: e3eKgKdDL( Ho8YPPN#7®1/ 18473 23 February 2004 (a) TITLE: HEAT EXCHANGER
AND 'METHOD OF CONSTRUCTI NG SAME (e) BACKGROUND OF THE INVENTION is Field O
The Inventio,~ This invention relates generally to heat r 5 exchangers, and
nore particularly to a heat exchanger for transferring heatrFdpaiameeooq fluid
on the inside of a wall and a fluid at a different pressure on the outside
of the wall, and a nmethod of constructing such a heat exchanger) 10 2.
Description O The Relate Art Heat exchangers transfer heat energy from one
fluid to another. A common heat exchanger is an autonobile radiator, in
which heat is transferred 15 froma warmwater solution in the radiator to
the,” cooler air. Heat is renoved by passing the fluid, which can be a
liquid or gas, through a thin-walled passage and directing air over the
outside of the .;.r.,:..4 ~4 ~L-S"'".i ,..~ A-ir~ |IH~"'"~St~~ni.:."~
rr.rf~J.r 1r ~ .~ ;. . 23 February 2004 WD 01/18473 2 thin-walled
passage. Gas nolecules in the air inpinge upon the walls of the passage,
removi ng heat during contact. In free piston Stirling cycle machines, there
‘5 1is a need to transfer heat froma gas on one side of a hernetically

seal ed housing to a fluid) such as environnental air, on the other. In free
piston Stirling cycle cryocoolers in particular, a working gas, such as

hel ium w thin theQoug S thereby raising its
t enperat ure. Heat #svrg%g%gd f%%ﬁ%ﬁ%%ﬁﬁ%ﬁ%?%ﬁé@%h @h QR the housing as
part of the process of absorbing heat 7'non ion of the housing and
rejecting it at another. ' 15 This heat punping process requires the flow
of heat energy through the housing wall. However, the nbst common housi ng
wal | material, stainless stegk) BAC [ a t her ma
conductor. A housing wall that)is ngggo?ﬂpﬁgngFE ?bﬁﬁgﬁggNheat 20 nore
rapi dly cannot support the pressure within the housing. Heat transfer in
conventional Stirling cycle machines is assisted by attaching; thin) highly
thermal | y conducti dt0ftfhei Davvdarsasd outside 25 of the housing to
pronote heat transfer. The internal fins have high surface area upon which
t he wor ki ng gas mﬁtmr1?hbsnaéhVnetinpingeihtedwogxﬂéggw¥%23tgebhg§Ey 2004
3 transfqr&%ng heat energy to the fins. This heat energy flows through the
housing wald to tHETHNRTSinsapd t ot spater DéuldL1Pouidng. FI Hidy

cool ant, such as anbi.ent air, passes over the outer fins, . 5 renoving

“heat. Fins are convsHianged | §o%5t tseneferyingeheat barweihadsflula ene
“method, f ins aretﬁﬁﬁZEQSQé sol der ed the interior and-exterior surfaces
~of the housing. In the sécond Trethod*ltthebudi fduid at a different

Pressure on the outside of thé wall, and a method of

constructing such a heat exchanger,

10
2. Description Of The Related Art
. Heat exchangers transfer heat'energy from one .
fluid to another. A common heat exchanger is an
automobile radiator, in which heat is transferred
15 from a warm water solution in the radiator to the

cooler air. Heat is removed by passing the fluid,
which can be a liquid or gas, through a thin-walled

passage and directing air over the outside of the
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: SV R G tun | secti gns by Cak T HE TRl eny A pl'dne it ersecting the
housing. A fin structure is interposed between the W Holsi ng sections and
brazed or soldered into place. ' Two di sadvantages to sol dering or brazing
fine 15 to the housing are the high cost and the tendency3tmedridrg 2004

sol dering haw%lhp, é’rggi fy the netallurgical properties of both the housing
and the fins. séd‘v ntages of interposing a fin structure include the high
costs and netal lurgical effects, 20 and the possibility of |eaks due to
poor soldering or brazing. Therefore, the need exists for an effective heat
exchanger, and a nethod for formng the same, . on a Stirling cycle nmachine
in particular, and 25 opposi ng si des of vvalis in general. . . _ .. . .,
Ce 23 FEbduamwa 12008 PRs&h 8473 B fi US00/ 21201 4 (f) BRIEF
SUMVARY OF THE | NVENTI ON The invention is a edl® %@ﬁ‘ﬁ%erlﬁ other aagterring
heat energy from &WPidiggeupbnatheushnysvak! osite side. The
invention also 5 éontenpl ates a met hod of c%&gtéﬁ%gﬁg’tﬁ%mﬂgh'f‘ge&%wanger.
In the preferred SWbdBEnEPntacis housing wall is the housing of a free
piston Stirling cycle pachine, such as a cryocool er. The apparatus incl udes
an inner ring that seaft® f&eggsimnhon hecinhibng Seybaee makH; %shOLﬁibegP. An

r

outer ri n% seat s as?ai nst gn outer surface of the housing. e’ri Gre
posi ti oned coaxi alTy* dNFAI FQricrrofenr thek haftom an ggmq,qi,t&léis%g_’se of. t he
from 153 iy to

housing ' wall, fprym .thermal energy conduction path

ring. The rings zﬁos}gégﬁﬁgbf:?ﬁﬁfe srﬁi}ﬁﬁgghmingnder dhﬁlﬁia,eSﬁ gheaed by
t he pressure vvitréi,g,icft@?rpé)#éifg. Heat transfer nmeans, prefera Py t hirn,
highly thermally conducti Ve ¢t ndifar @hothee®therhe a0 oppesi BYstbges of

the rings. The i grgr-1fi opt & conduction, of heat fromthe working gas
.Within the housing toﬁea{ nnercﬂ'c?fé‘?o htatpast tonllaet ed HBeRYgR t he

housi ng si dewal | ghe,t hegi er jLi nqg. (the heat is then conducted to the outer
fins and then 25 renoved by ggé c?lrecldl"ﬁ'{'i ng"’%%’f‘bﬂghtésps Hmisdren t hg outer

fins. Thl@ gas i sompve@EN 3 e @iy, | he enmbodi ment cont enpl at ed, but
could alternatively be NO Olﬁlgézf% g@ﬁ%ﬁ?uéf'? S60Pexrat e d Bestant. A

met hod, of form hg themappar aFPSmCOFRLI S -_seating the inner ring against
the interior surface of the housing and ‘?ﬁ%rﬁ%bf’ﬁciﬁ@gﬂ-?nl odfi teitk nal |y 5
to a predetern neRusbngi ardpagk BESihiO Lhe outer ring is seated against .
the exterior surface of the housing anngios%%gce% Ia@r‘?@’tg‘lﬁd'l%d}qq}: tim t he
predet ermi ned | (MY t REdedn pash t itkve, REAGEHAD! YAl | i.th the inner ring
on the opposite side of . 10 the sidewall. Thg repgti]g%?g‘éwbﬁgat eftof the
rings can al so l?é"tq'%’@ed if desired. The heat exchanger constructed has an
interferpgnce fit betvxettlaf the abutting surfaces of the rings and the housing
sidewal I, therepy ~— “his heat pumping process requires the flow of

heat eénergy through the housing wall. However, the
’

most common housing wall material, stainless steel
!
is not a particularly good thermal conductor. A

housing wall that is made thinner to transfer heat

20 i
more rapidly cannot Support the pressure within the
housing. .

Heat transfer in conventional Stirling cycle
machines is assisted by attaching thin, highly
thermally conductive fins to the inside and outside

25

of the housing to promote heat transfer, The

internal fins have high surface area upon which the

working gas  within the machine

impinges,




15 preventing repasiiggsnovenent of the rings and the housing sidewall.
Furthernore, the high-contact , area between the rings and the housing
provi des' an excellent path for thermal energy conduction. There is no
weakening of the metallurgical properties of 20 the housixgebagary 2004

soldering or brazing, and in fact the. heat exchanger strengthens the

housi ng. There is no need to re-seal the housing sidewall due to

interposition of a aE:Csté‘er &ip ZE %8) BRI EF DESCRI PTI ON OF THE SEVERAL
VI EWS OF THE DRAW NES G- ST 179 2hertie ePeZ@Y t@ethirorfins ust mMtiggheat
T £ Voverioons b e 5 @ Wt~

Y. TN ~ryl ~t f#, ~p|nfvﬁg,y ~fr1\/\?~w~sr rthr.%igh, t‘B’xe’ housing wall £6 -the:cooler - _

. e oo o .5, Y. fing on thel Fehryar 04, s/ the preferred
‘enbodi nent of the present i nven?zldgzﬁﬂ()&rlé tcﬁfe ;:S’ree 9+ ed’Blid orpStant j ng

cycle cooler. Fig. Zuch aasi dabY| i eciion of a schematic illustration
of the preferred heat exchanger. lrjg‘élFi:{g]i.ls'3 ﬁgsﬁeﬁi Q¥ey chhe noysen ofins,

i bl ustrating5Sthe prekaiovdshgheriarexchanger and the rel evant portion of the
free piston Stirling cycle cryocooler of Fig. 1. Fig. 4 is an end viewin

partial section along 10Filhe hireecén¥edi ibn31l Q. 2D IS .a magnified side
view in section illustrating the preferred heas' ggg%acr%‘geéir %é’r]c?rﬁg]@q'-é}‘@/ant

portion of the freempkbpds .St Inlomeg marched £ 56D Y H}fa%e%;[orhsg é{;}ie%s. 6

and 7 are end views in section illustrating alternative

means. |n describin§°t hEhfr efBreedoenbaddnesktetibbe shy@aldedd WY Chyis
illustrated in the draw,ngs, specific termnology will be resorted 0 or

the 20 sake of clarPPy5iP@wevedn jthes sesoricht medhedl,hat he henddaily i 9 be
limted to {je specééic tergs,so selected and it is to be understood that
each specific term TARFTAESI a1REP deigadt ions byt et ity @ coRERabe ang 2
simlar manner to i a 25 sim/|lar purpose. For exanple, the word
connect ed or ternsais:!:}'?ng?%é{?ﬁg?et'bh%r e"‘?ﬂ?@?ﬂused}‘ THdy astrmaturer tigd to
WO

direct connection bytednclyds q)c%:chveecetri1 Olpe W oi nsa~3 23 February 2004 7

wo housing sections and

brazed or soldered into place.
Two disadvantages to soldering or brazing fins
15 to the housing are the high cost and the tendency
brazing and soldering have to modify the
metallurgical properties of both the houaiﬁg and the
fins. Disadvantages of interposing a fin structure
include the high costs and metallurgical effects,
20 and the possibility of leaks due to poor 8oldering

or brazing.

Therefore, the need exists for an effective

heat exchanger, and a method for forming the same,

on a Stirling cycle machine in particular, and

25 opposing sides of walls in general.




through other erenents “”-ﬁé-Bﬂ@hﬁdbﬁﬁé@?i ?he@@ghrZe@ as being
equi val ent by Those SKI T et—Trtreattoi bid ‘”' ﬁﬁTArLED LESCRI PTI ON OF THE

| NVENTI ON The heat exchanger 10 of the present invention is shown in Fig.
inafree piston Stirling cycle cryocooler 12. However, az3 Pébruafyeoose
apparent to one of ordinary skill in the art fromthe to description bel ow)
t he i nventi onW@et/tse7aused on any wal |l through which heat nust be
transferred, such as pipes, vessels and other structures. The cPgBUSHI/2120112
has a piston 14 that is ' slidably nounted in a cylindrical passage defined
by 15 the sidewall 18. A displacer 16 is slidably nmounted 20 in a
cylindrical passage defined by the eidewall 19. The piston 14 is drivingly
linked to an annular ring 22 to which magne4¢s are nounted. The annular ring
22 is disposed within a gape ﬁ&hCh a tinmechangi ng, alternating magnetic
field i e generated, drrvrng hg g SYYMARY( OFh 8HEf aneyBNTer di nked pi ston

14, in a reciprocating »mpdion, rking, gas) such as helium that is
contained within the cryocoo eré\ng o’n%re§sech¢€ht 25 exdchatigiei €SEHPN

space 20 during atpainsfrdiify HE P, cy cle of the piston 14, thereby
raising the working gas terrph?r atureeﬁﬁﬁ{é%nfr m one side of a.housing.;

rn.,r,w-,q,~ fir. waﬂ\ﬂf?vm:orrtrhewo@ OSli%erngide
~I|||~~|~E~-|r--"~- p A E

- - contemplates a méthcd Z@fF dﬁﬁr 2004 MO 01/ 18473 8
PCT/ USOO’Z 1201 cog‘ghessr on space 20. The heate s§@5ﬁ“over

the internal conpBXEAREIEE -t hén ke evefwngsd ehihd Iﬁ arrows 15

t hrough apertures, in the housing | 3. Sone of the heat Sh %:?%ﬂ%&wbed 5
by the internal %%%éﬁt% FrBﬁPPhngofkan@rgasPugtggnggqtcgq tgo

ext er nal corrponen,tl% Rt %he he t exchanger 10) Heat is removed ent
air passing over the érﬁﬂ? cBfpBnERYScoblere heat exchanger 10 10 The

cryocool er 12 punps he@ﬁeqa%%%g;qg tp known thernodynam c cycle from
@aeg‘%%m

The 1nvgntion also:'j'-

the cold end 26 where the N tiqnere rioapteati gaagpace 20
wher e thel@wor ki Nngadbnss €048P 53 e colg end 26 of the cryocool er 12
can thereby cool) for 15 exanple gase ﬁg oR gEhetBoééhugnseAanduEEQuefy
the oxygen, el ectwiony Gedlttvd Gfifa S8Rl 5O ICLOI S nd an ot her devi ce
requiring cryogenic (less than 150K) tenperﬁtﬂ?% c?h% ptle choedihgat

exchanger 10, destrs beung® bairef | osheye,aRd wn nmore detail in Figs
3) 4 and 5, is mgunted at the mar%er regpgﬁ Zgggfi?hgycr?B@oo?%igquto

renove heat enerdﬁ"ﬁ%kﬁ“dﬂnah&y'kbhg opgésita t ress{on space in that
regi on. The cryocogler 12 has a sidewall 42 tﬁgﬁkﬁgnggshgbﬁeﬁ? 139 seal ed

to forma housi n§aldnl Formiaa ot hermatl emedriys oy 4 and 5.
The sideygl | 42 Qas d interior surface 46 and’S ‘%?%gﬁﬁg
ring. The rings also support the housing

wall under the stress created by the pressure within

the housing.

Heat transfer means, preferably thin, highly

thermally conductive fins, are mounted to the

20 epposing sides of the rings. The inner fins promote

conduction of heat from the working gas within the

housing to the inner ring. The heat is conducted

through the housing sidewall to the outer ring. The

heat is then eonducted to the outer fins and then

25 removed by gas circulating through gaps between the

outer fins. This gas is environmental air in the

embodiment contemplated, but could élternatively be




23 February 200MYQOKI&ZY i or surface 48. The sidewal | is very thin
(-approximately 0.3 nm, and around the conpression - space the housing
dianeter is large) increasing the stress in the sidewall 42 much nore than
an anmount 5 proportional to the increase in dianmeter. Theahpgabruaxciopager
supports this aidewall 42 where support is nost needed. Next to the heat
exchanger thicker sidewalls can be used as shown in Fig. 2, because heat
transfer is not a subsfantiidalcocarager.n. 10 The heat exchanger 10 includes
two main elenents: an inner ring 32 and an outer ring 34. The inner ring 32
is a thick, preferably coppevetdrmndil of hEdtmth [ twardly facing
surface 36 that, when pgsitioged as shown in ?hgﬁ%eggtgy{%!o%&‘éﬂaﬁélpqﬁﬂ)n
31, seats against th8SpRtB8i hesinhater4figohghifssi .+ The heat
exchanger region 31 ig the region of the hougsJi ng si gg%h%\t%%i&r W R %%he
inner ring 32 and t hBfouRerheYsipgand ¢hepudieplagindelit RbaETELAY nQR5LAP! €
position Shawg 20 in Fié:js 3 and 5. The inner ring 32 has a ragi a?ly Y

: . to s .

i nwardly facing surfate 35 TEHENed Hangitudistalr poadns sPUNEhe Buped

transfer nmeans is de{.irt,?di fgg2 hhg pur pose of the present invention, as a
structure 25 that facii?tates ¢h&% AS t &heh@xteionr asttfadet 6£0RgeOf

t-he rings or to one wf, 4 ri frgma.flui.d. The preferred heat transfer
means is a 23 Febr%aﬁgzogﬂ‘% 108E)FH?‘3F?13y i udinakkyendiong thas 37

shown in Fig. 4. Atgraadédeniisay t [ Jaqeans include a thermally
conductive tube, such as a copper t%ggafiﬁgaﬁpgg t o83 ian £ acereferablyi ng,

or mounted 5 wi thin alhigyried gvi & YK £ I 'q_,')beéuch as, water or

anot her quu]isq(j or a gas, flows to tran%er%%ac‘{ éei'Le QRPFite widecofing.

Exanpl es of ch al tdvenasidewadte shawa ireTi@fye 6 7. Anot her

alternative heat transfer neans includes a heat ?Lotgh‘lr&gﬁrastl}t’fF%sog v"e‘r‘? :

| ar ge pi ece of ther FAdiNgs @anwliso dearadlemnqed fﬂ'ﬁiééi‘ﬁ?&? are preferably
p

made froma thin copper strip that is pleated into a urality of
The heat exchanger constructed has an

interference fit between the abutting surfaces of

' the 1rings and the housing sidewall, thereby
15 preventing relative movement of the rings and the
housing sidewall, Furéhermore, the high-contact
area between the rings and the housing provides an
excellent path for thermal energy conduction. There
is no weakening of the metallurgical properties of
20 the housing due to soldering or brazing, and in fact
the heat exchanger strengthens the housing. There

is no need to re-seal the housing sidewall due to

interposition of a structure.

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

Fig. 1 is a side view in section illustrating

e emrcsme e vn s oy

T e e g 12 o AR A
: . -




' panel's’ witfi. corners joining -adj acent-:papel’s at 15 opposite edges. The

i nner cornersTdre nounted-torthe” ivwar ety faci-ng--surface 35 of the inner
ring 32 by brazing or soldering. Alternatively, the fins 37 could be
integral with the inner ring 32 by formng the ring and fa3rebpdarpR004i ece
-of material, or by 20 formng a larger ring and cutting away material to

| eave . the nv8@1ag3the fins. Referring again to Fig. 5, the quter ring 34
is athick, preferably copper annulus having a radially i nwaf&U504e1
surface 38 that, when positioned in 25 the heat exchanger region 31, seats
agai nst the exterior surface 48 of the sidewall 42. The outer ring 34 has a
radially outwardly facing surface 39 wc~ uf/18a?3 23 February 2004 11 to
which a plurality of radially extending féns 4? attach as shown in Fig. 4.
The fins 4? are referafblzy substantially simlar in structure to the fins
3? formed on t h&NSRELLETFES embadd memtc oifohhaspBeshnt pinvent onheat
transfer neans iy unted to the outer ring 34. The fins 4? are larger than
the fins 3?. IntieRk q‘f gﬁq%&#%?l&rﬁ%ﬁrhm gyclaeconter.ring 32 and

the outer ring 34 are,.sho prior.10 to being displaced along their axes to
their final positi on?lﬁf glé%ga?lé?cﬁéﬁye?nr%%;;?'éEOBleTmescrlilﬁngstﬂe and 34

are first positi; frer bei re-assenbled with the fins
attached to thequirj%%st,qsaé:fll %\é%efast s@ﬁféﬂﬁ?’f&‘fc}?%ﬁ XEBARGRTY 15 positions
shown insphantom Thejignney §d LS.,displaced tq the left in Fig. 2 to
the position shown in p antorré{ n%n%g?%evgﬁﬁe}nr Brgtirn djiughrakingo t he
right in Fig. 2the tbeefetiddon hnaewn d hg@@n m_ The qrder of ring 20

di spl acement to the heat exchanger reg‘: on i's it ci1crq}el cﬁef)lef‘fa’i‘
critical) howevpbrtibat ofhehei fEsSe ?é@éx’i‘%ﬁ"xﬁﬂ‘ﬁ?% 'xy"‘m .42 in a
gap between themto provide a sui t?bl e therrrla co }l}é{hleeo? acfcnocf]r%’fnthe
inner ring 32 toftBégoutler ring 34. Such 25 a cl anpi ng engagenent is
assured when the rings and sidewall have the di nensions described bel ow)

The di nensi ons descr FB8d énder enaendghtiewntier pareniea fddetion Adbdgbruary
2004

10 the line 4-4 of Fig. 3.

' Fig. 5 is a magnified side view in section
illustrating the preferred heat exchanger and the
relevant portion of the'free piston Stirling cycle

- cryocooler of Fig. 1. |
15 Figs. 6 and 7 are end views in section
illustrating alternative heat transfer means.

In describing the p;eferred embodiment of the
invention which is illustrated in the drawings,
specific terminology will be resorted to for the

20 sake of clarity. However, it is not intended that
the invention be limited to the specific terms so
selected and it is to be understood that each
specific term includes all technical equivalents
which operate in a similar manner to accomplish a

25 similar purpose. For example, the word connected or
terms similar thereto are often used. They are not

limited to direct connection but include connection



WO 0i /18473 PCWEORAIfALY01 12 that provides thermal conduction between the
abutting surfaces of the sidewall 42 and the rings 32 and 34. There is a
difference of approximately 0.504 nm5 in the dianeter of the outwardly
facing surface 36 of the inner ring 32 and the inwardly fagiFagruay 2cGoze 38
of the outer ring 34. This difference forns an annular gap with a thickness
of 0.252 mmif the rings 32 and 34 are placed one inside the other. 10 The

preferred thicknesscgkol,Af S | V\gsich is positioned in that gap, is
approxi mately 0.3 mm Tﬁegdi f?gﬁé\%ceefeznmedé t ¥PEFSes8ughd eomremtion? is

t hi ckness necessit agg : i f the inn ring 32)- the outer ring 34,
the sidewall 42 or a %gg?g%iaﬁtgts?o%n&oqé s%%fﬁe{%ri Ryrg Paeeskid Jratitn on
the. structures as shewarkn Fig. 5. The inner and outer rings are
preferably made of a 'copper alloy and the sidewall is made of stainless
steel . Because copper alloys are generally nore prone to 20 deformation
than stainless steel, the deformation occurs primarily in the rings 32 and

34, and noat>primarily i bhexPEMAIDEDODEELRIDHMEN EFARRKE" uter ring
34. Alternatively, the rings 32 and 34 can be heat ed, CO&%W

conbi nation to create a ?Bet heperekuhandetf enesgeche fb g | gser_ to
or larger than 0.3 pm Duri ng operation the inner .ri%g %ﬁfsigv\%ﬁ%éﬂ‘wan
g

23 February 2004 13ifefhewnnds Figa hi ghera trrgee s sk on t B4 BR Ol&,%rl ring
34, which causes the inner_ri ng 32 to expand nore than the out er i ngeS4.
This outward ther mefF¥GRPLeEn1Dy tHewever; asmgiBR Beabmst abParant to
mechani cal i nwar dl ymgi rec%ed farce of the outer ring 34 ensures a cl anping
engagenent of the stdfewaPf 42TGHA&FYa1Ekichk end at etlecomdit | opgoRNdehe

supports thg side . inst the outwardly directed gas conpression
forces against the éosucgil?lr*gé&‘fb%ﬁfeoﬁt A he ctrventeion yoan Ke hasdiba ahil ity

to conformto the shape «of 51%@ etween the rings 32 and 34. Therefore,
there can be a relatively 10 eqﬁqth‘oz‘te\ﬁg’eﬂuﬁﬁeb?iﬁﬁa’aﬁﬁerhedwabhbh as
surface. r However ,p‘kt@(‘squs‘ﬁeégei[%%ém'l}? 1_g\:j?['?{.)f‘bet ween the 15 facing

[

surfaces of the tinge, placing the second r ‘i"r'lt‘b’f'%%e wi |l cause the wall

to conform essentially TaEPEelBhol@y NEHS e of the gap.. This creates a
substantial amount of ring to%l I an V\gf’l f}\aa% r?ngPJg%'h‘?’éctl," pEBRLdi hey

excel l ent '20 ther medl ickahdyc mount eBg nSh oyl hq in Fig. 5 can be the
preferred thickness of 0.3 nm because it Te su%%%??%%@a?ﬁeg?fhﬁggﬁyand ,
34. The préSsure i kheheidempldsiBon EpALEpPRCERCT €L S 1O gf)ZI"LOa/u uring 25-
operation of the cqoler, creating significant stress 1n the Ssi ewal 79 42
surrounding the corPr8s8ybindphcalopasFage defined sy thd UidKwat S gleval |
of the . . ... . . it . . ot
~~ o, ~, 30, fhe pigggn, 4 -d§rdvivimgly Ainked to )aﬁﬁamnu’\lrafyi:,;qo;q ¢
- Co :I22't:b'wh'ich~~:'_~1':n"k' S S R G Vs
 ©f, "oy Which magnets are mounted. The annular ring
22 is disposed within a gap in which a time-
20 changing, alternating magnetic field is generated,
driving the ring 22, and therefore the linked piston
14, in a reciprocating motion.

A working gas, such as helium, that isg

contained within the cryocooler 12 is compressed in

25

the compression space 20 during a part of the
reciprocation cycle of the piston 14, thereby

raising the working gas temperature in the

R R N e T )
. RO 0




wel~tt o, ot or.J~"nl oy, o r...oa 't (-~ oo (0.~
my i~ ‘-o.ninio,we. ~_ '~ 23 February 2004 143y 2004

thickness if it were not supported by the outer ring 34. If the Sidewall 42
. were made Sw‘ihﬂ%kf”y t hi cker to support the stress, it would not be as
effective at ing heat out of 5 the conpression space 20CT/isesfw0r1 e,
t he conbination of the thin sidewall 42 supported by the heat exchanger 10
“provides a desirable balance of rapid thermal conduction and strength. As
the cryocooler 12 utilizing the preferred 10 heat exchanger operates, heat
is punped fromthe cold end 26 to the warger region 24 by conpression and
expansi on of the working gas. The heat nust be transferred away fromthe
wor ki ng gas wi t hcompire sedopr spacan26pacehet h the
15 heat exchanger to the envi?onment. The fiérgst%d;%ﬁw%gi ales{) ;a?sloeﬁsgt he
flow path of theowerkthg dasewmiadh desnpbrieand 0o A0BhAShehBe ehidhS mife LY
passi ng through apertures 17 formed all around the housing 13 ju to the
left of the Ieft%\gr fodhavangt khesiaduwmd 1B QrohghnapertugeslyWign the
war mer wor ki ng gas iﬂ the cryocooler 12 flows through the gaps between the
fins 37 shown ing\’—?g.oﬁ?if‘ﬁe das tSomesfaf sthredheat thatf iss abéovbad
convection, in vgi CF heat ed ﬂ\ai nol ecul es i npi nge upon the fins 37,

conduct i (rjlég] heat 2% EBet hBEEFRAlqGomRPnant & fixgm penwookingnyaet isThe

wor ki ng gas pass hrough the fins 3? into a regenerator within the
di spl acer 16 an ‘?%é)é ge?hé:o the exSgrnals ¢preReptoogf 1sheoheagnd 26

-where it expands t changer . 10.fornms a thermal conduction path
that flows "domﬁcﬁbgn%ggm e int&ffal 1B ikemeved (he ambdent milwe 47.

The heat 5 is c?;giygiﬁ em t fi Lo the cooler inner ring 32. From
the inner ring 32, heat flows Et‘ﬁerohggeﬁglev%?{“%%?%?sspgemﬂ? heatowar d
the still cool erespstigigétngo34. Finally, heat is conducted to the coal est
part of the heat exchanger, the fins 47. 10 Atnospheric gas nol ecul es

| mpi ngi N upon the f The éfybesdlerNed BORLYY Ne Lt C?g}ggg iigg, ,rdéefae[ abl'y
, e e (6]

to the atnosphere. The heat exchanger could, alternative

transfer ‘heat ererayn ittermodirianigyrd &b RO\ RNg ol S53RLEat the
15 cooler end 26. O course, the heat exchanger of the present I nvention

coul d al so be uddie svexdting igag eypandangitoegheCeshpiresaidnObske 20
non-Stirling cycle
where the working gas is compressed. The cold end
26 of the cryocooler 12 can thereby cool, for
15 example, gaseous oxygen to condense and liquefy the
oxygen, electronic devices, superconductors and any
other device requiring cryogenic (less than 150K)
temperatures.
The preferred heat exchanger 10, described
20 briefly above and shown in more detail in Figs 3, 4
and 5, is mounted at the warmer region 24 of thé
cryocooler 24 to remove heat energy from the working
gas in the compression space in that region.
The cryocooler 12 has a sidewall 42 that is

25 hermetically sealed to form a housing, only a

portion of which is shown in Figs. 3, 4 and 5. The

sidewall 42 has an interior surface 46 and an




machi nes. Al t erpigpiugseat transfer neans are shown in 20 Fig. 6 and 7. The
outer ring 134 and the inner ring 132 of the heat exchanger 110 of Fig. 6
forman interference fit with the sidewall 142 as in the preferred

embodi ment. The outer ring 13,4 has a fluid tube 140 that 28 ¥eBRiaff 2ob4t 0 t he
radially 25 outwardly facing surface of the outer ring 134 by conventi onal
nmounti ng, such as soldering. The fluid tube 892 is nounted to the radially
i nwardly facing 23 February 2004 surface of the inner ring 132 by
conventional nountifif-eS4eR AMetAcreritly. Thbef laidewabe 142 v&aPsig(ss, heat
to the ring 132 fromthe fluid within the tube, and the ring 134" 5
transfers heat to tE]EPPFB?‘amPﬁetlh’e°t-t§bé""!)40.aﬁldmarmmd thel ¢ompression

altecrnatively) be f passages wW.thin the rings, as in the heat
exchanger 210 ShOWnQ#)%Egi §§e7gPHs BcHipmeternds 23zgend indteamingithe
s 2

interference fit wgpLBg sidewal | 252, The fluid 10 passages 240 and 242
are formed within the ri ngghzg ar?&%lsf\?‘?,l &2 MSGR dngTe ahhan| and afroous:

el 8 18 LA Bl e B "

aring. Wile certain preferred enbodi ng

have been di scl osedekdh ét ! suppoisgt Qg rstood that various
nmodi fi cati ons may be adﬂg?ed vm'l?%%uts epggtélin e%*afsjt)]m&né"?ﬁier SuppPnthd s

i nvention or scope mbst haebaklow NGegk aipls. 2 bruaryy 2004 CLAIMS 1. A
heat exchanger mounted to an-annul ar wall Hens néegg ieﬁicéi/a}’%ﬁe’éuﬂ‘éégea'nd an

exterior surface, tigddemllexchanper (HEIdAS| fHowha)nd nul ar, _outer ring
having a radially outwardly facing surface, the? outhgr ri:‘rilagﬂ'gu{’m sBeﬁab‘Pﬁg a

radial ly inwardly ffathgrandter ssbsoanaishbyceatdhli Bofbaggter to the
exterior Slé.;é ace of the wall seated firmy against the exterior surface of

the wall, 1 d outer ri rﬂ‘%pp‘l‘%ﬁg exchangkry towardielulidsct@gh f opgen
agai nst the wall; a first heat transfer nmeans connected to the outer

ring; (c) an annul (aea?e"?erﬂ{ésr‘ r FRg IRRAThF 0T adRalang iamacdbexf adimg surf ace,
the inner The inner ring 32 is a thick, preferably copper
annulus having a radially outwardly facing surface
36 that, when positioned as shown in the heat
15 exchanger region 31, geats against the interior
surface 46 of the sidewall 42. The heat exchanger
region 31 is the region of the housing sidewall'42
at which the inner ring 32 and the outer ring 34 are
mounted in their preferred operable position shown
20 in Figs 3 and 5.

. The inner ring 32 has a radially inwardly
facing surface 35 to which a heat transfer means
mounts. A heat transfer means is defined, for the
purpose of the present invention, as a structure

25 that facilitates the transfer of heat from a fluid

to one of the rings or to one of the rings from a

fluid. The preferred heat transfer means is a

CEEY N R Lt Sqvpialagiae
o [ R IR AERREA s ,-T-y,rlﬂ“,, »
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ring al .'7s'dz_"314}“c'iijﬁi?‘tﬁg -a. radi.afry: d.UI;_visa%sdk&ﬁfﬂw@:’r?ﬁﬁgj?;‘s?_ur'.‘,f ace, substiantially equal in
di ameter to the interiof sSurrace™sr~tHe it r~seat-ed firmty-agai nst the
interior surface of the wall, said inner ring applying a radially outwardly
directed force against the wall, wherein the inner ring i 23HdbeReH2004
coaxially with the outer ring at a predeterm ned heat exchanger region of
the wal |, 't woebysses anpi ngly sandw ching the heat exchanger region of the
wal | between the inner and outer rings, conforning the annul aPSlA#§0021205pe

to a space between the rings, and frictionally binding the rings to the

wal | ; and (d) a second heat transfer neans connected to the inner ring.
1$ 23 February 2004 2. A heat exchanger in accordance with claim1l, wherein
the wall is a housing for a free piston St®rling cycle machine. 3. A heat

exchanger in accgﬁganﬁ_e w th_clai.m 11 wherein the first heat transfer nmeans
is aplurality of PadrafYy 2kt ERGLAL LY mxteRding €4nshed 7 adhawny in

out ~vardly faci ngsgurface gf_ the outer ring. 4. A heat exchanger in
accordance with cligi' m4I, \ﬂc?'etreeglﬁnna'ilhvee ¥t FRaeLeranspas sdes a

Faci ng surf ace. of ERE=EAKer st e (ERST” olBha s s rompba: dils Wit
claim1, wherein Br h t ns,is a,plurality of radially
outwardly ext end?%gﬁgigﬁs%n%u%?{gd %gpﬁ%ggr angdfalstl}x? oﬁflaﬁr' dI Q¥ f ZAQuTy-edir f ace
of the ouwser ringitADf tdife se¢ARY hadtod ﬁﬂ@?ﬁ@hrregnglli@qa %’:‘Iéﬁl |43{; of
n y o

radially inwardly extending finS nounted to € radi I ng

surface of the iwaeerronganbthérhtaguedchangetaign dance with claiml,
wherein the first heat transfer maaﬁg is a fl Hfd'tﬁggwﬁog%t ga-\gﬁtn(?rk(erfe out er

ring. 7. A heat ksahamgergyntacecar damee thd hrDhq M ExaMBersi Bt 26 Jecond
heat transfer nmeans is a fluid tube nounted to the inner ring. 23
February 2004 8.aktewnatiyenanger showaccim drbgs. wist fared a7 M 1anWesleli N t he
first heat transfer neans is a fluid passage forned in the outer ring. 9. A
heat exchanger iTERTRrbhYee Math sranefer wheassn ihelsdesnch hpalatt ransf er
10 sink, such as a very lérge piece of thermally
' conductive material.
The fins 37 are preferably made from a thin
copper gtrip that is pleated into a plurality of
" panels with corners joining adjacent panels at
15 opposite edges. The inner corners are mounted to
the inwardly facing surface 35 of the inner ring 32
by brazing or soldering. Alternatively, the fins 37
could be integral with the inner ring 32 by forming
the ring and fins of one piece of material, or by

20 forming a larger ring and cutting away material to
leave the ring and the fins.

Referring égain to Fig. 5, the outer ring 34 is

a thick, preferably copper annulus having a radially

inwardly facing surface 38 that, when positioned in

25 the heat exchanger region 31, seats against the

exterior surface 48 of the sidewall 42. The outer

ring 34 has a radially outwardly fécing surface 39




. WO 01/18 . . . .
means is a fluid pas‘s?ége formed in the inner ring. 10. A heat exchanger in

accordance with claim1l, wherein the first heat transfer neans is a fluid
tube nmounted to the outer ring, and the second heat transfer neans is a
fluid tube nounted to the inner ring. f1. A heat exchangex3 Fébragy@odance
with claim1, wherein the inner ring and thf outer ring are netal. 12. A
heat exchanger in gccorgci;nce with claimll, %\,herei n the netal is copper.
13. A nethod of foFfii Wgisghheatplaxedmnger oAt etermn heat exchanger
region on a wall having an interi.or surfa%ergﬁgéggyeﬁf‘glﬁf‘gg“gurﬁiatﬁeﬁ? he
method conpri si ng: 28E&RCRI | @A nghaewn adirl IRig Mwardly Sag ngisurface of an
annul ar, outer ri ng cgaxi gl ly with the exterior surface of*®fe 44l |1are he
outer ring having BXEbfihdbL¥deweatant dadler s pmensy {&)sﬁ.@f)& aci ng the outer
y

ring along an out efi!rl'éng%a is uptil the radially inwar 2o g S dhdice
seats agai nst the exteri br-SUF§A@n dthe Honeat Irialg e QW‘%LﬁrJEii”Ed heat
exchanger rggion; L0 %% Febrga:%? 2004 (c) aligning a radially S R al y
facing surface of an aﬁnu[fgf}'e nrefat | ﬁg’a@@zf)eiraldgarv&thohh@eidﬁt@éi Q4
surface of the M|6Utélh%j!r§]%r4 ri h%vi ng a connected heat transfe,herreans;
and (d) displacing the innet ring ‘al &“§n4i7nﬂ§¢’lhrlgeax'th‘aung'hg e s

radi al | y outwardl y3facing surface seats against the interior surface of the
wal | at the predeterm ned heat exchanger region and on an opposite side of

the wall as the outer rimoghd hgef i,ngly retaining the wall between
the radially outwardly facing sur éégkgmlﬁg‘¥qﬁ&i% nof aFdgt.he r aghal | y

inwardly facing sdmhare rdhqt h@ QWER W 14. A nethod in accordance with
claiml, wherein the inner ring is &ihseplr&g%ee T 34 Arelishenm @risnd the

outer ring% s di sERabednign dd syacaid PP irection. 15. A nethod in
accordance with c%ai mé;, further conpri si ngbger eat G2 atPefheiat Fimal
di fference bet weeR°EhEIPNAgsin 16heTheedakxerghgnger,. L n. accordance with
claiml1, wherein %‘_%i)d pr edet er mi ned heat gy region 31. The
g8 32 and 34 are first Positioned as shown after
being pre-assembled with the fins attached to the
. rings, and are subsequently forced into the

15 Positions shown in phantom.
The inner ring 32 ig displaced to the left in
Fig. 2 to the pPosition shown in phantom, and tﬁe
outer ring 34 ig displaced to the right in Fig. 2 to

the position shown in phantom. The order of ring

20 displacement to the heat exchanger region 31 is not'
critical. It is critical, however, that the rings
clampingly engage the sidewall 42 in a gap between
them to provide a suitable thermal conduction path
from the inner ring 32 to the outer ring 34. Such

: 25

a clamping engagement is assured when the rings and
sidewall have the dimensions described below The

dimensions described ensure a tight interference fit
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ST b STt e IRy Sy 1) 11y thlnner than an

ch et B OF T he ekt L s At Al SR ST ant e n
géfagent regi on of the mabkvn(?f)n&iIIV%F3456KEEFL'ﬁREEy%# IN/N, [/NzZIN
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x}wgl gb\ V\]cgu] ca] ca]ca]calUl calUlca]calc a]Jc aV]c a W]c alfzFeédraargdpo4a] c
aU] ca] ca] ca] ca] c”a] ca] ca] ca] ca] c*a] cal] ca] ca] cal] ca
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that provides thermal conduction between the
abutting surfaées of the sidewall 42 and the rings

32 and 34.
There is a difference of approximately 0.504 mm
s in the diameter of the outwardly facihg surface 36
of the inner ring 32 and the inwardly facing surface
38 of the outer ring 34. This difference forms an
annular gap with a thickness of 0.252 mm if the
ringsv32 and 34 are placed one inside the other,
10 The preferred thickness of the sidewall 42, which is

' positioned in that gap, is approximately 0.3 mm.

The difference in gap thickness and sidewall 42
thickness necessitates deformation of the inner ring
32, the outer ring 34, the sidewall 42 or a
15 combination of some or all structures to position
the structures as shown in Fig. 5. The inner and
outer rings are preferably made of a ‘copper alloy
and the sidewall is made of stainless steel. Because
copper alloys are generally more prone to
20 deformation than stainless steel, the deformation
occurs primarily in the rings 32 and 34, and‘most
primarily in expansion of the inner diameter of the
outer ring 34. Alternatively, the rings 32 and 34
can be heated, cooled or a combination to create a
25 temperature difference to form a gap closer to or

larger than 0.3 mm.

During operation the inner ring 32 is




'~ fer! all ca
33]$23-2U] C\Q?L;?E:g‘]r%g&} ca? gZ]U]cgﬂ:g] (l:J]a] ca] cal] ca] calU caU caU calcaVlc a Uc
A .2 A
'?%S?lggégﬁafﬁ%g?Yig]Eg?géfca]ca]cg]ca]ca]ca]ca]ca]c?]cajgﬁﬁgﬁhg?ygghca]ca]
ca]ca]ca]c?]calf?}gg%gitgﬁ¥;ebﬁﬁLg$%fcg}g:?i Lgfngca]ca]ca]ca]ca]ca]ca]ca
| ca] cal cal] ca cal caha stk aabbaads ) cRLbReg Ukorpls kgl I N e A

2B233;

332222\1 éul 525} 555E6x556973@2v7vmlmkecét\6§@] eBhCahead @’fﬂ%ﬂ g & Cgp;a r@a} ca

]ca]caU]ca]ca]ca]ca]ca]ca ca] ca] ca] ca] ca] ca]ca]ca]ca]ca
more than the outer ring 34. This Eftwf ﬁ Eﬂ Yol ca
: B\ <<<<<G=P=>~>>?| 2~ ~????D#E~yt 0i d_Yke [ V] c\ljj] ;ZLca]U]c;z a]CZ ;?J]A,g a}cﬂ@] Cg} ca
K a] @¥penptancabya) ddleal taher c%}
LE?L%E{EaLga]ﬁiLﬁhKE?ihhikhﬁ—FF#F>FBFanFFFth0|dAYSO|d Yke? aljc alUlc a]c

aUc alc aU a]c dMjcehapicaljinwgedly directed force of the outer ring

~Na] cal] ca] ca cal ca] cal] ca] caU] ca] cal] ca] cal] ca] cal] ca
?J]\/JCgLIEFg}:FFgFFFFFF%Ié&&%F anping  engagenent\Rof dt Necalidapaaicabcal ca

]cal c a]ca]ca]Ca]QﬂLﬁggCgfﬁcaLngL IULgdA%ondltions and supports the

sidewall 42 against the outwardly dlrected gas

compression forces against the housing.

The stainless steel wall 42 has the ability to
conform to the shape of the gap between the rings 32
and 34. Therefore, there can be a relatively loose
fit between one ring and the wall’s surface.
However, because of the smaller gap between the
facing surfaces of the rings,’placing the second
ring in place will cause the wall' to conform
essentially completely to the shape of the gap.
This creates a substantial amount of ring to wall
and wall to ring contact, providing excellent
thermal conduction.

. The sidewall 42 shown in Fig. 5 can be the
preferred thickness of 0.3 mm because it is
Supported by the rings 32 and 34. The pressure in
the compression space 20 increases cyclically during
operation of the cooler, creating significant stress
in the sidewall 42 surrounding the compression space

20. This stress could rupture a sidewall of the
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& 2+10% /& () SOUben0Igy ?;aﬁgfl ]10%(2)&}% Eldewrdk @R “BYE (haled
ié;é?%?fg:gé// g@h@tantially thicker to support the Stress, it
would not be ag effective at conducting heat out of

5 the compression Space 20, Therefore, the
combination of the thin sidewall 42 Supported by the

heat exéhanger 10 provides a desirable balance of

rapid thermal conduction and strength,

As the cryocooler 12 utilizing the preferreqd

10 heat exchanger operates, heat ig pumped from the

cold end 26 to the warmer region 24 by compression

and expansion of the working gas. The heat must be

transferred away from‘the working gas within the

Compression space 20 of the cryocooler through the

15 heat exchanger to the environment. The fins 37 are

is directed against the finsg 37 by passing through
apertures 17 formed all around the housing 13 just
to the léft of the leftward end of the sidewall 18
20 shown in Fig. 1. When the warmer working gas in the

cryocooler 12 flows through the gaps between the

fins 37 shown in Fig. 4, the gas transfers heat to
the fins 37 via convection, in which heated gas
moleculesg impinge upon the fins 37, conducting heat
25 to the fins during the brief moment of contact. The

working gas basses through the fing 37, into a
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%95%.5%21;8/:‘1(()‘)’/6'5 fl(l);i%%k(von*}gat Hows "downhill* from the

internal fins 37 to the external fins 47. The heat

5 is conducted from the fins 37 to the cooler inner

ring 32. From the inner ring 32, heat flows through

the even cooler sidewall 22 toward the still cooler

outer ring 34, Finally, heaﬁ is conducted to the

coolest part of the heat exchanger, the finsg 47.

10 Atmospheric gas molecules impinging upon the fins 47

remove heat energy via convection, preferably to the

atmosphere. The heat exchanger could,

alternatively, be used to transfer heat energy into

, a Stirling cycle cryocooier, for example at the

15 cooler end 26. Of course, the heat exchanger of the

present invention could also be used on Stirling

cycle‘engines, coolers and other non-sStirling cycle
machines.

Alternative heat transfer means are shown in

20 Fig. 6 and 7. The outer ring 134 and the inner ring

132 of the heat exchanger 110 of Fig. 6 form an

interference fit with the sidewall 142 as in the

preferred embodiment. The outer ring 134 has a

fluid tube 140 that isg mounted to the radially

“ . 25 outwardly facing surface of the outer ring 134 by

conventional mounting, such as soldering. The fluid

tube 142 is mounted to the radially inwardly facing
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132 from the fluid within the tube, and the ring 134

5 transfers heat to the fluid in the tube 140, The
tubes could, alternatively, be formed.as pPassages

within the rings, as in the heat exchanger 210 shown

in Fig. 7 in which tﬁe rings 232 anqg 234 form an
interference fit with the sidewall 253, The fluid

10 bPassages 240 and 243 are formgd within the rings 234
and 232, respectively, and fluid flows therethrough
to transfer heat from the fluiq to a ring or to the

fluid from a ring.

15 Present invention have been disclosed in detail, it
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1. A heat exchanger mounted to an annular wall having an interior surface and an
exterior surface, the heat exchanger comprising:

(a) an annular, outer ring having a radially outwardly facing surface, the outer
ring also having a radially inwardly facing surface substantially equal in diameter to the
exterior surface of the wall seated firmly against the exterior surface of the wal}, said
outer ring applying a radially inwardly directed force against the wall; |

(b) a first heat transfer means connected to the outer ring;

(c) an annular, inner ring having a radially inwardly facing surface, the inner
ring also having a radially outwardly facing surface substantially equal in diameter to the
interior surface of the wall seated firmly against the interior surface of the wall, said inner
ring applying a radially outwardly directed force against the wall, wherein the inner ring
is aligned coaxially with the outer ring at a predetermined heat exchanger region of the
wall, thereby clampingly sandwiching the heat exchanger region of the wall between the
inner and outer rings, conforming the annular wall’s shape to a space between the rings,

and frictionally binding the rings to the wall; and

(d) a second heat transfer means connected to the inner ring.
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the outer ring.

4. A heat exchanger in accordance with claim 1, wherein the second heat transfer

_ means is 5, plurality of radially extending fins mounted to the radially inwardly facing

surface of the inner ring.

5. A heat exchanger in accordance with claim 1, wherein the first heat transfer means
is a plurality of radially outwardly extending fins mounted to the radially outwardly
facing surface of the outer ring, and the second heat transfer means is a plurality of

radially inwardly extending fins mounted to the radially inwardly facing surface of the

inner ring.

6. A heat exchanger in accordance with claim 1, wherein the first heat transfer means

is a fluid tube mounted to the outer ring.

7. A heat exchanger in accordance with claim 1, wherein the second heat transfer

means is a fluid tube mounted to the inner ring.
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means is a fluid passage formed in the inner ring.

10. A heat exchanger in accordance with claim 1, wherein the first heat transfer means

is a fluid tube mounted to the outer ring, and the second heat transfer means is a fluid tube

mounted to the inner ring.

I1. A heat exchanger in accordance with claim 1, wherein the inner ring and the outer

ring are metal.

12. A heat exchanger in accordance with claim 11, wherein the metal is copper.

13. A method of forming a heat exchanger at a predetermined heat exchanger region
on a wall having an interior surface and an exterior surface, the method comprising:

(a) aligning a radially inwardly facing surface of an annular, outer ring coaxially
with the exterior surface of the wall, the outer ring having a connected heat transfer
means;

(b) displacing the outer ring along an outer ring axis until the radially inwardly

facing surface seats against the exterior surface of the wall at the predetermined heat

exchanger region;
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exchanger region and on an opposite side of the wall as the outer ring, thereby clampingly

retaining the wall between the radially outwardly facing surface of the inner ring and the

radially inwardly facing surfacc of the outer ring.

14. A method in accordance with claim 1, wherein the inner ring is displaced in a first

direction, and the outer ring is displaced in a second, 6pposite direction.

15. A method in accordance with claim 1, further comprising creating a temperature

difference between the rings.

16. The heat exchanger in accordance with claim 1, wherein said predetermined heat

exchanger region of the wall is locally substantially thinner than an adjacent region of the

wall.




