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Abstract

This work examines new methods for enhancing product water removal in fuel cell stacks. Vibration and acoustic based methods are proposed to
atomize condensed water droplets in the channels of a bipolar plate or on a membrane electrode assembly (MEA). The vibration levels required to
atomize water droplets of different sizes are first examined using two different approaches: (1) exciting the droplet at the same energy level required
to form that droplet; and (2) by using a method called ‘vibration induced droplet atomization’, or VIDA. It is shown analytically that a 2 mm radius
droplet resting on a bipolar-like plate can be atomized by inducing acceleration levels as low as 250 g at a certain frequency. By modeling the direct
structural excitation of a simplified bipolar plate using a realistic source, the response levels that can be achieved are then compared with those
required levels. Furthermore, a two-cell fuel cell finite element model and a boundary element model of the MEA were developed to demonstrate
that the acceleration levels required for droplet atomization may be achieved in both the bipolar plate as well as the MEA through proper choice

of excitation frequency and source strength.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Even though fuel cells have been around for a long time,
significant progress towards their commercialization has not
been made until recently. While the field has seen overwhelming
progress, researchers are trying to make fuel cells more efficient
and affordable. Presently, the cost of running a car entirely on
fuel cells is estimated to be almost 10 times to that run on an
internal combustion engine [1]. As a result, before the consumer
invests in fuel cell technology, there are several issues that must
be addressed with the goals of reducing costs and improving
performance. One such issue is the process of product water
removal in a PEM fuel cell. In the present study, the use of
vibrational and acoustical principles to improve water removal
isinvestigated. Effective water removal would result in smoother
running of the fuel cell and hence improved performance. The
result is that a smaller fuel cell stack may be required for the
same power output, which would result in lower overall costs.
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Polymer electrolyte membrane (PEM) fuel cells, which are
considered here, are also known as solid polymer electrolyte and
polymer electrolyte fuel cells. PEM cells operate at a tempera-
ture of around 80 °C, which makes it one of the most preferred
fuel cells used in industry today [2]. In this type of fuel cell, the
ion conducting medium or the electrolyte is a polymer mem-
brane, such as Nafion®, that is permeable to protons but does
not conduct electrons. The anode and cathode electrodes are
typically made from carbon, catalyst, ionomer, and void space.
The electrode/electrolyte assembly is called a membrane elec-
trode assembly (MEA). The MEA is the smallest building block
of a PEM fuel cell [3]. In a typical fuel cell, Hydrogen is fed
continuously to the anode and oxidant (oxygen from air) is
fed continuously to the cathode. The electrochemical reactions,
which are described in detail in other works and therefore not
shown here, take place at the electrodes to produce electric cur-
rent.

The main products of electrochemical reactions in PEM fuel
cells are electricity, heat, and water. The water often occurs in
the form of condensation [4]. This water can accumulate on the
cathode side of the stack. Besides this source of water, there
are also various other sources of water in a fuel cell system.
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Fig. 1. Section of a single fuel cell showing various sources of water and components for removing that water.

Fig. 1 shows the location of various water sources in a single-
cell system. The reactant gases are humidified for better ionic
conductivity through the electrolyte [5]. Some of the water being
used to humidify the reactant gases is carried by the H* ions
from anode to cathode through the electrolyte membrane. This
phenomenon is called electro-osmotic drag. Apart from this,
water is also observed to diffuse from cathode to anode or vice
versa due to concentration and pressure gradients across the
membrane electrode assembly (MEA).

It should be emphasized that the presence of water is not
necessarily detrimental to the fuel cell performance. In fact,
maintaining the right amount of water improves the overall
power output of the fuel cell. Excess water in the system, on
the other hand, can cause a phenomenon called flooding [6].
Flooding in fuel cells results in water-clogging in the channels
of the bipolar plates and hence reduces the amount of reactant
gases being available for electrochemical reactions. Moreover,
flooding causes some of the water to block the reaction sites, thus
affecting the efficiency of chemical reactions. The excess water
due to flooding is also found to affect the physical characteris-
tics of MEA components. It should be noted here that flooding
in a fuel cell system can occur separately in the bipolar plate
channels, the diffusion media, as well as in the catalyst layers.
In the present investigation, only the flooding in the bipolar plate
channels is considered and investigated.

One of the conventional water removal methods is by cap-
illary or wicking action [7] in the gas diffusion layer (GDL).
The GDL is made out of a porous material and is located
between the electrodes and the bipolar plates, as shown in Fig. 1.
The pores in this material give rise to capillary-like structures,
which results in water removal by capillary action. This cap-
illary action causes the clogging water to rise and exit from
the top of the GDL. Oxygen is generally supplied to the cath-
ode via the introduction of air. This air is often pressurized
to increase the efficiency of reaction. For better product water
removal, air is supplied to the cathode at high stoichiometric
ratios. The stoichiometric ratio, in case of fuel cells, is the ratio

of the amount of oxygen actually supplied to the amount of
oxygen needed to operate the fuel cell. Typically, a stoichio-
metric ratio of 2 is used in an attempt to sweep out the excess
water on the cathode side [8]. The purpose of higher stoichio-
metric ratio is also to overcome diffusion limitations to the
catalyst layer given the low oxygen diffusivity and low mole
fraction in the humidified air stream. Additionally, the electrodes
are coated with a hydrophobic material, such as Teflon™, to
reduce its affinity for water. These methods, although effective,
increase the fuel cell costs in terms of production and parasitic
losses.

Most of the conventional water removal methods are aimed
at removing water at the cathode. This is certainly a logical
approach as all of the water is produced on the cathode side.
However, recently developed techniques work on the principle
of transporting excess water to the anode side where it can then
be removed. These research efforts assume that water removal
from the anode side is easier and more efficient than from
the cathode side. These methods work on the basis of creat-
ing gradients—pressure [9], concentration [10] and temperature
[11] across the MEA and bipolar plates, thus inducing water
accumulation on the anode side. The main disadvantage of using
these methods is their detrimental effect on the ion transporta-
tion rate. Recall that H* ions are also transported through the
electrolyte membrane when excess water is migrating through it
(see Fig. 1). The excess water accumulating on the anode side, if
not removed effectively, may result in reduction in active reac-
tion sites. This reduction in sites will affect the rate of reaction
and hence the fuel cell (FC) performance.

From the above discussion, it is evident that there still exists a
need to investigate new methods to further improve the removal
of excess water in fuel cells. The new methods to be considered
here involve the use of vibro-acoustic energy to remove that
water. Since there has been no effort to study the requirements
for using vibro-acoustic means to enhance water removal, the
present research examines the feasibility and potential require-
ments for such applications.
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The objective of the present study is to investigate the possi-
bility of disintegrating or atomizing the water droplets clogging
the channels of the bipolar plates and the pores of the MEA.
The atomization of water droplets as examined here may help
in a couple of ways. First, with the water droplet atomized, the
blocked channels can be cleared which results in more efficient
flow of the oxidant on the cathode side. Consequently, the reac-
tionrate and hence the overall FC performance may be enhanced.
Second, when the droplets are disintegrated, it may be easier for
the other water removal processes to sweep away that excess,
unwanted water. This approach might result in lower parasitic
loads and hence higher power output and better FC performance.
After giving a brief introduction to atomization, the next section
introduces two methods to estimate the vibration acceleration
levels required to atomize a droplet resting on a plate. Then,
the required vibration levels are estimated for a representative
case at a few excitation frequencies. Next, the feasibility of gen-
erating the required acceleration levels in a fuel cell stack is
discussed. This study is accomplished by first modeling a bipo-
lar plate in order to predict the achievable vibration levels. It
should be noted that the modeling does not include the surface
tension effects that may exist with the presence of droplets in the
diffusion media (gas diffusion layers). In other words, the water
removal via vibro-acoustic means is studied only in the bipo-
lar plate channels independent of the flooding in the diffusion
media. The plate study is further extended to a two-cell fuel cell
so that the achievable levels can be predicted for a more real-
istic configuration. In order to examine the acoustic excitation
case, a boundary element model of a membrane resting across a
channel is developed in order to predict the vibration levels that
can be achieved via excitation by an acoustic source.

2. Theoretical background

Studies related to the atomization of liquids can be dated back
to the early 20th century [12]. The atomization process has been
studied for various applications such as increasing the efficiency
of fuel atomization in IC engine cylinders and novel cooling
methods in the microelectronics industry [13]. In the present
study, two methods for droplet atomization are investigated in
terms of applications in fuel cell stacks. The methods proposed
may be employed to atomize or burst a water droplet resting on
and/or blocking the bipolar plate channels in a fuel cell. If the
droplet is atomized, some of the previously discussed methods
are better able to remove the unwanted water. Removal of the
water droplets would potentially result in higher power output
and smoother running of the fuel cell system. The first method
in this context, studies the droplet formation phenomenon in
order to estimate the droplet atomization parameters. Once the
atomization methods have been reviewed, their applications to
a fuel cell will be examined through modeling.

2.1. Droplet atomization energy from droplet formation
One method of estimating the vibration energy required to

atomize a droplet is to look at the energy required to form that
droplet. This formation energy is a summation of viscous energy,

E,is and surface tension energy, Egy. When this summation is
equated to vibration energy, Eyip [14],

Evib = Evis + ESta (1)

the vibration amplitude and acceleration required to atomize or
disintegrate a droplet may be estimated. The energy quantities
in Eq. (1) are given by

1
Eyvip = EIOWUZVeff» ()
Evis = 32nuwR> f (3)
and
Eg = owSett, 4)

where U is the velocity amplitude of vibration; p, is the water
density = 1000 kg m~3; 11y, is the water viscosity =0.001 Pas; R
is the droplet radius; fis the excitation frequency; and oy, is the
liquid surface tension=0.072Nm~!. The droplet cap volume
Vesr and the droplet cap surface area Segr are given by [15]

7R3 2
Vett = = (I — cos @0)”(2 + cos ¢p), 5
and
Seit = 27 R*(1 — cos ¢p). (6)

This droplet cap, as shown in Fig. 2, is the portion of the
droplet resting on the surface. The contact angle, also shown in
the figure, is a property of the surface. In Eqgs. (5) and (6), ¢ is
the contact angle, which is the angle that the edge of the droplet
makes with the horizontal surface.

Using Egs. (2)-(4), the energy balance in Eq. (1) may be
solved to determine the vibrational velocity amplitude and hence
the corresponding displacement and acceleration amplitudes
required to atomize a water droplet. Before presenting some rep-
resentative cases, a very brief review of another method, called
vibration induced droplet atomization (VIDA), is presented next.

Surface

Droplet resting on surface.

T

Xo

Fig. 2. Modeling of a water droplet cap resting on a surface.
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2.2. Vibration induced droplet atomization

Vibration induced droplet atomization (VIDA) involves the
vibration of the plate on which the droplet or liquid is resting.
This vibration is induced at a particular excitation frequency
and acceleration level [16]. This method becomes particularly
attractive because of the wide range of droplet volumes it can
potentially handle while consuming as little as a few milliwatts of
power [17]. James et al. experimentally demonstrated the VIDA
process in one of their papers [18]. They observed that there is
a critical value of vibration amplitude and acceleration for the
system under consideration above which atomization occurs. In
spite of being able to atomize a droplet at relatively low frequen-
cies, they observed that the corresponding critical acceleration
levels were very high. The excitation frequency in their study
was chosen such that it is close to the first natural frequency of the
specimen under consideration. For the particular specimen that
Smith et al. considered, the acceleration levels required for atom-
ization were of the order on 2451 ms~2 (250 g). They concluded
from their study that when the component under consideration is
excited near its first natural frequency with vibration amplitudes
corresponding to approximately 2451 ms~2, droplet atomiza-
tion occurs. Since the VIDA method may prove to be promising
for fuel cell applications, it will be considered in this study.

Smith et al. devised a simple model for VIDA in terms
of the spring-mass-damper system. Nevertheless, some of the
parameters needed to create that model, such as the nonlinear
damping and stiffness terms, are based on fits to experimental
data. Unlike the droplet atomization method discussed in the pre-
vious section, therefore, VIDA is experimental in nature. Also,
the spring-mass-damper model does not account for the surface
tension energy, which is considered in the previous method. Due
to this reason, lower acceleration levels for atomization may be
expected using VIDA as compared to the previous method. This
will be clear from the results presented in the later sections. Fur-
thermore, since formulation of VIDA requires accurate values
for damping and stiffness of the vibrating system, it is not reason-
able to analyze this method in great detail. Nonetheless, the fea-
sibility of this method will be discussed with regards to whether
the required 2451 m s~2 acceleration level can be achieved in a
fuel cell system. This feasibility study is presented below.

3. Vibration levels based on formation energy approach

As discussed above, the vibration amplitudes required to
atomize a water droplet resting on a bipolar plate may be pre-
dicted by considering the formation energies of that droplet.
Fig. 3 shows the displacement and corresponding acceleration
amplitudes required to atomize a droplet at several excitation fre-
quencies for a range of droplet radii. Note that these parameters
are estimated using the equations given in Section 2.1. Three
different cases based on excitation frequency are presented in
the figure. Note also that as the excitation frequency increases,
the vibration amplitude needed to atomize a given sized droplet
decreases significantly. Since the displacement and accelera-
tion amplitudes are directly related by the excitation frequency,
the corresponding acceleration level increases dramatically with
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Fig. 3. Amplitude requirements for atomization considering droplet formation
energies.

increasing frequency for the same size droplet. In order to dis-
integrate a droplet at lower vibration amplitudes, one needs to
excite the plate at higher frequencies and anticipate the require-
ment for higher acceleration levels.

For the feasibility study presented next, a water droplet of
2 mm radius is assumed. From Fig. 3, it can be seen that accel-
eration levels of approximately 5884 ms~2 (600 g) would be
required to atomize this drop using an excitation frequency
around 1.8 kHz. Using these results and the deductions from
the VIDA method, it can be concluded that acceleration levels
between 2451 ms~2 (250 g) and 5884 m s~2 (600 g) may cause
droplet atomization. Whether such high acceleration amplitudes
can be achieved through various excitations will be examined
next. To that end, a two-cell fuel cell stack was modeled using
ANSYS® finite element software in order to predict achievable
acceleration levels and determine the feasibility of atomizing the
droplets. Furthermore, radiation characteristics of the MEA were
modeled using COMET® boundary element software in order
to determine if an acoustic source could be used to excite similar
acceleration levels in the membrane. The purpose of these two
studies was to determine the feasibility of exciting the required
acceleration levels in a fuel cell given a reasonably sized source.
The modeling approach is discussed in the next section.

4. Fuel cell plate and stack modeling

In this section, the components of a fuel cell (FC) stack
were modeled in order to obtain an estimate of the acceleration
levels that may be achieved for droplet atomization. After
analyzing a single plate, a simplified two-cell FC stack model
was considered. The following general assumptions were made
in the analysis:

1. The bipolar plates were assumed to be made of steel. The
density, Poisson’s ratio and Young’s modulus are given by
7700kgm~3, 0.28 and 19.5E10 Pa, respectively.

2. The bipolar plates were assumed to be simple flat plates with
no channels. Consequently, the effects of channels on the
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Fig. 4. Components of MEA shown in an exploded schematic. The five layers
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problem examined here have been neglected. Future research
will examine the more complicated geometry and its impact
on the atomization problem.

3. The fuel cell membrane electrode assembly (MEA) was
assumed to comprise of five layers as shown in Fig. 4. The
two gas diffusion layers (GDL) shown in this figure are used
to assist in uniform distribution of reactant gases. It should
be noted that, for a single cell FC assembly, the bipolar plates
will be placed on the exposed sides of the GDL, shown by
dotted lines in the figure. In a FC stack, the two plates at the
ends are called end plates since they enclose the entire stack
and have channels cut only on one side. The relevant proper-
ties of various layers of MEA are given in a later section.

4. The stack is excited by exciting one of the end plates using
a 101b shaker. Analysis results are also presented for a case
utilizing four shakers. Also, the possibility of using a shaker
(or shakers) with higher force output is acknowledged.

Instead of exciting the end plate at an arbitrarily chosen
frequency, as discussed in Section 2.1, it was excited at a
frequency in the vicinity of the first structural mode of a single
plate simply supported along each edge. This plate may be
considered to be analogous to an end plate in an actual stack.

The bipolar plates and the end plates have the dimen-
sions 12.7cm x 12.7cm x 0.64cm (5”7 x 5” x 1/4”) thick.
The area over which the channels are cut form the active
reaction sites for the plates. It is here that the water removal
and hence droplet atomization becomes important. There-
fore, this region was considered in evaluating the acceleration
levels. An area of 6.9cm x 6.9cm (2.7” x 2.7”) was con-
sidered as the active reaction site. These dimensions were
obtained by assuming the ratio of the edge of the plate to the
edge of the active reaction site to be 0.55.

The edges of the end plates were assumed to be simply
supported. Since the exact boundary conditions of the plates
as situated in a fuel cell are unknown, it was assumed that
the realistic edge conditions lie between the plates being
completely fixed and completely free. Since the membrane
material that lies between the plates is relatively soft when
compared to the plates, using the assumption of simply sup-
ported boundary conditions seems reasonable.

For the sake of completeness, the analyses presented in the
following sections were also conducted using free boundary

conditions at the edges of the bipolar plates. By using these
conditions, the range of required levels can be estimated since
the exact boundary conditions are not known. The levels for
these conditions are discussed below. In future work, addi-
tional knowledge about the edge conditions in an actual FC
stack may help in a better simulation of the exact boundary
conditions.
5. System damping of 0.1% was assumed.

With these general assumptions, the modeling of the single
plate is presented in the next section. After verifying the feasi-
bility of inducing the required acceleration levels in this plate,
a two-cell fuel stack was modeled. The details of this analysis
are presented in a later section. Finally, the boundary element
analysis of the MEA is presented.

4.1. Single plate modeling and results

This analysis was initiated by identifying the first natural
frequency of a plate with simply supported edges. Once this fre-
quency was identified, it was used as the excitation frequency
with a 10 Ib shaker. For the plate under consideration, the first
natural frequency was found to be 1866 Hz. This FEM result
was verified by comparing with closed-form analytical solutions
[19]. A difference of less than 5% was found, which was con-
sidered acceptable. A contour plot of the average displacement
levels in the transverse direction is shown in Fig. 5. The numbers
indicate the FEM node numbers in the model. A ramped exci-
tation frequency range of 1750-1950 Hz was specified in this
analysis. The acceleration levels for two particular nodes, num-
bered 76 and 43, were estimated and the results shown in Fig. 6.
These nodes were selected since they constitute the extreme
displacement values in the active reaction site. As shown in the
figure, acceleration levels as high as 20.6E3 m s 2 (2100 g) may
be achieved by selecting the right shaker and excitation fre-
quency for this simple plate. Of course, acceleration levels of
2100 g are neither necessary, nor realistic. These high levels are
not necessary because atomization can potentially be caused by
levels as low as 250 g, as discussed earlier. For such high accel-
eration levels, the resulting stresses in the components would be
of particular interest. It was found that the resultant stress levels
corresponding to acceleration levels of 20.6E3ms~2 (2100 g)
are much higher than a typical yield stress for steel. Therefore,
these high acceleration levels are not realistic. Nonetheless, this
study provides an extreme case with regards to the levels that
may be achieved. Also, it should be noted that the stresses cor-
responding to acceleration levels of 2451 ms™2 (250 g) were
below the yield stress values for steel. Specifically, stress values
in the range of 3E6 N m~2 (435 psi) were obtained. The effect of
the stresses produced on the plates and on the other components
of fuel cell system as well as using more realistic material char-
acterizations will be subjects of future work. The study presented
here does not address these issues.

After analyzing a plate with simply supported edges, a sim-
ilar study was conducted on a plate with free edges. However,
very low acceleration levels were observed as compared to the
required levels for droplet atomizations (>250g). Hence, the



1066 V. Palan, W.S. Shepard Jr. / Journal of Power Sources 159 (2006) 1061-1070

AN

MAY 22005
13:52:47

NODAL SOLUTION
STEP=1
SuB=29
FREQ=1866
uz (AVG)
RSYS=0
DMX = 273E-03
SMX = .273E-03
o .606E-04 121E-03
303E-04 .908E-04

.242E-03

.182E-03
151E-03 212E-03 .273E-03

Fig. 5. Vibration response of a single plate with simply supported edges, in meters.

results of these analyses are not discussed here. Nevertheless, if
the fuel cell boundary conditions are closer to free at the excita-
tion frequency of interest, the vibration levels needed to achieve
atomization cannot be achieved unless the excitation force is sig-
nificantly increased. Generating such high forces may require a
larger sized shaker, which may not be practical for a FC system.
Therefore, other means of excitation such as a piezo-electric
actuator may be considered. As a result, more work is needed in
this area.

It should be reiterated that acceleration levels of approxi-
mately 2451 ms~2 (250 g) may potentially cause droplet atom-
ization/disintegration according to VIDA. Whether such levels
can be achieved in a FC stack is discussed next by considering
a two-cell stack

4.2. Modeling and results for a two-cell FC stack

As mentioned earlier, the main goal of the FE modeling was
to estimate the acceleration levels at various locations on the

2500

[ —nNode78 - Node 43

2000

1500 +
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Fig. 6. Acceleration levels for nodes 76 and 43.

active reaction sites of the end or bipolar plates. This analysis
assumed that the stack is excited externally at one of the ends.
This assumption was made to ensure that the addition of such
an excitation source to an actual fuel cell unit can be accom-
modated with minimal space requirements and design changes.
Other means for excitation are briefly discussed in Section 5. A
2D schematic of a two-cell stack is shown in Fig. 7. The proposed
location of the shaker is also shown. The location of the shaker
may be changed based on the constraints in the FC system. As
shown in this figure, the MEA is modeled as a set of springs uni-
formly distributed over the channeled surface of the end and/or
the bipolar plates. The representation of the MEA with springs
as opposed to solid elements was done based on the vast differ-
ences in stiffness values for the bipolar plates and the MEA. It
was assumed that due to the relatively low stiffness for the MEA,
it behaves like a spring. For simplicity, the MEA is assumed to
extend to the edges of the plates instead of being confined to
the area of active reaction sites (Fig. 7(b)). The stiffness of the
springs that represent the MEA is estimated using the equation
for the axial stiffness of a rod. The properties and correspond-

MEA
_Q‘L_
e
:> EPVVVVVNE BV VY-
Shaker
Stinger L{ | Bipolar
7(7 L] plate —NW‘\(;\;M-
E d.\l [/' Springs
nd plates
(@) g ®  (MEA)

Fig. 7. Schematic of the (a) actual and (b) modeled two-cell FC stack.
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Table 1
MEA properties and spring stiffness

MEA components Thickness Young’s modulus Stiffness Nm™1) MEA stiffness Spring stiffness
(pm) (Nm~?) (Nm™) (Nm™')

Membrane Nafion®, N-117 (water-soaked, 100° C) 183 6.4E7 1.64E9 (membrane spring) 1.2E9 4.79E7

Gas diffusion layer (GDL) lyflex, grade C494 300 5.65E8 8.85E9 (GDL spring)

ing stiffness values assumed in this analysis are summarized in
Table 1. In this table, the membrane refers to three layers: the
catalytic layer, the cathode, and the anode. The stiffness k for
a particular component is estimated using the relation k= EA/L,
where E is the Young’s modulus, A is the surface area and L is the
thickness of the membrane or GDL. The properties for the MEA
and the membrane were obtained from the technical specifica-
tions of these components provided by the vendor. The stiffness
corresponding to the membrane is referred to as the membrane
spring. This membrane, along with gas diffusion layers (GDL)
attached to both its side forms the membrane electrode assembly
(see Fig. 4). As shown in Table 1, the stiffness corresponding to
the GDL is termed the GDL spring. The MEA stiffness is esti-
mated by considering the membrane and GDL springs in series.
The MEA stiffness is then distributed on the surface of the plates
based on the number of nodes in the FEM model. Axial spring
elements (COMBIN14 in ANSYS®) were used to model the
MEA stiffness. In the case presented here, the total number of
nodes on each plate was 25. Using the material properties given
in Table 1, the stack was excited at one end and the accelera-
tion values measured on active reaction sites of the three plates.
Maximum acceleration levels were found at 1826 Hz as well as
in the neighboring frequency range. The average displacement
values in the transverse direction for the three plates at 1826 Hz
are shown in Fig. 8. The lines connecting the three plates rep-
resent the spring elements with stiffnesses equivalent to that of

the MEA. It should be noted from the figure that the vibration
response from the excited plate efficiently gets transmitted to
the other plates. One of the reasons for this may be the rela-
tively low stiffness of the MEA. The observation that exciting
one plate excites all plates plays an important role because, for
the proposed atomization methods to work, all the plates should
be excited simultaneously by a single source or multiple sources
on the same plate. Of course, multiple sources on multiple plates
may be used, which would add to the complexity of the overall
system. In the case discussed here, the shaker is attached to the
end plate labeled as ‘1’ in Fig. 8. The figure also shows the loca-
tion of the shaker. From the FEM results, highest acceleration
levels of approximately 120 g were obtained on all three plates.
To further increase these levels, four shakers were assumed to be
attached to the end plate being excited. With this change, accel-
eration levels as high as 460 g were obtained. The results are
shown in Fig. 9, which shows three pairs of plots. Acceleration
levels for two extreme nodal locations (on active reaction sites)
for each plate are presented here for the frequency range of exci-
tation. Using the plate numbering of Fig. 8, nodes 98, 95, nodes
62, 59 and nodes 26, 23 correspond to plates 1-3, respectively.
Thus, it is analytically verified that the required acceleration
levels of at least 250 g may be obtained with the right choice of
shaker and excitation frequency. Additionally, it is worth men-
tioning that higher acceleration levels can be achieved by using
an excitation source corresponding to a force greater than 10 Ib.

NODAL SOLUTION

STEP=1
SUB =19
FREQ=1826
uz (AVG)
RSYS=0

DMX = 667E-05
SMN = - 206E-06
SMX = 667E-05

Shaker location
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MAY 25 2005
20:16:06
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-132E-05
-558E-06 -209E-05

-285E-05

-438E-05 -591E-05

-361E-05 -514E-05 -667E-05

Fig. 8. Vibration response for a two-cell FC stack at 1826 Hz, in meters.
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Fig. 9. Acceleration levels on three plates using four 101b shakers.

Note that in the above discussion, structural excitation was
used as the source. Moreover, this source was used to excite the
bipolar/end plates. This type of excitation may potentially help
remove product water in the clogged channels. But the method
may not help in atomizing the water that clogs the membrane
electrode assembly (MEA). Hence, the next section proposes
methods to directly excite the membrane. Specifically, an acous-
tic source is used to excite the surface supporting the droplet.

4.3. Modeling and results of membrane excitation using an
acoustic source

As mentioned earlier, the MEA forms an integral part of the
fuel cell system, and can be broken down into a membrane and
two gas diffusion layers (GDLs), as illustrated back in Fig. 4.
The MEA is held firmly between two bipolar plates. The sketch
in Fig. 10 shows an MEA embedded on a bipolar plate. A sealing
gasket is generally placed over the uncovered area on the chan-
neled side to prevent reactant gas leakage. These gaskets are not
shown in the figure for clarity. Due to the pressures applied on
the MEA by the two plates, it may be assumed that it is fixed to
the ‘channel side’ of the plates. Note that the MEA rests only
on a portion of the bipolar plate, which is referred to as the
active reaction site. A combination of a channel and a portion of
MEA resting on it may be seen as a waveguide with one flexible
(MEA) and three rigid walls. For the case of this discussion, it is

Bipolar plate
(Channel side)

Channel

MEA

Fig. 10. MEA on a bipolar plate.

Flexible wall
(MEA)

-

Rigid walls

Fig. 11. A bipolar plate channel with a portion of MEA resting on it.

assumed that the channels on the opposite side of the membrane
are parallel to those shown. A single waveguide is shown in
Fig. 11. The goal of this discussion is to examine the feasibility
of exciting the top surface of this channel, which represents the
MEA. Excitation of the MEA will potentially cause atomiza-
tion of the clogging water droplets. This would in turn facilitate
enhanced removal of the droplet by other methods, such as high
air stoichiometric ratio.

An acoustic source, such as a point source and a plane wave,
was considered as the source of excitation in the following study.
A structural excitation (e.g. shaker) cannot be used in this case
for two main reasons. First, the MEA is barely accessible; hence
there is no room to attach a shaker. Secondly, the MEA is a very
soft material and the attachment of a shaker would be difficult.
Hence, the use of an acoustic source is a better approach.

Two types of excitations are considered in the present
study—a plane wave (at a certain frequency and amplitude) inci-
dent on the MEA, and a line of point sources along the length
of the channel. A schematic of both of these cases is shown
in Fig. 12. The plane wave in the figure may be, for example,
caused by a small loud speaker placed strategically at a certain
distance from the bipolar plate. Of course, the angle of incidence
of the plane wave becomes an important factor with regards to
the wavelength and the dimensions of the channel cross section.
Other factors, such as the source strength, location and number
of sources were chosen arbitrarily since the goal of this exercise
is to simply determine whether an acoustic source can induce
the required acceleration levels. A more comprehensive para-
metric study is needed in order to understand the effects of each
parameter.

A finite element model of a bipolar plate channel and MEA
was created in ANSYS. For this analysis, only the MEA was
flexible as the channel walls were modeled as rigid since their
motion is not expected to significantly impact the MEA motion.
The boundary conditions were set in ANSYS® and a modal
analysis conducted. Then, the corresponding nodal displace-
ments (eigenvectors) and natural frequencies (eigenvalues) were
imported into COMET® in order to perform the acoustic analy-
sis. COMET® was used to estimate the MEA structural displace-
ments caused by an acoustic source. The excitation frequency,
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Fig. 12. MEA excitation using (a) a plane wave and (b) a line of point sources.

which in the illustrated case is 30kHz, was chosen close to
the first structural mode of the FE model of the channel. For
simplicity, ambient air properties were assumed with density
p=121kgm™> and sound speed of c=343ms~!. The radia-
tion characteristics of the MEA were determined in COMET®
by coupling the MEA with the acoustic source. Fig. 13 shows the
MEA acceleration levels obtained along the length of the chan-
nel considering a plane wave as well as a line of point sources
for the excitation methods. In Fig. 13(b), even though just the
MEA is shown, it should be assumed that this MEA rests on
the rigid walls of the channel just like for Fig. 13(a). Note first,
since the walls of the channel are assumed rigid, they have zero
displacements. It is clear from the figure that the acceleration
levels greater than 250 g are achieved due to the high excitation
frequency considered in this case. As mentioned in the previous
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Fig. 13. Acceleration on MEA using (a) a plane wave and (b) a line of point
sources with an excitation frequency of 30 kHz.

section, higher levels may be achieved by increasing the source
strength.

In summary, this analysis demonstrates the feasibility of
using an acoustic source for structural excitation of the MEA.
However, future work is needed to experimentally verify
whether such excitations can actually be achieved in a fuel cell
stack. The current feasibility study was conducted in terms of
implementation issues and also whether the accelerations lev-
els required for atomization can be achieved practically. The
excitation, as noted earlier, will potentially result in droplet
atomization and hence easier product water removal in a fuel
cell. Since water removal may be enhanced, there is a potential
improvement in the overall fuel cell performance. Better per-
formance correlates to smaller stacks and hence lower overall
costs.

5. Summary

The main goal of the present study was to examine poten-
tial for new methods to enhance the removal of excess water
from a fuel cell stack. These methods work on the principle
of structural and acoustic excitation of the end plate and the
MEA, respectively. The excitation causes a certain acceleration
level on the plate surface and on the MEA, which would poten-
tially result in droplet atomization. The atomized droplet may
then be removed from the active reaction site by conventional
water removal methods. The phenomenon of droplet atomization
was explained and analyzed. The required acceleration levels
were estimated using two approaches: (1) studying the energy
required to form a droplet, and (2) using the levels associated
with vibration induced droplet atomization (VIDA). Once these
acceleration levels were estimated, a feasibility study was con-
ducted to examine whether inducing these levels is possible in
a fuel cell stack. For this, finite element and boundary element
models of a fuel cell stack and the bipolar plate channel were
created. In the study presented here, a shaker was assumed to
be the source of structural excitation for the bipolar/end plate.
This was mainly done because of the simplicity in simulating
the shaker force in the FE model. Other means of structural exci-
tation, such as through a piezo-electric actuator, may prove to be
better suited for FC applications since compactness is a special
asset for such a system. The modeling efforts in this direction
may involve relating the force transmitted by the patch(es) to
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the moments generated by the same. Of course, the modeling
analysis needs to be corroborated by the experiments. A plane
wave and a line of point sources were the two cases consid-
ered for acoustic excitation of the MEA. It was shown that the
acceleration levels of approximately 250 g may be achieved on
both the plate as well as the MEA. Hence, it was shown that the
implementation of the proposed droplet atomization methods is
plausible. Further work into the types of sources and the magni-
tude of excitation forces is necessary to gain additional insight.
If the proposed methods are shown to be effective, the enhanced
fuel cell performance would potentially lead to smaller stacks
and hence lower overall costs.
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