WD 2004/ 106737 PCT/ Nz2004/ 000108 -1 " COVPRESSOR | MPROVEMENTS" BACKGROUND
TO THE I NVENTION Field of the Invention 5 The present invention relates to a
| inear or free piston conpressor, particularly but not solely for use in
refrigerators. SUMVARY OF THE PRI OR ART The inventions disclosed in the
present apphiccmbdmsrsrel ate to |inear conpressors and freemnkShoBbdidan

machi nes. There are nunerous exanpl es of _linear conpressors and free piston
machines in the prior art. A recent exanple is described in our

i nternational publication WrOMBoRESOR IMPROCEMENTSEL 1 ON conpressor i s
described in that publication. The conpressor includes a piston assenbly
reci procal wthin a cylinder assenbly. The piston assenbly and cyli nder
assenbl y aﬁcﬁéﬁ@ﬁ?ﬂﬁ%&i‘n@:ﬂﬁf%&“g at atail end of each assenbly. A

| i near electric notor has a stator positi oned between the cylinder and

t he mai n shidld of thednemtianmat ure positi oned between the piston and the nmain
spring (on a coppecting. piston rod). The |inear electric nmotor is energised
to drive the c H?)P@%?g?”eﬁquoﬁ r?lgt%{?a%leneprr%r RSO OMRLERPTY Eﬂlft.‘cu’l'?{g’ RIS AT essor
i s adapt ed sfiefy 161 dse id RBigeRBRE ati on, with gas bearings operating between the
pi ston and cylinder walls and supplied wwth a conpressed refrigerant from
the cylinder head. The disclosure of WO 02/35093 is incorporated 20 herein
by ref eren%hgm%Qbﬁﬁiwﬂlgﬁg@& the beginning of the detailed description
of the presen appl1cation to place the present inventions in their
preferred cont eXhe inkenipuedisclesey irothe presenpappdieationirelute nd limsasconipeesadrs and free

appl i cg?}l e in ot hﬁr C ressor conf %'gér attjl_ons. Qur i nternational .

publ i cadli oRis{RB BAPEEH 4HEGATGRUBC QY FSPRRICH RGP RTESIOrATd Wi Pistop machines
lifnear el eGf feGriBPA@r AirsceRf &¥ingRAs 8QBSRALIA bEEhlevnaribid) phfIR kS 0BIHd03.
cylinder. In many other respects that conpressor is simlar to the

conpr essor Qui refyizqation camorssoys dssosipel g4t pehdisptipne d he cgnmeisoRadiedes pistanl so

descri bes i - iLnear U$y i : i near
o actr o mapsiblyrbiRSal yAEH GARRE Ea8RtL. ThdfBEReRRl WS ASh G e 1
range of otchmrected bphingiim sringata i end bf cacB Bsstiblf, A8e3Sdectdswbynba a tatdiG

El ectroni cs |.nc escri hes i near, conpressor ,where the .|.inear electric
rotor | 13 oipetliaied YERER At o ter PR e R A RO A SRS ol tefeen tie

| ubri cat i Onjdich and iR\ AELEpring {(dHES cohRRAnGFsStoNRAY.| THE SineddSledtrid bt Heneaied @ned to

Sawafuji Electric Conpany Limted, describes a |inear WO 20041106737
PCT/ NZ2004/d5ge thggompressor at a resonant frequency as required. The compressor is adapted for oil free

operation, with gas bearings operating between the piston and cylinder walls and supplied with a
compressed refrigerant from the cylinder head. The disclosure of WO 02/35093 is incorporated
20 herein by reference, and is summarised at the beginning of the detailed description of the present
application to place the present inventions in their preferred context.
( However many of the present inventions are also applicable in other compressor
configurations.
Our international publication WO 01/29444 shows a compressor configuration where the
25  linear electric motor is provided concentrically with the piston and cylinder. In many other
respects that compressor is similar to the compressor in WO 02/35093. US 5,525,845, assigned
to Sun Power Inc also describes an oil free linear compressor using gas bearings where the linear
electric motor is provided concentric with the piston and cylinder, and a range of other
configurations as well.
30 US 6,089,352, assigned to LG Electronics Inc, describes a linear compressor where the
linear electric motor is provided concentrically with the piston and cylinder. OQil lubrtication is
provided rather than gas bearings.

US 4,416,594, assigned to Sawafwji Electric Company Limited, describes a linear



-2 conpressor which uses oil lubrication. The armature of the |inear
electric notor surrounds the stator. A suction valve is provided in the

pi ston head so that refrigerant for conpression enters the conpression
space through the piston rather than through the cylinder head. O her

exanpl es Wi Bkl doftgh ude suction through the piston headCaNe2gHedsi n WO

00/ 32934, assigned to 5 Matsushita Refgigeration Conpany and US 3, 143, 281,
by HDblz. Al of the above are exanpl es of resonant conpressors including a
spring bet wegfiressor whish ases PaTEbrizAEbnA Th kinh@@t oPRE lineal Biebtrid Mok GBHRINS the
typical of linear conpressors for refrigerant conpression such as m ght be
used in anS@ioF A AR VAIE s REpVidesiia dhei nistefisad shibat retmigerapt foF ¢ampression epte§ear

COMDY SSOr 9 A, oAU bR OL IR S 10uMAL P EERD ARPLRSIAQN.

Typical ly se conpressors are used in ing-cycle cryogenic-cool ers
wher e t he méiichi pelundansugims thouglalthee prtwh diegd conphioess ad W A0S2HR dedgwidt thi n t he
sane | ocgal US 5,146, 124 d Us 4 4 of,h..assigned to Helix

Technol gy%?“éﬁfaa}%ﬁ ?fﬁgP?]W@ﬁégﬁ%?ggi%%hgﬂﬁﬂﬁh arrangement. SUMVARY
OF THE | NVENTI ONitle7 thd alioSe afe sXaim@leb obfesélaft gn@Hehbrs iftneiid £5pring befwéh de

i nprovenents to a conpact linear or free piston conpressor which goes sone
way to i npristanmgrtend & edindenngpt. dhis agpnagmprtis (pical oflingapenmppressprs for gefrigerant

i ndustry w 3 ! 1:-hi 10n, } he
clainms "cen ltrﬁ 8‘%% %g%?ﬁg%hfr;%auﬁg?{n% ggngu%{r@g??ls&?%&p%glhwg‘nog{ép%ﬁg t he
menber expéintanompreprdxeea dncgn wbitk dd nohweakeaiss h&arch agpieg ¢cameqiph. Edpicadly
betvveeg its ends, but the ord'[en a}.i on of the ends is éi cFJi dI}/ mai nt ai ned. For
a menbel, HEP GAMGSSIR, 1B YEed Pratd oy Ll FREBRICCORTS WaPF ithiy e firrach el

u gl form ber&ﬂkrﬂﬂelgfcbrfnf)ﬁ%‘é& akdEéxpaile@ MGthint Be $a81R06dale. WUSSS, cRNbuan®bsherdizsg wil |
be the m dpoint between rotation resisting end supports. This will also be
the case f dpthissigneddo Hekix heahpelgewuCoraprationy asstbothf sramples pbguch an eyamgeraentc about
the mdpoint. I.n a first aspect the present invention nay broadly be said to
consist in, in a linear 25 conpressor having a piston reciprocating in a
cylinder, tSUBMMARYOF THEUNVENEOMuUtward wall surface ending at either end

of said_piston at an.an ar_corner, .the i ovenent rising. a region of
cai 4 oudtver d v BAHPRECE RS RY TR PG B R RGPS Ren Y BCUPHAPST QAR ¢ ha
the aver aggsdl QARESE WALNERR s6Rt Gvag Y infii6Vin@BAl ttapridr Rit S WhidhSvill@dagl at a
said corner than the mninmum annul ar average cl earance between said piston
wal | and sarevidsthe mduyey Withchusefphehaissi d 30 regi on of reduced radius at said

corner provides THoE&hd’L‘(@ﬁi%s B&adiSh AR h%i@ﬁxh%eﬂﬁéo@béﬁgﬁza@%ﬁh@gﬁm%ﬁ&n

| eadi ng. Preferably”in operation piston Ing I n sal
| ubri cat ed thypagdion bieelicnis memPereixperaintep ne hemiirmonge whereasteadercats appliad coner

s or eaztoer bte %@n Etsb eencg,ebqllt réo%ler(latgtli&lno evc\:lr?dsz 1% %éé{d})p I?lZi%tZiinlgﬂ ow%%noe(r)n%/elg Qn%ilil%?ng

various types of spring and coil spring, which has uniform bending stiffuess (EI) along its length

the centre of bending will be the midpoint between rotation resisting end supports, This will also
be the case for members exhibiting a bending stiffness that is symmetric about the midpoint.
In a first aspect the present invention may broadly be said to consist in, in a linear
25  compressor having a piston reciprocating in a cylinder, the piston including an outward wall
surface ending at either end of said piston at an annular corner, the improvement comprising;
aregion of said outward wall surface having a reduced radius at said corner, such that the
average clearance between said cylinder and said piston is greater at a said corner than the
minimum annular average clearance between said piston wall and said cylinder; such that said
30 region of reduced radius at said comer provides lift when the piston is moving with said end
surface leading.
Preferably in operation piston sliding in said cylinder is lubricated by gas bearings.

Preferably said average clearance at said comer is greater than the median clearance



-3 between said piston outward wall surface and said cylinder. Preferably a
said region of reduced radius is annular. Preferably in a said annul ar
region said average clearance is between 0.1 and 4 tines the said mninmm
annul ar average clearance for the nmagjority of said piston wall surface. Mst
5 preferablyoinspeedt d annul ar regi on said average cl eagengobSoobsween 0. 25
and 2 tines the said mninmum annul ar average clearance for the nmgjority of
said piston wall surface. Preferably a~sai d annul ar region extends axially
al ong said istonﬂﬁut war d wal, | ]iur}ace or ?(g;rstance bet ween 500 and 2000
times said FROYGeRSR RisiRm ogwand wpll gurtace and gl ylingstet erably in a said annul ar
regi on sai d redygdtaplyQfsaidirggit SredtRéd @8ius RehAGaeXi NUM at 10 said comer
and m ni num at the edge of said annular region away fromsaid comer, where
sai d annul ar r dgéforabliries spidgmmhlagregion sofh avage gledrapertinbgtuesndl. | anshst tiragsdhavi ng
said m nim I c r - Y. Sl

surface of génad?%%g*géoar@%%% gcgeﬁlgagl&d%; é’g‘i %%%%Sbérfe%@ é%"'w}é’ i &gaézlig?h%oashh

sai d cornerpreftfablyina shid mhindar regigeid ivemgpriesramte it Bareedn (25 ad\2 timeahié saide
said to consist in a_ nethod ?f mapuf act urin a,(&i)iston for a gas bearing

| ubri cat ed PIHBYEP apyilasxeags cleatance o e paenty phsaidpisgn PR suficeps of . nmaki ng a

pi ston body i nC|H€¥kﬁgly%@ai99&i’t‘ﬁ’di'%g%'ekteﬁ&brafxﬁtﬂg aloh dafiifod RFw £ @REIT QlraTfor
corrosion, imersing an end of said piston body in‘an electrolyte for

erodi ng sai adistanasdretveam FPO andr208@¢ bmeegpid mpdniyy aphudaaverkgesilearance.cheni cal
reaction), and w thd i .sal | St . nd. f.r sai d electralyvte.
Preferably st epvia(r %fljgmpﬁ\é\%l g%"é@%ﬁ?ﬁ%@ﬁ?‘g?m gt?%ln()f ba%y@ W es’gjebqgé?aé“ lrlr"étagil

| ayer of0 a @@t dophed and findkog 25 the Rdget of said tuval 4 regis BeR, froanshidairkr owkkrodaidai d
piston is imrersed for a tinme and yunder sych conditions that said netal
layer is paHuPdF ¥e$08ﬂeeﬁd¥lt%ﬁ?§%9§wde LB PSR ViaR S Ry FeglEbn of
sai d outwarg,wal kiegehidace. Preferably the total time of imersion of said

pi ston outward surface varies with position along said outward surface from

sai d pi ston end,Prplefahly sgidecateard wall suefpee qfisaidanstemuncludescr sasditegioamtireduced | ess

at | ocati on]s‘,éldliug\mse iclgsaﬁp&%e r region further fromsaid end. Preferably said

time of inmmersion s varited by steadily reciprocating said piston end into
30 and out of sdnd fatiee bspettythepresat thvitioh amuydinchdiyebe daf to epresést @0 sethod of
reci procated ir}to and out of sajd. el ectrgh%éa? In a further as Sgt_ t he

d
present i nvEARYRTNIHAS? PHYGLRY 3 gepReadng lybricte gqmpressor; spdmathag, ¢ essor

having a pigtans With crown and sidewall, reciprocating in a cylinder with a

pi ston rod
making a piston body including an outward wall surface suitable for controlled corrosion,

immersing an end of said piston body in an electrolyte for eroding said outward wall surface (eg:
20 by electrolysis or chemical reaction), and
withdrawing said piston body end from said elecirolyte.

( Preferably step (a) includes making said piston body with a plated metal layer of a certain
thickness on its outward surface, and said end of said piston is immersed for a time and under
such conditions that said metal layer is partially but not completely removed from an annular

25  region of said outward wall surface.

Preferably the total time of immersion of said piston outward surface varies with position
along said outward surface from said piston end, being greatest at said piston end, and
substantially less at locations in said annular region further from said end.

Preferably said time of immersion is varied by steadily reciprocating said piston end into

30 and out of said electrolyte. Said piston end may be repeatedly reciprocated into and out of said
electrolyte.

In a further aspect the present invention may broadly be said to consist in, in a linear

compressor having a piston, with crown and sidewall, reciprocating in a cylinder with a piston rod



WO 2004/ 106737 PCT/ NZ2004/ 000108 -4 connecting said piston to a spring, the
i nprovenent conprising: a connection between said piston rod and said piston
that transmts axial forces directly to said piston crown and | ateral

forces to said piston at an axial |ocation away fromsaid piston crown, and

that al | owswpab@hbamrl flexibility between said piston gngngRbgoopiest on rod
transverse to, 5 and uniformy around, ,the piston reciprocation axis.

Preferably in operation novenent of sai é piston within said cylinder is

| ubri cat ede%‘%}ﬁ%s rr(gﬁlgtlomé? ;E[? a@réfveﬁ?ehp o gig%gll on includes an axially

stiff, Iat 0 I ant en sal nh rod and sai d piston
crown, and a Iatae:nmiechm\v@nmadbmmnmﬂméwdaﬂlsmt}ht Baisﬁllltpilﬂﬁltﬁmcd’sdﬂectlj(@) and

ext endi ng to. the inner rfac he. si devva isto n.axi al
Cacat on’; i mean BRE Pl eE e s ko BFSLE! th Prisidofigh by Brdefpigon,
forces to thewh aﬂ&mamb&@ﬁﬁatﬁhammmy@&@&n%mqgminland sdid Si66H AJAlttdngvadsého,

| ateral |oadi ng nmenber includes a rigid flange fromconnected wth sai d

pi st on rod, andrdifernde anourdy the pisten reeiprosetioparisphery of said flange abutting
sai d inner Surfifpgfsira{élfyzx?b tﬁh%oga'géﬂtgﬁsaw&mgﬂghl s$18 l{nﬁeér ﬁ%ﬁéﬁ%a%ed%y yenent

t here bet ween. sal earing s SMEr venment
by flexing.beAtihgr natively said bearing is slippery, and allows novenent by

sliding. Alternatiyve idlateral ]oadin ncludes aerX|bIe
di aphr agm or sp&z%fgral’éﬂ@ﬁ%&l@%@wﬁ@%ﬁq%@ ly gprapliapt linkhetveergiidice of

sai d pi st on,;shalfodlilsaid pREnRESWM RRY ¥ 1atrat $thg AbRRD EAMUBLH LY SPPREGTSH O
sai d inner surface 20 ternativel y said piston includes a cantilever

menber &kt esndicatynding t9| thyinpergrfacgiofithp sidevwsll ofsrid mistancherr akial dicatiqn inteomediaa

sai d and sai W;gggﬁ r

cg{ntl | ever Ig‘r%tﬁé ]%" ter a "Flgtosal E:lgltr? f e%roﬁhé %%&Salfacagﬁgﬁd lﬁ rfsgélle%all.

| oadi ng nenber Fmeferabmadvhtél’ﬁi lﬁadlﬂi’gémembditafcludﬂi i tigid flasgy frong cdmmtovebwith fidn t hat
transmts | ateral Ioaa;Ls but rm,ts relative rotatjon. 25 Alter atlg ely said

connect i on PISET fRfednd apeaning fixe Emheesaf oo &4 apgehutipsaid inasrspriacs obtaids i g

pi ston cr owgswh kide &afllasd ﬂiovﬁﬂagrela‘?%é GRILAG IRWAfvaal d piston rod, an
extension fromsaid gl ston rod a distal end extending into said piston,

and a j &% nt bet vRyefara bfsatd@amnghwaétmmd arghdligwp movement i lexsngehitdrantivels saih
1T b fppd LS B Gh b | ovn et e rotatiop sbout
sai d joi nt conprAlesatizelyodid laferadl 1azﬁiﬁnyrm|embernmt:lad¢sazi flexibler fiogheginb et weves t he
extending from said piston rod to said inner surface of said piston side wall, the periphery of said
diaphragm being connected to said inner surface.
20 Alternatively said piston includes a cantilever member extending axially from said piston
crown toward said piston rod, said and said lateral loading member transmits lateral loads to said
{ cantilever member.
Preferably said cantilever member and said lateral loading member meet, one within the
other, with a bearing between them that transmits lateral loads but permits relative rotation.
25 Alternatively said connection includes:
a cantilever extending from the inner surface of said piston crown with a distal end
extending toward said piston rod,
an extension from satd piston rod with a distal end extending into said piston, and
a joint between said cantilever and said piston rod extension which transmits axial and
30 lateral ]oad-s, but allows relative rotation about axes transverse to the direction of reciprocation of
the piston.
Preferably said joint comprises a body of elastomeric material interposed between the

distal end of said cantilever and the distal end of said extension, and bonded one face to said



distal end of said cantilever and the distal end of said extension, and
bonded one face to said WO 2004/ 106737 PCT/ NZ2004/ 000108 -5 cantil ever and
anot her face to said extension. Alternatively said joint conprises a ball
joint. In a further aspect the present invention may broadly be said to

c_onsi st in,w6_900@166i7§1,¢ar _conpr essor havi ng a pi st on, Wﬁd’nﬁiz@mmw _
sidewal I, reciprocating in a cylinder vggb api ston rod 5 connecting said

piston to a spring, the inprovenent conprising: an axially stiff, laterally

conpl i ant L%dﬁ‘ﬁle@@ﬁé?ﬁ%{?%@&if&e%§a§&’§(t££%n@”d said piston crown, and a |lateral

| oadi ng nmenber connec wth sard prston rod and extending to the inner
surface of the Altdeaikly saifl jeai ahnprisésarballtjoiatn axi al | ocation internedi ate
along the length of .said link, to transmt |ateral forces totheiﬁner

surface of said WBixigherasershile presey ipyeahen may hroadly besaid dp spnsfsh Yulithg Retiber

i ncludes a Esﬂgr@sssﬂlﬁomgays@m WRINEB6h 8l MWl SBdistocdRhs i@y iRy wifhidtodyear i Ng
fixed to the periphery of said flange abutting said rnnef surface of said

pi st on s$ decammkdtingmaid aistamto & springethetmprovernent peprisiiier e bet ween. Preferably
said bearing is ela [ d all . ment.. flexing.. ternatively
axisaﬁlg [SE;‘I‘/I?, 1dter l)étfqmd)\}é}{ﬁlngggtae?nr}%lg%}éfqn é‘i)ci’(l aémﬁ gﬁfgp@lﬂ' oW and

said bearing is 43 pPp an novenen ernatively
said lateral | oagliatgl adiagmembed cifested witheaid pikten eidapheagidingtto thpkeSurface

extending fromsaid piston rod to said inner surface of said_ piston side
wal |, the pefﬁhsﬁéfvalg?fs el nastowtaﬁarﬁxg&ﬁacwﬂd@te%#%ﬁ%s (g Teogintptasif Gpk to
surface. A'Er%‘isﬁﬁttlhféﬁllﬁ)ré‘e@'t(ﬂthl?'irﬁ;fepﬁrfaa&éﬂé%?is@qn%@d‘éﬂr"ahwer menber ext endi ng
axially fromsaid piston crown toward said piston rod, said and said

| at er al 10oadi ng Pusfetably saiddatsral togdingmemékr indudks atrigidstiange from corneried eith said
menber. Preferably said cantilever menber and said.|lateral .| oadi er
et one wPeieRd AR fealRp s BlarTRPREL RS BBk Cmal e R B R TR <

| at eral | oagitdauidemeatinhd slisve Forrélmevemidvainemnheré Bet@ednur t her aspect the present
be said to consist in, in a linear  conpressor having

i nvention may broadl ,
a piston, with c?@gﬁﬁ%&ﬁlds‘?ea’é%’lsIe,asﬁ"@@F‘bi‘“@cﬂélﬂ”ﬁ@Oi"ﬁ“%“é‘yiﬂF’HB%r with a piston

rod 25 connect i ARk Sigpeh, b albBe mloTBAGY 8FBRIing 0PI | 51 ng:

cantilever extending fromthe inner surface of said piston ctown with a
di stal dAd ext eptiemgivebwsaid laserhldlopding orembstl incudes st ftenihilo diaphragm sui sgolgsisst on

(o0 1502 Shaaly SO YO R e e
| ateral | oadphiagi bain ovvietted atsaldami@baticon about axes transverse to the
direction of r eck tgrggt%}e. yosgid%gstor;[ ilrllgiu cis zsitcs?nrt]ﬂever member extending axially from said piston
crown toward said piston rod, said and said lateral loading member transmits lateral loads to said
20  cantilever member.
Preferably said cantilever member and said lateral loading member meet, one within the
( other, with a bearing between them that transmits lateral loads but permits relative rotation.
In a further aspect the present invention may broadly be said to consist in, in a linear
compressor having a piston, with crown and sidewall, reciprocating in a cylinder with a piston rod
25  connecting said piston to a spring, the improvement comprising:
a cantilever extending from the inner surface of said piston crown with a distal end
extending toward said piston rod,
an extension from said piston rod with a distal end extending into said piston, and
a joint between said cantilever and said piston rod extension which transmits axial and
30 lateral loads, but allows relative rotation about axes transverse to the direction of reciprocation of
the piston.
Preferably said joint comprises a body of elastomeric material interposed between the

distal end of said cantilever and the distal end of said extension, and bonded one face to said



Preferably said joint conprises a body of elastonmeric material interposed
between the distal end of said cantilever and the distal end of said

ext ensi on, and bonded one face to said WO 2004/ 106737 PCT/ NzZ2004/ 000108 -6
cantilever and another face to said extension. Alternatively said joint
conprises awbabdsyh@snNt. In a further aspect the presentpdPNERbI/RIERY
broadly be said to consist in, in a refrigeration conpressor including a

| i near conpressor resiliently supportedin a hernetic shell, 5 the
arrangenent O{ile§éari ddcoo rr?ascg%rsaﬂi \Qten .,an expect ation of cyclical novenent on
a substanti gl y CORETENT "Bk 's) e I mprovenment conprising: a supply path
ext endi ng bet weexitesmitidely said juinteonpries aoall fndt. sai d shel |, said supply path
formed to be a loop lying within a plane parallel to the axis of said
expect ed cyclicdp %ﬁifé‘ﬁ{eﬁﬁnemlﬁevﬁf?%“‘e%@“&fl gy fropdly pepwidhép sensist dnt inat | y
parallel a ﬁ%ﬁ 1 : | : : o WP | so
as to resi 2‘9 nghﬁ%a%ﬁig&ghé]gfih%a %lgaraf)gdn ir%%(%g?gl ﬁaggﬁpgﬂ%?&z;ﬁgﬁ@ﬁ%ﬁ er"ébl y
sai d ends othe smangemerspf spidcatripressa givingan expeptaticen df eyclical movemenk prexgubsiamtielly  of
novenent of sati dt con@]relislsro\rré el?)ggg raspnly said supply path is an electrical
supply pat *P3 FPREEMEPEE T M0 and 15 inciudes a wire formed to be
a loop with a paiduppll pattilesfeadihg Bétivyenpaiddinks compidsion agd sasdshelgd apart and
connected at distal ends by a transverse sectjaon, distal ends of said,
paral | el secti orididowpply Patasfgrpedortssjaen |xng ity aglang rasligl edhorxinglisaid) said
shel | . Pref i erse section of said loop is longer than the
di st ance beg\xe@ggy%yﬁg&%gogaﬂgy’stal end of either said parallel section and
its respkctive mwitinendscpf s2id lbep heifigisubistntialypmctlet el presehtespeatiesiy tosaidray
brioadly be said to cansis}.in a housed conpressor conprising. a. ressor
navi g’ mounteaae kel a1 SSEl mor R R e PP Ri i o BiGRERE 2t s
substanti al 'y wiRkrbferabB Jaldodids o s Suipdly gith & rhdiRtedPapallelSDahe expesb@akis of
encapsul ating said conpressor, and 25 a plurality of support nmenbers with

| ow bendi ngmgt"?“ﬁnﬁ%é?l HRESE'ng bet ween said nounting connections and said
shel |, said suppsitferARTQ&! ﬁlp?ﬁ/cﬁéﬂfjfs N efecHRAI dubflly pAtAPB O linehiOflech@d Rhotor and |
conpressor, each said support "nmenber being connécted at one end to a said
conpr es$dr imoludes avgire foonedtto bewalloap withepait dfevbstntialtypasdielbedions, spaadiafashantdig a

centy e of RaRng HA) AREEChypES G5RI5:6h AR Al it SbtPRL

mounted respectively to said compressor and to said shell.

Preferably said transverse section of said loop is longer than the distance between the said
distal end of either said parallel section and its respective mounting.
20 In a further aspect the present invention may broadly be said to consist in a housed
compressor comprising:
( a compressor having mounting connections on an assembly whose centre of mass
oscillates substantially within a plane in operation of the compressor,
a shell encapsulating said compressor, and
25 a plurality of support members with low bending stiffness connecting between said
mounting connections and said shell, said support members providing a vertical support for said
compressor, each said support member being connected at one end to a said compressor mounting
point and at the other end to said shell and having a “centre of bending” therebetween,
the centre of bending of each support member being coplanar with said plane of
30  oscillation.
Preferably each said support member is a coil spring, the bending stiffness of each said
coil spring is symmetric about a midpoint, and the midpoints of said coil springs are coplanar

with said plane of oscillation.



Preferably each said support nenber is a coil spring, the bending stiffness
of each said coil spring is symmetric about a m dpoint, and the m dpoints
of said coil springs are coplanar wth said plane of oscillation. WO

2004/ 106737 PCTI Nz2004/ 000108 -7 Preferably each said coil spring has a

centre |inewamogrssnds fromsaid shell to said conpresepnzydoidvorgi d
centreline perpendicular to said axis of _piston reciprocation. Preferably
said |inear conpressor is substantially symetric across said plane of

oscillation, angéighkly TRANYaldbiCHRRL Ghd HBHtRMNing ahdl RTARMRAIN sl ShAPRVRigsai d
pl ane, and the springs 5 nmount to said shell below said plane. Preferably

sai d nount iEPEEsT edthisaid sentrelingparpendisulahte sgidraxisied pistopfrediprecationpr essor and
said support S?kéf&%g%&% ROQ tcS{},P}eQS%P id R sﬁﬁgﬁy @gﬁgéﬁgdﬁc%‘mm.sﬁ e: of 2 a

further aspect e present inventfon nmay broa 0 consi'st in
housed conpeitistion andeaid hokhiig colifeclorsonpiié ssanblyarciabgyestid plane) gndthexpengs ons
on an assenbly whose. centre of {mss oscillates substantially within a pl ane
in operati gPOWSH tor S@S‘ﬁg‘i‘%@%?!’aae'her meti c shell encapsul ating said

conpressor, and P?@falaugedi& EbuRfngeOidectiMP RO bltsiaPht PG phith bitht OMPPQEFaftkaid
stiffness connecting between said nounting connections and said shell, said
support merfsppast priogs a¢ shyrtar thar hp beiphiof ppdeempressosai d 15 conpressor, each

sai d support ne r in n . e t said. co es unting
ot nt and at ¢ nd A amhs B BEEH Rt OF 1aY BrdsBhhet Al o B oS
connect i on)condpfeRsdplcadptizid: of springs between said conpressor and said

housi ng, and the bendin stiffness profile and | ength of each sprjng being
such thtt the vérfAMPSEssi Ry ng HRUING FoRFelions on %aﬁgwplyswbqsﬁgcem# s

CONPr SSOr  ds8;11Re5MbtaRtehitl SvithHDs l@ffgih%#)éryticﬁcﬁ?%{e%@hpfc@@g, the same as when 20
t he conpressor is not ogeratl ng). Preferably each said coil spring is

connected at one hemaeticohedl eigpnsulebrpskwapressinaidng point and at the ot her

o7 L0 5219 SNl N8S, s S8R 01 B0 d DRFENSLIRT BRI "

of bendi ng of ea coplanar
osci | | at i onmoun?ihg édrinectivas andeshig shelly sadd suppsremsambets pridings vedivalsappdridossaid]
conpressor as a set atb a, common a ositi.on and,the nett reaction torque

axi al .
appl i ed'} o CHPESIYH ?%%Pemﬁn?%bel BYFPesiadst onegnd (g2 sait FARrESSIr MUBtings o d
Spring set jdontzRd & th&5BEhAR 34iBSALN (if Rdnnb@insteRgUdBectiv®), SPri ngs opposed

and symretric across said plane of oscillation.
the placement of springs between said compressor and said housing, and the bending
stiffness profile and length of each spring being such that the vertical load supported by each
support spring when the compressor is operating is substantially constant (and the same as when

20 the compressor is not operating).

Preferably each said coil spring 1s connected at one end to a said compressor mounting
( point and at the other end to said shell and has a “centre of bending” therebetween, and
the centre of bending of each support member being coplanar with said plane of
oscillation..

25 Alternatively two or more said springs connect to said compressor as a set at a common
axial position and the nett reaction torque applied to said compressor (when the compressor is
oscillating) from said spring set is zero.

Preferably said spring set includes two springs opposed and symmetric across said plane
of oscillation,

30 Preferably said oscillation is linear and said spring set includes at least three springs
aligned radially relative to the line of oscillation.

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

COMPressor COmprising:



30 Preferably said oscillation is linear and said spring set includes at

| east three springs aligned radially relative to the line of oscillation.
In a further aspect the present invention may broadly be said to consist in
a housed conpressor conprising: WO 2004/106737 PCT/ NZ2004/ 000108 -8- a
shel |, a 1ip§3kaf essor suspended wi thin and encl oseg-hyz8diddede!l | w th
a gases space wmthin said shell surroungling said |inear conpressor, said

| i near conpressor having a piston reciprocable in a cylinder and a suction
gases pat hway frgsreBai d gases space into said cylinder, 5 a suction gases

inlet to said shell gases space, a . conpressed gases path from said cyl.inder
out of said shel3lineari@mpresser syspeged wptnis;ang enlosediy sgid shallowithagases space within

subst anti al oM kGl a .t i f i : d
Fegi on of s g Mol tlrdiafty id fleof QRPRS ol U8R GReco MAAARAPRRTATRAOEY
second r egi orssylisdirdndasichiomgagesmhway fetm saidigased gacsuntbisaid cglagles pat hway

opening to said first 10 .region, sai d conpressed gases path passing
t hr ough 3ai d seC%ﬁﬁa?%@sﬁsﬁpﬁgpﬁl&sﬁ‘%F%ﬂsgsasipacegas f1 ow i nhibitor conprises an

annul ar constri cf idMprésedsiiséh p@MSEEN SHAERIndeRReb RNy %80 d shel | is a
general ly el ongate vessel and includes a neck part way along its | ength,

the inner surf acesasflowinkibisesdn saidgasepspaqeonbptantiplly divifding afirairegomplsaidesyesi n

t he region i - i O L ane.. : i ]

bref or abl y S5i°5 LR PERA ALl RReCirale ho BRGIGERAICEE R GRE sofrs and
Preferably saomd cginps,cesleuctimsgsespateh andhslidideton gates pitawgeoeemg tc eaid dicsted

W th sailg | inear co ressor. sai d { i schar ge éﬁsagjlﬁiﬂncldudi. ng an i nner wal |
surf ace 'tef FiRMy2 GIOSOMRFGE SRR RN PARELTOVE S FERAETY™ sur f ace wi t hi n
sgi d second regi pRi@fblERIdkg 86R SalEFAE Compritds AAIRE conkiSidAhisaD shRE WRes said
inner surface and said outer surface. 20 Preferably said thermal insul ation

conpri ses a subsPigfrably said sheltis e genrrallysdenspie vossd andincluflespaeckpart wayadpngitsout er
TP ses, g : . . . R ol
wal |, sal ?&gg?&ghﬁpﬁfﬁc&ﬁ;éﬂﬁ'?&hegl%g}ngg?otsér% s tﬁ&eo%e?s%rﬁ% ﬁfsg@ﬂgﬂﬂ%@ﬁe

that said spa toget her w perties o
expect ed opaedithagn saidfickt bndsesormi regios. Rayl ei gh nunber (Ra) | ess than 20, 000.

Pt Ty, G RS R B L O O
di schar ge openi ngfdrab]ys sdidl corfBREE saBIpMR SRMdRAS Bibhargeatitald bhipesred withsuidat i on
sandwi ched between said valve plate and said cylinder housing.
linear compressor, satd discharge head including an inner wall surface defining a discharge gases
chamber, an outer wall surface within said second region of said gases space, and thermal
insulation between said inner surface and said outer surface.
20 Preferably said thermal insulation comprises a substantially enclosed space between an
inner wall and an outer wall, said enclosed space having one spatial dimension sufficiently small
that said space, together with the properties of the working gas and the expected operating
conditions give a Rayleigh number (Ra) less than 20,000.
Preferably said cylinder includes:
25 a cylinder housing defining a cylinder wall,
a valve plate defining a cylinder end and including one or more discharge openings to said
compressed gases pathway, and
thermal insulation sandwiched between said valve plate and said cylinder housing.
Preferably said thermal insulation comprises a thick polymeric sealing gasket.
30 In a further aspect the present invention may broadly be said to consist in a compressor
including a piston reciprocating in a cylinder, with a suction gases pathway through said piston,
and said cylinder including:

a cylinder housing defining a cylinder wall,



Preferably said thermal insulation conprises a thick polymeric sealing
gasket. 30 In a further aspect the present invention may broadly be said to
consist in a conpressor including a piston reciprocating in a cylinder,

Wi th a suction gases pathway through said piston, and said cylinder

i ncl udi ng: |oG¥41p6#8F housi ng defining a cylinder wall, pMAZ080d 99737

PCT/ NZ2004/ 000108 -9 a valve plate defining a cylinder end and including
one or nore di scharge openings to said “conpressed gases pat hway, and

t hermal insul ation, sandw ched bet ween saj.d valve plate and said.cylinder
housing.  Pref eaBly pglge:lggﬁfnﬁ%?ﬁgln\é?rnegﬁﬁlg‘ilpgﬁ RSO ?8%6(1&5(’?%6(9?% S ¢
seal i ng gasdegipresbed dassa phtivaiendaspect the present invention may broadly be
said to consist jn a conpressor including a piston reciprocating in a

cyl i nder wi t houtthesmal ingihatioa sandyiched betyy een saigkyalvsiplajeandsaidaylingdey housingough sai d
pi ston, and sai bRae th UL Mion Qofidd - | L Dl a cylinder
wal |, a valve pﬁ)é%%}adgg I ni nééﬁgtl cf%lﬁgg? %négpgﬁécﬁﬁm%?ﬁ%%g%gésgg' nor e

di schar ge openi rigs furthes adpdct thiprewniinesyenmgabmwsdlp bt kaidio, coasist ima tdrhprkssor

pol ymeric sealin asket . sandwi ched. bet ween sgi d. val ve_plate and sajd

vl T nder - noBpiggs BRRn B HEs RaSHurE YRES DS pishe s BRONEY y be
said to Cont‘ﬁio%ghi;didﬁisﬁﬁ}b’iﬁdaid%ﬁlﬁﬂ%ﬁﬁ@l@ﬂingoW_Dri sing: a shell, 15 a conpressor
suspended within and encl osed by said shell with a gases space within said
shel | surroundi riceyiadal hewsingrdegsiog a culiidgr wdhpr essor having a pi ston

reci procable in | | [ Vs i

space into said a?fﬂéﬁkg%ﬁgﬁ ggg¥l?g§%§gg§d§ngﬁ§ig§ O%%Egl\é%lsgﬁagg%o g%{s?%sgg%gice, a
conpr essied gagesssqbgakesipatmagaind cyl i nder out of said shell including a

di scharge head 20 cannegcted with said |inear conpressor, sai i schar ge
nead havi ngs SiFPARBIETRERTNE G HS CEONBRFHpe e o arra g ety TedRBe. an
outer wall surfage Mthéd Bpscdid ANRvERGh Aihy BroRiB) B S8 RS coHBRCH, a héldek

thermal insulation between said inner surface and 'said outer surface.
Pref erabl y emipfess¢reom@nsiigisul ati on conpri ses an encl osed gases space between
an inner wall and gan outer wall, said gases space having one spati al

di mension sufficiently small that said 25 space, together with the
propertigs of theconmprdsidrgupamiedndthinad engpeed by ajieshall ity a gaagkiphécorishigiaie a
Ray! ei gh N uﬁg kil €3 trrrl1 %‘stgr?éa? coomprrees.];oer gxgrll a S\&(imdrecsiur%gai\b?eQn g g ?helger%?é hway
avoi ds sai dsh§l serenngise suaeemp P P p Y
a suction gases pathway from said gases space into said cylinder,
a suction gases inlet to said shell gases space,
a compressed gases path from said cylinder out of said shell including a discharge head
20  connected with said linear compressor, said discharge head having an inner wall surface defining
a discharge gases chamber, an outer wall surface within said second region of said gases space,
( and thermal insulation between said inner surface and said outer surface.
Preferably said thermal insulation comprises an enclosed gases space between an inner
wall and an outer wall, said gases space having one spatial dimension sufficiently small that said
25  space, together with the properties of the working gas and the expecte operating conditions give a
Rayleigh number (Ra) less than 20,000
Preferably said suction gases pathway avoids said discharge head.
In a further aspect the present invention may broadly be said to consist in in a compressor
having a single cylinder with an enclosed end defining a compression space, with a piston
30  reciprocating in said single cylinder, the improvement comprising:
a plurality of gas flow paths from said compression space to a discharge space,

a self operating valve in each said gases flow path, opening under the influence of the

prevailing pressure differential across the valve, and being biased to a closed condition by a



In a further aspect the present invention may broadly be said to consist in
in a conpressor having a single cylinder with an encl osed end defining a
conpressi on space, with a piston 30 reciprocating in said single cylinder,
the i nmprovenent conprising: a plurality of gas flow paths from said

conpressi o égﬂﬁﬁoﬁg% a discharge space, a self operating. Y&udoflogach said
gases fl ow path,” openi ng under the inflygnce of the prevailing pressure

differential across the valve, and being biased to a closed condition by a
WO 2004/ 1064phgPCT/ NZ2004/ 000108 -10- spring each said valve and spring
being part of a single unitary planar valve nenber. Preferably each said
val ve and spri nf%%?“gvﬁY? gndsaring being hag) of p sieglganEery plasas ahe rearther. sai d

springs 5 Preferghly:pfaath s Ar@gﬁ: ﬁﬂfggf*% aRittdrb A R dudal ﬂEJJeQWFnet\gx&e i;&%ggﬁs

fromother said springs. Prefer springs are a ca
spring, saiepringhves are an end of said cantilever |eaf spring, and the

geonetry_of each_said cantilever leaf spri is slightly different to the
geonet r y> of th_eh%‘f’%éf’?’ly_s%%?lbs ‘gﬂ{"ing esearS]'Igg%\)f &gfﬁﬁﬂp'rfé‘gé‘gsﬁlff%? ﬁ%?rise’éilsymé%ch sai d
valve has a sli gftefeyabtl bdi@spitlpsBss bhtlNet NGrapheY, 5l hived| €8n end Of said

Preferably said val ve nenber has a common support menber fixed relative to

.sai d cl osedcangiteyerdfafspiing, ad the deqmetsyjof each sgidicantilever lpaf gprisfe is slighily different te af
‘springs ext j i 1 nmenber. Preferably said common
support neng{e‘ge{;}ge@%‘?@g S%g%ﬁ%reg*aélﬁ)%%gﬁi | ever | eaf springs extend
radi al | y from saiterhatbvelyleaciyaef el atiay a slightle differemt frasst fheii theaiitier bay edlvdseaf

val ve wi .t hin sai entral, hub. In further aspect the present inventiqn may
br oad| y! e said ‘Ggeéa(g’i?_%ﬁaédtvaﬁ’ﬁfnei“}l?e&aﬁBﬁ‘ﬂ?@g%%‘lpgo‘?WE‘“_ ?j’iﬁ?fﬁfr&laﬁ?’%tf’éﬂ cf’seg
reci procati @gd bfkafd GhhdeRdath s4idtJhurdfity @REdnBRQ8 18TYpSieSs ieRichdin @ 6A RIS AR
space, the product of the maximum stroke of said piston and the cross

sectional asewosfmeantbér.cyl i nder being | ess than 15cc, the inprovenent

conprising: 20 a_Le r S f | t f sai d,conpression.space
to a discharge o%rtekeé%?} Sé'i'H;cé’ %%3&%{%%%%\?51%\?3%"@ E fe?lgagczﬁﬁéséaild8mlgq;<ﬁ;)les"' s eszfg I\1/\1/]g§at h,
openi ng undeftehdwadiaf frumnsaid hab. t he prevailing pressure differential across

the valve. Preferahly each said valve is biased to a .¢losed condition by a
spring dAd each grgfeaa%\%q 15 ﬂ’&h?ﬁPW@Vq’ié@f%ﬁEﬁ‘f"F@Péﬂ cepdal el frequency

from ot her said H@Afuﬁh@aeq,eareﬁéﬁ?&%m%@eﬁmxﬁaygmaly?&%m@msiéﬂ%,iimcdaﬁf sfor

slightly different stiffness fromother sai'd springs. Preferably said

springs ar e insluhings piseraeciprogitingpr ¢ eyéjndes aiith ay enolassd endalefining a doroiressian gpace,
the product of the maximum stroke of said piston and the cross sectional area of the cylinder
being less than tScc, the improvement comprising:
20 at least three gases flow paths from said compression space to a discharge outlet,
a self operating valve in each said gases flow path, opening under the influence of the
prevailing pressure differential across the valve.
Preferably each said valve is biased to a closed condition by a spring and each said valve
and spring has a different natural frequency from other said valve and springs
25 Preferably each said spring has a slightly different stiffness from other said springs.
Preferably said springs are a cantilever leaf spring, said valves are an end of said
cantilever leaf spring, and the geometry of each said cantilever leaf spring is slightly different to
the geometry of the other said cantilever leaf springs.
Alternatively or as well, each said valve has a slightly different mass from the other said
30 wvalves.
Preferably said springs are formed as part of a single unitary valve member, said valve
member having a common support member fixed relative to said closed end of said cylinder, with

satd plurality of cantilever leaf springs extending from said common support member.



cantilever leaf spring, and the geonetry of each said cantilever |eaf spring
is slightly different to the geonetry of the other said cantilever |eaf
springs. Alternatively or as well, each said valve has a slightly different
mass fromthe other said 30 valves. Preferably said springs are forned as

part of a s{ypQhyldtiztary valve nenber, said valve nmenbggerRBe0ddofgCoOMDON
support nenber fixed relative to said cldgs_ed end of said cylinder, with

said plurality of cantilever |leaf sprin extending fromsaid cormbn support

menber. WO 2004/ 067 PCT/ Nz2004/ 000108 -11 Preferably. saj.d c n. support
nenber is a cent}éLr ‘%mﬁg}'bsaﬁ’amsn& g“%’ﬁ%?‘l’ g’%lrs afeé’é‘raﬁé“g’raf‘ﬁﬁ%d Caé‘%(‘@ 5?{3%“§FI y
from sai d hehendRadihiey idbth yailhete is a further cantilever leaf valve within

said central hub, |In a further aspect the present invention nay broadly be
said to consist Fraferably there gag gpntileyer Hef%‘feﬁ’glﬂan pideeatalwbi procating in a
cylinder with a rﬁlgllﬂgg s U AL j : | enment
conprising:. a plnlll}‘r%a ity%g?&gggﬁél?wg\?v&bcg’tlh 'E]?c?ag gg?g%%%?ténééﬁgﬁh%%\é to a
di schar g& oincluding apissomlréciprpeating inragylindev with an emtohedsanid defiyasescoiposssipmspage,

openi ng und%.t he influence.of the prevailing pressure differential across
the val ve, IBROKCPN GUHE My bi ased to a closed condition by a spring, the

natural frequencyplafali§agigaseailcw phths BEmABI cvMbiessidtDipadd th akIRICREzd Afles aMe
(intentionally, whether by assenbly or by formor valve, spring or other

conponent ). Pr ef &sdinpgraging Malkaingadhaibsaspulleyp pathoonspisg andr thedpBerncef the al
frequency fPﬁU&iﬁ{%;gr@ésu}e@?ffer% pgcrgsgiﬂgvgp,g’i ngs 15 Preferably each said spring
y di I

has a sligh erent st ness fromother said springs. Preferably said
springslare a casich v@vebeidglzised pra ¢lgsed sanditiondineespring,e an end of said

captil ever | eaf rin and th onetry of .each sajd .captilever |eaf spring
is slightly di ¢ £ B aspra} SETERRY Ogé%ﬁé{‘rlﬁﬁp%’fg apf gt pea All BeiPethe TS PrueRiEnpsat
springs. A mweﬂﬂyvaeéembworibs}f@ﬂﬂértdanfa,,spﬁﬁ%brc&@érdom ngnhas a slightly
different mass fromthe other 20 said valves. Preferably said springs are
fornmed as part ofrefrabibhepch saidvelxe gnd spripe haendidierentagteral, figapency fomball ohtiei ng a
common suppgfhter %%in xed relative to said closed end of said cylinder,

y

with said plurali cantil ever |eaf springs extending fromsaid comon
support thenber. Preétabladkly sadsping banosligbipdidietenneiffoess fiosn athaemtisplingsub and

said cantilever {’r%ﬁafrab?)p rsaiig %Sring% 5aree )étc%rrl]tﬂe\te?qjea?l slpxmg, ot vsa?\ifeg apeu Qﬁ end of said
cantilever leaf spring, and the geometry of each said cantilever leaf spring is slightly different to
the geometry of the other said cantile\:er leaf springs.

Alternatively or in addition, each said valve has a slightly different mass from the other

20  said valves.
Preferably said springs are formed as part of a single unitary valve member, said valve
{ member having a common support member fixed relative to said closed end of said cylinder, with
said plurality of cantilever leaf springs extending from said common support member.
Preferably said common support member is a central hub and said cantilever leaf springs
25  extend radially from said hub.

Preferably there is a further cantilever leaf valve within said central hub.

In a further aspect the present invention may broadly be said to consist in, in a compressor
including a piston reciprocating in a cylinder with an enclosed end defining a compression space,
the improvemnent comprising:

30 a plurality of gases flow paths from said compression space to a common discharge outlet,
the said flow paths not all having the same length.

Preferably each said gases flow path includes a self operating vaive, opening under the

influence of the prevailing pressure differential across the valve.



Preferably there is a further cantilever |l eaf valve wwthin said central hub.
In a further aspect the present invention may broadly be said to consist in,
in a conpressor including a piston reciprocating in a cylinder with an

encl osed end defining a conpression space, the inprovenent conprising: 30 a

plurality Qfo8sRsRsrH! ow paths from said conpressi on space/nNzeeoa/ @O
di scharge outlet, the said flow paths pot all having the sanme | ength.
Preferably each said gases flow path includes a self operating valve,

openi ng under t j AP NI =Tel Cross
the valve. WO Zggeé{?%%%@r&%%/ 001411]}‘31 Ogéoé?ogﬁapgldg&ﬁég?g@éghﬁ] agcgch sg{uc}af | ow

pat h i ncl udwsn smidshared disdhasedpatty eaghanid ﬂwmt}andmpmpmuom ef saldrmsn:hargapzdh,s har ed

di sch h, h 1 di d d
path, - Sai depaprraLer S dashrSHpRRI T iRl el AlnSinedf Pl BERS ot

al | havi ng the $’?df&al$l?ﬁ@bhsauﬂ§@'ﬁ@{saiﬂs&idaisbhz@ée;Saﬂiﬁclﬂ@cﬁlh%‘iﬂ fRly atisdre of
di scharge path included in said flow paths are of 5 different |ength.

Preferably differeptdengthed di scharge path is annul ar, but inconplete, and said
f1ow paths open ref&m §zaa Qna?é&%fs@ﬁar%é p%ﬁh%%lap%hhné’&mspﬁ’é?é bid Qo glp%p:%géid

around its annu eferably said comon out at one en
annul us. Pnetbemﬁlshqretttasdlatggmﬂmt pasitiops dispresed atoondits amutuspassage within the

curve of said annul us. 0 Pre sai d s scharge path includes a
plurality of chgﬁ#guéyé%%ﬁ%?’%o‘b%?m@b%‘??er‘f f lr’i’ “adj acent chanbers, and
each said flow padfbrablpe£s céroman litfel §efito ab atifpRHRERRRKIN thdVupkF sl shotihgr e i s
a central flow pat h opening directly into said exit passage. Preferably said

sel f opirating Vafeadyspdrshied disckargrseath Hehpemphigalitypf shimbers| comgstedy i nt o
sgi d shar eqﬁ,gh;ﬁgm vge%nagmnt hambt @faﬁa @a{%k‘alﬁﬁb\g Bmgpérﬁ%éa MHESASRE eﬁnl?e?d osed

at one end va ve plate said flow pat ass through sai ve pl ate,
said fl ow pat h Ppderablysheasie aspraméﬂowmathapdnn@dlmetlpinm eidsaxitasssage. have a

iate, and o copereeny sunsdtrEite B b RS By hart LT Ran et v Ve

defining a dalduhaded Higctatgemsthal chanmbers distri but ed around a central axial
exit passage, said chanmbers and exit passage being open toward said valve 20
plate, W th the Preiprblyesid porpryession gpass Isenglessd aiwe sritbya valvealate. sibflaggpaths

bet ween adj \}Qagsetﬂ}ouglhs%m)@aﬁé plzﬁ@ il AGw ﬁ@th gpéﬁ’iﬂg‘é Qre@{)eﬁ:te@on dafh V%.l\fe?[aw’hg bs @%Q&Ct t he

present invention nmay broadly be said to consist 1n a planar valve
conpri si ng:a@mndn ridus reletvete aratis passing nependicplady drough sa1d valve plate, and a oover

fixed to said valve plate, having internal walls defining a plurality of axial chambers distributed
around a central axial exit passage, said chambers and exit passage being open toward said valve
20 plate, with the wall defining said exit passage and at least one wall between adjacent chambers
meeting said valve plate.
In a further aspect the present invention may broadly be said to consist in a planar valve
member comprising:
a hub for securement to a valve plate,
25 an annulus around said hub, spaced from said hub, and
a plurality of spokes extending between said hub and said annulus at intervals around said
hub.
Preferably there are three or five said spokes.
Preferably each said spoke is serpentine, and is significantly longer than the radial distance
30  between said hub and said annulus.
Preferably there are three said spokes, with each spoke having a hub end and an annulus
end, said ends joining the respective hub and annulus substantially perpendicular thereto.

In a further aspect the present invention may broadly be said to consist in, in a compressor



25 an annul us around said hub, spaced fromsaid hub, and a plurality of
spokes extendi ng between said hub and said annulus at intervals around said
hub. Preferably there are three or five said spokes. Preferably each said
spoke is serpentine, and is significantly |longer than the radial distance
30 betmeenvﬁﬁhgﬂﬂkg7and said annul us. Preferably thereprarazits/ed1tsai d
spokes, with each spoke having a hub end_-and an annulus end, said ends
joining the respective hub and annul us substantially perpendicul ar thereto.
In a furtherchaispegistditecipioeaBpin d dYWadd: ivith a iRYedehd aghninddofiptddsibMspaed) lest i N,
in a conpressor WO 2004/ 106737, - 13- PCI/ NZ2004/ 000108 i.ncluding a piston
reci procat FTABOY§Iept eSPRTIHHE SEHOR Rletip §EE GomPIES S SPRICFgMATIHBY D essi on space,
the inprovenen (£S5} i i o i nr. j

conprising: a p%ﬂ@gﬁﬁ?¥$§%&%§g§a eSB?R%ghgﬁmégﬁ%@%?%@%gﬁééﬁﬁ#ﬁ i%al ace of
sai d pi st otocatiospaded apart | ocations, and 5 a planar val ve nenber having a

hub d trall the f f i d pist d t i t
cai d passage oxt PEMPALRPERS Targ o B e LB RRuls Baer e aita
around sai @xihdin@ddtoderRhidpadshdelextf. spokes extendi ng between said hub and

said annulus at intervals around said hub. Pref erablé sai d annul us covers
sai d passage exPreterabingpid planas yalxe mepyer hos ag annylug grawng said Jub aml asplawality ofy om

the wall of ?%%%t&)ﬁhﬂg%%een?gi@é%ml%irc% erl%%a[@rﬁéw&%m%ﬁ%&?d | d valve menber

has is sel & romthe set: each sard spoke is
serpenti ne, andPreferstlygsuid annalus kgveronaggrasdapgaexitshedribonadr edgssfaacdannidet ween

said h and sai.d annul.us. Preferably there are three said spokes, with each
spoke ﬁﬁvi (BRC ghﬁﬁ%ﬁﬂ“ﬁ?ﬁfm&ﬁy Ulus 15 end, said ends joining the

rgsr)ecti ve hub pRgeraiyihk uEmbetRF buked ald valRandRReEhaul Mlectdaarl Me séth3 8. further
aspect the present invention nay broadly be said to consist in a housed

conpr essor conpFPrefirally eashsaid rleis scrpentipg, anddpyignihseatlwianger dante edinbdiptarges hel |
surroundi n%eﬁ@kfsa@@ﬁ@ﬁﬁ%ﬁpmﬁ@% outer surface of said shell 20 having at
| east one signiticant annular hollow transverse to the axis of elongation,
with said el ong&teferadyiheesisathres spd epokes) with eihrspai@i tdvis e hhb el antat anrulyasses

Tobe and a cEbeBaTURR RS HPRAT B e R B rarip i GG obes.
sai d wai st bei ngh R@EirkiRVEI et pfedérd idvelish miy Blogdip Dk ¥aidab Eoksdi @3H0¢edi S a
| i near conpressor, there is a gases space within said shell
compressor comprising:
an elongate compressor, and
an elongate hollow shell surrounding said compressor, the outer surface of said shell
20  having at least one significant annular hollow transverse to the axis of elongation,
with said elongate compressor supported within said shell so that it passes said hollow.
Preferably said shell is divided by said hollow into a first lobe and a second lobe, said
hollow defining a waist joining said lobes, said waist being narrower than said lobes.
Preferably said compressor is a linear compressor, there is a gases space within said shell
25  surrounding said linear compressor, said linear compressor has a piston reciprocable in a cylinder
and a suction gases pathway from said gases space into said cylinder, there is a suction gases inlet
to said shell gases space in said first lobe of said shell and a compressed gases path from said
cylinder out of said shell through said second lobe of said shell.
In a further aspect the present invention may broadly be said to consist in a compressor
30  including:
a piston having a side wall and an enclosing end, with a suction gases path through said
enclosing end to a compression space,

a chamber within said piston, said suction gases path leaving said chamber, and



25 surrounding said |inear conpressor, said |inear conpressor has a piston
reci procable in a cylinder and a suction gases pathway from sai d gases
space into said cylinder, there is a suction gases inlet to said shel
gases space in said first |obe of said shell and a conpressed gases path
fromsaid ayha@esssout of said shell through said secopdr/Nebesabiosai d
shell. In a further aspect the present-ildwenti on may broadly be said to
consist in a conpressor 30 including: a piston having a side wall and an
encl osi ng end, wi fitst haffledefiong gasstrictghtritrander tougid chaimbler @nhd ask efsaehpistbn a
conpr essi on %ﬁace . & chanmber within said piston, said suction gases path

| eavi ng sai PENEBIencloNBE W8 2004/ 106737 PCT/ NZ2004/ 000108 - 14 a first

baffl e defini ng Brefefidty therk8¢la 88doh@ BEMe MAthTREAY EAHRE defthing AEi-&NbRhanisH: d
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t hrough sai dafiecond baffle. Preferably said first baffle conprises a holl ow
encl osure supporte i thin, sai iston o site.end, said suction inlet
conpri ses an an nIEngFa%ﬂ %Wn%’éﬁ??%‘gfme%%ﬁﬁ?%’f gty S@%Ri’éteér‘iﬁ&"fsﬁi‘ddp'ﬁ@ﬂ ow
encl osure, ghtsidleddNial PR iRleb B riprREd AOMnEBCI RS F&tﬁ b@%e@&i@ﬁ@tﬂh BgcRhe said
annular 10 flow path. Preferably said entrance to said hol low enclosure

conpri ses assidbalearenclogise andangenirpece t9 sapfgrolowgaclegueshas in epenihg cetossid annulanbe
and the Qnt@rnalhvolune of said hollow enclosure are selected to provide a
] ;

Fblnholg 8PAMor tuned to remove an ot herwi se exhibited frequency

copponent . 15 PrpkRidbl sid ferated © saidiallve delbes chinpeds heessaim tesiignthend i n
sai d conpressi on space, said valve menber self operafing under prevailing
gases pr ess?ﬁ"é‘g "’j&‘ﬁcfr?i‘)ﬁfaﬁ%%c'e?%‘?‘?:tetgl?f %WSRE é‘?ta"nalp‘é’(j‘é‘a@@} ﬁ"r\‘?&&l&ﬁv §3GIQPUFS St
baffl e and/ el td AV HHRIBHE ra8hdtbrlddqWrhaNe dntHRis@ BechiRtRareqi&lcgCt ed
to provide a conpression pulse just as the piston begins a conpression

stroke. Prefempdyest. a pi ston rod extends into said piston and said hol | ow

encl osur,ge 1S SUPPOLL n . aid pi on. rod, .su rted out of contact with
on 0 o 88 ot onbtd i Bl 3% R BBk AR ] il pis BRI oSl Blon SPREAEN 11
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selected to provide a compression pulse just as the piston begins a compression stroke.

Preferably a piston rod extends into said piston and said hollow enclosure is supported on

20  said piston rod, supported out of contact with said piston sleeve such that said annular flow path
surrounds said hollow enclosure.

Preferably said piston rod connects to said enclosing end of said piston, said first baffle
extends from said piston rod to the inner surface of said piston sleeve, and is configured to
transmit lateral loads but to isolate changes in orientation.

25 To those skilled in the art to which the invention relates, many changes in construction
and widely differing embodiments and applications 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.

30 The invention consists in the foregoing and also envisages constructions of which the

following gives examples.



transmt lateral |oads but to isolate changes in orientation. 25 To those
skilled in the art to which the invention relates, many changes in
construction and widely differing enbodi nents and applications of the
invention will suggest thenselves wthout departing fromthe scope of the
invention agodgddi0€8; i N the appended clains. The di scl gsgie8soaoshos he
descriptions herein are purely iIIustrai've and are not intended to be in
any sense limting. 30 The invention consists in the foregoing and al so

envi sages c ' of i f W ng gives exanples. WO
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1 is a partiall Figupl Bagdrtiilpexplodedview diver abbvenfppli@iartdindar bonfjResor@eHRdifS S OF
according tq WD 02/35093. Figure 2 is an enl arged expl oded view of the
conmpr essor WIVRIGHEE: without the 5 conpressor head. Figure 3 is an

expl oded vi ew OfFi%‘%@ 2CRNRY sﬁeﬁgéd beache®Tvidh 81 ARNDILERSOS: &fFiE!lFrgLar Githout the gur e

4 is a cross sectional side elevation of the conpressor of "Figure 1,

excl udi ng t toanpréserrietd.c housing. Figure 5A is a diagramillustrating various

paranmeters assocgl.ated.w th hydr odypam ¢ 10 bear| adopt ed cording to
one invention h?ﬂ%‘l‘rﬁglsﬁngeﬁplg)d ‘é‘e‘i’Sm"&?‘%rP%? eta?(?%@'g&’?p'gg&?%ﬁ%’fe ide

el evation of a pHigiron ivndoR)kbitidea sids@levationwf tH dofhpredics bOFigeqf éXchudinadhd | ed
according to one 1nvention herein. Figure 6 is a diagranmatic cross
sectional shemetdshapsingon of a piston and cylinder wall with piston profile

nmodi fi ed accordi QA0 & N@hdod ﬁg;gq Al ' i Lgur e
513. 15 Figure Pf)glllré a é(;n?osag'%\;nect itoﬁn rougﬁga %tﬁ%ha‘%sgglfee@nmfarﬁﬁrg %?ﬁlfg

i Il ustra®i nbeasingeddpted acdordifiptorminadnvantpmdfesim.ed enbodi nent of the invention of
Figure 5B. Figure 8 is.a side elevation in.cros ection. of a conpliant
connect i on bet wdaks it SreaaRaTrersrteny SuE B ARt E BbnatLial vl o
anot her i nvgith iRpidar @bfile nivelifiediab@rdéingliose afv@ntln Hetddy bearing on the piston
sleeve. 20 Figure 9 is a_ side elevation in _cross _section of a_conpliant
connecti on bet walggurg6 fiashiagrammsis cpss sestionabrdestevaiion of apisign akeybindsotiplhwith  of
an inventiop 6t & ML Gd y iv€ Eﬂ]% ) ; ' face
of the pist ﬁdagkgdg\yeefngﬁg té}ég&cg‘#g%?ﬁégﬁ%d% |gu§golglte¥l§%gtl&sﬁm3£k%?§/%ti on
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Figure 8 is a side elevation in cross section of a compliant connection between a piston
and piston rod according to one embodiment of another invention herein including a disc and O-
ring bearing on the piston sleeve.
20 Figure 9 is a side elevation in cross section of a compliant connection between a piston
and piston rod according to one embodiment of an invention herein including a membrane
( extending between the inner face of the piston sleeve and the connecting rod.
| Figure 10 is a side elevation in cross section of a compliant connection between a piston
and piston rod according to one embodiment of an invention herein including a flexible joint.
25 Figure 11 is a side elevation in cross section of a compliant connection between a piston
and piston rod according to one embodiment of an invention herein including a ball joint,
Figure 12 is a side elevation in cross section of a compliant connection between a piston
and piston rod according to one embodiment of an invention herein including an O-ring bearing
on a cantilever extension from the piston crown.
30 Figure 13 is a side elevation, partially cross sectioned, of a housed compressor including a
coil spring support arrangement according to one embodiment of a further invention herein.
Figure 14 is a perspective view of a housed compressor (with top half of housing

removed) i}lustrating a coil spring support arrangement according to another embodiment of an



25 Figure 11 is a side elevation in cross section of a conpliant connection
bet ween a piston and piston rod according to one enbodi nent of an invention
herein including a ball joint. Figure 12 is a side elevation in cross
section of a conpliant connection between a piston and piston rod according
to one enbodiyent, 0ok, an invention herein including an Oy @hﬂﬂw&ﬁ@ghgg on a
cantil ever extension fromthe piston crown. 30 Figure 15
el evation, partially cross sectioned, ofl®a housed conpressor including a
coil spring. support arrangenent accordlng to one enbodi nent of a further
i nvent i on h&veltignh ““lfqure 14 is a perspective view of a housed conpressor
(with top half of ll'§ls’l§1cfe%[@0¥tﬁﬁl)m Ehob bR EHoAlo g cRovirtinli 0B PPisaE afdHRRY Head
arrangenent according to another enbodi mrent of an WO 2004/ 106737
PCT/ NZ2004/ @M@Sylmdmnclumem ¢nglesing valveplatFeaphrecotding t© peefaradembodivnenisofi i n
Cross SECtI§1 ofltcg.nshm_ end of a piston and of the head end of a
cyl i nder ﬂ@&iﬁﬁn Hehc 03|ng val ve plate each according to preferred
embodi ments of  Figire NG Ks d viste BE the five BE4 Biston alrofdigitoa flhdr snvantitingieredi. the face
of a piston according to a further invention herein. Figure 17 is a plan
view mul ti val veFlsmragairs\?alayélwnﬁ'éwa eelaraayaie r{l%n'zfﬁ@:ceqﬁlmgm R §mbegiment of
further inv igure 18 is a plan view of a multi val ve pl anar
val ve nenbe?ﬁgggg?bﬁﬁghﬁmeﬁne enbodi ment of a further invention herein. 10
Figure 19A is a BguaeView oplan vigw iof demulbieadivet platar prabei mdesbarusktdrgihg tadiosehar ge
pat hs of dlfé(ﬁmqg bgm ths ﬁccordlng to one enbodi nent of a further
i nvention h&PEY |gﬁ fo8 ?gm% BE&Pspective view of the head of Figure
19A. Figgre 20 iBigiebavs flend@vical ofe c@hﬁeeha:amhwp&tmaemmtﬁpﬂé BiséHabeAmgdf port s
an a multi valve | anar val ve nenber accordin o anot her enbodi nent of
nventi ons ﬁéfeén&patgbenﬁhgwer ding tp gngerphadiaent af Q/g‘rfbergnwnﬁ@l brgiR- showi ng
snnothlng of th sulting from
i npl enent ati on g?‘ %2§g dﬁﬁ%&ﬁ@gﬁhéﬁgﬁﬁgﬁigﬁﬁ %égge 22 is a plan view of
a nulti valve pl Eugane 208 a/\eemﬁbmiquut@mdludg:gmlt&piedls@mgaqbnmemtd aghula valye t her
i nvention he ein. Figure 23 i.s ar val.ve nmenber

. of |
accor di ng tB Bﬂﬁ?h@ %%?@8Wgﬁéggﬂﬁrm“ "gﬁﬁﬁfgia iongheleifi an view of a

pl anar yal ve nenpighreanCiardpRguiovafetthed plonMRih® Bmb @Rk Bf thdpr@sku Adthe
illustrates a preferred node of deflection of the planar_valve nenber of

Figure 24. dpphjrgecayity resultingdrosm ipplenaentation 0§ SiegmbadimepftefFagurs BiA-i | | ust rati ng
the increasing sg gﬁlfenfzsﬁ { 9fant\h§w of a multi valve planar valve member according to one

embodiment of a further invention herein,

Figure 23 is a plan view of a planar valve member according to another invention herein.
20 Figure 24 is a plan view of a planar valve member according to another invention herein.
Figure 25 illustrates a preferred mode of deflection of the planar valve member of Figure
( 24.
| Figure 26 is a plot of stiffness versus deflection illustrating the increasing stiffness for the
valve member of Figure 24 where the valve member is secured directly to a supporting face.
25 Fignre 27 illustrates an unwanted mode of deflection which results more frequently with a
less preferred form of valve member as illustrated in Figure 27.
Figure 28 is a cross sectional side elevation illustrating a housed compressor according to
one embodiment of further inventions herein.
Figure 29 is a side elevation in cross section of a housed compressor according to another
30  embodiment of further inventions herein.
Figure 30 is a cross sectional side elevation of a piston including gases suction pathway
and tuned muffler according to a preferred embodiment of a further invention herein,

Figure 31 and Figures 31A to 31D illustrate the effect of various features of the piston of



val ve nmenber of Figure 24 where the valve nenber is secured directly to a
supporting face. 25 Figure 27 illustrates an unwanted node of deflection
which results nore frequently with a |less preferred formof valve nenber as
illustrated in Figure 27. Figure 28 is a cross sectional side elevation

il lustrati ngoaobypdseat conpressor according to one enbogirRReHFoofoRr t her

i nventions herein. Figure 29 is a side %gevation in cross section of a
housed conpressor according to another °30 enbodi nent of further inventions
herein. Fi Opre o is a cross sectional side elevation of a piston including
gases sucti o pathway and tuned nuffler according to a preferred enbodi nent
of a further invEghiedDishdifrdmmdticgepresediti@ivt afrtlgetfies cdhndAidn@athheddrdihg taat r at e
the effect of various features of the piston of WO 2004/106737
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Figure 32. Figy® 35 is a perspective view of a conpressor including

el ectrical connections according to Figure 34. 10 Figure 36 illustrates a
preferred enbodi fighie 38s aperpectinayigy obrrompesssaa cbdieslycirienl sormagtiongsccording

i nvention h%ﬁ Jfigure 37 is a side elevation, partially cross sectioned,
of a housed ﬁpﬁ}'ressor (with top half of housing renoved) illustrating a
coi | spiiing suppﬁngtxreéﬁulhmgaeﬂmrefmextmdhodn@ehmfadqsc}afgrchzanher aqvtdigneafurthdr a
further invention herein. 15 Figure 38 is a cross sectional side elevation

i 1lustratind™&" B™of nounting an end of a coil spring so as to transnit
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DETAILED DESCRIPTION
General Configuration of an Example Prior Art Compressor
20 The present application includes a number of inventions developed in relation to linear
compressors and free piston machines. Each invention may be applicable to a wide range of
( compressor configurations, such as, but not limited to, those that are described herein and those
| that are known in the prior art. Not all of the improvements disclosed herein will be applicable to
all types of compressors. For example improvements relating to gas bearing performance will be
25  more useful improvements in compressors that make use of gas bearings, and improvements
related to main springs and the connection thereof to the piston will not find a use in Stirling cycle
compressors lacking such connecting springs.
To place the present inventions in an appropriate context the construction and arrangement
of the compressor disclosed in WO 02/35093 is firstly described with reference to Figures 1 to 5.
30  This is for convenience and is not an indication that the present inventions are applicable only to
such an arrangement, but each improvement can be applied to a compressor of this general form.
Referring to Figure 1 the compressor includes a piston 1003, 1004 reciprocating within a

cylinder bore 1071 and operating on a working fluid which is alternately drawn into and expelled



all types of conpressors. For exanple inprovenents relating to gas bearing
performance will be 25 nore useful inprovenents in conpressors that make use
of gas bearings, and inprovenents related to main springs and the
connection thereof to the piston will not find a use in Stirling cycle

CONMpr essor Sy dflfhddgs;such connecting springs. To place tdegNh@s@dhed NVentions
in an appropriate context the constructﬁ)n and arrangenent of the
conpressor disclosed in WO 02/ 35093 is rstly described with reference to
Figures 1t V. d, | a di cat.i on .t hat
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space t hr oughmétheagng.| et val ve 1119 into a di scharge mani fold. The 5

di scharge mani fold channel s the conpressed working fluid into a cooI
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housi ng and | acket 1029 are integrally forned as a sihgle entity 1033 (for
exanpl elta cabstimiglly alighed yvile the recippagtioroanraf hesylider 1671 andserapding theddihder
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1032 are sufisihédiheldsgentddei23pd to formthe jacket space (by the cyli nder
head assenbly 1027). The linear notor includes a pair Eposed st at or

parts 1005, 1006%/&1“&% apter ing @%l%ﬁ’alfdtfr?ﬁewéa‘ﬂtobpﬁfltﬁem&?sl 1008 eyhicherze riggly1033.

15 The pi st QpndeddR3e m%%gﬂnd‘e?&isﬁﬁé)ﬁggl ng within the cylinder 1071 is connected
to the cylinder assenbly 1027 via a spring system It operates at or close

to its Hatural rEeamsien 1q0ﬁek?@émwr®am}mhln the Crlh@eld@al iscomedtedp tenglindtrf ect
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cylinder part { 1001 during discussion of the Spring system

20 cylinder casting 1033. The pair of legs 1041, the stator parts 1005, 1006, the cylinder moulding
1033 and the cylinder head assembly 1027 together comprise what is referred to as a cylinder part
1001 during discussion of the spring system,

The piston rod 1047 connects the piston 1003, 1004 to the main spring 1015. The piston
rod 1047 isrigid. The piston rod has a plurality of permanent magnets 1002 spaced along it and

25  forms the armature of the linear motor.

For low frictional loading between the piston 1003, 1004 and the cylinder 1071, and in
particular to reduce any lateral loading, the piston rod 1047 is resiliently and flexibly connected
with both the main spring 1015 and with the piston 1003, 1004. In particular a resilient
connection is provided between the main spring end 1048 of the piston rod 1047 in the form of a

30  fused plastic connection between an over moulded button 1049 on the main spring 1015 and the
piston rod 1047. At its other end the piston rod 1047 includes a pair of spaced apart circular
flanges 1003, 1036 which fit within a piston sleeve 1004 to form the piston. The flanges 1003,

1036 are in series with and interleaved with a pair of hinging regions 1035, 1037 of the piston rod



The piston rod 1047 connects the piston 1003, 1004 to the main spring 1015.
The piston rod 1047 is rigid. The piston rod has a plurality of pernanent
magnets 1002 spaced along it and 25 forns the armature of the linear notor.
For low frictional |oading between the piston 1003, 1004 and the cylinder

1071, and iwo h@fbéAYl ar to reduce any |ateral | oading, pdigzRbsdoigs r 0d 1047
is resiliently and flexibly connected ﬁérth both the main spring 1015 and

with the piston 1003, 1004. In particulat a resilient connection is
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within a piston Afithssgan ypme epd] 48 tha nisien et §947ris radigly supaeriRddY ito pmmectipg 86 ar e

the pi ston Tt BB TL5715° st \pBub R 5o B s Rek By e frarbiidee R ©F
hi ngi ng ¥ egiedpscdtBigomoti3iit auh;tamt)altyedsmto atyalageral rpothmcarphmlcamﬁmstﬁsebenhh ng at

right angles to o anot Qer f i, N s rlinﬁg end 1048 the piston rod 1047
is radially ‘EeﬁB TEHPTREANOR Sﬁ'ﬁ é‘t"f Y& mai n spring 1015. The main

spring 1015 is crpfdsemvdd whithhcoppikes! the Wmaefdgﬁn fiP hotrigidly 'BGinRIAOKMih NBe
motion but substantially resists any lateral notion or nobtion transverse to

the directhametss casingi Bris deseito MOE 1k Kee priprasating dircHon nfeﬂ@ymstﬁmeqpaﬂﬁw
assenbly whiy ﬁﬁorﬁﬂgpc{nhéﬁ nd Q%&&é&hgdﬁé dlB@h{ege'n%eriBis a'h hid lréﬁagé?&ﬂﬁ.ﬁ&nm J[ n the

hernmetic cas ree eln reci prdcat’i ng ron o
pi st on, ltapat(134fandm rﬁumbﬁmgqpnmmmi Bach dfothe hlésclagd mye 10b& asll gehiquide t ube

1018, allqwd refrl on line 10 1034 rear ortin
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i nj ection |k1ﬂﬁvn1@13f’act%ﬁ§{1ct1h&hé &%cn&wp%ﬁ)td&%&péﬂ ihe ﬂ;%%;ﬁﬁﬁf tl'chHyHRdizrt Fope a
sprl ng of known characteristic in the direction OF reci procation of the

pi ston wi t hexmpleshesybesri@d} anddf4 maybaforeedinta a spirsber hebgabspaing adiersat theisende
formed int Oy cﬁPé Hﬁho@tﬁbeﬁén‘%gtg &B%E@Oadj acent their ends which |ead
asl n 0

t hr ough t he"her met i ¢ he total reciprocating novenent is the
sum of the noverfﬁnttotalfretxpecfpmgtnmveﬂﬂﬁas thd 8.0d of thachovtreerd pf tha distond 803, .100he
pi ston 1003, d 04 |§ Rported radially within the cylinder by aerostatic
gas beari ng® terﬁ”ém SIP*der part of the conpressor includes the cylinder

casting 1033 ha\fg-}i}gm@orbl((bOE 15051 sbpered radibilowiEkin 8RRyl deddyl a8@ethtid dadariddsl 0

wi thin the bore The cylinder liner 1010 maybe nmade 20 from a suitable
material to Trheaxle@ermaﬁpéweﬁ@apresspbmclé%w calinder pAglingyk038 haviegp Yarphh S8 tharer e

rei nf orced b 15%
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20  from a suitable materia! 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 (also preferred
( for the piston rod and sleeve), or may be cast iron with the self lubricating effect of its graphite
flakes. The cylinder liner 1010 has openings 1031 there through, extending from the outside
cylindrical surface 1070 thereofto the internal bore 1071 thereof. The piston 1003, 1004 travels
25 in the internal bore 1071, and these openings 1031 form the gas bearings. A supply of
compressed gas is supplied to the openings 1031 by a series of gas bearing passages. The gas
bearing passages open at their other ends to a gas bearing supply manifold, which is formed as an
annular chamber around the cylinder liner 1010 at the head end thereof between the liner 1010
and the cylinder bore 1071. The gas bearing supply manifold is in tum supplied by the

30  compressed gas manifold of the compressor head by a small supply passage 1073.
The gas bearing passages are formed as grooves 1080 in the outer wall 1070 of the
cylinder liner 1010. These grooves 1080 combine with the wall of the other cylinder bore 1071 to

form enclosed passages leading to the openings 1031.



for the piston rod and sleeve), or maybe cast iron with the self lubricating
effect of its graphite flakes. The cylinder liner 1010 has openi ngs 1031
there through, extending fromthe outside «cylindrical surface 1070 thereof
to the internal bore 1071 thereof. The piston 1003, 1004 travels 25 in the
internal bore 1071, and these openings 1031 formthe gas bearings. A supply
of conpregsashs@@ssi s supplied to the openings 1031 RETAZZWH PP gas
bearing passages. The gas bearing passaf§es open at their other ends to a
gas bearing supply manifold, which is formed as an annul ar chanber around
the cylinder Iinetherasiyanng eranyesORQfolay heliraknaths Trelanetbrofithesesppaize Palory  and

the cylinder l%%r?injag%rildan&%&ﬁ?\fs @ﬁﬁéd QPR Yof arsqg w?fcg B e4h8 e?llﬂ?rpl i ed

by the 30 conpressed gas nan f the conpresso a snmall supply
passage 1073¢asy: hlemg”a:surb@ahfn ngchpeigg erpessitly by some nthr fasn gmbmnsl@ﬂ@tﬂdmg) he

outer wall 1070 r,. 1 . The ine with
the wall of the g‘%%ﬁepa CE/OI6 de%eéla?(g'?#?%ﬂw?%{?% ?Bé@f’g‘%@e H’? CHdi ng
to the opgni ﬂgﬁed@@lia“ﬁi@m@@d)lﬁfnﬂ:ﬁﬁ&z&?ack%ht%@[ﬂ&@ﬁﬂ&ﬂ%ﬁﬂ&ﬁea&ﬂeﬂgﬁlﬁ Dear i ng
grooves 1080 foI | ow, ’aﬁtﬁﬁg gﬂa The Ietéyg t] L t he respective paths are
chosen in ac¥dKingitis A ?“é‘f’@f"r"éﬂ"l% APBHEPO A of the passage, which
can be chosen forrheasiierRARUDAGHLS re(t@m{elagindeiﬂom Wit @scRfate OsoinPJabkebdp25 0ME
ot her form such as precision_ noul . Each part 1005, 1006 of the stator

carries a wi AsicHnderheah 19 epd @eé}sear mstéﬁorv 10951 06 alldn rigid copnseitpniithh 4
"E" shaped | g DdtheQrhs Eﬁﬁherw fodh h&o\%o&%s%uﬁﬁ{grﬂo% t@ftﬁé’ﬂlgmtsﬂ%g]q@@ﬁ gl

pole. The wnding is insulated fromthe |am nation stack asti ¢
bobbi n. The égschmbeﬂﬁk&animilqmdwopm @b@@ﬂh’éalecycrarméwﬂmmngafqrhyhnder

assom at ed CB%[,O@QE&E E)et{\ﬂ}lgggpmg jags.cylinder head 1027 and the |inear notor

st'at or parts Inrigi connecti on with one another. The
cyl i nder part 100][he|q5lhmiep@ﬂaacbscMu@tGSﬁ@m@bMasdfomermhmtinglegs @i extendingl 5,

the 10 di schar e 10 nd the liquid injection 034. ]t also
Carrios the Bmie FORom BRuindf nepdlth sk S, BRriel R RS bk PR 1015
The Cél i ndE:c‘ dadaﬂbdﬁlaﬁthegmmaatalr]{wi rﬁ&BﬁmQB& 10gPonaed fbmﬁﬁhﬁecﬂmﬁhmgcjdm& ﬁ041
ext endin romt e rom:t e s n t he
pr ef er r ed>f of#1B% | ghp Wﬁgt ye&é’%‘ﬁ‘?gé %ggf’ﬁ d%"ﬁb'l;ﬁa’é@‘% ,bgfgﬁjﬂg%n"ﬁlgm“ ng
bar 1043 at Qpgr @rﬂﬂo&@rmcﬁmm@g*s 100 oftteldylidder astink MOBBreadind@Rlaint@ndd3dhot oA pai I
of laterally extending Iu‘%s 1042 extend fromthe nmounting_bar 1043. The

upper and | oVRPRterhSEn{or AR PTbesluglA2 o Onpseasigapptrysioas orhaghsi INZS niggidedigarbaienc| ude
a mounting sh@ds e lugs 0P £e IPpe HeBleeRNIR p@rfpeﬁdtf@lla} Fbg& Ib%gf thdMRR 18%8ind the

protrusions or barbs 1078 provided in rebate 5, the lugs 1042 are
trapped bet w@elmelldﬁéﬂqs&cﬁﬁewa? &mﬂ@gtﬁe&@éﬁcwﬁt@e@bat%@%w bs 1078 and the

"ot ernal Zurt ace 1574 R o2 (el e 1 IS Raln SIF ShE R Behdp rotibe "7 o
the rebate &t 1000t Watveirdly exte@my Ings 1136 on 1li3fistom cennectipg sed 4G opdigrotateng r od
1047 reci pr Oca{hm the slots 1028 while operating.
(. A clamping spring 1087 has a central opening 1088 through it such that it may fit over the
pair of mounting legs 1041. The clamping spring 1087 has rearwardly extending legs 1089
25  associated with each mounting leg 1041. The free ends 1090 of these legs 1089 slide within outer
face rebates 1084 of the mounting legs 1041 and are sufficiently small to pass through axial
openings 1086 between the outer and inner rebates 1084 and 1075. With the lugs 1042 of the
main spring mounting bar 1043 in place in the inner rebates 1075 of the mounting legs 1041 these
. free ends 1090 press against the lugs 1042 and hold them against the perpendicular faces 1079 of
30 therespective barb 1078. Retention of the clamping spring 1087 in a loaded condition supplies a
predetermined preload against the lugs 1042,
The clamping spring performs the parallel task of mounting the stator parts 1005, 1006.

The clamping spring 1087 includes a stator part clamping surface 1091 in each of its side regions



within the slots 1028 while operating. A clanping spring 1087 has a central
opening 1088 through it such that it may fit over the pair of nounting | egs
1041. The cl anping spring 1087 has rearwardly extending |legs 1089 25
associated wth each nounting leg 1041. The free ends 1090 of these |egs

1089 slide whthi er face rebates 1084 of the mountigg £ 4 and are
suffici entI%sz%pP&% pass through axial openings 1086ﬂgret vve%r/{%%e out er

and inner rebates 1084 and 1075. Wth tRBk-lugs 1042 of the main spring
mounting bar 1043 in place in the inner rebates 1075 of the nmounting |egs
1041 these 19%ee ends 1090 press against the lugs 1042 and hol d t hem agai nst

the per pendi cul ag f. i ;73a9t?19g 332&%&9‘8& i i%t%ﬁ?a{t@g&%%%blﬁ%&?ﬁipn of

t he cl anpi ng spring In-a Co on su predet erm ned
prel oad agai nst When inhypgsitid()42tural hitractioarbpiwegn serpangofthe frotorsvill hewphe sthtbel

task of nountin h tatqr parts 1Q05, .1006. The cl ampi.ng ., spri.ng 108
i ncl udes augﬁ‘%tlg?i 6@9@%’?@%‘? 0@‘6‘? ?lg@é"l‘%‘gggthieﬁ”@%ﬁ "I?PQR;P{‘% @R}&e;alo Lgp B{Zs VO
2004/ 106y 37thE?I/pHmea4/sQ?Q@%agaﬁgxlouté&%ges 1086, Qi o dRmGABhE PPcik033s e ! udes

a pair of protruding stator support blocks 1055. When in position, natural
attraction fennagerringdOpaeinscthicln He additionallyjacpte hegtator hastsd PAY, 4006 ipayertical 005,

1006 t ds. 1 Y b TR [ .
Focati on of SEif ARSAT engabife el sl UBufing LBER 105 AR HOEELEH i 8E,
t he nmount i noutéd clgk s/hitB55 a avadical climofuinngatshes itrgdidetsion efheCE' shapad larhimation

addi ti onallg/ | ocate the stator parts 1005, 1006 in a vertical direction
(the stator®t agi ng surface) of each nounting block 1055 includes a notch

1057 inipts  outpfe sREBart¥l00and 086 ¥R klebifiy dbdn@Gtd BRowHs ohfi&tofl i (NS on
of ;/the "E" shaped |am nation stack. 10 The stator parts 1005 and 1006 are

el ectrical | yThe peversurndy eomesterd 01513 Siiey theangh e ppanine0 079 in thihkerpetinsheld 1301 y
connector 1017 is f] i IRt | e 1030.
The open end of @i? I dlp%%grgi %%F#%g c%@g@?fﬁé lg%%ﬁ}%éga& EE? c’? ﬁgﬁg%)%édgglgg? ]ﬁ%%d
1027. The compresactcat elatctyrsnclolyy thnopeasad dof hglimiee hOHN And bf thy | coolitey jadke 1,

and of the coolin cket .chanber 2. surr di t.h | i r 1071. In
overal | for fiap '539# gepn M gi‘;erégﬁlprl?g‘éeéﬁﬁrﬁ]?g“ glgé‘:i’lé[@ﬁﬁfvﬁlé P@ﬁr"orﬁl”%ﬁf‘%s
1100 t 014108 sta0&tHE plast 1N 0@toSU OB kdpthBRkkkH £6u/ctinh Mk eBitdke @haeifdiia404. An

annul ar rebate 1133 is provided in the face of flange 1135. CQutwardl

extended | obes Augmularelge 4413 iggropded is thedpoerof Banged EhaQtwardlyexteaded lcﬁm t he
L, Lo AR Bt UL IO SR Bl S e
open end of the Opydningdere proudedibatyvet) 818 thred¢ dHiambeisén the Oylaneudasting 1@BAt e 1133.
First head plate 1100 fits over the open end of the cylinder moulding 1033 within the
20 annular rebate 1133,
Second head plate 1101 fits over the first plate 1100 . Second plate 1101 is of larger
( diameter than plate 1100 and may be made from steel, cast iron, or sintered steel. The plate 1101
is more extensive than the rebate within which plate 1100 sits. The plate 1101 resides against the
face of the flange and compresses the first plate 1100 against the rebate. The plate 1101 has
25  openings 1139 spaced around its perimeter, sized so that the threaded portion of the bolts pass
through freely.
The second head plate 1101 incorporates a compressed gas discharge opening 1111 in
registration with opening 1110. It also includes a further opening 1117 in registration with
opening 1115 in first plate 1100.
30 A portion of the plate 1101 encloses the cylinder opening 1116 of plate 1100. Through
that portion of plate 1101 pass an intake port 1113 and a discharge port 1114. A spring steel inlet
valve 1118 is secured to a face of plate 1101 covering the intake port 1113. The base of the inlet

valve 1118 1s clamped between tlre plate 1100 and the plate 1101 and its position is secured by



Second head plate 1101 fits over the first plate 1100 . Second plate 1101 is
of larger dianeter than plate 1100 and nmay be nade from steel, cast iron,
or sintered steel. The plate 11.01 is nore extensive than the rebate within
whi ch plate 1100 sits. The plate 1101 resides against the face of the

fl ange and w@npiuaesses the first plate 1100 agai nst t he w@Eat004/0b618s pl at e
1101 has 25 openings 1139 spaced aroundipts perineter, sized so that the

t hreaded portion of the bolts pass through freely. The second head plate

1101 i ncor pdlrvadl£1514a @omngs&emlgﬂwrgdivsl@har peisapsohbd\@ the bthet face bEPBtINGL | ON
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| a
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the third I I 19
[ts and opoiafelbtih Pt 1ias SR phit 165 el 1olile o S08%05 el |
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1120 recei ves, E¢SGeRdhiRhne 7[9:?{1? B;s 19%11?&%@?&1&]134§e A, (EI;etIa%éfgf & fhdstot © the
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gas bearing supply passage 1 1146, 1147 in the first and
second pl at emicabintakei@dden the éave NP SkGGRurthiptateilg i3 tcadstd thelisttle pd 0296. The intake

1696 pacsi nEer MGt PR P inarey g DR PPk Sher P3G REe R ake
1097 i n t heinkake@asta}R8 097 ext@dinigrop! th enclob@BinlaRéslanifold § f;haatb BpedioRt iR@directiofb.

The intake 15 port' 1096 is enclosed by the intake nuffler 1104. The suction
nuf f | er 110%@»‘?&%@@91&1@@?9%1@@& - Wiythgeompresios siwated githinyis Beraiehghaupias t he
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cyl i nder e conpressor situat In 1ts hernet
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directly into the cooling jacket chambers 1032 surrounding the cylinder. The discharged newly

compressed refrigerant passes into the chambers before leaving the compressor via discharge tube

1018, In the chamber 1032 the liquid refrigerant vaporises absorbing large quantities of heat from

the compressed gas and from the surrounding walls of the cylinder castings 1033 and from the
25  cylinder head 1027.

A passive arrangement is used for bringing the liquid refrigerant into the cooling jacket. A
small region of lowered pressure is produced immediately adjacent the outlet from the liquid
return line 1034 into the jacket space. This region of lower pressure has already been described
comes about through the flow of compressed gas into the jacket through compressed gas opening

30 1110 in head plate 1100. A slight inertial pumping effect is created by the reciprocating motion
of the liquid refrigerant return pipe 1034 in the direction of its length.

The main spring is formed from circular section music wire which has a very high fatigue

strength with no need for subsequent polishing,



20 Liquid refrigerant is supplied fromthe outlet of a condenser in the
refrigeration system directly into the cooling jacket chanbers 1032
surroundi ng the cylinder. The discharged newly conpressed refrigerant
passes into the chanbers before |eaving the conpressor via discharge tube
1018. In thgoGhaRkesr 1032 the liquid refrigerant vaporigepnahennbiong | arge
quantities of heat from the conpressedzgas and fromthe surrounding walls
of the cylinder castings 1033 and fromthe 25 cylinder head 1027. A passive
arrangenment is Uhendi®sprigitdkgs g fdith dfiaGontihuoed lobg riaed intdd doublehetiQol i Ng
jacket. A small_regign of |owered pressure is produced | nmedi ately adjacent
the outlet f rom]fhﬁie“lgqu‘ifi"ﬂre fpraing e sprig lﬁéghasmﬁ ge eiiis Dixedhwithin & mopatingir o
region of | QABLRNERIVAL R ARuMIRE N TRRLIBRSI: BES. THE TrmhedbPhashiutigh the
fl ow of conpressed gas into the ]acket through conpressed gas opening 30
1110 i n heanopitiag@oihl 02 for mbunging td the pisicalpapunpi ng effect is created by the

reci procating ion of the liqguid refrigerant urn pi 1034 i.n e
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t he di scharge stub 1013 woul d generally be connected to a condenser. The

sucti on t ubi@clpdadfor useinevganatiag iheselt sxratiopsysen pest dergingvefly thgehosen refrigainone or
nore evaporators. The liquid refrigerant delivery stub 1014 receives
condensed refrigerant fromthe condenser (or 10 froman accunul ator or the
r ef ri ger ant Deiatled Bedceiptibh ef therldesmsiony Hexin use in cool ing the conpressor as

h I dy b d .1 bed. A t ube 1016 di t h h t
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t he I nventions rein 15 Gas beari n%s use sone of the high-pressure gas that

the |inear borpradsgpr isrenshlyesorortioplde thsamonyt of gasiflowpegibrough & Theport fiicki se
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roughly proportional to the anount gas oW ng hit. e port force
i s al so af f Buddecbripredstee down stream pressure, which varies significantly

near th 80 head e ng ﬁ?rlheist prollaértr}%?éas%%aq&rgg gs%l?art they have a relatively slow responsc time, so that
it may take 1 or 2 seconds to adjust to a variation of applied force. This is equivalent to 50 to 200
strokes of the compressor, so that there is potential to have piston/cylinder contact at times,

particularly at the beginning of the suction stroke.
According to one invention herein these problems are addressed by incorporating a
25  hydrodynamic (slipper) bearing that converts the movement of the piston into a bearing force.
This form of bearing has a fast response and can provide a force that will augment the gas bearing

force.

A 2-dimensional slipper bearing is shown in Figure SA where the wedge of fluid generates
a bearing force F at right angles to the velocity U. This force can be approximated from the

30 formulae



20 A further property of gas bearings is that they have a relatively sl ow
response tinme, so that it nay take 1 or 2 seconds to adjust to a variation
of applied force. This is equivalent to 50 to 200 strokes of the
conpressor, so that there is potential to have piston/cylinder contact at
times, pariccdbadokrat the begi nning of the suction stpekRz2006601@1 N9 to
one invention herein these problens are_ addressed by incorporating a 25
hydr odynam ¢ (slipper) bearing that coﬁagFts t he novenent of the piston into
a bearing force. This formof bearing has a fast response and can provide a
force that will augnent the gas bearing force. A 2-dinensional slipper
bearing is shown in Figure 5A where the wedge of fluid generates a bearing

force F at right angles to the velocity Bhip forcefsan be, p( xi mat ed
fromthe 38 forful ae WO ZOWTOWPA;&N& ro@om%——zﬂg—mi 1@ U
In 2 2 111 - (1) (bt L b2)5% D2bpl” + 2) |sthe
transverse ’_pressure generat ed by the slipper bearing, p is the vi sc05|ty of
the fluid, F Uit he"velocity of the noving part, Llsthelengt@)of t he

taper, b, is the clearance at the leading end of the taper, b2 is the
clearance at the trailing end of the taper and wis the wwdth of the 10

bearing (i.GnekPtR t}Qs' tfaRGeksR Brel@bdieREth et bithe Elﬂ)p%%aﬂﬁéi s tﬁé v1EdoQHJ’ of t‘rﬁ’?ﬂnd In

the preferred enbodi ment of the present 1nvention the wedge shape is f or med
by taperinlisthe Véqutyﬁﬁdﬁ rmfwftmrtda sstiloledtioof thfa@ptrrl busthe adiemandent the lyadieg 5B.
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the cyl iqdebeasifffi.e. Wd direbtidh peijenditulart tb eheGatedf Fipgrd SX)CE Fp, generat ed' by the
15 i bearing 5006 is found fromthe a%PrOXIﬂBte formul ae D - % 2 20 D -
-(4) b2 = 2 +Ingheyprefegreg gmbogimentof the present invegtipm the wydge ahapees opgyd by r Py

=6 p UDb, Lpbifg the end! 58098 tRe $ilbn 30000ks irtksfoated in Figure SB. Then the force on one side

is balanced by the force on the opposite side, unless the piston is offset (by a distance ¢) from the
centreline 5002 of the cylinder 5004. With the offset, the centering force Fp, gencrated by the

15  bearing 5006 is found from the approximate formulae

by = D-d e -3
2
N E E @)
by = D-d +a- e
{ ? 2 - (5)
- d
25 be = 02 - e - (6)
* R P S by = b2 -(M
Pt = 6 U T [|n(b2)—2 (b1+b2]]
L b by — b
30 Pb = 6 - . —_— . (_3)_2.{3 4” -(8
H U (b3—b4)2 [ln bs by + by ()

Fp = 07 -D - (Pb - Pt)- L

where: b, is the clearance at the leading edge of bearing 5006 at the side of greater
35  clearance due to the offset; b is the normal piston to cylinder wall clearance at the same side as
by; bs is the clearance at the leading edge of 5006 at the side having lowest clearance due to the

offset; by is the normal piston to cylinder wall clearance in the same side as bs; D is the cylinder



( 30 Pb=6pUL. INn(b31-2Db3- b4 -(8 (b3 - b4 2 b4 b3 + bd Fp =
0.7 D (Pb - Pt) - L where: b, is the clearance at the | eading edge of

beari ng 5006 at the side of greater 35 clearance due to the offset; bz is
the normal piston to cylinder wall clearance at the sane side as b,; b3 is

t he cl ear ano@ abs/iobs7| eadi ng edge of 5006 at the side hagrNg2dowRsis
clearance due to the offset; b4 is the,gormal piston to cylinder wall
cl earance in the sane side as b3; Dis the cylinder WO 2004/ 106737
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af fect the conpression volune or_operation of the gas bearings any positive

gain fromt ﬁggurqg@n'glpeas@@ger|bpqqng,f§§§ctb§stgk appaiseifif the taper is converted into a step.
Also as indicated in Figure 6 a taper or step 6002 may be provided at the rear end of the

20  piston in addition to or instead of at the head end of the piston. It is considered that this would

not be quite so effective as the bearing at the head end of the piston due to the difference in the

{ prevailing pressures at these locations. However as a taper at the tail end of the piston does not

| affect the compression volume or operation of the gas bearings any positive gain from the
generated lift may be of benefit.

25 It has been found that if the step is formed by chemical machining the step surface remains
concentric with the rest of the piston. Chemical machining involves immersing the piston end in
an electrolyte to slowly erode away the piston surface. The erosion can be accomplished by
providing the electrolyte as an acid, for example highly concentrated HCI, or by electrochemical
erosion. In the case of electrochemical erosion it is important that the erosive action occurs

30  uniformly around the piston. This may be facilitated by providing a circular or annular anode
coaxial with the piston with the piston end immersed in the electrolyte.

Referring to Figure 7 one possible embodiment is illustrated in which piston 7004 is

lowered into a pool of electrolyte 7002. The pool of electrolyte is contained in a bath 7000. An



25 It has been found that if the step is fornmed by chem cal machining the
step surface remains concentric with the rest of the piston. Chem cal
machi ni ng i nvol ves inmrersing the piston end in an electrolyte to slowy
erode away the piston surface. The erosion can be acconplished by providing

t he el ectrolpg Bofmean acid, for exanple highly concentr gtesiziiekooofns by
el ectrochem cal erosion. In the case of _electrochemcal erosion it is

i nportant that the erosive action occur£%30 uni formy around the piston.
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to Figure 7isons r@riesd alcathedead ihawath 7080 iskdndsdet ad #1ddé shdwhd subfagy oFti@pistéid i s
| owered into a pool of electrolyte 7002. The pool of electrolyte is

cont ai ned i #o¥Whs#ded7000. An WO 2004/ 106737 PCT/ NZ2004/ 000108™ - 26
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50 nm we propose ong step on the cylindrica
pi ston ¢ t hstonendhechadehd ohéheppistmn A sers teid bo plodided apthewitibe @ndis el ast her

end as well.as il|llustr d as step 6002 in Figure 6. According to a further
aspect of tHF’gtr‘i‘tﬁ‘{/@r‘f?ﬁpo@bﬁn]ﬁ%mﬁ ssible to use chenical machining to

produce a gr aduaheshrdia@era furkher BpedtbEtlsafivenir ibis pedsilad G& dhemichiGHdcRining th he
end of piston 7004 is imersed in the electrolyte to_a depth correﬁfqnding

with the | eRgdHceot eradnstaddansr Inpagirylag with ssterense for Kigyre dothe thboinision A0G4sis
supported t ; AW 006
oy i nd ontanasg| BideEhRtie sl kbbbl e el B HRIRE: At bl
bath. Thé ppsudoced. iThe gistuduniupponpidtth de shawlysotradiedie firdme thedvatt Footxanplea wireer sed

in the sol utj varies (preferably Il.ine wi th the positio ong, the
Laper . ¢ he. prauH e oup Rk Bliohe mundlE MRl rltp i O e biB. The el "t ne
full taper deghduallyhiith@ratvii@o thas til lepiid oDfimé RembBgieh the sdlWToaNeaes @Rfdrably
briefly. The 20 i mersion regime can be subject to substantial variation.

For exanpl eliptralyhvish e pesidorcinne e tangr.dka paston end 06 b taper bsing iamerped feragimeto

reci procat edrehfd thduPlapst cfeﬁlhﬁwﬁile A% BHACEYYordRS BhHELS dmmdied BAE Tt1eR§d The

conpressor arrangenent has the nagnets on the connecting rod between the

spring @Ad tirhecysioptregime Ten hakubjachlossubsaitiahvnstatierf. f B tekareply theepidievend can be
gradually inserted or can be slowly reciprocated in the electrolyte.

( As already described, our preferred compressor arrangement has the magnets on the
connecting rod between the spring and the piston. To make this work most effectively we have
found that the rod should be rigid and should be compliantly mounted at one or both ends in such

25 awaythat it is able to rotate to form an angle with the line of axial travel so that the piston can be
axially aligned irrespective of misalignment of the piston rod. This would seem also an
advantage in compressors which do not have the armature on the piston rod.

A further invention herein is a piston to piston rod connection wherein the loads applied to
the piston are arranged so that lateral loads are applied at a position away from the piston ends.

30  Axial loads are transmitted directly to the piston crown. The connection allows rotational
flexibility between the piston and the piston rod, transverse to and uniformly around the piston

reciprocation axis. This has the advantage of not encouraging tilting of the piston in the cylinder,

allowing gas bearings or other lubrication to work more effectively.



found that the rod should be rigid and should be conpliantly nounted at one
or both ends in such 25 a way that it is able to rotate to forman angle
with the line of axial travel so that the piston can be axially aligned
irrespective of msalignment of the piston rod. This would seem al so an
advant age iRoe@IREEssors which do not have the armatur eecamnzb@/0p018¢ on rod. A
further invention herein is a piston te2piston rod connection wherein the
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more readi| glaét@r%@rict rrqgterial has the benefit of coping with slight variations in fit more readily than the
{ rigid dry bearing material. However the dry bearing material provides a more rigid load transfer
to the piston.
25 Figure 12 illustrates an arrangement for providing a compliant connection betweeh the
piston rod and the piston which will apply lateral loads at a load line 12020 away from the end of
the piston, the arrangement including an O-ring bearing on cantilever from crown.
In Figure 12 the piston 12002 has a cylindrical wall 12006 and is enclosed by crown
12009 at one end. A compliant rod 12001 is fixed at one end to the crown 12009. The compliant
30 rod 12001 is fixed at its other end to the piston rod 12000. A support 12004 extends from the
leading end of the piston rod 12000. The support 12004 may take the form of a cylindrical
upstand. A cantilever 12010 extends from the inner face of piston crown 12009. The cantilever

12010 may take the form of a cylindrical upstand. The distal end 12015 of cantilever 12010 is



rigid dry bearing material. However the dry bearing material provides a nore
rigid load transfer to the piston. 25 Figure 12 illustrates an arrangenent
for providing a conpliant connection between the piston rod and the piston
which will apply lateral |loads at a load Iine 12020 away fromthe end of

t he pi st on,wbr}gm@l%ﬁpgerrent including an O ring beari ngl\;\gpff@%dggﬁger from

crow. In Figure the piston 12002 has a cylindrical and is
encl osed by crown 12009 at one end. A édnpliant rod 12001 is fixed at one
end to the crown 12009. The compliant 30 rod 12001 is fixed at its other
end to the Bxaitlygounied wishend 12012 ofpwppory b4 cbhedlraible paplinmes sonfigyed tend of
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connectijfg rod. fip, ﬁeﬁ%ﬁ@ﬁﬁ@@is‘ﬁfuﬁh&“faﬁat%nio%tﬁqiﬁhﬁé@ﬁ‘éﬁtéfﬁfi%\ﬁéhpﬁh«@n the
arrangenment of Figure 8. The piston 9002 has a cylindrical wall 9006 and is

encl osed bypisioo A Xpoclindbent wathB006@aisicnelered Pperows 80U 4t snefend eprentiantred end
ext ends. 1 7 om NG T AP AL S RieRFfn B0 ahEaliGuRE BB fuatis sopd it °0
preferably p@idestehticfronh ie lading andofithepistoroal 9009s (Taaslippért Bblprefentily aikes tHO03
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thin metal disc with an aperture through its centre. The support 9004 penetrates through the
{ aperture at the centre of the disc. The outer edge of the disc is connected to the inner surface
9010 of the cylindrical wall. Preferably the disc includes an inner annular engagement with the
suppott 9004 and an outer annular engagement with the inner surface of the wall 9006. Preferably
25  each engagement is tightly fitted to its respective surface. The membrane effectively transmits
lateral loads to the cylindrical wall 8006 at load line 9020. Transmission is via a combination of
compression through the disc on one side and tension through the disc on the other, with the
tension taking over if the membrane exhibits any buckling tendency on the compression side. Yet
the thinness of the membrane allows out-of-plane deformation and therefore allows changes in the
30  relative bearing of the piston and piston rod.
Figure 10 illustrates an arrangement for providing a compliant connection between the

piston rod and the piston which will apply lateral loads at a load line 10020 away from the end of

the piston. The arrangement includes an “ankle” joint.
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and socket feDative Eza!n%g o?thle%\{\’%or{c ahd pi piston anl%& sLateraf 10&ds applied through the ball and socket

joint have an effective load line 11020 on the piston 11002 at a longitudinal position matching the
centre of the ball joint. In the illustrated embodiment ball 11008 is provided at the end of
cantilever 11001. A corresponding socket is provided at the end of support 11004, The socket
25 11007 is preferably provided in a bushing 11006 of appropriate low friction bearing material such
as PTFE.
There are advantages of locating the suction valve on the end of the piston in linear
compressors. This can be achieved as the piston is generally hollow without being interrupted by
a gudgeon pin. As discussed previously a number of prior art linear compressor designs have
30 included a suction valve through the piston.
When a conventional suction valve starts to open the only force on it is that due to the
pressure difference across the valve. This force (less than 10kPa) accelerates the valve according

to Newton’s Law. This acceleration force is eventually balanced by the, usually linear, increase in



relative bearing of the piston and piston rod. Lateral |oads applied through
the ball and socket joint have an effective load |ine 11020 on the piston
11002 at a longitudinal position matching the centre of the ball joint. In
the illustrated enbodi nent ball 11008 is provided at the end of cantilever
11001. A c g socket is provided at the end of, é?ﬂﬁi 04. The
socket 25 2?gbfﬁﬂggg?eferably provided in a bushing 1100 appré%rlate | ow
friction bearing material such asPTFE:-3There are advantages of |ocating the
suction valve on the end of the piston in Iinear conpressors. This can be
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desi gns have i ncluded a suction valve t roud% e piston en a
conventionaﬂwmgﬁmpwn valve starts to open the only force on it is that due
to the pressur ere e v This C a)
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spring force. en the suction valve is on the face of the noving piston,
the above anal ysihs lblear@nmsresﬁr nparginganieksakaragakimemaapaitpake sutiacedvecrodt i ng

"frame of referen means that the f orce due oth ur e
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consi der bl Eas HESARE EuohaUTE. e o RO P 8 ok for R s starting
trapped in tdiecdéretmpaode stoptingand rmr:sufgdsenttime asButtoimdDeag &entpe) €B8u @ all dfths
novenent takes the ﬁ&ﬁé 8$§H@.Q ere it is startlng to decelerate
prior to sthﬁb??Rj“& At Ef’irF 1”5 ea%m"gai‘ﬁl WK ent re). Thus for
all of yhe val vgciRrRiy ol 0F8 ihREtdIIREdiA @le pisdrCRasiaSpIE@RHyIof Gllét@rik ARowpRHAt the
val ve opens. 15 According to one invention herein the piston has a plurality
of inlet pof¥0through the crown. Referring to Figure 15 a preferred

enbodi ment of thg éfearmggmg.ﬁmséprefehyéémh&%n&mﬁm%ﬁm iAo il digles a
pi ston sl eeve 15002 ah I ston crown 15004 e piston crown 150 maybe

i ntegral mnphmmmEhdmsammnmﬂgweéﬁuﬁphéamnensbweﬂ@ﬂﬂnahQWSQmmnuybﬁmﬁamhbned

froma soli dnté)glrflil Ivntlil the] plston (for example the sleeve and crown may be machined from a solid billet, or

20  from a casting) or the piston crown may be formed separate from the sleeve and welded or bonded
into place. For example the crown may be machined from billet and the sleeve cut from seamless

{ steel tube with the two components subsequently fused together. The piston crown includes a
plurality of inlet ports 15006. As best seen in Figure 16 the plurality of inlet ports 15006 are
distributed in an annular array near the circumference of the piston crown. A series of spokes

25 16002 separate the ports 15006 and connect a hub 16004 of the crown to a circumference 16008
of the crown. While this is the preferred embodiment it could be subjected to significant variation

‘in the arrangement of its manufacture. For example the spokes could connect directly to the
piston sleeve. Preferably a singular planar valve member is provided to cover all of the ports
15006. The singular planar valve member may be in accordance with one of the embodiments

30  described further on in relation to further inventions herein. The planar valve member 15008 may
be secured centrally to the hub portion 16004 of the piston crown. For example a rivet 15010

may secure through the planar valve member 15008 and a central aperture 16010 of the piston

crown. The hub of the valve member may be connected tightly to the crown or may have a



20 froma casting) or the piston crown nmaybe formed separate fromthe sl eeve
and wel ded or bonded into place. For exanple the crown nmaybe nmachi ned from
billet and the sleeve cut fromseamess { steel tube with the two
conponent s subsequently fused together. The piston crown includes a
plurality Qjogg[ey @E.,sports 15006. As best seen in Fi gur erdBNEies/poid8al i ty of
inlet ports 1 (5 are distributed in amyannular array near the
circunference of the piston crowm. A series of spokes 25 16002 separate the

ports 15006coanéttion Bil@eihg themub tollab4oRhrdlah@ aWwE0%6In 1R cdovad. r cunf er ence 16008 of
the crowm. Waile this is the preferred enbodinment it could be subjected to
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crown or nagonﬂgﬁsg 2 WO 20041106737 -31 - PCT/ Nz2004/ 000108 connecti on
al l owi ng the Thu %6 move toward and away fromthe crown. The plurality of
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i nventi on helbsidnt v anddpgnalseplhled50i4n Asgasket a501dHgmmemised bdtiéenitid witve pldle port s

t hrough_the_piston the head js f f the ne 0 route suction gas through
the cyl hdeh 14 the P &Qﬁﬁ@dﬁh‘wﬁ%ﬁbﬁ 4%@8%@5@%_&%@ gt ﬁ%t%g OB 1y
of di schar ggsiahifal tHetrhdl flsP€tot NEccBRMEA0 N brefdrRd hb QiR bf Bprbdth®) discdiwg and
mani fold. Referring to Figure 15, the cylinder is preferablg defined by a
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di scharge pgf4 sngé Elaﬂe[r%ﬂ'v@ RRImBA 5070, tREreREEHRRS %lﬁwmm@’és_eh easly ih our
and preferably six or seven ports are provided. Valves are provided to cl ose
t he di schar gdatisoite gther inventions. The planar valve member may be secured centrally to the valve plate
15014.
According to another invention herein the closing instant of each discharge valve is made
25  different by slightly aitering the natural frequency of each valve in the multiple valve
arrangement. This smoothes the discharge pulse and leads to less noise since the closing times are
not simultaneous. Changing the natural frequency of each valve may be achieved in a number of
ways which may depend on the construction of the valve, For a cantilever leaf spring valve the
natural frequency will depend on the mass and stiffness distributions, the manner in which the
30  valveis fixed to the valve plate and the existence or form of any valve stop provided behind the
valve. In a truly planar valve the natural frequency may be made different by selecting varied

head sizes for the valves, with larger head sizes indicating a higher mass and slower response.

Alternatively, or in addition, the width of the spring portion of the valve may be varied amongst



20 15018. Preferably the val ves conprise cantilever flat spring valves, and
nost preferably are part of a single planar valve nenber 15020. Preferred
forms of planar valve are discussed belowin relation to other inventions.
The pl anar val ve nenber maybe secured centrally to the valve plate 15014.
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valves will close sinultaneously. However the response can be altered by

varyi ng t heexjgnding radiglyqwmiyarédand apafdidonal wakysi asptredrwithindheanaplus. A assespispeEnsf a
val ve |ike j i di ' . ' [ d in
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centred wit D’.{l\rz]e ﬁegg 2&“9%{ ilflssdistébl\ Q,n .rﬁ%\élaggr V%Rfre Im%%nber is shown as placed on a valve plate.

( The dashed line represents the footprint of a discharge head which clamps the valve member to

the valve plate and provides both varied valve closing time and varied discharge path length (in
accordance with another invention herein as described below). The footprint of the discharge
25  head includes curved walls 20014 and 20016 which clamp the valve member 20002 against the
valve plate 20000, With the valve member clamped in place the distance of each valve head
20008 from the outer each of walls 20014 and 20016 are not all the same. In particular, referring
to wall 20014, the outer edge of wall 20014 adjacent end 20018 is relatively further out than the
outer edge of the wall at end 20020. Accordingly the effective length of the spring portion for
30 valve 20022 is shorter than the effective length of the spring portion of valve 20024, The
response of valve 20022 is therefore faster than the response of valve 20024. In the embodiment
depicted the seven valves may have closing times that are not each different from all the others.

For example the clamping of valves 20024 and 20026 1s substantially the same and the expected



portions 20006 extends outward from annul ar hub 20004, each with a val ve
head 20008 at its 20 distal end. A spring portion 20010 extends inward from
t he annul ar hub 20004 and has a further valve head 20012 at its distal end.
The pl anar val ve nenber is shown as placed on a valve plate. The dashed

l'ine represgodtodiderss oot print of a discharge head whi chpelFmeeydobi@s val ve
menber to the valve plate and provides both varied valve closing tine and
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spring port t h sprlng portion are not all the same. In
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val ve nenber ustra igure
illustrades 2200800 p2014 avdmmtbetehem scesqiamsavithiiscreme inesizevint] Acdohtingy wéth elowkhe
valves. Val }/c%porlrl%e. re rgs%(?rgg olf g %139 \?vsil Eenslggenrl“tlllaan thet1 yegpo%ge() 9f4 the 9a1ves with smaller
( valve heads. The valve 22002 also includes a central valve 22014 illustrating the desirability of
utilising as much of the head space as possible for the discharge opening.
The valve of Figure 22 also embodies another invention herein, The varying head size
25  varies the opening response as well as the closing response. The inventors consider that the
opening response is influenced by the mass of the valve, and accordingly the varied mass leads to
varying opening speeds. Although the valves will start to open simultaneously, the degree of
opening of the larger valves will be initially lower than for the smaller valves. Staggered valve
opening can also be achieved by clamping the valve to a valve plate where the discharge ports are
30 not all provided at a uniform level (relative to the plane of the valve member). With the valve
member clamped against the valve plate the spring portions of at least some of the valves will be
pre-stressed when closed. Staggering valve opening should also smooth the pressure pulsation in

the discharge head.



plurality of outwardly extending spring portions 22006 of substantially

uni formprofile. Valve heads 22008 to 22013 are forned at the distal end of
each spring portion 22006. The val ve heads 20 22008 to 22013 are nunbered in
accordance with increase in size and accordingly with slower response. The

response ofywgwahy@sm || be slower than the response ofpdfa@z¥ddosEHs W t h
smal l er val ve heads. The val ve 22002 al so i ncludes a central valve 22014
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port and the outlet pojnt of the discharge head. This is illustrated in the
exanpl e hea&l et gt I’?’rﬁ F‘?“{iuf’égu%isﬁdgﬁr@ﬁdﬁ‘ﬂﬂ ogf enl of the,chambrr, fefetspee
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di scharge head that can provide discharge pathways of different l'ength is
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wal | 190906 i eegathliengilefromennd tow13) widcwilldbngtOdad tienpath leggtls fomoiond 98A8, Thi s
intersects the plenum makin n _annul ar hanmber., hlind at both ends. An
out| et 1900%NiR PSA?'&?{ taths path e Drfepm o | 30 it s laregithinhp At lma*grfrézrrs
19010 to 19Q4”si ndicate the approxi mate | ocation of the discharge ports into

the plenum chanber with the discharge head in place. It is apparent that
t he path | engt h Frivagars Sieapigeariveeat theomile andthygiefleces thepdsatips injtiadigsharghan
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larger t hanl 50'38) tllqlea}e r1'1s al deepagtolJ O.EgrgereMeen first and last pulse. This is about twice the rise time of
{ an equal path length design.
Figure 21 shows the difference in these pressure pulsations. The solid line 21002 is the
pressure with equal path lengths, the dotted line 21004 for unequal lengths. The slower rise time
25  of the unequal path design gives lower frequency harmonics that do not excite the resonances
seen in the decaying section of the equal path trace.
Other embodiments of discharge head also embodying the varied discharge path length are
illustrated in Figures 20 and 36. The arrangement of Figure 20 has already been discussed briefly
above. In addition to providing varied valve closing moments the arrangement of Figure 20
30  provides an annular plenum chamber 20040. The outlet from this chamber is not illustrated,
however preferably it i1s axial from central chamber 20042. Flow passes from the annuiar
chamber 20040 to central chamber 20042 through an opening between the ends 20018 and 20044
of walls 20014 and 20016. Therefore in this arrangement the path length from valves 20024 and



19015. This staggers the pulse arrivals at the outlet and thus reduces the
pul sation in the discharge |ine. For exanple in the head of Figure 19 the
difference in path | engths (between nmaxi rumand -20 mininmum is 60nm so
that with a celerity of 230m's (speed of sound in Isobutane at 760kPa and
1200) ther y of 0.26nms between first and | ast i s about
tw ce the W?Zzo(?l{ﬂn@k‘g an equal path length design. Fi g@?ﬁf@%/{%ﬁfo& t he
difference in these pressure pul sati ons33The solid |ine 21002 is the

pressure with equal path lengths, the dotted |ine 21004 for unecl]ual | engt hs.
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t he apex of levaefdnmlahwalg%Méaﬂtemamveiyﬂmhd\yaltslnmyslpﬂmfeaaﬁfdﬁ)léelb\sthcdemi dfghle by an
array of radia ls 3601 tral an
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place 20 path length from chamber 36026, which is longer than the equivalent path length from chamber
36027, which is in turn longer than the equivalent path length from chamber 36028. The axial
{ chambers also act as a sound muffler in the discharge head.
| According to a further invention herein the inlet ports and/or the discharge ports are
provided with a valve that has a non-linear return force. As the valve opens, the stiffness
25  increases. This has the advantage of not needing a stop to limit the travel of the valve. A stopis
required in other designs so that the valve is not overstressed.
This may be implemented for the discharge valve as well, but our preferred form of
discharge arrangement has been described above. One form of suction valve in accordance with
the presently described invention is illustrated in Figure 24. It has a hub 24002 in the centre with
30  aplurality of spokes 24004 extending out to a continuous ring 24006 at its extremity. The valve
preferably has an odd number of spokes.

The prevailing conditions for the suction valve make it difficult to get large valve

displacements and therefore pressure drops can be relatively large unless the valve perimeter can



agai nst a valve plate the depressed |evel of walls 36011 to 36015 define a
fl ow pathway fromthe peripheral axial chanbers to the central axi al
passage. The path length from chanber 36023 to axial passage 36029 is

| onger than the equivalent path length from chanber 36024, which is |onger
than the eqgupv@sgidzzPath length from chanber 36025, whighmSolsRea66 than the
equi val ent 20 path I ength from chanber 36026, which is |onger than the

equi val ent path length from chanber 36027, which is in turn | onger than the
equi val ent path | ength fr.om chanber 028. .The axial ., chanbers also act as a
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| ncr easithg peri rMBfcenlviess duftfatalubtthapsaphirqregagionpinipire db ankd gpeferadmiodesfase
val ve stress. Accordi to our preferred,enbodi nent t inlet port is an
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Pty aas ng 111t owhar i latnped by § Reoud f diverae s Mot biay® o The a1 ve
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projection) in Figure 25 in its preferred node of deformation. In the

preferred neldbe wstapianeoupapaning dispéacemend of the pgrimetomng 4086 a8 the e rontal seals v
planar, alt M?.h it may deformunder tension from spokes 24004 to slightly
irregul ar or rustaconi cal. The hub 24002 may be secured to the piston
crown s20as to dthsweardiswovérahihbt whentiendinber dspolies isae atanewmbers tha sgometen
al I owi ng beonfdt. en \gal\%[ is gub: thCateglr;[ Jn%es?gablte ggfopnlaja iog renctj) g ga% otcpuer ity \%Li\cl:ﬁtwo opposite sides
( of the valve tend to lift to a maximum while the two sides perpendicular to them, lift 2 minimum
amount or sometimes not at all. This effect (illustrated in orthographic projection in Figure 27) is
not observed where the valve has a low odd number of spokes, in particular in valves having three
25  or five spokes. Accordingly valves of three or five spokes are preferred.

Referring to Figure 23 a vanation on the valve having hub spokes and perimeter ring is
illustrated. In this variation the spokes, although having a radial extent, follow a curving path
between the hub 23004 and the perimeter 23008. Each spoke 23006 has an end 23010 proximal
to the hub 23004 and an end 23012 proximal to the ring 23008. Each end preferably mergers into

30  the respective hub or ring in a substantially radial direction. In path between ends 23010 and
23012 each spoke includes a portion 23014 extending substantially accurately within the space
between the hub 23004 and the ring 23008, The valve member in accordance with this

embodiment has a significantly lower stiffness than the valve member illustrated in Figure 24.



15 stiffness conparative to a connection inhibiting bending at the centre of
the hub. The increasing stiffness of such a valve, clanped tightly to the
crown, is illustrated by the plot of Figure 26. The plot places val ues of

t he i nstantaneous stiffness of the valve on vertical scale 26002 agai nst

val ues of wbeodsnsdrant aneous openi ng di spl acenent of thecprRzioseiefsri ng
24006 on the horizontal scale 26004. 297It has been di scovered that when
the nunber of spokes is an even nunber,”the symmetry of the valve is such
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known to th » e
density of Qfﬁ%n&ggaflsfeﬁgm{aﬁé@ e }S LE’?& géstaﬁkma%(?éis?c}? glg}glplle%eg% 6? |I\Ee at
punpi ng. Theisd§ af icentropik procesd o goan hppréxambsdayfot ehﬁglsap@éd @Mmpiasor fthe teﬁ@érataﬁa,
possi bl e. Many patents have een issued discussing nmethods of 10 doing
this. For ekérpl-e™U8e 3T and US 5,039, 287. Most of the heat in a
conpressor is generated fromthe heat of c sing the gas into the

di scharge head. (The rest cones fr[ j Sonme of this heat is

carried2out w t fukae =li(Sehar @23 pf r+e&B is dissipated to the
surroundi ng volunme and heats up th

( For isobutane with k=1.1 this gives a temperature of 111°C. This high temperature heats
the gas surrounding the pump inside the shell (the shell gas). Since this gas mixes with the inlet
gas before it is inducted into the pump, the temperature of the gas inside the cylinder at the start of

25  compression is significantly higher than the 32°C above. In some cases this temperature can be as
high as 70°C giving an isentropic discharge temperature of 158°C. Since the work of

compression is found from;

k
W = [k — 1]' R (Taischarge = Tinter )

30 This increase in temperature gives an increase in work from 125J/g to 140J/g or a 12%
increase in the power to pump the same amount of isobutane.

The prior art shows two ways of avoiding this temperature increase. Direct suction takes



whi ch then dissipates heat to the anbient environnent. 15 At the

standardi zed test conditions with isobutane (International Standard |S0917
"Testing of refrigerant conpressors”) inlet gas at 60kPa and 32C is
conpressed to 760kPa. If this is an isentropic process (a good

appr oxi mtlwazﬁ@f10@3hl gh speed conpressor) the tenperatwﬁqzzoﬁﬁq}h@g@argc can
be estimated from - 1 Pdischarge k 20 Tdi scharge = (Toler + 273) - 273

Pi nl et For |sobutane with k=1.1 this gl%s a tenperature of 111 C. This high
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is provided in the inlet duct so that the shell gas stays at a simlar
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gas flow so that pre sure at 1 ons m nrms signi “ant
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suction valve is on the face of the piston. According to one invention

herei n we agasdorpame extan fpm thahot E@eﬁt 'fhlelhé%d eg of therpumiee di scharge 10 gas to
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The compressor 28002 is elongate and includes a head end 28004 and an inlet end 28006. The
compressor is arranged within an elongate enclosing shell 28008 and is preferably supported
within the shell so that its movement is isolated from the shell. The shell 28008 includes a
suction inlet 28010 and a discharge outlet 28012. An annular baffle 28014 is fitted within the
20  shell 28008 at a point intermediate along the length of the compressor 28002. Preferably the
baffle 28014 is located in the region of the cylinder of the compressor. The baffle 28014 divides
( the gases space within the shell 28008 into a head end gases space 28018 and a suction end gases
space 28020. A limited annular clearance 28022 is provided between the baffle 28014 and the
compressor 28002 which will allow for movement of the compressor in operation. The suction
25  inlet 28010 enters to suction gases space 28020. The discharge outlet 28012 is from head space
28018 and connects to the compressor discharge head 28016 via a flexible discharge pipe 28024.
The discharge pipe 28024 passes only through the head end space 280
operating, suction gases enter the shell through suction inlet 2801¢
compression space 28026 through the suction space 28020 and the body of the piston 28028.
30  This flow is indicated by arrows 28032. Gases discharge from the compression space 28026 into
a chamber 28040 within the discharge head 28016 and from there through the discharge tube
28024 to exit the shell at discharge outlet 28012, In this arrangement the hot discharge gases are

only in contact with the head end of the compressor, which in tumn discharges heat into the gases



gas to sonme extent fromthe hot gas at the head end of the punp. According
to one enbodi nent the mxing of the gas fromthe head end of the conpressor
15 with the gas at the other end is restricted by a long baffle. Figure 28
illustrates this enbodiment. The conpressor 28002 is el ongate and incl udes
a head end w894 @nsk an inlet end 28006. The conpressaicTing28d4foaviged W t hin
an el ongate encl osing shell 28008 and is, preferably supported wthin the
shell so that its novenent is isolated' romthe shell. The shell 28008
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shell is substantiall the sang as the conpressaqr in Figure 28. The
conpressor 29002 hegh m@%&f@ﬂaﬁlﬁ%?%wﬁlé%p e sS40 G d

29006. The mamrmmweﬂtm%]ste@%lﬁ&aw mhals@ﬁl%%@elagele cm%a@@s%rs Thee g,Qms hel |
29008 has a first | obe 29042 at one end and a seco | obe 29044 at the other

end. A i sart, conpmssois fA9A@stid refsigbistigeapnlianses HagbbypicalOheen h@@@h\mthlff gunvdai st

or neck 290‘1‘161]561 QHEQ%SPQ&S ra{irp.eCompressors fitted within such shells have also been of low aspect

i ratio. One advantage of a linear compressor such as those that have been described herein, is that
‘ they can be constructed to be elongate, or have a high aspect ratio. Housed in a shell having a
similar aspect ratio to the compressor, the compressor can thus occupy a lower dimension in at

25  least one axis. In domestic refrigeration appliances this can reduce the volume of the required
machine space and/or improve the available internal shape of the refrigerator. The inventors have

discovered that the elongate shells that have previously been tried for housing an elongate

compressor have contributed to an overly noisy compressor unit compared to more conventional

compressors housed in a more uniformly proportioned shell. The inventors consider that the

30 shapes of prior art shells have provided lower resonant frequencies more easily excited by the

housed compressor. In particular the lower resonant frequencies can be excited by lower order

harmonics of the operating compressor than the higher resonant frequency shells of more

conventional aspect ratio. These lower harmonic have greater associated energy leading to greater



outer surface of the conpressor |eaving a narrow annulus 29022 for novenent
clearance for the conpressor. The shell 29008 includes a suction inlet
29010 and a discharge outlet 29012. The head 29016 and di scharge pi pe 29024
both Iie fully within the first | obe 29042. The suction gases 15 pass from
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i nvent or s h&yerargpr Wil a mere eyhedricelibelbsush gathat @a'éleﬁ i Figuge 2Baly s considarest fBaty
been tried f.of BOHSH RIsiRN FFRIGS LmofEBloSRRALs JL%KF} Q»ﬁ]l?éhrﬂa@‘ﬂ#eelﬁuﬁaﬁ te 3 epgv?” y
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frequenci es c6@eRPthatld sﬂqadoftfifgdrm& efBEROL as tRABRVTlifchr firfabdd QisORRIgR$ dtdHding
conpressor than the higher resonant frequency shells of nmore conventi onal

aspect rati ovavafpssaliqneRg encauiages rabdersvategpad eflestions siwcorkingly wifaraggitanagtitinng t o
greater WO %?%/sel@ﬁ ﬁl%vE’(FTﬁl\é%Z&e%{tQg{%‘aﬁomﬁgﬁg@é{%g&ﬂbbm {9h1sh B6nsh ﬁH b%gﬂape

more noise. In Sol to thi's em t or s propose a s
for housllﬁngeffncterleumganmtmgﬁpnetsmalrnmdeaacuhggsshmgfﬂ&r | owest resonant nodes.

ner of or 6 i gher ACISE CLUBRARP-L i quenVRF R SRR HRsd s BaraPel B uRao

include an agthitoM the SHelI@Ws dntd ﬁfohﬁh@bﬂd@bf@lubém@essmswﬁﬂ]@&r&cmmgmdsesla:mm he
wai st or neck 29040 in Figure 29, and a |ack of strai | i nes taken in any

direction. Ithf maﬁetr%wta@d (af myaves the head isitqnve adiger{ 2847 3929&7@)i ipside (gRentEidedecond
| obe, each ¢f th 1a e%ﬁgaﬁg%dﬁdzg@%z ©THE §§§ cafthot QMQPQnéah@ghﬁg(rhgﬁﬁ&
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t f]e shel | ofyefyi {@dF @®ndctdrs) 4XB b rddk@Bn @R can be mlmmised by reducing the emissivity of the
| surfaces).
The optimum width of the gap will vary according to the intended conditions of use for
25  the compressor. If the parameters are such that the Rayleigh number is below 2 x 10 there will
be little convection. For example, with isobutane and a 50° temperature difference between the
expected temperature of the internal and external walls in steady state operation a Rayleigh
number of 2 x 10* suggestsa gap of approximately 2 mm. Any increase in the size of the gap will
give little or no further reduction in heat transfer, but will detrimentally increase the surface area
30  of the outside of the head.
Insulating the head inevitably increases the average temperature of the valve plate and this
can conduct more heat into and along the cylinder body. According to a further aspect of our

invention a thick low conductivity gasket (e.g. 29060 in Figure 29) is provided between the head



hi gher than the | owest excited node of a simlarly sized shell such as in
Figure 28. It is also considerd that the shell of Figure 29 is effective as
the lack of linear surfaces discourages standing wave formation and
encourages "randont internal reflections. Accordingly internal attenuation
of noise isyhiR,AYEsy The taper into the narrOM/annqusmﬁﬁﬁi 68992 1s al so
considerd to be 15 effective in attenuating the internal noise, acting as a
nmuf fl er. Accordlng to a further aspect~®f-our invention the discharged gas
is thermall nsu h frog¢the heII g S fromthe body of the
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20  straight section 3406. Radius corners 3407 and 3409 join the ﬁrst and third and second and third

straight sections respectively. The radius of curvature of corners 3407 and 3409 are preferably

{ selected to be as small as possible, but taking into account convenience of manufacture and the

| strain limitations of the material. The curve must not be so small as to induce stress raising
defects.

25 Preferably the ends of the loop are not the ends of the wire per se, the wire being a
continuous extension of the wire of the stator winding and being lead in an unbroken path to the
fusite connector through a compressor shell. However as the ends of the loop are essentially built
in and held rigid in relation to the respective compressor component to which they connect
conductive joins in the wire are not as detrimental as they might otherwise be. Preferably each

30  endoftheloop is held within a channel with a depth considerably greater than the diameter of the
wire. The wire fits tightly within the channel and the channel is connected to the respective

component. For example wire end 3460 is fitted into a channel 3463 of an open sided conduit

which is in tumn fixed to the compressor shell. End 3462 is fixed into an open channel 3467



10 According to one invention herein a particularly configured path fromthe
nmovi ng conpressor to the fixed connector keeps fatigue stresses to a

m nimum A preferred enbodiment of this path for the electrical connection

is illustrated in Figure 34 and Figure 35. Each | ead 3400, 3402 has a noving

loop in a pkancRad-s4 el to the direction of novenent. pchhez.60%500§ the |oop
are connected to resist bending nonents and act as "built in" ends. The 15

preferred loop includes a first strai ghﬁ2§ecti on 3404 connected with the
novi ng conponent (it he assenbl ed conpressqr)_.and a, second. straight section
3906 connoTuaBeIoT HETR TRE Q! L BISOIRIEn SOOI BhE Se ok 117 Yig B of
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hol di ng t he_st at i nding. .The.wire leads, ipnto the channe] taq. a depth
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the first apgdnsMeRghoimdivaRlosE ahk BaRIARMaN G4 1340 the TRY §ardl)d| 8OEbI3404is
Transverse straight section 3408 has a l'ength H The loop is shown in solid

line in an e®alipdasmitmdatothileending dedrennh2tl4rio dhe sesond|parpliel sgetéan 3486 bpigigeg 32
foll owi ng displ Ntr.Qf ' [ : het r.ally
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{ bending moment 3430, equal in magnitude and sign to bending moment 3424 of second parallel
section 3406. At a point 3428 halfway along transverse section 3408 the bending moment is
substantially zero corresponding with the point of inflexion 3450 in the deformed mode illustrated
25  inFigure 34. From point 3428 the bending moment rises linearly, as represented by region 3418
to peak 3426, and linearly but with opposite sign, as in region 3420, to peak 3430.

The magnitude of this maximum moment M is found from:

. X
h - (6 L+ H)

30
Where E, 1 and x are the modules of elasticity (1600GPa for Cu), the moment of inertia
and the displacement respectively. The maximum alternating stress for wire of diameter d is

given by:



shown in Figure 32 is exaggerated. 10 Figure 32 shows a theoretical bending
nmonment distribution along the wire. The bending nonent distributionis
somewhat idealised, with the radius of the conmers assumed zero. In the
bendi ng nonment distribution it can be seen that the built in ends of the
paral l el syHasghiésisecti ons 3404 and 3406 and the al i grevenmtz2064/0nbnes e
sections with the direction of displagegent of the noving conpressor
relative to the shell results in pure bending (constant 15 bendi ng nonent
3416 and 3422 respectively) along the length of the parallel straight

sections 3404 and 3406. The smgnMtu of this uniform bending monment is

t he peak bendi ng noment along the Iéngth of the wire | oop. The bendi ng
nonent 3414 in the firs | I el section 34 equal nitude to the
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and linearly but wth opposite si as 1 n region 3420
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5 generated ormation. |In practice these are

choosi n@5t osurbeed thatgeroparithd pats. ar ns. The nodel shows that the stress is

more sensitive t Rl acsmg % lether mventhon ﬂerem a tuned volume is provided within the piston,
created by an addendum at the open end of the piston. The addendum is shaped to create the right
volume to inlet ratio to form a tuned Helmholtz resonator at a frequency(s) close to the operating
frequency(s) of the linear compressor. Figure 30 illustrates a preferred embodiment.

20 Figure 30 is a side elevation in cross section of a preferred piston assembly incorporating
several of the inventions in this application. This piston assembly includes a piston sleeve 30002,
and a piston crown 30004, An axially stiff laterally compliant rod 30006 is connected to the
inward face of piston crown 30004. The axially stiff laterally compliant rod is fixed to a piston
rod 30008 at an end distal from the crown 30004. The piston rod 30008 extends to the

25  compressor main spring and carries the linear motor magnets. An annular cantilever 30010 from
the piston rod extends axially toward the piston crown 30004 around the compliant rod 30006.
The cantilever 30010 includes an annular rebate 30012 at its open end. A transverse disc 30014 is
fitted to this rebate 30012. The transverse disc 30014 extends to adjacent the inner surface of the
piston sleeve 30002. An O-ring 30016 is situated within a rebate 30018 and bears against the

30 inner surface of the piston sleeve. The piston crown 30004 includes a series of suction ports
30020 as an annular array adjacent its periphery. Suction gases for the compressor pass through

the piston. The disc 30014 includes a plurality of apertures 30022 arranged around the area

between its hub which connects onto the cantilever 30010 and its rim which receives the O-ring



variations in L. This is verified by our experience where the nost

unrel i abl e designs have had a relatively small H Al so we have found that
ifL is too large higher node oscillations can occur. This invention may al so
be applied to other connections between the conpressor and shell 10 such as
t he conpr esyedo@asesy di scharge |ine. Such a configuratiporigodddoussrated in
Figure 29. Conpressors in donmestic refpjgerators can be a significant
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portion of %&gn’{é)}}%éstcggghvﬁ ?1 %183 flwore?ﬁ ve srﬂlmrll(t-jhae pcl:sgg) 0 IPtg’ssf%srtChMbéaé%@rz gta'é% by
gas pul satdecsisl chambdre082fC tThehanhtbes H0M4 30025 ale@ogeectt 8¢ apeftnfes 6022 A t he

i npact of the valves o 5 surfaces tH%t surround the ports. According

t 1 )
LRt WPt hehamhralOTun Bhtd e BRtGA b IO inINEoned o S EbOEPENT HoP A00st o
created by gRe afdpeditn fhastl@neRRO3RA0 ognlﬁéqﬁto%ﬁﬁl‘ﬁﬂus 300§2 @Qﬁ@&‘%énﬁhé haDEd

to create the right volunme to inlet ratioto forma tuned Hel nmhol t
resonat or agutex sfmf@wédmﬂbsl)3@269@th@1m¢resurfwrrétthwen ﬁmdeqful@ermgl(ns;lem The
| i near conpr SS90 qu 20 Figure
30 is a si de \;gf)?onc%uﬁescarsct)usbsmgsle } ?%tﬁlguﬁoa pre r%é)g %tger‘f‘n; E€&nbl y

incorporating sev@iddndaftubdB0sua dxicadiag into mbbﬁmmpkmazams@apenmt&nﬂulaﬁ on
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the i nner surface o e pi S on eev
{ 30032, the major peaks of the waveform having been attenuated by the muffler formed by the

chambers 30024 and 30025. Figure 31C illustrates the hypothetical waveform in the annulus

30032 between the resonator tube 30038 and the entrance 30030 to chamber 30029, A further

25  selected high frequency is removed by the quarter wave side branch resonator. Figure 31D

illustrates the hypothetical waveform at the entrance 30048 to annulus 30032, A remaining

selected dominant waveform has been removed, leaving a waveform having a dominant
fundamental frequency, corresponding with the running frequency of the compressor.

In the prior art it is common practice to support a compressor within an enclosed shell.

30  The supporting arrangement which is commonly used is a plurality of coil springs. Each coil

spring is secured to the shell at one end and to the compressor at its other end. Each connection is

formed to transmit moment, such as by fitting over a rubber end node. The component of the

compressor to which the springs vibrate is generally intended to undergo a oscillatory motion with



entrance 30030 includes a stub tube projecting into the chanber 30029 a
short distance. A blind ended tube 30038 al so extending into the chanber
30029 al so opens into annulus 30032. The blind ended tube 30038 is not open
to the interior of chanber 30029. This arrangenment provides for an
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to support a conpressor wthin an encl osed she upporti ng

arr angertént whi cForissppotspongsythal sdymmetaic plong thieir frge kohgtl thie prefqmed argmgerentis coi |

spring is secured.to.the.shell at one, end. to t C ressor. at it t her
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( on the shell. Each connection is a moment transmitting connection beh
One preferred form of connection is illustrated in Figure 38 and inch
38002 of each end of each spring over a corresponding spigot 38004 fitting tightly within the coil
25  of the spring. The spigot 38004 is rigidly connected to the respective compressor or shell, for
example bonded to post 38006. Spigot 38004 is preferably a stiff plastic.
In the preferred form of this invention the coil springs are symmetric about their midpoint
37012 and the characteristics of the manner of securing the spring to the compressor and shell are
the same at either end of the spring. Accordingly the centre of bending (as defined herein) of each
30  connection between the compressor and shell is at the midpoint of the respective spring.
Alteration of the spring geometry and/or the character of the respective mounting points would
lead to an alteration in the centre of bending of each connection between the linear compressor

and the shell. Accordingly for optimal performance in accordance with this invention the



5 results in a rocking notion of the conpressor about an axis parallel to
the plane of oscillation resulting fromdriving the conpressor. The
inventors consider that this additional rocking notion is a source of noise
and vibration. Referring to Figures 13, 14, 37 and 38, according to a
further invemtdemobsrei n, the arrangenent of the suppoetimgepidongs, and in
particular their length and the positionof their 10 connection to the

conpressor and the shell, is chosen so tﬁat no net torque results on the
conpressor Eé’suﬁiﬂg caritf} t&’ﬂe %i é?ﬁo%?d bd § mhlz Emé'éPQ ilatidRt HB% Renthe ?ﬁfomg tﬁeo one
aspect of thrs 1nAvention e ararre yosen tha
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reci procati ¢hn abfally t lﬁe em!ml%éutlsfanhdb@emcaiﬁmlwﬁwafgpm may be prseiblergived the
enbodi nent for a IIus rated in Figure 37. In this
enbodi nent Il ‘éaré%%r es er"pg@ffgof%l gn%t sglmg?r B@Bfefsfl)rsymretrl c and the
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operation. This 20 axis coincides wth the centreline 37010 of the
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38004 is preferably a stiff plastic. In the preferred formof this invention
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| i near conpressor and the shell. Accordingly for optinmal performance in

accor dance WPE #FnihipPSnashobie sybRderAwsembly selisiealps thepemtepens G lioe soBPressa
resul ting cqrgbsgutq,ffﬁpdggwﬁngsgm;dhgf nJS!S[b"tTﬁR pl ane of oscillation of the

centre of nass of cylinder asse well as coil springs, the
present 20nvent i oBecanst hages!idtion opthe @yimdalt paitgs esgerdially alonhesingle line the plane of

oscillation can be any plane that incorporates this line. For simplicity a horizontal plane is

( preferred. Other orientations might require a more elaborate arrangement of the springs and
| mounting points. Therefore for the midpoint of the springs to coincide with the horizontal plane
through the centreline of the compressor it is preferred that the springs lie outside the periphery of
25  the compressor, with a plurality of springs placed around the periphery of the compressor so that
each spring takes a substantially equal share of the compressor weight. For the compressor
illustrated in Figure 37 where two pairs of support springs are provided, the springs of each pair
being mounted on opposite sides of the compressor, this is achieved by supporting the compressor
so that the centre of mass 37016 of the compressor is located midway between the first pair of
30  springs 37022 and the second pair of springs 37024,
According to another aspect of the invention the arrangement of the supporting springs is
chosen such that the torque resultant from any single spring is balanced by the torque from other

springs terminating in the immediate vicinity. One embodiment according to this aspect is



support nmenbers providing a centering force but being generally considerably
less stiff laterally 5 thanaxially. For exanple, substantially vertically
al i gned | eaf springs maybe possible given the |inear nature of the expected
oscillation in a linear conpressor. As the preferred |linear conpressor is
substanti al W wevssal |y symmetric about its centrel i nectnatoosmolosdi ng t he
mai n spring which is still bal anced abouyt; this centreline, the centre of
mass of the cylinder assenbly, which includes all of the conponents that are
inafixed andihly ﬁMﬁ%ﬁr@ﬁ‘i lafll houhidr @nflodiflemlis RSP ih#idkd ¥£ to the cylinder)
is on the centreline 37010 of the conpressor. In operation all of the
conponents of thi torpbedissnt phiigurer B theiisadafioneipringsyeonnect it dhe eyrhpresder at

assenbly al sgo have thejr r S,. 0 e.centrelin t he .
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springs lie qQutsj.de th riphery of 25_the conpressor, with a pluyrality of
eprings pl achowahaAe A spring Eivd TndRdbal Segres sgplien Arcielondpdup i ng
takes a substsagpbaivk Yomptéador sldakte] 3004.t ReweRRNHESERIon \Wrg G ippliE@by E4L8 lower
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conpressor at
compressor 14002. Each isolating support 14004 includes a plurality of supporting springs

| 14006. Theisolating springs 14006 extend from a central hub 14008 to a surrounding ring 14010.
One of the hub or ring is fixed to the compressor 14002. The other of the hub or ring lis fixed to

25  the compressor shell 14007. Although it is illustrated with the surrounding ring this is only for
convenience. The peripheral support for the springs could be direct to the shell or compressor or

to extensions therefrom as desirable. In the embodiment illustrated the central hub 14008 is

connected to the compressor substantially on the centreline so that the axes or springs are

perpendicular to and intersect the centreline of the compressor. The supporting ring 14004 assists

30  with assembly of the compressor, allowing the compressor assembly to be dropped into a lower

half shell fully supported with the upper half shell subsequently fitted. Each spring 14006 maybe

connected at either end with a moment resisting connection as described earlier with reference to

Figure 38. In operation of the compressor any reaction torque applied by one of the springs in



mounting | ocations 13004 on the plane oscillation 13002. At each | ocation
13004 an upper spring 13006 and a | ower spring 13008 abut on opposite sides
of the mounting. The upper spring 13006 5 extends to connect with a nonent
resi sting connector 13010 fixed with the upper region of the conpressor
shel | . The wowgunepsi ng 13008 connects to a | ower noNMeMCTESNSHH001G]
connection 13012 fixed to a |ower portiygn 13014 of the shell. The upper
spring 13006 and the |ower spring 13008 are preferably selected so that

Wi th the CORMPSRYN cdufitePlcRE ByUhd ltahamh hérqadiel bhamb &e%tﬁepgpr&@s of 1€ shA¥Rd:
springs the length of the upper and |ower springs and |lateral stiffness of

t he spri ngsadcerdirghghissapplicd trques enabalgaged withingheasn tm;@tnqu b lspheonﬁppmﬁ tand

| ower springs ess SO _a

connect i on, &Fg?m%r g’%{e%“%%nodrepl {:%t ta‘Jq““’ arﬁil ther é’f%@q“‘PzE% reeF‘g ana a‘% n %e at
conpr essor ok offiefstipPordiag Ide&tidnl near (or planar) OSC|IIat|ng nDtlon IS

all owed by | ateral deflection of the springs. Each individual springs
applies & reaction torque to its respective conpressor mount 13004. However
the reaction torque applied by each | ower 15 spring 13008 is countered by
the reaction torque applied by correspondi ng upper spring 13006. The

enbodi nent of Figure 14 is particularly adapted for a |linear conpressor
which exhibits a linear oscillating notion rather than a planar oscillating
notion. Wth a planar oscillating notion that is not linear it is desirable
that the axes of the isolating springs are all parallel and perpendicul ar
to the plane of oscillation. Wiere the oscillation is linear it is only 20
desirable that the springs are parallel and perpendicular to the axis of
oscillation. This is recognised in the enbodinment in Figure 14. An

i sol ating support is provided at either end of the conpressor 14002. Each

i solating support 14004 includes a plurality of supporting springs 14006.
The isolating springs 14006 extend froma central hub 14008 to a surroundi ng
ring 14010. One of the hub or ring is fixed to the conpressor 14002. The
other of the hub or ring is fixed to 25 the conpressor shell 14007. Although
it isillustrated with the surrounding ring this is only for convenience.
The peripheral support for the springs could be direct to the shell or
conpressor or to extensions therefromas desirable. In the enbodi nent
illustrated the central hub 14008 is connected to the conpressor
substantially on the centreline so that the axes or springs are

per pendi cular to and intersect the centreline of the conpressor. The
supporting ring 14004 assists 30 with assenbly of the conpressor, allow ng
the conpressor assenbly to be dropped into a lower half shell fully
supported with the upper half shell subsequently fitted. Each spring 14006
maybe connected at either end with a nonent resisting connection as
described earlier with reference to Figure 38. In operation of the
conpressor any reaction torque applied by one of the springs in WO

2004/ 106737 PCT/ NZ2004/ 000108 -48 either set is counteracted by the
reaction torques applied by the other springs of the sane set



accordingly these applied torques are balanced within the axial |ocation of
the i.solation support to the conpressor |eaving no resultant torque and
therefore requiring no resultant reaction force at the other supporting

| ocation. 5 -49- CLAIMS: 1. A housed conpressor conprising: a shell, 5 a

| i near conpressor suspended within and4®ncl osed by said shell with a gases
space within said shell surrounding said |linear conpressor, said |inear
conpress@LABMENg a piston reciprocable in a cylinder and a suction gases
pat hway from sai d gases space into said cylinder, a suction gases inlet to
said shell gases space, a conpressed gases path fromsaid cylinder out of
said shell, and 10 as flow inhi.bjtor in said gases space, substantially
di vi di ngla fi FLE]POL}SE‘SF@HprS?S%ﬁ?'BPB%{B’ES space froma second region of said
gases space, %@ﬂd?nhibiting gases flow between said first and second

regi ons, said suction gases inlet and said suction gases pathway opening to
said §irst reginesrcoppdessaisdspendpl wikiadnd ersdasep by snidshellivith agasesspire vdthén
second region.. 15 2. A housed conpressor as clained in claim!| wherein said
gas f | owshidisheli susrounding sid ligearsomprrssirariddinsarcompressey hayng 3 piftapdedrossblic e

3. A housed conpressor | ai i, Ly 2 | i - is a
gener al | )}“8% f &n Q/g%cg‘@p%g%a%?ﬂ\&agélg)g‘%a@]@%sé@%ﬁ “‘\ngé 1g|cil%eh s length,
the inner surfageisd csed Rlehetdid Belinfs& 9se, to 20 said |inear conpressor
in the region of said neck than in said first and second regions. 4. A

housed conpr esswmpmessed gasaepath froamgaidbedindér wit af said shellagd wherei n sai d

ti th tends th h id pi 1...25 5. Ah d.

conpriBesor as AAeRTRBCMRIRISRD SSHERHS Sehs, HEsRuALl G Tratirlon o b awey
or as & . W ddingisrg e oh |

Jara af somegion iAo RGN A0 AR RO IRFRABI STy bHORER SRR SRS

gases Chaghid regfonsWaky subibh paskfifieeant idid Buctisai s gatiwhy a@ning wof sakbfidt
gases space, and thennal insulation between said inner surface and said

out er surkgion,. angGa. comprsassbghseopash pasing through sdideerond redion-m 5 wherei n sai d
thermal insulation conprises a substantially encl osed space between an
inner wall and an outer wall, said enclosed space having one spati al

di mengi oty Suf A b el bdimpHlo ol Odimeih E1aBR? Sherdi PO BR'TIOW inRibildPCRAHRRS bt o5

of the _
annular constriction in said gases space.

3. A housed compressor as claimed in claim 2 wherein said shell is a generally elongate
vessel and includes a neck part way along its [ength, the inner surface of said shell being closer to

20  said linear compressor in the region of said neck than in said first and second regions.

4, A housed compressor as claimed in any one of claims 1 to 3 wherein said suction gases

pathway extends through said piston.

25 5. A housed compressor as claimed in any one of claims | to 4 wherein said compressed
gases path includes a discharge head connected with said linear compressor, said discharge head
including an inner wall surface defining a discharge gases chamber, an outer wall surface within
said second region of said gases space, and thermal insulation between said inner surface and said
outer surface.

30
6. A housed compressor as claimed in claim 5 wherein said thermal insulation comprises a
substantially enclosed space between an inner wall and an outer wall, said enclosed space having

one spatial dimension sufficiently small that said space, together with the properties of the



wor ki ng gas and the expected operating conditions give a Rayl ei gh nunber
(Ra) less than 20,000. 7. A housed conpressor as clainmed in any one of
clains 1 to 6 wherein said cylinder includes: 5 a cylinder housing defining
a cylinder wall, a valve plate defining a cylinder end and including one or
nore di scharge openings to said conpré8sed gases pat hway, and thernal

i nsul ati on sandw ched between said val ve plate and said cylinder housing. 10
8. A hou %‘E‘kiﬁ? gara@.a Y expecréd SpeiRbhycOnditidhdwive ¥RaylebhnGabst (RO eszeani20000.at i on
conprises a i ck polyneric sealing gasket. 9. A housed conpressor
conprising: an elongate conpressor, and 15 an el ongate hol | ow shel

surroundi_ng said conpressor, the outer surfac f. sajd shell . havj ng. at

| east ond- si gl hP‘éﬁ&ﬁtCOH‘rPFﬁfF%frash‘sP'I“m 1 2 SRS eccf?’B’s?Léo EX‘?E”‘HP Sé*dowg'éﬁ?ron,
W th sai q c&}k&)eggate conpressor supported within said shell so that it passes
sai d hol 'W“*10. A housed conpressor as claimed in claim9 wherein said
shel | 5i s di vi deglikder pausindadfiriny a 2iridat waid, first | obe and a second | obe,
said hollow defining a wali st joining said |obes, said waist being narrower
than said | obesalve plate defdrgh eydimderend ond insluding ame @r maresliscihengs opapings &g ssid ai d

conpressor is a |inear A conpressor, there is a gases space within said shell
surroundicﬁﬁlpgcéi“'ﬂlgaﬁ‘??el%ﬁmwgg‘?‘gssor, said 25 linear conpressor has a piston
reci procabl e i fafibhiBAGH sABliched BEtWeeR sEIAIERe BAIINRYSLd Qndal Hhugiages space
into said cylindér, there Is a suction gases infet to sald shell gaSes space
in said first |obe of said shell and a conpressed gases path fromsaid
cylinder out of said shell through said second |aobe of said shell. 30 12.

I n a 16onp essdk housed aompresson g3 eaiyadiin glaim Jiwherein saif theppaldn@Hat enaomprises &
corrpressiﬁ@ space, W,th a piston reciprocating in said single cylinder, the
i mpr ovenghick 8 EstAlingAahehr al ity of gas flow paths from said conpression
space to a discharge space, a self operating valve in each said oases flow
pat h, opening under the influence of the -51- prevailing pressure

di fferentd.al athoseadchmpreatorepmpnsin@ei ng bi ased to a closed condition by a
spring each said_val ve and spring being part of a single unitary planar

val ve nenber. 3 elangatecompressefyafnt as clained in claim 12 wherein each said

val ve c.and sprin i : - of y :3Q, {
apri o 14 TR R it SR gDRbE Reia CoHIEIEY i O Mrll BE SRl
has a sl it@hinpyat Hakt opie 8fnificant annular hollow transverse to the axis of elongation,

with said elongate compressor supported within said shell so that it passes said hollow.

10. A housed compressor as ¢claimed in claim 9 wherein said shell is divided by said hollow
20 into a first lobe and a second lobe, said hollow defining a waist joining said lobes, said waist

being narrower than said lobes.

11. A housed compressor as claimed in claim 10 wherein said compressor is a linear
compressor, there is a gases space within said shell surrounding said linear compressor, said
25  linear compressor has a piston reciprocable in a cylinder and a suction gases pathway from said
gases space into said cylinder, there is a suction gases inlet to said shell gases space in said first
lobe of said shell and a compressed gases path from said cylinder out of said shell through said

second lobe of said shell.

30 12, Inacompressor having a single cylinder with an enclosed end defining a compression
space, with a piston reciprocating in said single cylinder, the improvement comprising:
a plurality of gas flow paths from said compression space to a discharge space,

a sclf operating valve in each said gases flow path, opening under the influence of the



stiffness fromother said springs. 10 15. The inprovenent as clained in
either claim 14 wherein said springs are a cantilever leaf spring, said

val ves are an end of said cantilever |eaf spring, and the geonetry of each
said cantilever leaf spring is slightly different to the geonetry of the
other said cantilever |eaf springs. ¥5516. The inprovenent as clainmed in
claim 13 wherein each said valve has a slightly different mass fromthe

ot her sapdvaitihy peessut différentialprove thervals and being didsad &0 aichised conditombyra 16
wherein said val ve nenber has a common support nenber fixed relative to

sai d cl of8MEend of said cylinder, with said plurality of 20 cantilever | eaf

i tendi ng.f bd g o IQ o i t
ol ai med i ol Sieheris Giendu Sofg HaRs pHERPL B ERRAry phdtor % bR 2P Ub  and

said cantilever leaf springs extend radially fromsaid hub. 25 19. The
i mprovement as clained in claim18 including a further cantilever |eaf valve
withifH ¢3id Teaimplovembnt &0claimedaincoapy &2 seherdin chelubaidy valvei andospring has a

reciprocating in a cylinder. with an enclosed end defining a conpression
space, tﬁ@feﬁ%éﬁ@falg‘ﬁq‘t“??éyﬁ'é’m#ﬁr?l‘al?frs?'jgép‘b‘?g"sai d piston and the cross 30
sectional area of the cylinder being |less than 15cc, the inprovenent
conprising: at least three gases flow paths from said conpression space to a

di schar g4 out iTRS imgro$&@hént @pelaididdig chith V8 whBrefraeioh sad Sprirpstas a Slighulypiaférent
openi ng under the influence of the prevailing pressure differential across

t he val vetffne3gfromiotharseid sppingvement as clainmed in claim20 wherein and each
said valve is biased to a closed condition by a spring and each said val ve
and ring has a different natural frequency fromother said valve and

Springs 22. j ; .81 : i ; \gﬂ%‘ i i
spring hig' a gﬁ?gﬂ?ﬁé@?‘?ﬁ?@ﬁ?& @tem] ngsulanfztrqjcl)}?hr%r?%aeurj sai% aghpf‘?&ﬁg!se?@tlzlgéf The
i mpr ovenmgpringasaidl wilveg diré an ehdiofns2id cahdicedrnestaipdingpancnghe aeamarycalntdch evidr

| eaf spring, 10 said valves are an end of said cantilever |eaf spripg, and
the geomstntilevsrleabamiingas dichHy diffcaent fo the gsomaipyaf thy qt@ﬁfé@lﬂ@mﬂlwe@#@? SHEME- t o

t he geonetry of the other said cantilever |eaf springs. 24. The inprovenent
as clainmed in any one of clains 20 to 23) wherein each said val ve has a

slighsly1gi f f qheithpioResekt@ Nalhed Bichim 19akbriia bi@Ssaidhalvihas 1 BRatityigMenent
as claimed in claim23 or claim?24 wherein said springs are fornmed as
mass from the other said valves,

17.  The improvement as claimed in ¢laim 15 or claim 16 wherein said valve member has a
common support member fixed relative to said closed end of said cylinder, with said plurality of

20  cantilever leaf springs extending from said common support member.

18.  The improvement as claimed in claim 17 wherein said common support member is a

central hub and said cantilever leaf springs extend radially from said hub.

25 19.  Theimprovement as claimed in claim 18 including a further cantilever teaf valve within

said central hub.

20.  In a compressor including a piston reciprocating in a cylinder with an enclosed end
defining a compression space, the product of the maximum stroke of said piston and the cross
30  sectional area of the cylinder being less than [ 5¢e, the improvement comprising:
at least three gases flow paths from said compression space to a discharge outlet,
a self operating valve in each said gases flow path, opening under the influence of the

prevailing pressure differential across the valve.



part of a single unitary val ve nenber, said val ve nenber having a common
support nenber fixed relative to said closed end of said cylinder, with
said plurality of cantilever |eaf springs extending fromsaid conmon
support nenber. 20 26. The inprovenent as clainmed in claim?25 wherein said
common support menber is a central huB2and said cantilever |eaf springs
extend radially fromsaid hub. 27. The inprovenent as clained in claim 26
including a further cantilever |eaf valve within 25 said central hub.

21.  Theimprovement as claimed in claim 20 wherein and each said valve 1s biased to a closed
condition by a spring and each said valve and spring has a different natural frequency from other

said valve and springs

22.  The improvement as claimed in claim 21 wherein each said spring has a slightly different

stiffness from other said springs.

23.  The improvement as claimed in claim22 wherein said springs are a cantilever Jeaf spng,
10 said valves are an end of said cantilever leaf spring, and the geometry of cach said cantilever leaf

spring is slightly different to the geometry of the other said cantilever leaf springs.

24.  The improvement as claimed in any one of claims 20 to 23 wherein each said valve hasa

slightly different mass from the other said valves.

15
25.  Theimprovement as ¢laimed in claim 23 or claim 24 wherein said springs are formed as
part of a single unitary valve member, said valve member having a common support member
fixed relative to said closed end of said cylinder, with said plurality of cantilever leaf springs
extending from said common support member.

20

26.  The improvement as claimed in claim 25 wherein said common support member is a

central hub and said cantilever leaf springs extend radially from said hub.

27.  The improvement as claimed in claim 26 including a further cantilever leaf valve within

25  said central hub.



