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ABSTRACT

EXPERIMENTAL INVESTIGATION OF GAS BEARINGS

WITH ULTRA-THIN FILMS

ARON SERENY

The experimental investigation described here

involves the highly accurate measurement of bearing

clearances on the order of 10 microinches in self-acting ,

pivoted,narrow—slider gas bearings. The experimental

measurements are based on light interferometry using a

variable-wavelength pulsed dye laser and a CW HeNe laser

as monochromatic sources. The light interference in the

gas bearing is obtained by flying the slider on a very

precise , optically flat quartz disk through which the

light beam is transmitted.

The combined effect of high Knudsen numbers and

surface irregularities on the flying height of narrow gas

bearings is observed by varying the load on the bearing

and the ambient molecular mean free path . The experimen-

tally measured bearing clearances are compared quantita-

tively with rather accurate theoretical predictions obtained

by numerical solution of Reynolds dif ferential equation

vii.

____________________________- 
. .S—--—

~~~~~-



for compressible fluids with slip boundary conditions .

The result of this study indicates that as clearances

in narrow gas bearings get progressively smaller , while

the Knudsen number increases to values beyong 0.1 , the

theoretical model fails to predict the bearing behavior.

It is also argued that this failure is because of the

weakness of the continuum model .

4; vii i.  
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I. Introduction

An experimental apparatus to study the lubrication

phenomena associated with very low clearances was design-

ed and fabricated. It is now working as a slider bearing

tester at the Columbia University Lubrication Research

Laboratory . Fig. I shows the experimental setup in its

present state .

The experimentaJ portion of this investigation

involves gas bearings operating at very low clearances

such as those often encountered in gas bearing gyroscopes ,

flying heads for rotating magnetic memories , and in any

gas bearing during start up and low speed operation . The

slider bearing used for this research is a type of read-

write flying head used in many conventional computer disk

memory units (Winchester head ). This head is supported

by two self acting air bearings.

Utilization of an air bearing to support a magnetic

recording head was first introduced through the I.B.M.

Ramac disk file in 1956 [ 8J~ The experimental investi-

gation by Brunner , Harker , Houghton and Osterlund [ 4],

established the effects of various parameters on the

performance of air lubricated slider bearings with

*Numberg in brackets designate references
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2

relativel; large minimum film thickness (400 microinches)

This experimental work compared well with theoretical

results obtained by digital computer solution of Reynolds

equation , an equation derived from the Navier-Stokes

equations [ 1], which applies to low Reynolds number flow

phenomena , where viscous forces are predominant over

inertia forces and where clearance variations are slow .

At that time , because of the high clearances involved (on

the order of 100 molecular mean free paths) , no effects

caused by rarefaction were considered.

The continuous efforts to achieve higher recording

bit density in magnetic recording reduced the head to

disk spacing from 300 microinches , reported by [ 4], to

the nominal gap of today ’s fly ing heads (20 microinches)

• [ 2]. This reduction in the flying height along with

some additional development in head design increased the

recording bit density from 1000 bit/inch’-50 track/inch

to 6000 bit/inch-400 track/inch . The relation between

recording bit density and head clearance is given in

(11] and in [ 8]

The lower bearing clearances requ i red the extension

of the classical Reynolds equation into the slip flow

regime , Burgdorfer [10]. The suggestion that the range

of applicability of the Navier-Stokes equation can be

extended somewhat by the retention of slip boundary

—~~
.‘ 
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Figure 1 View of Experiment al Apparatus
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conditions was initiated by Schaaf [23]. With lower

bearing clearances , the gas film thickness of bearings

in use today is on the order of several mean free paths.

This modified Reynolds equation is used for the design of

gas bearings where the dimensionless ratio of the ambient

molecular mean free path over the bearing trailing—edge-

clearance , 
~‘a

”1’:’ (Knudsen number) is between 0.01 and

0.1. The effect of the mean free path being on

the order of the clearance in a spiral grooved thrust

bearing was studied by Hsing and Malinoski [19] . The

results reported by [19] reveal that the effect of slip

boundary conditions could contribute a substantial

reduction in performance .

Only very recently was the first experimental data

provided by Tseng [13] who reports measurements of load

versus spacing characteristics of gas bearings with

clearances of twenty microinches. According to Tseng

[13], experimental data are in better agreement with

numerical solutions when the slip at the boundary is

included . In the above mentioned report , consideration

is not given to crown height , nor is it given to surface

roughness effects. In Tseng ’s experimental work , mean

free path effects could not be observed for Knudsen

numbers on the order of 0.5 because of the wide slider

bearings that were us~’d. ~1ith a wide slider bearing,

— - - - --5-, ----—-5— - S
p
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the region of high pressure dominates and that , in turn ,

causes the load carried to be less sensitive to slip

boundary conditions. The perturbation solution of

Reynolds equation with slip boundary condition , as

described in Appendix D, indicates the slip effect for a

wide bearing to be of the order 1/A , (A = bearing number) .

It is interesting to note that elementary theoretical

studies performed by Christensen [22] and by Rhow and

Elrod [15] predict an increase in slider load with

increasing roughness , while Tseng ’s clearance measure-

rr~ nts are systematically below the predicted values .

A review of the techniques for the measurement of

air bearing separations is given by Lin [ 3] . These

techniques can be listed as capacitive , inductive , and

optical. With larger size bearings , such as the 3/4 in.

dia. slider of Ref. [ 4], the capacitance probe technique

was reported to be suitable. For slightly smaller slider

bearings (.42” .35”), the unshielded capacitance probe

technique was used for determining slider flying

characteristics and for measuring flying heights in the

40 to 200 microinch range [ 6]

• The implanted capacitor microprobes used by Briggs

• 
‘ and Flerkart [ 6] were almost twice as large in diameter

as the skates of the slider bearings used in today ’s

fly ing heads .

The miniature size of today ’s recording heads make

____________________________________________________________________________________________ _________ 4
‘Sw -—5 -- ---~~r .. -.-,- -.--_‘ — — -~~~~~~~~~ ‘~~~ ‘ ‘

~~%~~~~~~ (‘~~
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the implantation of capacitance probes extremely difficult

if not impossible . The optical light interference method

is applicable to such small slider bearings . This method ,

as applied to air gap measurements between a moving

magnetic tape and a static recording head , is described

in references [16] and [17]. One advantage of the

interferometric technique is that it results in a complete

mapping of the gap distribution between the magnetic tape or

disk and the recording head . A white light interferometric

technique applied to the measurement of very thin films

(10 microinches) was reported by Liri and Sullivan [ 5].

Today it is well accepted that the opti”al interference

technique is the most accurate method for the measurement

of ultrathin gas bearing separations [ 3].

In this experimental research , in order to eliminate

the domination of the high pressure region and to allow

for significant enough slip effects , a relatively narrow

slider bearing is used (length/width = 11). No experi-

mental studies of narrow slider bearings operating in the

slip regime have been reported .

The experiments demonstrate the failure of the

modified Reynolds equation to predict accurately the

bearing behavior. The results indicate that as the

clearances in narrow gas bearings get progressively

smaller , while simultaneously the Knudsen number

_______ 
— I
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7

increases to values beyond 0.1, the theoretical model

fails to predict the bearing behavior . Also, accurate

measurement of the crown of the so called “flat” slider

and the effect of this crown height is given.

In addition to the experimental work , attention was

given to improve, and get some further insight into, the

analytical treatments of the governing lubrication

equation . Various numerical methods were investigated

and comparisons were made with exact solutions ,

developed here , for wide slider bearings . This has been

the first time that the exact solution to Reynolds

equation with the molecular mean free path effects

included were carried through . Also , in order to

study analytically the slip phenomena , an asymptotic

solution was obtained and it indicates effects to be of

the order 1/A for the wide bearing case.

--—-5, .~~~~ S .- - _ 
—
_:___

~~~~~ 
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II. Theoretical Background of Self-Acting Slider Bearing

with Ultra-Thin Film

The theoretical treatment of self—acting gas lubri-

cated slider bearings is well established . Thorough

treatment of the fundamentals of gas lubricated films is

given by Fuller [ 1] and by Gross [18]. The steady state

Reynolds equation is given here in dimensionless form,

~-~ [H
3 P 

~
-
~

)+ ~-V{H
3P 

~
-
~

) = ft ~ ( 1)

where r’ = 

~“~a’ 
H = h/h m in ~ X = x/1, Y =

A = 6pU~ / (Pah~min
)
~ 

bearing number

p ambient pressure ; h . = min imum clearancea mm
Its validity in predicting the behavior of hydro-

dynamic bearings with continuum laminar flow between two

smooth surfaces has been proven repeatedly . Equation ( 1 )

describes the f lu id  dynamics of bearings with clearances

much larger than the molecular mean free path and the

size of surface asperities. Further analysis of gas

bearings with thinner and thinner f lu id  f i lms  requires

review of the concept of continuum in the description of

f l u i d  flow . The continuum hypothesis for the flow

between two bearing surfaces weakens with clearances

approaching the value of the molecular mean free path .

-5—-- ~5,_ -5 --5 —5- w~~~~~ —‘- -- — - .- S
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Gas dynamics is usually divided into the regions of

continuum , transit ion and molecular flow . In order to

extend the range of validity of the Reynolds equation to

the t r ans i t ion  region , Burgdofer [10] introduced the

commonly used f i r s t  approximation of slip at the wal l .

This consists of using the new boundary condition

f ( A  d UUwaii  - a ~~1 wall 
(2)

2 — c
where f (X a) = 

~~ j

u = velocity tangent to the wall

y = coordinate normal to the wall

a = reflection coefficient , [29]

With a = 1 for diffuse reflection , this led to the

following modified Reynolds equation

~ I 
~~
, 

~. + 
6k ~P) + ~ 

1H~P i. + 
6k ~P)_ A ~PH 3~~~~~~ 1 H ( 

~~
-
~~~) 

~~~~~~ ~~ 
~, 

( ~~~ ) 
~~~~~~~ 

— ~—~-

with the Knudsen number , k being defined as the ratio of

the ambient mean free path A a over the bearing trailing-

edge—clearance .

This mod ified Reynolds equation predicts a reduction

in the slider load carrying capacity. This reduction is

j  pronounced at low bearing numbers. Although this equation

has been used for several years in actual design and

I 

_ _ _ _ _ _ _ _ _ _ _ _   _ _ _ _ _ _ _ _ _
_________________ 
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analysis of low—fly ing slider bearings , the first

experimental study by Tseng [13] in the area of rare-

faction came only recently (1975). Tseng suggests the

introduction of a surface accommodation coefficient of

less than unity in order to explain the lower load

measured by his experiment in comparison to the numeri-

cally predicted one. The numerical solution of the

modified Reynolds equation using various values of

molecular mean free path gives the load versus clearance

behavior described in Fig. 2. This figure shows a

signif icant reduction in minimum clearance under constant

load , due to slip at the boundary . In Fig. 2, the

Knudsen number increases with decreasing values of trail-

ing edge clearance ; the Knudsen number increases from

values less than 0.1 to values greater than 0.3.

Therefore, since the Knudsen number is larger than 0.1,

the designer should expect the validity of these design

curves to weaken at clearances below 20 microinches .

In addition to the mean free path e f fec t s , the very

small air gaps in recent usage stimulated the initiation

of some basic stud ies of the effec ts on bearing per for-

mance due to the roughness of the stationary and moving

parts .  Tseng and Saibel [ 2 0 ] ,  Christensen and Tonder

[2 1] ,  and Elrod [ 1 4) ,  have shown using Reynolds equation ,

that sur face  roughness can considerably a f f e c t  the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
i-,_ 
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Load (gr)

Load
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hmin

U = 800 in/sec
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10 20 
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hmin (~~~ 
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Figure 2 Results of Numerical Solution of Reynolds

Equation wi th  Slip Boundary Condition
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bearing performance. More recently, Rhow and Elrod [15]

showed that there is a general increase in load carrying

capacity due to striated roughness when calculations are

based on mean film thickness. They carefully distinguish

between calculations based on mean film thickness and

ridge film thickness, and their conclusion indicates that

Stokes type grooving reduces the load capacity if it is

calculated on the basis of ridge film thickness. If the

roughness does not cause excessive rates of change of

film thickness , they found the increase in load carrying

capacity to be much larger for bearings with the rough-

ness on the stationary surface than for the case of

roughness of the moving surface (Fig. 3). No studies

have yet attempted to apply theoretical predictions on

roughness effects using some measured input from an

actual bearing surface.

Consequently , for thin film bearings , under fixed load ,

there is a decr ease in clerance due to approaching rarefacted

conditions and an increase in clearance due to surface

irregularities. Fig. 2 shows the predicted flying height

without including surface roughness. Since all actual

bear ings  have some surface i r regular i t ies, the curve s

in Fig. 2 should be moved toward the higher load-higher

clearance region. Al though some theoretical treatments

have already been performed on certain roughness e f fec t s

5-.- --— - - _
_
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Fi gure 3 Load vs Roughness; Transverse Roughness

Adopted from Rhow and Elrod , ref. [15]

6max maximum roughness height , dimensionless

with respect to c

W’ = bearing load

L = slider length
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as well as on slip boundary conditions , as yet no theore-

tical studies have combined rarefaction and roughness

effects or predicted the regions of domination for gas lub-

ricated bearings. In this experimental study the observed

behavior of a particular slider bearing with its surface

roughness characteristics is given.

-5 -
- — —- ~~~~~~~- - - -- - .~~~~~~~~ ‘ — :~~~~~~~~~~~~~-
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I I I .  Exyeriment5 Apparatus

In order to test the performance of ultrathin film

slider gas bearings with various mean free paths and

fly ing heights , a testing setup with the ability of

controlling these parameters is needed . Since the

pressure is inversely proportional to the molecular mean

free path , the ambient pressure in the testing chamber is

to be held at sub-atmospheric values in order to achieve

the desired increase in the mean free path . To control

the fly ing height , a variable loading mechanism was

constructed .

The testing setup was designed as follows :

* to have a vibration-free flat and very smooth running

surface oposite the stationary slider;

* the ambient pressure to be controlled from 14.7 to

1.5 psia;

* the mean free path to be controlled from 2.6 to 26

microinches;

* to set the load on the slider bearing from 10 to 100

grams ;

_ _ _ _ _ _ _ _ _  ——-5- - ------ - ---.- -  5 ’ — ;
_ - _ — - --—  - - --— —-5— -5
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* to have the very clean environment needed for bearings

wi th u l t r a t h i n  f i l m s .

A. Descri ption of Appar atus and Ins t rumen ts

T1AC experimental setup that was designed and Uu~~lt

at the Columbia University Lubrication Research Labora-

tory is a highly versatile testing bench for small—size ,

self-acting gas lubricated slider bearings. The essential

componen ts of the appara tus are i l lus trated schema ti c a l l y

in Fiq . 4. The equipment consists  of two major  par ts:

one , the controlled environment chamber which encloses

the running and stationary 7arts of the bearing , and the

second , the optical bench which carries the interferome-

ter optics and the image recording equi pment for  the

meas urement o f bear ing c learances .

The chamber itself is divided into two enclosures by

a midd le  pla te. This m iddle pla te ac ts as a par ti t ion

between the enclosure with the speed-controlled DC motor

drive and the enclosure with the bearing being tested.

By enclosing the e lec t r ic  motor and the belt  dr ive in the

environmental chamber , the difficult problem of sealing

the hi gh precis ion sp indle is solved .

The bearing testing apparatus can be operated with

or wi thout the upper box depending on its functional

- — —------—‘ ‘ S
~~~~~~~~. 
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requirements. For operation in atmospheric conditions ,

the experiment is performed without the upper cover, with

the testing setup positioned in front of the laminar flow

air bench . For operation under controlled ambient

condi tions , the upper box is positioned so that it covers

the bearing. In this mode of operation , the necessary

clean environment is provided , by letting the gas enter

the upper chamber through a line of absolute filters and

exit from the lower chamber through a vacuum pump . This

cycle provides a continuous flow of gas from the upper to

the lower chamber and thus prevents contaminants from the

belt drive and the electric motor from entering the bear-

ing test area.

In the sealed environmental chamber , the mean f ree

path of the lubricant can be varied by simply chang ing

the pressure and the lubricant gas . Because flight

behavior at high Knudsen numbers is of interest , the

chamber is designed for subambient operation only. In

the uppe r chamber , a hi ghly polished, double surface ,

optically flat disk with surface flatness of A/20 is

mounted on the spindle. The optical flat is made of

quartz and has the dimensions of 1.75 inches thick ,

10 inches O.D., 1.8 inches I.D., and it weighs 10 lbs .

The disk has a peak to valley surface roughness of 0.5

microinches . In order to achieve the desired vibration—

________________ _______ —-5
— -5- -5 5— 5. —— — — -5—— - - 
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free operation at velocities up to 6000 R.P.M., the

spindle,with the optical f l a t  at one end and the pul ley

at the other , was dynamically balanced to within less

than 100 microinches peak to peak . Fig. 5 illustrates

the balancing. The actual balancing was performed

using 24 ba lancing  screws in 3 d i f f e r e n t  planes along

the shaft of the spindle. The electric motor with the

driving pulley was also balanced to within 100 microinches

peak to peak v ib ra t ion  at the nominal opera t ing  speed .

While the moving part of the bearing is the quartz

disk , the stationary part is a spring loaded two-rail ,

tapered-flat ferrite slider with nominal length of 0.22

inch and a width of 0.02 inch per skat.~. The arm

holding the gimbal with the head is clamped to a precision

stage with six degrees of freedom: three rotations and

three linear displacer’ents around the x , y, and z

directions. The precision stage permits the alignment o~

roll and pitch angles during fly ing.

The variable loading mechanism applied to the slider

consists of a pneumatic rubber diaphragm with a loading

button . The load on the slider can be continuously ad-

justed by pressure variation under the diaphragm . The

arm is made of Delrin * and is instrumented by means of

* Trade name of polyformaldehyde , Du Pont Co.

__________ ________ a
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Figure 5 View of D isk Ba lanc ing

four strain gages , two on ea ch side , which measure the

load with a sensitivity of 10.5 microinches/inch strain

per gram.

Hence , an addition of 5 grams to the load causes the

strain reading to increase by 53 microinches/inch. The arm

and the loading diaphragm have been calibrated by means of

dead weights. The loadinq diaphragm and the calibrated arm

are i l l u s t r ated in Fig. 7.

In this experimental setu p ,  the bearing film thick-

ness is measured usin g optical interferometry. The

usual application of interferometry requires a transparent

and optically flat reference plane , a monochromatic ligh t

source , and a reflecting microfinish on the surface to be

-5 - - - - - --5— — —  -5— 5- -’, - 5 - -  .5 --5— - —5-—-— - _________ - - S
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I reilyze ’ (i . By ~~~~~~~~~~~~ the ligh t f rom the monochroma tic

SourCe t h r ough  t h e  f l a t  r e f e r e n c e  p l a n e  and onto the

r e f l e c t  ive s u r fa c e  to he a n a l y z e d , i n t e r f e r e n c e  “ f r i n g e s”

between t h e  i n c i d e n t  and r e f r a c t e d  l i gh t  may be observed .

The p o s i t iu n  and number  of f r i n g e s  is a f u n c t i o n  of the

d i s ta n c e  and p ar a l l e l i s m  between the two s u r f a c e s .  Know—

in~ t : - - - wavt-Ie ngth ef  t h e  monochromatic light , the observ-

(- d surf tc e (‘-t n be mathematically described in numerical

ter ms as t funct ion ot~ t h e  number  and type of observed

fringes.

The act u-Il interferometric setup is illustrated in

F i ;. t , . The . m’,.- i t t  CW ileNe laser is located right

b -h i n d  and ~u l l i nt -ar with the pulsed tunable laser. By

passing the continuous monochromatic source through the

c o a x i a l  f l a s h  lamp of the dye laser , the CW co l l ima ted

l i g h t  b ’- - t m  is u l l o w e d  to t r ave l through th e same path

arid t m  use t h e  - a r n t-  r eco rd ing  s e t u p  as the pulsed laser.

W h i l e  the  CW a l l o w s a c o n t i n u o u s  obse rva t ion  of the

int”rfcrence pattt~rn , tic - pulsed laser records only the

fringe pattern w i t h  i t s  v a r i a t i o n  in a period of 0 . 5

microsecond. The blue , 450 0 A and the red , 6328

wavelengths qive the d i s t i n c t  d i t  t er e n c e  in fringe pattern

needed for the clearance measurements. Two such

interference patterns are shown in Fig. 8.

______________ 
-S

—- - - -- _
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B. Descri t-tJ on of the S lid e r  B e ar i n9  and i t s

Prena rat ion

The sl i der h e a r i n g  used f o r  t h i s  e x p e r i m e n t a l  s tudy

is a r e c o r d i n g  fly i ric head of a conventional computer

disk memory un it . A schem a t i c  d e s c r i p t i o n  of the s l ider

bearing and a drawinq t actual size is g iven in Fi g. 9.

The deKi gn concept that permitted the adaptation of the

two—rail t iuer~ - d— flat ferrite sl iW- r to the low—load head

was developed at I.B.M. [2~~. The most si gn i f i c a n t

design difference between the two-rail slider and its

predecessor heads is in the suspended mass and load force .

The head is made of h igh d e n s i ty s in tered f er r i te wi th

exce l len t  wear and su r face  f inish  charac teristics ,

prope rt ies hi gh ly  needed to accommoda te fo r  the bear ing

to start and stop in contact and to maintain a finite

constant spacing between the head and the recording

surface . The head dimens ions were designed such that

under  10 gr am load the ac tu a l cen ter of s l ider  p i tch  and

roll is at the recording gap that is located between the

two skates at the trailing edge .

This narrow slider bearing with a relatively high

length—to-width ratio allows a significant side leakage

of lubricating air from beneath the slider. The slight

pressure generated by the tapered portion of the bearing

-5— —5.- -—-- _ -—- ~~~~~~~~~~~~~~~~~~~~~~~~ — — 5 .  — - ‘ i - -— - - -  - ~~~~__i—.-—-— _ -;1•-__ - -
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is leak ed t m  lower va l ues befor e bei ng compressed aga in

by the trailin g end of the flat portion of the skates.

The in tegra ted p r essure prof i le under  the ska tes  r e s u l t s

in  a load of 10 grams  w i t h  n o m i n a l  t r a i l i n g  edge c l ea rance

of 20 micro i nches a t speeds of 150 0 in/ sec .

To obta in  a qua l it a t ive knowled ge of the b e a r i n g

surface roughness characteristics , a few of the bea r ing

surfaces were studied , us ing Scanning  Elec tron Micr oscopes.

Some of the  typ ical micro gr aphs are  given here  in F i g u r e s

10—11.

Gener al ly , the micrograph s exh ib i t a su r f ace  wi th

two types of irregularities : large ones at great

i n t e r v a l s, and very fine ones closely spaced . The large

grooves , possibly caused by crystal pullouts during

lapp ing , are on the order of 5 —20 microinches in depth

and w idth , spaced at intervals of 200 microirtches or

l a rge r .  The i r r e g u l a ri t i es spaced at smal l  in te rva l s

were estimated to be on the order of one rnicroinch in

depth  and w i d t h .

The elec trical conductivity of the ferrite bean - is

is sufficien t for the SEM application so that no conduc-

tive coating was necessary.

One of the major challenges in testing qas bea r ings

is tL- demanding standards of cleanliness. A study of

the levels of surface cleanliness needed when assembling

_________________________________________ - - -_ ~~~~~ —---— — —5-- -~~~~
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and testing gas lubricated bearings is given by Galvin ,

Monecraft and Patterson [7]. The methods applied in

c l e a n i n g  the skates of the f l y ing head for  the prese nt

exper imen tal research are those described in R e f .  [ 7 } .

The cleaning processes include organic solvent and

deionized water washes of the surfaces . It was found

necessary to repeat, in a t r i a l  and error fashion , th i s

washing process while a fly ing at tempt was performed

be tween each wash . Dur ing  a f l y ing try , surface contami-

na t ion  could be observed on the projected pat tern  of

in terference . The appearance and accumulation of dirt

between the initial cleaning processes could easily be

observed du r ing  the f l i g h t .  I t  should also be reported

that  i f no d i r t  marks appeared between the bearing

surfaces during the first few minutes after take-off ,

the heads flew with no dirt-caused disturbance for

several hours.

_ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - — —  
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C. Accuracy of Measurements and Calibration of

Instruments

A description of the analytical formulation relevant

to this experimental study has been given in Sections II

and V I of th is repo r t . The knowledge of the fo l lowing

q u a n t i t i e s  is r equ i r ed  fo r  the  c o r r e l a t i o n  of the

exper imen ta l and theore tical resu l ts:

(a) = v i scos i ty  of a i r

> a = molecular  f ree  pa th of a i r  a t atmospheric

p ressure

Pa = a t m o s p h e r i c  p r e s su re

~red 
= wave length of HeNe monochromatic light

source

b l ue  = wave leng th of the  Pulsed Dye Laser (coumar in )

(b) U = l i n ear velocity of d isk under t i l e  s l i d e r

= slider total length; (Fig . 9)

= tapered l eng th ; ( Fi g. 9)

= d i s t ance  of p ivot  poin t f r o m  t r a i l i n g  edge

s1 ,s2 = width of skates; (Fig. 9)

h
~ 

= crown height of the flat portion of the

bearing sk i t t- n ;  (Fig. 9)

h = ramp height; (l- ’ig . 9)

_ _ _ _ _ _ _ _ _ _  - -  ~~~~~— - - ‘~~ - -~~~~~~~~~~~~~ - -  - —-.—- — - - - .— — -_____ _ _ _ _ _- 
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The values of the quantities in list (a) were

— a
assumed to have constant values ,~* p = 0.26 10 lb~ sec/

~~~~ 
~a 

= 2.65 ~ l0~~ inches , 
~a 

= 14.7 psia , 
~red 

=

6328 A , and :~ = 4500 A. All  these values , w i t h  theblue

exception of A blue ? are believed to be accura te to w i t h i n

1%. The wavelength of the blue monochromatic light source

is reported by the supplier (Phase-R , New Durham , New

Hampsh ire ) to be w i t h i n  4 % .

The va lues of the phy sical quan t i t i e s  in list (b )  of

this section were determined experimentally . The linear

velocit y of the disk under the slider was monitored by a

magnetic pick-up . The frequency of pulses generated in

the magnetic coil were counted using an electronic

counte r. The estimated error in speed measurement was

less t h a n  1% . The t r a n s i s t o r i z e d  closed-loop cont ro l

system f o r  the motor  speed kept the set speed to wi th i n

a ran ge be t t e r  than  1%. The geometr ical  dime nsions of

the sl ider b e a r i n g  1’ , £~~ , s1 , S 2 were measured with an

accuracy of .0005 inch , which  gives a maximum relative

error of 3~~. These estimates are based on applying ,

whenever possible , at least two methods of measurement.

The ramp heigh t was measured wiht an accuracy of 
~
‘red’

12 =

12.4 (t in.), which gives a maximum relative error of 4%.

* Ambient temperatures were kept in the raz~ge of 70-74°F

________
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The crown height determination suffered from the largest

relative error because of its extremely small value ;

(3 microinches ~ 1/10 of 1 wavelength of visible li ght)

LIe measurements of this crown were not better than ±1.0

ni cro inches , which in relative error terms indicates a

poss ib l e  e r ror  of 3 0 % .

The load on the s l ider  b e a r i n g  was de termined by the

read-out of the change in strain in the Delrin arm

suppor ting the s l ider  bear i ng .  The arm was ca l ib ra t ed

whi l e  loading it w i t h  dead wei ghts . To minimize drift in

the strain read-out caused by the slightes t  temperature

variation related to the low therma l conductivity of

Delrin , gages with the most suitable self—temperature-

compensating backing material were chosen. With this

proper choice of backing material, the drift in the read-

out and the error in the calibration curve were reduced

tu a maximum relative error of less than 10% for the

lowes t load of 10 grams . The instrumented arm was

tested for variation of strain because of air drag and

forced convection , and these effects were included in

the above error estimate .

The accuracy of the flying height  measurements  were

-~ 
. of the  order ~l.5 microinches. For the larger flying

heights this error is only of order 10% while at the

lowest trailing edge clearance measurements the relative

5,~~~~~ — ——--5———- - “-5 - - - - — - -—5— - - — - -“' i - ’~~~~~~~~~~~
’ 7 ’.’ 
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error was about 30%. To minimize errors in fringe-order

ident ification three methods were carefully followed .

These methods are described in Section IV.

________________________________  _______ a
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IV. Experimental Results

A.  G e n e ra l  Remarks

The s l i d e r  b e a r i n g  used fo r  t h i s  e x p e r i m e n t a l  s t u d y

is a r eco rd ing  f l y i ng he ad of a conve nt ional compu ter

disk memory unit. The heads fo r  t h i s  e x p e r i m e n t a t i o n

were p rov ided  by the  Advanced Development  Labora tor ies

of Xerox  Corpora t ion  and C . D . C . A schemat ic  desc r ip t ion

of the  r e c o r d i n g  head and a d r a w i n g  to ac tua l  s ize  are

- :iven in Fig. 9. The head is mounted onto a beryllium-

coppe r g imbal that permits the head to incline relatively

1reely in any direction . The gimbal is welded onto a

lea f spr in g tha t load s the head wi th  10 grams through a

so-called p ivo t po in t .  Th i s  10 gram load , provided by

the s p r i n g ,  is the load under  which  a l l  t a k e — o f f s  and

l a n d i n g s  were  pe r fo rmed .

A f t e r  the s t a t i c  measu remen t s  of the s l ider  geometry

( 1- s c r i b e d  in Sec. IV-B)  , the gimbal-spring load was

measured . Attaching the gimbal-spring to the loading

arm , the head wa s lowered aga in s t a wei ght measur ing

micro-bal ance and from the reading on the instrument ,

the  s t i f f n e s s  and the load of the spring were established .

Next , the loading cell and the instrumented supporting

arm we re calibrated against dead weigts. It was found

5’
_ _ _ _ _ _ _ _ _ _ _ _ _  -55—-- - -5- — -— - 
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that , although the zero reading (no-load ) of the strain

in the  arm v a r i e d  somewhat , the slope of the load versus

strain remained within tight limits. With this in mind ,

the zero for determination of the total applied load was

determined by using the reading under the ten gram load

of the gimbal-spring .

The variation in strain read-out between static and

dynamic conditions both under atmospheric and sub-

atmospheric bearing ambient pressure was investigated ,

and it revealed changes in strain of ±5 microinch/inch

(equivalent to ±.5 gram) . The strain gage instrumented

arm was checked for performance in partial vaccurn (up to

152 rnrnHg) ; no variation in strain read—out was observed

due to the change in ambient pressure .

Several experimental steps were performed to study

in general the bearing behavior in this setup . The

interference pattern under static condition (disk not

spinning) between the slider and the disk surface was

studied for take-off clearance configuration . After a

few i n i t i a l  s t a r t s  and stops the head was allowed to

land on the slowly coasting-down disk. The white , red

and blue light interference patterns were applied to

investigate the relative configuration between the slider

and the disk. These mea sur emnets  di sclosed no vis ib le contac

fringes between the lOgr .  loaded s l ider  and the q u a r t z  d i s k

____________________  -5-- - - ~~~~~~~~~~~~ --5 —-—
-

- - - -—~~~~~~- — - — - ~~~~~~~~~~~~~~ —— - . -. — a
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after land ing . The clearance at the leading edge of the

slider was ~ 10 microiriches while at the trailing edge

on the order of 2 mic ro inches .  This observation of no-

contact take-otf was confirmed by the fact that

approximately 1000 take-offs arid landings performed

dur ing  th i s  experimen ta l work and no v i s ible  contact

marks on the two sides of the bearing (slider and disk)

were produced .

To observe sta b i l i t y  of the bear ing , the q u a r t z  d i sk

and the air gap , a fast pulse (.45 microsecond) dye laser

was used. The laser was tr iggered using a s ignal

generated once every cycle  by a magne t i c  probe . By

delay ing the tri gger ing si gnal , pulsed i n t e r f e r e n c e

pa tterns  were take n at d i f f e r e n t po ints  along the

circumference of the disk. These recorded interference

patterns revealed no change whatsoever in the bearing

clearance topography. This indicated an insignificant

level of vibration . The slider followed the disk with

i ts  wav iness , i f  any , ( f l a t  to ? /2 0) ex t remely  w e l l .

In the load-vs-clearance measurements described in

Figs. 17 and 19 , for  
a 

= 14.7 psia , two sets of

measurements were included. In each of these figures

one set of the measurements was done without the upper

cover , while the other set was done with the cover in

place . These measurements generally show no variation

in i)(-rf ormance betwwen the covered and uncovered testing.

S
___________________ - — — 5 -  - - ----5—--- — - 5  5. - 
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B. Measurement of Slider Dimensions

The initial step taken for both the numerical

solu tion and the experimental measurements of flying

heigh t is the measuring of the geometrical dimensions

of the slider tested . The crown height in the

direction along the skates , the pivot location and the

ramp length  and hei ght  were found to be especial ly

i m p o r t a n t .  The d imens ions  of the head used for  the

exper imen tation and given in Table 1 were measured

using optical microscopes and interferometric techniques

w i t h  a special  lOX magnification . The head itself is

described in Fig. 9.

Except for the ramp heigh t , all given dimensions

-— are the result of measurements made by these two methods.

The dimensions obtained with the two methods were in

agreement with each other within less than 4%. The

dimensions  g iven in Table 1 for the slider bearing

tested are averages and round-offs of the measurements.

The ramp height , one of the most important

dimensions for bearing performance prediction was

measured by optical means . Leaning the slider against

an optical flat while reflecting a monochromatic light at,

and back from , the slider surface , brought about the

hi ghly dense interference pattern indicated in Fig. 12.

___________ ________________ S
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This interference pattern needed at least lOX magnifica-

tion for fringe clarity.

The crowr. of the skates was measured using a project-

ed interference pattern with lOX magnification obtained

while flying the head at a speed of 1490 in./sec. loaded

with 10 grams . Fig. 8 shows such an interference

pat tern. The gradual increase in spacing between

consecutive fringes indicates presence of surface crown .

At  this  poin t , the numerical solution for the pressure

di s t r ibuti on for  the  appropr ia te  speed and load was used

to check for possible elastic deformation of the slider

due to this load . The various calculations with

specific assumption of beam shape and load distribution

predicted maximum deflections on the order of 1/5

rnicroinch . Additional calculations under even higher

load indica ted these deformations to be negligible.

1r5 order to increase the number of interference

f r i n g e s  w i th in the skates and , by that , increase the

n umber of data points along the slider and the accuracy

of crown height measurements , a monochromatic source with

the shortest wavelength possible is needed . The optical

alignment and image recording procedures limit the

monochromatic sources to be in the visible range of li ght.

In this interferometric setup a short-pulse tunable dye

laser was used . A schematic description of crown height

5~
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measurement  is g iven in Fig. 13.

Some crude attempts were made to estimate crown

height across the bearing. Such attempts showed this

crown , i f  any, to be on the order of 1 microinch . Numeri-

cal solutions including this 1 microinch crown across the

bearing did not show signif icant differences in perfor-

mance . From here on the skates were taken to be flat in

the direction perpendicular to motion.

F i n a l l y ,  the lapped slider profile used for all the

numerical calculations is criven in Fig. 14.

5’
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C .  
- 

rn~~a r in o n  w i t h  ‘ h i r s - n i c a l  R e s u l t s  f o r  Var  t eu s

itt i: a ri [r udn -n ~d r n ~! ers

Tb i n  S - C t  1~~~~l I i - s c r  j Hes i i  n u m e r i c a l  s o lu t  i o n , and

t h e  e x ue r i m er i t a l  t e c h ni  ~u -  ; a cu rn p sr i so n  b et w :n t he se

r e s u lt s  is — l i v e n .

The n u m e r i c ~i l  s o l u t i o n  used to ob t a i n  t he  t i~eo re t i ca1

r e s u l t s  is d e sc r i  b - d  i n  A~ r-en dix A .  In o r d e r  t u compare

the e x per i m e n t il r e s u l t s  wi th t he  t h - o r e t i c a l  p r e d i c i t o n s ,

an a c c u rat  s o lu t i o n  of  R e y n ol d s  eq u a t i o n  w i t h  sli p

b o u n d a r y  c o n d i t i o n s  was needed .  Two m a j o r  d i f f i c u l t ie s

w e re  e n c o un t  - r e d  i n  s o l v i ng  R e y n o l d s  e q uat  i~~n n u m e r i ca l l y

fo r  t h i s  p a r t  i c u l a r  l ow— load I v.’ — c l e ar a n c e  sl i d or

b e a r i n g .  ‘i h- -se p r o b l e m s  r e s u l t ( - ( 1  f r o m  n u m e r i c a l  i n s t ab i -

l i t i e s  in solving Eq. ( 3) wit h l i r u -  bearing numbers

1000)  and f r o m  i na c c u r a c i e s  i n  load p r e d i c t i o n s

caus -d by t h e  d i  s e o n t i n u i t  ies in  clearance slope .

To r j v t - r e e r ~t - - t l i t - - i n s t  i h i l L  - i n  the  nurn -r ica l

s o l u t i o n , a c~i r e f u l  d i s t r i b u t i o n  of  t P e - v - i r i a b le  q r i d

sp ac in g  was  needed .  T l i e  k n o w l e d g e  of the t rail ing -

bound i ry  1-i ;  - r  t I i  c kness  bt i nq  on t h e  ) r ( l ( - r  of l /.\ was

ho c r i t e r io n  a p p l  I ~d f o r -  f l i t  posit i o n  r i :  of  t he  qr i d

p o i n t _ s .  For h a l f  t i l l -  S- .’ rr u t - t r i c  h i r i n g ,  a me sh g r i d

15 - 31 was used ( 1 5  s p a cin q s  across  and 31 spac ings

i i  o r i g  t - h t -  b e a r i n g )

-. - - - — - -5— - —- - 
S
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To h i n d l -  i r i r c c ui a c ie s  I n  p r - s - ; u r c  p r o f i le  s o l u t i o n s

c uas ed  by t b -  large d i s c o n t i n u i t ic - s  in  c l - i r a n c e  slope ,

t u e  i n t e g r a l  d e scr e ti  sa t  ion descr  i b e l  in Ap p e n d i x  A was

used . T h i s  a l - i  r it  hm , obt  a i n e d  by u s i ng  t o  h i u ss

i n P u t  al  t heorem , s a t i s f i e s  mass  b r l i n c c  a t  each gr i d

p o i n t  as t h e  co lumn s o l u t i o n  me thod  is a : ) r ) l l e d  [ 9 ] .

This d i s cr -t i  z u t  ion r o - du c i n t h e  o rd er  o~ th ( - p a r t i a l

di f f e r e - r : t i i l  e-~~u i t i o f l  by c n - . Y i t  n - is  d i s c r e t i za t i o n ,

p o s i t i o n i n g  of g r i d  p o i n t s  i t  cleuranc - d i s c o n t i n u i t i e s

‘ - l i m i n a t o s  the n e d  t i  a r : r x i m a t  e ( 1 - - r i v a t i v e s  at l i n e s

of s i n g u la r i t y .

The n um e r i c a l  s o l u t  i o n  - .~is ch -ck sl i g a  in s t  t he

exac t  1—D s o l u t i o n  of  Reyno 1d~ e q u a t i o n  w i t h  s l i p

sounciary c o n d i t i o n  ( A p p e n d i x  B) • The n u m e r i c a l  r o gr a m

w i n  a l so  ch ecked : l q ii n st  r e s u l ts  ob tai  t ie d  by a h i g h- ’

t l - ~~~r i ’  - -  o l t  - t i r . &  - i  b :  h lrod  an d  C h e n j ~30) -

Con ver ; -n - ch i ck s  u s i n g  lar p r  number  of  gr i d

pou t s w - - t e  i ls o  p’ r f o r r m - d .

Th’’se t ‘ - s, 
~ i : u l i - a t e d  a c cu r a c ie s  of  2 and of 7%

~‘,r b e a r i n g  n u m b e r s  of 1000 i r d  4 0 0 0 , r e s p e c t i v e l y .

So l u t  i en s  a r  - r i - i t  k r i wn t o  b t -  i ~‘a i l  a b le  in t he  l i t e r a tu r e

f or  t : i t -  m o l i f  ied R e y no o l s  e q u a t i o n  ( 3) f o r  a n a r r o w

b e a r i n g  c o n f i g i r i t  i o n .

The c o m p u t e r  p r o g r a m  u s i n g  I BM FOR TRAN -(  compl i e r

needs a core of 160K b y t e s  and  40 seconds of c o m p u tat i o n

______________ 
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time for each solution of the Reynolds equation for the

p ivo ted  s l i d e r  tes ted .

The ob jec t ive of th i s  exper imen tal resea rch was to

compare measured bearing clearances with theoretically

pr ed i c ted v a l u e s .  A f low cha r t  desc r ibi ng th e procedure

f o r  the  t e s t i n g  of a s l ider  b e a r i n g  is g iven in Fi g .  15.

A f t e r  the c lean i n g of the bea r in g s u r f a c e s  and the  taki ng

of the  s t a t i c  m e a s u r e m e n t s  ( s t eps  w h i c h  are descr ibed  in

Secs . Ill-B and IV—B) the head was flown at a high

ve loc i ty  and low load for  the measurements  of both

slid er crown and slider dimensions . The crown measure-

ment is described in Sec . IV-B.

~oxt , a f t e r  a l l  the  g e o m e t r i c a l  d i m e n s i o n s  we r e

d e t e r m i n e d , a p a r a m e t r i c  study of the s l ider pe r fo r m a n c e

was c o n d u c t t - d . The p ivoted s l i d e r  b e a r i n g,  whose

dimensions are given in Table 1 and in Fi g. 9, was

t es ted  u n d e r  v a r i o u s  ambient ur e s s u r e s  and mo lecu l a r  mean

free p at h s  w i t h  loads of 10 to 30 g rams  and d i sk

velocities el 800 to 2000 in./sec.

One of the  most i m p o r t a n t  stops  in the f low cha r t

given in Fig . 15 is t h e  processing of a picture of t h e

i n te r f e r e n c e  p a t t e r n . K n o w i n g  the  order of the fringes

appearing in a recorded patt (-rn allows for clearance

measuremen ts with an accuracy of 2 microinches . If an

error is made in the fringe o r d e r  determination , the

_______ S



_______________ 
f pre -flight measurements

i c lean i n g of sl i d i ng surfaces
~,s1,s 21 w ,~ ~ 

-

~~~~~~

—

~ 
calibration of loading spring

— 
t P1 

[
loading -arm calibration

flying the head a t h igh
2 pictures at velocitie s for crown
A = 6328 ~ determina tion
A = 4500 A load 10 gr., U = 1 490 in /sec

I setting the desired ambient
t ,s ,s2,w ,t’ —j con dition for the tested

~~
,hr,hc 

t 
~~~~ 

bearing

flying the head at a set
nume rical sol . velocity for clearance .—

~ 
2 picture~ atof Reynolds eq. measureme nts A = 6328 A

with slip b .c. LA = 4500 A

chang ing load on slider
i n ste ps of 5 ,10 gr. picture
performin g the test for processing for

- loads of 10 ,15 ,20,25,30 gr m m .  clea rance
____________________________ determination

loa d
vs

mm .

- 

\
\ 

cl ea rance 

- _______________

numerical experimental

Figure 15 Flow Chart of Bearing Testing Procedure

____________________________________ __________________________________ 
a



48

inaccuracies in clearance measurements could go to values

of 15 m icroiriches . Therefore , determin ing the fringe

order has ma jor importanc e in the measurements of

clearance topography.

Three independent methods were applied to eliminate

any poss ible error in f ringe order determina tion .

One of the bes t ways to dete rm ine the  f rin ge ord er

was to f o l l o w  and count fringes during take-off , loadi ng ,

pre s su re  chanqe and d i sk  speed v a r i a t i o n .  Being able  to

f o l l o w  the ~r inqes  during these transient steps was one

ot the benefits of the extremely stable and flat quartz

disk . A t y p i c a l  s table  f r i n g e  p a t t e r n  is show n in  Fi g .  8.

The top f r i n g e  p a t t e r n  in t h i s  f i g u r e  inc ludes  the

• effects of clearance variation with time , since the

exposu re  t ime is on t u e  order of a f u l l  d i sk  r o t a t i o n .

In previous experimental studies by Lin and Sullivan [ 51

and by Ts eng [13 ) on the p e r f o r m a n c e  of these bearings

at very low clearances , due to the s urf ace waviness of a

large thin disk (14.0” dia., 1/4” thick), no such

stability was achieved . The disk used by [ 5 )  and [ 1 31

r ep re sen t s  more a f u n c t i o n a l  s u r f a c e  than  an o p t i c a l l y

fl at one .

‘;h~ second independent way to determine fringe

( , r d f - r  t ook  advant ig e  of the fact that two blue fringes

(4th m d  t P rIuc ) will ap~ ear between the third and the

V ‘~~~~~ I -5

-——
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fourth red fringes. The order in which the blue and the

red fringes line up is given in the left column of Fig.

16.

The thi rd method applied to determining fringe order

was by trial and error .* Assuming first the orders of

of red fringes the skate profile was plotted and then a

check of this profi le was perf ormed using the blue

fr inges. This trial and error was repea ted two or three

t imes  u n t i l  a f i t  s i m i l a r  to the one in F i g .  16 was

ach i eved .

Expe r imental re sults versus numerical predic tions

are given here in Figs. 17-25 . These figures describe

th e be ari ng load ( i n  grams ) versus  the tr a i l i n g  edge

clearance (in microinches) for various ambient pressures

and bearing velocities. On the upper line of these

plots the bearing numbers based on trailing edge

clearance and the Knudsen numbers , k = A / h 1 are g i v e n .

The ambient molecular mean free path of the bearing

was set by lower ing the ambient pressure . Assumi ng

isotherma l cond it ions , wh ich can be shown to be va l id ,

tb- molecular mean free path varies inversely

w ith the pressure ; the mean free path was set to values

* This method was not used after a while since the first

two were found superior.

_________ ___________ __________________________ a
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of 2 . 1 , 5.2 , and 7.8 microinches. With trailing edges

on the order of 5 to 12 microinches , the Knudsen number ,

k , was increased to values beyond one. This indica tes

that load versus clearance measurements were perfomed

for bearings where the value of the trailing edge

clearance was the same as the molecular mean free path

ot  the ambient gas. brie could already suspect that in

low-l oad bearings the theoretical models , based on slip

f l o w  approx ima tions , w ill not perform well , espec ia lly at

the  t r a i l i n g  edge reg ion .

Afte r careful observation and cross plotting of the

theoretically predicted and experimentally measured

resul ts , several observations related to Figs. 17-25 can

be made . First , examine Figs. 17 and 18 , for results

under a constant load of 10 grams . The results on these

f i g u r e s  i nd i ca t e  si gnificant ly better agreement for the

b e a r i n g  w i t h  the  2000 in./sec . than for the 800 in./sec .

veloc ity. Note that the bearing with the higher velocity

runs with a clearance almost twice as large as the one

with the lower speed . In Fig. 18 , the measured flying

hei ght under the 10 gram load is in relatively good

agreement with the predicted clearance. This measure-

men t , which agrees the best with theoretical predictions

al ready has a relatively high Knudsen number (k = .11).

The experimental setup did not allow for bearing testing

____________ 
S
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w i t h  Knudsen  numbers  below .11.

At this stage , without even increasing the molecular

mean free path , r e su l t s  ind ica te  tha t as the clear ances

~n this narrow gas bearing get smaller , while simulta-

neously the Knudsen number increases from .1 to .173 , the

th eory progressively fa ils to predic t  b e a r i n g  behavior .

The progressive failure of the theory to provide the

needed side leaka ge to lower the bearing load is seen in

Fi g .  18 , where  d i sc repanc ies  go from 20 % to 25 % and to

40% , wh ile the Knudsen numbe rs vary f rom .1 to .173 and

to .210 , respectively. Looking now at Fig .  17 , where

clearances change from about 12 to 5 microinches , t h i s

trend of progressively increasing disagreement s tops a t

abou t 7 microinches and the general direc t ion seems to

reverse itse l f .  h e re , w it h clearances on the order of

5 micro inches , the agreement seems to improve as the gap

gi ts smaller and smaller. At this point of the analyis ,

thoughts related to increasing load because of surface

ro ughness could come to mind .

In Fig. 18, an attempt was made to use the suggested

surface accommodation coefficient by [131 but , as the

figure indicates , it did not change the results

sign ificantly enough .

In Figs. 20-24 measurements with larger molecular

mean free path are given. In Figs . 30-32 , the

__________________________ S
-
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ex perimental results for pressures 14.7 , 7 . 3 5 , and 4 . 9

psia indicate that the discrepancy between experiment and

t heory increases when the ambient pressure is reduced

(i.e., ambient mean free path is increased) . In Fig. 24,

t h e  b e a r i n g  reaches  b e a r i n g  and Knudsen  numbers  on t he

or (1- -r ot 27000 and 1.5 , respectively . This discrepancy ,

u n der  low b ail at - i h i g h  Knudsen  number , could also be

h ; - -rved  in  l- ’ iq .  5 of [ 1 3 1,  w h e r e a wide s l ide r  bea r ing

w i t h  a ve ry low load was tested .

It is interesting to observe that s h e  effects are

still rm r~~rt :1nt at such large bearing numbers (A ~ 2000 )

An i ;metotic study on the slip effects at large bearing

numni rs is g i v e n  in Aupendix D. This analytical solution

ind icates , -i s  p r -vious researchers show , th at sli p ef f e c t s

dimi nish it large values of A. This statement immediately

raises the question of how large is a larqe A. For a

fini width b aring, t h e  m a g n i t u d e  of ‘i , an indicator

for sl ip eff - cts , should only be used after the pressure

p r o file (or loud) is compared with the solution for ‘

Sinct , for the narrow slider he r rin g used her - , the load

carried is only a fraction of that of a A bearin g ,

bearin g numbers on the order of 2000  shou ld  s t i l l  be

c o n su l t - r e d  s m a l l .

Finally , a cross plot of the experimental and

thc-or -tical results is given in Fi g.  25 . Curves of Fig .

_______ 
a
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2~ rer reser-its the solution of Reynolds equation for

various values of bearing and Knudsen numbers for a

pivoted slide r bearing. This figu e i n d i c a t e s  tha t , for

better agreement with tne experi- - , the slide leakage

in the bearing ought to be increased .

Figures 26 and 27 pres ent the numerical solution and

the exper imen ta l l y  meas ured p ivot clearance versus the

load on the s l ider . These two f i gures indicate a good

aureement between t:seoretical predictions and the experi-

ment for the pivot clearance .

a
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V. R e m a r k s  and Recommendat ions

The design of precise gas bear ing s to suppor t today ’s

record ing heads wi th core clearances of 20 mic roinches

has been greatly aided by rather accurate theoretical

predictions. To design the nex t genera tion of heads

~1ying w ith clear ances down to 5 microinches , the

theoretical models must be modified. The following

recommendations are given to outline some of the

additional hi ghly needed research for the modell ing and

desi gn of ultra-thin gas bearings:

* developing ways to check the accuracy of side leakage

obtained by the currentl y ava i lab le numerical methods ;

* developin g theoretical modification for the governing

lubrication equat ion to be applicable in the transi t ion

reg i me of gas dynamics ;

* im proving and furLher develop ing the numerical methods

in solving Reynolds equation for both narrow and wide

bearings for cases w ith bearing numbers reaching

10 ,000;

* p e r f o r m i ng  a t h e o r e t i c a l  st u d y  on gas bearings with

____________ 
________________________________ _______ 
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b o t h  slip and surface roughness effects included to

observe reg ions of domination ;

* bearing surface roughness characterization which

r~rovides surface data adequate for the theoret ical

modeling of roughness e f fec ts  on bearing performance.

In  c o n c l u s i o n , the au thor  bel ieves tha t this

investi ga t ion has contributed toward improved

experimental methods and has provided the first set of

experimental data on low- load low-fligh t slider bearings .

It is hoped that this experimental analysis may serve as

the first link in future theoretical , numerical , and

experimental work in the design and development of

ultra-thin gas bearings.

_____________ _______ 
S
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A PPENDIX A

Numerical Solution of Reynolds Equation with

Sli p Boundary Condition for Cases of Large

Bearing Number (~ 
300)

The numerical solution of the governing steady state

lubrication equation that has been applied to obtain the

theoretical results is described in this Appendix. In

order to compare the exuerimental results with the theo-

retical predictions , an u-curate solution of Reynolds

equation with sli p boundary condit ions was needed .

Numerica l solution met hods that are described in a

review paper by Castelli and Pirvics [ 9J w .-re applied to

the modified Reynolds equation for slider bearings with

large bearing number. The numerical methods described

here will po int out ways to overcome ma ror dif f icult ies

caus ed by large bear inq number , A > 300 , and bec ause of

lar ge discon t inuities in clearance slope of a slider

bearing. It should be noted that in this investiga t ion .

the e f f or t to obta in an accurate numerical soluti on was

car r i e d  beyo nd thy accuracy  needed f rom the desi gner

p o i n t  of v iew.

Generally, there are two distinct methods of

discret ization applied to Reynolds equation ( 3)

- - - - — -  - 
--  

- 
— - - -  J
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d i f f e r e n t ia l  d i s c r e t i z a t i o n  and i n t e g r a l  d i s c r e t i z a t i o n.

Fish ::~cthod applied to a differential equation of the

f o r m  r e semb l ing  Rey no lds eq u a t ion is descr ibed in F ig. 1A.

The inteqrul discretization is obtained after inteorating

th e ~evn o l d s  e q u a t i o n  over the  shaded area in Fig. ~A and

th I n z ip p lv i n g  t h e  Gauss theorem. The differential

iiscre ’-i zation is the  method to be used when t he

- i i f f e r e n t i a l  equa t ion is w r i t t en in a f i n i te d i f f e r e n c e

form in a s t r a i g h t f o r w a r d  f a s h i o n .

i
_
- i  j

_ 
j

_
+ ’

- 1  - -  - - - -5- - - - - - 
~~~

- 

~
-5-5
~~~1 

-

~
+ !  ___  

Ax~

— - 4 _ Y i _ l  -. — AYJ

F ig.  2A

The governing lubric It i o n  equation one step before

a p p l y i ng  the d i f f e r e n ti a l  d i scr e t iza t i o n  is g iven i n

Fri.  ( 1A)
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and k = ~+ /h -a m m

D i s c r e t i z a t i o n  of Eq. (lA) requires finite difference

a p p r o x i m a t i o n s  of the f i r s t  and second de r ivat ives  of

Q and H. At this point , one can already note that t he

d i f f e r e n t i a l  d i s c r e t i z a t i o n  w i l l  have some d e f i c i e n c i e s

in h a n d l i n g  cases where  s i g n i f i c a n t  d i s c o n t i n u i t i e s  of

clea rarce and clearance-slope appear.

The integral approach approximates Reynolds equation

in the fo l lo wi n~ way
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-
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- - 29 ~ ) + A~~~~~] - -  
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Wit h th i s  method of di scre ti za t ion , only  f i r s t  orde r

derivat i ves of 9 and H are needed , and here , at the  mid-

po in ts of the gr id l i ne s .  I t  seems tha t  the in tegr a l

discretization approximates the Reynolds equation in a

wa- , :-iuch that it provides the needed conservation of mass.

A f ter the linear iza t ion of equations ( 1A) and (2A )

each ~4 -t - h~~1 provides a system of linear equations that is

solv - d by the so-called Column Method . Both the lineari-

zation and the solution of the linear system is described

in R e f .  [ 9 ] .

The rules that were followed during the distribution

of crid points and the variable grid spacings are outlined

in Fi g . 3A. To achieve convergence and to elimina te

numerical instabilities a sufficient number of grid po ints

—- crc needed to handle sharp pressure changes in boundary

l ayers. In addition , s ince discontinuities of clear ance

slope ex ist in the bearing test°d , it wa s found to be

i mportant to position grid lines at those points.

The two di f ferent numerical approximat ions , the

d ifferential and the integral discretization, were f i rst

applied to a tapered slider bearing and the pressure

profile resulting from each method agreed with each

other to the th i rd significant figure. Further test ing

of t h’-se numerical methods , applying them to the bearin g

under test , showed the expected superiority of the

S
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i n te gr a l  over the d i f f e r e n t i a l  d i s c r e t i z a t i o n. R e s u l t s

f i r  th i s  compa r i son , g iven in Table lA , ind icate a much

s t r o ng e r  grid—size dependence on convergence for the

d ifferential approach .

At this point , a f inal testing of the numerical

procedures was required . The exact , closed-form solution

f o r  the infinite-wide tapered , tapered—flat , and tapered-

t apered  slider bearing with slip boundary condi tion was

obtained. This analytical solution, outlined in Append ix

B , w as found to be essen tial in order to ver i fy the

accuracy of the numerical solution. Having this exact

solution facilitated a comparison between the two

n u m e r i c a l  methods and the exact  so lu t ion . R e s u l t s  g i v i n g

values of max imum pressure obtained are g iven in Tables

2A , and 3A. Fig. 4A describes the pressure profile

obtained using the exact solution against results obtain-

ed us ing the numerical procedure for a bearing with

similar uimensions to those used in the experimental work .

Fig. 4A also verifies the numerical solution for handling

both boundary layers and slip boundary conditions.

-5 - -~~ —~~~—- S 
-
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Grid Size Load

4 

(gr)

D i f f .  9 x 25 3 0 . 6 9

9 x 31 2 3 . 9 0

- -  --- 5 i~

.50

Tnt. 9 x 25 19.23

15 x 31 19.06

_

~

f ~_1~
Table IA N u n n - r i c a l  Results for Taoered

Slider Bear in 1 ,~~/w 11 ,

A = 2000.0 , k 0.26

_______________ S
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- - - -- -5—- 

p 
-5 -5 -5

~~
-5
~~t

- max

Fxact 3 . 5 7 0

Tnt. 3.571

Diff. 3.638

Table 2A Exact vs Numerical for Tapered-Flat

— Wide Slider Bearing

11 4.0 , P = 22 3 , k = 0.0

C- - - —

~~~~~~~~~
-- —- -

~~~~~~~
-- — -  — —_______

k p
max

1~xact 3.076

- 0.0 T n t .  3.095

D i f f . No Convergence

Exact 2.798

0.2 m t .  2.803

Ditf. 3.800

lab le 3A Ex u- t vs Numerical for Tapered-Flat

— Wide Slider Bearing, Ii~ 2l., A = 503

S
U— - - 

- -5 _ _
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A P P E N D I X  B

Exac t  So lu t i on  of t he  l-D Reyno lds  E q u a t i o n

with Sli p Boundary Condition for Tapered,

i’ j o er ed - Fl a t,  and Tapered—Tapered  S l ide r  B e a r i n g s

The solution for the  m o d i f i e d  Reynolds  equation t

a tape red , infinitely wide slider b e a r i n g  was p ar t iu H

g iven by Burgd o r f e r [10 ] . Beca use of some er ro r s in t i i t

s o l u t i o n  in R e f .  [10]  , the solution is repeated here .

Slid e r hearings, for which th e  s o l u t i o n  is o u t l i n e d , c-u: .

hi- ~~- any combination of tapered and/or flat surfaces .

- - : l ratc solutions for tapered and flat sliders arc- - l ~~~~ ’ I

- ( C i l l  t b -  conditions of pressure and mass flow for a c - O i l -

sined b e i r i n g  are shown . With the solutions descri h- - i

h - r e , one can obtain the bearing performance for any

:,e u r i n g  t~~1 4 t  has a combination of tapered and flat

C;ur ices.

Th - n o n — d i i n e n s  iona 1 R e y n o l d s  e q u a t i o n  w i t h  sl i p

boundary condition for a slider bearing is given as

C X  
{ H P  

~~ (1 + ~~ ) - 
P H J  = 0 ( 1

- vh ’- r ’ V = x/~~, i i  = h/h1, k A / h
T 

----—- -~~~~~~~~~ ----
-
:~~~~~~~~~~~~~~

- - - -
~~~~~ -~~~~~ 

-- -
~~~~~~~~ -

- -5
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A . Solution for a Tapered Bearing — 
Fig. lB

Integrating equation (1B) gives

PH~~~~- ( l  + 
~~

-
~~

- )  — \ P H  = — K
1

-\ (2B)

chang ing variables from X to H and integrating again gives

an equation in the form

- ( \ * — 6 k)~ + ~ *K K
2
H
2
~~~(1)) (3B)

in which  K 1 and C are the two constants of integration

and ~
( 0 ) assumes the following values :

( T I)  = EXP {_ 
~~~~~

+ 6k 
tq ~~~~~~~~~~~~~ 

(4B)
1 V K/ 2

for 1< > 0

~ ( 1 )  = EXP + 3k 
- 

(SB )
2 - ~~~*/2  + 3k

~or K = O

+ 6k

- 
- 

~~/2 + 3 k  + ~ -K/2 /~~~ (6 B )
~3 ( H - ~~~

*/2 + 3k -

f o r  K < 0

S
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h o 
_ _ _ _ _ _ _ _ _ _ _

X~~l 
~1

Figure 18 Tapered Slider Bearing

1 - -- --~~~~~~~

h 0~~i~~ 
_ _ _ _

Ix
~~~~~
T 

x

Figure 2B Flat Slider Bearing

~~
1I ~~~~~~~~ - - tJ

1 L
ç L..~ 1 — ~~~xJ

X 1=O X~ —l

U

Figure 3B Tapered Flat  Slider Bearing

_____________________ - - __________- - 
5
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where  K = 4~~*K 1 _ ( ~~*_ 6 k ) Z

= A/  (H 0 —1)

U = PH

an d H 0 h 0/h 1

B. Solution for a flat slider bearing - Fig. 2B

Equation (lB) for a flat slider bearing takes the

following form

d 6k dP
+ —

~
-)
~~~~ 

- - P )  0 (7B)

Inte~4ration of Eq. (7B) g ives

PU ÷ 6k/P)~~~ 
- -\P = —C1/~ 

(SB )

Integration of Eq. (8B) gives

P + (C 1/A 2 
+ 6k ) L o g (P — C

1/Y) = -~x + c2 
(913 )

where c and c2 are the integration constants .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- : --—- - — 
~~~~~~~~~~~~~~~~~~ 

- -- 
- _ _ _ _ _ _ _ _ _



C. So lu t i on  for a Tapered—Flat Slider Bearing-

This solution for the tapered—flat slider bearing

w i l l  d emons t r a t e  how to combine the sol ut ions fo r  the

t a~ -er ed bearing and the solution for a flat bearing. rFt i

bear ing in Fiq. 3B is divided into two regions indicat - -

by subscript I and J. Solutions for the pressure in

t : ese regions were given in the two previous sections.

( 3 B )  and ( 9 B )  t oge t h e r  i n d i c a t e  the pressure. These

-
~~~

i t i on s  c a r r y  c o n s tan t s  C 1 , C 2 ,  K 1,  a n d K 2 ,  to he

satisfi - - d by boundary conditions at the leading and trail-

ing ed ie of th bearing and by conditions on pressure

contin uit :~ and conservation of mass between sections one

u i - i  two of the bearing.

The condition on mass flow gives

~~ 
dP

1 6:~U
III (1 + 1 H 

- — - - P-~1i~ = 0
1 (IX ii i_i L )a

i i
(1013 )

[p 1 (1 + - ~o-~~ = 0

2 a x2 0

Us i ng the condition on pressure

- (1113 )
= 1~~(x~ =O)

________ ________ 
S

--5
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rI -Ihices Eq. (lOB) to the  f o l l o w i n g

( 12 B )
= c i - 2

1

F i n a l l y ,  the  f o u r  c o n d i t i o n s  needed to sfllve fo r  the

f - I - J r c o n s t a n t s  in Eqs .  ( 3 B )  and (9 13)  are  g iven

P
1 
(x~~~0) =

P~~(x ~~~4~~ ) =

P1 (x1= 1 ) = P~~(x1=O)

(1313)

The ~~~t of algebraic equations obtained using Eqs .

(313) , (913) and (1313) are transcendental. Careful observ—

ation and study of these equations avoids numerical

round—off type errors that can alter solutions signif i-

cant ly. Listing of a computer program that solves Eqs.

(3B) and (613) are given in Append ix C.



A l

L i s t  i 0 ! ~~~ I n :  -n c i  Pr’ e~ram ~-.oLv i n g  the Exact l—D Re-y -

f- ; u u t . i O r l  with Slip Boundary Co dLtion

rA(IH.~~1i 
~dI [)ER HEAR U’(

( L I I  P o T  l ’ i - l I ) V  ICES K I ,K2 , P
C

I~ PtJ 1t~~~~~W I H A R T
* *_ i ***~~~*~~~****~ *‘~8 S * $ * ** ** ** t * $ * $ * *~~~**

C
C

I l - - f t  A I I I P -G F o a r  ci FA P A~1 C F )/(T I~A 1 ING F [(F I 1- A~~A - I
C W 1 : ( h - ~- I t  1 C L I 1 f u $ - ~ P[ A P I  I - k t  F PATH AT A S P . P ) / ( C L F A k A ~. . r
1. T A I I I ; F I) G I I

P= f ~~~ 5 5 1 1P 1  A l  T i -  A IL 1’G L )CF )/( A~~~F lE N P~~ 1S’- , L i L  F )
C X L  (~~~ ~ t’ *I~*( / ( ()~~~H r f r *  T .~ )
C I ’ ’L_- A M I U t T  P l F ( ~~ U L r  ( P 5  I A )
( 4 1  

~Ft (l IP VI I I I TV ( L r- t IC/( IN * I I I
I LJ~ VI I ( I C  I I V I I / C )
I. I = I’ A “ C I i~ I I—
C ~~~~~~ C L ’  A (’A ( F- t I T~ 1%! II N G F C C - F  ( U . )

r_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~~~~~f .~ **t$* * * * * * *t * * ** 4 * * * * *- ~~~~~ 
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
R I A I A P
P F  -~I ~h / f ’ )
P F  f - I  ‘4  ~~~‘ f  f t  I ,  i’ P l  t~ ‘.1)1 P J  ~, i
F x i ~~i- ’. A l

(~ MI 
~ , ( , ~ 1 , fr I’ , !I 1 A , ~ .1 II , C 2 ?

tA~ FL 1 ‘~ T / 1- f- / l  I , ;‘ l , ‘11 ,1’ , ,< ~~~ ,C1 I ,C?’
I ~~~
I P5— ?t .(

~) 1 -

~ i i  ~s = 2  1
I P F A 1(5 , I~~ [ f P~ I ‘ i ‘~ ‘i9 I

1 XL / (H i — i  .00
F P ’ -, 2 = U. ( i O J  I
F lPi=0 . LI lDO
td ’, I (e— I ?
N = I
DM A X _  ( 1 1 t H  14- 4 • I C~ I i i  ‘~~M 1 )  / 4

F P = (  I /t , . ! O , 4 4 .I.I C * M 1 * M l / (  i 4 H I * - 1 I / C t + f .1)0*~~~I * 4 I / (  1 — i .
I Mi— In

?O X ( 1 1=1  f l M f t X i F  P)  / - ‘ .LO
X ( f l = (  ( ) M A /  ~ PT  / 2 . 1 0
I T M A X -  ‘0(1
WP I F ( #~ , (~i f  T i )



A O— A~ l$3 917 COLUMBIA (MIV NEW TOM LUBRICATION RESEARCH LAS F/9 13/9
EXPERIMENTAL INVESTIGATION OF GAS BEARINGS WITH ILTRA THIN FILM——ETC uJ
JUN 77 A SERENT. V CAST(LL.1 N0001Q—7S—C—055 2

UNCLASSIFIED 26 PA.

2~~2

I

END
DATE

E!t*EO



I

I o

__________ 

I 6



86

CALL ZRE AL1 (F, EPS,EPS2, ETA ,NS If,,N,~~,1TP~AX, IER, ID)
IF (ID.EQ.1) GO 10 2
X K 1=H 1-OMAX +X 1 11
WR ITEI 6,jl0 ) 0 ’AX,XK I, P
DE M=XK 1—P
T F (OABS (DFP’).IE..1O—3 ) GO TO 10
IF (I.E Q.2) GO TO 30
IF (102.FQ.1) GC Ta 10
P2=P
P=P*1. 0100
XK2=XK I
1=2
GO TO 20

30 PTEP4P=P
P= (p* (XK2— XKl )+XK1* (P—P2))/ ((P—p2), (XK?—XKI))
P2=PTEMP
X K2=X)~ I
GO TO 20

10 WRITE( 6,I1O ) DI~AX ,XKl,P
11 0 FORMAT (’ •,‘nM AX = ’~~D1~~.o, ’K I= ’,r)15.6, 20X,’ p = ‘,

1 015.6,/I
03=111
D= (h1—P )/STEPS
EP=X 1 1~
DO 90 I= 1, NSTEFS
H= (C1*I (H1—D3).EP)+6.co *M1t(o3—H1 )4 (!J3—H1 )’~(r3~ H1))/

(C? 2*F!H(D3))
H=OSQR 1(H)
XX= (H—H1 )/ ( 1.OCO— 141
PRF SS= 01/H
WP ITEIb, 120) PRFSS,H,XX ,D3

120 FORMAT( ’ 1 , 7 9 17 . 7 )
03=03— fl

cc CONTINUE
2 WR ITE (6,DATA )

GO TO I

~~ cc STOP
END
FUNCTI ON F (EPS,ID)
I M PLIC IT REA L *P (A—H ,O—Z )
REA L*~ Ml
COMMON H1,C1,Xt ,M 1,P,ZU TA ,Q,C11,C22
ZFTA (4.DO*H1/C1+12 .00*M1/C I. (36.CC**41*Ml+4.O0*H1*HI+

24.flO*M 1*H1)/(C1*C1fl.4,.D0*EPS/f1
A=ZE TA—1. DO
10=0
IF (A.LE.0.000 ) GO TO 10
A= fl~ BS(A )

CSCRT (~i)
Hz141

-_ -~~~~~~ 
_:— --— - ‘~~~~ -‘~~~~~~~~~~~~~ -
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FIIzFIH(H)
F I2xFIHIP)
C11~ C1*EPS/(H1*H1*FI1)
C22~ (IH1—P)*(C1—P—H1—6 . D0*M1)i ,Cl*EFS)/FI2
F~ C11-C22

C WRITE (6,100) F,EPS,ZET A ,Q,C11,C22,FI1,F12
RETURN

10 WRITE (6,lOO) EPS,ZETA,EPS
100 FORMAT (’ ‘,8D15.7)

lOs t
RETURN
END
FUNCTION FIH (TIiETA )
IMPLICIT REAL*8 (A—H ,0—Z)
REAL*8 MI
COMMON Hl,Cl,XL ,I’1,P, V:TA ,Q,Cll,C22
Az2.00*TI4E TA /Q/C1
8~ —C 1/Q/C1
Cz6.D0*M 1/C/Cl
A~ OA TAN ((A+B)+CI
FIHzDEXP (— (C1+6.00*Ml )*2.000/Ct/Q$h)
RE TURN
END

C FUNCTION — ZREALI FINDS REAL ZEROS CF A REAL FUNCTION
C IER — ERROR PARAME TE R (OUTPUT)
C WAR N ING ERRO R ~ 32 • N
C N = 1 INDICA TES THA T CONVERGE NCE WAS NUT
C OBTA INED FOR AT LEAST C?~F IN IT IAL  GUESS
C (WIT IIN ITMA X ITERAT IO1~5).
C X(I) IS SET Tn 111111. FOR THE I’S WHERE
C CONVERGENC E IS NOT OBT A INED . NOTE THAT
C THE ROUTINE IS DES IGNED SO THAT A MLJLT I PL r
C ROO T WILL NOT APPEAR IN THE OUTPUT
C VECTCR X.

SLMROUTINE ZRFAtI (F,FPS,EPS2,ET 4,N~~1G,N,X, ITM A). ,1E~~, I I ) )
DIMENSION X (1)
REAL*8 P,Pl,P2,X0,Xl,X2 ,RT,FRT,FPPI,D,CD,DI,H ,BI,DEN,

* DN,DM , TE W ,X , F ,EPS,F PS 2, ETA, CIGT , TEN , C N E , Z E R C ,
• P9,P 11,HALF,PP1,F4

D A T A  TE N ,ONE,ZERO ,P9,P1 1,I141F ,PPI,F’,/lO.C0,1.D0,
* D.DO,.9DC,1.1D0,.5D0,.1DO,4.O0~

C DATA TEN,CME, ZERO,P9,P11,HALF,PPI,F4/lO.0,1.0,0.0,
IER ~ 0
OIGT TEN**(—NSIG)
P~~~ —0NE
P1 ~ ONE
P2 Z FRO
H ~ ZERO
DO 95 1 1.N

L ~~~~~~~~~~ _ _ _ _ _  - ~~
.-
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IF (XI I)  .EQ. ZERC) GO TO 5
P = P 9*X ( L)
P1 ~ P I1$X(I)
P2 = X ( L )

S RT = P
GO TO 65

10 IF (JI( .NE . 1) GO TO 15
RI = Pt
X0 = F P RT
GO TO 65

15 IF (JK .NE. 2) CC TO 20
RI = P2
X l  = F P R T
GO TO 65

20 IF (JK .NE . 3) Ct) TC 55
X2 = FPRT
0 = —HALF

IF (X (L) .EC. ZERO ) GO TO 25
H =—PPI*X (L)

GO TO 30
25 H = —ONE
10 00 = ONE+D

81 = X0*D**2—XI*D0**2fX2* (DO+D )
DEN = 8I**2 ~F4*X2*D *D0* (X0*D_ (X1*DD),X?)
IF (DEN .IE . ZERO ) GO TO 35
OEM = D S Q Q T ( C E N )
GO TO 40

35 DEN = Z ERO
40 DN = BI + DEN

OM = B! — D E N
IF ( O A B S ( O N ) .LE. D A A S ( O M )  I GO IC 45
DEN = ON

GO TO 50
45 D E N = D M
50 IF (DEN .EQ . ZERO ) DEN = ONE

DI=_DC* (X2, X2)/DFN
H = DI * H
RT = PT + H
IF ( OAR S ( H)  .LT. D* BS ( R T ) * D I G T ) GO TO 90
GO TO 65
IF (DABS (FPPT) .GE . DAHS(x2*Io.co)) (W Iii 60

X0=x1
X 1~~X2
X 2zFPR T
flsDI
GO TO 30

CI = 01 * HALF
11 = H~~~~HAL F
RT = P T — H

65 JK s Jk + I

— ~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~
— - -

~~ 
• - -
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IF (JK .11. ITMAX ) GO TO 75
IER=33
XII )=1I 1111.00

GO TO 95
15 F R T = F I R T , I C )

FPR T = FRT
IF (I .LT. 2) GO TO ~3l
00 80 1 =

TE M = RT — X (T— I )
IF (CABS (TEM ) .LT . EPS2 ) GO IC 85
FPRT = FPRT /TEM

PC CONTIN (J E
81 CONTINUE

!F((DARS (FRT).LT.EPS).AND . (DA~~S(FPRT ).LT.EPS))
I GO TO ~O

GO TO 10
85 RI = R I  + ET A

JK = JK — 1
GO TO 65

cc X (L ) = PT
cs CONTIN UE

UMAX = JK
IFUER .EQ.0) GC TU 9005

90CC CONTINUE
CALL UE RTST (IER ,6HZRFAL1 )

90C5 R ETU RN
END
SUBROUTINE UERTST (IER ,NAM E)
INTEGER*2 NAME (3)
INTEGE R WAR N ,hAR F ,TERM ,PR INT R
DI~~E!1S ION I TYP (5,4) ,I B! T( 4)
EQUIVALENCE (I P11 (1), ~4A PM) ,  (1 811 (2), -sd 4~~F I, (I P IT 13) ~~~~~~
DA TA ITYP /‘~~A PN ’,’ING ‘ , ‘ ‘ , ‘ ‘ , ‘

$ ‘WARN ’ ,’ING (’,’W !TH ’,’ FIX ’ ,’) ‘ ,

* ‘TF RM’  ,1 INAL ’  ~~I I , S S

* ‘NON—’ ,’ CEF I’ ,‘NFIJ ‘ , ‘ ‘ , ‘ ‘/,
* IBI T / 32 ,64,129,0/
DATA PF!NT R / 6/
IE R2= ! ER
IF (!FR2 .GE . bA RN ) GC TO 5
IER 1=4
GC 10 20

5 IF (IER 2 .LT. TFRM) GC T~ 10
I ER 1=3
GO TO 20

IC IF h ER? .1 1. ~A PF ) GO 1’) 15
IER 1=2
GO TO 20

15 IFRI=1
2C IFR?=IEP2—IB!T ( IFPI )

.4

~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~ - - 
~~~~ ~~~~~~~~~~~~ 

—
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WRITE (PRINTR,25) ( ITYP( I ,IFR1hI=1,5) ,NA ME ,IEP2, IE~(
2~ FOR MAT( ’ •$*  I M S L (UE RTST ) $** ‘,5A4,4X,3A2,4X ,12,

* I IFR =

R ETURN
ENC

—-V.-- — ,~r~~~~~~~~~ ri - a - - - - -r : .. — -



91

APPENDIX D

Perturbation Solution for the l-D Reynolds Equation with

Slip Boundary Condition

1D. Introduction

The modified Reynolds equation describing the beha-

vior of gas bearings in the “slip flow regime ” was first

introduced by Burgdorfer [10] . For bearings where the

clearance is on the order of a few mean free paths this

modified equation predicts a reduction in load carrying

capacity . Slip can occur because of either extremely

thin bearing films or low ambient pressure conditions.

The use of singular perturbation techniques for bearings

operating with large bearing numbers and including the

molecular mean tree path effects is here developed .

Nurn3rou~ previous studies , by Gross and Zachmanoglou [24],

DiPrirna [25], and Schniitt and DiPrima [26] are concerned

with behavior of Reynolds equation with large bearing

numbers. Elrod and McCabe [27] solved for the asymptotic

behavior by linearization outside the boundary layer and

by using the exact Harrison solution for a linear film

thickness inside the boundary layer . None of these

studies attempt to investigate the asymptotic behavior

r —-— 
~~~~~~~~~~~~~~~~~~~~~ —• ~~~~~~.
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of bearings with large bearing numbers while including

the molecular mean free path terms .

The matched asymptotic expansion technique laid out

by DiPrima [25] is followed in this analysis. The solu-

tion obtained in Sec. 2D , with the Knudsen number k set

to zero, is similar to DiPrima ’s development; the outer

expansion and the combined inner and outer solution are

correct in the outer region to terms of 0(1/A 2 ) and in

the boundary layer to terms of 0(1/A).

The solutions obtained in Sec. 2D, are applied first

to a tapered slider and then to a parabolic one . The

solutions for the tapered slider are compared with the

exact analytical solution obtained by Burgdorfer [10].

The solution for the parabolic slider is compared with a

numerical solution . In the latter case , it was worth-

while to use the asymptotic solution as the starting

solution for the iterative numerical scheme.

2D. The Asymptotic Expansion

The use of the modified Reynolds equation to account

for slip at the boundary for a slider bearing , as

described in Fig. 1D , was first introduced by Burgdorfer.

In one dimension , Burgdorfer obtained the following non-

dimensional nonlinear ordinary differential equation

.4

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
a__________________________ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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~~~H~P(l + 
6k ) dP} A dPH (1D)

where the pressure made nondirnensional with respect to

the ambient pressure Pa~
H is the continuously differen-

tiable height nondimensionalized with respect to the

minimum clearance h and X is the spatial variable in the
m

direction of motion of the running surface nondimension-

alized with respect to bearing length ~~~ . In equation

(lD) A = 6UU
~
/(Pah~

) is the bearing number and k =

is the Knudsen number.

x=0 x=l.

Fig. lD

The following boundary conditions for Eq. (lD)

satisfy the physical requirement of continuity of pressure

A

________________ ____________ •—- -‘-
~~~~~

- . .• -  - - . 
-p--
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P(X=0) = 1.0

(2D)

P(X=]) = 1.0

For large speeds and small minimum clearances , i.e. for

large compressibility numbers, A , P is assumed to have an

expansion of the form

P° (X;k ,A ) = P~ + 

~~~~ ? +— -P~ + ... (3D)

where the superscript ° is used to indicate the pressure

solution Out of the boundary layer with thickness of

order 1/A . Substitute (3D) into (lD) and get

= ~~~~~~~~~~~~~~~~~~~~~~~ (4D)

Eq. (4D) describes the pressure behavior in the

region outside the boundary layer at X = 1.0 for large

bearing numbers. Hence , the appropriate bounday

condition for P° is

P° (X=0.0) = 1.0 (SD)

Now, Eq. (4D) is separated into equations having terms of

~~ ~~~~~~~~~~~~~ ______ a
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equal order with respect to 1/A and it becomes a set of

equations of the form ,

dHP~ (6Da)0 =

d dP° dP° dHP°
= dx

’ (6Db)

d dP° dP° dP° d(HP°)
+ H 3P

~~# 
+ H 2 6ka~~

) = d ~ 
2 (6Dc)

Here the boundary conditions (SD) are

satisfied by the zeroth order term of the pressure , i.e.

P~ (X 0) = 1.0, and for the higher order terms we apply

= 0) = 0.0 with n being larger than or equal to 1.

With those boundary conditions in mind , solving equations

( 6Da) , (6Db) , and (6Dc) , we get

p 0 = (7Da)

H2 6kH
= -~-(H~ 

- H’) + H~~ -~ ° 
— H’) (7Db)

H 
2

= -j~-(H0 + 6k) [ (H 0 + 6k ) ( H ’  + H”H — H”H - H’H’)

— H0H’(H~ 
— H’)] (7Dc)

where H0 = ~~
-
~
- is the nondimensional bearing clearance at

the leading edge.

• These equations , representing the solution for the

pressure away from the boundary layer show the effect of

the slip boundary condition to be on the order of 1/A .

~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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For the solution of Eq. ( 1D) , valid in the t r a i l i ng

edge boundary layer , the stretched coordinate P~ A (l-X)

is introduced . This change of variable follows the argu-

ment by DiPrima [25] . Eq. ( 1D) with the stretched

coordinate E takes the form

+ H
2 6k)~~-~~~] = 

_d (P~-H) (80)

where the superscript i indicates the pressure inside the

boundary layer.

Taylor series of H(1—~-) about ~ = 0 (X = 1) gives

H(l%) = H 1 - ~-H
’
~ + ~~~~~~ /A ) 2

H~,~ +... 
(9D)

and the pressure expansion gives

= P~ + ~pi +—~P~ + ... (1OD)

Substituting expansions for H and P’ into eq. (80)

results in

d .dP~ dP~ dP~H,
+ H

~
6ka.-~

-] = 
d ~ (ilDa )

.dP~ .dP~d r 3 •4 
0 3 p~t 2 H’P~ ++ 1 0 — 1 1 0

-U--—- — —- . .— .—----
- 

-. —-  — — 
- ~~~~~~~~~~~~~~~~~ .— ~~~~~ ;~~~~~

-
~~~~~~~~~~~

--

• .‘—~~~
- 
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dP~- d - -
6k(H~~—~- — 2~H 1 H~6k~—~--) ] = ~~~~~~~~ - Pj-H 1 ] (11Db )

where Eqs. (ilDa) and (llDb are the zeroth and the first

order terms with respect to 1/A . According to Eq. (2D)

one of the two needed boundary conditions for Eqs. ( l i Da )

and (11Db) take the following form

P~~(~~=O) = 1.0

( 12 D )
P~~(~ =0) = 0 . 0  n = 1 ,2 ,...

The secondary boundary condition needed for those second

order differential equations is obtained by matching this

boundary layer solution with the outer solution.

The solution of the second order differential

equation (ilDa) for the zeroth order inner expansion

satisfying the boundary condition (120) , gives

- c - (13D)
P~~- 1 +  (c + 6k)Log~~ _ 1  = -

~~~

-

- where c is the second condition to be obtained by ordinary

matching between the outer solution , P~ and the inner

solution , P~~. Following the matching principle out l ined

in Chaprters IV and V in [28] the limit of P~ as x -
~ 1

-,—.--——,S ~~-~-r- •
•f . ~~~ .—-—— ~~~ .- -— —- -.--—-—— - - T -  —

~~
--—— — - -
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is set equal to the limit of P~ as t~ -* . Hence , the

missing condition is supplied by matching the two

expansions. This matching gives

( 1 4 D )
c = H

0

To obtain a composite expansion , the method of

additive composition is used . The sum of the inner

and outer expansions is corrected by subtracting the part

that the two expansions have in common . The composite

representation of the two terms of the outer expansion is

given by

P = —a- + [P~~(t~) — H0 ] + ~~~~~~ (H0 + 6k) (H - H ’) (l5D)

whe re the expression for P o (~~) is given by Eqs. (13D)
*and ( l4D ) . This composite expansion has at least the

accuracy of each of its constituents.

Thus , expression (l5D) is in error by no more than

0(1/A 2 ) away from the boundary layer and 0(1/A ) near the

boundary layer. Although the pressure P~ appears impli-

citly in (13Db), the pressure evaluation using (1SD) is

* see [25] and [28] for a more complete discussion on

expansions and matching.

_ _ _ _  _________ - S
_ _ _ _ _ _ _ _ _ _ _ _  

— —--, ~~——- -—-— - ;—-- . - - ---
~~~

- — - --- --—-
~~~~~~~~
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straightforward. After observing that P approaches

exponential behavior with increasing F,, this behavior

can be applied to obtain X explicitly for any P~~ . He nce

Eq. (l5D) can be solved explicitly by choosing a

between 1 and FI G , obtaining X from (130) using these ~d1ues

in (15D) . Using Eq. (15D) we obtain the foUowinq forr~

fo r  the nond imens iona l  load

N’ (a,c ,k ,A) = (P—l)dX =

H - H (H +6k) H’ — H’ (160)
— 1)dx —f~~[H0 — P~~( r ) ] d X  + _

~
2___

~
____f

~ 
0 dX

It is useful to subdivide the load W’ in a way

similar to that of DiPrima [25]; this subdivision allows

direct comparison between the expansion for k equal to

zero [25] and k different from zero. Hence ,

w ’ = w ’  - -iw’ + ~w ’ (17D)
B E

where W~ , the first term in Eq. (16D), is the limiting

nondimensional load as A -
~ 

-
~~~~. W~ , the last term in

Eq. ( 16D) , is the value of the load correction outside

of the boundary layer due to terms on the order of 1/A

and W~ , the second in tegra l  in (16D) , is the correction

to W~ due to the boundary layer .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - _—
~

-
~
_i____ 

~~~—~~~~ 
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Using the fact that  this solution is valid for a

large bearing number , it can be shown for a parabolic

slider that*

ft
- 2

W i  = A f~~[H 0 — P~- ( ~~) ] d X  = c + ~~~~
_ + 6ke + 0 ( e  ) (18D)

where the nondimensional bearing clearance H has the form

H = 1 + ~~ [aX 2 — ( 1  + a)X +1] (190)

Eqs . ( l3D ) , ( 15D) and (16D) are easily computed by

programmable hand calculator or by a s imple computer

program. Two simple examples are given here in Sec . 3D.

* Follow Appendix B of [25] with some modification

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
a
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3D. Examples

a. Tapered slider

For this bearing, the analytical solution given by

Burgdorfer  [10] was used to check the expansion solution .

For this case , since H = H = H’ , the solution of (l5D)

and (l6D) is significantly simplified . The comparison for

the pressure profile given in Figs. 2D and 3D for different

bearing numbers shows a good correlation with the

analyt ical  solution . In Fig. 4D , also a solution for

tapered sliders , it is shown that the reduction in

pressure due to slip vanishes with increasing bearing

numbers.

b. Parabolic slider

A slider with parabolic film thickness H of the form

given in Eq. (19D) was investigated . Sample c~ 1cula tions

for various vdlues of a, k, and the bearing number A with

c = 2 are given in Table lD. A more detailed description

of the calculations are given by DiPrima [26] for the

case of k = 0.0. The addit ional terms due to mean free

path effects present in Eqs. (lSD) and (16D) did not make

the calculations any more difficult. The load carrying

____________________________________ _____ _____________________ 
-a

____________________________ — . -_ 2 ’~ ’r~~~~. -v—-
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N ’ A = 50 100 200 1000000

a = 1.0 .6580 .8422 .9344 1.0265

0.5 .6051 .7095 .7617 .8139

.0
0.0 .5681 .6081 .6281 .6481

c= 2. _____— 
____- __________  __________  __________ -

— .5 . ~4l4 • 5279 • 5212 • 5145

-1. .5220 .4631 .4336 .4042

a = 1.0 .5217 .7741 .9003 1.0265

0.5 .5222 .6681 .7410 .8139

k=1/6
0.0 .5281 .5881 .6181 .6481

c =2 
______ ___________ ___________ ___________ __________

— .5 .5370 .5258 .5201 .5145

— 1 . .5479 .4760 .4401 .4042

Tabl e 1D Sample Calcula t ions  of W ’ for  Various

Values of a and ~t (k 0 . , l/ 6 )

I 

— -—-- —- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - c - - - , -- -~~ ~~~~—- -~~~
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capacity does not vary while changing the parameter “a”

of the parabolic bearing profile . This behavior can be

applied in an optimal design for constant loading of a

flat slider bearing where manufacturing tolerances cause

some crown to exist.

4D. Conclusion

A simple asymptotic solution for a complicated

nonlinear differential equation has many uses. The most

involved numerical solution of a nonlinear differential

equation can be easily checked when there exists some

knowledge of its asymptotic behavior. Here , such an

asymptotic solution was presented . For an infinite

slider bearing , this solution predicts the limiting load

carry ing capacity with molecular mean free path effects

included

The systematic application of the asymptotic expan-

sion arrives at expressions such as Eqs. (l3D) , (l5D) ,

and ( l 6 D ) , which are easily solved with a hand-held

programmab le ca lculator.

The only restriction to this asymptotic solution ,

exact within 0(1/A), is the existence of the first

der iva t ive  of the bearing clearance . Following Schmitt

and DiPrima ’s work [26] and the development that was

- - - -  
• - -  - r~— -
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given in this paper , the asymptotic method with mean free

path effects could be expanded to be applicable to

bearings with a discontinuity in the film profile.

It should also be noted that no check of this

asymptotic solution was made for values of k greater

than 1/3. Although , purely from the mathematical point

of view , k could have any value , the actual physics of

the flow dictate that the modified Reynolds equation

(1D) is only valid for small values of k .

_ _ _ _ _ _ _ _ _ _ _ _ _  — ~ - 
-a
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V I I .  N OMENCLAT U RE

a crowu parameter for parabolic profile slider

c matching constant

C1,C2 = integration constants

h bearing clearance

h0 = bearing clearance at leading edge

hl~
hm i = bearing clearance at trailing edge

hr = ramp height; (Fig. ~

ii = crown height of bearing skate; (Fig. 9)

H ,H0
,H
1 

= nondimensional bearing clearance ;

(H=h/h 1, H0=h0/h1, H1=h1
/h1

)

k = ambient Knudsen number; (k=X /h )

K = 4A *K1~
.(A *_6k)2

= integration constants

£ = total length of slider

= tapered length

= distance from trailing edge to pivot point;

(Fig. 9)

P = nondimensional pressure with respect to the

ambient pressure;

= ambient pressure

Q = (PH ) 2

R = radial position of slider center

= width of skates; (Fig. 9)

‘
I

- - •~~~~~~~~~~~ -a
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U = linear velocity of disk under slider

U , U linear velocity in the x and y directions

w = width of slider; (Fig. 9

W = nondimensional load , W’ = load/(pa~
w)

= unit vectors in the x and y directions

X = nondimensional spatial coordinate in the direction

of motion

Y = nondimensional spatial coordinate in the direction

perpendicular to motion

Ax. = grid spacing in the x direction between points

~L and -c-i

= grid spacing in the y direction between points

j and j - l

c parameter for parabolic slider

0 = PH

A = wave length of monochromatic light source

A a = molecular mean free path at ambient pressure

A = bearing number = 6PUU (pah1
2)

= A/(H0—l)

= bearing number = 6uUxe./(pahi
2)

= bearing number 6PUyt/(Pah1
2)

= viscosity of lubricant

= streched boundary layer coordinate

a = surf ace accommodation coef f i c ient

—
-

- —
~~~~

—-
~~~~~~

—
~~~

— — -
~ 

- —  - - - — k— - - —
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transcendential function of 0

Differential Operator

V
Bx By

Superscripts

0 = refers to the outer solution

refers to the inner solution

= d/dX

Subscripts

a = ambient conditions

0 , 1 , 2 = order of perturbation

= x-y index of grid points

I = refers to values for the tapered region of the

tapered—flat slider bearing

J = refers to values for the flat region of the

tapered-flat slider bearing

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
~~~~~~

-- 
-

~~~~
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The experimental investigation described here involves the highly accurate
measurement of bearing clearances on the order of 10 microinches in self—acting
j ivoted narrow-slider gas bearings . The experimental measurements are based on
light interferometry usthg a variable-wavelength pulsed dye laser and a CW HeNe
1,i- ;er as monochromatic sources. The light interference in the gas bearing is
,btatned by flying the slider on a very precise optically flat quartz disk through
which the light beam is transmitted .

The combined effect of high Knudsen numbers and surface irregularities on the
flying height of narrow gas bearings is observed by varyiny the load on the bear-
ing and the ambient molecular mean free path. The experimentally measured bearing
clearances are ccsnpared quantitatively w ith rather accurate theoret ical predictions
obtained by numerical solution of Reynolds differential equation for compressible
fluids with slip boundary conditions.

The result of this study indicates that, as clearances in narrow gas bearings
get progressively smaller , while the Knudsen number increases to values beyond 0.1,
the theoretical model fails to predict the bearing behavior. It is also argued
that this failure is because of the weakness of the continuum model.
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