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## 5270839321 : MAJOR MECHANICAL ENGINEERING

KEYWORDS : FUEL CELL / EFFICIENCY / TRANSIENT
WUTTHINAN PETCHPENG : EFFECT OF DYNAMIC LOADS ON THE
EFFICIENCY OF PEM FUEL CELL SYSTEM. ADVISOR : ASST. PROF. ANGKEE
SRIPAKAGORN, Ph.D., 126 pp.

This thesis investigated the difference in the performance of proton exchange
membrane fuel cell system under steady state and transient operations. The main causes that
affect the performance of the fuel cell system are identified in both steady state and transient
operations. Guidelines for the sizing of auxiliary systems including air compressor and air
blower are devised. The normalized power slew rate is used as a parameter indicative of the
degree of transient fuel cell operation compared to the transient nature of automotive driving
cycles. The fuel cell system is put under 4 standardized driving cycles, including 1) modified
FTP75 2) NYCC 3) ECE15 and 4) HWFET. To reveal the underlining dynamics of the operation,
the fuel cell is also put under sinusoidal loads with different frequencies. The normalized
power slew rate was found to be able to distinguish the steady-state-like behavior from
transient behavior. The polarization curve indicated that the stack performance under driving
cycles is very similar to the steady-state behavior. The influence of the transient operation to
the average stack efficiency over the four driving cycles is minimal (about 1%). The system-
level efficiency, however, show a more pronounced difference (about 3%) in the transient
operation from the steady-state operation especially at larger load. Periods of water flushing
are observed in the compressor power and the air flow rate. Snapshots of the stack voltage
reveal that the intermittent peak in compressor power related to the flooding phenomena in the
fuel cell stack is responsible for the discrepancy in the transient operation from the steady-
state operation. Guidelines for component sizing were considered in terms of power
consumption of the air compressor and the air blower. The power consumption was
determined from two parts; the shaft power from isentropic model and the loss in the motor
from no load test condition. It was experimentally validated that this approach is suitably
accurate as a guideline for the system design.

Department : ___Mechanical Engineering Student’s Signature

Field of Study : Mechanical Engineering Advisor’s Signature
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v
v a o

dousine Al dnsnassnuandindszidivlfainAipnseuaesinnfinglalagiauiding
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3PUL (Qy, ;) ST INANIUINaanuLeanusgndIu muLLmﬁ@ﬁmmwﬁNmﬁzﬁmsz
mmﬁ?mmﬁﬂsﬂaim?Lwﬁiﬂfvﬁﬁﬂﬂﬁﬁ?m (Q'HZ’purge) druTiaaeAesnsnITnemAINBau
paNANITILITAREE NG (O ) dougaiinenemadlWiniinanldanmagung (P, ) i
Sndelniinludautiazdiasane i ssu S uRTnn Bt At & T (P,) LaTdauAe

[uflunnaslningns (P,) Tasaruisouanuaailuununw Sankey 1HAsn i 2-4 uas

WAANANNANNUS FAIZNNN9T 2-3

QHz,in

Pstack

net

-e:ll rd’l a QII A a o
NINN 2-4 WNUNTINW Sankey PRIFTULLTARLTD NG L LN UIAY

QHz,in = QHz,purge + Qheal + Pstack (2‘3)
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Analalasaunidinvindfisandaannisi 2-4 [32]
QHZ,in v r.nHZ,inLHVHZ (2-4)

e LHV, Aa A1Aduteus (lower heating value) vesfintlalasiau (Jkg) wazmmy,

2 |

Aa 8n3n1gluasesinglalasiaundingssuy (kg/s) lnggaunsaiuA8msINIsL3nA

U

lalnsaulfangansuad NexaMon Gaflunansdusfannizumiuan aznelsininlunig

va o 1

d’l 2 I oo a -e:ll g g 09;
NARBLLLAIFAULIRUWLINAIEAIINITANTLS LN m”l,aimmu‘w wameka legans sl s ay

a

v
[ %

Toyn1iTe9RANNATIBEATBINITUARIHA ASLAANIIEATIBEAIUNIAKLIN A AAUEIARAY

Usziliudmanisiuaaasinglalnsiauaninannisi 2-5 [4]

T =2 25)

e N, Ae arwuwmadunaluntme 47 [32] |, ha nezwalniiniuamnainaagung (A)

st

way F Aa AnpsiaasnisatTieAwmney 96,485 C/mol

222  dnsmasnungyidsaninglalasaunlalinidisen

Tunisvinnuessruumafdemasasiing lalasiaunnsdoundinnilgisen uay
uedaulllinnfisen degnilaesaanniaandalanng (purge valve) Taaainisnuans

pudNNusIasannasaainglalnsauliasannisi 2-5

rn-|2,in = m-|2,react + rn-|2,purge (2'5)

o

il i A snnnslnavedlalasiauiidinvnUATeN (ka/s) uag A8 fm9N
r‘nl—iz,react Q g’s ¢ rnszpurge

nsluazeslalasaunldldiindfisen (kg/s)
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atinglaAmnluraNeaN1ase [32-34] Tharian1aiansanamanig mareslalansia
ndl My o aana ¢ﬂl = 2 zﬂl = o o zs' 2 )
Pl Teen wesanditiunutissninilemeuiudnanisinaveslalasaundin

Ufsen (lifiu 1% vednsnisinazeslalasauidinnnyfisen [35]) sauienisdndman

v
[K o a2 o

nsluazeslalasiauin il ldindfasemnldenn dalugadeacliasianaludous
223  EmsnnsEnemANEen

NANENNUASE [8,32,33] TH i nuanialunislsviiunisonamannianlussuima s

o ] a o

\TALNAY AT UIIUASEURS Thomas [32] MHilszidudmsnisdiamaainbeun (Q.,) 199

FLULNTARITAINGY NEXA #9017 2-5 Tasiiiaaaniiu 4 dquldun ananisaiemaany
Fauannniawalaasssnaif (Q,, ) ARsIN1stnemANTaUAINNTUNTE (Q,,) fRINNg

fhamaNFauaINNIsszInafaa N Anaalfiv (Q.,) WATARIINITaEmNAINTaUN

COl
Uaa88anaINITUUTARITAIWAIAINANIAINTS (Q,,) HARIANMNANRAUTAIANNIIN 2-6
[32]

Coolant Out

Bipolar Plates
op

Natural ¥
Convection \

Exhaust Heat
AT
Vertical Face -
Exposed to
Ambient
B €
MEA Tt
ol | [NA T
Radianty LM T
Heat T<Z\;\\\, I T T
T Coolant In
. (Forced Convection)

t:ll [ 1 A 1 o E :// s
NINN 2-5 LNUNATWARATINITONELN ﬂ’]’]&l?ﬂuﬂﬂﬂ@ﬁﬂLLNMH’]1WV\|’T@@\?‘II’J1M?$UULsﬁ@@

\Tawnad NEXA [32]

Qhea1 = Qnat + rad + cool +Qex (2_6)

ananistnamannieu (Q.,) A wM1snlszidulfainuasiiesendednsmasn

dingeruuimadidemas (Q, ;) wariasliiaadunndnls ( Py, ) (lunilaviisnazes
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dnandanungudasenainiiglalasaunllléiindgisen) dsauntsh 27 [32] Tnen
FRIINANIWINE T NNl AUl AANNaNN19N 2-4 Laznnad WA EadLnNAR LA

tsziiulfanndninemnga

Qheat = Q.szin - Pstack (2-7)

agielsfinnainanniei 2-6 wudinisdszidudnsnisanamaanntauliinsunn

doutiuiluldlfann Wesannazfiesdinsegilnsninisdmnslunanafiiunus  uazug
=3 v 1 o 1 b2 a o

NN9ANEIUBY Thomas [32] 1@?31.!@’]@@3"1ﬂ’]§‘§1’1ﬂL‘Vlﬂ@’]m"ﬂu@’mﬂﬁ’iv\ﬂiﬂﬂﬁﬁw‘ﬁﬁ[51 A9
NN9ENENANNNEAUANNNITUNTE  LazERnIIN1TTNEmANNNFauNUaaaanaNTZULILTAR
TANAIAINAINIAINT ARLTILU TN 4.2% WaauiUens N8N ANNTAUAINNIT

v I [~3 Aﬁl S £ o :j yva oo KR A Y o 1
srUNEAfERIN IANALiN TanudaiANtiasnn Aeiugadaasfiansunlignsnisanewm
ANNNEAUTIUNALYINTLARIIANNEAUAINNITIE LA EIa N ANAALEULNES TAfRIINIT

fnewmANNFaNAINNITITLNeAsia N AuaaLfiuLlsziulAann [9,32]

Qcool 7 ri‘lajr,oool Cp (Tcool Jout _Tanb) (2_8)

A o

R My, oy AB SRINNTInavesaInIAdaIu (kg/s) c, AR AIAINAINTAUSUNILY

AYNNALAINIBIBNNA (JkgK) T

cool ,out

Aa qmmﬁm@@nmmmmﬂudmﬁu (K) waz T,
A9 AUUYRUSTENA (K)
Auiudnsnisuanasenianaaifiuanisnlsziiuliainnisdngl A uduiiug
I AT NAN NS LTV ALA LB MINANNSELAINNNIIY LN Bt N AL
ANEUNNIT 27 Ay 2-8 AariudmsnsinaresaniavaeifiulssiulEannannied 2-9
[8, 25] AedmINsInazesenavsefuiiaztin i1 ssiunnai3in ArnAslninaest s
AUTZLNERINARINNIzLIUNT lemunsatin TaeaznanaluLmi 5
Qheat Q'Hzlm - Pstack

i i cool = = (2-9)
it o Cp (T ol ,out _Tarrb) Cp (T | out _Tamb)

Co Cool
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ilnainaslwiin (P,) dauiudanaiiasinilngns (P, ) Inaaiuisoilsziduliainnig

q

ToIRneIMT9 LAZWAANANNANWUS LFAIANNNT

P =P, +P

stack — T aux net

(2-10)

rd” a dl v a o dgl o a o o v
sruLLA AR WA 1 1an1Re T a1unsaawenn1LEtnan1as e eassuy
wiulfilusndon Gedsznevlddien nsdlnaindelniihrespennsaimes (P, ) N3

UslnafasIvinaegainanszuNeeINIA (P, ) warnisisinaniiaslvwilnaesgilnsnl

blower
DU (Pls) TR wrapauan niluazisauesdands Tnawansaondusiug lideannis

71 2-11 [33] Tudanaassaazidanvesgilnniuazisnisdnnisdinaniiaslnilnaessuy

EENNINAa a3 lunANWIn N

P, =P, +P

aux comp blower

+P

others

(2-11)

v
[

ANN1IUTLIHBANAAN AN UE N UAZEONILULITARITALWRIAIN LANA 19N TINNA
aniidian 221 19224 @ w190dsziduAnlscAnEnInaea Taaung LASITULIAS

TANARIIAANANNNTN 2-12 LAY 2-13 ANNAIAL

77 I Pstack (2_,] 2)
stack m—izm (LHVHZ)

Moo = 22 (2-13)
P, (LHY,,)
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1517 [23-28] nan sANEAElEATTILLE [17] uanantsAnEnaelEnn sl [28]
anansnszy nmadidemasdingfinssunneyauesiiuanseiuluegfunna e
vanan wliAasiaaesnisy THuA auna89n19818nIZIE (current step size) LATANNAT
N19A18NIZUA (current frequency) ANNANAL R8NP LT WA HTUNATeIN 2N T uA
110 teuenlddinnssunduiugentianwliasiaunnndiniss i duituu araanis
Arenszuatioandn inueadafuiunissuunlmififanuiaesmnisananssuag dend
annldaamuinndtniszunulediiadnudednisaanszuaninda agnelsAnny
wasfimasfananFsuenaniwlineialdainenisifieannssundunasnnssuns o
Wit flunnsrdnmugdun Wy nseaudndnedud nfimeiaanaalaianalived

£
Y o o a

anliasdald Aniuanudsetasiiauensmdweinldisuananwlinsisaasnisylugl

=

21998031191 anunlaeid9 WA (power slew rate,  dP/dt) taavinliinglugilanas

(2
* 7 dt ) Py (21

| 2

= A . ' = [ ! .
W8 7, AB normalized power slew rate (&I@iﬂu%hm?ﬂ@@’m normalized power slew

o

NIRRT BRRAAITNENN

rate 1l n-slew rate) dP/dt A amsNTsilAsuLdasn1Ra N (Wis) 7, Ae time scale
UDITTULITARITONRN (3) UAY Py AB MNATMANgegansvuLmadiiam@sanisnany’1s

(W)

2 ' ¥

AN@NN13N 2-14 power slew rate @u1rann e lusdnsAme s BRAAanng

U a

P4 QII rdl” a
NGIGANTZULLTAR LTRLNG

a qQ

o o

ANNUNTFLNIIHINDT ARG WITRIRassaLsnAa nnaaln

o

au309e1E Baazsinlii n-slew rate @1unsnl¥ENRelATUsT LU AT DINERTIILA A
A& LANAN IR ULE W TiimesFafigesie ime scale Hunnsdmesfiteuents
sreiznaNNIReLEURIRaanInL A TesITILITAR T aINGS TnausaaniThuanutsyinm
[36-39] @A time scale 1wi@alwin (electrical time scale) time scale Mdl@IN1389878AN
LL@;”,‘LZQJ’] (gas and water transport time scale) Was time scale TugANEe1 (thermal time
scale)

SeRAnNs00NL8L 199 NN IMEL AL TL I LITAGIA AING9ANN time scale AINANT

Wunudn ime  scale  luidsaointauianuduiusiueiacngaangeu (thermal

capacitance) 1asaauns H9ldszazioauungn (Uszunns 100 3und) [18] time scale
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BN R A uduusAUA N INHAT (electrochemical capacitance) TLusiuide
mmﬂjgu (double-layer) m@qtfnm’ﬁﬁlﬂ%@wmmﬁ@u%wﬁq (Uszaunnd 0.1 ‘f‘;mﬁ) LAY time
scale TUFIN12690N RN TLALTINT AL AU UE LN TUN T8RN TLAL TN BN TULAN
Wasulsneu Tnel¥arasvinansvann 0.1 3410 3undi [36] Fatiulunnsfianan time
scale 109n"IMRLIAURIARgN1L Al ANIN AN TAaNAE time scale lud

NN9AN DN ERTLA L UNVINTUAIANN3N 2-15 [36]

(pS5.AL) [ EW
R @19

= 2 | 3 2 2
W £ AR AMNURILULIRUNNLLTYE (kg/m), 5§, AB ATNURNTESLNNLLTY (mm), AL A8
nnhlumsiuse, EW Aa thwinluianazesisiusu (kg/mol), | A A anunuiy
NITUAZIQR (Alcm’) waz F An Arpsiiaasnnsuadilawinti 96,485 C/mol
=3 d’/o ¥, a 1 &Y ogj a 1 o a =

NNTANERAUA L time scale M@IN19TUAIAELASHANANTNTL 1 U [36]
dll a ai [~3 Yo rdly a ai % a = o =
WHaNANTUIRINANNNTN 2-15 avwiulfdnssuLimadiaenaed M nusualaasfulasi
AYINMILLLNITLAgIqAINAutoNd time scale Tudenisdannafinguaztinmini Agd

Yo Y @ a e‘d‘ 1 1 o/ ¢=4I

uanlddn n-slew rate @unaldlunisfimaiiiauenaninliAaiiredn1sEna1n19D
dredelAnuszuuimafidemasnaun egnelefinuannAguAInasazigalliiviuann

AmadauszuLaadldalnadluani1ns i lngdraaeniszuuulayd F9aznang

88 LlatAaN1INARALTULNT 3 Wda 3.4.2 LAZHAN1INARALLNT 4 Wiadan 4.2.1
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Air i /CQ% I > I Q m:
\(_-—7, Fuel Cell 40 v

Ar Compressor o .

Humidity Exchanger
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OUTPUTS Requirement Definition Quantity

Power Rated Power Capacity at Standard Conditions, BOL 1200 W
Voltage Operating voltage range 22V1to 50V

Voltage at Rated Power 26V
Start-up Time Minimum time to achieve Rated Power from a 2 minutes
Cold Start condition

Physical Dimensions LxWxH 56 x 25 x 33cm
Mass Total system mass 13 kg

INPUTS Requirement Definition Quantity

fuel Purity Lowest acceptable concentration of hydrogen 99.99% H, (vol)
Pressure Allowable range of inlet supply pressure 70 — 1720 kPa(g)
Consumption Maximum fuel consumption at Rated Power <18.5 SLPM

DC Power Supply Voltage Allowable range of input voltage 18Vto 30V
Power Maximum power draw during start-up 60 W

Operating Location Acceptable locations for use Indoors & Outdoors

Environment Temperature Range of acceptable ambient, cooling air and 3°c - 40°C
Range oxidant air temperatures
Relative Range of acceptable ambient relative humidity 0% - 95%
Humidity (non-condensing)
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=== Experiment
=0==|sentropic model [Fig. 5-1 ] + Motor compressor losses [Fig. 5-5 ]
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== Experiment
=O==|sentropic model [Fig. 5-6]+ Motor Blower losses [Fig. 5-10]
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COMMON OPERATING CHARACTERISTICS over Range E: T, =-40°C to 85°C1, C.=1nF,and V=5V

Characteristic Test Conditions ‘ Min. | Typ. ‘ Max. ‘ Units
ELECTRICAL CHARACTERISTICS
Supply Voltage 4.5 5.0 55 V
Supply Current V. = 5.0V, output open - 10 13 mA
Output Capacitance Load VIOUT to GND - - 10 nF
Output Resistive Load VIOUT to GND 4.7 - - kQ
Primary Conductor Resistance T,=25°C - 1.2 - mQ
Rise Time I, = I,(max), TA = 25°C, C,,; = open - 5 - us
Frequency Bandwidth -3 dB,T, = 25°C; | is 10A peak-to-
- 80 - kHz
peak
Nonlinearity Over full range of I, - 1.5 - %
Symmetry Over full range of |, 98 100 102 %
Zero Current Output Voltage Bidirectional; I, =0 A, T, = 25°C Ve,
) x 0.5 ) Y
Power-On Time Output reaches 90% of steady-state
level, T, = 25°C, 20 A _ % _ .
Magnetic Coupling - 12 - G/A
Internal Filter Resistance 1.7 kQ
PERFORMANCE CHARACTERISTICS
Optimized Accuracy Range -30 - 30 A
Sensitivity Over full range of IP, TA =25°C 64 66 68 mV/A
Noise Peak-to-peak, T, = 25°C, 66 mV/A
programmed Sensitivity,
- 7 - mV
C.=47nF, C_,; = open, 2 kHz
bandwidth
Zero Current Output Slope TA =-40°C to 25°C - -0.35 - mV/°C
TA =25°C to 150°C - -0.08 - mV/°C
Sensitivity Slope TA =-40°C to 25°C - 0.007 - mV/°C
TA =25°C to 150°C - -0.002 - mV/°C
Electrical Output Voltage IP=0A -30 - 30 mV
Total Output Error IP=230A,TA=25°C - +1.5 - %
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A3 N-3 Anenszianizaadlalngaulaauatfngd

Ham KIP INC
Valve No. 2X1684
Orifice diameter 3/64”
MOPD 250 psi
Operating voltage 12 VDC
Power consumption 25 W
FN319T N-4 AnEOIzIRNZaBmNFalauA]

HHAR Burkert
Orifice 1/16” 1.6mm
Operating voltage 12/24 VDC
Power consumption 34 W
Voltage tolerance +10%
ﬁ]’]?’]\?ﬁl n-5 zﬁ“ﬂwmzmwwm@ﬁmﬂ’

HHAR NAIS

Part No AEV16012
Type 60 A type
Coil voltage 12 VDC
Pick-up voltage (max) 9VDC
Drop-out voltage (min) 1VDC
Nominal coil current (£10%) 0.415A
Operating power Max. bW
Max. allowable voltage 16 VDC
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Stack Net Power Consumption Flow rate Efficiency
Voltage Current Power Power Blower | Compressor Air H, x10° Stack | System
V) (A) (W) (W) (W) (W) (SLPM) (mol/s) (%) (%)
41.80 0.83 34.82 0.00 9.68 10.83 17.54 0.02 70.98 0.00
39.85 2.16 85.99 50.00 9.65 10.88 17.51 0.05 67.67 | 40.13
38.75 3.52 136.39 100.00 9.61 10.88 17.50 0.09 65.79 | 48.64
37.78 4.96 187.50 150.00 9.54 11.24 18.58 0.12 64.16 | 51.61
37.10 6.47 239.97 200.00 9.47 12.07 24.03 0.16 62.99 | 52.74
36.49 8.02 292.68 250.00 9.39 13.70 28.98 0.20 61.97 | 53.07
35.89 9.63 345.58 300.00 9.35 15.42 33.47 0.23 60.94 | 52.99
35.40 11.28 399.18 350.00 9.29 17.25 37.37 0.27 60.12 | 52.83
34.89 12.96 45217 400.00 9.25 18.95 40.38 0.32 59.25 | 52.47
34.43 14.68 505.58 450.00 9.22 20.78 43.46 0.36 58.47 | 52.10
34.01 16.43 558.75 500.00 9.20 22.02 45.47 0.40 57.74 | 51.74
33.58 18.21 611.50 550.00 9.15 23.26 47.45 0.44 57.02 | 51.32
33.15 20.04 664.53 600.00 9.13 24.29 48.72 0.49 56.30 | 50.88
32.71 21.93 717.47 650.00 9.13 24.99 49.42 0.53 55.54 | 50.37
32.30 23.84 769.93 700.00 9.09 25.95 50.99 0.58 54.84 | 49.89
31.87 25.83 823.25 750.00 9.07 27.21 52.52 0.63 5412 | 49.33
31.44 27.88 876.50 800.00 9.03 28.22 54.15 0.68 53.38 | 48.75
31.02 30.01 930.93 850.00 9.58 29.91 56.26 0.73 52.67 | 48.11
30.54 32.27 985.64 900.00 10.23 31.86 58.57 0.79 51.86 | 47.36
30.06 34.64 1041.22 950.00 10.99 34.45 61.84 0.84 51.04 | 46.57
29.65 37.00 1097.12 1000.00 | 11.69 37.55 65.30 0.90 50.34 | 45.90
29.29 39.41 1154.34 | 1050.00 | 12.45 41.38 69.46 0.96 49.73 | 45.24
28.85 42.05 1213.25 | 1100.00 | 13.25 47.22 74.68 1.02 48.99 | 44.43
28.43 44.74 1271.84 | 1150.00 | 14.07 53.58 79.98 1.09 48.27 | 43.62
27.78 48.53 1348.24 | 1200.00 | 24.13 64.25 87.55 1.18 4717 | 41.98
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' Stack Net Power Consumption Flow rate Efficiency*
fime Voltage | Current | Power*® Power* | Blower | Compressor Air H,* x10° Stack | System
© V) (A) (W) (W) (W) (W) (SLPM) | (mol/s) (%) (%)
250 42.67 0.82 35.09 0.00 9.47 15.59 17.39 0.02 72.44 0.00
251 42.66 0.82 35.17 0.00 9.63 15.53 19.93 0.02 72.44 0.00
252 42.64 0.83 35.21 0.00 9.61 15.58 16.89 0.02 72.41 0.00
253 42.62 0.83 35.18 0.00 9.59 15.58 16.65 0.02 72.36 0.00
254 42.60 0.82 35.05 0.00 9.63 15.41 16.16 0.02 72.34 0.00
255 42.57 0.83 35.20 0.00 9.53 15.64 19.02 0.02 72.27 0.00
256 42.57 0.83 35.16 0.00 9.56 15.57 16.89 0.02 72.27 0.00
257 42.55 0.82 35.04 0.00 9.56 15.46 17.14 0.02 72.24 0.00
258 41.49 1.62 67.02 31.81 9.62 15.03 18.14 0.04 70.44 33.43
259 40.76 2.14 87.21 51.64 9.65 14.96 16.41 0.05 69.22 40.98
260 40.59 1.94 78.66 43.04 9.56 15.24 19.15 0.05 68.93 37.71
261 40.77 1.85 75.47 39.64 9.56 1533 17.02 0.05 69.22 36.36
262 36.88 15.14 568.29 509.84 9.53 16.49 46.80 0.37 62.62 57.19
263 32.02 25.26 809.00 739.86 9.50 25.66 5217 0.62 54.38 49.73
264 29.23 33.52 979.86 896.59 9.58 28.84 63.20 0.82 49.64 45.42
265 26.14 44.59 1165.77 1055.78 9.45 40.30 138.81 1.09 44.39 40.20
266 27.44 44.10 1209.89 1014.41 9.42 129.38 142.79 1.07 46.59 39.06
267 31.06 28.52 885.86 72247 9.49 117.57 141.79 0.69 52.74 43.01
268 34.38 17.28 594.13 441.48 9.71 120.04 123.30 0.42 58.38 43.38
269 35.18 17.76 624.75 488.11 9.51 103.56 133.01 0.43 59.74 46.67
270 34.18 20.84 712.42 560.01 9.64 116.06 139.31 0.51 58.04 45.62
271 33.43 23.53 786.49 632.50 9.44 114.79 142.29 0.57 56.76 45.65
272 32.92 24.98 822.33 661.61 9.64 119.83 138.81 0.61 55.89 44.97
273 31.13 35.06 1091.37 925.50 9.53 113.14 140.29 0.85 52.86 44.82
274 29.46 38.00 1119.61 945.42 9.65 116.38 141.79 0.93 50.03 42.25
275 31.20 29.84 931.19 772.02 9.62 111.57 81.95 0.73 52.99 43.93
276 33.56 20.06 673.28 593.09 9.33 42.80 45.73 0.49 56.98 50.19
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' Stack Net Power Consumption Flow rate Efficiency*
fime Voltage | Current | Power*® Power* | Blower | Compressor Air H,* x10° Stack | System
© V) (A) (W) (W) (W) (W) (SLPM) | (mol/s) (%) (%)
277 34.77 15.79 549.03 493.26 9.55 22.51 43.24 0.38 59.04 53.04
278 34.29 18.60 637.90 580.29 9.61 21.52 45.10 0.45 58.23 52.97
279 34.80 11.61 404.17 352.62 9.53 22.33 34.56 0.28 59.09 51.55
280 36.38 11.19 407.14 359.86 9.65 18.53 36.70 0.27 61.78 54.60
281 36.54 10.01 365.77 319.83 9.57 18.42 30.03 0.24 62.04 54.25
282 37.28 7.55 281.58 239.34 9.62 17.02 2415 0.18 63.30 53.80
283 37.59 8.24 309.84 267.87 9.54 16.29 28.46 0.20 63.82 5517
284 36.83 10.77 396.79 351.81 9.56 16.96 34.38 0.26 62.54 55.45
285 36.36 10.73 390.17 343.73 9.56 18.22 34.38 0.26 61.74 54.39
286 36.58 9.73 355.83 310.67 9.61 17.91 29.87 0.24 62.12 54.24
287 38.11 4.80 183.02 144.29 9.54 15.98 19.28 0.12 64.70 51.01
288 38.32 8.52 326.32 285.70 9.56 14.75 28.61 0.21 65.07 56.97
289 36.70 10.00 366.91 322.42 9.52 17.10 31.17 0.24 62.31 54.75
290 36.51 10.09 368.38 322.85 9.56 18.04 32.33 0.25 61.99 54.32
291 36.56 9.99 365.11 320.05 9.59 17.55 33.17 0.24 62.08 54.42
292 36.57 9.96 364.27 319.13 9.56 17.73 33.69 0.24 62.10 54.40
293 36.59 9.90 362.23 317.22 9.61 17.65 33.35 0.24 62.13 54.41
294 36.23 11.16 404.26 357.31 9.54 18.40 38.17 0.27 61.52 54.37
295 35.19 15.34 539.72 487.25 9.48 19.84 44.68 0.37 59.75 53.94
296 34.05 17.78 605.49 548.07 9.65 22.10 49.21 0.43 57.81 52.33
297 29.90 42.25 1263.40 1173.96 9.46 2B 80.65 1.03 50.78 47.18
298 27.49 34.41 946.04 847.71 9.56 41.35 58.24 0.84 46.68 41.83
299 29.67 34.46 1022.64 936.40 9.52 30.89 60.81 0.84 50.39 46.14
300 28.66 37.34 1070.11 980.97 9.31 29.37 59.00 0.91 48.66 44.61
301 31.98 19.34 618.34 5562.44 9.56 27.90 44.26 0.47 54.30 48.51
302 33.39 24.47 816.98 751.31 9.51 23.07 54.30 0.60 56.70 52.14
303 31.71 25.66 813.76 743.50 9.63 25.34 50.56 0.63 53.85 49.20
304 32.57 23.26 757.39 690.93 9.61 24.46 49.65 0.57 55.30 50.45
305 33.96 17.45 592.73 533.51 9.60 23.98 43.24 0.43 57.66 51.90
306 35.47 13.70 485.85 433.10 9.59 21.45 41.63 0.33 60.22 53.68
307 35.21 16.07 565.86 511.21 9.50 21.32 45.73 0.39 59.79 54.01
308 34.90 15.69 547.58 492.12 9.56 22.31 43.04 0.38 59.25 53.25
309 35.75 12.94 462.46 410.92 9.57 21.34 37.24 0.32 60.71 53.94
310 36.94 9.28 342.77 297.62 9.56 18.46 32.16 0.23 62.72 54.46
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2.2.2 U3LRANTNINUDUTARLDY AINANNITN 2-12

P

stack

Nsack = m

2,in

We P, Ao maslvinnmadunonaald endedeyalunediii 4 annime a2 uay

k

LHV,, Aa AANEeusn (lower heating value) 1a3finglalasiau fifn 241.8x10° J/mol

Nsack = ﬁl‘r"?? s 3 x100%
1.09x107% —=x241.8x10° ——
S mol

=44.39 %
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Compressor
Cathode air flow Isentropic power Motor losses
Y Pressure ratio power
x10™ (kg/s) (W) (W)
consumption (W)

0.35 1.01 0.83 6.62 7.45

0.35 1.01 0.82 6.62 7.45

0.35 1.01 0.82 6.62 7.44

0.37 1.01 0.99 6.67 7.65

0.47 1.02 2.02 6.98 9.00

0.57 1.03 3.29 7.36 10.64
0.66 1.03 4.71 7.84 12.55
0.74 1.04 6.17 8.29 14.46
0.80 1.05 7.44 8.62 16.06
0.86 1.05 8.88 8.98 17.86
0.90 1.05 9.89 9.17 19.06
0.94 1.06 10.95 9.36 20.31

0.96 1.06 11.66 9.57 21.23
0.98 1.06 12.06 9.58 21.63
1.01 1.06 12.98 9.79 22.77
1.04 1.07 13.93 10.01 23.94
1.07 1.07 14.96 10.01 24.98
1.1 1.07 16.38 10.45 26.83
1.16 1.08 18.00 10.70 28.70
1.22 1.08 20.45 10.96 31.42
1.29 1.09 23.24 11.48 34.72
1.37 1.10 26.85 11.90 38.76
1.47 1.11 31.81 12.55 44.35
1.58 1.12 37.34 13.21 50.54
1.73 1.13 46.11 14.85 60.96
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Cooling air flow Isentropic power Motor losses Blower power
’ Pressure ratio .
x10™ (kg/s) (W) (W) consumption (W)
3.14 1.0002 1.75 5.56 7.30
4.00 1.0003 2.59 6.79 9.38
5.36 1.0004 4.96 8.42 13.38
6.53 1.0006 8.46 10.46 18.92
7.93 1.0008 14.32 12.71 27.04
9.39 1.0012 24.32 15.86 40.18

[ %

FaatinaN19A U UNNAY AN Nd LI AaUNANTBNTAWARNI LN EEINA NERIINIT IWAT89

a1nANAaLEugIAn AINANNIIN 5-3

y-1

_ r‘.nau'r,c:oolCp,airTan'b pb,out ! -1

P

o Moiower Po,in
9.39x10° 91007 " ) (29815 K "
_ S -~ g [(1.0012)1.4 —1}

=2432W
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2.4 NNTATUITNE normalized power slew rate

Fa8E19NIIATULNL N-slew rate ANANEUTN192AININANTTUT s-modified FTP75
a1AedayaaInIuInn 63 D9 64 9 n-slew rate {uLIN UATIUINT 67 uAT 68 T3 n-slew
rate luan Asnnd a-1 A mdudeyalugiaesdaaaitisaliuuuliluansenlulname e

Driving cycles T8 W& moFTP75.xIsx luaadnil cycle P
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O 1
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NINA a-1 ANHRIEN19EAING])ANIdLE s-modified FTP75 luta4 50 fig 100 3w

AMNULINURY n-slew rate mnzmm@ﬁ 2-14

B (de 7,
T, =| —
i dt Prated

Wa  dp/dt Ae ensninidasuutlasnnaaliiin (Wis), 7, Ae time scale 289TTULIAR

BANAY (5) NUUALHWINAL 13U UaE Pue A8 NNAIWANgIqanssILma s maInaY

gnsngnaneld (W) HeAnwindu 1200 Smet
AUNNT 64 D4 65

~ [ Ry—FRy 2
P t64 _tea P
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(619.92—21.26)(&)>< 1s
64 -63 S 1200W
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