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1. 1 [XCHBIC

IRFBIIZER— IR RNV F—ILAERFTRETH Y, @Rz L —Z
B THOREIEmZ NS Z & T, Kine o x /L —ERE L OREAMK
W, =RxAF—tFa T 0w ERHFFTED. KFOFIMIL, IF, RO
P HAEL R H B " MIRAIM (- 3 Z HE ) OfiEEAICREEND 51T, H
B EOERINIILN Y AT TEY, 5%, B2 5K/ TS

IR T OKFEFR I IR EMED B PEFC : Polymer Electrolyte Fuel Cell

(B & FTERRELEM) SV B TWD D, Ak KIZIE PEFC O & H )
A TR L, 2R MER, fEEs I 0mEn R R THLD . m it EER
ZFEBLT DT ERICREIFED & U TAER S 15K ZZRANCHEK T 2 En
BDON, WS 2 A3 % PEFC O 2 JEKBEAE ORI IRIZEH TE T
720N, &0 i GDL : Gas Diffusion Layer (4 A¥EEE) PERICHEE 4 5 K DHEK
IFEETHDH. £ 2 CTANFIETIL LBM : Lattice Boltzmann Method (k% 7- R /LY <
) BERWTEMENTE) Y 7 a—F L GDL WNAKZEE) & MR A, JERA T —
NET N ERWTEBIERTIERNT 7u—F20H L, R0 EEKEEHT 5
GDL #iEDREx Bied. AETIL, IFERAMET 2 =3 L X —G RO I %t
TOMRR E L TKREB L PEFC OFAMEZR~S & &I, AWFFEICEEE§

DEE R £ LD DH T & TAMGED Y & BRI DWW TR L7z,



1. 2 APROER

1. 2.1 KRIRLXEF—DERLBHEMR
IRLX—OHIEE RIS HiREIL

18 Al 1T 5 19 AT 2T THE Z o EERE MV T, ABITAR T
Z BA%E LIEBREEIC A SR WEN IR A FIC ATz, ZAKEE D KT R 7>
BARNTRVF =Rz, F R LF—fmaebleb L. £,
BARER & & bIZm R F—PUTARAM, KT 72 ELHAE LT BHEIC
BLHETANHOEFEIMABREHZ L > THAx TS, RO /L —HE
BIIHECA VR T U7 2L e LEFBEORERE L &b ICE 2 M
L CE Y, IEA : International Energy Agency ([EFE= /L —#R) 12 L4uiX 2040
FOT R —IHE &L 2014 T L3FITHMT 5 L AiAEhTnalll —JF
TANEARO = VX —HE 26 5 ba Bt O Mg &L+ Tidzwy. X 1-1 1
T AL X —E R E L R T, Al KORART A13K 50 4F5r O E T
HY, FARITF 100 FoOMBERETHD. DD, BRI LF—IREGR)
(ZIER Lo, KRR ATRE R IR AR =k — DR, W K A FF OB
o % . HERIEE(L S NEER L TWHIRETEH 5. IPCC: Intergovernmental Panel
on Climate Change ([E#5UEZEEZ B9~ 2 BUMH /S %L ) & 5 EHl# S & (2014)
kD&, BEO VT U AORE, 2100 FOEERIRITEK 4.8C LA T 5B 2
DIz, KA FIHFIEE TH D IRENR AT X T % CO2 ZHEH L7224 Fl e

140

120 8.92 %1012 ¢
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01l Natural gas Coal
Figure 1-1 Minable year of fossil fuell?l,



TRV X—DIERAPREETHD. LD D, WBHIRHROH 5 AR E ST
SRR ZTE R LoD, BBEMICHA IR XL X — D8 ALK L, &K
EICHATRET XX — 2l & LR il et b2 ~BIT T 20 ERH 5.

VTAE, FEFEERFY Tl USC : Ultra Super Critical power plant (# ~ i A E3E) <
IGCC : Integrated coal Gasification Combined Cycle (f1/x 7 ALAE A FE) 72 EHER
EELEDRLARIEAFEMNAE I WD, FEEARET XL — (2B
HEANHEER L TE Y, Siemens |E 2025 4 F TIZEIN OFE LR SIFEEDOFEE = A
NKDFEEIW AR T T 5 EFEL T D, UAE Tik 3 [I/kWh THRET 5 A
Y =T —=PEZRINTEY, ZE2AREIOIERB X OHA T RV F—
DFNJLRPEL TN D, —J5, @R CIIE IR 2 /ML T 5 LB BB
FEICBWTHAMBRORE N TR TH D,

KRFBIIZAER IR RAF =D OAERFRETH Y, EREHERZR 2 WD
Z L TEVIR G B NV L3 <, BT MTIC B W THE R R L F —R T
5. BUE, KEBIZFEIAMRBERC R A 2 KZEKBEIZ L0 AR E N5 73,
WREELARND HAERARETH D, £, b OKEERLINE CCS:
Carbon dioxide Capture and Storage (—-F&{bfrkFE RN - BFRIEIN) ZfHEHED 2
& THIERIRBEAL D EEK TH 5 CO DHEH b EEMICE r & TE S, KFITHAER
RBEZ RN F—bbAEMAETH L. BIBESCKGIHEECHLZE N EHW
H20 7 K FE A AT D B0t 2 F vy H20 720 H7KSE 215 5 £l s ifF gt &
NTWD., ZTRHDZLEnn, KFZZRXVFXT—RETH I L THRPOHEAETRE
TRAX — A EEHMCIEHATE, MERFRARREE~OBITHAHIFCE 2.

KEFEOFREFELEOZ XL —tX 2 VT s OBANG AR THD. X 1-
2 \ZHAEOAKRAHRMRE L 7~ . KRESEIMN, A7 EHECFEHY 27 O
WHIBE D OFHENFRETH Y, BEMICTRNLF —REART 2N TES.
F7o, BAETRZ L= I= RV F—FJRIZZ LWERPEIZ L > THD =
INAF—ERTHY, BERET XL —EBBIICEAT DL E TR F—
HiaRLZREMIC ECTEX RN H D, DL EDZ &0 n, g o= x L
F— & L TKRFOIERZ NS, KRFENR TR F—DHLI el 2 5 "k FE
S"OEBLT H T & TR =1L RS, REAMKE, =¥ —tkF
2 VT 4 BRI TE D,
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Figure 1-2  Distribution of coal in the world[“.,

MEEhOESE

Rk DAKFHEZIZBNT, HEEZED TV LB AFESREIER CTH 5. REVE
ML, KFEELBRIZENFOHHIANT —Z2EBER TRV —ICERT LB THD.
WREEZ L bR NOX R EDREMEZH L2 U — @ i T
b5, BREFEMOFEEITEMEICL > THEINHBL £ 1-1 ([TREFEMOFEIHE
IR

(1) PEFC : Polymer Electrolyte Fuel Cell ([&E {4 & 7y 1@kt &)
PEFC |ZRELEM BB HIC AWV STV A REN B Th 5. BME S EIR &5
FTHY, ZOoHmaE HABET L. EMlMOWNEEIIS/ NS Wiz, EifiEs
RS ETHEEE NI/ S /ML - B EAFRETH 5. EIFIRENIE
IR, EEMEDR R OWODRFHETH 225, IREMENTZ O SOSIEESE< B
AN R NS (AN YAPAL JEp AR



Table 1-1 Comparison of various kinds of fuel

Polymer Alkaline Phqsphorlc Molten Solid Oxide
Electrolyte Fuel Cell Acid Fuel Carbonate Fuel Cell
Fuel Cell Cell Fuel Cell
Hydrogen Hydrogen
Fuel Hydrogen Hydrogen Hydrogen Carbon Carbon
Monoxide Monoxide
lon Exchange Phosphoric .
Electrolyte Membrane KOH Acid Li,CO,4 K,CO4 ZrO,+Y,0,
Operating 20~120C  50~200C  190~220C  600~700°C 1000°C
temperature
Power
generation 33~44 % 70 % 39~46 % 44~66 % 44~72 %
efficiency
Charge H* OH- H* €052~ 0%~
carrier
. CHP,
Main use Automobile, Spaceshi Medium 'I\;Ifd;llr:alzr Portable
Micro CHP P P scale CHP gCHP power
supply

(2) AFC : Alkaline Fuel Cell (7 /v U #REFER)
AFC (X7 R B A= v ¥ MUZHIH SN REER TH Y, PEFC FIERIC
EEIRE DMK, AEMBENAMNETHD. AFC OFEFRITREM N7 7 ¥ —
EHENEOEBNCHIA S 2. ST AN B UIRSE & E ATV TR B
Preiolpst L AKFEEZF AT HLENDHD. AFC 1T a R b, [FHEMER & o RN
o 0 IR T RE Z R 3 DA TN T E LICE S 72 o T

(3) PAFC : Phosphoric Acid Fuel Cell (U »ERIE#AEE )
PAFC (I &N ERNCAE S WIZRBFEM TH 5. T 0 ISR E 2155 729
RRmiE (200C) TEESE 5 & & bICHSMBEAZ AT 5. EHOEWE
EAGHEMED BERT, FibE, 2 B a—H ik EOT LI T MIZOEIAE
I EN TN =y FOT LI T AFEEHBRIINITEM Th » REHE
VAT N E T D ERRFER TR,



(4) MCFC : Molten Carbonate Fuel Cell (¥a 7l R BEYE TR ELE L)
MOFC [ZEIEZE QTN "R LR B A ML T HREZ A LT\ D. &L TH
BT 2728, I fts: (= 71) 2 HWTh 5372 BOSHE E 2 15
ZEMTE D NG ESREHEDTICA X o RART A BEHEFATED A
v " RHD.

(5) SOFC : Solid Oxide Fuel Cell (& {&E{L LB
SOFC & MOFC & FIRIZHEIE CEMET 2728, iR Z Al 72 i 2 VT b
TR RIS HEEGD LN TE D, £, SMBRERRE DO TICRART 2%
BEEFAHATES. I TSOFCICAWHENDET I v 7 I3V AEEL <, g
TAMRELSRDOREDD 5.

1. 2. 2 BEHFREFEAHEBEHLROBE
ShiERE

BB HH Z2 @R THW S Lo EFEI N b LY &, B X ONEEN M
DRSNS PEFC N ETH L. PEFC DIFENFEHLZ K L 7oz X 1-3 (2777
PEFC %, 7KFE (KL Ll (WA &7/ — 8 (BREMR), 7Y — R (BF
) IcEnEG L, TROEKGSEDH & THETSH. F AL GDL : Gas
Diffusion Layer (% A ¥L#JE) 3 KON MPL : Micro Porous Layer (f#1Z FLE &)
Zouis L C, CL : CatalystLayer (i) (cfiitssns. 7/ — Nicftka sz
KFIZCLIZBWTH (LI RT L7 m b EEFICERT 2.

H, - 2H" + 2~ (1-1)

7’1 k1% PEM : Polymer Electrolyte Membrane (5757 15) %> THh Y — K~
ERBEL, BTIIANBEIKAZESTh Y — RIZBET 5. PEMNO T 1 bk ARE
13K & < Grotthus #4#% & Vehicle #8127 17 5415, Grotthus #§## (X HO* D H*
DT 28725 HO ~BEI L7 a F U MzET 28 TH Y, Vehicle HfE I
HsO' A A > DILHIZ L2 7' v AR ETH D, TD7®, 7 b AREIZIE H0
INARAIRTH Y, PEM 312K &2 & AT RWE 7' b OfREE T L,
FEMRITE TS, AV —RTIE, 7/ —FRXOBEBHL X7 r b bET



23, Y — R K VS S el & CLINTRIG L H2O 3R S 5.
~0, + 2H* + 2e™ > Hy0 (1-2)

A (1-1) & (1-2)0F 7 XD H B = R/ X —Z1/EAG [kI/mol[iZF84 7%
BRTANLET—NELND. N (1-2) TER SN KNEMNERICHE T2 L@
FOPHOLE S NEMMEEOIK T2 b7 6.

MPL CL PEM CL MPL

Figure 1-3 Schematic on operating principle of PEFC.

PDELBEE

PEFC OEGRZIRIZIKDO L HICEH TE 5. KNI HGT 5 E 5% n, REVE
MoOEES) E[VIET 2 EFXFT7 XDHBTRLF—ZE(AG [kI/mol]iL=(1-3)7° 5
Bons.

AG = —nFE (1-3)
ZIZT, FICImolliZ7 7 77— ThHD. BGhRy[NIIRE (o Z e —2
{LAH [kg/mol]) Ik L TOEFETHLDOT, X (1-3) LK 1-HREMND.

_ 46 _ . _TAS 1-4

T AH AH (1-4)
25 °C, 1 atm OFEAERAEIZIB VT, AG 1X-237 kd/mol, AH [%-286 kd/mol (HHV) T
HDHZ EMND, PEFC OHGGEE L 123V, FHimIRIL83UERHLHZ EMNT



x5, oL, EBIC

HE LK 2D,

MIAOWELEND Y,

B2 B CE U BRI & o TE B D B IR
X 1-4 12 1 -V #iER OB 277§, PEFC T, LIFD 3
BEEZBETSELERLRD.

Hy(9) + 1/, 0,(9)

AH = —286 [k] /mol]

(1) fEME i

(2) HHLEEE

(3) e Bt

Activation
overvoltage

Resistance
overvoltage

Concentration
overvoltage

v __

>

Current density (A/cm?)

Figure 1-4 Polarization curve of PEFC.

BME I COBRXILFEINITEBNT, k%@%f%ﬁﬁ%%
T HTeDITEEBIIO—EHEZHNDZ & TAL D

A AU EO T 1 b ARG EAR R & AT L D Eafu?ﬁﬁ

CERT D, A—2OEANCHE ) 7oA — LB E bIFTINDS.

D MR N T 2 EXULFERISICB W T, )ISWE TH 5K

FEMREORBICIVAELDBEE. ERUKDNEYICRES
T, OSWE NEMF I oIt S enwz ETET
5.



1. 2. 3 BEARESFRBHEROHER
ok 55 B 2B A S

PEFC 1%, M 1-51ZR"T K IICPEM 2l & LIcHEEMEE L 2> TV 5. PEM
OMMANZIL CL @B SN TERY, PEM & CL #AbHE7=H D% CCM : Catalyst
Coated Membrane (filifitfE&Amf) & IMEXID. PEM X7/ — R CEBEL =71
Nzl — B s 2 &%E2F>. 72, MEEELFF>Z &L TE O
Z B <UED, BOSH ARG L CEZEMGT 2 2 & 20 <&H b £, PEM 13+
IZ PFSA : Perfluoro SulfonicAcid (S—7mal—R> A7 4 HE) BEBAHWV D
AL CH Y du Pont #1:> Nafion ZMREMTH 5. PFSA ITHAKMED A VKR U Eaf
LTEY, BEPBKEOYE IS ZREAREEZA L TWnD

CL X, A@HEFS Nl —R BT L&y FEMEORGY TR S
SZAEBT, CLINTIET 78 A L— N@EN TEME B b — Ry DRk
RN L THFEL TN D

Separator PEM GDL

v

MPL CL
Figure 1-5 Configuration of PEFC.

HARVEEE L WS AL EE

GDL /X CCM DAMINZALE LTV 5. GDL XA A (OKkFE L RFE) &Lk S
HCLIZH— I 27200 TH Y, CL & GDL OAMINIALET 581
— X DOELZFEE DS TWD. Fiz, FETHEUTKZEIITHAK S D%
BELOFERE > T 5. GDL IZIZ I — R R_R= =N 55, —R

-10-



—R—TEFZFHK T T 1200~130CoO#HIPH TR Y 77 Va= KU LRI <v—
EINEAUIRFAL LT DN D IRBEMHE CHER S TR Y, SlETEAGHI TG
LTW5., — I —R o _X— =3k &2 W &5 7D ICBUKMED
PTFE : Polytetrafluoroethylene (KU 7 K7 7 A vnxFLy) Ta—T7 47X
NTW5. CCM &#:7 % GDL @ FTiICIEL, MPL A8 SN TW5S. MPL O
BHZIX, EITH—AR /7 & — L PTFE : Polytetrafluoroethylene (A8Y 7 k7 71
FuozFLry) PAVLINTEY, GDL L0 b2 ilEE a2kl T\ d.
MPL (21, HERMEREDIA L, CCM DR, REMRHTOAKRIR EDRR1H 5 Z
ENRHESINTND.

1-6 {Z GDL 3 L O MPL @ SEM : Scanning Electron Microscope (=& E ¥
BAMEE) I X D REBIEE B A RT.  GDL IXRFEMAHENRE L2 A LT
B0 2B 80%HIT:, B X 200 pm FEE N — R TH 5. KEEATEIC X
DEHHIE LS GDL OFFLEEIE 10um FREE TH 5 73, 1-6 @ Hbonrd Lo
100 um 2 DML L IFET S, —J5, MPLIZXK 1-6 (b)/ 5 o025 L 912 GDL
WZHEA_RFEFIT/N S 7222 FLC MPL MRS N TR Y AT lum BETH 5. F
7z, MPL RENZIIEED 7 T v 7 DIFE SR TE 5. Hizir 1%, #E 60 um~100
um OE K227~ 7 25 MPL £ D 3.4 BiEEICRHANZ M L TRBY, 7Ty
7 ORSIIIRRKTMPLIEE LRIFEDRES TH D EHE L TWHIL

(a) E;DL .. . ' (b

Figure 1-6 SEM images of the GDL and MPL surfaces (SIGRACET®GDL 24BC)!1.
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1. 2. 4 BMHEEHWEHEOREERICHT-RE

PEFC Z#5# L 7B EM H B 0% K IZITA = v b a X M 2R 5 2
ERRAIRTHD. REEMBETIE "MIRAI" (~ 3 ¥ BEIHE) OfEA, Hjfig
3K 720 T TH-T, FZ 7 AOBBEIZENEFHTH D, Zfii)E 2 A
WTWAHEENERO—>THDH. X 1-7 1% EIEmAESFICBIT I AX v 7 2
A N OBURONFR AT LR D A ZZ R LT BB BIfEORA X » 7 2 2 |
13K 60 THTH Y, D S3%NEMMUBLIZHKT 53X FTHD. 2008 FDE
SEAF R B IE A BT = R L X — - FEEETR A B RE(NEDO) D A 12 K AL,
FCV1 B LE 72 A4 ilL 80 kW O/NUEH 7 5 2T 329, 150kW OHRIE 7 Z X
T60g, 250kW O KHE Y T 2T 1609 HETH D & Fb T 50 2015 £
AR IX 1 g 472D 4000 17525 5000 MARE CTHERS LT 2102 L, il
B ZATIIAETZ T T30 THHOa A MBRRAET S, L, BERAIZIZA
By I BEOAARDINETIKFTLERAETNTND. ZhiE, EHAMICfE
= 2 MK O 72 O OHEANBHFE D ED DAL, AF¥ v 712D D a X FOFEIEHF
KRELFLTDETFHENRTNDZDOTHS. —FTGDL oL —F%2h
HOE7ZaX MNIBEICBWTAY v 7 2RO a X FD 23%% HHTH Y, FFRAY
I21% 38% % 5 b L PRINTWS. D78, PEFC O =2 A k& —Et LK

5%
4% 2

FEEEE]

B EmERER

O M0 R - ko E R
O R s E
HRREHER

O AT LENER

"!RI'LZIRI: 50% ;io’;:riwj
12% 1
Ot —%
A
o
‘ W A rubs TR T L
o DRSS SF 4y
1‘9‘92:1"‘ 18%
)
#605H -y #2550 (b) AHuaR
B R2A BT EEHICLHFERA

Figure 1-6  Cost breakdown of the PEFC system and stack[®l.



HIZIX PEFC O W EZm EL, /WM T 5 2 & THM O 2 2 N 2| 2 4%
HRG D,

PEFC DB EZ M LT 5 DICEBERONMT 7 v 7 4 7 Toh 5. PEFC
TIX PEM, CL N7 1 b M8 2w < MR T 2 1 OIKB AR R THD. —
Ji CEWEEZ BT S BEER AT o T H A, ZEOKMDAER LEMNESIZ
W95 2 & CRIGH AL ERET 5. k@bfﬁ@éﬁﬁmﬁétéwy
— FMUICIHEATH Y, ZEOKNELXDILRZLET 5 2 & ClREREE
INUEAERNTIIIEEAZILICED. T T T T 4 T EMEEIN DB THS.
DT NG, MIEEAEINSES72DITIE PEM, CL WIZi#EE) 72 K55 % HEFr
LoD, @RI EEMEK 2 BHIAMI B RIIHIRTE D, M7 7 v T 1 v 7 VEDE
W PEFC IS T D MENH L. TFE, XTI U T T 7 40— EDwAL
TR X0 & H 8 FEERR N CTld GDL NERICEEME KA LT\ D Z & 3R
SNTEY, 777 47 LORREFEBMOIN TS, LarL, GDL Ok
M B, REFEHTETOWRWHETHD. £ 2 TR CIIEFRMEZMm LT 5
GDL #&1& & 1t L PEFC O & )% BEAb oD FEBLIZHL D fH e,

1. 3 ERTHROERESROMRRE

AHEITIX, GDL WHEORKHEEICBIT 2 EATHFFRIC DWW THEIT L, HEK M % M)
3% GDL #2589 5 ECoMEAE Mt 5.

GDL (2317 DK ZEE 2~ 5 i b e 7151, F v 2L Mlln 5 GDL Eifi
DKRGAAEBRT 5 FETH S, Lu BT ex-situ T GDL Fifi LD KD ZFE % 8]
221, GDL Rim#I=Eaitk O BME LN 2T~/ Lister 5% GDL OJEH 7 5
WHOFEEEL/RKEEANL, GDL E@» 6 30um £ TOKSAEBIET 5 Tik
ARE LM 2 b o3EEIE, GDL £m BIZKMBBIIS & GDL NE DK% 5|
X EF, GDL & F ¥ xRV OREEN /2 HEDY, PEFC OH/KICEEL RITT & %
AL TRHOBERTIEIL, GDL WNOKEE~O R 2 %W 1= N BL R FE X
GDL RFEITFFIZIR STz, GDL WD KZEBOBIEIZIZ X T VAT T 7
4 —PNHWBNTEZ. Manke 51% GDL 2>5 T v R/ ~DHRKPEAK DSEFE T

-13-



10mHz BRETH 5 Z L 2Rk L= Deevanhxay &I3iR/K23 32 MPL 7 Z » 7
ML GDL [ZHiiksnb Z 2 nm LM X\T o4 7T 7 ¢ — 3R - 22/
SIREE L HITEAL TV DS 2 IROTBIRIZR B D . GDL WD 3 IRIT/K AT % fiF
HT 572018, XHINEZ T 7 4 —BHWOLILS. Flickiger 53 ex-situ THE722 %
PTFE = —7 ¢ v 7 % il L 7= GDL DK 534 ZFi~7=1 Eller 5132 < DL L
T2 A GDL WICTFET 2 Z & 2R L7208 X hE 27T 7 ¢ —1d GDL ®K
DA EBET DOIZAEATHL N, KESMENRRONATNDZD, GDL DR
KO ZEIZBIEET 22 L IFRETHS. YL ED X 512 GDL WEDKZEE) %
3 WILHIIZ BAF 7022 « R0 fREECH - CTHIEI T 2 Z LIFdERICHEECH v,
GDL WD /kifigink 7 il 3 D HESRIEIC O OWTIEIAHAEREZ L 5. £12, K
%8 % fei b L W BEKME 2 479 25 GDL #1E 2 Mt 2 113 £ B GDL % 1Ek
THENDS.

FD1=, BAEMENTEZ HWT GDL O EE 47 e —F NG T
bHbHELEZHZ 5. GDLIZIIT DK DOEIEFFME A MREET D BT FiE & LT,
GDL % K/PBkx 2o fLas gl 2 o — b CHift S 7ok & L CET M bT 5
RT7 Xy NO—=7 T NLEAWVEEEY I 2L—a rnAnsn a0 -
DETNEHNDZ & T, GDLIZBITHKOZWMEZGELI LN TEDLN LU L
R0 Liter HIC Ko T S NIZBIRNET 2 fifT 32 Z L IZRETH 5. Fo, FEE
O GDLEZZDOEEMMT L2 &b TERV.

T4, LBM (X GDL @ X 9 72 HE72 &2 35\ T b filf LIS Bhi 72 K 258 2 fif AT
TEL7OERSNTWD. PEFC OBFE TIXLE LICFHREZ1T O 12 2 FHZ 5%
BE (plpe=1) ELTHED LBMETANEHEINDZ B3 HDH. 22 Tolt
RIKBETHY, pelIKABETHS. Mukherjee HIZIHAES OB & 72
I RFEENZOWNTHRE LTV D8L Hao 13— A% —7eiEn %2 H 5 5 GDL
TOWKDKZEE 2R L TWHL Zn 605, oy I ab—ya vk
TIENEETH D GDL T DK OB EY 2R L=, 2 M2 S5 L LTl
IRBIZOWTITER SN TV RV, S5, FHREESTNSSRESh, KK
DE)E DRFFFEIR 215 5 T2 DI BERFITRAM B K E W2, GDL DR S 2Kk %
AN—=F 5 LILTERD o, 2 HESFEL LT FRITEEZEETH
. LBMIZEBWTIHEAK EZERD 2 FHD X 51T K& 258 LS (pu pe>100)
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TIXEEAR L EMED 44 520, Mukherjee 57238 ~TW\ 5 X 91284 1113 GDL
T O K L Theb i<, HMED X O B EICEET 5 DITEME N LD 55
V. EOT, 2 IR UEEEZRWD Z ENRHEK D AREMIEH D03, BEOE
WA TN E I DERIET DL ERDS.

I, LBM 7 LT Y ZLDOHRIZEY, @mEBEREZHAWY I 2L —3 g U
T TWo. ARBET V—T OSATHIE TIXmE E L 2 A3 2 FE L Ao
2 X7t LBM 2B T DK DEBRGFEZLET HOORRHIEEZRRL, £
Bt/ —F%H\T GDL OKRZEHAZ I 2 L— R~ LB DI, &EE%
B4 5 IEEM AR OT T /L% LDR-LBM : Large Density Ratio — Lattice Boltzmann
Method & FESS.  Moriyama & 1% 3 %ot LDR-LBM 2212 ¢, U 78 XN GDL
DIENME DB LTI ~T\5. LDR-LBM TIiZE, Projection iEPN X - TH AL
DR E SNZHRT D2 EEAARNLEMEOREDFER L TW5. LDR-LBM LK &
ZERDEBEDEE AT Z LN TE 5728, GDLICBIT HARE#EZ VI 2 L
—a T AHDORLEFEERLBMET L EEZ LS. LavL, Projection %
TIEART Y v R EML DTN N5, 2 FE2%EE L LTH S LBM
LU BEEAMAKRE .

LLED X 512 LBM & HW 7o Kl T 13 i 72 GDL & 2 5T 212 dh 7
WHHZRY =N Th D NEHEAR OIS REE U CHFET 5. £72, GDL N
DIKEERATIZF6 1T 2 R R RFE S K L T\ D, D72, LBMIZHIT 55
AR AR DN PIE AT 5 & & bIT, FRNTHE R & FEBR I LR GE
D PEOBENRAIRTHS.

-15-



1. 4 XPROENEEEOHE

KBTS REFNAX =D LARATRETH Y, 7RIS HARED X
NFXF—LEET L L TH0O CO DPHE LIZAKRTRETH D720, FERALE
RIFNF—RTHDLH. ZO%E, KELZENRIZFIHATEEZ PEFC : Polymer
Electrolyte Fuel Cell ([E{A& &4y FBREIER) 1%, KFLZZFXLX—JHE T HKFE
R ICBWTHLIETO—>THSH. LrL, KIEELDOTZDIZIE, 2 A D
HISCHE LT 0 OFERIIOE R LM EBNBETH L. Db D—20D);
KELT, BLVHNOKGERENOM ENFET LD, BERICREIEYD & L TE
% &4 5 k1%, PEM : Polymer Electrolyte Membrane (45 &) D7 1 b o AxEM:
EHERF T D720 H HRREBEMANICE O D LENH 503, BRI K O M XA
HAD R ~DlEZHE L CHREIR TEZ2HR 77 vy T 0 VI BAEL L0,
FEMEDO R BT EANICHREFT 2ABKEZEYICERT 5 Z kO b
5.

PEFC D& ER# T3 5 GDL : Gas Diffusion Layer (47 AHEHE) 1 X0 A (K
F L) ZYLEL S CL : Catalyst Layer (i) (23— 2489 5 7= D DOERES
THY, CL & GDL DIMININLET HE NN L —F OBEBXFEE H-TWDH. F
7=, FEECTAUTKEDROICHK SEDHEREL IR > TWD. L~L, GDL
M T AR — VOGS CTh 5728, Kk a2 R 25 K O R E 1R %
DTG, KypEHERDOM EIX, HEArdHo oFERIOM EE, B
DRI LD A% v 7 a2 s OHIE A FTEEICT 5 72, GDL D /Kiigik i o it B
IX, PEFC AR IZANT BB OBETHS. L, X BoPEr2Hvniz
AL TIEICIZZ < OREEE & 672 9 725, GDL O /K ligi DA o i B 5 L OV
EERECT DHESREICIIARAH AN S HD. F D=, LBM : Lattice
Boltzmann Method (& 1-7h/L>Y < ) IR I N D BMEMIT N HELETH D13,
AHRAM OB & U CFEET D, 72, GDL WEO KSR ICE T 5 E
BRIV RRAE S KIEL TV 5.

ZOMBEIZR L, AL TIEZEREKOEELZ 5 2 2 HEEL LBM & 2 FHO
BEREZIR U A AV 2 55 LBM A bl U7z B¢ GDL PR B e AT | 255 &
LBM 8 M L, 44k L oot RAM DA K -7, £z, FHEAN

13

R¥

Tl
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B/ MET DY RIRASRIFIZ O T B G L, ERTIIE LT TF vy L2
/72 GDL KEEFENTICE D FHA TS, X HIZ GDL 28 EE DA — /L TR L
T2YER A — VBT V% VT GDL WAKZEEIOFERL i 2 8155 5 326k Tk
ST L, AT & FEBRO M A & h =R A 7e ik & 32817 5 GDL A& IE DOET L7,

U ED XS 72 BERBLOHMN ORI E D X 5 72k e Lz, F1ET
X, EAERZAME T 5 = 0oL X — ke, HIERBREEEIC T 2R o—o2 &L LT,
PEFC OF MM Z D & & 612, AUFFEAE L TH DAL/ ROME 2k~ 7z,
%72, PEFC Z X U & LB EMOMEL, PEFC 2SAK I &3 2% 72 D,
ARHFIEICREH T 256987 E 2 L DD 2 L TAFEDMNE ST Z2H LT L
7. B2ETIX, AWML THWIEAKEEKO X IITEEENRKENGEZT K
Z.% LDR-LBM : Large Density Ratio - Lattice Boltzmann Method (/5% £t LBM)
BLO2HOEEEZ%E L VMEE LT 9 SD-LBM: Same Density - Lattice Boltzmann
Method (%% % LBM) OB S\ Tik~7=. £72, LBM % T GDL DK
BRREARAT 24T 2 7212, R TR LB nEE T A B L OHMAREROFHE T
EOFEMIZONWTIRA T2, 5 3BT, RS TR LI EE 5257200
B LWEHEL R 30— D2 I 1T 5 % Y P & Wi EE il A d K OVB RO Al A 7> D RRGE L
7=. ¥£72, LDR-LBM & SD-LBM ZIt# L, SD-LBM IZ KL% GDL PNZK#i ik fEdT
INZUMETH D Z & 2 L SD-LBM OFEHIC & A3 RAR O EZ K -~ 72,
4 T TlX GDL WHEBONTER DI & B 5 (BT 5 T2 O AR FE TR L7- GDL N
KEEOME R HNZBET 2ERRTFIETH DA — VBT VERIZON T
i L7z, 55 ECIGHEAME KT 5720 D2 Y ASRIFIC O TG D e
EHIZ, BKMER LUK GDL 2RI 5K ZBE OFHEIZ DWW TR L7-. 56 T
X7 7 v T 4 v TR FFO A L — X72KliE % FBLT 5 GDL #4532
T 52 L& HBICHRNMED H DML 2 A3 5 GDL OKiEE LBM & A7
—VETIOVERIZ L o THRETL, 7Kgz EBL9 5 GDL &2 >V TR
L7, BB7TETIEHMmE LT, AFEZEL THRLNTZRERBIONELZE F &
Wiz,
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F28 BFRILYTUEOBRE

2. 1 [FLHIC

A, X BoHE1 %2 AWz PEFC WESO KO IHAE FIES &AL ST
L0, FHUNOHELNALERITIESNTEY, AIGUELFIEOA THRE DA T E T
B2 LIIWETH L. £z, BASCRROMBEND, k2 RREHST A —4
DIESE 72 EBRPNIRKRGET D2 Z EbEE LW, ZD70, T e —FI2 XK
Ms A = XL LRI L, K 223837 A — 2 ORREZ ity 2 2 & k5
EDOIZVETHSH. LBM : Lattice Boltzmann Method (81 7R/LY <~ i) |
TR 2 A TR DR 2 b DIARRL T DR AR L 72 U, (AR DOE 2 L Wtz
IRTHEAF RNy < FRAZZRRHET L LICk- T, #Ho L IEEHMEIT
K@ Navier-Stokes FRN A M T FIETHDH. LBM (ZOT /LT YU X L@ B
S QEMRBERIRTOBHANED L WHFLERD S, U EORM S, LBM
I3 GDL @ X 5 MR TR 2 AT D iAEMATIE L7 FIETH L. AET
IIAMFZE CHWE 2 HOBEEZHEE (pUps =1) & LTHWT /LT Y LR
> 772 SD-LBM &K & ZER DRI m B L (ppe >100) 72 2 tHAZ 4 2 5 LDR-
LBMIZOWTHELHT 5. Z 2 CTpu T DEE, pe IZXHOEETH 5.

2.2 ETIIHE

2.2.1 FEEHMEIEFERE LBM (SD-LBM)
AHFZECHV = SD-LBM : Same Density - Lattice Boltzmann Method (45:% £ LBM)

RNz SNWTIHARD . RET /N TITERITTELZMHH L, MR TTEEIIRTFZE do,
FEHEEEFE po, RERE I L, RFBLFHE c BIORERM A7 —/Lto = LU I X
TEEIND. ZZTUIIRERMETHD. AL TITER ICOEHELZ" TF
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T, ARET LTI 2-1 1R 3%t 16 HEET /L (3DI5V EF L) ZHW 5.

Figure 2-1 Vectors of particles in 3D15V model.

BT o TV OBE XX 2-1 (T Rk Sz 15 [HO~X7 hv (i =
1, 2, ..., 15) OARESICI->TEEINS

Cix Cox C3x Cax Csx Cgx Cyx Cgx Cox Ciox Ciix Ci2x Ci3x Ciax Cisx
Ciy Cay €3y C4y Csy Cey C7y Cgy Coy Cioy Ci1y Ci2y €13y Ciray Cisy| =
Ciz €2z C3z Caz Csz Cez C7z Cgz Coz Cioz Ci1z Ci12z C13z Ci4z  Cisz

o010 0 -1 0 0 1 11 1 -1 1 -1 41
0o 0100 10 1 1 -1 1 1 -1 1 -1 (2-1)
oo o010 0 -1 111 -1 -1 -1 11

KEFNTIE 2 IR Z D 120 2 SOR FRESMBERS, 2205, TR
A, AR X ORE 2R ET H2HRFEROHEICHEH SN, ZITAEE D
BICHWOND. RAT v P TOEKEA ORI HESHEABIIUU T ORI L » T

TIN5
fL(R+ 6L E+AD) = FLRD - (& D) - FR )], (2-2)
Ty
6, (%+ 64T+ AD) = 6,(% D) - 16, (R.D - 6 (D). (2-3)
T
g
ZZT
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5\6 Cix
Ciz

feo b GEUIRATEMAMBEETH Y, o & 1 TEMFHFEITH S, ATIZZ A L2
A lFAf =A% THZOLND. 22T, MiIFKTFSOMBETHY

T T THY,
AR =AY = A2 TH B . BFZHELG 4 & O 0 10k T-¥08E 53 A B, 2 &
5
~ 15 ~
p=2.%. (2-4)
~ 15 ~
(=266 (2-5)

i=1
A G G, <p<d DR FITRE L HESI, 54 b L Fd<g DHBA, *
NZENSAM L EHEShD. K (2-2), (2-3) FORFTEHAmBEE fok X

QI TFORTEZBND ¢

= Hi&"—Fi[ﬁO f¢ A¢ [ ¢J ]+3E¢Cla « + Eikq aﬂ(¢)cla ig (2-6)

K 6| oK,
~ e 3.~ 9. 4 ou, ad
T =E|3p+3¢ U, -=0,0,+=CC, 0.0, + AAR —2Z @ |8 &
. [p g e g e ox, | ox, [

+Eix G ﬂ(¢)cla 5 (2-7)

H,=1H,=H,=--=H; =0
7 .

F=——F 3Ei(| 15)
3

6ia=£'ir

i, =1,
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909 0p 309 34
288, &, 20% K 7

BB, aBIO By I IT IV NEEER LGENE LD (ITHENZ L& D720V, &
TREOMWIZKT2ETAVERTHY, PIXHRAETEATHD. A ITREICEET
HDETNVERTHD. g IRERNZRET 2ETVELTHY, 5,137 7 Fy
=T NEThD. 1IRE L2 KOs OfFEEIT Appendix A 12529, = (2-6)
FONRT A= PN FTTHEZLND :

a/)’ (¢) -

= b¢ a¢ (2-8)

I TaBIOb, TITHRFEE $ DRKIE L B/IMEZRET DT A—FTHDH
23, WHEEHSEBLOREE L, JEHDIFLUTFoORICE-THLND

AN 2

. ~(04) .z

= — | d¢&, 2-9

KQLO(%J ¢ (2:9)
~ 1 1 2 -
i :5(19 —E—EAJAX : (2-10)
. 1&

==%§.. 2-11
p=32.0 (2-11)

ZZCEIIREICEEREETH .

2.2.2 JEE#MEMERZEL LBM (LDR-LBM)

LBM {ZBWT 2 HOEEL RN &< 725 &, BRI L O A& il 72
X/ LT, HENRZENRT D, Inamuro 513 Z OFEE % Projection 5D
1 &0 R U720l ARIE T Inamuro B OE T /WITIEIEA ST X 72 LDR-LBM :
Large Density Ratio - Lattice Boltzmann Method (&% £ Lt LBM) IZ- DWW TR 3 5.

LDR-LBM (I SD-LBM & [k 3 ¥kt 15 @ EZE 7 /L (3D15V E7 /L) TH Y,

FRF 3 g 12 BT B fRiE D SD-LBM LAEETH 5H. — 5 THIEDEH 5 kI3 R 72
0, R AT B g A D TP IER E A BFL Y L, Poisson 7 RRRC A& A Tl
PEE T T HEOEE~HET H. IRAT v 7 TOEME T ORL- L 547 BIET L
ToRIZL->TREIND :
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(2-12)

ol i
T B 7 R L | RV (2-13)
p| X, X, OX,

pINEIETH D
Hans
~ 15 ~
=) f (2-14)
i=1
. 15
0 = 6i g| (2-15)

2
. A ~0% ki[O - -
fi ‘ = HI¢+FI{pO Kf¢ a'\?_?f(a%j }+3Elﬁslaaa + EinGaﬁ(¢)éiaCI,B’ (2-16)
o “on 3 9. 4 .. 3 1) .[@od ol . .
M=E|143C 0 ——00 +—C C.00,+2] 7 ——|AX| —L + == |8 &
g| ||: iaa 2 a“a 2 ia”if a ﬂ+2(fg 2) a)za +a)2ﬂ ia™ip
N2
A~ A K
+E Gaﬁ(p)cmcw—%ﬁfq(;f j : (2-17)
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F:—Z,F 3E, (i 15)
3
6icz:eu
i, =1,
P - 9a¢ o¢ 3a¢a¢
Cop 2 0%, 0%, 20X, R, b’

90p dp 30p 0p
G,(p) =Ly
20X, OX, 20X, OX,

X (2-16) FDONRTA—=F pIILLFTHEZ LD -

T __a 2-18
=¢ Yy ¢ (2-18)
BEPpBLOREEN &, HEAUTFTORICE>THS
i P b< e,
p=17—2(pL~ Ps)+ Do, $o <P <4y, (2-19)
¢L_¢G R ¢>¢
PL BRA
e P<ds.
== (/&L_:&G)_'_/&G’ P <P<P., (2-20)
¢L_¢G R ¢>¢
His IR
&=x r’ P zdé. (2-21)
9J aé;
ZIT, P\ TKMEE, pUXIEE, A 1XEARE TH Y o KRR E T

%. K (2-15) TR 1= T E 0 %/k_E“C%IEL Hige 2w e T 2 EOHEE G %
EHHT 5

=i -2 YPae, (2-22)
% P

ZZT, ShiZA he—r L Th Y, RFEE EREBRFHI D Sh=Ulc TH
Ena.  EXTHWAES P IR D Poisson HERN LR S -
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o, At
K(2-23) DFRIEN 1T 2 7 FIEN B 553, AWFFTIE SOR ik : Successive Over-
Relaxation %% J@ i35 (GEMIX AppendixB #&[R). KETL1OT7 LT Y X L%
WICEEDD.

V. (ij shY 0 (2-23)

Step 1. X (2-12) &KX (2-13) Z#AHWT f, §xEMT S

Step2. X (2-4) X (2-5) ZAWT T, GLBRFEMIBLOTHEEI %
HHT 5.

Step 3. SOR L& VT (2-23) ZfRx/E ) p #8325, KEIX
Zelimi 729 TR D R

Step4. X (2-22) ZHWCEDEE (AEHT 5.

Step5. ¥ A LAT v T HEED Step. 1 IR D.

n+l

2.3 EEESR

2.3.1 Half-way bounce-back
LBM O3~ i UBERIBE RS2 52 5 FiE L L CITOBER RICERE L7k 1
IZ0=0 DFRMEZRL, RPrEE oM o, §o &M< FiE @ f 5 L Vg, 238
(ZTE52 9 5 & A L C & =7 m~BkiaiK 3 bounce-back 73 &% 523 AHF5ETI
bounce-back ®—F& T & % half-way bounce-back % FH\>7=. half-way bounce-back /%
4 2-2 1R T K DI, BEMITHE T L FORITFEL, BEmICHEZRE L § B LT

o Lattice

—»j?forég \
| o

\ \l f/ \ S

. © °
\V all

Figure 2-2  Behaviors of distribution functions by half-way bounce-back.
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0, IZTC DI ~BkIUR T TIETH Y, ST Pl 046 B & fif < LR 7R W T O H
ﬂﬁ?»:)xA?%&ﬂm?%é.

2.3.2 REQDER

— XA 72 LBM ITREEE TS U CREFNIE 1o 20T 2 MER & 573, FEFIKFH]
MWIAR U TFTORETITHENRRLE L 2D 2 ENMLN TRV FiHTX D45
FEVTEAEEM ORIRZ =5, LavL, AFZETHWD LBM E7 /1133 (2-10),
K (2-20)0 LB I, FEIZISCT 1g ZRET 2020 0 <, MEIRVHEEE 2 #
ITEODLRDVIRIITND., —F TUEROE T IV TIINLE IR Do To AL D
fRIEINS LB E 70 5. L0 DT, BEIZBREEET 28 CREAE St & ROl U 7o sl B 20 B
DFFEIVLEET 5 A half-way bounce-back Tl 2-3 12348912, BERNITE A & K&
T OMNAFAET 272, BFICG=0D&MHFE2 52D LITTE RV, 22T, K

BRI TS T IO A COMEES 0 LU, BRI O/ 71251 5 $E 8% %o
BRIZKRD T

Al 1 15

o ) G ll®+ 602/2) (2-24)
ZZ7T

0 when lattice at X + ¢;AX is wall,
u(x + ¢;Ax/2) = { u(x + ¢;Ax) + u(x)
2
*@2@i%%ﬁ®$5®ﬁf%%wtiﬁu# 7 (Appendix A) T 2. ¥ RlD
HRNEEE Cho7o e, TROEZ0=0 & LTEHERX, KFROTREPRZEMTH

otﬁa,2%%%@$w@%¢ﬁ@@kbfmw1w

when lattice at X + ¢;AX is space.
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i /ﬁ
\ I / @ Lattices in the wall

— o © Lattices in the space
J,\n © Intermediate points between lattices
9 — S )
¢ '\ Wall

Figure 2-3  Arrangement of lattices nearby wall.

2.3.3 ®hiEETIL

PEFC WHE DK Z I B W TIRANEITIEFRF ICEE TH SH. MPL X GDL (Z134k
KMEZER ETH0OBKEDOa—T 0 BRI ILTWD. 2, KBHTATF %
INEES T T X T EBIET DO T AT v FVOFENITBIKE T L0
— N THDH. EiRD LBM BT VIRV Z R OMEEZH L TWnizd, 2
B DET VA PEFC NEROKZEERATICE T3 2 IS EIcET 2 77
VEBINT B UNENS D . BRFER G % A5 2 M1 LBM TIX gD Lk v #
HHBHTRAX =% 525720, ¢ORAREZERERCE 2252 L TaVEE R
HTx5., EhFEL LT OBmEICEEREZ MO 4 AR Z wetting potential &
MHEN D EFTIVERTEH 25 Briant 5O FERT | QEUABENII O ICET v
TR G, &5 2 AR E IR Seta HOFENH 528 Briant & DO FETIE Niu 52
AT 91T GDL OREZREMERTEIR 2 B0 4 5 ([CIXBERNI DO RRF A g %
wetting potential 2> 5 iR 92 MENRH D Z D720, KA B BENIE - ITERFF
¥ a5 2% Seta b OTT VO WHEMART /L TY XL THEETE S LT
x5, FIZT, KBFZETIL Seta b D FiEzE _X— R TV,

Seta H DO FIEIIKAHICHET D BEmICIRE N A UL MERH 5. K 2-4 126 H%
BECHHA TSR OWNE A 225 Cili72 L, BEIC §, =0.00 % 5 2 7= W D iR Mt e % 12 9.
[ 2-3(a) I3 FHTHEIE 2R LT 5. 6 T A BETH 7, NEIDZERM 2225 & i E L
TWb., AT LT 570K 2-4@)TiE 3 BEmEZBHE LTS, X 2-4(b)i2X
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2-4(Q) 2R LB T ¢ DI 2773, IS0 T g 1T 22 BRI — 12 7%
ELTUWAD 0.13ms % TITBEEITEEIC g N EP L, Tl T ¢ OB HIHE X v
KEWHLTNWDZER’bind. BEEITFEETO J1E ¢ > ds (d =0.015) Th b K
TR ESRER LIS LTV 5. ZAUTESRE L0 g, AR LD b0 EE XD
N5, EREENENC g, 2 EAT 2 L EKREIC)ARN G2 b5, & (2-6) F
LU (2-16) ([T JDOWANEENT D720, KT OBEEITEICHIT 5 f oz
;AL L, FERELTHENEHRSINTZEDEZEZHNS. K LBM [T x/L
X—2ZBE LRVWERTT L THL0, BRI T 252 23R ICB W CEEE

KRR E DR SN D Z EIIIEMENTH Y HE FIEONENLETHD.
RAVPEIFR TR T Young O L Y EIHRA 3 FHER I A [E &5 i 0 S if
WS 05g, EHERE O R E N oy, KR E DT E )0, DT AL THRES,
Oy — Oy

cos @ = —3
O

(2-25)

gl
ZIT 0 135 THL. KA DR EIE oy IPMEEEL THEXONDD, gy,
O ERHATHLZENZ . LinL, 3 (2-25) & 0 AR O S HE ) 04 & 1R
DR IR 09 DF20g = 059 — 05 TN G- HZ L TEIUIEE O 2315
5N5. A LBM EF /LTI (2-6), (2-7), (2-9) »Hbnd X HITDAELE 5
25T ETHRIRICHEERSES 2N TE S, 22T, BRA 3 MHEERICHT S
BEN OB TAZD I g, A L ARl E 52 % = & CHEIESR 3 EERICo i 0
ZIAEIAEA SRV EZ 5 X D3 E A — AT LT,

Cross section
— ‘ ~——

0.13ms

»

0.010 0.015 0.010 0.015

(a) Simulation domain (b) Distribution of index function (cross section)
Figure 2-4  Problem of wettability model proposed by Seta.
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X(2-9)2°5 R R X RIS TIE A2 T D IR T D729, K 2-5 18T XU,
SEMISATRIRL foo, GO B KT (BLF, FHEMT) DA CRERN EICHDEE
K T2 @, % - %, BEMENC TR A 7 18] 0D A A A<

~ A~

- ¢n+1_¢w ¢G <¢n <¢L’
dg¢ _ )] a2ax ' (2-26)

d77 ¢n+ _¢n
B g > pord <4,

DT, RBEEICRE AT AL MRS, 4, 1XEHER A L b L TR T & R
SHANC (LTS 24 T ORFER, ¢ 133K FOBRTF AR CTh 5. A (2-26) Tl
SHR. WIS HET DBEN O TS g & 525 2 & T, FERKT - BENE RO §
AfitAYr L L, BEf EOBA R E I LT\ D, ZOMOFHIZOVTIEN 2-4
DEHIT, R(2-26) THRFELHE G2 TWRWEENIK 124 & 5 2, &HFES
(Appendix A) %z AW CAEL. F7=, LDR-LBM O FEA)EIT Eik O A% 5T
i % i<

°
Oﬁbn.—; © © Calculated lattice

* @ Vertical lattice in the wall

P © Other lattices 1n the wall
© ]
i €7, e

W
Q

~
e ¢n o 9’5“_.:3‘?' ¢n © Wa“

@ Lattices in the space

L i

Figure 2-5 Values of index function in the wall.
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2.4 RAHERER

2.4.1 HBAHESR

LBM Dt ABEFUZITR A ORL 1 B 3 AT B DD, 2 BT A~ DIAZZ 2D
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Figure 2-6  Calculation scheme for unknown distribution function on inlet boundary.
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(a) Picture of simulated droplet in ¢ = 1000m/s; The contour surface represents
the index function ¢ =0.05.

1.2
1 c=100m/s
' —-c=1000m/s

0.9

0.8
00 05 10 15 20

Time (ms)

(b) Mass conservation of water droplet.

m/my(-)

Figure 3-1 Simulation results of water droplets in stationary air by LDR-LBM.
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Table 3-1 Model constants of LDR-LBM.

Interface Relaxation time Convergence
a b T kf ¢ © ¢ L Tg Tg €
1 6.7 0.035 0.5 0.0150 0.0920 1 1 1.00E-05

Table 3-2  Physical properties used in LDR-LBM.

PL Pc ML Hc o
978kg/m’ 1.02kg/m® | 4.04x10*Pass | 2.30x10°Pa's | 6.40x10°N/m

3.2.2 SD-LBMICHITHETILEH
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PARIZ & b7 D BRE A Z R, ST L OWEEIEX 3-1 LR THD. H
WEETNVER AR -3 IR T. REIRICET 27 VEBITIER B D H R
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X 3-2()Z R KITERE L 725 Z L PERTE 5. £72M 3-1ITRT
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R TETIVEEE AW CUL DN 21T 5 .
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(a) Picture of simulated droplet in ¢ = 1000m/s; The contour surface represents
the index functiong =0.05.

1.2
. -=-c=50m/s
fé 11 —c=1000m/s
Sy R R e e
= 10

0.9

0.8

00 05 10 15 20
Time (ms)
(b) Mass conservation of water droplet.

Figure 3-2  Simulation results of water droplet in stationary air by SD-LBM.
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Table 3-3 Model constants of SD-LBM.

Inte rface

Relaxation time

a b

T k¢

P

P

Ty Ty

1 6.7

0.035 0.5

0.0150

0.0920

1 1

Table 3-2  Physical properties used in SD-LBM.

PL Pc ML Ha o
978kg/m’ 978kg/m® | 4.04x10”Pa's | 2.30x10°Pass | 6.40x10°°N/m
3.3 MHIGREmNh
3.3.1 EMAL J,0ORR%

AHFFECTlE Seta HDOET N EZ_X—RZH LWIEIVEET L EZEA L. 20
EF N TIHBENICHRTF LR @, ZEAT D 2 & CHAlA 2% 5. AETIEE
filifg & @, DEMRZWH LM T 5. K 3-3 |ZHEEE )T O & BEm o5 S8z
i > LDR-LBM Ot 473, X 3-3 ()it d, =002, X 3-3 (b)i%g, =0.09(C
B ARRTHD. FHEMEEIT 50%50x50 O CTHEEL L TRV, FREERO K
& S 80umx80umx80um T 5. BEmE O FLEIZAKE ZBLE L THB Y, Ko
JAPHITZER T2 LT\ 4. JEPE 6 mIT/E S 8um OEKEETH 5. 7ok, X 3-3

TIX 3 HOBEH 2 BIHICERE L T\ D . T VERE LOWMEEIL# 3-1, £ 3
2 DEZEAWD. BiFEEIE ¢ = 1000m/s THD. ¢, =002\ CTEEM AN &
B X BRKME DB A T — 7 T g, =0.001Z 35\ TG 13 BE T 2 T ICHE & LEIK
PEORMZ R LTV D. £72, WEMHFICEWT, ZBRUCHET 2 BT E O F A
BT g<d THOIEBEAFAEL TRV L LR LTV A, ¢=1000m/s 128 5

-37-



@) 4, =0.02 (b) @ =0.09

Figure 3-3  Simulation results of water droplet on the wall by LDR-LBM,;
The contour surface represents the index function ¢=0.05.
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Figure 3-4 Calculated static contact angle with wall index function in LDR-LBM.
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KD ENPHERTE L. ULORRENSERE LZEVEET VITEH S 0T
VT UTIEIEDTER 22 LIS, §, 28 bS5 2 & TIEEATETE 5 2 i
IND.

3-5 \ZHEEH ) T Cikii & BEM A5 S W7D SD-LBM O fiffT s 5 % 7R
+. X 3-5 (@)l g,=002, 1X3-5 b)idg, =00912FF DFERTHS. fHrEES &
U1K 3-3 L ABETH 5. R IE ¢=1000m/s Th 5. §,=0.0212F5\ThE
T 7SV % & KM D B A R — 5 C g, =0.09 12 38\ TR I3 BE T & [T
HmO LBAKMEDOREAZ TR L TWAD. £z, MEFICBWT, ZEXUTHET DEEmT
£ DR EK i¢<¢e(¢e_0015)m% DIRIENRIEE L TV RWZ & bfER LTV 5.
¢ = 1000m/s 3 LUt ¢ = 50m/s IZ351F 5§, & il D BfE A 3-6 (2779, LDR-
LBM [RIERICR S IC AR 72 < 6,2 b S/ 5 2 L T2k cE 5 2 &

TIN5 .

@) ¢ =002 (b) 4, =0.09

Figure 3-5 Simulation results of water droplet on the wall by SD-LBM;
The contour surface represents the index function ¢=0.05.
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Figure 3-6 Calculated static contact angle with wall index function in SD-LBM.
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Figure 3-7  Arrangement of index function in flat and slope wall.
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1112 & RSB T Db Ol 2 R, DWPROICE N TS & A
TR U8 235 5, Hli7emnrEz R L T\ A LLEDORE RN S SD-LBM
B W CEEE IR O UK T % Y B E 5 2 D R CTES.

@) ¢, =002 (b) 4, =0.09

Figure 3-8 Simulation results of water droplet on the slope wall by LDR-LBM,;
The contour surface represents the index function ¢=0.05.
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Figure 3-9 Static contact angle on flat and slope wall with different wall index
functions in LDR-LBM.
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Figure 3-10 Simulation results of water droplet on the slope wall by SD-LBM;
The contour surface represents the index function ¢=0.05.
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Figure 3-11  Static contact angle on flat and slope wall with different wall index
functions in SD-LBM.
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Figure 3-12 Droplet behavior on GDL surface; The contour surface represents
the index function ¢=0.05.
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Figure 3-13  Distribution of index function with movement of droplet.
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TEY, RHEEIL c=6000m/s 5 %72, X 3-12 225005 & 5 Ik X EE
\ZHEDNL, ZERDOWAUCE VD L HIZ GDL REABEIL TW\W5H Z L3R T
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(TR O ECHEE L CRBIL TV 5. £, WiEASEE LB EORRFA K
1324 <ds(d =0015) TH Y, FREDFEE G720, LLEOKE R S IEW B 72 258 72
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FARICRE VR LW 2 L 2R LTV 5.

P v 27 U A AEIK 3-14 (2R3 K O IS RTHERE L O & 2 IREEL A Or &
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B L TR LA 2 VB HHIT D 2 L AR LT 5120, 3-15 LA /v
ABOEIZE e DAL ATV U RERLTND.

Figure 3-14 Definition of advance contact angle and receding contact angle.
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Figure 3-15 Contact angle hysteresis in different Reynolds number.
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Figure 3-16  Simulation domain and boundaries for verification about effect of
fluid density.

-47-



DMZIE MPL 7 Z v 7 #E LTZIRA D 5% E LTV 5 . FHEEIRO b i3
BERTHY, WiEO 4 mHITER CTH D, FHREMEKIT 50%50x50 DO# - THER L C
BY, fEHIKOKE XX 80umx80umx80um TH 5. T OREH FHEfl A 130°125%
ELTEY, MAEEIX uin=4.75X10"m/s & L7z, ki3 X ¢ = 1000m/s TH
5. 72%, GDL NEBIL~ A 7 v A — & ORGI 7/ FL THERL S 40T s 0 AL OF
/N2 AT B EINIBME TR TEATX 2D L L.
%] 3-17 {2 GDL N D /K Z B bt O SR 27~ 9. (X1 3-17(a) 1367 35 FE ¢ = 1000m/s
$1F7% LDR-LBM OFfERTH 0, X 3-17(b) 1Tk ¢ = 1000m/s @ SD-LBM
DIERTH D, FAEEIT un=4.75X10"m/s THY ¥+ 77 U —%iT Ca=3.0X
103 THD. MET/VICBWNT, HHENEELL TV 28 (Regiona) (2K
AR, KM (Pore A) ([ZERAVIZHA TV S, LDR-LBM & SD-LBM T
DRFNIAFFRNZ B DT THEELL TWb. ZOREEN G, GDL WD K2
BNRAT IS I\ TR BE O B I © &, SD-LBM % AW =@l ¢ b +mic %
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Figure 3-17  Simulation results of water behavior in GDL by LDR-LBM and
SD-LBM.
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Figure 3-18  Simulation results of water behavior in GDL with ¢ = 50m/s.
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FHILTWD. GDL OFMFLEIE 20~30pum FREE & FEF /NS < T LM 13
HWTEXDRETHY, KOFH S IEFITIE M OB BHE IR TN
SV, I BT, MM S5 GDL OWNERD H AFRITIEFITFI <, KDHFE
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MR, ol IRmEIEITH D, 22T, ¥ TV —HERELIZIZEI AT —
MEFENTNRNTZD, JERA 7 —/V%& T, GDL NS & 7] UBHIE 23 E M
NRMEEN LD B RELS FHE RN ERDIENEZHBOND EEZOND.

ZZT, IERAT—=NVET NV EHWEERFEBSREZOE —AT v 7L LT, 313
YLK AT — BT B B Dk E W izfiiivg: GDL R 7 — V2 k1T 5 K
EHE L7z, A THWERESE AKX 4-1 (2”7, SD-LBM DI & v BHE AR
PSS L o TS, [K3-16 DREER & LGS (Z®Gm) 28 2 fisOfis
a2V, FTH¥51E 3-16 LFRICTHY, MPL 7 Z v 7 Z48E LA A )
5 GDL ~KEMASHE TS, MEEERO By HEE R T & 0 i 1% E AR
Thod. fPTREROERER & MK Z X 4-2 1273, KTFO 38T ©bh
D, ETOLOEMZ ANAFRETH-TOICLERFEMTER SN, Az
MAEAEZR 4-1LIZFEEHOTEY, 2 FHOER M BIXOEENTHT 2 EMEOH
ERT T 2 — = We =pLuin’lc LR L TWDH., 22T, Vo— A "—HITMAD
TOEEZRLTEY, REEIFMAODOEZLE Lz, MADICBT XY T
U —%03 Ca=3.0x10°2CTH bV, Ca=3.0x10% L7225 X HITMABHEZFHEL TV

@ Outlet

Side wall

% Inlet

Figure 4-1  Overview of GDL structure and simulation boundaries.
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Table 4-1 Kinds of two phases and Weber number, viscosity ratio at Ca = 3.0x107,

Case (inket fE?g;a?:S?eeri fluid) Scale Velocities Weber number, We Viscosity ratio, M
1 water/air actual GDL | 4.75x107m/s 3.5x107? 17.6
2 water/air 313times 4.75x10*m/s 1.1x10 17.6
3 water/silicone oil 313times 8.62x102m/s 9.1x10™ 0.0597
4 silicone oil/water 313times 5.12x10°m/s 3.2x10° 16.7

Table 4-2  Physical properties.
Case . V_iscosit?es . . I?ensitie:'s . Temperature
(inlet fluid/ambient fluid) (inlet fluid/ambient fluid)
1 4.04x10"Pa-s /2.30x10°Pa-s 978kg/m’ / 978kg/m® 70°
2 4.04x10Pa-s /2.30x10°Pa-s 978kg/m’ / 978kg/m® 70°
3 8.90x10™Pa-s / 1.49x10°Pa-s 997kg/m? / 997kg/m® 25°
4 1.49x10Pa+ s /8.90x10-4Pa+ s 995kg/m® / 995kg/m® 25°

5. AOTEMEITE 42 IR LTS, EFTER L TR, BEfitfIxesrt
T130°& L7=.

4-2 (a) IZ3FEFED GDL A 77— /L% 7= Case 1 TOMEMTHE R4 ~9. GDL
FEER (MPL 25 T9) O R E XL 80umx80pumx160pum THY 50x50x100 DA - T ik
LTS, Z DM TR K DIRIVTHEHED B L 72 s8I 1T TV, t* =
0.13 T 8D Ll IR O JR WAL A FRIE L7242, /KIT t2=0.28 THRFFEOHMIFLT
WET 5. IRWT, KiTtr =042 TEEMFLAZE-> T GDL @ LiElZ#iIT 5.
4-2 (b) (2 Casel 75 313 FITHLK L7 A 47— /L (Case 2) T DMt Fa % 7.
GDL # 1A DU 4 X% 25mm X 25mm X 50mm T& ¥, 50X 50X 100 37 )5 & /L4y
HINTHD., ¥ TV —HIIIRAT —VOENEEN T8, Ca=3.0
X10° CTOWAEE L Casel LRILTHD. X 4-2 (b) OFEHTHEFR TIL FEBOMHE
BAZEWTAKRDRENR RS RDOMEM A H 5. R 5-1 [TRT KOITIEK L
GDL Tl Weber 725 2 — /LIZHHI LK) 300 fi5 & 72 D72, 1B DOREEN K
L otz EEZLND. X 4-2 (¢) (d)IZ Case 3 5 L O Case 4 (2B Hfif
WA R7. Case3 & Cased I A 7 —LETFINEREZEELI-LMUETHS. 2
VAR —VOERE NS A7 — LT VERTIZIENORBRRELL 2D
A Ccx/ed b, 220, BRI EL-DIZHRNE UBEE2H 7
HKETY a—F A NOIERFMETREEZ NS, Case3 v U a—r A4
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t*=0.13 t*=0.28 t*=0.42
(a) Water into air with actual GDL scale (Case 1)

t*=0.13 t*=0.28 t*=0.42

t*=0.13 t*=0.28 t*=0.42

t*=0.28
(d) Silicone oil into water in 313 times scale (case 4)

Figure  4-2 Front and side views (left and right in each panel) of simulation results
comparing water transport for four cases with Ca = 3.0x1072 in Table 4-
1 without the influence of gravity.
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NERASEDLEMETHY, Case 4 1I/AK Tz 47z GDL fEERIZ> Y a—
FANERAIEDLEMTHS. 70k, Case 3, Case 4 DIEER LA — 11X
Case 2 LA L Td 5. Case 3 DFFFTHI R (X 4-2(c)) TIdK & 225 % 7z Case 2
IZHERTTFETOKRDIIZED M S HMEMIZH 5. Case 4 OfENTHER (X 4-
2(d)) TIXHITAKRDR BT S NVFEBEDO A —/v &2 iz Case 1 AL L 72K
DR LTINS, ZTADDFHWKDRFEMEITR 4-1 IR T LT = ——H
MENTZD Th D ATREMEN B 5. Case 3 TiE, Ca=3.0x10° & 3 2 7= Dt NiHFE
I% Case 2 @ uin = 4.75X10Mm/s 7> uin= 8.62X102%m/s IZAFE L TW5. I HIZ
Case 4 TOWABEIL un = 5.12X10°m/s TH Y, WAREIZE L2V T = —
=B NEL o TS, U EOZ NIy BT U =4, MELY = ——¥
D 3 ODWRTE A HWUNCHIEST 5 2 LT, JIERATF—1LTh-o>THEME N
Tl NERHWNEONDLEEZBRD.

4.3 GDLRT—ILETIRBROME

42 HORE 2 H LT 4-3 1R T ERIEEZ B R L. X 4-3 (a) 1356 300 fi%
27—/ GDL #EARZ R L TEY, K43 (b) FERICHNZVY PRy
TE2O0DCCD WA TDRLEZTR LTS, GDLEEILID 7Y ¥ EHWT
ER L7z, 3D 7"V > Z1% ProJet®4500 (3D System) M\ 7o, f#f5E X 600X

’

Syringe pump W&ijgsﬁbath, » CCD

E B : : | : (Side)
Water ! ' Seale model ~

I lilicone oil . iy =

«Side

4 Outflow

Front 7 ‘;;:‘\

(a) Scale model (b) Experiment system
Figure 4-3  Outline of scale model experiment.
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600dpi TH Y, BOE 1T 0.1mm TH 5. GDL I 2 DDMIEEIC K - TIFF
i, K4-3 (@) R TEIICBEOOIER SEIZT 7 VLT L— h g%
HBNTWD. JRFEZEENX, o7 7 ULEEAZ LT CCD 1 A 128k - CH#l
%éhéImL%ﬁ%%KMPX7HWTﬁ%%LTm6k@mEWH@ZW%
WD L BN L MFT. 22T, BEHEEZRET 5720
E@ii%bwv)n~yﬁ4wkm@2%%%wfﬁwﬁﬁ®@%%%mﬁm
Mz 5 O ERM N TIRE Z 12°CICHIE LEREZ1T-> T 5. X 4-3(b) 12/RT
£ 912, GDL#HEERZKBICRELY Y U URFI2L VK (Cased) & L<IX
v a—rA A (Cased) % MPL 7 7 v 7 \THE L 7= JEEE 1 - O BR 1 2> & GDL
~NEANT DL I 07 O TR IR 72 AR BT O & B & E L.
X 4-4 () BEO (b) 1FTAKFOTY a—rFABLRY a—2 A4 A oK
D2 R LT D. U a—2Fd A LoKPCToORSA (K 4-4 (a)) 13 130°
Thd. vUa—rF AV GDL HEERISKEEAN S 550 Clrasfs =
130° BREOBKMEE T2 ) a— U ERBE RN EZ 2 —F7 > 7 LT
L. TOLGAEOEMAIX129° (X 44 (b)) THD.

Silicone oil

9: 1300 H: 129°
(a) Contact angle of (b) Contact angle of
silicone oil in water water in silicone oil

Figure 4-4  \Wettability of scale model. (a) contact angle of the colored silicone oil on the
model surface in water (b) contact angle of water on the coated surface in the
silicone oil.
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4.4 FBHENHICHESAERNOBRSEH

AEITIEA T — VBT VERIZEBWTHEREDO GDL WE LR U<, EBME N
T L0, KB EME NI HIE SN D 720 OS5 % L L i &
HAWTiHEmT 5. £ 4-1H 0 Case3 & Cased [ZxfIind DA — LT VEREFE
i L, Case 1 OFEMTHER & Iled 2 = & T GDL #&E 123510 2 /KEas DAL S
ZRHET 5. £ 4-312EBRSMH: (Case3 & Cased) B L OIS (Casel) & %
EDDH. XX ET Y LT 2 — N—HPKREHCEB LIETRELTRDLH70,
X ¥ 7 U —#% Ca=3.0X10° /5 Ca=3.0X101 F CTEMLIHTEY, FhITk
Jin LT = — =40 We=3.2X107 7> 5 We=3.5X10% £ T&{LL T\ 5. Case 4
DEBRTIIT Y a—r A A VEKPIEALTEY, HAEAOHMAEDEITERD
PEFC (k& ZEX) &LIXHAe 573, KiELIX M=16.7 TH VY K& 225 (Case 1) D
FEELEM=175 LIZIEFRI L TH S, KAIITRT LA —/LET VEBRTIE
BAEARAT TIXNEE QBRI R E OS2 EHRTE, B ORBLZIFF IS
FTHZENTES.

Table 4-3 Weber number with different capillary number.

Capillary number, Ca
3.0x10° 3.0x10* 3.0x10°® 3.0x10 3.0x10™
Case 1 - - 3.5x1072 35 3.5x10°
Weber number, We | Case 3 - 9.1x10° 9.1x10* 9.1x10"
Case 4]  3.2x107 - 3.2x10° 3.2x10™ 3.2x10"

AT GDL WKk DRI 2 Bt 2 72, FEfto GDL (TGP-H-60) @
a6 2O GDL #1E (AfEE & BigE) Vv, ME AR IO B DZER
R, ZEFRCTHD (WEE A 72%, #iE B : 71%) 2SHEFLECE TR 5. X 4-
51X GDL D HE 7 % & SR D2 MFLEA 2 7~ 3. fitdhiX MPL & 25 O GDL &
maZs L, BRENIMLER AR T, AR T, SR dIZEL T O L 5Tk
D HIVHBA F T, x-y Wi o R SEHE T E 7SI A i LT Spore & 775
R FAEHEDEL AT —MRIT Xy FHEIZFAT T D O THEMEIZ L o THE N fElg %
T 52 LIRS THD. KIZ, Spore LA CEHBOEAMMH 255 L, MOER
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Figure 4-5 Pore diameter distributions along the height direction of structure A and B.

ZEMMALERd L 95, K411 OfRIE S Sy xR TR ZR7T. 2T, S
(% d =0pm, 10um,---, 190um OFEJHIFLEFED H+10um LN O FLO HEFE D FE Sy
THD. SylIxy FHANOETOMILDEHETHY, SylEShDAFHE LTHED
o, g A OREIE, BS T eKILORYEREE CH S, FR (&
X 2 50um~120pum) (ZRE72FL (d: 130um~) AHV, EFI/hEH d: ~
90um) MNEFE - TS, —J7 THEE B OMFLEITE S HIAIC > TR v H—1%
LTS,

s A Z VTR AKX 4-6 1279 ¢ (a) Case 4 DFEBRFER, (b) Case 1 DOfiF
FrfERoEmKX. ATics 5 GDL 8 X O MPL #1E 0 ¥ 1 XX
160umx160pumx153.6pm 35 L T 160pumx160umx6.4um T 0 fEIL 44K % 100 X100
X100 DR+ THERL L TW 5. MPL Ot ABH HES DKL 12.8umx11.2um TdH
% . EERIZE1T 5 GDL AFIE RO T A RIIMATIC AV A& D 313 5 TH YV, GDL
B LW MPL #& DY A X1TZ 40 50mm X 50mm X 48mm, 50mm X 50mm X
10mm TH%. MPL OAHBHEOERIT 3mm TH 5. 4-6 [T/ 5 F v
EZ Y —#iZkiF 5 GDL #EDOTEFIZRIZE LR OKSMEZRLTEBY, XH
D t*|X GDL #E OTEERICEE LK 2 r LT\ 5. X 4-6 (b) @ Case 112%
T AEMTRE RO EOIT GDL iHE L KARRLIEHMERETHY, TORITKHEL
BIRICRE LKDOAZERRIEFERTH D, KR GDL $8I T O Al §E
XX 7 U —HoO FIRMEIXFEARORIR S Ca=3.0X10° Tho7-. X 4-6

(b) DOFEFTHERMNS, Ca=3.0%x10°%75 Ca=3.0xX10" & T Case 1 D/KHEILF
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YET U —HIKAFT D5 DR TE D, KOGMIFIFEFrET U —HTRE

Ca=3.0x10° (t*=0.32) Ca=3.0x103(t*=0.32) Ca=3.0x102(t*=0.26) Ca=3.0x10"(t*=0.41)
(a) Experimental results of the silicone oil in water (Case 4 in Table 4-3)

With GDL
(White color)

With GDL
transparent

Ca=3.0x1073 (t*=0.24) Ca=3.0x102(t*=0.21) Ca=3.0x10"! (t* = 0.12)
(b) Simulation results of water in air with the actual scale GDL (Case 1 in Table 4-3)

Figure 4-6 Water distribution in structure A for the different capillary numbers when
reaching the top of the GDL

Ca=3.0x10* (t*=0.31) Ca=3.0x1073 (t*=0.31) Ca=3.0x1072 (t* = 0.38)

Figure 4-7  Experimental results of colored water distributions in the silicone
oil (Case 3 in Table 4-3) using structure A for the different
capillary numbers when reaching the top of the GDL
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BY, BRENDNEERNEBELZLND. Cased ([T D ERMER (X 4-6 (@)
Tl Ca=3.0X102 L T DS T DKM Ca=3.0X10°% 2317 2 fiptirit R & JH
lL W5, Case3 DEBMERAZK 4-7 28T, ZOFRLETIEY ) a—rF AL
IZKZFEALTE Y REIZ M = 0.0597 Th 55 GDL A& &R O TSI 2 L 72K
DKSAAIE Ca=3.0X 103 DEE TKIZT Y a— o F A L&A SH 7251 (Case
4:[4-6(@) LEELTWD. KoT, HEAIZKITAH Ca=3.0X10°LL FDS
HCIE 2 DDOFARDREEINIIEF I/ SN EEZ B ND. Case3 & Cased DiFE
13 Ca=3.0X102 1T oKD MPRESERDLATHD.

Case 1, Case 3, Case4 @ GDL EFFICEET 5 £ TOWMMKOENE % ik 4 5 72
¥ GDL EH#H2 BRSO Em S 2K 4-8 [ 7 vy b 5. fit#hix GDL @&
STHLLZBR OGS TH Y, MElIERICRHTHD. ok, EBRIZE
DK DY SIZEmKNGHE LD TH S, Casel (X4-6 (b)) @
fif T TI%, Ca=3.0X10° T W THERILE S 0.7 JEIL TR D E S F~D%
EQMEHLTEBY BRE NI K> THIE SN 72# 22 R L T\W5. Case3 & Case
4 OFEE (K46 (@), X4-7) IZBWTHHELI L7272 Ca=3.0x10° L F D5
FCHERR CTE 2. Zo#PEOERTIE, 1ZIXF U T GDL O Lz E=EL

~ 10 p—a— 10
- -7 -7 - Case 1
£ N =
2 08| 08 | Ca=3.0x10°3
2 2
g o6 E -
e Case 3 Case 4 E 0.6
S Ca= 3.0x10° O §
§ 04r 3.0x10" o e 04
© 5
s 3.0x108 O © <
z 024 3.0x102 A A 202
3.0x10 X
0.0 4 s : - . 0.0 : : : :
0.0 0.1 02 03 0.4 0.0 0.1 0.2 0.3 0.4
Non-dimensional time (-) Non-dimensional time (-)
(a) Experimental results (Cases 3 and 4) (b) Simulation results (Case 1)

Figure 4-8 The progressions of the fluid penetration tips in the height direction from the
bottom of the GDL in structure A.
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TW5. L2L, F¥yET U —%$% Ca=3.0x10° L K& WiEA, KFEHIET
24t L GDL EmilCET HREHIER T T 5. 512, Ca=3.0X103 LV HEnF
YEZ Y —HOFEMHETIEF Yy T U —H a2 T ER & T TR 2 %EE) %
ARLTWD., 2RV 2 —A"—HEBLIRFr BTV =R bicEmnizH LBz
bhd., FYETV—HPERTLHET 2= —HHELLLEL 43 DL HICFL
FYETV—HTHoTHRRLIVz— &L DH. £DI- Casel, Case3,
Case 4 IZTBWCHEMENOEENEZNENRZLY, FILF¥ 7V —HTH->TH
EME ), KT, EENDPERHIERI LTS EEZXBND.

WIT, B KIS 7N 2 Z S 2 ERARFET D728, AT —
JL GDL Z# R W = AER 72 3 SR T 21T o 2. T ORERZX 4-9 177, 1D
IZ Ca = 3.0X10° DEAF THAMRMKDEEE 100 512 L7 Th 5. Z DfRRESR
TECI, FAAEEIZZ(E LARWAS, 100 FEED =D v = — =% 100 £F &
720, We=35127%. GDL OTH RIZEET D ERTOAKSAN (44-9 (/£)) 1% Ca
=3.0%X10%, We=35 (49 (b)) OHELEEIL TS, KIT, Ca=3.0X10?
DA THAVEARDE FE 1/100 f512 L7 f@fr 2 =3 (K4-9 (). ZOFEMFICE
WTT = — =X 1/100 5 ThH H We = 3.5X102% & 720, Ca=3.0xX103, We =
3.5X102 D5 (K4-9 (b)) &FAERAKRDGMICHERFSND Z EPHRTE S, 2
oI, KEERF ¥ 7 U =Tl vz — "= Lo Thlf x4, EH%
TN KV IKGAADBEBME DICHIE S NN T A2 2R LTS, b
9 1 OO EDSMEIE, Ca=3.0%X10% We = 3.5X102 DA DKELE M =
0.0597 IZFHHE L T A 72D ADREE L U 3@ K E W ue= 6.8 X10-3Pa - s & fif

Ca=3.0x10"% Ca =3.0x102 Ca=3.0x10%
We = 3.5 (100 times density) We = 3.5x1072 (1/100 M =0.0597 (uc = 6.8x107° Pa-s)
(t*=0.20) times density) (t* = 0.23) (t*=0.22)

Figure 4-9  Simulation results with imaginary conditions in the actual size scale GDL using
structure A. 100 times (left) and 1/100 times (center) of fluid densities, and a
much higher gas viscosity (right) in Case 1.
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Ca=3.0x10° (t* = 0.54) Ca=3.0x1073(t*=0.54) Ca=3.0x1072(t*=0.62) Ca=3.0x10"(t*=0.42)
(a) Experimental results of the silicone oil in water (Case 4 in Table 5-3)

With GDL ZRS s
(White color) - \ & b
— —i

With GDL
transparent

Ca=3.0x103 (t*=0.48) Ca=3.0x102(t*=0.36) Ca=3.0x10" (t*=0.22)
(b) Simulation results of water in air with the actual scale GDL (Case 1 in Table 5-3)

Figure 4-10  Water distribution in structure B for the different capillary numbers when
reaching the top of the GDL

Ca=3.0x10* (t* = 0.54) Ca=3.0x103 (t*=0.52) Ca=3.0x1072 (t* = 0.16)

Figure 4-11 Experimental results of colored water distributions in the silicone
oil (Case 3 in Table 5-3) using structure B for the different
capillary numbers when reaching the top of the GDL
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(a) Experimental results (Cases 3 and 4) (b) Simulation results (Case 1)

Figure 4-12 The progressions of the fluid penetration tips in the height direction from the
bottom of the GDL in structure B.

Ca=3.0x10% Ca=3.0x10"? Ca=3.0x10"°
We = 3.5 (100 times density) We = 3.5x1072 (1/100 times M = 0.0597 (uc = 6.8x10°°
(t*=0.35) density) (t* = 0.53) Pa-s)

Figure 4-13  Simulation results with imaginary conditions in the actual size scale GDL
using structure B. 100 times (left) and 1/100 times (center) of fluid
densities, and a much higher gas viscosity (right) in Case 1.

FEBR & RS RAZ DD GDL KA ORISR 4-14 D XS I2F v TV
—E T == N—HTENT LN TE D, MIFMHEEZMLTE 254527 L,
FFIIBEMEDOMESI N R WSR2 R T ARSI LV EVR NS0 %
RLTWDS., ZORNLH LR XD ITHEMEZS S 720120, Rk 2 8mi4
H7eDICFx YT U —HE 103 BELLNICRE L, 1EHM) %2 8T 5/ E I/
ST DOV — =& 10 ==LV R THIRLERDHDH. LoT,
JER AR — VBT IOV CEMENITHIE SNZMNEL 72D F Y BT U —H
T TRS Y == "—HD ERIZEE L O LB D 5.

-65-



s Case 1 b4 X
1 L (100 times density) X
S X
- O
2 1| Case3__ X
< O A Casel
g ° o N
= 3r Case 1
L \ (1/200 times density)
5L Case 4
'7 7 () 1 1 1 |
-5 -4 -3 -2 -1 0
logig Ca

Figure 4-14 Similarity conditions of Capillary numbers, Ca, and Weber
numbers, We, for the flow in the GDL structure.
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(a) Scale model experiment

Front  Side
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Ca =3.0x10"* Ca =3.0x103 Ca = 3.0x10!
(b) Simulation

Figure 5-1 Water distribution with different Capillary number in hydrophobic
GDL at t* = 0.45.
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__Front  Side

(b) Simulation

Figure 5-2  Validation of water distribution with time in hydrophobic GDL by
experiment and simulation.
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(a) Scale model experiment
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(b) Simulation
Figure 5-3  Water distribution with different Capillary number in hydrophilic
GDL at t* = 0.12.
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Figure 5-4  Validation of water distribution with time in hydrophilic GDL by
experiment and simulation.

5.4 F v R ZEL GDL RKERIDKRIEBRHT

Lu SR LW Lister RNz KXo THESI N L H1Z, KRBT v 2 UICEIET
& GDL DK BANRKELS BT DI ENRBEINTWNS., ZOBGE LY
F<HRETHZ L)Y GDL #EDHRE(LICHERT 2 &2 bND. 22T, KK

1%, TERTITEE L7 >72 GDL & F ¥ RV & A/ —F 2 KRR EIZ 31T 5
KZHE % SD-LBM & fRFE L 72 A St 2 W CRENT 5. 2 2 ClE, X 5-5 1R
TR A BETHWHE A Z Wz, T OmEET MPL Z 7> GDL f#1&E T

-’74-



BV, FPESOBEIBIITAF ¥ XNV THL. TAF ¥ X0 EEIFHOERTH
%. GDL @ 4 DDHIEE L T AT v X /VIEEEEEE LTW5. Z O TIE, GDL
EHAF X RNV ORERNZREDONRITE R Z YN THOIZ, HAF ¥ 2B T
B A AT Omls & Uiz, KA A 4K 100X 100 X 200 4% 71250 E S, #dEE
WD A XX 160umx160umx320um TH 5. 7KiL MPL OHLNZ & 5 B HE 6
GDL IZIRA L, MADTOX ¥ 7 U —%ix Ca=3.0%X102 (Un=4.75X10"m/s)
Th5.
5-5 12 TAKIE R A O 12 L, GDL DR & D45 (17=0.09)

DORERILUTIEND VT T, FREROMAE FBE L%, KT EFicBE+ 5

(t"=0.21). ZZ T GDL ##EIIEHICREL TWD. F¥ R/MIEGET D LK
I% GDL ®WEA S GDL RiflZ—#&IZ51 & B b4, GDL dKiZ 2 > 5iIED
By g (= 0.30). &%, MPL B O HIEA L7zAKiE tx = 0.09 T
RLEFRICREZTZESTWAZ ENbnsd. Lo Z &b GDL NEDKIZ
Lu D235 L7 K 91, T v R/VICEIERFIC GDL NERDN B —HRIZ W BT B,
Z0%, FEWEICE U SZ = B0 IR ShD 2 Enbng.

Structure t*=0.09 t*=0.21 t*=0.30

Figure 5-5 The evolution of penetration of water in the large-scale simulation
including GDL and channel.
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Figure 6-1 Pictures of isotropic GDL and oriented GDL.
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Figure 6-2 Distributions of fiber angle.

(a) Isotropic GDL. (b) Oriented GDL.
Figure 6-3 Reconstructed GDL structure.
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Figure 6-4 Simulation domain and simulation boundaries.
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Water

| 240 times ¥ Silicone. Oil

Figure 6-5 Experiment setup of scale model experiment.
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Structure t*=0.04 t*=0.25
(a) 0=3000.

t%=0.04
(b) 5=1000.

t*=0.28

Structure t*=0.04
(c) o=500.

Figure 6-6 Simulation results of liquid water behavior in oriented GDLs
(contact anale of GDL : 130°)
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t*=0.04 t*=0.28
(c) 6=500.

Figure 6-7 Experiment results of liquid water behavior in oriented GDLSs.
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Figure 6-8 Saturation in different GDL’s when reaching the channel.
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~REEND. TOEOKITF v RA~FFELSS5< GDL NEICHET 5.
0=1000 (T & S IZHRmMEZ A3 5725, #MhHEA 7S 0°LASMT IR < 7504 LT % GDL
W CIEMEMEA 2% 0°UT B OFHELZ X 0 KIT Y 7 TRl D T v 1V FElg~ A A
— R S D —F T, WA DY 0°LISROREHEIZ L0 U 71T L CHEE 72 K
ENGT ONE S FR~minZibd 5. 20kd, U7 F GDL b6 F ¥ R/b
NAL—=RIZHKR SN D . — 0, e & 0 F 125 L7 $5 MM GDL CiX GDL
WHMEN T A RO&EEIZRT-F 72O, V7 F GDL »5HF ¥ F/L T GDL ~D /K
IRES DD, WA BN FEET, BESHRARanZb L.
Z @ 1, GDL i TSl 72 il /4 FE DS AL S A D 72 O BRAKIME O #E#ECIX B
IBELRY, FX FA~FHTHOICE LV EWENRLE L 2D L EZD
nNo. £oT, EXFGHE~OKEEESIMETT 5728 GDL NHEIZZED KN
WETL2EBE2ONS. LLEOZ ENOHMEADL 0°LISMTIA 4T % 0=1000
FREE DR GDL Z# WD Z & TREERMEZWETEHEEZEZILND.

Isotropy =500

Figure 6-9 Mechanism of water transport in different fiber distributions.

6.4.3 GDL#HOBhELE KIZTEE

BL72 D HEHE AT I T DIRAVIE DB Z M 272, GDL O#ifilif % 110°
& LT 24772, X16-10 (&) (b) (c) 1XZ4E 4 6=3000, ¢=1000, =500 (Z
BURERTHD. HiEZXNG66 ERCTHLS., ADFERIIBITA2FYET Y —
Bk Ca=30X10° IZFRE L, M mITY 7icxt L CEEICAE L TV,
0=3000 D51 (X 6-10 (@) (ZBWT, AKXV 7k LRI T s S b
(1'=0.13). = D%, /KiX GDL W& —ERICIA2S D (1=0.26), F ¥ /L ~HEK S
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t*=0.26
(a) 6=3000.

t*=0.26
(b) 6=1000.

t*=0.13 t*=0.26 t*=0.47
(c) 6=500.
Figure 6-10 Simulation results of liquid water behavior in oriented GDLs

(contact angle of GDL.: 110°).
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o (t°=0.47). #fiif 130°D (X 6-6(a)) & b~ GDL WNEIZZ B DKM
BLTWDEWEN, X, Y, z @iiﬂajﬂnﬁ~7 VB DITIRR 2RI L T D .
0=1000 D54 (X1 6-10 (b)) 2T, KiTHEfifA 130°0H5 4 (X 6-6(b)) & [F]
BRIZ U 70Tk U CHREL 72 7 NS i % S 72 ISR D Jr A~k Shv b (t*:o.13,
'=0.26) . IAEBNZTF ¥ RA~BZE LPEK SN D (17=0.44) . B 130° D355 (X
6-6(b)) & Lt~ AKROAITEARITIAN Y 25 b 0)0)7}<0)¥;mzhjﬂi’£ﬁ1’kl LT3
0=500 DA (14 6-10 (¢)) BT, KiTEA Y 71Tk L CRE 5 B
‘I, %Hﬂﬁwk%%ﬁ%%ﬁi#é (t'=0.13) . FHEFIROMBETLFIZRIZE LK1
X B ~IR3 Y (17=0.26), BAEHIIZEHRSEIR O /Y5 2 K Clig 7z L721%, F v
K ~HEKE 5 (17=0.38). u\a“zh@;@zﬂééa\%ﬁ [ZRBWT b i 130°DYH &
ARG ATEIRITIAN D 2 B TWD DD 6.4.2 H Tiliam L 72V DR &
HBL TN D, £ 6-1IZKBT ¥ R EE=E L7ZFFD 6=3000, ¢=1000, ¢=500 iZ
15 % Saturation 7~ LT\ 5. 7k, Saturation OfEIXIX 6-8 & [FAIERIC 4 S
ROEEETH 5. Befihf 130° D356 L [F U< 0=1000 T Saturation 238 /N &
WIZ LR TED. LR Z & D, Bl R HRA /N S ZRBUKSRIFIZ BN T
b, PeARMEOR BRI TE D.

Table 6-1 Saturation of oriented GDL with contact angle 110°

Fiber distribution 0=3000 0=1000 o=500
Saturation 0.37 0.33 0.43
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6.5 B4 GDL &

6-4-2 TH Tk ~7- X 912 GDL Rifi D BME INIPKMEICHEL B LITT LB %
bivd. TDI=®, GDL £EDOEME N A /NS T2 2 & THKMED R B3R
T&5. TZTHEARLHPKMER 2 HEEL, GDL £ HIRS 8um (HkKE 1 A5
(ZFEY) FCTERBRA 110° L L7 GDL & I\ 72 KB fEHT 217\, GDL L
HOBEIHAE L2, K 6-11 2 AW B 5 % 5% GDL (81T 2 fiffT ik
Rt X 6-11 (a) 1Lt/ 130°00 GDL, X 6-11 (b) 13 m % Bifif 110° &
T HMEL % i L7z GDL OFERTH D, V7 OEilf13 50° L Uiz, 2R3l
130°? GDL (X 6-11 (a)) (ZBWT, AKXV FICE8I=E L=, vy fili7mc KN i@k
N, BEHNZY TS LRGN O F v e~k Eh 5. — TRl

Structure 14 ms

(a) GDL with contact angle 130°

Structure 7.2 ms 16 ms

(b) GDL with reducing contact angle of surface
Figure 6-11 Water behavior in isotropic GDL with different surface wettability.

-90-
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2 HTH B HEKMEICEIL TV 2 621000 2 AW/ R 27T, X 6-12 () 13 HEfilfA
130°? GDL, [X6-12 (b) (F&h &4 Hfitfs 110° L 3 5408 4 Jin L 7= GDL OfE R T
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WESNTND Z LD DND. LLEOREN S GDL i DOHEfAlMA 2/ L Bl
NE/RTIELZET, VTR ERABRAEENCT S D EnbND, 2
AT LY, Fx¥ RV TF GDL ~D Kk LIZTF v R/ ~DHK B T4, GDL

Structure 8.4 ms
(a) GDL with contact angle 130°

Structure 6.8 ms 9.6 ms

(b) GDL with reducing contact angle of surface
Figure 6-12 Water behavior in oriented GDL with different surface wettability.
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Figure 6-13 Saturation with different wettability of rib.
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RSNz, L EoZ LR ETMITEELZELS - GDL V5
2T TR T AL —ARPRNFEB CE, EMMERROM LIcHF5T5 L5
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Appendix A &HHES

AIETIL LM B L O 2 oy OB 2 7~ T. M Ee(x + Ax, y + Ay, z + Az)

T AT —RAT LR ERD
o+ Ax,y +Ay,z+ Az)
op g 0p Ax?0%¢p Ay?0%¢p Az?0%@

P W AT Wk A Ven.e
R P Al PR R P R WAL R P

2 2 2

¢ @ "¢
AyA AzA
dxady Ay Zayaz + Az x(’)Z(’)x

+AxAy 4o,

(A-1)

EXE2S LIZEM 14 THOT A7 —REAZESTTEUTOL IR

o(x+Ax,y,2z) = ¢ +Axg—f+%2(;27(§+
px,y+Ay,z)=¢ +Ayg—;p]+ATyZZZT":+
o, y,z+0z) =@ +AZZ—(§+ATZZE:T(§+ .
px —Ax,y,z) = ¢ —Axg—(£+Aszng(§+ .
ox,y—Ay,z) = ¢ —Ay(;—;p]+ATyZZZT(§+ .
o(x,y,z—Az) = ¢ —Azz—(ZP+ATZZE(;ZT(§+

o+ Ax,y +Ay,z+ Az)

op g 0p Ax?0%¢p Ay?0%¢p Az?0%
—(p+Ax—+Ay@+AZE+ > 6x2+ > 6y2+ > 372

0x
2 2 2
¢ @ 0“p
AxA AyA AzA
Tox y(’)xay+ Y Zayaz + Az x626x+ '
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(A-3)

(A-4)

(A-5)

(A-6)

(A-7)
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o(x —Ax,y +Ay,z + Az)

I, op dp Ax%?0%¢ Ay?0%¢p Az?0%p
B P i P R N R R N N
2 2 2
@ 0“¢ 0“¢
—AxA AyA — AzA TS A-9
x y6x6y+ y Zayaz “ xazax+ (A-9)
o+ Ax,y —Ay,z + Az)
o o 0p Ax?0%¢p Ay?0%¢p Az?0%¢
St T Tt e T g T D a2
0% 0% 0%
—AxAy ——— AyA AzA T8 A-10
Y axay Y oyaz T M qzax T (A-10)
o(x+Ax,y+ Ay, z— Az)
o 10 0p Ax?0%¢p Ay?0d%¢p Az?0%¢
—(p+Axa+Ay@—Az£+ 2 0x? 2 dy? 2 0z?
iaxty L ans 0 e 2P (A-11)
oxay V¥ oyaz "~ azax T '
p(x —Ax,y —Ay,z — Az)
Gl ) 0p Ax?0%¢p Ay?0%¢p Az?0%¢
0 y(’)y ZOZ+ 2 6x2+ 2 dy? 2 0z?
2 2 2
@ @ 0°p
+AxAy 9x3y + AyAz 379z + AzAx 970% + -, (A-12)
o+ Ax,y —Ay,z— Az)
o 10 0p Ax?20%¢p Ay?0%¢p Az?0%¢
=@+ Ax—— Ay—— Az—
¢+ ¥ ox yay Zaz+ 2 0x? 2 dy? 2 0z?
0% 0% 0%
—AxA AyA — AzA e A-1
x yaxay Ay Zayaz 28X 5z0x e (A-13)
o —Ax,y +Ay,z— Az)
I, op dp Ax%?0%¢ Ay?0%¢p Az?0%p
B P i P R N R R N N
2 2 2
@ @ 0“¢
—AxA — AyA AzA e A-14
x yaxay Y Zayaz Az X 9zox e ( )
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p(x —Ax,y —Ay,z + Az)

I, op dp Ax%?0%¢ Ay?0%¢p Az?0%p
=@ - Ax——Ayay +Az—+

o 0z 2 a2 2 02 2 a2

2 az(p az(p
AxA —A — AzA A-15
XAy B ey T YA G, T A G o T (A-15)

K (A-2)~(A-15)ICHB N T Ax=Ay =47 & LTWLIC e 2R L2 R LEDED &
RADBGOND

15
d

Z Cix@(x + ciAx) + - = 10Ax£. (A-16)

i=2

LoT xﬁﬁUD 1 B IIRANBHELND -

99 _
ox  10Ax Z Cix (X + €;A%). (A-17)

y, z 7Tl _OU\T%HB% TEZENTED

15

(’)(p 1

3 = To — o+ ), (A-18)
gF

ago 1

T Z Ci, 0 (X + €;A%). (A-19)

i=2
AWML TIE Z OB b 2 AL 2T & FES.
I‘(A-Z)’\’(A-].S) BT AX=4y =42 ELTHARELEDLED ERANDELN
Do

15

Z p(x+ ¢c;Ax) + - = 14¢(x) + 5Ax

=2

2%¢

> -
0xé

;ofz%w\a RN SELND

62
0x2 SAx

z p(x + c;Ax) — 14p(x)|.
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Appendix B Poisson Fis gk

LDR-LB THW 6% Poisson DFEEIZIE, Hx I FIENRE 2 LD BRI

TIXHEMTH Y, mdfbAATEEZ: SOR L4 IS 5. SOR k&g, iz i
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THR%ZLTW5D. KRIETIEANZ THUZ SOR #EI2 X % Poisson 2O fiE k%
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6x p ox px+Ax/2,37,2 AJ?—A:?/Z.}“/,é ’
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Figure A-1 Control volume.
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