FUEL CELL SYSTEM W TH CATHODE PURGE UPON SHUT- DOMWN Fi el d of the Invention
The invention relates to the operation of, and apparatus relating to, a Ml
cell system and in particular though not exclusively to a strategy for
shutting dowmn a fuel cell 5system Background Water is integral to the
operation of a fuel cell system for exanple in the formof the system
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Background

Water is integral to the operation of a fuel cell system, for example in the form of the
system described herein comprising a fuel cell stack based around a proton exchange
membrane (PEM). Reaction of protons (hydrogen ions) conducted through the PEM
10  from an anode flow path, with oxygen present in a cathode flow path, produces water.
Excess water needs to be removed from the fuel cell stack to avoid flooding and causing
a consequent deterioration in performance. An amount of water, however, needs to be
present in at least the cathode flow path to maintain hydration of the PEM, so as to
achieve optimum performance of the fuel cell. Managing this water, by deliberate
15  injection and removal, can also provide a useful mechanism for removing excess heat

from the fuel cell stack.

To optimise performance, water can be employed deliberately in such fuel cell systems
through injection into the cathode flow path of the stack. Such water injection fuel cell
20  systems have potential advantages of reduced size and complexity, as compared with
other types of fuel cell systems employing separate cooling channels. Water may be
injected directly into the cathode flow path through water distribution manifolds, as for

example described in GB2409763.

25  For water injection systems, it is important that any water fed back into the cathode
flow path is of high purity, so as to avoid contamination of the PEM and consequent
degradation of stack performance. This requirement for high purity, however, means
that additives to lower the freezing point of water cannot be used. For automotive
applications in particular, typical requirements include starting up from below freezing,

30 typically as low as -20°C to replicate environments in which the fuel cell may be used in

practice. Since high purity water has a freezing point of 0°C (at 1 bar pressure), any
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is used to purge water from the stack before allowing the temperature of the stack to fall
15  below freezing. This method, however, requires a supply of pressurised nitrogen, which
might not be available or even desirable in an automotive environment.

It is an object of the invention to address one or more of the above mentioned problems.

20 Summary

The present invention provides a reverse flow relief valve according to claim 1. Also
described herein is a method of shutting down operation of a fuel cell system
comprising a fuel cell stack, the method comprising the sequential steps of: i) ceasing a
supply of fuel to the fuel cell stack; ii) closing a shut-off valve on an exhaust line in

25 fluid communication with a cathode system of the fuel cell system, the cathode system
comprising a cathode fluid flow path passing through the fuel cell stack; iii) pressurising
the cathode system with an air compressor in fluid communication with a cathode air
inlet port in the fuel cell stack; and iv) ¢jecting water from the cathode flow path.

30  Also described herein is a fuel cell system comprising:
a fuel cell stack;
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Also described herein is a reverse flow relief valve comprising:
a first feed port;
a second feed port;
a non-return valve within a main fluid passage extending between the first and

15  second feed ports, the non-return valve configured to allow fluid to pass from the first to

the second feed ports and to block passage of fluid in the reverse direction;
a bypass fluid passage in fluid communication with tlic main fluid passage;
a sealing valve biased against an end of the bypass passage between the bypass
passage and a purge port,

20 wherein the sealing valve is configured to maintain a seal against the bypass
passage when fluid pressure in the first feed port exceeds fluid pressure at the second
feed port to prevent fluid flow from the main fluid passage to the purge port through the
bypass fluid passage, and to allow fluid flow from the second feed port to the purge port
through the bypass fluid passage when fluid pressure at the second feed port exceeds

25  fluid pressure at the first feed port.

Also described herein is a fuel cell system comprising:
a fuel cell stack;
a cathode system haviog a cathode fluid flow path comprising a cathode air inlet
30 line, a cathode volume within the fuel cell stack and a cathode exit line connected in
series and configured to allow passage of air through the fuel cell stack;
a heat exchanger connected in series with a water scparator to the cathode exit
line of the cathode fluid flow path,
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Brief Description of the Drawings

The invention will now be described by way of example only, and with reference to the
appended drawings in which:

figure 1 illustrates a schematic diagram of the arrangement of various
components within an overall fuel cell system;

figure 2 illustrates a schematic diagram of an exemplary water containment
vessel;

figure 3 illustrates a cutaway perspective view of an exemplary reverse flow
relief valve;

figures 4a and 4b illustrate schematically the operation of the reverse flow relief
valve of figure 3; and

figures 5a and 5b illustrate schematically two alternative configurations for

cathode exit stream liquid separation.

Detailed Description

Figure 1 shows a schematic diagram of an exemplary fuel cell system 100 comprising a
fuel cell stack 110 and other associated components. The fuel cell stack 110 has a
cathode flow path passing through it, the cathode flow path comprising an air inlet 124
leading to an air inlet line 123 and into the stack at the cathode air inlet 126. After
passing through an internal cathode volume (not shown) within the fuel cell stack 110,
the cathode flow path exits the fuel cell stack 110 into the cathode exit line 121, through
the cathode exﬁaust line 122 and an exhaust shut-off valve 120. During normal
operation, the exhaust shut-off valve 120 is partially or fully open. Various components
such as a heat exchanger 130, with associated cooling fan 139, and a water separator
131 may be connected to or part of the cathode exit line 121 and exhaust line 122 in the
cathode flow path. Temperature sensors TX1, TX2, TX3, TX5 and pressure sensors
PX2, PX3 may also be present, connected at appropriate places to monitor the inlet line
123 and exit line 121 of the cathode flow path.
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flow path from the air inlet 124 through an air compressor 133, the inlet line 123, the

cathode volume of the fuel cell stack 110, and the cathode exit line 121. The terms

‘anode system’ and ‘anode flow path’ are to be interpreted similarly, with reference to

the various components of the fuel cell system 100 associated with the anode volume.

The air compressor 133, connected to the cathode air inlet line 123, provides
compressed air to the cathode flow path. Other components such as an air inlet heat
exchanger 134, a flow meter 135, one or more air filters 136, 137 and an air heater 138
may be present in the cathode inlet line 123 between the air inlet 124 and the fuel cell
stack 110. The air inlet heat exchanger 134 may be used in conjunction with a coolant
line 141, a three-way valve 142 and a temperature sensor TX7 to pre-heat air from the
air compressor 133 with coolant from the coolant line 141 during operation of the fuel
cell system 100. The coolant line 141 passing through the air inlet heat exchanger 134
forms a separate cooling circuit configured to extract heat from the air stream after the
compressor 133. This coolant line 141 is preferably operated after the fuel cell stack
110 reaches a normal operating temperature, in order to avoid extracting heat from the
air inlet stream in the cathode air inlet line 123 during start-up of the system 100.
Diversion of coolant in the line 141 may be achieved through use of the valve 142,
allowing control over whether coolant is delivered to the heat exchanger 134. Since the
coolant line 141 is separate from water fed into the cathode system, the requirement for
high purity water is not the same. The coolant used in the coolant line 141 may
therefore comprise additives such as glycol to lower the freezing point of the coolant
used.

Fuel, typicélly in the form of gaseous hydrogen, enters the fuel cell system via a
pressure-reducing valve 151 and an actuated valve 152, preferably in the form of a

normally-closed solenoid-actuated valve. The fuel supply 150, when in the form of

5
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actuated valves 152, 153, 161 is configured to be fail-safe, i.e. will only open when

actuated by current passing though the solenoid.

To monitor and to relieve pressure of fuel within the anode flow path, a pressure sensor
PX1 and/or pressure relief valve 157 may be provided. The pressure relief valve 157 is
preferably set to open and exhaust fluid from the anode flow path through a pressure
relief exhaust Hne 158 when the pressure in the anode flow path exceeds a safe

operating level.

A further manually operable valve 162 in the anode exit line 165 may be present, this
valve 162 being for used for example during servicing to ensure depressurisation of the
anode flow path. Water build-up in the anode flow path in the fuel cell stack 110 may
occur, for example as a result of diffusion of water through the PEM from the cathode
side. Consequently, an anode exhaust water separator 163 may be provided in the

anode exhaust line 164 to separate any water present in the exhaust line 164. This water -
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A cathode water injection inlet 127 is provided in the fuel cell stack 110,
the inlet 127 connected to a cathode water injection |ine 125. The cat hode
WO ter injection |line 125 may be heated along a part or the whole of its
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| S 125 towards the cathode water injection inlet 127. A fmther pressure
sensor PR4ingByrelsed mome tid o Qhat s padshhigdBrowgt e lid 1R EICEdn@in ho RBarp25 i n order
to nonitor the back-pressure on the |ine 125 durin og,er tion. Water from
the cat hBdseRiaeenerakasaest tbegefgﬁsn%&&aw W&Ofvdaqeewﬁ%}% 198 5°WGH P6nal | y

provi dedywiet Bonthilifak 06ssd 430 abdheuatHod Widrahjebt@inubRt | 17 end 28edhawar ds t he
wat er contai nment vessel 140, further details of which are provided bel ow

with refbrehtle 128 cxiepting botween a caodi et lings 18] aed 8¢ WHEFORRR| cel |

syst em 10Q:94ko Bith bEp IR pilinE ORI FREhal RSk AAPbdaRE o@hteddoner overflow
line 144, Shown in figure 2 1s a schematic cross-sectional view of the

wat er cosrenitherborr afigeejession v prater frgrh thercathede sysiemyessel 140 conpri ses a
thermally insulating wail 210 and a |id 211, which nmay al so be thermally
insul ated, Preferably the wall 210 of the vessel 140 is of a double wall
const r ucAitbermobtatii Ingtivg vlamentrAi36 rwithtith the vieksel bl Isyprovided @mtmamigtalnather such as

air or expanded | ystyr.ene .bet ween.the two |ls, The lLauer surface 215 of
the vess 'npﬁrfﬁﬁi Efoﬁgtgf %Vaﬁﬁii“ O ﬁé@na%w 1'%I\ége?‘linéIpoﬁléiviAnlEJlevel ¥ stance to
COrrosi 0283 yrbivillesassigiahindicatis the Bebl, of tvatep 2&Y efthinctha v ewstlnat hewrera@B7wat er 212
within the vessel ., The purpose of . the. lid 211 is.to, allow connections to
Phe var | BEEVHR R bR ot KRR At 2368 SN BV S5 % it a1 i ng
a good degfigetoeffosishid ahiepn12 Tiizeal e tohke bicfigyPieduiréndibofiéaggiuged from

gl ass-rei nforced nﬁl on with an additional | ayer of i ing foam Ports

of insul a

in the | the Phese £¢ ¥ 5t toligde diqyd, gs ’_Peﬁ@f B3 hisstypisglly ﬁfiﬁ,hgiﬁ@%ﬁleé preferably
confi Qurﬁén%%ﬁﬁﬂ{ef‘tﬁém‘@&@ﬁb L3808 ¥ishEAN 238, B AP arcdhY 18BFI A BaheMat er M1's
back into the vessel. This involves using El:qloe of a suitably Targe dianeter
such t hathenbemrnosigtic heatwr23§ds perfighesd rip cBsusp et thdemparanredf e matesft t he pi pe
and han i i : . AN AN . i e lid so
that i 22 bR Vel |40 Emaifl cRE 3 boipf OTlk o8O FHEINSPE Rl 1)

gener al tagpoett the Weteefromefrecring. Wae &rermosfatic heder 236rmayl DSpexarehbly Ag bet ween

and an AN FHES) ATNCY dPulR { DRk N R WP B 121 and

t he wat greriodrligeichwetet invéssebselldd bobguanantaedp rios dorqgepperipds aay isulgzaan | nt er nal

bore such..th beads o t er .do.nat n r fter.ejection of water
Poom it ereBiife dhe Yahlud 1ok RN AP A £ 20k gk BN %1 1o
vessel ITHeOwvdts 22 eal ded fieezayandwil aqiifeelefresting vathithehigherwatver hede?2 Wit hin t he

vessel 0 .above freezin oint. AJlevel sensor 233 provides. a, signal
o cnt 12 (18 Hepaft St near BB Ao of PG QUEERE: AT 4 o
provi dedbutgut addightipnarker thae thdeemshatadd oesRt iffven elecvmsd]. 28Gygicntor der to
provi de faster heating to g_efrost the water 212 if frozen. Due to the

ener gy rROYGT 1ERBRHN B TRIBERET IR the phase of water fromsolid to Iiquid,
this heater 237 is typically of a higher power rating than the thernostatic
heating el ement 236, for exanple around 180Wor higher. The thernostatic
heat er  Z3¢Fmpsragn pengor BY4+ relerablyy @mppsing erubmergsé tisrpistoros nstdledat er 212 | a
the vessghdlAQ MERRSmBOAE: & 15ENatBO 18ty thiRbSeSRID tDBE Blonitgted YPI Cal Iy SC,

in order to prevent the water fromifreezing. The thernostatic heater 236
may be powered by a 12V battery supply, and set to operate for a prescribed

e o AEeE P 18 gt o LS domt ol ppapspeh e e

zero anbi ent tenperature,

t her nostleel of wasertin thed®8&sel excelids alpkasel ampustave on battery power. The water 212
may then freeze, and will require defrosting with the hi gher power heater
237, The thernostatic heater is typically of a power rating such that a
maxi mumwiget frawtheutatérsetsin 1ghf12§ ehtarsdler vesiehiva theoughxifriten2iatduhpsses from

th "k typical ' IS i f tQ. 4 W A

t onper atde et Bl RuddRe Shit 4Py Souben iR t0 Dt di iR s or . i s

ilzgt ?I I gd/ei"sl& mitvdmligf oalad RoWvahd énth efgpettiaide et finfebtormdee 12212 figwt he vessel
0O De nonitored.
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An overflow line 144 is provided to eject excess water fromthe contai nnent
vessel if a level of water in the vessel exceeds a preset anount. Water
fromthe water return line 128 enters the vessel 140 through a filter 234.
A punmp 230, 231, 240 punps the water 212 fromthe vessel 140 through a
further filhorkfsssa reverse flowrelief valve 213 an at hode
water injection line 125. A flow neter 235 is confi gu?cga%’%boé@glzst%or t he
amount of water passing through the cathode water injection Erie 125. The
punp i s PFEET étalslopnigpimest foupemtr $ecimauhadf wateropassing drrdoughnth? 3athb&e | ocat ed
out si de {he: [ vol ume of the vessel 140 and therefore avoi ds being
i n contact dllﬁgggo?lllfég\?\ﬁh water 212 within the vessel. A shaft 240 between
the notor 231 and a purrp head 230 allows the notor 231 to drive the punp

head 230, T r|S|n at least .the inlet, out|let and

i npel | erorhlmﬁpyn}éﬁeé °5‘Fméf egcﬂ’@t YA PYAT RGP 4314t locaied artsaithry subrrer ged
i n frozesmntwatnent vdsie:nploma FesD 160 bkt DRRFRE chﬁ&habéing)ﬁf?é‘orit&? dnefy |

defrosted The tar.231 is prefe a?%g rated for ogeratlon at sub- zero

t enper at iy iR the ¥sticlo dps e thomator 231 prd spwmphead by wat er

212 in t130 aewsee mlddk 23Tho ariliade blgp ﬁ@'a\d%ba%egﬁmbfﬁé&ﬁobﬁ B f regoi r ement
for the 1€1§gﬁ1€—r&§ad 230 to be_ purged durl ng shutdown or hea ed dur i ng

startup, Bh ¢t efla‘WHE}i’e\)\ﬁt ig pregepsbly ef ﬁﬁ‘?qﬁwﬁtwe@uw ’fh?th pftertteingf | ask after
shut dowrsubibige i Bezb0éleri0pich BESES GRtale %%fdngé' G STl |
|

thermal pass. Thawi ng of any i'ce wt 0 I's achi eved via
heat tréﬂ?f"@]‘?r@élfsr%?f?@werﬁﬁdfobmamgatmlbaproagnpdratdeérosts The punp head
230 is also preferably configured to accombdat e expansi on due to ice
formation. On thawi ng, the punp head 230 then returns to its original shape
wi t hout Bempmprhesd 2 wtlecawpepas tobe submergeé be vegerfd10\n tied vesfel 1apve 213 is

construe .allowed. to ss.fromthe ead 230

t hr ough 't he cgg{: J}gﬂ‘\%’\é%\@% i eeuf% BhIT9HEne [gg ?‘SMP’Qshelaﬂ%ggpéP de wat er

i nj ect i eurged|dating AFutddven ot heatpdiripring snfey, ajatngkly Whefkiatg zqu{sessur e drop
across he.direction of flow However, when t

st opped%mg?degvél E'1 i a‘ieétsg‘ 8%t iﬁl € ipHachsadn23q h%PI‘fEIa&Q’ i ncr eased

t he val vpmm&dad»hmmnarmﬂ uﬁdss;vxrrtawadgdf@h;olo&kwthﬁeﬁzssﬁmﬂﬂ&dtmough a purge

port 23 ose of .the_ reverse flogw relief valve 213 is to allow

wat er tgsi)c %dg E‘Fﬁﬁ?@ﬁfeﬁrﬁfgmf‘ﬁ}ée SHEwuRding Water apihdefests-udhe pamp st ack 110
and conhexti3ogs all$d1&8feﬁﬁl’yld’cbﬁﬁ§ﬂéli@%%bnﬁﬁodafé% ?Mﬁfoﬁ'ﬁhé%ce psting the cathode
exhaustgnﬁ#ve 120 al | %é water in the hid ce stack 110 t be f orced under

pressur Rojir:2 ehptleleuetumsdo s preingd skapg vitbpet qg»mmmemwat er

i njecti afopepdteh. 127; out of the stack 110 and through the water injection
line 125 towards the water contai nnent vessel 140. However, if a gear ponp
is used in

The reverse flow relief valve 213 is constructed such that water is allowed to pass from

the pump head 230 through the cathode water injection line 125 towards the cathode

water injection inlet 127 when the pump is operational, creating a pressure drop across
the valve in the direction of flow. However, when the pump is stopped and pressure in
the cathode water injection line 125 is increased, the valve 213 allows water to flow

back into the vessel 140 through a purge port 238.

The purpose of the reverse flow relief valve 213 is to allow water to be back flushed
into the vessel 140 from the fuel cell stack 110 and connecting lines during shutdown of
the system 100. Closing the cathode exhaust valve 120 allows water in the fuel cell
stack 110 to be forced under pressure from the air compressor 133 back through the
cathode water injection inlet 127, out of the stack 110 and through the water injection

line 125 towards the water containment vessel 140. However, if a gear pump is used in
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t he contai nment vessel, without the reverse flow relief valve 213 no water
woul d flow due to the pressure required to push water back through the punmp
head 230. Therefore, the reverse flow relief valve 213 is configured such
that in nonnal operation it allows water to pass through it from the punp
to the fuel cell ck 110. When subjected to a snall e (for
exanpl e in%{’r@&*’{"égsﬁgn of 300nBarg) when the punp head. pgg%ml @gﬁ%t%ﬁbei ng
operat ed, a di aphragm opens and allows water to flow back into the flask

t hr ough thbeomuihgentpesse], 23@outAbe exanpllow yelfibalde 0ENho Ofatel heuldeV@y se Tl ow

relief valve 213 is shown, in figure 3 in. t away for, i n, not mal

operatio ,etmeé’FeSF‘FS%U’F?do%pPﬂ’e‘g?fSrﬁﬁaﬁlfmlﬁ%@?ﬁq hcfﬂgk?'h?%ﬁ ™®he reverse
fl ow r el ghefreverte RwZreBefivalviel?23 G E@Gighred SudhnditGanetind) opafationg aBows Wat er
flows through a fjrst ,f%gd ort 314 thro%l?hacitrion-return val ve 316 and
out of tTEeVRIPGS DrpYsh | Highe BugB Eoha frbet B 32 Veavpystet fRe2 cat hode
vat er i niealtiael pletfif (?&@xmﬁ;%l&i%@?e%ﬁﬁneof@boﬁﬁﬁh?ga viten tpuinly ad RE€d port 314
is transmtted via a connecting passage 313 and transfer passage 312 to a

cavity 3 poskeingeperieda adianhiaag opgrsvad algws ssterin Bov backhintd gietflaskf a

di aphra ed by a cover face 323. The pressure nmaintains a
seal i ng%@éﬂ%%ﬂ%(ﬁﬁggﬁi aphragm 321 against a face of a bypass passage
318, and thus prevents fluid from passing between the second feed port 320
and a lo [ [ i I . €l : ' the wat er
cont ai nn&?x\%)z%&%m%%ﬁn%g§fgh%s£§l éseg%f&e%%eg{'afqgég%ﬁ%? sp(r?vtlé%%nur ?% ult’]he first
feed pordutdddg fatal dn ronoalegmention, wates Suwe fiom tHeecaaimmeht fveestl padt 320
caused by an increase r ure in,t.he tathade valu of the el cell
stack 11 oblglbéléesref'?f%e ﬂ%‘ﬁ-@@?dﬁﬁﬂé?ﬁ%@?&ﬁ 5’@5’?&?%’ TRV edsed pressure
in the sweenfloWefebupbh first &¢d @ort B titbaghhd egreetiZd valwhi handsups&her abl y
conposed of resilient erial_ such gs_.a rubber, to flex and open up a
s age BhEaToNE Tpea el STuSHE RS beh PR WAL Ty 315,
Vat er i sTHehR&ss@k oo Walr 1notht ewide 9B} 3h& isesemdictieada Pornkctidbatdgough t he
bypass passage 318, into the |ow pressure cavity 315, through a purge
passage 32 2nGirapsier nassagndl A1V 3Lk felst du aKelingivde. FBrekadBig in The over al |
directi qaefbfrmfokgw%ahﬁagxﬁ@zi,%&%&%sgas & LR £c8 309 dieAdreduiinAihigys 302. The

configuration o e reverse flowrelief valve allows water to be ejected

from t he sealinigdeies 31 @ olithe diaphrapr 3P L egainses Face pheRyrassbastsac & . editiugat er

i njecti I i i j { nt vessel

140 to eajnglhﬁqlgmn%gpﬁs{tng%m%% gﬁr &% Sg#’ggF%g%ggttégg\;\lg{laey@%%%@%aﬂgvesseI is

not fr oZéh behihdéthgdimphlagad2230 then remains in a state ready to i mediately
begi n punping water for injection into the cathode volunme of the fuel cell
stack 110. Figures 4a and 4b show schematically the two different nodes of
oper at i @ncp dsswitkbreconiairimenheesse yemp @30 isodisabédd] efosy af pes@43in the firsti gur e 4a,

t he purge ope jon is.shown, in wnch |ow ssure siy fr the fuel cell
Stack entedr R Aed o5 LSRN i tgecn s Seealh TRl R B s PR there i s
30 f LOWiﬂldilée@ed ﬂitﬁssglie]l:lﬁ ﬂlefcmdc:jdok&:lllimédfﬁe bl ?}ellls&‘ﬁk [I)I(Dmb sehémdn-eamses t he .
i aphra 3 to_.de ct and.all ow w t hr t he S assage 318 an
out or (RS aL6 ey RGHRAE BRSS9t s Rl port e BT RE ant or
reservoispi i whithe phefeRblyCRfipatdd i atresless &lateli4Dsucll e a AGkbet, &b WeR a¥@l ve 316
prevents flow through to the first feed Q%O{It}gfrﬁ%iwln figure 4h, the water

h
del i ver PPHhEP AtHagHEOPEVRE e \PEPSE PRISRES | ErSUC CVIGnthen, i n whi ch
hi gh pr &ggkirig R LESwRUIRRY fdnP MelsB@nl &28HY¥RIILO HRoddRGhdGIraEs ﬁa@é&%@' nnent
vessel 140 enters the valve 213 through the first feed Por-t 314. The
pr essur 818.tiptgrikeiom rsepsvie £atifyed 16 oirrueh it PYres pessagRd B1andioyt ofike walyp pressure
cavity %%alunwgh%égwge b2k aRRIGAETN dRdetioR oRAGY BSBM rBRMCIdiRRIAJR NSt the
bypass passage 318. Flow of water passes through the non-return valve 316
and out insficatdddyragewes 8€2.now rel i ef val ve 213 via the second feed port 320.
No flow occurs through the purge port 238. Two alternative arrangenents of
t he cathode exit, exhaust and water ejection |ines are shown schenmatically
i n figuiTbs comfigardioblof tHerreférspufiew Selief vilee whover wateptr it gectdBfroingheonnect ed

first inJJine wth the.cathode exit 121 ..10n series with,and before the heat
exchangart a5 Mpidte SR g B b fitfuas ol ShiHRa ot M REHIREAET o cona
wat er vite pumnphedB230 13 2he tconthinmesionesa¢intvinto vesse lprikddd. with witgur e 5b, the
wat er separator 131 is connected in series with, but after, the heat
exchanger 130, and a single punp 132 is used to punp water through the
water return line :128 to the contai nnent vessel 140.



In the configuration of figure 5a, the cathode exit streamis passed

t hrough the cathode exit line 121 to a cyclonic water separator 131 which
removes the liquid content before redirecting saturated air to a heat
exchanger 130. The heat exchanger 130 cools the saturated air stream which
resul ts i nwd RbARGEET on of the entrai ned water changi ”Scf/énioioﬁﬂk%sphase-
Two punps 132a, 132b are used to transfer recovered water to the
cont ai nment vessel 140, one purnp 132a connected via water return line 128a
to the bEwwided thetvertes @paimathovesid 1s mn Gotenpthe pirap hd@2B30clnrentiadivi a wat er

return || heat. exchanger 130 .exi t manifol d bpx. During normnal
fuel cel thtgﬁéar%g? 7 éﬁrﬂ%ﬁéewg’f’ glgﬁ’lu@pg’ﬁ%fat%? T IGISERPR 1?%0']‘7 §3h%1%dV°6%ﬁ. However ,
duri ng f aithe fel dellstasit £1r0. shut down, this valve is dosed to back pressure the
cat hode now path. In this case the conpressor 133 (or other device which
supplies air to the fuel cell according to a defined flow rate set point)

wor ks haFigeres 4 and4h ishiwn séhefrati@dly e twol Aferemt Bodel 2 o‘ﬁ@ﬂﬁﬁé@&@ﬁib@l contains
a pressu‘rvg%rel ief v Ivgth(egot shown) whi ch, during this back pressured

shut down"PhEEFeVEss Yiltg2 B eBtliesre 45 thrdiuase nepptioR freshesitein separ at or

131 t hr oufish Bw\Be@trelit fB6in e el 240 sthdlydit Slhk Yallv@ 284 lor to back
t he_cat hode f] ow a?h a? syst em shut doajn, ?%gq%éjgrreﬁo‘%Za i's

pressuri | | :

t ypi cal I{}gdaP?rbé\%‘H ap therprismgrfloy monihe s dieed poY 3dfe Fhismlewt profsutehair wat er from
the sepagaidfnelbhrabh 32080 BN SHLAL A ' sy is simlar
to that of figure 5a§f,ﬁ exc?apt t11at a%e (E:}‘gc glf#éhc%uése arsa?agf&%gié ?%d posi ti oned
after thatréde whettbiogel the3ougeAprisii@Hor délivetyi tquhel wetee msatvofin tthe cat hode
exit stream dsiRass YeIN]e - changer . |.n addition, only one
pump 132 is rong r eggﬁs%e?tlfggng?ée?&tﬁgﬁ% %@gevgﬁepge‘(%%g?wﬁﬁ%gggot

cont ai nrigshfesdawetedil4140. One advantage of this configuration is that as the
inlet to the heat exchange: 130 is part way fromthe bottom any residual
wat er that remains in the heat exchanger 130 after shutdown will fall to
occupy tlhdighmwbr thp anter déliteheogeemibn ekihbasvgse 3R QelidfRalvbel Pkashbwaf t he heat
exchanger _130.t hen bei ng subjected to sub-zero tenperature, this water wll
freeze. lw\%]@gélﬂgh W?Sﬁwmgfefp‘é‘t‘?ﬁﬁlﬁ%ﬁ‘ﬁbeéwwE”g?ﬁ”é fPotavementivetsele f |1 ow path
t hr ough Mbentesshe oflvd 118 theagh eGhaTeRport¥iUC Thwipkdssi-iepnkigkq vp and def rost
the frozen water in the_ | ower g@{lt The purge port 51(5 in each case all ows

the cycl®&hfEREEHEPATHFe 1 i5ciodhs Ml drspsura crei Hd, Do endisphseage at | ow
t enper at3ar @sa cBsAf kA Hgaiﬁshﬁletbpﬁsgﬁéss%g@?ﬁﬁ.i 2109 off\lﬂﬁe@éﬂes’mr eparator 131
nt of lig

is low such that when a small anou quid water enters the separator
when t héSSEPAPRTAIVES16 pad piofihevayerse Rewirrliph velveteria thssscandifeddr eeze.
However ppoit326.0ii8 AbNSLARCErdR et @RbE 256! | ©f valve and purge port 510

m ght not be fitted, to ensure that 'the internal pressure in the cathode
water exit line 121 forces water through the water ejection |line towards
t he wat gryoCaRt@iN Bl -4ESSELF hé £ 324s fitted, the
ar r angenent shO\}vn_ in %I ure 5 e?asﬂn%\(}gregﬂ’pérﬁe@g?éﬁvé&%n%eelrcl’gtjllrn(gs fffat wat er
et ect ed Skavghsahhmaticallh drd Sgenes 5a land §bpds Fesvret Fa, oy wakr sepagdter V@I &r ej ecti on

line 128, MEd i e .l system 1 W th.reference to
1 gur es et B ARGl henddld L 196 1 sYR LS |a“§%6§°f%&’§&ﬁﬁed t hr ough
t he cat kodender 499, patl twoi wattthejeatiah Hinde 1 281 ¢28H micastd oo sérdneatd2biaand t he

cat hode LNy ien. inlet 127. After .passing through the cathode

vol ume %%S?fnﬁlf"hnig%hoe e(?%?tnng'fsgc‘ifssf]l@o' ﬁ)&ﬁgweéhs@gév af?ﬁtsgpéfat‘?rﬂélst ack 110
vi a t heiscatirottd inadries wetkj butlattere tht Atatanchangdr 30,nad heaigiexehangers 130. A

m Xt ur eusc()g:1 exurllr:itustt S gﬂl&gcondenseq wiléer tEasses t hrough the water

separ at 0 ¢ 154 Ft%ﬂ&’&ﬁ?é‘ EFeT FHER 19a 4%l thafogtigrnenheesi@ltldP- return Iine
128 and into the water containment vessel 140. Any excess water is ejected
t hr ough. t he er .overflow_|ine 144. Exhaust, gases are ejected through the
exhaust h’s‘ﬁﬁf"’%’“&)ﬁ‘f Qfeéq‘% Sa,{h eathads exig ptepam; is Passed ﬂ’ﬁ%ﬂbldéﬂ fafhasisen t o

cont r ol editieneReSEHERIONS WitBr depaatet NOURich kUSRI Liqul &Bteﬁ?ﬁe?ﬁ%”ce to
figure 1,. fuel %ﬁs is.fed into the anode inlet 136 and into the anode

vol ure [EABTCIEE SHHYRtedi hite b egeaeeel30- Thakrat erehanger 139scopiathe161 ar e
oper at eghtdred Bir Riréint) vhibesshIRG i6n W &B1eRirki . The manual
val ve 162 connected to 1t heSanof:llgir]ggl?ci‘llt(}ft§1 %%Qregtﬁ%?%‘ds@gﬁgg?gégnéa ionally,
vat er Bt @82ser dptaERsnbe. éxdaarst ussd redranifer swpwted editérnoothki qui d and
gas phases with a further water separator 163.

11




On shutdown of the fuel cell system 100, the fuel supply to the fuel cel
stack 110 is first shut off by closing the solenoid actuated val ve 153 on
the fuel supply line 155, The shut-off valve 120 on the cat hode exhaust
line 122 is then closed, while the air conpressor 133 continues operation.
In practice a tinme nay be required to flush through th w pat h
with air bePHYPME shut-of f valve 120 is closed. The %F@@%%@§B$%&fhep
cathode flow path then rises, The water ejection line punp 132, if present,
pr ef er abkoptEeRdnk D488 100 Shepurd1 FQlcodhet el ®iadidi@ rethifi€ine1082 0fthe bakve is
closed, to allow water to continue ass'ng thrqggg to éqg %gnhainnent

Vi 3&Futa t5h!

vessel 19f¢he soparatog dik apdheether,1d2R pnnget At geflrading 3ind wat er

consequegichyhgst PRSexRehdSoldethx MhRinkMBrrAtHAde] WakBkod M QakiiMNshitne 125. A
short purging operation of the anode flow@ﬁath ma)é al so be used during

shut downoff yaleg 9 isdeetdeopepr dinsveven duningefualnesdesystemehpdonn, thistwiNgaser bei ng

forced t 1 [ risation of
t he anodggs\%g%bn%gﬁ%g%ﬁe:&? g@}l‘?‘féﬁ" W%%gﬁl@%ﬁmgﬁér&“@gﬁs% 1? Fg(ghe , through

t he cat hdmtefwiovh paphesfor pethe fedicdliabcordingto audefingd flow ratatshiop@ntyol ume in
the fuel cel ck. .110 d.thr h i i t hrough the
neat  excRroErtas iR el QR e QRARE S chuolE sl N oo
from t hereBefpediat ot kBdwrt) hwidclg hduring tinatteck medssured shuidovii? @haadopanso t he wat er

contain t .vessel 140. en .t he shut - of f ve 120 cl oses .th at hode air
pressur gg&ﬂqg ?’?c? ?ofg?t@ivgﬂnm%?’mos argpr %%Ztlbﬁogg]%gdg %Wﬁelmleglﬁhe f uel

cell st a(@;gaiéhmsa tb Rredsgliferd)h ePrivatih Gdek prisring Meecdthoda flaw eith B2 dyaed t hr ough
the cathode water injection |ipe 125 and th.c _purge port. 238 of .the reverie
How r el | BPtdgR,tBe pUmP { 34fds a@l?ﬁ%ﬂi@'ﬁé@ %@5?5%%#%‘@&88}“&%3 %he ability
to pur gemyahef hhe depRaeailode flow path through to the water containment
vessel 140 allows water, which may be trapped in internal features and

water distribution galleries, to be renoved. For a typical size of fuel

cell st 4L D e Hoh W gmilkth Sl BY 5188 Yh lexbdpt AlaO@MBd 30m 1 of
wat er bg?nﬁéé%g%ﬁed%ﬁﬂc%e@p%%t hode fl ow patah. T%g u%exo tﬁe air

conpr esswrlon@Fepartbet3 1t isapesitionsdtatigy e heeir gehingerd] e dscash. ttheligtifber of

Conponenénanén‘?%&"éfg%ﬁg@agﬁp&@eﬁmeﬁgﬁg%égv%%@itﬂa hOH! eBharehi® g/l Cel | st ack.

The nmenbranes in can t in anore s e state for a
subsequesdtlitioh aoly wpe ppep dBR onreqlireeth tpsfeatthorecoferedhwatgi badotepthessor on

shut down_can be. optin,sed to pr vigjﬁ]g i sufficient
wat er t OCOB St Vas%glﬁ' (Z'e(g%ef ?dgfgz?tggef rom Scﬁﬁﬁ%%%n@%%?? %g%ﬁgn%ghydr ation
of the reatyxahmger BOris part wpy frain theibdttons lahy sassinelnyatertttbataemaiooipthessor nmay be
operated around | to 2 _mnutes after. closing the exhaus | ve_ 120.
Hydr ogeﬂ"e@tagx e&llgg afier B&E‘E@%Wﬂ)‘lﬁfﬂg t%)?(‘f%gg d@yery ?%ﬁnﬁ%e Eﬁ%de f1 ow
p?t tht mﬁh&g&q@b.mﬂlg e?e_fnt bﬂmgheatﬁmua@ghr' ag@tﬂeﬂlba'ﬂgleﬁbjéwadbe I\s/\éﬁ-térbn t he scope
of the invention, as defin y.the appended. clains, . [ . A reverse
f1 ow r eltPaperatarey thit HRSE Pkl %.ezea é?‘f'%vtegffﬁ% Wg%r“tﬂ?lbe possible thrbogh the

cathode flow path through the rest of the heat exchanger, which will then heat up and

defrost the frozen water in the lower part.

The purge port 510 in each case allows the cyclonic separator.to be cleared dry,

allowing subsequent storage at low temperatures.

Preferably, the thermal inertia of the cyclonic separator 131 is low such that when a
small amount of liquid water enters the separator when the separator 131 is below 0°C,

the liquid water does not freeze.

Optionally, a pressure relief valve may be used to increase the back pressure of the

system to such an extent that the transfer pumps 132, 132a, 132b are not required.
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a second feed port; a non-return valve within a main fluid passage
extendi ng between the first and second feed ports, the non-return valve
configured to allow fluid to pass fromthe first to the second feed ports
and to bl ock passage of fluid in the reverse direction; a bypass fluid

assage in nication with the main fluid pasgage; ($9 5 galing
\F/)al vegbi ase 2‘3{’5’2[1 %ﬂn end of the bypass passage between {3%1 @ypass

passage and a purge port, wherein the sealing valve is configured to

mai nt ai nHawsea) inagﬁiinsﬁncé hige By RABSCRASERG e pRILeldo hPHESS WhELE N the first
f eed por t. eeds fI pressure at he second feed port to prevent fluid
flow fr omu?‘i;g © FPEFH ﬂ? Ehed iFralpressure B theeathnde getes o¥it linehk2d fgtees Weten5 bypass

fluid passags theandertefecbd B thivatighE 'thé’r wn%lﬁa@vés@aqaé iaRdrRgLt to the
purge port through the bypass fluid passage when fluid pressure at the
second f B&EP 5.% e Bg STRRaFTEntpthews i Egue ShHe rory preferabiel t@@nsture 2. The

reverse fHapwatErG%éc@écd 16t MR Bhodd alltq?]l’ gw&rtﬂoﬂgg gn §l§§é%&%6c\é @ni he purge

configured to 20 allow fluid flo mthe s

port thré@bh the bypass fluid passage when fluid pressure at the second
feed port exceeds fluid pressure at the first feed port by a predetern ned
anount. 3. The reverse flow relief valve of claim?2 wherein the

pr edet er Rimgcopsrabiomof the fued calbbystem 100witBOerehar to figures 1 and 2), water

from the containment vessel 140 is pumped through the cathode flow path via the
cathode water injection line 125 and the cathode water injection inlet 127. After
passing through the cathode volume within the fuel cell stack 110, water passes out of
the stack 110 via the cathode water exit line 121 and into the heat exchanger 130. A
mixture of exhaust gas and condensed water passes through the water separator 131.
Condensed water then passes through the water return line 128 and into the water
containment vessel 140. Any excess water is ejected through the water overflow line
144. Exhaust gases are ejected through the exhaust shut-off valve 120, which is held at
least partially open to control the pressure within the cathode flow path.

With reference to figure 1, fuel gas is fed into the anode inlet 156 and into the anode
volume (not shown) within the fuel cell stack 110. Valves 153, 161 are operated to
maintain a desired pressure within the anode volume. The manual valve 162 connected
to the anode outlet 159 remains closed. Optionally, water ejected from the anode
exhaust stream is separated into liquid and gas phases with a further water separator
163.

On shutdown of the fuel cell éystem 100, the fuel supply to the fuel cell stack 110 is
first shut off by closing the solenoid actuated valve 153 on the fuel supply line 155.
The shut-off valve 120 on the cathode exhaust line 122 is then closed, while the air
compressor 133 continues operation. In practice a time may be required to flush
through the cathode flow path with air before the shut-off valve 120 is closed. The
pressure in the cathode flow path then rises. The water ejection line pump 132, if
present, preferably continues operation for a time after the shut-off valve is closed, to

allow water to continue passing through to the containment vessel 140. The
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4. The reverse flowrelief valve of any one of clainms Ito 3 wherein the
sealing valve conprises a resilient diaphragm one face of which is in
fluid conmunication with the first feed port, an opposing second face of

t he di aphragm bei ng bi ased agai nst the end of 30t he bypass passage. 5. The

reverse fl&ﬂzﬁ(ﬁl i“%g%val ve of any one of clains 1 to 4 9@@@35@5/&92

connecting sage extendi ng between the first fee ort and the
seal i ng val ve. 6. A fuel cell systemconprising the reverse flowrelief

val ve of cafynnine vébel plh 780 deab@ Rethisd, ahdwhie caeeRBdlyf g beRktfe®f t he
reverse flowrelief valve is _connected.to a cathode water injection |line,
the fi rsintoftbeepthnde tvatesinjesherelineel?St o a punp and the purge port is in fluid
conmmuni cation with an interior volume of a water contai nnment vessel. 7.
The fuel cell systemof claim6 further conprising: a fuel cell stack ;

a cat hodé sbyrs pagingapéraipneofdlae anode flpw prldl miyoalsphe ek drngisbitdgwa te at hode ai r

inlet Ii f thi ot I d t hode exit
line conﬂ%%f%@ﬁﬁﬁgﬁgggﬁﬁégggﬁ ‘%ﬂh??gﬂﬁ%ggﬁ%‘%F%&ﬂ?%ggﬁggg'%%mg?r t hr ough

t he fuel anoéé bxitsvahekl61, followed oy dpadssuzisativarngdhe modamedureelin the fetceds with a
mater_seﬁg%gﬁ r to the cathode exit line of the cathode fluid flow path,
wher ei n r ejection outlet line of the water separator is connected to

the water contai nnent vessel by a first water return line. 15
Air being flushed through the cathode flow path forces residual water out of the cathode
volume in the fuel cell stack 110 and through the cathode exit line 121, through the heat
exchanger 130 to the water separator 131. The pump 132 pumps water from the
separator 131 through the water return line 128 and into the water containment vessel
140. When the shut-off valve 120 closes the cathode air pressure will rise, forcing
water out of the cathode volume in the fuel cell stack 110 through the cathode water
injection inlet 127 and through the cathode water injection line 125 and the purge port

238 of the reverse flow relief valve 213 towards the water containment vessel 140.

The ability to purge water from the cathode flow path through to the water containment
vessel 140 allows water, which may be trapped in internal features and water
distribution galleries, to be removed. For a typical size of fuel cell stack for automotive
applications, this may result in around 30ml of water being removed from the cathode
flow path. The use of the air compressor 133 rather than a nitrogen purge feed reduces
the number of components required and avoids excessive drying out of the fuel cell
stack. The membranes in the stack can then be kept in a more suitable state for a
subsequent start-up operation. Timed operation of the air compressor on shutdown can
bé 6pﬁrﬁised to pfovidé a balance between removing sufﬁcient.water to prevent adverse
effects from sub-zero conditions and dehydration of the membranes. For a typical fuel
cell system, the air compressor may be operated around 1 to 2 minutes after closing the
exbaust valve 120. Hydrogen gas may also be used to purge excess water from the

anode flow path.

Other embodiments of the invention are intended to be within the scope of the

invention, as defined by the appended claims.
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8. The fuel cell systemof claim7 wherein a water ejection outlet of the
heat exchanger is connected to the water containnent vessel by a second
water return line. 9. The fuel cell systemof claim8 conprising a water
punp in each of the first and 20second water return lines. 10. The fuel
cell systemof clam6 further conprising: a fuel cell stack; a
cat hode system having a cathode fluid flow path conprising a cathode air

i nl et 25| ChalM®& cat hode volunme within the fuel cell stack and a cathode
exit line connected in series and configured to all ow passage of air
through the fuel cell stack; an air conpressor in fluid communication with
t he cat hodle ai A revdred fldw Peief valve compridirer:ei n sai d wat er cont ai nnent vessel
is thermally in?ﬁjl %teeed nd configured to receive water through a water
return line frBMY deé)ﬁt}’IOde fl ow path, 30wherein the fuel cell systemis
configured to gjseednd¥aeepoitr om t he cat hode flow path into the contai nnent

\5/52'[5 :lm thr Onghatnrclfl:’l\-re utrr(1:'l ';/al(/g twlfthnn glrrrlla(:‘;n l\Jlefginpassggéé Iegl%ngi%\é\%etowﬁeeéna{hleqwstogndt he
second feed ports, the non-return valive configured to allow fluid to pass from the first to
the second feed ports and to block passage of fluid in the reverse direction;

a bypass fluid passage in fluid communication with the main fluid passage;
10 a sealing valve biased against an end of the bypass passage between the
bypass passage and a purge port,
wherein the sealing valve is configured to maintain a seal against the bypass
passage when fluid pressure in the first feed port exceeds fluid pressure at the second
feed port to prevent fluid flow from the main fluid passage to the purge port through the
15  bypass fluid passage, and to allow fluid flow from the second feed port to the purge port
through the bypass fluid passage when fluid pressure at the second feed port exceeds

fluid pressure at the first feed port.

2. The reverse flow relief valve of claim 1 wherein the sealing valve is configured to
20 allow fluid flow from the second feed port to the purge port through the bypass fluid
passage when fluid pressure at the second feed port exceeds fluid pressure at the first

feed port by a predetermined amount.

3. The reverse flow relief valve of claim 2 wherein the predetermined amount is no
25 less than 300 mbar.

4. The reverse flow relief valve of any one of claims 1 to 3 wherein the sealing valve
comprises a resilient diaphragm, one face of which is in fluid communication with the first
feed port, an opposing second face of the diaphragm being biased against the end of

30 the bypass passage.

O The reverse flow relief valve of any one of claims 1 to 4 comprising a connecting

fluid passage extending between the first feed port and the sealing valve.
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11. The fuel cell systemof claim 10 wherein the contai nment vessel is
fluidly connected to the cathode water injection line, the cathode water
injection line further conprising a cathode water injection inlet in the
fuel cell stack, the water injection |ine being configured to allow passage
of water fromthe cathode volunme of the fuel cell 5 stack into the

contai nnent vessel via the reverse flowrelief valve configured to allow
passage 06. wat Arfuélrcamsystemcadnpdmgf the vevaasdiflowmtealief haive ohargi omeeoit claimsslel

when r i : )
opgr a? i gnFoggu\{/I%églhf g rs%ggrﬁd gcpgf E&ﬁt torf]?hev ?tlev\{a?sel ﬁov(/ er\ell‘leerf Svea ve]c irsocrgn%ggtted qcl)J f4 N9
cathode water injection line, the first feed port is connected to a pump and the purge port

is in fluid communication with an interior volume of a water containment vessel.

7. The fuel cell system of claim 6 further comprising:
a fuel cell stack ;
a cathode system having a cathode fluid flow path comprising a cathode air inlet
line, a cathode volume within the fuel cell stack and a cathode exit line connected in
10  series and configured to allow passage of air through the fuel cell stack;
a heat exchanger connected in series with a water separator to the cathode exit
line of the cathode fluid flow path,
wherein a water ejection outlet line of the water separator is connected to the
water containment vessel by a first water return line.
15
8. The fuel cell system of claim 7 wherein a water ejection outlet of the heat

exchanger is connected to the water containment vessel by a second water return line.

9. The fuel cell system of claim 8 comprising a water pump in each of the first and

20 second water return lines.

10.  The fuel cell system of claim 6 further comprising:
a fuel cell stack;
a cathode system having a cathode fluid flow path comprising a cathode air inlet
25 line, a cathode volume within the fuel cell stack and a cathode exit line connected in
series and configured to allow passage of air through the fuel cell stack;
an air compressor in fluid communication with the cathode air inlet line;
wherein said water containment vessel is thermally insulated and configured to
receive water through a water return line from the cathode flow path,
30 wherein the fuel cell system is configured to eject water from the cathode flow
path into the containment vessel through the water return fine upon shutting down

operation of the system.
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11.  The fuel cell system of claim 10 wherein the containment vessel is fluidly
connected to the cathode water injection line, the cathode water injection line further
comprising a cathode water injection inlet in the fuel cell stack, the water injection line
being configured to allow passage of water from the cathode volume of the fuel cell
stack into the containment vessel via the reverse flow relief valve configured to allow
passage of water from the cathode flow path into the containment vessel when a
pressure difference across the valve is reversed from that during operation of the fuel

cell system.
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