PART IIA 2006

3C3: Machine design — tribology
W Principal Assessor: Dr J A Williams

Ve a

Datasheet: 3C3/3C4 Data Sheet
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o _ If U reverses then no fluid will be drawn into the gap as the entraining velocity is negative. Airwill
o _ bedr awn in from the other side. This air will have to be removed. This is why on competition trials

forks the air pressure has to be released periodically.
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PreT IEA 2006 2AC3 NUMERICAL ANgWERS

ANSWERS

D {125 ho’py

+65hgU
126 | 12 nB h"}

1 UnB
=—<125p; +24———%, leakage =
Ps 126{ P1 hoz} g

hy =1.766 /@, 7.21 ym
2
3
2RL M* [2RL *
2 hmin=(1—8)\/W*\/—nw, = ,/ N0 - arpe=4" W
W W\ w Q*W*RL

€=0.5 (say) then AT =16.05 degC

3 713 MPa, 500 s_l, 0.404 Watts, 0.0016

4 443m* MN contact stress limiting, load factor = 2.2



ENGINEERING TRIPOS Part ITA
Modules 3C3 and 3C4 Data Sheet

HYDRODYNAMIC LUBRICATION

Viscosity: temperature and pressure effects

Vogel formula 7= noexp{%}
C
Barus equation 77 =Tjgexp{ap}
14

B
Roelands equation 77 =1pexp [9.67 +1In no]ﬁl + —;] - 1}
: Po

Viscous pressure flow

Rate of flow gy per unit width of fluid of viscosity 77 down a channel of height 2 due to
: w3 dp
ressure gradient, =—
presiE e o 121 dx

Reynolds’ Equation for a steady configuration

—_ — h*®
1-D flow: d—p=12nU{h ;z }
dx h

U is the entraining velocity so that ‘Uh *| is flow per unit width through the contact.

o [P op|l oK op = 0h
-D . — = e L -

Hydrodynamic lubrication of discs

h = Cy—g,— where R is the reduced or effective radius and W’ the load per unit length

Cinin = 4.00 for half Sommerfeld boundary conditions

Chyin = 4.89 for half Reynolds' boundary conditions



ELASTIC CONTACT STRESS FORMULAE

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

1.2 2
Effective curvature 1 = 1 + L Contact modulus 1L = L-v + )
R R E* E; E,
where R|, R are the radii of curvature where E1, £7 and vy, v are
of the two bodies (convex positive). Young's moduli and Poisson's ratios.
Line contact Circular contact

(width 2b; load W’per unit length) (diameter 2a; load W)
Semi contact . 12 1/3
width or b-—-Z{WR} a={3WI:}
contact radius nE* 4E
Makxi tact ’ 1/2 173
pressure _{WE*} 1 [6wE *2
("Hertz stress") TR n| R?
Approach of ow’l1=v.2 ) 5 173
centres 0= Wil=v {ln( 4R ] - l} s=% - 15 w

2
A2 ffss)
Ey b 2
Mean contact _ W = ~_ W 2
pressure p= b = ZPO p= —Tta2 = EPO
Maximum shear Tmax = 0.300pg Tmax = 0.310pg
stress
at (x=0,z=0.79b) at (r=0,z=048a) forv=0.3

Maximum tensile 1
stress zero ' 5(1 ~2v)pp at(r=a,z=0)

Mildly elliptical contacts
If the gap at zero load is h = %sz + %Byz ,and 02 <A/B<5

Ratio of semi-axes b/a = (A/B)*/3

To calculate the contact area or Hertz stress usethe circular contact equations
with R=(AB)"/? or better R, =[AB(A +B)/2]"}/3

For approach use circular contact equation with R= (AB)_” 2 (not R.)



Hertzian contact frictional losses

09~ a/b=0.2 M
I = pNjaB AS
08 OJ° 0% .6
- 0
0-3 g g
07 o2
L 0.4
Iy ok
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& 06 3
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F 1.0
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b
04
03~ Spin
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FON
0.1 F
0 L ! I ! I I L 1 1 | L I
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INVOLUTE GEARING
Spur gears
pitch cylinder radii r
base Cylinder radii T suffix 1 ) circumferential pitch p =2nr/N
, . with suffix 1 or ; _
addendum cylinder radii r, base pitch Py = pcos¢
module m=pln=2
number of teeth N : p rIN
ratio of contact .
addendum a=ry—r . , . .
radius of curvature at pitch point p = rsin¢
pressure angle )

Path of contact

C
l ¢ 1/2
¢ = lz{rzsin2¢+a(2r+a)} —rsing
For a standard 20° spur wheel with N
r teeth of module m this becomes
r+a I 5 1/2
- (0‘029241\1 LN+ 1) ~0.1710N
m
Q




Standard tooth forms

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

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 71'{ 1 1 }

== —_—f—
power transmitted Ny Ny

Tooth failure

Pr

Jm
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.

Allowable bending stress o7, according to AGMA guidelines given by oy, =

0.551~ Load applied at highest 1000
point of single-tooth contact 170 Number of teeth

- 050+ 35 on mating gear
5 045 \ 17

& 0.40
Fo3s
g 0.30
Q025

0.20

—

T 1

\Load applied at tip of tooth

T

L L L | A R | ] 1 1.1
12 15 17 20 24 30 4050 80 275
Numpber 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
and tempered

Steel ,
Carburised and case 380-480 1250-1550
hardened

Cast iron As cast T 69-90 450-590

Nodular iron Quenched,
annealed and 150-300 S00-800
tempered

Malleable iron Pearlitic 70-145 500-650




EPICYCLIC SPEED RULE

s =(1+ R)w, — Rw, where R=%

ROLLING ELEMENT BEARINGS

Fatigue life

L= aja;(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, ! 062 053 044 033 021

Minimum radial load F.,

2/3 2
For a ball bearing F;,, =kr( e ) (dmj

1000 100
2
For a roller bearing F,, =k.| 6+ 4_n (h]
n, A100

F., is the minimum radial load in N, d;, is the mean bearing diameter in mm, v is the
kinematic viscosity in mm?s™, n the speed in rpm and n, the limiting speed for oil
lubrication. k, is typically 25 for ball bearings and 150 for roller bearings.

Bearing choice

The information on the following pages concerning minimum 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.

MPES, DIC, JAW
January 03



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

1000 N < T
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Deep groove ball bearings

single row
d 35-55 mm
with full outer With recessed outer
ring shoulders ring shoulders
Principsl Basic foad ratings Fatigue Speed ratings Mass Designation
dimensions dynamic  static joad Lubrication
Hmit grease olt

d D 8 c Cq P,

mm N N £/mun kg -

3s 47 T 4750 3 200 166 13 000 18 000 0,030 61807
55 10 9 560 8 200 290 11 000 14 000 0.080 81907
62 9 12400 8 150 375 10000 13 DOO 0,11 16007
62 14 15 900 10 200 440 10 000 13 000 0.16 6007
72 17 25 500 15 300 655 9 000 11 000 0.29 6207
80 21 33 200 19 000 815 8 500 10 000 0,46 6307
100 25 55 300 31 000 1290 7 000 8 500 095 6407

40 52 7 4 940 3450 186 11 000 14 000 0,034 61808
62 12 13 800 8 300 425 10 000 13 000 0,12 61908
68 9 13 300 9 t50 440 9 500 12 000 0,13 16008
68 15 16 800 11 600 490 9 500 12 000 0,19 6008
80 18 30 700 19 000 800 8 500 10 006 037 8208
90 23 41 000 24 000 1020 7 500 8 000 0,63 8308
110 27 63 700 36 500 1530 6 700 8 000 1,25 8400

45 58 7 6 050 4 300 228 9 500 12 000 0.040 61809
68 12 10 100 6 700 285 9 000 11 000 0,14 81909
75 10 15 600 10 800 520 9 000 11 000 0,17 16009
75 16 20 800 14 600 640 9 000 11 000 0,25 6009
85 19 33 200 21 600 15 7 500 9000 0.41 6209
100 25 52 700 31 500 1 340 6 700 8 000 083 83089
120 29 76 100 45 000 1 900 6 000 7 000 1,55 8409

50 65 7 6 240 4 750 250 9 000 11 000 0,052 61810
72 12 14600 10 400 500 8 500 10 000 0,14 81910
80 10 16 300 11400 560 8 500 10 000 0,18 16010
80 18 21 600 16 000 710 8 500 10 000 0,26 8010
80 20 35 100 23 200 980 7 000 8 500 0,46 6210
110 27 61 800 38 000 1 600 6 300 7 500 1,05 6310
130 31 87100 52 000 2200 5 300 6 300 1,90 6410

55 72 9 8 320 6 200 325 8 500 10 000 0.083 81811
80 13 15 800 11 400 560 8 000 8 500 0,19 81011
90 " 19 500 14 000 695 7 500 9 000 0.26 16011
80 18 28100 21 200 oo 7 500 9 000 0,39 6011
100 21 43600 20 000 1 250 6 300 7 500 0.61 21
120 29 71500 45000 1900 5 600 8 700 1.35 83ty
140 33 99 500 62 000 2 600 5 000 6 000 2,30 [ L]} ]

Angular contact ball bearings

single row
d 10--65 mm
8
B
4 _‘—
N
D Dy |— vﬁ d d,
h ,/4//////10/% \—
o]
Principal Basic foad ratings Fatigue Speed ratings Mass Designation
dimensions dynamic  static load Lubrication
Nmit grease  oif
4 D B c C, P,
i
mm N N +/min ) kg -
1 30 9 7 020 3350 140 19000 28 000 0.030 7200 BE
4

12 32 10 7 610 3 800 160 18 000 26 000 0,036 7201 BE

3r 12 10 600 5 000 208 17000 24 000 0.060 7301 BE
15 35 1" B 840 4 800 204 17 000 24 000 0,045 7202 BE

4; 13 13 000 6 700 2680 15000 20 000 0.080 7302 BE
” 40 12 1t 100 6 100 260 15 000 20 000 0,065 7203 BE

47 14 15 800 8 300 355 13 COO 18 000 0,11 7303 BE
20 47 14 14 000 8 300 355 12 000 17 000 o1 7204 BE

52 15 19 000 10 400 440 11 000 16 000 0,14 7304 BE
25 52 15 15 600 10 200 430 10 000 15 000 0,13 7205 BE

62 1?7 28 000 15 600 855 9 000 13 000 0,23 7305 BE
30 62 168 23 800 15 600 655 8 500 12 000 0,20 7208 BE

72 19 34 500 2% 200 900 8 000 11 000 0,34 7308 BE
35 72 17 30 700 20 800 880 8 000 11 000 0,28 7207 BE

80 21 39 000 24 500 1040 7 500 10 000 0,45 7307 BE
4 80 18 38 400 26 000 1 100 7 000 9 500 037 7208 BE

0 23 48 400 33 500 1 400 8 700 9 000 0.63 7308 BE
a5 B85 19 37700 268 000 1200 8 700 9 000 0.42 7208 BE

100 25 680 500 41 500 1730 8 000 8 000 065 7308 BE
1] 80 20 39 000 30 500 1290 8 000 8 000 0.47 7210 BE

110 27 74 100 51 000 2 200 5 300 7 000 110 7310 BE
55 100 Fal 48 800 38 000 1430 5 600 7 500 062 7211 BE

120 29 85 200 60 000 2 550 4 800 6 300 1,40 7311 BE
60 110 22 57 200 45 500 1830 5 000 8 700 0,80 7212 BE

130 3% 95 600 69 500 3 000 4 500 8 000 1,758 712 8BE
88 120 23 88 300 54 000 2280 4 500 6 000 1,00 7213 BE

40 N 108 000 80 000 3350 4300 § 600 2,15 7313 BE
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Needle roller bearings with flanges
with inner ring
d 40-65 mm

L

1 V) Yezzzz)
g A

N

Iz S
iy,

Seres NKI(S), NA 49 Sernes NA 69
Principal Basic foad ratings Fatigue Speed ratings Mass Dasignation
dimenslions dynamic  static foad Lubrication
limit grease  oil

d O 8 C Co P,

mm N N t/min kg -

40 55 20 27 500 57 000 7 200 6 300 9 000 0,14 NKi 40/20
55 30 40 200 93 000 12 000 6 300 2 000 0,22 NKI 40/30
62 22 42 900 71 000 9 150 5 600 8 000 0.23 NA 4808
62 40 67 100 125 000 16 000 5 600 8 000 0,43 NA 6808
65 22 42 900 72 000 9 150 5 600 B 000 0.28 NKiS 40

42 57 20 29 200 61 000 7 650 6 000 8 500 0,15 NKi 42/20
57 30 41 800 98 000 12 800 6 000 8 500 0,22 NK1 42/30

45 62 25 38 000 78 000 10 000 5 600 8 000 0,23 NKI 45/25
62 a5 49 500 110 000 14 300 5 600 8 000 0.32 NKI 45/35
68 22 45 700 78 000 10 000 5 300 7 500 027 NA 4909
68 40 70 400 137 000 17 300 5 300 7 500 0,50 NA 6909
72 22 44 600 78 000 10 000 5 000 7000 0,34 NKIS 45

50 68 25 40 200 88 000 11 200 5 300 7 500 0.27 NK) 50/25
68 35 52 300 122 GO0 16 000 5 300 7 500 0,38 NK1 50/35
72 22 47 300 85 000 11 000 5 000 7 000 027 NA 4910
72 a0 73 700 150 000 18 000 5 000 7 000 0,52 NA 6910
80 28 62 700 104 000 13 700 4 500 6 300 0,52 NKIS 50

55 72 25 41 800 96 500 12 200 4 800 8 700 0,27 NKi 55/25
72 35 55 000 134 000 17 600 4 800 6 700 0.38 NK1 §5/35
80 25 57 200 106 000 13 700 4500 6300 0,40 NA 4911
80 45 89 700 190 000 24 000 4 500 6 300 0,78 NA 6911
85 28 66 000 114 000 15 000 4 300 6 000 0,56 NKIS 5§

60 82 25 44 000 95 000 12 000 4 300 6 000 0.40 NKt 80/25
82 35 60 500 146 000 19 000 4 300 6 000 0.55 NKI 80/35
85 25 60 500 114 000 14 600 4300 6 000 0,43 NA 4912
85 45 93 500 204 000 26 000 4 300 6 000 0,81 NA 8912
80 28 68 200 120 000 15 600 4 000 5 600 0,56 NKIS 60

€5 90 25 61 600 120 000 15 300 4 000 5 600 046 NA 4913
90 25 52 800 106 000 13 700 4 000 5 600 0,47 NK) 65/25
90 35 73 700 163 000 21 800 4 000 5 600 0,66 NKI 65/38
80 45 95 200 212 000 27 000 4 000 5 600 0.83 NA 6913
85 28 70 400 132 000 17 000 3 800 5 300 0,684 NXIS 65



