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Abstract 
 
Convective flow in the under-rib regions of gas diffusion layers (GDLs) is a non-negligible transport process that can enhance the per-

formance of polymer electrolyte membrane fuel cells (PEMFCs) by facilitating efficient utilization of catalyst layers (CLs) in those re-
gions. The permeability of GDLs has been recognized as a dominant factor influencing the intensity of the under-rib convection in 
PEMFCs. In this study, the correlation between the permeability of GDLs and the performance of PEMFCs was numerically investigated 
through a detailed simulation of the transport and electrochemical processes in PEMFCs using a computational fluid dynamics (CFD) 
tool. Three serpentine flow fields with one, three, or five parallel paths were considered as reactant flow channels for an active cell area 
of 3 cm × 3 cm, while the permeability of GDLs was varied from 1×10−12 m2 to 1×10−10 m2. The effects of the flow field design and the 
GDL permeability on the performance of PEMFCs were presented, along with their impacts on the local distribution of current density, 
water content, and reactant concentration. 
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1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) have 
been studied extensively as power sources for portable elec-
tronic devices and transportation vehicles due to their high 
efficiency, clean emissions, and low operating temperatures [1, 
2]. Recently, research efforts have been directed to improving 
the performance of PEMFCs through system-level design and 
operation optimization, e.g., better management of water and 
heat [3-5] or better design of reactant and coolant flow fields 
[6-9]. 

In this regard, the convective flow through under-rib re-
gions of gas diffusion layers (GDLs), or so-called under-rib 
convection, has received much research attention as a possible 
route towards an improved performance of PEMFCs. The 
under-rib convection is an essential transport process for in-
terdigitated flow fields with dead-end channel designs [10, 11]. 
In addition, the under-rib convection is also found to be im-
portant for serpentine flow fields with long channel lengths 

[12-14]. 
A relatively large pressure difference develops between ad-

jacent gas channels (GCs) in serpentine flow fields during the 
operation of PEMFCs, which leads to an increased leakage or 
by-pass flow rate through the under-rib paths. The permeabil-
ity of GDLs has been recognized as the crucial factor that 
determines the intensity of the under-rib convection for PEM-
FCs with serpentine flow fields [15-17]. Pharoah [16] showed 
that the convective transport through under-rib regions be-
came non-negligible when the permeability of GDLs exceeds 
10-13 m2. In fact, most of GDL materials currently used in 
PEMFCs have permeabilities higher than 10-13 m2 [15, 17]. 

It has been reported that the under-rib convection in serpen-
tine flow fields can improve the performance of PEMFCs by 
increasing the reactant concentration in catalyst layers (CLs) 
and facilitating the water transport in GDLs [18, 19]. Higher 
under-rib convection was also found to result in more uniform 
concentration of methanol for direct methanol fuel cells 
(DMFCs) with serpentine flow fields [20]. In addition, Xu and 
Zhao [6] experimentally have shown that a convection-
enhanced serpentine flow field (CESFF) results in better per-
formance and more stable operation of DMFCs. 

Thus, the under-rib convection is believed to allow more ef-

† This paper was recommended for publication in revised form by Associate Editor
Tong Seop Kim 

*Corresponding author. Tel.: +82 2 880 1662, Fax.: +82 2 883 0179 
E-mail address: kimcj@snu.ac.kr 

© KSME & Springer 2011 



458 S. M. Baek et al. / Journal of Mechanical Science and Technology 25 (2) (2011) 457~467 
 

 

fective utilization of electrocatalysts in CLs by increasing the 
reactant concentration, and also to enable more efficient re-
moval of liquid water from GDLs. And this in turn enhances 
the performance of PEMFCs with serpentine flow fields. 
However, under-rib convection is believed to be negligible for 
parallel flow fields, mainly due to the relatively small pressure 
difference between adjacent GCs. Ahmed et al. [21] showed 
that the performance of PEMFCs with parallel flow fields was 
improved only slightly when the permeability of GDLs was 
increased. 

In this study, computational fluid dynamics (CFD) simula-
tion was used to investigate the correlation between the per-
meability of GDLs and the performance of PEMFCs. Three 
serpentine flow fields with one, three, or five parallel paths 
were considered as reactant GCs to inspect the effects of the 
under-rib convection in different flow field designs. In the 
CFD simulation, the permeability of GDLs was varied by 
100-fold, from 1×10-12 m2 to 1×10-10 m2. The effects of the 
flow field design and the GDL permeability on the perform-
ance of PEMFCs were presented, along with their impacts on 
the local distribution of current density, water content, and 
reactant concentration. 

 
2. Theory and calculation 

In this study, a commercial CFD solver, STAR-CD (CD-
Adapco, Korea), with an add-on expert system, ES-PEMFC 
[22], was used to simulate the operation of PEMFCs. This 
program has been successfully used by many researchers for 
analyzing and designing flow fields and channel geometries 
for PEMFCs [23-25]. The ES-PEMFC solves coupled govern-
ing equations for mass conservation, energy conservation, and 
charge conservation by fully considering the detailed heat and 
mass transfer, fluid flow, and electrochemical reactions in 
PEMFCs. 

In the ES-PEMFC module, two-phase flow model is used to 
consider the evaporation and condensation of water produced 
inside PEMFCs. In addition, the mass transfer resistance due 
to liquid water in GDLs is modeled by the existence of a thin 
water film covering PEMs, and the dissolution of gases into 
the water film is calculated by Henry’s law. More detailed 
information regarding the ES-PEMFC methodology may be 
found in [22]. 

 
2.1 Computational model 

Fig. 1 shows three serpentine flow fields with one, three, 
and five parallel paths traveling over an active cell area of 9 
cm2 (3 cm × 3 cm). The detailed grid structure is also pre-
sented in Fig. 1(d), where the computational domain is divided 
into regions for a membrane electrode assembly (MEA, com-
posed of a PEM and two CLs), GDLs, gas channels (GCs), 
and bipolar plates (BPs). The same flow field design was used 
for both anode and cathode reactant GCs to obtain co-flow 
configuration. The detailed geometric parameters for the flow 
field and channel designs are summarized in Table 1. 

The number of finite volume cells was over 300,000 for the 
single serpentine flow field shown in Fig. 1(a). For parallel 

 
 
Fig. 1. Serpentine flow fields with (a) one, (b) three, and (c) five parallel paths for an active cell area of 9 cm2, and (d) detailed grid structure. 

Table 1. Geometrical model parameters. 
 

Parameter Value 

Channel height 0.8 mm 

Channel width 1.0 mm 

Rib width 1.0 mm 

Active cell area 3 cm × 3 cm 

GDL thickness 250 µm 

GDL porosity 0.7 

MEA thickness 50 µm 
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serpentine flow fields in Figs. 1(b) and 1(c), more than 
400,000 finite volume cells were required. The calculation for 
the single serpentine flow field shown in Fig. 1(a) generally 
took about 10 h using a personal computer with a 1.86 GHz 
CPU. 
 
2.2 Governing equations 

The governing equations required for the simulation of 
PEMFCs are summarized in Table 2. The major assumptions 
for the ES-PEMFC module are as follows [22]: 
 
• Three-dimensional geometry for MEA, GCs, and BPs 
• Steady-state and non-isothermal condition 
• Laminar flow of incompressible Newtonian fluid 
• Two-phase flow with evaporation/condensation of water 
• Ideal gas mixture and Fickian diffusion 
• Isotropic and homogeneous porous electrodes (GDLs) 
• Negligible ohmic loss at GDLs and BPs 

In Table 2, Eqs. T.1 and T.2 are the continuity and momen-
tum equations, and Eq. T.3 is the species conservation equa-
tion expressed in terms of the species mass fraction, im . Eqs. 
T.1-T.3 are solved for all fluid regions except solid regions for 
a PEM and BPs. In addition, the energy conservation equation 
of Eq. T.4 is solved for all regions, considering the conduction, 
convection, and heat source terms. Relevant source terms, s , 
are also provided in Table 2. The mass generation and con-
sumption terms due to the electrochemical reactions are de-
fined at GDL/MEA interfaces. 

In ES-PEMFC, the output voltage, ,V  of a PEMFC is de-
termined as 

 
),(),( yxyxIRVV ocv η−−=   (1) 

 
where ocvV  denotes the open circuit voltage, ),( yxIR  de-
notes the ohmic loss, and ),( yxη  denotes the sum of the 
activation and concentration losses (termed as overpotential). 

Table 2. Governing equations and source terms. 
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Since the ohmic potential loss in a PEMFC mainly occurs 
inside the PEM, ),( yxIR  can be calculated in terms of the 
ionic conductivity, mσ , as 
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where mt  is the thickness of the PEM. Eq. (2) indicates that 
the ohmic loss is proportional to the current density, ),( yxI , 
while it is inversely proportional to the ionic conductivity of 
the PEM. 

The overpotential, ),( yxη , is determined as a function of 
),( yxI  and the partial pressure of oxygen, ),(
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where R  denotes the universal gas constant, kz  denotes the 
number of electrons participating in the electrode reaction 

( 4=cz  and 2=az ), and 0,kI  denotes the exchange cur-
rent density for the anode or the cathode. In addition, ∞,H2

p  
and ∞,O2

p  are the partial pressures of hydrogen and oxygen 
at the channel inlets. 

 
2.3 Operating conditions 

The operating conditions for a PEMFC considered in the 
numerical simulations are summarized in Table 3. The hydro-
gen flow rate at the inlet of the anode GC was set to 1.0 A/cm2 
equivalent, while the air flow rate at the inlet of the cathode 
GC was set to 2.0 A/cm2 equivalent. For sufficient humidifica-
tion of the PEM, hydrogen and air were assumed to be fully 
humidified at the inlets of GCs. For cooling of the PEMFC, a 
prescribed temperature of 70°C was imposed on the top and 
the bottom boundaries of the anode and cathode BPs. The cell 
voltage was prescribed to be 0.6 V, while the open circuit 
voltage corresponding to the operating condition was 0.98 V. 

The simulations were conducted for PEMFCs with 9 cm2 
active cell area. Three serpentine flow field designs shown in 
Figs. 1(a), 1(b) and 1(c) were considered as the reactant flow 
fields for both anode and cathode GCs. In addition, the per-
meability of GDLs was varied from 1×10-12 to 1×10-10 m2 to 
investigate its impact on the performance of the PEMFC. Ta-
ble 4 summarizes the inlet fluid velocities prescribed to simu-
late the serpentine flow fields. Note that higher fluid velocity 
is required as the number of parallel paths is increased. 
 
2.4 Boundary conditions 

As the boundary conditions for the momentum and species 
conservation equations, the inlet conditions summarized in 
Table 3 and 4 were prescribed, along with the outflow condi-
tions at the outlets. Then, the other boundaries were automati-
cally treated as no-slip or impermeable walls in the ES-
PEMFC module. 

For the energy conservation equation, the temperature at the 
top boundary of the anode BP and the bottom boundary of the 
cathode GC was fixed at the cell temperature of 70°C (see 
Table 2), in addition to the inlet and outlet conditions. Simi-
larly, the other boundaries were treated as adiabatic. Also note 

Table 3. Operating conditions. 
 

Inlet flow rate 1.0 A/cm2 equivalent 

Inlet temperature 80°C 

Inlet due point 80°C 

Mass fraction of H2 0.115 

Mass fraction of Water 0.885 

Anodea 

Exchange current density 2000 A/m2 

Inlet flow rate 2.0 A/cm2 equivalent 

Inlet temperature 70°C 

Inlet dew point 70°C 

Mass fraction of O2 0.183 

Mass fraction of water 0.215 

Cathodea 

Exchange current density 200 A/m2 

Open circuit voltage 0.98 V 

Cell voltage 0.6 V 

Inlet/outlet pressure 1 atm 
PEMFCa 

Cell temperature 70°C 

MEA 0.95 W/m-K 

GDL 3.0 W/m-K 
Thermal 
conduct- 

ivityb Bipolar plate 20 W/m-K 
a operating conditions are adopted from [23-25] 
b thermal conductivity values are adopted from [26] 
 
Table 4. Prescribed velocities at the inlets of flow channels. 
 

Number of paths Anode GC Cathode GC 

1 Path 3.152 m/s 11.25 m/s 

3 Paths 1.051 m/s 3.749 m/s 

5 Paths 0.6303 m/s 2.250 m/s 
 

A B C
Rib

Channel

GDL

Bipolar Plate

Ap Bp Cp

Under-Rib Convection

Cross-Section ABC

A

C

B

Az
Bz

Cz

Inlet

Channel
Rib

Outlet

Path-Length
measured from Inlet

CBA ppp >>

CBA zzz <<

 
 
Fig. 2. Explanation of under-rib convection mechanism in a serpentine
flow field. 
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that the calculation of current density, ),( yxI , only requires 
the output voltage, V , as a boundary parameter. 
 

3. Results and discussion 

3.1 Under-rib convection mechanism 

As mentioned above, the ES-PEMFC module has been suc-
cessfully used in many researches for the analysis of PEMFCs 
[23-25]. Thus, we did not perform validation studies for the 
ES-PEMFC module, by referring to the well documented 
validity results in the previous researches [23-25]. Instead, we 
focused more on the results and their discussion. 

The under-rib convection mechanism is reviewed in Fig. 2 
before inspecting the simulation results. A small region in a 
single serpentine flow field (1-path) is presented in Fig. 2. 
Note that a GC section, A, is in close contact with other two 
GC sections, B and C, which have different path-lengths, z , 
measured from the inlet. Because the pressure drop at a GC 
section is proportional to its path-length, CBA ppp >>  
holds for the three channel sections, A, B, and C, with 

CBA zzz << . The pressure difference between two adjacent 
GC sections causes convective flow through the under-rib 
paths of the porous GDL, as indicated in Fig. 2, which is 
called under-rib convection. 

The merits of enhanced convective flow in the under-rib re-

gions of GDLs are also well understood by Fig. 3. The under-
rib convection increases the reactant concentration near CLs 
and, at the same time, decreases the product concentration by 
enhancing gas transport rate. In addition, it can help reduce the 
electrode flooding by facilitating water exhaust from the un-
der-rib regions of GDLs [18, 19]. Higher reactant concentra-
tion enhances the electrochemical reaction at CLs while lower 
electrode flooding increases mass transport rate at GDLs. 
Thus, better performance of PEMFCs is generally expected 
with a higher under-rib convection intensity in GDLs. 
 
3.2 Overall performance variation 

Fig. 3 summarizes the overall performance of a PEMFC 
simulated with different flow field designs and different per-
meability values for GDLs. The cell current density, cellI , in 
Fig. 3(a) was obtained by averaging local current density over 
the active cell area. And the cathode pressure drop, cp∆ , in 
Fig. 3(b) was calculated by the pressure difference between 
the inlet and the outlet of the cathode GC. Fig. 3(a) indicates 
that single serpentine flow fields (1-path) lead to higher cell 
current density compared with parallel serpentine flow fields 
(3-path and 5-path). It is also found that higher permeability of 
GDLs generally improves the average current density of 
PEMFCs. 

In Fig. 3(a), the performance enhancement due to increased 
GDL permeability is more noticeable for the single serpentine 
flow field (1-path) than for the parallel serpentine flow fields 
(3-path and 5-path). For example, the cell current density is 
enhanced by about 0.032 A/cm2 (4.3%) for the single serpen-
tine flow field during the GDL permeability increase from 
1×10-12 m2 to 1×10-10 m2, while those for the parallel serpen-
tine flow fields are enhanced by about 0.012 A/cm2 (3-path) or 
about 0.005 A/cm2 (5-path). In summary, increasing GDL 
permeability has more influence on the PEMFC performance 
when the number of parallel paths in the serpentine flow field 
is smaller. These performance trends may be explained by 
referring to the under-rib convection effect in serpentine flow 
fields. 

In general, single serpentine flow fields, such as the one 
shown in Fig. 1(a), result in higher under-rib convection inten-
sity due to the close contact of GC sections with different 
path-lengths, z . In contrast, adjacent GC sections in parallel 
serpentine flow fields have similar path-lengths as observed in 
Figs. 1(b) and 1(c), which leads to low under-rib convection 
intensity in those flow fields. Therefore, the observed better 
performance of PEMFCs with the single serpentine flow field 
can be attributed to higher under-rib convection intensity. 
Because of the same under-rib convection effect, the cell cur-
rent density for the single serpentine flow field becomes more 
sensitive to the permeability of GDLs. With higher GDL per-
meability, convective flow in the under-rib regions of GDLs is 
facilitated more, which in turn enhances the performance of 
PEMFCs. 

The cathode pressure drop shown in Fig. 3(b) also supports 
the explanation based on the under-rib convection effect. The 
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Fig. 3. Effects of GDL permeability on (a) the average current density,
and (b) the cathode pressure drop in PEMFCs. 
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pressure drop across the cathode GC of the single serpentine 
flow field is significantly reduced from about 5536 Pa for 

=gdlK 1×10-12 m2 to about 2595 Pa for =gdlK 1×10-10 m2. 
The under-rib convection in the single serpentine flow field 
decreases the amount of gas that flows through the GC, lead-
ing to such large reduction in the pressure drop. In contrast, 
for parallel serpentine flow fields with negligible under-rib 
convection, the cathode pressure drop is only slightly reduced 
during the 100-fold increase in the GDL permeability. 

Fig. 3(b) also shows that cp∆ is much smaller for the paral-
lel serpentine flow fields (3-path and 5-path) than for the sin-
gle serpentine flow field (1-path). This is because both the 
channel path-length and the gas flow rate in each path are 
inversely proportional to the number of parallel paths, pathN . 
In addition, the secondary pressure drop at many curved GC 
sections in serpentine flow fields is also dependent on the 

square of flow speed. In summary, the cathode pressure drop, 
cp∆ , shown in Fig. 3(b) has a dependency of 282.2~ −∆ pathc Np  

for =gdlK 1×10-12 m2, where the coefficient of determination, 
2r , is close to 1. 
At this moment, it is worth noting that the superior cell per-

formance of the single serpentine flow field shown in Fig. 3(a) 
may not directly lead to a better system performance. This is 
because the overall performance of a PEMFC system is also 
influenced by the parasitic power consumption for operating 
auxiliary devices of the system, such as pumps, blowers, or 
compressors. Thus, in some cases, the better cell performance 
of the single serpentine flow field can be offset by higher 
pumping power due to the more severe pressure drop shown 
in Fig. 3(b), resulting in negligible enhancement or even deg-
radation of the system performance. 

Fig. 4 presents the spatial distribution of local current den-

 
 
Fig. 4. Local current density distribution for serpentine flow fields with (a) one, (b) three, and (c) five parallel paths. The GDL permeability is var-
ied as 1.0×10−12, 1.0×10−11, and 1.0×10−10 m2. 
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sity, ),( yxI , in the square active area of 3 cm × 3 cm. Note 
that the local current density at the anode-side of MEA is al-
most the same as that at the cathode-side due to the small 
thickness of the membrane. In Fig. 4, the locations of channel 
and rib boundaries are indicated by thin solid lines. It is found 
that the highest local current density is obtained at the under-
channel regions near the inlets where the reactant concentra-
tions are high. On the other hand, the lowest local current 
density is found at the under-rib regions near the outlets, espe-
cially when GDL permeability is small as =gdlK 1×10-12 m2. 

In Figs. 4(b) and 4(c) for the parallel serpentine flow fields, 

the distribution of local current density is not much influenced 
by the variation in GDL permeability. The magnitude of local 
current density is always higher in the under-channel regions 
than in the under-rib regions, by which the flow field patterns 
are clearly identified. In contrast, the current density distribu-
tion for the single serpentine flow field is found to signifi-
cantly alter as GDL permeability is increased. In Fig. 4(a), 
local current density is generally higher in the under-channel 
regions for =gdlK 1×10-12 m2, which is similar to the parallel 
flow field cases shown in Figs. 4(b) and 4(c). However, when 
GDL permeability increases to 1×10-11 m2 or 1×10-10 m2, local 
current density in the under-rib regions becomes higher than 
that in the under-channel regions, thereby resulting in 'zig-zag' 
patterns shown in Fig. 4(a). 

Close inspection of Fig. 4(a) for =gdlK 1×10-11 m2 and 
1×10-12 m2 indicates that higher local current density is ob-
tained in the under-rib regions near the corners of the single 
serpentine flow fields. This result may be explained by the 
fact that the convection intensity in an under-rib region is de-
pendent on the difference in path-length, z∆ , between two 
GC sections (see Fig. 2). Thus, under-rib regions along the 
centerline of serpentine flow fields have a path-length differ-
ence of xlz =∆ , where xl  denotes the length of the active 
cell in the x-direction. In contrast, under-rib regions near the 
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Fig. 5. Local current density distribution along the centerline for ser-
pentine flow fields with (a) one (1-path), (b) three (3-path), and (c) five 
parallel paths (5-path). 
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Fig. 6. Effects of GDL permeability on (a) the cell ohmic resistance 
and (b) the cell cathode resistance. The mean water content of mem-
brane and the mean oxygen concentration at cathode MEA are also 
presented. 
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corners of serpentine flow fields have a larger path-length 
difference of xlz 2=∆ , and thus the under-rib convection 
intensity is higher there. The enhancement of local current 
density due to such under-rib convection effects is also ob-
served in some regions with larger path-length differences in 
Figs. 4(b) and 4(c) for the parallel serpentine flow fields. 

For more quantitative analysis of the results, the distribution 
of local current density along the centerline of the flow fields 
is plotted in Fig. 5 (find the definition of the centerline AA' in 
Fig. 1). Fig. 5 clearly indicates that the variation in GDL per-
meability has higher impacts on the single serpentine flow 
field than on the parallel serpentine flow fields, which is con-
sistent with the results found in Figs. 3 and 4. In Figs. 5(b) and 
5(c) for the parallel serpentine flow fields, higher local current 
density is generally obtained in the under-channel regions 
compared to the nearby under-rib regions, regardless of GDL 
permeability. However, a different trend is observed for the 
single serpentine flow field shown in Fig. 5(a). Local maxi-
mums for current density are obtained in the under-channel 
regions when GDL permeability is small as 1×10-12 m2 or 
3×10-12 m2, but their positions move towards the under-rib 
regions as GDL permeability increases towards 1×10-10 m2. It 
should be noted that under-rib convection intensity is believed 
to be smaller along the centerline in the middle of the single 

serpentine flow field, compared to that near the corners of the 
flow field. 

Fig. 6 summarizes the effects of GDL permeability on cell 
ohmic resistance, ohmR , and overall cathode resistance, 

cellc I/η . Fig. 6(a) indicates that mean water content, mλ , in 
the membrane decreases with increase in GDL permeability, 
resulting in higher ohmic resistances. However, the variation 
in the cell ohmic resistance shown in Fig. 6(a) is, in fact, small 
considering the 100-fold increase of GDL permeability from 
1×10-12 m2 to 1×10-10 m2. The increase of ohmR  amounts to 
only about 1.8%, 0.7%, and 0.3% for the serpentine flow 
fields with one, three, five parallel paths, respectively. The 
under-rib convection effect can explain the increase of ohmic 
resistance with GDL permeability as follows. Higher under-
rib convection intensity facilitates the exhaust of water vapor 
(product) out of the GDL. This results in a smaller vapor pres-
sure near MEA, leading to a smaller equilibrium water content 
in the membrane. 

In Fig. 6(b), mean oxygen concentration at the cathode-side 
of MEA, MEAm ,O2

, is found to increase by about 10% (1-
path), 3.8% (3-path), and 1.5% (5-path) when GDL perme-
ability is increased from 1×10-12 m2 to 1×10-10 m2. Accord-
ingly, overall cathode resistance is decreased by about 5.3%, 
2.1% and 0.9% for the serpentine flow fields with one, three, 

 
 
Fig. 7. Distribution of membrane water content for single serpentine flow field (Kgdl= 1.0×10−12, 1.0×10−11, and 1.0×10−10 m2). 
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Fig. 8. Distribution of oxygen concentration at cathode MEA for single serpentine flow field (Kgdl= 1.0×10−12, 1.0×10−11, and 1.0×10−10 m2). 
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five parallel paths, respectively. Thus, Fig. 6(b) indicates that 
the obtained better performance with higher GDL permeabil-
ity is largely due to the increase in the reactant concentration 
near the MEA. Higher under-rib convection enhances mass 
transport rates required for supplying reactant to and removing 
product out of the MEA. 

The local distribution of membrane water content is pre-
sented in Fig. 7 for the single serpentine flow field. In Fig. 7, 

mλ  exhibits only slight reduction in magnitude as GDL per-
meability increases, but the magnitude is less noticeable as 
inferred from Fig. 6(a). Fig. 8 shows the local distribution of 
oxygen mass fraction at the cathode-side of the MEA. Note 
the close similarity between Fig. 8 for oxygen concentration 
distribution and Fig. 4(a) for current density distribution. In 
Fig. 8, the oxygen concentration is generally higher in the 
under-channel regions than in the under-channel region for 

=gdlK 1×10-12 m2. However, oxygen concentration also ex-
hibits a 'zig-zag' pattern due to active under-rib convection 
when GDL permeability is 1×10-10 m2. The resemblance be-
tween the oxygen concentration and current density distribu-
tions clearly indicates the importance of under-rib convection 
for the performance of PEMFCs with serpentine flow fields. 

Finally, a transversal velocity field (y and z components) for 
three adjacent GC and GDL sections is shown in Fig. 9, along 
with the distribution of oxygen concentration. For the exact 
location of the GC sections shown in Fig. 9, please refer to Fig. 
1. In Fig. 9, the magnitude of under-rib convection velocity is 
negligible for =gdlK 1×10-12 m2, but increases to about 0.2 
m/s for =gdlK 1×10-11 m2 and to about 0.7 m/s for 

=gdlK 1×10-10 m2. According to the under-rib convection 
enhancement, oxygen concentration near the cathode-side of 
MEA becomes more uniform among the under-channel re-
gions and the under-rib regions. It is interesting that the trans-
versal flow patterns in the GC sections are also influenced by 
the under-rib convection intensity. In Fig. 9(c), the highest 
oxygen concentration is obtained at the edges of GC sections 
towards downstream direction. 

At this moment, it may be worthwhile to review actual 

permeability values of GDL materials used in PEMFCs. Wil-
liams et al. [15] reported the through-plane permeability of 
several GDL materials and obtained 8.7×10−12 m2 for a bare 
Toray carbon paper (TGP-H-120) with 75.6% porosity, and 
1.9×10−12 m2 for the same paper after a microporous layer 
application. Feser et al. [17] reported the in-plane permeabili-
ties of several carbon paper media for GDLs, including the 
compression effect; the in-plane permeability of a Toray car-
bon paper (TGP-H-60) was measured to be about 1.1×10−11 m2 
at 77% porosity when it was compressed to about 96% of the 
initial thickness (about 96% compression ratio), but the in-
plane permeability reduced to about 5.0×10−12 m2 at 71% po-
rosity (corresponding to about 70% compression ratio). Feser 
et al. [17] also showed that the in-plane permeability of SGL 
carbon paper (SGL31BA) amounted to about 4.3×10−11 m2 at 
78.5% porosity (about 87% compression ratio) and about 
2.2×10−11 m2 at 75% porosity (about 77% compression ratio). 
In the present numerical simulations, GDL permeability was 
varied from 1×10−12 m2 to 1×10−10 m2. Thus, the range of 

gdlK  considered in this study is believed to appropriate. 
 

4. Conclusions 

The correlation between the permeability of GDLs and the 
performance of PEMFCs with serpentine flow fields was nu-
merically investigated in this study. The serpentine flow fields 
were made to have one, three, and five parallel paths, while 
the GDL permeability was varied from 1×10-12 m2 to 1×10-10 m2. 
From the numerical simulations, PEMFCs with single serpen-
tine flow fields (1-path) were found to have better perform-
ance than PEMFCs with parallel serpentine flow fields (3-path 
and 5-path) for the same GDL permeability. This result was 
explained by the fact that higher convection intensity is in-
duced in under-rib regions of GDLs due to larger path-length 
difference in single serpentine flow fields. 

The numerical simulations also showed that higher perme-
ability of GDLs was advantageous for the performance of 
PEMFCs, especially when single serpentine flow fields were 
employed as reactant flow fields. The current density distribu-
tion showed that higher current density was obtained in under-
channel regions of single serpentine flow fields when GDL 
permeability was small. However, as GDL permeability in-
creased, the position of local maxima of current density 
moved towards under-rib regions, which pointed to the impor-
tance of under-rib convection in enhancing the performance of 
PEMFCs. 

For more detailed study on under-rib convection effects, we 
investigated the distribution of membrane water content and 
oxygen concentration at the cathode-side of MEA. We found 
that oxygen concentration was greatly increased with higher 
GDL permeability, while membrane water content was less 
sensitive. In addition, a similarity between the distribution of 
current density and that of oxygen concentration was clearly 
observed. Therefore, higher reactant concentration near reac-
tion sites due to enhanced under-rib convection intensity was 

 
 
Fig. 9. Cross-sectional views of transversal velocity and oxygen con-
centration in three GC and GDL sections for (a) Kgdl= 1×10−12 m2, (b) 
1×10−11 m2, and (c) 1×10−10 m2. 
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indentified to be the key reason for the performance enhance-
ment of PEMFCs with higher GDL permeability. 
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Nomenclature------------------------------------------------------------------------ 

A  :  Active reaction area, m2 
F  :  Faraday constant, 96,485 C/mol 
h   :  Enthalpy, J 
hfg :  Enthalpy of vaporization, J 
∆hform :  Enthalpy of formation, J 
I  :  Current density, A/cm2 
Ji  :  Mass flux of species i, kg/m2-s 
Kgdl  :  GDL permeability, m2 
Mi  :  Molecular mass of species i, kg/mol 
mi  :  Mass fraction of species i 
massn  :  Mass of species n, kg 
pi  :  Partial pressure of species i, Pa 
Rohm  :  Cell ohmic resistance, Ω-cm2 
s   :  Source term 
T  :  Temperature, K 
z  :  Channel path-length, m 
 
Greek letters 

α  :  Effective electro-osmosis coefficient 
ε  :  Porosity 
η  :  Overpotential, V 
λm  :  Membrane water content 
σm  :  Ionic conductivity of membrane, S/m 
 
Superscripts/subscripts 
a/c  : Anode/cathode 
e/p  : Electrochemical/phase change 
gdl  : Gas diffusion layer 
l/v : Liquid/vapor 
sat  : Saturation 
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