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a b s t r a c t

Previous studies have indicated that a novel design for proton exchange membrane fuel cells with a
piezoelectric (PZT) device, which is regarded as an actuator for pumping air onto the cathode channel, can
offer better performance with higher current generation. These results indicate that piezoelectric proton
exchange membrane fuel cells (PZT-PEMFCs) may compress more air into the catalyst layer and thus may
enhance electrochemical reactions, resulting in higher current output. At the same time, produced water
vapor is pumped out from the cathode channel during the compression process. Previous studies on PZT-
PEMFCs without ribs showed the strong effect of ohmic and concentration losses. In this study, a shallow
rib is chosen to reduce the aforementioned losses and pressure drop in the cathode channel. The rib design
is an important parameter that can be used as the support for the membrane electrode assembly (MEA). A
requency
urrent density

transient three-dimensional model is built to simulate and compare the performance of PZT-PEMFCs both
with and without ribs. Water vapor, oxygen, and current density profiles in the PZT-PEMFC are studied in
detail. The major operating parameters include the rib width and the PZT vibration frequency. Our results
show that the ribbed cathode channel can reduce ohmic losses and double current generation. Moreover,
at higher PZT vibration frequency (f = 64 Hz), an air-breathing PZT-PEMFC compresses more oxygen into
the catalyst layer and thus enhances the electrochemical reaction, resulting in a higher current output
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(0.208 A cm−2).

. Introduction

Air-breathing proton exchange membrane fuel cells (AB-
EMFCs) have attracted attention as substitutes for currently used
atteries. During AB-PEMFC operation, liquid water is transported
y electro-osmotic drag, back diffusion, and convection in the
embrane. The electro-osmotic drag coefficient has been found to

e a function of the water content of the membrane and tempera-
ure [1–4]. Generally, the electro-osmotic drag coefficient increases
ith increasing water content in the membrane. At high water con-

ent, the electro-osmotic drag coefficient increases with increasing
emperature. Yi and Nguyen [5] showed that PEMFC performance
as improved by anode humidification and positive differential
ressure between the cathode and anode. Ge and Yi [6] predicted
hat the dry reactant gases could be successfully humidified inter-
Please cite this article in press as: H.K. Ma, et al., J. Power Sources (2008), d

ally and could maintain high performance when the PEMFC was
perated in counter flow mode. Thus, water transport and man-
gement is dependent upon the structure and properties of the cell
omponents, reactant stream humidification, flow field layout, and
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tructural and wetting properties of the gas diffusion media and
icro-porous layer [7].
In general, AB-PEMFCs do not need an additional oxygen supply

evice; their performance is proportional to the oxygen transfer
oefficient [8]. Santa Rosa et al. [9] developed an open-air cathode
EMFC stack with an air fan. This design combined oxidant sup-
ly and stack cooling. Using numerical analysis, Zhang et al. [10]
resented various stack and cell parameters for stack designs with
n array of air-breathing fuel cell cartridges. Matamoros and Brug-
mann [11] showed that dehydrating phenomena slightly affected
he performance of AB-PEMFCs. Moreover, catalyst loading, rela-
ive humidity, temperature, hydrogen stoichiometry, gas-diffusion
ayer thickness, and cathode structure are important parameters in
he performance of AB-PEMFCs [12,13].

Proper flow field design of the AB-PEMFC may help address the
ater-flooding problem and enhance cell performance. For inter-
igitated flow fields, the reactant gas can be delivered to the catalyst

ayer and can increase the electrochemical reaction rate [14]. How-
oi:10.1016/j.jpowsour.2008.07.019

ver, while pin-type flow fields have a lower reactant pressure,
hey have uneven gas distribution and poor water removal and cell
erformance [15]. The single-serpentine flow field exhibits better
erformance than double- and triple-serpentine flow fields [16].

n addition, a new convection-enhanced serpentine flow field has

dx.doi.org/10.1016/j.jpowsour.2008.07.019
http://www.sciencedirect.com/science/journal/03787753
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Nomenclature

Ain inlet area (m2)
APZT piezoelectric area (m2)
Deff effective diffusion coefficient (m s−1)
f frequency of PZT (Hz)
F Faraday constant (96,439 C mole−1)
h enthalpy (kJ)
i current (A)
Ji species diffusive flux (mol m−2 s−1)
jT transfer current (A)
j0 reference current density at a known open circuit

voltage (A m−3)
keff effective thermal conductivity (W m−1 K−1)
M mass (kg)
N amount of species
P pressure (N m−2)
R gas constant (J mol−1 K−1)
t time (s)
T temperature (K)
Va anode inlet velocity (m s−1)
Vc cathode inlet velocity (m s−1)
VPZT motion equation of the piezoelectric device (m s−1)
Yi mass fraction of ith species
∀ volume (m3)

Greek letters
ε porosity
� over potential (V)
� permeability (m2)
� viscosity (kg m−1 s−1)
� density (kg m−3)
� shear stress (N m−2)
� equivalence ratio
ωi production rates (kg m−3 s−1)

Subscript
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2.1. Equivalence ratio

The equivalence ratio, defined as the actual fuel-to-air ratio
divided by theoretical fuel-to-air ratio, is an important parameter
act. actual
stoi. stoichiometry

een proposed by Xu and Zhao [17] to increase the mass transport
ate and remove liquid water trapped in the porous media. Further-
ore, the parallel flow field with an incorporated baffle exhibited

etter performance because the baffle effect forces the reactant
as to pass through the diffusion layer [18]. Moreover, Ma et al.
19,20] have proposed a novel cathode channel design that utilizes
he piezoelectric (PZT) effect in AB-PEMFC systems, known as the
ZT-PEMFC. The PZT-PEMFC can feed air into the cathode chan-
el through a gas pump with a piezoelectric actuation structure. A
igher PZT vibration frequency leads to a higher oxygen concen-
ration at the cathode channel, and most of the produced water
apor can be pumped out of the cathode channel by PZT vibrations.
his design can reduce the water-flooding problem and increase
ell efficiency.

Studies have shown that a ribbed design affects cell perfor-
ance and species distribution, and that a narrower channel with
wider rib spacing yields better performance [21,22]. Although

ZT-PEMFCs may increase cell efficiency and reduce water flood-
Please cite this article in press as: H.K. Ma, et al., J. Power Sources (2008), d

ng, a rib-free design may induce a large resistance. Thus, ribs
re necessary on the cathode side of the PZT-PEMFC. Jeong et al.
23] showed that a single cell with a cathode open area of 77%
xhibited the best performance. This result was related to oxy-
en transport from the atmosphere to the catalyst layer. Hottinen
 PRESS
ources xxx (2008) xxx–xxx

t al. [24] concluded that the resistance of a larger open cath-
de area increased tremendously, adversely affecting performance.
hus, a novel cathode side design with ribs in the PZT-PEMFC
s proposed in this study. In addition, a valveless design with
our air ports is applied in the PZT-PEMFC, differing from previ-
us studies [19,20]. A transitional three-dimensional model [25],
ased on the semi-implicit method for pressure line equations
onsistent (SIMPLEC) procedure, is used to calculate the effect of
ibs on the performance of the PEMFC at different PZT frequen-
ies.

. Mechanisms of PZT-PEMFC

The PZT-PEMFC (Fig. 1) contains a piezoelectrically actuated
icro-diaphragm that is installed in the cathode channel. This

evice is regarded as an original gas pump design and can draw
ir into the cathode channel without an external air pump. While
he actuator moves outward, the volume of the cathode channel
ncreases, and the air is drawn into the chamber (Fig. 2). How-
ver, when the actuator moves inward, the volume of the cathode
hannel decreases, and the air is compressed into the catalyst layer.
revious studies have proposed an ideal air-breathing PZT-PEMFC
ycle that describes four piezoelectric actuation processes. In addi-
ion, the motion of the PZT device was assumed to be a step function
19,20]. In this study, a sine function was applied for the motion of
ZT device as it may improve both the electrochemical reaction in
he catalyst layer and the power output.

In addition, the PZT-PEMFC can also be used in stacks. Fig. 3
hows that two cathode channels and two-cell stacks can be driven
y one PZT device.
oi:10.1016/j.jpowsour.2008.07.019

Fig. 1. The outlook of a PZT-PEMFC system.

dx.doi.org/10.1016/j.jpowsour.2008.07.019
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Fig. 2. Actuating mechanisms in a PZT-PEMFC system.

or discussing air–fuel mixing phenomena in internal combustion
ngines [26]. Similarly, the equivalence ratio is also an important
arameter for air-breathing PZT-PEMFCs. The theoretical demand
f air for generating 1 A of current is 17.96 mg min−1, and the
hydrogen/air)stoi. is 0.03. In this study, the equivalence ratio �
s defined as the ratio of (hydrogen/air)act. to (hydrogen/air)stoi.
uel-rich conditions (� > 1) are found in air-deficient and incom-
lete hydrogen reactions at low PZT vibration frequencies. On
he contrary, fuel lean conditions (� < 1) are found at high PZT
ibration frequencies, where sufficient air is drawn into the
athode channel, resulting in an increase in hydrogen consump-
ion.

.2. Actuation analysis of PZT-PEMFC

The driving forces at the anode and cathode inlets are different.
he inlet hydrogen velocity at the anode is assumed to be constant.
owever, the inlet air velocity at the cathode is driven by PZT vibra-

ions. Thus, the velocity V is divided into the anode velocity Va and
athode velocity Vc. The equation of motion for the PZT is a sine
unction given by

−→
PZT = d

{
−0.0005 ×

(
sin

(
2
ft − 


))}
. (1)
Please cite this article in press as: H.K. Ma, et al., J. Power Sources (2008), d

dt 2

Also, the inflow and outflow periods in the channel as induced
y the sine function are shown in Fig. 4. The inlet air-flow rate at

Fig. 3. The outlook of a PZT-PEMFC stack.

(

D
i
s
i
T

Fig. 4. The sine function of periodical flow at cathode.

he cathode is expressed by the Reynolds Transport Theorem as

DM

Dt
= D(�∀)

Dt

= ∂

∂t

∫
C∀

� d∀ +
∫

CS,PZT

�
−−→
VPZT · −→n dA +

∫
CS,in

�c
−→
Vc · −→n dA = 0.

(2)

he gas density is expressed by the equation of state for an ideal
as, so the mass conservation equation is derived as

1
R

∂

∂t

∫
C∀

P

T
d∀ + �cs,PZT

−−→
VPZTAPZT − �c

−→
VcAin = 0. (3)

he inlet velocity at the cathode, −→
Vc, is derived as

c = 1
�cAin

[
1
R

∂

∂t

∫
C∀

P

T
d∀ + �CS

−−→
VPZTAPZT

]
. (4)

. Theoretical model for PZT-PEMFC

A numerical model of the novel fuel cell, based on the SIM-
LEC procedure, has also been developed. The assumptions are as
ollows:

(1) The reactants and products are treated as ideal gases.
(2) The Stefan–Maxwell equations are applied to multispecies dif-

fusion.
(3) Contact electrical and heat resistances among the channel

layer, diffusion layer, catalyst layer, and membrane are ignored.
(4) The Nernst–Planck equation is used for proton transport

through the membrane.
(5) Ohm’s law is applied across the entire region of the polariza-

tion curve.
(6) The porosity and permeability of the porous media are uni-

form, and the porous media are isotropic and homogeneous.
(7) The effect of gravity is ignored.
(8) The amplitude of the PZT device is assumed constant for all

frequencies, and the motion of PZT device is assumed to be a
sine function.

(9) The water in the fuel cell is assumed to be vapor.
10) The relative humidity of fuel and air is 100%.

The membrane electrode assembly (MEA) parameters refer to a
uPont membrane, and the dimensions of the PEMFC are shown
oi:10.1016/j.jpowsour.2008.07.019

n Fig. 5. The compositions of the inlet humidified fuel and air are
hown in Table 1. In addition, the inlet fuel velocity is 1 m s−1. The
nlet air velocities vary with different PZT frequencies, as shown in
able 2.

dx.doi.org/10.1016/j.jpowsour.2008.07.019
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Fig. 5. Dimensions of PZT-PEMFC.

Table 1
Gas composition of fuel and air at inlet conditions

Fuel
Hydrogen 43.9%
Water vapor 56.1%

A
Nitrogen 69.8%

U

3

m

T

T

T

w
i

w
i
r
d
b

T
O

A

C

3

b
e

T

w
t

T

3

s
c
t
i

w
T
t

j

k=1[k,ref] k=1
(15)

where � is an over potential, defined as the difference between the
solid potential and the porous (or liquid) potential.
ir Oxygen 22.1%
Water vapor 8.1%

nit: molar concentration.

.1. Channel layer

The governing equations in the channel include the continuity,
omentum, and species equations. The continuity equation is

∂�

∂t
+ ∇ · (� �V) = 0. (5)

he momentum equation is

∂

∂t
(� �V) + (∇ · � �V �V) = −∇p + ∇ · �. (6)

he energy equation is

∂

∂t
(�h) + ∇ · (� �Vh) = ∇ · q + � : ∇ �V + dp

dt
. (7)

he species equation is

∂

∂t
(�Yi) + ∇ · (� �VYi) = ∇ · Ji, (8)

here Yi is the mass fraction in the gas phase of the ith species. Ji
s the diffusive flux, which can be expressed as

Ji = �Di,eff∇Yi + �Yi

M
Di,eff∇M − �M

∑
j

Di,eff∇Yj

−�∇M
∑

j

Di,eff∇Yj, (9)

here �D �Y is the Fickian diffusion coefficient, which is
Please cite this article in press as: H.K. Ma, et al., J. Power Sources (2008), d

i,eff i
nduced by the concentration gradient. Other terms are the cor-
ections of multiple species within the porous medium. The fluid
iffusion coefficient should be modified to Di,eff, which is derived
y Bruggeman [27].

able 2
perating parameters

node inlet
Va 1 m s−1

Pressure 1 atm
Temperature 323 K

athode inlet
Vc Eq. (4), m s−1

Pressure 1 atm
Temperature 323 K
 PRESS
ources xxx (2008) xxx–xxx

.2. Diffusion layer

For porous media, the governing equations should be modified
y the porosity ε and the permeability k of the media. The governing
quations are as follows:

The Continuity equation is

∂

∂t
(ε�) + ∇ · (ε� �V) = 0. (10)

he momentum equation is

∂

∂t
(ε� �V) + (∇ · ε� �V �V) = −ε∇p + ∇ · (ε�) + ε2� �V

k
(11)

here ε2�V/k is Darcy’s drag force describing the fluid flowing
hrough the porous media.

The energy equation is written as

∂

∂t
(ε�h) + ∇ · (ε� �Vah) = ∇ · q + ε� : ∇ �Va + ε

dp

dt
− jT� + i · i

�
. (12)

he species equation is

∂

∂t
(ε�Yi) + ∇ · (ε� �VaYi) = ∇ · Ji. (13)

.3. Catalyst layer

The important governing equations in the catalyst layer are the
pecies and current conservation equations. Because the electro-
hemical reaction and current generation take place in this layer,
he species and current conservation equations should be written
n the forms given below.

The species equation is

∂

∂t
(ε�Yi) + ∇ · (ε� �VYi) = ∇ · Ji + ωi, (14)

here ωi is the production rate in the gas phase of the ith species.
he transfer current jT can be expressed by the Butler–Volmer equa-
ion as

T = j0∏N ˛k

[
exp

(
˛aF

RT
�
)

− exp
(

˛cF

RT
�
)] N∏

[k]

˛k

,

oi:10.1016/j.jpowsour.2008.07.019

Fig. 6. Current density profiles with/without rib (f = 8 Hz).

dx.doi.org/10.1016/j.jpowsour.2008.07.019
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Fig. 7. Water vapor distribution in differe
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Fig. 8. Current density profiles with different rib width (f = 16 Hz).

The current conservation equation is given by

· i = 0. (16)

ecause the current flows through the porous medium, it can be
Please cite this article in press as: H.K. Ma, et al., J. Power Sources (2008), d

ivided into two parts. The first part is

= if + is, (17)

here if is the current flowing through the fluid, and is is the cur-
ent flowing through the solid. Because they are porous media, the

c
r
r
c
b

Fig. 9. Current density profiles und
nt time (rib width = 2 mm, f = 8 Hz).

lectrons transfer from fluid to solid and solid to fluid. Thus, the
ransfer current can be written as

T = ∇ · is = −∇ · if (18)

sing Ohm’s law, this can be changed to

· (�f∇ϕf) = −∇ · (�s∇ϕs) = jT. (19)

. Results and discussion

A novel ribbed PZT-PEMFCs design has been developed, and a
hree-dimensional, transitional model has been successfully built
o analyze its performance and primary phenomena.

.1. Influence of rib design on current density

The rib design is an important parameter in the fuel cell for
educing internal resistance and for preventing MEA fracture due to
he pressure difference between the anode and cathode. However,
revious studies [19,20] did not have any ribs in the cathode chan-
el. As shown in Fig. 6, only the unribbed design has a small current
ensity, 0.12 A cm−2, due to higher resistance. A ribbed cathode
oi:10.1016/j.jpowsour.2008.07.019

hannel can reduce cathode open air area, which decreases the
esistance and doubles the current density [22,23]. However, the
ibbed design has a water-accumulation problem. Therefore, the
urrent decreases with time. As shown in Fig. 7, water vapor may
e blocked and may be accumulated near the rib with time.

er different PZT frequencies.

dx.doi.org/10.1016/j.jpowsour.2008.07.019
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Fig. 10. Water vapor profiles under different rib width.

Fig. 11. Oxygen concentration profiles under different rib width.

dx.doi.org/10.1016/j.jpowsour.2008.07.019
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.2. Influence of rib width on current density

Although water may accumulate near the rib and may reduce
nternal resistance in wider ribs, Fig. 8 shows that both a wider rib
nd a thinner rib have a slight effect on cell performance. However,
current overshoot may occur at the initial stage in the wide rib

ase. The current will then decay and be lower than in the thin rib
ase.

.3. Influence of PZT frequency on current density

As the PZT vibrates at low frequencies, it is shown in Fig. 9 that
urrent generation is lower compared with high PZT vibration fre-
uencies. However, a current overshoot occurs in the wide rib case,
specially at the high PZT vibration frequency. In addition, the cur-
ent decreases with time at the low PZT vibration frequency (f = 8,
6 Hz) due to the lower air-flow rate in the cathode channel. Fig. 10
llustrates that the current may decay with time because the accu-

ulated water vapor cannot be pumped out immediately in the
athode channel with low PZT vibration frequencies. The simu-
ations show that the water distribution in the cathode channel
s only slightly different under both rib-width cases. Fig. 11 also
hows that the rib width slightly affects oxygen distribution in the
athode channel. Therefore, it may be the reason for the slight
ifference in current density between the two different widths
Fig. 9).

The simulation result of this study is a quasi-steady state, and it
onsists of 64 cycles in 1 s, i.e., f = 64 Hz. In order to reduce compu-
ational time, the time scale is chosen as 1 s.

.4. Influence of equivalence ratio on current density

When the PZT vibrates at high frequencies, more air can be
rawn into the cathode channel, leading to a reduction in the equiv-
lence ratio. Therefore, higher current density can be found at
= 64 Hz, where the equivalence ratios are 1.72 and 1.54 with rib
izes of 1 and 2 mm, respectively (Table 3). In contrast, with higher
quivalence ratios, less air will be drawn into the cathode chan-
el at low PZT frequencies. When the rib width increases from 1 to
mm, the difference in the equivalence ratio is 2.76% at a high PZT

requency of f = 64 Hz. However, the difference in equivalence ratio
s only 0.35% at a low PZT frequency of f = 8 Hz.

The simulations indicate that the equivalence ratio is not
ffected by the rib width (Fig. 12). In addition, the current den-
ity is high at high frequencies. Both of the different rib widths
Please cite this article in press as: H.K. Ma, et al., J. Power Sources (2008), d

enerate almost the same current density, 0.205 and 0.208 A cm−2,
sing 1 and 2 mm rib widths, respectively, at f = 64 Hz. Therefore,
he effect of the PZT vibration frequency is stronger than the effect
f rib width in the air-flow rate.

able 3
ir-flow rate at different PZT frequencies and equivalence ratio at the same time

t = 1 s)

ZT frequency (Hz) Air-flow rate (mg s−1) Equivalence ratio

ib width = 1 mm
8 17.19 13.06
16 36.90 6.08
32 73.89 3.04
64 130.50 1.72

ib width = 2 mm
8 17.43 12.88
16 36.45 6.16
32 73.50 3.05
64 145.80 1.54

R

[
[
[

[

[

[
[
[

Fig. 12. Current density profiles under different equivalent ratio.

. Conclusions

A novel ribbed PZT-PEMFCs design has been developed, and a
hree-dimensional, transitional model has been successfully built
o consider its primary phenomena and fuel cell performance. A
ibbed cathode channel can reduce the internal resistance and can
ouble the current density. However, the ribbed design may cause
he accumulation of water vapor near the rib. At higher PZT vibra-
ion frequency (f = 64 Hz), an air-breathing PZT-PEMFC compresses

ore oxygen into the catalyst layer and thus enhances the electro-
hemical reaction, resulting in a higher current output. At the same
ime, the accumulated water vapor may be pumped out from the
athode channel during the compression process. In addition, the
ffect of PZT vibration frequency is stronger than the effect of the
ib width on the air-flow rate and current density. The optimal cur-
ent density for the ribbed PZT-PEMFCs in the cathode below 0.7 V
s 0.208 A cm−2 at f = 64 Hz.
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