2005 ASME International Mechanical Engineering Congress &

MODELING, PARAMETER IDENTIFICATION,

Proceedings of IMECE’'05
Exposition
November 5-11, 2005, Orlando, Florida USA

IMECE2005-81484

AND VALIDATION OF REACTANT AND

WATER DYNAMICS FOR A FUEL CELL STACK

D. A. McKay, W. T. Ott, A.

G. Stefanopoulou,

Fuel Cell Control Laboratory*
Department of Mechanical Engineering
University of Michigan, Ann Arbor, MI 48109
Email: annastef@umich.edu

ABSTRACT

This paper describes a simple two-phase flow dynamic
model that predicts the experimentally observed temp@iahir-
ior of a proton exchange membrane fuel cell stack and a method
ology to experimentally identify tunable physical paraenst
The model equations allow temporal calculation of the sseci
concentrations across the gas diffusion layers, the vaposport

ing the number of catalyst sites available (effective gneaurn
reducing the power output of the fuel cell.

Numerous studies have investigated the formation of liquid
water droplets within the cell layers by use of translucesilsc
with optical sensors [1, 2] or neutron imaging [3]. While use-
ful for understanding and characterizing droplet fornatity-
namics in the GDL, multi-cell stacks can not be easily examin

across the membrane, the degree of flooding in the electrodes ysing these experimental techniques. Many CFD models have

and then predict the resulting decay in cell voltage oveetim
A nonlinear optimization technique is used for the ideruifion

of two critical model parameters, namely the membrane water
vapor diffusion coefficient and the thickness of the liquidter

film covering the fuel cell active area. The calibrated madel
validated for a 24 cell, 300 cfrstack with a supply of pressure
regulated pure hydrogen.

1 Introduction

The management of water within the fuel cell stack is critica
for optimal stack performance. Because the ionic conditgtiv
of the membrane is dependent upon its water content, a lmlanc
must be struck between reactant delivery, namely hydrogdn a
oxygen, and water supply and removal. When the reactant gase
become saturated, excess water will condense. This ligaid w
ter can accumulate in the gas channels, the pore space adshe g
diffusion layer (GDL), or can partially coat the catalysduc-

*Funding is provided by the U.S. Army Center of Excellence fat@motive
Research and the National Science Foundation.
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been developed to approximate the 2 or 3 dimensional flow of
hydrogen, air, and water within the manifolds, gas chanield

GDL [4-7]. These models are ideal for investigating fuel cel
design issues, however, implementation of such complex-mod
els for real time embedded control is cumbersome. Thus, any
model based control scheme used for water management must
adequately trade-off implementation while still captgrthe dy-
namic behavior of electrode flooding and two phase flow.

Due to the difficulty of measuring the humidity or water
content within the diffusion layers or gas channels, a lodeor
model is developed to quantify the liquid water saturatiod a
rate of condensation in the GDL. These GDL dynamics are added
to an existing lumped parameter low order fuel cell moddl, [8
capturing the water and reactant dynamics within the celis T
work previously lumped the gas diffusion and catalyst layeto
a single volume and neglected the effects associated vétfoth
mation of liquid water. The addition of the liquid water anaksg
dynamics within the GDL is a necessary step to afford the sim-
ulation of flooding (the effect that liquid water has in résing
the diffusion of reactant gas to the catalyst and thus lavgathie
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cell voltage). The methodology used to experimentally fidign
tunable parameters is described. Finally, experimental wal
be compared to the model predictions to provide a validation

the models presented. This is the first time to our knowledge

that a two-phase flow, 1-D model predicts the experimentdily
served temporal behavior of a multi-cell stack.
Note, this work spatially discretizes the GDL and not the

membrane. The intent of this work is to model the reactant dy-

namics within each electrode, and their impact on cell perfo
mance. It can be assumed that reactant gases do not petiedrate
membrane, thus no reactant gases are contained within time me
brane. Additionally, the spatial variation of water vaporthe
membrane is neglected due to the significant differenceidk-th
ness between the GDL (432n) and the membrane (3%m).

dcg,
dy

N, gas

Y

Time-varying boundary

membrane/catalyst

Membrane
water transport

R evap

scons s vl
Thus, the membrane is considered to be homogenous and lumped

parameter.

2 Nomenclature

Time derivatives are denoted d6)/dt. Spatial derivatives
through the GDL thickness in the membrane directignate
denoted ag()/0y.

The English lettela denotes water activityis. is the fuel
cell active area (1), cis molar concentration (mol/#), D is dif-
fusion coefficient (r/s), (D) is the effective diffusivity (m/s), i
is current density (A/cH), | is current (A) K is absolute perme-
ability (m?), Ky is relative permeabilityM is molecular weight
(kg/mole),n is the mole numbemceis is the number of cells in
the stackN is molar flux (mol/s/m), p is pressure (PaR is the
ideal gas constant (J/kg KRevapis the evaporation rate (mol/s
md), sis the fraction of liquid water volume to the total volume,
Sm is the level of immobile saturatiois the reduced liquid wa-
ter saturationty, is the membrane thickness (my; is the tun-
able water layer thickness parameter ()is temperature (K),
uis voltage (V),V is volume (nf), W is the mass flow (kg/sk
is molar ratio,y is mass ratio, and s the ratio of molar fluxes.
The Greek letteq,y is the tunable diffusion parametgris used
for the volumetric condensation coefficient t, € for porosity,
6 is contact angle (degreed)for water contenty for viscosity
(kg/m s),p for density (kg/mi), o is surface tension (N/mjyfor
relative humidity (0-1), andb for humidity ratio.

The subscriptin denotes variables associated with the an-
ode,c is capillary,cais cathodechis channelgt is catalystda
is dry air,eis electrode dn or ca), gasis the gas constituent],
is hydrogenjn is into the control volumej is used as an index
for gas constituents is used as an index for discretizatidris
liquid, mbis membraneN, is nitrogen, 0, is oxygen,out is out
of the control volumep is pore,rc is reactionssatis saturation,
stis stackw is water, and/ is vapor.

3 Model Overview

>| Cell Voltage [<- -~~~ J

Figure 1. Flow chart of model calculation algorithm

drogen and water vapor flow through the GDL. In the cathode
channel a mixture of oxygen, nitrogen, and water vapor ave flo
ing. The species concentrations in the channel are cadtllat
based on conservation of mass assuming the channel is homo-
geneous, lumped-parameter, and isothermal. The timengaryi
channel concentrations provide one set of boundary camditi

for the spatially varying reactant diffusion through the IGDhe
reactant gases must diffuse through the GDL to reach the cat-
alytic layer.

Under load, we assume product water is formed as a va-
por. The combination of electro-osmotic drag and back diffu
sion transport vapor throught the membrane, between thageano
and cathode. The protons, liberated at the anode, transpert
ter to the cathode through electro-osmosis, while backisiiin
transfers vapor due to a water vapor concentration gradidme
net flux of vapor through the membrane depends on the relative
magnitudes diffusion and drag. Although there are manyrtsffo
to quantify back diffusion ( [9], [10], [11]), conflicting seilts
suggest an empirically data-driven identification of watapor
diffusion might be a practical approach to this elusive sab)j
The membrane water transport algorithm, thus, depends on an
unknown tunable parameter (indicated by a dashed line in Fig
ure 1) that scales the diffusion model in [10].

The diffusive migration of gases and capillary flow of liquid
water through the GDL are modeled using a diffusion coeffigie
which depends on the local saturation of liquid water [12je T
condensation rate of vapor is modeled through a discratizaf

Figure 1 shows a flow chart of the calculation algorithm used the GDL [13]. Under isothermal conditions, when the proadrct
to implement the model. In the anode channel, a mixture of hy- or transport of vapor overcomes the ability of the vapor fiude

2
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through the GDL to the channel, the vapor supersaturates and

condenses. The condensed liquid accumulates in the GDL unti
it has surpassed the immobile saturation limit at which pcéip-
illary flow will carry it to an area of lower capillary pressufthe
GDL-channel interface). Liquid water in the GDL occupiesgo
space, reducing the effective area through which reactsntgn
diffuse and increasing the tortuosity of the diffusion patinis
obstruction ultimately reduces the active catalyst serfarea, in
turn lowering the cell voltage at a fixed current. This effsatot
easily modeled because the surface roughness makes itildiffic
to predict how much GDL surface area is blocked by a given vol-
ume of water. For this reason, we chose to experimentally-ide
tify the thickness of the liquid that determines the areakéal

by the liquid water flowing out of the GDL. The location of this
second tunable parameter within the overall model calicuiat

is indicated with the second dashed line in Figure 1.

4 Gas Diffusion Layer

The diffusion of gas species in the diffusion layer is a func-
tion of the concentration gradient, transferring gas fregions
of higher concentration to regions of lower concentratidine
molar concentration of gas specjds denotect; and is a func-
tion of n; (the number of moles of gasn pore volumeVvp):

N
=V, TRT @)
The time derivatives of gas concentrations for two geneasl g
species A and B are a function of the local molar flux gradients
(ONa andONg), and the local reaction rat&s andRg of the par-
ticular gas species (as in the case of vapor condensationjio
two partial differential equations (PDES):

d ONa

Ca . .
5t =Na+Ra= By +Ra, (2a)
dCB . _ aNB
T _DNB+RB_—ay +Rs. (2b)

Diffusion in the GDL occurs between hydrogen and vapor in the
anode, and oxygen and vapor in the cathode (nitrogen diffusi
is not considered). We present first the general equatiodd-of
fusion in two phase flow. The exact time varying diffusion aqu
tions are given in Section 4.4.

4.1 Gas Species Diffusion

Gas flow is calculated in units of molar flux, which mea-
sures the molar flow rate through a cross sectional areats ofi
mol/s/nt. The gas molar flux accounts for both the diffusive mo-
lar flux and the convective molar flux. The diffusive molar flux
is caused by a concentration gradient, as shown in Figure& fo
non-equilibrium distribution of gases A and B. The concatibn

g ®°;
B .....Oloooooo.o
e ®e% 0 e %00 00, 0O
09 ® o 000%0 o L ¢
T
Figure 2. Molecules A and B confined in a box [14]

00 g Oy z-direction

Figure 3.
dients [14]

Mixture of A and B with bulk velocity V and concentration gra-

gradient is diffusion’s driving force. Molecular diffusiccauses
species A to move to the right and B to move to the left, towards
the respective direction of decreasing concentrationradatg to
Fick’s law. Fickian diffusion is represented byDABaa%\, where
Dag is the diffusion coefficient of gas A with respect to gas B.
Similarly, the diffusive flux for gas B is:—DBAaaﬂ.

For two gases diffusing in a mixture with a bulk (convective)
flow, shown in Figure 3, we first define the molar ratio of gas
specieg beingx; = ¢j/c and the average gas velocity= (Na+
Ng)/c. Then the total molar flux is a function of the average gas
velocity, x;cV, and the diffusive flux, described by:

oc
Na = —Dag—=2 +Xa(Na+Ng) ,

3y (39)
aCB
Ng = _DBATy +x8(Na+Npg) . (3b)

To solve these equations, we assume a ratio bethgemdNg,
z= % that changes gradually in space as shown later in Equa-

tions (11) and (12).

4.2 Effective diffusivity
The effective diffusivity of gas constituents in the GDL,
(Dj), is a function of the porosity of the diffusion layer, as
well as the volume of liquid water preselt;
—0.11\°7 V
<Dj>=Dj€<£ ) (1-9?%  s=g

1-011 Vp @

where s is the liquid water saturation ratio, avgis the pore
volume of the diffusion layer [12]. The porosity of the diion
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layer is the ratio of the pore volume to the total volume of the
layer,e =V, /V. Both the impact of liquid water saturation on
effective diffusivity and the impact of porosity for carb®aray?
paper GDL, described here, was modeled in [12].

4.3 Liguid Water Capillary Transport

The volume of liquid water in the GDL is calculated through
the capillary liquid water flowW, and the evaporation rate,
Revap:

pl% :\M,in—w,out—w . (5)

As a pore fills with liquid water, the capillary pressure ie&ses,
causing the water to flow to an adjacent pore with less water.
This process creates a flow of liquid water through the GDL,
resulting in the injection of liquid into the channel (shown
Figure 4). This liquid water flow through the GDL is a function
of the capillary pressure gradient [12, 15],

_ ArchcenspiKKy Fdpe (0S
w - - Al (ds %) ©

where p; is capillary pressurei. is the fuel cell active area,
n is the number of cellsp; is the liquid water densitK is the
absolute permeabilityy, is the viscosity of liquid watekK, = S°
is the relative permeability of liquid water, ai®is the reduced
water saturation,

S—Sm
S=< 1-sm
0 for0<s<smy .

Here,sm is the level of immobile saturation describing the point
at which the liquid water becomes discontinuous and inggsru
capillary flow. Capillary flow is interrupted whesi< sm,. The
results of capillary flow experiments using glass beads esyso
media show thas,, = 0.1 [12]. The relative permeability func-
tion suggests more pathways for capillary flow are availasle
liquid saturation increases.

Capillary pressure is the surface tension of the water dtopl
integrated over the surface area. The Leverette J-funclien
scribes the relationship between capillary pressure aaddh
duced water saturation:

_ 0C0Be ) 417521209 1 1.263 |

(K/e)2 S

whereao is the surface tension between water and air, &nid
the contact angle of the water droplet.
Finally, the molar evaporation rate based on [12] is

Pv,sat — Pv
Revap: V'SE‘T , Pv=cRT, (©)
wherey is the volumetric condensation coefficient. When the
partial pressure of vapor is greater than the saturatiosspre,
Revapis negative, representing the condensation of water. A log-
ical constraint must be included such that if no liquid waser

presentRevap< 0.

forspm<s<1

(1

®)
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Figure 4. Capillary flow of liquid water through diffusion layer [12]

4.4 Details on discretization of the spatial gradients

The mass transport of gas and liquid water can be more eas-
ily solved when the gas diffusion layer is split into disereol-
umes (refer to Figure 5). Each sub-volume in the diffusigreta
is assumed to be homogenous. The spatial gradients arel ssve
difference equations, while the time derivatives are sbhwih
classical ODE solvers. For the purposes of model simplifica-
tion, the concentration of nitrogen in the cathode diffadimyer
is assumed to be identical to the concentration in the chaase
nitrogen is not consumed in the chemical reaction. Genetht
concentration gradients are:

Cathode EquationsAnode Equations

W (1) = V20D [0 1) $D_W2)

gy By 0 3y

o (o) _ YE)_2) |ob o) _ YRS (10)
% v %(3) %)(IJ llJ(3>6Xl|J

TY(B) - CBTy (Ty(3) = W},Ch

wherey is used to denote the variable of interest. For the cath-
ode, difference equations are used to describe the coatientr
of oxygen,co,, vapor,cyca, and reduced water saturaticdfa.
For the anode, difference equations are used to descrilm®the
centration of hydrogergy,, vapor,cyan, and reduced water sat-
uration,S;.

The ratio of molar flux is a function of the gas concentration
gradient, and the effective diffusion rate. The resultiathode
equations are as follows:

Nyct/No, re for k=1
Za(k) = { Nv,c;(k(z 1)t/Noz(k— 1) fork=2,3 (1)
_ _<D02(k)> dco,
No, (k) = 1— 0, (K)(1+Zea(K)) 0y (k) (11b)
Nyca(k) = —(Duca(k) 0ea ) (114

~ 1—Xyca(k)(1+1/za(k)) 0y
whereNy¢t = Nyret + Nymb @andNymp are defined in (21). Simi-
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W a,in W c,in d COZ _ aNOZ

3 2 1 ‘ 1 23 | d(dllica(k) _ ~ ONyca

3 (k) + Revapca(k) . (15Db)
;H(z),a(ck};) cH;,a§3) c H,a(2) cHz,a(ll) cO;,cfl) cO;,c(ZZ) ¢ 0,,¢(3) ¢ O,,¢c(ch) y
SR SEA0) | VIAG) | VIR | |eNact)|cNack) | e e Kocichy
VLe() | VLe() | VL) Similarly for the anode:
—? doq, (k) ONH,
v,gen = — k 16a
’ b 5y (162)
N v,merr) d C\/‘an( k) an.an
wom P it A > a oy WFReapan(k). - (16b)
N Hz,a(3)?Hz,a(2)m2,5_) NO;,C(I)}N 0,,c(2 ?Oz,c(__%)
N e En WIPw e i The elgctrode water evaporation raleyape, is a function
of the partial pressure of water vapor in the electrgaig, and
the vapor saturation pressugg,sat, Which itself is a function of
N Ha,rct N Qaret tem perature:
> T)— pue(k
i Revaplk) = yPeet T Pusll) an
W caout The time derivatives of liquid water volume are a function
Ao Anod Vemb Cathode Cathode of the evaporation rate, and the liquid water mass flow, esgae
node noae emprane
Channel GDL GDL Channel for the cathode and anode as:
VpMy
- Re K)—W ca(k —
Figure 5. Mass Transport Diagram with discretization of diffusion layer dW,ca(k) _ £ Vapgla( ) call) for k=1 (18a)
dt *Vngv Revapca(K)+W ca(k—1)—W ca(k) for k=2.3
pI ’
larly, the anode equations are as follows: VoM W an(K)
= dvi ——& AR =l for k=1
Zan(K) = { Ny mb/ NHj ret for k_l (12a) I,an(k) _ Vot o (18b)
Nv,an(k_ 1)/NH2(k_ l) for k=2,3 dt — & Revapan(k) =W an(k—1)—W an(k) for k=2.3
pI !
N () = o) 9% g
2
1%, (K)(1+Zan(k)) 0y where the mass flow of liquid water from (6) is a function of the
—(Dyan(k)) dCyan reduced water saturation gradient and the capillary prespg
Nyan(k) = ’ =) (12c) written generally for the electrode as:
1—Xyan(K)(1+1/Zan(K)) 0y Y '
AtcNeensPi KKy e(K) dpe ,, , 0Se
The molar flux gradients of oxygen and hydrogen are: W e(k) = — m ﬁ(k)a—y(k) : (19)
Cathode Equations | Anode Equations 5 Boundary conditions at the membrane
ag%(l) _ %}}\‘Ozm "';%(1) _ ’\‘Hz-fcta;y“Hzm The reaction at the catalyst surface of the membrane used in
6§ﬁ(2) = NOZ(Z)gNoz(l) a';ﬁ(Z) = LHZ(l)S‘NHZ(z) (13) 'Erlli)calculation of the molar flux gradient in Equations (13) a
y Y y Y are:
ag%(s) = 7N°2(3)§yN02(2) %(3) = 7'“”2(2);““2(3) N — S i [E=Tforkband O o
_ _ (et = 2F §=2for O
and the molar flux gradients of water vapor are: wherelg; is the current drawn from the stack aRds the Faraday
Cathode Equations | Anode Equations constant.
MNuca (1) — MucalD Mt [ ONuan (7 _ NumoNuan( D The water content of the membrane and the water vapor flow
aay (1) = & L oay (1)= léy ) (14) rate across the membrane are calculated. These propedies a
%(2) — Nca )&NV“”‘( ) '\év)}a“(Z) = Duan )gyNV‘a”( ) assumed to be invariant across the membrane surface. Tise mas
oNv.ca(3) _ Muca(3)—Nyca(2) | Nvan (3) = Nv.an(2) —Nvan(3) flux, Nymb, Of vapor across the membrane in Equation (14) is cal-
% o oy o culated using mass transport principles and membrane piepe
The time derivatives describing the dependance of the gas given in [10] according to:
concentrations on the molar flux gradients for the cathode ar Nymp = ndé — O(WDW(CV»Camb_ Cvanmb) (21)
' tmb ,

5 Copyright © 2005 by ASME



wherei is the fuel cell current density«/Asc), Nq is the electro-
osmotic drag coefficientDy, is the membrane vapor diffusion
coefficient, andis the membrane thickness. The parametgr
is identified using experimental data. The water concentran
the electrode is:

_ Pmbdry A

= 22
Cv,emb Mmbary e (22)

where Pmndry is the membrane dry density amdiynary is the
membrane dry equivalent weight. The membrane water con-
tent, Aj, defined as the ratio of water molecules to the number
of charge sites [10], is calculated from water activigggwhere
subscriptj is eitheranranode ca-cathode, omb-membrane),

0.043+17.81a; —39.85a7 +36.0a°, 0 < a; < 1
14+ 1.4(a; - 1), 1<a; <3 (23)
16 elsewhere

Aj=

where the average water activitgy,, between the anode and
cathode water activities, is described by:

__ Banmb+ 8camb X\N,e(l) pe(l)
Amb=—5—— —_—

2 Psate
with pe(1) being the total gas pressure in the GDL layer next
to the membrane, calculated using the concentration defimed
Equations (15) and (16). The membrane vapor diffusion coeffi
cient presented by [6] is a piecewise linear approximaticihe
data published by [10]:

Dw = D)\exp<2416<

and agmp = . (29)

1 1

1010 A<2
Dy — 101°%(1+2(A—-2)) ,2<A<3
A7) 10°19(3-1.67(A—13)) ,3<A <45
1.25.10°10 A>45

whereD, is the corrected diffusion coefficient fs). Finally,
the electro-osmotic drag coefficient is described by [6laka-
lated using:

ng = 0.002A2, + 0.05\pp— 3.4x10719 (26)
6 Boundary conditions at the cathode channel

The concentration of reactants and vapor in the anode and
cathode channel are used for the calculations of the gagnenc
tration gradient in the last GDL layer (next to the channeis)
Equation (10). Mass conservation for the gas species indtie ¢
ode is applied using the cathode inlet conditions as inpedglir-
ing measurements of the dry air mass flow Mg cain, temper-
atureTeain (is assumed to b&;), pressur@cain (is calculated us-
ing the stack back pressure-flow characteri$facain)), and
humidity @cain (is assumed to be 1), along with the cathode outlet
pressurgca out (is assumed to be ambiepitm). These assump-
tions have been experimentally confirmed.

The mass flow of the individual gas species supplied to the
cathode channel are calculated as follows:

W, cain = in————Wgacain,
lo,,cain y027caln1+(*)ca,in da,ca,in
We oar = e Wnen (27)
Ny Cain = Ni:?“*‘*)cain daca,in,
Wi cai — _—can -
.ca,in 1+Q)ca,in dacain
where
Weain = My (Pca.,inpsat(Tca,in) (28)

Mgtam Pcain — Qcajin psat(Tcain) '

with the mass fraction of oxygen and nitrogen in the dry da) (
as Yo, cain = Xo,Mo, /M3a" andy, cain = (1 Xy, )My, /M,
whereMgim = Xo,Mo, +(1—=X5,)My,, andx,, = 0.21 s the oxy-
gen mole fraction in dry air.

The mass of gas species in the cathode channel are balanced
by applying mass continuity:

dnbz,cach

WOZA,C&,GDLa

= Woz,cain - Woz,caout -

(29)

= WNz,cain —WNz,ca,out7

= VW,cain - M,caout +V\‘IV,C&GDL-

The mass of water is in vapor form until the relative humid-
ity of the gas reaches saturation (100%), at which point va-
por condenses into liquid water. The cathode pressure is cal
culated using Dalton’s law of partial pressuf@g ch = Po,.ch+

Py,.ch + Pucach- Note also that the partial pressures for the oxy-

— Ry i — Rl
98N Po, ch = o Vza Moy nitrogenpy, ch = Wi, Vea g and

Vapor Pycach = @eachPsat(Tst) in the cathode are algebraic func-
tions of the states through the ideal gas law and the psydtram
properties since the cathode temperature is assumed todke fix
and equal to the overall stack temperatur@sat Given the va-
por saturation pressuiga(Tst), the relative humidity in the gas

channel isgcach = min {1, % . Although the cathode

airflow may be responsible for removing some liquid wates it
assumed that all water exiting the cathode is in the form pbua

The mass flow rate of gases exiting the cathode are calcu-
lated as:

Weaout = Kea( Pcach— Peaout),
2,ca;ch
Wo ,caout — da,ca,out;
2 2 (30)
My, cach
WNz,ca,out = da,ca,out;
a
W, pv,ca.,chvcan ?
caout — TS0 a,caout
RTstMcach ’

where key is an orifice constant found experimentally, and
Meach = My, cach + My, cach + PvcachVeaMyv/(RTst) is the total
mass of the cathode gas. Finally, the oxygen diffused to fbke G
is calculated using Equation (11) and the water (vapor apd li
uid) flowing from the GDL is calculated using Equations (11)
and (19):
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Wo,,cacbL = No, (3) Mo, AtcNeells,

Wocacor =W ea(3) + Nuca(3IMArecers . )

At the surface of the GDL adjacent to the chanrg&}: 0.
This boundary condition is used in the reduced water séturat
gradient equation, causing the capillary pressure to heatdhe
GDL surface. The reduced water saturation is calculateedoh
element using Equations 7 and 4.

7 Boundary conditions at the anode channel

Similarly, the inputs for the anode calculations are the-mea
sured anode inlet conditions of dry hydrogen mass Ww an,in,
temperaturéanin (assumelg), supply manifold pressurBaniin,
relative humidity@anin (zero humidity is assumed), and outlet
manifold pressur@anout (assumed to be ambiepfm). The dry
hydrogen inlet mass flow ra¥, anin = Kanin(Panin — Pan) iS
manually regulated to maintain a constant anode inlet press
The hydrogen supplied to the anode is dry, there¥tiyg,in= 0.
The mass balances for hydrogen and water are

dMy, anch WH G

# —V\rﬁz,an,in \Mﬂz,an,out* 2,an,GDL,
Myanch -

—_Wwanch _ \M/.an,in —V\&anput V\‘N,an,GDLa

dt
with the anode pressure and relative humidity calculated as

(32)

RTst . [ RTstmMyan ]
h= ———m, +min|l, ———1 _ Tet).
Panc MHZVaan2 M\VanPsat(Tst) Psai(Tst)
——— —
pHz.an.ch Qanch

The anode exit flow rat&Vanout = Kanout(Panch — Panout), rep-

air is flow controlled, in excess of the reaction rate, to fev

a supply of water vapor and oxygen at the cathode. Deionized
water is circulated through the system to remove heat pextiuc
due to the exothermic chemical reaction.

Measurements of dry gas mass flow delivered to the elec-
trodes are taken along with the electrode inlet and outiepts-
ature, pressure and relative humidity. The coolant tentpesas
measured leaving the cells. Figure 6, displays the majoerexp
mental components along with the measurement locations.

—)--*--»

Purge Valve

* MeasureT,P,RH
+Measure T

>*.} to ambient

C&)
E...)@...)m...)
A HX
from Q F e N LT
ambient

Compressor

FuelCellstack | |

Figure 6. Experimental hardware and measurement locations

A 24-cell PEMFC stack was used for all experimental re-
sults presented. The stack delivers 1.4 kW continuous pa@aer
pable of peaking to 2.5 kW. The cell membranes are comprised
of GORE'M PRIMEAR Series 5620 membrane electrode assem-
blies (MEAS). The MEAs utilize 3%m thick membranes with
microporous layers containing 0.4 mg/&end 0.6 mg/criPt on
the anode and cathode, respectively. The catalyst coated me

resents the purge of anode gas to remove both water, and unfor brane has a carbon black catalyst support with a surfaceohrea

tunately, hydrogen:
My, .anch

WHz.an,out: N Wan,out, (33)
pV,an,chVanMv

V\&an,out = 7Wan7out-
RTstrT’lan,ch

wheremgnch = M, anch+ PvanchVanMv/(RTst). The hydrogen
and vapor diffused to the GDL are calculated using Equations
(12) and (19):

Wh,.anGbL = NH, (3)MH,AtcNeells, (34)
WihanGbL = W,an(3) + Nyan(3)MyAscneells.
8 Experimental Set-up
The experimental data used to calibrate and validate our
model are taken at the Fuel Cell Control Laboratory at the Uni
versity of Michigan. A computer controlled system coordésa
air, hydrogen, cooling, and electrical subsystems to apetee

PEMFC stack. Dry pure hydrogen is pressure regulated to re-

approximately 300 cf To distribute gas from the flow fields

to the active area of the membrane, double-sided, hydraphob
version 3 ETekM Elats with a thickness of approximately 0.432
mm are used. The flow fields are comprised of machined graphite
plates.

9 Parameter Identification Approach

Lacking a practical experimental means to measure the spa-
tial distribution of water mass in the electrodes of a largdtim
cell stack, the lumped-parameter two-phase flow model devel
oped here can be indirectly validated through model pristicif
the effects of flooding on stack voltage. We concentrate otiaho
parameterization during anode flooding events. Specificabpe
ing conditions can be tested for conditions leading to a¢ho
flooding. However, at moderate current densities)(5 A/cnt)
and cell operating temperatures 60° C) along with the ab-
sence of humidification introduced in the hydrogen gas strea
back diffusion dominates drag, resulting in anode floodifige

plenish the hydrogen consumed in the chemical reaction. The accumulation of liquid water in the gas channel and diffasio

hydrogen stream is dead ended with no flow external to the an-

ode. Using a purge solenoid valve, hydrogen is momentarily

layer on the anode is typically the dominant reason for galta
degradation. The occurrence of anode flooding is experiignt

purged through the anode to remove condensed water accumu-confirmed by a purging event; following an anode purge, thie vo

lating in the gas diffusion layers and flow channels. Huredifi

7

age significantly recovers. Under the same testing comditimd
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voltage degradation, surging the cathode has little efiacthe Table 1. Initial values for pressures and flows

cell voltages. Variable | Units | Figure 7 | Figure 9
Once anode flooding occurs, we postulate that the resulting Peach(0) | (kPa) | 104.59 | 101.88

voltage degradation arises from the accumulation of liomébs banen(0) | (KPa) | 12060 | 120.84

in the GDL, m,(3) (found from the liquid water mass flow in -

Equation (19)). The accumulated liquid mass is assumedho fo Weain(0) | (mgls) | 1829.1 | 292.76

a thin film (experimentally measured in [3]), blocking pairtioe Wanin(0) | (mg/s) | 20.015 | 4.3987

active fuel cell are#d\;c and consequently increasing the lumped
current density, defined as apparent current dengity

iapp = Ist/Aapp
where the apparent fuel cell ardgyp is approximated as

(35)

exchanger by an on-off fan around a desired set-point. Affer
seconds the desired set point was set frofC50 6(°C and the

stack heats up under its load.

Aapp = Arc(1—m,,(3)/(NceitsPrtwiAtc)) - (36)
The second parameter,,, corresponds to the lumped “stack”-

level membrane diffusion that needs to be identified using ex
perimental data. The liquid film thickneg and the diffusion

Figure 8 shows the average current density,lst/Asc, that
is used to calculate the molar flux gradients in the GDL next to
the catalystin (13)-(14). The dashed line in the same stibpte
responds to the calculated apparent current dengity,in (35)
based on the apparent area (36) that is not blocked by thid liqu

multiplier a, are the tunable parameters which are identified by
comparing the predicted and measured average cell voltage.
selected section of one experiment is used to identify the tw
parameters using a nonlinear least squares fitting tecérfet
minimizes the difference between the measured cell voltage
and the modeled cell voltage;.,

texp N _ .
I= / (Vie(T) = Uro(1))T (Vre(¥) — Vgo(T) )T .
The modeled cell voltage, described in [8], is calculatednfr

_ N
Vic = E — Vo +Va(1— exp “4'2P)] —iappRohm— [iapp(CZ::TZZ) 3]

(37)

= f(sz,mb7 pOz,mb>TSt»)\mb7 |app)
(38)
where the model parameters were experimentally tuned for a
high pressure fuel cell stack.

10 Model Validation Results

Experimental data were collected for a range of stack cur-
rent from15=30-90 Amps, air stoichiometries of 200%-300%,
coolant circulation temperatures from 50265 at an anode in-
let pressure of 1.2 bar. Experimental data and model piedgt
are shown in Figures 7-10. The data collected for model vali-
dation are different from the data used for calibration. uFég
7 shows the model inputs. In particular, subplot 1 shows the
total current drawn from the stadk. The shifted inlet anode
and cathode measured pressurgs én(t) — Panch(t = 0) and
Pcach(t) — Peach(t = 0)) are shown in subplot 2. Allinitial values
are shown in Table 1. Similarly, the shifted dry air and hygno

water film. The apparent current density is used to calculete
cell overpotential. Subplot 2 shows the measured cell geka
for all 24 cells in the stack (thin lines) and the predicteddelo
voltage (thick line). It is clear that when the apparent entr
density increases, the predicted voltage decreases mattite

measured cell voltages.

90

851

Ist (A)

80

N —— I
200

300

400

500

600 700 800 900

Py

o
| I

-0.02

-0.04

A Pres (bar)

x®

x
i

x

®

®

Air Caln
% H2 Anin
x

0.3F

A Flow (g/s)
o
N
T

300

400

500

600 700 800

Air Caln
% H2 Anin

0 100 200

300

400

500
time (s)

600 700 800 900

inlet mass flows are shown in subplot 3. The pressure and flow Figure 7. Measurements used as model inputs for one experiment that

excursions observed in the anode occur after an anode mirge i
initiated. The purge is scheduled every 180 seconds for 3 sec
onds. The air mass flow in the cathode inMqin, Was con-
trolled at 300% stoichiometry for this experiment. Finalye

coolant temperature is regulated thermostatically thincudpeat

exhibits anode flooding

Although the voltage prediction is an indirect means for
coolant temperature out of the stack is shown in subplot £ Th evaluating the overall predictive ability of our model, taae
is a stack variable that combines the internal states oftdek s
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and provides an accessible, cheap, fast and accurate measur

ment. The model presented predicts the increase in liquiothve

An additional set of experimental data and model predic-
tions are provided in Figures 9-10. The data shown demon-

Vi an/ca that consequently decreases reactant diffusion, followed strate the model predicting capability at low current dgnand

by an increase of the blocked active area, in turn increasiag
apparent current density, finally reflected in a decreaseelin c
voltage. The model accurately captures the trend of thagelt
recovery after an anode purging event. Moreover the model pr
dicts the increase in overpotential during a step changerieit
from 75 to 90 A in the beginning of the experiment. Althougé th
flooding trend is captured, the offset at 90 Amps needs to be ad
dressed with a better voltage parameterization. Note thig];
the voltage equation underpredicts the measured voltalgiglat
current density. For all experiments conducted, the maximu
error in the estimated voltage was found to be 8%.

It is noteworthy that the predicted voltage shows the effect
of (a) the instantaneous increase in current (static fangind
(b) the excursion in partial pressure of oxygen due to theinan
fold filling dynamics as indicated by the voltage overshaging
the current step. Finally the model predicts the effectewifter-
ature in the voltage as shown during the temperature tnainsie
from 5(° to 6°C. Higher temperature improves the cell voltage
through the static polarization function. At the same tinme,
crease in temperature helps evaporate some of the stored lig
as indicated when the apparent current density is equaleto th
average current density. Consequently, temperaturetsffee
voltage through a dynamic path.

2
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Figure 8. Measurements and model outputs for an experiment exhibit-
ing anode flooding. The thin voltage lines correspond to the measured
voltages, the thick line is the model prediction

a different range of operating temperature and air stomkioy.
Figure 9 shows the model inputs and Figure 10 shows the av-
erage and apparent current density together with the peeblic
and measured cell voltages. This experiment was compleéted a
1s=30 Amps, 200% air stoichiometry, and a coolant temperature
of Ts=50° C for the majority of the time. As Figure 10 shows, the
model predicts the transient and steady-state voltagegistep
changes in current, and correctly predicts no significantiiog.
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Figure 9. Measurements used as model inputs for an experiment that
does not exhibit anode flooding

11 Conclusions

A two-phase one-dimensional model for a multi-cell stack
has been developed and validated using experimental éransi
data. The lumped parameter model depends on two tunable pa-
rameters that have been experimentally identified. The mode
captures dynamics associated with oxygen starvation djlpic
observed during step changes in current demand. Most impor-
tantly, the model captures the dynamics associated with two
phase flow through the GDL during electrode flooding or drying
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