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ABSTRACT

ABSTRACT

Polymer electrolyte fuel cells (PEFCs) are expected to be used as power sources for
vehicles and domestic cogeneration systems with low emission, due to their high power
densities and superior start-up characteristics at low operating temperatures. Although
PEFCs have become commercially available, many issues remain for further
improvement of PEFC performance and to popularize PEFCs. To further improve the cell
performance, water management in the cell is important. The diffusion of reactant gas is
hindered at high current density, because liquid water accumulates in GDL and gas
channels at the cathode, which causes a decrease in the cell performance. It is thus
important to manage the amount of water at the cathode.

Novel GDL configurations have been proposed (hybrid type GDL) to improve the
oxygen diffusion characteristic by controlling the moisture distribution and movement in
the GDL, in which two porous media with different wettabilities are arranged alternately.
In addition, to improve the water management in gas channels, novel gas channel with
micro-grooves have been proposed. The micro-grooves are manufactured inside gas
channel walls, and liquid water from GDL is removed through the micro-grooves to
upper-side of gas channel. In this study, in order to realize the liquid water control system
with higher performance, the gas channel with micro-grooves and hybrid GDL are
combined. The oxygen diffusion paths were formed at the hydrophobic region by the
liquid water movement from the hydrophobic region to the hydrophilic region, and the
oxygen diffusivity in the hybrid GDL containing water is enhanced by the liquid water
movement. Although the oxygen diffusion paths are formed at the hydrophobic region,
liquid water is easy to accumulate in the hydrophilic region. Therefore, in order not to
retain the excessive water on the GDL surface, the gas channel with micro-grooves and
hybrid GDL are combined. It is considered that the cell performance is improved by
combining these characteristics.

In this study, the concept of the hybrid GDL was applied using a carbon paper GDL
treated with PTFE, and the cell performance of the PEFC that combines the micro-
grooves with gas channel structure and the hybrid GDL were investigated in an attempt
to improve the power generation characteristic of PEFC.

In this research, firstly, the measurement apparatus for examining an oxygen diffusion
characteristic in the hybrid GDL is improved. After improvement of the measurement
apparatus of the oxygen diffusion characteristic, the concept of the hybrid GDL was
applied using a carbon paper GDL treated with PTFE. In order to verify the oxygen
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ABSTRACT

diffusion characteristics in hybrid GDL, elucidation of the relationship between the
variations of liquid water distribution and the oxygen diffusion characteristics in the GDL
was attempted by simultaneous measurement of the oxygen diffusivity and the liquid
water distribution. Furthermore, the local PTFE content of the hydrophobic region was
evaluated by surface observation of the hybrid GDL using electron microscopy. Based on
this evaluation and the oxygen diffusivity measurement using the oxygen absorber
apparatus, the effects of PTFE content on the oxygen diffusion characteristics and optimal
amount of PTFE for the hybrid GDL were investigated in an attempt to enhance the
oxygen diffusivity. After the examination of the oxygen diffusion characteristic in the
GDL, the gas channel structure with the micro-grooves and the hybrid GDL are applied
to the actual PEFC, and the power generation characteristics of the PEFC are verified.
This thesis consists of 7 chapters:

Chapter 1 describes research background, previous studies, purpose of this study and
constructs of this paper.

In chapter 2, in order to verify the oxygen diffusion characteristic in the hybrid GDL,
the measurement apparatus using the galvanic cell oxygen absorber was improved.
Therefore, the accuracy of the diffusivity measurement for the oxygen diffusion
characteristics of a GDL with/without moisture was improved by changing the
configuration of the galvanic cell oxygen absorber measurement apparatus. As the result,
a comparison was made between the results of effective oxygen diffusivity measurements
performed using the improved galvanic cell oxygen absorber and previous results. It was
found that using the improved setup led to a decrease in the error from 50 to 20% for a
dry GDL, even though such a GDL has a very low diffusion resistance and is therefore
subject to large errors.

In chapter 3, liquid water distribution and water behavior in GDL were visualized
using X-ray CT at BL20XU of SPring-8 synchrotron radiation facility. Moreover,
elucidation of the relationship between the variations of liquid water distribution and the
oxygen diffusion characteristics in the hybrid GDL was attempted by simultaneous
measurement of the oxygen diffusivity and the liquid water distribution. The oxygen
diffusivity was measured using the galvanic cell oxygen absorber and the liquid water
distribution in the GDL was visualized using X-ray CT at BL20B2 of SPring-8.
Furthermore, local PTFE content of the hydrophobic region was evaluated by surface
observation of the hybrid GDL using scanning electron microscope. Based on this
evaluation and the oxygen diffusivity measurement using the oxygen absorber, the effects
of PTFE content on the oxygen diffusion characteristics and optimal amount of PTFE

were investigated in an attempt to enhance the oxygen diffusivity. As the result, X-ray CT



ABSTRACT

imaging using BL20XU of SPring-8 clearly revealed carbon fibers, pores, liquid water,
and PTFE, and it could be observed the changes in the carbon fiber diameter by PTFE
treatment. Further, the following was revealed by the simultaneous measurement of the
oxygen diffusion characteristic and visualization of liquid water in the GDL. Changes in
the oxygen diffusion characteristics and the CT images corresponded well, and oxygen
diffusion paths were formed in the hydrophobic region near the boundary between the
hydrophilic and hydrophobic regions, due to the drawing of water into the hydrophilic
region so that the entire hydrophobic region was enlarged. The effective oxygen
diffusivity in the hybrid GDL containing moisture is higher than that in the carbon paper
GDL with uniform wettability distribution because oxygen diffusion is promoted by the
formation of pores in the hydrophobic region. Moreover, the hybrid GDL with
approximately 10-20 mass% PTFE in the hydrophobic area has the highest effective
oxygen diffusivity and is approximately three times higher than that in the carbon paper
GDL with uniform wettability in the water saturation range of approximately 5-60%.

In chapter 4, the experimental system and the experimental methods are described.
And, this chapter described the hybrid GDL and the separator with micro-grooves.

In chapter 5, the experimental conditions for examination of power generation
characteristics of the PEFC was determined. Therefore, the flow rate and the relative
humidity of the feed gas were determined by calculation, and the clamping pressure of
the PEFC was determined by experimental studies.

In Chapter 6, four patterns of PEFC are constructed, and the power generation
characteristics of these PEFCs are examined. Therefore, 4 patterns of PEFCs are as
follows: normal PEFC (combination of normal separator and uniformly PTFE treated
GDL), PEFC with hybrid GDL (combination of normal separator and hybrid GDL), PEFC
with micro-grooves (combination of separator with micro-grooves and uniformly PTFE
treated GDL) and PEFC with hybrid GDL and micro-grooves (combination of separator
with micro-grooves and hybrid GDL). The power generation characteristics of the PEFCs
were investigated by varying the relative humidity, cell temperature and the air velocity,
and the characteristics of the PEFCs were compared with normal PEFC for each
experimental condition. As the result, it was shown that the PEFC with micro-grooves
and hybrid GDL showed higher performance than the conventional PEFC without micro-
grooves. Especially, the value of maximum power density was increased by about 8%
when air velocity is 8.0m/s. Moreover, the stability of the cell voltage is improved by
applying the hybrid PEFC GDL and micro-grooves.

Chapter 7 summarizes the results of this study.
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77, 2006, HE, 2009, PE)Il, 2010)

1.1 |2 PEFC DAL % 779, PEFC 13, &%) 1 B R E 5 (Polymer electrolyte
membrane, PEM), filililfE (Catalyst layer, CL), 7 AJL#E (Gas diffusion layer,
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PR EZ 5K (Membrane electrode assembly, MEA) % &/ SL—# CHideZ & T,
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Separator GDL. CL PEM CL GDL Separator

Fig. 1.1 Schematic diagram of PEFC
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- EE N (PEM)

PEM (ZIE[5A A U RHED VB, 7/ — R CAER SN KFEA 4 (7
a2 hy) i, PEMHZEEL, AV —RIEL v b AfEgE2HTDH. £
e, 7 — R, BY—RZENZENMG LIoRIGT A (OkFE L #EFE) 75 PEM
AL, EHERAELRWVWE I 1itff%bf:ﬁ7\@3£L%Tfﬂ?ﬁl?“Zﬁ;&%“*%ﬁﬁ“
L. AFUREEL LT, 7 v ERE D FERERESCRILKSE R G 51 SR
BT & OE sy TS ER &, 7 /%% B0 T EMEBEOMEHZIZ R —7
Vv AV AR U~ — (Perfluorosulfonic acid polymer) 23 W 50T Y,
BAKMEDZNVKR U BEDOEDVITFET HKEN LT v F Rk Ens.
F7, BRALKFERE G FERERIZOWTY, EPICFEET KRN T e ko
OBEINCEEGT5. o), 7u b AREIZIE PEM 2SI igil S h b 24
ERHD.

- filfifE (CL)

CL 1%, A EHACH HEEEO D —R 7T v 7 ORMEIZ, FhiIRD
H&exE S, 7a b2 8T 580 FIRERRY DA 4 ) ~—CTHiE
SNTMEEL 72> TWD. 7 ) — RTAERSNTZ7 8 N IXPEM H2BE) L
1Y —R CL OAF /) ~—Z%Zl iz EL, Y — NOBE iﬁxﬁw%
VG GDL Bl L, A4/ ~—%Fim L CicES 5. £72, &34
EREIEE /NS GDL & —R > 7T v 7 Ziab ) itz L, Y — ROfift
TRIEHDERZ D EZEZ BN TS

- JJ AJLHE (GDL)

GDL & LT, —#RICH—RAMBHEN DR D= =G A TR AT
D2 FEHEDOFEM B EDON TN D, GDL OKE L LT, M A (OKFHE L EER)
DO & IS X W AE UT-E 7+ D4EE, PEM X° CL ORI, EEHEKOHEH%E
NETFHND. £, AR EDd, GDLIZARY 7 F 7 7 4nxT L
> (Polytetrafluoroethylene, PTFE) %5 % FH W - B /K ALEED 70 STV 5. 7,
GDL @ CL ffiliZ, PTFE 72 & DHEKRMEDHINE L —R b5~ A 7 mR—
Z A& (Micro porous layer, MPL) % 3%} % Z & C, GDL OFEKMEZ M £ X+,
PEM H DK R EFT 2@ & 28> B2 50, MPL B Bfi s b 2
&ML,

XL —F (AR EEER)
TR —H 1%, AT RO (T AF v V) ZED, RIS ADOHE
RPEH, RUSIZ i@ébtm FOHEH e, AEREIE~DEFOLYEY, *
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Na ALy 7T HGEIITHHE RV LT S R EREIN DS, £,
NOEERE L TOME hoERERN /NS, BV TRELZRZHA -
[FU ™% 72 DI i O EAZHAEBE - IR SSHAMERE S RO B D . S —HZ D
MEHZIX, 79774 FERBEBEPIHVWOND. 7T 7 74 MI#MIEZS
RSETHTAOFZEZME LI2b D BIEERT 77 74 F) FREH SR,

BEE T, BRI SIS ELRRA A OEHN RV, RS
— 213, BRIE/NES <, TAOZHEIIS LTI, BEATRE & &y,

BREIET D7D &D > T HZTOLERD L. ETREIIRIE, TAD
fits LK DOPKROBLRN G, WATIREE, —_F A VTR, Xy
TS SF DRk % 2R N 8 5

1.1.3 B E S TR EROEREERE (Hoogers, 2002, K% « PAEME AL
v R7 w7, 2006, HE, 2009, #E)ll, 2010)

a. HiREEEN
PEFC DL /713 Nernst D5 (1-4), (1-5)TERIND.

P,
VNernst = EO - RGT ln HZOOS (1-4)
nk" \ By - Py
4G°
E°=- 1-5
T (1-5)

FAZ L, I Vi [V], BRI £ [V], SRATEH Ro H(mol -K) ], iR
FET[K], A AUM¥ n[-], 77 75 —E8F[C/mol], 5/E P [atm], FEUEL
BEICBIT A X T AT R X — DL E AG [K)/mol] Th 5.

b. EIREERM L WEE

PEFC IZSH A2 L, BitaZ2ibsgs e, M12 DL 570t LE
JEL BROBZENEONS. K12 DL 52, HigiEE IO LVEBITERK
TAWMELET, MR EE, KIUREL, RERETEO 3 FEAICHHETE
5.

EHALREEX, EMCTOMRIBIT2E O ED IS
FNAFXF—HERICE DEBENMNDOTILT, PEFC OKISITBWTIE, 7/ —F
DN AT Y — RO O T SEHEALBEE TR E <, = /LF—HK
DRI D% HO L. WPURELIT, REERANHS TOEFOBENI LI L 7
HTANF—HET, BLREOEFICL2EBER T THSL. T72bb,
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c f  T/—Iz---____ Ohmic losses

Concentration losses

Current density ~ A/cm?

Fig. 1.2 I-V characteristics of PEFC

MEA, &/SL—4, SERK R L, BB IR 5 BT koA 4 s
WEPEFPICIT DA A VEIl & 729 X VX —HKTH 5. REREL
1%, KIS ADRRICE KT, KISZ X > TEL DK S X0 Kk
HADIEEPIE S NG EICE L DELEE T THD. ZNH\ELEE, &
TRB T L0 BRI RIE T B E S VTR Y, (KB B CI3E
PEALBEE b KX <, BB EOHINCHEY, FICHPUREL N ZEH
7Y, BAEBTEITEMRNICIKRT TS, £2, EEREEIRIZE VT, GDL
NS H AL PN AE K 3 R L BSOS T A DG & 151 B 728, BV EIEN
IR L, REBREBEN KA E2S.

L14  BE@ESS TR ERORE
PEFC O H 72 2 PEREM E0 K D 7=, NEDO @ [ERENEH « KBHANBAR =
— R~ v 7| (NEDO #REFEHML - AKFHMBH R 2 — R~ v 7 2010, 2010)I2351>
T, =2 MEOBUAN D, #iRAL, IR BRI TN L,
BEANRRD N TS & & HIZ, WEHEEBIROMAENEREIZSET S
NTW5 Z &/ L, PEFC OEMEREIZIE, BAPEICI T 2K 8I & D ERE
R, BEAWNEOWERETH RO IIEEZ2RED 1 > THDH. GDL I,
T AR CL O SOSE (BEFR, AERUK) OfEER L L CokE ZHE 0,
BRREIER OO P IR KRS % 5 5 2 & t, ORI R LR IC KX
IR FAFT. BIAUE, SR SRR A i B A S R T, GDL W,
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FITE L —F O H AFEENIT ALK F 72 13N 2R K D B K DO K DN
FV, ZOWKPKIEH ADOPERZRE LT, BVEEMETT 5. —F, &0
BRI B VAR EE LE S FIENO 7 a N AREMEMET L, BVEENME
T9%. L7235, PEFC OREMEREZ M LS D122 s OB 5 % FfEd
HENRH Y, FT-, BILNERO Ky B O FIE DY L \ETZ@% Z D=, K
DL Z o9 WA Y — FMUOKSEEC, EIREIZI T 5 GDL ONEHR
T AT ié,mm@\ﬁhﬁ%ﬁmﬁx(&%)@Wﬁ%%@%%@u
HCTHD.
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1.2 RERDHIE

1.2.1 PEFC N5 L O GDL NIERIZ R 1T B iRk FE8h Rt

7€k B PEFC PR, HEIZ GDL PS04 A it it N O IR 7K 28 B -<O8 5 5 HURF
BT DMFER e STV D, H AWK L ONGDL R &2 BT 5720, &
B 722 f8tiE ©& B AR U 1 —7R 3 — k(Jiao et al., 2010, Sugiura et al., 2010)CAHH 7
A (Nishida et al., 2012, Yamauchi et al., 2009)% %7 ' — RlO HT Ak & = K7 L
— FDOMICHFFEAL, CCD H AT ZHWTHHLT S Z & T, HKEBOBZEN
TN TWa. £72, GDL 24T 25 7 —R e O Z=2 LIS BT 2 MR 72
WOKZEE 2 BT 5720, wEBMEIZ T, GDL Rl DR/KZFEEOBIZ
T3 T 5 (Bazylak et al., 2008, Litster et al., 2006). Z L5 GDL XHEIZEIT 5
WKRZEB O RIRAL T2 T2 <, FERREE CNEMEE SN O K 2 8123 L 729t
HME STV D, BRI 72 (Minard et al., 2006, Tsushima et al., 2005),
M1 #R(Boillat et al., 2008, Kramer et al., 2005, Owejan et al., 2006, Satija et al., 2004,
Trabold et al., 2006, Turhan et al., 2006, Turhan et al., 2008, Turhan et al., 2010, F&
5, 2010b, G2 5, 2010c), X #R(Deevanhxay etal., 2011, Deevanhxay et al., 2013,
Eller et al., 2014, Epting et al., 2012, Fliickiger et al., 2011, Hartnig et al., 2009, Kriiger
etal., 2011, Lee et al., 2006, Lee et al., 2010, Markotter et al., 2011, Sasabe et al., 2010,
Sasabe et al., 2011, Sinha et al., 2006, Utaka etal. 2011, &5, 2011a)ZFH L7=F
1272 £ % IV C PEFC INER & 7213 GDL INEBIZ IS 1T B AR A Ze il s ol ok 8 &
ARACIEAT T 25BN I STV D AR 2 - W T AT i, W23 KSR
REDBNILHETHELLT K, @2 EDOILFETITEE LTV E WS R
ZRWT, FERD FICHIT 5 PEFC HOWKZ AIfH{E L, MEA, GDL O
A PRI DA AARCWRZEE &2 v L L, FESRM & OxHSRER %7
i LT\ 5. X 8% 7= AT AT 12 80y T, Sasabe (2010, 2011), Deevanhxay
52011, 2013)%, H—7AR 1, K, AL ED X BRRIRE D ZER /D 7o FElK
T HER X BRIk Z VT, FBEBHICEBIT D PEFC WERDIRKZEEY O Al 1RALfif
WaRIT-oTWA., £77, XBIEE LT 7 e ba ez ff+5 2 & T,
BT v ABRERAET D X BERWEEN 1T TR Y (Eller et al., 2014,
Fliickiger et al., 2011, Hartnig et al., 2009, Kriiger et al., 2011, Lee et al., 2010, Markdtter
etal., 2011, &5, 2011a) , Kriiger 5(2011), Markétter 5(2011)1%, X #% CT
EHWERERICE T 5 PEFC OILEOWIEIZ T 2 NiElkEiE L ONRAK 28,
DAL EIT> TV A. £, FE 5 (2010a), Utaka 5(2011), &5 5(2011a)iF,
WK% &t GDL BARDRHNEZFHMET 5728, A NR=EMXOBRE L Y05
s, 1982) 24 B IZa%EE, R A it L CRRRWIUA & L CHRIHT 2 & Tk
(Utaka et al., 2009, Utaka et al. 2010, &% 5, 2011b)% 7= GDL D2 & L HUE
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M & GDL W DK AR O AL D [RIFFH I TR 2R L, 25 O BE# %2 FH
L.

122 KAOBHEIC X 5 E/URem Rz 5058

AR ESE 570, BANTHOKSEEZ S bu— T R AEDEK
ZLMESN TS, Thbb, BANE, FHIABRKOEEZZITLT WD Y
— MU ORIEIE D W PR DR L2 A D 2 8T, BaAgEEm ESE T
W5, BARMIZIE, GDL 0t/ — 2 TR 2B XTI TA2{TH> 2 & T, &
NAERED A EOREI N STV D,

a. GDL

GDL % /K44 polytetrafluoroethylene (PTFE) (Bevers et al., 1996, Cho et al.
2010, Kumar et al. 2012, Moreira et al. 2003, Park et al. 2004)<> fluorinated ethylene
propylene (FEP) (Lim and Wang, 2004, Yan et al., 2007) % H U\ THEKALE L,
BEAM OZHEN BRI RIETEERRRES N, £, v 7 niR—
7 AJ& (MPL) Z&Af L7=HEI128\ T, BVERRIZKTT % MPL OF (2
X % 522 (Atiyeh et al., 2007, Yan et al., 2007, #FZ£ 5, 2006), MPL O&BAi & D
=2 (Park et al., 2006, Qi and Kaufman, 2002, Yan et al., 2007)3 & O MPL H oD
BE KA OBLK M D Rk 57 be D 52 %K itahara et al., 2010, Kitahara et al., 2012, Park
et al., 2008, Velayutham, 2011, Yan et al., 2007)23fRGES 47z, 2415, GDLIZ
X9 2 AKALBES> MPL O¥AIZ X% GDL WO 53 & BRORA DI,
GDL (277 £ % 221F 5 N LX° GDL DR HEALFE 72 £ X DI EH KA 5
A1 TN % (Gerteisen et al., 2008, Kimball et al., 2010, Kitahara et al, 2013, Manahan
etal., 2011, Nishida etal., 2010, Utaka etal., 2011, 52/ 5, 2010a, /&35 5, 2011a).
Gerteisen ©(2008)i%, PEFC WOW/KZEE ZHIHT 52 L2 HE LT, &
AF ¥ XV OFRINET S L 512, GDL (k% LT L —H T EMRICE
BEH) 80um DN &EZEIT 5 Z & T, GDL B A AT v RSO KDOYEH %
M bS5 R_AEITo72. Manahan 520111, L —H C—ERIMBICEL
300um D J% MPL fF& GDL (Z251F, WAKOHPKRMEZ R EXE7e. F7t,
GDL DELITANZZEAFE LD b REWARE 2T, ZORDNEE T AF ¥
FNARY T TFIZELSE D 2 & T, EORMEDEWZ MRGE LIRS 8 &
4~ % Kimball 5(2010)(2 X %77, Nishida ©(2010)?> GDL PNERIZIHEES L
T BEE AR DPEH A ARAE T D 72O A Y » M & F%IT T PEFC OPEREA M L&
B AN 72 7z, Kitahara 5(2013)1%, MPL @&A[IZES L C, HEKk D MPL
EBUKIMED MPL @ 2 JEMEE A2 L, RO M E & HktEorm ik
TW3. Utaka 5(2011), FE H(2010a)i%, GDL ZFLIAN Dk K434 % il
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T 52 LI DMBEILHEEOR EEBE LT, ZHROR D ZHED
RHBLE(FEE S, 2010a)F K OSHKME & FEKMED ZFLIK D 28 A Fd & (Utaka et
al., 2011)Z W28 > GDL # 5 L, BER 2R et 2 AW T, BRFEIL
BUREMEDORMERB I N X BT OH T T 7 41 K DEKS 2w b L, HE
& GDL 235 1F DRk 258 & B R YL HURFE O MERE M EIZ B3 2 G037
TW5., 5T, FEH(2011a)i%, FEERIZ PEFC O GDL & L TEH I
24 I3 — R = I E KM & R PE D M E S A 2 - -3 ED GDL %
FHNT, X#RCT 2 & %Al b & Fe R IR ME O RIRFRHRI 21TV, BRFRHERK
Ktk o ERRA SN TN D,

b. XL —#
oflE o fiEE L TERL—FIZERL, MEBROEHEREIZLD
PEFC OREm _EIZBI 3 2 M3 740410 Cur 5 (Choi et al., 2011, Li et al., 2007,
Masuda et al., 2011, Metz et al., 2008, Shimpalee, et al., 2006, Srouji et al., 2012,
Turhan et al., 2008, Turhan et al., 2010, Wood et al., 1998, Yan et al., 2006, [ «
e, 2013, FFES, 2008a, 2008b, 2008c, S, 2009a, 2009b, FFEDS,
2010, )11 5, 2009a, 2009b). 4311 5 (20092, 2009b) (% H A i AR D3R K 26
B E TR B A BUE AT & FEBRIC LV AT L T DL FFEE O I A I R
#&(Wood et al., 1998) & WA THEEE Dl 7 & it 7oA 7V v RTEOTEE
REFRE LEFEDS, 2008a, 2008b, 2008c), = HIZ, ZD /A 7V v R
FRAZY — N X A TR 2 B AfL7z PEFC 22 L(FTFZE S, 2009a,
2009b, #F2EH, 2010), PEFC OMREmM EA2 il T 5. £ 72, Shimpalee 5
(2006)1%, 3~26 VEEWAT LIz —~_ & A VRORKEIREZ & oE/LD
PERERRETSC, Li 5(2007)D H 18R & AW T2 iR 28 o "l LB CIE, %)
R PRI E BER LI AT ¥ RV ORI Y, T AR ORI
BRICKIETREIIRE N ERMBIN TS, [HEE - FHE2013)1%, T v %
JVEETH O RHFIZ B T 5 AU 7EH FO GDL AT v R/UlmEEE & GDL
R & OREIE IR DS LS9 2 & (Boillat et al., 2008, Deevanhxay
et al., 2011, Eller et al., 2014, Hartnig et al., 2009, Kriiger et al., 2011, Sasabe et al.,
2010, Zhang etal., 2006)7> 5, U 7(HEOKOME 2 W ET 5720, v~/ 1
TIN—TH DT ATF ¥ FIVEARR UT-. T AT NEEOMIBER KO8 FRERNC,
T AFNZ S U THERHE 2 FF U2 ChH o~ A 7 m 7 —T ZgklT, A
TS 2 AL D R OB B L ONR K OFRm RS (BE) [CLb7v—7
NOWRK EFHF1%RHT 5 Z & T, GDL EHHH DRI L OWEE Lo
HOWKE~SA 7B N—T %@ L TBEISE 5 HIEICL D, KOPEKM:

M &2 RRE L7z,
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123 EWRA GDL & ~A 7 a NV —TfHRAF ¥ RO S K
a. Bk LBAMEDOLIEDZEEE % 5 HEF GDL
Utaka 5(011)1%, #WAKGIEINEZE L7255 Y — Nl GDL IZERE Y T,
?wwwﬂm“ﬁ%ﬂﬁﬁétw #7272 GDL xR L, WARFET
BT D EEEILBURE 2 G L 7.

U@m%@mn@% L7c#E D GDL i (A 7 U » FifdE) & 20
R Z X 1.3 1. BAKE & BN EWIZHET 5 X 912, GDL w5 mic
ﬁﬁmﬁﬂé&kﬁﬁ%%zé.mmﬁwgm_;D(mL%mﬁm@mm
DHEfi A ET2 572, GDL NOHEEKER & BUKEBIZ £ 7223 DK%, #EK
DB AT & IA F AL, BEAKERIC IR RIS S EGE R 72 Z2 RS T AR
INDHEEZLNTWD., ZO LI, IVESHEBTHEEETH L
*,ﬁ*%@%i%%’ﬁﬁm%é&%z%nfkb GDL WEBIZHAK D
TFET DARBEIZB T, BUKEBICHRAKNTFAE L, SIS RSB AT O K 56
A &%#ﬁ%%ﬂ%%éméﬂmﬂﬁi:K%ﬁﬁ#émﬁ%ﬁ&@%#
BOWEZNNT AL FEBTE D L) T, PEFC B/LNEREIRDIL Sy
Nz E > TEEF LVHEEZAE L TS EEZ LN TS, Fiz, N7
v NHEE T, BUKE EBKRBORERX, HE ByF, Bk iaZ s
52 LT, BMBELHBEELANTHE T L EEL AT LB 26N T
W5,

Utaka 5 Q011D HAWZEI O 2 X 1.4 1277, SBHIZ LIRS

Oxygen

aedo 4 R

V
[ENLNEE]: sme

on-wettable
Wettable

Filler

& 5mm, t=0.16mm

Fig. 1.4 Test piece of hybrid GDL
(Utaka et al., 2011)

Fig. 1.3 Configuration and principle of
hybrid GDL (Utaka et al., 2011)

10



£
[iliii}

i
it
3

Qs

- Single

S 1'0._ .%g\\’emble Wettable
.Q 0 8 A A CP-\.'“' v CP“-
5 % Hybrid(CPw-CPyw)

S w  Ihw

S o6 B e 038 038

8 _ A® m 076 076

Z 04 | ¥ 'y s |
% el vy 2" %o Height 2. 5mm
£ ] v 5% ¥

% n 1 " 1 " A lvA N ﬁ* n
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Saturation S, %

Fig. 1.5 Relative diffusion coefficient for combination CPw-CPnw (Utaka et al., 2011)

EHOH—AR R N= NG, BUKEL L 72 7 — 7R~ = 3(CPw) &
BEAALER U 72 1 — 7R = (CPaw) ISR HLIZE AV TR & 72> TR D, MR
Smm, PE 0.16mm ORY Fa 'L oY o NICRBE S, BREZY U a—
VRID T 4 T =TI B, O 720 [F Ui TREKE X OBk
MRt OB RTZ b D (2 T AAERE) bHEINE. ok, FEFEoO GDL T
T DE S 0.1~0.4mm 2MEH S35 D2k LT, Utaka HQROINITES
2.5mm OFREEHEITH -7, Z OFEEFE GDL 2 W T, =@
DOEEFEY UV AEILD, 1982)& W B L7z /L N =B s 32 W AR & 2
ToFRBILHF I E OGS ToN T, F72, BRI EORT & 3B, =
DOREHERE GDL OEKIREEN D, o< ) L SE T < WEEFH I8
FEAEEY, THEMHOXHCT 2HAWCafiib 210 Thii.

X 1.5 | ZFR BRI SR ORI ERE RO — B & 753, AT E RN EE 0
PG KE Sa, MEHNIA 2R FRILHEREL Dlm?/s] 4 Wik RE(Sa=0) D A 2k
JEHAREL Dary THIKSAL U T2 Ro=D/Dary % 75 L TN D . JRAKAFAE FIZBIT D
AT Yy Ri1E GDL T3 DR ILHUR N, RO —RRR ko
GDL Th b v Vg L T, FREIZE WA IR IR R S
nic. £7c, ™A 7V v MEEOHAKE & BAE O Y F OFERILHRFE~
DREBEPRET S, By FR/NSWEEICBWT X B BRI %
HtAHZLemREnT-.

X 1.6 (24 7' U v R GDL @ X ## CT & A 7= affifbis R4 =9,
X 1.6(a)IXFZEARAE T, X 1.6(d)2Y GDL /K Tl 7= S 7-fafikiE D CT
B TH 5. ¥ 1.6(b)& 3 1.6(c)ITHEEFT D CTHBETHDH. X 1.6 D LA
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DERIZIBNT, E N HMNBEILB TR Th 5. BEBICIEA L2 OHE D
TV T, 74 T7—=bRFIZES TS, X 1.6 D FIOE (R Z D
MICEREZRBE TH D, K 1.6()IZBWT, PTREIBOLLIEHIE S EoTW 5
ERAY DBER G D GDL T 5. GDL D i < 72 D4 08 71— 7R L4k
Mz, BEWEONZELERL TS, K 1.6(d)DEAKIRIETIX, GDL #Hr»
BERINCHSIELS 720, BN TR SN TND Z &350 5 . 1% 1.6(c)
D CT W5, LAVEOEE T35 B 2L S UL U O 1.6(b)I2E
WTHRAR DR LTV B 8UKER A A <, BEFERIIZZZ LSRR S AL 7o BE KR 23
< BEoTRY, MBERRIZIZ- & LIAKR /ML TWND. S HICFHEN
#de L, X 1.6(c) 5 1.6(b)~ & FEARTBITI T DZEILNZVIREE~BIT L
TWb. LIRS T, HAKE D &L O MR RN ATEN, EmE
PEHOT NZEE U C BT 5 ARSI SN T DR300 5. Bl E
DO AFALFE R D&, BEBIEHREEERRICIB T 54 7 U » REEED E W
PR BIL AR M2 BT T D DL LT, N 7Yy FHEEDHITH DR
KELRFF L7236 BAFIREERILAAT O IO DRK DI N FEBIND Z &
DR ST,

(a) (b) (©) (d)

Fig. 1.6 X-ray CT images for hybrid GDL (CPw-CPnw) (Utaka et al., 2011)

b. ~A 7 aFA—TrHAF ¥RV

BB« FE2013)0%, B/XL—X & GDL E DR HE 725 U 7H FO GDL
W T ¥ R/l EE & GDL 2 & OBy ~ DR O #3357
B, HAFEEENEEDMIBE R M OV EBERZ, HAFRITHK U CTEAHE 2 FF o)
RETHDL~YA 7 m 7 N—T %S, WAKOPAKRMER EEHRFTL s, T
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bbb, K17 DT AT v FNVNEIZIBIT DK ﬁ@@tl@i%l@i
N, BN =BT LN ERTLD T AT v 2T, KOAERKIC

SR AR RR S 4, AERRK DLW RIFIZEB W T ,MmiGm;ﬁﬁ_
LT O ARBMENE X N5, ME - FmQ013)I1%, DX 57 GDL *
SO KDOWEERIET 5 L2 BE LT, AT v RILERILDZER
O AW B I OMKOFREES] (BET) ICLD7NV—THNOWKEHT)
ZFIFH LT, GDL DL DK LT v 2V Bk b Ofi/K%, GDL
FHNATE LWL HICGDL OXtmEEIC~A 7 n /L —T7 %@ L TEE &
L HEEZREZEL TS, K 1.7 O FKO X 572 GDL #Kif & S L—%
PNEED DRERK S AL D H AT v VI D AIEET & O EREm IS, A A%t
LM R FFo~A 7 a0 —T %% T 55 E L, MEA WO AT ¥
FIL~DOHPEKMERE Z [ | S8 2 Manirbiiz.

T AF % 2 VANAlHE & ENEER IR A Z b TRE LA 720
N—THEEEX 1.8 12, BHOTEOFMER 1.1 IR T. HAF v FILIE
BILOE ST de=1.0mm T, HAF ¥ 30 Y Tl & O R OBERT 1\
D~A 7 a7 N—TI3EEEEIR T, 18X d=0.2mm, & 31X /1=0.2mm &
o TS, EREEYP RN —T OB L OVESIE, £ d=0.3mm,
h=02mm T, Z)—7 L HAPWHMDRTHED HARH MO v F %
plmm]& L, RGO % 20, 30 BLN45°D 3 @Y O~ A 7 a7 L—THH
WhNnTz, F, A7 N—T BRE LT AF v RLVOPEKMERE &
95728, PEFC ICBIT 5 /L —H& & GDL x5 72 5 H ATF ¥ RV,

Conventional separator

. Gas .
Rib Channel Rib H,0

— GAS

1111

Micro-grooves

Proposed separator \

= : T : : < \|\|—| | |‘\ -
' : i Gas : .
Rib { Channel | Rib \\\_\ — GAS

Fig. 1.7 Schematic of water behavior through micro-grooves from GDL (|i]
8- FE, 2013)
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Table 1.1 Specifications of micro-grooves ([ « =&,

dg mm 0° pimm | dimm | hhmm | d> mm | ;2 mm
® 30 0.8
@ 1.0 20 1.170 0.2 0.2 0.3 0.2
©) 45 0.566

J NP

Upper 4,

0
§£L

b
-

B T T

W

Front Side

Fig. 1.8 Details of structure of micro-grooves ([l - 55, 2013)

lmm e 4 lmm

(a) Background (b) =t, sec (c) t=t,+3/60 sec

Fig. 1.9 Coloring by photochromic reaction ([l « 5=, 2013)
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BILOMEFRINT LB KOER 2B L EREENAHVL . v~ 7 1
T N—T B DIKDZEENZ B 5T D120, L—FiE i E6iE (LIF %)
EHWT, A7 v 7 )V—7 %D K FRmEORPE DTz, LIF
ETIE, R 337, Inm DML —F %, T b w Iy ZYBIRTRINL
le~A 7 a7 NV—THNOWKIZEFTHZ LICXoT, BEAKR Y M ZEK
S, TOFBHEREED AT THREL, SoNTEBEIVBEARY bO
BB R & PRI K o THRENFE H S 47, LIF EZ HWHE THEH
N7-Eg 2K 1.9 2R T. EEORGOKEFZHe LZEBRTHY, X 1.9
()l L —VIRERTONE RmiE, X 1.9 (bIRAEZ (=), K 1.9C)IXRAE
BN 5 3/60 FhRkE L 7= O Wi (r=10+3/60 s) & Z N2 9. X 1.9(b) D K&
N —FHREFENFEO L, TOROAR Yy MR T NA—TNER > T
BHIEAKITHES TBEIT S, K 1.9(Db), ()ZHEL TRAAR Yy ABEIL T
WHER PR TE D

T v RV DO ZEXEE A Ve=6.0m/s, (AGHKIT & % Bt E 1=2.0 A/cem?
RREL LE-—E8Ex 52, JV—T7ME% 20, 30, 45°D 3 D 221k
SR EBRERAZK 110 12RT. 053 20~45° DA TIL, AEN/NSWIZE
EWAREFHIHEITIKRE L 20, BAFIZ LD EAMAIBERKTHZ L1k,
T NVN—TIZR o T2 IED P & Fio#iH 2~ T HER IR R OB £ TOR I
R L, HEARMEREN M B35 2 LR EnT. £/, K 1111, =208 &
O Ve=6.0m/s D—EFRAMEDO T, BFGHRKT & 2 BREFEHLIZ 38\ T [=2.0A/cm?
& [F4.0A/cm? THRE LG EICHEHYT 5 2 MEOME TITo TR Z R~ L
TW5. ARV A 7 a7 V—T7HNOWKEFNIEFICHRSINTZSE, AR
KRB DS W72 FIERIC ER Lo B ERm L T0AD. T OFEE,
[=2.0A/cm? [ZFEY 3 DA UKEISEB W T, EEAD 2000551218, ~A1 7
07— 7 OFEBIEEOSRE OB 198mm (272> TEOHWE, 3772bb
GDL N OEADBBRESND FMOEELZA L TWDH I RSN, L
el oT, EENK 200mm OFEKETOENERHER I, FEANRREE
HA~OBEHANFRETH D Z ENRINTZ.
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Fig. 1.10 Variation of water velocity in micro-grooves against
distance (6 = 20, 30, 45°) (&S - 5, 2013)

V=6.0 m/s H=20°
107 Or-40=1.87 (nL/(s - mmi)
N 8- ® Q]:2'020.93 (DL/(S °* mm ) .
é - A
£ O @@ 2 ]
St ® 0
> 21 A S g0 ‘3‘ QAA:. O.‘ B
2 © <
8 of |
O A
- 2| A Q4 discharges ® 1
2 -4-| A QOpyo floodingwise A .
= _6__ ® lez_() discharge ]
I A
_ | . | . | . | .
8 120 140 160 180 200

horizontal distance x mm

Fig. 1.11 Variation of water velocity in micro-grooves against distance
(I=2.0 and 4.0 A/cm?) ([E&B « FE, 2013)
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Utaka ©(2011)? GDL WDKK AG 2T 5 2 &2 K B BRFBILHERE O M
FEBWE LT, R E IR 2 R AR E T 5 2 L2 L 580 GDL (»
A7V v RHi§iE GDL) 12 & DkGl 7= L, [ES - F2E(2013) D H A Jit i PN EE
OEEH & O EBEE IS, AWK L CTHERM 2RO~ 7 a Jv—T7 23T
5z & CHiI KM RE A E SR A A MAS YD 2 LT, L0 EMEREAR K
HIES A7 LOEBNFREE 2D EZEZbND. Tbb, 1.12 DX 91T,
WK Z G & & ORRBIEEHNEICENT- N 7V v FHEE GDL 1%, #KEN5
BUKERA~DOWKBEINC LV, BKHICB O CTRBILERE N HEESND — 5T,
BUKE CIIBADHRE LT WeEEZbND. £ 2T, EREn DBk %
GDL HRHITHE SER2WDIZ, v~ 7 adh—T%%E LT AT v 3L
WEx, "7V v NEiE GDL E#AGHDEL Z 212X Y, PEFC OIEERMEN
mETFstEZIOLNS.

AR TIE, A 7 U v NH§iE GDL % %8 PEFC Hl GDL (@M L, ~A
Ja g N—7%BE LT v R & LA S DY, PEFC ORERMEOM 4
X %.

GAS

Micro-grooves

GDL

Non-wettable Wettable

Fig. 1.12 Schematic of water movement in combination of hybrid GDL and

micro-grooves
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1.4 AHFFEDOHERKL

%2 BT, Utaka HQOIN)DIRE L= A 7V v RiEEE, EERIC PEFC
DGDL & LTRSS B —R 2= THE ] L7256 O S E R o | &
#4T 9 728, Utaka H(2010)M 2R L2 W L= Bl XEeE v oV 2 M B 123k E,
THEE LU 7= DNV R = BB E WA Z AW A REEEOS R 21T . T7hbb, K
KTFAE FIZH 1T D GDL OFEF LA EORIEIEIZ OV T, BERILHEE O RIE
TEEOWR L MEEZITVY, FRFRILHRHEOWRERE O Bz SV TREF L7z,

%3 ETIE, KA iR SPring-8 ¢ BL20XU (28T X #t CT Z2 7z
GDL WNE DK AR50 - 22BN O "I LT 21T > 7=. £ 72, SPring-8 ® BL20B2 T
L, WREITO TN AN=EMBBRINAEEE 2 HANT, A7V v NS
(Utaka et al., 2011)% A9 % PEFC > GDL DEE LB E DM E & RIS X
CT 1T &% GDL OWEEEC/K A - ZEO A L 21T o7, S HIZ, B
Wi x /ot 7 U » R GDL ORAEBIZIZ L0, HEAEEBIZ 38T 2 /T
@ PTFE & A &7l L, FEBRILEAE~D PTFE G A EOFE L L HIT, BE
PR A 1) B S D T2 O Ol 2 KM B A BEICHOW TR L 7-.

B4 ETIE, "7V vy FGDL & - FEQROI)PI_E LI~ A 7 a2
— T BT D H AR LS o8, PEFC OMERER LA i+ 572 Hh 0%
BRI ESCEBRITIEICONWTE L DT,

%5 5 3 TlX, PEFC O3 BRI ORG O T= O D FEBRSAM 2 E LTZ. T72b b,
HAEH A DOFE, 'I/VIRE & A A OFIHLE O EBRSMFRH 2R E L, -
PEFC Dt 2 FEBRAVIZ R E LTz,

% 6 ETIL, PEFC @ 4 ¥ — 2O, 725, /—~/L PEFC ({34
TR L—& LKA L 72 GDL OfEH), N 7 U > K GDL Z## L7
PEFC (f&kflz XL —% LA 7 VU v KGDL OfHAEE), v~ 7 a7 L—7fF
PEFC (A 7 a7 N—7fe R —% L ¥ —FEKAE L 7= GDL OfAH),
A7V v KGDL ###iLi=~A 7 10 7/ )L—7f} PEFC (~A 7 a /L —7fIk
NL—=H A7 v F GDL OMEE) OREBEHEOBRTTIOT-D, BIEEE,
A H A OFRRHLE, ZERFiH % 2 &8, TNENOERSMHITHONT ) —~
JUPEFC & i U, FEERHMEA G L7z,

97 ETIE, AMHEORIEEZITo 7.
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o 2

AR R ILBER B E D RER E M E

ARETIL, Utaka HQROINDIRRE Lo A 7V v R %, SEERIZ PEFC o
GDL & LT END I —R 2= N LT 5E OB SRR o E %
FBERATO 120, MRILHIEREOWR 21T 5. Utaka H(2010)23 8% L 7o
TNN=BMAFEEE 2B LT WS =B ER IR 2 T 2 7 3
BT, ESDOEW PEFC 1D GDL BAARDILEEGUT/ NS W, FFER
ET DI Z5m OBEE FEE L, T b0 5 HEFZBWRINIED 123
B E Lo B O ROHRERAT H2MERH -T2, L L, IEHERILO & b
TRWEZERIRTE O GDL OFEHHRTUE, EE RO & A~ TS/ & < 72
%728, GDL NAEOWEILOREL KE 2T, HbHERENME 5. £
DT ORI HZFIRRBIT I 1T D AL HUR D EfE 72 IEITIZR AR o T2, £
ZCARETIE, WEREOR LE2X25 BT, =B mERRRIR D H )R
MoREhE2m ESE5720, @BEZAETTOHRLRERERE LT, REE
MRIEIZ 35 1T 2 BERAEIR & OBEIRRE R X OVR B EMRE & FRBHI IR 7 « L & DL
HEED 2 SICEH Lz, Zhn 2 SOERIZET 2/KGEEE b L2 AN =FEil
IR DY R ATV, BERILHRE ORERE O A2 M+ 5.

AREE DAL

2.1 HEEBUEREE OWFSE & AFEO BB

22 KREZRBUT D EEBEE

23 AR ILBERE OV E Tk

24 TV N = MR SR WA D H 1R E O 2 E MR B D 72 8 ORGSR &
(022~

25 F£&0
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2.1 BRWEBUREHIE DL E AEDBH

2.1.1 ZHEEDOENIEHBARERIE I 2 ek DFF5E

e B Z IR DO BN IR A FZBRAVIZ KR O 5 FIER#E S TW 5.
5l 21X, Henry ©5(1961), Masamune and Smith (1962)IZ L 5 f@lELE, #HE - fiFAR
(19672 & B R, I« =43%(1970), Gibilaro and Waldram (1981)(C L 5 W5
5, Mezedur 50022 XAV Na=T@gEr LR ENFET N5, [REE
(Henry et al., 1961, Masamune and Smith, 1962)i%, ZfLE K% et ICRE O R
IRHHTAEFLT, £OLEE TROBEZE( XLV ZUVERD T A FEHE% E
PRt U CAHMEHIR I Z RO TV DM, Gl AT 2ITHEMET, B EICRER A
DIND . FOSECE R - bR, 19670 & AR« =4, 1970, Gibilaro and Waldram,
1981)ClX, ZAEEREFR DT ADWE H HVIIISHE S, JERAD
WEBEBBREZET /L LT, £OET T X0 AERIEHREE KR 573,
B EREEE TG E 72 TR ET VIO REIKFTH. Uva=Tk
FE U iEMezedur et al., 2002)1%, A v MU T EELT VA =T ZEMRE LT
LHpFtE o EHWT, ZAERNOFE BRI R & 2 ALUEREmOBRREE
ZRIFFEHT 2 Z &1L 0, ZAEEROBEIETREEZRD D FIETHD. 20
et Y O HIEE L —#A9IZ 300°C LA ETHY, ZAUERPNICHRKIFIE
THRUETCTOFMIRN#ETH S, D EnSHEEAVLN TEETEICBNT
X, BKE G IVERRENC BT D 4 AEEEE & 6 5 TR IR
ZEMEEL.

2.1.2  GDL ¥ OF ZhIEHREIE DIER DB 5

GDL O A ILBIRIN SV T b, FEERAIZEHAI AT 4. Kramer ©5(2008),
Fliickiger ©(2008)I%, XL FA & — & » A k% W TH IR B A oK
Wic. Thebb, BRbLFA v E—F v AEEISH U CEMIE TR L7 GDL O
BhA A N8R EZFHA L, 7 4 v 7 OERE A — 20kl Z AN Ls o
JEHARE & GDL M OAIHEEARE D LT H 5 A WA RHE R S % R 6H 72 . Baker
5(2006)i%, PEFC DO RRFLEENLHE 2 HE T 5 2 & TR o B L R %
Kb, F7z, GDL % Lo KAEK OISR A, MHxHREE 3% vl
ETDHE LIy FEZHOTHEIBEILHRE AL T\ 5. Hwang 5
(2012)1%, BRALFHIRKE R OB L Z W TRREREEORIEIZLY,
T3 DO IKFE OISR B ZFTe GDL OB ML IR % KD 7.
Zamel ©(2010), Chan ©5(2012)i%, RZERIRFEIZIIT 5 GDL OA ZMLHtRE %,
Loschmidt E/VZHWT—WRITD 7 4 v 7 OYEIEANC L VRO T-. &1 5
(2013)1%, GDL DJE S J5[f K OV 7 18 DA R EB LR A S+ 5 720, &
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WiEERHWZ., T78bb, GDL ZEA MM 2 i (BRR L ER) OF A
L, GDL Z# U T LI WA RELE, TR a~< 87772 HWTHIE
L, JEHEEPIO b AR EILERE 2RO TS, LLED L 9 ZRlETIEIC LY,
GDL O H AL DR 21T > T\ 52, K %E&Te GDL O ZhikHdR
B RO T-MFITIL D 720,

Utaka 5(2009)1%, TERD HEEFEIREOKREIZHW BTV D RREXO 71 ]
—FEMAFRE L o VAELS, 1982)%, HERMEERE TR O K WREOARRIEIC
WA ST D7D, MA ORKE, A L7 S =E i E WA EZ VT,
HE IR BE DG 22 FLE R O A B FILBURE OB EE L IRE Lc. —iKiIIC
GDL & L THWHNDZILVEREZ AWT, WERREEIC T 2 iR IR o x &
L7 Ao B oREGEZK 2.1, TOHMER2.1IRT. 20
HETIE, BEEZREDDLTZOICZOZAERE ZENERE LIRS Z KE <
L CWe. AEBUREORER R ZK 2.2 127, #EHA, B OB DILHIREL
IXZFFH 6.5X106 m2/s, 12.0X106 m2/s THDHZ ENRINTZ. BT,
Utaka ©5(2010)i1%, Z7KIKAED O RZERAE~TE 5 £ T GDL HARD I A YLHUREME

Table 2.1 Specifications of porous medium (Utaka et al., 2009)

Sample | Porosity Diameter* | Permeability um?
um
A 0.78 32 3.2
B 0.81 97 36.8

*: The diameter in which cumulative intrusion volume reach 50%
of whole pore volume

T S S s
i ¥ L -

s . sample A (paper type) h%ﬂ"f‘\-ﬁn

I P

‘}T ’HR’*: » ‘w_ﬁ_" \1!‘3,

P, Pl

Fig. 2.1 Configuration of gas diffusion layers (Utaka et al., 2009)
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Oxygen diffusivity D x10® m?/s
0 5 10 15 20 25

Sample A

Sample B

0 20 40 60 80 100 120
Ratio of GDLs' oxygen diffusivity to air R %

Fig. 2.2 Oxygen diffusivities in sample A and sample B (Utaka et al., 2009)

-6
[ X10 ]7L , | .
) 6 - Sample A(Paper type)
ngl I ]
~ dF Thickness 380um | -
QO 1 Porosity  0.78 1
o 4_‘ Diameter  32um 7
E ]
=2 ®
£ T )
| 1 e ]
= ® i
< . [0 ®% L ® 9, o ¢
= 0 20 40 60 80 100
®

Saturation S [%]

Fig. 2.3 Oxygen diffusivity against average saturation for paper type GDL

ZRHE 57201, TS =i ERRPIUA S L OMIE T k2 W R L CRRRL
BRFPEDRIEICHN D & & big, WEREZ MY 5 2 & THEDAZMEZ R
L7z, ke L OERICH Y GDL Z4LEAEERZ IR & T 5RE T, WHElR
EEHIOROEE O MRS A U D IREZIT/ DS Wiz, sl R e
RSN D BRI E AT OB N BN S 72 L, ORI O B 2 IEMEICRIE T 2
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IR L, ROIKE CIEBURE A E N T 5 - O3B e TREET 5.
Z D72 Utaka ©(2010)1%, AEHEGELZ FH T A S =R E WA D T
OWEREA L H T Z A RRE L, ZHEIROA R IR ORI ERFIZ
ZFORMEESRME L TEHERD, Wb 2 EIEIC L 2HEEZBRR Lz, ZOH|
EEERNDZ L2, KEEAT DM AR D RT O Fe B IEHR L
DR E %17 > T & - (Utakaetal., 2011). Z D X 5 ZRFHHICBVTIE, REZEMATO
fERN D, HE RO T VN = BRI R D ) R ORI L DD T2
EVED B ILHAR I E O BRSO O b EERPETH D Z LN L
IZENTZ. 2O, B EEIORIEEZ T L, T b0 H HLERFRWRINA
O DB E LI GE OREROARZHAT 5 2 & THIERE Z\D Twn
b b 5d, K23 0L ITHEBIRTIO i IRV EZERRE D GDL £ fLI&
(23T DA IR EL DRI ERE H1E, FEME DA D 5K £ 50% D FiFHIZ /534
L, FEMRHAEICIIBRAND 7. ZO7), WA N=EmERERIAE A H
W R SRR BUR B E DREZEERIC O\ T & BICHEEDN T, FEBEIEHREK
HE D EAEELIC OV TG SN TWAH(EED, 2011b).

213 AEOHH

ARFIZBWTIE, Utaka H5Q011)DIRE L7177 U v FiiE%E, FEERIZ PEFC
DO GDL & LTSNS I —R 2~ 2= 025 ] L2356 ORI EEE O H
EEEER AT 120, KEE ATIRIEIZE T % GDL il 2 LR D F Zhilk %
PERERE A, fEE DD @ RE I FHAIT 5 72 D D AT L S = B s S WU 2
7o F MR AR ARE E OREE D) LA METT 5. GDL BARDOILEIHUE XA
HER ORI T/hS Wz, JIEHR O TV S = FEHLEE SR WK D H )
K E DAL ERE IR E LS BET D, LN -> T, AN "= EERERIA
WEBELRZEISEDLILOOHBETREBERLHRFTL, ZOMEHERICHK S EE
BEOETICL Y, GBI 5 GDL BAAOBEILHE D & 572 2 HIE
FEm E2XD L2 BRET D,
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22 AEIZEIT D ERE

221 TN AR=_FBHEBRRINAEEEIC L D HEEEOREE & K

X 2.4 1T mmWB@ﬁ%MﬁTﬁMﬁ%Mmﬁétb@ﬁwA R e
WAREEE Ok A2 /RS, B Y — RICIRFEBEM, 7/ — FIZEHEM, KbV v
Am%ﬁ%iﬁA&Téﬁ%&T%ﬁéhfwé £72, B Y — RORFE B
DREMNC, BEEFEEAEZ HIRT 2 BT, SB0MICZEfL 2% =i FE IR~
4»&%% L, BMEREEARELTND. w/ RO RFBERITERKEEL,
KA LR THREMERETH Y, KKHPOEHEZWIN L, BEXLFG %

2. HEMRTOE

46.0

ALFROSIEENETNRQR-) E KR TEREND.

37.0

Electrolyte

Porous medium (GDL)

Porous media holder

A
| | t— Lead electrode plate (Anode)
I
Electrolyte 26.0
\ 4
\\ Gold collector body

A

Porous medium (GDL)

,\ Carbon electrode film (Cathode)
71.0

Porous media holder

| Electrolyte

Gold collector body (Thickness is 0.1mm)
Carbon electrode film (Thickness is 0.3mm)
———— Spacer (Thickness is 1.0mm)

—— Oxygen limiting filter (Thickness is 0.1mm)
Porous medium (Diameter is 5.0mm)

Fig. 2.4 Experimental apparatus with galvanic cell oxygen absorber
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[Cathode] O, +2H,0+4e” — 40H" (2-1)
[Anode] 2Pb—2Pb*" +4e” (2-2)

71— RTIX, RV REZE® LT 5 2 & CHREORITKISHAEL, B
TR L L CORER BT 5. ZcstLTT /2 — KT, BERIGIC L0 8
DHEES LD, 22T, BIRIENT VA VETH D ETQ2-3)D L 51T L
TR RS 5.

Pb*" +30H" — HPbO, + H,0 (2-3)

71— RCOBFERNE, T7720OEEEORIT G EIT T VS =EHEEE O
BIE [A]DD 7 7 7T —DBXIDROENTHHXQ-4EERL, XQ2-5T
KEIND. ERTIIINANEMOERBNCEI D BAELEBEEZFHIIL, FIEEA
IR E L7 EHRPUE (0.051Q) %8 S ICH B~ AT 5.

m IXt

M  nxF (2-4)

Gas permeable film

/
v

__Oxygen absorber

50 T

a7 .

< >
430

Fig. 2.5 Schematic of experiment environment
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72720, mlglldE R, MgmolllXs &, (sIER, n 134 A5, Fl(s
AYmol] 1X7 7 7T —EHTHD. LIz -o T, BeBWINRIEE DO BEFE TR 13
(2-5) TRIND.

I 1
i =32x107 x—x—
Jo, 4F 4 (2-5)

Jo, [kg/(m?s)[IXEFEHR, Am*)ITRFBEMIETECTH 5.

4 2.5 1273 K 9T, FHUKE O JE FHERBEI LA D ELIVIC L 2 EE R < 5
£ o1, FHAEERE OMIE R L OV i & ik THVY, B E o REiErE T ¢ L A
THY O M & L 7=(Utaka et al., 2010).

222 RABBLOEKFIE

FW T im 2 FLIAREH T, —#%AYIZ PEFC @ GDL & L CTHW 545 ”"TORAY”
B J—R 2 ~—/2 TGP-H-120 T, TO#EMAEFE 2210, BHEMBEEE A=
WEOEIEE AKX 2.6 /77 723, T OiEHTE, Utaka ©(Utaka et al., 2009, Utaka
et al., 2010) 3 FHHI L7tV 7L A LRBEO DO TH D, ZIMAKITEIET
BV ST IR B EBIIREOE AR TRl &, W EN, SmE, mRiEiR
P, MR, RO EOR®E RO,

HBEBKRT DD HiEE LT, BB MKFIciey, Z2inad BRI
FlE L7 RICIET 2 2 &, REINOZEILICEKE BIE S E 5 BEZEERIE
(Utakaetal.,2010) & Vo, EZEEIRIEL, WIETE A EMICEZER T, [£T]
FHETD AT, EAEHIE L OOWNEEZIET 5. S HICZEONEIZE, K27
DX, KE, ZHILDTZZ BB A> TV DL EEEREL, GKEITD.
Utaka ©(2010)1%, EZEERIEIZ L > TREFNOZER A TITRAKD RE I NS Z
EEERT DI DICIRDOEREIT-T-. BHERIMNDIEI%Z 0.0IMPa 705
0.06MPa £ T &Y, ZOFNEFNDES T T EREKIEEZRIToT-. BKES
NERBIOBEELZFHL, Ho LML TR oE&E)
WLT, WAKFHEEZFHA L. ZORKREK 2.8 (7. MtdERIEER
OFRBINESIZ I 1T DK TR &, X RGN OETITH L. ZOFRERNG,
BHZERIENDEIL 0.04MPa L FIZIx iU e madlHo ks E5 2 LR T
HZ LR LT,
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Table 2.2 Specifications of carbon paper

Test sample Porosity | Representative Pore | Permeability | Thickness
Diameter [um] [um?] [um]
Carbon Paper GDL 0.78 32 3.2 370

Fig. 2.6 SEM micrograph of GDL

Vacuum
Pure water :>
\
\ Pressure tight case

Porous media
(specimen)

Fig. 2.7 Vacuum impregnation method (Utaka et al., 2010)
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6 T I T I T I T I T
w08 ¥ 6 3 ]
g
- 4r 7
27 8 1
<

3 I~ [ —
2 2r ) .
< L J
= 1+ © Average values under H

- each pressure condition |
1 | ) ) ) )

0 002 004 006 008 0.1

Pressure [MPa]

Fig. 2.8 Relationship between liquid water mass and negative pressure
(Utaka et al., 2010)

223 ZEBRIERT IO
AREEICHNT-ERITR D@ ThD.

- T A=
T—2nud—L LT, BTERY PC X—A@mET—F T /MY ar
= h MX100 % i\ /o, RETIE, 3 =Eih =R IUERD H ) EE O
FHAI, T 2 A 7 OEGEXNT X 2 B PR OFHH, IR E R A AV JE
PIREE - WEZAFHlOT-D, T—2nli—% AW, K23 ITfERE =T
Table 2.3 Specification of MX100

Maker Yokogawa Electric Corporation
Product name MX100
Basic measurement interval 10, 50, 100, 200, 500 ms
DC voltage (2V type)
Rated measurement range —2.0000 to 2.0000 V
Measurement accuracy +(0.05% of rdg.+ 5 digits)
Thermocouple (T type)
Rated measurement range —200.0 to 400.0°C
Measurement accuracy +(0.05% of rdg. + 0.5°C)
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« i T R E 2

FFERE R L OB E OO, BEREREZ E LT, VAISARA &

HMP233 Z# 7=, £ 24 122 RT.

« SYBTRAF

Kz &ty GDL OB & ZFHIT 2720, &KL L TREEREHTR

AUX220D % 82g E— R THW o, £ 2.5 TR EZRT.

< AT AR

GDL (28K &/ DKL, AT 78— FU v Uflikes G-5C #HWT
FiAKELZbOERWE. B, 44 U ZHBIE ORI, 4/ /Bl PE-

M7 ¢ VX PEIZICHERE L TH D, * 2.6 1ITfkE T,

Table 2.4 Specification of temperature and humidity transmitter

Maker VAISARA
Product name HMP233
Measurement range of temperature -40 to 80°C
Measurement accuracy of temperature +0.2°C
Measurement range of relative humidity 0~100%RH

. . +2%RH (0~90%RH)
Measurement accuracy of relative humidity

+3%RH (90~100%RH)

Table 2.5 Specification of analytical balances

Maker SHIMADZU CORPORATION
Product name AUX220D

Capacity 220g / 82g
Minimum display 0.Img/0.01mg
Repeatability (Standard deviation, c) 0.1mg/ 0.05mg
Linearity +0.2mg / £0.1mg
Calibration weight built-in
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HZERAGE LT, R PR B 2R A R 1 A vz, R 2.7 104t

BEERBMNE B X T A0, TANy ZETRIY (775 2RS4
EQT/7DAHD%%wt 7% 2.8 [Ttk T

Table 2.6 Specification of water purification system

Maker ORGANO CORPORATION
Product name G-5C
Ion-exchange polymer Amberlite MB-2
Treated water quality <1uS/cm
Treated water flow rate 30 to 100L/h
Maximum pressure of the raw water 0.34MPa
Water temperature 5to 40°C
Filter (PF-1II type filter)
Pre-filter size Spum
Post filter size lum

Table 2.7 Specification of vacuum vessel

Maker TGK
Material Acrylic
External dimensions ¢ 150xH200mm
Vacuum valve ¢ 8.0mm

0.0MPa to -0.1MPa (gauge pressure)

Vacuum gauge . .
Minimum display : 0.005MPa

Weight 3.5kg
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Table 2.8 Specification of vacuum pomp

Maker ULVAC KIKO, Inc.

Product name DA-15D

Actual pumping speed 12L/min

Ultimate pressure 6.65x10° Pa

Motor Single phase, 100V, 39W, 4P, Capacitor run
Full load current 0.79A

Weight 3.9kg

Inlet, Outlet port diameter 0.D. ¢ 9mm x L.D. ¢ Smm
Ambient temperature 7 to 40°C

External dimensions 135mm (W)*203 mm (L)*182 mm (H)
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2.3 BRIBRFBILBIREDORE L

2.3.1 FBARHBBILBRE DR EF EOHRE

GDL BN OB R IL AR 2 E 3 5 AR FIETIE, BRI 26
FE£C GDL #BHZ X, BRBEWIAAIE L OOk 0D KRR & 40T B4R 0 1 i T
PRICERRIRIE DA SN D £ & 2 Db, Utaka 5(2009)1%, GDL iEt% %
BHOREE L CEAEOIBERIR A NS S5 Z &1k, B o
EER S, MWl O AT OB R L, 2B RRENOf 2hiik £ 9L HUR
BEOREE Z 7 ESE Tz, ARIFZEIZEVWTIE, Utaka 5(2010) & [[IERIC,
GDL WS & #2filim & TIXK DDA N D RREMENE 2 b b 7e &, K%k
e GDL 3B ORI D 2K 5 Z L3 Tide <, EBEDOBIG % X
D IEMEIZHEHE T 5 72 0121 GDL 3 UBHER T O A 2R R ILBURE A WE T 2 B
WMo, LichoT, ikt U TIERICHE W GDL ZAUERELZ G & LT
52 E0n, WERERIIOEOREINICAE C5BEZ /NS W=, B m
DIREZPET 22 L1TEH L <, TR TR 2 B H 3 25 1135572
TRAZFT . AATEIZHBVTIE Utaka 5(2010) & FIERICHEE, T7obb, B
FILW = o Z 7 2 2 ZREBEMOREHERBHI 31T 5 v /S = Bl e R IR O H
TEEEFORDTEL Z LIk Y, GDL LK FERRFEIa X7 2
ABPRET D HEERNTND., E, sk L BBEWIRI O ER R D = &
D, FBIREICKIT AMREEIT 1 WoThIZIER 6T, 001 & FERHE
IO EEAIIRD S Z L ITEE L. O 2 TR A2 R L C e SRR
ZEMT 5. ok, BEFHEICIIUHEGRIEMEYT Y 7 M D = 7”ANSYS Fluent
13.0°ZEH L7z, LUFIC, ARWFEOA IR FEILHARIR ORE FTIEIZ DOV TR~
%.

232 XEHFERB I OBEREME:

HE 2L Ol FRE 2 B L CEERRICIE 2 Roc MRS Z vy, 30
WG O 2 WICHAMZ AT DEERIRE 2R 7. RN OZERULEESE &L £54
D2 IRERIEE L, BBEOEES LY 0232412, EHROHEEHFEL 0.7676
& L7z il o, EEh &I X OSSR O RTFE, EEOWERITHKEL S
B/ 2.9 (TR EN D EEN THE L. BRI E B L OV o9 b
LM E LTWD. BRI RRIEE B OB REHEEE 5 2 T\ 5.
SRR TR U CREEIAROT IS 4 S DO~HED 72 2 FAA O fEI ) SRR
SNTWD., RRERFBEMBEL DFER A z2=0 L LT, z<0 oRFEBEME (H
V— 1K), EfK, $hEM (7 —F) 28T “MIELISHEK”, 0<2<2.9 O “FR
FIFIWFEIR”, 2.9<2<3.9 O “FRIEREFEE” B L 03.9<2<294 @ “KR&mEEK”
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Lo TND . FUBRREFEIRF OFERBIZIE, X ET 2D GDL k& S,
TR T V7 X R D Ik, ERROFE S LIRS T 2 EE LR
RBAid 25 &, BEICITIEBIC X 2O BIIMAD 7o l-, ME A B
BIIA TR, LI - T, fHEFEMRO =D, BEBIREOE Iz T
1%, < OBAIC 2 RTTIEEFHEEZFIH Lz, LTI, 20L& 2ol I O]
BERGME TR

fesg L EFE D 2 FAIREKETIZIIT D8FEOILHITIKQ-6)D 7 1 v 7 DILHEK
FEHICRINS. o, X(Q2-11)TE SN DEERSHEIRIZIS T 5 S5 E 2B
T HREMII%RIRT 5.

Jo, =PDy Va, (2-6)

-~
—

2T, Jo, IMEF DL, PIXEE, Do, 1TFRFE DILHIREL, o, 13WEFR
BESRTHD. i, BERFMEZAQ-T)~Q- 121077

S

Center axis

Lead electrode

plate (Anode)
D Electrolyte
L o Oé 76 Gold collector body
3 x
Carbon electrode
1.9 29]/ : | $22.0 \/ film (Cathode)
T e Oxveen limii
W T ygen limiting filter
| ! s
:$5.0 >/\

17.4 [———> - Porous medium (GDL)
—_— e
/\-

! —
i ¢ 18.0 _~
: L~
N oo fromimmmmm |
. 1
! $32.0 :
294 I |
— ! —
i :
i Atmosphere '
: |
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Fig. 2.9 Calculation model for oxygen absorber
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r=16, 174<z<294 : «, =02324 (2-7)
r<16, z=294 : @, =02324 (2-8)
(9<r<16,z=174), 2.5<r<9,z=39), 25<r<11,2=29) : 2w, /=0  (2-9)
(r=9,39<z<174),(r=11,0<2<29),(r=25,29<2<39) : dw, /or=0  (2-10)
(r<11,-03<z<0) : j.=-pDVay,, (2-11)
r<l11,z=-03: o, =0 (2-12)

Ik, WEFELERO 2 RAIREKETIZER T 5 BE DILHIRE Do, [m?/s]i,
BT FERH2009) 1 HIRNUZ L > TRDDH Z LN TED.

!

In(PD;, )=Ina+sinT -— (2-13)

P IXJE Hatm], T TR EK] T, ERXNoOoEHKass 1T F
M, a=1.13x10" [atm-mz/s(K)s} , s=1724, s'=0[K]TH D5, A(2-13)
X, @219 E725.

In(PD,, )=Ina+snT=In(a-T")

p, =4I (2-14)
R &
EoT, N,-0,D (°C], latm |23 D ICEtREL, KQ2-15¢L 72 %.
Dy, =1.13x107 x(273.15+1)"7 (2-15)

235, =25°C \CRUT BILHIREIE, Do, =20.8x10° [m?s] & 72 %.
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233 BERMUCERICEIT 5 LREERE & a KRB OBRILBRAROEH
TR = BB HIFREWIARIZ BB W T, BER OWIN =TI EILRZ I T <, &
MAFET HEEOBSICFRICEDN M E L b > CREIND. BUEMHT
IZENS DOBEMERBR % BB ET D 2 L IIARMIED BTk L CTIEBLIER
T, BFEWNEICHIT D EHMICHSRERFEEZR T L EnRYLE
Z6N5D. & Z CEEFEISHEIICB VT, BRREWINIAIZE T DRIt e B
IR T Z L OFMREZR BT OILBARE 2 I L7c. T7bb, z<0
DEEFEISFIRIZB N Tz=-03 DREEEESHEE 0 L&, -03<z<0|Z
BWTHWELGEMIDODNULTWD EEZ D, ZOEE, BT O EITE L
Bt OB E LTEEIND. %Kik 25X 912, GDL OFZERHENLEIRE % Tk
ETHERC, ik (Utakaetal., 201002 FIH T 5728, ZOBERNFHEZRET D
7o DITITMFILBARTLA B Th o308 (BEHEREH 2 VT, JESR & [H—o0
GO T CEBRAERS R EBEFEORBREZ T OILER DL H. & 2 T
e LT, GDL & RIZBROMGEMERICBIT D EREH W CEHAZIT- 7=, &
BtOYEBERHT 2 2 S 572 0ICNEE Smm OHBEEEZES L A 1.5, 7.5, 13,
17, 30, 50, 75, 100mm > 9 FEFEHE L, BBRILBROFHIZIT-72. 723,
FRSEILHTR I Jexp & FLNT OILEAREL D DBERIT, HEE O T X 0 i

-8 . . . . . . . .
[x107°] . ' '
NQ 8- 7]
=
o
Q
z 6f -
=
=
S 4t i
(e [ ]
Q
)
%‘ .
% L o . . .
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[<107]

Oxygen mass flux Jy, kg/mzs

Fig. 2.10 Relationship between mass flux and apparent oxygen diffusivity
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( Calculate the oxygen diffusivity D, )

Determine the oxygen diffusivity D,
in the carbon electrode film

by D, :f(chp)

Give the initial oxygen diffusivity D,
in the specimen

Change D in terms of
| Jnum - J,

exp |

Calculate the oxygen mass flux J, .,

er >0.5%

J,

num

| Jexp|/Jexp:er

er <0.5%

Fig. 2.11 Flow diagram of numerical calculation

IR BIN D AIREMEN & 5 O T, WERICHEE 2 HWZHEZITV, 2 b
DORREZEDH LI LTz, X210 ICERFRIEHR Jexp & FLDNT OIEHASREL De
DR D & 7”9

GDL OB MEBIRE A& 3 2 FIEZ X 211 1ZR9. 77, EHEREZ A
T, BRFIRH Jop & IRBEBMIEO BT OHURE De & OBRERE L, BE
FOSTEB DSt LTEHEZ D, RIZ, &K L7- GDL DA ZHLEARE Dee DAIH
%52 3B 21T 5. BREWING L TIX 2 WTOBBEESHBTER SN, £
AU U 72 R TR B E R R OFE M2 B3RO T2 IR B IEEE R &2 Jaum &5
ZD Jaum DEBEOHPFERTH D Jop EAET H L DIZ, HK LT GDL OFZ)
JEHAREL Detr 2L S, Jnum & Joxp & DFEBN0.5%LL FIZ/32 5 K912, #:0
W UBHRIZ & 0 AR Den 2D 5.
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234 TNAN=FBHERRTIVARIELERIC X 5 FBER IR EEIE O FIH
ik E MW 237K GDL O A Zhe R IR EGRNE 12V T, AR ERE &
GDL RE & NERHIE T D720, DO N NS = EERETIA D H R
ZAELIZK WZ ERFIHRE 25 T D, D70, HORHEZL DD 2 E A
EEERBTHE LB, WERIS, K212 OXIITH A AN=FHOH %
HIERTB L ORI, ZOBERN NS N & 2 HERT B LENRD S .

UL T SRR E RO FIlEZ ~9. 22T, GDL #kHIEZSE
Zi£(Utaka et al., 2010)IC TEKRSETZ b OEZ AV, ZTD L X DOBFEQ)~G)IZH
T D EKREELK 212()2, HABBEOEHF Z K 2.12(0)IC7~F. X 2.12(b)F D
OFIZ GDL # BV 11 TRV RBEIC B 2 o2 @l %, ORNIE GDL, &
FZAGE 20 7B 0N AN=EMOH %2R L TWA. 788, X213
(R FRILHARBAE R I3 1T D B OREEZ R~ LTz,

100 - I - | - T
G, :
= 80t ° .
O i o |
o
= 60 o -
.S L
§4m o -
g i
5 20 ° -
= i
B 0 T T © T T T

5t (b) E, E, E;
> L |< GDL>|< Air >l
: -p)
= -
= -
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a
| ! |
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Time min

Fig. 2.12 Variation of water saturation level in GDL and output
voltage (a) water saturation, (b) output voltage

( O : output voltage without sample, [] : oxygen diffusivity
measurement in GDL, < : oxygen diffusivity measurement
using circular pipe)
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Cathode Electrolyte Cathode Electrolyte Cathode Electrolyte
Anode \ Collector body Anode \ Collector body / Anode \ Collector body /

NEEa J NEEANy

Y

A\

Porous media holder

Porous media holder \
GDL (Diameter :¢ 5.0 mm) Circular tube (Inner diameter: ¢ 5.0 mm)
(a) The oxygen absorber (b) The oxygen absorber (c) The oxygen absorber
without sample with a GDL with a circular tube

Fig. 2.13 Conditions of galvanic cell oxygen absorber

(1) BRFRWIRD H SRt 2455 7=, X 2.13(a)?D & 912 GDL & GDL 7= /v
ZuaALImRECHANLZET D E TREBSECEFRMHEEZES. (JE
&L [X2.12 O Ey)

(2) B L7017 9. GDL A/ &2 GDL 274 A %, X 2.13(b)
D X 9 ITEERFWINRIZ GDL RV X 2B 1), BELZBHGET .

(3) —EHFRRGBBICREL T L, RS FEHNL, BKOFEEEKE
EEDLT-OOEEFEIT .

(4) FEFEWIVARIZ GDL RV 2800 (i), BEEZHBET 5.

(5) Q) DZEMVIKL, FEEKELBBILEGEROBEGEESES. (HIER
2.12 ™ GDL ® L)

6) (NZEATH. HIEH : X 2.12 D E2)

(7) &S 2B T, BERERE A O P2 BRSE AR R O IE & X 2.13(c) D
WEETIT . (HEMS : X 2.12 D Air DOH])

Q) (NZEATH. (IEA : X212 D Es)

728, GDL &4k LIZIRFED (1), (6), (8) DFHAIZHIE DRI R L OMEHEREL &
GDL ORIEDMIATH T &2k, RIELEEOREWIRELZRE L, fidkd
5.

GDL OYHEKE S [%]i, AKZETe GDL ZHY f1F72 GDL A /L4 D
B, FEEREEIZET D GDL 20 {4172 GDL AV HF OB &EE A2 L5 X,
GDL I[Z&FNDKEEZHTEL, ZIUI GDL HmH & BRFBWIRD S ELY 4t
LESELXIT) ETOMIZERTIRAKEZMZ D Z ETRE L. 225,
GDL Ol % 40min &35 &, GDL MWK/K TRIFN L7 IREETH 5 & KR
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100% D & & DHEFHE/KEIL 5.66mg THDHN D, RIEHEX 0.142mg/min & 72
%. F72, GDL mVH & BBERIANSED 4t UEEEFHI9 5 £ TOHIER
% 30sec &35 &, ERAFHAIT 5 F TOMICART Hi/KTEIT 0.07Img & 72
5.

LEDOFNENS 005 X 912, HEFIZE T DMEBERIPURD H 1 D2 ENE
ITIEBARE ORERG T 5. BBRWIURDRE E LT, I L 7R &I
JE U CTHANENT 5, BERALFERIGREEMEIC S EEEZ T THICE
BAE LD, BBWINEROEBHEICBWT, K241RLEEIIE, BY—F
N, o &%l LI-EEIR, REBEEMIE, BBREHIRT V2 3FE Sk
REC, BMRITIR BB T DEE L 2> T D, BBEWRIKDO ) DR E
EDT=DIZ, Z OMEEHEENORESE DT « ROGEFRIZIBWT, £ 0@ - Kb
FEESRERIPIZZ L LIZ < WX D i & 2 T 5.

23.5 HTAN=FBHMERBNED H /1RO L EEN EOT- D DREIEE L H
&

GDL BUADRRFEILHURI A HIE T 2 RFVEIZB W T, GDL BB KL & %
PR ORLIRHE T, JEEHRPUI/ N & < 22 0 IEBR B DR ITIY KT 5. Utaka ©
(2010)1%, /KA ETe GDL HAKRD A NI R ILEAEREL O JE RS B DO Rat & FEh L
T, WEHREDRKEZ T Z T, ZOWEFEOFEIEEZR LT, LonL7
NE, ZOHEIZBWTIE, HA = EMMEEZERIED H AR S 720
BOREROHBEZRATHZ LT, FIEREZRIEL TWe., 22 THAN=E]
W ELEE O EAREREZ D T2, X 214 [ZRBRIUAZ W 2 HEIZI 1T
% EE I WVEARERII OB KX 2R LT, BRRWINALEE & GDL OW/E (R E
Pra ez L7354, GDL BRIt/ hE <, WENHEL W ENond. T
2B, Roawld, X214 OESHRCHENT-FD ORI T, BFRSHEKICE
T OMERERITH Y, BBWINEDOEITITH D, R, X 2.14 DR T
P 7= 22 M OB B IR BB O E BT, ZERRLVE D%
LEERZRS HEES Y OMERERINTH D, Ronld, REZOHLODOYWE
REENTITH L. EEOEILTH S Ray & Rcess DFI L, HLEREEIZISIT D GDL
DIHL R 6oL DL TH D (R'Giv + R’Gas) R'epr 1%, ¥130 THY, GDL Ikt LT
BOWHINRKENZ D™D D. LN T, IEBIRBORERE Z @ 5720
21X, BRBWIRDO I ZLEIE BRI 7o WS ORE RO AR 2R3 2 25
Wote. L, MAOOREMEN+3Tlhnoizlizd, 2D/ WFERTZT
FBRE L TCTOHOLREEDOEHWHIERFITD e, WERBE L SEWDDITIEA
STz, 7238, Utaka HQ010)IZRBWTIE, B|MH IIOEEEDOE WS D &
LT, IERRITN 10%DOEETHRA L W, 72, HITHEORAEER OMK
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< Lead electrode plate (Anode)
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._R — - .)l / Gold collector body
Glv
I . r Carbon electrode film (Cathode)
=== % Oxygen limiting filter
| R’Gas L | / yg g
- =~ oS
RGpL '-é_ _____________
LY e oo £y o PR GDL holder
Porous medium (GDL)
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Fig. 2.14 Schematic diagram of mass transfer resistance

#f(Utakaetal., 2010)(Z3\ N TlE, EERZWIUAZ D & OO NFEOS B IZ TS
X7 ot LN T, RFEICBWTIL, ﬁ/b/\w@#@ﬁﬁyﬁ[ﬂﬂﬁi@ﬁﬁﬁ
PEICS B 2 MAT T HEEMSEICE R L, MR E AR E S5 2 & CEEILHUR
ﬁ@ﬁﬂ%ﬁﬁ“ﬁ%@%ﬁ% BRI O BIZOW TR 5.
a. PRAREMRIC MR & OBEIRIE DR
%%m@ﬁﬁémiﬁﬁﬁi,#% ARV A T/ﬁfkb 7S g
WLLTVEETHD & L b, BAEENGTHZ LI @%ﬂ&®
%%%%%*EK%O%@&EOTV%.&R,x%%ﬂ%“%i J£ 77
TR K 0 E DB ERE T OMETH D, LL, HIEREO
HERFH 2885 O BIZEMIK & RBEMBE & ORI ZEN AT, K
JGHFEN LT 2 AREMENE X DD, Lizhi-> T, RBBIME L ERRIK
DIEMIRREZSAVICBEE L C, IRBEMIEIN B S 32T D EEDH RIC
Ko THAREOZEN ZZ TR b B2 bNLT-0, EMEOWKE
S EIRBREMER O S O (LT, EAZEEFES) OFEITOWTH

RET 5.
b. BERNIGHEIZBIT DEEBERE DA ~DRBEEBMEERFZRIR T V2D
N[ B R D R

7Y — R 2R % IR OER A B RN RN E & 72 7 X9 70h
EERET 2. Tbb, BREHIRT V2 L RBEMBED, 1ERMEE
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(Utaka et al., 2010)IZFB W IR & 5 LA L7REBICH Y, 20729
FRSEHIPR 7 ¢ L& I D R B BRI~ DR FE1E 0 )N RFTHIC R E & - Mt
REICH -T2, 2D, LT RREZECIZ L - TERERZ2 USRS )
O HEFEICARLE) — BN AE LT WG L 72> TV D R[EEMEDRE 2 b
L. ZIZTIE, BBEGIRT 4 v & &SRB R 0 FRBEA i S5
(CMAE T 25 B AT & BRI L 0 RRET 5. BUEMAT T, FEFEHIIR
T4V L IRFEEMm E OWREEE LS, O & O RFBIFEE
IZB 2BFIRE Nz RO D Z & TR OREEBRIEST 5. F2FE
BRClx, BEMEREEAZ CX A0S 0.lmm O%AE & 1.0mm B L 7=
IRBE T, IRFBEMEI AT DB EWRIET 5.

BUERHREIZIEL, FARRO 7 4 L 22D O ORFLZ 7RI T T2 R TR 7
S IVE DEBOIINZEET D720, 3 IRTTFEFER %2 AV CHEaO e %
BEMICHE, BEISHICBIT 2MBRE 2RO, SR SRS
%, 22 8B THD. BEFRIRT L&, K215 DEHT 4 H
DOHLE x=0, y=0 OLE & L, [EAE0.1mm OFIFLA 19 FEEAVTEH D, E
FIXZOMILEERT S, ok, x EHEB IO y @ISt E 5 2,
0<x<16 , 0<y<l6 DK TR A ZITo7c. £/, RFEEMPERE & BEHE
HIFR =~ ¢ L& & ORI FEREZ 0.05mm 7> 5 1.0mm O [E](0.05 < z < 1.0 D#i[H)
TEEET. £70, 22 #HiDHFETEN L7z GDL &k O A e R L 1R
2 Detr & B2 38 BUGTEIR D RN T OYEBUREL De % 31T, RHIR T 4 V& %
B L 7R BEIC 1) 2 Be 35 I BRI O s 1 DYEHUAREL Dor 2 5- %2, R
MR 31T 2 BB IR A & R 7z,

[RFZEMIER BT DR E RS RERET DT ODFNEZ LLFITR
+. T CIRIECEDORER A B AR EMERE W IR DR & LT R T
DYLHUREL De & IRFBEMIER AT D EEEE B4 RO R 2 8 R4t
ELTHR, RFEEMMEE A ORI 2 R AT 2R iR o An e &
MR OBREZREST 5. £7, BREHIRT L& ZBE L7REEIZB T
% W 32 SRR 0D B2 T O JEERARER Des %, Bl U 7238 H 515 (Utaka et al.,
2010)Z FHVWTRIE L7 BT OJLIEPL R e L WRFEHIR 7 1 v & OILEEK
PR aZHWTIRIET S, T7b b, BEFEKISFHEIRO WL T OIEEEREL Der
1%, RBEBEDOE X oc[m], BERHIRT L% DIES du[m], fxEEMIBE
DIEFE Ac[m?], BEFEHIR 7 4 /L& O Aa[m*]Z AW T, K (2-16), (2-17)
NHELND.

Ry =R'. =Ry (2-16)
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R’ :i R’ :& R = 5ﬁ1 Xi
) ’ A (2-17)

2

WIZ, AR L7238 H J7¥5(Utaka et al., 2010)% F VD CHRE L 7Z 2R RE I
BT 2B O AL BILHAREL Derr 7 5- 2 FHHEZATH. ZOEFHEICZL Y,
Fes PO b CITMRIRE MBS, BEKISHEIZBIT 2 EE5R

DA Z RO Tz
Lead electrode plate (Anode)
/ Electrolyte
/ Gold collector body
/ Carbon electrode film (Cathode)
-0.3 £
ey . o= y
3.9 29 % A4 2\ Oxygen limiting filter
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.§ 5.0 ; ;,
17.4 i < A
— // | I
- \\ —
1
:§ $18.0 ;;
NN R £
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I $32.0
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Fig. 2.15 Calculation model of oxygen absorber
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24 TN N=BHERRWIED M REDOREMRR LD T D DRE

FRBIOEE

24.1 [RBEWIEICZIBIT 5 EMK E OEAMREBORE

T 7V oS = W SR W AR D i 3 S T C b 5 ik 58 BE MBS 23 FE AR > & =2 T 5
FEORELZRTIT 5720, EBAEROWERNMZZHEFIZ 12mm 2>5 40mm £ T
EHEL, TOLEZOHHOEERE L. BREIZK 2.16 (27T, KifbE—
L& LT HIE CTh D 1o DR Z DN DTS ITE LI ETWRn. K
10000s F THKN % 40mm IZ L7285 O NIZEETH D, £ 10000s LN
Ni7E% 20mm (2 L2 E %2R LTWA,

WRALZEDS 40mm DIGE, #J 50008 D /IR E— 7 IZEL T B, #J 5000s D [H]
TOollmV AP L, =200 NENL 5.8% Th o7z, HALZE% 20mm 35
F O 12mm OFEITIE, IZETEFREALDDIRWEER & 72 572, 20mm Ti,
4 11000s {3872 54 10000s OO HHZEENE 0.03mV TH Y, ZOEHOEIE
1% 1.8%, 12mm TiE, #I8500s T 0.5% TH-7=. 2B, ZILOHEIZON
T, FEMIIKET T~ 2525, EEBEREDOEED/ NI WS THER L TEBY, &
PR ER BN T T & LTWD. LG, [RFEMBED B DT
AIENZL, RIGHEEOELE X, AN EEEERIED B 2%
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Fig. 2.16 Effect of static pressure on output voltage
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242 [RBEWEELBEFHIRT 1 V& ONEHIEEREOZE

R BRI & BREHIIR 7 ¢ L& & ORFIEREED 1.0mm (281 5 BB R E
AT DOEAEFNTRE R 21X 2.17 1R T, X 2.17(a)FFHEER RIS 1) D EER
ED4 Az LTEY, X 2.17(b)i% GDL B X OFEEHIIR 7 1 /L & £ DFRE
FENH IR L TORLTWD. X 2170V T, AU CBH £ 7= fEik o> GDL
VBT, 2WRITCHIZRIBESANE L TND Z ENMHEREND. SBIT, BRFEHIIR
7 4 VE OMAUTITIZ B W THBEERBRIRESH DR IND 2 ERN gD,
LR T, BERHIRT 4 VX OMFLIZ L » TAEUT-RERESMIZL DBEEX
IS 3 T DRI E M ~DOREL T 5.

IR R FENBNE & BRFRHIR 7 « V4 & OREHEZ 0.05mm 725 1.0mm £ T LIt
7ot DIEFRPOSHNCI T D MR IR O—Fl %X 2.18 127, 218 1XX
2.15 TRLUTZBHEHIRE T 4 L Z B WD THRIERE TR ENALEICE T D BEE
ENAi R LTS . BBRIRE AT OFRERN G, RFEEMME & BREHIR T 1 L ¥
& DOFFREN/N S & X121, LA OB RN RFTHICE <, IRFB BRI
B2 BBEBN R — Lo TWD Z LN D . REBWE & BREHIR 7
A VB L DFEBEOINCHE > T, BBRLUSHEIC BT HEERIRE /AT, REEM
JED H IR Dy > TR DR AR H D H OO, 1FEH—7oAmiciE>S5< 2
ENGND. IRFEME A I LR R L RBEMEE L RREHIR T 5 &
OREREBEORRZX 2.19 IR, BEHZEEX, WEHHEEICEHFIL, =
DEAENLEENEEZ R LTS, T2 b, MBS/ S WA, ML
T ISAZ D0 5 T2 OJEHIRPIA KR E < 20, R BEBELITK T 5. &
7o, MEMEEREDS NS 2120 TR ER R TN L, FEFEEEE 0.5mm ULk
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(a) Entire oxygen concentration distribution (b) Enlarged view of oxygen concentration

distribution

Fig. 2.17 Distribution of oxygen concentration determined by numerical calculations
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Fig. 2.18 Mass fraction of oxygen at carbon electrode film surface
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Fig. 2.19 Relationship between oxygen transfer rate and gap

width between carbon cathode film and oxygen limiting filter
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WX R G0D. Lo T, ARIFZRICBW T, BEEEE Lo

45

BN



928 ANRRILHEREE ORIE R L b

(a) Gap width of 0.1mm between films  (b) Gap width of 1.0mm between films

Fig. 2.20 Aspect of carbon electrode film after the experiment

1.0mm Z#EH L7-.

RN BRRHIIR T 4 VX T SETRIED L & &, RIBREEEE A ik L
e E 2B 2 FEhR% D IR FEBMIEDEE % E i E K 2.20(a),bITRT. T72
pH, 2200)%, RFEEMIE L FERGIRT ¢ L2 FOMERED 0.lmm T, FEHR
BORFBEMPEOIRIEEZFR L TH Y, X 2.2000)%, RFEMPE L EEFEHIR T ¢
WA RBIOMBRZ Imm & LG E 0K THH. X 2.20@)0IR LT, BEH LA
LTV DAL, AVHEOBREEESIR 7 1 V& OFMFLONLE RS
LTEY, RIS Z > TW2Z &N 5. £, BEREHEEZ 451
Y, ZoHEEZ lmm & L7254, X 2.2000)0 X 5 (ZRFTIC G Lz BRE 7
V. RFTE 72 BOR DA, BEF OMRIEIZ & 0 OGS HEFE D ZZL3 4 L0303,
JEMEEE A2 AT 2 Z LT kY, BBERESMPE—I2720, RIS T 5 2
EXR L oo gD, 7B, 1k E TOMIEUtakaetal., 2010) TiE, K
M2 /NS <, BEITE W ERHNTORLZEER E/R>TNZHD L
EZ B, AUECIEEMERE lmm 28T 5.

2.4.3 FERRILHREBGIERER & BIE R B DRRFE

MR DURAL 2235 K OVR BN & FRSEHIRR 7 ¢ /v & ORI RERE 2 E 105
JE L7IRIED T C, BEBIEHUREGNE 21T - T ik B %, 1EROWEME(Utaka et al.,
2010) & bbi LTI 2.21 129, [X12.21 1%, ZALAECEHT K 2 ffn S H 7R RED>
O, WMAICHESHE TP L&D, EHEKE S[%INKT 2 A28 RA LR
DEZEZRL TS, 22T S TN OBK EAFEEZRL, EA2TIC
KA TWBIRFEE 100% LT 5. S 100%0 BT DIZ LI T, Bk
DA IR EN IR 2 1IN L T <. FRIZ, 10%F2E £ TOMFITMLL, #%
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Fig. 2.21 Variation of effective oxygen diffusivity with average saturation

DFBIZETITI KT D Z L0305, ZHUE GDL O & LT, B—R ki
M ENHE T IANCEE S TR Y, BKITMHES M (mJ7m) IZIRN 0 9<, &
IREEN IR & WA, BBRIEBOT IS D703 5 =N S i <,
S OITHENHER., KRN 10~20%F U027 d &, < mGTHITIAD > T2
IR LB —BRICEIAVAR O, IR N3 2 Ll S G, £72, K
WFFE T O RCERIRER S=0 (2361 2 A2 IKBARE O RIEMEIEL, 5.3X10°mYs 225 7.4
X 10%m%s OFAFAIZ 04 L TWDDIZXF L, HERREEIZ BT 216k 0 I EE
(Utaka et al., 2010) TiL 2.5X 10%m?/s 775 7.0X10°m?%s L A< oA L TW5b. =
NHEEET S &, AFHUTIE, 1E5-o&VNEL, MEKEOm EAHERSH
5.

AWFFED GDL 2 FLIKHLIE O FUEF D A S IR ARG E 12 361 2 JE R FE DRt
%479 . Utaka HQ010)IFRAEZERK & LT, ILBURARIE, KItOEIL, BREW
AR REE DRI 6T~ DA IE, JEPHEE - IREDZE L, AEDE S, #kto
JERFRE DO BIFHEICOWTIRFT L, TN O ORKEREZ AL 72, 2 b0
ZHER O H BT, AFEICBN T IGET 2B, BFREE - IREOPE LR
BIOEIOFETH Y, AR T AZRIRERE DRI OV TRET 2 %
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HVEND D
Utaka 5 (2010)DRRE 2> 5 J& PHE EE « IBE OBAIC X DRz oD, /D] &, # kD
JE X DRI L DRAFE|D, /D, 1X, ZhENA(2-18), (2-19)D K H T D.

oD

Fl =0.027 (2-18)
1

oD, |_ 0.027 (2-19)
2

FTNHDOHERKE L HIT, £, 241 242 THET LTz, BRI O RS EMR
BEA~ER 3 2L 2 L OEESEHIIR 7 ¢ v & & IRFEMEO MRS 5]
TEHR D IT NS = BRI RFE O 2L (M ZEEE) (2 X232 % M4 T,
REMZLREREORG 21T 9. BRI, 3B AR E T 230 R V2 2B
T TV 72 REBBCREECOH 1 TH DX 2.11 FIT/R LT Ei, Ex, E3ZFEY
THMNZEALICEE T 5. I LR O AL L ONEMEEEE A2 @ U B &3 5
&Ry, FN N EMER IR DR O E IR B L. AR
? X 912, Utaka 5(2010)DFHAI Tl 10%FLE ORIEERHEIE TH - 7228, A
IFETOMET —Z 2T L ENAREE o Tz,

KIFFRIZ BN THAEI DT K TH - ZHIEICBIT 5 H I ZE#E 2 2.10 (2
AT, ZORRNOHNEORKE D E, EROEIEEINTIXQR20)TEREN
5.

‘M <0.0099 (2-20)

COWMNBREE G 2D L, BEWRIUARHEOREFEIC X 2 G EE R
R ZEIIRQ2)E 7D,

‘5D3 <0.213 (2-21)

3

BNRLFZIEEAR B ORI ERE BN TIE, BRRW AR DR L 0 S8
MREL, ROBUEREDKE WEEIRBIC I T 5 A RIL R DR =%
weETsL, Re22)THREND.
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Table 2.10 Variation of output voltage

En E> Es
Output voltage mV 3.739 3.702 3.736
Change in output % - fiéééixloo::—099 EE 100=-0.01
1 1

2
‘6&

op,[ |op,|
error =, ||—Y +|—% +
Dl DZ

IQ%C,ﬁ*€ﬁ$%wméﬁTJMLK£UE]@T 2Lz,
JEIRTE S = 0%1Z kié%%@@mm®+w%@ WIZIFEL TR Y, HK(2-22)
DI RKAAZEOFR PN E > TV D = &ﬂ%ﬁéh@ INHDOZ END, KHIE
%&i+ﬁ@%§fﬁ@%ﬁszé ENGMD.

WKz ST, TERREBIC R TIEBIEIN R E W 006, EACREE
‘Téﬁ@#ﬁ@ﬁ@ﬂﬁﬁrimV‘Wzi?PWaﬁﬁSwﬁ%%®k%
HEZEIL 59% A IS, LavL, X220 TEKIREOHIEICHEWTIE
w@%k%&iaoéﬂﬁ%héNJ%i GDL O s 13— Tl 7=

D, WEHEDBEIHREOIRNETOHA T L nEtExohb. L
3o T, BRI AT DAL — 70 ERRBIAROARF AR Z T, I—AR L ~_—x
GDL 2B\ T, BEEDOFIm A EA U CRBHEHEDS A TWD Z &2k,
DEOW THMBOZBE I E LT WIRAKSAIEICR 0T 0nWes, #
BHZ ;éﬁi%ﬁ% EHNnA b0 EEZHND.

¥, HLERREIZ I T B AR IR ARENE, Utaka ©(2009)2% GDL k% %
&&%E#é;&f#ﬁ%#%%%éﬁ,wﬁﬁgéﬁiéﬁt%w%%ﬁk
% 6.5X10°m%s X°, Zamel ©(2010)H3FERAIZEIHI L7z 5.3 X10°m?%/s & thiz L
ThH, fhln—HZRrLTn5.

WIZ, GAKRES OWEREORFEZIT . EAKRFEOREZERKIE, GDL OE&E
%M WD EA RO EREEIZ ;éﬁ%,iiﬁ@%ﬁéﬁwﬁﬁﬁ%®

MZ X BREZE, GDL I E ENDIRKDZFEEE DENT K DREENZET 5
ha

GDL OEEFHANZH WD EF RKIEFEORERFEIC X DREZEIL, AU HIE F
IE F, 2 T b, RIFFETIE, EKIRTE @cmL@E%ﬂgh@%%@

=022 (2-22)

3
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GDL OHEEZZL5IE, GDLIZHEENDIEKELZREL TS, ZOD, H
BRRAEIZIS 1T 5 GDL OB S A I EKREEZRE L TNDZ &0, WKESE
i» GDL OEEFHRHZIIT 2B+ RKIFEOREREE &, wERIEIZEHIT %5 GDL
OEBFHRFIZIT DB FRBEORERED, TNENEFREOREREIZ
LDRRELRD. LER->T, A THWZE - RIEOHEERE X, £0.05mg
THHND, FKFE 100%D GDL 128 £ 5 BERIKKE msa=5.66mg ZH\\ 5
&, WkEET GDL OBEEFHHIFCBIT2E RO EHEEIC L pid=

|08,| = |om, /m,|x100 &, WAERIREEIZ 51T D GDL O EEZHUFNC 31T 5 E T KIF
ORI EREEIZ L DFRZE0S,| = |om, /m,|x100 1%, i ZiH(2-23), 2-20)D K 91T
5.

72720, HERRIETH D S=0%D & X OFEFEIL, FEikREIZ 1T 5 GDL O
BHANCHAW D EF KO TCHEICL28ETH D, B RKEOHICHEX
+0.05mg T, ZHNEEKBICEHRT D L, HRRETHD S=0%0D & = DEAEIT
+0.88% & 72 5.

105, | = i’"l x 100 = 0.88% (2-23)
om,

|68, | = x100 = 0.88% (2-24)
msat

HEFHZAT O BROBAERF R OV X 2F8E1F, EEIHMZEZIT S ETOR
HEDHFAERFH 30sec 7D DFZAEFRIZ X HEKEBEORETH 5. AWFFEORIE FIAIC
BWTHAKZ & T GDL OE =ML, FERILHURE 2 51 L 721, GDL &~/L 4
HIRFEWIANLR DAL, EEFHIZIT) 2L TREL TS, 2070,
GDL RNVF ZBFEWIUAN G S L, HEFHZAT 9 £ TORMEDOBIEREH
30sec O DT IUC K o TEBEIZERNAL, FHEKEOBEL D, T2
bbb, BEEFOBIERFRE O +10sec &35 &, GDL H DK D78 38 8k i

(HEBRRE 2 40 /3 & 3°%) 13 0.142mg/min TH H7-9, ZAKFEE13£0.0237mg &
5. LIehoT, EEFUMETOBROBERMOEWIZ LD E
68| = |6my I m, |x100 1%, K(2-25)D X H 2725,

108, = o,

%100 = 0.419% (2-25)

sat
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GDL HZ & F N DR DZFEEE DEONT K HREZEIY, EBRSEMHCE Y GDL @
WLRE N R D Z L TAELDEETHDH. T74bbH, GDL HAF #fRFERIL
BB HY #h LEEFHNZ1T 9 £ TORMERH TH 5 30sec MIZAAIET DK
BIGEWVWHREL, PHEKEEMET DDA T IRAKENE(LT D Z
& TV EKRRORRZE L 72D . GDL O 7 de eI 40 70 C, /T &
D9 30~60 4y & HLIREE N EE§ 5 2 L D EEEE N2 0 30 /0 THELER L
7B A O BOEE L 0.189mg/min T, 60 4y THLMR L7235 A O W 15k 1T
0.0944mg/min & 72 %. FEEFHHNI DR A 30sec & LT, 40 5 CHfE L7
LB O EE DFERT, £0.0236mg 725, Lien- T, BEHAEIT OO
BRVERER] O3 X B RAFE0S,| = |om, /m, | x100 1%, K@2-26)D X 51T/ %.

om,

|5S4| -

100 = 0.417% (2-26)

sat

H(2-23)~(2-26)1 6, BKEOEEERAET D E, RQ2NERD. T2, &

KROAEL, (Q2-23)~2-2600%A L, RQ2NEEG/KEKS DAL D
&, K2y EoickEND.

error = \/|(5m1|2 + |(5n12|2 + |5m3|2 + |(5m4|2 =0.078mg (S >0%) (2-27)

error = |08 [0S, + [0S, +[0S,] =1.4% (5 >0%) (2-28)

LMo T, GKEDEZAEIFE0.078mg T, ZNEEG/KRICERHE TS LRI
£1.4%E 72 5.
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25 F&

MRS L ONE K &2 & A9 % PEEC 0> GDL B 0D i 2 3R o0 ) & kS BE D
W] D72, TSN = R REWIUAD H RO Z e O m E2BE L. &
FEME T 5 BRI & OPEfIRAE DR L (R FZEME L R HIR T 4 L&
DOIEFIREE OB 2 SOBERIZHEH L, A= iR W IR o % E kS
DRI X0, JEEAREGE OREHREE D1 Ea24T - kiR, LT OGN ES
.

(D

2

3)

“4)

LEMEICD PO AEEEE & LT, KISGHOmBEZLICERT B2 60
% IR FEMBIZ I 1T 5 EMIR & OBEARIED A L U C, [RF BN B
B D2 T HEIEDOKRIZE > THEMREOZ(LZ2Z ITOT < b EE X
HILD T LD, BRI R S & RFR BT OWRAL 2= DB Z Gt L
72 WALZE% 12mm 7> 5 40mm F TEAL SE 7285, WALZ 12mm 28T
% LT, REBMENBRE D2 D EZ WD L, IRFE B L B
R OB ST DR E N ZBLE, BBEWINEO M N E( AR S, H
T DL EMEN M BT D Z AR LT

e 38 BTN C o % fR SR FEARNR & e R HIBR 7 « L & ORI FERE D 22T D>\
THETL7-. BEREIEEREZ 0.05mm 705 1.0mm £ T2 b SH 7= 55 5, MR e
ERELTHIET, BIEKSEICHK T DBBREDAMORE— 28T 5
ZEERL, FERRAWTOIMRO/NS VY 0.0mm OEAIZIE, BEEERED
BALBHIVFHEIC 5 2 2B IR E WS, BREEERIC E b vy, T ORE T
BT 570, AR ORI 1.omm ZEHAT25 2 L1k, HAME
DLEEM DD ENTE-.

AR I 1T B e B AT /L /S = EE i e 38 W AR 2 T 2 i S R BORR B30
DAFER & e RAEE DOHEE 2 W T2 JIERS R(Utaka et al., 2010)% i35 &,
PEHGRHL O b /N SWEZERIREE D GDL (281 5 A Zh LR % 0 ) E 5 B o
52X, MEMOTEBHEN HHKIE50%DHEFITIE S DN TN b DMK
T20%LINIC e E S AL, JIEREZ R LsEs 2 e nTE.
BNEEFZILHAREL DOWEREE & Mt U 7oA 3, i b HIERRZE O K & izl
REIZIS T DA AR DI KRR ZEIT £22% CTHDH Z L &EanLiz. 72, F
YIE KB ORREIX, GDL IZH £ DK ED R KR £0.078mg THh5H Z
D, EHEKRBIIERTDHE L14%THDLZ EER LT,

52



7 3% GDL NOWIKBENHIEIC X MR BB et

3
GDL NDOEKBEIHIEIZ X 5
MR B EMEE

ARETIL, Utaka HQROINDIERE L7z A 7 U v N2 EFEO PEFC (266 A
T 57D, £ PEFC HOGDL & L THEHAEIND I —HR = NI 7Y >
NEEEEH L, ~1 7 U > R GDL OfERKETT 5. {fERk L7=/~1 7 U v K GDL
ZHWT, BRx 2 FEIC X DA b, BRRILBREOFHAIZ 1TV, GDL WS
DHEIK A & WYL O BIFR O, BRRIEB DM A2 A 5. 370b
B, KA L 72 GDL & KAFRMPED GDL %, KA SPring-8
® BL20XU (28T X # CT % FV 7= GDL WNES DK 5547 « 2580 0 m] AL ARAT
#179. F£7=, SPring-8 ® BL20B2 T, {EkL7=/~1 7 VU >~ RGDL %, KB
T HT VN = FE R B WAL E & W e BB B IR bR s e X M CT 128D
GDL OWNEEIE/K AT « ZE) O AIEAL DO [RIRFEHAI 21TV, GDL PN DK Z
B & PR ILHRRE O BRICOWTELET 5. S HIT, PTFE A &H/KALE D
RO IR D47V » K GDL Z{Epk L, & BEMEi% AV 72 GDL O 6l
2200 K D EEKALPRAEIRC 351 B RFT D PTFE &4 3 % 31l L, BesS it~
PTFE & A BOFE, BEBILEAHEZ 1 LS5 720 OBk &4 8o
W CREMHC R 21T 0 .

ENCADLAR

3.1 PEFC H GDL ~®O i it ofift 5 (NA 7Y > R) & o i
EARFEDHB

32 REIZBITDIEBREEL LOHE

3.3 SPring-8 ® BL20XU (217 % I # bAM#AT & BL20B2 (Z351F % GDL D A
b & A 2k AR B E O IR REF RS ks L OB 52

34 F£&O
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3.1 PEFC H GDL ~DOXH\m FRbitEgfitts5 (N 7V v K)
BEOEHALAEDBR

AT, U8 & FERIVE O IR A IR FF> A 7 v RigiED GDL 12
EHL, Z2ONA TV v FiEEE FE O PEFC ([T 572, EEEIZ PEFC A
® GDL & LT SN TWD B —R o~ 2=, BIAKME & B b4 4i
ZH7eE 5D Z & T, GDL WNEOURKZEB OFIE D FEHL 2R A 5.

Fm b lX, GDL NOWRKSAG 2 filfEd 2 2 &1 L DR IEEEOm L4 B
& LT, ZZHARORRDZAEROLZARE(FR D, 2010a)ds KX UHIAKME &
BEKVED 2 FUE IR D 22 B i & (Utaka et al., 20112 AW 514 7 U » R D
GDL Zfes L, N \=EMiaRERIURIC X 5BFEILHAEORIE S, X #T
AT T T XD DR EIT, ~NA T U REEE IR DK
28 L FERIEBURF M E O MEREM RICRET AMET L TW A, F, TR T VA S
7 7 4 (FrE B, 2010b, 2010¢) & VT GDL N D 7K 5345 « 258 O Al AT &
BIKME L KD ZAUE IR & R ARLE SN 7Y v i GDL 2B 1T 5k
IKZEE) & R R IR OMERER EIZBI L TRETL TV 5. 20D ORRGETIE,
A7V v R GDL O FIEERE N KIBICH E L TnWD Z DRI TV D.
2B, FEHQ010b)D, T AT T 7 4 & WD GDL NOIRKIA -
B O AL & TS = BRI R IARIT K 2 B 3R PRCR P O I E o R REF
Tl%, GDL WEBDWRK AR & BERIRBURF RS KL OV OBFEIC DWW Ty S
NTHEY, GDL OFEARIFFEOBMIIIFIRFFHHITERN BN TH 5 2 & D3R
ENTW5., LnL, ZTNHDOHEICEIT S 7V v FiE GDL 13EED
GDL XV L EAN K WVHEEGREI TH D720, EEHQ011a)E, N 7Y v K
W5i&%, PEFC H GDL & LTSN D I —AR v ~— X% A 7D GDL 23 H
L, Bk & BERMED A &2 Fii-E 7= ED N4 7'V » R GDL Z1ERk L,
PR BYEH R O B2 RRFT L T .

AKRETIE, ZONA 7Yy FiEEZFEERO PEFC IZIGHT 5720, ~"A 7 U v
GDL O#EKAPRGESICAE H U772t 2175, $724%H, PEFC M@ GDL
ELTHERAEND I —R X=X A4 7D GDL (ZA 7V v FEE &AL,
GDL WNOWEKZFEOFRFEOEELAZ BR & LT, BN & KDLV %
b, BREIEEEHEOE R D EARA L. BRI, -~ 7Y v K GDL
DKy Z RS 28 KH PTFE O & A &% JRHIPIC A2 b S, /KL BRAE I
281 D PTFE GARE MO 52 & T, A7V v K GDL OEKI i
BEE DR RIE B E A~ RITTRELH O ICT 5. T720b 5, /KR HEE O
WeEBAMOEEELZELESETZ A7V v KNGDL #HRUWEL, BRRILEAED
f]_ EICOWTHETT %, 2079, GDL ORI NEREEO ks LT,
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KISt e i a% SPring-8(SPring-8, HP)?> BL20XU(Suzuki et al., 2004, Uesugi et al.,
20091233\ T, GDL O NEHEE D FI L 24T 9 . F 72, SPring-8 @ BL20B2(Goto
etal.,2001)TlZ, X # CT 1T L % GDL DiE/K o540 Ktk o0 i B 7o it & RIFR L,
TI 7S = EE R SR WA I Z X D AR SR LRI EIZ X Y, GDL WE D
WK & FEBIEBRFE O BR O 23 A 5. S 512, B BMEEE vz
A7V v K GDL OFEBENC LY, B/KUEERIZIT 5 RFTO PTFE &4 %
R L, BREIEEUREE~D PTFE B8 B0 E L & 12, BBEILHEREZ W
SHE LT ODEHE RN EAREIZOWV TR 5.
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3.2 AREICRBIT 3 EREEL L OHE

32.1 HFAN=EMBRER I

BB FIEEARENE OB EAT - 725 L, X CT & W7 w14k & A e
FILHARBAE O RIREFHH 21T - 72356 7C, 2 RO A7V = B MR F W I (A2
BEx RV, Thebh, EEE M X D RIEEIE & A 20 FR IR S
TEZAT > T BRITH W2 T v S = EE A 52 WA LE & O R 21X 3.1 1T, SPring-8
2B\ TH R IR B E & AIRAL O RIFEFHI 217 72 BRI W 72 7T 1EAE
FHD 7 v 7S = BE M R WA ZEE DORERL A X 3.2 (2”77, [ 3.1 ORI ALE
L, 2 BBORLZERLFEBEOLOT, HEHENN L L -k BRORRSE
WINAEREETH D, F£72, X 3.2 OFBARIALEE T, 52 & Cmn LR RIN
AL L FRR S IR TH 5%, X a2 AW kD=l —# %2k
BL 374bb, XBOBBEEE LT, GDL &% E T HA0E & BEEW I
235 OEEESS 3.0mm 75 13.6mm ICEE L X BENST 4T 7 X £ TOMIC
GDL ZElET 5 & & big, BRI 7 7 VAV oOMGEE = -, 72,
X 3.2 O AR L HEERWRINEZ, LoD R %X 3.3 12737, XBEHN
T2 AAb D=8, K33 DX I ICEMEOZ 7 D1 D470 OREE/NSL L
WEAEZ3OICL, BEREREZTEHET/ME LT40mm LN E LT,

A
|t — Lead electrode plate (Anode)

[
Electrolyte

26.0

+
A 4
~J "~ Gold collector body
< >\ Carbon electrode film (Cathode)
71.0
Porous medium (GDL) Porous media holder

L—— Electrolyte

———— Spacer (Thickness is 1.0mm)

Porous medium (Diameter is 5.0mm)

Fig. 3.1 Schematic diagram of galvanic cell oxygen absorber apparatus
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Gold collector body (Thickness is 0.1mm)
Carbon electrode film (Thickness is 0.3mm)

—— Oxygen limiting filter (Thickness is 0.1mm)
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Porous media holder

Porous medium (GDL)
Carbon electrode film (Cathode) 0
2
Gold collector body $4 or 5 mm
— I 13.6 mm
30
16.5 mm Electrolyte :E.
< > >
53.0 mm Lead electrode plate
(Anode)

Fig. 3.2 Schematic diagram of galvanic cell oxygen absorber apparatus for effective
oxygen diffusivity measurement for simultaneous measurement with X-ray CT
imaging

37.0

¢ 80mm

37.0

Fig. 3.3 Galvanic cell oxygen absorber for X-ray CT imaging
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322 KREBE MR SPring-8 @ v — A5 A > BL20XU 3 X U BL20B2 (235
i} 5 X # CT % V7= GDL Wig/K DA #R4k

AWFZE T, KA YhEi% SPring-8(SPring-8, HP)D B — A T A 2BV T X
BCTIZ L DA HLE T o 7= BIERHAIIC LV, BL20XU(Suzuki et al., 2004, Uesugi
etal., 2009) & BL20B2(Goto etal.,2001)D 2 FE¥HD Y — LT A & L7z, #oK
{F1E T OEL 8um F2ED 7 — R M THERL S D GDL R OFSE A 72 AR
OBIETIE, ERER D& REE D IR A3 FIREZ: BL20XU B — A7 A 20
THLE T 7. £7-, AR EMBEERIVALERE I X 5 GDL OERE LK
FeEDRIE &, GDL O NEEE, IKACIRREZ LD A AL D [EIRFEHAIZ 1T 5 72,
WK AT DEALE LE S AR DD E 3 R RE DB 23 FTREZ2 BL20B2 B — A
TA NTBWTRI LT 7.

X # CT 1%, WED X $ROWIMLZFIH LR O NS O 8 4 SRR IR
DZERFAT & LT D FIET, Bon-WamgzErEns 2 Lk, FE
T3 WRITNEEEEZ S5 Z LN TE 5. SPring-8 (B W T, EHEEN OB
Rtz b oA X 2 AW, FREECoORGNAIETHS. (BL20B2 I2H
FHRBETIE I HEDH =K 60 7)) Fi, FEAERE S HATEE RaEs 2
END, WEIZE D XBOJESTZ2FIH L7 § 7TEE & 72 5 (Paganin et al., 2002)
728, WARER DO ZEN /NS WVEEHZ S LT HAZIER E .

o 1to 1.5 GeV
Electron gun [ inac Switching magnet - New SUBARU
[H :
Synchrotron radiation e'/ Booster

N

. synchrotron
Beamline \ - i

Fig. 3.4 Outline of main facilities of SPring-8 (SPring-8, HP)
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3.4 |Z SPring-8 ™ == Ffii g% OB E(SPring-8, HP) % 7/~ 3. SPring-8 1%, #ZAN
Han, YrZubny FEIUOIIBIOR= 2 =200 4 OO E, &
TE—LEERMWEETIZERY v 7, BLOv 7 a b g R A
HE— 5T A THERL S35 (SPring-8, HP). EF#M LI SN2 E £ — A4
SRR SR T 1GeV £ TIEH &S, v 7 v b 7215 NewSUBARU ~ &
EHND. vz a ba AR O AF S -E e — 2% 8GeV *
TR L TEREY AT 5. FEY > 711X, SPring-8 ODXJR &) 7
T, RINEBA, 4 mERKA, 6 MEMANKEIILTWD., F-, _ZFLE&?M
HDRNEMICIHEALERE (BT v yalb—%) RREINTWS., Y
7 DA A AL AR B SN D BSER{E E—L T A | m@mé
WERENS.

X 3.5 (CAFEER Tl L7 SPring-8 D B — AT A > O 2779 BL20XU O
%ﬁiA47)yF&4f@m¥ﬁ%EWT¢7//;v~&f mmm2®t
BRI EMRA TH D, TNETNOREBIA LT X FRIT, FHC LD H
AL SNTRITER N Y FETENND. ﬁﬂ%@ﬁbtxﬁi,%ﬁ%%w
(o FL—H) ZHOTAEDEA~ER S, L v XRICE 0 REEHA A O
Charge Coupled Device (CCD) F721%, Complementary Metal Oxide Semiconductor
(CMOS) A A—T ko HiciESh, ERLIGTE 5. 723, BL20XU (23
T RGBS AR 3.1 12, BL20B2 BT 2K+ 3 3.2 1TRd. 320
BL20B2 T, FEBRFEMNFER LRI L > TR S, 207, FEESEM &
LC”A”, ”B”, ”C”, "D”® 4 TR L7, £/, FEIREICTRT 2y, 5
L 7= GDL Bt A 21E, ”A”, ”"B”78 4mm T, ”C”, "D’ 5mm TbH 5.

CCD or CMOS camera

Si(111) Monochromator High speed shutter

Light source g /)
(BL20B2 : bending magnet g Q‘CU
BL20XU : undulator)
Beam monitor
\ , . (scintillator and
Cross slit Rotation stage

optic system)

Fig. 3.5 Outline of parallel beam tomography at SPring-8 (BL20B2 and BL20XU)
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Table 3.1 Projection imaging conditions at BL20XU

Photon energy [keV] 8

Pixel size [um/pixel] 0.50, 1.0
Exposure time [ms] 35,200
Number of projection [ /180°] 900/180

Table 3.2 Projection imaging conditions at BL20B2

Experimental condition A B C D
Photon energy [keV] 13 13 13 13
Eftfective pixel size [um/pixel] 4.83 3.62 3.62 3.94
Exposure time [ms] 70 60 100 70
Number of projection [ /180°] 900 900 900 1500

3.2.3 GDL &%}

GDL # 8t & L C, JEX 370um @ TORAY H 77 — 7R > ~—/% TGP-H-120 % f >
7o, F£70, KB AZIT -7 GDL OFEbF & LT, Zd TGP-H-120 Z v 72,
47V v K GDL OfEIZIE, GDL #i@ L TEREBZES|Z L TWDH I —HRY
~—/X GDL Fif» 5, PTFE Mokl 1% KIZ/HH S 72K PTFE 7 4 A/X—
g v adERASE, GDL NI - &S ¥ 5. PTFET 4 AN—Va U %
{175 &H7- GDL %#J 390 & T RIMEV S5 = & C, PTFE 7 4 A/X—V 3
O FETEMER 2 BV L, PTFE Zisfh - EE ¥ 5. Zoiki4, Honic
BEAVEZ R T E A2 >N 7V v KGDL & L7z, £7=, Kif9E TH 7= PTFE
T 4 A= 3 1%, DAIKIN B OEEPRIZEY 0.15~0.35um @ PTFE ki 1-%
KIS HTRIR T, FEA T U MEOTEMR CTHiL et LcHH KM%
BIRTHD. 7238, "1 7 VU~ K GDL OB AKWELGEK (LT, #/K3E0) @ PTFE
SHBEYELEE L8801, PTFE 7 4 A/3—3 9 O PTFE % A F L 25
BHE CHERLL7- /K22 T, LEIC XD FH8E U720 8Ok & F O T K LE
BiTo77.
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SPring-8 ® BL20XU |23\ T H[ b 21T - 72 5lBHE, B 0.8mm, /& E 370pm
DI =R _R=/X L =R =" EHKE L 726 O T, JEX 0.04mm, PNEE
0.8mm DR Y A I FEAERMEEICRE LT b D% k.

SPring-8 > BL20B2 T3\ TH LR ILHARENE & Al AL O RN 21T
S 72EEHE, B 4mm B X O 5mm, JE X 370um 0)73»—?‘/«\"»—/\"%)%\7‘:
AR E - BRI K D R mBlEE & A R FEILHURBONE 217 - 723 kT
£ Smm, JE X 370pum DO H — 7R =% W 2 RAERD T — 7R = TGP-
H-120 &R NCHEKEE L7147 U v~ K GDL @ CT M D —fi] & =X %
X 3.6 1Z~F..n1 7 U > KGDL @ CTH#IZIX, BE/KESD PTFE & A &7 41mass%
& 43mass% D/ A 7V v K GDL O— &7~ L7z. F7=, SPring-8 ® BL20B2 |Z

B TH BN F LR E & v LD RIFFH 21T - 723t O F M 2 % 3.3

2, EBME %S (SEM) (KEYENCE, VE-8800) (2 X % RmEIL L H2hike
FILHARBONE 21T - T2 B OFEM A K 3.4 12777, A7 VU~ F GDL Ok
ik, X 3.6 ORIz Ko ik E MO 2 BEOBIR E L.

. :Hydrophobic region

Schematic
|:| :Hydrophilic region
Wet
I mm
]
Dry
I mm
[l ]
Carbon Paper GDL Local PTFE content Local PTFE content
(uniform, PTFE content 41 mass% 43 mass%
0 mass%o) Stripe Hybrid GDL Dot Hybrid GDL

Fig. 3.6 Schematic diagrams and X-ray CT images of the GDLs
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FH D “GDLtype” 1&, KT OIIRT, £ 3.3, 3.4 £[X 3.6 281F5” Carbon
Paper GDL” %, PTFE RMLERD A — 2 7R ~_X—/STGP-H-120 Z7~r L T\ 5. 72
B, »A 7V KGDL ® “Local PTFE content” %, GDL 23& A3 5 PTFE D&
AATMEENOR D72 H DT, GDL REIO#HAEIZXT3 % PTFE DEHERIG %
RLTWD. [X3.6 D CTBO—FIH OREHRITREAHE & SRR (LT, Bl
KER) L DOERERL TS, 723, #AKEEBUKMOMKMIL, BLE 1:1
ERDEDITL, BKEHOEE LT, A N T A TOEEITIEEZK) 1.5~2.0mm,
Ry ROLAITITERE 1.0~15mm BBE L LTW5D. X 3.6 70 CT WOz
BRRe OFEHZ BT 2 B BWED GDL OZEf (BR), SRIRDEHRE-T-b
DN —RABHET, b HAICEL H L2 5H 22 PTFE ThH. £72, &
ACIRFEDFEHT BN T, B — 7R HER] 2 # 6D 2 IR O FEIR 23N R K &2 7~k LT
5. F£72, £H D “Area of hydrophobic region” (%, GDL £KFEIZ %3 DK
DIRFEE G Z R L TWD. N 7 U v KGDLIZ2\WT, PTFE & A &% 10mass%
(7~14mass%), 20mass% (15~24 mass %), 30 mass % (26~33 mass %), 40 mass %
(41~43 mass %), 50 mass % (45~52mass %)D 5 DI L=, T HIEXEY
DWVNWEEZRFE LT2bO T, FEMNIEEBEOEE/RL TS, LIFTHE, =
o DOMRERREBIET PTFE A &% 7~7. 17U v F GDL OXILEIT,
PTFE IZ X D INE &4 S ARBICH]E - (T2 2 itk ko, £z, &
Bt BKT o700 iEE LT, BBt MAKRFIZID, BIETSZ & T, 3N
DZERRNIE K & FEHE & & 5 B2 5 124 (Utaka et al., 2010)% iV /=, 723 GDL @
EOKEIX, AIRFBILHREOHORETIE GDL OEELFHHITS 2 LT, X
i CT & W Ak & A 20 R PEEERE O [RIRFR AT CT Eifg 2 vV TR
L.
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Table 3.3 Specifications for GDLs
(Simultaneous effective oxygen diffusivity measurement and visualization)

Experimental | Diameter Area of Thickness
o Local PTFE ) )
GDL type | condition / mm hydrophobic | Porosity | /um
content / mass% )
region / %
Carbon A,B - - 0.78
Paper GDL 6 100 0.76
(uniform) 23 100 0.72
8 50 0.76
B
14 46
0.75
Dot Hybrid 16 41
GDL 4 24 54 0.73
D 40 42 0.72
A 43 59 0.70 370
7 54 0.76
15 45 0.75
B
‘ 18 57 0.74
Stripe 31 54
Hybrid D 7 " 0.72
GDL
5 41 51
C 0.71
43 46
A 4 46 55 0.70
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Table 3.4 Specifications of the hybrid GDLs
(Effective oxygen diffusivity measurement and SEM observation)

Local PTFE | Area of hydrophobic . Thickness /
GDL type . Porosity
content / mass% region / % pm
- - 0.78
Carbon Paper GDL 6 100 0.76
(uniform) 23 100 0.72
33 100 0.68
18 42
16 52 0.75
24 30
22 45
31 36 0.74
33 34
Dot Hybrid GDL 26 52
47
27 0.73
55
370
31 45
45 34 0.72
47 37
0.71
52 29
16 52 0.75
21 47 0.74
30 43
32 43 0.73
Stripe Hybrid GDL 32 46
46 38 0.72
45 39
48 33 0.71
45 41
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324 XMBCTHEHEGZRAWZE/KEOHEH

BL20B2 {23\ T X ## CT 12 L % GDL WEM#EE O "l 1Ak & B L =g 5
WIARSEE (2 L D GDL OFRZIEE MO R EH 217 - 7234, GDL O&K
FILCT W EHWCHEIET S, ZNETOGDL OEEZFHITHZ & TEK
FhRD D FIEL, RRFSEFHNISHT 20T L. X CT 2 X 5HREIX

& & EBR N FINERICERE L TIT O 728, CT IREGERICGREOEELZHHIT S
ZEFEE LW, Lo T, [RFFEHAITIE, o CT BRIk LT b %217
W, SR OZEILR A EH LRI, BKEEEDL FEE W AEEFIRITR O
XoEh5s.

(1) #EfkAeED GDL 2 “fEfb LT, ZEfl& b —R ez olEd 5.

(2) FlEREED GDL OZEFLEN 718% & 72 % £ 912, “fELOMMEERET 5.

(3) ZOBMEN L BRI D HZERREEE T GDL HFopZE4l (Z2550) OEIEG
AEMTD.

(4) GDL 1 0Z2fLoEIE )35, GDL NERC G EikKk 0BG 2R T 5.

WIZ, fEfb & BEDORES L OEKEOE I FIECOW TR, #iuRiED
GDL @ _flfbiE{G D> —Fl %X 3.7 127, X 3.7(a)lX, #MEukED GDL(TGP-H-
120) T, X 3.7(b)ILH2EIRRED GDL % _fE{fb L7=b D THS. X 3.7(b) Tl
GDL D22 fL % RIS Al L L CW AR 5. il b L7 Ianm@
A I fEIN O ZE AL OmEE R T 5. _@RW%(ﬁmFﬁﬁﬁ%uWWD
CT H{&IZKF L CTITV, EHOZELOEGZH T 5. ZOHET, FHZELE
75 GDL OZERRFR 78% & 70 5 & 9 BB ZRET 5. TR0 b, AR sl O
FE Ari[Pixel X Pixel], #tAH > 7222 fLOHFE Api[Pixel X Pixel], JEA 5\ D CT
Wrid O N[-1& 95 &, GDL OZEHLR[%IEXGB-1) THRENS.

N N
;AP,. ;ARI.XIOO (3-1)

XE-DEHWTRELE-FELZ S 18, /K L72 GDL IZx L T fE{b =17\,
GAIKAE GDL OZEFLO A HAM D Z & THEARRZRH TS, SAKRED
GDL |25 LC ML 24T > 7=/ B %, X 3.8 1ORd. #FAM Y Gk o hifs
Ari[Pixel X Pixel], mtr B> 7228 fL D FE Api[Pixel X Pixel], JEA A D CT Wrik d
REN-1ET 58, akEE SI%IIRGE2)TREND.

(Zi Aol

(ZZIARI.)XOjS (3-2)
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GDL

Acrylic

Binarize

(a) CT image of dry GDL (b) Binarized image of dry GDL

Fig. 3.7 Binarization of dry GDL

Air

GDL

Acrylic

Binarize

(a) CT image of wet GDL (b) Binarized image of wet GDL

Fig.3.8 Binarization of wet GDL

66



%5 3 % GDL NOE/KB I

3.25 EBRIHER T IO
AREEICHNT-HESRITRO@EY ThD.

- T A=

T—Fnud—& LT, HERKE PC N—ZAEmHlT — 5774VVa/n
AREETIE, =
& 2 JE PR EE O FHI,

—&ui—x= A,

= b MX100 % v 7z,
FHI, T 2 A T OEERHC
PR, 2 FHHl o720

P AL AR SR IR D H )

#351

Table 3.5 Specification of MX100

Maker

Yokogawa Electric Corporation

Product name

MX100

Basic measurement interval

10, 50, 100, 200, 500 ms

DC voltage (2V type)
Rated measurement range

Measurement accuracy

—2.0000 to 2.0000 V
+(0.05% of rdg.+ 5 digits)

Thermocouple (T type)

Rated measurement range

Measurement accuracy

~200.0 to 400.0°C
+(0.05% of rdg. + 0.5°C)

« TR E SR
JE IR E 3 X ONEE O FHRI O 7=
HMP233 % Hu 7=,

i T R T 2
3.6 IR E T

Table 3.6 Specification of temperature and humidity transmitter

Maker VAISARA
Product name HMP233
Measurement range of temperature -40 to 80°C
Measurement accuracy of temperature +0.2°C
Measurement range of relative humidity 0~100%RH

) o +2%RH (0~90%RH)
Measurement accuracy of relative humidity

+3%RH (90~100%RH)
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AT RAE
WKk%ZETe GDL OE&ZFBT 5720, B RKFFE L TEERIEN R
AUX220D % 82g E— R THW o, £ 3.7 IR EZRT.

- A A A HEE

GDL IZEK S LKL, AT 81— R Y » UHliKeEs G-5C Z T
ke LIzbOxEHWE. 7B, A 4 s ORI I2I%, A B PE-
M7 ¢ )V BRIZRICRE L Th D, FI8ITHEHEEZRT.

=)

H22Rge & LT, MO eI E 22 A e R 1 R &2 e, %039 124E:
Rz

iy
IS

}M
BE o

Table 3.7 Specification of analytical balances

Maker SHIMADZU CORPORATION
Product name AUX220

Capacity 220g / 82¢g
Minimum display 0.1Img/0.01mg
Repeatability (Standard deviation, 6) 0.1mg/ 0.05mg
Linearity +0.2mg / +£0.1mg
Calibration weight built-in

Table 3.8 Specification of water purification system

Maker ORGANO CORPORATION
Product name G-5C
Ion-exchange polymer Amberlite MB-2
Treated water quality <1uS/cm
Treated water flow rate 30 to 100L/h
Maximum pressure of the raw water 0.34MPa
Water temperature 5to 40°C
Filter (PF-1II type filter)
Pre-filter size Spum
Post filter size lum
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c HZER T

BERIBNEEEG X T 570, TARy VTR AT 75 L8R5 A
E/I“T/7 DA-15D # A 7=. £7-, ~A 7 VU~ K GDL #{Ek7 27,
GDL #i# L CER A BZES & T 572012, BZER Y7 DA-15D #H\ =, #
3.10 (iR AR

AT UGS

A7V R GDL OREBIEZAT O 72, F— 2 AR3D UV T AH—7
= A B 2 —HAEE VE-8800 & 7o, 2 301 IR Z2 7R

Table 3.9 Specification of vacuum vessel

Maker TGK
Material Acrylic
External dimensions ¢ 150xH200mm
Vacuum valve ¢ 8.0mm

0.0MPa to -0.1MPa (gauge pressure)

Vacuum gauge .. .
Minimum display : 0.005MPa

Weight 3.5kg

Table 3.10 Specification of vacuum pomp

Maker ULVAC KIKO, Inc.

Product name DA-15D

Actual pumping speed 12L/min

Ultimate pressure 6.65x10° Pa

Motor Single phase, 100V, 39W, 4P, Capacitor run
Full load current 0.79A

Weight 3.9kg

Inlet, Outlet port diameter 0.D. ¢ 9mm x L.D. ¢ Smm
Ambient temperature 7 to 40°C

External dimensions 135mm (W)*203 mm (L)*x182 mm (H)
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Table 3.11 Specification of scanning electron microscope

Maker

KEYENCE

Product name

VE-8800

Magnification

15 to 100000x

Viewing range

1.3(H)x1(V)um to 9(H)*7(V)mm

Resolution

30nm

Observing image

Secondary electronic image, backscattered

electron
Image data saving 1280(H)>*960(V)
Accelerating voltage 0.5kV to 20kV

Electron gun

Pre-centered cartridge filament

Observation area

@ 64mm

Operating temperature range

15 to 30°C

Operating ambient humidity

to 70% RH (no condensation)

External dimensions

395mm (W)x975 mm (L)*650 mm (H)

Weight

150kg
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3.3 SPring-8 ® BL20XU (281} 5 AIfALAEST & BL20B2 123517 %

GDL DAk & AR R ILBAREHIE D FFRFFHF R B L OB 8

3.3.1  SPring-8 ® BL20XU (28I} % GDL WikK D w184

3.9 ITHEAKMBLZ LTV —R o ~2—sX GDL @ X #f CT Eifg % 7~
3.9(a) | THEMEIRAEIZ 31T D GDL TH 0, X 3.9(b) LKz & ATRIEIZEBIT 5
GDL TH 5. X 3.90a)h 51, GDL 25 H —iR ik TRk S U= 2 fLIK <
HDHZENATEN, REOBIRE Uiz —R AMENHRITE 5. 72,
GDL % Bt P & E 2E S 0.04mm, PIEL 0.8mm DR Y 1 I RisHERL &%
T, AR UHHEIC P E N TR ZEAL (BER) THDH. K390 WT, B
— IR HEAHER DO ZE LD KER Gy Z HLD B0 5 WIKED b OBNIRAKTH 5.
HRAE D GDL %79 [X 3.9(a) & /K &3 A T2IRAE D GDL % -9 [X 3.9(b) % Hhig
T5 L, WOKOFIELHBIZHRITE 5.

3.10 (23— TREKAE U= — R o ~— S GDL @ X # CT Wit %2~
3.10() | TRZMENRREIZF51T D GDL Th v, [X 3.10(b) TR Z & A TEIREEIZERIT 5
GDL T& 5. PTFE T & 0 #/KAEE U 7-508Cl, PTFE OIFENHER TE,
310 DA —RUEHEDE D /NS WELLEHD D L ICHETLH2HED HON
PTFE T& 5. #/KAFEL L T2\ GDL OB —R O EAIT 10um BE T
B DD, FEKAFREE OFREFTIX PTFE N — R UHRHEIC AT S LTS 7 o Ui
K< 725 & & HIT, PTFE 23— AfiE & 71— 7R ARKED R D/ S e 5L

(0. 1mm
[ E—

(a) Dry GDL (b) Wet GDL
Fig. 3.9 Carbon paper GDL (TGP-H-120)
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0.1mm 0.1mm
— ]

(a) Dry GDL (b) Wet GDL

Fig. 3.10 Carbon paper GDL (TGP-H-120) with PTFE treatment
(uniform wettability distribution)

0.1mm
1

Fig. 3.11 Carbon paper GDL (TGP-H-120) with PTFE treatment (uniform
wettability distribution) containing liquid water (J&7% %, 2011a)

DO DR TE S, £, E/KKRED GDL Z77X 3.10b)I2B W TH X
3.10(b) & [[IERIZ, 1 —AR ARMER] O WK 2 BBRIZHRI T X 5.

X 3.11 12, WkEETeRE/KAFL L= GDL @ CT W% ~9. Z® GDL I,
¥ 3.11 ® GDL & X[R—DH D TiE72 <, PTFE il < A& SH7-bDT
HHOTEED, 2011a). X 3.11 7*51%, PTFE 2% GDL HDZEFHLD 5101 < ZH# o
TWAERT N A CTENS. PTFE Oy EZ2HMYNIHHEE L=54E, X 3.10 ® GDL
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DL DN, T —7R AEHMER] D LLIG /N S 72 22 LA 6D B D AT, HipI R & 722
?L%ﬁ&bé X7, Lo LR s, GDL @ PTFE OAF1ElE, GDL D54l
RORBILHFE R E~EETHEEZBND. RELIETIX, PTFE I X 5
AKALERIZ K> CTHEEZ 5 GDL OXALE DS, GDL @ PTFE & A &2 83 LK
KR~ RITTHEIZOWTHRFTT 5.

332 PTFE ﬁjJu X BHANEZHE L7 GDL DRILEDELL

¥ 3.12 12, FEAKLEEL TN E)—72 1 — 4R > ~_X—,X GDL ([Z81F
%, X 3.13(a)(b)@%§$’#?ﬂ@1¥éjﬁmmﬁ (v-z ifi) DK AILFEDO 3G % =T
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Fig. 3.12 Porosity distribution of untreated carbon paper GDL with
0 mass% PTFE content
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Fig. 3.13 Measurement area of untreated carbon paper GDL
with 0 mass% PTFE content
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Fig. 3.14 (a) Porosity distribution and (b) measurement area of stripe hybrid
GDL (with non-uniform wettability distribution)
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(a) Obverse side of striped hybrid GDL (b) Reverse side of striped hybrid GDL

Fig. 3.15 SEM micrographs of the surface morphology of the striped hybrid
GDL (50mass%o)
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(a) Obverse side of dotted hybrid GDL (b) Reverse side of dotted hybrid GDL

Fig. 3.16 SEM micrographs of the surface morphology of the dotted hybrid
GDL (50mass%)
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(a) Obverse side of striped hybrid GDL (b) Reverse side of striped hybrid GDL

Fig. 3.17 SEM micrographs of the surface morphology of the striped hybrid
GDL (20mass%)
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Fig. 3.18 Relationship between effective oxygen diffusivity as function of average saturation

in carbon paper GDL (uniform) with 0 mass% PTFE content and the CT images
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Fig. 3.19 Relationship between effective oxygen diffusivity as function of average
saturation in carbon paper GDL (uniform) with 0 mass% PTFE content and the
subtracted CT images
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Fig. 3.21 Relationship between effective oxygen diffusivity in stripe hybrid GDL
(40mass%) with non-uniform wettability distribution as function of average
saturation and the subtracted CT images
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Fig. 3.22 Vaporization characteristics of each sample (Utaka et al., 2011)
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Fig. 3.23 Cross-sectional images of carbon paper GDL (uniform)
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Fig. 3.24 Cross-sectional images of hybrid GDL
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Fig. 3.25 Relationship between effective oxygen diffusivity in dot hybrid GDL
(40mass%) with non-uniform wettability distribution as function of average
saturation and the CT images
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Fig. 3.26 Relationship between effective oxygen diffusivity in dot hybrid GDL
(40mass%) with non-uniform wettability distribution as function of average
saturation and the subtracted CT images
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Fig. 3.27 Relationship between effective oxygen diffusivity in stripe hybrid GDL
(30mass%) with non-uniform wettability distribution as function of average saturation
and the CT images

Imm g Imm Fana Imm

[X10°] 8 .

&  Stripe hybrid GDL
7 ©  Carbon paper GDL (uniform) 1

i
t"E 6 Carbon paper GDL  Stripe hybrid GDL
2 Porosity 0.78 0.72
s 5L PTFE content [mass%a) 0 31
é r
B 4 lmm
& o
ol
g3
° | L
g 2L A
& o®
= o
1 8% oo’ A ¢ .
o 0® o 8% ]
1 Q9 1 & A] @ fa o ﬂm
0 20 40 60 80 100

Saturation S % Imm

Fig. 3.28 Relationship between effective oxygen diffusivity in stripe hybrid GDL
(30mass%) with non-uniform wettability distribution as function of average saturation
and the subtracted CT images
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Fig. 3.31 Relationship between effective oxygen diffusivity in stripe hybrid GDL
(40mass%) with non-uniform wettability distribution as function of average
saturation and the CT images
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Fig. 3.32 Relationship between effective oxygen diffusivity in stripe hybrid GDL
(40mass%) with non-uniform wettability distribution as function of average
saturation and the subtracted CT images

87



# 3%  GDL NOWHIKBENHIENC X 2 iR EhfeitE

335 NA7 VU v N GDL OB/KALIEKIZE T 5 PTFE 28 EOHERFRIL
BERE A~ DR

7 3.3 B O 3.4 T/R L7- GDL 3B O A 2B 32 ik A 45l e it 3 & 1% 3.33
IZRT. bbb, BKH PTFE &H &O %72 5 GDL Of ZhFRF YL R H &
EREELDEHLOT, A7V » KGDLIZDWT, SPring-8 TORFL LA
PR AR EL O [RI IR B i 5 & A W IR A 0 BB ERE R %2, BEAKEIZIBIT 5
PTFE & A 10, 20, 30, 40, 50mass%® 5 DI L, b L7z, 2B, ALY
FESEYEBURENE D A% AT - o6 OYEEKFEIX, GDL OB &N L VK
Wiz, BREEFILEREE OFERN DS, WO GDL &, FEREKROET
IZE B 7o TEADHEMN LBERITB ORI DR T 5720, AR ILBIRE
DOEN EFH L TWLHBE 2R LTS, SEHEKEDEK 60%LL T CTHRIERE L

Carbon paper GDL (uniform)
PTFE content [mass%|

0

10

20

30
Hybrid GDL
Local PTFE content [mass% | Dot Hybrid Stripe Hybrid

@O0

10
20
30
40
50

edoqmp
oS48 pD

Saturation S %

Fig. 3.33 Effective oxygen diffusivity as function of the average saturation for
various GDLs
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Fig. 4.1 Schematic of experimental system

93



4% PEFC OFREBERIEMGICET 5 HEE R L Ok

412 BTrAMEBICL2BEREERFEOHE
EIEERFEORIEIZIL, EFAMEE LT -2 —2 . T72bb,
PEFC RERF DT / — FlE B Y — FllZhZnor L —2 & B A iEE
DA ENT D& r—7 L To7 b, BVELEEHT LT —
AaH—InoDr—T N E' XL —F O 4 ETHZIT- 72, iz,
ETAMEEIEERET— K, 32bb, —EOEREZARMT HE— K THW-.
EICEIE R, B E AT v 7B b s, ZOROBNLVELEET —F 1
T —TRET S Z & TH7=. PEFC OEFELFHEDO—F %X 4.2 (2777, Filh
ILEMBEE T, I e VEETH D, EREEIL, Al LIZEREZ EL DK
JEHEFE TR L7ZEZ R L CW D, 223, T 2Em&EEE, 0.24 (BRI EE
HERE), 50, 100, 200, 500, 800, 1000mA/cm?, LLFEIE 100 mA/cm? Z & % Jk
el LTHY, TEREANT DML 10 08 TIro 7=, £, BVEEIL,
EEREAM LU TCODBNCEET 5 Z L s, EBREBERME CII B VEETF
PIECR LTc. 7ok, BAEBEDOEHEIL, KEREE~EBROAMELEZT-
BE&IT, BVEENEIENS —RICRESETT A2 RN H L7, Affk
BEZTEEZENGR 1 SEERWTEEE L.

Cell voltage V

1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ]
0 500 1000 1500
Current density mA/ cm’

Fig. 4.2 Example of current density-cell voltage curve
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Fig. 4.4 An example of Nyquist plot
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Fig. 4.5 Polymer electrolyte fuel cell apparatus

98



4% PEFC OFREBERIEMGICET 5 HEE R L Ok

422 flETBA L Es IR

%] 4.6 (ZfilE g % WA U= @y FIEOME X 2R d. @y FIROKE S, &
NRL—ZDOREXLFLT, 86mmX258mm CTH 5. &5 O I 21mm X
200mm (2, fREEE A (7 — K, B Y— R (C@BALTRY, &R
L—Z DH AT DONE E X L TWD. £72, Bk 572012 h /L0 b
ZAIS AT 5720, AL FHOREZFRITTND.

258

200

O
____;;;___
O
O
O
O
O
O
O
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Fig. 4.7 Separator of PEFC (gold-plated brass)
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Fig. 4.8 Schematic of separator with 11 parallel flow fields (gold-plated brass)
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Fig. 4.9 Water velocity distribution in micro-grooves (6=20, 30, 45 [deg])
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Fig. 4.10 Separator with micro-grooves
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Fig. 4.11 Side view of rib with micro-grooves

Detail view of A

Fig. 4.12 Gas channel with micro-grooves
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RALPRDFEI T &> D BUKEB DR ENAFAET DUAKDS, TAFRDOE AN LD,
BLO FRA~BEN L CTF v 2 ABEEIZE I, ~A 707 —712X 0% B
b, PEARKSED72DTHSD. K4.13(c)D A 7 U v KGDL (B+45°) DX H
Iz, fFeH 2 (28R) OFNITENT R L T-45° & +45° DR 2 D1 F CTHEKALEH
WA T=00%, X 4.13(b)D/ A 7 VU v N GDL O#E /K ALBE R 2 % L CHRE 72
FERALERGEI 2 R -5 2 & T, K OHEH 2 ISR T 5729 T, H AR
OB ICHE SN2~ A 7 a0 —T ~RKEEST-DTHD.

Table 4.1 Specification of GDL

GDL type PTFE treatment for GDL MPL treatment mg/cm?
PTFE Carbon
Normal GDL Uniform 2.0 2.0
. Straight (0°, 45°),
Hybrid GDL . 2.0 2.0
Grid (45°)
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(a) Hybrid GDL (straight 0°)

(b) Hybrid GDL (straight 45°)

(c) Hybrid GDL (grid 45°)

Fig. 4.13 An example of hybrid GDL
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425 HRrv b

X 4.14 \ZH A7 SOWEEZRT. ARy SORIRIE, T ARY —2
L7anZ &, HEHERWE S TELSCT W EICBE L TR RS %2 v b
LR E o TWD., 20X T Ay FEHAWS Z LT, MEA fiDfTir
JEOKEZEmD D ENTESD. GDL DNLERD D=0 & MG T A D % 1)
Fani=dlz, HFREE 22mmX208mm OF &0 > R Lz, Ay hDFHE
X, 7/ — NIRRT LEER ) O AmES ) a— 2 T L —E, B
V— FNCIEY R v — 1 L) —a s AR — R W v
Ja—r A — FOHAEERR 42 12, PV a—r AR D — MoftEErE

43 2T

. 258
E , 208 ,
O ! D
86 | 22 [
O D
Fig. 4.14 Schematic of gasket
Table 4.2 Specification of silicone sheet
Maker Fuso Rubber Co.
Product name Silius
Thickness 0.1, 0.2mm
Hardness 50 (shore A)
Specific gravity 1.16 (25°C)
Tensile strength 8.7MPa
Elongation 350%
Tear strength 24N/mm
Compression set 19% (180°C /22h)
Dielectric strength 24kV/mm
Volume resistivity 1.0x107MQ-cm
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Table 4.3 Specification of silicone sponge sheet

Maker Sunpolymer Corporation

Product name ESP series (closed cell silicone sponge sheet)
Thickness Imm

Hardness 7,10 (shore E)

Apparent density 0.28g/cm?

Tensile strength 0.66MPa

Elongation 413%

Tear strength 2.4AN/mm

Compression deflection

34kPa (25% compression)

73kPa (50% compression)

Compression set

2% (compressed 25%, 23°C /22h)

Thermal conductivity

0.054W/mK

Heat Tensile strength change -29% ( 180°C x72H)
resistance | Elongation change 6% ( 180°C x72H)
property Durometer change 1 ( 180°C x72H)
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4.3 FEBRIZMEH T D4R
ARKEERY AT DMZHWHEERITROEY TH 5.

ovx7m~:ybm~§

it U A O eI, BERERR T 4 vv AT n—ar fe—7
%ONU%KRW%WV%Mmim L7 IVA T — L&D 1L/min D D %,
ZELRNIE T VA — VR ED 10L/min O H D& AW, £ 4.4 [T{EHEEZ R
7

Table 4.4 Specification of mass flow controller

Maker HORIBA STEC
Product name SEC-N112MGRW
Flow rate control range 2-100% of full scale flow rate
Accuracy +1.0% S.P. (Flow rate > 30% full scale flow rate)
+0.3% F.S. (Flow rate 30% < full scale flow rate )
Repeatability <+0.2% full scale flow rate
- T AR

EBOAMIZIE, /KE T THEROZEREEIRE A& E PLZ-664WA
AW, £451HEE2 T, B LTEEBMRT—RNTEHALEZZD, EE
ME— NOHEEZ R LTz,

Table 4.5 Specification of electronic load

Maker KIKUSUI ELECTRONICS CORPORATION
Product name PLZ-664WA

Rating: operating voltage (DC) 0-150V

Rating: current 132A

Rating: power 660W

Operating range 0-132A

Resolution 10mA

Accuracy of setting +0.2% of set

CTINNALE— L RTFTA Y
TOABRBIORIEIX, BESHA I LA L E—F 2 2T F 5 A 3 IM3590
AW, £ 4.6 1T EEE T,
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Table 4.6 Specification of chemical impedance analyzer

Maker HIOKI E.E. CORPORATION

Product name IM3590

Measurement range 100 mQ to 100 MQ (10ranges)

Basic accuracy Z : +0.05%rdg. 6: £0.03°

Measurement frequency ImHz to 200kHz (1mHz to 10Hz steps)

Measurement signal level V mode/CV mode: SmV to 5Vrms, ImVrms steps
CC mode: 10pA to SOmArms, 10puArms steps

Measurement time 2ms (1kHz, FAST, display OFF, representative

value)
Measurement speed FAST, MED, SLOW, SLOW?2 (5levels)
s TS —

T—2uaH—t LT, BTEHEEY PC R—AGHET—XT7 74V ara
= k MX100 Z /=, KHFFETIX, PEFC OB IIVEE, T XA 7 OEEST
TEIVIBEOFHNCHW . 4.7 1THEE2RT.

Table 4.7 Specification of MX100

Maker Yokogawa Electric Corporation
Product name MX100
Basic measurement interval 10, 50, 100, 200, 500 ms
DC voltage (2V type)
Rated measurement range —2.0000 to 2.0000 V
Measurement accuracy +(0.05% of rdg.+ 5 digits)
Thermocouple (T type)
Rated measurement range —200.0 to 400.0°C
Measurement accuracy +(0.05% of rdg. + 0.5°C)

- [EIR KA

YRE 2 —EICROT0, [EIRKDOEESHICIE, B2k i o
IEAGER THIE /KA FR-006 2 IV /=, 7ods, IRFEEREFEEIL£0.02 EC, IRFEEFPHIX
S~+80 ETHD. ok, BLEEEZ 80 ELY bELTIHIHEEITIL, Mt
— 2 Z W THNEL L 7=,
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- AR
AFFETHWIZINEERE, T A ZMAKFIZE LTS Z & TIEZ1T 9
7T, INEssORE Z — BRSO, IEEE O b O 2 EIRMA I
7o, HOWTZIEIRME X, A7 2 U AWRE RS L CER L7k, KN DK%
PEEBRIEDI2OOR T, BEREITHO e —%, KO JE B Z B9 2 720
DM &b TIER Lz, Ao 73 ER T RER R 7
25LPS5.258 =, F£7-, b —X I OEAREIA L —% WNHI10 % 2 A&

AWz, RAZ IR T OMHAEE, £49 (e —F DR ZRT.

Table 4.8 Specification of pomp for thermostatic bath

Maker EBARA CORPORATION
Product name 25LPS5.258
Capacity 20L/min 70L/min
Head 12.8m 8.6m

1 phase motor 0.25kW
Temperature 0 to 100°C
Maximum allowable suction pressure 0.2MPa

Table 4.9 Specification of sheath heater for thermostatic bath

Maker Sakaguchi E.H VOC Corp.
Product name WNHI10

Voltage 100V

Electric power 1kW

Sheath diameter 9mm

Purpose for water

- A T R
ik

ZRT

c BIER T

A7V w KGDL Z1ERT BRI, 7Ny 7 TRAZ AT 77 LM RS

LR A IR T B T2 DI AW T=HMKIL, Al 28— KU o Uflikes
G-5C ZFHWTAKEAZHAL LS DOEH W, BB, A 4 &8ss O/
#Bllx, AnG 8 PE-MA 7 o V2 DNRIZICRE L THD. £ 4.10 ([T

A E22R 7 DA-15D # W=, #4101 ITHBEE R,
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< JEJTRE 7 4 L A
T AN DT A a5t T 5720, &7 4 Vv ABEHRE 7 1 v Ll
KEM (LLW) ZHWi-. #4122 1ITfEEE2 7.

Table 4.10 Specification of water purification system

Maker ORGANO CORPORATION
Product name G-5C
Ion-exchange polymer Amberlite MB-2
Treated water quality <1uS/cm
Treated water flow rate 30 to 100L/h
Maximum pressure of the raw water 0.34MPa
Water temperature 5to 40°C
Filter (PF-1II type filter)
Pre-filter size Spum
Post filter size lum

Table 4.11 Specification of vacuum pomp

Maker ULVAC KIKO, Inc.

Product name DA-15D

Actual pumping speed 12L/min

Ultimate pressure 6.65x10° Pa

Motor Single phase, 100V, 39W, 4P, Capacitor run
Full load current 0.79A

Weight 3.9kg

Inlet, Outlet port diameter 0.D. ¢9mm x 1.D. ¢ Smm
Ambient temperature 7 to 40°C

External dimensions 135mm (W)*203 mm (L)*x182 mm (H)

111



4% PEFC OFREBERIEMGICET 5 HEE R L Ok

Table 4.12 Specification of pressure measurement film

Maker FUJIFILM

Product name Prescale Sheet Type

Product code PRESCALE Super Low Pressure (LLW)
Pressure range 0.5 to 2.5 MPa

Type Two-sheet

Product size 270mm (W) x 12m (L)
Thickness (two-sheet type) 100pum x 2
Recommended service temperature 20°C to 35°C
Recommended service humidity 35% RH to 80% RH
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o5&
KBRS ORER X OEBRAIRGT
12 & 5 PEFC DRERZES A
(MEA) ##fFEDRE

TOM

ARETIL, PEFC OREFMEZRFTT 272D OEBREBMEZRE Lz, T7obb,
it 2 DO, BI/VIRE & MG A OFRHEE, & iE, filifi LU GDL
578D MEA OffETH 5. Wit L OFEHEE 1B 5 HE L, MEA
FEAH RIS BR AR ET 2T WVIRET .

AREEDIERL

5.1 ke ADE

52 VR &AL T 2 ORI AL

53  FEBRHIERHNZ X D PEFC @ MEA Hiff £ OHE
5.4 RS

55 THEUMEDRRGE

51 e 2AofE

AR TIX, ~A 7 a2l V—7%F|H Lz PEFC OIBEFREO M L&
D72, [ES « FE(2013) 23R L 7o 2B R 2 F B IC U A piid 2 e L7z, [l &6 -
FE(2013)1%, T ¥ FVNH AR E 6.0m/s IZREL, ~1 7 BT V—TDHZ
HaER L. 22T, RFERIZEBNTH I Y — NMAOTF v RVN T AfitiE O FE 7
Z 6.0m/s & L, eI o0 ELRE L. o, S xloiiE s HimiE s
DEZ 21T 5 7o, FRLFIR T ELIRE L. 7272 L, a7 2 o &L,
MR350~ A7 —ay ha—7 TEY HTMETHD, INEHEOFIEHS
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EZBE LTETIER. 207, a7 ADOWE S REIT—FE & L, KE,
TR E BT AL L, v~ A7 a—a) ha—F &ZRE 25°C, &GJE latm DS
HTHEALEGEOEE LTn5.

K(GS-D)D 7 7 77 —DOERSEOIER] & X (5-2) DEBXAEDORIET B0 5,
mElE(5-3) TH A LD,

it
NoF 5-1)
PV, = NRT (5-2)
A 6 _IRT ¢
q ; x10 ><60—nFP x10” x 60 (5-3)

a

L, WHERENmoll, Biti[Al, B[s], 1AM nl-], 77 77—
¥ F=96485 [C/mol], 7] P.[Pa], {&Hf Vo [m’], —ixSUAEEL R =8.3143 [J/(mol *
K)], R T[K], i ¢ [mL/min]TH 5.

AT A NMMBT A O~ A7 a—ay ha—F TEY HTWREIE, EE
FEDS 2.0A/cm? D & &, GHFE 42em?, (EE 25°C, &JE latm, A L7=Z%2%
P ROPDOBEFEDEIG 21% & BB T 5 &, KFEE qm [mL/min] L =S &
gair [mL/min]iTZNE1, H(5-4), (5-5)&705.

3

R

N
N

>

_ iRT < 10° X 60 — 2x42x8.3143%x(273.15+25)
nFP 2x96485x101325

x10° x 60

qn,
(5-4)
=639

| 2x42x8.3143x(273.15+25)
4%96485x101325

d.. x10°x60/0.21=1519 (5-5)

FERHHE T 2 /K FE I & Ou [mL/min]lE, Ri(5-4)% HHAEIZ, FIHE Un 2 80%
ELTHREL. T72bb, K ERE Om i3 G-6)D L 510725,

Ou, =4, /UH2 =639/0.80 ~ 800 (5-6)

F 72, EERICHET 522K E Oair [mL/min]i, 7 AF ¥ VN & i 5 M e
% 6.0m/s, Wik 1 K720 OWrifAE 1lmm?, AR 11 KZ2EEL T, 22
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RPEE % Oair=3960[mL/min] & L7=. 72721, ZEXUi&ElE, IWET 5a10~ A7
n—ay b —7 TEYVHITHETHY, AT ¥ 2N EFNDEEUEGTHE
6.0m/s 1%, B/AIREIZL DIEEELEINEZEE L2VWMET, 25°C DZERE~
A7na—ay ha—I7 ) bEE, BVEE 25°C DB AVNEOH AT ¥ 1%
REME LEBEOHRETH D, LR > T, ZROFMAE UsielL, 2(5-5)0>5
H138% L7025,

DL EDFFE %2 TR E LT AWFRIZ 8T DG T A DOpil, iR,
BLY, KHEOFIHE, A A FHERSLIRT. A M ST, FIHED
T, fGE L IR RILEZ R T, B, v A 7 el A—T %, EXROETA
W ZFHT 2HETH L7200, EXIMEDFELZITROTWNWEBZ LD,
FEEBRSGMITIE, BRI A L S50 7.

Table 5.1 Experimental conditions of gas velocity

Hydrogen velocity (flow rate)  m/s (mL/min) 1.2 (800)
Hydrogen utilization rate 0.80
Hydrogen stoichiometric ratio 1.25
Air velocity (flow rate)  m/s (mL/min) 5.0 (3300), 6.0 (3960)

7.0 (4620), 8.0 (5280)
Air utilization rate 0.46, 0.38, 0.33, 0.29
Air stoichiometric ratio 2.17, 2.60, 3.04, 3.47
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5.2 BWVRE & e A O E

FEHEE L, 2R D KRRIE & £ OIREIZBIT D EFIKARKIED LD 100
L LTHADZEND, RGO LS, BT ADOMESHEE RH[%RHIZ,
(i 7 A2 E RN B AKIRSUE efPal & E/WRIEIZ 351 2 BIRAVKARSUE ewlPa]& O
e 100 f5 & 72 %

RH=ele, x100 (>-7)

Thbb, E T AINNEERICE T, (LEOIRE T I E =% Iz~ it
BT HZ s, ST 2O E LB VIEE & NG AR O F% CrlEE
705, FAFIKZRSIE ew[Palld, R « [°C1E HWTH(B-8) TR EIND.

7.5t (5-8)
e, =6.1078x10%"*7 x100

EoT, RGE-D,G-8)ZHNT, /R, FEXHRED O INRARE 2R E TE
5.

{BFRZ Lo THER SN KD EIL, EMEBEEICL - TRE-STEBY, 77
7T —DERSBOBEAITRO ON D, K 5112, Ak E, MAZRICE £
NHKRERKE, B/WREIZS L SfafikEREE 7. K51 006 R THRND
N, B E L ARUKOEITHBIRRICH 0, BEIREE ORI ER KD &
LT 5. F7z, PEFC 7 Y — FIZMAT 5 EXUCE T D KEKE IR
IS, TRAZER OBIFIKER BT B VR EITIKRLE L, ARk OEE I b 5 R
MWD EBZ N5 5212, FrEDEIEFEIZIBIT D ERIK DT m gene [g/min]
&, FTEDB/REIZE T B AIFKAKE mswa [g/min] & AT DG ACE
FILD KRR TR m'wa[g/min]D7E E DI m gene / (M sat - m'wa) & 7~9 . X 5.2 13,
5.1 TR ULIARRIRKE, MAZKICE TN KESKE, B/VREIZES U 2
KEBELENORDIZHDT, BT ARG Z LN TE HKERKAE & ERAD
BEEOAERL TS, K520065005 89518, BRSNS T A D%}
N, ERKDOEMEICEETHEEZOND. LEEBR-T, A UEREE T
HoThH, AFHBESLCEVIREIZ L > T, BERMER R 2D EEZOND. F12,
Y VIR E N B APEREIZ 2 5 (Yan et al., 2006, 773 « £ 4 K, 2005)Z & AR
INTNDHZ DY, BAMERIIKSOIRBIZHZEL, B/ WREMET X
GDL Wi BE N ORI ZIRRE L 720, MK IR Z 0 09K, B/WREMR
BT EEE S TIRENSREL, 7 u P AREEOR TIC X AHEREE TR Y
TR D. FITAFETE, BVEE, FMxHREEZZ(LSE, £5218T
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KO ICEBRSEEZ B S EEREITo7-. 0B, B/URE 70°C, FHXHLE 70%
HMEDOSM L L TEREIT- -,

— Amount of generated water

Amount of water

Cell temperature °C, Relative humidity %
—-— 50,RH50 —-— 70,RH50 —-— 90, RH50
----- 50,RH70 ----- 70,RH70  ----- 90, RH70
—— 50, RH100 —— 70,RH100 —— 90, RH100

= L3F .
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=) e
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= I ]
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G
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=T T

g O T
0 - ' - '
0 1000 2000

Current density mA/ cm’

Fig. 5.1 Relationship between current density and amount of generated water
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Temperature °C  Relative humidity %
50 70
- 70 20
----- 70 50
E— 70 70
E— 80 70
51— 90 70
L I
4 m'g, - amount of saturated water vapor
g m'y,, : amount of water vapor
S i m'y, : amount of generated water
3+
% | /
S ! _______-——_‘_‘_’___—_— ____
O I_-I--I—_—-I-_I-_I—-I—__: 1 1 I 1 1 1 1
0 500 1000 1500 2000

Current density mA/cm 2

Fig. 5.2 Relationship between amount of water vapor in cathode gas and

amount of generated water at a given current density

Table 5.2 Experimental conditions of cell temperature and relative humidity

Cell temperature [°C] | Relative humidity [%RH] | Humidifier temperature [°C]
50 70 43
70 20 37
70 50 55
70 70 62
70 100 70
80 70 71
90 70 84
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5.3 FEBRIBRFNT X D PEFC @ MEA §¥E{TED®RE

531 HART7 v FORE

PEFC @ MEA FiffEZIRET H7-0, BAZHEDIT DAL 18 AETIC
FhEHA L. BVEMATRROFEREOFEZK 53 127, A L7iEhix
HURORESRUERTRL TB20 X 25 T, %R /L b O#i ) 21X 0w L bR BN HIE
L, fiftELREE L7,

A DKHZEBWT, FiftE)Z&IGmfE (GDL Omfd) HoI/EHEE 5
VNGBS, GDL DEX, HA7y hORES L IICL > TE, M EET S
WZJENMIPDICL L, JEIMT A M52 en3d 5. JEIHET «
N AERWT, BN EF I LIz —fl %X 5.4 1273, 2O, JEAREZ
4V FEE/NL—4Z L GDL OIZFE AL, 0.25MPa 75 1.0MPa % ThiftiT 72
EEDOREREZ TR L TWH.GDL OJE X EH) 0.2mm T, H A7 > MIJESH 0.2mm
DY) a—raAbh—FreHNWTWS., 72720, TA7 v ORI 5.4 O X
VNCHBEE L TE 6T, BXL—% L[AE—IK 86mmX258mm DK% L
TWa. F£7, JEZE, TA7 v MafE & GDL OEEOEEr, T7hbb, &3
L —& OifE 86mm X 258mm & W TIRE L7z, ¥ 5.4 225 1%, 0.50MPa Ll T
GDL IZH H A MTHRIERIZIETIDR D> TWD Z ENnD. 728, MEA
FEAFED /NS VY 0.50MPa TliE, T AN Y —27 L=, LER->T, 20 Xk)
Wy a—raay—heHAWSE, A7y MERICH RERSIBPLIENRD,

Fig. 5.3 Experimental setup
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(a) 0.25 MPa

(b) 0.50 MPa

(c) 0.75 MPa

(d) 1.00 MPa

Fig. 5.4 An example of pressure distribution using pressure measurement film
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258

, 208 ,
O i ( D 1 O
86 | 22
O d D O
Fig. 5.5 Schematic of gasket
l— —e— GDL with MPL (0.21mm)
. |—°— GDL with MPL (0.21mm) + Rib(0.2mm)
—2— Silicone sheet (0.2mm)
= 0.8 | —o— Silicone sheet (0.3mm)
= 1 | —v— Silicone sheet (0.4mm)
% 0.6l Silicone sponge (1.0mm)
0]
£
Q
= i
=

1 1 1 1 ] 1 1 1 1 1 1 1 1
0 0.5 1 1.5
Clamping pressure MPa

Fig. 5.6 Relationship between clamping pressure and thickness

FEXFHIZ MEA 38453 OFG DT JI3/hNE < 72 5728, ki DHTIETIOREEMMET
T5. ZDOLHIZ, BE/AD MEA K EE EMEICREST H72D21E, FER %
GDL (2%, A > MADIHERT 5 HOEEEH DL ENRH DH. £ 2T,
MPL{IGDL, E& DR BV a—r Thy—h, V) a—rahARS Dk,
TNENHM TR AL —FMICEE LT 52 & T, MftEEES0RRE
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fifE & ESOFREZX 5.6 12T, 2, YJa—rar—hrET
:~/:AXT//@%hi 5.5 DR TH D, MBIFOFEIMNIT R L TH
LH5HEE, FNENOREIOPIIREDE S TH 5. £7=, NLBIHF @ [Rib (0.2mm)
X, 7= R —2 D54, V7 2N LEICHA T 7272912, 0.2mm T
OCH7RREL 7o TWND T2, ZOfEZEHE L7z, X 5.6 2°5, MPL ff GDL,
PVa—r—MEL04AMPa LL EDOESZDNTTEH, THHDEIE, 1FEAE
BlL72WZ ERN gD, £l2, ¥AZy FELTEX 02mm O a—r v
— hEMHWiX, MPL ff GDL &JE X 0.2mm O Y a— 22— MDOJE I LI
=N, RS4DESITENBIHMTHEZEZ NS, ZibiZtkL T
= ARV, ROFEREIZ(MLERLTWDZ ENgn5. Hifft
0.05MPa T/EE 2 028mm £ THALTEY, YV a—rv AR PEHA v b
ELTHWIUR, AT v b~DETIO5#IT AV 72<, GDL ~F5EN%IE
% IZHIE LT W eEEZ LD, Y a—V AR PET A,y FLTHWE

B DIETER A %, JEIHE 7 4 vV A THBI L 72RO —f &2 %] 5.7 12”7

ISHiM%ﬁﬁT%OMM%ﬂ%ZMM%_Lt BORERTHD. FT-,
J£731%, GDL OmECTHE L7=. 723, MEA KiffEN1H 0.3MPa THH- T,
G T AZ Y — 27 Liginode. K57 06, HATZ v MIOWTAETTIEE A
SHELS , HWYUNC GDLIZEAM N> TNEH EEZ BND. T OFERN S A
T, T /=Ml a—r— e, BV —RNMIlIZiZTVa—r AR VE
A, WHERERL LWLz, 2120, ZA—TMe L —2 D4, VTR
02mm O L TWAZ s, 7/ —FMNZIZ02mm DYV a—r 3 — &
A, oL —2 2 HANWA5E8120E, 7/ — FNZIX 0.lmm O~ Y =
— v —bhERAWE £, HAZ Y N (Y a— AR D) IThnd TTEIK
56 B3R, BMENO AT ATy MIEHT oM EZ51E, GDLIZ/EHT 5/E
NEFFEL. T70bb, AW TRT MEA fifdEi, - il X O GDL
(BOSmFRERSy) (AERT 2 277,
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(a) 0.49 MPa

(b) 0.82 MPa

(c) 1.15 MPa

(d) 2.14 MPa

Fig. 5.7 An example of pressure distribution using pressure measurement film
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5.3.2 MEA fiffEDOZERME~DE

PEFC | MEA #{E1C KX o THREFMEN K & < £1T % (Changetal., 2007, Ge
et al., 2006, Hottinen et al., 2007, Lee et al., 1999, Mason et al., 2013, Nitta et al., 2007,
Qusetal., 2007, Zhou et al., 2007, JLJH 5, 2006a, 2006b, FFZE 5, 2005)Z &b,
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Fig. 5.8 Effect of clamping pressure on cell performance (normal separator)
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Fig. 5.9 Effect of clamping pressure on power density (normal separator)
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Fig. 5.10 Effect of clamping pressure on cell resistance (normal separator)
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Fig. 5.11 Effect of clamping pressure on cell performance
(separator with micro-grooves)
126



565 TR ORER LOERIFHGHZ L S5 PEFC ©
IEEMmES A (MEA) fifHEORE

Clamping pressure MPa

—— 0.29 --e-- 1.23

—— 042 -+ 1.50

—o— 0.56 --=-- 2,04

—— 0.69 -v-- 298

0.96 5.00

“g 600
8 —
=
=
21400 i
=
Q
<
S —
2
£ 200

1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1
06 500 1000 1500
Current density mA/ cm’

Fig. 5.12 Effect of clamping pressure on power density (separator with micro-grooves)
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Fig. 5.13 Effect of clamping pressure on cell resistance (separator with micro-grooves)
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5.4 FEBSM

KRBT B FERSEMGE E L O-b DA 3 5.3 127”77, PEFC OERE

FEfl

T 5120, BVIRE, BT AOMRE (7 —F, &Y — FHIZFE CHxHE
), AT A (FR) O E B S TEREI T2, £ 53 TORKRFTT
RTRIETH D, B/VIRE 70°C, FHXHEE 70%, ZE50HE 6.0m/s & JLHE D IR
FEE LT, BlS®ED 137 A—=FUINIEESEE W TEREZIT- 2.

Table 5.3 Experimental conditions

Flow field design Parallel
Gas channel width mm 1
Gas channel depth mm 1
Rib width mm 1
Inclination angle of micro-grooves degree 20
Width of micro-grooves mm 0.2
Depth of micro-grooves mm 0.2
Active electrode area (geometric) cm? 2.1x20
Clamping pressure MPa 1.23
Cell temperature °C 50, 70, 80, 90
Relative humidity % 20, 50, 70, 100
Gas velocity (flow rate)
Hydrogen m/s (mL/min) 1.2 (800)
Hydrogen stoichiometry 0.80(1.25)

Air m/s (mL/min)

5.0 (3300), 6.0 (3960),
7.0 (4620), 8.0 (5280)

Air stoichiometry

5.0m/s:0.46(2.17), 6.0m/s:0.38(2.60),
7.0m/s:0.33(3.04), 8.0m/s:0.29(3.47)
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Fig. 5.14 Evaluation of reproducibility (current density vs. cell voltage curve)
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Fig. 5.15 Evaluation of reproducibility (power density curve)
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Fig. 6.1 Effect of cell temperature on cell performance

(Current density vs. cell voltage curve)
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Fig. 6.3 Effect of relative humidity on cell performance
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Fig. 6.4 Effect of relative humidity on cell performance
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Fig. 6.5 Variation of cell resistance with variation of relative humidity
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Fig. 6.6 Effect of air velocity on cell performance

(Current density vs. cell voltage curve)
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Fig. 6.7 Effect of air velocity on cell performance
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Fig. 6.8 Effect of cell temperature on cell performance of PEFCs with hybrid GDL

(current density vs. cell voltage curve)
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Fig. 6.9 Effect of cell temperature on cell performance of PEFCs with hybrid GDL
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Fig. 6.10 Effect of relative humidity on cell performance of PEFCs with hybrid GDL
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Fig. 6.12 Effect of air velocity on cell performance of PEFCs with hybrid GDL (current

density vs. cell voltage curve)
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Fig. 6.13 Effect of air velocity on cell performance of PEFCs with hybrid GDL

(power density curve)
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Fig. 6.14 Effect of cell temperature on cell performance
(PEFC with hybrid GDL vs. normal PEFC, current density vs. cell voltage curve)
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Fig. 6.15 Effect of cell temperature on cell performance
(PEFC with hybrid GDL vs. normal PEFC, power density curve)
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Fig. 6.16 Effect of relative humidity on cell performance
(PEFC with hybrid GDL vs. normal PEFC, current density vs. cell voltage curve)
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Fig. 6.17 Effect of relative humidity on cell performance
(PEFC with hybrid GDL vs. normal PEFC, power density curve)
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Fig. 6.18 Variation of cell resistance with variation of relative humidity

(PEFC with hybrid GDL vs. normal PEFC
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Fig. 6.19 Effect of air velocity on cell performance
(PEFC with hybrid GDL vs. normal PEFC, current density vs. cell voltage curve)
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Fig. 6.20 Effect of air velocity on cell performance
(PEFC with hybrid GDL vs. normal PEFC, power density curve)
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Fig. 6.21 Effect of cell temperature on cell performance

(PEFC with micro-grooves vs. normal PEFC, current density vs. cell voltage curve)
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Fig. 6.22 Effect of cell temperature on cell performance

(PEFC with micro-grooves vs. normal PEFC, power density curve)
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Fig. 6.23 Effect of relative humidity on cell performance

(PEFC with micro-grooves vs. normal PEFC, current density vs. cell voltage curve)
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Fig. 6.24 Effect of relative humidity on cell performance

(PEFC with micro-grooves vs. normal PEFC, power density curve)

153



7 6 % PEFC OFREBRAEMRGICEIT 5 R RE L 5%

Relative humidity %
With grooves Without grooves

—a— 4= 20
—o— =~ 50
—o— -~ 70

-—v-- 100

2

=80 Clamping pressure [MPa] : 1.23
% - Cell temperature [°C] : 70
© 60 Gas velocity (flow rate)
2 Hydrogen [m/s (mL/min)] : 1.2 (800)
g 40 Air [m/s (mL/min)] : 6.0 (3960)
5 ]
) GDL : with PTFE treatment
O Gasket : silicone sponge
0

PR T T WA NN T TR TR T NN T TR TR T N S
0 500 1000 1500
Current density mA/ cm’

Fig. 6.25 Variation of cell resistance with variation of relative humidity

(PEFC with micro-grooves vs. normal PEFC)
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Fig. 6.26 Effect of air velocity on cell performance
(PEFC with micro-grooves vs. normal PEFC, current density vs. cell voltage curve)
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Fig. 6.27 Effect of air velocity on cell performance

(PEFC with micro-grooves vs. normal PEFC, power density curve)
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Fig. 6.28 Effect of cell temperature on cell performance of PEFCs with hybrid GDL

(current density vs. cell voltage curve)
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Fig. 6.29 Effect of cell temperature on cell performance of PEFCs with hybrid GDL
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Fig. 6.30 Effect of relative humidity on cell performance of PEFCs with hybrid GDL

(current density vs. cell voltage curve)
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Fig. 6.31 Effect of relative humidity on cell performance of PEFCs with hybrid
GDL (power density curve)
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Fig. 6.32 Effect of air velocity on cell performance of PEFCs with hybrid GDL (current

density vs. cell voltage curve)
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Fig. 6.33 Effect of air velocity on cell performance of PEFCs with hybrid GDL

(power density curve)
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Fig. 6.34 Effect of cell temperature on cell performance (Normal PEFC vs. PEFC with

micro-grooves vs. PEFC with micro-grooves and hybrid GDL, current density vs. cell

voltage curve)
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Fig. 6.35 Effect of cell temperature on cell performance (Normal PEFC vs. PEFC
with micro-grooves vs. PEFC with micro-grooves and hybrid GDL, power density

curve)
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Fig. 6.36 Effect of cell temperature on cell performance (Normal PEFC vs. PEFC

with micro-grooves and hybrid GDL, current density vs. cell voltage curve)
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Fig. 6.37 Effect of cell temperature on cell performance (Normal PEFC vs. PEFC with

micro-grooves and hybrid GDL, power density curve)
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Fig. 6.38 Effect of cell temperature on cell performance (PEFC with micro-

grooves vs. PEFC with micro-grooves and hybrid GDL, current density vs.

cell voltage curve)
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Fig. 6.39 Effect of cell temperature on cell performance (PEFC with micro-

groovesa vs. PEFC with micro-grooves and hybrid GDL, power density curve)
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Fig. 6.40 Effect of cell temperature on cell performance
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Fig. 6.41 Effect of relative humidity on cell performance (Normal PEFC vs.
PEFC with micro-grooves vs. PEFC with micro-grooves and hybrid GDL,

current density vs. cell voltage curve)

168



7 6 % PEFC OFREBRAEMRGICEIT 5 R RE L 5%

2

Relative humidity %
With grooves Without grooves
Normal GDL  Hybrid GDL Normal GDL
—A— ERE SE —A— 20
—0— ---- —5— 50
—0— --@-- —e— 70
— v —v— 100
1
g 600+ 3 * ]
L Clamping pressure [MPa] : 1.23
= Cell temperature [°C] : 70
& Gas velocity (flow rate)
2 400- Hydrogen [m/s (mL/min)] : 1.2 (800)
Z | Air [m/s (mL/min)] : 6.0 (3960)
Q [ |
o \ |
2 200 & | Normal GDL : with PTFE treatment
o Hybrid GDL : straight 45°
Gasket : silicone sponge

1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

500 1000 1500 2000

Current density mA/cm®
Fig. 6.42 Effect of relative humidity on cell performance (Normal PEFC vs.
PEFC with micro-grooves vs. PEFC with micro-grooves and hybrid GDL, power

density curve)
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Fig. 6.43 Variation of cell resistance with variation of relative humidity (Normal
PEFC vs. PEFC with micro-grooves vs. PEFC with micro-grooves and hybrid
GDL)
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Fig. 6.44 Effect of relative humidity on cell performance (Normal PEFC
vs. PEFC with micro-grooves and hybrid GDL, current density vs. cell

voltage curve)

170



7 6 % PEFC OFREBRAEMRGICEIT 5 R RE L 5%

Relative humidity %

%\, Clamping pressure [MPa] : 1.23
: Cell temperature [°C] : 70
Gas velocity (flow rate)

Hydrogen [m/s (mL/min)] : 1.2 (800)
Air [m/s (mL/min)] : 6.0 (3960)

Normal GDL : with PTFE treatment
Hybrid GDL : straight 45°
Gasket : silicone sponge

With grooves ~ Without grooves
Hybrid GDL Normal GDL
oA —a— 20
-8 —a— 50
- —o— 70
— ¥ —v— 100
“g 600 o
2
=
i 400 -
5 It
o ‘\‘ |
o 200 ;
2 a
o
[a
P I WA T TR NN TR ST S N N S S SR
500 1000 1500 2000

Current density mA/ cm’

Fig. 6.45 Effect of relative humidity on cell performance (Normal PEFC

vs. PEFC with micro-grooves and hybrid GDL, power density curve)
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Fig. 6.46 Variation of cell resistance with variation of relative humidity
(Normal PEFC vs. PEFC with micro-grooves and hybrid GDL)

171



7 6 % PEFC OFREBRAEMRGICEIT 5 R RE L 5%

— 7 ff PEFC OFSERHMER i35 &, B, FEXHRED 20%, 50%0D &
X /) —~ )V PEFC O @<, FHXHBEDN 70%, 100%D & X 17 Y v~ K GDL
(EAR45°) ZHH LI~ A 7 a7 —T4F PEFC D@2 &85,
KHBFE DY 20%, 50%DSRIEIZEBWT, "1 7 U » K GDL (H# 45°) #=#HH L=
~A 7 a7 )—"74} PEFC O EENMEL 72> TWDH DI, [X6.43, 6.46 Dk
NS b0 b K512, ~A4 7 vl v—"7%f15 L7 PEFC O /RHIN,
~A 7 uaZ)—T7DHE\\ ) —<)L PEFC &HERL T, BAEPNETREL A
STWNDHTEDOThD. Tihbh, ~A47u 7 —7I2Xb8KkMEDR Eick - T
EaFIROE B REL, 7r b BT S8, BB ARL, B
EEORKENMET LIZEE 2B,

X 6.41, 6.42, 6.47, 6.48 725, ~A 7 1 ' )L—7ff PEFC &£ /~4 7V v K GDL
(HEAR 45°) Z¥#ELi-~A 7 u /' )v—74f PEFC DR ERMEZ BT 5 &, A
KHBFE R 2 MR 72 mFERI L TR Y, ARHEED 20%00 HEINT 512
W THNEEITHMARK L T, HXBED 70% TRAKE 2D, I HICKER
100%Cix, HABEIXRDT 52 Ennnsd. BREEORFITENZR LR
72D, %643, 649 025, A7 U w FGDL (AR 45°) ZfMSE756

Relative humidity %
Normal GDL Hybrid GDL

—o— - 20
—o— .- 50
—o— .- 70
—— - 100

]

Clamping pressure [MPa] : 1.23

Cell temperature [°C] : 70

Gas velocity (flow rate)
Hydrogen [m/s (mL/min)] : 1.2 (800)
Air [m/s (mL/min)] : 6.0 (3960)

Normal GDL : with PTFE treatment
Hybrid GDL : straight 45°

un | Gasket : silicone sponge

B | Separator : with grooves

Cell voltage V

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 500 1000 1500 2000
Current density mA/ cm’
Fig. 6.47 Effect of relative humidity on cell performance (PEFC with micro-
grooves vs. PEFC with micro-grooves and hybrid GDL, current density vs. cell

voltage curve)
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Fig. 6.49 Variation of cell resistance with variation of relative humidity (PEFC

with micro-grooves vs. PEFC with micro-grooves and hybrid GDL)
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Fig. 6.50 Effect of relative humidity on cell performance
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Fig. 6.51 Effect of air velocity on cell performance (Normal PEFC vs. PEFC with

micro-grooves vs. PEFC with micro-grooves and hybrid GDL, current density vs.

cell voltage curve)
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Fig. 6.52 Effect of air velocity on cell performance (Normal PEFC vs. PEFC with

micro-grooves vs. PEFC with micro-grooves and hybrid GDL, power density curve)
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Fig. 6.53 Effect of air velocity on cell performance (Normal PEFC vs.
PEFC with micro-grooves and hybrid GDL, current density vs. cell
voltage curve)
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Fig. 6.54 Effect of air velocity on cell performance (Normal PEFC vs. PEFC with micro-

grooves and hybrid GDL, power density curve)
178



7 6 % PEFC OFREBRAEMRGICEIT 5 R RE L 5%

BWT bAoAl /e EILE E O R KMEIZ R E R EWIT WD, RO M EE
1L, EOR RGN, Bl X, ZZBRIED 8.0m/s D & X, RO TIEET,
A7 U v K GDL (EHR 45°) OFickv, ~A 27 a7 Lr—7f PEFC ®
617mW/cm? 2> 5 646mW/em? &) 5%[a E L, 285D 7.0m/s D & X120, &
KO FBEE L, ~A 7 1 )L—7fF PEFC @ 589mW/cm? 7> 5 637mW/ecm? & )
8%IMm L7, ZAud, EIRHEENRKE S RVBOKOERENHERL, RBERE
JEDRBENETHRMEICBWT, F3IF|E TR LK EET 7 » KGDL N
EROREKRENZ 1T D BB ILIARIE DFEIRIZ L > C, FERILHErED M E L7272
HEEZLND.

6.57 |2, BRI L S BTG E O FERERE £ L O TRT. X657 1F,
BIVEED 02V O L XOEREE, BLY, HHBEORKEZRLTEY,
/ —~JVPEFC, A7V > K GDL (H#ff 45°) Z## L7- PEFC, ~1( 7 J
JV—TFf PEFC, /~A 7V~ R GDL (E#R45°) W Lic~A 7 n s —7fF
PEFC #iE L TR LTZ. ZOREND, BRITEHOFEL, WIhoHaEo
PEFC |{Z2W T, EMMICIXFRIEROMERZ R L, ROy, S &

Cell voltage V

Air velocity (flow rate) m/s (mL/min)
Normal GDL  Hybrid GDL
—o— -A-- 5.0 (3300)
—o— --e-- 6.0 (3960)
—0— -.-- 7.0 (4620)
) —v— --v-- 8.0 (5280)
Clamping pressure [MPa] : 1.23
0.8 Cell temperature [°C] : 70
I Relative humidity [%] : 70
0.6 Hydrogen velocity (flow rate)
' [m/s (mL/min)] : 1.2 (800)
0.4- N - Normal GDL : with PTFE treatment
NV Hybrid GDL : straight 45°
0.2k A\ Gasket : silicone sponge
I v Separator : with grooves
PR T R TR N R SR TR S (N TR S TR SR E T S N |
00 500 1000 1500 2000

Current density mA/ cm’

Fig. 6.55 Effect of air velocity on cell performance (PEFC with micro-grooves vs.

PEFC with micro-grooves and hybrid GDL, current density vs. cell voltage curve)
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Fig. 6.56 Effect of air velocity on cell performance (PEFC with micro-grooves

vs. PEFC with micro-grooves and hybrid GDL, power density curve)
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Fig. 6.57 Effect of air velocity on cell performance
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Fig. 6.58 Time variation of cell voltage with variation of current density in

unsteady state
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Fig. A-1 Schematic of experimental system for visualization
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Fig. A-2 Appearance of the X-ray CT scanner

213



(NECN

Fig. A-3 Inside of the X-ray CT scanner

X-ray image intensifier

\

Sample

X-ray tube Turntable

CCD camera
6-axis manipulator
Fig. A-4 Schematic diagram of X-ray CT Scanner
Table A-1 Specification of X-ray tube
Tube voltage kV 20-100
Tube current pA 0-200
Max power consumption W 10
Dimension of focal point pm 5
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Table A-2 Specification of detector

Pixel number  pixelxpixel 2048%2048
Spatial resolution (pixel size)
Maximum magnification um 0.5
Minimum magnification pm 22.5
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Fig. A-5 Relationship between linear attenuation coefficient and energy
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(a) 10 (b) 50

(c) 100 (d) 1000
Fig. A-6 Effect of view number on image quality

(a) 1 (b) 10

Fig. A-7 Effect of frame average number on image quality
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Fig. A-8 Polymer electrolyte fuel cell apparatus for X-ray CT imaging
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Fig. A-9 Separator for X-ray CT imaging (graphite)
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Table A-3 Specification of graphite

Resin-impregnated | Graphite
graphite
Bulk specific gravity 1.99 1.85
Specific resistance pQm 11.0 11.0
Bending strength MPa 66.6 49.0
Bend elastic constant GPa 14.0 10.8
Hardness  shore 76 58
Thermal conductivity ~ W/mK 117 117
Thermal expansion coefficient — x10°%/K 6.0 4.2
Leak test
(diffusion method of ammonia gas,
) ) Non-leak Leak
differential pressure: 2kg/cm?,
board thickness: 1mm)
Heatresistant temperature  °C 170 3000

220



(NECN

. 22 0
Ni D e O
T : i
I i W e 1 S _
T =— My
NJ; L -+, S e 3B L
= — [=X=) \
: I - - 1 |
12.5 C IO R 20 e | 85
(a) Schematics of separator with micro-grooves
4,072

7Z S/ ostg, _1_4._32?&,
IS

(b) Schematics of rib with micro-grooves

=} 20°

(c) Separator

Fig. A-10 Separator with micro-grooves for X-ray CT imaging
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Table A-4 Specification of GDL

GDL type PTFE treatment MPL treatment mg/cm?
PTFE Carbon
Normal GDL Uniform 2.0 2.0
Table A-5 Specification of silicone sheet
Maker Fuso Rubber Co.
Product name Silius
Thickness 0.2mm
Hardness 50 (shore A)
Specific gravity 1.16 (25°C)
Tensile strength 8.7MPa
Elongation 350%
Tear strength 24N/mm
Compression set 19% (180°C /22h)
Dielectric strength 24kV/mm
Volume resistivity 1.0x107MQ-cm
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Table A-6 Specification of silicone sponge sheet

Maker

Sunpolymer Corporation

Product name

ESP series (closed cell silicone sponge

sheet)
Thickness Imm
Hardness 7,10 (shore E)
Apparent density 0.28g/cm’
Tensile strength 0.66MPa
Elongation 413%
Tear strength 2.4AN/mm

Compression deflection

34kPa (25% compression)

73kPa (50% compression)

Compression set

2% (compressed 25%, 23°C /22h)

Thermal conductivity

0.054W/mK

Heat Tensile strength change

-29% ( 180°C x72H)

resistance | Elongation change

6% (180°C x72H)

property

Durometer change

1 ( 180°C x72H)
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Table A-7 Specification of mass flow controller (Air)

Maker HORIBA STEC

Product name SEC-N112MGRW

Flow rate control range 2-100% of full scale flow rate

Accuracy +1.0% S.P. (Flow rate > 30% full scale flow rate)
+0.3% F.S. (Flow rate 30% < full scale flow rate )

Repeatability <+0.2% full scale flow rate

Table A-8 Specification of mass flow controller (Hz)

Maker HORIBA STEC
Product name SEC-E40MK3
Flow rate control range 2-100% of full scale flow rate
Accuracy +1.0% full scale flow rate
Repeatability +0.2% full scale flow rate
- B AMRE
ERBEILORAMICIE, FKEF TR LHERRETE AL E PLZ-664WA

PRV, A9 IAREEZRT. L LCEBRET—RTHEALEZZY, &
BT — ROtz R LT,
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Table A-9 Specification of electronic load

Maker KIKUSUI ELECTRONICS CORPORATION
Product name PLZ-664WA

Rating: operating voltage (DC) 0-150V

Rating: current 132A

Rating: power 660W

Operating range 0-132A

Resolution 10mA

Accuracy of setting +0.2% of set

Table A-10 Specification of MX100

Maker Yokogawa Electric Corporation
Product name MX100
Basic measurement interval 10, 50, 100, 200, 500 ms
DC voltage (2V type)
Rated measurement range —2.0000 to 2.0000 V
Measurement accuracy +(0.05% of rdg.+ 5 digits)
Thermocouple (T type)
Rated measurement range —200.0 to 400.0°C
Measurement accuracy +(0.05% of rdg. + 0.5°C)
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Table A-10 Specification of water purification system
Maker ORGANO CORPORATION
Product name G-5C
Ion-exchange polymer Amberlite MB-2
Treated water quality <1uS/cm
Treated water flow rate 30 to 100L/h
Maximum pressure of the raw water 0.34MPa
Water temperature 5to 40°C
Filter (PF-1II type filter)
Pre-filter size Spum
Post filter size lum
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Table A-12 Experimental conditions for visualization (low air velocity)

Room temperature °C 27
Humidifier temperature °C 20
Hydrogen velocity (flow rate)  m/s (mL/min) 0.11 (20)
Hydrogen utilization rate 0.69
Hydrogen stoichiometric ratio 1.45
Air velocity (flow rate)  m/s (mL/min) 1.0 (180)
Air utilization rate 0.18
Air stoichiometric ratio 5.43

Table A-13 Experimental conditions for visualization (air velocity: 6.0 m/s)

Room temperature °C 20
Humidifier temperature (hydrogen) °C 25
Humidifier temperature (air) °C 50
Hydrogen velocity (flow rate)  m/s (mL/min) 1.0 (180)
Hydrogen utilization rate 0.08
Hydrogen stoichiometric ratio 12.9
Air velocity (flow rate)  m/s (mL/min) 6.0 (1080)
Air utilization rate 0.03
Air stoichiometric ratio 32.6
Table A-14 Imaging conditions
Tube voltage kV 25
Tube current  pA 190
Exposure time  ms 100
View number 1440
Frame average number 4
Distance between sample and detector ~ mm 400
Effective pixel size  pm/pixel 31
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Fig. A-11 CT images of PEFC at 50mA/cm?
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Fig. A-12 CT images of PEFC at 900mA/cm?
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Fig. A-13 Cell performance vs. cell temperature
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Fig. A-15 CT image of PEFC (dry condition)
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Fig. A-16 The flow direction of the cross-sectional images (dry conditon)
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Fig. A-18 The flow direction of the cross-sectional images (350mA/cm?)

233



(NECN

A-16, A-181ZBWT, B RS T AFED Bl <, B U T AF|O T
WHITH D, X A-16, A-18 Z LT 5 &, BV — Nl (X A-18(a)~(e)) Tl
WOKDIFENRRTERND. ZhiE, KA20 16550055918, Y — Rt
KT AT D ZER[OFERNEE % 300%LL EI2hE L, PEFC 2tk L7272 T,
TILNEBIC BT DEGIROBEZ NS E 72720 Th 5. FHEMBE ARSI
72, X A-19 O X D IR TREZR B I 1T RIE 2 LTz,

g PEFC @ CT W8 TH DX A-17, A-18 5, TRAKII A AR D RKIE
BLUGDL & A & OBMEAHTEICZ R LT WD EB 0D, £,
X A-18(a)2> 6, A AP _EFAND SR DBHE S 4L, HAFO TFHTIE, L0 %<
DK T D EDRRTEND. LR T, ~A4 7 a7 L—T7%2L T
WIRWE N L —Z DIGEITIE, TARBEZZES L ICHERAKDBHEE LT VWD &
NG,

| —o— Current density 30
--6-- (Cell temperature
@)
0.8 )
> (D]
5 S
%" 0.6 L ] §
S ) ~ 12 &
>
3 =
0.2 O
0 | ] 1 L 1 I L _ 20
0 100 200 300 400

Current density mA/ cm’

Fig. A-19 Cell performance vs. cell temperature (air velocity: 6.0 m/s)

234



(NECN

--6-- (Cell temperature
—o— Relative humidity (H,)
35 —v— Relative humidity (Air)

- 400

30 300

______ ac 200

25k o aee- J— _
N

Cell temperature °C
Relative humidity %

1 ] 1 ] 1 ]
0 100 200 300
Current density mA/cm’

Fig. A-20 Relationship between cell temperature and relative humidity
(air velocity: 6.0 m/s)

235



(NECN

AT ~A 7 u I N—THBIER/NE PEFC ODRERMT &
X#R CT EEIZ KDL ERFERL L ELE

B FH/NE PEFC OHERIRIEICE T 2 X B CT @& 2 v =l b 2 X
A-21, A-220Z, ZERIEHE 6.0m/s (2351 B3 E I T 28I /IME PEFC @ X
B CT 3B E 2 W= T bR B2 X A-23, A-24 ([T, £/, BB
YIVREORIER R A X A-25 12, B/RE & 4G T A OFEHEE O JIE RS R %
A-26 12T, X A-23, A-24 [XEEVEHE A 700mA/cm? D & X O CT M % 7R~
LTW5.

A-21, A-23 (X APRICHK U CEE2HBHE T, X A-22, A-24 OBEBIZEIT
H@)~MIEENZIK A-21, A-23 O 8 EFTrOWHEZ <L TW5b. 7k, X A-
21, A-23 1%, ENZENK A-22, A-24 OEGOFRINEIC T AW 42~ LTV
5. A-22, A24 D(a)lEh Y — RO H 2 KA (A 7 a7 —7),
(b)Y X AV — RO T AFREERIAEE, (L, Y — NAloH AFMEHFAME, (d)
XY — RO T APk & GDL O Sitm, (e)id Y — Nl GDL O REINLE, ()
VL fihitt g A YA L 7= PEM, (g)lX7 / — Rl GDL, (W)ix7 / — RO H R T
b5, Fo, KA22, A24128WT, BH ERIR T AFEO Epfl <, B R
ST AFED FHMITH 5.

A-21, A-23 ZLbig3 5 &, 1Y — Nl (¥ A-24(a)~(e)) TiE, HEAKDIFLE
MRTEND. £77, K A-240a)~(@)TiX, FTARBOREELI L OH 2 EM
HD~A 7T N—TNEKTHESTNDZ ENRRTERILSD. RFETHW
levA v 7 v—7fe L —21%, KA21, A2 065530050, FR2AK
DOV THEIZ~YA 7 a N —TZ/E L TEY, H A O 27 A i E A
HIZIE~A 7 a7 —T%EEL TR, 207D, ~A 7 a i —T%FH0
L7z 2 KoV FicHkE Nz Ro B ZARBEITITEKBHE L TR NT &
MATEND. ~A 2787 —"T %ML T T AR O G0 1 A
I T, TAFRKEE GDL REICBWTHRANHE L TWD Z b b 005
M, RO T AFEETIX, GDL & H A & OFEIZHE T DKk B~A 7 v
TN—TH@OBEN L2728, TROF ARBEITITHEKDERE LTV e &
bbb, F£z, A-25 06, A7 —"7 &AL 728U/ INE PEFC
OFF I FIRERBIRE L, X A-20 ORERM = L — & OB/ INE PEFC D%
ERFPE L ST D L, RIEIZH ELTWA Z ERgn5d. Zux, ~A 7 a7
— T DI L 0 Pk PEDR T E L, X A-24 DK 5 IZH AFRBNICTEET DK
AHERCE -0 EEZOND.

236



(NECN

Imm

Fig. A-21 CT image of PEFC with micro-grooves (dry condition)

Fig. A-22 The flow direction of the cross-sectional images of

PEFC with micro-grooves (dry condition)

237



(NECN

 (a)
|-~ (b)
- (0)
- (d)
()
.
% @
* (h)

Imm

Fig. A-23 CT image of PEFC with micro-grooves (700mA/cm?)
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Fig. A-24 The flow direction of the cross-sectional images of
PEFC with micro-grooves (700mA/cm?)
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