WO 01/ 16464 PCT/ US00/ 21206 1 (a) TITLE: GAS BEARI NG AND METHOD OF MAKI NG A
GAS BEARI NG FOR A FREE PI STON MACHI NE (e) BACKGROUND OF THE | NVENTION 1.
Field of Thqddiygdhi on The invention relates generally to focwesepeRION 5
machi nes, and nore particularly to a gas bearing apparatus, and a nethod

of making the gas bearing apparatus, for a free piston nmachine. 2.
Description O The Related Art 10 Pistons in many machi nes are connected to

a rigid, nechanical |ink, such as a connecting rod connected .to .a crank
shaft. These pistons are. confined within predeterm ned positions, such as
end limts. However, many nmachi nes are known which use 15 one or nore

free pistons. A free piston reciprocates in a cylinder wthout a
mechani cal connection. Such free pistons WO 01/ 16464 ' PCT/ U500/ 21206 2
may be driven by an el ectromagnetic, linear notor and used, for exanple,
as a gas or other. fluid conpressor or punp. Free pistons are also found in
free piston Stirling cycle machines, such as free 5 piston Stirling cycle
engi nes, coolers and cryocoolers. Free pistons sealingly reciprocate in a

(a) TITLE: GAS BEARING AND METHOD OF MAKING A GAS
BEARING FOR A FREE PISTON MACHINE

(e) BACKGROUND OF THE INVENTION

1. Field Of The Invention _
The inve_ntion relét_:gs generaily to frée piston
5 machines, and more particularly to a gas bearing
apparatus, and a methqd of making the gas bearing

apparatus, for a free piston machine.

2. Description Of The Related Art

10 Pistons in many machines are comnected to a
. ri_gn_'__.o_:_i_., m_echagicgl link, __su_c_h_ as a _qonnectix__;g rod L
o -'c'onnec't.:ecfi to a crank shaft. ';Itl:;e.'s"e"' 'pi"-s'i':'oﬂé are -
confined within predetermined positions, such as end
limits. However, many machines are known whicﬁ use
15 one or more free piétons.
A free piston reciprocates in a cylinder

without a mechanical connection. Such free pistons



cylinder forned in a housing, with a very small gap forned between the
cylinder wall and the piston 10 wall. The housing typically encloses a work
space bounviexbihgasene end of the piston and a second spacePCTHFONZAMR space,
bounded by the opposite end of the piston. A working gas, such as helium
fills the workspace, back space and other regions of the 15 machine
within the housing. Because of the close proximty of the piston wall and
cylinder wall during operation, the gap fornmed between the walls nust be
| ubricated to prevent rapid wear. The mpst effective lubrication 20 has
been found to be a thin layer of the working gas form ng a gas bearing.
Such gas bearings are described in U S. Patents No. 4,412,418, 4,802, 332
and 4, 888, 950, ahay tbe Bduiven |hy orlerlestromngretic + hkinnag dvptcgras must be

25 directed into the at_three or, nore points aroun he ci reunference
of the piston af#&¢ b‘gFﬁg T B FY 18964 T UBBO l#om the

wor kspace or b | tdl t
e o eckeagesg ity SgOSIpaR 54 Sohenebag e 0o o

the gap requires sages and ports. Such passages

and ports are no;r@@Spithrseﬂﬂﬁdoe@ﬁw hdhilRee,S Ut i Blee

gas-transporting structures nmust be formed are small, delicate and nade

to cl ose tol eranpgéston Stirling cycle engines, coolers and
cryocoolers.

Free pistons sealingly reciprocate in a
cylinder formed in a housing, with a very small gap
formed between the cylinder wall and the piston

10 wall. The housing typically encloses a work space
bounded by one end of the piston and a second space,
or back space, bounded by the opposite end of the
piston. A working gas, such as helium, £ills the
workspace, back space and other regions of the

15 machine within the housing.

Because of the close proximity of the piston
wall and cylinder wall during operation, the gap
formed between the walls must be lubricated to
prevent rapid wear. The most effective lubrication

20 has been found to be a thin layer of the working gas
forming a gas beariné. Such gas bearings are
described in U.S. Patents No. 4,412,418, 4,802,332
and 4,888,950, all to Beale.

In order to lubricate the piston, gas must be

25 directed into the gap at three or more points arocund

the circumference of the piston after being routed



It is known to forma shrink fit annul ar valve sleeve assenbly as .
described in U S. Patent No. 10 5,184,643 to Raynond. Such assenblies wll
not wor k fwoowisesspur pose of forming a gas bearing on a fPEEUSARIW06N nmachi ne
due to a lack of control over gas pressures, and a | ack of passages for
directing the gas against a cylinder wall. 15 Therefore, the need exists
for a gas bearing structure, and a nethod of making the sane, for a free
pi ston machine. (f) BRI EF SUMVARY OF THE | NVENTI ON 20 The invention is an
i nproved free piston nachine having & gas bearing. In a preferred
enbodi nent, an inproved piston includes two parts: an inner, cylindrical
core and an ou%g;, cylindrical sleeve. The inner core has a radially

g

outwardly 25 f f JOXkERAFe ot PaFK afRA®y | nwHPHRYeFaci ng surface

of the outer s t o] 1s.\0 0 6 RCI/ US00121206 4
positioned w t%ﬁeaﬁys}o\ggggggﬁ%r{rﬁr%%é%nl\‘)@ne&s%eé\gé lg}ocis'%:eun?%?ent I al
reservoir - groane fieLiL£rabMpl exe etk abeUPdsbAgeS008a 8BdL 2, Passage with
a one- way valve permts fluid to flowinto the reservoir. 5 A |ongitudinal
groove extendssiclonpthsageseand rpdrrs atré easit osssilnd £prmééy ably four
circunferential, fluid nmetering grooves formed in the radially outwardly
faci ng $urfacePefausee ddice. PRREST| 4ne which gas-transporting

structures must be formed are small, delicate and
made to close tolerance.
It is known to form a shrink fit annular valve
sleeve assembly as described in U.S. Patent No.
10 5,184,643 to Raymond. Such assemblies will not work
for the purpose of forming a gas bearing on a free
piston machine due to a lack of control over gas
pressures, and a lack of passages for directing the
gas against a cylinder wall.
15 Therefore, the need exists for a gas bearing
structure, and a method of making the same, for a

free piston machine.

(£) BRIEF SUMMARY OF THE INVENTION
20 The invention is an improved free piston
machine having a gas bearing. In a preferred
embodiment, an improved piston includes two parts:
an inner, cylindrical core and an outer, cylindrical
sleeve. The inner core has a radially outwardly
25 facing surface that abuts a radially inwardly facing

surface of the outer sleeve when the core is



netering grooves thereby formfluid passages when 10 the inwardly facing
surface of the sleeve bridges over and covers the groove. At |east three
radi al passagmaesse fornmed through-the sidewall of the sPEEWSOVH296 i d
comuni cation with the groove to direct fluid in the groove into the gap
at the 15 sidewall. Wen the inproved piston is reciprocating in the
cylinder, gas flows fromthe nonentarily higher pressure work space into
the reservoir, through the |ongitudinal groove, through the fluid netering
20 grooves and into the radial sleeve passages that enpty the gas into the
gap between the piston and the cylinder. This forns a gas bearing that
reduces wear on the facing piston and cylinder wal|s. Such a structure is
formed by fittineesHaannd wihin R PERaagee ko rin ok nglegiee gr oove on
the outer surface of the_core.. V#D 01/ 16464, PCT/ US00/ 21206_ 5 .1n a
preferred embodi frenfiT§RPERTERH T hg TSR f FHEY et RERHC % pl acer rod

and a core pass%gﬁeﬁ&g Wi t‘;g&e(;i SR atgﬁﬁagg EXLENds, Hedi spl acer

rod extends thro a cylindrical passage ough“the core, and at | east
three radi al pasgagesal v ranfRdrilii@ued £y GO® thei fe¥@oirlhe radi al

passages are in fluid communication with the fluid netering groove,
causi ng g&s to fholkordgiomdimal groove extends from the reservoir to
at least one, and preferably four circumferential,
fluid metering grooves formed in the radially
outwardly facing surface of the core. The £luid
metering grooves thereby form fluid passages when
10 the inwardly facing surface of the gleeve bridges
over and covers the groove. At least three radial
passages are formed through the sidewall of the
sleeve in fluid communication with the groove to
direct fluid in the groove into the gap at the
15 sidewall.

When the improved piston is reciprocating in
the cylinder, gas flows from the momentarily higher
pressure work space into the reservoir, through the
longitudinal groove, through the fluid metering

20 grooves and into the radial sleeve passages that
empty the gas into the gap between the piston and
the cylinder. This forms a gas bearing that reduces
wear on the facing piston and cylinder walls. Such
a structure is formed by fitting the core into the

25 sleeve after forming the groove on the outer surface

of the core.



metering groove through the radi al passages and into 10 a gap between a

radially inwardly facing surface on the core and an:exterior displacer rod
surface. MPOeI/1646df erred et hod of naking-the piston, thePCEPEORPS heat ed
to expand it, and the core is aligned coaxially with the cylindrical i
passage. The 15 core is pushed into place within the sleeve's passage, and
the two parts equalize in tenperature. A very tight seal is fornmed between
the outwardly facing surface of the core and the inwardly facing surface
of the sleeve, preventing fluid from gassing 20 therethrough except where
grooves are forned. (g) BRI EF DESCRI PTION OF THE SEVERAL VIEWS OF THE

DRAWNGS Fig. 1 i i d ' ' t illustrati 25 th f d
enbodi rent of the phasBnP FREERTT oRORRENSRTn Tt 9280 8PA5LBIpdSi tion i n a

free piston Shisl!ngrhksl Getheanod ehisVO0H 10484 Pl USOERIZ00 6 Fig.

2is aside viewin section illustrating t preferred piston. Fig. 3 is a
side view in spassadge idirittighawhigh tHe qisplaceedrédrextdnddie pi ston. 5 Fig.
4 is a side viewin section illustrating the preferred sleeve of the

pi ston. Fig. 5dispkasgrewadneptengecthinaudh Rrusytndrieal lpassageerred core of
the pi stson. through the core, and at least three radial passages
are formed through the core’s sidewall. The radial
passages are in fluid communication with the f£fluid
metering groove, causing gas to flow from the
metering groove through the radial passages and into
10 a gap between a radially inwardly facing surface on
the core and an exterior displacer rod surface.

In a preferred method of making the piston, the
sleeve is heated to expand it, and the core is
aligned coaxially with the cylindrical passage. The

15 core is pushed into place within the sleeve’'s
passage, and the two parts equalize in temperature.
A very tight seal is formed between the outwardly
facing surface of the core and the inwardly facing

surface of the sleeve, preventing fluid from passing

20 therethrough except where grooves are formed.

(g) BRIEF DESCRIPTION OF THE SEVERAL VIEWS
' OF THE DRAWINGS

Fig. 1 is a side view in section illustrating
25 the preferred embodiment of the present invention
shown in its operable position in a free piston

Stirling cycle cryocooler.



Fig. 6 is aviewin perspective illustrating an 10 enlarged section of the
preferred core of the -piston. Fig. 7 is an end view in section through the
line 7-7 of wio @nedss Flg 8 is a side view in section illusPEHUSINFI265 an
alternative enbodi nent of the present invention. Fig. 9 is a side viewin
section illustrating an alternative enbodi ment of the present invention.
Fig. 10 is an end view in section illustrating the core of Fig. 9 through
the line 10-10. 20 Fig. 11 is a side viewin section illustrating an
alternative enbodi nent of the present imgvention. Fig. 12 is a side viewin
section illustrating an alternative enbodi nrent of the present invention.

I n describing the preferred enmbodiment of the 25 invention which is
illustrated in the dFad@- nés155Eeé%ﬁ?cV%QVn%%o$%@BAQﬂI413M§tﬁé§éﬂﬂed to for
the WO 01/ 16464 PCT/ US ﬁOG 7 sake of clarity. However, it is not
intended that {1 PRCERTISR Be"fPM ted to the specific terms so sel ected

and it is to be undergi,0od tBay gagh v§Q@Ciﬁ'§eé€¥6H'fﬁid&ﬁ?&t@hb techni cal

equi val ents 5 which opérate 1n a simlar manner to acconplish a~ simlar
purpose. For exahd greifeervwar dofo® v ciiRd gilstonerns sinlar thereto are

often used. They are not Ilimted to direct connection but include
connecti of Fig. 4 is a side view in section illustrating
the preferred sleeve of the piston.
Fig. 5 is a view in perspective illustrating
the preferred core of the piston.
Fig. 6 is a view in perspective illustrating an
10 enlarged section of the preferred core of the
piston.
Fig. 7 is an end view in section through the
line 7-7 of Fig. 5.
Fig. 8 is a side view in section illustrating
15 an alternative embodiment of the present invention.
Fig. 9 is a side view in section illustrating
an alternative embodiment of the present invention.
Fig. 10 is an end view in section illustrating
the core of Fig. 9 through the line 10-10.
20 Fig. 11 is a side view in section illustrating
an alternative embodiment of the present invention.
Fig. 12 is a side view in section illustrating
an alternative embodiment of the present invention.
In describing the preferred embodiment of the
25 invention which is illustrated in the drawings,

specific terminology will be resorted to for the



t hrough ot her el enents where such connection is 10 recogni zed as being :
equi val ent by those skilled in the art. (h) DETAI LED DESCRI PTI ON OF THE

| NVENTI ONWMe/16468f er r ed enbodi nent of the present 15 i nVeHPPRIZ06 shown in
Fig. 1in a free piston Stirling cycle cryocooler 10. However, as w ||
beconme apparent to one of ordinary skill in the art fromthe description
bel ow, the invention can be wused on any free piston machine. 20 The piston
12 is slidably nounted within the cylinder 14, and is drivingly linked to
an annular ring 16 to which magnets dafe nounted. The annular ring 16 is
di sposed within a gap in which a time- changing, alternating magnetic field

i s generat ed, cau he annul a ng_16, and therefo th d I
i nEed pi st on f?k t9 b‘g:g?ﬁ’r%n H'#Da?v\ﬁﬁ Og}:l%EG?r rt‘f{ﬁ{) e rivingly
reci procating QHve %_;e ﬁ;r]ggcgl% ed & HPUsps £ifd YD Ie B oI d end 22 to

t he warnmer end accor toa nown t herno amc cycle, permttlngthe

cryocool er 10 'Es@lé@@éd fa@;ﬂ exanilse, t§agROUGn@XYHIbd Sthat C@adanse and
|l i quefy the oxygen. For the purposes of the present invention, only the

pi ston 12, andspesifibopéeani nigqlades, aldedtechibigaldesguivreent®he piston 12
is shown in greater detail in Fig, 2 including two main _parts: a core 30
and a 5 which operate in a similar manner to accomplish a

similar purpose. For example, the word connected or

terms similar thereto are often used. They are not

limited to direct connection but include connection

through other elements where such connection is

10 recognized as being equivalent by those skilled in

the art.

(h) DETAILED DESCRIPTION OF THE INVENTION
The preferred embodiment of the present
i5 invention is shown in Fig. 1 in a free piston
Stirling cycle cryocooler 10. However, as will
become apparent to one of ordinary skill in the art
from the description below, the invention can be
used on any free piston machine.

20 The piston 12 is slidably mounted within the
cylinder 14, and is drivingly linked to an annular
ring 16 to which magnets are mounted. The annular
ring 16 is disposed within a gap in which a time-
changing, alternating magnetic field is generated,

25 causing the annular ring 16, and therefore the

drivingly linked piston 12, to be driven in a



10 sl eeve 50. The core 30 and the sleeve 50 are | ocked together in an
interference fit by abutment of their facing surfaces. The core 30 is
shown al onewowiFfiégse 3, and the sl eeve 50 is shown al one i RCEU§OV21206The
core 30 is an elongated cylindrical body, 15 preferably nmade of al um num
having a radially outwardly: facing surface 32 and.a radially inwardly
facing surface 34 defining a cylindrical passage 40. First and second
circunferential reservoir grooves 36 and 3B are forned in the outer
surface of the 20 core 30. The radial cq e passages 42-49 (the passages 45
and 49 are only visible in Fig. 6) are forned at angularly spaced

| ocations around the circunference of the core 30 at approxi mately 90
degree interval stegkRrecatdng matbogh tThe cowecpslser dbhapymiss Headm t he

i nwardly facing surface 34.t.0 he outwardly facing,surface 32. WO 01/ 16464
2CT/ USOD/ 21206 EFomdHe Es3d S’Béi%z arP ‘é‘ﬁ%@)’ TSR gt 250 ,
preferably made Iu'gﬂ&p | i ou . faci surface 52
and a radially iﬁ%ﬁ%ﬁlgh acf%%ﬁgﬁgyggég 4qﬁé¥fﬂin8&g&g§¥%ﬁﬁrica passage

56. 5 The radi al ey 22392¢eS cBd1 98 ok hexAmpsadegafbus i Rfandr € not
visible in Fig. 4) are forned at angularly spaced I ocations around the

circunferénce dfotdmndsnseyenB0lagquefprihe matygden .90 degree intervals, and
extend through the sl eeve_ sidewall 58
For the purposes of the present invention, only
the piston 12, and its cooperating parts, need to be
described. The piston 12 is shown in greater detail
in Fig. 2 including two main parts: a core 30 and a
10 sleeve 50. The core 30 and the sleeve 50 are locked
together in an interference fit by abutment of their
facing surfaces. The core 30 is shown alone in Fig.
3, and the sleeve 50 is shown alone in Fig. 4.
The core 30 is an elongated cylindrical body,
15 = preferably made of aluminum, having a radially
outwardly facing surface 32 and a radially inwardly
facing surface 34 defining a cylindrical passage 40.
First and second circumferential reservoir grooves
36 and 3B are formed in the outer surface of the
20 core 30. The radial core passages 42-49 (the
passages 45 and 49 are only visible in Fig. 6) are
formed at angularly spaced locations around the
circumference of the core 30 at approximately 90
degree intervals, and extend through the core
25 sidewall 31 from the inwardly facing surface 34 to

the outwardly facing surface 32.



10 between the inwardly facing surface 54 and the outwardly facing surface
52. The core 30 is shown in Figs. 5 and 6 having four circunferenti al
fluid net eawo omiegssooves 80, 82, 84 and 86 fornmed in its BEIUERGIIP6f aci ng
surface 32. 15 Each of the netering grooves is approximtely 0.025 nm deep
and approximately 0.178 mm wi de. O course, these dinensions could be
changed with resultant changes in the pressure drop of fluid flow ng

t hrough them 20 The netering groove 82 extends around the core 30 and is
in fluid conmunication with the radial9 core passages 42, 43, 44 and 45.
The netering groove 86 extends around the core 30 and is in fluid

communi cation with the radi al _core passages 46, 47, .25 48 _and 49. The
metering grooves 8@%&%&"&7%&@ agr%fﬁf%at 83}%1’1%1%?%1’8?34 n fluid
conmuni cati on 4 0 10 i bt r.adi. | eeve
passages 61- 64pa?1€é€%3q§g \WE%% L@eﬁééﬁgﬁ‘%' [ gl%glgt P%né%%v%n%%?n t he sl eeve

50. As shown i Bufidhrdlds ft@ngubuerady dAGindga sadisce, Iawakdipe core 30 is
sealingly abutted 5 against the inwardly facing surface 54 of the sleeve
50. The circuntacing isalrfaeeed4 nipfiminges Q0-i@@rdresl panangsdSBy t he portions
of the inwardly facing _surface 54 that bridge over the netering grooves
80- 86. STher ef Bhe, raftalapleery PFRPIEAT G 1T§Cyr(EoFepassages 64

and 68 are not visible in Fig. 4) are formed at
angularly spaced locations around the circumference
of the sleeve 50 at approximately 90 degree
intervals, and extend through the sleeve sidewall 58

10 between the inwardly facing surface 54 and the
outwardly facing surface 52.

The core 30 is shown in Figs. 5 and 6 having
four circumferential fluid metering grooves 80, 82,
84 and 86 formed in its outwardly facing surface 32.

15 Bach of the metering grooves is approximately 0.025
mm deep and approximately 0.178 mm wide. Of course,
these dimensions could be changed with resultant
changes in the pressure drop of fluid £flowing
through them.

20 The metering groove 82 extends around the core
30 and is in fluid communication with the radial
core passages 42, 43, 44 and 45. The metering
groove 86 extends around the core 30 and is in fluid
communication with the radial core passages 46, 47,

25 48 and 49. The metering grooves 80 and 84 extend

around the core 30 and are in fluid communication



10 80-86 and the portions of the inwardly facing surface 54 that cover the
metering grooves 80-86: formcircunferential .fluid flow paths. The
preferred flwodiiddef 1s used in free piston Stirling cryodkGIréseg212e6 a gas,
such as helium and therefore 15 the netering grooves 80-86 in the
preferred enbodinent are gas flow paths. The gas flow paths fornmed by the
nmetering grooves 80-86 of the preferred di nensions have a predeterm ned
resi stance to the flow of 'gas through 20 themthat causes a known pressure
drop in the gas as it flows froma sourte, through the netering grooves
80-86 and into the radial core passages 42-49 and radial sleeve passages
61-68. Gas flowing fromthe radial sleeve passages 61-68 enters the gap
bet ween 25 the pivsitdhthal radiil e)epHacpasRagdesla 6hr andiafitnwlenrate to
forma gas beari t her ei Gas flow ng WD.01/,16464 PCT/ US00/ 21206 11 from
the radial core B%’?sé:ﬁgg 35-2@ %‘?ﬁ’e’?’s"rgadgé[’d%‘ﬂé‘t EnStReVeil acer rod 11
and the cylindrical SSaREwA0 i tpig t C 3 e Ined rate
to forma gas bearinga%hereln. gyaspkg'kEghn?h%heg?g%?é%gécg%%ga as flow ng
into the gap betswaackehespi sEortmndcéyéi nderig s sdapengept apupeBat he
position of the piston wall relative to the cylinder wall. If the piston
wal | is clbse, tgainssi thanowanddyedsosngtherizioe SAcoLadienglehee

50. The circumferential metering grooves 80-86 are

covered by the portions of the inwardly facing

surface 54 that bridge over the metering grooves 80-

86. Therefore, the walls of the metering groovés

10 80-86 and the portions of the inwardly facing

surface 54 that cover the metering grooves B80-86

form circumferential fluid flow paths. The

preferred fluid that is used in free piston Stirling

cryocoolers is a gas, such as helium, and therefore

15 the metering grooves 80-86 in the preferred
embodiment are gas flow paths.

The gas flow paths formed by the metering

grooves 80-86 of the preferred dimensions have a

predetermined resistance to the flow of gas through

20 them that causes a known pressure drop in the gas as

it flows from a source, through the metering grooves

80-86 and into the radial core passages 42-49 and

radial sleeve passages 61-68. Gas flowing from the

radial sleeve passages 61-68 enters the gap between

25 the piston wall and cylinder wall at a predetermined

rate to form a gas bearing therein. Gas flowing



10 pressure an

part of the gap. In this respect, the pressure in the radla“mg

d forcing the piston away fromthe cylinder wall

dependent woeanéidae gap size. Referring to Figs. 6 and 7, P

15 manifold gr
facing surface
connect the f
for the flowr
circunferentia
reservoir 38 s

abuts the outwEr@My H&c|

simlarly to t
| ongi t udi nal
circunferentia
fromthe reser
circunferentia
grooves, Sgas

10

15

20

25

ooves 92, 93, 94 and 95 are fornmed in the radial

at that
assages i s

}9% t udi na

|y outwardly

32 of the core 30. These |ongitudinal grooves preferably
I rst and second reservoirs 36 and 38 wi thout pressure drop
ate involved, and 20 preferably extend at | east fromthe

| metering groove 86 tadlthe |leftward end of the

second

hown in Fig. 3. The |ongitudinal. grooves 92-95 form gas
passages when the |nmargﬁé'f cing surface of the 25 sleeve 50 sealingly

betweeh the displace: 8 QY 3a§1”a64t1?eCT

circu eren neterlng grooves

Fﬁ@, 85el 20i mlfthlihd theOsyHal Gt i M beaétkeﬂilﬂéae

r C9FE FBSERESEAZ 48 SRESER é¥“bver t hem

of the

nmetering grooves 80-86, and thereby permt gas to 5 fl ow

waites t36farml B&domgatridgneheéreim each of the

| metering grooves. Because there are four 1ongi
f 1 ows Aol % dtHoWBy g XPIEENEESTR iThTs E$AWERG KO

the gap between the piston and cylinder is dependent
upon the position of the piston wall relative to the
cylinder wall. If the piston wall is close, the
resistance 1increases, thereby increasing the
pressure and forcin_g the pistdn away from the
cylinder wall at that part of the gap. In this
respect, the pressure in the radial passages is
dependent upon the gap size.

Referring to Figs. 6 and 7, the longitudinal
manifold grooves 92, 93, 94 and 95 are formed in the
radially outwardly facing surface 32 of the core 30.
These longitudinal grooves preferably connect the
first and second reservoirs 36 and 38 without
pressure drop for the flow rate involved, and
preferably extend at least from the circumferential
metering groove 86 to the leftward end of the second
reservoir 38 shown in Fig. 3.

The longitudinal grooves 92-95 form gas
passages when the inwardly facing surface of the
sleeve 50 sealingly abuts the outwardly facing

surface of the core 30 and bridges over them,

t udi nal
t he



circunferential metering grooves. 10 A source passage 37, shown in Fig. 1
and having no substantdal resistance-to the flow of gas, extends

| ongi t udi nalweyeiisessn t he wor kspace end ‘of the core 30 to t RETIUSOE21206
reservoir 36. A one-way valve, preferably the check valve 100 shown in
Fig. 6, 15 pernmits the flow of gas only into the reservoir 36 fromthe

wor kspace, and prevents the flow of gas through the source passage 37 in

t he opposite direction toward the workspace. The enbodi ment shown in Figs.
1-7 operates to 20 forma gas bearing ifnzthe gap between the outwardly
facing surface 52 of the sleeve 50 and the cylinder wall 14 and in the gap
between the inwardly facing surface of the core 30 and the displacer rod
11. Wien the workinigayrly |tmth1@evxgmgmf5@rerstnenl anefietiag XBQavE@Ssur e t han
the gas in the first reservoir_3 he .check valve 100, opgns _and gas flows

into the first V\(9Q)'18/6164§ﬁ°b(ﬁ"7 pogstudzna b amaryies 38, 1 tdyide i n
pressure during téﬁhm&% gg C%&Eﬁ cgysgese gastﬁg fL?%E&&%é%tﬂl flrst
a

reservoir 36, keeplng hi"gh preSsure duri operation 0

cryocool er 10. 5 Jé\ﬁaﬂ%ﬁ; 'gﬂ:d&%g LI landh tfl'lefi‘@ﬁ)yt HeatdR 'gA8 to
| ongi tudi nal mani fold grooves 92-95 to four spaced positions on each. of

t he circunBer ent i flowmErem hhe psowesx@8038camh®a& RengdtodihakEsertwoi r 38.
The gas each of the circumferential metering grooves.
Because there are four longitudinal grooves, gas
flows to four evenly spaced positions on each of the
circumferential metering grooves.
10 A source passage 37, shown in Fig. 1 and having
no substantial resistance to the flow of gas,
extends longitudinally from the workspace end of the
core 30 to the first reservoir 36. A one-way valve,

preferably the check wvalve 100 shown in Fig. 6,

15 permits the flow of gas only into the reservoir 36

from the workspace, and prevents the flow of gas

through the source passage 37 in the opposite
direction toward the workspace.

The embodiment shown in Figs. 1-7 operates to

20 form a gas bearing in the gap between the outwardly

facing surface 52 of the sleeve 50 and the cylinder

wall 14 and in the gap between the inwardly facing

surface of the core 30 and the displacer rod 11.

When the working gas in the workspace is at a higher

25 pressure than the gas in the first reservoir 36, the

check valve 100 opens and gas flows into the first



supplied by the | ongitudinal

mani fol d grooves 92-95 10 flows through the =

circunferential nmetering grooves at a predeterm ned rate and gressure to

the radi awo®assd4passages 42-49 and the rtadi al sleeve pa
radi al core passages 42-49 direct gas

di spl acer rod
61-68 direct g
a gas bearing
bl eed the gas
the gas lubric
that there is

to 15 forma gas bearing there. The radial sleeve

1286 - 68. The
into the gap between the core and

passages

as into the gap between the sleeve and cylinder wall to form
there. The.circunferential netering grooves need to 20

to the radial core and 3Beeve passages rapidly enough that
ates the gap between the noving surfaces, but not so rapidly

a | eakage | oss_that harns cryocooler _efficiency.

It has

been found thaFeEPFYRAK erfénti &l EBllfﬁ%ssHbe GFSPRE s ‘?énl%s_&rﬁebed above
Eéggfnggf'f?gl eOéa\}é@g'g%' 28 ¥ bRoyhgu! %]tea@i'zagt WO 01/ 16464

provide the n
PCT/ US00/ 21206
surface of the
of the sl eeve

i nner di aneter
in the s?eeve,

10

15

20

25

ency | oss.

reS8EGoP i65, Udephibly ikangen hiigh phessurd raliriedy

en formed initially, the outer

passage 56

50. In the preferred 5 enbodi nent, there is an approxi mately
20 mcron difbperatioweifivelie thygocadker didneter of the core 30 and the
of the sleeve 50. Therefore, in order to position the core

t he The gas in the reservoir 36 flows through the

longitudinal manifold grooves 92-95 to four spaced
positions on each of the circumferential wmetering
grooves 80-86 and the second reservoir 38. The gas
supplied by the longitudinal manifold grooves 92-95
flows through the circumferential metering grooves
at a predetermined rate and pressure to the radial
core passages 42-49 and the radial sleeve passages
61-68. The radial core passages 42-49 direct gas
into the gap between the core and displacer rod to
form a gas bearing there. The radial sleeve
passages 61-68 direct gas into the gap between the
sleeve and cylinder wall to form a gas bearing
there.

The circumferential metering grooves need to
bleed the gas to the radial core and sleeve passages
rapidly - enough that the gas lubricates the gap
between the moving surfaces, but not so rapidly that
there is a leakage loss that harms cryocooler
efficiency. It has been found that circumfereﬁtial
passages of the size described above provide the

needed balance of lubrication without substantial



sleeve is preferably heated to approximately 200 10 degrees Cel sius, the

sl eeve and core are aligned coaxially and then the core is pushed into the
cylindri cal womsaesge 56 of the sleeve to the position showRCT/HS0[242067
After the tenperatures of the core and sleeve equilibrate, there is an
interference 15 fit, resisting any relative novenent of the parts. As an
alternative or additional nethod, the core 30 could be cooled, or as a
still further alternative the sleeve could be heated and the core cool ed.
Greater or |lesser dianmeter differences 2@ coul d, of course, be accommodated
by greater or |esser, respectively tenperature differences, as wll be

apparent to one of ordlnary skill in the art fromthis description. Once
the core 30 and §¢§é9é33€Ya}Q§§n3nblned as 25 described above to formthe
pi ston 12, gas only oWs, thr he es orned = floms WO
01/ 16464 ' PCT/ USOQ 21%%n Eorisdl Eﬁl?%gy 8}’ye¥a%‘?rnfga SPEERE of 't he

sl eeve and the autwarg yléa%tLEQhE!’Jfrf Qf‘a‘i-g%E té}?aﬁoﬁﬁee%%%dr!ﬁ Ton of gas

nmetering, manifold or reservoir grooves are forned. Thi's prec

flow is due to tpassagst msmedy thghtslidevebesoneen dhetkor praperseégeve. In
an alternative enbodi nent of the present invention, shown in Figs. 8, 9,
10, and 115 a t hi embadiment cylthedei ck8¢ ehecapPrr2xdmasely r2fdi mityon

difference between the outer diameter of the core 30
and the inner diameter of the sleeve 50. Therefore,
in oxrder to position the core in the sleeve, the
sleeve is preferably heated to approximately 200
10 degrees Celsius, the sleeve and core are aligned
coaxially and then the core is puéhed into the
cylindrical passage 56 of the sleeve to the position
shown in Fig. 2. After the temperatures of the core
and sleeve equilibrate, there is an interference
15 - fit, resisting any relative movement of the parts.
As an alternative or additional method, the
core: 30 could be cooled, or as a still further
alternative the sleeve could be heated and the core
cooled. Greater or lesser diameter differences
20 could, of course, be accommodated by greater or
lesser, respectively temperature differences, as
will be apparent to one of ordinary skill in the art
from this description.
Once the core 30 and sleeve 50 are combined as
25 described above to form the piston 12, gas only

flows through the passages formed. No gas flows



inwardly facing surface 2.02 defining a cylindrical 10 sl eeve passage 204. ©
A cylindrical core 210 has a radially outwardly faci'ng surface 212 and a
radi al |y WOeHISded facing surface 214 defining a cylindr PERUSKRINE nassage
216. Radi al core passages 218-225 extend through the 15 core sidewall 217-
fromthe inwardly facing surface 214 to the outwardly facing surface 212.
Two circunferential netering grooves 240 and 242, which are simlar in

di mrension and function to the nmetering grooves of the preferred

enbodi ment, are 20 aligned in fluid co®punication with the radial core
passages 218-225. Four |ongitudinal manifold grooves 227-230 extend

between the circunferential, neteri rooves 240 and 242 and the high
pressure end dfc "f?ee’bgi*f%dje‘fw Y B% SRS HAEF Lk tsgeﬁget he

1 ongi tudi nal gr f f ' Vi.gi a low or no
resi stance fl owggdaﬁﬂ?é)\?\ak%%f%gﬁé%%% us0o0 Egg% tl?éé 612'{1:% %%Fgg‘élo I's pushed

into the sl eevewZédk iMeterifRy)nadartifdldaort adseevakirhattoelregonger ucti ng the

preferred enbodi nent until the structure shown in Fig. 11 is forned. The

conbi ned st r uct Epwmedr Nt s5 pageilnddeon vaf | g rflow rige dwestonthachi ne, such

as a free piston conpressor. gigiston can _be slidingly nmounted within the
i

: el £ 059 5and fheeY§as bearing for

core pasfage 21%XtTeRFlivhEighy
the piston In an alternative embodiment of the present

invention, shown in Figs. 8, 9, 10, and 11 a thin-
walled cylindrical sleeve 200 has a radially
inwardly facing surface 202 defining a cylindrical
10 sleeve passage 204. A cylindrical core 210 has a
. radially outwardly facing surface 212 and a radially
inwardly facing surface 214 defining a cylindrical

core passage 216.
Radial core passages 218-225 extend through the
15 core sidewall 217 from the inwardly facing surface
214 to the outwardly facing surface 212. Two
circumferential metering grooves 240 and 242, which
are similar in dimension and function to the
metering grooves of the preferred embodiment, are
20 aligned in fluid communication with the radial core
passages 218-225. Four longitudinal manifold
grooves 227-230 extend between the circumferential
metering grooves 240 and 242 and the high pressure
end of the cylinder wall to function similarly to
25 the longitudinal grooves of the preferred embodiment

by providing a low or no resistance flow path.



during operation. The sleeve 200 in the alternative 10 enbodi ment serves
only to cover the grooves formed in the core 210. The enbodi nent shown in
Figs. 8-11 smnéikédsa used in a free piston conpressor. SucRCI/USHHFIRWSSOr
has no need for a reservoir,. because |lubricating gas 15 is drawn fromthe
hi gh pressure chanber. Thé ' iongitudinal grooves 227-230 extend fromthe
hi gh pressure chanber to the circunferential netering grooves 240 and
242, which enpty gas into the radial passages 218-225. 20 The preferred
enbodi ment shows a substantial nunber ofsradial passages used as a gas
bearing. A mninumof.three radial passages is required to form an
effective gas bearing, but in the preferred enbodinent nore are used. 25
It is not necessary t@bBofRrg §48 a???kﬁdtkﬂ%ﬁ%ﬁhq¥ﬂiagﬂﬁe2§ﬁdlaisplacer
rod. For exanple,_in W 01/.16464 PCT] US00/ 21206 _17 free pi,ston

CONpr essors, theﬁ%’??uﬁﬁ'SF?ﬁFQEeEgrgﬁe Tﬁ§?° HPIIRGEEREe R n the

preferred embodi ilee-ba8 UdBHEReARdunPaSSRAES SLOLEBE-CT EAbEn3103S beAring

during 5 operation. As will beconme apparent to a person of ordinary skil
in the art, the sEie mat Hed foifledSt r vRE UemsDned Seradapieedokasl ar m one or

nore free piston centering passages and/or grooves.

5 cylinder wall for a free piston machine, such as a
free piston compressor. A piston can be slidingly
mounted within the core passage 216, and the radial
passages 218-225 form a gas bearing for the piston
during operation. The sleeve 200 in the alternative

10 : embodiment serves only to cover the grooves formed
in the core 210.

The embodiment shown in Figs. 8-11 could be
used in a free piston compressor. Such a compressor
has no need for a reservoir, because lubricating gas

15 is drawn from the high pressure chamber. The
longitudinal grooves 227-230 extend from the high
pressure chamber to the circumferential metering
grooves 240 and 242, which empty gas into the radial
passages 218-225.

20 The preferred embodiment shows a substantial
number of radial passages used as a gas bearing. A
minimum of three radial passages is required to form
an effective gas bearing, but in the preferred
embodiment more are used.

25 It is not necessary to form a gas bearing

between the core and displacer rod. For example, in



In an alternative enbodi nent shown in Fig. 12, 10 a cylinder 300 is shown’
having an outer sleeve 304 and an inner core 306. The outer sleeve 304 has
ci rcunf er a¥@0M1646d4et er i ng grooves 302 and 310 formed in PEHUSURI206| y

i nwardly facing surface 308. The inner core 306 nounts within the sleeve -
304 with an 15 interference fit. The inner core 306 has radial ports
311-314 (314 not visible in Fig. 12) and radial ports 315-318 (318 not
visible in Fig. 12). This enbodinment illustrates the ability to formthe
circunferential metering grooves on the€7inwardly 20 facing surface of a
structure. Wiile certain preferred enbodi ments of the present invention
have been discl gsed i.n detail be understqod.that various

nodi fi cati ons ré%? tﬁ?%ﬁﬁ@pf@&bﬁf?ﬁ8ﬁf d@b TS i 1 SHEPABCERI FPE of the 25
i nvention or sqgpg he f | ai ms. WO 01/ 16464 PCT/ USOQ 21206 18
CLAIMS 1. An |npro&%ﬁkp?§tgk£ %ﬁéékfree pi ston machine in which the

piston is slidably npuniiRd prefereeld ReRodimentpdthe grbouss ngnand a gas
bearing is forned in a gap between the piston and the cylinder, the 5

i nproved pi st orpaaEgyeissi fiprmed) areacst eyl igadri behrbody Buving a radially
I nwar dly facrng surface and a radially outwardly facing surface;
operation. As will become apparernt to a pé&rson of
ordinary skill in the art, the same method and
structure could be adapted to form one or more free
piston centering passages and/or grooves.
In an alternative embodiment shown in Fig. 12,
10 a cylinder 300 is shown having an outer sleeve 304
and an inner core 306. The outer sleeve 304 has
circumferential metering grooves 302 and 310 formed
in its radially inwardly facing surface 308. The
inner core 306 mounts within the sleeve 304 with an
15 interference fit. The inner core 306 has radial
ports 311-314 (314 not visible in Fig. 12) and
radial ports 315-318 (318 not visible in Fig. 12).
This embodiment illustretes the ability to form the
circumferential netefing.gfooves on the inwardly
20 facing surface of a structure.
While certain preferred embodiments of the
present invention have been disclosed in detail, it
is to be understoocd that various modifications may

be adopted without departing from the spirit of the

25 invention or scope of the following claims.



(b) a second cylindrical body aligned 10 coaxially with the first
cylindrical body and having a radially inwardly facing surface and a
radially owo@rnéied facing surface; (c) at |east one fl ui dPCFUS0/21206gr OOVeE
formed on one of the radially facing surfaces of the first 15 cylindrical
body, wherein one of the radially facing surfaces of the second cylindrical
body sealingly abuts against the radially facing surface of the first
cylindrical body that has said fluid nmetering "(H-4Il Jill CL S WO

01/ 16464 PCT/ USQU 21206 19 groove fornedgthereon, a portion of said
abutting surface of the second cylindrical body bridging over and
covering the fluid netering groove defining a fluid flow path that resists
the flowof fluid 5 therethrough; and (d) at least three circunferentially
spaced radial passages extending through one of the cylindrical bodies
bet ween the one cylindrical body's radially inwardly facing surface and
the one 10 cylindrical body's radially outwardly facing surface, said
radi al . passages disposed in fluid comrunication, with the fluid:flow path
and the gap between the piston and the cylinder. 15 2. An inproved piston
in accordance with claim1,

CLAIMS

1. An improved piston for a free piston machine in

which the piston is slidably mounted in a cylinder

formed in a housing and a gas bearing is formed in

a gap between the piston and the cylinder, the
5 improved piston cowprising:

(a) a first cylindrical body having a radially
inwardly facing surface and a radially outwardly
facing surface;

(b) a second cylindrical body aligned

10 coaxially with the first cylindrical body and having
a radially inwardly facing surface and a radially
outwardly facing surface;

(c¢) at least one fluid metering groove formed
on one of the radially facing surfaces of the first

15 cylindrical body, wherein one of the radially facing
surfaces of the second cylindrical body sealingly
abuts against the radially facing surface of the

first cylindrical body that has said f£luid metering

_—

gy



wherein the fluid nmetering groove is fornmed on the

facing surface

nmounted in a cylinder

radially inwardly :

of the first cylindrical body, and the radjall twardly
facing sWoel64df t he second cylindrical body sealingl yp%g%%éf@kl

radially inwardly facing surface of the first cylindrical body. 3. An
| nproved piston for a free piston machine in which the piston

t he

s slidably

25 formed in a housing and a gas bearing is forned

in a gap between the piston and the cylinder, the j-ii. WO 01/16464
/ : 20 inproved piston conp?ising: (a) a cylindrical core
having a sidewall with a radially outwardly facing surface and

Al gned coaxi al FPOUR (RS GORE Sobric 20 PBE TR b g L ARG ps

PCP/ USQQ 21206

al i gned coaxi a

eeve navin

at | east
sl eeve
i ncluding a

radial ly inwar déd:;éa%fé BE Sk fatRnasest { st deabubE{ N AAimsbvehe outwardly

facing surface o

the core, said inwardly facing sleeve 10 surface

bridging over aged ceswsiing tdiee filuid weeeinggggvoveedesaninglai d metering
groove defining a fluid flow path that resists the flow of flu
t her et hrough; aftuid) faov| @ath tthate tesishf ckbat ifdowy ehHadduidis radi al

sl eeve p%ssages

10

15

20

25

extendi ng_t
therethrough;

hggggh t he sl eeve

(d) at 1least three circumferentially spaced
radial passages extending through one of the
cylindrical bodies between the one cylindrical
body‘'s radially inwardly facing surface and the one
cylindrical body's radially outwardly facing
surface, said radial passages disposed in £luid

communication . with the fluid flow path and the gap

between the piston and the cylinder.

2. An improved piston in accordance with claim 1,
wherein the fluid metering groove is formed on the
radially inwardly facing surface of the first
cylindrical body, and the radially outwardly facing
surface of the second cylindrical body sealingly
abuts the radially inwardly facing surface of the

first cylindrical body.

3. An improved piston for a free piston machine in
which the piston is slidably mounted in a cylinder
formed in a housing and a gas bearing is formed in

a gap between the piston and the cylinder, the

RS

id



si dewal | between the inwardly facing surface of the sleeve and a radially
outwardly facing surface of the sleeve, said radial sleeve passages
di sposed i nwd bissssconmmuni cation with the fluid fl ow path @oi/ushe21280 gap
bet ween the piston and the cylinder. 4. An apparatus in accordance with
claim3, further conprising a cylindrical core passage extending
longitudinally through the core defining 25 a radially inwardly facing
surface, and at |east three radial passages extending radially through the
LErrrrrr teeerr reer virr 1 1l * C4oMS WO 01/ 16464 ' PCT/ US00/ 21206
21 core sidewall and disposed in fluid communication wth the fluid flow
path and the cylindrical core passage. 5 5. An apparatus in accordance
with claim3, wispsovedapdston| eemprigiand: uid netering groove further
conprises at |east one circunferentjal neteringggroove formed on the

[

radial |y outwardly fé&ﬁngasﬁy R {ﬁé%lﬁQQFOPQY Y BIGEHeMehti al 10
metering groove kelng;LRsf! &&%%%gﬁ%?ﬂ‘%#é&m% ea#ﬁl?e!t . ghgeve

passages. 6. An apparafus®in accor al : er “conprising
at | east one | ongliid ﬂ@lteriﬁﬁng%&)é de ) @ He@eBGd On the radially

outwardly facing surface of the core, said | ongitudinal

5 (b) a cylindrical sleeve aligned coaxially

with the core, the sleeve having a sidewall

including a radially inwardly facing surface

sealingly abutting against the outwardly facing

surface of the core, said inwardly facing sleeve

10 surface bridging over and covering the fluid

metering groove, said fluid metering groove defining

a fluid flow path that resists the flow of fluid
therethrough; and

(c) at least three circumferentially spaced

15 radial sleeve passages extending through the sleeve

sidewall between the inwardly facing surface of the

sleeve and a radially outwardly facing surface of

the sleeve, said radial sleeve passages disposed in

fluid communication with the fluid flow path and the

20 gap between the piston and the cylinder.

4. An apparatus in accordance with claim 3,
further comprising a cylindrical core passage
extending longitudinally through the core defining
25 a radially inwardly facing surface, and at least

three radial passages extending radially through the

I
N



mani fol d groove being in fluid conmmunication with the circunferential
metering groove. 20 7. An apparatus in accordance with claimb5 further
conpri si novou)646# ci rcunferential reservoir groove for meBCTUR00HE | o4 a) | y
outwardly facing surface of the core; 25 (b) a source fluid passage forned
in the core sidewall, said source fluid passage extending * CL + S WO
01/ 16464 PCT/ US00/ 21206 22 longitudinally fromthe circunferenti al
reservoir groove to a core end; and (c) a one-way val ve fornmed al ong the
source fluid passage to prevent flui ®2¥low fromthe 5 reservoir toward
the core end. 8. An apparatus in accordance with claim3, further

conprising: (a) a cyljndrical_ _cor assage e&%gn%jn N L tudinally
through the cor%?EﬁuF*ﬁ%ﬂ%+rufé§ 4%5%9§F Fhwardiy g%%%ﬁcgg? %pe; (b) four
radial core pasg %}?%Rﬁfat LBl pRRUaHdY 3RACRA inlreuai ekepti al Iy around
the core sidewall and extending radially through the core 15 sidewall,
sai d core passag@ssderi.ng disposed in fluid conmunication with the
cylindrical core passage; (c) four radial sleeve passages substantially
5 5. An apparatus in accordance with c¢laim 3,

wherein said at least one fluid metering groove

further comprises at least one circumferential

metering groove formed on the radially outwardly

facing surface of the core, said circumferential

10 metering groove being in fluid communication with

"the radial sleeve passages.

6. An apparatus in accordance with claim 5,
further comprising ét least one longitudinal
15 manifold groove formed on the radially outwardly
facing surface of the core, said Ilongitudinal
manifold groove being in fluid communication with

the circumferential metexing groove.

20 7. An apparatus in accordance with claim 35,
further comprising:

(a) a circumferential reservoir groove formed
in the radially outwardly facing surface of the
core;

25 (b) a source fluid passage formed in the core

sidewall, said source fluid passage extending

. ~ -
- N W),
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equal |y spaced circunferentially around the sleeve sidewall and extending
radially through the sleeve 20 sidewall;-(d) a first circunferential
metering gr woeyieasar nred on the radially outwardly faci ng sWCTAISE0/21206 t he
core, said circunferential netering groove being in fluid comunication
with the radial core 25 passages; (e) a second circunferential netering
groove ~. I1tuit~trerrerererrr o~~~ ~ 1111111 WO 01/ 16464 PCVUSOQ 21206
23 formed on the radially outwardly facing surface of the core, said
circunferential nmetering groove being ipg2fluid comrunication with the

radi al sl eeve passages; 5 (f) a circunferential reservoir groove forned
in the radially outwardly facing surface of the core; (g) a source fluid
passage formed intengitusimaldydeian  the disewnkerdntiiad peessxpeiext endi ng
10 longitudinally fromthe circum‘erenticﬁll reservoir to a core end; (h) a
one-way val ve for®eEP®R &ty & FE¥806PEe #*Fui d passage to prevent fluid flow

fromthe reservoir grpgve t %_q,aghq,ag_q;ee %}q{eda%(iojn% (14'}1)e asAu(}[l%i t udi nal

mani f ol d groove formed I'n
' fluid passage to prevent £fluid flow €£rom the

5 ' reservoir toward the core end.

8. An apparatus in ~accordance with claim 3,
further comprising:

(a) a cylindrical core passage extending

10 longitudinally through the core and defining a
radially inwardly facing surface;

(b) four radial core passages substantially
equally spaced circumferentially around the core
sidewall and extending radially through the core

15 - sidewall, said core passages being disposed in fluid
communication with the cylindrical core passage;

(c) four radial sleeve passages substantially
equally spaced circumferentially around the sleeve
sidewall and extending radially through the sleeve

20 sidewall;

(d) a first circumferential metering groove
formed on the radially outwardly facing surface of
the core, said circumferential metering groove being
in fluid communication with the radial core

25 passages;

(e) a second circumferential metering groove

N



the radially outwardly facing surface of the core, said |ongitudinal

mani fol d groove being in fluid comunication wth the circunferential
metering WOOM6#4 and the circunferential reservoir groo‘?@"fms"ﬂ?“‘\?’s A et hod
of form ng an inproved piston for a free piston nachine in which the
piston is slidingly nmounted in a cylinder and a gas bearing is fornmed in

a gap between the piston and the cylinder, the 25 nmethod conprising: (a)
coaxially aligning a cylindrical core, the 111 1L T1LITITRETETITT ~ Me~~
ti,n WO 01/ 16464 PCT/ US00/ 21206 24 cod® having a radially outwardly facing
surface and at |east one groove fornmed thereon, with a cylindrical

sl eeve, the sl ve %@%5”%h% % g?%¥er€R%LHﬁﬁn%a%lh dggk X +n&@rdly facing
Ia

surface and at Seast three ertcu S ac passages

extendi ng throygfy Eeeeslﬁﬁ\@cikésm&emameaetéhﬂn gi%az@l ¥efrgi ng surface
of the sieeve and a radial ly outwardly facing sur?ace of the sl eeve; and

(b) sealingly ahut tflogdt heowtnwidadiynf awiiny e coraelialdr f ateewgai nst t he
tnwardly facing sleeve surface, said inwardly facing sleeve surface
passages;
5 (f) a circumferential reserxrvoir groove formed
in the radially outwardly facing surface of the
core;

(g) a source fluid passage formed in the core
sidewall, said source fluid passage extending

10 longitudinally from the circumferential reservoir to
a core end;

(h) a one-way valve formed along the source
fluid passage to prevent £fluid flow from the
reservoir groove toward the core end; and

15 (i) a longitudinal manifold groove formed in
the radially outwardly facing surface of the core,
said longitudinal manifold groove being in fluid

communication with the circumferential metering

grooves and the circumferential reservoir groove.

20
9. A method of forming an improved piston for a
free piston machine in which the piston is slidingly
mounted in a cylinder and a gas bearing is formed in
a gap between the piston and the cylinder, the
25 method comprising:

(a) coaxially aligning a cylindrical core, the

L |II|||llll||TIlP§



bri dgi ng over and covering the groove, defining a fluid flow path within
t he covered groove that resists theflowof fluid through the fluid flow
15 pat h, whavetmeséae radi al passages are disposed in fl ui ®PCTEISRMRIRESat i on
with the fluid flow path within the groove. 10. The nmethod i n accordance
with claim9, further 20 conprising changing the relative tenperatures of
the core and sleeve prior to the step of sealingly abutting. 11. An

i nproved cylinder for a free piston machine 25 in which the piston is
slidingly nmounted in the cylinder and azgas bearing is fornmed in a gap 1
wrr.rrrt4arrrrrrt it 1. LS W 01116464 ' PCT/ US00/ 21206 25 bet ween
the piston and the cylinder, the _inproved cylinder conprising: (a) a
cylindrical core FRKS RFVANG éeﬁé@%giaYPPUQ¥QQQ}W3ﬁP9169tﬁb?%ﬁ%ﬁf%ﬂﬁ ng

surface and at least pone 5 fluid meterin ropve .forned thereon, and a
cylindrical core Passat® ext¥Hui ngr 9By t%fﬁ%?ﬁol &he{rﬁroélughwf"ﬁ cére
gﬂi ni ng a rad: fl éyll%ﬁa/ﬂdyly 4 Ay %fQFSévébhaﬁiﬁw iandé%cf@lalllsil eeve
gned coaxially wth the core, the sleeve having a si dewa
including a radi alhyludisey & YalaalDy Suwd:afl6y facing surface and at
5 least three circumferentially spaced radial passages
extending through the sleeve sidewall between the
inwardly facing surface of the sleeve and a radially
outwardly facing surface of the sleeve; and
(b) sealingly abutting the outwardly facing
10 core surface against the inwardly facing sleeve
surface, esaid inwardly facing sleeve surface
bridging over and covering the groove, defining a
fluid flow path within the covered groove that
resists the flow of fluid through the fluid flow
15 path, whereby the radial passages aré disposed in
fluid communication with the fluid flow path within

the groove.

10. The method in accordance with claim 9, further
20 comprising changing the relative temperatures of the
core and sleeve prior to the step of sealingly

abutting.

11. An improved cylinder for a free piston machine
25 in which the piston is slidingly mounted in the

cylinder and a gas bearing is formed in a gap

[
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sealingly abutting against the outwardly facing surface of the core, said’
i nwardly facing sleeve surface bridging over and covering the fluid 15

met eri ng JYQOMi8464sai d fluid netering groove defining a PETOR00RIZG, pat h
within the groove that resists the flow of fluid through the fluid flow
path; and (c) at least three circunferentially spaced radial core passages
extendi ng through the core 20 sidewall between the inwardly facing surface
of the core and the radially outwardly facing surface of the core, said
radi al core passages di sposed in flui@5comunication with the fluid flow
path and the gap between the piston and the cylindrical housing. |

*
FEEETEE TEEE Léé$éeAléﬂé éisééﬁland(%ﬁéhé§ainder, the improved

cylinder comprising:
(a) a cylindrical core having a sidewall with
a radially outwardly facing surface and at least one
5 - fluid metering groove formed thereon, and a
cylindrical core passage extending longitudinally
through the core defining a radially inwardly facing
surface;
(b) a cylindrical sleeve aligned coaxially
10 with. the core, the sleeve having a sidewall
including a radially inwardly facing surface
sealingly abutting against the outwardly facing
surface of the core, said inwardly facing sleeve
surface bridging over and covering the fluid
15 metering groove, said fluid metering groove defining
a fluid flow path within the groove that resists the
flow of fluid through the fluid flow path; and
(c} at least three circumferentially spaced
radial core passages extending through the core
20 sidewall between the inwardly facing surface of the
core and the radially outwardly facing surface of
the core, said radial core passages disposed in
fluid communication with the fluid flow path and the

gap between the piston and the cylindrical housing.

A A



