
A

fi
a
a
n
b
o
©

K

C

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 175 (2008) 806–816

Review

Effects of internal flow modification on the cell
performance enhancement of a PEM fuel cell

Shiang-Wuu Perng a, Horng-Wen Wu b,∗
a Department of Accounting Information, Kun Shan University, No. 949 Da Wan Road,

Yung-Kang City, Tainan Hsien 710, Taiwan, ROC
b Department of Systems and Naval Mechatronic Engineering, National Cheng Kung University,

Tainan, Taiwan, ROC

Received 17 July 2007; received in revised form 21 September 2007; accepted 21 September 2007
Available online 4 October 2007

bstract

This study presents a numerical investigation on the cell performance enhancement of a proton exchange membrane fuel cell (PEMFC) using the
nite element method (FEM). The cell performance enhancement in this study has been accomplished by the transverse installation of a baffle plate
nd a rectangular block for the modification of flow pattern in the flow channel of the fuel cell. The baffle plates (various gap ratios, λ = 0.005–10)
nd the rectangular block (constant gap ratio, λ = 0.2) are installed along the same gas diffusion layer (GDL) in the channel at constant Reynolds

umber for the purpose of investigating the cell performance. The results show that the transverse installation of a baffle plate and a rectangular
lock in the fuel flow channel can effectively enhance the local cell performance of a PEMFC. Besides, the effect of a rectangular block on the
verall cell performance is more obvious than a baffle plate.

2007 Elsevier B.V. All rights reserved.
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Nomenclature

A diffusion matrix of concentration equation
cH2O dimensionless water vapor concentration

(mol m−3)
cO2 dimensionless oxygen concentration (mol m−3)
cO2,ref reference oxygen concentration at inlet (mol m−3)
c∗

H2O water vapor concentration
c∗

O2
oxygen concentration

C fluid concentration vector of nodal points
D divergence matrix
DH2O binary diffusivity of water vapor in the oxygen

(m2 s−1)
DH2O,eff effective diffusivity of water vapor in the gas

diffusion layer (m2 s−1)
DO2 binary diffusivity of oxygen in the water vapor

(m2 s−1)
DO2,eff effective diffusivity of oxygen in the gas diffusion

layer (m2 s−1)
Da Darcy number
F Faraday’s constant (C mol−1)
H flow channel height (mm)
H1 gas diffusion layer thickness (mm)
H2 gap size between the gas diffusion layer and the

baffle plate (or the rectangular) (mm)
I averaged current density on the catalyst surface

(A m−2)
Ix local current density along the catalyst surface

(A m−2)
I0 Exchange current density (A m−2)
K conduction matrix
L flow channel length (mm)
LD distance between top surfaces of cylinder and exit

plane
LU distance between inlet plane and bottom surfaces

of cylinder
L1 length of the upstream region before a baffle plate

or a rectangular block (mm)
L2 width of a baffle plate or a rectangular block (mm)
L3 length of the downstream region behind a baffle

plate or a rectangular block (mm)
M mass matrix
MD diagonalized mass matrix
p dimensionless pressure (p∗/ρfu

2
in)

p* pressure (N m−2)
P pressure vector of nodal points
Q imposition vector of concentration boundary con-

ditions on the catalyst surface
R universal gas constant (mol−1 K−1)
RM1, RN1 coefficients in Eqs. (18a) and (18b)
Re Reynolds number (uinH/ν)
S diffusion matrix of the momentum equation
Sci Schmidt number (ScO2 = ν/DO2,eff for oxygen;

ScH2O = ν/DH2O,eff for water vapor)

t dimensionless time (t*/(H/uin))
�t dimensionless time interval
t* time
T operating temperature
u, v dimensionless velocity components (u = u*/uin,

v = v∗/uin)
�u dimensionless velocity vector
uin inlet average velocity
u*, v∗ velocity components
�u∗ velocity vector
U velocity vector of nodal points
Û intermediate velocity matrix
x, y dimensionless x*, y* coordinates (x = x*/H,

y = y*/H)
x*, y* physical coordinates
Z pressure gradient matrix

Greek symbols
ε porosity of the gas diffusion layer
η over-potential on the cathode side
κ permeability of gas diffusion layer
λ gap ratio (λ = H2/H)
ν fluid kinematic viscosity
ρf fluid density
τ tortuosity of the gas diffusion layer

Superscript

1

c
g
i
p
e
p
t
e
l
e
t
t

i
I
v
m
a
a
p
t
t

n + 1, n, n − 1 n + 1th, nth, n − 1th time step

. Introduction

Fuel cell (FC) is an electrochemical system that converts the
hemical energy from the reaction of a fuel (usually hydro-
en) and an oxidant (usually oxygen in ambient air) directly
nto electricity with high efficiency and high environment com-
atibility. FC technology offers the prospect of zero emission
nergy production for applications ranging from stationary
ower generation for electric utilities networks to automotive
ransportation. Among several types of fuel cells, the proton
xchange membrane fuel cell (PEMFC) operates at significantly
ow temperature (80–90 ◦C) than other types. It has been consid-
red as a potential candidate of the power sources in the future;
heir potential has, for instance, been demonstrated in the Ballard
ransit bus [1].

Design of the flow channel in bipolar plates is one of the
mportant factors for the cell performance of a PEMFC system.
n the past, therefore, lots of studies have been endeavored to
arious flow channels in PEMFC systems such as the arrange-
ents of serpentine channel, multiple channels in parallel type,

nd interdigited channels, and so on. The fuel flow channel has

gas diffusion layer (GDL) as a side-wall, so that the GDL mor-
hology may influence the reactant gas transport from channel
o the catalyst surface and the cell performance. The effects of
he rib spacing of the fuel flow channels and the GDL thickness
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blockage effect of the baffle plate and the rectangular block.
The gap ratio λ is equal to 1 for the block-free and zero for the
fully blocked. Besides, the gap ratio λ is in the range from 0.005
to 0.2 for the baffle plate, and λ is set to be 0.2 for the rectangular
08 S.-W. Perng, H.-W. Wu / Journal o

n the cell performance were investigated by West and Fuller
2]. Gurau et al. [3] proposed a one-dimensional mathematical
odel of a PEMFC containing a cathode gas channel, a gas

iffusion layer, a catalyst layer, and a membrane. Analytical
olutions were derived for the coupled equations, consisting of
he oxygen mass transport equation and Ohm’s law for proton

igration in a heterogeneous domain. Jordan et al. [4] explained
he effects of the GDL morphology on the cell performance by
onducting experiments with a model of hydrophobilicity. For
he performance of a PEMFC, the cathode is regarded as the
ominant component. This is due to the slow kinetics of oxygen
eduction [5] and the cell performance depends strongly on the
xygen transport rate to the cathode. Therefore, the modeling of
he cathodic half cell of a PEMFC has been emphasized [5–7].

Several papers [8–11] have dealt with the numerical compu-
ations to perform the flow distribution and fuel gas diffusion.

ang et al. [8] developed a two-dimensional numerical model
o study the two-phase flow transport in the air cathode of a
EMFC. In this paper, the model encompassed both single- and

wo-phase regimes corresponding to low and high current densi-
ies and was capable of predicting the transition between the two
egimes. Hontanon et al. [9] employed the Navier–Stokes equa-
ions and the Michaelis–Menten type two-step kinetics model
o study the performance of the grooved plate and porous flow
istributors at anode. The results showed that the fuel con-
umption increases with decreasing the permeability of the flow
istributor. Also, they found that the porous materials are more
dvantageous than the grooved plates considering the reactant
as under the same pressure drop. Kee et al. [10] performed
generalized computational model for the mass and momen-

um transport in channel networks of typical planar fuel cell
ayers/stacks. Kumar and Reddy [11] studied numerically the
ow field of the bipolar plates with metal foam in a PEMFC.
hese results revealed that the use of metal foam renders the

ocal current density distribution more uniform.
Although many papers have been conducted on the enhance-

ent of the cell performance of the PEMFC for various
onfigurations of fuel flow channel, there are few reports on the
nfluence of the blockage at various gap ratios and the compar-
son between the baffle plate and the rectangular block applied
o the fuel flow channel. One of the enhancement techniques is
o modify the flow pattern through the fact that more fuel gas
n the flow channel can be forced into the gas diffusion layer.
he enhancement technique investigated here is the employ-
ent of the baffle plate and the rectangular block to generate the

lockage effect on the fuel flow in the channel. Examining the
fficacy of the enhancement technique for the cell performance
f a PEMFC is a motivation to us from practical considera-
ion. The purpose of this paper is to quantify numerically the
nfluence of a baffle plate on the cell performance enhance-
ent by changing the gap ratio and to compare the enhancement

etween a baffle plate and a rectangular block installed in the
uel flow channel. According to the results of the references

12,13], the liquid water effect does not change the trend of fuel
ell performance enhanced by the internal flow modification. In
ddition, from the references’ discussion, the temperature effect
n the fuel cell performance enhancement by means of the inter-

F
b

er Sources 175 (2008) 806–816

al flow modification is slight. Therefore, the temperature and
wo-phase effects are neglected in the model to investigate the
ffects of internal flow modification on the cell performance
nhancement of a PEMFC. Hwang et al. [14] investigated the
ffects of gas-distributor geometry and cathodic over-potential
n the oxygen transport illustrated by the flow structure, oxy-
en concentration and current density distributions. This paper
escribes a semi-implicit finite element study that investigated
ow modification by means of the blockage effect generated
y the baffle plate or the rectangular block and its effects on
he cell performance of a PEMFC when changing the cathodic
ver-potential. Semi-implicit finite element method with the pro-
ection technique proposed by Ramaswamy et al. [15,16] is a
owerful numerical method for unsteady incompressible flows.
hey showed that this method generally requires much less com-
uter storage and CPU time than the conventional finite element
ethods. The results of this paper may be of interest to engi-

eers attempting to develop the optimization of a PEMFC and
o researchers interested in the flow modification aspects of the
EMFC performance enhancement in the cathode.

. Numerical modeling

The physical problem considered in this paper is the two-
imensional half-cell model of the PEMFC system for the fuel
as mass and momentum transport in the flow channel and the
orous GDL at the cathode as shown in Fig. 1. The geometri-
al relations in this study are set forth: H1/H = 0.4, L/H = 20,
1/H = L3/H = 9.9, L2/H = 0.2. The dimensionless parameter
amed the gap ratio, λ = H2/H, is defined to characterize the
ig. 1. The configuration of a PEMFC half cell in a flow channel: (a) with a
affle plate and (b) with a rectangular block.
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lock. The following assumptions are employed in the model of
his study:

1) Gas mixtures are ideal gases.
2) The fluid flow is unsteady, laminar, and incompressible; all

the physical properties of the fluid are taken to be constant.
3) Porous GDL is homogeneous and isotropic with uniform

morphological properties.
4) Water in the electrode exists as vapor only.
5) Catalyst layer is considered to be an ultra-thin layer, and

thus the oxygen reduction reaction is considered to occur
only on the surface of the catalyst layer.

6) The fuel cell operates at a constant temperature of 353 K.

.1. Governing equations

The two-dimensional governing equations for the fuel flow
hannel and gas diffusion layer in a half-cell of the PEMFC can
e expressed as

· (ρf�u∗) = 0 (1)

∂�u∗

∂t∗
+ (�u∗ · ∇)�u∗ = − 1

ρf
∇p∗ + μ

ρf
∇2�u∗ − μ

ρfκ
ε�u (2)

∂c∗
i

∂t∗
+ (�u∗ · ∇)c∗

i = Di,eff∇2c∗
i (3)

here �u∗ is the velocity vector, p* the pressure, ρf the fluid
ensity, μ the fluid viscosity, c∗

i the fluid concentration and
i,eff the effective diffusivity. In addition, the effective diffu-

ivity Di,eff is modified by the Bruggman correlation [17] in
rder to account for the effects of porosity and tortuosity (τ) in
he porous electrode, i.e.,

O2,eff = ετDO2 (4)

H2O,eff = ετDH2O (5)

The governing equations are normalized by first defining
imensionless independent variables of the form x = x*/H, and
= y*/H. Moreover, dependent dimensionless variables may
lso be defined as �u = �u∗/uin, t = t*uin/H, p = p∗/(ρfu

2
in),

a = κ/H2, Re = (uinH)/ν, ci = c∗
i /cO2,ref and Sci = ν/Di,eff; the

bove governing equations can be expressed as the non-
imensional form:

· �u = 0 (6)

∂�u
∂t

+ (�u · ∇)�u = −∇p + 1

Re
∇2�u − 1

Re Da
ε�u (7)

∂ci

∂t
+ (�u · ∇)ci = 1

Re Sci

∇2ci (8)

he momentum equations are valid in both the porous gas diffu-
ion layer and the fuel flow channel. They are reduced to the

xtended Darcy’s law for flow in the porous cathode with a
mall permeability [18], and become the Navier–Stokes equa-
ions inside the flow channel with the porosity of unity and the
ermeability of infinite.

−

D
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.2. The initial and boundary conditions

The initial conditions are prescribed for t = 0, in the region,
= v = cO2 = cH2O = 0. We use the following boundary con-

itions for computations as shown in Fig. 1:

a) At the oxygen inlet (BC1):

u = 1, v = 0, cO2 = cO2,in, cH2O = 0 (9)

b) At the both sides of the GDL (BC2 and BC11):

u = v = ∂cO2

∂x
= ∂cH2O

∂x
= 0 (10)

c) On the left and right faces of the baffle plate and the rectan-
gular block (BC6 and BC8):

u = v = ∂cO2

∂x
= ∂cH2O

∂x
= ∂p

∂x
= 0 (11)

d) On the current collector surfaces, the upper surface of the
baffle plate, and the upper and lower surfaces of the rectan-
gular block (BC3, BC4, BC5 and BC7):

u = v = ∂cO2

∂y
= ∂cH2O

∂y
= ∂p

∂y
= 0 (12)

e) At the outlet (BC10):

∂u

∂x
= ∂v

∂x
= ∂cO2

∂x
= ∂cH2O

∂x
= ∂p

∂x
= 0 (13)

f) On the surface of the catalyst layer (BC9):

u = v = ∂p

∂y
= 0 (14)

or the boundary conditions of the reactant concentrations on the
urface of the catalyst layer, the Butler–Volmer correlation [19]
as employed to describe the rate of electrochemical reaction
n the surface by the relationship of the local current density
nd the reactant concentrations:

x = I0

[(
c∗

O2

cO2,ref

)
exp

(
4αF

RT
η

)]
(15)

is the electrochemical coefficients depending on the exchange
urrent density and the over-potential on the electrode surfaces.
n this study, it is considered to be constant. In Eq. (15), the
rst term is the reductive current representing the strength of
orward reaction, while the second term is the oxidative cur-
ent that has an opposed effect on the oxygen reduction reaction
ORR). According to O2 + 4H+ + 4e− ↔ 2H2O, the oxygen con-
umed rate on the reaction surfaces by the ORR should be equal
o the produced current. Therefore, the balance of oxygen con-
entration on the reaction boundary becomes

∂c∗
O2 Ix
DO2,eff
∂y∗ =

4F
(16a)

H2O,eff
∂c∗

H2O

∂y∗ = Ix

2F
(16b)
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According to Eqs. (15) and (16), we can obtain the following
quations:

O2,eff
∂c∗

O2

∂y∗ + I0

4F

(
c∗

O2

cO2,ref

)
exp

(
4αF

RT
η

)
= 0 (17a)

H2O,eff
∂c∗

H2O

∂y∗ + I0

2F

(
c∗

O2

cO2,ref

)
exp

(
4αF

RT
η

)
= 0 (17b)

During the non-dimensional process, the non-dimensional
oundary conditions can be written as:

∂cO2

∂y
+ RM1cO2 = 0 (18a)

∂cH2O

∂y
+ RN1cO2 = 0 (18b)

here the non-dimensional parameters described as follows:

M1 = I0H exp((4αF/RT )η)

4FcO2,refDO2,eff
(19a)

N1 = I0H exp ((4αF/RT )η)

2FcO2,refDH2O,eff
(19b)

.3. Numerical methods

Applying the standard Galerkin finite element to the spatial
iscretization of Eqs. (6)–(8) leads to the following systems of
he coupled ordinary equations [15,16]:

dU
dt

+ ZP + 1

Re
S(U) + K(U)U = − �

Re Da
MUδi1 (20)

dC
dt

+ 1

Re Sci

AC + K(U)C = 1

Re Sci

Q (21)

U = 0 (22)

here M is the mass matrix, K the pressure gradient matrix, Z
he convection matrix, and D = ZT the divergence matrix. S is
he diffusion matrix of the momentum equation, and A is the dif-
usion matrix of the concentration equations. Vectors U, C, and

represent finite element solutions of velocity, concentration,
nd pressure, respectively. The right hand side vector Q results
rom the imposition of the concentration boundary conditions
n catalyst layer surface.

By adopting a second-order Adams–Bashforth scheme for
he advection terms and an implicit Euler representation for the
iffusion term, we may derive the finite element version of the
emi-implicit projection scheme as follows [15]:

Step 1: Advection and viscosity phase. In this phase, the inter-

ediae velocity field Û
n+1

is found from Un beginning with U0
or n = 0, using the explicit Adams–Bashforth method for the
onlinear convection terms and a first-order implicit Euler time
ntegration scheme for the diffusion term:[ ]
Û
n+1 = MUn − �t

3

2
K(Un)Un − 1

2
KUn−1Un−1

−�t

Re
S(Un+1) − �tε

Re Da
MUn+1δi1 (23)

4

t
t

er Sources 175 (2008) 806–816

Step 2: Pressure phase. The phase allows us to determine final

elocity Un+1 from intermediate velocity Û
n+1

by adding the
ynamic effect of the pressure Pn+1 so that the incompressibility
ondition stays satisfied. This leads to the Poisson equation:

Pn+1 = 1

�t
DÛ

n+1
(24)

he final velocity is consequently computed:

DUn+1 = MDÛ
n+1 − �tZPn+1 (25)

here MD is the diagonalized mass matrix obtained simply by
umming across each row of the consistent mass matrix and
lacing the results in the diagonal.

Step 3: Concentration phase. In the last phase, the concentra-
ion Cn+1 is found by the concentration equation as the way in
he velocity phase is derived:

Cn+1 = MCn − �t

[
3

2
KUnCn − 1

2
KUn−1Cn−1

]

− �t

Re Sci

A(Cn+1) + �t

Re Sci

Qn (26)

he element mass, convection, pressure gradient, divergence,
nd diffusion matrices are calculated only once and used again
t each time step. The skyline method was employed to reduce
he storage of global matrices. A direct solver of LU factorization
ased on Gaussian elimination technique was developed to deal
ith a symmetric banded system.

. Results and discussion

.1. Model validation

For the baffle plate (the cathodic over-potential, η = 0.1–0.9)
t constant Reynolds number (Re = 15), the gap ratio (λ) is
hanged by 0, 0.005, 0.025, 0.1 and 0.2 to investigate the
lockage effect of the baffle plate on the enhancement of cell
erformance of a PEMFC. The geometric and physical parame-
ers used in the present study are listed in Table 1. Furthermore,
e will compare the performance enhancement between the
affle plate and the rectangular block installed in the fuel flow
hannel. After a series of mesh sensitivity tests for three finite-
lement meshes (9518 nodes and 9166 elements, 12,362 nodes
nd 12,060 elements, 14,958 nodes and 14,592 elements), the
alculation results are indicated in Fig. 2(a). The local current
ensity difference between the second and the third mesh was
ess than 0.05% in test runs, so a finite-element mesh (12,362
odes and 12,060 elements) was chosen in all cases. The three
ime steps 0.00025, 0.0005, and 0.001 were chosen to test the
ime step size sensitivity. According to the results in Fig. 2(b),
he time increment �t was set at 0.0005 for all cases. In this
tudy, about 80,000 time steps were necessary to obtain reason-
bly, reliable data. The CPU time was varied from 6 h 35 min

3 s to 7 h 21 min 13s in a PENTIUM III 1G PC.

In order to show that the program in this study can handle
he cell performance of a PEMFC, we apply the present method
o solve the oxygen gas transport through the cathode region of
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Table 1
Geometric and physical parameters used in this study

Quantity Value

Flow channel length, L (mm) 10
Flow channel height, H (mm) 0.5
Gas diffusion layer thickness, H1 (mm) 0.2
Baffle plate width or rectangular block

width, L2 (mm)
0.1

Channel length before the baffle plate or
the rectangular block, L1 (mm)

4.95

Channel length behind the baffle plate or
the rectangular block, L3 (mm)

4.95

Operating temperature, T (K) 353
Operating pressure (atm) 1
Faraday constant, F (C mol−1) 96,487
Permeability of gas diffusion layer, κ

(m2)
1.0 × 10−12

Universal gas constant, R (mol−1 K−1) 8.314
Open circuit voltage, Voc (V) 1.1
Electrochemical coefficients, α 0.5
Porosity of the gas diffusion layer, ε 0.4
Tortuosity of the gas diffusion layer, τ 1.5
Inlet average velocity, uin (m s−1) 0.25
Relatively humidity of inlet oxygen 0%
Exchange current density, I0 (A m−2) 100
Reference oxygen concentration at inlet, 35.7
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Fig. 2. (a) Grid sensitivity and (b) time step size sensitivity of local current
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cO2,ref (mol m−3)
luid viscosity, μ (kg cm−1 s−1) 0.21 × 10−6

PEMFC as described in Kazim and others’ paper [19]. The
hysical parameters and properties of the electrode are listed
n Fig. 3. The mesh employed for the comparison with the ref-
rence was 4280 nodes and 3985 elements. The steady-state
olution is obtained by the numerical procedure as mentioned in
he previous section. As shown in Fig. 3, the result of the present
redictions of the polarization curve agreeing fairly closely with
azim and others’ predictions [19] gives one confidence in the
se of the present program.

.2. Influence of internal flow modification

The local current density will be employed below to realize
he influence of internal flow modification on the fuel cell perfor-
ance in all cases at various gap ratios in this study. The local

urrent density along the catalyst layer for the steady state is
alculated by Eq. (16a) about 80,000 time steps. In Fig. 4 (over-
otential η is equal to 0.4), except for the peak regions, the local
urrent density along the catalyst surface decreases when the
xial direction x increases. Besides, the local current density
round the baffle plate or the rectangular block increases with
ncreasing the blockage effect (decreasing λ values), and the
ifference of the peak regions between the baffle plate (λ = 0.2)
nd the rectangular block (λ = 0.2) is very small. These peak
egions of the distribution of the local current density are caused
y the transverse installation of a baffle plate and a rectangu-

ar block. This phenomena means that better cell performance
s generated around the baffle plate or the rectangular block.
his is due to the fact that the fuel gas is blocked by the baffle
late or the rectangular block installed in the flow channel, and

l
r
e
p

ensity distribution on the surface of the catalyst layer for no baffle plate and
ectangular block.

ore fuel gas is forced into and passes through the gas diffu-
ion layer (GDL), which enhances the chemical reaction on the
atalyst surface. For the baffle plate or the rectangular block,
he maximum local current density occurs at the front corner. In
he upstream region before the baffle plate and the rectangular
lock, the local current density increases slightly by installing
he baffle plate and the rectangular block; moreover, the rect-
ngular block enhances the local current density better than the
affle plate. In the downstream region behind the baffle plate, the
ocal current density decreases as the gap ratio λ decreases. The

eduction of the local current density is a reflection of the more
fficient fuel transport and the chemical reaction above the baffle
late but less flow into the GDL in the downstream region behind
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ig. 3. Comparison of the results between the present prediction and Kazim and
ther’s prediction.

he baffle plate. However, for the rectangular block, the above
eflection disappears because the fuel gas can flow through the
assageway between the rectangular block and the current col-
ector surfaces. Therefore, the local current density increases by
he installation of the rectangular block in the downstream. At
higher over-potential condition (η = 0.9, Fig. 5), the local cur-
ent density along the catalyst surface decreases along the axial
ocation, and the trend of the local current density distribution
round the baffle plate or the rectangular block is similar to that
s shown in Fig. 4. In Fig. 5, the distributions of the local current

ig. 4. The local current density distributions along the catalyst surface for
ifferent channel geometries at Re = 15 and η = 0.4.

i

o
s

F
f

ig. 5. The local current density distributions along the catalyst surface for
ifferent channel geometries at Re = 15 and η = 0.9.

ensity are almost the same in the upstream region before the
affle plate and the rectangular block. The reduction of the local
urrent density is more at η = 0.9 than η = 0.4 because the reflec-
ion phenomena becomes more obviously in the downstream
egion behind the baffle plate for the higher over-potential con-
ition. In contrast, the local current density for the rectangular
lock increases without the reflection phenomena but due to the
nternal flow modification.
Fig. 6 indicates the influence of the internal flow modification
n the axial distribution of oxygen mass flux along the catalyst
urface. The oxygen decreases generally along the catalyst (with

ig. 6. The local distributions of oxygen mass fluxes along the catalyst surface
or different channel geometries at Re = 15 and η = 0.4.
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more gas flow move into the gas diffusion layer, but deflects the
gas flow out of the GDL behind the baffle plate downward more.
The deflecting effect arising from the gas flow out of the GDL
causes that the gas flow moves hard into the GDL in the down-
ig. 7. The local distributions of velocity vectors for different channel geome-
ries at Re = 15 and η = 0.4: (a) no baffle plate, (b) λ = 0.005, (c) λ = 0.025, (d)
= 0.1, (e) λ = 0.2, (f) rectangular block.

n increase in the axial coordinate (x), but a hump region occurs
round the location of the baffle plate or the rectangular block.
his hump region is caused by the strong forced convection,
hich enhances the transport of oxygen. The peak of the hump

egion is raised when the gap ratio λ decreases. In the upstream
efore the baffle plate and the rectangular block, the oxygen
ass fluxes almost have the same profiles. However, behind the

affle plate, the oxygen mass flux decreases with a decrease in λ

ecause the stronger chemical reaction with fuel gas depletion
ccurs around the baffle plate. For the rectangular block, the

xygen mass flux becomes more than other cases because the
xygen can flow through the passageway between the current
ollector and the rectangular block. These results in Fig. 6 give
ne confidence in the results of Figs. 4 and 5.
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The velocity fields in the region between the baffle plate (or
he rectangular block) and the catalyst layer clearly demonstrate
he oxygen mass flow rate through the gas diffusion layer. Fig. 7
llustrates the local distributions of the velocity vectors for var-
ous channel geometries at Re = 15 and η = 0.4. In Fig. 7(a), the
as flow moves downstream mainly through the passage between
he GDL and the current collector, but little gas exists in the GDL
t a lower porosity (ε = 0.4). By the transverse installation of a
affle plate and a rectangular block in the fuel flow channel, the
as flow can be forced into the GDL. The narrower gap makes
ig. 8. The local distributions of velocity vectors for different channel geome-
ries at Re = 15 and η = 0.9: (a) no baffle plate, (b) λ = 0.005, (c) λ = 0.025, (d)
= 0.1, (e) λ = 0.2, (f) rectangular block.
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tream behind the baffle plate. The deflecting effect also reduces
he local current density in the downstream region behind the
affle plate as shown in Figs. 4 and 5. In order to consider the
ore gas flow forced into the GDL and to reduce the deflecting

ffect, the rectangular block is in place of the baffle plate. In
ig. 7(f), the gas flow can be forced into the GDL by the gap
etween the GDL and the block, and the deflecting effect aris-
ng from the gas flow out of the GDL can be reduced by the
as flow through the passageway between the current collec-
or and the block. These flow characteristics may be related to
he pressure drop of the channel flow. At a higher over-potential
η = 0.9, Fig. 8), the distributions of the velocity vectors for vari-
us channel geometries are almost the same as the ones at a lower
ver-potential (η = 0.4, Fig. 7). This result shows that the change
f the over-potential almost has no influence on the profiles of
he velocity in the fuel flow channel.

In this paper, the model is considered to be the half cell on
he cathode side, where the oxygen and the water vapor exist. In
rder to comprehend the influence of the internal flow modifi-
ation on the cell performance, the distributions of oxygen have
o be observed. Fig. 9 reveals the influence of various channel
eometries on the contours of oxygen concentrations, but only
hows the local profiles of the oxygen concentrations for under-
tanding clearly. In Fig. 9, the oxygen concentration decreases
long the channel length, and some oxygen enters the gas diffu-
ion layer. By installing the baffle plate or the rectangular block
Fig. 9 (b)–(f)), a large amount of oxygen is forced to move
nto the porous GDL around the region on the baffle plate or the
ectangular block, and a strong reaction and higher consump-
ion of oxygen occur in this region. Besides, the narrower gap
smaller λ) makes more oxygen move locally into the porous
DL around the region on the baffle plate, but causes the larger

rea of low oxygen concentrations in the downstream region
ehind the baffle plate. The smaller λ leads to a higher reaction
ate locally on the catalyst surface and therefore a local better
ell performance around the region on the baffle plate, but a
ower reaction rate and a worse cell performance in the down-
tream region behind the baffle plate. For the rectangular block
Fig. 9(f)), the gap between the block and the GDL makes oxy-
en move into the porous GDL; furthermore, the oxygen can
ow through the passageway between the block and the current
ollector. Therefore, the area of low oxygen concentrations is
maller than other cases in the downstream region behind the
affle plate. This means that installing the rectangular block
btains a better cell performance than other cases in the overall
EMFC system. Fig. 10 shows the local distributions of oxygen
oncentration for various geometries at a higher over-potential
η = 0.9). According to the comparison of oxygen concentration
rofile between Figs. 9 and 10, a higher over-potential gets a
igher oxygen concentration profile in the flow channel and in
he porous GDL. This characteristic of oxygen concentration
rofiles leads to a higher reaction rate and a better overall cell
erformance at η = 0.9 than at η = 0.4. In Fig. 10, the distribu-

ions of oxygen concentration for various channel geometries
ave the same trend as the distributions of oxygen concentration
resented in Fig. 9, and thus the over-potential value almost has
ittle influence on the trend of oxygen concentration profiles for

a
m
p
a

ig. 9. The local distributions of dimensionless oxygen concentration for differ-
nt channel geometries at Re = 15 and η = 0.4: (a) no baffle plate, (b) λ = 0.005,
c) λ = 0.025, (d) λ = 0.1, (e) λ = 0.2, (f) rectangular block.

arious channel geometries. From these distributions of oxygen
oncentrations as shown in Figs. 9 and 10, except for the regions
round the baffle plate and in the downstream behind the baffle
late, the oxygen profiles along the catalyst surface have little
ariations with different channel geometries. This phenomenon
an interpret the local current density distributions along the
atalyst surface as shown in Figs. 4 and 5.

.3. Polarization curve

The purpose of this paper is to quantify numerically the influ-
nce of a baffle plate on the cell performance enhancement by
hanging the gap ratio and to compare the enhancement between

baffle plate and a rectangular block. The overall cell perfor-
ance of a PEMFC system is understood clearly by means of

lotting the polarization curve. In the polarization curves, the
bscissa is the averaged current density on the catalyst surface
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ig. 10. The local distributions of dimensionless oxygen concentration for dif-
erent channel geometries at Re = 15 and η = 0.9: (a) no baffle plate, (b) λ = 0.005,
c) λ = 0.025, (d) λ = 0.1, (e) λ = 0.2, (f) rectangular block.

nd the ordinate is the fuel cell potential. The averaged current
ensity on the catalyst surface is determined by:

= 1

L

∫ L

0
Ix dx (27)

urthermore, neglecting the over-potential on the anode side,
he fuel cell potential (the operating voltage) is calculated as:

cell = Voc − η (28)

here Voc is the open circuit voltage kept constant, and the value
f Voc is listed in Table 1; η is the over-potential on the cathode
ide. Fig. 11 illustrates the polarization curves of the fuel cell

erformance for different channel geometries to investigate the
nfluence of the internal flow modification on the overall fuel
ell performance. An overall inspection of Fig. 11 indicates that
t the conditions of the higher operating voltage (lower over-

r
i
t
w

ig. 11. The polarization curves of the fuel cell performance for different chan-
el geometries at Re = 15.

otential on the cathode side), the influence of the internal flow
odification on the overall fuel cell performance is negligibly

mall as compared with those without a baffle plate or a rectan-
ular block. At lower operating voltage conditions, on the other
and, the effect of the internal flow modification on the polariza-
ion curves becomes important. In addition, for the installation
f a baffle plate, the overall cell performance decreases when the
ap ratio λ decreases. This is due to the fact that a reflection of the
ore efficient fuel transport and the chemical reaction around

he baffle plate reduces the local current density more obviously
n the downstream region behind the baffle plate as described
reviously in Figs. 4 and 5. The installation of a rectangular
lock has better overall cell performance than the installation
f a baffle plate and enhances the overall cell performance of
PEMFC system, because the above reflection disappears with

he fuel gas through the passageway between the rectangular
lock and the current collector surfaces. From these results, the
ext studies are going to increase the width and numbers of
affle plate or rectangular block for the purpose of enlarging the
lockage area so as to enhance the overall fuel cell performance.

. Conclusions

A finite element analysis of the cell performance enhance-
ent has been accomplished by the transverse installation of a

affle plate and a rectangular block for the internal flow modi-
cation in the fuel flow channel. The results of the polarization
urve computed in this paper are in good agreement with those
f other predictions. Both better local cell performance and gas
eactant transport are generated around the baffle plate or the

ectangular block when the blockage effect increases (decreas-
ng λ values). Both worse local cell performance and gas reactant
ransport occur in the downstream region behind the baffle plate
ith an increase in the blockage effect (decreasing λ values)
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hile the local cell performance is enhanced in the downstream
egion behind the rectangular block.

A higher over-potential obtains a higher oxygen concentra-
ion profile in the flow channel and in the porous GDL, and then
eads to a higher reaction rate and a better overall cell perfor-

ance. For the baffle plate, the local current density reduces
ore obviously at a higher over-potential than at a lower over-

otential because of the more obvious reflection phenomena
n the downstream region. At lower operating voltage condi-
ions, the overall cell performance decreases as the gap ratio

decreases for a baffle plate; however, the installation of a
ectangular block has better overall cell performance than the
nstallation of a baffle plate and enhances the overall cell per-
ormance of a PEMFC system.
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