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a b s t r a c t

A three-dimensional, two-phase, multi-component model is used to investigate the effects of channel
assembled angle on the performance of proton exchange membrane (PEM) fuel cell, including distribution
of current density, membrane water content and local temperature. The flow-fields are assembled by

◦ ◦ ◦ ◦
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single serpentine channels in anode and cathode with intersection angles of 0 , 90 , 180 and 270 ,
respectively. At high inlet humidity condition each flow-field has its owned strengths. Flow-fields with
channel assembled angles of 0◦, 90◦ and 270◦ show most uniform membrane water content, current
density and local temperature distributions, respectively. However, at low inlet humidity condition, flow-
field with channel assembled angle of 90◦ represents highest performance and uniformities in all aspects.
Flow-field design for PEM fuel cell should take into account the effects of channel assembled angle on
wo-phase model cell performance.

. Introduction

Proton exchange membrane (PEM) fuel cell is a type of clean
nergy developed for vehicles, stationary applications and portable
evices. Its distinguishing features include quick start-up capabil-

ty, high power density, low operating temperature, low emission
nd robust system. In PEM fuel cell systems, bipolar plates are used
o connect single fuel cells together and increase the output power.

oreover, flow channels on bipolar plates play an important role in
istributing gas reactants over the membrane electrode assembly
MEA). A uniform distribution of reactants should cause uniform
istribution of reaction rate, which results in uniform distributions
f current density, temperature and liquid water production over
he area of the cell [1,2]. Furthermore, these uniformities can lead
o less stresses on the MEA and thus extend the lifetime of the cell
2].

Nowadays there exist several flow-field patterns included the
in-type, straight or parallel, serpentine, and interdigitated designs
3]. These various designs have their own advantages and disad-
antages that make them suitable for different applications. Many
esearchers have studied the effects of various flow-field designs on

he performance of fuel cells. Fell et al. [4] studied the pressure drop
ver the cathode flow-field and its influences on the current density
istribution, and proposed the cyclic-single and symmetric-single
hannel flow-fields. Glandt et al. [5] compared characteristics
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of a single serpentine channel flow-field with a double channel
one. They reported that changing the flow-field configuration can
affect the current density distribution and cell performance. Hu
et al. [6] employed a steady-state, three-dimensional mathemat-
ical model to compare the characteristics within the interdigitated
and parallel flow-fields. Su et al. [7] studied the gas concentration
distribution within the straight and serpentine flow patterns and
their influences on the cell performance. Li et al. [8] used experi-
mental method to compare cell performance between serpentine
and pin-type flow-fields. Shimpalee et al. [1] investigated on five
flow-fields. They reported that changing flow-field configuration
by varying path length by changing the number of parallel chan-
nels can affect cell performance and uniformity. Karvonen et al. [9]
proposed a parallel channel flow-field with nearly uniform distri-
bution through experimental and numerical methods. Jeon et al. [2]
studied on four kinds of serpentine flow-field configurations under
different humidity conditions. They also pointed out the advantages
and disadvantages of the flow-fields, respectively. Li and Sabir [3]
reviewed the flow-field layouts developed by different companies
and research groups, and presented the pros and cons associated
with these designs. Kloess et al. [10] summarized several flow-field
designs over the past years and proposed two new flow patterns
with inspiration from natural flow-fields. They reported that both
of the leaf and lung flow patterns showed improvements over pre-

vious designs by up to 30% in peak power density.

The main objective of flow-field design is to increase uniformity
of the current density, temperature and liquid water distribu-
tions under the desired operating conditions while maintaining or
improving polarization. So far most of the research works in flow-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cejmzhan@gmail.com
dx.doi.org/10.1016/j.jpowsour.2010.04.067
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Nomenclature

a water activity
Ap surface area of the porous medium (m2)
Cp specified heat (J kg−1 K−1)
Cq quadratic drag factor
dp equivalent pore diameter of the porous medium (m)
D mass diffusivity (m2 s−1)
Deff effective diffusion coefficient (m2 s−1)
Ddiff

b
back diffusion flux (kg m−3)

Dm membrane water diffusivity
F Faraday constant (96,487 C mol−1)
hw enthalpy of formation for water (J)
i current density (A m−2)
jref reference exchange current density per active sur-

face area (A m−2)
J transfer current density (A m−2)
Jechm Joule heating (J)
M molecular weight (kg mol−1)
Mmem equivalent weight of dry membrane (kg mol−1)
nd osmotic drag coefficient
p local pressure (atm)
pc capillary pressure (atm)
pwv water vapor pressure (atm)
R universal gas constant (8.314 J mol−1 K−1)
s volume fraction of liquid water
Sd source term in the momentum equation
Sm source term due to phase change of water
Sp source term in the species equation
T temperature (K)
�u velocity vector (m s−1)
Vcell operating voltage (V)
Voc open-circuit voltage (V)
Vp volume of the porous medium (m3)
X mole fraction
Xref reference mole fraction
Y mass fraction

Greek letters
˛ transfer coefficient
� concentration exponent
ε porosity
� specific active surface area (m−1)
� overpotential (V)
�c contact angle of water on the porous medium (arc)
�c coefficient of water vapor condensation rate
�e coefficient of water vapor evaporation rate
�eff effective thermal conductivity (W m−1 K−1)
�p permeability of the porous medium (m2)
�rg relative permeability for the gas
� membrane water content
	 viscosity (kg m−1 s−1)

 density (kg m−3)
� electrical conductivity (S m−1)
� surface tension (N m−1)
ϕmem membrane phase potential (V)
ϕsol solid phase potential (V)

Subscripts
an anode
cat cathode
g gas
H2 hydrogen
H2O water

i ith species
l liquid phase
mem membrane

O2 oxygen
sat saturation

field design are focused on patterns or geometries of the channels
and ribs. Furthermore, channels from these works were assembled
with intersection angle of 0◦. In the author’s opinion, the assem-
bled angle between the anode and cathode channels did not have
sufficient discussion before. The goal of this study is to investigate
the effects of different channel assembled angles on polarization
and distributions of the fuel cells. In this study, four computational
models, of which channels in anode and cathode were assembled
with intersection angles of 0◦, 90◦, 180◦ and 270◦, respectively,
were analyzed (see in Fig. 1(A)). A commercial computational fluid
dynamics (CFD) package, FLUENT, was adopted to simulate the
three-dimensional flow-fields and other phenomena. Since high
inlet humidity is usually applied in stationary applications while
low inlet humidity is normally used in portable devices, this paper
covers the results and analysis of cell performance under these two
conditions.

2. Model development

A three-dimensional, two-phase, multi-component PEM fuel
cell model was used to analyze the electrochemical reaction and
transport phenomena in this work. The model assumed that the
system was steady; the inlet reactants were ideal gases; the flow
was laminar; the porous layers were isotropic and isothermal.
The model included continuity, momentum, species transport and
energy equations. The Butler–Volmer equation was adopted to
compute the electrochemical reactions in the catalyst layers. Liq-
uid water formation and transport equations were also employed
in the model.

2.1. Governing equations

The continuity equation for the gas is as follows:

∇ · (ε
g �ug) = −Sm (1)

where ε is the porosity of the porous medium, 
g is the gas density,
�ug is the velocity vector, and Sm is the source term due to phase
change of water which will be discussed later in Eq. (23).

The momentum equation for the gas is as follows:

ε

(1 − s)2
∇ · (
g �ug �ug) = −ε∇pg + ε

1 − s
∇ · (	g∇�ug) + Sd (2)

Where s is the volume fraction of liquid water, or water satura-
tion, and 	g is viscous coefficient of gas. Sd denotes the source
terms based on the Darcy’s law, representing extra drag forces in
the equation as follows:

Sd = −ε2	g �ug

�p�rg
− ε3Cq
g√

�p

∣∣�ug

∣∣ �ug (3)

where �rg is the relative permeability for the gas, Cq is the quadratic
drag factor, and �p is the permeability of the porous medium,

defined by the Blake–Kozeny equation:

�p = d2
pε3

150(1 − ε)2
= 36V2

p ε3

150A2
p(1 − ε)2

(4)
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where Voc is the open-circuit voltage. The cell voltage is given
by:

Vcell = Voc − �an − �cat − �mem (14)

Table 2
Operating conditions and parameters.

High inlet humidity Low inlet humidity

Anode
ig. 1. (A) Schematics of the flow-fields based on single serpentine channels with d
f channel assembled angle.

here dp is the equivalent pore diameter of the porous medium,
p and Ap are the volume and surface area of the porous medium,
espectively.

The species equation for the gas species is as follows:

· (ε
g �ugYi) = ∇ · (
gDeff
i

Yi) + Sp − Sm (5)

here Yi is the mass fraction of species i, and Deff
i

is the effective
iffusion coefficient corrected by Bruggemann correction [11]:

eff
i

= ε1.5Di (6)

here ε1.5 is used to model the effect of tortuosity, and Di is the
ass diffusivity of species i. Source term Sp in the catalyst layers

enotes as follows:

p = −MH2

2F
Jan for H2 (7)

p = −MO2

4F
Jcat for O2 (8)

p = MH2O

2F
Jcat for H2O (9)

here MH2 , MO2 and MH2O are the molecular weight of hydrogen,
xygen and water, respectively. The Jan and Jcat are the transfer
urrent densities at the anode and cathode, respectively. They can

e computed with the Butler–Volmer equation:

an = �anjref
an

(
XH2

Xref
H2

)�an [
exp
(

˛an�anF

RT

)
− exp

(
−˛cat�anF

RT

)]
(10)

able 1
eometry details and material properties.

Properties Value

Current collector height (mm) 0.5
Channel width (mm) 1.0
Channel height (mm) 1.0
Rib width (mm) 1.0
Gas diffusion layer thickness (�m) 260
Gas diffusion layer permeability (m2) 2.55 × 10−13 [21]
Gas diffusion layer porosity 0.5
Catalyst layer thickness (�m) 29
Catalyst layer porosity 0.4
Membrane thickness (�m) 180
Dry membrane density (kg m−3) 1980
Equivalent weight of dry membrane (kg mol−1) 1100
nt channel assembled angles: (a) A-0; (b) A-90; (c) A-180; (d) A-360. (B) Definition

Jcat = �cat j
ref
cat

(
XO2

Xref
O2

)�cat [
−exp

(
˛an�catF

RT

)
+ exp

(
−˛cat�catF

RT

)]
(11)

where � is the specific active surface area, jref is the reference
exchange current density per active surface area, Xref is the local
species reference concentration, � is the concentration exponent,
˛ is the transfer coefficient, F is the Faraday constant, R is the gas
constant and T is the absolute temperature. In the expressions � is
the local surface overpotential calculated as follows:

�an = ϕsol − ϕmem (12)

�cat = ϕsol − ϕmem − VOC (13)
Gas H2 H2

Stoichiometry 1.2 1.2
Inlet temperature (K) 353 353
Relative humidity (%) 100 53
Reference exchange current

density (A m−2)
8000 8000

Concentration exponent 0.5 0.5
Exchange coefficient 2 2

Cathode
Gas Air Air
Stoichiometry 2.0 2.0
Inlet temperature (K) 343 343
Relative humidity (%) 100 64
Reference exchange current

density (A m−2)
200 200

Concentration exponent 1 1
Exchange coefficient 2 2

Operating conditions
Inlet pressure (atm) 1.0 1.0
Outlet pressure (atm) 1.0 1.0
Open-circuit voltage (V) 1.10 1.10
Cell temperature (K) 343 343
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Y. Han, J.-M. Zhan / Journal of P

here �mem is the Ohmic overpotential of the memb-
ane.

The keystone of the electrochemistry is to calculate the anodic
nd cathodic reactions. The driving force behind these reactions is
he difference between the electronic phase potential, ϕsol, and the
onic phase potential, ϕmem. Therefore, the following two potential
quations are solved:

· (�sol∇ϕsol) + Jsol = 0 (15)

· (�mem∇ϕmem) + Jmem = 0 (16)

here �sol is the electron conductivity, and �mem is the proton con-
uctivity. The source terms Jsol and Jmem are zero in the PEM fuel
ell except inside the catalyst layers. For Eq. (15), Jsol = −Jan on the
node side and Jsol = Jcat on the cathode side. For Eq. (16), Jmem = Jan

n the anode side and Jmem = −Jcat on the cathode side. The proton
onductivity, �mem, is calculated as:

mem = (0.514� − 0.326) exp
[

1268
(

1
303

− 1
T

)]
(17)

here � is the membrane water content described as [12]:

=

⎧⎪⎨
⎪⎩

0.043 + 17.18a − 39.85a2 + 36a3 0 < a ≤ 1

14 + 1.4(a − 1) 1 < a ≤ 3

16.8 a > 3

(18)

here a is the water activity defined as:

= pwv

psat
+ 2s (19)

here pwv is the water vapor pressure computed as pwv = XH2Op.
ere XH2O is the mole fraction of water vapor, p is the local pressure.
he saturation pressure, psat, is computed as:

og10 psat = −2.1794 + 0.02953(T − 273.17)

pc =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

� cos �c

(
ε

�p

)0.5

[1.417(1

� cos �c

(
ε

�p

)0.5

(1.417s −
− 9.1837 × 10−5(T − 273.17)2

+ 1.4454 × 10−7(T − 273.17)3 (20)

able 3
perating conditions of validation cases.

Case Ticianelli Case Wang

Anode
Gas H2 H2

Flow rates (kg s−1) 1.45 × 10−7 1.80 × 10−6

Inlet temperature (K) 353 343
Relative humidity (%) 0 100
Back pressure (atm) 3.0 3.0

Cathode
Gas Air Air
Flow rates (kg s−1) 8.26 × 10−6 4.73 × 10−5

Inlet temperature (K) 353 343
Relative humidity (%) 100 100
Back pressure (atm) 5.0 3.0

Operating conditions
Operating pressure (atm) 1.0 1.0
Cell temperature (K) 343 343
Fig. 2. Comparison of experimental and simulated polarization curves.

Liquid water formation and transport can be expressed by the
following generalized Richards equation [13]:

∇ ·
(


l�ps3

	l

∂pc

∂s
∇s

)
− ∇ ·

(

l�ps3

	l
∇pg

)

+∇ ·
(

ndMH2O

F
�im
)

= Sm (21)

where 
l is the liquid water density, 	l is the liquid water viscosity,
im is the ionic current and nd is the osmotic drag coefficient defined
as nd = 2.5(�/22) [12]. The capillary pressure, pc, is computed as a
function of s,

− 2.12(1 − s)2 + 1.263(1 − s)3] �c > 90◦

s2 + 1.263s3) �c < 90◦

(22)

where � is the surface tension, �c is the contact angle of water on
the porous medium.

The source terms in Eqs. (1), (5) and (21), is defined as follows
Sm =⎩ 2 RT 2 2

�eεs
l(pH2O − psat) if pH2O < psat

(23)

Fig. 3. Polarization (not filled) and power density (filled) curves of these four flow-
fields configuration at high inlet humidity: A-0 (©); A-90 (	); A-180 (�); A-270
(♦).
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ig. 4. (A) Current density (A cm−2) distributions on membrane surface at Iavg = 1000
f membrane surface area along current density at Iavg = 1000 mA cm−2 and high inl

here �c is the coefficient of water vapor condensation rate, �e is
he coefficient of water vapor evaporation rate.

The generated water at the cathode side results in a gradient of
ater content between the anode and cathode sides of the mem-

rane. This gradient can cause a water flux back to anode side. This
ack diffusion flux, Ddiff

b
, is described as follows:
diff
b

= − 
mem

Mmem
MH2ODm∇� (24)

here 
mem and Mmem are the density and equivalent weight of the
ry membrane, respectively. The membrane water diffusivity, Dm,
m−2 and high inlet humidity: (a) A-0; (b) A-90; (c) A-180; (d) A-270. (B) Percentage
idity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦).

is expressed as follows [15]:

Dm = 10−10D′
m exp

[
2416

(
1

303
− 1

T

)]
(25)

⎧⎪⎪⎪⎨ 1.0 � < 2
D′
m =⎪⎪⎪⎩

1 + 2(� − 2) 2 ≤ � ≤ 3

3 − 1.67(� − 3) 3 ≤ � ≤ 4.5

1.25 � ≥ 4.5

(26)
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Table 4
Conclusions of statistical results at 1000 mA cm−2 under high and low humidity
conditions.

A-0 A-90 A-180 A-270

High inlet humidity
Standard deviation of current density (mA cm−2) 183 173 168 158
Average value of membrane water content 11.39 11.42 11.37 11.38
Standard deviation of membrane water content 2.50 2.62 2.60 2.61

Low inlet humidity
Standard deviation of current density (mA cm−2) 208 256 188 203
Average value of membrane water content 8.46 8.62 8.13 8.23
Standard deviation of membrane water content 3.28 3.22 3.57 3.35

Fig. 5. Average membrane water content of these four flow-fields configuration at
high inlet humidity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦).

Fig. 6. Membrane water content distributions on membrane surface at Iavg = 100
ources 195 (2010) 6586–6597 6591

The thermal energy equation is as follows [16]:

∇ · [ε(1 − s)
g �ugCp,gT] + ∇ · (εs
l �ulCp,lT)

= ∇ · (�eff ∇T) + Jechm + i2

�
+ hwSm (27)

where Cp,g and Cp,l are the specified heat of gaseous and liquid
phases, �eff is the effective thermal conductivity, hw is the enthalpy
of formation for water. The last three terms on the right in Eq. (27)
present electrochemical effect, Joule heating and latent heat based
on the phase change, respectively.

2.2. Geometry and operations

The fuel cell model included the anode current collector, anode
flow channel, anode gas diffusion layer, anode catalyst layer, proton
exchange membrane, cathode catalyst layer, cathode gas diffu-
sion layer, cathode flow channel and cathode current collector.
The full-cell computational models had dimensions of 22 mm
(length) × 22 mm (width) × 3.758 mm (height). In this work, chan-
nel assembled angle was defined as shown in Fig. 1(B). Four
computational models with channel assembled angles of 0◦, 90◦,
180◦ and 270◦ were built (see in Fig. 1(A)), and were named A-0, A-
90, A-180 and A-270 respectively for simply identified. In addition,
considering the flow-field configurations observed in the top view,
case A-0 and -180 can be grouped as channel-overlapping flow-

fields, while A-90 and -270 are channel-perpendicular flow-fields.
Table 1 summarizes the geometry details and material properties
in the simulation. The inlet flow rates and gaseous mixture com-
positions at the anode and cathode inlets were assumed constant.
Operating conditions and parameters are listed in Table 2.

0 mA cm−2 and high inlet humidity: (a) A-0; (b) A-90; (c) A-180; (d) A-270.
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ig. 7. (A) Local temperature (K) distributions on anode membrane surface at Iavg = 1
emperature on anode membrane surface of these four flow-fields configuration at
ifference on anode membrane surface of these four flow-fields configuration at hi

.3. Numerical procedure

The coupled governing equations were solved using FLUENT, a
FD package based on the finite volume technique. The numerical
cheme for solving the flow-fields was a pressure-based segregated
lgorithm, SIMPLE, with aggregative algebraic multigrid (AAMG)
ethod. In order to improve convergence, biconjugate gradient
tabilized method (BCGSTAB) was used to solve the species and
otential equations. The calculation was completed with dou-
le precision for the accurate results. Convergence criterion for
ll equations was 1e−07 except the energy equation, for which
as set at 1e−10. Structured and uniform grid cells were used
A cm−2 and high inlet humidity: (a) A-0; (b) A-90; (c) A-180; (d) A-270. (B) Average
let humidity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦). (C) Maximum temperature
t humidity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦).

to mesh the models. Considering the predictable complex effects
caused by the channel “cross-sections” in channel-perpendicular
flow-fields, refined mesh schemes were established in these mod-
els. For obtaining comparable results, channel-overlapping models
were meshed by the same scheme, although they can be treated
with fewer cells. Therefore, all models were divided into 126
(length) × 124 (width) × 53 (height) structured grid cells, and the

total cell number was about 830,000. Grid independence was tested
before the simulation. The number of grid cells of case A-0 was
increased and decreased by 50%, and difference between the cases
were predicted less than 5%. As a result, the present mesh scheme
can be concluded as grid independence. The numerical models were
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alidated by comparing previous work of Ticianelli et al. [17] and
ang et al. [18], whose experiments were carried out in single cells
ith active surface area of 5 and 51.84 cm2, respectively. Operat-

ng conditions are listed in Table 3. Fig. 2 shows that the numerical
esults agreed well with the experiment data.

. Results and discussion

.1. High inlet humidity

Fig. 3 shows the polarization and power density curves of the
our flow-fields under high inlet humidity condition. As the aver-
ge current density increased, the cell voltage decreased because of
he increase of overall potential loss. The four flow-fields perform
lmost the same over all regions. Even in the mass transfer limited
egion (i.e. cell voltages below 0.6 V) the difference between the
ighest case (i.e. case A-0) and the lowest one (i.e. case A-90) is just
nder 3.5% for cell voltage, or 3.3% for power density. This similarity
ould be due to the same size of the active area, the same operat-
ng condition and inlet condition. Therefore, changing the channel
ssembled angle has little influence on the polarization and output
ower density.

Fig. 4(A) shows current density distribution on membrane sur-
ace for all flow-fields at 1000 mA cm−2. The cell voltage of case
-0, -90, -180 and -270 are 0.632, 0.622, 0.627 and 0.626 V, respec-

ively. It reveals that the difference of cell performance among these
ow-fields is just around 1.6%. Because of high reactant concentra-
ion and reaction rate, local current density is high near the anode
nlet. Then it becomes more uniform in the middle of the flow-field
nd maintains that level till the exit. The current density is higher
nder the ribs than under the channel regions. It is because the

ower temperature under the ribs can reduce the saturation pres-
ure of water and increase membrane water content, which results
n raising the local performance [1].

In numerical simulation, the computational model is discretized
nto thousands of small meshes, and then the governing equations
re solved by suitable algorithms. After the calculation, each mesh
as its own result. Statistical theory is a useful tool to sum up the
esults of the meshes into a brief conclusion, and to make it possible
o present or compare some physical properties (e.g. distribution,
niformity, etc.) in quantity.

Nonuniform current density distribution in PEM fuel cell can
nduce local variations in the membrane conductivity, cell temper-
ture and water concentration, which can cause stresses on the
embrane and reduce the lifetime of the cell. Here statistical the-

ry is employed to determine the uniformity of current density
istribution. Table 4 shows that at 1000 mA cm−2 the standard devi-
tion of current density of case A-0, -90, -180 and -270 are 183,
73, 168 and 158 mA cm−2, respectively. A lower standard devia-
ion reveals that the current density distribution tends to be more
niform. The percentage of membrane surface area together with
he current density at 1000 mA cm−2 is presented in Fig. 4(B). For
ll flow-fields, the current density on membrane surface mainly
anges from 800 to 1450 mA cm−2. But in the range around aver-
ge value (i.e. from 900 to 1100 mA cm−2), the A-0, -90, -180 and
270 flow-fields have total percentages of 66.9, 66.8, 73.5 and 73.6%,
espectively. The results explain why those cases A-180 and -270
ave lower standard deviations than the other two. Furthermore,
utside the major range (i.e. below 800 mA cm−2) case A-270 has a
otal percentage of 3.4%, which is less than 5.8% of case A-180. This

esults in case A-270 having a lower standard deviation than A-180.
n the other hand, case A-90 has a total percentage of 40.3% from
50 to 1050 mA cm−2, which is higher than the 29.6% of case A-0.
oreover, compared with a total percentage of 6.6% of case A-0

elow 800 mA cm−2, case A-90 has a lower value of 4.5%. There-
Fig. 8. Polarization (not filled) and power density (filled) curves of these four flow-
fields configuration at low inlet humidity: A-0 (©); A-90 (	); A-180 (�); A-270
(♦).

fore case A-90 shows a lower standard deviation than that of case
A-0. In conclusion, case A-270 has most uniform current density
distribution.

The membrane water content indicates the hydration state
of membrane, which is relative to the membrane resistance and
conductivity. Fig. 5 shows the average membrane water content
as function of current density. The four curves almost coincide
because they have the same operating conditions which have been
explained before. As current density increases, more water trans-
ports from anode to cathode and the membrane water content
decreases. As a result, the membrane becomes dry because the
hydration state of the membrane is a stronger function of anode
water activity than cathode water activity [19]. For all flow-fields
the membrane water content is above 14.0 at low current density. It
implies that at low current density all flow-fields have considerable
fraction of liquid water, which is close related to the temperature
and humidity conditions. The existence of liquid water could reduce
the performance of the cell.

Fig. 6 displays membrane water content distribution on mem-
brane surface at 1000 mA cm−2. The membrane water content is
higher near the anode inlet regions and becomes more uniform
in a quarter of the flow-field. This is because under high inlet
humidity condition, large mole fraction of water exists at the anode
inlet region, causing high concentration difference that makes
water transfer from anode to cathode. Moreover, for channel-
overlapping flow-fields, because channel regions in anode and
cathode are overlapped, water can easily transfer from anode
to cathode. But for channel-perpendicular flow-fields, the anode
channel only cross discontinuous regions of cathode channel,
which makes water transfer less to the cathode but keep more
within the membrane. Consequently, as seen in Fig. 6, larger
regions of high membrane water content exist near the anode
inlet of the channel-perpendicular flow-fields than that of channel-
overlapping ones.

Uniform distribution of membrane water content can extend the
lifetime of PEM fuel cell. Table 4 shows that the A-0, -90, -180 and
-270 flow-fields have average membrane water content of 11.39,
11.42, 11.37 and 11.38, respectively. The difference between the
highest (i.e. case A-90) and the lowest value (i.e. case A-180) is
only 0.05, or 0.44%, which reveals that there is little difference for

membrane water content among the four flow-fields at high inlet
humidity condition. The standard deviation of A-0, -90, -180 and
-270 are 2.50, 2.62, 2.60 and 2.61, respectively. As seen in Fig. 6, the
difference in standard deviations is mostly caused by the difference
of membrane water content at the entrance regions as discussed
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ig. 9. (A) Current density (A cm−2) distributions on membrane surface at Iavg = 100
f membrane surface area along current density at Iavg = 1000 mA cm−2 and low inle

efore. Case A-0 shows more uniform in membrane water content
han the others.

The distribution of reaction rate across the electrode surface
auses distributions in temperature and other electrochemical vari-
bles in a PEM fuel cell. Fig. 7(A) displays the local temperature
istribution on the anode membrane surface at 1000 mA cm−2. For
ll flow-fields, temperature is higher near the anode inlet, and drops

long the anode channel from inlet to outlet. This phenomenon
ndicates that in these simulations the reactant concentration on
node side has considerable effect on the reaction rates. There are
any hot spots distributing over the surfaces of case A-90 and -

70 because they locate on the intersection of anode and cathode
m−2 and low inlet humidity: (a) A-0; (b) A-90; (c) A-180; (d) A-270. (B) Percentage
idity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦).

channels, where reaction rate is higher than other regions. The stan-
dard deviation of temperature of A-0, -90, -180 and -270 are 1.67,
1.70, 1.10 and 1.20 K, respectively. Thus case A-90 has most uni-
form temperature distribution. This could be due to the appropriate
matching of reactant concentrations caused by the special channel
configuration. Another phenomenon is the temperature adjacent
to the rib areas is lower than that under the channels. This could

be due to two reasons. One is that the location under the channel
is the main reaction region because it has higher reactant concen-
tration. The other reason is that heat generated in the region under
the ribs can be more easily transferred than that produced under
the channels.
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content over these regions at low inlet humidity condition. Fur-
ig. 10. Average membrane water content of these four flow-fields configuration at
ow inlet humidity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦).

Fig. 7(B) shows the average temperature on the anode mem-
rane surface at each current density. The temperature increases
ith increase of average current density because of higher reac-

ion rate. The curves of case A-0 and -180 almost overlap but
bviously A-90 and -270 present lower values, although all flow-
elds have similar performance on polarization curves as seen
n Fig. 3. This discrepancy could be due to the local temperature
istribution as discussed before. Fig. 7(C) shows the temperature
ifference between the maximum and minimum local tempera-
ures as a function of the average current density. It can be observed

Fig. 11. Membrane water content distributions on membrane surface at Iavg = 100
ources 195 (2010) 6586–6597 6595

that the channel-perpendicular flow-fields have smaller tempera-
ture ranges than channel-overlap ones. As seen in Fig. 7(A), the
channel-overlap cases have continuous high temperature regions
from the inlets to outlets, while the channel-perpendicular ones
just have discontinuous hot spots, from which the generated heat
can spread out more easily.

3.2. Low inlet humidity

Fig. 8 shows the polarization and power density curves of the
four flow-fields at low inlet humidity condition. The four cases
present similar performance at low current density, but at cur-
rent density above 400 mA cm−2 the difference becomes obvious.
Case A-90 shows best performance while case A-180 presents the
worst. At high current density region the difference between these
two cases can reach 13.6% for cell voltage and 13.8% for power
density. Compared with that under high inlet humidity condi-
tion, results at low inlet humidity condition reveal that changing
channel assembled angle have considerable effect on the cell per-
formance.

Fig. 9(A) shows current density distribution on membrane sur-
face at 1000 mA cm−2. Case A-90 has a higher cell voltage than other
flow-fields. Case A-0, -90, -180 and -270 give cell voltages of 0.490,
0.509, 0.478 and 0.498 V, respectively. For all flow-fields the local
current density is low at cathode inlet regions. This could be due
to the high membrane resistance caused by low membrane water
thermore, current density becomes higher from the middle of the
flow-fields to the cathode outlets because higher membrane water
content in these regions reduces the membrane resistance (will be
discussed later).

0 mA cm−2 and low inlet humidity: (a) A-0; (b) A-90; (c) A-180; (d) A-270.
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ig. 12. (A) Local temperature (K) distributions on anode membrane surface at Iavg =
emperature on anode membrane surface of these four flow-fields configuration at
ifference on anode membrane surface of these four flow-fields configuration at low

Table 4 shows that at 1000 mA cm−2 the standard deviation
f current density of A-0, -90, -180 and -270 are 208, 256, 188
nd 203 mA cm−2, respectively. It indicates that current density
n case A-90 distributes more uniform than the others. Fig. 9(B)
resents the percentage of membrane surface area together with
he current density. For all flow-fields, the range between 500 and
050 mA cm−2 has a total percentage of 36–40% which reflects

he low current density region near the inlet. Case A-90 has a
otal percentage of 64% distributes in the region from 1050 to
250 mA cm−2, which is narrowest and nearer to the average value
han the others. This can explain why case A-90 has lowest standard
eviation.
A cm−2 and low inlet humidity: (a) A-0; (b) A-90; (c) A-180; (d) A-270. (B) Average
let humidity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦). (C) Maximum temperature

t humidity: A-0 (©); A-90 (	); A-180 (�); A-270 (♦).

Fig. 10 shows the average membrane water content as function
of current density under low inlet humidity condition. Different
from that at high humidity condition, the membrane water con-
tent increases as current density increases. This occurs because
less water exists at low current densities for humidifying the
membrane under low humidity condition. As the current den-
sity increases, more water is generated in the cathode side and

transport to the anode due to the concentration gradient, and
then humidifies the membrane. Fig. 10 reveals that case A-90
has a better flow-field configuration to keep more water in the
membrane to reduce the membrane resistance than the other
cases.
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Fig. 11 shows membrane water content distribution on mem-
rane surface at 1000 mA cm−2. For all flow-fields the membrane
ater content is low near the cathode inlet because of the low

nlet humidity. In the middle of the surface, more water is gener-
ted and transports back from cathode to anode due to the strong
ack diffusion [20]. Membrane water content becomes uniform
arlier (i.e. near 1/2 of the surface) in channel-perpendicular flow-
elds than channel-overlapping ones (i.e. near 3/4 of the surface).
his is because the special channel configurations in channel-
erpendicular flow-fields makes more water stay in the membrane
han transfer into the channels and drain away, then, reduces the

embrane resistance. Table 4 shows that the A-0, -90, -180 and
270 flow-fields have average membrane water content of 8.46,
.62, 8.13 and 8.23, respectively. And standard deviations are 3.28,
.22, 3.57 and 3.35, respectively. The data indicates that case A-90
as a higher average value of membrane water content and a more
niform water content distribution than others.

Fig. 12(A) shows the local temperature distribution on the anode
embrane surface at 1000 mA cm−2. For all flow-fields the temper-

ture increases along the cathode channel from the inlet to outlet
ecause the increasing reaction rate which is close related to the
istribution of current density and membrane water content, as
iscussed before. The standard deviation of temperature of A-0, -
0, -180 and -270 are 1.61, 1.04, 1.78 and 1.22 K, respectively. It

ndicates that flow-field A-90 has most uniform temperature dis-
ribution at low inlet humidity condition.

Fig. 12(B) and (C) shows the average value and maximum dif-
erence of temperature on the anode membrane surface at each
urrent density, respectively. As the results discussed at high inlet
umidity condition, both average value and maximum difference
f temperature increase as the average current density increases.
we to the appropriate channel configuration, case A-90 shows
est performance on temperature difference.

. Conclusion

This paper used a three-dimensional, two-phase, multi-
omponent model to investigate the effects of channel assembled

ngle on the performance of PEM fuel cell. Distributions of cur-
ent density, membrane water content and local temperature in
our flow-fields, which was installed based on the single serpen-
ine pattern with different assembled angles (i.e. 0◦, 90◦, 180◦ and
70◦), were analyzed under two humidity conditions.

[
[
[

[

ources 195 (2010) 6586–6597 6597

It is concluded that changing flow-field configuration by vary-
ing channel assembled angle can affect its uniformity. For high inlet
humidity, there were little difference on polarization and mem-
brane water content among the four flow-fields. Case A-0 showed
most uniform membrane water content, but just 5% higher than
the lowest case. Moreover, case A-270 had most uniform cur-
rent density distribution, while case A-90 had most uniform local
temperature distribution. It can be summarized that each flow-
field had its owned strengths at high inlet humidity. However, for
low inlet humidity, due to the appropriated flow-field configura-
tion, case A-90 represented obvious advantages in polarization and
performance. It also showed most uniform distributions in cur-
rent density, membrane water content and temperature. Therefore,
channel assembled angles is one of the factors that should be con-
sidered in optimizing the performance, efficiency and durability in
PEM fuel cell design.
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