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Development of Design Technology to Increase Performance
and Load Carrying Capability of an Air Foil Bearing for
High Speed Turbo Machinery
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SUMMARY

I. Title

Development of design technology to increase performance and
load carrying capability of an airfoil bearing for high speed turbo

machinery,

II. Objective and Justification

Owing to the potential of operating in oil-free environment
and reduced vibration and noise levels, air foil bearing has been
received great interest from high speed turbo machinery community,
The main purpose of this research is to develope design technology
to increase the performance and load carrying capability of a
non-contacting air foil bearing. The result of this research will
contribute to increase an operational speed, to decrease vibration
and noise levels, and to eliminate lubrication oil in the operation

of high speed turbo machinery.

IlI. Contents and Scope
The contents and scope of research performed in the first stage
development are as follow:

(1) Development of multi-leaf type air foil bearing,
multi-leaf multi-layer type air foil bearing, and bump
type air foil bearing with increased performance,
damping, and load carrying capacity.

(2) Develop the method of Increasing the life of an air foil

bearing.
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(3) Design and building of four different air foil bearing

test rigs and execution of performance tests

IV. Results

The results of the first stage are as follows;

(1) Design technology of Air Foil Bearing is developed.

(2) Air Foil Bearing performance test rig has been designed
and built,

(3) The extensive bearing performance tests has been carried
out,

(4) The load carrying capacity and damping of multi-leaf air
foil bearing have been increased by multi-layer
technology

(5) The life of air foil bearing has been increased by using
the special coating of solid lubricant.

(6) The research for the new bump type air foil bearing has

been started,

V. Future Plan

The air foil bearing developed through this research has been
assembled and operated successfully in the turbo-machinery such as a
coolant compressor in the system air-conditioner and an air
compressor in the fuel-cell power system.

The applicability of air foil bearing will be increased in
accordance with its performance and load carrying capability. The
new improved air foil bearing which will be developed in further
research will increase its applicability to the next generation

turbo-machinery in the near future.



CONTENTS

Chapter 1 INtrodUCLION  ---ooeeeererrrrmrmmmmiie ettt e 1
1.1 ODBJECLIVES reveeveererssmrnmmmiiietii i 1
1.2 TRILTOCUCTION ++vvvvrrrrenrsrermnrmermmrerenisereresrerneninaeienssrrtististisiesesssaeseseresaans 3

Chapter 2 Development TTends « e 4

Chapter 3 Major Research Results oo 6
3.1 AFB Rig Test for Supercritical Rotor ..o 6
3.2 Development of AFB Performance Test rig «-eo-oeeeesesenaeneen. 27
3.3 Improvement of Damping Performance - ccooeeeveeminenrirmnineenninns. 45
3.4 Multi-layer Air Foil Bearing oo 50
3.5 Rotor Rig Test of Multi-layer Air Foil Bearing --eooeeeeeeeee 58
3.6 Development of the 2nd AFB Performance Test rig .- 72
3.7 Bump Type Air Foil Bearing ....................................................... 74

Chapter 4 Achievement and ContribDULION - eeveereereereemmmrriarmiiiiinnenene &7

A1 ACRhIEVEMENL «teeertrrrriimiiii et a e n e 7

4.2 CONETIDULION --+ccrvvrerermensermmminriemmmieiritertieirrriietrstrsrerrrniissarsraaeaasasies 88

Chapter 5 Future Plan - 89

REfOIreriCeSs - ocvereettetmiiniittii ittt et e see st e serea s essn b e s e s srraanaees 91

-.Vi-.



Al 1 A A B 1
A 1A AT TQA oo 1
DI L L LT OO 3

A 2 ZUY F1ETNE F B e 4

A3 A AFMLFEE WE D AT e 6
Al 1 A  Supercritical Rotor2} Air Foil Bearing 2 &A@ oo 6
Al 2 2 Air Foil Bearing A& Al &7] A i 27
A 3 A FAE Dampinge 7FAE AFB A e, 45
Al 4 A Multi-layer Air Foil Bearing 27 23 i, 50
A 5 8 Multi-layer Air Foil Bearing-Rotor & A& A3} ... 53
A 6 A 2¢+A Air Foil Bearing Al B 7] oo 72
A7 A Bump Type Air Foil Bearing QA 74

A4 ATNEETE GHE D PAIAE 87
A 1A AFHLET DAL e 87
A 2 A Y T O IE e 88

A S A AFNEATY BLAF e, 89

A 6 A F T FB oo 91

- vii -



W
i

|4

|
¥

|4
W O N O U A W D =

g™

|4

NN
U o L

[4

4

[4
e

L)

[4

[d

i L)

|4

|4

S I = I N R S e O A S
O OO T - O O OO O

o

|4

1)

a8 =3t

Bending-dominated continuous Foil ®|o]&]
Bending-dominated segmented Foil w|o]&]

AFB A3 & $]3t Supercritical Rotor Layout
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3=} stk & BIaMoME AEE 43517l 213 Rotord] FH]AFY(Runout
3, Rotor Modelling, Balancing AF})& @o¥3td 3, A8Ae} 1 &L
el stadct.

1. Layout

Supercritical Rotor?] AFB A|¥& $1%t Rotor?] F& FT4E3} Gap Sensord] &%
9]%], Balancing PlaneS 1§ 3o LtERfQich.

Gap Sensor #1 Gap Sensor #2

Thrust AFB

Front AFB Rear AFB

] L (

“““““““ =

atancing Balancing j

Plane #1 Plane #2 Balancing
Plane #3

181 3 AFB A8 & ¢]3F Supercritical Rotor Layout

3% 3of LjelH Rotord] £Zol: 506 mmo]3, FA= 6.36 kgl E Shafte] zfA
2 Type 410(Density 7800 kg/m3, Elastic Modulus 219 X 109 N/m2)eojt}. AF&¥
Radial AFBS ©td ZEutZHo] 40 mm ©o|32, Zol= 55 mm & 87] AMEE I oH,
Journal§-2] Shaft ZZ-2 50 mm ©|T}. Thrust AFBE 2]7o] 110 mm o], YA
70 om 2 7} Hof 1278 AM2E gt

Rotor?] 52 AEHA FFHE AF5F7IE o] €3t Charger Wheel & FHAF]
A =, FFE= &F5F7Y S AARLEN HAKZEE Y 5 Qch



2. Critical Speed Analysis

A ¥ & Supercritical Rotore] cth¥t ¥zt s 232} Critical SpeedE of 53}
7] 95t |2, Z2H Rotoro] thdt 2%tAlL] Impact TestE F3dtd A{IFFE
33t siA Azt vjasielct

15HA1e] 182 E4 ZHL fheel Charger?} Main Shaft7} AZAH Aefold &3
A7 25tAl= 1%HA Rotoro] Thrust AFB7} A¥E Atefold /A FF71 FAH
ot o|2HE AA HFY Critical SpeedE AFY = 33T

¥ 21948 17 Fs ¥l

1THA]: /3254 "] | 1st Bending 2nd Bending
3 A 46650 rpm 141498 rpm
Al 48120 rpm 144480 rpm

2etAl: 27254 dH]ZL | 1st Bending 2nd Bending
3 A 41526 rpm 132416 rpm
Al o 42120 rpm 129060 rpm

2 32} Z+2 Supercritical RotorE& AlA] A Ztslod Rotor Modellingz} Impact
Test® 4%stol I A vz uh, E 2, 37 Zo| Ho) el oXF 2E 7
o Z Lleluton, o|ZHFE| Critical Speed2} 1 Mode Shaped Tt} Zto] AIFd
2 olt}. o§7]A Z} Radial AFBQ] Stiffnesst= A8 A}z HE F3§2 1.4x10°
N/m& o]-&3}alch

olzf&] oA H= ul} Zo] 2708 Rigid Body Modes= 4218 rpm=} 7380 rpmoi|
22|51y, F3:Alel 1st Bending Mode?] Critical Speed:= ¢} 44,000 rpmol Q=
Ao g siMEden, 2vtAY AlFzt A XolQd oF 600 rpmE L ITHH A
Rotor?] Critical Speedi= 44,600 rpmo] Q= Ao g o ZHc}

2] 3% 60flA4 Front AFBZ} Rear AFBQ] $|X]= Bending Mode Shape?] Nodal
Pointol A gio] HolFThs A& o 4 2lom, o]Z2 Critical Speed F-LofA
A WP Foll Z A5 Pol WA o] =M, Damping Effect7t HXrh=
2 & ulgich



Fig, Mode shape, n = 4218, RPM

%l 4 1st Rigid Body Mode

T e ? 3

R

P el

Fig. Mode shape, n = 7388, RPN

% 5 2nd Rigid Body Mode

2 i

S S—
o T

Fig, Mode shape, n = 44889 RPM

Ly

%! 6 1st Bending Mode

< . ¢

i L

7
1/:'3‘_,,_/ v

Fig, Mode shape, n =147533, RPH
%! 7 2nd Bending Mode



3. AFEH W&o ALoF
A2 wojale] apekzl sfMef 23t e tlh&3t HrTh
7}. Radial AFB

H 4 Radial AFB2] A}tz M

273 (mm) 50
2 (mm) 55
ZdY AN 8
Zde] FHA/(mm) 0.15
8] F(mm) 0.015
2o upEAF 0.15
T2 ZE(mm) 40
Radial Clearance(mm) 0.1
Load Capacity(N) 311.06
Stiffness{N/m) 1.66 x 10°
Damping(Ns/m) 469. 075
Lift-off Speed 11,000 RPM

Radial Load Capacity of 40mm Radial Bearing(Z055mm, CL=100um)

40000 —p--meeee s S R S 18

: ; E 40 Radial Bearing(ssh 55mm) : E :
25060 —poommmmaee RS ., AAAAAA O Loadapaciy | a4 n
' : ; A Hme ; ; :

R T e e A At S — 12

L I i T il RECEEE TR EEEEREEEY: /SRR S +
; j ! J

Load(N)

Y S— — RPN SRR RN SRS S - S I A -

e R S R AR SRLLELSREDIRPRRERESE -

L N - N N R S L4
. . | : : : : . :

I R T T i oo - 2

0.00 i ; . ; f } t I 1 0
10.00 30.00 £ To.0¢

50.40 %000
0.00 20.00 40.00 £0.00 80.00 100.00
Off-Center of Rotor{um)

1% 8 Load Capacity of Radial AFB

Hmin{um)



L}, Axial AFB

£ 5 Axial AFBY] A}okzl A%

2|7 (om) 110
w73 (mm) 70
Zdo J 12
2d2 57 (mn) 0.15
8] =7 (mm) 0.015
2R 2] nbEAS 0.15
ZYd2] ZE(mm) 125
Axiall Clearance(mm) |0.2
Load Capacity(N) 600
Lift-off Speed 675 RPM

Axial Load Capacity of 110-70mm Axial Bearing(60,000RPM)

§00.00 —-=------- T S T g 60
A ‘ 110-70mm Axial Bearing
H . ! Load Capacity
500.00 — <= Mg -m o - e - LU U PSRRI AN SR Y SV & 50
400.00 —
=z
3 Y [ R “ChEEr doeens B e B e - 30
o
—
200.00 —
10000
0.00
& 100.0¢
0.00 40.00 80.00 120.00 160.00 200.00

Displacement of disk(um)

18! 9 Load Capacity of Axial AFB

4. Rotor FH|A}3
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Eiw rl&ﬂiﬂ!w

AFBo.Z2 X|A|H Rotor.‘l] Bending Critical SpeedE® Z2}3}7] 2138t A8 S #1314

Rotor?] F4E2 8 Adsigdon, 7z FTHEY YL 7153 8 2¥L
2 3ty TAHE2] BEH/_?EEJOH o} Runout} Residual Unbalance®] 37|&E # 43}
bA=2

7}. Runout &3&

043 A st 9lo] BalancingE F¥sl7lo] UM FHHEE L HAF | Ho} 3=
A0 Runouto] Q& dl, 2 Ar|: AALEF 1/100 mp o]35tE FA|Folof i)
B2 Ao A Rotor?] RunoutZFA S 17 103} 11042t ZHo] Charger Wheelo] =¥
7] A - 2 U] oA Runouto] EAFEFon, thiF-F2 FFHelA 1/100 o o]
slojadtt. eyt 2% 119 Charger WheelZ} Thrust AFBollA] T}4: Runoute] & A
og HARgon, of ¥EoA2 Runout EIE Unbalance?] 522 el
07 oAatsgle] 18 3¢] Balanacing Plane #12} 3ollA #2H o2 AHAE 4 A
oz Azt

_I_/'*
Z1
>

N
R
2
=

1/100
1/100 0.2/100

0.6/100

1.5/190

2% 10 Shaftol A 2] Runout &3

4/100

53

L}, Balancing 438

2 A}§ & AFBE X|X|¥® Super Critical Rotor?} QYA E|A Critical SpeedE =2}
3t=R & doll e A|PLE 2ZX2] FJ]+= Rotor?] Unbalanceol 2J3] 713 2 o

-11 -



3ro w7 o, A3 AL 95t ol = JHe3t BalancingE Zb F/3E0l
z3yd wjoic} AHREF Eol7] ¢sle] whE £33tdct 28| 2§ 64 Rotor
Bending Deformationof 2]3t o33k XA 3}35}7] 2|3} Balancing Plane& 1% 12
9} Zro] 3712 U}ro] Residual Unbalance?] #37} Bending ModeE 71313}7] U=
2 3}odch Balancing® $13t 3 ALELE 2180 rpm oW, Balancing Machine?]
Bearing X|X]%-= Radial AFB{-2] F4l¢|x]o|tT}.
Charger WheelJ—]--‘= 2t2g] Thrust bearing2 A 2|1 Case RFA
© 2 Balancing 43 A] Thrust Bearing®] =3l/ZZ ol 2]t ¥}
t},

}~

J[u: e

=l ot =
KX 013
o=

Balancing Balancing Balancing
Plane #1 Plane #2 Plane #1 o

Balancing Machine Bearing X #| % 3

0% 12 &AH ZYH Super Critical Rotor?] Balancing

X 6 A Z#H Rotor Balancing 3 A] Balancing BHEAl el

Balancing Plane #1 #3 AR3k

Initial Unbalance 1.48 g-mm 30 &= | 22.5 g-mm 212 =

After Balancing  |0.63 g-mm 290 % |0,25%0.50 g-nm 30 &| 2 120 O

b = 407 mm
12} 2sf/22  0.70 g-om 290 =| 0.43 g-mn 0 = c= 33 m
2z} 2o/ =¥ 573 g3 0.33 g-mn 180 =

2]2] Balancing Z3} =48] Balancing Plane #12} 3ofjlA= Xt} 0.5 g-mm A =2
Residual Unbalance?} 9l A0 Z BIthE|, 1st Bending Modeol] 23t AHF S &

H}H o7 FY 4 9= Balancingo] £3H Ao g MzZIEIcl %33 0 F Residual
Unbalance& 7|1ZE A4HH 60,000 rpmQ! 3] HAof thal Balancing Qualityi= G
0.5 SFoltt. olg¥ ugt2 I3l 104 Shafte] 7}& Adef= Thread F<
Balancing Palne #12} #3& HA|&3t HEojA vf§ Foow, F 62 Initial
Unbalanceol| ] H = u}le} Zto] R#E]= Charger Wheelz} Thrust Bearingoi 2]3}
UnbalanceZ} WAE 02 5 £2] Residual Unbalancet= Plane #13} #30] Q= A

- 12 ~



® 7 &¥d %23 Rotor Balancing 438 4] Balancing Planeof u}& Balancing 2

2z} &3) Balancing Plane
_ AR
/Z¥] ¥ #1 #2 #3
a=150 mm
Case 1 0.44 g-mm 240 = 0.45 g-mm 160 %= | b=407 mm
¢=33 mm
a=150 mm
Case 2 0.44 g-mm 300 =|0.75 g-mm 150 = b=190 mm
c=185 mm
a=40 mm
Case 3 0.37 g-mm 250 %|0,63 g-mm 150 = | b=218 mm
¢=33 mm

g3 3E 7oA Case 1X.TH= Case 22} 3oflA] Fof 91x|&t #22} #3 Planeol| A
ClA& A Ve #12] glate] W= o), o] 22 Residual Unbalanceol 23] wAd
El ZFe Momento] th3} Case 12| Balancing Plane 7Fe] Azl vl 7] uhEol
Z} Plane?] Unbalance?} A LR35, Static Unbalance HFolA o]& R AI31Y]
2] #1 Planel] ¢jAto] WAl Hcth 2|3 218 FEXHE Residual Unbalance?]
ZQol2 Balancing Plane #3¢] Q= ZH o & BittE|L}, Thrust AFB2] E3l/ZX 3o
2|3 UnbalanceZ} WAEE ZA2ZE I 6ol Hi vi} Zo] AAAF|7]odl= ol

<°| glch
5. Unbalance Response®} Bearing Reaction Load A4}

A|E 2L 317]o] YA Super Critical Rotoro] C3t Modellingd ©]-£3}H
Residual Unbalance”} Balancing Plane #12} #3¢] Qle= A2 F 7}A 3} Unbalance
Response®} Bearing Reaction LoadE& A4l3}git}. o] @ %t Unbalance X 7132 4
of] ] AZ3t v}t o] Turbo Charger?} Thrust Bearingol 23] £ Unbalance’} &
QY 4 gdon, 23 10042} Zo] Shafte] 7FEAel7t @3 3| Balancing Plane
#20]] UnbalanceE BXEA]|7|Z2] ¢taltl. EF BalancingS 4383e] Qlo] X 62 Z+
o] Thrust Bearing®| F3ll/Z3]oll 2]t Unbalance ¥Hg/dol @271 glo] Alitel ¢l
8% Unbalance 3Zt& AlA] Rotoro]] Z&x|3l= Unbalance Zto] ofuin, gte3]
Response®} LoadZte] AZIE F3}7] ¢13F dd=Hkoltth. 18]35 Rotor Modellingel]
&%l Radial AFB?] Stiffness®} Damping Coefficient:= Z}zZ} 1.4 X106 N/m2}
540 N/m/sec® 62] A|F A3 BEHog 1} ZAztolrtl. ¢4 Balancing Plane?}

- 13 -



UnbalanceZ}2 Tl Zonm, & 32] Gap Sensor #13} #20§jA Unbalance
ResponseE Front AFB} Rear AFBojlA] Bearing Reaction Load Z}& A4rstacl.

¥ 8 983 Balancing Planez} Unbalance g

Unbalance $|%] Balancing Plane #1 | Balancing Plane #3

Unbalance 7] 0.44 g-mm 240 = 0.45 g-mm 160 =

7}. Unbalance Response

X 82] Unbalance +3tofl tf3l Gap Sensor #132} #20]|4 Unbalance ResponseZS A&t
sty 23 132} 140 Lleh it} RotorE %3t 10,000 rpmo] =& wf 71x]
27§2] Rigid Body Modeol &]%F o] £7}5Ix|gt 1 A7|= ¢k 0,01 mn o] E uj
¥ ol AFBoll= ¥ Fe[7l ¢l& ZoE HAHHch I3 HAKEI FUhshY
Critical Speed?] 90%2! <F 40,000 rpmol] =3l els 2 F7]7} 0.01 mn & YX|
otom, 2|3 Critical Speed® ¥ uwf Sensor #1ofA 2] AZA7|E= et 0,075
mm ©]3, Sensor #20]lX&= 3 37|71 ¢F 0.150 om BEZE 1.0 nm Yo]F Sensor}
o] HFol doutA] & Ao miviHch

3% 1504 2] Unbalance Responseo] T3t ZrjHd 2o T EE Amplification

Factor(Q Factor):= ¢} 37.5 A %o|x, o|EHE AAYH Damping Ratio( ¢ )=
0.0133 A == AFB2] Damping Effect7} UH zte Zl o 2 Llelylch
fob ject Rig Relative displacement 25 - 9

Dmm x10"

.800

640 7

480

320 7

160 7

.000 T T T T T T T
.000 900.0 1800. 2700 3600. 4500. 5400. 6300. Nrpm x1 o'

1% 13 Gap Sensor #1904 2] Unbalance Response

-14 -



Si:Ol)ject Rig Relative displacement 25 - 16

150

080

060 7

030 T

T T U

000 T T T T
ooo 9000 1so0.fl2700. 3600. 4500, 5400, 6300. Nrpm x10°

2] 14 Gap Sensor #20]4]2] Unbalance Response

EOb,ject Rig Relative displacement 25 - 16

O mm
185 7 Xmax
a5 - Amplication Factor
0.707 Xmax Q=1/(2 § )=t/ (f2-f1)=37.53
108 & =0.0133
.075 T
.045
fl fr| £2
.018 T T T T T T T

4000. 4150. 4300. 4460. 4600. 4750. 4900. €050. Nrpm x10"

13! 15 Gap Sensor #20]|A4] 2] Unbalance Response

L}, Bearing Reaction Load

O3 162} 172 Front AFBZ} Rear AFBoA]2] Bearing Reaction LoadE& U}EpWTE
A4tZA 2t Criitcal Speed?] 90% 4=F<l 40,000 rpm 7}X|+= Dynamic Load®] 7|7}
10 N o]3lE mf-® tAHE ], Critical SpeedE E}3¥ ol Front AFBofjA] <F 150 N
A 2] Dynamic Load2} Rear AFBojjAl= ¢F 80 N A= 2] o] AR = HOFE LIE}
uth o] zk2 ®xj U= gl AFB] Load Capacity(eF 300 N)of w]s] 2t 3t
© % Bearingo] 3] AW 3= ZoE Az}

2 AlEZ BAoA U2 Damping Coefficient7} ol4tRrTl 22 ZALoj:=
Unbalance Response®} Dynamic Load?] 3Zto] 1/ ¢ o v 3= Helg 271514 H
t}h.

...15_.



Object Rig Load in link 1 (¢ 12 - 29)

F[H]

150.0 7

120.0 7

90.00

60.00 7

30.00

00D T T T T T T T
.000 900.0 1800. 2700. 3600. 4500. 5400. 6300. Nrpm %1 01

1%l 16 Front AFBof|A]2] Bearing Reaction Load

fob ject Rig Load in link 2 ( 22 - 3@)

£ {H]
80.00
64.00 1
48.00
32.00

16.00 7

T

000 T T T T T T
.000 900.0 1800. 2700. 3600. 4500. §400. 5300. Nrpm x10"

3] 17 Rear AFBA A 2] Bearing Reaction Load

6. ABAA U &4
28l 3z Zro] A2 Rotorof thsle] 4o dZH Runout FQI} Balancingd 4
= 0

B F, AFZIE ©l €319 RotorE FHAIZTE HALE Ao FIFH
[=]

53712 7S ol&stalct

-~

=]

A

7} olelAlE

i
oX
o
e

Rotor2] Bending Critical Speed® =2}3}7|ol &tA Rotord} Al¥a|2e] ¢

_16_



313te] 25,000 rpnzt 40,000 rpn ¥ HALToIM 43] WHA P FAstadrh
AuAEAT TIHE ASFrna A5 25} 8o whS Fgron, AS
T o] otAHo|rt, ¥ 1804 HUHFEL Rotor?] Rigid Body Mode®} Rotor
Rubbingo] 2]3! o&ko g z2Zo| ZJI3t HEOZ o|ZFHE I3+ AFBY| Radial
Bearing Stiffness= 1.4 X 106 N/m % £0]3, Rotor®] Lift-Off Speed= ek 8000
rpm AEE AZEcl ol AAEL VEARE Filo fAR AANE €S
7} Qe Zela AlgAelA 1.0 pn B IFAZE HEHIL e d, oA
AFBLZ =|x]¥ Rotor APl FEHOE FAX = ALY AFBY 57l 2
Zole} =tehECl

(% o

Front Vertical Vibration(Supercritical Test, 2000.02.21)
20.0 —

— 150
180 —

16.0 — Front Vertical
——E— 1X-Mag — 100
R bt 1X-Phase

120 —

—_ — )
c 12.0 )
2 o
= 2.
o 100 — s [ — 0
= Gmmmm o B =
o R x»/? b
2 ~ 2
> 8.0 — N =
VY )
v
60 —
— -100
4.0 —

20 ~
T Ep—— - o~ - -150
e s e = P ~ i -~ /
G i e = = i e b
> Bt

0 5000 10000 15000 20000 25000
RPM

23 18 Gap Sensor #1064 2] Unbalance Response : A| 3

L}.Critical Speed T3 AlY

Rotor®] Critical SpeedZ E2}3}7]o] &A 42,000 rpm=} 43,000 rpm 72| 4%
25 Z7/MFIEA EF FH MY AFAINE BUEHSY G F7HEE FUAsA
3, Critical SpeedZ E2}3}7] 913t HAZ] S8 FIHXI= ZAHThE=E wES

=2 HAGSEE F/MIIE AFe] A FIIstA de=the wietolzl oF 42,500
rpnRE] 52 ZJ7IA|F Critical SpeedE =23l stlt}. Gap Sensor #12} #2
o] 4 2] Unbalance ResponseE 1% 192} 200 ulepuigict. 2 ZA 2} 42,000 rpm o}
ol = Tl B, 2 AA7I7t FA|RE 42,000 rpm o]l = HFo] A

- 17 -



7hste A& o & olch

Front Vertical Vibration{Supercritical, 2000.02.22)

250 — ,
225 ~ } P 150
Front Vartical j
S X MagQ H
20.0 ~—{ 3 ST 1X-Phase J 1 L 100
175 ~
rv 50
E 15.0 — L
g 12,5 —~ 0/‘\0 ‘\O’I ‘ “\ Y )
= o ’
S
> 100
= -50
15
— -100
b= -150
.
) 10000 20000 30000 40000 50000
RPM
2%l 19 Gap Sensor #1ojJ4}2] Unbalance Response @ A|¥
Center Vertical Vibration{(Supercritical Test, 2000.02.22)
80.0 —
I~ 150
700 ~
— 100
60.0
Center Yartical
£ 1X-Mag
so0 <] e 1X-Phase - so0
E
=2
[~
S 400 —| — o
®
2
>
30.0 L s
20.0 —
— -100
R - s SO NS ol e L
X ade3.; -150
00 1 | — i I
8 10000 20000 30000 40000 50000
RPM

2% 20 Gap Sensor #20§|42] Unbalance Response : Al8

_18..
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3] 23 20004 W HALEAM AFo] tia A UE d oA Fel
gt 137} olg} Gap Sensor ZAHoA 2] Mechanical Runoutz} Electric
Runoutell €]3 FFO T Wersn, o] AL 13 20014 41,000 rpn olold AF
of ZaSHE AoERE U 4 otk

A%l F7]= 17 62] Mode Shape S ZHE| Gap Sensor #22] $]x]ofA 2Fo] ¢
A Z7ste Aeg yeixtoo, Hrf 0.066 mn FEolgch 1y oERE AF
2 oF 43,000 rpofE] 2Fo] ZUxty] F71817] AlRSted 1 A7) 45,390 rpmoflA
Zch7t ©g o, AFBoll Failurer} Agste] ¥ Ho| FA|EAct

=%
=
2]

Front Vertical Vibration(Supercritical, 2000.02.22)

30.0 —
s [ Front Veartical } e
B 1 e 1X-Mag
25.0 — B et 3 T 1X-Phase
/
[/ I 100
225 H
)
20.0 — i
7 ‘,‘ t— 50 .
G ; o
175 — kY
2 L e L | ' >
(= i3 e T - [
.g 15.0 — / ————— & l— o e
o S o
o p ©
= 125 — o4
2 v £
E [~ -50
10.0 — )
75 S <
B 5 — -100
el
* M’J
25 ~ - - 150
0.0 T T T I T T T I T | T
40000 41000 42000 43000 44000 45000 46000
RPM
121 21 Gap Sensor #1ofj4] ZtfH Unbalance Response : A| 3

40,000 rpm o]AroAe] AZ AT E T 219} 220 UEehfct. oA 43,000
rpmoll A 45,390 rpm 7H2|8] &= FIHEL 6150 rpm/sec FEolti g
Unbalance ResponseEX-E] FailureZ} ¥ojyt 45390 rpmE& Critical Speed® 128|3L
A5 x| 2 75t 27 159} 2 WHO=F Amplification Factor& 3}
gom, 71 k2 ¢F 36.0 oltl. o] ke o]-&3to] AFBL] Damping CoefficientE
3% 4 glen, 1 k2 ¢ 540 N/m/sec FEolth 3yt o3t 7H3S whe
3] Damping Coefficientd FA3}7] 913t 7IACE AAZEE ¢ 2 XZo] UAE
|, olo] wlel Damping Coefficient: © 22 Zlolg} Azt®crt. 2eji 2 69f
A R u}e} o] Front AFBz} Rear AFB2] $|X|:= 1st Bending Mode Shape?]
Nodal Pointo ZHE @z Wolzl o] XS 2 Damping Effecte= ] S ZoE
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o At=] o] Radial AFBE©] Nodal Pointel] 717t =x]= Ao+ 1 Damping Effect”}

o Z4d 4 gre] gich

Center Vertical Vibration(Supercritical Test, 2000.02.22)

80.0
-
= 150
700 — Center Vertical
e 1X-Mag
B 1X-Phase
/ — 100
60.0 — [
)
- - so
500 —| —
= o
€ ®
2 o
= [}
2 400 — — 0 Q
s S .| e
2 h ©
> &

300 —

20.0 —
— -100

100 —
~ -150

0.0

40000 41000 42000 43000 44000 45000 46000
RPM

8l 22 Gap Sensor #2o]|4 EtfH Unbalance Response : A|H
7. AFBoj| A 2] Deflection} Load 3l
Yol A e WS HYHE Yo} TsE AW HHABTRE dFstct
7}. Critical Speed Analysis

Critical SpeedE E¥ ull, Front®} Rear AFBoJA{2] Deflectionz} Tansmitted
Total Load& AAt5}7] 13t Rotor?] 1st Bending Critical Speeddl] 3w}
Mode Shape® ZER-E] Gap Sensor®} Z} AFB] x|, 2] Att§=A Q! Responsed] =
71§ 28 232} F 9o Liepjgdtt. o7l AlrfAel = 7)E RotorZ} Critical
Speed2 ¥ AY ul, 1st Bending Mode Shape¢l] 3] 3l= ResponseS Ko FA I
i, 1 Bending Modeol 2]3} Response?] 7] H|7} Mode Shape?] Attjz el H| &=
LEh Rtk & ou|dict
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- Z Front AFB Rear AFB T I

L2 4 5
f A z
F—‘:‘-’_’_/_/— 6
3
Gap Sensor #1 Gap Sensor #2

23! 23 1st Bending Mode : 44,600 rpm

X 9 Mode Shapeof| A& At <l = 7]

B 9A 1 2 3 4 5 6 7 8 5/1

Atcjdel 37111.85) 2.6 [ 5.2 { 6.2 | 7.0 |-0.2!-3.15|-5.9(3.78

1}. Static Deflection

AFBo| 4 2] DeflectionZ} Transmitted Load& -13}7] $135te] Rotor?] =}Zof 2j3h
Static Deflectionz} ¥ Aol 2|3t Dynamic Response® &3t 1 kS AAbslad
th. ™A Static Deflection® T}23} Zth Rotord] =}Fo] 2J8 Static
Deflection& AFB2| Stiffness Coefficient(l.4 X 106 N/m)E& o]|&3ld & 107}
2ol AxtstAch

X 10 Front2} Rear AFBojA]2] Static Deflection

Front AFB Rear AFB
Static Load 45,60 N 16.77 N
Static Deflection 32.57 um 11.98 um

—

o 7] 4 2] Static Deflection® Dynamic Response’} 9]&} ZH2 DeflectionS ZA1O
2 HAge 2g du

C}. Dynamic Response?} Load
AldZAR2He 33 239 Front?} Rear AFBOlA Unbalance Response?] I7|&

7] %13t Gap Sensor #12} #2064 =<3} T&oA] Z2AH 1x 23} HE] =)
S 3 1o vehfalch
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¥ 11 Gap Sensor #12} #20f|4 2] Unbalance Response

JALST Gap Sensor # 1 |Gap Sensor # 2
2] & 1.4 um 0% [|5.6 um 223 =
45390 rpm 23 um 0% |66 um 350 =

2]2] HollA] Aol A 8] Response= A &ollA Critical Speed?] & 91% 3 A&%7}
2] UElUE ko' 22 Conical Modeo 2]} Responseol™, 1 g 3ro] 1ol
o] AEo7z] ABA YA HYL njW Aoz AMZHCTE o]y Hor 45390
rpmofl A ] Response= Rigid Body Mode®} Bending Modeol] 2]8t HFOF L}Fo]x]
o, O 78S AvEd ¥ 122 Zrh
H 12 Unbalance Responseo 4] 2] Rigid Body Mode$®} Bending Mode 2|
Gap Sensor #1 Gap Sensor #2 Bending
Hass
Mode 2]
Total response : 23 um 0 = |Total response : 66 um 350 =
Aeid el
Rigid Body Mode} Bending Mode |[Rigid Body Mode| Bending Mode =
45390rpm
1.4 ym 0% 21.6 um 0% | 5.6 um 223% |69.5 um 354 = 3.22

2]2] T4 Bending Mode®] Attf&<el =J]= Gap Sensor?} AU+ 13 232] 12} 5
ol A} %4=%t Bending Modeol] 2|%} Responsed] AtiH<¢l 37]& UehlEs Zoz o
3.22 olt}. gL} o] Zk& F 99 Critical Speed AnalysisofjA] €2 3.780f H|3j
My 28 7107 Gap Sensor ZF 2] Runouto] &J&F A1F(eF 13 um 1L9]),
Critical Speed oAl Rigid Body Modeo| 213+ 383z} AlRolN WAHE o}
Soll g3 Fud ez FZdrt

Gap Sensor ZHAQl 13} 5olqe AlrjHel 27| & 7|22 E 99 T4l ol: 91X
ol A AchH el A7} Zt Mode®d Unbalance Response& A4tste] I 13¢] Liehfied
Tl 45390 rpmof|A]2] ResponseE Rigid Body Mode2} Bending ModeZ +2]3}oq
Rigid Body Modet:= A2|o] ulE w3 WAE 12]3 Bending Mode= FHH AJrh3
ol 271E ol &3t HE]H 2 E A4St Unbalance Response& AlxtstscTt. E 13
o A Aridel Z7]Y £ A 2E L Bending Mode Shaped] Fefof ofzte]
HILE 7P A "k
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X 13 7} Modeo]] m}E Unbalance Response®] &3

T 1A 1 2 3 4 5 6 7 8

apejs | 489 | 1.85 | 36 | 52 | 62 | 7.0 | 0.2 | -315 | -5.9
!

A 37| 2m=| 185 | 3.06 | 4.42 | 527 | 595 | -0.17 | -2.68 | -5.02

[«

Rigid Body Mode| 1.4 um | 0.8 m [ 1.3um | 2.3xm |5.6xm | 9.3xm|{10.4um|11.5um

Bending Mode [21.64m|35.7xm|51.6 4m|{61.6um|69.5,m}-2.0,m|-31.3xm|-58.6,m
Total Unbalance
Response 23um | 36um | S51um | 60um | 66xm | 11 4m 40um 68 um
at 45390rpm

o|ZHe] Zt AFB7} Q= 3z 7o AWE = 45390 rpmolAl 8] Transmitted Dynamic
Load:= Response’} Z3tg-%& 3tttz 7M1 stA 23 Zo] AAtd 4 Q.

FT = CX'+KX = (jCw+K)X
Abs(FT) = X{(Cw )2+K2}1/2 Al (1)

2} Alof|A] Bearing Stiffness®} Damping Coefficient:= ZztZ} 1.4 X 106 N/m2} 540
N/m/sec® 2 Front2} Rear AFBol] A dXl+= Static Load?} Dynamic Load= T2}
Zrt.

F 14 Front2} Rear AFBojjA{&] Staticz2} Dynamic Load

Front AFB Rear AFB
Dynamic Max. Total Dynamic Max. Total
Static Load Static Load
Load Load Load Load
194.7 N 133.6 N
45.6 N 149.1 N 16.7 N 116.9 N
(19.9 kg) (13.6 kg)

2l2] HojlA R%o| Front2} Rear AFBoll ¢} 195 N2} 134 N H £2] Load7} UAdo]
3 Q= o], o] 3k AFBE] A %] 300 Noj] |3} 2r& 7O F Transmitted Total
Load #doll & AFBe] 2 F2]7} ¢l& ZL=E wmichHc]

23 2} AFBoAM e $5& ¥ 159] T3 e ddo £58 3HA St o
71«7 2] o= Hojd] FAHAAE FALE oo X3te A& ou]gict
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H 15 Front®} Rear AFBoj| A 2] Rotord] %44

Front AFB Rear AFB

24 914 2 3 4 6 7 8
St at i c

. -35um |-32.5pgm|-30um  |-14.5zm|-12um {-9.5um
Deflection

Dynamic Response |36 um 51 um 60 £m 11 £m 40 um 68 Lm

Min. Deflection |l um 18.5um |30 um -3.5um 28 um 58.5um
Max, Deflection [-71um |-83.5um|-90um |-25.5um|-52um |[-77.5um

212] EoA Front AFBZ} HSAH 2, 3, 4ollA] 4] ¢|x|7} 2|3 Rear AFB2} T
A 6, 7, 804 8He $|A| 7} Deflection®] Z7|7t A ZA Ui e d,
o] 712 AFB2] Air Thickness7} A g2 A& oulste Zo2 2= AlY &3,
Bearing?] Failure7} dold 7lsAdo] Ald HL2 o g AMz=c)

= A ZHE AFB Journal®] Radial Clearance= 100 zmo|X]2t A=A Journal ol A
ol 758 H4L2 80 ~ 90 umZ, 53| Front AFBOME Z|t] 0um FE2]
Deflectionoll 2]3} Foil2}2] Rubbing HAto]l Aol rhsido] 4P £ Ao
gickd el (232 AFBLE | X|H Rotor SystemsofA] AFB2] Stiffnessi= Static
LoadS |23tz WFLE IA HI, +BEYFOZE A Fol 99 For A4t
H Max. Deflection gt AA| 7t A el Zo=F o 4Hcl)

8. A& W Ry
Super Critical Rotorel] cth3l sjAzt xAPZA}ZHeE| AFBAIA 2] Deflectionz}
Transmitted Total LoadE o|&3}3, QF¥ 3t Critical Speed EHE 23t Mot

A x| st

7}. B2 A2} Radial AFB®] Stiffness Coefficient: ¥ 1.4 X 10° N/m A Zo|d,
Rotor®] Lift-Off Speed:= 2} 8000 rpm & Eo|t},

L}, Critical Speed BZA] ¢t 42,500 rpniE HAEEE Z7IAA EA78
3121} 45,390 rpmol A FHo] Fx|E 2 om, | AZAE 66 um olTh,

Cl. XZA1% FXE Amplification Factor= ¢} 36.0, Damping Ratio= 0.014,

2|3 Damping Coefficient:= XZ|t§] 540 N/m/sec® ojA4}tE|o] AFB2] Damping
Effect7} uf-9 Zic}.

- 24 -



2}. Front2} Rear AFBoJA¢] Deflection®] F7|&= Zth 90um®} 78um FEZ AFB
Jour'naILHOHA-] o|% Fpsolodel 80 ~ 90umol w]E| ZAL u[ET ddo
Front AFBoJAli= Foilzte] Rubbing Wegol eeld 7bsgdel mhe &rh.

o}, o] &3t Deflection® % <13t Front2} Rear AFBoJA12] Transmitted Total Load
© of 195 N} 134 NO.Z AAA] 300 Nof WlsiAE e Ao= WL

H}. AFBS] ZfMwbsFo £ Journalife] Deflectiond ZrAA|F|E ®wW3ko g AAMH
A3t 2ANEE +Rste 2o uAAs, o] F 9iste] YT Static Load?]
9} Stiffness®} Damping Effect® Z7IA]7]= Fo] £ & ZoE HZHch 19
L} Dynamic Load o= Dynamic Stiffness®] Z71% QI3 DeflectionS Zr4
stz gt, F #e] F<l Dynamic Load HH 1*1-“*‘ Fchgt A& Jlchstrl= ol ¥
& Zo® AzbAch 2|3 AFB $iX|of 23t IS XU ol HAEA
Aol it s Al FZol 27t

u}a}A] Rotor7} QB E A Critical SpeedE E2517] 9151A = AFBY] Deflectionz}
Transmitted Load #EJA Thzt 22 F4do] Hesirh HA A(1)olM He u}
9} Z+o] Load= Deflection}?] 3 UAZ Deflection?] ZrAE Load?] ZtAE 7}
oA &t 2yt Deflectiong Ho|7] 9% Dynamic Stiffness(={(C
®)2+K2}1/2 YollA 2] &7t Z = Dynamic Load?] ZF71E 71H A 2 ZE Load?
At AN FIchstr] 7t of ok
o]H AofA] Deflectiond ZrAA|F|= ulQto]] tfs] £HFHLZ =3}H, Deflection
S 3AA Static Deflectionz} Dynamic Response® 2H{¥ 4+ At} Static
Deflectiono]] th3lA= ATt Rotor?] WeightZ7} AAH Aldlo]|7] ufFo Z} AFB2]
Stiffness Coefficient7} T3t U3 Static Load(=Weight/2)2} Deflection
o] WAL E sl o] F@slth. 123 AFBY] Stiffness& F7FAA Static
Deflection® ZYAA|F|= Zo| FoilZ}2] RubbingS I ¥ 4 Q= Lol uiHol H
Roltt, EBE AFBY StiffnessE& F7HAIIE Z2 A(1)dlM E& Hiel o
Dynamic LoadE& Z7}X]7]7]%= S}x|qt Critical Speedf-lojA]l+= Damping Effectol
Z 3Fg wty] wfRof Stiffness Z7}% <I8t Dynamic Load®] F7l= A A4S
o2 zmichksict, AlAE Al(1)o4 K/(Cw)=0.55 A EZ Stiffness Coefficient&
28] A= Z7lA]7]H, Static Deflectlon.,] 50 % ZtA2} <¢F7te] Dynamic Response
7+ 7} 2l A5t Dynamic Stiffness+= 30 % A= Z7}31A4 HC}|
Dynamic Response & ollA= AFB2] Stiffness®} Damping Coefficient?] Z71=2 <l
3l Response?] 4 7F aJ& 4 2lom, Bending Mode Shape& .3{3t AFB 9% A
Az og3kg FA =l olg 3t UR}FoIM = Critical Speed F-ZofA = Damping
Effect2} Response?} BHi|#|3}7] wi-Foll Damping EffectE& F7}r]7]&= diglto] 713
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B3t 32 Few v
Transmitted Load ZHol s kA A%t upg} o] Dynamic Responsed ZaA]F]
71 $1% Dynamic Stiffness®] Z7b= Loadold Atizt A4 7chstzlzt o8¢
o, o] 2Eof tfaldE & o sl Wyel 23t FZol Wasirh AFBel &
%] Load: Static Load®} Dynamic Load® E#FE & O], Static Loade ¢A AF
3t upe}l o] A%t LoadE A|X|3HA 3t Zo] £20, Dynamic Load FHXE
Dynamic Stiffness?] Z7}2 3Tl Dynamic ResponseE TS ZAA|7lE AAWZ
©% Loadg Eolt Rol iEHsich

upetd oo} Wlo]H o] HE3 DampingS QI ol & vIE S
2] Damping& Z7IA|ACL stH, 287 flaide ool Hoye FEHE &
2 Qe ALAP7| 7} vt=A] Besicl oldl Wl o) chgz 22 oo
3 AEAEIE NdstA = Ak

-

ol
2
2.
3
2
o™
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2] 2 A Air Foil Bearing A& A&7 7y

7122 REAEIINAE oYY 548 sty &R, Mool EEAIL

(o)
S =
el S ujalop siche= whAo] gt} ol@3t ghA & ZEFIIL Air Foil Bearing®he]

B4 B 93 AFB LAY sige] Hasich AE7S AES HAE
oy g 7l FE 2z o T 27ixd dEld FEE 1P, olF ZEH-H
olg] AlARI2] ¢tAdo] Hojd Zog AZEE HAE HodE 7ted FE Al
H71E WA AWUsIIE St ol F o] AJf Il thsi FET B AE7
=& BR31E HAE Hoa g Bol T AE7E MUY oFFolch

1. Layout

341.8
__PRESSURE  TEMPERATURE
/ // GAP_SENSOR
/ / N PRESSLRE
;/ // \x —
—77  TTT NN
= E V' cAP SENSOR
w0 VA
J § | 2PY_SENSOR
- A
;‘ —

GAP_SENSOR

T3 24 AFBY] H& AE7I] 2E-Ho]¥ A|AH]

A7l 253 AE 213 3 AA, APEL AFBES AEste= SR, el ol & A
2|3t AHolAR IAA 3EZLE URolich HA HAAE YFIIIE ol &3t
¢} 100,000 rpm7tA] EA7Ms5te, 2702] Radial AFB2} 17§2] Thrust AFBLZE 2| %]
ol oth FAL 4.42 kg o], Zol:x 312 mm &2 uf$ FUSIA wWHA 2
o] 3t AL AL AFBE FASl= 2OE ZF 50 mmol]l Zo| 60 mm
742 X7 7Hsdte, & o]83 BHE A Eea FF, el FFA
ol Bolst=F AAEATE Al@7AMY FF L =, 4FY, 2z HJAME
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=

o] &3t AL FHHo| JHsdlH, ATAIIY Fulg FTHIE o] &3t AFE
3= Fo AFAZE BUEF ST
GA  SENSOR COOL ING AIR
-
@ HERMAL. ANALYSIS
o IRLET PAG OISK STRCTUAL AWM YSIS
®ASSY & DISASS'Y FIXTURE
N » L0AD CFI | CONFIAEATION
3 # IEST PEN & AIR QEPLY MOUFICATION
® LOSO INGREMENT WNIT
*LUAD INCAEMENT SUPOORT:SHOAT BB 24
©QAD SENSOR : MBM1(APLS!
» R SENSIEE L MaX0, 7
v AIR SUPPLY CONNEGTOR : 1rd PT(2DLS)
L)
L]
*
..
..
] »
FRICTION TOAQUE MEASUREMENT
/
i e o o
~— RPM_SENSOR o7
i
—+ ol t ' 1 NAN GF
T AT
|
H
| —
! :
|
: P
. o~
GAP_SENSOR i , i
T~ [ i H
\4‘_\ ]
~w JoI50
[[ ..360 - . ______I
S

% 25 AFB A-RA1¥8 78] AA Layout
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B} 2R A EAXER} FAAAES 2 2500 Uehfch HAE HolP2
Zzelo] FHo| olo] 1ifty} HH F71of 2la] FFol =A Hch o] AefolAd Z}
Z A 8L sAE Y ZAHYPE L Start Moment, Radial Load Capacity, Impact Test
£ o] &3t w032 55 Foltt

gjol oA A®e st s ol 3FE sEiFE Folth. FH
ol A8 LEZ Eolols TE=A} ¥} Start-up MomentE F317] 9
gk zFA|o|t}.

o] Al@7]& 100, 000RPMZIR] -&o] 7Hs3tH AlE7loAN FZYE + des IAF

ParameterS< th32} Zci.

7}. Load Capacity &%

212] aglofA HIAE wojglo] F& dol AA LFolr2] Load CapacitydE &
2= olA sledct HIAE wo]ale &8 Fof floatingo] HERZ o] floating® o]
2o £E dd ulE o] RAIL wojgo Aele 3tFo] Ho 3F AAHE ¢

+ gk

L}, Start-up Moment

-

Start-up Momenti E|Em4le] deFolr A543z HiZ AR ofF Fa¥
gt&2o|c}. o] Start-up MomentE ZA o} 7|Fo] w22 FrES EF ¥ 4 9l
Tl 2HAA A 2EF ulE o|&3lo HAE wod] FAlojio ZEAS
AAYOZAN AlFAlo] Hoj®] FAlo|Ayt HAFsteis Y& FAsPe] Start-up
MomentE & 4 QAT o] Start-up MomentE FHASIH ZE ] Lift-off Speed
% o 4= olA St} Rotor7} Lift3AIE ™ Start-up Moment7} ZZ3MA &4 L
2 ol% B4 @ 4 Atk

o} woja 554

HAE wojale] dols &4 AHUE @ + YA Hojalrh of 3 AW ol &
sto] Impact Test® ® 4= Q% olFA std wolye] 554 A+E LAHUC) of
of thet AAT WEL ofefoll l&starTt

2. Instrumentation

Al@rlelle AEIE BEI3] 18l RBEUE 3= Parametergo| 2lth ol&
Parameter &2 AlAolA 4137} el CiAY AT E AAZLE AAEE, I2F
RAZATFILL Dynamic Signal AnalyzerE E3lo] A3 E F£43A Hch t|xd
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g7 9= 16Channel & SA)of 8A|7tS A AT 4

A& 7)ol

ol

Zt%E %A Parametert T38| E29} Ztl.

= 16 ofo] ulo]= ALAIES] &7 Parameter

== AlA 2] =] Sensitivity
Av 2E|IS Gap Sensor Aukglo]d] T lum / mv
Zul FE & Gap Sensor Fukhylojg] HH lum / mv
HAE w¥o]&] 2% | Gap Sensor HAE yo]d] lum / mv
At wWola)] &% | Thermo Couple | A¥wo]d] &3 F7] NA
HAEHo 2 &% | Thermo Couple [HIAEHOE] &3 27| NA
Zub wojg] 2% | Thermo Couple | FHwold] &7 7] NA
RPM Photo Sensor Axial Disk & NA
3. 2845 3A(Critical Speed Analysis)
AFB AlEA] odAEE 23254 A JHed HI FALEEE T3] fste st
L2 T AP ol 3t TFAESFE sfaste] 2 AE ¥ 26, 27 g
2 280 UviEhgctt a®l 26¢9F 278 FAAQ A (Translational )}
(Conical) Z}tA|RL=(Rigid Body Mode)& L}el+= ,\__.i ¥&45 = Z+7ZF 5516

rpm2} 6417 rpm S E W2

of]

AL (]
&S

(Bending Mode) &

QHASHA A&
71¢] EFAAE 15,000 rpmF-E] 100,000 rpm 72| &Ao] 7Hs3lr}.

a3 26 13 fIESE

A3|x] ¢k o' AZMHTE
¥ 4557} 146284 rpmol| 91x|33L
+ g Ao mivkHch 99 iy

A
&z 9

% Case g j
Front Brg. Rear Brg.
. Rotor .
Fig Mode shape, n = 5516, RPN
: 5516 rpm
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gofl xR 2AFo] IA FIIIAL, HlolH
I3 282 HAAY 12 FYREFE
glo] <eF 100,000 rpm® =7}A]
A5 AR ZTE AP

a3



P
——

Fig. Mode shape, n = 6417, RPM

7 27 2&F 91845 % 6417 rpm

P
F——
[+ ]
F——

Fig, Mode shape, n =146284, RPM

I3 28 32 IS E(1x WY RE) © 146284 rpm

4, HAEo AMEH wo]g]

7}. Radial Bearing

Radial Bearing Supercritical Rotoro] A}23H wojglzl z+e ajoko|t}
L}, Test Bearing

71&dlo] 2l Test Bearing®= A EZE wojalz} 22 A 50mm-Z55mm o] 8 o]

AtdEH| Yol 7t Axial Bearing® 2] 73128mm-1]7370mm, £]73110mm-1i 7 70mm,
00mm- i 7 60mm2} 3FF 71 Q). Axial Bearing2 312 & Aol Z 93
S SHARE, =3 1 WAoo Fo7 QlFA] wde Felo] FHIE i

oY o
-
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F 17 217100- 7 60mm Axial Bearing®] A}oF

2] 7% (mm) 100
W7 (mm) 60
o] 4 12
A F7(mn) 0.15
A8 72 (mm) 0.015
Y o] vhEA S 0.15
XYl ZE(mm) 125

Axiall Clearance{(mm) (0.2

Load Capacity(N) 560
Lift-off Speed 683 RPM

A AARE &3152 ddiloloA trade-of fE Flojo} ZiT)
[o]% S4Y, 18] RPMoll ¥ 3& o o]F wojd] SAj2} RPME 13 o] Fof
dornz, diaEe H3lFol WA HAI AFHE JIX|EF Axial Bearing?] Alo]
2E

Z3fof Frh,

Axial Load Capacity of 100-60mm Axial Bearing(70,000RP M)

g WA}

I S T T T e — BE-005
; 3 : 100-60mm Axial Bearing : E : : L s 56005
. j 3 ——O—— Load Capacily .: E 3 :.
50000 -7~ B T A AR t— 5E-005
. | ; ; ‘ ! | 4.5€-005
T S 205 S R L 4e008
I 35E.005
= ‘, . E
=] 30000 —b - c--eoblocmaaae [N S W [, [ S e, O T b 3E.005 S
o | ' =
- pu =g
: I 2.5€005
20000 —f-----seeboee b N g — 2600
E k- 1.58-005
100.00 ‘JrrrY ~~~~~~~~ L L ] L 1E-005
» - SE-006
0.00 H ] i l i l . i | 0
2000 80.00 100.00 140.00
0.00 40.00 80.00 120.00 160.00 200.00

Displacement of disk{um)

3% 29 2] 7 100mm-f A 60mm Axial Bearing?] A% ZA
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offo] wjojal ALAHIE 1 £89HE 100, 000RPU7IR] Sl AstRE 1 &of A
atgdo] AlgdtR o Mzsle] %£38%F S00NFEE Arle #]7%100mm-1i7360mm e
Axial Beairng At Ab&3toich 1o T2 100-60mm Axial Bearing®l /3

L3 dolt} 110-70mme] Axial Bearingz} H] i3S uf Load Capacityi= ZA doi
)] okz|ut W Aol Zo] WL 2L FoT oAttt

4. NEZA>
HA 7|2 ZE-woja] AJAIL] HAES HQIsty] ¢]5ted 60, 000RPMZEA] ¥

z+e sl AE3 wolale] =& Astch wojzge Yzhe T FIE Z
A2 ZLIs}= WAl Z Axial Bearing® E3lo] Radial Bearing® 2 JbHA ¥z}

NRL #1 Rig Test(2000. 06. 02)

80000 — e
Temperature
RPM =
| e - & OOOEL — 140

<& CB8RT o h

N o \

—fF3—— RERT a o o0

4]

F— 120

= 100

— 80

RPM
Temperature(C)

— 40

0 T T T | T T T | ™ 0
0.00 400.00 800.00 1200.00 1600.00 2000.00
Time(Sec)

12l 30 60, 000RPM7}Z] 8] HojE] =&

18] g b wojale] EHF2EUl 15028 7|3t AUrh o= Axial
Bearingoll 48] o] F gelog Hzsla glom o|E QI3 A|E-Z 60, 000RPM 2
2 sty AAl WIS Axial Bearingolld 7H3 wWol dojupA|gt FHoA F
o]t WztZ 7|7} Axial Bearing® WZPshH A AL FI|E TR whA Lo
2 Q3lA ¥ Radial Bearingg T3t 2717} 71 =7 gth wHo{F e A
2l FY FALEY 200=o|tt o T2 £EY 22 ¥H IVHE =
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g2 wold Aol 7t Wz &R & 7HE3HA HEHE

10.00 —
8.00 —
6.00 —
4.00 —

NRL #1 RIG Test(2000.06.01)

oz A

2t

3tch,

FX

0.00 —
10.00
8.00 :]

6.00 —

4.00 —
2.00 —

FY

0.00 AAL—/‘\.“

10.00 —
8.00 —
6.00 —

4.00 —
2.00 —

Vibration(um)

RX

0.00

10.00 —
8.00 —
6.00 —

4.00 —
2,00 —
0.00

|

RY

1000

T

Frequency(Hz)

718l 31 45,000RPMof| A 8] Zxo] Fup &

1200 —
8.00 —
4.00 —

0.00 L

NRL #1 RIG Test(2000.06.02)

3000

1

FX

12.00 —4 -

20000

30000

40000

50000

60000

4.00 —

0.00 .

FY

0 10000

12.00 —

20000

30000

40000

50000

60000

RX

Vibration(um)

0 10000

20000

6000

40000

50000

60000

RY

10000

%) 32 Order Analysis

20000

T
30000

Frequency(Hz)
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o] Al¥eg 1= Critical Speed’} 140,000RPMo]7] wiFof “d2qt Z+3igtchd
100, 000RPM7}R] 8% 4= A& Zoz A7t Tl o2 AP 7o HAE Ho]
HE& B8t 41 45 000RPM7HA] 28-3R A X FE BASIATE ¢9 IF5Y F
b B HE FANAoR JF2 10unE EA ke 1X FFo] Aujf
*‘OIE} AFe 717t 2] o AL A& HASISL RPME 60, 0007HA] -9—31
AEE ATt 21 2o HEol AA A Fo] 60, 000RPM77}ZI 7te

ol w‘!}ﬂ Roem, A3 F7E AL UEE & + Al Fue G2 Hl
e o 1X o] tiFEdE o 4+ dey 19 thE *4—‘?—59— A odch ¢t
22 ANEAARE v 22 60,000RPM7IR] = HASHA AlE ¥ 4 Uthe kol
Holy 554 A& +3¥stadct

HATA AN EEE} B4 SH Mo o] &= & AFBY ZBAEAF 7
A+-E APAR R 2317] flst] HAAI L5202 A dejol FA4H s
$3of thd FHANPFLE A/AFTFE FHACE FF L FHMHE o] &3 3}
3ol chgt 7 oo wE Ao AFANIZEHE HWF4(Frequency
Response Function)& F3tH o, o|Z5¥ AFBY ZAdA¢et ZHALE Axbst
et

Impact Test Result{One-kil, 1.5kg, 40,000RPM, 2000.06.19)

fl fn 2

v
g
[
3
L a2
H
c .
8l
-
by 4
c \
[] 0.7067 Xmax
g -
[
b J Xmnax

“w T T T T r | T

[ © 100 il 1= b e w w ™
Fepmncplz)

3% 33 A3 BARY 25305, &

4
2
gl
8\
oX,
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HAAo] i3t 1AFEAZ 1Rt 3R AAs JFAF (LR 3}
% gt A (c)E Ze AR 2¥E3stAdct. ulebs 70“5‘74]—r-, ke A
g3t BaPoN 2{AFLEEHE 2en BHATE F5A4(Anplication
Factor) 2HE A4S & 4 Qitl, X 182 Zo] 55 mm, 7 50 mm®] AFBo] 1.555
kgel Aol AXH AefolA FALE wHile] w2 AFBR] ZAdA ot Z AL
2 UEehdth, WA ZAEAAS SHolA 3 gk € 1.02 ~ 1.12 E6 N/m AET}
o, AEEL Frte wlet 3ol FHE= AP FIIE Astq Zdol 4
Z71le A& & 4 otk el A dei= 259 ~ 139 N/m/sec® A
458 FIlo] wE 1 AV ZAEE A& 4 F U= d, oA HAAAHY
npgof ol wWAE|= A tofA o] npie] &3] dAdso] HAELE F
7tofl whet 2} A4t 2AsHA "Heke A& ojulgict

01"
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[
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X 18 HAEE o wtE AT 2 AT ¢ 1.555 ko FHF

o
r,
g
bt

20,000 rpm | 30,000 rpm | 40,000 rpm {50,000 rpm! 60,000 rpm

1.02e6 N/m | 1.07e6 N/m|1.04e6 N/m|1.09e6 N/m|1,12e6 N/m

ol
ok
2
A |

Ay
0
)

259 N/m/sec|212 N/m/sec|229 N/m/sec|193 N/m/sec|139 N/m/sec

t}2-2] 2- 2 Impact Testof WE Frequency Response Functiono}t}.

Impact Test Result{(One-foil, 1.5kg, 20,000RPM, 2000.06.19)
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Frequency Response Function

Frequency Response Function

B

Real Part

imaginary Part

—

Real Parl

imaginary Part

Impact Test Result{One-foil, 1.5kg, 30,000RPM, 2000.06.19)
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Impact Test Result(One-foil, 1.5kg, 50,000RPM, 2000.06. 19)
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E 195 393 1kgd] 38 3713 Aefold HA4= Hite] g AFBY] B4 A
2ot ZaASLE vehdcoh AxbZdz HALE Wit mel BEAs HEE &
189 ZAzbet upxzlx| 2 okzty] Zypsix|gt E 183 wlwstE S wf -3 e FA
Z7te] ulel ZAdol FUBte L o £ Ak 2eEln ZAHAFd dolAMe=
20,000 rpog A3t FALGT A LA LI AR E 182] 1,555 kg ¢
Aol wjal A7t A F7tsts= 7}\‘% o 4 olch olHZ A H3E: F
7toll mhel b2l 4E FUtE st FEASIt FUsta, BAEAH FUIE
3t Zr| ATt FoMgitie RS d 4 Urh

J

E 19 AL Aol whE Ao A4 ¢ 2,555 kg
o] A5
3 ASE 20,000 rpm | 30,000 rpm | 40,000 rpm | 50, 000 rpm
733 A4 |1.50e6 N/m|1.60e6 N/m|1,60e6 N/m|1.79e6 N/m
7+ A4 441 N/m/sec|572 N/m/sec|566 N/m/sec|377 N/m/sec

olzfe] 18l BA 1lkg 7135t RPMo] ulel Impact TestE =3 &2
Frequency Response Functiong Uepigic}.

Impact Test Result{One-foil, 2.5kg, 20,000RPM, 2000.06. 19)
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Frequency Response Function

Frequency Response Function

Real Part

Imaginary Part

Real Part

imaginary Part

Impact Test Result(One-foil, 2.5kg, 30,000RPM, 2000.06.19)
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Impact Test Result(One-foil, 2.5kg, 50,000RPM, 2000. 06. 19)
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3 202 26,000 rpmSE FHAHAVL FAHste T MR AR wHIte] oidt A
4o 2AAS WS UshlE 20T 3197 2 Flol me BASE 3
Z}5 x| gt 2] A= 3,555 kgl AL QF 707 N/m/secE FH 7} ¥ st oA 7
2 F3tE F7tol A3l B = R FII8HA
3

R 20 BshE Asle] W ZAA4e} ZaA4E 26,000 rpn

A3tF 1.555 kg | 2.555 kg | 3.555 kg | 4.555 kg | 5.555 kg

7y A2 |1.02e6 N/m|1.40e6 N/m|1.27e6 N/m|1.56e6 N/m |1.70e6 N/m

Z¥2| Al |235 N/m/sec|514 N/m/sec|708 N/m/sec|665 N/m/sec|405 N/m/sec

olgigt HE& Aol doJM FE 180 = FHFHFo] 1.555 kgql F-F, 20,000
rpm H-, ¥ 190iAE 2,555 kgl 9, 30,000 rpm B, 232 F 200]ME
26,000 rpmofA] , 3.555 kg o2 39 g whet Za A7t st =

+ JHd4&=71 JJE}L ZE& & + orth olo] uigt HAE msy] fsiME
7}2—19_' Mzt AP Bl HALKE} H3F Hjol wE Al W3t &
ol oy Zog M7t
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Impact Test Result(One-foil, 1.5kg, 26,000RPM, 2000.06.17)
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Frequency Response Function

a

Frequency Response Function

Impact Test Result(One-foil, 3.5kg, 26, 000RPM, 2000.06.17)
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Impact Test Result{One-foil, 5.5kg, 26,000RPM, 2000.06.17)
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A 3 A 3AH DampingS 7R+ AFB 7

Qtol| A o] A|8AZ}o] wpEH 7]E AFB2] Dampingo| 2o}l Supercritical Rotore] 3
fo] olgdx, YEAZolL} sixlol ettt whetd 7[E9] we]Y Rrl Dampingo]
3 Q2L HouE AAY "Werl qlch. AFBR] Damping2 Viscous Damping,
Friction Dampinge] & o|&2t}. o] Viscous DampingS F7|ol 2j3t Zo& F
719 Aol AsA gl7] wfjRo ZA uvjE7le o]B3 th4l Friction Damping>
zel Aol npdd 5& ZFstH UYANHE 4 otrh olo] Atste T3 2
2 Wy & dASIE T

1. 7§ S AFBY] A}

Z 9 o
Pre-Load
g 7719
3 zt=7F
2tk

o

fr o

o
il

%) 48 Multi-layer Air Foil Bearing

AME ool Wolde 9le] I3 e WAL FHAW o|EL Multi-layer Air
Foil Bearinge]g} 3}ait}.

2. Multi-layer AFB®] A A ulsk
1ol aglolly Bzo] 7|23l Damping FAFe] WHE ZUY HAo|th #lolA
AZFstgd Kol F7loll 2]3t Viscous DampingS 1 34do] o] & Zlo|7] ufiol u}

a
%to]] 2]3F Friction Dampingg 7|93 A} &t Zolt}. Friction DampingS Z7}1A]
7171 ¢l8iA+= Normal Forceo} e updA+E AA 31 F=dl Normal ForceEd
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Z7IA717] 215} Zol7t Zhzt thE 270 Qo] F XY Yol AT
olzfol L}t 9l 7]&2] Single-layer Air Foil Bearing?} H|Z3|EH 1 X}o|&
A & + sich

% 49 7]1&9 Single-layer Air Foil

Bearing

S Uehdgch ZolM HE XU A[Ffellx 80l x|HelAM 717 2

o WAL = AL & + Atk

F7lEl = B2 RUES 1 ZHolrt Ztzt tiEA A ztEo], FHEH Zd EFE
of Z2 A FolA wpA FHojdrt o|FA 3t olf= F Y ER XYEo] why
= 3ol &hFol &3t & 71 wWol w= FFol7] wFEolth. o] EAl= Hoy
o] siMdE Tl oy BN el AHERE Lo} 71 U=o] 2 FES
zre. Zolt}. ofefe] 18l 500 Radial Bearing?] 3 17]of thdl chFE 2l ¢+
o]

q&‘. M orle

Al oA 270 XYl & FEo] Normal ForceZl 7} 2 ¢x|of] A
o, Friction Dampingo] HAX|A Hcrl LU A o= TE FHT 2=
ZWR|A Bte] g T B F-Eo] @A 3tojo} dirh
el AL A2 &R AT E Fo] A F 2E|E ZYsSiW
How WelHA Pre-loadE WEH SHTE o|FA Y22 A vy AEE &
ol

]
w2 Damping?] AT 7|t 4 gl

N

A 4 odedl, Wiy ZHe R ol

th B2 Edol ZE ol UR 2 A% HA Alel Yol & Liftoff7 Hx|
Ut BAE QomE Bz ZQE P4 HEs 2AY 4 Yojo Yt} B o
FANE F ELL 0.15me] FAE AT BE TS 0.1me FAE AL
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2 ZshgiTh,

5. +& @At

HAE Ho]3]& ¢/9F 22 Multi-layer type2 2 A28t ZElo] 23 Tt +
FAEE stech
NRL #1 Rig Test(2000. 06. 20)
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3 51 Multi-leaf AFBS 3% A|E A2}
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A 4 A Multi-layer Air Foil Bearing A Az}

2 =4

Multi-layer oflo] Hoj®]2 ¢|o} 2 FAHE 7HXIAL Qlth 98] TfolA B
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X 22 Single-layer djo]&] x}ok

Wojy 4 %
2 7 50mm
ol 55mm
Y #ol 34.7mm
zd F& 40mm
Clearance 100um

H 23 2-layer Wjo]8] A}ok

o] ALoF 2] 4
AR 50mm
Z1 o] 55mm F7F T AYE AT
T 2ol 34.7mm Z4d Zo] 23.5mm
IY %8 40mm xd g 40mm
o] &
Td FA 0-15mm ZY T4 0.15mm
Clearance 100um
® 24 3-layer Ho#
FoF
wloja) Ape 2]
A7 50mm
20| S5mm F7F 2d AL |A 5 F7F 2 A Z AT
o o) 34.7mm TY "ol 23.5mm XY #ol 12mm
d JFE 40mm Id =& 40mm Id TE 40mm
*A A [0Smm  lzg =4 jol5mm  [|£9 FA  j015mm
Clearance 100um

o] FgolA o 5 ROl 3FF wlojglo] BAFE|L o] Ztzte] woj o] thaf
Holge 548 & 4+ As HEE stalrh HYP2 static testd} F5F APL
2 o] Fojzirl

A2 defollMe 315-He AP, & static testo = XYY FEE A& 5 A
T oo Wl e olofe] ZdEct XYL ZHgo]l €F3] A ufHol7] wiFo
Tde] FAHEE & £ dod Holy FAHE o 4 Atk el Fold
clearancedf th3f 315& 7psict B ol 35S dob d 4 2Qrh uwiebA

(=}

static testo A= ofjo] Ho]8]2] FQ parameterE ¢ = 7] wjEol, oy 2

_51_



£AH Hof 3= ol 38 testy} Hr}
AP 371 wojdol cisiA Zz dajstdon, AE ofefe] =2 LEh
gt

1. 1-layer AFB A% Az}

Static Stiffness (1 Layer, 50-55, 40radius AFB)

160 ] I
Stiffness W
140 — B S e | p
o o
/7
120 ¢ \’,
[
//gb "w

100 &
z V3
T 80 v,
3 // / 4

¢ o
60 &
e
40 =" U'/
- P
s o
_—
20 ——r =
Lo - o
/"///
0 el oS
10 30 50 70
0 20 40 60 80

Displacement(um)

12 54 Single-layer 7443 A8 ZAz}

APL 1kgd FE IR JISIEA HAME H9E ST woH Y
hysteresis §4& d7] 23l 3tF& 7yl 922 AASFEAE HelE &
stk 219 2N nERERZ FAH o] 3tFE& /1Y ufd] WHeFAdola,
Tletn2 FAF Aol 31FE AANAEA FHE WHelFAdo|th 98 IH=EE
w4 EH o5& o 4 oth

(i

= Htf 5t3 : 140N

DY ol HFE EAE WA O o4 FIHHA ot nbAm Yol gtk
o RRolME Edo| AolLol o} o o4 HE &HUS ¢t Aelo] o]231al
d, olgA HR soldel s o o4 TES WolE 4 oA Hch olwizt
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2% 4 AL Hu o] Hrh 98 T ZolME H4NZHAA 71&717F Yol
ZoxA HEE Hof sl o|23rta & 4 gtk EE ole A AT 3
2l Fo] g Helol2E A 28Fole olHrt &2t

(= VAR : 1.1E6 N/m
AFBE] 74 e ulMmAE Uehdch ool Zael SaiA ulasdo] Leht,
28Fols Zol ols) My o] UEhdch ulebd, aFBY ZAAIAE e

Z2| ofefFol HAste BT ZEE HELY2E of7Ishe d
th AN = 515 40N, W] 44 4unbR] o] P At S At

w Hysteresis
332 7Y wfel A AE wie] He|Fdo] zlo|7t WAEst=Y], ol frictiono] ¢
8 WASl= hysteresis® EEFole= WHELE z2E3ch o] HEo] F4F

friction ¥ ¥ o] Aclx & 4 Qlc}.
2. 2-layer AFB A¥ Az}

Static Stiffness (2 Layer, 50-55, 40radius AFB)
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@ Ztf 3% : 270N
XYL 2% AP o2 QA3A load capacity?} &e7te A& & + rh
& 7473 : 1.3E6 N/m

2le] A2t upxtrpR 2 31 80N, 9] 60umol thsiA 7S AArstact

Ju vl go] Uelube TN EEE d1F0] "Wol soludA 7187171 A
zct whebd wola el #d e 3A F7MEchs A& o + AUtk Y FHOsHFel
1.99) Z713F AL B ojet 2 A& & o + AUrh

@ Hysteresis
1-layer®] 79X} hysteresis A EAre] mWAo] t§ HA friction dampingo] &
ZOE A4d 4 drh

3. 3-layer AFB A3 Az}

Static Stiffness (3 Layer, 50-55, 40radius AFB)
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7d : 1.7E6 N/m

w Hysteresis
WA 2-layer Brh o AM g & 4 Ak

218} static testollA Z & 4= o] TLL HHE o-L37 multi-layer wo]F
o] ofo] Mg 2] & FI7MAZI= BAZ B3It &= AL

ojg} T2 AzE uiYLE oo] HojA Y FHEE HEE I
T2t 2o Alge| & 7137 flod &8 52 4

vt SEHET(FRF)E 315, o] 258 AFBe] 74 Ao HAFE iAo}
A4k, w]Egch

- A¥E 22 E 71217] ¢]olA Random 7}R
17131 AEE d™, AP7] 2 Sleeve UETHNM L AFE &2

N\
oX,
)
=
oft
[ >
foi
o
do
rN

157 (wn) ot 228l £)&E At
- AFBS] 73z} Zra| Aol whE Al 1o E4¥ESYOeERY A/ Eset 2
el & ALt
- Qs hHdT AN e gAASE P

4. Single-layer ofjo] Hoj®] FHA AH A

¥ 25 Single-layer oflo] Ho]8le] SEA

HE ot
& A X
IRsSH 228l FAZA . [E ZH A Al %=

oy 110 Hz 0.094 387 N/m/sec
17518 rpm 2.30 E6 N/m

=g 110 Hz 0.085 334 N/m/sec

e 109.5 Hz 0.078 292 N/m/sec
20000 rpm 2.30 €6 N/m

-3-14 110 Hz 0.068 228 N/m/sec

gt 107 Hz 0.077 285 N/m/sec
30000 rpm 2.20 E6 N/m

Y 108 Hz 0.062 194 N/m/sec

mgt 105 Hz 0.069 235 N/m/sec
40000 rpm 2.10 E6 N/m

22 105.5 Hz 0.059 173 N/m/sec

oag 103 Hz 0.060 179 N/m/sec
50000 rpm 2.02 E6 N/m

Y 103 Hz 0.051 122 N/m/sec

g 101.5 Hz 0.048 102 N/m/sec
60000 rpm 1.95 E6 N/m

- 101.5 Hz 0.040 52 N/m/sec
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2le] Aoy Ed wolgY ZFPE 266 N/m FEoly 2 A4 (Damping
coefficient)+= 200 N sec/m AFQl Z o7 L}elydr}. o] IEL A x| Ecl tis
SA U2 gEeld, & wlolye] v|dtd s & gEelth. AARE As)
L oflof wojgel HAZ FAZHS 1E7 N/m o]m, Z2]A4= 500 ~ 1,000 N sec/m
olct. oj2t L UL IR EEFE 317 ¢35t multi-layer typeo|L} bump type?] o
ol Wy & MUy "Hast e Aoltt,

5. 2-layer oo} ¥y 574 A3 Az}

X 26 2-layer oflo] Ho]3]e] T5A

&8 ol &
BHES X
IRXsE 2 Ayl 28 A+ 2 A A %=

g 137.7 Hz 0.063 265 N/m/sec
20000 rpm 3.6 E6 N/m

-3 137.3 Hz 0.062 260 N/m/sec

okl 136.6 Hz 0.054 185 N/m/sec
30000 rpm 3.5 E6 N/m

=41 135.4 Hz 0.056 200 N/m/sec

Fai= 133.8 Hz 0.049 141 N/m/sec
40000 rpm 3.35 €6 N/m

Syt 132.3 Hz 0.057 202 N/m/sec

gt 132.4 Hz 0.046 115 N/m/sec
50000 rpm 3.25 E6 N/m

=Y 129.6 Hz 0.050 145 N/m/sec

oy 126.7 Hz 0.047 116 N/m/sec
60000 rpm 3.0 E6 N/m

=44 126.4 Hz 0.041 62 N/m/sec

6. 3-layer oflel Wol® 54 Uy A3t
Ay

- AFB Al e 2ol AJE -8 AFB 31%#of tf3] [mpact TestE 3%
- %% : Impact Hammer®] & ¥, 31932 7Gx A5 E &0 3o FRF

- 239 AFNT TKVES(wn)2t 22U (£)E A

- AFBY] AT Aol wjE 2FRLYOLRE IFUSS} S A
L BFYY AL 5H9Ro shn ool ERYITUS P

- AR AT LA BT L ASE Py
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F 27 3-layer ofo] wojP 2] F54

Static Load 34,000 rpm | 40,000 rpm 50,000 rpm | 60,000 rpm

A5 1.78E7 N/m 1.89E7 N/m 1.93E7 N/m 2.18E7 N/m

4.% kg | ZHA= 714 N/m/s 796 N/m/s 806 N/m/s 869 N/m/s
2 2ldl 0.129 0.135 0.136 0.127

ZE A= 1.88€7 N/m | 1.97E7 N/m | 2.09€7 N/m | 2.23E7 N/m

5.5 kg | HMAH=+ 706 N/m 804 N/m/s 818 N/m/s 860 N/m/s
2 Myl 0.117 0.126 0.126 0.122

A= 2.01E7 N/m | 2.13E7 N/m | 2.39€7 N/m | 2.78E7 N/m

6.5 kg | A= 912 N/m 942 N/m/s 1220 N/m/s | 1416 N/m/s
2t Al 0.162 0.162 0.201 0.195

2] AAE S of ZHAsE TAdY HHo] wole ulet Frtste

= it
A= 3-layerof A 23|38 Zof
Hol o}z AE3lA] of7] uf&F¢l FHe

St g 8 4 gk,

2 A3t} 3-layer #o]®l e 4

o] L %_E.k]

Re o

Ch:

42 7hzl

71§ AF&E el ohUeh impact test® AMESIGET A7lold & ol A

2wl mrh A woje] §

o][:],'

¥

o=

Exdo
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A 5 A Multi-layer Air Foil Bearing-Rotor &£ Aj¥ Az}

T A=A o

e R&IA JAES FA AZH 45 MAE fstd 2 A7
£33E3 g2 HATE %%—t— ol o
Q ,4._:_._5:_

slom, o|2 °‘3}°“l 717418 1_‘_—1E7} %

¥ 32 Qlct. o]g3t &I AN Y S 9_] AFBS Arztsle] 1 %‘f.*gg Il]-Q_}‘S]-_';I_X]»
el 3] M A (Flexible Rotor)®} AFBE A H Al¥e|1E Hzste] 12 23S
=& T3t= A8 E 3ty ch

. Alge

33 572 YBEE T3 AP S 25t v ALt AFBLE FE8HE AEVIE
E£Z7E ol &3t FEFEEE dA=EAcE FHAAL HA Zol= 520 mm ]2, F
A= 6.58 kg o], A|Ho A}%% AFB-E &z 7ft=Ql 3-layer AFB2Z A7 50
mmo]] Z o]l 55 mm ojcTl.

»
i

£ $1% AFB A7)

14
uil)
a
o
i
I
k1
ol
ic)

Algde] 1ol FFFHEL HMA(Gap Sensor % o] &3t & FAHKFAAN F
o, WAL 2§ 2 H(Correction Plane)E AA FFF2 dHE 3}
™ WAl (Single Plane Balancing)& "'3“6]-@1:}

2. Critical Speed Analysis

FHEAY 12 FUATEKEE AL 183t 2 Lo A3 E HAAE
AASIE o, Awlzl Fukyo]a) 2 AFBY] 7| f 2}(Damping Effect)E 13317
215t 12 FHEL=2] dE(Nodal Point)ollA] e}z "Holzl Rof 9|X|3l=F 3}
gth 7 572} 58 AFBR] Ao A LA A E-$-=(Rigid Body Mode) 2
BRATE & ABAARE wHPste] 1.7 E6 N/n=E 3te] Aatstdon, 23 602
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AAL] 15 28 BLEE ¢

¥ 32,900 rpmof] ¢]x|3tE RO AAtx gt

T
¢

[s 4]
12}

Fig, Mode shape, n = 6778, RPN

23 58 FAAL A B9Z 1 (Translational Mode)

= 8137, RPN

Fig, Mode shape, n

3 59 3 AAL] A L= 2 (Conical Mode)

n = 32925, RPHM
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231 59 Supercritical rotor?] WA gl

—

3. Runout && 4l RA}
2 A8 HAA Je5E& FH3] fist HAAME 01%3}“‘”'4 352
7Z1AA 9 A7|A o} (Mechanical and Electrical Runout)S % A3}5l= 2d S
st 7FEE AN 2 tio]d Ao|AE V-£9 -r]°ﬂ 22X AefolA 7
2ol A 22Y BUE(IAY HolR)7t YALZ 7/1000 mn oI5 vjF 7ol
% Soleh 2ol NS olgold 538 2] WOHLOIAAL 2714 ol
22 )2 A uet F A& glohrl 1% 2 (Degaussing)& 33t 1
Holx2] AV E &4oU ¥ 283’—} I3 62004 B ule} o] HFFof Mz
W dojg FollA Folro] WA HIArt FF L2 dFE 115Esto FHIA

, HeAA] Zte= 20 £m/100 mv o]T},

mlo

lo 1

o

oM E71™ S FoA Holx A/ WAALE I8t Hadt 1x FE (1)
HALE)2 F(zero to peak) 2t HhFH ] A& Uehdch wetA FHI AF
AZE @7 23t AAMelM FHHE AFAZ2=REH SHH HobE AASHAC
a8 EIAA TLeft'e= Aol E "Middle"E & FHY JFEFE 1oL
"Right”"& F¥dola]& jujgich
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24 92 | Awloly | AR | Fyguold
1 -1 mv 0 mv 3 mv
2 7 mv -18 mv 10 mv
3 -5 mv -31 mv -15 mv
4 -38 mv -19 mv -54 mv
5 -80 mv =21 mv -93 mv
6 -120 mv 1 mv -124 mv
7 ~-154 mv 42 mv -147 mv
3 -161 mv 76 mv -143 mv
9 -133 mv 39 mv -105 mv
10 -88 mv 103 mv -57 mv
11 -38 mv 61 mv -18 mv
1 -3 mv 2 mv 7 mv
130 ¢gm
ok 86.6 ﬂ_‘.:_
Runout Signal Using Gap Sensor
Let
20000 — | meee- Middie

0.00

Runout Signal(mV)

-200.00

0.00 90.00 180.00 270.00 360.00
Measuring Point(same Direction)

2% 60 UMM E ol 8Y Aol 23
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4. Low Speed Balancing W&

HAAY ¥ AHEEE Tshs WA (Field Balancing)& 3t7]oll dA A
Aol th3t A &olA{e] WA (Low Speed Balancing)& X 299} o] 3ntAZE 3
sttt 27 632 A&olAe WS T 2¥FE Lepdch

T3 63 Aol WAGE AT wFA

£ 29 Agolae YA A

oA g A A WA H} 31
. 144 g-mm 325% | 150 g-mm 272% WHAg A"
1A = ¥
1.2 g-mm 160%= 04 g-mm 290%= wWH A T
28 ¥ 0.4 g-mm °]3&} WAy &
Axial Disc .
3EA 29 % 163 g-mm 60= #HE

Aol Zol & Eel U B 27) HIH A7} Gl%e] wRol 3
ol ZEIA 2FRFEL AAstArh 2eln AP 2L sl WA
% Acial Disk®] ESl/ZUE PHSIel, olo] BE BRYL HHE Fol7] 4
sl zYA 47 U SYstart

5. AEUE

7t Al E S

HAAY 52 ¢4 AFE viel o] UAHFFIE ol &3t Air Turbine& A

AIFIA H, 323 ‘ﬁ HE 0|83l HALKZE Ao3tA Hcl AFB 544 =

71 71EAlolle opde &3t £33t Ae|A HXut HAdo] FHa wb o]Fole 2
Holztgoe] Wasict IHAAY IF FHL EF 3

—.—5}7} 2-g-5tod ‘%l’é“?_ &= A

(AP, FFAN, Tl )N o] Fox, He| MME o] &3t
JEI_T'_ WHA] S $"§l 174 4% = HAMAM(0Optic Sensor)E o] &3l FHFEAUTh
53 15432 9 Z e BF HolZ I 7EEdey, F BUEHA
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3} WG 315k FFT Analyzero] Aslof HWFA T 42k,

L}, Field Balancing %
3] " Ao Field Balancing 42 @A oA o]-&3t7] Bt HF4AY AT F
3} 2o WaAe _/;:agb-]._t_ A8 A4 (Influence Coefficient Method)& 1

W& 4} (Single Plane Balancing Method)& ©]-&3}3tl.

g
kil

ch Al E A2

AA o] th3 WA LS FHuute 2 Ho| &3t EFFFES B WY
S g3t on, Trial Weight®} F&gte] RAE o 0.01 g T E ZH3HA
EAstgch AlEUEE o5ty F 300 YUehAct

X 30 Field Balancing W& Qo}

A g Correction B 1
17 14 - Algy 2 =29 ¥ Initial Run

- 0] & £ 23

23} A g Overspeed2 2%t CS.& 53

- el ewA] 27kl Rubbing 24l
3z Al - Balancing-2 93 Initial Run

- Trial Weight(0.12g)& 180%= <}
234 20 mm)

47 A1y

Initial Run® & A4 AXFA] Runoutol] o3 AZE A Asty] ¢8|
133 ¢m 8555 ZE Al dolgo A A

- Trial weight A #3831, 0.22¢&
7050 3 (YA ‘: A7)
AFo] o3l F7t+

- AlAF€l Unbalance %

531 A]3
Al 04l g 250 =

5z A9 MassE AAd I,
63+ Al 0.23g& 70%] H=
(9] & Trial WeightZ o] &)

e | A4+ Unbalance % - 712 Zkell 0.11g& 53=¢] 7}
020 g 234 = (8] %2 Trial Weight2 °]£)

- Alitd 1 ok _
83} A8 Atd Unbalance - )= gl 011ge =S 7}

021 g 218 =

Corrected Weight : 0.437g 58%

a4 64t ABeDE Ful @ F 27 PEAYL A3 YHBINE o83 SIF
A7E &7 fAele] AN Azl HAMA L] B AUSEES sk
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oY N

2% Al ® :01/03/15

FAZE vehd 222 2 377t & FAelA vl 0.16 w7t HAoH, W
of eFzke] Rubbingo] A= Ac}.

i
0.16 — (Over Speed) i
#1: Left a;
i
] mmmeee #2 : Right f‘
— — - #3:Middle ll}
y i
ii
0.12 — H ]
- it
£ 1 iif ;‘
£ il 1
g g
D i il
[} 0.08 — "y
S :
kel
o
5 _
>
0.04 —
0.00 ‘ { ' | ‘ 1 |
0.00 10000.00 20000.00 30000.00 40000.00
Rotational Speed(Rpm)
o2 64 27| SERA AsfE Q% Critical Speed T3}
3x Al B :01/03/15
0.04 — {Initial Run)
#1: Left
0 #2 : Right
—— e - #3: Middle
€
3
©
c
kel
7]
c
2
o
5 |
>
0.01 —]
0.00 ' I ' | ' I ' | x
20000.00 24000.00 28000.00 32000.00 36000.00 40000.00

Rotational Speed(Rpm)

% 65 27 FEAE A
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65 2| TBAELE HAKE FUlof whel o] FUE ] WS AT
A
o}

86Xk Al B :01/03/15

0.08 — (1st Balancing)
#1: Left i
o mmemme #2 : Right i
— = = #3: Middle i
0.06 —
£ i
E
®
c
2
(7] 0.04
=
Qo
©
2
>

0.02

0.00 ' T ' T ' I ' | ' »

20000.00 24000.00 28000.00 32000.00 36000.00 40000.00
Rotational Speed(Rpm)

% 66 12 WS A

6xt Al & :01/03/15

0.08 — (1st Balancing, Middle)
with Runout
Jd | eeeceas w.0. Runout
0.06 —f
£ -
E
©
=
e
] 0.04 —
c
il
=
Q
A
5 -
>
i
0.02 — 5
{
-, . '..
g ey ¥
4 ——7 A’/'
-------- B T Y . AmazTAOSIIlE
0.00 T [ T | T T T ‘l
0.00 10000.00 20000.00 30000.00 40000.00

Rotational Speed(Rpm)
37 67 #MolES AAL 12} WA Az}

od
5]

o™

IATE EA57] $lslA] Trial Weight 0.12g2 18050 B9 5L &334
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o (4x}A]3), 28,000 rpmofl A8 AZAZTE o|&3le AYAF} EFFUYS A
Abstgdch ojuf AlLH AFAFTE BE Holro] AHAH AIE o] &3t Axt
H BT B lv}cﬂl he] 9 x]of <& wtehg 833l (53} A|E),
=& A5t 28U dAE AW S A= LehR] ekon, A w3k
BFE e ARAE sl YAE £t iy &F IS +¥ItEcl
WHA A £AHEE EFYEFS HHES st AAAH ] 450 % BRE
o] &3tadrt. 3 682 1x WAL 3 F FHAH AF AT JFH PEHE
As] -3 JSES & = ek AFE W Fol7] 95t 29,000 rpmof A A
5285 o] &3l QAL EAFHS ALStSE E43HE A
th (62} Alg) 23 69= 11 WA F ZHH AFAIA HolxE AAY O
2O g 25000 rpm o3t FFE mf 2 Zoz LERE, woj®Re] Zha
71 2o} P& = F oA AFo] A F715tE AL & 5+
7X Al B 01/03/115
0.04 (2nd Balancing)
0.03
T
£
E
'(?)) 0.02
S
3
>
0.01 —
000 ' T ' I ' I ' I ' r
20000.00 24000.00 28000.00 32000.00 36000.00 40000.00

Rotational Speed(Rpm)

I3 68 2x} wHA Az
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8xt Al & :01/03/15
0.04 — (Finail Balancing)

#1: Left
...... #2 : Right
- - #3: Middle

0.03

0.02

Vibration Signal(mm})

t
- SHla
R e P RN = ——
it

0.01 —

0.00 . 1 ; I l T ' | T |

20000.00 24000.00 28000.00 32000.00 36000.00 40000.00
Rotational Speed(Rpm)

a3 69 3uAy 23

3 682 2xt WA F &Y IF AZE Hof 32,200 rpn 7HA] AL,
s = o Zo[7] #18te] 31,000 rpmoilxf2]
< Axtstden, E4B¥¥ES S

8xt Al & :01/03/15

0.03 — (Final Balancing, Middle)
with Runout
------ w.0. Runout ,"=
— ;:
"
1]
{
[R1
3
3
0.02 i !
— — 1
E ’ i
3
c
2
5] -
=
L
e
Q
> 0.01 —
“3" . y o XN v -\"'?‘ub"
~ et Tt '
0.00 T | > A \.' ¥ i T ' T ]
0.00 10000.00 20000.00 30000.00 40000.00

Rotational Speed(Rpm)

33 70 dobrEg AAY HF WY 2
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5 Az HFsd BU AUSEE B
A Holxg AAY NTE o) 21%4
8YFUE A 2of 3 .

23 69+ 3 HHAA(HF) F FFHE A
et 33 702 354 AFAZ
A7 ¢ 25 un BEE EFFH Y A7
2 Ag) el FHef MFe] Uehle
32,900 rpm3} YX|Et= A& °.=J £ ook a3 713 728 A WHAALAE S 17!154
Jg=E Uehd Zeog O3 71 #Holrg EyE ’ﬂ%ﬂi% aelz 3y 72
Holx g A AT AFAZE L} btk Ogold EE o 4 Ro] MY E 53t

o AFY AVIE Y F Ao, (HsHA FT H%—’-‘—E- A 4 st
aela #30004 UEhg Rl F¥ATE ol &St AAEHUA 27 EFFYS
0.41 g 250= (%4 20mm) & 2 FHOFT JAH 0.437 g 58=9} | Z31E S uf 4
B3] FHs| AdEE o F orh olRo2RE Aoz I EIFF T vl
o} 70 % o AL Stol= FYY Ao Yz
0.04 — B Shatt iddioy
— F:‘nal :al::::g
0.03 -
£
é .
®
5
n 0.02 —
S
J i
>
0.01 —
0.00 — . I T T T T T I ' j
20000.00 24000.00 28000.00 32000.00 38000.00 40000.00

Rotational Speed(Rpm)

a8 71 27 3 7 Wb A
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Balancing Test: 01/03/15
(at Shaft Middle w.o. Runout)

initial Run
1st Balancing

2nd Balancing

Final Balancing

0.02

Vibration Signal(rmm)

0.01

0.00 { v ” " | - ‘v ‘ [ T I T ] T |

20000.00 24000.00 28000.00 32000.00 36000.00 40000.00
Rotational Speed(Rpm)

I8 72 MolxE AAY 27 F5 7 Ui Az

2}, AFB B84 314
T8 AEEEE T3 AP S Bote] AREH AFBoll thgt Azt A
7} AAt=l gt

- B AE A

AFBR] 73 Ale Alxt2 F 312 o] A HAA o3t 1 /2AFS FH Y 3
o2HE I xo](<f 300 rpm)E AlARICE 23 Ao d

HolF e ZEATE E 329 o] M3 FHA 13 9L

T Aol BE AEEE YA BEATE o o

4A%7} k.

¥ 31 532 ez g F AN
AR
IFAEF 12 53 1735 SF
A 31031 rpm
= 30720 rpm
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F 32 Woly ZFEAs He wE 12 1

AFB A+ 12 73 EE5%
3 32600 rpm
1.5 E6 N/m 32884 rpm
1.7 E6 N/m 32925 rpm
1.8 E6 N/m 32946 rpm
2.0 E6 N/m 32987 pm
4.0 E6 N/m 33424 rpm
6.0 E6 N/m 33900 rpm
E 32004 Al Wl wlel EEEE EUSHA Hote S o 4 e
tizFd el AFBY] HAA4= 1.5~ 2.0.E6 N/m 22 oA HTE

2t} d](Damping Ratio)& F3to] ¥ 129}
EXB3EH S B3l Fsid Hrl

® 33 A4 Hslo] o} alule)

22
AT alH], ¢

=74 0.0083
200 N/m/sec 0.0050
250 N/m/sec 0.0061
300 N/m/sec 0.0072
400 N/m/sec 0.0094
600 N/m/sec 0.0137

X 3304 Xz utel Zo] ELEE TUY uf, ARRE AFBY ZaAleE= oF 300
~ 400 N/m/sec AEE oA T}

6. A&

- B AAY 12 Z¥ JEEEE BNU3l= APoRRYH U T2 AES 2
+ olgch
1. 8= 7dE<A 3-layer AFBS o] -&3to] FTAH B A Ao sl 3] WA
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& +uslel 28 AYSEE GAS TAY £ gglon, of o F¥W Hof Y
& & FATCIM o 25 un olaic}

2. A® ¥ A2E AFBol ThY Bl ZAd3 obRd olie] glglen], A%
Abgol 7Hsstelrh. ol ZEE AWM 3-layer AFBE 1% Y HUSKES FH3}E
s AAlo] i3t VA Hgo| SHeY AoT A

—LJ
ek
N
32
o'
lo
2
1J

3. B AYEE T3l AMEH AFBY] Ao A
37l Ztzb 1.5 ~ 2.0 E6 N/m2} 300 ~ 400 N/m/sec %_‘_i A2 T

4. NAA YALIN A48Y FUALYS £ Aol FAW WAY wyolet A
ez, Fu4 2A7E Baiel U AFABY 379 dgosvy FHY B
FHLe 2710 S 7Y 4 dt U Austact

aRAo AAY 4 A

EEERESREE S é@ AFNTERE dobxg
g Qg + gk

_n4 JlZHE WHY 2IYIY IHL
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Al 6 A 2%¢tA Air Foil Bearing A& 7]

Hola] +HEAPE7IE HI 4ol HAE wox & dA 23 Y 4+ U3, AHd

o] Alo]ZE chestA ¥ —’i‘— o= 2vHA oflo] wiofd] AJHIIE AFStATt 2eHA

offo] wloja] AE 7= HAE Ho|He] RE[S £ FHol ZFF &= over-hung typed]
ZHE At

33 73 2<tA] ollo] wol¥ A7

A7) AFo] HAE Y& 5] 213 #do] Helrh

13 74 g AE yojalg =

o) ApHE woja MR woja Hol~E Fas

=]

g ek AL o Aol AFstA Mt
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Order Tracking analysis of Vibration

Vibration{um)
1

5000 15000 25000 35000 45000
0 10000 20000 30000 40000 50000

RPM

%) 75 Order analysis A3}

HAE #o|g & g AJefollA 45 000RPM7HA] A3t AFE EFHslact. ¢
o] Zefzof et o] 5 000RPMo A 2| A 7F B3 o] F 4um FEolAH QA=A AlY
717v &A= 3 gt 5 000RPMol A 8] I A= rigid-modeo] &3] A7l 3AE B
t}l.

25HA oflo] WY AHIIE ZFAHSE HYLEAM ol F iyt Alo|=e wof
ol s ZAsHA A8 + s FAE EA3HA HAch
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A 7 A Bump type Air Foil Bearing 7|

%
BT} JFEY BAZAN £4HH, WoloR SoiT Bt w2 Ag%% 278
2 gtk
A%, 54 So] 1 ool olzat 27 ZAE
g o 277122 BED Ark
The-2 Allied-SignalAlol A RHE ofo] wioj=l 2] s}&-ug] ZAdolch

wolg e 3 &3tE, 28, ¥

rlo

Static Stiffness (Allied Signal AFB)

300 I I
Stiffness ?
—<—— Up ¢
250 N o Down ; g
Al
&
200 &
[ %]
ot
% 150 D
© j#39]
. #e
go
100 70
s
/,0/-@'
50 D
————— ez
s R
,‘_l____,—-—/—-:ﬁ_'::_~-"9""“A_—
e T e
0 R -
0 10 20 30 40 5 60 7 80
Displacement(um)
a7 76 3pE-He] ZA(Allied Signal)
Allied Signal AFBY] H5& & nﬂq_ of Wo A=zl 2822 & 4 9l Bump A
o 2z 4] otk o BE Talo] Holgel s1Fol LARE o 482 A2

Al "rch mhebd JgZoMq = 7:°l ol F=e] stFo] FHE3ta U I o F
ol ol gl Bump EUo] 25l dFe AZIAH AP AE HolA
Hch o] ¥ AFBlM A 3] 2% FELEAN Il P52 F, 5ol 3
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1. 5-wave?] 7dsly Az}

MI gl [ME A4 (44 |”ol = EDES
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I 77 5-wave Ho]F o] R LYY

=73 dolE}

Inconel x750 ( E=2.01 MPa )

S $1oll chated LAY} air foild] Z- 7513td u]dgEAHoZ <l
St 3ol WHEBICE  §=0.014, 6=0.042, §=0.071¢] Z ol thsfA wt=d-g 13}

X 35 5-wave Hjo]&l2] H)of u}E vl Data

He RF ( kg mm/ sec?)
He S (mm)
RF, RF,
0.014 5.98 % 10° 9.44 % 10°
0.042 1.73x10° 2.71x10°
0.071 3.02x10° 4.78x10°
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X 36 5-wave W& 2] WHelo] ulE ZFA L

M 8 (mm) 44k (N/m)
0.014 7.79%107
0.042 7.48%107
0.071 7.80%10"

sid Azt 2ol 7.80x10" MmE Uit of ke MA £7H 1x10" Nm B
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2. 4-waveld| 7}/l Az}

X 37 4-wave W0l A}oF
HE zo] WHX i (A 7l o] = xd 74
03mm 470 24mm 14.6mm 30mm 0.08mm
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X 38 4-wave Z}A3 A4t

Az

Az} Zgo] &Y
= ZAAstoct

3.

-

7 50mm bump EU| 7484

W9 8 (mm) 4k (N/m)
0.01 0.691x 107
0.03 0.821x107
0.05 0.843x107
X 39 B4z v
A
tﬂ%’%&(mm) © ‘o k(N/m)
5 wave 4 wave
0.01 7.79% 107 0.691x 107
0.03 7.48%107 0.821x107
0.05 7.80%x107 0.843x 107
ol&}

Azt sl sle) Hae olfstd HE AARAL

F 40 A7 50mm wjo]a] x}ok
WI Fo] WX s |AA 2o Z xd FA
0.3mm 471 50mm 19mm 55mm 0.08mm

2! 81 A7 50mm Bump FEM 2

_79_




MSDATRAN Sarskn £ 0 1 Fuka 4 135831
FRINGE: detadt, Stopd Db fane: Surs

TEHpOTests YOI FRINE ST - ARG

2} Mo thdte] ARSI} air foild] Z-$ 7]518HA v dH 4

o] W3lgltl. §=0.01 6=0.03% Aol tisiA utgd & P3aict.
X 41 37 50mm wo]3] 2] Helo] u}E ¥HY Data
W 9 S Bt RE ( kg mm/ sec?)
0.01 6.54 < 10* 2.59x10*
0.03 22 61x10" 10.15x 104

F 42 A7 50mm wjofd] 2]

Aol whE 3743k

HY § (mm) A4k (N/m)
0.01 0.70x107
0.03 0.83x107

- 80 -

doF



4. Bump FEU2] &o]7} 0.2mmql ZF-$-2 ZAdsiA Azt

F 43 HE %o] 0.2mmQ] HoJF] A}

HE Fo] W= J$ |AH 7 o] = zd FA
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3
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T &= Helolnz2 Zhof uwighd A4S HIAIZE £ Qe
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SREE

loax 2t 1oin ¥l B0l whetd REgE F5hA vhg3h Zo] Lehdet

X 44 Zolof w}E vtY Data

Aol [ (mm ) wave WHE(mm ) EH(N)
Rf, Kf,
{ max 19.84428 (17.93666) 9.14 271.95 108.70
! min 18.08761 (16.17952) 774 317.90 130.65
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3% 87 (@)@t lLa(b)Ql A9 Foil o Azl:s 57189

e<ped
i A3E olgotol W Astd E 259 B AN g + v}

X 45 ZoJof wE 7} Data

Aol [ (mm) |34 k

Lovae 19.84428 2.9285x 107

i 18.08761 3.4370 %< 107
Bamye) A9 ol Fof whldditks g J12E HHS $8Y 43, W
£Z 2} FAEE BefQl Air Foil®] Z9E A Zo] jo] ZIIU4E 7o) 4
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ol gith ol it 0.3014 0.2% WAHYOEZT ZAol o F/UL ¢ + ¢
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HIE o] HE g [AHA 4ol =2 xd FA
0.2mm 47 24mm 14.6mm 30mm 0.08mm
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2% 88 A7 24mm 738 A R
1% 880l M2k o] AFBols R, =2.5456 % 10°, R,=3.3791x10° 2% Al4tsl .
e R,=4.2452x10° °o]gl2 wkE & &3t Fof is) deflectiondt Az}
R=R;xcos35 = 4.2452x10°x cos35" = 3.4655%10° o] = gich
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H 4 &2 AFed=sax 24 3 7|0

A 1A ATALEE Y=

Super-critical 2E|ofl AFBE 2 &3l s H2=2 8ol HFstalct o7
2] AFB= Yt A3t a2 Iste] Sub-critical ZE T YA o2 A & E o]
ot oz AKREE o]&3 vt HEHA HE&H 4 QA =t o]
T AAAH LR o2 Mitirto AT 38 7le FE22 rlofolA = ofF 4
3 A7 gls dAlolTh

sielo] 53 & AFstd TFS Sttt AFBe] tigt AVe=

27§l 53 E &Yste] 43, i, nFolA 5= FFHALH Unx] 97H=
AMNE B3 A7 P Foltt o] 7|&2 AFBY A28 G e FRES F

7¥sto] AFBR] 78S HI7IFHoE FAFAFI= 7ol

U 53 &9 Folth

g5, x| e g 7,500 cycle?] AFB =H& R 3loct ojxe] IEIHCT] Lo}
2ol H53] F2 ALY E AHE3to] AFBY & 7,500 cycleo]A] Felstsirt
2R tHg FHef AAg A ™Y el Fol 10,000 cycle 7HA] AFBS] 4=

BE HAY £ ddrh ol UFEY BHEDAIY £HE wEsl= 2ot

b (ﬂ?ﬁ]gﬂgﬁlﬁjizﬁﬁ?%ﬁ) e %:Z])E
1 |AFB 7j2t7l& / Al A8z} AR HE]Z Miti, NASA, KMC) ZA} 100
2 3o dRAN LA A+ o= Miti, 2]Alo} MAI Atg] A 100
3 |AFB 2 Algea HA/A% Fd AAF AFB Al AA/AR 100
4 |2Eto|uy AFea AA/AF Super-critical ZE] A8z 2 A2/AF8 | 100

5 (MY &AL AA/ A AFB-2 ¥ Al2®l AlY AdH] setup 5 | 100

6 |AFB AuAZ ¢ 2Y AFB A A4 Azt 100

7 |AFB gAY ¥ ZIHEA AFB 354 A3 100

8 |HolH/2H 2" Ad ¢ AREAH  (Super-critical 28 Al@e] 2 AZ/AE | 100
9 [HAMANZ/ AR ARY Design Practice 2}4] 100
10 |HHHA & S/W Upgrade Multi-layer AFB &2 E ¢jo] 24 100
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A2 A ] JH =

L AT H2E a7l Byt Wl &F4S .
olH7kx HME WuidtEs1e b 2 FEoldY A& Y ulE Hol
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2. AHEA-E B XA O] tf3t Fats s

A 2}Zx}o)] AEE = R 2R = 140, 000RPMo] o]2= X <o|t}, o] mf&oj
Satztzl of 24l out, Air Foil BearingS 3 -&3te] F4t3e] 7Med& AAsHA
=3

3. AZEHE o] &3 AHEH
2% RE| 9} Air Foil Bearingg o]-&3l EE PAANAN 273 AKREHY AF
slof gt 7Hed & AASHATH

4. thg3re] u&3AAo] it wojd) A

o] &3 AAE= Fx 2FY, of&FH =Haodes FAAd oo thsf Bump
Type2] Air Foil Bearing& 7dsle] cti&aFe] &3 AAox LY 4 Qdrte=
AP & Ko Fodrh

5. Air Foil Bearing®] AF23} A A#H

o|M7tA| A Aot e, GAA 73 AFFEY Wl S Y
st dFstalnt. Aol 233t ol tisiA = 7,500Cycled] HJAAES
AR, WP A Zof th3t MAte Fof Air Foil Bearing®] +&& &3 ©
A7t2 Fol &3ith

ol Z2 AE Helstd oAzt AT+ES <AYH Air Foil Bearing?]
Z

AAZIEe AT HEY £ Yt A4S VAR BE], 2 AN 27l
£ K VAE AT WolY SRHLE ANstch
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