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Axis of Rotation Metrology

The Standards:

e |ISO 230-7 Geometric
Accuracy of Axes of
Rotation

« ASME B89.3.4-1985
Axes of Rotation,
Methods for Specifying
and Testing
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Types of Error Motions

— oo
ol %/ A
: MOTION

hod ==NE unwanisd-—motions of & spindie are anguiar motion, axial motion,
O ™ radial motion. There ure also two secondery motions: face motion, which combines
il and angular motion: and radial motion combining pure radial and angular
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FFT for Rolling Element

cage

balipass

2f

cage

8 10
C tati f A (1 2 )
age rotation =—=—((1- =cosa
g cage 2 p
; f, b
Cage-to-inner race f,=—= (1+ —cosa)
Ball diameter b 2 P
Pitch diameter p Outer ballpass fios = Pl
Ball count n
Inner ballpass f.= nf
Contact angle «a V! f “
. s P b 2
Ball rotation f=—=(1-(=cosa
=5 p (1= (5 cosa))
Ball defect .= ik

bp
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Air Bearing vs Rolling Element Bearing

/
\

Air bearing spindle
(diamond turning machine)

Ball bearing spindle
(milling machine)

Synchronous error: 0.010 um -0.5
Asynchronous error: 0.002 um

Synchronous error: 0.105 ym -0.5 0.5 um
Asynchronous error: 0.742 um
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Asynchronous Error Motion

Summation of Six Sinusoids, 3 Integer Frequencias, 3 Non-integer

; ]
18} T 1 < L 1 !

|
A——HA L__ ~ {  Summation

16—V ' : —\—1

14 - -—l—- - ' 1__ -
12PN\ l A 9.1 cycle/rev
T AWAW mm ANAANNANS 6.5 cycle/rav

A AlA A A AL 2
\J / \F 2.7 cycle/rev

PNANAPNAAANAANAAANANAY 8 cycle/rev
i
\AANS AAALAANAS S 5 cyclelrev

— 1 cyclefrev
I
i
00 180 360 540 720 S00 1080 1260 1440
Angular Position (degrees)
Example 2 Linear Plot
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Portable Radial Measuring Machine

BALANCE ; TR REFERENCE AXIS
MASS l OF ROTATION Z AXIS
AIR BEARINGS /
RADIAL (IN BLUE) AIR BEARING A
AXIS STAGE |
[—‘;‘—'—":‘—| |
- }

GEAR ELEMENT In

TO BE MEASURE&\P/A , ’ % =
7 i~ —u
e [

|

PART

/FIKTURE

KINEMATIC MOUNT STAYS KINEMATIC FIXTURE

WITH MEASURING MACHINE STAYS ON MACHINE
Bearing NEWW//2Y7 @ BENTLY
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Low speed balancing on Rollers

.001”
ERROR MOTION
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Low Speed Balancing on Air Bearings

.0001”
ERROR MOTION
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LY J ./
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Roller to Air Bearing Retrofit
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Air Bearing Retrofit in a
Hofmann Balance Machine
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BEARING ADJUSTMENT
SCREWS (TYP)/

TOP BEARING
CARTRIDGE —~

ASSEMBLIES / N \ H&\

ADJUSTMENT LOCKING
SOFT-TIPPED SET SCREWS
(TYP)—

BEARING

-RETAINING

SCREWS (TYP)




Easy to Change Air Bearings

""‘ = T;—Ehi

AIR
RADIAL TRANSFER
BEARING / TUBE
BEARING
~——ADJUSTMENT
/' SCREW
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Externally Pressurized Air Bearings
Orifice Compensation
O

Pressure
60 PSI

N\

Restriction

R, Gap Restr?c?tion
R, Orifice
NEWY/ N7 r BENTL!
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Orifice and Porous Compensation

Orifice Porous I

Ji [ 2X21] HHEEHEHEL
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No Compensation

ANNULAR
GROOVE——~

NEVWTY/Y7 ¢ BENTLY

air bearings



Orifice Compensation

P1

GAP GETS BIGGER
PRESSURE DROPS

GAP GETS SMALLER
PRESSURE RISES

ORIFICE COMPENSATION

ﬁ"é;r’igg NEW WY r BENTLY
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More Orifices
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Porous Compensation

AIR
DISTRIBUTION ——
GROOVE |

. POROUS
- RESTRICTION
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Porous Air Bearing Journals




Porous vs Orifice

AIR GAP (INCHES)

0 0.0001 0.0002 0.0003 0.0004 0.0005
| I | | I | | I |
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AIR GAP (MICRONS)
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Orifice vs Porous Compensation
Thrust Bearings also a Seal

G BEN'I'I.Y

BEARINGS)



Gas Film vs Load in DGS
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Lift vs Load
Chart

50 x 100mm

Air Bearing
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Eccentricity Plot (Don Bently)

Bearing

Bearing surface
Bearing surface
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Zero Stiffness = Zero Damping
Infinite Stiffness = Zero Damping

Stiffness and Damping

Damping

o —e
1 10 10 1000 10000 100000 1000000 10000000

Stiffness (Ibs/in)
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Damping; Oil vs Air
75mm Diameter 50mm long journal

Cyy (Ib-sfin)

Damping Cxx

Comparison of 3 inch dia x 1.75 inch long: 1SO 32 SFD vs Bently Externally-Pressurized (EPP) Bearing

100,000

30,000 s C —C . C — 12 HR L 1 tanh L/D —
\ xx = Lyy = T— 3 L/D

80,000 \ C
70,000

\ Equation from Reinhart & Lund (1975) - Damping Coefficients

461,271

60,000

\ \ ------------------- Bently EPP Bearing
50,000

\ \ ------------------- SFD (15O 32 oil)
40,000

\ \ Temp 40 C
30,000
20,000 \ \

| \ e
10,000 7,659 1973
2,269 ’ 1,381 707
957

490 —
0 : : : " ! .
o | | ] | | 0.001 0.002 0.003 0.004 0.005 0.006
o o~ o = [Ta) . .
g88¢8¢8 Radial Gap (inches)
& & 9 2 &
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Power Loss (Watts)

20,000

45,000

40,000

35,000

30,000

25,000

20,000

15,000

10,000

5,000

Power Loss due to Shear of Fluid (air bearing vs. oil bearing) film - 3 inch dia x 1.75 inch long

oil bearing se—— =]
- . ";‘_-\_».%
air bearing ee——— 8
&
— Oil Shear
o
o
& e
5 %
)
g & 8
%
o
& %
: é”é‘
I |
0002 air gap
0003 airgap
L0004 air gap
L0005 air gap
— = L0001 air gap
= : & Py _ = Alr Shear
5,000 10,000 15,000 20,000 25,000 30,000 35,000
[20 m/s] {40 m/s] [60 m/s] [80 m/s] [100 m/s] [120 mys] [140 m/s]

Shaft Speed in RPM or [m/s]
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Eccentricity Plot (Don Bently)

Bearing

Bearing surface
Bearing surface
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Lift vs Load Chart of an Externally
Pressurized Porous (EPP) Air Bearing

Aerodynamic and Aerostatic Gas Bearings
100

90
80
70
60
50

40

Unit Loading In PSI

30

20

10 | EPP Bearing with 10 sq/in area
100 PSI Supply

0 T T I T T I T T I T 1 1
0 0.25 0.5 0.75 1 1.25 1.5

Lift In Thousand's of an Inch
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Dry Gas Seal Operating Range

100

90

80

70

60

50

40

30

Unit Loading In PSI

20

10

Aerodynamic and Aerostatic Gas Bearings

EPP Bearing with 10 sg/in area
100 PSI Supply

l
T T T T T T T T

0.25 0.5 0.75 1 1.25 1.5
Lift In Thousand's of an Inch
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Operating Range for EPP Air Bearing

Aerodynamic and Aerostatic Gas Bearings

1
0o Dry Gas Seals

Rigid Silicon Carbides
High Unit Loading

High Stifness

High Damping

Small Gaps/High Sheer

90

Externally Pressurized Porous (EPP)

50 Bearings Cover A More Useful Range

40

30

Unit Loading In PSI

20

10 | EPP Bearing with 10 sq/in area
100 PSI Supply
0 } } f f } } f } } } } } f f i
0 0.25 0.5 0.75 1 1.25 1.5
Lift In Thousand's of an Inch
NEWV/ Y @ BENTLY
air bearings BEARINGS)




Operating Range of Foil Gas Bearings

Aerodynamic and Aerostatic Gas Bearings

1
0o Dry Gas Seals

Rigid Silicon Carbides
High Unit Loading
High Stifness

90

7,) High Damping
= Small Gaps/High Sheer Foll Bearings
£ Compliant Foils
&o Externally Pressurized Porous (EPP) Low U’?it Loading
- 50 Bearings Cover A More Useful Range ~ -ow Stifness
© Low Damping
O 40 Large Average Gaps
:I- Low Sheer
‘c 30
)
20

10 | EPP Bearing with 10 sq/in area
100 PSI Supply

0 } } f f } } } } f |
0 0.25 0.5 0.75 1 1.25 1.5
Lift In Thousand's of an Inch
NEW WYY BENTI.Y
air bearings @




High Temperature EEP Bearings
from Solid Carbon or Graphite




CMCs Fired at 900°C
are Porous and

Could be used as EPP
Bearings and seals

* High temperature
capability

* Low Coefficient of
thermal expansion

Light weight
* High strength

* Tunable porosity

Cast to near net shape




Expanders, Turbo Chargers and
Gas Turbines

Labyrinth

Rotor Stator Seals

O= =0

c

Radial Thrust
Oil Tilt Pads Oil Tilt Pads Oil Seal

NEWY/ N7 r BENTLY
air bearings B EARINGS




EPP Gas Bearings Acting on Impellers
improve rotor dynamics, act as seal,
shorten and simplify rotating equipment

Air In Thrust

Radial Bearings
Bearing

N\ Vents




A generator could be integrated into

the impeller eliminating a rotating
shaft

Radial Bearing/
Magnet Motor
or Generator

Thrust
——Bearing/
seal

MO
§§§\\\\\‘
ib
)

N\

||i§\\ —

T— Stationary
Shaft

Coil

Magnetic
Preload

1) g

. Stator
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EPP Gas Bearings as the Thrust bearing,
Seal and Balance Piston

NEW/AY ¢ BENTLY




Conventional Dry Gas Seal (DGS)
Flow Across the Face

Current Dry Gas Seal Art
Aerodynamic Bearings

2005 PS|

200 SCFM
Process
= s
' 20
‘ ) vz 2 SCFM To Flare
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EPP Gas Bearing as a DGS
No Flow Across the Face

New Way Seal
Aerostatic Bearings
2100 PSI
4 SCFM
Process
:?_;Dg{(): Erﬁl e e @ Flare Pressure
= B - 20 PSI
2 : 4 - ;l | /11 3 SCFM
‘- © | 2050PSI |
NEV/2Y7 ¢ BENTLY
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Segregation of Gases in a single Seal
Face, No Process Gas Flows to Vent

Ventless Aerostatic
Seal
Process Nitrogen
2100 PSI 2100 PSI
1SCFM 4 3SCFM
£
Process L
2000 PSI - g® ote Nitrogen
1 SCFM , = - 3 SCFM
— i To Atmosphere

astalee o



Bearing Capabilities

Hydrodynamic | Active | Aerostatic | Aerodynamic

Oil Magnetic Gas Gas
Adjust Bearing Properties ° ® o o
During Operation
Thrust Bearing is Also the Seal ° ° o °
Segregate Gasses in Single Face o o o o
Zero Friction at Startup and Stop ° © ® PS
Operational at 800°C o o ® o)
Bear Directly on Impeller ® ° © o)
Bearing is Magnetic Part of the ® o) o o
Motor
Support 1000 PSI Unit Loading O o ® o)
Operate on or on Process o 0 o
Medium

e Yes e No o Maybe

NEW /Y ¢ BENTLY
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Drew Devitt
New Way Air Bearings
ddevitt@newwayairbearings.com
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