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BackgroundBackground

NASANASA’’s goals to Revolutionize Aviation and enhances goals to Revolutionize Aviation and enhance

Access to Space are supported by the developmentAccess to Space are supported by the development

of revolutionary Oil-Free Turbomachinery Propulsionof revolutionary Oil-Free Turbomachinery Propulsion

and Energy systems.and Energy systems.

DefinitionDefinition

Oil-Free Turbomachinery is defined as Oil-Free Turbomachinery is defined as ““high speedhigh speed

rotating equipment operating without oil lubricatedrotating equipment operating without oil lubricated

rotor supportsrotor supports……bearings, dampers, sealsbearings, dampers, seals…”…”

Capitalize on recent breakthroughs in Capitalize on recent breakthroughs in Foil AirFoil Air

BearingsBearings, , Tribological CoatingsTribological Coatings and  and AnalyticalAnalytical

ModelingModeling to enable high speed, high temperature Oil- to enable high speed, high temperature Oil-

Free Turbomachinery systems.Free Turbomachinery systems.

ApproachApproach
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Oil-Free TurbomachineryOil-Free Turbomachinery

Nuclear Power for Space ApplicationsNuclear Power for Space Applications

ArtistArtist’’s Conception ofs Conception of

JIMO, Jupiter IcyJIMO, Jupiter Icy

Moon OrbiterMoon Orbiter

Power system usesPower system uses

foil gas bearings forfoil gas bearings for

Oil-Free turbineOil-Free turbine

Foil GasFoil Gas

 Bearings Bearings
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Oil-Free Turbomachinery Technology PathOil-Free Turbomachinery Technology Path

Air Cycle Machines (ACM’s)

• Clean Oil-Free Cabin Air

• High Reliability

• Maintenance Free

Turbocompressors

• No Process Fluid Contamination

• Cryogenic Capability

• Long Life

1970’s

1980’s

Turbogenerators

• Low Emissions

• Lightweight

• Maintenance Free

Turbochargers

• Mounting Orientation Freedom

• No Particulate Emissions

• High Temperature Small Gas Turbine Engines

• High Speed

• Low Cost

• Maintenance Free

Mid-Range & Large Engines

• High Temperature & High Speed

• Design Architecture Freedom

• Revolutionary Engines

2000

20052005

2010

1999
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Turbomachinery Rotor Support SystemTurbomachinery Rotor Support System

!! The rotor support system is the foundation upon whichThe rotor support system is the foundation upon which

turbomachinery turbomachinery (compressor, generator, turbine)(compressor, generator, turbine) is built is built
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Bearing CharacteristicsBearing Characteristics

Commonality & Unique FeaturesCommonality & Unique Features

Foil

Bearings

Magnetic

Bearings

Plain

Journal

Bearings

Rolling

Element

Bearings
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Rolling Element Bearing Speed RangesRolling Element Bearing Speed Ranges

!!Low SpeedLow Speed < 10,000 DN< 10,000 DN

!!Medium SpeedMedium Speed 10,000 DN to 1 MDN10,000 DN to 1 MDN

!!High SpeedHigh Speed 1 MDN to 2 MDN1 MDN to 2 MDN

!!Ultra High SpeedUltra High Speed > 2 MDN> 2 MDN



Oil-Free Turbomachinery ProgramOil-Free Turbomachinery Program

Bearing Characteristics  --  Rolling Element BearingsBearing Characteristics  --  Rolling Element Bearings

! Oil-Lubricated Rolling Element BearingsOil-Lubricated Rolling Element Bearings

•• High loads at low to moderate speedsHigh loads at low to moderate speeds

•• Light loads at very high speeds Light loads at very high speeds (> 2.5 MDN)(> 2.5 MDN)

•• Current engines are designed around characteristics of rollingCurrent engines are designed around characteristics of rolling

element brgselement brgs

! Rolling Element Rolling Element BrgsBrgs

        Maximum Load forMaximum Load for

    Long Fatigue Life    Long Fatigue Life

SpeedSpeed00
00

Small Turbomachinery

(ACM’s, APU’s)

Large Commercial A/C Engines

(GE90, PW4000)

Military

Applications
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AchillesAchilles’’ heel  heel 

Bearing Characteristics  --  Foil Air BearingsBearing Characteristics  --  Foil Air Bearings

Foil BearingsFoil Bearings

•• Load capacity very low at low speedsLoad capacity very low at low speeds

•• Load capacity increases linearly with speedLoad capacity increases linearly with speed

•• Foil bearings have no practical speed limitations (DN)Foil bearings have no practical speed limitations (DN)

•• Require no external systems (pressurization)Require no external systems (pressurization)

! Foil Air BearingsFoil Air Bearings

Load CapacityLoad Capacity

SpeedSpeed00
00
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Bearing Characteristics ComparisonBearing Characteristics Comparison

•• Foil bearingsFoil bearings

cannot retrofit intocannot retrofit into

large engines large engines –– new new

engine designsengine designs

neededneeded

•• Foil bearings needFoil bearings need

solid lubricant atsolid lubricant at

startup/shutdownstartup/shutdown

•• Foil bearingsFoil bearings

outperform rollingoutperform rolling

element bearings atelement bearings at

high speedshigh speeds

Small Turbomachinery
(ACM’s, APU’s)

Large Commercial A/C Engines
(GE90, PW4000, RR Trent)

Military

Applications

Shaft SpeedShaft Speed00
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!Magnetic Bearing Load CapacityMagnetic Bearing Load Capacity

•• Independent of shaft speed Independent of shaft speed

•• Controllable stiffness and damping Controllable stiffness and damping

•• Susceptible to shock overloads Susceptible to shock overloads

•• Requires back-up bearing Requires back-up bearing

! Magnetic BearingsMagnetic Bearings

Load CapacityLoad Capacity

SpeedSpeed00
00

Bearing Characteristics  --  Magnetic BearingsBearing Characteristics  --  Magnetic Bearings
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Bearing Characteristics Comparison Bearing Characteristics Comparison ––  MagMag & Foil & Foil

SpeedSpeed00
00

! Hybrid Foil/MagHybrid Foil/Mag

Load CapacityLoad Capacity

! Magnetic BearingsMagnetic Bearings

Load CapacityLoad Capacity

! Foil Air BearingsFoil Air Bearings

Load CapacityLoad Capacity

Foil Bearing Load CapacityFoil Bearing Load Capacity

•• Very low at low speedsVery low at low speeds

•• Increases linearly with speedIncreases linearly with speed

Magnetic Bearing Load CapacityMagnetic Bearing Load Capacity

•• Independent of shaft speed Independent of shaft speed

•• Controllable stiffness and damping Controllable stiffness and damping

•• Susceptible to shock overloads Susceptible to shock overloads

•• Requires back-up bearing Requires back-up bearing
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Journal & Thrust Foil BearingsJournal & Thrust Foil Bearings

Journal Foil BearingJournal Foil Bearing Thrust Foil BearingThrust Foil Bearing
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Enabling Technology BreakthroughsEnabling Technology Breakthroughs

X

Y

Z
X

Y

Z

!!Advanced Foil BearingsAdvanced Foil Bearings

- Load capacity has doubled- Load capacity has doubled

!!High-Temperature Solid Lubricant CoatingHigh-Temperature Solid Lubricant Coating

- NASA PS304, 100,000 start/stops, 200 - NASA PS304, 100,000 start/stops, 200 °F to 1200 °F°F to 1200 °F

!!Analytical & Rotordynamic ModelingAnalytical & Rotordynamic Modeling

- Less time, risk & cost from concept to application- Less time, risk & cost from concept to application
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Enabling Technology:  Advanced Foil BearingsEnabling Technology:  Advanced Foil Bearings

Recent design improvementsRecent design improvements

have doubled load capacity,have doubled load capacity,

enabling application to aenabling application to a

broad range of Oil-Freebroad range of Oil-Free

turbomachineryturbomachinery

Foil Bearing Benefits:Foil Bearing Benefits:

"" Self-acting hydrodynamic Self-acting hydrodynamic ““float on airfloat on air”” ##  NNo external pressurizationo external pressurization

"" No DN speed limitNo DN speed limit ##  Higher power densityHigher power density

"" No lube/tanks/coolers/plumbing/filtersNo lube/tanks/coolers/plumbing/filters ##  Lower weightLower weight

"" Operate to 1200Operate to 1200ooFF ##  Higher efficiencyHigher efficiency

"" Compliant Compliant ““springspring”” foil support foil support ## Accommodate misalignment & distortion Accommodate misalignment & distortion

"" No maintenanceNo maintenance ## Reduce operating costs Reduce operating costs

Top FoilTop Foil

CompliantCompliant

SupportSupport

StructureStructure

(Bump Foil)(Bump Foil)

BearingBearing

HousingHousing

Non-Non-

rotatingrotating

ShaftShaft

(Journal)(Journal)

RotatesRotates
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Foil Bearing Load Capacity Foil Bearing Load Capacity –– Generation I, II, & III  Generation I, II, & III 
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!!  19901990’’ss
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Load Capacity Load Capacity –– Foil Air Bearings Foil Air Bearings

Rule of ThumbRule of Thumb

  . . .  a journal foil bearing will  . . .  a journal foil bearing will

support about one poundsupport about one pound

    per square inch of projected area    per square inch of projected area

    per inch of bearing diameter    per inch of bearing diameter

    per thousand rpm    per thousand rpm

Current state-of-art foil bearings can support turbine generators Current state-of-art foil bearings can support turbine generators 

From ~10 to 500 kW with unlimited future growth potential.From ~10 to 500 kW with unlimited future growth potential.

Load = Load = DDjj (L (LxxD)D)xxDDxxNN

Data 

Source 

L 

(in) 

D 

(in) 

N 

(Krpm)  

Dj 

(lb*min/in
3
) 

Load 

(lb) 

GRC 1.0 1.4 50 1.0 98 

MiTi 3.0 4.0 22 1.1 1,140 
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Generation I Foil BearingsGeneration I Foil Bearings (1960 (1960’’s s –– 1970 1970’’s)s)

Source:  Source:  DellaCorte DellaCorte & & ValcoValco, , ““Load Capacity Estimation of Foil Air Journal Bearings for Oil-FreeLoad Capacity Estimation of Foil Air Journal Bearings for Oil-Free

Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000

!! Load capacity coefficient, Load capacity coefficient, DDjj’’ss, 0.1 - 0.3, 0.1 - 0.3

!! Foil geometry essentially uniform in both theFoil geometry essentially uniform in both the

axial and circumferential directions axial and circumferential directions (including(including

uniformly periodic circumferential geometry)uniformly periodic circumferential geometry)

!! Stiffness characteristics of the foil structureStiffness characteristics of the foil structure

are more or less uniformare more or less uniform

!! Foil surface deforms due to the fluid filmFoil surface deforms due to the fluid film

pressure without support structurepressure without support structure

specifically accounting for localized effectsspecifically accounting for localized effects

such as edge leakage, thermal gradients, heatsuch as edge leakage, thermal gradients, heat

generation and other hydrodynamicgeneration and other hydrodynamic

phenomenaphenomena
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Generation II Foil BearingsGeneration II Foil Bearings (1970 (1970’’s s –– 1980 1980’’s)s)

Source:  Source:  DellaCorteDellaCorte &  & ValcoValco, , ““Load Capacity Estimation of Foil Air Journal Bearings for Oil-FreeLoad Capacity Estimation of Foil Air Journal Bearings for Oil-Free

Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000

!! Load capacity coefficient, Load capacity coefficient, DDjj’’ss, 0.3 , 0.3 –– 0.6 0.6

!! Stiffness of the foil support structure variesStiffness of the foil support structure varies

axially along the bearing length or in theaxially along the bearing length or in the

circumferential direction, but not bothcircumferential direction, but not both

!! By controlling stiffness in one dimension By controlling stiffness in one dimension (axial(axial

or circumferential)or circumferential) the bearing better the bearing better

accommodates phenomena like edge leakageaccommodates phenomena like edge leakage

and, hence, yields improved performanceand, hence, yields improved performance

!! In leaf foil bearings, use of a In leaf foil bearings, use of a ““steppedstepped””

backing springbacking spring

!! In bump type foil bearings, bump layers areIn bump type foil bearings, bump layers are

split circumferentially for axial compliancesplit circumferentially for axial compliance

control or the bump pitch is varied forcontrol or the bump pitch is varied for

circumferential compliance controlcircumferential compliance control
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Generation III Foil BearingsGeneration III Foil Bearings (1990 (1990’’s)s)

Source:  Source:  DellaCorteDellaCorte &  & ValcoValco, , ““Load Capacity Estimation of Foil Air Journal Bearings for Oil-FreeLoad Capacity Estimation of Foil Air Journal Bearings for Oil-Free

Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000

!! Load capacity coefficient, Load capacity coefficient, DDjj’’ss, 0.8 , 0.8 –– 1.0 1.0

!! Tailoring the foil support structure stiffness inTailoring the foil support structure stiffness in

$$ Axial Axial (L)(L)

$$ Circumferential Circumferential ((!!))

$$ Radial Radial (r) (r) (i.e., displacement sensitive)(i.e., displacement sensitive)

directions to enhance bearing performancedirections to enhance bearing performance
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(oven cover opened for photograph)(oven cover opened for photograph)

Glenn Research Center Foil Bearing Test RigGlenn Research Center Foil Bearing Test Rig

Red
Red  Hot

Hot

1,400 
1,400 °F°F
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AchillesAchilles’’ heel  heel 

Bearing Characteristics  --  Foil Air BearingsBearing Characteristics  --  Foil Air Bearings

Foil BearingsFoil Bearings

!! Load capacity very low at low speedsLoad capacity very low at low speeds

!! Load capacity increases linearly with speedLoad capacity increases linearly with speed

!! Foil bearings have no practical speed limitations (DN)Foil bearings have no practical speed limitations (DN)

!! Require no external systems (pressurization)Require no external systems (pressurization)

%% Foil Air BearingsFoil Air Bearings

Load CapacityLoad Capacity

SpeedSpeed00
00
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!! Provide start/stop wear protection for foil bearings Provide start/stop wear protection for foil bearings

!! Operate from cold start to 850 Operate from cold start to 850
oo
CC

!! No vaporization or emissions No vaporization or emissions

NASA PS304NASA PS304    US Patent No. 5,866,518US Patent No. 5,866,518

   60% NiCr   60% NiCr BinderBinder

   20% Cr   20% Cr22OO33 HardenerHardener

   10% BaF   10% BaF22/CaF/CaF22 Hi-Temp LubeHi-Temp Lube

+ 10% Ag+ 10% Ag Low-Temp LubeLow-Temp Lube

=  Wide temperature spectrum=  Wide temperature spectrum

    solid lubricant coating    solid lubricant coating

Enabling Technology:  High-Temperature Solid Lubricant CoatingEnabling Technology:  High-Temperature Solid Lubricant Coating
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Technology SummaryTechnology Summary

!!Foil gas bearings in widespread use as rotor supportFoil gas bearings in widespread use as rotor support

in ambient air applications.  Research needs to bein ambient air applications.  Research needs to be

extended to include alternate gases and pressures toextended to include alternate gases and pressures to

successfully apply the technology in CBC turbinessuccessfully apply the technology in CBC turbines

!!System level testing and validation are essentialSystem level testing and validation are essential

elements of a successful application of foil gaselements of a successful application of foil gas

bearingsbearings  for CBC turbines.for CBC turbines.

!!Each new application requires a systematicEach new application requires a systematic

approach to the deployment of rotor support toapproach to the deployment of rotor support to

minimize risk and enhanceminimize risk and enhance  the likelihood of success.the likelihood of success.
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Oil-Free Technology Integration ApproachOil-Free Technology Integration Approach

1)1) Rotor System Conceptual Design Rotor System Conceptual Design

& Feasibility Study& Feasibility Study

2)2) Bearing Integration & Bearing Integration &

TestingTesting

3)3) Rotordynamic System Rotordynamic System

SimulationSimulation

4)4) Oil-Free Technology Oil-Free Technology

DemonstrationDemonstration
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Rotordynamic AnalysisRotordynamic Analysis

!! Rotor system critical speeds and naturalRotor system critical speeds and natural

frequencies frequencies (modes)(modes) are controlled by: are controlled by:

•• Shaft/disk masses and locationsShaft/disk masses and locations

•• Shaft geometry and material Shaft geometry and material (stiffness)(stiffness)

•• Bearing stiffness Bearing stiffness (including rig structural(including rig structural

stiffness)stiffness)

•• Bearing dampingBearing damping

•• Operating speedOperating speed

!! Goal is to design a rotor system Goal is to design a rotor system (shaft &(shaft &

bearings)bearings) that provides stable operation that provides stable operation

across the operating rangeacross the operating range

BearingBearing

StiffnessStiffness

BearingBearing

DampingDamping

RotatingRotating

MassMass

RotatingRotating

MassMass

Rig BearingRig Bearing

SupportSupport

Rotor

Translatory or LateralTranslatory or Lateral

Rigid Body ModeRigid Body Mode

Conical or PitchConical or Pitch

Rigid Body ModeRigid Body Mode

11stst Bend Mode Bend Mode
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Rotor ModelRotor Model

Added mass

Unbalance mass

Radial Bearing Support

Shaft Connection

Compressor TurbineAlternator
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AnalysisAnalysis
–– Critical SpeedsCritical Speeds

(continued)(continued)

Critical Speed Map for Proposed Brayton Turboalternator
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System Thrust Load ManagementSystem Thrust Load Management

••Use algebraic sum of forces to monitor thrust bearing loadsUse algebraic sum of forces to monitor thrust bearing loads

and ensure adequate load capacity marginsand ensure adequate load capacity margins
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•• Aerodynamic forces on various rotating components combineAerodynamic forces on various rotating components combine

with gas pressures to create axial thrust loads on rotorwith gas pressures to create axial thrust loads on rotor

•• Resulting thrust loads must be carried by foil thrust bearingsResulting thrust loads must be carried by foil thrust bearings

•• Bearing load capacity must not be exceededBearing load capacity must not be exceeded

•• Thrust bearing loads result in frictional lossesThrust bearing loads result in frictional losses

•• System is needed to estimate thrust loads and manage themSystem is needed to estimate thrust loads and manage them

System Thrust Load ManagementSystem Thrust Load Management
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Hot high-speed journalHot high-speed journal

foil bearing test rigfoil bearing test rig

High-speed thrust foilHigh-speed thrust foil

bearing test rigbearing test rig

Capstone MicroTurbineCapstone MicroTurbine

proof-of-concept &proof-of-concept &

environmentalenvironmental

durability test facilitydurability test facility

Coating depositionCoating deposition

research facilityresearch facility

Shaft rotordynamicShaft rotordynamic

simulator test facilitysimulator test facility

Key Facilities & CapabilitiesKey Facilities & Capabilities

High Pressure journalHigh Pressure journal

bearing test rigbearing test rigAmbient Pressure journalAmbient Pressure journal

bearing test rigbearing test rig

Vertical thrust bearing rigVertical thrust bearing rig



Oil-Free Turbomachinery ProgramOil-Free Turbomachinery Program

Foil Bearing Load CapacityFoil Bearing Load Capacity

35 mm dia. bearing, 18,000 rpm, 500 °C

• Load capacity increases with ambient pressure
• The exact effect of gas properties is not yet fully understood

4

CD-05-82756
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Modified Modified SommerfeldSommerfeld, S, S’’  
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Foil Bearing Operating MapFoil Bearing Operating Map
(Physical Limits to operating space)(Physical Limits to operating space)

Fig 3
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Power Loss versus SPower Loss versus S’’
(Generalized Implications(Generalized Implications))

Modified Sommerfeld number, S!

“Desirable”

Operating Points

Speed increases result in moderate power loss increasesSpeed increases result in moderate power loss increases
Speed decreases reduce power loss until regime shifts (margin)Speed decreases reduce power loss until regime shifts (margin)
Load increases increase power loss slightly (shifts onto a different SLoad increases increase power loss slightly (shifts onto a different S’’ curve) curve)
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Power Loss versus SPower Loss versus S’’
(Generalized Implications(Generalized Implications))

Modified Sommerfeld number, S!

Speed decreases result in rapid power loss increasesSpeed decreases result in rapid power loss increases
Increased power loss increases thermal expansion of shaft into bearingIncreased power loss increases thermal expansion of shaft into bearing
Thermal runaway and seizure are likelyThermal runaway and seizure are likely

“Undesirable”

Operating Points
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700 PSI Bearing Rig700 PSI Bearing Rig

••700 psig max. pressure700 psig max. pressure

••~25 C temperature~25 C temperature

••Speeds to 25 Speeds to 25 krpmkrpm

(currently)(currently)

••Bearing size ~1.4 in.Bearing size ~1.4 in.

••Provides valuable data to validate modelsProvides valuable data to validate models

••Serves as proof-of-concept for future rigsServes as proof-of-concept for future rigs
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Preliminary Foil Bearing Performance Data in AirPreliminary Foil Bearing Performance Data in Air

and CO2 at Elevated Pressuresand CO2 at Elevated Pressures
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High Pressure Foil Bearing PerformanceHigh Pressure Foil Bearing Performance

!!Experimental data shows that performance of current state ofExperimental data shows that performance of current state of

the art foil bearings in CO2 and at elevated pressures can bethe art foil bearings in CO2 and at elevated pressures can be

predicted by the foil bearing performance map in the ideal gaspredicted by the foil bearing performance map in the ideal gas

range.range.

!!Performance of foil bearings in liquids and supercritical fluidPerformance of foil bearings in liquids and supercritical fluid

states is not well understood.  Experimental and analyticstates is not well understood.  Experimental and analytic

research is necessary to obtain this knowledge.research is necessary to obtain this knowledge.

!!Further experimental research is underway to quantify bothFurther experimental research is underway to quantify both

the extent of high pressure effects in the high speed (Sthe extent of high pressure effects in the high speed (S’’) region) region

and enhanced load capacity.and enhanced load capacity.
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Summary RemarksSummary Remarks

!!All turbomachinery systems rely first upon aAll turbomachinery systems rely first upon a  rotor supportrotor support

system which supports static and dynamic loads and provides asystem which supports static and dynamic loads and provides a

stable foundation.stable foundation.

!!The The ““rightright”” technology for supporting CBC rotors depends technology for supporting CBC rotors depends

upon many factors include size, speed and other constraints.upon many factors include size, speed and other constraints.

!!Gas foil bearings represent oneGas foil bearings represent one  potentially viable approach topotentially viable approach to

rotor support forrotor support for  advanced CBC system.advanced CBC system.

!!Existing foil bearing models offer guidance for foil bearingExisting foil bearing models offer guidance for foil bearing

integration but need to be extended and validated for new fluidsintegration but need to be extended and validated for new fluids

like SCO2.like SCO2.

!!We welcome the opportunity to assist in the deployment ofWe welcome the opportunity to assist in the deployment of

these and other Oil-Free CBC turbine systems.these and other Oil-Free CBC turbine systems.
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www.grc.nasa.gov/WWW/Oilfree


