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Invention-Field of the Invention This invention relates to flywheel energy
storage systens, to integration of advanced- technol ogy fiber-reinforced
conposite thick-ring flywheels, |ow cost continuous-filanent unbonded

steel wire and other filanent flywheels and nounting hub designs, with
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digital signal processing-based electronic controller systens, fail-safe
vacuum encl osures, energen ner gys Gl enézlncgont ai nnent systens and ball,
roll er and sl eeve bearings , ants, all of which can
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orienting the | oad of a suspended device in the manner described in United
St atiBeorpereisAbyseference 22 in addition to, or instead of, energy storage.
Description of the Prior Art Storing energy as kinetic energy in a rotating

fl ywheel is known. Bsdokgroand of iednyentioncFidld of thednventiont s i n

fi ber-reinforced conposites, continuous-filanent-wound ring designs,
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batteries and ultra-capacitors. Conventi onal S are
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cases low-cost conventional motor/generators and digital signal processing-based electronic
controller systems, fail-safe vacuum enclosures, emergency energy-dump and containment systems
and ball, roller and sleeve bearings having solid lubricants, all of which can operate reliably for
many years without maintenance. This invention also relates to the use of the gyroscopic moment
generated by such flywheel for orienting the load of a suspended device in the manner described in

United States patent 5,632,222, in addition to, or instead of, energy storage.

Description of the Prior Art

Storing energy as kinetic energy in a rotating flywheel is known. However, despite recent
improvements in fiber-reinforced composites, continuous-filament-wound ring designs, electronic
controls, and bearing lubrication and vibration-control technology, flywheel energy systems have
still been only potentially competitive with alternative energy storage devices such as chemical
batteries and ultra-capacitors.

Conventional flywheel materials are limited in their energy storage capacity by their

centrifugal burst strength at high rotating speeds.



WO 03/ 023942 PCT/ US02/ 29009 Mbdtor/generators and controls typically used
with fl ywheels are too bul ky and cannot run at the high speeds required for
a conpactwbloginkmet energy storage systemto fit the vol umecaarsstemnts of
aut'onotive and ot her vehicul ar applications. Application of |ower energy
density flywheel energy storage systens for stationary utility

| oad- 1 evel ing applications has not been successful due in part to | ack of
proven designs for [ow cost continuous-filanent ring materials. The
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bearings to overheat and sel f-destruct durlng operation. 2 WO 03/023942

PCT/ gd IDewoPermanent Magnet Excited Synchronous Machine With High Efficiency at Low
Speeds" as a means to obtain high power densities with high efficiencies to reduce weight, cost,
energy losses and mainter.lance.

Conventional commercial brushless DC motors use Hall effect, i.e. magnetically switched,
non-contacting sensors to sense rotor position. A signal is provided to an inverter to commutate to
the next phase in sequence when the root magnet axis reaches a predetermined position. In this way
motor windings are energized so as to maximize the amount of torque output for the motor at any
given speed. However, known Hall-effect systems are complex, awkward and difficult to
manufacture, install and align, limiting their use in high-speed machines where brushless
characteristics are a distinct advantage.

Conventional high-speed bearings require a supply of air-oil mist, circulating lubricating oil
or periodic replenishment of grease to provide adequate lubrication between the moving surfaces, so

friction does not cause the bearings to overheat and self-destruct during operation.



I n high-speed fl ywheel energy storage systens, conventional bearings do not
have sufficient life in the vacuum environnent required to m nimze w ndage
| osses aroacnpszte flywheel ring overheating. Thus, someTiUsynbwmwed
systens rely on active nagnetic bearings. Even nmagnetic bearings, however,
require auxiliary ball or roller bearings to support the rotor in the event
either of an inadvertent |oss of power to the nmagnetic bearings or high
gyroscopi ¢ maneuvering or inpact |oads that exceed the | oad capability of
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of Rolling Bearings in Spacecraft"” published in ASLE Transactions, Vol. 17,
No. Uraripgss however,rgquirequgHiapyohadk ariplles hearings tesippert ithe rotor inuthis eventteithénafal
expansi on of flywheel rings that special provisions are required to nount
suc harr inadyeertont Tossaofl pryves up ther meghetio bearingwiot highhgyresobgic hgmeevetingror impacr . The
mounting systemin U S. patent 4,860,611 provides a nounting hub design

Sui tiahdsahdtekceed Sif 184d dpbSiligvfitiad hygRtigbeasingeds, but even higher speeds are
desirabl e. Hence, further inprovements in nounting designs are needed.
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High rotating speeds result in so much centrifugal expansion of flywheel rings that special
provisions are required to mount such rings on bearing-supported rotors with the motor/generator
rotor. The mounting system in U.S. patent 4,860,611 provides a mounting hub design suitable for
use at substantially high speeds, but even higher speeds are desirable. Hence, further improvements
in mounting designs are needed.

Adequately reliable solid-lubricated, high-speed bearing systems for use in especially high
vacuum environments are not known. The bearing industry markets several types of dry bearing
materials based on such molybdenum disulfide, graphite, Teflon and other plastics used as solid
lubricants. Woven glass fiber-reinforced Teflon bearings are fabricated by bonding a stiff metal

backing to a thin composite layer of soft lubricating Teflon, reinforced with a hard glass fabric. A

3



very thin filmof Teflon lubricates the glass fibers with a m ni num of
deflection, plastic flow and wear. In such known solid-|ubricated bearing
appl i cat iwon3/0spaez adi c cat astrophic bearing failures occecT/iSettsednt ai ned
greased-for-life bearings have limted high-speed capabilities and require
frequent re-lubrication. In high-speed rotors operating above critical
speed, the bearings are usually lubricated with <circulating oil. In the
case of high-speed ball or roller bearings, this lubricating oil is often
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oper¥tthg speed. In currently available rotating machinery it is conmon to
use "squeeze-filn' danpers and precision balanced rotors to control

vi br at i onSelEsrieined grrasadelar-lifsgbeapags have Finijed bishespesdocapabiligies aud mequirey .
Unfortunately, squeeze-film danpers have their own instabilities due to oi
whi r frequedt redubricaholp and often induce instabilities in such high speed
machi nery. Additionally, squeeze-film danper design is an ill-defined
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rati os. Hence, high vibrational bearing | oads and systeminstabilities
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Vibrations of the rotor are dampened by viscous flow of the oil film as the rotor passes through.
critical speeds while accelerating and decelerating from its operating speed. |

In currently available rotating machinery it is common to use "squeeze-film" dampers and
precision balanced rotors to control vibration response and bearing loads in high speed rotating
machinery. Unfortunately, squeeze-film dampers have their own instabilities due to oil whirl and
oil whip and often induce instabilities in such high speed machinery. Additionally, squeeze-film
damper design is an ill-defined art. Furthermore, squeeze-film dampers do not provide high
damping ratios. Hence, high vibrational bearing loads and system instabilities often result when
squeeze-film dampers are utilized.

Summary of the Invention

In one of its many aspects this invention provides woven fabric composite flywheel rings.
Embraced within the invention respecting such rings are circumferential, polar-wound and other
woven-fabric continuous-fiber-reinforced composite flywheel ring designs, as well as low-

4



t echnol ogy unbonded conti nuous hi gh-strength-steel wire and other filanent
fl ywheels, and their nounting systens. Flywheels nade according to the
fl ywheel wemaor3zsei this invention nmay be fabricated by fipicaresot/2ndi ng
with either wet or dry w nding processes being used, by resin transfer
nmol di ng, by injection nolding and by autocl ave or vacuuni pressure bag
processes. Such autoclave and vacuunl pressure bag processes are anenabl e
to pre-pregnated materials. In another of its many aspects this invention
Pr OViedfRIdd uiudh@a 8drtBloRyf higt! VGO WARY A oth @ RARES e&ld filef}9s and
ot here typeg? of f?yv\,ﬁ%e@so as %g%th:in neﬁ ﬂmredéllglt%ﬁy aé@bé%ﬁ%@gbgl&me@ect or,
si ne-wave-driye Faital signal processing-controlle conpact,
sensBPPALE. %}r/refplft g}tbgv ,eeiselfﬂ e?ccfngjﬁb% ﬁ)uglie%fwckl?ﬁf ﬁpﬁﬁsgfe?’?a@fﬂfw, may beal or
axi al ., ga tor/generators wth or without _permanent nmagnets, the latter
of wiPBFAted BY UpBPRoNInipe-with cither wrcer SVHREE PrRcesSghbang ueqde hyyresin
fl1 ywheel energy storage systens using solid-lubricated ball, roller and
ot hetranséamolgingskyeinitchier moldingjandiey auipelavepurveamanpressignbag processes. Such
non-f | ux- penetrating thrust conpensators requiring little or no
convarnbdlaweand yecuundpiessues bagiprocesses are anrenatve totpeerpregeated maristkher of its many
aspects the invention provides heat pipe-cooled bearings and notor rotors,
fai | - saf e @foiitr 00 @k eang UbRcE \hib @ientidNstovidedfor GRbdratior GCdukh WakvER Eabric
geonetries for ball, roller and sliding bearings, as well as vibration-
decoyihddiflc APWRL BloSHRIRRE tdds BF SiwRRRSE nRRGEcdSntd | spBaeT 9y
storag sy%'?gﬁs, aﬁfow’ ng tgﬁgsrotg%?, to spr)liﬁz’lrlil aeou]?ﬁ%%dg‘%%éﬂswggﬁ@espg er eby
to m nim hear.i | aads, duri.ng hi gh-spee operation and thus increase
yst S P P Rfider AR Stbna Prol MR odh BBRBRD erRBfess ety
aspects, .the invention proyides pol ar-woven bi-annul ar high- tenperature
car b9t d?%WdB’laF(?E h%@sgﬂ%ﬂu?"aﬁﬁl% WoAPak iSrR MPTRRIETators ydh \oRi WHhoBy be
mounted on a rotor by a hub with curvature nodifications at the spoke-rim
i nt eperEarent Thagngisctiie lagr ofawkich grearafasted torastigkicianern designs, wakighwlisianoyr educe
the centrifugal stresses in the assenbly. 5 WO 03/023942 PCT/ US02/ 29009
flywheel energy storage systems using solid-lubricated ball, roller and other bearing assemblies,

together with permanent-magnet non-flux-penetrating thrust compensators requiring little or no
conventional periodic re-lubrication or maintenance. In another of its many aspects the invention
provides heat pipe-cooled bearings and motor rotors, fail-safe rapid energy dump systems, and
lubrication facilitating geometries for ball, roller and sliding bearings, as well as vibration-
decoupling mounting systems in high-speed super-critical flywheel energy storage systems,
allowing the rotor to spin about its mass center thereby to minimize bearing loads during high-speed
operation and thus increase system life, reliability and safety.

In yet another one of its many aspects, the invention provides polar-woven bi-annular high-
temperature carbon-carbon or other woven fabric composite flywheel rings which may be mounted
on a rotor by a hub with curvature modifications at the spoke-rim interface. The wheel may have
scallops in the center of each web to reduce the centrifugal stresses in the assembly.
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Fl ywheel rings may be nmounted directly onto split-backiron notor/generator
rotors, either with permanent nagnets or a reluctance type device w thout
magnet s, woamsioeioay natural |l y-occurring field weakening fromusez29ner ease
inthe circunferential gap between each split backiron segnment resulting
fromcentrifugal separation as speed increases. In yet another of its many
aspects the invention enbraces use of netal matrix and fiber conposite
flex-rimhub materials, both of which offer performnce conpatible with
hi gh per RAiEa) ' : ' avan stahi | acking
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flywheel hub as to both diameter and. length, sel ective. are ei nf or cenent,
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many q pects .this invention, provides_ sensorless comutatjon of a

mot ofi? B&F@F%ﬁg frgmy the nereass e cpgymicesnhial gap hpbyesmcashsplis backiron segmett i t s
many aspects this invention provides nmagnetic danping incorporated into an
ext efesylong Gpmiagntrifiegat separation s speest inpredses.anpl i t ude of vibration. In still
anot her of the many aspects of this invention a self-contained cooling

syst em f on et anbthler 8p e thahly yaspeess| the isregiiors bObage SesifafttanNmhtitemdatibeat
pi pe in the shaft portion of the apparatus to provide cooling for the high
heat cgeRItat K1Y hite HRESIL OBABT &t Qﬂﬁ(ﬁn@ffbﬁ%{fﬂﬂﬁncgdoﬁplaﬁﬁllg' Wit R

aspects of this invention enbrace use of both |ongitudinal and transSverse-
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conposite rings thermally shrink-fitted together and nade of different
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In yet another. of its many aspects this invention provides sensorless commutation of a
motor/generator using ;1 virtual Hall effect system.

In yet another of its many aspects this invention provides magnetic damping incorporated
into an extension of the bearing mount to limit amplitude of vibration.

In still another of the many aspects of this invention a self-contained cooling system for a
high speed flywheel energy storage system includes a heat pipe in the shaft portion of the apparatus
to provide cooling for the high heat generated by the motor/generator and bearings.

Still additional aspects of this invention embrace use of both longitudinal and transverse-
flux motors with either axial or radial gap designs and digital space vector sine wave drive and
vector control.

In the aspect of this invention involving the composite flywheel rings, each such ring in
either a single or multiple-ring rotor may preferably be comprised of at least two separate composite
rings thermally shrink-fitted together and made of different compositions. The different
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conpositions may include carbon/carbon conposites which mnimze
thermal |l y-i nduced rotor failures since such materials operate at very high
t enper at uwesnsieidaput weakeni ng. Pyrolysis of the carbon/ eamamezemoposite
matrix in manufacturing also mnimzes outgassing as well as the resulting
potential for overpressure, conbustion and explosion in the event of rotor
failure. Another inportant aspect of this invention is the critical
sequence and special schedule of variable fiber tensioning used during the
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t he PoteRtishEpr Qverpiessuss, cambustion andhexmiesiandn therevent of jtor failimset ween t he spokes.
Alternative materials for these hubs, such as netal matrix and fi ber
conposi t eAnotheromipdgantcaspert of Hax inyeitionyis ithe dritivaldegiame asd sgdcial sshedolemf cost
in manufacture. Use of netal matrix or fiber conposite hub materials is

desi vafable fiter tdnsionibgnised Bwga thexyiadisg emd Ofringhe deithis ofithdédhposing agwhélpes
not exceed the maxi numrotor nmounting thermal interference possible with
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this invention is provision of alterndtive conposi ring nounting nethods
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PCT/ 1inRgs areusgd i complete flywheel energy storage systems..

Mounting hubs for such flywheel rings may use a re‘vised curvature of the interface between
the spokes and the rim and a thicker section in the center of the rim between the spokes.

Alternative materials for these hubs, such as metal matrix and fiber composites, provide
great flexibility in hub design as well as lower cost in manufacture. Use of metal matrix or fiber
composite hub materials is desirable so that centrifugal expansion of the hubs at high speeds does
not exceed the maximum rotor mounting thermal interference possible with differential
temperatures and thermal expansivities.

Yet another aspect of this invention is provision of alternative composite ring mounting
methods and apparatus for very high specific energy density flywheels.

In the aspects of this invention involving the motor/generator and controller, extremely
compact electromechanical machines have maximum efficiency for minimum energy losses and

heat generation, as well as heat removal management of whatever unavoidable residual heat
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generation occurs in either the rotor or the stator. For this reason, the
apparatus nmay be equi pped for separate tenperature neasurenent and water
cool i ng oWotds@23yet or stator and notor rotor through radi &crasoteassin the
vacuum encl osure, as well as the bearings and the flywheel ring itself. In
one enbodi nent a sel f-contai ned heat-pi pe cooling systemis incorporated
into the conplete flywheel energy storage system |In various

mani f estati ons of the notor/generator aspect of this invention, both
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rel at{ﬁs in g(gigt long life ,V\A({]Bout .perigdic maintenance is a necessity. In
yet HnhoRhembedipent a seli-coptangd, heatpingLoolng sypam jif Incompraied ke dreasomplete
generated in the controller. In this case, no rotor position feedback
sensBywhegl energiipregelsysi¢nt he notor, resulting in sensorless comutation,
reduci ng cost and increasing reliability. Pernmanent magnets in the rotors
nor nal |y Insemtious nmniféstdlicnsof the snotarygeheraek aspeniadfablistinvengon botl lohgRwdigdt ype
design. Mdtor/generators of the flywheel energy systenms of this invention

may  aMeans - MOF Sé@dmakilitie debiBhd ar€ @ MAH dthsr rAdisPRGkM g& dombhiralits t§i 9h.
speed stators having extra windings for rapid extrenely-high-power dunping

i ' i ' . F hi gh
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spee nmposite ren conventi onal nounting hub
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energy systems of the type to which this invention relates in that long life without periodic
maintenance is a necessity.

In yet another aspect of this invention, virtual Hall effect signals are generated in the
controller. In this case, no rotor position feedback sensors are required in the motor, resulting in
sensorless commutation, reducing cost and increasing reliability. Permanent magnets in the rotors
normally used in such DC motors may be eliminated using a reluctance-type design.

Motor/generators of the flywheel energy systems of this invention may have incorporated
into their controllers a special circuit for high speed stators having extra windings for rapid
extremely-high-power dumping of the stored energy in the flywheel in a benign manner.

For very high speed composite flywheel rings, for which conventional mounting hub
designs are not suitable, an alternative motor rotor may be used. In this aspect of the invention there

may be provided axially split or partially split backiron segments thermally fitted with a stationary
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interference fit inside the bore of these rings. As assenbly speed is
increased, this interference fit disappears due to centrifugal expansion,
and a smewb ogapsior ns bet ween the edges of each split baekirrusn2/segnent .
The smal| gap causes field weakening, reduced current and pul se-w dth
nmodul ation in the notor, increasing efficiency and reducing rotor heating.
In the aspect of the invention relating to the axially split or partially
split backiron, the rotor portion of the nptor/generator apparatus may be
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f r oninodelatigmin the|motenjincraaspigceffisieneyhand redeging sofor heatingt dn rthelaspeet glothei on i s
preferably curved and further is preferably thinner than the inner and

out einventionnedlatogl toc e raxlally psplit i @n partibly tshlis baclima; thé rbfoe pomi@ntofothet he
flywheel is preferably nounted on the exterior of the outer cylindrical
cent fmatorfgeridratonapphratisenshisd definBd b ax akiblly Elbegatdiedhkll Rawingkh BhieycyRingngat ed
slots therein between adjacent ones of the permanent magnets. Preferably
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per f | ot. .he at. 0 n angul ar l.ocation so
D! TBUGRh DRl So aT0URER' srhltind o B MRGF e <G R ok A8 Rt 2B  on
for extremties of at Least.sone of the slots to out boar d ,of axi al

ext r SANATEAL cEiral Rertiges ok Bt RE oty A&%Wé?taa%%@ﬁe gYtef pylidrica) spatrabn i
the use of digital space vector sine wave drive in the digital signal

pr ocREHeMmYith élsfeﬂw@eé&&r@mn@n nase of thg dywhesl end thsrshafd peproachesthe ratelacwhich osses

and 9 WD 03/023942 PCT/ US02/ 29009
the flywheel separates from the shaft. In this aspect of the invention the intermediate portion is

preferably curved and further is preferably thinner than the inner and outer cylindrical central
portions.

In this aspect of the invention the flywheel is preferably mounted on the exterior of the outer
cylindrical central portion of the shell. Preferably the shell has axially elongated slots therein
between adjacent ones of the permanent magnets. Preferably the slots are in the cylindrical portion
of the shell. Further preferably extremities of the slots are axially inboard of axial extremities of the
permanent magnets. Some of the slots may be at a common angular location so as to be axially
aligned. It is also within the purview of the invention for extremities of at least some of the slots to
be outboard of axial extremities of the permanent magnets.

Another aspect of this invention is the use of digital space vector sine wave drive in the
digital signal processing based electronic motor/generator controls, which reduces losses and

9



heati ng and i nproves dynam c performance. This vector control and the field
weakeni ng phenonenon optim ze the power factor in utility applications,

m ni m ze woha3sewey wei ght and cost of the power el ectronipca/ianzi290ber eby

i nprove overall systemefficiency. In an aspect of this invention involving
beari ngs, the bearing assenbly includes an outer bearing ring, and an

i nner bearing ring with the inner and outer bearing rings including races
for retaining balls or rollers of the bearing assenbly. The bearing

asscdllit Y ¥ifrol ! bl eltfifue PiiEAddor QnBRld @k Al Glaehfyr nal e

ng c th respective races o e outer and | nner ring

oyl

rin and solid l.ubgicant biased, .against one or. nore of the balls or
P S e N e A R e S A
outer rings connected to | pad-applying or | oad-carrying nmenbers. The solid
| ubrhg BV et RlsASopIC thershy weprevRvsraleysigieiiicienchie di mensi onal envel ope of a
sliding bearing ring configuration without the plurality of balls or
rol | ers. Inran pspe@ieadrthisgneantion invetvikgnbenanines, dd bearing dissporhly diclulepen toutst t he
invention in the high vacuum environnent in which the flywheel energy
St ortagsng yiageandopeinateisearing iogvewithl tht iitret ynd sytot beking rinpe avtudipyrades for
optimally used as an adjunct lubricant. The adjunct lubricant nay be
Pr OVeffHing/BAIRGDrao kRS 6fithe Beafilg Ese@ARE The BéteingasSsembly AP ye®fhr ihdRaEeynat ed
with the sane low volatility oil that is useéd in conneCtion with the
synt {s y | t Lng in
Cho N Bl RS 6y Kl e o AL B9 RS e e R SR SN a0
i nventi.on_.i ncl ude,. .of tortuous |abyrinth to lLimzt residual
out gRat B 8id B Gy bk gt RRE o ABS Tl ap el P Preen, ¢
| ubricating menber in the bearings is, preferably carbon graphite and is
pr eft8s HBEsAndpuierames.sEELae Hsr g cutgr rings a%e?te%éapﬁkemlﬁeg pelopd-syryng | S,
rollers or other moving surfaces so that the graphite "wites on", i.e.
r ubsmergberaisThe sdlid lnkrigantigehbgrineay alssl Hecgontagred otithin thewtithengical érvelopedfa 10
03/ 023942 PCT/ US02/ 29009

sliding bearing ring configuration without the plurality of balls or rollers.

In the bearing and friction moderation and control aspect of the invention in the high
vacuum environment in which the flywheel energy storage system operates, a low-volatility
synthetic grease may be optimally used as an adjunct lubricant. The adjunct lubricant may be
provided using a porous plastic element such as a Nylon insert impregnated with the same low-
volatility oil that is used in connection with the synthetic grease to keep the lubricating grease wet
and prevent drying in the vacuum. The lubricant, bearing and friction control aspects of this
invention include use of tortuous labyrinth seals to limit residual outgassing of the low-volatility
grease to acceptable levels.

The solid lubricating member in the bearings is preferably carbon graphite and is preferably
biased, occasionally self-biased, against the bearing balls, rollers or other moving surfaces so that
the graphite "writes on", i.e. rubs against, the bearing balls, rollers or other moving surface(s),
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| eaving a thin graphite lubricating filmthereon and producing an
ultra-fine particulate "wear debris" of solid lubricating material. As the
beari ng opermte®d2this wear debris is caught between the Ipaltissomeoos ol | ers
and the race surfaces. The wear debris is carried by the rotating balls or
rollers to the race surfaces against which the balls or rollers are

jounal ed so that a graphite filmforns between the balls or rollers and
the race surfaces and the filmis continually replenished for the life of

the i 1. 3 J | i j i nAt |OW
bearlleng %glg%lg},% %u%glldsréﬁiﬁ %?gg?%%eogf g Eo(alugﬁgré%g gﬂgﬁ% p%ﬂ?é%&ﬁ’@%ér# 8%‘%ﬁnsgs may
be provi. . the elasti.city.of the rjings thenselves, as a resuJt. of the
i gt ke Fibrichest et s stk apefies, bR AgER N Hienor Jedninebalsge  on
against the balls or rollers. In the case of roller bearings, and at higher
bearPHers apd esracsurfages Hreaveas gsbrig issarried by the ratangsbadn of rallepdtarthegpce

el ements and on the solid lubricant rings, which solid lubricant rings for
s uc rsusfpesisi againstowkich the talle for rellsrs/aregolanaled hothat aigyapbise ifitm fames betweangthet o
provi de sufficient biasing or occasionally contact against the balls or

r ol Italls ok Golksro dtid ehe tdee suefhees raad tholfild it wbntimany refadidhad dod tHer Bsdfethe f i | N5.
In the high speed flywheel energy storage systemthe balls nove randomy

t 0 iyghass, wilhBubRbsdubitReéTRnbplylad@isona\idpici@l | er bearings are used the
rollers skew randomy against Solid-lubricant rings built into such

bear i I : : ' I j f bl
D5 e LSRR o, SR BT AL 08 AR bl 201
l'i.d- 1 ubri t terial | at i t.hi ck.sol i.d-1ubri ti
bondBdnbALeEHaY o5 e duielsfe b2 il Sl et R e HhE #F g or
cage is to exert mnimal restraint on the orbiting notign of the balls or

r ol |lagded lightly by deibsotipn apaing dherbails or rallesse duytheerdse of tiiler hersingss and ¢ highebr i cant

filmwear on the ball or roller/raceway surfaces in the bearing. 11 WO
03/ (ragupspealy fosbdl baogs, thednertra dgads oy theshearings elppkints and amthe solitblubtiteat
centrifugal forces on the solid |ubricant- rings or
rings, which solid lubricant rings for such applications are preferably made without any split, are
enough to provide sufficient biasing or occasionally contact against the balls or rollers to produce
the required solid lubricant debris and transfer films. In the high speed flywheel energy storage
system the balls move randomly to impact the solid-lubricant rings. When roller bearings are used
the rollers skew randomly against solid-lubricant rings built into such bearings to contact the roller
ends.
The lubricating member is preferably in the form of a ring but can also be in the form of
inserts of solid-lubricant material or a relatively thick solid-lubricant coating bonded on the cage.
Position of the solid lubricant may vary. The ring or cage is to exert minimal restraint on the

orbiting motion of the balls or rollers. Minimum orbital restraint is required to minimize solid-

lubricant film wear on the ball or roller/raceway surfaces in the bearing.

11



cage are high enough to cause excessive wear and stresses, a netal band may
be used to contain the stresses in the solid lubricant ring. Alternately,.
a cage orweeparmtnr may be used, with solid-lubricant natreriEsh2/29009
incorporated as inserts or coatings on the surfaces of the cage contacting
the ring guide lands and the balls or rollers. As wth the solid |ubricant
ring, in order to mnimze orbiting restraint of the balls or rollers, the
cage pocket clearances are large in the orbiting direction and the guide

| ands haveed Ry, ﬁilgﬁﬁ?&ﬁcdﬁp%QOﬁs[ Whbh ﬁi%-ceﬂ_t?igugrafﬂ)‘r'éé's o tﬁ@é’&lifdrlh@ﬁdjragt;&;;rﬁgs drhe

cage guide-land surfaces may be provided by lowfriction [am ¢ or

T e e S e LR S T

The esira odynam c rication d
surfaces is_ faciljtated by A centrifugal warping of the cage rails at high
s e RETid LS 0 AL QreHEE 21 SR TR BE oSk G silbc-bbcrint ag

bar between each ball or roller pocket in the cage, providing a )

scal naigddl- inperperated A§dngcHh @ §P3taBH gn She sustaees of the £pge eantacting theyring gyidani c
lubricant filmformation. Very thin bonded solid-lubricant coatings on the
bal |lendsranddhd alls oarmdlersadeswittathe balidinbrcadedng, froordemto miaimizel orbitinglrestraint at i on
of the contacting surfaces in the bearing, until the transfer-filmand

vearofdfe bhls &niollaR]mheicageepdtkel démared hnd 1206 i HRVrBiRing Aibétibhoma thé bifde
repl eni shnent for long bearing life. The solid-lubricant elenents are

posihhfNede idw LiBSaRRaLH RSiochn @ way to avoid high loads on the

solid-lTubricant filmreplenishing surfaces; otherw se and undesirably,

| ar ge pard.i c . . f w c et failure,t oduce the
neegedpc oifllgfi lls?ﬁelﬁ?d/\fé%%l‘;ﬁ&géf {sﬂ% Bi‘# %LP %eﬁﬁﬂﬁgggrfacr%e%ﬁagm é’ﬁ%%?d)??g{oﬁ' cggl.l The

i nventio r ef erably, use omewhat open, conformty of ball .bearing_raceways
or DR ot S Micalsa P anas, 0o aEBlar Saomr R dEf £366) B BRdt o Thear e

| oad-carrying contacts in the 12 WO 03/023942 PCT/USQ2/ 29009 bearings for
sol idesiralie i seBracting |hydvodsmanas | lubrcatinp ofhthesewaga iland syésaetis awlitatedebyear i ng
rae ecvc\:liésfugal warping of the cage rails at high speeds from the radially outward deflection of .these
rails at each cage bar between each ball or roller pocket in the cage, providing a scalloped-shape
cage-land sliding surface for tapered-land hydrodynamic lubricant film formation.
Very thin bonded solid-lubricant coatings on the balls or rollers and races may be provided
for initial run-in lubrication of the contacting surfaces in the bearing, until the transfer-film and
wear-debris entrapment mechanisms build and provide continuous film replenishment for long
bearing life. The solid-lubricant elements are positioned in the bearings in a way to avoid high
loads on the solid-lubricant film replenishing surfaces; otherwise and undesirably, large particles
would wear off with concomitant failure to produce the needed consistent supply of sub-micron
wear replenishment particles.
The invention preferably uses somewhat open conformity of ball bearing raceways or

crowning of roller bearing contacts, to allow sufficient space near the load-carrying contacts in the
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avoi ds excessive edge contact that could disrupt the lubricant filnms on the
contacting surfaces. All of this assists in the wear-debris entrapnent and
transfer whmsmbdsdz2| ubricant filns directly onto the tracksTafSor/bmopal |,
roller or slider contacts and at the sane tine does not significantly
restrain the orbiting notion of the rotatable elenents in the bearings. In
the fl ywheel energy storage systens of the invention, the predom nant

radial |load on the bearings is a residual inbalance |oad that rotates with
the peirks foMibli® ibhidal RMUNaARNIng! NMURL sdrR@Emb Seeolriefy BF ﬁie%qriqg&@é\ba&s

provi ded by springs acting against stationary bearing rings. ese

st at | r | I Q tionary patt of
I e g B R A L
preferred material for,the solid Jubricapt, .oth .candi date material s

ol BhERsrolsdn, B efuisbrs airrniab SRS of SoEhuanGht Sinaedania fon
conmpl ex netal chal cogenjides, which are specially adapted for )

hi ghtracksed the balk relies or shider septpels andh akthe sHae dmeolqes npusignieantly restein the

formul ations, like the preferred carbon-graphite, can be incorporated into
sel f ebisimganotisch of the rdtakabler dleraents indingplzatisgsand coat i ngs and used in the
bearings of the invention. In yet another aspect of this invention, the
rotating In the fiysshsgleatigd siageRgstérhy vhde linveAgsrg Yhe sibdonaigant $¥G4196ad & e usi ng
a flexible coupling device that effectively changes the critical rotor

Speepkarifgs fsAGedi@ia® imBHEaRE RIaB 188 réthted Rith Bleg6or, 4RTIeIRe ﬁre&&é%larg%&qﬂm@ ner

the bearings are never subjected to the high unbal ance ads such as occur
ot S ; . Thi Cbor at i Ccal ati .
achi B8 giFipid @7 BRRAIY by ok AR Bl ABlne! ey Bhod HREE TBRe Ry g
b I i.ng bei id b flexible d | i J h

el acRBHiaE FBEksHF Anreb el YePHep o A SE Bei > GinE Bt o bl o
nmetallic el ement having suitable conpliance. 13 WO 03/ 023942

The
PCT/ US02/ Ydwlo gmpesgnated Cabpurgeaphibe s the refrest materiak fr theysplid Iybricanh eothsar t s

fit together tightly when the rotor is
candidate materials include molybdenum disulfide, tungsten disulfidle and second generation

complex metal chalcogenides, which are specially adapted for high-temperature bearing
performance. These solid lubricant material formulations, like the preferred carbon-graphite, can be
incorporated into self-contained solid-lubricant compacts and coatings and used in the bearings of
the invention.

In yet another aspect of this invention, the rotating ring is mounted on the flywheel energy
storage system rotor using a flexible coupling device that effectively changes the critical rotor speed
as the rotor accelerates up to select design speed. In the manner the bearings are never subjected to
the high unbalance loads such as occur at the critical speed of a conventional rotor.

This vibration isolation is achieved by an annular contact space between the rotor and the
rotating bearing ring being bridged by a flexible decoupling element such as an elastomeric O-ring
or a vulcanized elastomeric element or a flexible metallic element having suitable compliance. The
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stationary; the parts separate and the annul ar space opens by centrifugal
defl ection of the outer nenber of the assenbly to forma gap at an

i nt er mediwoe3neivar speed. This "lift-off' speed is sel ectred/uso2/bmo9
approximately two-thirds of the first rotor critical speed when the gap or
annul ar space does not exist and approxi mately one-third higher than the
nodi fied critical speed when the gap or annul ar space has been created. In
this manner the rotor never runs right at the critical speed and thus

NV Sfnrd bl 6L abRenBCAil NI Ssidrluf ol o DR 1h R Y ;{?ﬁeﬁl%eygg{:_ joul d

resu dry, undanp operation at the rotor c spee Rot or s

wth_ this vibratjon-mn mzjhng decoupl i System,.. n erati at  speeds
abovEHPRY Idl%f ? ‘Iihjtt)% ePrsinl 5e e?fdz{rhg ?ag{: @afa%‘ﬁ% g 9? Sebyn%%}gi@gﬁt %e?lgftf?élt %Q@e M he
geonetrjc center of the bearin support stem As a result, need for high
pr ecﬁngﬁnbﬁ‘ ?)gﬁ’ﬁr?éﬁ%bl}f)fto oy Pcﬁagrat g 1 fsa%’i%e aotar snesd-e This "lift-off]’ spesd 5o

centrifugal warping of the precision bearing nounting fit surfaces. This is
par t sedagtedripybe apppoimately tw-thirdy Rt Sisclangt foteregriticalnipeed when itharzapedr ainulps, i n
whi ch centrifugal gromh may be | arge, since such systens retain the

r adi spacecdogsaiot bxikti and approgimdicly ionegrshimishighdr thamsthe e djffed airisicalrplal whaethof t he
system over the w de operating speed range of the flywheel energy storage

sy st gip orlafniilkespasPisibeaf credied. | VBB hiddRer thé aﬁérnﬁvémm%hv bthabHidhl §pdi M zi ng

rotary machinery decoupling system the invention further enbraces

COUPIHdHuSRRRE ﬁ%ﬂ;‘%ﬁf i ibk&{%g/ it%fﬂ'le?g?g@igﬁti% aﬁ?gtu?ﬁ(gﬂhg{ Ablg %aaur%ﬁlﬁgbggabody

through a criti requen t1on whe € apparatus 1n

ESL{%%%P%&%%%&{HL%%%Q%Ig@&g{;ﬁ)ggﬁgti ons of the body with the portions

hary. The apparatus further includes

means for_flexihly.coupling the second portion to the first portion to
faci |1 t atROEBVItA Hit V@Eﬁé@fl%ﬂﬂﬂaiﬂpg dgeAUPERE SYSIAML YRR oPRFBS At spsedsabosecond

portion nmoves away fromthe first portion responsively to centrifugal
f or ctie dift-eidtspeqde metiatesaewnd the| 189S togater instdad If the geonmptog/comgoad the bearing
PCT/ US02/ 29009 - frequency. Desirably, the two portions contact with an
i nt esupporeysterfi.i Asvahesult, needofod highpredisidn baiarcyng of the rotor is reduced and there is

little or no centrifugal warping of the precision bearing mounting fit surfaces. This is particularly
important for high-speed fiber composite flywheel rings, in which centrifugal grovﬁh may be large,
since such systems retain the radial compatibility of such rings as well as the precision balance of
the system over the wide operating speed range of the flywheel energy storage system.

In the aspect of the invention relating to the vibration minimizing rotary machinery
decoupling system, the invention further embraces coupling apparatus facilitating passage of an
acceleratingly rotating body through a critical frequency of rotation where the apparatus includes a
pair of mating first and second portions of the body with the portions contacting when the body is
stationary. The apparatus further includes means for flexibly coupling the second portion to the first
portion to facilitate continued substantially unitary rotation thereof as the second portion moves
away from the first portion responsively to centrifugal force at rotational speed below the critical
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and at roomtenperature. Further desirably the mating surfaces are nutually
facing when the second portion noves radially away fromthe first portion
responsi veioy3toessaent ri fugal force at rotational speed belrowusoz2en9ti cal
frequency. In the vibration-mnimzing decoupling aspect of the invention
there is further enbraced a nethod for accelerating a rotating body
through a critical frequency of rotation with the body having a second
portion tending to separate froma first portion at body angul ar velocity

bel opequRBey. ChésirabRy th%rtﬁg lﬂ)@ﬂﬁ%s cdtset Wt nieeleHEES \pﬁérnrﬂl& Bb%&gxgtsmﬁoﬁ%gond

portion to nove away fromthe first portlon responsi vel entriftgal

%? ¥ Eﬁld?%te%‘é%li*&f% PtyEP AR E%Wef’l?eth aa“fnétl I‘PéeEE%*féﬂg‘uaElhiﬁsﬁ M*ieiffﬁc' "
or | gieRad epien cHpves RGAY Y=Y (i S B POHBPL BRI o r N ey ot

connected to the first portion only by a flexible elenent, thereby
incr@é@ioﬁglsp?@l@f%@@icvgcaégﬁqu%ce of the bearing support of the rotating
body. The nethod further enbraces optionally maintaining a flexible couple
bet ween t Inethé ivitsaticarrdingeizmgdlepeupling maspeciooff the inviettigrethesuib Surthet embtagedini t ary
rotation thereof at comon velocity but with separate angul ar nonenta. The
et h@ethod ol bddeleeating i todatiigl bodynbtduge of fritical @Bquhcy ©F Wotatid ithBe LREPNd
portion to self-bias itself radially inwardly to effectuate conplenental

CONt R ingPLbRTpdrAibh MU 3RO o NNt fotiorAihoag Ghlflar RVl SBBwREN the

body 1s at rest and at arbi ent tenperature. The VI on m n m zi ng rotor

i
| u i u
P Gr bpavon, ﬁegpw&gve isv AT Aﬁlﬁc%rﬂé R ipral, o2 g T Sl oiL freERy IHERPY. ¢ he

purview of this i nventl on respecting the vibration-mnimzing rotor 15 WO
03/ orpdecing pigotiveonassgobe refeting prinandgpallishing anew rmetipddfreqvengyc farpbe at e

sone danping into the system This can be
rotating body substantially shifted downwardly from the original critical frequency; the second

portion is then preferably connected to the first portion only by a flexible element, thereby
increasing the effective compliance of the bearing support of the rotating body. The method further
embraces optionally maintaining a flexible couple between the first and second portions to facilitate
substantially unitary rotation thereof at common velocity but with separate angular momenta. The
method may further optionally include the step of permitting the second portion to self-bias itself
radially inwardly to effectuate complemental contact between facing surfaces of the first and second
portions when the body is at rest and at ambient temperature.

The vibration-minimizing rotor decoupling system aspect of the invention has applicability
not only to flywheel energy storage systems of the type to which this invention broadly pertains but
also to other high speed rotating machinery such as gas turbine engines, power generators and the
like. It is further within the purview of this invention respecting the vibration-minimizing rotor
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acconpl i shed by nodifications to the basic apparatus di scl osed herein by,
for exanple, utilizing a fully sealed viscous fluid-filled cavity in the
appar at uswand/od®fiz ni ng t he area of separation within the Poadyoxpmns angul ar
acceleration or by utilizing elastonetric interfaces in the cavity in the
body to provide the required danping. These approaches are consistent with
hi gh speed fl ywheel energy storage system vacuum requirenents and ot her
equi pnent requiring non-contam nating operating environnents when such

uni t gecBhitidgUphratRadiidmelndd 89 dhddrRatt QomdedAHhd fb end BRTES! gmrlé Chef e OF

such vi brat’i on-decoupl i ng systens for any type ~ of high-spee otor, such
syst . i 3 Vi i.ng.and | ubricat.ion

ot S0l 8 AhodincBl e Bad ol BRI RERlR P15 b i BB B, anc
solid-lubrication_.sys . lt.is further wi.thin the purview of the

o br e et At Geytiingh mempia aed G he S8 0L martion s e sy st em
and the approaches of this invention in systenms where high torques nust be
t r ankedytunen aagdlacegseleration &1 by atlizing clagtorme tepfaces rig theqaaaritis in the hodyde cases
a splined or non- circular | obed nount can be enployed to provide the

desi predidd d¢loreghiretydamping o Tbesgapptoaghes atd gonsisteptr witk dighyspeedrflgwhdal lehérgy These
applications are nost likely in direct rotor/shaft assenblies where the

r adi @bragé SyseMe @advlnt RQuirethaitd ageother ment kduitiig @h-doRRinfifding Bperitingns of
the vibration-mnimzing rotor decoupling systemwi thin the purview of

thi ServiaREAOWhbDGucBhAR it fRlyaERRS. i s desirably mounted in the rotor
assenbly and hence not subjécted to running frequency cyclic loading. In

one aspecf, al(azlitltonet!o {hg\fﬁmallb)%rl:tl%ﬂgﬁeégtcg Irot(’: g{ch k[ﬁ?at%%%o{p%&g g)gslt%lgshfé}/ e tyi)g tating

the flywhee responsive _ power i npu _
of o6t g apde] TelognBiah SHERB IS SHALH PABIECE K R & DRy IR bRICaBR r |
16 WO 03/023942 PCT/US02/ 29009 portion within which permanent magnets are
mountysgm, g}qlqdmgemr-@ym%@prpglamn&@ﬁ:qugreaﬁ@mpp@qﬁlon, and solic?—lubrication systems.
It is further within the purview of the vibration-minimizing rotary machinery decéoupling
system to use such system and the approaches of this invention in systems where high torques must
be transmitted and centrifugal loading is or may be inadequate; in these cases a splined or non-
circular lobed mount can be employed to provide the desired decoupling and consequent greatly
improved system stability. These applications are most likely in direct rotor/shaft assemblies where
the radial distance to the interface is small.
In any of the configurations of the vibration-minimizing rotor decoupling system within the
purview of this invention the elastic element is desirably mounted in the rotor assembly and hence
not subjected to running frequency cyclic loading.
In one aspect of the invention the rotor of the means for selectively rotating the flywheel
responsively to electrical power input or producing electrical power upon rotation thereof by the

flywheel may be in the form of an axially elongated shell which includes an outer cylindrical central
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connected to the rotatable shaft and an end portion connecting the inner
and outer cylindrical central portions for facilitating continued unitary
rotati on wb oBloesseut er cylindrical central portion wth thectfusymbmed as
rotation rate of the flywheel and the shaft approaches a rate at which the
fl ywheel separates fromthe shaft. Desirably, the end portion is curved.
Further desirably an internediate portion between the end portion is

t hi nner than t he i nner and outer cylindrical cent raI portions. Still

furt Alerely y .he oL R =

cont Paiof AR iich Germpalh e /82 IGREN. Teh, Sk BEHEN Gl plalBy

el on ate ei.n between adj.acent one of the r mane

The &fito ﬁﬂfﬁ%@lamﬁ P 0 EBABoTIOR Fameg e iros g Bhier erj raricglien eﬁen
Extremtles of the slots nmay be axjially inboard of the axial extremties
of t Prtipes forfeitatinggenatisucdggianorotatior of ity quterriingricaheerdishmemtionngth the

| ocation so as to be axially aligned. Extremties of sonme of the slots nmay
be oflywheet ds oftation wite ek theeflywlicek and thehshafi appronehes anmtgnatt whicBrthe flywheel
Description of the Drawings Figure 1 is a cross-sectional view of a first
enbostpaliss fim thef shyfh @Xksirsbig rthy esd portige issysveain Furtiet destblygnasReantdatef the
invention. Figure 2 is an enlarged view of the structure Illustrated in

Fi gup&itidn bétetn @{% eﬁ V\R&h@n i thinés tAM @ inher i@ c§llﬁc§10§1 RheK§R8 sy Second
enbodi nent of a energy storage system manifesting aspects of this

' nve Indesﬁlalﬂ lt ﬁeeﬁmg B %uﬁ&'ﬁt thgﬁo%\%f%e Gl n&ﬁ'é%? Of a
\Aﬁ"gg? g ?/ S0 ‘{ en |o

energ em rram | ng aspect Isin
0&%@42 PCT/ U802/29009 Fi gure 5 |s a broken sectional view of a
four odi nent of a flywheel energy storage

The shell may have axially elongated slots therein between adjacent ones of the permanent
magnets. The slots are preferably located in the cylindrical portion of the shell. Extremities of the
slots may be axially inboard of the axial extremities of the permanent magnets. Some of the slots
may be at common angular location so as to be axially aligned. Extremities of some of the slots
may be outboard of axial extremities of the permanent magnets.

Brief Description of the Drawings

Figure 1 is a cross-sectional view of a first embodiment of a flywheel energy storage system
manifesting aspects of the invention.

Figure 2 is an enlarged view of the structure illustrated in Figure 1 taken at circle II in Figure

Figure 3 is a broken view a second embodiment of a flywheel energy storage system
manifesting aspects of this invention.

Figure 4 is a broken sectional view of a third embodiment of a flywheel energy storage
system manifesting aspects of this invention.
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system mani festing aspects of this invention. Figure 6 is a sectional view
of the apparatus illustrated in Figure 1 taken at circle VI-VI in Figure
1. Figurew® msam4sectional view of the structure ill ustratred/iso2/Bdogure 6
when the flywheel is rotating and the vibration-decoupling apparatus of
the invention is actuated to reduce the critical speed of the flywheel
assenbly. Figure 8 is an enlarged view of the structure illustrated in
Figure 6 taken at circle VIII-VIII. Figure 9 is a view of the structure

illustrat ﬁgmlcrg B IRed sé:lﬁgml Qge‘,% Bfﬁ%,&rﬂlcéd{l&?dn)ﬁ@lﬁ%ft ﬁ%wlgeel enegg)éstlpléagul t of

vi bration oupl 1 ng appar at us 0 g 1nvention is ac

t he fl%\/\/neel rotati cg [ﬁbﬁ Ois an isonetric view of stator disks and
per nRient %&ﬁté?gsaspg i énVﬁB Mon of a ot or / gener ator assenbl y

mani f esting aspects of the invention. gure 11 is an enlarged view of sone
of the stiiguiedtis 4sertipnal weweptithe %HPéraFLE\A)é‘FSUﬂieSH@ Fieairey] taksn gbeiradg ViEVdine 9.

Figure 12 is an enlarged view of a nodification of the structure
i || uSguetled in Figure 11. Figure 13 is a top view of the flywheel hub,
illustrated in Figure 1, with the flywheel rings attached. Figure 14 is a

vi ew of thgust7 isci séctiondl Vitvy wif ehel fnicalte flldirated i IFyud ¥-wied the fiyintibélss 13.
Figure 15 is an enlarged view of the structure illustrated in Figure 14

t ak etaiihe Gha Qllleewmn&{ deéd%lpﬁh@ glsﬁralﬁls oflfle \meﬁé&p %Sa%ﬁ%téaqy B2/ thd Uffcal Fi Qure

16 is an"end view of the enbodinment of the flywheel energy storage system

il '”s?)teiﬂﬁﬂehgwféeg s€m Iook| ng fromthe left hand side of Figure 5 and
e vacuum enc osu renoved.

Figure 8 is an enlarged view of the structure illustrated in Figure 6 taken at circle VIII-VUI.

Figure 9 is a view of the structure illustrated in Figure 8 showing the structure when the
vibration-decoupling apparatus of the invention is actuated as a result of the flywheel rotating.

Figure. 10 is an isometric view of stator disks and permanent magnets forming a portion of a
motor/generator assembly manifesting aspects of the invention.

Figure 11 is an enlarged view of some of the structure illustrated in the lower right hand
corner of Figure 9.

Figure 12 is an enlarged view of a modification of the structure illustrated in Figure 11.

Figure 13 is a top view of the flywheel hub, illustrated in Figure 1, with the flywheel rings
attached.

Figure 14 is a view of the structure of Figure 13 taken at circle XIV-XIV in Figure 13.

Figure 15 is an enlarged view of the structure illustrated in Figure 14 taken at circle XV-XV

in Figure 14.
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Figure 17 is a cross-sectional view show ng a shaft, a bearing and a
beari ng assenbly including inner and outer rings and bearing balls nounted
about thewshafr3o42!1 1 ustrati ng another enbodi ment of the PCT/US02/29009

vi brati on-decoupling aspect of the invention. Figure 18 is view of the
structure shown in Figure 17 illustrating vibration-decoupling. Figure 19
is an enlarged view of the upper bearing assenbly illustrated in Figures 1
and 2, show ng lubricant shields around the bearing and a | ower portion of

the beari pguif ¢6!i9ad & VR of d EmBSEmeNd b tHh BywAsd 'dneigS @hded RGsckraPer
shield keyed to the stationary shaft. Figure 20 1s a plan view of "the | ower

si de; . I | t L: } i sl idi ng-pad
b iR SiobEh il B AR b OF B0 3 thd A Dbt
surfaces 8nder bearing thrust pre-load. Figure 21 is a schematic side

el eVESAS partially in section, of a heatpipe cooling systemfor both the
fl ywheel nptor stator and flywheel energy storage systens bearings which
does not Fighwi Fels a cgsseeqtignalngey| showinguanshafs 4 beasng andra beasingj asserably

fl ywheel energy storage systemillustrated in Figures 1 and 3. Figure 22

i s aincluding-ipnert andhowethangs arghbéaying| halls tmauntedgatwuf khenstad| ilbuseating stathaxge
system simlar to that illustrated in Figure 1 but utilizing a stack of

r i ngemboalihtt @1 ¢ie vibrativrrdutotpling asgdepefihé @etetioneach end within a hub sim | ar
to that illustrated in Figure 1 to obtain greater energy storage capacity.

Fi gure 23pibreaR i§ MeR od @tk Stubichowh it/ Pighfee 7allustiBn P AbiaaBh deidupBie Fi gure 22.
19 WD 03/023942 PCT/ US02/ 29009 Figure 24 is a cross-section gf a high

oPeed, ooy 5B SIU B I, SRR bl FURRY 802,
18 200 it bELShiRe 3RS he BRI5HY 10k Bordir b bR 55 B
cartridge, with the cartridge and the upper shield keyed to the stationary shaft.

Figure 20 is a plan view of the lower sicie of the upper shield illustrated in Figure 19,
showing a sliding-pad thrust bearing construction preventing damaging wear of the contacting
surfaces under bearing thrust pre-load.

Figure 21 is a schematic side elevation, partially in section, of a heatpipe cooling system for
both the flywheel motor stator and flywheel energy storage systems bearings which does not require
a circulating fluid pump, suitable for use with the flywheel energy storage system illustrated in
Figures 1 and 3.

Figure 22 is a cross-section schematically illustrating a flywheel energy storage system
similar to that illustrated in Figure 1 but utilizing a stack of rings mounted on a common tube
supported at each end within a hub similar to that illustrated in Figure 1 to obtain greater energy
storage capacity.

Figure 23 is an enlarged view of structure at the bottom left of Figure 22.
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Figure 25 is an enlarged isonetric view of a portion of the structure
illustrated in Figure 10, taken at circle XXV-XXV in Figure 10. Figure 26
i s a sectwomalz2mehematic view, partially broken away, of yetr/tmnnidoey

enbodi ment of apparatus facilitating passage of an acceleratingly rotating
body through a critical frequency of rotation, manifesting aspects of the
invention. Figure 27 is a sectional view of the structure of Figure 26
illustrating operation of the structure after lift-off. Fi gure 28 is an

end vi ew, F&%fetiﬁsl erd¥s Q&R %‘P@Xﬂaﬁhqs% &Ugeé nglarﬁb gpsﬁﬁ\gfn\gl et Me?tals L9, & hi gh

torque splimne attac ITEI’lt O r ot I €S usIin I on- CPECOUp| i ng

aspegt of the inven i Vi ew, rtlal away,
o " a1, iy AR 1 ot e adpvnlif el Miybsted, i B | 2 and dfcana

arran ement ut| l'izi ng t he vi bration-decoupling aspect of t he i nventi on.

Fi guHstgingangther magifestalion offthewb ahpawdmlpﬁ@g WRERS QF sArvestiom 1 exible rim
hub for use with flywheels in the flywheel energy storage systens of the

i nvent i onFigaregdfr ig a8 enlarged ispgstricoview of & portion loé thetskmoturghllnsteated| ie Figure 10,i m hub
illustrated in Figure 30. Figure 32 is a sectional view of a flexible rim
hub fakgmiteicleSEVgYXStinFames Bppar at us corresponding in |large neasure to
the fl ywheel energy storage apparatus in Figure 1. Figure 33 is an enl arged

view of thgusd metatye@uddal s&&maﬁ@@ewn il &oﬁ% avidy, BB Y&tahbiRgr dnbBithtied
construction and utilizing the flexi ecoupl i ng aspect of the 1nvention.

I ts
and@%ﬁ/a%é%%égg\%éy gé?zact |%:C|cng t#eyﬁérmt(%h h’qﬁfefegﬁr |Clri1%|l(3§1 ﬁaﬁg& p?\?m ngs
in g raI g éo Fl é artl cular, a fvavheeI energy storage system
mani 1% ] ‘&5%51’ fht elnr‘f ¥ on and representing a first preferred

enbodl rrent of t he
Figure 27 is a sectional view of the structure of Figure 26 illustrating operation of the

structure after lift-off.
Figure 28 is an end view, partially broken away, of a rotatable member illustraﬁng a high
torque spline attachment of rotating bodies using the vibration-decoupling aspect of the invention.
Figure 29 is an end view, partially broken away, of a rotatable member illustrating a high
torque, non-circular lobe arrangement utilizing the vibration-decoupling aspect of the invention.
Figure 30 is a front view of an alternative embodiment of a flexible rim hub for use with
flywheels in the flywheel energy storage systems of the invention.
Figure 31 is a sectional view taken through the flexible rim hub illustrated in Figure 30.
Figure 32 is a sectional view of a flexible rim hub flywheel energy storage apparatus
corresponding in large measure to the flywheel energy storage apparatus in Figure 1.
Figure 33 is an enlarged view of the structure illustrated in Figure 32, illustrating a modified

construction and utilizing the flexible decoupling aspect of the invention.
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invention is illustrated generally in Figure 1 and designated generally 10.
Fl ywheel energy storage system 10 includes a flywheel which has been

desi gnat ewogenesvat |y 12, a notor/generator which has beercdasoyonved
generally 14 and which provides neans for selectably rotating flywheel 12
responsively to electrical power input to notor/generator 14 or for
produci ng el ectrical power upon rotation of a rotor portion of

not or/ generator 14 by flywheel 12. Flywheel energy storage system 10

further includes a spfidiffonidda BLGSOEEAbbdintdtddliEN 1S stationary in
L Rnb g%keﬁﬁ

t he enbodi nent iIIusgegtt gdé R“E{’VH%'EP'J"‘EQ& Fg; Lch flywheel 12 and the

rotatable portion o as the rotor, rotate.
r

Fl ywheel r st,0 e. system 10 further preferably i.nc]udes a vacuum
encl osur eﬁé}eﬁgg’ééﬂglee gﬁlgﬁéwwag@q%ﬂ%hﬁuéﬁfén Har&‘ﬁ?%Fm%bWLTg energy storage

not or/ generator, 14 and shaft 16 are preferably encl osed within vacuum
enc| Y&igmemanfesting aspsrets of thecinyention and fpresenting: 2 S pivferrediembedimentefdtheut of
vacuum encl osure 18 to provide electrical power to notor/generator 14 in
or deinvensiodi§ Mestratest gamergdimen Higore 1l anchdrdignated genesally 10l Rijneldel &iergyostarage gh
rotational speed in order to store energy therein. Simlarly, electrical
connsystemolfsinéluden anfiytvarebelniel histreerl designatep gonralBdl 2f @ motditeneratl whicdrer at or
14 is acting as a power generator and generating el ectrical power in

I €S DR Scbignatb@i gefleraly atakildy witidhv pidvidés fhaanbiesl sdiebtabl) r6@HAS Tywhidkit #PI €

cogt rols are provided for notor/generator 14. These ‘el ectrical connections
ennaseng LS o SlecTEAHonP B oirasBbis” B o LB S el upon ' ©

preferably.includes a hu 0 an im2 nected to hub 20 by spokes,
not rlo{ag%gf%{og%moﬁnqgio 6‘?02“%%,6“‘6% OEE“ BY%W@%B???@ d structural connection
between hub 20 and rim22. Munted on rim?22 is a ring desjgnated
gener al | Fiyghegh gnergy gprage systenp &0 firthenigclydes;a shafl designated, gegerally hgywhwhiis

bi -annular in the sense of preferably includi ngj an inner or first annular
ri neptasionanyan the embodiment illustrated in Figure 1 and about which flywheel 12 and the rotatable

portion of motor/generator 14, referred to as the rotor, rotate.

Flywheel energy storage system 10 further preferably includes a vacuum enclosure
designated generally 18 in Figure 1. Flywheel 12, motor/generator 14 and shaft 16 are preferably
enclosed within vacuum enclosure 18. Suitable electrical connections are provided into and out of
vacuum enclosure 18 to provide electrical power to motor/generator 14 in order to drive
motor/generator 14 and accelerate flywheel 12 to a high rotational speed in order to store energy
therein.  Similarly, electrical connections from motor/generator 14 are provided for when
motor/generator 14 is acting as a power generator and generating electrical power in response to
being rotatably driven by flywheel 12. Of course, suitable controls are provided for motor/generator
14. These electrical connections and controls for motor/generator 14 are not illustrated in Figure 1

to enhance drawing clarity.
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28 nmounted directly on rim22 and an outer or second ring portion 30
nounted on the outer periphery of inner ring 28 and being in conpl enental
engagenemvotodeedvwe t h. I nner or first annular ring portionpg8/use2/pies er ably
mount ed inside the second ring 30 using a differential thermal expansion
assenbly. Specifically, ring 28 is cooled in order to cause ring 28 to
contract. The assenbly is then nounted over rim 22, which is preferably

al umi num or an alum num alloy. Once the heating and cooling are conpl eted,

rim 22 i Spiivhb@d 2VrtRiaBlyhclad Rib 70 4 260 39 Lonkddiedds 3658 By %ﬁg{lﬁﬂgtnt ed

i
S
to cool to'roomtenperature. At roomtenperature these parts a?

i nt eﬁﬁ%gﬁq&@&ﬁi%% it’gg‘}r?%ﬁs%)'b,@%g%%ﬁg@g&g arl]é # &neE- qqmeweeé‘ %';ugizgzlg ‘ima@nul ar ring

26 on erably use bi - annul ar
ring 26 consi sting.of . i.nner ring 28 and Quter ri 30. The differentia

t her nal e&f&&ﬂg‘?ﬁ SH%&% &bt 9“&85‘?3‘?&‘% ?Qgrﬁﬁif églaﬂé éer}grf"élht? herrin A5 3 bamBlag e ween
rimz22 and first ring portion 28 having exceedingly high internal pressure
exerfingl Bipgeodis lzlzarmsamlvée sensegf prafepably peleding @n dnner o frahanaulan ring pertion
specifically hub portion 20 thereof is mounted on a spool 34, rotation of
whi c28 meuptedt diregtly loaf tim122 asd fimeuter toatsecbnidyritge poiting 3Asmentited @a tB6.oufanl y
certain ones of bearing assenblies 36 have been nunbered in Figure 1 to

ai d phriphery@f alnef fihy 28 Amibbeitigdt @bmpRRAMAPEIgagmidnS theffwithear i ng assenbl i es 36,
such as the bearing balls and bearing inner and outer rings, have not been

22 WO 03/ 4&43ir iahhtiRORA SR 24 pRe&S6ly 'Ir{buﬁfeg:fﬁs?de]thé %c@h@ﬁ%%ﬁﬂg a

clarity. These parts are shown in greater detail 1 n other W ngs- and are

nu nbcﬁff@{émtlﬁ %%nlglse d s%n % ernﬁzl gg(\%cgﬁgaggl r\xld%% i# %31&9 b cﬁ'g?r etla %%Jlgsg{rﬁé %g d{)z g? tral

hub portion 4t annul ar Wi 'ch "I's” connec
CN S RN TN R TR TR R
and ailurcl)gl,.er bgar ing rings
Onc;e the heating and cooling are completed, rim 22 is fitted within bi-annular ring 26 and
the assembly is permitted to cool to room temperature. At room temperature these parts are in an
interference fit and the interference fit tightly retains bi-annular ring 26 on rim 22. The same
approach is preferably used to assemble bi-annular ring 26 consisting of inner ring 28 and outer ring
30. The differential thermal expansion assembly approach results in a tight interface 32 between
rim 22 and first ring portion 28 having exceedingly high internal pressure exerted by rim 22 towards
ring 28 and vice versa.
Flywheel 12 and specifically hub portion 20 thereof is mounted on a spool 34, rotation of
which respecting shaft 16 is facilitated by bearing assemblies 36. Only certain ones of bearing

assemblies 36 have been numbered in Figure 1 to aid drawing clarity. Individual component parts

of bearing assemblies 306, such as the bearing balls and bearing inner and outer rings, have not been

22



46. These bearing assenblies are illustrated in greater detail in Figures
5 6, 7, 8 and 9 but even in those figures not every one of bearing balls
42, out erwibaanesvg2ri ngs 44 and inner bearing rings 46 havreTassz29aeber ed,
in order to enhance drawing clarity. Spool 34 includes an annul ar extension
portion 48 which extends vertically upwardly and, together w th permanent
magnets 50, defines the rotor portion of notor/generator 14 providing

means for selectably rotating fl ywheel 12 responsively to electrical pomer

| NPUfurfer® ROPHURDL t61aRF fdwsd cRAWET THRE Hakeha! kv RELR Qttermé(t %are

Per manent magnets 50 are nmounted within “annul ar extensSion 4

spac&gwﬁ%g%@glje Pﬁ’?g’ﬁegﬁﬁ% At the bottom of the vacuum enclosure 18,

provi suppor onary shaf t 16 is a bottom verti cal support

menber degi ner r ond| rtica

nmenber Zé%ﬂ%ggi g?fr%f 13'6’1\’%98}‘?” 5p- 3"3’8 ?’38 %1(51 @Bﬁ‘gg‘ﬁﬁi FV&i t h
bott om support nenber 60, retains shaft 16 in |ts vertlcal osition

il Léﬁwhxcgéﬁ sannegted fodhe outpriRgsAf bewingagtenhlispdt forraiatia thet wptgcabp@tesbafg pwar d
support for a stationary annular ring nmagnet 58 which is positioned to
oppoke Bragnghssembhesck induding Hednipg ball2avitagbearingitings 44i ang inmey hedringsthgeount ed
on the bottom portion of a balance ring 122 portion of spool 34. These two
ma.g 8. STls€ beading tabensblis®arp dlhatratey irg@atehdstsbiy Fixeed 5,/ 17C8 afPP Bhi &&nGRe
another; this opposition results in bottom vertical support menber 60

ef f agbiey RO dH JFhearil NG 40f oultbiendalt of
23 e Tl P / U0z, it Fiyheel 12 Ehibge h'ﬁﬁ?ﬁ?@%‘i%ﬁﬁ%hﬁ 10 o

0 P B eyl i G 56 ﬁaﬁ%‘%‘?ﬁw‘%ﬁﬁ'g? T ywheel ei232ndfr°m recetving
/ .14, 62 | udes
e oo cSiph ah pebined 3R s i Pngon Rete Barneh opabdgulialy sivaRiatyevays

64, 66 connect with an annul ar_ cooling vvater reserv0|r 68 formed within
t op t9gstheroyith pemwanent magrsts 5§ defines the Totor portion of motor/generator 14 providing

means for selectably rotating flywheel 12 responsively to electrical power input or producing
electrical power upon rotation thereof by flywheel 12. Permanent magnets 50 are mounted within
annular extension 48 and are spaced angularly thereabout.

At the bottom of the vacuum enclosure 18, providing support for stationary shaft 16, is a
bottom vertical support member designated generally 60. A corresponding top vertical support
member 62 also forms a portion of vacuum enclosure 18 and, together with bottom support member
60, retains shaft 16 in its vertical position illustrated in Figure 1.

Bottom vertical support member 60 provides upward support for a stationary annular ring
magnet 58 which is positioned to oppose magnetic force exerted by a rotating annular ring magnet
56 mounted on the bottom portion of a balance ring 122 portion of spool 34. These two magnets are
of the same polarity and thereby exert force opposing one another; this opposition results in bottom
vertical support member 60 effectively supporting the weight of the rotating assembly consisting of
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A radially outwardly facing surface of reservoir 68 is fornmed with a
plurality of cooling fins 72 thereon. These cooling fins are in close
proxi m t ywom3dm2®uat or portion of notor/generator 14 and PEMAS0L/00y ansfer
heat, received by radiation fromthe stator portion of notor/generator 14,
by fluid convection into cooling fluid, preferably water, retained within
an annul ar cooling water reservoir 68 in top vertical support nenber 62.
The stator portion of notor/generator 14 is defined by a series of
verti ool : : . pe .
Fi guP LR 1 86 B8 cotuab BBtk P ihoRMhliol | MiErely AV LB SRS 8, ¢ e
drawi.ng. Rings 7 r oaxi,al, W th shaf nd, Wth the axis of rotation
of P aprebfie o ubsfin i B 1 it oSyt ot S 4 nsuheiPBieioF 14nper t ur os
are formed in annular rings 74 for residence therewithin of notor w nding

76 as i || ler vertiea syrnosmagmBer 67 incluges a cqolingyeates injelpassagawmudhind 3 eppling 4

formng a portion of the stator of notor/generator 14 is illustrated in
Fi guwaten QutleRpadseigavway (6f Rassagewayis fdi @ sonngctwithh am ampudartcookisg Watermeederivoir
annular ring 74 is illustrated in Figure 25. As best illustrated in

Fi gué®forhed witlindbp vértieal Stippoftmeptbiek 62n of notor/ generator 14, which
preferably is a brushless, inside-out radial gap DC notor/generator, is

fixedly cmgtﬁﬁmf&twr_dwﬁtﬁlﬁ %@éac@%@ rdsEbir 88 $s RrRbdWith htpmrgity ©Pecbling fins

contacting annul ar rings 7 ach ring 74 has a series o _
per | PhUEtSH, escGoBRAERGS AORT Q- TrtBTT MR BeBbR SRS dsiintoh il ea 1 o
oot SR P bR WA BEHor PoriSn e R tyben et bRl cat ot
with the ring periphery via a radially disposed channel formed in the ring
per i §mEespion Apferqoghing fluidgprefesbhi ater, getaingd withiman anmulg soqlingawatersesery iy
aligned, with the rings having open centers and, as illustrated in Figure
1, bG8 indop vatisdl sippartirhenitioy @heel 12, .
The stator portion of motor/generator 14 is defined by a series of vertic?lly facingly
contacting annular rings 74 which are visible in Figure 1 but which have not been sectioned in order
to aid clarity of the drawing. Rings 74 are coaxial with shaft 16 and with the axis of rotation of
flywheel 12 and the rotatable portion of motor/generator 14. Apertures are formed in annular rings
74 for residence therewithin of motor winding 76 as illustrated generally in Figure 1.
The stack of annular rings 74 forming a portion of the stator of motor/generator 14 is
illustrated in Figure 10. Residence of motor windings 76 within apertures formed in annular ring 74
is illustrated in Figure 25.
As best illustrated in Figures 10 and 25, the stator portion of motor/generator 14, which
preferably is a brushless, inside-out radial gap DC motor/generator, is fixedly connected to shaft 16
and includes a plurality of co-axial contacting annular rings 74. Each ring 74 has a series of

circumferentially spaced apertures therethrough proximate the ring outer periphery, which has not
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The wi ndi ngs 76 occupy and interconnect the rectangul ar apertures and run
the axial length of the coaxially contacting rings 74. In Figure 10 one of
t he rect awguBae3vapert ures has been designated generally P2G/usemesood the
channel s via which rectangul ar apertures 126 conmunicate wth the ring
peri phery and hence with the exterior of the stator has been designated 128
in Figure 10. The periphery of one of the ring or rings 74 has been
designated 130 in Figure 10. Also illustrated in Figure 10 are two

per NRAELS I t'pggmg . . r/aene or 14.
Ref g?é%:ﬁnmg agal nEn{ g%eféglre g 2%0%% vert%c%?ﬁes&g%sgr&i ﬁ%‘%n@gé@@/ﬂ)‘%o.ﬂaﬁ |y
bears the ight of . the rotating f eel and rotating.partion aof

ot o GRALHT Sabecin titAFad Phrait ok EA ARG @i Wik Beriipefipbey et ai ns
shaft, 16 therewithin against rotation. As illustrated in Figure 1, shaft 16
i ncl videdadialbedispased phanael fopnedya thering pariphery s paeturesand dipnnely rmed totke
thereof. This central bore 132 is for supply of cooling fluid, preferably

| i quiingsaicarermrsially glignedrvabi the wagehavingopeh eerters end, @s ilbfstrathdiirt Figtre 13beiag 132
within shaft 16 preferably extends axially sufficiently far along the

| engédaxiaf witha@lfvhddl 130 as to pass in close proximty to both | ower and upper
ones of bearing assenblies 36. Presence of cooling fluid, preferably water,
in bore 1Pig Wrlditg8 78MEipy ah iﬁé@ymﬁeﬁm@r&taﬂgulmpems aREAR AL §elal BndlRar i NQ
assenblies 36 as flywheel 12 and the rotatable 'portion of notor/generator
14 r e at. i i 2 ©L02

Ext e%éfﬁ%gco%%gﬁ? %?ﬁ@&a oﬁrﬁ%‘ ?ﬁeqﬁﬁﬁg%rf 01?) é}%g (t)lr%ml%géﬁ%lﬁ %;é#ﬁgfés\z/lgagg%%n
enclosure 18 is S uard 94. Jdllustrated.in Figur , _crash guard
on_ piattars gl A€ °Ouf BT I iinelona Wit - Sarip- ret el PaciorRiatl 11 os
of flywheel 12 so that upon any failure of flywheel 12 or the support

st r uith the Ang periphopasd hence \wﬂb@{lé [syterenelrthe sigier hasheen dggignated-Hdsia Fgyranheel

12 or parts thereof to fly radially outwardly, these parts encounter crash
guar t). JPhegredphers of encofitharing errings V4 basheer designsted d 30 in Figure 10.

Also illustrated in Figure 10 are two permanent magnets 50 forming a portion of the rotor of
motor/generator 14.

Referring again to Figure 1, bottom vertical support member 60 not only bears the weight of
the rotating flywheel and rotating portion of motor/generator 14, bottom vertical support member 60
additionally retains shaft 16 therewithin against rotation.

As illustrated in Figure 1, shaft 16 includes a central bore 132 opening into a shaft 16 from
the bottom thereof. This central bore 132 is for supply of cooling fluid, preferably liquid and most
preferably water, to the interior of shaft 16. Bore 132 within shaft 16 preferably extends axially
sufficiently far along the length of shaft 16 so as to pass in close proximity to both lower and upper
ones of bearing assemblies 36. Presence of cooling fluid, preferably water, in bore 132 within shaft
16 provides a sink for heat generated in bearing assemblies 36 as flywheel 12 and the rotatable
portion of motor/generator 14 rotate at exceedingly high speed.
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18 by contact therewith. A spanner nut 116 is internally threaded and
engages externally facing threads formed about the radially outwardly
faci ng | omensexvsen ty of annular sleeve 38. Simlarly toprspasoszoomut 106

| ocated at the upper extremty of annular sleeve 38, fourth spanner nut 116
may either be equipped wth an axially extending portion 118 or nmay bear
upon a shimhaving the sane shape as axial extension 118, to bear upon and
retain in place a second Oring 120 which resides in a recess defined by a

downwar dI yxfAdihp Gnh ey 84nd @dé’fﬁﬂ:lribf‘ aﬁ&mrm%hgsb)%% RABER¥ntiB&urt 381igh! ¥

outwardly facing surfiace of annul ar sleeve 38. This recess Is Illustrated

in F M raf i S
ccor it g o s HuRRRTh R} lh P Fler Gl BRI T M, o

t he t or/ generator accel erate ularly, centrifu force in the

1y uber i G0 et ute (LT O dhon AL ikis fimingrEl ofthe suppar
portion of the notor/generator continue to rotate, those conponents

appr Seehira for dlywhegl 129 whershy sentrifugs] deige moyldgaussfiyveleeb k2 prppsisyhaseefifo fly
anplitude vibration occurs. In the flywheel energy systens according to

t hi sradiallg wuiveardlycthaser parta gatounter crasty guarth£4 apd atei atginegd avithin vamemsenclosure

fl ywheel central hub 40 to separate from annul ar sl eeve 38 at the region of

cont g&by cdrtet eeedwigen. Thi s phenonmenon is illustrated in Figures 6, 7, 8
and 9. Specifically, in Figures 6 and 8 the flywheel energy system

accor di ngAtsggIl_Mé?nﬁtanl%'ﬁ inRiindl§ tRRAMA 2N bbb dtdriaMyasting Bt ddd foriiél abgfR VO
03/ 023942 PCIT/US02/ 29009 40°in facing contact wi th annul ar sleeve 38. This

) BEF SGHT Pl B0 L0ah B0 ST p ol

wel | i cal® or resona frequency. rate

the configuration of the fl eel e t orage system an eci.fically
nnulogried fibE b cxiremin sblar oo o R iin s PR Pl T e APy ng
formed therebetween as central hub_ 40 has noved radially outwardly from
annuWVih ag|axially extending,portign 418 or may bear upon a shim having the same shape as axial

extensioﬁ 118, to bear upon and retain in place a second O-ring 120 which resides in a recess
defined by a downwardly facing shoulder formed in central hub 40 and by the radially outwardly
facing surface of annular sleeve 38. This recess is illustrated in Figure 2.

During operation of the flywheel energy storage system according to the invention, as the
flywheel and the rotatable portion of the motor/generator accelerate angularly, centrifugal force in
the flywheel urges the flywheel outwardly. As the flywheel and rotatable portion of the
motor/generator continue to rotate, those components approach a critical or resonant frequency at
which extremely high amplitude vibration occurs.

In the flywheel energy systems according to this invention, centrifugal force on the rotating
parts causes the flywheel central hub 40 to separate from annular sleeve 38 at the region of contact
therebetween. This phenomenon is illustrated in Figures 6, 7, 8 and 9. Specifically, in Figures 6
and 8 the flywheel energy system according to the invention is shown with the flywheel central hub
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second Orings 110, 120 provide a continuing elastic couple between the

i nner rotating nmenber defined by annul ar sl eeve 38 and the outer rings of
upper andwbmaez3dbeari ng assenblies 36, and the outer rot@cirnagozewwher
defined by spool 34, flywheel 12 and the parts associated therewi th. Wen
separation occurs as illustrated in Figures 7 and 9, the reduced spring
constant of the bearing support systemfor the rotating assenbly defined
by spool 34 and flywheel 12 and the parts rotating unitarily therewith has

a Crig irf Bleinfe” RAKRH With\Wahtlhr HeQRS3F, TRk Y thel @nliBerafiéd bf SRfuld KAYERSYar@f T he
rotating parts when spool 34 and flywheel 12 were in tight engagenent with

5! eougndfup ISR speeln B BeiBR HhPeritk G RephR BRI de the onl y connect i on

bet ween annul ar eeve centra spool 34 so that the
critical speed of e.rotating assenhl fined by spool 34 and flywheel

12, and tﬁ? ﬁrfgmi ?gﬁllﬂfv?ecgﬁn‘é@?igﬂgﬁ?%rog?%e glmfh?%t e SIPTRES éﬁt?%,a\agnd t he
critical speed of the rotating assenbly defined by annular sleeve 38 and

t he Bgeifically ayuilagrslacke 38 spdreentidl hubvd} Wb sHYl 2ap ok plspiasee Boyingifarmedel ow
the respective rotational speeds of these two assenblies. The first and
secotharelEtwieenygs dertral hatp 40 has mpived) raslidblyt cutwardlyl fromenhaadsleewst 38 oFirdiand an

el astoneric couple between the inner and outer rotating assenblies, have
an esecoietihgsang, 120 ptovide. a Gpniahing4ldste thgile bawlettl @k an&adotiliag mdnilger 122 at
its lower extremty. Balance ring 122 houses rotating annular ring magnet

56 anginbd b atadins1RPe398sd tHeQuleP ¥REs &fo%&%d%w&%gaﬁ%aﬁ&ﬂbﬁ& F¥Sand the
illustrated in Figure 1. 27 WO 03/0239 PCT/ US02/ 29009 Bal ance ring 122
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parts defining spool 34 and, flywheel 12. Flywheel energ}/l storage systens
accobeanﬂ@swogﬁgstﬁrﬁ\f@rﬁbﬁ statesssebIndefined hxepeql 34 gadllywheel 12 and the parts

rotating unitarily therewith has a critical frequency which drops relative to the critical frequency of

the rotating parts when spool 34 and flywheel 12 were in tight engagement with sleeve 38. When
the gap opens, the O-rings provide the only connection between annular sleeve 38 and central hub
40 of spool 34 so that the critical speed of the rotating assembly defined by spool 34 and flywheel
12, and the parts rigidly connected thereto and rotating therewith, and the critical speed of the
rotating assembly defined by annular sleeve 38 and the outer rings of the upper and lower bearing
assemblies 36, drop below the respective rotational speeds of these two assemblies. The first and
second O-rings 110, 120, carrying substantially no load and providing an elastomeric couple
between the inner and outer rotating assemblies, have an extremely long lifetime.

Spool 34 further includes a balance ring 122 at its lower extremity. Balance ring 122 houses
rotating annular ring magnet 56 and threadedly engages the lower portion of central hub 40 as
illustrated in Figure 1.
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t he nei ghborhood of from5-8 kilowatts per kilogram of weight of system
The units provide a fast <charge tine of one to two m nutes for surge
power i ng woioB®239kbng service lifetime, in the neighborhoedrafsotemmten to
twenty years is expected of systens enbodying the inventions. In high
specific energy versions of the flywheel energy storage systens, the
systens will provide between about 80 and about 100 watt hours per

kil ogram at 100, 000 power cycles. Round-trip efficiency of the system

exceeds 9@%&&9%@2291@95@%8& AB BABARS Seré dt TRRERRASH F’%“r“fg' ){,\A@%&el

energy systens enbodying the invention are set forth in Ta

pr ef . i I tem fl el ring
7oLy GRRRHE HakcAlk e M HIRER, AOBRE o hE ARG Sl i R g s
a siljcon dioxide.qglass/ epox COJTROSi t e ile.the outer. ring.is a

c ar bERFERR SR PP R By G HERion TpHinedp B gl <pigion ofgl of

al um num The flywheel is rated to operate at 30,000 RPM for 100, 000 cycl es
of sihsretainggsets defipg snoot Ihenddheahidel speed is over 50,000 RPM prior to
failure. The system can operate over a tenperature range of from-40

degr ees Flywhed @netgy stomge Gyst¢msaticordingto the inventiongrovide Kgh specifovmintes,.in

Typi cal outer dianeter of the flywheel is about 15-1/2 inches, axial

t hi ctheesighbathadibeft fréin 5/&kilawatth eer, kinwepi ofwtightofalstéhe The ywhestbvids agigut 660
cubic inches. Typical engineering data for 28 WD 03/023942 PCT/ US02/ 29009

var i gHasgel ieNEebnee RENY rithie@d6r SYEE Yo eAAP ARt NI dfaesdritve Piffé;%be eiin Npyari ous

sizes, are set forth in Table 1. Another enbodi nent of a ener gy

o AR AP AR50 B Shetll ot HEBRARS S HARIAE SR, 1,
410 sndl nch udes, pt Lyghse, d8oLnat o0 Sner oLl 412 A PLSL ARSI O
about 80 and about 100 watt hours per kilogram at 100,000 power cycles. Round-trip efficiency of
the system exceeds 90%. |

Typical operating parameters and dimensions for flywheel energy systems embodying the
invention are set forth in Table 1.

The preferred construction of the flywheel energy storage system flywheel ring is biannular
with multi-materials being used. Desirably, the inner ring is a silicon dioxide glass/epoxy
composite while the outer ring is a carbon/epoxy composite. The hub of the ring is preferably 7075-
T651 aluminum. The flywheel is rated to operate at 30,000 RPM for 100,000 cycles of system
operation. Ultimate flywheel speed is over 50,000 RPM prior to failure. The system can operate
over a temperature range of from —40 degrees C to +80 degrees C, handling a rated power of 40
kilowatts.

Typical outer diameter of the flywheel is about 15-1/2 inches, axial thickness is about 3-1/2

inches, swept volume of the flywheel is about 660 cubic inches. Typical engineering data for
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and a shaft designated generally 416. In the flywheel energy storage system
enbodi nent illustrated in Figure 4, shaft 416 rotates. This is in contrast
to the enwodmesyys of the flywheel energy storage systempidriusse@bed in
Figures 1 and 2, in which the shaft is stationary and the flywheel and
portions of the notor/generator rotate about the stationary shaft. In
Figure 4 notor/generator 414 includes a stator designated generally 418 and
a rotor designated generally 420 where rotor 420 is fixedly connected to
shaf Wor-1 i Lt hian i al: r.om

St at R 03P SRSRD SRR it ot (BRI, e WS h (RS ek, SRAEERAET o
magnels, one of which is illustrated in Figure 4 and designated generally
450, ich are circunferentially spaced around the exterior of rotor 420
and face é‘ﬁ rds gt(?t or 4%‘3. Sh%];%i 416 includes an axial, bore 490 which
tapers wi CAPRESREPedpeRt ohe flywhesl caergy siorags §ipfean embodying) aspisise ofidishas a
relatively large dianmeter at the |left hand side of Figure 4 and tapers to a
r el alnvertion isabtrated iaiFaghse 4 where the 8ywhegh endigystoragelsystsin Bidgsiguatetl gefbrally mal | er
di aneter of bore 490 is proximte an end of shaft 416. Wthin axial bore
490 4K aelbnclidansflgwhdel desiknafed @ereralbt 412)atmeotor/genertor idssigietéedogentraily 422 i n
Figure 4. Fluid 422 serves to transfer heat along the axial |ength of

t apesiich $haf e Sthtdi/gen¥rANP B & Alni tROfliWhdehener @ G6thgsdyBIBT @hibddffém® MRfrate@r €
490, to the left in Figure 4, and condensation in the snmaller dianeter of

regi : 0, t I i i :
PCT/ %gd%;‘ 5 80%%%% o t?i‘/vxﬁlg 3} Esé?%dﬁt tgtt%etléarg%odd@%?%%pﬂg ??‘Sﬁ%?éﬁ‘”fa%ﬁgﬁaéf ly 410

vacutear il A TieRE LRhP 4 G 1P Sl APEY ERELE SR Ter T8RS oo

412 not o;/ enerat or nmeans 414, t%&ﬁrovi de the required high vacuum
envi MdhsmRtoriegieratar ofaic.ahouLihe staienaty %K. and frictional |osses as flywheel
412 rotates. The vacuum enclosure has not been illustrated in Figure 4 to

ai d dr awi IngFighwgr 4 tmyotor/generator 414 includes a stator designated generally 418 and a rotor

designated generally 420 where rotor 420 is fixedly connected to shaft 416 and concentrically
disposed within and radially spaced from stator 418. Rotor 420 includes a plurality of axially
elongated permanent magnets, one of which is illustrated in Figure 4 and designated generally 450,
which are circumferentially spaced around the exterior of rotor 420 and face towards stator 418.

Shaft 416 includes an axial bore 490 which tapers within shaft 416. As illustrated in Figure
4, axial bore 490 has a relatively large diameter at the left hand side of Figure 4 and tapers to a
relatively smaller diameter at the right hand side of Figure 4. The smaller diameter of bore 490 is
proximate an end of shaft 416.

Within axial bore 490 is heat transfer fluid, preferably water, which is designated 422 in
Figure 4. Fluid 422 serves to transfer heat along the axial length of tapered bore 490 by
vaporization in the larger diameter region of bore 490, to the left in Figure 4, and condensation in
the smaller diameter of region of bore 490, to the right in Figure 4.
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Fl ywheel energy storage system 410 further includes a bearing assenbly
designated generally 436 in Figure 4, facilitating rotation of shaft 416,
fl ywheel wbddsmexd4t he rotor 420 of notor/generator 414 abeao/Em02/20008. As
illustrated schematically in Figure 4, bearing assenbly 436 includes an
inner ring 446, an outer ring 444 and a plurality of bearing balls 442. As
illustrated in Figure 4, flywheel 412 may use a different type of

construction than the flywheel illustrated in Figure 1. O course, the
flywheel eROA{whkE! iy $tbrdgé Syatedt ddsipnbicd YeerdilyCAD ii%;%iglﬁlé@we}g eﬁvé}?cfl_
apparatus in Figure 4 and vice-versa. Flywheel” 412 includes a Tura Yty of

unbo (WAl il | L of ..steel piano
Wi reﬂg@g%st%gr owé}t:éﬁog{ulef iﬁﬁ%ﬁ% *%%Sﬁﬁémgﬁgégﬁg?ﬁi‘a%w PER ?ﬁgtelle ri ngs
424 _.are,solj d-lubri.cant coated during the w ndin rocess to. prevent

sur 8 Hlmlyebes] o0 FORRERLor mims Al fa o iensauiees Fieh VaSiHm of her
fromcentrifugal stretching and contracting as the rotor operates over a

r ang@vEpnmentde nHymizhegteanewtipn avl fristional josigsas 8ywheasldd rotatese rhe veewimage
systens. Rings 424 are preferably retained in a cup-shaped annul us 426

f or nadlosurethagnatibeen disstodtedainfgure dtwaid deaddng Abrtitgr nat i vel y, several bands may
be provided around filanment rings 424 bonding filanment rings 424 together

in | ocal Flgghessenefdieserdpansisterydefutthedincludgd acheadihg Casfenl RRgigaaed| us
426 illustrated in Figure 4. This construction is particularly suitable

for deae@ay f43%Vih 8buB e BNl RARKionSHSIBR™1BRAGWHEY Abakh| bd gy or
i nduéstri al appli cg??ons i r11 V\%Ch 'torI]le f1 ywheel S%Fvun at ?égltlg?i@\%yetﬁw%gfm

03/0 009, . to t .at t ai nabl,e by th
corm o PR pit P4 PRSPER BheintRRY P SO SR Vg
to Fi 4, t. 0 of tor/ tor, 414 i | t t
450 OUA T LB ARC. 1R 8vIS) PHE AHES MmUY O\ e EbLR Y on 430, Per nanent
magnets 450 may be, retained in place by a conposite, desirably graphite
mat eri al- féﬁ/éﬁﬁ%@fﬁﬂ in Bigurrat-cly ek 12 way yspa different type of construction than the

flywheel illustrated in Figure 1. Of course, the flywheel construction illustrated in Figure 1 can be
used with the apparatus in Figure 4 and vice-versa.

Flywheel 412 includes a plurality of unbonded, continuous filament rings 424 which may be
made of steel piano wire or other low cost filament materials. The unbonded filaments in rings 424
are solid-lubricant coated during the winding process to prevent surface damage on those filaments
during their rubbing against each other from centrifugal stretching and contracting as the rotor
operates over a range of rotating speeds required in high speed flywheel energy storage systems.
Rings 424 are preferably retained in a cup-shaped annulus 426 formed on the outside of a hub rotor
428. Altematively, several bands may be provided around filament rings 424 bonding filament
rings 424 together in local regions. These bands may be used in place of cup-shaped annulus 426
illustrated in Figure 4. This construction is particularly suitable for large flywheel energy storage
systems made for stationary utility or industrial applications in which the flywheels run at relatively
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may be formed of a series of annular rings simlar to those used as a part
of the stator in the flywheel energy storage systemillustrated in Figure
1, which worng®2ame illustrated in Figures 10 and 11, but PpaTiUso290ay nat ure
wi ndi ng slots. Flywheel hub 428 is preferably connected to rotating shaft
416 by nmeans of a vul canized elastoneric nenber 432. Such an el astoneric
menber provi des connection between hub 428 and shaft 416 when hub 428
noves away from shaft 416 as angul ar accel eration increases. This system
i's sjgw arfiERCthbdeestt ' bsite eb01H 7, 8
and ém a%\%%?%(%i I&%h?atéeig i ?t - ofa?ﬁgl\g?) %%Q?Ig?or 428 f%lolrg:g%gt? ?§d4 %nega)}lyqn
centF' | separation at surface 434 which is the interface between hub
428 arrd shaft 416. Such centrifugal separation reduces radial residual

unbal anceg. . .| oads which uld otherw se be applied. to bearing assenblies
136 ae o Sl arteie 1 GEET gnraip 10 Ohmaror e 4% ik BcBemaert magnels

not or/ generator 414. Axial bore 490 is hernetically sealed wthin shaft 416
and fywented on shaftrd 4ibyimesns pba lamingted bagk srop d39.nBermanentimagpeis 450 may be
rotating heatpi pe providing thermal bal ance for the flywheel energy

st or epneslyintpaveiblyl aisimpiside) desirdbiyggraphite. merial iy efwrymh Eemimatedeiack iron 486t
transfer fluid 422 boils to vapor as a result of heat generated by bearing
assefay be fortdl oA skried bOannAROriffs dililaitd gRBeli @5 a fdrf of thBkEtop @i the AgwREUr S at
the larger dianeter end, denoted "L" in Figure 4, of tapered bore 490. The

r esulddrNOst¥a gE}{s%@ﬁﬁmﬁ’{ted fEFigR1, v@ﬁchvﬁ?lgg%é)ﬁﬁ%a}l%dg g&g@gﬁﬁg%ﬁ? l?l, tgransfer

fluid fTows he smal| end Of the tapered bore er end is

desi i . rawi ng. At the smaller end, the vapor phase of heat
SR Al poblif o8

trans enses as a result of 1losing heat to the interior of

shaft 416_at .t |.I.,er end .of tapered bore 49(Q. is end of tapere bore
200 wi ¢ i Fv et TR S DrenAbIR cuEron 18 gt el AR GRS 4 e

remai nder of tapered bore 490 as a result of the provision of cooling fins
428 ¢lastem i 432 \Sueh @B glasiegIcHa Mmenibey PoVislgs angpegtion between hub 428 and

shaft 416 when hub 428 moves away ﬁomlshaﬁ 416 as angular acceleration increases. This system
is similar to that described above with reference to Figures 1, 5, 6, 7, 8 and 9 and facilitates lift-off
of hub rotor 428 from shaft 416 by centrifugal separation at surface 434 which is the interface
between hub 428 and shaft 416. Such centrifugal separation reduces radial residual unbalanced
loads which would otherwise be applied to bearing assemblies 436 as a result of rotation of flywheel
412 and rotor 420 of motor/generator 414.

Axial bore 490 is hermetically sealed within shaft 416 and together with heat transfer fluid
422 defines a self-contained rotating heatpipe providing thermal balance for the flywheel energy
storage system illustrated in Figure 4.

During flywheel rotation, heat transfer fluid 422 boils to vapor as a result of heat generated
by bearing assemblies 436 and rotor 420 of motor/generator 414. This boiling occurs at the larger
diameter end, denoted "L" in Figure 4, of tapered bore 490. The resulting vapor phase of the heat
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416 in the vicinity of region S of tapered bore 490. Once the heat transfer
fluid has condensed back into the liquid phase, the liquid flows as a
resul t ofwoensteishzigal force along in the axial direction a@cangor/bmonal | of
tapered bore 490 fromthe region S of snmaller dianeter to region L of
| arger diameter, where the heat transfer cycle begins again. As a result
of the heatpipe within shaft 416, effective thermal conductivity of shaft
416 is greatly enhanced. Cooling fins 438 extending radially from shaft
416 I 1 Ml jol : . ] heat
eérgge? ﬂ%ﬁis Hoid fo thE shiafd efd BPlHe ta&!reabrﬁo%@ 80d, wHidPEnAR} efd isdBEh AR Sn

trans 440. These fins preferably extend fromthe Insi

o 1 WERGRE: A e SORpE oS A R M N RSN e ed M R B g
t I t ay b hi d. Wil I i nal d of. shaft 416 h
beenlorng H&tia thsintcrior pESTR 418 o scmellocepdal dperedrhore filb) Jhiegod pEpBRBes ar o

provided within shaft 416, to cool bearing assenblies 436 provided on

ei t hlegare 4R avithisi sheft ¢l 6 i pamtainedst 2 coqler tempotatiee thae theagqmiinder ofdapased bare
cooling to anbient air needed to dunp the heat generated within vacuum
encl 43uasen rédft athe pvisionvdfeeblirenfarsgi28 st closgerosipstyentendimgatdially from shaft uum
enclosure 448 is preferably constructed with a plurality of integral
CONVER ih @k Geialty 8frefiolS ofeapetdd bogd 449 proximty to secondary cooling fins
440 so that heat received by secondary cooling fins 440 32 WD 03/023942

and bo. conacer el R Al o el Bl L M R SR R A £
illustrnated in Fi tator.418 th t
consePUERT Gopbiubi BAEE g L i MY et AR of MPEclfRRe A0 omtr o

et anpt her _embodi nt of a.fl eel ener st.orage .system mani festjin
y region S of smal%r dlna?neter to region { of larger éllamg:J er, where %e hegt transfer cycle begins g

again. As a result of the heatpipe within shaft 416, effective thermal conductivity of shaft 416 is
greatly enhanced. |

Cooling fins 438 extending radially from shaft 416 preferably fit within a split clam-shell
type set of stationary heat transfer fins 440. These fins preferably extend from the inside of the
vacuum enclosure 448 and are preferably integral with vacuum enclosure 448 so that natural, self-
contained cooling of the complete flywheel energy storage system may be achieved.

While only a single end of shaft 416 has been illustrated, it is to be understood that
preferably two heatpipes are provided within shaft 416, to cool bearing assemblies 436 provided on
either axial side of flywheel 412.

To provide the required convection cooling to ambient air needed to dump the heat
generated within vacuum enclosure 448 as the flywheel energy storage system operates, the vacuum
enclosure 448 is preferably constructed with a plurality of integral convection cooling fins 452 in
close proximity to secondary cooling fins 440 so that heat received by secondary cooling fins 440
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aspects of this invention where the flywheel energy storage systemis

desi gnated generally 510. The flywheel energy storage systemincludes a

fl ywheel wessgemauted generally 512, a notor/generator desipgmatsezizgener al |y
514, a stationary shaft designated generally 516 and a vacuum encl osure,
desi gnated generally 518, enclosing all of the aforenentioned conponents of
this system In the enbodi nent of the flywheel energy storage system
illustrated in Figure 5 flywheel 512 has an inner annular portion 520 and

an omhfrcoaditt titbu@Ptiel Sfuchie ofRBERN! BRIGuiMMPaRd boRSnvdched toCaRBiEhd Vig! Y
anal ogous to the 1nner and outer annular ring portions 28, 30 of flywheel

12 il a ind hsasgure 1. A shell nenber designated generally 524 in
Fi gurenwgéﬁgoutr?gglim ssas a hub supporting flywheel 512 and further carries

per manent ne 5 s shel | nber..524 rotares; hence hel | nmenber

al so funcmgélo;@lufﬁée(f&g o‘}’g(aaé?{ W%?? éﬁespngzgyp%%s COBRIIqtoR i her
524 has an axially _extending external cylindrical portion 528 within which
per nilpgrtediadigre %i@"%‘fél-munt ed. Shell nenber 524 further includes an
inner cylindrical portion designated 530 in Figure 5 fitting in

conpl enenFighredrifjusieatas yet anothier embodiment of b dlywhed 8ergihitotage systam miaaiféstingbout
shaft 516 by virtue of bearing assenblies designated generally 534 in

Fi guaspeds ofGhisdnveatich where thecfjyiwiredrrdnesy stopagetsiyiers iSRBignatad gereedg 10y dhy  of
shel | menber 524 are connected by a substantially closed, curved end

por t fatheeBbnerdy3 stdfage 3 Hed IAudsTd HRORP QQQ&ateﬁsg&Eﬁm?g@t, 2 }q%t&g%ﬁéﬁfo@t es

angul arly, centrifugal force causes outer cylindrical portion 8, which is
fi : : ar0) i,al | i t

o dsigfaled ARy 317 o CAUGLES SRR HOLERKS, SABHEY o Bl bicTod fe Pee

th f S td b ' I 53 d -sh d
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centri fugal for%e as antgtlllll %r %ccel eration increases. |Inner cylindrical
portion glgdhe embodiment of the flywheel energy storage system 1llustrated in Figuré 5, flywheel

512 has an inner annular portion 520 and an outer annular portion 522 where these two portions are

respectively analogous to the inner and outer annular ring portions 28, 30 of flywheel 12 illustrated
in Figure 1.

A shell member designated generally 524 in Figure 5 functions as a hub supporting flywheel
512 and further carries permanent magnets 526 as shell member 524 rotates; hence, shell member
also functions as the rotor portion of motor/generator 514. Shell member 524 has an axially
extending external cylindrical portion 528 within which permanent magnets 526 are mounted.

Shell member 524 further includes an inner cylindrical portion designated 530 in Figure 5
fitting in complemental engagement with an inner sleeve 532 which is rotatable about shaft 516 by
virtue of bearing assemblies designated generally 534 in Figure 5. Outer and inner cylindrical
portions 528, 530 respectively of shell member 524 are connected by a substantially closed, curved
end portion 536.
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includes a thin nenber which serves as the elastic connection between a
heavier part of inner cylindrical portion 530, which heavier part is
secured twoioane4s| eeve 532 and is denoted 519 in Fi gurePET/imaz290ne curved
cl osed end portion 536. Hence, the thin cylindrical portion 519 of inner
cylindrical portion 530, even though it is fabricated of netal, provides
the continued connection between the separated rotating nenbers, serving

t he sane function as C)rings illustrated in Figures 1, 2, 6, 7, 8 and 9

and di Scugs e ARaVe) Ldlitfas g%ugﬂ%%huﬁe bl 1613 Tathes RO chfindif onﬂﬁé}%g%e

magnets 526. “Provi di ng suc outer cylin r|ca
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cylindrica ortl ron s iron alloy and is deS|rany split
by <fipducakyp rt1°Prt nsg‘ﬁﬁ glgzi@ f‘i‘qSi‘?lg’ RN G PR jORepT® etiveen

per manent nagnet. Pr eferabl y shell nmenber 524 has axially elongated slots
bet \igegy Séaqyggéfh@ndm edp-giapediing 817 pethawhershapsd gng feoves gway fromuinaer sleeve
cylindrical portion 528. Extremties of slots 538 may be axially inboard of
axi d3Rydeexta eenttifugsl favée perangulenbcorierption siné&2ées. SAneeroylmbrita pfodBonTd$0 be at
common angul ar locations so as to be axially aligned. As an alternative

confihgudedtd Giin neopibiee Ftidteserads @t the @fstic SoMRcn Bdtwesn 2IBaviECpRbPRRId Of
axi al extrenltles of permanent magnets 526. Hence, outer cyllndrlcal

por td HH%ntS%Os@Hﬁﬁaﬁe%er ﬁﬁ’t WQORED 23 Rhér ﬂ@e%%glg%notla@ts% §I§grrent S

by c |nuo S slots 538 or be only partially separated I nto segrren s by
sl ot n t h, of out i ndri cal
portl:ﬁ%lﬁggﬁga(%g}: ira Iy%gé {ﬁ‘ﬁ Fﬁ%@r ﬁgfé portf{érl éﬁ‘ﬁ%@f%? l§1ﬁBI5 §r?§¥&?§¥ 524
is as d mat Iar |nter r.en n5|d e bore f t he i nner
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slots 538 are closed. As flywheel 512 accelerates and its speed increases,
sl ot®t\5®g the separated rotating members, serving the same function as O-rings illustrated in Figures

1, 2, 6, 7, 8 and 9 and discussed above.

Outer cylindrical portion 528 supports permanent magnets 526. Providing such support,
outer cylindrical portion may be referred to as a "back-iron" since outer cylindrical portion provides
the function of the rotor of the motor/generator 514.

Desirably, outer cylindrical portion or back-iron 528 is iron alloy and is desirably split by
slits 538 into segments 540 fitting behind and supporting each permanent magnet. Preferably shell
member 524 has axially elongated slots between adjacent ones of each of permanent magnets 526 in
outer cylindrical portion 528. Extremities of slots 538 may be axially inboard of axially extremities
of permanent magnets 526. Some of slots 538 may be at common angular locations so as to be
axially aligned.

As an alternative configuration, extremities of at least some of slots 538 are outboard of
axial extremities of permanent magnets 526. Hence, outer cylindrical portion 528 may be separated
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open at a sel ected design speed to define gaps as illustrated in Figure 5.
Transition fromthe tightly conpressed condition of outer cylindrical
portion 5®8 osiotdv4zont act bet ween areas which are il ustr@cadsag29esd i ni ng
boundaries of slots 538 in Figure 5 to the configuration illustrated in
Figure 5 at rotational speed is inportant--magnetic flux of pernmanent
magnets 526 traverses easily through the edges defining slots 528 when

t hose edges are in contact, but traverses nuch | ess easily when slots 538

hav einﬂps%?ﬁ{énts DYicsntifuBEd a6 538 ot May bé sa?bml%nﬁépﬁia@éd iﬁéfo%hgl?wggigg RbR%38f f ect

in the stator “portion of notor/generator 514. This effe rs even when
are t - | . O | t'-wﬁ g design illustrated in
Fi guéf)g ! gscsﬁﬁ%utgggﬁrg?’%lglnleé@aaﬁé@éis?&ccgfﬁ ri gl gog{lorﬁ)b%ée on the flywheel ring
by elimnation of the rotating.mgpets. er mal ance of. the flywheel

oher oy st DraigBIva guleE evhidr ek petiah PR ofishell Brelbes SEh AnAveRvlog i adbiEe of
cooling fins 542 provided as_an integral portion of vacuum encl osure 518
whi ciaterigrengg fibingide the boreefithe innsranatar pertion p30 plolyvherbs 2 witbataai@sserblst at or
portion of notor/generator 514. Most desirably all electrical connections
ar e gapd defiteddydiots H38 andbsaf. As Hywleehf12 ahelfiates 2164 itsvbpeeth inodesesy sibis\538xt end
fromvacuum enclosure 518 as illustrated in Figure 5 so no vacuum

f eedopel a0t gélecteddighapedd o defifd gips as Alusehienh Figat 3t iTendition s 1 tRdtlgool i ng
system for stationary vertical-shaft flywheel energy storage systens |ike
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WO 03/ 023942 PCT/ US02/ 2900 the nmotor stator, which in turn fits inside

the iﬁﬁgtpali%f a?}]dgﬁ%x\é}gﬁoguﬂ&aﬁe SW% in @5 Sto%%co%n%?ﬁ% (§1 illnﬁ?attedfih(i‘;%&g?

stator an I'Ngs. e vapor from gvapora I Ses’ up
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by d0tetigna) seed s MEPQriRBt- ARV il pofBnely Bragnatt 74 avares oty dipueh,
Referring to Figures 10 and 25, the detailed construction is given for
conpihe edgesidghining slots 528 when those edges are in contact, but traverses much less easily when
slots 538 have opened. This produces a significant beneficial field-weakening effect in the stator
portion of motor/generator 514. This effect occurs even when a reluctance-designed motor is
substituted for the design illustrated in Figure 5. Such substitution reduces centrifugal force on the
flywheel ring by elimination of the rotating magnets.
Thermal balance of the flywheel energy storage system illustrated in Figure 5 is enhanced
by presence of cooling fins 542 provided as an integral portion of vacuum enclosure 518 which in
tumn is in thermal connection with both shaft 516 and the stator portion of motor/generator 514.
Most desirably all electrical connections are made through the ends of stationary shaft 516, which
desirably extend from vacuum enclosure 518 as illustrated in Figure 5, so no vacuum feed-throughs
are required.
Figure 21 shows a stationary heat-pipe cooling system for stationary vertical-shaft flywheel

energy storage systems like those in Figures 1 and 3, in which the boiler or evaporator 192 inside
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efficiency, notor/generator armature stators, for flywheel energy storage
systens running over a w de range of high speeds. A plurality of very thin
| am nat i oworisg®4¥4, made of metal alloy with a tooth shaos/En2/riees

peri phery for m ni num coggi ng and maxi num effici ency, are stacked and
partially define the stator, around which permanent magnets 50 rotate on
the rotor around the stator. The armature w ndings 76 in Figure 25
conpletely fill all of the openings. defined by the tooth spoke, and are

VWO UN@e it $atb GvHiaxin T a6 iristde@Re ot dotBPWRh i@ REhAnénf Mhgrlcles s Fsmbr e
system Again referring to Figure 1, a flywheel energy storage system
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prestresse woun er-rei nforced, I annul ar nposite ring unt ed

on a_f i.ble-ri.m hub 20 ich. in turn,|] her mal nount e n a spool

7ot rooleB ks S ieas 1B Pacaled ity i by ey bbeigRis e folcr e
spool rotor gssenbly conprises inside-out, radial-gap, brushless-DC
notdﬂﬁ%éﬁEW Ve n whi ch the rotating permanent nagnets 50 are nounted
inside the rotating spool rotor 34, and the stationary armature on stator

i s nountRefemingt teekigures el ard 26h ¢hes defniladnegngtrutiioht is1gven dort berspashyhighat er
cooling for the armature is provided by finned internal passages defining
i nt esfieibnyn mdta'generator ngnatateestators s for \flyohed Enkrgyrstoragep plsiensomnngiag iovdSa
out si de of vacuum encl osure 18. In a simlar manner, water cooling of the
hy bryide ¢figs Wf%gh%ﬂ@éd's.aﬁgﬂ@@ﬁ@(ﬁf vea/ thinlg@fratiéh riRgSEITalE 8f Wefalalloy with a
speci al -desi gn cages and solid-lube-assisted, |lowvolatility-gréase
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56 and a stationary magnet 58, which nay be equi pped wth an
spoke, and are wound to provide maximum efficiency and power density for the complete system.

Again referring to Figure 1, a flywheel energy storage system manifesting aspects of the
invention is shown, with the system including a prestressed, wound-fiber-reinforced, biannular
composite ring 26 mounted on a flexible-rim hub 20, which in turn is thermally mounted on a spool
rotor assembly shown in greater detail in Figures 2, 6, 7, 8 and 9. This spool rotor assembly
comprises inside-out, radial-gap, brushless-DC motor/generator 14, in which the rotating permanent
magnets 50 are mounted inside the rotating spool rotor 34, and the stationary armature on stator is
mounted on the top end of the stationary shaft 16. In this way, water cooling for the armature is
provided by finned internal passages defining internal annular cooling water reservior 68 from
supply connections outside of vacuum enclosure 18.

In a similar manner, water cooling of the hybrid-ceramic, angular-contact ball bearing
assemblies with special-design cages and solid-lube-assisted, low-volatility-grease lubrication 36
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i nterveni ng back-iron washer (which is not shown in the drawings) to
mnimze power |osses in these magnets, carries the rotor dead wei ght so
t hat bearwogsasmenbl i es 36 are subjected only to their prreTasd2/29oe
bearing preload is provided by a plurality of coil springs 84 in a
cartridge 82, which slides with a small clearance on the shaft 16, in
whi ch a suitable, vacuum conpatible Ilubricant is provided and which
cartridge 82 is keyed (which keying is not shown) to the shaft 16. This
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the high rotor speeds and wunavoi dable residual vibrations int wheel
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l'i ght.-wei ght extra-high-strengfh fiben-r%dﬁ rced ?nposite as a
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encl osure 18, nmade for exanple of alum numw th possibly a conposite
over wr ap, Aapesmangat maggnetesysicanf4 du ppdereblibnbe intg the assemhlyngo tthas repulgion
armature at the top of the vacuum enclosure 18 and the bottom verti cal

S up pleetweenne ndiatingSting] efagnet i andst statiomagyr magneb S8t whichk nayt beoequippetihwitd amhi ch
support the ends of stationary shaft 16. The bearing preload springs 84 in

t hei ihtepdhig BHIR-iDA WisBeN@VHcHDY ridt sBeHn fiihe Wrawiags) 38 miRinide powbrloseean Y
shaft 16 so that this cartridge is pressed against the upper bearing inner
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cap S i's shoul der, "l eaving a 7 WO 03/ 023942 PCT/

cl ose cl earance 136 between .the | - nu N . . This.cl ance
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upwar d by.an inadvertent hi gh unbal ance radial . | oad on the bearings, and
thuszb‘Pg\Fé‘a?ss ) ﬁ@aﬁgwgaidég?w% 3| SUlahic, ACHWR-CBMPRERIC t wo
bearing inner ri ngs' A material getter 25 is inside the vacuum encl osure to
abs dubricany isrpseyideshandyuhich sartrifdge 8248 keyed (which keying is not shown) to the shaft 16.

. This prevents destructive wear and galling of this cartridge/shaft surface at the high rotor speeds and
unavoidable residual vibrations in the flywheel energy storage system.

Mounted within the vacuum enclosure 18 in Figure 1 is the flywheel ring crash guard 94
preferably made of steel or light-weight extra-high-strength fiber-reinforced composite as a
containment in the event of ring failure. Also mounted on the vacuum enclosure 18, made for
example of aluminum with possibly a composite overwrap, are the top vertical support member 62
defining the motor armature at the top of the vacuum enclosure 18 and the bottom vertical support
member 60 defining a stationary hub at the bottom, both of which support the ends of stationary
shaft 16.

The bearing preload springs 84 in their cartridge 82 are held by a lock-nut or cap 82 on the
stationary shaft 16 so that this cartridge is pressed against the upper bearing inner ring 134. A
shoulder on shaft 16 is dimensioned so that the lock-nut or cap 82 seats on this shoulder, leaving a
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punpi ng down the vacuumrequired to reduce w ndage and flywheel ring
heating to manageable |evels, so that the vacuum punp can then be renoved
and t he hwolv3wasowum mai nt ai ned over the design |ife of tireTfUsymbomed ener gy
storage system The entire enclosure 18 with bottom vertical support nenber
60 defining the stationary hub, crash guard 94 and the notor/generator
portion stator may be supported either in ginbals or in soft elastoneric
rings, which are not shown, to deflect to m nin ze gyroscopi c nmaneuveri ng

| 0adgo@ncitdigncelER] badEeniRMobiRAut AdiMHRSho RIS IXhat QbRERe RUSILH {og feged in
vehi cul ar applications. For stationary wutility or unlnterrupteg ower
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the flywheel in a bepign nanner in the event. of .any .conponent ilure in
sor Vel 81 5 brands pR My P EMREr SPYRP ALY (neeinb id DRBNGY oL Hup
system 201, which is essentially the sane as the design in Figure 1, is
usedbesring B¥Er HRES. t op and bottom and is stretched axially by neans of a
connecting rotor element 202 support to each end of a continuous tube 203,
on whi ch Asnatriat lgetter 25 ipinside thetviaciifng viclesuee telabsarb amy fesigualegagsps dferduifennul ar
conposite flywheel rings 204, simlar to those illustrated in Figure 1. In

t hi spuiping Ub®n HES VacusimaRiphitddyto @édich avindupaand Wiy whkd] gl lhtal totmehapesite 1 i S
use to %ui | d a flywheel energy storage system having increased energy
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PCT/ / of Figure 1. The notor/generator rotor
205 #?fgéé%e?gftgaﬂ&%ﬁ%%e?@ggﬂgés@sn%@e with a finned configuration in this
enbodi ne of the inventian, to provide radiation tng, of this_ rotor in
e vacoubHecors SIHE | S Rg eroral SHeet mernel fetattin? pytoeRrut
el enents (which are not shown in Figure 2, but are shown in Figure 3 and
ar e qeshoguapke and thamolerigengratop porting paler may beupnorted sltar i gimbalsprdnsedh t he

radiated heat fromthe finned portion of rotor 205.
elastomeric rings, which are not shown, to deflect to minimize gyroscopic maneuvering loads on the

bearings when the flywheel energy storage system is used in Véhicular applications. For stationary
utility or uninterrupted power applications, standard commercial motor mounts can be used for
support of this assembly, with fail-safe features to absorb all the kinetic energy in the flywheel in a
benign manner in the event of any component failure in service, as described below.

Referring to Figure 22, the rotor support system 201, which is essentially the same as the
design in Figure 1, is used on both the top and bottom and is stretched axially by means of a
connecting rotor element 202 support to each end of a continuous tube 203, on which is stacked a
plurality (five are shown in Figure 2) of biannular composite flywheel rings 204, similar to those
illustrated in Figure 1. In this way, the basic stability of the apparatus illustrated in Figure 1 is used
to build a flywheel energy storage system having increased energy storage capacity. Thé
motor/generator in Figure 22 is only partially shown, to illustrate parts which differ from those of
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Two circunferential rows of bal ance screws 206 are provided, as shown in
Figure 22, above the upper flywheel hub and bel ow the | ower hub

respecti veloyws/oem4t aci | i tate dynam c bal anci ng of the assediEdeovor .
Bellevill e washers 207 on the small tapered end of both flywheel hubs hold
these hubs in place under the substantial Poisson's transverse defl ections
fromcentrifugal expansion of these hubs. A guide sleeve 208 holds the top
half in precise alignment with the bottomhalf of the rotor, between which

hal v@ig ridtor/ takratdFRifiFigurt aC €Phe?ABto/giRestbrf dofor DosaNaagdl ifi LAY 298¢ nbMe
shi nm ng uring thermal assenbly, conpensating for the Polsson's axi al
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rotor hal yes are hel.d toge r..by a spanner nut 210 _.agaj nst a split ring
50 tetin el Raronipedo MathinRa i R aegiterahy BREl Ahedds Glliche
snap-ring and _keyed washer assenbly 212 that_ prevents |oosening. during
oper®atishowp in Figire dshuttase ghaygs gehigine 3 and asi des@ibgd dslow ase diftpdy insideythe
assenbly 212 | ocks the spanner nut 213 in place, holding the | ower hub on
t he vastiam endtesuze fol qatghttoe fadigtedded, froanhtheffinn riient efirbtpe 2@5.at or rotor cooling
system 301, as described above with respect to Figure 22, is used to
manage hehwo tirownferueial rope bhbdlage saewls 206086 panilledPas shéwn ih Bighre-2004HoaE ned
heat pipe for cooling of even |larger production units, as described bel ow.
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the tenperafure of the noving notor rotor ich is not shown in Figure 3.
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vacuu a swtch. in. the.vacuum,/Iine 304 fro this encl.osure, as Il as
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strategic | ocations throughout the assenbly, triggers a special conputer

ci r cthese huhs.t Aeguidrptienve &9&3@1&@ die tep helf 81 presise igament with thedhastorchalf of the om t he
nmotor to the power regeneration node of the flywheel energy storage system
i n tiotorgheemeenofhicinhalsesor thefir matmgdaeen 209 aispasties, cleavartch ag provided by shimming

during thermal assembly, compensating for the Poisson's axial deformation of the flywheel rings
204 on the tube 203 over the design operating speed range of the flywheel energy storage system.
These two rotor halves are held together by a spanner nut 210 against a split ring 211 that fits into a
groove in the rotor, and is locked in place by a snap-ring and keyed washer assembly 212 that
prevents loosening during operation but is easy to disassemble for maintenance. A similar keyed
assembly 212 locks the spanner nut 213 in place, holding the lower hub on the rotor.

Referring to Figure 3, the finned motor/generator rotor cooling system 301, as described
above with respect to Figure 22, is used to manage heat flow under operating conditions and may be
a self-contained heat pipe for cooling of even larger production units, as described below. Infrared
sensors 302 detect the temperature of flywheel ring, as well as the temperature of the moving motor
rotor which is not shown in Figure 3. Also, a transparent window 303 is used to observe this ring

39



kinetic energy in the flywheel is dunped rapidly into a utility grid or
into a bank of resistive heaters. 1In this way, the systemcan cone to a
stop i n awoaspkmuely beni gn manner with mni mal damage toPpcansopboonhe
conponents. In the extrene case that the fail-%afe nechani sm does not
performas intended for any reason, the test flywheel energy storage
systemunit in Figure 3 is fitted with truck-size disk brakes 305 and
bul ky el astoneri c bunpers 306 placed around the robust steel enclosure to
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in the process of breaking. Referring to Figure 15, e end view o he
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substantially stresses fromcentrifugal distortion over the design speed
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the section of the rimbetween the spokes decreases centrifugally
genemgtor/gensrateseoniiaterdp switels aytprmatinally digrethe manion thdhepewérdegentration mode m nor e
evenly over the inside the conposite flywheel ring onto which it is
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anot her mani festation of the invention in which the stationary bearing
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facilitate assenbly and axia prel oading froma spring cartridge 603. The

bearj,nQ; [ 1 i .
por) Tidfis s st P ort & PREPREEcahbIBiCR vehfimanith Wit BiEPMitape o

sl eeve SCfitsnvvitth a slight interference fit when stationary inside the
r ot o1 76067 W™ st oneri c O rings between the sleeve 605 and rotor 606

21 the rlor iy earess thah ot PRIBRDES 0% 24PEh #6 BRI BRE T of o
606 to open up into a gap 608 which forns at a speed just bel ow the
cri tieasen, thadgst flgywhea) engreyistorae system vwsincFigered. is Gited withprughgize diskdrakes i t i cal
305 and bulky elastomeric bumpers 306 placed around the robust steel énclosure to contain any
kinetic energy transferred from the flywheel to the enclosure in the process of breaking. |
Referring to Figure 15, the end view of the flywheel hub in Figures 1, 2 and 3 shows the
improved shape of the intersection 401 between the spokes and rim of this hub to reduce
substantially stresses from centrifugal distortion over the design speed range of the flywheel energy
storage system. Also, the thickening 402 of the section of the rim between the spokes decreases
centrifugally generated stress and spreads the pressure from the outside of this rim more evenly over
the inside the composite flywheel ring onto which it is thermally mounted with a large interference
fit.
Figure 8 illustrates another manifestation of the invention in which the stationary bearing
inner rings 601 are fitted with a loose fit on the stationary shaft 602 to facilitate assembly and axial

preloading from a spring cartridge 603. The bearing outer rings 604 are pressed with a tight

40



speed of the rotor decreases to below rotor operating speed, resulting from
the increased conpliance of the bearing nount fromelasticity of the
0-rings. woaBhesvs2 nportant advant age of the use of O-ring®crashhadoos hese
O-rings are nounted in the rotor assenbly in this invention. The 0-rings
in this invention are not subjected to inbalance cyclic stress since they
rotate in phase with the inbal ance. The use of |owcost O-rings for the

el astic elenent provide long life. Figures 6, 7, 8 and 9 are further
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Figure 15 is a further enbodinent of Figure 11 with a stationary disk
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showing the stationary upper lubricant shield 613 and rotating | ower
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element provide long life.

Figures 6, 7, 8 and 9 are further magnified views and sections of Figure 1 illustrating the
manner in which the vibration-decoupling device operates to achieve extremely low vibration
amplitudes and bearing loads over the entire wide operating speed range of the flywheel energy
storage system (and any other high-speed supercritical rotor in a wide variety of machinery). Figure
11 is another detailed view of the section of Figure 1 shown in Figure 12, in which the lower
balance ring 609 is illustrated, as well as the permanent magnet rotor dead weight thrust
compensator 610 described above and shown in Figures 1 and 2. Figure 15 is a further embodiment
of Figure 11 with a stationary disk brake caliper system 611 designed to bear on a brake disk 612
made as an integral part of the rotor in this flywheel energy storage system.

Figure 19 is a detailed enlargement of the upper bearing in Figures 1, 2 and 6 showing the
stationary upper lubricant shield 613 and rotating lower lubricant shield 614, the latter of which is

41



Referring to Figure 18, the geonetric configuration is shown for the
typical vibration- decoupling systemused to nount any of the above

sel f - | ubrwoasiozgy4bear i ng desi gns on hi gh-speed rotors forcriusnztioon-free
operation at rotor speeds above their critical speeds. This systemincl udes
a sleeve 501 nounted on the rotating shaft 502 between the shaft and the
rotating bearing ring. Each end of sleeve 501 consists of a thin-section
continuous ring pressed with a tight interference fit 503 on to the shaft

502 S fit on
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opens at a predeterm ned shaft rotational speed below the first critical
speeshiald 60 hén Frgure 1B sind, it showb theoplutality ofcsballow fadipd |grenves6 6 onclihed imethe
rotating bearing ring assenbly on the central portion of the ring 501.

Thi slosenfacéwbf thisnbieldwhioh battactkht apped €ack vOthe hipper begrirgdnndrirings on t he ends by
integral squirrel-cage-like bars 505 machined into the basic ring
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ri ngfleeye $01 moypted oa dheyiotating shaft 202 heyveen g shafand theyolping bearsg winga Eaely t he
way the ring 501 is nounted on the shaft 502 in Figure 18. In Figure 24

t hi sendiofgle®e15Haconsigdiof  dinndsedtioatcantowiowymtig pressed avithadight intérfenence T 303rade
integral with it for providing thermal bal ancing of this high-speed

ass ambtbtheshafisDR. @he bdaging rotating ring is pressed with a tight interference fit on to the outside

diameter of the thicker-section central ring of 501, which fits with a smaller interference fit 504 on
the shaft when the shaft is stationary and with a gap 504 between the inside diameter of this central
ring and the shaft 502 when the shaft rotates above a certain speed.

The fit 504 exists when the shaft is stationary; when the shaft rotates gap 504 opens at a
predetermined shaft rotational speed below the first critical speed of the rotor as a result of the
centrifugal expansion of the rotating bearing ring assembly on the central portion of the ring 501.
This central ring is connected to the two thin-section rings on the ends by integral squirrel-cage-like
bars 505 machined into the basic ring configuration 501. The cross-section of these bars 505
provide the right amount of elastic compliance between the bearing and the rotor 502 to reduce the

critical frequency of the rotor, after the gap forms when the sleeve lifts off of the shaft, to enough
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centrifugal nmass required to lift off and create the gap 704 as descri bed
above. Another inportant feature of the design in Figure 24 are the axial
scal | ops wWOS3ioemsouhe i nside dianmeter of the central ring @CTAGh22909 ch
increase the centrifugal expansion of this ring 701 for «creating the gap
704 at a |lower rotational speed than w thout these scallops for the sanme
rotating mass of the rotating bearing inner ring nounted on the ring 701.
The thin-section tubular portions 706 connecting the central ring with the

t hi Nbe1bw 9e ﬁ’ﬂﬂ-o}‘ffk?eél%ﬂésavefd thd Shaift fin ARhirPd 10 Rriti&fl 8pde@Nhus %H?&iﬂg ?%fé ovi de

the required radial conpliance, or they can be nmade in the squ -cage

confj 4&%5489‘1%5&%@}’%11 05 in Figure 18. Also, the continuous

sol i d- ricant replenishing ring 707 in this high-speed bearing is fitted

with a shrink band 708 .to contain t centrifugal. stresses in the .

ow st 1 entiEite 28 PempUiS paRiaraonf Biedivigtion HERish hSRbRen fojaon ring
illustrated another enbodi ment of the coupling apparatus facilitating

pass HYeis srounted onthe rtaing shafl, 702oma manpengmilag W&b‘h@’ﬁy theging JM ds mopaigdency of
rotation in which a rotor 600 is retained in place with respect to a shaft
602 thy skaft ¥2dn Fighek thwn Fgire 84 this rieg Z)irhias gddinompll fatires such a¢ the cédling|fmsent
606. Lift elenent 606 is retained in place by a | ockdown nut 608 which
bear #3agadeifteghl Withlitfot ploeidimghe@mabBdlanciiy of€hid BighpOdilasRaii aORER 20B8 A
body cavity 612 nmay optionally be designed as a sealed cavity and filled

Wi t NecRtrifh St BihSs AR 1R off shdlQeddd Y balS7GOMARLSibEd hsgvdanpi ng under hi gh
speed operation. Alternatively, body™ cavity 612 may be fit with Orings or

For aue. conpy ferdBBFis oo BF e A oo BREAC BN selo R ROR 0821 D1
616 i.n Fi 26 _and. i ' 27 i1 te. lift off. of tati
romcimsiet it Fedgedel g i e niyeese e Fosfieslpensisty obhgg T o0
accelerates. Figure 28 is an _end view, partially broken away, of a

r ot S&reating %%904 ph 3, lovyex rotationgl pregh than without these scallops for the same rotating

mass of the rotating bearing inner ring mounted on the ring 701. The thin-section tubular portions
706 connecting the central ring with the thin rings on the ends of the ring 701 can be made long
enough to provide the required radial compliance, or they can be made in the squirrel-cage
configuration shown as 505 in Figure 18. Also, the continuous solid-lubricant replenishing ring 707
in this high-speed bearing is fitted with a shrink band 708 to contain the centrifugal stresses in the
low-strength lubricant material.

Referring to Figure 26 there is illustrated another embodiment of the coupling apparatus
facilitating passage of an acceleratingly rotating body through a critical frequency of rotation in
which a rotor 600 is retained in place with respect to a shaft 602 by a rotor lockdown nut 604
retaining in place a first lift element 606. Lift element 606 is retained in place by a lockdown nut

608 which bears against a Belleville washer 610.
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torque spline attachnent of rotating bodies using the coupling apparatus
and nethod of the invention. Simlarly, Figure 29 illustrates a high

t orque nowoaBexdkar | obe arrangenment using the coupling @gpparsatemoand
nmet hod of the invention. Figure 30 is a front view of an alternative
enbodi nent of a flexible rimhub for use with flywheels in the flywheel
energy storage systens of the invention. Figure 31.is a sectional view
taken through the flexible rimhub illustrated in Figure 30. The flexible

i m hub bl ysalatigflel X mey Bpchaipue ABAEIA%: A LALAORRY BHIRRE O] Tikgnder 05

t he corrpl ete” operating system’ The ‘ﬂo illustrated”in Figure 30

equi pn e t fi the hub
and t W"Mﬁmﬂ mﬁe@lﬂrb%wgﬂee%eogvpé ﬁé@ glg %chéé}p g;fé'e{t %\Exlgﬁggnee tem%‘t‘\'ﬁjf 0 OSV

defi ned t he r|m|IIust in Fi ure 0 er with a

fl ymmw%ﬁ Yol Wﬁfﬁ’) PR oH SRR o By PR speed

i ncreases, centrifugal force causes the rimof the appar atus illustrated

in Fi gur eAB@PHenab shngh Binetarus IcPyplinays BoVided and desigatsd generekiy 6 i bIngdicatane
spokes. This separation phenonmenon occurs at a predeterm ned speed and is a
key aroowshie 6dp Eigure 2mandah Figuee 2pplastatte bft ioffl af she ratatiog menBegwitie ré3pect thithe\O

03/ 023942 PCT/ US02/ 29009 The separation permts avoi dance of radi al

cri téaglas tHeqatdeNEmembbeingelarly bbilehisds. and the ring after lift off. The rim
after lift off, also provides high torsional stiffness thus avoi ding

tor si onal ity 45 §3h chll SR Ry Hdeh ) CoOPRARHIO eRBRE (S RRO 2 high

Furt her nor g, the radi al pin concept, achieved by the tight 1nt r

e BEfet Binl SRS DT ik fle YodldSy Vé]rlgT}he“ ngnnt InBlal ol e et voer

t he surroun

concent I‘J city m and the wheel. thus rral nt a| ni ng rotor
bl sifteniapy oty 1pite 28 RS gaReh el e eia ot SparamIasg Bhat
radial tracking of the rim retention of ring- hub concentricity and

avoi ¢uinbieg aparatystand methodof thejeye@§on.s acconpl i shed by a gentle rolling

action
Figure 30 is a front view of an alternative embodiment of a ﬂexible rim hub for use with

flywheels in the flywheel energy storage systems of the invention. Figure 31 is a sectional view
taken through the flexible rim hub illustrated in Figure 30.

The flexible rim hub illustrated in Figure 30 embodies a balanced stress profile across the
complete operating system. The hub illustrated in Figure 30 when equipped with a flywheel
employs a tight interference fit between the hub and the flywheel ring at low speeds. Hence, at low
speeds, the rotor defined by the hub and rim illustrated in Figure 30 together with a flywheel ring
affixed thereto behaves as a rigid body. As rotor speed increases, centrifugal force causes the rim of
the apparatus illustrated in Figure 30 to expand radially beyond the expansion of the hub at the
spokes. This separation phenomenon occurs at a predetermined speed and is a key to the operation

of the apparatus illustrated in Figure 30.
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bet ween the hub and the flywheel ring wthout any sliding or wear between
the surfaces. Hence, long cyclic life results. In the apparatus

il lustratwod mn2idugure 30 the rimis slightly thickened at pdtassozmdoey ar ea
bet ween the spokes. This inproves the rimstress profile in that area over
prior art designs and also provides a good surface for addi ng bal ance

wei ghts shoul d those be required. The hub illustrated in Figure 30

mani f ests dynam ¢ response which is virtually unchanged through and after

lift off. Tﬁ@.&?ﬁfaﬁa@péﬁmﬁiawaﬁmg%f pidid] BBt ﬁr}é\ﬁd@_ﬂ&es bdtRednhthé byl ¥id BEHngal

rings, which function as the inner flywheel rings, are preferably

manu t f i R; i : i . -1 v

ot oo S8 T, AR e Tilighs FRARASOREN RS Boidlf R¥SGmal, c

wi th axi reinforcenment. The thick cylindrical rin possess both the

A afrsap e Enee VAR ik onediing sPiei ety FUboraRresFig TR Rk st
circunferential properties to function as_ inner flywheel rjings. As

i |1 uBY thettight indgrierraice betige therflemible postien ef-the . higdiis ghthe pridspoint bedvesnr ect | y
onto the thick cylindrical rings, preferably using thermal assenbly. 45 WO
03/ Oths spckeRGRd WBOURO0dI0g flyWheet rinpds psedfte ratainl cemdsnidicite nf thethub nim and/that i on
has been descri bed above and alternative enbodi nents have al so been

descflinvke! rihg) thus aapigainihg potod eatdnceafidrdifidi.ch t he invention is believed
entitled is defined by the clainms and by equivalents thereto which perform

subst ant i gl dnhclpaPadan®Bge b dpphratul iSthRSLaA! iraddking s Be SR RetdYont & MfDI eve
substantially the sane result as the subject matter defined Iiterally by

e k) APl el AGALTALYTORR o0 0L B s @
03/ Oge?f‘%gezn tﬁgyuly%gg /thzegt?}(')wgheel ring without any sliding or wear between the surfaces. Hence,
long cyclic life results.

In the apparatus illustrated in Figure 30 the rim is slightly thickened at the center area
between the spokes. This improves the rim stress profile in that area over prior art designs and also
provides a good surface for adding balance weights should those be required.

The hub illustrated in Figure 30 manifests dynamic response which is virtually unchanged
through and after lift off.

Referring to Figure 22 of the drawings, the thick cylindrical rings, which function as the
inner flywheel rings, are preferably manufactured from either metal matrix composites or special
weaves, integrating both circumferencial and axial fiber lay ups or polar weaves with axial
reinforcement. The thick cylindrical rings possess both the axial properties to function as carrier
rings and the filament wound circumferential properties to function as inner flywheel rings. As
illustrated, either single or multiple carbon rings may be stacked directly onto the thick cylindrical

rings, preferably using thermal assembly.
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| claimthe follow ng: Energy storage apparatus conprising: a. a shaft; b.
a flywheel rotatable relative to said shaft; c. neans for selectably

rotati ng waiwdokdgnheel responsively to electrical power i moarusozeIopy oduci ng
el ectrical power upon rotation thereof by said flywheel; d. bearing neans
facilitating rotation of said flywheel and said flywheel rotation/power
production neans respecting said shaft; e. neans for connecting said
flywheel and said neans for selectably rotating said flywheel or producing

el ectri calynpenRs r@&hw&mswﬁeﬁ%meqmeaaoﬁ%%eaﬁeésbxmd%%m \@bﬁ%&
rotatable rel ati ve to said shaft, conprising: i. an inner rot at abl e

wth f Oy n outer
mm%@b#fééﬁfﬁav%ga%?gﬁn Q&?%*ééa. EARR g Bt B bl
product.i il sald i,nner - and. out s_contacting
heneritisd PfERgby e el ity couiyplsaE tierye SHich BrmBLr B eBRaBgRS et | ng
conti nued unltar¥ rot atl on of said outer nenber with said i nner nenber as
r ot afupefipngn suhsfagtiallythe sarae way tor ashicwe sabstantiallyithe samp et as thegsubigetanatiepwheel
rotation/ power production neans conbi nation reaches a rate at which

cent ddfined) literdllybydhe claipwy st losg sadudh sebstastial equivalinds, @8 4RBEADY aRBEIMUEED2/ 29009
2. Apparatus of claiml wherein said rotation of said flywheel and said

f | yvduek bubstantial equivalent, do not read on the prior art.
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rotation/ power production nmeans is unitary. 3. Apparatus of claim 2 wherein
said elastoneric neans is annular. 4. Apparatus of claim3 wherein said

el ast onerwo wmwasyg2 conpri ses Orings. 5. Apparatus of cl aiproTivsoeedoner
conprising: a. a vacuum chanber surrounding said fiywheel; and b. means for
evacuating said chanber to a substantial vacuum 6. Apparatus of claim5
wherein said elastoneric neans are Orings. 7. Apparatus of claim®6 wherein
said elastomeric nmeans conprise two Orings. 8 Apparatus of claim?7
wherein s '?n{b i are axially aligned with said bearing neans. 9.
Apparatusp% clgﬁﬂggq%%erein said Orings are radially outboard of said
bearj ng ans. . 10. r ..claim9 wherein axial length of a region
of se€para ?%%y%tg{a\%gﬁ‘gagrgﬁugtcﬁrﬁ Ig;rmg'and outer sleeves upon rotation rate of
said outer sleeve, flywheel and flywheel rotation/power production nmeans
conbi nation reaching a rate at which centrifugal force separates said

sl eeves @xceedighafl al | ength of said flywheel. 11. Apparatus of claim 10
wherein said Orings are axially inboard of extremties of said region of
sai d sepab.at i onflpWheddrefaiahlsgelativeitosaidshalk] eeves. 12. Apparatus of claim5
wherein said bearing nmeans further conprises: a. an outer bearing nenber
havi ng anc.i nwaindans foasHsetbl prtatagapidetiwheel egminsigelyrto ehkcaivhbpdvearinmng

el enents for rotating notion of said rotatable elenents respecting said
outer bearing syFb@icingddedBAPLFIPHA HEHERA028908d hywiagl; | Nner bear i ng

menber having an outwardly facing race adapted to receive said rotatable

bear i ng ef emeng5rif,0td:At AbiIRRiNERbEA0n Of saiPhfwhed ahablie aheAcing el ements

rotation/power production means respecting said shaft;
€. means for connecting said flywheel and said means for selectably rotating said
flywheel or prodﬁcing electrical power output to a portion of said bearing means

which is rotatable relative to said shaft, comprising:

1. an inner member rotatable with a portion of said bearing means relative to
said shaft;
il. an outer member fixedly connected to said flywheel and flywheel

rotation/power production means combination;

1il. said inner and outer members contacting when stationary;

1v. means for connecting said members for facilitating continued unitary
rotation of said outer member with said inner member as rotation of said
inner and outer member, said flywheel and said flywheel rotation/power
production means combination reaches a rate at which centrifugal force

separates said members.
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respecting said inner bearing nenber; c. a plurality of said rotatable
bearing el enents retained between said race surfaces; and d. solid

| ubri cantwoaB@eivat bi ased agai nst and contacting at |east rpomassot/2®ad d
rotatable bearing elenments for depositing a filmof said solid | ubricant
on said rotatable elenment by contact therewith as said rotatable el enents
rotate against said race surfaces. 13. Apparatus of claim 12 wherein said
solid lubricant material is a ring. 14. Apparatus of claim 13 wherein said
ring.is ragpahthyof ABRAI hefeis sdidrdtaticatoTiahid fBMEINNG. salDlywiRRRr at us of claim
14 wherein said flywheel -fl ywheel rotation/power production nmeans- outer
sle i i Pﬁﬁn requency | ess than rotation frequency at
whi %E§§W%%¢oaﬁ%t eevéeﬁlégglg?{gf}tés fromsaid i nner sleeve due to
centyifugal faorce.and sai,d fl el.-flywheel . rotfation/power production
nmea -out‘SPP"E%E%%‘?}PWHZWhgfeéréé\é\é]glgﬂg?lﬁ%? fngﬁnﬁ'nlggm?@%nant frequency greater
than rotational frequepncy at which said outer sl|leeve separates fromsaid

i nnet s| edRRAratygof ¢haigy %V’%@’Eeéﬂ‘ spibelasipmpns SaRSHATMISPHY-TNES. a frame; b. a
flywheel; c. means for selectably rotating said flywheel responsively to

el eci.ri cafpproates of ¢lpim 1 fwthepeorupmsing) el ectri cal power upon rotation thereof
by said flywheel; 49 WO 03/023942 PCT/ US02/ 29009 d. bearing neans
facilitatd.ng rovauumchambsedutroihdingesd flgmiledaad f | ywheel rotati on/ power
producti on nmeans respecting said frane; e. neans for connecting said

fl ywheel @nd sabghsTePOachRingSadRAARB O b QUG ANE] Saubm.

6. Apparatus of claim 5 wherein said elastomeric means are O-rings.

7. Apparatus of claim 6 wherein said elastomeric means comprise two O-rings.

8. Apparatus of claim 7 wherein said O-rings are axially aligned with said bearing means.
9. Apparatus of claim 8 wherein said O-rings are radially outboﬁrd of said bearing means.
10.  Apparatus of claim 9 wherein axial length of a region of separation between said inner

and outer sleeves upon rotation rate of said outer sleeve, flywheel and flywheel rotation/power
production means combination reaching a rate at which centrifugal force separates said sleeves
exceeds axial length of said flywheel.
11.  Apparatus of claim 10 wherein said O-rings are axially inboard of extremities of said
region of said separation of said inner and outer sleeves.
12.  Apparatus of claim 5 wherein said bearing means further comprises:

a. an outer bearing member having an inwardly facing race adapted to receive

rotatable bearing elements for rotating motion of said rotatable elements

respecting said outer bearing member;
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flywheel or producing electrical power output to said bearing neans,

conprising: i. a nenber fixedly rotatable with a bearing nmeans portion
whi ch i s wotiamadke respecting said frane; ii. a second nmerogrvsonz@ent ric
with said first nmenber, fixedly connected to said flywheel and flywheel
rotation/ power production nmeans conbination; .iii. said nmenbers contacting

when stationary; iv. elastoneric neans for connecting said nenbers and
thereby facilitating continued unitary rotation thereof as centrifugal

force sepgrat eg fabibealBERRAber havifPs Jt{’v%fﬂcirfgl iV REbted b ?ércER'@/sglﬁmer

production neans-second frenber conbi nati avi ng resonhant equency bel ow

rotational fregue - Whi i e, to. centrifugal
force; and g. lg)gz 1§ﬁ¥P%h“gg@?@ﬁ?gé?tW‘ﬁg’ﬁ%‘ﬁ%{kﬁP%ﬁg%B%ﬂnéﬁP A5 - second
menber-first nenber ca in%i on havi.ng resonant frequency above rotational
frequency at \WPEHNE SPE MRSHBEATOSIIIRE: ¢ due to centrifugal force. 17. A
met hod for storing energy conprising acceleratingly rotating a unitary
subconbi n@t i ona Plyfalidy pf sapheasatablp hearimgrelenpents wainad: bebygendhrid fapgsusfaces;

fl ywheel or producing electrical power upon rotation of said flywheel

t hrough resonamtd frequency of a unitary conbination defined by an outer

sl eeve and said unitary subconbination to a rotational rate sufficient to

separate @ 50 J0RJQAHX23OMAteREITHiAsA2LARNAAd comBaRIRat Ieast dHRIT s&il @6tfablg oM
said outer sleeve in unison with sard unitary conbinati on but stopping

short of resongntinf ERANAAGYr &positing & Hs JfRhitiAbNd ABRRALNNLIs Hetdpied by said

i nner and outer sleeves and said unitary subconbi nati on.

element by contact therewith as said rotatable elements rotate against said race
surfaces.
13.  Apparatus of claim 12 wherein said solid lubricant material is a ring.
14.  Apparatus of claim 13 wherein said ring is radially inboard of said rotatable elements.
15.  Apparatus of claim 14 wherein said flywheel-flywheel rotation/power production means-
outer sleeve combination has resonant frequency less than rotation frequency at which said outer
sleeve separates from said inner sleeve due to centrifugal force and said flywheel-flywheel
rotation/power production means-outer sleeve-inner sleeve combination has resonant frequency
greater than rotational frequency at which said outer sleeve separates from said inner sleeve.
16. Energy storage apparatus comprising:
a. a frame;
b. a flywheel;
c. means for selectably rotating said flywheel responsively to electrical power input

or producing electrical power upon rotation thereof by said flywheel,
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18. The nmethod of claim 17 wherein said inner and outer sleeves are in
conpl enental contact prior to separation. 19. An energy storage rotor
conpri si yoaswwdssary metallic hub defining a center of rotatriusnz/2908@i d hub
having a plurality of spaced apart spokes and a continuous rimto which
said spokes are integrally connected at spaced apart |ocations, and a
conposite ring surrounding said rim wherein said rimis in a tight
interference fit with the conposite ring at rest and behaves essentially

as a sol ig bodyeAfngl UL ff{cmt?ttgj‘@rgo tion BESAS 1 Qggﬂﬁgﬁgmgge portions of

the rim dispose et ween sa es are adapt radi al ly

outwardly under tthe i nfl uen@e.of centrifu aﬁlﬁi.fggrce_ when in use at higher
rot ati onal spe’é%%loélépoavgerpﬁo SRR ECPERY fMf%r ce- i nduced radi al

expansi on of the copposite ring surrounding the rimsuch that at said

hi gher r®t at i BIsans fopsennscting saidHyvhgel and spid pisprssior eelegtahly eatating said awvay
fromthe rimof the hub at said |ocations where said spokes are connected
to sai d ri m anflygbedlleaprodueingletectrical prateroutput tossaid braring metis; comprysing:

mai ntai ned at all operating speeds of the rotor and further wherein said
rimportions hetweemenibet fisgilk estatdelt iwittth beasing tidanepdréigh sdhich ik nwar dl y
directed curved surface portions each having a center of curvature which
is located radial | yrqauhyeisthycts s fthntgnt er of rotation such that each of
said rimportions becomes thinner toward a central portion between adjacent

ool spoces. % ARty B LR LA DR B SRRGRAC S 110
BSIARROEE RGNS RN RO o S A
wherein the rre,t,gl lic hub is con’l%os_edwof al urgapqm 23. A rotor as clained
in claim22 whidkei nsaihBCHPEISIABardRg Whgbiationary;
iv. elastomeric means for connecting said members and thereby facilitating
continued unitary rotation thereof as centrifugal force separates said
members;
f. said flywheel-flywheel rotation/power production means-second member
combination having resonant frequency below rotational frequency at which said
members separate due to centrifugal force; and
g. said flywheel-flywheel rotation/power production means-second member-first
member combination having resonant frequency above rotational frequency at
which said members separate due to centrifugal force.
17. A method for storing energy comprising acceleratingly rotating a unitary subcombination
of a flywheel and means for selectably driving said flywheel or producing electrical power upon
rotation of said flywheel through resonant frequency of a unitary combination defined by an

outer sleeve and said unitary subcombination to a rotational rate sufficient to separate a
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24. Coupling apparatus facilitating passage of an acceleratingly rotating
body through a critical frequency of rotation, conprising: a. a pair of
mati ng fiwstosamd4second portions of said body, said porti ®a3/usozb®ot i ng
when said body is stationary; and b. neans for~flexibly coupling said
second portion to said first portion to facilitate continued substantially
unitary rotation thereof as said second portion noves away fromsaid first
portion responsi vely to centrifugal force at rotati onal speed bel ow said

cri téo(fla ntrlc ?l% et% asgﬁ% er ge\%olﬂqlrnfs%tﬁvl safd l?ﬂl T%}Ielgtgol ial d

port| one con NNt er erence en sal tionary and
roomte ure. aratus f. ¢l aim_25 V\/ner 1n sai d mating

sur f%{ﬁ%n%%r'rﬁrﬁ%ﬂnla?/t t?%ﬂ(’:‘ie’ﬁ‘ijp‘%dﬂ"e% natagyec&p %Wt‘fnéﬂem% fngr ad v anay

fromsaid first portion responsively to centrifugal force at rotational

s peeepteralepwessandosaid unitagwsubcpmingtie,. 27. Coupl i ng apparatus of claim 26

wherein said second portion noves radially with respect to said first

por t1&n rElsxpaathod eff glain 1¢ eviterdid seyd innfoarcout@dlee@eugpt imcgpraplpaenthlicontdct cl ai m

27 wherein said mating portions include mating surfaces that

conphrdrReteatationont act at anbi ent tenperature when said body is at rest.
29. Coupling apparatus of claim 28 wherein said flexible coupling neans is

el asig ”Er.lm o erlé% sithe gg%@? SoMpridifd 4 Wige{ aRAARC h@@defﬁfﬁ%& bélﬁerao‘??@t%ﬁ&':‘s of

claim29 astoneri ¢ neans i s annul ar Coupl i ng appar at us

S ]S BT ol i B g+

COUpllnlteggalgfpc%%Lgtg atos];)ac%ld%lpanl]t o%at\i\gln%r aGr{ go%gosﬁg %llgg |51r1] oun ?nngssa} rir(;j.'ll,n nul ar.
wherein said rim is in a tight interference fit with the composite ring at rest and behaves
essentially as a solid body at lower rotational speeds, and wherein those portions of the rim
disposed between said spokeé are adapted to deflect radially outwardly under the influence of
centrifugal force when in use at higher rotational speeds so as to follow the centrifugal force-
induced radial expansion of the composite ring surrounding the rim such that at said higher
rotational speeds portions of said composite ring can lift away from the rim of the hub at said
locations where said spokes are connected to said rim and so that a tight fit between the rim and
the ring is maintained at all operating speeds of the rotor and further wherein said rim portions
between said spokes defined respective radially inwardly directed curved surface portions each
having a center of curvature which is located radially outwardly of said center of rotation such
that each of said rim portions becomes thinner toward a central portion between adjacent said
spokes.

20. A rotor as claimed in claim 19 wherein the composite ring is bi-annular.
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34. A nethod for accelerating a rotating body through a critical frequency
of rotation, said body having a second portion tending to separate froma
first porwioas/ais4body angul ar velocity below said criticacTiusezpeney,
conprising: a. permtting said second portion to nove away fromsaid first
portion responsively to centrifugal force at rotational speed bel ow said
critical frequency thereby reducing effective nmass of said rotating body
and establishing a new critical frequency for said rotating body

b ial . . . e at. :
and B mecipier B ahdh AU ert i O il B B kB 00T o
to facilitate sué)st tia{l%ﬁrunitary rotation thereof at conmon velocity
but WRFH I & 5atbon Hiament Ofe g 5 ~35. The nethod of claim 34 further

conprising the step of permtting said second portion to_ self-bias itself
radi &1 y AAoker as Glatmedaniclam @ eheepphenetallicihub dheomenossd oflaminugei ng
surfaces of said first and second portions when said body is at rest and
at a?bi enA roenpeclaimeddn cBém 2Phwhenein ithechubfhag felirspdeswhere i n sai d second
portion noves radially away fromsaid first portion responsively to

cent 24.f ug@bupligeppardits fadkdting pasddend af pplaitit e iingdodg throdgh & shaft; 53
WO 03/023942 PCT/ US02/ 29009 b. a flywheel rotatable relative to said

shaf ¢ritical rBRRASy bPlotdtRhaddmstsh: d f | ywheel by driving said shaft; d.
bearing neans facilitating rotation of said flywheel respecting said shaft;
€. neans J.OI’ P Baﬂ? 6 fnggnfﬁxlsga.t{d %@morﬁ‘&% oTRhid b%ﬁ?,fst‘ﬂd ﬁ:o%si c%inﬂlgt'ing
when said body is stationary; and
b. means for flexibly coupling said second portion to said first portion to facilitate
continued substantially unitary rotation thereof as said second portion moves
away from said first portion responsively to centrif;ugal force at rotational speed
below said critical frequency.
25.  Coupling apparatus of claim 24 wherein said portions contact with an interference fit
when said body is stationary and at room temperature.
26.  Coupling apparatus of claim 25 wherein said mating surfaces are mutually facing when
said second portion moves radially away from said first portion responsively to centrifugal force
at rotational speed below said critical frequency.
27.  Coupling apparatus of claim 26 wherein said second portion moves radially with respect
to said first portion responsively to centrifugal force.
28.  Coupling apparatus of claim 27 wherein said mating portions include mating surfaces that
complementally contact at ambient temperature when said body is at rest.

29.  Coupling apparatus of claim 28 wherein said flexible coupling means is elastomeric.
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i. an inner nenber rotatable with a portion of said bearing neans relative
to said shaft; ii. an outer nenber fixedly connected to said flywheel;
iii. saidwiomseessand outer menbers contacting when stati onacyyusor29omeans for
connecting said nenbers for facilitating continued unitary rotation of
said outer nenber with said inner nenber as rotation of said inner and
outer nenbers and said flywheel conbination reaches a rate at which
centrifugal force separates said nmenbers; a housing having said shaft

and 3610 EbteshohahaTHlam S9uAkAth (RERAUEAL hARASURRIR 1O an axis abou

whi ¢ I'S nmount e r ron 1nasingle ane relative to
sai d housjng;..vi. nmeans_.connected to said housing and bei.ng rotatabl e about
2 seibnd GRngPPRERE AECRRD D Ere sad EstPOESE RBATHR S shat ¢ For

rotatably securing the housing relative tg said |oad. 38. The | oad

ori edd-i ngCennlingeapprratis gf glagn ShAdersimsaid FouPiBE capbif e Yadgnetal shelenber s f or
facilitating continued unitary rotation of said outer nenber with said

i nne33.nmenBeuplag appiratiis ofi claim 28 avhdreimsead ceauplingmeans wanbaelas and sai d f | ywheel
conmbi nation reaches a rate at which centrifugal force separates said

menbs4.s i A méthsd fratiderathy A¥otdidg 0339 dizolETd LERAI R&ARAcy 3Srotalion, &id ent i ng
device of claim 38 wherein said elastonmeric neans i s annular. 40. The

O P R T i e A S UL SR AL oty
conngGl 6, ArtRhid dRERL N SoAREsiRE! N9
a. permitting said second portion to move away from said first portion responsively
to centrifugal force at rotational speed below said critical frequency thereby
reducing effective mass of said rotating body and establishing a new critical
frequency for said rotating body substantially shifted downwardly from said
original critical frequency; and
b. maintaining a flexible couple between said first and second portions to facilitate
substantially unitary rotation thereof at common velocity but with separate
angular momenta.
35.  The method of claim 34 further comprising the step of permitting said second portion to
self-bias itself radially inwardly to effectuate complemental contact between facing surfaces of
said first and second portions when said body is at rest and at ambient temperature.
36.  The method of claim 35 where in said second portion moves radially away from said first
portion responsively to centrifugal force.
37.  Load orienting apparatus comprising:

a. a shaft;
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rot at abl e about a second axis differing fromthe axis of rotation of said
shaft, for rotatably securing the housing relative to said load is a

t ur nt abl ewodd/o23bhe orienti ng device of claim4l further cepisse/egoseans
fixed relative to the housing for drivingly turning the turntable. 43. The
orienting device of claim 37 wherein said nmeans connected to said housing
and being rotatable about a second axis differing fromthe axis of
rotation of said shaft, for rotatably securing the housing relative to

sai d Ioadhis aahy&ﬂ&ggh%anﬁye%Q%8Q%%§m%hng device of claim43 further

conprising nmeans”tiXed re ousing for drivingly turning the
turntabl ec.I n trrxllgalIsOtjc’)rmro?gtin% s\é\ﬁrf{nyv%%g{by (li:)r15ving said shaft;

d. bearing means facilitating rotation of said flywheel respecting said shaft;
e. means for connecting said flywheel and said shaft, comprising:
i. an inner member rotatable with a portion of said bearing means relative to
said shaft;
1l. an outer member fixedly connected to said flywheel;
1ii. said inner and outer members contacting when stationary;
iv. means for connecting said members for facilitating continued unitary

rotation of said outer member with said inner member as rotation of said
inner and outer members and said flywheel combination reaches a rate at
which centrifugal force separates said members;

v. a housing having said shaft and said flywheel rotatably mounted
therewithin and defining an axis about which said flywheel is mounted for
rotation in a single plane relative to said housing;

vi. means connected to said housing and being rotatable about a second axis
differing from the axis of rotation of said shaft, for rotatably securing the
housing relative to said load.

38.  The load orienting device of claim 37 wherein said means connecting said members for
facilitating continued unitary rotation of said outer member with said inner member as rotation of
said inner and outer members and said flywheel combination reaches a rate at which centrifugal
force separates said members is elastomeric.
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39. The orienting device of claim 38 wherein said elastomeric means is annular.

40.  The orienting device of claim 39 wherein said elastomeric means is comprises at least
one O-ring.

41.  The orienting device of claim 37 wherein said means connected to said housing and being
rotatable about a second axis differing from the axis of rotation of said shaft, for rotatably
securing the housing relative to said load is a turntable.

42.  The orienting device of claim 41 further comprising means fixed relative to the housing
for drivingly turning the turntable.

43.  The orienting device of claim 37 wherein said means connected to said housing and being
rotatable about a second axis differing from the axis of rotation of said shaft, for rotatably
securing the housing relati.ve to said load is a turntable.

44.  The orienting device of claim 43 further comprising means fixed relative to the housing

for drivingly turning the turntable in the form of a worm gear.
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