viscous effect states that the shear stress in the fluid 1s proportional to the rate of change of

velocity with respect to y y

=
Eeda

s ™
—— —l-|
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Newtons Viscous Effect

* Newton’s viscous effect states that the shear stress in the fluid is proportional to the rate of change of
velocity with respect to y.

F e i
te A “J}.'

where [ is the constant of proportionality and defines absolute viscosity, also called dynamic
VISCOSIty.

The derivative du/dy is the rate of change of velocity with distance and may be called the rate of
shear, or the velocity gradient.

The viscosity U is thus a measure of the internal frictional resistance of the fluid. For most
lubricating fluids, the rate of shear is constant, and du/dy = U/h. Thus, from previous equation
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e Unit of dynamic viscosity poise (P) in CGS,
» Unit of kinematic viscosity called the stoke (St). per square centimeter (dyn - s/cm2).

e It has been customary to use the centipoise (cP) in analysis, because its value is more
convenient.

* When the viscosity 1s expressed in centipoises, it 1s designated by Z.

e The conversion from cgs units to SI and 1ps units 1s as follows:

llb-s  OG8YON-s

. ’.I
II'I.2 m~

(1cp = 1 mPa-s).

= 680 Pa-s

| reyn =
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SAYBOLT VISCOMETER

* The ASTM standard method for determining viscosity uses an instrument called the
Saybolt Universal Viscosimeter.

iOvertiow rim

* The method consists of measuring the _ L _
time in seconds for 60 mL of lubricant at I s
a specified temperature to run through a
tube 17.6 mm 1n diameter and 12.25 mm o
long. e

Sottom af bath
Fisure 13.7

Qrifice Saybuolt viscometer.
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» The result is called the kinematic viscosity, and in the past the unit of the square

centimeter per second has been used. One square centimeter per second 1s defined as a
stoke.

* By the use of the Hagen-Poiseuille law, the kinematic viscosity based upon seconds
Saybolt, also called Saybolt Universal viscosity (SUV) 1n seconds, 1s

180

vim3/s) = 107%Z; (cSt)

180
v = (DEEI — T) {l{:'_E']
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v(m*/s) = 10~°Z; (cSt)
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Temperature and Pressure Effects on Viscosity

e Multigrade oils, as SAE 10W-40, have less variation of viscosity with temperature than
straight-run petroleum oils that have a single-grade designation (as SAE 40 or SAE

10W).

Ahsolute viscosity, ryn
=
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Temperature and Pressure Effects on Viscosity

e The measure of variation 1n viscosity with temperature 1s the viscosity index (abbreviated
V). oils, for example, have relatively little variation of viscosity with temperature.

Ahsolute viscosity, ryn
=
&

n
o 50 1 150 2OHD
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Temperature and Pressure Effects on Viscosity

e The viscosity index of petroleum oils can be increased, as in the production of
multigrade oils, by the use of viscosity index improvers (additives).

e All lubricating oils experience an increase in viscosity with pressure.

Ahsolute viscosity, ryn
=
&

n
o 50 1 150 2OHD
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absolute viscosit
v = Kinematic viscosity = - 3 (13.3)
mass density

Units are lengthzftimf:, as cm?'fsf which 15 named the stoke, abbreviated 5St.
Absolute viscosities can be obtained from Saybolt viscometer measurements
(time S, in seconds) by the equations

180
wimPa-s, orcp) = (G.EZS — T)p (13.4)
and
180 .
wipreyn) = ﬂ.l-ifr(ﬂ'.lES — T)p (13.5)

where p i1s the mass density in grams per cubic centimeter (which is numerically
equal to the specific gravity). For petroleum oils the mass density at 60°F (15.67C)
is approximately 0.89 g/cm”. At other temperatures the mass density is

p = 0.89 — 0.00063(°C — 15.6) (13.6a)
= 0.89 — 0.00035(°F — 60) (13.6b)
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Problem -1

e An engine o1l has a kinematic viscosity at 100°C corresponding to 58 seconds, as
determined from a Saybolt viscometer (Figure ).

e What 1s its corresponding absolute v i
viscosity in millipascal-seconds -_rﬁ-_j_- %
. . . . 1. — Lewel of liquid
(or centipoises) and in microreyns? I
e To what SAE number does it
ol
correspond? cath
Kimematlc wiscosiy,
58 = at 100°C

Sottom af bath
Fizure 13,7

Saybolt viscometer.

Orifice
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Solution

e 1. calculating the mass density of the engine oil.

e 2. calculating absolute viscosities in units of centipoises or microreyns.

e 3. viscosity—temperature curves for SAE numbered

g = 0LED — 0LODD63C — 15.6)
= (LE9 — 0.00035(°F — o)

o = 0.89 — 0.00063(100 — 15.6) = 0.837 g/em?
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180
— 2 S—
LL [f'l:l-_l:lfﬁ Bl S8 ]EI.EI"

= 808 mPa-s (or 808 cp)

T
I

|80 |
0. 145[{{!.2?.11.“53} Ty 0.837

L.17 ereyn

From Figure 13.6, the viscosity at 100°C is close to that of an SAE 40 oil.
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Petroff’s Equation

» Consider a vertical shaft rotating in a guide bearing.

e It is assumed that the bearing carries a very small load, that the clearance space 1s
completely filled with oil, and that leakage 1s negligible (Fig.) Denote the radius of the
shaft by r,

E'i':m ay”
ump
Chlfll
hole
j— Bushing {(bearing)
K,.__..& Journal (shaft)
H_ri .?'r |I
| I|I }
\ 1] / ¥
— t A
- : | 1'-1-1-" | Side leakag hgzibl
LA !
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» The radial clearance by ¢, and the length of the bearing by /, all dimensions being in
inches.

o If the shaft rotates at N rev/s, then its surface velocity 1s U = 2nir N 1n/s.

e Since the shearing stress 1n the lubricant 1s equal to the velocity gradient times the
viscosity, from Eq. we have

e F' = friction torque/shaft radius = 7;/R
e A=2mRL
e U=2nRN (where N 1s 1in revolutions per second)

bearing diameter — shaft diameter

-

h = ¢ avhere ¢ = r:acll:al|ch::|.rﬂnc|: =
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U 2mrpN
T = —_— =
K h C

» where the radial clearance c has been substituted for the distance /. The force required to
shear the film 1s the stress times the area.

e The torque 1s the force times the lever arm ». Thus

2rruN 423 N
T = (TA)(r) —( h )flrrrﬂ'}{rj - —
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 If we now designate a small force on the bearing by ¥, in pounds-force, then
the pressure P, in pounds-force per square inch of projected area, is P = W/2rl .

» The frictional force is f W, where f1s the coefficient of friction, and so the
frictional torque 1s

T=fWr=(f)2rlP)r)=2r"fIP
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N r
! P c

» Above Equation is called Petroff s equation and was first published in 1883.

» The two quantities uWN/P and r/c are very important parameters in lubrication.
Substitution of the appropriate dimensions in each parameter will show that they are
dimensionless.

» The bearing characteristic number, or the Sommerfeld number, 1s defined by the

equation
r\* uN
S — (_) [l
€ P
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ry. uN
s=(-) &=
€ P
e The Sommerfeld number 1s very important in lubrication analysis because i1t contains
many of the parameters that are specified by the designer.

e Note that it 1s also dimensionless.

» The quantity »/c is called the radial clearance ratio. If we multiply both sides
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Problem -2

* A 100-mm-diameter shaft is supported by a bearing of 80-mm length with a diametral
clearance of 0.10 mm (Figure ). It 1s lubricated by o1l having a viscosity (at the operating
temperature) of 50 mPa- s. The shaft rotates 600 rpm and carries a radial load of 5000 N.
Estimate the bearing coefficient of friction and power loss using the Petroff approach.

5000 N
| | Ofl viscosity,
S0mPa-xs
] 1*“JJ
t
£ = 100 mm
-3 : - ; ) )
l [ # - 50 mm a = GO0 rpm
b
Ficure 13.9
c = 0.05 mm Journal bearing for 2ample
—— [ = B0 mm —— Problem 13.2,
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Assumptions:

1. There is no eccentricity belween the beaning and journal, and no lubricant flow
in the axial dipection. @

2. The frictional drag force is equal to the product of the coefficient of friction
times the radial shaft load.

Analysis:
1. With the preceding assumptions, Petroff 's equation is appropriate. From Eq. 13.7,

s I{D.ﬂiPa-shlﬂrp-s}x 50 mm
T T S0 0.05 mm
0.1 = 008

2. Torque friction Ty = fWIN2 = (D.0158)5000 NMO.1 m}2 = 3.95 N-jm

Note: (1) Trcould alse be obtained from Eq. b. (1) The same calculated value of

Ty would be obtained using any value of W, but the greater the load, the
ereater the deviation from Petroff 's assumption of zero eccentricity.

3. Power = 2aTyn = 2ar(3.95 N-m)(10 1ps) = 248 N-m/s = 248 W.

= (L0158

N/m*
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Stable Lubrication
A
|
e |
=
S | Thin film | Thick film
= | (unstable) | (stable)
=
G |
i |
= |
£ 1€
-
|
|
B
Beanng charactenstic, pNAP
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Stable Region (Right of line BA)

) Operating to the right of line B 4 and something happens, say, an increase in lubricant
temperature.

 This results in a lower viscosity and hence a smaller value of uN/P.

A

\

Thin film

{unstable)

Thack flm

(stable)

C

Coefficient of friction ©

B

Beanng charactenistic, p NP
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Stable Region (Right of line BA)

» The coefficient of friction decreases, not as much heat i1s generated in shearing the
lubricant, and consequently the lubricant temperature drops.

e Thus the region to the right of line B 4 defines stable lubrication because variations

are self-correcting.

Coefficient of friction ©

Thack flm

(stable)

Beanng charactenistic, p NP

10/8/2022
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Unstable Region (Left of line BA)

- A decrease 1n viscosity would increase the friction. A temperature rise would ensue,
and the viscosity would be reduced still more. The result would be compounded.

) To the left of line B A4,

A

\

Thin film

{unstable)

Thack flm

(stable)

C

Coefficient of friction ©

B

Beanng charactenistic, p NP
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Unstable Region (Left of line BA)

* Thus the region to the left of line B A4 represents unstable lubrication.

» It is also helpful to see that a small viscosity, and hence a small uN/P, means that the
lubricant film 1s very thin and that there will be a greater possibility of some metal-
to-metal contact, and hence of more friction.

H'-
=

Thack flm

(stable)

Thin film

{unstable)

Coefficient of friction ©

e |
et

Beanng charactenistic, p NP
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On the line BA

» Thus, point C represents what is probably the beginning of metal-to-metal contact as
WN/P becomes smaller.

A
|
|
N, I|h I
= |
E | Thin film | Thick film
= | {unstable) : (stable)
= |
5 |
o |
= | -
¥ |
L
|
|
B

Beanng charactenistic, p NP
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Hydrodynamic lubrication

a) At rest b) At start c) After start

aa Ml ax W &,
(D U

e

F

d) At running
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Journal

Fig.1.6 Hydrodynamic lubricated bearing




Qil of viscosity p
and flow rate Q

Film pressure, p

Average film pressure. p= %

“~ Pmax

Fig.1.13 Stable hydrodynamic

lubrication




1.6.5 LUBRICANT PROPERTIES

Properties of a good lubricant are:

It should adhere to the surface and reduce the wear.
It should protect the system from corrosion.

It should have good cleaning effect on the surface.

2
3
4
9. It should carry away as much heat from the surface as possible.
6. It should have thermal and oxidative stability.

7. It should have good thermal durability.

8. It should have antifoaming ability.

9

It should be compatible with seal materials.

1. It should give rise to low friction.
.1

- O0.lt should be cheap and available in plenty. -




1.7.1 Recommended Lubricants for the Bearing Application

1. SAE 10 — spindle oil for light loaded bearings and high speeds.
2. SAE 20 - 40 — Machine oil for bearings of IC engines, machine tools, turbines etc.
3. SAE40-50 — Machine oil for diesel engines heavy load and medium speeds.

4. SAE 60-70 — machine oil for high temperature, heavy load and low speeds.




/X

1.7.4 150 Specification of Lubrication oils

Industrial fluid lubricants are commonly specified in terms of international standards,

which appear as

1. ASTM D 2422,
2. American National Standard Z11.232,
3. 1S5S0 Standard 3448.




METHODS OF LUBRICANT SUPPLY

Lubricant present at the bearing surface gets depleted due to side leakage and
to main the hydrodynamic lubrication continuous supply of lubricant must be
ensured.

The principal methods of supply of lubricant are:
1. OIl Ring lubrication
2. Qll collar lubrication
3. Splash lubrication
4. Oil bath lubrication
5. Oil pump lubrication




Bearing sleeve
(tophalf) -

FIGURE 13.22
Ring-oiled bearing.
(Courtesy Reliance

Eleetriec Company)




Oil Ring Lubrication

The ring is of 1.5 to 2 times the diameter of the !s aft.

It hangs loosely on journal and rotates with the journal.
As the ring rotates it lifts oil to the top.

The bearing sleeve is slotted to accommodate the ring and bear against the journal.

Oil rings

l !

- - -

Water-cooled 1k
copper lining T™

Oil Babbitt
level

AN S

Water passages

Bearing shell
]

L enatannt”

\\\\\\\\\\\\\\\\\\\\\\\\

.....................




Oil Collar Lubrication

» Arigid collar integral with the journal dips into the reservoir at the bottom.
» A small sump is provided on either side of the collar.
 During rotation the collar carries oil to the top and throws off into the sumps.

» From the sump oil flows by gravity through the oil hole and groove to the
bearing surfaces.

Collar
Journal

Bearing Shaft Steel back

~-Bearing
e - e ZOiI hole| material

- - e .
>—€ = A

Axial
| ’ = groove

| Oil sump




Splash Lubrication
* Oil is channelled to small sumps maintained above the bearings.
* The oll in sumps is splashed by moving parts or small oil scoops.
» The splashed oll is thrown onto the bearings for lubrication.

» Few examples are:

Camshall

- automobile engine « \3
- wrist pin lubrication [*? ol
= gearboxes lubrication Main bearing \ |§l) X . TS
—\ |l =
. wherein gears splash AR T BH
- . s 1 =
- the oll into bearings. \
ﬁ ' ]




Oil Pump Lubrication

Piston pin or wrist pin
/

e This Is a positive means of supplying oll. S
» Pumped oil fills the circumferential grooves / Kot ' ey
in the main bearings. oilin | Gilin
* The holes in crankshatft carry oil to the L)l
o a /1/
ConneCtlng rOd bearlngs' /-/;/' B Circumferential groove
. . ' in main bearing
» Circumferential groove r==T—ANT T
transmits the olil through |
riﬂ:le d“lled hOleS tO the Drilled passage in crankshaft

WriSt p| n beal‘i ngs . Circumferential groove in rod bearing

Circumferential groove in main bearing

Pressure fed lubrication system of a piston engine or
Compressor .




End of Lecture

Any Questions

INTERACTION IS HIGHLY ENCOURAGED
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Hydrodynamic Lubrication Theory

» Theoretical analysis of hydrodynamic lubrication is traced to Osborne Reynolds’s study of the
laboratory investigation of railroad bearings by Beauchamp Tower in England during early 1880s.

* An oil hole was drilled to test the effect of adding an oiler at this point.
» Tower was surprised to discover that when the test device was operated without the oiler installed,
oil flowed out of the hole!

» Tower tried to block the oil flow by pounding cork and wooden stoppers into the hole, but the

hydrodynamic pressure forced them out.
il hola

.l W l |,;'Illl.l l‘ Partial bronze
ik

| . bearing

L/T\l\/f . Ol level
+ : o
|
Journal
FiGURe 13.10
Schematic representation of Beauchamp

Tower’s experiment.
M. N. Alam / Mech. Engg. Dept. / A.M.U 8/21/2020




Hydrodynamic Lubrication Theory

» At this point, Tower connected a pressure gage to the oil hole and subsequently made
experimental measurements of the oil film pressures at various locations.

» He then discovered that the summation of local hydrodynamic pressure times differential projected
bearing area was equal to the load supported by the bearing.

» Reynolds’s theoretical analysis led to his fundamental equation of hydrodynamic lubrication.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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Derivation of the Reynolds equation

e Consider one dimensional flow between flat plates.
* One-dimensional flow means we are neglecting bearing side leakage.
» The analysis is approximately valid for bearings with L/D ratios greater than 1.5.

» This analysis can also be applied to journal bearings because the journal radius
is so large in comparison to oil film thickness.

= [ - Rotating journal ¥

Flow of
lubeicant
h
i

| u'j.-_-j?ﬂl}'dc

Staionary partial bushing
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Reynolds Assumptions

* The fluid should meet following conditions; assumptions made:
* Newtonian,
* Incompressible,
» Constant viscosity through-out the film
* No pressure variation in the axial direction
» No gravitational forces

e Laminar flow,
e) The bearing and joumal extend infinitely in the z direction. i.e., no lubricant

flow in the z direction.
f) The film pressure is constant in the vy direction. Thus the pressure depends

on the x coordinate only.
g) The velocity of particle of lubricant in the film depends only on the coordinates
xandy.

» the film is so thin that (1) it experiences negligible pressure variation over its thickness,
(2) the journal radius can be considered infinite in comparison.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020




» The equation for equilibrium of forces in the x direction acting on the fluid element shown is:

d d
pdydz + Tdxdz — (p + d};dx) dydg — (1’ + ﬁdy) dcdz = 0 (a)

dy
L& ()
The above equation reduces to dx  dy
ou
T= M4 (c)
C Jy Fiied bexrng
¥
-2 - Lubricant
d_p e }-'L d u - Rotating journal
dx ay2
- Lubricant flow f+ :-:_f"'-"'] el
~ ——
dcu 1dp .
or —2 e 2 Coordinates: R — (o + cTI\'M s
d.y 'u, dx :::gzlg;ntial .o
3 = axial /'/ T il s

- -

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh

An element of lubricant.

X components of Pressure and viscous forees




* Holding x constant and u I (dp
integrating twice with respect to y 5 = = (cbry g & 1)
1 ({dp y2

Assumption of no slip between the lubricant ana tne bounaary surraces gives pounaary conditions
to find C1 and C2
u=0 at y =10, u=U a y=h

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



e Substitution of the values C1 and C2, in Ea. d aives

L dp U
LR %N 8
. Z,wdx(y 5y (%)

Rotating journal
which is the equation for the velocity distribution of . e

the lubricant film across any yz-plane as a function

of distance y, pressure gradient dp/dx, and surface
velocity U.

[

Lubricant flow

» This velocity distribution consists of two terms:
(1) a linear distribution

(2) a superimposed parabolic distribution given Stationary bearing i
by the first term.

Lubricant velocity gradient.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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e Let the volume of
Figure be Qf.

e For unit width in tt _

h
Qf:/ Md}’:
0

Uh

n o dp

e

12u dx

» For a non-compressible lubricant, the flow rate must
be the same for all cross sections,

Classical Reynolds equation for one-dimensional flow.

d

W dp

dx

(

M dx

|

dh
U ST

dx

(e)
dQ
7
dx
_Udh
2 dx

ng the element in

d( n dp 1
dx \ 12n dx

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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Reynolds equation for two-dimensional flow

* When fluid flow in the z direction is included (i.e., axial flow and end leakage), a similar
development gives the :

o (Hna o0 (Ko oh
, .t Y P =g
ax\ i dx dz \ M 0% ox
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Ocvirk’s short bearing approximation.

* There is no general analytical solution to the equation

d (Ko d (K a oh
Sl k. o) Y P) - =
ax\ B gx gz \ it 92 0x
* Only approximate solutions have been obtained by using electrical analogies, mathematical
summations, relaxation methods, and numerical and graphical methods.

* One of the important solutions is due to Sommerfeld, expressed as

ool (5) 7

where ¢ indicates a functional relationship.

» Sommerfeld found the functions for halfbearings and full bearings by using the assumption of no side
leakage.
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Design Considerations

O

0 Two groups of variables are considered in the design of sliding bearings.

* In the first group are those whose values either given or are under the control of the
designer. These are:

1 The viscosity u

2 The load per unit of projected bearing area, P
3 The speed N

4 The bearing dimensionsr, c, 3, and |

» Of these four variables, the designer usually has no control over the speed, because it
is specified by the overall design of the machine.

» Sometimes the viscosity is specified in advance.

» The remaining variables, are therefore the decisions the designer makes.

M. N. ALAM / Mech. Engg. Dept. / A.M.U. Aligarh



* In the second group are the dependent variables.

The designer cannot control these except indirectly by changing one or
more of the first group. These are:

1 The coefficient of friction f
2 The temperaturerise T
3 The volume flow rate of oil Q

4 The minimum film thickness h0

M. N. ALAM / Mech. Engg. Dept. / A.M.U. Aligarh




Design Charts for Hydrodynamic Bearings

O

» Solutions of the Reynolds equatioi e

dh
dx

were first developed in the first decade of the twentieth century.

» Although theoretically applicable only to bearings that are “infinitely long”, these
solutions give reasonably good results with bearings of L/D ratios over about 1.5.

3 - ;
* The Ocvirk short bearing solution, based on Equation J.f & 1p — 6Ud_h
Jdz \ M 0z dx
is quite accurate for bearings of L/D ratios up to about 0.25, and is often used to

provide reasonable approximations for bearings in the commonly encountered
range of L/D between 0.25 and 0.75.
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» Computerized solutions of the full Reynolds equation

g (ha d (W0 oh
ap 3 o c'p _ 6U,—
dx \ M dx dz \ M dz dx
have been reduced to chart form by Raimondi and Boyd .
These provide accurate solutions for bearings of all proportions.

» Selected charts are reproduced in Figures

» Other Raimondi and Boyd charts apply to partial bearings (which extend around only 60°, 120°,
or 180° of the journal circumference) and to thrust bearings.

M. N. ALAM / Mech. Engg. Dept. / A.M.U. Aligarh



-

» Values of any of the bearing performance variables plotted in coming Figures can be determined
for any ratio of L/D greater than by using the following interpolation equation given by Raimondi

and Boyd.
I 1 L 2L 4L
a5
(L/ID)’L 8 D D D
A6 Eh-10-50-5)
3 D p/M d\- D 77
40502
2% D D Y14

* where y is the desired performance variable for any L/D ratio greater than 1/4 and y1,

y1/2 , and y1/4 are the values of that variable for bearings having L/D ratios of g, 1, and
respectively.
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» Raimondi and Boyd charts apply to partial bearings (which extend around only 60°, 120°, or 180°
of the journal circumference) and to thrust bearings.

» All the Raimondi and Boyd charts give plots of dimensionless bearing parameters as functions of
the dimensionless bearing characteristic number, or Sommerfeld variable, S,

R)zp,n

Bearing characteristic number, § = (c P

The S scale on the charts is logarithmic except for a linear portion between 0 and 0.01.
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Chart for minimum-film-thickness variable
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Chart for coefficient-of friction variable
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Chart for determining maximum film pressure

1.0

09

0.8

or

P
' Proas e

0.5

!
g

0.4

I.h|:-l_ru.|||.-l§hl
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Chart for determining the position of the minimum film thickness hO
10d ——
m e
§ =
a4 LD == =
i " = iZas
£ % : :
-;- 5 7
E 1
E ao . e
3 =
% 30 ra I
% 20 i e i
10 ;:': mossia
0 : o0 Q02 Q04 00 O o2 iod OB O8I0 2 4 & B P
Bearing characteristic numbes, § - {%}5!“;—'
*® Defined in Flgee 1320
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Chart for positions of maximum film pressure and film termination
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Chart for flow variable

Bearing characteristic number, § - [%‘f&;
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Chart for the ratio of side flow to total flow

1.0
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Polar diagram of film-pressure

|

Oil of viscosity p
and flow rate 0

Film pressure, p

lf Average film pressure = P = DL
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PROBLEM - 1

A journal bearing of 2-in. diameter, 1-in. length, and 0.0015-in. radial clearance supports a
fixed load of 1000 Ib when the shaft rotates 3000 rpm. It is lubricated by SAE 20 oil,
supplied at atmospheric pressure. The average temperature of oil film is estimated at 130°F.

Using the Raimondi—Boyd charts, estimate the minimum oil film thickness, bearing
coefficient of friction, maximum pressure within the oil film, angles ¢, meﬂx. and Qpc_.and

total oil flow rate through the bearing; the fraction of this flow rate that is recirculated oil
flow; and the fraction of new flow that must be introduced to make up for side leakage.

1000 Ib
SAE 20 0il
+ |} . {L/ Ta-.'g = 1307
B =200 Q ) (\
-3 } X ) ) .
l IR:LD in. O# n = 3000 rpm
\
) T
f | |
¢=0.0015 in.

e i-10M—
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Solution

Assumptions:

1. Bearing conditions are at steady state with the radial load fixed in magnitude and direction.

2. The lubricant is supplied to the bearing at atmospheric pressure.

3. The influence on flow rate of any oil holes or grooves is negligible.

4. Viscosity is assumed to be
constant and to correspond

1000 Ib
SAE 20 Oil

to the average of the oil flowing {L/ Tys= 130°F
to and from the bearing. t
J D=2.0in. Q ) [
} e ' ' A\ | n=3000 rpm
l | R= %.D in. 0#
] |
} | |
c=0.0015 in.

e =100 —]
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1. Given Data: D = 2in..
R=1in,
L =1in.,
¢ = 0.0015 in..
n = 30 rps,
W = 1000 Ib.
2.
W _ 1000 _ 500 psi

P = =
LD (D(2)
p=4x10"reyn (Figure)

M. N. ALAM / Mech. Engg. Dept. / A.M.U. Aligarh

1000 Ib

SAE 20 Oil
Toa= 130°F

/1

| n=3000 rpm

c=0.0015 in.

L‘iL:I.Oin.—»‘




3. Calculate S:

4

G o (E)E(E) _ ( 1 )2(4 X 107°)(50)
¢) \ P 0.0015 500

.Use § = 0.18, L/D = 0.5 to enter all charts, and use units of inch-pound-

seconds

From

Figure

consistently:

ho/c = 0.3,

M. N. ALAM / Mech. Engg. Dept. / A.M.U. Aligarh

hence

= 0.18

hy = 0.00045 in.




(R/c)f = 5.4, hence f = 0.008.

P/pmax = 0.32, hence ppax = 1562 psi.
o = 40°.

Hpﬂ = 34°, Hpmax = 16.9°.

O/RcnL = 5.15, hence Q = 0.39 in.”/s.

Q,/Q = 0.81,

Hence side leakage that must be made up by “new” oil represents 81 percent of
the flow; the remaining 19 percent is recirculated.

4. From the charts Calculate;:
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PROBLEM - 2

O

A machine journal bearing has a journal diameter of 150 mm and length of 120 mm. The bearing
diameter is 150.24 mm. It is operating with SAE 40 oil at 65 C. The shaft is carrying a load of 8 kN
and rotates at 960 rpm. Estimate the bearing coefficient and power loss using Petroff's equation.
Data Given :

d=0.15m;

D =0.15024m;

|=0.12 m;

F=8kN;

SAE 40 oil To = 650C;

n = 960/60 = 16 rps.

To Find
f=?, Nloss =?

M. N. ALAM / Mech. Engg. Dept. / A.M.U. Aligarh




Solution

Temperature {“F)
.............. EO jo0 130 440 V8D 180 200 220 240 260 280
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©RORNRRE = : 10°

¢ = (D-d) /2=10.00012 m :_ijgﬁ_ S I
p = F/dl = 8000/ 150x 120 = 0.44 MPa= 44 x 104 Pa 5 LR NN =
o EEEh*) =ECS LR TSR ERREREERRIS IR IEE 'l
wo S NN N RN D e i £
Viscosity of SAE 40 at 65°C, y = 30 mPa.s = 30x10°Ns/m? = “ RSN E?% %_: g
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Solution

O

(b) Friction Torque

Te=fFr
=0.0134 x 8000 x 0.075

= 8.067 Nm
w = 21n /60
=2x3.14x960/60
= 100.48 rad/s
Power loss:
Nigss = Tt
=8.067 x 100.48
=811 W
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DESIGN CHARTS FOR HYDRODYNAMIC BEARINGS

e Raimondi and Boyd charts are plots of dimensionless bearing parameters as
functions of the dimensionless bearing characteristic number, or Sommerfeld
variable, S.

e Raimondi and Boyd charts apply to partial bearings (which extend around only
60°, 120°, or 180° of the journal circumference) and to thrust bearings.

:  _ R\? un
Bearing characteristic number, § = :) P

The S scale on the charts i1s logarithmic except for a linear portion
between 0 and 0.01.
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Raimondi and Boyd charts

* Raimondi and Boyd have obtained computeriz@utions for Reynolds equation, and reduced them to
chart form.

» These charts provide accurate solutions for bearings of all proportions.
» Selected charts are shown in the Figures.
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Problem

e A journal of a stationary oil engine is 80 mm in diameter. and 40 mm long. The
radial clearance is 0.060mm. It supports a load of 9 kN when the shaft is rotating at
3600 rpm. The bearing 1s lubricated with SAE 4001l supplied at atmospheric pressure
and average operating temperature is about 650C. Using Raimondi- Boyd charts
analyze the bearing Data: d = 80 mm; 1 =40 mm; ¢ = 0.06 mm; F = 9kN;

* Data Given:
n = 3600rpm = 60 rps;
SAFE 40 oil;
To = 650C;
Assuming that it is working under steady state condition.
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Solution

Analysis:
1. p=F/Id
=9 x1000 /40 x 80 = 2.813 MPa

2. M =30cP at650C for SAE 40 oil from Fig. 2.3a.

> s

_[ 40 )2[30:{10"‘*"’:(60

=0.284
0.06 2.813x10° )
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4. For S =0.284 and I/d = %,
ho/c =0.38
For € =e/c=0.62 from Fig.6.

ho = 0.38xc
= 0.382x 0.06

=0.023mm = 23um

e=062xc
=0.62x0.06 =0.037 mm
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5. (r/c)f=17.5,
for S=0.284 and|/d =% from Fig.2.11a.
f=7.5x(c/r)=7.5x(0.06/40) = 0.0113

6. @ =460, forS=0.284 forl/d =2 from Fig.2.9a.

7. (Q/rcnl)=4.9, forS=0.284 forl/d =72 from Fig.2.12a.
Q=49rcnl=4.9x0.04 x 0.00006 x 60 x 0.04
= 2.82x10-5 m3/s
=28.2cm3 /s
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8. (Qs/Q)=0.75, for S =0.284 for | /d = V2 from Fig.2.13a.

Qs=0.75Q=0.75x28.2=21.2cm3 /s

9. (p/p max)=0.36, forS=0.284 for | /d = %2 from Fig.2.14a.
puma =p /0.36 =2.813/0.36 = 7.8 MPa

10. Bpox = 61.50 and Bpuma = 17.50, for S = 0.284 for | /d = V2 from
Fig.2.15a.
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Coefficient of Friction
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Chart for the position of minimum film thickness ho
(12)
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Chart for coefficient-of friction variable
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Chart for determining maximum film pressure
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Chart for determining the position of the minimum film thickness h0
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Chart for positions of maximum film pressure and film termination
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Chart for the ratio of side flow to total flow

(18)
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Chart for maximum film pressure
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Terminating position of oil film and position
of maximum film pressure
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Stable hydrodynamic Lubrication Diagram

F Qil of viscosity p= 30 cP
and flow rate Q= 28.2 cm3/s

n=50rp$ ;

xj'r

,

\'_T—

* .:
}L --4&‘*' (1Y

# ﬂpulﬁ‘i 5 L' ?/&\ Film pressure, p
w / "'*«"B i °
. Fig-10(a () [T opuas

"x __jr k;‘ A\mrag«u film pressure, p= —-i =2.813MPa
- Pmax= 7.8 MPa
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End of Lecture

Any Questions?

INTERACTION IS HIGHLY ENCOURAGED
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THERMAL ASPECT IN HYDRODYNAMIC LUBRICATION

» Heat dissipation and equilibrium oil temperature

» The heat generated in the bearing should be
effectively dissipated.

» This is required to attain equilibrium conditions in
a short time.

» Average or equilibrium temperature of the oil
should not exceed 93 to 123 oC to prevent quick
deterioration of the oil.




Heat dissipation and equilibrium oil temperature

The frictional heat generated can be found from the load (W)
coefficient of friction (f), and the journal speed (N).

v=2nNd /60,000 (m/s)

where Nisin rpm & d in mm.
Frictional power loss:

Hc=Qfv (3.1)

where Hg is expressed in Nm/s or W




Heat dissipated:
Ha=CA (Tu-Ta) in Wor Nm/s (3.3)
where,
C = combined the heat transfer coefficient (radiation

and convection) in W/ma2. oC
Ta = surface temperature of the housing, oC
Ta = temperature of surrounding air, oC.

The value of C depends on the material, colour, geometry and roughness of the

housing, temperature difference between the housing and surrounding objects
and temperature and velocity of the air.

C =114 Wm-°C for still air

C=153Wm-°C for average design practice

C=335Wm’°C for air moving at 2.5 m/s




Heat dissipated, Ha=C A (Tu-Ta) (3.3)

Where, A, the exposed surface area of the housing may be roughly
estimated as a function of the projected area of the bearing.

A =Chn (Aproj.)
= Ch.rdl
=204dl

Ch is called surface area factor,

it ranges from 5 to 15, depending upon
design considerations.




An expression similar to eqn. (3.3) can be written between the temperature difference
To —Tu between the lubricant oil film and the housing.

The relationship depends on the lubrication system and the quality of lubricant
circulation. Oil bath lubrication system in which a part of the journal is immersed in
the lubricant provides good circulation.

A ring oiled bearing in which oil rings ride on top of the journal or an integral collar
on journal dip into the oil sump and provides fair circulation for many purposes.

Wick feeding will result in inadequate circulation and should be limited to very light
load application and is not considered here.

To-ThH=b (Th—Ta) (3.4)

where To is the average ol film temperature and b is a constant depending on

lubrication system.




Heat dissipated: Hg=C A (Ty —Ta) (3.3)

To-Tu=b (TH-Ta) (3.4)
Since Tg and T4 are known, mmbinin%eqn. (3.3) & (3.4),

1
H,=C A(h—HJ(TuuTA){ (3.5)

H,=CAB(T,-T,) (3.6)

Where B = 1/ (b+1) and a rough estimate of this is given in Table 3.1.

In heat balance computation, the oil film temperature and hence the viscosity of
the lubricant in a self contained bearing are unknown. The determination is
based on iterative process where the heat generated and heat dissipated match

giving the equilibrium temperature. This is a time involving procedure.

Table 3.1 Value of the constant B

Lubrication system Condition Range of B
Qil ring Moving air 0.333 - 0.500
Qil ring Still air 0.667 — 0.500
Qil bath Moving air 0.667 — 0.500
Qil bath Still air 0.714 -0.833




Temp rise from Chart

The oil temperature rise can be estimated from:

The chart given by Raimondi and Boyd

or from the heat balance equation in the case of self contained bearings
as in the case of ring, collar or oil bath lubrication.

Tvar = 'Y CH [%J (32)

Where? is the density of the oil 861 kg /m®

Cy is the specific heat of the oil, an average value of 1760 J/ kg. °C may be

taken.

AT is the temperature rise °C and P is the film pressure in Pa.




Numerical Problem

A journal of a stationary oil engine is 80 mm in diameter and 40 mm long. The radial clearance
is 0.060mm. It supports a load of 9 kN when the shaft is rotating at 3600 rpm with SAE 40 oil
supplied at atmospheric pressure and assume average operating temperature is about 650C as

first trial for inlet oil temperature of 450C. Using Raimondi-Boyd charts analyze the bearing
temperature under steady state operating condition.

Solution
Data given:

d = 80 mm; 1 =40 mm;
c=0.06 mm; F = 9kN;
N =3600rpm = 60 rps;
SAE 40 oil; To = 65 0C; Ti=45 oC.
p =F/ld

=9x1000 /80 x 40

= 2.813 MPa
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Problem -2

A sleeve bearing is 40 mm in diameter. and has a length of 20 mm. The clearance ratio is
1000, load 1s 2.5 kN, and journal speed is 1200 rpm. The bearing is supplied with SAE 30
oil. The ambient temperature is 35 oC. Determine the average oil film temperature in
equilibrium condition, assuming that the bearing 1s lubricated by an oil bath in moving air.

Data: d =40 mm; | = 20 mm; r/fc = 1000; SAE 30 Qil;
Ta = 35°C: Lubrication is by oil bath in still air.

Analysis:

1.p=F/d1=25x10°/004x0.02=3.13 x 10° Pa

2. Expecting the oil average temperature to be 60°C

U =265 cP or mPa.s for SAE 30 oil. From Fig.2.3c

3. n = 600/60 = 10 ps.

2 =3

ry (upn 2| 26.5x10™ x10

4. S=—| | =— | = 1000 = 0.085
[c) ( P } [ 3.13x10°




r
5. —f=3.05  forS=0.085and (l/d)=0.5 from Fig.2.11b.

------------ 6. f= 3.05% = 3.05x107°=0.00305
. ndn  nx40x600

60000 60000

8. Hy=F fv=2500 x0.00305 x 1.26 =961 Nm /s

9. Hy=CAB (Ty-Ta) =Hy from which
C=335Wm>°C for moving air
B = 0.667 from Table 2.1 for oil bath In moving air.
A=20d1=20x0.04x002=0016 m"

10. T, = T4 + Hy / CAB
=32+ 961 /(33.5x0.016 x0.667)
=61.9°C
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Iteration 2
1. For oil temperature of 61.9°C, p=26.5 mPa.s for SAE 30 oil from Fig.2.3d

n 24 5x107° x 10 Temperature (°F)
S [LJ [MFJ . 10002[ 3.13x10" ]# B84 Bﬁ “:”i: m”ﬂ “*“ ts? fﬁ:i--g_zm 240 aian 280

3. f=0.00285

..... :‘_ e . - O 1{}3
ESSsstnaiates:

1 Tl

1
U
SR iiiansiang

on

4. Hg=F fv=2500 x0.00285 x 1.26 = 5.98 Nm /s

L= ]

1 -

5. To=Ta+Hy/CAB
=35+ 898 /(33.5x0.016 x0.667)
=60.1°C
6. Hence the equilibrium temperature
of oil will be around 60.1°C.
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Absolute viscosity, p (preyn)
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; Fig.2.3d Viscosity — temperature curves of SAE graded oils
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HYDRODYNAMIC LUBRICATED JOURNAL
BEARING DESIGN

The design procedure of hydrodynamic bearing is very elaborated one
with theory and practice being judiciously blended together.

1 Unit loading
The load per unit journal projected area is denoted by p.

In many applications like engine bearings, momentary peak loads
re?ult in bearing pressures of the order of ten times the steady state
values.

The hydrodynamic bearings can take up such peak loads without any
problem.

The recommended values of steady unit load for various applications
are given in Table 3.1.

This helps in selecting suitable diameter for any particular the
application.




Unit loads for journal bearings (Table 3.1)

(a) Relatively Steady Loads p = Fmax/ d 1

(b)

Applications Unit loads MPa Applications Unit loads MPa
Electric motors 08-15 Air compressors 1.0-20
Main bearing
Steam turbines 1.0-20 Air compressors 20-40
Crank pin bearing
Gear reducers 08-15 Centrifugal pumps 0.6-1.2
Relatively Fluctuating Loads p = Fmax / d 1
Applications Unit loads MPa Applications Unit loads
MPa
Diesel Automotive
Engines gasoline engines
Main bearings 6—12 Main bearings 4-95
Connecting 8—15 Connecting rod 10-15

rod bearings

bearings




Bearing 1 / d ratios

» Ratios - 0.25 to 0.75 are now commonly used in modern
machinery whereas in older machinery closer to unity was used.

* Longer bearings have less end leakage and reduced oil flow
requirements and high oil temperature.

o Short bearings are less prone to edge loading from shaft
deflection and misalignments, need higher flow rate and run
cooler.

» The shaft size is found from fatigue strength and rigidity
considerations.

» Bearing length is found from permissible unit loads.




Acceptable values of ho:

The minimum acceptable oil film thickness, ho, depends on
surface finish. Trumpler suggests the relationship

ho = 0.005 + 0.00004 d (units in mm) (3.7)

This equation applies only to bearings that have finely ground
journal with surface roughness not exceeding s5um, that have
good standards of geometric accuracy circumferential out of
roundness, axial taper, and “waviness” both circumferential and
axial; and that have good standards of oil cleanliness.

A factor of safety of 2 is suggested for steady loads that can be
assessed with good accuracy.




Clearance ratios c/r

 For journals 25 to 150 mm in diameter and for precision bearings
(c / r) ratio of the order 0.001 is recommended.

» For less precise bearings of general machinery bearings (c / r) ratio
up to about 0.002 is used.

Table 3.3 Clearance ratio: @y = cirin 10 2

Working pressure p Peripheral speed m/
MPa

Low <2 Medium -2 to 3 High =3
Low to medium 0.7—-1.2 14-20 Z2-3
p<8
High 0.3-0.6 0.8-1.4 1.5-2.5
p>8




Clearance ratios c/r

» For rough-service machinery (c / r) ratio of 0.004 is used.

» In any specific design the clearance ratio has a range of values,

depending on the tolerances assigned to the journal and bearing
diameter.

Table 3.3 Clearance ratio: @y = cirin 10 2

Working pressure p Peripheral speed m/
MPa

Low <2 Medium -2 to 3 High =3
Low to medium 0.7—-1.2 14-20 Z2-3
p<8
High 0.3-0.6 0.8-1.4 1.5-2.5
p>8




Table 3.4.Surface roughness values R4y and R; in pym (peak to valley height

of shaft and bearing surface roughness)

turning finish

grinding, lapping,
honing

Type of Roughness Type of Roughness
machining values machining values
Rough turning 16 - 40 Fine tuming, 25—-60
finish reaming,
agrinding.
broaching finish
Medium 6 -16 Very fine 1-25




Important factors to be taken into account for
designing a hydrodynamic bearing

1. The minimum oil film thickness to ensure thick film lubrication
is given as ho = 0.005 + 0.00004 d

2. Friction should be as low as possible to reduce the power loss
ensuring adequate oil film thickness. Operation in the optimum
zone in Raimondi chart ensures good design.

3. Ensure adequate supply of clean and cool oil at the bearing inlet.

4. Ensure that the oil temperature never exceeds 93 oC for long life
of the oil.




Important factors for hydrodynamic bearing design

5. Grooves are to be provided for distribution of oil admitted to

6.

the bearing over its full length. If so, they should be kept away
from highly loaded areas.

Choose a bearing material with enough strength at operatin
temperatures, adequate conformability and embeddability, an
sufficient corrosion resistance.

7. Shaft misalignment and deflection should not be excessive.

8.

Check the bearing loads and elapsed times during start-up and
shutdown. Bearing pressures should be below 2MPa during
these periods.

. To arrive at a good design, right combinations of clearance and

oil viscosity for given ofperatlng condition should be chosen. This
will ensure running of the bearing with minimum friction and

wear, and lowest possible temperature by dissipating the heat.




Problem 1

A journal bearing of a centrifugal pump running at 1740 rpm has to
support a steady load of 8kN. The journal diameter from trial calculation

is found to be 120 mm. Design suitable journal bearing for the pump to
operate under hydrodynamic condition.

Given Data:

n = 1740 rpm = 29 rps
F=8kN =8000N
r = 0.5d= 60mm




Problem 1

n = 1740 rpm = 29 rps
F =8 kN =8000 N, r = 0.5d= 60mm

From the Table, for centrifugal pumps, recommended unit load is 0.6 to
1.2MPa.

Given Data:

(a)Relatively steady loads p = Frnax / d |

Applications Unit loads MPa Applications Unit loads MPa

Electric motors 08-1.5 Air compressors 1.0-20
Main bearing

Steam turbines 1.0-2.0 Air compressors 20-4.0
Crank pin bearing
Gear reducers 08-1.5 Centrifugal 0.6 -1.2
pumps

Table1 Unit loads for journal bearings




» Recommended 1/d ratio for centrifugal pumps is 0.75 to 2.
» Avalue of 1/d = 0.75 is chosen.

L =0.75
d = 0.75x120 = 8omm
p=F/1d
= 8000 / 80x 120
= 0.833 MPa

which is within the range for centrifugal pump 0.6 to 1.2 MPa




Choosing cast bronze material for the bearing, the recommended
clearance is coming under C curve of the figure ...

0.30 A
E
o 0.25
o
-
;5 0.20 o
1]
- ,,./
@ 0.15
: v
u L
o E
= 0.10 /" e
= —D T _ ¢~ e
§0.07 [— e =BT -
X 0.05
0
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Journal diameter d, mm

Recommended radial clearance for cast bronze bearings

» Electric motors, generators, and similar types of machinery using ground

J’qurlllle)lls in broached or reamed cast-bronze bearings (0.4 to 0.8 um rms
inis

 From the figure, the recommended clearance for 120 mm diameter journal
is 0.07 mm.




ho = 0.005 + 0.00004 d
=0.005 +0.00004X120
= 0.00908mm

The peak to valley height of roughness
R1 = 1.5 um for fine ground journal and
R2 = 2.5 um lapped bearing assumed.

ho > 0.5 (R1 + R2) = 0.5 (1.5+2.5) = 2 um

Hence,

ho 0.012 is aimed at which is at least 6 times the average
peak to valley roughness of journal and bearing and safe
working regime for hydro-dynamic lubrication.
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(¢/r) =

2X10 -3

Or r/c=500.

(3 (5) -

Clearance ratio of y for p < 8 MPa and v > 3 m /s.
assumed.

34x107° x29

0.833x10°

Table 4.2a Clearance ratio: ¢y =c/rin 10 =

J: 0.296

Working pressure
p MPa

Peripheral speed m/s

Low < 2 Medium—-2to 3 | High>3
Low to medium 0.7-1.2 1.24-20 2-3
p< 8 MPa
High 0.3-06 08-14 1.9-2.5
p>8 MPa

ﬁ
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8 1
ForS=0274and l/d=0.75, 6 =101
4
Tvar = 24 from Fig. . /
2 /1
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.For Tay = 56.6°C, p = 32cP, S =0 283, Tys = 24, AT =13.8°C
Tow=Ti+05AT=50+0.5x13.8=56.9°C
For T,y = 56.9°C, g = 32.5¢cP, S =0. 283, ho/c = 0.492; T,=25;
Q/rcnl=4.45; QQnax=0.6095; (r/c) f = 6.6;
Plomax = 0.42; ® = 54 8%, 8p0 =787; Bpmax = 17.8°;
ho =0.492 xc=0492x0.12=0.059 mm
f=6.6(c/r)=6.6x2.0x 10°=0.0132

AT =25p/yCy=24x0.833x106/861x1760 = 13.74°C




Ta=Ti+0.5AT =50 + 0.5x 13.74 = 56.87°C = 56.9°C

Q=445 xrcnl =4.48 x .00 x0.00012x29x0.08
=743 x10°m’ls = 734 cm' /s

.Qs=0.605x 73.4 =45 cm’/s
Pmax = p/0.42 = 0.833/0.42 = 1.98 MPa
Bearing diameter: 120 H7 - 120.00 / 120.035

Journal diameter-120 f8 -119.964 / 119.910
Fit=120 H7/f8

Frictional power loss: f.Fv =0.0132x8000x10.93=1154 W




. Final details of the designed bearing are given in tabular form

d=120mm || =80mm I/ld=0.75 SAE 30 all C=120um

ho =59 um | p=0.833MPa | pmax=1.98MPa | T,,=56.9°C T,=50°C

@=54.8° |Opmax=17.8° | B,,=78° Q =73.4cc/s | Q=45 ccls

Bearing Cast Bronze |f=0.0132 Journal Ty =63.8°C

material Reamed and | Fit Hardened & |u=325cP
honed 120 H7/ 8 ground
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F  Oil of viscosity p=32.5cP
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ig 4.4 Journal position under stable hydrodynamic lubrication condition
problem
----- End of problem 1---
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BEARING MATERIALS

» Bearing materials constitute an import part of any journal
bearing.

» Their significance is at the start of the hydro- dynamic
lubrication

o when metal to metal contact occurs

o or during mixed and boundary lubrication period.




DESIRABLE PROPERTIES OF A GOOD BEARING MATERIAL

1. Conformability (low elastic modulus) and deformability

(plastic flow) to relieve local high pressures caused by
misalignment and shaft deflection.

2.  Embeddability or indentation softness, to permit small foreign
particles to become safely embedded in the material, thus
protecting the journal against wear.

3. Low shear strength for easy smoothing of surface asperities.

4. Adequate compressive strength and fatigue strength for
supporting the load and for enduring the cyclic loading as with
engine bearings under all operating conditions.




5. Should have good thermal conductivity to dissipate the frictional
heat and coefficient of thermal expansion similar to the journal
and housing material.

6. It should be compatible with journal material to resist scoring,
welding and seizing.

7. Should have good corrosion resistance against the lubricant and
engine combustion products.




COMPOSITION OF BEARING MATERIALS

» Babbits are the most commonly used bearing materials. Bab|
have excellent conformability and embeddability, but

D1tts

have

above 77°C.
» Babbitts can seldom be used above about 121°C.

» Other materials such as tin bronze, leaded bronze, copper
alloy, aluminium

applications.

relatively low compressive and fatigue strength, particu

arly

lead

» bronze, aluminium alloys and cast iron are also used in many




Bearing Material Compositions

Widely used bearing material compositions are given below:
a. Tin-base babbitts with 89% Sn, 8% Pb and 3% Cu,

b. Lead- base babbitts with 75% Pb, 15% Sb and 10% Sn,

c. Copper alloys such as Cu- 10% to 15% Pb.




Bimetal and trimetal bearings

» Bimetal and trimetal bearings are used in engine application in order to:
o reduce the size of the bearing
o obtain good compatibility
o achieve more load capacity.

» The bearings can be of solid bushings or lined bushings.

— ]
-
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—
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(a) Solid bushing (b) Lined bushing




surface of the journal

» Bearings are often grooved to facilitate the supply of lubricant to the

|
© Fanged (d) Straight

Various types of bush bearings




Various groove pattern used in industry

Developed views of typical groove patterns




BEARING MATERIALS- RECOMMENDED RADIAL CLEARANCES FOR
CAST- BRONZE

» Recommended radial clearances lor cast bronze bearings are shown

1n Figure. an —
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Recommended radial clearance for cast bronze bearings

» A — Precision spindles made of hardened ground steel, running on
lapped cast bronze bearings (0.2 to 0.8 um rms finish) with a
surface velocity less than 3 m/s.




B - Precision spindles made of hardened ground steel, running on lapped cast bronze
bearings (0.2 to 0.4 um rms finish) with a surface velocity more than 3 m/s.

C- Electric motors, generators, and similar types of machinery using ground journals
in broached or reamed cast-bronze bearings (0.4 to 0.8 pm rms finish)
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;Recnmmended radial clearance for cast bronze bearings !




D - General machinery which continuously rotates or reciprocates and uses
turned or cold rolled steel journals in bored and reamed cast-bronze bearings
(0.8 to 1.6 um rms finish)

E- Rough service machinery having turned or cold rolled steel journals in bored

and reamed cast-bronze bearings (0.8 to 1.6 um rms finish)
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;Remmmended radial clearance for cast bronze bearings ;
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Table 4.5(a) Bearing material properties

Material Maximum Maximum Maximum | Maximum

PICSSLIC Temperature Speed pv value

Poax MPa | 1 9C | Viax mis | MPamis
Cast Bronze 31 165 (£ 1.75
Sintered bronze 31 65 7.5 LT
Sintered Fe 99 65 B 1.75
Pb-bronze 24 150 7.6 2.
Sintered Fe-Cu 28 65 14 1.2




Table 4.5(b) Bearing material properties

o
Material Maximum Maximum Maximum | Maximum
pics=ulc Temperature Speed pv value
pmax MPa | 1. °C | Vpax m/s | MPa.m/s
Cast iron < 150 1.5 0.5
Hardenable Fe-Cu o9 - 0.2 2.6
Bronze-iron 17 - 4.1 1.2
Lead- iron Vi - 4.1 1.8
Aluminium 14 - 6.1 1.8




Table 4.5(c). Bearing material properties

Material Maximum Maximum Maximum Maximum

pressure Temperature Speed pv value

Pmax MPa | 7 0 9C | Viax mis MPa.m/s
Phenolics 41 93 13 0.53
Nylon 14 93 3 0.11
TFE 3.5 260 0.25 0.035
Filled TFE 17 260 5.1 0.35
TFE fabric 414 260 0.76 0.88




Table 4.5(d) Bearing material properties

Material Maximum Maximum Maximum | Maximum
pressure | Temperature Speed pv value
Pmax MPa | 15 °C | Voo mis | MPamis
Polycarbonate 7 104 5.1 011
Acetal 14 93 3 0.11
Carbon graphite < 400 13 0.53
Rubber 0.35 66 20 | -
Wood 14 71 10 0.42
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ROLLING-ELEMENT BEARINGS

* Rolling-element bearings are either ball bearings or roller bearings.

» These are capable of running at higher speeds, and can carry greater loads.

* The shaft and outer members of the bearing are separated lkwmm—-‘
by balls or rollers. i Comer radius

|

» Thus, rolling friction is substituted for sliding friction. | | ) — Shoulders

* Rolling-element bearings are also known as "> Corner radius
“antifriction bearings”. because these bearings provide
lower friction than fluid-film bearings.

Inner ring
ball race

Qutside diameter

» With normal operating loads,
rolling-element bearings (without seals)
typically provide coefficients of friction
between 0.001 and 0.002. iz

Separator
(retainer)

—Quter ring
ball race

. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




O

» Since the bearing contact surface areas are small, and therefore the contact stresses are high.

» The loaded parts of rolling-element bearings therefore have to be made of hard and high-
strength materials, as compared to the outer member.

» These parts include inner and outer rings and the balls or rollers.
* An additional component of the bearing is usually a retainer or separator.

» The retainer keeps the balls or rollers evenly spaced and separated.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




O

 |deally suited for applications with high starting loads.
For example,
the use of roller bearings to support rail car axles,

eliminates the need for an extra locomotive,
to get a long train started from rest.

Advantages:

* Another advantage is that they can be “preloaded”.
Mating bearing elements are pressed together
rather than operating with a small clearance.
This is important when precise positioning of the
rotating member is required.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh

9/21/2020




CLASSIFICATION
Rolling-element Bearings

O

* Rolling-element bearings can be classed according to the type of loading into the
following three categories:

1. Radial bearings.
2. Thrust or axial bearings.
3. Angular-contact bearings.

* Roller bearings can also be classified by the roller configuration into the four types :
1. Cylindrical roller bearings,
2. Spherical roller bearings,
3. Tapered roller bearings,
4. Needle bearings.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



TYPES OF ROLLING-ELEMENT BEARINGS

1. Radial bearings
for carrying loads that are primarily radial. D

- — Shoulders
|y b y Y —— Corner radius
= —= P

s s
] i
? ‘
S :
© Inner ring
3 ball race
)
S
S
Separator
(retainer)
Deep groove Filling notch Sealed

A —Quter ring
Face / ball race

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



2. Thrust bearings
also called axial bearings
for carrying loads that are primarily axial.

Thrust Self-aligning thrust

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh

Thrust

9/21/2020




3. Angular-contact Bearings
for carrying combined axial and radial loads.

Angular contact

Double row

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



DEEP GROOVE BALL BEARINGS

O

Deep-groove ball bearings are intended primarily for radial loads.

This is the most frequently used bearing found in a variety of machines.

The radius of the ball is slightly less than the radii of curvature of the grooves in the races.
Kinematically, this gives a point contact between the balls and the races

— Loading
grooves

Contact surface geometry

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




O

» These ball bearings are made in various proportions for various degrees of loading.

e |tis obvious from their construction that these bearinas will also carry a certain amount of thrust.

|
glﬂlgg g:@::@:g

Extra-
Extra-  Extra- extra- | Extra-
ﬁ’éﬁ{?' light  Light Medium light light Light Medium
_series series  series  series ) _series | series series | series -
O(LLOO) (LOO)  (200) (300) ) (LLOO) | (LoO) a0, 2 5

glg'gg o [ :@:g

(a) (b)

Relative proportions of bearings Relative proportions of bearings
with same bore dimension with same outside diameter
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Advantages of Deep Groove Ball Bearings

1. Due to relatively large size of the balls, their load carrying capacity is high.

2. Deep groove ball bearings are available with bore diameters from a few millimeters to 400
millimeters

3. Deep groove ball bearing generates less noise due to point contact.

4. Due to point contact between the balls and races, frictional loss and the resultant temperature
rise is less.

5. The maximum permissible speed of the shaft depends upon the temperature rise, these
bearings gives excellent performance, especially at high speeds.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




Disadvantages of Deep Groove Ball Bearings

The disadvantages of deep groove ball bearings are as follows:
1. Deep groove ball bearing is not self aligning.
2. Accurate alignment between axes of the shaft and the housing bore is re.
3. Have poor rigidity as compared with roller bearing.
This is due to the point contact compared with the line contact of roller bearing.

Makes them unsuitable for machine tool spindles where rigidity is important consideration.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




CYLINDRICAL ROLLER BEARINGS

O

* When the bearing has to carry high loads, the point contact is replaced by a line contact.
This is done by using rollers in place of balls
The bearing is then called a roller bearing.

e Cylindrical roller bearing consists of relatively short rollers with a separator or retainer to hold the
rollers in place.

RADIAL THRUST

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



Cylindrical roller bearing offers the following advantages :

Advantages of Cylindrical Roller Bearings

* Due to line contact between rollers and races, the load carrying capacity is very high
» Cylindrical roller bearing is more rigid than ball bearing.

» Frictional loss at high-speeds is lesser, due to lower coefficient of friction.

The disadvantages are as follows:
» (a) Cannot take thrust load.

» (b) They are not self-aligning, means the bearing cannot tolerate misalignment.

(c) Generate more noise

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




SPHERICAL ROLLER BEARINGS

O

e The spherical-roller is useful where heavy loads and misalignment occur.

» The spherical elements have the advantage of increasing their contact area as the load is
Increased. There are of three types :

e The single-row type has little thrust capacity.

e The double-row type can carry thrust up to about 30% of its radial-load capacity.

e The angular-contact type
can carry large thrust loads

in one direction

(a) Single-row convex (b) Double-row convex (¢) Thrust

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh




TAPERED ROLLER BEARINGS

O

e The rollers are now In the form of conical elements.

» All roller surfaces and the raceways intersect at a common point on the bearing centreline or
rotation axis.

Spherical roller head

Crowned roller body

Common
apex

11 .
e
Tﬂp(—‘.l‘(—‘.(] 1‘(]1](-‘!1‘ ]]E‘al‘il’lg

(a) Single-row (b) Double-row

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




O

* These bearings combine the advantages of ball and straight roller bearings:
they can take either radial or thrust loads or any
combination of the two,

They have the high load-carrying capacity of straight rollers.

Pairs of single-row tapered roller bearings are often used for wheel bearings.

The double-row and four-row types replace single-row types for heavier loads.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



NEEDLE BEARINGS

* Needle bearings can be regarded as a special case of cylindrical roller bearings.
» Here the rollers have a length-to-diameter ratio of four or greater, and are called needles.

» Because of their geometry, these bearings have for a given radial space the highest load
capacity of all rolling-element bearings.

7 fm——
Radial Radial Thrust
Caged type Drawn Cup type

» Drawn Cup type: bearings assembled without a retainer and with a full complement of rollers.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020




ANGULAR CONTACT BEARING

e In angular contact bearing, the grooves inq:ner and outer races are so shaped

that the line of reaction at the contact between balls and races makes an angle
with the axis of the bearing.

* These bearings, have substantial thrust capacity in one direction only.
* They are commonly installed in pairs, with each taking thrust in one direction.

e Angular contact bearings are often used in pairs, either side by side or at the opposite
ends of the shatft,

In order to take the thrust load in both directions.

e These bearings are assembled with a specific magnitude of preload.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



O

Advantages:

e Can take both radial and thrust loads.
» The load carrying capacity is more than that of deep groove ball bearing.

Disadvantages
* Two bearings are required to take thrust load in both directions.

e The angular contact bearing must be mounted without axial play.
e The angular contact bearing requires initial pre-loading

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



» The self-aligning ball bearing consists of two rows of balls, which roll on a common
spherical surface in the outer race.

* In this case, the assembly of the shaft, the inner race and the balls with cage can
freely roll and adjust itself to the angular misalignment of the shaft.

777 {/M/\
L ~t  a——
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N

Shaft aligned with Bearing Shaft misaligned with Bearing

Self aligning Bearing
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» There is similar arrangement in the spherical roller bearing, where balls are
replaced by two rows of spherical rollers, which run on a common spherical
surface in the outer race.

* Compared with the self aligning ball bearing the spherical roller bearing can
carry relatively high radial and thrust loads.

» Both types of self-aligning bearing permit minor angular misalignment of the
shaft relative to the housing.

» They are therefore particularly suitable for applications where misalignment
can arise due to errors in mounting or due to deflection of the shatft.

» They are used in agricultural machinery, ventilators, and railway axle-boxes.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



Two types of self-aligning bearings, ©

» self-aligning ball bearing and spherical roller bearing,

* In many applications, the bearing is required to tolerate a small amount of
misalignment between the axes of the shaft and the bearing.

* The misalignment may be due to deflection of the shaft under load or due to
tolerances of individual components.

» Self aligning bearings are used in these applications.

* The angular misalignment a is exaggerated in the figure. Self aligning bearings are
commonly employed when accurate alignment is impossible or unfeasible.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 9/21/2020



The principle of self-aligning bearing is illustrated.

» The Centre of this spherical surface is at the Centre of the bearing. Therefore, the
bush is free to roll in its seat and align itself with the journal.

* Arrangement is made to provide lubricant between the spherical surfaces of the
bush and its seat in order to reduce the friction.

» This principle is used in self-aligning ball bearings and spherical roller bearings.

77 e
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Shaft aligned with Bearing Shaft misaligned with Bearing

Self aligning Bearing
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STATIC LOAD CARRYING CAPACITY OF A BEARING

» Static load

defied as the load acting on the bearing when the shaft is stationary.

Static load produces permanent deformation in balls and races,
which increases with increasing load.

The permissible static load, therefore, depends upon the permissible magnitude of
permanent deformation.

o The static load carrying capacity
defined as the load that corresponds to a total permanent deformation of
balls and races at the most heavily stressed point of contact, equal to 0.0001 of

the ball diameter.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



STRIBECK’S EQUATION

O Stribeck’s equation gives the static load capacity of bearing.

d Itis based on the following assumptions:

e The races are rigid and retain their circular shape.
* The balls are equally spaced.

e The balls in the upper half do not support any load.
e There is a single row of balls.

(a) Forces acting on Inner Race

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



* Assuming that only balls are deformed and considering the
equilibrium of forces in the vertical direction,

C, =P+ 2P, c08 5+ 2P cos 2B) + s (a)

o Supposeﬁl IS the deformation at the most heavily
stressed pall No.1.

e Due to this deformation, the inner race is deflected with

respect to the outer race througho, e
AR

e The inner ring moves from O to O’ through the distance \ b’: i
. . . 5 " ‘_—‘_—-‘\
without changing its shape AT T

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh




Suppose §,, 0, ... are radial deflections at the respective balls.

%,
* Also 0, =0,cos B or T p (b)
l

e According to Hertz's equation,
the bearing load and deflection at each ball are givenby  §o (P)%3

2/3
Therefore, 0, = ClPiZ/3 , Oy= Cle?‘/3 and 2—2: (1;—2] ....... (c)
1 1

From Equations (b) and (c), ( p )2/3
2

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



C, =P+ 2P, c08 3+ 2P, eos 2B) + s (a)

P, =P, (cos 23)*?

* In a similar way,

e Substituting these values in Eq. (a), |
C, = P +2[P,(cos B)’*]cos B
+2[P,(cos2B)"*]cos 2B +......

= P[142(cos B)>* +2(cos 28)*"* +.....]
6 C =PM (d)

where
M =[1+2(cos B)>* +2(cos2B)* +....] (e

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



Where

M =[1+2(cos [3)5/2 + 2(cos ZB)SIZ .

If z 1S the number of balls.

(e)

360

Z

i =

The values of M for different values of z are tabulated as follows:

V4 8 10 12 L
M 1.84 2.28 2.7 3.47
z/M)  4.35 4.38 4.36 4.37

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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C,=PM (d)

0
e Tabulate values of M

V4 8 10 12 15
M 1.84 2.28 2.75 3.47
(z’M)  4.35 4.38 4.36 4.37

e Itis seen from the above table that (z/M) is practically constant. Stribeck suggested the
value for (z/M) as 5.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



. (1
Co = (g) zh (f)

* From experimental evidence, it is found that the force P1 required to produce a given
permanent deformation of the ball is given by,

Py=kd* (g

where d is the ball diameter and the factor k depends upon the radii of curvature at the
point of contact, and on the moduli of elasticity of materials.

» From Equations (f) and (g),
kd? z
C =

. Stribeck’s equation.
S

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



LIFE OF BALL BEARING

» The ball bearing life is limited by the fatigue failure at the surfaces of balls and

races.

* The dynamic load carrying capacity of the bearing is, therefore, based on the

fatigue life of the bearing.

Bearing Life:

The life of an individual ball bearing is defined as the number of
revolutions (or hours of service at some given constant speed), which
the bearing runs before the first evidence of fatigue crack in balls or

races.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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Life of Ball Bearing

» The life of a single bearing is difficult to predict,

» It is therefore necessary to define the bearing life in terms of the statistical average
performance for a group of bearings.

* Bearings are rated on one of the two criteria—
* The average life of a group of bearings
e The life which 90% of the bearings will reach or exceed.
e The second criteria is widely used in bearing industry
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Life of Ball bearing

Rating life :

The rating life of a group of apparently identical ball bearings is
defined as the number of revolutions that 90% of the bearings will
complete or exceed before the first evidence of fatigue crack.

» There are a number of terms used for the rating life:
minimum life,
catalogue life,
L10 life or B10 life.
The terms are synonyms for rating life, the term L10 life is commonly used.

» The life of an individual ball bearing may be different from rating life.
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DYNAMIC LOAD CARRYING CAPACITY

Dynamic load carrying capacity of a bearing
It is defined as the radial load in radial bearings (or thrust load in

thrust bearings) that can be carried for a minimum life of one million
revolutions.

e The minimum life in this definition is the L10 life, which 90% of the bearings will reach or
exceed before fatigue failure.

* The dynamic load carrying capacity is based on the assumption that the inner race is
rotating while the outer race is stationary.

* The formulae for calculating the dynamic load capacity for different types of bearings
are given in standards.

* However, the manufacturer’s catalogues give ready-made values of dynamic load
capacities of bearings.
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EQUIVALENT BEARING LOAD

* |n actual applications, the force acting on ' e bearing has two components
—radial and thrust.

Equivalent dynamic load
The equivalent dynamic load is defined as the constant radial load in

radial bearings (or thrust load in thrust bearings), which if applied to
the bearing would give same life as that which the bearing will attain

under actual condition of forces.

« The expression for the equivalent dynamic load is written as, P = XVF,+ YF,
where, P = equivalent dynamic load (N)
Fr =radial load (N)
Fa = axial or thrust load (N)
V = race-rotation factor

X and Y are radial and thrust factors respectively and their values are
given in the manufacturer’s catalogues.
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Equivalent Bearing Load P = XVF,+ YF,
e \/ = race-rotation factor Q

It depends upon whether the inner race is rotating or the outer race.

 The value of V is 1 when the inner race rotates while the outer race is held stationary in
the housing.

 The value of V is 1.2 when the outer race rotates with respect to the load, while the
Inner race remains stationary.

* In most of the applications, the inner race rotates and the outer race is fixed in the housing.
e Assuming V as unity, the general equation for equivalent dynamic load is given by,

P=XF,+YF,

 When the bearing is subjected to pure radial load Fr,

* When the bearing is subjected to pure thrust load Fa ,
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BEARING LIFE DEFINITIONS

» Bearing Failure: Spalling or pitting of an area of 0.01 in2

Life: Number of revolutions (or hours @ given speed) required for failure.
°For one bearing

* Rating Life: Life required for 10% of sample to fail.
°For a group of bearings
°Also called Minimum Life or L10 Life

Median Life: Average life required for 50% of sample to fail.
-For many groups of bearings
°Also called Average Life or Average Median Life
-Median Life is typically 4 or 5 times the Lio Life
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LOAD-LIFE RELATIONSHIP

* The relationship between the dynamic load carrying capacity, the equivalent dynamic
load, and the bearing life is given by,

Y
()

10 = rated bearing life (in million revolutions)
C = dynamic load capacity (N), and

p = 3 (for ball bearings)

p = 10/3 (for roller bearings)
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» The relationship between life in million revolutions and life in working hours is given by

_ 60’7L10h
LlO 106

* Where,
Lioh = rated bearing life (hours)
n = speed of rotation (rpm)
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End of Lecture
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Problem-1

In a particular application, the radial load acting on a ball bearing is 5 kN and the
expected life for 90% of the bearings is 8000 h. Calculate the dynamic load carrying
capacity of the bearing, when the shaft rotates at 1450 rpm.

Solution:
GivenData: F.=5kN  L,;;,=8000h  »n=1450 rpm

Step 1 Bearing life (Lqp) Step II Dynamic load capacity
Ly, = 60nLyqy, P=F =5000N purely radial load,
Le 6
> C=PlLyp)"
~60(1450)(8000)

— (5000)(696)3
=44 310.48 N

10°
= 696 million rev.
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Problem-2

A taper roller bearing has a dynamic load capacity of 26 kN. The desired life for 90%

of the bearings is 8000 h and the speed is 300 rpm. Calculate the equivalent radial load
that the bearing can carry.

Solutron:
Given; C =26 kN, Lion =8000 h, n =300 rpm
Step 1 Bearing life (Lyp) Step I Equivalent radial load
. 60nL, oy, C=P{ Ly
T . P C
60(300)(8000) (i)
- 6
%O. - =209 _sgs46N

= 144 million rev. (144)"

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh

8/21/2020



SELECTION OF BEARING LIFE

e While selecting the proper size of a bearing, 1t 1s necessary to specity the expected life of the
bearing for the given application.

* The mformation regarding the life expectancy 1s generally vague and values based on past
experlence are used.

e For all kinds of vehicles, the speed of rotation 1s not constant and the desired life 1s expressed n

terms of millions of revolutions. The recommended bearing life for wheel applications 1s given 1n
Table below.

Bearing life for wheel applications

Wheel application Life (million rev.)
Automobile cars 50
Trucks 100
Trolley cars 500
Rail-road cars 1000
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Selection of Bearing Life

* In the other applications, the speed of rotation is relatively constant and the desired life is
expressed in terms of hours of service.

Bearing life for industrial applications

(1) Machines used intermittently 4000-8000 h
such as lifting tackle, hand
tools and household appliances

(1) Machines used for eight hours 12 000-20 000 h
of service per day, such as
electric motors and gear drives

(111) Machines used for continuous 40 000-60 000 h
operation (24 h per day) such
as pumps, compressors and
conveyors
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LOAD FACTOR

Values of load factor

e The forces acting on the bearing are

calculated by considering the equilibrium of _Dipés gfarive Loadjacior
forces in vertical and horizontal planes. (A) Gear drives S
(1) Rotating machines free from 1.2-14
» These elementary equations do not take into mapack ke electocmotors g
: : : tlurbo—cmnprcssnrs
consideration the effect of dynamic load. . . : . :
(11) Reciprocating machines like [.4-1.7
« The forces determined by these equations internal combustion engines and
. e . compressors
are multiplied by a load factor to determine ; i i) y
_ _ _ (111) Impact machines like hammer 2.5-3.5
the dynamic load carrying capacity of the il
bearing- (B) Belt drives
Load fact 4 i icati (1) V-belts 2.0
‘ _ oa _ actors ar? use n _ applications (11) Single-ply leather belt 3.0
Involving gear, chain and belt drives. (iii) Double-ply leather belt 3.5
(C) Chain drives 1.5
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SELECTION OF BEARING

Selecftion of a bearing from fhe manufactrurer’s cafralogue

The basic procedure for the selection consists of the following steps:

(i) Calculate the radial and axial forces acting on the bearing and determine the
diameter of the shaft where the bearing is to be fitted.

(i) Select the type of bearing for the given application.

(ili) Determine the values of X and Y, the radial and thrust factors, from the
catalogue. The values of X and Y factors for single-row deep groove ball
bearings are given in Table.

B F
The values depend upon two ratios | —~ | and <1,
F Co

r

where Cb is the static load capacity.
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Selecfion of a bearing from fhe manufacturer’s caralogue

(iv) Calculate the equivalent dynamic load from the equation.
P=XF_+ YF,

(v) Make a decision about the expected bearing life and express the life L10 In
million revolutions.

(vi) Calculate the dynamic load capacity from the equation.
C=P (Ly)'"°

(viiy Check whether the selected bearing of series 60 has the required dynamic

capacity. If not, select the bearing of the next series and go back to Step (i)
and continue.

Ball bearings are thus selected by the trial and error procedure. The above procedure
IS also applicable to other types of bearings.
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Table

Table15.4 X and Y factors for single-row deep
groove ball bearings’®

Fr =€ [‘; e

c
X Y $'¢ Y

0.025 1 0 056 2.0 022
0.040 1 o0 056 18 0.24
0.070 1 0 056 16 027
0.130 1 0 056 14 031
0.250 1 0 056 12 0.37
0.500 1 0 056 1.0 0.44
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PROBLEM-3

Select a single-row deep groove ball bearing, for a shaft that is 75 mm in diameter and
which rotates at 125 rpm. The bearing is subjected to a radial load of 21 kN and there is
no thrust load. The expected life of the bearing is 10 000 hours.

Solufion

Given,
Fr=21 000 N, Fa=0d=75mm
Type: single-row deep groove ball bearing
Step (i) Since there is no axial load,
P=Fr=21000N
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Solution

_ 60n Lig, 60 (125)(10000)

T 10°

= 75 million rev.

C=P(L,5)"= 21000 (75)"
= 8856043 N

Ly

Step (vi) It is observed from Table 15.5, that following bearings are available with 75mmbore diameter,
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Table 155 (Con#d)

Table15.5 Dimensions and static and dynamic lo
capacities of single-row deep groove ball bearings®

Principal Basic load
Prin Ci]Xl / Basie load dimensions (mm) ratings (N) Designiaticn
: ey . d D B C Co
dimensions (mm) ratings (N) Desigration = — - —— = —
g 2 3 ¢ Co 28 8 S070 2240 6001
32 10 6890 3100 6201
10 19 5 1480 630 61800 37 - oial iich s
26 8 4620 1960 6000 15 24 5 1560 815 61802
30 9 5070 2240 6200 32 o 5590 2500 6002
35 11 7800 3550 6202
q
35 11 8060 3750 6302' o = = : o
) ) ) (Cont 17 26 5 1680 930 61803
o = inner diameter of the beanng 35 10 6050 2800 6003
D= puter diameter of the beaning 40 12 9560 4500 6202
B = axial width of the bearing 47 14 e SO
62 17 22900 11800 6403
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7 15\
Table 155 (Conid)
Principal Basic load
dimensiorns (i) ratings (N) Designation
o D B = Co

70 90 10 12100 9150 61814
110 13 28100 1 9000 16014
110 20 37700 24500 6014
125 24 61800 37500 6214
150 35 103000 63000 6314
180 42 143000 1 04000 6414

75 95 10 12500 Ox00 61815
115 13 28600 20000 10615
115 20 39700 26000 6015
130 25 66300 40500 6215
160 37 112000 72000 6315
190 45 153000 1 14000 6415
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* Arolling contact bearing is usually designated by three or four digits. The meaning of
these digits is as follows:

() The last two digits indicate the bore diameter of the bearing in mm (bore
diameter divided by 5). For example, XX07 indicates a bearing of 35 mm bore
diameter.

(i) The third digit from the right indicates the series of the bearing. The numbers
used to indicate the series are as follows:
Extra light series —1 Light series — 2

Medium series — 3 Heavy series — 4
For example, X307 indicates a medium series bearing with a bore diameter of 35 mm.

(i) The fourth digit and sometimes fifth digit from the right specifies the type of rolling
contact bearing. For example, the digit 6 indicates deep groove ball bearings
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PROBLEM

A single-row deep groove ball bearing iIs subjected to a radial force of 8 kN and a
thrust force of 3 kN. The shaft rotates at 1200 rpm. The expected life L10h of the

bearing Is 20 000 h. The minimum acceptable diameter of the shaft is 75 mm.
Select a suitable ball bearing for this application

Solufion
Given Fr =8 kN, Fa = 3 kN, L10h = 20 000 hr
n=1200 rpm d=75mm
Step | X and Y factors

When the bearing is subjected to radial as well as axial load, the values
of X and Y factors are obtained from Table 15.4 by trial and error

procedure. It is observed from Table 15.4, that values of X are constant
and the values of Y vary only in case whenr
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 In this case, the value of Y varies from 1.0 to 2.0.

* Assume the average value 1.5 as the first trial value for the factor Y. Therefore,
X=0.56 Y=1.5 Fr=8000 N Fa=3000 N
P= XFr+ YFa=0.56(8000) + 1.5(3000) = 8980 N

_60n Ly, 60(1200)(20 000)

= 1440 million rev.|
e C=P(L10)1/3 =(8980)(1440)1/3 =101 406.04 N
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 From Table 15.5, it is observed that for the shaft of 75 mm diameter, Bearing No. 6315
(C =112 000) is suitable for the above data. For this bearing, Co =72 000 N

[i] " (”_OOJ = 0.375

F, 8000

*,

F
—4 =( 2000 ]=0.04167
C 72000

0

e e =0.24 ( approximately
The value of Y is obtained by linear interpolation.
(1.8 -1.6)
(0.07 =0.04)
and X=0.56

Y =18-

x(0.04167-0.04)= 179
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Problem

A transmuission shaft rotating at 720 rpm and transmitting power from the pulley P to the
spur gear G 1s shown m Fig. The belt tensions and the gear tooth forces are as follows:
Pr =498 NP2 =166 N Pt =497 N Pr=181 N

1he weight of the pulley 1s 100 N. The diameter of the shaft at bearings BI and B2 1s 10

mm and 20 mm respectively. The load factor 1s 2.9 and the expected life for 90% of the
bearings 1s 8000 h. Select single row deep groove ball bearings at B and B2,
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Solution

Given
n =720 rpm,
dl = 10 mm,
d2 =20 mm
L10h = 8000 h
load factor =2.5

Step | Radial and axial forces
Considering forces acting on the shaft
In the vertical plane
Ryy+R=P+W
or Ry +2324=181+100
Ry =48.6 N
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Solution

Considering forces in the horizontal plane and * The reactions at the two bearings are given by,
taking moments of forces about the bearing B1,

R = (R ) +(Ryyy)* =(48.6)> +(100.2)2

P,(100) + (P, + P,)(400) — R;;,(250) = 0 =111.36 N
or  497(100) + (498 + 166)(400) — R,,(250) =0 R, = J(RV2)2 +(Ry,)" = J(232.4)2 +(1261.2)°
Ryp = 12612 N = 128243 N
R, =Ry +P,+ (P + Py) » The bearing reactions are in the radial direction.
!

F.,=R,=11136N

or 1261.2=R,, +497 + (498 + 166)
F,=R,= 128243 N

Ry, =100.2N : : :
* There is no axial thrust on these bearings;

hence,
Fal_Fal_O
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Solution

Step I Dynamic load capacities

Considering forces acting
on the shaft

C, = Py(L,,)"" (Load factor)
P,=F,=11136N

Considering the load factor

- ; 1/3
P~ F,— 128243 N (111.36)(345.6) 13(2.5)
~1953.71 N

60n 60(720)(8000
Ly = IOL;Oh _2 10)(() ) C, = P5(L,;,)"” (Load factor)

= 345.6 million rev.

= (1282.43)(345.6)3(2.5)
=22499.09 N
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Solution

Step Ill Selection of bearings

From the Table, the following bearings are
available for 10 mm and 20 mm shaft

diameter;

Bearing Nos. 6000
and 6404

are suitable at B1 and B2 respectively.
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capacities of single-row deep groove ball bearings

Principal Basic load
dimensions (mm) ratings (N) Designation
d D B (& Co
10 19 : 1480 630 61800
26 8 4620 1960 6000
30 9 5070 2240 6200
35 11 8060 3750 6300
(Contd)
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PROBLEM

A shaft ransmits 50 kW at 125 rpm from the gear G1 to the gear G2 and mounted on

Rolling Contact Bearings 579 two single-row deep groove ball bearings Bl and B2. The gear tooth
forces are

Prl = 15915 N Prl = 5795 N
P2 =9549 N Pr2 = 3476 N

1he diameter of the shaft at bearings Bl and B2 1s 79 mm. The load factor is 1.4 and the
expected life for 90% of the bearings 1s 10000 h. Select surtable ball bearings.
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Solution

Given
kW =50
n =125 rpm
d =75 mm
L10h =10 000 h
load factor = 1.4

Considering forces in the vertical plane and taking

moments about bearing B1,

P,,(125) + P, (775) — R;»(625) = 0
or 5793(125) + 9549(775) — R,5(625) = 0

RVZ = 12999 N
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Considering equilibrium of forces in the \glcal plane
Py+P,=Ry+R,
9549 + 5793 =12 999 + R,
R, =2343N

A similar procedure is repeated for calculating forces in the horizontal plane and the

reactions
Ry = 11898 N Ry = 7493 N
The radial forces at the two bearings are given by

Fy = J(Ry)? +(Ryyy)? = (2343)7 +(11898)°

=12127N
Since there is no axial thrust, F ;= F _,=0

8/21/2020
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Step I Dynamic load capacities

Considering forces acting on the shaft Considering the load factor and
: : using the dynamic load capacities
In the vertical plane are given by

Pi=F=1219TN
P,=F,=15004N

C, = Py(L;o)"" (Load factor)
= (12127)(75)'3 (1.4)

_ 60nLyp,  60(125)(10000) =71 598 N

10° 10° C, = P5(L,,)"" (Load factor)
=75 million rev.

Ly

= (15004)(75)"3(1.4) =88 584 N
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Step Ill Selection of bearings
From the Table,

the available bearings at B1 and B2 are
as follows:

B, and B, (d = 75 mm)
No. 6015 (C=39700 N)
No. 6215 (C= 66300 N)

No. 6315 (C=112000 N)
No. 6415 (C=153000N)

» Therefore, Bearing No. 6315 is suitable at B1
as well as Bz.
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Dimensions and static and dynamic load
capacities of single-row deep groove ball bearings

Principal Basic load
dimensions (mm) ratings (N) Designation
d D B (2 Co
10 19 5 1480 630 61800
26 8 4620 1960 6000
30 9 5070 2240 6200
35 11 8060 3750 6300
(Contd)
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Step IV  Bearing life (L50)
It can be proved that the life (L50), which 50% of the bearings will complete or
exceed, is approximately five times the life L10 which 90% of the bearings will

complete or exceed.

e Therefore,.

Lyy= 5L,y =5 (14.13) = 70.65 million rev.
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End of Lecture
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Tapered Roller Bearings

Cup back
face radius r

< Bearing width T—>

Straight roller bearings can carry large radial loads,
but, cant carry axial loads.

Ball bearings can carry moderate radial loads, and
small axial loads.

For combined radial and axial thrust loads, tapered
roller bearings provide a good solution.

Cup outside diameter (OD) D

A tapered roller bearing can carry

* Radial loads
e Thrust (axial) loads,
e or any combination of the above two loads "

Cup back face —>

Cage —»

Cone front —
face rib

Cup front
face radius

—— Cup front face

B Cone back face rib

-<— Cone back face

Cone front

face radius "\

<« Cone bore d ———

Cone front face

Cone back
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Tapered Roller Bearings

@ < Bearing width T—>
Cup back Cup
| —

. . AN TV
Tapered roller bearing has a separable construction. :

<—— Cup front face

Cup back face —>
.2 Cone back face rib

The assembled bearing consists of two separable parts:

Cage —

-<— Cone back face

1. The outer ring called the Cup Cone front — |

face rib

It is separable from the remainder assembly of the
bearing elements comprising the cone.

1
1
-1
]
Cone bore d

2. The the innerring is called ‘cone assembly consists of
* the cone,

Cup outside diameter (OD) D

Cone front f

» the rollers, face radius ™\
e and the cage

Distance a locates the effective axial location for force
analysis. Y

Cone front face >

Cone back
face radius R

|<—> Standout F
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Tapered Roller Bearings

* Rollers are tapered so virtual apex is on shaft
centerline.

e Taper allows for pure rolling of angled rollers.

e The rolling elements are in the form of a frustum
cone.

e They are arranged in such a way that the axes
Individual rolling elements intersect at a common aj
point on the axis of the bearing.

e In kinematic analysis, this is the essential requirem
for pure rolling motion between conical surfaces.
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Tapered Roller Bearings

In tapered roller bearings, the line oultant
reaction through the rolling elements makes an
angle with the axis of the bearing.

Therefore, these bearings can carry both radial and
axial loads.

In fact, the presence of either component results in
the other, acting on the bearing.

In other words, a taper roller bearing subjected to
pure radial load induces a thrust component and
vice versa.

Therefore, taper roller bearings are always used In
pairs to balance the thrust component.
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Cup front
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- Cone back face rib

-<— Cone back face

Cone front

face radius "\ |

|l«—— Cone bore d ———

Cone front face

— Cone back
face radius R
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Advantages and Disadvantages of taper roller bearing

Advantages:

Taper roller bearings offer the following advantages:
e Can take heavy radial and thrust loads.
* Have more rigidity.
 The bearing can be easily assembled and disassembled due to separable parts.
Disadvantages:
» Taper roller bearings have the following disadvantages:
e Itis necessary to use two taper roller bearings to balance the axial forces.
* Itis necessary to adjust the axial position of the bearing with pre-load.

This is essential to coincide apex of cone with the common apex of the rolling
elements.

» Cannot tolerate misalignment between the axes of the shaft and the housing bore.
o Taper roller bearings are costly.
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Applications of taper roller bearing

Taper roller bearings have the following applications:

Cars,

Trucks,

Propeller shafts,

Differentials,

Railroad axle-boxes

Large size bearings in rolling mills.
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DESIGN FOR CYCLIC LOADS AND SPEEDS

In certain applications, ball bearings are subjected to cyclic loads and speeds
e radial load 2500 N at 700 rpm for 25% of the time,
e radial load 5000 N at 900 rpm for 50% of the time, and
e radial load 1000 N at 750 rpm for the remaining 25% of the time.

» Under these circumstances, it is necessary to consider the complete work cycle while
finding out the dynamic load capacity of the bearings.

» The procedure for determining the dynamic load capacity of the bearing. consists of
dividing the work cycle into a number of elements, while the operating conditions of

load and speed are constant.
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Design For Cyclic Loads and Speeds

e Suppose that the work cycle is divided into x elements.
Let P1, P2, ... Px be the loads
and ni, n2,..., nx be the speeds during these elements.

* During the first element, the life L1 corresponding to load P1, is given by

3
C
Ll = (Fl) X 106 Iev.

1 P 1
. . . . — or . )
In one revolution, the life consumed is (Ll ] (C” 10° ]

e Let us assume that the first element consists of N1 revolutions. Therefore, the life
consumed by the first element is given by, NP3
1£1

11 2
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Design For Cyclic Loads and Speeds

NPy
10°¢?
* Adding these expressions, the life consumed by the complete work cycle is given by
3

N A n szzj pr_f

10°C 10°C3 10°C3 (2)
» If Pe is the equivalent load for the complete work cycle, the life consumed by the work

cycle is given by,

o Similarly, the life consumed by the second element is given by

NP’ |
10"’(23 ®
» Equating expressions (a) and (b),
NP +NFP; + ... + NP =NP:
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Design For Cyclic Loads and Speeds

e Or,

-—

Nl +N2 +"'

p = [N,I,” +N,P; +]

3

\

Pez_{/[mwﬂ]
>N

e This equation is used for calculating the dynamic load capacity of a bearing
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Design For Cyclic Loads and Speeds

 When the load does not vary in steps of constant magnitude, but varies continuously

with time, the above equation is modified and written as
1/3

= ]
j P3dN
0

N'

Taw

0

1 1/3
P, = [— | P%LN]
N

* In case of bearings, where there is a combined radial and axial load, it should be fi rst
converted into equivalent dynamic load before the above computations are carried out.
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PROBLEM -1

 Asingle-row deep groove ball bearing has a dynamic load capacity of 40500 N
and operates on the following work cycle:

(1) radial load of 5000 N at 500 rpm for 25% of the time;

(11) radial load of 10000 N at 700 rpm for 50% of the time; and

(111) radial load of 7000 N at 400 rpm for the remaining 25% of the time.
Calculate the expected life of the bearing in hours.
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SOLUTION

Given C = 40,500 N

Step | ; Equivalent load for complete work cycle
Consider the work cycle of one minute duration.
The values of load P and revolutions N are

tabulated as follows:

[

Element P (N) Element Speed Revolutions
No. time (rpm) N in element
(minute) time
I 5000 0.25 500 125
2 10000 0.5 700 350
3 7000 0.25 400 100
Total 1.00 575

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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|

= 8860.06 N

575

~ </[125(5000)3 +350(10000)*+100(7000)*
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o Step Il ; Bearing life ( Lion)

According to the load life relationship,

cY Lo 10°
ho= (EJ Lon = 60n
40500 V3 ~ 95.51x10°
2 ( 8860.06) ~60(575)
=2768.45h

— 095.51 mullion rev.
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PROBLEM - 2

A ball bearing Is operating on a work cycle consisting of three parts—a radial
load of 3000 N at 1440 rpm for one quarter cycle, a radial load of 5000 N at 720
rpm for one half cycle, and radial load of 2500 N at 1440 rpm for the remaining
cycle. The expected life of the bearing i1s 10 000 h. Calculate the dynamic load
carrying capacity of the bearing.
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Solution

o Step | ; Equivalent load for complete work cycle.

Considering work cycle of one minute duration,

1

N, =—(1440) = 360 rev. = 3 ; 3
4 Pi/ N+ N, b +N3P§:|
1 e

N, = =(720) = 360 rev. - N+ N+ N,

N; = l(1440) = 360 rev. PSGO(SOOO)E + 360(5000)3 +3(i-l’]{25!’]0}3
4 — 3

] 1080
The average speed of rotation is given by ~ 1823 N

= 1080 rpm

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



Solution

o Step Il ; Dynamic load carrying capacity of bearing.

Ly

_ 60nL,,
10°

~60(1080)(10 000)

10°

= 648 million rewv.

Now,

C=P(Lp"°
= 3823(648)'73

=33082 N
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BEARING WITH A PROBABILITY OF iURVIVAL OTHER THAN 90 PER CENT

 In the definition of rating life, it is mentioned that the rating life is the life that 90% of a
group of identical bearings will complete or exceed before fatigue failure.

e The reliability R is defined as

No.of bearings which have successfully

R= completed L million revolutions

Total number of bearings under test

» Therefore, the reliability of bearings selected from the manufacturer’s catalogue is 0.9
or 90%.

 In certain applications, where there is risk to human life, it becomes necessary to select
a bearing having a reliability of more than 90%.
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Bearing with a Probability ofiurvival other than 90 Per Cent

* Figure shows the distribution of bearing failures. The relationship between bearing life
and reliability is given by a statistical curve known as Wiebull distribution.

For Wiebull distribution,

S 100
E ap —w Lo
wnere, E;
R Is the reliability (in fraction), 4 50 Lso
L is the corresponding life ®
ch
a & b are constants. £
:
0 Life of hearing

Relationship between bearing life and reliability

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



Bearing with a Probability of iurvival other than 90 Per Cent
R= ¢ Wa’

Rearranging the above equation, we

a
have % 100
@ gQ Ly

1 . [

. R E 50 Ly
| h o
1) (L 8
loge T T =
R a 8
o

0 Life of bearing

8/21/2020
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Wiebull distribution

o If L10 s the life corresponding to a reliability of 90% or R90.

)-(4]

Dividing Eq. (a) by Eq. (b), we hav E 100
B /b T g —w Lo
log . (l] p
Ol B
b log ( L] 2 50 -
|\ Ry 2
where R,,=0.9 £
The values of @ and b are %
a=684 and bH=1.17 S0 Life of bearing
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Problem

A single-row deep groove ball bearing 1s subjected to a radial force of 8 kN and a

thrust force of 3 kN. The values of X and Y factors are 0.06 and 1.9 respectively. The
shalt rotates at 1200 rpm. The diameter of the shalft 1s 70 mm and Bearing No. 6315
(C =112 000 N) 1s selected for this application. Estimate

(1) the life of this bearing, with 90% reliability.
(1) Estimate the reliability for 20 000 h life.
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Given Data :
Step I1; Bearing life with 90% reliability P=XK +¥F
F.=8kN =0.56 (8000) + 1.5 (3000)
F,=3kN = 8980 N
6
X=056 Y=15 L = (QT L, =0
Ll 60
n=1200 rpm P n 6
d =75 mm _(112 000)3 - 1940.10(10™)
- 60(1200)
C=112000 N 3980
= 1940.10 million rev. = 2694583 h
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o Step II; Reliability for 20 000 hr life Substituting the following values,
) i L = 20000 h
- (L) L, = 26945.83 h
(LJ— \R Roy = 0.90
E, o0 ( 1 ) 90 — Y.
el B b= 117
- Roo ) » We get
I ( l ) 1.17 lo :
(LJ” B B T 20000 ) | celR
Ly ] ( 1 ) 26945.83 ( 1 )
0%, | —— g, | ——
L Koo ) _ i 0.90 )
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* End of Lecture
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Springs Defined

which deflects under the action of the load

A resilient machine element,

and returns to its original shape when the load is removed.

e Aspring is capable of providing large elastic deformation.

e Springs in general, are of following types:
o Coil springs
o Flat springs
o Special-shape springs

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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Functions of springs

|
1. To store energy:

Springs absorb shocks and vibrations by storing energy.

2. To measure forces.
Springs used in w

3. To apply forces
Springs maintain contact between the two machine elements by applying forces.

4. To control the motion
of machine elements.
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Applications of springs

1. Springs are used for applying forces have the following applications:

In the cam and follower mechanism; maintain contact between the machine
elements

In engine valve mechanism; return the rocker arm to its normal position

In clutches, springs provides the force required for engagement and
disengagement

4. Springs used for controlling the motion have the following applications
In clocks,

toys,
movie-cameras,
circuit breakers and starters.
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Applications of springs

1. Springs are used to absorb shocks and vibrations have following applications
vehicle suspensions,
railway buffer springs,
buffer springs in elevators and
vibration mounts for machines

2. Springs are also used to measure forces and have the following applications
In weighing balances
IN measuring scales
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SPRING CONFIGURATIONS

Springs can have many shapes, and can be categorized according to their physical
configurations as :

1.  Wire-form springs
2. Flat springs
3. Spring washers

4. Flat-wound springs

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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Spring Configurations

helical compression springs

1. Wire-form springs

standard— variable pitch—
constant rate variable rate

f f f

(a) Helical compression springs.

barrel hourglass

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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Spring Configurations

1. Wire-form springs

* helical tension, *“@MEDE@_’

(b) Helical extension springs.

 helical torsion /%:«\
7

(d) Torsion spri ngs|
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Spring Configurations

3. Spring washers

curved,

wave, @

finger,

Belleville. Belleville wave

slotted finger curved
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Spring Configurations

2. Flat springs

Varieties of flat springs.

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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i

Beam springs.
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Spring Configurations

©

Power or motor springs.

4. Flat-wound springs

Y

Constant Force.

14 Nov. 2020
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HELICAL COMPRESSION SPRINGS

These springs are the most widely used ones.

Terminology #
d = wire diameter of spring (mm) :{;
Di = inside diameter of spring coil (mm)

Do = outside diameter of spring coil (mm)

D = mean coil diameter (mm)
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SPRING INDEX

» The spring index is an important parameter. It is defined as
the ratio of mean coil diameter to wire diameter. Denoted by the letter C.

D
C ==
d

 Itindicates the relative sharpness of the curvature of the coil.

» The designer should have a good judgement in selecting the value of C.
Low spring index means high sharpness of curvature.

Il

Low spring index; € <3,

e The actual stresses in the wire are excessive due to curvature effect. ' D ’l

e Such a spring is difficult to manufacture; Special care is required in
coiling to avoid cracking of the wire.
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spring index

High spring index; € > 15

» This results in large variations of the coil diameter.
e As such the spring is prone to buckling.

Practical spring index

C=4to12

» This range is the best from the point of view of manufacturing considerations.

* A spring index in the range of 6 to 9 is particularly suited for close tolerance
springs and springs subjected to cyclic loads.
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TERMS RELATED TO HELICAL SPRINGS

There are four important terms related to spring configurations:

1. Free length

2. Assembled length

4. Shut height

o _ no load preload maximum
3. Minimum working length — working
. load indefinite
! T % load
L L, =
f a
} T ==
free length assembled length min working length shut height
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Terms Related to Helical Springs

1. Free length; Lf

e The overall spring length in the unloaded condition, i.e., as manufactured..
 In this case, no external force acts on the spring.
* Free length is the length of the spring in free condition prior to assembly

2. Assembled Length; La

e [tis the length of the spring after installation to its initial deflection yinitial.

e This initial deflection in combination with spring rate k determines preload force
required at assembly.
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Terms Related to Helical Springs

e The working load on the spring further compresses it to its working deflection Yworking.
e The shortest length of the spring to which it is compressed in service.

» Under this condition, there should be some gap or clearance between the adjacent
colls. The gap Is essential to prevent clashing of the coils.

3. Minimum Working Length; Lm

maximum
working Pmax.

« Sometimes, an arbitrary decision is i load ——
taken and it is assumed that there is a Yworking l léfiﬂir}:’;‘f@
gap of 1 or 2 mm between adjacent + gap_f @::-j::fg L,
coils under maximum load condition. o -‘j_:—»::@

N ==
'\ &= Ce——

m min working length I




Terms Related to Helical Springs

4. Shut height or solid height Ls

» The length to which spring gets compressed when all coils are in contact. Once shut, the
spring can support “indefinite” loads up to the compressive strength of wire.

e The clash allowance ycash is the
difference between the minimum

working length and the shut height. mﬂKiF“m
working
It is expressed as a percentage of the ) load indefinite
. . 'I,‘L. 0y
working deflection. Yworking ; ' ’1‘;”" load
—

A minimum clash allowance of 10-15% L+ o R
is recommended to avoid reaching the SR Ly
shut height in service. * —— —

min working length shut height
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Expressions for spring Lengths

e Solid length = Nt.d,

where, Nt = total number of coils and d is the diameter of spring wire.

* Free length = Assembled length + Vinitial
= solid Iength + Vworking + + Yworking + Yclash

+0
no load
* ‘ preload maximum
NP working
% Sl load indefinite
§ : T % . ‘ , ¥clash load
' Yworking
| L P ¥ Y
: : ¢ —
f a | f ==
i o ——
l l i L | I | L i |
free length assembled length min working length shut height
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Pitch of the Colil

* The axial distance between adjacent coils in uncompressed state of
Spring- Wire

Dia. Mean Dia.

It Is denoted by p

o = Lt/ (Nt -1)

Free
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Stiffness of the spring

Defined as the force required to produce unit deflection in the spring.

P
Stiffness  k = 5 ( N/mm)

where, P = axial spring force (N)
d = axial deflection of the spring.

The stiffness of spring is also known by the following names:
rate of spring,
gradient of spring,
scale of spring
spring constant.
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Stiffness of the spring

» The spring stiffness represents the slope of the load-deflection curve for the spring.

* The spring rate for a constant-pitch helical force

compression spring is linear over most of its A

operating range. /
e Only the first and last few percent of its deflection |

IS nonlinear. .

ko
| | [
015 85100

Ot deflection
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Active Coils of a Spring

All the colls in a spring may or may not contribute actively to the spring’s deflection.

* The active colls are the ones which deflect under the action of applied forces forces.

e The no. of active coils Na present in a spring, depends on the end treatment.

There are four ﬂm\
end-coil conditions /fﬁ +

% %

Va=N; Na=N; Ng=N,-2
Plain end (b) Squared or clmed end, (c¢) Squared and ground end, (d) Plain end, ground,
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e Sguared ends effectively remove two coils from active deflection.
e Grinding by itself removes 1 active coill.
* The calculated number of active colls is usually rounded to the nearest 1/4 coll,

as the manufacturing process cannot always achieve better than that accuracy.
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STRESSES IN HELICAL SPRINGS

An external force F is assumed to be applied along the axis of
the helix.

e This is achieved by winding the end coils with zero pitch and
then grinding the ends flat.

e In this way the pressure applied by the end plates is uniformly
distributed.

» We take a horizontal cutting plane and draw the FBD of a portion
of the spring.

e The wire is subjected to

(1) a transverse shear force of F

(2) a torque equal to FD/2.

L
« The entire length of active wire in the helix is subjected to Nl F— ground fat

torque.
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Stresses In Helical Springs

AN

e For a round solid wire coil spring, the direct stress is
1t f fit
S 4F |
d — — & .
1d?
: . . . : . Direct shear stress
e For a round solid wire coll spring, the resulting torsional
stress is
Ir
T = —
J 1

Torsional shear stress
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Stresses In Helical Springs

* The two shear stresses add directly,

Direct shear stress Torsional shear stress

e Maximum shear stress occurs

_ _ Tax = T+ Ta
at the inner fibre of the wire’s
. SFD 4F
Cross section, = —= + —
Tl Td
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Stresses In Helical Springs

| _ 8FD
e Torsional shear stress is T = ?
Tb

* Thus, a helical compression or tension spring can be thought of as a torsion bar wound
In the form of a helix.

J Torsional shear stress

Straight torsion bar
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Stresses In Helical Springs

e The maximum shear stress occurs at the inner fiber of the wire’s cross section,

SFD 4F
max : d TEd3 Tl',(fz
SFD[ 0.5)
=— |+ —
ntd C
SFD
=K —
s Ttd3

The factor Ks is a direct shear stress factor.
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Stresses In Helical Springs

Curvature Effect:

Plane m

 In addition, the inner surfaces of the coll is subjected

to an increase in the intensity of torsional stress due
to its curvature.

e This effect is similar to stress concentration due to

shifting of the neutral axis away from the geometric
center in curved beams.

e This makes the already high stress at the inner
surface of the coil even higher

Curved torsion bar
M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh
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Stresses In Helical Springs

e Wahl determined the stress-concentration factor for round
wires and defined a factor Kw.

4C—-1 0.615 |
W T
4C -4 C 1, |
» The Wahl's factor incudes both the direct shear effects and N !
the stress concentration for round wires with C = 1.2
* This effect can be neglected for static loading, because Effects of stress
local yielding with the first application of the load will concentration
relieve it. at inside edge
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Deflection and Stiffness of Helical spring

» The deflection-force relations can be obtained -- using Castigliano’s theorem.

e The total strain energy of spring is composed of two components

1. Torsional component

0 F?l
Torsion ~— QAE

2. Shear component.

T
- 2GJ

Shear
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» Therefore the strain energy of spring

T . F?l » We get, the total strain energy as:
2GJ 224G
213 2
e Substituting the following relations: U= DN + 2P DN
d*G d*G
T = FD/2
 where N = Na are the number of active coils.
| = mDN
4
7 - Td”
32
A — wd?
4
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* Now using Castigliano’s Theorem the
total deflection in the spring, may be
written as:

aU
V = ——
' dF
9 (4F293N N ZFZDN)
AF\  d%G d?G
__ 8FD°N , 4FDN
- d*G d2G

e Since C = D/d, we can write;

- 8FD°N
YT aRG

. 8FD’N

- dAG

(1

1
T 2C?

)

* The spring rate or scale of the spring

k = _F
v
. d'G
~ 8D3N
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o
F ad*G

e The spring stiffness, springs rate or the springscale; [ = — =

V 8D3N

» Using the equation the number of active coils needed to maintain the desired deflection or
spring stiffness can be determined.

* |n order to maintain proper contact and align the force along the spring axis the ends are to
be properly shaped. The four types of ends generally used for compression springs are:

O WO

Plain end, Squared and ground end,

O Ml €
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SET REMOVAL or PRESETTING

e This iIs a process used Iin the manufacture of compression springs to induce
useful residual stresses.

 Itis done by making the spring longer than needed and compressing it to its solid
height.

* This operation sets the spring to the required final length.

e Since the torsional yield strength has been exceeded, residual stresses are
Induced in the spring.

e The direction of the residual stresses are opposite to those induced during the
service.

e Thus, the process increases the strength of the springs.
e This is especially useful when the spring is used for energy storage purposes.

 However, this should not be used for springs subjected to fatigue loading

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020



SPRING MATERIALS

Springs are manufactured by two processes:

Selection of the manufacturing process

1. Hot-working processes
2. Cold-working processes

e Selection of the manufacturing process depends upon the size, the spring index, and
the properties desired of the spring.

* In general, pre-hardened wire should not be used.... if D/d <4, orif d > 1/4 inch.
* Winding of the spring induces residual stresses through bending.
» But these are normal to the direction of the torsional working stresses in a colil spring.

e Quite frequently in spring manufacture, these stresses are relieved after winding, by a
mild thermal treatment.
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Spring Materials

A great variety of spring materials are available to the designer, these include
o Steels:

Selection of material

e Plain carbon steels,
* Alloy steels
e Corrosion-resisting steels

* Nonferrous materials such as
e phosphor bronze,
e spring brass
e Dberyllium copper
* Nickel alloys.
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Spring Materials

Factors influencing selection of material

The selection of the wire material depends upon the following factors:
() The load acting on the spring
(i) The range of stress through which the spring operates
(i) The limitations on mass and volume of spring
(iv) The expected fatigue life

(v) The environmental conditions in which the spring will operate such as temperature and
corrosive atmosphere.

(vi) The severity of deformation encountered while making the spring.
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Spring Materials

Spring Steels

There are four basic varieties of steel wires which are used in springs :

(i) patented and cold-drawn steel wires (unalloyed)

(i) oil-hardened and tempered spring steel wires and valve spring wires

(i) oil-hardened and tempered steel wires (alloyed)

(iv) stainless steel spring wires

The most extensively used spring material is high-carbon hard-drawn spring steel.

It is often called ‘patented and cold-drawn’ steel wire.

8/21/2020
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Spring Materials

Spring Steels

Patenting :

This is the process of heating the steel to above the critical range followed by rapid
cooling to transform at an elevated temperature from 455° to 465°C.
This operation produces a tough uniform structure suitable for severe cold drawing.

After this operation, the spring wire is produced from hot rolled rods by cold drawing
through carbide dies to obtain the required diameter.

The patented and cold drawn steel wires are made of high carbon steel and contain
0.85-0.95% carbon. It

M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 8/21/2020
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HELICAL COMPRESSION SPRING DESIGN

Terminology
d = wire diameter of spring (mm)
Di = inside diameter of spring coil (mm)
Do = outside diameter of spring coil (mm)
D = mean coil diameter (mm)
C = The spring index C = g
p = Pitch of coils
Lt = Free length p=Lex(Ne—1)

L a = Assembled length
L m= Minimum working length

Ls = Shut height




Helical Compression Spring Design

Nomenclature :

A Material constant L Length

C  Spring index=D/d N Number of coils

d Wire diameter T Torsi M

D Mean coll diameter ors.lona oment

f  Natural frequency of the spring U Strain energy

F Force/Load Helix angle

G Shear Modulus (of Rigidity) y Deflection

J Polz_:xr Moment of I_nertia_l y Density

k  Spring rate or spring stiffness . .
. T Shear stress in spring

K Stress correction factor




Design of Compression Coil Springs

Design Consideration :

* The design of a new spring involves the following considerations:-Space into which the
spring must fit and operate. -Values of working forces and deflections. -Accuracy and
reliability needed

e The primary consideration in the design of the coil springs are that the induced
stresses are below the permissible limits while subjected to or exerting the external
force F capable of providing the needed deflection or maintaining the spring rate
desired.




DESIGN OF HELICAL SPRINGS

There are three objectives for the design of the helical spring. They are as follows:

() It should possess suffi cient strength to withstand the external load.

(1) It should have the required load-deflection characteristic.

(i) It should not buckle under the external load.




Factor of Safety

The factor of safety in the design of springs is usually 1.5 or less. The use of a
relatively low factor of safety is justified on the following grounds:

(1) In most of the applications, springs operate with well defined deflections.
Therefore, the forces acting on the spring and corresponding stresses can
be precisely calculated.

It is not necessary to take higher factor of safety to account for uncertainty in
external forces acting on the spring.

(i)  In case of helical compression springs, an overload will simply close up the
gaps between coils without a dangerous increase in deflection and stresses.

(i) In case of helical extension springs, usually overload stops are provided to
prevent excessive deflection and stresses.




(iv) The spring material is carefully controlled at all stages of Manufacturing. The thin
and uniform wire cross-section permits uniform heat treatment and cold working of
the entire spring.

Therefore, the factor of safety based on torsional yield strength (Ssy) is taken as
1.5 for the springs that are subjected to stat'kc force.

T=—"
1.5

Assuming, 5, =0.755 and 5, = 0.5775,
Expression (a) 1s written as,
__(0577)(0.75)s,,
- 1.5
Al T=035,, (




* The permissible shear stress is, therefore, 30% of the ultimate tensile strength of the
spring wire.

e The Indian Standard 4454-1981 has recommended a much higher value for the
permissible shear stress.

» According to this standard,
o = Sut
e This is due to higher tensile yield strengths exhibited by the spring wires.

» In design of helical springs, the permissible shear stress (t) is taken from 30% to
50% of the ultimate tensile strength (Sut).




The basic procedure for the design of helical spring consists of the following steps:

() For the given application, estimate the maximum spring force (P) and the
corresponding required deflection (d) of the spring.

In some cases, maximum spring force (P) and stiffness k, which is (P/d), are
specified.
(i) Select a suitable spring material and find out ultimate tensile strength (Sut) from the
data.
Calculate the permissible shear stress for the spring wire by following relationship:
t = 0.30 Sut or 0.50 Sut
(i) Assume a suitable value for the spring index (C).
For industrial applications, the spring index varies from 8 to 10.

A spring index of 8 is considered as a good value. The spring index for springs in
valves and clutches is 5. The spring index should never be less than 3.




72\

(iv) Calculate the Wahl factor by the following
equation:
4C -1 0615
= +
4C - 4 C
(v) Determine wire diameter (d) by Eq. (10.13).

. K[HFE‘]
d*

(vi) Determine mean coil diameter (D) by the
following relationship:

D=Cd
(vii) Determine the number of active coils (N) by

Eq. (10.8).

K

PO N
Gd*

O =




(viii) Decide the style of ends for the spring depending upon the configuration of the
application.

Determine the number of inactive colls. Adding active and inactive coils, find out the
total number of coils (Nt).

(ix) Determine the solid length of the spring by the following relationship:
Solid length = Ntd
(x) Determine the actual deflection of the spring by Equation

_8PD’N
Gd"

(xi) Assume a gap of 0.5 to 2 mm between adjacent coils, when the spring is under the
action of maximum load. The total axial gap between coils is given by,

total gap = (Nt — 1) \ gap between two adjacent coils
In some cases, the total axial gap is taken as 15% of the maximum deflection:

)




(xii) Determine the free length of the spring by the following relationship:
free length = solid length + total gap + d

(xii) Determine the pitch of the coil by the following relationship:

b= free length
(Nr B 1)

(xiv) Determine the rate of spring by Eq. (10.9).

Gd*
k = 3
8D N
(xv)  Prepare a list of spring specifications.




Problem

It Is required to design a helical compression spring subjected to a maximum force of
1250 N. The deflection of the spring corresponding to the maximum force should be
approximately 30 mm. The spring index can be taken as 6. The spring is made of
patented and cold-drawn steel wire. The ultimate tensile strength and modulus of rigidity
of the spring material are 1090 and 81 370 N/mm2 respectively. The permissible shear
stress for the spring wire should be taken as 50% of the ultimate tensile strength. Design
the spring and calculate:

() wire diameter,

(i) mean coil diameter;

(i) number of active colls;

(iv) total number of coils;

(v) free length of the spring; and

(vi) pitch of the coil.

Draw a neat sketch of the spring showing various dimensions.




Solution

(14)
Given : Stepl Wire diameter
P=1250 N The permissible shear stress 1s given by,

T=0.55,=0.5(1090) = 545 N/mm’

From Eq. (10.7),

G = 81 370 N/mm2. (o AC—1 0615_4(6)-1 0615 _
t =05 Sut 4C -4 C 4(6)—4 i

From Eq. (10.13),

T=K [HH”:] or 545 =(1.2525) {g“ 25{]}}{&}}
md” md”

d= 6.63 or T mm (1)

d=30mmC=6
Sut = 1090 N/mm2

_I_




Step III Number of active coils
From Eq. (10.8),

3 3
5_8PD'N . 8(1250)(42) :*.f
Gd" (81 370 7)
N=17.91 or 8 coils (111)

Step IV Total mumber of coils

It 1s assumed that the spring has square and ground

ends. The number of mmactive coils 1s 2. Therefore,
N=N+2=8+2=10 coils (1v)




Step V' Free length of spring
The actual deflection of the spring is given by,
5 RPD°N _ 8¢ 250042)° (%)
Gd* (R1370K7)°
solid length of spring =N, d = 10(7) = 70 mm
It 15 assumed that there will be a gap of 1 mm

between consecutive coils when the spring 1s
subjected to the maximum force. The total number
of coils 15 10.

The total axial gap between the coils will be
(10-1)% 1 =9 mm.

= 30.34 mm
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Free length = Solid length + Total axial gap + & I‘*m_,_
=70 +9 +30.34 c =ilp)

= 109.34 or 110 mm (V) |

Step VI Pitch of the coil o L |

Free length  109.34 |

Pitch of coil = — e = 12.15 mm b . |

(N,=1)  (10-1) (vi) . 1110

The dimensions of the spring are shown in
oo 1215} |




DESIGN AGAINST FLUCTUATING LOAD

* In many applications, the force acting on the spring is not constant but varies In
magnitude with time.

e The valve spring of an automotive engine is subjected to millions of stress cycles
during its lifetime.

e On the other hand, the springs in linkages and mechanisms are subjected to
comparatively less number of stress cycles.

e The springs subjected to fluctuating stresses are designed on the basis of two
criteria—design for infinite life and design for finite life.

 Let us consider a spring subjected to an external fluctuating force, which changes its
magnitude from

Pmax. to Pmin. in the load cycle.




 The mean force Pm and the force amplitude Pa are given by

1

Fm =;{me. _l_‘|ll:ll1'nin..:]I
1

‘F.l-.l:l :;Epnmx _‘|II:|I1'nin..:]I

 The mean stress (tm) is calculated from mean force (Pm) by using shear stress
correction factor (Ks). It is given by

T.lf:l =K'i'[

8P.D ]
Td

( {]-5 ]
K =|1+—
| C




» Ks is the correction factor for direct shear stress and it is applicable to mean stress only.
For torsional stress amplitude (ta), it is necessary to also consider the effect of stress
concentration due to curvature in addition to direct shear stress. Therefore,

. (8RD
T.-.: = ﬁ‘.-r ‘ﬁ‘e ?I-r.]ﬂ
’PD
wr(2
md
* For Patented and cold-drawn steel wires (Grade-1 to 4)
S =0.21 5,
8,=0425,




» For oil-hardened and tempered steel wires (SW) and VW grade),

=022 K
‘{".-r.s- ﬂ""""am

53 =0.45 5, Ta)
. . . e 5 ——— =
where Sut is the ultimate tensile strength ’ Pam Experimental curve
A
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» To consider the effect of the factor of safety, a line DC is constructed from the point D
on the abscissa in such a way that

— 5.
oD =—
'-rﬁf}‘ e Sgf2 — .
_ /— Experimental curve
e The line DC is parallel to the line BA. e =
Line of failure
= Any point on the line CD, such as X, c Secian |
represents a stress situation with the S/2 en e :
same factor of safety. (1 W R S roadine
El GAHIF S\ D B
° Syllfe) |
- Say -




= Line CD is called the design line because it is used to find out permissible stresses with

a particular factor of safety.

= The line GH is called load line. It Is drawn 3
from the point G on the abscissa at a

distance ti from the origin.

* The torsional shear stress due to Initial
pre-load on the spring (P1) is ti. The line
GH is constructed in such a way that its

slope q is given by,

T
tan @ = =L

HH

R f’/_
S

Line of failure

Design line

Load line
N,




» The point of intersection between design line DC and load line GH is X.

» The coordinates of the point X are (tn, t.).
Considering similar triangles XFD and AERB,

springs subjected to fluctuating stresses.

- TEL
sl = i Sel2 Experimental curve
FD ER -
e i
l s’ Line of failure
T, ~ “8e
or = = (10.22 C o
Sev g ] G’ 5.12 Design line
> T P i Load line
(f5) " 2 % W S S \
The above equation is used in the design of El GAYIF \D B
0 T Tm | Tm




Problem

The constructional details of an exhaust valve of a

diesel engine are shown in Fig. 10.22. The 7

diameter of the valve iIs 32 mm and the suction Cylinder head <
pressure in the cylinder is 0.03 N/mm2. The mass 4 ////Tr. T—Rocker arm
of the valve is 50 g. The maximum valve lift is 10 N = H S

mm. The stiffness of the spring for the valve is 10  Spring— . S

N/mm. The spring index can be assumed as 8. N i \@ ! S

The permissible shear stress in the spring wire is 1i: s t ! S
recommended as 30% of the ultimate tensile ; i | N
strength. Neglecting the effect of inertia forces, vape i !*ﬁ_p“s" od
design the spring for static considerations and AN\ Vi NN IS‘Sﬁ
determine the factor of safety against fluctuating Cylinder +

stresses.




Solution

Given
k=10 N/mm
C=8
t=0.3 Sut

Step | Maximum spring force

The spring is subjected to fluctuating stresses. Therefore, oil-hardened and tempered
valve spring wire of Grade-VW is selected for this application.

Initially, the spring is fitted with a pre-load. The initial pre-load should be sufficient to hold
the valve on its seat against the negative pressure inside the cylinder during the suction
stroke.

Since the cylinder Is vertical, additional pre-load should be provided to account for the
weight of the valve.




Suction force = valve area X suction pressure

- % (32)2(0.03) = 24.13 N

Weight of the valve = mg = (0.05)(9.81) = 0.49 N
Minimum pre-load =24.13 + 0.49 = 24.62 N

To be on the safer side, the initial pre-load is taken as 30 N.
During the exhaust stroke, the spring is further compressed by 10 mm (valve-lift).
The maximum force acting on the spring is given by

Pmax. = Pmin. + kd =30 + 10(10) = 130 N




Step Il Design against static load

_4C-1 0615 4(8) -1 0615

K=—— +——= + =1.184
4C-4 C 4(8)-4 8
0.5 0.5
K =1+—=1+-—"=1.0625
| C %

From Eq. (10.13),

=K [Hﬁfj or T=(1.184) [H“ 3{!;;{5}}
Td” Td”

3135.63 >
or T= N/mm”~ (a)

ﬂrl




e The permissible shear stress is

denoted by td in order to Equations (a) ElI'IH (b) are solved by the trial and
differentiate it from the induced error method.
stress t. It is given by, Trial 1
d=2.5mm
T,=0.38
d ur o 3]3‘_";_&3 _ 3]35-!5:3 _ 5017 N/mm?
d” (2.5)

From Table 10.2,

S .= 1470 N/mm-

7,=0.3 8, = 0.3(1470) = 441 N/mm>
Therefore, 7> T,

The design is not safe.

us

Ly '




Trial 2
d=3 mm
3135.63 3135.63
T= = = 3484 N/mm"~

42 (3)°

From Table 10.2,

S = 1430 N/mm?

7,= 0.3 5,,= 0.3(1430) = 429 N/mm’
Therefore, T< T,

» The design is satisfactory and the wire diameter should be 3 mm.

» However, the spring is subjected to fluctuating stresses and to account for these
stresses, the wire diameter is increased to 4 mm.




(31)
d=4 mm

D=Cd=8(4)=32 mm
From Eq. (10.9),

Gd' _ 81370(4)"
Ik 8(32)°(10)

It 1s assumed that the spring has square and
ground ends.
N=N+2=8+2=10coils

N = = T7.95 or ¥ couls

From Eq. (10.8),

_8PDN  R(130)(32)°(8)
O Gdt (R1370)(4)*

0 =13.09 mm




e Solid length of spring = Ntd = 10(4) = 40 mm

e Itis assumed that there will be a gap of 0.5 mm between consecutive coils when the
spring iIs subjected to the maximum force.

e The total number of coils is 10. The total axial gap between the coils will be (10 — 1) \
0.5 =4.5 mm.

* Free length = solid length + total axial gap + d
e Free length=40+ 4.5 + 13.09 = 57.59 or 60 mm




Step IIl Factor of safety against fuctuating stresses

P, = %{Fm_ +P. )= %{13ﬂ+3ﬂ}= 80 N

1 1
P=—(P,, —P.)=—(130-30)=50 N

From Eq. (10.18) and (10.19),
¢ =K. [ HFmD]  (1.0625) [ H{Hﬂ}{ﬂ}}

nd’ m(4)*
= 108.23 N/mm?>
8P D 8(50)(32)
- K = (1.184
o ( nd’ ] { }[ (4’ ]
= 75.38% N/mm”~

From Table No. 10.2, (d =4 mm)
8 .= 1400 N/mm?-




e From. Eq. (10.21), the relationships
for oil hardened and tempered steel
wire are as follows:

S¢se =0.22 Sut = 0.22(1400) = 308
N/mm2

Ssy = 0.45 Sut = 0.45(1400) = 630
N/mm2

From Eqg. (10.22),

T, B g Ve
g B 1.,
EIENDET
ﬁ L

I
75.38 708

Sl

I :
0301 _ 10823 630 — = (308)
ﬁ ¥

7538 154

630
10823
fs

630 75.38(47¢
10823 = (476)

(f5) 154

030 _ 108.23 + 232.99
(f5)
(fs) = 1.85
The factor of safety against fluctuating stresses
is reasonable.

= 23299




e Step IV Spring specifications

(1) Material = oil-hardened and tempered steel wire of Grade-VW
(i) Wire diameter = 4 mm

(i) Mean coil diameter = 32 mm

(iv) Free length = 60 mm

(v) Total number of coils = 10

(vi) Style of ends = square and ground




End of Part Il




