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a b s t r a c t

Previous studies of a piezoelectric proton exchange membrane fuel cell with nozzle and diffuser (PZT-
PEMFC-ND) have shown that a PZT device could solve the cathode flooding problems and improve cell
performance. In this study, an innovative design for a PZT-PEMFC-ND bi-cell with pseudo bipolar elec-
trodes is developed to achieve a higher power in the stack design to solve water-flooding problems and
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improve cell performance. This new design, with a reaction area of 8 cm , contains two cells with two
outside anodes and two inside cathodes that share a common PZT vibrating device for pumping air flow.
The influence of the varying aspect ratio (AR) of the diffuser elements on the unit cell-flow rate is investi-
gated using a three-dimensional transitional model. The simulation results show that a proper AR value
of 11.25 for the diffuser, with a smaller diffuser angle of 5◦, could ensure a smoother intake of the air and,
thus, better cell performance. The experimental results show that the performance of the PZT-PEMFC-ND

reater
seudo bipolar design bi-cell can be 1.6 times g

. Introduction

Air-breathing proton exchange membrane fuel cells (AB-
EMFCs) have attracted attention for their potential as a power
ource for low power portable electronic devices. AB-PEMFCs are
haracterized by a simple structure and a minimum balance of
lant, due to their need for fewer auxiliary requirements to sup-
ort PEMFC performance, such as compressors, humidifiers, and
eat exchangers. They could be (1) passively supplied with air by
atural convection alone, or (2) actively supplied with air using
n additional oxygen supply device. In the former case, the chem-
cal reactions mainly depend upon natural convection, caused
y temperature and oxygen concentration gradients. In order to
eliver sufficient oxygen into the cathode chamber, in the latter
ase, an open-air cathode PEMFC stack, with a fan as the oxygen
upplier, was proposed [1]. In addition, dehydrating phenomena
lightly influenced the performance of the AB-PEMFCs [2]. Catalyst
oading, relative humidity, temperature, hydrogen stoichiometry,
as-diffusion layer thickness, and cathode structure are important
arameters in the performance of AB-PEMFCs [3,4].
During the AB-PEMFC operation, liquid water was transported
y electro-osmotic drag, back diffusion from the cathode, pressure-
riven hydraulic permeation, thermal-osmotic drag, and diffusion
etween the flow stream and the membrane [5]. The net electro-
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E-mail address: skma@ntu.edu.tw (H.-K. Ma).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.12.093
than that of the single cell.
© 2011 Elsevier B.V. All rights reserved.

osmotic drag coefficient was found to be a function of the water
content of the membrane and temperature [6,7]. Generally, the
net electro-osmotic drag coefficient increases as water content
increases in the membrane. At a high water content, the net electro-
osmotic drag coefficient increased as the temperature increased.
Yi and Nguyen [8] showed that PEMFC performance was improved
by anode humidification and positive differential pressure between
the cathode and anode, which is also proved by the Nernst equation.
Thus, water transport and management depend upon the struc-
ture and properties of the cell components, the reactant stream
humidification, the flow field layout, and the structural and wet-
ting properties of the gas diffusion media and micro porous layer
[9].

Over the past several years, various PEMFC stacks have been
developed according to differing considerations of functional
demands and system designs. Depending upon differences in the
electrode units in the stack design, the major types of PEMFC stacks
are classified as bipolar, monopolar, and pseudo bipolar [10]. The
bipolar design has been the most common type used in PEMFCs
over the years due to its advantages, such as its compact volume,
its low internal resistance, and its ability to operate at high pres-
sure. However, the manufacturing cost is high and the bipolar plate
design is complex. Although the bipolar design can produce a high

power, water and thermal management play important roles in
its performance. Among types of PEMFC stacks, the monopolar
design is suitable for applications in a low power and high volt-
age system. However, the monopolar design is characterized by
its high resistance and performance, which significantly depends

dx.doi.org/10.1016/j.jpowsour.2010.12.093
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Nomenclature

APZT piezoelectric area (m2)
AR aspect ratio
C conductivity coefficient
D channel opening width
f frequency of PZT (Hz)
L channel path
P pressure (N m−2)
Pc channel pressure
Pin inlet pressure
Pout outlet pressure
R gas constant (J mol−1 K−1)
t time (s)
T temperature (◦C)
VPZT motion equation of the piezoelectric device (m s−1)
Q flow rate
� loss coefficient

u
r
F
c
c
a

s
p
s
a
m
s
p
U
v
o
b
f
t
a

e
P
c
T
m
c
w
m

� diffuser angle
� density (kg m−3)

pon the operational temperature and the humidity in the sur-
ounding area. The traditional pseudo bipolar design, as shown in
ig. 1, contains two cells with two inside anodes and two outside
athodes. Although it was necessary to link each bi-cell, electri-
ally, to obtain higher voltage, thermal management was easy with
parasitic power such as an air fan or blower [11].

For portable application of a PEMFC, the air supply device
hould be small in size, provide enough airflow, and require low
ower consumption. Various actuating methods, such as electro-
tatic, magnetostriction, shape memory alloy, thermopneumatic,
nd piezoelectric, have been developed to pump fluid in a precise
anner. Among these actuating methods, the piezoelectric concept

hows good reliability, energy efficiency, and moderate volume dis-
lacement [12]. To improve the pumping flow rate, Olsson [13],
llmann [14], and Yang [15] have investigated the piezoelectric
alveless micropump system with two chambers arranged in series
r parallel. The results show that the flow rate could be controlled
y changing the phase difference. At a phase angle of 90◦, an eight-
old increase of flow rate for a series arrangement is seen relative
o that of a single-chamber operation. Furthermore, for a parallel
rrangement, the flow rate is less than that of a series arrangement.

Previous studies [16–18] indicated that a novel design for proton
xchange membrane fuel cells with a piezoelectric device (PZT-
EMFC), which is an actuator for pumping air into the cathode
hamber, offers better performance with higher current generation.
hese simulation results indicate that a PZT-PEMFC can compress

ore air into the catalyst layer and, thus, enhance electrochemi-

al reactions, resulting in higher current output. At the same time,
ater vapor is pumped from the cathode chamber. The experi-
ental study of a piezoelectric proton exchange membrane fuel

Fig. 1. The traditional pseudo bipolar design.
Fig. 2. Operation modes of the novel pseudo bipolar design of PZT-PEMFC-ND bi-
cell.

cell with nozzle and diffuser, called a PZT-PEMFC-ND, proved that
the PZT device could solve water-flooding problems and improve
cell performance [19]. The results also showed that a better PZT-
PEMFC-ND cell performance was obtained under a higher aspect
ratio (AR) of 11.25 at the diffuser angle (�) of 22.89◦. The aspect
ratio is defined as the cathode channel path divided by the chan-
nel opening width. Previous studies indicated that the rectification
efficiency of the diffuser elements (�), the PZT vibrating frequency
(f), and the displaced volume per stroke (�V) affected the flow rate
of the PZT device. The rectification efficiency is defined as the net
flow rate over the displaced volume per stroke and, thus, conceived
as an indicator of the preferential direction. Its value depends upon
the geometrical parameters (AR and �) and the Reynolds number
[20].

The objective of this study is to develop a PZT-PEMFC-ND bi-
cell with a novel pseudo bipolar design and to investigate its
performance. The experimental parameters include PZT vibration
frequency, cell operation temperature, current density, and the
nozzle and diffuser designs. A 3D transitional model, based on the
semi-implicit method for pressure line equations consistent (SIM-
PLEC) procedure, was used to analyze the effects of the diffuser
geometry on the flow behavior of the PZT-PEMFC-ND.

2. The novel pseudo bipolar design of the air-breathing
PZT-PEMFC-ND

2.1. Actuation mechanism

In this study, the PZT-PEMFC-ND bi-cell was constructed using
a novel pseudo bipolar design to deliver higher power. This design

differs from the traditional pseudo bipolar design, in that, in the
traditional pseudo bipolar design, the cathodes are outside the cell.
However, the novel pseudo bipolar design consisted of two cells,
with two outside anodes and two inside cathodes that shared a
common PZT vibrating device to pump airflow, as shown in Fig. 2.
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previous study [19] indicated that a larger aspect ratio at the dif-
fuser angle of 21–23◦ should be chosen to achieve higher actuation
pressure.

The diffuser element theory can be applied to the airflow rate
in the cathode chamber of the PZT-PEMFC-ND. The inlet flow rate
Fig. 3. The flow modes

his arrangement allows one PZT device to supply air into the two
ells and pump out the produced water, saving the power consump-
ion of the air supply device. Fig. 2 shows the mechanism of the
ovel pseudo bipolar design of the PZT-PEMFC-ND bi-cell module
perated in supply mode and pump mode. When one cell is oper-
ted in supply mode, sucking air into the cathode, the other cell is in
ump mode, delivering reacted gas and produced water out of the
athode chamber. Placing the PZT device between the two cathodes
esulted in the operation modes of the two cells being opposite. The
hase difference was just a half of the period. This means that when
ne cell operates at the supply mode and delivers a higher current
utput, the other operates at the pump mode and delivers a lower
urrent output. In previous studies [16–19], the results showed that
sing a higher frequency can lead to a more stable current output.

.2. Flow mode analysis

The lumped system developed by Ullmann [14] was applied
o understand the characteristics of the valveless PZT pumping
ystem. This method neglected the spatial variations and focused
n the time variations, which do not need complex CFD meth-
ds, such as Navier–Stokes equations. The method was carried out
or the following three regions as shown in Fig. 3: pump mode
Pc > Pout > Pin), supply mode (Pout > Pin > Pc), and transition mode
Pout > Pc > Pin). An assumption was made that the inlet pressure,
in, was always smaller than the outlet pressure, Pout, due to the
ozzle/diffuser design. In supply mode, the diaphragm moved out-
ard and the cathode chamber volume increased, which caused the

hamber pressure to become lower than the atmospheric pressure
nd, thus, the air was sucked into the chamber. In pump mode,
he diaphragm moved inward and the cathode chamber volume
ecreased. Because the pressure inside the cell was higher than the
tmospheric pressure, the air was pushed into the catalyst layer and
he water produced was pumped out of the cell. A transition mode
ccurred between the pump mode and the supply mode, when the
utlet pressure was higher than the chamber and inlet pressures,
out > Pc > Pin. This method may validate the nozzle/diffuser designs
nd compared them with the CFD method [21].

In this study, a three-dimensional transitional model, based on
he semi-implicit method for pressure line equations consistent
SIMPLEC) procedure, was used to analyze the effects of the dif-
user geometry on the flow behavior of the PZT-PEMFC-ND. The
ssumptions are as follows:

1) The air is treated as ideal gases.
2) The Stefan–Maxwell equations are applied to multispecies dif-

fusion.
3) The porosity and permeability of the porous media are uniform,
and the porous media are isotropic and homogeneous.
4) The effect of gravity is ignored.
5) The amplitude of the PZT device is assumed constant, and the

motion of PZT device is assumed to be a sine function.
6) The structure of the bi-cell is assumed to be symmetric.
g the pumping process.

The fluid driving forces at the anode and cathode inlets differed
in the PZT-PEMFC-ND systems. The hydrogen was supplied from a
hydrogen storage bottle, and the hydrogen flow rate was controlled
by a mass flow controller. In the experimental study, the hydrogen-
volume flow rate was always a constant, at 30 ml min−1 for each
cell. On the other hand, the airflow to the cathode was driven by
PZT vibrations.

To analyze the airflow rate of the PZT-PEMFC-ND system, the
control volume of the system was chosen in the cathode cham-
ber (Fig. 4). The equation of motion for the PZT device was a sine
function given by Eq. (1):

�VPZT = d

dt
[−0.00025 × (sin(2�ft))] (1)

where �VPZT is the vibration velocity (m s−1) of the PZT material, f is
the frequency (Hz), and t represents the time (s).

The inflow and outflow periods in the chamber were induced by
the sine function. By using the Reynolds transport theorem and the
continuity equation [16–19], the cathode flow rate can be written
as:

Qc = 1
r

∂

∂t

∫
C∀

P

T
d∀ + � �VPZTAPZT (2)

and the volume change rate can be written as Eq. (3):

d∀
dt

= 2�f ∀0 sin(2�f ) − ∀0

[
(dp/dt)

Pb − Patm

]
(3)

where the blocking pressure, Pb, is associated with the stiffness of
the diaphragm.

It has been proven that a PZT-PEMFC-ND single cell can supply
air into the cathode chamber and solve the water-flooding prob-
lem. However, the geometrical parameters of the diffuser, including
the diffuser angle (�), the channel path (L), and the channel open-
ing width (D), shown in Fig. 5, affect cell performance. To achieve
high actuation pressures, smaller diffuser angles should be utilized
in order to approach the maximum rectification effect of the dif-
fuser. The aspect ratio influences the rectification effect, as well. A
Fig. 4. The diagram of control volume in a PZT-PEMFC-ND.
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Fig. 5. The cathode chamber design of a PZT-PEMFC-ND.

an be found by using the continuity equation as follows:

in,l = Cn

√
(Pout − Pc) (4)

or the air inflow from left to right, shown in Fig. 4

in,r = Cd

√
(Pin − Pc) (5)

or the air inflow from right to left, shown in Fig. 4
The conductivity coefficient can be separated into nozzle, Cn,

nd diffuser, Cd.

n = A√
1/2(�n�)

(6)

d = A√
1/2(�d�)

(7)

here �n and �d are the loss coefficients for the nozzle and diffuser,
espectively.

In the supply mode, the loss coefficient for the nozzle is smaller
han that of the diffuser and, thus, induces a larger airflow rate from
he nozzle into the cathode chamber. Although the net flow rate
an be calculated using this method, the outflow rate is irrelevant
o this study. The major reason for this is that the air through the
utlet reacted throughout the electrochemical reaction.
. Experimental setup

Fig. 6 shows the test platform for analyzing the performance of a
ZT-PEMFC-ND module. On the anode side, the hydrogen from the
ydrogen storage bottle flows through the mass flow controller and

Fig. 6. Schematic of the PZT-
Fig. 7. An exploded drawing of the PZT-PEMFC bi-cell.

enters the bubble humidifier. The humidifier is a water tank with
a heater that allows the reactant gas to pass through at a specific
temperature. Next, the hydrogen with water vapor is delivered to
the PZT-PEMFC-ND module for an electrochemical reaction. To acti-
vate the PZT vibrating device, a function generator is utilized, first,
to deliver the sine wave signals, then the signals from the function
generator are sent to an amplifier to magnify the signals so that the
piezoelectric device vibrates when it receives the signal. To mea-
sure the power consumption of the PZT device, a power meter is
connected to the output terminal of the amplifier.

The PZT-PEMFC-ND bi-cell, shown in Fig. 7, consists of two
anode current collectors, two anode flow-field plates, two mem-
brane electrode assemblies (MEA), one PZT device, and one PZT
stand. The reaction area of the MEA is 2 × 2 cm2 for each single
cell, the membrane is Nafion®212, and the opening ratio is 34.7% in
the cathode. The PZT material is attached to a gasket film, made of
PDMS, on the PZT stand to prevent gas leakage and to increase the
volume change of the cathode chamber. Fig. 8 shows the assem-
bled single cell, the bi-cell, and the setup of the bi-cell experiment.
In this study, the two cells were electrically parallel and, thus, the

reaction area for the bi-cell is 8 cm2. As a result, two hydrogen sup-
ply lines and two thermocouples were prepared. In contrast, the
signal from the amplifier was transmitted through the signal wires
in the middle of the module.

PEMFC testing system.
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ature. Previous studies [22,23] also indicated that an appropriate
increase in cell temperature is an important parameter to ensure
high cell performance.

Fig. 10 shows the I–V curves at different temperatures under a
PZT vibration frequency of 180 Hz. As the temperature increases
Fig. 8. Experimental setup of the PZT-PEMFC-ND single cell and bi-cell.

The PZT device of the PZT-PEMFC-ND was driven by a sine
ave signal generated by a function generator. The amplifier was

equired to magnify voltage to the designated dB. The vibration fre-
uency of the PZT device shifted from 120 Hz to 210 Hz; thus, the
ZT device controlled the airflow on the cathode side. The ambient
ondition is considered at environmental temperature 27 ◦C and
elative humidity 47%. On the anode side, the humidified hydrogen,
t a temperature of 30–50◦ C, flowed into the anode channel. The
ydrogen in the anode side was supplied by hydrogen storage and
ontrolled by the mass flow controller at 30 ml min−1 for each cell.
he DC electronic load simulated the electronic loading of voltage
nd current. In this study, a constant voltage mode was chosen, and
he polarization curves were obtained by decreasing 0.1 V from an
pen circuit voltage to 0.3 V every 10 min using LabVIEW software.

. Results and discussion

In this study, the influence of the operating temperature, PZT
ibrating frequency, and the aspect ratio at a smaller angle 5◦ were
nvestigated to achieve higher performance for the PZT-PEMFC-
D single cell. These parameters were, then, applied to a bi-cell

o compare the performance of the PZT-PEMFC-ND single cell and
he bi-cell, using the novel pseudo bipolar design.

.1. Influence of PZT vibration frequencies
A previous study [19] indicated that the PZT-PEMFC-ND single
ell operated under the PZT vibration frequency of 180 Hz, using
larger diffuser angle of 22.89◦ and an aspect ratio of 11.25. This

ingle cell could achieve the same performance as the open cathode
Fig. 9. The I–V curves under different PZT vibration frequencies at T = 30 ◦C,
AR = 11.25 and � = 5◦ .

case without a fan. The actuation force of the fluid motion depends
upon the PZT material, the chamber size, and the PZT vibration
frequency. While the designed PZT device is operated at a harmonic
frequency, the cell performance can be improved by sucking more
air into the chamber and pumping more water out. In this study,
a diffuser with a smaller angle of 5◦ was utilized to attain higher
actuation pressure. Fig. 9 shows the performance of a PZT-PEMFC-
ND single cell operated under different PZT vibration frequencies
at 30 ◦C. The results showed that the performances increased with
frequency, increasing from f = 120 Hz to f = 180 Hz, because more
air was sucked in and more water was pumped out on the cathode
side, thereby improving the performance. The maximum current
reached 0.41 A at f = 180 Hz, which was almost three times greater
than the case without PZT vibration (f = 0 Hz). A higher operating
frequency may reach another harmonic resonance of the design and
result in a higher performance, but the lifetime of the PZT material
would be greatly shortened. Thus, the results show that in this study
the optimal PZT vibration frequency is 180 Hz for the PZT-PEMFC-
ND single cell with a smaller diffuser angle of 5◦.

4.2. Influence of operation temperature

A previous study [11] has shown that the proper operation tem-
perature of an AB-PEMFC with pseudo bipolar design would be
from 20 ◦C to 40 ◦C and the hydrogen flow rate would not have
an apparent effect on the performance. Furthermore, the perfor-
mance of the AB-PEMFC with a pseudo bipolar design was affected
by the humidity in the surroundings and the operational temper-
Fig. 10. I–V curves under different operation temperatures at f = 180 Hz, AR = 11.25
and � = 5◦ .
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igns of the PZT-PEMFC-ND module.
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Fig. 11. Different diffuser des

rom 30 ◦C to 40 ◦C, the current output and cell performance
ncreases because a high cell temperature improves the chemical
eaction rate. Thus, more water is generated to hydrate the mem-
rane and the ohmic loss is decreased. In addition, the current
ensity and cell performance decrease as temperature increases
rom 40 ◦C to 50 ◦C because a larger activation loss was induced
t the higher temperature. More water vaporized at the higher
emperature, thus the membrane dries out and then lowers the

embrane conductivity. In the ohmic loss region, this condition
ay be recovered by back diffusion from the cathode. The results

ndicate that a PZT-PEMFC-ND single cell with a smaller � of 5◦

hould operate at a proper temperature of 40 ◦C to reach the balance
f water transport.

.3. Influence of aspect ratio

The pump performance of the PZT-PEMFC-ND module is a func-
ion of geometry parameters: aspect ratio (AR) and diffuser angle
�). A previous study [19] revealed that the PZT-PEMFC-ND single
ell, using a larger AR of 11.25 at a larger � of 22.89◦, could achieve
better performance. In this study, the performances under dif-

erent aspect ratios at a smaller � of 5◦ were investigated. Fig. 11
hows the different diffuser design in the PZT-PEMFC-ND module.
he diffuser angle is fixed at 5◦ and the channel opening width is

mm for different AR, so the channel length is equal to the aspect

atio.
Fig. 12 indicates that the I–V curves do not improve continuously

hen the aspect ratio increases. For a lower aspect ratio of 5.63, the
–V curves dropped in the regions of concentration losses. This is

Fig. 13. Pressure distributions under different aspect ratios at

Fig. 14. Velocity profiles under different aspect ratios at � =
Fig. 12. I–V curves under different aspect ratios in the PZT-PEMFC-ND at T = 40 ◦C,
f = 180 Hz and � = 5◦ .

because the pressure difference between the cathode chamber and
the surroundings was not strong enough. In Fig. 13, insufficient air
was sucked into the chamber and, thus, the produced water could
not be pumped out. However, for a higher aspect ratio of 16.88,
the performance did not improve, although the pressure difference
was larger than it was in the other cases. The reason for this is that
the blocking phenomenon occurred inside the diffuser element.
Fig. 14 shows the detailed velocity profile of different aspect ratios

in the supply mode. In the supply mode, the flows from the nozzle
and diffuser collide in the cathode chamber, and then result in a
larger pressure in the chamber. When the aspect ratio increased,
the velocity from the nozzle was larger than that from the diffuser,
so the point of collision moved toward the diffuser. For the aspect

� = 5◦ in the PZT-PEMFC-ND single cell (f = 180 Hz, t = 1 s).

5◦ in the PZT-PEMFC-ND single cell (f = 180 Hz, t = 1 s).
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Fig. 15. I–V curves of the PZT-PEMFC-ND single cell and bi-cell.

atio of 16.88, this collision point sat inside the diffuser element
nd the blocking phenomenon occurred. Thus, the flow from the
iffuser into the cathode chamber was obstructed and less air was
ucked into the cathode chamber. As a result, the optimal aspect
atio is 11.25 at the diffuser angle 5◦ in this study.

.4. Performance of PZT-PEMFC-ND bi-cell

In this study, the optimal operation parameters of the PZT-
EMFC-ND single cell are the aspect ratio of 11.25, the diffuser
ngle of 5◦, PZT vibration frequency of 180 Hz, and the operation
emperature of 40 ◦C. Fig. 15 compares the performances of the
ZT-PEMFC-ND single cell and bi-cell using a novel pseudo bipo-
ar design when these parameters are applied. The results show
hat the ohmic loss was smaller when the module was operated in
he bi-cell mode. The PZT-PEMFC-ND single cell and bi-cell gener-
ted 0.64 W and 1 W, respectively. As a result, the bi-cell performed
.6 times better than the single cell. The reason why the perfor-
ance was not twice that of the single cell may be due to the slight
ater condensation found in the anode flow channels of one cell

fter examination of the module’s interior. This was probably due
o the back diffusion of the liquid water from the cathode, since
he condensation phenomena were not found in the cathode. This
ondition could be reduced by increasing the hydrogen flow rate
r lowering the inlet humidity.

.5. Required power of PZT-PEMFC-ND bi-cell

The novel pseudo bipolar design of the PZT-PEMFC-ND mod-
le could operate in single cell or bi-cell mode, and only one PZT
evice is required for the module. The module can be installed with
DC–AC inverter to invert the DC voltage into a higher AC voltage,
uch as 50–150 V. In this study, the PZT-PEMFC-ND bi-cell gener-
tes 1 W at T = 40 ◦C, f = 180 Hz, AR = 11.25, and � = 5◦. The PZT device
s a power-consuming device and requires about 0.2 W when it is
perated at 180 Hz using 100 V, so the net power output of the
i-cell is about 0.8 W.

[
[
[

[

urces 196 (2011) 3766–3772

5. Conclusion

A novel pseudo bipolar design for the PZT-PEMFC-ND bi-cell has
been successfully developed. The mechanism of the PZT-PEMFC-ND
bi-cell has been proposed in three different flow modes. The major
findings are as follows:

(1) The PZT vibration frequency and cell temperature are the
important operating parameters for increasing the perfor-
mance of the PZT-PEMFC-ND module. The optimal PZT
vibration frequency is f = 180 Hz at a temperature of 40 ◦C.

(2) The performance of the PZT-PEMFC-ND module would be
restricted by the blocking phenomenon induced by a larger
aspect ratio. The optimal geometry parameters are AR at 11.25
under � = 5◦.

(3) The PZT-PEMFC-ND bi-cell generates 1 W at T = 40 ◦C, f = 180 Hz,
AR = 11.25, and � = 5◦. When compared with the single cell,
the performance of the PZT-PEMFC-ND bi-cell was 1.6 times
greater. The net power output of the bi-cell is about 0.8 W, due
to the power consumption of 0.2 W for the PZT device at 180 Hz.

(4) The novel pseudo bipolar design of PZT-PEMFC-ND may be
applied on a stack to improve water management.
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