Section 13

Machine Elements

Machine elements is the term given to the set of basic mechani-
cal components that are used as building blocks to make up a
mechanical product or system. There are many hundreds of
these — the most common ones are shown, subdivided into their
common groupings, in Fig. 13.1. The established reference
source for the design of machine elements is:

Shigley, J. E. and Mischke, C. R. Standard Handbook of
Machine Design, 1986 (McGraw-Hill).

13.1 Screw fasteners

The ISO metric thread is the most commonly used. They are
covered by different standards, depending on their size, materi-
al, and application.

Engineers’ Data Book, Fourth Edition. Clifford Matthews.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Figure 13.2

USEFUL STANDARDS

. BS 4190: 2001: Specification for ISO metric black hexagon

bolts, screws and nuts. (The term “black’ implies loose toler-
ances for non-precision applications, dia. 5-68 mm.) Similar to
ISO 272.

. BS 3692: 2001: Specification for ISO metric precision hexagon

bolts, screws and nuts. (Covers dia. 1.6-68 mm.)

. BS 3643: ISO metric screw threads.

Part 1: 1998: Principles and basic data. [Gives data for dia. 1.0—
300 mm (see also ISO 68/ISO 261/ISO 965).]

Part 2: 1998: Specification for selected limits of size. (Gives size
data for ISO coarse threads dia. 1.0-68 mm and ISO fine
threads dia. 1.0-33 mm.)

DIN 13 Part 1: ISO metric screw threads.

Typical BS 3692 sizes (all in mm) are shown in Table 13.1.

Table 13.1

Size  Pitch Width A/F (F) Head height (H) Nut thickness (m)

Max. Min. Max. Min. Max. Min.

M5 0.8 8.00 7.85 3.650 3.350 4.00 3.7
M8 1.25 13.00 12.73 5.650 5.350 6.50 6.14
M10 15 17.00 16.73 7.180 6.820 8.00 7.64
M12 175 19.00 18.67 8.180 7.820 10.00 9.64
M20 25 30.00 29.67 13215 12785 16.00 15.57
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13.1.1 Nuts and washers
Useful standards are shown below.
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Figure 13.3

13.2 Bearings

13.2.1 Types

Bearings are basically subdivided into three types: sliding
bearings (plane motion), sliding bearings (rotary motion) and
rolling element bearings (see Fig. 13.4). There are three lubri-
cation regimes for sliding bearings:

e Boundary lubrication There is actual physical contact be-
tween the surfaces.

o Mixed-film lubrication The surfaces are partially separated
for intermittent periods.

o Full-film ‘hydrodynamic’ lubrication The two surfaces ‘ride’
on a wedge of lubricant.
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Figure 13.4

13.3 Ball and roller bearings

Some of the most common designs of ball and roller bearings
are as shown. The amount of misalignment that can be tolerated
is a critical factor in design selection. Roller bearings have
higher basic load ratings than equivalent sized ball-types.
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Single row radial ball bearing Double row self-aligning ball bearing

Alowable misalignment = 0.002 radians
Allgwable misalignment = 0,035 radians

Single row radical roller Bearing Dauble row spherical roller bearing

| i
I Allowable misalignment = 2+
Tapered roller bearing
Allwable misaignment = 0,0004 radians

Ball thrust bearmg

Allgwable msalignment = 0,0003 radians Allowable misalignment =0.0008 radians

Figure 13.5

13.4 Bearing lifetime

Bearing lifetime ratings are used in purchasers’ specifications and
manufacturers’ catalogues and datasheets. The rating life (L) is
that corresponding to a 10% probability of failure and is given by:

Lo radial ball bearings = 10° revolutions

( X
Ly radial roller bearings = (Cr/Pr)'? x 106 revolutions
Lo thrust ball bearings = ( 3 x 10° revolutions
Lo thrust roller bearings = ( x 106 revolutions

Cr and Ca are the static radial and axial load ratings that the
bearing can theoretically endure for 10° revolutions. Pr and Pa
are corresponding dynamic equivalent radial and axial loads.
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So, as a general case:
Roller bearings: Ly lifetime = [16667(C/P)'"]/n
Ball bearings: Ly lifetime = [16667(C/P)*]/n

where
C =CrorCa

P — ProrPa }as appropriate
n=speed in rev/min

13.5 Coefficient of friction

The coefficient of friction between bearing surfaces is an
important design criterion for machine elements which have
rotating, meshing, or mating parts. The coefficient value (w)
varies depending on whether the surfaces are static or already
sliding, and whether they are dry or lubricated. Table 13.2 shows

some typical values.

Table 13.2 Typical friction coefficients

Static Sliding
Material Dry Lubricated Dry Lubricated
Steel/steel 0.75 0.15 0.57 0.10
Steel/cast iron 0.72 0.20 0.25 0.14
Steel/phosphor bronze - - 0.34 0.18
Steel/bearing ‘white metal’ 0.45 0.18 0.35 0.15
Steel/tungsten carbide 0.5 0.09 - -
Steel/aluminium 0.6 - 0.49 -
Steel/Teflon 0.04 - - 0.04
Steel/plastic - - 0.35 0.06
Steel/brass 0.5 - 0.44 -
Steel/copper 0.53 - 0.36 0.2
Steel/fluted rubber - - - 0.05
Cast iron/cast iron 1.10 - 0.15 0.08
Cast iron/brass - - 0.30 -
Cast iron/copper 1.05 - 0.30 -
Cast iron/hardwood - - 0.5 0.08
Cast iron/zinc 0.85 - 0.2 -
Hardwood/hardwood 0.6 - 0.5 0.17
Tungsten carbide/tungsten carbide 0.2 0.12 - -
Tungsten carbide/steel 0.5 0.09 - -
Tungsten carbide/copper 0.35 - - -

Note: The static friction coefficient between like materials is high, and can

result in surface damage or seizure.
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13.6 Gear trains

Gear trains are used to transmit motion between shafts. Gear
ratios and speeds are calculated using the principle of relative
velocities. The most commonly used arrangements are simple or
compound trains of spur or helical gears, epicyclic, and worm
and wheel.

13.6.1 Simple trains
Simple trains have all their teeth on their ‘outside’ diameter.

Spur gears - simple train
i an idler gear of radius r; and n, teeth is placed in the train, it changes the direction of
rotation of the driver or driven gear but does not affect the relative speeds.

Figure 13.6

13.6.2 Compound trains
Speeds are calculated as follows.

Hence the number of teeth on the idler gear does affect the
relative speeds of the driver and driven gear.
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Driven gear (a)

‘Ganged’
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Figure 13.7

13.6.3 Worm and wheel
The worm and wheel is used to transfer drive through 90°,

usually incorporating a high gear ratio and output torque. The
wheel is a helical gear.

Wraa i
m = Mg hence: gear ratio=n

Figure 13.8



Machine Elements 253

13.6.4 Double helical gears
These are used in most high-speed gearboxes. The double helices
produce opposing axial forces which cancel each other out.

Balancad forces

Figure 13.9

13.6.5 Epicyclic gear

An epicyclic gear consists of a sun gear on a central shaft, and
several planet gears which revolve around it. A second coaxial
shaft carries a ring gear whose internal teeth mesh with the
planet gears. Various gear ratios can be obtained depending
upon which member is held stationary (by friction brakes). An
advantage of epicyclic gears is that their input and output shafts
are concentric, hence saving space.

Figure 13.10
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13.6.6 Gear nomenclature

Gear standards refer to a large number of critical dimensions of
the gear teeth. These are controlled by tight manufacturing
tolerances. (See Fig. 13.11.)

UsEFUL STANDARDS

1. ISO 1328: 1975: Parallel involute gears — ISO system of
accuracy. This is a related standard to BS 436.

2. BS 436: Part 1: 1987: Basic rack form, pitches and accuracy.

3. BS 1807: 1988 (withdrawn): Specification for main propulsion
gears and similar drives.

4. The AGMA (American Gear Manufacturers’ Association) range

of standards.

. APl 613: 2005: Special purpose gear units for refinery service.

. BS 978 (various parts): Specification for fine pitch gears.

. BS 4582: Part 1: 1990: Involute, spur and helical gears.

. DIN 3990: 2002: Calculation of load capacity of cylindrical gears.
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Figure 13.11

13.7 Seals

Seals are used to seal either between two working fluids or to
prevent leakage of a working fluid to the atmosphere past a
rotating shaft. They are of several types.
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13.7.1 Bellows seal
This uses a flexible bellows to provide pressure and absorb
misalignment.

Annular ring

Rotating coflar
/__—’ g

Figure 13.12

13.7.2 Labyrinth gland

This consists of a series of restrictions formed by projections
on the shaft and/or casing. The pressure of the steam or gas is
broken down by expansion at each restriction. There is no
physical contact between the fixed and moving parts.

Labyrinth
insarts

Figure 13.13

13.7.3 Mechanical seals

The key parts of a mechanical seal are a rotating ‘floating’ seal
ring and a stationary seat or collar. Both are made of wear-
resistant material and the floating ring is kept under an axial
force from a spring (and fluid pressure) to force it into contact
with its mating surface.
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Floating ring

_,,..-"""‘ Seal or colla

Figure 13.14

Mechanical seals are used to seal either between two working
fluids or to prevent leakage of a working fluid to the atmosphere
past a rotating shaft. They can work with a variety of fluids at
pressures of up to 500 bar and sliding speeds of more than
20 m/sec. The core parts of the seal are the rotating ‘floating’
seal ring and the stationary seat (see Fig. 13.15).

Rotating s=al ring

’“""-"l \\ . Hub

Drive pin \\
|

Figure 13.15
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Web sites
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13.8 Shaft couplings

Shaft couplings are used to transfer drive between two (normally
co-axial) shafts. They allow either rigid or slightly flexible
coupling, depending on the application.

13.8.1 Bolted couplings

The flanges are rigidly connected by bolts, allowing no mis-
alignment. Positive location is achieved using a spigot on the
flange face.

Spigat fitting
for accurate
alignment

Solid bolted flanged coupling

Figure 13.16

13.8.2 Bushed-pin couplings

Similar to the normal bolted coupling but incorporating rubber
bushes in one set of flange holes. This allows a limited amount
of angular misalignment.
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Rubbar bushes allow
slight misalignment

e )
- iy

Rubber bushas flexible coupling

Figure 13.17

13.8.3 Disc-type flexible coupling
A rubber disc is bonded between thin steel discs held between
the flanges.

Bondad rubber disk balted through
alternate flange holes

H
+
-

Figure 13.18

13.8.4 Diaphragm-type flexible couplings
These are used specifically for high-speed drives such as gas
turbine gearboxes, turbocompressors, and pumps. Two stacks of
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flexible steel diaphragms fit between the coupling and its mating
input/output flanges. These couplings are installed with a static
prestretch — the resultant axial force varies with rotating speed
and operating temperature.

Steel diaphragm packs

1 Output shaft
’E) e
shaft
G
Couplng shaft
Dynamic
E Static
Extension
Figure 13.19

13.9 Cam mechanisms

A cam and follower combination are designed to produce a
specific form of output motion. The motion is generally repre-
sented on a displacement/time (or lift/angle) curve. The follow-
er may have knife-edge, roller, or flat profile.

13.9.1 Constant velocity cam
This produces a constant follower speed and is only suitable for
simple applications.
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Figure 13.20

13.9.2 Uniform acceleration cam

The displacement curve is second-order function giving a
uniformly increasing/decreasing gradient (velocity) and con-
stant d’x/d7* (acceleration).
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Figure 13.21



Machine Elements 261

13.9.3 Simple harmonic motion cam
A simple eccentric circle cam with a flat follower produces
simple harmonic motion (SHM).
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Figure 13.22

The motion follows the general SHM equations:

d®x/d? = —?x
where

x = displacement

w = angular velocity
T = periodic time
dx/dt = —wasinwt
T = 2nlw

13.10 Clutches

Clutches are used to enable connection and disconnection of
driver and driven shafts.

13.10.1 Dog clutch
One half of the assembly slides on a splined shaft. Itis moved by a
lever mechanism into mesh with the fixed half on the other shaft.
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The clutch can only be engaged when both shafts are stationary.
Used for crude and slow-moving machines such as crushers.

Fixad an shaft

Figure 13.23

13.10.2 Cone clutch

The mating surfaces are conical and normally lined with friction
material. The clutch can be engaged or disengaged when the
shafts are in motion. Used for simple pump drives and heavy-
duty materials handling equipment.

Friction material
Conizal contact
surface

i

-

Figure 13.24

13.10.3 Multi-plate disc clutch

Multiple friction-lined discs are interleaved with steel pressure
plates. A lever or hydraulic mechanism compresses the plate
stack together. Universal use in cars and other motor vehicles
with manual transmission.



Machine Elements 263

Disk stack

Sliding sleeve

Figure 13.25

13.10.4 Fluid couplings
Radial-vaned impellers run in a fluid-filled chamber. The fluid

friction transfers the drive between the two impellers. Used in
automatic transmission motor vehicles and for larger equipment

such as radial fans and compressors.

Radial vanas

Fluid ehamber

Figure 13.26

13.10.5 Clutch friction
The key design criterion of any type of friction clutch is the axial
force required in order to prevent slipping. A general formula is
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used, based on the assumption of uniform pressure over the
contact area.

;. oF

Figure 13.27
2_
Force F = T(ri r;)
w(r3=ri)

T = torque
n = coefficient of friction

UsEFUL STANDARDS

BS 3092:1988: Specification for main friction clutches for internal
combustion engines.

13.11 Pulley mechanisms
Pulley mechanisms can generally be divided into either simple
or differential types.

13.11.1 Simple pulleys
Velocity ratio, VR = the number of rope cross-sections support-
ing the load.
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Figure 13.28

13.11.2 Differential pulleys
These are used to lift very heavy loads and consist of twin
pulleys ‘ganged’ together on a single shaft.

Pulley A, radius A

}—— Pulley b, radius r

T
|
Eir."[ axg
!
Endiess belt
or chain - J.
Figure 13.29
2nR 2R
VR = T = —
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13.12 Drive types

The three most common types of belt drive are flat, vee, and
ribbed. Flat belts are weak and break easily. Vee belts can
be used in multiples. An alternative for heavy-duty drive is the
‘ribbed’ type incorporating multiple v-shaped ribs in a wide
cross-section.

Flat belt Ve bl Ribbed bak

Figure 13.30



