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bstract

An appropriate flow field in the bipolar plates of a fuel cell can effectively enhance the reactant transport rates and liquid water removal efficiency,
mproving cell performance. This paper proposes a novel serpentine-baffle flow field (SBFF) design to improve the cell performance compared
o that for a conventional serpentine flow field (SFF). A three-dimensional model is used to analyze the reactant and product transport and the
lectrochemical reactions in the cell. The results show that at high operating voltages, the conventional design and the baffled design have the
ame performance, because the electrochemical rate is low and only a small amount of oxygen is consumed, so the oxygen transport rates for
oth designs are sufficient to maintain the reaction rates. However, at low operating voltages, the baffled design shows better performance than
he conventional design. Analyses of the local transport phenomena in the cell indicate that the baffled design induces larger pressure differences
etween adjacent flow channels over the entire electrode surface than does the conventional design, enhancing under-rib convection through the

lectrode porous layer. The under-rib convection increases the mass transport rates of the reactants and products to and from the catalyst layer and
educes the amount of liquid water trapped in the porous electrode. The baffled design increases the limiting current density and improves the cell
erformance relative to conventional design.

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

Fuel cells are electrochemical reactors now used for a wide
ariety of applications. Due to their high efficiency (nearly twice
hat of the present generation of internal combustion engines),
ortability and near-zero emissions, fuel cells are attractive as a
ower source for automobiles. Of the various types of fuel cells,
he proton exchange membrane fuel cell (PEMFC) operates at
ear-room temperatures and is considered to be a good choice
or automotive applications. However, the commercialization of
he PEMFC is still hindered by several technological problems,

mong which is severe water flooding of the cathode and the
esulting mass transport losses [1–3]. Over recent decades, in an
ffort to improve PEMFC performance, many analyses, models
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ical reaction; Baffle

nd numerical simulations have been developed [1–20] for vari-
us transport phenomena and electrochemical kinetics to gain a
etter understanding and to develop strategies for optimal design
nd operation scenarios.

The flow field design in the bipolar plates is one of the most
mportant issues in a PEMFC. An appropriate flow field design
n the bipolar plates can improve the reactant transport and the
fficiency of the thermal and water management. To this end,
ifferent flow field configurations, including parallel, serpentine,
nterdigitated, and many other combined versions, have been
eveloped. Many efforts have been devoted to the optimal flow
eld design to improve cell performance [14–33].

Nguyen [24] first proposed the interdigitated flow field, in
hich baffles were added at the ends of some channels. The

affle design forced the reactants to flow through the gas dif-
usion layer (GDL) and the shear force of this reactants flow
elped blow out the liquid water trapped in the inner lay-
rs of the electrodes. As a result, the mass transport rates of

mailto:wmyan@huafan.hfu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2007.08.037
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Nomenclature

a chemical activity of water vapor
Acha cathode cross-sectional inlet flow area (m2)
Ajref

0 reference exchange current density (A m−3)
Atotal reaction area (m2)
b source term of variable φ

C mass fraction
CF quadratic drag factor
d hydraulic diameter of the flow channel (m)
D mass diffusivity (m2 s−1)
F Faraday constant (96,487 C mol−1)
I current density (A m−2)
j current density (A m−3)
kc coefficient of water vapor condensation rate (s−1)
ke coefficient of water vapor evaporation rate (s−1)
kp permeability (m2)
L distance along the channel measured form the

inlet (m)
M molecular weight (kg mol−1)
P pressure (atm)
Q mass flow rate (kg s−1 m−2)
R universal gas constant (8.314 J mol−1 K−1)
s volume ratio occupied by liquid water
t time (s)
T temperature (K)
u X-direction velocity (m s−1)
v Y-direction velocity (m s−1)
V fuel velocity at the cathode inlet (m s−1)
w Z-direction velocity (m s−1)
WP cathode pressure drop loss (W m−2)
Wr width of rib (m)
x X-direction coordinate (m)
y Y-direction coordinate (m)
z Z-direction coordinates (m)
Zf species valence

Greek letters
αa electrical transfer coefficient in forward reaction
αc electrical transfer coefficient in backward reaction
ε porosity
η overpotential (V)
λ water content in membrane
μ viscosity (Pa s)
ν kinematic viscosity (m2 s−1)
Ξφ exchange coefficient
ρ density (kg m−3)
σm electric conductivity of membrane
τ tortuosity of the pores in the porous medium
φ dependent variables
Φ phase potential function (V)

superscripts
ref reference value

subscripts
a anode
aver average
c cathode
eff effective
in inlet
k kth species of the mixture
H+ hydrogen ion
H2 hydrogen
H2O water
O2 oxygen
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total total

he reactants from the flow channel to the inner catalyst layer
ere improved and the water flooding problem at the cath-
de was significantly reduced. Soong et al. [31] proposed a
ovel flow channel configuration in which the baffles were
nserted transversely in the channel of a conventional parallel
ow field to form a partially blocked fuel channel. They found

hat reducing the gap size and/or increasing the number of baf-
es enhanced the reactant transport and cell performance. Liu
t al. [32] investigated the effect of baffle-blocked channels on
he reactant transport and cell performance of PEMFC with a
onventional parallel flow field. Their results indicated that the
affles forced more reactants from the flow channel into the GDL
o enhance the chemical reactions which augmented the cell
erformance.

These investigations have shown that enhancing the con-
ection of reactants through the GDL by adding baffles is
n effective way to reduce water flooding at the cathode and
ncrease the reactant mass transport, thus improving both the
ell performance and the operating stability. Based on this
nderstanding, the effects of three new serpentine-baffle flow
eld designs for the PEMFC were investigated in this study.
he flows were obtained by inserting the baffles in different

ocations in the channels for a conventional serpentine flow
eld. A three-dimensional numerical model was used to com-
are the cell performance for baffled and conventional designs.
he effects of liquid water formation on the reactant trans-
ort were taken into account in the model. The oxygen mass
ow rates and the liquid water distributions at the interface
etween the cathode GDL and the catalyst layer (CL), and
ocal current densities for baffled and conventional designs are
nalyzed to show the advantages of the baffled design. The com-
ressor powers for baffled and conventional designs are also
valuated.

. Flow field design
Water flooding normally occurs at the cathode electrode of
he PEMFC because the electrochemical reaction on the cathode
roduces water vapor. If the partial pressure of the water vapor
s higher than the saturation pressure, water vapor condenses to
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Fig. 1. Cathode flow fields designs. (a) S

orm liquid water. When a large amount of liquid water accumu-
ates in the porous layer pores, the oxygen transport resistance
ncreases and the oxygen mass flow rate decreases. Therefore,
he cathode flow field design is a key factor for enhancing reac-
ant and product transport and for removing the liquid water. The
resent paper analyzes various cathode flow field designs. The
esults are compared to a triple serpentine flow field to identify
he advantages of the novel baffled design.

Fig. 1 compares the cathode flow fields for the conventional
nd baffled designs. Fig. 1(a) shows a conventional triple ser-
entine flow field, which includes three serpentine loops, AA′,
B′, and CC′. The reactants enter the cell from the inlets of

he three loops and then flow along the channels. Some of the
eactants diffuse into the GDL and CL and are consumed by
he electrochemical reactions, while the remainder flows out of
he cell from the outlets of the three loops. Fig. 1(b)–(d) shows

hree triple serpentine-baffle flow field designs, named SBFF-
, SBFF-2, and SBFF-3. The SBFF-1 includes three serpentine
oops, DD′, EE′, and FF′, with the same inlet configuration as
he conventional design, but with two baffles added at the outlets

r
w
s
a

) SBFF-1; (c) SBFF-2; and (d) SBFF-3.

f DD′ and FF′. Therefore, the reactants only flow out of the cell
rom the outlet of EE′. The SBFF-2 design has three serpentine
oops, GG′, HH′, and II′, with three baffles added at the inlet of
H′, and at the outlets of GG′ and II′. The SBFF-3 design also
as three serpentine loops, JJ′, KK′, and LL′, with two baffles
dded at the inlet and outlet of KK′, and another two baffles
laced at the center of JJ′ and LL′ as shown in Fig. 1(d). The
nodes for all four cell designs are parallel flow field designs
ith 12 flow channels and 11 ribs.
This paper considered miniature fuel cells with dimensions

f 23 mm × 23 mm × 2.845 mm. All four designs had the same
3 mm × 23 mm reaction area dimensions, and the same GDL,
L, and membrane thicknesses. The detailed physical dimen-

ions of the fuel cells are summarized in Table 1. The operating
onditions were all the same for a fair comparison for all the
ells. The fuel cell temperature was assumed to be 323 K, the

eactants on the anode side included hydrogen and water vapor
ith a relative humidity of 100%, the reactants on the cathode

ide contained oxygen, nitrogen, and water vapor with a rel-
tive humidity of 100%, the inlet flow rate on the anode side
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Table 1
Fuel cell dimensions

Quantity Value

Reaction area (mm2) 23 × 23
Channel width (mm) 1
Rib width (mm) 1
Channel height (mm) 1
Rib height (mm) 1
Anode GDL thickness (mm) 0.4
Anode CL thickness (mm) 0.005
M
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embrane thickness (mm) 0.035
athode GDL thickness (mm) 0.005
athode CL thickness (mm) 0.4

as 260 cm3 min−1, the inlet flow rate on the cathode side was
00 cm3 min−1.

. Model

A three-dimensional model of the full fuel cell was used to
nalyze the electrochemical reactions and transport phenomena
f the reactants and products. The cell was divided into the anode
ow channels, membrane electrode assembly (MEA, including

he anode GDL, anode CL, proton exchange membrane, cathode
L, and cathode GDL), and cathode flow channels. The gov-
rning equations included the mass, momentum, species, and
lectrical potential conservation equations. The model assumed
hat the system is three-dimensional and steady, the inlet reac-
ants are ideal gases, the system is isothermal, the flow is laminar,
he fluid is incompressible, the thermophysical properties are
onstant, and the porous GDL, CL, and proton exchange mem-
rane (PEM) layers are isotropic.

The transport equations for the three-dimensional PEMFCs
re given as

Continuum equation:

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
= 0 (1)

Momentum equation:

εeff

(
u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z

)

= −εeff

ρ

∂P

∂x
+ νεeff

(
∂2u

∂x2 + ∂2u

∂y2 + ∂2u

∂z2

)
+ Su (2)

εeff

(
u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z

)

= −εeff

ρ

∂P

∂y
+ νεeff

(
∂2v

∂x2 + ∂2v

∂y2 + ∂2v

∂z2

)
+ Sv (3)

εeff

(
u

∂w + v
∂w + w

∂w
)

∂x ∂y ∂z

= −εeff

ρ

∂P

∂z
+ νεeff

(
∂2w

∂x2 + ∂2w

∂y2 + ∂2w

∂z2

)
+ Sw (4)

j
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Species equation:

εeff

(
u

∂Ck

∂x
+ v

∂Ck

∂y
+ w

∂Ck

∂z

)

= Dk,eff

(
∂2Ck

∂x2 + ∂2Ck

∂y2 + ∂2Ck

∂z2

)
+ Sc + SL (5)

n the momentum equation, ε is the porosity and Su, Sv, and
w the corrected terms of the reactant flow in the gas diffusion

ayer and the catalyst layer and of the proton transfer in the
EM, which is listed in Table 2. In the species equation, Dk,eff

s the effective diffusion coefficient and Sc represents the source
erms due to the chemical reaction in the catalyst layer and the
roton exchange membrane. The Bruggeman correction [34]
s employed to describe the influence of the porosity on the
iffusion coefficient:

k,eff = Dkε
τ (6)

If the partial pressure of water vapor is greater than the satura-
ion pressure, the liquid water forms in the PEMFC. To consider
he effect of the liquid water formation, it is assumed that the pore
n the porous material is blocked by liquid water, which results in
he modification of the diffusion coefficient and the porosity in
he species equation. The source term SL in the species equation
ue to the liquid water is determined by [35]

L =
⎧⎨
⎩MH2Okc

εeffCH2O

ρRT
(PH2O − Psat), if PH2O > Psat

keεeffs(Psat − PH2O), if PH2O < Psat

(7)

here the saturation s is the ratio of the liquid water volume to
ore volume in the porous material, M the molecular weight of
ater, kc the condensation rate constant of water, ke the evapo-

ation rate constant of water, and εeff is the modified effective
orosity of the porous medium by considering the liquid water
ffect which is given by

eff = ε(1 − s) (8)

he saturation pressure of water can be expressed as

sat = 10−2.1794+0.02953T−9.1837×10−5T 2+1.4454×10−7T 3
(9)

To calculate the local current density, the phase potential
quations should be solved

∂

∂x

(
σm

∂Φ

∂x

)
+ ∂

∂y

(
σm

∂Φ

∂y

)
+ ∂

∂z

(
σm

∂Φ

∂z

)
= Sj (10)

here Sj = 0 in the membrane, Sj = −ja in the anode catalyst
ayer, Sj = jc in the cathode catalyst layer, Φ the phase potential,
nd σm is the ionic conductivity of the membrane. In this study,
utler–Volmer equation [36] is used to calculate the transfer
urrent density generated by the electrochemical reaction:

a = Ajref
0,a

(
CH2

ref

)[
e(αaF/RT)η − 1

(αcF/RT)η

]
(11)
CH2
e

c = Ajref
0,c

(
CO2

Cref
O2

)[
e(αaF/RT)η − 1

e(αcF/RT)η

]
(12)
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here Ajref
0 is the reference exchange current density, αa and αc

he transfer coefficient in anode and cathode catalyst layers, η

he overpotential, R the gas constant, and T is the temperature
f the fuel cell. The ionic conductivity of the membrane can be
alculated by [37]

m(T ) = σref
m exp

[
1268

(
1

303
− 1

T

)]
(13)

nd the reference ionic conductivity is

ref
m = 0.005139λ − 0.00326 (14)

=
{

0.043 + 17.81a − 39.85a2 + 36.0a3 0 ≤ a ≤ 1

14 + 1.4(a − 1) 1 < a ≤ 3
(15)

here a is the activity of water vapor at the cathode side. The
elationship between the phase potential and the current density
s given by

x = −σm
∂Φ

∂x
(16)

y = −σm
∂Φ

∂y
(17)

z = −σm
∂Φ

∂y
(18)

Boundary conditions at the anode flow channels and the cath-
de flow channels are as follows: the inlet flow rates are constant,
he inlet gas compositions are constant, and the flows are fully
eveloped at the outlets of the anode and cathode flow channels.
t the solid walls, no slip and zero fluxes are hold. At the inter-

aces between the gas channels, the diffuser layers, the catalyst
ayers, and the PEM, equalities of the velocity, mass fraction,

omentum flux, and mass flux are applied. More details were
iven elsewhere [30–33]. All parameters used in the model are

isted in Table 3.

Since these equations for this complex convection–diffusion
roblem cannot be solved analytically, it was solved using the
nite volume method on a collocated cell-centered grid. The

able 3
arameters of the fuel cell

arameter Value

jref
0,a 9 × 108

jref
0,c 1.5 × 102

a 0.5

c 1.5

channel 1

channel 1

channel ∞
GDL 0.5

GDL 1.5

GDL 1.76 × 10−10

CL 0.4

CL 1.5

CL 1.76 × 10−11

Mem 0.28

Mem Dagan model

Mem 1.8 × 10−18
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eneral convection–diffusion equation can be expressed in con-
ervative form as

∂

∂t
(ρφ) + ∇(ρ�uφ − Ξφ∇φ) = Sφ (19)

here t is the time, φ the general dependent variable, Ξφ the
xchange coefficient, Sφ the source term, �u the velocity vector,
nd ρ is the density. When Eq. (20) is integrated over a control
olume, the resulting finite volume equation is

PφP = aEφE + aWφW + aNφN + aSφS + aHφH + aLφL + b

(20)

here φp is the value of variable φ at node P of the control vol-
me,φE, . . .,φL the values of the variable at nodes in neighboring
ontrol volumes, aP, . . ., aL coefficients in the discretized equa-
ions and b is the source terms for the discretized equation for
. The semi-implicit method for pressure-linked equation (SIM-
LE) algorithm, developed by Patankar [38], was employed to
olve the governing equations. The coupled set of equations was
olved iteratively, with the solution considered to be converged
hen the relative error in each field between two consecutive

terations was less than 10−6. In this work, the CPU time (Intel
ore 2 Duo E6300) for each case was about 20 h.

The model used non-uniformly distributed elements with
16, 93, and 33 elements in the X-, Y- and Z-direction (the flow
hannel inlets are along the Y-direction and the height is in the Z-
irection). The grid independence was examined in preliminary
est runs. Four non-uniformly distributed grid configurations
ere evaluated for the PEMFC with the parallel flow channel
esign. The numbers of elements in the X-, Y- and Z-direction
ere: (I) 70 × 70 × 25, (II) 93 × 93 × 33, (III) 116 × 93 × 33,

nd (IV) 116 × 116 × 41. The influence of the number of ele-
ents on the polarization curves (I–Vcell curves) for the fuel cell

s shown in Fig. 2. The polarization curve for grid (I) differs
rom those for grids (II–IV). At an operating voltage of 0.3 V,
he deviation is about 3.9%. However, the calculated polarization
urves for grids (II), (III) and (IV) do not show any notable differ-
nces. At an operating voltage of 0.3 V, the difference between

he current densities for (II) and (III) is about 0.32% and the
ifference for (III) and (IV) is about 0.25%. Therefore, grid (III)
as chosen for the simulations as a trade off between accuracy

nd execution time.

Fig. 2. Influence of the number of elements on the polarization curves.
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. Under-rib convection effect

When the reactants are pumped to flow through the flow chan-
el from the inlet to the outlet, the local pressure in the channel
an be approximated as [20,27–29,39]

(L) = Pin − 128μQ

πd4
eff

L (21)

here Pin is the inlet pressure of the reactants, P(L) the local
ressure of the reactants, μ the reactants viscosity, Q the mass
ow rate of the reactants, deff the effective hydraulic diameter of

he flow channel, and L is distance along the channel measured
rom the inlet. Eq. (1) indicates that the pressure decreases with
ownstream due to viscous losses. For the conventional and baf-
ed designs, each serpentine loop proceeds through three 180◦

urns to form 12 channels and 11 ribs. For each rib, the two
hannels on its left and right sides may belong to the same loop,
r may belong to two different loops; therefore, the pressure
ifferences at each location between the two channels on the
eft and right sides differ for the various cases. For example, for
he conventional design shown in Fig. 1(a), the two channels
n the left and right sides of rib 1 belong to the loops AA′ and
B′. The inlet pressures of the reactants of these two channels
re almost equal; thus, the pressure difference between points a
nd b is nearly zero. However, the two channels on the left and
ight sides of rib 2 belong to the same loop, CC′; therefore, the
ressure at point c is higher than that at point d. The pressure dif-
erence across the rib, i.e., between points c and d, is expressed
s

P = 128μQ

πD4
eff

(Ld − Lc) (22)

Therefore, the pressure difference between points c and d is
roportional to their distance, Ld–Lc. When the two points are
ear the channel inlet, the pressure difference is maximized, but
s minimized near the channel bend. When the pressure gradient
cross the rib is much larger than the pressure gradient along
he channel direction, considerable cross-leakage flow of reac-
ants from point c to point d occurs between adjacent channels
referred to as under-rib convection [25]). According to Darcy’s
aw, the average superficial velocity in the porous layer across
he rib can be expressed as

aver = 128kpQ

πD4
effWr

(Ld − Lc) (23)

here kp is the permeability of the reactants through the GDL
nd Wr is the rib width. Therefore, when the inlet flow rate of
he reactants, the channel and rib dimensions, and permeability
f the GDL remain constant, vaver is proportional to the distance
etween points c and d, Ld–Lc. Therefore, the under-rib con-
ection is stronger near the inlet of loops CC′ and weaker at
he channel bend. For the conventional design, under-rib con-

ection also occurs under ribs 3 and 4 as well as under rib 2.
he under-rib convection induces strong convection in the elec-

rode, bringing the reactants to the CL and removing the liquid
ater from the reaction sites and porous electrodes, in a way
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imilar to the flow in the interdigitated flow channels, which
esults in the better overall cell performance with the serpentine
ow channels. Therefore, this under-rib convection significantly

nfluences the PEM fuel cell performance with the serpentine
ow field design.

The baffles change the pressure distribution of the reactants
n the channels, which will increase under-rib convection. Fur-
hermore, near the baffles, as in the interdigitated flow field
esign, the reactant transport is converted to forced convec-
ion. Therefore, the baffled design is expected to enhance the
eactant transport rates. For the SBFF-1 design, with the con-
entional design, the under-rib convection occurs under the ribs
, 6, and 7. Moreover, because the baffles are added at the outlets
f loops DD′ and FF′, the reactants still have higher pressures
ear the outlets of DD′ and FF′. For example, the pressures at
oints g and i are greater than at point h. Thus under-rib con-
ection also occurs under ribs 8 and 9. The SBFF-2 design also
as a baffle at the inlet of loop HH′; therefore, the pressures
t points j and l are greater than at point k, and the pressure
t point m is greater than at point n. The changes in the pres-
ure distributions in adjacent channels results in more under-rib
onvection at more ribs, including ribs 10, 11, 12, 13, 14, 15,
6, and 17. Using a similar analysis for the SBFF-3, under-rib
onvection occurs at ribs 18, 19, 20, 21, 22, 23, 24, 25, and
6.

. Results and discussions

To verify baffled design does improve cell performance, the
–Vcell polarization curves and I–Wcell power density curves for
he conventional and baffled designs are given in Fig. 3. For
perating voltages greater than 0.7 V, the conventional and baf-
ed designs have the same performance, indicating that the cell
erformance is independent of the flow channel design. For oper-
ting voltages lower than 0.7 V, the cell performances of the
onventional and baffled designs differ, the differences increases
ith the deceasing operating voltage. At the same operating volt-

ge, the total current densities and power densities for the three
affled designs are all higher than for conventional design. The
ell performance best for the SBFF-3 design, then the SBFF-2
esign, the SBFF-1 design and finally the conventional design.
or example, at operating voltage of 0.3 V, the total current den-
ities for SBFF-1, SBFF-2, and SBFF-3 are 23,983, 24,882, and
5,499 A m−2, which means that the total current densities were
ncreased by about 10.36%, 14.50%, and 17.34% compared with
he 21,731 A m−2 for the conventional design. Thus, the baf-
ed designs show superior performance over the conventional
esign.

Because the flow field designs significantly affect cell perfor-
ance at low operating voltages, the local transport phenomena

or the operating voltage of 0.3 V were analyzed further to under-
tand the effect of the baffles on the cell performance. Since the
ower output is the consequence of the electrochemical reac-

ion, the consumption of oxygen along the cathode GDL–CL
nterface is an index of the cell performance. Higher oxygen

ass flow rates along the cathode GDL–CL interface means that
ore oxygen enters the CL to participate in the electrochemi-

t
i
e
c

Fig. 3. Conventional and baffled cell performance characteristics.

al reaction per unit time, resulting in higher current densities
nd better cell performance. The distributions of the oxygen
ass flow rates along the cathode GDL–CL interface for the

onventional and baffled designs are presented in Fig. 4. For
he conventional design (Fig. 4(a)), the maximum oxygen mass
ow rate occurs at the flow channel inlet and decreases along the
hannels forwards the outlets. Since the oxygen is gradually con-
umed and liquid water accumulates due to the electrochemical
eaction along the flow channels. However, at the channel bends,
he oxygen mass flow rate has a local peak, because the corners
orce oxygen flow into the GDL by forced convection. Fig. 4(a)
lso indicates that under ribs 2, 3, and 4, where the under-rib
onvection occurs, the oxygen mass flow rates are significantly
igher, while under other ribs for the conventional design, the
xygen mass flow rates are very low. The higher pressure dif-
erences across ribs induce the stronger under-rib convection,
o the local oxygen mass flow rates at these locations are larger.
or example, for rib 4, the oxygen mass flow rates at point e
re higher than at point f. Comparison of Fig. 4(a) and (b–d)
hows that the oxygen mass flow rates in the baffled designs are
emarkably different from that in the conventional design. The
ifferent flow rates result from two main differences between
he baffled and conventional designs. First, near the baffles the
xygen transport is changed from diffusion to forced convection
ue to the baffle blockage effect; therefore, more oxygen enters
he GDL, inducing the increased local oxygen mass flow rate.
econdly, the baffles change the reactant pressure distribution,
hich causes the additional under-rib convection and increases

he local oxygen mass flow rates in the GDL under the ribs. For
xample, for SBFF-1, besides under ribs 5, 6, 7 (same locations
s ribs 2, 3, and 4 for the SFF), the oxygen mass flow rates also
ignificantly increase under ribs 8, and 9 due to the convection
ffects under the ribs when the flow field with baffle design is
dopted. Similarly, for SBFF-2, additional the convection occurs
nder ribs 10, 11, 13, 16, and 17 (ribs 12, 14, and 15 have the
ame locations as ribs 2, 3, and 4 for the SFF), for SBFF-3, addi-
ional the convection occurs under ribs 18, 19, 21, 23, 25, and
6 (ribs 20, 22, 24 have the same locations as ribs 2, 3, and 4 for

he SFF), which causes that the oxygen mass flow rates signif-
cantly increase under these ribs. Therefore, the baffled design
nhances the oxygen utilization efficiency compared with the
onventional design.
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ig. 4. Oxygen mass flow rate (kg m−2 s) distributions on the cathode GDL–CL

The oxygen mass flow rate also significantly affects the
iquid water distribution. High oxygen mass flow rates mean
hat more oxygen enters the CL per unit time to participate
n the electrochemical reaction and more liquid water is pro-
uced. On the other hand, high oxygen mass flow rates also
nduce large shear forces which more efficiently remove the liq-
id water. Fig. 5 shows the liquid water distributions on the
athode GDL–CL interface for the conventional and baffled

esigns. Comparison of Figs. 5 and 4 shows that the liquid water
istributions are opposite to the oxygen mass flow rate distri-
utions, indicating that increasing the oxygen mass flow rate
ends to promote liquid water removal. Liquid management is

a
d
r
l

face. (a) SFF; (b) SBFF-1; (c) SBFF-2; (d) SBFF-3; and (e) y = 11.5 mm.

ery important for improving PEMFC performance. If the liquid
ater produced by the electrochemical reaction is not removed,

t will accumulate in the pores of the porous layer which signif-
cantly increases the oxygen transport resistance and decreases
he electrochemical reaction rate. The cell performance sharply
ecreases when flooding occurs. Thus, appropriate flow field
esigns can enhance the reactant transport rate and the liquid
ater removal rate, as a result, the mass limitations are reduced
nd cell performance improves. Fig. 5 shows that the baffled
esigns have higher oxygen mass transport rates and liquid water
emoval efficiencies than the conventional design; therefore, the
iquid water content in the porous layers is significantly reduced.
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Fig. 5. Liquid water distributions on the cathode GDL–CL interfa

Fig. 6 presents the local current densities on the middle cross-
ection in the PEM for the conventional and baffled designs. The
xygen consumption rates determine the power output; thus, a
igh oxygen mass flow rate corresponds to a high local current
ensity. Comparison of Figs. 6 and 4 shows that the distribu-
ions of the local current densities are similar to those of the
xygen mass flow rates, confirming the accuracy of the model.
igs. 4–6 indicate that with the baffles, the baffled designs sig-

ificantly improve the oxygen utilizations, by producing higher
xygen mass flow rates and lower liquid water distributions in
he porous layers; therefore, the cell performance significantly
mproves. Because the baffles are added at different locations in

i
r
c
I

) SFF; (b) SBFF-1; (c) SBFF-2; (d) SBFF-3; and (e) y = 11.5 mm.

he channels, the strength and extent of the additional under-rib
onvection between adjacent channels and the forced convection
ear the baffles differ for the three baffled designs, resulting in
ifferent cell performance characteristics for SBFF-1, SBFF-2,
nd SBFF-3. On the whole, the performance of SBFF-3 is better
han that of SBFF-2, which is better than that of SBFF-1.

The flow field design influences not only the cell performance
ut also the pressure drop in the fuel cell. Larger pressure drops

n the fuel cell mean that more power is needed to pump the
eactants. Thus, the pressure drop is a significant issue to be
onsidered in choosing the flow field designs in addition to the
–Vcell curve. Figs. 7 and 8 present, respectively, the pressure
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Fig. 6. Current density distributions (A m−2) on the middle cross-section i

istributions on the middle cross-section in the cathode flow
hannels and the total pressure drops on the cathode side for
he conventional and baffled designs. The total pressure drops
re, respectively, 608, 1204, 817, and 692 Pa for SFF, SBFF-1,
BFF-2, and SBFF-3. It indicates that the pressure drops for
affled designs are higher than that for the conventional design.
he cathode pressure drop is related to the power density by
21]:

P = �PAchaV

Atotal
(24)

t
f
c
i

PEM. (a) SFF; (b) SBFF-1; (c) SBFF-2; (d) SBFF-3; and (e) y = 11.5 mm.

here WP, represents the cathode pressure drop loss, �P
he total cathode pressure drop across the fuel cell, Acha the
athode cross-sectional inlet flow area, V the fuel velocity
t the cathode inlet, and Atotal is the reaction area. The cal-
ulated cathode pressure drop losses and output power for
he conventional and baffled designs are listed in Table 4.
lthough the pressure drops for the baffled designs are larger
han for the conventional design, the pressure drop losses are
ar less than the cell output power for the miniature fuel
ells analyzed here. Thus, the pressure drop losses can be
gnored.
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Fig. 7. Pressure distributions (Pa) on the middle cross-section in the cath

Fig. 8. Total pressure drops on the cathode side for the conventional and baffled
designs.

Table 4
Estimation of pressure drop losses at the operating voltage of 0.3 V

Flow field type �p (Pa) Wcell (W m−2) Wp (W m−2) Wnet (W m−2)

SFF 608 6518.96 4.47 6515.49
SBFF-1 1204 7194.98 8.85 7186.13
S
S

6

p

m
t
t
p
t
f

1

2

BFF-2 817 7464.65 9.01 7455.64
BFF-3 692 7649.92 7.63 7642.29
. Conclusions

An appropriate design of the flow channels in the bipolar
lates can significantly impact the thermal and water manage-

3

ode channels. (a) SFF; (b) SBFF-1; (c) SBFF-2; and (d) SBFF-3.

ent of the PEMFC. A novel baffled design is presented here
o provide the significantly better performance than the conven-
ional design. A three-dimensional numerical model is used to
redict the local transport phenomena and cell performance for
he baffled and conventional designs. The conclusions drawn
rom the analyses are

. The analysis shows that the effect of the baffles on cell per-
formance is dependent on the operating conditions. At high
operating voltages, the flow field design has little effect on
cell performance because the electrochemical reaction rate is
low and only a limited amount of oxygen is consumed with
only a small amount of liquid water produced. Therefore, the
oxygen transport rates for both the baffled and conventional
designs are sufficient to maintain the reaction rates.

. At low operating voltages, the cell performance is strongly
dependent on the flow field design. Compared with the con-
ventional design, the baffled design significantly enhances
the mass transport capability and the efficiency of liquid water
removal, which results in better performance than with the
conventional design. The baffles in the channels on the cath-
ode side force the reactants near the baffles into the GDL and
CL to enhance the electrochemical reaction rate at the CL.
The baffles also increase the reactant pressure in the chan-
nels; thus, the under-rib convection occurs under more ribs,

which increases the reactant mass flow rate under those ribs.

. For the miniature PEMFC analyzed here, the compressor
power needed to overcome the cell pressure drop is far less
than the cell output power and can be neglected; thus, the baf-
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