30 SEP 2004 WD 01/75383 PCT/ GB01101455 A HEAT EXCHANGER The presegt
invention relates to a heat exchanger. The invention is applicabl QéE%Hw4

.type’of wgai/résgxchanger where heat froma first fluid stpqachdforsss
exchanged with heat froma second fluid stream The invention has

particular application to a recuperator which enables the hot gases

| eaving a high 10 tenperature source such as a furnace or gas turbine to
heat the incomng air. Such a recuperator is used in the engine disclosed
in Fig. 4 of WD 94/12785. In this engine, a countercurrent recuperator is
used 15 to preheat cold isothepmpehy egtRRRagRd air for use in a
conbusti on chanber using expanded exhaust gas from the conbustion
chanber. This engine can be made to work using a conventional recuperator

from gas turi@:&@gpréséﬁﬁoiﬁ%n{ﬁaﬁhraiatlae 88! ar hbRECHKY-ha@lgertionever, 20
the pressure_an erature of the exhaust gas of the _engine of WO

94/ 12785 -can* b bFEQPE%O?haﬁ PﬁpalaablEt&Pbﬁﬁs tFBP eiaﬁﬁl . the exhaust

gas pr®sur%ﬁhéﬂ§er%3eﬂé héa’é ¥réfoRarihetaEnuent etire@ant g recuperat or
25 will, ' for exang be at x | OSPa &20 b%hé for a gas turbine and 1
g wi pRd

x 10'Pa (100X ER7HI EaePE?Brfrﬁ@ 2ef idngtredfd of the
recuperator (i.e. the end at which the hot exhaust gas enters and the

heated air eaves HEY be, 750 - 800C.for th?_e g 30 - opposed to
500 - 600C f ﬁa ?Brﬁ?ﬁepa?ﬁécugéﬁpapg ura pr Pefice between the
"hot" and "cx&aﬁpefadsroﬁhibﬁ eénabpesathe hotl gakes meagna@terhh@ﬁlthe

engin wth the ¢ ed exhaust gas.leavin d

Cenperdl ur o SRSEFEST e, S08E3t 388n E35aTRubiRcec8 s pproaor t Bottent i onal
I ecuper at or hsatstheahmeombnguaermntEutheaengcneerators16egegnbdito 30S
E P 2004 WO Q1L 73388ne disclosed in Fig. 4 of WO 94/12785.

In this engine, a countercurrent recuperator is used

15 to preheat cold isothermally compressed air for use in
a combustion chamber using expanded exhaust gas from
the combustion chamber. This engine can be made to
work using a conventional recuperator from gas turbine
technology {(such as the Solar Mercury 50). However,

20 the pressure and temperature of the exhaust gas of the
engine of WO 94/12785 can be greater than in a gas
turbine. For example, the exhaust gas pressure of the
engine is 5 x 10°Pa (5 bar) as opposed to atmospheric
for a gas turbine. The air entering the recuperator

25 will, for example, be at 2 x 10%Pa (20 bar) for a gas
turbine and 1 x 10’Pa (100 bar) or higher for the
engine. The “hot” end of the recuperator (i.e. the
‘end at which the hot exhaust gas enters and the heated
air leaves) may be 750 - 800°C for the engine as

30 . opposed to 500 - 600°C for the gas turbine. The
temperature difference between the “hot” and “cold”
ends of the recuperator will also be greater for the
engine with the cooled exhaust gas leaving the “cold”
end at a temperature of typically 250 - 300°C.

35

‘ Therefore, although a conventional recuperator is
suitable for use with the engine, it is designed to



2 PCTIGBO1101 455 operate with optinum efficiency at very high fl&{SEP 2004
rates and relatively | ow pressure. The present invention ains to provide -
‘a heat ewglhanags which operates nost efficiently at hig s and
5 lower flow rates. CH 195,866 di scl oses a heat exchangehﬁ?g\g?ﬁg&ég$
I nside a pressure vessel and a nunber of pipes passing through the duct.
Smal | holes are provided in the 10 waj I_of the duct in order to equalise
the pressure across the duct. Wiile this arrangenent is effective to
reduce or elimnate the stresses arising froma steady state, spatially
uni formdiff ggﬁf eSsu r th S,e4 1 does not
address 15 fﬁ% e eé@%égf arlouséo ﬁglg§§¥esgeg%% ti hl$%#%§ duct .
Firstly, thatates andtrebst ovelheloucpraastise. wnlfCble @meﬁanﬁrcwnthe st eady
pressure dr t t 9995 tially
non- uni f or mqgiﬁ}r,geljis{s?iué}e édlﬁﬁ etrlae c]'be acrges%q?%%@d%gcggﬂl I‘Q"'sﬁ,T %HS{LF% could 20 be
over cone by Cmez’eﬁtqmgn@sfe efflciemt by at ongghee presgurest are duct to
equal i ge thqiﬁh£§ g%grences at various |locations along the duct.
However, this Iea to a fTow al ong the space outside of the duct which
Wil | prevent this space from 25 operating adequately as an insul ator hence
reduci ng the; efdd od @Gy H1ddes @%e@ﬁ‘c@ﬁﬁg&ﬁgeé ﬁﬁ%&'ﬂ% WUg of
addi tional stress arises frompressure pul sati ons whi ch may be present as
a result of iShfe mRFesiare yaisal & tRERPBE Par Plé’fasn@larﬁﬁln&per ation
or may be 3@HAwudiesitd Qicd auldmLoONdidl 9sardhgrbeatieexahanger of CH
195, 83% S un%ﬁndﬁéo acconnndate t hese condlt%ons nd I's therefore not
sui t abl¥e as & ChH g QFIEHR REPARTEr TRSSPAESSUHENg to the
present i nverind¥s &Hheaiu@achangﬂe TP rasesnfeReAsSUke ergFeselivea first
passage pro%tded VO 01/ 75383
educe or eliminate the stresses arising from a
steady state, spatially uniform difference in the

pressure across the duct walls, it does not address

r
the effects of various cother stresses acting on the
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duct. Firstly, there is a stress on the duct walls
which arises from the steady pressure drop within the
tube bundle and which causes a spatially non-uniform
pressure difference across the duct walls. This could

20 be overcome by arranging the small holes along the
length of the duct to equalise the pressure
differences at various locations along the duct.
However, this leads to a flow along the space outside
of the duct which will prevent this space from

25 operating adequately as an insulator hence reducing
the efficiency of the heat exchanger. A second source
of additional stress arises from pressure pulsations
which may be present as a result of flow transients,
which may either be part of normal operation or may be

30 the result of fault conditions. The heat exchanger of
CH 195,866 is unable to accommodate these conditions
and is therefore not suitable as a modern high
pressure heat exchanger.

35 According to the present invention a heat exchanger
comprises a pressure vessel; a first passage provided



330 SEP 2004 PCT/GB01/01455 wthin a plurality of tubes for a first
streamin one direction through the pressure vessel; a second paddagd 2004
for a s¢&PeGhsséy eamin the opposite direction through thevegRRhssst he
second passage conprising a 5 duct spaced fromthe pressure vessef and
encl osing the tubes such that heat transfer occurs across the walls of
the tubes; neans to generally equangp_jhe pressure between the inside of
the duct and the space between the duct and the pressure vessel; thernal

i nsul ation 10 between the duct and the inner surface of the pressure
vessel ; and_a, suppart..tQ _support. t.he duc [ e | oR. C ed by the
pressure i ngil}]i‘l?’hé g’ (l:‘]trﬁélx eéjcﬁ ﬁtdﬁ?er'use %?Iggé:uf€£%ﬁté?gggitnhgndég'?. 15
T.tio, ca 1 Hireh¢iombéehroargh &y qeddwre fesgsekchangeec@hdch gives a
very good h ransfer. \ . - gu : sheat
exchanger wﬁlg%ﬁtaggl C%)\?BE}.I tahgeq%q.}rﬁ nsutr# errpleIIr g%}{ij% ?%???%%ngg%gﬁggn the two
flows. Howeheoughhé&hgsaesiselhe théhezeapnth RAHF YU t CHPREABLAE 320 and hi gh
pressuee ex t r ' | e S i keal SO

Dbl o 15 wi t ReFand e gk T Bodle M apset pheseatieatag, the

alloys, whtohesasucll fihathdter T Fran iRy QEPYF O BIesFele ¥RpdAsi ve. 25

For this reggoRyet t&%b@ﬁ?%ﬂ{gﬁwtd%m)} heqelsitt se f ehE1 Pgegggréecond

passage which i s space romthe pressure vesSel and is SO separ at ed

from the prB§§ﬁﬁ§nvé§§eHQ5i4ﬁu9ﬁn¥hqrﬁHﬂ%ﬂ?QﬁLthﬁu%Pa?ﬁeggﬁwﬁﬁﬁssure

vessel is pggbeai;ed bnemiHe didivdausdsqps thermel ainsadatkont her, a
nunber of neasures are pyovi reduce the_stres eépon-the duct caused
h

es. t
by t héOhi ghbptuesn, thezslugt @pd SRR S HoEAHT o fiePEGEE Y Fn
particul ar, veRgeleaand @ gRippfort te@impaet titee duct against

expansion caused by the pressure inside the duct
exceeding the pressure outside the duct.

[I}
n

Locally, the tubes form a cross-flow heat exchanger

which gives a very good heat transfer. Globally, they

form a counter-current heat exchanger which allows the

minimum temperature difference between the two flows.

However, the use of the tubes with a high temperature

20 and high pressure exhaust gas requires a suitable
pressure vessel which is also able to withstand the
high temperatures. Materials, such as nickel alloys,
which can fulfil both functions are prohibitively
expensive.

25
For this reason, the present invention has the duct
forming the second passage-which is spaced from the
pressure vessel and is also separated from the
pressure vessel by thermal insulation. Thus, the

30 pressure vessel is protected from the high exhaust gas

temperatures.

Further, a number of measures are provides to reduce

the stresses on the duct caused by the high pressure
35 of the stream passing through the duct. 1In

particular, the means to generally equalise the



30 SEP 2004 WO 01/75383 4 PCT/ GB01/ 01455 pressure between the insiqﬁ ap?
outside of the duct ensures that the duct does not have to cope widtthS 004

anyt hi nowbidigsisse full pressure of the exhaust gas. Ohe S, such
as those caused by the pressure 5 drop along the tubes angC é#ﬁg?@@gﬁre

pul sations within the duct are accommodated by the support. The pressure
vessel can therefore be designed to_cgpe with the full pressure of the
exhaust gas at a 10 relatively | ow tenperature, while the duct nust be
able to withstand the maxi mum system tenperature, but is not required to
contain the ressure of the .exhauyst s _and. can fherefore be nmade of
thi nner -1 n%#lglrslsglr% SPEESy é:r}‘e[ He Sy s?ln%f@ A f%# tRe et equired to
wi thstand thensukks $hettemher eksur elo@sd ncenperad We.cdhe weans to equal i se
the pressure t i nsi d 0_qof the du nd the space between the
duct and theagggggﬁgél@%@égﬁengy}%fgfegfgﬁﬁl8, § PR 0r9R%f a  supply
of pressurisetherusdressescsedht ast thospacausest wertHdepxiwdngand t he
pressurge vesggl ' [ C raqll | rdance with the pressure
within the é% dﬁggigggaghﬁo%géﬁglﬁgg F&é%%%%§§ﬁ¥%§ﬂﬁmiékﬁﬁﬁﬁ w Tbrabl y,
t he means totkgudrittearreapresswdeties byether smmpeuthr ough holes in the
wall of the duct. These sinply allowthe fluid within the duct to bl eed
into the pressure vessel in which it is trapped in order to 30 equalise
the pressurelhgfPYREsBrecyensedr eaghtherefosepbeyidésd grted e cuipe end of
the heat exchpfgetnet BL3)1epsuLEesEBE thE @iﬁau@lteg;a'}?ta& the pressure

vessel, is at itéglomest 35" possi bl e tenperature an ence Wi ll not danage

the plessurilalseelyalay, terperatpressihélecidel dusdkauss BeSEP 2004
) able to withstand the maximum system temperature, but

is not required to contain the full pressure of the
exhaust gas and can therefore be made of thinner
material. Therefore, the vessel requires far less of

[
o

an expensive high temperature material than would be
required in a vessel required to withstand the full

system pressure and temperature.

The means to equalise the pressure between the inside
20 cf the duct and the space between the duct and the
pressure vessel may, for example, be in the form of a
supply of pressurised fluid connected to the space
between the duct and the pressure vessel which is
controlled in accordance with the pressure within the
25 duct so as to equalise the pressures. However,
preferably, the means to equalise the pressure is one
or more through holes in the wall of the duct. These
simply allow the fluid within the duct to bleed into
the pressure vessel in which it is trapped in order to
30 equalise the pressure.

If the or each through hole is provided at the cold
end of the heat exchanger, this ensures that the gas
bled into the pressure vessel is at its lowest

35 possible temperature and hence will not damage the
pressure vessel. BAlso, if the pressure vessel leaks,



WO 01/ 75383 PCT/ GB01/01455 5 gas is drawn fromthe cold end of the duct
thus limting consequential damage. Further, to avoid any flow of I@SFP 200
al ong t filled with insulation, the through hol gkerably
~all sitﬁ%?gﬁﬁéﬁbenerally in a single plane perpendicular$?gﬂ?ﬁgﬁig$rection
of flow of the streanms through the vessel. The purpose of the thermnal
insulation is to shield the inner wall of the pressure vessel fromthe
high 10 tenperatures within the duct.? Thus, the insul ation may be
provided to conpletely fill the space between the outer wall of the duct
and the inside surface of the pressure vessel égravigeg that the

i nsul ation igas chhpfietenyfzem peengabfef? nﬁg b BGFdEBYSn the inside

surface of tihg, PrBS§UESNYESSEhLi AT dBMale. Pr PurdRErbytbhavead! anf the duct
itself. However, th

_ “the current greference Li far tgg thergas.gnsulation to
be provi ded Qi Pt IR boRSr LI FPRFt A&TUET: Y158 APPHOBGA he pressure
i s noning:|nj?ﬂU?ﬁféﬁghbﬁémegn?;éh?;éﬁéfdblgndllheibu&t%de oflfhe ducfi it
i s possible at,_in sone a cations, _a_non 0 resu in
pulgesﬁﬁ irﬂﬁ%%%%%iﬁrlHe%r%ggﬁgepPlggﬁrQgrp?Fd§%§§g¥igoa%%ﬁgssure dr op
across the ductecthbs vFl F13® afsobhtestdrtamst thssughetecwesFhe.support
may be an internal support such as a plurality of tie rods.. However, such

a support has to be carefully configured to avoid interference with the
30 tubes. Theheuppopbdsesof hehef bherpadf énablgtégneinato sbiehd &bét, and

preferably substantially.syrro e e r g@hpsupport may,
for exanplefly%eﬁr%ﬁigeéfbﬁﬂe3§Pg§?g%§arggg%%fg??ﬁnghgiEsb However, the
presertd y priedmperatuagsovisbpporhenducke dlibusisthe DEMSERACD EP 2004 |

Vo 01/753831nay be provided to completely fill the space between
the outer wall of the duct and the inside surface of
the pressure vessel (provided that the insulation is
completely gas permeable), may be provided on the

inside surface of the pressure vessel, or may be

bt
8]

provided by the wall of the duct itself. However, the
current preference is for the thermal insulation to be

provided against the outer wall of the duct.

20 Although the pressure is nominally equalised between
the inside and the outside of the duct, it is possible
that, in some applications, a non steady flow will
result in pulses of increased or decreased pressure.
If there is a pressure drop across the duct, this will

25 alsoc tend to stress the duct.

The support may be an internal support such as a
plurality of tie rods. However, such a support has to
be carefully configured to avoid interference with the

30 tubes. The support is therefore preferably external
to the duct, and preferably substantially surrounds
the duct.

The external support may, for éxample, be provided by
35 external reinforcing ribs. However, the presently
preferred way of supporting the duct is to surround



PCT/GBO /01455 6 1 | the duct with insulation held against the wallngéP
the duct using the support. The support is preferably provided bé 0 8W4
nor e’ caw@si/vsxh surround a substantial portion of the gdugEpeldigscabl es
‘may be 5 anchored to the inner wall of the pressure vessel or nay pass

all the way around the duct in a conplete circle. The or each cable is
preferably spring |l oaded so as to allow the duct to expand' and force the
.insulation outwardly, and to push the insulation back 10 against the
wal I s of the ducts upon thermal contraction of the duct. This allows the

supporting f t uct, .t o. be provi ded t he.insulation,.so t the
duct can bet#ﬁﬁéﬂﬁﬁgﬂgﬁgﬁl%%suf?gﬁ?ggh%ﬂéu?gglnFﬁaF%thapﬁsSF;t' S

mai nt ai ned idual aseipg ddeen syppdrin t MThdesdpporthésepyefeirabdiyn adequat e
sort at all_.t] Rr ef bly, th el orted on a spine
or a series po%dﬁ?%p%)g %?o%%c?%%% %%*E%ﬂv@f%o%{‘%@g%@] &t e which

ext ends acr gz atantviakrpdrceonfof hehe i dnsat at | Bhe trbilkiss magy bet he support
provid by 11, le. i pal i SSet o] e af c | ock,
ratherqfhan S|m§§?é;f§t§h%6§%g$§. gg f%%'gﬁ%tﬂ%géFggng%SFggtgrgn a base
W thin the predsige addssidie wagdeeuh the gueteinbhycpmpneded bet ween

the base angjthe ductenlhe- hase, ic?al?.'féffé a;{?fé‘fef'%i‘ﬁ}hi‘gﬁ:gggr ﬁg‘agilé%
pressure vessel in order to sinplify construction, ”asSenpbFy an
mai nt enance S ahdsEMasdihe Aughdie expard dardt 505FRoOWNBOr hori zont al

thermal expargOhtofod RydUCEa W | il the RIS SEhE 1M8a38L i oh! bk _
prefergﬁly supported such that it is free to expand horizontally. It is
pr ef erltdbl e ingte HhrevalblHed itk I thdpRR et BRFPEAt the hot end 35 to

al low for suehteqalisddBf the duct. This allows the supporting
of the duct to be provided by the insulation, so that
the duct can be made thin-walled. It also ensures
that the insulation is maintained in close proximity

15 with the duct thereby maintaining adegquate support at
all times.
Preferably, the or each cable is supported on a spine
or a series of upstands projecting outwardly from a
20 plate which extends across the outer face of the

insulation. In this way, the support provided by the
cable is applied across the outer face of each block,
rather than simply at its corners.

25  The duct preferably rests on a base within the
pressure vessel. Insulation is preferably provided
between the base and the duct. The base is preferably
detachable from the pressure vessel in order to
simplify construction, assembly and maintenance of the

30 vessel internals. 1In order to allow for horizontal
thermal expansion of the duct within the pressure
vessel, it is preferably supported such that it is
free to expand horizontally. It is preferable for
the duct to be fixed to the baée only at the hot end

35 to allow for such expansion.



30S EP 2004 WO 01/75383 PCT/GBA /01455 7 The tubes are also
susceptible to thermal expansion. This thermal expansion can be 30 SEP 2004
~accomoagpagysker exanple, by flexing of bends provided pi&bB&divee.

This is acceptable under certain thermal |oads. 5 However, as the therma

| oads are increased, the stress on the tubes, which are already under
stress caused by the high internal_pﬁegsure, may be raised to an
unacceptably high level. Any additional thermally induced stresses wll
therefore reduce the creep life 10 of the tubes. Therefore, in order to
reduce the fresses and prolong the ||, of_t t S, tubes are
preferably pf%%tf%gggdafﬁ ?ﬁé?rgEBFﬁpgéhgﬁtF n%%eﬁﬁﬁi \ﬁégiﬁﬁuaiubes are
heat ed i n us&hisethberahl expapansnonannbye eeswmmdateade festress

rel axi ng out 1 Prefer .1 he _tu r ' [ ds whi ch
pass throughe¥ %£r|£§f@?%%l%$eg§u?§39§s éFﬁﬁiﬁgﬁﬁng%m%n the duct may
be made of aTkisgie 20ceptablel umbdechcestedpalbhersfalnwildasisndi ng the

maxi g tempsgayr e 20iRECERULal0188UEN AkBCY ifdda iy, qposed. However,
gi ven the considerabl e varration of “tenperature and pressure across the
heat exchangetresshendtbe hnbesr whachubse ad&egdaf avulsiy ShBSDHf a 25
nunber of d'%}é@éé&tbwfﬁﬁé £3gH 9htardhif greBkuiRl eiiad] peLAMELLEd N
series. In this way, the use of an expensive material capable of

Wi t hst andi ng2® henagfeptabiy ehighnpevadur ePeY prsdddoedatifemadduted in

favour of |essaexP@nst ¥8s5BL el 8l sthdPePoekerabhite 2HeadIe S| Yy
headers i_s proyided wthin each enq of the

conprising a nunber of
pressd“t vé%geth?ntBP%%r t ONEBRYEY ST | &PdOFEeInd o FEAIR es.
Preferably, @rpéssesi dydopronssgueheal efpr o¥i dhe tabdls, camee)tubdes heat ed
flurd fro”’t£¥%tHPSfe?leguérgét}QSsed in their cold condition.

Thus, when the tubes are heated in use the thermal

expansion only results in the prestress relaxing out.

15
Preferably the tubes are tensioned by tie rods which
pass through the wall of the pressure vessel.
The tubes and the duct may be made of a single

20 material which is capable of withstanding the maximum

temperature and pressure to which they will be
exposed. However, given the considerable variation of
temperature and pressure across the heat exchanger,
the duct and/or the tubes are preferably made of a

25 number of different parts each of a different material
connected in series. 1In this way, the use of an
expensive material capable of withstanding the full
system temperature or pressure can be reduced in
favour of less expensive materials.

30
Preferably, a header assembly comprising a number of
headers is provided within each end of the pressure
vessel in order to convey fluid to and from the tubes.
Preferably, a plurality of paséages are provided to

35 convey the heated fluid from the tubes and out of the
pressure vessel. Using more than one pipe allows



pressure vessel . Using nore than one pipe allows WO 01/75383 3 0 S EP 2004
PCT/ GB01101355 8 ti thinner walled pipes to be used mhlch are IeSQQEP2w4

suscept wab e1/t5383 her mal shock during start up and shut gﬁ“ﬁ"%u
t he heat exchanger to be brought up to its operating terrperg ch
faster than would 5 otherw se be the case. Also, the pipes with thinner
walls and smaller dianeters have suffjcient flexibility to take up their
own t hermal expansion and thus do nof require the use of bellows or other
nmeans to conpensate for the thermal expansion. If the 10 heated air from

t he recuper gt tor |s S nd,fed to a nunber of conbustor cylinders of
t he reC|proc ¢ﬁ;iﬁ£- PR hBebeorsadpEbirBaatfglessm t he header is

p{FferabIyhaunﬂdpuﬂhﬂeﬁtdPMhémm®ErSH&CHYHuBQQQSsthttb@ aarbYs,er
a omnng t

ai fed to e I

far O 1 LG Sndd 2000 $8e SBSEr ofxehdfiost 1 BpPRBTeBILS FP A
Fingle fIomﬂheumﬁempduatmngrmempeyétﬁﬂerﬁucHhciﬁeéﬂethéﬁSﬁﬁhhﬁlat at o
east @ne e | 0. co ured such that ch, conpl et e tube
can pags byra%r rt%ﬁ%:)u Qﬂ-lé'h% 2@5% gheTWgeﬁlVbﬁg FBinpggy
nalntenanceW@ﬂlﬁh@rﬁkaﬂmé&bhanysnneMemm|hmvansufﬁﬁcyedual t ube can be
renmoved fro ?ngé Y C m.t he_header

assenbl i es nggﬁfﬁgﬁkggﬁgﬂ and d# %@gaﬁﬁﬁﬁgg%ﬁ% ﬁxBﬁgsb?ntﬂ@dheader
assenbl i es. th#&hder noe Itﬂﬂi@srard:)b@lrﬁﬁyo:bda@lbwwal qhtothlbe mekbwever, in
order to a|kchBﬁEé%§§ﬂgIfafﬂghé(¥ég{h£¥ Q%FQHQP ot O CRHSER he de5|red

un

heat bansf r w thouyt haV|n%é1an pressure vesse t he tubes
are i ef er B6P ¢BoPdFodomr QnﬁQQ#Re§ﬁ¥§¥w¥ﬁuﬁP1$¢f@md ﬁedubqsay wound

t ubes. Thesﬁuﬁb@i'%& YomdudtHielcyWlinders of the reciprocating
engine, the number of pipes leading from the header is
preferably a multiple of the number of cylinders in
the combustor allowing the hot air to be fed to each

b=t
wn

cylinder individually, which is far easier than
attempting to split a single flow between the various
cylinders.

The header assembly at at least one end is preferably

20 configured such that each complete tube can pass by or
through the header assembly. This allows for easy
maintenance of the heat exchanger in which an
individual tube can be removed from the heat exchanger
by detaching it from the header assemblies at either

25 end and w1thdraW1ng it through one of the header
assemblies. ‘

Each of the tubes may simply be a straight tube.
However, in order to allow for a sufficient length of

30 tube to cause the desired heat transfer without having
an unduly long pressure vessel, the tubes are
preferably tortuous. The current preference is for
sinuously wound tubes. These consist of a number of
straight tube sections connected by 180 degree bends.

35 The external gas flows over the straight tube sections
in a crossflow configuration, but the succession of



strai ght tube sections connected by 180 degree bends. 35 The extergal %as
fl ows over the straight tube sections in a crossflow configuratio 0 Sé&t2004
the Sucapgeiesssef 30 SEP 2004 WO 01/75383 PCT/ GB01/ 01455%Hcafteieds
provi des an overall counter-current flow path of the internal air with
respect to the external gas. A further advantage of this arrangenent is
that it can acconmopdate a substantLaP tube length in a 5 conpact way and
in a manner which provides for thernmal" expansion by flexing of the tube
at the bends. Each sinuously wound tube is preferably wound in a single

pl ane, so a o ce_a_ flat structur The 10 tubes are then preferably
arr anged onzlé)(z P%%ggfgrgﬁéfjﬁgr?nl HVSFBEFL OISO E &y r#zi‘lo“heat
transfer w tpatiheofgbbef iowengadvedrt kéthulrespextsdn dheofexftiernadr 15

t ur bul ence egggnce S ' o] 0 | f ot hes. The
fins may be Tn boﬁ%agg§§P§% Eﬁggbggge g&r%ggg %%§%$§§&EP5 g%h%ﬁ@&
addi ti onal hatcamtacchwmmotlabe er sthegantjabetubeadleadgthi dinwai ch case t hey
woul d =Act tyrhu ce,.egh Ak ter ' : i | fins
or turbulengg&éﬁﬂg%ceé %gﬁ EE %r@gﬁgég wﬁékﬁn%?%@é%% ef%%éFQ%ggﬁéfer W th
air flow ng @¥R3meionheyt Gbesing afethretuber atl theabendgnsf er

performance is generally limted by the external heat transfer, the
greatest benefit is obtained by sone 25 formof external finning and/or
turbul ence IHantERepRslynvpapei tubar isherefrsakdy pPopdcin gadial |y

outwardly i ssh@lansiagepesdi g8l 86 poolilee hoeaht! apguiydiraal &pes of the
t ube ggp naxﬁg;q*ect uglforn1 arornd the entire C|rcunferEnce of the
“tube or ST RIFay8R BR&pehabiy 2oppREenC8ed8R £8Palrfow cl ose
packi ng of rmigftbetiri ng tubes. A sinpler alternative, which could be
provi ded nore cheaply in the case of a sinuously wound tube would be

In order to improve external heat transfer with the

gas flowing over the tubes, a series of fins or

[
L

turbulence enhancers may ke provided on the cutside of

the tubes. The fins may be in contact with the tube
surface in order to conduct additional heat into the
tube or they may be detached, in which case they would
act only as turbulence enhancers. Alternatively,

20 internal fins or turbulence enhancers can be provided
to improve the heat transfer with air flowing inside
the tubes. Since the overall heat transfer
performance is generally limited by the external heat
transfer, the greatest benefit is obtained by some

25 form of external finning and/or turbulence
enhancement. In particular the fins may project
radially outwardly in a plane perpendicular to the
local longitudinal axis of the tube and may project
uniformly around the entire circumference of the tube

30 or the fins may be shaped or cropped in order to allow

close packing of neighbouring tubes.

A simpler alternative, which could be provided more

cheaply in the case of a sinuoﬁsly wound tube would be
35 to weld on fins, which would run longitudinally along

rather than arcund straight sections of the tube.



35 to weld on fins, which would run |ongitudinally along rather th?@QEPZU
around strai ght sections of the tube. 3 0 S E P 1004 WD 01/75383 ~ 04

PCTI GBOMEH455:83- 10 These fins could be placed only at kb whi ch
do not obstruct nei ghbouring tubes. This option would A@?ﬁggdﬂgésﬁuch

surface area as the option of cireudPerential fins, but it could inprove
the heat 5 transfer by increasing turbulence and directing the flow nore
effectively onto adjacent tubes. Naturally, it would be inportant to
obtai n a satlitefszctimitys badwhd ebe hel aved omby eaisepopiticnse khdshaad

I mproved heat .transfer., 10 | t1ional enhance o] fer may be
} achi eved %fﬁié?éﬁﬁy%ﬁ Q?éﬁﬁbéﬁf%ﬁ?iEékﬁﬁtug?ﬁ%so§p9$§bb&%gg§% pronot ers
i nsi de the tuiesaddras emaripl sprface uabed emsetlpe opptéeoni pfthe formof a

spiral may ' ' a tyai e i rior to 1

+an ri i n ?ﬁI%Eggﬁgﬁ%ﬁgﬁ%%n%ﬁnfhgg%?HE€J%$%1%@ﬁﬂ%g?g%ekggepgﬁgbIy

ext end$ acr dgandfex By mctérsing heuductenerl ardtdisackong thiee support

at each sid | C e WyRdi t he
eflgafaqct&rl_&%t%fgéé&t{ﬂ%% u+rg§:f : Lstyeghnbhe. V"NE‘E!thng i

wal | of the I's par advant ageous si nce | ows the
i ndi vi dual Bénaouls v einperianve 1o duchin & heat i sfacEervobalance

differenti a'bétWém'iﬁgLn@é&@"pr@ést@ 14dbe supponbravea hasil itates the

assenbly the tubes a permts renoval (1f necessary) of individual
tubes for r&FANSIST mai nt enance. When a single duct is used, the tubes
nmust gxtend 30 across the full wdth of the duct to be supported at
opposi ng sides of thé duct. Since the ratio of t air ss flowto the

. e
gas mass fl &F3idianaly enhancement, 2% ek gt LVaRYaBPe 1 ow area
avai | abl e t achikeredhhy WHe hugBISSE 1 rove fr01g hr iiiee g apabbagween

turbulence promoters inside the tubes. For example, a
turbulence promoter in the form of a spiral may be
15 inserted into each straight length of tubing prior to

Each winding of the sinuously wound tube preferably
extends across the full width of the duct and rests on
20 a tube support at each side of the duct with a
clearance between the winding and the wall of the
duct. This is particularly advantageous since it
allows the individual bends to move relative to each
other to accommodate differential thermal expansion.
25 The tube support also facilitates the assembly the
tubes and permits removal (if necessary) of individual

tubes for repair or maintenance.

When a single duct is used, the tubes must extend

30 across the full width of the duct to be supported at
opposing sides of the duct. Since the ratio of the
air mass flow to the gas mass flow is fixed, it is
important that the available flow area available to
the gas, which must flow through the gaps between

35 adjacent tubes, is considered in relation to the flow
area available to the air inside the tubes. If this
is not done, there may be excessive velocities in one
fluid leading to high pressure losses in that fluid



35 adj acent tubes, is considered in relation to the flow area avail able
to the air inside the tubes. If this is not done, there may be extcessi
BB AL

- vel oci tywesgriRs@ne fluid leading to high pressure | ossespefvGHIgNSS
01/75383 3 0 S E P 2004 PCT/ GBO /01455 - 11 | conbined with |ow flow

velocities in the other fluid |eading to poor heat transfer. If the
internal and external dianeters of qu_tubes and the gap between

adj acent tubes are already decided by other factors, 5 then it is

i nportant that the length of the straight, crossflow section of the tubes
(normally equal. to the, wdth the duct).iLs cho ' o .way that a
sui tabl e baﬂ&W&EQﬁétV&F? OVlggpﬁr%% o?ﬁgﬁ igeegﬁg ?EP%ENE%%égﬁse a
problemif tlmdivigltounber béatubesndbeteadifitbheainterangurad duct
cross-sectian,, whi S | r t - h ohkelekR relation
toits wdt F?FP%ﬁH#ﬁﬁmggégg ?fu€£ egﬁ%gé %é?igggigép pregsure vesse
much | ar ger adimrent shdwts seeialreadntdenidedt by ﬁﬁhﬁérféptpﬁ§es, whi ch
L contal NS i e 18 IlpdPEaRPUNLEG RUTDERGEh bEDERe! SciaaqiRNy (o be
acconnndate&lln d duct ‘of* approxi nately squar% cross- section,” and ot her
constrai nt s ateswilew |seckion | of chie bdpest fearmal 1yt RERApat8méNErs, then

one option is; i e 9l cHDESN T HRes SHRPAr hsySPR&edaf rom t he
si des of thgﬁéﬁg%%gagﬁggf%%a?ﬁ * %ng t he du%t in they ghnection i n which

al
the streans SHsahIe Rajanee OgeghéltWth%oﬁlﬁﬁﬁést&B 8FASVE% - ubes to be

supported spydes Qs i&é‘uy\étgidﬁréibfeﬂl@f-tH@et@taEaﬁhmbubeoZSt&uesort woul d
run the whole I engt’h of the duct ang ext end overtthe fubLﬁBeL%ht of the
duct. 180  arkeaffenehtd WeRtaRe 1 beSethpor P WoBPEt1PBr ERAMH &

either much taller or much shorter in relation to its
width. 1In either case, it makes the cylindricel
pressure vessel much larger than it should be in
relation to the number of tubes, which it contains.

[y
(4

If the required number of tubes is too many to be
accommodated in a duct of approximately square cross-
gection, and other constraints do not allow sufficient
adjustment of other parameters, then one option is to

20 provide one or more tube supports spaced from the
sides of the duct and extending along the duct in the
direction in which the streams pass through the
vessel. This allows two or more tubes to be supported
side by side within the duct. The or each tube

25 support would run the whole length of the duct and
extend over the full height of the duct. An
arrangement with one tube support would, for example,
provide a duct »f about twice the width and half the
height, without upsetting the necessary balance of

30 flow areas. This is because there is now an air flow
cross-section of two tubes within the width of the
duct, as opposed to only one in the previous

arrangement.

35 Instead of providing one or more tube supports down
the centre of the duct, the same result can be achieve



provide a duct of about twice the width and half the height, bqfﬂéj
upsetting the necessary balance of 30 flow areas. This is becaus IS
now an cross-section of two tubes within the w duct,
as oppo?e%o{ltg?)&nly one in the previous arrangenent. 35 Iﬂéﬁgﬁ@;@?%

provi ding one or nore tube supports down the centre of the duct, the sane
result can be achieve 3 0 SEP 2004 WD_01/75383 - 12 PCT/ GBBA / 01455 by
providing two or nore duct section§ dach extending in parallel in the
direction in which the streans pass through the pressure vessel. The

current preference ,is for two ducts arranged side by side, thys halving 5
the | ength &F &FAVGIRBUNY HWoURRES LSt THRCELERS §BERI SRS <RAdNfor e

easi |y renpved garamidie i egsdr® ra@ssen 10 whgbhatheadereamsepllsy than a
si ngl e duct.  Pref rqﬂgy the tubes rest_on | edges fixed to the walls 10 of
the duct suchTORED (Hhe (RERSIHS 93310 §T?%eCBﬁr?HE PEEFELETFRI s al | ows
for | ocal t Her ifRir ewmrmcms azfratrtt,eed@me tajadsmaépsth&@' hialatiegt hei r

r enoval ro&;}lt Ht éﬁ np e of heat e cgag nstru ted in
accordgnce h %ﬂéﬁh rﬁaq VEMY S W WO bB des PbgH

reference t eeidia caacs aymmu ey el sVl ngsemoved whroin: tBE Ergssﬁres a
perspective_yi of t eal ,exchanger S of the pr ure vesse
and duct brS%E%%%Malunﬁgﬁ§%5w JE: %ﬁ%ﬁ#i%égﬁéﬁ Flﬁng Fgég ‘side

el evation of the hot end with the 25 side wal | of the pressure vessel

remved, an@r%%%%m; eh&}%é O’];résq,f]td&ried:%@s £BxLg 28 ¢Rd g%‘?ﬁ‘i@“ on of

the hot end with't e pressure vessel renove and sone
30 paitfs sh@ﬁnthﬁgﬁggﬁ(ﬂuch that the tubes are free to slide on
* the ledges This allows for local thermal expansion

of the tubes, and helps facilitate their removal from

the duct
15 An example of a heat exchanger constructed in

accordance with the present invention will now be
described with reference to the accompanying drawings,
in which:

20 Fig. 1 is a perspective view of the heat exchanger
with parts of the pressure vessel and duct broken away
to show the internal detail;

Fig. 2A is a side elevation of the hot end with the
25 side wall of the pressure vessel removed, and some

parts shown in section;

Fig. 2B is an end elevation of the hot end with the
side wall of the pressure vessel removed, and some
30 parts shown in section;

Fig. 2C is a plan view of the hot end with the end
wall of the pressure vessel removed;

35 Fig. 2D is a perspective view showing the header and
the tie bars only a% the hot end;



Fig. 2Cis a plan view of the hot end with the end wall of the pressure
vessel rempved; 35 Fig. 2D is a perspective view showi ng the headdt SEhad4
the ti ew@ﬁ,mg@jy at the hot end; WO 01/75383 - 13 3 0 SkA/8B0Wo01455
PCT/ GBO /01455 Fig. 3Ais a view simlar to Fig. 2A but of the cold end;
5 Fig. 3Bis aviewsimlar to Fig. 2B but of the cold end; Fig. 3Cis a
viewsimlar to Fig. 2C but of the col & end; 10 Fig. 3D is a perspective
vi ew showi ng the cold end header assenbly only; Fig. 4 is a perspective
view showing a single 15 serpentine; Fig. 5 .is a schematic cross-section
through a portion of a duct and parts of four serpentines show ng the

mounti ng_of Ege SRr H%n%' ReewWist RN athe odusly, 20 B A tise acéI@nsver se
section in a vertical plane through a central portion of the heat

exchanger; Fhg; 6B is a perspective view showi ng a portion of the 25
duct, insulation and base as shown in Fig. 6A;, Fig. 6Cis a viewsimlar
to Flg 6B show n al ternative su port for e cable;. and Figs. 7A
- 7H aPe crEégaségtﬂ§n§ viey gdrdilez BIgH@ [%ﬁlthHO% t?%e %ﬁ&n axis of
the pressurgpygssel showing three turns of a nunber of serpentines having
various configurations. 35 The heat exchanger described is a recuperator
which is designed for use with an engine as disclosed in Fig. 4 of WO

94/ 12785. Tiegregupersakoriew @dmigaed to Fixcha@dueat beieweenld col d flow
of |sothernalhy

r

10 _
Fig. 3D is a perspective view showing the cold end

header assembly only;

Fig. 4 is a perspective view showing a single

15 serpentine;

Fig. 5 is a schematic cross-section through a portion
of a duct and parts of four serpentines showing the
mounting of the serpentines within the duct;

20
Fig. 6A is a transverse section in a vertical plane
through a central portion of the heat exchanger;

! Fig. 6B is a perspective view showing a portion of the
25 duct, insulation and base as shown in Fig. 6A;

Fig. 6C is a view similar to Fig. 6B showing an
zlternative support for the cable; and

30 Figs. 7A - 7H are cross-sections in a vertical plane
parallel to the main axis of the pressure vessel
showing three turns of a number of serpentines having

various configurations.

35 The heat exchanger described is a recuperator which is
designed for use with an engine as disclosed in Fig. 4
of WO 94/12785. The recuperator is designed to
exchange heat between a cold flow of isothermally

L



3 0 SP 2004, WO 01/75383 - 14 PCIT/ GBOLl/ 01455 conpressed air andﬁzg éﬁ?%
stream of expanded exhaust gas froma conbustor. The heated conp seq 004

air | egyd pprdske recuperator is then fed. to the conbust shown,
for exanple in Fig. 1, the recuperator conprises a presg{ﬁTéégéz@é?q

(e.g. of mld steel) inside which all other elenents are housed. The
recuperator has a cold end 2 and a-hqgtg end 3. -A cold conpressed air
inlet 4 and a cold exhaust outlet 5 are 10 provided at the cold end, while
a hot conpressed air outlet 6 and a hot exhaust inlet 7 are provided at

the hot endonprisiedisyrohngesProti BE5e8mas rdRspandRE idknatakai | bel ow
convey the C%G% ssed air fromthe cold end 2 to the hot end 3. A duct 9

having a 15% i3l FYPeRtahgul Bhecheatedesompresseod@ids t he

ser pent i nes 1gaanith orveysethpe xbaHSt sg8Rehr 88Ut ke hole cRRBbudtioz.the cold
end 2. The recuperator therefore acts as a counter current heat exchanger

with heat being transferred across the walls of the serpentines 20 from
t he exBaust Agashtawr hefeongxanske dnrFidhelpreheurecupesaltol i s

i ther —enaoBBHAYRE % BhEroUEE HERSEL 1T L€ GhoRA FIE SE%93X | 2D i
provi ded wi tLhisd deh evtdiuch aﬂlznthErabememtsoanechoushd plﬂhallty of

serpenti nee Bttt QLS Lorderdat(ankne BUL EhasComyr L5z T vel ve

separate pipes 2 et Ing verfica ownwardry i it o duct 9.
As is appar EREPEESHT] @ir 2mleid 2Bnd he mldeﬁhhagﬁt DnltéEtYSI emes to a

duct mgni f ohgobd deld Gt WD SPld téng! NenExdashot! WmBeEYEE
IongitudinaF extendln duct sectlons 9A, 9B. 0Slx o? %@ Eo% conpressed
air a hot exhaust inlet 7 are prov;ded at the

hot end. A plurality of serpentines 8 as described in
detail below convey the compressed air from the cold
end 2 to the hot end 3. A duct 9 having a

15 substantially rectangular cross-section surrounds the
serpentines B and conveys the exhaust gas from the hot
end 3 to the cold end 2. The recuperator therefore
acts as a counter current heat exchanger with heat
being transferred across the walls of the serpentines

20 from the exhaust gas to the compressed air.

The pressure vessel 1 is essentially cylindrical and
has two circular end plates 10 bolted on at either

end.
25
A hot header assembly 11, as shown in Figs. 2A - 2D,
is provided within the duct 9 and serves to connect
the plurality of serpentines 8 with the outlet 6. 1In
fact, the outlet 6 comprises twelve separate pipes 6A
30 - 6L extending vertically downwardly into the duct 9.

As is apparent from Figs. 24 and 2B, the hot exhaust
inlet 7 leads to a duct manifold 12 which then splits
the exhaust flow between two longitudinally extending
duct sections 52, 9B. Six of the hot compressed air
35 outlet pipes 6A - 6L lead from each duct section 93,
9B. The structure of each duct section is identical
and only the structure of one of these will be
described below. .Each pipe 6A - 61 is connected to



35 outlet pipes 6A - 6L lead fromeach duct section 9A, 9B. The structure
of each duct section is identical and only the structure of one Ségye@g,'

wi || ' bewglegessgbed bel ow. Each pipe 6A - 6L is connected pth-lémﬁ,0§4
WO 01175383 PCT/ GBO /01455 - 15 several of the serpentines 8.

exanple, as shown in Fig. 2A and 2B the pipe 6A is connected to e| ght
serpentines 8A - 81-1. Similar conmedtSions are provided to all of the
remai ni ng pipes 6D - 6L. 5 The header assenbly 11 is held in place by six
bolts 13 which pass through the base of the duct 9 and are anchored to
duct base plseeral opf whiiehsehpeniuthese8t s. FFheekhamnpéghaast shawninlet 7 is

prOVIded\MtfhEFl#O ﬁ@l%ﬁg@2§e€ﬁéﬁgl&§6gg ggcggHBQQEdeggtbggbttherwm

expansion. A sim | ows sect on a 17 in the
pressure vedSAPRMHrHRM Shith8ihe Sh@ﬂ@@n@@@@@@waﬂs auel E!-'Omadetiot

exhaust inl gty RASS ofr@m@af@hgfhiﬁgdﬁiﬁé§ugg veggel respectively. 15 The
e

cold end of the vessel wll now be scribed with reference to Figs. 3A -
3D. At “the cold end 2 a cold header assenbly 18 is provided to transfer

the cold aimhd madde &é&éinEPﬁpIPSfé@dh@lcﬂ iﬂ'ﬁlaéetﬂyt§§x290§€£pe”t' nes
8. Cold conpressed.inlet branches into four 4A - 4D which are

arranged ju RERs RR%??%%J Reigerseioth ?mﬂuﬁﬁc? apdt2Bhs 9A - 9B

as best shawchordd o Sﬁlcﬂhﬁa@qﬂ@geontm PhDEs Yhe-ddB:is so as to
allom1|nd|V|du I ser, nt| es to be 25 mnt dngmm fromihe pressure vessel
by renovi ng*¥té %end Uthed oI R 2, Ao Ag t ¥kt ef pent i ne

from e pi pedloNs zﬁ}ctﬁwn 615 ttb vdnmnmcbda*se fveeticanneheenm®yi ng it
Each of .the cold

axially OBARAGISILL NSl bif foud MOl oel s Eshoplalge cold

on a port 17 in the pressure vessel through which the
hot compressed air outlet and hot exhaust inlet pass
from and to the pressure vessel respectively,

15
The cold end of the vessel will now be described with
reference to Figs. 3A - 3D. At the cold end 2 a cold
header assembly 18 is provided to transfer the cold
air from the cold compressed air inlet 4 to the

20 serpentines 8. Cold compressed inlet 4 branches into
four pipes 4A - 4D which are arranged just beyond the
vertical edges of the two duct sections 9A - 9B as
best shown in Fig. 3B. The spacing of the pipes 4A -

) 4D is so as to allow individual serpentines 8 to be

25 withdrawn from the pressure vessel by removing the end
plate 10 at the cold end 2, detaching the serpentine
from the pipes 4A -4D, 6A -6L to which it is fixed,
and removing it axially from the pressure vessel 1 via
the cold end. Each of the cold compressed air inlet

30 pipes 4A - 4D is connected to a larger number of
serpentines 8 than are connected to each of the hot
compressed air outlet pipes 6A - 6L. The number of
pipes shown connected in Fig. 3D has been reduced in
order to clarify the drawing. However, in practice,

35 there will, of course, be the same number of '
connections between the serpentines 8 and the hot
header 11, and the serpentines and the cold header
assembly 18.



serpentines 8 than are connected to each of the hot conpressed aig gg%lﬁ&
pi pes 6A - 6L. The nunber of pipes shown connected in Fig. 3D has Q 2004

‘reduced wo o1/0¢ger to clarify the drawi ng. However, in pra,cé.{/ﬁgmmﬁ% t here
will, of course, be the sane nunber of connectlons bet ween € serpentines

8 and the hot header 11, and the serpentines and the col d header

assenbly 18. 30 WD 01/75383 PCT/ (B01/ 01455 - 16 The ducts 9A, 9B lead via
a duct manifold 19 to cold exhaust outlet 5. The cold header assenbly IS
is not fixed to the base plate 14 so as to allow for thermal 5 expansion

of the ductrifeodudhs baseoBl abaqlésaAaSbghenteiiRRNY NS Wd e be
described with reference to The serpentine_is a small dianeter

t ube whi ch $%h2ePFelUEAES: 2- IaFgé ﬁeﬁﬁeheéﬂefoaﬁﬁﬁmhkﬁyﬂ dQ%rns by

al t er nat el yrbesdi vg th@ Bh@,@ pnatepm@ssbeaél £eChilars fUY kHexmyEferably
done gy col d bending t e in_an au}je I C %ﬁFder to a very tight

B
radi us vmtrF%F?n%%ﬂHsogeFHG fgFked PR & ach serpentine is
made up of a nunber of 15 sections 8, 811, 81" of different materials.
The first ﬁECIIO ned

r ecuper at or t%ﬂ%ﬁfﬁsf%ﬁaep ﬁBEerﬁﬁg§38$ %p g%%%;%@%g tg#hetggcond
section 811referkmcgned foy.an. | Dher pedpaheipar tisofa mhalheat_exchanger
a0 020 20 34 HUSPULBIPSEALYT 53 48 LAcEo00Can Bt lipalidfl occti o
t enper@t ur esimiowply owossd! O.lrﬁerngah‘pnnatslﬁlggb@hldghngt dingepEitne e, exotic
e
sections ar@lw@é@lwg‘ébﬁeplm he| s @etomatﬂgcbenéachts:e@t verwf a
different nBipid aladBysiRithsgii BEnABRISe¥RgOkormed in a common
plane. Each serpentine is made up of a number of
15 sections 8', 8'', B''' of different materials. The
first section B' is desicned for the hottest part of
the recuperator to withstand temperatures of up to
770°C. ° The second section 8'' is designed for an
intermediate part of the heat exchanger and can
20 withstand temperatures of up to 650°C, and the third
section 8''' is for the colder part of the heat
exchanger and can withstand temperatures of up to
561°C. For example, NF709 {(high temperature, exotic
stainless steel) can be used at the hot end, 321
25 stainless steel at the mid section, and 2Cr low alloy
steel at the cold end. Each of the sections are
welded together by welds 20. 1In fact, each section of
a different material may in itself be made up of
several sections also welded together by welds 20.
30
As shown in Fig. 5, each of the serpentines are
supported along either side by duct wall 9. The duct
itself may be made up of different materials, for
example, Haynes 230 (expensive.nickel alloy) at the
35 hot end and 321 stainless steel at the cold end. Each
duct wall is provided with a plurality of
longitudinally extending channel shaped brackets 21
extending between the hot 2 and cold 3 ends. A



several sections also welded together by welds 20. 30 As shown in @”psgﬁﬂw4
each of the serpentines are supported along either side by duct wall

- The ductWOPr/EsB? nmay be made up of different materials, frET/GENATIME,
Haynes 230 (expensive nickel all-oy)7at the 35 hot end and 321 stainless
steel at the cold end. Each duct wall is provided with a plurality of

| ongi tudi nal | y extendi ng channel shaped brackets 21 extendi ng between the

hot 2 andsaotdbleendearAnEB 2804r3Q3ERA04 t w0 Hath3 &k Ml B4/ 01455 -

17 suitapl | garance ,s provi ded between each serpentine 8 and bracket
21, and tﬁeggérgﬁﬁF%ﬁgsbzreaﬁgtgﬁ?xé&rPsntﬂﬁgsbﬁ%ﬂ«ﬂOENf%K?@cﬁ%]Iom1for
t hermal ekbanbraoket sbhasseopedlibheForThhsrakso expadsiam fof sinmple 5

wi t hdra f .ndi.vidual . serpentine 8 described .abqve. As an

B tor nat vh8, s8FREREidERe SHERPENEC ButrioRs cOn G iRed.  The

ser pznt i nestigdrayabeo$t ankeddimidnal nskirpentfneonf id@sratiad (as shown in
Fig. 7A), 4y W e n f _ope rpentine, directly above those of
the one %%?g?[ A%?e%ﬂa?%%é 9$tgﬁg §8r§§ﬁtﬁﬁégﬁ§tn&} 5 aggered (as
shown in Fegtiomy @puhdthe vaseds of one serpentine being offset by half
of the pitch of 15 adjacent turns with respect to those of the one bel ow

St agger ed_tube arrangenents such as shown in Fig. 7B increase the m nimum
gap bet wekhf t IRXPeMEinendd Haay eber stackedhéngas amxildme vel ocity, which is

an 10T @4 s 20uPRE BOR! 45 USRI DhnGIHOt ApDieat L aRster (gud pressure
loss. It is not easy to nove the tubes”closer together to conpensate for
the i ncr €358 &b PRt seEPeRkng cRbseahly t Maovabtheegpeft $henterfere with

each ot fefe Ddllewin ATESrsat Po1 PN t KONSEAPYNEINES BORUGYeonal
EXperlencqi a chqgg? to staggered tubin .
staggere as shown in Fig. TBP with the turns of one
serpentine being offset by half of the pitch of

15 adjacent turns with respect to those of the one below.

Staggered tube arrangements such as shown in Fig. 7B
increase the minimum gap between the tubes and hence
reduce the gas maximum velocity, which is an important

20 parameter determining both heat transfer and pressure
loss. It is not easy to move the tubes closer
together to compensate for the increased gap because
the bends and the tube supports interfere with each
other. Thus in this situation, contrary to

;25 conventional experience, a change to staggered tubing

reduces the heat transfer performance. Depending on
the overall design, the reduction in pressure loss of
a2 simple staggered tube arrangement such as that in
Fig. 7B would probably not be sufficient compensation

30 for the degradation of heat transfer relative to that
of an in-line array as in Fig. 7A.

Conventional circular fins 30 may project from the
serpentines to improve heat transfer (as shown in Fig.
35 7D) . Alternatively, the fins 31 may have a non-
circular shape as shown in Fig. 7C so as not to
interfere with the adjacent serpentines. This is
particularly applicakile to serpentines arranged in an
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from the deflector to the tube. Alternatively, such
15 deflectors could be provided as separate elements not
attached to the serpentines. 1In this case, it is
envisaged that a number of vertically aligned
deflectors will be joined together on a louvre like
structure.
20
Fig. 7F shows a variation involving fins 33 on both
sides of tubes mounted in an in-line configuration.
This provides more surface area than Fig. 7E. Fig. 7G
shows a staggered tube arrangement with fins 34, which
25 are not angled to the flow, on both sides of tubes.
This gives low pressure losses and the additional
surface area would help to improve the heat transfer
of the basic staggered arrangement. Fig. 7H shows an
improvement in which angled fins 35 are placed »n both
30 sides of staggered tubing in such a way as to increase
surface area, reduce the minimum gap and provide
deflection of the flow onto adjacent heat transfer
surfaces. Sufficient spacing to avoid interference
between adjacent bends and tube supports is still
35 maintained and it is still possible to withdraw
' individual tubes for maintenance if required.

The serpentines are supported in a prestressed
condition. This is done with a system of tie rods 22.
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The way il W 1ich the duct 8 is supported anda insulated
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will now be described with reference to Figs. 6A, 6B.
The duct 9 is surrounded on all sides by blocks of
insulation 23 (typically calcium silicate blocks).
Additidnal blocks of insulation 24 are provided to

20 cover the hot end of the duct 9 as shown in Figs. 2A
and 2C. The blocks are arranged like bricks around
the duct. Two layer of blocks are used so that the
joins between blocks may be staggered. This ensures
that there is not a direct heat path through the

25 insulation. Where blocks may pull apart from each
other a packing piece of flexible ceramic wool
insulation, such as Kaowool or rockwool, may be used
which will expand to £ill the gap.

30 Other than the bottom blocks on which the duct 9
rests, the blocks of insulation 23 are each provided
with a plate 25 from which a spine 26 extends across
the full width of each block. The plates 25 are held
against, but not fixed to the blocks 23. At the

35 bottom of each side plate 25, a number of tags 25°'
project towards the wall of the pressure vessel.
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Is shown in Fig. 6

prov1ded with a plurality of pulleys 27 which support

a cable 27A which surrounds all of the spines and is

retained at either end adjacent to the base plate 14

[y
w

by spring iocaded support 28. The pulleys 27 could

instead be replaced by round bars.

An alternative duct support is shown in Fig. 6C. This
is generally the same as the support of Fig. 6B and

20 the same reference numerals are used to denote the
same components. In this arrangement, the spines 26
are replaced by a pair of upstands 26A which perform

) the same function. The spring loaded support 28A is
now provided midway along the side of the plate 25.

25 The support 28A comprises a housing 28B containing a
spring 28C and a limiter 28D to limit the travel of
the spring to prevent it from being damaged. When the
limited 28D reaches the end of its travel any further
thermal expansion is accommodated by expansion of the

30 cable 27A and loading of the duct wall.

A number of plates 25 are provided along the length of
the duct 9. Each plate 25 may be provided with up to
four cables 27A connected in parallel with associated

35 supports to provide a degree of redundancy in case one
or more of the cables should fail.
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duct 9 rests on the lower ation block 23 and is free to nove with
respect to HRWEIHAGSulAIden hdask 23« @dikileh fagetaoneve wébk exchanger

i s taken outegbedse tRNEHIOHAGKI UMb I SR NGH M1 oD tRBeRabl e as the
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vessel (1); down, the springs pull on the cable as the duct

contracts, thereby ensuring that the insulation

remains firmly supporting the duct.
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a first passage provided within a plurality of tubes (8) for a first
streamin one direction through the pressure vessel (1); a second mge
for a second streamin the opposite di 28ction through the vessel”?@?

t he second passage conprising a duct (9) spaced fromthe pressure vessel
(1) and enclosing the tubes (8) such that heat transfer occurs across
the walls of the tubes (8); neans to generally equal- ise the pressure

bet i nside of the duct (9) and the space between the duct (9) and
t he re vessel (1); and thermal insulation (23) between the duct

(9) and the inner surface of the pressure vessel (1); characterised by a
support to support the duct agains' expansion caused by the pressure

i nsi d¢. t eheatex¢itangeceeniprisinga pressore eessel{idie the duct (9); wherein
t he i nsulag a‘szs@g bt : t he duct (9) by the
support. agmsz\%egt S(@Rgﬁggrd g@@@%l%“gjhﬂﬁﬁl{)ﬂatl@ﬁfef wherein the neans to
equal i sef héﬂrp?e st rgreamoH ane Arestioningagahibees in the wal |l of the
duct (9) préssurewvedsealXthangecond passage foraceebnd2, wherein the or each

g

t hr ough Qﬂje%nln?n'ﬂ’ié"g iﬁdféegﬁi%ﬁgﬁrgﬁj@ g.?'gm‘“ége't he heat exchanger. 4. A

heat exchanger "accordin .0l wherein a plurality of
through Kb)ethesecanst iRRRSag08 HOMRFSISh ahsiusd (@) bei ng si t uat ed

gﬁner al | gpaced fromniecprd syurepassed (i pahdrertdngihghdi rection oL_ fl O\t/v of
t he st rem@(g%%wﬁ?éﬁﬁnﬁgmggt g%ﬁéer %&%%crﬁégpanger according to any

of the prec erein rovided by one or nore
cabl es (¥¥ywaligiaftheiubes(8).dneanstasengrallpeauabn of the duct (9). 3 0

SEP 2004i§b31h% peadsurechengsen ase insidemfithecd@ting®), wherein the or each
panLe (2aM bk SPLLOBARRISH RO Rt () Bhlithe glas-duct (9) to expand and

sure vessel (1); and thermalinsulation (23) between

the duct (9) and the inner surface of the pressure

vessel (1); characterised by a support 1o support

the duct agains’ expansion caused by the pressure

inside the duct (9) exceeding the pressure outside

the duct (9); wherein the insulation (23) is held

against the wall of the duct (9) by the support.

2. A heat exchanger according to claim 1, wherein the
means to equalise the pressure is one or more
through holes in the wall of the duct (9).

3. Aheat exchanger according to claim 2, wherein the
or each through hole is provided at the cold end (2)
of the heat exchanger.

4. A heat exchanger according to claim 2 or claim 3,
wherein a plurality of through holes are provided,
the through holes all being situated generally in a
single plane perpendicular to the direction of fiow of
the streams through the vessel (1).

5. Aheat exchanger according to any of the preceding
claims, wherein the support is provided by one or
more cables (27A) which surround a substantial
portion of the duct (9).



outwardly, and to push the insulation (23) back against the walls of the
duct (9) upon thermal con- traction of the duct (9) 7. A heat exchifidéP M4
according to claim5 or claim®6, wherepm the or each cable (27A) is
supported on a spine (26) or series of upstands projecting outward- |y
froma plate (25) which extends across the outer face of the insulation
(23). B. A heat exchanger according to any one of the pre- ceding clains,

wherein the duct (9) rests gn b tHes fixed to the base (14)
onl y@at Aﬂ?@aﬁ@t)@ﬁ@n%)awramg e@?ﬁgéﬁw“eéw o allow for thermal ex-

er

pansi on.pPeadh hedie ¢€2TA3 iy spriagdopded £Q ngﬁﬁl of the pre- ceding

cl ai ms; er ein pheinswibtiengd)in their cold condition.
10. A h%%&%%@é@ré%? | @[rgecl‘%ﬁ(g“Q @/}hé ')n the tubes (8) are

t ensi onenutwandiyis apg2}o vipk n{gss?s“[ ug@ the wal | of the pressure vessel

(1). 11. ﬁﬁh%ﬂhé’%ﬁﬂ’@@ﬂhemcwhgpoa theym@hEOBf t he pre- ceding cl ai s,
wher ei n? e.du

ct, (9 r the tubes (8) are nade of a nunber of
di fferen‘t"aﬁﬂ?'f‘s"feé@%]d@&d(g; different material connected in series. 12. A
heat - exchanger according to any one of the pre- ceding clains, wherein a
plurality Ré%péi F}?ﬁgef%coﬁdmgameﬂlmmﬁ@cﬂ@lﬂ"@onvey the heated flu "I
! t 8

from't'he ubes a rQ?ﬁp{Bﬁed@ﬁ'ﬁS' (1). 13, A heat
exchangeW"%ﬁf@m '%8rte}d°arﬁ%8ir§e(%m§e cﬁr e- fj@%@ cl aims, wherein a header
assenbl yspire (26)onseries9t UPA PRI B YT provi ded within at |east

one end ?Jfrbneafamewswmm exbemds: aerbss e ediefubes (8) and is

configured su t hat npl ete tube (8) can pass by or through the
head- er 138 ?'r('ﬁlil%i'%gh(z;@f A heat exchanger according to any one of
the pre- ceding clainms, further conprising one or nore tube

8. A heat exchanger according to any one of the pre-
ceding claims, wherein the ducl (9) rests on a base
(14) and is fixed to the base (14)only at the hotend
(3) of the heat exchanger 0 aliow for thermal ex-

pansion.

9. A heat exchanger according to any one of the pre-
cedirig -claims; wherein the tubes (8) are pre-
stressed in their cold condition.

10. A heat exchanger according to claim 9, wherein the
tubes (8) are tensioned by rods (22) which pass
through the wall of the pressure vessel (1).

11. A heat exchanger according to any one of the pre-
ceding claims, wherein the duct (9) and/or the tubes
(8) are made of a number of different parts each of
a different material connected in series.

12. A heat exchanger according to any one of the pre-
ceding claims, wherein a plurality of passages {bA-
61.) are provided to convey the heated fluir] from the
tubes (8) and out of the pressure vessel (1).

13. A heat exchanger according to any one of the pre-
ceding claims, wherein a header assembly {11)
comprising a number of headers is provided within
at least one end of the heat exchanger connected
1o the tubes (8) and is configured such that each
complete tube (8) can pass by or through the head-
er assembly (11).



supports spaced fromthe sides of the duct (9) and extending along the
duct in the direction in which the streans pass through the pressure
vessel (1). 15. A heat exchanger acCord£$g to claim 14, wherein JhetB
each tube support is provided by two or"hore duct sections (9A, 9B) each
extending in parallel in the direction in which the streans pass through
the pressure vessel (1). 16. A heat exchanger according to any one of the
pre- ceding clains, wherein each tube (8) is tortuous. 17. A heat

exchange ' i A& ; r 6h8 ofahepreube (8) is sinuously
\/\oun?ml%r?%ﬁ%%ﬁ%%ﬁ ?\é(?rr@gigé?wﬂ@t o% aj m%g or claim17, wherein
each tubeBqBg GlaimB, COEPHSING P& R '?'8"93?? uce a flat structure. 109.
A heat esgponyespaced fdonythesites of the dwet{®) and  series of fins (30-35)
or turb . r | t he heat exchange across
t he ml‘%)@@@@ﬁ%@?ﬁ@é@&?@?ﬁ %W%\qﬁ%acﬁ%gﬁc g'ﬁﬁ%rr‘ according to claim17
and cl ai e steeamscpass thpugh e psgsHUS Verss gﬁt' sections sep- arated by
bends and the fins (32-35) extend longi- tudinally along the straight

sect i,@ns,qf  t.he t, exck r +ding to any one of the
pre- 1?&0’?‘?@9% %ﬁ(é@gﬁ%‘ﬁé%&ﬁ*(ﬁ]ﬁg puégsm?g)a’r@g%%ﬁ | edges (21) fixed to
t he wal |thedr eagh tube suppprigegiovidad PREVORIIB9 @re free to slide on the
| edges. @tctFedtions (9A, 9B) each extending in parallel in \

the direction in which the streams pass through the

pressure vessel (1).

16. A heat exchanger according to any one of the pre-
ceding claims, wherein each tube (8} is tortuous.

17. A heat exchanger according to claim 16, wherein
each tube (8) is sinuously wound.

18. A heat exchanger according to claim 16 or claim 17,
wherein each tube (8) is wound in a single plane to
produce a flat structure.

19. A heat exchanger according to claim 17, wherein a
series of fins (30-35) or turbulence enhancers are
provided to enhance the heat exchange across the
walls of the tubes (8).

20. A heat exchanger according to claim 17 and claim
19, wherein the tube (8) has straight sections sep-
arated by bends and the fins (32-35) extend longi-
tudinally along the straight sections of the tube.

21. A heat exchanger according to any one of the pre-
ceding claims, wherein the tubes (8) rest on ledges
(21) fixed to the walis of the duct (9) such that the
tubes are free to slide on the ledges.



