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Shaft design
Example of rotating machinery: self-aligning ball bearings

, , Shaft: used for transmission of Input pulley
Locating bearing power and as a machining tool Lubrication system
(lesser load) %
Sealed !
bearings N : ' Clamp

g

Floating bearing Keyway
(heavier load)

O Cutter shaft of a planer: shaft diameter (at
bearings locations) is 40 mm. Input power is
12 HP at maximum speed of 4,500 rpm




Shaft design
Fully-reversed bending and constant torsion

O Review and Master: Example 10-1 0 Safety factor: 2.5
: 0 Infinite life
Design shaft to support attachments . o
0 Material: SAE 1020 (good notch sensitivity)
- =675 — 0 Operating conditions: room temperature
-t S e 0 Power: 2 HP at 1,750 rpm
- B=5— & Plancof Frand /5 0 SCF of 3.5 for radii in bending, 2 in torsion,
: d 4 at the keywa
p=20—— an yway
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Shaft design
Fully-reversed bending and constant torsion

Safety factor: 2.5

Infinite life

Material: SAE 1020 (good notch sensitivity)
Operating conditions: room temperature
Power: 2 HP at 1,750 rpm

SCF of 3.5 for radii in bending, 2 in torsion,
and 4 at the keyway

O Review and Master: Example 10-1

Pressure angle

O O O Oo o O

0 Assume nhotch radius of 0.01 in

> Tension & slack side
components of the net force




Shaft design: components. Examples 10-1 and 10-2
V-belt pulley

Silent shaft
sprocket

Tension

“Slack” side —

V-belt pulley system in a car Crankshaft
FFIENT OF CXHLH l:|||.':r SpmkEt B
e — . pulley

Center of |[ & TENSIONER
tensioner . PULLEY
pulley ' E

Center of

BACKPLATE

http://www.dsm.org

installation bolt

crankshaft pulley [y



Shaft design: components. Examples 10-1 and 10-2

Helical

V7
NG
S
O
Spur Gears Straight Bevel Spiral Bevel Worm Gear Set
Transmissions Gears Gears Gear Reduction Boxes
Industrial Equipment Industrial Equipment
Some Differentials Some Differentials

I3 e 2 "
2% -l ?‘03

%l% Hypoid Gears  Planetary Gear
Differentials Set




Shaft design: components.

line of action
(common normal) is
tangent to both base circles

Contact angle: spur gears

Examples 10-1 and 10-2

Epressurc angle rotated in direction of driven gear

4___——— velocity at pitch point

7 addendum of pinion a,,

pitch radius

common tangent
pitch radius of gear r

® gear }

driven (ccw)

of pinion p

pitch point

\(!) pinion
driving (cw)

‘N base circle of pinion

Figure 11-4 base circle of gear

\ pitch circles
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Shaft design: components. Examples 10-1 and 10-2

Radial ball bearings Cross-section of a radial ball-bearing
Snap ring groove Snap ring
| 5 Outer diameter Chamfer
z Quter ring Seal / Shield groove
Shoulder ,
Bore @ @D Shield
Seal - _}_ -
(
v Ball | age
Q Inner ring
N Face
A J
w _:.‘ Cylindrical bore AN Raceway

Tapered bore

-
g z
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Shaft design: components. Examples 10-1 and 10-2

O Load diagram in the X-Z plane

A X .
. 6750 . Moments diagram, X-Z plane
=+ 2.000=p * 30
& Point C
A A i i §
R1 Fgr R2x Fs I:
= 5.000=b ————— é
0 1 2 3 4 5 6 7
Distance along the z-axis - in
Point A ‘

i =
. . . & 5
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Shaft design: components. Examples 10-1 and 10-2

O Load diagram in the Y-Z plane

A y

- 6.750 = q - Moments diagram, Y-Z plane
~ 2.000=p = 30
F o
|
, ~ ) ~ ~ ~ ~ - - H ﬁ 20
=
1 3 .
| l S 10 Point B Point C
Ry, Ry, <
- 5000=h ————* S |
S 0
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o Point D
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Distance along the z-axis - in
Point A ‘
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Shaft design: components. Examples 10-1 and 10-2

O Total moment dla% am: no‘re that the Amplitude & Mean components of
the moments (and Yorque) require evaluation

2 1/2
My (2) =M%, +M{
80
T 70
S
h%, 60 |
t% 50
SO Point C _
S Point D
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S
S 10 Point B
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Shaft design
Fluctuating bending and torsion

[0 Review and Master: Example 10-2 0 Mean and alternating torque are both 74 Ib-in
Desi haf h 0 Safety factor: 2.5
esigh shatt to support attachments 0 Infinite life
- =675 —————— 0 Material: SAE 1020 (good notch sensitivity)
- =65 ———— - 0 Operating conditions: room temperature
- =5 — a— Planc ot Frand 75 0 power: 2 HP at 1,750 rpm
p=20 y " B' & i 0 SCF of 3.5 for radii in bending, 2 in torsion,
15— g |@—— 35 — ! |5 |- s and 4 at the keyway
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Shaft design
ASME method: fully-reversed bending and constant torsion

0 Based on failure envelope (shown before):
o))
Se Sys )

O von Mises stress in shear (strain-energy theory): s, -

0 Safety factor: N;

Sy

J3

O Amplitude stress in bending and mean torsional stresses: o,,7n
(corrected for fatigue stress-concentration factors)

O Shaft diameter is calculated as:

2 2
32N ¢ Mg, 3 T
d= Ki — | +—| Ktsm—
T St 4 Sy
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Shaft design
ASME method: fluctuating bending and torsion

O Based on von Mises stresses (amplitude and mean): ¢',,0'

O Failure envelope given as:

Sy

J3

0 Amplitude and mean stress components in bending and shear:
(corrected for fatigue stress-concentration factors) o,,om,7a, 7,

O von Mises stress in shear (strain-energy theory): S =

0 Shaft diameter is calculated as:

g _ -5 1/3

=< + e
7 St Sut

ge%

2 z
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Shaft design
Deflection: bending

O Simple shafts: refer to notes from previous lectures

0 Stepped shafts: calculations become more involved

M _ Moment function determined using singularity functions
El El

It is required the Oslope = j%dz +Cj3
integration of equations:

Odeflection = J.eslope dz+2zC3+C,4

Numerical integration is preferred:
see MathCad Examples EX10-03 and EX10-09
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Shaft design
Deflection: torsion

Angular deflection (simple shaft):

Single disk 0= E—J'
S Torsional spring constant
(simple shaft):
k,
_T1_GJ
=57
I
Angular deflection (stepped shaft):

0=0+0,+0,=L (0l s

/ G(Jl 3, J3j

iy Effective ftorsional spring
'| constant (stepped shaft):

1 1.1 .1
kteﬁective - ktl " I(1:2 ’ kt3

i =
. . . & 5
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Shaft design

Natural frequencies of vibration: FEM model of gear-shaft

CAD model

-x\\/'z
Material
—Select material source Materisl model
C Input. Type: |LinearElastic Isotropic =
€ Centorlibrary.  Latmch | I Useistrese strai e | 'l
& Libraryfiles - = Use {ame strainiarrolation
[T Useiame disalzcermentiomulEticn
Iqoswkmat.lib _"j & Upnisted | SorEnaEn € sl EnErgiEn
E-@ Steel = Propery | Description |Value | Units v | Temp. Curve
B Alloy Steel EX Elasticity modulus (1stdi 2e+011 N/m"*2
B CastAlloy Steel NUXY  Poisson's ratio in X dir | 0.29 NA
-B CastStainless & GXY  ShearmodulusinXYdir 778010 N/m’2
-B Plain Carbon St DENS  Mass Density 7300 kg/m™3
; ' S SIGXT  Tensile stength (<clin) | 420507e+008 N/m’2
: ISI s SIGXC | Compressive strength (< Nfm"2
L= i SIGYLD ‘ield stress 3515712+008 N/m"2
[ Wrought Stainle ALPX Coeff. of thermal t_axlpanm 1.5e-005 fKelvin
Ei"- e ~ KX Thermal conductivity (- 47 Wilm.K)
ul | & (& Specific heat 420 Jitka.K)

Cancel I

Help

|

Domain discretization

A )
NORAYY
s‘t “e ‘

ok

By
A%y,
L) §AV

FEM model solves the discrete
version of equation:

Y F=mx

Also written as

MmX+kx=0

7N
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Shaft design
Natural frequencies of vibration: FEM model of gear-shaft

Representative results
Mode shape #1 (fundamental) ~ 1040 Hz Mode shape #2 ~ 1240 Hz

sz
Woon 9

e e —
z
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Shaft design: transversal modes of vibration
Estimation of fundamental transversal
first natural frequency

------

)
%

poenl

ny

Zmi Si

Using Rayleigh's method: @, = |0 Zm 52 ; [rad/sec]
5

i =
. . . & 5
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Shaft design: torsional modes of vibration
Estimation of fundamental torsional
first natural frequency

Single disk

s

— Simple shaft: n = [++

k,

With: kt=GTJ, and 1, =M

I

For stepped shafts:

J=Je =1

=4 S

(% [

i =
. . . & 5
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Shaft design: torsional modes of vibration
Estimation of fundamental torsional

first natural frequency

Two disks configuration

O D oo

Natural frequency:

\/ kteffectlve

|1+|2

Note that:

1) I,and I, are mass
moment of inertia

2) Effective torsional
stiffness is

1 _ 1.1
ktef‘fective - ktl " ktz

(when two ¢ steps define
shaft geometry)

i =
. . . & 5
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Shaft design: transversal & torsional modes of vibration
Example
O Review and Master: Example 10-8

Requires use of

6.75 numerical integration to
- =675 ———— . .
. find deflections at gear
- =065 ————— - :
s and sheave locations
. B=5 2 — plane of F| and F>
p=20 —4—»‘
A B E D
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P B e |
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Reading

0 Chapters 10 of textbook: Sections 10.9 to 10.16
0 Review notes and text: ES2501, ES2502, ES2503

Homework assignment

O Author's: as indicated in website of our course

0 Solve: as indicated in website of our course
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