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This bibliography was prepared a t  The Franklin Ine t i tu t e  

Laboratories f o r  Research and Development under a program of research on 

gas lubricated bearings eupported Joint ly  by agencies of the Department 

of Defense, Atoinic Energy Commission, Maritime Admlnietration and National 

Aeronautics and Space Administration and administered by the Office of 

Naval Research. - 
The author wishes t o  express h i s  appreciation t o  *all.,%hoee who 

have contributed bibliographies on gas bearings, .called . 
. 

at tent ion: to.new ,... . 

referencee, provided copies of d i f f i c u l t  t.0 obtain a r t i c l e s ,  o r  . otherwise . 

made h ie  taek easier.  

Other technical reports iesued under t h i e  program are: 

I-A2049-1 "A Bibliography on Gae-Lubricated Bearingsw by Eugene B. 
Sc iu l l i ,  D ~ c .  1, 1957. 

142049-2 "The Influence of the Molecular Mean Free Path on the Per- 
formance of Hydrodynamic Gas Lubricated Bearings1( by Albert 
Burgdorfer; June 1958. 

I-A2049-3 nAnnual Report ONR ProJect A-2049q' by Dudley D. Ful ler ,  
July 15,  1958. 

142049-1, "A Study of the S t a b i l i t y  of Externally Preeeurized Gae 
Bearings" by Lazar Licht and Harold G. Elrod, November 1958. 

I-A2049-5 "A Derivation of the Basic Equations f o r  Hydrodynamic Lubri- 
cation With A Fluid Having Conetant Properties't by Harold GO 
Elrod, April 1959. 
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INTRODUCTION 

t 

This work is  a revision and expansion of a biblioeraphy issued 

i n  December 1957, a s  The Franklin Ins t i tu te  Laboratories Interim, Report 

I-A2049-1. The present compilation contains 290 applicable references, 

more than twice the number of i ts predecessor. 

Wherever possible a resum8 i n  English of each reference i s  

included. I n  most cases the abstracts  were taken verbatim from the 

author, t ranslat ion being made when required. When necessary o r  desira- 5 
:. 

ble, resumes were prepared or  revised by FIL s t a f f  members. .r 

Five indexes are provided. The Yearly and Corporate Name In- 

dexes are the same a s  i n  the previous bibliography with, of 'course, the 

addition of the new references. The Subject Index, however, has been I 

changled. The new Subject Index contains th i r t een  descriptively worded , 

categories o r  headings specif ical ly chosen t o  cover the many-varieties 

and types of gas lubricated bearings. Of the other two indexes, one 

lists a l l  the patents i n  numerical order and the other lists the country 
/ 

of origin of the reference when tha t  country is other than the United 

States. 

Every e f fo r t  has been made t o  make t h i s  a comprehensive l i s t i n g  

of a l l  references published pr ior  t o  July 1, 1959 which deal d i rec t ly  o r  

indi rec t ly  with gas  lubricated bearings. The author would be grateful  i f  

any omissions are called t o  h is  attention. 

iii 



REFERENCES AND ABSTRACTS . ,: . 

1 -. 4 . .. 
ABBOTT, W. G.. JR., %as-Lubricated Bearing,". U. S. patent 1 337 742, . . ,. 

issued 1920, 

The externally-pressurized gas b e a r i . ~ ~  patented is designed with 
complementary tapering bearing surfaces. These could be conical bearing 
surfaces, spherical surfaces o r  other s imilar  forms of bearing surface of 
which one member i s  convex'and the  other concave. The inventor claims 
t h a t  the bearing w i l l  withstand a much greater  axial th rus t  o r  load and 
a l so  a greater  s ide pressure or  s ide thrus t  than cyl indrical  and plane 
surf aces . 
2 
ABBOTT, W. G., JR., "Device f o r  Uti l iz ing Fluid Under Pressure f o r  Lubri- 

cating Relatively Movable Elements,** U. S. Patent 1 185 571, issued 
1916. 

The patent i s  f o r  externally pressurized, gas-lubricated, rotat ing 
and reciprocating type bearings. For descriptive purposes, these devices 
a re  assumed t o  be used i n  a spinning mechanism such a s  i s  employed in 
the t e x t i l e  industry, 

3 

ADAMS, C. R e ,  "The Step Bearing: A New Concept i n  Air Lubrication," Pro- 
duct Ennineeriw, Vol. 29, No. 50, Design Issue Dec. 8, 1958. - 
Consisting of only two parts,  bearings l i k e  the one described a re  

rugged and inexpensive. They can be operated with air gas, water, o r  
mercury a t  high o r  low temperatures and speeds. (~u th !  

These bearings a re  characterized by an extremely small s i l l  length. 
The a r t i c l e  i t s e l f  appears to  .be ra ther  sketchy with much information 
missing. I , 

4 
*Air ~ e a r i n g  Levels Dividing Table," Product Enpineeriw, Vol. 27, 

April, 1956, ppe 156-157.. 

Master code wheels f o r  angle d ig i t i ze r s  made by Baldwin Piano Compgy 
require angular graduations t o  an accuracy not a t ta inable  with mechanical 
dividing engines. Photographic, e lectronic  and mechanical principles,  
combined i n  a machine with the dividing table  leveled to one wavelength . 
of l i g h t ,  produce the required accuracy. (Auth)' 

  he story, t o ld  i n  four  pictures  y i t h  t i t l e s ,  reveals t h a t  externally- 
pressurized a i r  bearings made of .glass &re used * the system. 

5 
" A i r  Bcaring VibratPon Machine,* Material Laboratory, New York, Brooklynl, 

N.Y., Technical Review 1956, pp. 4-7. 

Mention i s  made of a device t o  help evaluate the mechanical charac- 
t e r i s t i c s . o f  electron tubes and other  equipment. This includes the 



mechanical. reproductions of.random noise excitation, For t h i s  purpose 
the t e s t  equipment (vibration machine) must have no resonances i n  the f re -  
quency band of i n t e r e s t  and i t  must a l so  meet other ra ther  s t r ingent  con- 
dit ions.  It was found tha t  a vibration machine incorporating a i r  bearings 
could f u l f i l l  most, i f  not a l l  the necessaly requirements, (See SCHNEE). 

6 
" A i r  Lubricated Bearings - Some Pros and Cons  bout Them," Power Trans- 

mission Design, Vole 1, NO. 5, May1959. 

This a r t i c l e  abs t rac ts  some of the  material  from Chapter 9 of the  
book, "Theory and Practice of Lubrication f o r  Engineers," Ref. 1000 

7 
" A i r  Lubricates Grinder Head Bearing," Machine Design, Vole 24, No, 6, 

June 1952, p, 138,' , 

News item describing a small grinder tha t  <has a i r  lubricated bearings. 
Bui l t  i n  two models, by P r a t t  and Whitney the un i t s  have speed ranges 
from 3 5000 to  50000 rpm and 60000 t o  1 0 0 h  ipn. . Air requirements range 
from 25 t o  36 cfm. 

8 
" A i r  Lubricated Michell Bearing," Ewineerinq, Vol. 116, NO. 3007, A u ~ .  

17, .1923, p. 203 
Brief a r t i c l e  mentioning tha t  Kingsbury constructed a model a i r  

lubricated th rus t  bearingo 

9 
" A i r  Lubricated Thrust Bearing," Library of Congress, PB U 7  333,  pe pen- 

d i x  B,) 

Included i n  a Materials Testing Report from N U  i s  an appendix c n- 
ta ining mention of two air-lubricated bearings (6 and 8-inch diameter7 
which were used a s  par t  of the t e s t  e u i p e n t .  No other information a . e i ther  experimental, theoret ical ,  o r  eslgn is  given i n  this report. 

10  
n A i r  Replaces O i l  f o r  Bearing Lubricationsn Aminco Laborators News. Sept. 

1958, PO 100 

This i s  a short ,  200 word, news -item which notes that'many gases can 
be used a s  1 bricants  i n  e i the r  self-acting (hydrodynamic) o r  externally- 
pressurized ifhydrostatic) bearing appl ica t~ons .  

\ 

11 j 
"An A i r  ~ h h s t  Bearing," M i l l  and Factory, Vol. 54, NO, 3, Mar, 1954, 

PO 139, 
Short a r t i c l e  on the use of an ' a i r  lubricated th rus t  bearing. (Same 

device discussed i n  "Cushion of Air Serves as  Thrust ~ e a r i n g . )  

12 ' 
ANMEN, Re, "Fluid Support B e a y i ~ , ~  U. So Patent 2 684 272, issued 1954. 



The object of t h i s  invention is  t o  provide a bearing of the f lu id  
supported type (externally pressurizied ) wherein the autamatic centering 
of the movable body i s  improved. I n  the- journal  bearing version, inclined ' 

spring-like f ingers  form the axial extremities of the pressure chambers. 
When the chamber pressure increases the f ingers  move outward cutting 
down the effect ive area through which the f l u i d  can flow. Conversely, a 
shaft  displacement causes some "leakage" areas  t o  become smaller, choking 
off pa r t  of the flow and permittiw'chamber pressure t o  build up. Mean- - 
while, diametrically opposite, the escape area and flow increase and 
r e s u l t  i n  a lowering of chamber pressure. The response of the system i s  
sa id  t o  be so rapid tha t  an immediate, automatic "centeringn of the 
journal i s  achieved. 

ANSCOTT, We, (51) 
. . 

. . 13 
ARMSTRONG-SIDDELEY, "Gas Bearing Applications," Reactor Component Division, . 

Armstrong Siddeley Motors Ltd., Coventry,'England, Feb. 1958. 

Avertising l i t e r a t u r e  of a commercial device (gag pmp) which 
employs gas lubricated bearings. 

1 4  
rlRMBOLENSKI, I. I :, S, A. SCHEINBERG "High Speed Sliding Bearing using 

Air a s  a Lubricant," (1n Russianj Machine Cdnstruction Newsletter, 
No. 8, U.S.S.R;'1950, pp; 5-12. 

The following items are  covered i n  separate chapters; 

1, Principles governing.aerodynamic bearings. 
2, Structure of a supercentrifuge and its basic elements. ' 

3. Method of aesigning bearings. 
4. Basic properties of gaseous lubricants.  

Conclusion: The main application of gas bearings i s  i n  cases of 
high speeds of revolution. It is  d i f f i c u l t  t o  define speed limits for  
these devices; while l i g h t  loads can be supported a t  lower speeds, the 
higher rpm l i m i t  i s  generally s e t  by the strength of the material o r  
s t a b i l i t y  of the rotor,  

Because of the ava i l ab i l i t y  of lubricant  ( a i r )  and the poss ib i l i ty  
of operating a t  higher speeds, there promises t o  be numerous' applications 
of gas bearings. (Auth) 

1 5  
AuSMAN, J o  S., M. WILDMANN, "How t o  Design Hydrodynamic Gas  bearing^,^ 

_Product Engineerin& 28, No. 25, 1957, pp. 103-PU6. 

The fundamental pr inciples  of hydrodynamic gas4bearings a r e  dis- 
cussed, Charts and equations a re  given f o r  designing a hydrodynamic 
gas bearing. 



AUSMAN, J. S., "The Finite Gas Lubricated Journal Bearing," Paper 22, 
Qdrodynamfc Lubrication, Conference on Lubrication and Wear, 
London, 1st-3rd Oct. 1957, The Inst i tut ion of Mechanical Engineers, 
1 Birdcage Walk, London, S .W. 1. 

' 
A first-order perturbation solution is obtained for  hydrodynemic, 

. gas-lubricated, journal bearings of f i n i t e  width. It permits d e t e ~  
mination of end-flow factors on bearings operating at small eccentricity 
ratios. I n  comparisons with experimental data, it is shown that  these 
end-flow factors may be wed with Katto and Soda's infinite-width journal 
bearing solution t o  predict load-eccentricity characteristics on actual 
bearings. The agreement with experimental data i s  better  when an adiabatic 
rather than an isothermal pressure-density relationship i s  assumed. (Autb ) 

This  is an extension of the author's previous work. Here again th i rd  
order terms are  not included i n  the solution (see wildman) and the question 
of convergence i s  not investigated. 

The agreement of the experimental results  of other authors with these 
theoret ical  adiabatic curves i s  remarkably good. I f  t h i s  agreement i s  a 
t rue  relationship and the agreement i s  enhanced by the "end flow factors1' 
being added t o  Katto and Soda's solution, then the author has made a signi- 
f icant  contribution t o  the gas bearing f ield.  

17 
AUSMAN. J. S . , "The Fluid Dynamic Theory of Gas Lubricated Bearings," 

Trans. ASME, Vol. 79, No. 6, Aug. 1957 pp. 1218-1224.' 

A differential  equation fo r  the pressure distribution i n  gas-lubri- 
cated s l ider  bearings i s  derived from the  basic equations of f lu id  
mechanics. The equation i s  an extension of Harrison's gas-bearing equation 
i n  tha t  the  in f in i te  width and isothermal restr ict ions have been removed. 
A perturbation solution is proposed and i s  carried out fo r  the  special 
case of an inf in i te ly  wide, self -lubricating (hydrodynamic) Journal bearing. 
Comparisons wi th  numerical solutions t o  Harrison's equation indicate that  
the f i r s t  three terms in the series solution are  sufficient t o  determine 
the pressure distribution and bearing load with reasonable accuracy. 
( ~ u t h )  

The author's approach, making use of a series solution fo r  a d i f ferent ia l  
equation is by no means unique i n  mathematics. Yet, the application of it 
t o  the  equations of hydrodynamic lubrication with compressible f lu ids  has 
at tracted considerable attention. 

I n  t h i s  paper the  question of convergence of the series solution f o r  
the  pressure distribution was not considered and only t he  f i r s t  three terms 
of the  series were used; that  is, terms of th i rd  order and higher were 
neglected. The expression fo r  load-carrying capacity i s  said t o  give good 
results  fo r  eccentricity ra t ios  of 1/2 or  less,  but greater accuracy can 
be obtained and higher values of eccentricity employed i f  additional terms 
are used i n  the proposed solution. 

The author's curves of theoretical pressure distribution, radia l  



s t i f fness  and angle between load and deflection appear t o  be i n  good 
quantitative agreement with the  curves obtained from Harrison's work. . 

18 
BARBEZAT, A * ,  ??Device t o  Balance Thrust i n  Turbines," U. S. Patent ' . 

' . - . .  1 ,030 153, issued 1912. 
' :i. ;+ 

. . 

D q  piston device which employs steam t o  balance the  thrust load v 

i n  a turbine, 

19 
BARRICK, P. L., J o  A. BRENNAN, D. 8. CHELTON, b. B. MARTIN, nLitekature 

Survey of. Bearings, ~ r i c t i o n ,  Wear* and ~ u h i c a t i o n  Pertinent t o  
Cryogenic .Applications ,lt NE?S Report' 6018 Unpublished, NBS Boulder 
Laboratories, Boulder, c.010. ' ' . 

Since t h i s  report i s  unpublished it is. not generally available. 
However, only Section 2.2 "Gas Lubricationtt i s  of in teres t  and al; 
applicable references from' tha t .  source are included ,in t h i s  bibliography. ! - 6 

. . :  .. 
20 

I 

BARWELL, F . ,T., ? ~ u b r i ~ a < i ? n :  of Bearings ," Bytterworths Scient i f ic  Pub- I 
l i ca t ions ,  London, 1950. ' " A i r  Lubrication," pp. 113, 222-225. 1 

I .. Contains only a br ief  mention. of the  use of a i r  a s  a lubricant. 
Cites .Gerard and Shires.. . .. , I . . . , 

.i 21 
BATES, M. F., "Resetting Means f o r  A i r  Borne Gyroscopes," U. S. Patent 

2 200 976, issued 1940. 

A i r  under pressur< is used t o  f l o a t  the caking of a gyroscope so t h a t  
it can osc i l la te '  about a horizontal axis. ' , 

. . 
, 

22 . . .  

REAMS, J,' W. ; "High. Rotational' Speeds ,? Journal Applied Phvsics, Vol. 8, 
1937, pp* '797-804. 

The paper' contains a rather impressive l i s t  of references which 
deal primarily with cent;r$fuges, The discussion which follows includes 
the  abstract  of this paper and a lso  most o f % t h o s e . i t  references. 

It appears t h a t  following t h e  work of Henriot and Huguenard, it beasme 
possible t o  produce re la t ive ly  low cost centrifuges which made use of an 
air-driven turbine and air-lubricated bearings. However, t he  centrifuge 
has since evolved in to  an 'e lectr ical ly driven rotor  with bearings. 'that 
use lubricants other than gases. 

In the  centrifuge l i t e ra tu re ,  t h e  theore t ica l  aspects of gas bearing 
design i s  conspicuous by i t s  absence and one senses- tha t  the  bearings' were 
bu i l t  mostly by "cut and. try.?' If any formal- design methods. were applied , 
t o  the  bearings of these centrifuges, de ta i l s  of them have e i ther  not code 
t o  l igh t  o r  have not been published. There i s  some mention made of t h e  
des im of the  turbine rotor and nozzles and the  re la t ive  angles between them, 
but the  amount of information given i s  rather  limited. 



23 . . . . 
BECKER,. H .  I ., " A i r '  Bk&ing Graphit6 Lining (porous) ," U. S.. Patent ., . 

2 627 443, j.ssued 1953. 

.The subject of.  t h i s  patent.  i s  an o i l  f ree,  porous, graphitized, , , . 

sleeve bearing which' uses externally pres'surized gas ' a s  a lubricant. 
The,,advantages of t h i s  bearing stem from t h e  low f r i c t i o n a l  character is t ics  
of the' 'carbon material. . ' ' . , 

4 

24 
BECKER, H. I., ' ' A i r  Bearing Graphite Lining (porous),1t U. S... Patent. 

2 645 534, issued 1953. 

An externally-pressuri~ed bearing is  described. I n  this device the  
gas i s  dis tr ibuted inside a hollow metal chamber t o  t h e  outer s ide of a 
porous, graphitized carbon l i n e r  (bearing) through which it passes and 
a c t s  t o  support the  load. Applications shown include J o u n a l  bearings 
and cup (spherical sea t )  bearings of various design and use. 

* . . .  , 

25 
BIBBINS; R. E., llCompass,ll U. S. p a t e n t  1 385 423, issued 1921. 

A compass which comprises a base cup adapted to .penni t  a supply of 
air  t o  pass therethrough t o  the  chamber of said cup, a f loat ing vessel 
adapted and shaped t o  r e s t . i n  said base cup when stationarg and t o  f l o a t  
there in  when raised by the ,  support:ing air, a removable and adJustaLle 
cover f o r  said vessel, and a b a l l  adapted t o  be located inside said vessel  - 
when covered and t o  spin f ree ly  and effect ively t h e r e h  when, and as, 
acted u on by the  air fed t o  said vessel through said base cup. (Off ic ia l  P Gazette 

. . 
b 

26 
BIDWELL, E. C.,"Work Holding and Clamping Mechanism f o r  Centerless 

Grinding Machines,'? U. S. Patent2 754 6 4  issued 1956. 

T h i s  invention provides means f o r  holding a work piece clamped 
against a rotat ing driver,  such means comprising a piston movable i n  one 
,axial direct ion t o  clamp, t h e  work piece.and i n  the  opposite direction t o  
wclamp the.work piece, and inside the  piston a rotable work clamping 
member, .and u t i l i z i n g  f l u i d  (gas) pressure t o  form th rus t  and journal 
bearings between the  piston, and member with me- independent of the  
journal bewing function f o r  controlling the  thrus t  bearing pressure ao 
as t o  clamp t h e  work piece o r  permit its. release a s  by sprFing means. ( ~ u t h )  

27 
BILD, .C .. F., P, F . VTAL, Simple High-Speed A i r  Spinner f o r  'Centrifugal 

Testing of Small Mechanical 'Devices,ll Trans. ASME, Vol. 75,. May, 1953 
..pp.- 515-519. Dis.cussion by 0. C. Brewster. 

..'.'.. " A- centrifuge was developed f o r  the  purpose of t e s t ing  - the functioning 
of mechanical and electromechanical devices while these devices were 
spinning up . t o  100 rps.. A t yp ica l .  device i s  a clock mechanism, i n  which 
p a r t s  of considerable mass s h i f t  position during t e s t .  *. 



The discussion of the  paper'by B r e k t e r  . is' considered by t o  
be of great  in te res t .  , 

28 
BLIZAFtD, Re B., "Bearing," U. S. pate& 2 695 199, issued 1954. 

A bearing opentat  one s ide comprising i n t e r f i t t i n g  surfaces, means 
f o r  supplying lubricant under pressure between said surfaces a t  spaced. 
regions, and suction means f o r .  withdrawing lubricant therefrom at  a , 

point opposite said open s ide.  and intermediate t h e  points of introduction 
of said pressure lubricant,  (Off icial  Gazette) 

29 . . 

BLOKH, E, .. L., "Techenie Vlazkogo ;Gaza Dvumia Dvizhushchimisia Para l le lT-  
nymit silindricheskimi Poverkhnost iami . Proizvol tnoi Formi (study of , 

t h e  Flow of Viscous Gas Between Two Pa ra l l e l  Cylindrical Surfaces of 
Arbitrary FOM)," Prikl. Mat. i Mekh. 1956, pp. 116-119. 

study o f ' t h e  flow of viscous gas between two pa ra l l e l  cyl indrical  
surfaces of a rb i t r a ry  form. The motion of gas i s  assumed t o  be caused 
by the  ro ta t ion  of t h e  surfaces of which t h e  inner i s  taken t o  be sta- 
tionary. It i s  'showri t h a t  fo r  t h i s  type of motion, t h e  r a t i o  of t h e  
forces of resis tance f o r  viscous gas and viscous f l u i d  i s  not affected 
by t h e  configuration of t h e  cross section of cylinders. Two nwnerical 
examples considered include the  flow of viscous gas between two p a r a l l e l  
planes and t h e  flow between two co-focal e l l i p t i c a l  cylinders. (~eview- 
AERONAUTICAL ENGINEERING - 1956 ) . 

This paper was not available f o r  review. It is possible t h a t  this 
paper i s  not re la ted  t o  gas lubricant bearings. , 

30 
BOEmR, G., D. D. FULLER, C. F. KAYAN, "Gas Lubricated Bearings, A 

C r i t i c a l  Survey," WADC Technical Report 58-495. ASTIA No. AD 216 356. 
Also avai lable  through Office of Technical Services. 

The authors, i n  t h i s  report, take a long c r i t i c a l  look in to  some of 
t h e  l i terat ,ure .  on gas bearings., The-work is  broken down in to  t G e e  pa r t s  
a s  follows: 

Part  1 - "General Hydrodynamic Theory and Hydrodynamic 'or Self-Acts% 
Bearings, " 

The purpose of Part  1 of t h i s  report  i s  t o  summarize the  work on the 
hydrodynamic types of gas-lubricated th rus t  and journal bearings with t h e i r  
attendant problems such a s  self - e m i t  ed shaft  vibrations. 

I n  t h e  bel ief  t h a t  a measure of skepticism, i s  a r e a l  stimulant t o  , 

progress, the  author has adopted such an a t t i t u d e  towards some of t h i s  
work. 

Part  2 - " A i r  ~ u b r i c a t e d  Hydrostatic o r  M e r n a l l y  - Pressurized , 

Bearings ," 
The l i t e r a t u r e  on externally-pressurized bearings i s  c r i t i c a l l y  

reviewed. An e f fo r t  has been made t o  present a broad picture of what 



is  known i n  te rns  of analysis, design and performance of these bearings. 
Emphasis has been given t o  those areas  where'further in fomi t ion  i s  
def in i te ly  needed. 

Part  3 - V e a s i b i l i t y  Study on the  Determination of Pressure 
Distribution i n  Hydrostatic Gas - Flow Bearings v i a  E lec t r i ca l  Analdgysw 

The purpose of t h i s  par t  of the report i s  t o  invest igate  the  
f e a s i b i l i t y  of representing the gas-flow through the various ccanponents 
of a gas-lubricated bearing by means of a simulation e l e c t r i c a l  analogy 
c i r cu i t ,  such t h a t  a t  various points throughout the system, pressurea 
may be detelmined by the analogy method, thus on t h i s  bas is  making 
prediction of bearing performance possible. Inasmuch as the  objective 
is  t o  explore the  poss ib i l i t i e s  of a prac t ica l  procedure, the proposal 
u t i l i z e s  character is t ic  and representative flow relationships,  whose 
form necessarily d i c t a t e  the requirements of a solution. 

- 31 
BOLSTER, W., WMultiple Gyro A i r  Borne Compass," U. S. Patent 2 262 232, 

issued 19W. 

Complementary spherical members separated on a i r  f i lm f o r  univer- 
s a l l y  supporting a central  sphere f o r  turning about a v e r t i c a l  axis and 
osc i l l a t ing  about both horizontal axes. Appropriate passages a r e  
employed f o r  suppling a i r .  

BOLSTER, W., (50) 

BOOSER, E. Re, (277) 

3 2 
BOTTLE, D. W., "Note on an Air Supported ~ e a r i G , "  Royal Aircraft  

Establishment, Aero. Tech. Memo No. 6, 1948. 

(Paper not  avai lable  f o r  review as of July 1, 1959.) 

.33 
BOYD, G. A., @ ( O i l  Burner," U. S. Patent 2 177 053, issued 1939. 

The patent' i s  f o r  a new fue l  burner comprising a ro tor  having a 
coaxially disposed cup therein f o r  receiving f u e l  t o  be. atomized by 
centr i fugal  force and i s  par t icu lar ly  characterized by the f a c t  t h a t  
the  ro to r  i s  en t i r e ly  supported on a f i lm of a i r  during normal operation 
thus eliminating metal l ic  f r ic t ion .  ( Auth) . . 

34 
BREXER; A. F., *Gaseous Lubrication-," Lubrication E-, Vol. 13, 

'., No. 4, Apr. 1957,. p. 189.. 

Brief a r t i c l e  on use of gases as , lubricants .  



35 
BREWSTER, 0. C . ,  "HLgh Speed Rotor Using Gas-Lubricated Bearings t o  Get , 

Away From Whip," U. S. Patent 2 603 539, issued 1952. 

A s  a means fo r  minimizing whip in a high speed rotor using gas-lubri- 
cated beerings, the inventor recommends the  introduction of a l a t e r a l  gas 
pressure on the rotor at one side of its axis. The patent i s  issued for  

r the  rotor. 

BREWSTER, 0. C. (27) / 

36 
BRC(, V. H.,  haft Stabi l i ty  in Gas Film B e a r h g ~ , ~ ?  Ennineering 187, 

Feb. 6, 1959, pp. 178-182. 

The author, discussing self-acting bearings, notes that  t h q  have an 
inherent weakness manifested i n  a tendency t o  cause the shaft t o  "whirltt 
or t o  precess bodily within the bearing clearance, thus making them 
greatly sensitive t o  'unbalance and dynamic disturbances of various kinds, 
In  t h i s  work he describes the results  of t e s t s  made, not t o  change designs, 
but t o  control the  manufacturing parameters so as t o  make the best of the 
existing scheme. Experimental results  on w h i r l  are given i n  the form of 
curves. 

37 
BRZX, V. H., ttSynchronous Whirling of Shafts in Plain (Gas) Bearings," 

I G R R  . C .A. 176, IGR-~~/~-261, 18 June 1956, United Kingdom Atomic 
, Energy Authority, Capenhurst Works, Chester, England. 

The report begins with a dynamical theory of a shaft vibrating in 
two bearings, paying special attention t o  the values of bearing fib 
stiffnesses and the i r  linearity. 

Several experiments are then described, which were drawn from a 
f a i r l y  comprehensive investigation of the whirling problem and the collateral  
question of balancing. 

The theoretical analysis is then applied t o  the experimental results  
with a f a i r  amount of agreement i n  mslly cases. A further theoretical esti- 
mate, extended t o  the  case of a shaft in an o i l  lubricated gearbox which 
was known t o  whirl, adds some more evidence of the possible useflalnesa of 
the approach. 

The report concludes by illustrat* several shaft-bearing assemblies 
with the i r  comparative lowest c r i t i c a l  whirling speeds, as estimated by 
the formulee developed. ( ~ u t  h )  

Since the question of dynamic ins tabi l i ty  i n  bearings increases in 
importance as rotational speeds increase, the authorta report should be 
of great interest. The term "half-speed w h i r l n  i s  probably familiar t o  
many readers but t h i s  i s  only one of mhy types of ins tabi l i ty  which have 
now been separately identified. The author makes a theoretical analysis 
of simple (cylindrical) synchronous whirl and conical synchronous whirl. 
Experimental t e s t s  are discussed and the results compared with the theore- 
t i c a l  ones. Suggestions are made on steps t o  take t o  reduce synchronous . whirl t o  a minimum. 



3 8 
BROWN, Ee C., tQevelopent of a High Efficiency, Air Lubricated J o u r q l  

Bearing," Royal' Aircraft  Establishment Tech. Note Aero. 2107, 
June 1951. . 

Modifications to ' the  a i r  lubricated 'drag and side-force bearings of 
the v i r t u a l  center.-balance in the .R.A.E., No. 2, ll-1/2 x 8-1/2 f t ,  wind 
tunne l  have 'resulted i n  a very substant ial  increase in t h e i r  load carry- 

, ing capacity, A t o t a l  of e i  h t  bearings were affected and a l l  a r e  now 
working a t  load coeff ic ients  f Maximum load carried/ (Projected area of 
bearing) x ( ~ i r  supply of between 0.77 and 0.86 compared with 
normally accepted values of 0.3 - 0.4 f o r  t h i s  type of bearing. ( ~ u t h )  

Amappendix contains some suggestions f o r  the applications of the 
prrnciples  involved t o  the design 'of complete journal bearings. 

Journal bearings, (180°), a i r  lubricated by a se r i e s  of j e t s  dis- 
t r ibuted  mainly on' the periphery and center l i n e  of the bearings, were 
modifie'd and t h e i r  load carrying ,capacity increased. The modification 
consisted of (1) lapping the mating surfaces t o  improve the f i n i s h  and 
cut t ing down .the. clearances : and (2) fonning a shallow cavity i n  the 

.ou te r  s h e l l  of the bearings. The cavity covered an area within the . , 
boundaries off the outer ring of , j e t s  and was "ventilatedn (pressurized) 
through the exis t ing j e t s  on the center l ine.  

3 9 
BRUBACH, H. F., llSome Laboratory Applications of the Low Frict ion Pro- 

~ e r t i e s  of the Dry Hypodermic Syringe," & Review of Sc ien t i f i c  
Instruments, Vol. 18, May 1947, pp. 363-366. 

The principle of rotat ing eithe,r  the barrel  o r  plunger of a dry hy- 
podermic syringe t o  produce a ' low f r i c t i o n  gas lubricated bearing i s  des- 
cribed, The application of t h i s  pr inciple  t o  accurate measurement of 
gas volume a t  very 1ow.pressure heads, and fu r the r  applications t o  other 
instruments operating a t  low, pressure. heads i s  indicated. Horizontal . 

\ motion of the.plunger .was,produced i n  a rotat ing syringe bar re l  with 
pressures a s  low a s  0.6 dynes per cm2. ( ~ u t h )  

This paper awaken's one t o  a possi'ble source and the re la t ive ly  low . 
cost  of' t h i s  type,of  device t h a t  can be used.as a precision air bearing. 
The applications t h a t  were made'of these syringes appear t o  be p r a c t i c a l *  
as well  as  novel. No theoret ical  treatment i s  given f o r  the bearing des- 
cribed, I 

. . 

40 
BRUGGER, R. Gee " A i r  Bearing," U. S. Patent 2 695 198, issued 1954. 

The invention i s  a ltpush-pulln type of bearing which may be used i n  
devices such as  gyroscopes. A s  designed it eliminates the need f o r  
"opposed" bearings. The method used i s  similar i n  a sense t o  t h a t  used 
by Gerard. I n  Gerardqs invention o i l  drawn from one chamber i s  pressur- 
ized and used i n  another chamber €0 support the  load. 

Here the f l u i d  used is a gas and all the chambers o r  pockets a r e  on 
one end or s ide of the bearing. The loadcarrying pockets a re  pressurized 
a s  before but the nsumpt' chamber i s  evacuated. The resul t ing pressure 
d i f f e r e n t i a l  a c t s  t o  hold the surfaces from separating. This r e s t r i c -  
t i o n  t o  motion has the  same e f fec t  a s  the "opposite bearing. By proper 
balancing of s izes  and pressures it should be possible t o  achieve a s t i f f  
bearing i f  desired. 



41  . . 
. .  , 

BRUNNER, R.K., J. M. HARKER, .K. E. HAUGKTON, A. G. OSTERLUM), "A Gas 
Film L~?ricat ion Study, Part 111 : Ehperimental Investigation of 
Pivoted Sl ider  Bearings," Journal of Research and Develoment, 
Vol. 3, No. 3, July 1959, pp. 260-274. 

The resul t s  of experimental measurements on pivoted s l ide r  bearings 
are  presented, the  experimental methods are  described, and the  experimental 
data i s  compared with data obtained from a numerical solution of t h e  
Reynolds d i f f e ren t i a l  equation f o r  a compressible fluid.  (Auth) 

See W. A. Gross and W. A. Michael f o r  other papers in t h i s  group. 

42 
BRUNZEL, N., "Pressure Lubricating Bearing,tt U. S. Patent 2 756 lu, 

issued 1956. 

Externally pressurized ,gas-lubricated bearings are  described in this 
patent. 'Suggested uses are  i n  u l t r a  centrifuges. It is also pointed o u t ,  
t ha t  these bearings do not require axtended'periods of r e l a t ive  motion 
between parts  so tha t  they can be used f o r  "to and fron movements such 
as occur in compressor pistons; 'regulati'ng valve shafts,  and t h e  l ike.  

43 
BRUNZEL, N., ttDruckluftgeschmierte Gleitlager ( h e r l a g e r )  (Externally - 

Pressurized A i r  Lubricated Journal ~ear ings) ,"  - Berichte, Bd 20, . 1957, pp. 123-131. 

Hydrostatic journal bearings with circumferential supply s l o t s  a re  
discussed. When the  s l o t  width i s  too  la rge  t h e  shaft  does not f loa t  

(I unless a r e s t r i c t ion  i s  used. A range of r e s t r i c t ion  s izes  i s  given as 
a function of fi lm thickness. Laminar flow is  assumed and the  incompress- 
i b l e  f l u i d  equations are  used. A Bernoulli pressure drop i s  assumed t o  
occur between the  i n l e t  chamber and the  bearing clearance. An expression 
involving hydraulic radius is  used t o  derive equations f o r  pressure dis- 
t r ibut ion.  For analysis purposes the  bearing i s  s p l i t  i n to  an upper and 
lower region and t h e  crossflow between regions considered. The re su l t s  
of theory and e te r imen t  are  found t o  be in qual i ta t ive agreement. The 
bearing s t a b i l i t y  character is t ics  a re  analyzed and a c r i t i c a l  rotat ion 
speed determined. 

44 
BUCK, W. E.,. "High Speed Turbine - Driven Rotating  mirror^,'^ The Review 

of Scient i f ic  Instruments, Vol. 25, No. 2, Feb. 1954. - 
A rotat ing mirror is  the  basic element i n  the  highest-speed cameras 

of both the  framing,and sweeping image types. The fac tor  of merit of these 
cameras i s  determined mainly by the  peripheral speed of the  mirror. The 
turbine drive described here will spin the  best-quality s t e e l  mirror up t o  
i t s  bursting speed. F la t  mirrors with faces 17.5 mm wide by 21 nun per- 
pendicular t o  t h e  rotat ional  axis a re  operated regularly at  10,000 rps. 
A camera designed t o  use these turbines and t o  take pictures a t  the  r a t e  

* of 3,500,000 frames per second, with an exposure time of 0.1 sec, i s  i l lu s -  
trated. (Auth) 



Buck was not able t o  operate with air-bearings a t  much over 3000 
rps. However, with l iquid lubricat ion he was able t o  a t t a i n  rotat ional  
speeds of 1.3500 rps.. No information i s  given on the  design or  develop~ent  
of t h e  a i r  bearings. . - 

45. 
BUDD, A. V., "Rotary Engine," U. S. .Patent 915 549, issued 1909. 

I n  t h i s  invention a pressurized f l u i d  is  used t o  support a v e r t i c a l  
load. The same f l u i d  impinging on  b bucket^^.^ i s  used t o  impart rotat-ion . 

t o  t h e  supported member. The f l u i d  used may be o i l ,  water, steam o r  other 
gas. 

46 I .  
BURGDORFER, A., "The Influence of t h e  Molecular Mean Free -Path on t h e  

Performance of Hydrodynamic Gas Lubricated Bearings ,lt The Franklin 
~nst i tute-Laborator ies  Interim Report I-A.2049-2, Contract Nonr 
2342(00) Task Mi. 097-343. , Also AEC'!! 3771 from Off i ce  of Technical 
Services. Also Journal -- of Basic Zn ineer '  Trans. ASME Mar. 1959, 

+EST&?~-~ .FLUB-~. Val. 80, Series  D, No. 1, pp. 94-100 

A modified Reynolds equation i s  derived f o r  gas-lubricated hydro- 
dynamic bearings operating under ttslip-flow" conditions. Closed analyt ical  
solutions are  given f o r  a Rayleigh-type step-bearing and an inclined 
plane s l i d e r  bearing. f o r  the case of two-dimensional flow. 

The influence of t h e  molecular mean f r e e  path on the  perfoqnance of 
bearings of a rb i t ra ry  form is  obtained by means of a small parameter 
perturbation technique. ( Auth) 

The author presents one it& of study on the  fundamental aspects of 
bearing lubrication. The work i s  d i r ec t ly  applicable t o  cer ta in  conditions 
of gas bearing operation *eluding the  use of gases such a s  hydrogen and 
helium. 

47 
CARTER, L. F., " A i r  Supported Gyroscope," U. S. Patent 2 086 896, issued 

1937. 

The gyroscope described uses spherical shaped a i r  bearings-in which 
t h e  air i s  caused t o  flow by lovering the  pressure (exhausting) through 
the  opening which i s  normally used f o r  t h e  in l e t .  

48 . 
CARTER, L. F., " A i r  Borne A r t i f i c i a l  Horizon," U. S. Patent 2 086 897, 

issued 1937. 

A to ro ida l  (doughnut-shaped), air-lubricated bearing forms part  of t h e  
air-borne a r t i f i c i a l  horizon patented. A i r  flow t o  exert t he  torque re- 
quired t o  r igh t  t h e  gyroscope- when necessary i s  controlled by t h e  motion - 
of a pendulum which is  part  of the  device. . 
1+9 
CARTER, L. F., " A i r  Borne Directional G y r o s ~ o p e , ~  U.' S. Patent 2 086 898, 

issued 1937. 



Tho gyroscope which is  the  patented item makes use of an a i r  drive 
and a i r  support. The a i r  i s  exhausted from between the  bearing surfaces 
rather  than being forced i n  under pressure. The bea r iws  used are  shaped 
i n  the  form of sections of toroids. 

P .  

5 0 
CARTER, L. F., W. BOLSTER, "Air Borne Gyrocompass," U. S. Patent 2 095 313, 

= issued 1937. 

A "heavy" (200 pound) gyrocompass is  supported on an axternally 
pressurized gas lubricated, spherical bearing. , Pressurized a h  i s  a lso  
used f o r  damping, and torque restoring purposes. A standby mechanical 
system of bearings is  provided i n . t h e  ,event t h a t  the  air supply should 
f a i l .  

5 1 
CARTER, L. F., W. AECOTT,  rovertic tical,"'^. S. Patent 2 133 809, 

issued 19%. 

I n  a gyrovertical,  a rokorj a rotor  b e a r i w  casing supporting 'said 
rotor  and a i r  borne spherical bearing means f o r  supporting said c a s h g  
f o r  freedom about a l l  three principal axes. (Official  ~ a z e t t e )  

52 
CHARRON, M. E., "Role Lubrifiant de L'Air dans l e  Frottement:des Solidesi 

Frottement .dans , l e  Vide  h he Role of A i r  a s  a Lubricant i n  the  
Fr ic t ion  of Solids. Fr ic t ion  in a ~acuum)," Academie Science', 
Session 11, April1910, pp. 906-908. 

L The author hot es  from axperime&s t h a t  the  f r i c t i o n  between r e l i t  ive ly  
moving surfaces decreases as speed increases unt i l  a cer ta in  t t c r i t i c a l  
velocity" i s  reached whereupon the  f r i c t i o n  becomes constant. This i s  
at t r ibuted t o  the  presence of. an a i r  layer  which ac t s  as  a lubricat ing '  
film. When the  same experiment was performed in a vacuum, the  coefficient 
of f r i c t i o n  was found t o  be independent of speed. 

CHELTON, D. B., (19) 

CHERUBIM, J. L., (89) 

53 
CHIRONLS, N., "Research Focuses on Gas Bearings," P- &&.wering 

The a r t i c l e  gives a summary as  of Nov. 1957, of the  program of gas 
bearing research conducted a t  the  Franklin I n s t i t u t e  Laboratories under 
Contract ~onr-2342(00) Task NR 097-343. 

54 
CHRISTOPHERSON, D. G., "A Review of Hydrodynamic Lubrication," Proc. 

Ins t ,  Mach. Eng. Canf. on Lube and Wear,.London 1957, " A i r  Bearings," 
. p. 11. 

A br ief  mention o'f air  lubricated bearings made 5r-1 revievdng the  papers 



by Ausman and Cole and Kerr presented a t  the  same conference. 

55 
COLE, J. A * ,  J. E R R ,  tfObservations on the  Performance of A i r  Lubricated 

Bearings," Paper 95, Hydrodynamic Lubrication,.Conference on.Lu- 
br icat ion and Wear, London, 1st-3rd October 1957, The Ins t i tu t ion  
of Mechanical Engineers, 1 Birdcage Walk, London, SW 1, 

Ekperiments Mve been made on self-acting a i r  bearings with clearance 
r a t i o s  i n  the'region of 0.001, running a t  speeds up t o  60,000 rev/min. 
The r e s u l t s  indicate tha t  loads of about 1 lb/in2 (0.07 kg/cm2) per lOOC 
rev/min can be carried. A t  low loads, corresponding t o  calculated 
eccent r ic i ty  r a t i o s  below 0.2, half-speed whirl occurs. Circumferential 
pressure dis t r ibut ions have been measured i n  t h e  bearing mid-plane and 
show reasonable agreement with available theory. Water condensation has 
been found t o  occur under cer tain conditions i n  the  bearing, but the  
amount i s  small and does not seem t o  a f fec t  bearing operation. ( ~ u t h )  

The author discusses b r i e f ly  t h e  advantages and disadvantages of 
gas-lubrication of hydrodynamically operating bearings, pointing out that, 
in general, t he  gas lubricated bearing i s  more d i f f i c u l t  t o  analyze 
theoret ical ly .  The t e s t  bearing bushings were made of glass. An induction 
motor was used t o  drive the  s t e e l  shaft. The main bearings of the  t e s t  
shaf t  were rubber "ott r ing  mounted porous bronze, externally pressurized 
bearings of the  type described by Montgomery. With the  g lass  bushes the  
author was able t o  v isua l ly  observe the  phenomena occurring within the  
bearing. Thus he could see moiskure condensing in t h e  bearing f i lm and 
the  e f f ec t  of humidity i n  t h e  atmosphere. However, because of the  poor 
thermal properties of t h e  glass,  temperature d is t r ibut ion  within t h e  a i r  
'film was probably d i f fe rent  from that observed. After noting tha t  t h e  
temperature differences were r e l a t ive ly  small t h e  author s t a t e s  tha t  h i s  
experiments support t h e  assumption of an isothermal region in the  bearing. 

The author's f i lm pressure d is t r ibut ion  ( a t  t he  center-line of t h e  
bearing) a re  especially in te res t ing  when t h e  posit ive pressure region i s  
compared with t h e  theore t ica l  r e su l t s  given by Katto and Sodats solution. 
(The author uses a fac tor  of 1.5 i n  h i s  calculations t o  account f o r  the  
differences i n  analysis between f i n i t e  and i n f i n i t e  width bearings, I n  
comparing the negative pressure regions, however, t h e  author f inds ex- 
perimentally that changes i n  speed, clearance o r  load have l i t t l e  effect .  
The theory of Katto and Soda shows re l a t ive ly  large changes i n  negative 
pressure due t o  changes i n  load. 

I n  discussing the  s t a b i l i t y  aspects of his bearing t h e  author notes 
t h a t  vibrations were sometimes se t  up at  frequencies of 1/2, 1/4 o r  1/6 
shaft speed. However, these vibrat ions died out on increase i n  speed. I n  
t h i s  respect they differed from t r u e  whirl (1/2 speed). 

56 
COMOLET, Re, "Ecoulement Dtun Fluide Entre Deux.Plans Paral le les  Contri- 

bution A L'Etude des Butees D ' A i r   l low of a Fluid Between Two 
Para l l e l  Plates  , Contribution t o  t h e  Study of A i r  Shock in ~ e a r i n ~ s  ) ,'t 
Publications Scientifioues e t  Techniques d e  L t A i r  No. 334, 'sept. 1957, 
(83 PO 24 f lg. ) Translated by J. Cherubim and Y. Gagne. Available 
from Stratus  Div. of Fairchi ld with pr ior  approval of author. 



The author conducts a systematic study of the  two-dimensional flow 
of a viscous l iquid i n ,  longitudinal or  r ad ia l  'movement between two fixed 
para l le l  planes, the  law of transformation being of the  polytropic type 
P t e P'C , 

This study shows a cer tain generality since it takes in to  account 
forces of i n e r t i a  whose ef fec ts  are  surprising enough when it concerns 

' 

divergence from radia l  flow. The formulas obtained permit the  deduction . 

of some resu l t s  already known in t h e  simplest cases. 
Ekperimental tes t ing  completes the  theoret ical  study, and it defines 

the  sphere of application of the  proposed formulas. For a radia l ly  diver- 
gent flow, the  flow i s  laminar and isothermal as  long as the. loca1 Reynolds* 
number i s  l e s s  than 550. 

57 
COMOLET, R., "Ecoulement Radial d*un Fluide Compressible Visquewc Entre 

Deux Plans Para l le l s  (Radial Flow of a Compressible Viscous Fluid 
between Two Para l le l  Planes)," Com~tes Rendus, Academy of Sciences,, 
Paris, France, Vol. 235, No. 20, Nov. 17, 1952, pp. 1190-1193. 

'When there i s  a re la t ive ly  high pressure drop between the  externally 
pressurized bearing recess and the  bearing edge (ambient), t he  ef fec ts  
of compressibility a re  important as i s  the  veloci ty of flow, the  t ransfer  
of heat i s  d i f f i c u l t  and the  law of transformation tends toward the  
adiabatic (n = y). 

5 8 
COMOLET, R., "Etude Experimentale dtun Ecoulement Radial de Fluide Visqueux 

Entre Deux Plans Paralleles,  ( ~ x ~ e r i m e n t a l  Study of Radial Flow of 
a Viscous Fluid between Two Para l le l  ~ l a n e s ) , "  Comptes Rendus 
Academ(y of Sciences, Paris, France, Val. 235, Dec. 1, 1952, pp. 1366- 
1369. Translated by A. Talis; Edited by E. B. Sc iu l l i ,  Franklin 
Institute-Laboratories, Phila., Pa., Sept . 1957. 

This i s  a short a r t i c l e  containing experimental ver i f ica t ion  of a 
theoret ical  analysis . for  the  r ad ia l  flow of a viscous f l u i d  between two  
para l le l .p la tes .  The theoret ical  analysis was developed i n  a previous 
paper. The resul t s  show tha t  the  flow i s  isothermal, proportional t o  the  
cube of the  clearance height,between the  plates  and a lso  dependent on the  
bearing dimensions. The author a lso  shows tha t  the  surface roughness of 
the  plates  must be considered in determining the  clearance height. 

5 9 \ 
. . . "  

CONSTANl'INESCU., V. N., "Asupra Unor Proprietat i  S i  So lu t i i  l a  Limita 
a l e  Ecuat i l i lor  Lubrif i c a t i e i  cu Gaze (on. Certain Properties of the  
Equations .of Gas .Lubrication and the Solution f o r  a Limiting case) ," 
Comunicarile Academiei R.P.R., Mechanica Aplicata, Bucharest 1955, 
Tomul , . V ,  Nr.. No. 91, pp. 1317-1321. 

'. 



I n  t h i s  a r t i c l e  the  author deals with cer tain properties of the  
equations of gas lubrication concerning the  values and the  locations 
of the  maximum and minimum of the  d is t r ibut ion  of pressuyes. These 
properties a re  general and apply a lso  f o r  lubricat ion with o i l .  

Based on these considerations, one obtains t h e  solution of t h e  
problem of gas lubricat ion i n  t h e  l imit ing case, where the  re la t ive  
velocity, V, of the surfaces tends t o  i n f i n i t y  (7), (11). The solution 

. obtained i s  general and applies f o r  a l l  polytropic changes of s t a t e  of ths 
gas lubricant. I ts  prac t ica l  application l i e s  i n  t h e  poss ib i l i ty  of 
using it f o r  calculations of bearings which operate at high but f i n i t e  
veloci t ies ,  V, because the  pressure distribution-which re su l t s  is close 
t o  tha t  obtained in the  limiting case examined. (Auth) 

60 
CONSTANTINESCU, V. N., llConsideratii Asupra Calculului Lagarelor Circulare 

de Almgire Inf in i ta ,  Lubrificate cu Gaze (calculations on the  
I n f i n i t e  Length Circular ( ~ o u r n a l )  Bearing Lubricated with  as)," 
S tud i i  s i  Cercetari & Machanica Aplicata, Acad. R.P.R. I n s t i t u t u l  

' 

de ~ e c a x c a  Aplicata, Bucharest, 1955 , Vol. 6, No. 3-4, pp. 377-400. 

I n  the  f i r s t  part  of t h i s  work the  author determines, analybically, 
t he  pressure d is t r ibut ion  f o r  an i n f i n i t e  length circular  (journal) bearing 
lubricated with gas. He then approximates t h e  ac tua l  f i lm thickness by 
two s t ra ight  l ines.  He analyzes t h e  nature (ef fec t )  of the  approximations 
introduced and t h e  r e su l t s  a r e  compared with those obtained by other authors 
who have used numerical integration methods. (Auth) 

61  
CONSTANTINESCU, V . N., llConsiderat ii Asupra Calcululul Lagarelor ~ i r c & r e  

de Alungire I n f i n i t e  Lubrificate cu Gaze (study of Gas Lubricated 
Journal Bearings of In f in i t e  ~ e n ~ t h ) , "  Studi i  & Cercetari de. 
Mecanica Aplicata, Bucharest 1956, Vol. 7, No. 1, pp. 81-105. 

The. character is t ics  distribution, f r i c t i o n  moment, etc. ) 
of i n f i n i t e  length gas lubricated journal bearings are  determined by 
use of polar coordinates. The changes in these character is t ics  a s  func- 
t ions  of cer tain parameters i s  also studied. The re su l t s  a re  presented 
in the  form of curves. Suggestions t o  a id  i n  the  use, of these curves 
a re  a lso  given. (Auth) 

62 
CONSTANTINESCU, V. N., "Coneideratii 4aupra Calculului Lagarelor de 

Alungire Inf i n i t a ,  ~ u b r i f  i c a f g  cu Gaze, Compuse d in  Supraf e t  e Plane 
(Methods f o r  Calculating Characteristics of In f in i t e ly  Long Sl ider  
Bearings Consisting of Plane Surfaces and Lubricated by ~ a s ) , l l  
S tudi i  - s i  Cercetari - de Mecanlca Aplicata, Bucharest 1956, Vol. 7, No. 3. 

This b e s t  iga t  ion begins by integration of the  d i f f e ren t i a l  equation 
(1) f o r  the  s i tua t ion  i n  which the  f i lm thickness del ta  varies  l inea r ly  
wfth respect t o  the  distance x i n  the  direct ion of motion, and a lso  f o r  
the  case in which t h i s  film thickness remains constant. The solutions 
obtained i n  the  second case are  rigorous for.isotherma1 cohd.itions as well 



a s  fo r  polytropic expansion of the  lubricating gas (kappa not equal t o  
1).  The solutions obtained f o r  the  f irst  case are rigorous f o r  t h e  
isothermal condition (kappa = 1 )  and an approximate method i s  indicated 
fo r  determining the  resu l t s  f o r  the  polytropic case (kappa not equal t o  
1).  - 

These resu l t s  a re  applied t o  the  calculation of cer tain types of 
bearings f o r  pa ra l l e l  surfaces (paragraph 2), f o r  surfaces with inclined 
planes (paragraph 3),  and f o r  the  case i n  which the  lubricat ing fi lm has 
f i r s t  order discontinuity -(paragraph 4),  and' a discontinuity of the second 
order (paragraph 5) and also f o r  other types of bearings (p&agraph 6). 
The pressure dis t r ibut ions,  as  well as the  general character is t ics  of these 
bearings are  determined. I n  order t o  simplify the  prac t ica l  application of 
these resu l t s ,  they are  presented i n  the  form of graphs. The different  
types of beari  s are  also studied from t h e  point of view of the maximum 
load capacity. ?*ut h ) 

The original  Rumanian version of t h i s  paper contains what would 
ordinari ly  be a minor error  which, however, has an effect  on the r e su l t s  
and conclusions. For the  convenience of those who do not have a corrected 
copy available, t he  e r ror  d i t s  corrections are  included here. 

I n  equation 9 9  (b2, 9 ? should have been used instead of i t s  reciprocal. 

This Means tha t  

The incorrect C l  causes an error  i n  the  t h i r d  equation of 102 from which 
t h e  constants a re  determined.  h he second part  of equation 104 i s  also 
incorrect.) When the  constants a re  used i n  equations 94 and 96, the  . 
resul t ing curves i n  figures 24 and 25 and No. 3 of f igure 26 are  not 
correct. 

FIGURE 95. 
F l tURC PI. --- 

I n  a l e t t e r  t o  FIL dated 12 May 1958 the  author subnhtted the 
three new f igures  24, 25, 26 shown. and s tated as follows: "1 am sending , 
you,figures 24, 25 and 26 of m y  a r t i c l e  replotted by taking i n t o  considera- 
t i on  the  necessary correction t o  be introduced i n t o  re la t ion  (98). 



The new curves i n  Figures 24 
and 25 seem t o  show an in t e r e s t i ng  
f ac t ,  namely the  load carrying ca- P 
pac i ty  ( the  pressure resu l tan t )  
would have a maximum value f o r  the  
value obtained fo r  < = 10 the  
corresponding value keing s l i t t l e  
g rea te r  than t he  va$e obtained for  (, 

6 = co (because i n  t he  f igures ,  the 
surface corresponding t o  t he  second 
s t e p  remains almost constant, while ,. 
t he  surface corresponding t o  the  
f i r s t  s t ep  i s  decreasing). FIGURC P6. 

I n  the Fig. 26 I have now con- 
s idered <% = 6 i n  order t o  obtain a greater  difference among the  curves. 
The r e s u l t  seems t o  be an increase of the  load carrying capacity f o r  
curves 2 and 3, of about two times i n  comparison t o  curve 1. A t  the  
same time curve 3 gives a load carrying capacity greater  than curve 2." 

, 63 
CONSTANTINESCU, V. N., "Contributi i  La Teoria Hidrodi-ca A Lubri- 

f i c a t i e i  Cu Gaze (Contributions to.  the  Hydrodynamic Theory of Gas 
Lubrication)," Dissertat ion t o  obtain t i t l e  of s c i e n t i f i c  candidate 
i n  technical  school: Academia Republicii Populare Romine I n s t i t u t u l  
de Mecanica Aplicata, Buccuresti, 1955. - 
The work i s  composed of four prts: '  1 )  Introduction, 2 )  Bidimen- 
s iona l  problem of gas lubr icat ion,  3 )  Tridimensional problems of 
gas lubrication,  4) Final  conclusion. 

1. Presents . the  prac t ica l  importance of the  problem and the  ac tua l  
s tage of the t heo re t i ca l  and experimental invest igat ions  i n  t h i s  direc- 
t ion .  Brief ly  presents t he  general equations of gas lubr ica t ion  and the  
various approximations used i n  order t o  simplify calculations.  

2. Analyzes t he  previous .forms a t ta ined  by the  d i f f e r e n t i a l  equa- 
t i o n  f o r  the  case when motion i n  the  lubricant layer  i s  bidimensional. 
Then, analyzes some properties of t h i s  d i f f e r e n t i a l  equation and f ina l ly ,  
t h e  influence of t he  eventual discont inui t ies  of thickness bupon the  
pressure curves. Chapter I1 presents some cases of exact in tegrat ion of 
t h e  pressure d i f f e r e n t i a l  equation. 

I n  Chapter I11 the author s tudies  some l imi t ing  solut ions  of gas 
lubr icat ion,  namely the  cases when the  r e l a t i ve  ve loc i ty  between sur- 
faces  approaches e i t h e r  zero, o r  in f in i ty .  He a l so  st.udies t he  case 
Of motionless bearings.fed under pressure. 

Chapter IV presents an approximate, general method, . f o r  solving the  
bidimensional problem of gas lubrication.  

Chapter V presents applications of the  above i n  t h e  calculat ion of 
various, kinds of bearings. 



3 .  Cha t e r  V I  s tudies  the various forms of t he  d i f f e r e n t i a l  equa- 
t i o n  (2.1*2 f o r  the  case of pekmanent motion, equation (2.~) 
i s  wri t ten a s  (19.2). ' -. 

Chapter V I I I  presents an approximate general method of solut ion for  
I( = 1 a s  wel l  as .  f o r  K # 1. 

A 

4. presents some conclusions t o ,  the . ; , resul ts  obtained. 
The'paper i s  a summary of t he  o r ig ina l  work performed by the  author 

i n  order t o  obtain  t he  . . t i t l e  of Candidate,. ( ~ e g r e e  equivalent t o  o r  
higher than M.S. ). ., 

, . 
. , 

64 
CONSTANTINESCU, V. N,, "Contributi i  l a  Teoria Lubr i f i ca t i e i  cu Gaze 

. (contributions t o  the  Theory of Lubrication with Gas)," Travawc 
de l a  ~ e s s i o n '  Gerierale. Scientif ique de:'la ' f i l i a l e  de 1fAcademie 
de l a  R.P .R'. de Clu j , 18-21, ' Dec . 1954, 

(paper not avai lable  f o r  review a s  of July 1, ,1959.) 
. . 

65 
CONSTANTINESCU, V. N., "Dis t r ibut ia  Presiuni lor  I n  Lagarele de Dimensiuni 

F in i t e  Lubrificate cu Gaze (pressure Distribution i n  Bearings of 
F in i te  Dimensions Lubricated with Gas)," Cornunicarile Academiei 
R.P.R. S t i i n t e  Technice, Tomul V I P  N r .  5 ,  (~01.  6, No. 
p. 377. 

A successive .approximat ion method. i s  presented f o r  solving the  , ' -  ' ' 

d i f f e r e n t i a l  equation . . 

f o r  K = 1, The can be reduced t o  a s ing le  i t e r a t i o n  by the  
introduction of the  r e l a t i on  

i n  t he  second member of equation (1)  above, A n  analogy can be es tabl ished 
between the  manner of solving the  problems of lubr ica t ion  with gases and 
those with o i l s .  This observation permits applying the sgme methods t o  
calculate  (values o f )  (,1). The general ,  solut ion i s  given by t h e  expres- 
sion . . 

A t  t he  'end of the  paper i s  indicated, a $?th,od,  of solving equation (1)  f o r  
I( f 1, the solut ion of t h a t  equation f o r  K = 1 being known. ( ~ u t h )  



6 6 
CONSTAWINESCU, V. N., " ~ u b r i f  i 'catia Supraf e t a lo r  Sferice ( ~ u b r i c a t i o n  

of Spherical . ~ w f  msa) ," Clzmi.lni cari1.e Acaderniei R.P.R., Bucharest 
1956, Tomul 4, N r .  4 . ( ~ 0 1 .  ,4, No. 4). 

Spherical coordinates are  employed t o  resolve the  equations of 
lubricat ion f o r  t h e  motion of spherical s.urfaces considering the  v iscos i ty  
t o  be variable. For . the usual l imiting conditions . the solutions are 
obtained i n  closed form which f a c i l i t a t e s  t h e  calculations f o r  pressure 
d is t r ibut ion  and f r i c t i o n  moments. A method of solving the  problem i s  
a lso  given f o r  t h e  general case. (Auth) 

67 
CONSTANTINESCU, V. N., "Repartitia de Presiuni I n  Lagee le  de Alungire 

I n f i n i t e  Lubrif i c a t  e cu Gaze (Pressure Distribution i n  I n f i n i t e  
Length Sl ider  Bearings ~ u b r i c a t e d  with   as ) , I t  Comunicarile Acad. 
R.P.R., Bucharest, Vol. 6, No. 2, 1955, pp. 377-3830 

I n  the  case of t h e  i n f i n i t e  length bearing, the.  equation (1) 
i s  reducible t o  t h e  f i r s t  order .equation (2) which with the  assumption 

, of an isothermal transformation has the  appearance of (6). One can f ind  
an exact general solution t o  (6) f o r  plane bear i  s (fig.  l ) ,  which p e d t s  
obtaining, a f t e r  using subst i tut ions (10) and , t he  d i f f e ren t i a l  equa- 
t ions  k t h  separable variables (16). The appearance of t h e  solutions 
d i f f e r ;  being iven by equations (21), (23), or (24) depending on whether 
conditions (18 f , (19) or  (20) a re  sa t i s f ied ,  a s  functions of t h e  value 
of t h e  r e l a t ive  velocity'between the  two surfaces. The region defined 
by equation (19) i s  a c r i t i c a l  region. The regions defined by equations 
(21) and (24) a r e  analogous t o  t h e  subsonic and supersonic regions i n  the. 
flow of gases. 

When considering journal bearings (fig.  2) one may use with suf f ic ien t  
accuracy t h e  r e su l t s  obtained f o r  plane bearings; providing t h a t  t h e  r ad ia l  
clearance, between t h e  journal and bushing, and the  eccentr ic i ty  of t h e  . 

bearing, e, a r e  s m a l l ,  t h e  var iat ion of lubricant f i lm thickness is  very 
close t o  two s t r a igh t  l ines ,  AB and BC (fig.  3). ( ~ u t h )  . 

68 
CONSTANTINESCU, V. N., "Scurgerea Laminara a Gazelar i n  S t r a t u r i  Subtire 

su he Laminar Flow of Gases i n  Thin ~ i l m s ) , "  Comunicarile Academiei 
R.P.R. Bucharest 1956, Val. 6, No. 2, pp. 281-284. 

I n  t h i s  note, a study i s  made of laminar flow of a gas between two 
.stationary surfaces when t h e  se  arat ion of the  surfaces i s  small r e l a t ive  
t o  t h e  other dimensions. ( Authy 

69 
CONSTANTINESCU, V. N., "Sur.le P r o b l h e  Tridimensionnel de l a  Lubrification 

Aux Gaz (on the  Three-Dimensional Problem of Lubrication with ~ a s e s ) , "  
Revue de Mechaniaue A li e ( ~ u b r i f i c a t i o n ) ,  Acad. R.P.R., Bucharest -- 
1956, Tome 1, No. 2 P""- Vol. 1, No. 2), pp. 123-138. Translated by J.R. 
Dere and W. A. Gross, IBM Research Laboratory, San Jose, California. 
Available from John Crerar Library. , 



. ' The purpose of this study i s  t o  present some .theoretical considera- 
tions on the three dimensional problem of the  lubrication .with' gases. 

" .  

In  the f i r s t  paragraph, we give the general solutions of the  problem 
for journal bearings a t  res t  under pressure and for  both extreme assump- 
tions, V--, 0 and V j  oo . 

In  the second paragraph we suggest an appradmate general method 
which may furnish the solution of three diinensional problem of lubrication 
with gases i n  the hypothesis of an isothermal evolution of the lubricant 
gas X = 1 as w e l l  as fo r  )( p 1. 

These considerations are applied in the th i rd  paragraph fo r  the cal- 
culation of pressure distribution i n  circular bearings. (Auth) 

70 
CONSTANTINESCU, V. N., "Sur l a  Theorie des Paliers a Gaz (on the Theory 

of Gas ~ e a r i n ~ s )  Revue de Mecaniuue A ~ ~ l i a u e e ,  Vol. 1, No. 1, 1956, 
pp. UJ-155, AcademiaRepublicii Populare Romine Ins t i tu tu l  de 
Mecanica Aplicata, Bucharest, Romania. Translated by W. A. Gross, 
IBM Corp. Available from John Crerar Library. 

A development i s  given for  solving the problem of circular bearings 
of in f in i te  extent, lubricated by gas, based on app raha t ing  the varia- 
t ion  of clearance of the  lubricant by two straight lines. 

The method proposed allows one t o  obtain a n w i c  expressions fo r  the  
characteristic quantities of interest  i n  bearings. 

The results  are compared t o  calculations and experimental investiga- 
t ions of other authors and good agreement i s  obtained. (Auth) 

There i s  currently world wide M e r e s t  i n  the theoretical analysis 
of compressible hydrodynamic film lubrication of bearings. Although more 
generally useful theoretical developments have appeared in Japan, Great 
Britain, and the United States, it i s  well t o  be aware of developments 
elsewhere. 

Constantinescu has solved an approximation t o  the isothermal gaseous 
lubricated journal bearing. He has used exactly the  method of Harrison, 
which the l a t t e r  published i n  1913. Constantinescu has, however, been 
more thorough i n  his treatment, and has made comparisons with experimental 
results  recently published in the Soviet Union. 

71 
corn ,  T. L., H. H. ROWAND, at., E. M. KIPP, C. M. TYLER, JR., "Behavior 

of Air in Hydrostatic Lubrication of Loaded Spherical Bearings," 
Trans. ASME, Vol. 78, No. 5, July 1956, pp. 893-8980 -- 
Some experimental data have been obtained relating the load bearing 

capacity of a i r  films of various thicknesses and operating a t  different 
pressures and rates of flow for  2;; 4-, and 6-in. spherical-type bearings. 
Semiempirical equations have. been developed for  calculation of, (a) minimum 
a i r  pressure as :a function of load, (b) minimum flow of air as a function 
of pressure, and (c) bearing lift as a function of air pressure. ( ~ u t h )  

Rather complete se ts  of experimental performance characteristics 



data a re  presented i n  graphical form f o r  externally pressurized spherical 
thrust-type bearings. One of the parameters af fec t ing  the .  minimum pressure- 
load remionship is  found t o  be the  included angle of the  spherical seat. 
While suff icient  information is given t o  enable one t o  determine t h e  s i z e  
sphere and pressures required t o  support given loads, extrapolation of . ' 

the  data beyond t h e  experimental ranges . is  not recommended according t o  
the  authors. 

72 
CREWDSON, E., tlImprovements i n  and Relating t o  Bearings or  Journals ," 

Great Britain Patent 5&8 363, issued 1942. 

The use of an externally pressurized gaa lubricated bearing i s  sug- 
gested as an inexpensive means f o r  reducing fr ict ion.  

73 
CURRIE, R. B., T. P. ZURFLIEH, "The Design of Equipment f o r  Non-Rotating 

Testing of Pool-Type Pressurized G a s  Bearings ,tt Sc.& Thesis MIT, 
Cambridge, Mass., Jan. 14, 1957. 

The design of a t e s t  apparatus f o r  determining the  effects  of pool 
geometry on the  load s t i f fness  and s t a b i l i t y  characteristics of a pool- 
type pressurized gas bearing is considered. Various sub-problems, espe- 
c i a l l y  those concerned with generating the pools, varying t h e i r  s ize,  and 
d h e n s  ional  accuracy, - are discussed and several possible solutions inves- 
t igated. A f i n a l  design is synthesized, incorporating the  optimum solutions 
t o  the  various sub-problems. Anticipated performance of the apparatus fo r  
various parameter values is  calculated. ( Auth) 

The design inf onnation and other suggestions given may be useful. 
However, the  section e n t i t  led tlPerformance Calculat ionstt does not seem 
t o  measure up t o  the  standards previously set .  The the,ory taken from 
Richardsonts work i s  a b i t  sketchy and there i s  insuff icient  discussion 
of the  curves presented. 

74 
ttCushion of Air Serves as Thrust Bearing," Compressed A i r  k a z i n e ,  

V O ~ .  59, No. 7, July 1954, p. 205. 

Brief a r t i c l e  mentioning t h a t  an indus t r ia l  concern employs aq air 
thrus t  bearing i n  place of conventional thrust  bearing. 

75 
DE FERRANTI, "Air Bearing f o r  High speeds," Great Bri tain Patent 330 851, 

issued 1909. 

I n  t e x t i l e  machinery certain ve r t i ca l  members are subjected t o  high 
ro ta t ive  speeds while having l i t t l e  or  no rad ia l  load applied. The problem 
here is  t o  separate moving surf aces with as l i t t l e  loss i n  power as possible. 
Low viscosi ty gaseous lubricants are rather  idea l  for  t h i s  purpose. However 
the  inventor ef fec ts  a substant ial  increase i n  t h e  efficiency of the  
bearing'by interposing one or  more d n g  bearing parts  between the  s ta-  
t ionary ,and the  highest speed rotat ing part  of the  bearing. The weights 
of all moving parts  a re  supported by air. 



76 
DE HAVILLAND, l l G a ~ ,  Circulators 'i'or ,Radioactive - Circuits ,11 The De 

' 

Havilland Engine Company Limited, Leavesden Hertfordshire, England. 

A four page piece of advertising l i t e r a t u r e  . . on a commercial device 
employing gas lubricated bearings. 

77 
llDetroitcs Newest Creation Rides on A i r , "  Providence Journal, A p d  7,1958. 

A short news item concerning the a i r  supported glide devices made 
by Ford Motor Company. (See Jay). . 
7 8 
DEUKER, E. A., H. WOJTECH, 11Ecoulement Radibl dcun Fluide V i s  ueux Entre 

P' Deux Disques .tre.s Rapproaches. Theorie du Pal ie r  a A i r  ? Radial Flow 
of a Viscous Fluid between Two Disks very C1os.e T0gethe.r; Theory of 
t,he Thrust Bearing with A i r  a s  a Lubricant ).,ll Revue Generale & 
LcHydraulique, Vol. 17, 1951, pp. 228-238. Translated by L. C. 
Stephens; Edited by F. A. Raven, Library of Congress, PB11298Tt. 

The paper deals with the  flow of viscous f lu ids  between narrowly 
spaced p a r a l l e l  disks.  The momentum term, which i s  generally neglected, 
i s  included i n  t h i s  analysis. By consecutive changes of variables the  
equations a re  t ransformedto an expression which can be integrated 
graphically. The authors choose instead t o  make a second s e r i e s  of sub- 
s t i t u t i o n s  which r e s u l t s  i n  equations of the  Abelian type which can a l so  
be graphed. From the family of resu l t ing  curves a solution f o r  the .pres- 
sure prof i le  i n  the bearing can be obtained. Both the compressible and 
incompressible cases a re  considered i n  t h i s  paper. For the  compressible 

P case the author s t a t e s  tha t ,  i n  general one may assume - = c where m om r 

var i e s  along the radius. The equations a re  simplified, however, by as- 
suming t h a t  the  flow approaches the isentropic  a t  small rad ia l  distances 
from the entry hole and i s  isothermal over the  major portion of the  an- 
nular region. Conditions a t  entry of Mach one o r  l e s s  a r e  discussed. 

Deuker and Wojtech make a valuable contribution t o  a subject con- 
sidered by other  authors, (wi l l i s ,  Welanetz, Paivanas and ~ob inson)  . The 
ambiguous use of cer ta in  symbols i s  ra ther  confusing and th i s ,  along with 
the  lack of assumptions o r  other ju s t i f i ca t ion  f o r  omitting terms from 
the  or ig ina l  Navier Stokes equations, tends t o  slow the  reader. The 
derivation i s  s l i g h t l y  f au l ty  and Comolet c a l l s  a t ten t ion  t o  t h i s  a s  well 
a s  t o  the ambiguity of notation. The experimentally determined curves 
of pressure prof i le  do not agree a s  wel l  w i t h  e i the r  the  isentropic  o r  
isothermal curves a s  they agree with each other. The choice of scale 
fo r  these curves may lead t o  the  conclusion tha t  the  deviation between 
experimental and theore t ica l  r e su l t s  a re  not  s ignif icant  . 
7 9 
llDevelopment of Hermetically Sealed Centrifugal Pump Unit f o r  Liquid 

Mctals.11 T I D  5 4 3 ,  Library of Congress. 

Reference i s  made t o  some gas-pressurized bearing t e s t s  made on -a 



hydrostatic bearing designed fo r  liquid sodium. Although the load 
could be supported, considerable vibration was experienced. Attempts 
were made t o  eliminate these vibrations but these were abandoned without 
success . 

Only pages 45, 46 and Figures 25, 41, 42, 43, 44 may be direct ly 
applicable t o  the gas-lubricated bearing field. 

80 
DOWTY, "Gas Bearing Ccmpressors ,11 Dawty Nucleonics Ltd., Brockhampton 

Park, Andoversford, England. 

I Advertising l i t e ra tu re  for  commercial nuclear engineering equipnent. I 
, ' 

81  
DRESCHER, H., llGleitlager Mit Luf schmierung (Sliding Bearings with Air 

~ u b r $ c a t i o n ) , ~ ~  V.D.1. -- Zeit, Vole 95, No. 35, Dece n, 1953, PP. ll.82- 
U9O. SuShips Translation 549, also referenced as AEC Translation 
3495 available Library of Congress or John Crerar Librsry. Abstract 
in Engineers Digest, Vole 15, No. 3, Mar. 1954, pp. 103-107. 

This i s  a very interesting and enlightening paper dealing with the  , 

analysis of hydrodynamic journal and thrust bearings operating on air. 
The author clearly indicates the assets and l i ab i l i t i e s  of such bearings. 
Such bearings are desirable fo r  high temperature work as temperature has 
U t t l e  effect on the viscosity of a gas, They are helpful where contamin- 
at ion f r m  ordinary lubricants must be avoided, Their use also results 
in exceedingly low f r ic t ion  even a t  high speeds, These bearings are of 
course limited i n  load-carrying capacity and a reasonable maximum value ' 

i s  about 5 psi. Clearances are necessarily small so that  dust and d i r t  
corrtamination must be prevented t o  avoid seizure. Also hydrodynamic 
whirl is a matter of consideration because air bearings frequently develop 
t h i s  condition as do l ight ly  loaded o i l  lubricated bearings. The author 
discusses these various aspects of air bearing performance and presents 
experimental data on fr ict ion,  load-carrying capacity of stable bearing 
designs, and eccentricity locus fo r  a plain journal bearing and for  a 
recessed stable design of bearing. He describes several applications 
t o  e lect r ic  motors that  have proved t o  be very rel iable and satisfactorg* 

DUNCAN, Re W., (133). 

\ I 82 
EDELSTEIN, M. I., "The Characteristics of a Hemispherical Air Bearing 

a t  High Rotational Speeds .ll Curtiss-Wright Corp. Report No. Rk8-19, 
October 19, 1948, AF W33-038ac-l4161, Project MX 772, ASTIA - AT1 
159 532 

The characteristics .are discussed of a sphere rotating a t  high angular 
velocities i n  a hemispherical a i r  bearing. It i s  used as a position 
moscope. 

Theoretical values of f r i c t ion  are reconciled with experimental data. 
( A u t  h) 



The author uses a modification of a theory developed by Wagnefi t o  f ind  
the  f r i c t i o n  i n  the  bearing and claims excellent agreement between 
theory and experiment, providing an additional fac tor  axnountine: t o  3% 

.. of t h e  calculated f r i c t i o n  i s  included. This is  by no means as a rb i t r a ry  
a s  it sounds since f r i c t i o n a l  torques of l e s s  than one gm-cm are being 
considered. I n  a l l ,  some six gas-inlet designs were investigated. With 
one of these (center-hole), vibration was encountered a t  4800 rpm. Stabil- 
i t y  was achieved by use of additional i n l e t  holes. When using hydrogen 
as the  f lu id ,  the  vibration phenomenon was encountered at 12000 rpm even 
when the  design included other i n l e t  openings i n  addition t o  the  center 
hole. 

The experimenters were not able t o  a t t a i n  the  desired high rotat ional  
speeds with an e l ec t r i c  motor drive. Axthough they f i n a l l y  used the  equiv- 
alent  of an a i r  turbine t o  spin the  rotor  a t  a f a s t e r  ra te ,  t h e  data f o r  
these runs are  not included. 

The experimental work presented seems t o  be rather  thorough but f o r  
the  low speeds only. Extensions of this work are contained i n  other 
reports prepared a t  Curtiss-Wright Corp. 

83 
EDELSTEIN, M., A. KRAUSZ, T. WEDGE, D o  FOLEY, D o  MAXWELL, W. HORTON, "The 

Development of a Gas Supported Rotating Sphere f o r  Use as  a Stable 
Element," Curtiss Wright Corp., Element Report NO. R-49-22. Also 
ASTIA AT1 65-474. 

It was original ly proposed t o  investigate the  f e a s i b i l i t y  -of u t i l i z ing  
a gas bearing t o  support a spherical gyroscope rotor. Based on the  con- 
clusions of t h i s  investigation a low d r i f t  gyroscope was t o  be designed, 
constructed and tested. 

This report contains a discussion of the  theore t ica l  background, de- 
sign c r i t e r i a ,  and the  favorable experimental data of a novel two-stage 
gyroscope f o r  use as  a s tab le  reference f o r  guided missiles o r  conventional 
a i r c ra f t .  (Auth) 

T h i s  i s  a ra ther  complete report with about half of it devoted t o  the  
a i r  bearing. The bearing analysis assumes the  f l u i d  t o  be incompressible 
and makes use of a power ser ies  t o  e f fec t  a solution for ,  div ( c 3 grad P) 
= 0, the  fundamental d i f f e ren t i a l  equation f o r  the flow. T h i s  method 
follows tha t  employed by D r .  L m m Q  of MIT and i s  somewhat similar.  t o  
the  perturbation method Ausman used a few years l a t e r .  However, t he  
equations i n  t h i s  report are  a b i t  more complicated since the  authors of 
t h i s  paper were dealing with a sphere. 

84 
E L I ,  A,, "The Leakage of Gases through Narrow Channels," Journal of 

Ap~l ied  ~echardcs ,  Trans. ASME, Vol. 4, No. 2, June 1937, PP. A 63- 
A 67. I 

I n  t h i s  paper a ra t ional  theory i s  developed as  a basis f o r  calculating 
the  flow of gases (compressible f lu ids )  through narrgw channels. For the  
most import.ant case the  solution of t h e  general flow equation i s  given in 
graphical form which shows the  re la t ion  between mass flow, pressure drop, 
and channel resistance. 

*Wagnert C., " A i r  Fr ic t ion i n  Gaps of Gyro," Tech. Report GS-ORD No. 35, 
Ft. Bllss, Texas. - 25 - 



Tests of the leakage of air and steam through .the narrow clearance 
bet.xee:: a yalve ster, a d  bushing afford a prac t ica l  d9mnstration of t h e  
use of t h e  theory. Formulas a re  derived f o r  t h e  cal&Lat<o^n of t h e  leak- 
age of gases through reamed bushings on ground stems. Expressions f o r  
t h e  leakage of l iqu ids  (incompressible f lu ids )  are obtained as special  
cases of the  gas formulas. (Auth) 

The authorts contribution on t h e  leakage i n  labyrinthLtypi sea ls  
may a lso  prove applicable t o  end-leakage i n  gas-lubricated journal bear- 
ings, especially those which are  external ly  pressurized. 

EISENSTADT, R., (158) . .  

85 
ELROD, H. G., Derivation of t h e  Basis Equation f o r  Gas-Lubricated 

S l ide r  Bearings," Tech. Memo Jan. 11, 1958, Fr ic t ion  and Lubrication, 
Franklin I n s t i t u t e  Laboratories, Philadelphia. 

The purpose of t h i s  memorandum i s  t o  derive t h e  d i f f e ren t i a l  equations 
describing the  fluid-dynamical phenomena i n  a gas-lubricated s l i d e r  
bearing. Only a preliminary at tack i s  made on the  general problem of 
gas lubrication, but the  development presented indicates  that t h e  small- 
parameter techriique employed f o r  f l u i d s  having constant properties, can 
a l so  be readily 'used f o r  gases as  well. To r e t a i n  simplicity i n  this 
preliminary work, s ide leakage i n  the  bearing is  neglected, and t h e  
spec i f ic  heats, thermal conductivity and v iscos i ty  of t h e  gas a re  t rea ted  
as constant. (Auth) ' 

An analy t ica l  derivation is given. Ihe author a r r ives  a t  t h e  equatic.n 
f o r  pressure s imilar  t o  t h a t  used by Harrison. It i s  a b i t  more general 
than Harrison's expression in that t h e  heating ef fec t  can be included 
by use of a small parameter. However, the  ac tua l  integrat ion i s  not 
shown; t h e  author merely s t a t ing  t h a t  a more complicated d i f f e ren t i a l  
equation f o r  pressure would resu l t .  

1 

86 
ELROD, H. G., "A Derivation of t h e  Basic Equations'for Hydrodynamic 

Lubrication with a Fluid Having Constant proper tie^,'^ The Franklin 
I n s t i t u t e  Laboratories Interim Report I-A2049-5, April 195 9, Contract 
~onr-2342(00), Task JJR 097-343. . . 

L 

I n  t h i s  report  small parameter techniques a r e  used t o  derive Reynolds' 
lubr ica t ion  equations, and refinements thereof, from the  f u l l  Navier-Stokes 
equation, f o r  f l u i d s  having constant properties. A n  e f f o r t  has been made 
t o  r e t a i n  vigor in  the  development comparable t o  that used i n  present-day 
boundary-layer developments. Analytical techniques s imilar  t o  those em- 
ployed here have been adapted t o  the  derivation of equations applicable- t o  
f l u i d s  having pressure and temperature-dependent properties,  such as gases. 
The r e s u l t s  w i l l  be presented i n  a subsequent report. 

To derive t h e  d i f f e ren t i a l  equations f o r  flow in a curved f i lm of arbi- 
t r a r y  thickness requires the  use of general tensor analysis. The mathematical 
.mnipulations a r e  somewhat involved, but one of the  r e su l t s  -- a refined 

. .. , 



. Reynoldsfequation - can he simply written fo r  a Journal or slipper bear- 
ing as follows: ? 

Here: D = 'shaft diameter ( inf in i te  fo r  a slipper bearing) 
h = .film'thickness 
p .P f l d d  pressure 
U = shaft surface velocity 
x = distance around shaft i n  direction of rotation 
- z  distance para l le l  t o  shaft axis 

p = f lu id  viscosity 

The error of the  above di f ferent ia l  equation is of the order of . 
(h/L)2, where L is  the film length i n  the direction x. I n  all but the 
most unusual of applications, both h / ~  and h / ~  are exceedingly small f o r  
r e a l  bearings. Thus, the present analysis just if ies the applicability 
of Reynolds t equation f o r  .the constant property fluid. (Auth) 

ELROD, H. G. (161) ,' 

ELWOOD, Re C. (247) 

EMMI, J. (255) 
. . . . 

87 
FAWULND, W. A ., "An Air-Floating ~ i s k  Magnetic Memory U n i t  ," Datamation, 

Nov. - Dec. 1957 pp. 38-41. 

Mention is made of an air lubricated kgdrodynamic thrust type bearing 
and i t s  application t o  a computer component. The sketches and description 
given a r e .  adequate f o r  this ar t ic le .  Huwever, there i s  probably insuffioient 
theory or design data presented t o  be of great value t o  persons working i n  
the bearing f ie ld  . 

I- 

88 
FIRTH, D., "Electric Dpxnaneter of High Precision.&-Lubricated Trunnion 

Bearings Qnpl~yed,'~ EnRineerinq, Vol. 179, May 20, 1955, pp. 628-630. 
A high precision swinging-frame e lect r ic  dynamaneter haa been developed 

for  measuring the efficiency of hydrad,c machinery. It ia accurate t o  
within 2 0.1 per cent of full scale torque and is reasonably portable. 
Novel features include pneumatic trunnion bearings, hydraulic torque 
measurement, and electronic speed corrtrol t o  within 0.1 per cent over a 
wide range. The development of the desi i s  described and design features 
fo r  larger dynamometers are suggested. c u t h )  

89 
FISCHER, G. K., J. 'L 6 CHERUBIM, ' D . 'D . FULLER, ltSane Ins tab i l i t i e s  and 

Operating Characteristics of High Speed Gas Lubricated Journal 



~ e a r i n ~ s  ," .ASME Paper 58-A-231. 

Various ' f ac to r s  influencing the  s tab le  operation of high speed 
ro to r s  on gas lubr ica ted  journal  bearings have been i so l a t ed  such as; 
c r i t i c a l  speed, unbalance, f i lm s t i f fne s s ,  whirl,  damping, and air ham- 
mer. Experimental da ta  a r e  given f o r  a n y b e r  of bearings t o  i l l u s t r a t e  
the  e f f e c t s  of these  f a c t o r s  on operation of gas lubr ica ted  bearings and 
cor re la t ion  t o  mathematical analysis .  The i s o l a t i o n  and understanding of 
these  f a c t q r s  have keen due pr imari ly  t o  t h e  instrumentation developed. 

t Rotor assemblies on 1/21? and 3/4" d iamete r ' shaf t s  have been successful ly  
run on hydrosta t ic  and hydrodynamic air  bearings a t  speeds up t o  165,000 
rpm. (Auth) 

FOLEX, D o ,  (83) 

90 
FORD, G; W e  K., D. M. HARRIS, D. PANTALL; "Principles and Applications of 

Hydrodynamic-Type Gas Bearings," A.E .R .E . ED/R 1662, Revised Version 
of A.E,R.E.E/R 1140, Harwell Berks, Sept. 1955. Proceedings of the  
I n s t i t u t i o n  of Mechanical Engineers, Vol. 171, No. 2, 1957, pp. 93- / 

113. Discussion ,pp. 113-128, "Gas-Lubricated Bearing.!' 
Market n 2923, 2924, Nov. 23, 1956, pp. 27-30; Nov. 30, 195 
pp. 26, 28 and 30. 

The f i r s t  reference contains t he  o r ig ina l  da ta  and curves and i s  
more complete than the  second reference. The t h i r d  reference i s  l i t t l e  
more than an abs t rac t .  

I n  t h i s  paper a r e  described an experimental inves t iga t ion  of pro- 
p e r t i e s  and some developments in the  u t i l i z a t i o n  of hydrodynamic-type gas- 
l ub r i ca t ed  bearings, of both journal and t h r u s t  types, as d i s t i n c t  from 
hydros ta t i c  bearings. Two spec i f i c  developments a r e  described, t h e  one 
a pump f o r  c i rcu la t ing  carbon dioxide gas a t  100 lb.  per  sq. in .  gauge 
and 150 deg. C, through a loop i n  a nuclear reactor ,  the  o ther  a gas- 
bearing motor dr iving a pump f o r  molten radioact ive  bismuth, t he  whole 
wi thin  a hermetically-sealed container. The simple machining requirements 
and spec i a l  design pr inc ip les  a r e  described. The performance of gas 
bear ings  may be predicted from normal l i q u i d  bearing theory i f  t h e  load- 
ing  i s  so small t h a t  the  pressure r i s e  within t h e  bearing i s  a small f rac-  
t ion  ( f o r  example, 1 0  per  cen t )  of t h e  ambient pressure. For higher 
pressure  r a t i o s  compressibil i ty e f f e c t s  must be taken i n t o  account. The 
experimental r e s u l t s  and techniques used a r e  reported, those f o r  p l a in  
journal  bearings enibracing a wide range of working conditions and absolute 
s i z e  including compressible flow operation. An explanation of t h e  physi- 
c a l  reasons f o r  the  change i n  performance i n  compressible f low bearings 
i s  given. The dynamic i n s t a b i l i t y  sometimes encountered i n  journal  bear- 
ings  and methods of avoiding it a r e  a l s o  discussed. ( ~ u t h )  

This i s  a somewhat c r i t i c a l  review of hydrodynamic gas-lubricated 
hearings which includes a discussion of the  di f ferences  between gas and 
l i q u i d  l ub r i ca t i on  from both the  t heo re t i c a l  and p r a c t i c a l  viewpoints. 
On t h e  subject  of hydrodynamic gas bearings the  paper contains much en- 
l igh ten ing  i n f  ormation, f o r  example, ' the  r e l a t i v e l y  high loads  t h a t  can 
he carr ied,  the  "large" permissible clearances, and the  c l a s s  of surface 
f l n i s h e s  t h a t  can be employed. 



The authors, i n  t h i s  paper, present various curves ,,of theore t ica l  
and experimental results f o r  journal bearings. They &so show some , * 

photos and sltctchcs of t e s t  equipmed, Their discussions alan inc!.!.!d.a . ,  . .. 
short sections .on half-speed w h i r l ,  several types of th rus t  bearings . ... . 
and applications of gas bearings. ' . ,  . .  . . . 

. w .-i . . t ' . .  ' 

91 
FORTESCUE, P . , "The Derivation of a Genaralized Chart for'  Viscosity 

Plate  Performance ,IT Atomic Energy Research Establishment, ED/M 21, 
1955. 

(papei. not kvailable f o r  review ' (c lassif ied) .  as  of July 1, 1959.) 

92 
FRANKEL, S. R.., "An Analysis of a Simple Hydrostatic Gas Bearing Includ- 

ing Compressibility Effects," M.S. Thesis, Mgchanical Engineering, 
Drexel I n s t i t u t e  of Technology, Phila., Pa., June 1958. 

The use of a gas a s  a lubricant i n  bearings has increased in t h e  
past few years because of the-need t o  supply a re l iab le  lubricant under 
a wide range of ambient conditions. This paper i s  r e s t r i c t ed  t o  an in- 
vestigation of a simple, nonrotating, hydrostatic gas thrus t  bearing in 
which a i r  ac t s  a s  t h e  lubricant. I n  t h i s  analysis t h e  compressibility 
e f fec ts  a re  included among other design parameters, such as  f i lm thickness, 
load carrying capacity, and supply pressure, f o r  subsonic flow conditions. 
( Auth) I 

The author, using a ser ies  solution, derives an equation f o r  the  load 
carrying capacity of an externally pressurized c i rcu lar  thrus t  bearfig. 
The customary assumptions of isothermal flow i n  t h e  bearing gap and 
isentropic  flow through the  entrance r e s t r i c t i o n  a re  made. Differences 
between experimental &d theore t ica l  load carrying capacities exemplified 
by t h e i r  respective pressure prof i les  as shown on graphs included by t h e  
author, are  l a i d  primarily t o  the  lack of s t i f fness  of t h e  bearing p la tes  
and the  inab i l i t y  t o  f u l l y  account f o r  the  flow condition a t  t h e  r e s t r i c -  
t ion. 

9 3 
FRANKLIN INSTITUTE, "FIL t o  Build Gas Lubrication Science," Laboratory 

Report, Vol. 5, No. 2-3, Dec. 1956-Mar. 1957, p. 5, The I n s t i t u t e  
News, Vol. 22, Mar. 1958, p. 3. Journal Franklin Ins t i tu t e ,  Val. - 
265, Mar. 1958, pp. 243-244. Laboratory Report, Vol. 3, Sept. 1954, 
P. 3. 
Contains various items of news and general information about a pro- 

gram of gas bearing research jo in t ly  sponsored by eleven departments of 
t h e  U. S. Government which come under-AEC, Dept. of Defense, Maritime Adm. 
and NASA. The program is  adminbsterod by Om. 

94 
FREDFUCKSQN, J., "Bearing f o r  Car-Axle," U. 3. Patent 1 '067 727, issued 

The inventor proposes air supported pistons t o  carry the load on 



ra i l road  journal bearings. , For this purpose the  famil iar  p s r t i a l  bearing 
i s  replaced by a large block with an opening in it f o r  the  journal. I 

Pressurized air, under the  engineer's control, enters a chamber formed 
by the  journal, t h e  bearing block, and a ve r t i ca l  piston located i n  the  
block, *and perpendicular t o  the  journal. A s  t h e  piston i s  raised the  
weight on the  arch bar i s  raised with it. Actual lubrication i s  accom- 
plished by a lubricating material (not specified) i n  contact with the  
lower surface of t h e  journal. - 
95 
FULLER, D.. D., "A Survey of Journal Bearing Literature," ASLE, Chicago, 

1958. Published by American Society of Lubrication Engineers, 1958 
!'Gas Lubricated Bearings ,11 pp. 87-89. 
The authon i n  reviewing journal bearing l i t e r a t u r e  , discusses gas . 

lubricated bearings. Most applicable references. up t o  Dec. .31, 1954 are  
included i n  t h i s  bibliography. 

96' \ 

FULLER, D. D . , " A i r  Bearings-Low Friction," Lubrication Ennineer iq  
.VoL 9, No. 6, Dec. 1953, pp. 298-301. 

I n  t h i s  paper, the  author, speaking of t h e  possible and probable 
applications of air bearings, describes a few designs including a s tep  
bearing f o r  an ultra-centrifuge. 

This work by Fuller  i s  a revision of t h e  paper, "Low Fr ic t ion  !Properties 
of Air-Lubricat ed Bearings ." However, it a lso  includes an additional 
numerical example. T h i s  material  i s  a l so  found in h i s  text book. 

' ' 97 I 

F W R ,  D. D., " A i r  Lubricated Bearings," Mach. Des., Apr. 1953, pp. 272, 
273, 381, 384, 386. 
Brief a r t i c l e  cdntaining same information presented in author c s  

paper ,. "Low Fr ic t ion  Properties of A l r  Lubricated ~ e a k i n g s  ." 
98 
FULLER, D. D., "Annual Report ONR Project A2049, "The Franklin I n s t i t u t e  

Labs Interim Report I-A2049-3, July 15, 1958, Contract NOW-2342(00), 
Task NR 097-343, AECU. 3773, OTS. 

T h i s  i s  a $ummary'report on the  act ivi t ie 's  of the  research program 
conducted under Contract NOW-2342 (00) , "Research on Gas Lubricated Bear- 
ings," f o r  the  f irst  year of e f for t  April 1, 1957 t o  April 1, 1958. 

99 
FULLER, D . D . , "Low Fr ic t ion  Properties of Air-Lubricated ~ e a r i n g s  ," 

Trans. u. Academy of Sciences, Series  11, Vol. 15, No. 4, Feb. 1953, 
pp. 93-99. 

The author speaks of t h e  benefi ts  of air bearings and s t a r t ing  from 
dv shows, mathematically, t he  low f r i c t i o n  the  relat ionship F = @ - 
dy 



losses f o r  such a bearing. Quoting Brubach, low cost a i r  bearings made 
from hypodermic syringes are described. Also described is  the model , , :  of 
the famous sir-lubricated Kingsbury thrust bearing. . 

Appropriate equations are given for  lqd$ostatic step bddings bnd .I 

drawings are shown of this and other types of air-lubricated bearings 
including one used i n  an ultra-centrifuge. Noting that  the 'oompressibility 
of' the gas must be considered for  M g R  loads, the author derives . applicable - 
relations fo r  the'.step-bearing stai-ting from Eulerts equation fo r  steady,' 
one dimensional flow with friction. 

100 
FULLER, D. D., '?Theorg and Practice of Lubrication fo r  Engineers,?? John % 

Wiley & Sons, Inc., 1956, pp. 28'7-395. 

The author includes a brief history of air bearings and mentions t he i r  
advantages and disadvantages. Numerical examples are used for  designing 
self-acting and externally pressurized bearings. A t  the time t h i s  was 
written, no other textbook contained as much information on gas bearings. 

FULLEX, D. D., (30) (89) (1603 (162). . , .. 
101 . . , ,  . . 

"Gas Bearing fo r  High Pressure Helium Turbine," NP 3683, classified, UC. 

The only information available comes from "The Reactor Handbook, 
Volume 2 Engineering'? published by .Mc~raw H i l l .  Page 472 shows a drawing 
of t h i s  bearing and on page 475 i s  .noted the  following: 

A gas bearing (as well .as a combination thrust  and journal bearing) . 
i s  shown in Fig. 3.611. The journal bearing consists .of four pockets, 
as shown i n  section.!'AAtt, to. which high-pressure gas is"admitted through 
individual orifices, and from which the gas . i s  discharged through the  
annular clearance space between the sides of the pockets and the shaft. ., 

Since the leakage area from each pocket depends upon shaft position, any 
transverse sh i f t  of the  shaf t 'wi l l  a l t e r  the  gas pressure i n  the pocket 
and provide a restoring force t o  recenter the  shaft. The thrust  bearing 
operates on the  same principle, except tha t  the  annular pockets are con- 
tinuous and the gas i s  discharged through the clearance areas a t  the  
inner and outer diameters of the bearing. 

102 
"Gas Bearings, JPL CBS No. 63," Combined Bimonthly S ~ T  No* 63, Jet 

Propulsion Laboratory, Cal. Tech., Pasadena, Calif , ORDCIT Project, 
Contract No. DA-04-495, ORD. 18, Dept. Am, Ord. Corps. 

This i s  a resume of the work being conducted on lqdrostatic gas 
bearings a t  Jet Propulsion Laboratorg. It includes mention of t he i r  
analytical and experimental studies and a brief discussion of the i r  
t e s t  rig. -The entire resume takes less  than tm pages and, therefore, 
one should not expect. t o  find any detailed account of the  work done. 
(See other reports from same source.) . . 



103 
??Gas Bearings, JPL CBS No. 66,:? Combined Bimonthly No. 66, 

Je t  Fropulsion Lab., C a l .  Tech., Pasadena, C a l i f  . ORDCIT Project, 
Contract No. DA-04-495-ORD 18, Dept. Army, Ord. Corps. 

A thorough study of the  existing l i t e ra tu re  and patents on hydrostatic 
' bearings i s  now i n  progress. The purpose of t h i s  search i s  t o  establ ish 

the  s t a t e  'of the  art and t o  explore areas f o r  f r u i t f u l  research and 
development efforts .  The design of gas bearings f o r  specific applications 
would be great ly f ac i l i t a t ed  by a comprehensive theory which would p e d t  
t h e  prediction of the  behavior of such bearings under varying load and 
environmental condbt ions. ( Aut h) 

104 
"Gas Bearings JPL Summary No. CBS 67," Combined Bimonthly Summary No. 67, 

Je t  Propulsion Lab., Calif. Inst.  of Tech., Pasadena, Calif., 
Oct. 15,  1958, ORDCIT Project Contract NO. DA-04-495, Om 18, Dept. 
Army, Ord. Corps. 

Externally pressurized, multi-orifice, gas lubricated, semi-cylindrical 
journal bearings were studied as  part  of a long range program on gas 
bearings. . \ 

105 
"Gas Bearings, JPL Letter Report NO. 3," Letter Report No. 3, Jet Propdm 

sion Lab., C a l .  Tech., Pasadena, Calif., OllDCIT Project, Contract 
NO. DA-04-495-ORD 18, Dept. Army, *do Corps. 

Previous issues of' these l e t t e r  reports were not numbered. 
This  report contains excerpts from Combined Bimonthly Sununary No. 68 

and deals with semi cyl indrical  and complete journal bearings. A s  i n  a l l  
. reports of t h i s  group, curves of experimental and theoret ical  resul t s  

are given. 

106 
"Gas Bearings, JPL Letter Report No. 4," Je t  Propulsion Lab. Cal. Tech. 

Pasadena, calif., Feb. 18, 1959, NASA Contract No. NAS w-6 

The work covered deals with the  load carrying capacity, clearance, 
and gas flows of externally pressurized gas lubricated journal bearings. 

"Gas Lubricated Bearings-Design, Manufacture, Applications ," Ennineering, 
N O V ~  2, 1956. 

Gas lubrication, which has recently undergone considerable development 
under t h e  stimulus of t h e  atomic energy programs, may well have applications 
t o  half a dozen other branches of engineering, and t h i s  i s  borne i n  mind by 
the  authors of a paper ??Principles and Applications of Hydrodynamic-Type 
Gas Bearings," presented a t  the  Ins t i tu t ion  of Nechanical Engineers on 
October 26. The authors, M r .  G. W. K. Ford, M r .  Do M. Harris and Mr .  D. 
Pantall ,  are a l l  members of the  United Kingdom Atomic Energy Authority. 



The c a l l  for gas bearings arose from t h e  need t o  i n s t a l l  moving par t s  
within enclosed gas c i r cu i t s  where contamination of t h e  gas is  undesir- 
able, +.he par t s  t.hemselvss a re  la rge ly  inaccessible and the  formation 
of oxide fi lms i s  impossible; t h i s  occurs in gas-cooled reactors such 
as those a t  Calder Hall. I n  addition, pumps f o r  l iqu id  metals, which 
may be at  high temperatures, require a lubricant t h a t  does not deter iorate  
under. t h e  act ion of heat and w i l l  .not contaminate the  metals being pumped; 
.bismuth, which may serve a s  a solvent f o r  nuclear fue l s  in fu ture  reactors,  
i s  chosen by t h e  authors a s  an example. However, high temperatures, gas 
ci.rcuits, inaccessibi l i ty ,  par t icu la te  matter in suspension, and t h e  need 
t o  exclude contaminating materials a re  requirements not unique t o  atomic 
engineering. To place gas bearings in the  context of other applications, 
t h e  authors out l ine t h e i r  features  and l imitat ions,  and name some other 
f i e l d s  of engineering-machine tools  and chemical industry f o r  example- 
i n  which they may be used. The paper i s  concerned mainly with hydrodynamic 
as d i s t i n c t  from hydrostatic bearings and covers'both thrus t  and journal 
types. Parts  of it a re  reprinted below, but specialized data  and calcula- 
t i ons  are omitted. (Auth) 

108 
GERARD, P. L., "Combined Fluid Bearing and Mechanical Bearing f o r  Gas 

Turbine Engines," U. S. Patent 2 623 353, issued 1952. 

I n  a gas turbine application, t h e  inventor uses ro l l ing  element 
bearings a s  an auxiliary "standby system" since f a i l u r e  in t h e  gas bear- 
ing external pressurization system is  always a possibi l i ty .  

109 
GERARD, P.L., H. SERRAW, "Fluid Bearing," U. S. Patent 2 660 484, issued 

1953 0 . - 

The inventor notes the  disadvantage incurred by t h e  use of a large 
volume recess when employing external ly  pressurized gaseous lubricants. 
His suggestion i s  t o  use grooves t o  out l ine various geometrics having t h e  
same area and perimeter as  t h e  chosen recess. The ef fec t  of t h i s  "change 
i s  t o  reduce the  tendency towards vibration. 

110 
GERARD, P. L., ItFluid Pressure Bearing," U. S. Patent 2 634 176, issued 

195 3.  
When a rotat ing ro to r  becomes unbalanced through los s  of a turbine 

blade o r  other cause, t h e  centrifugal forces s e t  up carry it close t o  tk-e 
bearing w a l l s  and t h e  shaf t  perf oms a kind of ltwhirlll. To combat t h i s  
potent ia l ly  dangerous condition, t h e  inventor places a one way valve i n  
t h e  path of t h e  o r i f i c e  leading t o  each bearing recess. When t h e  shaft  
approaches a recess, t h e  f l u i d  escape area i s  decreased. The pressure 
in t h e  chamber bLilds up, causing t h e  one way valve t o  close and prevent- 
ing leakage except through t h e  decreasing escape areas. Since the  pressure 
continues t o  build up, t h e  necessary counterbalancing force i s  thus s e t  
up. 

The patent mentions water a s  t h e  f l u i d  t o  be used. Sixsmith uses 
a somc:JfiaCv siAlw system f o r  gases but, with a r e s t r i c t i o n  placed i n  t h e  



path of flow through the  evacuation.chambers. . 

111 ' 

GERARD, P. L.,"Improvement i n  Fluid Bearings ," Great Britain Patent 685 871, 
issued 1952. . , 

The device described i s  a modification t o  improve the  performance of 
a gas bearing. It consists of 'mounting a self-aligning ro l l ing  element 

- bearing on a 'shaft  and using a sleeve, press-fi t  on the outer race, t o  
ac t  as  t h e  journal member of a gas lubricated bearing. I n  t h e  event of 
a lubricant  f a i lu re  through overload o r  other cause, the  outer race of 
t h e  r o l l i n g  element bearing i s  restrained but the  inner race and shaft i 

are  f r e e  t o  rotate.  

GERARD, P.L ., "Le Pal ie r  Fluide  h he Fluid   ear in^) ," Memoires de l a  
Societe des Imenieurs  Civils & France, Vol. 102,.No. 2, Feb. 1949, 
pp. lC%-l3k. . Translated by A. Tal is ,  Edited by E. B. Sc iu l l i ,  FranXlin 

""' . Institute-Laboratories , Phila., Pa., Sept . 1957. Note: This same 
reference appears under s imilar  t i t l e  i n  other publications. 

The reference contains a short  his tory of externally-pressurized 
f l u i d  bearings, noting t h e i r  advantages and a lso  some of t h e i r  short- 
comings. Mention i s  made of several well-known devices which employ 
these bearings and a l i s t  given of possible applications t o  other machines. 
Under the  advantages, Gerard notes the  low, almost zero, s t a r t i n g  f r i c t i o n  
one ge ts  with these bearings, a d  t he  r e l a t ive ly  low power requirements 
f o r  t h e i r  operation. In  an extract from Planiol's work i s  included a 
comparison of the  coeff ic ients  of f r i c t i o n  of ro l l ing  element bearings 
(1.5 x 10-3), hydrodynamic bearings (1.1 x 10-3), precision watch 'ewe1 d bearings (0.2) and a pressurized air-lubricated bearing (2.6 x 10- ). 

A br ief  mathemtical treatment, using the  e l ec t r i c  analogy, i s  
given t o  the  flow of f lu ids  through two constrictions i n  series.  The 
ef fec t  of various parameters such as chambers, flow, etc.  a re  t reated 
theore t i ca l ly  and appropriate curves and tables  shown. 

The main purpose of t h e  paper i s  t o  describe Gerard's multipad 
versions of the f l u i d  bearing which have a "self-centering ability." 
A description i s  even given of a rather  d ras t i c  t e s t  of this a b i l i t y  i n  
which a grinding wheel i s  del iberately unbdanced in order t o  observe t h e  
behavior of the  bearing. Despite the  strong vibrations transmitted t o  
the  grinding machine, t h e  r e su l t s  of the  grinding remained f a i r l y  good, 
indicating tha t  the  axis of the  grinding spindle had turned ( t rue)  about. 
an axis of ro ta t ion  off-center by 0.02 mrn. ( In  t h i s  demonstration o i l  
was used as the  lubricant.) 

113 
' GESSNER, E,, '"Nomograph f o r  Designing Gas Nozzles and  orifice^,'^ Product 

Engineeriw, Oct. 1956, pp. 141-143. 

T h i s  nomogram solves problems re la t ing  t o  nozzles and o r i f i ces  used 



as flow controll ing devices f o r  compressible f luids .  Pressure drop can 
be found i f  t he  weight of flow and diameter are  hown f o r  a par t icu lar  
upstream pressure. Yniie &-awn up Tor aircraf'l; and inissire probleliis, 
,with flow correction f o r  gases other than dry a i r ,  the  nomogram may be 
applied t o  a i r  conditioning and indus t r i a l  problems. 

Basis of nomogram is flow weight equation representing thermoQmmic 
relationships f o r  the  i d e a l  .si tuation, and corrections a re  added f o r  
.various non-ideal configurations, A! 'coefficient accounts f o r  r e l a t ive  
difference i n  efficiency between nozzles and or if ices .  (Auth) 

While it i s  t rue  t h a t  this paper does not deal  with gas bearings as 
such, it does contain usable' information' concerning nozzles and o r i f i ces  
which a re  an in t eg ra l  par t  of most externally pressurized gas bearings. 
'While the  theory and the requis i te  equations are  available i n  many tex t -  
'books, nomographs of t h i s  type a re  not. The nomograph is included f o r  Lts 
value as a convenient labor saving device. 

lI-4 
GWTWALD, F., R .  VIEWEG, "Berechnungen und Modellversuche an Wasser - 

und Luftlagern (Calculations and'Model Tests on Water and Air Bear- 
ings)," Zeit. Anaew, P h ~ s i k ,  I1 Band, Heft 11, 1950, pp. 437-4430 
Most of t h e  contents of this paper a re  contained i n  other papers by 

Gottwald which have been t rans la ted  in to  English. Some of the  other 
:papers contain en t i r e  paragraphs l i f t e d  bodily from t h i s  one. 

115 . GOTTWALD, Fa ,  tYComputations and Measuremerrts on the  A i r  Bearing," Archive 
l6/15, Foreign Document Evaluation Branch, Ordnance Research and 
Development Center , Aberdeen Proving Ground, Md , , 1943. 

An analysis f o r  a conical bearing with compressibility taken i n t o  
corisf deration, shows t h a t  no subs tant ia l  d i f f i c u l t i e s  a r i se  when air i s  
used as t h e  lubricant instead of water; the  load capacity even increases 
at a minor ra te .  The volume of a i r  flow is  smaller than the  value resu l t ing  

' 
from an estimation using t h e  viscosi ty  r a t i o  between a i r  and water. The 
:regulating o r i f i ces  o r  cap i l l a r i e s  used f o r  bearing s t ab i l i za t ion  mays have 

I l ~ r a c t i c a l l y  the  same diinensions as in water bearings, Practicable operating 
conditions a re  obtained when t h e  bearing a i r  pressure is  divided between 
~ e g u l a t i n g  point and housing gap i n  the  r a t i o  1 : 1, 

The bearing supply pressure must be adjusted t o ' t h e  external  pressu;?e. 
For constant load the  r e l a t ive  pressure drop must a l so  be constant if the  

I 
same bearing gap i s  t o  be obtained. With decreasing external pressure t h e  
volume of flow remains prac t ica l ly  constant, whereas the  necessary a i r  mass 
flow i s  respectively decreased. i 

A few memurements OII a Lest bearing confirmed the correctness of the  
computations. ( ~ u t h )  

This i s  but a par t  of a report  on bearing devices. The work was darle 
in Germany du-ing World WW 11. 

8 



GOTTWALD, F., "Proposal fo r  &I A i r  Supported Course ~ o s c o p e , "  Archive , 

16/16, Foreign Document Evaluation Branch, Ordnance Research and 
Developnent Center, Aberdeen Proving Ground, Md., 1943. 

~ f t e r  a c r i t i c a l  discussion of the use of different Hnds of bearings 
for  t he  suspension of gpros, an a r r ~ e , n t  is suggested which has small 
f r i c t ion  since it is an a i r  bearing, and furthermore which avoids the .m- 
balanced moanerrts caused by bearing clearance. (Auth) 

T h i s  report contains the reasons for  building an experimerrtal model 
(course) gyroscope which i s  a i r  supported. Previous work by the same 
author leading up t o  t h i s  decision was also a part of t h i s  investigation 
of low-friction bearing devices. 

117 
GOTTWALD, F., 'Tests on A i r  Supported Course Gyroscope," Archive 16/17, 

Foreign Document Evaluation Branch, Ordnance Research and Development 
Center, Aberdeen Proving Ground, Md., 1943. 

I n  a previous report, the author proposed an air-supported b a l l  
(course) gyroscope t o  be provided with a compensated universal suspension. 
Subsequently, experimental models -re bui l t  and tested. T h i s  report 
covers' those t e s t s  and gives the conditions under which the gyro main- 
tains the prescribed precession l i m i t .  Although the author determined 
that  the use of t h i s  type of device was feasible, he did not complete 
his work a t  this. time. Since t h i s  i s  only one of a series of reports, 
it contains only a relat ively small amount of information. 

118 I 

GCYl'TWALD, F., 'Wasser-Luftlager m i t  Druckshmirung (water Bearings and 
A i r  Bearings with Pressure ~ubr icat ion)  ," BuShips . Translation 593, 
Office of Technical Services, PB 12U05. 

This paper covers part of the work t h i s  author did during World 
War 11. Here the author summarizes the feas ib i l i ty  study on externally- 
pressurized water and air lubricated bearings. As in his previous work, 
the author suggests that  air-lubricated bearings can be used in gyroscope 
compasses, 

119 , ' 

GRANEEK, M., H. L . W U NS c H, "Testing the Performance of Precision 
Ball Bearings." The Enaineer, Vol. 178, Nov. 26, 1954, pp. 695- 
697. 

L i t t l e  information is available on the  performance of high-precision . 

b a l l  bearings of s m a l l  diameter when operating a t  very high speeds. A . -  

machine has, therefore, been developed which provides a continuous 
measurement of f r ic t ional  torque a t  speeds up t o  50,000 r.p.m. of small 
bearings under defined axial  and radia l  loadings. This a r t i c l e  is prima- 
rily concerned with the development of the test ing machine. But the  ul- 
timat e object in view is the  , correlation of the dimensional accuracy of 
the bearings with overall pei;'f&mance. *::-.. .::.:: The torque-speed-characteristics 
of particular t g e s  of bearing+nll also be investigae6d.. . . (Auth) 



The authors describe a t e s t  machine which uses externally-pressurized 
air bearings. These include two main journal bearings and a thrus t  bearing 
f o r  the  test. shaft  as  well a s  two jourrral and two th rus t  bearings f a r  
the  drive motor. Exhaust a i r  from the  motor bearingsrpassed over the  
s t a t o r  laminations, aids in cooling. One other air bearing, a hydrostatic 
"floating" bearing, is  used t o  apply the  radia l  loads. Because of i ts  . 
designed purpose the  t e s t  shaft  had t o  be dynamically balanced t o  a.high 
degree of accuracy. Maximum t e s t  speeds of 50000 rpm were attained with 
the  unit. Although the  bearings are  described, there i s  insuff icient  
information given, theoret ical  or  otherwise, t o  permit designing them. 

120 
GRINNELL, .S. .K., Study of Pressurized A i r  Bearing Design - Steady 

Lo,ading - No Rotation," M.S. Thesis, 1954. MIT Department of 
Mechanical Engineering, Cambridge, Mass. 

I n  one phase of the  investigation simulation i s  used t o  determine 
the  optimum ra t ios  f o r  design parameters used i n  a i r  journal bearing de- 
sign, minimizing mass flow ra te  and maximizing s t i f fness  and load-carq4ng 
abi l i ty .  

The pressure dis tr ibut ion and mass flow r a t e  f o r  one dimensional 
compressible f l u i d  flow between closely spaced f l a t  plates were studied 
as a basis  preliminary t o  an understanding of the  flow in a bearing. 

Theoretical expressions fo r  the  pressure dis tr ibut ion and mass flow 
r a t e  are  developed analyt ical ly and verif ied experimentally. The simple 
Hagen-Poiseuille capi l lary flow theory was found t o  be good f o r  predict- 
ing the  pressure dis tr ibut ion if the  flow path length t o  height r a t i o  
i s  greater  than 1000. For smaller values the  one dimensional compressible 
flow with f r i c t i o n  theory of Shapiro correlates well with experimental 
mass flow ra te ,  f r i c t i o n  fac tor  and pressure distribution. (Auth) 

T h i s  112 page thes i s  represents an extensive amount of work; among 
i t s  contents a re  41 i l l u s t r a t ions ,  11 appendices and numerous references 
all applicable t o  the  subject chosen, Theoretical analyses are made f o r  
one-dimensional flow of a compressible f l u i d  between f l a t  plates ,  constant 
area flow of a perfect gas with f r i c t i o n  and capi l lary type flow with and 
without momentum effects  included, The design of t e s t  equipment and 
instrumentation are discussed and the  resul t s  compared with the  work of 
other authors where possible. 

121 
GRINNEL, S. K., H. H. RICHARDSON, "Design Study of a Hsdrostatic Gas 

Bearing with Inherent Orifice Compen~ation,~~ Trans. H, Vol. 79, 
No. 1, Jan. 1957, pp. 11-22. ASME Paper 55-~-177 .  

A hydros'tatic gas bearing can provide shaft  support with very low 
f r i c t i o n  .in high-speed devices such as  centrifuges and gyroscopes and 
in precision s t a t i c  devices such as  dynamometers. For comparable load con- 
.ditions, the  f r i c t i o n  torque required t o  ro ta t e  a hydrostatic bearing i s  
from 100 t o  10000 times l e s s  than the  f r i c t i o n  torque required t o  ro ta t e  
ball o r  hydrodynamic o i l  bearings. This paper presents information 



di rec t ly  applicable t o  designs with optimum performance characteristics 
fo r  hydrostatic gas bearings with inherent orif ice compensation. An 
analytical and experiierrtsl study of 3 simplified model of the basic . 
uni t  of which the bearing is composed and a similar study of a canplete 
journal bearing lead t o  a readily usable design procedure fo r  the bdrostatic 
gas bearing, The load capacity, or  stiffness, and weight flow rate 
predicted by the design procedure are verified within 10 and 20 per cent, 
respectively, by experimental results obtained with an optimized bearing. 
( Aut h 

A brief review of hydrostatic bearing development is  f i r s t  given and 
then-three configurations are described af ter  which the principles of op- 
eration of the authorst bearing are discussed. The simplifykg assump- 
tions made for  analysis purposes were such that it became possible t o  
build a simulation model consisting of square, f l a t  , paral lel  plates with 
a single air in le t  hole in one of them. The experimental results  obtained 
with this r i g  are shown graphically in the  text  fo r  the  paper. 

The analysis of the complete, f u l l  rnultipad bearing is made on the 
basis of one dimensional, laminar, isothermal, compressible flow. The 
resulting equations are then converted t o  yield dimensionless parameters 
with which t o  evaluate bearing performance. The authors do not recommend 
extrapolation beyond the range of the parameters covered i n  the simulation. 

GRIN=, S. K., "Flow of a Compressible Fluid in Thin Passages," T ~ ~ w s .  
ASME, Vol. 78, NO. 4, May 1956, pp. 765-7710 

Pressure distribution &d weight-flow ra te  can be predicted for  
laminar cmpressible-fluid flow in  a thin passage by use of the methods 
presented i r r  this paper. A simplified method can be used readily when 
the f lu id  forces due t o  viscous action p r e d d n a t e  over those due t o  
acceleration of the fluid. A more canplicated trial-and-error method 
seems t o  be required for  larger passages where, though the flow may be 
laminar, the momentum effects due t o  acceleration of the canpres~ible 
f lu id  are appreciable. An experimental apparatus was used t o  examine the 
val id i ty  of the analytical work. Experimental pressure distributions agree 
within a maxhum deviation of 10;k with the  theoretical distributions 
predicted by both the comprehensive and simplified theories. Experimental 
weight-f low rates agree within a maximum deviation of 5@ with predictions 
.of the  simplified theory. Dimensionless plots of pressure distr ibution 
are  presented with experimerrtal curves of flow ra te  versus pressure ra t io  
'for various ra t ios  of passage length, L, t o  passage height h. These plots, 
together with simple equations, have, been prepared fo r  direct use by the 
designer. (Auth 

Much of the  work included here i s  corrtained i n  the authorts MS 
Thesis. Hughes points out in the discussion a t  the end of the paper 
that  f o r  the flow of a compressible f lu id  in th in  passages, an adiabatic 
treatment yields results  identical  .with the isothermal solution, and, i n  
fact ,  the adiabatic treatment shows that  the isothermal solution is the  
only possible one compatible with energy conservation. 



ldj 
GROSS, W. A., "A Gas Film Lubrication Study, Part 1: Some Theoretical 

Analyses of Sl ider  Bearings," Jcurnal of Research Develor- - ment, Vol. 3, NO. 3, July 1959, PP. 237-2490 

The Reynolds d i f ferent ia l  equation describing flow i n  a compressible . . 

l u b r i c a t a -  Tilm is developed. Important character is t ics  of such films 
are  determined d i rec t ly  from theSReynolds equation. Pressure, load, 
velocity, and geometry character is t ics  are  presented f o r  many compressible 
s l ide r  bearing films based upon computer solutions of a Reynolds differ-,  
ence equation as derived i n - a  companion report. Another companion report 
c i t e s  experimental verif icat ion of computer solutions and describes experi- 
mental techniques. (Auth) 

Parts I1 and I11 of t h i s  study are  authored by W.,A.  Michael and 
R. K. Brunner e t  al., respectively. 

124 
GROSS, W. A;, "Film Lubrication, I V  Compressible Lubrication of 1nf i n i t e l y  

' Long Sl ider  and Journal Bearings ," IBM Research Paper, R J-RR-117-4, 
June 25, 1958. 

T h i s  i s  the  fourth of a ser ies  of reports which deal with t h e  theol-eti- 
ca l  aspects of hydrodynamic (self-acting) f i lm lubrication. The aim i s  
t o  aid understanding of the  properties of gas lubrication. (Auth) 

This rather  short paragraph introduces a 105 page paper which l ists 
24 references including ones by W. Froessel, A. G. M. Michell, A. A. Rajmondi 
and J. Boyd, G. I. Taylor, Y. Katto and N. Soda, V. N. Constantinescu 
and others. The work of these men is woven in to  a smooth, well develop4 
comprehensive technical paper covering many phases of gas lubricated - bearings. 

125 
HAGEN, G. I., " A i r  Floating, A New Principle in Magnetic Recording of 

Information,'! Computers - and Axtomation, Vol. 2, No. 5, Nov. 1953, 
pp. 2325. 

( ~ o t  available f o r  review a s  of July 1, 1959. ) 

126 
HAGEN, H. W., "Bau und Berechnung Luflgelagerter Wellon ( ~ e s i g n  and 

Construct ion of Shafts Supported on Air ~ e a r i n g s  ) ," Dissertation 
Technische Hochschule, Aachen, Germany, 1951. 

The need f o r  air lu@ricated bearings in modern technology i s  stressed. 
Early work on the  theory involved i s  reviewed along with the  few prac t ica l  
applications which had been made i n  t h i s  f i e l d  up t o  1948. LimitatSons 
of these ear ly models a re  discussed. The principles of a i r  lubricat ion 
are  outlined i n  detai l .  

The author describes a bearing which he constructed t o  carry out a 
d e t e ~ i n a t i o n  of i t s  load capacity. I n  this section h e . t r e a t s  only. r ad ia l  
bearings4 - t he  principles underlying t h e i r  use and the  calculation of 
s t a t i c  load capacities. Calculations of the  theoret ical  maximum of t h e  
load capacity are made both rigorously and by a simpler method u t i l i z i n g  &I 



analytical approldmation. These calculations are made under the assumption 
t h a t  the axle i s  weighted so that  it i s  exactly tangent t o  the bearing 
casing. Since this is t rue  only of ideal  geometrical bodies, a planimetric 
method i s  described which takes waves and roughness on the surface structure 
of the parts in to  consideration. The results  indicate that  a calculation 
of the load capacity made by t h i s  method i s  appraximately 2& lower than 
theoretical because of deviation of axle and bearing casing f r m  the ideal  
f om. 

A method i s  next described fo r  calculating the load capacity for  any 
axle displacement by means of analytical approximation. These equations 
do not give the maximum load capacity, but they do a l l o w  the load capacity 
t o  be calculated as a function of axle displacement. 

I n  making the calculations above, it was assumed that  the weighting 
force caused a displacement para l le l  t o  t h e  axle. This is  generally t rue  
if two air lubricated bearings are used with a f a i r l y  large distance between 
them, However, i n  some cases it is more practical t o  use a single air 
lubricated bearing as a radia l  bearing. I n  such a case the weighting 
force is no longer i n  the  middle, and this causes the  axle t o  rock ( t i p )  
in the  bearing casing. A method is presented for  calculating this rocking 
(tipping) moment by analytical approximation. The result  obtained 
theoretically agrees well with the value determined experimentally. 

The t o t a l  load capacity is made up of both s ta t ic .  and dynamic elements, 
The dynamic load capacity can be calculated i n  the same manner as the hydro- 
dynamic load capacity, taking in to  considerat ion the differences i n  physical 
constants between o i l  and air, especially the  compressibility of the la t ter .  

I n  the  next section the principles of axial  bearings'are considered 
and t he i r  construction is described. Calculations are made t o  detenaine 
the i r  load capacity and "value coefficierrtn, 

The use of air lubricated bearings in pcactice i s  described, along 
with methods t o  determine the i r  coefficient of f r i c t ion  and the i r  vibra- 
tion. The relat ive merits of employing high-frequency motors or gas 
turbines t o  drive the axles are considered. One-and two-bearing polishing 
machines constructed by the author are described. From experiments con- 
ducted on them, both as polishers and b o ~ e h ,  the author concludes that  
the i r  usefulness has been established. Further improvements are suggestsd 
and other possibi l i t ies  fo r  the use of air lubricated bearings are con- 
sidered. 

127 
'HANDEN, D., "An Investigation of Air-Lubricated Shoes fo r  High Density 

Magnetic Drum Head  application^,^^ IBM Research Report No. RC-4, 
Jan. 1, 1957. 

(Paper not available fo r  review as of July 1, 1959) 

128 
HANSEN, P .D., Vlow of a Cmpressible Fluid i n  a Thin Passage," WCL 

Res, Memo No. 7401-2 MIT, Cambridge, I k s . ,  1957. 

T h i s  work was classflied as of July 1, 1959 and therefore unobtainable 
fo r  review purposes. 



12 9 
HANSEN, S., nFluid Bearing Mount ," Urn S. Patent 2 710 234, issued l955. 

A p lu ra l i ty  of air pads a re  used t o  support the sphere f o r  a sta- 
balized platform. Pressurized air  is supplied t o  some of the pads, and 
the  other  pads a re  evacuated. The npush-pulln e f f ec t  keeps the sphere 
i n  the desired position. Extensions of the patent include changes i n  
configuration from a sphere t o  truncated cones and eventually f l a t  
surf aces. 

HARRIS, Dm M. (90) 
I 

130 
HARRISON, W. J., "The Hydrodynamical Theory of Lubrication with Special 

Reference t o  Air a s  a Lubricant,n Trans-Cambrid~e Phil. Society, 
Val, 22, .1913, ppm 39-54., 

, 

. The paper i s  made up of two sections, the f i r s t  of which deals with 
the hydrodynamics of incompressible fluids.  Here, Harrison, i n  attempt- 
ing t o  simplify the work of Reynolds and Petroff,  limits his analysis t o  
the case of a complete cyl indrical  bearing (of i n f i n i t e  length). Making 
the usual assumptions, he a r r ives  a t  equations ident ica l  t o  Sommerfeld's 
with somewhat l e s s  effort .  Analyzing the forces  (and moments) i n  the 
system he shows o r  concludes t h a t  Kingsbury, with the air-bearing, erred 
by measuring the f r i c t i o n  on the journal and saying it was t h a t  of the 
bearing. From h i s  derived expressions, Harrison then calculates the  
pressure d is t r ibut ion  i n  Kingsbury's air bearing and campares the r e su l t s  
with the experimental data. It was t h i s  comparison which pointed out the  
need t o  consider the compressibility of the gas lubricant.  

The second section of the paper contains the derivation of t h e  equa- 
t ions  of hydrodynamics considering the compressibility of the lubricant. 

-(The flow i s  assumed t o  be isothermal.) These equations a re  then applied 
t o  the cyl indrical  journal bearing and integrated numerically by Rungets 
method (not shown). I n  a s e r i e s  of curves ( for  three speeds) it i s  shown 
t h a t  the new equations predict  Kingsbury's experimental r e s u l t s  much more 
accurately than do the equations neglecting compressibility. An analysis  
i s  a lso  included f o r  the case of compressible f l u i d s  between incl ined 
planes. The conclusion drawn from Harrison's work i s  t h a t  f o r  high ro- 
t a t iona l  veloci t ies ,  the compressibility of a i r  should be included i n  
the analysis  of hydrodynamic bearings. 

A classic ,  with more than jus t  h i s to r i ca l  value, this paper contains 
the or ig ina l  work on the use of compressible f l u i d s  a s  lubricants.  

\ 

Brief a r t i c l e  describing the work of.Kingsbury in 1897. 



1 32 
HEINRICH, G., "The Aerodynamic Bearing," (In German), Machinenbau p 

Waemedrtschaft 7, 199-35 (3.952). He28_?hR (HU) A.E.R.E. HsrweU, 
Nov. 1956. I n  U.S., 7168 AEC tr 2920. Translated by R. Todd. 

The double. sided; annular tracked bearing was dealt..with and formulae 
f o r  t h e  average bearing pressure'and the  energy necessary f o r  the  compressor 

' were derived. By means of a numerical example, it was shown how t h e  
uan t i t i e s  corresponding t o  a m i n i m u m  energy requirement are  determined, 

h u t  h 

L 3 3  
HENRIOT, E., E. HUGUENARD, "Les Grandes Vitesses Angulaires (High Rota- 

t i o n a l  Speeds (Air Lubricated Top)), Rehe  Generale * Sciences 
Pures e t  Appliauees, Tome 38, No. 20, Oct. 1927, pp. 565-569. & -- 
Journal de Physique e t  l e  Radium, Series V I ,  Tome V I I I ,  Nov. 1927, 
No. 11, pp. 433. Also "Sur l a  Realisation de Tres Grandes Vitesses 
de Rotation, (On the  Realization of High Rotational speeds)," Com~t~es 
Rendus Vol. 180, May 11, 1925, pp. 1389-1392. . (presented at Session 

, of April 6 ,  1925. ) 

The paper describes the  development' of an air-driven centrifuge i n  
t h e  course of which it became necessary t o  use an a i r  bearing t o  reduce 
the  f r i c t i o n  suf f ic ient ly  t o  a t t a i n  high rotat ional  speeds. According 
t o  Gerard, Huguenard, the  co-author, was the  inventor of the  air-driven, 

I Air-bearing supported tu?bine. 
, . 1 

134 
"High Speed ~ i i  Bearing," National Research Development Corn. Bul. ,  

.. . No. 9, Mar. 1957. - .  

The NRDC Bulletin contains periodic reviews of inventions f o r  &dustrye 
This part icular  issue mentions the  bearings developed by Sixsmith. 

135 
HIRAYAMA, N., "Research on a Pneumatic Journal Bearing," (1n ~ a ~ a n e s e )  

Trans. - J.S.M.E., Vole 19, NO. 78, 1953, PP- 13-16. 

Ass- the  f l u i d  incompressible and viscous, t h e  flow pat tern i n  
the  bearing clearance of a pract ical  pneumatic journal bearing i s  analyzed 

. theore t ica l ly  and pressure dis tr ibut ions are  calculated. The plausibili . ty 
i s  confirmed by experiments. (Auth) 

. . 

136 
HIRN, G., "Etudes sur l e s  principaux phenomenes que presentent l e s  

frottements rnediats e t  sur  l e s  diverses manieres de determiner 
l a  valeur mecanique des matieres employees au graissage des machines 
(Study of the Principle Phenomena which are shown by Fr ic t ion  Media 
ar,d on the  Yanner of Determining the Mechanical Value (viscosity) cf 
Substances used as Lubricants f o r  Machines) ,lr Bulletin de l a  Societe 
Indus t r ie l le  & Mulhouse, Tome 26, No. 129, 1854, pp. 188-277. 

M r .  Hirn, speaking before an assembly, to ld  how he found the  "fluidity," 
i , e , , t h e  reci procal. of viscosity,  t o  be tha t  property of an. o i l  .or grease 



which determines its lubricating qualities and the relat ive coefficients 
of friction. It is this paper tha t  mentions fo r  perhaps the f i r s t  time 
in  prink that  almost anything, including air, can be u s d  as a lubricant. 

A rather lengthy diss&ation, it is included here primarily because 
of i ts historic value. 

137 
HDFFER, F. W., "Autcmatic Fluid Pressure Balancing System," U. S. Patent 

2-449 29% issued 1948. 

T h i s  is a rather lengthy patent which extolls the  virtues of externally 
pressurized bearings, in particular those which embody the inventorts 
suggestion t o  use '%dancing zonesn and "isolating groovestt, A number of 
geometries or configurations are shown t o  Wich t h i s  zione and g m v e  design 
can be applied, The term f lu id  is used continuously and pressures of 5000 
ps i  are spoken of which generally indicates liquid lubricants. However, 
the inventor does not res t r i c t  himself and does make a number of specific 
mentions of us ing gaseous lubricants . 

Like most patents, this contains no mathematical analyses or  treatment, 
The discussion does contain rnw good practical  design ideas among which 
are the use of or i f ice  and the bearing sil ls t o  r e s t r i c t  or control the 
flow. 

138 
HONESS, W. T., * ' A i r  Bearing Thrust and Radial Supporting Bearing," U. SO 

patent 2-617 696, issued 1952. 

The inventor uses air as the  lubrioant i n  both thrust  and radial 
support bearings f o r  an a i r  driven turbine. The inventor claims tha t  
because of the air bearings the  unit can operate a t  high temperatures. 

139 
HUGHES, W. F., 3 .  F. O'STETZLE, "Heat Transfer Effects i n  Hydrostatic 

Thrust Bearing L~bricat ion, '~ m. ASME, Vol. 79, No. 6, Aug. 1957, 
pp. 1225-1228. 

The limiting isothermal and adiabatic operating conditions of the 
lgxkostatic thrust  bearing have been investigated recently. However, the 
actual performance of such bearings is characterized by an intermediate 
si tuat ion in which heat transfer occurs i n  the  lubricant and bearings. 
I n  this paper a simplified model is constructed fo r  such intermediate 
situation, and it is found that  the  bearing performance is  essentially 
isothermal a t  an elevated temperature. Expressions are derived fo r  the 
temperature distribution, and the results  of numerical examples are 
compared with isothermal and adiabatic calculations. Compressible and 
inccanpressible lubricants are considered. (Auth) 

140 
HUGHES, W. F., 3 .  F. OSTERLE, "Temperature Effects i n  Hydrostatic Thrust- 

Bearing Lubrication," ASME Paper No. %-LUB-ll, 



The hydrostatic thrus t  bearing is analyzed under adiabatic flow 
conditions f o r  both an incanpressible ( o i l )  and a cmpressible ( a i r ) .  
lubricant. Ekpressions f o r  the  pressure and temperature distributions, 

' load capacity, and f r i c t i o n a l  torque are obtained; For the  incompressible 
case the  load capacity undergoes appreciable deviation from the  isothermal 
behavior with variations in angular velocity. However, f o r  the  compress- 
i b l e  lubricant, the load capacity d i f fers  only s l igh t ly  from isothermal 
behavior and is nearly constant with variations i n  angular velocity. (Auth) 

HUGHES, We F. (186) 

Ul  
HUTCHINS, E. E. ftTests on the  Pump Unit, f o r  t h e  Mk I 'Umncilm- B :.sm.uth 

Loop .(BERo~, "AERE R/M 24, 1957, UKAEA Harwell, Berkshir'e, England. 

T h i s  memorandum describes ' t e s t s  carried out t o  determine. the  char- 
ac t  e r i s  t i c s  of t he centrifugal, induct ion-driven pump uni t ,  b u i l t  i n t o  
the  Mk I Uranium-Bismuth Loop which i s  t o  operate i n  BERO. Reference is 
a l so  made t o  the  apparatus employed f o r  making t h e  t e s t s .  (~u$h)  

G a s  lubricated beb ings  were empluyed but there is  l i t t l e  more than 
mention of them made' in t h i s  report. 

ftInvestigates A i r  as Bearing Lubricant," Soc Auto E ~ R .  Jour., Vole 61, 
,NO. 11, Nw. 1953, p. 108. 

Short abstract of paper by D. McKinley on fingsbury thrus t  bearing. - 

u3 
JAY, D. J., ,He W. PEITHMAN, "An Analog Study of Levapad Stabili ty," 

ASME Paper No. 58-A-287. 

A s e t  of non-linear different ial equations was derived t o  describe, 
the self-excited vibration of .an ear ly  levapad type. These equations 
were solved 'on t h e  department electronic analog computer. The theore t ica l  
solut ion which included a non-linear damping .term i.n t h e  equation of motion 
agreed favorably with the  experimental resiilts.'of the Levapad I type f o r  
t h e  one set of conditions considered. The study demonstrated the  manner. 
in which, the  relationship of the  various parameters produced a se l f  

. excited condition and indicated haw a system might ,be designed t o  eliminate 
the  vibration. (Auth) . . 

u 
.JAY, Do J., "Levapads fo r  High Speed  racks ," Fourth Annual Su ersonic 

Track Symposium, Sept . 1957, (presented by Ford ~ o t o r '  Co. 7 
. The a r t i c l e  describes a proposed application of hydrostatic gas 

lubricat ion t o  the  s l id ing  pads of a supersonic t e s t  track. The term 
ftlevapadt'is the  name the author uses f o r  t h e  more familiar recess bearing; 
a l so  called pad or pool bearing i n  the  l i te ra ture .  (Additional information 
i s  contahed in a technical paper by Jay and Peithan.)  , 



145 
JOIINSTON, '1. J., "Frictionless Bearing ' for  Elec t r ic  Motors;".U .S. Patent 

816 330, issued 1906. 

A ra ther  elementary form of bearing i s  described in which Jets  
of .pressurized air impinge upon a f l a t  surface supporting it against 
gravity while permitting it t o  rotate.  Pressure a t  the  plate ,  and 
therefore load-carrying capacity, i s  a function of the  separation d i s -  
tance. The proper distance is  theref ore automatically maintained. 

U6 
JUNG, K., "Bearing f o r  Accurately Running Shafts Using Ball BearingsYtt 

U,  S, Patent 1 893 995, j-ssued 1933. 

The play i n  b a l l  bearings may be taken u p  or  adjusted by axia l ly  
moving one of the  b a l l  races: The inventor subst i tutes  an externally 
pressurized gas bearing f o r  the  mechanical devices normally used t o  
e f fec t  t; he movement. 

3-47 
JUNGGEBEN, O., ttCombined Thrust and Guide BearingYtf U. S. Patent 947 392, 

issued 1918. 

A description i s  given of an externally pressurized bearing system 
which can use steam as the . lubricant.  

lk8 
KAESTLE, A o 9  lfSkiing on A i r y t t  Popular Science, June 1959, p. 240. 

Compresse& a i r  jetted from small containers provides a cushion 
. 'between'skis and snow, lessening f r i c t i o n  and increasing the  speed of 

the rui. (Auth) A 

No other information is  available. 

u 9  
KATTO, Yo, N , SODA, "Theory of Lubrication by Compressible Fluid with 

Special Reference t o  A5r Bearings," 1952 Proc. Second Japanese \ 

National Congress on Applied Mechanics, National Committee f o r  
Theoretical and Applied Mechanics, May 1953, pp. 267 - 270. 

By considering the  pressure in a bearing t o  be a continuous and 
periodic function with period equal t o  2n and the t o t a l  mass of a i r  con- 
tained i n  the  bearing clearance t o  be constant, these authors were able 

t o  mathematically manipulate the equation c& 67U 
,-& = ( h -  

k )  
P 

tarrive a t  a f o m  of solution. 
Conversions were then made t o  dimensionless forms and t h e  r e su l t s  

plotted, From their.  curves, one can f ind the posit ion of t h e  journal 
center (and a lso  the. f r i c t i o n  coeff ic ient) ,  given the  mean load and the  
velocity of the. journal. The .pressure d is t r ibut ion  i n  the bearing c m  
be found 'by making substi t0utisne in the appropriate equation. 



T h i s  appears t o  be a logical method' of attack. However, the authors 
present no experimental verification of the i r  theory. 

KAYAN, C. Fay (30) . . 

150 e ( 

KEMP, J, F., ??Centrifugal Man&eter,ll ASlB paper No. 58-A-lll 

The operating principles and mechanical construction of a microman- 
mete r  which ut i l izes  air i n  l i eu  of a liquid as working fluid, dre des- 
cribed. Sme of the noteworthy features of the instrument include i t s  
high sensi t ivi ty and accuracy, quick response, wide range, and ease of 
manipulation. Differential pressures of the 'order of 5. x 10-3.m water 
gage can be measured. with an error of 1 per cent under normal laboratory 
conditions. The maximum range of the prototype described i s  25mm water 
gage, a,nd the corresponding error a t  t h i s  value amounts t o  about 0.25 
per cent. (Auth) , 

KERR, J. (55 

KHARITONOVy A. M o y  (231) 

15 1 
KINGSBURY, A. ??Ekperiments with .an A i r  Lubricated Journal,?? Journal ' . 

American Society Naval Emineerinq, Val.\ IX, 1897, pp. 267-292. 
Also Journal Worchester Polv Inst., Mar. 1900 - not readily 
available and probably abstracted .only . 

In  one of the first carefully controlled and reported experiments 
of t h i s  type, Professor Kingsbury measured point of nearest approach 
(and at t i tude) of journal and bearing, fr ict ion,  and pressure distribu- 
t i on  as functions of speed and load. He also noted the points a t  which 
wear took place.' One of the conclusions drawn i s  the necessity of clear- 
ances between shaft and bearing in order fo r  them t o  operate. Suggestions 
are also made on where best t o  introduce the lubricant. These suggestions 
are based. on the  existence of negative pressures i n  the bearing. . 

One of the  famous contributors t o '  the subject of bearings, Professor 
Kingsbury by t h i s  paper stimulated considerable in teres t  i n  gas-lubricated 
bearings. His knowledge of the practical side of engineering is .evidenced 
i n  the design of his t e s t  r i g  and instrumerrtation. The results  which 
were only i n  f a i r  quantitative agreement with the work of Towers and 
Reynolds were l a t e r  explained by Harrison who considered the campressibility 
of the  gas, 

152 
~XIRKPATFUCK, Jo G o ,  ??Hydraulic Thrust Bearing,??, U. S. Patent 2 523 310, 

issued 1950. 

T h i s  invent ion has fo r  i t s  . primary object the provision of a thrust  
bearing for  rotating shafts wherein the bearing w i l l  be f ree  floating and, 



wherfi metal t o  metal contact upon the  thrus t  surf aces of t h e  bearing 
i s  prevented by the  interposi t ion of a f l u i d  medium under pressure.. 
( Auth) - The inventor s t a t e s  tha t  gaseous lubricants may be used. 

. . 

153 . 
. . . .... ' ,. . , C  ' . 

I 

KLAHN, E., ttApparatus f o r  Minimizing Fr ic t ion  and Vibration of Rotor 
Elements.? U. S ,  Patent Re 20305. (or ig ina l  No. 2 054 055), issued 

The device described i s  perculiarly adapted f o r  accomplishing the  
p r a o t i o ~ l l y  perfect balancing of rotors  such, f o r  example, as propellers, 
fly wheels, shaf ts ,  armatures, gyroscopes, turbine rotors ,  etc., as w e l l  
as scale  arms and the  l ike.  (Auth) 

Externally pressurized a i r  i s  supplied t o  a s tat ionary shaft  which 
has a longitudinal pocket cut- i n t o  it. The prac t ica l ly  f r ic t ionlesa 
aupport enables the  movable member t o  be precisely balanced. The use 
of addi t ional  pookets i s  suggested t o  t r a p  the  air and thus provlde a 
cushion against vibrations. Provisions are  a l so  made t o  cause ro ta t ive  
motion of t h e  par t  t o  be balanced. 

. . 
154 

' KLAHN, -Em, "Art of Sustaining Bodies i n  Space," U. S. Patsnt 1 629 577,. 
issued . . 1927. . . . . . 

Tn a gyroecope: a rotatable  support member having an upper bowl 
I 

positfonj and a f ree ,  spherical  member adapted t o  r ea t  and t o  ro t a t e  
therein and so le ly  a i r  cupported during rotation. ( o f f i c i a l  ~ a z e t t s )  

15 5 
#OCHI, K. C . , t tCharaateristi  cs of a Self-Lubricated Stepped Thrust Pad 

of I n f i n i t e  Width with Compressible Lubrfoant,lt Journal of Basic 
Engineeran , Trans. A3m, Val. 81, Serlos D, No. 2, June 1959, 
pp. 1 3 5 - d l f .  ASME Paper No. 58-A-1941. 

H a ~ ~ l a e n ? ~  equatien for t he  pressure i n  a gas-lubrfca+ed bear- of 
fnfdnltc width i a  solved fey a t h ~ u s t  pa4 with stepped eonfiguration. 
Analytic expyee~iono POP the premure and load are developed. Numerfad 
resul ts  ape g~esentod grsghlcally. The analytf c exp~ess ions  together 
~ d t h  the, nmerf c a l  data  permit most of those charsoter is t las  of the stepped 
pad ef prae t i ea l  i n t e ~ e e t  to be eartlpletely determinable. Deteminat Pon 
of opthum deaf gn parametero i m  ~ i v e n  by a pafr sf g~aphs .  (Auth) 

15 6 
XOENDERS, Me A., "A Survey of Hydrodynamia and Ilyd~oetatPa Lubricated 

Bearinpa," APEX 390, OT3, U3 Dept. of C m e ~ e e ,  Wrr~k., D.C. 

A ~eerroh of t h e  unoluueiff ed uterature ancf General Elea t r ia  reports 
lnae been made with r e f e ~ e n e e  t o  t h e  use of d r  as t h e  lubriaaking Fluid 
Itn hydrosk a t  f e and &drodyndo bewing appliaa$iana. ( AUC h) 

Thia  publicabiorl Ps i n  eBseaee t h e  a t a t e  of the  errYt a6 the  author 
@OU& it. Being rather  eaneiee (25 peRe8) 8% eerves t o  P m i l f a r l a e  ,the 
newcomer t o  the  field with what haa been done. A l l  applicable referenoes 



from t h i s  work have been included i n  t h i s  bibliography. 

157 
KOWASKI , Y., !fSeimit sukiakai (On the  Air-Lubricated ~ e a r i n g s  ) itl Journal 

Society Precision Machinery of Japan, Vol. 13, No. 5,6,7, pp. 39-44, 
No. 152,153,154, May-July 1 9 n . .  

An analysis  based on ,Reynolds' theory i s  given f o r  an a i r - lubr icated 
spher ica l  bearing. The r e s u l t s  of the  analysis  a r e  then extended t o  t he  

-case i n  which the  moving par t  of the  bearing takes  the  form of a c i r cu l a r  
disk. The theo re t i ca l  work i s  supplemented with experimental r e su l t s .  

KRAUSZ, A " ,  (83) 

158 
KREITH, F,, R e  EISENSTADT, "Pressure F o p  and Flow Character is t ics  of 

Short Capillary Tubes a t  Low Reynolds Numbersff Trans. ASME, Vol. 79, 
No, 5, July  1957, pp. 1070-1078. 

The pressure drop and flow charac te r i s t ics 'o f  short  cap i l la ry  tubes 
have been investigated experimentally f o r  length-to-diameter r a t i o s  vary- 
ing from 0.45 t o  18 a t  diameter Reynolds numbers ranging from 8 t o  1500. 

2 I n  t he  range of the  diniensionless~modulu's ( Q ) / ( v D  p) from 4 x t o  : 
3 x the experimental data agree within 15 per cent with a mathemati- 
c a l  theory by Langhaar. ' A t  a value of ( Q ) / ( v D ~ P )  of about 0.3 t he  ex- 
perimental data approach the  Poiseui l le  laminar-flow theory (2). For very 
short tubes ( L/D < 0.5) the  . experimental r e su l t s  deviate from Langhaart s 
theory a t  values of Lp/vLI2 P l e s s  than 4 x 10-3, and a t  Q / V D ~ P  equal t o  
5 x 10-4, the pressure drop i s  twice a s  large ds t h a t  predicted by 

. Langhaar' s theory. The experimental r e s u l t s  f o r  tubes having very short  
aspect r a t i o s  a r e  i n  agreement. with .data obtained by Zucrow with shor t  
square-edged je t s .  It was found t h a t  t he  flow r a t e  Q through a short  
cap i l l a ry  tube can be r e l a t ed  empirically t o  the  over-all pressure drop - 
Zp ra i sed  t o  a power N. The exponent N i s  a funct ion of t he  length-to- 
diameter r a t i o  L/D varying from 0.5 a t  L/D equal t o  0.45 t o  0.91 a t  L/Ds 
of 18. The t rend  of the  curve suggests an asymptotic approach t o  unity, 
t h e  exponent. f o r  Poiseuille-type flow. The r e s u l t s  of t h i s  study have 
appl icat ion ( t o  : ' ( a )  Simulating flow through screens, doors, cracks, and 
f i s s u r e s  i n  small-scale model t e s t i n g  of buildings i n  atmospheric wind 
tunnels. (b )  Automatic control  devices where cap i l l a ry  tubes a r e  used . 

a s  hydraulic res i s tances  i n  a l a rge r  l i n e  and i n  nozzle-flapper combina- 
t ions. ( c ) Heat pumps and air-conditioning equipment where short  capil-  
lary tubes a r e  used a s  two-way cont ro l  valves. (d)  Flow through compact 
heat exchangers and porous materials. ( ~ u t h )  

This paper does not deal  with gas bearings a s  such. However, the  
use of short  cap i l la ry  tubes occurs qui te  frequently and t h e r e f o r e , ' t h i s  
paper could prove of value t o  persons ,engaged i n  gas bearing work. 

159 
LEARY, W. M., . D. H e  TSAI, "The hieasurement of A i r  ,Flow by Means of t he  



ASME Square-Edged ' O r i f  i c e  with Flange Taps, t t  Sloan Laboratory , 
M E ,  Cambridge, Mass,, 1950. 

a. 
  he work. by these authors i s  inc1-ided as part  of a col lect ion of 

corrtributionq by various persons t o  a voli&e en t i t l ed  ttAerodynamic 
14easuremeqtstt by Robert C. Deqnd Jr,, Both Leary and Tsai have written 
on flow metering. The reference i s  c i ted  as one of ' t he  possible, sources 

I f o r  obt a i n h g  i nformit ion oh f loGi measurements and flow rneastirG devices 

160 
LICHT, Lo  D. D e FULLER, t rA Preliminary Investigation of an Air-Lubricated 

Hydrostatic Thrust Hearing, tt ASbE Paper 54-LUB-18, 1954. 

Because of the  growing in t e res t  i n  the  lubricat ion of bearings with 
a i r ,  this investigation of a simple hydrostatic t h r u s t  bearing was under- 
taken, Equations are developed f o r  load-carrying capacity, f i lm thickness, 
pressure prof i le  and volume of a i r  required f o r  a typ ica l  thrus t  bearing, 
Conditions leading t o  s t a b i l i t y  of operation are  also considered. A com- 
parison of theore t ica l  and experimental values shows t h a t  within the  
limits of t h e  t e s t  data  the  performance character is t ics  of this bearing 
can be predicted with good accuracy, (Auth ) 

The author offers  a ser ies  of curves which, f o r  h i s  model, enable 
one t o  determine the  flow and supply pressure required t o  carry a load 
a t  a specified f i lm thickness. H i s  note of bearing i n s t a b i l i t y  and i ts 
correction (by reducing the  depth of the  recess) is  almost passed over. 

5 An arialysis of t h i s  problem i s  promised i n  a subsequent paper. 

161 ,  . ,  , .' I 

. LICHT, L,, H. G .  'ELROD?- ??A Study of the  S tab i l i t y  of Externally Press- 
urized Gas Bearings, ?' ' The Franklin I n s t i t u t e  - Laboratories In t e r in  
Report I-A2049-4, Nov. 1958. Contract ~onr-2342(00) Task NR 097- 
343. f i C U  39139 OTSo 

The subject of t h i s  paper is the  s t a b i l i t y  of externally pressurized 
gas bearings, 

The pertinent ,equations a re  l inearized .and t h e  s t a b i l i t y  c r i t e r i a  , 

stgted in considering small deviations from the equilibrium point. 
The flow i n  t h e  bearing clearance i s  t reated on a dis t r ibuted ra ther  

than on a lumped parameter basis. Results thus obtained, when compared 
with those previously arrived ,at by means of a simplified analysis, show 
a marked divergence in the.l imitingvalues of parameters which influence 
the  s t a b i l i t y  of the  bearing. 

Differences i n  predictions t o  t h e  simplified .and present analyses 
16 th  regard . t o  the  permissible compression volume i n  the bearing in ter -  * 

space and the  e f fec t  of. varying t h e  mass of .the. bearing a re  emphasized 
and discussed.' ( Auth) 

16 2 
LICHT, L o ,  D o  D. FULLER, B. STERNLICfFI', PtSelf-Excited Vibrations of 

ar, Air-Lubricated Thrust Bemjng," Trans, A3ME Vol, 80 NO, 2, 
__e rsbo 1958, pp. 411-414. ASLE Paper preprlnt x 5 7 - ~ ~ - l 3 0  



The authors a t tack  the  problem of i n s t a b i l i t y  ' i n  air-lubricated 
bearings and r e l a t e  it t o  the  air storage capacity, I n  a s t ra ight  
forward mathematical treatment backed up by experimental data they show, 
f o r  a disk-type externally-pressurized air bearing with a central ly  . 
located recess, t he ,  most s tab le  conditkons occur4 with &all recess 
,depths (small a i r  storage capacity), high recess pressures and minhamam . . 

bearing cleqances. '  I n  the  course o f ' t h e  work they f ind  t h e  use of 
la rge  nozzles i s  preferred t o  small ones and'nozzles i n  general a r e  
preferred t o  capi l lar ies .  The work a l so  shows tha t  a choked condition 
at t h e  nozzle leads t o  ins tab i l i ty .  

' 163 
MANN, M., ??Here Come Cars Without Wheels," Popular Science, July 1959, 

pp* 51-55, 194. 
Youtll r i de  low and f a s t  on a bubble of compressed air, i n  f an ta s t i c  

new "sleds." They whoosh across f i e lds ,  swamp, water-anywhere-at speeds 
t h a t  could match airplanes. (Auth) 

The devices described do support themselves on a cushion of compressed 
a i r .  Some "ridew only a fract ion of an inch above the  lower surface, others 
a few inches. ('Tilm thicknessesw of t h i r t y  f e e t  o r  more are  predicted 
by t h e  people maldng these sleds. ) 

Classif icat ion of these sleds as  gas bearings may be Gestioned. 
The reference i s  included here t o  note t h e i r  existence. (see introduction 
t o  t h i s  bibliography. ) 

164 
MARCO, S. M., "Rotary Nozzles f o r  Soot Blowers and the  Like," U. S. Patent 

2 752 197, issued 1956. 

An object of t h i s  invention i s  t o  provide a ro tary  soot blower 
nozzle so designed t h a t  a l l  lubricants tha t  would be detrimentally affected 
by high temperatures a r e  eliminated. 

The invention aims t o  provide an improved nozzle ( fo r  a soot blower) 
which may be used within t h e  high temperature regions of a water tube 
bo i l e r  without requiring lubricants f o r  t h e  re la t ive ly  moving par t s  
which a re  detrimentally affected by t h e  high temperatures (25000~)  within 
t h e  furnace. The construction i s  such t h a t  moving par t s  a re  f loa t ingly  
mounted by the  cleaning medium, commonly air, which i s  introduced between 
t h e  bearings of t h e  r e l a t ive ly  moving pa r t s  during the  cleaning operation, 
and t h e  cleaning medium i s  also employed t o  ro t a t e  the  nozzle on the  
lance tube. (Auth) 

MAKTIN, K e  B., (19) 



16 5 
McWN, J. W., C. M. OtSUUIVAN, "The Development of the  A i r  Driven 

Spinnfig Top as a Transparent Ultracentrifuge," Journal American 
Chemistry Society, 57, Dec. 1935, pp. 2631-264.l. . .. 

In  describing the development of a centrifuge, the, problem of rotor 
s t ab i l i t y  i s  raised. Three types of rotor ins tabi l i ty  are described; 
precession, vert ical  vibration and horizontal wobble. Their causes and 
remedies are discussed. 

A s  with most of the available l i tera ture  on centrifuges, the topic 
of the  gas-lubricated bearings i s  relegated t o  the background. No 
attempt is  made t o  analyze the bearing problem mathermatically. H-owe~er, 
sufficient information i s  contained i n  the paper t o  make it a contribution 
t o  the general gas bearing problem. 

166 
McKINLEY, D. C., "Investj&ation of a Kingsbury Thrust Bearing U s i n g  A i r  

as a Lubricant ," Society, Automotive Engineers Paper, Meeting, 
Jan* 19, 1953. 

The design, development and test ing of an ailclubricated g i n g s b q  
type thrust bearing is described. The author assumes ,incompressible 
flow and computes the  f i l m  thickness for  two specific m p l e s .  He then 
briefly discusses the importance of a very good f in ish  on bear* sur- 

\ faces. 
(Copies of t h i s  paper are not readily available.) 

a 

,167 ' 

I .  

K [ C W ,  A. G. M., "Lubrication, I t s  Principles and Practices," Blackie, 
London, 1950, " A i r .  Lubricat ion,n pp. 168-169. . 

Contains a brief mention of the use of air as a lubricant. 

168 
MICHAEL, W. A;, "A Gas Film Lubrication Study, Part 11; Numerical 

Solution of the Reynolds Equation for  Finite Slider Bearings," 
IBM Journal of Research & ~Develo~ment , Vole 3, No. 3, JdY 1959, - 
pp. 256-259.- 
This paper presents a finite-difference technique fo r  obtaining 

approximate numerical solutions t o  the Reynolds par t ia l  differential  
equation of gas film lubricatiori theory. A d ig i ta l  computer program i s  
described, and discretization errors and s tab i l i ty  of the difference 
equations is discussed. ( Auth) 

See W. A. Gross and R.'K. Brunner fo r  Part I and Part I11 of t h i s  
l3"OUP 

The three papers, Parts I, I1 and I11 taken together represent an 
idealized attack on a gas bearing research problem. The theoretical 
analysis, the nwnerical solutions and the  experimental verification 
complimenting each other admirably. 



169 
MICHEL, R. O., "Pneumatic Bearing C ~ t r u c t i o n , "  U.& M n t  2 756 U, issued 19560 
' G a s  bearings are part icular ly designed t o  accomodate v e r t i c a l  and . . 

t h rus t  loads normally encountered i n  the  mass centering of a ..propellor 
blade. The,device is  essent ial ly  a cantilevered shaft  supported by a - 
force couple formed by two 180° bearings near one end. A number of ori- 
f i c e s  are  used as the air i n l e t  ports in the r ad ia l  bearings and, i n  the  
necessary thrust  bearings. 

170 
MICELSON, H., ??Bearings," U. S. Patent 2 738 238, issued 1956.0 , 

An externally pressurized f l u i d  is  used on a work-holding and posi- 
t ioning device t o  support a ve r t i ca l  load meanwhile permitting one of the  
members t o  ro ta te  f r ee ly  and accurately about the  bearing center. T h i s  , 
is acccanplished by introducing the f l u i d  inside the spaces formed by a 
se r i e s  of interlocking annular grooves cut intB t he  mating bearing plates. 

171 
MIDWOOD, G o  F., R. W. DUNCAN, ?*Tests on an A i r  Lubricated Thrust Bearing," 

Royal Aircraft Establishment Aero. Tech. Memorandum No. 5, Oct. 1947. 

(Paper not available f o r  review as of July 1, 1959.) ). 

I 

172 
MOILER, W., "Bearing," U. S. Patent 2 068 458, issued 1937. 

The flow of a i r  t o  the  bearings i s  automatically controlled by the  
r e l a t ive  motion of parts  i n  a compass. 

173 ' 
MONTANY, E. R., "An Analytical Study of the Load k r r y i n g  Capacity of a , 

Journal Type Gas Bearing,?? C u r t i s s  Wright, R-48-2, Feb. 18, 1948 
AF Contr. W3S038 ' ac - U161, Project MX-772 

An analysis- has been made of the  load-c&ng capacity of two types 
of journal gas bearings. Type 1 is a journal bearing with pressure in- 
l e t  at the  bottomland pressure out le t  a t  the  top. Type 2 has pressure 
, in le ts  a t  both top  and bottom and out lets  a t  both sides. A ser ies  of 
charts i s  plotted which should p r w e  useful i n  bearing design. (Auth) 

The f e a s i b i l i t y  of the  design of journal-type gas bearings by 
analyt ical  means was investigated. The work resulted in a method of 
approach and a ser ies  of design charts f o r  two simplified externally- 
pressurized types of journal bearing. 

The analysis i s  f o r  one dimensional f l u i d  flow of a ccanpressible 
perfect gas i n  a bearing with small shaft  displacement. End flow is 
neglected. 

174 
MONTGOMERY, A. G o ,  F. STERRY, llA Simple Air Bear Rotor f o r  Very High 

Rotational Speeds ," A.E.R.E. ED/R, 1671 (1956 3 . 
A high speed rotor  (of 3/411 diameter) i s  capable .of 250,000 r.p.m. ~ 



drfven by an air turbine; it runs on air-lubricated, externally supplied 
Journal bear s, which consist of standard, sintered oil-retaining 
bronze bushes ? with the o i l  extracted.), For purposes of sealing and 
f lexibi l i ty ,  they are mounted on rubber 901 rings. The thrust bearing 
is a single 0.020 inch diameter air jet  in the middle of a f l a t  surface, 
The rotor is a plain, ground cyundrical rod of tool  s tee l  with serrations 
milled a t  one end t o  provide a crudeturbine wheel - it runs a t  a dime- 
tral clearance of about 0.003 inch. -Bearing air consumption is about 
10 c.f.m. The system could be made much smaller, both t o  achieve higher 
speeds and t o  economize i n  air consumption. (Auth) , 

The a r t i c l e  i t se l f  is rather short yet quite important since the 
device permits attaining rather high rotational speeds. The use of the 
porous bronze bearing described i s  similar t o  the porous carbon graphite 
bearings patented by Becker. 

175 
MONTGOMERY', A. G., F . STERRY, TO UKAEA, "Gas Lubricated Bearings ," Great 

Britain Patent 796 926, Nuclear Eng 4, 48, issued 1959. 
/ 
When using gas lubricated bearings, ins tabi l i ty  of the rotcr  occurs 

under certain coriditions, and may develop in to  violent back and forth 
movements of the rotor across the diameter of the bearing (as an oscillat- 
ing piston i n  a double-ended cylinder.) An incipient oscillation is also 
present, determined by the mass of the rotor and the load/ displacement 
characteristic of the bearing. The clearance between rotor and bearing 
shel l  i s  of importance for this oscil lat ion and, therefore, has t o  be 
kept extremely small (0.0005 in)  and only very small tolerances are thus 
permissable. T h i s  clearance, however, can be raised t o  the order of 
0.003 i n  fo r  an 0.75 i n  rotor diameter by arranging t h e  bearing sleeve t,o 
be surrounded by two rubber rings, one a t  each end.which also act as gas 
seals in an annular chamber under gas pressure around the sleeve. (Nuclear 
Science Abstracts 13-8464. ) 

1 

M O ~ ,  H., (217) (218) (219) (220) (221) (222) (223) (224) (225) (226) 
(227) (228) (2299 (231) , 

MORRISON, R. B., (130) 

176 
"Motor which Floats on A i r , "  New York Journal of Commerce, April 25, 1956, 

p.4. 
Describes a commercial device manufactured by Air Glide Engineering 

Labs which uses gas lubricated bearings. 
! 

I a 

177 
MOW, C. C., E. SAIBEL, "The Gas-Lubricated Sector Thrust Bearing," ASME 

Paper No. 58-LUB-5. 

The object of t h i s  paper i s  t o  obtain an exact solution f o r  s eoctor 
t a b u s t  bearing with side leakage and f i l m  variation i n  angular and radial  
direction, also taking in to  account the compressibility of the gas. 

- 

( Aut h) I 



The f i n a l  form.for the  pressure expression i s  rather long and a 
computer would probably be required t o  o b t a h  ~ significant amounts 
of data, ?he wthor  ohm the resul ts  of numerical ermples i n  graphi- 

. c a l  form. 

178 
IUELLW, P . Me, trAir-Lubricat ed Bearings ,fl Product h d n e e r k  h u d  

Handbook of Product DesiRn, 1953, PP. 52- 55 Also appeared i n  
* Product Ewineer*, A w t  1951, Vole 22, NOO 8 ,  PP. 112-1l5- 

Journal, thrust ,  and "flattr  bearings lubricated with air are des- 
cribed i n  this paper and. t h e i r  performance characteristics are discussed. 
The ef fec t  of c l e a r a c e  or, pressure dis tr ibut ion between be-aring ' sur- 
faces i s  shown, The flow of air i n  there bearings takes place through 
two orifices in series ,  (~11th)  

I n  Muelleros system a fixed and a variable orif  i ce  are separated by 
an intermediate pressure chamber, The wthor  shows the  flow depends on 
the area of t h e  second o r i f i ce  (bearing clearance) and the pressure in 
the intermediate chamber, Increasing the  load causes the clearance, h, 
t o  be smaller whfch should decrease the  flow, However, i f  the  load i s  
t o  be supported, the intermediate pressure must r i s e ,  T h i s ,  when it 
happens, causes the flow t o  increase and thus becane ~jroportional t o  the  
load, By using a high supply pressure the  flow through the f i r s t  ori-  
f i c e  irzto the intermediate chamber is always choked. 

Since the flow i s  meant t o  be controlled by the  load a t  a l l  times 
it appears the purpose of the  f i r s t  or i f  i c e  is sole ly  t o  provide a ,. 

res t r ic ted  passageway i n t o  the  intermediate pressure chamber which is 
necessaq  i f  the  flow must increase with load, 

Cri t ics  of t h i s  system say the flow may increase and decrease i n  
tu rn  thereby causing a 'spring-type action. The author c l a h ,  however, 
tha t  this w i l l  not and does not occur i f  the intermediate pressure 
chamber is very shallow. 

179 
MLTELLER, Po Mo9 " A i r  Turbine Driven Spindle," Product Engineering, Mar. 1952, 

V ' O ~ .  23, pp, 160-163. 

This  paper describes a simple air turbine, air lubricated bearings, 
and pr~umat ic .  speed gwernor combined i n  a drive f o r  a high-speed in ternal  
grinder head unit' designed t o  operate over a wide range of governed 
speed, ( ~ u t h )  

This a r t i c l e  .contains suff icient  design and development information 
.to be of some value, 

180 
MUEXUR, P .Ma, "Pneumatic Governor Design f o r  High Rotational Speeds ," 

Product Ennineerinq, Oct, 1951, pp, 170-175. 
7- 

Design of specif ic  pneumatic governor sui tabie f o r  small high speed 
.-dr turbines ,- Detailed calculatf ons of the  s i z e  of e s s e n t i a l  camponents 
and of governor's opef at ing character is t ics , .  Theory of the  air gage and 
general rules for designing apneumatic servo-controlled system t o  meet ' .  

.a r e d r e 6  s e t  of conditions. (Auth) 
There is l i t t l e  more than mention of gaa bearings i n  this a r t i c l e .  



181 
NISHIHARA, T., Y. SUGIMOTO, I1On the Theory of Lubrication in the Journal. 

Reasings," Report 31, Tech. Repts of the Eng Res Inst.. Kwta Univ., 
-to, Japan. 

The improvements i n  the mathematical treatment of Reynolds 7 Wro- 
dynamical theory of lubrication by Soenmerfeld and Gumbel have la id  the 
path open t o  i ts  practical application. 

I n  case of cylindrical bearings, however, further investigations 
on certain corrections and approldmations are necessary fo r  a satisfac- 
tory agreement with experimental results. I n  the mathematical theory 
of Reynolds and Sommerfeld, the bearing length i s  assumed t o  be so 
great that  the motion of the lubricant can be treated as two-dimensional. 

It has been explained that ,  in actual practice, the lubricant can 
squeeze out through the edges. The present paper discusses the complete 
solution of the three-dimensional problem of lubrication i n  a journal 
bearing ( Auth) 

Although the original analysis i s  for  o i l ,  air bearings are treated 
fn the l a s t  sections. The conclusions s ta te ,  ltThe results of analysis of 
the a b  bearing showed good agreement with the experimental data." 

. , 

182 
"North American Announces Use 'of =Frictionless Air Bearings, American 

Helicopter, Vol. XX, No. 12, Nov. 1950, P. 17. 

A short (200 word). a r t i c l e  mentioning tha t  air bearings are be- 
used in'ccmponents fo r  guided missiles, 'etc. 

183 
OFFEN, A., ltLaps,ll U. S.. Patent 2 734 318, issued 1956. 

The main object of the invention is t o  provide an improved method 
of, and apparatus for ,  internally lapping small round cylindrical holes 
( to  1/100 inch in diameter) especially those of great length. Exhaust 
a5.r from the turbine drive passes between the spindle and bearlngs 
before being evacuated. 

184 
OHNO, T,, 0. TANIGUCHI, t%esearch on the A i r  Thrust Bearing, Ist Report," 

(In ~apanese) Trans .  JSME, Pol. 17, No. 63, 1951, pp. 31-36. 

Several types of bearing have been used as air thrust  bearings, but 
t he i r  behavior may not be the same or two different actions are combined 
i n  various ratios, namely lubrication by the air film (hydrodynamic) and 
that  supplied by the uniform s t a t i c  pressure of air. I n  another spec ia l ,  
type the rotor is supported and also driven by the air. Under such cir- 
cumstances, generally available data t o  design the air thrust  bearing is 
lacking. We take up a t  first the type of two facing disks - one that  is 
a s ta to r  and the other i s  a rotor, having a clearance with an externally 
supplied 'air film between them - and obtain some information concerning 
the properties of the air film, both experimentally and theoretically. ' 
( Autil ; 



OSPINA - RACINAS, E., "Pneumatic Toy," U. S. Patent  2 544 720, issued 
1951. 

An amusement device comprising a tube adapted f o r  flow of a f l u i d  
jet thereout and a tubular  conduit, one end of which conduit debouches 
i n t o  s a i d  f l u i d  j e t  and is  i n  asp i ra ted  re la t ionsh ip  t o  sa id  f l u i d  j e t  
so as t o  e s t ab l i sh  flow i n  sa id  tubular  conduit, the  o ther  end of s a id  
tubu la r  conduit being i n  asp i ra t ing  re la t ionsh ip  t o  s a id  f l u i d  j e t  a t  
a point  f u r t h e r  from the  mouth of s a id  tube than s a id  f i r s t  end. 
( ~ f f i c i a i  Gazette ) 

Not much re la t ionsh ip  t o  a conventional bearing. The b a l l  being 
supported and ra ised by a i r ,  must re-enter t he  system through one of 
two openings from whence it i s  car r ied  back t o  t he  s t a r t i n g  point  by t he  
a i r  stream. 

186 
OSTERLE, J o  F., W e  F o  H ~ S ,  "High Speed Effects  i n  Pneumodynamic 

Journal Bearing Lubrication," Applied S c i e n t i f i c  Research, Sect ion 
A, Vole 7, NO. 2-3, 1958, 'pp. 89-99. 

The steady-state operation of gas-lubricated journal  bearings i s  
analyzed f o r  t h e  e f f e c t  of l ub r i can t  i n e r t i a  on t h e  pressure developed 
i n  the  lubr icant .  Numerical r e s u l t s  a r e  given f o r  a 180 degree p a r t i a l  
bearing. ' It i s  found t h a t  t he  i n e r t i a  "effect  can be s i gn i f i c an t  i n  the  
laminar regime. ( ~ u t h )  1, 

The authors, i n  a s e r i e s  of mathematical papers, hava attempted t o  
make refinements t o  the  equations of lubr icat ior ,  as general ly  known so 
t h a t  t he  numerical r e s u l t s  a r r ived  a t  w i l l  be more near ly  i n  agreement -. 

with experimental r e s u l t s  than they have previously been. Here they 
dea l  with the  case of a 2 inch diameter sha f t  r o t a t i ng  a t  speeds up t o  
200,000 rpm. ,They show t h a t  t o  neglect  t he  e f f e c t  of 1ubr icant . iner t i .a  
may introduce measurable e r r o r s  i n  load carrying capacity whenhhe peri-  
pheral  shaf.t  speed becomes' 500 ft . /sec o r  more. The correct ion a c t s  t o  

' 

decrease the  value of load a r r ived  a t w h i c h  correct ion i s  i n  the  r i g h t .  
d i reot ion.  h . e r ro r  i n  t he  determination of a t t i t u d e  angle i s  a l s o  in-. 
curred by neglecting i n e r t i a ,  No experimental v e r i f i c a t i o n  is given. 

OSTERLUND, A. G o ,  (W)  

187 
PATVANAS, J. A o ,  "A Study of the  Flow df A i r  i n  a Radial  Diffuser," 

M. S. Thesis un ivers i ty  of Buffalo, ~ u f f d o ,  New York, June 1955. 

The author made h i s  inves t iga t ions  t o  acquire some understanding 
of t h e  bas ic  phenomena associa ted with t he ' f l ow  o f . a i r  througll a r a d i a l  



diffuser. W i l l i s  and Welanetz, also looked into this problem but'not as 
thoroughly as  Paivanas. A considerable amount of experimental work was 
done primarily a t  clearances of 1/8 inch. However, i n  some of the  
experiments, clearance was a variable and clearances as s m a l l  as 0.003 
inch were used. A one-dimensional theoretical study of the problem was 
made and compared t o  the experimental results. Agreement between theore- 
t ica l  and experimental results  was not as good as the  author would have 
liked it to  be. 

188 ' \ 

PANTALL, D., C. H. ROBINSON, "Gas-Lubricated Beqings i n  Nuclear 
Engineering, P a r t  I," Nuclear Enaineerina;, Feb. 1959, pp. 53-58. 

The author summarizes briefly, the practical differences between 
bearings lubricated by liquids and gases with particular reference t o  
the hydrodynamic or self-acting type. (Pressure-fed bearings form the  
subject of a subsequent, a r t i c le ,  P a r t  11.) I n  this a r t i c l e  the accuracy . 
of manufacture, load calculations, eccentricity rat io,  and other para- 
meters are discussed. Some mention i s  also made of whirl and associated 
phenomena. 

,189 
PANTALL, D., C. H. ROBINSON, ltGas-Lubricated Bearings i n  Nuclear 

Fhgineering, Part 11," .Nuclear Ewineering, Mar. 1959, pp. 123-128. 

This, the  second a r t i c l e  of a series of two on gas bearings, deals 
with hydrostatic (externally pressurized) types beginning with an analysis 
of the important features of plain journals and concluding with a section 
on thrnst bearings. (Auth) 

PANTAU, D., (90) 

190 
\ 

PEILER, K. E., "Sting-out Baffle for  Glass Feeder Rotor ~earing," U. 3. 
Patent 2 707 355, issued 1955. 

\ 

The patent is ,for a system which . w i l l  a l leviate the deleteriaus 
effects of hot, gases t o  machine parts  in the making of glass. I n  the  

/course of the discussion, mention i s  made of the use of gas bewings i n  
glass making equipment. 

PEITHMAN, H. W., ( ~ 3 )  

191 
PENICK, E. R., n A i r  Bearing," U. S. Patent 1 906 715, issued 1933. 

The device patented is an externally-pressurized, multiperd, gas- 
lubricated bearing employing short capillary tubes leading from a 
common annular distribution chamber t o  the various recesses. 



192 
PERKINS, G o  S., Po R,  VOGT, R ,  R. WZBER, ltDouble Ended Journal A i r  

i3earing,t? G o  S, Tatent 2 597 371, issued 1952. 

The patent i s  .issued f o r  a double ended journal a i r  bearing f o r  
possible use i n  a gyroscope. The bearing i s  capable of supporting the  
mass while allowing onlypa s ingle  degree of freedom. 

193 
PICIBLS, E. G o ,  "A New Type of A i r  Bearing f o r  Air Driven High Speed 

. Centrifuges,:' - The Review - of Sc ient i f ic  Instruments, Vol. 9, Nov. 
1938, ppe 358-364- 

The author describes a modification t o  the  air-lubricated bearing 
of a centrifuge, The changes made were r e l a t ive ly  simple and included 
t h e  addition of a perforated disk below and inside the rim of the  
turbine .wheel. The space between the  disk and ro tor  then forms a pocket 
i n  which the  pressure t o  support the  load i s  contained. 

194 ' 

PIGOTT, J o  D, , E0 Fa HACKS, ! ' A i r  Bearing Studies a t  Normal and Elevated 
Temperatu-es," NACA paper presented a t  American Society of Lubrica- 
t i o n  Engineers Meeting i n  Boston, Mass., April 1953. Published 
s l igh t ly  abridged and without derivation of equations i n  Lubrication 
Engineering, Vol. 10, No..l, Feb. 1954, pp. 29-33. 

Experimental s tudies  were made with a six-inch outside diameter ex-- 
ternally-pressurized, pa ra l l e l  surface, nonrotating a i r  thrust-bearing 
a t  temperatures t o  100O0F, Theoretical expressions describing t h e  air 
flow through t h e  bearing and the  a i r  flow through capi l lary tube res i s -  
tances are  presented i n  the  form of design equations and curves and are  
compared with experimental resu l t s  over a wide range of temperatures ancl 
loads. Results show tha t  the  load capacity is  increased as t h e  operating 
temperature i s  increased, (Auth) 

The paper contains a theore t ica l  analysis of t h e  air-lubricated 
bearing and t h e  r e su l t s  of experiments carried out a t  temperatures t o  
100O0FO Experimental and theore t ica l  values of fi lm thickness and a i r  
flow do not agree very closely and t h e  authors a t t r i b u t e  t h i s ,  in part ,  
t o  physical changes i n  the  bearing surface resul t ing from the  extremely 
high temperatures, Instgibi l i t ies  were a l s o  noted in one of t h e  t e s t  
bearings. 

While there  a re  many references made t o  t h e  poss ib i l i t y  of using 
a i r  as a lubricant  a t  high temperatwes, t h i s  is, as yet,  one of the  few 
published records of experiments carried out along these l ines ,  

195 
POTTS, Lo Do, 'F lu id  Balancing Means,'t U. S. Patent 2 502 173, issued 1950. 

The pressurized p r d e s s  f l u i d  from a cryogenic pump i s  bled off and 
fed t o  the  r ad ia l  and th rus t  bearings where it counterbalances t h e  forces 
acting on t h e  rotor ,  According t o  the  inventor t h e  f l u i d  does not enter 
the  space between t h e  journal and graphite material  bearing. A t  t he  
temperatures contemplated the  f l u i d  emplayed i s  a l iquid.  Whether it 
remains as such or changes t o  gas i n  the  system i s  not specified. 



196 
RAICHLJ3, L., G. SCHULZE, "Thrust Balancing f o r  Vert ical  Shaftstt, U. S. 

Patent 2 605 l47, issued 1952. 
The thrus t  load on a vert ical-rotor  is balanced by causing the  pres- 

surized process f l u i d  t o  act  on a piston through which the  shaf t  passes. 
When the  load changes t h e  motion of the  shaf t  causes the  flow path 
through a labyrinth system t o  be altered. The change i n  flow resu l t s  
i n  a corresponding change i n  pressure on the  piston; thus automatically. 
compensating f o r  the  unbalanced force. 

197 
RANDALL, R e  E., ttThermodynanic Properties of Air: Tables and Graphs 

Derived f rm the  Beattie-Bridgeman Equation of S ta te  Assuming 
Variable Specific Heats," ASTIA Document No.. 135331. 

The Beattie-Bridgeman equation of s t a t e  was used t o  calculate 
several of the  thermodynamic properties and flow process correction 
factors  f o r  air. The increase i n  the  speci f ic  heats due t o  the  vibra- 
t i o n  of d i a t m i c  molecules was included by assuming the  molecules t o  be 
perfect harmonic osc i l la tors  . This report contains the  equations used 
and the  tabulated re su l t s  of these calculations. Graphs are included 
t o  provide a general picture of the  ef fec ts  of temperature and p,ressure 
on the  tabulated quantities. I n  order t o  i l l u s t r a t e  the  use of the  
tables ,  t he  calculation procedures and t h e  r e su l t s  of several calcula- 
t ions  are included. These procedures and resu l t s  are f o r  isentropic 
expansions* and flow through normal shock waves. (Auth) 

198 
RASMUSSEN, R. E. H e ,  "The Flow of Gases in Narrow Channels ," NACA TM 

1301 Aug. 1951. 

T h i s  report deals with the  measurements of t h e  a i r  flow, T, per 
second per unit of pressure difference through vartious channels a t  aver- 
age pressures of from 0.00003 t o  40 cm Hg. Hydrogen, mygen, carbon d im-  
ide, argon, and air were ut i l ized.  

The flow channels consisted of: 
1. Narrow annular sl i ts  between opt ical ly plans glass  plates  in 

Christiansen prismatic deviceS. 
2. A rectan'gular sl i t  between ground and soot-blackened glass  

plates.  
3,  A cyl indrical  s l i t  between coaxial cyl indrical  surfaces of brass. 
4. A porous p la te  ( f i l t e r  p la te)  of s intered glass. 
It was demonstrated tha t  the  flow ra te  T at high pressure increases 

l inea r ly  with the  mean pressure i n  the  channel in agreement with t h e  
laminar-flo* theory. The width of the  annular slits, of f r m  about 3 t o  
lop, was measured according t o  Christiansenfs data by means of Herschel 
interferences; the  opt ical ly obtained s l i t  width was about 0 . 2 ~  l a rge r  
than tha t  obtained from t h e  flow data ,  



A t  decreashg pressure, T assumes a minimum, if t h e  mean path 
length i s  appraximately equal t o  the  s l i t  width a; t he  minimum value . , 

T ,in is appraximately equal t o  the  value obtained by Knudse~ts molecvle 
flow formula. Hence, hml, l a ,  hn - TKn; ' this holds f o r  all channels 
with well-defined s l i t  rndth and f o r  a i l  gases o 

A t  f w h e r  decreasing pressure, T increases again and ultimately 
assumes 8 constant value To, when the  mean path length has become sub- 
s t m t t a l $ y  greater  than the  length of the  channel, The most accurately 
determined t e s t  values of To  a re  tolerably agreeable with the  values 
obtained from Clausingvs formulas by an only approximately correct 
application. 

It was shown tha t  the  quantity T -6?= f (A) i s  approximately the 
- same fwictfon of t h e  mean path length f o r  a l l  gases f o r  a par t icu lar  

ehmz ' l ,  hence, independent of the  gas. This ru le  may be of prac t ica l  
significance f o r  determining the  flow resis tance of a channel for  
d i f fe rent  gases within a random pressure zone. 

The ef fec t  of ' the divergence from the  cosine law on t h e  molecule 
flow, ident i f ied by k a u e r  and Stern, was investigated. It was found 
t h a t  it mounts t o  only a few percent of t h e  t o t a l  flow. 

The decrease of T f r an  t h e  value To t o  T*n i s  a consequence of the  
co l l i s ions  of the  molecules. 

199 
RAWLINS, J. A,, Lubricated Thrust Bearing,ff U. S o  Patent 2 535 454, 

issued 1950. 

This patent is  by t h e  same inventor as  200 below.  his device 
' 

d i f f e r s  from the  other i n  tha t  t he  pr inciple  of the  movable blocks, t o  
re l ieve  the  clearance and pass off so l id  foreign par t ic les ,  i s  applied 
t o  hydrodynamic, gas lubricated t h r u s t .  bearings, 

200 ' 

RAWNS, Jo A,, "G%S Lubricated Bearing," U. So Patent 2 511 543, issued 
1950 0 

The patent issued describes a bdrodynamic type gas-lubricated bear- 
ing which negates the probable occurrence of f a i lu res  due t o  d f r t  i n  
t h e  gas, This i s  accamplished. by making the  s tat ionary block in two 
p&s which a re  held by spring pressure. The excessive pressures cause 
t h e  blocks t o  move apart ,  Thus foreign par t ic les  cannot become embedded 
and canriot therefore cause binding or  scoring of t h e  b e a r k g  surfaces, 

\ 

201 
REETHOF, G o ,  "Analysis. and Design of a Servomotor Operating on High- 

Pressure Cmpressed Gas," Trans: ASME, Pol, 79, NO. 4, May 1957, 
pp, 875-885, Done a t  MIT - USAF Contract NO. AF' 33(616)-2356, 

The analysis,  design, and development of a high-performance gas 
sawomechanism sui tab le  f o r  a i r c r a f t  and missile applications i s  des- 
cribed, The flow-control valve consists of two upstream or i f ices  of 
fixed areas and two d i f f e ren t i a l ly  var iable  downstream or i f ices ,  The 
s e a s  of the  variable o r i f i ces  a re  controlled by a simple e1ectrmagneti.c 
actuator. The f l u i d  motor consists of two, single-acting self-lubricating 



pis tons  which ac tua te  t h e  rocker-- load assembly through push rods, 
Design parameters were obtained frqm the  r e s u l t s  of an analog-computer 
design study. The predicted t r ans i en t  response agrees ve wel l  with 
t h e  experimentally derived r i s e  time of 4 mil l i sec .  ( A u t a  

The purpose of t h e  paper i s  t o  demonstrate a successful  approach 
60 t h e  design of high speed pneumatic control  systems. Since gas-lubri- 
cated bearings may prove t o  be pa r t i cu l a r l y  suscept ible  t o  damage from . 

dynamic loading, a device such as described may be of value, I n  any.  
event, t h e  analysis  of flows and system cha rac t e r i s t i c s  a re  straightforward 
and may f i n d  appl icat ion t o  gas lubr ica ted  bearings. 

202 
REINER, Mo9 llResearch on t h e  Physics of Air Viscosity," Contr AF 61(514)- 

891, Library of Congress PB 122,227, (1957). =. Royal Soc, A o ,  

Vol, 240, 1957, pp. 173-188- 

I, A Centr ipeta l  Pump Effect  i n  A i r  . 
An instrumental  arrangement i s  described which cons t i tu tes  a , 

1 

centr ipebal  air-pump. ' It. consis ts  of a hollow cylinder closed at t h e  
top  and open a t  t h e  bottom 'which can be  brought i n t o  r o t a t i o n  at  high 
speed about a v e r t i c a l  axis. When a receptacle  f i l l e d  with a heavy o i l  
I.s l i f t e d  u n t i l  t h e  cylinder i s  p a r t i a l l y  immersed, t h e  o i l  does not wet 
the  cylinder,  but  an a i rgap is. maintained between t h e  walls  of t h e  
cylinder and t h e  o i l .  It can be seen t h a t  air  i s  pumped from t h e  outer  

s atmosphere through t h i s  gap i n t o  t h e  cylinder. This presupposes t h a t  
t h e  a i r  must be i n  a s t a t e  of s t r e s s ,  which includes e l a s t i c  cross- 
s t resses .  It is shown t h a t  these  . s t resses  r e s u l t  from a s t r e s s - s t r a in  
r e l a t i o n  i n  which t h e  s t r a i n  i s  defined i n  Henckyts logari thmic measure, 
This confirms Maxwell?s theory t h a t  a i r  i s  an e l a s t i c 0  viscous material ,  
possessing an e l a s t i c  shear modulus, and there fore  a f i n i t e  t h e  of 
re laxat ion.  A rheological  equation f o r  a i r  i s  proposed accordingly. 

11. A Centr ipeta l  Airpump 
An instrument i s  described consist ing of two c i r c u l a r  metal p la tes ;  

one s ta t ionary ,  t h e  other ro t a t i ng  opposite it with a very narrow gap 
between both, A t  c e r t a in  high speeds t h e  a i r  i s  drawn i n  a cen t r i pe t a l  
d i r ec t i on  i n t o  t h e  gap.' (Auth ) 

The author i n t e r p r e t s  h i s  experimental r e su l t s  as being due t o  
non-Newtonian proper t ies  in air. Taylor- i n  discussing this paper points 
out t h a t  i f  t h e  conclusion i s  correct ,  t h e  Navier-Stokes equations do not 
adequately describe t h e  mechanics of a i r  flow, therefore ,  many of t h e  
aerodynamic invest igat ions  ca r r ied  out i n  t h e  past  20 years  were improperly 
done, 

Since t h e  hydrodynamic theory. of 1ubri.cation as postula ted by 
Reynolds assumes t h e  lubr icant  t o  be  a Newtonian f l u i d ,  t he r e  i s  much of 
i n t e r e s t  i n  Reinerts  work and t h e  outcome of it. 



203 
REXNOLDS, O., $On the  Flow of Gases,,)' Proc. of Manchester Literary and 

Philo. a,, Vol. 25, 1885, pp. 55-71. 

This paper contains a discussion and the  correct interpretat ion of 
r e su l t s  noted by Wilde. The author, making use of the concept of sonic 
veloci ty  a t  the throat  of a convergent nozzle, shows tha t  the  flow of 
gas ( a i r )  i s .  i ndependen t of the  downstream pressure when the  r a t i o  . 
of downstream t o  upstream pressure i s  l e s s  t h m  a specif ic  c r i t i c a l  
value (0.527 fo r  a i r ) .  

204 
RICHARDSON, H. H., "Dynamic Analysis of Externally Pressurized Air 

Bearings ," MIT Dept . of Mechanical Engineering M. S. Thesis, Cambrid.ge, 
Mass., 1935. 

A method of analyzing and understanding the  dynamic character is t ics  
of externally pressurized a i r  bearings i s  presented and i s  applied t o  a 
spec i f ic  bearing configuration. 

Theoretical developments are given, leading t o  predictions of 
steady-state and dynamic character is t ics  of an air-journal bearing f o r  
t h e  case when the shaft  i s  not rotating. For the t e s t  bearing, the  
l inearized theory, as developed, predicted within 20 percent t h e  experi- 
mentally determined steady-state s t  i f f  ness , mass flow, and dynamic response 
t o  a sinusoidal load force. 

The ef fec ts  of shaf t  ro ta t ion  were studied empirically, and it was 
shown t h a t  the tangent ial  sl ipping between the  journal and sleeve sur- 
f aces produced a s t ab i l i z ing  ef fec t  on bearing dynamics a t  l e a s t  up t o  
60,000 rpm. Thus a bearing designed t o  be suf f ic ien t ly  s table  when the 
shaf t  is s tat ionary w i l l  be more s t ab le  when the  shaft  i s  rotating. 

Experimental curves of torque required t o  revolve an a i r  bearing 
are  presented f o r  speeds up t o  50,000 rpm. (Auth) 

I n  t h i s  paper the  author extends previous work (Richardson and 
~ r i n n e l l ) ,  t o  include dynamic character is t ics  of a i r  bearings. In  turn,  
t h i s  work, which includes the  derivation of the  "dynamic spring constant" 
of the  bearing, leads t o  another contribution. Other material, suggested 
e i the r  by tkis paper or perhaps even by Richardson himself, has come from 
Wiese and Currie. 

205 
RICHARDSON, He H., "Stat ic  and Dynamic character is t ics  of Compensated 
. . Gas Bearings ," Memo No. R.M. 7401-1, MIT, Cambridge, Mass., April 2, 

1957, T r w  w, Val. 80, No. 7, Oct. 1958, pp. 1503-1509. 

A s t a t i c  and dynamic analysis  of a general configuration of a c.m-' 
pensated gas bearing i s  presented f o r  t h e  case in which t h e  e f fec ts  of 
shaft  ro ta t ion  on pe.rf onnance are  negligible. The equations developed 
can be used quantitatively,  and. are  par t icu lar ly  useful i n  assessing the  
e f fec ts  on s t a t i c  and dynamic performance of changes i n  design parameters 
such as f l u i d  properties, compensation schemes, and geometry. To i l l u s -  
t r a t e  the  use of the  equations developed, a comparison i s  made between 
two c:mon types 'of hydrostatic gas bearings - t he  pool bearing and the  
-inherently compensated bearing - and a design =ample f o r  a specif ic  
bearing requirement i s  worked. ( Auth) 



This i s  an extension of Richardson~s previous work since the same 
equipment and or iginal  assumptions a re  used. This paper contains no 
experimental ver if icat ion of the  author's work, but he s t a t e s  t h a t  
based on previous work noted above, the type of analysis used i s  val ido 
He a lso  notes in h i s  summary t h a t  a t  high values of speed the hydrodynamic 
ef fec ts  i n  the f l u i d  f i lm can become the same order of magnitude as hydro- 
s t a t i c  effects.  . (His analysis takes no account of rotat ional  speeds.) 

RICHARDSON, H a  Ha, (121) 

206 I 
RIEGER, N o  Fe, nAir-Lubricated Bearings: A Review of Published Work," 

Journal Enpineering Societg, Nottingharn Univ., Vol. 9, 1957-8. 

The author gives a concise review of work i n  the f i e l d  of gas . 
bearings, A l l  of the numerous references l i s t e d  are  contained in t h i s  
bibliography. 

207 
RIEGER, Me FOB nAn Experimental Investigation of the Pressurized Air- 

Lubricated Journal Bearing i n  the High Speed Range," Inst. Mech. 
Eng, 1958, Discussed Feb. 3, 1959, The Chartered Mechanical Ewi-  
neer, Nov. 1958, pp. 422-423. ( ~ u m m a r y z  - 
Experimental apparatus has been developed and used t o  study the 

f r i c t i o n  character is t ics  of an externally pressurized air-lubricated 
journal bearing. The ef fec ts  of var iat ions i n  speed, load, diametral 
clearance, and i n l e t  pressure have been .studied over a wide range a t  
high speeds. The experimental f r i c t i o n  coefficients have been compared 
with those given by the well-known Petroff formula, and a reasonable . '  

degree of correlation has been found. 
Bearing a i r  consumption has been measured and a l inear-relationship 

between air-mass flow and i n l e t  pressure i s  indicated. Curves re la t ing  
load-carrying capacity t o  various r a t i o s  of i n l e t  pressures a re  included, 
the applied loads being carried by hydrostatic f lo t a t ion  i n  all cases. 

The bearings used were plain, cylindrical bushes of diameter 1-3/8 
in. and length 1-1/2 in. Compressed a i r  was admitted through three s e t s  

\ 

of radial- inlet  holes around the bush circumference, pressures being 
adjusted t o  keep the shaft  and bush as  close t o  concentric a s  possible. 
( Aut h ) 

This report  represents a comprehensive experimental investigation 
of the high-speed range. It has value a s  a guide t o  future designs of 
high-speed apparatus and a s  a means of verif . ication when a f u l l  analysis 
of the f i n i t e ,  pressurized bearing i s  developed. (Auth - Chartered 
Mech. Eng.) 

208 
RIEGER, N o  Fe, nThe High Speed Air-Lubricated Journal Bearing," M. Eng. 

Sco Thesis, Univ. of Melbourne, 1957. 
I (Paper not available f o r  review a s  of July 1, 1959.) 



209 
R.OBERTS, D, B*,  ':Camparison of Experiments wlth I n f i n i t e  Length The04 

fo r  Gas Lubricated Journal Bearings ," Tech. Memo 93-69-37, North 
American Aviation, .Los Angeies , Calif., Sept . 22, 1955. 

( ~ e c h n i c a l  Memorandum are prepared f o r  in t e rna l  use of North 
American Aviation and are  not generally available.) 

a 
210 
ROBINSON, C o  H., F, STERRY, "The S ta t i c  Strength of Pressure Fed Gas 

Journal Bearings, Jet  Bearings," A.E.R.E. Report R/R 2642, Septa 
1958. Available Br i t i sh  Inf onnation Services. 

The operation of a Jet-type hydrostatic bearing i s  analyzed; the  
analysis suggests cer ta in  parameters which are  used i n  the  presentation 
of experimerrtal data. Methods of predict- the load carried by, and 
the  flow requirements of, such a bearing are  given. (Auth) 

21.1 
ROBINSON. C. H., F. STERRY, '?he Strength of ~ressurs-Fed, ~ i r - lub r i ca t ed  

Bearings ," Part 1, A.E.R.E. Reponzt ED/R-1672, Harwell, Berks , 1958. 

The method of operation of an hydrostatic journal bearing is reviewed. 
.An expression f o r  the  load carr ied and the  gas flow from an i n f i n i t e l y  
long porous bearing is ,deduced, and experimental r e su l t s  a re  plotted on 
the  basis  of parameters derived from the  theore t ica l  st*. 

Design curves f o r  the  load and gas flow are included. ( ~ u t h )  

212 
ROBINSON, C. H., F. ST-, T h e  Strength of Pressure-Fed, Air-Lubricated 

 bearing^,^ Part  11, A.E.R.E., Report m/R-l.673, H-n, b r k s ,  
1958 I 

\ 

(Paper nut available f o r  review as of July 1,. 1959.) 
/ 

' ROBINSON, C o  H., (36)(189) 

213 - 
ROBINSON, G. M. , "A Special Analytical Study of Air-Lubricated B e a r a s  

f o r  Jet  Aircraft  engine^,^ Franklin h s t i t u t e  Lab F i n d  Report 
F-A1914, Feb. 1957, prepared f o r  NACA under Contract NAw 6473, 

Design formulae and methods f o r  a -simple s t ep  bearing were derived 
and bearing loads encountered i n  maneuvers l i s t e d  i n  the  . specif icat ion 
MIL-E-5007A were analyzed. These analyses and formulae indicate t h a t  

- air-lubricated bearings may be adaptable t o  &craf t  turbojet  engines. 
However, large bearings, s d  clearances, and large volumes of air 
.dl1 be involved, ( Auth) 



This is  an unpublished report f o r  NACA having as i ts  major objective 
an analy t ica l  study of t h e  f e a s i b i l i t y  of adapting air-lubricated bearings 
t o  aircraft, turbojet  applications. The author derives equations f o r  t h e  
laminar, isothermal, compressible subsonic flow of a perf,ect gas through 
a capillary,  with and without momentum ef fec ts  included and compares 
t h e  two cases graphically. The viscous flow through th rus t  bearings of 
the  f l a t ,  pa ra l l e l  disk type i s  then analyzed i n  a manner s imilar  t o  
t h a t  of Deuker and Wo jtech. The flow equations which r e su l t  z e  applied 
t o  the  experimental data  of Licht and Ful le r  and remarkable agreement 
( 1  1/L$ error )  is  found. The analysis and a discussion of t h e  above 
a re  carr ied t o  simple recess type hydrostatic gas bearings. 

The author i.ncludes a short  sect ion on the  typica l  loadings t o  be 
expected on t h e  basis of imposed specifications,  This is  then followed 
by a numerical solut ion f o r  load carrying capacity and required gas flow 
in a bearing which might be applied. Since t h e  hypothetical bearing 
was not subjected t o  rigorous design considerations, t h e  author can and 
does discass ways of modifying bezings t o  improve t h e i r  performance 
charact.eristics. 

A s  of July 1, 1959, this report  was being rewritten. 
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ROUDEBUSH, W. E., ?'An Analysis of the  Effects of Several Parameters on 

t h e  S tab i l i t y  of An Air Lubricated Hydrostatic Thrust Bearing,'? 
National Advisory Committee f o r  Aeronautics, TN-4095, 195'76 

Equations a re  developed f o r  t h e  motion of a gas-lubricated hydro- 
s t a t i c  th rus t  bearing, and solutions a re  obtained on a d i g i t a l  computer 
f o r  air as t h e  gas. Systematic iwestigations are  made of various para- 
meters t o  determine t h e i r  e f f ec t  on bearing s t ab i l i t y .  Bearing pad volume 
and r i g i d i t y  appear as prime controll ing fac tors ,  ( ~ u t h )  

A mathematical analysis i s  used which permits the  development of 
t h e  equation of motion of t h e  bearing. Then by actual  numerical solut ion 
f o r  par t icu lar  cases t h e  amplitudes of motion are  investigated as function 
of time t o  determine i f  they decrease ( s tab le  condition) or increase 
(unstable condition) with time. 

215 
RUSTON, "Gas Bearing C j rcu la tor  , Class h ! ~ , "  Publication 9792 Ruston and 

Hornsby Ltd, Lincoln, England. 

A. four psge piece of a d v e ~ t i s i n g  l i t e r a t u r e  on a commercial device 
employing gas lubr ica t  ad bearings 

SAIBEL, E., (177), 
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SASAn, R., Wesearch on t h e  Air B e a r i ~ , "  (In ~apane-) T r a m .  Ja~anese 

Society for  the Science of Fi re  h n s  (Kahei ~ * a i s h v o l .  37, 
NO. 1, 1943, pp. 1-44.. 

Results of extensive experhentation on a i r  lubricated bearings are 
given i n  the  form of tables  and graphs.  h here i s  l l t t l e  or no theoreti- 
c a l  analysis presented. ) Three t e s t  r igs  were employed; in  the  first 
the  shaf t  rotates,  i n  the second the  shaft  is stationary, and i n  the  
t h b d ,  codcal .  surfaces permit thrus t  loads t o  be taken (on the rig with 
the  stationary shaft judging fram sketches. ) Pressure distributions 
were taken with one row of taps when the  stationary shaft  design was 
studied. However, with the. rotatable shaft  a considerable nunber of 
pressure taps arranged ent i re ly  around the  bearing had t o  be used. 
S ta t i c  and kinetic coefficients of f r i c t ion  were determined along with 
load carrying capacity and pressure distribution. The effect  of speed 
on the  coefficients of f r i c t i o n  5.3 shown in applicable curves. 

T h i s  paper was published during the  years of World W a r  I1 in a 
publication which evidently has since gone out of print. As a conse- 
quence, copies of the  paper are limited and-ncrt readily available. 
Sass and Mori used a pressure t ap  device qui te  similar t o  the one 
s h m  here, They, in t h e i r  work, also make much use of the coefficient 
of f r i c t  f on 'in presenting t h e i r  resul t s  . 
217 
SASAKI, To,  H. MORI, and OTHERS, " A i r  Lubricated Bearings and Their 

miliz;ations," (In ~ a ~ a n e s e )  Journal J.S.M.E,, Vole 60, No* 463, 1957, 
pp. 821-827. 

The Navier-Stokes equation with i n e r t i a  term neglected i s  used t o  
, 

derive t h e  expressions fo r  pressure dis tr ibut ion and r a t e  of air flow. 
The general formulas are given for  f i lm thickness, bearing load and 
flow r a t e  f o r  t h e  case when f i lm thickness remains constant. Optimum 
designs of a i r  bearings are discussed. Experimental resul t s  on coefficient 
of f r i c t i o n  and f r i c t i o n a l  power loss are presented. 

218 
. 

SASAKI, T ,, H; MORI and WHERS, "Air-Lubricated Bearings f o r  Spinning 
Spindles, 1st Report," ( In  ~apanese)  Trans. Japan Mech. h r s . ,  
Val, 21,. No. 102, 1955, pp. 131-136. 

The air-lubricated bearing which operates with s l igh t  f r i c t i o n  and 
U t t l e  o r  no temperature r i s e  because of the  cooling ef fec t  of air 
applied t o  spinning spindles which usually ro ta te  a t  high speeds of 8000 
t o  12000 rp. I n  t h i s  study, as the  first s tep  of the  attempt, a ir-  
lubricated bearings are applied t o  spinning spindles without change i n  
design of the ordinary spinning spindle which is lubricated with o i l .  
The performance of such air-lubricated spindles under ordinary operating 
condftions is canpared with 'those of oil-lubricated spindles. Experi- 
mental results.  show tha t  the  f r i c t i o n a l  power of the air, lubricated 
spindle can be reduced t o  about 4@~ of tha t  of the  oil-lubricated spindle. 
(~uthj 
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SA3AKI, T., 'H. MRI and OTHERS, "Air-Lubricated Bearings f o r  Spinning 

Spindles, 2nd Report ," (1n ~ a ~ a n e s e )  Trans. J.S.M.E., Vol, 21, No. 
102, 1955, pp. 137-UO. 

Following the  research of the  f i r s t  report,  the  design of the  air- 
lubricated bear* of the  spinning spindle was modified f o r  the  intended 
purpose. (Originally a i r  was used in a standard oil-lubricated spindle 
besring. ) The operating character is t ics  of the  new air-bearing were 
determined and compared with those of the  oil-lubricated and.unmodified 
air-lubricated bearings. 

The experimental resul t s  show that the  f r i c t i o n a l  power (loss ) fo r  
the  new bearing is sane 30% l e s s  than t h a t  of the  oil-lubricated bearing 
and about 5@ less  than t h a t  of the  urnnodif ied &-bearing. Thus the  
new bearing represents a s ignif icant  improvement over t h e  e a r l i e r  ver- 
sions tested. (Auth) 

I 
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SASAKI, T., H. MORI and OTHERS, "Air-Lubricated Bearings f o r  Spinning 

Spindles, 3rd Report," (1n ~ a ~ a n e s e )  Trans. JoS.MeE., Vol. 21, No. 
1029 1955 , pp. lkl-U4. 
Following the  previous reports, t he  newly-designed spiniile with a 

r a d i a l  air-lubricated bearing and a th rus t  bearing made with a s t e e l  
b a l l  were investigated. Such a design of th rus t  bearing was chosen 
owing t o  the  f a c t  tha t  the  air-lubricated thrus t  bearings with conical 
surfaces are  not suff icient  t o  reduce the  f s i c t i o n a l  power as described 
i n  the  previous reports. But t he  design of the  upper r ad ia l  bearing is  
l e f t  t he  same as it was i n  the  2nd report, because it had good character- 
i s t i c s .  The experimental r e su l t s  show t h a t  the  new spindle i s  superior 
t o  the  other spindles especially i n  the  range of high speed rotation, 
and i t s  f r i c t i o n a l  power ( loss)  at 12000 rpm is about 25% of tha t  of 
ordinary oil-lubricated spindles, 60;& of the  air-lubricated spindle i n  
t h e  1st report and 80% of t h e  spindle in the  2nd report. And, moreover, 
by measuring the  quantity of air flowing and calculating the  power re- 
quired t o  canpress the  air, the  t o t a l  power of the  new spindle, t h a t  , 

is t he  sum of t h e  f r i c t i o n a l  and air-compressing power, i s  sh~wn t o  be 
l e s s  than the  power of the  ordinary oil-lubricated spindle, T h i s  f a c t  
shows tha t  the  use of air-lubricated bearings is  prac t ica l  f o r  spinning 
spindles. ( Auth) 

LLI 

SASAKI, T., H. Mom, nAir-Lubricated Bearings with Capillary Air-Feeder 
Holes," Memoirs of the  Faculty of E n a i n e e r b ,  w o t o  University, 
Vol. XIX, No. 1, April 1957. 

Capillary air-feeder holes of which each one is  co'nsidered t o  possess 
the  a b i l i t y  of two res t r ic t ions  i n  se r i e s  have been applied t o  air-lubricated 
bearings running a t  high speed. It has been concluded by the  author 
tha t  the  air-lubricated bearing, having capi l la ry  air-feeder holeo located 
i n  diametral sme t rg ,  can be operated i n  qui te  a s tab le  s t a t e  and with 

extremely s m a l i  coefficient of f r ic t ion .  This f r i c t i o n  coefficient 
eoin,cides ~ p r f p ~ t . 9  with the  value caJ.c~d.ated frm Petroff ts  equation. 
(Auth) 



I n  t h i s  a r t i c l e  the  authors consider bearings with more than one 
air-entry hole. The value of enlarging the capi l lary where it joins 
the  De=in,g Lrmer s y f a c e  i s  discussed 2-?ci the  coficlusior, dr2?a.n t h2 t  
enlargement i s  not necessary i f  the  proper r a t i o  of air-errtry hole 
radius t o  bearing r ad ia l  clearance is  used. The information presented 
in the  paper i s  predominately experimental. The theore t ica l  work i s  
taken primarily from previous work and consists only of r e l a t ive ly  
simple mathematics with some discussion. 

SASAKI, T., H e  MORI and OTHERS, the  Air-Lubricated Spinning Spindles, 
4th ~ e ~ o r t , "  ( In ~ a ~ a n e s e )  Trans. J.S .lII.E., Vol. 21, No. 102, 1955 :, 
ppo 51-54, 

The experimental set-up t o  obtain resu l t s  f o r  t h i s  report  i s  s imilar  
t o  t h a t  described i n  Report No. 3. Graphs are given t o  show t h e  f r i c -  
t i o n a l  power loss  and power required t o  supply the  compressed a i r  f o r  
lubricat ing the  spindles a t  various a i r  pressures and speeds. I n  com- 
parison, it i s  shown t h e  t o t a l  power loss  ( f r i c t iona l  loss  plus power 
t o  operate a i r  compressor) i s  subs tant ia l ly  l e s s  than t h a t  of an oi l -  
lubricated spindle. The modified design gives improvement in  perfom- 
a c e  over the one i n  Report No. 3. 

SASAKI , T., H o  MORI , "On t h e  Characteristics of Air-Bearing ," Memoirs 
o f  the  Faculty of Engineering, Kyoto University, Vol. X I I I ,  No. 1, 
Jan. 1951. 

This is  an experimental study of some of t h e  fac tors  effect ing t h e  
performance of externally-pressurized air bearings. I n  one sect ion t h e  
authors describe three means of d e t e d n i n g  t h e  f r i c t i o n  in t h e  bearing 
and then use one or more of these methods i n  t h e i r  experimental program. 
They measure f r i c t i o n  values f o r  various bearing pressures f o r  two types 
of a i r  i n l e t  holes. These data  are  plotted i n  su i tab le  curves. For all 
other curves the  minimum f r i c t i o n  value, (described i n  225) i s  used when 
applicable. Among the  fac tors  investigated are  bearing length, speed, 
clearance and angle of a i r  i n l e t  opening. Since curves of f r i c t i o n  versus 
speed a t  various dianetral clearances are  shown f o r  both air and o i l  
lubricated bearings, a d i rec t  canparison can be made if desired. 

The second part  of t h e  paper i s  devoted t o  t h e  determination of air 
flow and pressure d is t r ibut ion  i n  t h e  bearing. The bearing s h e l l  used 
in these experiments had pressure taps arranged wery  3Q0 around the  
circumference a t  specified distances i n  t h e  axial direction. From t h e  
r e su l t s  the authors conclude t h a t  a i r  flaws i n t o  the  bearing a t  t he  
sonic velocity. This knowledge is  then used t o  determine t h e  air flow, 
t h e  value of which agrees with t h a t  measured. 

This is the  authorsq English version of a Japanese paper and one of 
the  things one notes" about the i r  writ ing i s  t h e  lack of a "summarft or 
lPconclusions" which most of us are  accustomed to. Their work appears t o  
'be qui te  well done with only minor b i t s  of information missing. There i s  
no attempt t o  r e l a t e  t h e  experimental r e s u l t s  with any theory except v e v  
b r i e f l y  i n  the  case of air flow determination. The en t i r e  a r t i c l e  could 
be summed up as a presentation of experimental r e su l t s  with insuf f ic ien t  
writ ten matter t o  exploit  what was done. 
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SASAKI, T., H. MORI, "On the Characteristics of Air-Lubricated Bearing 

( ~ u c c e d i n ~  ~ e ~ o r t ) , f c  Memoirs of the Faculty of E ~ i n e e r i n a ; ~  Kvoto 
University, Vol. XVI, No. 11, April 1954, 

The author s ta tes  that  it becomes possible t o  increase dynamic 
s tab i l i ty  of the air-lubricated bearing and t o  reduce f r ic t ional  resis- 
tance, when the air supply pressure from the  a i r  compressor and the cross- 
section area of the primary res t r ic tor  are properly designed and treated 

, in  relat ion t o  bearing conditions. ( Auth) 
This is  one of a group of papers on air bearings by the same authors. 

In  t h i s  as in other papers, they use two res t r ic tors  in series and deter- 
mine the supply pressure and section areas by a minimum f r i c t ion  concept 
which is explained i n  de ta i l  in  another paper. Since t h i s  a r t i c l e  is  
related so closely with others of the group they could properly be read 
together . 

/ 225 
SASAKI, T., He MORI, KONDO, SATO, the Effects of a Restrictor before 

the  Air-Hole of an Air-Lubricated Bearing," (1n ~ a ~ a n e s e )  Trans. 
Mech. Enms., Vol. 20, No. 90, 1954, pp.' 105-108, l'rans- J a ~ a n  Soc. 

lated by C. Kim, Franklin Ins t i tu te  Laboratories, Phila., Pa., 
Sept. 1957. 

It i s  generally known that  the air-flow between the air-hole and the  
bearing clearance of the  air-lubricated bearing is equivalent t o  the  
air-flow through a nozzle. In  t h i s  case, when a res t r ic tor  that  corresponds 
t o  the air-hole and bearing clearance is s e t  before the air-hole, the  
pressure in front of the air-hole will increase or decrease with the 
decrease or increase of the bearing clearance, ( i n  the  same.manner as 
the gage pressure i n  the high pressure type pneumatic gage), and then 
the eccentric motion of shaft wi l l  be controlled automatically. The 
effect of a res t r ic tor  before the air-hole was studied by measuring the 
coefficient of fr ict ion,  and the  optimum cross-sectional area of the 
restr ictor .  From this the  air-supply pressure was determined. ( ~ u t h )  

The authorst suggestion of determining the required air supply 
pressure on the basis of the  min imum coefficient of f r i c t ion  is rather 
nwe l  and interesting but as is  pointed out, applicable primarily t o  
systems with relat ively l igh t  loads. 

226 
SASAKI, T., H. MOR1,and OTHERS, "Research on the  Air Bearing, 1st Report," 

(In ~ a ~ a n e s e )  Trans. J.S.M.E., Vol. 17, NO. 59, 1951, ppo 49-53. 

Ekperimental results  are presented on air-lubricated journal bearings; 
one with a radia l  air i n l e t  and the  other with an a i r  in le t  making an 
angle of 40° with a diameter of the  journal. Relations between two of 
the four parameters: speed of journal, coefficient of frictinn, a i r  
preasuro and Lea-kirlg clearance, are plotted i n  graphs. I n  estimating 
the  coefficient of f r i c t ion  Karmants formula is  used t o  calculate the  
a i r  resistance. (Auth ) 



227 
SASAKI, T., H. MORI, and. OTHERS, ."Research on the. Air Bearing, '2nd R e p ~ r t . , ~  

(Ir. Japmese) Tr9ns. J.S.M.E., Val. 17,. N O ,  63, 1951, 16-21. 
I 

I n  t h i s  report, the coefficient of air-bearing f r i c t i o n  measured 
1 by the  pendulum meth~d~and  the  pressure d is t r ibut ion  investigated mainly 
I f o r  the  s t a t e  of m i n i m u m  f r i c t ion ,  are  described. The coeff ic ient  of 

f r i c t i o n  can be reduced t o  minimum on the  order of 10-3 f o r  each bearing 
load by adjusting air supply pressure and t h i s  minimum value becomes 

! l a rge r  with decrease of bearing clearance and increase of rotat ing speed. . 
The.pressure is dis t r ibuted almost symmetrically with respect t o  the  l i n e  
of t h e  a i r  i n l e t  hole, and no influence of ro ta t ing  speed and bearing 
length are  seen f o r  the  pressure dis t r ibut ion.  By measuring the  quantity 
of flow and f r an  theore t ica l  considerations it i s  shown t h a t  the  operat- 
h g  s t a t e  corresponding t o  the minimum f r i c t i o n  is  non-eccentric ro ta t ion  
and t h e  maximum air veloci ty  a t  t he  out le t  of the  a i r  i n l e t  hole i s  t h e  
veloci ty  of sound, (Auth? 

228 1 
SASAKI, T., H. MORI, and OTHERS, "Research on the  High Speed Air-Bearing 

and on t h e  Influence of I n l e t  Holes f o r  the  Air-Bearing," (1n 
~ a ~ a n e s e )  Trans. J.S.M.E., Vol. 18, No. 74, 1952, pp. 51-56 

I n  t h e  1st and 2nd reports of research on the  air-bearing, we dis- 
cussed the  measurement of t h e  coeff ic ient  of air-bearing f r i c t i o n  by t h e  
damping method with ro ta t ing  disc,  and t h e  pendulum method, but the  
former was not su i tab le  f o r  high speed rotation, and t h e  l a t t e r  contained 
some e r ro r  due t o  t h e  mment caused by t h e  a i r  supply rubber tube. I n  
t h i s  report ,  therefore,  by making a newly designed balanced beam t e s t e r  
using a zero-setting method, we measured, accurately, t h e  coeff ic ient  
of air-bearing f r i c t i o n  f o r  t h e  s t a t e  of high speed ro ta t ion  (12,500 r p n l ) ,  
and investigated the  influence of bearing length and inclined angle of 
a i r  i n l e t  hole canparing it with the  half (1800) air-bearin . The co- 4 e f f i c i en t  of air-bearing f r i c t i o n  can eas i ly  be made of 10- order by 
adjusting the a i r  supply pressure f o r  t h e  high speed ro ta t ion  of 12,500 
rpm, but then t h e  air pressure i s  required t o  be higher. The half bear-. 
ing is  superior t o  the  fu l l -c i rc le  bearing f o r  s t a b i l i t y  with varying 
bearing load, but it i s  in fe r io r  i n  terms of f r i c t i o n a l  resistance, 
supply pressure, and quantity of flow. (Auth) 
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SASAKI, T., H. MORJ, and OTHERS, "Research on the  High Speed Air-Bearing 

and on t h e  Influence of I n l e t  Holes f o r  the  Air-Bearing ," (1n Japan- 
ese) Trans. J.S.M.E., Vol. 18, No. 74, 1952, pp. 56-61 - 
I n  t h e  paper, "Research on the Air-Bearing (2nd ~ e ~ o & )  ," we s ta ted  

t h a t  t he  air-flow through - a* supply i n l e t  hole has large e f fec t s  upon 
the  air-flow i n  t h e  bearing clearance and consequently influences t h e  
f r i c t i o n a l  c h ~ a c t e r i s t i c s .  I n  this paper we proceded with t h e  study 
of the  air-flow just  a f t e r  t he  jetting-hole by measuring-air pressure 
d is t r ibut ion  under t h e  low pressure of air supply;. and varying t h e  form 
and dimension of t h e  i n l e t  hole we inspected t h e i r  inf3.uences on the  
f r i c t l e h d  ~ h ~ a c t e r i s t i c s  and t he  quantity sf  f1cp.r. Thus, it FELS shown 

\ 



t h a t  making the  air supply s l o t  longer along t he  axis of the  shaft  has 
more ef fec t  i n  reducing the  +f r i c t iona l  resistance than making the  dia- ' 

meter of the  a i r  supply hole larger ,  and the  flowing quantity is propor- 
t iona l  t o  the  product of periphery length of air hole, bearing clearance 

1 a t  the  i n l e t  and absolute pressure of supply air. Based upon the  above 
considerations, we revised the  formula of the  air-flow f o r  air-bearing 
described i n  the  2nd report. (Auth) 

. . 
. . . . 

230 
SASAKI, T., "Theories of Pressure Di'stributions, Quantities of Flow and 

Restrictions in Air-Lubricated Bearings, 11 (1n Japanese) Presented 
at Annual Meeting Japan Society of Mechanical Ehgineers , kpr i l  3, . 

1958 

For const ant viscosi ty and f i lm t,hicliness Reynolds ' equation mduoes 
t o  LapLaceb equation from which the  solution f o r  pressure dis tr ibut ion is 
obtained by using a function of a complex variable and conf onnal mapping. ' 

The ef f ec t  of .compressibility is discussed. 
. .. 
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SASAKI, T., H. MOM, "Theory of Journal Air-Beari~,"  (1n Japanese) . - Trans. Japan Soc. Mech. Ennrs., Vol. 19, No. 86, 1953, pp. 45-48. 

Translated by C. Kim, Franklin Ins t i tu t e  - Laboratories, Phila., Pa., 
, Sept. 1957. 

I n  the  (hydrostatic) journal air-bearing, air supplied frogn e i the r  
.s single or multiple hole air-inlet, flows radia l ly  i n t o  the  bearing 
clearance a t  first. It then flows longitudinally and lastly outwards 

' 

from the  ends of t h e  bearing. Theref ore, a three-dimensional analysis 
i s  neaossary when the  air-bearing is' studied theoretically.  I n  this 
report, analyt ical  investigations were made f o r  the  condition of non- 
eccentric rotation. This is  important because it corresponds t o  the  
condition of minimum f r ic t ion .  Then t h e  solution of the  hydrodynamic 
equatf on was obtained by consider* tha t  the  air flow corresponding t o  
the  condition of non-eccentric rotation, i s  equivalent to ' the two-dimen- 
s ional  potent ial  flow. The theore t ica l ly  obtained re su l t s  coincide 
moderately well with the  experimental results.  T ' s solut ion can be 
applied t o  the  case of multiple air-holes, ( Authr  

I n  this, as i n  t h e i r  other work, the  authors proceed slowly but 
thoroughly, The mathematical analysis is made with the a id  of ' a 
sui table  transformation in to  the  complex plane. The solution of .Refholds 
equation arrived a t  f o r  pressure d is t r ibut ion  is  then modified t o  pennit 
t he  use of additional i n l e t  holes. The theore t ica l  r e su l t s  agree with 
the  experimental .ones determined with a special  bushing aontaining a 
suf f ic ient  number of pressure taps arranged both circumfererrtially and 
axially t o  give desired information. 
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SCHEINBERG, S. A., A. M. KHARITONOV, 'tAerodinamicheskie opor'S; dlia . 

yysokoskorostqykh dvigatelei  i turbin (Ai.r Lubricated Bearings 
f o r  High Speed Motors and Turbines )* Vestnik Mashinastroenia, Vol. 
38, No. 9,, Sept. 19,58, pp. U-17. 

. Description of a high'speed rotor'with air lubricated bearings 
successfully tes ted  in laboratory and indus t r ia l  conditions, i n  the  l a t t e r  

; 
as an in terna l  grinding head. The head assures high qual i ty  grinding 
and high efficiency. Design and manufacturing detai ls .  

233 
SCHEINBERG, S. :I., "Gazovala Smazka Podchipnicov Scoljenia  as Lubrica- 

t i o n  of Sliding Bearings ) , tt  Treniei  -- Iznos v Machinakh w. Akad. 
Nauk. USSR, 1953, Vol. 8 ,  pp. 107-204, Translated by C. Demrich; 
Edited by Me Wildmann. ' 1-lay be available froan John Crerar Library, 

I n  t h e  present work t h e  fundamental problem of gas lubricat ion (self- 
act ing bearings) i s  examined and the theory of establishment of the  
lubricat ing layer  described. I n  Chapter I there i s  derived, on t h e  basis 
of the  study of the  lubricat ing character is t ics  of gases, t he  equation 
of s p a t i a l  flow of a ges lubricant.  Chapter I1 i s  devoted t o  t h e  solut ion 
of the  problem of the  lubricat ion of bearings of i n f i n i t e  length, t h a t  
is,  the  plane problem. I n  Chapter I11 the  obtained solutions are  extended 
with t h e  help of cer ta in  assumptions t o  r e a l  bearings of f i n i t e  length. 
In Chapter I V ,  f i na l ly ,  there  is  described the  method of calculation of 
gas lubricat ion of bearings, and i t s  r e su l t s  a re  ver i f ied  experimentally. 
(Auth 

234 
SCHEINBERG, S . A., ffExperimental Investigation of Aerodynamic (s l id ing)  

Bearings, r 7  (1n ~ u s s i a n )  Fr ic t ion  and Wear i n  Machines, Publication 
No. 6, A c a d q  of Sciences of the USSR, I n s t i t u t e  of Iubchine Con- 
s t ruct ion,  Moscow, 1950, pp. 182-299. 

The f i r s t  portion of the  paper explains b r i e f l y  the  principles of 
operation and 'design of gas bearings. Later t h e  experimental program i s  
discussed including t h e  methods and apparatus f o r  determining f i lm 
thibknesses, pressures and speeds. The experiments-conducted on journal. 
and th rus t  bearings a re  then described. The r e s u l t s  obtained i n  these 
t e s t s  a re  compared with those from theore t ica l  investigations. 

235 
SCHEINBERG, S. A., "On t h e  Question of Gaseous ~ u b r i k a t i o n  of Rotating 

Shafts ," (1n ~ u s s i a n )  Part  8 released April 2, 1945, pp. ,175-206. 
The source of this paper cannot be determined. Copies are  on f i l e  
in the Fr ic t ion  and Lubrication . . Branch, The Franklin I n s t i t u t e  - 
Labor.& or ies  , Phila. , Pa. 

I n  Chapter I t h e  theory of the  plane s l i d e r  bearing is developed. 
In Chapter I1 t h e  experimental apparatus is  described, t he  description 
includes t h a t .  of each Gdividual  item such as "galvanometer, stroboscope 
etc. I n  Chafiter I11 the  d is t r ibut ion  i n  t h e  air f i lm is discussed. 



\ 

The apparatus and arrangement of the experiment are given. In Chapter 
IV the method of measuring f r i c t ion  torque and the results  of experhen- 
ta t ion.are  presented. I n  Chapter V the load c q  yh,g ab i l i ty  expression 
for  sir lubricated journal bearings is  derived. he seventh and l a s t  
chapter deals with industr ial  applicatiolas of a i r  bearings. 

236 
SCHNEE, M., E. J. WOHL, "Study of Fatigue Evaluation'Procedtlres fo r  . Electron Tubes ," Lab Pro j . 5032-B-3.14, Prog. Defi 14, NE 09u05 9 

Oct. 11, 1956. Materials Lab., N. Y. Naval S h i p p d ,  Brookl~n, 
' N o  Y. 

Progress on a. related Material Laboratory investigation which 
concerns the developent of a nwe l  shaker ( i n  rudimentary form), per- 
mit t ing wide frequency range vfbrat ion and posses sing l i t t l e  transverse 
sensitivity, is reported. Prelimin& results  indicate tha t  3/16'' ex- 
cursion of , a  (linear air bearing supported) 15 pound table is possible 
with as l i t t l e  as 10 watts a t  ' 10 cps . ( Auth) 

U 237 
SCIULLI, E. B., "A Bibliography on Gas Lubricated Bearings," The Frsnklin 

Ins t i tu te  Labs, Interim Report I-A2049-1, Dec. 1, 1957, Contract 
NOW-2342(00), Task NR 097-343, ASTIA No. AD I47 733. - 
T h i s  bibliography is the result  of an extensive s w e y  conducted 

as one phase of a research program sponsored by ONR, i n  conjunction with 
other government agencies, t o  establish a technology f o r  gas-lubricated 
bearings. The purpose of the srtrvey was t o  evaluate the present s t a t e  
of the art and t o  establish a Ubrary of applicable technical papers 
t o  serve as ready references of work done i n  t h i s  f ield.  

I n  order t o  include a l l  the pertinent material available on gas- 
lubricated bearings it was necessary t o  revfew sane l i t e ra tu re  from 
countries ather than the United States. The bulk of this l i tera ture ,  
primarily fran England, Ff ance, Germany and Japan is obtainable i n  t h i s  I 

country. / 

The ent i re  contents of th i s  report have been absorbed in to  the 
present bibliography. 

238 
SERDUKE, J. J o ,  R. 0. WEBSTER, Wigh Speed Bearing and Tt~rb ine ,~  U. S. 

I Patent 2 602 632, issued 1952. 

The invention is a high speed bearing. and turbine with a short 
shaft rotor. The turbine buckets are cut in the side of the  rotor so 

, .  tha t  the irpinging air constitutes a stablizing force simil iar  t o  that  
. '  described by -%wster. 
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SEYFFERT, M., " A i r  Bearing Apparatus ,!' U .  S,  P a t e ~ t  2 671 700, issued 1949. 

T h i s  invention appertains t o  ilovel and useful improvements i n  de- 
vices f o r  use in f i n e  measurements, close tolerance working and the  l ike.  
It provides gas lubricat ion i n  rotary and th rus t  bearings f o r  d r i l l s ,  
buffers, polishing, and grinding machines which operate a t  exceedingly 
high speeds. ( ~ u t h )  

240 
SHAW, M o  C, ,  E, F, MACICS, "Analysis and Lubrication of Bearings,'' McGratr 

H i l l ,  No Y o ,  1949, Sect. 6-13, pp. 329-332. 

Contains a brief mention of gas lubricated bearings. . 
241 
SHIRES, G, L o ,  t'Ekperiments with an A i r  Lubricated Journal Bearing," 

. National Gas Turbine Establishment Memorandum No. M. 49, May 1949. 

Using a 2-inch diameter bearing, a i r  is  introduced through e i ther  a 
cent ra l  r ing of holes or two rings of holes placed symmetrically about 
t h e  center of the  bearing i n  the .  ax ia l  direction. The ef fec t  of s t r a igh t  
and f l a red  i n l e t  holes was determined as was the  e f fec t  of diametral clear- 
ances, Tlie holes were a l so  connected by grooves and the  e f fec t  noted. 
Among other variables chosen were speed (found t o  have a negligible e f fec t  
on hydrostatic pressure dis t r ibut ion,  up t o  surface speeds of 100 ft./sec) 
and asymmetrical loading. Measurements were a l so  made of mass flow and 
pressure d is t r ibut ion  f o r  various r ad ia l  loads. 

' A  4-inch diameter ( s t a t i c )  bearing with an eccentric stub on each 
and of t h e  journal was used t o  obtain pressure dis t r ibut ions.  Flow 
streamlines a re  shown in two photographs taken with the  aid of o i l  as 
t h e  f lu id .  

242 
SHIRES, G. L., "On a Type of A i r  Lubricated Journal Bearing," National 

G a s  Turbine Establishment Report No. R. 61, Nov. 1949, a l so  avail- 
able as AEEO Research Council Current Paper 318, London 1957. 

Experimental journal bearings have been constructed which w i l l  
support a r ad ia l  load when supplied with air a t  high pressure. The 
pr inciples  of t h i s  type'of bearing are  discussed, and some of the  avail- 
able  experimental da ta  analysed. The r e su l t s  a re  collated i n  terms of. a 
non-dimensional parameter based on the  theory of viscous flow between 
two adjacent surfaces and by t h i s  means a r e  extrapolated t o  give perform- 
ance f igures  f o r  bearings outside the  range of the  experiments. The 
estimated performance i s  t heil compared with t h a t  of conventional bearings, 
and conclusions are  drawn regarding possible applications of this type 
of air lubrication. (Auth) 

I n  the introduction, the author s t a t e s  that the  theore t ica l  solut ion 
of t h e  load-carrying capacity of journal bearings, based on viscous flow 
theory, yielded values which were optimistic. It became necessary, there- 
fore ,  t o  consider t h e  problem i n  greater  de ta i l .  The grea tes t  detriment 
i n  t h e  course .of t h e  experiments reported seemed t o  be cmplicat ions of 
flow at the  i n l e t  holes. However, t e s t s  were conducted and empirical 
f ac to r s  deduced from the  data. 



I n  the appendix the effoct on the bearing of Reynolds~ number, 
temperature, and centrifugal forces are each considered separately. 

243 
SHIRES, G. L., "The Viscid Flow of A i r  i n  a Narrow SlotPtt Memorandum 

No, M. 46, Dec, 1948, National Gas Turbine Establishment, Re-issued 
wfth Addendum as Aeronautical Research Council Current Paper, No. 

The properties of the viscous flow of air in a rectangular s l o t  
having a width large in canparison with i ts depth was investigated. The , 

results  of various t e s t s  are found t o  verify theoretf c a l  and empirical 
relationships between the pressure distribution in the s lo t ,  the a i r  mass 
flaw and temperature, and the  s l o t  dimensions. Both laminsr and turbu- 
lent flow are considered. (Auth) 

Flow experiments using air were performed with s lo t s  of various 
shapes (3) and the results  expressed in the terms of the parameters h 
and Re, These were then canpared ~ 5 t h  the  results  of experimerrbs with 
incmpressible f luids carried out by Blasius. The author reports that  
fo r  laminar flow, the value he found fo r  the resistance coefficient , )r , 
campares favorably with that  for  incanpressfble fluids. However, f o r  
turbulent flow the values of given by Blasius are not, i n  general, 
applicable. 

SIXSMITH, H., " A i r  Bearing for  High Rotational Speed," Machinem, Vol. 90, ' June 21, 1957, p. l-418. 

A brief a r t i c l e  describing the bearing developed by S h m i t h .  
/ 

UcS 
SIXSETH, He, "The Theory and Design of a Gas Lubricated Bearfig of 

High Stability," Doctoral Thesis, Reading Univ, Read*, England. 

The author desi  gned (and l a t e r  ~ a t e n t e d )  a beerring having cavities 
leading t o  res t r ic t ing orif ices through which the gas need flow before 
leaving the bearing, According t o  the author, the pressure build-up i n  
the pocket as the eccentric shaft approaches it is  sufficient t o  canbat 
the tehdency of the shaft t o  whirl. Even a t  extremely high rotational 
speehs the shaft appears t o  be quite stable, 

246 
SLATER, J., "Gas SpSn Bearings fo r   gyroscope^,^^ Milltars Systems Deskn, 

May-June, 1959, pp. 138-139. 

A brief 'discussion is given of the application of gas b e a r a s  t o  
ggroscopes and the advantages of these bearings over ro l l ing element 
bearings. The work on wfiich this a r t i c l e  is based is attributable prim- 
ary t o  J. S. Ausman, M, W i l d m h  st al. 

247 " 

SLATER, J. M., V. A. TAUSCHER, nZonal Ball-Air 'Bearing," U, S. Patent 
2 617 695, issued 1952. . -  



A zonal b a l l  air, bearing is described. The supported member 
"f loatingTf between spherical sea t  bearings. Jeweled orif  ices ,  which are  
avxilable commercially, are used i n  the  design. 

SLATER, J. M., (50). 

- 
248 
STERKICHT, B,, R, C, ELWOOD, "Theoretical and Experimental Andlysis of 

Hydrodynamk Gas-Lubricated Journal Bearings," Trans. ASME, Vol. 80, 
No. 4, b y  1958, pp. 865-878. 

This paper presents a numerical solution f o r  f in5te  width journal 
bearings and resui t  s of expsrhent s conducted with ak- lubr ica t  ed hydro- 
dynamic joiunil bearkgs.  Comparison is made between theore t ica l  and 
e x p e r i ~ e n t d  resul ts .  Design formulas and recommendations f o r  future 
studies a lso  are  included. (Autk) 

From the Navier-Stokes equatioh and the  continuity equation fo r  
compressible f l u i d  flow, the  authors write Reynolds' d i f f e ren t i a l  
equation f o r  hydrodynamic. lubricat ion in  ttro dimensions and convert it 
t o  a dimensPonLess form, The resul t ing equation is f i r s t  wri t ten as a 
difference equation from which an expression is  then obtained f o r  the  
pressure a t  t h e  center of any grid element, f o r  solution on a digital 
cmputer. The authors then discuss the des i rabi l i ty  of maintaining a 
general pressure-density relat ionship involving the  exponent b .  However, 
t o  expedite calculations, this relationship i s  simplified by investigating 
or iy  the  isathermal case, = 1. .Theoretical and experimental r e su l t s  . 

a e  presented f o r  f u l l  journal bearings correlation appears t o  be 
good f o r  eccentr ici ty  r a t i o s  below 0.7. The solution of the  original  
equation is promised f o r  a l a t e r  paper. 

STERNLICHT, Bo, (162) 

249 
STONE, We, "A Proposed Method f o r  Solving Some Problems i n  Lubrication," 

Cammonwealth Engineer (Australia), Vol. 9, 1921, pp. 115-122, 139-149. 
Available - Library of Congress. 

T h i s  is  a rather  famous paper dealing with an experimental ve r i f i c~ . -  
t i o n  of E c h e l l t s  theories  of the  act ion of thrus t  bearings. The appara;tus 

0 was made of glass  and t he  th rus t  shoes were fabricated from transparent 
quarts crystals.  Air was t h e  lubricarrt. Since the  lubricat ing films 
were very t h i n  and t h e  angle of incl inat ion small, they were measured 
by emplaying interference bands by passing sodium l i g h t  through t h e  
apparat-a. The author suggests tha t  t h i s  method might be applied t o  
cyl indrical  bearings. Considerable data  are  presented on speeds, loads, 
fiLq thic'mess and angle of inc l ina t ion  of the  blocks. Typical data  s h ~ w  . 
slopes varying from a minimum of 0.137 minutes t o  a maximum o 1.93 minutes d and mean f i lm  tficknesses varying from a minimum of 113 x 1 cr t o  a 



maximum of 1290 x cm. Correlation batween f a c t  and theory i s  good. 
There i s  an extended discussion on aspects of i n s t a b i l i t y  t h a t  were 

observed with cer ta in  of the t e s t  blocks. The author has studied these. 
a f ac to r s  extensively and presents ' theory and data  with the  hope t h a t  cer- 

t a i n  problems may be solved ' tha t  a r e  assoc,iated with the  application of 
a i r  o r  o ther  gases t o  the  lubr ica t ion  of machinery bearings. . 
250 
STONER, G.H., nAir Bearing, Gyroscopep* U.S. Patent 2 474 072, issued 1949. 

The invention i s  f o r  gyroscope appl icat ion and eliminates the  need 
f o r  a gimbal r i ng  when the  spin ax i s  requires freedom only within a cone 
of 2 20° from the  axis of the  mount. The ges, introduced through a 
fixed hollow sha f t  with a b a l l  a t  i t s  end, en te rs  an a i r  chamber from 
which some escapes through "Bernoulli passagesn formed by the  b a l l  and 
adjacent corresponding spher ical  surfaces formed i n  the  wheel o r  ro- 
t a t ab l e  member. The balance.of the gas produces t h e  ro ta t ion  by escap- 
ing to the  atmosphere through properly angled propulsion j e t s  located i n  
the  periphery of t he  gyroscope. The bes t  clearances f o r  t he  Bernoulli 
.passages (bearing f i lm  thicknesses) u e  said t o  depend i n  part upon the  
pa r t i cu l a r  design and the  conditions of operation, and f o r  optimum oper- 
a t i on  a re  bes t  determined by experimental means. 

,251 
.. SUGIHOTO, Y . , "The Theory 'of Air ,Bearings ," (1n . ~ a ~ a n e s e )  

JSME, Val. ,173 ,NO. 63 , 1951:, PP- 12-15 - 
The a i r  bearing w i l l  run without t he  so-called lubr icant  and the  

f r i c t i o n  i s  very low. I n  t h i s  paper, I dea l t  with, from a purely theor- 
e t i c a l  point of view, the  use of air t o  diminish the  f r i c t i o n  between 
bearing surfaces  without any conventional lubr icant .  

In conclusion, a i r  bearing i s  employed generally f o r  high speed and 
l i g h t  load. 

The fundamental equation f o r  a i r  bearing is: 

where p i s  the  p+essure of a i r  i n  bearing clearance, a i s  the  eccentrici.ty, 
P f s the  densi ty  of. a i r ,  R i s  the'  radius  of ' journal ,  A i s  . t he  v i scos i ty  of 
a%r ,  U i s  the  l i n e a r  ve loc i ty  of s l i d ing  surface, mR i s  the  dis tance be- 
.tween shaf t  center  and bearing center ,  0 i s  the  angle of coordinates, and 
z i s - t h e  a x i s  of coordinates. ( ~ u t h  ) 



252 . . 

SrSupersollltc Compresso~, Sulzer Technical Eeview 3, i958, pp. 62-65, 

Iln i n d w t r i a l  comern, ~ u l z b r ,  in Switzerland has b d t  a high 
speed cmpressop in M c h  the  bearings ars lubricated with the  gas being 
pumped. 

253 
TAFT, H,, G o  LILLIE, rfExpe~iments with an &ernally Pressurized A i r  

Bryant Chucking a d  Grinder Coo, Research and &perimentcd 
Report No. 23, Springrield, V t o ,  1950. 

Thls i s  the  f i r s t  of a ser ies  of irrternal reports of experimental 
work done a t  B r y a n t  Chucking and Grinder C o .  on externally pressurized 
air-lubricated bearings, Using two opposed, s t a t i c ,  pa ra l l e l  plate ,  
t h rus t  type bearings, the  authors investigated the  effect  of bearing 
clearance, and number o f . a i r  i n i e t  holes, as well as the  length and 
diamet.er of the  holes. The resul t s  are plotted as load versus deflect ion 
f o r  various supply pressures (20 t o  50 ps i ) ,  The work i s  surmnarized f o r  
50 p s i  i n  three plots  of. "MaxfmMI Bearing Modulus" versus each of the  
variables,  

254 
TAFT, H,, Go LILLIE, wExperiments with an Externally Pressurized A i r  

Bearing," Bryant Chucking and Grinder Coo, Research and Experimentzrl 
Report No, 24, Springfield, Vt . ,  1950. 

T h i s  is  the  second in a se r i e s  of in terna l  reports of experimental 
work done a t  Bryant Chucking and Grinder Company on externally pressurized 
air  bearings. For pwposes of t h i s  report a simple, single,  t h rus t  
type bearing was we'd both with and without a recess o r  pressure pool, 
Investigation was M e  on the  ef fec t  ,of -internal and external resistances 
and pool depths, The information gained w a s  then applied t o  a journal 
bearing, which did not function as well as was expected, A s e r i e s  of 
modifications and additional t e s t s  resulted i n  a bearing which appeared 
t o  give s a t i  sf actory performance, 

255 
TUT, H,, G, LILLIE, wEkperiments with an Externally Pressurized Air 

B e a ~ f n a ; , ~  Bryant ChucHng and Grinder Co,, Research and Experimented 
Report Noo 25, Sprfigffeld,  V t , ,  1950, 

Thfs is the  t h i r d  in a se r i e s  of in t e rna l  reports on experimental 
work done a t  Bryant ChucEng and Grinder Capany on externally pressurized 
air bearings. This report covers a se r i e s  of s t a t i c  t e s t s  t o  obtain load 
deflectfon values f o r  p lo t t ing  graphs of a number of designs of cylln- 
cMca9 externally-pressurized air lubricated bearings f o r  the  purpose 
of determinfng approximately optimum designs f o r  a wheelhead t o  be used 
fn actua l  grinding t e s t s ,  (Auth) 



The authors tested the performance of a number of d e s i ~  of pool 
type bearings (various pool depth and bearing lengths, etc. ) using the  
slope of the load-deflection curves as the basis of aamparisons. It wolfid 
seem from the i r  report that  they were entirely sa t is f ied  that  they had 

8 achieved a near optimum design of a bearing for  a specified purpose. 
9 

TANIGUCHI, O., (184) 

256 
TAUGCHEP, V. A., J. M. SLATER, J. EMMI, ??Double Ball C)gr.o Precession h i s  

Bearing," U. S.' Patent 2 644 727, issued 1949. 

An axternally pressurAzed gyroscope type, spherical, gas lubricated 
bearing is proposed. One difference from previous bearings is  the use 
of nhigh gressuren* (80 ps i )  air. 

TAUSCHER, V. A., (247) 

25 7 
TAYLOR, G. I., P. G. SAFFNAN, ttEffects of Compressibility on Air Flow 

a t  Very Low Reynolds t Numbers ,n Journal of the Aeronautical Sciences, 
Vol. 24, No. 8, Aug. 1957, pp. 553-5620 

' . T h i s  paper is  a discussion. of Reiner ts paper, "~esearch' on the 
. Physics of A i r  Viscosity". I n  it, Taylor mentions the  possibi l i ty of ' 

'a occurrence of two conditions which could have influenced Reinerts axpe'i- 
ment s . 

(1) The effect  of s l ight  errors i n  the perpendicularity t o  
the  axis of rotation of e i ther  the s ta to r  or  the  rotor, 
and 

(2) -The effect  of rotor  vibration i n  the axial direction. 
Taylor then goes' on t o  show mathematically that, with an inccenpressible 

f lu id  between the  platen, neither the  t i l t i n g  action nor vibration could 
cause a pressure r i s e  of the  magnitude which Reiner observed. On the  
other hand, .with a campressible f lu id  between the  plates, ei ther  the 
' t i l t i ng  action, or vibration, or  a canbination of the  two c d d  account 
f o r  the results  noted by Reiner. 

A discussion "On the  Reiner-T8ylor-Saffman dileroma," by M.Z.V. . ' 

. Krywoblock, appears on pp. 915-936 of the December 1957 issue of the 
Journal of the Aeronautical Sciences. 

258 
TIPEI, N., nConsiderat ii Asupra Calculului Lagarelor Prin Alunecare, 

(~e thods  of Calculation fo r  Sliding ~ e a r i n ~ s )  ," Bul. S t i i n t  . Acad. 
R.P.R., Sectirmea de S t i in te  Technice a Chbice, 1952, 4, 3-4, 291. 

(Paper not ,available f o r  review as of July 1, 1959. ) 



. . 

259 
TIPEI, N., t t ~ c u a t i i l b  Lubrif icat ie i  cu Gaze  h he ~ ~ d i o n s  of Gas Lubri- 

cation) ,??' Cornwdcarile Acad. R.T.R. Buchzrest , 1354, Vol. 4, \?o. 11- . . 
12, pp, 699-704. . 

(paper not, available f o r  review a s  of July 1, 1959, ) 

26 0 
TIPEI , N o  "Hidro-Aerodinamica Lubrificat i e i  (~~dro-Aerodynamic Lubrica- Y t ion, ,"  Biblioteca S t i in t e lo r  Tehnice, Editura Academiei Republicii 

a Populare Romine, Bucharest, 1957. 

The bulk of t h i s  695 page book i s  devoted t o  the  development of 
m&hemtical expressions i n  t h e  theory of lubricat ion with incompressible 
f lu ids ;  or iy  t h e  l a s t  65 pages deal  with gaseous lubricants,  However, 
t h e  work cmtahed jin the  document i s  so extensive and so complete t h a t  
experts i n  t h e  f i e l d  of lubricat ion consider it one of t h e  best books i n  
lubr ica t ion  piiblished t o  date. 

The reader may note a s h i l a r i t y  i n  t i t l e s  of papers on gas bearings 
by Constantinescu and chapter subheadings in t h i s  book. Being a former 
student and presently a. colleague of Tipei, Constantinescu would be ex- 
pected t o  p i t e  and possibly extend the  work'already done. 

The book i s  currently being t ranslated from the  Rumanian t o  English 
through the  ' e f fo r t s  of .Dr. We A o  Gross of IBM and w i l l  be made .available 
probably l a t e  in 1960. 

261 \ 
TOPANELIAN, E., 'JR., ~ o u r n a l  Bearing," U. S. Patent 2 696 410, issued \, 

19540 \ 

A porous material  i s  made t o  form.the bearing s h e l l  and one of t h e  
mating th rus t  surfaces. The 1ubricant;either gas o r  l iqu id  5s forced 
through the  porous medium which, being tortuituous,  of fers  a high resis-  
tance t o  flow and the  e f f ec t .  i s  t h e  same as  havirig an i n f i n i t e  number 
of o r i f  ices. A s  described, t h e  b e b i n g  has se l f  -,centering capabi l i t ies  
such a s  orFfice-type bearings would have. 

262 
VANCE, M, D . , "The Characteristics of a Mult i-Orifice Journal Air Bearing,'t 

Curtiss Wright Corp,, Report No. 49-6, a lso ASTIA, AT1 56 113, 

A-compilation has been made of 'experimental data  i l l u s t r a t i n g  t h e  
charac ter i s t ics  of a multi-orifice journal air-bearing r e l a t ive  t o  s t i f f -  

. ness and load capacity, (Auth) 
A s  t he  author s t a t e s ,  t h i s .  report  contains experimental data,  How- 

ever, no firm concl.usions a re  drawn and ' the  paper proves t o  be merely a 
presentation of extensive data  in appropriate curves, For p rac t i ca l  pur- 
poses it appears t o  have value f o r  only the  type of bearing t h a t  was in- 
vestigated* 
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VAN D-ER, J. H., nCounterbalanced Bearing," U. S, Patent 1 070 088, 
issued 1913. . 
In  engines of the twin rotary type, (compressors), the impactive 

and expansive force of the motive f lu id  supplied t o  the engine i s  brought 
t o  bear a t  one side of the  rotors, This produces an excessive l a t e r a l  
thrust on the rotors and causes the bearings which carry the same t o  
wear unevenly. 

The general object of t h i s  invention has been: t o  provide a bearing 
which shal l  u t i l i z e  the pressure of the f lu id  supplied t o  the engine t o  
counterbalance the  l a t e r a l  thrust  caused by the f lu id  entering the  rotors 
of the  engine. (Auth) 

The engine is adapted t o  be driven by steam. However, steam, com- 
pressed a i r ,  o r  any f lu id  under pressure may be used for  motive power 
and fo r  the  bearings. 

VIAL, P. I?., (27) 

VIEW'G, R e ,  ( 1 ~ )  

264 
VITFUOZZI, W, J,, "Report of an Investigation on Water and Steam 

Lubricated Bearings ,11 EES Report, ' C-3229-C NS-6 33-008, 9 June ,19509 
ASTIA No. AD I47 283. 

Journal bearings using steam or  water fo r  lubrication w i l l  f ind wide 
application i n  turbines, pumps, and other rotating machinery. The use 
of t h i s  type of bearing and lubricant would permit the design of exceed- 
ingly compact and rel iable machinery. Immediate saving in weight and 
space would result  through the  elimination of 'seals, glands, lubricating 
o i l  sumps, pumps, coolers, f i l t e r s ,  strainers, and piping. 

T h i s  report covers the results  of preliminary work in the develop- 
ment of journal bearings fo r  service with steam o r  water lubrication. 

To date, various materials have performed sat isfactori ly with water 
lubrication. Under steam lubrication, h o m e r ,  only one class of bearing 
material, namely, s i lver  impregnated carbon, has shown promise of satis- 
factory performance. 

The report concludes k i t h  the recomendat ion that  this investigation 
continue, using ther materials found satisfactory t o  permit establishment . 
of material specificat ions and engineering designs. ( Auth) 

265 
VOGFWOHL, G., nBetriebasichere Gleitlaer,.Berechnungsverfahren fuer . . 

Konstruktion und Beitrieb (sliding Bearings Calculations and Design .. 
'for Safe Operation) ," Springer, Berlin 1958 f o r  " A i r  Bearings," pp. 

.. 120-121, 128-1290 

I ( ~ o o k  not available fo r  review a8 of July 1, 1959. ) 

VOGT, P. R., (192) 



266 
IALLOGREN, A. G. F., "Bearing," U. S. Patent 2 113 335, issued 1938. 

A description i s  g2;sn of a 5 c s r i ~ g  :;ithin a b e m i x  t o  be U S P ~  

principal ly  where inaccuracies in alignment may occur. The shaf t  i s  
contained i n  a gas-lubricated bearing which i n  t u r n  i s  par t  of a cardan 
ring; t h e  en t i re  cardan r ing uni t  being f r e e  t o  move within a second 
b caring shel l .  

26 7 \ 
WBER, R. R e ,  ltInvestigation of Dynamic Response of Hydrodynamic Gas 

Bearings," U.C.L.A., MS Thesis, Los Angeles, Calif, 1952. 

The author s t a r t i n g  with the  Mavier-Stokes equation in vector no- 
t a t ion ,  t ransf  orms it . to  cyl indrical  coordinates, makes various assmp- 
t ions  and introduces his  boundary conditions t o  earrive a t  t he  equation 
f o r  flow between f l a t  pa ra l l e l  disks. A t  this point he introduces a 
denslty term and solves f o r  the  pressure distributLon Li-1 t he  bearing 
showing it t o  be approximately l inea r  across t h e  s i l l  (recess pressure 
t o  atmospheric Using t h i s  relationship,  an expression f o r  
load carrying capacity i s  found. The equation f o r  weight flow through 
t h e  bearing is then equated t o  the  weight flow through an o r i f i ce  and 
a f t e r  constant temperature is  assumed, the  f i lm thickness is determined. 
The work is  ther? applied t o  a discussion of opposed pad bearings. 

Cocsidering only the  steady s t a t e  parameters, t h e  author imposes 
l h i t s  on the  minumum operating gap and applies a forcing function 
4x - A cos a t ) .  The spring r a t e  function is  approximated by typica l  
funct.lons and t h e  coeff ic ients  determined by a curve f i t t i n g  technique. 
Laplace transforms are then snployed, t o  arr ive a t  Duffingws equation, 
which c u l  be solved hy a method of successive z>praitimztio-i. 

The r e s t r i c t  or . (o r i f i ce  ) i s  "blamed1' for.  cer ta in  .departures 'between 
theore t i ca l  and experimental data. 

The author concludes from his work t h a t  t he  compressibility e f fec ts  
of t h e  gas trapped i n  t h e  bearing can be c.onsidered negligible f o r  low 
frequency osci l la t ions,  and.the dynamic response t o  ~ s c i l l a t o r y  loads 
majr,be predicted on the 'bas i s  of steady s t a t e  character is t ics .  

268 
WEEER, R. R., "The Analysis and Design of Hydrodynamic Gas Bearings," 

North American Aviation, Inc., Report AL-699, 1949, Los Angeles, 
Calif. 

Thf s report  presents the  fundamental theory of operation of single- 
d i sc  pad, and journal types of gas bearing supports from the  standpoint 
of gas co~sumption and load-carving ab i l i t y .  An atternpt has been made 
t o  i l l x s t r a t e  the  optimum or desirable values f o r  t h e  d i f fe rent  bearing 
parameters. Two typ ica l  examples, a spherical bearing with four  pads 
and. a journal bearing, have been worked out t o  i l l u s t r a t e  t h e  design 
techniques which were developed. (Auth ) 

The auti.ror,in a bather neat ly  prepared paper) car r ies  the reader i n  
a s t ep  process f.rm the  analysis of f l o w  between p a r a l l e i  plates ,  even- 
t W l y  t o  the  design of t ~ -  types of external ly  pressurized gas-1ubricat.ed 
rnul t ip~d bearings. His brief  treatment of the  preload ef fec ts  on t h e  



spring r a t e  of opposed bearings is made clearer  hy the  use of su i tab le  
sketches and, as yet,  has not been discussed elsewhere i n  the  gas bearing 
lit e r a t t r e  = 

Journal bearings are  t rea ted  as a se r i e s  of rectangular pads, The 
momentum ef fec ts  are  considered negligible as i s  t h e  tangent ial  flow (be?- 
tween pads, ) Since the  entrance pressure of the  gas and the  f i lm thick- 
ness, h, depend on the  location of the  journal i n  the  bearing, t h e  neces- 
sary equations a re  derived r e l a t ing  bearing i n l e t  pressure, eccentr ic i ty  
and angular posi+,ion of the gas in l e t .  The load-carrying a b i l i t y  of t h e  
bearing i s  then obtained. 

Having dea l t  with the  principles of bearing operation, a t ten t ion  is  
then directed t o  t h e  design considerations with emphasis being placed on . 

minimum power required or minimum gas cons~imption. The two examples given, 
the  design of a &pad supported sphere and the design of a journal bearing, 
contain numerical solutionso 

26 9 
Ifl3IR, A., J. Lo YORK, R. Be MORRISON, "Two and Three Dimensional Flow of 

A i r  through Square Edged Sonic Orifices," ASME Paper Noo 54-A-112, 

I n  t h i s  investigation, t he  t-wo-dimensional flow of air through rac- 
tangular and t h e  three-dimensional axisymmetrical flow of a i r  through 
circular ,  square-edged sonic o r i f i ces  was examined underpressufe r a t i o s  
ranging from 1.894 t o  42.0 (upstream stagnation pressure downstream s t a t i c  
pressure ) . Mass flow measurements were made using a primary metering 
system, rather  than another o r i f i c e  o r  nozzle. Optical techniques were 
used t o  obtain pictures of the  flow upstream, within the thickness of 
the  o r i f i ce  plate ,  and downstream of the  or i f ice ,  Evidence i s  presented ' 
i n  t h i s  paper which indicates t h a t  square-edged sonic o r i f i ces  can be 
t rea ted  as sonic nozzles by i l t i l i z ing  the  concept t h a t  t he  a i r  "turning 
t h e  cornerrr of t h e  o r i f i c e  plate ,  i n  e f fec t ,  makes i t s  own nozzle. It 
i s  believed t h a t  t h i s  in te rpre ta t ion  of experimental observations i s  i n  
f u l l  agreement with establisned principles of aero-and therniodynamics, 
( ~ u t h )  

' 270 
WEIR, J. G., "Selected Bibliography on Precision Instrument and Fluid , 

Bearings with Annotations," Materials Report No. 48 pp 28-35, U, S, 
Naval Avionics Fac i l i ty ;  Indianapolis, Indiana, 3-U-57 

This bibliography is the  r e s u l t  of an extensive survey of t h e  en t i r e  
f i e l d  of prmi  s ion instrument b a l l  bear-lngs and fluid bearings. The 
survey was made t o  evaluate the  current s t a t e  of the  art as one phase 
of a bearing resdarch program. The bibliography i s  intended t o  include 
a l i  matterial pertinen* t o  precisiurl hstrmweilt b a l l  bearings and f l u i d  
bearings. The mater ial  included on jewel bearings is  l e s s  complete. ( ~ u t h )  

The sect ion on f l u i d  bearings, pp. 2-35, contains references on gm 
lubricated bearings. These references are  included as par t  of t h i s  biblio- 

graphy 0 - 83 . -  



271 
WELANETZ , L. F . , "A Suction Device Using ' Air Under Pressure," Journal 

ASMI? Val. 78, &me 2.956,- pp; 269-2720 3f A ~ ~ 1 i e 3  Mechanics - Trans. .----, - 
Discussion March 1957. 

An analysis i s  made of the  suction holding power of a device in which 
a f l u i d  flows rad ia l ly  outward from a central  hole between two p a r a l l e l  
c i rcu lar  plates.  The holding power and t h e  f l u i d  flow ra t e  a re  deter- 
mined a s  functions of the  p la te  separation. The ef fec t  of changing the  
proporbions of t h e  device is  investigated. Ekperiments were made t o  
check t h e  analysis. (Auth) 

Welanetz gives a more elaborate treatment t o  the  problem f i r s t  
attacked by Willis i n  1829. Using the  general energy equation of steadar 
flow and accounting f o r  the  various energy losses  along t h e  path, he 

' derives the  equations describing the character is t ics  of t h e  device. He 
then attempts t o  ver i fy  h i s  theory by experiments. Fai lure  of t h e  
theore t ica l  and experimental r e su l t s  t o  agree i s  a t t r ibuted  by t h e  author 
t o  flow separatPon occurring a t  the  t r ans i t ion  from the  small tube t o  t h e  
space between t h e  plates  (see Paivanas. ) 

In  h i s  closure, a f t e r  Zaidls discussion Welanetz a l so  notes t h e  
poss ib i l i t y  of shock waves occurring. The ef fec t  of t h i s  and other fact.ors 
such a s  the  compressibility of a i r  a re  not included here in what the  
author r e fe r s  t o  a s  a simple theory. 

272 
WESTINGHOUSE, G., "Vertical Fluid Pressure Turbine," U. S. Patent 745 400, 

issued 1904. 

I n  a ve r t i ca l ly  mounted s t e m  turbine, t h e  ve r t i ca l  load i s  sup- 
ported by the  pressure of atmospheric a i r  (or compressed a i r ) .  The 
necessary pressure d i f f e r e n t i a l  r e su l t s  from .a p a r t i a l  vacuum caused.by 
condensing the  steam used t o  drive t h e  turbine. 

I n  t h i s  design, as  in many of t h a t  date, no attempt was made t o  
"designtt ar, pressurize'd bearing of the types generally i n  
use today . I n  genera1,use was made of t h e  load carrying 
a b i l i t y  of a constrained volume of pressurized fluTd with l i t t l e  atten- 
t i o n  paid t o  flow. The other extreme was t o  use t h e  push ef fec t  of chm.ge 
in mome!rbvm d i r e c t l y  over t h e  f l u i d  ' i ssuing from a je t .  

273 
IqIPPLE, Re T . P . , "Herringbone Pattern Thrust Bearing," A.E.R.E. , T/M 29. 

(Paper.not avai lable  f o r  review as  of July 1, 1959.) 

274 
WHIPPU, Re T o  Po, "Theory of t h e  Spi ra l  Grooved Thrust Bearing with 

Liquid o r  Gas Lubricant," Atomic Energy Research Establishment 
T/R. 622, 1951. 

The s tated object of this paper was "to calculate t h e  th rus t  f o r  
%he s p i r a l  growe thrus t  bearing, and t o  f ind  t h e  optimum shape of the  
grooves a t  low speedOtf This type of bearing. uses constant-depth grooves 
cut i n t o , t h e  surface of a c i rcu lar  p la te  t o  generate, hydrodynamically, 



a thrust-carrying distribution within t he  bearing. The load 
carrying capacity is  derived analytically fo r  both incompressible and 
compressible flow. The.theoretical work i s  very couplicated, even with 
simplifying assumptions, and the  text  i s  diff icult  t o  follow becausd a l l  
of the  steps are not indicated or made clear. Some curves are presented 
fo r  a particular spi ra l  configuration which allow the designer t o  predict 
the  load carrying capacity under varging conditions of viscosity, film 
thickness, relat ive velocity, ambient pressure and bearing dimensions. 

275 
WHITE, F. M., JR., B. F. BARFIELD, M. J. GOGLIA, "Laminar Flow i n  a 

Uniformly Porous Channel," Journal af Amlied Mechanics, Trans urn, 
Vol. 25, No. 4, Dec. 1958, pp. 613-617. 

I Presents the  general solution of the  ~avie&tokes equations for  
flow between porous paral lel  plates. The assumptions made in  this analysis 
are  as follows: (a) The flow i s  steady, viscous, and laminar; (b) Flow 
conditions do not vary in the  z-direction (a two-dimensional problem is 
prescribed), (e)  The condition of uniform porosity is  simulated by pre- 
scribing a constant normal, velocity a t  the walls. (Auth) 

The use of porous materials has been considered fo r  gas lubricated 
bearings. This reference is included as a possible source of contributory 
inf oxmation. 

276 
WLESE, B. B., "Development of Design ~nformation f o r  ExternaJ-ly Pres- 

surized Gas Bearings,'? Sc.B. Thesis, BUT, Cambridge, Mass., 1956. 

By determining the effect of changing the  clearance, design infor- 
mation i s  developed experimentally fo r  a specific hydrostatic a i r  bearc 
ing with inherent orif ice compensat ion (see ~ichardson) . Results of 
t e s t s  fo r  bearing supply pressures t o  400 psig are presented. (Auth) 

The tes t ing reported appears t o  be part of a broad program being 
carried out a t  the  Dynamics and Control Laboratory of MIT. The data 
collected by the  author is  extensive and it should prove t o  be a valuable 
contribution. 

WIGHTMAN, L. W., "Air-Driven Spinners," Machine Desian, Val. 20, No* 5, 
b y  1948, pp. 121-125 

The author t e l l s  of the  d u f i c u l t i e s  he experienced i n  building a 
high rotatfng speed machine fo r  tes t ing comutators. He admits rather 
frankly that  some of the  problems were solved by cut and try and others 
s t r i c t l y  by accident. I n  the end, an acceptable working devlce Was 
evolved. 

A bearing designer would do well t o  consider the  di f f icul t ies  en- 
countered and described here. 

278 - WiLCOCK, D. F., E. R. BOOSER, "Bearing Design and Applications," McGraw 
K.LIl, No Y o ,  1957, PP. 356-3660 

Contains a small amount of information on gas bearings. 



279 
WILCOX, R. M., " A i r  Bearing," U. S. Patent 2 683 635, issued 1954. 

This patent contains many ideas. The inventor points out various 
methods by which the  s t a b i l i t y ,  load carrying a b i l i t y  and s t i f fness  . o f .  
t h e  external ly  pressurized gas bearings may be improved. These methods 
include t h e  use of porous materials and shaping of the  bearing surfaces, 
W h i l e  many versions of these methods are  presented, t h e  basic ideas a re  
t o  provide 'a r e s t r i c t ion  t o  gas flow before it enters t h e  space between 
the bearing surfaces or  before it leaves the  bearing sur face ,  t o  divorce 
t h e  supply from the  f i lm and t o  keep t h e  volume of tttrappedn gas t o  a 
minimum, 

While there i s  no extensive mathematical treatment given, t h e  dis- 
cussion of theory concerning vibration of gas bearings appears t o  be 
thorough and sound. For other work on s t a b i l i t y  of hydrostatic bearings 
see Licht. 

280 
WILDE, H., "On t h e  Velocity' with which A i r  Rushes in to  a Vacuum, and on 

Some Other Phenomena Attending the  Discharge of Atmospheres a t  
Higher i n t o  Atmospheres of Lower Density," Proc;Y!nchester Literally 
and Phil. k.', Vol. 25; 1885, pp. 17-34. -- 
This i s  a presentation of experimental r e su l t s  of ' air-flow thro--gh 

s small opening. I n  h i s  work t h e  author experienced t h e  e f fec t  of a 
c r i t i c a l  pressure r a t i o  but did not recognize it a s  such. Since the  
numerical data a r e  r e l a t ive ly  simple t o  reproduce, t h e  paper has, perhaps, I 

only h i s to r i c  value. For a more complete discussion of t h e  experiment, 
and t h e  correct in te rpre ta t ion  of the  r e su l t s  see t h e  reference by 
Reynolds. 

281 
WILDMANN, M,, "?kperimerrts on Gas- Lubricated Journal ~ear ings ,"  ASME 

Paper No. 56-LUB-8. 

Experiments performed on hydrodynamic gas-lubricated journdl bearirlgs 
a re  described, and r e su l t s  obtained a re  presented. During these experi-- 
ments, radius, gap, length, speed, ambient pressure, and ambient gas 
were varied, and t h e  effect  of each variable  on bearing deflect ion 
(eccentr ic i ty)  and a t t i t u d e  angle noted. Axial and r ad ia l  pressure dis-- 
t r ibu t ions  a l so  have been obtained. ( Auth) 

The author approaches his problem i n  a c r i t i c a l  manner, attempting 
t o  achieve utmost accuracy and precision in his experiments. Many prob- 
a ~ l e  sources of e r ro r  a re  noted'and t h e i r  e f f ec t  on the  data  evaluated. 

' The experimental r e s u l t s  a re  well  presented in sui tab le  curves. However, 
t h e  discussion of them i s  ra ther  abbreviated and some par t s  of t h e  re- 
sults l e f t  unexplained. 

From his data, t h e  author expects t o  obtain empirical re la t ions  
between the  various parameters affect ing compressible f l u i d  lubricat ion 
and with these predict  t h e  performance of such bearings. This work d l .  
be published i n  another paper. . .  
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WILDMANN, M., "The Behavior of Gas Lubricated Journal Bearings," M.S. 
Thesis, UCLA, January 1957. 

A perturbation solution t o  the differential  equation describing the 
behavior of a f u l l  gas-lubricated journal bearing of in f in i te  width i s ,  
obtained. An exact solution t o  the same differential  equation for  the 
limiting case of inf in i te  speed i s  also obtained. From these solutions, 
expressions fo r  load capacity, at t i tude angle. and f r i c t ion  forces are 
derived. The expressions are then compared t o  expressions fo r  a similar 
bearing using a non-compressible lubricant. This comparison shows tha t  
there are large differences i n  the behavior of bearings using compressible 
and non-compressible lubricants . ( Aut h) 

I n  t h i s  thesis,  the effect of an: association between the  author and 
Ausman i s  noticed i n  that  a perturbation solution i s  obtained for  the 
equation of hydrodynamic 1ubric.a-tiion with compressible fluids. I n  fact ,  
here the  author carries the solution a step further and includes th i rd  
order terms which Ausman neglected. 

I n  the appendix the  author carries out the perturbation solution 
in a step by step process for  the f i r s t ,  second and th i rd  order solutions. 

283 
WILDMANN, M., "he Load'Capacity and Attitude Angle of Gas Lubricated 

Journal Bearings," Presented June 18, 1958, ASME Semi-Annual Meet- 
ing, Detroit, Michigan. .. . 

From experiments performed on gas lubricated journal bearings, s d -  
empirical equations giving load capacity and a t t i tude angle of these 
bearings are derivep.' These equations are  then ,compared t o  available gas 
bearing theory and 'it is  shown that  fo r  small eccentricities,  the equations 
obtained are adequate t o  predict the  performance of gas lubricated bearings. 
(Auth) 

The reader should take particular note tha t  the author i s  present- 
ing semi-empirical relations. The data are taken from previous work by 
the  same author. 

WILDMANN, M., (15) 

284 ' 

WIGIS, REV. R., "On the  Pressure Produced' on a Fla t  Plate when Opposed 
t o  a Stream of A i r  Issuing from an Orifice i n  a Plane Surface," 
Trans-Cambridne Phil. Societs, Vol. 3, 1828, pp. 121-140. (Microf i.lm - 
or photostat available from Library of Congress. ) 
The author attempts t o  explain the suction effect produced when a i r  

flows between two f l a t  disks.. By comparing the phenomenon taking place . .  

with that  which occurred in an experiment explained by Hanksbee i n  1719, 
he concludes tha t  there is  a rarefication (and therefore a lowering of 
pressure between the plates) due t o  the "jetw action. 

This was one of the f i r s t  sc ient i f ic  type experiments conducted on ' 

what i s  now termed a vaneless, radi'al diffuser. That ' the problem is  s t i l l  
of in teres t  i s  evidenced by the  recent paper by Welaneti. : 



\JCJTECH, K., (78)  

285 
WOOD, W e  H., "Counter Balance f o r   journal^,^^ U. S. Patent 466 645, 

issued 1892. 

Provision i s  made f o r  automattcally varying the  gas pressure i n  a 
hydrostatic bearing t o  compensate f o r  increased load. 

286 
WOODROW, J., "The S tab i l i ty 'o f  Gas Bearings," A.E.R.E. ED-35, July 11, 

1950, 2 pages. Available USAEC on microcard. 

. I n  gas bearings involving divergent flow, a r i s e  i n  pressure along 
thechannel  due t o  the  Bernoulli effect ,  i s  superimposed on the  pressure 
drop due t o  viscosity. Under certain conditions t h i s  leads t o  an un- 
s table  gas film. A preliminary investigation in to  t h i s  e f fec t  was made 

. . and i s  presented. (Nuclear Science Abstracts 13-5643.) 

287 
WORDSWORTH, D. V., "The Viscosity Plate  Thrust Bearing," A.E.R.E. , E*/R- 

2217, Oct. 1952. 

I n  Part 1 of t h e  report, t he  aerodynamic theory of viscosi ty p la te  
bearings is  considered. Taking in to  account a s  many aerodynamic effects 
a s  possible, a new method of performance prediction i s  developed. The 
method i s  a simple one and easi ly used. Results given by it agree qui te  
we11 with the  existing one by Whipple. However, neither of these methods 
predicts the  experimental results within an accuracy of 3& a t  speeds 
below 9000 rpm. A t  higher speeds there is  no correlation a t  al l .  The 
theore t ica l  curves show t h a t  t h e  thrust  i s  a linear function of speed 
throughout t h e  ent i re  range whereas the  experimental curves indicate a 
decided change i n  slope a t ,  about 1C,000 rpm from' which point on t h e  
thrus t  i s  nearly constant f o r  a l l  speeds. The author being acutely 
conscious cf this discrepancy attempted t o  find an explanation f o r  it and 
in Part 2 investigated t h e  ef fec ts  of centrifugal action on t h e  gas, 
heating of:the gas due t o  f r i c t i o n a l  losses,  t h e  r a t i o  of bearing glear- 
ance t o  the  mean f ree  path of t h e  gas molecules (see Burgdorfer) and 
f i n a l l y  d is tor t ion  of the  grooved plate  under pressure load. The l a s t  of 
these i s  shown t o  have a considerable influence as  plate  deflections 
reach a maximum of about f i v e  times the  nominal gap and moreover vary 
considerably with radius and around the  disc. The author concludes that 
t h e  theore t ica l  methods discussed, while evidently s t i l l  valid, a re  not 
applicable t o  the  experiments conducted since they are based on constant 
p la te  clearance and unable t o  cope with the  elastLc ef fec ts  noted. 
(Author - Paraphrased. ) 
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WNSCH, He Lo, "Design Data f o r  Fla t  A i r  Bearings," Metalwor kinq .- Produc- 

t ion, Sept. 26, 1958, pp. 1697-1704. - 



A fundamental investigation on air bearings is being carried out by 
the  Mechanical Engineering Research Laboratory, and a8 a f i r s t  step t e s t s  
have been carried out on one form of f l a t  air beariw. This article 
gives the relationships that  have been derived between design parameters, 
and i l lus t ra tes  t he i r  application . . with a design example. (Auth) 

YORK, J* L o ,  (269) 
\ 
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YOSHIRA, K., S. NO-, "Theory of Lubrication by a Compressible Fluid 

vi th  Special Reference t o  A i r  Bearing," Second Japan National congress 
Appl. Mech. 1952, Science Council Japan, ToMo 1953, pp. 267-270: 

\ (Paper not available fo r  review as  of Julp 1, 1959. ) 
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Z I I D ,  M o p  Discussion of "A Suction Derice Using A i r  Under ~ e s s u r e , ~  by - 

We1an.t~. , .  Journal A ~ l i e d  Mech., Trans. 1957, PP. ;156-. . . 
158. . . . . 

L .' 

The author discussing the  paper by Welanete, notes that  two pressure 
forces were neglected i n  the o r i g i d  analysis and proceeds t o  make the  
necessary corrections. However, his theoretical results  d i f fer  from the  
experimerrtal ones even more * than do those by Welanete. 

Both authors agree tha t  an even more comprehensive theory is re- 
quired. I 

ZUmIJEHp T* Pop (73) 
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548 363. 72 1942 Crewd&on, E. Improvements i n  and 
Relating to  Bearings 
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685 87p 1ll 1952 Gerard, P, Improvement i n  Fluid 
Bearings 

" 796 926* : 175 1959 Montgomery, A. Gas Lubricated Bearings, 
F, Sterry 

RE 2 0 , 3 0 5 ~  153 1937 Klahn, E, Apparatus f o r  Minimizing 
Friction and Vibration 
of Rotor Elements. 
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7 466 645 285 1892 Wood, W, H, Counter Balance fo r  

Journals 

754 400 
. . 

272 1904 Westinghouse, G. Vsrtical Fluid Ressure , ,  ' 

Turbine, 

816 330 145 1906 Johnston, T. Jo , Frictionless Bearing 
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Speeds, 

974 392 147 1910 Junggren, 0. combined. Thrust , and . . 
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1 030 153 18 1912 Barbezat, A, Device to  Balance 
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1 067 727 94 1913  redr ricks on, J. Bearing for  Car-Axleo 

I 1 0 7 0 0 8 8  263 1913 Van Deventer, J, H. Counterbalanced Bearing* 

*Issued by Great Britain, 
*Reissue of U.S, Patent 2 054 055. 
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Gas-Lubricated Bearing. 

Compass. 

1 629 577' 1 1927 Klahn, E.. A r t  of Sustaining 
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Running Shafts Using 
B a l l  Bearings. 

1 906 715 191 1933 Peni,ck, E. R. , . A i r  Bearing. 
. . 
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