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INTRODUCTION

The idea of»gas-lubricated bearings was suggested as far back
as 1854 by Hirn (1)*, but it is only very recently that they ha#e‘
aroused a great,amount of interest. The interest is centered on
the advantages of gas-bearings for the following major applications:

l. High temperature lubrication where ordinary liquid or
grease lubrication fails.

2. Bearings operating in rédio-active atmospheres where conven-
tional lubrication may break down.

3. Applications sensitive to contamination where fouling from
lubricating oil becomes serious.

4, Low-friction devices--an especially important advantage
because of the trend to high speed machinery.

5. Applications where positional accuracies down to micro-

inches are required.

As a result of the increasing interest, many people are
working in this field and gas bearings have been used for a variety
qf purposes, both in the laboratory and in industry on a small scale.
There is a definite lack of published information relating to fheir
éystematic_design. It is possible to design é gas bearing for a
particular purpbse ahd to make it function satisfactorily; but it is
often difficult to achieve the optimum'design from the standpoint of

maximam load,‘minimum friction, economic gas flow and maximum stability.

* The nuwbers in the parentheses refer to the numbers in the

Bibliography-Part I.
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it is the purpose of this thesis fo collect all possible
iiterature with a view of finding out what has been done up to
this time, éo that further theoretical and experimgntal investi-
gations may be carried out with a view of formulating a complete
thebry for the design and opération of gas bearings in par with

the liquid and grease lubricated bearings.

The subject has been divided into two main parts, because
the basic principles underlying the two are guite different:
1. Hydrodynamic or Self-acting Bearings.

2. Hydrostatic or Pressurized Bearings.

In each part an attempt has been made to cover the following topics:
1. Basic Theory.
2, EBxperimental Results and Their Comparison with Theoretical
Predictions.
3. Stability.
4. Effects of Various Parameters on the Perférmance.

5. OSome Practical Aspects.



PART I

HYDRODYNAMIC BEARINGS



Symbol

NOTATION

Description

Ratio Maximum Film Thickness
Minimuwm Film Thickness

Dimension of Pad in the Direction
Parallel to Flow
Axial Length of Journal Bearing

Average Radial Clearance

Dimensions as Shown in Figure 1.5
Diameter of Journal Bearing
Eccentricity in Journal Bearing
Eccentricity Ratio =

e for Journal Bearings
c

hl’hz for Pad Bearings
~g—

Friction Coefficient

Acceleration Due to Gravity

Non Dimensional Group

3
-‘;&5“,’-1 for Journal Bearings
2w '
e 82 for Pad Bearings

UL o
;%F: - for Step Bearings

Clearance Between Bearing Surfaces

At Any Point

12

Units

in,

in.

in. or

in,
in,

in.

in,

Sec.

~in,.

in,

in.



K,K,,K,

=

E’U

W

.MaximhmAand%Minimum Clearance

Coﬁétants

PolytropiclExponent.of Density
Axial Longth of Journal Bearing
Jogréal Speed' . | ’
QadiallLoad per Unit Projected“A:ea

of Journal Béaring'

Pressure

Aﬁbient Pressure

Pressure Solution for Journal Bearing of
Infinite Length

ﬁadius‘of Journal

Véloéity of Moving Surface of .

Bearing P&ir

Fluid Velocity Components in the

x,y;z birection

Load Carried by the Bearing

;béctor Components of Load Parallel to and

Rerpendfcular to the ?léne‘qf yﬁnimﬁm-
Maximum Film Thickness in.Case of Journal

Bearings

Load Carried by a Bearing of Infinite Width

13

in.

1bs.
ing

in,

in,
seC.

‘secCa

1bs.

1bs.

1bs,
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Vx,y,z’ ~ Cartésian Coordinate System with Origin in
the Plane of the Moving Surface, z axis
Perpendiéular to Mbiing Surface and Directed
Positive into the Lubricating Film and x Plétted
in the Direction of Motion. Origin at the
Trailing Edge for Pad Bearings and in the Centre
for Journal Bearings.

X Angular Coordinate Radians
r

Y Dimensionless Axial Coordinate

-5 (el -

r
Absolute Viscosity lbs.sec.
in?
( Density of the Lubricant 1bs.sec?
ing
& Attitude Angle Between Direction of Radial Degrees
Load and Plane of Maximum-Minimum Film Thickness
¥ Misalignment Attitude Angle Degrees
w Angular Velocity of Journal Radians
Sec.
A h - hy 4 in.

In addition some other symbols have been used at some specific
places. They are defined at the proper place. Also some of the above
symbols have been used in a different sense as explained at the proper

rlace.
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‘1. BASIC THEORY

Hydrcdynamié or»seif-acfing type of bearing geperates itéi
own hydfostatic pressure.yithin the clearance space, by virfue of'
the fluid in which it is immersed and the felatiVe motion of the
bearing elements. These bearings may be divided into two main
categories:

1. Thrust Bea;ings

2. JournalvBearings
First, the basic theory common to both types will be presented.

This will be followed by individual treatment of the two types.

The stead&-state behaviour of these béarings under constant
load cah be described completely by the continuity; momentum and
energy equafions of flow for ; Newtonian fluid, a category to which
most of the gases belong_for all practical purposes. ‘The ehérgy
equation’is necessary to predict the nature of the expénsion and
cbmpression process of the gas within the~bearing$. éo fﬁr many
attémpts have been made, but nobody has been able to prove any-
éhing cbhclusiVely. Some authors assume {he process .as isothermal,
while ofhers égsuﬁe adiabatic. The actual pi&cess lies‘betwéén the
two. Hencé it is better to work-with a polytropic process in'which
the value pf,the exponent k may be adjuétéd to suit the partic@lar

conditions. Thus we obtain the following equations for confinuity,

momentum and energy equations: -

1. Cohtix;uity: %(Q“') "“'%(Q\?) * ?i((“’) =0
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- 24 'Momentu}ll (Navier-Stokes)'

a C ) = —
ev ‘au
Qu. -~ Q\r o gw p. ( ,a 2+ a z)

Qu,%— + QU2 e *e“’aw = (3 a—;;‘. ’aw‘) %—z

-k
3. Energy: Pe ™ = constant.

We can apply the following assumpt.ions“to these equations

which are justified within the operé.ting range of mo;t beafingés:

1. Inertia terms may be neglected.with respect to pressure-
éradient terms at usual operating speeds.

2. Fluid ve}ocities normal to the sux.'face. are neg}.ected v;rith
respect 'to. velocities parallel to the. surface.

3. The predomlnant v:.scous shear stresses are g“‘andg‘;
all other viscous-shear stresses being negllglble by
corﬁparison.

4.. The viscosity coefficient M may bé approximated as a
constant,

S. Pressure and density are indépendent of co-ordinate Ze

6. There is no slip between the. lubricant and bearing surfaée’s.

After applying these assmnptiéns, the equations reduce .to:

N

inuitve . © ' L .
1. ACo_ntlnulty. ‘5—3&-@9) + ’%_9@\,) =,° : 1
A . .
4 w '
2,: Momen_tum:: -'Sgt. = [‘*5—2‘;. ‘ mm——— 9.
>¢ .'o .

,5_."—'-
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. 3. \Energy: PQ_K = const.

To make the analysis simpler, some authors have introduce'd.

further assumptions given below.
1. The bearing is of infinite width, or there ‘is no side leakage.
2. The process is isothermal, or the value of k is unity.

With fhese assumpticm;s, the equations reduce to:

1. Continuity: 2_(ew) =o

------ 6
2x
DF du
2. Momentum: <= =m55. s 7
2 _ 5 .
Wy T ° 8
2P -6 s 9
Z
2ne: a4 Y. emeas 10
3. Energy: P€” = const.

These .basic equations (1 to 10) have been solved by various

authors. The solutions will now be presented in brief.

TERUST BEARINGS

All the ndrmal types of hydrodynamic thl"ust bearings ‘as
commonly 1.1sed with liquid lubricat:ion may be used.with gases.'_AThe
"thermal wedge” effect, though pres;nt ‘in gas-lubricated bearings,
is of -negligibie amount due to low viscosity énd comp;essib.ili.ty

effects. So parallel face slide‘i‘ bearings can not be used with
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gaées. Leav1ng the parallel face sllder bearlngs, they can'be
’clas31f1ed in five categorles.
;. PiVoted Pad Type.
2. Fixed Ihélined Péd Type.
3. ﬁayléiéh Step TYpe;
4. Hydrodynamic Pécket Type.

S. Groéved Type.

The theory of pad type bearing is.the simplest and the most
fundamental‘in hydrodynamic lubrication. The first theéretical
work on gas lubrication was done byAHarrisén (2)*ip 1913. ‘Harrison
. considered an infinitely long bearing aloﬁg with isothermal'pfessure-
density relationship. In short, he solVéd equations 6 to 10 with |
the followiﬁg boundary conditigns:_

U=U at z=0 and u=0 ot z=h
After-applying these bound@ry conditions to eguations 6 to 10, we get:

5 i af _ 2m K cmmiemm————— .
fbee appendix 1). 52> G U‘n _F] Fl 2?

ihis 9quation can be integrated td obtain thg pressure-profile, if
We can substituté 'h’ as a functiép qf 'x’{ in cése of‘pivdted

pad Seariﬁgs, 'h’ is a linear function éf.'x'.and SO we can‘bbfain'
the pressure-proflle, from wnlch loadA frlctlon and other characterls-
tics may be calculated. Although mathematlcs of the pad bearlng

solution is simple, the computation of'nnmerical cases from Harrison’s

"solution is extremely difficult, bécause . the pressure is found to be

#*The numbers in the parentheses refer to the'numbérs‘in the Bibliography
Part I.
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cont;ihed'implicitlyrin difficult transcendental'équations., A few
cases have been worked Quf by Fofd-etlal (3), whose results afe
sﬁgwn.in figure l.l. This equation was solved by perturbation
metﬁéds.(to be described later) by lbow and Saibel (4) for
préssure distribution and load capacity. Their resﬁlts are

shown in figurés 1.2 and 1.3.

Ausman (5) derived the equation relgfing.pressure and film
thiékneés for fiﬁiie bearinés witﬂ polytropic eipanéion and ‘com-
pression which he solved for journal bearihgs. This ié loosely
called Reynold’s equation for compressible fluids and we will also
use this name in the thesis. Reynold's equatioﬁ can be obtaiﬁed
from equations 1 ﬁé 6 by applying the following koundary conditions: .
kSee'Appendix,2)

: Y ¥k - er
Reyﬁpld’s Equatlon:%[P}ngi] i—%—f_? h‘:\%;] = GFU%[E}"’%] B

Boundary Conditions: w= U ,v=o0 at z =o

w=20, =0 of z,=.k
The Reynold's equationfhas been solved by perturbafion method by
Mow and Saibel (4). Their results are shown in figure l.4.

.However, like all‘perturbation solutions, the solution is accurate

only for small values of E.

" In the case of a stepped thrust bearing, the usual difficulties
of the pressure solution outlined in the foregoing are largely .over-

cqmé, that is, the overall qualitative structure of the pressure and |
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load, 6ptimum design parameters and design curves can be determined
;wifh relativé ease. ‘The simélification is obtained due to the‘fact
.that the filﬁ thickhess’is conétant in'different régioné as sh;wn

in figure 1.5. Koehi (6) has presented & graphiéal method of solving.
équation l.Z'fofAinfinité width bearings. ﬁe also presented two
deqign curves (figure 1.5) from which an optimum design for 1oad

can bé obtained. He has infroduced the following new variables

in plotting these curves:

G = BMUL ‘_-_-_ _S_‘_ and s = hz_
P 1 L N

However, this design does not take into account the effects Qf énd
flow in.finite bearings. These effects can be accounted fbr'by
means of "end flow factors5 which can be calculated by solving
Reynold’s equation by a method which will be shown in the journal
bearings section. HoWevér,Ano such curves are availablg fq; the

present.

The theory and application of Hydfodynamid Pocket Bearings .
waé devélopediby Drescher (7). His'theoretical analysis predicts
pressure risé, friction moment, thickness'of air filﬁ, andipermifs“
the éelecﬁion-of:optimum dimensions. But his 6fi§inal papef équld

not be obtained to present the outline of his theory.

The hydrodynamic theory of grdoved thrust bearing is'iex-
tremely complicated. This ‘has been dealt fully by Whipple (8),
who has derived the re#ults gi?en in table‘I for the essential

design parameters for maximum pressure rise within the~b¢aring,
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TABLE I

DESIGN PARAMETERS FOR MAXIMUM PRE3SURE RISE

Value for Bearing Type
Parameter
Herringbone Type Spiral Grooved Type
e - ~ 76° 720
d/h 2.6 3.05
b/b+e - 0.7
P 0.547y 0.374y

e==1h@1é between the groove centre line and the radius of the plate.

5

P

a3

az

I I i

-

1]

I I

i

The groove depth.

Pressure rise.

Clearance between plates.
LY

h2

Radial width of groove belt.
Radial width of seal belt.
Groove width.

Land width.




‘The re{s.ults. for spiral grdove bearing have been embodied in a form
conivenient for design purposes in a ‘paper by Frotescue (9) from

which figure 1.6 has been 't‘akena‘

JOURNAL BEARINGS

There are three main types of journal beanngs.
i; Full Bearings.

2. lsartié.i 'Bear.ings.

3. Fitted Bearings.

All of the ﬁofk-done so far has been confined to full bearings and

so the -other ‘_.types will not be discussed further, Introducing new
variables (figure 1.7) P & % in equations 1.2 and 1.9 where §= %c.-

and § =%.' we get

de _ .

[P %%] + S[R3 - er&w'.‘,p[g“‘h] ------------ weneel2

These equations gne the pressure in terms of film thlckness h’.

If e substltute *h* as a function of P we can solve the equa‘tions

i

for pressure proflle and other characteristlcs. . In case of jonrnal

’ A'bearings 'h' can be approximated by the followlng equationt

h=c¢c <';+ ECasB) R R al

By ,substituiv:ing. for ‘h’ in equation 11, we get Harrison’s equation

for journal beaz:ing T

- SuWY ‘ 3 S U U/}
"(H-E(os&)[ UPe.(H—ECosp) I :

27
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Harrisén could not integrate this equatioﬂ analytically, but he solved
some specific cases by numerical integration to compare his results
with Kingsbufy's (10) experimental results. To evaluate the consfant
of integration.K, he.assuméd that the gas within the bearing remains
constant, whether.or not the 5earing is rotating. Mathematically,
this condition is eipressed by: |

aw o

| phdp = consh A
His results are shown in figure 1.8 along with Kingsbury’s éxperi-
mental results. Harrison suggested an apbroximation to journal
bearings which may be called ”Double Wedge”. This gives an approxi-
mate analytical solution for journal bearihgs, but the evaluétion

of specific cases is extremely tedious.

In 1950, Katto and Soda  (11) obtained a ser@es soiution to
Harrison’s eqﬁation and proved con?engence (see Appendix 3). In
this way they'werebable to>generate a la;ge'family of curves
{(figure 1.9) for infinitely long bearings. However, the large
effects of side leakage on finite bea;ings, plus the “"constant
mass of gas” condition embodied in Harrison’s method, limit the

practical vélue of their results.

Scheinberg (12) avoided Harrison’s (2) ®constant mass of.
gas® condition and at the same time sucééeaed in evaluating the>
effects of end-flow on finite journal bearings. The basic steps:

in his method are:
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An infinite length solution is obfained by numerically
integrating Harrison’s eguation, leaving the constant
of ihtégration (initial pressure) undetermined.

The axial pressure is assumed to be geometfically

similar, that is, independent of f , which assumption

yvields a condition for the determination of the constant

of integration in the infinite width solution. The
resulting condition is:

21 . o
J:Téb;f’dp = F L ‘hadp = const.  -e---c---oeoeo-- 15

.

The pressure distribution is assumed té be of the form

§ . ‘
P— Fa ::(P.o—Po)f_l— C“h?l.] ---------------- 16

Cosh

ka

. in which the coefficient of leakage, KL is determined

by a mass balance (equating inflow and outflow of gas)
ovér that portion of the lubricating film bounded by :
the planes P=°, P= 7Vand the ends of the bearing. In
choosing the iimits of D M 7( the method is somewhat
empiricalf This was necessary because_equation 16 ié
not a solution of Reynold’s equation ;nd hence does not

satisfy the continuity relétibnships macroscopically.

So to force the assumed pressure distribution to satisfy

the continuity relationships, the limits had to be chosen

arbitr&rily on the basis of experimental results.

33
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Assumptions 15 and 16, though not exact duplications.of the

true pressure distributioh, are reasonably accurate, because ét

small values of G (G —=0) they match the solution for liquid-lubficated
beaiings, and‘because the pressure distribution approéches the infinitg-
length solution (as it shoﬁld) at very high values of G (G-+o0),
Scheinberg was probably the first to show that at sméll bearing

numbers (G —*+0) the keynold's equation becomes the same as that

for liquid lubricated bearings, while at high bearing numbers (G =)

the fiﬁite and infinite length equations become identical.

Scheinberg’s condition 15 which determines the constant of
integration, is still not quite the correct one as derived by Elrod
and Burgdorfer (13), but it is much closer than.Harrison's *constant
mass of gas” condition. Scheinberg’s results are shown in figuresA

1.20 to 1.24.

In 1957, Ausman (5) proposed another method of solving the
Reynold’s equation. It is based on the assumption that the ratio
of fluid pressure changes to ambient pressure is of the same order
of magnitude as the eccentricity ratio; This method can be considered
accurate for small values of EE‘:%E but the app;oximation does not
hold for higher values of E >—'2- « For small vélues of E Ausman
developed a perturbation solution from which he éalculated-load §nd
attitude angles. (See Appendix 2) To circumvent the limitation of
smail E , Ausman suggested the following approach,ﬂwhich extends
the range of usefulness:

l. To compute end-flow factors -"\% where both W and Wy, are first
. 00
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order solutions.. (See Appendix 2)
2. To use these factors to modify the best available infinite

ﬁidth solution for end-flow effects.

In this attempt, Augman (14) combined his finite width solution
with Kafto and Soda’s infinite width solution to getrdesign curves.
In doing this, he assumed th§t~the effects of end-leakage oh heavily
loadéd bearings>§ould be the same as on lightly loaded bearings;
This aggumption has no-rigorous proof.and the only alternative is
to compare with experimental results. This was done by Ausman (15)
and the comparison was quite satisfactofy. The comparison will_be

.shown in a later section.

In 1959, Elrod and Burgdorfer showed that the proper»condition
for the evaluation of the inteération constant K in Harrison’s (2)

equatioﬁ iss _
R, 3 a E3 Y
[ei2ap = &I h2dp = comst.
. o

With this condition they have obtained a solution for infinite width
“bearing which seems to be the best avéilable solution. The condition
uséd by. these authors seems to be logical, because if a comparison
-is made with the equatipn for viscous flow in thin passages, the

. 2 .
guantity (R°k3 ) seems to be the accurate representation of mass

flow.rather than (Boh) as assumed by Harrison.

After getting the solution of Elrod and Burgdorfer, Ausman

has plotted another set of curves, combining his finite width
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with their infinite width solution. 1In plotting these curves,- he
also makes an arbitrary choice for values of k to fit his results

to the experimental data. He uses k = 1.4 for load calculations and
k =1 for attitude-angle calculations. These curves. seem to be the

best available design curves and are shown in figures 1.10 to 1}13._
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2. EXPERIMENTAL RESULTS AND THEIR COMPARISON WITH

THEORETICAL PREDICTIONS

Experiﬁental work on thrust bearings is that Qf'HbNeilly (16)
and Brunner et al (17). McNeilly has investigated Kingsbury’s (10)
thrust bearing using air as a lubricant. But his paper could not ‘
be obtained. Brunner et al have investigafed the pivoted pad bearings.
They have found‘that pivoted fiat surface bearings proved unstable.‘
The wedge~effect with air as the lubricant apparently is too weak to
support much of a load. The wedge was thus magnified by investigating
a cylindrical convex surface slider. This improved significantly the
stability and‘increased load carrying ability coﬁsiderably. Maximum
load capacity for a given film thickness was obtained at a crown
height (chord to curve) of around 350 micro-inches. For a given
minimum film ihickness the angle of inclination was also found to
increase witﬁ crown height.  Speed tests indicated the filﬁ-thickness‘
variation with speed for a given load is nearly linear. They also
found that the isothermal flow conditions are a little closer than

adiabatic.

Excellent experimental work has been done on journal bearings
by Kingsbury, Ford et al (3), Wildmann {(18), Scheinberg (12), and
.Sternlicht et al (18). Out of these the experimental results of .
Ford et al and Wildmann are most extensive. They used a number of

different gases for lubrication. However, the original paper of
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Wildman could not be obtained. His experimental results have been
plotted in the comparison section along with the results of other

workers.

Ford et al tested bearings from 1 inch in diameter to 7
inches in diameter, but the work on béarings larger than 2 inches
is limited. The summary of their results is shown in table I1I.

Their results are plotted in figures 1.14 to 1.16.

Sternlicht et al tested bearings ofiz inches and 2.5 inches
diameter with a length diameter ratio of 1.5 at constant speed.
They obtained pressure distribution curves for ﬁarious axial positions.
Their results are éhown in figures 1.17 to 1.19; From their experiments
they.concluded that the turbulent incompressible case is closer th&n

the laminar iﬂcompressible case to the compressible solution.

4

Dr. Ausman {15) has éompared the theoretical predictions of
various authors with the experimental results available so far.
From earlier discussion we know that the finite bearings have been
dealt with by only two authors:

a) Scheinberg’s (12) solution.

b) Combined solution of Ausman and Elrod-Burgdorfer.

Ausman has plotted curves to comparé the above two solutions
and his first order perturbation solution with the experimental results
of Kingsbury (10), Ford et al (3), Wildman (18), Scheinberg (12) and

Sternlicht (19).. Figure 1.20 shows some tyﬁicél pressure diStribution
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SUMMARY OF EXPERIMENTAL RESULTS OF FORD ET- AL

Range of
Variable Effects and Remarks
Variation |
1. Speed N 0-15000 R.P.M. W increases with N
2, Mean radial 0.2-4.0)(10"3 inch W increases as c

4.

clearance, c

Ambient
pressure Pa

Viscosity

Ratio of spe-
cific heat k

Length-radius
ratio L/r

Radius r

2-225 lbs. per sq.
in, abs.

2:1 (using hydrogen
and air, k = 1.41
for both)

1.11 to 1.67 (ether
to helium)

l to 8 (for r =
1 in)

0.5 to 1.25 in

decreases

W increases with Pa in
compressible flow

1 W increases with rl

Little effect, slight
tendency for W to
increase with k

Pm increases with (1/r)

Pm independent of r
for constant G
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curves f;ém-the-tue fheoretical so;ufions and_Wildman's exéeriﬁents.
Tﬁe'expe;imeutél results_show that_the'positive peak‘bressure is
-more‘positive than.the negative pressure is negative. But-Ausman?s (15)
first'erder perturbation solution gives equal peaks 5eeause the

‘secpnd order terﬁs=ere neglected; 'However, ﬁhe loéd or'integ;ated
sressure is not affected by second order terms. Fof this;reason,

the load cuaractefist;cs predictea by his solufien‘are-better
approuimations tuan the pressure comparison of fiéure 1.20 would

lead one to'expect.

Scheinberg’s (12) similarify,assumption, though not a true
representation of the actual physical behavioui, gives a :eésonabie
approximation in the regions of peak pressures, wﬁich regions have

"the greatest effect on determining the magnitude of load. ‘The asymmetry
effect about.the ambient.pressure is included in his pressure distri-
bution as shewn in figure 1.20. The double peakiug-phenoﬁenon
indicated by Ausmen's }irst otder‘perturbation_solution and sub-
stantiated by Wiidman's data is uot acceunted for in Scheinberg's
solut.ien which is qlual_ita.tively the seme_?as shown for- IB = [80° -and

' Dpifor'other values ofP But this.phenbmenon'odcurs af reléﬁively.
low pressures and at P» values of roughly 9Qe away from the load lune.
~ For these reasons 1t may be expected that Schelnberg s’ solutlon ylelds”
_‘good results for the magnltude of the load but not for the att1tude
:iangle which is strongly influenced. by pressure proflles in the reglons

i190° away from the load. This conclus;on is substantlated by flgure 1.24
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- ?igurés 1,22 to 1.24 demonstrate the manner in which the actual
ioéd carrying ability-of-the bearing "increases morekand more above the
straight line load eqqenfricity characteristic predicfed'by first
order solution. ihe>more accurate curves of Scheinberg (12) and
Ausman’s (15) combined golutioﬁ show better approximation. ' In the
attitude éngle versus'bearing'parameter curve of figure_l.24; the
first order theéry'qf Ausman is-seen to be iﬂ better agreement with
- the experimental results of Scheinberg and Kingsbury (10). fn
'cont}ast, Scheinberg’s theoretical predic{i;ns yield substan{ially

poorer results as anticipated.
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3. STABILITY

Due to %he’low damping characteristics of gas films, certain
dynamic inétabilities need fo bé>anticipa£ed and controiied which might
VhaVe been suppressed or passed-unnoticed with Yiguid iubricéﬁts where
thé damping action is greater. ‘Pivoted pad'shoés used in sélf-actiné
fhrust beérings.have a number pf instabilities of fhéir>§wn.' Deérease
in £film thicknéss.;s'load>iﬁcreases'maj cause a flatAshoe to bécéme‘:.
parallel to the runner and.the bearing becomes unable to support é
load and collapses. A crowned shoe will not exhibit this tendency.
Pitching, rolling and vertical bounce are other forms of shoe in-
stability, and all of these modes of action réquire investigatio;
if the application -is to be completely successfui. The problemrof
instability in:thrust bearings has been analysed by Brunné¥ et al (17)

who found- that crowned pads are more stable than flat pads.

In journal bearingé there are two types of insfabilities

which may-occur singly or simultaﬁeously; Tﬁey_are:l
1) Synchronous whirl.
>2) ﬁalf speed whirl, commonly‘khown aé "0il whip” in

liquid béérings;' | _
In both’tybeé of whirl, if_thé>motion of the whole shaft is~consiéefed
it is found that whirling mofion of the‘énds\of the shaft may”pe;in ‘
phagé }cylindrigaliwhirl) or;antiphaséd (cénical:whirl).A When :bta-
tional s?eeds are_inéreaééd indefinitely>or_ciearance decreésed,:

~attitude angle ﬁen@@ to zerxo andggas film stiffﬁess becomes constant.
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VThe Vibrations}prodﬁced under such conditions which are excited: by
fheidis&urbing f&rde due to residﬁal unbalance in tﬁe shaft are
‘callédx”synchrOnoﬁs ﬁhirl" because they have the same frequehcy as.
the rotating shaft. On the other hand, in lightly loaded bearings
‘rqtating'under hiéh speeds, atfitude angle 4b tgﬁds to- 90¢° aﬁd the

shaft tends to run into the "half-speed whirl.”

#Synchronous whirl® has been-dealt with by Brix (20) by semi-.
empiricéi methods. He hés given equations for spring constant of.
gas films for low eccentricities ( E'<.9h). He has_recomménded the
following methods to avoid synchronous whirl:

1) ée&ringsushould be spaced as far as possible in cases
where the conical mode gives the 1owér of the tﬁo critical
speéds.

2). Overhung masses should be avoided.

3) The best way .to raise the lowest critical speed is to
increase fhe film stiffness by reducing clearance, a

very powerful variable.

"Half speed whirl” is usually the main source of trouble for-
high speed-operation; It manifestS'ifself as a Vibrafion of the
j§urnal in thé bearing clearance space ﬁith aAfreqﬁency eqﬁal fo'_
half the running speed,.and may-be compii?étéd b& shéff elasticity
-ifrthe\machiné-is running at or above twigé,its cfitical.spéed; .
There is a much simplified dualifative explahétion of this effect.

In a self-acting beéaring the lift is produced by the differential
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shearrng"ofAthe.fiuid as it is squeezed between the converging_.
surfaces’ofbtne pearing.' The average speed of the fluld is of the.

; order of one half the speed of the moving surface. If now.the position
of the wedge journal between the movrng and fixed surfaces also moves
>‘1n the dlrectlon of the fluld at the average speed of the fluld ‘no
'illft producrng action can occur. Thus, motion of the shaft centre
about the bearingﬂcentre of-about half'shaft-speed, which produces
.the sameseffect; destroys the action of the bearing. .When this-
phenomenon takes place‘in’bil.bearings the motion is observed to

~ occur at between one third and one half‘shaft speed. In.gas Bearings,
however, the effect has onl& been observed to_take place at veryi
‘clcse to half the snaftispeed. By extension of existing tneorres
Fischer et al (21) have developed a procedure for predlctlng and
controlling half speed whirl under hydrodynamic as-well as hydro-
dynamlc-hydrostatlc operatlon. But their publlcatlon could-not-

be obtained to presentethe details here.

- The methods of suppression are similar to those used~in
-liquid,bearings and include:
1}  Misalignment of bearings._
2) Reduction of bearing length and clearance.
’_3) Application of exfra'bearingzlosd.'
. 4)s‘Applicatlon ‘of asymmetrlc hydrostatlc pressure to- the ;
- bearings by means of a feed hole or groove in the bearlng.

'TZQHSi,que of stablllzlng pockets.
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However, the grooving of the bearing ‘reduces the load capacity.
Doescher (7) has described the effects of stabilizing pockets which
are shown in figure 1.25 along with typical pressure distribﬁtion
in the grooves.  ?he idea of asymmetric hydrostatic iéading nas
‘been used by Brewster (22) and‘seems to be the most powerful method .
of raising the threshold of whirl instability. Experiments show
that.modest pre%sures and a vér& small flow of gas is enpugh to
stabilize the bearing. 1In the case of'horizéntai machines the
same effect is obtained if a hole is drilied through thé bearing
‘wall in the regions where subatmospheric pressures‘exist; This
simple device is surprisingly effective and Ford et al (3) hgvg '
beén able to raise the threshold of whirl instability. from 5000

R.P.M. to 14000 R.P.M.

Preloaded multiple pad gas bearings do not suffer from half
speed whirl instability, a féct already QBServed iﬁ connéction with
liguid lpbricatea pad bearings. Besides this advantége, pad journal
‘bearings offer no better load carrying performahnce than.plain journals
and-present-considerablé complexity in_manufacture, gauging and

installation.
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4. EFFECTS OF VARIOUS PARAMETERS. ON THE PERFORMANCE.

SPEED:

The’load carrying capacity increases with the speed in the
beginning, but ultimately settles down to a constant‘value which
depends on the ambient vressure and is-independént of speed, viscosity
and bearing clearance. The attitude angle also increases as the
speed is increaséd. It is also shbwn-by Hughes and Osterle (23)
that th; inertia terms can not be neglected at very high speeds.

Their results show inertia effects can be significant in laminar
regime. ZXError in load capacit& depends more on speed than eccen-
tricity ratio, amounting to 11% at 200,000 R.P.M. At low speeds

inertia effects are negligible.

RATIO OF SPECIFIC HEATS:

Fgrd et al (3) have used various gases in their experiments.
The value of k varied from 1.11 to 1.67 but they have found very
little effect except for a slight tendency 6f increase in load

capacity with k.

MEAN MOLECULAR FREE PATH:

Burgdorfer (24) has shown that the lubriéating gas does ;
not form a continuous medium in case of hydrodynamically lﬁbw
‘ricated bearings which operate mostly witﬁ narrow gap widths. "

The assﬁmption of continuous medium is limited to flows where the“

molecular mean free path of the gas is negligible compared with
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the dimensions of>flow passagés. By selecting some values from
‘x.m{ama;i's (18) .e'xperimental data he has shown that the ratio of
molecular meah free pafh to radiél élearance is not negligible and
hence, the fluid flow phgnomenonlin gas luﬁricated.béaringq should
be treated on a‘microscopic rather than macrosqépic basis, at 1éast.
in some cases. When the molecular free pa{h becomes comparéblé to>
the film>thickness, the following effects must be taken into accouﬁt:

q) SlippingAbetWeen the gaé and walis.

bi Discontinuity iﬁ temperature between the solid boundary

and gas.

As long as.the'ratio of molecular mean free path‘and‘the film
thiékness is betweéh 0 and 1 (which is.usually the case),.theﬁ,
és a first approximation the flow may be still éreated by.Reynold's’
equation but with modified boundary cbnditions td fake into accéunt
the abové mentioned effects. He has solved Reynold’s equation for
a Step bearing and inclined bad slider bearing usinéithe pertur-
bation method. -'l’he analysis of the influence of the ratio m
_(moleéular mean free path to a representative film thickneéé at>
a>réference location) on the performance of gas iubricated béérings
shows tﬁat:

a) Values of m greater than .0l will hgv¢ a noticeable

| effect on the bearihg peffo%mancelsﬁch as.load carrying

cépacity ana'the friction coéfficient;
b) The load carrying capdcity dééreaées with increasing

value of m. This decrease.is most pronounced at low
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speeds. On the other hand, the influenge of m at very
high speeds is negligible
¢) The friction cOefficfént decreases with increasing value

6f m.

MISALIGNMENT OF_BEARINGS:

In some applications of gas lubricated journal bearings,
theimisélignmént torque of angular stiffnéss of the bear;ng i; of
interest. For example, a very high gnguiar stiffness 1s required
forigyroécobe~roto;.bearings in order to aécuratély define thé.sﬁin
téference axis. Dr. Ausman (25) has deveioped a perturbafion solﬁ-
tion for the tOIqﬁe produced by the misalignment of jburnal bearings.
A numerical exémple‘gives a misalignment torque of 0.16_pound inch

per second of arc misalignment.
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In the case of thrust bearings, a disadvantage of the pivotéd

pad type-of beéring %s that the pivots need\eitremgly accurate:
setting because of the smaller Lunning clearances (usually between
.0001 inch to .00l inch) necesséry with the gases. Alternativel&
a system of load‘equaiizing levers and pivots may be employed or
if the axial setting of the thiﬁst bearing'ma§ be allowed to move,
spring loaded pads may be used. The other types of bearing aﬁoid'
this difficulty. Drescher‘(7) describes fhé application of hydro-
dynamic pocket beafings to an asynchronous motor. Application of
spirél grooved thrust bearings to a carbon dioxidé circulator is‘
deécribed by Ford et al (3). They are easy to make and reliable
in sefvice. Thrust plates>are usually ground and machine lapped.
The flatness oﬁtained is within ;ne or two fringes of sodium light
as measuréd using an optical flat. Pumping grooves ére groﬁnd |
into the surface.on a special machine after lapving. The fixed
platé is mounted on a ball pivot gymbal mountinq to p?ovide self

alignment. The material used for the fixed plate was carbon.

Safisfactory bearings can be made using's?mple'and familia:
machining and;finishing processes but‘éafe must be taken at gp;
propriate stages in manufactureAto enéuié that adequafe stress
' relieying‘heat treatmenf is carried out. ‘Normally the_surfacéf
finish required for gas bearings is of thé order of 1 to S microf

inches rms. This can be obtained by honing.
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"Radial clearances in gas bearings range from 0.0001 inch- to
0.001 inch rather than 0.001 inch:and up, as in oil bearings.
This.cal;s for:cafefﬁl design of supports. »The self aligniné _
mountinés are érrangéd to cause the least poésible.diétOrtion.
‘In préctical maghines, journal bearings are mounted in- thin metal
diéphraéms whose thigkness is chosen by trial and error as a com-
promise bétwe;n being so fhin as to cause beafing flutter and being
so thick:as to éllow>adequate self élignment. These digphragms
- are usually made from sheet metal by grindiné tﬁeir intérnal and

external diameters when assembled as a firmly clamped stack in

a jig.

Bearing materials present a problem because of starting and
stopping condiﬁions when the hydrodynamic film is inoperatiVe and
contactAoqcurs; Suggestions have Béen médé that the>difficulty”
‘of starting should be overcome by usiné either a;h&drostétic luB—
rication or a liquid lubricant which boils off as the bearing
accelerates to full speed; Current practicg is to use conservative
Bearjng load (1 to 2 PSI of projected.a¥ea) and ha;d bearing
matefials~suchAas chromé, nitrided stegi of tungsten carbide.
Corrosivity of the lﬁbricatingAgas ;lsoiinflueﬁc;s chbice of bearing
matérial, hence the employment of inert-éas atmoépheres. ‘Reéentli
. some applicationsrhaﬁe been dgscribéd where ceramics have been
used Qith helium due .to the exceliént anti-galling properties of
ceramics.> Af ve;&'high temperatures, in the region of 500°

centigrade, it may be possible to- make use of the good boundary
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lubridatioh prqperties of the reactive gasés such as sulphur hexa-
fltioricié in conj;mctio_n with certjain‘alloys, but n.:)\»infonnation is
availavle. The é;reas of application of air bearings compriée of
precision grino‘ers, ;curbo expanders, gas cifculators,i air cycle
refrigerating maci\ines, instrmﬁénts, gyros etc. Applications

are being contemplated from -200° farenheit to 3000° farenheit

and from very low.speeds to 500,000 R.P.M.
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APPENDIX 1

From equation 7, 8, and 9 we note that pressure is a function
of x only » SO we can.integrate equation 7 twice to get -

2 .

u= % ¥ Cz + G where Cj and Cy are constants.

QFL
%l

L
M
Applying boundary conditions:

u=0 at z= h_

& u=U ot 2z =0

we get U = U[l--—]-—-—-‘dPB\ 2-] ------ 1.1

The mass flow throucjﬁ any section can be represented by:

j"’guo\z or IAPudz. becouse. PR™ = const.

LS SR
f P\{.dz :-.PI udz = K

Q

Substituting for u from eguation 1.1 and integratihg we get:

K < uh_ 1 e
P =2 lz,u- ax

1P
%{( = ‘29,3 Y_'I '5;5'] """" 1.2

For a pad bearing referring to the figure:

he b s [ 0]

Then from eguation 1.2 we have:
3 S
I _o\£. A P

x
_A,. dw
A — - dh = wmmem1.3
A cUwtk P ST
}J.
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- e . : . ‘ 2 T
The form of the integral depends on the sign of (P-KA" 3/-‘0) and for
our present purpose this will be found positive within the required

range of U. Hence integrating equation 1.3 we get
L (8" euw+K)+ 3V
2 H (,,),KA - SP."U‘)

tor'wa- 3BV _Inh=c
TERasEuysT

Boundary conditions are:
h.:k‘ é:} x = o and»"\="\2 at <=1

Substituting these boundary conditions and subtracting the two

equations so obtained, we have an equation from which to determine K.
.. ‘
( Afah ' '
In f',;'- 2 L, (55 - eurhatK) EY Y, {_h - ARk, -3MU
-T2 (A‘::"‘f'_ CURN + k) (mKa- 9l uyha (KA =3 Ul

tonc! ARh,- 34U ]

----- 1.4
(KA —9puluy¥
To find the value and position of the maximum pressure we get:
_A_.l = 0
ax

6UPH = K fvom eq\ua.ﬁ';o?\ .2, .

Therefore the position x, of maximum pressure is given by the equation:

e |
h-Aax 1(—‘) K
n M0 1, 6u 3V -t ,Q__-a v
" h T2 apiht T aKa-e ‘u‘]laﬁm“‘—“—*es
' SRS TURT S e A (pka-gluds

o= AP-.‘H- 33U
(kA= uy*h |
Having found X1 from this equation the value of maximum pressure can
be foimd. ‘ As .will be seen, it is extremely difficult fo calculate results

for any specific case from these equations.
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APPENDIX 2

.From equafion 4 we note thét pressure is not -a function of =z
and so équations 2 and 3.car_1 be integrated to give:
- BB T ex v
= 4 aa{_/ Z 4 3z + 4
Applying boundary condij:ions: ‘
w=U oF z2=0° and W =0 ot z= h

-‘\J'...=O oJ"Z.:o, ond z-_-.k

we gét ‘
w=U(-3)- &3 (h-2) S el
- r-14
= 21/& _ay(h z) 1.7

Now considering eguation 1 for continuity and integrating it with

respect to z we get

j C(u)dz-i-f-;a-(cv)dz =o o "

From calculus we. get -

. | hacow
2 [Lewdz = 30(ew, o+ [ 28042

h | ho
% [ (\n\z. = %(e\r)z:k-l— L agey")dz

Substituting for f a(eu) dz and [ (el’) dz from these equatlons
o v . .

in 1.8 we get

oh 2 4 | |
'-é?; g eudz + =T I dez = %—-(ﬁ‘-‘-),_ h @")uh

= o [Qer.cuuc. U=v=o d’l"-"ﬂ]
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Substitutin_g_ for § from equation S and noting that P is not . a

function of z we get:
éb;[fyxj;’\udz] ¥ % [p&f{,clij =0 —m==-1.9
Substituting for w énd V' from equation 1.6 and 1.7 and integratir'lg:
ox [P 339 ] + 'a‘ [py*hiaf ] = GIJ‘U %('y&“)
This is called Reynold's equatiqn for compressible fluids. For journal

bearing, introducihg new variables B and % where P = —3:7 and g= %’,—-

we get(Réfer figure 1.7)

h | |
Bl B JIR 2] - epor 20

SN AROE ARES{CARCIE S IRPRRE N (LA (X)

from equation 13: - fh = e (14 E Cos)
The partial differential equation 1.10 is still non-linear in the
pressure P but a perturbation solution can be developed if the pressure
is expreséed as a power series of increasing order in the eccentricity
ratio E.

P= P+ EP+ Efyt ~ === - --e-lld
If we Substitute for h and P from equations 13 and 1.11 into equation
1.10 and group the terms according to powers of E, the followihg set

of linear, partial differential eguations is obtained:

3t _goh 3% _ _ g —me-1.12
op° Copt oer T G""“S‘_WP
2
Se _ 20, d PRGN
Sp T %%p 5o T Foekk SMZF e [+ _B_"_)}
4-(35&“, B- g_acos - gty e ) aP| -===1.13
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In'principle{ the first eguation can be.solved for Py, which can
then be sﬁbstituted into the right hand siderf the second equation as
a kﬁéwn function. This. enables the second eguation fo be solved for
Py which in turn can be used‘to obtain the solution for PS' As the
"driving functionsf on the right hand side soon became:lengthf, the
prdcess is, in practice, restricfed by algebraic complexity to obtaining
only one or two terms beyond P, in the pressure series. Fortuneately
the second orderjsolution P, does not contribufe to the bearing load .
support, so that load characteristics can be detefmined fairly'accura%ely
with first order solution P; alone. Ausman fS) has obtained the first
order solution which is guite lengthy. Now from this solﬁtion we can
obtain the load capacity and "end flow factors”. 'Referrinq to'fidure

l.4 we have

.W‘ - _‘_2_{?‘:‘31"; CoSPaﬁ

w; f f PSonp dP

If we substitute for F from equation 1.11 and.neglect. third and higher

19.[

order terms, the only term which will contribute to load capacity will

be ER, and so:
L oA (T
W, ==Y J 4§ ! Ef Cospdf
' ’/o\
2
W, =T j o\gg PSWPO‘P
S T .
After evaluation of these 1ntegrals frém the first order solution

W = fwlew? o . | ~ienel.l4

'+°~‘<\>=3—§V—‘ : ' s 1.15
W .



End flow factors will e egual to:

W Jwiewy
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APPENDIX 3

Thg equation to be used for journal bearing solution is
equation .14:

4P _ epwyr [1 '}
dp  S(rECesp? U Pc(| * E CosB)

-Conditions which eguation 14 must satisfy:

' 1) The pressure P must be a continuous >and periodic function
of P Yy -Ai.t's pelfiod being Z7X.
2) The total mass of air contained in the bearing clearance
fnust be constant or

2R

[Pndp = ancn Tresbed
©

Where‘Po is the pressure which determines the mass of air in the

bearing clearance. Introducing new variables (_A, S, T, v, Q 27)

equation 14 can be transformed in terms of ¥ and O instead of P

. and ﬁ as shown below:

é_\‘_:- = _T—.- i- L -==-1.18
LD .
where, A= 6pnyU ve s el
Ar
2 .2 .
s = |-k " = |-EcCs®
Cosg = EXsP P = L8y
I +ECsB s* Ve

Xatto and Soda (11) have shown that the solution of equation 1.18 is:

rlar FE e Yy -]

]

\Y
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By distegarding all téfms proportional to the secoﬁd or higher powers

VAW
of 46

we can obtain an approximate solution for § . Thus:

---=1,20

: E - E - .
= 4- Cos® + —2_swwb+ —— -~
¥ 1y L+922

The validity of the approximation decreases wj.th :the increase of
the value of ¥ and E and vice-versa. But ?lt is verified that the
magn‘i;tude of VY -appearing in bearing problems is vnot so large in gengral
and therefore the error caused by the above ‘approiimatio.n is not pracfi-
cally very large. Now converting the W and © in the gcjuation 1.20
into the original notations P and F , We can thain the air filmipressure
distribution as a f\.1.nction of \p inVOlvincj E and_v as parameters. The
relation between the velocity of the bearing ( A = 6F:U ) and the
parameters (E and V ) is obtained by substituting the above film pres-
sure func{:ion ‘into equétion 1.17. Hence, given the meaﬁ load Pn'1 and
the velocity of the bearing, the eccentricity ratio E and the eccentric
anglé 4> are determined as functions of runﬁing conditions.. The
mogent'of the frictional force or the friction éoefficient f cén be
easiiy calculated in the same way as for usuai bearing problem.s. In

order to represent them in dimensionless forms we write:

X = A
A &P
> Pra
P, = N
P

ol
I
l
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where bar represents dimensionless quantities. Using above we have

— 2 3

A= {+v S -=-==1.21
?. = -,\-(i:f'f IRy —mmsl.22”
m ~ E Srvd )
+am¢ = ’9 —-"‘1023 ’
_ 2 : - : ; .

P.=x¥ |y _E_ E+CsP Es?  soup —am-1.24

s24 p? 1+»3 H-ECasp 1+ ¥2 \+em§

2 .
f =41_E_ {'__—3_2‘[95 tﬁ_—;(\fs)] | ----1.28

C[T 2 =S

Figure 1.9 shows the results calculated from the equations. 1.21 to 1.25.
Given the mean load P, and the N;elocity of the journal A, we can find
the posit‘ion of the journal centre in the &iagram and in addition know
the friction coefficient at the position. When it ié necessary to
know the bpressure distribution we may calculéte it bjr equation 1.24

“substituting corresponding values of E -and v .
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-NOTATION

Description Units
Area - o inches?
Effective Orifice Area : inches?2 )
Breadth of the Paa for a Thrust Bearing or inches
Circumferential Distance Between two Inlet Holes
in a Journal Beating
zmccentricity in a Jéurnal Bearing
Orifice Discharge Coefficient
Diameter of Inlet Orifice or Capillary Tubes ® inches
bepth of Recess in the Pad : | ~ inches

Pressure Ratios with Respect to Supply Pressure

Total Force Exerted by the Gas on the Bearing Pad pounds

Acceleration due to Gravitational Force inches
sec
Film Thickness Between the Bearing Elements inches

Ratio of Specific Heats

Length of‘the Capillary Tubes inches
Length of the Bearing in the Direction of flow inches
Mass of the Gas in the Bearind kpounds
‘>Mass of the Vibrating Parts of the Bearing pounds

Number of Inlet holes or~Number of Pads

k Change in Pressure pounds

inches
Absolute Pressure Egﬁnds
inches
(%)
P/ %
3

Volumetric Flow Rate inches
. ‘ sec
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r Radius to any General Point inches
Ry Radius of the Recess inches
R Outer Radius of the Bearing Pad, Radius of Sphere inches
R" Gas Constant ’ in2
' sec?] °R
s om
3“\1,
T Abséiute Temperature - - _ °R
u B Component df Gas Velocity in the x Direction in
: ' sec
vg Effective Pad Volume inches®
v ~ Velocity ‘in
sec
w Weight Flow Rate of Gas 1lbs
' sec
W Load on the Bearing pounds
x,¥ ’ Cartesian co-ordinates , B . inches
T Viscous Shear Stress 1bs
| o Absolute Viscosity 1bs.sec
in
§ Density of the Gas » 1bs.sec?
: . ind
€ - Eccentricity Ratio

Efficiency of the Bearing

> . {

 Small Change in Film Thickriess , _ inches
| dw; | | |

=« - <l1§%J€l}

B (334,

(%),

('~
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SUBSCRIPTS
Symbol Description
e txhaust from theABearing
£ Effective
i Initial
o bownstfeam of éfifice, i.e« in the Recess.
q Eéﬁilibrium

8 Supply

In addition some other symbols have been used at some
~ specific places. They are defined at the proﬁer place. Also
some of the above»éymbqls have been used in a different sense’

as explained at the proper place.
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1. BASIC THEORY

In hyd;ostaticqor‘externaily bressurized~bearings, the load is
supportéd by the static gaé preésure in the clearance space between
‘ thehtwo elements of the bea?ing. There is always a éefinite outward
leakage of gas which_must be replaéea by gas pﬁmped fgom an external
source through feed holes in the bearing wall. The pumﬁing‘power thus
consumed will incfease rbughly‘as the cube of the bearing clgarance:
because flow through a slot of very small height is proportionallto7
the cube of the height. - In any application of the hydrostatic
bearings nqt.onl§ must this pressure source be providéa, but‘in.
addition suitable provision must be made to aispose of fhe gas.
Hydrostatic bearings are preferred to hydroqynamic bearings in é
case of high ﬁnit'loads, low coefficient of friction and high positional

accuracies.

To promote stability qnd to economize in pump capacity, it
is desifable to use flow restrictors in series ﬁith\the gaé admi ssion
"holes or recesses. They may take theAform of capillaries or orifices.
Thé hydrostatic béaiings are classified on theAbasis of thesé restrictors.
On this basis, they‘ma& be divided in two categories:

la 6rifice Compénsated Bearings

2 Capillary Compensated Bearings
Similar to hydrodynamic beaiings,lthé hydiostatic’bearings may be
either Journal or Thrust bearing. In the case of~%hrust bearings,’

almost any configufation can be used with hydrostatic lubrication.
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Generally,‘hhe foilowing configurations are used:

1. Flat

< 2. Spheriéal

3. Conical .
"However, the mechénics of a loaded sphere or cone floated on a séét
by a jet of high~pre3sure air .are drastically different from‘thosqz
of coniénfional'bearing geometries. Very little theorefical work
. has been;doneth beérings of these honfigurhtioné except for some

semi-empirical eguations which will be given later.

1)

The items so far studied on hydrostatic bearings are:
i. hoéd Capacity‘ |
2. Gas Consumption
3. Stahility
All these 1tems are studied for steady load without any rotation.
No study has been undertaken on the effects of rotatlon on the
performance, in'a quantltative manner. we Will, flrst of a}l, develop
equations fof the flow through orifices, narrow slots and capillaries.
a. Flow through.orifices: -The.weight flow rate for adiabatic

. compre551ble flow through an oriflce is given by (see Appendlx 4)

Win =G A, ‘3 \)p:‘[,(;) { ;‘&W}] """ "-'.'"2'1

b. Flow through narrow slots: ,"hls*xepresents the flow out ..
6f bearing clearance. It is given by}-(see Appendix 4)

1) Rectangular Slots:

bh 2y
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'2) Circular Slots:

_ gmigt ] ~

w

| RMRTLE [¥ -f. | R
. ce Flow thréugh capillaries: The flow through a capillary -

ﬂnder isothermal conditions is given by: (see Appendix 4)

1) Laminar Flow:

w. = %Wd"'Ps ‘)

" zss,u&'&t ...... e
2) Turbulent Flow:
8 _ k]
w;, = Y_:_o B X0 4'5 (P-%o )] ...... Ref.4
T L

In stéady state conditions, the weight fiow coming in through
orifices or capillaries must be equal to the weight flow out of the
bearings. Mathematically,

W in = W out
It is possibie to obtain the pressu;e profile, load capacify,Aéas floy
and other characteristics of the bearings from this relation. This has
been done by Laub (l)* for flat thrust bearings and by McNeilly (2) and
Righardson et al (3) for journal bearings. Laub has developgd én expres=-
sion for load capacity.in terms of Erfor Functions which can be found
_in most sets of mathematical tablés.; (see Appéﬁdix S) He haé alsoA
plotted the load carrying capacities of bearings of one sguare inch

area against R/R, which is shown in figure 2.2,

*The numbers in ‘the parentheses refer to the numbers in the Bibliography,

Part 1I.
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Mbﬁeilly (2) has treated thrust and journal bearings. He
has approximated the journal bearing by considering a set of opposed
thrust discs.’ Hé has developed a design procedure for these bearings
and has put forth some recommendations for the numbei of holes in

different sizes of journal bearings. (see Appendix 6)

Richardson et al (3) have also developed a design procedure
for journal bearings on the same lines as McNeilly. (see Appendix ;
7) The“only difference is in the shape Qf<the discs, which is réc-~
tangular in Richardson’s case and circular in McNeilly’s case.
McNeilly has assumed a radial flow and Richardson has assumed only
axial flow, the circumferential fIOW’being ﬁeglected. So the

_designs obtained by these methods should be used with caution.
These assumptions will be discussed in greater detail whiie comparing

the theoretipal predictions with experimental results.

Very little work has been done on capillary compensated bear- .
ings when compared to orifice compensated béarings.> In thé equatioh
~ of turbulent flow through capillaries, f’ is the friction factor
which must be determined exper}mentally. Pigott and Macks (4) have

dealt with this type of bearings in brief.

SPHERICAL BEARINGS .
There is no exact analytical treétment of these bearings.
waever, Corey et al (5) have developed some semi-empirical equa-

tions to determine the basic pdrametgrs of these bearings.
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They are given below: (figure 2.3a)

a. Minimum pressure required to raise a given load (psig):

p =W for Q= 60°
mn _:zg} o
o= W or 8 =30
Penin -80R? f
Piy =W~ For8 =9
mn 221 R2

b. Air flow versus air pressure:

P = (‘8 + I-Sﬁv\'\n) - (IB+ 0s P..'.,.) l 1~ (QQ:GD‘

Glm«“¢9 574

ce Air pressure versus lift:

L = ¥ 2SR™S P > Rr2s
. 5000 @ 37+4-02S Ra‘)ﬁ?:,'.,.] "
Puga+ 20+ 2SR P—fo p<P2S

Lyl = n

* 5000[(0-37 4035 R3) ,'P..i.] s

Agreements ofvthese equations with experimental data is within 5%.
They have also suggested a design which will provide maximum load

carrying capacity for minimum flow. They have suggested that the

seat should be machined to two different radii as shown in figure 2.3b.

CONICAL BEARINGS
Semi-empirical equations have been developed for theseAbearings
by Gottawald (6). He has developed équations for load capacity, volume

flow and friétional moment for the air bearing shown in figure 2.4.

w=¢P
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where cj ah& co are constants to be determinéd from figure 2;4.A These
constants depend on the radius ré as shown in figure 2.4. The pressﬁre
P, volume flow ¢ film thickness h and frictional moment X must bei-
substituted in C.G.S. units. The value of these equétions is very
limited, because they apply to.the particular bearing. tested. However,

it indicates a procedure for determining the pertinent characteristics

of a bearing from a model.

A recent development in hydrostatic bearings is a step beéring
as shown in figure 2.5. A description of this type of bearing is

given by Adams (7) along with certain empirical design equations.
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2. EXPERIMENTAL RESULTS AND THEIR COMPARISON

WITH THEORETICAL PREDICTIONS

The major part of the experimental work on thesé‘bearings
has been carried out by Laub (1), Richardson et al (3), Wunsch (8)
and Pigott and Macks (4). Laub has conducted experiménts on thrust
bearings of the following parameters: (Refer figure 2.la)
R = .565"
R/R, = 2, 3, 36.2
The range of pressure variation was from 8 to 48 psig. His results
are shown in figure 2.6 and 2.7, along with his theoretical predictions.
It is very encouraging to npte thg~excellent agreements between the
theoretical and experimental results within the range of pressures

and step radii investigated. The author has also made a reference to

his work on journal bearings, but it is not yet published.

Richardson has tested thrust bearings with rectangular pads
to approximate the conditions in journal beérings. He determined
the pressure distribution and flow rate data fér'a range of pressure
ratios fe from 2 to 12. To minimize leakage problem, he ranAthe
tests with supply pressures Pg near atmospheric and the exit pressures
P, in the vacuum range. The dimensions b and L (figure 2.1b) were
fixed at 6.25" and 4” respectively fof all tests.
The values of d and h were varied as follows: |

d = 0.013", 0.020%, 0.040%, 0.078” and 0.156%

.001" to .006"

]

h
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FIGURE (2:6) — EXPERIMENTAL RESULTS OF LAUVS.
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His results-are given in figure 2.8. From these figufes it can Bé
seen that
l. The pressure distribution is sensibly linear for a wide
fange of pressure ratios.
2. The change in pressure ratios with respect to h is most
rapid for higher pressure ratios. |
3. The pressure distribution in the secondary direction is
linear but not constant as assumed in thé‘earlier analysis

of journal bearings.

Richardson also tested journal bearingé. He subjected the test
bearing to a wide range of loads with supply pressures up to 200 psi.
- His experimental results agree with hié theoretical predictions within>
20%. The discrepancies mﬁy be due to the assumptions of oné dimensional

flow-

Wunsch (8) has done experimenfs on thrust bearings with various
amounts of set-baék of the orifice plug as shown in figure 2.9. His
experiments indicate that there is an«optimhmvvalue of set-back for
maximum load capacity. He also changed the érifice diaméter,>but

found no effect on load capacity. His results are shown in figure 2.10.

'Experiments on capillary compensated bearings were performed
by Pigott and ﬁacks (4). The parameters of their test bearings weré
as follows: (figure 2.la) |
1) Ro= .9057‘R = 1,0797 D = ,062" and ,0057 d = .0407 L = 10’, n = 1.

2) Ro®. 2.5/ R=37D= .0054d= ,040Y L =10°, n = 4
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FIGURE (2:8) = EXPERIMENTAL RESULTS oF RICHARDSON .
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'They kept the temperature of the capillary tubes céﬁstant at 80° F .
énd varied the bearing temperature from 80° F to 1000° F. Their
results are showm in figure 2.11. From the éxperiments they concluded“
that:
1. The load carrying capacity increases with the increase in 7
operating temperature.
2. The multiple pad design is more stable than the single pad

designe.

Experimehts on spherical bearings were conducted by Corey
et al (5), from which they derived the equations given.eaflier. They
used spheres of 27, 47, and 6% diameters. Their results can be found

in the reference (5).
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3. STABILITY

The instability of gas bearings is one of the chief deterrents
which have so far kept them out of use on a major scale. In hydrostatic
thrust bearings the main reason for instability is the phenomenon
known as “Air-hammer”. The “Air-hammer”™ is caused by the longitudinal
oscillations of the bearing disc. This phenomenon has been studied
analytically in detail by various authors, and has been substantiated
by experimental results. Roundebush (9) has given the simplest
and probably thé best analytical treatment qf the problem along with
curves showing the effects of various parameters on stability. (see
Appendix 8) Licht et al (10) have determined the stability criteria
by the application of Routh’s stability criteria. They have found
good agreement between theoretical predictions and experimental |
results. (see Appendix 9) The conclusions by both the authors
can be summarized as follows:

l. For stability the air-storage capacity should be held

to a minimum.

2. The recess depth D is the most important parameter.
affecting stability and‘hence it should be kept as small
as possible. However, reduction of recess depth reduces
the load carrying capacity and so a compromise should
be sought.

3. The largest possible nozzle or orifice should be used.

4. The difference between the supply pressure Py amd recess

pressure P, should be kept minimum.
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5. The bearing should be operated at highest poSsible temperature.
6. The bearing should carry the maximum possible load within the

safety limits of h.

From the above it is clear that the bearing parameters should '
be determined for a compromise of maximum load capacity and maximum
stiffness. Practiéally the same considerations apply to journal
bearings. Richardson (11) has shown that thg inherent orifice com-
pensated bearings as shown in figqure 2.1b {(where the recess depth

is zero) are more stable than pool bearings. This seems to be logical.

In the case of spherical and conical bearings, spherical
bearings are more stable. However, the stability of conical bearings
can be increased by using two rings of inlet holes instead of one as

shown in figure 2.4.
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4. EFFECTS OF VARIOUS PARAMETERS ON THE PERFCRMANCE

i. SPEED

It is generally agreed that the load carrying capacity of the
bearing is augmented due to hydrodynamic action when the bearing is>
in rgﬁation; but no quantitativé data is available. Cole (12) aiso
states that motion has a stabilizing effect so that unstable bearings

will be stable at speed, but this seems unlikely to be generally true.

2. TEMPERATURE

As stated earlier, increase in temperatufe incréases the load
capacity and the stabiiity of the bearing. In this connection it
seems impor£ant to examine the assumptibns of isothermal and adiabatic
process in.the bearing. Hughes and Osterle (13) have shown that air
lubricated thrust bearings operate more nearly at isothermal conditions.

So our analytical solutions are based on valid assumptions.

3. RATIO OF SPECIFIC HEATS

This can bé determined experimentally by using different gases
for lubrication. No information is aﬁailable on this subject.
However, it seems that the ratio of'specific heats will have very
little effect on the load capacity because bedrings operatéAunder

isothermal conditions as shown earlier.
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S. SOME PRACTICAL ASPECTS

To save the power consumed in the external pump system due to
higher flow rates in comparison to liguid lubricated hydrostatic
bearings, the»clearances used are much smaller and so good filtration 
‘of gas supply is essential. If has beeﬁ reported that with air.
filtered to exclude particles 4 micron and larger, maintenance is
nil over periods of 2000 hours or better. About the effects of oil
mist and moisture, the opinions are divided.  Some aﬁthors clain
that no trouble should be experienced if the bearings’ mat?rials
are non-corrosive while others claim that tﬁe bearings‘become in-
operative even with small quantities of oil miét or moisture. Due
to smell clearances the surface finish and geometric accuracies are

of the same order as for hydrodynamic bearings.

¥ost journal beaiing designs involve . a symmetrical array of
pressure holes or recesses even when the load is unidirectional.
A simple way to éssure equal volumes is to use cylindrical pockéts
made by drilling and plugging the bearing to a desired depth or to

give the bearing an inner sleeve with predrilled pockets.

In the case of step bearings, to prevent galling, thé éteps
and-mating surfaces are flame plated with tungsten carbide--a
fairly inexpeﬁsive but effective process. The step type beafings
need not be kept clean. The best low cost material to date is 4130
steel shaft inA24 ST aluminium housing. Seal requirements for these

bearings are almost negligible.
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One particular form of bearing deserves mention in view of iis
simplicity. Thié makes use of porous (sintered) metal bush of the
type normall} used as oil impregnafed; se1f~lubficated bearing; Uéed‘
dry and supplied with air under pressure, it fofms a useful self-
‘regulating hydrostatic bearing.and can be mounted in rubber O-rings
to serve as anti-vibration mounts and as seals. In this form thé

bearing was first described by Montgomery and Sterry (14).
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APPENDIX (4)

I. For an adiabatic flow through an orifice:

vV = W} if approach velocity is small
=,F—i“1 SRS ¢, -]
= K- RT'{ ( pz) W i]
Weight flow = chV(o} where Cq = discharge coefficient of orifice.
= cag i enli- ()R]0 feedy)
-3.. Ya .
= aAg [E8 (B) *{- (v‘;;;)‘;% 1*
= aa [as E IR

wi, = ch.gi:[-(—-—i“_D (P L) e -2.1

II. For laminar, compressible viscous flow of a perfect gas under iso-

thermal conditions through a narrow slot of rectangular shape.

J
: r : Consider a section of height

k‘[ . . ] - x -+ y from the center line.

Balancing the forces:
PGre) — (P-dP)(arb) ~2Tbdx =0

T o ov T = 3%}2“
But for a Newtonian fluid
- d
T=-nS
= 48 yay
u =-Ldp
L » Ld“ S £
= LdPrht_y?
2bd 2 wo= Mﬂ(—— -3;-)
Total volume flow, §_ = 2 X ’ﬁq&(-”l- )d)' = - ihz_[idp
Weight flow, w = QQQ
Le=<+]
= - j_éb?.—?i&
‘ZHRIT ax

S ZMRTw.
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j:zpdb =- [L 2pREw Ax
' .

9 bh3
2 52y _ 24IU~R'T w b
ar (pz pl) - - Sbhi
o = _9bh®
Y w 24/“‘ L(p pz_
L = Sb‘w fo k : |
ok = 32 rT L L) | | crmmman2.2

I1II. For laminar, compressible viscous flow of a perfect gas under

isothermal conditions through a narrow slot 6f circular shape.

¥ {(radial flow) ' Consider a section' of radius r of

.1_ . — height + y from the centre line.

Balancing the forces:

P(zm.zg— (p-deXam \EF.«]?)zy —2T(zlirdh)z 0

or T = \}%%
Bd 1t :“l‘*%
R A
V.
Ldw =~ | -',;-,,%%ydy
=1 af w2
b b m 2L (F-%)
[ Ta - ) &
aP
v
Weight flow,
= €9Q.
N -37“’\3 dP
T ‘pra';
dp = - eMRTwW glv
¢ oy
{, PdP = -6 M RTw :L.
f ThY g,
pi_p2 ‘__lZ/u.RTw :
(2 ) T9mh3, g . -2.3
= _97h®
w = e ()
Fn'owa—cmep P,owa.P,.-%, | | | |
Wouk = sgh”f’s.r_,/_ (18 S 2.4
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IV. For laminar, compressible viscous flow of a perfect gas under

isothermal conditions through a capillary:

Considering a section of radius y as shown

and neglecting gravity and inertia forces:

-

f ’r=ydp

=3
Gut T’:—H%.

—l or

B u ¥
LAw = — Al éf.dy oy Idu ;—[ J}ldpd)/

H'v\xz
_ 1 dPdr_y*
w=g3E G-

d
Volume flow, Q& = -":L%j:'( { /1(%:-- 2;) 2ty dy

= nd? 4
2FM X

Weigl’}t flOW, wy -— Q 9 Q - 3“d4 —E- ?LE

ov ¢ - |23&Q’T‘d
Pc‘? S a4 ax

P-" 1 Q.
j PP = 123 RT“’folx
Pi . 9rmd4 A
t
2 p2) = 256 MRTAW
w = _9md*

2 n2
= seeprm (2

For owe cose P2= PS, P|=.P°

oy = IWAFP g2y

—‘—‘—'—b'—"'——
m 256 R T L

Balancing the forces on the section:

d-r-_. — .%_ — = P(TyY) - (P-dP)(TYY) =T 2Ty o) = o
L

ax
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APPENDIX (S5)

Laub (1) considered circular pad thrust bearing. In steady
¢ .

state W in = W out. Therefore equating equations 2.1 and 2.4:

3n2
Lt (£2-42) = wip

2R Ty in Rpp_
oy \’)3 = (IR 12 Q'T.s ]
Re ™ Lp‘.)({o €9 5
Hh = [h..&. [ DO I} B e 2.6
Ro 7% P,((— -Fb n

This expression permits the calculation of h for varying pressure
Po, given bearlng geometry and supply pressure P

LOAD CARRYING CAPACITY: The capac1ty can be calculated from the
force balahce between the load W and the force F exerted on the load
platé by the pressure P 6f the gés. The radial distribution of

pressure between r = Ry, and r = R can be derived from eguation 2.3

2 2
- 14
P P: = ‘n K

re"‘Po. \n%
°Y‘P“ Po {1" v O/RQ ;.‘)} _ [‘Q=%§ “““ 2-7

Typical pressure profiles for two values of R/R, are shown in figure 2.2.

Now W=F = TWReP + gz'ﬂrdrp m?,

Inserting for P from equation 2.7 in above, we get

W = KPo[Re +ZIR°{1_ \'\'/9'0 (».,)}rdr _Q%]--Z .8

In the integrél \— dev _ B =  constant for a given load and so the

Wi, "

integral can be written as:

I = (::{l—ﬁlnl&_g zvalr
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The term in the bracket could be expanded into series but the conver-
’ Qence is very pobr except at very small values of Pe/?, which is not ‘the

usual case. But we can obtain a closed solution of I by substituting: -

‘%
k= (‘— 6\“%-)
) e
ov ¥ = R,eT
. . \-b;
dr = —&%‘etdt
|-b

* B [l zg t e a‘. = {w-a 2
- Rle y‘L %< ‘ el L@ L:]
2 4
ls 3"

- Rt {;Q'i’f 3_[E sz e a((%9)

2 [‘ czln%, ‘- e’."’ @iiq(ﬁf«;) -&i{f% )}]

i

Where Erf = Error Function.

Substituting this value of I in load equation 2.8 we get .
F = ﬂPo[Ro +2T- R ‘é“]

= R e TR Y_WR' e*f(ﬂ@]

In this putting
¢ = r. and Ar= "R we get

= AgP- (‘L) Q%WB"”— - & (&J%)]

Load carried by a bcanng of unit area:

h o= R B EE (- e Gald))

H has been plotted against r’ for various values of Po in figure
2.2. It is int;erestinq to note howbsharpl-y the maximum load capacitif
increases at low ratios of r’ correSpdhding to large recess areés. However,
this gain in 1ift decreases h and the bearing becomes impfacticéble for

safe operation.
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APPENDIX (6)

McNeilly (2) has used orifice in which the recess depth is zero
as shown in figure 2.12. This gives a smaller ldad capacity but a mofe
stable bearing. .This typeiis called inherent-orifice compensated bear-
“ing. MbNeiliy\haé shown‘that we get a bearing of maximnm stiffﬁeés ét
a gﬁp slightly less than that at which the orifice flow becoﬁes.'choked'
‘due to sonic velocity. So he has developed a design procedure fér com--
plete journal bearings operating underxr fchoked' flow conditions. By
»puttingiﬂumeriqal values in eguation Z.i‘and assuming that completé
recovery of velocity head occurs in the orifice he obtains the following ‘

equation for ‘choked’ flow corrected to exhaust conditions (P).
Qin = \250hd s ; \ —————- 2.9
wheré %iz'SB' Po= Trdh  cy=.76, k=14  f =147

‘ and €.= 11.ex15®
He also defines a pressure efficiency as follows
—-,t _ W/me*
s~ Pe )
He has plotted the ﬁl against film thickness h as -shown in figure 2.13.

Now suppose we ha;e two such bearings opposing each other as
illustrated schematically in figure 2.12. Thé resulting load capacity
becomes the difference in the forcés_frdm tﬁe two individual thrust
units,and the gap on one side increases to a‘maximum of 2h whiie that
on the other side decreases to gero. In order to avoid metal contact,
we shall arbitrarily design for: (figure 2.12)

, € =S =L B

h 2
The load capacity for design in this case is:

= S
= F.‘,‘ 3h ,2.
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. and the pressure® , defined as before is now

wWine*
fs- Pe - nﬁ&.pqég

The total flow from eguation 2.9 is merely

Q

Q is independent of c tecause the increase in flow on one side is

in T 25‘004 hd %

compensated by the decrease on the other.

COMPLETE JOURNAL BEARING: If we consider a complete cylindrical
bearing we can use the same results with sufficient accuracy by
proportioning fhe layout of the holes so as to approximate the
radially outward symmetrical flow assumed above. Table 111 lisfs
suggested number of holes ahd rows in terms of the overall length
diameter ratio of the bearing. If there are n holes, the load

capacity and gas flow are given by:
I ¢ 2 —_ -
w = D (we*)(% ‘P¢)(’)% M)
Q;.= 12so nh.d.F

So it is possible to design a bearing by choosing suitable

values of P, h and d. McNeilly has given two examples in his paper.



TABLE IIX

RECOMMENDEDVHOLE LAYOUT FOR VARIOUS LENGTH/DIAMETER RATIOS

121

Length/Diameter Number of :
_ Row of Holes Total Holes
Ratio - Holes Per Row :
}
0.1 1 30 30
0.2 1 15 15
0,3 1 10 10
0.4 1 8 é
0.5 1 6 6
0.6 1 5 5
0.7 1 -4 4
0.8 1 s 4
0.9 2 7 14
1.0 2 6 12
1.25 2 5 10
1.50 2 4 8
1.75 3 6 18
2.0 3 '5 15
245 3 4 12
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APPENDIX (7)

Richardson (3) has treated inherent orifice compensated
bearings and he has introduced new variable F, for plotting his

design curves where: (figure 2.1b)
F, = [ k=1 bB  _h*
ngR'Ts 24pTcy Wd

Physically the quantity F, represents the ratio of the downstream

7
S

flow are functions of Fo, which he has plotted as shown in figure

3
. P h’b :
laminar flow conductance to the upstream orifice flow
4 MR P :
conductance 9 fs . He has shown that the stiffness and weight

2.14. In this figure

N .\ :»svnaA\c)xaqge

M=28F | o ah
P, LR’ h

It should also be noted that the ratio :%.represents the stiffness

of the bearing because

N _ AF . _2h
€ T Aanh LR

Tﬁerefore, if an optimum bearing is defined as one which has
a maximum load carrying capacity per unit of supply pressure PS, then
the design value of F, should be such as to ﬁlacefég.near the peak
value of the stiffness curve of figure 2.14. B8ince the mass flow of
air required to support a load increases with F,, the minimum air

flow is obtained when F_ is small, as shown in figure 2.14. As an

(o]
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" example consider the design of a bearing for a load of 18 pounds and

supply pressure of 150 psia taking a factor of safety 2, and number of

feed holes = 8

AF = 36lbs. . @ =150

To optimize the design as explained earlier, from figure 2.14

=04 2 ) - 0.25 W —
e = s 1 k-
- 80T cthCy ——2——2‘,(;*13 —o0.22

From these relations assuming the foilowing values from practical

considerations:
€=05 1=4m. ¢4=09 and d= 0.020"
We get the geometric parameters of the bearing as follows

L=1" R=0625im. bz 0491,  d= 0.020in &AN=-00]Sin.

P
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APPENDIX (8)

From equation 2.7 the pressure profile in the circular pad

thrust bearing is given by: (figure 2. la)

{ o
P= 6 {1— “::;R(p. 3-)] wheve R, KY<KR

A reasonable approximation is obtained by taking P to vary
with r as a straight line which is true for larger values of Rg/R

as seen from figure 2.2. With this simplification, the expression

for P beéomes:.

P_ Pe - Po——P; (Y'- R) . -;—-—-—2.10

The force F exerted on the upper plate of the bearing is given by:

R
F = 27\'[ (P—Pe)rdr + WR:(Q—Q)

= Po—P
= 2% SQ. R ;(V‘ R)rdr + 7vRe (Po- Pe)

]

= Da: + RR,+ RY|(P-P) mmmees 2.11

In non-steady state W in # W out; but

= ACVs)

Win~ Wouk At
{‘3 = nkz(h+p)] W, W (h+9)°le° dn iceaa 2.12
B et A ~'

Noting that the subscript i denotes the initial conditions of parameters,

for reversible adlabatlc compresmon.

% = € )
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‘ Substituting equation 2.13 1nto 2.12, we get

Win- Wauk fo ’\-!-:D d;
reE - © Sl o.) (B2 4l 42

The further assumption is made that the kinetic energy in the orifice
flow is completely converted to internal energy in the bearing pad so

that Ty = T Substituting for W in and W out from equation 2.1 and

s*

2.4 and further reducing gives:

dh _ 1 [y et I
€ =7, —E—P%ﬁz—(%)" 3:° 5;"“0 F

63 (52~ £) "*3 O, 2.14
'z&‘#lnwzo -

Similar reasoning for isothermal compression in the pad leads to:

f+D)dfe _ 9AJRE K, s
(+ dt nR2 r——!sa:é “. (l 'r'o )"'

2
. 9 (h- &)»?}
!7-'A.R°z  R/R,

o.‘n.'
ﬂ'.’"
|

"Either equation 2.14 or 2.15 is used as one of a pair of simultaneous

£~

differential equations in £ and h. Another is obtained by equating
the prodﬁct of the mass and acceleraticn of the bearing to the forces

actirng on it.

2
dh - (F—N)— ébE

Where a is the damping coefficient. In present analysis a = o. Sub-

stituting for r from equation 2.11 gives the second equation in h' and f.

d.:t* 3M(&‘+ RR +R*)(£.-%.) €, M ------ 2.16

Equations 2.14 and 2.16 have been used in the analysis. In the present
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analysic‘the becring is assﬁmed to be in a state cf initial équilibfium
{denoted by subscript i) under a constant load_Fi_ At time t = 0} a
change in the loading fﬁnction occurs (usually a;step change to a value
Ff) which puts the bearing temporarily out of eguilibrium. The beariﬁg
fhen begins to hunt for the new equilibrium clearance hg correspoﬁding
to the new load Ff. If the bearing settles out or oscillates with
cocstant amplitude, it is said to be stable. If it oscillates ﬁith
increasing amplitude, it is unstable, It is ccnvenient to plot the
behavior.of the bearing as dimensionless clearancc parameter

(h - hf)l(hi - he).

As ‘a standard example, an unstable bearing configuration is
.selected.v The pertinent bearing parameters are then varied one at a
time in order to examine the ability of each to stabilize the bearing.

The standard example has the following characteristics;

R, in. ...........................,...............................6
- Ros INa eaveccacsscccacecncacscassncnsansancascncsnscssssasnansannd
Ag,sq in. ......................;..........f..................0.003
d, in. .;................................;............i.......0.00B
Kicaaaeeuceaasaieuaneanasasssenncensscsnssssnsssascnnannsennasaalad
W, IDicaiateacaneseacacaacccsnasscsansasacsascancnasnssnacasas324172
Pe' ib/sq INe teceescccsacancnascscansacascsacanaacsaaacnaanaaslds?

T' oR-onn.-n.n-u----m-------.----q.-l----.----n-.-------..c--111530

F

lb..----.....------...-.-.---....---.-----;--...----1---4.-.500

i

in-------p-.a--...-.--..-.--....-.-......----...----......0.002

h

1
Ff, 1bQ.lI-..lI.II..‘l-l..ll...l.l--.lI..ll..l!I.-I-lll.‘.lll-.lsso

.
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The results are presented mostly as plots of the bearing
clearance parameter (h ‘.hf)/(hi - hf) against time as important

bearing parameters afe variéd in figures 2.15 to 2.20.
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Bearing clearance parameter, (h = hf)/(hi - hg), dimensionless .

3 o

5 :
¥ad depth,
d, in.

0.002 (c)
— —+— ,004 (b) f\

—-— ,008 (a)
/\ _— ‘~¢<{
/\ “

Time, t, sec

Figure(2:16)Effect of variation of pad depth on clearance parameter.




131

Bearing clearance parameter, (h - hg)/(hy - hg), dimensionless

| I 1 [ T |
Effective orifice area,l

| E— ) A N\
8qg in,
— 0,003 (a)

T — — — .004 (b) 4 [

T T L0058 (c) /f\

\
/' /N
//-4

- T ag v
Nz\_/l// \ \_, | \ |
\’/ e \\,’]
ViR

A

Time, t, sec

Figure(2.}7)Effect of variarion of orifice area on clearance
parameter.
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Baa;ing clearance parameter, (h - hg)/(hj- hg), dimehsionlessié
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Figure (3.18)Ef fect of variation of pad radius on clearance pﬁiﬁﬁa%é}.
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Temperature
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>

|

Bearing clearance parameter, (h - hg)/{h; - hf), dimensionless

!

Time, t, sec

Figure(2-49) Effect of temperature on clearance parameter
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APPENDIX (9)

Assuming linear pressure distribution in the annulus
P = Po— (Po—-Pe) ¥=Ro whare R.<r<R -====2.17
R- Ro ’
Now for a small change of pressure bo in the recess for a small change
in film thickness 5 , the change in force due to gas pressure on the

upper bearing plate is given by:

Rs R
AF = f (2Tvdr) }901- IR (2ttvdy) AP
Substituting for AP from equation 2.17,

. ﬁ’o
= 275 [joe.h?dv - [:h E_%‘-’o vd Y-J

2 3 3 2 !
07‘ R - 2R +R°_:3R RQ
bn [ 3CR-RY 1

Ro R,
AF = [ Gnvdn b, + [ Grvdn [h- k&

fl

= P.ﬂR{.z
- b.Ag

where subscript f means effective.

3. 53 aQ'Re 2 )
Where R; -— [Rz— 2R3+CZR°— Ri;lR ] ond A‘._ = 7"R+ L eeee- 218
a6 | |
Now A - OF = M at = PoA{‘ --f--z.lg

Licht et al (10) have shown that fhe_ mass flow into the bearing depends
on the recess pressure only whereas the outflow is a function of the
recess pressure P, as well as the annulus height h. To sma).l deviations
from the equilibrium point (P, and 6) there correspond variations in

inflow and outflow which to the first degree of approximation, can be

written respectively as:

Aw;.‘ - a‘;p‘n)$bo - '—qko
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pp°+ Q08 --==2,20

The time rate of change of the bearing air mass content then becomes:

AW = Aw - A\Doui: = —~(x+B)b.— 68

where o, P and O are all positive.

(figure 2.21)

The air mass contained between the bearing surface is:

: R. R
wm = 27‘[[, (h+D) € rdr + fkj‘e"“ﬂ
Using the perfect gas law and eguation 2.17 this

o =

The time rate of change of m (P, h) is given by:
d(m) :(_ﬁ dPo (BM d8
dt

=°+P.+55

and dot means d .
dt

From equation 2.22:

g =(2m) = Agh + DTTRS
of RT. 0
— m — A{(Pe Pe)-i- R
S =
(3%, NLGA
T _ A*h~+ZD1tRo
- 6 -

Ag(f-fe)+ IR P
Equating the time rate of bearing mass:

5}h1_‘sé + KX+pp + ©85 =0

from equation 2.19:

b.

1l
2R

(-3

fmam2.21
gives:
X
A+)] —mmn2,22
.===2.23
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B ‘ : ,- : ] B
Substituting the values of P, and P, in equation 2.23 we get

i B s, SAcis O Mg oo -
§+ T6+ _‘4%5-‘-'3 Tr\{g o , comm=2.24

_where coefficients of & and derivatives of & are all positive. Hence
applying Routh’s stability criteria to eguation 2.24, the following

inequality must be satisfied in order to achieve: stability:

2. (34) >4

x+B 5 % -==-2.25
oI 2% ;

Noi{r we will discuss the effects of various paramgtei*s on
- stability. Referring toﬁ fi;gnre 2.2% ';we can éonclua;e th&t for a fixed
supply pressure PS:
1) For stébility the maximum possible load must be supported
within the safety limits of h. |
2). From equation of 35. , fhai D should be minimum.
' 3) The bearing is more stable fvori‘a‘lé‘l»rger diameter ho_z‘zle_ than

" for a smaller size nozzle or capillary.

The figure also shows comparison between experiment and theory

which is quite satisfactory.
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CONCLUSIONS

From the discussion in Part I and Part II we can draw the following
conclusions:
1. Current research in the field of self-acting gas bearings is
concerned with thrée broad topics: |
a) The fluid mechanics of the gas lubrication process.
b) Bearing materials.
and c¢) Bearing stability.
Conventional film lubrication theory postulgtes the laminar flow of a
viscous incompressible fluid in the thin bearing film and callé for fairly
involved mathematics to obtain solutions even for highly idealized solu-
tions. However, progress is now being made in the analysis of bearings
lubricated with compressible fluids, with some surprising results; The
most curious implications of gas lubrication theory are that even under
light load conditions where pressure varia£ions are guite small, the flow
can still not be regarded as incompressible, and that under heavy loads

the viscosity is not an important factor in load capacity.

Bearing materials present a problem because of étartihg and
stopping conditions when the hydrodynamic film is inoperative and contact
occurs. The corrosive properties of gases also ﬁresent a problem. Hence
a more detailed investigation of the starting and stopping éonditions

under various operating conditions must be made.
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So far, only steady load conditions have been investigated
and the whole field of dynamic loading due to fotor unbalance and

other types of time varying loading awaits theoretical and experi-

mental investigation.

Vapour lubrication, as distinct from gas lubrication, has
received little attention and so it must be studied in the future
because it is an attractive possibility for steam turbines and refri-

gerating plants.

Research and development work in the field of hydroétatic gas bearings
is perhaps more active thqn in the case of hydrodynamic bearings,
pa;tly bécause of the wider range of configurations which can be
employed and higher load capacity. Load capacity and friétion in
terms of pumping energy have been less studied. Other topics re-
quiring further study are the choice of optimum gas supply arrange-
ments and the influence of rotation on performance. The general
questions of dynamic loading and stability of rotating hydrostatic

bearings of different types offer scope for a great deal of research.

In the end, this survey of_gas lubricated bearings shows that
0il will not suffer large scale competition due to gas, bu£ gas
bearings do show promise for séme specialized applications mentioned
in the intréductory chapter. The future in the field of gas lubri-

cation is challenging both for the research worker and the designer.
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