ENGINEERING TRIPOS PART A

Tuesday 27 April 2010 2.30to 4

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.

Attachment:
Module 3C8 Data Sheet (9 pages).

STATIONERY REQUIREMENTS SPECIAL REQUIREMENTS
Single-sided script paper Engineering Data Book
CUED approved calculator allowed

You may not start to read the questions
printed on the subsequent pages of this
question paper until instructed that you
may do so by the Invigilator
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1 Figure 1 shows a proposed arrangement of a wind turbine for generating
electricity. The turbine is connected to the carrier of a planetary gear. The generator is
connected to the annulus. A motor/generator is connected to the sun and is controlled to
maintain the speed of the generator at a constant value for compatibility with the

national grid frequency. The annulus has A teeth and the sun has S teeth, their ratio
R=A/S.

(a) If the torque T developed by the turbine depends on the wind speed V and
turbine speed @ according to:

T=aV-bw

where a and b are positive constants show that for a given wind speed maximum power
from the turbine is obtained when the turbine speed is w= (a/2b)V. [10%]

(b) If the turbine is to run at speed @= (a/2b)V and the generator is to run at
constant speed (2 in the presence of variations in wind speed V find an expression for
the motor/generator speed in terms of a, b, £2, V and R. Hence sketch on one graph the
variation of turbine speed, generator speed and motor/generator speed with wind speed

V. (20%]

(¢) For the speed conditions in part (b), derive expressions for the turbine
torque, generator torque and motor/generator torque, and hence sketch on one graph the
variation of these three torques with wind speed V. [40%]

(d) From the sketches of speed and torque in parts (b) and (c) sketch on one
graph the variation in turbine power, generator power and motor/generator power with
wind speed V. Treat power going into the planetary gear as positive. Find the wind
speed range over which the motor/generator must put power into the sun. [20%]

(e) State one alternative device for controlling the speed of the sun other than

an electric motor/generator, and state any limits that this device might place on the
operation of the wind turbine. [10%]

Final version (cont.



turbine planetary gear

motor /
generator

[ ocnerator

Fig. 1

Final version (TURN OVER



4

2 (a) Summarise briefly the idealizations that are made in the Hertz theory of
elastic contact. [10%]

(b) Figure 2 shows a schematic of a pivot bearing in a micro-machine. The tip
of the shaft has the form of a smooth sphere of radius R and it rotates at a steady speed
o while loaded against a plane surface by a constant axial load P. Under normal
circumstances the pivot is lubricated by a thin film of fluid that provides a resistance to
local shear 7 which is proportional to the shear velocity so that, within the contact
patch, at radius r,

T=krw

where k is a constant. If it can be assumed that the contact pressure is Hertzian and the
contact patch is radius a, find expressions for a and the torque T required to rotate the

shaft in terms of @, P, R, E* and k, where E* is the contact modulus between the two
surfaces. [30%]

(c)  After a period of operation, the fluid is lost by evaporation and the tip of the
shaft starts to wear. Under these circumstances it can be assumed that the conditions are
no longer Hertzian but now the contact pressure p(r) varies inversely with radius r

across the contact patch, so that

p(r)=é

where A is a constant. If the coefficient of friction between the now unlubricated
surfaces is # and the contact patch has worn to a radius of 2a, obtain an expression in
terms of 4, a and A for the torque 7’ now required to maintain rotation. [30%]

(d) Obtain an expression for the factor by which the driving torque has
increased, that is, for the ratio 7’/T , in terms of 4, E*, k, @ and R. [20%]

() Suggest why the form of pressure variation given in (c) is a reasonable
assumption once wear has occurred. [10%]
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3 (a) Figure 3(a) shows the cross-section of an angular contact ball bearing. The
diagonal lines pass through the points of contact between the balls and the tracks. An
axial force P, is applied to the inner track via a shaft as indicated. Explain why a radial

force F; applied to the inner track via the shaft should be considered to act through the
intersection of the diagonal lines, distance a from the face of the bearing. [15%]

(b) Two identical angular contact ball bearings, labelled A and B, each with
designation 7208BE, support a shaft as shown in Fig. 3(b). Forces and moments are
applied to the shaft as shown.

(i) Find the axial forces Foa and F,g induced in each bearing by the
combination of the 5kN radial force and the 1.5kNm moment as shown in
Fig. 3(b) (neglect the SkN axial force). Distance a for the bearing is 34mm.
Note that the induced axial force F, is determined from the radial force F;

using F, = F/(2Y), where for this bearing Y = 0.57. [30%]

(i)  Find the minimum preload force required to prevent loss of contact in
either bearing under the loading shown in Fig. 3(b) (include the 5kN axial
force). Assume that the bearings have equal and linear stiffness. [30%]

(¢c) If the preload found in (b) (ii) and the loading shown in Fig. 3(b) are
applied, find the life of bearing A with 10% probability of failure. The correct viscosity
oil is used. Assume that the equivalent radial force on the bearing is equal to the sum of
the radial and axial forces. [10%]

(d) State qualitatively how the answers to (b) and (c) are affected if the design

is changed so that the bearings are reversed in orientation, that is, mounted back to back
instead of face to face. [15%]
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4 A test pair of involute spur gears has standard teeth with the addendum equal to
the module m and a pressure angle ¢ of 20°. The pinion and wheel have 20 and 80 teeth,
respectively, and have the same face width.

(a) Show that the minimum effective radius of curvature for single pair tooth
contact is approximately 2.32m. [35%]

(b) The test gears are found to transmit a maximum safe torque of 500 Nm to
the wheel. Find the corresponding maximum safe torque on the wheel using spur gears
of the same materials with the same standard teeth in the following cases. In each case

the safe torque is determined by the maximum contact stress associated with single pair
tooth contact.

(1)  Using four of the pinions to drive the 80-tooth wheel. [10%]
(i) Using a single pinion and wheel with tooth numbers 20 and 80,
respectively, and a pressure angle ¢ of 20°, but with all gear dimensions

doubled as compared with the test gears. [20%]

(iii) Using a single pinion to drive a wheel with 60 teeth, both gears
having the same face width. [25%]

(c) What might be the advantages and disadvantages of using the multiple
pinion drive described in (b) (i). [10%]

END OF PAPER
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ENGINEERING TRIPOS Part ITA
Module 3C8 Data Sheet

ELASTIC CONTACT STRESS FORMULAE

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

. 1 1 1 —vi2 1-vi2
R K E* K E,
where Rj, R, are the radii of curvature where Ej, 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 172 1/3
width or b=2{PR} a={3PR}
contact radius nE* 4E*
Maximum contact , 1/2 /3
pressure Po = {P E*} _1J6PE +2
(‘Hertz stress’) TR Po = n| g2

’ 2
2P| 1-v 4R ) 1 1/3
Approach of o= T [ E; {ln( b ) 2} 5= a* — _1_{2 P2 }

centres = R 212 E*2 R
2
1—
Y2 ln( 4Ry ) _L
E, b 2
Mean contact P T B P
pressure P=E=ZPO P=;a“2‘=5190
Tmax = 0.300 py Tmax = 0.310 g
at x=0,z=0.79b at r=0,z=048aforv=0.3
Maximum tensile 1
stress Zero 5‘ (1— 2V)p0 at r=a,z= 0.79b

Mildly elliptical contacts
If the gap at zero load is & = %sz +%By2 and 02<A/B<5 then

ratio of semi-axes b/a = (A/B)2 /3
To calculate the contact area or Hertz stress use the circular contact equations
with R=(AB) "2 or better R, =[AB(A +B)/2] /3

For approach use circular contact equation with R = (AB)_” 2

(not R.)



Hertzian contact frictional losses

08~ a/b=0.2

e
1 1 1

01 02 03 04 05 0'-6 0'-7 OI-B 09 10 11 12 13
Spin pole offset e//ab
INVOLUTE GEARING
Spur gears
pitch cylinder radii r
base cylinder radii hy circumferential pitch p =2nr/IN

addendum cylinder radii r,

number of teeth
addendum

pressure angle

Path of contact

with suffix 1 or 2

base pitch Dp = PCOS @
N module m=pln=2r/N
ratio of contact T,
a;: Cd radius of curvature at pitch point p = rsin¢

2 .

5 12
l={r sin“ ¢ +a(2r+ a)} —rsing
For a standard 20° spur wheel with N

teeth of module m this becomes

I 5 1/2
L (0.02924N +N+ 1) —~0.1710N
m

r+a




Standard tooth forms

Addendum a =m, Dedendum = %m , pressure angle = 20°.

Modules:
1.0 — 4.0 mm in 0.25 mm steps
7.0 -16.0 mm in 1.0 mm steps
24.0 - 45.0 mm in 3.0 mm steps

Friction in spur gears

average friction loss

0.3 -1.0 mm in 0.1 mm steps
4.0 -7.0 mm in 0.5 mm steps
16.0 — 24.0 mm in 2.0 mm steps
45.0 - 75.0 mm in 5.0 mm steps

power transmitted

Tooth failure

bl
K N N

’

Pr

Allowable bending stress oy, according to AGMA guidelines given by oy, = ——

Jm

where P 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 170 Numbel: of teeth
- 050 35 on mating gear
5 045} 17
& 040}
0.35}
0.30-
0.25} .
: \nad applied at tip of tooth
0.20 )
1 L 1 A 11 1 11
12 15 17 20 24 30 4050 80 275
Number of teeth

Typical allowable tooth stresses (AGMA)

Material Condition Bending fatigue Surface fatigue
strength o, (MPa) | strength o, (MPa)
Through hardened 170-390 590-1200
Steel and tempered
Carburlsed 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

s = (1+ R)w. — Rw, where R= %

ROLLING ELEMENT BEARINGS

Fatigue life

L=ajay(C/P)P p = 3 for ball and 10/3 for roller bearings
Fatigue probability % 10 5 4 3 2 1
Life adjust factor a, 1 0.62 053 044 033 021

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.

MPFS, DIC, JAW
November 07
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Answers 3C8 2010

1 (b)

(©)

(d)

2 (b)

(©)

(d

3 (b)

©

4 (b)

(1+R)(§“EJV— RQ

aVv 1 aVv R aV
Tturbine = _é— s Tmotor/gen = —m—z_ > Tgen == (1+ R) )

R 2b

o<V —_
SVSUTR) «

1 4
( 3PR )5 kmw ( 3PR ) 3
a= * > Ir=——r-o *
4E 2 \4E

T’ = 4ma* LA

I _8 pE
T 3kwrnR

(i) F,=5.6kN, F,=10.0kN

(i) 12.5kN

4.9 million revolutions
@) 2 kNm

(i) 4 kNm

(i) 357 Nm



