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bstract

The objective of this work is to examine the effects of humidity of reactant fuel at the inlet on the detailed gas transport and cell performance
f the PEM fuel cell with baffle-blocked flow field designs. It is expected that, due to the water management problem, the effects of inlet humidity
f reactant fuel gases on both anode and cathode sides on the cell performance are considerable. In addition, the effects of baffle numbers on the
etailed transport phenomena of the PEM fuel cell with baffle-blocked flow field are examined. Due to the blockage effects in the presence of
he baffles, more fuel gas in the flow channel can be forced into the gas diffuser layer (GDL) and catalyst layer (CL) to enhance the chemical
eactions and then augment the performance of the PEMFC systems. Effect of liquid water formation on the reactant gas transport is taken into
ccount in the numerical modeling. Predictions show that the local transport of the reactant gas, the local current density generation and the cell
erformance can be enhanced by the presence of the baffles. Physical interpretation for the difference in the inlet relative humidity (RH) effects

t high and low operating voltages is presented. Results reveal that, at low voltage conditions, the liquid water effect is especially significant and
hould be considered in the modeling. The cell performance can be enhanced at a higher inlet relative humidity, by which the occurrence of the
ass transport loss can be delayed with the limiting current density raised considerably.
2005 Elsevier B.V. All rights reserved.
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. Introduction

It has been a period of time that the attention on the mod-
ling of fuel cell has been drawn since the early 1990s. One
f the most promising types of fuel cells, the proton exchange
embrane fuel cell (PEMFC), is currently being aggressively

esearched due to its significant advantages in portable elec-
ronic applications over conventional battery systems. It also

eets more stringent emissions standards because far fewer pol-
utants produced than that of internal combustion engines. In
revious studies, many pioneers have contributed to the model-
ng of fuel cells. Most early studying is one-dimensional (ID)

r two-dimensional (2D) flows [1–4]. Bernadi and Verbruge [1]
eveloped a ID hydraulic model assuming that the membrane
s fully saturated with water and that most of the water is trans-
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orted through the electrodes in the liquid phase. Springer et al.
2] proposed an isothermal, one-dimensional model for the pro-
on exchange membrane fuel cells. In their model, water diffu-
ion coefficient, electro-osmotic drag coefficient, water sorption
sotherms and the membrane conductivities were assumed to be
unctions of membrane water content. The first quasi-2D, along-
he-channel model of a PEM fuel cell was established by Fuller
nd Newman [3] with the assumption of constant diffusivity
f water in membrane to study water and thermal management
ssues. Nguyen and White [4] proposed a model of the water
nd heat management of the PEMFC systems, which includes
he effect of electro-osmosis, diffusion of water, heat transfer
rom solid phase to gas phase and latent heat as water evapora-
ion and condensation.

The stability of the membrane is determined by its water con-

ent. Proper hydration of the membrane is critical for maintaining

embrane conductivity and mechanical stability [5,6]. Various
umidification designs such as internal humidification, exter-
al humidification and direct injection methods are used in the
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Nomenclature

a chemical activity of water vapor in cathode
Aj0 reference exchange current density (A m−2)
CF quadratic drag factor
C concentration
D diffusivity (m2 s−1)
i current density due to potential difference

(A m−2)
j current density due to chemical reaction (A m−3)
k permeability (m2)
M molecular weight
P pressure (atm)
P partial pressure for i species (atm)
R universal gas constant (8.314 mol−1 K−1)
s the ratio of the volume of pore occupied by liquid

water to the volume of pore in the porous medium
S source term in momentum equation
Sc source term of chemical reaction in the species

concentration equation
Sj source term in phase potential equation
SL source term with consideration of liquid water in

the species concentration equation
T temperature (K)
U, V velocities in the X- and Y-direction (m s−1)
X, Y rectangular coordinate system (m)
Z number of electrons transferred
Zf charge transfer coefficient

Greek letters
α charge transfer rate
ε porosity
η overpotential
ν kinematic viscosity (m2 s−1)
Φ membrane potential
ρ density (kg m−3)
σ electric conductivity (Q−1 m−1)
τ tortuosity of the pore in the porous medium

Superscripts and subscripts
a quantity in anode
c quantity in cathode
eff effective value
g of gas diffuser layer
H+ for proton
H2 for hydrogen
H2O for water
I for i species
m of membrane
O2 for oxygen
ref reference value
sat saturation pressure for water vapor
total for total value
x in the X-direction
y in the Y-direction
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EMFC to maintain hydration level of the polymer membrane.
herefore, humidities of fuel and oxidant gases influence on

he cell voltage performance and stability [7]. There are studies
xamined various aspects of PEMFC performance as a function
f humidity [8,9]. However, the humidity is applied with exter-
al humidifiers. Water management is another important issue
n the study of fuel cell. Yi and Nguyen [10] developed an along-
he-channel model for evaluating the effects of various design
nd operating parameters on the performance of PEMFCs. They
iscovered that humidification of the anode gas is required to
nhance the conductivity of the membrane, and the liquid injec-
ion and higher humidification temperature can improve the cell
erformance by introducing more water into the anode. Also
pplying a higher cathode gas pressure helps to replenish the
ater loss by electro-osmosis, thereby making the membrane
ore conductive and thus resulting in higher cell performance.
two-dimensional model was developed by Ge and Yi [11] to

nvestigate the effects of operation conditions and membrane
hickness on the water transport. In their study, the liquid water
ffect on the effective porosity for gas transport was consid-
red to simplify the model of the two-phase flows in porous
ayers. The results revealed that the cell performance can be
nhanced by increasing the cell temperature. However, the cell
erformance could not be obtained for higher humidity or satura-
ion conditions. Baschuk and Li [12] established a mathematical

odel with variable degrees of water flooding in the PEMFC.
hysical and electrochemical processes occurring in the mem-
rane electrolyte, the cathode catalyst layer (CL), the electrode
acking layer and the flow channel were considered. Compared
ith experimental results, they found that when air was used as

he cathode fuel, the flooding phenomena are similar at different
perating conditions of the pressures and temperatures. When
ell pressure is increased significantly, the water flooding in the
lectrode becomes serious and leads to a noticeable reduction
n the power output. Hsing and Futerko [13] developed a 2D

odel coupling fluid flow, mass transport and electrochemistry
f a PEMFC taking into account the dependence of diffusion
oefficient of liquid water in membrane. They found that the
olar fractions of water are higher at the exit of flow channel.
urthermore, the molar fractions of water on the interface of
ow channel and gas diffusion layer (GDL) decrease as the flow
ate of hydrogen gas increases.

Designing flow field in bipolar plates of PEMFCs is one of the
rucial factors to the cell performance. In order to augment the
iquid water transport out of the GDL, a new flow channel design
as developed by Nguyen [14]. This design works by convert-

ng the transport of reactant/product gases to/from the CL from
iffusion mechanism to a convection mechanism. Um and Wang
15,16] constructed a multidimensional model to investigate the
lectrochemical kinetics, current distribution, fuel and oxidant
ow and multicomponent transport in a PEMFC with the inter-
igitated flow field. He et al. [17] studied the effects of electrode
nd flow field design on the performance of a PEMFC with a

alf-cell model. It was found that the electrode performance
ould be increased with higher differential pressure between

nlet and outlet channels. Increasing the electrode thickness is
quivalent to increasing the diameter of a pipe in a fluid flow
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ystem and the gas bypass effect becomes more significant. A
D, steady half-cell model is constructed by Kazim et al. [18] to
nvestigate the superiority of the interdigitated flow field design
ver the conventional one, especially in terms of maximum
ower density. The theoretical results show that the limiting cur-
ent density of a fuel cell with an interdigitated flow field is about
hree times the current density of a fuel cell with a conventional
ow field. The results also demonstrate that the interdigitated
ow field design can double the maximum power density of a
EM fuel cell. Recently, Yan and co-workers [19,20] presented

he studies about the effects of flow channel designs on the steady
r dynamic gas transport and cell performance of PEM fuel cells.
hey found that the flow distributor geometry has a significant

nfluence on the cell performance. They also discovered that the
eactant transport and cell performance both can be enhanced
y the presence of the baffles in the flow channel of the bipolar
late, especially at low voltage conditions. The beneficial baffle
ffects become increasingly remarkable with increasing width
nd/or number of baffles in the tandem array.

From the literatures reviews cited above, the optimal cell
erformance can be achieved with proper water management.
he inlet relative humidity of reactant gases can lead to a result
f a respective membrane dryness or membrane and electrode
ooding. Therefore, it is essential to quantify the influence of
elative humidities of reactant gases on the cell performance
nd transport phenomenon. It is also found that the efficiency
f the thermal and water management in PEMFC systems can
e enhanced with the appropriate design of the flow channel of
he bipolar plate, especially with the interdigitated flow channel.
owever, the studies of fuel cells with interdigitated flow chan-
el used the model with half-cell at cathode. This motivates the
resent study. The goal of this paper is to investigate the influ-
nce of inlet relative humidity of reactant gases on both anode
nd cathode on the cell performance and transport phenomenon
ith baffle-blocked flow field designs. A 2D numerical model
f PEMFC with baffle-blocked in cathode flow channel design
s developed to perform the exploration of the resultant transport
henomena and cell performance.

. Analysis

In this study, a two-dimensional full cell model of the PEMFC
ith interdigitated flow channel is considered. The fuel cell with

oordinate system is schematically illustrated in Fig. 1. The U
nd V are the velocity components in the X- and Y-directions,
espectively. A parameter N is defined as the number of baffles
nside the channels to study the baffle-block effect on the gas
ransport and cell performance. The baffles are arranged in the
athode flow channel in order to force the fuel gas to flow into
he gas diffuser layer (GDL) and catalyst layer (CL). The baf-
es are located at the positions of i/(iV + l)th length from the
athode inlet as shown in Fig. 2. For example, for case of one
affle (i.e., N = l), the baffle location is on the location of the l/2

ength from the inlet, that is, at the central position of the channel
ength. For N = 3, the three baffles are located at the positions
f 1/4, 1/2 and 3/4th length from the inlet, respectively. Conse-
uently, to simplify the problem, a steady state, multi-species
ig. 1. Two-dimensional full cell model of a PEMFC system with baffle-blocked
ow channel.

nd along-the-channel model of a full cell PEMFC is employed
or the analysis. Four species were considered: hydrogen, oxy-
en, nitrogen and water vapor. Stationary conditions are assumed
n this fuel cell, also the effect of gravity is neglected. The GDL,
L and PEM are assumed to be isotropically porous materials.

t is also assumed that the electrochemical reactions takes place
nly in the CL, and the gas mixtures in the flow channels are
onsidered to be perfect gases. Based on the definition of the
eynolds number and the velocity used in this work, the flow

n the fuel cell is laminar. Therefore, all the transport equations
ere formulated for laminar behavior.
According to the descriptions and assumption above, the

asic transport equations for the two-dimensional PEM fuel cell
re given as the following:

continuity equation:

∂U

∂X
+ ∂V

∂Y
= 0 (1)
momentum equation:

U
∂U

∂X
+ V

∂U

∂Y
= − 1

ρ

∂P

∂X
+ ν

(
∂2U

∂X2 + ∂2U

∂Y2

)
+ Sx (2)
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ig. 2. Schematic of the half cell of PEM fuel cell with flow-blocked field design.

U
∂V

∂X
+ V

∂V

∂Y
= − 1

ρ

∂P

∂P
+ ν

(
∂2V

∂X2 + ∂2V

∂Y2

)
+ Sy (3)

species equation:

εeff

(
U

∂Ci

∂X
+ V

∂Ci

∂Y

)
= Di,eff

(
∂2Ci

∂X2 + ∂2Ci

∂Y2

)
+ Sc + SL

(4)

and phase potential equation:

∂

∂X

(
σm

∂Φ

∂X

)
+ ∂

∂Y

(
σm

∂Φ

∂Y

)
= Sj (5)

The Sx and Sy stand for the source terms based on the Darcy’s
rag forces in the X- and Y-directions imposed by the pore walls
n the fluid, and usually cause in a significant pressure drop
cross the porous media. Sc is the production rates of ith species
n gas phase, SL represents the quality of liquid water and Sj is
he source term for phase potential equation. The details of Sx,

y, Sc, SL and Sj for GDL, CL and PEM are listed in Table 1. In
able 1, the εeff is the effective porosity, CF the quadratic drag
actor, Zf the charge transfer coefficient, CH+ the concentration
f proton, F the Faraday constant and k is the permeability using p
Sources 159 (2006) 468–477 471

lake–Kozeny correlation, Eq. (13), for modeling. In this cor-
elation, DIP = 6RVS, and RVS is the volume-to-surface ratio of
he porous material.

In the species equation, Eq. (4), the effective mass diffusiv-
ty, Di,eff is formulated by Bruggemann relation, Eq. (14). The
arameters ja and jc indicate the current density at the anode
nd cathode sides, respectively, and can be described by the
utler–Volmer equations, Eq. (15), where Ajref

0 is the exchange
urrent density, αa and αc the electric charge transport rates in
node and cathode CLs, η the overpotential, R the gas constant
nd T is the temperature of the fuel cell.

In this work, the liquid water effect is taken into account by
odifying the mass diffusivity due to the liquid water filling the

ores in the porous media and the liquid water generation in
he species concentration equation. When the partial pressure of
ater vapor is greater than the saturation pressure of water vapor,

he water vapor is assumed to condense and fill the pore in the
orous media. The source term, SL in the species concentration
quation, Eq. (9), representing the quality of liquid water can be
ormulated by Eq. (16), where M is the molecular weight and the
c and ke are the condensation and evaporation rate constants.
he saturation pressure of water can be expressed as Eq. (17). In
ddition, the saturation, s, is defined as the ratio of the volume
f pore occupied by liquid water to the volume of pore in the
orous medium, then the effective porosity of porous media is
odified to account the liquid water effect,

eff = ε(1 − s) (19)

n the phase potential equation, σm is the electric conductivity of
he membrane, which can be calculated by Eq. (18) developed
y Springer et al. [2] and the reference electric conductivity is

ref
m = 0.005139λ − 0.00326 (20)

=
{

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

14 + 1.4(a − 1), 1 < a ≤ 3
(21)

In Eq. (21), a is the ability of water vapor at the cathode side.
sing the following relations between the phase potential O and

urrent density i,

x = −σm
∂Φ

∂x
(22)

y = −σm
∂Φ

∂y
(23)

q. (5) can then be reduced to be

∂ix + ∂iy = ja at anode (24)
∂ix

∂X
+ ∂iy

∂Y
= jc at cathode (25)

Boundary conditions for the dependent variables of the trans-
ort equations at the interfaces between different layers of the
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Table 1
Equations used in the analysis

Equation Expression References

Source of x-momentum equation for
GDL and CL

Sx = − νεeff

k
U − ε2

effCFρU√
k

√
U2 + V 2 (6) Wang and Cheng [21];

Wang et al. [22]

Source of y-momentum equation for
GDL and CL

Sy = − νεeff

k
V − ε2

effCFρV√
k

√
U2 + V 2 (7) Wang and Cheng [21];

Wang et al. [22]

Source of x-momentum equation for
PEM

Sx = − νεeff

k
U − ε2

effCFρU√
k

√
U2 + V 2 + k

νεeff
ZfCH+F ∇Φ

∂U

∂X
(8) Wang and Cheng [21];

Wang et al. [22]

Source of y-momentum equation for
PEM

Sy = − νεeff

k
V − ε2

effCFρV√
k

√
U2 + V 2 + k

νεeff
ZfCE+F ∇Φ

∂V

∂Y
(9) Wang and Cheng [21];

Wang et al. [22]

Chemical source in species equation
for hydrogen in CL

Sc =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

− ja

2FCtotal,a
hydrogen

− jc

4FCtotal,c
oxygen

− jc

2FCtotal,c
water vapor

(10) Gurau et al. [23]

Chemical source in species equation
for proton in PEM

Sc = ZF

RT
Di,eff,H+CH+

(
∂2Φ

∂X2
+ ∂2Φ

∂Y2

)
(11) Gurau et al. [23]

Source term for Phase potential Sj =
{−ja anode

−0 membrane
−jc cathode

(12) Gurau et al. [23]

Blake–Kozeny correlation k =
(

D2
IP

150

)[
ε3

eff

(1 − εeff)2

]
(13) Dullien [24]

Bruggemann relation Di,eff = Diε
τ
eff; τ : tortuosity =

{
1.5 GDL, CL
6 PEM

(14) Berning et al. [25]

Butler–Volmer expression ja = Ajref
0

(
CH2

Cref
H2

)[
e(αaF/RT )η − 1

e(αcF/RT )η

]
;

jc = Ajref
0

(
CO2

Cref
O2

)[
e(αaF/RT )η − 1

e(αcF/RT )η

]
(15)

Gurau et al. [23]

Liquid water source in species
equation

SL =

⎧⎨
⎩

MH2Okc
εeffCH2O

ρRT
(PH2O − Psat) if PH2O > Psat

keεeffs(Psat − PH2O) if PH2O > Psat

keεeffs(Psat − PH2O) if PH2O > Psat

(16) Mazumder and Cole [26]

Saturation pressure Psat = 10−2.1794+0.02953T−9.1837×10−5T 2+1.4454×10−7T 3
(17) Springer et al. [2]

E
3

−

s
f

U

T

U

d
c
t
G

quation membrane conductivity σm(T ) = σref
m exp

[
1268

(
1

30

ame domain are not required. At the gas channel outlet, the
ully developed flow conditions are assumed,

= ∂V

∂Y
= ∂Ci

∂Y
= 0 (26)
he boundary conditions at the gas flow channel walls are

= V = ∂Ci

∂X
= 0 (27)

a

ε

1

T

)]
(18) Springer et al. [2]

In practical situation, the physical properties and their gra-
ients are continuous on the interface. So the natural boundary
onditions on the interface are the same velocity, same concen-
ration and the same gradients. At the interfaces between the
DLs and the gas channels, the following boundary conditions
re used,

eff,X+
∂V

∂X

∣∣∣∣
X=X+

= ∂V

∂X

∣∣∣∣
X=X−

, VX=X+ = VX=X− (28)



ower Sources 159 (2006) 468–477 473

ε

b
C

ε

ε

f
s
t
b

3

c
t
m
d
u
n
c
t

∇
w
e
a
i
e

a

w
f
.

1
e
i
c
o
T
o
t
t
m

4

c
t
t
o
G
i
i
a
6
i
w

s
a
t
r
h
performance is obtained. Comparing results with and without
consideration of liquid water effect, the cell performance with
liquid water effect is lower than that without liquid water effect,
J.-H. Jang et al. / Journal of P

eff,X+
∂Ci

∂X

∣∣∣∣
X=X+

1

= ∂Ci

∂X

∣∣∣∣
X=X−

1

, Ci,X=X+ = Ci,X=X− (29)

The similar conditions are employed for the interfaces
etween the GDLs and the CLs and the interfaces between the
Ls and membrane can be expressed as follows:

eff,X+
∂V

∂X

∣∣∣∣
X=X+

= εeff,X−
∂V

∂X

∣∣∣∣
X=X−

, VX=X+ = VX=X−

(30)

eff,X+
∂Ci

∂X

∣∣∣∣
X=X+

= εeff,X−
∂Ci

∂X

∣∣∣∣
X=X−

, Ci,X=X+ = Vi,X=X−

(31)

The boundary conditions for the phase potential at the inter-
ace between the CL and the membrane are Φ = 0 at the anode
ide, and ∂Φ

∂X
= 0 at the cathode side. Because the phase poten-

ial is a linear distribution in the membrane, the phase potential
oundary condition can be written as ∂Φ

∂Y
= 0.

. Numerical method

Since it is impossible to obtain an analytic solution of the
omplex convection–diffusion problem like this one, the solu-
ion to the governing equation will be solved by a finite volume

ethod using a collocated cell-centred variable arrangement by
ividing the model domain into a number of cells as control vol-
mes. In the finite volume method, the governing equations are
umerically integrated over each of these computational cells or
ontrol volumes. The governing equations can be expressed in
he form of a generalized transport equation

(ρ�uφ − Γφ∇φ) = Sφ (32)

here φ denotes the general dependent variable, Γ φ the
xchange coefficient, Sφ the source term, �u the velocity vector
nd ρ is the density. With the discritization of the govern-
ng equations, the coupled finite-difference equations can be
xpressed in the form of

pφp = aEφE + aWφW + aNφN + asφs + Sφ (33)

here φp is the value of φ at the current point p, φE . . . φs stand
or the values of the grid points adjacent to the point p, and ap

. . as are known as the link coefficients.
In this work, the non-uniformly distributed grid systems of

03 and 77 points are employed in the x and y directions (or
xpressed as 103 × 77), respectively. To obtain better accuracy
n the numerical computations, coarse and fine grid systems are
onsidered in the preliminary tests. Effects of the grid number
n the predictions of local current density are shown in Fig. 3.
he maximum deviations among the computations on the grids

f 73 × 57, 103 × 77 and 143 × 107 are less than 3%. Therefore,
he grid system of 85 × 70 points seems to be sufficient to resolve
he behaviors of the reactant gas transport in the present PEMFC

odel.
F
p

Fig. 3. Comparison of predictions on various grid systems.

. Results and discussion

The total length of the flow channel is 7.62 cm, and the
ross-section of the flow channel is 0.0762 cm × 0.0762 cm. The
hicknesses of the GDL, CL and the membrane are fixed and set
o be 0.0254, 0.00287 and 0.023 cm, respectively. The thickness
f the baffle is taken as 0.3048 cm. The porosity is 0.4 for both
DL and CL. The inlet conditions for the PEM fuel cell are the

nlet pressure with 101.3 kPa, inlet temperature with 353 K and
nlet velocity with 1.75 m s−1 for both anode and cathode. In this
nalysis, the inlet relative humidities (RH) are chosen as 20%,
0% and 100% for both hydrogen and air in order to study the
nfluence of inlet RH. Results without consideration of liquid
ater effect are also investigated.
The effect of RH of hydrogen gas on the cell performance is

hown in Fig. 4. There are three baffles in the cathode for the
nalysis. It is seen that the cell performance of RH = 100% is
he best of the three, and the cell performance decreases as the
elative humidity decreases. This is because more water vapor
elps the mass transfer of hydrogen, which in turns a better cell
ig. 4. Effects of relative humidity of hydrogen gas on anode side on the cell
erformance.
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ig. 5. Effects of relative humidity of hydrogen gas on anode side on the local
urrent density distributions: (a) V = 0.7 V; (b) V = 0.2 V.

specially at lower voltage conditions. This indicates that more
ater is generated in the CL of the cathode and liquid water
lled in the void of porous materials, causing the decrease in the
ell performance. The two-phase flow should be considered at
ow voltage conditions.

The RH of hydrogen effects on the local current density
istributions at V = 0.7 and 0.2 V are presented in Fig. 5. To
nvestigate the liquid water effects, the results with and with-
ut considerations of liquid water in the modeling are both
hown in Fig. 5. It is clearly seen that the local current density
ecreases along the axial direction, except for the baffle loca-
ion with peak values. Due to the mass transport of hydrogen gas
s increased through baffle-block mechanism, the local current
ensity increases abruptly. It means that the cell performance is
etter around the baffle locations. However, the trend is not so
bvious in the condition of RH = 20% for both 0.7 and 0.2 V.
pparently, this is due to the fact that the water content of the

uel streams is not enough to keep the membrane well hydrated
hus resistance of the membrane and ohmic loses at the mem-
rane are higher. An overall inspection on Fig. 5 indicates that
he local current density increases as the RH increases. However,
he local current density of RH = 60% at 0.2 V for Y < 0.015 m
s larger than that of RH = 100%. The reason is that the back
iffusion of liquid water prevents hydrogen gas from transport

nto diffusion layer resulted in a lower current density. It is also
oticed that the local current density with RH = 60% is higher
han that with RH = 100% between the baffles. This is due to the
act that the water removal by baffle-block effect accumulated

r
i

t

ig. 6. Effects of relative humidity of hydrogen gas on anode side on the distri-
utions of the hydrogen mass flow rate: (a) V = 0.7 V; (b) V = 0.2 V.

etween the baffles. It is found that the local current density
ith consideration of liquid water effect is always smaller than

hat without consideration of liquid water effect. However, the
iquid water effect is not so obvious at the locations of baffles.
his is due to the fact that the liquid water in the void of porous
aterials is removed by the shear force induced from the forced
ow of the baffle.

The distributions of hydrogen mass flux along the interface
etween the GDL and CL in the anode of RH = 20%, 60% and
00% with N = 3 at V = 0.7 and 0.2 V are depicted in Fig. 6. It
s clearly shown that the hydrogen mass flux decreases along
he axial direction. This is due to the water accumulation in the
oid of the porous material, which in turn causes the reduction
f chemical reaction and the mass transfer of hydrogen. It is
lso observed that the hydrogen mass flux increases as the inlet
H increases. This is because the water content in the fuel gas
ixture is high, resulted in the reduction of the ohmic lost of
embrane, which in turn increases the proton migration for the

hemical reaction. This means that the consumption of hydrogen
ncreases. It is interesting to see that the hydrogen mass flux
ncreases abruptly at the locations of baffles in the cathode. This
s because more oxygen mass flux in the cathode is forced into
he gas diffusion layer at the baffle locations and more chemical

eaction occurs resulting in more hydrogen mass consumption
n the anode.

Fig. 7 shows the effect of humidity of hydrogen on the dis-
ribution of water mass flux at the GDL–CL interface of the
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local current density of RH = 20% is the lowest of the three at
high voltage conditions, while the highest at low voltage con-
ditions. Because the chemical reaction is weak at high voltage
ig. 7. Effects of relative humidity of hydrogen gas on anode side on the distri-
utions of the mass flow rate of water vapor: (a) V = 0.7 V; (b) V = 0.2 V.

athode with N = 3 at V = 0.7 and 0.2 V. It is found that the water
ass flux increases as the inlet RH of hydrogen gas increases.
his is due to water vapor in the hydrogen stream improves the
ass transfer of hydrogen to the membrane, which leads to the

ncrease of production of water at the GDL–CL interface of the
athode. It is also noticed that results without liquid water effect
re underestimated compared with that with liquid water effect
or RH = 60% and 100% at V = 0.7 V and the downstream region
f V = 0.2 V. This is due to the fact that the chemical reaction is
eak at high voltage conditions and the downstream region at

ow voltage conditions resulted in less water vapor produced
han that in the fuel stream. This implies that the water mass
ux is mainly from the water vapor in the fuel stream at high
oltage conditions.

Since water is produced at the CL of the cathode in a PEM fuel
ell, the mass transfer of air gas would be reduced due to liquid
ater condensation in the void of GDL of the cathode. Therefore,
roper water management in the cathode would enhance the cell
erformance and preventing from flooding. In order to obtain a
etter understanding, the inlet RH of air gas in the cathode is
lso studied to investigate its influence on the cell performance,
hich is shown in Fig. 8. It is seen that the cell performance

ncreases as the inlet RH decreases at low voltage conditions.
his is due to the oxygen mass fraction of RH = 20% is the high-

st and more oxygen takes part in the chemical reactions, which
n turn resulting in a better cell performance. However, it is
ot true for high voltage conditions. This is because the electro-

F
o

ig. 8. Effects of relative humidity of air gas on cathode side on the cell perfor-
ance.

hemical reaction is weak and the water effect is not obvious. As
he operating voltage decreases, the chemical reaction becomes
tronger and more water is produced. The influence of liquid
ater becomes more important and the effect of liquid water

hould be taken into account on the cell performance. Fig. 9
resents the influence of inlet RH of air gas in the cathode side
n the distribution of local current density. It is found that the
ig. 9. Effects of relative humidity of air gas on cathode side on the distributions
f the local current density: (a) V = 0.7 V; (b) V = 0.2 V.
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the performance of the fuel cell system.

The increase in N resulted in more oxygen transport into GDL
and more chemical reaction occurs, which in turn increases the
cell performance. However, it should be noted that the extent
ig. 10. Effects of relative humidity of air gas on cathode side on the distributions
f oxygen mass flow rate: (a) V = 0.7 V; (b) V = 0.2 V.

onditions, the liquid water effect is not so obvious. However, at
ow voltage conditions, the chemical reactions become stronger
esulted in the reduction of oxygen mass transfer due to liquid
ater produced in the cathode.
Since the power output is the consequence of the electro-

hemical reaction, the consumption of the oxygen along the
DL–CL interface can be considered as an index of the cell per-

ormance. The effect of RH of air gas on cathode side on the dis-
ributions of oxygen mass flow rate along the interface between
he GDL and CL with N = 3 are presented in Fig. 10. Around the
affle regions, the oxygen distributions show a peaked increase,
hich is a consequence of the channel blockage. Therefore, the
xygen distributions show peak variations around the baffles. It
s observed that the oxygen mass flux of RH = 60% is the highest
t high voltage conditions, while that of RH = 20% is the highest
t low voltage conditions. This is due to the liquid water occu-
ies the void of in the porous material leading the reduction of
xygen mass flux at high voltage conditions. It is also depicted
hat the distribution of oxygen mass flux presents an unordinary
rofile at the baffle locations. At the entrance of the flow channel,
xygen diffuses into the GDL and CL. Then oxygen mass flux
s enhanced by the forced convection induced by the blockage
f the baffles in the cathode. However, the remaining oxygen

hich is not involved in the chemical reaction diffuses back to

he flow channel resulted in the reduction of oxygen mass flux.
his is not found in low voltage conditions because the chemical

eaction is much stronger at low voltage conditions.
F
F

Fig. 11. Effects of baffle number on the cell performance.

Figs. 11 and 12 present the effects of baffle number on the
ell performance and local current density distributions, respec-
ively. It is obvious from Fig. 11 that the cell performance
ncreases as N increases, especially at low voltage conditions.

ith the tandem arrangement of the baffles in the channel of the
athode side, the fuel gas is forced to flow into the GDL and CL
o enhance the chance of chemical reaction at the CL as well as
ig. 12. Effects of baffle number on the local current density distributions: (a)
= 0.7 V; (b) F = 0.2 V.
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f increase in the current density at low voltages decreases as
is larger than 3. This implies that there exists a limitation of

he baffle number beyond that the cell performance would not
ncrease significantly. That is, there is an optimal N. Fig. 12
hows local current density distributions of a periodic pattern
ith peak-value appearing in the regions around the baffles and

educing along the channel. With a careful inspection on Fig. 12,
t is noted that the peak local current density increases as N
ncreases at high voltage conditions, while that at a lower oper-
ting voltage remains about the same value. However, the peak
urrent density at lower operating voltages for N = 5, 7 and 9
ecreases at the downstream of the flow channels. This is due to
he fact that the increase of number of baffles increases the fuel
onsumption resulting in the reacting fuel decreases at the down-
tream of the flow channels, which in turn causing the decrease
n the local current density. The dramatic degradation in local
urrent density in the downstream region of a blocked channel is
reflection of the more efficient fuel transport and the chemical

eaction in the upstream.

. Concluding remarks

A two-dimensional numerical model of PEMFC with baffle-
locked in cathode flow channel design is established to examine
he effects of humidity of reactant gases at the inlet on the gas
ransport and cell performance of the PEM fuel cell. The effects
f inlet relative humidity of reactant gases on both anode and
athode sides on the cell performance are considered. The effect
f baffle numbers on the detailed transport phenomena of the
EM fuel cell with baffle-blocked flow field is also examined in
etail. Brief summaries are as the following:

. As the inlet relative humidity of hydrogen gas increases,
both the chemical reaction and mass transfer of hydrogen are
enhanced due to the increase of water content in the mem-
brane, which leads to a better cell performance.

. The increases of inlet relative humidity in the cathode side
at lower operating voltages leads to the reduction of oxy-
gen concentration. Therefore, the cell performance decreases
with higher RHs. However, a better cell performance with
lower RH at higher operating conditions is obtained due to
more liquid water produced and filled the pore in the porous
material reduces the mass transfer of oxygen.

. It is discovered that the liquid water effect is less at high
operating voltage conditions, because the chemical reaction
is weak at high operating voltage resulting less water is

produced. This indicates that the liquid water effect can be
ignored at high operating voltage conditions.

. The cell performance is increased as N increases. This implies
that the area of forced convection is enlarged and more

[
[
[

[
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oxygen gas is forced into the catalyst layer. Therefore, the
chemical reaction is enhanced resulted in the rise of cell per-
formance. However, the amount of increase in the current
density at low voltages decreases as the increase of number
of baffles. That is, there is an optimum number of baffles that
increases the cell performance.
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