ENGINEERING TRIPOS PART IIA

Tuesday 3 May 2011 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
do so by the Invigilator ,
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1  Figure 1 shows a cross-section of a half-toroidal continuously variable
transmission (CVT). The steel input disc is on the left and rotates at angular speed Q.
The steel output disc is on the right. Power is transmitted from the input disc to the
output disc through contacts with three intermediate steel discs; only one of the
intermediate discs is shown. Point P is one such contact, radial distance r, from the
axis of the input and output discs. The angular alignment of the intermediate discs can
be varied in order to vary the speed ratio of the CVT. For this question the rotation axis
of the intermediate disc remains perpendicular to the rotation axes of the input and
output discs, giving a unity input to output speed ratio. Point B is the centre of profile

radius rg . Point B is at radial distance 77 from the axis of the input and output discs.

The contact point P and the centre of the profile radius r; both lie on a straight line AB.
Line AB makes an angle of 60° with the axis of the intermediate disc.

(a) If there is no slip at the contacts show that the angular speed of the input
disc equals V3 times the angular speed of the intermediate disc and hence determine
the spin velocity of the contact in terms of Q2. '

(b) If the contacts are circular show that the fraction of transmitted power lost
in all the contacts due to sliding and spinning is given by:

4(e aly
Bl 11y
where a is the radius of the contact, e is the spin pole offset, Ir is the non-

dimensional friction force and Iy, is the non-dimensional spin moment, all as defined
in the data sheet.

(c) The designer has specified that IF=0.75.

(i) For this case show that the fraction of transmitted power lost is
approximately 2.7a/rq.

@ii) Discuss the design conflicts involved in minimising this fraction.

(d) If the contacts between the discs are circular, find the profile radius »; of

the intermediate disc in terms of 7.
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2  (a) A rotating shaft is to be supported in a stationary housing by rolling-
element bearings at each end of the shaft, see Fig. 2. Axial and radial forces are to be
applied to the shaft, half way along the shaft.

(i) Explain why the bearing installation must be designed with care to
ensure that the predicted life of the bearings is achieved. [10%]

(ii) It has been determined that the shaft can be supported by two
cylindrical roller bearings (to support radial forces) and one deep groove
ball bearing (to support axial forces). Sketch a suitable conceptual
arrangement of the assembly showing the basic shape of the housing and
the shaft necessary to accommodate the bearings. Show clearly the
interfaces between the bearings, housing and shaft so that it can be seen
where forces are transferred and where clearances exist. Do not consider
manufacturing or assembly requirements. [20%]

(b) Cylindrical roller bearing NU310EC (sce data sheet) has an inner track
diameter of 65 mm and 14 rollers of diameter 16 mm and length 19 mm. According to
the bearing manufacturer the maximum allowable contact stress under static loading
conditions is 4 GPa. The contact modulus E* is 115 GPa.

@i Use a Hertz contact stress calculation to estimate the maximum
allowable static radial force on the bearing. [40%)]

(ii) Compare the force calculated in (1) with the specified static load
rating C,, of bearing NU310EC and suggest reasons for any difference. [10%)]

(c) Calculate the allowable radial force on bearing NU310EC for a life of

100,000 revolutions with 10% probability of failure and ideal lubrication conditions.
Comment on the value of this force in relation to the static load rating of the bearing. [20%]
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3 Figure 3 illustrates a gearbox. The sun input shaft rides freely around the carrier

input shaft, and both these input shafts and the output shaft run in frictionless bearings
in the casing. The input torques on the carrier and sun are I and Tg respectively.

The torque acting on the output shaft is 7. Planet gears B and D are rigidly

connected to each other and run on a frictionless bearing within the carrier. Tooth
numbers for gears A, B, D and E are denoted by their respective letters (4, B, D and
E).

(a) Derive the following expression relating the speeds @, @ and @ of
the sun, carrier and output shafts, respectively

ao = owg +(1-a)oc
where or=AD/BE.

(b) Losses in the gearbox can be neglected. For the following two speed

conditions find expressions for the output speed, output torque, and power through the
sun input as a proportion of the output power, in terms of Ty, a5 and o:

O ac=0
() os=20c

(¢) The gearbox efficiency is 95%. For the following two speed conditions find
expressions for the output torque in terms of Tg and o:

® oc=0

(i) wg=20.
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4 A pair of spur gears is to be designed to meet the following specification:
standard teeth with addendum equal to module and a pressure angle ¢ = 20°;
square pinion with 20 teeth;

wheel with 80 teeth;

pinion speed 2000 revs per minute;

transmitted power of 10 kW;

contact modulus E* = 115 GPa;
allowable bending and surface stresses ¢, =400 MPa and o; = 1500 MPa,

(a) Find the force per unit face-width P’ acting along the pressure line in
terms of the unknown module . [25%]

(b) Determine a suitable module 72 for the gears. State any assumptions that
you make. [75%]

END OF PAPER

Final version



ENGINEERING TRIPOS Part I1A
Module 3C8 Data Sheet

ELASTIC CONTACT STRESS FORMULAE

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

, 1 1 1 1 1-v2 1-v,2
Effective curvature —=-—+— Contact modulus — = —1—  —22
R R R E¥ F E,
where Ry, R, are the radii of curvature where Ey, 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 : o 1172 13
width or b=2{ﬂ} a={3P R
contact radius nE* 4E*
Maximum contact 12 13
pressure  po= { PE *} _1|6PE *2
(‘Hertz stress’) TR Po = | R

centres "R 2|2g#2R

1,2
5=2P 1-wv In 4Ry 1 . , (13
Approach of n E b 2 5= a” _ 1{9 P }
R 2

Mean contact _ P x _ P 2
pressure | P—Zb—4P0 P—m2—3l’0
Toax = 03007, Toax = 0.310
at x=0,z=0.79b atr=0,z=048aforv=0.3
Maximum tensile 1
stress 7610 5(1— 2v)p at r=a,z=0.79b
Mildly elliptical contacts
If the gap at zeroload is A= %sz +-%By2 and 0.2 <A/B<S5 then

ratio of semi-axes b/a E(A/B)Zl 3

To calculate the contact area or Hertz stress use the circular contact equations
with R=(AB) V2 or better R, =[AB(A +B)/2] /3 .
For approach use circular contact equation with R= (AB)'II 2 (not R.)



Hertzian contact frictional losses
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INVOLUTE GEARING

Spur gears

pitch cylinder radii r

base cylinder radii h
. . with suffix 1 or 2
addendum cylinder radii r,

number of teeth N
addendum a=r,—r
pressure angle 0

Path of contact

r+a

circumferential pitch p=2xr/N

base pitch Pp = pCosP
module m=plrn=2r/N
ratio of contact T,

radius of curvature at pitch point p = rsing

1/2
I= {rzsin2 o +al2r+ a)} —rsing
For a standard 20° spur wheel with N
teeth of module m this becomes

1/2
I_ (0.02924N2 +N+ 1) —0.1710N

m



Standard tooth forms

Addendum a =m, Dedendum = Zm, 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 [riction loss - {_1_ + _L}
power transmitted a N N,
Tooth failure
Allowable bending stress o, according to AGMA guidelines given by o}, = Ji
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 ¢}, shown in table.

. 055k Load applied at highest
0.501- point of gingle-tooth contact
N L]

35 onmating gear
& 045 17
0.40
0.35

0.30
0.25

0.20F ~ \Load appiied at tip of tooth

i 1 1 1 | L1 1
12 15 17 20 24 30 4050 80 275
Number of teeth

Typical allowable tooth stresses (AGMA)

Material Condition Bending fatigue Surface fatigue
strength ¢, (MPa) | strength 6, (MPa)
Steel and tempered
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

Ll B

o, = (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 g, 1 062 053 044 033 021

Bearing choice

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

MPES, DIC, JAW
November 07



Required viscosities and the effect of viscosity ratio on a

]

1000

%
mm2/s

|

@

"

500

™~
™~

200

3N
/é"

160

T R T

VAiavae
WALV

20 900
7 Or/,,m \
60000 \
10 7y \ «
Q00 \ .
000 \
. 6000 \\\
3 L) L) L] L] \ L] T k
10 20 50 100 200 600 1000 2000
Diagram1 - ' ——a  dy=(d+D)/2 ‘mm
5
as3 |
2 /
1 /
0.5
0,
0.1
006 ' 01 02 05 1 ) 5 10
. . — K= VY
Disgram 3



Sassees

288
2reRByE orInRYE

—recoND
rrNOY Y-

5853

g
-]

28E8sss
5588358 gge3ase ggassss

g8
.Y -]
2888
T2

85
§ g88sRaE gBgsae

gss 8%2s2se 233sges ssgEsss ssmssas
HERRR IRRORTR ovRRRuE

TEEEOON TEFAQOND OQANDINOO ONVOMNOW DO NODW

g8888
o225 ooe
§328

28

[ 3ad-1-1
oo
b g-

8388

s
E
=
1=

sbupwvaq lieq 1951U00 JemBuy

ag eI 0095  00E¥ 0SE & 00008 000 8O0L es  ork
36 €47L 0005 005 ¥ o8z & 000¥S  O0E 98 €2 02 S8
36 ZIEL 0009  00SV, 000 € 00569 00998 e OBk
anzzL 00,9  000S OE6 b C0SSy 003 LS 22 oI 09
36 HEL 009 008 ¥ 0ss T 00009  00Z &8 e o2l
38 ML 0052 0099 0E9 | oooec 008 O¥ 12 00b S§
3a01eL 000/ O0BS 0022 00015 00} %L Z oL
3@ 0rzL 0008 0009 062 ¢ 0050 000 6E iz 06 05
34 606L 0008 0009 0cL s 005 by 005 08 sz 00l
34 602 0006 009 00Z | 00082  0OLZE 6 S8 5
38 908L c06 0029 oor ¢ 00SEC  0OY & & 08
38 90zL 0056 000 ool | 0009z  00¥SE gt 08 oF
28 2084 00001 00§ Z ovo t 00SYZ 000 65 12 o8
38 Z02L 0oLl 0008 088 00802  00LOE & el se
34 s0eL co0th 0008 008 WZTIZ 005 9E et g
38 s0zL 008 8 ss8 0089L 008 €2 oL 2z o
36 S06L 000 6 559 0095l 00092 FTRR )
36§08 000 0L ey 00ZOb 009 St S @ sz
34 yoEL 000 Lt ovy 0oyoOL 0006 51 2z
3a vozL 000 2H SSE 0ED 000 VL oo oz
26 goeL 000 G4 sse GOES 006 St w2
38 602L 000 5t 082 00k 00} 3 2L o &
36 2082 000 G4 82 0oL 9 000 6L 119 124
36 202L . 000 4L 02 008 ¥ ovg e L SE s
8 108 000 L 802 0005 00304 o &
28 102L 000 8L ool 008 € oo & =
36 0022 ork osc e e o o
- N wnw
"d % a a »p
sl -
uopsubisaq onbyej stuges pec) J1seg mdipugd
~)
PP -
P F N &
ww §9-0F P
MmoJ ajbuls

|

B |.| sscegc? soesa®® gesges® assests ggsghas

g :
I

SN0 PEESION UM

ozs
[
08
08
]
eL S5
051
ok
[
08
o8
aL
$9 05
o2l
00t
58
SL
SL
89
s Sy
oLl
08
08
[
o9
28
s o
0oL
08
2L
29
29
S§
¥ s
o
4] p
SucpUs WP
wdioupd
W §§-S€ p
Mmo1 o|Buis

sBupueq jeq aacouB deag



SlEe B mrom o mi e mm £ om
! 5 60F dNN 0L} 002
DIMEMN  o0sh - 0096 o008y 0098k  ODDEYL  OOOOEL 62 02t WM - 981 00/3 O0me  oopEl  ooocal  oeeser  of on
SLEAN  s¥ 0095 o0at  009BL  O00DEYL ONO9EL 62 02 6NN  S9'L 009 003§  OCOPEL 00020l 000S0L 62  OZi
0FLIZZN 620 Q0. 0008 0065k  0009M  0006S  S2 004 oFeoczdnN  9€
oalizdmn o om: o DSt amoel  xoes & oot Ba60cETN 06t 0045 0088 00008  oooees  ow0set o oof
OI60EZAN  0F'%
23 bZZAN 60 Po0Z 0009  O0OESH 000Gk 00086  §¢ 0Ok . 009 0098 00002  OOOESL  000BEL 86 00
360N 880 005 00E
o3LIZN  99%0 000. 0009  O0Z2H 00058  00Z¥Y® 12 OOl DI60EdNN S0 005 ; 069 es oo e £ o
: y 000 001 00066 S OOl
ow u——-« —m_n..u Mw.m % M %mw % w" ﬁ mw % H "m %" 03 608 IN 260 0052 00E9 006 2t 000 0O 000 €6 Sz o0l
SaLZNN 990 p00L 0009 00ZZh  000S6  00Z¥@ k2 001 d36ENN 060  00SZ Q0E®  00GZL  ODOOOI  0006E ST o0l
- 03602ZN 250 0008 00L9 009 0L 00518 00LEL €2
23LIOLAN  OKO 008 000L  00E®  00S€9 OO B 06 S5 oasmzdnN  ss0  os i3 M0k sie o &
oLYrN 502 0008 000§  0099F 00022k  O0OOBL 16 OE 0z 4 € S8
arnN 007 0009 0008 0085  000ZZh  O000OEL  IE  OF J3ecITAN 0 o3 009 003OL  coglR o0lEr & 59
oaoezdAN o8 0005, , 0005  00S¥Z  0009GL 000Gl OF DIl o CIEN 0 (08 s ShE MM w8 =
O3 OLETFN st 0009~ 000S 00S ¥2 000 98t 000 L9k or 0it 23 602 N o 0008 O0L9 g g 005 09 [:13 S8
23 01EZ NN o't 0009 000S 008 ¥2 000 98k D00 198 or O 53 60Z AN &' 0008 O0OLS ot 00 %8 %mm”w M" mm
ozoleN  5M'I 0009 0005  000GE  O000ZL 0000  ZZ DL - y
g =W mERE A RW & i wae e o e w "
o3 0 s’ .
. 90r NN se'l 000, 0009 009 it 000 06
230icAN  5bi 0005 0006  000SI  0002ik  000OLL  ZZ O Q@yTN  OFY 000 0009 008k ok Kokw Lo
oz oszz anw a0 oss g oor 11 wos mium @z 0 SOPAN O 000Z 0009 00911 00006 00896 JZ OLL
3 0LTT - .
DI0LZZNN 950 005. 00E9 OOV LL 000 88 oole. & 06 oWuSl&nm_._ﬁ 5 Q5. c0e9 %mm" 000 031 ﬁw”" mm. %
23 0IZ N b0 00SZ 00E9 008 8 00S 89 oov v9 o2 on. 93 8082 AN 6'0 0052 0089 00 51 000 028 oo gkl ge 06
53 0IZdAN IS0 05Z O0OE9 008 8 00589  Oo¥ve 02 06 ,
DI 0LZ M er'0 005L OCEH 008 8 00S 89 ooy +9 02 06 O3 S0E N o0 0008 009 002 01 000 84 006 08 & 06
o301IZNN w0 003 O00ES 008 8 00569 GOvy® 02 08 23%0CdNN  $90 0008 009 0020 0008, 00608 €2 05
. S 0380SPN 290 . 0008 Q03 0020k 0008, 00603 €2 08 (wod)
010k NN 1E0 0000 O00s® 000 ¥ 008 & 008 0E 9t 08 0§ 03 80¢ NN s9'0 0008 009 00Z 0} 000 82 006 08 € 06 or
- By W/ NS N ww - [ ujus) N N EE
n
d L) n
o esmal v._u_o__. — 0 | a » — u_._.n % o) a a P
UORROUG) ; opeip SuoEURIP uogeouqm] " proy opms  oxwwulp
uopuubjseq sesi eBupes peads  enbuey sBupui peo) Eeg mdiund uofjeubiseq sszyy - sBupes pesds enfigey sBugez puoj ojevg -:oi_u..o-....._.ﬁ
N adiy dnN adk). N adAL NN 8dAL N BdAL dNN edA N edhy NN edh)

ww §6-05 P
Mmou ajBurs
sBupwaq J9(j0: JesjpuIfy)

uww gp=-op P
Mol ajbuys
sBupeaq Ja[j04 jedupUNAD



Taper roller bearings

single row
d 50-65 mm

Taper roller bearings

single row
d 35=50 mm
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