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ABSTRACT

This thesis presented on the investigations of static and dynamic characteristics of a
conventional self-acting airl bearing head and rigid disk in magnetic storage system. In order to
consider the plane wedge type and the IBM 3380 type slider. The slider is composed of two rails
with a taper flat on each rail to pressurize the air. The design of low clearance between head and
rigid disk interface is to obtain high data storage density. Numerical solution of the two -
dimensional nonlinear time variable modified Reynolds equation with slip flow effect has been
studied by using variable grid size. The motion of two-degree of freedom slider head has been
included in the magnetic storage system. A numerical scheme based on the finite difference
technique with Newton-Raphson iteration method and 4-order Rungge Kutta was used in
calculation to obtain pressure distribution, flying height, loads, pivot pesition, spring and

damping coefficient, and transient response and stability.
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DASD Direct Access Storage Devices
HAS  Head Stack Assembly
HGA Head Gimbal Assembly
TPC  Transverse pressurized contour
LDV Laser Dopper Vibrometer
TNP  Transverse and Negative Pressure Contour
RAMAC Random Access Memory Accounting Machine
NRZI  Non Return to Zero Inverted
MFM  Modified Frequency Modulation
N Voice Coil
VCM  Voice Coil Motor
HMI  Head Medium Interface
Bn Bearing Number
o 5 i@ & o
a duilsz@nBUSuuANUAY (surface correction coefficient )
L Ll é . - -
B ﬂ'ﬂllﬂ}hsﬂlil\ﬁ'IQ‘U'E)'\'IH')'E)']UWU\ITN (Slider rail width )
as a & X w @il A :::? : o e )
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137A (Normalized translational damping coefficient of suspension = ¢, h,@q / p,LB)
= x @ ) Jarl |y 4 H
Cg 'fﬂﬂjizﬁﬂﬁllﬂﬂﬂﬁ]ﬂ@ﬂ'ﬁﬁﬂﬂﬁﬂ'Jﬂ'I'N‘l'ullu‘lﬂ'ﬁlﬂaﬂuﬁﬁl}uiﬂﬂllﬂuﬂ’]lﬂ]'ﬂ@‘"@ﬂ
ﬁ’aﬁmiugﬂ'l%’ﬁﬁ (Normalized pitch torsional damping coefficient of suspension =
coh,0¢ /! p,LB)
4 AUD (Frequency of translational vibration of the disk surface = /27 )
=2 s ¥
fo wianagaviIoiu
Fy u3anAoAH291131A (Normalized suspension preload = f/p, LB)
H  anumiiaunasaul3ia (Normalized spacing = h/h, )
h, anunuiaudiganvenlinalunisnasdu(Minimum allowable spacing)
hyp  AnumuAdunasduivsnuveudumveaniiownseiund veui
(Leading edge spacing)
o P A A oA o o 1 ! ' ¥
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(Trailing edge spacing)
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(Normalized slider moment of inertia about the pitch axis = igh,08 / p,L*B )
MUWTIUIUTUANN  (Imaginary unit =y=1)
dunlszansmlTimsnadariaenlufinmsndoufituaslunndmindunriudad
1u2ﬂ1§ﬁﬁ(Nomalized stiffness coefficient of suspension in translation=k,4, / p,LB)
FulszAndauTimsnataiie i lufisnsnaoumyusoUILINUAIYIVBLIAY
ﬁﬁﬁﬁlugﬂlﬁ’ﬁa (Normalized pitch torsional stiffness coefficient of suspension in pitcth

motion = kgha/pa L3B)

1 ar o
AUAYAYUUIILDST (Knudsen number = A, /A, )

AUYIIVOIN 01U (Slider length )
M’Jammﬁ"afhualuzﬂﬁﬁa (Normalized slider mass (= mhaw(‘;‘ / paLzB )
mmﬁuﬂﬁunﬁaﬁu‘lugﬂﬁﬁﬁ (Normalized pressure (= p/p,, )
AMUAUVTIOINIA (Ambient pressure )
aands lumsudasardas (Laplace transform variable)
120 (time)
L’Jﬁﬂ‘ugﬂvl%’ﬁa (Normalized time = @t )
A3 TUMTHYUUDIAIATS (Veloeity of disk surface = ra, )
Amiavesyaguinatanaveaiaeuugy 1358 (Normalized location of the center of
gravity = X5 /L) |
szuzviesznigaguinmananazyataiie lugy 136ANormalized distance
between the center of gravity and support position = Xg/L )
53UZNAUAYBINIBIU (Normalized location of the support position = X /L)
ITUTAINYIIVOIAIUS B Taper) lugi) 1311A (Normalized taper length (= X 7p /L)
izﬂt?&f’u:l’ruﬁ\'l umﬁﬁafﬁuzﬂ'l?ﬁﬁ (Normalized translational displacement of disk
surface (=zp /ha )
quﬁwﬂugﬂ"l%’ 1@ (Normalized pitch angle of slider =L/ h, )
3 UDUIUDINIBIU (Taper angle)

m"auﬂmuaunu‘lugﬂﬁﬁa (normalized spatial variables, X = x/L,Y = y/B)
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free path

@alsznoums na (Poiseuille flow factor)

ANUNHAVDIDINIA (viscosity of gas)

mm?ﬁ%mu (angular frequency)

Fnvmssesdunieioni s niuues (bearing number = 6 UL/ p, h.)

AARYMINANTBITUNIT squeeze number = 12UL [ p, h?
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0.1-0.3 pm
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2.7 wisuauvlderfiaan (Floppy Disk Drives)
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i '«—Electroless NI-P
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ile 4 fle sveranugaveadunevesmsindouiisasy Tavmds Tuagaeme
(the mean free path of the molecules)
h #9 amunvesilaundody
Taoiideu lums mafiusnawouvesszuymsmasuinfinsanszreams nauuy
aeifiosainane , mslnauuvaulon uazms“hia'umTnmQaiﬂu%’asxﬁﬁuagﬁuﬁuﬂuﬂ
U193 ( Knudsen number; K) c‘ﬁammsnaﬁuWf‘iﬂﬂuﬂ's:mm"lﬁmuﬁum‘sﬁandni{

M3 maaduaueaaiioy : K < 0.01

ms anuuauloa .
Y 1 - K
Mg lmanvvilulu . K > 3 %50 <10
J/Re
= K
ms InavesTuanalavdass - > 10

Re

y 1 1 ag 1o o a
lilo Re #® Reynold number = pUh/n uaaanm Re dusgiunnnummnilay dmsy

ar R ] =] A 4 o ' o =
mstuiinmaiman pUhk/n Siandszana 0.1 Sezdunawuindingmsaianuniaves
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: IJ - A =} (- | Ja a q’d 3
2INAAAAY (rarefaction) 92 TN UM K iiseanunen mizilsingmssinifailinariosasly
] . ¥
NIBNNITHADAUIUTBISUNIBE NN
Tuszvumsnasdunuuau loamileusunsdifinig Inadluns lnanvudenion
o 1 y a i a = o
prunguinnureiiisaneiuie Wvamanmms nahuinaveun/dsunasnanmuiEa
a a0 " e L8 4 A = 4
vinaweuiiswihnuguinaeduanudiduleoa anmmsnlaounlaims lvanuuanuloa
Taguiase  Haumshewsniwnldesunisuiioszosvinvesiisesdunmiuszuzanuga
3/ & Aa - o = =4 ar as o w &
voudunumsndouioass lavmdsvesTuanauna  Seaulufivsdnlsuudidaniiaves
3 da & a ¢ ad v @ /a
ANWEWNAWOY  UBNIINTGans[39] lAnuewAnsizimanquijiioaseaumsisd Tuaan
= d'l 4‘.\'1 ¥ =) ) d'l = 4' :‘
wnsantou luns Ivauuuduloaadliats  snvmgueaveuna Wenasanmsindoun
W 4 " v
vos Tuanalasmaslumsnainua waiilduaasliviudiy aunsi Burg dorfer(40] afhe
¥
' = a = 4 a
BrounhilduiaasIianulndifies #a14Tmsnaassiiguililauo]
o e 4 a
NNTUNIIVOS Burg dorfer[41] UEAAINNNTUNUTVRIANUNTIA B ATHUL NUANY

= 4:5 o =3
HUANATTUAUDTTUINA (T]a ) AD

Na

17 15 (6ar/h) (3.3)

4 P ) g a 3 a o Qs c{’ ; 1
o a luaumsi@a.3) fe dulszandufuudiuidmsy venvintiudmunszes
ANuRIaIdUMINsnaeundase laumasves luanadludadunnduiunaumuuiy

p[42] dmsuuRaauysainildanizgungiinen fe

p/pa :p/pa =’1a/’1 (3.4)

4 A ¥ kst = = @
o A, 09 mu'nNm'smaaunaﬂiﬂﬂumawaﬂmaqawmwwuus JUINA LS

a

p, A5 ANUAUUITHINA MYBI K NANWAUVITOINA AD
K=2,/h, (3.5)

" 1 " . v
idio A, i Anumuaudess (Tavdndaliaundoanunuildusige ) duiu

aums anunialszantnaznatodiu

T? = ’76’ (36)

1+(6aKp hy, [ ph)
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T ar =] ' =] e o i o o
uatiiosninluilegtiuszuumsinudeyamaniman Wihnlinshaunidseans
mwgauaziinnuydeyage Tedeslinsianmaniouiivesiaem  Iiiagilissozms
a - omy ek e o ] @ o o S ] ar 3
asumuumAanmnganiinesi IdFilepiui 1dfemdesveamize lulasas Al
= U d' = ﬂ; mm va A = = =2 ]
nouminasaunuyleTas lavrdnuuui bilddesannsauleavsnuiveudshimung
LY o a as 3 i 3 3 4
avlumsldinsaniinned  dnfuaunismsnaeduszdesdszneudlonavesmsauloa
¥
A
Hq ¥ - o ey ! 7
nnaums (3.6 ) Nlduaasnnunila o dumdsieg  unusaa ) luaunisisd
Tuad (3. 1) uazdameouiianuFimmuranuanuniavesis ey i ldaumsisd

Tuas sailasfo

i 3 GaKpa m _a_p. __a_ 3 6aKpahm @ L _a_ a(ph)
ax[ph (1 S di ]BxJ ay|:ph (1+-————ph ]ay:|-6naax((]ph)+12qa z

(3.7)

§ o ' U ' aa | 4 o °
diovn 1w Tuzun lifindaen3e 1306 (mondimensional form) AnWSau laansazinld

auns (3.7) ﬂmtuflu

i[PH3(1+%)a—P:|+(£]2i[PH3(1 6aKJ6P} A OPH) | _o(PH)

oX PH ) oX B) aY oY ox oT
(3.8)

&

oo

1o A D MANBYUNITIVIAU ( bearing number ) =677(,UJL/;;'QJ«:3I

k

fio MFAAAUNIINAGA ( squeeze number) = 12n,0L%[h, (0)] p,

wio=127, 2 /(1 O po |2
P=plp, H=hth, X=x/L.Y=y/B,T=ot
L fo anuunveaias lunemsiaeufinuuuaunu X
B Ao ANUNINvITIBIMNLUILAY Y
5, (0) o AnumnTdueImad1eBasudy
» Ao anudimunzey

nnaumsisd luaa (3.8) mildeglugilialilde

2
[QPP 36P}+(£J —a—[QPPH3—aﬁ}—/\a(PH)—da(PH)=0 (9)
ox ox|"\B) or oF |8 g Sy



48

e 0, Ao AlsznouMs Iua (Poiseuille flow factor) 1AYTINWAVBIANUNLADINIAAAR
§o o ' < . -

(rarefaction effect) luanmwmanasaudauuun maalseneums va Poiseuille flow %

HUIUANEUENT IMaAD

M3 Imanyuaailsaainaue

0p =1 (3.10)

E=1 4 ar r A
M3 IMauUUNTUIWANTaU IMaduAUnil
ak
B =1+6(——] (3.11)

M7 Imanuuinsamansau Inasuduaes

2
Op =1+6(F%)+6(—§F-1—) (3.12)

@UMs Boltzmann ~ fmuald D =1/K
Lf}"a L¥e5
Op = D/6+1.0162 +1.0653/D — 2.1354/ D? (3.13)
e 0.15<D <5
Op = 0.13852D +1.25087 + 0.15653/ D — 0.00969/ D> (3.14)
e 0.01< D <0.15

Op =~2.22919D +2.10673 + 0.01653/ D - 0.0000694/ D> (3.15)
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= A d? ta o 1 J = v 9 ' @ 4
Ysnamsau loadusgiudumisuuiuAmasauuazm 14 Tasauayauiuimes local

Knudsen number; X))
K[ — —. (3 1 6)

= A J o o 1 d’l‘ = | ﬂ s ' @ ]
Ysmanmsaunaduegiudumisuuiufmasiueziiludadunnduiua  (PH)
Tunsdlveariieusiadaan [9,41] wun K, Tsnnumndluaearivesa x Husnalndiy
Y 9 a 1 by 3 al s 1 @ 1 T - -
YBUAIUMNIVRIHIO LBz VOUA U RdIusve i Taonuhaunde K, inlszinm
s
ATINTIUDI K
syuzasvalveuduniinisindouisdsy Tasindvvesluanafianiizanudu
USTOINMA  dmTuemAlin i 0.064 1y Iaswas wazlimdulszansusuudnuEum
AU 1.24 dmsuemauunszen [9,42] duilszanfusuudnurlvesomauuRIIo LIl
= [ o 1 ar n’.: o a @ w1 ' g = 1 e
wman luansaimsma e dniuseuydli 2 = 1.24 dmdvieusimaniinuiny
as 9 = o o o a = Ll ' & o
DINIANUUAINT DNTLIN AUMTIT IHaad T UYed Ivan Ivastsdeiliosasinaue luaums
: o L o’ o
() ansaldldidie k< 0.01 v3e &, 6.4 lulaswas dmsvilaueina aunisisd Tuasan
uasaums(3.7) uaz(3.8) uiludeslddr 0.64 (&, ( 0.025 lulaswas dmivernn
o ar '3 a 4 1 Y] a s o o @
[9,4111d% M5 IanNuNU1Y N A LD INIANTBIAUTEH I LIRS HIA TN VUL 11U
1 a - e ] u' = ai Qs r y
91UILADIMIVURIAARAAUTLLHIIRININA Tavlioiniananuau UTs M uenTHaDaY
uazl¥nsdinldufadinoumilummdeduunueimaiianusuussnme (7, =1.94x107°
thama 3w waz 1, =0.186 TuTnswas) uagddeuinnududinanuduussenis
3 o = S ar o 9 o' & ar d::
waimslSeumsunanisnaasInuranIsAILINAWIUNSISE Iuaaaaut)aslunsainms
[~ 4 1 4 Q s a’: o ]
Tvahuwwuduloa wudwan ldesedu daiuaums (3.7) uazG.8) aursorhusld ldea
b4 ] o & g "o o 9 =] =
RNABAIUIFUBYAUANUNUIYDINANDINAADSZNR 0.025 TuTnAsATHTD (aK) 1)
1 [ o s
AUMAY 3 WANTENUNINANUNIIAYDIDINIAAAAI(Rarefaction) 32 IHAUYLINAYAAAS
Voo T e - 4 a ¥ i
ez 14as 65 Wedidsud oA nnyamwsniuies (Knudsen number; K) SAuin 3
() A A - o - a g a0
APAUNITTOIAUNTOUUTNI VDI (Bearing  number, A)  UnAudvzin1geun
k1
dmiumsmaulussyumanuiuiindeyamanimannnasia ariudailimsms
o 4 =1 ar = 1 C: E=Y é ) =v-1
Aandumsisduarun panninsiRounnusuilagananuinuvey Funaiiads
v 4
Tuaarivesisusn ldmoiindse ldimndmatovie - TunisAnuinseil Aosaudenldns

Tnavuuduloadudun - 1 wazassunurmIgAnssuMSHOURTAIzMIhOuLLY
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an1zAan (steady conditions) Aaaumsn (3.9)lavAamauninaINNIsNADA (squeeze ferm)
Ed " '
naly nagwgdnssulaudnusemsminuuuuanie hindhidnnumnnaumsi (3.9)

4 a
3.3 aumsmaianaaun

= '3 = =Y @ 1 o Y (ﬂy 3 ar 0 = d'l P 3
mMsanszinganssu laudnvesiiem  ludnotinustildisiimandoun1d

- =9 _y o ' =4 A SIJ z o =Y 1 =Y
Tavdaszananamy  TaswosanldmiouimsmasuniuasluuuifminduRurudan

HAZUUINSINADUAVBIHIDTUMVUUINIIVEIIVOINIDUNATDUNAUHU AT UT DUV
I a o o l:‘i
uruAan aalugiin 3.3

V4

Nl
Slider K.

\

DT
24 2 x
—_—
N wl [hieyn ™
R L i R L VT r s CaF TR aa ey syl U,
Disk

Xeg mg

c; o oar as U d.‘ -
JUN 3.3 Adavewiromluvuzindoun
4 9 o w o 2 Sy Y
110317 3.3 mwseadaumsanuduiusaeg lumsimaeun ldde
AUMIAUUIINNITIADN IO

d*z dz
m—+C,—+K,z+mg+F =W{t (3.17)
R g ()
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I, _+C9—§;+K39+M9 +(F+ngchg —xp)~+-F,.szg =(xcg —E)V(t)

dt?
1318152135090 U(bearing load) 7D
BL
W(t)= II(p_Pa }ixdy
00
vnawms 3.17) uaz G ieglugy 1imiaes 14

M;Z+Fg = }I]I(P-l}i)(d}’
00

11
Iof+ Mg ~FsXgs =2 [ [(P~1\Xcq - X JaXdY
00

FosEA K NZ= X9 Call ~ X s
Mg =My +K40+Cy0

Xgs =Xc —Xp

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

¥ ' ]
aaiulumsudmaumsauganmsiniounveaizgi i lasmsudaums 3.20 uaz

3.21 Wiouqiuaun s luadiemanINMsInABUN YD1
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3.4 351 lunarliwlostsud

& = ar u’ll (] o a s 9 o u’.: =2 o

DA UMITIFIDYNUT Hﬁ']ﬂ'liﬂﬂ'lﬂ'ﬁﬂuﬂmiﬂsluZﬂ closed form vlﬂﬂﬂuuﬂﬁﬂ‘lﬁju
9 o as a W P o ) o o b ]
Aol eI BV I¥ lunisaiuam “B\iiuﬂ'ﬁﬂ']u']ﬂlﬂ']ﬂ'ﬂJﬂ"ﬁﬁUTUﬁ'ﬂNlﬂuffllﬂ'livll}
o g E ] P o o A o < Ao o do
1%L H(nonlinear equation) ﬂ'lﬁliﬂ'ﬁuﬂ'ﬁliUINﬁﬂlWfJ'H'Iﬂ':l'mﬂuﬂﬁiJﬂ'lﬂ'lﬁﬂﬁllwuﬁﬂUﬂ’J'lIJ

L

o Yt 9 o ° = o o & o 1 v @
wivesHauemea latigiimsdnlaeds W luaaniesisugsiueiauninay Nl
aey o o o adda 1 o J " dslt a daa
w5123 Il Tudanmles s umiluisnadwaensfnauaziusgiugins siuindesun
A @ a0 A AW 1 @ = ' o P 3y g
%m'JE)1u‘n*mmsﬁﬂyﬂummn;ﬂmm"lmwmaumﬂmmmzﬁummiunm’muuﬂmm

o o
Aun1sisd Tuna
aq ¥ = a o ar 2 ar o 1 A
ﬁﬂuﬂ‘lﬂf‘TiJﬂ'liL‘IN'E)HWHﬁLWU'UﬂUl'Jﬁ'I Wﬂl?ﬂﬁlﬂuﬂ’litﬂﬁ“ﬂﬂ'J'IlJﬂE]l‘NEN AN
' " = o 1T A =) 9 o o
Lmui‘lu‘mqqmﬂmuﬁ‘lumuﬂmuu'lmmum Tao L ﬂﬂnﬁ'ﬂﬂ"] HAaININTATHIUTUNIS
= a (J = ' o 4 = a
WeoyRusi lasinganm i = Ar lunsdnnslilifesquiwiandesns  Tessun
= 2 o AN [ add” £ 1 [ lrly A&
nmwmmmauzlmrm mﬂauw'lﬂmnmi'ﬂSzmmmmmﬁu%zgnmmuuumsﬂmu A e
] ' P é’ ' ] 3 =1 s u’: oY o u’c;J [
AT UIYFIIDTNIW UV ULUADE B INTHLIWUIND ﬂﬂuuﬂl'Hﬂ'lﬁllﬂﬂllﬂ'li&'.iU.I'Llﬁﬂﬂ‘Uuﬂﬂl'JﬁW%z
¥ ¥
9}1}8Q‘I’?I']ﬂ'li'l."ﬁzll’]mﬂ']TﬂUﬂ'\ﬁlHN‘D"NL’Jﬁ'lclﬁﬁ‘u FAUNINISULINTATIMTUNIDIU IBM 3380
) ar =l 1] I = = d' LI d‘! @ 1
uanaldnegy 3.4 eziimimianialavaziden Inumnizusnagai liaeiisvessiaiieu
¥ . v b
sliationugnasslumsiraddaasungluuazviniygmanumanuaanaialy

15A14 IU(numerical error)

T T8
A
T T 1T ¥

1
1
1
1

I
1
1

><
%

=
L.

X

B N S R R S SN R ESSSSSSS

H 1 k=) A ar 1 =
gﬂﬁ 3.4 MILUINTAVUITNHUITNYDINIOTUTURA IBM 3380
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v
v & 9 o

TunsdifaumsiFeyius himumsainsTinneiudlaoase1d dniudadesinms
! a o ° o ' L) a ' o
Uszmam lagumadeyiusamsonlasnssnnumvesilandudunlsdaseananini

¥
szuzveiu Ax uazmismasisvesmifendudls Ax dsaunmsaelyi

G oa o

~ (3.25)
dx Ax
o ' 1 o o - & '
drotrurumsmunaumsisd luas 1ao1995 W luaavivesis us FaTNITUL
UTunasaiuguniaaalugn z.s
N
ij+l

AY, a3/ D \4 R g
| |
| | |
AY : I
e J . 1 ]
W -1y W] i :e i+l,j E
f |
l |
| |
AY e e

..<
B
S
Y
A
>
w4
Y

¥
S
311 3.5 maialSuesniunuueIna
&

MINIMHANTIUADAVRINIBUIZAAMBNNVUN UM Tuauns Tuanaums (3.9)

2
d 3P (LY @ 3 0P a(PH) ,
ol g A7 o | el 28 B UL ) o0 - iy R R ol 5 3.26)
aX{QP 6X} [3) BY[QP ay] ax (

diodszgna 1933 el Tudavimesisudlunsdiivinmsud Tas lindougiaums
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-l
WMANUTNNINAIUT8TR9ANNTTN(3.26)aznseane laAD

oP 3 OP
PH>— | <0 PH®—
_(Q” 6Xl (Q" ax)w

i[Q 32]_
TR T (AX,, +AX,)/2

’ [ (0Pus)+ 0Py )J(Pm,j =i ]_Ha(@pﬂ.fﬁ(@pﬂ-l,j )J( B, P]

4 2 AX; 2 AX;

]

(AXH’ME—I)/Z

(3.27)

TunueufvrfumeniaesuasdiudiseaunIsn (3.26) szt

5 RS 3 0P
2l mzﬁﬁ}-[gpm Gz
. = :

oY oY (ay,_, +aY, )2

n 3[(Qpa+1,j)+ Ry )](P,-H,j =By J'H{( oPir)* (0P ))[ P, —PHJ]

: 2 AY; ’
(aY; +AY,, )2

(3.28)

uazmanmqﬁmm'mmﬁumiﬁ(s.zﬁ)

BBy
Aa(PH)ZA{ i e S "’} (3.29)

ox AX +AY,



wieagUnnuduiusmsnsynuaumsdwds W ludavivesisud1dne

TunsdloyWussuduao

aPzi,j
ax?

= 4)()Py ; + A, ()P, ; + A5 (1P, ;

Taoh

: 2 N\
1) =
l(l) AX,-[AX,-_1+AX,-]

45(1) =

AX[AX + A ]

s @ o

=t o ]
wazlunsdiayiusduaunii

a;;j =By()Pr s + B2 ()Er ; + B3 (1)Py
QS e
B,(i)= % ;
By (i)= AX, [;Xaii+ L B
iiio AX; =Xy =X; e AX, ,=X,-X,

55

(3.30)

(3.32)

(3.33)

(3.34)
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3.5 IBnszavediIaus au

1 a - i 4 ' 1 @ LAY ¥
aun vy liiFadu( nonlinear equation) GaoNAABNSUATNNTHIA1 IAYATIAITIUIAD
mldduaumsuuuFadu Taverduitveeiiafu-51Wdu( Newton-Raphson method) 1111357
AapguusInguvesmslfeynsumdians ( Taylor series)[42)
s s ¥ 7o 7
aynsumdiansnszainadioms 1dwnismou 2 weul
fx)= fxo)+ £ (xo Xx = xo) (3.35)
o lFudszuuaums higadunnaums 3.26)M ey ugdszuvauns idu(system of

' ¥
nonlinear equations) ﬁuu“lug diuuna 1y 1Adai

S B Pogoes Pag 15 P2 Py 250 Pag 2 5eseees Py ) = 0
51 (Pois Pogonees Prg 18 B 2555 2500 Pafp seeeen Lrg N ) =0
(3.36)

I B Potses Prys BasPa s s Pag 2o Py v ) =0

¥ ¥
oynsumbmein ¥ lunsudssuuaums hidaduiidlueynsumdiaosd vy MN Aauls

4 o o o o
FadmTuawns 1J laqamnsa@ondlugluvudai

Apr)= f( ) o (P)

3 (P”” e P") (3.37)

Pap"

fij (P +AR Py + APy .., Py + APy 1, Py APy, Py v + APy ) =
fr‘j(PI 15 P s By P2 o Po 350 P 2500 Prg w )+

;.
ZZ Ly (B PP 1 a2 oos Dhe v P VP # v

m=ln= l m n

(3.38)

o U o ar 3 9 o A ¥ ~ 1% - ac a
Amualdaidlandumedudouesauns imiguinain 1a ssmioudusziionisnms i
o oo o Y o o
fu-smdu oM Invesdums fx) = 0 Tasmsdsznailanduaivoynsumiiaein

'3 ¢ o
ﬂiﬁﬂﬂﬂﬁ')ﬂﬂ'ﬂulﬁﬂd 2 Wl ﬂ\‘lllﬂﬂﬂ.ﬂﬂﬂﬂ'ﬁﬁﬂ

) 28)

AP =0 (3.39)
oP

P=p”"
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diodtiadusdurlszgnd 1$lunsudaunssd TuadilenmgAnssuadaf

uana I3 luaunsn (3.26) w2 ldaunisie

n 31\? n
2| onpps ", oloppH?))" op +onp® 22
oX oP BX oX

oP oY oY

2 n 8 b n
J{E) Ol onpu3 %", a(QPPH) OP" \pn , onpprd PP
B) oY oY

-A—_[P H+APH|=0  (3.40)

¥y31.23.....M i 223 o SN ; - =
Taoluiifl P,J,{ s s D nisuaioumisuduiivzi ligmsgihmmadnives
%,
ZZ (P15 Poises Pt v AP = = fi i (B P v s Py ) (3.41)
m-ln-l m n

3.6 521 BUITFA-ANMBUAVT [43,44]

a aa a = o " a o
5 50-nadnduitn &S uanuiousas Iddueden v laums iz linaans lu
] ' 9
misnnaiiinnugadeaiudgaazsinsfua IdiivmaumEudum iy wann
Anvesitjus-nadinemammanuFuitinnuiommsege - aumsnanfldlumsdiueg
y ar o I o dw  w as 3 Yt k' s
Tuzdaumisndoiveynsumdiaes idaeyiussudugedainmsladsjagad lunsdiay
msoyius suduaesduiuauns i idaduldeylugdmnsidudunieliegglaums
oy Susumilsaosaums

fntaruaumsayRus
¥= —I—[f(t)— kx — e = F(x, %,1) (3.42)
m

¥
- ~ - ar o @ é
W 1=y aunsteaagiiluaumsFeyiussudunilsgesaums

iz } (3.43)
y=F(x, 1)
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a 1 o d ia 4 1 e )
Tnldeglugileynsumdiaes Taslilianudrsnafmviuudaza i iy 2 = Arez'ld

dx dx) n? ]
x=x | =] =%,
dt ) dt? A 2
\

dy d?y) n?
=y;+|— | h+|——| —+...
HOH (a’tl [dt l 2
¥

as a w do  w & A 1 ar { g 1A
TEEQN-Q?WI'I‘ﬂﬁW%'l‘iﬂﬂﬁﬂDHWﬂﬁ Bl.lﬂl!ﬂuﬁfl;’ﬂﬂ?ﬂﬂ'lﬂ'ﬂﬂ‘ﬁuIﬂﬂlﬂﬁﬂllﬁzﬂﬂul!JWﬂ'liﬂl’l

(3.44)

s 1

. o do @ z o g/
MBUNUDYNWUDTOUAVFINI AYUHUINTUNITN(E.41) %:’;1?\

x=xi+(@] h
dt iav

dy
=y, = | ‘A
yov+(Z)

aa o & Y o ad 0 a o . P w daa
I AN-ANDUAD 4 ﬂﬁ’lﬂﬂu’lﬁﬂjiﬂ'luqm‘uﬂﬁ‘lfﬂﬂﬁu(smpson’s rule) HAANNAUNITIIN-AA

(3.45)

: W
Mezuaneuasinaneeniluasuneuuaz lenadius lumsf s udas e

t o Y SRIEE
L =t X, =x, K=y F =£(5, X, 1)
h h h
B =tp+o Xy =x+% > h=yi+h> Fp = f(1, X5,7,)
T3=f;+g X3=xi+ng Y3=y,.+F2-g= Fy = f(T3,X3,13)
Ty=t;+h X, =ond Yoh Y, = y; +Fyh Fy= . X0 %)

v
Tawaunantaz 15 lumsaudnaluauns

Xiyl =X‘-+§(Yl +2Y2 +2Y3+Y4) (3.46)

h
Vi = Vi + E(F1 +2F, +2F, + F}) (3.47)
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dl. ot

ewsosannuduius 14 vy lunsainldduaunmsdeeyius iidudugelunsdin

dosmsmimmanedus Wy mmds xp,x,,...,x, lasiaumsSeyiussudunils
fio
% (0)= fi(e1, %250 %,) :
x5(6)= f2(x1, %0505 %)
: > (3.48)
%, (0)= fu (2250003,
xl(a)z 51, X(a)=s,, ..., x,,(a)= Sy
fmuald
X'=F(X)
(3.49)
X(a)=S specified
X x) Si
x r
xn x;l ffl
INIBJIN-AAAT
X(r+h)=X(:)+f61(ﬁ1 +2F; +2F, +F,) (3.51)
Fy = F(X)
Fy = F(X LR )
2
L (3.52)

F =F(X+%hF2]

F, = F(X +hF,)

¥
o

@ 1 9 - P 1 lar
@I?llﬂiﬁ‘l&‘]ﬂﬂl’lu ¢t UDE A ADNAWBDITNUNIVUANINDY 7 UM
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v w ddw : £ ' a
mlszyna et jagaddusuidiuaumsmandeudaldnan Bluaumsi - (3.20-3.21)
lunstinslinseringAnssunaln WaswegaussalSavesvutanaasdiomingm £, lay
= =2 a4 -] = @ o o 4 o a A 1 o
figada X, naldeerves lulagadoadunugaguinaeuia  manuudsa/sainadeilay

1 v v v
naoduosunduiudaausoda lifosan'ld 8] asriuaumsi ldne

JUN 3.6 usanadariag

11
MZ =~Fy + | j (P -1)dXdY (3.53)
00
g 11
196 = Fo(X5 = X o6)— [ [(P=1XXp - X g )axay (3.54)
00

ANdeInIfe 1 Z uaz @ Wona ¢; laq Taoh T = et

NnaumMsiruald

xl:T, x2=Z, x3:9, x4:2, szg (355)
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Falsdu  Fwdslmi Aisy aumsiFaoyius (X)
)
T Xy 0 x=1
Z X3 2 x'2=ﬁ[—FO+W]T+C
0 3 0 xa=$[F0(XS"XCG)_W(XP_XCG)]T
+C
7 x4 0 xg=$[—Fo+W]
7 X5 0 x5 = l [Fo(Xs - Xco)-W(Xp - Xco)]

Iy

3
\ ot Al ’,
udunumdanlsmariasll luaunisvesgus-nam
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Unn 4
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4.1 mdwsAmmamshauvesielunsdinginssuain

o a g " o g - IJ [ 2 d
ﬂ‘uﬂULliﬂi]:ﬂﬂﬂllﬁﬁnﬂ1iﬁUT‘Hﬂﬂ'ﬂ’ﬁ'ﬂ’nzﬂQWJ‘HSEllllj'lluﬂm?ﬁ’]"ﬂﬂﬂ'ﬂﬂ‘riu1ﬂﬁﬂ

-~

vasduszauyd IineN Asaumsi(3.26)n lduana’ld luuni 3 Ae

o 3 0Py L]Z G 30Py | . A(PyH,)
2| Op B HAAR+ | 2 SN\ B P 2L |- AR = 4.1)
6X[QO 7 a}(} (B or | 2PHo 5y ox :
dielvins Inadlunuanloa
o) =1+6( % ] (4.2)
FoHy

uazerumsmsmaouivesiisundenimsinseis e manuaugavedrize

lusnzindounae

11
Fy + K 7(Zo + X g50) = 2 [ [(Py = 1)iXaY 4.3)
00

11
Mo +K ,0~[Fy+Kz(Z + X500 Xgs =2 [ [(Ry =YX - X)axdy — @44)
00

Lﬁﬂ XGS = XCG = XP (4.5)
£ vy A -
Wiauﬂ’lﬂu@uqﬂﬁjﬂﬂlﬂﬂﬂﬂ

Py(0,Y) = Py(L,Y) = Py (X,0) = By(X,) =1 (4.6)
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y 9
Tuiii Idviesgudmmudaanzasiai aumssdTuad @ DuaumsiBadulauis
¥

¥ (] [ "
aszdwestidusidy  TaverdougaumsilduaasBudrluumina  9n qumish
(3.33)

rlep)+ L8

AP, =0 4.7
. s @)

_pn
=K

AuMSIso Iuas Inufen lane

oFy' a(Q PH3) oFy' OAP,
2 losp 3o 0010 8 AP 4 PHISC
Qo FoHo ax [ ap, ax\/? +00F X

2 3
+(£) 9 QOP0H36P0+ oo R H3))" ory AP+ op o3 28R
B oY OB, oY oY

%)
=A== |BH + APy H o [0 (4.8)
aX[O 0 0]

" ¢ L4 v
Wo ARy = P + P* upaz a =afaihmsfmnndinunssnalddaey
o = el o L L] é
udrhmsudaunsdiwds i luadriresisuddagaumsimildegauns (3.35) deaise

3
=

Wouluguuumesad il

[ Fu\ S8 FiA L B d R [ ]
oR, 51021, "By OB, aBy By PByn
R, aPZ,l , "@Py, 53,2 By’ "By 0By v : :
Qf_;;.ﬂ @er @-:M,l @i{.i @",1:1,1 @’A.JI @:M,l A | | S
R, OB, 'Ry, ©R, 0B, ; aPM 2 "By n
B @ o Y et - s - 0 B | | e
R, B, 'Ry, R, OB, "By’ "By N =
ha %y | O %o P2 % | Fha | | MB2| | Sz
aﬁ',] aP.'z,l _ : ey A 5P;2 : 3PM,2 : _ "R, M.N : :
%o Bp | Fus Do Khp | D | | | M| | S
B, By’ By OBy OB, OB, OBy
Qf_@ Iun . Pun Hw Tt P P APy | =S
(R, By’ "By OBy OBy’ "Pyn "By | i -k |

(4.9)
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faginoqilu []ap,,. )= £.,] 4.10)

AP, , =PU) _p™) yip P < P L AP (@.11)

m,n

d'l - 1 9 (%) n:‘ Y =
NE]'N1‘"ﬂ'15'ﬂil'l?ﬂl'lﬂ'll'\ﬂflﬂ'lﬂlﬁ‘liﬁ\‘l

M N M N
>, 2 |AP,,, / > > |pm|<2a07,107%) @.12)
m=1n=| m=1n=1

1‘!5\3i]'lﬂﬁﬁ'}ﬂ?fﬂH’lﬂ')11!ﬂuﬂ1ﬂﬂ‘llu1u‘ljﬂl“’ﬂﬂ']ﬂ'luﬂlllﬂﬂ‘ilﬂ‘ﬁﬂ'ﬂﬂ"J'E]'lu‘ﬂﬂ'ﬂ'f']uﬂs‘l

W’J(Steady state) 1 ﬁ'mmmsﬂ1mm"rimamr{m]mqumsmn‘nmam’zmu

4.2 myimnzviumsauveselunsdinginssuwain

Y o = o A :‘ Y P4 ar o 1 ¥ 4
ADININITAN TSR AUNTINSIATOUNVDIN DU NUYTAUAVIAITINA W “Nkiﬂ

wana A luuni 3 fe

11

My Z+Fs = [[(P-1)ixdy (4.13)
00
. l ] —_—
Igf+ My - FsXgs =2 | [(P-1{X g - X)axay (4.14)
00
Fg = F K5 (2= X¢50)+Czl2= X 556) (4.15)
Mg =M + K46 +Cpb (4.16)

1 d. o Ve A o o as -3 as - ar

uazaumInsvasaunlgauIufoaun1sse Inadaaulasduiunal(3.9)N15MIA 2
4 4 vk o

Usznoums Iua( Poiseuille flow facto)uuvauloa issnnmsnasaulinnunuIausog

D e " B
AuANAI919M 1MIAALYINYNII01 air rarefaction A

o
i[QPH3-‘?‘3]+(£J [QPH:* a’D] Aa(PH)—oa(PH)=0 @.17)
ox ax | \B) or oY axX aT
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Taoiidou luanusdufiusnavevie
P(0,Y,T) = P(LY,T) = P(X,0,T) = P(X,1,T) =1 (4.18)

denmnldsunlasmuyaldiswduasiewdndooi Idszoznisassdveniaey
Wasubimadedieusuanzlnd  dnfuanznaiamaihousesismfisugunad
anqegiinumiy  Mfian1zaaia(steady-state) Tnuiidatou0)Famssan ldnan 134
vunds vandumiindounlaslufunai(A) Tavssesmsasedn H anusu P szozideu

J 3 n’: ar o o = o U [ o o M
YA N IuuIAMINAUUHLATA Z uagyuiing 8 uaasm Inidmuddune

H(X,T)=Hy(X)+AH(X,T) (4.19)
P(X.Y,T) = Py(X,T)+AP(X,Y,T) (4.20)
Z(T) = Zy + AZ(T) (4.21)
0(T) = 0, + AO(T) (4.22)

unuulsang luaumsi (4.19-4.22) aeldlugumsi (4.13-4.18)aunsaugamsnaoun

oo
GHGRITER
. . l 1
MzAZ +CyAZ + K707 =2 [ [APdXdY (4.23)
00
auqa luua
. - ] l
IgAG +CyAb + KoA6 =2 [ [AP(X - X )aXdY (4.24)

00
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o d
wazauNIss o luan
3 3
oo p 3 20 [ (20PH2 )\ (20PH®) ) 10y
8 aX oP . oH 0 oX

2 3 3
* (_‘EJ Q0P0H3 6AP 0QPH AP + OQPH ™ AH aﬁ
B 6}’ oP 4 oH % oY

) a
—AE[PUAHMPHO]—ag[POAH+APH0]=0 (4.25)

msmaums Iidluaumsidadulugives Tanuaimid
WeimsmaindasuwladldauTamuanud lasld35ar1aansudesy

dmuszozmsassiniismnasunlas linnuduiuiae
AH(X,T)= AZ(T) - AZ ,(T)+ AO(TX X ¢ - X) (4.26)

4 é ot =3 J s 1 Aﬁl ar
nINAUMIi 4.25) FutluaumsoyiusiFadussiusuamsuanunlasvesnmudu AP
4 = Ladds il
Fauaaa ladwaunsiFudu lassupavesnnuauna deunasmunuonnuguiannssus

Lﬁ‘suﬂfum AZ — AZ pune amduiinaiiiosn AQ fie
AP(X,Y,T)= P(X,YXAZ(T)- AZ p (T))+ Py (X, Y)A6(T) (4.27)

- o o a 3 o & a daA & .; @
WeanuaundvuulaufaduauuuadinindurifanAeszoziAsuiuaivesriieu
" ¥
AZ(T) wazmsduvesidnan AZ, (T) Ao AH, (X, T) = AZ(T)+ AZ 5 (T) saiu
¥
AB(X,Y,T)=P(X,Y)AH,(X,T) wnuswmariiasluAH uaz AP vesaumsisdluaa

(4.25) @Wa19

3 3
2 o g3 R, [[ogpPH? ) (GOPH? ) |0k
ax || P . oH | |ox



2 3 3
+(£) —a-[QoPo 13 9B [[aQPH ] P]+[6QPH ] }ap(,]
B) oy 0y P ) oH | |ov

0
- A== [Py + BHo - as[Py + RHo] =0
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(4.28)

naglui WeRLITUANHUINYUTBUUAUAINUUIVINYBINIB IUNTOYNANT

AH, = AO(TYX g - X) woz AP(X,Y,T)= P,(X,Y)AH,(X,T)

&0 173 9P 00PH> dQPH ~ 9P
X[QOPO 0 3 [[ P Jopﬂ{ 5 ]( G X)J }

(¥ f s 0P, [(ooPH? 6QPH> apo
[E] [QOPOH A H Py JOP2+( A1 O(XG - X)

%)
“Aé}"[Po(XG ~ X)+ Py Ho |- os[Py (X5 — X)+ PH =0

dodteulududulumaiade AP0)= AH(0) = AZ(0)= A8(0)=0

uazdoulvuSnawevde
B(0,Y) = B(LY)=P(X.0)=PR(X,])=1
P, (0,Y)=P(,Y) =P (X,0)=F(X,])=1

ﬁT‘H%Uﬁllﬂ’l'iﬂ']ilﬂﬁﬂll(4.23-4.24) ﬁﬂzﬂﬁ'lﬂkﬂu

(Mzs2 +Cys +KZ)§ = 2!jljadXdY(E-ED)+zlj‘jpdedYE
00 00

(1952 + c9s+K9)E - 2ijljp, (Xg - xyxay(5z -AZp)
00

%2 lj'ljpz (X g - X)dXdY AO
00

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)
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o ¢ 3
MsnszHuNaums luglveslawunm

Nnaums (3.8) Muaas 13 luunn 3 fe :

2
i[(l 6aK]PH3-?—I—J—-AXPH]+[%) i[[1+6“""<}%r’ s } o2 (43

X PH oH oY PH oY oT
. 5
e dat val malk 9ol pult ivea
5 B h, P, h
> (4.35)
% 6uUL 12ual’
S Pt ]
Amuald PHRSWX 1) (4.36)
é’ufu

oP - oz _P@H oP oz Pah'1 6aK Z+6ak 437)
oX HoX HeX' oY HOY HoY PH L :

unua1ad 1) luaunsisd Tuag (3.34)

2 [ZH—Z—ZZ L K[H-?—Z-—Zgij sz}r

X ox ax EVENT S
ZH — e — 775N I + 6ak Hg-za—HJ— = a—a—z— (4.38)
oY oY oY oY oY oT

fmuald

-
W ipaar L 6K(Ha—z—2%]—/\\,2
oX oX oxX oX :
> (4.39)

=\Z +6akK H%—Zﬁ -A,Z
( % :

oX
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;
G=(£ ; ZH%-Z@EmaK[Hg-ZﬁJ
B oY oY Y oy
> (4.40)
4
=(£J (Z+6aK{H§£—Za—H}
B 8y &

¥
AUUTUNII(4.34) ﬁ'li.l’liﬂﬁﬂzﬂﬁllﬂ'lilﬂu

OF 0G _ 0%

—g— (4.41)
ox oY orT

msudaunsezalseynald 35989 Crank-Nicolson [44] tovnnannlaou ldnnnnar » 1u

ﬂ = Tall o Y | L Fa o] 1
Wunad #+1 lasmsudminsmniavesrananaaouly » + 5

1
ZXYT Ty %[Z(X,Y,T"*' )+ Z(X, Y. 1) 4.42)

uazin 11421]‘!]64 Trapezoidal formula v 1A

= M‘Z"):l{azw +azn]+O(AT3) (4.43)
NVAGE A2

Zn+] L Zn

-l (4.44)
2l ok or

AT[@Z"*‘ az"]
.
wdalFounsumdineinsznwilenduliiBaduves Fuazr Gavnnmilgiu  nuazda
mowfiioyiuisuduga0(aT?)  Tunszummsuddeds Il luddvimesudezdoaudiuy
fully implicit @ ludnniiwuiimsud Taoiagdaunslugilundndududonindiiiu
WUV tridiagonal matrix uanmm‘f‘mmmﬁ'ﬂgﬂ'dumsuﬂaﬂﬁmﬁmﬁuqﬁumsnﬁaﬁﬁﬁa
uaaaluummu4l8luaz [10] Tavldadszneunsqaifiuoniiemennnuouny X uag

Y aumsi 4o
-2, -L,@)z" -2")=¢ (4.45)
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ot

e L,(X) waz L,(Y) fe dalszneumsilmiduaumsiFadu lusiemanuuunu X

uaz ¥ suaiauiaz

n+l n+l n n
4 AT[(oFm oG™) (oF" oG i
|\ ax oy ) ax " or
30
=211 [z +6aK] 322+[£]’ OZ N v ™)+
20 oy "\B) oy

aZHM-l 62Hn L N alH:H»I L 2 aHn
Z >+ kY ¥l — 1 N
oX oX B oY BJ ar

n n+l
o (H"+H"+')%~Z AT — A
6X7 ox oxX oX :

2 n n+1
[5) Lo (H"+H™ )-‘2?—+z ol oo (4.47)
B) oYy g \or—r

msdnnunia lusina n+l %smmsﬂﬁwmmm"lﬁ“lu;ﬂﬁumsﬁa
2t 12 74 RAZS (4.48)
s n’: Yad a o o Y
aaiuldsiFiaausamunsldne
(1-L(x)az" =¢ (4.49)

-

(-1, (Y))( s )= AZ (4.50)

ar 3 H 1 A an = !
aanuszuvaums(DR laszeglusiniaialuiamemuuuuouy X Tusaziaums )

s‘i‘]uaumﬂuﬁﬂwmmmm’auﬂu ' §
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INAUNII(1)

i AT 0§kt ) AT 9. oF" - ~aAZ
o R T ¢ @.51)

20 aX'l oZ 20 0X EZ/ éX aX

-A—T—a-[ 3% gy O el = —ﬂi[zywaKH]Az =¢
20 80X oX 5. ¢ oX 20 @
(4.52)
luihueadsInuInauMs(2)
n _AT O[0G° o AT 0| 0G" -0AZ%)_, .- (4.53)
20 0Y 20 oY 62/6Y oY

A 2
1-A—T[£j —‘3—[ P L P ] -A—T(EJ —6—[ZH+6aKH] z”*‘-z“):az‘
26\B) aY| or oY oY | 20\B) or

(4.54)
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unumauns a9l ueums Woudmawes 2™ wiougnuudaumsmImaoundes s

st 9 ar d' ar 1] é 4:;4:; =Y
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209X | < oX X oxX 20 0.

2
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2o0B} ag¥f oY aY aYy 20\ B

2 S
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Pressure Distribution For Wedge Plane Type Slider at U=5 m/s
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Abstract

This paper reports on the investigations of static and
dynamic characteristics of self acting air bearing head and rigid
disk in magnetic storage system. In order to consider the plane
wedge type slider, which compose of two rails to pressurize the
air. The design of ultra low clearance between head and rigid
disk interface is to obtain high data storage density. Two degree
of freedom motion of slider head; translation perpendicular to the
disk surface and rotation around the transverse axis were
simplified in this investigation. Numerical solution of the two
dimensional nonlinear time variable medified Reynolds equation
with slip flow effect has been formulated by using variable grid
size. A numerical schema base on the finite difference technique
and iteration method have been used to simulate steady state
flying characteristics. For dynamic characteristics, the Laplace
transform is applied. The pressure distribution, flying height,
loads, p.ivot position and spring and damping coefficient were

obtained in this calculation.

1. Introduction

For rigid magnetic disk drive, The increased in memory
capacity and higher reliability are strongly desired. To increase
the storage density of the drives, it is essential to reduce the
flying heights of their sliders (the gap between magnetic recording
heads and disks). In current drives, the flying heights have been
reduce to the 100 to 200 nm. range. On the other hand, to
ensure higher drive reliability, contact between the sliders and the
disks must be avoided. To meet this requirement, both lower and
more stable flying heights of the sliders must be achieved.

Since the rotating disk vibrations consist of the first mode of

several tens of microns and the higher order modes, it is not

important only to predict the static characteristic but also to
design the flying head slider with good compliance to disk
vibration. This analysis included slip flow effects make it possible
to evaluate submicron spacings.

In currently available contact-start-stop type flying head
sliders, the load spring force must be sufficiently small (commonly
about 100 mN) from the view points of flying head slider and disk
wear. An air bearing with high degree of stiffness is required to

keep the spacing variation between recording head and recording

‘medium small. The conventional light load slider, however, has

an upper limit of stiffness, because the air film stiffness
decreases with decrease of the positive pressure of the air film,

which is balanced by the load spring force. The slider can be

2 Zc
% *  pSuspension

simplified as show in Figure 1

k£ .7
- C. i SIider
B, 0
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Fig.1 Analytical model of magnetic head slider



2.Theoretical Analysis

2.1 Generalized Reynolds Equation

To derive the air bearing equation, we adopt a rectangular
coordinate system (x,y) with the origin placed at the comer of
the inner and leading edges and with the x and y axes pointed in
the slider's length and width direction respectively. Under the
assumptions of negligible inertial and body force, molecular slip
flow between the vary small gas film thickness, compressible.
Reynolds equation, which governs the pressure distribution

between the slider and disk can be written in dimensional form as

of ], 2f o
ax{‘”h ax]+ayph@

2 d
+6Vp5y—[ph]+l2u~a—t[ph]

~6Un-2[ph]
ox 5

where p is pressure, h is the local slider-disk separation, 4 is
the viscosity of the air; U'and V are the sliding velocities in x and
y direction.

When the gas between the slider and the rigid disk is
assumed to be isothermal, the modified Reynolds equation
considering molecular slip flow effects can be written in a

nondimensional form as follows.

3 .
2 pH3[1+& QE +[£J __6_ pHJ(H.GKﬂ opP
dx PH ) aX B) oY PH )oY
e 6(PH)+AY a(PH)  _a(pH)

oX ay or

(2)
Ko } . :
Here | 1.+ -1;1;{_ is the nondimensional pressure flow rate or

Poiseuille flow factor. Using the nondimensionalized variables as

TR R R L
hrn

x b
Pa L B
where p, = atmospheric pressure; h, = minimum separation
height; L = length of slider; B = width of slider; and @ = angular

velocity of disk.

6uUL 6uUB ;
x= 2 = are the bearing numbers
Pahm Palin
in the x and y direction, respectively.
12/1&)1,2 :
0'2—2 is the squeeze number. Here p is the viscosity
Fuls

of the gas, and U and V are the sliding velocities in the x and y

144

27 A
directions, respectively. ; Ky =h—a K is the Knudsen number
m

and A is the mean free path of the gas molecules.

2.2 Equation of motion

The dynamic characteristics of sliders are analyzed using the
two-degrees-of-freedom model has typically been calculated by
simultaneously solving the modified Reynolds equation with the
force and moment balances that govern the motion of the air

bearing slider flying over a rotating disk are

d’z
m«-(;;i— +kzZ + F = [(p-p,)dA @

dz
!Dd—tg- +kgl + Mg = f(p—pﬂ)(xg —x}M (4)

Using normalized form:

11
MzZ+Fs = [[(P-1)dxdY (5)
00

11
I AMs~ Bekgs =[[(P-WXe -X)ixdr . @
00

where

FS =F0+Kz(Z~XG_ge)+Cz(Z—XG_S-B-) (7)

.MS=MU +K99+C99 (8)

2.3 The load carrying Capacity

The hydrodynamic force W will be computed by integrating
the film pressure. The load carrying capacity of a slider bearing is
given by

LY
W ={[(P-1)dxdy 9)
00

which adopted the trapezoid rule method to compute. To

increase the accuracy of approximation of the load carrying

_capacity, fine finite difference mesh is needed, especially within

the zones where the rate of change of pressure is large, such as
around the trailing edge.
2.4 The pivot position

The coordinates of gas film center of pressure are

X

11
= [ [ x(P-1HxdY (10)
WOD

11
7=—1—”}’(P—1}2’Xd)’ (1)
W 50



The net load and centers of pressure which appear in equation
(9),(10) and (11) provide integral coupling of the pressure to the
slider excursion. :

2.5 The stiffness and damping coefficient

The stiffness K, ,and damping coefficient C, ,are
obtained by the following integrations

11
K“+ij”=--—-—p;b1”GldXdY (12)
0 00

pablz 11

Ky + joCyy = - [ [ GydxdY (13)
00

blz 11
4 [[G)(Xg -X)dXdY —(14)
0 00

Pabl3 11
A gl];G,(XG—X)dXdY (15)

Ky + joCy =- £

Ky + joCoy =~

3. Numerical Analysis Method

3.1 Static characteristic

Static pressure distribution can be obtain by solving
equation (2) without the time dependent term. The steady-state
nonlinear modified Reynolds equation is expressed as

_2. 1+££°_ PHS.aﬁ &5
ox PH ax

2
[E_J i 1+ﬁ PH36_P (16)
8.1 oY WPH, aY

0 a

-Ay —(PH)=-Ay —(PH)=0

2o (pH)- Ay Z{on)

can be solved by finite difference and linearized Taylor series

approximation equation is
f(P)= f(Py)+(P-Fy)f'(P) (7

Solving equation(18) iteratively until AP converge to zero, which
fixed air film thickness with the boundary conditions are

P(0,Y)=P(LY)=P(X,0)=P(X,])=1 (18)

3.2 Dynamic characteristic
To calculate the dynamic flying characteristics of slider,
Laplace transformation of the equation of dynamic components
(AP and AH ) can be solved with boundary value in pressure

Ps and pressure fluctuation function as:

AP(0,Y,T) = AP(1,Y,T) = AP(X,0,T) = AP(X ,1,T) =0
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PO Y T =PAX D) aPCX Y. T) (19)

H(X,T)=Hg(X)+AH(X,T) (20)
Z(T)=Zg +AZ(T) (21)
8(T) =85 +A8(T) (22)

The resulting pressure flutuation is expressed as equation
(23) where the slider motion is retricted to two degrees of
freedom

AP= G]Z + ngp + G3Z| (23)

Where G),Gyand Gjycorrespond to the bouncing mode,
pitching mode and disk surface oscillation, respectively. Both the
bearing stiffness and damping coefficients of the air bearing are
calculated be integrating the G, G, and G3 functions.
Displacement of the disk is Z;, so the fluctuation of slider

spacing is expressed as
AH =Z -2 +0,(Xg —X) (24)

The boundary condition are expressed by

(25)
4. Numerical Simulation Result
Simulation of the flying characteristics of the Plane wedge type
slider were made for both static and dynamic conditions. In
cases, the slider geometry as shown on Fig.1, dimension of slider
is composed of slider length (SL=4.05 mm.) and slider rail width
(SB=0.5 mm.).The applied load was 0.147 Newton.
4.1 Static characteristics

411 Static pressure distribution are presented on
Fig.2.and Fig.3 respectively. The equilibrium slider pitch angle is
0.0001 radian and the clearance at trailing edge is 0.142 L m.
Along the rail, the air is pressurized due to the wedge effect. This
pressure is increases toward the trailing edge due to the positive
pitch angle of slider and then decreases suddenly at trailing edge
because of side leakage. Effect of high bearing number on the
pressure distribution is shown in Fig. 3 for minimum spacing of
0.1 4 m. It is seen that varying bearing number due to vary the
disk speed causes the pressure distribution and the peak

pressure to increase.
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Fig.3 Static pressure at the middle of the rail, Hm=0.1 um.

4.1.2 Air film thickness

A desired characteristic of a slider used in magnetic
recording is to experience only small variations in flying height as
the slider is accessed to different radial location over the disk
surface and avoid metal contact. On Fig.4 is presented the
relationship of the nondimensional fly height along the slider rail
with varying minimum film thickness.

3w

== Hm0 § um
== Hm0.2 um.

o= Wm0, um.

o0 o1 02 03 04 os os o7 o8 (1) 10
Mormahzed sder length USLY
Pitch angle=0,0001 radian
Fig.4 Normalized flying height along slider rail

The effect of disk speed on clearance is presented on
Fig.5.It seen that the increased disk speed from 10 to 60 m/s
cause the minimum film thickness increased.
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Fig. 5 Effect of disk speed on flying height

4.1.3 Load suspension

The load carrying capacity is presented on Fig.6.It is shown
the increased disk speed from 5 to 30 m/s causes the load
carrying capacity increase. Therefore, he required load
suspension on slider head increase in order to maintain the slider

inequilibrium.

Vecrty of ek mrlacn (vl

Fig. 6 Effect of disk speed on load carrying capacity

4.1.4 Pivot position
The pivot coordinate is moved far away form the middle
point along the slider length when the disk speed increase as

shown in Fig.7
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Fig. 7 Effect of disk speed on pivot coordinate point



4.2 Dynamic characteristics

Dynamic characteristics of air film with fixed configulation, air
film stiffness and dampiné coefficient of the fixed air film
configulation are first analyzed using the linearized analysis in the
frequency domain to determine the fundamental dynamic
characteristics of slider.

Figure 8 shows the air film stiffness and damping coefficients
and normalized frequency (= w/ @, ) with varying the minimum
fying height of slider. Figure 8(a) shows the stiffness K, is
positive valve and nearly constant in that frequency range and
compare with varying minimum air film thickness .The stiffness
coefficient decreased with minimum clearance decreased.
Similary, the damping coefficient as shown in Fig.8 (b) decrease
when the nondimensional frequency in this range is increase. In

contrast to the stifiness coefficient K 12 @s shown on Fig.8(c) and

damping coefficient G 12 as shown on Fig.8(d) have negative

value.
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coefficient and normalized frequency with vary disk speed and

minimum film thickness

Effect of disk speed on the air film stiffness and damping
coefficient is presented on Fig. 9 .It shows the stiffness and
damping coefficient with varying disk speed for minimum air film
thickness of 0.1 4 m. Form Fig.9(d) we can see that the higher
bearing number, the higher the damping coefficient can get. but it
will decrease when the normalized frequency is increase.

The stifiness coefficient K, (Fig.8 (a)) and K, (Fig.8
(g)) are positive values. The stifiness K, (Fig.8(c)) and K5,
(Fig.8(e)) are negative values. The trend of those values are
similary. Also the damping coefficient are follow this same
manner too. The damping C,, (Fig.8 (b)) and C,, (Fig:8 (h))
are positive values. The damping C12 (Fig.8 (d)) and Cn (Fig. 8
(f)) are negative value. For the ultra low minimum spacing causes
the stiffness and damping are low positive value and low negative

value.

5.Conclusion

The static and dynamic characteristics of the air bearing
head on a smooth rigid disk were investigated theoretically. The
Finite difference method is used to solve the modified Reynolds



equation and linearized by Taylor's series to obtain pressure
distribution and relationship between flying height and sliding
velocity of rigid disk in the plane wedge-type slider in hard disk
drive system. Similary, Laplace transformation has been applied
to linearied time dependent modified Reynolds equation to obtain

dynamic characteristics.
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In designing a magnetic head slider of hard disk drive, it is important to keep the spacing between the head and
the disk surface as small and stable as possible. Various parameters such as head dimensions, sliding velocity,
location of a head on the disk, suspension position, preload, etc have significant effects on the spacing between the
head and disk surface. Therefore, many investigators examined theoretically and experimentally the effects of such
parameters on the spacing. However, as far as authors know. There are few papers treating the effect of ambient
pressure change on the spacing; especially under dynamic operation conditions of hard disk drives. Ambient pressure
change, which occurs at location at high altitude or in air planes, may have significant influence on the spacing.

In this paper, effects of the ambient pressure change on the spacing and the spacing change due to external
vibration were investigated theoretically based on Fukui & Kancko model, taking the taper- flat type slider as an
example. It is found from the results that the spacing decreases and the spacing change due to external vibration
increase with a decrease in the ambient pressure. Moreover, sensitivity of the static and dynamic characteristics to the
ambient pressure change was examined with the above various design parameter change.

1. INTRODUCTION

In order to achieve high recording performance, the design
of magnetic head slider need to keep a small and stable
spacing between the slider and the disk surface under static
and dynamic operating conditions of a hard disk drive and to
maintain a low sensitivity of spacing due to the various disk
surface velocities. Recent research works on numerical
simulation of static and dynamic characteristics of magnetic
head slider have been carried out over three decades. For
examples, Castelli and Pirvies(1968); Ono(1975); Kogure et.
al., (1983); White (1983, 1984, 1986); Nishihara et. al.,
(1988); Bogy, (1995). There are very few papers investigating
the effects of ambient pressure change on the spacing of the
air bearing, especially under dynamic operations of hard disk
drives. In this paper, the effects of the ambient pressure
change on static and dynamic characteristics of the self-acting
taper-flat type head sliders were investigated numerically by
using modified Reynolds equation and Fukui & Kaneko
model. The IBM3380-type slider was applied to this
simulation.

2. THEORETICAL ANALYSIS

The schematic diagram of the magnetic head to be
considered as shown in Fig.1. The read write head is located at
the trailing edge of the slider. We adopt a rectangular
coordinate system (x,y) with the origin placed at the corner of
the inner and leading edges and with the x and y axes pointed
in the slider’s length and width direction respectively. Under
the assumptions of two degree of freedom motion of slider
head; translation perpendicular to the disk surface and rotation
around the transverse @ axis were simplified in this
investigation.

The goveming equations and the numerical procedure
used in determining the slider spacing characteristic are
described below.

X
;/////////A/%U
F =y
b
1 iB
Wi
1 iB
L

Fig. 1 Analytical model of magnetic hzad slider

In this paper shows the numerical method in calculation of
the magnetic head in steady state condition. Laplace
transformation has been applied to the time dependent
modified Reynolds equation to obtain dynamic behavior of the
magnetic head.

The generalized modified Reynolds equation can be
expressed as:

B o) g8 (n@R) 1418 oy JARPHY i
ax(an)+R ay(Qar} AaX(PH) e =0...(1
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Where:

o(p.H)=¢(P, H)PH’ ....................................... 2

Q(P,H) is the poiseuille flow factor taking into account
the air rare-faction effects based on the linearized Botlzmann
equation.

2 3
o(P,H)=aq+ a{ﬁ—:!) + a(g—;] +a3[§—;] e

The boundary conditions can be written as
PO.Y,D=P(.Y.T)= P(X J)=P(X,~— T)*I --(4)

The dynamic characteristics of sliders are analyzed using
the two-degree-of-freedom model which can be typically
calculated simultaneously to solve the modified Reynolds
equation with the force and moment balances that govern the
motion of the air bearing slider flying over a rotating disk and
can be written in normalized form as:

i 2 1
MZ+Fg=2 [| [(P=AMXAY.... hiinci.. oir e i 5)
-2 0

100+ Mg —FsXgs =2 [ ](P XXg = X)dXdy ...
-2 0

Where:
Fs = Fy+ K2(Z = X558)+ C#{Z — X g5@)st.c bt (D)

Mg = Mg+ Kg@NC0A 5........ S5, . D S (8)

3. NUMERICAL ANALYSIS

The steady state nonlinear modified Reynolds equation
can be expressed as:

a(,. oRY .20(. oR a ™
E[QDEOJq.R ﬁtgoa—;)—;\-é}(ﬁ)ﬂo)ﬁo............(9)

Equation (9) can be solved by finite difference and
Newton-Raphson iterative scheme is adopted.

Assuming the small displacement of the slider as
compared with the spacing H(under steady state, the
dynamic conditions can be expressed as:

HOX D Rl e AT i sviiissiimiss o)

P YD) = B ) S APIE Y. T cooviovecinnncnasn k)
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ot T U SR RO R S (12)

O(T) = Op +HAB(T) - eveervinnensinss e Lyt (13)

Substitute equation (10) to (13) into equation (1), (5) and
(6) to obtain the dynamic characteristic as:

2 (Bl Bl
o5 (Bn (o)

0
AR X)+ o} a{R(Xg - X)+ Bio}=0

2 : V21
MzAZ +Cz0Z + K382 =2 | [APAXY .............15)
-1/20

ks 4 21
1,00 4+ CoAO+ K80 =2 [ [AP(X( - X MXdY ...(16)
-2 0

Applied Laplace transformation to equation (14), (15) and
(16), the sinusiodal excitation is applied the disk surface

motion, AZ (7). The amplitude ratio of the spacing response
at the trailing edge of the slider can be written as:

AH.
GhTR(Q)= AZ:: -

AZ A©
P31 - ... 17
&2, &t G)Az,, 7

4. RESULT AND DISCUSSION

To solve the linearized modified Reynolds equation,
Newton-Raphson iterative scheme is adopted to obtain static
characteristic of self-acting air bearing slider. In analyzing the
dynamic characteristic, Laplace transformation is applied and
let the disk surface is excited sinusoidally to obtain amplitude
ratio and natural frequency.

In this study, the static and dynamic characteristics of
slider with various rail width B, taper length Xgp , taper angle

&rp, suspension location X and suspension preload f;
have been investigated at various ambient pressure conditions.
Each parameter was varied one by one while the other
parameters were fixed to the quantities with reference to the
dimension of IBM3380-type slider (Ruiz et. al., 1990). Slider
length L =4.06 mm., width = 3.05 mm., taper length Xp =
0.38 mm., taper angle &, = 15 mrad.

Fig.2 to Fig.6 show that variation of spacing at the leading
and trailing edges h;, and hyp are investigated at varying
ambient pressure conditions; P/Pa=1.000, P/Pa = 0.6920 and
P/Pa=0.5334. The static characteristic of a slider was
calculated for three different disk velocities; U =5 m/s, 10 m/s
and 20 m/s respectively.
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Fig.2 Variation of spacing with slider rail width and ambient
pressure change

Both leading and trailing edges are increase drastically
with the increase in slider rail width B and they decrease wit
the decrease in ambient pressure. The divergence of the
constant ambient pressure, the pitch angle is increase
drastically with the increase of slider rail width B as shown in
Fig. 2. In Fig. 3 and Fig. 4, The leading edge spacing h;p, is
increase as the taper length Xyp and taper angle &rp

increase. As the ambient pressure decrease, the spacing is
decrease almost linearly with the ambient pressure.
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Fig.3 Variation of spacing with taper length and ambient
pressure change
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Fig.4 Vanation of spacing with taper angle and ambient
pressure change
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Fig. 5 Vanation of spacing with suspension position and
ambient pressure change

The hyp is increase drastically with the increase of
suspension position, Xg. But Arp is almost nearly decrease
with suspension position, X ¢ as shown in Fig.5.

In Fig6 hyp and hyp are increase drastically with the

decrease of suspension preload f,. Both h;p and hyp are
decrease almost linearly with the decrease of ambient
pressure.
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Fig.6 Variation of spacing with suspension preload
and ambient pressure change

In dynamic characteristic, the amplitude ratio and
resonant frequency are simulated with slider rail width B,

taper length X7, taper angle @rp, suspension position X
and suspension preload fjat various ambient pressure
conditions as shown in Fig. 7to Fig. 11
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Fig. 7 Resonant frequency and amplitude ratio with slider rail
width and ambient pressure change
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Fig. 8 Resonant frequency and amplitude ratio with taper
length and ambient pressure change

The relationship of amplitude ratio and resonant frequency
with slider rail width, the amplitude ratio is increase linearly
with the decrease in ambient pressure. But the resonant
frequency has only little change with varying the ambient
pressure as shown in Fig. 7 and Fig. 8.
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Fig. 9 Resonant frequency and amplitude ratio with taper
angle and ambient pressure change

In Fig. 9 shows the relationship of amplitude ratio and

resonant frequency with the taper angle, &p. The amplitude
ratio is almost linearly increase with the decrease of ambient
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pressure. The resonant frequency f; is slightly decrease as the
decrease of ambient pressure.
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Fig. 10 Resonant frequency and amplitude ratio with
suspension position and ambient pressure change

In Fig.10 shows the relationship of amplitude ratio and
resonant frequency with suspension position. The amplitude
ratio is increase with the decrease in ambient pressure but the
resonant frequency is increase a little bit with the decrease of
ambient pressure.
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Fig. 11 Resonant frequency and amplitude ratio with
suspension preload and ambient pressure change
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The amplitude ratio and resonant frequency are both
increase with the increase in suspension preload fy. The

amplitude ratio and resonant frequency are also increase with
the decrease in ambient pressure as shown in fig 11.

The simulation of IBM 3380-type slider on static spacing,
amplitude ratio, resonant frequency, air film stiffness and air
film damping coefficient was investigated with various
ambient pressure conditions and difference disk surface
velocity as shown in Fig. 12 to Fig.15.
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Change
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The leading edge and trailing edge are decrease with the
ambient pressure decrease. The rate of the decrease in leading
edge and trailing edge with the ambient pressure change are
large at low ambient pressure condition. The pitch angle is
increase as the disk surface velocity increase as shown in Fig.
12. The air film stiffness K,;, and K,, are increase as the
ambient pressure decrease as shown in Fig.14 but the air film
damping coefficients are decrease as the ambient pressure
decrease.
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Fig. 14 Air film damping coefficient C,, with ambient
pressure change

5. CONCLUSIONS

The flying characteristics of the taper flat self-acting air
bearing sliders with the effects of ambient pressure change
were clarified and can be concluded as:

- The head slider spacing are decrease drastically as the
ambient pressure decrease.

- Amplitude ratio are increase slightly as the ambient
pressure decrease.

- Resonant frequency are nearly constant with the decrease
in ambient pressure.

- Air film stiffness is gradually increase as ambient pressure
decrease.

- Air film damping coefficient is drastically decrease as the
ambient pressure decrease.

- As the ambient pressure decrease, the bearing number is
increase. Therefore very low air film spacing was obtained
and increased the tendency of numerical instability.

NOMENCLATURE

B = slider rail width
C, = nomalized translational damping coefficient of

suspension (=c hy@o / poLB)

Cy = normalized pitch torsional damping coefficient of
suspension (=cgh, @/ p,LB )

J = frequency of translational vibration of the disk surface (=
@f2r)

f and f,, = resonant frequencies of the trailing edge
spacing fluctuation

Fy = normalized suspension preload ( fo/p, LB)

G 47z = amplitude ratio of the trailing edge spacing to disk
surface translation (=|AH 75 / AZp)| )

G,; and G,,= resonant amplitude ratios of the trailing edge
spacing fluctuation

H = normalized spacing (= h/h, )

h, = minimum allowable spacing

hyp = leading edge spacing

hyg = trailing edge spacing

1= normalized slider moment of inertia about the pitch axis

(=igha@3 1 pa’B)

K,= normalized stiffness coefficient of suspension in
translation(= kb, [ p,LB)

Kg= normalized pitch torsional stiffness coefficient of

suspension in pitcth motion (= kgh, /p, L*B)

Kn = Knudsen number (=24, /h, )

L= Slider length

M, = normalized slider mass (= mh, aag b7, L’B)

P = normalized pressure (= p/p, )

P, = ambient pressure

R = ratio of length to width of the slider (=L/B )

T = nomalized time (= @1 )

U = velocity of disk surface (= rwg )

X ¢ = normalized location of the center of gravity (=X /L)
X gs = normalized distance between the center of gravity and
support position(= X¢gs /L )

X, =normalized location of the support position (= X /L)

X 7p = normalized taper length (=X zp /L)

Z p = normalized translational displacement of disk surface (=
ZD/"a )

© = normalized pitch angle of slider (=6L/h, )
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