; e3euG BBC, E@ EGE8GTGI™ C 1 (a) TITLE: GAS HEARI NG AND METHOD COF MAKI NG A
GAS BEARI NG FOR A FREE PI STON MACHI NE (e) BACKGROUND OF THE | NVENTI ON 1.
Field O The Invention The invention relates generally to free piston 5
machi nes, and nore particularly to a gas bearing apparatus, 18nidine 2683hod of

maki ng the gas bearing appar Wmemyree pi ston machine. 2. Description
O The Related Art 10 Pistoﬂ@%@ﬂ& chi nes are connected to a rigid)
mechani cal |ink, such as a ¢ ectimg rod connected to a crank shaft. These
pi stons are confined within predeterm ned positions) such as end limts.
However, many machi nes are known which use 15 one or nore free pistons. A
free piston reciprocates in a cylinder w thout a nmechanical connection.
Such free pistons 19 June 200 “ﬂﬁ&be driven by an el ectromagneti c,

| i near notor and used, for m&\\ a gas or other fluid conpressor or
punp. Free pistons are als& In free piston Stirling cycle nmachines,
such as free 5 piston Stirling ﬁ?&fe engi nes, cool ers and cryocool ers. Free
pi stons sealingly reciprocate in a cylinder forned in a housing, with a
very small gap fornmed between the cylinder wall and the piston 10 wall. The
housi ng typically encl oses a work space bounded by one end of the piston
and a second space, or back space, bounded by the opposite end of the

pi ston. A working gas, such as helium fills the workspace, back space and
ot her regions of the 15 machine within the housing. Because of the close
proximty of the piston wall and cylinder wall during operation, the gap
formed between the walls nust be lubricated to prevent rapid wear. The npst
effective |ubricationz30 TEL.Been dRsIBEARING AND WMBTHAY eOF OfAR IRG Wrddmg
gas formng' a gas b&EEARING @ YyasSRBEIPIATONaMACHENEri bed in U. S. Patents
No. 4,412,418) 4,802,332 and 4, 888,950, all to Heale. In order to lubricate
the piston, gas nust be 25 directed into the gap at three or nore points

around the circunference of the piston after being routed
(e) BACKGROQUND OF THE INVENTION

1. Field Of The Invention
The invention relates generally to free piston
5 machines, and more particularly to a Qas bearing
apparatus, and a method of making the gas bearing

apparatus, for a free piston machine.

2. Description Of The Related Art

10 Pistons in many machines are connected to a
rigid, mechanical link, such as a connecting rod
connected to a crank shaft. These pistons are
confined within predetermined positions, such as end
limits. However, many machines are known which use

15 one or more free pistons.

A free piston reciprocates in a cylinder

without a mechanical connection. Such free pistons



, 19 June 2003 3 fromthe workspace or back space. However, transporting
and releasing the gas into the gap ' requires a conpl ex network of

passages. and parts. Such passages and ports are not easily fornmed, 5
because the parts into which gas-transporting structures nu$g Joape2008ed are
smal |, delicate and nade to close tolerance. It is known to forma shrink
fit annul ar val ve sl eeve assenbly as described in U S. Patent No.--10----
5,189, 643 to Raynond. Such assenblies will not work for the purpose of
formng a gas bearing on a free piston machine due to a |ack 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 net hod of nmaking the sanme) for-~a frgp pi ston nmachine. (f) BRIEF
SUMVARY OF THE | NVENTI ON 20 The invention” s an inproved free piston
machi ne having a gas bearing. In a preferred enbodi nent, an inproved piston
i ncl udes two parts;: i Cyl i éﬁ@k oyt CYl i ca

sl eeve. The i nnerrm%1 szga hggggerrlagyaﬁq{/ %ﬁ%c\:/\gfél y~ 25 ?g'ci %E‘jﬁéaff ﬁ(?et%ﬁlat

abuts a radial |y ananwen gedl, f agdhdesbinpbaes afst Be gud ebrs| Seer W ilghe core
IS 19 June 2003 4 positioned within a passage fornmed in the sleeve. A

circunferenti al kcesmpreRisoryraovany.ef rar pisticerndarar alsd fFfandoia, and a
passage with a oneway valve permts fluid to flowinto the reservoir. 5 A
| ongi t udi nal gr odweeextisidsn f oiri hegr eyedeoimadhirads,| esasth oas) faee
preferably four circunferential, fluid netering grooves formed in the
radi al I'y But war dipystaei ng Stdnflang of cyhéecorengimes f | uicbadetns i ngngr ooves
thereby formfluid passages when 10 the inwardly facing surface of the
sl eeve bridges of&¥osePi®Ffers the groove. At |east three radial passages
are formed through thg‘sidemall of the s eevgyin fluid conmmuni cation with
I

the groove to direct FIEGS i R*¥HYr oFFBLAAEOYt NEFFHPTRAYRe 1n A

cylinder formed in a housing, with a very small gap

formed between the c¢ylinder 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, fills 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 bearing. 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 around

the circumference of the piston after being routed



15 sidewal I . When the inproved piston is reciprocating in the cylinder) gas
flows Tromthe nmonentarily higher pressure work space into the reservoir,

t hrough the | ongitudinal groove, through the fluid nmetering 20 grooves and
into the radial sleeve passages that enpty the gas into the ggg hebngsn the
pi ston and the cylinder. This fornms a gas bearing that reduces wear on the
facing piston and cylinder walls. Such a structure is fornmed by fitting the
core into the 25 sleeve after formng the grgove on the outer surface of

t he core. 19 June 2003 s In a preferred enbodi ment, a gas bearing is

al so fornmed between a displaces rod and a core ' passage through which the
di spl aces rod. ext enfisomA thepl acekspadeexteanddbadk ouggace cyl | nHowegkr,
passage 5 through the core, and at | east three radial passages are forned
through the core's sramspbitifige aradli aklpassagesthe eghs fintd admugapati on
with the fluid netering groove, causing gas to flow fromthe netering
groove through the re@nirepags@pmrlan netwonk afgppsiseowscrand rporssly
inwardly facing surface on the core and an exterior displaces rod surface.
In a preferred met h9¢Chf RASGIALS h@ng sPERLSt Rre $Hoseveapd lyeafenmed,
expand it, and the core is aljgned coaxially with the cylindrical passage.
The 15 core 3s pushRECPNE® thge WS (HFQ) dEviehy 2a5EangRATERBIt wo

ut vr dly Tacing sufFERECEFot hateky PanbOrhed Arar a9 taciHol ERTACERS! ( he
areformed. (o) Brrdteeor PrBENEREdrARCEEERAL Wi s OF THE DRAVY NGS Fi g
are 1 orned. 1 g.
I'i's a side viewin sectypn;LlkHShAaLbNE0ZR ANEwELAL ol E0RRROILTER VB!  he

present invention
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.

(f) 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 1is



shown in its operable position in a free piston Stirling cycle cryocooler.
19 Jume 2003 6 Fig. 2 is a side viewin section illustrating the preferred
piston. Fig. 3 is a side viewin section illustrating the preferred core of
the piston. 5 Fig. 4 is a side viewin section illustrating19henpr2008rred
sl eeve of the piston. Fig. 5is a viewin perspective illustrating the
preferred core of the piston. Fig. 6 is a view in perspective illustrating
an 10 enl arged 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 enbodi nrent of the present

I nvention. Fig. 9 is a side viewin section illustrating an alternative
enbodi nent of the present invention. Fig. 40 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
i nvention. Fig. 1Rosstiaosedewiitdin m spasigagei Iflarsedt ing the aslezvet i ve
enbodi ment of the present invention. In describing the preferred enbodi nent
of the 25 inventi®n WHirewmienantisl at 6eSPEVORE drawPays, speefdrably

term nology will be resorted tqQ for the 19 June 2003 sake of clarity.
However, it is nofXFeR@AdaYONREt the GOFPantatth dHePRPFIAGE] Widh e enfecifi ¢

terns so . . .
way valve permits fluid to flow into the reservoir.

5 A longitudinal 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 " fluid
metering grooves thereby form fluid passages when
10 the inwardly facing surface of the sleeve 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 thé

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.



' selected and it is to be understood, that each specific termincludes all
fechni cal equivalents 5 which operate in a simlar manner to acconplish a
simlar purpose. For exanple, the word connected or terns simlar thereto
are often used. They are not linited to direct connection bt® JunelG0d
connection through other elenments where such connection is 10 recogni zed as
bei ng equival ent by those skilled in the art. (h) DETAI LED DESCRI PTI ON OF
THE |1 NVENTI ON The preferred enbodi nrent of thespresent 15 invention is shown
in Fig. 1 in a free piston Stirling cycle cryocool er 10. However, as wl|l
beconme apparent to one of ordinary skill in the art fromthe description
bel ow, the invention canlbe aisptdeferaed femeogiveon ,nexhigas. Biarihey pist on
12 is'slidably mounted within the cylinder 14, and is drivingly linked to
an annul ar ring 16 Bés@hi Eprnedndratveen npundddrlasemnmodarand ng 160re

di sposed within a gap in which a tinechanqing, al ternating magnetic field

i s generated, 25 caB@SHgdenE&haomghawhiichy Uy &ievplacrEr 5PE eXEeBRPvI Nl y

| i nked piston 12, tq.be_driven in a 419 June 2003 8_reciprogatin
nDtion.pThe cryocoogéFp}Gcﬁﬁhﬁ?dhgﬁquQﬁnﬁqEPQQFdaeﬁﬂlfﬁgfgc? ePREFPAEF end

24 accordi ng 0 o KIRULACERRONOAN ooRUChE L BEEE LhLAY Log.SEvBRaELeL, 10

to cool, for “exanpl €, "gaseols oXygen 0 condense an

o porctPonoars " AEAS SRR IO O, GOy UGN mandtliy
detail in Fig. 2 inghddhp@st Wad ™ PRALE’ cBmmANE 3t i With the 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 temperatufé.
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.



10 sl eeve 50. The core 30 and the sleeve 50 are | ocked together in an

Jdntenference fit by abutnent of their facing surfaces.
alone in Fig. 3, and the sleeve 50 is shown alone in Fig. 4. The core 30 is
an elongated cylindrical body, 15 preferably nade of aluniﬁﬁhduﬁQQ@QQ;za
radially outwardly facing surface 32 and a radially inwardly facing surface
passage 40. First and second circunferenti al
reservoir grooves 36 and 38 are farned in the outer surface of the 20 core
core passages 42-49 (the passages 45 and 49 are only visible

34 defining a cylindrical

30. The radi al

in Fig. 6) are forned at angularly spaced | ocations around the

circunference of the core 30 at approxi mately 90 degree intervals,
extend through the core 25 sidewal |

an el ongated cylindrical body, preferably made of alum num having a
radially ' outwardly fBigng2susf aceisiz aricwa imadsaxdtt ion nivklusyrdaingg

surface 54 defining a cylindrical passage 56. 5 The radial sleeve passages
61- 68 (the passadew erekersedapéshen-visible in Fig. 41 are forned at
angul arly spaced | ocations arqund the circunference of the sleeve 50 at
approxi mately 90 degr €819 nt &r ¢&l §) 846 &ite¥hdn HeRen hil Tuserat adewal |

58 10 between the inwardly facing surface 54 and the outwardly facing
surface 52. The ddi% BXPF&rEREWACrR RFgEhe BighaNe having four

circunferenti al

out war dl y >f aci ng sur f dce3 32

quidégetering grooves 8Q, 82, 84 and 86, fornmed inits
§° Badt By

4

Ba VYt 15 Tlgt Yt frating

approxi mat el y 0J¥§%{g¥%:gfﬁgﬁégggéﬁgﬁ%gg&g%¥Bg?%é8 nm wi de. O course,

t hese di mensi ons tou

Su

drop of fluid flow ng gfyough &M yjey in perspective illustrating

10

15

20

25

the preferred core of the piston.

Fig. 6 is a view in perspective illustrating an
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
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.

Fig. 11 is a side view in section illustrating
an alterhative 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
invention which is illustrated in the drawings,

specific terminology will be resorted to for the

The core 30 i s shown

and
31 froenthe inwardly facing surface 34
to the outwardly facing surface 32. V 19 June 2003 9 . The sleeve 50 is

Hanges in the pressure



20 The netering groove 82 extends around the core 30 and is in fluid
comuni cation with the radi al core passages 42, 43, 44 and 45. The netering
groove 86 extends around the core 30 and is in fluid ° comunication with
the radial core passages 46, 47, 25 48 and 49. The netering1gdooy260830 and
84 extend around the core 30 and are in fluid conmunication 19 June 2003
to with the radial sleeve passages 61-64 and 65-68 when the core 30 is
positioned within the sleeve 50. As shown in Fig. 2, the outwardly facing
surface 32 of the core 30 is sealingly abutted 5 against the inwardly
facing surface 54 of the sleeve 50. The circunferential netering grooves
80-86 are covered by sS@ke st tGHEL W - t hBOVAVIRFd| JCf 48i HQtsdntaralesy thatt
bridge over the nmetering grooves 8086. Therefore, the walls of the netering
grooves 10 80-B6 andtfife Horenbian obet AdmisRer ] $hei Agesifiac&esmst n

cover .the nmetering groqves 80-86 formcjrcunferential, fluid.flow paths. The
preferred fluid that S QEst(:edioi AR oLt pi kT o 95t %FI i Hgaersbess etrci%a' s &2%hs,

or el orred enboti ment “RPE UAE { FRRMARE A G2 (Y ATRACRE FOPSR ISP She
ef e ent & 1 §; _
Tesistance toSthe (1 BaT GReTirough 20 TRETnal A e b oERENELTRACE, o

drop in the gas as its'{n{é.lqvxcxspfu%@s% .SOF'BS.‘eéx&h{:Pthtﬂ@gT&? U driHe RO VSES

80-86 and into the ra& ofe passages 42-49 and radi eeve passages

61-68. Gas flow ng f @b imddial tHeMD I%&@Qﬂﬁ:%rﬁlrs@%.en%re? e oRR
between 25 the piston wall and cylinder wall at a predetermned rate to

forma gas bearing thamdived @as direwitngonnet? ib &u0@3cMideo Fohhe ctadnal
core passages 42-49 enters a gap between the displacer rod 11 and the
cylindrical passage 4Grwugh nothercoelkemintd sheredesechi nethnetteidro fierm a
gas bearing therein. 5 As is known, the resistance to gas flowng into the
gap between fBe pi st oecamhiadd mderbg nglepantieal enpobyt hbogesskiddedf inhe
piston wall relative to the cylinder wall. If the piston wall is close) the
resi stance increasestheh@xby increasing the 10 pressure and forcing the

pi ston away fromthe cylinder wall at that part of the gap. In this
respect, the pressure in the radial passages is dependent upon the gap

si ze. ' (h) DETAILED DESCRIPTION OF THE INVENTION
The preferred embodiment of the present

15 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



Referring to Figs. 6 and 7, the longitudinal 15 nmanifold grooves 92, 93, 94
.and 95 are fornmed in the radially outwardly facing surface 32 of the core
3~0. These longitudinal grooves preferably connect the first and second
reservoirs 36 and 38 without pressure drop for the flow ratt June?9@Y, and
20 preferably extend at least fromthe circunferential netering groove 86
to the leftward end of the second reservoir 38 shown in Fig. 3. The

| ongi tudi nal grooves 92-95 form gas passages when the inwardly facing
surface of the 25 sleeve 50 sealingly abuts the outwardly facing surface of
the core 30 and bridges over them 19 June 2003 12 simlarly to the
.circunferential netering grooves 80-86. Each of the |ongitudinal grooves is
in fluid communi cation with all of the cirgunferential netering grooves
80-86, and thereby permt gas to 5 flow fromthe reservoirs 36 and 38
longitudinally to each of the circunferential netering grooves. Because
there are four | oRgFiPEPAEAF1QF Jovlebon gasThe owEyPeoPdar &feplynpspiead
positions on each_of the circunferential netering grooves. 10 A squrce
passage 37, shownf¥Pmrrhe dolderhdhde Lhp wapieanend| 2fe3rsPad@%t o t he
fl ow of gas, extends Io%%jtudingll f.rom t.he morgspace end of the core 30
to the first resefQoid FBOWR of 9ﬁé9dV§FWéF pFEFefabl PeERE tER&S FaBve 100

h in Fig. 6) 15 i fl f |y i h ir 36 f
She or ksphoe, wrirYevale? Hech St Fa% BRI ¢ Sanvacontse0 57
in the oppgsite d&éegéé%g?égwgﬁg ifﬁ¥§f$k§9398xyﬁgﬁ.e"bOdi”Ent shown in

Figs. 1-7 Operates to ofrma gas beating in € gap between the

outwardly facing surfagg.33,0f s%seg\fetggcgegfgh% &xbgﬂq‘ggngﬁgh%%g and

in the gap between the |nmardf§ acli ng sur the core

di splaces rod 11.:Nbeh ddtsh WOr Kiad@ 988 cBopB®a¥anks PATR s, S ndled tld BRer 25
pressure than the gas in the first reservolir 36) the check val ve 100 opens

and gas flows int@sdeibédst The st 12008 dBowBSehVeLEaBBr AeBRiife iN
pressure during ‘the Stirling cycle causes gas to flowinto the first

reservoir 36, keepnneig! Atirclhidihdgrass wiindyangs operédreniof ahldea
cryocooler 10. 5 The gas in the reservoir 36 flows through the | ongitudinal
mani f ol d ydooves SRe&%e t50 f ollthes pared3poanti bhe sheexeh50farkelocked
circunferential netering grooves 80-86 and the second reservoir 38. The gas
supplied by the |ePgethel i aradnterdegesseefig2bysabptmpahsofhebadgh t he
circunferential netering grooves at a predeterm ned rate_and pressure to
the radial core phachpy@sSuptagesnd Thge cox@ 40 iPc8PEYPaiaBEsiBIFES. The

o0l core passagess i3 85 C{SEle R 11\ grAle g8 el yerpalig core and
R IR e B i R e
15 preferably made of aluminum, having a radially
outwardly facing surface 32 and a radially inwardly
facing surtace 34 defining a cylindrical passage 40.
First and second circumferential reservoir grooves
36 and 38 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 1locations 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.



20 bleed the gas to the radial core and sl eeve passages rapidly enough that
dhe gas lubricates the gap between the noving surfaces, but not so rapidly
that there is a | eakage | oss that harns cryocooler ' efficiency. It has
been found that circunferential 25 passages of the size dest® Jww2@Bbve
provi de the needed bal ance of |ubrication w thout substanti al 19 June
2003 14 efficiency |l oss. Wien fornmed initially, the outer surface of the
core 30 is slightly larger than the cylindri®al passage 56 of the sl eeve
50. In the preferred 5 enbodinent, there is an approxi mately 20 m cron

di fference between the outer dianeter of the core 30 and the inner dianeter
of the sleeve 50. Theref@he, sleeved®? i Pposlicnyaddt aydrindriddle Jdgve,
the sleeve is preferably heated to approxi mately 200 10 degrees Cel si us,
the sl eeve and cor epaeéenpbdredmadeaxiaf | pluminten thavinge a s yadikddy nto
the cylindrical passage 56_of the sleeve to the position shown in Fig. 2.
After the tenperatuPngﬁFd%HefEBFEQaﬁHrgPéévézeaﬂﬂl?bmﬂ@;ahhﬂﬂﬁSW&rdﬁy
interference 15 fit resistinﬂ any rg% ive novenent of, the parts. As an
alternative or addi fRGHAF FRYHRTE Th A & QY PR b Passage 56 st | |

further alternati veTflhe sl.eeye ouel‘pl beaheat ed %gdst he t;l’gre cool ed. Greater
or lesser dianeter HI'FfEroncds OSuI B2SBRIETuPds 6 Bhel HRR oRASEAFEE Bt

greater or |esser, rgﬁgegtei xﬁ%ehggquﬂfgf%d&w %r%lfgg? Oaﬁéreg]térgggap ar ent

to one of ordinary sKill i art fromthi 3§ des &re 30

and Sipove oo are cafbuigd pospacdesrLlifioAlouPobAal 0hY) EITRNE 12 025

only flows through t pass or ne gas une

between the inwardl y¢faghag giebaee &fp t ha sl g f?f{%%é@f oubgarggérggcing
surface of the core except where netering, nmanitold or resServoir . grooves

are formed. This pregstesvadspfagiseflavd ith g e Hhe 12 ARkati gt fit
between the core and sleeve. In an alternative enbodi nent of the present

i nvention, Stiown i nb&twsens tix iGwaakdyllfactihgnwahtEdceyl sadrambl chkeeve
200 has a radially inwardly facing surface 202 defining a cylindrical 10
sl eeve passage 204,owwsrdhyir faaingosergacehd®.a radially outwardly facing
surface 212 and a radially inwardly facing surface 214 defining a
cylindrical core passagel2a6coradsdl icorshpmsinefigss- Hcamkt éntavingugh
.the 15 cor,e sidewal] 217 fromthe inwardly facing surface 214 to the
outwardly facing su??%EeCEﬂﬁPmﬁ%%P%F%%hn?i?éﬁtWﬁFeﬁEPErHﬁgoyﬁéoﬁés 820 and .
242, which are sim]|ar icp agrgensiegl .and function to the netering grooves of -
the preferred embod? , osmed Adndh s ARUFVATd LYo fRGANgaBREEaGe: B2t he

radi al cor assag %%8h$ . Four longitudinal manifold grooves ﬁZ - 230

extend bet vEbn the BITLEF SR TR T B S b aorDaB o R RBRSR SV A flad 26 e

hi gh pressure end %m%&‘eﬁﬂd&%ﬁfpf&ﬁéﬂmé&fg}“&ﬁ'ﬁnnﬁ{ Wil | yokoc'f%érééﬂe

| ongi tudi nal grooves of the preferred enbodi nent by providing a [ow of no

resistance flow patthese 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 4S. 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



19 June 2003 16 The core 210 is pushed into the sleeve 200 in a nmanner
Simlar to the method of constructing the preferred enbodi nent until the
structure shown in Fig. 11 is formed. The conbined structure fornms a 5
cylinder wall for a free piston machine, such as a free pist®dun®2pb@ssor.
A piston can be slidingly nounted within the core passage 216, and the

radi al . passages 218-225 forma gas bearing for the piston ' during
operation) The sleeve 200 in the alternative 10 enbodi nent serves only to
cover the grooves formed ' in the core 210. The enbodi nent shown in Figs.

8-11 could be used in a tree piston conpressor. Such a conpressor has no
need for a reservoir, because |lubricating gas 15 is drawn fromthe high
pressure chanmber. The | ongitudinal groovesig27-230 extend fromthe high
pressure chanber to the circunferential netering grooves 240 and 242, which
enpty gas into the radial passages 218-225. 20 The preferred enbodi nent
shows a substanti alithunher r@flinddsdkepaspagesgesctll a64 cagd s Pasw iwhgn A

m ni rum of three radial passages is required to forman effective gas
bearing) but in thbepceirer 3Ed ientmel itsimnex rvel tdrio useal. sPEeve 56. not
necessary to forma gas bearing between the core and displacer rod. For
example, in 19 June 2803sheriieeipi sFdf - codpr & r LutvaRd Y s fasidigspl aces
rod that nust be lubricated.'In the preferred enbodi ment, the grooves

andpassages for me§U&tdsee 32gRE b&de ngotr idfysdfersfd binaly @woMtts8cone
apparent tg a person.ofordinary skill i.n the art) the_ sa t hQd
aggstructuﬁe cgulagﬁén§§a8b8dl%8aF89ﬁiSﬁEpr g a??e%%ﬁgfdﬁﬁbéﬂFéVan
assages and/ or oves,. Ln | ter (A% j t in Eig. 12,6 10a
Pl oder 300 16 SRSam el 3T AL I SRR AL o0 Bedaste The

outer sleeve 304 ggﬁ,%&%ggr%gr eg}tl%al SEL £S5 A0 o@r OPNES i?gg% 3R figgmedin

its radially inwar surtace 308. Thel nner co nmounts Wi thin

the sleeve 304 wi Llrgalal BhethaeeReeabbt ovd P NNt LRy JABRRY 80-
radi al ports 311-314 (314 not visible I'n Fig. 12) andradial ports 315-318

(318 not visible gB.Fi grhd?afdhes ehodiallyd of | tisé rmeecariing akbbivey to
formthecircunferential netering grooves on the inwardly20facing surface of
a structute. Wi | esoeBbai andr et bher edoetrbodenesf s tdfe t HeywaasBryt ifawdnti on
have been disclosed in detail, itis to be understood that various
nodi fi cati ons nayburddcgt it wkhiagut celegrar thag riat@nitee gpoeves oB0-86
t he25i nvention or scope of the follow ng clains.
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



19 June 2003 is c~zMs 1. An inproved piston for a free piston machine in
which the piston is slidably mounted in a cylinder fornmed in a housing and
a gas bearing is formed in a gap between the piston and thgvf ry the 5
i nproved piston conprising: (a) a first cylindrical body Qﬁﬁ adially
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 sutface and a radially outwardly
faci ng suxface; (c) at least one fluid netering groove formed on one of the
radially facing surfaces of the first 15 cylindrical body, wherein one of
the radially facing fuohatée ofadiel secmed mydsagescal2 Rodyeseats ngl yagbut s
against the radially facing surface of the first cylindrical body that has
said fluid netering betgegundE0digplacgroowsd f ddinehd heheorgyla mpbritdadn of
said abutting surface of the second cylindrical body bridging over and
covering the fluid nRaesrag ¢lodvithiefithengere | 8i0d &% o potedeterminegs st s
the flow of fluid 5 therethrough and (d) at least three circunferentially
spaced radi al passage’t %xF@néPﬁ@ Fhﬂéﬁgﬁeéﬁémﬂ theredn i ndrical bodi es

bet ween the ope cyllndrlc s radially inwardly faci surf, ace and
the one 10 cyFi ndri cal qg’b‘?‘ﬁ’i’tytlb%t HEARGEI T gﬁf?f Howingjigto

di al di d fI d the fluid fl h
and the gap bet ween TR %%é‘t e R Rt %s@ raema 45 cseEgREEon
d th cl, he, f f d
BR ?ﬁgo; aglngfl \3,/“ i n\/v;r’giil‘{”qn %%cyﬁgég%? ltéccgf oéfh%% rg&?é egﬁetbjase &%&gﬁ and
the radially outwar % j_ﬁtgépgw%%_f aceéFy t?‘%mé £5PI4 %lllnd{% i?QQdythe

sealingly 20 abuts t rally 1 nwar g surface of _
cylindrical body. 3. dwisfRheded ietoRsés] a dHEFely St AhdmeAN 16y | Newi ch

the piston is slidably nounted in a cyllnder 25 fornmed in a housing and a
gas bearing is farnmgpiré#isure and forcing the piston 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
15 manifold grooves 92, 93, 94 and 95 are formed in phe
radially outwardly facing surface 32 of the core 30.
These longitudinal grooves preferably connect the
first and second reservoirs 36 and 38 without
pregssure drop tor the flow rate involved, and
20 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
25 sleeve 50 sealingly abuts the outwardly facing

surface of the core 30 and bridges over then,



a gap between the piston and the cylinder, the 19 June 2003 20 i nproved

. pistpon conprising: (a) a cylindrical core having a sidewall wth a radially
"outwardly facing surface and at | east one fluid netering groove forged
thereon; 5 (b) a cylindrical sleeve aligned coaxially wi t h18nkineAd03 t he

sl eeve 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 nmetering groove defining a fluid fl ow path that
resists the flow of fluid therethrough; and (c) at |east three
circunferentially spaced 15 radi al sl eeve passages extendi ng through the

sl eeve sidewal | between the inwardly facinglfurface of the sleeve and a
radially outwardly facing surface of the sle€eve) said radial sleeve
passages disposed in fluid conmunication with the fluid flow path and the
20 gap between thespindhaR13nted NEnEY Id MdRine HeRRRAl ahiifel Inaceandange Wi th
claim3) further conprising a cylindrical core passage extendi ng

longi tudi nal 'y thrgyghst hergeheodef hdi Tengbrwd {adli adtdovdyvardliy aging
surface, and at | east three radi al passages extending radially through the
19 June 2003 21 cogemdufiewRidicnd witdposgll i nof | utHeCOomvRLGEEFBALWRIN the
fluid flow path and the cylindrical core passage. 5 5. An apparatus in
accordance with claefeZindhefbdvedi sl0ags| eantl wrerfdbyi bemiEl | §gsgeoove
further conprises at |east one circunferential nmetering groove fornmed on
the radi al |1y out waftlby Ezmomngheuréseevoirsh®s cord,3 &diongditudimbhddentoal 10
met ering groove being in fluid conmunication with the radial sleeve '
passages. 6. An apeacht u®fi n teeordincemferéntial m Geténinger groopessi ng at
| east one |ongitudinal 15 manifold groove formed on the radially outwardly
faci ng surface of BReausee, there Raggi fuF ndPngdfuddinglgrrnaveasi ngaen
fluid conmunication_ with the circunferential _nmetering groove. 20 7. An
apparatus in accor BhAYWE Bt AONFapWeBlY i ERPRFRY RAMPFICIHIPn egrhaof the

circunferential reservoir groque formed.in the radially outwardly facing
surface 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 valve 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 wvalve 100 opens and gas flows into the first



core; 25 (b) a source fluid passage forned in the core sidewall, said
.source fluid passage extending 19 June 2003 22 longitudinally fromthe
circunferential reservoir groove to a core end; and (c) a one-way val ve
formed along the source fluid passage to prevent fluid flovdJune 20Q3 5
reservoir toward the care end. 8. An apparatus in accordance with claim 3,
further conprising: (a) a cylindrical core passage extending 10

| ongi tudinally through the core and defining @3’ radially inwardly facing
surface; (b) four radial core passages substantially equally spaced
circunferentially around the core sidewall and extending radially through
the core 15 sidewal | resaivbinor agasagaepir ndrdi gpesatirte) fdutthg the
comuni cation with the cylindrical core passage; (c) four radial sleeve
passages substanti al IStietguiald yegphe edatisesurdas enti dlllow aimumd thiee filesye
sidewal | and extending radially through the sleeve 20 sidewall; (d) a first
circunferential neterdeRpaywove3d oriheepbngt bt abdrahiighoprwaestiine fduotimg
surface of , the core, said circunferential nmetering groove being in fluid
communi cation with tRPE%ALAN f £t pagecrpker (. a second
circunferential netering groove ., 19 June 2003 23 fornmed on the radially
outwardl y faci®hg surface ofR& 2% ol, LR eB8er¥asFed Enfilawsnthaiousd ghsove

being in fluid connugicatjon W th the, éal sl eeve
ongitudinal manifo grooves 92-95 to four spaced

positions on each of the circumferential metering
grooves 80-86 and the second reservoir 38. The gas
supplied by the longitudinal manifold grooves $2-95
10 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
15 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
20 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 circumferential
25 passages of the size described above provide the

needed balance of lubrication without substantial



passages; 5 (f) a circunferential reservoir groove fornmed in the radially
outwardly facing surface of the core; (g) a source fluid passage fornmed in
"the core sidewall, said source fluid passage extendi ng 10 Iongltugbsally
fromthe circunferential reservoir to a core end; (h) a on&9vH

formed along the source ' fluid passage to prevent fluid flom1fron1the
reservoir groove toward the core end; and 15 (i) a longitudinal manifold
groove forned in the radially outwardly facing surface of the core, said

| ongi t udi nal mani fol d groove being in fluid comuni cation with the
circunferential nmetering grooves and tie circunferential reservoir groove.
20 9. A nethod of farm ng an inproved piston for a free piston machine in
which the piston is slidingly nmounted in ¥t cylinder and a gas bearing is
formed in a gap between the piston and the cylinder, the 25 nethod
conprising: (a) coaxially aligning a cylindrical core, the 19 June 2003
24 core having acf&dFAPNGYodPREFdIy facing surface and , at |east one
groove forned thereon sl eeve, the sleeve havi n

sidewal | including a Waana?wm?ﬁmwa{%gﬂxf N8 FYERE SHH %?GSOfetés% thr ee
[ nf tiall d radi t end] t h the s]e

i dewal | bet woenCPRE i Tfard al'paeﬁv Eva‘gﬁrafr%éere(?rheﬁe S evy LltAEiGak  al |y

outwardly faC|ng surface % 2 eev e%nd $9 se lln?%% abq§€ he

outwardly facingP18° 88?e52 r P SA§E Vehe hmar i R

surface, gaid i n%ggb %g? n%ﬂ q.ssusl‘,xa fég%ggeg\?erz@n&hc(fm%rl ng the

groove, defining-a I ow a wthin t covere oove resists

the flow of flui dlk@éeaaegtﬁst&éahdtﬁé%éér ngfeh% zvgaercﬁf x&é}eﬁéﬁé e

passages are di spose comuni cat 1 on ow pat h

Wi thin the groovgnglfne TigndBtdshd e AP IRNGA st 59 Al by didddier 20
conpri sing changing the reiative tenperatures of the core and sl eeve prior

to the step of seal icider abwit pbBgtionltheArcor@r eved ey | sndekef, orer free
pi ston machine 25 in which the piston is slidingly nounted in t he cyl i nder
and a gas beari ngleaveoritedprafargbpy heated to approximately 200
10 degrees Celsius, the sleeve and core are aligned
, coaxially and then the core is pushed 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
corc 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



1 f 19 June 2003 25 between the piston and the cylinder) the inproved
cylinder conprising: , (a) a cylindrical core having a sidewall wth a
radially outwardly facing surface and at | east one 5 fluid netering groove
formed thereon) and a cylindrical core passage extendi ng | on@iune2088| y
through the core defining a radially inwardly facing surface; (b) a
cylindrical sleeve aligned coaxially 10 with the core, the sleeve having a
sidewal |l including a radially inwardly facingisurface sealingly abutting
agai nst the outwardly facing surface of the core, said inwardly facing
sl eeve surface bridging over and covering the fluid 15 nmetering groove,
said fluid netering hebweendéthieni igvardlyi datiog murfacehiof tdhe gsloere
that resists the flow of fluid through the fluid f|OM/path and (c) at
| east three circunferBAt FBRI guSpazddyr §ar:amgc@wf@a%esag%st t @PEe reragtough
the core 20 sidewall between the |nmardlz zgln surface of the core and
the radially out vvardl”?ef'ém"\‘?g}eé"&tnlgacé“%‘?' fq e)FSBFHVPaAYI QrQ%’reé are
passages di sposed in .comuni.catjon th thg f|UId f ath and
lo e o the

the gap between the 5P§W8ﬂ an ife PAA 9¥Hﬁ%Qﬂu o%&Fn

| . A9. A@QJ?. Afl _Af2. A E. Y. A, A A:A3,AEN
CAYT. Al ANfR. R AEA. Aszjc@%\emigg; Fh% &gsbetwé%rf‘ %éa‘ core and sleeve,

? | gb
1Al o] ca] oh] ca] ca] cha] bal Raria) S EPERAT AR, CipSdtfabem e aLhel GlaREl oo
roni 4,211 ca cal cal cghoaheabas] sabil o g ) ) oo caboakcal ol celiaal o2
]ca]ca]ca] ca]ca]ca]calca]cajcajcal./zii™" ]calcal ca]ca] caj cal ca]c

a] ca] ca] ca] ca] ca] ca] gaaleal C@M&h@&h@&hca]ﬂéﬂ&ﬁd capoa] cahea] Ga] aHFENQ]] cal

cal 4

"1 3 @ B'_""""" 1#ta##hbhSA1 Yo T HaORRARAd X 720 3w db €4 Mlihealac adyelaireiicrlica) ¢
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caljc
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.



a] cal ca) ca] ca] ca] ca] cal 7&8&Q&r &&&&&' ' K M Z'\"' (((s))))***E++, G H U, X, --Y-Z-|
.Wrmhc”Y] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal] c

aJcalcalcalcalcalcalcalcalcal Z-....[1\1i 1k111344455@A6N6Q§i96k6@7253pﬁ7&9+9) :
*:1:1a;b;o0;r;

| wmhc”Y] ] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]c
aJca] ca] ca]cal calca]ca]calcalca]calr;

<<LLB6=7=>>>>0P@ @ @B3B4E5EBEEE9G GCAVHNHAINIQIJKRLeL} xsnid_Z]]] ca]ca] cal] c
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca]ca]ca]ca]ca]ca]c
aJ calca]calca! eLLMWNNNGEO(J O OS T
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ccc>dKdNdde7hDht hwhhhi i ii kkl |11 opp?gAq} xsni d_Z]]]ca] ca] ca] ca] ca] ca] ca] ca] ca]

ca] ca] ca] ca] ca] ca] ca] caheatezkCc2healicalmialal cales] ere calsalsabea] ¢a] cal AqC
gPgSqqucc>dKdNdde7hDht hwhhhiiii kkl |1 opp?gAq}xsnid_Z]]] ca] ca] ca] ca] ca] ca] ca]

ca] ca] ca] ca] ca] cad caana¢eapdalidalc ajo ajon st lead caf cabnat eatcbhgathal cal caU

] caYydB! A #10% h & ()-- yl1l0%&' ()-3 109%& ()-S10%& ()- 10%G& ()-f

S109%& () - 3si { YKprdDeitBedOleibodlioNatit( )untyil v&Bes wtliqturd YBhaeo&h() - P

TF109&R () -!'N #1009 () -- | M<K=/

10! ¢c9' 1 10%m& () -Fi®: | 109 p& formed | Mg gymigined structure forms a

@O% ()-t109%& ()-#109%&' ( zIl P/ 10!c9 !10% 10 10

10191 109%8 () - (! Yovd a@@@(yahig forAawid e Ristomoaghige, 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
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free piston compressors, there is no displacer rod
that must be lubricated.

In the preferred embodiment, the grooves and
passages formed create a gas bearing during
operation. As will become apparent to a person 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,
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
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 illustrates the ability to form the
circumferential metering grooves on the inwardly
facing surface of a structure.

While certain preferred embodiments of the
present invention have been disclosed in detail, it
is to be understood that various modifications may
be adopted without departing from the spirit of the

invention or scope of the following claims.

-Ib@
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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 comprising: ‘
(a) a first cylindrical body having a radially
inwardly facing surface and a radially outwardly
facing surface;
(b) a second <c¢ylindrical 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 fluid metering
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surface of the second cylindrical body bridging over
and covering the fluid metering groove defining a
fluid flow path that resists the flow of fluid
S therethrough; and
(d) at least 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
10 cylindrical body's radially outwardly facing
surface, said radial passages disposed in fluid
communication with the fluid flow path and the gap

between the piston and the cylinder.

15 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 cylindriéél body sealingly

20 abuts the radially inwardly facing surface of the

first cylindrical body.

3. An 1mproved plston for a free piston machine in
which the piston is slidably mounted in a cylinder
25 formed in a housing and a gas bearing is formed in

a gap between the piston and the cylinder, the
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improved piston comprising:

(a) a cylindrical core having a sidewall with
a radially outwardly facing surface and at least one
fluid metering groove formed thereon;

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 £luid 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 throuqgqh the
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core sidewall and disposed in fluid communication
with the fluid flow path and the cylindrical core

passage.

S 5. An apparatus in accordance with claim 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 at least one longitudinal
18 manifold groove formed on the radially outwardly
facing surface of the core, said longitudinal
manifold groove being in fluid communication with

the circumferential metering groove.

20 7. An apparatus in accordance with claim 5§,
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
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8. An apparatus in accordance with c¢laim 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
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in luid communication with the radial sleeve
passages;

5 (f) a circumferential reservoir 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
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at least one groove formed thereon, with a
cylindrical sleeve, the sleeve having a sidewall
including a radially inwardly 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, said 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 are 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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(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 definihg
a fluid flow path within the groove that resists the
flow of fluid through the fluid flow path; and
(¢} at least three circumferentially spaced
radial core passages extending through the core
20 gsidewall between the inwardly facing surface of the
core and the radially outwardly facing surface of
the core, said radial core passages disposed in
fiuid communication with the fluid flow path and the

gap between the piston and the cylindrical housing.



