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We present theoretical and experimental studies of an active water management system for proton
exchange membrane (PEM) fuel cells that uses integrated wicks and electroosmotic (EO) pumps. The
wicks and EO pumps act in concert to remove problematic excess liquid water from the fuel cell. In a
previous paper, we showed that this system increases maximum power density by as much as 60% when
operating with low air stoichiometric ratios and a parallel channel flow field. The theoretical model we
develop here accounts for several key factors specific to optimizing system performance, including the
EM fuel cell
ater management
icks

lectroosmotic pump
ater pH

wick’s hydraulic resistance, the variation of water pH, and the EO pump’s electrochemical reactions. We
use this model to illustrate the favorable scaling of EO pumps with fuel cells for water management. In the
experimental portion of this study, we prevent flooding by applying a constant voltage to the EO pump.
We experimentally analyze the relationships between applied voltage, pump performance, and fuel cell
performance. Further, we identify the minimum applied pump voltage necessary to prevent flooding.
This study has wide applicability as it also identifies the relationship between active water removal rate

and flooding prevention.

. Introduction

Achieving proper water management in PEM fuel cells with
erfluorosulfonic acid (PFSA) membranes (e.g., Nafion) without
ompromising system efficiency remains a significant technical
mpediment to commercialization [1]. Design and operation of fuel
ells with these membranes requires careful consideration of the
nternal humidity. For example, a Nafion membrane in an 80% rel-
tive humidity environment has close to half the conductivity of
he same membrane in a 100% relative humidity environment [2].
owever, with high humidity levels, the oxygen reduction reaction
t the cathode produces liquid water that inhibits reactant diffu-
ion through the gas diffusion layers (GDLs) and catalyst layers and
auses flow maldistribution in flow fields having multiple chan-

els. A common strategy for minimizing liquid water flooding is
o use a low number of serpentine channels in lieu of many paral-
el channels [3]. Employing serpentine channels increases local gas
elocities and improves advective removal of water droplets. Sim-
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ilarly, high air flow rates improve water removal. However, both
strategies increase the parasitic load associated with air pumping
power, which is nominally the largest parasitic load on automotive
fuel cell systems [4]. In addition, the use of high air stoichiometric
ratio complicates system design because of the greater amount of
water required to humidify the air.

There have been several unique passive [5,6] and active [7]
approaches to water management, reviewed in Ref. [8]. Buie et al.
[9] first demonstrated the removal of water from a PEM fuel cell
using EO pumps. In that work, EO pumps were integrated within the
channel walls of a single channel 1.2 cm2 fuel cell. As Fig. 1a depicts,
EO pumps generate flow when an electric field is applied across a
porous glass substrate. EO flow is due to the coupling between an
externally applied electric field and the charges of an electric dou-
ble layer (EDL) which forms at the interface between liquids and
solids. The applied electric field imposes a Columbic force on the
diffuse layer of positive ions of the EDL and the motion of these
charges drives a bulk flow through viscous interactions. In Litster et
al. [8], we presented a new approach to water management using
integrated wicking structures and an external EO pump to actively
manage liquid water in PEM fuel cells.

Fig. 1b presents a cut-away schematic of the 25 cm2 fuel cell with

an integrated wick and external EO pump and illustrates the water
removal pathway. Water produced within the membrane electrode
assembly (MEA) is absorbed into the porous carbon wick and EO
pump by capillary action. The porous carbon wick also serves as the
air flow field “plate” and cathode current collector. The 0.5 mm thick

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:litster@andrew.cmu.edu
mailto:crb@mit.edu
mailto:juan.santiago@stanford.edu
dx.doi.org/10.1016/j.electacta.2009.05.001


6224 S. Litster et al. / Electrochimica A

Fig. 1. (a) Schematic of EO flow in a porous glass EO pump. We form the EO pump
by placing electrodes on either side of a porous glass substrate. The main schematic
depicts flow through the porous glass substrate. A scanning electron micrograph
(SEM) of the porous glass is shown in the bottom left. When saturated with water,
the walls of the porous glass generate a negative charge and an EDL forms (schematic
in upper left). The external electric field, E, imposes a Columbic force on the EDL’s
diffuse layer of positive charges and generates bulk flow by viscous interaction. (b)
Cut-away schematic of the fuel cell assembly with an integrated porous carbon wick
a 2

p
a
t

l
w
c
E
(
a
t
E
p

s
o
a

nd an external 2 cm EO pump. Water produced in the fuel cell’s MEA wicks into the
orous carbon until the wick and EO pump substrate are saturated. With a voltage
pplied across the mesh electrodes, the pump generates a local suction pressure in
he wick that actively draws excess water from the cathode channels and GDL.

ayer of porous carbon connecting the channel ribs allows liquid
ater to travel perpendicular to the channels rather than along the

hannels, which reduces the water’s path length to the pump. The
O pump is coupled to the porous carbon via a polyvinyl alcohol
PVA) wick, which separates the electric currents of the fuel cell
nd EO pump. Once water saturates the porous borosilicate glass,
he electric circuit between the platinum mesh electrodes of the
O pump is closed and the pump generates a suction pressure that

ulls excess liquid water out of the fuel cell.

In Ref. [8], we demonstrated the ability of the wick and EO pump
ystem to prevent flooding in a PEM fuel cell with a large number
f parallel channels over a wide range of air stoichiometric ratios
nd current densities. The parasitic losses due to EO pumping were
cta 54 (2009) 6223–6233

typically less than 0.5% of the fuel cell power. We gauged fuel cell
performance enhancement with EO pumping by comparing this
fuel cell’s polarization curves with those of the fuel cell with the
identical channel design and either no EO pumping or a non-porous
flow field. At a low, efficient air stoichiometric ratio of 1.3, this sys-
tem yielded a 60% increase in maximum power density. Strickland
et al. [10] investigated the effect of active water management with
EO pumps on the spatial distribution of current using a segmented
anode plate.

In this paper, we provide a theoretical model to aid the design of
these coupled devices and evaluate the scaling between EO pumps,
wicks, and fuel cells. We present experimental results to support the
theoretical model and investigate relationships between fuel cell
performance and water removal rates. In this work, the EO pump
operates with a constant applied voltage.

2. Theory

EO pumps are well suited to actively removing water from PEM
fuel cells because of their small volume, low power requirement,
and lack of moving parts. For a given application, the efficacy of
pumping with electroosmosis depends on the four disparate length
scales depicted in Fig. 1a. First, EO flow requires the presence of
the nano-scale EDL at the interface between the liquid and the
glass substrate. The EDLs of interest here have characteristic length
scales of the order of 100 nm (consistent with water exposed to
atmospheric air). Second, to generate adequate pressures with elec-
troosmosis, the diameter of the pores must be sufficiently small to
restrict the reverse flow generated by a pressure load (here our
mean pore diameter is 2.0 �m). The third important length scale
is the thickness of the pump substrate (here 1 mm). The average
velocity in the pores depends on the local electric field and the local
pressure gradient, which are both inversely proportional to pump
thickness. The fourth length scale relates to the cross-sectional area
of the EO pump because the flow rate is proportional to pump area
(here we use a 2 cm by 1 cm pump).

Modeling a coupled fuel cell and EO pump system requires care-
ful consideration of each of these physicochemical systems. Our
present analysis is a significant extension of our previous work
[9,11,12] in that we consider four additional factors: (1) the electro-
chemistry of pump electrodes; (2) the details of multi-dimensional
water transport through the wick; (3) the effects of pressure-driven
advective current in the pump (in addition to EO-driven advective
and electromigration currents), and (4) the effects of EO pump-
ing on pH and pump surface zeta potentials. In the next section,
we summarize the key relation for pressure–load-specific flow
rate from our previous work [9,11]. In the subsequent sections, we
present the extensions listed above.

2.1. EO pumps: flow rate as a function of pressure load

To model EO pumps, we leverage the fact that the velocities of
EO flow and the reverse, pressure-driven flow can be superposed
linearly [13]. Yao and Santiago [11] modeled the flow rate, Qeo, of a
porous glass EO pump as flow through an array of cylindrical cap-
illaries by accounting for the area, Aeo, porosity,  , and tortuosity,
�, of the porous pumping substrate. They provided the following
relation for the flow rate, Qeo:

Qeo = Aeo  
�

[
− a2

8�l

�p

L
− ε�f

�l

Veff
L

]
(1)
where �l is the liquid viscosity,�p is the pressure drop across the
pump, L is the thickness of the substrate, ε is the liquid permittivity,
and � is the zeta potential. The non-dimensional factor f accounts
for the effect of the EDL’s finite thickness on the velocity profile
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rithm with 127,485 elements.
Fig. 2 presents the computed liquid pressure distribution on the

surface of the porous carbon plate for water production commen-
surate with operation at 0.5 A cm−2, 100% liquid water production,
and a wick permeability of 1 × 10−11 m2. From the maximum pres-

Fig. 2. Pressure distribution in the porous carbon plate for water production con-
S. Litster et al. / Electrochim

n the pores [11]. This finite potential distribution can be solved
nalytically with the Debye–Hückel approximation [14] or with the
ore accurate numerical solution used here [11]. The details of the

umerical approach are described by Yao and Santiago [11] and Kim
t al. [15].

.2. Effects of pump electrode spacing and activation
verpotential

The effective voltage drop across the pumping substrate, Veff, in
q. (1) is the applied voltage, Vapp, subtracted by both the decom-
osition voltage, Vdec, and the Ohmic voltage loss associated with
onduction through the region separating the electrodes and the
ump. The decomposition voltage is a complex function of the
eaction rate and the electrolyte and electrode properties (includ-
ng material, geometry, and surface conditions). It consists of the
eaction’s reversible potential, Vrev, and the anode and cathode acti-
ation overpotentials, �an and �ca:

dec = Vrev + �an + �ca (2)

n most models of EO pumping [11] the decomposition voltage
s treated as an empirical constant, which is acceptable for pre-
icting high voltage operation. However, here we are particularly

nterested in low voltage operation and account for the current
ependent electrode overpotentials with the Tafel equation [16]:

dec = Vrev + beo ln
(

Ieo
rAAeojo,eo

)
(3)

here Ieo is the EO pump current and beo and jo,eo are the Tafel
lope and exchange current density for the EO pump, respectively.
he parameter rA is the ratio of actual electrode surface area to
lanar electrode area. For electrolysis in acidic conditions, the oxy-
en evolution reaction is significantly slower than the hydrogen
volution reaction and dominates the activation overpotential [17].
hus, we model the total activation overpotential with values of
he Tafel slope and exchange current density for the oxygen evolu-
ion reaction in acidic conditions on a Pt electrode [17,18]. In this
tudy, the estimated decomposition voltage ranges between 2 and
V, depending on the magnitude of the current.

We must also account for Ohmic voltage drop in the spaces
etween the electrodes and porous glass when calculating the
ffective voltage. In the experiments, the cathode mesh electrode
as directly against the frit, while the 0.6 mm thick (compressed)

VA wick separated the anode from the frit. The porous PVA
educes the effective conductivity in the spacing according to its
ompressed porosity,  PVA,c, and tortuosity, �PVA. To calculate the
ffective voltage, we take the difference between the applied volt-
ge and the decomposition voltage and multiply it by the ratio of
ubstrate resistance to total resistance between the electrodes:

eff = (Vapp − Vdec)
L

�PVA�ı/ PVA,c + L (4)

he parameter � accounts for the effects of porosity, tortuosity, and
nite EDLs on the effective conductivity in the frit. The following
xpression predicts �:

=  f

�g
(5)

here g is the non-dimensional effect of the finite EDL on flow rate
er current ratio as defined by Yao and Santiago [11].
.3. Hydraulic resistance of wicks

For an EO pump in series with a saturated wick, the pressure load
n the EO pump in Eq. (1) is a function of the hydraulic resistance of
he wick as well as the hydrostatic pressure associated with any rise
cta 54 (2009) 6223–6233 6225

height. We assume that the wick is completely saturated with liquid
water (i.e., operation after a start-up period during which liquid
water invades the wick until saturation). As a conservative design
assumption, we also assume the pressure gradients in the channels
do not significantly influence the flow in the wick (see Litster et
al. [8] for further discussion of this effect). The hydraulic resistance
of the wick is a function of its porosity, pore diameter, and pore
morphology, which are typically lumped into a single permeability
parameter. We model pressure-driven flow with negligible inertia
in a wick with Darcy’s equation:

�u = −kw
�l

�∇p (6)

where �u is the superficial velocity, kw is the permeability of the
wick, and p is the liquid pressure in the wick. Thus, the pressure
load of a wick is the sum of hydrostatic and Darcy pressure drops:

�p = 	lgh+ Qeo �l
kw

(
Lw
Aw

)
eff

(7)

where h is the rise height, g is the gravitation constant, Aw is the
wick’s cross-sectional area, Lw is the wick length, and kw is the per-
meability of the wick. The ratio of wick length to cross-sectional
area will typically be an effective parameter, (Lw/Aw)eff , to account
for the three-dimensional wick geometry and the distribution of
water flux into the wick.

We compute the effective length to area ratio of the porous car-
bon plate with a three-dimensional finite element solution to Eq.
(6) using Comsol Multiphysics 3.3a software. As illustrated in Fig. 2,
we specify uniform liquid velocity into the “landing area” of the
plate (where it contacts the cathode GDL). The area integral of the
liquid water velocity at this interface is set equal to the total water
production of the fuel cell (a conservative design approximation).
The boundary condition for the outflow of water is a fixed pres-
sure condition at the end of the tab that connects to the pump. The
numerical solution was obtained using COMSOL’s FGMRES algo-
sistent with 0.5 A cm−2 and an isotropic permeability of 1 × 10−11 m2. The schematic
at the top depicts the specified uniform water flux into the porous carbon plate at
the GDL/plate interface (the landing area). We simulate the EO pump on the end of
the 2 cm wide tab with a fixed pressure boundary condition (specified as 0 Pa). The
liquid pressure gradient increases towards the tab as the volumetric flow rate in the
wick increases.
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ure difference across the plate (163 Pa), we calculate with Eq.
7) that the effective length to area ratio, (Lw/Aw)eff , for the wick
s 1400 m−1. If a square foot print is maintained, this value of
Lw/Aw)eff is approximately invariant with varying fuel cell area
assuming wick dimensions are much larger than pore diameters).
or wicks of fixed out-of-plane thickness, the length of streamlines
ssociated with transport increases proportionally with geometric
in-plane) length; but this increase in length is compensated by a
roportional increase of cross-sectional area for transport.

By combining Eqs. (1) and (7) and solving for flow rate, we arrive
t an expression for the flow rate of an EO pump in series with a
ick having a fixed rise height:

eo = − [ε�Veff f + 	lgha2/8]

[��lL/ Aeo + (a2/8)(�l/kw)(Lw/Aw)eff ]
(8)

rom Eq. (8), we can derive a non-dimensional parameter (
) for
valuating whether the wick and pump system is flow rate or pres-
ure limited by hydraulic resistance:

= a2 Aeo
8kw�L

(
Lw
Aw

)
eff

(9)

f 
� 1, the hydraulic resistance of the wick is insignificant and
he pump operates near the maximum flow rate (Qeo → Qeo,max).
f 
� 1, the pump’s pressure capacity severely restricts the flow
ate and the pressure differential across the pump approaches the

aximum possible value (�p →�pmax). We estimate
 to be 0.72
or the present system using the representative parameter values in
able 1. In designing such systems, we prefer
< 1 in order to main-
ain reasonably high flow rate per current values and low pump
arasitic loads.

Experimental and theoretical analysis by Yao et al. [19]
as shown that the maximum thermodynamic efficiency of a
orous glass EO pump is achieved when operating the pump at
p/�pmax = 0.5. However, the key figures of merit for this appli-

ation are the parasitic load of the EO pump and the ratio of

uel cell volume to EO pump volume (rather than thermodynamic
fficiency). In the following section, we assemble a model for eval-
ating these figures of merit by coupling the EO pump model with
n empirical lumped parameter model of a PEM fuel cell.

able 1
odel parameters for the EO pump model.

odel parameters Value

rea, Aeo 1.7 cm2

ump thickness, L 1 mm
orosity,  0.35
ortuosity, � 1.45
ore diameter, 2a 2.0 �m
H 3.6
ater relative permittivity, εr 78.3
olar conductivities,�H3O+ ,�HCO3

− 350, 44.5 �S cm−1 (mol l−1)−1

ater viscosity, �l 0.00089 Pa s
VA electrode spacing, ı 0.6 mm
VA porosity,  PVA 0.9
ompressed PVA porosity,  PVA,c 0.5
ompressed PVA tortuosity, �PVA 1.45
VA wick area, APVA 0.44 cm2

VA wick length, LPVA 2.5 cm
VA permeability, kPVA 1.0 × 10−10 m2

orous carbon permeability, k 1.0 × 10−11 m2

Lw/Aw)eff 1400 m−1

O pump exchange current density, jo,eo 1.8 × 10−5 A m−2 [17]
lectrode surface area ratio, rA 3.0 m2 m−2

O pump Tafel slope, beo 0.120 V [18]
O pump reversible potential, Erev 1.23
cta 54 (2009) 6223–6233

2.4. Fuel cell integration and parasitic load

We now incorporate models of the fuel cell’s water production
and performance in order to identify the minimum pump volt-
age for complete water removal and evaluate the scaling of the EO
pump’s parasitic load. Here, we specify that all of the water is pro-
duced in liquid form and the EO pump must remove all the water
produced by the fuel cell. With Faraday’s 1st law of electrolysis, we
calculate the fuel cell’s volumetric production of water, QFC, as a
function of current density, jFC:

QFC = MH2O

	l

AFC jFC
2F

(10)

whereMH2O is the molecular mass of water,	l is the density of liquid
water, and AFC is the fuel cell area. By equating the expressions for
EO pump flow rate and the rate of fuel cell water production, respec-
tively, Eqs. (8) and (10), and assuming negligible rise height, we
derive an expression for the minimum effective voltage to remove
all product water from the fuel cell:

Veff = −�l
ε

[
MH2OjFC

2	lF

]
︸ ︷︷ ︸

Water production

[
AFC
Aeo
L
]

︸ ︷︷ ︸
Geometry

[
�

 ςf

]
︸ ︷︷ ︸
Substrate

[
1 +


]
︸ ︷︷ ︸
Resistance

(11)

As labeled, Eq. (11) contains four major groupings of parameters
relating to the rate of water production, the geometry of the fuel cell
and pump, the pump substrate material, and the relative influence
of the wick’s hydraulic resistance. Eq. (11) has several implica-
tions. As current density increases, water production increases,
and the minimum voltage requirement for complete water removal
increases proportionally. In addition, the ratio of fuel cell area to EO
pump area has a proportional effect on the voltage requirement.
The required voltage also increases proportionally with pump sub-
strate thickness and tortuosity, but scales inversely with porosity
and zeta potential.

The parasitic load of the EO pump, Peo/PFC, is a key figure of merit
for this system and is expressed as

Peo
PFC

= IeoVapp
AFC jFCVFC

(12)

where we estimate the necessary Vapp from the minimum required
effective voltage, Veff, using Eq. (4). The pump current in Eq. (12),
Ieo, is a combination of electromigration, EO advective current, and
pressure-driven advective current. Yao and Santiago [11] offer the
following expression for the current associated with EO flow in
porous media at the maximum flow rate condition (�p = 0):

Imax =  

�

f∞
g

Aeo
L
Veff (13)

With a pressure load, the total current of the EO pump is the current
for maximum flow rate plus the advective current generated by
pressure-driven flow, I�p:

Ieo = Imax + I�p (14)

The expression for the pressure-driven advective current is [11]:

I�p =  

�
Aeo
εςf

�

�p

L
(15)

Pressure-driven advective current is often neglected in predictions
of EO pump current because of the higher conductivity of the com-
monly used buffer solutions [19]. However, in fuel cell applications,
there is the possibility for significant pressure-driven advective cur-

rent when pumping low ion density water with pressure loads near
the pump’s maximum pressure. Perhaps counter-intuitively, the
current generated by an adverse pressure gradient (i.e., a pressure
load) acts to reduce the total current and power consumed by the
EO pump (for a given applied voltage).
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tromigration fields dominate the effects of upstream diffusion. The
two main implications of Fig. 3 are that the pump’s parasitic load
increases and its pressure capacity decreases at low pH because of
greater conductivity and lower zeta potential, respectively.
S. Litster et al. / Electrochim

For fuel cell water removal applications, we hypothesize that
he EO pump generates an additional, internal pressure load when
he applied voltage is greater than that necessary to remove water
rom the fuel cell at steady-state. The induced pressure load and the
orresponding reverse pressure-driven flow serve to balance the
ifference between the nominal EO pump flow rate and the steady-
tate water production of the fuel cell (i.e., to satisfy conservation of
ass). The capillary pressures associated with the porous regions

etween the pump electrodes sustains the additional pressure load
i.e., the pump is “attempting” to pump itself dry but cannot due
o capillary forces). The induced pressure-driven flow rate is the
ifference between the volumetric water production of the fuel cell
nd the EO flow rate, if there is an infinite reservoir of water, Q ∗

eo.
ith excess applied voltage, the total pressure differential across

he pump in Eqs. (1) and (15) can be expressed as

p = 	lgh+ Qeo �l
kw

(
Lw
Aw

)
eff

+ 8
�

 

�lL

a2

(Q ∗
eo − QFC )
Aeo

(16)

o determine parasitic load with Eq. (12), we use an empirical
umped parameter model [3] to predict fuel cell voltage at a given
urrent density:

FC = Erev − RjFC − b ln
(
jFC
jo

)
− c ln

(
jL

jL − jFC

)
(17)

he first term on the RHS of Eq. (17), Erev, is the reversible poten-
ial of the fuel cell at open circuit conditions. The second term is
he Ohmic overpotential where R is the area specific resistance. The
hird term is the activation overpotential in which b and jo are the
ffective Tafel slope and exchange current density, respectively. The
ast term is the mass transfer overpotential where c is an empirically
etermined constant and jL is the limiting current density. Eq. (17) is
ot a comprehensive model, but is sufficient for predicting the par-
sitic load of the pump without the ambiguities and complexities
f more advanced fuel cell models.

.5. Water conductivity and zeta potential versus pH

EO pumps are typically operated with buffer solutions in order to
aintain the solution pH at optimum levels [15,19–21]. The buffer

s typically selected so that its pH is significantly higher or lower
han the isoelectric point of the pumping substrate (the solution
H at which the surface has zero charge) [22]. When pumping
nbuffered water with an EO pump, as in a fuel cell, the pH of the
ater decreases significantly due to the production of H3O+ ions

t the anode (from the oxygen evolution reaction). In this work,
e account for reduced pH with expressions relating pH to ionic

onductivity and zeta potential. We assume that the hydronium
ons, H3O+, are charge-balanced by bicarbonate, HCO3

−, because
hese are the primary ions expected from the dissolution of car-
on dioxide from the atmosphere (CO2 dissolves into and reacts
ith water to form carbonic acid, H2CO3, which then dissociates

nd reacts with water to form H3O+ and HCO3
−). As the mobil-

ty of hydronium is very high relative to possible counter-ions, the
ounter-ion identity is less crucial for engineering estimates. We
stimate conductivity at a given pH using the equation:

∞ = 103(�H3O+ +�HCO3
− )10pH (18)

here�H3O+ and�HCO3
− are the molar conductivities.

The zeta potential generated at the glass/liquid interface is a
trong function of pH [22]. The absolute value of the zeta potential

f borosilicate glass in contact with water decreases with lowering
H since the isoelectric point of glass is ∼2.8 [22]. If the pH decreases
owards 2.8, the zeta potential tends to zero and no EO flow can be
enerated. In this work, we use an empirical correlation from Yao
nd Santiago [11] to generate a scaling for zeta potential versus pH
cta 54 (2009) 6223–6233 6227

based on reference values of zeta potential, �ref, and pH, pHref:

� = �ref
(

0.026 − 0.058 log10(pH)
0.026 − 0.058 log10(pHref )

)
(19)

For the present model, we use a reference zeta potential and pH
of −64 mV and 5.2, respectively [15]. Fig. 3 presents the prescribed
dependencies of conductivity and zeta potential on the pH of water
exposed to CO2. The plot of zeta potential illustrates the significant
reduction in zeta potential as pH tends toward the isoelectric point.
Fig. 3 also contains a plot of the factor g versus pH (g being the non-
dimensional parameter related to finite EDL effects on flow rate per
current [11,15]). g increases at low pH as the EDL compresses with
higher concentrations of hydronium and bicarbonate, causing the
EO velocity profile to become increasingly flat.

The combined influence of pH on the conductivity, zeta poten-
tial, and EDLs has a strong effect on the ratio of maximum flow rate
to current:

Qeo,max

Ieo,max
= g

∞
ες

�l
(20)

As Fig. 3 shows, Qeo/Ieo decreases by three orders of magnitude as
the pH is reduced from 5.5 to 3. The ratio of flow rate per current pro-
vides a useful indication of pH change in the porous glass. When EO
pumping DI water in conventional EO pumps with large reservoirs
[15,19], we commonly measure decays in maximum flow rate per
current down to ∼0.2 ml min−1 mA−1. That flow rate per current is
consistent with our measurements of the pH decreasing to 4. In esti-
mating the performance of smaller EO pumps in series with wicks,
we specify a pH of 3.6. This pH agrees with direct measurements
(using pH paper by EMD Chemicals, Inc., Darmstadt, Germany, with
a resolution of approximately 0.2 pH units) which we have obtained
from water extracted from the PVA sponge between the Pt mesh
and the porous glass. We have also observed that the region of
decreased pH was confined to within about 1 mm of the region
bounded by the pump’s electrodes. We found no significant pH
changes in the wick. We hypothesize that the advection and elec-
Fig. 3. Influence of water pH on the ratio of maximum flow rate per current, Qeo/Ieo ,
zeta potential, �, bulk water conductivity, ∞ , and the non-dimensional effect of the
EDL on flow rate per current, g, for a 2 �m pore diameter. The reduction of pH from
5.5 to 3.6 (due to H3O+ production at the anode) results in a two-order of magnitude
reduction in flow rate per current.
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Table 2
Empirical values used for the lumped parameter fuel cell
model. The parameters, b, jo , and c were extracted from
the polarization curve in Ref. [8] for an air stoichiometric
ratio of 1.3 and an applied EO pump voltage of 12 V. The
R2 value of the fit was 0.999. The area specific resistance,
R, is the experimental measurement.

Parameter Value

Erev 1.2 V
R 0.17� cm2

b 0.0506 V
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Fig. 5. Theoretical EO pump parasitic load versus pore diameter when the 25 cm2

fuel cell operates at a current density of 0.5 A cm−2 and an air stoichiometric ratio
2 2
jo 7.1 × 10−5 A cm−2

c 0.0619 V
jL 1.1 A cm−2

.6. EO pump parasitic power dependence on fuel cell operation

We now use the model described above to provide an estimate
f EO pump parasitic load versus fuel cell polarization and the influ-
nce of the three key length scales of the EO pump (pore diameter,
hickness, and area). Table 1 lists the parameter values used to

odel the wick and EO pump system. Table 2 lists the empirical
arameters for the fuel cell model. The values are consistent with
he experimental setup in this paper and in Ref. [8].

Fig. 4 presents three curves of parasitic EO pump load versus
uel cell current density and the polarization curve from the empir-
cal fuel cell model. The two theoretical parasitic load curves are for
ases with (1) a constant applied EO pump voltage of 12 V, and (2)
he minimum voltage to remove all product water as determined by
q. (11). As Fig. 4 shows, the predicted parasitic load of the EO pump

s below 2% over the majority of current densities in both cases. At
oderate current densities, the parasitic load is below 0.5%. These

esults suggest that large reductions in parasitic load are possible if
he minimum required pump voltage is used at each current den-
ity rather than a high voltage that offers robust performance at
ll current densities. Furthermore, we note that the parasitic load

f the EO pump tends to zero as current density approaches zero,
hich is a desirable characteristic. This is in contrast to the percent

arasitic load of air delivery in automotive systems at low currents,
hich can approach 100% [23].

ig. 4. Predictions of EO pump parasitic load, Peo/PFC , versus fuel cell current density,
FC . Parasitic load curves (pump power over fuel cell gross power) are plotted for

constant applied EO pump voltage of 12 V, Vapp = 12 V (—), and with minimum
oltage for complete water removal, Vapp(jFC) (–). The scale for the polarization curve,
FC , is shown on the right axis. The corresponding experimental measurements (©)
f parasitic load at Vapp = 12 V from ref. [8] are plotted for comparison. The curve
or parasitic load with the minimum applied voltage for water removal, Vapp(jFC),
resents a theoretical lower bound to the parasitic load.
of 1.3. We plot curves for 1 cm (thin lines) and 2 cm (thick lines) EO pumps with
substrate thicknesses of 0.5 (—), 1.0 (- - -), and 2.0 (- —) mm. We estimate EO pump
power based on the minimum effective voltage requirement for complete water
removal. Optimum pore diameters are between 0.5 and 1 �m.

In Fig. 5, we present curves of parasitic load versus pore diame-
ter to illustrate the scaling of the EO pump parasitic load versus the
three key length scales of the EO pump (pore diameter, thickness,
and area). First, we comment on the effect of pump pore diameter.
The model shows that pore diameter (the geometric feature most
difficult to vary experimentally) has the strongest effect on system
performance. The curves indicate that pore diameters between 0.5
and 1 �m result in near minimum parasitic losses. If the pore diame-
ter is too large, the pump requires high voltages to meet the pressure
load requirements (maximum pressure scales as �pmax∝Veff/a2),
while pump power scales as the product VeffVapp. However, para-
sitic load also increases if the pore diameter is too small due to the
effect of the finite EDL thickness (low values of the parameter f [11]).

Second, we comment on the effect of pump thickness. Mini-
mum parasitic loads are for approximately 0.5 mm thick substrates.
Thicker pumps require more voltage (and power) to generate the
same electric field, Veff/L, and flow rate. Conversely, thinner pumps
result in low pump resistance relative to the resistance associated
with electrode spacing, ı, which decreases the effective voltage,
Veff, relative to the applied voltage. Since maximum pressure is
proportional to Veff, decreasing substrate thickness results in lower
pressure capacity.

Third, we comment on the effect of pump area versus pore diam-
eter. If the pore diameter is well matched to the pressure load (i.e.,
the EO pump operates far from the maximum pressure condition),
the parasitic load decreases with larger areas because a lower EO
velocity can meet the flow rate demand. However, if the pores are
larger than ideal (e.g., 2 �m), parasitic loads for water removal can
increase with increasing pump area. This is because there is a min-
imum voltage to meet pressure load requirements and at a fixed
voltage the power scales proportionally with area.

A significant result shown in Fig. 5 is that the EO pump’s parasitic
load is below 1% over the entire range of the parameters plotted.
Thus, even a significantly less than optimum pump can meet water
removal requirements with minimal parasitic load. Alternatively,
a well-optimized pump’s volume can be very small relative to the

fuel cell and still be a negligible parasitic loss.

With the theoretical model, we have developed a general, con-
servative guideline for sizing EO pumps to fuel cells. To maintain a
parasitic load below 1%, the ratio of fuel cell active area to EO pump
area should be 100 or less. This is a fortuitous result, as a simple
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Table 3
Experimental fuel cell operating conditions.

Parameter Value

Endplate temperatures 55 ◦C
Air and hydrogen dew points 55 ◦C
Gas line temperatures 60 ◦C
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Air and hydrogen outlet pressures Ambient
Air stoichiometric ratio 1.5
Hydrogen stoichiometric ratio 2.0

eometric analysis reveals there is typically enough planar area on
single side of a square stack (with a unit cell pitch of 2 mm) to

chieve this ratio. We therefore hypothesize that this technology is
calable to stacks with minimal volume addition and parasitic loads
elow 1%.

. Experimental

We here provide a brief summary of the fuel cell design, fab-
ication, and the experimental apparatus as they are identical to
he 25 cm2 fuel cell used and discussed in detail by Litster et al.
8]. The cathode flow field plate features an internal porous car-
on wick and an external EO pump, as shown in Fig. 1. The cathode
late has a strictly parallel channel architecture with 23 channels
hat are 1.0 mm deep and 1.2 mm wide. The width of the ribs is
.0 mm. The flow field is machined into a porous carbon plate (SGL
IGRACET-plate PGP material, SGL Carbon AG, Germany). We embed
he wick into a machined graphite plate for support and sealing.
he EO pump has a porous borosilicate substrate (Robu-Glas, Ger-
any) with a 2 cm2 area and a thickness of 1 mm. The porosity is

pproximately 35% (from wet/dry measurements) and the mean
ore diameter is 2 �m. A dielectric wick made of polyvinyl alcohol
PVA) sponge (PVA Unlimited, Warsaw, IN) connects the EO pump to
he porous carbon and insulates the fuel cell from the EO pump (i.e.,
he high electrical resistance of the water-saturated PVA prevents
ignificant current from passing between the EO pump and the fuel
ell). The EO pump electrodes are platinum mesh (Goodfellow Cam-
ridge Limited, UK). The graphite anode flow field plate features
hree serpentine channels 0.75 mm deep and 0.75 mm wide with a
ib width of 0.75 mm. The MEA (Ion Power, Newcastle, DE) features
catalyst-coated membrane with a 25 �m thick Nafion membrane
nd a platinum loading of 0.3 mg Pt cm−2. We sandwich the MEA
etween SGL-SIGRACET 10-BB GDLs (Ion Power).

We operate the fuel cell in series with a four-wire DC load (Agi-
ent N3100A, Palo Alto, CA) and a boost power supply (Acopian

3.3MT65, Easton, PA). Mass flow controllers (Alicat Scientific,
ucson, AZ) regulate gas flow rate and a dew point control sys-
em (Bekktech LLC, Loveland, CO) controls the gas dew points and
he temperatures of the cathode end plate and the heated lines
Clayborn Labs, Inc., Truckee, CA). A second temperature controller
Omega Engineering, Inc., Stamford, CT) controls the anode end
late temperature. A separate power supply (Agilent 6030A DC
lectronic load) applies a constant voltage to the EO pump and we
easure current by the voltage drop over a 28� resistor in series
ith the EO pump. In the experiments, the gases are fully humidi-
ed and a high hydrogen stoichiometric ratio of 2.0 is used to ensure

hat observations of flooding are restricted to cathode phenomena.
able 3 lists the rest of the fuel cell operating conditions.

. Results and discussion
We now present experimental studies with three major objec-
ives. First, we use the experimental results to evaluate the
heoretical model’s predictive capabilities. Second, we use a com-
arison between ex situ experiments and in situ experiments to
cta 54 (2009) 6223–6233 6229

study the effects of an integrated wick and the fuel cell’s finite water
supply on EO pump operation. Third, we use parametric studies
of applied EO pump voltage to analyze the relationship between
water removal rate and flooding prevention. These findings have
utility beyond the present system because they offer insight for the
design of alternative water management systems.

4.1. Ex situ EO pump characterization

Ex situ measurements of the EO pump’s performance were made
to verify the theoretical model, assess the performance of an EO
pump with an integrated wick, and provide a reference for EO
pump performance when later integrated with a fuel cell. The ref-
erence performance of the EO pump is useful as the pump operates
with finite water supply when integrated with the fuel cell (i.e.,
the steady-state flow rate can only be as high as the rate of water
production). This operating mode has not previously been investi-
gated. Thus, this ex situ experiment is a control case for the in situ
measurements.

We made our ex situ measurements with the same EO pump that
we integrated with the fuel cell. Instead of the porous carbon plate,
a 2 cm wide and 2.2 mm thick PVA wick was connected to the EO
pump. The end of the wick was placed in a bath of DI water with a
rise height of 1 cm and a wick length of 2.5 cm. We measured the
flow rate of the EO pump by effluent weighing with a microbalance
(ACCULAB, Newtown, PA, USA) placed underneath the EO pump.
Fig. 6a presents a schematic of this experimental setup. We obtained
measurements by consecutively dwelling at each voltage, ranging
from 6 to 40 V, for 10 min. We report the mean values over each
10 min dwell period.

Fig. 6b presents the flow rates measured by weighing efflu-
ent water as a function of EO pump power. We also plot the flow
rate predicted by Eq. (8) with an empirically determined PVA wick
permeability of 1.0 × 10−10 m2. For this wick, the hydraulic resis-
tance parameter, 
, is 0.034, indicating that the pump flow rate
should not be hindered by the wick’s hydraulic resistance (cf. Sec-
tion 2.3). The measured mean flow rate per current ratio was order
0.1 ml min−1 mA−1, which is consistent with a mean pH of 3.6 (the
prescribed pH value for the model predictions in this work). We
observe good agreement between the measured and predicted flow
rate curves. The data shows that the wick and pump architecture
do not introduce unexpected hindrances to the performance of the
EO pump, provided there is an excess supply of water.

For reference, Fig. 6b outlines a region of desired EO pump oper-
ation when integrated with the fuel cell. In this area, the EO pump
consumes less than 1% of the fuel cell power at 0.5 A cm−2 and the
pump’s flow rate is equal to the water production rate at 0.5 A cm−2

or greater (assuming 100% liquid phase water). In the ex situ experi-
ments, the pump consistently met these requirements with applied
voltages ranging from 6 to 20 V.

4.2. Fuel cell flooding prevention

We now present in situ experimental results where we apply a
constant voltage to the EO pump to prevent flooding in an operat-
ing fuel cell. These results allow us to investigate the relationship
between applied voltage and fuel cell performance, as well as the
EO pump’s flow rate and parasitic load. We compare these results
with our theoretical model.

The in situ experiments were performed with the fuel cell oper-
ating at a current density of 0.5 A cm−2 and an air stoichiometric

ratio of 1.5 over a 40 min period. We performed multiple realiza-
tions with EO pump voltages ranging from 0 to 40 V. These results
are useful for identifying a minimum EO pump voltage to prevent
flooding. There are many potential advantages to running the EO
pump with the lowest possible voltages, including a lower para-
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Fig. 6. (a) Experimental setup for ex situ testing of the EO pump attached to a PVA
wick. (b) Flow rate versus the power consumed by the EO pump. The unshaded
region is the preferred operating regime for the EO pump when integrated with a
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percentage water removed. These data suggests the fuel cell per-
formance is free of flooding for water removal rates greater than
38%.

Fig. 7. Transient fuel cell voltage at 0.5 A cm−2 for EO pump voltages ranging from
uel cell operating at 0.5 A cm (complete water removal and a parasitic load of less
han 1%). We find this condition is met with voltages between 6 and 20 V. The error
ars represent 95% confidence intervals for the mean value determined from four
ealizations.

itic load and less electrolytic current to generate bubbles and pH
hanges.

Fig. 7 presents a representative set of fuel cell voltage time-series
ith applied EO pump voltages between 0 and 6 V. Between each

ealization, we disassembled the EO pump and rinsed it in DI water
o ensure consistent initial water pH in the pump. Before the begin-
ing of each time series, the fuel cell air channels were purged at a
ow rate of 2000 sccm for 5 s for an initial flooding-free condition.
e filtered the time series by convolving the data with a Gaussian

ernel with a 250 ms standard deviation (approximate residence
ime of air in the channels), which negligibly affects the physical
rends observed. The transients in this figure show a consistent
ncrease in fuel cell voltage as EO pump voltage increases to 5 V. At
V, EO pumping yielded a 14% increase in fuel cell power and stabi-

ized the performance (note the suppression of sharp intermittent
oltage drops which we associate with channel flooding). Applied
oltages above 5 V did not significantly improve performance. Thus,
e identify that Vapp = 5 V was the minimum EO pump voltage to

tabilize the fuel cell’s performance for this operating condition.

.2.1. EO pump flow rate
Next, we compare the water pumped by the electroosmotic
ump to the gross total flow rate of water (liquid and vapor) pro-
uced by the fuel cell. As we shall see, the EO pump has to pump only
oughly half the total water produced to prevent flooding. Fig. 8a
resents the flow rate of the EO pump for 17 experiments in which
cta 54 (2009) 6223–6233

the applied pump voltage was varied between 3 and 40 V. We mea-
sured the flow rate by collecting the pump effluent in a slender (to
minimize evaporation) 5 ml graduated cylinder. The water was col-
lected over the last 30 of the 40 min experiments (from 10 to 40 min
in Fig. 7) in order to record an approximately steady-state measure-
ment. We present the flow rate of liquid water as a percentage of
the total amount of water produced (70 �l min−1 at 0.5 A cm−2 if
all product water is liquid). In our experiments, 3 V was the low-
est applied voltage for which we could obtain a measurable flow
rate. This is consistent with 3 V being close to the voltage of water
decomposition (2.5 V from Eq. (3)).

As we expect, at low applied voltages (less than 5 V), the flow
rate varies approximately linearly with applied voltage. To highlight
this region, we show the data with the predicted linear flow rate
dependence which follows from Eq. (8). However, the agreement
between the data and model worsens above 5 V. At the minimum
applied voltage that prevented flooding (Vapp = 5 V), the EO pump
removed 36% of the gross product water. At applied voltages above
about 12 V, the flow rate of liquid water through the pump reached
a plateau at a maximum value of approximately 53% (37 �l min−1).
We highlight the plateau in the figure with a dashed horizontal line.
We discuss possible causes for this plateau in Section 5 below.

Fig. 8b shows a plot of the measured fuel cell voltage averaged
over the period from 30 to 40 min (i.e. representative, steady-state
voltage) versus the percent of water removed by the EO pump.
First, as a basis for comparison, we show fuel cell voltage with zero
applied pump voltage. With the EO pump off, Vapp = 0 V, the mean
steady-state fuel cell voltage over four realizations was 0.58 V with
a standard deviation of 20 mV. For comparison, we show this mean
and standard deviation with solid and dashed lines, respectively.
With regard to the experimental variation of applied pump volt-
age, we measured a consistent increase in the steady-state fuel cell
voltage with greater water removal rates. For water removal rates at
or below which flooding is prevented (Qeo/QFC = 38%), we see that
fuel cell voltage follows a roughly linear relationship (R2 = 0.93).
Above this, fuel cell voltage shows a much weaker dependence on
0 to 6 V. The air stoichiometric ratio was 1.3. With zero applied pump voltage, there
were large voltage fluctuations and significant overall decay of the fuel cell voltage.
With higher applied pump voltage, the rate of decay and the magnitude of the voltage
instabilities decreased. Above an applied voltage of 5 V, there were only marginal
increases in fuel cell voltage with greater EO pump voltage.
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Fig. 8. (a) EO pump flow rate versus applied voltage. The flow rate is nor-
malized by the total water production, assuming 100% liquid water production
(QFC = 70 �l min−1). The solid line is the theoretical prediction of the flow rate, Eq.
(8), and the dashed line is the mean normalized flow rate of 53% in the plateau region
(voltages of 12 V and greater). (b) Steady-state fuel cell voltage versus normalized
EO pump flow rate. The dashed line (–) is a linear fit to the linear region of increasing
fuel cell voltage with increasing EO pump flow rate. The horizontal solid line (–) is
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Fig. 9. Initial transients of EO pump current at applied voltages of 3, 5, and 12 V.
With a low voltage of 3 V, the current is relatively steady after initial startup. With
5 V, the current increases with decreasing pH (increasing conductivity) in the porous
glass and reaches a steady-state. With a high voltage of 12 V, the current increases

above 5 V, there is significant discrepancy between the model and
measurements. This discrepancy is discussed in the next section.

Fig. 10. Current (a) and parasitic load (b) of the EO pump. The current versus applied
voltage deviates from the theoretical linear behavior due to decreasing pH with
he mean steady-state fuel cell voltage from four realizations with the EO pump off
Qeo/QFC = 0). The horizontal dash-dot (- — -) lines indicate the standard deviation of
he steady-state voltage when the EO pump is off.

.2.2. EO pump current and power
Fig. 9 shows representative initial transient measurements of

urrent at applied pump voltages of 3, 5, and 12 V. The trends
n transient current measurements differ with the magnitude
f Vapp. At very low voltages (3 V), our instantaneous current
easurements are uniform over nearly the entire duration. At
oderate voltages (5 V), the current increased over the first 2 min

nd then leveled off to a steady-state value. At higher voltages
12 V), the current measurements increased sharply at first, peaked,
nd then decayed to a lower voltage. We discuss our hypothe-
is for the cause of these trends in the times series in Section
.

Fig. 10a presents the steady-state current drawn by the EO pump
ersus the applied voltage and compares it with the model pre-

iction. At applied voltages less than 8 V, the current measured
aried linearly with EO pump voltage, as expected from theory.
s shown in Fig. 10b, at the minimum voltage to prevent flooding,
V, the parasitic load of the EO pump is 0.07%. Further, the para-
more rapidly with pH decrease, then decays due to capillary drainage of the PVA.
This decay in current is responsible for the plateau in the current versus voltage
results in Fig. 10a.

sitic load remains below 2% with applied voltages as high as 40 V.
These results illustrate the negligible parasitic load of EO pump-
ing and support the favorable scaling of EO pumps with fuel cells
that the model suggests. However, we note that at applied voltages
increasing currents and capillary drainage of the PVA at high voltages. The dashed
portion of the theoretical curves are ranges at which we have low confidence in the
model because of capillary drainage. With applied voltages below 20 V, the parasitic
load is below 1%. The minimum parasitic load necessary to prevent flooding is 0.07%
at an applied voltage of 5 V.
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. Further discussion

As discussed above, the model predicts trends in pump flow
ate, current and power fairly well up to about Vapp = 5 V; the

inimum pump voltage to prevent flooding. The model is there-
ore an effective engineering tool in designing and predicting
ump characteristics for low parasitic power cases. However, there
ere a number of deviations between the model and the exper-

mental results, particularly at higher applied pump voltages. The
ifferences include: (1) the maximum EO pump flow rate being sig-
ificantly less than the production rate; (2) the non-linear flow rate
ersus pump voltage data at applied voltages between 5 and 12 V;
nd (3) a respective over- and under-prediction of EO pump current
t low and high applied voltages. We here discuss these discrepan-
ies and elaborate further on the linear relationship between fuel
ell voltage and the EO pump flow rate at water removal rates below
hat required to prevent flooding.

Several factors contribute to the flow rate plateauing at 53% of
he water production rate rather than reaching 100% (see Fig. 8a).
irst, with an expected 3 ◦C increase in temperature in the channels
ue to internal heating [24], we calculate that at least 15% of the
roduct water is removed as vapor in the air and hydrogen exhaust.
econd, our mass transfer estimates suggest that water evaporation
rom the exposed EO pump surfaces may account for up to 5% of the
roduct water (assuming a maximum Sherwood number of 100).
e therefore estimate that a remaining ∼30% of the product water

eaves the fuel cell as liquid in the anode and cathode exhaust gases.
We attribute the linear relationship between water removal rate

nd increased fuel cell voltage (Fig. 8b) to the spatial-dependence
f clearing liquid water from clogged channels at lower voltages.
his hypothesis is based partly on current distribution measure-
ents performed on this system with a segmented anode plate (see

ef. [10]). That study showed that the EO pump preferentially pulls
ater from regions of the wick nearest to the EO pump because of

he hydraulic resistance’s dependence on the flow lengths in the
lane of the cell (i.e., the pressure load for removing water close to
he pump is lower). Thus, as voltage increases, the EO pump is able
o remove water from regions progressively further away and clear
hannels that flood at lower voltages.

We now discuss the cause for the steady-state EO pump cur-
ent measurements being greater than the model’s predictions at
pplied voltages between 5 and 10 V (see Fig. 10a). As Fig. 9 shows,
0 s after activating the pump with an applied voltage of 5 V the
urrent increases over a 2 min period. This transient increase is of
he same magnitude as the difference between the model predic-
ion and the steady-state experimental measurement. We attribute
his higher than predicted current measurements and the initial
ransient increase in current to the effect of decreasing pH (and
ncreasing conductivity) in the pump. The oxygen evolution reac-
ion at the anode (pump inlet) introduces hydronium ions, lowering
H. We verified the decrease of pH by dissembling the EO pump
fter experiments and squeezing water out of the PVA to mea-
ure its pH with pH paper strips. The pH values varied between
bout 5–3.5 with applied voltages between 4 and 40 V (the lowest
H values were observed at the highest voltages). However, these
pproximate pH measurements are likely higher than the in situ val-
es because of mixing and dilution while the pump is disassembled
nd water samples extracted. Note the flow rate through the pump
s reduced relative to the ex situ experiments of Section 4.1 because
f the greater hydraulic load imposed on the pump by the porous
arbon wick. This causes an increase in production of H3O+ relative

o pump flow rate, and yields lower pH and higher conductivity.

At high applied voltages (>20 V), the current measurements of
ig. 10a are less than model predictions. We attribute this to the
nite availability of water to the EO pump and the resulting drainage
f the PVA in the pump. The drainage occurs as the pressure capac-
cta 54 (2009) 6223–6233

ity of the pump (proportional to voltage) approaches the capillary
pressure in the wick. We measured the rise height of water in the
PVA to be 8 cm, which corresponds to a capillary pressure of approx-
imately 800 Pa. For comparison, 850 Pa is the estimated maximum
pressure of the EO pump with an applied voltage of 10 V. Thus, at
voltages approaching 10 V and higher, the EO pump is capable of
draining the PVA. In Fig. 9, the decay of the current with an applied
voltage of 12 V suggests drainage occurs over a 2 min period dur-
ing initial operation (the PVA is initially saturated at t = 0). When
the PVA is drained, the cross-sectional area for ionic conduction
decreases (ionic resistance increases) and current decreases. We
have confirmed this drainage effect with on-going experiments on
the coupling of EO pumps with wicks, which we will report in a
future publication.

Next, we comment on the non-linearity of the EO pump flow
rate data as shown in Fig. 8a. We hypothesize that the effects of
decreasing pH and PVA drainage act in concert to generate the devi-
ation from the linear theoretical prediction in Fig. 8a. Decreasing pH
increases EO pump parasitic load (due to higher conductivity) and
also reduces flow rate because of the reduction in zeta potential at
lower levels of pH. Further, the reduction in PVA liquid saturation
(and associated lowering of its ionic conductance) causes a greater
portion of the applied voltage to be dropped across the anode-to-
pump wick space; reducing the effective voltage dropped across the
pump and reducing flow rate. Thus, we identify that maintaining
higher levels of pH and minimizing the drainage of the intermediate
wick (the dielectric PVA) are important system features to address
in future work.

To sum up, our experimental results and model predictions indi-
cate an external EO pump coupled to an integrated wick is able to
prevent flooding in a PEM fuel cell with negligible parasitic loads.
Our study on the effect of applied EO pump voltage supports a con-
servative guideline (developed with scaling from the model) that
a parasitic load of less than 1% can be maintained by using an EO
pump with an area that is 0.01 of the fuel cell active area or greater
(for all scales of fuel cells). The area ratio in our experiment was
0.08 and the minimum parasitic load to prevent voltage loss due
to flooding was 0.07%. This same theoretical scaling suggests that
parasitic load would be roughly 0.5% if the EO pump area was 0.01
of the fuel cell area (e.g., a 5 mm × 5 mm pump area). Our current
research efforts are addressing the maintenance of the pH in the
pump and the use of EO pumps to drain the internal wicks. The use
of EO pumps to drain the fuel cell and wicks may open the potential
for novel freeze protection strategies when operating in sub-zero
environments [25,26].

6. Conclusion

We presented an investigation of flooding prevention in PEM
fuel cells with the use of integrated wicks and EO pumps. We pre-
sented a theoretical model that elucidates the scaling of EO pumps
with fuel cells. The model extends our previous EO pump mod-
els to account for additional factors significant to this application,
including the hydraulic resistance of the wicks, induced pressure-
driven advective current, variation of water pH with electrolysis,
and the pump’s electrochemical reactions. We verified the accuracy
and limitations of this model with both ex situ and in situ fuel cell
experiments. The model results indicate favorable scaling between
EO pumps and fuel cells. From the theoretical scaling, we conser-
vatively suggest that parasitic loads below 1% are possible for fuel
cell stacks of all sizes as long as the EO pump area is 1% of the fuel

cell active area or greater.

The model provides reasonable agreement with experimental
data for applied pump voltages at and below about 5 V. This applied
pump voltage is approximately the value required to prevent flood-
ing. The model is therefore a good engineering tool in designing



ica A

a
fl
t
p
p
p
c
a
t
p
o

A

s
o
t

R

[

[

[

[
[
[

[
[

[
[

[

[

S. Litster et al. / Electrochim

nd estimating pump characteristics for fuel cell water removal and
ooding prevention. Our results show some deviations between the
heoretical and experimental arise due to increasing acidity in the
ump and the drainage of the wick that was integrated with the
ump. With constant EO pump operation, we identified that an EO
ump voltage of 5 V is the minimum to prevent flooding at a fuel
ell current density of 0.5 A cm−2 with fully humidified gases. In
ddition, we found that complete water removal is not necessary
o prevent flooding; the pump needs only remove about 36% of the
roduct water to prevent flooding. For this case, the parasitic load
f the EO pump was negligible at 0.07%.
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