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SUMMARY

I. Title

Computer-aided Design and Analysis of Polymer Electrolyte Fuel Cells

II. Background and Objective

Fuel cells are one of the most promising technologies for reducing global
warming gas and meeting national energy saving policy.

A fuel cell is electrochemical device that convert chemical energy of fuel directly

to DC electricity and heat in a very clean and efficient process without
combustion. Fuel Cell efficiencies are greater than 40%, which are higher than
conventional power conversion systems. Electric conversion efficiency of residential
fuel cell systems is generally 35 %. A polymer electrolyte fuel cell(PEFC), using a
thin proton conductive polymer membrane as the electrolyte, is compact in size,
simple to handle, and work at low temperature, which means possibility of quick
start and stop. Because of these advantages, PEFC can be applied to transportation
systems, potable powers and residential cogeneration systems.
The fuel cell program’s major activities are concentrated on research of advanced
materials including MEAs at the single cell level, system integration, and
demonstration. It is very important to increase performance and durability and to
reduce materials and fabrication costs for early commercialization. For this purpose,
optimization of stacks is inevitable. Analytical and numerical calculation including
computational method can be used as a useful tool for bipolar plate and stack
design.

The separators(flow field plates or bipolar plates) have flow channels on their
surfaces to supply reactant gases. The channel geometry and flow directions are

different on the anode and on the cathode.The choice and optimization of flow field

_10_.



geometryof the bipolar plates and stacks affects the performance of PEFC because
of gas, water and temperature distributions and electric resistance. When designing
bipolar plates and stacks, even flow distribution, water removal and minimizing
pressure drop and electric contact resistance should be considered for proper
performance especially for large active area cells operated in practical conditions.

In small stacks, the air as the reactant gas of the cathode can be supplied by free
convection or with the small fan. If these methods are used, the cathode channel
should be parallel straightend of channel be open to the outside airto reduce
pressure drop. But in large stacksfor residential and vehicle applications, the
multiple serpentine channel type is generally used to satisfy the design
requirement, low pressure drop, water removal and even flow distribution. For
design and prediction ofthe performance of bipolar plates and stacks with complex
patterns, numerical analysis using computational fluid dynamics(CFD)program is
unavoidable to calculate flow, thermal and current distributions. The experimental
test at the design stage is conducted for the basic design data which can be used
to choose optimal geometry and size of bipolar plates and stacks. Single cells and
sub stacks are used to obtain the design criteria and to evaluate the performance
of full stacks.

Fuel cell stacks require fuel, oxidant and coolant to generate electricity
continuously. The flow rate, pressure, and temperature of each streams must be
controlled. The fuel cell system consists of a stack, a fuel supply system, an air
supply system, a water and thermal management system, and a power conversion
and control system to supply reactants and maintain proper stack operation
condition. A computer simulation program can be used to estimate the PEFC
performance. Various component characteristics and control strategies are necessary
for the simulation program to find practical design and operation conditions.

The main objective of this study is to develop the computer—aided design schemes
of bipolar plates, stacks, and systems for PEFC based on numerical analysis. The
partial objectives are as following;

- Develop and validate models for bipolar plate, stacks

._11_



- Perform bipolar plate and stack design
- Development of lumped parameter fuel cell models to analyze PEFC systems

- Evaluate steady-state performance of PEFC systems for combined heat and

electric power

III. Research Scope

In order to develop the practical PEFC systems, not only core elementary technology fo_r
materials, such as electrode and membrane, separator and membrane and electrode
assemblies(MEAs), but also design and analysis technologies are necessary.The approach
for developing computer-aideddesign scheme includes two paths: i)determine the
configuration and channel and rib size of bipolar plate, and manifold size of stacks with the
simplified design program and ii) numerical analysis of bipolar plate and stacks to evaluate

the performance and rigidity as followings.

o Develop the flow field analysis program for bipolar plate optimization

- develop models for bipolar plate including electro chemical reaction

- establish three dimensional numerical analysis scheme based on computational
fluid dynamics

- design and analyze flow fields of oxidant, fuel and coolant plate

— establish numerical analysis program for air-breathing PEFCs, which include
natural convection equations

- optimal design of flow configuration and channels for bipolar plates

- decide flow pattern in a bipolar plate

~ design flow channel and validate flow and pressure distributions

~ channel optimization for an air-breathing PEFC

o Design and validate fuel cell stack based on numerical analysis

- choose optimal manifold configuration

— compare two different types of manifolds, U- type and Z-type manifold

_12_



- analyze folw distribution depending on the length of the stack entrance pipe

- analyze the effect of channel size on the flow distribution

- design and analyze a coolant plate including heat transfer effect

o Performance analysis of integrated PEFC systems using the computer program

~ develop the computer simulation program for hybrid PEFC systems including a
stack, a reformer, BOPs, a battery pack, a thermal storage system, and a

controller.

- estimate thermal and electric performances of PEFC systems for combined heat

and electric power

IV. Results

The computer-aided design and analysis schemes of bipolar plates, stacks, and
systems for PEFCs has been established. The following activities were done to

develop for this purpose.

o developed comprehensive computer model for PEFCs including electrochemical
reactions

o conducted experiments to obtain design criteria

o developed a 3-D single phase model for hydrogen feed single cells

o applied numerical method to analyze bipolar plate and stack flow field

o analyzed and compared different flow patterns of bipolar plate

o compared and chose optimal manifold type from U-type and Z-type

o completed detailed bipolar plate and stack design

o performed numerical analysis of a air-breathing PEFC to find optimal size of air
channels

o demonstrated the feasibility of computational schemes for design and analysis of

PEFCs

_13_



o developed the system simulation program using fuel cell component models and

characteristic equations
o estimate performance of PEFC systems for combined heat and power at the concept

design stage
o calculate a system performance for optimal control strategy

_14_
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PARAMETERS AND PROPERTIES

Teell 343K R 83145 J/md K

P 1.3 bar F 96487 C V.oc 1.178 V
P_sat 0.307097245 bar RHa 1 Veell 07V

c_sat 10.7682632 mol/mi3 RHc i

¢ HO a 10.7682632 mal /3 cHOc 10.7682632 mdl/rm/\3 cP 4200 J/kgK
cioa 45.58406956 mal/m/\3 cidc 45.58406956 mol/mA3 del T_cod 10K

c H2 34.81580636 md/mA\3 c O2 7.311319335 mol/mA3

stol_a 2 stol_¢ 2 #of cell 2

1 0.3 A2 Arx 250 cr2 told # celis 20

Queel a 223263605 nm/3/sec Qedic 5.31578E05 mA3/sec Q cod 8.54942E-07 mA3fsec
rho_H2 8.63802 kg/m\3 rtho_Alr 8.53E01 kg/m\3 tho H20 998 kg/mA3
Total Power 1.05 kW
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1.6 1 I ¥ 1 T I 1 T ]
- T R -
L 14 IR . L -
E . o -
)
g 1.2 - ~
; 10 e e e ks ew W e o W s > T e s o o4 o]
Q .
5 0.8 || — T.,=60C, =01 (Thick Memb)
- - T,,=70C, r=0.1 (Thick Memb)
< T, =80C, r=0.1 (Thick Memb)
206} - -T,=60C, ¢=05 (ThinMemb)
=] T_,=70C, r=0.5 (ThinMemb)
g oa bl T Tce” 80C, r= 0.5 (Thin Memb)
o Operating Conditions:
) P /P =13/1.25bar, AP = 0.05 bar,
> ai ¢ e,
‘5 02}| aT=10C,RH, =1.0, g -
= £ 5, =1.5/2.0
2 0.0 1 1 1 1 L 1 1 L

00 01 02 03 04 05 06 07 08 09 10
Relative Humidity at Cathode Channel Inlet

(28 3-6] A AF d8AA] 29 % @ 47 2 9%

2000 o] Ao DupontAbol| A 71st Nafion 117 (AZAE A B5A 175 L m)S AME
3ty o}t HZ nER AHF ol I Ax 7&9 LEE Gore-TexAtdAE 20

pm FAE 2E 27U olg BTS ALtk YA FAE T Be:
Nafion 1172 BolHe] 29 o]F A4S BAGTL 7Y = glor, ge oo 7
e Y o 4He AeEA (W5 wo| FFAH $FoE oIt M)

Gore-Tex membraneS 7} 3 o273 Fgolt}h 99 ZHAE <A

£ 65 C2 44d 2w 2 29 A0 9@ £ G4e FYstATh

MUZs 28 22 53 49 Fetolth /ML AE AL 27 GATH TEH
2 5y dgdx] Az daA drige okt REE &Y FelA driee §7
2 AFAZ ol gsdAE APt APH gk 2y AFAY Fee AL ALE
TN 2o Fusts @A4ste B Y S {3 JMgA2E 2 7 3 71D
< Adstd AL APsAgh AW o] A e AF ¢H)7F BasH, ol
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o ZEAHE 2HsA HE FHE AYUA HAJ o8 FFH 7] 2E2E H3
A HAA Ao dEE AENE A% ARAANE HAME LS v
A2 FYA A ( T 130kPa)S AFEE FAolth wEi E AFoME 2Ed R &
B AAA A 7L S 130kPa2 AU

2y 3827 AEHA Aa"e] A ARAA YR ol E AbgstEd], o 1
Ag AR Wzt o - 2T Atold 2EAE 57 10C AER AR o) ofre W
7ol exzE A9 @A 3tE isothermal operation®] 7% WiFe] Wzt FFo w
Wzts gxel ggo] m$ AN A2Fow AsHAdA TAste dY FA
= g 71g FHAA JME) AHEsE 71A8AY (Parasitic Loss)ol ®el 8757 o
Bo ~d3 Bdre] 94D A4S nyste] AET 2RAEA HAST] "HTolth

i

=

!

o,

w3 237l QQE isothermal operation® 7% E9 $=o) ¢ FHFst ASAHA
S ANE F YE FEo| Zolxmz AA Alx" 0 BA &3
120 T T T T
100 +
| Saturation Curve of Water I
20 i
T
) 60 -
Bl i e e e i
a8 :
40 | . -
Operation Range of FuelCells :
A0 Lo e i e i e : i
0 ] 1 1 1
0 20 40 60 80 100

Temperature [C]
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Ao wet AAY wAYFe] 223d F dn. U5 Wt
dol Ao AA Ao Z9 29de [2d 3-8l =28 utet Zo] Corner Flow,
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gugol WeAa £5 AdH AFH) A A 47 AFL sy BAzR
T = len, 2 A7E 2h/(1-cosb)olth. A7]A he MEY Zolg v EYE
AH 7} ez P24 g BRI e 43 5
A goleh 150° 9 HEZN E4ee Aol 053mmel AH ABE 2 A2 U9
lom o]d A&3E Bond numbere 006Kt & go g oZdHu wal FH &
BE= AY FAE $ U EHE S st S W AT HL e ¥ ¥dW A
g A&y Bde A 2Fo A A BHgd F

Young®l 938l MeEfom By P27 42

I‘B,
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rr
o

F, =0,d;sing(6)[cos (6,)— cos (8,)] (3-3)

ulek advancing and receeding H&EZto] tiA ¥ oz &3

rS’L‘

o g4 o

6,=0+20 and 9§, =0— A9 (3-4)
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F, = 20,,d,sin*(0)sin(A0) (3-5)

Drag Force:® o3 Zol A7t Atk

Fp==CppV*4p (3-6)

A7 A Aps 4% wake] 4R e EHrgo] £9WH(projected area) L 2A TEI #

d2
Ap= (0— —sm(20)) (3-7)

A71H e 2uree] ¥ A5 (Drag Coefficient)o]™ A8 F@dAAN s 5

2
Re

4.62

y (14+5.2Re™*%) (3-8)

Cp= (1+0.1925Re"%%) =

A7) A (3-8)¢] R.= Reynolds number® &v]dts vh&3 Zo] Ao,

(3-9)

Re =

9l Vi AdelAMe] F7] Sxolm dee BWEY AFoH & TR HA

228 spa8E BHOZRE o|gA7]7] 98X Drag Force?t EW-&2 13
AR Aokgy, Burge] xZo] e olg xErtt AuW, Drag Force: =&
2842 FHOZRE ojgd & YA o wehA

Adz] sk Bee olg AEuoh Avid BHEe s23lE EHo2NE o|2s



Aol ¥hgrtx FFAGH HEsy] dEd E4E olg AL EF Hd A T

28 Aoltt, BHee Z-EIW AQ EHd FesE 452 AT nA-9A)

dy = K CpRe® (3-10)
A7IA KE 2% 3718 T} RE FA9 E4ANY 2d HE EAL ©Fse

pume 99 E Z2te A Aotk

[2% 3-1112 logd, =—2.59log V+ K— 1.59log(1+5.2Re” )2 A A= #*T} logVite
ABAAAE AY 2 oo T3 FE Hud Aotk [2¥ 3-1119 A HZol
F2 AHgE%E carbon paper FE 9 rhaFabFelwt A& 4 o o] AFRFE 425
m/sS F7] £%olA ESE o' XEFL 200umdl ol2H oA EEe] 37|17} o
Bt 209 (05mm ZolY F7|FF AdolA d¥Hor #JE HA 27|+ 053mm

Az A F2UL L 5 3
pew 4AN ggoz Laslel @ Wst [39 3-1204 ANE Ad Fxa n
o wjgolth. AQ Alole) AL B ES FolW YUHOE FF A Zo] Yol
A 23 e 929 g8 AF £ Yok 53 FABAA shast FAE 5 As
Age ol ArdAe 45e AL flooding Bl LA Axss] wEol
o] et EHE T 4 Atk 1 Pue) Fo] FolBW Ho| WY WAl
;

sdtel Png o AAAE b AT AELH] Eobd + Qx, ol w /B

o wjgol A4 18Tt A HAES £3F Fa7t Ao

AT ANAHEA, 7t 58 AFe AR A YE ol &8t AAsA A
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Droplet detachment diameler, d (rm)
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b
T

& Ezxperimsmtal data
Correlation (Eq {12})

3 4 S 5] 7 8 9 10
Awr velocity, ¥ (m/g)
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Dead-End &4 44¢& AYznce Acd MNa@E At 5409 5= 50 7
80% WHANN HA=HH F7159 Fec o 50% FER HAU ol AFHA A

5t ukg-7t A o) B %A (molar flow rate) AlAA & o &3t 7}

.

n,= I A; [mol/s] (3-11)

n, ®

G714 I £ AFLE[A/em?, 4,5 SR [em’], n,& W

L4

oo
)

[>
fifg
oft
2
_>1i
Hr
_>'~I_,
|

{

Faraday &5 [96487 C/e-mollE e}
T3 AsHAA W§ItA o] & ES AASE

= [<]

Stoichiometry, ¢, © |A8H X0 TF=

g hxgol BaA AA M3l ASE WS Axe wE dusy, olF Aoz Y
S o83 2o
(=at@ (3-12)
n

A7)AN & WeFhael 5 [mol/m’l, @ Wt=el £3F [mY/s]e thehdrh
431209 4 G-1DAA W7t B FFAF Werhre FEY FE2A w8rtal
#2e 7Y £ Jow AG-13F 2ol 3IL F AUtk

Q=7 (3-13)

4(3-13) ol E3ted BB 7 AYY B2E W2 SE, o,
3} 2.

in neAd o c, o B Ar:z (3“14)

x
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A7A ne Bdel AAR A AMFoln, 4,5 4 A daH oo

axdaHoz fdode FAAE, aps bl 2((3-15)9 Zo] EAHh
_ . eV L _
AP=f+ = D (3-15)
A7 f= BW ukE Ag, ot wevta EFEY UE [(ke/m’l, vE Bt EF
2o AY % [m/s], L& Ade o] [m], D,E 8 AE [ml& vl
w3 8 A2, p,E &3 gol A,
44,
D, = P (3-16)
A714 pE A7 A 9 o 5 Fo|E Hehdth

E9 n&d A f= 25 53 34F fEo dEA e 2ol 3ddY
64 == =
R o T

F=1 a0 (3-17)
Re}i/4 Lais

Reynolds numbere]Z, & AAAT

A7NN Re= "lijz gdsE 244
o5 g,
gurdow R Y §%L =F (Laminar flow, Re < 2300) o122, 4 (3-16)3%
g 4 @-159 qYaT BA® AY 5, 0ol HE BANE T
F=

4 3109 3% A
39 Test 2o B8 4
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Cathode ]
width 2.3 mm width 2.3 mm

depth - 0.55 mm depth 0.65 mm

land 1.2 mm land 1.2 mm

del P 8000 Pa del P 10000 Pa

Ax 1.27E+00 mmA2 Ax 1.50E+00 mmA2
Ax_inm 1.27E-06 mA2 Ax_inm 1.50E-06 mA2

wet P 5.70E+00 mm wet_P 5.90E+00 mm

mu 1.03E-05 kg/m_sec myu 2.11E-05 kg/m_sec
Dh_a 8.88E-01 mm Dh_c 1.01E+00 mm

Dh [m] 8.88E-04 m Dh [m] 1.01E-03 m

L 1.59E+00 m L 9.97E01 m

n 4.89E+00 6 n 1.03E+01 10
v_in_a_ch 9.78 m/sec v_in_c_ch 15.77 m/sec

[ 3-15] 94 Hol&g o] 4T Fe# Ads At 4

__ 6@ L _
n= oD AP« A, (3-18)

9 N(3-18) o] &ad FoF LA AT EHB ALY ) - ST Abolel HA
2 e EHRS 2eA 2] T Aa AdFE ALY F don, vlo]AR AZE
Aol A4l AZEYE o|§dtd ARZH TS 2HW HEFE NRT AANE
Ak Zel [29 3-15]°]th,

4. 7134 ARAA BEew 44

golA 71£8 AaAA 2R A RS o) g3t BERY fF Aol 2AHY
Hxe A=s7] 98 CFD(Computational Fluid Dynamics) ZE2I1HE o] &3t HA
Ak, HMAFHE A" 2R 5 AT AFold AAMALE
2 A8 AX A2g ZdHgME IFNA ¢FVsk HEE o] &3t HA
o wkg sla9l WA FFE AT & AgE 2&E 5 3

71 E ABAAS YaA B4 @A 250 cm’ P HEste] HA R HHe
SBatder. 54, 27 2 Wz 2L 65T A THF 4T 22 AE AL VL=
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B 3-1> /A 7t~ =Es5ta

71412 FdH|

gxtg(MW,) =281 zy 2g(l) M2
PPN 2.0159 0.62 0.0996
MW,
O] AFBIEFA 44.0098 0.16 0.5609 Y=y, MW
$£E7| 18.0153 0.19 0.2726
MW, =12.5546
A 28.0075 0.03 0.0669

<H 3-2> 743 J129 7|4 =Moo T2 2t HE 7
LBl 25 | [ko/s] Zr 4 g 32 8 [ko/s]
PPN 42%1073 1.05x107°
0| Abs}EFA 2.365x107* 5.913x10°°
£57] 2.821x107° 7.05x1077
I 1.917x107™* 4.791x10°°
¥FEF74 259 AW BAAE ojfdld 2" dF 2=AAMY EFFIIGS

Al et A,

919)

N 7t

N

2

10g10P,g =— 2-1794+ 0.02953 — 9.1837 X 1079 72+ 1.4454 < 10~ " 73

Al
2]

ol
il
Ho
of
i)
N

of

3-192FE 73 2d" JF E 65CAM9 TFFr|dH Az
529 vl(@)E Yetde 4 (3-2002 ol &3t 28 oA

FF Aok B 43 24T F Aok
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(3-19)

Feh o]

(3-20)

(G desx 100%)9] ME 7t=7F 35



CE 3-3> JHE 7t2E FHetD Us 2 35 =d

y ¢ [kg/m’] HN4AHS[Pa s]
& 4 0.0724 9.725%x107°
O] AbBHEFA 1.5956 1.668x107°
+357 1.014 1.949% 107
P IS 0.707 1.106x 107

gom Bey] gEd, A 2009 F27) E¢(P)H AF e TaEFIG(AY)

e 298 ghe e oZRE AEH 48T 29 JFRANY £33 FFFL N
&

BAH QE Hig 2ol TFHFEHVILE o & AN FFUIFE ABAA LD
Aol AT F&g AAsed AHEFAT

olgl e AL Este] Aol AR stae] oEH FF FFLE WY FA H
g QTRAMY &S AAT F olF o3t ARHA A AHd FF SH=
obgt 5 9tk 45 AL JAAE FF ool AF =g AT A= T,
Asteba, 27, o83 i 9Es FAASIE dastth Ad JtaE AL
= J1A A7 BEARL <E 3-3>0] AYFAT olE VA AP Y=o FATE
olg3® MA 7k2 AAe Axe FAAAFEYT BAE ANY F o

<E 3-3>¢] YT 7 gtz BAHL 66T 5 207 A4S V2R  HolH

LT

¥o

2!

2 BYe ogsted 7@ Agelw, AP st AAe EF LE(Pm)S HAAT
(mis )E THES] 2] (3-21)3} (3-22)8 ol&ate Asiglth £ dA7olMe ol Zo] A
Ast &3 7lxe] WE 0283 kg/m’ ol AAAS 1.464x107° Pa-s & o|g3te] A 72

% 54¢ Adsa.

o

Y.
Poix =12,
g (3-21)
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(3-22)
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atv e (3-23)

[&5%% 44

DV__ . 2
p—bT_ V-P+v-VV+T (3-24)

[os1 2] 34 4]

DH _Dp

Py o TVENVD+® (3-25)

U 734 AR ke 3g A &5 A

Bl AESHE AQ k2 FEE AQT AR Ad LRE FFL <E 32>

o,
olf
k)
ofi
o
do
:(x)g
>
rir
o
r>~
2
il
lo
o2t
o
tlo

AR oL sted, B dydAMe 44 AS5H

vl Qe ALY gHo 9de Ze oF A F2Y Ade AH

FFHE A% £5F F28 Agshe Aol W 27k dE FF FFE T 312
= z

o)t HESA T RES A2 FE
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ozt Aok B AFeME ol Z2 AFES Tse] F 1.0mm, o] 05mmel A
g 12747F Belw delM 4 670 Rrist] 24 WA AAd dA 103 <33 F
MEHE OF AL Ad 4 AAAT R 28 FF MAtE FF50 4
F3HE 4000Pa ol3k7t HEmS& AAFLH A Ade B 4HA
Azt 714 A=A 8 72 AAAZA Y qE& FFe= A=
2 o, uE=g Ad AAR 4L 28 A Ao UL EoldM 4F
8o A3 F YEE [(2¥ 3-16]04 BE uieh o) AD Y4 88 T2 A
stk AAR AR st FFE AD 2 BB Fge [

[29 3-1719) A 7k 3F¢ 98 22w 288 24 942 250cm” (192mm x
1304mm)el ™, AA MUEE=E EFE 9 Afo]=E 266mm x 1544mme] L U EE
o A7le AR 7tze £%, A Hre & nste [ 3-18]% Zo] EAEA
thoAde) 4T SRl Ad 2Rt AAsE FL 30mmE A THE Fol
MUZselA AdE FstA frFel #ul8 5 JUEF % Jo2 15mm A= FFH
o Awdon WUZEe] Az)k dfUEsdAe] dEEde) Reme 35
& b FEEAde 1/10 o3t HES dAgT

o

I
o
(%)
L
|
i)
i
)

ﬂ*l
K

ok

32
2

I RE]
=

o

of

(28 3-17] w+¢HAA 250cm’e] 7HA & MA7LA dgs B
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24.6 mm

L )

[
>

A

15mm

(29 3-18] MA724 A2AA Egde WUE=

YELOCITY MAGNITUDE

MIS
LOCAL Mx= 6218
LOCAL MN= 0.2267E-03

6.218
5.830
5441
5.052
4564
4275
3.886
3438
3103
2720
2.332
1.943
1.999
1.186
0.7773
0.3586
0.2384E-03

ok
)
oo
1o
s
b
A
Fel

(2% 3-19] MA7FE

AN E A AND EFtae) AR fFY EPohee BE, HUE=S Y
olgstel ANY WUEES YT ES AY 2l 4T FA TULE A8
219 2AF A E35F/4e LT 7L

z3Eo] glomg B M mde sigel o9 Ady 4 Fuf dFS s
[o]

By 32 o

of oo rz
(ot
m?_,l‘
N
).
to,
w
of
o
off
2
rir

L 2

o50cm’ Mg HE ZE ARAA PRI A k2 FTF ALY WUE=, 293
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A MUZTse ARG g £ 2 4E BREE AFE] A48 AN 23e
[ 3-19]¢F Zch [2¥ 3-19]9 &4 ZAAERE Hadxe Ad F52 62

2 golN AFHE 7t28AE 5o s 2 A1 AA Y ST 52
welth [2Y 3-2012 B mjyEe/Ad 427 E 28 75

A)S 10819 3AS e FA(2E 3-191¢ B)elA g £x= :
d3 52 2 Ado 98 AAN2E Ad gF F9A Sd E2d 75
¥E Bolxn glon FHRANE A4 M M A9 FH

MEl 9L ¢ F Uk [2¥ 32112 WUyZ=2 Ry @ A7 qEdE FUH

32

= 4% 2uls TAE ool agdM B £ R BT FFel AT A 4zt
g2 Bujg A= H1 004%=2 UE=E S TFE FF] 12749 A& u¢
#58HA WEgez A4S 2 ved AAd AX I FF FFol o]FoHA A
o2 ozdth [29 3-22]12 EERY 47 WYSI=2REH HeARE THY F ST
fUZce ol 4doAe MAstE f5o 2 4HEXE BAqF Yo Lol
7149 v} 7ol B ATAE o]|EFH o2 4000Pa °37t HEE AARE Aot A
de] Z3 o] zax AIFE AAsAT [2¥ 3-22]dA4 B F Jx°] FAHL=
d=3 AA 2w ¢ - &27E ¥ Hd 2733PaE AAGeE dAE gEG B
e g &4 RAFT U
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VELOCITY MAGNITUDE
MS

LOCAL MX= 6.218
LOCAL MN= 0.1253E-04

6.218
5.830
9.441
5.052
4.664
4275
3.886
3498
3.109
2.720
2.332
1.943
1.5585
1.166
07773
0.3886
0.1240E-04

VELOCITY MAGNITUDE
MIS

LOCAL MX= B.214
LOCAL MN= 0.2341E-01

6.214
5.827
5.440
5.033
4.666
4279
3.892
3.505
3.119
2.732
2.345
1.958
1.571

— 1.184

]

0.7972
04103
0.2341E-0

(b)

(28 3-20] 222 AW 4R FA FAReIMY &5 BF
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Deviation [%]

Channel

PRESSURE

RELATIVE

PA

LOCAL Mx= 2733
LOCAL MN=-0.6851E-01

2733.
2962.
2391.
2220.
2050.
1879.
1708.
1537.
1368.
1136.
1025.
§54.0
683.2
9124
3415
1707
-0.6860E-01

. NRERNORNRE

(29 3-22] /M2t~ FF8 Ady < B
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[29 3-23] whgH 3 250cm’E ZE M4 F5 2e#

ok Mg 271 33 A9 95 WA

ARE AL hx BFE Adel A 2% AN F7) A 94 Y &1L
Nzoz AN LW UES GTERE H3WAS AT UBE FTE%
A9 ol2d Ao %Y AHAE ARsts ARET A7 Z 4000Pa ol sHE MY
Q3 0% 2AZ By AYY ZL 10mm, AL ZolE 07mm, B & 08mm
2 ZASQ oF IS ALH 4o Ad U FFE A ALY AT
g N2 s A B4 WA FA AWHE AREAY wgAAL o R 2
1271¢) Aol 48] oA e ES (29 3-23)% 2ol dAsALt

(19 3-2319) B RS A% 2w wUEse vk 9 £, A
vel Zg masted AASAT ALY 4T FRAA AdI Ans AAse
462mme Hwe EHE Folx MUB=A AdE TFUHA FFol Huig +
2 o 9oz 15mm AE FFHYCH, A=S AAG WA 2 JUB=o|A
Aot Ade F¢ shx 4F Aehdel 110 oshrt IES WUEE @R A3
o [2% 317014 mol: AWTtE daZ RYw (27 3-23]9 272
He 2ge o, e ARSH T/159 Ad % 2n Zo
AAGol FeatieE AL FAGE DB AHD o WAL T
F =S HA

ic)

2}

A A
¥ o Horoe

ol
2

o

4

sl 7

Ao

i)
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i)
B
o fo
i

x
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R/ﬂl%OCITY MAGNITUDE
LOCAL Mx= 5834
LOCAL MN= 0.4277E-05

5.634

5.282

4.930

4578

4.226

3.674

3.521

3.169

2.8617

2.465

2113

1.761

1.409

1.056

0.7043

0.3521

0.4282E-05

AR Fb2 TEFL AY BAS wANAE fUE=2RE BEU)HY AdE fUde

AT AARE Ty ¥Fo] A st5Ae] HL& FRomz FU] Ade] FAHHA U
= 2y sudda AuoF Ad FACE BEIFEE JtFEtE shadde] ¥ A
di Ay HE2Px @5E 390 Ad 4T B Ead slddes FFE U7
Aztoz 7o ure do HAFHY gt AEE FTFHE AS F59 vddE AN
= geomz AEdZ Br|H7 A Ad B 10~15% BE & & e AF e
Fol 3% A7t s EE AT

g BaFL Yok [19 3241298 299 97
4 &

rejo] 277t FEEE A Ay Ad 5L 56 m/sEs & F vk [2¥™ 3-29)
= Ade ARG Ad 2FRAMY 5 HMEE EAE aolvh [29 3-25]9 (a)
M B 4 Ad5o] Ad AARNAE BEEY FF¥o] FH}E F dHEHE dHT
A AA FFol AYrte @)Y Ar|7t BAY HEY oJARFFT FFLE EFE
Ho] gHe E7slE £33 buk velocity7b E7FsHA FH [2¥ 3-25] (a)oll A &2
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ml%OCITY MAGNITUDE
LOCAL MX= 5557
LOCAL MN= 0.3805

5.557
5.233
4910
4586
4.263
3.939
3.618
3.292
2.969
2.645
2.3e¢
1.998
1.675
1.351
1.027
0.7040
0.3805

VELOCITY MAGNITUDE
MIFS

LOCAL Mx= 5532
LOCAL MN= 1.145

5.59¢2
2.314
5.036
4.758
4.480
4.202
3.924
3.648
3.3668
3.090
2812
2.534
2.256
1.978
1.701

1423
1145

N

(b)

(29 3-25] £ A JARS 27NN = BT
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[2% 3-25] (e &7 WUE=S Fsto] wolgle Ad dHdM S HEHE Y
Bz ok 2 BXRe] Ad fF 9He TAFAAM £E7F /MR A UEUx
A/eh /9 dAe A EXE Zte g 22 &

(28 3-26]& mMUZT=aiE 373 24:038 dgdoe=

= JP3g Wh B3 AL 95 A

ARAAE A7) WA CEe AAHeZ B W] s ALHA do] L=
g AHSA HA87] AN Yo Wasth 2ee r £

= AR geolAel dede] AT 29 182 st 60TAA 80TE

ol AARY W AQe A7) AdAE sd9 45 Lxd Ee 2

g
Q7o FFAbole WS LEAE Popok s, o] He 2° oA FALE

it
[>
i)
o
Mo
2
rlo
k1
o

3]
2

2.0x10° |

1
1

1.8x10°

1.6x10°

T
i

1.4x10° |- -
1.2x10° | -
1.0x10° |- -

8.0x107 |- N

Mass Flow Rate [kg/s]

6.0x107 - -
4.0x107 |- e

2.0x107 |- -

oo Lotindl W lbo Hia b e flafb o Lialb o ol OV ol ltallo Peiledlal Ballslls
2 4 6 8 10 12 14 16 18 20 22 24

Channel

(2% 3-26] 37 8§ el &4 Hd3 AF /% LW Hl
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(29 3-27] 7188 dadA ¥4 2+

el WElsle o2 digF 5~10TY HHaA ZA=AH

2 a7 B3l W44 - &7 2% AolE 10CE HAZS & A7)
o TAEE A7 H wdFH Yzgd i FrHE
& AARPY [2Y 3-271 250em’E 2eE 7HAE d54
3 B4 ad £2 1.5mm

g W7twe) gue BoFa gk WaF Ade 1040
942 X Ade Polx 08mmolth W WUBEN ¥
Ho) e g2 677k olael 7ol Adel 27 AW

71 1070 Ade ¥ 1w
A Ao A w2 s

Zelg vhEde SR EAE ¥ 9F vgd 9
Ao 4709 Wzt sjdol st AW oy wWUZEze AE R 15mmE HE

67“; o LT
7t~ AgdT Fr|we 7R Alo)l=et 23 Eo] Wheke] A2 Fol& 39.6mme]th.

Wzh Aide] 2& §3FL A5dA 4 AddA wEsHe S A 2-dH

ThCPA T= (VLHV/HHV_ Vcell) * Loy (3-26)

Adg 22 gid AT @ AAEH, 52 d8dA

N

4 3209 #Fe 3
ol WEHE waRe Ushith 4 (32602 oA @A 4 (-2D7 2ok



N— ‘ VELOCITY MAGNITUDE
MYS

RN

T LOCAL Mx= 0.1329

e , LOCAL MN= 0.1628E-08
11717 1 i
T M — . 0.1329

H 1 | sy 01 246
0.1163
0.1080
0.996BE-D1
0.9135E-01
0.8305E-01
0.7474E-01
0.6644E-01
0.5813E-01
0.4383E-01
04133E-M
0.3322E-01
0.2492E-01
0.1661E-01
0.6305E-02
0.1639E-06

[29 3-28] /M8 A8AA W7 HoMe] £ &%

(VLHV/HHV‘ Vcell) o
Qcoolant - pcoolOPA T (3 27)

A G2DAA pue WHE AREHE fA9 dE, GE W 443, ATE WY
Ad JFeA EFNAY E FIHE, Vigyaggre THEE 277
(714)/8A)ell 7] %3 Open Circuit Voltage©l 3L, I, 2
2 (3-2D A 78 HdF F#FE A5HA AA 298 74 A FE UFL
£ A 29 AdTE Urd 449 34g Afde 2 44 7% 78 5
Aot & A7 AS 7ML AsdAY & £24& 07V, 03A/cm2E2 PO, 7

L dsAxg =

Ndg s2e Y244 %L 0.000138m’/s otk [2¥ 3-28]8 Wz AdelMe 58
¥E Ui, 1 $£5L 01329 m/s2 J&d (28 3-29]1 BYE Wz A<
4 EXE HAgFT glow ol2How HAYF AFAI FHEFE 3000 Pa ol
H FRHAE BAlA S ¥ ZeFE 8138 PaEA AAAEG A IS S
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PRESSURE
RELATIVE

PA
S — R LOCAL MX= 513.8
- ——— LOCAL MN=-0.5004

813.8
762.9
7120
661.1
610.2

558.3
5084
457.5
406.6
355.7
304.8
254.0
2031
152.2

101.3
50.39
-0.5004

(29 3-29] W5 334 Ade) 4 22

6. AFE dadA U 44

b AYE 22 7HE TF AL $5 A

Jol A FESE AL 44 ks FEE ALL AARI] 98 B2F FFL A
(3-13)2 ol &3te] o|2HOoR AT e ASHAT B AT E HEE ARAUA
o mpEsbAE AAZE Fe) gue 2t 0F AY 849 A9 AYse 2ol
& AR AE AFE 22N EF & LE 48R ARAA 95 3
Mabel Ao 2477 £Asy] WEel AW A2g FFse AHEY Aol v 2
9 Wesl 39 o4 Eth webd b ASAY mBY stert TdE B A2
Aart zEAE gout AFE ALE RS v wEdY TS golA
Aijdos &% WA gom oz A 7] AdlMY $HL 2B Ao
o) FoaZANE F8o FET Bobd FT3 hAAAR B $FAA I 49
&0l 2718 Sgo) Hoh @ AF§e A9 WUy B2 A$ WA
450cm’) & A}%aoq Ao} 00kWEAA ARAA 29 AZFE2 WAt Fejs)

oF & 29 2 of

48 Amax Bew AAs NS s00pasl BelB A
Qate] 2w Ade E3 o] melw Polg AA
g7l $59 42 A2 Fo)7] AN A o
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1892 mm

337 mm

(19 3-30] A28 F4 7t& Ed3 34

A FHAFL A 2AS Folok gk B ATNE o9 2L AYEL B
o [2¥ 3-30]e1A ¢t Zo] £ 12mm, Zo] 0.8mm, FE Zo] Llmm<l A3 12747
Ju droA 2z 670y ErIste] &4 WA dAdd dA 103 3% § =5

A Bt Ade AASAG viuE=e Ad QA5 F4S 28 AE A4 7
WYS FoldA ¢E ol WY F YRS MY EolMG Bol A Yoz Jotw
HEEE AAs A

[27 3-3019 F4 7l= 8L 9% 2% 4 WHL 450cm” (269mm  x
167mm)el™, AA wUE=E 33 & Ao]=2E 337mm x 189mmel vy FEE= 2]
271% 12mm x 0mmE AAFYY. FFEe A$E B2 Acke] Hatd AAFH £
Ao HFZEHA IS Foln Ad E WUE=Y FAVE HEA olHelM HAg st
o AATE et Uk

B gy 4 3-13)olA At £ 7tae] §3FF 372 25, fyEs=e

r\(‘_ﬁﬂ
oo o

of
N

=
o
=

ol

i

i

SuHS o g3te] ANY MUBCSY JT £EE 4 2de I A zdoz A
A=A ERtaY AF FFlE RN 45 LRI EHEF/GS

lo
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Deviation [%]

[2¥ 3-31] AFE +4 7t

M
o
)
©
o
o
M
]

0.8 4
0.6 4
0.4 4

0.2 4

(L A —
0.2 Channel Number
04 -
-0.6 4

-0.8 4

-1.04

(79 3-321 AF§ S 7ks 2AR ALY 53 o) BA

_99_

1958.
1835.
1713,
1591
1468.
1348.
1224.
1101,
9789
856.5
7342
6118
489.5
3671

2447
1224

0.0000



A TFE AdoAY ¢ AERE EAFR JH ddsEs 100%
2 7Hgstgen F£4 o &8 66.7%2 7HEsATh FAMA N A& A5 Ho 4F
& 1,958Pa2 A o84 dAX no e & BAFa o [2d" 3-32]¢ &
TFE B QAR 124 AdT A% B BEE BAFD Yo ALT #F HA

£ AW 005% olHE W 22 F3F 29 SAS dEiz o

N
=
o
o
off

kg 2] 23 gl |5 AA

ARE 54 7ha 3FE A9 ¥A 243 st 27 A 94 A A5
AEez AASAT 2% AUSBE JFRIH #SANL FHY GUB= 7R
A9 olgd Ho ¢ AeGe 5253 PHATIAE 5000Pa ol HAHAL
242 37 Ade Z& 12mm, Aol Wolt 10mm, A= F Limmz FAH
o o) 718 AR K502 A Ul FFso] A8 BAA st2rt BREE
Adel A5E uAz HAeH A7 12709 Adol YU o R3] Hgel By

QRS AT 74 Ade AN 45 Fopd HOEE [1Y 3-33)% 2

[29 3-33]e YElY Q& vle} o] 7] T3S A% 28 Ay EEY A7E &
B AAZA 2R g7 AQ daFHe FFEY U= g Ho] Aokstn FA
UZedAe ¢tddzstzt fadore 48 Zste ws] 1/100] H=5F AA A o
UZc arje 712, A2 Zo| ztzt 12mm x 57.6mm o|th [27 3-31]dlA Hels
A 7ta dBE BEduy (¥ 3-33]9 F71E FEHd A2 2dsle W, dWde=
A

ok

=
2 oMol E A (-1902%E Add B9 439 Eted UE, BUE=e
URAg olgalel ANT WUBEES] T =B 4 2l 4T AA zdoz 4

ot ERta) AY fFolE ARANY FF LxolMe FsF/Ie 2
o] TR AoBR, B A B shgel d@ Ade %Y Fu 4% VA
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57.6 mm

[293-33] AF& 57 F £HF 3

o
ox

1549.
1452.
1355
1258.
1162,
1065,
967.9
871t
7743
6776
580.8
484.0
3872
2904
1936
96.79
0.6000
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2.0 4

1.6 4

Channel Number

Deviation [%]

[2¥3-35] AFE B7) FF 2B =

N
T
ot
Jo
ofl
Mz
Hd
0

(19 334k 37 FFE& AQNAY ¢ BIE RAFI A AUFEE 100%
= AAsRen Fr] J§EE 667%2 TPIStATh FANH e A9 Ao ¢4
Zehee 1509Pa2A o] BH HAA mot Ae g BelFm ok [2¥ 3-35)% F7
234 Belwel 128 20 AQNY BT A& REE RAFT vk AT {3

ML
52
R
)
rir
of

ok g Fd) 1.0%E =H43A ¥ Ae

1o
4
%0,

ok Algg YA 33 A |5 A

148 AgdAE 1 T kWi wdAzde] F& o] FAR AFEe A= 80 T
200kWHE9 Z8<S 252 ARgn v AsAR] 29 2Aste dFE &7
Hgstng ~2de dA% 252 §X317] Asliie Yo dastrh £ d7ee &
el ¢ - &7 25 ol 10CE AA T 28 RN TAHE e I
2 23 AP I4gn spREsted AG-2nERE WA fF%e Z2ASA

4

Ad EAd oF] 29 =T 2

l—ﬂ
X
o
N
i\
o
of
o
IR
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(28 3-36] xt&g Wz Bam g4

AEch (29 3-36]& 450cm’E ZE AL ARAA Y4He 9us HoFa gtk

E

de] Zole Immolth W7zt sy Z oA £7]3 18709 Ade Wz WA wat =
11707} ofzhell 7709 sjdol 74zt gHgr) Eeld weHe SESERAgME Y7 WA
o Hlgo] up@ol wel Wiz e 117, ARl 7708 Wz Ajdel sHEE) o
f UZEe A7E 712 12mmE HATIE dERI T8 JtE Alo| 2ot Za &
o] Wael A= Zolx 57mmo|th.

A @27 A 73 WAs FEFE dadA dA 2"9E FAHse 4 FE YT, o

g 04 B9 AdsE e 2z Wz Add s2e 4ae §2%E 78 5
otk B Ao A9 AuL daAAe &4 2WL 06V, 1.2A/cm22 /MR FTHE, A
9t & (Low Heat Value)® A4 Open Circuit VoltageE® A -E31H, 4 3-Q27)=5FH
7t AdP B2E Yz £ 0.0004643m°/s o)tk [2¥ 3-37]1 W7 AdolMe &
grRys gehgyn Wz Bado e ofd 7alee 7469 Pag AALE A}
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(29 3-37] A3Eg Wzt
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7489.
7002.
6538.
6088.
5601.
5135.
4668.
4201
3734.
3268.
2801,
2334,
1867.
1400.
9338
4668
0.0000



A 2 A 3715EA] dRAA 9 3% +4 A % 4A

1. 7l& e
2% Fdl&(portable) AEAAE A AHEHE 71E oAHAE HAEY] 93
ATHI Y} 7)€Y dBHAR] Az 7] FES 4 * #el s A 471

5 =
Au@r] aga JtEFAG 22 FHHQA AA7E o] Wil Alade] By 7
Zoled A7 Aok wekAd 71E Alz"d HE e DX X FrtEE
] ko

glo] dEAX AHHoz FrE FFsn Wzo] o]FojAEs TV

A &= Fot
A kol W £F FYoz AHed sEAel Atk TUEFA ARAAY TAHL [2H
3-3817 2t} dmAA e #FAF A urddgdel ostel dAFe do] FAst=H 37
354 AgAAd TEE T/E dRAXNY 92 sd HEHD FHe 4o d=A
2o ARz £44 WEdd 4oz dadAe FH Addn I} FVE EE
d 4 dE FYgo Az ¥EY 4F7] glo] AFo| sMEdA Aok A8 9
HeEE AEHY YelME stagd wdsd Frtsted 37 254 98X
A% AQUFR 37
1 j 3" aJ
in 4 ] : 3
= = 7 I

Anode channel Cathode channel configuration

1. Thermo couple hole

Outlet reservoir v. 3W
| SRR
3 | Free bou_rjdary
e
. A . . . ‘. o’.
§ A _ 3w
Flow channel Current collectors ~a Inlet reservoir |

[2¥ 3-38] #715&4] dadA
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g Ao o] FEEA Fow vHE Fo LAE Eo] & wWiEHXA| dot ZnjF

24AY 7tE2%E flooding Aol BAstE Tl vk metd AdsAA AN vEtY

SRR DAY, Bty 27 TEA AT Bol T2 WAIA 2 A

A Aate] Ao Frtse] duNA £¥o| Astdrt Wwdz & G AN F

DEA A d8AA 7t=E FFIH7] 4P BB FF AL FHe 3559
MES Y3t HAd Y4HAE FH3tE Ald(serpentine) Aol EE AREHI glon
"ok 7] el &7

T2 584 ARAAY ALelE AA WF g Wag T
e B
=]

o] £olst=E FYAN Aol niFAzct AaAAg e FEAIN A

A S Y 27)9 ol =82 1x4d siAoly 2xd MY S HAF AL o™
ATE T3 AB5AXY olslE wd F Ao [7-13], teolshd Zdd] HE3td &
A4 ol e HEFE Hol AUk A2 B dz 3x44d HHe T A5AAY dFs
dZ3t7] 913 A=7F o] Fo|Xm Utk Dutta 5[12] A A2AA 334 & T3

geul g A AREE doko] $EF mAE EAE BANYgoen ttE =E[13]40A4
2 24 ALEdte AR A AtoldMe] £ERE, A 5§ S TAIAT o
A7) 514,15 & A7IFe, ARFEE £¥, §F, 72 F4e A48 5t A9
TEAAE AR A AL3H T}t Andreas

Schmitz (161 239 §2 2d& AEsted N2 & AdPge] d8HA el 7
g9 4Ad (Analogy)E ©] &% ©

24 g3 APAYE T8 2ARLEH FNEFA ARAA WAE inE
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(3-28)

V-(gpgit) =V -(TVP)+S,

o}
P
_5—1

o

T source

A

]

s a1g

13

convective
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-
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& 4o g g2
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SR ISEEERE Y

(3-29)
(3-30)

& ek

1

R

13

A
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Faraday’s laws®l] &3] A7 oz A
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—
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(3-32)
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oAl A AT E o|eAYe] o8 G WAL T 4L AgHATL

Sr=1Ig, (3-38)

4) AAGAN Y & AL

sl o3t A W AR o Wwe Az ALD & ok

a = n, —FDW(CWJ et Cw’a)/ltm (3_39)

r._u
=
i
o
it
A

A71A FAAFS) electro-osmotic AlFE 29 SAASFE AAHEHE
Sk 93 AA YT AAS 2L Springer (19101 Y& ¥ TFAAYE ALE-3A

et

&

5) 17158 %A

E QFAE dEARY AgEdr EoFe & & (activity over—potential) 3l

Autol A3 (ohmic resistance) L1 F7|FoA e F4b&EA(Oxygen transport

limited over—potential) & g3ttt Folz Az AL EL &3 2H.
VC = VOC - ﬂact - 77ohm - 77c'arzc (3_40)
M = RT/0.SF1n(1/1°B, ) (3-41)
nahm = tmI/O-m (3‘42)
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77conc = BT ln(l - I/Ilim)

(3-43)

B £de Az ARdedd BAEY AFA2FS BIAL Ashm 9P

titg, = 1, P (XG5, = Xo,)
2349 Aa ERAAG A5 Sherwood numbere th&3 Zo] AAtd
Sh=h2L[D,
o] A& o] gt A AF(imit current) BEE & 222 Fo T 26].
I, =4FD,c” ShiL

<E 3-4>7} 223K Source term)S ¥ 3sle] A uubA A S A g Aol

(3-44)

(3-45)

(3-46)

FAN N, £ OFAY IS YEhE AFE FAFAMNE 04, FUTAME

028 18T the JedolME 108 AHESIT
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<3 3-4>

A 3

Source term

Conversation equation Anode Cathode
GDL MEM

Catalyst layer Catalyst layer

lgott )= + 8¢
Mass V-(goii)= S, 0 Sy, +5° So, +55,, 0
Momentum V-(piiit)= VP +V-(uVii) +S, —phifk, - piifkp — i fkp 0
u, V-lgomy i)]=V-\D¥Vpom, +S 0 0 0
’ ( Fa ) ( a H‘ ) i —IMy o Acy [2F

0: V-(gomy ii)=V-(DZVom,, )+, 0 0 ~IM, A4, JAF o

HO V- (Spnﬁzoﬁ)z % -(D}‘;’jg::)V,cmo2 )+ So,

0 ~My,AdalF

7+ ZaWH,oACV/ 2F o

Enerey V-(g0c,iiT)=V (k7 VT )+ S, 0 Iy, I,  In,
<E 35> BA R 27 23 39
Parameters Symbol Value Parameters Symbol Value
Porosity in carbon paper Cathode channel height
v pap & 0.4, 0.28 h W, 0.3cm
and catalyst layer and width
Average cutrent density Lovg 0.15A.cm® Relative humidity in air ¢ 63%RH
Ambient temperature, T 299K, Memb dry densi o 1840ke
P embrane dry density d .m
pressure 5 101325Pa i &
Anode channel width , Membrane Dry equivalent "
w, h, 0.lcm My, 1100kg kmol
height ’ weigh
H, inlet temperature T,, 299K Membrane thickness t, 0.0508cm
7.198E-08 Thickness of Diffusion
H, flow rate in inlet N H t; 0.26cm,0.01cm
2 kg/s layer, catalyst layer ’
Permeability in GDL kp 1.8E-18 m® Oxygen/nitrogen ratio in air { 0.21/0.79
Permeability in catalyst
k4 Y kp 1.76E-12 m*  Cathode channel length Lc 47mm

layer
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ot At gl

9bA] oA AujutAA S M §5314 (Computational Fluid Dynamic) Z=2I1#<)
STAR-CD V3.15A% o] &3ted &a# 4 (finite volume) WHOZ |A3ATt =& 7
A BAR A LINUX &7l MARS (monotone advection and reconstruction scheme)
¢ SIMPLE ¢2aZ2 AMgstdct AT A gacle drlstehitg 7 dsfd el
o BHg AL AgzsoE EFo Ho| YN @282 FORTRANC R EEY AL
A} B 2 73 (user subroutine)& A F5F M T AAA FAA AMNEA.

3.4 %

M)

4ge 2He A4 AR FAYL AFIAY] AR Aotk ARHAG 5SS
VAR AshIHes ved & slen 37155 d8dAe 3 i
# Axz LERIE ZAHSQT. AT RRH 2T FATAML 2EE 54

At

7 A el

[29 3-38]e] 7] &2 dgdAY Tz 2EFFAAS FASAH 7t TF
o 93 EWL stainless steelZ A AT AZAE AT EF(end plate)E LFUHF
Adz AFstgary. Bawe 23 Fz2 Fo] o] 7t FFH tEe] AVAHR F
zdae 495 AFANAFG BIRFAMY FEAITE Sol7] AME LT

1
o]l Wasty ol s ‘el Mol FA dAUEE FoH FAL 15mm F=e

Memr o2 A AL Nafion 1128 AHgatgth #F Fol= d9dd(a)? 03mges At
g3 o sagA=ozE 239 T2 @A Fol(carbon paper)E ©l &8kt 7]
=z Rame £ 23709 AM Hd2 FAsPer 3 FAE 427 3mmolth. RS
AgAdE FAH glow Ade dHS 1+ 1 mmo|Hh
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Electticityload

Computer with VEE pro
6.0 program

Hydrogen

T e e

~ . ‘\Thermal \

g Hewlett 34970

couple

[2¥ 3-39] @982 2FFA 74

U, 24 2l

AFe Fi 7t FFFA, AAF} 2 As SAF AE AT HP 34970A
"Data Acquisition/Switch unit"& ©] &3ttt T2 1%& HP VEE pro 6.0 ©| &3
o AHoj7l2E HP =EE HAFHE AL3AY. Fiat Jx7ta U=z 33530
Fa 7 Bde FHE AHY] dgFo o) &&L A9 100%°lth F7E FH
A AddiFol o ISz dedd.

SEEXE T3] A8t TE AUE /E Adsted 3715 &4

tach &4 Alagde 742 [29 3-39]9 2o

ofj
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il
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Ol
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Axstdth 5 60% , FH2E 27 T AxA 3mme] 715 Ade e o
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dHAg sl SPxAS Mgt A4 AY2AL FHIA AN ol
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<E 3-6> A2 EE9 AFd T

Name Correlation Function
Exponential kfiexp(-— 6,]dx|) dy=1x" ok (3-49)
Gaussian ﬁ exp(— 6,|di)) (3-50)
Hn— O +6(0J4] 0l <5
Cubic spline ﬂ[2(1_9k|dk))3] %é 0,ldd <1 (3-51)
0 0.di| = 1
Matern linear function f[ (14 6,Jdi))exp(— 8,|di])] (3-52)
Matern cubic function h[(1+9k|dk|+ eﬂ;’ik'? Jexp(—0,ld))] (3-53)
=1

Z fez A¥HeY Azt nel drt

U w2 A Asgte]l W JteXxE AAdTE 54X A#Ad R correlation parameter)©| T,

A7VA, ng, e AARETY Aol 6, 08

kv

~

227 2Y¢ jla)d S FAHCE 4 (3549 o] Heolgrh

y(z) = El@ly?), .. y@E"™) (3-54)

o714, EAB)= o7 diolg BeA dojd & le A9 7|dgs guistd, ne 243
Hol Agrolnt. webd y(='Y), . y™)E AW 2l T AMEE A9 dolEr} H
o, y@)E A4 7 BEdo] " MAAL FFAHeE dite AL yl)dl 7P 7k
y(z)E AAs

A(3-55)E AAEL y(z)9 A7 2D y(z) Aol 23E& Uehle Ho2 MSEE Ha
gA7)E yx)7t 274 2de] H1 24 3-56)7 Zo] FAACH

RAolt} o] 93 MSE(mean squared error)E =38t

rr

MSE = E(y(z)-y(x))? (3-55)
y(@)=p+r7(z)R (y—fB) (3-56)
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AN, r& ne ZAolE 7HAE WEHE, 2 EAL ol&d dSstE= o 3
B

7v9] A} #w ] (correlation vector)E ulstm 4 (3-57)% 2o Tzl

RS ABTFERE ANHE FBPAE gudn & Aok nold BE 8
a7 19l WEE guleE, yu ERANY BEEE o] T Helst nd WEHe
o e, W Ade Fo daAd A (3-56) F WA FE FF7E He WA
A oz oA dFe] o]FoAr} 4 (3-56), (3-57)8 EE

AN o 98 )R & kAANME 101z UwA Q051 HE 7Y
o et TEAAY kA HY FdTF BHEE FA = A=)

o BE Fe AYE #$AS TAHRD oMY dF e o5 WM B
ko] 98 o]2olFgm B 4 gtk fE 4 3-579 fl)l ATHY Fr@poE
2 (3-58)3 o] AT EF B FAX e 4 (3-59)9% &

ﬁ_ (fT}Er 1f ) 1fTR—1y (3_58)
emTpl(,_
2 =fh) 4 y—15) (3-59)

377 Bl 25| 9Jsle] AL8E 4] (344004 6,0 tiF H-¢-FFA(Maximum Likelihood

Estimate)2 4] (3-60)o14 78 &

o nsln32+ln|R|
Mazximize ¢(9k)=———2—'— 6> 0 (3-60)
B A7eae HHe) a7 BAe A fslel AlBoElS ol d¥(Simiated Annealing, SA)

2 olgte] 4 (3-00& HUjEshe 6, TR
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1}, RS- E2iH(response surface method, RSM)

y; = By + Bz + oy ... By te (3-61)
k
¥, =B+ Zﬁjxlj +e¢; i=1,2,...n (3-62)
j=1

A7)A, e BFo] 0oln Batol o*Q HFEEE maE exgeln 4 (3-62 YTE

T

g408 yehie 4 (3-63)7 23 A7e] ABe (3-60% 2ok
y=XB+e (3-63)

BA (1215 Ty ...xlﬂ r [30‘ (g,]

¥ 12y Toy ... Loy, B, £,
y=\ T XL B e (3-60)

{ Vaul {1 Tp1 Tpg ... Tng] L ﬁkJ | Sn_

HaAFEel st Haslee eAAFe & FPR AMESt] BHsH A (3-65)9% Ak

— - 2 B
= 246 o= (y- xp) Ty~ XB)i (3-65)

i1

L=yTy— QﬁTXTy +87x7X8 (3-66)

N (3-66)2 2 TR 002 Fod A 3-69)3% ¢ 2IE A
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oL __ 2Xty+2X7XB=0 (3-67)
281

f=(xTx) X%y (3-68)

A7), B ol tE A2AF FAFo FARDE yolgt 3 ATRIL 4 (-69% 2o

il

x
=
sguz Ade 57 2dS Adsol dtk A2 wheEAYS o)&d Y HAE WY ¥
waee] A Wt o] AT} £E £xo & 9L wth B dredAe Y G0 2
© tjorsh vl P @Y 5 Y 2% 3] A= W(second order regression model)& AHESHA.

ﬁ0+2ﬁz$z+2 z] Ly ] (3_70)

i<

A7), y WSl L, e AAWFolH, fE AT,

(2) A3 A & (design of experiment, DOE)

2
Az A A3 (simplex design)o] £3] 2olx, W EH F4o] 23 HAARIF L
A™sity BHE ol LAWY, 3FEAY AFEAW, FAEEA S (central
composite design), 3% 7418 (rotatable design) D-optimal ZA18% F-°] wo] et}
=ywsol 47} k2 24 HARYS AZds AYYolt 22AMAY FoRe JAAT
= 2438 57} Ak Gubste, 2 edAFdE 7 b T FEAAR APl Hug, ¥
Ll

so] mepd BAEE g TAAA WA AT 4 glov, 24 AARY



B APAME o)d @He Basta J& 350 Agez JFUg FH37] st TAA
(central pints)# Z7H(axial points)& 2"2A P F7HAZ FAFIAGH 3 F2HE
Agstct, FATAAGANE FAEY FE A flo] s oldold HY, R FE
277 Bk (18 3-6112 k=29 299 FATHAG A% 4FHe Bxo} 2289
AgPoe=z v A A (1, D, Q, -1, (-1, 1), (-1, -De] Ay, ahe] FHLZ (q, 0), (-o,
0), (0, @), (0, —a)7t Jom, FAPoz (0, 0)°] st o] AUck A71A, adl F2 0°] ofd
ksrold ®th Wby, k=29 ASole FATAAZe e HAio AFHL oAt do
ahol g =10]3, FAdo] dhtebd oA 2aduixge] "k 1T a= 2 HH FAH
S A gl A BF WA S0 V29 ol AXEA Hoh EF, a=10lW Z 5P
FE 5709 o FF (-, -1, 0, 1, o)A #2E A7t gk 2B 23 iESEs F

%

A7)l F&

¢ {0, a)

0.0

¢ (0.-a)

(29 3-61] k=21 352 FALEAE

ek FAY AEE 0,7 W FATHAY 4PRFE 4 G0 2ok

n=2"+2k+n, (3-71)

£
N
2
R‘
\

[\

rO
ol

Sl sFauixgEc g4 He Fo AYIFE T A oleF 2

He o] AYRFE AW AAZE ulgol Bol =& Agele dasl e PHel A Holtk
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of, PR SN 2
EELEER-L

2 A7 FaHNH AsE 2de A 4¥Fe A9Fd B4EHe) 300ard
PEMFC ©@$17A¢ 9%8 2aad Aoz (27 3-621% Zo] ¥7|(Cathode)®t, A=4

A4 2 BA3E, 227 F4(Anode) B EHE HFE o] itk

1.6

Cathode

I 1

(2% 3-62] T84 A8 a@9dx 2de J4

A

27197 FaBo ALE AgE A agdolEolH, VA ez F2E AP
oh agl3, wawel Y 2E [carbon cloth/catalyst/membrane/catalyst/carbon cloth] &2
2 3 Amolth Hewe] AISE A5 BAXNE SHAF(E)E 48GPal
T, Fopu|(v)E 0200, BrEe TAHE A F2H AL G5 JHA
A

o] $¥-WHE MEE (19 3-63] R

2
o)
lo
=
Z
2
¢

tlo
-
o
ol
rir
2
fu

Stress(MPa)
~ w S
T 1 T

"
-
-

' L L i
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Strain

(29 3-63] WerEe) $2-AYE HE

- 143 -



g dx Bdeo] FxIHAL WEFZHA T2 W ANSYSE ARESt] A&t B
do AL2® 22 El(element type)s F BT vatd BEE 483 AAE 2484 23
solid F22o] Hgo] 7Hs5d Plane 1828 AH&3t9 3, 22(element)?t HH(node)S ZH2
3480709 341770t AAZAL e A L, FE Bde tA BAxDE AL
on HEsEoRE FaRe AddA 107149 #dF BEIFS M0 [1d 3-64]=

999 mde TRHNL AT FPas 2dd AARA L 4§55 Uehdch

LU L L L L L L

sk
T

T
L

za==

-
3

[
o
<
o
=,
Jo
e
fo
b
1
M
&
ot
2
B
Al
i)
ol
ol

watm e thg pEz flo] 2% AudA FYd BIEITS Wohrd 2w H5H
7] W&o wAE FzAMI HF e LAttt AEF 20 U] AsA A o 3
P4 B2 S JehiE 2349 F5242 Target 1699 Contact 1728 AHS8IATH ol =
Edo] gt Rewe] FEwo] B uintve] ulgle] Jigoz me A7 (rgid) HEolth

B A7 gE&HMe AL F2E A4 APs HAPFU WA 300!
PEMFC ¥7|%9 #284& 249 o2 [121 3-65]9 2o
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sz @R 2r)E sha FFBW ok wEA P wte) o M=ol B8

ATl Qs o] AZA
< PEMFCY} 100Ce|ste] 25

2o TFL wWEsE AdE ¥e 98 Fuh PEMFCE JIAE= AHEHE Lo
2=
1=}

[2% 3-65] F5aiMel AHedE 2718 /2 3%

ot
+

-
=2

@ AHE FAsor Bk o AAE
&g dFolo} vk olsk 2 B
A el 8%

rr
Y
o
o
R
o
ol
)
2
2
N
)

v

r%O
1
2
>,
re
N
pipy
o
o
o)
ok
bl
ok
4
M
o,

o] Flaol BFFE AVAAE Yol WAY & Utk EH Fash Aie sg gl o
PHEE £Z277 Ge A% exdAd $&9 £ g 2ER, FEE 483 wEs]
AAME w29 QT BRI 27 ZE HPH Y AolE Fo| ez A FH
o] 27 BEA B A HAF Be FEL FHdln wEE F AEE FEE A
As) Folok @y [18 3-6519) AL 1~2 kPasl ¢Eztol7} RAJEE HASH o

ol STAR-CDZ AH&sle] 3tk 53l
do Alzby QA8 ARSI oH cell vertex® ZHZF 229,8967H ¢}

=
3003357001tk Had Wel fEL MgEges /e dxe dANA FAHZL, HHE

QT 7] FEe Ager FEHM, fUHE %S IPsiHL AHHEAT 3717t
FHE UZs A FAZAL AT FF m=1046x10"" ke/so] FELH
TE JTERE 283 2oA YA EFINE A sEPTFR wspt dojuA
TolN FAE AT BE AFE] 5F T 7H7E 0013

5
o qrele] Ae fEel Eolrke x71e FANE FU 2 &g
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wold @9 Azkmesh)d L AT E I ARN @ FE VNOE TE AR
e AxretE A2k 37 23 71" (low-order spatial discretisation schemes, UD)E AH&
Aty 28lm, A AHd =2EHRE g AXRE FRste Aolmz FEAH ) st
132 A g A U4 0FE 9k Alads B 2455 U4 SIMPLE Algorithm
2 Algetget 2822 jterationd ] 0o TAMG FOE 2XE EY UTboF dH, ¥
AFeME P SEER 24E ERT

2, B2lghe] ot HAdA

B A7 S4uHol 300l PEMFCY 223 2 2¥3t8 dsi4 Eane 4 2
grmel 29 ulsh golo] Hate] 24 st P 2 AH WEEARL ol § 5]
H43tg +PHRoH FENA AAT g o2 2AF Folv] AY $7 AlFe] T2
Mo wajA Awal 2] W] B siAe] daN AHGE EEIIAE AL Aokl
a3, BBe St FriddR BR8 AANSA FFANIE SYRenE H4g
Azl BES gstel o FRAAE A8sark 194 AFAAeINE Adel 27H

s HAse Fgstgon, v ARAANGME 1A HAEANS HHd £de T
AZ ANZ F FEHANF G B€E HAHs TraPS Y] Y A7)l
i3t HHste FPstAnh

gurgel Ao E ARG gae AAGgeor AR F I ZARdS B
HAZ g2 FYSAT o] AS /A mdlo] HEsx] AY AANSTE B B39 dA 2
dME eA7t He SARAS AAs77) otk WA, B AreAe BA A AA
oM 2 o] F¥FL 21 o] TR AHHG F4loZ th] HHF Fv|YH(interest
region) e RSt HH3} o] WEHT FEI Pz wet Z2aPe PXIh Wi
WHe] 7S 23 IARYE ANE WEEHS MFDE ol &8sl HAHE Fgton, ag)ie] 34
FEo BE A& Auke whgHelA mitel] o uxy dFoz HAXPL 7] HEdl BRS¢
uFS askA ¥t

o2

fl

rU
it
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(11 ¢4 AHEA

194 AFAdANAE Ade 271H WE 238 F
aAL FAst] Bwe A, , t)ol A AHsE SRR BEHGeE @HAA
g9l o] 3 ZAZ ARG, AAMsE 378 FAG)S Fawe] FAGC)E HEA
on AFEAL 27 Bdd I FRIAY A9 HAHEH (o, ) 678 MPas 94 R=FH
stk o1 AAsEhd 4 (3-72)~3-HE Uerd 5 1, A AR 9HHA] 2dn
AANSE [19 3-66]3 2t

Minimize : F = i]l%.A,.zi (3-72)
Subject to : G,= ——— 1< 0 (3-73)
03=t,=15 (3-74)
03=t. =15 (3-75)

1.6
Cathode

] L

(2% 3-66] 194 HHEA Sz mde) 4

71N, 1, A Le Az Age) vEF dwWa a3 weldeloln, 4 -t §7F Yol
tak gz, 4 (3-76)~(3-TH)E Falw Frldl tig RriAgziel

ABAA} 9,2 SAZ ol &3] BANS Adgstd TAH 2 BT, FAFE 94
Ande olgstd 1w HAMAES FAY F MFDS ZIs} Hlmato]

o
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<E 3-7> 1974 HAHEA] Az v

Initial MFD Kriging RSM

Weight (107 °N) 6.1931 45693 45013 48893

tc (mm) 1.5000 1.4985 14781 1.4324

ta (mm) 1.5000 0.4787 0.4563 0.7464

Oumax (MPa) 6.7831 6.7824 6.7831 6.7831
Number of Analysis 89 45 5%

FAR(%) 19.12 19.92 15.35

FARA(%) 26.22 27.32 21.05

tlo

19 ARAAL Ax =27 mda RSM B4 72 27.32%, 21.06%9 7 #iE
Bal Asol FAEUSS & F AT, MFD] Azel wind o) 2+ 1%, 5% W LAE

Bol T TARY BE A4S §AT F Agov, 297 o] RSM RduY §% F2
goz usgt 494 458 UvNw 373 2dn RSM 2EE 47 5, 63 579
g o|Fdl mE WE £HL SuA, F HHd 5439 FTL ANE £V W, =I5
wel MFDS) A% 8931¢] 714 Be faasaly sastant a0 vk 27 4539
FRezHy 842 1Y e 9 Ae YT JoRNE JE 2 FERE Roln

qitt. a8z, 287 a7 RSM 2 27 1992%, 1536%9 T #2&s 2o AAH
=

194 AQA4A 2de FxAH A9 Jsd max)% dx e A F71RAM

Ro] A3 wEL 9T YT} TR gHAY W2 AARKT. )& HAS)
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W 4 (3-76)~ (382022 UEhd 4 3, ARAA Agd wHx Rdg dAuse
(29 3-671% 2o,

Minimize © 7= 3y AL (3-76)
Subject to : G= ——— 10 (3-77)
AP
= -1 =
G, AP 10 (3-78)
AP

G=1- AP =0 (3-79)

1000 £ AP < 3000
(3-80)

144 W £ 1.76
(3-81)

0.54< H < 0.66
(3-82)

Cathode

sl ] ||

(28 3-67] 294 HAAEA dAdA 249 I3

71A, 7, 4, Le 2tz Age vFes 9dd agm dedelelw, 4 G-TDe 57 ¥
o we ATEAC T, A 379)~BT9E FEHNY Friwe] TR TR AR
o g ARzAez AR Hrge 2G99 2o, 4 (3-8)~(3-8)e F2o
H)9} ol tigt HrtAgE L)

87 By eEURAS olgsl 19 HHAA FHEs 2rgez HAsS 28
HHHAE 53T F MFDY 2w}t vlmale] <X 3-8>0 YR
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<HE 3-8 20A HHAEAS ZF Hla

MFD Kriging RSM
initial |optimum initial |optimum| initial |optimum

Weight (107°N) 45693 | 45370 | 45013 | 44889 | 4.8393 | 4.8698

W (mm) 1.6000 | 1.6015 | 1.6000 | 1.5456 | 1.6000 | 1.6107

H (mm) 0.6000 | 05400 | 0.6000 | 05400 | 0.6000 | 0.5708

Omax (MPa) 6.7831 | 6.7827 | 6.7831 | 6.7714 | 6.7831 | 6.7587

AP (Pa) 1412 1842 1412 1930 1412 1587
Number of Analysis 43 27 72
FAZAE (%) 1.39 1.40 0.64
FAZAE (%) 0.71 0.27 0.40

387 223z RSM 29 77} 194 H3AA1 Aol wlate] 027%, 040%9 Al Hes
Btk 19ART B33 ago] X A€ olfre AARFAM FAE a7l <
2 F B0 R Fawe] FA7E Ade] ol wlE) Jge] o A7 wWEeltt £ 58 dvi
7 32)7) 223} RSM 29 212F 39, 8] FWg9 o)Fd) we whE £35 diM, F 2739
723]9] 43as S st on] MFDE 438]9] #3taiald st a2la, F27d B
3} RSM 22& 7hzt 1.40%, 064%2] F7 2ags B oRbe] 27t A% Ae & 5 ok

i

o e % ¥4

24 B3 B HSEAATY 2L olgstel tuA ANUAE FYD A3 T B
Y BT 29 4 el MFDS] H33 At vl wstel

H T

<& 3-9> veEhlith
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< 39> AR 2ave] =gk vm

Iizfé MFD | Kriging | RSM

Weight (107°N) 6.1931 45370 4.48%9 4.8698

tc (mm) 1.5000 1.4985 1.4781 1.4324

ta (mm) 1.5000 0.4787 0.4563 0.7464

W (mm) 1.6000 1.6015 1.5456 1.6107

H (mm) 0.6000 0.5400 0.5400 0.5708
Tmax (MPa) 6.7831 6.71827 6.7714 6.7587
AP (Pa) 1412 18342 1930 1587
Number of Analysis 132 72 126
FAZAE (%) 20.24 21.04 15.89
AR (%) 26.74 2152 21.37

Ardx Bowel TAWSES Awud 1-297e Axs AL ANDA 27 2w
RSM 2H& 247 27529, 2137% ) 248e Ba %o FHHYSE & 4 U3, MFDY 2
S} vjme o 217} 1%, 5% Wels) A8 Bef ¥ 2ARd B

| )
=
om =77 Zdo] RSM Zdrt} S & oz S £8 S5 dYEY =

\
o,

ok
it
r o
%
oX
o
of
5
)
el
fo
2
flo
Ho
red
ko
o
==
1=
o
n
o)
o
=
=
QL
8:2
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v
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ro
of
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St
1o
Ho
et

of)
2
>
ol
N
<)
WA,
4
Iva
<)
o
-
X
E
2

\
lo,
N
o
T
il
N
2
rir
»
flo
e
fau
L

Ae] AmF ohzt BE gaAA £PRE V) E S dAEIT 2AE AR
W, =27 243 RSM 2de 7z} 21.04%, 1589%¢ FA #aes 2o JAHeR 53

} Bag AL ¢ & Yo den, 2de AAgelMe) ARAe BF O 9N0E vEs

(28 3-68loll A [23 3-701& 7Hg £ oz 3 A%E vehd 7ol 23t A4 2l
von Miese $EEEZ9} F7)oe ¢t EEE WEH-803 AT A HeEpith
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019335 1.522 3.025 4.528 ' 6.031
770824 2.274 3.777 5.28 6.783

[2% 3-68] B RELFTAH AT Y 2de 34 EX

X I_—

__ —
.031241 1.529% 3.027 4.525 6.023

.780149 2.278 3.776 5.274 6.771

(2% 3-69] Aol A HH 2l SHEX
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0.0157
-131.6
-263.2
-394.8
-526.4
-657.9
-789.5
-921.1
-1053.

0.0158
-137.8
-275.7
-413.5
-5514
-689.2
-827.1
-364.9
-1103.
-1241.
-1378.
-1516.
- -1654.
-1792.
-1930.

(29 3-71] 28] HARD 3 §71He] GHEX
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dote g pASE ARe] PR BANE 45 Aol A doies, w7

Aate Az $8-9¥E MEE (27 3-631F 2ol vedolith F7]ddl AH8d AR

9] BEAxE BAASE)E 48GPacl1, FolEH|(v)E 020tk FX ¥y i) A§H =
do] AL [28 3-72] 21, Ao AHELd AAZAL =A8H [29 3-731% 2o 3
Ao AFEE RAe FAHA0] 300cre] F7IHe] dF-E Rds ez Hdo ¢&F &

93} veteie] FAWel Uye A 2AL Y4

MO
Hl
ol
O

|
B2
o ol
o
5

[z28 3-73] +x3NAE 93 2 AAZAY &%

X
o B A7 AMEE 2Ee A ¥ 31294 &



T3 gabo] 4Ry AANE AL Fol Wolok s, YYHoR ne Fo| Fo}
obshAE, Ayl AEAT T2H AR FAAE Fue S yolof B 1E2 o
o 2o] Az 4EHE ARE BAG 1 A WA Ao

g mdel T2 WY AN PNE derEe) BYAE (27 3-63]5 2ol Hga,
@

Doto} = MEe gE TEZA glo] 9B Ao

L
2
u
o
=)
0
o

o3 Pud £ AAL wold HIFo} Yk Ao 1 FEELS HE 2248 A8
of N ool B ATANE AR MAFRLS AEE 4 AR WYY PF
=

AL 2% Hgd 499 L P dde] E4AE [29 3-6319 2=
2ol Ag3t7] Yste] wutde] B distd REEAHoE Hyd udY A A&
slat & 2AE Yl gaiAE 231Y HE 84 (Target 169, Contact 172)E AH&-3}
Qom o] HE g4k A o ¥¥A FF AHE Jepdth ol Targeto] Hv A58
o] A% (Contact)o] H& wtdo] wvdted FhH oz vh¢ 7317 (Rigid) W2 oIt

U 5 siA

1) 24 34

B AFNE %A £98 AP Yol dFY OF A Ad B4 (serpentine
channels)e] 2 AL g3t FF AN FASAL (29 3-74% FARH]
300aiel F71%e F2 WAITh o AN A FY P B ge T F7lw A

A 712 g2 &go] st
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(28 3-74] 27129 A4d FAHEAHEA:300cm’)

2) g+ &7+9 ZBA=zA

=)

F 3ol

o

I FF5HE fUEE gFA AAXHLS 93 RERZAS ST k) 5 A
TzA AL A L AE 9A AHEA FgHFH o] 300cm’e] 7
078 HZste] AHFEUE 120mA, 25KWe AEE 4 5 AT m=1.1492x10-4kg/s 9]
AT FFL 71Fo 2 7|FFF 20%, 40%, 60%, 80%, 100%] 247 7o disted )
ML g3} o]& EE Yehid X <3-10>3% Zo +Z23 Hye 13 Asde
ol A ALEE m=11492x10-4kg/s8] 71 AT #%E Ageta Az @4e FHs
o 2% Yo f5& HgEHos B)e Ane A 49D, YES J7
27 gEe A¢goz IHYY #Y9HE F%Fo dAsdn AAEAY 7 47
golx glolA Tl E A zEUFor Wyt dojubA devhn sHEE
FHolA g AP BE WFEd 58 Wge Pzt 0 olghe 21 AHgs

=
. o]& oz Yehd 4(3-83)% 2tk A7|A ' ¢EE A MFEoll, sv

tlo

2 2 ofw
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<% 3-10> 94+ A =4

Case F&F(m )

1 0.2298x10~4 kg/s
0.4597x10-4 kg/s
0.6895x10-4 kg/s
0.9194x10-4 kg/s
1.1492x10-4 kg/s

Ol WD

af _
ds

0 (3-83)

node — — &7

—_—— e —a L =S

imax-1 imax

[29 3-75] &7 ZANAe AA

c}, Az ¥z
(1) 7% 84

s4xoz yehn itk olH@ wAde Wae wels
Atk <E 3-11>& A7) A$-o wPEe) Wng dehdoh

o 27)Be A4S H ¢¥L 135MPaolx, & $¥2 0.35MPa

d

olth, wiotme] AS Hul $HE 293MPa, H4SEE 0.35MPaclth FEZAAAN 1w
o

2
$¥e 121MPaclm, A2 $HE 007MPaclth. HetHel H¢
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< | 2| DB
n o= 3
O
Sl IS
Sle|g
< 12135
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SER NN s
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~
e ar T
o
.
ng =~
-o o
Y He

A : without contact condition

@91(%)

B @ with contact condition

<E 3-12> 3¢ £X Hu

lo
Slelels|s
I |lglaolo
—_ || ] 00| — | 0
(128
S~
MmN eI 2
Do~
o
<|8|H 2|8
Nio| o
L S N VI
do | oo | oo | oo
TA T |
LI R T
o | o | of | o1
o | F |
TN~
o | @ | Ho | Ho

A : without contact condition

2] (Mpa)

B @ with contact condition

- 159 -



A4 1 Aols} 80%2 WG T FAE veson, Auge A HEwic] 157%, 3

7130 1037% 2 A3k ZolE BATH

@ 7z A4 DA de A5 #5 AN 4

7z 93 N9 AFRE TEEA L AHES APEH, EY <F 3-13>9 HERR A
A QT ET Alole] Ao i 2F A} A A HolE £1% HE e
o} o] ARE &2 o AT AP o7} A ULE & F Uk ole [2™ 3-T7ME
gl & 4 gtk 2y HM AFE FFd dis JdeEEE [2¥ 3-77]9 Eole whet
Zo] Ao Mygoz Yeidth zenz AT 2do A$ IF FFd A dEAe F
Ho] Fpssith w3 Aol oFAAY Brbsd HEE A oz dAgt i A
Aol A=) [217 3-7812 Case5e] ¢ oidh dHFEEEolth

J

<E 3-13> #%5 AA3 2P GAR AP Wi

Case | A2} (Pa) | 2823 (Pa) #}o](%6)
1 233.37 233.43 0.46
2 475.22 473.07 -0.45
3 728.10 730.82 0.37
4 990.60 984.84 -0.58
5 1263.66 1257.99 -0.45
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Pressure Difference(Pa)

1400

1200

1000

800

600

400

200 + 1

L Linear Fit of Numerical Result
m Numerical Result
® Experimental Result

1

0.2 0.4

(29 3-77] fregell A A v

nn

0.6

Mass Flow Rate(kg/s)

(28 3-78] &

- 161 -

0.8

BPEYXE

0.1013E+06
0.1012E+06
0.1011E+06
0.1010E+06
0.1003E+06
0.1008E+06
0.1007E+06
0.1007E+06
0.1006E+06
0.1005€+06
0.1004E+06
0.1003E+06
0.1002E+08
0.1001E+06
0.9398E+05




@ 7z 8¢ DAT A9 FF A4} 4

FzAN 2%E 2AD T N9 £F A4 Foe ARY, 3 FHRe Holrh I

o 24 nejeh we Ao A4 Age 4y 27

g undng, U7 BF G Aol -451%clth dgos PF 2ug 1A

Aol A4 Aneh A9 ARE waARY, ST BT FIAe Aol 312%0Ih

ol % zpolgtel WuNgkel Aol L39%0lth 24% Aol o]k Fit 4% AL AP

A$ ANAHA 2 Ay Aot AES ¢ & Ak [2¥ 3-T91% (1Y 3-80]
al

o 27 22AL s 2 A9 WEZAL 1HT 490 FHLEE vehad

=

m\o

P

<E 3-14> F M &F s AE GHA A v

Line | 342 7(B) 34 4 Z(C) 2}o] (%)
1 1853.25 1981.54 6.47
2 1856.82 1985.44 6.48
3 1854.41 1982.87 6.48
4 1855.81 1984.28 6.47
5 1854.95 1983.41 6.48
6 1856.52 1985.03 6.40
7 1855.05 1983.49 6.47
8 1855.05 1983.62 6.48
H T3k 1855.23 1983.71 6.48
B : without contact condition
C : with contact condition @9 (Pa)
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<E 3-15> B& £A

tilo

sk e A5 AN Age dHA A% wm

Line 342 3(B) 432 3(D) 2ol (%)

1 1834.99 1880 -2.39
2 1838.52 1910 -3.74
3 1836.14 2160 -14.99
4 1837.53 1820 0.96
5 1836.68 1940 -5.33
6 1838.23 1940 -5.25
7 1836.77 1930 -4.83
8 1836.77 1810 1.48

BTt 1836.96 1925.37 -4.51

B : without contact condition

D : with porous media &9 (Pa)

<E 3-16> A& 270& nAT A5 HM 4P 4HA 2w

-Line 342 () AF 24 3(D) 2}o](%)
1 1981.54 1880 540
2 1985.44 1910 395
3 1982.87 2160 -8.20
4 1984.28 1820 9.03
5} 198341 1940 2.24
6 1985.03 1940 2.32
7 1983.49 1930 2.77
8 1983.62 1810 9.59
Bk 1993.71 1925.375 312

C : with contact condition
D : with porous media 3¢ (Pa)
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-3.100
-149.7
-296.2
-4428
~5894
-735.9
-8825
-1029.
-1176.
-1322.
-1463,
-1615.
-1762.
-1908.
-2055.

(2% 3-79] ¢4 £EX= (B)

: i
. '

-3.183
-161.9
-320.5
-479.2
-637.9
~-796.5
-958.2
-1114.
~1273.
-1431.
-1380.
-1748.
-1907.
~2066.
-2225.

(29 3-80] ¢4 2x%= (O
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et
ol
o
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Ho
oft
2
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4) 7+ A& nHI}A Fe

9 Z2%E Be ZAL FololylE AR, AF 2L 1P A4 & AArt A
g Azst of fAbsieh o) Agel Hate Tz Ao #A 2o}
MESARE, el <E 3-17>% Te ZHE 4¢ 5 A 47 7Y BT 4YA
9] ol 363%E BRI 2o]E ztet,

<E 3-17> F2ANE nHY B¢k 2F¥A @ B dHA AH v

Line A B 2ol (%)
1 1259.30 1981.54 36.45
2 1261.80 1985.44 36.45
3 1265.10 1982.87 36.20
4 1265.67 1984.28 36.21
5 1269.71 1983.41 35.98
6 1264.02 1985.03 36.32
7 1263.05 1983.49 36.32
8 1260.64 1983.62 36.45
- RiR7y 1263.66 1993.71 36.30
AT AY8S nHA de B
Brz3d ¥ygs 133 B+ &9 (Pa)

T2 W8S nad A AP FHAE 19871a0ln 23A & B9 BE FHAE

1263.66Pa°)th, T 7}A] ¢ 2% 1000PaclAl 3000Pa2] 34 Exte] HYE TEAZI

ZA A3 7)HQ A3 wEEERS o]&e HHg TIPS st AsA Y
Eawe ZA%s 23935 9% ddA FH3E FP3 A3 MFDS] 2t vluw, Ve

gug 5 I 712 T4 dwe) v 2 AAS A 22 AYPoRe £¥ 5

[¢5
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FeielE SAZ ol §sto] BANE HojEshs UAA 0, Fool AN =27 wdg
TS, WSEAEIE BSEANS A Aste] 23 A mde AAsgen], 37
N5g Fok7 o|gste] Togltk Rdel ABEE Fol7] 9Is) WA
NS WA eold HHRE 2T o) BY AYPL FHOR th] HEY FrIFAL 4H
stel A28 e wEet HAW FPEAC) net 2] FAFES sk
B QTN AE uo] olaid A4 HSEWE BT uAY FAlA 24T & dE
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flo
ofy
o>
z
o?:.
mio

|

2Ug P48 4 Jon dAndA PARe AFssted AW PHolnm  + gom,
agqel A% BeEAYRG 2dd AP FASENM § £ RS BoAFH Yok

metd, dEAA Rewe A6l goid TARDS ol§¥ elwe] T A Ayl

B AARE FPHE E o Hu IS d2AA) AA} ol + Yrkm AlmEnh
ool ATNE BT VAARYS B3] F 0 ATV WL PSR AHS A

2 9342 4t U Y Y3 ATsh WA AMsE 29 UA 2ol o 3
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T A A Asd dgxAd #¢ Jd7ES d¥Ed T
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current
collector

bipolar plate

gas outlet
(manifold)
gas diffusion
layer

gas inlet
(manifold)

(28 4-1] 2EAAHE d8HA] 29 74

2. o|23 w7 9 AupEAR4
7t Al 74 % AEYR

NEHo d9dXE [19 4-117 2o AF/AsA= AF A ¢Jste] 28d 9%
I 2 FrIY F RYgHoez FAFH glov, Zzte I A o Aold e o
FA a2 988 3= carbon paper 32 carbon cloth7t A oA ¥H§7LA 9]
a2 Az o|FFE2HdE S drh ARHAY HAFdUs FiLe AL wEo 95
o AAFE AR olFoz AT F Utk [T 4-2]9A B uts}t Zo] Fae o
B2 UTA FAE2e ERSEA FaolLoer ¥MIHEY, o Fio)Ld HIF T
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E7% F 3713 wgUold i ArSANsE doA B A
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(29 4-2] 28R Aeld ARAA AT we % W) 5F

pew yrol AU wg shrel BFH 529 TF - B FAF 4L 7 o)
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& Ad Fdol AtHo] ASHT ot B ATANE /Y duEoz ¥y AgH
A ALY ERE 2= OF A Bael AYe Adsd Agadth (18 4-3)
Z b gael Ade Q- ET MUBES Ad AAREY 2]

A2 AASRTE 2 Adel SYHOE fFo TFH7] WEA F3FF ¢EFo] 7Y
shel, Al 2t gselst #UsY) WEe] AT Golshch ole] B AT
= A 2 A4 ¥ BT AW 44 TFH W, FE WS
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' Lo B

(a) (b)
(2% 4-3] 84 €3 100cm® . d2F (@ 3713(0b) 243 N

e MA 7t H F7IE ol471A, HgEFAF ol

o MA 7k& 4 F7IE AMEY A 70 2R = A FAEH.
e Aqd He 52 FHFEIT

e WZ= R AHd A el A A A 4 FUe dIEF FHoln.

o WUZBES S8 WL AA47E Fuolt. (B4 Wel 1)

7oa, Az Aolrt s AAAY BEE 2E FS, AEFADelst PP L 4
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(4-1)-4-2)3 2ot B =5 e 2 (4-3)oA Al4tE ReF7F A Re F(EE & 7%
o] 7% dig 230002 Fod FF, oJBth AW OF FEEAEE v EU{23]

Fo=2a+h) (41
AC
Dy =< () (4-2)
Re = P4mDn
[ (4-3)

Inlet®

Outleté

(a) U-shape manifold

Inlats

(b) Z-shape manifold

;L

£
it

v

(29 4-4] 60718 @9d 2 T 2= 712 ¢
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Cu 0.09 O 0.9 Ce2 1.92
o 1.0 T 0.9 Ce3 1.44
O 1.22 Ca 1.44 Cea -0.33

A71A A Ad SEAC|H g9 b A7 A 2sh ARelH Une #% Dit 49
47 282 pe AAATI

sde] §% A4 Ad UEE FTFRY £F BHY AL 238 AAA, 4
4-4F ol 43te] F R GRS ALY WaH YT Lo E ANY F 4F A 4
Aol o] &AL

= 006Dh Re

Le,laminar

Le,rurbulent ~ 4'4Dh Re (4_4)
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4-7)

2, Ou
= (P +Fp) - pe —— (s ——+ pk)—+ 11, Py,
37 0Ox Ox;

i

0 — ﬂeﬂ O¢
or, P, axj)
= gl-j—[u,P— w,—+ oy’ ']+cgaku,PB
ox;
52 ou; +C, P
~Copo 4/0"9a 1;#: ML (4-8)
o, g 10P
p=2s, % p-_8 97
s”axj B ou pox, Mg THYM
" Ou; 2 Oy pk Ou;
= %% _p_ i
NL ,u’”'axj [ 3(6x )ax]
AuAdA AA 29g A F4H Bl AAE A4 F A8 AdAe
TAbeke] Alxa®lo] @ FEW AAH| £ AL er ZuE gl Utk ol S £
12 237 JdAA 2a2rde =gsanh OF Ay 49 Add did f5AY
2o Qg zEWFGo R wlHASF

4 (4-9-4-100% 2
z2ade At w9 dol 3 FHZest AA
Axe [ 4-51¢

2

g A4 Aol =g,

A g5tk o] 4%
Wl siMAe A Y WAX FAHes wE A o

] O,
L

0% iy
N\O i)

7o},
—oRre"(12 82y T
f=CRe"(+2 g (4-9)
dP __ PCpU’Re"  PCCuRe"
L 2634 2624Dy, (4-10)
A7|A fE AgEAAF Y Cie ¢F AFold, Pe A, 181 ¢ 2 3F &4 A
Folth.
B MM E Ade ddel A3 W e A RS 1HE] 9
o0& FE2AE FAH
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ai:ajzﬂi=ﬂj:1><105

A7 o B = 27 BHASkeint], [keim’s]olh,

Mo
b
<t
o
2
)
of
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]
P
39,
e
of
18
(o
fu
S
ol
o
I
\:‘0
1I_‘
<
lo,
PN
A~
o

=@ A A T

5 wA gosvy 78+ Aok @, o

_t':_
Mol ALg& Aol FFol whet 7 el el
vE

B
UA 9 10%2 7HE3IR 1, &24&L ¢FY Zel
dg. 27 AAzAL 4 Y F5LF FupsH0Ee =
Rt

k=15x (Ux I)? (4-11)

1.5
075 K
s—C/‘ X —

(4-12)

mix

rigg,cell = (1.05% 10*8)x§gx__l_

T (4-13)
”141.1‘,cell =(3.57x lO"’)x %X—L
- (4-14)

A7 &= daIz BrFAAY 7hx o] §&S vehdth
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<E 4-2> 293 299 Ad 2 ¢4 =4

Variable Value
Nominal Power [kW] 12
Number of Cells 60
Gas-flow Type U & Z Shape
Diameter of Supply Pipe 10.8 [mm)]
Channel Width [mm] 1.0
Channel Depth [mm] 0.7 or 05
MEA thickness [zm] 620
3(anode), 12(cathode)

Number of Channels

Reformed Fuel Input

H2 70% + COZ 30%
N2 79% + O2 21%

Oxidant Input [Air]
The Usage of H2 Gas 0.7
The Usage of O2 Gas 04
Active Area [mmxmm)] 100(W)x 100(H)
Expected Current Density 600 mA/cuf
Cell Voltage [V] 0.7
Operating Temperature [TC] 60
Operating Pressure [Pal 101,325
o240 old A4t ATHFH TFHY dAAS ol&3ld JF AARAE HA
g 2 2 37 Ad, U E=, 948 FF ol Ui FEHARH} F5EAS <&
4-3>37 2t} Re £ AT o, A2 7tx 2 F7) EF stzed g o] 37 A WA
Raoult®] ¥¢ WAL H&3te AN A O e & AHESHATH
_ 1S (MW
Pmix [Z,-:( ,- )] (4-15)
1
2 MW
Homix = L l
Y.MW2
LM, (4-16)
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4 (4-15)% (4-16)914 MW= wkg shs Z7be) BA S debdth o714 7 g ks
of @ g mE SES FFBAN U HYHS) BE WS shae AFBE

o8 AFELE(Z2, & £8)9 Fol 12 A€

<¥ 4-3>8# %3 #olEZ 4 (Reynolds number)

Channel | Manifold | Supply Pipe

H2 Dy[m] | 0.000824 | 0.0109 0.0108

+CO2 Re 116 1625 2087

Dy [m] 0.000824 0.0153 0.0108

Air
Re 132 4474 9509
=1

2m (4-17)
B M gA /e AAZAE o83t SIMPLE g9 ¢Ad wat |E AN
& A4S 2 2 Ay BAdsid I 107 o)3te] FHEENL wEAZ
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Buffer Zone Length = 10mm Buffer Zone Length = 20mm Buffer Zone Length = 60mm
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(a) U-shaped manifold feed-stream pattem

(b} 1- shaped manifold feed-stream pattem.
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t}, A Arx|(Balance of Plant, BOP)
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$ARA FAA 71 5L Bol ALESE B97 Ado] AHAE T 9
%712 A AR AFHE 45 ARE olgstel B4 $HE AT
AHEE QHE719) dlolEE VairexAte] VR-612A BUE £7] ¢E7lclth AE
=3

JEde (29 5613 2ok (28 5619 4%5S o3t ARAA £xd WY
71 e 28 FE& 7 Aol [2¥ 5-7l°lth F7] 4FvlE 1.06barZ AT
VR-612A Performance Map
Corrected to Sea Level
at24 vDC
126 < — N
S

124 =P SR

122 ™ WY

1.20 r\\\ N

~ N CONT

118 AN - — — 8000 rpm

1.16 > \\-\ N \\ — = 10000 rpm
£ \\ SN R ~ — — 12000 rpm
i ~ = - — — 14000 rpm
[4 N \ - Al N P
2 112 > N, bt - = 15000 rpm
] ~ ~ X N “ ——100 watts
8 1.10 N RN 2

NS N N RN \ ~——200 watts
1.08 A 55N, hS e300 watts
N N N N
108 . N =
1.04 = - N AX
- ~ NN \
102 n ~ AN
1.00 N > N N SN

000 100 200 300 400 5060 600 7.00 800 9.00 10.00 11.00 12.00 13.00 14.00

Power (W)

Massflow (gps)

[21%] 5-6] AH8E 37] %7 45 =4

350

300

250+

200

150

100

50

-50
0
Flow (g/sec)

(29 5-7] AA&ET7Fd E ¢F7) 26 59
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900

800 E

700 .

600 4

500 .

Power(W)

40t .

300+ 1

200 -

100+ b

Flow (g/sec)

[23 5-8] 3ol @& A7 ¢F719 2vFY

o

7] g4E719 AAAZ AFHAY As ARE Ve 5
H E7]E VairexAte] Vvs20 Edolth dE &l ¢F 1.30=%
g 2usge [1Y 5-8]% 2t

Ol

4¢ wedh A%
%

tdom g3 w

g% = @ A av FYe hen 2ol sPEsA BEe 2
Blol A 21Wols], Wzle W= 7H4she

2k A2

e

A7 AFE 9% 24X We 4719 60Ah ASAAE ALE AAS] T
274 B @ /M TAW WS FAAY 2 FUE dehiE SoC(State of
Charge)2 A8d7 298¢ Aolar] dass ¢4 Fo AxHoz HHx9 SoC &
2 dZ3hm glojoF @k

2779 A2 e T wet Anse PP AN A%e A3
of 2AAY FAFL AN F Atk [2TY 5-91& FAAY Y A FAH
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[29¥ 5-9] 43 VOC vs.SoC
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SEP
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[Z28 5-10]

£ el Aolth S W

uAEE ol &

i

A 2 3] AL

Ao &2

.]

= =
= 54

1§

Aot} o] A& Peukertd ol AF (ol T3 exponential

=,
= ©

] A=
W

L o
.

b A (6-1

5

S =
= T

2

e}

102

= A
=

]

A

s

i

S¥oA

=
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28] L% (T)o) wh
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¢, A*I'? +74.646% e ¢ +(D+T+E+T-F) (5-1)

o714 £#HA A, B, C =
277 SoCe AL 24 Alsh WA &3 2 FAF #AZ A AU

- A A
od] AztEe AR AZIE g9, I £+ SoCY HEFE T F U
__aC LAt _
ASoC= C. =~ 3600C, (5-2)

|r

A7l 24X £ Cit =% #d AFol wE FdA §Foln AG-De A
atol ALtsk A

27 24 A FHZ dse R 2L o2 ¥EF 5 Yo A7 o
<E 5-1>9 &E, SoC, AFY g FRAFOL Cu' 7IFHLE 20T, 0.1CHA

_aC_8-I-0t _
ASoC= C.. = 3600C (5-3)

<% 5-1> H# Fd AF ()

SoC Current 10C 20C 30C 40°C
0.1C 0.9 1.0 0.98 0.95

0~70%
1C 0.73 0.8 0.77 0.73
0.1C 0.87 0.95 0.93 0.91

71790%
1C 0.71 0.75 0.72 0.71
0.1C 0.85 0.93 0.9 0.89

91796%
1C 0.68 0.71 0.7 0.69
0.1C 0.80 091 0.88 0.87

96~100%
1C 0.65 0.68 0.66 0.64
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AIZE tell A SoCe ohad 2o

g

=
—_—_'—X

(5-4)

t
SoC it [, 2.S0C at

SoC=

4

i

3} o] 14 ®]

ol o

%

149 FHA W A

%
L

A2E (A7)

].

ol QEuist

17] f13 482

AFS

AR X

= O
&,
7

o] 9o LPG, WXE

1.

al

QRHo2 @ol AHEH

S8t

o} 7t

blo

ABRolA COTH BAY & Yd TEA

CO7t A=FZujd HEo] HE2 COE U

1
|

3000

T — T T “
* , o4
3 v
e 3
© O+ i o iIC)
o S j o 8 o
© : " P>y 3
4 } 4 (=%
Sy ,I E O+.OIJ. s
Pt b
L (NN
3 m a8 ~
f <« . 3 .
Oy 5 ® Oy ) e
ol 189 3|
j .4 ' e Gy |
a.u.n+ | f
= | ©
M _ ; [=)
B, Sy e
. sy
X S|
e O @
N =
Ao s SN o
i+ = !
g 1]
Oy i |
0w
\ D ,_
Y < o~ 1=
2 = gk 3
5 L3
% Sy
\ N ) b
L : L L r_r : 1 )
(] (=] [=] o [=] o o o o0
(=] o [=] o Q o (=] o
w o wn o w w (=] n
o~ N - - - -
(MMemod Aspeq

SoC

o] SoCe}

i

o @g

q 2|

3

[2" 5-11]
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=
2~ Eo} A o]ukS(Shift reaction)(CO+Hz0=COz+Hz2)%t
2 glot nEA AHA A=HA Y A$ 10PPM w e} CORte] 3 EHER
oz BEEFHA, HAYAHCO+1/20:=CO)A 2 E T} o] & A &3
2712 2AT COTL HAA Mgz AHAd $7t glenz dF Fa%E d

o
et
fru
Q
o
1o
)
oo
N
)
o

M,
°
E m
00
rE

A NxEe £27] Ay, dojurgr], Aduisy), $@7], Ax72 FAHH

A7AAE Aedstd Bug o g3kel AHaA

e

& 7] (Steam Reformer)
22y AdtaE $27] AASE Aoz ¥erldA <X 52 >% 22 /fERE]

dojir}, AA7txe FHES WEO0%), NTGER), TE2HE%), FREWE T

<E 5-2> N 94

HAarnze =4[%] MR urg 2l
CH, 90 CH,+ H,0= CO+ 3H,
GH; 5 G H,+ 2H,0=2CO+ 5H,
GHy, 3 CH, + 3H,0=3CO+TH,
nCGth, * 1 C,Hy, +4H,0=4C0+ 9H,
iGH, * 1 C,Hy, + 4H,0=4CO+ 9H,

ZF 700~750Col A dojdt}
e 7)o TEFHE $£Z7)9 BAae HlE S/C=32% 33T

F srpan=SICx(F ey +2xF o +3%F g +4xF wamot 4% F; CAH10) (5-5)

27 7}~ ZA(shift reactor AT 7t2FA)E Ay st QL5 o
&

2 FaRYALS Fan ol FEYHN B syPAFAT Haste] Wl I
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7] f1shel M o)) YRS AF S 100% ARBTE RO AN
shgich W8rle] WLEE T00CE Astel vge] £37] ALRE Al Gibbs AUA
g AxstE et P

A G = 45364.52 + 45.974T— 15132 Tn (T) + 6.716 X 1073 T° +
2.3318 X 1077 7% — 1.9453 x 10~ 10 7* (5-6)
= —4816.04 (7= 973.15K)

Gibbs oluAle] <% ety FFe g3 2ok

AG

Ks = exrp (1—98—6—5><—T) = 12.08 6-7)
REQGHO g HAHY A5 G Zo] ER LY A8 Addn.
3 3 p2
- PooxPip ___ (CO+2)(H+32)P (5-8)

» = Pou X Pmo  (CH,— 2)(H,0— 2)(T, + Z)°

A Ksob Kprth Zotbd we] whg B4 Zge 78 F7F doh whgol s Ze+
w2 zhzhe)l zAe) WEk Aotk PE XYY 12atmoli. Tme F EFolt. ol A
Aeh7) glsiA A BERt e o2 wtEAAS sk Ksot Kp7h ZotAl= Z

wl £Z7] AAA SAld AW (CO+H0=COxtHy)ol dolutm g ol& st
Aolukg Feo 7txzxAe tA] T AR 700°CAA whgo]l dojus Ro
AFo A & o] &ste] A olue] HIAFE Kse thad 20

700CA A Aolukg Al Gibbs WA E b3 2o

?’i
tlo
QT_QL
;1

AG=—9678 — 0.9241 T+ 2.158 Tln (T) — 6.484 < 10~ 7% 4 1.8683 < 10~ ¢ 7
24713 x 107107 (5-9)
= — 768.0695 (T'= 973.15K)
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Gibbs U Ael] & 33 P e o3 2o

AG

Ks=-exp(

e
A
zo
=
2
Lo
ot
2

sotgy A%

sl

&3 o] EE& A AdEH.

K = Pon X Py (CO+ Z)(Hy + Z)

PT P X Pmo  (CO —Z)(H,0—2) (5-11)

Hst BRI E Kssh Kprh 2obd W) wg 8% 73ke 7ok st 2 AAE

B8 MA7 EFAAY TtE2zEE T8+ Ut

rE

AdE wkgre] AEge [27 5-12]01w whgel Beod IdFpe [ 5-13]% 2

. X0 g A e By Re] <K 5-3>°lth

B0

0F

60

50F

Conversion(%)

ot

il g

Pl

4

1 1 1 1 1 1 L
0 100 200 300 400 500 600 700 800
Temperature('C)

[19 5-12] €% 9] W& Steam Reformer®] 3-&
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E(cal)

x 10

a

100 200

300

1
400
Temperature('C)

1
500

L 1
600 700

800

(79 5-13] &0 we £57] HAWee) "o 47
<% 5-3> HFPF wE4d
AAE Aolurg
EEIC) | gyye | B8R oggge | 08T
[kcal/kg-mol] [kcal/kg-mol]
350 2.49%107° 52161 19.92 -9297
400 5.76%107° 52485 11.44 -9180
450 8.75+107 52778 7.14 -9058
500 9.47¥107° 53042 4.76 ~8933
550 7.75%107 53278 3.35 -8805
600 5.03x107" 153485 2.47 -8675
650 2.68 53667 1.89 -8546
700 12.08 53824 1.49 -8416
750 47.16 53956 1.20 -8288
800 162.67 54066 1.00 -8161
850 503.58 54156 0.84 -8037
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- Ao)uke-7] (Water Gas Shift Reactor)

o]}l

Hojukge AA 7kx FA C09 FEE BF7] A% A2 99 £37] HEAA
el AMolurg AATIAN TS LT WYrt G 2FF Mol W7t ALEH
m 3007500CAAE A2 200CHTANE ALHel7t dolde. & AFA A=

49 WeHS flate] L Werwe AU FFLEE 50Tl
450CN A Aolwhg Al Gibbs SlUA & gt 2t

AG=—9678 —0.9241 T+ 2.158 TIn (T) — 6.484 X 107 *7T? + 1.8683 x 10~ ° T

—2.4713x 10717 (5-12)
= — 2824 (T=T723.15K)
Gibbs ol xol <& 38y e G534 2o
Ks = exp(WAGfﬁ) — 7.1408 (5-13)
Rt o ey Ast gLy 2ol RS A Addrh
Pon X Py (CO,+ Z)(Hy+ Z) (5-14)

K= B < o~ (CO = D) (B0~ 2)

g% w7k 2 Kssh Kprh 2obd wel g 25

Z
Fo) Aolwgr] ETAAY H22AE TR 5 Uk
o]

mlo

Aolwhge wawgon whgd ofs TAHtE

—

olo
flo

CO+ H,0= CO,+ H, (5-15)

HR ;,=—9678—2.158 - T+6.484 - (10 ~°) - T* (5-16)
—3.7367 - (10 "8 « T3+7.4138 - (10 ") . T*

Qp=HRy* Zy (5-17)
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- 493 237 (PROX)
HeEH Astr] 94 COo HEE 10 PPMelsE Fol7] 918 w872A osea
o abste} HEe] Fael A= dojus Hrh

CO+ + 02 CO, , Hy++ 02 H,0O (5-13)

PROXE F2 1007200CA uwhgo] dojdtt PROXS EHeH B 2dS AHESH

of BFd 4xd 8 CO AR wgatn vhojx Wavt Fad WesE Ao 7
Ak ¥ AFNE BHSLEE 40TE ARt Tt 2007t A A2 T

N
z
olo
ofl
of
)
)
)
£
)
woon
H1
i
2‘—':
R
A

%ol CO A4FH 2L F& FTFFAS
PROXE tztitg oz do] 2.

T

ofN

7]

AA7] BFE B2 JAomg £F7] A4E % 7Ede] dasio [1d
5-3]el A & & Q= wie} o] Holukgr|d e AP FE& ol &3td ES TN
th. 2 700Ce AATLE 4H0CE YAAINEA F5ste dFHEXFH douter] &
Foll A 450T 9] 7ha7t 180CARA R A 3 Fets dFHEX4)] 7|E2 oS8t
E9 71349 & 10.4kcal/molE AlAtstsoh

Zt7ke) BFWE AN B JHAde AP YA dFo] FFU) 2EE &7
A €.

Q vapor=F 190 x10400 [ cal] (5-19)
Q oo™ Q hex™ Q vapor (5-20)

Z719 exo me d9¥4e & 2o
H mo=1.7 + T+2.297x(10 ~*) - T°* (5-21)

+8.4033x(10 ~7) + T3-2.1468x(10 ") - T*

Q wo=I[H 1o(T)— H 1o (373.16)1 X F goum (5-22)

ofN

By E7 25E ALY F Utk

Q eva Q Hzo'o’] E’L’}Zﬂ Oﬂ }\1
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- AAa7
Ax7|o A FEFMFE dFL [ 5-3]dM &
Zol= JAFHEXDFH HZ3% 7|89e FF3Y #3571

4 F(HEX2), =A7}

£ Hol Zo] EL 100T7HA
TA7FAE 500T7HR] o & s}
700C7HA «lgste €%, 2

1 32

[>
o
als
olN
N
ot
m?l_:
it
o
o
r]I.
olo
¢

rir

o dasle dre ARAANA ASHL Fe EF 28 AT o) BT Fhad
7 S of ALgHT WeF BT Slrz FEY

Nzw Adrldls duss 9358 Ao 8/ = a7 ASHL AT
dusrlol e &9 dFL AL Fatod dauAAd FFAMFT dFHG dAEH
e}

22 49 9% 78 F Yok

- Eu 7]

(29 5-3]9) AA Azd 2ag By Fudy|IHEXDS /HFHA o 25
dAAA Z27)/(HEXD TFsE 982 b Ads f8 #72=€ 100CE 43
AT

AR H7|2HEX)E A4 w772 E o] gdte ZAZtxe #3719 EF7I2E o<

es
El
el
~N
o
s
&
e
S
ol
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T 37]6(HEX6)S PROXS Z¥3E U2 3&ste 9TE& a1 o 38 @ &
3 egazg FFHET
A7) 7HEX7E 140C MANAE 29 ZF52& BCAA 2Fe 988 37
SAldl AMET 2 EFE el
AEHE EFH} SFHE =
BCE Dol e A% TAFZ7IFE AT vUrAe SR 7HH s 71 %]

_{'t
Bgles AN § drh dugr] 82 75T dxd AHEE 2" &7 A 2RE W
2

olX
sl
]
olo
o
>
Ny
rir
18
m_?(_:
tijo
e
e
e
B
>

=
58Iz FFHE 9% A5AX Y 2EIH ] 5 6,7 8lAM IFd ol

Qs = Qre+ Quexs + Qupxs T Crpxy + Cupxs (6-23)
Mep esgas eE Wae e 2ol T 4+ Ut

Os— ot Gy~ Gy (5-24)

L Tre_
mTSCP 75-1

TTS—2 =

@, o714 Qde 7HAelIA e 8 ARselr, Qebt FAYRAI YPLERT @
2 o nx BYNE T YAdBo|Y Qrejt 2FAFHA/L HYLERTY £L o

o

A A AVl A=A [19 5-31% gol A} A4 Atk ARHA
~° 247, AYWAY], BOP SolA Burl 7isd A4: A7 48AY Az
B Fo7 4% AEZ E4AL fEad ALSsdrh A88 AR, HdA, &5



@ A7) %% 58 AY 4

® &A€L 1 AC/DC QIWE Y 48 A At
® ZAR Y L5839 Feo] BE JdgHA Y 29 v& 24
@ DC/DC #WE 9 &8 At

® FAA9 &8 A

® A=HA =9 AL

2) A5 At &4
O 48dA o ©E o
@ ol &E ©WE FF
@ PROXY T &4 ALt
@ Aoltg7|e U+ %
® 371 ME719 47 =4 At

® MAZ e FFEHE Q7 £F7) FHEFF A

3) A7l €A A=A

@ gw37|8HEXS) EudF A
@ dudr|7(HEX7) SuF A
d 2 37)6(HEX6) SugF ALt
@ 9@ 7|5HEXS) SudzF A
G FL7) deE9HF 2 TFEF A
@ dx7dA Bad dF At
AAi7lo] BFE A5H 9 FUF AL

9 FoldA AL #A
® 9¥s £ Hd 4
@ A=AA BAT IF AN
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27

s

® 7 du@rNA A58 A% AN

@ 53 ALH FIFY AR g2 e5uAg LE AN

® esuae exd W Bx g @ WAde) 45y
( START )

Design Parameter

& 39

!

Load inputdata
(Load=AC output)

System load control

v

Calculate
Lv,
Bop Power, Fcg, Fcen

Calculate DC coutput Powoer

Calculate Battery
(SOC,Ebat)

v

Calculate FC heat
feed Air, H2

Calculate LNG for
Reforming & combustor

Calculate
Thermalstorage Tank
Temperature

]

v

Save data

Calculate Efficiency

etc.

-

C

(28] 5- 14] A28 34 4%
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Alzd A Al AR Bad 93 ) o e %E d8WA AL", 25

eFHae 44, dadA T4 AA

=
Axde AMEe 24T Bash Ak B ATdAE 48y FHe Add 87 2

el A F
[29 5-15], [2¥ 5-16] 28z [2¥ 5-17]0] A4E
A9 o veld Aotk <& 5-4>& AEE 3}F

g3 AP BF D D A7) FAE e Aol

o

NEez N A AodZe va Fristsldh (29 5-14]

A7) A 2 dluA e Sa
Foe A7l 2 AAUA ALS

A7)53te] ASLE AddEE 2 o7t figlen, iAoz 500WAHEAT. Al
W2 QA2-5A o] ALgZFo] 400WE Wk, 20-23A1Zdlel 7HY A JYEd
o} wEe] dRste] ASE AREE oyt AA dEtETh A5H A HE IR

= 00WHZ ALHL 18B0WE JFH] Fate 64

flo

A=A €% A7) Fseiy vle

2 sledd Ae LIAERCH o8de A% A/Rar A3y 2m, ALl

29 @nsisl drinee g AEE ushdth ARAd A=d AL Astd (29

5-15], [2® 5-16], [19 5-17]%} 2& 9 2 A7)%-3

Aeg 8 A52 ARSI

1000 4 | —@— Electric load
-0+ Heat load

[23 5-15] &, 7F&3 7HgelA g
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800
700
600
500
400
300
200
100

3500
3000
2500
2000
1500
1000

500

e = = 0RO O e e Q.
WM;Qxhoqyo;wm_h___mwx)

O
O © L O U

[2% 5-17]. ASE 7AAe 25 A7) 23t

<E 5-4> AFE 4 % A7 ALF

2 7ted SEE Agd
T2
A7) g | a1 | 2 | 3 a
ZB3s(kWh) | 12330 | 12420 | 12500 7.340 12.260 | 44.550
| BERsHkW) | 0.514 0.518 0.521 0.306 0.511 1.856
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A7 e F

bob BAgle] @ Al=dol

[

ez A7lF
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=13

A & AL 27 FLHEYgr
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of a3 HEFH dAUAE ARARA LA

wagy Bz Rdrt XFE As5AA A2 A
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SEREEIN
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AR Aage gRAdH dA flol FHHLE AFHI

Fool dgstel €98 + vk
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F OB R WU TR oo R =
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T A e R %0
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I R P & g O R
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T oy XX = M o T X c
k3 xP iy Womook R a2 LA o oM N %
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TN o om BN RN ¢ BTy
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25T &% 27 WSS dEste Asdx e FHE 4GAZ -3 HHE ALE
A th <¥ 5-5>9 case 12 ABAAE 100%, 80%, 50%, 10%=2 &A= 4 -¢olH
<E 56>9 case2t SUHHOE 100%, 75%, 50%, 6% 2 EAd = A9 oo

<¥E 55> d8AR &&€ Ao] =7 Case 1

A X
374 H 0.4¢= | 0.5¢= | 0.6<= | - _
(SoC) |SoC<=0.4} SoC SoC SoC S c
(6]
=583 0.5 0.6 <0.7
L% (Tts)

Tts<60C 100 100 80 80 10
60°C<=Tts<61C 100 80 50 50 10
61°C<=Tts<62C 100 80 50 10 10

62C<=Tts 100 50 10 10 10

<E 56> duHA &9 Ao 27 Case 2
A
SA3H 0.4<= | 0.5<= | 0.6<= | _
(SoC) SoC<=0.4| SoC SoC SoC '
SoC
=58 0.5 <0.6 0.7
2% (Tts)

Tts<60C 100 100 75 75 25
60°C<=Tts<61C 100 75 50 50 25
61°C<=Tts<62C 100 75 50 25 25

62°C<=Tts 100 50 25 25 25
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AR Al ade] E&L YHUA g SR Hgolrh A7]HQ oA

g A& Azgel Bge thed gol AU

W,

Ne = m—‘f;{ (5-25)
dg o] g3tE AlAH F8L AdFAUR U FHE A Y Hl&olt
N, me

A3t A7l AUAE EA ALLstE ZAUHA A" F&E dFH YA
3 A" 43 A7) oA Y v golw b3 Zo] EAE + Yok

W+ @

Teslln = " BT (5-27)

gap B oAA Asde] mge AAA2de 238 A2 ojue] UE A
ARl A 2HE A7UA L AojUiAs L5HAR (5T DA HE ey
S ok Azdel dEd duAE F72 A27FF A

242 YA, Bzrdg A7t Aok

AN LRI Sk

el =& AR 4 AFE DY A] 4 2583 oA
AANZRN B = ao gy A 4 Bxndel A& U4 Z AT §
(5-28)
AU AE Agaxe 28 AUz Fde 2R A7) R Aedel
A Ao B39 Aoux], e48a dduAs hd 2IFn e doluix S

LFHIAc] FFE WY duiAelth dar) U= AE7] A&7 TFE A8
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YAol® AR uAE Fartag 98 ARl FRE BArkad oAyl
Adrtee JUAE Bes

191759 kcal/kg-mol (LHV, 25TC)

341476 kcal/kg-mol

488528 kcal/kg—mol

AH oS &e] HE )

635385 kcal/kg—-mol

AH (58] B53)

633745 kcal/kg-mol

£0.0142 H oy
= 217004kcal/kg-mol

A Hyg(AB7k29] wh88)=0.90% A Hppyy + 0.05% A Hpy st 0.03% A Hpy g+ .01 A H, g 110

(LHV, 257C)

B3 AsdA A2dHe] 582 ARAXE

€
Ao #FAAMT Adstgen g&3 2o

o

Az HA Alz=de] & = (A7l A+ e A])

A53s7] 8 TFE A8 A o
A7) A, ARHAAZRE P dAUAF AL ALY &
quA e vz e5dgas wxudye] Jux #AE WAL A

Az 4%
=

A %4

(5-29)

NABAAFF AN A+ A A o | A])

AZHBAN2AONEYNY B&S AV T5E A8Y oA oig HEd

Thim = T A Hyy X Fp
d714 HE ALy, FE F3old. dxrld 33=HE d8e F43% 29 &7
e Z W a7t FE o)RH Frhz G| REY A$ AdAsaE AW FTH



% k. B A7
& 9% ed% B4 23& Bew 2o

<E 5-8 #H mde & 27

AEHA Al =9 1kW
A7 A &9 3kW
ARl & E 75%
CedbdR a3 45%
F57] MA7 2= 750C
Aolukgr] 2% 450C
PROX &% 120C
28 AT 75T
S/C(Steam/carbon ratio) 3
AY 44 2EHIALE 62°C
2 &% 350kg
A 3 4 4 A3 74
1. APl s 2t
A e S Fse FoAz H3 AUy ¥ 4 SoC “defol w
|
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<E 59> dA2AA 29 100% FE23 Al - EF TF
Number 1 2 3 4 5 6
2=[7T] 25 25 500 750 180 140
¢+ = [atm] 1.35 1.23 1.18 1.16 1.14
++ Z{mmol/s] 2.68 94 12.08 18.3 18.3 20.47
Z 43 [mol%]
CH4 90 65 0.2 0.2 0.1
C2H6 5 1.2
C3HS8 3 06
nC4H10 1 0.2
iC4H10 1 0.2
H2 .8 62.3 55.1
CO 10.6 3.2
CcO2 6.4 13.8 149
H20 100 77.8 28 20.5 194
N2 104
02
Number 7 3 9 10 11 12
£ =[] 75 80 65 75 80 25
3 [atm] 1.13 1.12 1.06 1.06 1.045 1.06
% [mmol/s] 20.47 12.1 16.43 50.1 51.6 63.1
Z3[mol%]
CH4 0.1 0.2 0.1
C2H6
C3H8
nC4H10
iC4H10
H2 55.1 22.9 124
CO
CO2 149 25.6 13.8
H20 194 334 181 154
N2 104 179 459 79 73.1 79
02 9.7 21 115 21
Number | 25H3ILE | 58°C %44 SoC | 0.47
13 PEFC &g 1000W
14 A2 Z -9 & 314.9W (FA)
15 AHE &9 500W
16 PEFC A4 €% T376W
17 e4dm FHF F 934.5W
13 7t el %38t 1200W
19 BzRdy I3 % 0
20 BOP 4H] 59 105.7TW
21 ME7) &8 85.7%
22 A5 HA & & 52.3%
23 AAA 28 T & 67.8%
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<E 5-10> A2AR &9 75% HERS Al 4 - EF 73
Number 1 2 3 4 5 6
ex[T] 25 2%5 500 750 180 140
¢+ ¥ [atm] 1.35 1.23 1.18 1.16 1.14
 Z[mmol/s] 2.08 7.30 9.38 142 142 15.89
Z A [mol%]
CH4 90 65 0.2 0.2 0.1
C2H6 5 12
C3H8 3 06
nC4H10 1 0.2
iC4H10 1 0.2
H2 54.8 62.3 55.1
CcO 106 3.2
co2 6.4 138 149
H20 100 778 28 205 194
N2 104
02
Number 7 8 9 10 11 12
=[] 75 80 65 75 80 25
3t [atm) 113 1.12 1.06 1.06 1.045 1.06
- 2 [mmol/s) 15.89 9.42 12.76 38.87 42.05 49
Z A [mol%]
CHA4 0.1 0.2 0.1
C2H6
C3H8
nC4H10
iC4H10
H2 55.1 22.9 124
CO
CcO2 149 25.6 138
H20 19.4 33.4 18.1 15.4
N2 104 179 459 79 731 79
02 9.7 21 115 21
Number | &%832% | 584C | %734 SoC | 0.67
13 PEFC &¥ T50W
14 =2-z F-3d F 63.1W (&4)
15 AHH &¢ 500W
16 PEFC &84 9% 529.9W
17 oA 3F 9% 722.82W
18 7} e g3t 336W
19 RzEYYY FF €% 0
20 BOP 4H| %3 103.9W
21 NA7) Z& 85.7%
22 dgAx 58 55.2%
23 HAAA L8 B E 69.5%

- 225 -




<E 511> d8HA 29 50% HERS A -2 74

Number 1 2 3 4 5 6
=[] 25 25 500 750 180 140
¢+ [atm] 1.35 1.23 1.18 1.16 1.14
+r Z[mmol/s] 1.156 4.05 5.2 7.88 7.88 8.82
Z A [mol%]

CH4 90 65 0.2 0.2 0.1
C2H6 5 12

C3H8 3 0.6

nC4H10 1 0.2

iC4H10 1 0.2

H2 54.8 62.3 55.1
CcO 106 32

CcOo2 6.4 138 149
H20 100 778 28 20.5 194
N2 104
02

Number 7 8 9 10 11 12
%[ T] 75 80 65 75 80 25
s+ {atm) 1.13 1.12 1.06 1.06 1.045 1.06
4 2 [mmol/s] 8.82 5.23 7.08 21.57 23.34 27.2
ZA[mol%]

CH4 0.1 0.2 0.1
C2H6
C3H8
nC4H10
iC4H10
H2 55.1 22.9 12.4
CO
CcO2 149 25.6 138
H20 194 33.4 18.1 154
N2 104 179 459 79 73.1 79
02 97 21 115 21
Number | €®3e% | 595C | %HA SoC | 0.69
13 PEFC =9 500W
14 =42 5 -9d & 674W (F4)
15 Iy &9 400W
16 PEFC ¥4 €% 341.3W
17 erHa 33 €% 4252W
18 7149 |4 RBat 528W
19 Bpzxrdy IF E% 0
20 BOP 4H| 53¢ 101.76W
21 NA7 2& 85.7%
22 AgAdA EE& 60.4%
23 AN S 73.8%
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<E 5-12> d8dA =¥ 5% FEHEIA 4 - EFITA
Number 1 2 3 4 5 6
EE[C] %5 %5 500 750 180 140
o= [atm) 135 1.23 118 116 1.14
+ Z[mmol/s] 0.479 163 2.75 4.17 417 466
Z A mol%]
CH4 90 20 0.2 0.2 0.1
C2H6 5 12
C3H8 3 06
nC4H10 1 0.2
iC4H10 1 0.2
H2 548 62.3 55.1
CcO 106 3.2
CcO2 6.4 138 149
H20 100 718 28 205 19.4
N2 10.4
02
Number 7 8 9 10 11 12
e=[C] 75 80 65 75 80 25
st [atm] 1.13 112 1.06 1.06 1.045 1.06
& #Zmmol/s] 466 277 375 11.38 123 143
Z 3 [mol%]
CH4 0.1 0.2 0.1
C2H6
C3H8
nC4H10
iC4H10
H2 55.1 229 124
CcO
CO2 149 256 138
H20 194 334 18.1 154
N2 10.4 179 45.9 79 73.1 79
02 97 21 115 21
Number | €5%ae% | 59.9C [ %%# SoC |  0.693
13 PEFC & 256W
14 AR F.dAd & 311.3W (A)
15 A¥EH =9 400W
16 PEFC A4 &% 171W
17 g3 I3 9% 206W
18 7149l EF3} 288W
19 pzuddy 33 €% 0
20 BOP 44 &3 100W
21 MAZl && 85.7%
22 AR AR Al2" B & 71.9%
23 HAA A2d 58 80.9%
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2. ARE 45 %7}

uet AsHE7te F357] At <x
2 A% d4e 8. <® 513>
o] Az A BEH o wE Add A% veld Zolth M &2 Bdrt
A E3d A2 F&E AN Aoy, d8HA A2" E&2 BYHe A
229 AT Ao dBRAHA, FAX, FE¥II7E £FE A2 AT
o AA A2" GEEL RYFHAA FFHE JUA HEo] B2 AEH
b Eokth ole Bd e F&o) HRE FI g nHT AsSHA A2"He e

B2 e fAs8) gEolth. d8HA Alzde §&e FF} Aeo] 60%4
T2 231 482 douxg ALEF] AL glojA dsHMA A HAHE & Y4FE

HEsy] Wi dddez 2 580 ¥

< ¥ 513> dsdR F3 ALy BE &S

TE A& case 1 case 2
B Jle 67.9 68.3
AA B (%) SR 54.1 545
AL 71.1 716
As A A B e 578 53.1
~8 F-8
Aew as oz 489 49.4
(Bdg Ag)
(%) g 56.5 58.1
= 142.3 140.3
o 2
A% ST oq g 140.9 139.2
(mol)
A 152.4 1486
2 7te 106590 106130
3L 2k
71 2H83 o e 105211 102810
(kmol)
AE 112443 110410
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EBARA Ballard Clorp.
Rated output: 1.0 kW Class
FC unit: WO xHY00x D280
Hot well Tank: 200L
Fuel: Naturnl Gas

HANY O Electrie C'o,. Lad.
Rated output: 1.0 k'W Class
FC unit: W760xH1 000=D3330
Hot well Tank: 160L

Toyota Motor Corp.
Rated cutput: 1.0 kW Class
FC unit: W700 <xHIDOx D3ED
Hot well Tank: 1 50L.

Fuel: Natural Gas

"Toshiba International Fud Cdls
Corp.
Rated output: 1.0 kW Class
FC unit: WERMIxHE45x DI300
Hot well Tank: 300L
Fuclk Natuml Gas

Fuecl: Natural Gas

Bt m

Malsushila Electric Indastrial
Cou Ltd.
Rated output: 1.0 kW Class
FIC unit: W71 0xH340x D370
Hot well Tank: 150L
Fuel: Matural Gas

Mitxabishi Hoayy Indoysinies,
Lad.

Rated output: 1.0 kW Class

FC unit: Wo6eD=xH1020xD350

Hot well Tank: 200L

Fucl Natural Cias

: *
M y ™

Matsushita Electric Wordks., Ltd

Rated output: 1.0 kW Class
FC unit: WBON=xH 1000x[23370
Hot well Tank: 1 S0L

Fuel: Propane

Plag Power

Rated output: 5.0 kW Class
FC unit: W 1990 H1735x D 1059

Hot well Tank: 315L

Fuel: Natural Gas:

o

e
Ishikawajimae-llarima eavy
Indeestrics Co., Ltd.
Rated output: 5.0 kW Class
FC unit: W1787« HI1710- D752
Hot well Tank: 2001
Fuel: Natural Gas

(Unit: mm)
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Mitsubishi

Hyundai
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(29 7-318] A8 AA AFa £F 74

3 AF 9+

h 7188 d8dA

ATE FaPst Urh o] TIPS B2FxE AFFUL A XE AL R O HIFAYE
A% dAFE g3t Aotk AA 3XANA kW, 5kW, 0.25kWH ] 66units 2=
AZzA¥8e Fdstn Aot <FT-1>L Fo7dP Azds 2% Aov. Asd #
Axo] AXH Fe&d FEE, WY, T diFg HF A¥& st oy, dAdxn
BEst] Hx Fio exwE stad ¥EI 2 vAGHQA dH Ao el o
g AF ARe FRsL UG

Manufacture | 2| Fuel | U Jnits _
anutacture | o, | Y€ Sa8€ | Fy00 | FYOL | FY02 | FYO03 | FY04
Ebara Ballard 2 2 2 3 1
Sanyo Electric 2 2 2 3 1
Toshiba IFC 2 2 2 3 1
- Natural
Panasonic 2 2 2 3 1
new | O 1|1 |1 1
Toyota Stationary
Mitsubishi EIC| Class 1
Mitsubishi HI 2 2 1
Mitsubishi IFC 1
Propane
Toshiba IFC 1
|
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THI 2 2 1
Plug Power Natural 1
UTC/TIFC 5kW Gas 1
Nuvera Class 1
H Power Propane 1 1
Eneos Naphtha 1
Matsushita
0.25kW| Butan | Portable 1 1
EW
Total 66 Units
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(17 7-5] Q9 d2AA AEH 4F 4

() A=

[17 7-5]9 Zo] Z+=e ABAA A AFTHES dtx I d&9 BH
JHFC(Japan Hydrogen and Fuel Cell Demonstration Project)& &3tz glom v=L
A el FEUH g3 281 8 CUTE Z2a3le] A= vt o
© 14709 F4& 2gHoAdA LPG , Wee, A 5& 57 /M2 YHeR F4E
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Molded graphite bipolar plate
(GIT)
N °
[ ]
o Stainless steel bipolar plate -
(MITSUBISHI ) Metal alloy bipolar plate

(GIT)

(2" 7-6] £=& 7le Mg

(238 7-6]7 o] B wsixE Misubishi HA7|olA = Graphite-Polymer
Composite®} Titaniumj &9 g A+ 2Hx7b AT Misubishi A7]E
TitaniumA B2 TE dtEd §2 Jeo 2dd 28F(Mesh) B B2 @
T3 A2 2x3¥th Mesh FElE A &3te A5 F2AA &E &40 S
AaAx Az Bdde HEHo| Frld AVIHA AEw7 F7H T2 FREI

o) 9] GTI(Gas Technology Institute)s Z=3 egldgolEst g4 o] oigh

)
"
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Z3 9] Tsinghua W38, Y& Toyohashi, Waseda Wl A AsHA @9 4& 4
Az drod Axads 232 2Fsdd. AU Quebec Wil Cylindrical
3} Planar FE1o nEA daAAN g AEYA AFE THEGEY, Cylindrical
et 2 M9 B9 AAJ} &olste] Aol ¥rhe AAE TEAD (2™ 771

Simulation & Cell test

Bl e Plone s (anndd sben: Fie, the Soction o a cbndimal o

planar and cylindrical PEMFC simulation

Simulation (University of Quebec, Canada)

(Kyushu University, Japan)

fign 24 eaticunty 2ol v ond w e

Fipan 1 apermental g e

TRTEO Cladtivady
Current distribution Measure system Current distribution
(Toyohashi University, Japan) (Waseda University, Japan)

(2% 7-7] 88X £X 4 2 AFZA

B 2 gdekE V|EEAR ste

o) 2= Tantalum Oxynitrides, Tungsten Carbide 5 MZ & ASE didt A=E] 3l
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olZtt FAHCeE [27 7919 2ol &Y AT e 2HA ©
23} radiation grafting 7I¥Hol €3] PTFE crosslinked 1 =
Bustgon, dE9 IEANME YFF BIriaE

=
& FAske] 60041 AN HAHE Hse HastA

Electrocatalyst

=

<

toiul surface: 2d6miig

isothers of type U-IY |

poresuifee: 873wy

extérml surface: 159 e
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Carbon material MWCNT Carbon nanofiber
{University of Quebec, Canada) (HIAT Gmbh Gemnany) (Sabanci University, Turkey)
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Crosslinked PEFE by Radiation grafting Aromatic hydrocarbon PEM
: (Waseda University, Japan) (Hitachi, Japan)

(28 7-9] 82 AshA2 M

- 252 -



3. 8% % A

A 152 WHECAIA QA8 Hofel, Ag¥d R F37]7], 181 7]
Bolz o] g0l =Fo] HEEHNLH, ARAA AFAE FEE
Ak AR ZF A ARHoz Estn e ZEA A A= <
gEobo] 40Wel el =Fo] BEHUT MA AFelA dsHA B e A
AxHo dau YE AFNA F43AM A8MA] #H =8 g TEHI 9]

e @4 dzdA e AL UE Bhel a2 #dEn JE AL el

A

Butgel tjEo] 49 ARHA g BAA EHAI} ofFolHh ool = A8
£l

AR AERet 4 AHA aFn 7HEE A8HA AR AL"d dF Vel
Al
=

_/i:
ge AAE oA AR A e ArAA

g wals) IHI, Nuvera 5 423 Folr Add vgd dsdx Aadd A A

S597F AT APPEE et & U

4. 3442 2 F0EY

- 15th World Hydrogen Energy Conference Abstracts, Yokohama, Japan, 2004

- NEDOQO Special Address, NEDO, 2004

- Gen Inoue, etc, " Numerical analysis of current distribution in PEFC and
optimization of operating condition”, Kyushu Uni., 2004

- Gen Inoue, etc, " Effect of channel Shape in the Seperator on comprehensive
performance of polymer electrolyte fuel cell- Mathematical and experimental
studies,” Kyushu Uni.,2004

- Fuel Cell Vehicle, Japan Hydrogen & Fuel Cell Demonstration Project

- AN Fa Ve - B F2AEE EXR @ A7 45 Z2AES)
759 A, d&€ Y &3, ISBN4-8190-1604-0
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- US DOE, US Army Corps of Engineers,
- Advanced Technology Program

- EPRI, Gas Technology Institute

- NASA, US Fuel Cell Council(7]=})
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A REAY $o8 g&3ee 1A AHE A8 AR (SOFC) okl B2 7leg A
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- 2004 Fuel Cell Seminar, Program and Abstracts, San Antonio Nov. 1-5, 2004.
— 2004 Annual Progress Report- DOE Hydrogen Program, Fuel Cells
Infrastructure Tech. US DOE, Nov. 2004

Fuel Cell Handbook, 7th edition, US DOE, Nov. 2004

- 2004 Office of Fossile Energy Fuel Cell Program Annual Report, 2004 NETL, DOE.

Fuel CElls for Power Generation, US Fuel Cell Council

2004 Activities Report, US Fuel Cell Council

2004 Worldwide Fuel Cell Industry Survey, US Fuel Cell Council
Media Guide 2004-2005, US Fuel Cell Council

A 3d 2005 A5FA Aut

L S8 9 HAI iR

DR A2 AAPEFC) g 71& 53 FA FA FFS 95k 20058 114
1392F 119 23U7A] = Bz soa @ 2005 Fuel cell seminare] st

Azdx Auts s, A72, 719 2 ASRE 7 AN HE SRz £F
wo we J1e =Ry AdAe) A48 sjeo YEHE ARAA B A A FE
o & A7,

ez 3= o 20008 e] o4l Ade] FNsger IudA=
NAA S T3ste] 507 ool AMstgth LEH & =& AAIE F

2o AL et AFe) 71E A BT o= FE VLT £ AUt "= A
[e]
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9lth. 2005 A2AA Aujue] 2EP 7]& =¥ EXE ALY nERANAAERA
(PEFC)## 9098 mA4sE dBHAA(SOFC)#H 40994, 52U IASHA
(MCFC) 28 61 ARveedadx g FuU&ad 2044, 7|ek #4288 7le 5 70
B o] wRHYT A DE = F PEFC Axgd #EF Ao M Bhe

< e 2 gejdA) 314, Fv 10, BOP 5%0
BEdgon ANHoz AZAsud AHY P g0l F2 wRH A2 AF
2 wgsn ok £ Ay 71z 3 ddst oA R 100 7 9

AlA A2 AA 249 BOP 2 AN 5 dzaA#d AFe A

oft

7t QA=A Al AL

- UA] 20054 11¥ 139 ~ 11¢¥ 18Y

- AA o FA=ZY 2~ Convention Center

Z A3 ez, dig, AL, et
2 ALgAE0] B drdx B Vg HZ 7MY 2, 283 44 2 A
3 Fo| Bt LR duHA @4
A5z 9ok i 2,000 - 30008 AE7F A4 Qo o= F 2,0008 ©
Aol Be dmAx BARS FAges, LEEEE 20097010, Ve A
AAZ 1007 o]del o= 3o

AN Ao et B SEEok WE Ve Y S22 ke FEel 4
£37F 7bEEke A48 olF Y, A4S, AF5AE AY T 2 SFEWt 2
2 A AsAx Hopel A ASE ABHA Hepo Bl JFHUH. =T

2EA AHR A8AAY 48 TFL 9% d8AR FH7L AAVA dE 2

N

E A%7F Z7ketm olol HE A7 Aol 2l

wrg =En A4 ARE Fd 248 A2 dudA 2dslee] A¥e v
W ged 2o HgE 3 ABHE QYo F
37k obF 21 AT AL L Az, Bl 3AEol A
20054 g 7JECR HEH YEoq HEH BIFE FAAT I
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PEFC, SOFC 71€& HZ ol& &od gigh d77 &ds] o|FoAx e A=
& 4 Atk PEFCE Fd4& ZAUHH d8AdA] AL ATAEoR T2
AEtE g oy oo EQAIZeZ Aut A, AA} T ohdd Eofzo H&
o] AP gt AL AsAX Y A H&sE vied o8& 4T 4dd °
3 wEst dfen AExg BolilAME vt FCX 7€ wEoE 4% &4
o] o]Zol ~®l y]&o] wEHAUTH nFY H$ FE Plug Powerrltrt 4 -83h¢}
AZS 9% A2ge F2 Adsn ddoen 2 A g JAE HEE
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. gEAR JlgdE el

o

(1) 282 d34x 2% Ad 2 A

o GrafTech: GrafoilS ©] €3 A 2% /M3 7tAagE: NEAdAdE 2HAT
b2 SalE JA] nH ok AT AFe ged 2o

- e A7l A%

|
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U
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2
2

Yol & flexibility

o CO, NO2, H2S %o| 984z AsAste vials a3 243

=

I
in
i
e
o

o 3M: NSTF (nano structured thin film) catalyst®] ¢H3A A 7l T X
- 71E FuEy v FE

- A8 " CV cycling (06-1.2V)ol 23 7143t A3
- B4 Zof dr1ge A WA HE

i)

2: NSTFE gA 2 AFE3lE PtE2ule Ao B
o dtstolgsh COS B8 93 A84dA A% Azt @4 &
o E-TEK: ELAT A= AA ¥4 27
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o REZE, IM: WA 4L 18 SWNT A5 v A 7tsAd AR
o Gore: 7148 Agel o3 MEA W74 HXE
(Zr 784 5494 EUHE 4 +3)
- A=
o /1A A &4 S % W3l W swelling 2 A% & &4
(120071018 A @& B3 &<l) H2 crossover 573

ejonomer 3383 AFAs} T, 1Y, ¥ A

flo
hit)3

[e) =
R S B =

A2l &4 {4 g &%, S sintering

2Aug: CO2 AN Y 54, 71884 E99 2, 4% 37

(2) 12 Asfjd=

o Asahi Kasei: 100C o], 2 FXolA <t
OCVolAM e 7143 A3 A7)

o
rok

2t A

(2

#3 24 EAY A HF

o Nissan, JM: Kynar polyvinylidene fluoride (PVDF) % 2&7] 2 Nafion 1129} H| 1l
o Asahi Glass: 100TC o)A low RHolA <tA S = 7 A A7)
120°C, A& E50%, 0.2A/cm2 4000A71 2 4434, F #i& 77|,
cathode catalyst layer 7 44% T4
o Motorola: WEE 7/MA7] A4 4238 1& 29 1600C, 25W, 1% CO 400A17F &4
anode A9 Zol Aol 1 F4& o] &FE FY
cathode #'d : ¥7]

o NIST: SAA o] & A YFoAe & AT 7HA3h
o Polyfuel: HC = 7§ 27 (95C7HA] &4 71%)

ol

FHgozg A8 2% o

o Paul Scherrer institute (=% 2): Radiation Grafted ¥} 2 A7), A&

(3) L&A A=HA F4Y H&

o Arizona State University: Plug PowerAl =¥ o]-& AlEt7]F oMo HAE ZA¥H I
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o Ishikawajima-Harima Heavy Industries : 5kWH, 201008 &A] oA

o Tokyo Gas : 20053 "LIFUEL” d¥9"o2 A|&7/14, Ebara Ballard®} Matsushita
A7 &= sl AA7ER 2,000 start-up and shutdown &7

o Toshiba: EA7FA 50497] E &, 10,0004 A5 &4

o Plug Power: 2001\ o] &2 425719 Alxdl AF &4

2d V2 2006 79 o)F 2 &% 4d7F AAY GenSys MY ¥ F

o Ida Tech: 5kWH &€H3st Al2H

4) =48& H&

DaimlerChrysler, Honda FCX, . ISE (San Diego), @t, TIAXLLC SdA 45
A=A AL s i g
o Honda: A2 7]& AFEAX FCX &7

off

- 2 Aromatic AlE, -20C7Hx &4 7}
- g9} Stainless Steel, 9 passivation ¥ conductive material 4%

- 29 dAY A, AA rod WA panel2 A2, 2kW/Lo] 24" SE€E=

5G) 827

o 7k Pt-Co cathode catalyst, 100043t durability test
o AIST: Pt-Ru Fwld=¢ AsAs wWAUE 9+
o PEMEASAIS] 31& MEA 7]& &7
o ANL:
- Aligned Carbon nanotube HAE% WA AFEHv] A, AN FH H
- Pt &9 9] deactivation ¥l w4, A o A7+ &
- T2 X ol wE A AlF
(Z @&3F 24 £7] Aol &o]: eh2 o, ¥ &4 A)
- HR TEM ©| &34 MEA +% A4
- HPAol &3 1 Az 128 £ ArlF &
- cathode 91419 & A4 % o]F F4E CCD cameras ©]-&3to] #F

o Ballard: voltage reversal@/¢& AwW3la W74 A& anode A= A2t A A



(6) /3 (Durability)

b3 A A Ast daaA &

o Nuvera : 10000417 &7] HAE #HAA Z+ AlHwict Ae] CV/EIS, SEM/EDS,
C/F ratio 5 #4

o Asahi Glass:

Perfluorinated membrane A% As +& &4

74438 A% OCV A8t, T2 H2029 =% A3, N2 carrier gas °]&)

- 7 AsAS 72 A

- g% BYm Ry 49 Y A

= B i

- On-off cycled] 23 4% Adt Hx &<
- Zv) g 7A A3 dA8(120, 150T), 1.2VEA
- A 3% A39} Flourine % Abolel A#aA A4
o LANL:
- GDL 2 MEA?] 2dAd2 SHA o W74 BZF
- 2Z2-3% 207 A7) A HAHAA ASH 7 Apold] AARH B A

3] FaaA

-l

S
S

- 2 A5 A} B4ol2
o 3M :
- MEA 7} 283 9 =2dzy 10718 d94s A9 AT &
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- A 2x, Jlg, F-ol& wWiE®d 438 7=

3. 29 9 A

Zadd ARVAE 4477 A% Yol APHn vk nEA A A=A
Ao Agste e Bad A4 B4R A APE AY AT FASA Fhekn
ek, AAHNE Fa AndA ALH d§E A duyx) wAT 2 AW 24

- 265 -



3 A= # Jy &8

- 2005 Fuel Cell Seminar abstract book, Program and Abstracts, Palm Springs
Nov. 13~18, 2005.

- DOD, Fuel Cell Test and Evaluation Center

- Fuel Cell Magazine, 2005 8/9

- 4% AR 7le BYE FZY H09F
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A5x 2 FAFHA] TEEAE FHsA o Ae AF AL, wE A7
3 A d, solnds AZAEA AL, A5AA 2 dAdE AFAEore S3tE
&S BAse o

Az Az stolrac nUsAE $13 AR Qingyuan AFA AN AL 22 %
A7) vy e FARELS <F 7-2>9 2o

o}, jE#ECiSEE Automotive Safety and Energy A%

Zz3e 19909 FuRE Ao A de 2AHA BHLE 7HA7] AFEA
o 53] 20083 wWold LT 2010d Astel HA wrEseln ARHA Wie} A
Jg A4 AYL AT Yk olHE A EX] dFeoz F= olEA AL
gietael wiEgstae] A5a #d AU AEAE dadx] A" 28 49 =
AZAA W2 £AHE Men e Foloh

<E 7-3> T d84% & A Hl
A¥ B¥

27 11,020(L) x2,490(W) x3,420(H)mm |11,020(L)*2,490(W)»3,420(H)mm

A 15,500kg 15,500kg

9% AEHA+FAA ABAA+FAA

T2 A ARG} dadA
Az A=A |EFH|5kW 100kW
T & |940% 2F40%
2A 80Ah 35Ah (F=AA])
R 120kW 120kW
HA 5 31 33
Huise 67.6km/h 65km/h
V& T 35.3.sec (0 —> 50km/h) 40sec (0 -> 50km/h)
S8y 15% 15%
HEYSGT YA JdANATHE, A3 547 74 T F TFY HEHY A8A
A AFie oz AFHL LT Ut FF Fol AXH ABAA MEe =8
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[2¥ 7-17] DICP d8AA7F gad d54dA olBE H

A 5 A PBFC2 LEA} ARAA7&

1. &3] 7j8a

20059 6¥ 12¢%E 1797kA w]FolA €9 PBFC2(2nd international conference on
Polymer Batteries and Fuel Cells)ol #43le] #d 7|&& #4355t PBFC2(2nd
international conference on Polymer Batteries and Fuel Cells)e ZEAE o] &3+
ABAA Y} AXNE 93 ARSI ZA E2E TFE TF oF 20089 =& TEFHAT
Hoo] olxAAA g} AR AA Rk A 7HF BE] A7 MHEE Rol nEA A <
2 AR (PEFC)¢ g Eol& mEAMA(LPBs)ZA LPBse &3t A& ddste
GAoln, PEFCE 243 E 93 95724 AFAE A7 B3F4d, 2892 &
3 ol2q AYow AN AAZRoR AAgn ot FHEIEoke &L AFox
B2pstm ol AR 2Ag AxEHAA 7| EI]&H HE 7e FAAA WA orE &
A 7b wol FolglE AR ow  PBFC2E 7I€AQd FEAA AL Eokd FAMAE &
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olgHozE AAZA WFHujg ol Fxo digd A& ojsrt e FH I
Double layer ] &2 &3 &2 AAE 497 #Hdat £ HF& A% &
2 AR Ao o8] A3kl hydroperoxy free radicals o] A4¥o AT A
x9 A& 71t UTC Fuel Cells Co.olX #AAIE Tafel 71&71E 65CHA 70 mV °]
o 0OVl Ataeh F7d Mg d3" g 57 ofdm 5% AAgA YEd 9
t}. kinetic Ao]BA s A Is = nFksCool™ 7|4 kst ¥H§EolH Cov X3 AlA
9] Aamolth Cox (CoDo)”? 2 4Astd Uehd % Utk Ralph 5ol 93 4
ol o8 ALABYE 3 specific activity = 80TNA 10A/m2PtE H2¥ + U
o|AE FFMNE ks ¥ 107 cm/sec L7} Ak

rol

Lt AA=xRE A8AR] WZEe-Al(Honeywell CPG)

AERgo] HEHE DEA AHZAEAAY FFLEE 60TAA BT HHAWHAIA
zd5 oo} a7 ARAAI AAE THAINEA & YT EEZ A 2US A
A A7 Jal BGAY A FAE ALEEHjoR F. AFANM HBRE b=
283 2498 93t ZFAL 06914 1lvolt A= GHHAAE HIFste] LEOZ A}
497 H9 dukxg oz 10070 ool 60070 AEAA AT HFHY e
100Vel Al 600VAEZA 8 & Aok Q882 W& 9% ¥dAs dE7d ¢
Z A" YUZ=E 53 FE2 A4" 7 GA™A Aol E71H FFHER
e Az AYel 2E F Utk

detd H7H 23g HaFPdAY AARY HAe WA AVAEETE A
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o @71 Fol7] fdtd ¥ dAERES W SAE AT glelok stv, H)dHEA
S 2o HEEHS JAAI7) Y8t Aol Folof Ik E HE FIF SAHCE
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A YHAREFe] AL Hasgen He Hkgo] odAld WA}
Zesitt, WA #e JYAAE 43 FAAAAE 22 AVNAREZ Qs A5HA 9
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( Istituto di Struttura della Materia - CNR, Italy)

TEAHPEM)N Y 435 PEMY ol ATL S ZAAIT &4 Fd Ad544 Y
PEMe &&=z 2F71x= 2 7}A] WHE-small angle neutron scattering, magnetic
resonance imaging, neutron radiography-% 22 A Hojgkth 18y o)y 7|&E e
/A7 Belso] dubg oz v}, o] =RoAe 90keVel @3dt=VHEXD(Very
High Energy X-ray Diffraction)2 ©]€3% W8l & A&t AARE o] AL 579
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