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Numerical Analysis of Ultra-Thin Gas Film Lubrication

C. H. Chung

A kinetic theory analysis is used to study the ultra-thin gas flow field in a gas slider
bering. 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 a flow in
a micro-channel between an inclined slider and a moving disk drive platter. 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 much less
computational effort.

Key Words: 21283 (Thin Film Lubrication), 71213 #lo] & (Slider Bearing), =%
1A A (Boltzmann Equation), BGK 22 (BGK Model), ¥ 23 3 ¥ (Discrete Ordinate
Method), & 32} % (Finite Difference Method)
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o] let 11% Ao YAt Xﬂ‘“ﬂ‘ﬂ‘”oﬁ] # B n (V-U)
ol U AFEAFYNN YHEo] EAlZE ek o] T Ay B
2 AfFE }"5“’“‘«] oA #5734 Navier- Stokes u} &% ol 7] Al &2 ¥ %= (macroscopic flow
34 5 dEAde] HgsE 71E9] CFD 71¥e varlable)"‘ U p, &5 U, 25 T & 4
2 AE3F ajalo] oz $ny, o3 n|ALH g Ho @3), A @) 2 2 (5)8} go] FUERLFFE B
Aol fAe ols H AZEAE A8 #AdlA &5 Ao gt HEs T3 4 ot
phase spacedlAd 9 B uEg BE2AQ - e
Boltzmann #A34& oo ot Fukui® n(r)= /f(V;T)dV (3
Kaneko[4]&= A & (lineraized) BGK =4 W42 [5]& o .
71% 2 Boltzmann-Reynolds &#&WA 44 fE5% nU(r)= fo( V,r)dv (4)
o, Alexander $[6] ¥ Huang® Bogyl7le &3
2 A (Direct Simulation Monte-Carlo method)[8]& %nRT(F )= % / p f(V,r)dVv 6)

o] &3t} Boltzmann WA 29 73 4 7Y

9 APmAEe Mg A% FRES A% §53
Adelth, AFAX AHEAES H4E FRE o

TAGEC] RFHALY 1& FEFol diEoly,
Aol BE F5F9 SEA4AN) BIAFHE
F4 dl olstel ASe FAE Uk AS FF5F
< AFERAIEOR # q A AR A
(statistical noise) 22 <138le] A HAAE Y
o2 A8AHA AEF F o] vl ojyctn
a2 A UL

2 dAFAs =Y %‘* 2 23 (Model Collision
Integral2.2  ©&3t® Boltzmann W34S
Discrete Ordinate 3 2% FFALHE o &

ate] AFE st=vj2= flying head$t platter Alo]
o vdrxz2Ad et JAFEg] S4HARY. A
5 95t SN2 AFZAE 9 Ve AYE

FEd4 v HAG.
2. oA 7|™

2.1 Model Equation
22+ Cartesian #FH ¥ A4 BGK =2 Boltzmann
ANG]L Ao 4 (D2 71edh

of L yaf _ _
Voot VG = A (F- ) o)

of 7] o A
(number density distribution function),
7 wgel RASE, AE
frequency)olth. X HH B X (local equilibrium
distribution) F & olgle 4 (22 FojZth

fle,y, Vo, V, V.)& FEZEIFES
Ve, Vi Vo2

Z =4 & (collision

oJ7]dlA p = peculiar velocity, p = V — Uolt},
2 6), A (N9 2R X TF(reduced distribution
function)[10]& =9)ste] z Wae] BA&Ee st
o HEY F 5YdEFY £5 Fold 4 ®)-UDe

L:
T«

+o00
g(x,y,Vz,Vy)=f fay, V., V)V, 6

— oo

+oo
Wy Vo V)= [ Ve Ve, V)V, )

—o0

V.2 Vyﬁfl +A,9=AGC (8)
Va—h-+VQ}i+Ach=ACH )
Cla,y V., V,) = f+°° FdV, (10)
Hzy, V., V,) = /+°° VERLV, (an

FEAY SAAY L3 71E Aeole HFEA
2% (most probable speed) V,= 2RT & o438}
o A (e AL ¥5EL =4E F

t=z/L y=1y/L n=n/n,,
=V,/V,, U=U/V, T=T/T,
=AL/V,, g =gV;/n,
h= h/n,,,G GV:/n, H=H/n, (12)

2x&sA46d 4 (13)-015¢  SFFHEA(Polar
Coordinate System)E =<3},
V. = Vsing (13)
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7= Voos (1) Bl 4 OO 4 Ag, = AG  (25)
¢ =tan” (V,/V,) (15) ah,, dhs

ggoz, BUAEAST ABATAZ WIHY Boon * Cog AN = Al (20
4 (16)-(19)9) AvjREAE Ax B= (Vycosdozs — Visingoye) /i (2D)
B+ O3+ Ag= AG (16) C= (Vising,z,— Vscosdoy,) /i (28)

+ Cag + Ah= AH (17) Gio = amexp = [(Vising, — U’
B— (Vcos¢9:5— Vsingye ) /J; (18) +(Vscos g, — UI)Z/T]} )
C= (Vsingz,— Vcosdy,) /% (19) H; = —;-TGM (30)

DaAdWSs FAZE = WY BE HEA
AgEgled, JE W] 234 (Jacobian) o] o

2.2 Discrete Ordinate Method
Gauss-Hermite Hbt 2] Al (half range
quadrature){11]-2 4] (20)3} Zo] 5o #I AHE
& v (root) Vi oM el Al¢((weight) B & ol &
ste] wgste wyolt
o N
f e VQVIAV=Y) PQ(V;) (20
0 0=1
&% Zh(velocity angle) ¢ o tigt HEol=
Simpson #¥& E4aH AANEFHEFE T
A3 HxAlel B JREL 4 (21)-(24)9 73
o8 BAdE § vk

N K
= E Z PJPagéa (21)

6=1c=1

K
= E 3] PP, Vising, g5, (22)

0=1o=1

N K
h= 3, Y, PiPVicosb, g5 (23)

d=1 o=1

N K
—nT= Z Z PP, (hsy+ Vi gs,)

—n(UZ+0;}) (24)
A7\ N & Gauss-Hermite W72 329 a5

(order)ol 12, K = Simpson 3 A A33e] 75
o]},

Bagie g P 5FL EXEs 2t
A Bue AXNZEWRSTE File FHolmz: Aunk

Hae 4 (2530 Tl EAEEAD SyH
2xNxK 7119 ®¥789] 2](discrete equation)o.Z ¥
+ Sdth

ﬂ/l éla E7)198td EEHTUAL SEA
EAd wat 4 (31)-G4) @ $F+U(simple
explicit scheme)& ©]&3tH

8950 _ 950 (&) — s (€= JsOE 1)

T o (31)
890 _ 950 (&;m) — g4 (€, n—isLn)

= 2 (32)
an 1SAT7

Vssing,ye)/Ji] (33)
js = sign [(Visin¢qy,— Vicosgez,)/Ji] (34)
2] (35)-(38)9] HeAELAHAE =T
950 (&) = DGy, (§,1) + Bogs, (§,n—isom)
+ Cgso (E—Js 06, ) /(B,+ G+ D,)  (35)
B, = is(cosg, xg— sind,ye )/ (Sion)  (36)
G, = js(sing, y,— cosd,y,)/ (L LE) (3D
D,= A/V; (38)
U8 WHEe HEetw hyol dBelE 43
& Qe A9 WRAE VRAWES 0§
g TEYEF g6 hpd @2 O
AAg gdavt gloem @A 4, Gy
2 H,9 g AH GAY AXNZERHFE ol &8
o Atstd "

is = sign [( Vscos ¢, 2 —

24 BAH=A

LA ANE FFol P FAU2ER
EE357E 2 (39), A (4009 Maxwell £EE2 Fof
At}

G600 = 71'7—;, eXP{ [( ‘/58in¢o— U.nb)?
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+(Vicosp, — Up)/T))  (39)

hda = %‘ngﬁa (40)
g71A EA , B 9uAAE yeldch EHOA
= okl B 59 2% T, wE Maxwell

BxE ZE 4 4D, 4 (42)/] diffuse ®HAFZ o]
AHE- 5 2o

Gw = 7_{_va €xp {_ [(1/637/”4)0 wx)2

+(Vscos ¢, — U, )/ T} (41)
-1
hw— 2 ngw (42)
for (c+n) <0

n = EAWWFE (inward normal to
surface) ‘?:s‘%i"—‘, Elolth n, & ZTHFTIUEZTE(wall
oz v & & flon, TAHAA
Ak -v'—r"a]Eb‘u(net flux normal to surface)
o] gtk Al (43)8) WL H st AEo ok
=

number fl

[ €=
(c-n)>0

— / (c - n)Fdc (43)

(e-m)<0

2.5 Collision Frequency
BGK modeld] ZA-¢ £Ed¥EE A (449 2ol

Fol 7

Acz—%P— (44)
g7l P &= ¢tdoith. FEHEE A s
o} 772 d(hard sphere model)e]l BIAFAZ

(mean free path)& o|&3te A$ Bd4F ¢ =
gukd oz 2/34 A 1xtele] H12]& 7R p =
A A G0, 2 45)8 e Lx gEAH S Zn

Ak,

g
~—~
iy
[9)}
=

2L
Ho
A71A @A , & 7IFAHE YeEdY, v & A
T X4 (viscosity exponent)Z ZTEAIY AL 05
Maxwell 2212 Z$ 1.09 & 71Ach 7P+
(Variable Hard Sphere) ®2t2€[8]9] A$ 71&4
elo] o] HFA8 Z(mean free path) At FXE

&3

/j’ng]' )'\‘! (46) A] (47 "] leﬂi L}'E}' fed ]E}’.
16 Fipo

A, =
5 mn,(27RT,)"" (46)
(7 =2w)(5 —2w)

F, = 54 (47)

metA FAdstE FENEE MHAT 2ARY
o FFARFHZE o&3E AT 2 (B)F Zo
el & Aok
1—w
Ac=¢ﬂ% S {48)
Aq714 Kne 2 (A2 Foxe 7|EdHA 9
A4 (Knudsen Number) ]t}

Kn

Ao
L

(49)

I IA POTO
(N o
T_> X y v )

T, U, —» ]
x=0 x=L

Fig. 1 Schematic of the slider bearing
geometry.

3.84 23

2 dgF9 f#3aAE 23 E(Finite- Difference
Dicrete Ordinate, FDDO) W& 5371 95k
Fig. 17 2& 239 &elo|r] Wy RK573o] af4
Heo. daarzt ¢z B3oer £ 2 334 °
o s=s}t taa Aloldle Fgd 9T JA&EES
o] AW, APl h 3 hoe Zzt 47 &

FolHel g8% F£AE vehdoh ANEARAE v
3l7) $3te] Table 13 Zo] Alexander F[6]3% &
A FAL Wy 2 FEze] o &HUL
AR R olZ Fo|H 273Kl A AEE
to=2.08 X107° Ns/m?, 2Aw73 d, = 366A,
EXF w = 05 EAYFE ¢Yp=100°] AHEHIAL
c o] A wogASFE A = 616, 7MY F

& ] A
A Kng = 12562 el dgdrt. 4+ %
2 B ®ERAAE
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kM Abel wkAL# ZA(diffuse reflection)o]l AF€ AT}

Tl

Table 1 Summarv of parameters.

L 15um
ho 50nm
h1/ho 2.0
U, 25m/s
Ts 273K
P, 1 atm
01l
~ 008
=
g 0.06
‘2 0.04
= 002 m/%
0 1 )] L 1 1 . '/J
0 1 2 3 4 5
x(micron)
(a) FDDO method
0.1
~ 0.08
=
g 0.06
E 0.04
> 0.02
o

X(micron)

(b) DSMC method

Fig. 2 Comparison of x-velocity contours.

A Ay AARE 95t o4 code [13]
ol 3= Variable Hard Sphere(VHS) = 2[8]% No
Time Counter(NTC) 7]%{8le] A& =AU, cell
£+ 8,000(200x40), cell B BT sampling sizes
2,0000000ict. #3xE EREYPY AMddAE=
201x41 grid7t AHEEY. A4l Pentium IV
3.06GHz wWl&ag PColAM ddte] Hon, AIAZ
o FEAE BIFIY F 3N, AFEAEA =
o} 3041 7keo) AR F A

[ CFD 1l

0.1
0.08
0.06
0.04
0.02

y(miaron)

L 5 -
0 1 2 3 4 5
x(micron)

(a) FDDO method
0.1 DSMC
0.08
0.06
0.04
0.02

y(micron)

1 : 1
0 1 2 3 4 5
x(micron)

(b) DSMC method

Fig. 3 Comparison of pressure contours.
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z/L = 01 AL o -am/s, z/L = 099 A%
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N T T T £ tangential accommodation #A4+(o = lfor diffuse
reflection and o =0 for specular reflection)®]t}.
08 L | I%¥ 49 1958 vty vnygsxrt y Bk
x-EZ7 & AGSEHH wHAANL AEE JE
% 0.6 Y 2 60 AMdHoR dAFE RS & F
£ 0.6 - -
% o
4
-
0.4 | . N
15 FDDO(present) B
’ O  DSMC(present)
0z - A DSMC(ref. 6)
| lines : FDDO 14| ~~°~ Fukuiand Kaneko .
symbols : DSMC N Ist-order slip TN
0+ — ) ’
RS0 SUN T U R N SN SO S S T N S T ST S M &
5 10 15 20 &
Ux (m/s) 5
Fig. 4 Comparison of x-velocity E.m’
distributions. A
0 T T T T T
0.5 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
I | x/L
E |
Z L5 Fig. 6 Comparison of pressure distributions.
gl
; 1 Fig. 6ol= o8 7FA el o8 Wy oA
%-2.5 o] JHEYJ} HBHYY {FIAE BFAHAAY, B
AfolM Alat" HHEZAHSY d3, Alexander &
-3 (612 AH®A A3} Fukui®t  Kanekol4]9]
\s ¥ ‘ 1 ] | l Boltzmann-Reynolds ®He] 23 daE2 2 UXH
e 0.2 04 06 08 1 e WA A& Hoe 2AY 13 vnIdERLS
x/L ol &3 doly=z wA[ild 9% HAzs BL Ao

Fig. 5 Comparison of shear stress at the
disk surface.
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A7ldA U vlndsE, G 2d4dsold o

g Eolx itk

4. 2 &
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2d Z2EXHEFoR te3tE Boltzmann A4
& Discrete Ordinate ¥z 23 HFINEES
o)l &3le AFE =t~ flying head®t platter
Alel9) Yi2Ald xutet 7| A F5 %] A=At
2 a7 sMESs A5y Astd iAot
AHZAY 2 g2 o8 71x gy o AE
ot A B A3 AN dH7 AHRANY
o] o3 Ae} A AxsPgon, HolxE WA A
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