WO 01/ 29444 PCT/ NZ00/ 00202 -1 LI NEAR COVPRESSOR BACKGROUND TO THE

| NVENTIVE0ER®M4 of the Invention 5 The present inventi orPQEANZA0NE2020 a

| i near conpressor, particularly but nof-solely for use in refrigerators.
SUMVARY OF THE PRI OR ART Conpressors, in particular refrigerator:

conpressors, are conventi onalfiINEAR'€EOMPRESSOR ary el ectric notors.
However, even in their nost efficient form there are significant |osses

associated with the crank systemthat converts rotary notion to |inear

reci procating notion. Alternatively a rotary conpressor which does not
requi re BAG ﬁIR(SU @@quh& here are high centripetal | oads,

| eadi ng Lgni fi.c .frictional |osses. A linear conpressor driven by a
| i near rﬁ?gfogﬂfﬁ H“%@&m&ave t hese | osses, and 15 can be designed with a
beag i ng | 0ad TIpRAGH dvertich pites {3 Hacardonfiie R Opd ARt RERIRS

di sclosed in US Patent 5,525, 845, where 61{ Ioatera gﬁ%‘?ﬁgﬁ%’m connectfng
rod al | ofos ubein tdfeigematoreeari ng | oad A di scussion of aerostatic gas bearings

is included in "Design of Aerostatic Bearings", J WPowell, The Machi ner
Publ i shi ng Conpany Limted, London 1970. 20 However w th nornal :

manuf act Juri { i nt production of effective gas

beari ngﬂ%‘%ﬁ&géﬁlfﬁ&ﬁwmgm&ecomressors are nmounted within a
hernetical ly usj - Wl j a_reservoi. .

et ger ant oRSRFREsOR B ol S raiG o bR ate SR ERU By drivem,
res@r voily abfhry eleotHasunbrsls.t HeWe e fevey ialteiC Aivdt ickitiBAd ioEn, dRré lapén t he'
conpressor, through the housing. Operation of the conpressor involves the
reci pr ocagnificantflosses asspcated withehelcragk systexi thattomvertsfrotang nootiow tediear uni t

in all three axis. To reduce the external noise effect of this vibration
the congePserating mefion: eltermatively oty spmpressonwhirhiqes @ot eaguarg a granksi ng.

20, WL ol G A B0 5 B SO S R B S i
either, Jossek! ACHnedPtBnitRéssbt Bfiven by a linear motor would not have these losses, and
15 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 laterally compliant connecting
rod allows for the low bearing load

A discussion of aerostatic gas bearings is included in “Design of Aerostatic

- Bearings”, ] W Powell, The Machinery Publishing Company Limited, London 1970.
20 However with normal manufacturing tolerances and equipment production of effective
gas bearings is difficult.

Conventional compressors are mounted within a hermetically sealed 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

25 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 external noise effect
of this vibration the compressor is mounted on isolation springs within the sealed
housing.

30 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



WO 01/ 29444 PCT/ Nz00O/ 00202 -2 proposed to this problemis - to operate a
pai r of wapenpessisor s synchronously in a bal anced and oppeGHNZeWRguUr at i on.
However this arrangement would be too _conplex and costly for use in a
commodity item such as a donestic refrigerator. Another proposed sol ution

is the additi f Nt [ 'ng&lé i L1IQN;
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However  chihtbAipdiSHES h nBgativil feediitk PRvice add mSEd fo feffihdinéital uibakingei s a
probl em when the~ piston nass is low. In such a conpressor, as the

di schar géome cAsfurther selutiends prapvsed ar E¥ibrafion bhamotepistiss oflsmall ratary and a
spring (the "gas spring") which increases the running 15 speed ag th
di schar glinpareeyogenicneqalersator Rhsystemss Gully aag Hé@%ﬁu&wﬁ‘émswf the g"
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vi brate toinptaasabivithas tHéIﬁ)_ti'sﬂ?s@ﬂfa't ke “s34tof hotstas aapamedreveigid” 2 Blowever
effectively raises the "second” node frequency to, and eventually above,

the "t hi indimplementingtindesigr imasdomeaticiefigsratarshere ishpageoblsm phenghesent -
I nvention,to provj 3e a_conpact |inear coppressor 25 which goes tﬁoge way to.
¢ cfrcﬁspect

over corm RitaRasHisJeven 5 CQMBLESSAL n#S e discharge PressHE JRCTeRses,

oh ! . ! Poatval ’ ! T IT ST
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cylisnder spaid ag ik dfdcHafeSprAsut8lincases. This is a problem because 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 desirable “second”
mode (where the shell does not vibrate and the piston and cylinder are out of phase).
Thus the shell starts to vibrate intolerably as the “gas spring” starts to operate and
20 effectively raises the “second” mode frequency to, and eventually above, the “third”

mode.

SUMMARY OF THE INVENTION
It is an object of the present invention to provide a compact linear compressor
25 which goes some way to overcoming the abovementioned disadvantages.
Accordingly in a first aspect the present invention consists in a linear compressor
including:
a cylinder part,
a piston part,
30 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



operating in the direction of reciprocation of said piston part relative to

sai d cWO e1pes44\\D 01/ 29444 PCT/ NZ0O/ 00202 -3- part, a sRETAINBE?ng, a

| inear electric nmotor arranged for opeyation between said cylinder part and

said piston part, 5 a cylinder part spring neans:connecting between said

cyli ndegaﬂ,art and said housing part and operating in said direction of

reci procation; and a piston part spring neans connecting between said

pi ston part andaledihdubimgsi ng and operating elastically in said direction

of reciprocation, said piston part_ spring means having a spring ¢onstant

which is theapingairlectsc moter arrargadfer gperatipn bstweessaideylindes partgndgawdyi ¢

cyli nderwgarta!ramss and the effective spring constant of said cylinder part
HhBa%

spring P ting in said direction of reciprocation. In a still further
aspect the igQvanii nsi;rﬁ,gs ' | (haieb WhaT E¥iigdtrt £Rd said near
corr?gressors) gh%ﬁr?gpgggalr l.nlfe?[rl%tcair?rltinéunt ng p0|bnts fo lsecr rement S?o a

first bhdusingipaﬁai'Idépb&&ﬁn%ﬁﬁséid@l@ﬂ%dtiﬁﬁ@lﬁi*édiprdwﬁah;in?d securement to a
second body reciprocable 15 relative to said first body, and a spring arm

spanni ng a patistbr padeprisgineans cotnensimgtetyeerpsdid pistory par wnd saiddiansigc ond
mounting point, at_least a fifst section having a curve around one of said
first nﬁEEPPW@hBS chasteallyinsa %mogézﬁrﬁgarq‘eavgwa PistapePatt SRIME St her

said fi . ' | i | LSt j i.d: '

rect | ng R IEAAE G AR} ot e RSt LR R SRR,

2010 n aghidr éﬁﬁfde@%ﬁﬁ%aésh&d ﬂiéeéffé&ﬁer@k‘in%r&ﬁﬁia\ﬁt@f sard Eylimies Past sprifgn a

| i near conpressor having a piston part and a cylinder part reciproca

rel ati vendans aoting mosdidrdirecéiod of re@procafionng as set forth above connecting

bet ween said _piston part and said cylinder part. |n a further aspect the

i nventi on codBastill furtheraspacidhe inveatiopponsistcimaisprps @aticady spied forand a

cylinder. liner within,said cyl.inder and_.havin bore therethgouygh ,and

opent ng UmER RreSSRre) Ry e Akt Bf st TS DO Smacuts mnt f B APaT,

'C'y lnieﬁaer%ﬂ& At 18N5AO KR d R0 BRI AHEink F52 &R lreiAt tB!aeeBnd Boly 28 pistable
15 relative to said first body, and a 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.

20 In a further aspect the invention may broadly be said to consist in a 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;
25 a cylinder part including head, a cylinder and a cylinder liner within said cylinder
and having a bore therethrough and openings through said cylinder liner into said bore,
a piston part,
a linear motor configured to operate between said piston part and said cylinder
part,
30 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, 30 a main spring connecting between said cylinder part and said _
pi ston masoy/Pagh operating in the direction of reciprocaPCHNZeF2 d pi st on
part relative to said cylinder WO 01/ 29444 PCT/ NZ00O/ 00202 -4- part, said
piston part including a radially conpliant but axially stiff Iinkage and a
pi st on, Qltd | i nkage connecting between said piston and said main spring,
said piston? noving within said bore of said cylinder liner, 5 a gas
bearing mani f ghid gigrw patt inclndingi o/ eadialiy poinpliaht basasialipstiftiskageognd ai d
conpressor, and gas bearing passages forned between said cy|inder, and said
cyl i nder pistomyrsaidhlinkage eanmevting hereeenysaid pisten awdh Faid|mainspringy said peen

| eading to said .gpeninhgs through th |1 of said cylinder liner. 10 To

t hose skirodBgwithipsa °rf’(9f\%‘%c,°rythﬂ‘ﬁ€‘ﬁﬁ%ntion rel ates, many changes in
construction and wdel i fd er] ' | |

vt on w1 B2 Yshng ninitefl pBBRRLATER SuBG BB SRS MY
i nvent i O@oﬂrzar btigd i n the appended clainms. The disclosures and the _
description erein are purely illustrative and are not intended to be in
any sense | i nigaé bearinighpA3Riges faimtedrbdtwe sl cylirdarmdisadinger Enar which
cross-section of a |inear conpressor, according.to the '

) | . present _invention,
Fi gure 2receive gases frorawaist manypld; saidapessages leading é%ﬁ?lﬂgone&n&%éf?%ile@?
conpressor .. 20 of F.gure.l, Figure 3 is a plan view of an alternative
enbodi neﬁYall)‘PPﬁ‘néc}dé\qﬁlﬂergmng for the linear conpressor of Figure 1,
Fi e 4is a-pe i ' e veftienliraRids, @hartyh €hdfiied iBPri ng
of gi.q he corrprgg)sgir:ogggérm]l!%xé Sﬂ&ltahzl% g?%rgfegﬁi s a pgrspesct i v?vi%_igvg of the
mai N spr icaAstAfctiondiHdewiddly diffaingémbodiaienteandiapplidations of the 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.
15 .
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 plan view of a main spring for the linear compressor
20 of Figure 1,
| Figure 3 is a plan view of an alternative embodiment of the main spring for the
linear compressor of Figure 1,
Figure 4 is a perspective view of a preferred embodiment of the main spring of
the compressor for Figure 1, |
25 | Figure 5 is a perspective view of the main spring of Figure 5 from an alternative
direction,
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 another preferred

30 form of the present invention.



Figure 6 is a perspective view of a cylinder |iner according to one
pref er iaslofrsyagy of the present invention, and Figure 7 ipeTeNZmOMUGIRCtI Ve
view of a cylinder liner according to_another preferred 30 formof the
present invention. |11l WO 01129444 PCI/ NZOQ 00202 -5- DETAI LED

DESCRI P | ment of the invention, shown in Figure 1,

I nvol veb@lﬂmﬁe‘?ﬁémgml near notor connected to a reciprocating free
pi ston conpr e §hhetical EMBYGmKIRT of theS ieitRidn, Ghoh #n BiLLRAQ! ifiP6Ives 44 and
by a di schargeﬁjt}u e 18 vvlt%l nb (t)he cérrpressor shel | BO@The piston 11 is
support ?@nﬂ&ﬂ&xﬁﬂﬂgﬁﬁl linkar hor ognifeatatetd dyeciploeating ifredepistonrconmpressart s

Spl’l ng via the spring nmount 25. A main spri ‘gb15 connects_ between the

pi st on decylindand ia suproytecieies cpinderspringel 4 anhby peliqheegeibineg fuvbiven:
or ol PP %w@ﬁﬁgﬁ 0% 1} FispBegfe Rl b oo BEing oY o 10
SUCt Ion tﬂé’&}z‘h @%’lﬁ@ t1t'S1 séfiiﬁé 'l? WlMefJﬁp%ggﬂo@r&dZSt 0 B ésﬁql%ﬁ bOfneL ve

ort 24°1n 0 a co SSI on space conpr essed
gas therbehﬁ@étﬁ@ne Part Bl ghd Hpcydmaeppie RN OoThe total feBiptbtafifpemovement
di schar ge rruffletrﬂﬂglg and exits th}quughba di schar ge t&ge 18." The cyli nder
9is su;iqoﬂretzmﬂnbfthmodemhaoﬁﬂletmmnﬂa anditheroylinger 8ider  spri ng 14 15
whi ch have a cqonbi ned stiffness, linder', in the axial direction. The

pi st on 11 .smﬁmme@n&moapwnb %gmartm@g%a?wqmu edgt ided

spifry chEh pfcf Abueh 3 etidh of %‘ﬁa?b“eé% M AR EFRg 2 UL, b
esti mat %]Jer% éf‘?lr{t@aaédrﬂﬁbesi‘ioﬂ'@.?% ébegﬁng 'tl'ihn Ravis g on*M

cylinder 20 Wiere piston’ cylin are the's ses of the piston and

cyl i ndera dischargs valve port 235 iabilonctd ih@ didchirgt &ﬁﬁfﬂdﬁd@ tahd exitsitheightenni ng
frequency to allow for the increase in frequency due fo the stiffness of
t he comsii/ wbe 1& he cylinder springs 14 and 18, and

The cylinder 9 is supported by the discharge tube 18 and the cylinder spring 14

15 which have a combined stiffness, in the axial direction. The piston 11 is

cylinders
supported radially by gas bearings which will be described later. To get resonant
oscillation of the piston and cylinder the main spring has a stiffness, ;;,, such that the

resonant frequency, f,, can be estimated from the relation,
1 m +m
_ k piston cylinder
f;l - 2 ‘s | “main®
._')T mpu'ton‘mcylindcr

20 WHhere ;o0 cyiinger are the sprung masses of the piston and cylinder springs, f, 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 cylinder springs 14 and 18, and
piston spring 13. The stiffness of the piston spring ;,, is then selected according to the
relationship

25

k = k m piston
piston " cylinder
cylinder

The spring forces are transferred to the piston via the rod end 25 and the radially



pi ston spring 13. The stiffness of the piston spring piston is then

sel ect swb ewa9asddi ng to the relationship 25 npiston pi sSPGHNZMER2Zider X -

ncylinder The spring forces are transfgrred to the piston via the rod end

25 and the radially WO 01/ 29444 -- PCT/NzZOQO 00202 ' -6 conpliant piston

rod 24, %ﬁtgi ! f%q‘% %@ﬁfsf&fmmtdlé‘cﬁcﬁﬁ@&tﬁrf@réds%§ ansffreiqo the
I ston

pi st on VI a dnge-7, fromthe bi-polar magnets 22. These are

bonded tig plemfth}iqusmct‘langetjq drqm sheobi-polan geaghets-22Th & heserpredsaied tot or -
conprises a two part stator 5,6 and an armature 22.-The 5 magnetic

[ nteracteadnoﬂnferanétcsﬂmmstoa MCV armature 22 generat es-reciprocating force
on - - the piston 11 atta hed to.the armt
OSCI |l ating ?@FFQH}PI? ogg}q%r@%eﬁatﬁ/&p @E@?P? 85%&5@PH§{QZEPF| gi ve

prOV| degm#gﬁéosmaﬁ] IErBon fret(qnlcjg’h6 Qﬁd Qﬁ‘ﬁ'jltﬁfé 221§m_ rmcéi‘é'c f&c&ﬁﬁg forté pger 9

al - -resonant

frequenqyeﬁgtdnhpl(aﬁgé}jyatgqhe &ﬁnﬁmgépgrﬂaﬁ es)osm |1 atl ng force creates a

reaction force on the stator parts us the stator 6 nmust be rigidly
aftached to tAreoscillatingsourénbin cailsekand 2, Btbirnewlcssanly sinuspidap wilkgive riseThe -

??TSI 'Sg%i;‘.sgaﬁg;&m&ngg}eagmg}&; B R irRladye Rothes Wipden SrREERS PR
e 15osHHRRER BihEoed iF Tsel oy RRIIRRSGIE, fodiehlly okl or
coppr es%gﬁﬁﬁ'xheﬂns lla't tf?)?cé’éx%ﬁ%@ta teA¢R6A IfBfte dn the SARR tTtais thbe--mai n

spring as a stl nes -- - h greater than the sti fness of the

ef fecti yatend inneebe fipidlyattactied tyofthé eglindet Dby aghésive, shrinkThti or clampieta pri ng”
rai ses the "second" node freque above the "thjrd" so that the- "gas
spri ng" Thiedackitop E@!mnmcbgrbmqq%@éheﬂﬂ&ft}éﬁﬂmey-f urther:- - -7720 The -

compli cat o RBeSERONTBIE hd e Qagpe Sre Poie snd B AR e, BEeso™ 2
StiTFnC3edd mb MlativBly WOk SREt Hior E{mﬁgﬁ& cBhtdrtdlc vARFHEInResRioRIThE. Al SO

when th arge pressure 1S e stitfness of the conpressed gas
“Mupt - be eafiftecbrhPrebéiitaseémblieis ﬂienneﬁwlly\saaled-hmieethe cotipredsoe sheil Bdder

spring auite h? thetz pgess%ﬁt mw;e?mgn Sl';[ isf;rr(;]e)g:edl’{h%l??heoznagr? gplqg!g 15 has a stiffness
much greater than the stiffness of the effective cylinder spring, and of the'piston spring.
This “main spring” raises the “second” mode frequency above the “third” so that the
“gas spring” then only separates the modal frequencies further.
20 The actual running frequency (the “second” mode frequency) is determined by
a complicated relation of the mass of piston and cylinder and by the stiffness of the -
piston spring, cylinder spring, and main spring 15. Also when the discharge pressure
is.high the 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

25 spring) the running frequency is found reasonably accurately by:

1 k ) pman tm cyh'nder —
f rlmning 2 ( atn gn.v T
piston® cyllndcr

External vibration due to sources other than from the.fundamental due to -

piston/cylinder movement can be almost eliminated by reducing the oscillating mass



25 spring) the running frequency is found reasonably accurat e‘{@/ by: 1k
npi st owere9dnder Jrrnning_ R stain+gas)- 2.7c. k npPGIYRO oé‘lﬂyi nder
External vibration due to sources othgr. than fromthe- fundanental due to -
-- piston/cylinder novenent--can be al nost elim natied by reducing the

osci | | ajj 'y BRsTing thatihe Dldted 44d cHliddiebiehfORR delativeBNébR Y TRO St g dfhat
the piston and cylinder springs are relatively soft. The stiffness of the
cyl i ndethesqylindgr spring ean be wedutetidoa minimumblyyhaving ng cytindet spring atsglh,i ng at
all, and usjing the inherent stiffness (fraomaround 1000 N m of th

di schar gad usmg the inkgrentyidiness (Fom reynd JOOON/myselithehschargs ng’?sl %éeorbot h

di schar and cooeling,tube are.5 I ned . e 200QN/ m .  This.ihe s that
the sti g’&‘ﬁé%? ‘Eﬂo(f'tnlge Fs‘[solﬁegptpfz r%%ﬁ%ﬁ Q%eboeth:(ﬁﬁ%?%g% rﬁmil ‘“g @l[bgﬁ%%l .
cylsi ndegoMbine i A e Etifiledd TR | gl bes a
verky so??lwgilr%taéﬁgg%@ﬁ/nlg) %%@8@%6‘8%%@%0 l@?‘? Forpt e so regsor to
resonate at roughly 75Hz, a piston nmass of around 100g 10 and a ten to one
cylinder to piston mass ratio, jhe m,pfdo@g (main) needs to be about
20000Nm Typically the val ue o”"l’heng,%?"spri ng will be lower than that of
the main spring but not substantially Tower. In the above case the running
frequency m ght be expected to be 99Hz where the gas spring (kgas) of
approxi mately 15000N'm The piston 11 is supported radially within the

cyl i ndewhigh seforst tehito opascyhinder togpistonlfmadhmtioygivasarveppisoftqgiistohepring
conpressor includes the cylinder 9 having a bore therethrough and a

cyli ndefappreed 09 4o ¢PVAYMk he bore. The cylinder liner 10 may be nade from
a suitable terpial to reduce piston wea Loexanple it be .f d
froma fibrEoF s rmBiaten oo e ARl (in 28Mamsts PTodfddt08o: ced
NYIoON Wit o 1834 PTRE cy kil B 8 xAfsphing 1 kelifif Bekbout
I?Jllbri catlfl%ga grﬁcg%-tgg}/ ?‘gs glﬂ;%ﬁ?l?%& Irgﬁde’st.B %ﬁRePerg{tﬁﬁ" = gur es ®and 7
t he cyl ROO@ONIMNeTypiCalhatheopsdine 0f theddast speingt Wilbbgllower than that of the main

‘'spring but not substantially lower. In the above case the running frequency might be

expected to be 99Hz where the gas spring (k

gas

) of approximately 15000N/m.
The piston 11 is supported radially within the cylinder by aerostatic gas bearings.
15 The cylinder part of the compressor includes the cylinder 9 having a 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. 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.
20 Referring to Figures 6 and 7 the cylinder liner 10 has openings 31 therethrough,
extending from the outside cylindrical surface 70 thereof to the 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
25 supply manifold 16, which is formed as an annular chamber around the cylinder liner
10 at the 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 20 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



extending fromthe outside cylindrical surface 70 thereof to the internal

bore 71wdermass The piston 11 travels in the internal pormzédoozend t hese
openings 31 formthe gas bearings. A sgipply of conpressed gas is supplied
to the openings 31 by a series of gas earing passages 8. The gas bearing

passages RER:: ' nds to a gas bearing 25 supply manifold 16,
whi ch iscggr r?guugéogﬁ%aéﬁ]s%éaarghé'anber around the cylinder liner 10 at the

head end t her qiie gaglbeReng pissages B hrclformad as Bfocsik BO@R1819n efther fhirsbdiedni ng
supply manifold 16 is in turn supplied by the conpressed gas manifold 20 of
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or the cylinder"liner to formenclosed 5 passages 8 |eading to the openings
31. It wihd cyimdappartheinie dn ahautestsulface bether thanan innauduifdee. Beang dbid ton
either part they are nore readily fornmed in the liner part than in _the

cyl i nder masghine thej grgoyes o guiusface wifoneorrotherpart n@theraﬁxanrhmngm dal or
Being able to nmachine.th rooves.into a surface of one or other part
Cather t HOFF RESRRRS 154 Siemificany manifachire mproveiment's; gni'f i cant

t . . t ; . . .
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gap between the piston 11 and the cylinder liner bore '71 (for an
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8 so that the sectional area can also be increased. Taking the earlier examples the
dimensions might become 70 microns deep by 200 microns wide. This takes advantage
20 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 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 from
the gas bearing supply manifold and the respective gas bearing forming openings. Two
25 possible options are depicted in Figures 6 and 7, being helical paths 80 and serpentine
paths 81 respectively. The lengths of the respective paths are chosen in accordance with
the preferred 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,
30 and consequently higher stresses in the springs. Thus it is important for compressor

longevity that the highest quality spring material be used. In the conventional linear
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strength, ,lp Figure 3.the spring 59 includes a pair of nounting points

60, 61 fg}ghrﬁ&gf‘gﬁéength-

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

20 mounting to the other compressor part (the piston part). 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 tangentially

at the piston mounting point 62. Each section curves smoothly at its other end 65,66 to

be radially aligned 67,68 at the cylinder mounting point. This sharper curve 65,66 is

25 preferably selected to maintain a substantially even stress distribution along the
transition. The alignment of the cylinder mounting ends 67,68 preferably aligns them

with the line between the cylinder mounting points 60,61. To get the best performance

for the overall space occupied by the spring, the constant curvature sections 63,64 of the

spring 59 are as long as possible. Consequently they extend for approximately 325

30 degrees from the piston mounting point 62, before curving more sharply to the cylinder

mounting point 60 or 61 respectively. This configuration allows the spring sections to



to one of the conpressor parts (the cylinder part) and a central nounting
poi nt 6%‘,6%4@ mounting to the other conpressor part (pEPNRbGéReR Part).
The spring I ncl udes a pair of curveq sections 63, 64 of substantially
constant radius of curvature which aré184ach centred on a respective
cylinder nmounting point 60,61. These sections neet tangeniiall at .t.he
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approxi mately 3 30 degrees fr t he pistaon.mountin int 6 .
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along the spring arm Tt should be noted that this spring configuration

has been tipastapédaplate apgproacipeHofvever (subjeuo tatimitations imisomefrapreecbmapleroach

rat her than _ . ) i
embodiments referred to below) springs of this geometric form could also be

manufactured using the stamped plate method, but some of the advantages (eg: that the
20 constant stresses are particular suitable with the wire which is of constant cross section)
would not be realised.

It should be appreciated that variations on this spring are also possible without
departing from the scope of the invention. On particular, if the spring is formed so that
the spring arm is perpendicular to the line between the compressor mountings at the

25 compressor mounting then the arm can continue to form an equivalent (although
mirrored) loop, below or above the first loop, back to the other compressor mounting.
That loop would of course have a second piston connection point below or above the
first. At the other compressor connection point the ends can meet, or alternatively this
second loop may be continued through the connection point to form a third loop, below

30 (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
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necessaijy to hieve a required spring constant. Clearly this is a planar
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features of the spring of" Figure 3 and therefore where simlar features
ar e appai@nitinghte tiecother eimpressoe partnfor ekamipbo/the pisten pat ¢his fibtherineowpmigng 15
has a pair of free ends for nounting to one of the conpressor parts, for
exanpl ePOHY. cyl i nder part. The spring 15 has a further nounting point for
nounting to e ot.her. .conpr.essor. part, for exa t i ston.part this
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635 64 fdiyBBLAVhARL WhidPERhPaks around the 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. This sharper curve 65, 66
is selected to maintain a substantially even stress distribution along the transition. The
20 spring 15 of Figures 4 and 5 improves on the spring 59 of Figure 3 in that the constant
curvature sections 63, 64 of the spring 15 may be rendered of any length. In the example
depicted they are each of approximately 360° in length.
In the manner depicted in Figures 4 and 5 the mounting points 60, 61 of spring
15 are at the upper side thereof. The central mounting point 62 is at the lower side
25 thereof. The constant curved sections 63, 64 each curve smoothly at their lower ends
to be radially aligned and continuous with one another across a diameter of the general
circle of the spring at the mounting point 62. The alignment of this diameter is
substantially perpendicular to the alignment of the ends 67, 68 at the cylinder part
mounting points 60, 61.
30 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. Being constant radius



15 radius of curvature which each pass around the respective nounting end.
Each of widnesmasscur ved sections extends over a |ength of BEHN&NWaZe(y 360.
Each section curves snmoothly at both.gj_its ends. At the ends 65, 66 they
curve such that t he Iengths 67, 68 of themat the cylinder nounting ends

are radi ﬂ'lql Jgséag §ecﬁ5ﬁé’ 63 54 ardalsd subsedrtialgconstaml Thai n a
y even Str Istr

substantia utlon along the transition. The 20 spring

15 of Fi %Hlﬁpoﬂsm&nﬁall?ﬁé@hbdlrmdﬂ\a the K:yhgd&&noﬁnﬁng seatichsi6Y, bRandtate
constant curvature sections 63,164 of the spring e rendered of any

| engt h. the pistenaneunging pqiaqcﬁz:teddcctmw tarseoneelmseif atatb?; P ARPUNtHIgENds

| ength. In_the manner depi.cted.in Ei.gures 4 an t.s .60,
61 of spandgtthespigton mounting peint and;i ’8’@“?‘?&'&8?“ 1%8%]@’&%3 ?r%ltjogp{)%gtﬁpm nt
62 is at t eof . The constant curved sections 63, 64
each cur §&* Eqﬁﬁﬁ%ﬁgéigﬁﬁ?R§$°ﬁP§§er ends to be radially aligned and
continuous with one another across a dianeter of the general circle of the
spring at the nounting point 62. The alignment of this dianeter is
substantially perpendicular to the alignment of the ends 67, 68 at the
cylinder part nounting points 60, 61. 30 The constant radius curve 63, 64
are placed in torsion by the displacenent of the piston nounting point 62
relative to the mounting points 60, 61. Being constant radius WO 01/29444
PCT/ Nz0O/ 00202 ~-12 the torsion stress along each of the sections 63, 64
are also substantially constant. The radial or substantially radial
direction at the cylinder nounting sections 67, 68 and at the piston
nmounting point 62 reduces any torsion stresses at the cylinder nounting
ends and at the piston nmounting point and inproves nmounting of the spring
15 to both the 5 cylinder parts and the piston part. WO 01/ 29444

PCT/ NZOO' 00202 -13- CLAIMS: 1. A spring (particularly suited for |inear
conpressors) having at least a pair of first nounting points for
securenent of said spring to a first body, and at |east one second 5
mounting point for securenent to a second body reciprocable relative to
said first body, and a spring arm spanning a path between said first
nmounting points by way of said



second nmounting point, at least a first section having a curve around one
sai d f WGe12944sunt i ng poi nt and a second section havi ng ECENZPYOROBund

anot her said first nounting point, sda3d first section and said second
section neeting between said first nmounting 10 points at said second
mount i NACRATMS: 2. A spring as clained in claiml wherein there are two
said first nounting points. 3. Aspring as clainmed in either claiml or
claim?2 wherein said spring armincludes .15 a section, at each said f rst
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extends for greater than 90 degrees about’its respective centre. -25°6. A
spring amdcd sprimgl afm sphaningt pithrsstween saidr filso hiowitingapaintsi by wagnaf saéd ond
sections extends for greater than 270 degrees _about its respective centre.
7. A spreagndisnaumdingepoint, af| lgash & lingicscetion bavingos cymee around: enesaidaligt 1 i r st
and second secti.ops extend for .appraximately 135.degpees .qr. 315 degr ees
about | (BOUTEE pRIBER] ¢ secandRtoR Revins S4urv arouRd APather Ry s mgunting
respecti ' | e | ' I ng
por nt 1 G0t Sat SRRt AR Bid UE KA et amB R bt Y TRy A
L1011 1 1ddihts alVssid\Wecedd Mnggaiﬁgom 00202 -14 wth the line connecting
said first nounting points and at the end thereof |leading to said second
mounti ng point said section neets the other of said first and second
sections_in |ine therewith., 5 8 A spring as clained i.n any one of. clains
1 to 7 wher eif SBHNE as Glaimgdin Clajigy Lwherei regrerBior S2id fiRSt SRGHNTHE RRIBIS: on of
180 degrees. 9. A spring as clainmed in claim1l wherein said first nounting
points lie in a first plain, said first and second sections of said spring

arm i nclzide. fAKpfingAslcRAREAth &EHEE tRAKh 1 or claim 2 wherein said spring arm includes

15 a section, at each said first mounting point, extending substantially radially from the

mounting point.

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

20 points.

5. A spring as claimed in any one of claims 1 to 4 wherein one or both of said first

and second sections extends for greater than 90 degrees about its respective centre.

25 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 centre.

7. A spring as claimed in claim 5 wherein each of one or both of said first and
second sections extend for approximately 135 degrees or 315 degrees about its
30 respective centre before, at the end leading to the respective said mounting point

curving more sharply toward said mounting point to, at said mounting point, be in line

I



10 curvature helical sections, and said second nounting point lies on a
subst antwe@bis4s4 r ai ght di ametrical section of said spri nBCRNZONM26
connects between said first and seconqgbelical sections and lies in a
second plain at |east substantially parallel to said first plain. 15 10. A
Spring asy;@ {%gﬁ@ cofin&dtiigBafll AREHRIuALRS Pofiits £id &l the Bn@khérdbLleading g ssact i on
in said second plain 1s perpendicular™to the orientation of a |I'ne between
sai d fir stcondnuchntig peintéaid sedionanekets thesothpt ef said first and sevead sectignsdsasor
having a piston part and a cylinder part reciprocal relative 20 to one
anot her , linadherewith. ng as claimed in any one of clains | to 8, said main
spring connecting between said piston part and said cylinder part. 12. A

| i near conpressor as clainmed in claiml1l wherein said first nounting points
of ai dgspri £ C D 0 i Cxki {; | & PicSEap Rart
IS csgnnec&? ed ?g Sggﬁg Qggﬁg%lglgn{él a ch}edxg gg%ﬁ{ I?rgttr?nt’]i ﬁggf)cg?nét&d)lsghﬁg 1Ilgi near
CONpr ess gptafidnsliysyMehdtric eirbligh aGbeution ofr80cdegireéss? wherein said  nounting
of said piston part to said spring includes a relatively flexible nounting
surrounding or encircling said spring armat said second nounting point. 30
14. A linear conpressor_incluydipg: 1111111 111111 ~~I1) 101 LI PRl 1T* L
14 WD 01929444\ pprimgzs oladwed an cfaigll ¥ mﬁa@ IFsh mpounting RQIgEs g jn a hE\Stmai n
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for operation between said Cylinder part and said piston part, a cylinder
part sprisigightdivmewicakbsdctiong dfahidksprimpanan wHichndenngrds bewatnsaidifirst and

second helical sections and lies in a second plain at least substantiaily parallel to said

first plain.

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

mounting points and said first plain.

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

25 spring at said second mounting point.

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 point.

30

14. A linear compressor including:

UL



10 housing part and operating in said direction of reciprocation, and a

pi st onvagbineasy i Ng neans connecting between sai d pi st on ppamNzosoekesai d
housing and operating elastically in,gaid direction of reciprocation, said
pi ston part spring nmeans having a spring constant which is the product of
the fraction of ;s iﬁ lston part mass to said cylinder part nmass and the
ef fective Splai‘ﬁam@S Bt of said cylinder part spring 15 nmeans acting in
said directi igg‘on:ﬁg.[’procat ion. 15. A linear conpressor as clained in
claim14 wherein any said connections from said-cylinder part to said
housi ng are e main spfihy cosfevtingbetween saidecylider pattoarithyaid paston|pazisand n
conbi nation, a predictable and |ow stiffness. 20 16. A |linear conpressor as
cl ai med dperasing ¥n the direstienofsaciprecaticamfissitkpistorppars selative sx Brid<ylingeniui t
ca[éyi ng conpressed refrigerant from said conpressor out of said sealed
housi ng, L | quid refrigerant return tube carrying liquid refrigerant to
said cyli ndedrS dh ﬁgoutsi de of said seal ed housing and any electri cal
connections to e >ator of said linear electric notor. 17. a linear
conpressor i ndinédt Blctrit xﬁmdrraﬁ_@ﬁge@fdr opefdtiof bedwbenshid %yﬁﬂdér%@ﬁaﬂrﬁi@
cylinder liner within said cylinder and having a bore therethrough and
openi ngpistongagh said cylinder liner into said bore, 30 a piston part, a

| i near notor configured to operate between said piston part and said,
cylinder 11114 Pyleyfgq! Rart gpring means. conrecting ketyygen15axd gyhnderrpaw godseih2

-16; pant, a main spring.connecting bet n.said cylinder part and said .
pi gq olr[: mﬁrﬁfrp Pﬁ?llgﬂag it s?lﬁe(ﬁﬁc lge}tﬂﬁﬁmgfoclﬁ@@%p?%‘gat I on of said piston
part relatived; ' ol d . | | A b SNk

radi al ly corrg\llhgrrﬁ)%1 %%Et?sg%& ﬁ@jg/ﬁ ss‘t:@ﬁ&??ékg?gé gﬁéﬁa}ﬂ E'%’.B taon, saalitgh?%#%age
connect iand dpetatiagrel asticdllpirssaid dxveticibofrebiprocation] siid pitoripat sprimg migaks Ng

W thin said bore of said cylinder |iner, ) o
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

15 means acting in said direction of reciprocation.

'15. A linear compressor as claimed in claim 14 wherein any said 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.

20
16. A linear compressor as claimed in claim 15 wherein said connections comprise
an exhaust conduit carrying compressed refrigerant from said compressor out of said
sealed housing, a liquid refrigerant return tube carrying liquid refrigerant to said
cylinder part from outside of said sealed housing and any electrical connections to the

25 stator of said linear electric motor.

17.  alinear compressor including:
a cylinder part including head, a cylinder and a cylinder liner within said cylinder
and having a bore therethrough and openings through said cylinder liner into said bore,
30 a piston part,

a linear motor configured to operate between said piston part and said cylinder

Ly



a gas bearing manifold adapted to receive a supply of gases conpressed by
said coppppsaef . 10 gas bearing passages formed bet weenp&pingosddbnder and
said cylinder Iiner which receive gas fromsaid nani fold, said passages
| eadi ng to sai d openings through the "Wall of said cylinder liner. 18. A

| i near conpressor as clainmed i.n.claim17 wherein said gas bearing passages
15 have ®¥'%ength and sectional area such that the pressure drop in the

passages is sijl . t it sl . i :
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large to enabl e easy manufacture, and the 20 length of said passages is
set in agaohdance with the required pressure drop and the said sectional
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a gas bearing manifold adapted to receive a supply of gases compressed by said

compressor,

10 gas bearing passages formed between said cylinder and said cylinder liner which
receive gases from said manifold, said passages leading to said openings through the

wall of said cylinder liner .

18. A linear compressor as claimed in claim 17 wherein said gas bearing passages
15 have a length and sectional area such that the pressure drop in the passages is similar

to that of the exit flow between the piston and cylinder liner walls.

19. A linear compressor as claimed in either claim 17 or claim 18 wherein the
sectional area of said passages is sufficiently large to enable easy manufacture, and the
20 length of said passages is set in accordance with the required pressure drop and the said

sectional area, said passages taking a tortuous path as necessary.

20. A linear compressor as claimed in any one of claims 17 to 19 wherein the
passages have a helical or serpentine configuration such that the length of said passages

25 is greater than the distance from said manifold to said openings.
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