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bstract

Proton exchange membrane (PEM) fuel cells experience performance degradation, such as reduction in efficiency and life, as a result of poisoning
f platinum catalysts by airborne contaminants. Research on these contaminant effects suggests that the best possible solution to allowing fuel cells
o operate in contaminated environments is by filtration of the harmful contaminants from the cathode air. A cathode air filter design methodology
as created that connects properties of cathode air stream, filter design options, and filter footprint, to a set of adsorptive filter parameters that must
e optimized to efficiently operate the fuel cell. Filter optimization requires a study of the trade off between two causal factors of power loss: first, a

eduction in power production due to poisoning of the platinum catalyst by chemical contaminants and second, an increase in power requirements
o operate the air compressor with a larger pressure drop from additional contaminant filtration. The design methodology was successfully applied
o a 1.2 kW fuel cell using a programmable algorithm and predictions were made about the relationships between inlet concentration, breakthrough
ime, filter design, pressure drop, and compressor power requirements.

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

Proton exchange membrane (PEM) fuel cells are being
ctively considered for a wide range of applications includ-
ng automobiles, uninterruptible power supplies, and battery
eplacements in the military for dismounted soldiers [1].
owever, air in these operating environments may contain con-

aminants that are damaging to fuel cell performance such as
arbon monoxide, sulfur compounds, and volatile organic com-
ounds (VOCs). It has been suggested that the best method for
ddressing fuel cell air contamination is by the inclusion of
dsorptive filtration with a cathode air filter [2]. Filters used
n PEM fuel cells must be optimized to be durable and effective,
s well as easily adaptable to each specific need. Optimization of
athode filter design requires careful consideration of fuel cell

perating variables and available filter technology. These design
onsiderations were studied in detail and organized to create a
rocess that provides a blueprint for designing and optimizing

∗ Corresponding author. Tel.: +1 334 844 2023; fax: +1 334 844 2063.
E-mail address: tatarbj@auburn.edu (B.J. Tatarchuk).
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athode air filters capable of allowing fuel cells to be operated
n contaminated environments.

Research on the durability of PEM fuel cells has typically
ocused on the effects and the remediation of the effects of chem-
cal contaminants on the hydrogen electrode, or anode. This
ocus has been driven primarily by the intent to use reformed
ydrogen from fossil fuels containing contaminants toxic to the
ensitive platinum catalyst. However, due to the higher com-
lexity of the oxygen reduction reaction when compared to
eduction of hydrogen at the anode, the oxygen electrode, or
athode, requires twice the platinum (0.1 mg cm−2 as compared
o 0.05 mg cm−2) and is therefore potentially more sensitive [3].
ecent studies have confirmed that polluted or otherwise con-

aminated environments negatively affect the performance of
EM fuel cell cathodes. For example, 20 ppm of carbon monox-

de causes a temporary 4% reduction in fuel cell output. Other
ontaminants, for example, sulfur compounds such as H2S and
O2, cause a more permanent effect reducing performance to as
ow as 30% of original output [2,4].
Two methods for dealing with contaminated air effects on

uel cell cathodes are to increase catalyst durability and/or to
lter contaminants from the air. Because of the wide variety

mailto:tatarbj@auburn.edu
dx.doi.org/10.1016/j.jpowsour.2007.03.020
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filter footprint. Each of these categories can be further broken
down into individual variables which can be studied for its effect
on the compressor, stack, and ultimately the overall fuel cell
performance. The effects of each of these categories are tied
92 D.M. Kennedy et al. / Journal of

f contaminants, increasing membrane resilience by modifying
he catalyst or increasing the catalyst amount is a difficult and
ossibly expensive alternative. Therefore, the most effective and
exible method for operating fuel cells in contaminated environ-
ents is adsorptive filtration of contaminants from the ambient

ir stream.
The wide variety of filtration technology options allows for

ailoring of cathode air filters to different contaminant types and
oncentrations. Optimization of filter design requires a method-
logy incorporating air properties, fuel cell attributes, and design
ptions. A better understanding of how a cathode air filter should
erform is accomplished through a detailed study of the design
onsiderations and how they affect each other.

. Experimental

A NEXA power module, produced by Ballard Power Sys-
ems, was used for studying compressor power relationships
nvolving filter pressure drop. The system uses a polymer mem-
rane electrolyte, with a platinum catalyst layer, and provides
200 W of dc power output at a nominal output voltage of 26 V
C. Oxygen is provided to the stack by a compressor operated
ith a 12 V brushless dc (BLDC) motor. The compressor speed

s variable, allowing for an optimized flow of air to meet system
ower demand.

A compressor testing apparatus was constructed to allow
ore control over the system. This provides a means for measur-

ng inlet and outlet pressure, flow rate, and compressor power.
ressure was measured using a Dwyer manometer capable of
easuring up to 36 in. H2O. Flow rate was measured using an
xtech hot wire anemometer at the outlet of a 3 ft long, 2 in. i.d.
VC pipe that was connected to the exit of the compressor. A
otor controlling circuit was built using an ML4425 sensorless
LDC motor controller, thus allowing for power measurements

o be made in dc between the power supply and controller, rather
han in BLDC between the controller and the motor.

Pressure drop relationships and breakthrough data on microfi-
rous materials and packed beds was performed using a
reakthrough testing apparatus. A constant water temperature
ath was used to stabilize the concentration of hexane in bub-
lers. Flow rates were controlled using two rotometers, one for
he flow of air through the hexane and another for the bulk flow of
ir into the apparatus. Concentration measurements were made
sing a MiniRae PID detector at the inlet and outlet of the fil-
er. Pressure drops were measured using a Dwyer manometer,
ccurate up to 6 in. H2O.

Maple Version 7.0 was used to model the final algorithm.

. Fuel cell system design discussion and design
onsiderations

.1. Fuel cell system discussion
Optimization of cathode air filtration requires addressing a
nique set of challenges present in the fuel cell system, shown
n Fig. 1. One such challenge is how to minimize the loss in effi-
iency caused by chemical contaminants poisoning the cathode
ig. 1. Fuel cell mass and energy balance showing the flow of air and power
hrough the system.

ection catalyst. A cathode air filter can be used to remove these
ontaminants; however, it causes an increase in system pres-
ure drop, presenting yet another challenge. This pressure drop
auses an increase in the required amount of pressure–volume
ork that the compressor must perform. An energy balance
ust be made between the loss in power due to poisoning of

he platinum catalyst and a loss in fuel cell efficiency created
y an increase in parasitic power required to pump air through
dditional filtration.

.2. Filter design considerations

Cathode air filter design considerations fall into six cat-
gories: inlet air properties, adsorptive filter parameters,
ompressor attributes, stack attributes, filter footprint, and fil-
er design options. Fig. 2 shows how the design considerations
re further broken down into individual variables within the filter
nd fuel cell system.

From this methodology, there are three categories of vari-
bles to consider: inlet air properties, filter design options, and
Fig. 2. Hierarchal design considerations for cathode air filters.
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ogether with the adsorptive filter parameters: saturation capac-
ty, removal efficiency, and pressure drop. These parameters then
nfluence the PV work required to operate the compressor at the
esired air flow rate and the stack efficiency defined by the poison
olerance and lifetime.

.2.1. Inlet air properties
The inlet air properties, along with the stack attributes, dic-

ate the efficacy and capability that the filters must possess.
ir properties affect filter parameters by defining the capac-

ty and removal efficiency needed to remove contaminants to
chieve a specified output level. Single pass removal efficiency
s increased by reducing adsorbent particle size thereby increas-
ng surface area and eliminating intra-particle mass transport.
igh single pass removal efficiency results in a filter effective at

emoval of contaminates at low concentrations. An increase in
ither the capacity or the removal efficiency results in an increase
n both filter pressure drop and the amount of power required by
he compressor.

.2.2. Filter design options
While many filter design options exist, for this research three

ptions are considered: packed bed (PB), microfibrous mate-
ials (MFM), and composite bed (MFM + PB). A packed bed
s the most widely used form of filtration. Packed bed charac-
eristics include high sorbent capacity, low single pass removal
fficiency, and low pressure drop. The second design option,
icrofibrous materials, has been proven effective with high log

nd high single pass removal of chemical contaminants, but has
lower capacity and higher pressure drop when compared to

acked beds. Microfibrous materials also add a new dimension
o the problem, through application as a pleated filter media, or
s a polishing sorbent in a composite bed formation [5]. Pleated
icrofibrous materials have an increased capacity and lower

ressure drop than a flat sheet with a smaller area. A composite
ed effectively combines the capacity of a packed bed and the
igh contacting efficiency of microfibrous materials. An opti-
ized composite bed is capable of higher logs of removal, has
reduced total bed depth, and has a lower pressure drop than a
acked bed.

.2.3. Filter footprint
Another category that needs to be considered for its effect on

lter parameters is the filter footprint. An increase in area allows
or a decrease in thickness and visa versa. In many cases, the
ootprint may be set by the fuel cell system in order for the filter to
e retrofitted into the existing particulate filter slot. Filter weight
ffects the filter capacity and is required for analysis because of
he differences in densities of the filter design options.

.2.4. Adsorptive filter parameters
Inlet air properties, filter design options, and filter footprint

ll relate to the adsorptive filter parameters. Contaminant type,

oncentration, and flow rate affect the filter parameters by virtue
f the differences in chemical properties that various contami-
ants have in relation to the filter adsorptive materials. Filter
esign options control the mass and energy transport properties

i
a
c
c
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f the filter by affecting contacting regimes as well as pressure
rop. Lastly, the filter footprint affects all three filter parameters
hrough bulk design.

.2.5. Compressor attributes
Once the adsorptive filter parameters have been established,

heir effect on the compressor can be established. Pressure drop
cross the filter causes a decrease in inlet pressure (P1) to the
ompressor creating a vacuum. The outlet pressure (P2) from the
ompressor is set by the required flow rate necessary to oper-
te the fuel cell. This increase in pressure ratio (P2/P1) across
he compressor causes a decrease in compressor efficiency and
n increase in compressor power. Both of these effects cause
n overall decrease in fuel cell operating efficiency and perfor-
ance.

.2.6. Fuel cell stack attributes
The fuel cell stack is also affected by variations in the fil-

er parameters. The stack has a certain tolerance and operating
ifetime related to the concentration of contaminants passing
hrough the cathodes of the cells. The filter controls this con-
entration by reducing the contaminant concentrations before
hey make contact with the cathode. The single pass removal
fficiency required is dictated by the maximum concentration
olerable by the fuel cell. The maximum concentration may be
ower if the contaminant collects in the stack rather than passing
hrough the exhaust.

.3. Cathode air filter optimization: a trade off between
ompressor power requirements and efficiency losses from
atalysts poisoning

Research on cathode durability has concluded that the effect
hat contaminants have on fuel cell performance varies depend-
ng on the contaminant type and concentration, leading to three
ifferent scenarios for contaminant remediation. In the first sce-
ario, contaminants have little to no permanent effect, and do not
uild up in the system, so can be ignored. For example, it may
e more acceptable to allow a small percentage of contaminant
hrough, rather than to increase filtration, thereby resulting in a
igher pressure drop. An example of this would be CO, where
he damaging effect is both small and temporary.

In the second scenario, contaminants need to be completely
emoved, because any amount of exposure to the contaminant
ill cause a permanent degradation of fuel cell performance.
hese contaminants build up in the system, causing more severe
egradation with longer exposure times. For example, a cathode
ir filter must be capable of removing sulfur compounds such as
2S and mustard gas (C4H8Cl2S).
In the third scenario, contaminants must be removed to a

oint of maximum concentration to minimize a decrease in fuel
ell performance. A decision for further removal beyond this
efined maximum must take into account the effect the increase

n filter pressure drop will have on the system. For example, SO2
t concentrations of 2.5–5 ppm has a significant effect on fuel
ell performance, with as much as a 50–60% reduction in fuel
ell power [4]. This situation would clearly require a cathode
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ir filter for efficient fuel cell operation. SO2 concentrations of
ower than 0.5 ppm may be ignored completely as they have
o noticeable effect [2], so a cathode air filter would not be
ecessary. However, at moderate concentrations, between 1 and

ppm, filtration design can be optimized between fuel cell per-
ormance and the effects of the increased filter pressure drop
rom additional filtration.

. Design equations for describing fuel cell attributes
nd filter parameters

The following design equations provide mathematical rela-
ionships that relate the design considerations to each other.
hese sections include equations for determining the required
ir flow rate to meet fuel cell power requirements, breakthrough
ime based on capacity and adsorption efficiency, pressure drop
ased on thickness, and compressor power based on inlet and
utlet pressures.

.1. Fuel cell air flow requirements

The required oxygen flow rate to operate a fuel cell can be
ound by the number of faradays provided by a mole of oxygen.
hrough substitution and simplification the equation for the air
ow rate [7] is derived

ir flow rate = 1.82 × 10−2 × λ × Pe

Vc
(SLPM) (1)

here λ is the stoichiometric ratio defined as the total amount
f oxygen flow divided by the oxygen used. A good approxima-
ion for the minimum stoichiometric ratio to operate a fuel cell
s 3 moles of oxygen for each mole of oxygen required. Pe is the
ower output in watts and Vc is the average voltage across a cell.
value of 0.60 V can be used as an average voltage approxima-

ion if the value cannot be found through experimentation or is
ot given. This equation can be used for all fuel cells regardless
f size as an estimate for air flow rate requirements [7].

.2. Adsorptive filter breakthrough equations describing
apacity, adsorption rate, breakthrough time, and inlet and
utlet concentrations

Filter breakthrough equations are required to relate filter
ttributes to inlet and outlet air properties. The filter attributes
nclude the chemical properties of sorbent capacity (N0) and
ate of adsorption (k′), and the footprint which includes area
A), thickness (L), and weight (m). Another attribute commonly

C

C0
= C0(t − (εz/v0)) exp

[
ε(k/

exp
[
ε(k/v0)

∫ z

0 (N0 − n(ξ)) dξ
]+ ex
sed to describe filters is voidage (ε). The air properties are
ace velocity (v0), inlet concentration (C0), and outlet concen-
ration (C1). Several previously studied equations are effective
t predicting breakthrough times for adsorbent beds.

b
s
a
t
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An exact breakthrough equation for non-reversible adsorp-
ion onto a surface can be applied to a single or dual layer bed. Eq.
2), derived by Amundson [8], is based on mass balance across an
dsorptive bed allowing for a time varying input concentration.

t−(εz/v0)
0 C0(η) dη

]
k/v0)

∫ t−(εz/v0)
0 C0(η) dη

]− 1
, t ≥ ε

k

v0
(2)

This equation is then integrated resulting in the following
quations which can be used to calculate the outlet concentration
f a gas after passing through a single or double layer filter.

constant inlet concentration was used to integrate the outlet
oncentration of the first layer (C1). C1 was then inserted back
nto Eq. (2) and integrated with respect to time to calculate the
utlet concentration of the second layer (C2). The equations are
iven by

1 = C0

1 + (ek′
1τ1 − 1) e−k′

1(t−θ1)
(3)

2 = C1[1 + e−k′
1τ1 (ek′

1(t−θ1−θ2) − 1)]
(k′

2/k′
1)

(e−k′
2τ2 − 1) + [1 + e−k′

1τ1 (ek′
1(t−θ1−θ2) − 1)]

(k′
2/k′

1)
(4)

here k′
i = εikiC0 and θi = εiLi/v0. Another equation used

o determine outlet concentration from a single layer adsorptive
ed, developed by Yoon and Nelson [6] is based on probabilistic
easoning

1 = C0

1 + ek′(τ−t)
(5)

q. (5) allows for estimates to be made on the breakthrough
onstants used in the exact breakthrough equation. By using
xperimental data, a regression analysis yields values for k′.
lso, from a breakthrough curve, saturation capacity (τ) in units
f time can be read off at the time corresponding to C = (1/2)C0.
his allows for solving for capacity, N0, in grams contaminant
eing removed per cm3 sorbent, by using the following equation

= N0L

v0C0
(6)

Both the k′ and N0 can be used for a prediction of
reakthrough concentration at different flow rates, inlet con-
entrations, and filter thicknesses. Face velocity is a function
f flow rate and filter surface area. Inlet concentration and time
re user inputs related to the operating environment of the fuel
ell. Outlet concentration can be provided by the manufacturer
r estimated based on experimental data on cathode durability.

.3. Pressure drop relationships with filter thickness and
ir face velocity

Pressure drop (�P) has been correlated with face velocity,

ed depth, viscosity (μ), void fraction, and gas density (�). Pres-
ure drop through both packed beds and microfibrous beds is
lso related to particle diameter. However, in microfibrous beds
here is an additional pressure drop related to fiber diameter. The
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rgun equation [9] is commonly used to describe flow through
acked beds

�P

L
= 150

(
μv0

D2
P

)
(1 − ε)2

ε3 + 7

4

(
ρv2

0

DP

)
1 − ε

ε3 (7)

In order to estimate the pressure drop across microfibrous
aterials (a high voidage mixture of fibers and particles), the

orous media permeability equation (PMP) is used to apply to
eds that have porosity greater than 50%. This equation consid-
rs form drag losses which are small in low porosity material
e.g. packed beds). PMP equation for high voidage microfibrous
aterials

�P

L
= 72

(
τ2

cos2(Θ)

)(μv0

ε3

)(1 − ε2

φD

)
(1 + XFD)

+ 6

(
τ3

cos3(Θ)

)(
ρv2

0

2ε3

)
1 − ε

φD

(
Cf + CFD

4
ε

)
(8)

In addition to the variables used in the Ergun equation, the
MP equation uses tortuosity (τ = 1 + 0.5(1 − ε)), shape fac-

or (φ), and the angle of flow paths through the bed (Θ). The
oefficient of drag is represented by CD for a sphere (usually
.6). The coefficient of friction for turbulent flow is Cf and the
oefficient of form drag of a sphere in turbulent flow is CFD
CFD = CD − Cf). Values corresponding to the Ergun equation
an be found by equating the PMP equation to the Ergun and
odified Ergun equations [9,10].
Empirical pressure drop relationships can also be determined

xperimentally by recording pressure drop as a function of layer
hickness and flow rate. The advantage to this method is that it
s more accurate; however, it prevents correlations to be made
etween properties of the filter such as the effects of particle size
n pressure drop. An example empirical equation is

2 − P1 = B1L1v0 + B2L1v
2
0 (9)

here B1 and B2 are parameters fitted to pressure drop data
constants for a specific material), v0 the face velocity and L1
s the thickness of the layer. The second term in the equation
ccounts for inertial losses through the filter. An example of
hese types of losses would occur when studying a pleated filter.
n most cases, however, the losses are small and negligible.

.4. Compressor power and efficiency

.4.1. Compressor power
A study of the compressor is necessary to correlate the pres-

ure ratio and power. A simple experimental setup consists of a
ressure tap on each side of the compressor, a means of adding
ressure drop to each side of the compressor (e.g. orifice plates),

nd a controller to operate the compressor. The compressor can
e operated at different flow rates and pressure ratios while
ower provided to the compressor is recorded. Fig. 3 shows
he resulting plot for a 12 V compressor used in this study. In

t
c
p
a

ig. 3. Power using a 12/64 in. inlet orifice and 11/64 in. outlet orifice. Pressure
atio is increased by increasing the air flow rate.

his case the correlation is linear and can be written in the form

ompressor power = m

(
P2

P1

)
+ b (10)

.4.2. Compressor efficiency
Several efficiency definitions exist that can be used to describe

erformance of a compressor. The most common efficiency
quation, due to its accuracy and ease of determining input
alues, is specific overall efficiency. It can be expressed

¯overall, ad = ṁecpT1[(P2/P1)(k−1)/k − 1]

Ẇshaft, e
(11)

n this case, me is the experimental mass flow at the discharge,
1 the ambient inlet temperature, P2/P1 the pressure ratio, and k

s the constant and is 1.4 for adiabatic [7]. A compressor study
hat yields efficiency measurements provides the ability to locate
he surge line on a performance chart, identifiable as the points
here efficiency approaches zero.

.4.3. Compressor performance charts
Another method of obtaining data on compressors is with a

erformance curve. Centrifugal compressors have performance
harts which give the efficiency and pressure ratios at which the
ompressor can be operated. On this chart, efficiency is repre-
ented by constant efficiency contours. Performance charts also
how a surge line, which represents the point at which the com-
ressor becomes unstable if operated at a higher pressure ratio,
t the same flow rate, or at a lower flow rate at the same pres-
ure ratio. The surge line represents the point air flow through
he compressor is unable to keep the compressor from overheat-
ng. This instability causes backflow and possible damage to the
ompressor. The performance chart is important in understand-
ng the operating capabilities of the compressor, as well as to
elp understand power requirements [7].

. Design algorithm

Using the previously discussed design equations and rela-

ionships, an algorithm was created to relate the design
onsiderations to filter thickness and compressor parasitic
ower. The design equations were organized such that each vari-
ble could be solved starting with inputs that are readily available
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Table 1
Quantitative fuel attributes used in the algorithm

Input parameter Parameter value

Fuel cell power output (Pe) 1200 W
Average cell voltage (Vc) 0.60 V
Minimum stoichiometric ratio (λ) 2.7

Table 2
Filter design input parameters collected from experimental data

Design parameter Microfibrous layer Packed bed

Filter capacity (N0) 0.04 moles hexane cm−3 0.1 moles hexane cm−3

Adsorption rate (k′) 0.00332C0 0.00183C0

Voidage (ε) 0.772 0.4
Air flow rate 89.5 LPM 89.5 LPM
P
C

N
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a
of removal, microfibrous materials were not affective in reduc-
ing thickness or power requirements and therefore provided no
benefit when used alone or in conjunction with a packed bed
(composite bed).
Fig. 4. Programmable design algorithm.

rom the manufacturer or able to be experimentally determined.
he linearity of the algorithm allows for a simple computer pro-
ram to be built with few assumptions. A completed algorithm
s shown in Fig. 4.

. Design process results: application of the design
lgorithm to a 1.2 kW fuel cell

The cathode air filter design algorithm was applied to a
.2 kW fuel cell in order to compare filter design options for
emoval of hexane with activated carbon. Hexane was used
or this study because of its ease of use in the laboratory and
ell known adsorptive characteristics when used with activated

arbon.
Four different design options were considered for this fuel

ell application. The first three options were packed bed, microfi-
rous sheet, and composite bed. For these options a filter area of
5 cm2 was studied for its ability to be retrofitted into the existing
articulate filter location in the fuel cell when total thickness is
ess than 1 cm. The fourth design option, a pleated microfibrous

aterials filter, will be studied separate from the other filters.
he pleated filter will be studied for the effects of breakthrough

ime and concentrations on the variable sheet thickness of the fil-
er while the pleat depth is held constant at 1 cm, corresponding
o the size required to retrofit the fuel cell.

In order to understand the effects of different inlet and outlet
oncentrations on the optimum filter designs, three case scenar-
os were studied. The three cases were:

Case I: 100–5 ppm.
Case II: 10–0.1 ppm.
Case III: 100–0.1 ppm.

Values shown in Table 1 were used to represent the fuel cell
ystem and were obtained from the operating fuel cell manual.

he other inputs were experimentally determined. Breakthrough

ests were performed on both 12–30 mesh activated carbon and
microfibrous polishing layer with a basis weight of 870 g m−2

ith 18.3% 60–140 mesh activated carbon. Values for k′ and F
ressure drop 0.0664L2v0 0.0514L1v0

ompressor power 313.14(P2/P1) − 312.74 313.14(P2/P1) − 312.74

0 were regressed from experimental breakthrough data using
he equation provided by Yoon and Nelson. Pressure drop rela-
ionships were determined in the laboratory as a function of
hickness and flow rate. All resulting data used in describing the
lter options are shown in Table 2.

The algorithm was used to predict an optimum filter thickness
nd the corresponding power requirements to operate the com-
ressor. By varying the inlet concentration, outlet concentration,
nd breakthrough times, the different design options were stud-
ed under different capacity requirements and removal efficiency
equirements.

.1. Case study of microfibrous layer, packed bed

For Case I, Figs. 5 and 6 show the compressor power and
redicted thickness requirements for different filter configura-
ions optimized to meet breakthrough time requirements at an
nlet concentration of 100 ppm and an outlet concentration of
ppm. This removal represents a 1.3 log removal and requires
high filter capacity. Because of the high capacity, the packed
ed represents the best solution based on total filter thickness
nd pressure drop/compressor power. Because of the low logs
ig. 5. Predicted power required to meet breakthrough time requirements.
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Fig. 6. Predicted thickness required to meet breakthrough time requirements.
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ig. 7. Predicted thickness required to meet breakthrough time requirements.

From Fig. 7 (representing Case II), it is evident that
icrofibrous materials provide the thinnest filter option for a

reakthrough time of less than 50 min; however, this solution
lso creates the most pressure drop, as evidenced by the increase
n parasitic power requirements. If, in practice, power require-

ents are the priority, then a composite bed provides the best
olution. A composite bed also provides the best solution for
igher breakthrough times. Fig. 7 shows that a composite bed
t the same thickness as a packed bed provides about a 100 min
onger breakthrough time.

The third scenario, shown in Fig. 8, tests filter options under
situation that requires both a high capacity filter that is also
apable of high logs of removal. In this situation, a composite
ed outperforms the other design options by having a lower total
hickness than the packed bed. It is also evident from Fig. 8 that
he addition of a microfibrous layer in place of a small length

ig. 8. Predicted thickness required to meet breakthrough time requirements.
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ig. 9. Predicted sheet thickness of a microfibrous pleated filter at a challenge;
oncentration of 10 ppm hexane and an outlet concentration of 0.1 ppm.

f packed bed to make a composite bed causes little additional
ressure drop.

.2. Case study for a pleated microfibrous filter

For an analysis of a pleated filter as a design option, a pleat
epth of 1 cm was assumed and the thickness of the sheet was
ariable like the previous design options. This resulted in a con-
tant filter thickness of 1 cm even though the sheet thickness was
ariable. Because of the pleats, a larger surface area was able
o fit into the same dimensions as the other options. A pleated

icrofibrous sheet was represented in the algorithm as having
n area of 105.5 cm2 (pleat factor of 1.9). This pleat factor was
nly attainable at layer thicknesses less than 0.5 cm if it is still
o fit in the 1 cm pleat depth, and will only be studied up to that
hickness.

Fig. 9 shows the sheet thickness power requirements if a
leated filter is used. The filter was only studied at an inlet con-
entration of 10 ppm and an outlet concentration of 1 ppm. The
reakthrough time can be greatly prolonged by reducing the inlet
oison concentration. If C0 is changed from 10 to 0.5 ppm for a
reakthrough concentration of 0.1 ppm at the outlet, the break-
hrough time is approximately increased from 300 to 6000 min
100 h). For the application of fuel cells, the environmental
oison concentration is relatively low, and the breakthrough
ime will be much longer than in the laboratory test condition.
n increase in sheet thickness results in only a small percent-

ge increase in compressor power requirements from additional
ressure drop. Pleated filters provide an additional solution for
ow capacity, high log removal applications. Another advantage
o using a pleated filter rather than a packed or composite bed is
he stability from the sinter locked network which adds resilience
o the filter.

.3. Detailed composite bed configuration analysis

For each case study and each breakthrough time tested, the
omposite bed was optimized to minimize total bed depth. This

as accomplished by varying the thickness of the packed bed,

alculating the required thickness of the microfibrous layer, and
alculating the total thickness. Table 3 shows the individual layer
hicknesses for each of the breakthrough times in the case study.
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Table 3
Predicted, optimized individual layer thicknesses of the packed bed (L1) and microfibrous layer (L2) used to create a composite bed

Time (min) Case I Case II Case III

100–5 ppm (1.3 logs removal) 10–0.1 ppm (2 logs removal) 100–0.1 ppm (3 logs removal)

L1 (cm) L2 (cm) L1 (cm) L2 (cm) L1 (cm) L2 (cm)

15 0.2 0.12 N/A N/A 0.2 0.37
60 0.52 0.09 0.09 0.27 0.51 0.34

180 1.26 0.09 0.23 0.22 1.25 0.34
300 2 0.09 0.32 0.21 2 0.34
420 2.74 0.09 0.4 0.2 2.74 0.34
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600 3.86 0.09 0.5
000 37.29 0.09 3.86

y studying these graphs, information can be learned about
he capacity and removal efficiency requirements of the filter
nd how filter configurations are affected by inlet concentration,
utlet concentration, and breakthrough time.

Cases I and III require the thickest packed bed portion due
o the fact that they have the higher capacity requirements of 95
nd 99.9 ppm removal, respectively, when compared 9.9 ppm
emoval requirement for Case II. Secondly, the thickness of
he microfibrous layer increases with log removal requirements.
his is a result of the higher single pass removal efficiency

equired for high log removal.
Further analysis is performed by moving down the columns

nd considering higher breakthrough time requirements. By
ncreasing breakthrough time, additional capacity is required to

eet the breakthrough requirements. This results in an increase
n the thickness of the packed bed layer of the filter. However,
t low breakthrough times, where capacity is less significant, a
hicker microfibrous layer provides a shorter overall bed depth
y reducing the critical bed depth (the minimum bed depth
equired to prevent immediate breakthrough).

. Filter tests results

.1. Composite bed filter
Fig. 10 shows the results of the 100 ppm challenge break-
hrough test on the composite bed filter. Breakthrough at 0.1 ppm
as 27 min. Predicted value was 100 min. The predicted curve

ig. 10. Actual breakthrough curves for composite bed compared to a predicted
reakthrough curve by the algorithm.
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0.2 3.85 0.34
0.2 37.28 0.34

hows a sharper breakthrough. A shallower breakthrough curve
esults from a lower contacting efficiency than predicted. Since
ontacting efficiency is primarily a factor of adsorption rates the
naccuracy in the breakthrough curve is caused by inaccuracy in
he determination of the adsorption rate values. The filter capac-
ty is only slightly overestimated by the algorithm and as a result
he breakthrough is sooner than predicted.

Pressure drop predictions, shown in Fig. 11, were accurate at
ow rates lower than 70 SLPM when compared to experimen-

ally determined data. At higher flow rates actual pressure drop
as higher than predicted. This may be due to inertial losses
hich cause a non-linear pressure drop relationship when oper-

ting at higher flow rates and was assumed negligible when the
ressure drop formula was determined for a packed bed.

.2. Pleated microfibrous filter

Fig. 12 shows breakthrough curves predicted by the algo-
ithm compared with those found experimentally. In this case,
he breakthrough was 15 min sooner than predicted, indicating
hat the capacity was overestimated. Adsorption rate values were

ore accurate, evident by the similar shape of the sigmoidal
reakthrough curve for both the actual and predicted curves.
ressure drop predictions for the pleated filter, shown in Fig. 13,
re higher than actual values. A small percentage of this differ-

nce in pressure drop is a result of leaks in the filter and can be
esolved with better construction techniques. A small curvature
n the actual pressure drop is the result of inertial losses due to
he air having to pass through the pleats. Inertial losses were

ig. 11. Pressure drop comparison between a composite bed filter and values
redicted by the algorithm.
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Fig. 12. Actual breakthrough curves for a pleated filter compared to a predicted
breakthrough curve by the algorithm.
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ig. 13. Pressure drop comparison between a microfibrous pleated filter and
alues predicted by the algorithm.

ssumed negligible in original pressure drop calculations used
o predict the pressure drop; therefore, the predictions were less
ccurate.

. Summary and conclusions
Optimization of a cathode air filter design to a variety of
ifferent fuel cell applications involves inputting design con-
iderations into an algorithm predicting compressor power and
lter breakthrough characteristics, both of which reflect fuel cell

[

r Sources 168 (2007) 391–399 399

erformance and net power output. Results from application of
programmable design algorithm to a 1.2 kW fuel cell show

hat the algorithm and design methodology are effective means
f predicting filter effects on compressor power requirements.
he predictions also show trends useful in tailoring a filter to
pecific requirements of an application.

Microfibrous materials provide the lowest pressure drop for
ases requiring high log removal due to their high contacting
fficiency. Packed beds have the lowest pressure drop for appli-
ations requiring a high capacity. However, the bed depth of
packed bed becomes large when meeting high log removal

equirements. An optimized composite bed provides the most
avorable solution for cases requiring both high contacting effi-
iency and high capacity. A filter must be optimized for each
ontaminant type and concentration to achieve the required oper-
ting life of the fuel cell and to minimize pressure drop which
an consume as much as 1% of total output power. Use of a
esign algorithm provides a means of optimization by compar-
ng the effectiveness of different filter configurations, ultimately
ielding higher fuel cell efficiency and operating life.
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