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Outline
• Statement of Work & Sources for Presentation
• Objectives and accomplished work in 2007-08

Computational model. Validation with published data. 
Rotordynamic measurements at TAMU

• Objectives and accomplished work in 2008-09
Description of test rig and foil bearings at TAMU
Effect of temperature on bearing temperatures,

coastdown speed and rotor motions
Effect of cooling flow on shaft and bearing 

temperatures. Validation of computational model
* The computational code

Graphical User Interface. Further predictions
• GFB thermal management tests and preds. 
• Added Value and Closure
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Gas Foil Bearings (+/-)
Increased reliability: large load capacity 
(< 100 psi)
No lubricant supply system, i.e. reduce 
weight
High and low temperature capability (up to 
2,500 K) 
No scheduled maintenance 
Ability to sustain high vibration and 
shock load. Quiet operation

Less load capacity than rolling or oil bearings
Wear during start up & shut down
No test data for rotordynamic force coefficients
Thermal management issues
Predictive models lack validation. Difficulties in modeling + 
dry-friction damping + effects of temperature on material 
properties and components’ expansion.

Applications: ACMs, micro gas turbines, turbo expanders
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To develop a detailed, physics-
based computational model of 

gas-lubricated foil journal 
bearings including thermal 
effects to predict bearing 

performance.

The result of this work shall include a fully tested 
and experimentally verified design tool for 

predicting gas foil journal bearing torque, load, 
gas film thickness, pressure, flow field, 

temperature distribution, thermal deformation, 
foil deflections, stiffness, damping, and any 

other important parameters.

SOW – Main Objective
 

Ω

Agreement NASA NNH06ZEA001N-SSRW2
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Research Objectives (2007-08)
THD model for prediction of GFB performance

• Perform physical analysis, derive governing equations, 
and implement numerical solution.

• Develop GUI for User ready use

• Compare GFB predictions to limited published test data 
(NASA mainly)

• Revamp existing test rig with cartridge heater, acquire 
new bearings, machine new rotor

• Perform  structural tests on bearings and measure 
rotordynamic response for increasing shaft 
temperatures
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Scheduled Timeline & completion

Rotordynamic Measurements for increasing shaft temperatures (max 500 C), identification of GFB 
synchronous force coefficients

Reception of parts and assembly of components, troubleshooting, connection to static loader and 
shaker

Planning of modifications to existing, selection of instrumentation and cartridge heater, design of 
insulation cover and rotor 

Rotordynamic-GFBs Test rig (High Temperature)

Measurements of load & bearing deflection for increasing shaft temperatures (max 500 C), 
identification of FB structural parameters

Reception of parts and assembly of components, troubleshooting, connection to static loader and 
shaker

Planning of modification, selection of instrumentation and cartridge heater, design of insulation cover

Test rig for identification of FB structure (High Temperature)

Prediction of performance and comparisons to available rotordynamic test data

Development simple NONLINEAR physical model for foil bearings

Nonlinear analysis GFBS

Comparison of GFB predictions to measured performance from TAMU test rig

Predictions of GFB performance for parametric studies

Integration of thermal model with GFB FD computational code (gas film)

Implementation thermal model (Finite Element Based) and coupling to existing STRUCTURAL 
MODEL

Development physical model for thermal transport in foil bearings

Computational analysis GFBS

Q8Q7Q6Q5Q4Q3Q2Q1Task

Luis San Andres MS student

Tae Ho Kim UG worker
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Accomplishments: Proposed & Actual

Completed Dec 2010100%

Design & construction; selection & procurement of instrumentation and bearings; 
assembly, troubleshooting and operation at high temperature rotor-bearing test rig. 
Measurements of temperatures and rotordynamic performance with Foster-Miller 
GFBs completed (see Q7). Tests with MiTi® bearings at higher temperatures in 
progress. Validation of computational model also in progress.

Rotordynamic-GFBs Test rig (High Temperature)

See Q4, Q7 reports

Design & construction; selection & procurement of instrumentation and bearings; 
assembly, troubleshooting and operation at high temperature. Measurements of 
static load performance & comparison to predictions 

Test rig for identification of FB structure (High Temperature)

Implementation in XLTRC2 for ready 
rotordynamic analyses

Development simple NONLINEAR physical model for foil bearings. Prediction of 
performance and comparisons to rotordynamic test data

Nonlinear structural analysis of GFBS

See Q4 & Q7 reports
Validation of GFB predictions with measured temperatures from NASA & TAMU 
published research

Analysis completed. Code delivered 
on June 10, 2009

Physical model for thermal transport in foil bearings. Integration of thermal model 
with GFB FD computational code (gas film). Prediction of GFB performance: 
parametric study

Thermohydrodynamic Analysis of GFBS

comment
Planned & 

ActualTask

1st & 2nd Years
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Thermohydrodynamic model in a GFB

ρ= ℜg

P
T

μ α= v T

- Ideal gas with 
density, 

- Gas viscosity,

- Gas Specific heat (cp) and 
thermal conductivity (κg) at an 
effective temperature

 Ω 

Bump strip layer

Top foil

Hollow shaft

Bearing housing
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THD model

GFB with 
cooling flows 
(inner and/or outer)

Outer flow 
stream Top foil

Bearing housing “Bump” layer
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1710.4 GN/m3Bump foil stiffness

0.31Bump foil Poisson’s ratio

200 GPaBump foil Young’s modulus

Assumed39 x 1   Number of bumps x strips

Assumed0.580 mm   Bump height 

Assumed4.064 mm   Bump pitch

Assumed1.778 mm   Bump half length

Ref. [21]127 μmBump foil thickness

Ref. [21]127 μmTop foil thickness

Top foil and bump strip layer
Assumed20 μmNominal radial clearance

Assumed5 mmBearing cartridge thickness

Ref. [7]41 mm    Bearing length

Ref. [7]25 mmBearing inner radius

Bearing cartridge

Value / commentParameters ValueParameters

1.014 x 105 PaAmbient pressure

1,020 J/kg°KSpecific heat

1.164 kg/m3Density 

0.0257 W/m°KConductivity 

10-5  Pa-sViscosity 

287 J/(kg-°K)Gas Constant 

Gas properties at 21 °C 

Generation I GFB with single top foil and bump strip layer

THD Model Validation

Gas viscosity & density & 
conductivity, foil Young’s 
modulus, and clearance

change with temperature.

Radil and Zeszotek, 2004
Dykas and Howard, 2004

Published data
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Peak film temperature
Supply air (TSupply),

shaft (TS), and 
bearing OD (TB) 

temperatures at 21 °C. 

Film temperature + higher than ambient, even for small load of 9 N. 
Good agreement preds with test data
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TSupply=21°C
Test data 

(Mid-plane)
Predictions
(Mid-plane)

30,000 rpm

40,000 rpm

50,000 rpm

20,000 rpm

Predictions & test data Radil and Zeszotek, 2004
Read more in ASME 
Paper GT2009-59919

Predictions & test data
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2008 rotor-GFB test rig

Drive motor 
(25 krpm).

Cartridge 
heater max. 

temperature: 
300F

Air flow meter 
(Max. 100 

L/min at 14 
psig)

Driving 
motor

GFB housing

Tachometer

Flexible 
coupling

Electromagnet 
loader

Strain gage load cell

Test 
rotor 

Eddy current 
sensor

Cooling air 
hose

Infrared 
thermometer

Cartridge heater

Max. temp. 130 °C
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Numbers in circles show locations of temperature measurement.

2 Bearing outer surface temperature (Drive and bearing and free end bearing)
1 Bearing sleeve temperature (at five locations along circumference)

3 Rotor surface temperature (Drive end and free end)
4 Bearing support (housing) surface temperature (Drive end and free end)

Cooling air

Eddy current sensor
(Max. 177 ºC)

Speed sensor

Cartridge 
heater

Flexible coupling
Hollow test 

rotor

DC router 
motor 

(25 krpm)

Infrared Thermometer 
(Max. 540 ºC)

3 3

2 2

4 4

Infrared Thermometer gun
(Max. 500 ºC)

cm

0                           10

1

K-type 
thermocouples
(Max. 480 ºC)

Ambient temp. (Ta)
~ 22 °C (71 ° F)

2008 hot rotor-GFB test rig
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THD Model Validation Bearings at TAMU

585968Bump arc angle [deg]
4.0794.1615.581Bump arc radius
0.5100.5400.468Bump height
3.9502.1003.742Bump length
4.6404.3004.581Bump pitch

24 × 3 axial 26 × 1 axial 25 × 5 axial Number of Bumps
0.1020.1200.100Bump foil thickness
0.1270.1200.100 Top foil thickness
25.438.138.2Top foil axial length

Top foil and bump strip layer
37.92137.9539.36Inner diameter
44.57550.8050.85Outer diameter

Bearing cartridge 

MiTi
(2nd gen.)

KIST
(1st gen.)

Foster-Miller
(2nd gen.)Parameter [mm]

Elastic Modulus 214 GPa,
Poisson ratio=0.29

Foster-Miller FB with Teflon®
coating (Generation II)
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Waterfall plots:
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(b) Case 2
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(c) Case 3

25 krpm 

4 krpm 

15 krpm 

1X

Tc = 132 °C

Cartridge 
temperature (Ths) 
increases

1X component dominant, i.e., 
no subsynchronous motion, 

during coastdown tests

FE – vertical plane
Case 1-3 without cooling flow, Ta ~ 22°C, and Ths = 22°C, 93 °C, and 132°C

coastdown responses
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Above critical speed ~ 14.5 krpm, amplitude drops. A 
nonlinearity! As Ths increases, the peak amplitude decreases.

DE – vertical plane
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W/o cooling flow, Ta ~ 22°C, and Ths = 22°C, 93 °C, and 132°C

As Ths increases, critical speed raises by ~ 2 krpm and the 
peak amplitude decreases. Nonlinearity absent!
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temperature (Ths) 
increases

Coastdown

Rotor coastdown 1X response

DE – vertical plane

Read more in AHS-65  
2009 Paper 
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Topic
• Statement of Work & Sources for Presentation
• Objectives and accomplished work in 07-08

Computational model. Validation with published data. 
Rotordynamic measurements at TAMU

• Objectives and accomplished work in 2008-09
Description of test rig and foil bearings at TAMU
Effect of temperature on bearing temperatures,

coastdown speed and rotor motions
Effect of cooling flow on bearing and shaft

temperatures. Validation of computational model
* The computational code

Graphical User Interface. Further predictions
• GFB thermal management tests and preds.
• Closure & added value 
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Research Objectives 2008-09
Model validation with TAMU FB test data

• Complete test rig using cartridge heater for high 
temperature operation (up to 360C)

• Measure rotordynamic performance during speed 
coastdown from 30 krpm and for increasing shaft 
temperatures

• Quantify effect of side flow on cooling bearings (max. 150 
LPM per bearing)

• Benchmark model predictions
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THD Model Validation Bearings at TAMU

585968Bump arc angle [deg]
4.0794.1615.581Bump arc radius
0.5100.5400.468Bump height
3.9502.1003.742Bump length
4.6404.3004.581Bump pitch

24 × 3 axial 26 × 1 axial 25 × 5 axial Number of Bumps
0.1020.1200.100Bump foil thickness
0.1270.1200.100 Top foil thickness
25.438.138.2Top foil axial length

Top foil and bump strip layer
37.92137.9539.36Inner diameter
44.57550.8050.85Outer diameter

Bearing cartridge 

MiTi
(2nd gen.)

KIST
(1st gen.)

Foster-Miller
(2nd gen.)Parameter [mm]

Elastic Modulus 214 GPa,
Poisson ratio=0.29
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2009 hot rotor-GFB test rig

Gas flow meter (Max. 500 LPM). Drive motor (max. 65 krpm) 
) 

Instrumentation for high temperature. Insulation casing 

Insulated 
safety cover

Infrared 
thermometer

Flexible 
coupling

Drive 
motor

Cartridge 
heater

Test 
GFBs

Test hollow shaft 
(1.1 kg, 38.1mm OD, 

210 mm length)

Tachometer
Eddy current 

sensors
Hot heater inside 
rotor spinning 30 

krpm

Max. 360 °C
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Thermocouples in test rotor-GFB rig

Foil bearings

Cartridge heater
Heater stand

T14

T10

T12

T13

Coupling 
cooling air

Drive motor

T15
T16Th

Hollow 
shaftT5

T11

Tamb
Ω

T1

T4

T3

T2

45º

Free end (FE) GFB

g

45º

Ω

T6

T7

T8

T9

Drive end (DE) GFB

g

Insulated safety cover

Cooling air

Overall 15 thermocouples for GFB cartridge outboard, Bearing support housing 
surface, Drive motor, Test rig ambient, and Cartridge heater temperatures 
Two noncontact infrared thermometers for rotor surface temperature
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50 ° 5 thermocouple locations:
Θ = 22°, 94°, 166°, 238°, 310° 
along bearing mid-plane 

Θ 

Bearing sleeve 
Top foil
Bump strip layer

Ω 

Spot weld 

310°

94° 166°

22° 238°

X

Y

g Machined axial slot Bearing 
mid-plane

Oblique view

Thermocouples in test GFB

five (5) thermocouples placed within machined axial slots.

at

Foster-Miller FB uncoated (Generation II)



32

1

10

100

0 10 20 30 40 50 60 70 80
Coast down time [sec]

R
ot

or
 s

pe
ed

 [k
rp

m
]

No heating
Ths=100ºC
Ths=200ºC
Ths=300ºC
Ths=360ºC

Time to coast down rotor
Baseline, 

Heater up to 360C.
No forced cooling

Coastdown time lesser as rotor heats (reduced clearance)

Cartridge 
temperature (Ths) 
increases

Exponential decay

Long time to 
coastdown : 

very low 
viscous drag

(no contact 
between rotor and 

bearings)

Test Data

Effect of shaft temperature

Coastdown time (s)

Speed 
(krpm)



0

1

2

3

4

5

6

7

8

9

10

0 5 10 15 20 25 30 35
Rotor speed [krpm]

Te
m

pe
ra

tu
re

 ri
se

 [°
C

]

No cooling

50 LPM

Test data

Predictions

Error bar

Max.
Avg.
Min.

predictions & test data

FB OD temperature rises with rotor speed and decreases with 
forced cooling stream ~ 50 LPM. Predictions agree with test data

Room temperature 21 °C.

static load ~ 6.5N

Test data & predictions

Bearing outboard temperature
Drive end FB

Heater OFF

Rotor speed : 30 krpm
w/o and w low cooling

Free End Drive End

T11 T12

T1 T6

rotor speed (krpm)

 
45 ° 

Bearing 
cartridge

Top foil

Bump strip 
layer 

Spot weld 
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Hot shaft 
(Isothermal) 

Heat flux  
(Shaft → bearing)
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Free End Drive End
No heating

T11=37º C T12=26º C

Free End Drive End
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Ths=360ºC

Baseline. Heater to 360C. No forced cooling

Cartridge 
temperature (Ths) 
increases

As heater T increases to 360ºC, peak motion amplitude decreases
in speed range 7 krpm to 15 krpm

System natural frequency

Rotor 1X motions
D

H

Drive End (H)

Test Data

1X response as rotor heats

speed (krpm)

Tests
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predictions &  tests

As heater temperature raises, rotor amplitude decreases for speed 
< 15 krpm & the critical speed increases from 14 krpm to 17 krpm 
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Cartridge heater 
temperature increasesThs=360ºC
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No heating

Predictions

Test data

Baseline. Heater to 360C. No forced cooling

Drive End (H)

Rotor speed (krpm)

1X rotor response

Test data & predictions



predictions & tests

FB cartridge temperature increases linearly with shaft temperature 

Supply air (TSupply) ~ 21 °C.0
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Test data
Predictions

DE Bearing Temp

Test data

Predictions

FE Bearing Temp

static load ~ 6.5N

static load ~ 3.5N

Test data & predictions
Shaft temperature rise (C)

Heater up to 360C.

Rotor speed : 30 krpm
No cooling flow

Bearing outboard temperature

Free End Drive End

T11 T12

T1 T6
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AIR SUPPLY

Gas pressure Max. 100 psi

Cooling flow needed  
for thermal 

management: to 
remove heat from 

shear drag or to 
reduce thermal 

gradients in hot/cold
engine sections

Cooling gas flow into GFBs

heater
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AIR SUPPLY

Gas pressure Max. 100 psi

Heater warms 
unevenly rotor.

Side cooling 
cools unevenly 

rotor and also 
heater

Cooling gas flow into GFBs

heater



39

Free End Drive End

No heating

T11 T12

T1 T6

Heating of rotor
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Baseline imbalance, No side flow & 50 L/min
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T11-Tamb

T6-Tamb

T12-Tamb

10 krpm 20 krpm 30 krpm

: Temp. drop due to 50L/min cooling flow

Bearing cartridge and 
rotor temperatures 

increase steadily with 
time

Rotor speed makes rotor 
and bearings hotter

Cooling flow 
removes heat from shear 
dissipation in rotor, most 

effective at high speed
Heater OFFTest Data

Rotor speed : 10, 20, 30 krpm

Test time (min)

Effect of rotor speed and side cooling
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Cooling flow up to 150 L/min
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Cooling effective > 100 LPM and when  heater at 
highest temperature

T1-Tamb
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Cooling flow 
increases

Effect of cooling flowBearings OD temperatures

Test Data

Heater temperature increases

Test time (min)
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Cooling flow 
increases
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Cartridge temperature 
(Ths) increases

200C

100C

No heating

Bearing OD temperature decreases with cooling flow

Turbulent flow 
> 100 LPM 

Bearing cartridge temperature

Test Data

Cooling flow (LPM)

High temp. (heater up to 360C).
Cooling flow to 150 LPM

rotor speed : 30 krpm
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No heating
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As cooling flow rate increases, FB cartridge temperature 
decreases. Predictions agree with test data. 
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Test data

Predictions

No cooling

50LPM

150 LPM

125LPM
100LPM

static load ~ 6.5N

Supply air (TSupply) ~ 21 °C.

Heater up to 360C.

Rotor speed : 30 krpm
w/o & w cooling flow

Test data & predictions

DE Bearing temperature rise

Predictions & testsBearing cartridge temperature

Shaft temperature rise (C)

Free End Drive End

T11 T12

T1 T6Th
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Post-test condition of rotor and GFBs
Before operation

Before operation

FE DE
After extensive heating with rotor spinning

After extensive hearing with rotor spinning tests

FE DE

UNCOATED top foil !

Wear marks on top 
foils are at side 

edges 

Rotor shows polishing 
marks at bearing  

locations. Deep wear 
marks at outboard edges 

Static load 
directionStatic load 

direction
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Test foil bearings continue to survive high 
temperature & high vibration operation!

Test data & predictions
Amplitudes of rotor synchronous motion proportional to 

added imbalances.

Thermal management with axial cooling streams is 
beneficial at high temperatures and with large 
flow rates ensuring turbulent flow conditions.

As rotor and bearing temperatures increase, air becomes 
more viscous and bearing clearances decrease; hence 
coastdown time decreases.

For operation with hot shaft, amplitude of rotor motion 
drops while crossing (rigid body mode) critical speed.
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Topic
• Statement of Work & Sources for Presentation
• Objectives and accomplished work in 07-08

Computational model. Validation with published data. 
Rotordynamic measurements at TAMU

• Objectives and accomplished work in 2008-09
Description of test rig and foil bearings at TAMU
Effect of temperature on bearing temperatures,

coastdown speed and rotor motions
Effect of cooling flow on bearing and shaft
temperatures. Validation of computational model

* The computational code
Graphical User Interface. Further predictions

• GFB thermal management tests and preds.
• Closure & added value 
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The computational program

Code: XL_GFB_THD  

• Windows XP OS and MS Excel 2003 (minimum 
requirements) 
• Fortran 99 Executables for FE underspring 
structure and gas film analyses. Prediction of 
forced – static & dynamic- performance.
• Excel® Graphical User Interface (US and SI 
physical units). Input & output (graphical)
• Compatible with XLTRC2 and XLROTOR codes 

Delivered on June 2009
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Graphical User Interface

Worksheet: Shaft & Bearing models (I)
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Graphical User Interface

Worksheet: Shaft & Bearing models (II)
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Graphical User Interface

Worksheet: Top Foil and Bump Models

Box 8 

Box 9 

Box 10 
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Graphical User Interface

Worksheet: Foil Bearing (Operation and Results)
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Cartridge heater 
temperature 
increases

No heating

Ths=200ºC

Ths=360ºC

Static load parameters
static load ~ 6.5 N

No cooling flow

As temperature increases, journal attitude angle and drag torque increase
but journal eccentricity and minimum film thickness decrease due to 
reduction in operating clearance

Drive End FB

Predictions

Predictions

Rotor speed (krpm) Rotor speed (krpm)

Free End Drive End

T11 T12

T1 T6Th



55

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 5 10 15 20 25 30 35 40 45 50

Rotor speed [krpm]
C

ro
ss

-c
ou

pl
ed

 s
tif

fn
es

s 
[M

N
/m

]

0

1

2

3

4

5

6

7

8

0 5 10 15 20 25 30 35 40 45 50

Rotor speed [krpm]

D
ire

ct
 s

tif
fn

es
s 

[M
N

/m
]

No heating

KXY

KYX

Cartridge heater 
temperature 
increases

Ths=200ºC

Ths=360ºC

No heating

KXX

KYY

Cartridge heater 
temperature 
increases

Ths=200ºC

Ths=360ºC

As temperature increases, stiffnesses (KXX, KYY) increase 
significantly, while difference (KXY-KYX) increases slightly at low 
rotor speeds and decreases at high rotor speeds

static load ~ 6.5 N
No cooling flow

Drive End FB

Predictions

Bearing stiffnesses Predictions

Rotor speed (krpm) Rotor speed (krpm)
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As temperature increases, damping (CXX, CYY) increase. Cross 
damping (CXY,CYX) change little above 30 krpm.

CYX

CXY

No heating
Ths=200ºC

Ths=360ºC
No heating

CYY

CXX

Cartridge heater 
temperature 
increases

Ths=200ºC

Ths=360ºC

Cartridge heater 
temperature 
increases

static load ~ 6.5 N
No cooling flow

Drive End FB

Bearing damping Predictions

Predictions

Rotor speed (krpm) Rotor speed (krpm)
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40,000 rpm

20,000 rpm

Outer cooling flow

Inner and outer 
cooling flows

Laminar flow Turbulent flow

R
e D

= 
23

00

Cooling flow rate 
increases 

No cooling 
flow

Predictions on effect of cooling flow

Peak temperature drops with strength of cooling stream. Sudden 
drop at ~ 200 lit/min b/c of transition from laminar to turbulent flow

Supply air (TSupply), shaft 
(TS), and bearing OD (TB) 

temperatures at 21 °C. 

Static load =89 N (180°).

TSupply=21°C

Predictions

Rotor speed : 
20  & 40 krpm
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Hollow 
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housing

External 
fluid dӨ

RSi RSo RFi RFo RBi RBo
TCi T∞

TBoTBiTFoTSoTSi TFi

Tf

Radial direction
TCo

With forced cooling, GFB operates 50 °C cooler. Outer 
cooling stream is most effective in removing heat

Predictions radial temperature

Natural 
convection on 

exposed surfaces 
of bearing OD and 

shaft ID

Mean temperature

No cooling
Shaft temp. rise=79 °C 

50 L/min
Shaft temp. rise=67 °C 

125 L/min
Shaft temp. rise=39 °C 

150 L/min
Shaft temp. rise=32 °C 

Cooling stream 
increases

DE FB

Rotor speed : 30 krpm
w/o & w cooling flow

Model

Model predictions
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Topic
• Statement of Work & Sources for Presentation
• Objectives and accomplished work in 07-08

Computational model. Validation with published data. 
Rotordynamic measurements at TAMU

• Objectives and accomplished work in 2008-09
Description of test rig and foil bearings at TAMU
Effect of temperature on bearing temperatures,

coastdown speed and rotor motions
Effect of cooling flow on bearing and shaft
temperatures. Validation of computational model

* The computational code
Graphical User Interface. Further predictions

• Work with MiTi Bearings
• Closure & added value San Andrés, L., Ryu, K., and Kim, T.H.,  2011, “Identification of Structural Stiffness and Energy 

Dissipation parameters in a 2nd Generation Foil Bearing; Effect of Shaft Temperature”, ASME 
J. Eng. Gas Turbines Power, vol. 133 (March) , pp. 032501 
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Top 
foil

Cartridge 
sheet

Bumps

FB nominal dimensions

0.160CNominal radial clearance [mm]

36.84DJShaft diameter [mm]

38.135DT
Bearing Top foil inner diameter 
[mm]

5.08rBBump arc radius [mm]

0.127tTTop foil thickness [mm]
0.394hBump height [mm]

0.102tBump foil thickness [mm]

3.3022loBump length [mm]

4.318sBump pitch [mm]

24× 3NBNumber of bumps

25.40LAxial bearing length [mm]

44.64DOCartridge outer diameter [mm]

37.98DCartridge inner diameter [mm]

ValueSymbolParameter [Dimension]

Two generation II GFBs
Three (axial) bump strip layers, 
each with 24 bumps.
Korolon® 800 coating 
(up to 800°F) on top foil surface.

MiTi Korolon® foil bearing
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Release 

Pull load

Release 

Tests 1-3: Three cycles

MiTi® FB deflection versus static load

Top foil spot weld
g

Direction of 
static load

Displacement 
sensor

F ≠ K X
Nonlinear F(X)

: Stiffness hardening

Large hysteresis loop : Mechanical energy dissipation
due to dry-friction between top foil contacting bumps and bump strip layers
contacting bearing cartridge sheet

Room temperature tests
Lathe chuck

Live center

Test bearing 

Rotor

Load cell
Eddy current 

sensor

90° bearing orientation

Shaft OD 36.56 mm: Highly preloaded FB

FB fitted smoothly 
into 3.08 mm thick 
bearing shell
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MiTi® FB structural stiffness
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Cubic polynomial curve fit 
over span of applied loads

F=F0+K1X+K2X2+K3X3

K=K1+2K2X+3K3X2

Distinctive hardening 
effect as FB deflection 
increases

Room temperature tests
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Room temperature tests
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MiTi® FB deflection versus static load
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FE Test bearing
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FB sliding fit 
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3.08 mm thick 
bearing shell!
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ROTOR OD 
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90° bearing orientationIdentified from Cubic 
polynomial curve fit
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MiTi® FB test setup for dynamic loads

Bearing 
housing

Eddy current 
sensor

Load cell

Test shaft

Cartridge 
heaterThermocouples

Shaker

Single frequency 
dynamic load in 

horizontal direction 

Test bearing

Bearing housing

Index 
fixture

90° bearing orientation

Uncoated rigid, non-
rotating, hollow shaft 
supported on FB.

0.785 (load cell + attachment hardware)Bearing Mass M, kg
23, 103, 183, and 263Shaft Temperature, °C

50-200 (increment: 25 Hz)Frequency Range, Hz
7.4, 11.1, 14.8, and 18.5FB Displacement controlled [µm]

FB press fitted 
onto 15.5 mm 
thick bearing 

housing!

Shaft OD 36.56 mm
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134 mm 

Ø 25 mm

Indexing fixture chuck

76 mm 

Ø 25.4 mm

Shaft heating using electric heater

Ø 36.56 mm

Th

Th
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Th=103°C Th=183°C Th=263°C

T1T2T3 Th

Significant 
temperature 

gradient along shaft 
axis.

Cartridge heater 
warms unevenly 

shaft

T4

Steady state temperature 
(heater 1 hr operation)

MiTi BBearing housing
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Parameter Identification (no shaft rotation)

( )eq tM x K x C x F+ + =

Meq 

Keq 

Ceq 

Fext 

x 

Equivalent Test System: 1DOF
K stiffness, Ceq viscous damping OR γ loss factor

Harmonic force 
& displacements

Impedance Function

( ) i tx t X e ω=( ) i t
OF t F e ω=

2( )O
eq

FZ K M i C
X

ω ω= = − +

Viscous Dissipation
or dry-friction Energy

2
dis eqE C Xπω=

2
disE K Xπ γ=
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Effect of temperature on dynamic stiffness

Th = 23°C Th = 263°C
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Motion amplitude 
increases

Motion amplitude 
increases

System natural 
frequency

System natural 
frequency

Real (F/X) decreases with FB motion amplitude & 
increases with shaft temperature.
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Th = 23°C, 90° bearing orientation

Highly preloaded FB: K decreases as FB motion 
amplitude increases due to decrease in # of active bumps
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At larger FB deflections, static K is larger than 
dynamic K

Effect of temperature on structural stiffness
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FB stiffness & viscous damping
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FB motion 
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TEST FB cartridge OD is constrained within bearing housing.
FB radial clearance decreases as shaft temperature raises!

FB stiffness and viscous damping increase with shaft temperature and decrease 
with excitation frequency.
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Loss factor vs frequency
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represents energy dissipation in FB

The FB loss factor increases with excitation frequency and decreases 
slightly with shaft temperature. More damping expected in rotordynamic 
measurements

eqC
K

ω
γ =

Effect of temperature on loss factor γ
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This material is based upon work supported by NASA GRC and the TAMU 
Turbomachinery Research Consortium (TRC)

EFFECT OF COOLING FLOW ON THE OPERATION EFFECT OF COOLING FLOW ON THE OPERATION 
OF A HOT ROTOROF A HOT ROTOR--GAS FOIL BEARING SYSTEMGAS FOIL BEARING SYSTEM
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Mechanical Engineering Department
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Ph. D. Final Exam

Keun Ryu
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Objective

Quantify effect of cooling flow and shaft 
temperature on the rotordynamic 
performance of a GFB supported rotor. 
Investigate adequate thermal management 
strategies using forced cooling flow into 
the GFBs 
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Research tasks
• Revamp a GFB rotordynamic test rig for 
operation at high speed and extreme temperatures
• Measure temperature of bearings and rotor and 
the motions of rotor for increasing rotor speeds, 
shaft temperatures, and cooling flow rates
• Quantify effect of gas flow on cooling bearings 
(max. 500 L/min)
• Compare the experimental results (rotor 
responses and bearing temperatures) to 
predictions from an in-house computational 
program
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TAMU Hot rotor-GFB test rig

Gas flow meter (Max. 500 LPM). Drive motor (max. 50 krpm)

Instrumentation for high temperature

Free end rotor 
temperature (TrFE)

Free end rotor 
temperature (TrDE)

T5

Drive motor

Infrared thermometers

Flexible coupling

GFB support housing

FE
GFB

Hollow rotor

Th (Reference 
thermocouple to 

control heater 
temperature)

Infrared 
tachometer

Cartridge heater

Displacement 
sensors

DE
GFB

T10

Cooling air supply for coupling

Td 
(under cover)

Tout
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AIR SUPPLY

Gas pressure Max. 100 psi

Cooling flow needed  
for thermal 

management: 
to remove heat from 

shear drag or to 
reduce thermal 

gradients from hot
to cold engine 

sections

Cooling gas flow into GFBs

heater
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AIR SUPPLY

Gas pressure Max. 100 psi

Heater warms 
unevenly test 

rotor.
Side cooling 

flows cool 
unevenly the 

rotor. 

Cooling gas flow into GFBs

heater
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Dykas (2006): Investigates thermal management in foil thrust bearings. 
Cooling flow rates, to 450 L/min, increase bearing load capacity at high rotor 
speeds. Inadequate thermal management can give thermo-elastic distortions 
affecting load capacity of test FB 

Overview – Thermal management

Radil et al (2007): Evaluate effectiveness of three cooling methods (axial 
cooling, direct and indirect shaft cooling) for thermal management in a 
hot GFB environment

Component-level tests

DellaCorte (1998): No cooling flow. 3rd gen. GFB up to 70 krpm (2.4 
MDN) at 700C. Bearing load capacity and torque decrease with temperature 
because of reduced bearing preload.

Ruscitto et al (1978): Perform load capacity tests on 1st gen. GFB up to 45 
kprm (1.7 MDN) and static load 111 N with 110 L/min cooling flow at 315C
bearing temperature.
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Heshmat et al (2005): Demonstrates hot (650C) GFB operation in a 
turbojet engine to 60 krpm. Cooling flow rates to 570 L/min still give large 
axial thermal gradients (13ºC/cm)

Overview – Thermal management

San Andrés et al (2009): Forced cooling flow has limited effectiveness at 
low rotor temperatures. At high test temperatures, large cooling flows 
(turbulent) remove heat more efficiently.

Gases have limited thermal capacity, 
hence (some) bearings demand large cooling flows to remove 
heat from hot rotor sections.

System-level tests

LaRue et al (2006): Oil-free Turbocharger. Thermal management achieved 
by cooling the TC rotor and FBs. 

Lubell et al (2006): Commercial oil-free micro-turbines. Cooling air flows 
axially through hollow rotor ID remarkably decrease rotor temperature. 
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Why thermal effects are important?

Gas bearings (when airborne) are nearly friction free, 
hence the  show small (drag) power loss and 
temperature raise. With hot rotors the “lubricant” in 
the bearings must also cool components. But gases 
have small thermal capacity and conductivity, and 
hence, get hot! Rises in temperature change material 
properties (solids and gas), and most importantly, 
change bearing clearance! 
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Lesson from previous demonstration
NO COOLING FLOW!!

Damaged foil bearing

12/2009: HT GFB test
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Test Gas Foil Bearing

Test Gas Foil Bearing (Bump-Type)
1st Generation. Diameter: 36.63 mm

Foil material: Inconel X-750

Reference: DellaCorte (2000)
Rule of Thumb

2010: GFBs donated by KIST

Bumps Top foil

Hollow rotor (Inconel 718): 1.360 kg. Length: 200.66 mm. OD
36.51 mm and ID 17.9 mm. HT Coating up to 400C

UNCOATED TOP Foil !
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Foil Bearing Dimension

67Bump arc angle [deg]
2.25Bump arc radius, rB

0.50Bump height, hB

2.5Bump length, lB

4.4Bump pitch, So

26 × 1 axial Number of Bumps
0.12Bump foil thickness
0.12Top foil thickness
38.1Top foil axial length

Top foil and bump strip layer
37.95Inner diameter
50.8Outer diameter

Bearing cartridge
Parameter [mm]

Foil material: Inconel X-750

KIST FB uncoated (Gen. I)

Top foil

Bearing sleeve

Bump strip layer

lB

rB

hB
sO

α
Ruler: 0.5 mm
Each graduation
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FB deflection versus static load

Hysteresis loop : Mechanical energy dissipation
due to dry-friction between top foil contacting bumps and bump strip layers
contacting bearing cartridge

Room temperature tests: 
Estimation of bearing clearance
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]

 

DE bearing

FE bearing

FB diametrical clearance
~ 200 µm 

Load – deflection tests
(Cyclic loading & unloading)

F ≠ K X
Nonlinear F(X)

45° bearing orientation
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Oblique view

Thermocouples in test GFB

Four (4) thermocouples placed within machined axial slots.
KIST FB uncoated (Generation I)

Thermocouple 
(Bearing mid-span)

3 
m

m5 mm

g

Free end (FE) bearing

45º

T4

T1

T2

T3

Drive end (DE) bearing

g
45º

T9

T6

T7

T8

TrFE

T1~T4

Th GFBs

Free End 
(FE)

Drive End
(DE)

TrDE

T6~T9
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Thermocouples in bearing housing

1 in housing duct + 1 at outboard plane of free end bearing
Forced cooling stream temperature

Rotor (free end)

Tout
Bearing support housing

Heater

Gas foil bearing
(Rotor free end)

Bearing housing

Duct Thermocouple (Td)

Rotor free end 
(FE)

Rotor drive end 
(DE)

Thermocouple (T5)
Thermocouple (T10)
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Hot rotor-GFB test rig

Dimensions

44
.4

5

62.23

19.69

15
3.

04

144.78

15
.9

0

17
.9

0

254

50

180

200.66

Duct
Hollow rotor

Cartridge 
heater

15.90

17.90

44.45

36.51

Side view
Hollow rotorCartridge 

heater

GFB support housing

Free end
GFB

Drive end
GFB

Duct

5

Front view

Td

Th

Dimension [mm]
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Hot rotor-GFB test rig

Instrumentation

Foil bearings

Cartridge heater Drive motor

Mass flow meter
Pressure gauge 2

Valve 2

FB Cooling 
flow path Shop compressed air

(up to 1 MPa)

Valve 1
Valve 3

Pressure gauge 1

Pressure 
gauge 3

Heater 
temperature 

controller

~208 V AC

Temperature digital 
panel meter

Thermocouples (K-type)

Displacement sensors

FFT Analyzer

Oscilloscopes

Signal conditioner
Tachometer

Data acquisition board

PC

Cooling air 
supply to 
coupling

FB Cooling air supply

Infrared 
thermometer

Infrared 
thermometer

~
460 V AC

Motor 
controller

Tin

Thermocouples: 
1 x heater, 3 x cooling air

2 x 4 FB outboard, 2 x Bearing housing
2x Drive motor, 1 x ambient 

+ infrared thermometers 2 x rotor surface  
(Total = 19)
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Test Cases

Overall 1049 min

30503010010

30350301009

3035030658

3035030Off7

136350 → 250 → 150 → 50101506

266350 → 250 → 150 → 5010→ 20 → 301005

248350 → 250 → 150 → 5010→ 20 → 30654

108350 → 250 → 150 → 50 → 001503

84350 → 250 → 150 → 50 → 001002

87350 → 250 → 150 → 50 → 00651

Time 
[min]

Set cooling flow rate
(into two bearings) [L/min]

Rotor speed 
[ krpm]

Heater set 
temperature [ºC]

Test 
case #
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Rotor OD Temps. vs Time

Heater set temperature = 150ºC

Test cases #1 and #4  

Temperatures on shaft OD
increase steadily with 

elapsed test time 
at each rotor speed and

cooling flow rate condition 

No rotor spinning
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The rotor is a 
source of HEAT!

Thermal gradient
Hot to cold

FE rotor >DE rotor
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Duct & Outboard temperature rises  vs time

Heater set temperature = 150ºC

Test cases #1 and #4  

Tin ~ Tamb
Td > Tout > Tin 
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FE bearing temperature rise vs time

Heater set temperature = 150ºC
Free End Bearing

Mid-plane

T1 T3

T4

T2

T1 T3

T4

T2

T1 T3
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T2

Test cases #1 and #4
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T3>T2>T4>T1 due to 
differences in rotor OD temp. 
along its circumference

Rotor speed makes bearings 
slightly hotter (a few deg C)

10 krpm
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Bearing temperature rise vs duct temp.

Heater set temperature = 100ºC

Free end Bearing
Temperatures on bearings ODs linearly 

increase with duct air temperature as the 
cooling flow rate into the bearings 

decreases

Test cases #2 and #5 
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Cooling flow 
decreases

Cooling flow 
decreases
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Rise in temperatures: Duct vs Rotor OD

Heater set temperature = 100ºC

TrFE

Td

TrDE

DuctTh

Bearing  housing

Test cases #2 and #5 
No rotor spinning
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Cooling flow 
decreases

Cooling flow 
decreases

230~300 L/min

350~450 L/min

50~80 L/min

150~190 L/min

Td decreases with cooling flow
due to longer residence of air 

particles in the duct

Td increases with rotor speed
due to windage effect

Td

Td
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Bearing OD temperature rise vs. cooling flow
Test cases #2 and #5 
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Rotor OD temp. vs heater temp. (- duct ???)
Test cases #1~#3 
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Rotor OD temp. vs heater temp.
Test cases #4 and #5 
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Cooling Capability: Bearing OD temp.
Test cases #2 and #5 
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Cooling Capability: Rotor OD temp.
Test cases #2 and #5 
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The cooling capability of 
the forced axial flow on the 
rotor temperatures appears 

to have an exponential 
decay character. 

The cooling effectiveness 
of the forced cooling 

stream is most distinct at 
the free end rotor OD.

TrFE

Td

TrDE

DuctTh

Bearing  housing

Cooling flow rate increases

Free end rotor
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frequency contents of rotordynamic displacement

Waterfalls of rotor motion

Test case #4

1X

~250 min

2X
3X

1X 2X 3X

1X 2X 3X

~350 L/min 

~50 L/min 

Cooling flow

~350 L/min 

~50 L/min 
~350 L/min 

~50 L/min 

30 krpm

20 krpm

10 krpm

Baseline, Ths=65C

Drive End (Horizontal)

FV

GFBs

DV

FH DH

g

Free of sub synchronous whirl motions
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Rotor motion measurements
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Baseline, Ths=150C

Rotor OD temperature does not affect rotor dynamic 
displacements!

Waterfalls of rotor motion Drive End (Horizontal)

Test case #6

1X

~135 min

2X 3X

~350 L/min 
Cooling 

flow

10 krpm

DH

~50 L/min 
FV

GFBs

DV

FH DH

g
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Synchronous rotor response: effect of shaft temp.
 

FV

GFBs

DV

FH DH

g 
Free End Drive End

TrFE=87º C TrDE=54º C

Ths=100ºC, 30 krpm, 350 L/min  
Free End Drive End

TrFE=33º C TrDE=32º C

Heater off, 30 krpm, 350 L/min

Test cases #7~#9 

Flexible rotor mode at ~90 krpm (rap test)
Critical speed (Rigid body mode) ~ 5 and 8 krpm

No major differences in responses between cold and hot 
Test cases #7~#9
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Cartridge temperature 
(Ths) increases
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GFB TEHD model By San Andrés and Kim (2008)

Material properties (gas & foils) = f (Temperature)
Shaft thermal and centrifugal growth
Bearing thermal growth

Bearing 
clearance

Thermo-elastic deformation eqns.
Finite Elements and discrete parameter for bump strips.
Thermal energy conduction paths to side cooling flow 
and bearing housing.

Top foil & 
underspring 

Reynolds eqn. for hydrodynamic pressure generation 
Energy transport eqn. for mean flow temperature
Various surface heat convection models
Mixing of temperature at leading edge of top foil

Gas film

Excel GUI + executable licensed by TAMU
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Recap: test rotor and FB  

Outer flow 
stream Top foil

Bearing housing “Bump” layer
zx

PCo , TCo

Bearing housing

PaThin film flow

z=0 z=L
T∞

Ω RSo

Heat
source

Th

Cooling 
stream

Hollow rotor

Hot air (out)

ambient

Schematic view of rotor and heater cartridge 
+ side cooling stream

Natural convection 
on exposed surfaces 

of bearing OD and 
shaft ID
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T∞

TBo

TBi 

TFo

TSo 

TSi 

TFi

TCi 

TO

Tf

→S CQ
 

SoQ  

→BQ

→∞BQ
 

→F BiQ

→f FQ
→S fQ  

FQ
→F OQ
 

→O BiQ

Top 
foil

Bump 
layer 

Hollow 
shaft 

Bearing 
housing 

External 
fluid 

 Ω
dӨ

RSi RSo RFi RFo RBi RBo

SiQ
 

Q =Rq  

QCi

Heat 
carried by 
thin film 

flow

Heat carried 
by outer flow 

stream
: Heat 

(-)
: Heat 

(+)

QB

QCo

Drag 
dissipation 
power (gas 

film)

Heat carried 
by inner flow 

stream

Heat conduction 
through shaft

TS

Heat flow paths in rotor - GFB system
Heat flows &  

thermal 
resistances in a 

GFB & hollow 
shaft

Heat 
conducted into 

bearing

Cooling gas 
streams

carry away 
heat
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Input:
Measured ambient, 

rotor OD & 
inlet cooling flow 

temps.

Free end FB
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30 krpm: Test
30krpm: Prediction
20 krpm: Test
20 krpm: Prediction
10 krpm: Test
10 krpm: Prediction

predictions & testsBearing temperature

static load ~ 5.94 N

X

Y

Ω
g

Heat flux
Shaft OD → Bearing

Shaft OD → Cooling stream

Hot shaft
(isothermal)

45º

Θ

Top foil 
leading edge

Top foil trailing edge

Thin film flow

Bump strip layer

Top foil

Bearing housing

External fluid Load

Predictions agree with test data!!
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predictions & testsBearing temperature
Drive end FB
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static load ~ 7.39 N

Predictions follow test data: better at DEB since smaller 
temperature gradient along heater axial length
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Predictions: Temperature fields
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Test case #5
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the strength of cooling flow rate

static load 5.94 NFree End FB

Bearing stiffnesses predictions
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Free End FB

Bearing damping predictions
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static load 5.94 N

GFB rotorydnamic force coefficients do not change with 
the strength of cooling flow rate. 

Cxx > Cyy
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system and predicts the rotor synchronous responses 
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Coupling added mass and inertia

XLGFBTH
predicts synchronous bearing 

force coefficients

FE Model of Test Rotor-Bearing System
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predictions & tests

The predicted rotor responses reasonably correlate with 
the measurements.

Forced cooling 175 L/min per bearing

1X rotor response
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- GFB temperatures linearly increase with the inlet cooling air 
temperature.

- When the rotor spins, the bearing sleeve temperatures do not 
change with the cooling flow rate; albeit the rotor OD 
temperature increases with the strength of the cooling stream,

- The cooling effect of the forced external flows is most distinct 
when the rotor is hottest and at the highest rotor speed.

- Forced cooling flows do not affect the amplitude and frequency
contents of the rotor motions. The test system (rigid-mode) 
critical speeds and modal damping ratio remain nearly invariant
for increasing the rotor temperature and cooling flow strength.

Conclusions
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-A physics-based computational THD model predicts 
accurately measured FB OD temperatures for increasing 
shaft temperatures with cooling flow

- Rotordynamic analysis integrating predicted FB force 
coefficients reproduces recorded rotor dynamic 
responses with increasing cooling flow rate and shaft 
temperature.

Predictive tool validated & benchmarked to 
reliable test data base !!!

Conclusions
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Major contribution

The present work provides the most complete to 
date measurements of GFB temperatures and 
rotordynamic response thereby extending the 
GFB knowledge database. Comprehensive 
experiments and benchmarking of predictive tool
serve to advance GFB applications for use into
high temperature microturbomachinery.
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Topic
• Statement of Work & Sources for Presentation
• Objectives and accomplished work in 07-08

Computational model. Validation with published data. 
Rotordynamic measurements at TAMU

• Objectives and accomplished work in 2008-09
Description of test rig and foil bearings at TAMU
Effect of temperature on bearing temperatures,

coastdown speed and rotor motions
Effect of cooling flow on bearing and shaft
temperatures. Validation of computational model

* The computational code
Graphical User Interface. Further predictions

• Current work with MiTi Bearings
• Added value & closure
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NSF-Research Undergraduate Experience in 
Microturbomachinery & Manufacturing
To conduct hands-on training and research in 
mechanical, manufacturing, industrial, or materials 
engineering topics related to technological 
advances in microturbomachinery

To develop microturbines to enhance defense, 
homeland security, transportation, and aerospace 
applications. 

(10 students /year) x 3 y                          NSF (06-09) $ 259 k

Added value to NASA Project
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2009 REU MTM Program

Calvin CollegeMechanical EngineeringShane MullerREU student

Experimental Identification of Structural Stiffness and Damping in a 1st 
Generation Gas Foil Bearing for Oil-free MTM

Project #1

U. of Texas, San AntonioMechanical EngineeringJose CameroREU student

Measurement of Drag Torque, Power Loss, Friction Coefficient, 
Temperature, and Wear in a Foil Bearing & Coated Rotor System

Project #2

KIST FB

KIST FB (1st 
generation)

Oil inlet

Valve Open Valve Close

Rotor 
starts

Rotor 
stops

Constant speed 
~50 krpm

Valve Open Valve Close

Rotor 
stops

Rotor 
starts
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- To develop a physics-based computational model
of GFB including thermal effects

-To develop a fully tested and experimentally 
verified design tool for predicting GFB 
performance

- To measure the rotordynamic performance of a
HOT rotor supported on GFBs

- To quantify the  effect of feed gas flow on cooling 
GFBs

Closure: objectives accomplished

Predictive tool validated & benchmarked to 
reliable test data base !!!
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Back up slides
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THD Model Validation Bearings at TAMU

585968Bump arc angle [deg]
4.0794.1615.581Bump arc radius
0.5100.5400.468Bump height
3.9502.1003.742Bump length
4.6404.3004.581Bump pitch

24 × 3 axial 26 × 1 axial 25 × 5 axial Number of Bumps
0.1020.1200.100Bump foil thickness
0.1270.1200.100 Top foil thickness
25.438.138.2Top foil axial length

Top foil and bump strip layer
37.92137.9539.36Inner diameter
44.57550.8050.85Outer diameter

Bearing cartridge 

MiTi
(2nd gen.)

KIST
(1st gen.)

Foster-Miller
(2nd gen.)Parameter [mm]

Elastic Modulus 214 GPa,
Poisson ratio=0.29
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Static load test setup

Lathe chuck

Test bearing

Eddy current 
sensor

Strain gauge 
type load cell

Test shaft

Cartridge 
heater

Steady static load (or unload) proportional to 
linear movement of lathe tool holder

Thermocouples
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High temperature rotor

Inconel 718 shaft
: photos taken by manufacturer (KIST) 
prior to machining of threaded holes at 
rotor ends and coating shaft at bearing 
locations.

KIST proprietary solid 
lubricant (400 ºC)

NO COST!
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Closure Y2

ADDED VALUE: 
08 & 09 Summer NSF-REU in microturbomachinery 

educated six undergraduate students (US citizens).

Assess effects of temperature (to 160 C) on the 
structural properties of FB from static load (250 N) 
tests:

Loading and unloading tests show hardening nonlinearity 
and mechanical hysteresis.

FB structural stiffness reduces with temperature due to 
increase in bearing  radial clearance (atypical).

Model predictions reproduce test data, when accounting 
for thermal effects in materials properties and components’
expansion.
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