- 1- 16 April2004 LINEAR COMPRESSOR BACKGROUND TO THE INVENTION 5 Field of the
Invention The present invention relates to a linear compressor, particularly but not solely for use in
refrigerators. SUMMARY OF THE PRIOR ART 10 Compressors, in particular refrigerator
compressors, are conventionally driven by rotary electric motors. However, even in their most efficient
form, there are significant losses associated with the crank system that converts rotary motion to
linear reciprocating motion. Alternatively a rotary compregsor which does not 1goAjs€i[ep@@dpk can be
used but again there are 15 high centripetal loads, leading to significant frictional losses. A linear
compressor driven by a linear motor would not have these losses, and can be designed with a bearing
load low enough to allow the use of aerostatic gas bearings as disclosed in US Patent 5,525,845,
where a connecting rod that is compliant toldfSRARVEMIRRESGRORr the low bearing load 20 A
discussion of aerostatic gas bearings is included in "Design of Aerostatic Bearings", J W Powell, The
Machinery Publishing Company Limited, London 1970. However with normal manufacturing

tolerances and paKERIUAdpcten PHeHqeiveEses|ioeqrings is difficult. Conventional compressors
are mounted within a hermetically sealed 25 housing which in use acts as a reservoir of refrigerant

gas. Refrigbranfdelélief dReRYisittee compressor from this reservoir and is exhausted through an

exhaust conduit leadin?ﬁé%ﬁ?e%%ﬁ%%@ﬁl%l éteéglticggv ﬁﬁ%%fo%#ﬁ%&&e li’%tﬁg}!}ﬁﬂ%? ressor

involves the reciprocation of moving parts leading of'the compressor n all three axis.
To reduce the 30lelefraliswinaefifigerafdivs vibration the compressor is mounted on isolation -2- 16
April 2004
SUMMARY OF THE PRIOR ART
10 Compressors, in particular refrigerator compressors, are conventionally
driven by rotary electric motors. However, even in their most efficient form,
there are significant losses associated with the crank system that converts
rotary motion to linear reciprocating motion. Alternatively a rotary
compressor which does not require a crank can be used but again there are
15  high centripetal loads, leading to significant frictional losses. A linear
compressor driven by a linear motor would not have these losses, and can be
designed with a bearing load low enough to allow the use of aerostatic gas
bearings as disclosed in US Patent 5,525,845, where a connecting rod that is
compliant to lateral movement allows for the low bearing load
20 A discussion of aerostatic gas bearings is included in “Design of
Aerostatic Bearings”, J W Powell, The Machinery Publishing Company
Limited, London 1970. However with normal manufacturing tolerances and
equipment production of effective gas bearings is difficult.
Conventional compressors are mounted within a hermetically sealed
25 housing which in use acts as a reservoir of refrigerant gas. Refrigerant gas is
drawn into the compressor from this reservoir and is exhausted through an
exhaust conduit leading from the compressor, through the housing.
Operation of the compressor involves the reciprocation of moving parts
leading to vibration of the compressor unit, in all three axis. To reduce the

30 external noise effect of this vibration the compressor is mounted on isolation



springs within the sealed housing. With a linear compressor the piston vibrates relative to the cylinder
in only one axis, with consequent reaction forces on whichever part, if either, is fixed. One solution
proposed to this problem is to operate a pair of 5 compressors synchronously in a balanced and
opposed configuration. However this arrangement would be too complex and costly for use in a
commodity item such as a domestic refrigerator. Another proposed solution is the addition of a
resonant counterweight to reduce the vibration. However ghis approach limits teeagi@iratioa of the
compressor because the counterweight is a negative 10 feedback device and is limited to the
fundamental unbapngefpieR: Mduehry peluiag.is proposed in "Vibration characteristics of small
rotary and linear cryogenic coolers for IR systems", Gully and Hanes, Proceedings of the 6™

International Cryocoolwmﬂfﬁm&mm@@w,tmwhuﬂatﬁeaad@tiwt@ &ww&mdwdn/es |
independent SpROTIRGE RINPARRA AN NECUINR AR alilie comaresyamipinLihe housing

so that the "stator dcts as a tounterwerg owever in implementirig this design in"a’domestic

refrigerator thergij@@ poridespien theopisted Masthis [probiesydl aocap@reser, gsithefdischarge
pressure increases, the force of the compressed gas acts as a spring force (the "gas spring™) which

increases the r&ﬂ%@é@&ﬁi@ﬁ%@ ¥dﬁ@r§@®?§%@@?@ P\Q)?Qé%‘éﬁ?'?ﬁ@@%oﬁr _ \E%cal_Jse the
frequency of th i@*?alFPén\%?ﬁ?éWBﬂm%@“fBS@o[ﬂﬁlBﬁ%% Iy‘ﬁniﬂé@ﬁ%‘éﬁﬁﬁtﬁoﬁ‘itgh? with each
| y the oft

other but out of phase with the compressor shell)'is only slig above requenc e desirable
"second” mode gudtieas druoatesii cieds geratopr &acthdripeopten soldt mylictreaddoiiowbbhase). Thus

e o AR RGeS A A o5 e
INVENTION 30tdsspprRiBAt 6f 1R RIGSHITELYEBIRANSPIAY I ¢B EEMRRMTIIER negative
10  feedback device and is limited to the fundamental unbalance force. A further
solution is proposed in “Vibration characteristics of small rotary and linear
cryogenic coolers for IR systems”, Gully and Hanes, Proceedings of the 6
International Cryocooler Conference, Plymouth, Massachusetts, 1990. This
solution involves independently supporting the piston part and the cylinder
15 part of the compressor within the housing so that the “stator acts as a
counterweight”. However in implementing this design in a domestic
refrigerator there is a problem when the piston mass is low. In such a
compressor, as the discharge pressure increases, the force of the compressed
gas acts as a spring force (the “gas spring”) which increases the running speed
20 asthe discharge pressure increases. This is a problem because the frequency
of the “third” vibration mode (where the piston and the cylinder vibrate in
phase with each other but out of phase with the compressor shell) is only
slightly above the frequency of the desirable “second” mode (where the shell
does not vibrate and the piston and cylinder are out of phase). Thus the shell
25 startsto vibrate intolerably as the “gas spring” starts to operate and effectively
raises the “second” mode frequency to, and eventually above, the “third” mode

frequency.

SUMMARY OF THE INVENTION

30 It is an object of the present invention to provide a compact linear



-3- 16April 2004 compressor which goes some way to overcoming the abovementioned
disadvantages. Accordingly in a first aspect the present invention consists in a linear compressor
including: 5 a cylinder part, a piston part, a main spring connecting between said cylinder part and
said piston part and operating in the direction of reciprocation of said piston part relative to said
cylinder part, 10 a sealed housing, a linear electric motor arranged for operation between said cylinder
part and said piston part, a cylinder part spring means cainecting between saig gyjidgopart and
said housing part and operating in said direction of reciprocation; and 15 a piston part spring means

connecting betweprppaiddrisipmianrband saifehaugineoatdaesraling ahastigfieinerididitection of
reciprocation, said piston part spring means having a spring constant which is the product of the
fraction of said isrEMaEROASasS to said cylinder part mass and the effective spring constant of said

cylinder part spring me&&‘éo?ﬁ[‘rﬁ‘gﬂﬁﬁ%"fiPé,{ea%@%rc‘ft‘%ﬁeﬁ@ré%‘é'r&rﬁ’n dainaldypnergspect the
invention consists in a’spring (particularly “sui or lineal compressors) having a pair of first mounting
points for secugmettiect fielunidy: and at least one second mounting point for securement to a
second body reciprocable relative to said first body, and a 25 spring arm spanning a path between
said first m8unting poit§NNABK R Baid second mounting point, at least a first section having a curve
around one of said fir%{ dﬂa%ﬂt'ggtpoints and a second section having a curve around another said
first mounting point, sal hrst section and said second section meeting

a main spring connecting between said cylinder part and said piston part
and operating in the direction of reciprocation of said piston part relative to
said cylinder part,

10 a sealed housing,

a linear electric motor arranged for operation between said cylinder part
and said piston part,

a cylinder part spring means connecting between said cylinder part and
said housing part and operating in said direction of reciprocation; and

15 a piston part spring means connecting between said piston part and said
housing and operating elastically in said direction of reciprocation, said piston
part spring means having a spring constant which is the product of the fraction
of said piston part mass to said cylinder part mass and the effective spring
constant of said cylinder part spring means acting in said direction of

20 reciprocation.

In a still further aspect the invention consists in a spring (particularly
suited for linear compressors) having a pair of first mounting points for
securement to a first body, and at least one second mounting point for
securement to a second body reciprocable relative to said first body, and a

25  spring arm spanning a path between said first mounting points by way of said
second mounting point, at least a first section having a curve around one of
said first mounting points and a second section having a curve around another
said first mounting point, said first section and said second section meeting
between said first mounting points at said second mounting point.

30 In a further aspect the invention may broadly be said to consist in a



between said first mounting points at said second mounting point. 30 In a further aspect the invention
may broadly be said to consist in a -4- 16 April 2004 linear compressor having a piston part and a
cylinder part reciprocal relative to one another, and a main spring as set forth above connecting
between said piston part and said cylinder part. In a further aspect the invention consists in a linear
compressor 5 including: a cylinder part including a head, a cylinder and a cylinder liner within said
cylinder, said cylinder liner having a bore therethrough angl-openings through sgidsyilindenliner from
an outside surface of said cylinder liner to said bore, 10 a piston part, a linear motor configured to

operate betweey saifl giFipreaasE R G RYSAGRFRHE AR SASHIY e teetne: kefween said
cylinder part and said piston part and operating in the direction of reciprocation of said piston part
relative to 15 s&idecather pand sadapiseiiparamettidnighaakevaligorsieing tastivarmpaisctitf linkage

and a piston, said link connectin id pi and said main spring, said piston moving within said
bore of said cyIiR%’tt?r?i e?,t @g@%@%&%ﬁﬁﬁ@%ﬁﬁ%ﬁd adapted to receive a supply of gases compressed

20 by said compressonnvhefgithan asiiecsutiaceedsidith cybingigtdingr mmaiesmagingiressmner surface
of said cylinder, one said surface having one or more grooves extending in a tortuous path from said

gas bearin@ mahidifiBEach of said openings through said 25 cylinder liner, said grooves enclosed
by the other said surfage.ig; GQESHUAS nBRRARGSShead, a cylinder and a cylinder liner within

said cylinder, said cylinder liner having a bore therethrough and openings
through said cylinder liner from an outside surface of said cylinder liner to said
bore,
10 a piston part,
a linear motor configured to operate between said piston part and said
cylinder part,
amain spring connecting between said cylinder part and said piston part
and operating in the direction of reciprocation of said piston part relative to
15 said cylinder part,
said piston part including a radially compliant but axially stiff linkage
and a piston, said linkage connecting said piston and said main spring, said
piston moving within said bore of said cylinder liner,
a gas bearing manifold adapted to receive a supply of gases compressed
20 by said compressor,
wherein an outer surface of said cylinder liner mates against an inner
surface of said cylinder,
one said surface having one or more grooves extending in a tortuous
path from said gas bearing manifold to each of said openings through said
25 cylinder liner, said grooves enclosed by the other said surface to constitute
passages.
In a further aspect the invention consists in a free piston compressor having:
a cylinder outer part,
a cylinder inner part within the cylinder outer part and having a bore
30 therethrough,



In a further aspect the invention consists in a free piston compressor having: a cylinder outer part, a
cylinder inner part within the cylinder outer part and having a bore 30 therethrough, -5- 16April 2004 a
piston reciprocable within said bore, and openings through said cylinder inner part from an outer
surface to said bore, said openings distributed to, with a flow of gases therethrough in use, provide
gas bearing support to said piston, 5 the improvement comprising: a gas bearing supply manifold at, or
adjacent, the interface between said cylinder inner part amd said cylinder outergararpomer surface
of said cylinder outer part mating against said outer surface of said cylinder inner part, and 10 grooves

on at least one of said 4nieforHFEeSraRsbRAIRIBMIPEaTY BBEE GxEending in a tortuous path from said
manifold to said openings said grooves enclosed by the other said surface to constitute enclosed

passages. To those skiR&NIAgaEERLENGARIEIC B GeydRaehPEEE AR M isugtseil0cRdruction and

widely difering egodicpents, sAd ARIGRIAGS 61 ie! BEIPRMIL SHaARRI gpmpelyeo withou

departing from the stope o vention'as de eappe claims. iscloSures and the

descriptions hergip\ade gaseheadiirativeorntbatdchpisiignded to be in any sense limiting. 20 BRIEF
DESCRIPTION OF THE DRAWINGS Figure 1 is a cross-section of a linear compressor according to

the presen? inve_ntion,th@mﬁ?@}éeﬁ‘ﬁ_m&%@w&f@ﬁrst embodiment of a main spring for the linear
compressor of Figure 1, 25 Fglg%ao'éaﬁﬁéaeu\ﬁﬁw %Qﬁif’dﬁar%“\ﬁ? %%?%Frﬂp@qm%ég the

between said cylinder inner part and said cylinder outer part,
an inner surface of said cylinder outer part mating against said
outer surface of said cylinder inner part, and
10 grooves on at least one of said inner surface and said outer
surface extending in a tortuous path from said manifold to said openings said
grooves enclosed by the other said surface to constitute enclosed passages.
To those skilled in the art to which the invention relates, many changes
in construction and widely differing embodiments and applications of the
15 invention will suggest themselves without departing from the scope of the
invention as defined in the appended claims. The disclosures and the
descriptions herein are purely illustrative and are not intended to be in any

sense limiting.

20 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a cross-section of a linear compressor according to the
present invention,
Figure 2 is a plan view of a first embodiment of a main spring for the
linear compressor of Figure 1,
25 Figure 3 is a plan view of an alternative second embodiment of the
main spring for the linear compressor of Figure 1,
Figure 4 is a perspective view of a preferred third embodiment of the
main spring of the compressor for Figure 1,
Figure 5 is a perspective view of the main spring of Figure 4 from an

30 alternative direction,



main spring for the linear compressor of Figure 1, Figure 4 is a perspective view of a preferred third
embodiment of the main spring of the compressor for Figure 1, Figure 5 is a perspective view of the
main spring of Figure 4 from an 30 alternative direction, -6- 16April 2004 Figure 6 is a perspective
view of a cylinder liner according to one preferred form of the present invention, and Figure 7 is a
perspective view of a cylinder liner according to a second preferred form of the present invention. 5
DETAILED DESCRIPTION A practical embodiment of thesinvention, shown injfigguseil2ao@lves a
permanent magnet linear motor connected to a reciprocating free piston compressor. The cylinder 9 is

supported by a cylindep:@qni@g*oli@ %“Hel?é’p@@tﬂ/@i%%w of W@?I%Mthﬁmﬁc%@mﬁﬁsﬁ?me” 30. The
piston 11 is supported radially by the bearing formed by the cylinder bore plus its spring 13 via the
spring mount 2rafefiead §pim@T edass hyehéion taddiston part 11 and the cylinder part 9. The

total reciprocating moven rrétﬁ %hae %F%T%e%&wﬁevm%v&%e@@ (i%el mﬁoar& 1&r f?ld Er(‘)ea%\élét%g]? 9. 15 This

reciprocating movement draws gasoln rough a suction rougn a suction port 26 through a

suction muffler Yoefrddifonghcf sehpeseralipypatiotd in a valve plate 21 into a compression space
28. The compressed gas then leaves through a discharge valve port 23, is silenced in a discharge

muffler 19, and exits through a discharge tube 18. 20 The cylinder 9 is supported by the discharge

T e st . Do s

oscillation of the pistonfapractitabemtiedmantsdrihg imasrtion, shown in Figure 1, involves a
permanent magnet linear motor connected to a reciprocating free piston
compressor. The cylinder 9 is supported by a cylinder spring 14 and by a

10  discharge tube 18 within the compressor shell 30. The piston 11 is supported
radially by the bearing formed by the cylinder bore plus its spring 13 via the
spring mount 25. A main spring 15 connects between the piston part 11 and
the cylinder part 9. The total reciprocating movement is the sum of the
movement of the piston 11 and the cylinder 9.

15 This reciprocating movement draws gas in through a suction tube 12
through a suction port 26 through a suction muffler 20 and through a suction
valve port 24 in a valve plate 21 into a compression space 28. The compressed
gas then leaves through a discharge valve port 23, is silenced in a discharge
muffler 19, and exits through a discharge tube 18.

20 The cylinder 9 is supported by the discharge tube 18 and the cylinder
spring 14 which have a combined stiffness, Keyiinder, in the axial direction. The
piston 11 is supported radially by gas bearings which will be described later.
During resonant oscillation of the piston and cylinder the main spring has a
stiffness, Kmain, SUCh that the second mode resonant frequency, foatwura, Can be

25  estimated from the relation,

f — 1 m piston + mcylinder
natural 2 -+ [ Kmain -
TT m piston -mcylinder

Where Mpjision, Meyiinder, are the sprung masses of the piston and cylinder



stiffness, kmain, such that the second mode resonant frequency, fnaturai, can be 25 estimated from
the relation, f _ 1 fl piston + Incylinder / natural kniain 2.ir 1Y piston Incylinder Where mpistong
mcylinderg are the sprung masses of the piston and cylinder -7- 16 April 2004 springs, fnatural is
usually 10 to 20 Hz less than the desired running frequency to allow for the increase in frequency due
to the stiffness of the compressed gas, the effective cylinder spring (a combination of spring 14 and
discharge tube 18) and piston spring 13. The stiffness ofthe piston spring kpisgoapisiseteefed 5
according to the relationship fl piston k piston = kcyiinder x Incylinder The spring forces are

transferred to thesaigiRnrvia the lﬁ@@'aﬁgdléficﬁm iheresadinlly Remelingd Ristain Garedaéndy e

electromagnetic forces are transferred 10 to the piston via the piston flange 7, from the bi-polar
magnets 22. Thallswdelethe igreaseindremsnesdus tadrestidfnesobtiecoBriesad@as,. The

compressor molgL CMBRES ANLPEI HAE! SARARAIBIAY SorHIE SR MRS St

and a back iron e’ nner stator carti he armature includes bi-polar magnets 22.
The magnetic 13ght@iagionekingia®r $he snffraspatiiecPraoatsp?ihgIeiAtes Jelesteerating force
on the piston 11(attached to the armature by flange 7). An oscillating current in coils 1 and 2, not
necessarilydsin ASaEIINGITOgHR iekaliRnshiftantial movement of the piston 11 relative to the cylinder 9
provided the oscillation frequency of the current is close tomthe natural 20 resonant frequency of the
mechanical system. This oscillating force ckgales mmwxﬂeﬁ%oe on the stator parts. Thus the inner
stator 6 must be rigidly Meylinder

The spring forces are transferred to the piston via the rod end 25 and the
radially compliant piston rod 124. The electromagnetic forces are transferred
10 to the piston via the piston flange 7, from the bi-polar magnets 22. The bi-
polar magnets 22 are bonded to each other and to the piston flange 7.
The compressor motor comprises a two part stator and an armature.
The stator includes an inner stator 6 and a back iron 5. The inner stator carries
coils 1 and 2. The armature includes bi-polar magnets 22. The magnetic
15  interaction of the stator 5, 6 and armature magnets 22 generates reciprocating
force on the piston 11(attached to the armature by flange 7).
An oscillating current in coils 1 and 2, not necessarily sinusoidal, will
give rise to substantial movement of the piston 11 relative to the cylinder 9
provided the oscillation frequency of the current is close to the natural
20  resonant frequency of the mechanical system. This oscillating force creates a
reaction force on the stator parts. Thus the inner stator 6 must be rigidly
attached to the cylinder 9 by adhesive, shrink fit or clamp etc. The back iron 5
is clamped or bonded to the stator mount 17.
The stator mount 17 also clamps the outer ends of the main spring 15
25 and also keeps the relatively weak back iron 5 round and concentric with the
inner stator 6. The entire compressor assembly is hermetically sealed inside
the compressor shell 30.
In the present invention it is proposed that the main spring 15 has a

stiffness much greater than the stiffness of the effective cylinder spring, and of



attached to the cylinder 9 by adhesive, shrink fit or clamp etc. The back iron 5 is clamped or bonded
to the stator mount 17. The stator mount 17 also clamps the outer ends of the main spring 15 25 and
also keeps the relatively weak back iron 5 round and concentric with the inner stator 6. The entire
compressor assembly is hermetically sealed inside the compressor shell 30. In the present invention it
is proposed that the main spring 15 has a stiffness much greater than the stiffness of the effective
cylinder spring, and of -8- 16April 2004 the piston spring. ghis "main spring” raisesghi¢ 2peepnd” mode
frequency above the "third" so that the "gas spring" then only separates the modal frequencies
further. The actyqé in@tBﬁ%Eﬁﬁ@?W&thﬁ]éﬁ?@mﬁibm@gi%&emée%édﬁdf’ ARIGEFHREHdNER
complicated relation using the mass of piston and cylinder and the stiffness of the piston spring,
cylinder spring, apRVamaie sSphig 150 Asd, i eigapesarsagardeproshuzeparatgs tie gaidallent spring
stiffness of the gompr must be added to that of the main spring. However, with the cylinder
spring quite soffﬁ%%&v@(f@%qé%ﬁle&ss 1/100 of the main spring) the 10 running frequency is found
reasonably accurately Pie/ setliélIpisianingl TRsylinolsy (the- Gsavaindkomede rldqupisig) is72cylinder
External vibration due to sources, other than from the desirable second 15 mode due to

piston/cylindler ASEMEIRG EYn FeCAMIBKE ARG FeARIOPTHELEIR RS SERIRIBRRRBERY HKEby ensuring
that the piston j I vely.saft. ' yli i iffngss can be
reduced to a ma‘?ﬁﬁrjncltj}ﬁlr%n y ha%%?gg ?1(?{ cégyflfr%grh sg rilnﬁg?]éltC g’?ﬁlﬁ%@ gﬂﬁy%ﬁ%?ﬁﬁﬂg}% ﬁiﬁ:‘?ﬁgéss (from
around 1000 N/m)sof Wleeditioh digenarge fi@ssure/isehega tiwodiggivalent spring stiffness of the

compressed gas must be added to that of the main spring. However, with the

cylinder spring quite soft (say with a stiffness 1/100 of the main spring) the

10  running frequency is found reasonably accurately by:

) ; \/( kmain + kgas )m e : mcy"”der

running —_ 2 :
T m piston 'mcylinder

External vibration due to sources, other than from the desirable second

15 mode due to piston/cylinder movement, can be almost eliminated by reducing

the oscillating mass and by ensuring that the piston and cylinder springs are

relatively soft. The effective cylinder spring stiffness can be reduced to a

minimum by having no cylinder spring at all, leaving only the inherent

stiffness (from around 1000 N/m) of the discharge tube 18 (or where a cooling

20 tube is used the stiffness of both discharge and cooling tube are combined ie

2000N/m). With the effective cylinder spring stiffness only including the

stiffness of the discharge tube (say 1000N/m) the stiffness of the piston spring
should be:

m .
K pision = ————x1000
mcylinder

25
For a ten to one cylinder to piston mass ratio this suggests a very soft piston-
spring (100N/m).

For the compressor with a main spring to resonate at roughly 75Hz with



20 tube is used the stiffness of both discharge and cooling tube are combined ie 2000N/m). With the
effective cylinder spring stiffness only including the stiffness of the discharge tube (say 1000N/m) the
stiffness of the piston spring should be: kpiston = mpiston x1000 172cylinder 25 For a ten to one
cylinder to piston mass ratio this suggests a very soft piston- spring (L00N/m). For the compressor with
a main spring to resonate at roughly 75Hz with -9- 16April 2004 a piston mass of around 100g and a
ten to one cylinder to piston mass ratio, the main spring gfiffness (kmain) needs Qe 2bout
20,000N/m. Typically the value of the gas spring will be lower than that of the main spring but not

substantially lovggsisi e AR RARRINE0Y BRNIER By BREX A RIPERPstBPMBIAHS, With the gas
spring (kgas) approximately 15,000N/m. The piston 11 is supported radially within the cylinder by

aerostatic gas BeinsgsinDHdiENriadKkpar deeds todip phasat0R00b thEYE ARt Vadiveng a bore
therethrough, and a,cylinder liner 10 wijthin t re,.The, cvlinder liner 10 may b de from a
%atlhez; 9S8 &g{gﬁ 9vYYI r})& (%? ‘?hape tp%¥ o? the Fhal frgﬁrﬁ‘lni i %o&

suitable material to re wear. or example It may be rorme atibre reinforced

plastic compositgisstahtias gdoban fireneitoveashswine niihihgfrddlEfcipretapiectsddromay be cast
iron with the self lubricating effect of its graphite flakes. Referrin%q%dditionally to Figures 6 and 7, the

cylinder linér 1099§ézdﬁghi app %ﬂ@@ﬂ@u@ﬁp@%mﬁ@lﬂoﬁj B’u{'@ide cylindrical surface 70
R R S R R
series of gas beagargngassagdhé. cihimgers phetachgheassagesssarpet latidsethetbglirdels 30 a gas
bearing supply Wg\/r}irﬁal% bore therethrough, and a cylinder liner 10 within the bore. The
cylinder liner 10 may be made from a suitable material to reduce piston wear.
10  For example it may be formed from a fibre reinforced plastic composite such
as carbon fibre reinforced nylon with 15% PTFE (preferred), or may be cast
iron with the self lubricating effect of its graphite flakes. Referring
additionally to Figures 6 and 7, the cylinder liner 10 has openings 31
therethrough, extending from the outside cylindrical surface 70 thereof to the
15 internal bore 71 thereof. The piston 11 travels in the internal bore 71, and
these openings 31 form the gas bearings. A supply of compressed gas is
supplied to the openings 31 by a series of gas bearing passages 8. The gas
bearing passages 8 open at their other ends to a gas bearing supply manifold
16, which is formed as an annular chamber around the cylinder liner 10 at the
20 head end thereof between the liner 10 and the cylinder 9. The gas bearing
supply manifold 16 is in turn supplied by the compressed gas manifold 19 of
the compressor head by a small supply passage 73. The small size of the
supply passage 73 controls the pressure in bearing supply manifold 16, thus
limiting the gas consumption of the gas bearings.
25 The gas bearing passages 8 are formed as grooves 80 or 81 in either the
bore 74 of the cylinder or in the outer wall 70 of the cylinder liner. These
grooves 80 or 81 combine with the wall of the other cylinder or the cylinder
liner to form enclosed passages 8 leading to the openings 31. It will be
appreciated that while the grooves could be provided in either part they are

30 more readily formed in the liner part than in the cylinder part, being on an



16, which is formed as an annular chamber around the cylinder liner 10 at the 20 head end thereof
between the liner 10 and the cylinder 9. The gas bearing supply manifold 16 is in turn supplied by the
compressed gas manifold 19 of the compressor head by a small supply passage 73. The small size of
the supply passage 73 controls the pressure in bearing supply manifold 16, thus limiting the gas
consumption of the gas bearings. 25 The gas bearing passages 8 are formed as grooves 80 or 81 in
either the bore 74 of the cylinder or in the outer wall 70_of ghe cylinder liner. Thesgp afam®s 80 or 81
combine with the wall of the other cylinder or the cylinder liner to form enclosed passages 8 leading to

the openings 3lo |yl peacanarreitath iRt el ibpesopangasld RenvieNidedHe gilivesart they are
30 more readily formed in the liner part than in the cylinder part, being on an _10- 16 April 2004 outer

surface rather thai® asrfraefrene0BEhey parerashestnsaningioclidd ankwee passagedisone or other

part rather than having.to drill or bor a | ignificant manufacturing improvement. It has
been found thatatggiBﬁégguﬁemﬁ%%%ﬁﬁiﬁié ﬁ?ﬂgegﬁﬁs earing 5 passages needs to be similar to the

pressure drop occurring tathiseexitfiand beivernpheRiiaranddberbiace iaf the gydibderiiger. Since the
gap between the piston 11 and the cylinder liner bore 71 (for an effective compact compressor) is

only 10 to % mié%?@%@%%&i%ﬁﬁoﬁiﬁﬂ}%ﬁéﬂé@ m@%&@%&’@@_@ A HEHNEH P @‘M&Wfor example,
40 microns deeqé‘m&@@ fﬁﬁ%ﬁiﬁ"%ﬂﬂtﬁg E&%ﬁﬁﬂ?@)@lﬁ@?ﬁﬁ@i @h@%g%@ﬁéﬁe bearing

passages difficult. Howeve erence to Figures in the pre ment of the
present inventiathenpistongthegoick there dhopeislmadearasiél yonarasiferthe laogtipadtthe
passages 8 so that the cross-sectional area of the passages ca]n also be incrﬁgﬁed. The longer but

Iarger ¢ross. se@RPHESIAERS A R A0 AIR/ CESIRE SCTiaRA (U TOENIRES O BRAASRUE oo, Taking
the earlier examplpsd s BUVBRSGREIMIGNCARNE 26 FisFens 48Pty 2Wmicrons wide.

10  These small dimensions make manufacturing the bearing passages difficult.

However, with reference to Figures 6 and 7, in the preferred

embodiment of the present invention matching the pressure drops is made

easier by increasing the length of the passages 8 so that the cross-sectional area

of the passages can also be increased. The longer but larger cross-section

15  passages have a flow resistance similar to narrower shorter passages. Taking

the earlier examples, the dimensions might become 70 microns deep by 200

microns wide. This takes advantage of the ability to form grooves 80 or 81 of

any appropriate shape in the surface of the liner part 10 or of the cylinder part

9 which then forms the passages 8 in conjunction with the other part. The

20 grooves can be formed having any path, and if a tortuous path is chosen the

length of the grooves can be significantly greater than the direct path between

the gas bearing supply manifold and the respective gas bearing forming

openings. Two possible options are depicted in Figures 6 and 7, being helical

paths 80 and serpentine paths 81 respectively. The lengths of the respective

25 paths are chosen in accordance with the preferred cross-sectional area of the

passage, which can be chosen for easy manufacture (either machining or
possibly by some other form such as precision moulding).

Higher running frequencies reduce motor size but require more spring

stiffness, and consequently higher stresses in the springs. Thus it is important

30 for compressor longevity that the highest quality spring material be used. In



microns wide. This takes advantage of the ability to form grooves 80 or 81 of any appropriate shape in
the surface of the liner part 10 or of the cylinder part 9 which then forms the passages 8 in conjunction
with the other part. The 20 grooves can be formed having any path, and if a tortuous path is chosen
the length of the grooves can be significantly greater than the direct path between the gas bearing
supply manifold and the respective gas bearing forming openings. Two possible options are depicted
in Figures 6 and 7, being helical paths 80 and serpentinejpaths 81 respectivelys Apeilerasis of the
respective 25 paths are chosen in accordance with the preferred cross-sectional area of the passage,

which can be chagam fRARBY AT AMLERSUIRIRIEEFTRENRIGHRYS RRTRITAORY HRREPIRIGM such as

precision moulding). Higher running frequencies reduce motor size but require more spring stiffness,
and consequenfiieBlgheetatsselienmusas sgrieyeVen et edgemertaint te pressbrgpPpssiodngevity that

the highest quajiy spng, mapigh e ef el HRARILROPAIRR FeTup i neay ggmpressors
main springs ma rom pressea spring stee eetare en used. However, the edges cut In the

pressing operatipetequire careful polishing to regain the original strength of the spring steel sheet. 5
In the preferred embodiment of the present invention the main spring is formed from circular section

music wire 5As depictelNiAREpTRsbAMbRdImg DO DthePreasN IR iamtBe Ml Pt elem a spiral
. he so ! - a | . .
spring 15. The gl SR{GG Jc?r@ﬁf%%%%'lr@ ?ﬂﬁﬁcz\(rqgfa\% SQ\?Jdéé?g?th??fﬁ 14 %‘g%%ﬁfn?ﬁﬁto

alignment so that the path of each arm Is between ent tur e other 10 arm. The piston
mounting point SigigratZtlecosaire spir tunoac tiegNnidgetd Iaimthesoratrspang e dHmserahounting
point 54 for each arm of the spring at E%e outer end of the arm. The very high fatigue strength of music
wire is utiised CHEAYRP i Thelinlosial A3 ibeLatiEHEbAEn P oRESERon OHlirtreased

lateral alignment so that the path of each arm is between adjacent turns of the other
10  arm. The piston mounting point 52 is at the centre of connecting bridge 53 at
the centre and the cylinder mounting point 54 for each arm of the spring at the

outer end of the arm.

The very high fatigue strength of music wire is utilised effectively and
there is no need for a subsequent polishing operation. If increased lateral

15  stiffness is required the music wire could be deformed by 10% to give an
elliptical section. To simplify the attachment of the main spring, square
section wire could be used, or the connection ends of the spring may be
stamped to a flattened shape, as depicted.

However, an alternative and second embodiment of the main spring is

20 depicted in Figure 3. This spring may also be formed from music wire and
take advantage of its high fatigue strength.

In Figure 3 the spring 59 includes a pair of mounting points 60,61 for
mounting to one of the compressor parts (the cylinder part) and a central
mounting point 62 for mounting to the other compressor part (the piston part).

25 The spring 59 includes a pair of curved sections 63, 64 of substantially
constant radius of curvature which are each centred on a respective cylinder
mounting point 60,61. These sections meet in material continuity at the piston
mounting point 62. Each section curves smoothly at its end 65,66 to be radially
aligned with the cylinder mounting point 67,68. The sharper transition curve

30 at 65,66 is preferably selected to maintain a substantially even stress



15 stiffness is required the music wire could be deformed by 10% to give an elliptical section. To
simplify the attachment of the main spring, square section wire could be used, or the connection ends
of the spring may be stamped to a flattened shape, as depicted. However, an alternative and second
embodiment of the main spring is 20 depicted in Figure 3. This spring may also be formed from music
wire and take advantage of its high fatigue strength. In Figure 3 the spring 59 includes a pair of
mounting points 60,61 for mounting to one of the compregsor parts (the cylindey Rpfi) 20d4 central
mounting point 62 for mounting to the other compressor part (the piston part). 25 The spring 59

includes a pair efi e iieny (e dasmibntanialey i Rhoariis bridyaissigfen are each
es

centred on a respective cylinder mounting point 60,6 1. e sections meet in material continuity at
the piston moufptiekgjabityt B0 rescwithdhelivaheveribtinIgyAtngeeAweBBRIBMBtELALY. aligned

with the cylinde 0 [n _The sharper transition cury {6 IS preferably selected
to maintain a su@t@%ﬂ%]ébge\%é egrtfg?s%a_n&g f%&%n?%%@ﬁ 355%%19&(?@2@@ ﬁ%gtg)rﬁsrh%rﬁﬁerhe cylinder

mounting ends @@ifstaatecurefenabbectlions@3vah biethieespaiveeso the aylirmey aquusigigoints 60,61.

To get the best performance for the overall space occupied by the spring, the constant curvature

sections 6364 Qﬁéeﬂia_'ﬁﬁgﬁéhﬁbé %t%\‘i’gfﬁé 9@@%@3@?&%@%%9%6&%%% I?cb?taﬁproxima_tely
325 degrees fromoh%iﬂ\i@&?rﬁ%rbté@grgemgﬁgglﬁﬁg%@fﬁ?g) %%rym&%%m g)%}ﬂ?r mounting

point 60 or 61 respecti configurati pring sections to narrowly avoid interfering
with one anothe0Tbe Gitalegpact eesunids acoapigurantateafilpws-¢rghtsphige séftidhe ¢onstant

point 62 rlanve TR WISEIR TS BHRe Bt HGReHg ARG aBH FroEOAessos
approximate figure-eight shape.

10 The constant radius curves 63,64 are placed in torsion by the
displacement (out of plane) of the piston mounting point 62 relative to the
cylinder mounting points 60,61. Being constant radius, the torsion stresses
along each of the sections 63,64 are also substantially constant. Due to the
radial, or substantially radial direction of the cylinder mounting sections 67,68

15 any torsion stresses in the portion of the spring at the cylinder mounting are at
a minimum and mounting of the spring 59 to the cylinder part is improved.
The central mounting point 62 of the spring has high torsion stresses, however
this does not significantly complicate mounting because the mounting can be
made to encircle the spring arm with a resilient (eg: rubber) boot to allow for

20  movement of the spring arm within the mounting. Movement of the spring arm
within the mounting will be cyclical and, due to the symmetry of the spring
(the spring is rotationally symmetric through 180 degrees), the cyclic forces
should not cause the mounting to creep or walk along the spring arm. It
should be noted that this spring configuration has been particularly developed

25  for incorporating the wire formed approach rather than the stamped plate
approach.  However (subject to limitations in some more complex
embodiments referred to below) springs of this geometric form could also be
manufactured using the stamped plate method, but some of the advantages (for
example, uniform stresses are particularly suitable with wire of constant cross

30 section) would not be realised.



along each of the sections 63,64 are also substantially constant. Due to the radial, or substantially
radial direction of the cylinder mounting sections 67,68 15 any torsion stresses in the portion of the
spring at the cylinder mounting are at a minimum and mounting of the spring 59 to the cylinder part is
improved. The central mounting point 62 of the spring has high torsion stresses, however this does
not significantly complicate mounting because the mounting can be made to encircle the spring arm
with a resilient (eg: rubber) boot to allow for 20 movement gf the spring arm witBia gl woguting.
Movement of the spring arm within the mounting will be cyclical and, due to the symmetry of the

spring  (the spring is rqiadieaatly ey BppREiSHaHED Rk BRSSO YRiCTiorgErsioald not cause

the mounting to creep or walk along the spring arm. It should be noted that this spring configuration
has been particalaglparsieleyedesiroepatbnpfeimdhnscoipe efrtnedappisacH nandicwan the

stamped plate roach. H ver (subj Q limitations in some Mo mplex embodiments
e o perol e et A A D O T P e BRI o e

method, but sorie ofdhehastéantaammifagseramelesominssostierRagfiage priticuardyaugable with wire
of constant cross 30 section) would not be realised. -13- 16 April 2004 It should be appreciated that

variations o thEHHMP &P ERgtitarseskivalent selmie it darmbsiow ehahasebsine
invention. In paﬁ%%yaéadﬁ%et@ﬁﬁﬂ%& d Fﬂéﬁﬂqﬁgmﬁf%@@gﬁﬁdﬂ%ﬁ%@ r‘iﬁ@é'”e between

the compressor mountings at the compressor mounting ear continue to form an
equivalent (althawgiconitrpistdynlocopnection pomtdetanficstatmye theckintst loemtiAdrtberotivessor
mounting. That loop would of course have a ]saecon piston connectlion oj}r%ﬂtafel w or above the first
loop. At the oth&PTEBRIBPRESONBERHABIRM Hdink #1018 588 Ba6Fnake Eﬁréﬁlﬁ MJB& 5%k ond loop

oo oo P RS SO0 eI R 165 necessr
10  below (or above as necessary) the second loop, back to the first compressor
mounting point (or at least to a mounting point immediately above or below).
This chaining of loops can proceed to include as many loops as necessary to
achieve a required spring constant. Clearly this is a planar spring
configuration that cannot be constructed by stamped plate methods.
15 However the preferred third embodiment for the main spring is depicted
in Figures 4 and 5.

In the third embodiment the main spring takes a form other than that of
a planar spring. It retains many of the conceptual features of the second
embodiment and therefore where similar features are apparent the same

20  reference numerals have been used.

The spring 15 has a pair of free ends for mounting to one of the
compressor parts, for example the cylinder part. The spring 15 has a further
mounting point for mounting to the piston part.

The spring 15 includes a pair of curved sections 63, 64 of substantially

25  constant radius of curvature which each pass around their respective mounting
end. Each of these curved sections extends over a length of approximately
360°. Each section curves smoothly at both of its ends. At the ends 65, 66
they curve such that the lengths 67, 68 of them at the cylinder mounting ends
are radially aligned. The sharper transition curve at 65, 66 is selected to

30 maintain a substantially even stress distribution along the transition. The



mounting point (or at least to a mounting point immediately above or below). This chaining of loops
can proceed to include as many loops as necessary to achieve a required spring constant. Clearly this
is a planar spring configuration that cannot be constructed by stamped plate methods. 15 However
the preferred third embodiment for the main spring is depicted in Figures 4 and 5. In the third
embodiment the main spring takes a form other than that of a planar spring. It retains many of the
conceptual features of the second embodiment and thergfpre where similar fagxgsiprmepparent the
same 20 reference numerals have been used. The spring 15 has a pair of free ends for mounting to

one of the coMPAERRPT HRLFifRIrexBPS IR HOVECEPEE JrmguterRdias 8 fHrihsf tRaounting

point for mounting to the piston part. The spring 15 includes a pair of curved sections 63, 64 of
substantially 23eBsieRitYAGUY ©BeaHaRsIRSWHERTeHEhspakY kb umalthsiressieeetial aidunting end.

Each of these cyrv tions. extends qver a | b of roximately 3600, h tigp curves
smoothly at bot ¢ ?ggﬁe%rﬁggﬁﬁﬁ%@de% ;% 8%% ey iﬂ?\ﬁeg gugmﬁlgt}i?‘ﬁe'?g%dgfn%%i%%a%ﬁthem at the
cylinder mountingsossnatelsag8sdlinligngth. The sharper transition curve at 65, 66 is selected to 30

maintain a substantiall\i/ even stress distribution along the transition. The 16 April 2004 spring 15 of

Figures 4 ahd 5 improVBSTRRENRGHep dedi rigladresid anskaribe BRRERORAHERE &c8bns 63, 64 of
th ing 15 b Ing-bey ' le depicted
thzysg;g] gachma 6?&%@%&;@(}8&%@%&8??&5 rrgrfﬁ%ﬂ gepictegﬁﬁl?gé)uar?eﬁsp 52:1%%& r(relglgn?ing

points 60, 61 ofl®pengidé theretfaT hppenstdet theneed. SEbrares 6@ 6 @achroy pasntdihbt a lower
side thereof. The constant curved sections 63, 64 elach c(:JJrve smoothly at their lower ends to be
fhek and

radially aligned &h GNVRS, h 10Re; y aligne continuous with one another
across a diameter of the general circle of the spring at the mounting point 62.

10  The alignment of this diameter is substantially perpendicular to the alignment
of the ends 67, 68 at the cylinder part mounting points 60, 61.

The constant radius curve 63, 64 are placed in torsion by the

displacement of the piston mounting point 62 relative to the mounting points

60, 61. The torsion along each of the sections 63, 64 is also substantially

15 constant. Due to the radial or substantially radial direction of the cylinder

mounting sections 67, 68 and the piston mounting point 62, any torsion

stresses at the cylinder mounting ends and at the piston mounting point are at a

minimum and mounting of the spring 15 to both the cylinder parts and the

piston part is improved.



across a diameter of the general circle of the spring at the mounting point 62. 10 The alignment of this
diameter is substantially perpendicular to the alignment of the ends 67, 68 at the cylinder part
mounting points 60, 61. The constant radius curve 63, 64 are placed in torsion by the displacement of
the piston mounting point 62 relative to the mounting points 60, 61. The torsion along each of the
sections 63, 64 is also substantially 15 constant. Due to the radial or substantially radial direction of
the cylinder mounting sections 67, 68 and the piston moygting point 62, any W@ agtilstEsses at the
cylinder mounting ends and at the piston mounting point are at a minimum and mounting of the spring
15 to both the gylindex/parts and the piston part is improved. -15- 16 April 2004 CLAIMS: 1. A spring
(particularly suited for linear compressors) having at least a pair of first mounting points for
securement of said spring to a first body, and at 5 least one second mounting point for securement to

a second body reciprogable. relative to,said first »and a spring arm spannin ath between said
et mounting doimte 15 SRS AT STV BERTRG oKl SR BN 5 corve
around one saigdirssfriiestoamigtiidte fopcendreprinvfRaldrgring e Arousstianaiber said first

mounting point, said first section and 10 said second section meeting between said first mounting

points at s&id slﬁ?éh@nﬂﬁﬁ@ﬁmd%lﬁf.i’_m ﬂ%ﬁ?iﬁﬁ SROBIERY 19 él%@ﬁ@@dAM)éiWWr@CaPéGtwo said first
includes a secta Y B S Sl e L R o A e mouning
point. 20 4. A sptowasg eointsing way ofieaitl decorsdintohtihg eomét atdiehsea irst section
having a curve around one said first mounting point and a second section
having a curve around another said first mounting point, said first section and
10  said second section meeting between said first mounting points at said second

mounting point.

2. A spring as claimed in claim 1 wherein there are two said first mounting
points.

15
3. A spring as claimed in either claim 1 or claim 2 wherein said spring arm

includes a section, at each said first mounting point, extending substantially

radially from the mounting point.

20 4. A spring as claimed in any one of claims 1 to 3 wherein at said second
mounting point the path of said spring arm is perpendicular to a line between

said first mounting points.

5. A spring as claimed in any one of claims 1 to 4 wherein one or both of
25 said first and second sections extends for greater than 90 degrees about its

respective centre.

6. A spring as claimed in claim 5 wherein one or both of said first and
second sections extends for greater than 270 degrees about its respective

30 centre.



mounting point the path of said spring arm is perpendicular to a line between said first mounting
points. 5. A spring as claimed in any one of claims 1 to 4 wherein one or both of 25 said first and
second sections extends for greater than 90 degrees about its respective centre. 6. A spring as
claimed in claim 5 wherein one or both of said first and second sections extends for greater than 270
degrees about its respective 30 centre. -16- 16 April 2004 7. A spring as claimed in claim 5 wherein
each of one or both of said first and second sections extegd for approximatelyglp gegoes or 315
degrees about its respective centre before, at the end leading to the respective said mounting point

curving more §I7€_:1_rply W@ﬁl‘_mgadgﬂé?mﬁ RRATG AR SRIFh %éﬂﬁ'ﬂﬂm B?ilﬁ'@tll?%f@diGQ‘Méfh the I.ine
connecting said first mounting points and at the end thereof leading to said second mounting point
said section meédd 3eROBth&Le @asdexienantoseapiErdaratehs iBingegieaswith 385 Alepraes as claimed

inany one of clgifs 40 ZMcIElD salf sing s 1P oiaonAlMSHE [B(GUOR A lgtion of 180

degrees. 9. A spring as clai eélln claim 1 whereéin said first mountifg points fie'in a first plain, said

first and secongrgegtipitg woipRicuspImg raoTeiskitgp fthant sskcatslintdngtaoimuyadtrealtelical
sections, and said second mounting E)oint lies 15 on a substantially straight diametrical section of said

spring arm3whicROEBHABR-IALIAR &N 1ERgIVit: sd IS8 ERAeling ssdeféist MeEMEBGPaIsE ond plain

o leastsubstanyaly AUl 9 s T3 I, 49, ASHHA RRANBEHT SIS pErRBe

orientation of said secon section In sald seco ain Is perp ar to the orientation of a line
between said fthe othemthgapdintstamd satbfidssedtionslin Wigngsereertipressor having a piston part
and a cylinder part reciprocal relative to one another, and a spring as claimed in any one of claims 1
to 8,

8. A spring as claimed in any one of claims 1 to 7 wherein said spring is

10  rotationally symmetric through a rotation of 180 degrees.

9. A spring as claimed in claim 1 wherein said first mounting points lieina
first plain, said first and second sections of said spring arm include first and
second constant curvature helical sections, and said second mounting point lies
15 on a substantially straight diametrical section of said spring arm which
connects between said first and second helical sections and lies in a second

plain at least substantially parallel to said first plain.

10. A spring as claimed in claim 9 wherein the orientation of said second
20  section in said second plain is perpendicular to the orientation of a line between

said first mounting points and said first plain.

11.  Alinear compressor having a piston part and a cylinder part reciprocal
relative to one another, and a spring as claimed in any one of claims 1 to 8,

25 said main spring connecting between said piston part and said cylinder part.

12.  Alinear compressor as claimed in claim 1 wherein said first mounting
points of said spring are connected to said cylinder part, and said piston part is
connected to said spring at said second mounting point.

30



25 said main spring connecting between said piston part and said cylinder part. 12. A linear
compressor as claimed in claim 1 wherein said first mounting points of said spring are connected to
said cylinder part, and said piston part is connected to said spring at said second mounting point. 30
-17- 16 April 2004 13. A linear compressor as claimed in either claim 1 or claim 2 wherein said
mounting of said piston part to said spring includes a relatively flexible mounting surrounding or
encircling said spring arm at said second mounting point5-14. A linear compregseriinebeding: a
cylinder part, a piston part, a main spring connecting between said cylinder part and said piston part

10 and operatingin tha fifgafieBrApresiBrasatiamrcSAdiRBINRATLISIRINRI2 WAl ayinger part, a

sealed housing, a linear electric motor arranged for operation between said cylinder part and said
piston part, 15 Eneyiithg phrsaistindstaeapartdansaitngosuigdanledrs oy inedvedyt Alexikigid housing

S BN 0 o R R s RS AT
between said piston part and sal using an erating elastically in said” direction of regiprocation,
said piston parpsipiing means having a spring constant which is the product of the fraction 20 of said
piston part mass to said cylinder part mass and the effective spring constant of said cylinder part

spring meahs acting in said direction of reciprocation. 15. A linear compressor as claimed in claim 14
wherein any saidy A Jinear compressor including:

a cylinder part,
a piston part,
a main spring connecting between said cylinder part and said piston part
10  and operating in the direction of reciprocation of said piston part relative to
said cylinder part,
a sealed housing,
a linear electric motor arranged for operation between said cylinder part
and said piston part,
15 a cylinder part spring means connecting between said cylinder part and
said housing part and operating in said direction of reciprocation, and
a piston part spring means connecting between said piston part and said
housing and operating elastically in said direction of reciprocation, said piston
part spring means having a spring constant which is the product of the fraction
20  of said piston part mass to said cylinder part mass and the effective spring
constant of said cylinder part spring means acting in said direction of

reciprocation.

15. A linear compressor as claimed in claim 14 wherein any said
25  connections from said cylinder part to said housing are elastically deformable

and are formed to have, at least in combination, a predictable and low stiffness.

16. A linear compressor as claimed in claim 15 wherein said connections
comprise an exhaust conduit carrying compressed refrigerant from said

30 compressor out of said sealed housing, a liquid refrigerant return tube carrying



25 connections from said cylinder part to said housing are elastically deformable and are formed to
have, at least in combination, a predictable and low stiffness. 16. A linear compressor as claimed in
claim 15 wherein said connections comprise an exhaust conduit carrying compressed refrigerant from
said 30 compressor out of said sealed housing, a liquid refrigerant return tube carrying -18- 16 April
2004 liquid refrigerant to said cylinder part from outside of said sealed housing and any electrical
connections to the stator of said linear electric motor. 17.14 linear compressonn@gdingod4 cylinder
part including a head, a cylinder and a cylinder liner within said cylinder, said cylinder liner having a

bore therethrough s fepREBIRAELSREANEY AR CYHRCRANGHTERTE Grsaiseia aHRaes R aalg cylinder

liner to said bore, a piston part, 10 a linéar motor configured to operate between said piston part and
said cylinder pafly &lasinicapepanestinestiadhsesintenalfaaidyinersrglaetdemedd. piston part and
operating in the direction of reciprocation of said piston part relative to said cylinder part, 15 said
piston part including a radially compliant but axially stiff linkage and a piston, said linkage connecting

said piston andisaid maifirrRiin®reprdssistivringivigg within said bore of said cylinder liner, a gas
bearing manifold adapted to receive a supply of gases compressed by said compressor, 20 wherein

an outer strface of saﬁj%imrﬂﬁ‘féri'ﬂﬁ&! Y'8qgh ﬁi%(\'é‘?d§[lﬁ_a@é‘&f>’§él@%}ﬁﬂ@ewim said surface
T omnoe SIS SENST SRR 0801 S0 A AR AR TR o
constitute through said cylinder liner from an outside surface of said cylinder liner to said
bore,
a piston part,
10 a linear motor configured to operate between said piston part and said
cylinder part,
a main spring connecting between said cylinder part and said piston part
and operating in the direction of reciprocation of said piston part relative to
said cylinder part,
15 said piston part including a radially compliant but axially stiff linkage
and a piston, said linkage connecting said piston and said main spring, said
piston moving within said bore of said cylinder liner,
a gas bearing manifold adapted to receive a supply of gases compressed
by said compressor,
20 wherein an outer surface of said cylinder liner mates against an inner
surface of said cylinder,
one said surface having one or more grooves extending in a tortuous
path from said gas bearing manifold to each of said openings through said
cylinder liner, said grooves enclosed by the other said surface to constitute

25  passages.

18. A linear compressor as claimed in claim 17 wherein each said groove
follows a helical path from an end of said liner to a respective said opening,
and said helical paths are similar pitch and angularly spaced and have turns

30 interposed.



25 passages. 18. A linear compressor as claimed in claim 17 wherein each said groove follows a
helical path from an end of said liner to a respective said opening, and said helical paths are similar
pitch and angularly spaced and have turns 30 interposed. -19- 16 April 2004 19. A linear compressor
as claimed in claim 17 wherein each groove follows a serpentine path from one end of said liner to
said openings, each said serpentine path occupying an angular sector of the surface of said liner. 5
20. A linear compressor as claimed in claim 17 wherein_sgjd grooves are on $gig gtitergouface of said
cylinder liner. 21. A linear compressor as claimed in claim 18 wherein said grooves are on 10 said
outer surface of said cylinder liner. 22. A linear compressor as claimed in claim 19 wherein said
grooves are on said outer surface of said cylinder liner. 15 23. In a free piston compressor having: a
cylinder outer pkt, a dMihdeRinfeMpaEsSaithas tREIEPRAJET 6laENphft WEIEHiRgch bgfeovlerethrough,

2 pison recipregghic wlin sal hofepRd 20.00801Tge LEoigl SAL pYNdEsAaner L figm an outer

surface to said Bore, said openings distri of gases ghiin‘use, provide

gas bearing suppgi¢ it seichEisteoupigrignanceiuent semopiigitg sugkrdeddaidimply manifold at, or
adjacent, the interface 25 between said cylinder inner part and said cylinder outer part, an inner
surface of 8aid cylinder outer part mating against said outer surface of said cylinder inner part, and

20.  Alinear compressor as claimed in claim 17 wherein said grooves are on

said outer surface of said cylinder liner.

21.  Alinear compressor as claimed in claim 18 wherein said grooves are on

10  said outer surface of said cylinder liner.

22.  Alinear compressor as claimed in claim 19 wherein said grooves are on

said outer surface of said cylinder liner.

15 23. Inafree piston compressor having:
a cylinder outer part,
a cylinder inner part within the cylinder outer part and having a bore
therethrough,
a piston reciprocable within said bore, and
20 openings through said cylinder inner part from an outer surface to said
bore, said openings distributed to, with a flow of gases therethrough in use,
provide gas bearing support to said piston,
the improvement comprising:
a gas bearing supply manifold at, or adjacent, the interface
25 between said cylinder inner part and said cylinder outer part,
an inner surface of said cylinder outer part mating against said
outer surface of said cylinder inner part, and
grooves on at least one of said inner surface and said outer
surface extending in a tortuous path from said manifold to said openings said

30 grooves enclosed by the other said surface to constitute enclosed passages.



grooves on at least one of said inner surface and said outer surface extending in a tortuous path from
said manifold to said openings said 30 grooves enclosed by the other said surface to constitute
enclosed passages. -20- 16 April 2004 24. The improvement as claimed in claim 23 wherein said gas
bearing supply manifold is adjacent an end of said cylinder inner part and each said groove follows a
helical path from said end of said liner to a respective said 5 opening, and said helical paths are similar
and angularly spaced and have turns interposed. 25. Thggmprovement as clagnggriin g 23
wherein said gas bearing supply manifold is adjacent an end of said cylinder inner part and each
groove 10 follows a serpentine path from one end of said liner to said openings, each said serpentine
path occupying an angular sector of the surface of said liner. 26. A free piston compressor as claimed
in claim 23 whetéin saldigriBpedvemeidhasarlaioned dorledmdishivksirideiaidegag Dearingfree piston

compressor as clai in claim 24 wherein_said gropves, are on saj er surface of said cylinder
e 26, A oI DAL I8 At O SR U R ST i e
surface of said gydiones fioRows a helical path from said end of said liner to a respective said

5 opening, and said helical paths are similar and angularly spaced and have turns

interposed.

25.  The improvement as claimed in claim 23 wherein said gas bearing
supply manifold is adjacent an end of said cylinder inner part and each groove
10  follows a serpentine path from one end of said liner to said openings, each said

serpentine path occupying an angular sector of the surface of said liner.

26. A free piston compressor as claimed in claim 23 wherein said grooves
are on said outer surface of said cylinder liner.

15
27. A free piston compressor as claimed in claim 24 wherein said grooves

are on said outer surface of said cylinder liner.

28. A free piston compressor as claimed in claim 25 wherein said grooves

20  are on said outer surface of said cyliner liner.



