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Abstract: This paper proposes the numerical analyses on performance for PEMFC in the aspects of water 
management and distribution of current density were performed to compare serpentine channel flow field of 5 
passes 4 turns serpentine and 25cm2 reaction surface between with and without sub-channel at rib. Through the 
supplement of sub-channel flow field, the improvement of water removal characteristic inside channel was 
confirmed from the numerical results because the flow direction of under-rib convection is changed into the sub-
channel. Reacting gases supplied from entrance disperse into sub-channel flow field and electrochemical 
reaction occurs uniformly over the reaction surface. Therefore, it was also known that total current density 
distributions become uniform because retention time of reacting gases traveling to sub-channel flow field is 
longer than main channel. At the averaged current density of 0.6 A/cm2, the results show that output power for 
the serpentine flow-field with sub-channel is 8.475 W which is decreased by about 0.35 % compared with 8.505 
W for the conventional-advanced serpentine flow-field, whereas the pressure drops on the anode and cathode 
side for the serpentine flow-field with sub-channel are 0.282 kPa and 1.321 kPa which are decreased by about 
22.95 % and 17.12 % compared with 0.366 kPa and 1.594 kPa for the conventional-advanced serpentine flow-
field, respectively. 
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1. Introduction 
Proton exchange membrane fuel cell (PEMFC) has been considered one of the most 
promising alternative clean power generators because of its low to zero emission, its low 
temperature operation, high power density, and high efficiency [1]. Currently, many 
researchers have studied the bipolar plate considered performance and water management in 
the flow channel. Kanezaki [2] and Nam [3] have found that under-rib convection flow 
between adjacent channels. The under-rib convection is believed to increase the reactant 
concentration in the under-rib regions, facilitate liquid water removal from those regions, and 
enable a more uniform concentration distribution, thus explaining an experimental result of 
good cell performance.  
 
 

(a) case #1     (b) case #2 

Fig. 1. Two 25cm2 serpentine flow-field patterns; (a) case #1(without sub-channel); (b) case #2(with 
sub-channel). 
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This paper proposes the numerical analyses on pe rformance for PEMFC in the aspects of 
water management and distribution of current density were performed to compare serpentine 
channel flow fields of 5-passes and 4-turns serpentine and 25cm2 reaction surface between 
with and without sub-channel at rib. Two serpentine flow-field patterns are shown in Fig. 1. 
 
2. Numerical model 
In this study, CFD programs based on STAR-CD and ES-PEMFC were used to solve the fully 
coupled governing equations. The model assumes a s teady state, ideal gas properties, and 
homogeneous two phase flows. Assuming that liquid film is formed on the electrode surface 
during liquid water condensation, the Henry’s law of the solubility of gases in the liquid water 
is used to calculate the diffusion flux, electro-osmotic drag force, and water back diffusion [4, 
5]. To improve the computational accuracy, grid cells were established by equalizing the node 
connectivity in each component and by using the hexahedron mesh. The number of 
computational cells used in the model varied with complexity of the model. For the case #1, 
the total cell number was 3.078 million cells, case #2 had 3.336 million computational cells. 
The present numerical model was validated by grid tests and numerical simulation results on 
10cm2 serpentine with single channel flow-field PEMFC [4]. 
 
3. Results and discussion 
The parametric studies were conducted on 25 c m2 serpentine channels that have the case #1 
and case #2 configurations, all under the same operating conditions and inlet flow velocity as 
listed in Table 1 and Table 2. The performance-related parameters include membrane water 
content (λ), net water flux per proton (α), pressure drop, current density. They are investigated 
to generate the optimum serpentine flow-field that enhances the PEMFC performance. The 
net water flux per proton expresses the water transport between anode and cathode. If the net 
water flux per proton is greater than 0, t he electro-osmotic drag is higher than the back 
diffusion, and water is transported from the anode to the cathode. On the other hand, the net 
water flux per proton is less than 0 m ainly in the outlet area under the ribs, and water is 
transported from the cathode to the anode by the back diffusion. Back diffusion occurred due 
to the concentration of water on the anode is higher than on the cathode. 
 
Table 1. Inlet conditions at Anode and Cathode. 
Anode Inlet conditions Cathode Inlet conditions 
Gas Hydrogen Gas Air 
Stoichiometry 1.5 Stoichiometry 2.0 
Inlet temperature (℃) 75 Inlet temperature (℃) 75 
Inlet relative humidity (%) 100 Inlet relative humidity (%) 100 
Mass fraction of hydrogen 0.078 Mass fraction of hydrogen 0.169 
Mass fraction of water 0.561 Mass fraction of water 0.274 
 
Table 2. Operating conditions at Iave = 0.6A/cm2. 
Operating conditions  
%H2 in reformate 75 
Exit pressure (kPa) 101 
H2 exchange current density (A/cm2) 2000 
O2 exchange current density (A/cm2) 200 
Open circuit voltage (V) 0.96 
Cell temperature (℃) 75 
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Fig. 2 ~ Fig. 4 show the comparison of the membrane water contents (λ), net water flux per 
proton (α) and current density distributions at averaged current density of 0.6 A/cm2. 
 

 

(a) case #1 
 

(b) case #2 
Fig. 2. Water content (λ) at Iave=0.6 A/cm2; (a) case #1; (b) case #2. 
 
Fig. 2 shows the comparison of the membrane water contents between the case #1 and case #2 
at the averaged current density of 0.6 A/cm2. The membrane water content under the rib area 
is higher than that under the adjacent channel area because a lot of water produced at the 
cathode under the rib region can be absorbed into the membrane as shown in case #1. On the 
other hand, the membrane water content of the case #2 has smaller variation between the 
channel and rib than that of the case #1 because under-rib convection flow from channel to 
the adjacent rib and then flow from the inlet channel to the adjacent outlet channel, and liquid 
water gathers and discharges into sub-channel. 
 

 

(a) case #1 
 

(b) case #2 

Fig. 3. Net water flux per proton (α) at Iave=0.6 A/cm2; (a) case #1; (b) case #2. 
 
Fig. 3 shows the comparison of the net water flux per proton between the case #1 and case #2 
at the averaged current density of 0.6 A/cm2. The net water flux per proton is greater than 0 at 
the ribs and that is less than 0 a t the channels as shown in case #1. The net water flux per 
proton is always greater than at the ribs because the hydrogen ions are transported from 
cathode to the anode with a lot of water. Case #2 shows that the net water flux per proton at 
the ribs is lower due to sub-channel than the net water flux per proton at the channels i.e. a lot 
of water is transported from cathode to the anode. 
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(a) case #1 
 

(b) case #2 
Fig. 4. Current density distributions at Iave=0.6 A/cm2; (a) case #1, case #2. 
 
Fig. 4 presents the comparison of the current density distributions between the case #1 and 
case #2 at the averaged current density of 0.6 A/cm2. The overall distributions show that the 
local current density is decreasing from the inlet toward the outlet due to the consumption of 
the reacting gases. Through the supplement of sub channel flow field, it is shown from the 
results that water removal characteristic inside channel improves because the flow direction of 
under-rib convection is changed into the sub channel. Therefore, case #2 shows that total 
current density distributions become uniform because retention time of reacting gases 
traveling to sub channel flow field is longer than to main channel. 
 

 

Fig. 5. Index and location of the serpentine flow-field. 
 
Fig. 6 s hows the comparison of the total pressures between the case #1 and case #2 at the 
averaged current density of 0.6 A/cm2 and the same location as shown in Fig. 5.  The pressure 
drops on t he anode and cathode side for case #2 are 0.282 kP a and 1.321 kP a which are 
decreased by about 22.95 % and 17.12 % compared with 0.366 kPa and 1.594 kPa for case 
#1, respectively. The enhanced under-rib convection in both anode and cathode of case #2 
decreases the pressure drop, which also contributes to the performance by reducing the power 
consumption of air blower. 
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(a) Anode side 
 

(b) Cathode side 
Fig. 6. The comparison of the total pressures between the case #1 and case #2 at Iave=0.6 A/cm2; (a) 
Anode side; (b) Cathode side. 
 

 

Fig. 7. The comparison of the polarization and power density curves between the case #1 and case #2. 
 
To verify the maximization of power density among the performance-related parameters, the 
comparison of the polarization and power density curves between the case #1 and case #2 is 
given in Fig. 7. F or the current density lower than 0.6 A /cm2, the cell voltage and power 
density is independent of serpentine flow-field with and without sub-channel. For the current 
density greater than 0.6 A/cm2, the cell voltages and power densities of case #1 and case #2 
differ, the differences increase with the decreasing current density. 
 
4. Conclusions 
This study presents numerical analysis-based design of the serpentine flow field patterns to 
stimulate under-rib convection by adding sub-channel for improving the PEMFC performance. 
In the case of the case #2, under-rib convection flow from channel to the adjacent rib and then 
flow from the inlet channel to the adjacent outlet channel, and liquid water gathers and 
discharges into the sub-channel. Through the present numerical analysis-based design, the 
serpentine flow field with sub-channel enhances the performances of pressure drop, discharge 
of liquid water, and uniformities of current density.  
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