i TITLE: METHOD AND APPARATUS FOR FORM NG A HEAT EXCHANGER BACKGROUND OF
THE INVENTION 5 Field O The Invention This invention relates generally to
heat exchangers and a nethod for rmanufacturing a heat exchanger, and nore
specifically relates to an internal heat exchanger for a free piston,
Stirling cycle machine. 10 Description Of The Related Art Many machi nes
require the transfer of heat fronlqne mass to another such as transfer
between a mass within the machine t'o a nass external of the nachine. Free
piston Stirling engines, heat punps and cool ers conmmonly require heat
transfer both from 15 outside its hernetically seal ed pressure vessel,

t hrough the pressure vessel wall to the working gas at one location within
the pressure vessel to provide a heat acceptor system and heat transfer
fromthe gas within the machi ne at another |ocation through the pressure
vessel wall to a mass, such as a cool ant, outside the pressure vessel to
forma heat rejecter system In order to inprove the efficiency and rate
of heat transfer, heat exchangers are 20 conmonly enpl oyed both interiorly
and exteriorly of the Stirling machine's pressure vessel. An interior heat
exchanger exchanges heat with the working gas in the machine's interior
and conducts the heat to or fromthe pressure vessel wall. An exterior heat
exchanger exchanges heat with an exterior heat source or a coolant, such as
ambient air or a C'T‘I?HF%E‘THCEPRN@MPI&G@A’PQSMEORM@NG%t to or fromthe
pressure vessel wall. U S. Patent 25 Nos 052,854 to du Pre discusses
heat transfer in a Stirling engﬁﬂ%ﬁ%?xﬁgéﬁgﬂﬂlz U.S. Patent 4,429,732 to
Moscrip describes a regenerator, which is simlar to a heat exchanger but
stores heat and alternately transfers heat to and fromthe working gas and

the mass of the regenerat oPAGKGRGEMNR AL THEE PACERVEPNs t hr ough t he
regenerator. U S

Field Of The Invention

This invention relates generally to heat exchangers and a method for

manufacturing a heat exchanger, and more specifically relates to an internal heat
exchanger for a free piston, Stirling cycle machine.

10
Description Of The Related Art

Many machines require the transfer of heat from one mass to another such as

transfer between a mass within the machine to a mass external of the machine. Free piston
Stirling engines, heat pumps and coolers commeonly require heat transfer both from
15  outside its hermetically sealed pressure vessel, through the pressure vessel wall to the
working gas at one location within the pressure vessel to provide a heat acceptor system
and heat transfer from the gas within the machine at another location through the pressure
vessel wall to a mass, such as a coolant, outside the pressure vessel to form a heat rejecter
system. In order to improve the efficiency and rate of heat transfer, heat exchangers are
20 commonly employed both interiorly and exteriorly of the Stirling machine’s pressure
vessel. An interior heat exchanger exchanges heat with the working gas in the machine’s
interior and conducts the heat to or from the pressure vessel wall. An exterior heat
exchanger exchanges heat with an exterior heat source or a coolant, such as ambient air or
a circulating coolant and conducts the heat to or from the pressure vessel wall. U.S. Patent

25  Nos. 4,052,854 to du Pré discusses heat transfer in a Stirling engine or heater.



Patent 5,373,634 to Lipp, although not for a Stirling nmachi ne, shows a heat
exchanger 5 having straight, open-ended passages with channels or orifices
drilled into the sides of the structure transverse to the straight

passages.. In the prior art, the larger Stirling machines usually resort to
internal heat exchangers which are constructed of several parallel tubes
conductively connected to the pressune vessel wall in order to increase

the through-wall heat transfer surface area. 10 However, such tubul ar heat
exchangers require nunmerous braze joints for attaching the tubes to the
wal | . This large nunber of joints also greatly increases the probability of
failure because of | eakage and al so increases the cost of fabrication.

Smal ler Stirling machi nes commonly use a nonolithic head construction where

heat is transfeangedakirouolyibhe maklip aéschbw@ PfeRefier, weithab siafilat leamachi ne.
Wien a 15 nonolithic head is used, It is common tg(rggtﬁfl ce.to braze an

i nternal fiheshaper bt storestheaiand fltpmately dransisrs heg) PRdbe ¥aELahead of

the pressupf HERRE! of @?Jgek@ﬁar £X6HABAGRS chravBled Bsoushl M BatevanUmAr al | el
pl ates, where flow unif ormtghl s extrenmely sénsitive to the plate spacing

because t hBaterSs3 78168 te A4np. plhquelo pey for grirlingmesing bRV heph S B@PsREen t he
fins. Aasg,f Aé%yr %H{ 9 hcntdQ@pa&QJg@@m uanha%@wc@s liedtifg meiRs belded fins

are fabricate sheet of materi al ded into multiple fins with
passages b%mfel&tr@h@riqtﬂﬁle Svhightlmiﬂg@ss reqw res nmultiple steps of bending

and formng, | haaddl oot nPhagk NGl Al ﬁ% SRTRORSH So fiflermORBRCL I ON L0

the head of the 'pressure vesse fins are not
general | y enchargats|veii¢hnart Iqemsgpetcd n@ﬁer/@qmdméhtl WGSStqnﬂlllqthgly watirieéso e t hey

often r qurlfssfsg es\?ecsgeﬁ]d Y ma%%a t i {eﬁ&dtheet?}()ﬂ;}pgfaﬂﬁ%gptr%sfér Q:ﬁxsf?cef %@5 i cation

st eps adds expense e COos t he at exchanger.
addi ti ot tHoWe)»tedemicli tubslar mazjleabhahgws rdyaire nahsoubbege frawh fmea@aq:lmg)tha heat

exchanger . Ther bggﬁ!i I"lthls! B annu%tyete% Jgﬂggﬁlfgggewl u&gea&!&q}lé Erléﬁu iiitg’rbft 0

provi de an' | nore frcien ensively ured heat
exchanger faamtelbewuaercbfyeeﬂcegeada&ﬁnﬁtreasésithgcas‘aaﬁrfabre:at@l Anot her object and

feature of the érrrlla}{leep E-{iﬁlrrllginﬁac P Egr}alrlngr?ly%sg%tgc?n%hth% héa conglglcfaon where
heat is transferred through the wall of the pressure vessel of the machine. When a
15  monolithic head is used, it is common practice to braze an internal finned surface, often in
the form of folded fins, to the head of the pressure vessel. Such heat exchangers have gas
flow between parallel plates, where flow uniformity is extremely sensitive to the plate
spacing because the mass flow rate is proportional to the cube of gap between the fins.
Mass flow through the corners is therefore limited. The folded fins are fabricated from a
20  sheet of material folded into multiple fins with passages between the fins. This process
requires multiple steps of bending and forming, in addition to brazing the sheet
components for connection to the head of the pressure vessel. Additionally, folded fins
are not generally available in the spacing required by Stirling machines so they often
require secondary annealing and resizing. Each of these fabrication steps adds further

25  expense to the cost of the heat exchanger.
In addition to folded fins, radial fins have also been machined into a heat

exchanger.

Therefore, it is an object and feature of the invention to provide an improved,
more efficient and less expensively manufactured heat exchanger particularly for a

30  Stirling machine.



heat exchanger at noderate cost that allows for efficient heat transfer.
BRI EF SUMVARY OF THE I NVENTI ON 5 The apparatus of the invention is a heat
exchanger that is an annular ring formed of a heat conductive solid nass.
The annul ar ring has a central axis and axially opposite faces, wth a
plurality of linear passages fornmed through the ring and the opposite
faces, for flowof a fluid through the passages and transfer of heat
energy between the solid mass and the fluid. The passages are preferably
parallel to the axis and have a circular 10 cross section. Furthernore, the
passages are preferably arranged in a plurality of circunferentially
spaced sets of passages, each set having a plurality of radially spaced
passages. The nethod for nmaki ng a heat exchanger conprises form ng an
annul ar ring of Asthgabjait hreldbateendtiet invertiassto triedanmsthad fori legnihgwei ng a

central axis. an haV|n X|a nd then drilling a
plurality ?“Sﬁgggﬁé? S%Hm aﬂﬁgﬁneh%ﬁﬁgﬁgﬁéIweﬁrough t he opposite
faces. BRI EF DESCRI PTI ON CF THE SEVERAL VIEWS OF THE DRAWNGS Fig. 1 is a
o enl arged, | or oss. sect | GHER P VAR OB BRVBYTERL "embodt ment of Fig. |
an enl arge Cross-secti enbodi nent o ig.
taken sgbstantipild 3ppala@R@f tHiEnvdnien R-a2haaf exchghgedihatis gn aﬁnﬂz& riug formed

cbodi mont 8 bR PG T, A S AP BUTGR TG i 8FBHPLBNE LB HEAPPBI & oo
i nvention, g wrkhlaspmrlah@sifnﬁteﬁqjagsa%ésh@meaﬁhﬂn%&hegﬁlg aﬁ@ﬂfélJpp@sn%%m nol ogy
w il be resorted to for the sake of clarit not intended

that the i fydioe shaBlwid thiquehdhe prspagss glrfbkfﬁ'ﬁifeé qféﬁ%%gg&ewedhfam'dlt isto

be under stead, st neRe hrhé B&Ghdeb %retﬁéﬂ&dbﬂﬁﬂydq'ﬂ% t@lHe akRCGAAINGHM a @RIl ent s,
whi ch operate in a simlar manner to acconplish a sim/lar purpose. 30 4

DETAI LED DESERETPON DFthrpmore \VENTS@RESTRE pre&rely dgrargst ol aaliraly efhe
present i ngl%?df%nﬁaﬁly S&)!‘létlﬁ tsétgna?gaés&egﬂ &ch det h-Ebr%g a plurality of radially spaced

passages.

The method for making a heat exchanger comprises forming an annular ring of a

solid heat conductive mass, the annular ring having a central axis and having axially

15  opposite faces, and then drilling a plurality of passages through the annular ring and

through the opposite faces.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Fig. 1 is a top view of the preferred embodiment of the present invention.
20 Fig. 2 is an enlarged, cross-sectional view of a portion of the embodiment of Fig.
1 taken substantially along the line 2-2 of Fig. 1.
Fig. 3 is a cross-sectional view of a Stirling machine illustrating the positioning of
embodiments of Figure 1.
In describing the preferred embodiment of the invention, which is illustrated in the
25  drawings, specific terminology will be resorted to for the sake of clarity. However, it is
not intended that the invention be limited to the specific term 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 similar purpose.

30



invention is a heat exchanger 5 for transferring heat energy between the
interior of a Stirling cycle machine and the exterior of the machine. The
heat exchanger 5 is formed 5 froma heat conductive solid mass, such as
copper or alumnum into an annular ring having a central axis 7 and
axially opposite faces 9 and 11. The mass is a solid in the sense that it
is not constructed by connecting togetther a plurality of frame and/or wall
menbers but rather begins as an integral solid piece of material. A
plurality of linear passages 8 are fornmed through the ring 6 and the
opposite faces 9 and 11 to permt flow 10 of a fluid through the passages 8
and transfer of heat energy between the nass and the fluid. In the
preferred enbodi nent, the passages 8 are parallel to the central axis 7 of
the annul ar ring and DEUAILZDCDESURBTIONSSSTHEINVENTESNI | | ustrated in Figs.
| and 2. The passa [e.alT d_ i . Pl l.] t LI & erenti al
spaced sets ofagg s%%ggﬁggb%%%'ﬁgﬁgﬁﬁgkﬁggFﬁaﬂgﬂﬁ%h%gﬁ%thb@gpgdﬁgPly g
spaced pasmage®n8s aPreef erchblgy: S dachaséringd hpassage detdeen el ngasr bfve t o four

al i gned passages arr.ange | ong. a r.adi al . of e.ri.n with fqur  being
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ﬁf paSSﬁgﬁsmcéaﬂeabeomﬁleﬂﬂveaﬂwdaﬁﬁs,%ble% eo6p2s ofl afutiin, dAtoadn dnnelasiing of t he
eat exchanger, the _ si.ze of t. hol e 0 complish the .desifed fluid fl ow
oot acr or s (et R Fal] punlBr RSt b RE L | B AS S F Rb B o

met hod f orschey b il A& RAKEREE DySotRdttihdeddether 8hidrAlitNaf abmeasliongallDril ling
can be acconplished by traditional netal .form ng tecEnig eﬁ, mﬁ&ch i ncl ude
drilling WSPAYS AUt Bt PRGNS M Iearal Pl IPECE Of SAfTet Ha E‘éﬁ WaehiAfg (EDM .

The passagggsfes Phefemadl tMroh%‘V@leQin@iGrﬁﬁhﬁé oSJoBiSSa8&GT draNn 120 et NeWr i cal
wal | s when manufactured in 25 accordance with the preferred net hod of

manuf abt uref 2 feddorsh hsaassesrs HAYSEHTsST af Beat eaggy g‘?‘“’ﬁﬁ’c‘l’i‘? megs aod B i ety of
shapes aregpgyail able, for exanple, the passages can be cast wth cross
sections that are squar rectangul ar, oval, or radial slots. Preferably,

e ;
the solid heat IBdicielerebernhodingn the passgee? preoaallelinheseyrabaris d oftiss or

bl ock t hat grn§iaf Hﬁ%m Halt @ cAIARYL &ctibil DG Mt RIS Vied 20 OMe YREsapdshe
annular ring can be 30 forned in discrete, separate segnents eac% of whi ch

are a sol i ¥ arraarganged b e gluralfty rof eogwap fasentipe spacpg seta 9l @611a8e5tS, SRoh ¢ 180
degr eelfhal lflavfd-gng pﬁﬁ":ﬂﬂ? %?%adiiif%%pa?&f 9%9@3? 8. Preferably, each set of passages 8
includes two to four aligned passages 8 arranged along a radial of the ring, with four
being illustrated in Figs 1 and 2. However, other quantities and configurations of
passages can be used and are selected as a function of the size of the heat exchanger, the
size of the holes to accomplish the desired fluid flow characteristics and the desired heat
20 transfer characteristics.
The method for forming the passages 8 can include drilling or casting. Drilling
can be accomplished by traditional metal forming techniques, which include drilling
using a rotating drill bit or electric discharge machining (EDM). The passages 8
preferably have a circular cross section and cylindrical walls when manufactured in
25  accordance with the preferred method of manufacture. However, when the passages are
cast or machined, a variety of shapes are available, for example, the passages can be cast
with cross sections that are square, rectangular, oval, or radial slots.
Preferably, the solid heat conductive mass is a single plece, unitary solid mass or
block that is formed into an annular ring. Altemnatively however, the annular ring can be
30 formed in discrete, separate segments each of which are a solid mass or block. For

example, the ring can consist of two 180 degree half ring segments, four 90-degree



5 segnments or six 60-degree segnents. The annular ring preferably does not
consi st of such nultiple conponent parts, but formng the ring of such
conponent parts does not depart fromthe concept of the invention.
Additionally, it is not necessary, although it is preferred, that the ring
be entirely endl ess or conplete. For exanple, the ring can extend, 5 for
exanple, only 330 around a circle | eaging a 30 segnent for another
structure extending parallel to its axis. The ring is generally annul ar,
but may include sone departures from perfectly circular walls, including
tabs, fingers or other projecting structures, or cut outs, such as grooves
or channels. The ring's outer contour preferably conforns to the contour
of the interior wall of the pressure vessel of a Stirling Machine 10 for
opti m zi ngsdghentaat kiy c0aaghae fdgrente OrreatelentignttcicRbpr dkenalkbysisooagaed to t hat

wal |l . The preferred enbodi ment_of. the invention is particuylarly suited as
o | 1t o1 el SO AGE DR N/ R ot Samr B ot & Pl gy o) o
machi ne. Reh@r thi N@ntt Bif Ghe Juventidie Alditidnialtg HEE Hoh@edddsahasaldmoskihspl igcer 12
reci procatable in a pressure vessel 13 that contains a morkingwggi.
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13. Speci f joaldn¥s A ipefr&igalircDRRtwAGC GRIRENL Bib@NHngeAN of RURE Nbjcdi@bect er 18
are nmounted wthin the preSsure vessel 13. fg an al%ernatlve configuration,

t he peri ph&pafurgtapt cul @rbagish 6 gioreesgriiirenelss They ringaouteDeortey pEefermlyi nt er nal
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machine like that illustrat . 3) can orned in

f r ust ol onfoe aptinizingdkrsmaliheopdiertize prroestionend isqueferablylbrazehityl hatevidlage a
simlarly cont j i . e : : Qfid s e vesse
13 The ent o Hedrisee nBbaBRt: A olion ktaneath, Bhicd R B RS T
not necesskeay exchanget fe impposistefitapisonb¥tirfag aydemaciipnetrring edFipassages 25
will stil 'th?&%ﬁlﬂr% REiReT g%pé’%lsgﬁ Jrai“ze&c@iocﬁﬁﬁlreqm Bsufe! Mser 9" fxanpl e,
if the annular ng 1's made I n f¥ugt 6-Eoni cal’ ‘sha e, the passages may
not be paraintagls ¢ wotkive grenintealal hxdt sxchabgrrs MGynd &8 atei igtiedmally capdedtivet 0 t he

axis, pHC hco%?acl \Yr{ﬂr{' gﬁeaf:!rgsg € %st&ial%q’!:)rn re{r%ép&%ﬁ‘é eaalt bet»svléérf & Siterior and exterior
of the pressure vessel. They are annular rings, like the heat exchanger 5 of Fig. 1, brazed
to the internal wall of the pressure vessel 13. Specifically, an internal heat acceptor 16 and

an internal rejecter 18 are mounted within the pressure vessel 13.
As an alternative configuration, the peripheral wall surface of the annular ring that
20  forms the internal heat exchanger of the heat acceptor system (the upper heat exchanger
in a machine like that illustrated in Fig. 3) can be formed into a frusto-conical or dome-
shaped contour in order to matingly engage a similarly contoured interior upper wall of
the head of the pressure vessel 13. The entire annular ring also can be made in a similar
shape and it is not necessary that the opposite faces be parallel. However, the passages
25  will still extend between opposite faces of the annular ring. For example, if the annular
ring is made in a frusto-conical shape, the passages may not be paralle] to the central axis,
but may be aligned obliquely to the axis, such as lying along an imaginary conical

surface.

In accordance with the well know operating principles of the Stirling cycle
30  machine, the working gas, typically helium, within the Stirling cycle machine 10 is

shuttled between region A and region B during operation. The present invention aids in



I n accordance with the well know operating principles of the Stirling cycle
30 machi ne, the working gas, typically helium within the Stirling cycle
machine 10 is shuttled between region A and region B during operation. The
present invention aids in 6 the transfer of heat energy between the
wor ki ng gas and the internal acceptor 16 and rejecter 18 during operation
of the machine. As working gas is displaced through the passages 8 of the
preferred enbodi nent, heat energy is transferred to or fromthe gas to the
wal | s of the passages 8 and al so is conducted through the acceptor and
rejecter heat 5 exchangers 16 and 18. The heat energy is al so conducted

t hrough the pressure vessel 13. The preferred enbodi nent of the present
invention is believed to be advantageous over the prior art heat

exchanger sihé @fanderVel el ¥neply b&ASONGe wAliking Wgh atdheheaihfeiral emeytoofic thé  heat
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a thermal conduction pat , a maxi mum cross section for heat conduction
bet ween the pr éBeuwrafcrradesydetinantiof thepigeant Bvetionhebalisywlio bysdvantagevgh gas

1 ow througd, 8%, BPAL neX ChaRBRLs fod a J8AGY bl ebsche AiBRuBPACINTidAE) P@e ! he

wal I's of the passages, and efore gas flow through cylindrical passages
i s sensitilet trarsfer heoftinamdmportast thahthe paleydgaisxchiarecrpagiages coen ilgs
preferred 1%”1%%9(' err%r\]f%, T l'cla{i&?%f?a at g)&cﬁ Fln a%&ﬁﬂ%h WR&HGhY }faxreygngﬁv&rﬁ%ngap In-a
conventional paral | el ﬁ?a e heat exchariger. Therefore, flow resistance
Wi || beo i migbeledd daslexrasigakeomise mdserme geraputsr coripelipd dnachiningeeaR@ment ¥r e,
interior wall .surface of dhe. cyld AGLEAE RATIAAASS FAlnBKEThedng Aeal
transfer Bt WESFEASYE™ dX %ﬁé%ﬁagheggas. Eﬁrtﬁe?nnre, any heat radi ated
fromthe chydlésns drgisad thipegsagdidwidek ©f wialekiab thererdaining chetad prnsiehe thepodit | on of
the cylindri al,malg i.nstead of being..radiat t ﬂ)g}ﬁﬁ; St el s al
{ )
conponent %“ﬁ?‘ﬁ“ﬁ’ntpﬁt W&C%F’ﬁ’élfn%frf)ses %‘ét? ngfg%ﬁeﬁfg?néiﬁ? e(r‘} smbodi r‘?Edl’#t s of the
present i nugsd baithbanis dfapshadésscl osed 25 in detail, it is to be understood
that V?fr ' ous mﬁlltlfolugﬁéz;so o%v t%rao\{lgggn)? H&P%}&%ax\{ge} g%gxgsitive to the spacing between
the walls of the passages, and therefore gas flow through cylindrical passages is sensitive
to the diameter of the passages, the passages of the preferred embodiment will have a
diameter approximately twice the gap in a conventional parallel plate heat exchanger.
Therefore, flow resistance will be improved and the gas will be equally exposed to the
20  entire, interior wall surface of the cylindrical passages for maximizing heat transfer
between those walls and the gas. Furthermore, any heat radiated from the cylindrical
passage walls will be radiated to another portion of the cylindrical wall instead of being
radiated to another structural component within the machine.
While certain preferred embodiments of the present invention have been disclosed
25 in detail, it is to be understood that various modifications may be adopted without

departing from the spirit of the invention or scope of the following claims.



departing fromthe spirit of the invention or scope of the follow ng
claims. 7 W claim 1. Afree piston, Stirling cycle machi ne having a

di spl acer reciprocatable in a pressure vessel that contains a working gas
and havi ng heat exchangers in thermally conductive contact with the
pressure vessel for transporting heat zetmeen the interior and exterior of
the pressasig:vessel, wherein the inprovenent is a heat exchanger
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assages are .parallel to the axis. . 4. hi ne
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. 5. A hj [ d ith claim4,. inth
aesage D eEATaRGES AT R O et e U LR Enahe Kamant R Yor<addat dance wi t h
claim5, wherein each set conprises at |least two aligned passages arranged
I digl of the ring. 7. . hj [ dance with im 6,
wher g n2tne Arreine Fentre s B rD os o AT R g 1o Bt B essur e

vessel . internal wall of the pressure vessel.
3. A machine in accordance with claim 1, wherein the passages are parallel to the axis.
4. A machine in accordance with claim 3, wherein the passages are arranged in a

plurality of circumferentially spaced sets of passages, each set comprising a plurality of

radially spaced passages.

5. A machine in accordance with claim 4, wherein the passages have a circular cross
section.
6. A machine in accordance with claim 5, wherein each set comprises at least two

aligned passages arranged along a radial of the ring.

7. A machine in accordance with claim 6, wherein the annular ring is brazed to the

internal wall of the pressure vessel.



