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, Oil-Free Turbomachinery Program

Background

NASA’s missions to revolutionize aviation and
explore space require the development of
revolutionary, long-life, high performance, high speed
rotating machinery systems.

Challenge

A revolution In rotating machinery performance can
only be achieved through radical changes in the
foundational rotor support technologies.

Approach

Combine emerging Oil-Free technologies (
; and
) to enable revolutionary Oil-Free
rotating machinery systems.
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Journal & Thrust Foil Bearings
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Q@H}fb‘ﬁﬂg Technology: Advanced Foil Bearings

Foil Journal Bearing Foil Thrust Bearing
Bearing Compliant
Housing Support

Non-rotating \ Structure

Compliant
Support
Structure
(Bump. Foll)
Shaft
(Journal)
Rotates
Thrust Disk
. - . Rotates
Foil Bearing Benefits:
Self-acting hydrodynamic “float on air” No external pressurization
No DN speed limit Higher power density
No lube/tanks/coolers/plumbing/filters Lower. weight
Operate to 650 °C Higher efficiency
Compliant “spring” foil support Accommodate misalignment & distortion
No maintenance Reduce operating costs

Source, Thrust Bearing Sketch: Fortmann, US Patent #4,082,375, Apr. 4, 1978
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NASA

Assembly



Bearing
Diameter: 51 mm

Length: 38 mm Generation II1
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Generation I Foil Bearings (7960"s — 1970"s)

Load capacity coefficient, Dj’ s,0.1-0.3

Foil geometry essentially uniform in both the

axial and circumferential directions (including
uniformly. periodic circumiferential. geometry)

Stiffness characteristics of the foil structure
are more or less uniform

Bump foil— — Bearing sleeve

Top foil— = ,— Journal

Foil surface deforms due to the fluid film
pressure without support structure
specifically accounting for localized effects
such as edge leakage, thermal gradients, heat
generation and other hydrodynamic
phenomena

Source: DellaCorte & Valco, “Load Capacity. Estimation of Foil Air Journal Bearings for Oil-Free
Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000
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Generation II Foil Bearings (7970 s — 1950s)

Varlable pitch Top foll

backing spring Bearing

housing

Circumferentially

sphit bump foil

Load capacity coefficient, Dj’ s, 0.3-0.6

Stiffness of the foil support structure varies
axially along the bearing length or in the
circumferential direction, but not both

By controlling stiffness in one dimension (axial
or-circumferential) the bearing better
accommodates phenomena like edge leakage
and, hence, yields improved performance

In leaf foil bearings, use of a “stepped”
backing spring

In bump type foil bearings, bump layers are
split circumferentially for axial compliance
control or the bump pitch is varied for
circumferential compliance control

Source: DellaCorte & Valco, “Load Capacity. Estimation of Foil Air Journal Bearings for Oil-Free
Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000
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Generation 111 Foil Bearings (7990°s)

Load capacity coefficient, Dj’ s, 0.8-1.0

Tailoring the foil support structure stiffness in
Axial (L)
Circumferential (©)
Radial () (ie., disp/lacement sensitive)

ariaslepitch directions to enhance bearing performance

bumps — _

‘— Circumferential splits

Source: DellaCorte & Valco, “Load Capacity. Estimation of Foil Air Journal Bearings for Oil-Free
Turbomachinery Applications, NASA/TM-2000-209782, ARL-TR-2334, Oct 2000
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)

@nﬁhﬁng Technology Breakthroughs

Advanced Foil Bearings
Load capacity has doubled

High-Temperature Solid Lubricant Coating
NASA PS400, 100,000 start/stops, 25 “C to 650 “C

| Analytical & Rotordynamic Modeling
* l L_ess time, risk & cost from concept to application




» Clean Qil-Free Cabin Air
 High Reliability

* Cryogenic Capability * Maintenance Free

* Long Life
Turbogenerators

*> Low Emissions
Lightweight
* Maintenance Free

Turbochargers

* Mounting Orientation Freedom

* High Speed
* Low Cost

: Mid-Range & Large Engines
: * High Temperature & High Speed

* Maintenance Free : , o5ign Architecture Freedom

* Revolutionary Engines
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Oil-Eree Turbocharger (1999)

Compressor Exhaust (500°F) — 5.250 — Turbine Inlet (1100-1400° F}
Y /
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Recent history

New foil gas bearing supported products hitting
the marketplace.

(5-500 hp) turbocompressors, (30-200 kW)
microturbine generators, automotive
turbochargers, APU" s and industrial blowers.

Many of these machines use foil bearings of first
and second generation designs now off patent
protection.

Korea is the most active region for Foil Bearing
R&D and new product development.
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Korean Foil Bearing R&ID/Users

Neuros,
Impeller Motor
Kt u rb o y Highly advanced computational fluid dynamics « Highly efficient and reliable motor design

rogramming allows for performance design
prog ng P X ) 9 + Specifically designed for high speed service
to truly offer an advancement in efficiency.

KFM (Korea Fluid Machinery) A
Samsung Techwin ’
Turbomax

KAIST

KIST

KIMM

Hangwa Motors

Air Bearings

)
H y u n d a I « Individually layered bearings are assembled in the housing support shaft

« As the shaft rotates at high speed, an air film is formed between the shaft and the
L G bearings, which achieves friction free floating without the use of lubricants

+ No additional cooling required

O t h e rs « Suitable for high speed; bearing load capability increases with higher RPM

Hi-Speed Blower: Most common
Korean Oil-Free product today.
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Recent history

Newtoiligasibeanngisupportediproductsitiing
the marketplace.

(5-500 hp) turbocompressors, (30-200 kW)
microturbine generatorsyautomotive
turbochargers; APU s andiindustrial blowers.

Many ofithese machines use foillbearings: of first
dndisecondigenerationidesignsinowiotiipatent
protection:

Where did these bearings come from
and what can be learned from studying
their history?
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“So where did these foil bearings
come from? How did we get to where
we are? Who was responsible?”
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Technological Path History: Goals

“You cannot know where you
are going unless you know
where you' ve been™
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'~ Foil Bearing l.oad Capacity — Generation I, 11, & 111

Bearing
1,500 Diameter: 51 mm

Length: 38 mm

Generation 111
Dj =(.8-1.0

(@)
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20,000 40,000 60,000

Load Capacity (N)

Shaft speed (rpm)

A study of the early years provides valuable insight into foil bearings
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Approach:

Conduct literature search concentrating on earliest
references to foil bearings

Identify key breakthroughs in understanding and design.

Carefully read publication reference lists and obscure
government reports for clues describing technology
dissemination and connections.
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Blok and vanRossum

(1953): the very first paper

' THE FOIL BEARING—
A New Departure In
Hydrodynamic Lubrication®
by H. Blok, Technical University

Delft, Hollond

J. vanRossum, Royal Dutch /Shell Lab

Delft, Hollond

pev U of projected Bearng ares
& Clasaical baaring

b Foul per unt of wechh

ROOUCTION: In 2 journal bearing rusming
in the regon of ydrodymamic kibrication, the load
is borne by the pressures developed in the ol wedge
that establahes itself between the surl of the
journal and that of the bearing  Assuming the

journal to be abaclutely rgid, one can dutinguish
two bmiting cases: (1) The bearing & likewise
completely rigid.  The clamsical bearing with
the classical thecry of Pydrodynamc lubr
cerns dself, 5 a case in pont 2

¢ s An exarrple is 2

the rubbing sur!
auned, enther by the
¢ by the ¢

where the film
are cauned b

o3 that intre
cumferertial bending moments «to the bearing
Bearings are more susceptible than gears 1o
defermation™* By way of example
bearng with the bendng de
In this example
g Yrud

causes lengthenirg of the activg
| wedge, and thia promotes the ~,

riormance of the bearing

| beating may be considen

fers no resistance at all

Thas limiting case has been realized by means of
a model in which a very thin celicghune foil
stretched round 3 jourral and lcaded as in Fig. 3
From experiments with this mode! it has been found
that the pressure and the thickmess of the film
wpacating the fol from the journal are constang
e or the leadng and trading portions of the
The feil thus causes an oil Film 1o form that
arallel wrfaces, along the whole length of

wugh the classical theory of Osberne Reymelds
sates that such a film is posible n the cae that
s are parallel, with riged surfaces this can

be realized only if the peessure is mai med anti-
ficial POCTIC h n, for in-

ERIMENTS on the foil has been
mesred by means of a model, using the set-up
wn in Fig 2. An electric motor drives 3 journal
duameter. 1o
hed by the
g (788
| and B om 13
in, in some experiments
of the journal was varied between 6 and |
the load ween | and 27 kg (22 and 60
the viscosity of the oil between 6

CINEERIN

Oil-lubricated plastic film,
draped over a rotating
steel shaft.

Mimics highly loaded
sleeve bearings at more
moderate conditions.

First recognition that oil
film pressure create the
clearance.

Resulting, more uniform
and thicker film has
potentially lower friction.

No indication of use as a
gas bearing.
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Patel and Cameron (1957):

the second paper.

THE FOIL BEARING
Paper 73}

By B. J. Patel* and A. Cameron, M.Sc., Ph.D., Assoc.I.Mech.E.{

INTRODUCTION
BLok AND VAN Rossui (1953) bave shown that a flexible
foil, wrapped U-shaped round a shaft, can form a hydro-
dynamic oil lm capable of carrying & koad. The mechanism
is that 1 the inlet convergent section, where the vertical
leg of the U and the rotating shaft approach cach other, an
oll pressare is generated. This pressure continves unaltered
right round the bend of the U. The pressure must be
sensibly constant as the foil is Scxible and the frictional
force is small compared with the tension in the fodl, This
means that as the tension 7 is uniform drcumferentially, the
L pressure p is equal to Tr, where r is the radius of the shaft.

Biok and van Rossum used a transparent cellulose fodl.
In this rescarch a steel foil, 0-002 in. thick, is wsed.

One advasage of a metal fodl is that by brazing copper
wires on 10 the back surface of the foil, a temperature plot
can easily be made. The thermo-clectric characteristics of
steed lcopper were determined separately.

It was realized that the foil, spart from being Sexible,
must also stretch as a result of the pressuse and tension.
As the oil pressure at cither edge of the foil must be
atmospheric, the tension 81 these points mast therefore be
zero, assuming the fosl & separated from the shaft at all
poants, by an od film, This means that the peessure (and
temson) will vary axially, being maximum in the middle
and zero at either edge. Furthermore, the entry conditions
are much more complicated than the simple theory would
Jead us 10 suppose. The fod itself is deflocted by the pressure
in the estry portion, and the radius of curvature alters
inversely with the pressure.

The equations for both these extensions 10 the simple
theoryare set up in theappendices. The solution of these equa-
tions is not straightforward and is receiving farnther study

APPARATUS
The general arrangement of the foil bearing test ng can
T be seen in Fig. 73.1. The journal (3 in. diameter) was driven
of this paper war received at the Inutitation on J0vh March

* Research Studene, City and Gualds lope, S.W.7

t Lectwrer, City and Gwlds College, 5.W.7
t Dvsowssed on pp. 201, 743, 833,

by a §-h.p. shunt wound variable speed motor whose range
was 100 to 1600 revimin. The foil was stretched round
half the Grcumference of the journal and held in a block,
which allowed the friction torqee to be messured and
usiforss kad o be applied © the foil. The load was
produced by & simple lever mechanism of ratio 12/1. The
frictional torque was measured by a spring balance at the
end of the torque arm. The il was supplied from a gravity
tank and was pumped back from a sump. For normal
running the temperatures of the ol were measured in the
centre of the foil at 2 points, 60° and 120" from the inlet.
The mean of these two temperatures was wsed to obtain
the viscosity.

Less scatter was found on the =+ (yN/p.) curve if the
speed was kept constant and the Joad vanied. The resson
was that there is & bigger variation of temperature round
the foll with speed than with load.

EXPERIMENTAL RESULTS

Temperature Measurement
The temperature was measured round the foil by brazing
10 it Copper wircs at various poists. These junctions acted
= the hot end of & thermocouple, the cold junction being
formed by brazing » similar copper wire near the holding
block. A mercury-in-glass thermometer at this point gave
the datum temperature. This thermocouple pair was cali-
brated and a potential difference of 535 4 V/°C was found.

The dstribution of temperatures round the foil was
measured at various speeds and Joads. Typical results are
shown in Fig. 73.4. The variation of maximum temperature
with speed st different kads is shown in Fig. 73.2. Maximum
varation of temperature with load, within the rubbing
portion of the foil i shown in Fig. 73.3, for various
speeds, Ordinary stesight SALE, 10 odl was used for these
teats, with viscosity of 31-7 ¢S at 100°F (38°C) and 52 ¢S
8t 210°F (99°C).

Measurement of Coefficient of Friction

The graph of coefficient of friction for a wide range of
N/p . is shown in Fig. 73.5, where y is viscosity in Ib sec/in*
(reyns), N speed in revs and p . load in Ib/in".

Oil-lubricated metal foil,

wrapped over a rotating steel
shaft.

Foil backside covered in
thermocouples to map
temperature distribution.

First use of metal foil and
engineering loads.

Pressure distribution
speculated as varying axially
and circumferentially.

Modeling assumed to be
complex.

No indication of use as a gas
bearing.
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W.R. Gross (1962): the

third well known reference

Gas Film

[ .ubrication

W. A. Gross

I.LB.M. Rescarch Laboratory

San Jose, California

John Wiley and Sons, Inc.
New York London

The classic, comprehensive
book on gas bearings.

Heavily based upon
mathematics.

Originally written as internal
IBM reports (chapters) to
guide corporate development
of disk drives and high speed
machinery.

Appears to be the first written
acknowledgment for a gas foil
bearing.

Led to Gross being recognized
as the source for foil gas
bearings though the book
vaguely suggests others.
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W.R. Gross (1962): pages 138-140.

138 GAS FILM LUBRICATION

same radial clearance is 0,711, (0.234 for a similar Type 2 bearing). The
appreciable reduction in friction makes this type of bearing especially
valuable for high-speed applications,

The kemon or elliptical finite bearing with liquid lubricant was analyzed
by Pinkus [1956a, b]) who used a digital computer to solve the finite
difference equations involved, The results agreed well with experiment
Pinkus [1958] used a similar technique to obtain computer solutions for
the three-section finite bearing.

3.10 Foil Bearing

It is possible to use a flexible band as a bearing for a rotating shaft,
Blok and Van Rossum [1953) llr\t dcmomlmled !hc fenlb:ln\ of this
configuration, which thev ~«h- Beral and
Cameron [1957) ar ong others have c\pcnmcmcd with lhls type of bc.mr-g

When a foil is used s a vee D) T mn ntntinm chef abo oo ey
likely to be ;ppmumalcly IM) . A vanant of this wn!lgur.\uon 18
employed in magnetic-tape machines in which a tape glides over a record-
ing magnetic head; under these conditions, the anglke of wrap may be
anywhere between | and 180°,  When the angle of wrap is very small, the
slenderness ratio may be large enough that sufficient accuracy is obtained
by setting L = <o, thus enormously simplifying the analysis. Further-
more, velocities are often low enough that only solutions for A = 0 are
necessary.

Attention must sometimes be directed to the elasticity of the band
because some axial deflection is present,  Since the pressure is ambient
at the edges and above ambient under the band, the band tends to form a
containing pocket for the lubricant. Furthermore, dynamic instability
will appear unless L/ 8 is sufficiently large.

Analysis of a foil bearing is complicated by the fact that the film thick-
ness cannot be specified a prioni. It is necessary 1o obtain an additional
equation to express the band dynamics.  Refer to Fig. 3.10.1, which illus.
trates a differential section of an infinitely long foil bearing. The foil
density is ¢ per unit arc kength, the velocity is U, the pressure is p, and the
frictional resistance 8 F. The radial coordinates of the solid body and
band at this section are r; and 7, respectively, the curvature of the band is x,
and the film thickness is i, Thusr = r, + A,

By restricting this analysis to the infinitely long bearing, axial variations
may be ignored. For steady conditions, therefore, equilibrium of forces
on a differential unit section of arc with coordinate s requires

dr
—_ - F 1
& ds ds, (3.10.1)

INFINITELY LONG, STEADY SELI-ACTING FILMS 139

in which ds = dB/x(8), T is the band tension, and F is the friction, In
addition,

Tdg fd.e + ol df. (3.10.2)

By virtue of (3,10.1), the change in tension along the film must equal
the frictional resistance. It has been observed in a lubricating film with
rigid boundaries that F/W is comparable 10 &/8. The tension change in

renehk
75 radhus of
Curvature of foil

oy i)

|
rif)mrl s o)

Fig. 3.10.1.  Foil dbeasing over a circular cylinder and differential elemnent of fodl bearing.

a foil bearing is usually small enough to be ignored. The curvature of the
band is given by
i+
-—_——, 3
"= TR (3.10.3)
in which the prime is used to represent differentiation with respect to the
angle, i.e., r" = dr/d8,

"...others have experimented with this type of bearing.
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W.R. Gross (1962): pages 138-140.

138 GAS FILM LUBRICATION

same radial clearance is 0,711, (0.234 for a similar Type 2 bearing). The
appreciable reduction in friction makes this type of bearing especially
valuable for high-speed applications.

The kemon or elliptical finite bearing with liquid lubricant was analyzed
by Pinkus [1956a, b]) who used a digital computer to solve the finite
difference equations involved, The results agreed well with experiment
Pinkus [1958] used a similar technique to obtain computer solutions for
the three-section finite bearing.

3.10 Foil Bearing

It is possible to use a flexible band as a bearing for a rotating shaft,
Blok and Van Rossum [1953] first dcmomlm!ed !hc fnub:lm of this
configuration, which thev estt-& - = fasal and
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employed in magnetic-tape machines in which a tape glides over a record-
ing magnetic head; under these conditions, the anglke of wrap may be
anywhere between | and 180°,  When the angle of wrap is very small, the
slenderness ratio may be large enough that sufficient accuracy is obtained
by setting L = <o, thus enormously simplifying the analysis. Further-
more, velocitics are often low enough that only solutions for A = 0 are
necessary.

Attention must sometimes be directed to the elasticity of the band
because some axial deflection is present,  Since the pressure is ambient
at the edges and above ambient under the band, the band tends to form a
containing pocket for the lubricant. Furthermore, dynamic instability
will appear unless L/ 8 is sufficiently large.

Analysis of a foil bearing is complicated by the fact that the film thick-
ness cannot be specified a prioni. It is necessary 1o obtain an additional
equation to express the band dynamics.  Refer to Fig. 3.10.1, which illus.
trates a differential section of an infinitely long foil bearing. The foil
density is ¢ per unit arc kength, the velocity is U, the pressure is p, and the
frictional resistance 8 F. The radial coordinates of the solid body and
band at this section are r; and 7, respectively, the curvature of the band is x,
and the film thickness is i, Thusr = r, + A,

By restricting this analysis to the infinitely long bearing, axial variations
may be ignored. For steady conditions, therefore, equilibrium of forces
on a differential unit section of arc with coordinate s requires

gdx = Fds, (3.10.1)

INFINITELY LONG, STEADY SILI-ACTING FILMS 19

in which ds = dB/(8), T is the band tension, and F is the friction, In
addition,

Td3 = f«.e + ol df. (3.10.2)

By virtue of (3,10.1), the change in tension along the film must equal
the frictional resistance. It has been observed in a lubricating film with
rigid boundaries that F/W is comparable 10 &/8. The tension change in

el?

B
h+dh T T ———r

- L
('/’M Al Pog)

e ey
- Bibac:

‘ (]

" rmnek
75 radhus of
Curvature of foil

|
rif)m il & o)

Fig. 3.10.1.  Foil dbearing over a circular cylinder and differential element of fodl bearing.

a foil bearing is usually small enough to be ignored. The curvature of the
band is given by
b e i o
- ———, 3
* = T (3.10.3)
in which the prime is used to represent differentiation with respect to the
angle, i.c., r = dr/d3,

What does this mean???
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W.R. Gross (1958): Original internal IBM Chapter 5.
(Courtesy IBM Archives)

One of nine internal IBM reports written between 1957
and 1960 that formed the basis of the 1962 book
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W.R. Gross (1958): Chapter. 5, page 70

sections. In these regions, the pressure may be determined by Equation
(5k=7). An approximation of the extent of the constant film thickness region
is then obtainable from equilibrium considerations.

Equation (5k-13) provides a satisfactory approximation to both lead
in and lead out regions of an air film subject to the restrictions that Ho 1
and the bearing number is sufficiently low, At very large bearing numbers,
Equation (4b=3), in combination with Equation (5k-7), results in an untabulated
elliptical form for the pressure.

A liguid lubricating film may be approximated by ignoring the lead out
region.

Application of Laplace transforms to Equation (5k-13) ylelds

") .

are) s + Qg0 s
as= -Z‘ T T e ey By )
(s+A) (5 -4 wilFAL) (S ~Als =iNA/a)

{n which the Laplace operator is s, and the film thickness varh§1e A is
measured from 8 = 0, at the origin of the outflow region for positive angles,
It may also be applied for negative angles from O = 0, at the termination of
the inflow region. In each case, 0 = 0 occurs where H=1, P= PM' By
taking the inverse transform,

Aé

AwH=]= :,‘(v‘."}:no) - 74,600 A") €
e fraat0) + agto)A™) cos(r3Avia)

&

+ ([T 8,400 A sin(rzdels

The result is that the inlet section is governed largely by the exponential term,
and the outlet section by the expanding sinusoidal terms. The boundary condi~-
tions, A(0) and Ag(0) determine the nmature of the coefficients. For very
small bearing numbers, Ay (0) is of primary importance compared to A(0).
The reverse is true for larve hearine numbaers.

Baumeister, working with V. Nejezchleb has observed good correiasa...
between experimental {ilm thickness determinations and those obiained by
integration of Equation (5k-13),

Pressure

witi ,’I‘he pressure may be determined by combining Equations (5k-7) and
-14),

“Baumeister, working with

Nejezchleb has observed

good correlation between
experimental film thickness
determinations and those
obtained by integration of
equation (5k-13).”
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J.T.S. Ma (1965): Ampex Corporation

~ Investigation of Self-Acting Foil Bearings

Erporimento vewulis on the interior ond the el regiom flo.thichness mearurements of

R e e ]
Machinas Conpasatiom,
Los Gotor, Cobl.  Assas, Mam, ASit

expresnions

weyend these ronges o

wif-acting fon bearinge ere peoscniod and discursed, These mossuremants were mode

ductive foils.  The meanred and peedicted ralues

range of nendimemmonal parawelers, by R, from 1074 t0 107" and,
.

The agreement deviates for values begond these renges.  Evm-
ting the conatont and minimam flwm thickness opplicable
olso presested. They are valid wi € range of AR from

5 10" ond T/pU from 107 ts 10°. Growing sinusoidal flve thickness in the
enil region was alse sdacrred, mesevred, and checked sith theoretical predictisns

Istreduction

l-« woet applcations of Swd-flm ubrication, the
et @ contalned between two righd, of vearly rigd, surfaces.
k asd Van Rossurs [1)' Sret demosatrated the fensibility of
# Bexbie foll we & benring for & rotating shalt and termed this
1he foil bearing. cwering & oaticn, they showed
T facting ol Slen capadle of earrying & Joa
experime
cotatant sterior repon and that cavitation
region of the ol Aln ater, Patel and
] a8 8 lebricant. measired Lhe tempers-
tare datnb 0 PO 4 hade In
b expericeenia, no £
Thecoetbeal investigat
lave been perfoemed by
ry. Dawmeater 3] wed sumerical mechod i Me sole
ke possiral clearssce of the fod bearing in termw of
o for deter
raght patk of & per-
ving near & rigid eyl All the analyses
f-acting foll bearizgs have been ted toward incorm-
pressible Ouids, infinitely wide, and perfectly Bexible folls with
1o be oegligitle. They agreed
spereal mantely 1 e (hickeess in the intericr
regica, a» &id Blok asd Van Romem. Langlols, in his scluticn,
cotmidered the finst integral of the Mibeieation equaticn and
owed that theee # & ongion where the pressuse wader L
webambiess. in this region the foil s ¢ . ay [
nder, Giroms showed that the fln thicknems in the e
trance region is determined largely b term in Ne
eqaation while in the exit regica, it »
¥ growisg somokdal term.  Reces

ens dealgaate Rl ut ond of paper
Contritanied by the Lubriation Divides and peesseted st the
Lubeioation Sympesieom, New York, N Y., Juse 6-5, 1065, of Tux
Au Socrery or Mucmanicar Excixcess
enived Mt ASME eadquamen, b 3 19eS
Lutsad

Namentiatu

capacitor ares, is. P, = smdiest pressure, B/int

capacitance between tage and
drem, 1

the flm thicknems s exit sogion with gap discontin md

ned a8 exprosmsos for the minimum Gl thockoes in Lerms of
the constazt flm thickzems. [t b egnifoast that be also chtaned
the hecveeiial chengtdh of the sisuscidal waveform st the
it egion. To the best of owr knowledge, there Jave been 50

expermemial investigaicns putlished 10 confirm these fndings
Becnase of the complexities mvelved and the simpilyng s
sumplices teeded in solving the soslivens, bigh order, partial
fferential foll bearing equation, & complete thevertical analveis
#dificadt.  Therefore, the foil bearing pecbilem lends itaelf readily
1o experimersal investigatom,  This report describes experinents
o the messcsemests of fodl bearing flm thicksemes by meaze of
afirmation for theveets
It also describes atiempts to

we peghots of the film ot Lhe fod
ated case of 1he axit regica, par-

decgih of the snuscidal w
were especially interested in Uhese lntter experionents
bad ot been investigated befoew.

The s of repert, aside from confrming 1beoretiond
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poth in the tion of cvrgplete sell-actieg f+d bearng
pooblers and in practical deign a3

Description of the Syste:
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tweens the foll and the svad-write bead are possble. A motating
readowrite head i usually in the form of & eylinder oo drum;
otherwise, say configunation will sufice. The wrap angle 3 may
e sy vadue between sero sod 300 deg. 1 this report, we shall be
comonrned exclavely with the case is which the rigd surface is
cireular. For Ui case, it has boen fousd [1, 3] that the pressure
and the thicknes of the Slrs sparating the foll from the eylisder
are approviemately constant, except for the leading asd Lhe tailog
portions of film. The explanation for this @ that is the sutrance
favergerl see where e fod and the rolating cireular

cotmtarie determined by be

mzimam Glm Blkree.
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J.T.S. Ma and the AMPEX
Corporation were relatively
new players in the early foil
bearing history investigation.
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) J.T.S. Ma (1965): Ampex Corporation

Reference 7:
R.C. Koh and W.E. Langlois,
“Investigation of the Foil Bearing

Problem,” IBM Research Report
RJ 187, October 1960."

IBM research reports are not public archival
documents. Fortunately, IBM still maintains a library...



RJ 187

1IRRARY COPY
eV
:-85“\?' Declam e,
fBM"CONFIDENTIAL /1“4 ’

INVESTIGATION OF THE FOIL BEARING PROBLEM

RESEARCH LABORATORY

INTERNATIONAL BUSINESS MACHINES CORPORATION
SAN JOSE, CALIFORNIA

Classified until 1974, this report offers a clear picture of
early foil bearing discovery.
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RJ 187
October 1, 1960

INVESTIGATION OF THE FOIL BEARING PROBLEM
By
R. C. Koh*
W. E Langlois

ABSTRACT

The differential equation governing a foil bearing is developed
from Newton's second law and the Reynolds equation. It is shown
that the film thickness is constant throughout the region where
lubrication exists. An estimate of the film thickness in a foil bear-

ing is calculated and compared with experiments reported by other
authors.

*Summer employee, 1960. Now at California Institute of
Technology, Pasadena, Califoraia,

Written by R.C. Koh, an IBM “Summer Employee” in
1960 who went on to CalTech.
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INVESTIGATION OF THE FOIL BEARING PROBLEM

INTRODUCTION

Blok and Va- =

develop =~ aiim between A rotating joumal and a flexible foil wu.

T WTIVNIB AL wan = =massible to
Cr7 es the weight of the Journal, Within IBM, Baumeisteors has pointed
out that a lubricating air film is sometime s be up when a flexible tape
passes over a rigid object. He notes that the oretical analyeis of a
foil bearing, as a sy m producing this effect called, is quite differ-
ent from the analysis of & bearing whose surfaces are all rigid. The
Reynolde lubrication equation is str y coupled to the differestial
“aations governing the tape dynamics, In all, there are three dependent
varia. = the film pressure, the film thickness, and the lape tensior

The Situalion is SOMEwas sweivpous v wat Of & journal or slider
bearing in which the pressure s high enough to cause ol deflection of
the bearing surfaces--in this case, the Reynolds equation is coupled to
the equations of elast y theory,

In some foil bearing problems, it is ressomable to assume, as
Baumelister did, that the tension is
the variation of tens cannot be ig

When friction is significant,

This report treats in detail several aspects of foll bearing theory.
In Section 1 A we establish the dlef ntial equations which govern the
motion of & lubricated tape, The dynamical oquations governing the
motion of an inextensible tapo passing close to a circular cylinder are
derived from Newton's second law, These cquations, together with an
Appropriate form of Reynolds lubrication equation and a relationship be-
twoen viscous drag and film thickness, are combined in Section 1 B to
yleld & focrth-order diffe rentisl eguat This equation and the appro-
priate boundary conditions form the mathematical basis of foil bearing
theory.

In Sectlon Il we consider the foil bearing with an incompressible
film and show that, for cases of practical interest, there s an interior

Koh credits Baumeister for
recognizing recording tape
transport phenomena as a

type of foil bearing.

Baumeister also identified
strong coupling of Reynold"s
Eqg- with tape dynamics.

Remainder of paper combines
analyses from Gross and Elrod
with experimental results from
Baumeister-Nejezchleb’s to
develop analytical models for
tape behavior.

In 1960, the foil bearing phenomenon was a “problem”

for IBM and other tape drive companies.
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March 10, 1959 H. K. BAUMEISTER 2,877,066
FLUID PRESSURIZED SLERVE BEARING
Filed Sept. 25, 1966

Baumeister actively working
on gas bearings in mid-1950"s,
was well aware of lubrication
field and the potential for gas
bearings within recording
technology.

Patent literature does not
show that IBM had any interest
in foil bearings for shaft
support.

Foll bearing study limited to
Improving tape transport.

Gas bearing work also focused
on disk drive-read/write head
lubrication.

Baumeister published several foil bearing briefs on

modeling but moved to other technologies by 1970.



Feb. 16, 1965 MK BAUMEISTER ETAL 3,170,045

HEIBCOTRARICALLY AR LUBKITATED MAGMETIC TA*E NED

2 Wi - -

oy IBM" s foil bearing study

", 24 ol
o <, [ 2 o
\ J -
Za N S 2
. (0) | 2
\ -

limited to Improving tape
4 transport.

80

Gas bearing work that
continued, especially that in
California, focused on disk
drive-read/write head
lubrication.

W.R. Gross, inspired by
Baumeister’ s results
envisioned a practical rotor
support system based on foil
bearings.

Baumeister deserves credit for being the first to make
the connection between tape motion and foil bearings.
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“So how did the early foil bearing
investigations move from IBM to
AMPEX and beyond?”
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“With W.R. Gross”



BLCLASIITIED

Distribution

AMPE COAPORATION

RESEARCH AND ENGIMSENING PUILICATION

In 1963, W.R. Gross moved to AMPEX to join his colleague
(Wildman) and further develop foil bearings as a shaft
support technology under a NAVY funded bearing

program.
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tract No. NAS3-134682

STUDIES OF POIL JOURNAL~BEARINGS FOR
BRAYTON CYCLE TURBOMACKINERY

FINAL REPORT

Tobevary

Anpex Corporation, Research Department

401 Brosdway, Redwood City, Ca

for
jonsl Aeronsutics and ce AMmindstration
Lowis Reseoarch Conter

21000 Brookpark Road, Clavela Ohio 44135

Prepared by

Approved by:
2g0
ctioe

Manegec, Mechanics

logy Iscorporeted
roet

211

Library
este Foundellon
Diviadcs

L0

Fenasyivania

roe Station
[fammia SOOAS

Los Asgeles, C

These US government funded efforts, managed
by NASA resulted in widely distributed reports.
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~

TNTTRASITY OF SOUTHAGPTON
Departzent of Meatanical Eagineering

-
. CAS BRARING STMPOSITM
April 1967
'A EYDROITATIC POIL MEANING®
-

The anthor precents details of & new fors of foll bearing in
ated from the other sleoent of the bearirng pair
y weans of wiatic beariig tedlaiques with the pressur-

sstion being &

L. Uigkery, Sersalair Lad,, U.K,
Foil tearisgs e 10

Lk ratire bearing applicat

dosigsed to nct as . (v 3 i3 expersios

speing seceshly

TV rwe or four) could b oantilevered with & pr
106! oyrirg or sisply sp iAn the general structure.

726 th the bearizg o meulated froe the genersl strusture)
1267 : : gea or alr oould te sdted 1o remove laat

el

The technology also quickly spread to the UK as
evidenced by this discussion of foil bearings suggesting a
leaf type bearing in early 1967.
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“Patent filings for all kinds of foil
bearings followed...and the rest is
technical history...”
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The leaf foil bearings: (~1966 and beyond Marley,
Barnett and Silver at AiResearch)

YO

D. J. MARLEY
SELF-ACTING POIL NEARINGS
Filed Feb. 18, 1966

MORRIS A BARNETT

N % gy N
DAVID J. NARLEY 3 W@w
 Creanr ol 6.&_‘].; . ATTORNEYS
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The bump foil bearings: (~1971 and beyond
Cherubim, Gray and Shapiro at MTil)

NEE
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“By 1972, the first generation foil
bearings (leaf and bump type) were
entering production use In air cycle
machines (ACM) s.”



‘2) | Oil-Eree Turbomachinery Program

Notable Names in Foil Bearings

Blok and vanRossum

Patel and Cameron

H.K. Baumeister

W.R. Gross

Marley, Barnet and Silver.
Cherubim, Shapiro and Gray.
Miller.

Hehsmat

Alston Gu, Marshall Saville
Kang

Bosley and Weissert
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Where is Oil-Free Turbomachinery Headed?




» Clean Qil-Free Cabin Air
 High Reliability

* Cryogenic Capability * Maintenance Free

* Long Life
Turbogenerators

*> Low Emissions
Lightweight
* Maintenance Free

Turbochargers

* Mounting Orientation Freedom

* High Speed
* Low Cost

: Mid-Range & Large Engines
: * High Temperature & High Speed

* Maintenance Free : , o5ign Architecture Freedom

* Revolutionary Engines




Oil-Free Turbomachinery Program

Automotive

OEM'’s are going
Oil-Free

TOYOTA CRDL., INC.
TECHNICAL NEWS

Air Bearing for Automotive Turbocharger

1. Introduction

The application of oil-free bearings such as air or
magnetic types to automotive turbochargers is
expected to realize a reduction in mechanical losses
while climinating oil consumption. As a result,
engines fitted with oil-free turbochargers will offer
an improved response and lower fuel consumption
and exhaust emissions. We have designed compliant
foil air bearings with uniquely shaped dampers for
the journal and thrust bearings of small-sized
turbochargers (Figs. 1 and 2).

2. Method

First, we undertook a rotational test of a prototype
turbocharger with air bearings. The results of this
test revealed the need to increase the load capacity of
the thrust air bearing relative to that of the journal
bearing. To solve this problem, we used 3D

I : Generaed pressure Jowral sit besting

foil
Thrust rusner

[ Joummal air bearing | Thrust air bearizg |

Fig.1 Compliant foil bearings.

[ Calculating condition [ 10w
: n. charmco ; 10um
Shatt spred P Teading cige
Max

0 kP

o,
peh - J0um)
18N — 45N

[Withow groove ) [ With groove]

Fig.3 Comparison of load capacity

Fig.2 Construction of air
bearings for turbocharger.

Fig.4  Test peaces of compliant

Minoru Ishino

computational fluid dynamics to analyze the cffects
of the film thickness distribution between the
bearing and runner surfaces of the thrust air bearing
on the generated pressure distribution, so as to
increasc the load capacitics of the bearing.

3. Results and conclusion

Numerical analyses revealed three effective
methods of increasing the load capacity, namely,
increasing the size of the fluid charge in the bearing,
generating the maximum pressure at the center of
the bearing surface, and preventing the leakage of
the fluid in the radial direction of the bearing
surface. To realize these three improvements, we
devised a new thrust bearing design with a shallow
squared groove lcading from the leading edge to the
center of the bearing surfaces of the topmost foil.
Figure 3 shows the calculated pressure distributions
on the surfaces of the thrust bearings both with and

without the groove. The grooved

Thrav. nunnes bearing allows fluid to enter the
Turhize whesl

bearing surface over a wider arca and
increascs the amount of fluid by 70%
relative to that without the groove.
Because the groove does not link the
Shaft circumferential edges or interrupt the
center of the bearing surface, there is
basically no radial leakage of fluid in
the groove and the maximum
pressure is gencrated at the center of
the bearing. Numerical analyses with
the grooved foil bearing indicated a
1.5-times increase in the maximum
pressure and a 2.5-times increase in
the load capacity, relative to the
conventional bearing. Figure 4
shows a trial version of the improved
bearing together with a conventional
version, both of which were installed
in a turbocharger and then cvaluated
experimentally. A turbocharger with
the improved bearing has been run at
a rotational speed up to 200,000 rpm.
(Report recicved on Jul. 3, 2006)

(calculated). foil thrust bearing.

This news is reported on R&D Review of Toyota CRDL Vol.41 No.3.

2006 Toyota Central R&D Labs., [nc.
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Turbochargers are emerging o> United States Patent

Larue et al.

TURBOCHARGER WITH HYDRODYNAMIC

High volume application will |
Improve manufacturing

Assignee: Honeywell International, Inc.,
Morristown, NJ (US)

] ] ] ] Notice: Subject to any disclaimer, the term of thi:
Competition will drive DS sty o e
U.S.C. 154(b) by O days.

Appl. No.: 10/812,281

technology forward.

Prior Publication Data
US 2005/0210875 Al Sep. 29, 2005

New bearings designed for

FO2B 33/44 (2006.01)
= FI6C 32/06 (2006.01)
h h I m n d I t 1028 3 (2006.01)
ign voiume a OW COst. s o Govcon

Us. 417/407: 60/605.1; 384/
384/105; 384

Significant development for. | _
Oil-Free turbomachinery. T DTS

1

shel
Fortmann et al.
Katayama .
5 Hasegawa et al.

3
6
9 Glaser
O
9

(10) Patent No. US 7,108,488 B2
45) Date of Patent: Sep. 19, 2006

Malabre ct al
Thomson et al.
Bescoby ef al.

on ct al.
Johnston et al.
411999 Adeff ..

(Continued)
FOREIGN PATENT DOCUMENTS
9/1999

(Continued)
OTHER PUBLICATIONS

Copy of Inta S & Wrilten Opinion for PCT
Application No. PCT/2005/010145; Filed Mar. 28, 2005; Date of
Completion Jun. Date of Mailing Sep. 21, 2005.

Primary Examiner—1hai-Ba ‘Trieu
74) Attorney, Agent, or Firm—Chris James

7 ABSTRA

A turbocharger includes a foil bearing assembly mounted in
a center housing between a compressor and a turbine of the

earing ass

e center hous-
ing. Ar of the thrust
bearing assembly is captured between a shaft and aft

g defines
cooling air passag i to the foil
bearings, and optionally includes ater ] t for circu-
lating engine coolant through the center hoi

10 Claims, 4 Drawing Sheets
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Capstone C30 turbine
generator integrated with
full size minivan

Plug-in hybrid approach
(batteries, controls,
regenerative braking) yields
impressive performance

First Oil-Free car, a sign of
the future, never needs
service.

Photo Release -~ Capstone C30 Successfully Integrated Into Ford Vehicie by Langford Performance Engineering Ltd. 6/11/09 2:15 P

GlobeNewsw

A NASDAQ OMX COMPANY Dilogin D Reglster

ABOUT US  CONTACT US Search

(7

~= Capstone

0

Source: Capstone Turbine Corporation

Photo Release -- Capstone C30 Successfully Integrated Into Ford Vehicle by Langford Performance Engineering Ltd.

CHATSWORTH, Calif., June 11, 2009 (GLOBE NEWSWIRE) -- Capstone
Turbine Corporation (www.capstoneturbine.com) (Nasdaq:CPST), the world's
leading clean technology manufacturer of microturbine energy Systems,
today announced that its C30 liquid fueled microturbine has been
successfully Integrated Into a Ford S-Max people carrier In the United
Kingdom.

A photo accompanying this release Is avallable at
http://www.globenewswire.com/newsroom/prs/ ?pkgid=6263

To see a promotional video of the "Whisper” please click on the following
link: http://www.capstoneturbine.com/whisper_promo.wmv

Langford Performance Engineering (www.lpengines.com), headquartered In
Wellingborough England, designed and modified the Ford S-Max seven seat
crossover vehicle into a series hybrid plug In vehide with a C30 under the
hood as an electric range extender. Langford reports that the "Whisper Eco-
Logic® car gets up to 80 mpg In early stage demonstration testing.

“The Ford modified by Langford Is an extremely practical solution and one
that Langford has been working on for over two years," sald Jim Crouse,
Capstone’s Executive Vice President, Sales and Marketing. “The design
characteristics of Capstone's turbine permits ultra low emissions, high fuel
economy, multl fuel capabllity, no coolants or lubricating oll, and little to no
maintenance in an automotive application,” added Crouse.

Capstone Powered Hybrid Electric Vehide

“Our Whisper Eco-Logic vehidle Is a plug In electric car with an on board
turbine generator to keep the batteries charged and extend the range of the
car beyond that of a typical electric vehicle,” sald Dick Langford, Langford's Other Company F
Founder and Managing Director. "This sets It apart from the hybrids now
avallable such as the Lexus and Toyota which use conventional 4 stroke
engines to provide both vehicle drive and battery charging. In earty mc"g\sm"e 5‘9“15, First C‘°°°;:“kf”\' gv“‘m"""‘:"
demonstration testing the car is getting up to 80 miles per gallon and ing Long Term Service Backlog Over $11 Million -
travels 40 miles on electric power before the Capstone turbine generator Jun s,
starts up and charges the lithium Ion batteries,” added Langford.

Capstone Expands Southeast Asla Distribution --
“Capstone was founded on the concept of a C30 powering hybrid vehicles so Names Aqua Nishihara Its Distributor in Thalland -
it Is extremely gratifying to see the Langford Ford with a C30 under the Jun 2, 2009
hood," stated Darren Jamison, Capstone’s President and Chief Executive
Officer. "Langford did an exceptional job Integrating the turbine, power
electronics and batteries Into the vehicle without Impacting any of the seven gﬁv:;gg’:kgﬁmsfgnz%@!{: 1
seats or Increasing the overall vehicle weight,” added Jamison. g d

Langford Engineering will be marketing and demonstrating the plug In hybrid
vehicle In hopes of further developing this concept with a suitable
automotive partner who could commerdialize the product for U.S. use and
capitalize on a portion of the Obama administration's $2.4 billion outlined in
the stimulus fund to get more electric vehicles on U.S. roads.

Capstone Completes Underwriters Laboratories (UL)
Scheduled Testing of the C200 Product - Jun 1, 2009

Capstone Recelves Order for C200 Microturbines for
e A Bilns P B

Fhine Cashars Bomune £

ttp:/ fwww.globenewswire.com/newsroom /news.htmi?d« 167104 Page 10f 2
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Maintenance-Free hybrid
electric vehicle
demonstrators in all
markets.
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il-Free Turbomachinery: A ILarge and Complex Puzzle

Foil bearing design
Solid lubricants
Materials science
Rotordynamic models
Thermal management
Bearing performance maps
Bearing modeling
Bearing design tools
Bearing test facilities

With many exciting career opportunities!
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