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Experimental Validation of Stable Equilibria in Fuel Cells with Dead-Ended Anodes

Jixin Chen, Jason B. Siegel, Toyoaki Matsuura, Anna G. Stefamou and Serhat Yesilyurt

Abstract— This paper investigates the nitrogen blanketing |_®—|
front during the dead-ended anode (DEA) operation of a Drv Ha Anode X | Cathode o
PEM fuel cell. Surprisingly the dynamic evolution of nitrogen vz \ 4 Vapor o Humidified
and water accumulation in the dead-ended anode (DEA) of a w 2 Air
PEM fuel cell arrives to a steady-state suggesting the existeac Y
of equilibrium behavior. We use a multi-component model o 02
of the two-phase one-dimensional (along-the-channel) system y"'ﬁi{&@;ﬁ ~~~~~~~~~~~~~~~~~~~ N5
behavior to analyze and exploit this phenomenon. Specifically, blanketing
the model is first verified with experimental observations, and region

then utilized for showing the evolution towards equilibrium.
The full order model is reduced to a second-order ordinary
differential equation (ODE) with one state, which can be used to
predict and amalyse the surprising but experimentally observed
steady state DEA behavior.

y

Fig. 1. Equilibrium scenario in DEA operation (not to scal&je net flux
of nitrogen is from anode to cathode in the channel end-regis opposed
to other regions. Globally, zero net fluxes of nitrogen antewthrough the
membrane are achieved at equilibrium.

|. INTRODUCTION for a DEA system. As a comparison, conventional flow-
through anode (FTA) fuel cell system depends on a recircu-
Dead-end anode (DEA) operation of a PEM fuel cell hagtion loop to maintain a high hydrogen utilization, which
been implemented by several groups [1], [2], [3] and appliegequires hydrogen grade plumbing and hardware such as
to a commercial fuel cell module Nexa (1.2 KW stack of 42an ejector/blower, water separator, and hydrogen humidifie
cells) from Ballard Power Systems [4]. In DEA operation,These components add weight, volume, and expense to the
hydrogen is fed into anode with regulated pressure at thgstem. Note that in DEA system, the water crossing through
inlet , whereas the cathode is operated with conventiongde membrane humidifies the hydrogen fuel so that anode
flow-through conditions associated with a stoichiomettiora inlet humidification can be removed or reduced. In literatur
(SR) greater than one. Since the Nafion membrane is not giere are studies on improving the FTA system efficiency by
ideal seperator, nitrogen and water can diffuse through thgtimizing the bleed rate and air supply [6], [7].
membrane from the cathode and accumulate in the anoderne pEA operation with periodic purge leads to varying
due to the DEA. In a vertically oriented cell as shownge| voltage within the purge-period and requires addaion
in Fig. 1, the reaction driven convective transport of gagower electronic to regulate the decreasing voltage. The
mixture towards the channel end, together with the diffuaqditional complexity of the DEA voltage variability addet
sion, produces an along-the-channel hydrogen depletidn agyerall system cost. Motivated by the experimental findings
eventual starvation in the end-region. The spatial vanati of [8], the possibility of operating the DEA cell without
of the species in the anode results in uneven local curreBlirging is analysed here. We address the conditions under
distribution, whereas the temporal depletion of hydrogefhich system equilibrium could be achieved with relatively
leads to decreasing cell voltage with time under galvatiosta gtgp|e voltage output under galvanostatic operation, and
operation. For example, in our 50 erDEA cell experiment, how to obtain a reasonable power under such equilibrium
the voltage was dropping from 0.7 to 0.6 V in ~15 minutegonditions. Voltage equilibrium was indeed observed iompri
with an current density of 0.4 A/ctn5]. experimental studies [9], [10]. These findings motivate our
Purging of the anode is typically needed to release agarther investigation by mechanism analysis and simutatio
cumulated nitrogen and water and maintain a manageahlging validated model.
voltage range. A purge, normally taking 20-900 ms, is imple- As shown in Fig. 1, a stratified channel distribution with
mented by a solenoid valve at the downsteam of the anodgater and nitrogen in the end can be observed [3] for the
Since the anode pressure is regulated at the upsteampgfa cell. In this case the local nitrogen partial pressure
anode, the opening of solenoid valve leads to turbulenterifi may easily exceed the cathode. Particularly in the channel
flow which clears the nitrogen and water from the a”0d§nd-region with nitrogen blanketing or hydrogen starvatio
channels. The downstream purge valve and the upstreafy nitrogen diffuses from the anode to the cathode due to
pressure regulator are the only hardware at the anode sig difference of its partial pressure as illustrated by the
bottom arrow (positive x-direction). In the upper portion
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blanketing front propagates until a global balance of g&mm convection leads to the stratified channel distribution &g g
crossover has been achieved, meaning a zero net flux gfecies in the vertically oriented cell. The diffusive spart
nitrogen crossover. Since the nitrogen partial pressure in the channel is equally important by moderating the effect
the anode is related to all other physical and eletrochenof nitrogen blanketing in the anode channel.
ical parameters such as hydrogen partial pressure, localThe remaining of this paper is organized as follows: our
current and voltage, an equilibrium of nitrogen blanketingnodel has been detailed in prior works [13], [14] with an
front drives the equilibrium of the whole DEA fuel cell overview in this paper, and model validation against the flow
system. There is a non-linear coupling of anode nitrogetrough polarization and DEA degradation test data will be
partial pressure and membrane hydration which introducgsesented. It will be shown that the tuned model predicts
complexity while analyzing such nitrogen equilibrium. Thethe voltage evolution towards equilibrium in DEA operation
local electrochemical reaction rate depends on the hydrogachieving satisfactory agreement with the experimentel.da
concentration, or nitrogen concentration due to regulatethe model is also used to simulate the nitrogen accumu-
anode pressure, and determines the local water generatlation towards equilibrium in the anode. After presenting
rate, which affects the membrane water content. The menhe equilibrium, we will perform a mathematical analysis on
brane pemeation coefficient for nitrogen, as a function ahe criteria for achieving equilibrium. The analysis foesis
membrane water content and temperature, in turn influencea derivation of a single-state and reduced-order system to
the local nitrogen crossover rate and the establishment déscribe the nitrogen blanketing front. The solution to the
nitrogen equilibrium. algebraic equation of nitrogen blanketing front will then
In previous work [11], we have shown the effect ofdetermines the existence of equilibrium in DEA operation.
nitrogen accumulation in the anode on the voltage decay
by modeling nitrogen crossover and convective transport
in the anode with diffusion ignored. An one-dimensional,
single-phase and transient model considering both convec-The present model is 1+1D, two-phase and transient,
tion and diffusion has been developed [12] to capture thehich generally captures all transport phenomenon and
spatiotemproral evolution of species and electrochemicataction kinetics in the vertically oriented DEA cell with
reaction in a DEA cell. The model was further extendedffordable computational expense. The model framework is
to include the cathode carbon corrosion caused by the anodwiewed briefly in Table I. The state (i=[1,2,3]) denotes
fuel starvation and associated irreversible voltage dkgian  the molar fraction of nitrogen/vapor/oxygen, the hydrogen
over time [13]. Recently, the model was improved to be 1+1Dnolar faction can be then determined sinEe,; = 1.
(along channel + through membrane) and two-phase so theltere are three liquid water related states in the anode,
the purge behavior can be predicted more accurately for an scu,«n and x;,.. The first and second one describe the
optimization study of purge scheduling [14]. After carefulliquid volume fraction in the channel and catalyst layerd an
tuning, the present full-order-model can capture comprehethe third one indicates the liquid water front in the GDL.
sive mass transport and electrochemical processes in DEAe governing equation for includes convection, diffusion,
operation with satisfactory accuracy when compared agairsnd source term, which comes from the vapor condensation
data, which is a useful tool for predicting the equilibriumand liquid transport from the GDL. Only wheryxreaches
behavior [9], but several algebraic constraints, whichuineg  the interface of GDL and channel can the liquid water
numerical tools with substantial computational expense tenter the channel from the GDL. The statg,, indicates
solve the problem. the membrane water content which is governed by water
In this paper, therefore, we focus on reducing the statealance in the membrane. There is also a statecapturing
and order of the non-linear system. It is anticipated thahe decreasing cathode carbon mass with time. Finally, cell
a mathematical analysis can be performed on the reducedlitage (E.;;) and interfacial potential at anodé () are
order system to determine the criteria for obtaining théwo variables constrained by two algebraic equations. All
DEA equilibrium, and the performance under equilibriumthese states constitute a coupled multi-state second order
There are similar works (simulation and analysis) focusaon-linear system which requires numerical tool to solve.
ing on the fuel cell equilibrium behavior from Benziger's The model parameters relevant to the species distribution
group [15], [16], [17], [18]. However, those studies aredxhs in the anode have been tuned in prior works [12], [13]. These
on a stirred-tank-reactor (STR) fuel cells which represenparameters include the nitrogen permeation scale factor,
a simplified version of an operating cell that retains thé¢he oxygen crossover scale factor, and the concentration
essential physics. In their case both anode and cathopgarameter for hydrogen reaction which affects the hydrogen
supplies are dry or slightly humidified to comply with theconsumption rate. They are kept unchanged whereas two
auto-catalytic concept of STR fuel cell and to create ather sets of parameters are further tuned. The first group is
scenario for water balance analysis. The effect of conwecti the cell polarization related parameters: the exchangeicur
transport has been minimized by eliminating the need fafensity of oxygen reactiorif o,) and the contact resistance
channel flow. Although both STR and DEA cell feature self{Rgpr). The second group is the carbon corrosion related
himidification and spatial inhomogeneity, the equilibriumparameters: the exchange current density of carbon corrosi
behavior in DEA cell represents a more complicated scenar{é-) and the power factor for estimating the remaining carbon
where both diffusion and convection are considered. Thig). The simulation results from tuned model together with

Il. MODEL SUMMARY AND VALIDATION

Preprint submitted to The European Control Conference 2013.
Received October 29, 2012.



CONFIDENTIAL. Limited circulation. For review only.

TABLE |
SUMMARY OF MODELING EQUATIONS

State/Variale  Governing Equation Reference
n; Do T — 0 (J; + i Ny) +7i [12], [13]
. 24 p Ni an (z=6
S Pw % = Pst giyi — Pw % %jjt(y)] + My, (TV,cond + %) [14]
oA )
A'mb 3?1) = p"i‘gjnb (N'Lu,ca,mb - Nw,an,mb) [19]
OTfr,an
T fr zfat’ = KLﬁl,a_n [19]
2 ) .
mo mopet) = —Zegeh [13]
Sctl,an Aan = (1 - Sctl,an)A + Sczl,an)‘maz [19]
Eeet, $AN  ian +ica =0,ifc = 1 [y iandy [13]

the experimental data used for tuning are presented in Eigshole was not observed in the DEA operation with small
and 3. or medium current load [5] which normally leads to rapid
The polarization performance obtained from flow-througtyoltage drop and shutdown of the cell under galvanostatic
operation is shown in Fig. 2. The DEA model is used t®peration [21].
predict flow-through operation by assigning a constant ¢o th
flux at the anode outlet )\, [14] so that the desired anode
SR, defined as the ratio of the total enthalpy of consume
hydrogen over the total fuel cell energy output, is achievec 0.95
The model prediction shows satisfactory agreement wit
experimental data. The model can predict the performan:

1 T T T T T T T T
Cond 1: Pressure 2.5/2.5 psig, 100%/100% RH for AN/CA;

Cond 2: Pressure 2/2 psig, 100%/50% RH for AN/CA;
Cond 3: Pressure 2/4 psig, 100%/50% RH for AN/CA;
Cond 4: Pressure 2/10 psig, 100%/50% RH for AN/CA;

All cond: 60 “C cell temperature, and SR 1.2/2.5 for AN/CA

0.9

improvement due to increased cathode pressure and R oss| o ;Xnﬂ’ oot | 1
although the difference is limited as cathode pressure it ¢ | Exp, Cond2 | |
creases from 2 to 4 and 10 psig. At elevated current densitie £ O sim, Cond2

. S | Exp, Cond 3 i
the model over-estimates the voltage probably because t = %7 Sim. cond 3
influence of liquid water on the oxygen transport in the © o5l Exp, Cond 4 | |
cathode channel is not modeled. In the conditions of 100¢ O _sim, Cond 4

cathode supply RH, 2.5 cathode SR, and increased curre 065r

the presence of liquid water in the cathode is inevitable 06}
When cathode RH has been reduced to 50%, the moc
prediction is closer to the experimental data at elevate %% o1 02 03 04 05 06 07 08 09
current densities. The satisfactory agreement at smaictur Current density (Alcm %)
densities is_important since the mqqel is used for studyinlgI 2. The comparison of polarization performance betweeneing
DEA operation at low current densities. angci e;<perimental cFi)ata for 4 gets of opergting conditions. Mbeel can
Figure 3 illustrates the voltage evolution in three conpredict the polarization performance with acceptable amyur
tinuous DEA cycles in the beginning of life (BOL) and
degradation over multiple cycles for two cases with differe  The tuned model can predict a stable equilibrium in
cathode supply RH. DEA cycle corresponds to the verDEA operation when the purge is disabled, with satisfactory
repeatable voltage behavior between two consecutive purgagreement as compared to the experimental data. Figure 4
In Fig. 3, the agreement of BOL voltage evolution betweeshows two cases that achieved stable equilibrium in the
two consecutive purges demonstrates the validity of reacti experiment after ~100 minutes of DEA operation, as well
kinetics and gas transport related parameters. The celhdegas the simulation results with the same operating condition
dation is observed in the voltage after purgg, Mecreasing The experimental findings indicate that high cathode RH
in time shown in the fifth subplot. When cathode RH isshould be avoided to obtain a stable equilibrium since
100% the voltage decreases due to the well-predicted carbliguid accumulation causes localized shutdown. For theesam
corrosion, whereas when cathode RH is 50% the modetason, the cathode pressure was reduced to achieve the
under-estimates the decay. The irreversible voltage less h stable equilibrium (2.4 versus 4.0 psig in the anode), since
is all attributed to carbon corrosion and associated Pt lossmaller partial pressure of vapor is favorable for water
which is assumed to be related to the ratio of remainingdiffusion from anode to cathode. The stable equilibrium was
carbon versus original carbon mass [13]. Membrane degraehieved with cathode supply RH of 60%. Generally, the
dation in reality also contributes to the voltage degrawhati humidified cathode supply introduces additional compjexit
in a form of polymer chemical decomposition and associateehd randomness in DEA equilibrium. For example, the
increased resistance, which proceeds more rapidly when thgatic voltage behavior after reaching equilibrium can be
cathode is drier (RH 50%) [20]. The membrane degradaticattributed to liquid water condensation in the channel,clvhi
is not considered in the present model and is most likely tHerms droplets that randomly block the channel beforerfglli
reason for discrepancy between modeling and experimentalthe bottom of the channel. Humidified cathode supply, on
data. Fortunately, catactrophic memebrane failure such pithe other hand, may improve the DEA cell performance by
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0.8 1 T T T T T
s . Exp, 0.2 Alcm 2
< | 0.9 sim, 0.2 Alkm? | ]
S
S : E?(p osh E?<p, 0.3 Alcmi ]
‘ - — —Sim \ Sim, 0.3 A/lcm
03 ) ) ) ) Purge )
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Time (sec) 2
)
0.8 %
>
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& l ‘H Iy \H ‘\““\“
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Time (hour)
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Time (min)
s R
© N ] Fig. 4. The model predicted and experimental voltage evaiutiovards
£ Exp < equilibrium in DEA operation. The operating conditions &8 C cell
- - - —sim \ temperature, 60% cathode supply RH, 4.0/2.4 psig anodekatpressure,
03 ‘ ‘ ‘ — Purge ‘ and 2.5 cathode SR. The equilibria have been reached witerdulensity
~o 1000 2000 3000 4000 5000 of 0.2 and 0.3 Alcrh
Time (sec)
08 ‘ ‘ IIl. EVOLUTION TOWARDS EQUILIBRIUM
,\OJ \»y‘\uw\w\‘ur\uw\\rl LU ) ) . )
s 0.6 AR A I l IR The model predicted spatiotemporal species evolution
£os it il it itk towards equilibrium is shown in Fig. 5 in addition to
[ I . . .
~ 04 ! A the voltage evolution. The molar fractions of nitrogen and
03 PP P Ler h_ydrogen _at _tlm_es are plotted. Indeed, an equn!brlum of
Time (hour) nitrogen distribution in the channel has been establisfted a
~100 minutes of DEA operation, with hydrogen starvation
0.74 ‘ ‘ ‘ ‘ observed at the channel end. After 2500 s, only slight
T~ — — — SIm, CA 100% RH .
~.. Exp, CA 100% RH changes of molar fraction have been observed. The hydrogen
o.r2r AN = = = Sim, CA50% RH ] starvation, or nitrogen blanketing, stops the local remcti
~N o Exp, CA 50% RH

and therefore the convective transport of gas mixture. The
nitrogen blanketing front develops towards the channeitinl
and stops at equilibrium. Thus, it is possible to derive a
reduced order equation pertaining to the nitrogen blangeti
front, which determines the existence of equilibrium. Such
reduced order system would enable the stability analysis as
compared to the full order system in Table I, and guide the
design of flow channel.
S Motivated by this expectation, we perform the following
0 20 30 Num‘:JOerofci(():les 60 70 80 90 analysis focusing on a criteria for achieving an equilibriu
based on the N blanketing front in the anode. As shown
Fig. 3. The comparison of cell voltage evolution within th@tinuous in Table [, the governing equation for,Nn anode channel

cycles in the beginning of life and degradation over multipeles from  (P42') from the inlet to the nitrogen blanketing front ity ™

both modeling and experimental data. The operating conditame: cell |n Fig. 1) is:

temperature 60C and cathode supply 50% RH for the first two subplots;

cell temperature 60C and cathode supply 100% RH for the third and fourth

subplots. The cathode SR is 2.5 and both anode and cathosupee are

3.8 psig; the current density is 0.4 A/émFor a better illustration, the 1 8PJ</12N o 0 DN2 apf\é};v . PJI\L};V”

voltage after purge, ¥, of each cycle is plotted against cycle number to RT &t @( RT 0Oy RT )

show the degradation effect in the fifth subplot. CA AN

oo PR — PRy

— Ky, 2

reducing the membrane ionic resistance particularly in the > Ombhan
inlet region, only if the water from reaction is not suffi-. . . . . .
. A . in which P4 is the N, partial pressure in the cathode in
ien maintain n ry membrane hydration. Therefor N 2 e . .

cient to maintain necessary membrane hydratio eI, Dy, is the Fickian diffusivity of N in m? s71, v is the

h humidification i lly n ritical for improgin : L . .
cathode humidification is usually not critical fo proy gas mixture velocity in m s, Ky, is the N, permeation

erformance under equilibrium. . . .
P q coefficient in mol Pal! m~—! s71, §,,, is the membrane
thickness and }), is the anode channel height. Once the

Voltage after purge (V)

0.62
0

@)
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However, the permeation coefficientK at the channel end

is two-folded of that at the inlet region, due to the low
09r > 1 RH in the inlet and self-humidification along the channel.
osbe ~. s ) The simplification of constant k&, is not ideal but useful
/ in the reduced-order system. In reality, the cathode supply
RH should be increased as much as possible to approach or
achieve uniform membrane hydration and therefore constant
K, along the channel.

0.7r

061

0.5F

0.4r

0.3r

Species molar fraction in anode

T T
Blue: model assumption
0.2

(Pa)

CA

0.1r

P

_____
--------

0 0.2 0.4 0.6 0.8 1
Fractional channel length

0 0.2 0.4 0.6 0.8 1

T
a
I(h
Fig. 5. The model predicted spatiotemporal/N2 molar fraction evolution %
towards equilibrium in DEA operation. The operating corudis are 65C E 2
¥%
~
2]
£
E
>

cell temperature, 60% cathode supply RH, 4.0/2.4 psig anat@de 0 02 0.4 06 08 L

pressure, 2.5 cathode SR, and 0.2 Adararrent density. The molar fractions
at three times, 1000s, 2500s and 18000s, are shown.

operating conditions are given,,;, and h,, are two design ‘ ‘
variables. % 0.2 0.4 06 08 1
From the nitrogen blanketing frontLto the channel end, Fractional channel length
there is no hydrogen and therefordP=PAN-P,,,, where _ - .
PAN is the anode bressure and Piszthe vapor saturation Fig. 6. The model predlcted?, K, andv under equilibrium and their
! p a p values under assumption (in blue). The operating conditaors6= C cell

pressure at the given temperature. Oxygen crossover frQBmperature, 60% cathode supply RH, 4.0/2.4 psig anodetbatpressure,
cathode is neglected. 2.5 cathode SR, and 0.2 A/éneurrent density.

There are several assumptions. Firsﬁ;“Pis assumed
to be constant along the cathode channel given the highWith these assumptions and steady state condition, Eq. 1
stoichiometry ratio in the cathode, namely, the small drbp ccan be simplified:
N, partial pressure along the channel is neglected. Second,

: o : 02 P{N v; v; OPaN
the gas mixture velocityw is assumed to be linear along N (o — ) No
the channel in order to obtain the analytical solution of oy* Dn,L*”  Dn,” 0y
Eg. 1. At the channel inlet y=0y=v; and at y=L*, v=0; RTKN, LY JPAN _ RTKN, peA _
thereforev=—7ty + v;. Third, the membrane permeation Dn,dmphan  Dn,L* N2 D, dmphan No ™
coefficient Ky, is assumed to be constant along the channel, 2

that is, the membrane hydration and temperature are canstan ) ) ) )
along the channel. Finally, R is assumed to be constant The abpve_ equation can be wrltten_ in a concise form where
along the channel, which is a normal approach in fuel ceffo t© C3 indicate the constant coefficients:
modeling [22], [23]. The effect of liquid water on diffustyi 92 pAN IPAN
is neglected. 5 B2 1 (Cyy — o) 6N2 +O1PEN +Co=0 (3)

The validity of these assumptions is investigated by simu- Y Y
lation of the full order system in Table I. As shown in Fig. 6,i which Cy=— RTKy, poA o= BTKw, | o
P{2 indeed shows negligible variation along the channel _" DySpvhan ™ N2 ' 17 DygSnphan " Dy L7
under equilibrium. Note that the non-monotonic distribati 2~ D’ and Cé__DNgL*' .
comes from a combined effect of local oxygen/vapor partial 1"iS i @ non-linear 2nd order ODE, the exact solution
pressure determined by local current. Since the cathode prgonssts of a homogeneous solution and a particular satutio
sure is maintained constant, the decreasing oxygen partial

pressure along the channel tends to produce monotonically
increasing partial pressure of nitrogen, whereas the @sere in this case the particular solution, Ais simply 7%,.

ing vapor partial pressure leads to an opposite trend. Tl:iﬁherefore the focus is to find the solutiop fo:
turning point in the subplot for%4 indicates the location

PyY =P+ P, (4)

where the effect of vapor pressure becomes less dominant 52 va‘;\’ apf\‘}zN AN
as it approaches to saturation pressure. Gas mixture tieloci 312 + (C3y — C2) oy +CiPg, =0 (5)

v exhibits a quadratic profile along the channel and reaches
zero at I¥, the linear approximation being also reasonable. According to Ref. [24], the solution to Eq. 5 can be written
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as.
_ G 1 G e [1]
Pu=hki®(55- 5 -5 - L))
1o G113 Gy
+koy <I>(203+2,2, 5 W L*)?) (6)
[2]

in which @ is the Kummer’s function, k and k are two

corlsNtants to be determined by the boundary conditions, i.e.

2% =0, and BY (L*)=PAN-Py,. a
Having the analytical solution available, an equilibriuf o

N, distribution in the anode can be established by a mass

conservation:

. [4]
A K L ALK
S [ PG = PAN )y — A2 (Y
m an m an
Py — PYMY(Len —L*) =0 (7) Bl

where A, is the anode channel cross section area. Eq. 7
states that the average,Ncrossover rate in the non-
blanketing region from cathode to anode equals to that in thes
blanketing region from anode to cathode. It can be further
simplified to: [7]

_ pCA
N3

+(PAN — Pooi)(Lep — L*) = f(L*) =0 (8)

The existence of solution to Eq. 8, an algebraic equation
determines the existence of equilibrium of Nblanketing
front evolution in the anode. Note that the fuel cell design
variablesd,,;, and h,,, and operating parameters other thari10]
pressure are implicitly shown in Eq. 8 since they enter the
Pﬁ{:’(y) function from k and k via boundary conditions. It
is possible to choose appropriate fuel cell design vargabléll]
and operating conditions to obtain the solution to Eq. 8.

— (8]

(9]

IV. CONCLUSIONS [12]

In this paper, we investigated the nitrogn blanketing front
equilibrium in dead-ended anode operation when the purge
is disabled. The equilibrium mechanism can be summariz 1Pl
as zero net flux of nitrogen crossover through the membrane.
For a wide range of cathode pressure and RH, the simulatifi#]
results using tuned model match the experimental data with
satisfactory accuracy. Both simulation using tuned modeis)
and experimental data indicate the voltage evolution tdear
equilibrium under certain operating conditions. [16]

We simplified the full-order-model to a second order non-
homogeneous ODE with one state by assuming constant
cathode partial pressure and membrane permeation coelfi’]
cient of nitrogen along the channel, as well as a linear grofil
of gas mixture velocity in the anode. The ODE was solved tf18]
obtain an algebraic constraint for nitrogen blanketinghfro
L*. The existence of solution to this algebraic constraintg
becomes a criteria for determining the existence of nitro-
gen blanketing equilibrium. The order reduction approach
shown in this paper aids the equilibrium analysis and guid@o]
the channel/membrane design of a DEA cell, although the
effect of such approach needs further investigation when an
explicit form of solution is found and a comparison with the[21]
numerical simulation of the full-order-model is performed
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