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INTRODUCTION 

This is a summar.y report on the activities of the research program 

conducted for the Of,fice of Naval.Research under Contract Nonr-2342(00), . 

"Research on Gas Lubricated Bearings"~ for the first y~ar of effort 9 April 

· 1.9 1957 to April l.9 1958o 

The stated objective of this investigation is to conduct a broad 

and basic program of analytical and experimental research into the fun

damental behavior of gas=lubricated· bearing·s and to establish general de

sign criteria for these bearingso 

The problems that need solution,were known to be exceedingly com

plex and perhaps too difficult to be handled by any single approach, 

either experimental or analyticalo It was concluded.~> therefore, that 

the greatest chance for success would come from a program where several 

parallel and complementary efforts were being made at the same time~ 

Accordingly, work was initiated in both the theoretical and experimental 

phases of hydrodynamic and hydrostatic (externally pressurized) lubrica

tion phenomena.~> supplemented by a digital computer programo In order to 

fully implement these plans.~> the staff of the Friction'and Lubrication 

Section was augmented by the addition of three qualified investigators.~~ 

and also by a consultant on theoretical fluid mechanics and heat transfer~ 

With the group organization established, one of the early tasks 

was to survey the field of published literature oh gas=lubricated bear= 

ings and gather together and abstract the information that became avail

able in this mannero An associated effort was to establish liason with 

other groups working on similar problems.~> so that the program would ben

efit from the information that might.~> as_a consequence, be made available, 
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and also 9 equally important 9 duplication of effort would be avoidedo 

Through personal acquaintance and through correspondence 9 these contacts 

were madeo The response was remarkable -= almost without exception 9 one 

of complete and enthusiastic cooperationo As a result 9 there is now 

continuing contact with many research personnel conducting gas=bearing 

investigations in this countr,r and abroad~ This effort has been greatly 

assisted by the quarterly meetings o.f the Advisory Group consisting of 

members of supporting government agencies associated with this programo 

In effect ~ a network of lines of communication has been established 

through The Franklin Instituteo 

The survey of literature in this field 9 both publically and 

privately published 9 was made more complete as a result of the assist~ 

ance received from members of the Advisory Group and from guests who have 

been present at several of these Advisory Group meetings 9 as well as the 

help that was given by those people doing gas~bearing research in vari

ous parts of this country0 A bibliography and collection of abstracts 

was published as part of the program in December 1957o This bibliogra

phy should be considered as an interim effort 9 since additional refer

ence material is being constantly collectedo A final report on the lit

erature in this field should be ready near the end of 1958~ The interim 

bibliography contains references to 102 papers 9 16 patents 0 and several 

·bookso The bibliography also contains cross reference systems so that 

information can be obtained in terms of the year of publication9 authors' 

names and on the basis of subject contento 

It might be mentioned that a somewhat related program is under 

way at Columbia University in which the gas=bearing literature is being 

critically reviewedo This work is being sponsored by WADC and it is be

lieved that both the Franklin program and the Columbia University effort 

have benefited through an interchange of infor.mationo 

In addition to making a survey of literature9 the effort on this 

program for the past year has been directed toward hydrodynamic lubrication9 
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analytical and experimental; hydrostatic lubrication, analytical and ex

perimental; and toward establishing a digital computer program. 

HYDRODYNAMIC LUBRICATION 

Analytical 

Evaluation of Classical Incompressible Theory 

In this_area, Professor Elrod from Columbia University initiated 

a critical re-evaluation of the basic hydrodynamic equations. These are 

the classical equations that have been accepted for many years. He has 

rederived these equations with complete generality. 

The first work was concerned with a derivation of the basic equa

tions for hydrodynamic lubrication with a fluid having constant proper

ties. The analysis that was developed applies to both journal and slip

per bearings of arbitrary film geo~etries (Fig. 1). 

In the treatment a "natural" coordinate system for the bearings 

was introduced 

. where: R 

5 
y 

= shaft radius 

Figure 1 

r = radial coordinate within the fluid film 
L =. characteristic dimension of bearing 
¢ = angle 
h = any film thickness 
ho = a particular film thickness 
y2 = coordin~te normal to yl y3 
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The Navier-Stokes equations are ~itten in this system by means 

of tensor notatione In all practical applications of hydrodynamic bear= 

ing~ 9 the ratio of film thickness to a characteristic bearing dimension 

is very small compared to unity~ 

known quantities as power series 

nique to solve the Navier-Stokes 

The author therefore expands his. un= 
· ho d · 1· t b t · t h 1n c.= L an app ?-es a per ur a 1on ec = 

equationse The final equation turned 

out to be Reynolds' equation with correction terms~ The equation with 

the first correction term is given below~ 

L fh3 (1 _ h\ .221 + .2... fh3 11 + h\ \tEl= Qu.u L{h ( 1 = h S1 
6 x l · D) 6xj 6z l \ D) 6 xj 6x 3D7 j 

where~ 

D 
p 
u 
X 

z 
p, 

= 
= 
= 
= 

= 
= 

shaft diameter 
fluid pressure 
shaft surface velocity 
distance around the shaft in direction 
of rotation 
distance parallel to shaft axis 
fluid viscosity 

This equation shows that. the curvature of the fluid film may. be 
h . h 

neglected whenever 0 <<lo In the case of a slipper bearing D~ 00 or D ~ 0 .. 

Pertubation equations of O(t:n) 9 n > 1 9 are given and discussed 

in principleo Theoretically9 any degree of approximation to pressure and 

velocity distribution in the fluid film may be obtained with the method 

used by the authoro This information in the form of a paper has been 

submitted for publication in a technical journal and will also appear as 

part of a technical report under the ONR contract .. 

Influence of Mean Free Path 

A program was initiated to try to explain certain discrepancies 

existing between experimental results and theoretical predictions for 
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hydrodynamic gas=lubricat~P. bearingso To date, the preliminary investi= 

gations have shown three factors which may contribute to the discrepancies 

mentioned: 

(a) the gas is a non=continous flow medium~ 

(b) bearing surfaces are relatively rough and, 
wavy 9 ' 

(c) Reynolds' equation does not apply accurately 
along the outer edges of a bearingo 

Detailed theoretical investigations were made considering the 

molecular properties of a gaso The present theory of gas=lubricated 

bearings assumes that the- gas can be considered as a continuous fluido 

A closer analysis has shown however 9 that this assumption is no longer 

valid when the bearing gap width becomes comparable in magnitude to the 

molecular mean free path of the gas .. 

One example where the ·influence of molecular mean free path 

should be taken into consideration is the case of hydrodynamic gas bear= 

ings operating at low ambient pressureso 

As soon as the film thickness in the bearing becomes comparable 

to the molecular mean free path, effects occur which can no longer be ex= 

plained by continuum flow theory., For small ratios, ( <<l) of the mean 

free path and the film thickness 9 the flow is known as the. so=called 

"slip flown.. This "slip flown phenomenon is accounted for by modifying 

the boundary conditions of the gas in the bearing clearance and instead 

of assuming vanishing velocities at the walls 9 slip velocities are intro= 

duced.. The temperature profile could also be modified by assuming a tern= 

pe.rature. discontinuity at the boundary between the wall and the gas but 

this has been shown to be so small that it can be neglectedo The magni~ 

tude of the slip velocity ~an be evaluated from the kinetic theory of 

gases.. Neglecting higher order terms 9 the slip velo.city is given by:: 

U . = (J X (2 = f) 
sl1p f (l) 
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where: 

where: 

CJ is a numerical constant, 
f. is reflection coefficient 9 
~ is molecular mean free pathD inches~ 

~ :: 
l 

flns 

n is number of molecules per in3 

S is mutual collision cross section in
2 

The differential equation for the pressure distribution in a 

slider bearing operating under 11slip flow' conditions has been derived 9 

using a simplified form of the Navi'er-Stokes equation and the continuity 

equation9 leading to: 

L[p [.12. Q.E l + 6 1.\ 
a x l2JI. ax ~ hJ 

where: 

h =:·.the film thickness 9 inches 9 

p = the mass densityD lb sec2/in4 
J.l, = the viscosity"' lb sec/in2 
Ur = the velocity of the runner, in/sec 

(2) 

Because the viscosity is nearly independent of the pressure in 

the range considered 9 and since the temperature variations across the gas 

film are small 9 the viscosity can be assumed to be constantc This yields~ 

a 6{tNr ax (ph) (3) 

Equations (2) and (3) are modified forms of Reynolds' equation 

·of lubrication applicable in the "slip flow" region (Q<'~<< 1,) .. 
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Equation (3) .has been converted to a dimensionless form and has 

been solved for the. plane slider bearing with no side flow and for the 
~ 

Rayleigh step bearing, also with no side flow, using a small parameter,, 

perturbation technique. A solution could also be obtained for the jour

nal bearing by replacing the x coordinate by r¢. 

A typical curve is shown belqw indicating the variation in pres

sure generation for a straight slider bearing as a function of '~", where 

"m" is the ratio of the molecular mean free path to the film thickness at 

the entrance of the bearing. (Fig. 2) 

X/1. 

Figure 2. Pressure Distribution for Compressible Fluids along 
a ~traight Slider Bearing 

It is concluded that where values of "m" are greater than 0.01 

a noticeable effect on bearing pressure and load-carrying capacity maybe 

expected. 

Typical values of mean free path at atmospheric pressure are: 

Hydrogen 4.43 X 10 -6 inches 

Helium 6.77 X 10 -6 inches 

Air 2.32 X 10 -6 inches 

Thus for m = 0.01 for air at atmospheric pressure, the film 

thickness at the entrance to the bearing would be .of the order of 
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2Q32 x 10-4 inchesQ Such values are not uncommon for hydrodynamic be~r
ingso For low ambient pressures however, the effect would be more marked~ 

The influence of mean free path on friction loss has also been 

evaluated., 

This information will be presented as a technical. paper at the 

Joint Conference on Lubrication of the ASME and ASLE in October 1958 and 

has been issued as Interim Report I-A2049=2 on the ONR programo 

The influence of surface deviations on bearing performance has 

not yet been studied sufficiently to permit drawing any final conclusionso 

However 9 the work shows that a wavy shaft centered in a journal.bearing 

will have the same average pressure distribution as an ideal round one., 

Errors introduced by applying ReynoldsW equation to regions 

close to the edges of the bearing have not yet been investigatedm 

At the present time 9 most effort is being directed toward de= 

veloping a theory of whirl instability for hydrodynamic~ gas=lubricated 

bearings .. 

Experimental 

First might be mentioned the gas=lubricated rotor for the pro

posed closed=cycle gas turbine" This was constructed previously under 

Contract DA=44=ENG=2562 for the UoSo Army Engineer Research and Develop= 

ment Laboratorieso Permission was received to use this rig under the ONR 

contract and 9 although it is a combination of hydrodynamic and hydrostatic 

lubrication it is described, in part 9 in this section of the annual re= 

porto Although only limited tests have been conducted on this machine 9 

the journal bearings prqved to be completely adequate for the expected 

operational speed of 189 000 rpm.. The rotor was actually run accidentally 

at a top speed of 21 9000 rpm.. The journal bearings are tilting=pad bear= 

ings with two tilting pads under the shaft and one at the top of the shaft 

or journal.. The two lower tilting pads are pressurized so .that the bearing 
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is essentially a combination hydrostatic=hydrodynamic type~ There are 

two such journal bearings~ One is lightly loaded with a force of about 

15 pounds 9 the other is more heavily loaded and carries a force of about 

50 poundso 

It was observed that lift on·the lightly~loaded journal bearing 

was achieved with a supply pressure of from 20 to 25 psio On the. heavily 

loaded bearing, a pressure of 50 to 65 psi was required tq attain initial 

lifto ~or.mal running pressure to these bearings was 35 psi and 75=80 psi 

respectivelyo When operating at rated speed the supply pressure to the 

lightly=loaded bearing was cut off and that bearing ran hydrodynamically~ 

The hydrodynamic action of the bearing established its own·film9 and pres= 

sure was measured to be from 8 to 14 psi~ The heavily=loaded radial bear= 

ing would not operate hydrodynamically without supplemental hydrostatic 

pressureo A vibration of the top shoe (non=hydrostatic) was observed to 

occur at about 59000 rpmo This was not severe and did not seem to cause 

any difficultye This mild form of instability will be looked into at a 

later dateo 

The thrust bearing was originally designed to operate hydro= 

dynamically but the thrust load of about 300 pounds would produce an'· 

average unit pressure on the shoes of the thrust bearing approaching 19 

psio This is somewhat beyond the limit of safe hydrodynamic operation 

so that the bearing has been converted to a hydrostatic typeo The de= 

sign is not yet completely satisfactory and will have to be revised and 

improvedo .The full thrust load has not yet been carried on this bearing 

but with suitable modification this should be accomplishedo The drive on 

this unit is presently an air turbineo 

The ERDL has recently advised that the specifications on this 

gas-turbine rotor have been changed resulting in larger bearing loads in 

most cases~ 
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Specifically, the bearing loads have been changed as follows: 

Bearing 

Co~pressor End Journal 
Turbine End Journal 
Thrust (Normal Power) 
Thrust (125% Power) 
Journal,~earing Diameter 

Original Design 

13 .. 6 lbs 
49.,7 lbs 

325 lbs 

2 .. 25 in., 

Revised Design 

3·1bs 
92 lbs 

1134 lbs 
1628 lbs 

3 in .. 

A new rotor test rig will be designed and built in terms of 

these revised specification.s and this should be ready for test by the 

end of 1958o 

• • 

A high-speed journal-bearing testing machine has been designed 

but is not yet in production& This device has been considered for oper

ation up to 150,000 rpm with journal diameters up to one inch and shaft 

lengths from about 6 to 12 inches. It is expected that both hydrodynamic 

and hydrostatic theory and design can be investigated on this test rig., 

It will also provide an opportunity to determine the results of the inter

action of the dynamics of the high-speed rotating system and the gas bear= 

ings that are involved& 

0 " 0 

A simple screening test device has been acquired consisting of 

high-speed, air-lubricated and air-driven9 grinding spindleso One is 

capable of operation at 509 000 rpm and the other at 1009 000 rpm., Some 

preliminary tests have been made using a simple.9 single sleeve bearing 

supported by the cantilever shaft of these spindleso This bearing can 

be loaded directly by means of a small dead weight and information ob

tained on load-carrying capacity and whirl instability~ 
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HYDROSTATIC LUBRICATION 

Analytical 

Externally~Pressurized Circular Thrust Bearings 

The math~matical analysis of an externally=pressurized9 circular 

thrust bearing leads to equations that are rather cumbersome to use for 

design purposes., The emphasis on this phase of the work was to present 

these equations in non-dimensional 9 graphical form in order to reduce the 

amount of labor required for their solutiono These curves are for the 

case of laminar flow .in the filmo Inertia effects on flow are not in= 

eluded~ A subsequent analysis is being made which Will include inertia 

effects on flow and pressure development in the bearing~ 

For non=recess bearings 9 (those bearings that do not have a 

high=pressure cavity to help support the bearing load) 9 three graphs 

have been evolvedo The first graph relates the load=carrying capacity of 

the bearing to the pressure.ratio across the bearing sill., Once a pres= 

sure ratio for a given bearing is known 9 the load·can be easily computed 9 

or conversely 9 if a given load must be supported by a given bearing~ the 

graph will show the pressure ratio that must be maintained 9 in order to 

support the loado 

The second graph relates the flow through an isentropic nozzle 

to the pressure ratio across the nozzleo In the case of a non=recess 

bearing the·nozzle consists of the narrow annulus arotind the circumference 

of the inlet hole of height equal to the film thickness in the bearingo 

By assuming a.pressure ratio 9 a flow parameter is found which when used 

in conjunction with a constant obtained from the third chart9 the flow 9 

film thickness,and supply pressure can be calculated with minimum effort~ 

If the results. from the first calcul'ation are not satisfactory9 a new pres= 

sure ratio can be selected from the second chart 9 new values of the flow 

parameter found,and a new flow and film ·thickness obtained., 
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The recess=type bearing creates a new problem in that the as= 

sumption is made that a second nozzle is added in series with the firsto 

The first nozzle is now defined eit~er by the entrance hole diameter 

alone 9 or by the annulus around the circumference of the inlet hole of 

height equal to the film thickness plus the recess depth~ the choice 

being governed by the relative magnitude of either one 9 the smallest 

being used in the calculations0 

The second nozzle is described by the annulus around the cir= 

cumference of the recess and of height equal to the film thicknesso 

The assumption of two nozzles in series leads to two new graphs9 

one the relationship of pressure ratios to area ratios of the two nozzles 

in seriesll the otherll a new load parameter=pressure ratio relationshipo 

The calculations for the design of a recess bearing become 

somewhat more involved than for a non=recess bearingo An assumption 

must be made for the pressure ratio across either the first or second 

nozzle 9 along with an area ratioo An assumption of pressure ratio across 

the bearing sill is made 9 and from the load parameter chart a load quan= 

tity is found that is substituted into an equation that relates the actual 

bearing load to the bearing geometry9 the pressure ratio and the load pa= 

rametero A trial=and=error solution results in a fixed pressure ratioo 

With the assumptions of nozzle ratios and the. use of the chart 

for two nozzles in series 9 all pressures can be found and the remainder 

of the problem can be solved exactly as a non=recess bearingo It is ex= 

pected that this information will become part of a technical report to be 

issued on this type of hydrostatic thrust bearing0 

Instability of Hydrostatic Type Bearings 

A second9 but independent 9 effort is being made concerning the 

instability of hydrostatic type bearingso This form of instability has 

been called pneumatic instabilityo The approach to the problem has been 

to establish general equations for stability and apply these equations 
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first to the incompressible case. The analysis is made for a unidirec

tional, circular thrust plate having a central recess. This is shown 

diagrammatically in Figure 3. 

Figure 3 

This analysis can be extended to thrust bearings capable cf 

supporting loads in both directions and having different pocket arrange

ments. It is assumed that the bearing is restrained to permit only axial 

relative motion and that a truly incompressible fluid of constant viscos

ity. is supplied from a constan~-pressure reservoir. External drag effects 

are not included in the equation of motion. 

A simplified version of the Navier-Stokes equation (as applica-· 

. ble to laminar, viscous flow) in conjunction with the continuity equation. 

·describe the flow in the annular and recess regions.of the. bear:i,ng. After 

the pressure terms are eliminated there results a non-linear differential 

equation in terms of the dimensionless displacement H and its time deriva

tives. (H = h/h ) 
·o 

(1) 

Here the C's represent constants which include the bearing and 

fluid parameters. Their explicit expressions are included in the complete 
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paper of which this is a very brief abstracto 

This equation has been solved for a number of cases· using an 

electric-analog computer as shown belowo Howeverg in order to provide 

more insight into both.the nature of the problem and the expected method 

of solution for the more complicated compressible case, equation (1) was 

linearized yielding a second order differential equation in terms of the 

perturbation displacement 6 and its time derivativeso 

Thus 9 h = h 
0 

H = 1 + 

fi = 6 
H = ~ 

+ 0 

6 

Introducing ~and its deriv~tives in equation (1) and neglecting 

their squares and cross-products as quantities of higher order, equation 

(1) reduces to: 

(2) 

(3) 

The dimensional equivalent of equation (3) is 

(4) 

The conditions for stability are that the_ coefficients of equa= 

tion (3) be positive 9 or ~>O and S>Oo Upon examination it is shown that 

this is true and the bearing will consequently be stable for all ratios 

of radii and pressureso Stability is defined by saying that small 

oscillations w~ll not grow with time but will instead reduce in amplitudeo 
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Figure 4 shows some typical analog computer solutions using non

linear Equation (1) ~d these are compared to the results from the line

arized Equation (3). The similarity between the graphs representing the 

two solutions is rather reina!lkable. In addition the linearized equation 

appears to represent the motion of the bearing quite well even beyond the 

region of small displacements. 

'4 ,. 

0.4 

0. 2 

n = 1 

l:!.-o.l._ -o.4 
-o. 
-o.e 
-I, 

0 ·-
Figure 4 

t : :~ 
o.e 

H 0.6 

0 

n = 4· 

·-· 
Although this work was preliminary to the attempt to analyze 

the more general problem of the gas-lubricated thrust bearing, it is felt 

that it has yielded background information on methods of solution, an·d 

has also provided a means for finding local stiffne·ss, ·damping constants 

and dynamic response of hydrostatic bearings operating with liquids. The 

complete paper is scheduled for presentation at the Joint Conference on 

Lubrication of ASME and ASLE in October of. 1958 at Los Angeles, and will 

also be a part of a technical report on this phase of the work, to be 

issued as part of our project activity. 

Related Investigations 

As an extension of the analytical approach to hydrostatic lubri

cation, a program of investigation is now being planned on both the theo~ 

retical and experimental level, to explore the basic phenomena associated 
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with compressible flow through narrow slots and passageways and espe= 

cially at the entrance to such flow restrictorso This kind of informa

tion appears to be basic to any further extension of hydrostatic theory 9 

thinking in terms of both the flat thrust type of bearing and the cylin= 

drical journal bearing~ 

Experimental data taken from our test rig indicate.pressure 

drops at the entrance to the sill of the bearing which are larger than 

one would expect from nozzle theoryo It is believed that these large 

pressure drops may be caused by undeveloped flow at the entrance to the 

sill area of the bearingo An experimental rig is being designed to aid 

in our understanding of this phenomenono Theoretical studies have also 

been startedo 

Experimental 

A test rig for the circular type of thrust bearing~ 5 1/2 inches 

in diameter 9 was built. early in the year and has been used to gather data 

of pressure distribution and flowo Supply pressures up to 800 psig have 

been usedo Maximum film thickness was Oo0035 ino Our experience with 

this machine has led us to the realization that in order to check out 

precisely our hydrostatic theories for gases we would need to have a 

greater degree of rig~qity of the test faces 9 less gistortion of flow 

from the bearing 9 and a more exact way for obtaining a continuous pres= 

sure profile across the bearing sillo Acc.ordingly 9 a new design has been 

made and is presently being fabricatedo 

The ERDL high speed gas turbine rotor model mentioned above has 

also served as a test unit for our experimental hydrostatic worke 

DIGITAL COMPUTER PROGRAM 

The ultimate objective of these efforts is to develop a digital 

computer solution for the pressure distribution 9 ·and associated quantities 9 

in bearings using compressible lubricantso ··As a preliminary step in this 
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direction 9 it was decided to develop such a s.olution for incompressible 

bearing lubricantsQ 

The present status of these efforts is as followsg A digital 

computer program has been developed 9 for the incompressible case 9 for 

each of these types of bearings: journal9 slider and sector=shaped thrustQ 

The three programs are similar in nature and differ pnly in the way they 

handle quantities and variables peculiar to each of the three bearing types~ 

These programs are being checked out and are not yet to the point where 

they can be used to obtain datao It is reasonably certain that the slider 

program will be completed very shortly and the journal and thrust program 

soon thereaftero 

While these routines have.been in the checking=out stage 9 work 

has proceeded on formulating or flow-charting the method of ~achine solu= 

tion for the compressible caseo This wil~ be a more general solution9 

considering variable density9 and will allow choice of grid size limited 

only be the cost of machine time which would be required for solutiono 

The basic plan of solution has been completed and the next step will be 

to translate it into machine language or code., It is expected that this 

second development should be ready to begin turning out data·9 for one 

type bearing 9 in several monthso 

CONCLUSIONS 

In conclusion9 it appears that the first year of effort on 

this program has been productive in a number of. wayso 

A network of communications has been established with many 

fellow investigators of gas bearings in this country and in other parts 

of the world., 

A central file.of technical papers on gas bearings has been 

established which includes many translations of foreign language papers., 

An extensive (interim) bibliography has been prepared and 

issued ·including an abstract of each referenced item., 
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Three papers have been written and are expe<;ted to be published 

in the technical literatureo They-will also be issued as technical re= 

ports as part of the operation of this contracto 

The investigations of a n~ber of other phases of our general 

program are well under way and they have already benefited from the ex= 

perience gained during the first year's work~ 

~~.l-<_1 J) · ~'~1-J~r 
Dudley DQ Fuller . 
Principal Scientist 

Approved by~ 
\ 

. ;r·-111~·· 
~ M., Robinson 

Branch Head 

. tA ;/) 
411J~~-:c ; /~, 

~~Francis Lo Jackson __ ;f l' Technical Director 
Friction and Lubrication 

N 

)(/i1c.ol·H_o.,S~Ill1-.~t~h~~---i~---f!. #.· JL ·--·~-~,~ .. ·~·.-···~...._._=·-"···· 

Directorp Laboratories 
Research and Development 
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COMMENTS ON PHASES OF GAS BEARING LUBRiCATION THAT NEED INVESTIGATION 
AND EXTENT OF PRESENT RESEARCH ACTIVITY 

Through the contacts that have been made by members of The 

Franklin Institute 9 the Advisory Group, and othersD it appears that there 

are about 20 companies in this country that are either engaged in re= 

search dealing with gas bearings or are contemplating such activityo 

News of research in England and on the continent also indicates some de= 

gree of activity in these areaso 

From this informationD and also from a study of the available 

literature 9 an impression can be g~ined regarding the extent of the prob= 

lems that still need solution in the field of gas bearing lubricationo 

Some ·of these ideas have been suggested by Dro Gilbert Boeker as a result 

of his literature· investigation on a WADC program at Columbia Universityo 

It appears that the following theoretical and experimental phases of gas 

bearing lubrication need to be investigatedo 

Hydrodynamic Lubrication 

ao Experimental verification is needed of thrust bearing theory 

for the spiral=grooved typeD the herringbone=grooved typeD the inclined= 

plane type and the Rayleigh=plate type of gas=lubricated thrust bearingo 

The experimental determination of side=flow coefficients for the latter 

types of bearings is needed unless these coefficients can be obtained by 

direct analytical or digital computer methodso Experimental verification 

of the theory is needed when the pressure is not atmospheric nor the gas 

air~ The determination of the lowest pressure at which the theory begins 

to fail should be madeo This point should be predictable on a theoreti= 

cal basisD as for example 9 as has been suggested by one of the papers de= 

veloped in our programo Some of the work of a preliminary nature has 

appeared in·British publicationso All ofthe above can be done with a 

single piece of apparatuso It is to be considered the fundamental ex= 

periment 9 since it provides a critical te.st of the hydrodynamic theory· 
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of gaseous lubrication without the complications that arise from journal 

bearings., 

A divergence between theory and fact with journal bearings may 

well be due to the mathematical approximations required by its applica= 

tion to the journal geometry and may not be due to the fundamental theory 

itself.. Also~ it is more difficult to manufacture~ measure and maintain 

small clearances in journal bearings to the degree of accuracy required 

for exact verification of theoryo 

The current program at The Franklin Institute is fairly exten= 

sive.. A number of the tasks outlined in this summary are being under= 

takenp or will be investigated in the future.. It must be recognized 9 

however, that there are many problems in establishing what might be called 

a gas=bearing technology~ and that our program is not large enough to get 

the complete answers to all of these problems in a short timeo Howeverp 

the group here is on the alert for information from other sources which 

may serve to supplement the work that is currently under way or even re= 

duce the number of tasks that remain to be done., 

In the next year or so 9 we contemplate no work in the hydro

dynamic area (a) described above., 

bo Tests on the performance of singlep pivoted shoes with gas lu= 

brication should be ·made., · These would be for pivoted=shoe journal bear= 

ingso From such tests of single shoes the bearing characteristics of 

shoe journal bearings with multiple shoes can be predictedo Some of this 

information may be made available from a British paper9 presently clas= 

sifiedo 

This type of bearing should be the most useful of the hydro= 

dynamic types at high speeds and low loads because of its greater sta~ 

bility .. 

Awaiting the release of information on the work that has al= 

ready been done on this type of bearing 9 · we are not planning to begin any 

further research unless it is fow"'ld to be necessarye 
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c~ Tests of plain full journal bearings and grooved journal bear= 

ings should be made~ Both of these types can be tested with the same 

apparatuso The most signific~t tests, practically speaking9 would be 

on the grooved journal bearings, since they tend to be far more stable 

than the plain full journal bearing at high speeds of rotationo 

The tests on plain full jour~al bearings would 9 however, have 

some interest in themselves 9 and would also be of value as proof or dis= 

proof of some work in this field that appears to be controversial0 The 

full journal bearing is the object of some activity on the part of sev= 

eral companies in the U .. SoAo and some research has also been done on 

this bearing in Englando However, no comprehensive publication on this 

bearing has as yet appearedo 

Besides the theoretical work described in the Annual Report, 

a completely instrumented test rig has been designed for journal bear= 

ing evaluationo This should serve to provide accurate test data for 

hydrodynamic journal bearingso 

Two supplementary journal bearing test devices without exten= 

sive instrumentation, are also available~ 

do The most important tests of hydrodynamic bearings 9 for high= 

speed 9 lightly-loaded operation 9 should be concerned with self=induced8 

half=frequency whirl characteristicso A general criterion for stability· 

should be established and the range of validity of this criterion should 

be experimentally determined.. We are making a start on this phase of the 

work9 and if successful9 should produce a stability criterion for gas= 

lubricated hydrodynamic journal bearings 9 with a rigid journal., 

It has been predicted that even gas-lubricated shoe journal 

bearings will whirl if the angular speed and rotor weight are suffi= 

ciently smallo This prediction should also be tested., 

A machine should be -designed with a gas=bearing=supported shaft 

which should be stable at say 50 8 000 rpm or even higher when run in air 
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at atmospheric pressure when the shaft is, vertical or the journal bear= 

ings are unloadedo The bearing characteristics and hence the stability 

characteristics of such a machine could then be changed by var,ying ·the 

lubricating gas 9 the ambient gas pressure or the orientation of the shaft 

so as to load the journal bearings~ The changing theoretical and experi= 

mental stability characteristics should then be comparedo 

The instrumented journal beari~g test rig described above in 

Section (c) will be used for collecting whirl instability data to supple= 

ment our theoretical investigation of this form of instability~ 

Hydrostatic Lubrication 

Basic information is needed on the flow of gases through narrow 

slots and channels and through orifices and other nozzle=type restrictorso 

Essentially what is needed is a thorough study of what might be called 
1'microaerodynamicsn., This is needed on both the. theor..etical level and 

the experimental level in order to understand and be able to predict the 

action of gases in hydrostatic or externally=pressurized bearings of var= 

ious kinds 9 and to be able to:·analyze these bearings for their operating 

and performance characte.risticso This is essential for a fundamental 

approach to the problems listed belowo 

We are planning to attack this problem in a comprehensive 

fashion as described in the Annual Report~ 

ao A self=excited vibration has long been recognized as being 

quite common in hydrostatic gas bearings and has been called pneumatic 

instability or pneumatic hammero Several papers have recently been con= 

cerned with this form of instability so that more light is being shed on 

ito A concentrated effort is being made at The Franklin Institute to 

break through with a rigorous analytical solution supported by some care= 

fully obtained experimental datao If successful9 this will be an important 

contribution in itself and also for the light shed on associated aspects 
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of film spring stiffness and dampinge Howevers this works and that de= 

scribed in the papers that were just mentioned 9 concerns itself only with 

the flat circular disc type of hydrostatic thrust bearingo Additional 

effort will be needed on journal bearing geometrys and our efforts will 

be directed toward this form of bearing probably within the next_yearo 

bo The slots~ channels 9 orifices 9 etc~s mentioned above will cause 

the gas flow to induce a variety of pressure gradientso These in turn 

will establish the load=carrying capacity of the bearing~ The rate of 

change,of pressure at a given stationary point in the bearing9 as the 

film t~ckness changess will determine the stiffness of the gas film in 

the bearing., With this information9 the response of the bearing due to 

dynamic disturbances may be predicted~ The establishment of parameters 

for load=carrying capacity and for bearing film stiffness will be impor= 

tant for both thrust=type and journal=type bearing~ A portion of this 

work on a limited scale is being done by one companyo Some background 

information may be obtained from one or two British paperss but what is 

now known on this phase of the subject must be considered as very rudi= 

mentary0 The evaluation of damping in such bearings must be determined 

as well~ 

Our efforts along these lines have been described in the Annual 

Reporto Our approach will be on both the theoretical and experimental 

levelo Some results may also be forthcoming 9 of an experimental nature 9 

incidental to the operation of the high=speed journal bearing rig that 

has been designed., 

Co Fluid=film whirl with hydrostatic bearings is essentially a 

complete unknowno It seems 9 on the basis of some limited work done by 

one companys that the half=frequency type of.whirl which has been rec= 

ognized in- hydrodynamic bearings also exists in hydrostatic bearings 9 

but to complicate the picture 9 it appears to begin over a rather wide 

spectrum of frequencies and also appears to have various ratios of its 

own orbital frequency to that of shaft speeds not just one half as is so 
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often the case with hydrodynamic bearings with rigid shaftso A machine 

of the type described briefly in Section (d) above would probably suffice 

very nicely to provide an experimental testing deviceo 

The hydrostatic type of journal bearing should prove to be a 

very practical type of bearing~ in that it separates the rubbing surfaces 

before starting 9 ' can carry a relatively high unit load9 and can be made 

to be a stable bearing and suppress whirl and other similar instabilities9 

but it has many unknown aspects in both theoretical and experime~tal phaseso 

These will have to be under~tood before one can expect any better than a 

trial=and=error solution for each bearing configuration that is to be con= 

side redo 

It is hoped that these comments convey some idea of the extent 

of the work that needs to be done in the gas~bearing field and also pro= 

vide some idea of the extent of present research activityo 
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