
A
p
T

H
D

a

A
R
R
2
A
A

K
P
T
O
F

1

(
s
d
d
f
t
d
w
d

a
t
f
a
a
t
s
R
t
i

0
d

Journal of Power Sources 195 (2010) 3621–3630

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

nalysis of operating parameters considering flow orientation for the
erformance of a proton exchange membrane fuel cell using the
aguchi method

orng-Wen Wu ∗, Hui-Wen Gu
epartment of System and Naval Mechatronic Engineering, National Cheng Kung University, 1 Ta-Hsueh Road, Tainan 701, Taiwan, ROC

r t i c l e i n f o

rticle history:
eceived 24 September 2009
eceived in revised form
0 November 2009

a b s t r a c t

This study has applied the L18 2 × 37 orthogonal array of the Taguchi method to determine the optimal
combination of six primary operating parameters (flow orientation, temperature of fuel cell, anode and
cathode humidification temperatures, anode, and cathode stoichiometric flow ratios) of a PEM fuel cell.
The optimal combination factor is co-flow, a cell temperature of 333 K, an anode humidification temper-
ccepted 25 November 2009
vailable online 4 December 2009

eywords:
roton exchange membrane fuel cell
aguchi method
perating parameters

ature of 353 K, a cathode humidification temperature of 333 K, a stoichiometric flow ratio for hydrogen
of 2, and a stoichiometric flow ratio for oxygen of 3; and the amount of maximum power is 17.61 W.
The results for the experiment indicate that flow orientation, temperature of fuel cell, and anode and
cathode humidification temperatures are significant factors for affecting the performance. Furthermore,
this study simulates the transport phenomenon and electrochemical reactions using a finite-element
method at the optimal combination factor from the experimental results of Taguchi method.
low orientation

. Introduction

The major advantages of proton exchange membrane fuel cell
PEMFC) are low-temperature operation, high efficiency, no emis-
ion, low noise, and quick starting to high energy and current
ensity under room temperature. The performance of the fuel cell
epends on the kinetics of the electrochemical process and per-
ormance of the components. Excessive local cell temperature due
o insufficient or non-effective cell cooling may cause membrane
ehydration, shrinking or even rupture. Hence, the thermal and
ater management issues are strongly coupled and they have a
irect impact on cell performance [1].

The most recent models addressed two or more of the thermal
nd water management [2–8]. Nguyen and White [2] developed
wo-dimensional heat and water transport models that accounted
or variation in temperature and membrane hydration conditions
long the flow channels. Singh et al. [3] presented two-dimensional
nalysis of mass transport in PEM fuel cells. Hwang [4] found that
he fluid-phase and solid-matrix temperature distributions were

ignificantly affected by the flow orientation in the PEM fuel cell.
eplacing the parallel-flow geometry by the counter-flow geome-
ry had an advantage of reducing the local maximum temperature
nside the fuel cell. Jang et al. [5] developed a two-dimensional

∗ Corresponding author. Tel.: +886 6 2740718x223; fax: +886 6 2747019.
E-mail address: z7708033@email.ncku.edu.tw (H.-W. Wu).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.128
© 2009 Elsevier B.V. All rights reserved.

numerical model to investigate the performance of the PEM fuel
cells. Parameters used in the analysis included the porosity and
thickness of the gas diffuser layer (GDL). Their results showed that
increasing the porosity of gas diffusion layer caused the increas-
ing of mass transfer of fuel and air and generated a higher reaction
rate. The cell performance with co-flow condition was notably bet-
ter at lower operating voltage conditions. Guvelioglu and Stenger
[6] found that hydrogen and air flow rates and their relative humid-
ity are critical to current density, membrane dry-out, and electrode
flooding. Perng and Wu [7] presented that the transverse installa-
tion of a baffle plate and a rectangular block in the fuel flow channel
can effectively enhance the local cell performance of a PEM fuel
cell. Um and Wang [8] used computation fuel cell dynamics frame-
work to develop a unified water transport equation for a PEM fuel
cell.

The optimization of the operating parameters affecting the
performance of PEM fuel cell and obtaining related data is very
important in various applications, and especially for fuel cell pro-
ducers to validate and improve their models. Therefore doing large
number of experiments is often needed to understand clearly how
the parameters influence the performance of PEM fuel cell and to
optimize them. In terms of the experimental process, most studies

used one-factor-at-a-time experiments or full-factorial experi-
ments. However, these approaches suffered from the following
chief shortcomings: they frequently generated factor effect bias;
multiple experiments are required when analyzing a large number
of factors, to the point of failing to perform the experiments effi-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:z7708033@email.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.11.128
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Nomenclature

ANOVA analysis of variance
C mole concentration (mol m−3)
Di,eff diffusivity of species i (m2 s−1)
F Fraday’s constant (96,478 C mol−1)
i current density (A m−3)
K permeability (m2)
M molecular weight (kg mol−1)
P pressure of system (Pa)
Ru gas constant (8.314 J mol−1 K−1)
S source term
Sa fuel cell active surface area
S/N signal-to-noise ratio (dB)
T temperature (K)
u inlet velocity of gas in X direction (m s−1)
V voltage (V)
v inlet velocity of gas in Y direction (m s−1)
˛ electric conductivity (�−1 m−1)
ˇ heat transfer coefficient (W K−1 m−3)
ε porosity
� density of gas (kg m−3)
� viscosity (m s−2)
ω mass fraction
�eff thermal conductivity (W K−1 m−1)
� stoichiometric flow ratio
	 overpotential

Superscript
s current conductor

 coefficient of Bruggeman

Subscript
a anode

c
i

t
p
i
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o
c
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t
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t
s
d
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d
e
m
t
t
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o

c cathode
i, j species

iently. On the other hand, the design of experiments has received
ncreasing attention.

In recent years, several researchers employed Taguchi method
o evaluate the respective impacts of those parameters on the
erformance of PEM fuel cell and to reduce the number of exper-

ments when they studied many parameters [9–15]. Grujicic and
hittajallu [9,10] applied a two-dimensional model coupled with
nonlinear constrained optimization algorithm to determine an

ptimum design of the fuel cell for the operation and the geometri-
al parameters of cathode such as the air inlet pressure, the cathode
hickness, and length and the width of shoulders in the interdigi-
ated air distributor. Yu et al. [11] used the method of the design
f experiments (DOE) to obtain the optimal combination of the six
rimary operating parameters (fuel cell operating temperatures,
perating pressures, anode and cathode humidification tempera-
ures, anode and cathode stoichiometric flow ratios). In the first
tage, they adopted a 2k−2 fractional factorial design of the DOE to
etermine whether these factors significantly influence a response
nd the interactions between various parameters. Second, the L27
313) orthogonal array of the Taguchi method was employed to
etermine the optimal combination of factors for a fuel cell. Wu
t al. [12] applied the Taguchi method to acquire the primary opti-

ums of the operating parameters in the PEM fuel cell. Each row in

he orthogonal array together with its relative responses was used
o establish a set of training patterns (input/target pair) to the neu-
al network. Kaytakoğlu and Akyalın [13] employed the Taguchi’s
rthogonal array (OA) L9 (34) to determine optimum working con-
Sources 195 (2010) 3621–3630

ditions (system pressure, flow rate ratio of H2 and O2, temperature
of fuel cell and temperature of humidifiers) in obtaining maximum
power density of a PEM fuel cell. Torchio et al. [14] applied it to
operation parameter effect investigation on the cogenerative per-
formance of a PEM fuel cell stack, through a statistical methodology
used for the experimental data analysis by 24 factorial design (four
parameters, each at two levels, were anode and cathode flow inlet
temperature; cathode flow dew point temperature; cathode flow
stoichiometry to run all 24 = 16 treatment combinations). Dante et
al. [15] used a fractional experimental design supported by a statis-
tical methodology to analyze how four parameters (hydrogen and
oxygen pressures and flow rates, each at two levels, eight treatment
combinations) affected the electric power output of a stack.

Many researchers have studied how operating parameters affect
the performance of the fuel cells by experiments and analyses.
However, there are few studies applied the Taguchi method to
optimization analysis of operating parameters considering flow
orientation with operating temperatures, humidification temper-
atures, and flow rate of reactant gases. Hence, the objective of
this paper is to apply the Taguchi’s orthogonal array L18 (2 × 37)
with experiment to determine the optimal operating condition of
these operating parameters and then to realize the transport phe-
nomenon by two-dimensional simulation models for the fuel cell
performance at the optimal operating condition. The results of this
paper may be of interest to engineers attempting to develop the
optimization of a PEM fuel cell performance and to researchers
interested in the transport phenomenon corresponding to the opti-
mization condition in the PEM fuel cell.

2. Experimental system

A schematic drawing of the experimental apparatus employed
in this study is shown in Fig. 1. The apparatus includes fuel sup-
ply system, flow rate control system, temperature control system,
humidifying system, and electronic load system. The active surface
area of the signal PEM fuel cell used in this study is 5 × 5 cm2. The
membrane-electrode-assembly (MEA) of the fuel cell has a five-
layer structure combining a proton exchange membrane with a
catalyst layer and gas diffusion layer. The single serpentine chan-
nel width and the rib width of the flow fields were 1.5 mm and
tested on both the anode and cathode side. The experiment was
performed for two patterns: the co-flow and the counter-flow.

This study employs the Taguchi method in the experiment with
different PEM fuel cell operating conditions. The Taguchi method
offers two new powerful elements. First, it is a disciplined way
of improving product and process quality with unprecedented
success. Second, it provides a means to cost less for investigat-
ing the available alternatives. Although Taguchi method was built
upon well developed concepts of optimization through the design
of experiments, his philosophy emphasizes designing the quality
improvement practices into the procedure for carrying out experi-
ments.

The steps of the Taguchi method include the following [16].

2.1. Describe quality characteristics and design parameters

Quality characteristics selected to be the optimization criteria
are divided into three categories, the larger-the-best, the smaller-
the-best and the nominal-the-best. The quality characteristic of this
study is the maximum electrical power of PEM fuel cell, which
belongs to a larger-the-best characteristic, and is calculated by

using:

S
N

= −10 log
1
n

(
n∑

i=1

1

y2
i

)
(1)
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Fig. 1. Fuel

here yi is the value of quality characteristic measured from the
rial and the unit of S/N is dB; n is the number of the tests in a
rial.

.2. Design and conduct the experiments

The experimental design factors considered are: (A) flow ori-
ntation, (B) temperature of fuel cell, (C) anode humidification
emperature, (D) cathode humidification temperature, (E) stoichio-

etric flow ratio of hydrogen, and (F) stoichiometric flow ratio of
xygen.

Taguchi’s arrays are versatile recipes that are applied to several
xperimental conditions. The experiments were designed accord-
ng to the orthogonal array technique. An orthogonal array is a
ractional factorial design with pair wise balancing property. Using
rthogonal array design can estimate how multiple process vari-
bles affect the performance characteristic simultaneously while
inimizing the number of test runs. The three-level orthogonal

rrays most often used in practice are L9 (34), L18 (2 × 37), L27 (313),
36 (211 × 312), L36 (23 × 313) and L54 (21 × 325). In this paper, we
sed the L18 (2 × 37), the minimum orthogonal array for six param-
ters. To observe the data reliably on this experiment, this study
epeated each one two times with same conditions.

.3. Analyze the results to determine the optimum conditions
The results of the Taguchi experiments are analyzed in a stan-
ard series of phases. First, the main effects are evaluated and the

nfluences of the factors are determined in qualitative terms. The
ptimum condition and performance at the optimum condition
st system.

are also determined from the factorial effects. In the next phase,
analysis of variance (ANOVA) is performed on the experimental
data. ANOVA study identifies the relative influence of the factors in
discrete terms.

According to the six main control factors and each at three lev-
els, obtaining signal-to-noise ratios (S/N) of the experiment results
after selecting the proper orthogonal arrays identifies the relation-
ship between the parameters and the responses (the maximum
electrical power on the fuel cell), and obtains the primary optimums
of the operating parameters. This study uses the ANOVA to identify
the important parameters that can affect fuel cell quality character-
istics and determines the most robust set of operating conditions
from variations within the results. In Table 3, the F-test of statistics
is used to decide which parameters of the fuel cell influence the
quality characteristics significantly.

2.4. Run a confirmatory test using the optimum conditions

In order to test the predicted result, we have conducted con-
firmation experiment by running another two replications at the
optimal settings of the process parameters determined from the
analysis. From the analyses of S/N ratio and the mean response
characteristic, the optimum levels of the control factors are deter-
mined as: A1, B2, and D2. Hence, the predicted mean of the quality
characteristic (power) has been computed as shown in the refer-

ence [17]:

SN̂ = T̄ + (A1 − T̄) + (B2 − T̄) + (C3 − T̄) + (D2 − T̄) (2)

where T̄ is the total S/N average for all experiment data. A1, B2, C3,
and D2 are the average values of the S/N with process parameters at
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heir respective optimal levels. Substituting these in Eq. (2) yields
he mean optimum value of the S/N as SN̂ = 24.7 dB.

An important step in Taguchi’s optimization technique is to con-
uct confirmation experiments for validating the predicted results.
hus a 95% confidence interval (CI) for the predicted mean of opti-
um quality characteristic on a confirmation test is estimated

sing the following two equations:

I =
√

F(˛, 1, fe)Ve

[
1

Neff
+ 1

R

]
(3)

nd

eff = N

1 + TDOF
(4)

here F(˛, 1, fe) is the F-ratio required for 100 (1 − ˛) percent confi-
ence interval, fe is DOF for error, Ve = Error variance, R is number of
eplications for confirmation experiment, and Neff is effective num-
er of replications. N is the total number of experiments and TDOF

s the total degrees of freedom for the estimate of mean optimum.
After substituting these values in Eqs. (3) and (4), the confidence

nterval is CI = ±1.31. The 95% confidence limits of the predicted
ptimal power is thus obtained as 25.49 ± 1.31 dB. In order to test
he predicted result, we have conducted confirmation experiment
y running another two replications at the optimal settings of the
rocess parameters determined from the analysis. The S/N of the
ean power from the confirmation experiments is 24.9 dB, which

alls within the predicted 95% confidence interval. Therefore, the
redictions made by Taguchi’s parameter design technique were

n good agreement with the confirmation results.

. Numerical model

Two-dimensional module of fuel cell module is in y–z plane as
hown in Fig. 2. The domain of this module comprises two gas diffu-
ion layers, two catalyst layers and a proton exchange membrane.

.1. Assumptions
The present model is established under the following assump-
ions:

. Flow is laminar everywhere due to small gas pressure gradient
and low Reynolds number.

Fig. 2. Two-dimensional model of fuel cell module.
Sources 195 (2010) 3621–3630

2. Reactant gases behave according to the ideal gas model.
3. The electrodes and membrane are made of homogeneous mate-

rials.
4. Water in the fuel cell exists only in the gas phase.
5. Polymer electrolyte membrane is impermeable to reactant gas.
6. Proton can only transport through the electrolyte, and the elec-

tron through the solid carbon phase.
7. Three species including oxygen, water and nitrogen are consid-

ered on the cathode side while only hydrogen and water are
considered on the anode side.

3.2. Governing equations

3.2.1. Momentum and mass transports
The Brinkman-extended Darcy’s equation together with the

mass conservation equation describes the fluid flow in the porous
media.

Brinkman-extended Darcy’s law:

��u · ∇ �u = -∇P + ∇ ·
(

�∇�u
)

+ Sm (5)

Continuity equation:

∇ (��u
)

= 0 (6)

where � is the density, � is the viscosity, �u is the velocity vector,
and P is the pressure. The source term in the momentum equations
is added according to Darcy’s law, representing an extra drag force
proportional to fluid viscosity and velocity, and inversely propor-
tional to the permeability of a porous medium, i.e., Sm = −(�/�)u,
where � is the permeability.

3.2.2. Species transports
Momentum balance is coupled with mass balance through

Maxwell–Stefan equation which is a better approximation than
Fick’s Law for inter-diffusion of species and multi component trans-
port, given by:

Stefan–Maxwell equation:

�mix
−→u · ∇ωi

= ∇ ·

⎧⎨
⎩�mixωi

N∑
j=1

Di,eff,j

[
M

Mj

(
∇ωj + ωj

∇M

M

)
+
(

xj − ωj

) ∇P

P

]⎫⎬
⎭

+ Si (7)

The model takes into account two species in the anode as H2
and H2O and three species in the cathode as O2, H2O, and N2. Eq.
(4) is solved for mass fraction of H2 at the anode and mass fractions
of O2 and H2O at the cathode while mass fractions of H2O at anode
and N2 at the cathode are calculated such that total mass fractions
at each domain is unity. The source terms Si are implemented on
the basis of electrochemical kinetics, i.e., consuming the reactant
to produce the current.

According to the Bruggman model [18], the effective diffusivity
of the species i in the porous electrode is expressed as:

Di,eff = ε
Di (8)

On the gas diffusion layer:
Si = 0 (9)

On the catalyst layer of the anode:

SH2 = −ia
MH2

2F
(10)
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Table 1
Control factors and levels for the L18 (2 × 37) design.

Factor Parameters Level 1 Level 2 Level 3

A Flow orientation Co-flow Counter-flow
B Temperature of fuel cell (K) 313 333 353

O

S

3

d

(

w
t
c
c

S

H

∇

T
E

T
A

C Anode humidification temperature (K)
D Cathode humidification temperature (K)
E Stoichiometric flow ratio of hydrogen
F Stoichiometric flow ratio of oxygen

n the catalyst layer of the cathode side:

O2 = −ic
MO2

4F
, SH2O = −ic

MH2O

2F
(11)

.2.3. Thermal transport
Conservation of energy for any domain in a PEM fuel cell is

escribed by:

�Cp)f(u · ∇T) = ∇ · (keff∇T) + ST (12)

here Cp is the mixture-averaged specific heat capacity and keff is
he effective thermal conductivity. The source term in the energy
onservation equation includes the heat released by the electro-
hemical reaction:

T =
[

T (−�s) + 	
]

· i (13)

neF

eat transfer in the membrane is governed by:

· (kmem · ∇T) = 0 (14)

able 2
xperimental results obtained at cell potential of 0.5 V for the L18 (2 × 37) design.

Orthogonal array: L18 (21 × 37)

Exp. A B C D E F e

1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2
3 1 1 3 3 3 3 3
4 1 2 1 1 2 2 3
5 1 2 2 2 3 3 1
6 1 2 3 3 1 1 2
7 1 3 1 2 1 3 2
8 1 3 2 3 2 1 3
9 1 3 3 1 3 2 1

10 2 1 1 3 3 2 2
11 2 1 2 1 1 3 3
12 2 1 3 2 2 1 1
13 2 2 1 2 3 1 3
14 2 2 2 3 1 2 1
15 2 2 3 1 2 3 2
16 2 3 1 3 2 3 1
17 2 3 2 1 3 1 2
18 2 3 3 2 1 2 3

able 3
NOVA for the L18 (2 × 37) design in Table 2.

Factor SS DOF Var. F

A 4.90 1 4.90 6.76
B 10.78 2 5.39 7.43
C 6.11 2 3.06 4.21
D 10.89 2 5.44 7.50
E 3.27 2 1.63 2.25
F (1.38) (2) – –
e (2.75) (4) – –
Error 5.80 8 0.73 Confid
Total 41.75 17
313 333 353
313 333 353
1 2 3
1 2 3

3.2.4. Current transport
The continuity of current in a conducting material is described

by:

∇ · i = 0 (15)

In the catalyst layer of a PEM fuel cell, the porous matrix con-
tains two kinds of solid phases, i.e., ionic conductor (electrolyte)
and electronic conductor (catalyst). Protons travel through the ionic
conductor (the membrane) to form an ionic current denoted by ie,
while electrons can only be transferred through the solid matrix of
electrodes which results in an electronic current denoted by is. The
continuity equation of current then becomes:

∇ · i = ∇ · ie + ∇ · is (16)

ie and is are the currents flowing through the catalyst and the
electrolyte, respectively. Because the electrodes are electroneu-
tral everywhere, there is no charge buildup in the catalyst layers.

The potential equations for both solid and electrolyte phases are
obtained by applying Ohmic’s law to Eq. (16):

∇ · (−�s,eff∇
s) = Ss (17)

∇ · (−�e,eff∇
e) = Se (18)

Power (W) Average power (W) S/N (dB)

e Y1 Y2

1 11.78 11.30 11.54 21.24
2 16.08 16.14 16.11 24.14
3 17.66 17.74 17.70 24.96
3 14.42 14.46 14.44 23.19
1 17.46 17.44 17.45 24.84
2 17.18 17.05 17.12 24.67
3 13.66 13.69 13.68 22.72
1 13.90 13.93 13.92 22.87
2 12.44 12.42 12.43 21.89
1 16.24 16.27 16.26 24.22
2 11.77 11.73 11.75 21.40
3 16.10 16.22 16.16 24.17
2 14.01 14.60 14.31 23.10
3 11.58 11.46 11.52 21.23
1 15.49 15.55 15.52 23.82
2 12.03 11.89 11.96 21.55
3 8.49 9.83 9.16 19.17
1 13.26 13.28 13.27 22.46

F0.06 P SS′ Contribution

4.79 0.03 4.18 10.00%
4.08 0.01 9.33 22.34%
4.08 0.06 4.66 11.17%
4.08 0.01 9.44 22.60%
4.08 0.17 – –
– – – –
– – – –

ence level: 94% 14.15 33.88%
41.75 100.00%
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Fig. 3. S/N response for the L18 (2 × 37) design.
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d

CH2Oeff
RuT
ig. 4. Variation of voltage and power with cathode humidification temperature
or various current densities and other parameters at the optimum condition
A1B2C3E2F3).

The source terms in the electron and proton transport equations,

.e., Eqs. (17) and (18), result from the electrochemical reaction
ccurring in the catalyst layers of anode and cathode sides.

Anode catalyst layer:

e = ia; Ss = −ia (19)

ig. 5. Influence of cell temperature on voltage and power with various current
ensities and other parameters at the optimum condition (A1C3D2E2F3).
Fig. 6. Variation of voltage and power with flow orientation for various current
densities and other parameters at the optimum condition (B2C3D2E2F3).

Cathode catalyst layer:

Se = ic; Ss = −ic (20)

ia = ia,0

{(
CH2

CH2,eff

)2

exp
[

4˛aF

RuT
	
]}

(21)

ic = ic,0

{(
CO2

CO2,eff

)2

exp
[

4˛aF

RT
	
]

−
(

CH2O
)2

exp
[

4 (1 − ˛c) F
	
]}

(22)
where ia and ic are obtained from the Butler–Volmer equation
which describes the relationship among the local transfer current
density, the reactant concentrations, and phase potentials.

Fig. 7. Comparison of predictions for various grid systems.
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Fig. 8. Comparison of the results between the present prediction and experiment
at the optimal condition (A1B2C3D2E2F3).

Fig. 10. Oxygen and Hydrogen concentration profiles for V
Fig. 9. Comparison of the results between the present prediction and Shi, Wang,
and Zhang’s prediction.

cell = 0.5 V at the optimal condition (A1B2C3D2E2F3).
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orientation from the experiment. Higher electrical powers are
obtained in the co-flow case than in the counter-flow case at higher
current densities. However, as expected, at lower current densities,
in the activation loss region, electrical powers are almost the same
for co-flow and counter-flow cases. The flow orientation is also a
628 H.-W. Wu, H.-W. Gu / Journal of

.3. Boundary conditions

The boundary conditions are required only at the external
urfaces of the computational domain due to the single-domain
ormulation used. At the fuel and oxidant inlets, the following con-
itions are prescribed by:

a,in = �a
IrefSa

4F

RuT

Pa

1
XH2

, uc,in = �c
IrefSa

4F

RuT

Pc

1
XO2

(23)

The inlet velocities of fuel and oxidant can be also expressed
y their respective stoichiometric flow ratios, i.e., � at 1 A cm−2.
oth outlets of the module have an ambient pressure. The anode

s supplied with the humidified hydrogen of mass fractions of
1.3%/88.7% for H2/H2O at 353 K. The cathode side feeds with
he saturated air of 18.7%/6.4%/74.9% for O2/H2O/N2, where N2 is
onsidered as an inert gas and serves as diluents. The boundary con-
itions for the phase potential at the interface between the catalyst

ayer and the membrane are ˚ = 0 at the anode side, and ∂˚/∂X = 0
t the cathode side. Because the phase potential is a linear distri-
ution in the membrane, the phase potential boundary condition
an be written as ∂˚/∂Y = 0.

. Results and discussion

.1. Experimental analysis

The experimental design factors considered are: (A) flow ori-
ntation, (B) temperature of fuel cell, (C) anode humidification
emperature, (D) cathode humidification temperature, (E) stoichio-

etric flow ratio of hydrogen, and (F) stoichiometric flow ratio
f oxygen (Table 1); the response is the output power which is
ested twice to calculate the average value (Table 2). The orthogo-
al experimental design can separate out how each control factor
ffects the S/N at different levels.

Fig. 3 shows the S/N response graph derived from the factors
t different levels from Table 2. The larger-the-best performance
haracteristic, Eq. (1), has been taken in obtaining the maximum
lectrical power of PEMFC. The order of graphs in Fig. 3 prepared for
he experiments is according to how the parameters influence the
erformance characteristics. The optimal level of a process param-
ter in obtaining the maximum electrical power is the level with
he highest S/N value calculated by Eq. (1). The size of the S/N is pos-
tively related to the quality characteristic. The greatest S/N from
hese levels obtained is the primary optimal combination of the
ontrol factor levels, A1 (the co-flow), B2 (temperature of 333 K), C3
the anode humidification temperature of 353 K), D2 (the cathode
umidification temperature of 333 K), E2 (the hydrogen stoichio-
etric flow ratio of 2), and F3 (the oxygen stoichiometric flow ratio

f 3).
The optimal combination of process parameters can be pre-

icted with the ANOVA on the performance characteristics. The
esults of variance analysis for the experiment are listed in Table 3.

hen the F-test values of factors and interactions between the
actors are smaller than 94% confidence interval, these values
re classified as insignificant factors and can be regarded as
rrors. Therefore, the control factors with the significant effect for
cquiring maximal electrical power are A (flow orientation), B (tem-
erature of fuel cell), C (anode humidification temperature), and D
cathode humidification temperature).

.1.1. Effect of cathode humidification temperature on

erformance

Fig. 4 shows a trend of better cell performance obtained by
higher cathode humidification temperature. At a fixed anode

umidification temperature, a higher water concentration within
he membrane can be found in a system with a higher cathode
Sources 195 (2010) 3621–3630

humidification temperature due to strong back-diffusion from the
cathode to the anode. However, the cell performance increases for
the cathode humidification temperature in the range of 333–353 K.
For the cathode humidification temperature at 353 K, the amount
of water supplied to the cathode increases more and leads to water
flooding. Accordingly, the ANOVA table presents the highest per-
formance at the cathode humidification temperature of 333 K.

4.1.2. Effect of operating temperature on cell performance
The operating temperature is also a significant factor as shown

in the ANOVA table. Fig. 5 presents how the cell temperature influ-
ences the cell performance. The cell performance increases with
increasing the cell temperature in the range of 313–333 K because
a higher cell temperature may cause higher electrode reaction
and transport rates. Nevertheless, as the cell temperature exceeds
333 K, the cell performance drops with an increase in the cell tem-
perature. This implies that the membrane could be dehydrated as
the cell temperature is over 333 K. On the other hand, the cell per-
formance change for low current density is small when increasing
cell temperature.

4.1.3. Effect of flow orientation on performance
Fig. 6 compares the polarization curves with different flow
Fig. 11. Temperature distribution for Vcell = 0.5 V at the optimal condition
(A1B2C3D2E2F3).
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ignificant factor as listed in the ANOVA table, but the contribution
f the flow orientation (10%) is smaller percentage contribution
han that of the cathode humidification temperature and cell tem-
erature.

.2. Numerical analysis

The governing equations are solved using the general purpose
ommercial software package COMSOL Multiphysics [19]. COMSOL
ultiphysics, a commercial solver by a finite-element technique, is

sed to solve the governing equations. The UMFPACK direct linear
s used in the calculation. All the calculations have been performed
y using a PENTIUM 4 4.0G PC. After a series of test runs, a quadrilat-
ral mesh (2835 nodes and 2720 elements) was chosen in all cases.
urther refinement changed the current density less than 0.1%. The
ther two meshes tested were 1952 nodes, 6840 elements and 3807
odes, 3680 elements as shown in Fig. 7.

The results of simulation on electrochemical behavior of PEM
uel cell are presented by using a single-phase two-dimensional
nite-element analysis under the optimal combination factors. The
odel takes into account the conservation of momentum, current,
ass, and thermal energy on the anode and cathode side, as well

s conservation of charge throughout the whole cell. In addition to

he polarization curve, the model also allows for the assessment
f important information about the detail of transport phenomena
nside the fuel cell. These transport phenomena are investigated
y the velocity vector field, variation of local concentration of gas
eactants, and temperature field.

Fig. 12. Water concentration profiles for Vcell = 0.5
Sources 195 (2010) 3621–3630 3629

4.2.1. Comparison between numerical and experimental data
The polarization curves obtained from the model for the geo-

metric configuration (Fig. 2) are depicted in Fig. 8, together with
the measured polarization curves. The 2D model simulated polar-
ization curves has the same trend with experimental results at the
optimal combinations of the control factor levels (A1B2C3D2E2F3).
Some difference between experimental and simulation results may
be caused using by two-dimensional model approximating the real
model of three dimensions with flow channels. Furthermore, the
result of the present prediction of the polarization curve has sim-
ilar trend with that of Shi, Wang, and Zhang’s prediction [20], in
which their model has channels, as shown in Fig. 9. These results
give one confidence in the use of the present program.

4.2.2. Hydrogen and oxygen concentration distribution
Fig. 10 shows the concentration profile of oxygen in the cath-

ode side and hydrogen in the anode side with velocity vectors at
the optimal operating conditions. A clear decrease in the concen-
tration of the reactant gas appears along the flow direction and
toward the membrane direction due to consumption of the oxy-
gen and hydrogen in the electrochemical reaction at the catalyst
layers on both sides. The velocity vectors represent the direction
of gas reactants flow, and the length of vector represents the mag-

nitude. At inlets, the magnitudes of velocity for hydrogen in the
anode side are larger than those of velocity for oxygen in the cath-
ode side owing to a larger stoichiometric flow ratio of hydrogen
from Eq. (23). The contour lines of the reactant concentration show
different inclinations: they are sharper in the cathode electrode.

V at the optimal condition (A1B2C3D2E2F3).
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he hydrogen is consumed faster than oxygen due to faster anode
lectrochemical half reaction than that of cathode side.

.2.3. Temperature distribution
Temperature distribution for the optimal combinations

A1B2C3D2E2F3) of the control factor levels is demonstrated in
ig. 11. The highest temperature occurs in the cathode catalyst
ayer where the heat from electrochemical reaction is generated
nd then the highest water vapor concentration obtained as shown
n Fig. 12. The temperatures decrease along the flow direction
ecause of the decreased reactant concentration and the increased
ater vapor production.

. Conclusion

The optimization of the operating parameters affecting the
erformance of PEM fuel cell and obtaining related data is very

mportant in various applications, and in particular for fuel cell pro-
ucers to validate and improve their models. In the present study,
aguchi method has been used to determine the optimum working
onditions for maximum power of a PEM fuel cell. The L18 (2 × 37)
echnique is used for experimental design to reduce the number of
xperiments required to investigate a set of parameters and to min-
mize time and cost while performing experiments. Experimental
nvestigations into the parameter effects have allowed determin-
ng the optimum configuration of design parameters for maximum
ower by 17.61 W. Moreover, the ANOVA result indicates that the

node and cathode humidification temperatures, cell temperature,
nd flow orientation are the significant factors in affecting the
EM fuel cell performance. Higher electrical powers are obtained
n the co-flow case rather than in the counter-flow case at higher
urrent densities. The flow orientation is also a significant factor

[
[

[
[
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but the contribution of flow orientation (10%) is smaller than that
of the cathode humidification temperature and cell temperature.
The polarization curve obtained in the simulation is in suitable
agreement with that of the experiment and other’s prediction. The
transport phenomenon by a two-dimensional simulation model is
also realized for the fuel cell at the optimal operating condition.
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