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The dynamics of the stirred tank reactor polymer electrolyte membrane (STR-PEM) fuel
cell arise from the balance between water production and water removal within the cell.
This results in STR-PEM fuel cell steady-state multiplicity, remarkably analogous to that
of an autocatalytic exothermic STR. Model flooding effects in the cathodeside catalyst/gas
diffusion layer by accounting for relevant mass-transport processes is presented. We use
the resulting STR-PEM fuel cell model as a building block to construct approximations of
more conventional integral (plug flow) type fuel-cell reactors. This approach bypasses
more complicated, distributed gas diffusion layer models. Connecting several STR-PEM
fuel cells in series, the effects of four operating parameters (temperature, external load
resistance, inlet hydrogen and inlet oxygen flow rates) on the current evolution in each
tank can be monitored and rationalized. © 2006 American Institute of Chemical Engineers
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Introduction

Recent developments in polymer electrolyte membrane
(PEM) fuel cell technology lend support to the prospect of
utilizing PEM fuel cells for mobile and stationary applica-
tions.!-3 Before PEM fuel cells become a commercially viable
alternative power source, however, it is critical that predictive
models of fuel cell dynamic performance under realistic oper-
ating conditions become further developed. Many PEM models
attempt to capture the internal workings of an operating fuel
cell.*-8 However, such models often include intricate phenom-
enological details that create additional complexity. We have
previously designed, constructed, and experimentally operated
a differential PEM fuel cell.°-!" This simplified version of an
operating PEM fuel cell retains the essential physics that enable
us to study the kinetics and dynamics of the fuel cell.'>13

We have previously described the remarkable analogy between
the energy balance in the classical exothermic stirred-tank reac-
tor,'4-18 and the water balance in the differential PEM fuel cell.®
Water production within the fuel cell improves proton transport
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through the PEM, and thereby, autocatalytically accelerates the
reaction. The balance between water production and water re-
moval in the stirred tank reactor-fuel cell (STR-PEM) gives rise to
multiple steady-states as indicated by the intersections of the water
removal and water production curves (corresponding to heat pro-
duction and heat removal curves in the CSTR heat balance).
This article is organized as follows. First, we extend our
initial STR-PEM fuel cell model to incorporate key mass-
transport processes that successfully capture flooding effects in
the cathode side catalyst/gas diffusion layer. We then employ
our one-dimensional (1-D) stirred-tank reactor model via a
“tanks in series” approach as a building block to build approx-
imations of more complex flow geometries. By using well
established computational tools, such as dynamic simulation,
continuation, and bifurcation analysis,'°22 we study the STR-
PEM fuel cell dynamics and its parametric operation. This
provides a simplified, straightforward approach to examine
dynamics of PEM fuel cells. We have bypassed the more
complex, spatially distributed gas diffusion layer models with
an eye towards easier handling of the dynamics.?325> We con-
clude with a summary and brief discussion of the results.

STR-PEM fuel cell

The hydrogen-oxygen STR-PEM fuel cell consists of the
anode, and the cathode flow channels, sandwiching the mem-
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Figure 1. STR-PEM fuel cell model.

(a) Nonhumidified hydrogen and oxygen are fed to the anode
and cathode chambers that act as stirred tank reactors. Unre-
acted gases and product water exit from both sides, and (b) the
equivalent electrical circuit for the STR-PEM fuel cell. The
membrane resistance (R,,) depends on the membrane water
content while the external load resistance (R,) is a controlla-
ble parameter. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

brane electrode assembly. As shown in Figure la, the flow
channels are modeled as stirred-tank reactors, to which hydro-
gen and oxygen are fed at fixed flow rates of F7{' and F# (m>/s).
The STR-PEM fuel cell is electrically connected to an external
load resistance R, ({)). Aside from controlling the inlet flow
rates and load resistance, we assume that the fuel cell temper-
ature, 7' (K) can be controlled.* Figure 1b illustrates that the
current through, and the voltage drop across the external load
are measurable quantities. The membrane resistance R,, (1),
which is a strong function of the membrane water content, but
only weakly dependent on temperature, represents the resis-
tance to proton transport.2°-3! Previous models of PEM fuel
cells have employed a linearized relationship between mem-
brane resistance and water content.?> Those linearized models
cannot capture steady-state multiplicity and current ignition in
PEM fuel cells, and so it is necessary to use models that can
capture that physics. V, (Volt) is the potential due to the
chemical potential gradient of hydrogen between the two elec-
trodes.

We have focused on modeling four regions within the STR-
PEM fuel cell as illustrated in Figure 2. This diagram high-
lights the important mass-transport processes occurring within
the anode flow channel, membrane, cathode side catalyst/gas
diffusion layer, and the cathode flow channel. The system
variables include the hydrogen and water partial pressures in
the anode flow channel, P ", and PC‘V (Pa), the membrane water
activity a,,, the moles of water in the gas diffusion layer
n,, .a1»>> and the partial pressures of oxygen and water in the
cathode flow channel, P, and Py, (Pa).

We have built a model PEM fuel cell with a segmented
anode to test our model; results from the experiments are
reported elsewhere.!3-3* The parameters in the computations
presented here are based on the laboratory segmented anode
PEM fuel cell, as well as on experimental results with our STR
fuel cell reactor. The anode catalyst/gas diffusion layer mass-
transport effects are lumped into the effective mass transfer
coefficient k (estimated at 1.3 X 10~2 mol/m>-s) that governs
the rate of water transport between the membrane, and the

*For the single fuel cell models, temperature gradients are assumed small. The
assumption of constant temperature must be relaxed for fuel cell stacks.

AIChE Journal November 2006 Vol. 52, No. 11

Published on behalf of the AIChE

anode flow channel. This rate of water transport is determined
by the gradient in water activity and expressed by kA(a,, —
a?), where A is the membrane area of 1.5 X 10~ *m?, a,, is the
membrane water activity, and a? is the anode flow channel
water activity. The anode flow channel water activity is ex-
pressed as the ratio of the water partial pressure in the anode
flow channel P2, to the water vapor pressure at the fuel cell
temperature P, as a® = P2/P, . The model also includes an
electro-osmotic drag of water from the anode flow channel
through the term k}’(i/%). The electro-osmotic mass-transfer
coefficient has been experimentally found to depend stronger
than linearly on the water activity in the membrane3235-37; the
data were approximated by the form k¢ = 2(a®)* = 2(P%/
P,,,)*. Most of our results found electro-osmotic drag was only
important at large current densities (>1 A/cm?),3% and were not
important for most of the conditions studied in this article.
We will refer to the cathode catalyst/gas diffusion layer as
the cathode GDL. Water produced at the cathode catalyst
(effectively part of the GDL), can either enter the membrane or
the cathode-flow channel. The rate of water transport between
the cathode GDL, and the membrane depends on the gradient
in water activity between the GDL, and the membrane as
described by k’'A(a,, — a,) where a,,; is the GDL water
activity, and k' (estimated at 5.6 X 10 2 mol/m>-s) is the
effective mass transfer coefficient for water transport between
the GDL, and the membrane. Similarly, water from the GDL is
transported to the cathode flow channel at a rate of k"A(a,,; —
af), where k" (estimated at 1.6 X 1072 mol/m>s) is the
corresponding mass-transfer coefficient; this rate depends on
the difference between GDL water activity, and cathode flow
channel water activity aS. The latter can be expressed in terms
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Figure 2. Water transport processes.

The model consists of four regions with water being produced
in the cathode catalyst layer (effectively part of the cathode
GDL). The anode GDL is ignored here since in these studies
the fuel cell operates under dry anode conditions. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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of the water partial pressure in the cathode flow channel as a§
= PJ/P

wo*

Flooding effects at the cathode

The mass-transfer coefficients that govern the rate of H,
transport to the anode catalyst, and O, transport to the cathode
catalyst are, respectively k, (estimated at 5.8 X 10~ ¢ mol/m*-
s-Pa) and k., for which values are estimated later. At steady
state, the rate of mass transfer to the catalyst must equal the rate
of reaction occurring at the catalyst surface; the reactant partial
pressures at the electrode/electrolyte interface Py and Pg
(Pa) are reduced from those in the flow channels due to mass
transfer across the GDL and can be expressed as

i
4T kA o

1
cat _ . cat —
PHziPHz > 027P02

2Fk,A

where & represents Faraday’s constant. Water is produced on
the cathode side; we limit our model to conditions where there
is no liquid water in the flow channels at the anode-side, so that
k, remains constant. At the cathode, our model allows for
liquid water to accumulate within the catalyst layer, creating an
additional mass-transport resistance for O,. In what follows,
and for our experimental system, the maximum moles of gas-
eous water that can exist in the catalyst/GDL layer is found as
ng™ = P, V,u/RT where V,, is our GDL void volume of
7.5 X 107% m> estimated from an area of 1.5 X 107* m?, a
thickness of 107 m, and a porosity of 0.5. Without liquid
water, the mass transfer of oxygen to the catalyst occurs at the
maximum possible value of k2™ (estimated at 5.8 X 10’
mol/m?-s-Pa from a gas phase diffusion coefficient of 10>
m?%/s, a layer thickness of 103 cm, a tortuosity factor of 3, and
a void fraction of 0.5). However, k. decreases significantly at
the onset of liquid water formation at the cathode GDL and
approaches a minimum rate of k=™ (5.8 X 10~ '° mol/m?-s-Pa)
when the GDL is completely filled with liquid water at n),**
(8.3 X 10~* moles for our Vear)-* We express k¢ (as depicted
schematically in Figure 3) as a function of the moles of liquid
water present in the GDL n’; 33

kTaX
I’lL, k\yax _ k{nin (2)
)

ke =
1+

max
ny

The battery voltage V, depends on the thermodynamic poten-
tial at standard conditions V, (1.23 V), the compositions in
both the anode and cathode, and the total pressure in each flow
channel P, (10° Pa). The electron transfer reactions at the
anode and cathode are equivalent to chemical diodes, described
through typical Butler-Volmer kinetics. From the equivalent
electrical circuit in Figure 1b, the diode effect is captured in the
second term in the following equation (where V, = 0.05 V is
the diode threshold voltage while 7, = 0.002 A is the diode
saturation current). The effective fuel cell voltage V. (Volt) is
derived from the equivalent circuit in Figure 1b as

*In this idealization, water floods the GDL. Actually, water will only flood the thin

catalyst layer between the hydrophobic GDL, and the membrane.
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The explicit Butler-Volmer kinetics only need to be consid-
ered at very small currents. Above current densities of ~0.05
A/cm? the diode may be approximated as a constant threshold
voltage, so the fuel cell voltage is approximately the battery
voltage reduced by ~3V;.

Mass balances

It has been shown previously that the membrane resistance
depends strongly on the membrane water activity.>* For a
membrane with thickness / (1.27 X 10™* m), and area A (1.5 X
10~* m?) the membrane resistance can be correlated as

[
Ry(a,) = 10°%exp(~14al?) ¢ (@) )

The fuel cell current is expressed as

Vic

' RM(aw) + RL

(A) (&)

Writing the mass balances for relevant species in each respec-
tive region, we obtain the following set of equations (6 thru 9).
Equations 6 and 7 describe the balance of hydrogen in the
anode and oxygen in the cathode while Eqgs. 8 and 9 describe
the inventory of water in the membrane and GDL, respectively.

When there is only water vapor present in the GDL, the
water activity is the ratio of the partial pressure of water in the
GDL to the water vapor pressure d,;; = PEY/P,, . The partial
pressure of water in the GDL, can be related to the moles of
gaseous water in the GDL (n,, ) so that the activity can be
expressed as ayy = (1, ,RT)(VyqiP,,,). When the GDL
water activity becomes equal to 1, liquid water starts accumu-
lating in the GDL (see Figure 3). In the following equations
Nyo, is the moles of sulfonic acid groups in the membrane
(3.5% 1077 mol), A is the membrane water content expressed
as the number of water molecules per sulfonic acid group,3®
while V4 and V{ are the anode, and cathode flow channel
volumes (2 X 1077 m?)

V? dPHz in PZZ PHz i 6
RT dt "ART "ART 2% ©)
ﬁ dPOZ in % _ E _ L (7)
RT dt  ~ ©RT CRT 4%
dA da, P4
NSO3 E dt = k A(agdl - aw) - kA a, — P (8)
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X = 14.9a, — 44.7a% + 70.0a° — 29.5a* — 0.4464° (10)

Our estimates of the mass-transfer coefficients are obtained
from fitting experimental data from the autohumidified STR-PEM
fuel cell.'238 Experimental values for water production and water
removal were determined. Water production being 1/2 the current
and water removal is the product of the water partial pressure
(determined from the relative humidity of the effluents), and the
gas-flow rates at the anode and cathode. Water is formed at the
cathode/membrane interface; we assume a negligible water activ-
ity gradient across the gas diffusion layer so the water activity in
the cathode gas diffusion layer (GDL) is the same as at the
cathode/membrane interface. The flux of water exiting the cathode
side by convection must equal the water flux from the cathode
GDL to the cathode flow channel £"(aS”" — 45). The convective
flux of water leaving the anode is equal to the flux from the
cathode GDL to the anode-flow channel. Assuming resistances in
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Figure 3. Cathode GDL mass transfer.

Oxygen mass transport to the cathode electrode decreases
rapidly after the onset of liquid water formation. When liquid
water appears within the layer (so that a,, is 1), k- will start
decreasing and eventually will approacf} k™. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 4. Building blocks.

(a) Several STR-PEM fuel cells can be connected in series to
approximate more complicated, spatially distributed flow
schemes, and (b) STR-PEM fuel cell electrical circuit equiv-
alent, with the fuel cell membrane resistances electrically
connected in parallel to one another. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

series from the cathode GDL to the membrane (k'), and from the
membrane to the anode flow channel (k) the overall flux from the
cathode GDL to the anode flow channel is [kk'/(k + k')](aS"" —
a?). As an initial estimate, we assumed that liquid water is present
at the cathode GDL, so that a¥”* is 1. Based on the convective
water fluxes in the anode, and cathode effluents se determined that
k", and the lumped mass-transfer coefficient kk'/(k + k'), were
both on order of 10~ mol/m>-s. We chose values of k, k' and k”
given in the notation section to be consistent with the data, but no
optimization was done in determining these values.

We will consider the case of constant pressure operation in
each flow channel (P, = 10° Pa), with pure reactant inlet flow
rates specified by F' and FY*. Therefore, the partial pressures
of water in the anode and cathode can be expressed, as P? =
Py — Py and PS¢ =P, — Py, The exit flow rates on both
the anode and cathode sides are F, and F c (m?¥/s). In the anode,
the respective terms in the expression for F, represent the
moles of hydrogen entering the fuel cell, the rate of water
transferred between the membrane and the anode flow channel,
the rate of water electro-osmotically dragged away from the
anode, and the rate of water production. Similarly, F in the
cathode depends on the moles of oxygen entering the cathode
flow channel, the rate of water transferred between the cathode
GDL, and the cathode flow channel, in addition to the rate of
oxygen consumption

A
w

P i ey o | BT
PWO _g(w—i_ ) P7T

an

. Pr
Fy=|Fi op + kAl a, -

. Pr , P¢ i | RT
Fo= CRT. + k"A agdl_P —0.25§ P77 (12)

in wo

Tanks in Series

Figure 4a depicts how the STR-PEM fuel cell (a “differential
element”), when connected in series, can be used to model
other more complicated flow fields. We will illustrate the flow
effects by feeding the reactants from opposite ends (counter-
current), and from the same end (cocurrent) of the fuel cell
reactor. The fuel cells are physically connected in series, but
electrically the fuel cell membrane resistances are parallel to
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each other (see Figure 4b). In the cocurrent-flow scheme, the
anode and cathode exit streams from tank j — 1, are also the
inlet streams into tank j. Therefore, the exiting flow rates in the
anode and cathode for each tank depend on the flow rates of the
previous tank. In addition, water can be transported through the
membrane from tank to tank; the corresponding coupling term
is modeled by kA, (@, -1, = a,), where k,, (0.5 mol/
m?-s) is the mass-transfer coefficient for water through the
membrane between different tanks, and A,, (1 X 10~° m?) is
the membrane area available for longitudinal water transport.

Similar to the single STR-PEM fuel cell, we operate under
constant total pressure, so that the partial pressures of water in the
anode and cathode for each tank is PA( » = Pr— Py, and PWQ)
= Py — Py, For several STR-PEM fuel cells connected in
cocurrent ﬂow the equations are written as follows for tanks j =
1- - -N. For multiple tanks in series A;, = A/N

(VQ/N) dPHZ(j) . Py Py i(
R ar Py TR T Fa jr "o U3
(VE/N) dPoy _ Poyj-n B P02<1) l(j) 1
RT dt ~ Y RT ) RT 4% (14)
Ngo, dA da,;
N day, di K A0 = awp) = KAG| duy
PuA(/
- P 0 + knzA ( u/ 1) u )_ mA ( - aw(j+1))
(15)
dng i

a ﬁ — KA (g = awg)

~ KA Pocn) 4 geo 10 46
gdl(j) Pw() w(j) ap ( )

A
_ Pr Py
Fay = | Fa-o gp T KA\ @i ~ p

D) RT
g 05| A7)

%
Pr Pl iy| RT
Feoy= | Fejon gp+ K"A )\ @gay — Pl 0.25 F| P,
(18)
v RT (P /P (PG, /Pr) vinl1 + ()
Fe) = Vo 4op n (agdl(j))z rin I
(19)
o Ve =V
Ly = 7RJM< i (20)
J
N
V=R, 2 i, 21
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Figure 5. Flooding effects in the cathode.

Transient fuel cell behavior at R, = 5 ) (dry cathode) and
R, = 3 Q (wet cathode); T = 353 K; F"‘ =F& =833 X
10~ 5 m?>/s. For the 3 ) case—(a) Onset of hquld water for-
mation; (b) The presence of liquid water leads to a marked
drop in Pg, and (c) the current decreases due to limited
oxygen supply to the catalyst surface. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Computational Results

The Single STR-PEM Fuel Cell with GDL Flooding. The
STR-PEM fuel cell will ultimately approach different
steady-states depending on the initial and operating condi-
tions. Increasing the temperature would increase the rate of
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Figure 6. Two-parameter bifurcation diagrams for the
single STR-PEM fuel cell with GDL flooding.
(@ Tand R, [F} = 1.67 X 107" m’s, Fi* = 2.5 X 1077
m?/s], (b) T and FY' [F# = 2.5 X 1077 m*s, R, = 5 Q],
and (c) corresponding one parameter continuation for R, = 5
), marked in ganel (a) [F' = 1.67 X 1077 m’s, F* =
2.5 X 10”7 m%s]. Solid (dashed) curves denote stable (un-
stable) steady states. Dashed lines in (a, b): previous model
results, not accounting for GDL flooding.

water removal; increasing the load resistance would de-
crease the rate of water production. In Figure 5, we study a
single STR-PEM fuel cell, which has initially been equili-
brated to a steady state membrane water content of a,, = 0.1.
The fuel cell was then set to operate at 353 K with 8.33 X
10~® m%/s reactant feed flow rates for two-different load
resistances: 5 () and 3 . As shown in Figure 5c, a lower
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steady-state current is achieved when operating the fuel cell
at R, = 5 Q in comparison to R, = 3 (). Although the 3 Q
case yields a larger steady-state current, partial flooding
effects in the cathode GDL impede oxygen transfer to the
catalyst surface. The onset of liquid water formation as
depicted in Figure 5a is accompanied by a distinct drop in
Pg! in Figure 5b.

Using the bifurcation/continuation software AUTO,' we
determined regions of multiplicity in parameter space (the four
controllable parameters 7, R;, F in F ic”) for the single STR-
PEM fuel cell. The results are presented in three two-parameter
bifurcation diagrams (7 and R, in Figure 6a, T and F' in
Figure 6b, F* and F' in Figure 7a). Regions of three steady
states are marked by III, while regions with a unique steady-
state are indicated by I. Bifurcation results from the current
model, involving the GDL (solid lines) are plotted in compar-
ison to the results from our previous model described in 3°
(dotted line). The multiplicity regions from the current, aug-
mented model correspond more closely to experimentally ob-
served regions in parameter space, suggesting an improvement
from our previous modeling work.

Selected one-parameter cuts across the two-parameter dia-
grams, illustrating the ignition-extinction transitions, are in-
cluded in Figures 6¢c and 7b. The solid curves in the one-
parameter cuts represent stable steady-states, while the dashed
curves represent unstable-steady states. For low-temperatures
or low-inlet oxygen flow rates, the current in the upper stable
branch is observed to decrease due to the flooding in the
cathode GDL. Since the stable-steady states can be determined
experimentally, one could generate the stable branches of these
one parameter cuts by manually changing one of the control-
lable parameters slowly. The fuel cell would then be allowed to
equilibrate to the new controllable parameter before the current
is recorded.

We have also identified regions in parameter space where
flooding occurs, via numerical continuation. In Figure 8, the
lines represent the “onset of flooding” boundary and corre-
spond to conditions where the water activity in the cathode
GDL, a,,; becomes 1. From Figure 8a, we observe that we can
avoid flooding by operating the fuel cell with larger inlet
oxygen flow rates F%*. From Figure 8b, we see that the flooded
region decreases significantly when the fuel cell temperature is
increased. These diagrams indicate that both higher operating
temperatures and larger-flow rates facilitate water removal,

200

160

120

Inlet H, flowrate [miis]
Current [mA]

inlet O, flowrate {mis] 10 Inet O flowrate m'is] 10

Figure 7. Two parameter bifurcation diagram for the sin-
dgle STR-PEM fuel cell with GDL flooding.

(a) Fiy' and F [T = 353 K, R, = 5 (1]; the region of steady
state multiplicity lies between the curve pairs (curves of
saddle-node bifurcations); Dashed lines: previous model re-
sults, not accounting for GDL flooding, and (b) representative
one parameter continuation in Fi* for Fi' = 1.67 X 1077
m?/s as marked in (a).
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thereby, reducing the flooded region. Overall, the continuation
results obtained based on the model are important in helping us
determine suitable experimental operating conditions for the
fuel cell.

STR-PEM Fuel Cells in Series. In the case of several
connected STR-PEM fuel cells, the flow pattern alone can
change the current profiles in the tanks. In Figure 9, we present
data for two STR-PEM fuel cells connected in series operating
under cocurrent flow and countercurrent flow. The fuel cells
have been pre-equilibrated to a membrane water content of
a,, = 0.1 before operating at T = 353 K, R, = 5 Q, Fi' =
Fi" = 1.67 X 10~7 m?s. Under these conditions, although
both flow patterns lead to the same total current (155 mA), the
current profiles differ significantly. For the cocurrent flow, the
current in the second tank evolves to a much larger value (124
mA) in comparison to the current in the first tank (31.2 mA). In
contrast, for countercurrent flow, the currents in both tanks
evolve closer together and, at steady state, the currents in the
first and second tanks are 82 mA and 73.4 mA, respectively.

These effects arise because the flow pattern affects the water
content in the membrane. The countercurrent flow scheme
sustains a higher water content in the fuel cell, since water
produced in tank 2 is brought back into tank 1, and successfully
prevents the current in tank 1 from extinguishing.

Using several STR-PEM fuel cells in series, we demonstrate
that we can alter the ignition locations and form “wet spots” at
different locations in the fuel cell array (by analogy to “hot
spots” in tubular reactor modeling**#!). For a series of six
STR-PEM fuel cells in cocurrent flow (at T = 338 K, F' =
F” = 1.33 X 1077 m’s), with each tank initially pre-
equilibrated at a membrane water content of a,, = 0.1, we
observe the current evolution for all six tanks under two dif-
ferent loads, R, = 6 ) and R, = 3 (). As expected, a larger
total current (325 mA) is observed for the smaller load of 3.0
), in contrast to the total current for 6 ) (157 mA). However,
it is interesting to see that the current profiles are very different
for the two-load resistance values.

In Figure 10a, the steady-state current is largest in the last
tank, and lowest in the first. In contrast, when the tanks are
operating at 3 (), the steady-state current is smallest in the last
tank and largest in tank 2. The difference in the current profiles
is the result of different membrane water contents along the cell
array. When liquid water is present in the GDL, the water
activity at the cathode GDL (a,,,) is 1. At 6 ), all six tanks
remain dry (no liquid water), but at 3 (), partial flooding occurs
initially in the last tank, as indicated by the sudden increase in
n,, 4q for tank 6 in Figure 10c. The increased liquid water level
propagates to tank 5 and subsequently even tanks 4 and 3 flood
partially. The steady-state current in tanks 3, 4, 5, and 6 are
much lower in comparison to the steady-state current obtain-
able from these tanks had they remained dry (no liquid water).

The current evolution also differs between the 6 ) and 3 Q)
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Figure 9. Flow pattern effect on ignition for two STR-PEM fuel cells in series.

[T =353K;R, =5.0Q; F"=1.67 X 1077 m's; F

= 1.67 X 1077 m?/s]

Current profiles for tanks 1 and 2 in the cocurrent and countercurrent flow-scheme. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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cases in a countercurrent scheme with the same initial mem-
brane water content in each tank (a,, = 0.1). For the fuel cell
operating at 6 (), as shown in Figure 1la, the steady-state
currents in all six tanks are smaller in comparison to the
currents in Figure 11b. For the lower load resistance of 3 ), the
steady state currents in the middle of the array (tanks 3, 4 and
5) are lower in comparison to the currents in the tanks at the
array ends. In the countercurrent scheme, flooding initially
occurs in the middle, beginning in tank 4. Although some tanks
are partially flooded, the level of liquid water in them is not
enough to completely inhibit oxygen transport to the catalyst
(and extinguish the current).

Summary and Discussion

In previous work3?42 we had shown, through a simplified yet
physically reasonable model of the STR-PEM fuel cell, that
steady-state multiplicity occurs in the cell due to the autocat-
alytic nature of the water transport coupled to the water pro-
duction. Here, we have extended the model so that it retains the
multiplicity features of the original model, while accounting
for key transport processes in the fuel cell. Incorporating mass-
transport processes in the gas-diffusion layer accounts more
realistically for current drops resulting from increased mass-
transport resistance due to flooding. We have also demon-
strated (through both the single and multiple STR-PEM fuel
cells in series), that the cathode GDL flooding is marked by an
increased level of liquid water, which obstructs the mass trans-
fer of oxygen to the cathode catalyst surface. Multiple tanks in
series studies can be used to explore flow pattern effects on the
cell dynamics. Using arrays of several tanks in series, we were
able to detect current heterogeneities along the cell array;
regions of higher-current correspond to wet spots in the fuel
cell array. Ignition/extinction phenomena as observed through
the updated STR-PEM fuel cell model depend on the control-
lable parameters (7, R,, F in ic”). Parametric continuation
computations offer insight into suitable operating parameter
settings by identifying the flooding regions in parameter space.

The water balance in the STR-PEM fuel cell is analogous to
the heat balance in the autocatalytic CSTR. By extending our
differential model to the tanks in series scheme, we are able to
mimic the integral reactor; we see that the flow pattern alone is
capable of determining whether or not the fuel cell can sustain
a sufficient level of water to ensure ignition (operation at a high
steady-state current). We have demonstrated the occurrence of
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Figure 10. Six tanks in cocurrent flow.

Transient current profiles (7= 338 K; Fy' = Ff =133 X
1077 m>/s) in each tank for: (a) R, = 6 (), all tanks remain
dry; (b) R, = 3.0 Q, current decreases in the end tanks,
and (c) R, = 3 (), liquid water formation occurs initially
in the tanks at the outflow end. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 11. Six tanks in countercurrent flow.

Transient current profiles (7 = 338 K; F)i' = F& = 1.33 X
10~ 7 m%/s) in each tank for (a) R, = 6 (): all tanks remain
dry, (b) R, = 3 Q current decreases in the middle tanks, and
(c) R, = 3 Q: liquid water first forms in the tanks in the
middle. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

high water content regions within the STR-PEM fuel cell (wet
spots) that are directly analogous to high-temperature regions
(hot spots) in the classic tubular reactor. Changing the flow
pattern—in addition to manipulating the controllable parame-
ters—can alter the spatial location of the transient ignitions, as
well as the ultimate steady-state current pattern in a cell array.
Initial experimental observations appear to support these the-
oretical predictions.!3:3+
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Notation

A = electrode/electrolyte interfacial area, 1.5 X 1074 m?
Ay j™ segment electrode/electrolyte interfacial area, (A/N) m?
cross-sectional area of electrolyte membrane for longitudinal
water transport, 1 X 107 m?

m

a,, = activity of water in membrane
GPL = activity of water in cathode gas diffusion layer
% = Faraday’s constant, 96,500 coulombs/mol
F, = Flow rate at the anode, m¥/s
F. = Flow rate at the cathode, m*/s
i = current, A
1, = saturation current, 2 X 103 A
k = mass-transfer coefficient from membrane to anode flow chan-
nel, 1.3 X 1072 mol/m>s
k' = mass-transfer coefficient from cathode GDL to membrane, at

5.6 X 1072 mol/m>-s
k" = mass-transfer coefficient from the GDL to the cathode flow
channel, 1.6 X 1072 mol/m>-s

k, = hydrogen mass-transfer coefficient at anode, 5.8 X 10~° mol/
m>-s-Pa
ko = oxygen mass-transfer coefficient at cathode, mol/m?-s-Pa
k2™ = maximum oxygen mass-transfer coefficient at cathode GDL,

5.8 X 1077 mol/m*-s-Pa
k™" = minimum oxygen mass-transfer coefficient at cathode GDL,
5.8 X 107'° mol/m?-s-Pa

k,, = mass-transfer coefficient for water transport through the mem-
brane, 0.5 mol/m>-s
ke = 2(P,,4/P,,,)*, electro-osmotic drag coefficient
A = number of water molecules absorbed per sulfonic acid group
n% = moles of liquid water in the cathode gas diffusion layer
n™* = molar capacity of water in the GDL, 8.3 X 10~* mol
Nso; = number of sulfonic acid groups in membrane, 3.5 X 10~> mol
P, = hydrogen pressure in gas flow channel, Pa
P, = oxygen pressure in gas flow channel, Pa
P, = water partial pressure in anode flow channel, Pa
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water partial pressure in the cathode flow channel, Pa

= vapor pressure of water a fuel cell temperature, Pa

P, = total pressure, 10° Pa
R = gas constant

R, = external load resistance, ()

R,, = internal resistance of membrane electrode assembly, ()
T = fuel cell temperature, K

VE¢ = flow channel volume associated with differential element, 2 X

1077 m?

= local potential difference between anode and cathode, V

standard state fuel cell voltage, 1.23 V

V, = electrode/electrolyte interface threshold voltage, 0.05 V
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