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ABSTRACT 

 
We report on fuel cell flow-field development employing two-dimensional 

computational fluid dynamics (2-D CFD). Simulation of the flow distribution of a 
parallel channel flow-field, with a simple one-channel manifold, predicted 
inhomogeneous performance distribution within the cell. Further modeling, focusing on 
modification of the inlet and outlet flow fields, was used to predict a more homogeneous 
flow distribution in the flow-field. Attempts were made to verify the theoretical 
predictions experimentally by application of the segmented cell system. Measurements of 
the current distribution and CO transient response supported the 2-D CFD predictions. 
However, the margin of error between predicted and experimental results was considered 
insufficient to be of practical use. Future work will involve the evaluation of 3-D CFD to 
achieve the appropriate level of accuracy. 

 
 

INTRODUCTION 
 

Limited energy sources and world wide environmental pollution are two current 
technological challenges. Fuel cells address these problems by offering high energy-
conversion efficiencies and high power densities, coupled with the ability to operate on 
alternative fuels, such as hydrogen and methanol. Polymer electrolyte fuel cells (PEFCs) 
are promising sources of electrical energy for small stationary and transportation 
applications.  

To exploit the full capacity of PEFC performance, a better understanding of the 
influences of water distribution, contact resistance, and catalyst loading on the current 
distribution is as important as the spatial effects of flow-field design, operating 
conditions, fuel crossover and CO poisoning. The objective of this work is to generate an 
improved flow distribution with the ultimate goal of achieving improved cell 
performance at potentially lower stoichiometric ratios. While this could be achieved by 
other means (e.g. large manifolds or highly restrictive flow paths), such methods are not 
always practical due to system size or balance of plant considerations. Alternatively, flow 
distributions can be adjusted by changing the shapes of the inlet and outlet manifolds. 
Overall manifold size can also be adjusted within the constraints of the system under 
study. 

The approach taken was to use two-dimensional computational fluid dynamics (2-
D CFD) to model the system and predict the effects of adjustments made to the inlet and 
outlet manifolds of the flow field. The results of these simulations were then tested 
experimentally using a segmented anode design fuel cell.  This cell design allows the 



differentiation of localized electrode surface reactions as opposed to the integral of all 
localized reactions obtained with a single cell current measurement.   

 
 

EXPERIMENTAL 
 

Flow Field Design Issues with Computational Fluid Dynamics 
 

Computational fluid dynamics utilizes high speed computer processing to solve a 
system of non-linear differential equations that govern fluid behavior. The differential 
equations are approximated by algebraic expressions that are solved in an iterative 
fashion. CFD analyses in this study were performed using the FEMLAB finite element 
CFD code (COMSOL, Inc.). FEMLAB utilizes an automatic meshing algorithm that 
generates triangular elements in 2D geometries and tetrahedral elements in 3D 
geometries. We applied the FEMLAB software employing the stationary linear solver in 
the general form and sparse null space function. All computations in this study were 
performed on a Pentium 4 personal computer with 768 MB RAM running on Microsoft 
Windows XP.  

Some generalized assumptions were made to simplify the problem without 
destroying the value of the solutions. These assumptions were: 

• Incompressible flow 
• Isothermal flow 
• Newtonian fluid 
• Thermodynamic properties are constant 
• Gravitational effects are neglected 

Prior to any final calculation of the flow distribution with CFD a rate of 
convergence study was performed to determine an appropriate mesh density for this 
specific application. The expected convergence rate of the relatively large two-
dimensional domain that is the focus of this study could not be attained in FEMLAB due 
to a Microsoft Windows limitation restricting RAM availability for a given application. 
As a consequence, grids with up to about 20500 nodes could be solved reliably.  

The velocity solutions in FEMLAB with the elements used (Lagrange p1-p2) 
were expected to be second order accurate. However, within the limited range of mesh 
densities used the rate of convergence did not approach the expected –2. As such, the 
numerical accuracy of the calculations was questionable and raised doubts as to the 
validity of the simulated results. 

 
Measurement Setup 

 
The most recent segmented cell hardware consisted of a one-piece cathode and a 

segmented anode. The cathode had an active area of 104 cm2 with the same outer 
dimensions as the segmented anode hardware. The anode was composed of 10 separate 
segments, each with an area of 7.71 cm2 leading to a total active area of 77.1 cm2. 
Segmentation of the anode catalyst layer, the anode gas diffusion backing, and the current 
collector was implemented to enable current and CO coverage distribution 
measurements. Individual current collector plates for the segments allowed low contact 
resistance per segment and resulted in high measurement accuracy.  



CO transient measurements were carried out with the measurement setup as 
described by Bender et. al [1]. Note, that the parallel flow-fields used in this study 
differed from the serpentine flow-field described in this reference. 

 
Sample Preparation 
 

Membrane Electrode Assemblies (MEAs) of the segmented cell system were 
prepared in a two-step process for improving homogeneity of the catalyst layers and 
durability of the MEAs. Using a machine driven doctor blade spreader the cathode 
catalyst layer was coated onto a Kapton decal medium, hot pressed, proton exchanged 
and dried as reported previously [2], [3]. Spraying the anode catalyst onto the membrane, 
using an automated spray system, completed the resulting half-cell. Thus geometric 
integrity of the cell and proper alignment within the setup was ensured.  

Typical standard catalyst loadings of the MEAs were approximately 
0.3 mg Pt/cm2 on the cathode and 0.2 mg Pt/cm2 on the anode with an average loading 
deviation of less than 3%. Both electrodes consisted of supported platinum catalyst 
(20 % Pt/C ETEK). 

Prior to operation, the anode catalyst layer was activated using cyclic 
voltammetry (CV). For this purpose N2 was injected into the anode and H2 into the 
cathode. The anode was used as the working electrode and the cathode as the reference 
and counter electrode. CV cycling was performed in the potential range from 0.1 – 1.4 V. 

 
Operating Conditions 

 
Unless mentioned, the cell was operated under the following “standard” 

conditions. The humidifier temperatures for the anode and the cathode were 105 °C and 
80 °C respectively. Gas humidification levels were below 100% saturation, especially at 
high gas flow rates as a result of limited residence time in the humidifier liquid [4]. The 
operating temperature of the cell was maintained at 80 °C. Back pressures for both the 
anode and the cathode were set at 30 psig. Gas flows were controlled by electronic mass 
flow controllers (MKS, RS 485), calibrated with a digital flow meter (Fisher Scientific, 
Model 650) adjusted for the atmospheric pressure and the temperature in the laboratory. 
The anode was operated on hydrogen at a fixed gas flow of 810 sccm. The cathode was 
typically operated with a fixed air flow of 4000 sccm.  

 
 

RESULTS & DISCUSSION 
 

Figure 1 shows a segmented flow-field with a parallel channel design, defined as 
flow-field 1. Five bundles of six flow channels each fed the humidified gas to the cell. 
Two segments were located along the flow channels of each bundle between the inlet 
manifold and the outlet manifold. Each manifold had the width and depth of a single flow 
channel. They connected the gas inlet to the flow channels, progressing in a straight line 
to the last channel, or from the first channel to the gas outlet, respectively.  

 



 
Figure 1: Segmented six channel parallel flow-field. The applied manifold consists of a 

single flow channel of standard depth and width. 

 
 

Figure 2 shows the computed predictions of the gas flow distribution for flow-
field 1. Very strong gas-flow disparities evolved in the flow-field. The flow in an 
individual gas channel was calculated to be dependent on the channel position and the 
shape and size of the manifold. The gas flow dropped from the entrance of the inlet 
manifold to its outlet. It reached a minimum value at the center of the manifold, i.e. 
channel bundle 3. Further down the manifold, the flow increased again, reaching similar 
velocities compared to those at the first channel bundle.  
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Figure 2: Prediction of gas flow distribution in flow-field 1.  

 



Figure 3 shows the current distribution of the segmented cell operated with flow-
field 1 on both the anode and cathode. Starting in the back, polarization curves of inlet 
and outlet segment of channel bundle 1 are plotted, then of bundle 2, etc. until the 
segments of channel bundle 5 are displayed in the very front of the graph.  
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Figure 3: Polarization curves of flow-field 1 measured at standard operating 

conditions. The current distribution of the cell mirrors the gas flow 
distribution.  

 
In the high current region of the polarization curves, the performance of the 

segments dropped from bundle 1 to bundle 3, then it increased again towards bundle 5. 
The experimental performance distribution of the cell confirmed the predicted flow 
distribution of the cell as shown in Figure 2.  

Removal of cathode reaction water is one of the key issues for fuel cell 
performance at higher current densities. High gas flows are essential to transport reaction 
water out of the cell and allow easy access of oxygen to the reaction point. Using the flow 
rates in our 30 channel parallel flow-field that originally were used in a six channel 
serpentine flow-field, the flow of every individual channel decreased. Consequently we 
observed high mass transport limitation in the all cell areas. Although the outlet segments 
had just one single preceding upstream segment each, a higher influence of mass 
transport limitation occurred in these segments. Small production of reaction water 
resulted in a significant increase of mass transport limitation. The course of the 
polarization curve indicated that, in the high current density region, the segments of 
channel bundle 3 operated at a stoich < 1. The segments of this bundle did not receive 
enough fuel to increase the current density to higher values at lower cell voltages. 
Additionally, very small gas flows at the cathode electrode were left to remove the 
reaction water of channel bundle 3. Consequently a poor performance was observed at 
current densities higher than a critical value. Channel bundle 3 especially suffered from 
the described loss mechanisms, indicating that the smallest flow rates occurred in this 
channel bundle.  
 

 



Figure 4 shows the segment current density of the inlet segments, plotted over the 
channel bundle number for cell voltages of 0.8 V to 0.4 V. The lower the operating cell 
voltage, and therefore the larger overall cell operating current, the stronger the spatial 
difference of the performance of the inlet segments. The performance dropped from 
channel bundle 1 to channel bundle 3. Further down the manifold, the performance 
increased again, until it reached the starting values at channel bundle 5.  
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Figure 4: Segment current density plotted over the channel bundle number for cell 

voltages of 0.8 V to 0.4 V.  

 
Again, we observed that channel bundle 3 suffered in performance relative to the 

other segments at higher current densities. The high mass transport limitation in this 
channel bundle was most probably caused by a combination of reaction water 
accumulating in this bundle and small gas flows. The small gas flows, as calculated with 
2-D CFD, were not able to force the water out of the cell, especially not in a parallel 
flow-field structure that allowed alternative gas flow paths from inlet to outlet.  

Evaluation of the gas flow distribution by means of cell performance alone was 
not sufficient. The major performance limitation in a hydrogen fuel cell was given by the 
cathode overpotential, which was significantly higher than the anode overpotential [5]. 
Consequently, the measurements described above were more closely associated with the 
distributed air flow in the cathode. However, increasing the stoichiometric inlet gas flow 
of a cell did not endlessly increase the cell performance. Eventually water management 
and water distribution influenced the performance as well.  

Although we expected a similar flow distribution at the anode, due to the results 
of the theoretical calculations, an independent evaluation was made of the anode flow 
distribution. Figure 5 shows the transient response of the inlet segments of flow-field 1 to 
a step increase in CO concentration from 0 to 100 ppm CO at 1 minute operation time. As 
shown in previous studies [1], [6] higher gas flow rates resulted in faster CO poisoning 
processes at constant CO levels. Segment In1 showed the fastest performance decay, 
indicating the fastest rate of CO adsorption at the anode catalyst layer. The other inlet 
segments showed smaller current decays along the manifold, increasing again toward the 
manifold end. 
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Figure 5: Transient response of the inlet segments of flow-field 1 to a step increase in 

CO concentration from 0-100 ppm at 1 minute operation time.  

 
Figure 6 shows the current decay rates of the inlet segments as shown in Figure 5. 

The decay rate was highest at the beginning of the manifold. It dropped along the 
manifold channel, showing smaller values at channel bundles 2 to 4, with a minimum at 
bundle 3. At the end of the manifold, a higher decay rate was reached again. Although 
these measurements may have been influenced by cathode processes as recently reported 
by Bender et al [1], it nevertheless confirmed the predicted pattern of the flow 
distribution of flow-field 1.  
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Figure 6: Current decay rates at 100 ppm concentration of CO at the inlet segments 

over the channel bundle for flow-field 1.  



Both measurements, performance distribution for the cathode and CO transient 
measurements for the anode, showed gas flow distributions similar to the calculated 
theoretical 2-D CFD results. The gas flow of flow-field 1 was measured to be higher at 
the manifold inlet, smaller in the manifold center and high again at the manifold end. In 
all the measurements smallest gas flows could be observed at channel bundle 3. 

Based on the results obtained with the flow-field 1 design, a new flow-field 
design was created with the goal of improving the homogeneity of gas flow within the 
cell. From the measurements and predictions of flow-field 1 it was obvious that the flow 
manifold held the key to achieving this goal. Theoretical calculations of the flow 
distribution achieved with 2-D CFD software were used to develop the manifold 
presented in Figure 7. Placement of the segments and the five channel bundles with six 
channels each were kept identical. Positions of the gas inlet and outlet were 
predetermined by the segmented cell hardware. The changes made were in the flow 
manifolds on the inlet and outlet, which were enlarged and shaped to enhance gas flow 
distribution through all channel bundles. This design is referred to as flow-field 2. 

 
 

 
 

Figure 7: Enhanced segmented six channel parallel flow-field. The manifold consisted 
of a shaped flow manifold predicted by 2-D CFD calculation to produce 
homogenized flow distribution in the flow-field. 

 
Predicted gas flow distribution through the cell using 2-D CFD modeling is 

shown in Figure 8. There is a much more homogeneous distribution predicted than for the 
flow-field 1 design, with only slightly lower flows indicated for bundle 1 and slightly 
higher for bundle 5.  

Experimentally determined current distributions obtained with flow-field 2 under 
standard operating conditions are shown in Figure 9 for both electrodes. In the left part of 
the figure, starting in the back of the waterfall graph, polarization curves of inlet and 
outlet segment of channel bundle 1 are plotted, then of bundle 2, etc. until the segments 
of channel bundle 5 are displayed in the very front of the graph. The right part of the 
figure shows the polarization curves of the inlet segments of the same measurements. 



Arrows indicate the operating point were mass transport limitation started to dominate the 
performance of the individual inlet segments. 
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Figure 8: Prediction of the gas flow distribution of flow-field 2 using 2-D CFD.  

 
Current distribution of flow-field 2 was not improved by application of the new 

manifold design. The inlet segments showed increasing performance from segment 
bundle 1 to bundle 5. Performance differences in the high current region between the 
channel bundles were especially noteworthy. Mass transport limitations were the key 
indicator that gas flows increased from the manifold gas inlet to the end of the manifold. 
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Figure 9: Polarization curves of flow-field 2 measured at standard operating 

conditions. The left part shows a waterfall graph of all ten segments, the right 
graph shows the polarization curves of the inlet segments.  

 
Figure 10 shows the segment current density of the inlet segments of flow-field 2, 

plotted over the channel bundle number for cell voltages of 0.8 V to 0.4 V. The segment 
current density of the cell increased from the inlet of the manifold to the end of the 
manifold. Differences of performance increased with decreasing cell voltage (higher 



overall cell currents). The greatest difference between bundles was observed at a cell 
voltage of 0.4 V. Mass transport limitations occurred at channel bundles 1through 4 
causing their performance to drop. These observed spatial performance differences were 
unexpected for with flow-field 2, indicating that the altered flow-field design did not 
ensure evenly distributed gas flows throughout the cell. 
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Figure 10: Segment current density plotted over the channel bundle number for cell 

voltages of 0.8 V to 0.4 V.  

 
Comparison of Figure 4 with Figure 10 showed a significant change of gas flow 

distribution between the flow-field 1 and flow-field 2 designs. The gas flow was altered 
from a parabolic distribution to a linearly increasing distribution from channel 
bundle 1 to 5. Performance distribution and the influence of mass transport limitations 
changed accordingly.  

Figure 11 shows the segment current response of the inlet segments of flow-
field 2 to a step increase in CO concentration from 0-100 ppm CO at 1 minute operation 
time. The performance differences observed between the poisoned and un-poisoned state 
indicated an inhomogeneous gas flow distribution within the cell as observed previously 
for the flow-field 1 design. During the process of contaminating the cell with CO, 
performance decays increased along the inlet manifold. Inlet segment In1 showed the 
smallest decay, followed by In2 and then In3-In5.  

Figure 12 shows the current decay rates of the inlet segments as shown in Figure 
6. The decay rates were seen to increase along the flow manifold indicating that even 
though the gas flow distribution of the anode was significantly altered by the changes in 
the manifold, it was still not entirely homogeneous.  
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Figure 11: Transient response of the inlet segments of flow-field 2 to an increase in CO 

concentration from 0-100 ppm CO at 1 minute operation time.  
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Figure 12: Current decay rates at 100 ppm concentration of CO at the inlet segments 

over the channel bundles for flow-field 2. 

 
Both measurements performed on flow-field 2, performance distribution for the 

cathode and the CO transient measurements for the anode, showed inhomogeneous gas 
flow distributions. Gas flows increased along the inlet manifold from channel bundle 1 to 
channel bundle 5. These results were not predicted by the 2-D CFD calculations. 
Consistency of theoretical and measured results was not achieved for the flow-field 2 
design. 
 



 
CONCLUSIONS 

 
2D CFD was used to predict the gas flow distribution in simple manifold, parallel 

flow field design. These predictions were verified experimentally using a segmented fuel 
cell, measuring performance distribution at the cathode and CO transient response at the 
anode. Based on these results, 2D CFD was further used to create a new flow-field design 
with the goal of improving the homogeneity of gas distribution in the fuel cell. 
Experimentally, changes made in the manifold of the new flow-field design were found 
to alter the gas flow distribution significantly, but greater than predicted by the model.  

Several geometric simplifications were made to calculate the flow-field geometry 
in two-dimensional fashion. These assumptions may have been detrimental to the 
accuracy of the CFD predictions. The changes essentially converted a real three-
dimensional geometry into a two-dimensional model. In the physical experiment the gas 
inlet path is normal to the flow field plane. In the 2-D calculations, flow direction 
changes immediately at the inlet and outlet positions are not accounted for, which can 
result in inaccurate flow distribution predictions. For future flow-field design efforts, 
three-dimensional calculations using the true flow-field geometry will be applied.  

Nevertheless, the segmented cell approach to verifying flow field design models 
by measuring current distribution and spatial response has been introduced. 
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