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bstract
In this article, numerical simulations are used to compare polymer-electrolyte fuel cells (PEFCs) with porous flow-field plates to cells with
onventional solid plates. The model clarifies the role of the porous plates in humidifying dry reactant streams and managing liquid water. The
nfluence of gas-diffusion-layer (GDL) and bipolar-plate properties and coolant vacuum on the behavior of the cell is investigated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

It is widely known that for polymer-electrolyte fuel cells
PEFCs) water management is a critical aspect to their opti-
um and sometimes functional performance. This is especially

rue for cells operating below 100 ◦C where liquid water is
resent. In such a system, there is a balance between flood-
ng, i.e., water accumulation in the pores of the gas-diffusion
ayers (GDLs) or catalyst layers that inhibits reactants from
eaching the reaction sites, and membrane dehydration that
esults in high ionic resistance. To optimize this balance, var-
ous schemes have been proposed and tested. These approaches
nclude the use of microporous layers and more complex dif-
usion media [1], liquid-water injection [2], system designs
3], wicking of liquid water [4] and the use of different flow
athways [5–9]. It is the goal of the latter two to enable self-
umidification of the system, thereby reducing the cost and
arasitic power losses of external components such as humidi-
ers.

A promising and extensively tested approach towards water

anagement is the use of porous bipolar plates, known as water-

ransport plates (WTPs), as practiced by UTC Power [10–14].
ig. 1 shows a performance curve for a PEFC with WTPs,
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nd Fig. 2 shows a schematic of the cell. Mass-transport losses
re minimal to 2.5 A cm−2. In fact, performance on dilute oxy-
en indicates that the limiting current density should approach
A cm−2 for saturated air at ambient exit pressure. While the
erformance and use of WTPs has been discussed previously, no
etailed analysis or comparisons with conventional solid plates
ave been made in the literature. To gain understanding and
ake detailed comparisons, one must resort to simulation due to

he challenging experimental effort of direct measurement and
bservation of water management inside an operating PEFC;
ater management is the most explored and debated PEFC
odeling topic [15,16].
The WTPs perform two main functions. When there is excess

ater, the WTPs provide an escape path for liquid water such
hat it does not accumulate in the GDLs nor fill and block the
as channels (GCs). When the gas streams are not saturated,
he WTPs provide water to evaporate into the gas channels in
rder to humidify them. To work properly, WTPs must meet
ertain key requirements. Firstly, they need to have similar elec-
ronic, thermal, and mechanical properties as solid bipolar plates.
econdly, they must have the correct pore-size distribution and
ydrophilicity to form a wet seal and remain liquid filled such
hat hydrogen and oxygen cannot enter the coolant stream. Third,

he water in the coolant stream must be run at a pressure below
he reactant gases in order to provide a driving force for removal
f liquid water from the cell. In addition, the plates must have
ufficient permeability to allow for efficient water removal. The
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Table 1
Water-transport-plate properties

Parameter Value

PSD properties
Characteristic radius (�m) 0.5
Characteristic spread 0.2
Bulk porosity 0.3

Thickness (cm) 0.15
Electronic conductivity (S cm−1) 20
Thermal conductivity (W cm−1 K−1) 30
Absolute permeability (cm2) 1 × 10−11
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ig. 1. Experimental performance of a cell with WTPs. Operating conditions:
mbient reactant exit pressures, 14 kPa coolant vacuum, 65 ◦C air exit tempera-
ure, fuel and air stoichiometries of 1.25 and 1.67, respectively. The active area
f the cell is 400 cm2.

bove issues are examined and discussed in more detail in this
aper.

The structure of this paper is as follows. First, the model and
roperty values are discussed. Next, simulations of WTP sys-
ems and solid-plate cells are compared and contrasted. Third,

TP properties and functioning are discussed in detail. Finally,
onclusions are made.

. Model

Our previously developed PEFC models are modified to ana-
yze cells with WTPs [17–19]. The simulations are conducted
sing a pseudo 2-D approach, where a 1-D cell-sandwich model
s run at various segments along the gas channels in a coflow
rrangement. The 1-D sandwich is composed, as shown in Fig. 2,
f symmetric GDLs, anode and cathode catalyst layers, mem-
rane, and either solid plates or WTPs. Unless otherwise noted,
he parameters and properties of all of the layers, except the

TPs, are taken from the GDL1 fit in our previous paper [17].
epresentative parameter values for WTPs are given in Table 1.

or heat transfer, the values reported in our previous paper are
sed [18], with a heat-transfer coefficient of 1 W cm−2 K−1 for
he solid-plate cell; the WTP cell is treated slightly differently
s noted below. In both cells, it is assumed that the outsides of

ig. 2. Schematic of the 1-D modeling domain and function of the WTPs.
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raction of hydrophilic pores 1
ontact angle (◦) 45

he gas-channel plates are in contact with coolant streams that
emain fixed at the inlet temperature due to excess coolant flow.
ther assumptions are steady-state operation, negligible gravity,

ocal equilibrium (e.g., temperature is the same in all phases at
given location), and liquid-water product.

As noted, the simulations build on our previous models, and
he reader is referred to references [17–19] and those contained
herein for detailed discussions on the modeling approaches,
quations, and parameter expressions as well appropriate histori-
al references. In short, the membrane is treated using our hybrid
pproach that accounts for water and proton transport in both
iquid- and vapor-equilibrated membranes; swelling is also con-
idered. This approach uses concentrated-solution theory and a
ombined driving force for water movement. The catalyst layers
re treated using a combined agglomerate-and-porous-electrode
pproach along with the membrane and GDL models. The
DLs are treated using our cut-and-rejoin bundle-of-capillaries

pproach with separate hydrophobic and hydrophilic domains.
iquid flow is modeled using Darcy’s law, and gas flow is treated
ith Stefan-Maxwell and Knudsen diffusion along with Darcy’s

aw (i.e., the gas phase is not isobaric). Furthermore, due to the
ntimate contact between phases, water vapor is assumed to be in
quilibrium with any liquid water present inside the GDLs and
atalyst layers. Nonisothermal phenomena are accounted for by
n overall energy balance that contains heat conduction and con-
ection along with heat sources and sinks including water phase
hange, reversible and irreversible heats of reaction, and Joule
eating.

To model WTPs instead of solid plates, one only needs to
hange the treatment of the gas channels. For a solid-plate cell,
imultaneous mass and energy balances are used in the gas chan-
els to obtain the necessary boundary conditions for gas-phase
oncentrations and temperature [18]. This treatment naturally
llows for a prediction of where the cell becomes saturated and
iquid water begins to exist for subsaturated inlet gases. For a

TP cell, the flux of liquid water through a WTP is modeled
sing Darcy’s law; the associated enthalpy flux along with heat
onduction forms the energy balance. The pressure and tem-
erature of the coolant water serve as the necessary boundary

onditions. At the interfaces between the WTPs and the gas chan-
els, simultaneous mass and energy balances are again used to
etermine gas-phase concentration and temperature, however,
he gas channels do not contain any liquid water. Furthermore,
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he energy balance is modified in that there is no external heat
ransfer since this is accounted for explicitly using the energy
ux from the WTPs, water enthalpy flux through the WTP pores
nd heat conduction through the solid regions. A comparison
f the WTP and solid-plate boundary conditions is given in
ppendix A.
The rest of the boundary conditions are identical for the two

ystems, and are as follows. The interstitial concentrations and
uperficial fluxes between layers are continuous. The ionic cur-
ent density is zero at the GDL/catalyst-layer interfaces, the
lectronic current density is zero at the membrane/catalyst-layer
nterfaces, the electric potential is arbitrarily set equal to zero
t the anode gas channel, and the potential is set to the oper-
ting potential at the cathode gas channel. Unless noted below,
perating conditions are 65 ◦C reactant and coolant inlet tem-
eratures, ambient reactant pressures, and 1.2 and 2.0 hydrogen
nd air stoichiometry, respectively. The coolant inlet pressure,
hen simulating a cell with WTPs, is 0.1 bar below the pressures
f the feed gases.

. Water-transport-plate and solid-plate operation
omparison

It is of interest to compare a cell with WTPs to one with tradi-
ional solid plates. To do this, polarization curves are simulated
n which the properties of all of the materials between the plates
re identical, with the only difference being the type of sepa-
ator plate, and the corresponding boundary conditions. Fig. 3
isplays the resulting polarization curves with both saturated
nd low-relative-humidity (25%) feed gases. Before proceeding
o discuss the curves, it is worth mentioning that the GDL prop-
rties are taken from our modeling of a conventional solid-plate
ell, and thus are not optimized for use with the WTPs, as is

iscussed in the next section. Similarly, a vacuum pressure of
.1 bar is used for the simulations in this section, which is not
ecessarily optimal as examined in the next section. Even with
he above issues, Fig. 3 shows that the performance of the fuel

ig. 3. Polarization curves for both 25 and 100% relative-humidity feeds for
oth a WTP and a solid-plate system. The parameters and conditions are as
tated in the text.
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ig. 4. Along-the-channel values for the current density for the (a) solid-plate
nd (b) WTP systems at 0.6 V with 25% relative-humidity feeds. The insets in
he graphs are the relative humidities in the anode and cathode gas channels.

ell with WTPs is better than that of the solid-plate cell under the
onditions studied. In addition, although not shown, the WTP
ystem outperforms the solid-plate design under the full range
f humidity conditions.

For the saturated-feed case, the curves are essentially iden-
ical until high current densities where flooding in the cathode
ecomes problematic for the solid-plate design. However, the
TP system mitigates flooding and, therefore, does not exhibit

he characteristic knee or bend in the polarization curve, indica-
ive of mass-transfer limitations. For the higher potential region
f the curve, the WTP does not have an appreciable impact on
erformance either detrimental or beneficial. If one looks at the
ow-relative-humidity curves however, there is a much larger
enefit of having the WTPs. In fact, the WTP performance
s similar to that for the saturated feed, because the gases are
nternally humidified. On the other hand, the solid-plate perfor-

ance is much lower than for the corresponding saturated case.
o examine the low-relative-humidity cases in more detail, the
urrent-density profiles are given in Fig. 4.

Fig. 4 clearly demonstrates that the WTPs serve to humidify

he inlet gas streams. This is seen in both the inset of Fig. 4(b) as
ell as the fact that the current density decreases along the chan-
el due to reactant consumption. The initial increase is due both
o the temperature and humidity increase along the channel, and
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cells exhibit similar temperature profiles since most of the heat-
generation sources are the same. The main difference is the way
in which heat is carried out of the PEFC sandwich, as well as
the amount of liquid water moving through the cell. This is
94 A.Z. Weber, R.M. Darling / Journa

s the reason why the WTP low-relative-humidity performance is
lightly lower than its saturated counterpart (see Fig. 3). In prac-
ice, the difference between dry and saturated feeds is smaller
han predicted because the catalyst layers do not extend to the
dge of the WTPs as simulated here. In contrast, the solid-plate
esign has no way of humidifying the gases except through water
roduction, and hence the gas streams do not reach saturation
ntil near the outlet of the cell, as seen in the inset of Fig. 4(a).
his increase in humidification along the channel results in an

ncrease in current density along the channel until the gases
ecome nearly saturated and a liquid water exists (i.e., a dry to
et transition). The performance of the solid-plate cell could
e improved by counter flowing the fuel and air. This is espe-
ially true for the low-relative-humidity feeds, where a gain of
round 30% in current density is achievable in a solid-plate cell
ue to the better humidification scheme that counterflow pro-
ides. However, this performance is still below that of the WTP
ell, and furthermore, the WTP cell is insensitive to the relation-
hip between the fuel and air flow directions. A final point is
hat since the gases remain saturated in a WTP cell, mechanical
ssues due to membrane swelling and shrinking are mitigated,
hereby increasing fuel-cell life [20].

In addition to the ability of the WTPs to humidify unsat-
rated reactant streams internally, as shown in Fig. 3, WTPs
lso demonstrate better performance for saturated streams. To
nalyze this behavior, the discrepancies at 0.4 V with saturated
eeds are examined. Fig. 5 gives the liquid-pressure and satura-
ion profiles for both the solid-plate and WTP designs. From the
urves, it is easy to see that the WTPs keep the membrane bet-
er hydrated and reduce cathode flooding. The WTPs increase
he liquid pressure in the anode and decrease it in the cathode.
ssentially, they do this by providing reservoirs of liquid water
t a defined pressure. Since they are run under vacuum, they suck
ater from the cathode, while providing it to the drier anode.
o understand this better, one can look at the water fluxes in the
ystem.

Fig. 6 shows the total and the liquid water fluxes for both
esigns. In the figure, the fluxes have been normalized by the
roton flux in the membrane to yield the so-called � value. Thus,
he flux in the cathode GDL should be 0.5 more than that in the
node GDL after accounting for hydrogen and oxygen crossover;
he value 0.5 is the dimensionless water production rate. The
uxes in the figure demonstrate that water is moving from the
node WTP through the cell to the cathode WTP in essentially
he liquid phase. In fact, there is much more water moving in the

TP case than in the solid-plate case. This increase in water can
elp to flush contaminants (e.g., hydrogen peroxide) from the
ell. The exact profiles are due to the interplay between the mem-
rane, vapor, and liquid water fluxes. As described previously
18,21], the water-vapor flux moves away from the membrane
nd in opposition to the reactant gases due to a heat-pipe effect
nduced by the temperature gradient.

To examine the temperature issue in more detail, Fig. 7 shows

he temperature profiles at 0.6 V for both the WTP and solid-
late designs. A potential of 0.6 V is used instead of 0.4 V since
he current densities of both cells are comparable (see Fig. 3)
nd thus power and heat generation are also comparable. The

F
a

ig. 5. Liquid-pressure (a) and saturation (b) profiles for both the WTP and
olid-plate systems at 0.4 V with saturated feeds. The WTPs or gas channels are
ot shown in detail in the figure in order to magnify the other effects.
ig. 6. Total and liquid dimensionless water fluxes for both the WTP (black)
nd solid-plate (grey) cells at 0.4 V and with saturated feeds.
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Fig. 7. Through-plane temperature distributions for both the WTP and solid-
plate systems at 0.6 V with saturated feeds. The dashed lines indicate the assumed
linear temperature profile in the solid plates, which is not explicitly calculated
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ue to the use of an external heat-transfer coefficient (see Appendix A and
eference [18]). The dotted lines represent the layer boundaries as shown in
ig. 6.

specially apparent in the increased rate of heat transfer inside
he WTPs compared to traditional flow fields, which results
n a smaller temperature increase as well as slightly smaller
emperature gradients for the WTP system. Furthermore, the
ondensation from the heat-pipe effect is essentially carried out
n the coolant plates and not the gas channel, thereby helping to
eep the gas channels cooler. Overall, the use of WTPs results
n a more nearly isothermal PEFC sandwich, which is probably
etter from a durability perspective since there is a lower like-
ihood of developing temperature heterogeneities. In addition,
he smaller temperature rises mean that the cell can be operated
t higher temperatures without as much concern about reactant
ilution and possible gas-flow reversal. As mentioned, the tem-
erature of the water in the coolant channels is taken to be a
onstant at 65 ◦C.

The above analysis and model do not account for the existence
f liquid water in the gas channels. Liquid droplets in the reactant
hannels have been observed and cited in the literature as a
ause of mass-transport limitations [22,23]. Not only do they
ffect performance, but they may lead to local fuel starvation
nd corrosion of carbon in the cathode catalyst layer [24]. For
he WTP design, no liquid water is expected in the gas channels
ince it is removed through the porous plates. Fig. 8 shows that
ressure drop is the same linear function of current density for
oth the increasing and decreasing branches of the polarization
urve shown in Fig. 1. This experimental data suggests that the
hannels do not accumulate liquid-water droplets.

. Aspects of water-transport plates

In the preceding section, the benefits of WTPs in comparison

o solid plates are elucidated. In this section, some aspects of
orking with WTPs are discussed in more detail. As mentioned

bove, there could be a concern of reactant gases entering the
TP and either crossing into the other reactant stream or leav-

a
e
g
f

ig. 8. Experimental pressure-drop data as a function of current density for the
athode gas channels demonstrating laminar flow and no occlusion by water
roplets in a WTP cell.

ng the cell, especially with subsaturated feeds. To examine this
ssue, one needs to look at the properties of the WTPs. From
able 1, it is clear that the WTPs contain small, hydrophilic
ores to form a wet seal. One can calculate a bubble pressure
sing the Young–Laplace equation [25,26]

b = 2γ cosθ

r
> PG − PL (1)

here Pb is the bubble pressure, γ the surface tension of water
hich is a function of temperature, θ the contact angle of the
TP, and r is the radius of a pore. The inequality stipulates

hat the bubble pressure should be greater than the difference
etween the gas and liquid pressures. Since the WTPs are
ydrophilic, a pore radius of less than 1 �m is enough such that
eactant gases do not enter the WTP pores under typical oper-
ting conditions. Smaller pores could be used, but the liquid
ermeability decreases with pore size [25,26] and may become
roblematic. Essentially, the bubble pressure sets a limit on the
aximum pore size that is allowable for the WTP. Of course,

his limit depends on the vacuum being applied to the liquid
tream, since the inequality must hold.

One may wonder whether the WTP can deliver the water
eeded to humidity the stream, or if the WTP will dry out. The
atter question is addressed in the next section, but as for the first,
ne can do an order-of-magnitude calculation to establish the
vaporation rate. The maximum flux of water leaving the WTP
nd entering the dry inlet gas streams normalized by active area
s approximately

=
(

aShD

L

)
pvap

RT
(2)

here a is the ratio of wetted channel area to active area, Sh
he Sherwood number, D the diffusion coefficient of water in

ir, L the hydraulic diameter, pvap the vapor pressure of water
valuated at the temperature of the WTP wall, R the universal
as constant, and T is the temperature. The Sherwood number
or fully developed laminar flow through wetted square channels
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s 2.98 [27]. The hydraulic diameter, assuming that three of the
our walls are wetted, is 1.33s, where s is the length of a side.
ssuming that adjacent channels are a distance s apart, a = 1.5.
he maximum evaporation rate, according to this expression, is
.4 mol m−2 s−1 at 65 ◦C with s = 1 mm. This is consistent with
he hydration profile in Fig. 4. For comparison, the water produc-
ion rate at a current density of 1 A cm−2 is 0.05 mol m−2 s−1.
urthermore, the permeability of the WTPs is sufficient to enable

his water to reach the gas-channel interface. For this quantity
f water, another order-of-magnitude calculation is used

= ρkPb

Mμδ
(3)

here ρ is density of water, k the permeability, M the
olecular weight, μ the viscosity, and δ is the thick-

ess. This yields a flux of approximately 11 mol m−2 s−1,
hen ρ = 1000 kg m−3, k = 10−15 m2, Pb = 99 kPa,
= 0.018 kg mol−1, μ = 0.0005 N m−2 s−1, and δ = 10−3 m.

his exceeds the maximum evaporation rate by eight times.
hus, the flow of liquid water through the plates should be
ufficient to humidify the reactant streams without causing the
lates to empty, provided water is continually supplied to the
lates by the coolant stream.

The ability to have the coolant pressure below the reactant
ases is a key part of the functioning of a WTP as mentioned
bove and deserves some discussion. If one defines the vacuum
ressure as the pressure in the gas channel minus the liquid
ressure in the channels of the WTP, then as it is increased there
s a higher chance of reaching the bubble pressure. However, as
t is increased, there is also a greater driving force to remove
iquid water in the system. While the former aspect is relatively
traightforward and involves the application of Eq. (1), the latter
s a little more complex and is shown in Fig. 9.

In Fig. 9, as the liquid pressure is decreased, and assuming
n ambient gas pressure of 1 bar (i.e., when the liquid pressure

quals 1 bar, the capillary pressure is 0 bar), the saturation of
he GDL also decreases; this is in agreement with Fig. 5. How-
ver, as the saturation decreases, the liquid relative permeability,
efined as the effective permeability divided by the maximum or

ig. 9. GDL saturation and relative permeability as a function of liquid pressure
gas pressure is 1 bar) for two different hydrophilic pore fractions.
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ig. 10. Optimum peak power for a given vacuum pressure at 65 ◦C with satu-
ated feeds. Also shown are the average cathode and anode GDL saturations and
he value of the net water flux per proton flux, β, for the given optimum power.

aturated permeability, also decreases. This decrease creates a
igher resistance for liquid water to exit the system. Thus, there
s interplay where one wants enough vacuum to decrease the sat-
ration but not too much such that the liquid permeability is too
ow or that the bubble pressure is reached. In this fashion, Fig. 9
long with Eq. (1) can be used to determine the correct operat-
ng vacuum pressure. Typically, a value around 0.1 to 0.2 bar is
ufficient for the above criteria, although it depends on the GDL
aterial as shown in Fig. 9. For the figure, two different GDLs

re used, one that is completely hydrophilic, and another that is
ore hydrophobic and more typical of traditional GDL mate-

ials. The figure shows the interesting results that one does not
ecessarily want an entirely hydrophilic GDL in a WTP design
ince the necessary vacuum pressures to remove the GDL liquid
ay become prohibitive.
Due to the above interplay and the ability to control the

acuum pressure, it is worthwhile to examine its impact on per-
ormance. To do this, optimizations for peak power are done as
function of vacuum pressure; Fig. 10 displays the optimization

esults. It is apparent that there are diminishing benefits as the
acuum pressure is increased, especially considering the chance
f reaching the bubble pressure and the additional parasitic
emands of the vacuum. Although, the parasitic load associated
ith the vacuum pump is small relative to the parasitic load

equired to raise the gas pressures. A vacuum pressure of
.15 bar is sufficient to gain the benefits of reduced saturations.
oing to higher vacuum pressures does not improve the peak
ower since the cell is not as oxygen limited as the cell with
olid plates. In addition, as one drives towards lower pressures,
he membrane can begin to dry. This is evident in that the
verage anode GDL liquid saturation approaches zero at higher
accum pressures, and also that β becomes more negative. The
eason for this is twofold. First, as shown in Fig. 9, the lower
aturations result in higher transport resistance for the liquid.
econd, the higher vacuum pressure means that the pressure

n the liquid-water reservoir is lower. Consequently, the liquid

ater does not have enough energy to overcome the increased
ow resistance and reach the membrane. Once the liquid water
annot reach the membrane from the anode WTP, the value of
decreases sharply and becomes negative, demonstrating that
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ig. 11. Polarization curves for different GDL properties values including the (a)
ontact angle and (b) the fraction of hydrophilic pores and absolute permeability
or saturated feeds and a vacuum pressure of 0.1 bar.

he membrane hydration is now coming from a back-flux of
ater produced at the cathode.
Finally, it is of interest to see how the performance with WTPs

s affected by the GDL properties. To do this, polarization curves
re simulated with varying GDL properties, as shown in Fig. 11.
he properties chosen to vary include the absolute permeability,

he hydrophilic contact angle, and the fraction of hydrophilic
ores. In addition, the absolute permeability of the WTPs was
lso varied over a couple of orders of magnitude with no dis-
ernable difference in performance (not shown). This indicates
hat smaller pores could be used in the WTP to increase the
ubble pressure without a loss of performance, however this is
nnecessary. Fig. 11(a) shows the impact of increasing the GDL
ontact angle. As the contact angle approaches a value of 0◦, the
DL material becomes more hydrophilic. Thus, a similar effect

s that shown in Fig. 9 will occur so that the relatively perme-
bility and saturation of the GDLs increase. It is the increase
n saturation that yields the perhaps counterintuitive trend seen
n Fig. 11(a), where a more hydrophobic medium performs bet-

er than a hydrophilic one. Of course, the vacuum pressure and
raction of hydrophilic pore also play a role in this analysis. As
point of reference, the base value used in the other simulations

s 45◦.
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The fraction of hydrophilic pores has a similar effect as the
ontact angle on performance. As the fraction approaches 1,
he GDL is entirely made up of hydrophilic pores of the given
ontact angle (45◦ for this analysis). Fig. 11(b) shows that as
he fraction of hydrophilic pores decreases, the performance
ncreases, again caused by having a lower amount of flooding.
owever, there is an optimum because as the GDLs contain
ore hydrophobic pores, the increased resistance and lower rel-

tive permeability (see Fig. 9) will cause localized flooding as
ell as inhibit water transport in the cell. While one might be

oncerned by the low relative permeability associated with this
alue (see Fig. 9), Fig. 11(b) demonstrates that it is not a major
oncern since varying the absolute permeability of the GDLs
ver a couple of orders of magnitude does not appreciably affect
erformance. In essence, the liquid flow resistance is not large
nough to cause a build-up of liquid water in the system. The
rends seen in this section generally hold for WTP cells, although
he exact optimum pressures and points may shift depending on
he specific cell and component properties.

. Conclusions

In this paper, simulations were run to understand and compare
he use of porous bipolar plates to solid plates. The porous plates
erve as water-transport plates (WTPs) and provide both water
or gas humidification and direct cooling, as well as remove
ater and decrease flooding. Thus, WTPs serve to mitigate
ass transfer concerns in humidified systems and demonstrate

ubstantially better performance than solid-plate designs with
ow-relative-humidity feeds. The ability of the WTPs to enable
niform operation throughout the cell and keep the membrane
ydrated should improve membrane durability. Some properties
f the WTP system were also examined, including the effect of
he vacuum pressure and the tradeoffs between providing water
nd removing water in the system. Overall, the WTP system
ffectively meets and provides the critical water management
ecessary for optimum PEFC operation below 100 ◦C.
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ppendix A. Gas-channel boundary conditions for
olid-plate and WTP systems

The model being used for the solid-plate and WTP cell
omparisons is for the most part identical and the governing
quations and parameters are given in references [17–19]. In this
ection, the differences between the two models are detailed. The

se of WTPs instead of solid plates necessitates only a change
n the boundary conditions used in the gas channels (GCs). For
oth systems, simultaneous energy and mass balances are used
n the GCs to determine the temperature and gas composition.
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or the cathode GC, the mass balances for oxygen and nitrogen
re expressed as

O2 = 1 − yH2O − yN2 ; NO2 = 0.21λairI

4F
+ NO2 |GDL

(4)

nd

N2 = 0.79(1 − yH2O); NN2 = 0.79λairI

4F
(5)

espectively, where λair is the air stoichiometry, I the total current
ensity, Ni|cGDL denotes the flux of species i coming from the
-D simulation (i.e., on the cathode GDL side of the cathode
DL/GC interface), F the Faraday’s constant, and yi is the gas-
hase mole fraction of species i. The mass balance for the water
apor is more complex and different for the two systems.

For the solid-plate system, water can move from the GDL in
he vapor phase or both the vapor and liquid phases. To account
or this, it is assumed that if the pressure of the liquid in the
DL is less than the gas pressure in the GC, liquid water cannot

xit the GDL and enter into the GC. Mathematically, the mass
alance for vapor and liquid water can be expressed as

yH2O = p
vap
H2O

pG
; NH2O,G = (NO2 + NN2 )

yH2O

1 − yH2O

for pL ≥ pG

NH2O,G = NH2O,G|GDL + NH2O,L|GDL + yin
H2O

λairI

4F
− Ncond

H2O;

yH2O = NH2O,G

NO2 + NN2 + NH2O,G
for pL < pG

(6)

nd

pL = pG; NH2O,L = NH2O,L|GDL + Ncond
H2O for pL ≥ pG

NH2O,L|GDL = 0; NH2O,L = Ncond
H2O for pL < pG

(7)

espectively, where pk is the (partial) pressure of phase (species)
, and Ncond

H2O is the mass of water that condenses in the GC.
or the WTP system, these equations are simplified since liquid
ater always exists and can move to/from the GDL. Thus, Eqs.

6) and (7) become

H2O = p
vap
H2O

pG
; NH2O,G = (NO2 + NN2 )

yH2O

1 − yH2O
(8)

nd

NH2O,L|GC = 0; NH2O,L|GDL = − k

V̄wμ
∇pL;

NH2O,L|GDL = NH2O,L|WTP + Ncond
H2O (9)

espectively, where k is the permeability of the WTP, V̄w and μ

re the molar volume and viscosity of water, respectively, and
he condensation occurs in the WTP. The second expression in

q. (9) serves to calculate the liquid pressure in the GDL since

he liquid pressure in the liquid stream at the edge of the WTP is
nown. Also, since the WTP contacts the GDL directly through
he flow-field ribs, the liquid pressure does not have to equal the

[

[

wer Sources 168 (2007) 191–199

as pressure and there is no liquid in the GCs themselves, as was
he case for the solid-plate system.

The final equation to be solved for the boundary conditions
s the energy balance. For the solid-plate system, this has the
orm of

h(T − Tcool)

= −keff �T |GDL + Ncond
H2O �Hvap + H in

G

(
λairI

4F

1

1 − yin
H2O

)

−HG(NO2 + NN2 + NH2O,G) + HG|GDL(NH2O,G|GDL

+NO2 |GDL) − HL(NH2O,L − NH2O,L|GDL) (10)

here Hk is the molar enthalpy of phase k, which can be
alculated from its composition and handbook values [28,29],
he superscript “in” means the inlet to the channel in the
as-flow direction, h the heat-transfer coefficient per superficial
rea to the coolant stream, and Tcool is the coolant-stream
emperature. For the WTP system, there is liquid flow through
he WTP, and the energy balance becomes

Cp

L
(T − Tcool)NH2O,L|WTP

= −keff �T |GDL + H in
G

(
λairI

4F

1

1 − yin
H2O

)

−HG(NO2 + NN2 + NH2O,G)

+HG|GDL(NH2O,G|GDL + NO2 |GDL) (11)

here Cp is the heat-capacity of the liquid and the left-side
xpression stems from solving the energy balance in the WTP
ith a boundary condition of T = Tcool at the coolant-stream
oundary (L) of the WTP.

The set of boundary conditions for the aGC/aGDL interface is
ssentially the same as the above equations, except that the direc-
ions of the fluxes from the anode GDL will have the opposite
ign as those from the cathode GDL, and since pure hydro-
en is used, there is no equation for the inert (i.e., no N2-type
quations).
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