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NUMERICAL ANALYSIS OF GAS FLOWS IN ULTRA-THIN FILM GAS BEARINGS
USING A MODEL BOLTZMANN EQUATION

CH. Chung*1

A kinetic theory analysis is used fo study the ultra-thin gas flow field in gas bearings. The Boltzmann equation
simplified by a collision model is solved by means of a finite difference approximation with the discrete ordinate
method. Calculations are made for flows inside micro-channels of backward-facing step, forward-facing step, and
slider bearings. The results are compared well with those from the DSMC method. The present method does not
suffer from statistical noise which is common in particle based methods and requires less computational effort.

Key Words :
Model), ¥-2|FE
LM B
4% AErv)e ddol 33le] MEMSNEMS 7]&

o] WHF) we} vlo|AR e AAY FEFl Ot ol
ot Agg 4o deAol FulH glom, Zutal 7)AE
2% 1 F9 shtolth 53] HFH E'_7‘7] Pﬂ 2 st=r
279 ulgaks ¢ _Loﬁri 5‘1}‘1} 71 A&
HE}@Q‘@EH@'@ T4 ool FUHT 9)\ e LA
SdfolBof A dA3 7 é?‘ 3Hske 7198 faas
3= Afelell 7]A "fir gho] FAH, A7)7]193FR 9] 5
=9t )= Alele] &EB 7H5o] Aol wie) kst
T, FRIXZ HERE(TB/in®) olde 1AHES
A7) YA E o] 5ol Tam o8kt Heolof 5“4’[1]
Micro/Nano 2~A|Y 582 Fdo Ar 2AY +5%
= e FE54S vy, ol#dt 5] £ ]
A dFe FYde e §53 ?/‘éii Sk
=

T
oAy AL Y= AAoIth Micro/Nano "4 -G53

e

ulm
%

A4 20099 1€ 1659, £3Y: 20009 39 129,
AAZA A 20009 39 ZOE

1 439, dPeta gehees)

* E-mail: chc@daegu.ac.kr

uHeh&-2HThin Film Lubrication), 7]2~#*]#(Gas Bearing), ¥-=3t 73 4](Boltzmann Equation), BGK = ¥(BGK
HA(Discrete Ordinate Method), -7-3HxHE" (Finite Difference Method)

Hol A&57]

U= =T WIATAE A
FAF Kn=\/ Lotk FAlse] o
A7 % Y (continuum  flow regime, Kn<001)
v)nEge (slip flow regime, 0.01< An<0.1), Hol%
(transitional flow regime, 0.1< An<10), @ ZHT-‘EZ]-%“?‘;
(free molecular flow tegime, 10<< An) 0.2 proZich
EFFelelA 1R P ARz oF 65SimE, I
AHE 71972 A §EF7]%e] FAl(Knudsen number) =
1o]3o] o] HolgHel|l A Afwatd el shgdnt vl
A G o)A Navier-Stokes LWAAES 7|22 3 vlaka-gaja] e
vy d@As uEe A" dolsx WMol A"
Burgdorfer[2]9] 1X} ©|I1%(first-order slip)=® ¥ Hsia%}
Domoto[3]2} 23} W]z =& Mitsuya(4]9] 1.5%F w11,
Ngo} Liu[5]¢] §%-2%H] R (stress-density ratio model) &

o
o] glek. o WHEES o] Golshu AAReIL vy A
o el gort B Fael ek Agsjoiglen) ¥
AL 57h 2 o] % AEAGGNA FREe] BAZE Ak

FA ST 2 Aol B AeRAGYY] nA £E5F4e
Navier-Stokes B4 & od&igde AL5E 7129 CFD
ez AU el ofeien, HASAGAA 4



gz AN S o] &8 xuP sfauold YA

8 FAHH A4

A, A%, 2009. 3 / 87

o] olF B HEENE B3] HAhAE phase spacec] A<
W3Eghgeol| 3t BE2)9) Boltzmann W84S Folof s}
= A¥(lineraized) BCK X& AN [7&
AE-S=A Boltzmann—Reynolds SEAENE REsigen,
Alexander 18] 2 Huang® Bogy[9]= 2% ZAM(Direct
Simulation Monte-Carlo method)[lO]Q o3kt
Boltzmann Ho]— 9419 Zhegt A 71 AP RAPES 7t

A For FRL A% 554 sl BN AR

7ol 4w o]l Aol dAH U AL F5EE
AREAE o XA Al FAA Llestatistical noise) &E
AaAel HE GER

2 dAfolAe 2 SE9 58 (Model Collision Integrat) o
2 w<r8l¥ Boltzmann "4241E Discrete Ordinate W3 4
he FEAHEHE o83k flying head9} platier Afo)2) Lh
Z2AY ZEh ZIAEe] I EAT feAHE Sl
e AGRAPY vlste] WAka TR A3, FAAH Aol
glom, 3 54 W AHEAMe) AEH7) offE A
FEgds A e Wz vaHR F99 A&
& ulo] A FEH13] 5 W4

H8ted  backward-facing  step,
olt] Woj=dol wigh A7} 4
AsET v aH STk

forward-facing step %

HEARY 2 71e A

2. silA 7™

2.1 MODEL EQUATION
2314 Cartesian HFE A1 BGK 22 Boltzmann 441[7]
< A A A ()R 7]

af of _ _
v, Baz+%ay_ A(F=f) (1)
A71NM flz,y V,, V, V)2 FREEET(number
density distribution function), V,, V,, V.i= 2 ko] A&

5, AT FERIE(collision frequency)olth, IAIHYFEL G

(local equilibrivm distribution) 7 £ ©}El9) 4 Q)= FoAth

macroscopic flow variable)?! 4%

o
offt
o
o,
2l
>
Jo
i
rE
iy

2 &A@, A @2 A% Rl F
YEETHEE AL thate] ARsel pu S Aok

n(7) :/f(v,;)dv )

7]l P peculiar velocity, p= V- uoltk. 4 (6), 2

He %ﬁ\_l‘&:j_%-r{reduced distribution function)[14]5 =5}
o] z ke BEAEEo thele] HEG § SHHTY FE
Zolw 2 B-11)& de
glz,y, V,, V,) = f( 2,y V. V,)dV, (6)
+ o
Wawy, V,, V,) = Vif(ay V,, V,)dV, ™
V69+V 1A= AC ®)
oh
Vige V—+Ah AH ©)
+ oo
Ay, V, V) = Fdv, (10)
+ o0
H(zy,V,,V,) = VIFdV, (11

— 0

e EAAR L3} 7)E dEoA Y BEEASE
(most probable speed) V, = V2RT E o|&8ld] 2] (19 F

s=x/Ly=y/Ln =n/n,V,= V]V,
U= U/ %— T/TO,;: 27’/(mnono)
E :ACL/ g:gi/no,ﬁ:h/no

G= Vf/nu,H: Hin,

(12

A Aol A (13-15)9] =23 A (Polar Coordinate System)

=g

o H



88 / er=TLFAIS 55| K|

4%

V.= Vsing (13)
A,U = Veos ¢ (14
¢= tan 1(171./17;) (15)

P ot 9T AG (16)
By yh=an an
a1 23
B= (z; cos p— ysing) V/ J, (18)
C= (a:ﬂsindJ— y,cos ¢) V/ J, (19)

FALEF A7E T Aoy BE
Qo J= dskel zkxn]hJacobian)olth

Hroll ] Ay

2.2 DISCRETE ORDINATE METHOD

Gauss-Hermite W72 "‘*‘(ha range quadrature)[15]2 4
QO ol ol ek HES witigooy ViolAel A
(weighty P& o]§-8led Wghsle o)

w0 N
/0 eV Vo vdy :(;P[;Q(V;-) 20)
=1

£ 2H(velocity angle) ¢ ©f 2t 4
‘:?—lo}fﬂ ANEERFE F37] 98 25
e A 2124)9 TAYOE EAE 5 gk

¥l Simpson
&

48
Aol B Aes

rlo

Z EPfsP 9so @21

=lo=1
N X
TLL‘;:EZESPO I/;Sinqﬁog&a (22)
dm=lo =1
N K
nl,= 303 Vi cos6, gis @3)

énT E Z Py P, (hs,+ Vi gs,) —n(UZ+ U?)
§=lo=

@9

71X NE Gauss-Hermite 74349
K Simpson TFFollA] A7k Fjgrolct,

ExamAe g yale £8e EI3F f AA Boe
ANFEHSE Fals Ao|ng AMpgae 4 (25*30)*}
Zo)] FAETAC] EPAQA 2xX Nx K /e A 4
(discrete equation) .2 #aE &+ ok

A}(ordery©] 37,

3,
pin o2 g0 s 25)
on {
Bhé (’9}'15
o o 26)
B o 5 + A by, = AH;, (26
B = (z.cos ¢, — yesing,) V;/ J, 27
C = (z,sin¢, = y,cos ¢,) Vs/ J; (28)
v _ 1 L 2
660 T exp{ K I/;f S Q, Uz) (29)
+(V; cos ¢, — )%/ T1}
1
=516, (30)
e A& BYAFAY SEAY B0 wE FEAHE
o wWad FoukAibgs o83t siXET
[12,13], o} ool BEFF gg, 9 hy, o #E TH BAE 4
o G, % H, o g A9 @

23 A=A
IAANNE fgol HHdedl FoldonR F3gr
7F 4 (31, 4] (32)9] Maxwell £E3 FolFTh

gégzﬂnTb {~1(V;sing,— U,
+(Vyeos ¢, — U, )"V T}

€2

1
hsp =5 Ty s, )



A14A, A1s, 2009. 3 / 89

o714 bl |, = ARAAE et BHe M

T o] w2 Maxwell 2XE 2t A

w

(33), 2 399 diffuse HbAL2Z 0] ALEET)

n

— w _ 2
g = 2o exp =V sing, ~ .. o
+(V;cos ¢, — U, y) ]/Tu} for(c - n) <0
1 -~
hw - 5 Tm Gu for (C - n) <0 (34)

3714 pi= FHWREF (inward normal to surface) WA HE 0]
thon, < EUFYTESEwall number fux)0E WE & 4

T=
glom, FHdA P

gl TP U E(net flux normal to
surface)o] Uk 4 (358 A FHEslo] Aaksoleht
g},
[ Geowrae=- [ Gowra g
(cen)>0 {(teny<o0
2.4 COLLISION FREQUENCY
BGK model®] - FEUEE 4 (36)% o] Fojzlr)
WP
A =" 3
=, (36)
1A P elolth FENEE AN sleed 272

Hhard sphere model)®] HTATE Z(mean free path)Z ol

e Ay Rddg o= dikdo g 23004 14bele] 216
& 7RIS pae AT, A 3N 22 LR e
Zeal Slek

(37

|

1714

YHE YERiW, we AEAS
(viscosity exponent)E ZHPEALS] A4 0.5, Maxwell 49
A5 109 3E

73Rk 7P (Variable Hard Sphere) 3}
221019 A5 7IeA ol BT A3 E(mean free path)
AE AR % 2 (38), A (39)9) #AE Uepd S 9l

$4 = e

o

N\ = _]_»g F?c'u‘o
5 mno(QﬂRTZ})l/Q

0

(38)

«— || —>le— [, —>

TO A
P, T, < 1
ho
hd v
l T, —>
x=0 x=1 Uy

(a) Backward-facing step bearing

e [} —>le— [, —>
TO

o
d
”i
i

1, H
(c) Slider bearing
Fig. 1 Bearing geometries
- 52

24

wep] Fadetd FEAE PAgT BAudel ga4
FUZE o1& AE 4 @0 ol kg & gk

A= PF, (40)

5\Ekn

4714 Knt A @DE FAAE 7SN TS
(Knudsen Number}e|th



90 / Bt

0.1
= 0.08
S 0.06
g 0.04
S’
> 0.02
0 " " " " " [ —— .
0 1 2 3 4 5
X(micron)
(a) Present method
P/Po: 0.5 07 08 09 1
0.1
= 0.08
£ 0.06
o
g 0.04
N’
> 0.02
0
x(micron)
{(b) DSMC method

Fig. 2 Comparison of pressure contours inside the backward-
facing step bearing

K % 41

n= @1
3. ol M Zzf

e f3kAE Ee|&E(Finite-Difference  Dicrete

Ordinate, FDDO) '8-& HEsh7] Askod Fig 13 28 A7t
A S72] 2204 sgolr] woly FE5e] 4 HUoh o
237 ¢ R £ R $AY wd =9} taz
Aolollis el ofgh JNAlGEo] PAHW, afoA
3 h,e 2 a9 AHA 89 FAE dehdd AR
e W] 913to] Table 13+ 2o} Ng9t Liu[5)9 Yo
FrEzzio] o] &5 Uh

AT ofEdel KN Axe
Ns/m® BAE d =366A, AEAS w=05, T4
T = 1.0, Gauss-Hermite H72F4 45 '=10] A}
EHA WolgAsE A= 1282, A {89 54 /)
FATE An,= 1252 Holgdd gt 4+ 2 &3
dlXE FHAAZ] ol 4H U, FHME g W

o= 2.08x107°

Ux(m/s): 0 5 10 15 20 25 30 35 40 45

0.1
0.08
0.06
0.04
0.02

PRESENT
Ux(m/s)

y(micron)

i | "
0 1 2 3 4 5
Xx(micron)

(a) Present method

0 5 10 15 20 25 30 35 40 45

Ux(m/s):

0.1 -
0.08
0.06
0.04
0.02

DSMC
Ux(m/s}

y(micron)

3
X(micron)
{b) DSMC method

Fig. 3 Comparison of x-velocity contours inside the backward-
facing step bearing
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Fig. 15 Comparison of x-velocity contours inside the slider bearing
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