ENGINEERING TRIPOS  PART IIA
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Module 3C8

MACHINE DESIGN

Answer not more than three questions.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each part of a question is

indicated in the right margin.
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1 A vehicle gear box, shown schematically in Fig. 1, consists of an input shaft driven
by the engine and an output shaft which drives the wheels of the vehicle. The shafts carry
three pairs of gear wheels all of which have teeth with a pressure angle of 20°. The gears
on the input shaft are fixed to the shaft while those on the output shaft may rotate freely
with respect to each other and to the shaft. A selector mechanism (not shown) allows any
one of the three gears on the output shaft to be locked to the shaft. In this way the speed
ratio (outputinput) between the two shafts can be selected from the ratios 0.33, 1.00 and
3.00.

The two shafts are supported by deep groove ball bearings (A to D) at each of their
ends. The longitudinal spacings between gear wheels and bearings are equal and the
distance d between the two shaft centres is 100 mm. There are no axial forces on the
bearings. The input shaft speed is constant at 7,000 revolutions per minute and the input
shaft torque is 100 N m whichever ratio is selected.

(a) Speedratio 1.00 is selected. Confirm that the radial forces on the bearings
are all the same. Select from the Data Sheet the smallest deep groove ball bearing with an
internal diameter of 35 mm which will give a lifetime of at least 100 hours with 99%

reliability. It can be assumed that the correct viscosity oil is present.

(b)  All four bearings, A to D, are to be the same size — although not necessarily
that chosen in part (a). Considering bearings A and B only, show that the lifetime of
the gearbox is least when operating in speed ratio 0.33 and that bearing A fails first. In
this part of the question it is not necessary to select specific bearings from the data sheet.

(¢) Suggest how the design of the gearbox might be changed in order to increase
the life of the bearings. Assume that the bearings themselves cannot be changed.
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2 Figure 2(a) shows the drive arrangement of a hybrid vehicle. An internal
combustion engine drives the carrier of a planetary gearbox, and an electrical
motor/generator is connected to the sun wheel which has 20 teeth. The wheels of the car
are driven from the annulus, which has 90 teeth, via a reduction gear of ratio 5:1. Not
shown are a battery for storing electrical energy and the arrangements for controlling the
flow of energy between this and the motor/generator. The power output characteristic of
the engine is shown in Fig. 2(b).

The vehicle has road wheels with a rolling radius of 0.3m and the load
characteristic of the vehicle travelling at a constant speed on level ground is
F=150+02V? where F is the force in Newtons resisting motion and V is the

speed of the vehicle in m s,

(a) Determine the ratios of the torques on the annulus, the carrier and the sun-
wheel of the planetary gearbox, T, T, and T respectively, indicating clearly the sign

convention you have used.

(b) Ata particular time the vehicle is travelling at a constant speed of 25 m s

(i) Calculate the torques T, 7, and T;.

(i) If the engine is running at a speed that minimises its specific fuel
consumption (SFC) find the angular velocities of the annulus, carrier and sun-
wheel, @,, @, and @, respectively, indicating clearly the sign convention
you have used. Hence calculate the rate and direction of energy flow to or
from the motor/generator.

Version 4 (cont.

[25%]

[35%]

(407



Planetary gear
Internal
combustion .
engine Electric
motor/ ﬂ
generator I
to road wheels
Fig. 2(a)
80 v T ¥ T T T 1

~d
o
3
=
m
]
=
2

SFC/kg/kWh

[~2]
o
7

MAX. TORQUE

[$4]
o
=

TOHBUE /Nm
=)

30T
20r1
10r1
0 0 1600 2600' 3(300 7000 5600 6600 7000
SPEED/ rpm
Fig. 2(b)

Version 4 (TURN OVER



3 (a) Summarise briefly the conditions which must be satisfied if a contact can be
confidently described by the classical Hertzian equations. [30%]

(b) Figure 3 shows, not to scale, a suggested method for the final polishing of
ceramic balls to a high degree of surface finish. The balls, which can be taken to be
spherical and of radius r, are maintained in contact with a rotating central conical shaft and
a stationary cylindrical container, which contains the grinding fluid, by an upper loading
plate. The included angle of the cone is 90° and it rotates at steady speed (2 There is no

gross slip at any of the contact points A, B or C.

(i) If conditions are such that there is no spin at contact A, show that the
centre of each of the balls rotates about the centre line of the container with
an angular speed @ given by

p=ar

w="—2_0

(1+42)p

where p is the dimension shown. (40%]

(ii) Under these conditions at what speed does the loading plate rotate and
what is the rate of spin at point B? [30%]

Loading plate

Container

Rotating conical shaft

Fig. 3
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4 (3

Describe a construction which defines the geometry of an involute gear tooth

profile. Show that an involute spur gear pair satisfies the condition that the ratio of the

angular velocities of the two gears is constant, identifying how the involute tooth profile
ensures this condition.

- (b)

Version 4

(i) A pair of precision involute spur gears with module m have tooth
numbers 30 and 90 and a standard pressure angle ¢ =20°. However, the
addendum a is non-standard with a value equal to km chosen so that the
contact ratio has the value 2. Show the required value for k& is
approximately 1.16.

(ii) Identify the critical contact conditions for surface fatigue failure,
deriving an expression for the corresponding maximum pinion torque
before surface failure is expected, in terms of the face width w, the
module m, the contact modulus E* and the surface fatigue strength
O,.

(iii) For gears made of a typical carburised case-hardened steel would you
expect root bending or surface fatigue failure in service? Justify your
answer.
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Module 3C8 Data Sheet

ELASTIC CONTACT STRESS FORMULAE

Suffixes 1, 2 refer to the two bodies in contact.

. 1 1 —vi2 1—y,2
Effective curvature — =-—+— Contact modulus 1 = 1-v + 1-v,
R R E* E E,
where R;, R, are the radii of curvature where E;, E; and vy, v, are
of the two bodies (convex positive). Young’s moduli and Poisson’s ratios
Line contact Circular contact
width2b ; load P’ per unit length diameter 2a;load P
Semi contact ' 112 1/3
width or p=od PR a={3”R}
contact radius nE * 4E*
Maximum contact i s 172 1/3
pressure Po= PE* _1]6PE *2
(‘Hertz stress’) R po = n| R2

’ 2
- R
5=2P l—-v; In 4R, __l ) , 13
Approach of T E; b 2 S = =_1_ S_F

a
centres ®- 212 £ R
1— 2
LL=v h{ 4R, ] 1
E, b 2
Mean contact P T )
pressure P='2'Z=ZP0 P=;‘7=§PO
Tmax = 0.300 py Tmax = 0.310
at x=0,z=0.79b at r=0,z=048aforv=0.3
Maximum tensile 1
stress Zero -?;- (1- 2v)p0 at r=a,z=0.79b

Mildly elliptical contacts
1 1
If the gap at zero load is 4 = Esz +5By2 and 0.2<A/B<S5 then

2/3

ratio of semi-axes b/a = (A/B)

To calculate the contact area or Hertz stress use the circular contact equations
with R=(AB)"12 or better R, =[ AB(A +B)/2]V/3
For approach use circular contact equation with R = (AB)_” 2 (ot R,)



Hertzian contact frictional losses
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INVOLUTE GEARING
Spur gears
pitch cylinder radii r
base cylinder radii 0 circumferential pitch p=2nr/N

addendum cylinder radii r,

number of teeth
addendum
pressure angle

Path of contact

with suffix 1 or 2

base pitch Dp = pcos¢d
module m=pln=2r/N
ratio of contact .

radius of curvature at pitch point p = rsin¢

1/2
= {r2 sin’ ¢ +a(2r+ a)} ~ rsing
For a standard 20° spur wheel with N
teeth of module m this becomes

l 2 1/2
S (0.02924N +N+ 1) —~0.1710N

m



Standard tooth forms
Addendum a =m, Dedendum = -7-m , pressure angle = 20°.

6
Modules: 0.3 — 1.0 mm in 0.1 mm steps
1.0 - 4.0 mm in 0.25 mm steps 4.0 -~ 7.0 mm in 0.5 mm steps
7.0 -16.0 mm in 1.0 mm steps 16.0 — 24.0 mm in 2.0 mm steps
24.0 - 45.0 mm in 3.0 mm steps 45.0 — 75.0 mm in 5.0 mm steps

Friction in spur gears

average friction loss - 1 . 1 }
power transmitted N N

Tooth failure

Pl
Allowable bending stress o}, according to AGMA guidelines given by oy, = 7T—

m
where Pr is force per unit face-width acting tangentially to pitch circle and J given in

the figure below for 20° spur gears. Typical values of o}, shown in table.

0.55} Load applied at highest 1000
point of single-tooth contact

i g
- 0.50 35 on mating gear
‘g‘ 0.45
& 0.40
£ 035
§ 0.30

0.25 :

\Load applied at tip of tooth
0.20 .
] I i L | | - | 1 1.1
12 15 17 20 24 30 4050 80 27500

Number of teeth

Typical allowable tooth stresses (AGMA)

Material Condition Bending fatigue Surface fatigue
strength o, (MPa) | strength 6 (MPa)
Through hardened 170-390 590-1200
Steel and tempered
Carburised and case 380-480 1250-1550
hardened
Cast iron As cast 69-90 450-590
Nodular iron Quenched,
annealed and 150-300 500-800
tempered
Malleable iron Pearlitic 70-145 500-650




EPICYCLIC SPEED RULE

A
@, = (14 R)w. — Rw, where R=-§

ROLLING ELEMENT BEARINGS

Fatigue life

L=ayay;(C/P)P p = 3 for ball and 10/3 for roller bearings
Fatigue probability % 10 ) 4 3 2 1
Life adjust factor q, 1 062 053 044 033 021

Bearing choice

The information on the following pages concerning loads, viscosities and
standard bearing sizes and ratings is extracted from the SKF General Bearing Catalogue
and is copied with permission. It is SKF copyright and is not to be further reproduced.

MPEFS, DJC, JAW
November 07



Required viscosities and the effect of viscosity ratio on a,,
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