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ABSTRACT

This report is the substance of a faik presented Zefore representa-
tives of ONR in Washington, D.C. on January 27, 1975, The review covers
rasults cof tesearch in a spectrum of zas-bearinyg configuratisns, applica-~
tions of gas bearings iIn various use categories, and future prospects.
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A REVIEW OF RESEARCH IN THE FIELD OF
GAS-LUBRICATED BEARIKGS

Introduction

This is to be a review of recent reseirch in gas lubricated
bearings. I will attempt to point out some of the problems,
sumnarize scme of the accomplishments and then consider some
future prospects,

Apparently the first to suggest that air pight be used as
lebricant was G. EBirrn in 1854 (Raf. 1)}. HNo ,articular activity
was reccrded in this field until 1897 {Ref. 2; when &lbert Kings-
bury found that a close~fitting horizontal steam piston, when
rotated, was supported by an air film. He built the first gas-
lubricated journal bearing and proceseded to me2sure pressure pro-

files in the hydrodynémic film that was generated.
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The first thecretical study was that of Harriscn in 1913,
He included the effect of compressibility and applied the resultis
of his analysis to the experimental data obtained by Kingabury. -
{Ref. 3}

Stonre in 1921 built an air-lubricated thrust bearing with a .
glass thrust collar and guariz shoes 80 as to permit the measure-
ment of operating £ilm thicknesses by optical interference bands.

{Ref. 4) ) -

In more recent times {1953}, Drescher presented a significant

paper on lubrication with gas. (Fig. 2)
At that time with the except-

ion of Harrison‘s work, the state~ ..

I 1o of-the-art consisted esuantizlliy

{—go of taking concepts developed far in-
/1
i o compressitle iubricants and extend- :

ing them toc a.r. Thexe was po

sopnistication of analysis. It i

wasn't necessary &t the time.

I became interested in the phe-

nomencn during the 1940's, because

of the obvious advantages. These

L Se'lz'-ac:ing preszare genera-
tion in 2 jourmal bearing {Drescher)

Fig. 2 are now well-undarstood but I might

mention them briefly once again:




Cleanliness. Elimination of contamination caused by more

%
k
Sg typical lubricants.
1

G, T R D

Reduction and fregquently the elimination of the need for

ey

bearing seals. Use of process £luid lubrica-

tion.

Yo qonpe

= Stability of the lubricant. No vaporization, cavitation;
solidification, or decomposition over extreme
ranges of temperature from cryogenic (-430F}
up to approximately 3000F.

Iow friction and heating with no ¢ooling generally reguired.
Permits practical attainment of high speeds,
(RPM well above 100,000 xPM).

I Py

- I recall publishing a papex in 1947 that included something on
: . hydrostatic, air-lubricated bearings (Ref. 6). In 1950 I gave a

two~-day seminar at Du Pont on the subject of air-~-lubricated bhear-

LA IR A

ings. 1In 1953 I published a paper on the low friction properties

RIS LT

of air lubricated bearings (Ref. 7) and in 1956 in a texibook on
lubrication a chapter was included on air-lubricated bearings (Ref 8!.
-- In 1957 Captain Sawyer and Mr. Stanley Doroff of ONR organiz-
ed a program of research in this field with The Franklin Insti-
; i, - tute. This was shortly expanded in a limited way to some other
: j research groups like General Electric Research Laboratory, IBM
and a few others.
The financial support, as I am sure you know was the result
of a cocordination effort by many 3gencies, pooling some of their

xesources for the support of the program.
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I think it would be correct to say that by most standaxds
tha total amount of funda involved was rather modest but as you
also know these funds were used very effectively and truly toock
on the role of seed money in the national and international re-
search activity that resulted.

A major contributing factor to this effectiveness was'a
series of quarterly technical coordinition meetings that was ini-
tiated by Captain Sawyer and Mr. Doroff. Attendance wag by those
groups supported, at least in part, by the cooperative effort
administered by ONR plus, by invitation, those who were known to
be working in the field of gas-bearing research.

The meetings were kept sm2ll, very informal and f£riendly
so that the interchange of ideas, suggestions and criticisms has
proven to be very helpful and most construct’ve. A large amount
of duplicatior of effort that would normaliy be expected has
been avoided. Many individual ressarch efforts have bheen specded
on their way to a constructive conclusion as a result cof these
meetings.

I might add that just two weeks ago a technical coordination
meeting was held at the Instrumentation IAaboratory of Mass.
Inst. of Technology with 39 in atﬁendancg,with 17 presentations,
plus general discussion.

It is interesting to observe that in the United Kingdom this
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organizational pattern has been emullted by Hr. Fenry Elwsxicw-
ski of the Admiralty Compass Observatory, with a group of Brit-

ishers conducting research in the gas-lubricated bearing fieid.

Thare is considerable Ccross-communication bstwean the U.X. group
and the U.S. group, culminating in a2 joint meeting, once a vear.
Last April ({31963} this combined meetiry was held at Colushia

University. BNext &pril it is scheduled for Englané.

What is a gas-~lubricated bearing? pifficslties of analveis.

The gas-lubricated bearing is typical of fluid film bearings
using liguid or semi-~liguid lubricants with the excepticn of courss
that the lubricant is a gas. This complicates both the analysis
and the behavior of these bearings because of the compressibility
effects of the gas and because of the abgence of significant da=p-
ing that normally exists witk viscous liguid bearing filzs.

It is interesting that becxuse of daaping in liguid iunbricat~
ed bearings, many, if not most of the pcssible modes of vibration
and critical speeds of rotors were suppressad. The dynamic ansly-
sis and critical speed analysis of rotor systess was rather fazzy
in that it could analyze tne problems that presented thesselves
but wasn't usually sharp encugh to explore dynamic behavior patterns
that had not pesh cbturved experimentally. With the advent of gas
lubricated bearings this was all changed drasticaliy,

For oxample w2 had at one time a rather simple soior supportean




on two externally-pressurized gas lubricated journal bearings and
one double acting, gimbal mounted thrust bearing. This rotox

and its bearings exhibited something like 12 or 13 possible reson-
ances.

The whole field then of rotor dynamics has had to be carefully
and rigorously re-examined. We now think we understand the multi-
ple resonant conditions that may exist in any bearing-supported
rotor system and as a result have & much greater appreciation of
the benefits of ligquid film damping in suppressing or controlling
many of these conditicns.

The compressibility of thke film and its time transient behav-
ior has had to be fully explored and understood. As Captain
Sawyer once phrased it, we have had to initiate a study of compressi-
ble fluid flow in very small passageways. We have had to deal
with what might be called "micro aerodynamics."” BAnd that is how
it a2ll began --- with @ study of the properties cf a simple, com-
pressible fluid film under static load conditions. Once this was
understced, the next step was to start applying these general
analyses to typical simple bearing gecmetries.

I have enclosed a list of the reports published by only one
group engaged in research on gas lubricated bearings, The Franklin
Institute, as a typical illustration of how the program has develop-

ed. {This list will be found in the Appendix).

-
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Notice that the early reports, specifically Nos. 2 and 5
are basic to an understanding of the compressible fluid £ilm pheno-
mena. These were establisha=d first befcre considering more com-~
plicated geometries. The measure of the degree of compressibility
was establicshed by the parameter A which was defined for a jour-

nal bearing as;

where y= angular velocity of the journal, (rads/sec.}

=
]

radius of journal (in.)

O
l

radial clearance {in.)
p = ambient pressure (psia).

with small values of compressibility numbex, ,, approaching
zero, the film behaves as though it were incompressible and the
corresponding equations from the previous literature on ligquid lubri-
cants m2y be used.

For extremely high speeds, or very low ambient pressures, ;
is high, and compressibility effects are a maximum. A number of
Solutions have been developed for the limiting case of A » = ,

Analysis of compressible gas films is at best rather difficult.
This can be demonstrated by an examination of the basic Reynolds
equation for & gas. When the film is a gas. this equation is non-

linear in the pressure. The Reynolds equation is derived by combin-

e E——— e




ing the Navier Stokes equation, the continuity equation, and the -

equation of state for a perfect gas.

~e

PRTEIRRTY 2 (13,2 -“_ ' 31 D "
ALY ‘a%} + 5 L%/ﬁj = I:Z/L- 2{- AN L/AJ’;('J;Q« () Mj"ﬂ 4+ -

(1soruzizrne) + {)/u .’:-.?‘2_ Ad”a (W£ - W“/\}

The two salient features of the Reynolds equation are the
linearity in the pressure p and the time diffusion term dp .
dt
These are different from the Reynolds equation for incompressible

lubricants and introduce complications.

Computer techniques.

in the analytical area I think it would be agreed that truly
significant advances have been made in the handling of digital
computer solutions. Besides yielding solutions for the gas-lubri-
cated bearings of interest, these techniques have been worthy con-
tributions in their own right to the general field of numerical
analysis. Castelli and Pirvics have published a summary of this
work {(Ref. 9).

Fig. 3 is taken from this report and summirizes in tabular
form the many techniques that have been ueveloped and are used in
the field of gas-lubricated bearings. A constant objective has

been to reduce computer running time, increase speed and accuracy




of asymptotic convergence and force numerical stability. Consider~
able success has been achieved 8¢ that these techniques are find-
ing use in other fields of engineering &nd science.

As one can see there are two basic avenuss of approach, the
direct numerical and the alternate is the analytic-numerical.
Castelli says that in general the direct numerical is probably
cheapest now with the large memory, high-speed computer. It can
be used effectively in sc-called abnormal problems whose boundary
layer effects mi arise at high values of compressibility number j .

This technique approaches the problem immediately with num-
eri.al approximations, the accuracy of which is often easier to
control. Adyantages are: less algebraic involvement, no limiting
assumptions besides those imposed by truncation errors. Disadvantages
are: increased amount of computer time, difficulty in discerning
parametric trends, the need for an efficient program.

The other approach is the combination, analytical--numericsl,
Some approximations are made in order to partially solve the prob-
lem by snalytical means. This type uof treatment usually terminates
‘with a numerical computation less demanding in computer time than
the first. Among the advantages are increased ease of parametric
studies and possible reduction in overall cost of execution.

Among the disadvantages ars the Fact that approximations lead

tc linited or uncert3in rangaes of applicability and that the amount
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of algebra to be dewlt with is greatly increased which always
leads to the probadility of incorporating a systematic error.

The time dependent solutions involve the integration of Rey-
nolds equation including the variation in time of the pressure dis-
tribution dp/dt az well as the response of the motion of the fiilm

geometric boundaries dy/dt. It is commonly empleved to simulate

the behavior of dynamic systems.
- ’ Such problems require the simultaneous integration of the

appropriate eguations of motion, governing all dynamic degraes of

freedom.

- Time independent solutions. Probably the most commonly en-

i

countered problem in lubrication technology is that of producing

data for equilibrium operation of gas bearing systems. Sometimes

S IR R RN

== the steady state solutions are obtained as asymptotic limit solu-
tions of time dependent analyses. However, it is usually moze

» economical to use the Reynolds equation with the time derivative

; e terms in pressure and film thickness, set equal to zero.

Possible exceptions would be when the equilibrium conditions

:o, ‘of the system are not known baforehand such as for example with

H tilting pad bearings with assigned pivot position and pivotal clear-

' ance, and for any bearing aystem fcr which the geometric position

corzesponding to a few externaliy applied specified loads is

desired.

-11-
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Since the Castelli paper was published in 1958 a new tech-
rique has been developed for gas-lubricated bearings, having
been borrowed from the field of structural analysis. It is
called the finite element programaing technigue. Where sharp
changes in pressure are encountered in gas bearings, a finer grid
mesh is necessary to ensure convergence. However if the entire
bearing is treated with a close grid spacing more computer time
and a greater production cost would be regquired to get a solution.
The finite element technique has proven to be very useful in being
able to handle variable grid spacing. It also readily handles
large systems of equations and has been used effectively on both
incompressible and compressible lubrication regimes.

Two papers by Dr. Reddi of The Franklin Institute were pre-
sented at the October 1969 Joint Lubrication Conference of ASME-
ASLE on the use of this technique in solving fluid-film lubrica-

tion problems (Refs. 10 ang 11).

Results of researxrch effort,

Hlow what have been some of the results of these endeavors?

We see that the analysis of static loads on gas-~lubricated
journal and thrust bearings is well in hand. Quite a spread of
bearing types has been inveastigated. 1In general a level of under-
standing has been achieved that has permitted publication of de-
sign curves for several of these bearings. I will mention a few
examples.

~12~




i Y b R AR R A I B L )

A A Wl A At

“

fow

AP

LR T TR

i T

i e

woll i o~

d»

.

li!,- Wiy u"l W

fronrmi] b

froees

li"z‘l'"!"!‘ld“

sl

et

Plain journal bearing.

Fig. 4 shows & typical representation of a complete, 360
degree journal bearirg (Ref. 12). HNotice the eccentric distance
e between the center of the bearing O and the center of the journal
6'. The ratio of this distance to the machianed-in radial clear-
ance is called the eccentricity ratic ¢ which will of course vary
between 0 for the concentric case where 00' = zero, to the other
limit of € = 1 where 00' = the radial clearance.

Also notice the anglie Z,

JOUBNAL w ~EEARING
\ 7
the attitude angle. fThis is

the angle between the line of

centers and the direction of

load application.

Fig. 5 shows a typical de-

terminationless load pletted

S

g Y

2|7 101

ia s

£ F

b L against the compressibility para-

<

3 o meter j for several values of

o i~

3 - eccentricity ratio €., Notice
-~ ¢ M _ 1

omﬁﬁﬁ,’x ; P that the entire plot is for a

!""’I (ad i s
- S aul, viandpoiiim length to diameter ratio (z/d)=l
COMPRESSIBILITY PARAMETER, A = -5-?“"—" (%)2 (Ref. 13).

Thoorstice! lewd-carrylng poremslens vesus conpratiibliity
pessmatyr far full |rurnel bearing ferifd = 1

Fig. 5
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Fig. 6 shows a compdrison betwsen the computed load-carry-
ing capacity for a given bearing using incompressible fiuid solu-
tions as compared to compressible fluid solutions (Ref. 14},
Notice that for gases, because of compressibility effects the load
capacity does not increase directly with speed but reaches as

asymptotic value at high A . There is essentially no iicrease in

load capacity for example in
- . s RS
Pig. 6, between conditions z i :
I INCOMPRESSISLE—~
FoFLUMD 30LUTION
where 3z = 100 and ; = 1000. ;g;ag,_ €s04
A
This is unlike the behavior g i
3 ok
of liquid film bearings. : E //;5f
2 i - coupRrsseif
3 B3] 3 LU MK}‘("‘.
Attitude angle. ;/// €=3s
Figo 6 C s osvs] P T Iy |
kecall now the angle &% to 6 0o 1900
epw Ry
) ) L. COMPRESSIBILITY PARAMETER, Ax —2— (B}
marked ¥ ir Fig. 4. This is N

Gitezepency bt load capucly bebwaes thastiel beied o2 incors-
fhis né comprersible lubricesty

called the attitude angle and

is the angle between the line of centers 0CG* and the direction of
the applied load. 1In ¥ig. 7 this angle is shown again as applied
to the location of the journal center.

The curve marked "locus®
designates the path followed by
the journal center within the
clearance space as the lcad and/

or the speed varies., it is

shown more precisely in Fig. 8

Fig. 7
Typica! cttitvdr—eccaniricly lucus far ha metien of the conter of
& jouraal ia the clserunce of & totf-acting beering -14~
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where one quadrant of the clearance circle is used to plot the
attitude-eccentricity locus.

his angle is 4 Y $ FCCENTMCITY KATIO, @
Thzi gle is important in o oe s ok s o

astablishing the degree nf sta-
bility of & shaft in a journal
bearing. For gas lubricated

joeurnal bearings the locus path

and attitude angle are a func~
tion of § as well as o ., Fig. 8
shows this relationship. 1In general, the smaller the attit.de angle
the greater the stability of the journal in the bearing. It can be

feen in Fig. 9 that as j increases, the attitude angle g decreases.

This does not happen with incompressible lubricants. Thus we sas 3

this adds snother degree of complication to the analysis of stabi-

1ity of gyas ludriocated bearings.

Grooved bearinge.

Vvarious geometlic mod-
ifications such as slotting
Or grooving aid stabiiity
by genzraliy reducing the
attitude angla for a given
op=rating condition. Pig.

10 shows an axizlly grooved

- —— e e e R e e S
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ol 4 A RGN

-




journal bearing where one

« i &5 {INTERS

oY more grooves may be used.
A common number is three.
Carrying this to the limit

we have the herringbone grcov-

ed journal bearing Fig. 11

{Ref. 15) and the Rayleigh

step bearing Pig. 12 (Ref.
3 : R 16). Both of these types

are very much more stable than the plain journal bearing.

Tilting-pad dournal bearina.

The ultimate in stable op-

N
eration however for conventional gi
bearings is the tilting-pad jour- / -

Ll

i
i

e

nal bearing. Fig. 13. This type

of bearing ~an have three or mors

= 7 f/,
= / sy
. . shoes {xef. 17;. A&Although . T

{2} Hamringbona Grooved Josrnol Beoring

‘s
_,.,, ,:/_,f,_ PPy

A ;;{,

"?22

F/,f';; v f ‘2 "f’

i -
= 4:,

fé’i/j/ ‘/i i
3 i} sournal Seerm, Partly Gmané. S;me‘famﬁ Fattyrn
s : Hecrlogbune greavs panprst
:“ -~ n
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mechanically more coxplicated than the fixed geomeiry bearing,
it is finding wide use in high spesd rotor systexms with both gases
and iiquids. Conziderable affcrt has gone into the analysis of

these bedarings bercause o0f the need to understsnd their hsahavior

with so many possible degrees of freedom. Basides perzmitting the
shaft to m=ove in & variety of ways, the shoes thezmselves can pitch,
0ll and yavw and if one shoe is spring josded it may also transliate
in a radial dirsction. 7Thus 2 3 shoe journg&l hsaring will have 10
degrees of freedom just in the bsaring alicne. The shoe potion is
devermined in part by the x2ss of the shoe and the way it is dis-
tributed and by tha friction or lack of it in the shoa pivot.
The preiosd on the shoses has 2lzo a sensitive infivence on the
bearing lehavior. Fig. 14 shows a typical field map for a three

pad tilting-pad journal bsaring of 2 particuiar configuration.
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ECCENTRICITY RATIO, €*= £ (DIM.)

Total hearing lowd cootficiont for three pads versus eccentricily
tutio and traliing edge Alm thisknesa

Details are shown on the slide,

c' _ Actual

Wotice that with higher preload, (c = Maehined) the greater

the load-carrying capacity for 7 given eccentricity ratio.
Howaver, the trailing-edge fiim thickness is diminished somewhat

with an increase in preload.

Instabilities,

Instabilities in self-acting journal bearings are of paramount
concern and much of this presentation haa so far been devoted to
that concern.

Two kinds of dynamic instabilities may be found in fluid film
bearings Whether liquid or gas lubricated. As a result of the

low damping properties of the gas film, these instabilities in gas-

-18-
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lubricated bearings become more prominent than with liquid-lubri-
cated bearings. The first kind of inatability is associrted with
typical spring-mass natural frequencies where the bearing f£fluid
film is the spring. When the opevating speed corresponds to one
of these natural frequencies, we have a so-called “"critical speed.”
As with usual spring-mass resonances it is possible to have stabi-
lity on either side of the critical,

The second kind of dynamic instability is a self-excited vi-
bration charactexized by having the center of the shaft orbit
around the center of the bearing at some fregquency equal to or some-
what less than one half of the spinning or rotational velocity of
the shaft, Under these conditions it has been shown that the
capacity of the bearing to support radial ioad is sharply reduced
and may fall to zero. 1In Fig. 15 this orbital motion is depicted
where L1 is approximately equal to 1/2 of , . The orbital veloci-

ty is J1  and the spin angular velocity is .

~ BEARING
CERTER

Lig . 15

\\
ame— : \—SHAFT
BEARING CENTER

Orbltal whirling velscity of sho#t ceniar {1 adout canter of bosre
Iag <ormpered to shaft spinning valochly o
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The shaft system may be stable as the speed is increased
until the threshold is reached. (Crossing this threshold by fur-~
ther increase in speed will bring the system into a region of in-
stability, which becomes more violeni as the penstration becomes
dezper, until inevitable seizure results., Unlike an ordinary
critical speed, the shaft cannot pass through this one and attain

a region of stability on the other side at a higher speed.

Rotor dynamics.

Returning now to instabilities of the first kind, tha typical
critical speeds, we find them referred to in the literature 2s
synchronous critical speeds, since they are synchronous with some
shaft disturbing rotational speed. They may be of & transiational
form or of & conical form although the relative magnitude of the
transverse moment of inertia of the rotor, as compared to the polar
inertia of the rotor, and its mass, can make one form predominate
over the other.

In general the quasi-static, equilibrium value of the spring
rate of the film is coupled with either an appropriate mass or
the moment of inertia of the shaft to determine a natural frequency.

If the bearing is freely or flexibly supported (as contrasted
to the journal} it also may have a resonant translational fredquency
or conical frequency. If the bearing is freely supported and ro-

tating, then like the journal, the polar moment of inertia and

«20~




! gyroscopic effects should be considered.
{ The instabilities of the second kind are much more difficult

to analyze and evaluate. These are the self-excited furms of

dynamic response. There have been numercus attempts to achieve

a satisfactory solution but not until recently has scme conclusive
- theoretical work been performed. Some of the early attempts

neglected the dp/dt term and were therefore limited to very low

(VLS I L

. vaiues of p, and ¢ .

Of the several solutions now available I will mention only
two of those developed by Castelli and Elrxod (Ref. 18). 7They have
-e included the time-dependent (history) terms and have provided two
solutions to the self-excited instability problem.

In the first, nonlinearities are eliminated by resteicting
-2 the analysis to possible shaft motions within a very narrow range

about an equilibrium position. This is called the small perturba-

a . tion method.

= The sacond method includes the complete nonlinear eguations
=, which are integrated numerically to obtain the shaft-center orbits
: ; . corresponding to any set of geometrical, running and initial con-

3 % ditions. The technique essentially uses the high-speed digital

: computer as a very accurate experimental rig. It operates exactly
% : - in accordance with the assumed governing equations. This is called

thw orbit method. The path of the journal center is followed as

1
prsttrveply

::lm

it runs on the computer. If the locus spirals outward with an

“hll!!lilli!la
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increasing radius, the condition being predicted is unstable. Con-
versely if when disturbed the locus returns to a central eguili-

brium position, the bearing-rotor system is stable.
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Plot of helf-frequency trortistory whird threshald far infinkte
fength 330 deog journal haering Fig. 16

Considerable computer time is involved with this approach
so that it is expensive to determine complete stability maps. How-
ever scme significant results have been obtained as shown by Fig.
16. A principal value of this method is to check on the accuracy

of approximate methods for determining stability thresholds of gas-

lubricated jcurnal bearings.

The stability parameter W T

where @ = shaft speed (rads/sec.)
¢ = zadial clearance in the bearing (in.)
Ml = @mass per unit length (lb. sec.g/incz)
w = load per unit length (1b./in.)

-22-
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The value of eccentricity ratio for a bearing of infinite length
is designated as ¢, - If the intersection of wl* and ) falls to
the left of the curve for the operating walue of €5 the bear-
ing should bz stable. If it falls to the right the bearing should
be unstable.

Corresponding efforcs have been made to probe into the insta-
bilities of tilting-pad journal bLearinge but because of the many
degrees of frecedom they are necessarily more involved and compli-
cated. As imdicated earlier one of these bearings can have 10
degrees of freedem. The rotor itself has 2 degrves of synchronous
freedom, translational and conical, and also 2 degrees of self-
excited whirl again translational and conical. This means then
that a relatively simple, two-bearing rotor system can enjoy 24
degrees of freedom. With a thrust bearing, additional degrees of
freedom would be addegq.

The number of individual bearing parameters that would be in-
volved could easily amount to 20 when all of the masses, moments
of inertia, and film stiffnesses are considered.

It should be said again the e2ffort expended in this area
of gas-bearing rotor dynamics has resulted in a greatly expanded
understanding of xctor dynamics in general. One might even say
that there has been a real “break-through" in our ability to deal
witl rotor critical speeds and rotor dynamics ovar their entire
spectrum. This is significant step forward iu the development of

our technology.
~23~
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Leaving the subject of rotor dynamics now, I would like to
mention a few other types of journal bearings that have been exam-

ined in scme detail as a part of the general research program on

gas-lubricated bearings.

Vapor lubricatiocn.

The first of these would be vapor lubricated bearings. In
line with the practice of using conveniently available process
fluids as bearing lubricants, vapors present themselves as candi-
date lubricants. The behavior of vapors in bearings should be guits
different from that of gases because of their tendency to partially
condense under the right conditions of pressure and temperature.
This would produce a two-phase lubricant of combined liquid and
vapor.

Unterberg and Ausmar (Ref. 19) show that thermodynamic consid-
rations prescribe that the temperature remains constant throughout
the hearing. When the maximum pressure in the bearing film reaches
the saturation vapor pressure at that constant temperature, a fur-
ther increase in bearing load then causes partial condensation
instead of a rise in maximum pressure as one would normally expect
with a single-phase lubricant. Fig. 17 shows some numerical re-
sults for the case of 4 = 1. This is a plot of dimensionless load
capacity versus eccentricity ratio ¢ . The parameter on this graph is

saturated vapor pressure Py divided by atmospheric pressure p,-

-2l
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If . is exceeded for a given ps/Ph ; the condensing regime

cr
= begins and the load capacity falls below that for the nonconden-
- sing gas. Nozice that in the condensing region of the bearing, as

the ¢ increases the load-capacity does not increase very muZn.

- thus there is a distinct danger of film collapse if an increment

% ' of load is added to that on the bearing.

TWrT

Since partial condensation in a self-acting, vapor-lubricated

bearing essentially weakens the bearing and reduces its load-

i
{
"

carrying ability, recent attention has been focused on the exter-

nally-pressurized tyype.

. Externally-pressurized bearings.

[
ke e

7his brings us to the externally-pressurized form of guas-

i

iubricated bearing. This bearing has cthe ability to support &

q: o)y
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load independen® of rotation. Fig. 1€ {Ref. 20}. Thus at zero
speed the full lcad carrving cap2city of the bearing can be

developed. This is coupled with the highly desirable phenomenon

7N

[-]
e

00 o

rig. 13

Hybcld jovrnel buming

that at zero speed in a properly designed and manufactured exter-
nally-pressurized bearing, the friction is alsc zero. These two
aspects provide great latitude to the bearing designer and in
oconjunction with 2 controlised film thickness and also film stiff-
ness, provide him with capabilities not available from any other
tvpe of bearing.

Many significant accomplishments have been achieved in the
application of externally-pressurized bearings to imstrument bear-
ings such 1s for gyroscopes and to high spesd dental drills and
orthopedic grinders. They have been used in what has been called

hybrid bearings where the external-pressurization supplements the
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self-acting fiim pressurization of the bearing. Thus the rotor
can be lifted and supported on a gas film befora rotation begins.
This eliminates the high-friction starting condition and also
elininates any possibility of scoring or abrading the surfaces.

The external pressurization can also be used to suppress sslf-
excited whirl ins.abilities in a journzl bearing or to change the
critical speed of synchroncus whirl.

The subject is very broad. . Gross, for example in 2 recent
survey paper on the subject (Ref. 21} lists 17 different types of
externally pressurized journal bearings and 45 2ifferent forms of
thrust bearings depending upon the gesometsy and the type of flow

restrictor amployed.

Air hammer instability.

As one might expect there is a very seriocus gdynamic problem
in these bearings and if care is not tuken in the analysis and
construction one may end up with 2 pneumatic vibrator or a pavement
breaker instead of 2 bearing.

Licht and Elrod {Ref. 22) have provided the most thorough
study of air-hammer instability, although it was restricted to 2
simple circular thrust bearing. They were able to show that this
instebility is & complex phencmenon involving the nonlinear intar-
action of different bearing charactaristics. It was shown that by

varying the bearing parameters, the bearing o&n go into or out of




pneunatic instability at a range of different conditions. Por
example, there may be air hammer at intermediate £ilm thicknesse
but none at larger or smaller filwm thicknesses. Unfortunately
the analysie of this phenomenon is complex and simple approxima-
tions do not seem to exist.

For alil but very simple geometries the design procedure is
necessirily limited to one of trial-and-error although cexiain
guide lines and recommendations are available.

There are four principal types of compensation emploved in
externally pressurized bedrings. These are the orifice, the
capillary, the porous plug and inherent compensation. The f£irst
three describe the type of re trictor placed between the baaring
and the gas pressure sourc2, Inherent compensation means that the
resistance to f£iow into the bearing occurs at the fiim inlet.
Under these conditions the minumum area through which the incoming
gas must flow in effect forms an orxifice. The inherently compen-
sated bearing is the most resistant to air hammer while the capils
jary compensated bearing is most likely to »e& unsiable. Orifice
and porous plug bearings have perfcrz@nce §hazacteristics some-~
where between these limits, {One m3jor probliem with orifice compen-~
sation is thz possibility of oxifice closure by accumulated dirt
particles. Porous plugs tend to act like filters and over 2 pericd

of time will collect particles and become clogged. There is also

'
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&8 problem in machining sintered porous material so a8 o avoid
clogging the fine pores.
Prasent design technigues are essentially limited to iaminar
flow in the film clearance space. Several attespts hK3ve been
. made to exdmine the shock waves and supersonic flow regises thaZ i

exist in these bearings especially if the supply pressure iz rala-

tively high and the films relatively thick. <Correlation so far,
for design purposes, las not been satisfactory.
The configuration cf pressure sources is also limited at the

present time to the simplest geometries.

Precision manuiacture.

“s Por these bearings and all the octher types that have so far
been mentioned the guestions of precision sanufacture, and main-

: tenance of design £ilm thickness and a2lign=ent are of vital signi-

'
"

ficance. It has been said that gas-lubricaied bearinges 3re less

- forgiving than ocil-lnbricated Dearings. They are less forgiving

- of errors in estimating loads or of deviations from= specii.cations

b

; during mTnufacture and instailation 3nd less forgiving of distor-

ulh

tions that may find their way into the rotor, the bearing components

AL R
.

a

th

cr the housing. This has been 2 reldl probles in =any waye but

£ . especialiy with the ulira-precision gas bearings of gyroscopes.
S i
E Ragdial clearances in these journal bpearings pay D& as sp2ll as §2
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to 75 micro inches or less and to meet performance specifications
these clearances must be held to a high degree of tolerance dur-

ing the life of the instrument.

Mechanical design.

Two papers on this aspect of bearing design are I think espec-
ially significant. One is by Schetky (Ref. 23) and the other by
Maringer (Ref. 24).

Schetky examines some of the causes of dimensional changes
and indicates that they are the result of relaxation of internal
stresses producing micrc-creep, thermal expansion, plastic flow
and metailurgical changes.

He says a high degree of stability can be obtained by follow-
ing good practices while forming or machining the part. This is to
relieve the stresses set up at each step of metal forming or cut-
ting. & typical sequence could consist of nine steps. For
example:

1. Stress relieve or anneal

2. Rough machine

3. Stress relieve

4. Heat treat for desired physical properties

5. Semi-finish machine to a slight oversize

6., Stress relieve

=30~
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7. P¥inish machine, grind lap or hone

8. Stabilize by thermal cycling or heat treatment

9. Final lap or hone

The stabilizing process will vary with the alloy. The simplest
is to held the part at 200F for 24 hrs. or longer. This isothermal
treatment is easy to do especially if the parts are large.

Wnen the part is subjected to subzero temperatures either in
storage or in service, a temperature-~cycling treatment is recom-
mended, Thig is a stabilizing step that induc28 the residual stress-
es to relieve themselves, Cycling id done from say 75 to 212F down
to a subzero immersion in a bath of dry ice and acetone, or dry ice
and alcchol, typically - 100F. The cycling produces a more stzble
material,

Schetky shows that 2 1020 annealed steel after 10 cycles from
200F to ~ 100F, can show & dimensional change of 15 microinches/in.
303 stainless (quench-annealed) after 10 cycles can show a

change of 40 micrxoinches/in.!

For parts subhjected to load, the influence of elaatic and plas-
tic strains must be inevluded. For best dimensiocnal stability,
metals should be stressed below their elastic iimit. But where
is the elastic linit stxess?

A true elastic limit with no plastic strain is dot easy to

identify. Probably the best elastic limit presently available is

=31~




one that identifies a residual plastic strain of one microinch/in.
This is called the nicro yield stress {MYS). This "elastic limit"
can be as low as 1/4 of the usual 0.2% offset yield strength and
drops even furthexr with only a2 slight increase in temperature.

For example Schetky quotes a 52100 bearing steel as having
a room temperature yield stress (0.2% offset) of over 250,000 PSI.
However this same material has a micro-yield stress of only
87,000 PSI. Remarkably, by increasing the temperature to only
165F the micro-yield stress falls to 30,000 PSI. Being unaware of
this, the designer could easily have the bearing subjected toc stress
levels reaching into the plastic regime, with subsequent loss of
precision dimension.

It is surprising to learn, through this work, that the modulus
of elasticity is also temperature dependent and is also stress de-
pendent if one is thinking of precise dimensional stability.
Schetky shows a change in the elastic modulus E of up to 8% for
commercially pure aluminum cver a range of only 12,000 PSI.

Ter-erature dependence of E also shows up even for a small
range of from - S50F to 150F. vVvariations in E are listed as 6.5%
for 2024-74 aluminum, 2.9% for a 1090 steel and 4.5% for an 18-8
stainless steel for this same small temperature range.

It is interesting to see that the coefficient cf the.~al

expansion can also change as much as 3% over a stress rangye of

-3
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12,000 pSI. This is another aspect of metallurgy and of physical

cocnstants of materials that is frequently overlooked.

Micro cresp.

Considering an SAE 52100 bearing steel, with an applied streus

of about 100,000 PSI, the creep after 100 hours wiil be as follows:

Temperature Creep Micro yield stress
35F 20 in./in. y .‘Lo6 95,00C PSI
95F 50 in./fn. y 10° 87,000 PSI
165F 400 in./in. yx 10° 30,000 PSI

It is understood that the micro yield stress at these three
temperatures is 95,000 PSI at 35F, 87,000 at 95F and 30,000 at 165F.

Maringer shows that at room temperature, metal will creep even
if held at stress levels below the micro yield stress.

Prestrain raisec the conventional yield proparties but surpris-
ingly prestrain greatly reducas the microyield prorertiss. It is
imperative that designexrs become familiar with these facts.

The need for precision dimensional tolerances in gas-labzicat-
ed bearings has provided a atimulus to the investigation of these
matters, for the ultimate benefit of design in general. For
exampie Maringer has presented two papers on the subject within
the last two years and has been encouraged to prepare a book (now

in process) for the guidance of designers.
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COMPLIANT SURFACE BEARINGS

Under some circumstances, in spite of a thorough understand-
ing of physical properties and in spite of recommended manufactur-
irg procedures, the physics of a particular design may introduce

almost insurmountable difficulties if one is restricted to the
use of rigid surface bearings. For example, Fig. 19 shows the dis-~
tertion of thrust plates in

; a spiral grooved thrust bear-

O
ing due to heat generation in
n Fy
i :m-% the fluid £film (Ref. 25}. A
T ag,¢j i simple solution would be to
————— — 5

have one of the mating sur-

s -

Dictortion of twutt nlaiss due #o heat genermtion in the Ruld faces compliant in some way
Fig. 19 go that it might match the

curvature induced in its opposing member and thus be able to maintain

a uniform film thickness.

Foil bearings.

All of the bearing types that have been described so far in this
talk have been correctly assumed to have rigid surfaces. They were
certainly rigid as compared to the stiffness of the gas film. How-
ever, there are fields of application for bearings whose surfaces

are flexible or compliant rather than rigid. The foil bearing is

-

o
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the best-known of thess, Fig. 20. It consists of a thin atrip of

s

flexible material such as plastic

¥ F
i
L tape, thin metallic foil or the t -
;
- like contacting a simple jourznal {////I//i//
as shown. As the journal spins a % ™\

- reasonably large force F can be

supported by the self-acting gas

- o ;\ ///,/
- film in the contact area between Fig. 26

the tape and journal.

Batic fo3 boaring arrcagement

This can be used to apply a load to a rotating shaft in a
very simple manner. However the greatest value of the ccncept is
- Ly far in tape transport for high-speed magnetic tape recordexs, and
in tape transport for digital computers. Hera the journal is sia-
-~ tionary and contairs the recording or the read-out components while
= the tape glides rast. Analysis of a foil bearing is complicated

by the fact that the film thickness cannot be simply specified. It

- depends upon the self~gasnerzting pressur2 of the gas, the tensidn

in the foil, th:s speed. the elasticity ¢f the fcil and the axial

L RikiM AN i)
-

T

width of the foil,

EAAE AL Ml

- Anticlescic curvature will alsc be presant so that the film
- thickness at the edges of the foil wi.l be smaller than in the

center. However, thege problems are being dealit with on both

]
L

theoretical and experimenta: levels and considerable design infor-

mation is presently available.

‘*W‘.“t"ﬂ%
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The foil bearing is by no means limited to mechanical input-
output in eleectronic data processing. It can often be an essen-
E tial part of continuous manufacturing of plastic film, metal foil,
paper and textile materials. Aand most recently the foil bearing
E also holds out promise as a self-aligning stable support for high-
speed rotors. Active research is continuing in this field.

Wildmann has recently published a summary paper (Ref. 26)
dealing with foil bearinge in which he includes 12 references,

11 of which were published since 1965,

Mention should ke made here of the flexible membrane hydro-~

2 f static air beaxing by Levy and Coogan, Fig. 21. This is a very

effective.load supporting de-

o
PR e

ey Al

Corwetatn vice and iz finding rather

nRIF

AUEH TN

wide ccmmercial use in manu-

nly
-

facturing plants to support and

: 1
\ © - |
: // transport pallets with vanish-
é \\\\\\~_—’//// ingly low friction over typi-

rLE0
sassast

: ceat cally rough factory floors
: f:§§r' {(R2f. 27).

e . SasTon
: \ \\/ SUREAE

nalllV 2

Load-carrying devices

3 Flaxidsis membrens hydrosialic air beering

4 Fig. 21 somewhat related to these de-
signs are being considered for high-speed transport at speeds above

those considered acceptable for the typical wheel-on-rail support-

R0 L ARl € b

ing device, i.e., abcove 150 MPH.
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Castelli and ®irvics have examined the behavicr of the elasto-
hydrostatic, gas-lubricatec circular thrust bearing (Ref. 28).
This refers to a typical thrust bearing with one element of the
p2ir of surfaces coated with a compliant elastomer layer. The re-
sults show an increase in load-carrying capacity cver that of a
rigid surface bearing for the same supply pressure., Flow rates
are also decreased because of the compliant-surface actiorn.

The compliant action of surfaces i3 now understecod to be a
dominant phenomencn in the lubrication of human joints containing
synovial fluid.

In a widely divergent problem the basic phenomenon of “*hydro-~
planing” of automobile and aircraft tires on wet roadways and run-
ways is due to the compliant action of the tread surface of the
tire.

Obviously one of the inherent behavior characteristics of the
compliant surface bearing is to accept misalignment and to conform
to typical distortion of the bearing package. McCabe of The
Franklin Institute has built a four foot diameter spherical bear-
ing for an instrument package tester. pPan of M.T.I. has applied
a compliant layer to a particular gyro design where when pressuriz-
ed the compliant layer permits free rotation bu% when not pressur-

ized, grips the rotor and acts as a brake.

friewni



Thrust bearings,

Looking back over the material presented in this talk, it

will be noticed that thrust bearings have Leen mentioned only

E: peripherally. The omission

G is only the result of lack

g —

Tetarg Pad, ssihar Fig Fixsd Topsred Lond
or Crewngd

of time. Gas bearing re-

% search efforts have heen

applied to thrust bearings

with about the same lavel of
3 Fig. 22
effectiveness as for journal

i

bearings., Fig. 22 {(Ref. 17)

Spurst Gedgvs Tyde Hermgdors Type

Typlesl ferms of self-aciing thryst beatings

Sgqueeze bearings.

bt

I have 2lso made no mention of squeeze £ilm kearings because

of lack of time. These have also been the obiect of much interest

and research effort.

(Uil

Applications.

Now what nas resulted from all of this? What are some of the

applications of gas-lubricated bearings that can be referenced?

Hvhemth

There are many. and they are related to the advantages that were

4

Em...- ]

RIAKSAL LG

WA

spelled out at the beginning of this talk, namely: cleanliness:

elimination of seals; stability or lubricant over wide ranges of

temperature; and low friction and heating.
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Mi.ny systems of classification suggect themselves and the
reasons for selecting one system over another are not that cver~
vhelming. However, I thought it might be more interesting if we
looked at that overzll picture by fields of application. This

might have a little more significance.

Medical.

The item of widest use in this area is the high-speed dental
drill. More than 20,000 of the3e have been manufactured. Low
friction ard low energy losses make these attractive since they
operate at about 506,000 RPM (Ref. 29). Howewver, additicnal advant-
ages over ball bearings are quietness, freedom from vibration and
elimination of oil mist in the patient's mouth. The high-pitched
noise associated with ball bearings could actually be detrimental
to the hearing of those exposed to it for long periods of time.
Materiul studies were needed before these devices were perfected
since the load applied to these bearings 3is entirely up o the dun-~
tist's discretion. The rate of cutting may introduce overload
reactions on the bearings and grounding cut of the journal and
bushing, braking the drill to an instantaneous halt from a sp=ed
of ocne half million revolutions per minute. This is rather dras-
tic treatment. Several material combinations will survive this
kind of abusive légd application. Thess are:

{1} Silver impregnated carbon operating against & harden-

ed steel rotor.
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{2) Silver impregnated carbon operating against an ordi-

nary aluminum rotor.

{3} Tungsten carbide bearings versus tungsten carbide

sprayed steel shafts,
{4) Aluminum oxide aginst aluminum oxide.

{5) Shurlube (Teflon-coated bronze) against hardened steel.

Maximum journal diameter is limited %o about 37/1€ in. With
a design journal load of approximately 6 cunces, the unit pressure
becomes about 13.5 PSI. The bearings are required to be of the
hybrid type combining both the self-acting and externally-pressur-
ized contributions to the load-carrying capacity.

Dynamic instabilities have been encountered and synchronous
whirl and self-excited whirl have been problems.

Orthopedic surgeons have gained considerable assistance
from high speed, air turbine cutters, similar to the dentai drill
but iarger in size. Air bearings present advantages in the reduc-
tion of noise and vibration especially with brain and ear surgery.
Apparently the hammer and chisel technique is on its way out
{Ref. 30}.

In another medical area the benefits of low friction are used
to permit the measurement of heart action. A ballistocardiograph
table has been developed by Mr. H. Roth of the Astro-Space Labora-

tories in Huntsville, Alabama. The patient is supported by an
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externally-pressurized bedring consisting of two 12* diameter
discs. The two diacs are sections f 2 sphere with 2 radius of
24 feekt; thus the table and the patiant Lshave as 2 frictionless
pendulum of long radius. The acceleraticn cof the table is con-
tinuously reccrded by accelerometers using air-iuvbricated bearings
and when multiplied by the mass provides a highliy accurate =sa-
surepent of the cardiovascalar forces. Results cbtained by u3ing
the table have been significant in studying the effect of axsr-
cise on the improvement of the cardiac function and protection
against coronary hedrt disease.

Another example of The benefits to be derived from the low-
friction . apacity of air bearings is in 3 glaucoma detector. IL
appears that glaucom2 is an 3ll-to-common disease cf the eye charac-
terized by an increase in the internal pressure of the sycball.
This leads to atrophy cf the optic nerve and blindness. <The buiid-
up in pressure is ratiher gradual and if detected in time the dis-
ease can be cured. Apparentiy the only way to cobserve this con-
diticn is to press against the eyedball with a force-sensitive or
pressure-sensitive instrument and measure this internal pressuyrs.
2 tiny instrument tc do this has been developed by The pPranklin
Institute, Fic. 23 in which the cylinder is supported in essantialily
a zero friction condition by externally pressurized air bearinge.

This permits accurate measurement of eyebail pressvre.




Navigation.

By far the largest
i application of gas-lub-
. ricated bearings is in
the inertvial guidance
field. Practically

every manufacturer of

gyroscopes is engaged

Fig., 23

Stationary Piston for Glaucoma-Detector Device

in gas bearing develop-

ment for his products.
Dia. - 1/4%; Diametral Clearance - 0,0003";

Length each Bearing - 0.276";

s 55—
Supply Pressure - 2 psig One of the most success

ful of these is Autone-
tics with a record of having prcoduced many thousands of such devices,
but there are many c<thers. The main reasons for int. .'ast in gas-lub-
ricated bearings for gyros, are long life, constant friction, high
"g" acczleration capabilities, and the possibility of ispelastic
design. The bearings thLat have been developed include a wide
variety of shapes and coanfigurations; a late one by Dr. ™n of
M.T.:., includes a compliant component. In generazl the extarnally
pressurized clasz is used for gimwal mounts and the self-acting variety
for the spin axis applications. This is & vary important gas-bearing
application. Denhard ¢f M.XI.T. Instrumentatior Laboarate.-v and

Pan of M.T.I. list 17 manufacturers of gyros in this oountry in England
J
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and France using gas-lubricate bearings and in & paper presented
at the 1968 Gas ﬁea:ihg Symposium list 61 referencee to published
papers on this topic (Ref. 31}).

one ghould alsc mention the extensive use of gas bear’~3s in
accelerometers.,

Dr. McGinness of the Jet Propulsion Laboratory has developed
a clored-cycle, two phase, thermodynamic system that can use
thermal power from solar or nuclear energy sources to avaporate
The cycle

a refrigerant and form a pressurized vapor (Ref, 32).

is completed by condensing the vapor in 2 condensor and then
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pumping it back into the evaporator. Fig. 24, Instead of using

a mechanical pump, all moving or rotating elements are eliminated
from the system by using a capillary-action pump in the form of a
wick. The maximum pressure difference that can he achieved de-
pends upon the effectiveness of the wick. Experimental values as
high as 1.52 PSI were reached. A model of an externally-pressur-
ized gas hearing weighing 64 grams was operated continuously and
demonstrated the feasibility of such a system. The bearing floated
as long as sufficient temperature difference was maintained be~
twaen the condensor and the evaporator.

The system is of special interest to space navigation because
it can op.orate in a zero gravity environment directly from solar
or nuclear heat sources without conversion to electrical energy.

A concept for a new, large-diameter, precision radar antenna
is being considered, whose feasibility may largely depend, in turn,
upon the practicality of compliant surface bdearings. The design
is based on the use of @ thin wallzd sphere, 175 feet in diameter.
This is the sc-called "Eye-Ball" antenna of the Lincoln Labora-
tories cf M.I.T. Very preliminary calculations indicate that the
spherical structure might weigh 2.856 million pounds. If 2 nest of
10 circular hydrostatic pads could be used for the bearing, all
located at the bottom, with each pad 24.4 feet in diameter, the pro-~

4
jected area of the 10 pads would be 67.37 lO‘in.z. With a 125 MPH

]
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wind adding to the load, the average pressure would be about 7.5
PSI and the maximum pad pressure about 15 PSI. If because of

the indeterminant action of the structure, in the worst case only
half of the 10 pads carried the load, the average pressure would
be about 15 PSI and the maximum about 30 PSI. Apparently the wall
stiffness of the light-weight sphere could accept this low pres-
sure withcut local dimpling.

One could not imagine tsying to machine a 24.4 foot diameter
bearing pad to conform to the surface of a 175 foot diameter sphere
and maintain a f£ilm thickness measured in terms cf a few mils.
This would clearly be impossible even if the surfaces themselves
did not deflect elastically under load. However, with & compliant
layer on the 10 bearing pads, it appears that a practical solution
might be achieved with little concern for tolerances or local de-
viations from true geometry. The bearing pressures are also low
enough to justify the consideration of pressurized air as the lub-

ricating medium.

Manufacturing.

The use of gas-lubricated bearings has caught on we.. in this
area of ocur indusctrial activity. Many precision grinding spindles
have been built since the first Pratt & Whitney spindles were sold
in the early 1950’;. These inciude external and intexnal grinders.

Work heads (TAIL STOCKS}, for grinders have also been put on gas




bearings with tremendous reductiors in runout and consequsnt im-
provement in tolerance control.

Rotary jig and indexing table. are also quite common.

Measuring gauges and jigs are reported in the literature da2-
signed to measure roundness ¢f cylindrical specimens, pitch errors
of lead screws, etc. The usual stick-slip is completely eliminat-~
ed. Slideway applications for milling machine tables and grind-~
ing machine slides are also included.

Oone leading manufacturer of gears has designed a testing
device supported by externally-pressurized air bearings in which
a set of gears is placed, loaded and then run. Because of the gas
bearings, the only noise present is that due to tooth contact.
This noise can be interpreted in terms of gear quality and precision
of manufacture and provides an effective means of inspection.

Noisy support bearings would of course, make this kind of determin-

atior impossible.

General industrial.

Here there is quite a spectrum of use for gas-lubricated bear-
ings. One could include motor driven compressers, blowers, and
fans, turbc compressors and turbine driven pumps and blowers.

There are many. Sternlicht in a recent paper (Ref., 33 ) lists about
two dozen of these in this country with a wide range of sizes,

speeds and other specifications. Outstanding among them weould be




B — W - it

st 1’

4

e

Mol LR Ry B
o ™
u

=

the many blowers and circulators of SOCietéfRateau in Prance, list-
ing some 59 machines. They tabulate units running on Coz’ He,
Argon and 2ir, from pressures of 1 to 70 atinospheres, gas temper-
atures from 10 £o 500 C, and speeds from 2,500 to 25,000 RPM.

This compadny recently stated that it had operaticnal experience

on its gas bearing equipment of 150,009 hours (Ref. 34). Rotor
weights are as high as 550 kg.

In Czechoslovakia there is a 12,000 RPM turbo-compressor rat-
ed at 500 kilowatts.

At the opposite end of the size gspectrum miniature cryogenic
turbo machinery is being designed for gas bearings. Speeds of
240,000 RPM are not uncomnon.

The Brayton cycie turbo-compressor of AiResearch running at
50,000 RPM is attracting much interest on its gas bearings.

Whitley lists nine gas-lubricated circulators for gas-cooled
reactors {Ref. 35). We should not f£ail to 1list air cycle refrig-
eration machines and air expanders. These have been a very reliable
example of the use of gas-iubricated bearings.

Nor should we fail to mention potential uses of these bear-~
ings in applications to the chemical and food processing industries.
Their freedom from contamination is without peex.

It should be said though that at the present level of gas
bearing technology, the application of gas bearings ia most cases

requires some development work.




Along with the above references in the industrial classifica-
tion one might mention an in-line flowmeter, placed in a pipe be-
é : tween flanges. Also transport of palletized loads in warehouses
and factories, has become an area for the use of gas bearings.

An exampls with amusing possibilities is & domestic refrigerator
having & flexible membrane under the base that can be preésurized
by a vacuum cleaner with its hose connected to the discharge end.

e It is called RIDE AIRE. This is almost identical toc the commer-

b

cial Hovair bearing mentioned sarlier.

LA LS L
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The British report on a similar technigue being used under
: ; a 220 ton bubble chamber in & high energy laboratcry for conven-

ient transportation and location within the laboratory (Ref. 36).

Power generation.

Rotating machinery for turbo alternmators, similarxr to the com-
pressors and circulators mentioned above have found their way into
: current technology. Again, Sternlicht Jists sgveral turbines,
= turboalternators and motor~genexatcr sets that have been designed

and tested a=d that of course use gas bearings. Auxiliary power

turbines are being developed for commercial aircraft use by

Pl tting

s A3
)

Allison Division of General Motors. 1In the power generation cate-
gory we might also list the gas-lubricated seal dewvelopment being

carried on at Prankiin, Pratt & Whitney, and elsewhere for large

A MG ML

o

jet engines. This is an entire field in itself. The application




of gas films to non-~contacting face ssals can prcduce leikdgs rates

an order of magnitude lowar than that of conventional labyrinth

el i

seals used in current rotating machinery. These are sspecially
significant for compressor end and interstages of future large super-
sonic transport engines. There is continuing activity dageloping

these seals. FPresently the hybrid design looks most promising.

Computer industry.

Digital computer hardware has made wide use of the gas lubri-
cated bearing. Probably the first application was for a2 slider

bearing in random access disc files. Rctating drum and disc type

—

memories themselves may be suppsrted by air journal and thrust besar-

o

ings. And they use magnetic heads operating at fixed distancss

L from the moving surfaces. Tape transport alsc involves air lubri-
E cation as it slides over magnetic heads. This is called a foiil
= bearinrg, mentioned earlier. Air beariny gquides are also used vhsre
x the tape has to be constrained and turn corners.
E Foil bearings can be ¢f the self-acting type, or of the exter-
] ¥ nally pressurized type or the combination of both known as hybrid,
é = Naturallv the elasticity of the foil is a asignificant parameter.
é % Much recent research work has been aimed at an understanding
% .oF of foil bearings. As mentioned earlier, Mr. Wildmann cf Ampex in a
- survey paper on foil bearings lists eleven papers, all published
3 =
L since 1965.
; - -48~
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Transportaticen.

one of the current urban problems is t¢ get travelers off -
the road and into public means of high-speed, safe and reliable
transportation., It seems that the dynamics of the wheel and
axle and rails imposes scme practical limits as to the stable
speed that nay be attained. This may be in the range of 155 to
150 miles per hour. Above that speed one might suggest looking
to alternate means for s pporting loads, and introducing guidance
and low frictional resistance.

Excluding Hovercraft and air cushion devices, because they
are not really gas-lubricated bearings, one thinks of the French
development of the train that has been builit that rides on a con-
crete, inverted tee track. This is being developed for the commer- i
cial market by the Societé.de l'aerptrain. Some operating experi-
ence has been accumulated at this test fzcility. Very recently
a Calitorniz aerospace ccmpany has entered this field with a simi-
lar vehicle.

There are naturally a number of prcblems that will need to be
overcome incliuding the smoothness and truosaess of the concrete
*roadbed,” the effect of snow, ice, debris, vaandalism, andé not the
least of all, the presence of birds,

Alternate methods Seem much more practical and aitractive.
Hanging the vehicle from an overhead slotted tube suspended like
a monorail for axample would permit the load-carrying shoes to be
inside of the tube out of the weather z2nd free from vandalism. n
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addition the shoes could be made with & compliant layer.

This would reduce the tolerance on surface deviations, and
also reduce the pressure and flow requirements for the bearing
shoe. At high speeds the bearing might conceivably become self-
acting reguire no external pressurization. This concept shows a

lot of promise.

2 Look Ahead

what of the future? WwWhat do we exXpect that gas bekring reSekrch
can provide during the next few years?

wWe could respond to those gquestions by compiling 2 list of
technical problems needing attenticn and areas that need enlight-
enment, which we wiil do, but if that were all, it would be taking
a rather narrow point of view, and would be ignoxing the broader
interdisciplinary nature of cas bearing research and its very sig-
nificant ramifications. It has been especially effective in stimu-
lating interaction of research people in many disciplines for the
ultimate denefit of all involved. I think this aspect should be
clearly recognized and most definitely emphasized.

In 2 foreword to the Proceedings of the Second International
Symposium onit Gas Lubrication. Dr. Beno Sternlicht kas mads com-
ments that I have cxtracted and that I would iike to guocre. He
said that very =arly in our gas bearing research auotivity,

"A common interest was established in 2 community of scien-

t .sts, engineers and educators. Almost from the start, this
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community was international in composition. The participants in
both the first symposium (1959) ard the second symposium {(1968)
exemplify this international interest.

"U.S5. scientists have lectured at several gas lubricaticn
courses in England, and British scientists have particip2ied in
courses held here.

"The challenge and interest of the subject brought together
diverse talent., Not only specialists in £iuid mechanics and

thematics found interesting problems; but physicists, chemists,
metallurgists and instrumentation specialists were motivated and
made significant contributions {aiso peopls interested in Jdeésign).
Individuals with training in over twenty distinct science and engi-
neering disciplines have mxade contributions in this field., 1Ir
fact, the major contrxiputioas tou gas lubrication have required in-
terdisciplinary efforts.

"rhis is particularly true when eduipment employing gas bear-
ings is being developed. In the case of gas bearing gvroys, for
exarple, bearing analiyses cannot be sep2rated from gyro perfocrm-

ance calculations; nor material choice from manufacturing orocedure:

tn

wheel desicn from fricticn and windnge losses. imilar observa-
tions can be mads relative to gas bearing turbomiéchinery, machins

tocls {orthopedic grindexrs, the general Zield of rotor dynamics)

and cther applications,

Soatiamye] M M
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*Interdisciplinary effort has also been reguired in gaining
a fundamenta’ understanding of gas lubrication. For example Since
bearing distortions affect bearing rformance, simultaneous suin-
tions of fundamental equations from fluid mechanics, heat transfer
and elasticity were necessidry. In the case of vapor lubrication
heat transfer and thermodynamics relations must alsc be satisfied.
Sgueeze f£ilm lubrication reguires the rourling of compressible
flow analysis with resonant vibrations in crystais. In fcil and
compliant surface bearings, hydredynamic and slasticity relations
must be coupled tc ta8ke intoc ancount the interaction between the
£luid £iilm and the bearing avrface.

"tThe overall effort combines basic research, aprlied research
and the development of new cor improved applications and products.
Hew businesses based on this technology have been and are emergiag
in such fislds as precision spindies, turbaomachinery, medical
equipment, gyros and 2cCelierometers, instruments, transportation
miachines, ang metrolicgy eguipment.

*In this evoiution from research to product, new problexms
are emerging Which provide new challenges and cpportunities for
further interdisciplinary contributions by the scientific ané engi-
neering community. Thus this field of endeavor, wiil continue o
offer research stimulation to some, education tc others and explai-~

tation of product oprortunities to still others.®




I might add, as just one indication of the broad spactrum

character of this research activity, and something of its inter-

national significance that at the University of Southampton in

downd Kb iR

England, there have been four bi-annual symposia on gas lubricat-

(AN AR

ed bearings, =ach with a published volume of proceedings. This -
is in addition to the two symposia held in this country. There
have also been literally scores of papers published in the techni-

cal literature that were presented on other occasions., This is in-

= deed a broad gauge activity that has made itself felt in many dis-

ciplines of science and engineering ané hus much promise to continue -

to do so.

it

To 2@ke this review as complete as possible I wculd now like

to list some of the specific technical areas in gas~-lubricated -=

bearings where further investigation is needed. These are not in

any particular order.
1. Explore pneumatic instabiliy of externally-pressurized T
bearings, both single acting and double acting, with various

geometries and source patterns.

ii 2. Develop design coefficients for various externally-
pressurized thrust and journal bearings. These would relate
load-carrying capacity, f£ilm thickness, suvpply pressure and

bearing geometry.

3. Further investigation into multiple source, externally
pressurized bearings considering the shock wave phenomenon.

Explore the value of elastic orifices.

54—
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< 4. Generalize the mean-~free-path effects on thin gas
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film conditions c¢f lubrication; i.,a., gas films of thick-

: ness 5 to 100 microinches.

5. Probe into the effacts of surface imperfections {micro-

-~ and macro-roughness) on steady and dynamic behavior of

gas bearings.

6. Investigate surface treatment possibilities for thin
£ilm operation where anti-wear ooatings may be only 3-5

microinches thick.

7. O©Obtain a good set of experimental data for crowned,

tilting-pad thrust bearings.

8. Establish an understanding of pivot design variations
.- on short and long term behavior of tilting pads for jouz- .
nal hearings and thrust bearings. Include effects cof tem-

perature and ambient atmesphere.

9. Explore the influence of external mounting technigues,

including stiffness and damping, on the stability of gas~

- lubricated bearings.

10. Determine design equations for hybrid jcurnal bearings

for other than laminar flow conditions.

. 11. Conduct dynamic whirl studies of journal bearings with

various geometrical comfiqurations.
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12. Investigate flow analysis for bearings including inertia
= terms.

13. Analyse vibration response of bearings to external

3 excitdation.

= 14. Investigate on an analytical basis the use of porous

E bearing materials for externally-pressurized bearings
including the damping effect of the pores and the slip
effect due to hole size,

15. Study in a more general way the behavior of vapors in
gas lubricated bearings.

16. Consider the analysis and development of large diameter,

non-contacting seals.

ekl gy

17. Recognize that bearing designs for gyro applications

)

require much further Jdevelopment.

GULTHTAN

18. Explore the possible value of foil-supported, high-

ettt M H AR

speed zotors.

W

19. Study the potential use of compliant suxface, gas

5 lubricated pads for support of ifransportation vehicles.

20. Investigate the general facets of btehavicr of non-

ricid (compliant) surface :earings on gas bearing performance.

-56-




References

{1) Hire, 6., "Sur les principaux phencmenas qui present les
frotiementes médiats ceeesy Bull. Scc. Indust. de
Mulhouse, Vol. 26, 1854, pp. 188-277.

{2} rangsto A., "Experiments with an air-luvbricated journal
bearing," Ji. Ar.. Soc. Kaval ®nhgss., Yoi. 9, 1897,
pp. 267-2%92.

(3} Harrison, W.J., "The hydrodynamical theory of lubrication
with special reference to air as a lubricant,"” To3oa,

Cambridge Phil. Scc., Vol. 22, 1913, pp. 339-54,

{(4) Stone, W., "A proposed method for solving some problems in
lubrication," Commonwedlth Engr., Vol. 9, Kov., pp. 114~
122; pec., pp. 139~149, 1921.

{5} Drescher, H., “"Gleitlager mit luftschmierung,” Zeit. var.
deutsch. Ingen., Vol. 95, 1953, pp. 1182-1194.

{6) Fuller, D.D., “Hydrostatic lubrication IXII, Step bearings,”
Machine Design, Aug. 1947, pp. 115-120.

{7} Fuller, D.D., "Air-lubricated bearings,* Machine Design,
April 1953, pp. 272-273, 381, 384, 386.

{8) Fuller, D.D., “Theory and practice of lubrication for engineers,”
John wiley, April 1956, 432 pages.

-
\Q
Yt

ffastelli, V. and J. Pirvics, "Review of numerical methods in
gas bearing film analysis,” Jl. of Lubrication Tech.,
ASME Trans., Oct. 1968, pp. 777-792.

AN oM R A R ot

{10} Reddi, M.M. and T.¥. Chu, "Finite eslement sclution of the

steady-state compressible lubrication problem,” ASME
paper No. 65~LUB-12.

L
-

dA AR

ULl

{11} Reddi, M.M., "Finite element solution of the incompressikle

3 . lubrication problem,” Jl. Lub. Tech., ASME Trang., Vol.
3 91, July 1969, pp. 526-533.

: ; {12} Fuller, D.D., "A review of the state-opf-the art for the de-
3 sign of self-acting, gas-lubricated bearings,"” Jl. Lub.
3 ‘ Tech., ASME Trans., Jan. 196%, pp. l-16.

-57-

i

it e




“!‘; r“ LA N it

1 N n
LT It
MU R N

{13}

{14}

(15}

(18}

(17;

(18}

(19)

(20}

(21)

(22)

[

Fuller, D.D., and . ¥ilson, “pesiga manual for self-acting
plain cylindrical gas journal bearings and thrust
bearings for use in electrical blower motors," Rotron
Mfg. Co., Woodsteck, N.Y. Contract No. HObsr 87522,
1963.

kaimondi, A.A., "A numerical soclution for the gas-lubricat-
=d, full journal bearing of finite length," Trans.
#8LE, Vol. Iv, 1961, pp. 131-155.

Hirs, G.3., "The load capacity and stability charactéristics
of hydrodynamic grooved journal bearings," Txans,
ASLE, “ol. 8, 1965, pp. 296-305.

Archibald, P.R. and B.J. Hamrock, "The rayleigh step bearing
applied to a gas-lubricated journal of finite length.”
Jl. Luk, Tesh.. Trans., ASME, vol. 82, Jan. 1967,
pp. 38-46.

Gunter, E.J., Jr., J.%. Hinkle and D.D. Puller, "Design
guide for gas-lubricated, tilting~pad journal and
thrust bearings with special reference to high-speed
Yotors,™ Repoert NY©-2512-1, U.S.A.E.C., Nov. 1964,
212 pp., The Frankiin Institute.

Castelli, v., and H.3. Eir:d, "Solution of the stability
problem for 360 degr>: self-acting gas-lubricated
bearings," Jl. Basic E'gr. Sciences, Trans. ASME,
vol. 87, March 1965, pn. 199-212.

Unterbirg, W., and J.S. Ausman, "Condensing vapor lubrica-
tion of self-acting long journal bearings,™ Jl. Basic
Engrg., Trans. ASME, Vol. 88, March 1966, pp. 236-246.

Tang, I.C., and W.A. GrosS, "Anslysis and design of exter-
nally-pressurized gas beariangs,” Trans,., ASLE, Vol. 5,
1962, pp. 261-284.

Gross, W.A., "A review of developments in externally pres-
surized gas bearing technology since 1959," Jl. Lub.
Tech., Trans. ASME, Jan. 1969, pp. 161i-165.

Licht, L., and H.G. Elrod, "A study of the stability of ex-
ternally pressurized gas bearings,* Jl. Applied Mechs.,
Trans. ASME, Vol. 82, June 1960, pp. 250-258.

~58-

Sk

Aocaeml)

e

i

mn

1

gor

L




R O R T D

-
=
-

Ll
Lmnn-mm

4 .}
&tmllm.m

ty in Precise parts,®

{23} Schetky, L. Hed., "Dimensional Siabili
1362, pp. €7-70.

i
Broduct Engineering, Sept. 12, 13

{24} Marringer, R.E., and A.G. Imgram, “Effects of Some processing
v.riables eon dimensional stability," J1. Lub. Tec¢h,,
Irans., ASHE, Oct. 1968, pp. 846-84%.

{25} Pan, C.H.7., and B. Scerrnlicht, “thermal distorticon of a
spiral-grooved, gas-lubricated thrust bearing due to
self-heating,® Jl. Lub. Tech.,Trans. ASME, vol. 89,
1967, pp. 197-202,

(267 WilSmann, K., "Foil bearings,” Ji. Lub. Tech., Trans., ASME,
Jan. 1969, pp. 37-44.

{(27) xrevy, S.B. and c.H. Coogan, "Flexikle membrane hydrostatic
air bearing,* J1. Lub. Tech., Trans. ASME, vol. S0,
Jan. 1968, pp. 1i4-190.

(28) castelli, v., ana J. Pirvics, "Characteristics of the elasto-
hydrostatic gas lubricated axisymmetric thrust bearing,*

Columbia University Lubrication Research rab. Report #8,
Nov. 1366,

(29} Powell, J.W., "Medical and industyrial tools, " Proceedings
&as Bearing Symposium, University of Southampton, 1365.

{30} Product Engineering, April 25, 1966, pp. 1i8-l1g,

{31} Dpenhazxgq, W.G., and C.H.T. Pan, "Application of Gas-Lubricat-

ed bearings to instruments,“ Jl. Lub. Tech., Trans.
e A AR Y RN
ASME, Oct. 1968, pp. 731-740.

{32) HcGinness, H.D., "capillary pumping for closed cycle gas
System," JPL Research Summarv, No. 36-9, pp. 23-26, and
No. 3e-1C, vol. 1, pPp. 9-13, and No. 37-17, pp. 121-126.

{33} Sternlicht, B., and E.B. Arwas, ‘"Gas lubrication-achievements,

problems ang possibilities,” Proceedings Gas Bearing
Symposium, Southampton, England, 1965.

{34) Mech, C., “Some practical performance aspects of the design
of gas-bearing blowers and some performances of indus-
trial machines,* Proceedings gas Bearing Symposium,
Southampton, England, 1967.

-58-




ol

iy

e T e

it

Vit ey PO

\
ae il ©

14

PAALECH

{35) whitley, S., “Nuclear applications of gas bearings,” Pro-
ceadings Gas Bearing Symposium, Southampton, Englang,
1965.

{36} Hawkyard,

~60~

'E‘mmi't' xlﬂ

l‘]:.unm ud

i




ekt gl

v bl

HeRidii i

[T

st

.I.

-

4 b 4 [ H
v l(ullll‘\ill»' l., ] jﬁ o ||:

’

u.‘mlmlm-ﬂ

Yl

Appendix

10.

11.

12.

FRAHKLIN INSTITUTE RESEARCH LABORATORIES
REPORTS OH GAS LUBRICATION - OHR

“A Bibliography on Gas-Lubricated Bearings® {December 1857}, by E. 8.
Sciuili, Franklin Instizute Interim Report Ho. I-A2043-1.

“The Influence of the Molecular Mean Free Path on the Performance of
Hydrodynamic Gas-Lubricated Bearings® {March 1359}, by A. Burgdorfer,
frankiin Instituie Interim Report Ho. 1-A204%-2.

“Annual Report ONR Project A204%%{Juily 1958}, bv D. D. Fuiller, Franklin
Institute Interim Report Ho. 1-A2049-3.

“A Study of the Stability of Externally-Pressurized Gas Beerings”
(Movember 1958), by L. Licht and H. 6. Elred, Franklin Institute
Interim Report Ho. I-A2045-4,

“A Derivation of tne Basic Equation for Hydrodynamic Lubrication With
a Fluid Eaving Constant Proserties” {April 1958}, by H. G. Eirod,
Franklin Institute Interim Rzport No. 1-A2049-5.

"A Bibliography on Gas-Lubriczted Bearings - Revised" {September 1958)
oy E. B. Sciulli, Franklin Institute Interim Report Ho. I-A2049-6.

"Axial Kelative Motion of a Circular Step Bearing”" {Octover 1958}, by
L. Licht, Franklin Institut2 Interim Report Ho. I-A20409-7.

¥Stability of Externally-Pressurized Gas Journal Bearings™ {October 1933},
by L. Licht, Franklin Institute Interim Report Ho. 1-42043-8,

"Extension of the Conduction Sheet Analogy to Externally-Pressurized
Cas Bearings" {Octscher 1959}, by L. Licht, Franklin Institute Interim
Report Ho. 1-A2043-89.

"Refinements of the Theory of the Infinitaly Long, Self-Acting, Gas-
Lubricated Journal Bearing” {January 1963), by H. G. Elred and A.
gurgdorfer, Franklin Institute Interim Report Ho. I-A2049-i0.

"Perturbation Analysis of the Stability of Self-Acting, Gas-Lubricated
Journal Bearings" (February 196G}, by V. Castelli and K. ¢. Elrod,
Franklin Institute Interim Peport Ho. I1-32049-11.

“An Analytical and Experimental Study of the Stability of Externally-
Pressurized Gas-Labricated Thrust Bearings" {Februarv 1961}, by L.
%Zcht and H. G. Elred, Franklin Institute Interim Report No. 1-A2049-




3&‘

15.

19.

20.

21.

24.

“Theory znd Design Data for ieﬁtiaueus-Fiig Self-Acting Journal
Bearings of Finite length™ (Hovember 19507, by H. 6. Eired and
5. B. Kalanoski, Franklin Institute Interia Report Ho. 1-32049-33,

"Interin Heport on the Development of Gas-Lubricated Bearings for
Llosed-Cycle Gas Turbine Retors” {Jure 1361}, by K. H. Eusepi and
D. D. Fuller, Franklin Institutec Interim Report Ho. I-A2040-14.

“The Theory of Pulsating Flow in Conical Hozzles” {(February 1961},
by H. 5. Elrod, Franklin Institute Interim Report Ho. 1.A2(G43-15.

“A Bibliography (Hith Abstracts) on Bas-Lubricated Bearirgs - Revised”
{October 1961}, by A. Peters and £, B. Sciulli, edited by 5. D.
Fulier, Franklin Institute Interim Report Ho. I-A2048-16.

#Tneory and Desion Data for Lontinuous-Film Seif-Actine Journal Bear-
ings of Finite Length” {Supplement to 1-A2045-13) (June 1962}, by
H. &. Elrod aad S. B. Halanoski, Franklin Institute Interim Report
%o0. I-A2045-17.

“Steady-State Characteristics of Gas-Lubricated, Seif-Acting, Partizl-
Arc, Jdournzl Bearings of Finite Width" (April 1963}, by V. fastelli,
C. H. Stevenson, E. J. Gunter, dJr., Franklin Institute Interim Report
Ho. 1-A2G49-18.

"Experimentai Determination of Stability Boundaries for an Externally-
Pressurized, Gas-Lubricated Thurst Bearing” (February 1u62}, by

C. H. Stevenson and L. Licat, Franklin Institute Interim Report No.
1-A2049-19.

"Solution of the Stability Problem for 360° Self-Acting, Gas-Lubricated
Bearings of Infinite Length™ (March 1963}, by ¥. Castelli and H. G.
Firod, Franklin Institute Interim Report No. I-A204%-2G.

“An Qutline of a Method for the Investigation of the Stability of Gas-
Lubricated Tilting Pad Journal Bearings™ (April 1964}, by £. J, Gunter.
Jdr., and V. Castelli, Franklin Institute Interim Report No. I-A2040-21.

“An Analysis of the Trailing Edge Effect in Slider and Partiai Arc Gas-
Lubricated Bearings™ (December 1964), by H. G. Elvod, and J. 7. McTabe,
Franklin Institute Interim Report Ho. 1-A2049-22.

"Preliminary Study of the Elastic Orifice as a Flow Control Device in
Gas-Lubricated Bearings” {June 1365j, by P, Koch, Franklin Institute
Interim Report Ho. I-A2043-23.

“Sumary of Investigations of Entrance Effects in Circular Thrust Bear-

ings" {September 1985), by Z. P. Carfagno and J. T. McCabe, Franklin
Institute Interim Report No. 1-32049-24.

[ T 2N




W L]
-—,m | ™ L]
k. 8 & :
b o ok
" ot  E " 9w 4.%
L] o~ a3
b = 1 - B dond b &3 En w_‘,
WL gk 4 pon ] ¥ fu Kl a4} 2 30 M
L ’ a5 e ot H: | ) o £ - Ry A '
A1 e K o o 0 - I & © £ o A e g
A b 2R o b 0 e & A B, e\
L } - Yo Wl pom b bty w e
e e " £ b IRl "o & ey ) )
Fon Bt r . o (X W) .4 “w L I Y 5 b
i ] Mmﬂ .m Poun ™ [l ¢ ] we wh o | T v U
XY b " o T E [ B post oA
- i) Y g )N o o gt e we € G
e o O oo L tn RN yu T b o LB O P
o Y ] &?” &) A B, 0 ey b W e b 02 . G
4 w M W Pl P in ot
b b N u_v S U 4... ) gr) e iy M.«w 1w & €3 Mo o A7)
"oy K Ghold | hdd X u 4 ) W o v b & e
W o o] VR % 5 ¢h W " mg oG ¢ ¥ ...wm.n_.
ol e s piin gLy wo ‘ g »
B [y o L ' ot AR ) oo € R
P ) o e £ St o we E Q) b IV & M
W ke [ oy I i) o e v PEY ML ...qw YA M 421 £ o
o o wd W oy vy | ML é P ] w e ]
[ ) | L b B LK AN ol & b Bl ) e i Mg mewy @
o wh W Sy BN At Rl el o " 2 0
[ 7y et R (Y- ) [ gLl [ (] 0 S L] 4 e
L1+ 8 tpw Yy W S (RIS “& b K+ g b L k) e ’
. "ol pe R Mw L I T e L ot b Ku P Bl AN
o “ o L) G 1Y) npw o omy \ [} [ RY¥) m._e L.__
oW d K ok N A Ponch I I ] SN w4 Mon pone b b, .
fou | ol 8 AL W, K10 ot 2 y QW 2 YR Mt
o L) “e o o BN bk A ) w o £ w0 } a B2 L Gy e
1y b K e, Choee £ 4D o (Y - T Sy o [ B W H
b yom v WGy e v @ L | N L ]
Ly T &) pn L I e Yo ALY 1 € Wes Tln e Ky
o i i o e W I B O al i Qb ] o '
ot MW e 1y [ [TV Ty N AL UL ™) s b L RS )
R o ke e ol 18 o e 3 - A W b
o} P S e L i {1 A ) oep A W fa 3 B ..._“ & A be 0 Chy
v (e %ﬁ e ;w [ b .m.. .ﬁ. ()} f Q) [#)] L U Loy X m“..:.
Wy voa ab o Gad @ K b S PR e & beb
[T s T s ot Y~ N ST R { [ e A G "
.nm (3 LU 0wt e W) K [ N1 o bk oy b €2 b 7} L e 4 W)
A Swy ) " m.w 2] o) Y NG © L) I | Ky pom h 3 (N
L e m. SR e T I Yo G qQ o e T R
- ot o ] B s G b Yo Sone® o o s o A o b N
O & Yo ALy (Y2 " L] al o " I n iy MGV ERY)
o L LA h ALY vy L e & b I B o S L IR
won hEY WY WAk GOy rp B Oy ;.“ Y B ™0 Gy e 5 Co bk e BT [l
ALY 3 V4] B Lo w o LR R t ) G
LTS bt et Doy Yo i Wl Eea 8 Lobet i » ey ) b
W e o o) 1A b b Tl N Al [[TR "~ S ’ o - .u«
o TSR R Y - S N R Ry ey 0 M TR e L A
Pha € w0 D) n &l Loy ) ) € e b A O -y
e o 08 e o .?..:w.a» Ty e N IR mmnﬂ e o LY Sn...ah n
a1 01 Lnin SPn Pyt spot - pm bl Y, e hew s ) Lad e W._. m_...... L]
el LI S I m P ' Lol KK ) ol
ko T ] B [ R iy L) el €2 L) e .‘m 7m0 A
e 08 dRE g ol 8D R GG 12 ] b f5 Y e
MY a9 BHE B L0 g BES ©£g . 5 3 RRE |
o i " *
%l.& %“%I %.J..r %TE o T ﬂmﬁ? w'ha A %&S?E !
e w0 - & , ) . ] 3
[
o~ Y] o o~ %w .qew ) . ¥ “

B
| T S ST ERN SR SRS S Tk B Sl B S BN A A

,,, *..%._.. .“._./.... " ._, ro

-:_..........._w !_......_......"
" 1

AT I O TR P P LR PR | LS TSR RUCT L AR L L

S 2 5 LT ILAL A PR e W HAPRA AR § 0




1.

FRANKLIN IMSTITUTE RESEARCH LABCRATORIES
TECHNICAL PAPERS ON GAS LUBRICATION AS A RESULT OF DHR SPONSORSHIP

"The Influence of the Molecular Mear Free Path on the Performance of
Hydrodynamic Gas-Lubricated Bearings" by A. Burgdorfer, Journal of
Basic Engineering, Trans. ASME, 11, Ser. D., No. 1, March 1959, pp.
49-100.

“"Axial Reiative ﬁotion of a Circular Step Bearing”" by L. Licht, Jour-
nal of Basic Engineering, Trans. ASME; 81, Ser. D., No. 2, June 1959,
pp. 109-117.

"A Derivation of the Basic Equations for Hydrodynamic Lubrication
with a Fluid Having Constant Properties” by H. G. Elrod, Quart. of
Appl. Math. 17, No. 4, January 1960, pp. 349-359.

“A Study of the Stability of Externally-Pressurized Gas Bearing."
by L. Licht and H, G. Elrod, Journal of Appl. Mech., Trans. ASME,
27, Ser. E., No. 2, June 1969, pp. 250-258.

"General Revizw of Gas-Bearing Technology" by D. D. Fuller, Proceed-
ings of the First International Symposium on Gas-Lubricated Bearings,
October 26-28, 1959, Washington, D. C., ACR-49, Superintendent of
Documents, Hashington 25, D. C.

"Refinements of the Theory of the Infiniteiy-Long, Self-Acting Gas-
Lubricated Journal Bearing" by H. G. Elrod and A. Burgdorfer, Pro-
ceedings of the First International Sympositm on Gas-Lubricated
Bearings, October 26-28, 1959, Washington, D. C., ACR-49, Superin-
tendent of Documents, Washington 25, D. C.

"Extension of the'Conduction Sheet Analogy to Externally-Pressurized
Gas Bearings" by L. Licht, Journal of Basic Engincering, Trans. ASME,
83, Ser. D., No. 2, June 1961, pp. 209-212.

“Air-Hammer Instability in Pressurized-Journal Bas Bearings™ by L. Licht,
Journal of Basic Engineering, Trans. ASwc, 83, Ser. D., No. 2, Jdune 1961,
pp. 235-243. .

“The Theory of Pulsating Flow in Conical Nozzles" by 4. G. Elrod,
Trans. ASME, Journal of Appl. Mech., 3¢ E, No. 1, March 1963, pp. 1-6.

*Theoreticel and Experimenta’ Investigation of Gas-Lubricited, Pivoted-
Pad, Journal Bearing" by E. J. Gunter, V. Castelli and D, D. I'uller,
Trans. ASLE, 6, No. 4, October 1963, pp. 346-357.

~6i~

b

-

-—x

L



RS

11. "Steady-State Characteristics of Gas-Lubricated, Self-Acting, Partial
Arc Journal Bearings of Finite Width" by V. Castelli, C. H. Stevenscn,
and E. §. Gunter, Jr., Trans, ASLE, 7, 1964, pp. 153-167.

m ’I ’i il

12. "An Analysis of the Trailing-Edge Effect in Slider and Partial Arc
Gas-Lubricated Bearings® by H. G. Elrod and J. T. McCabe, submitted
for publication ASME, 1945.

13. "Theory for Finite-Width High Speed Self-Acting Gas-Lubricated Slides
(and Partial Arc) Bearings" by H. 6. Elrod and J. T. McCabe, to be

presented at Second International Symposium on Sas Lubrication, June
1968. A59-27268.

ol ] [

oo

14. "Steady State and Dynamic Analyses of Gas-Lubricated Hybrid Journal
Bearings" by i. Shapiro, Franklin Institute PResearch Laboratories

o e e 1 e RTEGRI

: =§ Report No. 32TR68-3, for presentation at Second International Sympo-
Tow sium on Gas Lubrication, ASME Spring Symposium, June 1968, Las Vegas.
: oL A69-27284.
é = 15. "Summary of Investigations of Eatrance Effects of Circular Thrust
: Bearings" by J. T. McCabe, H. G. Elrod, S. Carfagnc and R. Colsher,
5= for presentation at the Gas Bearing Symposium, Univercity of South-
- ampton, England, April 22-25, 1969.
- 16. "Analysis ap” formance of the Gas-Lubricated Tilting Pad Thrust
i Bearing" hapiro and R. Colsher, for presentation at the Joint
: = ASHE-ASLE -rence, October 1969, Houston, Texas.
£ 'g 17. "A Review of the State-of-the-Art for the Design of Self-Acting Gas-
£ & Lubricated Bearings" by D. D. Fuller, American Soc. of Mech. Engineers,
5 Lubrication Symposium, Las Vegas, Nevada, June 17-20, 1968, paper
- - T 68-LubS-10, ASME Trans., Ser. F, Journai of Lubrication Technology,
= Cd Vol. 91, January 1269, pp. 1-16. A69-27267.
3 =k

o
R
(R St

e PRI R RS
PR, 2 “ n
b‘ Yot w“.' o l'! o

-65-

PSR
ol oo

- d

eI R T T % et GTRESEIRE T AR RaTemm — An e e e

e

:
%_
i




i
£

A W

s

it

1l

R

| o

ikl
e

i

etk B

mwuuuu'
AL

e

K o

ey

1

e perma
ST

o

Lﬂlﬁﬂ}llv"a
Ay

{

UNCLASSIFIED

Security Classifiz k! on

DOCUMENT CONTROL DATA -R3 D

(Secutily clogeifien i nt titls, Loty of abutrac? ami indox:ng annolaticn mudl be enieréd whirn the overail report ix cinxsilivd;

L. ORIGIRATING ACTIVITY {Latprurikin Author) 22, REPORY SECURITY CLASSIFICATION
The Franklin Institute Research Laboratories none
Philadelphia, Pa. 19103 ki
Dudley D. Fuller T

3. REPORT TITLE

A REVIEW OF RESEARCH IN THE FIELD OF GAS-LUBRICATED BEARINGS

4.

DESCRIPTIVE ROTES (Tyoe af seport and Inclusive dntes)

Interim Report - March 1970

5.

Dudley D. Fuller

AUT HORIS) (Firat namo, nuddie initial, fas; name)

LY

of.

% REPCRT DATL Tu. OTAL NO. OF PAGES 7b. NO. OF REFS
Marzch 1970 76 36

82, CONTRACT OR GRAMY KO. 94. ORIGIRATOR'S REPORT RKUMBERIS)
Nonr-2342(00) Task NK 062-316 I-C2429-2

b, PROJECT NO.

.85, OTHER REPORY NOIS) (Any other numbsers that may be sssigned
this report) .

10.

QISTRIBUTIOM STATEMENT

This document has been approved for public release and sale; its distribution is
unlimited.

11

SUPPLEMENTARY hJITES 12. SPONSORING MILITARY ACTIVITY

Office of Naval Research
Department of the Navy

13

. ABSTRACT

This report is the substance of a talk presented before representatives of ONR
in Washington, D.Z. on January 27, 1970. The review covzrs results of research
in a spectrum of gas-bearing configurations, applications of gas bearings in
various use categories, and future prospects.

T TR . “
PO S RO | ‘:i 70:5‘

UNCLASSIFIFD

Security Cleusification




