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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 differential equation

vii.




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.

viii.
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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. 1 shows the experimental setup in its
present state.

The experimental 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 [ 8]? 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

*Numbers in brackets designate references
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relatively large minimum film thickness (400 microinches).
This experimental work compared well with theoretical
results obtained by digital computer solution cf 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 flying 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 required 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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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, Aa/hl, (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. 1In 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 used. With a wide slider bearing,

T
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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-
m2nts 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" x .35"), the unshielded capacitan<e 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 Herkart [ 6] were almost twice as large in diameter
as the skates of the slider bearings used in today's
flying heads.

The miniature size of today's recording heads make
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the implantation of capacitance prcbes 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 Lin and Sullivan [ 5].
Today it is well accepted that the optical 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 reborted.

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

e — o, s e oA o s B M
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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.

i
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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,

.a_[H3p ?_P.]+ 8——-[}{3? ?..Pi] = A a_P}i (1)

where P = p/p,, H = h/h X=x/L, ¥ =y/L,

min’

A= 6uuL/ (pah2 ), bearing number

min
p, = ambient pressure; hmin = minimum clearance

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 fluid 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 fluid films requires
review of the concept of continuum in the description of
fluid flow. The continuum hypothesis for the flow

between two bearing surfaces weakens with clearances

approaching the value of the molecular mean free path.
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Gas dynamics is usually divided into the regions of
continuum, transition and molecular flow. In order to
extend the range of validity of the Reynolds equation to
the transition region, Burgdofer [10] introduced the
commonly used first approximation of slip at the wall.

This consists of using the new boundary condition

dUu
U = f£(A)) 5=+ (2)
wall & d¥ ) syg
-
where £(),) =—5— 3,
U = velocity tangent to the wall

y coordinate normal to the wall

o) reflection coefficient, [29]
With o= 1 for diffuse reflection, this led to the

following modified Reynolds equation

Q

6k
PH

P 3

o )__] 4 —?{HaP(l +

ap] 9 PH
X

3~ A e (3)

) 5 X

H3P(1 +

'Ulo\
TR

(o %)
D

(o)

with the Knudsen number, k being defined as the ratio of
the ambient mean free path A, over the bearing trailing-
edge-clearance.

This modified Reynolds equation predicts a reduction
in the slider load carrying capacity. This reduction is
pronounced at low bearing numbers. Although this equation

has been used for several years in actual design and
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analysis of low-flying 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
significant reduction in minimum clearance under constant
load, due to slip at the boundary. 1In 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 effects, the very
small air gaps in recent usage stimulated the initiation
of some basic studies of the effects on bearing perfor-
mance due to the roughness of the stationary and moving
parts. Tseng and Saibel [20], Christensen and Tonder
[21], and Elrod [14], have shown using Reynolds equation,

that surface roughness can considerably affect the
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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 or 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 decrease 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
bearings have some surface irreqularities, the curves
in Fig. 2 should be moved toward the higher load - higher
clearance region. Although some theoretical treatments

have already been performed on certain roughness effects
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as well as cn 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.




III. Experimental Apparatus

In order to test the performance of ultrathin film
slider gas bearings with various mean free paths and
flying heights, a testing setup with the ability of
controlling these parameters 1is 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 flying 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;
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* to have the very clean environment needed for bearings

with ultrathin films.

A. Description of Apparatus and Instruments

The experimental setup that was designed and built
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
components of the apparatus are illustrated schematically
in Fig. 4. The equipment consists of two major parts:
one, the controlled environment chamber which encloses
the running and stationary parts of the bearing; and the
second, the optical bench which carries the interferome-
ter optics and the image recording equipment for the
measurement of bearing clearances.

The chamber itself is divided into two enclosures by
a middle plate. This middle plate acts as a partition
between the enclosure with the speed-controlled DC motor
drive and the enclosure with the bearing being tested.
By enclosing the electric motor and the belt drive in the
environmental chamber, the difficult problem of sealing
the high precision spindle 1is solved.

The bearing testing apparatus can be operated with

or without the upper box depending on its functional
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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
conditions, 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 free
path of the lubricant can be varied by simply changing
the pressure and the lubricant gas. Because flight
behavior at high Knudsen numbers is of interest, the
chamber is designed for subambient operation only. 1In
the upper chamber, a highly polished, double surface,
optically flat disk with surface flatness of 1A/20 is
mounted on the spindle. The optical flat is made of
quartz and has the dimensions of 1.75 inches thick,

10 inches 0.D., 1.8 inches I.D., and it weighs 10 1bs.
The disk has a peak to valley surface roughness of 0.5

microinches. In order to achieve the desired vibration-

T P LR LBe s VeBELN SR LN RS 3 o
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free operation at velocities up to 6000 R.P.M,, the
spindle, with the optical flat at one end and the pulley

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 balancing screws in 3 different planes along

the shaft of the spindle. The electric motor with the
driving pulley was also balanced to within 100 microinches
peak to peak vibration at the nominal operating 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 skate. The arm
holding the gimbal with the head is clamped to a precision
stage with six degrees of freedom: three rotations and
three linear displacements around the x, y, and z
directions. The precision stage permits the alignment of
roll and pitch angles during flying.

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.
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Figure 5 View of Disk Balancing

four strain gages, two on each 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 loading diaphragm and the calibrated arm
are illustrated in Fig. 7.
In this experimental setup, the bearing film thick-
ness is measured using optical interferometry. The
usual application of interferometry requires a transparent
and optically flat reference plane, a monochromatic light

source, and a reflecting microfinish on the surface to be
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analyzed. By projecting the light from the monochromatic

source through the flat reference plane and onto the

reflective surface to be analyzed, interference "fringes"

between the incident and refracted light may be observed.

The position and number of fringes is a function of the

distance and parallelism between the two surfaces. Know-

23

ing the wavelength of the monochromatic light, the observ-

ed surface can be mathematically described in numerical
terms as a function of the number and type of observed
fringes.

The actual interferometric setup 1is illustrated in
Fig. 6. The .5 mwatt CW HeNe laser is located right
behind and collinear with the pulsed tunable laser. By
passing the continuous monochromatic source through the
coaxial flash lamp of the dye laser, the CW collimated
light beam 1s allowed to travel through the same path
and to use the same recording setu§ as the pulsed laser.
While the CW allows a continuous observation of the
interference pattern, the pulsed laser records only the
fringe pattern with its variation in a period of 0.5

microsecond. The blue, 4500 R and the red, 6328 & 7

wavelengths give the distinct difference in fringe pattern

needed for the clearance measurements. Two such

interference patterns are shown in Fig. 8.
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B. Description of the Slider Bearing and its

Preparation

The slider bearing used for this experimental study
is a recording flying head of a conventional computer
disk memory unit. A schematic description of the slider
bearing and a drawing to actual size is given in Fig. 9.
The design concept that permitted the adaptation of the
two-rail tapered-~flat ferrite slider to the low-load head
was developed at I.B.M. [2]. The most significant
design difference between the two-rail slider and its
predecessor heads is in the suspended mass and load force.
The head is made of high density sintered ferrite with
excellent wear and surface finish characteristics,
properties highly needed to accommodate for the bearing
to start and stop in contact and to maintain a finite
constant spacing between the head and the recording
surface. The head dimensions were designed such that
under 10 gram load the actual center of slider pitch 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
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is leaked to lower values before being compressed again

by the trailing end of the flat portion of the skates;

The integrated pressure profile under the skates results
in a load of 10 grams with nominal trailing edge clearance
of 20 microinches at speeds of 1500 in/sec.

To obtain a qualitative knowledge of the bearing
surface roughness characteristics, a few of the bearing
surfaces were studied, using Scanning Electron Microscopes.
Some of the typical micrographs are given here in Figures
LO=1"1%

Generally, the micrographs exhibit a surface with
two types of irreqularities: large ones at great
intervals, and very fine ones closely spaced. The large
grooves, possibly caused by crystal pullouts during
lapping, are on the order of 5 -20 microinches in depth
and width, spaced at intervals of 200 microinches or
larger. The irreqularities spaced at small intervals
were estimated to be on the order of one microinch in
depth and width.

The electrical conductivity of the ferrite bearings
is sufficient for the SEM application so that no conduc-
tive coating was necessary.

One of the major challenges in testing gas bearings
is the demanding standards of cleanliness. A study of

the levels of surface cleanliness needed when assembling
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and testing gas lubricated bearings is given by Galvin,
Monecraft and Patterson [7]. The methods applied in
cleaning the skates of the flying head for the present
experimental research are those described in Ref. [ 7].
The cleaning processes include organic solvent and
deionized water washes of the surfaces. It was found
necessary to repeat, in a trial and error fashion, this
washing process while a flying attempt was performed
between each wash. During a flying try, surface contami-
nation could be observed on the projected pattern of
interference. The appearance and accumulation of dirt
between the initial cleaning processes could easily be
observed during the flight. It should also be reported
that if no dirt 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 VI of this report. The knowledge of the following

B

quantities is required for the correlation of the -

experimental and theoretical results:

(b)

Pa

red

Ablu

e

viscosity of air

molecular free path of air at atmospheric
pressure

atmospheric pressure

wave length of HeNe monochromatic light

source

= wave length of the Pulsed Dye Laser (coumarin)

linear velocity of disk under the slider
slider total length; (Fig. 9)

tapered length; (Fig. 9)

distance of pivot point from trailing edge
width of skates; (Fig. 9)

crown height of the flat portion of the
bearing skates; (Fig. 9)

ramp height; (Fig. 9)
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The values of the quantities in list (a) were
—/8
assumed to have constant values;* u = 0.26 x 10 lbxsec/
2 -6 . :
) g el \a = 2.65 x 10 inches, H, ® 14.7 psia, Ared =

6328 A, and A 4500 A. All these values, with the

blue

exception of Xblue’ are believed to be accurate to within
1%. The wavelength of the blue monochromatic light source
is reported by the supplier (Phase-R, New Durham, New
Hampshire) to be within 4%.

The values of the physical quantities in list (b) of
this section were determined experimentally. The linear
velocity 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
counter. The estimated error in speed measurement was
less than 1%. The transistorized closed-loop control
system for the motor speed kept the set speed to within
a range better than 1%. The geometrical dimensions of

the slider bearing £, £,, s s, were measured with an

1!
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 height was measured wiht an accuracy of xred/z

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

* Ambient temperatures were kept in the range 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 light)
the measurements of this crown were not better than +1.0
microinches, which in relative error terms indicates a
possible error of 30%.

The load on the slider bearing was determined by the
read-out of the change in strain in the Delrin arm
supporting the slider bearing. The arm was calibrated
while loading it with dead weights. To minimize drift in
the strain read-out caused by the slightest temperature
variation related to the low thermal 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
to a maximum relative error of less than 10% for the
lowest 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 t1.5 microinches. For the larger flying
heights this error is only of order 10% while at the

lowest trailing edge clearance measurements the relative
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error was about 30%. To minimize errors in fringe-order
identification three methods were carefully followed.

These methods are described in Section IV.

- r—
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IV. Experimental Results

A. General Remarks

The slider bearing used for this experimental study
is a recording flying head of a conventional computer
disk memory unit. The heads for this experimentation
were provided by the Advanced Development Laboratories
of Xerox Corporation and C.D.C. A schematic description
of the recording head and a drawing to actual size are
given in Fig. 9. The head is mounted onto a beryllium-
copper gimbal that permits the head to incline relatively
freely in any direction. The gimbal is welded onto a
leaf spring that loads the head with 10 grams through a
so-called pivot point. This 10 gram load, provided by
the spring, is the load under which all take-offs and
landings were performed.

After the static measurements of the slider geometry
(described in Sec. IV-B), the gimbal-spring load was
measured. Attaching the gimbal-spring to the loading
arm, the head was lowered against a weight measuring
micro-balance and from the reading on the instrument,
the stiffness and the load of the spring were established.
Next, the loading cell and the instrumented supporting

arm were calibrated against dead weigts. It was found
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that, although the zero reading (no-load) of the strain
in the arm varied 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 vaccum (up to
152 mmHg); 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 initial starts 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, Thesec measuremnets disclosed no visible contac

fringes between the 10gr. loaded slider and the quartz disk

— e — N Ll 5 e O SRR SR T st RS
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after landing. The clearance at the leading edge of the
slider was v 10 microinches while at the trailing edge
on the order of 2 microinches. This observation of no-
contact take-off was confirmed by the fact that
approximately 1000 take-offs and landings per formed
during this experimental work und no visible contact
marks on the two sides of the bearing (slider and disk)
were produced.

To observe stability of the bearing, the quartz disk
and the air gap, a fast pulse (.45 microsecond) dye laser
was used. The laser was triggered using a signal
generated once every cycle by a magnetic probe. By
delaying the triggering signal, pulsed interference
patterns were taken at different points 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
its waviness, if any, (flat to A2/20) extremely well.

In the load-vs-clearance measurements described in
Pigs. 17 and 19 , for e 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 performance betwwen the covered and uncovered testing.
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B. Measurement of Slider Dimensions

The initial step taken for both the numerical
solution and the experimental measurements of flying
height 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 height were found to be especially
important. The dimensions of the head used for thne
experimentation and given in Table 1 were measured
using optical microscopes and interferometric techniques
with a special 10X magnification. The head itself is
described in Fig. 9.

Except for the ramp height, 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 1less than 4%. The
dimensions given 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

highly dense interference pattern indicated in Fig. 12.
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This interference pattern needed at least 10X magnifica-
tion for fringe clarity.

The crown of the skates was measured using a project-
ed interference pattern with 10X magnification obtained
while flying the head at a speed of 1490 in./sec. loaded
with 10 grams. Fig. 8 shows such an interference
pattern. The gradual increase in spacing between
consecutive fringes indicates presence of surface crown.
At this point, the numerical solution for the pressure
distribution for the appropriate 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
microinch. Additional calculations under even higher
load indicated these deformations to be negligible.

In order to increase the number of interference
fringes within the skates and, by that, increase the
number of data points along the slider and the accuracv
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 light.
In this interferometric setup a short-pulse tunable dye

laser was used. A schematic description of crown height
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measurement is given in Fig. 13.

Some crude attempts were made to estimate crown
height across the bearing. Such attempts showed this
crown, if any, to be on the order of 1 microinch. Numeri-
cal solutions including this 1 microinch crown across the
bearing did not show significant differences in perfor-
mance. From here on the skates were taken to be flat in
the direction perpendicular to motion.

Finally, the lapped slider profile used for all the

numerical calculations is given in Fig. 14.

ol
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Bearing and Knudsen Numbers

This section describes the numerical solution, and
the experimental technique; a comparison between these
results is given.

The numerical solution used to obtain the theoretical
results is described in Appendix A. 1In order to compare
the experimental results with the theoretical predicitons,
an accurate solution of Reynolds equation with slip
boundary conditions was needed. Two major difficulties
were encountered in solving Reynolds equation numerically
for this particular low-load low-clearance slider
bearing. These problems resulted from numerical instabi-
lities in solving Egq. ( 3) with large bearing numbers
(A ~ 1000) and from inaccuracies in load predictions
caused by the discontinuities in clearance slope.

To overcome the instabilities in the numerical
solution, a careful distribution of the variable grid
spacing was needed. The knowledge of the trailing edge
boundary layer thickness being on the order of 1/\ was
the criterion applied for the positioning of the grid
points. For half the symmetric bearing, a mesh grid
15 » 31 was used (15 spacings across and 31 spacings

along the bearing).

44
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To handle inaccuracies 1in pressure profile solutions
caused by the large discontinuities in clearance slope,
the integral descretization described in Appendix A was
used. This algorithm, obtained by using the Gauss
integral theorem, satisfies mass balance at each grid
point as the column solution method is applied [ 9].
This discretization reduces the order of the partial
differential equation by one. With this discretization,
positioning of grid points at clearance discontinuities
eliminates the need to approximate derivatives at lines
of singularity.

The numerical solution was checked against the
exact 1-D solution of Reynolds equation with slip
boundary condition (Appendix B). The numerical program
was also checked against results obtained by a high-A
algorithm obtained by Elrod and Cheng [30]}.

Convergence checks using larger number of grid
points were also performed.

These tests indicated accuracies of 2% and of 7%
for bearing numbers of 1000 and 4000, respectively.
Solutions are not known to be available in the literature
for the modified Reynolds equation ( 3) for a narrow
bearing configuration.

The computer program using IBM FORTRAN-G complier

needs a core of 160K bytes and 40 seconds of computation

- e em——— —
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time for each solution of the Reynolds equation for the
pivoted slider tested.

The objective of this experimental research was to
compare measured bearing clearances with theoretically
predicted values. A flow chart describing the procedure
for the testing of a slider bearing is given in Fig. 15.
After the cleaning of the bearing surfaces and the taking
of the static measurements (steps which are described in
Secs. III-B and IV-B) the head was flown at a high
velocity and low load for the measurements of both
slider crown and slider dimensions. The crown measure-
ment is described in Sec. IV-B.

Next, after all the geometrical dimensions were
determined, a parametric study of the slider performance
was conducted. The pivoted slider bearing, whose
dimensions are given in Table 1 and in Fig. 9, was
tested under various ambient pressures and molecular mean
free paths with loads of 10 to 30 grams and disk
velocities of 800 to 2000 in./sec.

One of the most important steps in the flow chart
given in Fig. 15 is the processing of a picture of the
interference pattern. Knowing the order of the fringes
appearing in a recorded pattern allows for clearance
measurements with an accuracy of 2 microinches. If an

error is made in the fringe order determination, the
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inaccuracies 1n clearance measurements could go to values
of 15 microinches. Therefore, determining the fringe
order has major importance in the measurements of
clearance topography.

Three independent methods were applied to eliminate
any possible error in fringe order determination.

One of the best ways to determine the fringe order
was to follow and count fringes during take-off, loading,
pressure change and disk speed variation. Being able to
follow the fringes during these transient steps was one
of the benefits of the extremely stable and flat quartz
disk. A typical stable fringe pattern is shown in Fig. 8.
The top fringe pattern in this figure includes the
effects of clearance variation with time, since the
exposure time is on the order of a full disk rotation.

In previous experimental studies by Lin and Sullivan [ 5]
and by Tseng [13] on the performance of these bearings
at very low clearances, due to the surface waviness of a
large thin disk (14.0" dia., 1/4" thick), no such
stability was achieved. The disk used by [ 5] and [13]
represents more a functional surface than an optically
flat one.

The second independent way to determine fringe
order took advantage of the fact that two blue fringes

(4th and 5th blue) will appear between the third and the

e ol . v .
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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 third 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 profile was performed using the blue
fringes. This trial and error was repeated two or three
times until a fit similar to the one in Fig. 16 was
achieved.

Experimental results versus numerical predictions
are given here in Figs. 17-25. These figqures describe
the bearing load (in grams) versus the trailing 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 = Xa/hl are given.

The ambient molecular mean free path of the bearing
was set by lowering the ambient pressure. Assuming
isothermal conditions, which can be shown to be valid,
the molecular mean free path varies inversely

with 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.
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of 2.6, 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 indicates
that load versus clearance measurements were per fomed
for bearings where the value of the trailing edge
clearance was the same as the molecular mean free path
of the ambient gas. One could already suspect that in
low-load bearings the theoretical models, based on slip
flow approximations, will not perform well, especially at
the trailing edge region.

After careful observation and cross plotting of the
theoretically predicted and experimentally measured

results, 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
figures 1indicate significantly better agreement for the
bearing with the 2000 in./sec. than for the 800 in./sec.
velocity. Note that the bearing with the higher velocity
runs with a clearance almost twice as large as the one
with the lower speed. 1In Fig. 18, the measured flying
height under the 10 gram load is in relatively good
agreement with the predicted clearance. This measure-
ment, which agrees the best with theoretical predictions
already has a relatively high Knudsen number (k = .1l1).

The experimental setup did not allow for bearing testing
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with Knudsen numbers below .11.

At this stage, without even increasing the molecular
mean free path, results indicate that as the clearances
in this narrow gas bearing get smaller, while simulta-
neously the Knudsen number increases from .1 to .173, the
theory progressively fails to predict bearing behavior.
The progressive failure of the theory to provide the
needed side leakage to lower the bearing load is seen in
Fig. 18, where discrepancies go from 20% to 25% and to
40%, while the Knudsen numbers vary from .1 to .173 and
to .210, respectively. Looking now at Fig. 17, where
clearances change from about 12 to 5 microinches, this
trend of progressively increasing disagreement stops at
about 7 microinches and the general direction seems to
reverse itself. Here, with clearances on the order of
5 microinches, the agreement seems to improve as the gap
gets smaller and smaller. At this point of the analyis,
thoughts related to increasing load because of surface
roughness could come to mind.

In Fig. 18, an attempt was made to use the suggested
surface accommodation coefficient by [13] but, as the
figure indicates, it did not change the results
significantly enough.

In Figs. 20-24 measurements with larger molecular

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

i
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experimental results for pressures 14.7, 7.35, and 4.9
psia indicate that the discrepancy between experiment and
theory increases when the ambient pressure is reduced
(i.e., ambient mean free path is increased). In Fig. 24,
the bearing reaches bearing and Knudsen numbers on the
order of 27000 and 1.5, respectively. This discrepancy,
under low load at a high Knudsen number, could also be
observed in Fig. 5 of [13], where a wide slider bearing

with a very low load was tested.

It is interesting to observe that slip effects are
still important at such large bearing numbers (A ~ 2000).
An asymptotic study on the slip effects at large bearing
numbers is given in Appendix D. This analytical solution
indicates, as previous researchers show, that slip effects
diminish at large values of A. This statement immediately
raises the question of how large is a large A. For a
finite width bearing, the magnitude of A, an indicator
for slip effects, should only be used after the pressure
profile (or load) is compared with the solution for A-sw.
Since, for the narrow slider bearing used here, the load
carried is only a fraction of that of a A+x bearing,
bearing numbers on the order of 2000 should still be
considered small.

Finally, a cross plot of the experimental and

theoretical results is given in Fig. 25. Curves of Fig.
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25 represents the solution of Reynolds equation for
various values of bearing and Knudsen numbers for a
pivoted slider bearing. This figu-e indicates that, for
better agreement with the experi , the slide leakage
in the bearing ought to be increased.

Figures 26 and 27 present the numerical solution and
the experimentally measured pivot clearance versus the
load on the slider. These two figures indicate a good
agreement between theoretical predictions and the experi-

ment for the pivot clearance.
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