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Abstract 
The operation of proton exchange membrane (PEM) fuel cell for single cells and stacks with 
free air-breathing open-cathode manifold requires careful thermal, water and gas 
management for optimal performance. Here, the cathode channel design and orientation of 
the cell/stack in the gravitational field are essential due to presence of buoyancy-driven flow. 
To study the impact of these effects, a three-dimensional two-phase flow model accounting for 
conservation equations of mass, momentum, species and energy are solved in ambient and 
cell/stack with additional conservation of charge, agglomerate catalyst layer sub-model and a 
phenomenological membrane model is considered inside the cell/stack. Three computational 
units are selected for the cathode flow field design based on the fuel cell length for a single cell: 
(a) 2.5 cm; (b) 5 cm; and (c) 10 cm. The fourth case (d) considers a stack comprising of twelve 
cells. Furthermore, the orientation of the fuel cell/stack is studied for the case of horizontal, 
vertical and a 45° alignment.  

Results show that there is a strong correlation between cathode channel design, 
alignment, thermal management and the cell/stack performance. For the shortest cell (case 
a), sufficient oxygen can reach the catalyst layer on the cathode side. The longer the cell to height 
ratio becomes, the higher the degree of oxygen starvation. For the stack (case d), the 
temperature needs to be carefully monitored and adjusted to the operating conditions of the stack 
to avoid overheating. 
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Introduction 
The design of a proton exchange membrane (PEM) fuel cell stack with an open-cathode 
manifold requires careful consideration of the air flow at the cathodes. The air flow can be 
provided by a fan (forced convection) or by a passive mechanism such as 
buoyancy (natural convection). The former will require power for the fan, which has to 
be supplied by the fuel cell. This parasitic loss can be avoided by employing natural 
convection, which arises due to density gradients in the air as oxygen is depleted in the 
cathode, and due to the fuel cell generally being warmer than the surrounding. The 
main advantages of 
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operating the fuel cell with natural convection are that the parasitic losses can be reduced 
and the stack design simplified. However, care has to be taken so as to provide sufficient 
air to the cathode and to ensure sufficient cooling of the stack. It is relatively easy to 
control the flow rate with a fan, but this is not the case for natural convection. The 
operation of a fuel cell stack with natural convection on the cathode side depends on the 
coupling between heat, mass and momentum transfer both inside and outside the fuel cell 
stack, which makes it more difficult to control the flow rates for the cathode side. 

To date, several experimental [1-5] as well as numerical [6-26] study on the free air-
breathing PEM fuel cell have been reported in the literature. Li et al. [6] studied free-
convection heat and mass transfer in PEM fuel cell based on non-dimensional analysis. 
Mennola et al. [7] developed a two-dimensional isothermal, cathode-side model to identify 
the limiting processes of mass transport due to free-convection. Schimtz et al. [8] 
developed a 2D, isothermal, steady state model; they investigated three different cathode 
opening ratios with regard to the cell performance. Wang et al. [9-12] simulated 3D non-
isothermal PEM fuel cell with natural convection including its immediate ambient. They 
also validated the model with experimental data; however, their prediction on temperature 
increase about 3°C seems to low for natural convection flows. Tabe et al. [13] showed with 3D 
modeling and experimental data that the mass transport limitation due to oxygen depletion 
depends strongly on the cathode channel design. Lister et al. [14] simulated micro-
structured PEM fuel cell with natural convection where the ambient is also resolved in the 
model; the model considers two-dimensional, non-isothermal and steady-state condition. 
Hwang et al. [15] developed a three-dimensional cathode model of a free-breathing PEM 
fuel cell to investigate mass transport limitations. O'Hayre et al. [16] developed and 
validated a one-dimensional, non-isothermal engineering model for a planar air-breathing 
PEM fuel cell. 

    Rajani and Kolar [17] derived a two-dimensional planar air-breathing model with 
ambient included in the model; three different fuel cell lengths and ambient conditions 
were simulated. It was shown that mass transport limitation in the limiting current density 
region can be reduced by shortening the fuel cell channel in an air-breathing PEM fuel cell 
Zhang and Pitchumani [18] also simulated two-dimensional non-isothermal air-breathing 
PEM fuel cell model for a single cell [19] and a stack of two cells [20]. Both gravitational 
orientation and fuel cell length were included in the model. Matamoros and Bruggemann 
[21] investigated mass transport limitations and effect of fuel cell length on cell 
performance with a three-dimensional model of a free-breathing PEM fuel cell. Paquin and 
Frechette [22] analyzed water management including cathode flooding and membrane dry-
out in air breathing PEM fuel cell with a one-dimensional model. Xing et al. [23] 
optimized the geometry of air-breathing PEM fuel cell with sequential programming 
method. Al-Baghdadi [24] developed a three-dimensional non-isothermal two-phase model; 
performance of air-breathing and air-flow channel PEM fuel cell was compared. Kumar 
and Kolar [25,26] developed a three-dimensional non-isothermal model for air-breathing 
PEM fuel cell; various cathode channel design and operating parameters were investigated. 
None of these studies, however, examined three-dimensional free air-breathing PEM fuel 
cell stack comprise of more than two cells which include interaction between stack and its 
immediate ambient. In previous work, we have developed a forced-convection open-
cathode PEM fuel cell stack model [27,28,29] where the fan and ambient are included in 
the model, which allows interaction between the stack, the surrounding and the fan. In 
addition, we have also introduced an innovative flow reversal concept to improve gas and 
thermal management in PEM fuel cell stack [30]

     To extend the work on the PEM fuel cell stack modeling, the aim of the work presented 
here is threefold: (i) to develop a coupled three-dimensional mathematical model for free 
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air-breathing PEM fuel cell for both single cell and stack; (ii) to elucidate the effect of fuel 
cell length and its orientation with regard to the thermal, water and gas management; and 
(iii) to evaluate ability of natural convection cooling for thermal management in PEM fuel 
cell comprising large number of cells.

Model Development 
A three-dimensional computational model comprises of PEM fuel cell and its immediate 
ambient is considered, as illustrated in Figure 1. The PEM fuel cell model consist of a 
membrane sandwiched by two catalyst layers (cl), two gas diffusion layers (gdl), two flow 
channels and two current collectors. The flow channels in anode and cathode comprise 
parallel channels operating in co-flow mode. Symmetry is invoked to the left and right (x-
direction) to reduce computational cost. We assume that in the two-phase flow, the 
dominating driving force of liquid transport inside the gas diffusion layer and catalyst layer 
is capillarity. In the flow fields, we consider mist flow approximation.  

Figure 1. Schematic of computational domain of free air-breathing PEM fuel cell 
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Governing Equations 
The mathematical formulation is based on earlier work [27-33]: conservation equations of 
two-phase mass, momentum, species and energy are solved in PEM fuel cell and ambient 
with additional conservation equations of charge coupled with applicable electrochemistry 
and a phenomenological membrane model are solved in the PEM fuel cell, expressed as: 
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An agglomerate model is implemented to account for mass transfer inside the cathode 
catalyst layer. Here, we assume the agglomerate nucleus to be spherical in shape, which in 
turn is covered by a thin film of ionomer and water. For the anode, a conventional 
expression based on the Butler-Volmer equation is employed as the overpotential is 
significantly lower than at the cathode.  
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For the sake of brevity, more detailed discussion on the mathematical derivation, 

constitutive relations, phenomenological membrane model, electrochemistry and 
agglomerate model can be found in earlier publications [27-33]. 

Boundary Conditions 
The operating parameters are prescribed from the boundary conditions: 

• At the anode inlet: we specify inlet velocity, inlet temperature, and species mass
fraction of hydrogen and water vapour represents inlet humidification.

2 2 2 2

(g) (g)in in in in
a a H H H O H O,a, , , , 0u u T T sw w w w= = = = =      (16) 

• At the anode outlet: we specify pressure and stream-wise gradient of pressure,
species and liquid saturation is set to zero; the outlet velocity is not known a priori
but needs to be iterated from the neighbouring computational cells.
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• At the ambient: we specify ambient pressure, ambient temperature, and species mass
fraction of oxygen and water vapour from ambient humidity condition.

2 2 2 2
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• At walls: we set no slip condition for velocity and zero diffusive flux for other
variables.
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• At anode terminal: we specify zero voltage
( ) 0sf = (20)
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• At cathode terminal: we set constant cell/stack voltage.
( )

cell/ stack
s Ef =      (21) 

Numerical Methodology 
The governing equations are implemented in the commercial computational fluid 
dynamics (CFD) software Fluent and its fuel cell module, and further customized with 
user-defined functions (UDF). The latter allows changes to default settings as well as 
modifications of the governing equations. In our case, the main parts that we 
implement with the UDF functionality are: heat generation in the active layers related to 
the reversible cell potential instead of the open circuit; adaption of the membrane 
model to a Gore-membrane, implementation of agglomerate catalyst layer model, 
boundary condition setting and modify the source term for interphase mass transfer. 

Table 1. Base-Case and Geometrical Parameters 
hcc,ff,c (0.5, 3) × 10-3 m 
hff,a, gdl, cl,m (0.5, 0.3, 0.01, 0.05) × 10-3 m 
L (2.5, 5, 10) × 10-2 m 
pamb 101325 Pa 
uan,in 2 m s-1 
Tamb 25 °C  
RHa,amb 100%, 50% 

To ensure mesh-independent results, a mesh-independence study was carried out, with 
the computational domains created and meshed in the commercial pre-processor software 
GAMBIT. The various mesh sizes were: around 1×105, 3×105 and 6×105 elements for case 
with fuel cell length of 2.5 cm (case a); 2×105, 6×105 and 1.2×106 elements for fuel cell 
length of 5 cm (case b); 4×105, 8×105 and 1.8×106 elements for fuel cell length 10 cm (case 
c); 8×105, 1.6×106 and 3.2×106 elements for stack with 12 cells (case d). For all cases, the 
two finer meshes produced similar result (deviation less than 1.5 %) while the 
coarsest gives rise to a difference in the polarization curve of up to 10%, especially 
so at high current densities. For our purposes, the mesh with 3×105 elements for 
case a, 6×105 elements for case b, 8×105 elements for case c, and 1.6×106 for case 
d were found sufficiently accurate. 

A SIMPLE method is chosen for the pressure velocity coupling with body-force-
weighted discretization for the pressure equation. Since the model solves for highly 
coupled non-linear equations, the under-relaxation factors were reduced to 0.75 for the first 
one thousand iterations and then increased to 1. On average, case a, b and c required 
around 1×104 iterations, and case d requires around 1.5×104 iterations, with convergence 
criteria for all the relative residuals of 10-6. It took around eighteen and twenty-four hours 
for case a, b, c and d on a workstation with a quad core processor (2.88GHz) and 8 GB 
RAM. 

Results and Discussion 
Simulations were carried out for typical conditions found in a free air-breathing PEM fuel 
cell; the geometry and operating parameters are summarized in Table 1; while the 
remaining physical parameters can be found in [27-33]. The fuel cell model was validated 
against polarization curves, iR corrected curves and local current density distribution in 
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previous work [31-33]. In the following, key parameters related to thermal, water and gas 
management as well as the stack performance will be studied for three different fuel cell 
length and three different gravitational orientation, after which the effect large number of 
cells inside the stack is examined with regard to the thermal management and its overall 
performance. 

Cathode Channel Designs 
Starting with the performance of the three different cathode channel lengths, we find that 
case c, i.e. the shortest cathode channel (L = 2.5 cm), exhibits the best performance as 
shown in Figure 2.  Furthermore, as can be inferred from Figure 2, the longer the channel 
the lower the performance. We note that the limiting current for the shortest length goes up 
to more than 4000 A m-2, and reduces to 2000 and 1000 A m-2as the length increased twice 
and four times, respectively.  

Figure 2. Polarization curves for free air-breathing PEM fuel cell with length of 2.5 cm 
[►], 5 cm [▼], and 10 cm [▲]

Before we try to find the answer to this decrease, let us turn our attention towards the 
current density distribution along the catalyst area. Here, several features are apparent; 
foremost is that the current density along the fuel cell channel is higher near the two 
cathode inlets (to the top and bottom), as can be inferred in Figure 3. For the shortest 
length, the current is seen to be generated quite uniformly with around 10% deviation. As 
the fuel cell length increases, current generation becomes greatly non-uniform. Closer 
inspection reveals that current generation reduces up to 75% at the middle area for fuel cell 
length 5 cm and become worse for fuel cell length 10 cm with almost no current is seen to 
be generated at the middle area. 
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Figure 3. Current density distribution (Am-2) at the cathode catalyst layer for different fuel 
cell lengths:  a) 2.5 cm; b) 5 cm; c) 10 cm 

Figure 4. Oxygen mol fraction distribution at the cathode and its immediate ambient for 
fuel cell lengths of ( a) 2.5 cm, (b) 5 cm and (c) 10 cm 
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Now, returning to the question about current density depletion in the middle of the 
channel, we see that the answer is directly coupled to the depletion of the oxygen 
concentration in the middle of the channel, as can be inferred from Figure 4. Clearly, the 
convective flow of oxygen driven by natural convection into the cathode channel is not 
high enough to penetrate deeper into the cathode flow field to produce electricity. This 
mass transport limitation can be reduced by shortening the cathode flow field, so that the 
oxygen still can reach to the middle, as can be seen in Figure 4a. 

Orientation and Gravitational Effects 
The flow arising from natural convection depends on the coupling between transport of 
mass, energy and momentum and the variation of the density. The orientation of the fuel 
cell/stack can therefore be expected to have an impact on the performance. To study if this 
is the case, let us return to case b and introduce three different orientations: vertical (90°, 
base-case); tilted (45°); horizontal (0°), as shown in Figure 5. 

Figure 5. Temperature distribution (°C) for different gravitational orientations: a) vertical 
(90°); b) tilted (45°); c) horizontal (0°) 

 Before we look into cell performance, let us have a closer look at the temperature 
distribution, which is one of the driving forces for the density variations and buoyant flow. 
As shown in Figure 5, the temperature distribution is similar to the thermal plume that 
Fabian et al. [34] observed experimentally. Focusing on case a, and the immediate vicinity 
of the cell, as depicted in Figure 6, we find that the average velocity is around 2×10-2 m s-1 
at the cathode inlets arising from buoyancy flowing from bottom to the top. For tilted case, 
a slightly lower velocity is observed flowing at the bottom of the cathode channel with the 
average velocity of around 8×10-3 m s-1.  In contrast, for the horizontal placement, the inlet 
velocity is around one order-of-magnitude lower with an average flow velocity of 3×10-3. 
In addition, the maximum velocity due to natural convection in the surrounding is around 
5×10-2 m s-1, which is similar to the velocities predicted by Lister et al. [14]. 
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Figure 6. Velocity vector and contour (ms-1) at the cathode and its immediate ambient for 
different gravitational orientations: a) vertical (90°); b) tilted (45°); c) horizontal (0°) 

Figure 7. Polarization curves for different gravitational orientations: [►] vertical  (90°); 
[▼] tilted (45°); and [▲] horizontal (0°)

In free-breathing fuel cell, the velocity is highly nonlinear as it is functions of 
buoyancy flow due to temperature gradient, flow channel geometry and orientations as 
well as mass transfer driving force due to oxygen consumption. Note that in this simulation, 
the air flow rate is not fixed; instead we prescribe ambient condition, i.e., constant ambient 
pressure, temperature and mass fraction, to allow for natural convection air flow due to the 
factors mentioned above. Moreover, the three-dimensional simulation is able to capture the 
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effect of channel-rib geometry to the incoming air flow and species distribution in the 
catalyst layer. Closer inspection reveals that rib adds flow resistant to the incoming air 
to flow channel: small boundary layer is observed at the wall between rib-ambient. In 
the catalyst layer, the three-dimensionality effect of rib is also seen: oxygen 
concentration bellow rib area is slightly lower than that bellow channel; this is mirrored 
by no-uniform current generation and temperature distribution. 

The impact of orientation on fuel cell performance is highlighted in Figure 7. The 
highest performance can be achieved by vertical alignment of the cell, followed by tilted 
case and finally the horizontal one for the operating conditions considered here. On closer 
inspection, we note that by changing gravitational orientation, the cell performance can 
improve by up to ~ 35%; that is by changing cell orientation from horizontal with limiting 
current of ~ 1300 A m-2 improves to around 2300 A m-2 as the cell is arranged vertically. 

Thermal Management: Single Cell and Stack 

Figure 8. Comparison of (a) polarization curve and (b) average temperature for single cell 
[►] and stack comprises of 12 cells [▼] with free air-breathing

One key component in control strategies of a fuel cell stack or single cell is thermal 
management. This is especially important for the former as every cell can generate a 
significant amount of heat, which needs to be removed from the stack. For the case of a 
fuel cell single cell or stack operating at natural convection conditions, the removal rate is 
limited by the natural convection to and from the cell/stack. Generally, this only allows for 
the operation of small stacks of a few cells. Here, we simulate the thermal envelope for 
both a single cell and a stack comprising of twelve cells, the results of which are shown in 
Figure 8. 

The temperature increase for the stack is much higher than the single cell as expected. 
The overall temperature increase for the latter is around 23°C at operating cell voltage of 
0.7 V (see Figure 9a), which is in agreement with experimental data from Fabian et al. [34]. 
For the former, the stack temperature is around 55°C higher than the ambient air (Figure 
9b). The higher temperature inside each cell of the stack leads to a lower water content in 
the membranes and thus an increase in ohmic resistance, which in turn manifests itself in a 
lower performance. In this case, the overall current density that is generated by the stack is 
around 20% lower than that of the single cell. As we proceed to higher current densities, 
the single cell performance can sustain up to more than 2000 A m-2; whereas for stack, the 
performance is only able to generate current density up to ~ 1600 A m-2, after which the 
performance drops to zero as temperature inevitably rise to more than 100°C which 
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indicates that membrane start to failure. To improve performance of the stack, one needs to 
carefully design it to maximize the buoyant flow and perhaps introduce additional cooling 
channels or add fan to forced more air flows to the cathode. 

Figure 9. Temperature contours (°C) for a) single cell; b) stack comprising 12 cells with its 
immediate ambient 

Concluding Remarks 
A numerical study of a free air-breathing PEM fuel cell was carried out for both a single 
cell and a stack. It is shown that the cathode flow field design plays an important role in 
determining the mass transport limitations that arise along the cathode; a short length 
allows for more oxygen to be transported into the cathode. Furthermore, orientation of the 
cell/stack with respect to gravity also needs to be considered to ensure adequate airflow; 
for conditions considered here, a vertical alignment of the cell gave a better performance 
than tilting the cell at an angle or even positioning it horizontally. Finally, the simulation 
results indicate that stacks, even when only comprising of a few cells, can heat up 
significantly relative to the ambient conditions. 
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