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Fig. 1.1 Global COz emissions per region from fossil-fuel use and cement production [9]
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Fig. 1.2 FC System cost projection [11]
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Fig. 2.1 Structure of single PEFC
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Fig. 2.6 Dead-ended anode supply system for PEMFC stack
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Fig. 2.8 Pressure time change at outlet of a single cell under pressure swing supply with
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Fig. 2.9 Dead-ended anode supply system for PEMFC stack: (a) Velocity profile from channel
inlet to outlet when pressurized by hydrogen supply from the inlet (left side), (b) Velocity

profile from channel inlet to outlet when supply terminated
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(a) Nitrogen profile in the channels at timing “a”  (b) Nitrogen profile in the channels at timing “b”

Fig. 2.10 Nitrogen concentration periodic change under pressure swing hydrogen supply with
dead-ended anode supply system for PEMFC stack: These picture show calculation results of
nitrogen concentration profiles in a pair of channels from channel inlet (left side) to outlet
(right side) (a)after hydrogen supply from the inlet and (b)before hydrogen supply. (The

depth direction of channel is enlarged.)
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Fig. 2.11 Typical schematic drawing of degradation of carbon supporting Pt catalyst [2]
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H3FE T /—FTFv Ry FHENEERSS FF
PREFE I BT B E T EBHEE T To
7 ) — RF ¥ RIVNIEE T WY g = 7T

w
—
=
ll

BEtEM BB FE(FCEVIZEtr=I v ra v#HELTHEFICHEHRINT
\5&%%@%?,z<*%m%:imkbfw&m._mi?mxf%t
o, ToORKRERHEBHOVOELESDE LT FCEV Ofitfs N @mETH D Z &N
2o, TOa X MHIEATFHBEKXOEZDICIETAKE TH L. FCEV O 2 2
FNEI P E LT AT AOMFERLZ D, OEDOHIBFEE L TT
J — FRZEMHKOMHEEE(Fig. 1a)» b7 v K= FEI(Fig. 1b)ic 3+ 5 Z &
NEZLNT-.

Compressor Compressor

Humidifier (\ Air Humidifier Air
T T % T
Cathode ‘ = Exhaust Cathode Exhaust
T T Purge valve Purge valve
\ Anode Anode

Jet pump

Pressure. T T Pressure I

control m Fuel recirculating line control

valve Hyc%/gen ———{ Separator vave T 00— |— Separator
recirculation | tank Hydrogentank| | =~ tank

blower

XDrain XDrain

Fig. 1a. A conventional anode supply system Fig. 1b. An anode dead-ended supply system

Hydrogen tank

pEske, MEERMT ) — R AT AT, BREDOKFZBTANKE CHE X
NLEICXLTEBREE 2 I oZ2MicftigeanTWnD. BEICHEHN I
Mo T KFEFTAFTBREEMA Yy 7O FimHEANGAZ vy 7O ERADIC
REt, BEHRQIAKKZITR LRI AZ vy 7~ ansd. T X %2 5niE
LR TTIE, BEICLIVARLEKAIRBRAKEZT 77 407207 BT
J—=FRF ¥y X2 ADNLEEHTIEDICFrERE HEINLS Z ENEEL
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W, £, T/ RFRRNECRALEEZTALHETCT 2T 40727 O
7/~R%y*»ﬂgwmémé_g%%gf%5 IokolcLTT /) —
F77%4fIU7Wf®m%%Wiw RN D . o R BRI E A5
TUE K FE R 7D7(HRB)“?3/I‘/I\‘J‘/7i/175’b—(]etpump
e]ector)%?@n“\/7 EALELERDH[2]. 2T, 7J< (KRB X AK) IX
BEBBEICIVEKINTELDOTHY, REE? RExglE T EIcER
T 5. SO T AR IE ST T, fEER ﬂf%hiﬁﬁ L0 ARk
LicKEZZAZy 7O FREANL ERARASNRKEST Z &K BRE T 2%
W sHiBhesn. —H, I%%@%%ﬁxuﬁy—PM A X7z ER
WEEE D FRPEM)ZZBLEALELOTHY, B2 A ZEH O E
AIZEI VB S NBELIS], 7/ — RRENICE £ HT D ERET 203 filt i1
EBICBET T RO T 7T 4 72 THNPEHTISLERSH DL . Lh
LESRDDL, ZNLHLORCyTEEOHHBERN 2 A FO#IMITEND, K
AT ThLI2RIBTEB T HBICHEZ S 6D M ME 72N EE % W
LT 5. S0, ZLHL0EBELZENBLOEAEE D Z &N EBELOKRME
DEMICENDE LI, CNOLOERELWETLDICHEBEBLLEH N Z R
THHMENDHY, Fv " (KEMWICHEB 2B T80 H7) £ LT
FHBY LTLEY. £, 2O OEEBEOIMIEZ RiET D &4 EHNJEE
T5. -oT, THHLOMEEZR L THRETDZ N FCEV O KIF K =
A MMEERSLZ EDRAREERD.
CDXIRIENS, T )= RV AT LA EMBADOLEDT /) — FEER Y A
TLAERIETDZLEEZRDE, ANRREVATLIET /) —FTF vy R v
Ky 27 A(Fig. 1b)E 722 5[4]. b L, 7/ —FT v RV RV AT ATH
> THEER 7RI ED MG ATRE ThALIT, = 2 MEHIJE M E TR S5 e
WRndHD., LrLelns, ZHUETITIRAT—[5-8]RFEH AT — ]9, 10]
TOT ) —RT vy R FERELE R O BFIE 81T L T 5 2%, 388 & ki
THERENLVEBERKRTTDEHRESN TS, 2F 0, HfliicTs v F=> K
BIZ L CAKRFBAAZE ] —E CERMBICHELE L THREEIXLENITHESE T
TRV, ZOREAALEDORANRERIT, RIEEME LV DT A Y — N
a2 RiAnE FEEAZEL TCTRALEEZVAN, 777 47
V7 EO7 ) —FRF¥y R NVICBELZLICLD. Z2LT, RIEWREFRTA
X7 = FF Yy X VO TROBEMICER SN ERT A EREFEBZ AL,
— 5, T = RFRTFxRx O RO E SN KRBT AX BT CTARED
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AEBEEHEEAEERL, TY X LO LT TIEKETRALEERT AN HBEL
THETHLICRD. ZOEEXKETANEHIRE MK CIXEBEIL T
HDHD, BRENTDANSRERBERTIIERENARETCHLD. BBt —TCEDOLRMT
HEEPHGE L TWDOT, BET AOZRBMBET D & AKF B E K 58 5
ﬁ#k#ékk%’,m%%ﬁﬁ%mﬁﬁi%mbf@% Z O E T E i
BENRELS 2o T O REHICIIMAEREEICELBEARAEE D
[11-14]. ZHIXEH DT AKFT AN R E L 72 IR EE T%@D~ﬁwm%kiﬁ
EThD.
T, MMEETICRRIZLOIC, KERZKREBLER T E FIHE LT
HEN—RUVBEEEL, 7727472V TREABLOBY EHLWDD I —HR
B, DF 0 HEES, T AEEE, A, ThNLITERL—FFET
LA EE RN D BEMMRLIb>E VB I 515, 16]. I AU T A% A
My on—® N @BIbRFH A CO2 Lo TCHHBLTLES 2®, [HHE
RATRE R KRB B S AT AMEE—RFTHDH. Vx5 L, Btk
AEL RIEEIC, BB Y AT A0 A NMERTHAEDO DI T 757 4 7 <
U7 TOKRFBERZZDRTHIE RSB R0.
7/—F?yPinmWﬂ*M®77?47197t?m%Ki’
1&7:’?3MEA77W75:|95< 7=z ix, 7/‘_‘]\'9;“\’7‘/1/1:/}lh@fkjﬁ'”%%

ﬁiwx%m% %mﬁé_&fké SFV, L DORIEEYE
77747i)7ﬂ6%£¢6twﬂ~v%ﬁ9.L#L&ﬁ%,ﬁx”f
MIHERICEEFROMELHERT DL, BB T ATHLIKRKBITAE L EIC
REHOEERHEFET L LITRY EEWIZIT FCEV ORI TIT X > THL
FEHBENELS 2V EHATE AR, —F, Ty R U FRREIZLTT / —FKF
¥ ANV TIMTCKRKBREDN+DELSRDLIETHFL TRV EITVHEST v K
T RREBICT IR R—VFELEZILNLDLN, X—VFETOKEIR
EAENHME e rEENMETL, "=V B EAVEENPEIET LIV A 71 L
RHTD, NN—VHEITELVEEOKR TN EEH DICEEZ RIFE I 2 VHE
TITHOBERIH H[12, 17]. Lo LAans, REHOKZFHEHEZMZ S X
DR A e B [18, 19] T AR =V E T o L LTOHEmMEZENT DD T A
TAELTEHAHBEARDIEOB NS, EVEELBHICIIHNDESHEMZ D
e, BLEEETHL -EOHBEANTHDHIT I NEE L.
FTITHRRELTCE 2ETEREZLS>IZ, Ty F U FRITH-TH,
T T 4727 ECKEFBERESHN DDV GEFEOOESE LT, E
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NEBEH TN BESND. ZniF, BEOEBK ELTHREIND 2 X
7 FimOKE (Flx XK WE oY > 7 %) 2R ML, BEZMEE L E EMH
MANLTICE o THRMWICAKETAZMEB L, BEHHICLDFEEREMG
ZEDWIEEAZ vy 77 ) —RERNICEL, ERELTT 27T 4727k
DT ) —FHAF vy I AVNZHRENFEETH >RBGZ2REESELLOTH
5.Z20HFRXTHEZEDONN—VE2 LB THLHAF ¥R AVNTEROEHEE
MERMICOE > TH/MNIEEN, B —ECTHE LG AT X TREIC
B)— 7o KBIRENPHEF TETVD I ENERINTE Y [20], HHZ2HEITIC
ANTEHMLRFEE L THRF STV S[21].

ARETHE, ZOENEEHHHK TN T /) — KT vy RV RV AT A a4 b
LT, EAh—gwfit iRtk nrd, ¥ARK HTEOEWIZCEL > TEIE
NO2HEBEMELOT 77 472V 7 EATAF v xRN L EEM LI
~OYERMEREOFEMEW L NICT 2. BEMICE, Fr3rNICBIT 5
FX¥ X NVEFHBEOH ZAEESHICOWN T, FEB IR Ik 2 0 2
YTV T EFRBEBROBRBBRDO T v RV ATV, BUE AR E TILIE
ERH ZIRILHEZITH). ZNHICKVSMAEEOECEZH GNIZL, He L
A ~ODEERKROEVWEWHOLNZT L. 22T, FARKIETR (ZZTIE
EHRATA) BDHPHINDI A =XL0, BHR(LA 7 VX Re=16.5)1D
KEBE (T +—~ XV Wo=0.04)ThHob I &b, RERBEEELNH
DB O AREWICHEMUERKOHEG THLINDIBLTHL Z ENRS
D

3. 2 FERFEBIUOHETFIE

3. 2. 1 EREEBL IVERR

T T 47 ) 7T HENK 300cm2 THLHEEBEM AL EERICHWDS.
BIOKZEIX FCEV filzBBE LY A RXTHDL. 772747207 LD
MBENRE—FT7 /= FBLOD Y- FRELEB Ty XL EL, ZOEIX
EHEL LK 50cm & L. BHEAD ETWRICHETONZABITHE ELNIKE
DENENSEEIGETHSL . Eiize —EELERELZITVWEIRSMAL XV
Ty X NVNOTARESAVRRERRFICHAU TEDLLIICEREAVHBEIND.
M FMOBRIAAERZ DD, £EKE 8 0HF L TH 5 (Fig.2a).
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Fig. 2a. The full-scaled single fuel-cell with segmented current collectors

L, MNFRMIZH>STTF ¥y I AVHAOTARESAHRIEZLOND L I I,
8 B EShTEEEROENZENRRMAETDOT ) — RF X XN T 7T 47
T T OEBENOM/NRRERT, 2ORNLEZER L FITIY A ZER
LAAGHZEITD . BBENTZHRAITIKEZEH R, BEHTA, KEXREE L,
A EE IR OMENK 0.5 B TH DX v /7 7 x /v N orh B 1Y &
BEBESHFHOER : M-201GA-DM) % Al W7-. B EREB IO IC 2
LBRWESWECHTAY TV T RBEEZRNNCEEDLILEND L.l 2 IXAR
EBRTIINZ0.0bmmBLUOESN 1M THH VI DA T AH-Ery T Y
BEHWDZETHALT TITN 3P LD, 20A TRET HEICHE S
NWDREL T AREDK 0.2%UNICHRTZNTWVD ., ERICHWZHEER L
OWrmB L O 7V 7R —FOFEMX%Z Fig2b IZ5R°3. 7/ — FFx
XNDOEIBLOBEZXENLENREREN 0.5m O 1/1000 & £ 1/500 ThH
5.

Epoxy cement ]

Capillary tube (silica)
Inner diameter: $0.05

( To mass spectrometer )%? ]

Coolant channel
Anode channel

Membrane electrode assembly

Cathode channel
Coolant channel

Fig. 2b. The structure of single fuel cell and the detail of gas
sampling port (eight points each)

T = FBEOAY = FFXx X VANCHEAKBEEL Z L2l <ol
T AT L& E Lo, Table 1 1737 X 9 ICEIREE
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0.05A/cm2 @ & =, # Y — NI HMHXHEE RH20%, A b1 ¥k SR3.5 ML E
EL, T/ = FME Ty R FEFETHLTOEME N T A KFET A %2 X
FA 2% SR1.0OL LCHET S . HHMOE D DOEFA KT 333K THE S L
DA EHOOREZENIKUNERD L) ot En IS5, JEIX
1Y — RO OH CRRIENS 7 — VE T 0kPa lZfR7=L T 5.

Table 1. The experimental condition

Temperature, degree C 60
Current density, A cm-2 0.05
Anode SR, - 1
Anode RH, % 0
Pressure at anode outlet, kPa(gauge) 0
Cathode SR, - 3.5
Cathode RH, % 30
Pressure at cathode outlet, kPa(gauge) 0

FHBEEOMBSGELELTT = FET v R RIRBEIZT a0 =
VI 4 va=r T A MAXE SRAS U ETEMBOKFETAZHKRL, 7
JT AT YT NTHARESHND LD ITo. BREEBIW DA
DEFH LERoTEOL, 7/ —FHOMICHRTEAAVTZHLE, 7/ — KT v
Ry FRREXREB S, FFHIREBINLS.

IITT ) — KRN AOMBEHFIEIC 200 FEICIVERBRRN ITONLAL. 1O
HoOME HFIEIZENLE#SHFRT, 22000 FEETEN—EHFRXNTHS.

JEHEEBHEB XTI, BREZ2ME ST T EIHBENALTOMMBAEZHEY K
T L TARETAOHBBBRMIZARVFEROICENEHNERIND. O
T, BNV TERTIERENEESL LR L ICHBL, 7T/ —FKRAD
JENMWBEED EREICELEZOM®BEAALTZHALL. BV TEZHL S L,
BT SNTEETETTHEINET ) —FERNDOEN T AKEHEICL VI
DLTOL  RICEDDHED FRIGICELZSMHE LT 2 H O & RE
HEEZ LR 2ME CKEETAMMKEZHER T2, 20 X2 L CEMNZRE
NEBPES KETAMEERGHEH SND. RBAERCTIHEERBIEOLLT
ENHEND FRIMEAE 110kPalabs) & L E[RfE % 130kPa(abs) & L 7= 2%,
FCER i DRI BRE OB S IREIXATRE AR RV NS T 52 ENRNEF L
AW

JEh—EBHE AN THEARKFORBEHEE L 2SR LLELZTHET 2 2 &
TERIAIND . ERBIELITITY V- FAOTELNDEZ —EIZHRS X D6 S,
T ) —=RNTAF X NVNOENN —BIZRTEND. 20L&, HEKEEE
(2B~ B S A O R AR TR WV T D JEME M 0 BB X A T X, JEE M R
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L LTHRTILNTED.

F@S:ﬁﬁiim,ﬁ SHEHZ T ) — R DY = RO~ DF ¥ R D
WA HF Moo Lft EoMEEZ Rk 5. Fyx/A0fizid MEA
kio%@ﬁﬂ GDLMR R —F 2Kk L LTEFTNMLEN, EIKED RS
%wxﬂLﬁﬁé%ﬁ%TWﬁ%ﬁéhfwé RN Ol R v 51 R e
AY — 7 BITHEBERECERBRVICRESINTZ. TAY — 7 &3 —HHICHE
g WA o A 5 F% el U, MM EE SR N ET 5 (3, 22-24]. F
T, BHEODT ) —KE&EH Y — F@ﬁEﬁEWT@ﬂ(%JﬁFE%iU@?%&FE
7 v 2R BIRIEE L, KIGEETXERNORE L REHEEE L FRS%
nbHEon—EEEEXD.

Anode inlet: /Anode channel (Area type: Fluid)
Mass flow rate [, @ 1
of hydrogen I e
| {v} H, \\ N,
= Area type: H, 2 2H" + 2e
_g Fluid Ry = A, [H;] Wall when
b 3 ; dead-ended
Y Porous fluid | = leak
e Porosity: € | a H* H,
o " = —
§ Fluid = H,+% 0,2 HZ? (eliminated
< '-_ Ry = A; [H,][0,]”
% Porous fluid "_ Z 0,
5 Porosity: € v
§ . 2H*+ % 0, =2 H,Q [(eliminated)
s Fluid R R .
v R, = A; [2H] Cathode inlet:
0 Mass flow rate
 of nitrogen and
e 02| oxygen
| \Cathode channel (Fluid) |

I

Channel length ( active area )

Fig. 3. The detail of the simulation model
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MBI OWEGEXICET 2 EBERIILL FTo®EY T©H 525, 26] -

%(QO)JFV'(SOUFO (3—1)
%(SOH)W-(aouu):—eVp+V-(u*VU)+s0g—‘WK“ (3—2)
2 (pn)+ V()= -3, 46, (3-3))

I T uldEHESRY ML, pld HABE, plipg=eaull LD ER I N D EE K
PEAR 2L, WK PEMREL, X GDL WO R IL=E, wixd X vy —HAllcik-S5< GDL
NOBBEEZZNENET. 0B, 7/ —FBLOD Y —FOEZALK TRV
M T, es1h D xs0d /Y (3 —2) RNFEHENR TV 4T -A b—
JADRERD. oL FRIEDORERECZ2WEOAKREREZERT. S b I,
BRED RO A FEEEEICEL CEER»LKRD, (3—-4) KoL)
IZRBT 5.

jleak,i :Ki,mpi (3_4)

T CKp i EERE S FEOEAERE L TEESNTEAR T AEE
BTHY, plI T AFEIOHETH 5.

HBEAFHO (3—1) X, E@HHE@mEX0 (3—-2) X, BLWY, #Eo
kfFHlDO (3 —-3) XNITAMRERICHBLINEHRAERET =2 — R
FLUENToOIZ X VD5, T2 THRBEOLZDIZ, 7Fu b IXE K E D 1 IR
FTAE2ZRSBEBMAICBETIL0 L L, KRKRLWAKIZTAERT S T CICHE
WT D0 LTHY. HEICETAFEE L TKE, EF, BEOLPHD
5.

FERCTOMKERZ ERICHER T2 ZLITHELWEZD, #ETEADES
S ERSERMESHEEZ 5 TCEREYENICEMARMASZMAEL Lz, 914
W7V —FHAaAKERET ) —F7e—2L—kigL L CHAE
S, TOLEHIY—FOF xR NVANDTENOCHBRBTRAEERT AN, 7/
— FOF ¥y XNV AAEPOIZAKETAOLRN —CEiREL LS D, 7/
— KTy Rz FRENAKBEIND L, Fig. 3ICR"T L9217/ —FF v x
NVNTEWMICH MO AREmMICEET LHOMNMAE IS NADEDN —EITHR
s X HiC7es.

— G MRENEBH A CEHEESEZZE L CHEDREEE 725 K9
T —RFx XNV AOOEEREN G 2O, BEED LREICEELEZIC
BEBREZ0 LT H. ERAMMICEED FRIECHEITNIEFHFEREEODE &
MEZ5225. 25 LTHEMMARENDEZOERENHECORBKICAERSIND.
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3. 3 MRERLEBEE
3. 3. 1 EBfEHE

TAWRESAAORERELIZOWVWTHEHERT S.

—EENBBOGEE, EENABEIIKBETARBERBEL T I E&
L, Rl E & bIcTF v 3V FifEE2 b EiRfE~A2 > T < (Fig.
5a-5h). 7 v R v FIREEZBHB L T, S 350 PRBIFSICBWTH & 7 &
> F No.l /5 No.6 DR A > N TIEEZTABEOEIMIALAR V., —
VG, BHETABRBEOHEMIZIEZ AL bk No.7 & No.8lZBWTHDBLAN, &V
PlF No.8 CIImERITARENMRMB SNz,

ikt L, BEE DB OSAE, TTIEIIOLEBNBEL TV DO N
WEN(Fig. 4), EFE T AREIIKEAOCEE L CHMINWEDEL® L xEe
R L TR ENLLL TWD ZERH SN 5 (Fig. 4a-4h). E ) — &
ML IIRRY, BRI ABREIE I AL Nod Db 7TIZBWVWTEHT 3
(Fig. 4d-4g) X LT HE— 7 HORETHL —EENEEDOEZ A |k No.8
DWEIZRD EI/LSHEBLTNDZ ENMED.

WIZ, 2N ERIKICHMELZERSMB LR VEEORKMZE(LICEH
T5. ~EENMEBOTFTET Yy R FRREZHBT D EF v 2L TR
METLHHE 8L/ AL N THREBRMNDEDLIALMGD, BT 2%k~ 12 Bk
Mo 7 A FUI~IKN > T < (Fig.6a). BEITRERMEEZ ~ T & 2D kL
IHEL CWDBTD, 77T 472 )T TREEBEBRLPBLTDEZED
hOMEE CERBEENEMNT 220 LVEEDCR TFTRBEFICAOND.

ZhiCx L, ZEE B O FTTIX, BEEBWRSAMAITT v R= FRREZL
BRAG 2 IC b i E s —Icfki=nEB Y, BEALBEBELOYH O 0.8V 6 0T ix
e #1920 72 (Fig.6b).
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Fig. 4. Experimental result: pressure change in time at anode channel inlet under pressure

swing supply
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Fig. 5g. Segment #7

change in time without vapor at each segment position between PC and PS supply.
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Fig. 5a-5h. Experimental results: comparison of the nitrogen and hydrogen concentration

PS: pressure swing supply, PC: pressure constant supply
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Fig. 6a. Experimental results: the current distribution at each segment and the mean cell

voltage change under constant pressure supply
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Fig. 6b. Experimental results: the current distribution at each segment and mean cell

voltage change under pressure swing supply
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Fig. 7. Calculation results: the molar fraction change of the nitrogen under constant
pressure supply after dead-ended valve closed. In the figures of calculation results, the
horizontal direction is normalized by the channel length, and the height direction is
stretched 500 times just for showing. The velocity component in channel length

direction is also normalized by the moment maximum velocity at channel inlet.
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Fig. 8. Calculation results: the nitrogen Fig. 9. Calculation results: The normalized
concentration change in time at anode horizontal velocity change in time in
channel inlet under constant pressure anode channel under constant pressure
supply supply
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Fig. 10a. The molar fraction change of the nitrogen under pressure swing supply. In the
figures of calculation results, the horizontal direction is normalized by the channel
length, and the height direction is stretched 500 times just for showing. The velocity
component in channel length direction is also normalized by the moment maximum

velocity at channel inlet.
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Fig. 13. The difference of concentration Fig. 14. Comparison of volumetric averaged
distribution due to the difference of fuel concentration changes in time between
supplying way by CFD calculations in the channel and in the outer buffer
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shows non averaged value and periodically negative values due to reverse flow from

buffer to channel in the case of pressure swing supply.
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(2) BAMWEEIER O BMBRFICERBKE SRS D2 &

(3) 3 %ﬁ EQWPERE (RAMNLL BAWM~OERE, TOWHR L)

(4) EXALZEKIE (Buttler-Volmer B@%ﬁ) D E &

(5) ENEBOFEWE L ZBHIEN W E LI KT TEEEL R, JE LG

WE2Mmx 52 &

3. 6 W%
A, Chemical reaction constant of chemical reaction “n”
D Diffusion coefficient [m2 / s]
J; Molar flux [mol / m2]
Kim Total gas permeability of the gas diffusion layer and the
membrane electrode assembly [m?2]

47



L Half height of channel [m]

Re Reynolds number [-]

Ry Chemical reaction rate of reaction “n”

T Time period of one pressure swing cycle [s]

P Pressure [Pa]

Di Partial pressure of the gas species “1” [Pal

u Velocity of the fluid [m / sl

Umax Moment maximum velocity of longitudinal direction at the
center of the channel [m /s ]

Wo Womersley number (-]

Y: Molar fraction of the gas species “i” [mol / m3]

Greek symbols

£ Total porosity of the GDL and MEA (-]

K Gas permeability of the gas diffusion layer [m?2]

U Coefficient of molecular viscosity [Pa sl
Kinetic viscosity of gas [m2/ s]

p Density of the fluid [kg / m3]

w Angular velocity of oscillating flow [1/s]

W; Generation term of the gas species “i” [mol / s

s A

FCEV Fuel cell electric vehicle

GDL Gas diffusion layer

HRB Hydrogen recirculation blower

MEA Membrane electrode assembly (including the catalyst layer and
the polymer electrolyte membrane)

PC Pressure constant

PEM Polymer electrolyte membrane

PS Pressure swing

RH Relative humidity

SR Stoichiometric ratio

48



Sub-scripts

a

(¢

e

3.

(1]

(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9l

[10]

Anode

Cathode

Mixture

Species of the gas

Species of the chemical reaction

Membrane electrode assembly
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Fig. 1 Schematic of flow distribution and collection in manifolds in a fuel cell stack
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\ hy L Lh\
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Cell Nc
Cross sections

A stack of many single cells Header for channels of channels

A single cell picked up from the stack

Fig. 2 Schematics of anode flow field construction: The left shows a sample fuel cell
stack, the middle shows a single cell picked up from the stack, the above shows detail of

manifold cross section and the right shows detail of channel cross sections.

Table 1 Characteristic dimensions normalized by the channel height
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Detail of cells

Detail of a channel

......

Perspective view of
calculation meshes of a stack

Fig. 3 Calculation meshes for a stack in the case of 200 cells
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Fig. 4 Calculation results: Molar fraction of He after 0.6 sec., respectively pg;,= 60 kPa(G). In
the cases of Reino > 2450 (iii), (iv), (v), the area where helium doesn’t reach even near the

inlet appeared around cell number 20.
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D2 LR TESD. —flL L T(v)200cells: Rey, = 4890 O/ — A T 0.6
sec.BOMR AP LIEHEEMIZIOWTT 7 7 47207 EOF v X VE
FE 4y A & Fig.h \Z~ 7.

0.00 0.25 0.50 0.78 1.00

Fig. 5 Calculation results of molar fraction of He on in-plane direction case: (v)200cells,

Rey, o = 4890, time = 0.6 sec. * the front of He/Air is made asymmetric curve by the different

distance from inlet by channel, however helium gas flows into every channel.
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FEELFEEE (M LA 2 v X8 Reypy PH p =100 & 200kPalsec.
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(Fig.6).
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(i) p = 100 kPa/s, Re;,, = 3670, Nc =150 cells (i) p = 200 kPa/s, Re,,, = 7340, Nc =150 cells

ing

0.00 0.25 0.50 0.756 1.00
Fig. 6 Calculation results of molar fraction of He in different inlet speed : left: p = 100
kPa/sec. in 0.6 sec. the same as case(iv) in Fig.4, right: p = 200 kPa/sec. in 0.3 sec., the
final pressure is both 60 kPa(G). In the case of higher Reino (right), the helium unreached

area increased.
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Fig. 7 Total volume of inflow in each characteristic cell: only lighter gas volume of

inflow decreases at around from cell #1 to #20 and far end cell #150 cell with

pressurizing speed increased.
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Fig. 8 Flow rate change in time at characteristic cell: the back flow occurs

after pressurizing with high pressurizing speed.
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Fig. 9 Flow field in the inlet manifold in the case of pressurizing speed p = 100 kPa/sec: vortex

zone 1s made but not stable.
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Fig. 10 Flow field in the inlet manifold in the case of pressurizing speed p = 200 kPa/sec: vortex

zone is made stably.

EHLobHBLTAON~Y=T7 4 — L ROEAIZHE VHEIE CHEBEICL D H
TEERIWHA AL TEY, FIERERRE WA, BEEFEA R BRI
I ERMMERFINL TV ERN o125 (P OFEZ 0.5, 12/~ L 720R
VAR T o 72 fE )
CITHBBRIKOBENS EO LI ICEHBICEETLION, AO~=7 % —
WERNOENDATERT L. AOY=7 5 — /L FNOEANE T LI EOE
N3 % Fig 11273, JEAQRHEHAO~=74+— L REDEETRT.

800 —0AT, 800
'g —02Tp ©
s 700 —0.37, a 700
Qo @ —_— T a [}
g 600 05°p c % 600 T
o = 8 ° j/ I
E 2 500 2 £ 500 Vst
1 A Dy ~
8 £ 400 § E 400 d
28 /] 5§ \_I/ /
2 300 2 2 300 H{
=] =
s 2 N —| | 57 i
g 3 200 [ 2 = 200 —0.17,
2 S N\ 2 S —o02T,
o 100 ) 100 —037,
o o — 05T,
0 O I I ]
0 20 40 60 80 100 120 140 0O 20 40 60 80 100 120 140
Cell number Cell number
(i) p = 100 kPa/s, Re;,,=3670, T, = 0.6 sec. (i) p = 200 kPa/s, Re;,,=7340, T, = 0.3 sec.

Fig. 11 Profile of pressure difference: in the case of high pressurizing speed, pressure around

upstream of the inlet manifold is smaller than that in the case of standard pressurizing speed.
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Fig. 12 Molar fraction of He in case of continued pressurizing: if once maldistribution

occurs, even pressurizing is continued, the maldistribution is not recovered.
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Fig. 13 Schematics of experiment system: sample-gas taken from both ends of the stack,

helium gas supplied by pressurized surge tank and pressure controlled by pressure limiter.
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Fig. 14 Position of gas sampling port on each end cell: the left shows the position of gas sampling
port on a cell, the right shows the detail of a gas sampling port. To fix the capillary tube and the

end cell separator, epoxy based cement is used.
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Fig. 17 Comparison of molar concentration of He between calculation and experiment on the
end cells in the case of 200 cells: Profiles of the concentration and gradient of air-helium front

almost matches between calculation and experiment.

FERFER L AEK RO TIX, BT ADOHRARRIZ, ¥ XL ~Dk
AGES, BLTOWAKEFEZ7e FOREAR EELBBODREWW—FEZ L. 72
BREBHHEEH (ELESH20 2 L) TOREFHMIZOWTIL, FHA0MNT E
PR, BIOX vy TV Fa2a—T2XELELACTF Y X NVEEISZ L
CEDMNG~OEERH LT, REBRTEHEZRARALDI L ARG EZRDY
EEBRIEIIH R R o7 b OO, F AR M 5 o &L T oM oE W& ] 2
5T ENHEKT.

69



4. 6 54 FEOR

BREIBEM A X v 7 ORBRE A2 XIRIC, 7/ — R ~OREL T 2 0 AR
DL%, FEESH R 2 BB L 7 BB A0 R BURRE 72 9B & 0 T #E 4E 0E IR o B i i At
EEBL, RAEEREADODE THEN»NODEENICH XD Z ENTE .
RELTIE, FEMIRITIAEONTIHERMEOBR R L LTHBIND. £,
BRELEM A Z v 7 OREBFRET AEANTEZOWTE, FHEHEMEZ HLI TR
WEDITRB T A 2B T A0 0 BIR AR AES N,

() ENWEREER2 —FE L LEREA, A4 v 7 ICHE S -HEE LK

%< 05138, HEHNALEWVHEEMIZ ERE T XA RGN
< V.

Q ENEREEZ—-ELLESG, BBEMKERZ 53 E2KD
EEIEMT 20T, BATAWERE ML, I LA v
Repo™ & 5 i S (ARFEE CTITH 2000) 282 2L, fiii~=7#
— )V RN O EF I HBE L 7=k ofii &2 4 U, fEaEF ai o
BHA~bHE R REER ERD. i, BHEMERBARE L 2T,
HEmE 2z EHS LS A TLRETH 5.

(3) AR ENE NG EITX, BEENBER TG Z2E L L THIRE
DOEMENITEY, HEHFAifiroERICH 5 HEEBEBMICBWNT, F
¥ANANTHANDL AR ~@EN D Wi AFEEL, i S BREY
ARfMERIN, o2 EBY-MHoELLELZL T

4 HHEOBBOPNYEM CO LR —2MENH > - HEM T
X, SR S AT O OB AR — T K DR E DA & B
ELTHEFT Y, HEBEMB TELRIAEH —ENIEKRT S.

(5) HBIFFICHHEBEBRA~OREL Y 2T 2701, BAPHEEREN D
AN ~=74—/L FWNICHBEZ Hl 9 2 70 &2 sz F Ak
IELHERW.

4. 7 =2

Cn YRS n O R BE [ -]
Cp D IRA R D E T B [ J/(kg K) ]

70



Po
Prin
R

DO AN E R [-]
VP N E R e [ m ]
DR ITTT Y RV S [-]
DR T =7 ok — L RS [-1]

O AR 2R [ m2/s |
DR IGLT v RV E & [-]
PR AAY T TR [-1]
PR ATAF TV T E1IABOR S]]
DR [ g/mol ]
P RAF L TCHEBEIN - EERKS [ -]

YR B A [ Pa/s ]
D JE N [ Pa ]

D EEETYEE S (F— V) [ Pa(G) ]
BEZELE (F— V) [ Pa(G) ]
DR R E K [ J/ mol K]

Rewmo © VIMVEABLE L A /L B Reyg =t [ -]
DR T HLE MR X [ -]
DR T B [s]
DR E [ K]
B BC [ m/s ]
P ABARE TOPH IS T A WAEE [ m/s ]
DR T X R IVIE [ -]
DRI~ = 7 — L RIE [-]
DO PR AR B [ m2/s |
DORE MR R 2K [ Pa sec ]
D ABARE TOYPWHEAS T A BRI [ m2/s ]
D RE N AEE [ kg/m3 ]

% & Tk

4. 8

HA4ED

[1] H.A. Gasteiger, D.R. Baker, R.N. Cater, W. Gu, Y. Liu, FT. Wagner, PT. Yu,

"Electrocatalysis and Catalyst Degradation Challenges in Proton Exchange Membrane

71



(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9l

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

Fuel Cells", in: D. Stolten (Ed.) Hydrgen and Fuel Cells, WILLEY, 2010.

R. Shimoi, A. Takashi, I. Akihiro, "Development of Fuel Cell Stack Durability Based on
Actual Vehicle Test Data: Current Status and Future Work", in: SAE 2009-01-1014, 2009.
PT. Yu, W. Gu, R. Makharia, F.T. Wagner, H.A. Gasteiger, "The Impact of Carbon Stability
on PEM Fuel Cell Startup and Shutdown Voltage Degradation", ECS Transactions, 3
(2006) 797.

W.R. Baumgartner, P. Parz, S.D. Fraser, E. Wallnofer, V. Hacker, "Polarization study of a
PEMFC with four reference electrodes at hydrogen starvation conditions", Journal of
Power Sources, 182 (2008) 413.

J. Yu, Z. Jiang, M. Hou, D. Liang, Y. Xiao, M. Dou, Z. Shao, B. Yi, "Analysis of the behavior
and degradation in proton exchange membrane fuel cells with a dead-ended anode",
Journal of Power Sources, 246 (2014) 90.

A. Acrivos, B.D. Babcock, R.L. Pigford, "Flow distributions in manifolds", Chemical
Engineering Science, 10 (1959) 112.

R.A. Bajura, "A Model for Flow Distribution in Manifolds", Journal of Engineering for Gas
Turbines and Power, 93 (1971) 7.

J. Wang, "Theory of flow distribution in manifolds", Chemical Engineering Journal, 168
(2011) 1331.

PA.C. Chang, J. St-Pierre, J. Stumper, B. Wetton, "Flow distribution in proton exchange
membrane fuel cell stacks", Journal of Power Sources, 162 (2006) 340.

C.-H. Chen, S.-P. Jung, S.-C. Yen, "Flow distribution in the manifold of PEM fuel cell
stack", Journal of Power Sources, 173 (2007) 249.

S. Maharudrayya, S. Jayanti, A.P. Deshpande, "Flow distribution and pressure drop in
parallel-channel configurations of planar fuel cells", Journal of Power Sources, 144 (2005)
94.

J. Wang, "Pressure drop and flow distribution in parallel-channel configurations of fuel
cells: U-type arrangement", International Journal of Hydrogen Energy, 33 (2008) 6339.

J. Wang, "Pressure drop and flow distribution in parallel-channel configurations of fuel
cells: Z-type arrangement", International Journal of Hydrogen Energy, 35 (2010) 5498.

Y. Ichikawa, M. Kubo, T. Saga, N. Taniguchi, "A Computational Fluid Analysis and
Accuracy Progress on the Gas Distribution Tubes", in: Proceedings of the World Congress
on Computational Mechanics (WCCM) VI, Paper No. 863, 2004.

K.N. Kim, D.H. Jeon, J.H. Nam, B.M. Kim, "Numerical study of straight-parallel PEM fuel
cells at automotive operation", International Journal of Hydrogen Energy, 37 (2012) 9212.
Y. Sung, "Optimization of a fuel-cell manifold", Journal of Power Sources, 157 (2006) 395.
J.C.K. Tong, E.M. Sparrow, J.P. Abraham, "Geometric strategies for attainment of identical

72



[18]

[19]

[20]

[21]

[22]

outflows through all of the exit ports of a distribution manifold in a manifold system",
Applied Thermal Engineering, 29 (2009) 3552.

J. Lebxk, M.B. Andreasen, H.A. Andresen, M. Bang, S.r.K. Ker, "Particle Image
Velocimetry and Computational Fluid Dynamics Analysis of Fuel Cell Manifold", Journal
of Fuel Cell Science and Technology, 7 (2010).

Y. Ichikawa, N. Oshima, "Transient Analysis of Gas Distribution in the Anodic Flow Field
in a Fuel Cell Stack", in: Proceedings of the ASME 2013 11th International Conference
on Nanochannels, Microchannels and Minichannels, Sapporo, Japan, 2013.

B. Chernyavsky, P.C. Sui, B.S. Jou, N. Djilali, "Turbulent flow in the distribution header of
a PEM fuel cell stack", International Journal of Hydrogen Energy, 36 (2011) 7136.

Y. Ichikawa, "Fluid passage structure for fuel cell stack", US patent No. US 20090176143
A1 (2009).

i1, HEEH B HIR), AR A 2 > 7 O KIBE I, FFEFE 4872918 %, (2011).

73



5. 1 A2 Tofim

BRELEM BB H FCEVOHG~D W LK 2 RIESE SO0 FCEV O
KA MMeHFiEO—2L LT, 7T/ —FRT v RV RV AT APRRE
EN, VAT LAOEFRKERLEREBKFE CHBICAL D KERZHE
2k L, EERICEIENEBREEZ T2 EALT ¥ I VNYE N B —
IEENKBRZVPUBEBSNDITCOMBHIREEN TR LRD I L &I
EHEMEBMEMBTICE > TaREN, BEBIRKIZIEIRAY v 7 B IHERE
T APESE S D 720 0% FHE &2 I E W W B AT IS L o TR
Stz

5. 1. 1 7/7—FFTy Rz FHFXBEKRED FEEEERICE
JFAENEBBER T TOT ) — T v 2Nk E T WY E ki
Br C O #E 7
HKEHPORBEMT 77 4 72V T LT ) —RKTAF ¥ X LAND
ERNARER&MEIL, —EEIMEE T TIEL 75%vol ZB X TWDIZ
XL, BEE MG T TIE 6%vol FRE L2V, RN ABEESHIT
—EENEE T TOLDICHBANEEHENMLE TO S OIF I BILDL0IC
Bj—Thsd. ZOEVO T HEBIT, E@E MG T TE, i
TOHADERNCESHZE5E 2L ICXVIEBEBSERSNRT 77 4
T2V T EOTAF XY X NVEEEAABONy 7 7 REOR 2 /EHE
LXMBBEAET D20, MBI RFHRA AP EFREBICERIND.
THNIZEV KRBT ADHE BNV ~OfEREIL, —&EDEESRME
TIEREZEZNBDHICEALEBEOALDOBHMERICKRZ oD THDH.
Fo, BB AEBEEREO T =R UER, DFE D AWM EL
<o, BEEN®B T TCOT ) — KT AT ¥ X AVNO T RAEH %
EENICHEF I Z2TRERbRWE, 7774727 EOF ¥ x
NATORNMNLEMBEZORAEGTTZ2THMT LY — AR HERINT.

74



Thicky, EEEMIMICIDITAEEBHITOWTOHRMRED b
. DF 0, BMEFHENSLEENUEE T KOOGS, KFET X O KD
REZRTAMNEILT ) — FTAF ¥ X LOHHRMAETHY, EIEE
A I NDOIBWELROEBED XA IV T THRET LI ENHL D
Wz ol

5. 1. 2 MBMEEMAZ vy 7EBHFICBT L7/ — FMUT AR
O 18 B fE AT T O G A

PRELEM A ¥ v 7 OREVREZXFRIZ, T/ — FRE~DOBE T 2D
B NIR L &2, EENRBIR 2 F B L 72 i e KR 2 38 € % E Mk i
EOBMEMH 2 FEM L, RIEEREASDOE TEHEMNLOEZNITHE X
HIENTER., Fio, BEEMRRA Y v 7 OEBIKTAEANFTIEIZ
WTIE, FHEBEBM AL ERWVWE SR T AZMGT 2700 A
N IORAN a3 = AR C RS W

(W EWEREEL2 —FEE LS AE, A%y Z7IZHEE I HEM

MEBNEL 22138, M 0omEEEBEMIEEBRE T 228
Bmahiic< v,

QEDNEREELZ -FEE LESS, HEMKELIZ 213 EA
BOERBEPRHEMT 20T, AT AFENEIML, PM1H LA/
WV X RepoH & 5 B Al (ARAEE TIXHK 2000) 2B D L,
it~ =7+— VL FHNO LRMICHEE L 2wk z=4E L,
i f 50 AR O HLFE mm%&ﬁfiﬁﬁkﬁé i, HE
MmEBEAEEEZ T, B ELZEHS LELSETHLHRETH 5.

) I mENE WG AT, BEE DR EZICEBEE2IEIEL T
MAEOEME I, EH PR T O FEKICH 5 HEMIZE
WT, YR /ALATHAONS AD~E»D HmAEAEL, G
ENTERETARmERS, S6hdrtiay—MHoELLED
=59,

4 R OBBEOVHER TCOLEOARE RN D > - HE

oL, A kR S T H M o i RE RN — MR K DR E S

75



fMEzREL LTS &ETD, HEMB TS 6725 Ry —MENIEKR
T 5.

(5) ME)RFICHH B ~OWREZE — 12T 572D, & AY &R
MHOAA~Y=74— /L FHNIZHIHELHHT 572 LHET 2K
LERIEsERD.

5. 2 fHFET ) — KR ATLOME~DREH

ARWFFRTIEEERN DN L THDRPoTZn, S bkDEmMFEA

EEEEEOM Eo®ll, UTOREIRY EFbNdXE45%
DHETH D

(1) EBXA L F X (Buttler-Volmer B X)) O E &

(2) ﬁn%&%L%%Fbtm%@f ﬁ@%ﬁ
@)Fﬁ%%@ﬁﬁﬁ&%%%#% i PEEReR A

(4) KoyomEm®tds & @t#ﬁﬁ%ﬁ

T, (U,@):iD@%Wﬁmﬁﬁwﬂi:;6%%%&@%%%%%%
LTHTO3IREMWBRIBEELEZER LI ORDFEMBR T RARE AN E
b iz, G Lo TR Tod 2 W E sz R oK
ERMICEEY, RAROENEZEHIE M THEED D0 D#0
EUMEAZEBL, EEEMZEIXZTZENATEDS. WDITL->T, K&
BFEM SIS CAREMICAKO AR B FICEHAMBFICITEREN S &ITR
D, Fx¥ X ARNICEMBRKNER LT, FRKETRAOARLDLT, &
MARKDNTEIZ L > THEALRNDOKET AmGEENREL BT D, B
KEHEHT 272DICHELELSRF Yy X VARELZ LESL 22 LB 0
HThd., FEIALO0ERPMAKEZEILIELIBEREBIZED LD
BT L2000 OV TH EHRICIIMBEICR D ATREERH 5.
L, Ty Ry R AT A TIHEAE BRI D H, 5ER
CHEH SN DT ) = R AT AR OKy EFHE SE CMEBICHERTE
W, MESREIMEB IS TRRESRKE V. DIk, KRE
CROMEBEmEDROBMRKREZREY, BEBE TOWRICTE DK
xS RAECTEMICAELY, LE+SRMBHTERILETH D,

76



& RN FEIC B9 D

1. Yasushi Ichikawa, Nobuyuki Oshima, Yuichiro Tabuchi, Keigo
Ikezoe, “Transient analysis of gas transport in anode channel of
a polymer electrolyte membrane fuel cell with dead-ended

anode under pressure swing operation”, Journal of Power
Sources, 272 (2014) 743-752,
http://dx.doi.org/10.1016/j.jpowsour.2014.09.023

2. WG, KEMAT, HMBE B, REEMR X v 7 &8k
L7 7 — Nl H A B R O ¥ E %7, A Zli%miéaﬁi%,
Vol.81, No.826 (2015), DOI: 10.1299/transjsme.15-00089

| NN e Sy RN o A S

1. W), MmikELE, BAEBBHEGER, "’EEM L AT A", FHFE
5228835 75, (2013).

2. HEEREE—, Lk, T, BEHLE, EHE S, HEABHE
(BR), "R BLE M > A 7 A", FFiFH 5428307 5, (2013).

3. Y. Ichikawa, "Fluid passage structure for fuel cell stack", US
patent No. US 20090176143 A1 (2009).

4. W)IvE, AEBEBEGEE), "REEM A X v 7 OMKEKESE", &
I 4872918 5,  (2011).

& AT T 5 0B E

1. TN, MmEELE, "FCV K2 X MelcmiF =@ EetEmwy 2 — F
R 2 350 F 2 A M I R o0 FE 8 H W W ok R AT, 2011 AF H B EE R

S EFZINEH S, 211-20115766

2. W, MIR=ESE, REMIT, “BEESSFRRBREERT / — F

77



AF X FNVANOIREFYWEREMBT QEAZRLE BT 20 A
BEHESR)”, B S 2 2012 4 A RK 25 6 G 05, J056022

L HNEs, KEMMIT, ” PEMFC 7 /7 — RE/LF ¥ 2N OIETEH
WE M ((FERENIC LD AEHE) 7, AAKESSYS 2013
AR K 2 Gl T AR CHE, J061045

Y. Ichikawa, N. Oshima, "Transient Analysis of Gas
Distribution in the Anodic Flow Field in a Fuel Cell Stack",
Proceedings of the ASME 2013 11th International Conference
on Nanochannels, Microchannels and Minichannels, Sapporo,
Japan, 2013, ICNMM2013-73219.

78



A B

A SCIE 2011 NS 2015 F TCOWENKFEZ T LD LOTHD.
DM PICEZL DFDOZWH 2B TANELZTTODHLLENTE .
ity OB ERL 7.

Bl K2R EE2WY L dbiE KFHRE - KREMITAAE
TNV NN SW - - R AN il D=

AKX ERETDHICHTV, A RICOWVWTHE 2 ZHEE S
ZTEW AR E RSP8GR - M — e A&, RRFPHE - U EREAE,
FloR W - B B4, £ LT, WA KELZFHRZ - /D RBOREL
BICERBRDEHOEZRL 3.

HEAEEHRE~OBES2< 230, YR THEENEE X
F L7zou HEBRB B (K KA I8 BT 2R E Mo 28 BT B & 8L B 1
b XD EH VT L E T

oo, KEFsEicB L CEZ<< ol heEZhEsr i Wiz HEHR
g (k) oBEmMEK, AECK, BEHIFILERK, - FLHERK,
MW ESEK, WRECHK, HPEHE K, SHMDEK, HFERAK, K
WIEK, HBNEZRK, THEEROARICEHFH L LS ET.

Fo, HERBERICBITDI2EERE S FE (PEM) K47 A& iE®EEOD
FERELZEMEWTZEWEREREE () M tes R X0g)IHE—
RIZEH =L F 5.

BHBIC, BMOEZELETHEMOICLE X2 TN EERNICEHOE %
FLET.

-
—
-

—

k.

2015. 7. 31

78



