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NOMENCLATURE 
𝑎𝑥=Stoichiometric coefficient of species x 

𝑐𝑣=Specific heat 

𝑐𝑖=Mass fraction of species i 

𝐶𝑅∗=Reactant concentration in catalyst layer 

𝐶𝑅0=Reactant concentration in bulk of fluid 

𝐷=Diffusion coefficient 

𝑒=Energy per unit mass 

𝐹=Faraday constant 

𝑔=Acceleration due to gravity 

Δ𝐺=Gibbs free energy 

ℎ𝑥=Sensible enthalpy 
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𝑗=Current density 

𝑗𝑜=Exchange current density 

𝑗𝐿=Limiting current density 

𝑘𝑒𝑓𝑓=Effective conductivity 

𝑀𝑥=Molar weight of species x 
𝑑𝑁
𝑑𝑡

=Rate of electrochemical reaction 

𝑃=Power 

𝑃𝑥=Partial pressure of chemical species x 

𝑄=Heat flux 

𝑅=Ideal gas constant 

𝑅𝑅𝑀𝑆=Root mean square (RMS) roughness 

𝑆ℎ=Volumetric heat source 

𝑆𝑚,𝑖=Production rate of species i 

𝑇=Temperature 

𝑣=Fluid velocity 

𝑣𝐷𝑎𝑟𝑐𝑦=Darcy velocity 

𝑉=Voltage 
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ABSTRACT 
A solid oxide fuel cell (SOFC) model was developed to determine the effect of 

electrode/electrolyte interface surface variations on cell voltage.  As a result of 

manufacturing, the electrode/electrolyte interface is not perfectly planar as it is usually 

modeled in the literature.  The objective of this research was to determine whether or not 

the microscale surface area increases as a result of discontinuities created during the 

electrode/electrolyte manufacturing process lead to a change in the performance 

characteristics as determined by the model. 

 A 20 mm long channel fuel cell was created as a baseline model in the 

commercial computational fluid dynamics code FLUENT and validated against results 

found in literature.  This full length model was able to be reduced to 0.1 mm to reduce 

the computational power necessary for further calculations.  The reduced length model 

was proven to have the same performance characteristics as the full length model. 

 FLUENT was then used to simulate a number of electrode/electrolyte surface 

interface geometries, including a random surface from an SEM image and controlled 

sine wave surfaces.  A linear relationship was shown between surface area increase and 

performance increase.  At higher current densities the performance increases were 

greater.  Regardless of the type of surface variation, the results were the same for 

matching surface area increases. 

 The results indicated that surface variations at the electrode/electrolyte interface 

lead to increased performance as a result of the increased surface area between the 

electrode and electrolyte (as compared to a perfectly smooth interface).  If the surfaces 

of the electrode and electrolyte were capable of being controlled to a very high level to 

include surface patterns that increase the area, significant performance increases could 

be obtained without adding extra volume to the fuel cell stack. 
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1. Introduction 

1.1 Motivation 
As world population continues to increase, the industrialized world grows with it.  

World energy consumption is approximately 500 quadrillion Btus and by 2030 that 

number is expected to approach 700 quadrillion Btus [1].  The powered world is 

continuing to grow as technology spreads across the world, and an incredible amount of 

energy is needed to make it function properly.  The world has turned to fossil fuels, 

which are both cheap and have high energy density.  Fossil fuels are largely to thank for 

many of the world’s technological advances.  In spite of this, fossil fuels present two 

significant problems that are looming over their future as the world’s main power 

source.  The first problem is that the world’s oil reserves are finite.  Hubbert’s peak oil 

theory proposes that the rate of petroleum production follows a bell shaped curve, where 

oil production increases and reaches a peak, which is followed by a decline in production 

[2].  There are a variety of Hubbert curves available, but most put the world at or very 

near the peak.  Figure 1.1 provides actual oil production of various countries up to 2004 

with predictions in to the future.  As can be seen the world is close to the Hubbert peak 

at the present time.  Worldwide demand for oil is expected to continue to increase as 

supplies drop, likely leading to very high prices.   

 
Figure 1.1 Hubbert curve [3] 
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The second problem lies in global warming claims, with carbon dioxide, the 

byproduct of fossil fuel based energy conversion, being one of the main culprits.  While 

there are differences of opinion and facts as to just how significant the greenhouse gas 

issue is, it is clear that carbon dioxide gases contribute to the greenhouse gases.  Carbon 

emissions into the atmosphere appear to be increasing average global surface 

temperatures [4].  Current worldwide carbon dioxide emissions are estimated to be 

approximately 31 billion metric tons.  While initiatives such as the Kyoto Protocol are 

aimed at reducing worldwide greenhouse gas emissions, carbon emissions are predicted 

to increase and are projected to surpass 40 billion metric tons in the year 2030 [1], as 

shown in Figure 1.2. 

 
Figure 1.2 Worldwide carbon dioxide emission [1] 

1.2 Fuel Cells 
Because of the potential problems mentioned above relative to fossil fuels, it is 

necessary for the world to find an energy conversion method with a future, one that is 

efficient, clean burning, and can power the highly industrialized world of today.  These 

requirements point toward the fuel cell as a possible solution.  A fuel cell is an 

electrochemical energy conversion device that uses hydrogen as a fuel.  It is made up of 

an electrolyte sandwiched between two electrodes; the anode is on the fuel side, and the 

cathode is on the air side.  A simple schematic of a fuel cell is given in Figure 1.3.  The 

fuel cell provides high energy conversion efficiency, runs on hydrogen, produces little to 

no pollutants, and has a variety of applications, ranging from small- to large-scale power 

production. 
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Figure 1.3 Schematic of a fuel cell [5] 

While the fuel cell meets all the requirements of an energy conversion process 

with a future, it still has a long way to go to be competitive with combustion processes.  

The United States government has outlined specific requirements that the fuel cell must 

strive to reach in the Department of Energy’s (DOE) Hydrogen Fuel Cell Program [6].  

In transportation applications, a target of $30/kW, 5,000 hours of durability, and 60% 

efficiency by 2015 has been set.  For stationary power, a target of $750/kW, 40,000 

hours of durability, and 40% efficiency has been established.  At present, a cost of 

$61/kW [7] is estimated for transportation applications and $25,000/kW [8] for 

stationary power, meaning the fuel cell still has a long way to go to become a financially 

viable option. 

1.3 Solid Oxide Fuel Cells 
A variety of fuel cell types are available, with solid oxide fuel cells (SOFCs) 

among the most promising.  The first SOFC was demonstrated by Westinghouse in 1962 

[9] and is characterized by a solid metal oxide electrolyte that is conductive to oxygen 

ions.  This essentially makes it the only fuel cell that is entirely solid state.  This gives it 

added structural stability and eliminates many of the sealing concerns associated with 

the use of a liquid electrolyte used in other fuel cell types. 

SOFCs also operate at relatively high temperatures, ranging from 600-1000oC 

[10].  The solid ceramic electrolyte requires the higher temperatures in order to obtain 
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sufficient conduction through the electrolyte.  However, these high temperatures can 

lead to some problems associated with material selection.  For one thing, the higher 

temperatures require ceramics to be used at the interconnect as opposed to more 

inexpensive metals, further adding to the high cost of the fuel cell.  The materials must 

also be chosen with similar thermal expansion properties, as large temperature gradients 

during power up/down can cause failure of the materials. 

Despite the disadvantages listed above there are some added benefits to operating 

at such high temperatures.  The high temperatures accelerate the electrochemical 

reactions that occur in the fuel cell, and activation polarization losses across the fuel cell 

stack materials are greatly reduced.  Another benefit is that SOFCs do not use expensive 

platinum as a catalyst and can use less expensive materials such a nickel and nickel 

oxide [6].  The high temperatures of the SOFC also allows them to use waste heat 

recovery for combined heat and power generation applications [11]; such combined 

cycles may be one of the more promising methods of making fuel cells economically 

viable when compared to conventional methods of energy conversion. 

The two main SOFC geometries are tubular and planar.  The tubular geometry 

consists of a hollow tube with air flowing through the inner cavity and fuel flowing over 

the outside of the tube.  A schematic of a tubular SOFC is given in Figure 1.4.  The 

tubular SOFC provides a strong fuel cell and reduces the need for any seals.  Likewise, it 

is much less susceptible to stress and strain caused by thermal expansion.  The main 

problem of the tubular geometry is that volumetric power density compared to planar 

fuel cells is greatly decreased due to the geometry [12]. 

 
Figure 1.4 Schematic of Tubular SOFC [13] 
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The planar geometry (Figure 1.5) is the second type of SOFC arrangement.  

Manufacturing of the planar geometry is much simpler than that of the tubular geometry, 

and the planar SOFC has potential for much higher current density compared to a tubular 

fuel cell.  These two attributes of the planar SOFC make them the more common type of 

SOFC.  A variety of flow conditions can be achieved, including counter-flow, cross-

flow, or co-flow.  The fuel and air are separated by seals at the inlet and outlet.  The 

planar design allows for individuals cells to be arranged in a stack, which is not possible 

with the tubular geometry.  Because of this the volumetric power density of the planar 

SOFC is greater than that of the tubular SOFC.  There are of course tradeoffs, and the 

flat structure of the planar design makes it more susceptible to stresses from thermal 

expansion and temperature gradients.  This is combated by careful design and material 

selection [14]. 

 
Figure 1.5 Schematic of Planar SOFC [15] 

There are many aspects of SOFCs undergoing extensive research and 

development to improve economics and performance.  These include, but are not limited 

to material selection, impact of geometry, and fuel selection.  Manufacturing processes 

are also under investigation, with attempts to minimize costs associated with large-scale 

production of fuel cells.  One area of interest specifically are the variations in geometry 

(for example, surface roughness) of the fuel cell components (anode, cathode, and 

electrolyte) as a result of manufacturing processes and how small manufacturing 
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variations impact cell performance.  In order to predict the performance and utilize 

manufacturing processes that achieve optimum results, the modeling of these interfaces 

and how they impact performance could prove to be important.  Nearly all modeling 

done to date in the literature review have viewed these interfaces as a smooth contact 

with no surface variations, but it is possible that these minor surface variations could 

have an effect on performance.  If these surface variations can be modeled and their 

effects on performance quantified, then the results could be used to modify 

manufacturing techniques in an effort to improve fuel cell performance.   

As such it is necessary to review existing literature that involves the 

manufacturing processes of SOFCs and the effects of interfacial contacts on fuel cell 

performance, and then model these variations to determine if it is feasible to better 

predict fuel cell performance by more accurately modeling the interfaces. 

1.4 Manufacturing Processes and Variations in Surface Topography 
 In order to characterize the variation in surface topography at the 

electrode/electrolyte interface it was necessary to look into some of the more popular 

methods of cell fabrication and investigate tolerances. 

 To achieve reproducibility and high quality in the production of any product, 

computer-based quality control systems have proven to be extremely valuable.  This has 

also been true of SOFCs.  In Menzler et al. [16] the BREDA (BREnnstoffzellen--

DAtenbank, Database for Fuel Cells) system was developed to characterize various 

manufacturing parameters of the Julich anode-supported SOFCs.  This process is shown 

in Figure 1.6. 
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Figure 1.6 Production scheme of Julich anode-supported SOFC [16] 

A number of anode supported cells were created, and the mean thicknesses of 

both the anode half cell (anode substrate + anode functional layer + electrolyte) as well 

as the cathode half cell (cathode substrate + cathode functional layer) were measured for 

data analysis purposes.  The anode was approximately 10% thicker than the cathode, 

typical in an anode supported cell.  Figure 1.7 shows the thickness variation of the anode 

half cell from a production run of 100 anode half cells.  In the early substrates a much 

larger (5%) variation in thickness can be seen compared to the later substrates (1.3%).  

This marked improvement was attributed to data collection and statistical evaluation.  It 

was stated the monitoring the manufacturing process allowed the operator to correct 

their actions to achieve the highest tolerances. 
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Figure 1.7 Mean thickness of anode half cell [16] 

In Figure 1.8 the thickness variation of the cathode half cell can be seen.  The 

variation was up to 20% of the rated layer thickness value, a much larger variation than 

that of the anode half cell.  The authors attributed this to the cathode deposition method 

(typically the last step in the manufacturing of an anode supported fuel cell), which was 

done by wet powder spraying.  The wet powder spraying technique was said to be highly 

sensitive to the spray conditions, including temperature and humidity.  It was stated that 

by using this information the influence of operating conditions can become clear and be 

remedied, thus improving the thickness variation. 
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Figure 1.8 Mean thickness of cathode half cell [16] 

 Another popular method of creating an anode substrate has been that of ceramic 

tape casting.  In Webb et al. [17] a process of tape casting was investigated for 

improving manufacturing tolerances and cost effectiveness, two of the more important 

factors in SOFC development.  The tape casting in this process was done by a 

continuous tape caster.  In Figure 1.9 the thickness variation along the entire length of a 

continuous tape cast is shown.  The average value (Avg) represents the average variation 

from the rated thickness of 178 µm.  The UCL and LCL values represent the upper and 

lower control limits, respectively, during the tape casting process.  All data points should 

fall within the control limits as long as the process remains in-control [18].  The 

thickness ranged from 176 µm - 189 µm, a variation of ~7% from lower to upper 

threshold. 
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Figure 1.9 Thickness variation from rated value of 178 µm [17] 

 To better visualize and quantify what the surface variations were at the actual 

electrode/electrolyte interfaces, it was necessary to look at actual images of individual 

fuel cells at the microscopic level.  Figure 1.10 is an excellent image from Hertz [19] 

showing the surface variations at the interface.  On the right hand side of the image, the 

straight line can be thought of as what the interface would look like if there were perfect 

manufacturing conditions, while the jagged line represents the actual surface.  By tracing 

the actual surface a notable increase in line length of 11% can be seen.   If Figure 1.10 is 

thought of as a two-dimensional fuel cell interface, this increase in line length would 

lead to an 11% increase in surface area. 

 
Figure 1.10 Electrode/electrolyte interface with 11% surface variation [19] 
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While no other papers were found to have analyzed an image in this manner it is 

possible to take scanning electronic microscope (SEM) interface images from other 

papers and perform a similar line length analysis.  This will give an idea as to the type of 

percentage surface variations present in SOFC manufacturing.  Figure 1.11, Figure 1.12, 

and Figure 1.13 show more SEM images analyzed in the same manner as Figure 1.10.  

The percentage variations range from 7.7%-11.8%.  

 
Figure 1.11 Electrode/electrolyte interface with 11.8% surface variation [20] 

 
Figure 1.12 Electrode/electrolyte interface with 10.2% surface variation [21] 
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Figure 1.13 Electrode/electrolyte interface with 7.7% surface variation [22] 

1.5 Interfacial Contact and the Effects on Performance 
 When looking at the interfacial contact between the electrode and electrolyte 

interfaces there are many factors that affect performance.  There was a fair amount of 

literature regarding the effect of surface-to-surface contact (quality of contact), but there 

was very little information regarding surface area variations at the interface and its effect 

on fuel cell performance. 

 The quality of contact has been investigated in many papers that looked at adding 

a “functional layer” between the electrode and the electrolyte.  The functional layer is a 

thin composite layer of electrode and electrolyte material meant to improve charge 

transfer between the layers [23].  As described in Ai et al. [24], the functional layer has 

the ability to fill defects and pores on the electrode surface, thus increasing the amount 

of contact area between the electrode and electrolyte.  An example of possible situations 

that could occur if there were a defect in the anode is shown in Figure 1.14.  If the anode 

functional layer electrolyte slurry fills the defects fully, as is shown in Figure 1.14a, the 

negative influence of the defect can be diminished.  However, if the defect is not filled 

completely, as shown in Figure 1.14b and c, the defect will restrict the ionic or electronic 

conduction paths and increase the anode polarization, thus having a negative effect on 

performance. 

 
Figure 1.14 Contact between anode (dark) and electrolyte (light) when: (a) electrolyte slurry fills the defect 

fully; (b) electrolyte slurry fills the defect partly; (c) electrolyte slurry bridges on the defect [24] 
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Ai et al. performed a set of experiments with the goal of determining the effect of 

the anode functional layer on performance.  To evaluate the effect of the anode 

functional layer a porous and defect laden anode surface was fabricated.  To create the 

defect laden surface wheat flour was added to the anode substrate as a pore-former.  Two 

cells, one without an anode functional layer (Cell-1) and one with an anode functional 

layer (Cell-2), were fabricated and evaluated for performance.  The performance 

improvement on the basis of maximum power density (MPD) and different temperatures 

can be seen in Table 1.1.  The promotion ratio represents the improvement in 

performance from using an anode functional layer on the cell.  An improvement from 

11.8 - 20.6% was obtained using varying operating temperatures. 
Table 1.1 Maximum power densities and their promotion ratios at different temperatures [24] 

 
A similar study was performed in Yang et al. [25].  In this paper three anode-

supported SOFC thin-film single cells were fabricated: one with an anode functional 

layer (Anode-Interlayer-Electrolyte-Cathode), one with a cathode functional layer 

(Anode-Electrolyte-Interlayer-Cathode), and one with no functional layer (Anode-

Electrolyte-Cathode).  The performance curves can be seen in Figure 1.15.  Performance 

increases can be seen in both current density and power density through the addition of 

an interlayer (the improvement is shown to be much greater through the use of an anode 

functional layer as opposed to a cathode functional layer).  The enhancement in 

performance for anode-supported SOFC single cells can be attributed to the increase of 

ion transmission area at the interface as well as the increase of ionic conductivity of a 

dense crack-free electrolyte layer. 
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Figure 1.15 Performance comparison of single cell at 800°C (A: Anode, I: Interlayer, E: Electrolyte, C: 

Cathode) [25] 

The root mean square roughness (RMSR) of the surfaces with and without the anode 

functional layer was also analyzed.  Without the anode functional layer the RMSR of the 

anode surface was 621 nm.  With the addition of the anode functional layer the RMSR 

was improved to 377 nm, an improvement of nearly 40%.  No difference in topography 

or grain cluster size was observed.  The RMSR of the electrolyte for both situations was 

also analyzed, and nearly no difference was observed.  This was attributed to the fact 

that the electrolyte was prepared three times using the dip-coating coating technique, 

thus alleviating any differences in surface topography. 

 Contact resistance at cell ceramic interfaces also plays an important role in 

SOFCs.  Low contact resistance between individual components is important for SOFC 

stacks if high performance is to be achieved.  In Koch et al. [26] [27], the importance of 

current constriction due to limited area of contact at an interface was investigated by 

comparing the characteristics of contacts between lanthanum strontium manganate 

(LSM) pellets with different surface finishes.  A relationship between load and contact 

resistance was also shown, with contact resistance decreasing as load increased due to an 

increase in contact area.  Two samples were tested, one that was left as-pressed and one 

that was polished.  The as-pressed sample had a contact resistance of 381 mΩcm2 and 

the polished sample had a contact resistance of 160 mΩcm2, a reduction of nearly 60%.   
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 The papers noted above somewhat addressed the effect of the interlayer structure 

versus performance, but none have specifically looked into how changes in interface 

surface area can affect SOFC performance.  However, papers by Iwai et al. [28] and 

Konno et al. [29] have looked into this subject.  Using numerical simulations 

performance variations were calculated based on electrode mesoscale-structure control.  

In this instance the characteristic length of the mesoscale structure was smaller than the 

macroscopic shape of a cell (~1 mm) and larger than the microstructure of electrodes 

such as the grain size of the electrodes (~1 µm).  The mesoscale level was large enough 

and had the capability to be manufactured with some level of reliability.  The electrode 

side was grooved into the electrolyte, increasing contact area and decreasing average 

electrolyte thickness.  Figure 1.16 shows an example of the mesoscale-structure control 

in these papers.  In [28] the structure of the anode was controlled in this manner, and in 

[29] the structure of the cathode was controlled. 

 
Figure 1.16 Standard flat cell (left) and cell with mesoscale control (right) [29] 

By adding the groove the normalized interface area was increased, and the normalized 

area could be calculated with: 

 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑁𝐼𝐴) =
𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑤𝑖𝑡ℎ 𝑔𝑟𝑜𝑜𝑣𝑒𝑠

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑔𝑟𝑜𝑜𝑣𝑒𝑠 =
𝑊1 + 𝑊2 + 𝐻
𝑊1 + 𝑊2

 1.1 

If there was no groove (H=0) then the normalized interface area is 1.  In [28] only one 

surface configuration was tested (NIA=1.60), whereas in [29] a variety of cases were 

tested from NIA=1.22 to 3.22.  Figure 1.17 shows the various normalized interface area 

situations (in percentage) along with the increases in current density.  The increase in 
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performance is quite dramatic in the early stages of area increase but begins to level off 

as the area increases.  Two curve fits are offered, one using all of the data points (third-

order polynomial) and one using the first four data points (second-order polynomial).  

Surface variations due to manufacturing are expected to be in the range of ~0% - 20% 

area increase, thus making the second-order curve fit more useful in predicting 

performance variations.  Using this equation a performance increase of 5% can be seen 

for an area increase of 10%. 

 
Figure 1.17 Current density versus area with curve fits (Terminal voltage: 0.5 V) (Data from [29]) 

1.6 Conclusions and Summary of Literature Review 
Concerning electrode/electrolyte contact it is evident that any 

roughness/imperfection at the surface is going to impact performance, specifically the 

quality and area of electrode/electrolyte contact.  In [24], [25] it was shown that adding 

an anode/cathode functional layer between the anode/cathode and electrolyte leads to 

increased performance due to improved interfacial contacts between the electrode and 

electrolyte and elimination of pores and areas of greater contact resistance.  A similar 

performance improvement was shown in [26], [27] with the thermal contact resistance 

between smooth and rough surfaces, with less resistance shown for smooth interfaces 

due to the increased contact area. In [28], [29] a performance increase was shown via 

cathode mesostructure control, with increasing performance as a result of increasing 

surface area. 

There was no ongoing research identified regarding the modeling of irregular 

electrode/electrolyte interfaces and the impact on SOFC performance as a result of these 

irregularities.   
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The literature review has shown that, while small, there are variations in the 

surface roughness at the microscopic scale and they can increase the surface area by 

about 5% - 10%.  Other areas of research regarding electrode/electrolyte contact and 

geometry leads to the conclusion that small surface variations can have an impact on 

performance, and the ability to model these variations for performance characteristics 

should prove useful in the future design and manufacture of SOFCs. 

1.7 Objectives and Approach 
Based on the findings of the literature review, the objective of the current research 

is to determine if interface roughness caused by manufacturing variations can have an 

effect SOFC performance.  To achieve this objective, the following approach will be 

undertaken: 

• Using the additional SOFC add-on module of the commercial computational 

fluid dynamics package FLUENT a planar SOFC model will be developed.  A 

base model with smooth interfaces will be verified against numerical and 

experimental results found in literature. 

• Once a full SOFC model is developed and verified, it will be reduced to a “slice” 

in order to reduce computing powers needed.  The “slice” will have boundary 

conditions representative of a location in the center of the fuel cell. 

• After verifying the “slice” model, SEM images of electrode/electrolyte interfaces 

will be analyzed, and the surface variations will be taken into account in the 

numerical model.  The resolution of the mesh will need to be high in order to 

capture the microscopic variations on the surface.  Performance characteristics of 

each model will be compared to the base model. 
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2. Model Description 
Fuel cell operation is a very complex process.  Full understanding of the 

processes occurring within the operational fuel cell requires a multidisciplinary 

knowledge across the fields of chemistry, materials science, and thermodynamics.  

Successful modeling of a fuel cell requires the understanding of these physical processes 

and the ability to translate them into mathematical concepts.  The equations governing 

fuel cell operation, spanning a range of subjects including electrochemistry, 

thermodynamics, and fluid flow, are all inherently linked in the creation of a fuel cell 

model.  This section includes equations and descriptions from a variety of sources, 

including [10], [12], [19], [30], and [31]. 

 An SOFC consists of two porous electrodes (anode and cathode) and a solid 

electrolyte.  A schematic of an operating planar SOFC is given in Figure 2.1.  Oxygen 

enters the fuel cell through the cathode flow channels and diffuses through the cathode 

electrode.  When the oxygen molecules reach the electrolyte, they “absorb” electrons 

supplied by the external circuit, causing the oxygen molecules to become negatively 

charged oxygen ions.  The interface where the reactant, electrolyte, and electrode meet is 

called the triple phase boundary (TPB).  The oxygen ions are conducted through the 

electrolyte and flow to the anode side of the fuel cell. 

While the oxygen molecules have been converted into oxygen ions and are 

flowing through the electrolyte to the anode, a similar process has occurred on the anode 

side.  A steady supply of fuel, which is rich in hydrogen molecules, enters through the 

anode flow channels and diffuses through the porous anode to the TPB on the anode 

side.  Once the hydrogen molecules reach the TPB they combine with the oxygen ions 

creating water, as well as releasing electrons.  In addition, the reaction between the 

hydrogen and oxygen ions also releases large amounts of energy in the form of heat.  

The electrons are removed via the external circuit connected at the interconnect.  The 

reaction will continue (as long as fuel and air are provided) due to the voltage difference 

caused by excess electrons in the anode as a result of water formation and limited 

electrons in the cathode as a result of oxygen ion formation. 



19 
 

 
Figure 2.1 Schematic of SOFC [32] 

 

2.1 Electrochemical Modeling 
An SOFC can be looked at as an electrochemical device, simply converting 

chemical energy into electrical energy.  The SOFC operates on hydrogen (either as pure 

hydrogen or hydrogen-rich fuels) and air (which contains the oxygen needed for the 

reaction).  The reaction that occurs is:  

 2H2 + O2 → 2H2O + heat 2.1 

This overall reaction is a combination of reactions that occur on the anode side and the 

cathode side of the fuel cell.  On the cathode side the oxygen molecule receives four 

electrons from the electrical circuit and is converted into two oxygen ions:  

 O2 + 4𝑒− → 2O2− 2.2 

The oxygen ions make their way through the electrolyte and mix with the fuel at the 

anode side: 

 2H2 + 2O2− → 2H2O + 4𝑒− 2.3 

Electrons travel through the external circuit to the cathode and close the circuit.  The 

excess water is removed from the fuel cell by the flow stream. 
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 The amount of current produced is proportional to the reaction rate in the cell.  

The current (I) can be described by: 

 𝐼 = 𝑧𝐹
𝑑𝑁
𝑑𝑡

= 𝑧𝐹𝑣 2.4 

where z is the amount of moles of electrons per mole of reactant (z=2 for hydrogen and 

z=4 for oxygen), F is the Faraday constant, and (𝑑𝑁 𝑑𝑡⁄ = 𝑣) is the rate of the 

electrochemical reaction (mol/s).  The power (P) generated by the fuel cell is: 

 𝑃 = 𝑉𝐼 2.5 

where V is the potential difference across the fuel cell. 

Every electrochemical reaction has an ideal voltage which is called the Nernst 

potential.  The ideal voltage occurs when all available chemical energy is converted to 

electrical power.  The Gibbs free energy due to a chemical potential gradient is 

represented by: 

 Δ𝐺 = Δ𝐺0 − 𝑅𝑇𝑙𝑛�
𝑃𝐻2𝑃𝑂2

1
2�

𝑃𝐻2𝑂
� 2.6 

where ∆𝐺𝑜 is the Gibbs energy, R is the gas constant, and Px is the partial pressure of the 

chemical species x.  The Gibbs free energy due to an electrical potential gradient is 

described by: 

 Δ𝐺 = −𝑧𝐹𝜙𝑖𝑑𝑒𝑎𝑙 2.7 

where 𝜙𝑖𝑑𝑒𝑎𝑙 is equal to open cell voltage.  By equating the two expressions for Gibbs 

free energy, the ideal voltage is given by the Nernst equation: 

 𝜙𝑖𝑑𝑒𝑎𝑙 =
−Δ𝐺0

𝑧𝐹
+
𝑅𝑇
𝑧𝐹

𝑙𝑛 �
𝑃𝐻2𝑃𝑂2

1
2�

𝑃𝐻2𝑂
� 2.8 

2.1.1 Polarization Losses 

Due to irreversible losses, evident in any energy conversion device, an SOFC 

does not operate at the ideal voltage described by the Nernst equation.  These 

irreversible losses are called polarization losses and are a result of the extra work needed 

to drive a current through an external load.  There are three sources of polarization 
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losses: activation, ohmic, and concentration polarization. These losses are shown in a 

fuel cell’s polarization curve (shown in Figure 2.2), and each causes a reduction from the 

ideal voltage. 

 
Figure 2.2 Ideal and actual fuel cell polarization curve [5] 

Activation polarization 

 For a chemical reaction to take place, an energy barrier must be overcome by the 

reacting species.  The reaction rate is controlled by the slowest “step” in the series of the 

reaction.  In order to not be limited by this rate-determining step, extra potential is 

necessary to overcome the activation energy barrier for the electrode reaction to proceed 

at the desired rate.  Extra potential can be achieved through the use of high reaction 

temperatures.  Because of the high temperatures in SOFCs, activation polarization is 

very low, and this barrier is overcome very quickly. 

 In SOFC modeling the Butler-Volmer equation is often used to describe the 

activation polarization: 

 𝑗 = 𝑗𝑜 �exp �
𝛽𝑧𝐹𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛

𝑅𝑇
� − 𝑒𝑥𝑝 �−

(1 − 𝛼)𝑧𝐹𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝑇

�� 2.9 

The charge transfer coefficient, 𝛽, represents which direction the reaction will go based 

on the applied potential.  The exchange current density, jo, describes the electrode 

reaction rates at equilibrium.  The Butler-Volmer equation can be solved implicitly for 

𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛.  Simplifications to equation 2.9 such as the Tafel equation are available for 
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both high and low values of activation polarization; however, the modeling software 

used in this project applies the full Butler-Volmer equation. 

Ohmic Polarization 

 The resistance of ion and electron flow in the electrolyte and electrodes, 

respectively, result in ohmic losses.  The ohmic losses can be described by Ohm’s law.  

The ohmic polarization, 𝜂𝑜ℎ𝑚𝑖𝑐, is described by: 

 𝜂𝑜ℎ𝑚𝑖𝑐 = 𝐼𝑅 2.10 

where R is the total cell resistance.  The cell resistance is a summation of electronic, 

ionic, and contact resistances: 

 𝑅 = 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝑅𝑖𝑜𝑛𝑖𝑐 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 2.11 

The most effective methods of reducing ohmic polarization involve using electrodes 

with high conductivity and through the use of thin electrolytes. 

Concentration Polarization 

 In fuel cells the gases must diffuse through the gas filled pores of the electrode to 

reach the reaction sites.  When the rate of electrochemical reactions is high, reactants at 

the electrode/electrolyte interfaces become depleted.  The partial pressures at the 

reaction sites become less than that of the bulk gas stream pressure.  This leads to a 

reduction in reactant gas concentration in the pores of the electrode, thus limiting the 

available gas for reaction and limiting current.  Using the Nernst equation and 

considering only polarization at the anode, the voltage drop due to a concentration 

gradient is: 

 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑅𝑇
𝑧𝐹

𝑙𝑛 �
𝐶𝑅∗

𝐶𝑅0
� 2.12 

where 𝐶𝑅∗ is the reactant concentration in the catalyst layer and 𝐶𝑅0 is the reactant 

concentration in the bulk of the fluid. The current density of the cell can be described by 

Fick’s law of diffusion: 

 𝑗 = −𝑧𝐹𝐷
𝐶𝑅0 − 𝐶𝑅∗

𝛿
 2.13 

where D is the diffusion coefficient of the reacting species and 𝛿 is the thickness of the 

diffusion layer. 
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When the reactant is completely depleted at the interface, a limiting current 

density has been reached.  The fuel cell can never have a higher current than that which 

causes the reactant concentration to reach zero.  The limiting current density, jL, can be 

found by setting 𝐶𝑅∗ = 0 in the above equation and is described by the equation: 

 𝑗𝐿 = −𝑧𝐹𝐷
𝐶𝑅0

𝛿
 2.14 

Solving for 𝐶𝑅∗  and 𝐶𝑅0 in the above equations and inputting them into the original 

equation the concentration polarization can be written as a function of current density in 

the cell: 

 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑅𝑇
𝑧𝐹

𝑙𝑛 �1 −
𝑗
𝑗𝐿
� 2.15 

Because the ratios of current and current density are the same, the concentration 

polarization can also be written as a function of current: 

 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑅𝑇
𝑧𝐹

𝑙𝑛 �1 −
𝐼
𝐼𝐿
� 2.16 

This equation is valid assuming the activation polarization is negligible in comparison to 

the concentration polarization.  As was mentioned, the activation polarization in a high 

temperature SOFC tends be quite small, so this is a valid assumption. 

 When subtracted from the ideal open circuit voltage, these polarization losses 

give the actual voltage in the fuel cell: 

 𝜙𝑎𝑐𝑡𝑢𝑎𝑙 = 𝜙𝑖𝑑𝑒𝑎𝑙 − 𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 2.17 

2.2 Fluid and Thermal Modeling 
The various fluid and thermal processes occurring in a fuel cell have a great 

impact on performance.  The ability of a fuel cell to transport fluid affects many of the 

electrochemical processes, and the heat produced in the cell and fluid will affect the fuel 

cell temperature and reaction rate.  The conservation laws of fluid mechanics and 

thermodynamic create the basis for the fuel cell model. 
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2.2.1 Conservation Equations 

Conservation of Mass 

 The equation for conservation of mass, or continuity equation, of a species is 

given by:  

 𝜕𝜌𝑖
𝜕𝑡

+ 𝑣 ∙ ∇𝜌𝑖 = 𝑆𝑚,𝑖 2.18 

where 𝑆𝑚,𝑖 is the production rate of species i, 𝜌𝑖 is the species density, and 𝑣 is the fluid 

velocity.   

Conservation of Charge 

A similar equation can be used to describe conservation of charge: 

 𝜕𝜌𝑒
𝜕𝑡

+ 𝑣𝑑𝑟𝑖𝑓𝑡 ∙ ∇𝜌𝑒 = 𝐼𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 2.19 

where 𝐼𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 is the rate of current being generated, 𝜌𝑒 is the charge density, and 

𝑣𝑑𝑟𝑖𝑓𝑡 is the drift velocity. 

Conservation of Momentum 

 Due to the low Mach numbers within the fuel cell gas channels a simplified form 

of the Navier-stokes equation can be used to describe conservation of momentum within 

the fuel cell: 

 𝜌
𝜕𝑣
𝜕𝑡

+ 𝜌𝑣 ∙ ∇𝑣 = ∇𝑃 + 𝜇∇2𝑣 + 𝜌𝑔 2.20 

where the left hand side of the equation represents momentum terms and the right hand 

side of the equation describes the force terms.  𝑔 represents the acceleration due to 

gravity and 𝜇 is the dynamic viscosity of the fluid.  The surface forces are described by 

the pressure term, ∇𝑃, and the stress term, 𝜇∇2𝑣.  𝜌𝑔 represents the body forces. 

Conservation of Energy 

 Conservation of energy makes it possible to determine the temperature and heat 

flux profiles: 

 𝜕
𝜕𝑡

(𝜌𝑒) + ∇ ∙ [𝑣(𝜌𝑒 + 𝑃)] = ∇𝑄 + 𝑆ℎ 2.21 
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where Q is the heat flux from conduction, Sh is the volumetric heat source, and e is the 

energy per unit mass.  The energy per unit mass is the sum of internal energy, kinetic 

energy, and potential energy in the fluid and can be described by: 

 𝑒 = 𝑐𝑣𝑇 +
𝑣2

2
+ 𝑔ℎ 2.22 

where 𝑐𝑣 is the specific heat at a constant volume.  The kinetic, 𝑣2 2⁄ , and potential, 𝑔ℎ, 

energy terms are often neglected because the working fluid in a fuel cell is a mixture of 

gases. 

Conservation of Species 

 With many chemical reactions occurring at the same time it is necessary to take 

into account conservation of species, ensuring that the mass of each species is conserved 

throughout the reaction.  The equation can be written: 

 𝜕
𝜕𝑡

(𝜌𝑐𝑖) + ∇ ∙ [𝜌𝑣𝑐𝑖] = −∇ ∙ 𝑌𝑖 + 𝑆𝑚,𝑖 2.23 

where ci is the mass fraction of the species and Yi is the diffusing mass flux of the 

species. 

2.2.2 Porous Flow Equations 

A porous material is made up of a solid material that contains voids within it.  

These voids allow fluid to flow around the solid material and interact with it, affecting 

the movement, electrochemical reactions, and heat transfer occurring within the fluid.  

The electrodes that make up the solid oxide fuel cell are porous materials, so it is 

necessary to understand how the porosity affects these various processes.  The porosity, 

𝜀, can be described as the fraction of the total volume that the void space takes up: 

 𝜀 =
𝑉𝑉
𝑉𝑇

 2.24 

where VV is the volume of the voids within the material and VT is the total volume.  

Describing the flow of a fluid through a porous medium is extremely complex due to the 

interaction between the solid and fluid, so properties are averaged over the entire area to 

make calculations easier.  The Darcy velocity, 𝑣𝐷𝑎𝑟𝑐𝑦, is one of these such averages.  

Each fluid particle within the porous solid will have different velocities in different 

directions.  Because this is nearly impossible to calculate the Darcy velocity is used as a 
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macroscopic velocity, assuming the fluid is flowing through the entire cross section of 

the channel. 

 The conservation of mass equation in a porous medium requires a slight 

alteration of equation 2.18 taking into account the porosity of the material and the Darcy 

velocity: 

 𝜀
𝜕𝜌𝑖
𝜕𝑡

+ 𝑣𝐷𝑎𝑟𝑐𝑦 ∙ ∇𝜌𝑖 = 𝑆𝑚,𝑖 2.25 

 Flow in the present SOFC study is laminar, allowing some simplifications to be 

made to the flow equations.  In laminar flows through porous media the pressure drop is 

typically proportional to the velocity.  The internal resistance factor, convective 

acceleration, and diffusion terms are ignored in laminar flow.  This reduces the 

conservation of momentum equation to Darcy’s Law: 

 ∆𝑃 =
−𝜇
𝜅
𝑣 2.26 

where 𝜅 is the permeability of the porous media.  Furthermore, this equation can be 

written as: 

 𝜕𝑃
𝜕𝑥

=
𝜇
𝜀
∇2𝑣 2.27 

 The energy equation can be altered by creating separate terms for the energy in 

the fluid and the energy in the solid.  The energy terms in the fluid are multiplied by the 

porosity and the energy terms in the solid are multiplied by (1 − 𝜀).  The modified 

equation is as follows: 

 
𝜕
𝜕𝑡
�𝜀𝜌𝑓𝑒𝑓 + (1 − 𝜀)𝜌𝑠𝑒𝑠� + ∇ ∙ �𝑣�𝜌𝑓𝑒𝑓 + 𝑃�� = ∇𝑄 + 𝑆ℎ 2.28 

where ef and es represent the energy per unit mass of the fluid and solid, respectively. 
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3. SOFC Modeling in FLUENT 
The commercial computational fluid dynamics (CFD) program FLUENT 12.0 was 

used to model the SOFC.  FLUENT has an add-on SOFC module that captures the 

various electrochemical, thermodynamic, and fluid flow features that were described 

above.  FLUENT, along with the SOFC module, has proven to be a very good 

application for modeling the performance of SOFCs. 

The first step in successful modeling in FLUENT is to create a mesh geometry of a 

fuel cell.  Before the mesh is created a 3-D geometry must be generated as the basis of 

the model.  The 3-D modeling was done using a combination of SolidWorks (a popular 

3-D computer-aided-design package) and GAMBIT (a geometric modeling program that 

works in conjunction with FLUENT).  After creating the 3-D geometry a mesh must be 

generated, along with the boundary and cell zone conditions necessary to define the 

model.  The mesh creation was done exclusively in GAMBIT.  After a mesh is generated 

and boundary conditions are specified, the file is ready for use in FLUENT.  The 

necessary boundary values and parameters are prescribed in FLUENT, and the equations 

listed in the above section are applied in order to develop a solution.  It is important to 

note that FLUENT implements some changes to the equations described in the above 

section in order to correctly model the SOFC.  A description of the base model as well as 

some of the details of modeling with FLUENT follows.   

3.1 FLUENT Equation Modifications for Fuel Cell Applications 
FLUENT requires some changes to the governing equations described in section 

2.2.1 when used for SOFC modeling.  This section describes how the model is 

implemented in FLUENT, including the changes to the governing equations for the 

SOFC application.  Through the SOFC add-on module FLUENT is capable of 

calculating a number of parameters, including electric potential and current distribution.  

The model is described with the help of references [30], [32], and [33]. 

3.1.1 Geometry 

The geometry in FLUENT is simplified by modeling the electrolyte as a plane 

wall in between the anode and cathode and has no thickness.  After the file is read into 

FLUENT the thickness of the electrolyte is specified as a user input.  In FLUENT, a 
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planar wall that contacts another surface has two sides, one of which is called a shadow 

wall.  Each wall contains properties specific to the volume which it contacts.  In the case 

of the electrolyte, one side is in contact with the anode and one side with the cathode.  It 

is important to properly define each wall in FLUENT in order to deliver useful results. 

3.1.2 Electrochemistry 

The potential field in the conductive regions is governed by conservation of 

charge.  The SOFC module in FLUENT returns steady-state solutions.  The transient 

term in equation 2.19 is removed: 

 ∇ ∙ 𝑖 = 0  or ∇ ∙ 𝜎∇𝜙 = 0 3.1 

where the current, i, is a function of the conductivity, 𝜎, and the electric potential, 𝜙.  

The equation above is solved by applying flux conservation to each control volume.  The 

electric field potential calculation includes: 1) ohmic losses in all the conducting 

materials, 2) contact resistance at the interfaces, and 3) ohmic heating through 

conducting materials.  In the solid portions of the fuel cell (current collector and the 

solid grids of the porous electrodes) the flux between control volumes is calculated 

simply by Ohm’s law.  At the electrolyte these calculations are slightly more complex 

and are described in the next paragraph. 

 The electric field and electrochemistry interact solely at the electrolyte interface 

(triple phase boundary).  In FLUENT, the electrolyte interface acts as an impermeable 

wall.  In order to take into account the effects of the electrochemistry, a jump condition 

is applied to the two sides of the wall.  The jump condition couples the two electrolyte 

surfaces and takes into account the various electrochemical properties at the surface 

(activation and ohmic losses).  Using this condition at the interface relates the potential 

on the anode and cathode side of the electrolyte, and the voltage is given by: 

 𝜙𝑐𝑒𝑙𝑙 = 𝜙𝑗𝑢𝑚𝑝 − 𝜂𝑠 3.2 

where 𝜂𝑠 is equal to the ohmic losses in the solid conduction portions of the cell.  𝜙𝑗𝑢𝑚𝑝 

is given by: 

 𝜙𝑗𝑢𝑚𝑝 = 𝜙𝑖𝑑𝑒𝑎𝑙 − 𝜂𝑒𝑙𝑒 − 𝜂𝑎𝑐𝑡,𝑎 − 𝜂𝑎𝑐𝑡,𝑐 3.3 
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in which 𝜂𝑒𝑙𝑒 represents the ohmic polarization of the electrolyte, 𝜂𝑎𝑐𝑡,𝑎 and 𝜂𝑎𝑐𝑡,𝑐 

represent the activation polarization in the anode and the cathode, respectively, and 

𝜙𝑖𝑑𝑒𝑎𝑙 represents the Nernst potential.  𝜂𝑒𝑙𝑒 is given by equation 2.10, 𝜂𝑎𝑐𝑡,𝑎 and 𝜂𝑎𝑐𝑡,𝑐 

by implicitly solving equation 2.9, and 𝜙𝑖𝑑𝑒𝑎𝑙 by equation 2.8. 

 It should be mentioned that a term for concentration polarization, 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 

is not included in equation 3.3.  The SOFC module of FLUENT does not take this into 

account and relies on the partial pressures of the Nernst potential equation to take 

concentration losses into effect. 

3.1.3 Fluid and Thermal Modeling 

The basic conservation equations for mass, species, momentum, and energy 

listed in Section 2.2.1 are used by FLUENT.  The only “change” that FLUENT makes is 

defining the source terms in equations 2.18, 2.21, and 2.23 (respectively, conservation of 

mass, energy, and species). 

In FLUENT the rate of species production and destruction is given by the general 

equation: 

 𝑆𝑥 =  −
𝑎𝐼
𝑧𝐹

 3.4 

where 𝑆𝑥 is the source of the species and a is the stoichiometric coefficient of the 

species.  The species source term for conservation of mass is calculated by multiplying 

equation 3.4 by the molecular weight of the species and summing the equation at the 

electrode.  At the electrode, the rate of species mass production is given by: 

 𝑆𝑚 =  �−𝑀𝑥
𝑎𝑥𝐼
𝑧𝐹

𝑥

 3.5 

where 𝑀𝑥 is the molar weight of the species and x represents the type of species. 

For conservation of energy, equation 2.21, both the heat flux vector, Q, and the 

volumetric heat source, 𝑆ℎ, must be defined.  The heat flux vector is defined by: 

 𝑄 = 𝑘𝑒𝑓𝑓∇𝑇 −�ℎ𝑥𝐷𝑥����⃗
𝑥

+ (𝜏�̿�𝑓𝑓 ∙ 𝑣)����⃗  3.6 
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where 𝑘𝑒𝑓𝑓 is the effective conductivity of the solid and fluid, ℎ𝑥 is the sensible 

enthalpy, and 𝐷𝑥����⃗  is the diffusion flux of each species.  For the zones of the cell with 

conduction the source term is added to account for ohmic heating: 

 𝑆ℎ,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔 = 𝐼2𝑅𝑜ℎ𝑚𝑖𝑐 3.7 

where 𝑅𝑜ℎ𝑚𝑖𝑐 is the ohmic resistance of the solid.  Ohmic heating occurs in all 

electrically conducting zones (interconnects, electrodes, and electrolyte).  The energy 

equation also needs to take into account the electrode-electrolyte interface to account for 

heat generated or lost as the result of electrochemistry and overpotentials.  The enthalpy 

flux of all species as well as all work leaving the system creates the energy balance at the 

interface: 

 𝑄" = ℎ𝐻2
" + ℎ𝑂2

" − ℎ𝐻2𝑂
" − 𝐼∇𝑉 3.8 

where 𝑄" represents the heat generated and h” is the enthalpy of species.  Heat being 

generated at the electrode/electrolyte interfaces requires another source term to be added 

to the energy equation: 

 𝑆ℎ,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =
𝑄

𝑉𝑜𝑙𝑢𝑚𝑒
 3.9 

One half of this value is applied to the source term of the anode and the other half is 

applied to the cathode, but FLUENT mentions that this division of heat is purely 

arbitrary. 

3.2 Description of Full Length Base Model 
In this paper there are two separate base models.  The first was used for 

confirmation of a full length fuel cell with a length of 20 mm.  As was mentioned in the 

objectives it was desired to reduce this full length model to a much smaller length in 

order to reduce the computational power required when using a geometrically varying 

surface interface.  This is considered to be the second base model.  The conditions used 

for both models in GAMBIT and FLUENT are nearly identical other than the length.   

Both will be discussed in further detail. 

The full length base model for verification was from Pakalapati [34].  Christman 

[30] also used this as a base model.  Working in conjunction with Christman, identical 

geometry, mesh, and conditions were used in order to confirm the model.  The model is 
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co-flow with both fuel and air entering on the same side of the cell.  FLUENT is also 

able to make use of symmetry conditions in order to reduce the computational power 

needed to solve the model, allowing the fuel cell to be modeled as a half flow channel.  

The base model, as well as the geometry parameters, is shown Figure 3.1 and Table 3.1, 

respectively. 

 
Figure 3.1 (a) Three-dimensional planar SOFC and (b) Unit cell SOFC (adapted from [30]) 

 

Table 3.1 SOFC Cell Dimensions 

Parameter Value (mm) 
Anode thickness (ha) 0.05 

Electrolyte thickness (he) 0.15 
Cathode thickness (hc) 0.05 

Fuel and air channel height (hch) 1 
Fuel and air channel width (wch) 1.5 

Interconnect height (hi) 0.25 
Interconnect width (wi) 0.5 

Channel length (L) 20 
 

The unit cell geometry was created and meshed using both SolidWorks and GAMBIT.  

As was mentioned in Section 3.1.1 the electrolyte was not included in the GAMBIT 

model, and this is reflected in the geometry shown in Figure 3.2.  The grids in the 
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interconnect and channel zones consisted of 200 nodes along the channel length, 20 

nodes along the width, and 25 nodes along the height.  In the electrode zones, 3 nodes 

were used along the thickness to maintain a low cell skewness ratio.  The entire grid 

consisted of 259,502 nodes and 224,000 cells. 

 
Figure 3.2 Configuration of unit cell [30] 

To prepare the GAMBIT model to be transferred to FLUENT it is necessary to 

label the boundary conditions and zones.  This makes the preparation in FLUENT much 

easier as all the surfaces are pre-labeled.  The basic conventions of labeling cell and 

boundary zones are outlined in ANSYS FLUENT 12.0: Fuel Cell Module Manual [32], 

and these conventions were followed in the present study.  The volume and boundary 

zones prescribed in GAMBIT are shown in Table 3.2 and Table 3.3.  In FLUENT, the 

porous electrodes must defined as fluids to describe the fluid filling voids in the porous 

material. 
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Table 3.2 Volume Zones in GAMBIT 

Continuum Zone Type Description 

anode fluid fuel side electrode 
cathode fluid air side electrode 

ch-anode fluid fuel flow channel 
ch-cathode fluid air flow channel 
cc-anode solid anode side current collector 

cc-cathode solid cathode side current collector 
 

Table 3.3 Boundary Zones in GAMBIT 

Boundary Zone Type Description 
inlet-anode mass flow inlet inlet to fuel channel 

inlet-cathode mass flow inlet inlet to air channel 
outlet-anode pressure outlet outlet from fuel channel 

outlet-cathode pressure outlet outlet from air channel 
outlet-anode pressure outlet outlet from fuel channel 

electrolyte wall surface between anode and 
cathode 

wall-cc-anode wall contact between current 
collector and anode 

wall-cc-cathode wall contact between current 
collector and cathode 

voltage-tap wall surface of anode side 
current collect for circuit 

current-tap wall surface of cathode side 
current collect for circuit 

symmetry-cc symmetry 4 surfaces of symmetry on 
current collector side 

symmetry-ch symmetry 6 surface of symmetry on 
channel side 

 

 After the GAMBIT file (called a case file) is read into FLUENT some additional 

steps are required to fully define the geometry.  GAMBIT files do not have units and 

FLUENT uses meters as a default unit, so it is necessary to scale the model to the 

appropriate unit of millimeters.  As was mentioned in section 3.1.1 each planar wall has 

two surfaces after the file is read into FLUENT.  The created face is called a shadow 

face.  Each side of the face will have different properties depending on which volume it 

is directly adjacent to.  With the electrolyte it is necessary to rename the faces according 

to which electrode they are adjacent to.  The electrolyte face adjacent to the anode is 
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renamed electrolyte-anode and the face adjacent to the cathode is renamed electrolyte-

cathode. 

3.2.1 Basic Transport in FLUENT 

Once the geometry has been properly defined and read into FLUENT, there are a 

number of modules and parameters that must be properly defined to create a running fuel 

cell model.  The necessary modules and parameters that must be used to properly define 

the fuel cell model are well described in the ANSYS FLUENT 12.0: Fuel Cell Module 

Manual [32] and will be described briefly below. 

When using the SOFC module is it necessary to enable the energy module to 

calculate the effects of heat transfer within the fuel cell model.  Due to the 

electrochemical processes occurring within the fuel cell, the species transport and 

reaction functions are be enabled.  Within the species transport module a variety of 

components must be enabled and disabled.  Volumetric reaction is enabled to allow the 

calculation of reacting flow.  Inlet diffusion is disabled, allowing the specification of 

mass fractions entering the fuel cell.  Diffusion energy source is enabled to include the 

enthalpies carried by diffusing species.  Full multicomponent diffusion is enabled and 

calculates the mass flux of the diffusing species.  Thermal diffusion is also enabled, 

allowing heavier molecules to diffuse more slowly than lighter molecules. 

3.2.2 SOFC Module 

In addition to the basic components enabled above, there are inputs specific to 

the SOFC module which must be defined properly.  The model parameters panel is used 

to define a number of submodels specific to the SOFC module.  The enable electrolyte 

conductivity submodel allows electrolyte ionic conductivity to be a function of 

temperature.  The enable surface energy source submodel includes heat generation at the 

surfaces from the electrochemical reactions.  The enable volumetric energy source 

submodel includes the addition of ohmic heating throughout the electrically conducting 

regions.  The disable CO electrochemistry submodel is selected in cases where there is 

no carbon monoxide present in the fuel.  In the current study all submodels are selected 

[32].  The basic model parameters which define the electrolyte and the basic electrical 

characteristics of the system are also defined here and can be seen in Table 3.4. 
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Table 3.4 Model parameters panel input parameters 

Parameter Value 

Current Underrelaxation Factor 0.4 
Total System Current (Amp) 0-0.80 

Leakage Current Density (Amp/m2) 0 
Electrolyte Thickness (m) 0.00015 

Electrolyte Resistivity (ohm-m) 0.1948 
  

 The electrochemistry panel is used to define the electrochemical reactions 

occurring.  The exchange current densities at the anode and cathode are specified, 

defining the electrode reaction rates at equilibrium potential.  The mole fraction 

reference values are used as reference values for the inlet flow conditions.  The 

stoichiometric exponents and Butler-Volmer transfer coefficients are left as the default 

values.  These parameters are shown in Table 3.5. 
Table 3.5 Electrochemistry panel input parameters 

Parameter Value 
Anode Exchange Current Density (Amp) 5500 

Cathode Exchange Current Density (Amp) 5500 
H2 Reference Value (mole/mole) 1 
O2 Reference Value (mole/mole) 1 

H2O Reference Value (mole/mole) 1 
 

 The electrolyte and tortuosity panel is used to specify the surfaces representing 

the anode and cathode electrolyte interfaces, as well as defining the portions of the fuel 

cell where tortuosity is enabled.  Tortuosity is enabled in the anode and cathode regions 

and set to a tortuosity value of 3.  Tortuosity values found in literature typically range 

from ~2-4, so the value chosen is a typical value. 

 The electric field panel is used to define the volumes and surfaces that are critical 

in the electrical circuit portion of the model.  Conductive regions are defined along with 

their contact surfaces.  This enables current to flow through the external circuit in the 

model.  Non-ideal electrical connection results in contact resistances at the surface, 

which also must be defined.  The grounded surface (voltage tap) and the surface from 

which current is being drawn (current tap) are also defined here.  The parameters defined 

in the electric field panel are shown in Table 3.6. 
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Table 3.6 Electric field panel input parameters 

Entity Parameter Value 
Anode Conductivity (1/ohm-m) 30384 

Cathode Conductivity (1/ohm-m) 12872 
cc-anode Conductivity (1/ohm-m) 3078 

cc-cathode Conductivity (1/ohm-m) 3078 
wall-cc-anode Contact resistance (ohm-m) 1e-7 

wall-cc-cathode Contact resistance (ohm-m) 1e-8 
 

3.2.3 Material Properties 

To verify the current model against the Pakalapati [34] and Christman [30] 

models it was necessary to use similar material properties.  Materials must be created for 

the anode, cathode, electrolyte, and interconnect.  The material properties are shown in 

Table 3.7 
Table 3.7 Material property values 

 Anode Cathode Electrolyte Interconnect 
Density (kg/m3) 6600 6600 6600 6600 
Heat capacity 

(J/kg-K) 400 400 400 400 

Thermal 
conductivity 

(W/m-K) 
3 3 2 3.5 

 

3.2.4 Zone and Boundary Conditions 

A number of zone and boundary conditions must be defined properly before the 

model will run properly in FLUENT.  Zone conditions refer to those applying to an 

entire volume, while boundary conditions relate to those acting only on a surface.  

Because the electrodes are both porous and creating heat as a result of electrochemical 

reactions, the source terms and porous structure tabs must be enabled.  The porous zone 

tab is used to specify the viscous resistance caused by slow moving fluid through the 

porous material.  The source terms tab relates the source terms to the calculated values 

that use them.  The interconnect is defined as a solid and is not porous but is an energy 

source in the cell, so the energy source term must be enabled.  The zone conditions of 

the electrode are shown in Table 3.8. 
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Table 3.8 Electrode zone conditions 

 Anode Cathode 
Viscous Resistance (1/m2) 1e-8 1e-8 

Porosity 0.2 0.2 
Source Terms mass, H2O, H2, energy mass, O2, energy 

 

 The boundary conditions must also be set at the mass flow inlet.  The values 

were taken from Christman [30] who adapted them from Pakalapati [34].  In FLUENT 

the mass flow rate, temperature, and species mass fraction at the inlet must be specified.  

The boundary conditions at the inlet are in Table 3.9. 
Table 3.9: Inlet boundary condition values 

 Fuel Inlet Air Inlet 
Mass flow rate (kg/s) 2.03e-8 2.38e-6 

Temperature (K) 1173 1173 
H2 Mass Fraction 0.5 0 
O2 Mass Fraction 0 0.233 

H2O Mass Fraction 0.5 0 
 

3.3 Description of Reduced Length Base Model 
It was desired to shorten the length of the model described above to reduce the 

computational power required when attempting to model the microscale surface 

variations at the electrode/electrolyte interface.  To verify the accuracy of the reduced 

length model, it was necessary to compare a number of parameters against the full length 

model, including voltage, temperature, and velocity profiles.  This will be discussed in 

further detail in the results section.  The reduced length model is nearly identical in all 

ways to the model described above other than the length, current, and inlet conditions.  

The important modifications to the original model will be discussed. 

3.3.1 Current Modifications 

To compare the accuracy of the reduced length model versus the full length 

model it was necessary to specify the current on a current density basis to attain similar 

voltages.  A model that is 2 mm2 in area (1 mm length by 2 mm width) requires a much 

different current than a model that is 40 mm2 in area (20 mm length by 2 mm width) to 

attain the same current density.  For this reason the area-weighted-average of the current 

density was taken over the desired length scale and then converted to overall current by 
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multiplying by area.  The reduced length current densities shown in Table 3.10 are 

determined from the direct center of the 20 mm model (centered at a distance of 10 mm 

from the inlet). 
Table 3.10 Current used in reduced length model for full length cell operating at 0.56 amps 

Length (mm) Area (mm2) 
Current 
Density 

(Amps/m2) 

Total Current 
(Amps) 

20 40 14000 0.56 
1 2 14057.82 0.028116 

0.5 1 14057.88 0.014058 
0.25 0.5 14057.9 0.007029 
0.1 0.2 14057.9 0.002812 

 

3.3.2 Inlet Condition Modifications 

The goal of the reduced length model is to recreate the same flow conditions that 

are seen in the center of the 20 mm length model.  Once the flow has reached the center 

of the channel it is no longer experiencing entrance effects and is fully developed.  

Because of this it is necessary to specify boundary conditions differently than prescribed 

in Table 3.9.  As a solution to this problem it is desired to apply the exact conditions 

found at a specific length in the air and fuel channels and apply it to the inlet of the 

reduced length model.  To do this FLUENT can be used to create profiles over a 

specified planar area.  A FLUENT profile contains the actual data that is found at 

individual nodes.  For the example of the 1 mm reduced length model, the reduced 

length inlet is found at a distance of 9.5 mm from the inlet of the full length model.  By 

using a distance of 9.5 mm the reduced length “slice” will be at the exact center of the 

full length model.  The profile data are then taken from the air and fuel channels at 9.5 

mm from the inlet of the full length model and prescribed to the inlet of the 1 mm model, 

ensuring the same conditions are met between the two models.  Figure 3.3 illustrates the 

use of the profile in the reduced length model.  The profile data prescribed in the reduced 

length model are velocity (x, y, and z), species (H2, H2O, and O2), temperature, and 

pressure. 
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Figure 3.3 (a) Full length model with original flow conditions, (b) Reduced length slice using the same flow 

conditions as the full length model 

 

3.4 Grid Independence 
In any numerical study it is very important to perform a grid independence study 

to ensure the accuracy of the model being used.  For the present study it was decided that 

it would be most important to perform a comprehensive grid independence study for the 

case of the reduced length slice as the full length model was only being used for 

verification purposes against Christman [30] and Pakalapati [34].  For the grid 

independence study a reduced length of 0.46 mm was used.  This length corresponds to 

horizontal length of Figure 3.4.  Figure 3.4 represents the most detailed SEM image of 

an electrode/electrolyte interface found in the literature. 

 
Figure 3.4 Electrolyte/Electrode Interface Image Used for Analysis [20] 
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It was first desirable to determine which direction, if any, the voltage would vary 

with varying node count.  First, the node count was varied in the z-direction (direction of 

flow) while holding the x- and y-components constant.  In the x-direction 28 nodes were 

used and in the y-direction 35 nodes were used.  The node count in the z-direction was 

varied from 20 to 50 nodes in increments of 10.  Figure 3.5 shows the dependence upon 

nodes in the z-direction.  There is a very small voltage increase from 20 to 30 nodes 

(~0.0004 V).  Any increase after 30 nodes showed no change in voltage, so a node count 

of 30 in the z-direction was deemed appropriate for any reduced length models. 

 
Figure 3.5 Nodes in x- and y-direction held constant, 0.44 amps (28 and 35 nodes, respectively) 

 When varying nodes in the x- and y-direction it was necessary to vary them in a 

manner that kept their ratio the same.  For each test case the node count was increased 

by 4 in the x-direction and by 5 in the y-direction.  The nodes were held constant at 30 in 

the z-direction.  Figure 3.6 shows the voltage change with nodes varying in the x-

direction (to get the amount of nodes in the y-direction simply multiply the amount of 

nodes in the x-direction by 5/4).  There is an obvious voltage increase from a node count 

of 20 to 40 (~1 mV).  At this point, the voltage levels off and remains nearly constant.  

As a result of the grid independence study a node count of 44 in the x-direction, 55 in the 

y-direction, and 30 in the z-direction was chosen and deemed to be acceptable to achieve 

grid independence in the reduced length model. 
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Figure 3.6 Nodes in z-direction held constant, 0.44 amps (30 nodes) 
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4. Results 
Within the results section it is necessary to first verify the reference cases.  As 

mentioned there are two reference cases to be verified, a full length reference case to 

verify the SOFC model and also a reduced length reference case to determine what 

reduced length can be used to accurately reproduce full length conditions. 

4.1 Verification 

4.1.1 SOFC Full Length Reference Case Verification 

To confirm the model being used it was necessary to compare the model to a 

similar reference model found in literature.  As was noted Section 3.2, working in 

conjunction with Christman [30] allowed a nearly exact model to be replicated for 

verification purposes.  Christman’s model was verified against Pakalapati [34].  It was 

impossible to reproduce all conditions of the Pakalapati study because not all conditions 

were specified in [34].  The conditions used in the present validation are shown in Table 

3.9.  The length of this cell was 20 mm. 

Christman presented data for a range of operating conditions while Pakalapati only 

modeled a fuel cell operating at 3000 mA/cm2 (which corresponds to a case of 0.12 

Amps in the SOFC reference case).  At this condition Pakalapati obtained a cell voltage 

of 0.728 V, versus a cell voltage of 0.802 V in the present study.  This minor difference 

was most likely due to slight differences in operating conditions.  A comparison of the 

polarization curves can be seen in Figure 4.1.  The results show that the comparison 

between the present study and the Christman study are nearly identical.  This is a result 

of the ability to reproduce the exact model conditions in FLUENT. 
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Figure 4.1 Comparison of SOFC polarization curves 

The shape of the polarization curve shown in Figure 4.1 is typical of SOFCs.  

Comparing the polarization curve with that shown in Figure 2.2, the types of polarization 

losses can clearly be seen.  At low current densities activation polarization is the 

dominant loss.  As current increases toward the middle range, ohmic polarization 

becomes the governing loss mechanism.  At the highest current densities, the effects of 

concentration polarization are beginning to be realized.  FLUENT was unable to 

converge the model all the way down to a voltage of zero, but a sharp decline towards 

zero would be expected as concentration polarization becomes dominant. 

4.1.2 SOFC Reduced Length Verification 

To reduce the computational power required it was necessary to reduce the length 

of the model.  From the original length of 20 mm, a segment of the cell was modeled, 

and the first length reduction was to 1 mm, which was then decreased in increments to 

0.1 mm.  By decreasing the length to 0.1 mm the desired length scale of 0.46 mm shown 

in Figure 3.4 will fall within the reduced length verification.  To verify that the results 

with the reduced length gave valid results, a number of parameters were compared 

including the voltage generated as well as the velocity, species, and temperature profiles 

along the channels.  The exact model described in Section 4.1.1 was used as the 

reference against which the reduced length results were compared.  Initially, 

examination of the velocity and species profiles indicated that the reduced length model 
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did not produce the same profiles throughout the channel.  The results matched very 

closely in the air channel (cathode) but the velocity, species, and temperature profiles 

were very different in the fuel (anode) channel.  The differences in the profiles in the 

fuel channel (anode) were attributed to the extremely low velocities used in the fuel 

channel.  A comparison of velocity, species, and temperature distributions at the 

centerline of the anode and cathode channels centerline for the 1 mm model are shown in 

Figure 4.2-Figure 4.7. 

 
Figure 4.2 Anode Centerline Velocity, Low Velocity Case (I=0.44 A) 

 

 
Figure 4.3 Cathode Centerline Velocity, Low Velocity Case (I=0.44 A) 
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Figure 4.4 Anode Centerline Temperature, Low Velocity Case (I=0.44 A) 

 

 
Figure 4.5 Cathode Centerline Temperature, Low Velocity Case (I=0.44 A) 
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Figure 4.6 Anode Centerline Mass Fraction of H2, Low Velocity Case (I=0.44 A) 

 

 
Figure 4.7 Cathode Centerline Mass Fraction of O2, Low Velocity Case (I=0.44 A) 

As can be seen in the figures, a variation in centerline velocity (compared to the 

reference condition) is shown for both the anode and cathode channels.  Neither of the 

reduced length profiles shows the linear profile that is expected from the full length 

model, but, more troubling, are the large discrepancies evident in the temperature and 

species profiles in the anode channel.  The temperature and species profiles in the 
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both in shape and value.  Yet the profiles in the anode channel begin to deviate towards 
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the outlet of the channel.  As mentioned above, this effect was attributed to the low 

velocities in the anode channel.   

To achieve the appropriate profiles in both the anode and cathode channels the 

anode mass flow rate was increased to that of the cathode.  While this would not be seen 

in a typical fuel cell, it does not impact the integrity of the research as the ultimate goal 

is to explore the deviations in voltage when varying the surface interface at the 

electrode/electrolyte.  The results of this increase in mass flow rate are seen in Figure 

4.8-Figure 4.10 for the case of the anode channel (the cathode channel is not shown 

because the results are similar to those shown above). 

 
Figure 4.8 Anode Centerline Velocity, High Velocity Case (I=0.44 A) 
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Figure 4.9 Anode Centerline Temperature, High Velocity Case  (I=0.44 A) 

 
Figure 4.10 Anode Centerline Mass Fraction of H2, High Velocity Case (I=0.44 A) 
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velocity profile shown in Figure 4.3 for the cathode centerline velocity; note, also, that 
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of the full length and reduced length models is very small so the velocity profile found 

was deemed acceptable. 

 The major improvements are shown in Figure 4.9 and Figure 4.10 (centerline 

temperature and mass fraction of H2, respectively).  In all cases the reduced length 

model matches the full length model very well.  This shows that the model can be 

reduced to a length of 0.1 mm, and flow conditions will be met that adequately match 

that of the full length model. 

 Of course, the voltage must also be measured in each case to ensure the same 

values achieved in the full length model are being achieved in the reduced length model.  

This is of the utmost importance to determine the validity of the reduced length model.  

A percentage comparison of the measured voltage in the full length model and that in the 

reduced length model is shown in Table 4.1.  The percentage difference is negligible, 

leading to the conclusion that reduced length model is valid to a length of 0.1 mm. 
Table 4.1 Voltage Comparison of Full Length and Reduced Length Models 

Case 
Full Length 

Voltage (V) 

Reduced Length 

Voltage (V) 

% 

Difference 

1 mm 0.43236 0.43235 0.0017% 

0.5 mm 0.43236 0.43239 -0.0087% 

0.1 mm 0.43236 0.43238 -0.0065% 

By verifying the reduced length model down to a length of 0.1 mm the desired length 

scale of 0.46 mm shown in Figure 4.11 falls within the range of acceptable lengths.  

Lengths smaller than 0.1 mm were attempted, but FLUENT was unable to converge 

these test cases. 

4.2 Varying Electrode/Electrolyte Surface Area 
The ultimate goal of the present study is to determine the effects of varying the 

surface area at the interface of the electrode and electrolyte.  It was shown in the 

literature review that the microscale surface variations (likely from manufacturing 

process variations) can lead to interface surface area increases around 10% [19].  Gross 

increases in interface surface area have been shown to lead to performance increases 

[28][29][30], and it was hypothesized that the surface area increase as a result of the 

microscale surface variations as a result of manufacturing can also lead to similar 

performance increases. 
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 In order to test this hypothesis, a number of SEM images of electrode/electrolyte 

interfaces from the literature reviewed were studied to determine which could be used 

for the present study.  Unfortunately most of the images where the interface was 

accurately depicted were at a length scale so small that their size would not reach the 

reduced length of 0.1 mm found in 4.1.2.  An example of an image like this is Figure 

1.10.  The length of the entire image is around 3 microns, not even close to that of the 

0.1 mm reduced length model.  While it is possible to repeat the variations shown in 

Figure 1.10 thirty times in order to achieve the acceptable length of 0.1 mm this would 

make running multiple tests extremely difficult and overly time consuming. 

The best image found that fell within the acceptable length scale is shown in 

Figure 4.11.  The solid line shows the actual interface, and this can be used to estimate 

the actual interface length.  A perfectly linear surface interface (represented by the 

dashed line) shows a length of 0.46 mm, whereas the solid line showing the actual 

interface length is 0.51428 mm.  The length of the solid line was determined by fitting a 

spline to it in SolidWorks; this length represents an increase of 11.8% compared to the 

linear surface, very close to the percentage increase found in Figure 1.10 (11%).  The 

length scale of 0.46 mm also falls within the acceptable range determined in section 

4.1.2 for modeling fuel cell performance.   

 
Figure 4.11 Electrode/Electrolyte interface with surface variation [20] 

 Because images of the appropriate length scale were difficult to find it was 

decided that various sine waves could be controlled and used to simulate what was found 

in typical literature SEM images.  Using the image in Figure 4.11 as a guideline, 

equations for sine waves were also developed and used in the model. 
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 It was decided to run simulations using three different types of surface variations: 

(a) using the variations found in Figure 4.11 in the direction of the flow, (b) using a sine 

wave in the direction of the flow, and (c) using a sine wave in the direction normal to the 

flow.  In all cases the fluid/surface interface will be smooth.  The only surface variations 

are at the interface of the electrode/electrolyte.  The three types of surface variations are 

shown in Figure 4.12. 

 
Figure 4.12 Depiction of three different types of surface variation: (a) random variation (from SEM image) in 

direction of the flow, (b) sine wave variation in the direction of the flow, and (c) sine wave variation in the 

direction normal to the flow 

 Using a model with a reduced length of 0.46 mm, the three types of surface 

variations shown in Figure 4.12 were explored to find the effect of surface variation on 

performance. 

4.2.1 Random Surface Variations 

Varying the surface geometry in the numerical model using an SEM image such 

as that in Figure 4.11 achieves the most realistic electrode/electrolyte surface conditions 

compared to that of an actual SOFC.  However, as mentioned above, images that were of 

the correct length scale and of high enough resolution to make out the surface variations 

were few and far between.  Figure 4.11 shows an 11.8% variation in surface area from 

the perfectly linear case to that of the varying surface.  It was desired, however, to test a 

number of percentage variations ranging from 0-20%.  To do this using only the SEM 

image from Figure 4.11 two different methods were employed. 



52 
 

The first method involved simply stretching (or compressing) Figure 4.11 in the 

vertical direction in SolidWorks and then applying the same spline curve fit method to 

the surface.  This enabled the percentage of the variation to be increased (or decreased) 

while keeping the length at 0.46 mm.  This method, while simple, proved to be quite 

useful in achieving the goal of altering the percentage of the surface variation.  Figure 

4.13 shows an example of what can be achieved using this method.  Just by stretching or 

compressing the image in the vertical direction the percentage surface variation (i.e., 

area) can be altered from ~5%-20%.  It is evident that by compressing the image 

vertically the height of the peaks and depths of the valleys are decreased, while by 

stretching the image vertically the opposite occurs. 

 
Figure 4.13 Surface variation change by compression or stretching of SEM image (adapted from [20]) 

 The second method of altering the surface variation came about accidentally and 

can be used quite easily to fill in percentage gaps between the compressed and stretched 

images shown in Figure 4.13.  When converting the randomly varying surface into node 

data it became evident that the nodes do not follow the shape of the surface exactly.  If a 

very small number of nodes are used along the varying surface (z-direction) a smaller 

percentage variation is captured.  As the node count increases, the percentage variation 

increases.  This effect can be visualized in Figure 4.14.  The solid line represents the 

actual surface while the line connected by dots represents the surface trace by the nodes.  

Figure 4.14c shows an expanded view of a “trouble” spot, where the surface trace does 

not closely match that of the actual surface.  Much of the percentage change in surface 

area is lost here.  Table 4.2 shows how the actual percentage length increase varies from 

that of the desired length increase.  The dotted line in the 30 nodes case does not match 

the solid line nearly as closely as in the 80 nodes case.   
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Figure 4.14 Visualization of surface variation as a result of changing node count 

 
Table 4.2 Surface variation change as a result of changing node count 

 30 nodes 80 nodes 
Desired Length 0.51428 mm 0.51428 mm 
Actual Length 0.49349 mm 0.50968 mm 

Desired Length Increase 
from 0.46 mm 11.8% 11.8% 

Actual Length Increase 
from 0.46 mm 7.28% 10.8% 

 

It was found in the grid independence study that once a node count of 30 is 

reached there is no change in voltage.  This is true in the case of the perfectly flat 

electrode/electrolyte surface because the surface area does not change as a result of the 

node count.  In the varying surface model the surface area has a direct impact on the 

voltage of the cell so, in this sense, there is not grid independence in the z-direction.  But 

because this change in node count is effecting the actual surface area between the 

electrode and electrolyte it was found to be a useful tool in filling in the percentage gaps 

between the stretched and compressed images.  

4.2.2 Sine Wave Surface Variations 

To determine if the type of surface variation has an impact on voltage, controlled 

sine wave surface variations in both the direction of the flow and normal to the flow 

(Figure 4.12b and Figure 4.12c) were also analyzed.  To determine the type of sine wave 
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that should be used, Figure 4.11 was analyzed to determine the amount of slope changes.  

Within the length of 0.46 mm there were approximately 20 slope changes.  The basic 

equation of a sine wave is given by equation 4.1. 

 𝑦 = 𝐴 ∗ sin(𝜔 ∗ 𝑥) 4.1 

To achieve 20 slope changes a frequency (𝜔) of approximately 43𝜋 was used.  A simple 

Maple program was used to calculate the necessary amplitude (A) in order to achieve a 

desired length increase.  As with the random variations, two methods were used in order 

to control the percentage increase of area.  The first method involves changing the value 

of the amplitude to change the desired length of the interface, shown in Figure 4.15.  The 

second method involves changing the node count in the direction of flow, causing 

changes to the area similar to that shown in the random surface case. 

 
Figure 4.15 Change in area increase as a function of amplitude 

 The roughness of the SEM image was also analyzed in order to ensure the sine 

waves achieved approximately the same roughness values.  The equation describing root 

mean square (RMS) roughness is given below: 

 𝑅𝑅𝑀𝑆 = �
1
𝑛
�𝑦𝑖2
𝑛

𝑖=1

 4.2 

The roughness profile contains n equally spaced data points and yi is the distance from 

the mean line to the ith data point.  For a sine wave RRMS is simply the amplitude (A).  

The RMS roughness of the SEM image was calculated by placing 50 evenly spaced 

points along the spline roughness profile and determining the distance from the mean 

line.  The location of the mean line was determined by calculating the average height of 

all data points.  A macro [35] was used in order to extract the spline data points to an 

Excel file.  The RMS roughness value of the image shown in Figure 4.11 was 
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determined to be 6.1 μm.  For the case of an 11.5% area increase using the sine wave 

case, the roughness value was 5.1 μm, making the values of roughness comparable. 

4.3 Polarization Curve Comparison 
In order to determine how the increased surface area fuel cell will perform under a 

variety of conditions, a full polarization curve was developed.  For the polarization curve 

a sine wave variation in the direction of the flow with a 10.28% change in surface area 

was used.  This value is close to the percentage change in area found from analyzing the 

SEM images.  The comparison of polarization curves is shown in Figure 4.16. 

 
Figure 4.16 Polarization curves for planar and sine cases 

 In Figure 4.16 comparison is made on the basis of both the plan area and the 

actual area.  Based on the plan area, the sine case shows performance increases along 

with current density.  But when investigating the actual area, the sine and planar case 

show the same performance characteristics.  This means that at the microscale level 

variations used in the present study, the calculations of voltage are based solely on the 

actual area of the electrolyte with no concern to the level of variation.  In Christman 

[30], comparisons of power density made on the basis of actual area does not show the 

same level of agreement between planar and non-planar cases.  When making a 
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comparison based on macroscale changes to the electrode/electrolyte interface, there are 

likely more factors that come in to play other than surface area (current path, fluid 

mixing).  

4.4 Voltage Dependence Based on Type of Surface Variation 
The above results were based only on one type of surface variation (sine wave in 

the direction of the flow with a 10.28% surface area increase).  To determine if the type 

of surface variation affects the voltage increase a number of tests were run for different 

area increases using the three types of surface variations shown in Figure 4.12.  The 

results for voltage increase are given based on plan area.  Figure 4.17 shows that the 

percentage voltage increase is independent of the type of surface variation. 

 
Figure 4.17 Voltage increase with varying surface conditions (I=0.44 Amps) 

Also included in Figure 4.17 are the results from Konno et al. [29] and Christman 

[30].  Comparing the results from Christman shows a close correspondence with the 

present study.  While the changes to the electrode/electrolyte interface in [30] were at the 

macroscale level there was no change in the electrolyte thickness.  FLUENT was used in 

both [30] and the present study, making the correspondence between results logical. 

 Comparing the result from Konno et al. [29] however does not show a close 

correspondence with the present study.  In [29] an area increase of 22% resulted in a 

voltage increase of 10.2%, whereas the same area increase in the present study led to a 

voltage increase of 18%.  There are many reasons for this discrepancy in results.  In 
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Konno et al. the electrode/electrolyte interface surface area increases are very different 

from those in the present study.  The jagged groove cut into the cathode shown in Figure 

1.16 goes into the electrolyte approximately 40%, greatly reducing the actual thickness 

of the electrolyte.  The electrolyte thickness in [29] does not remain the same throughout 

the entire electrolyte.  This is very different from the tiny microscale variations used in 

the present study, which do not affect the actual thickness of the electrolyte.  This makes 

the overall transport mechanisms in the present study much different from those in 

Konno et al. with electrochemical activity varying based on the horizontal location 

within the cell.  For different horizontal locations the path of current through the 

electrolyte will have a different distance to travel.  As a result the current density in the 

cathode is not uniform.  It is much larger inside the grooved portion, especially at 

locations near the concave corner of the grooves.  Konno et al. also used a much lower 

current density than that used in the present study.  Figure 4.16 shows that for lower 

current densities, lower percentage increases in voltage should be expected.  It is likely 

that these variations from the present study have led to the differences in the results. 

 The effect of surface roughness was also studied by altering the surface 

roughness value (amplitude) while achieving the same surface area percentage increase.  

Figure 4.18 shows how it was possible to vary the roughness while keeping the length 

increases the same. 

 
Figure 4.18 Effect of surface roughness on performance increase, j=1103 mA/cm2 (based on plan area) 

 Figure 4.18 shows that the value of roughness has no effect on the voltage 

increase.  This corresponds with the results from Figure 4.17.  At the very small level of 

surface modification being used in this study, the parameters of the surface variation do 

not have an effect on the performance, only the percentage change in surface area. 
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4.5 Effect of Current Density on Performance 
Figure 4.16 showed that performance increase was not constant with plan current 

density for the case of 10.28% surface area increase.  As the current density increases, so 

does the percentage increase in performance.  Both curves start at the same theoretical 

potential (the Nernst voltage), but as the current density increases so does the 

performance.  Figure 4.19 shows the performance increase as a function of plan current 

density (Figure 4.16 showed that there is no performance increase when using the actual 

current density). 

  
Figure 4.19 Performance increase versus current density 

For all percentage area increases a similarly shaped exponential increase in performance 

in shown.  As would be expected, the performance increase is greater with increasing 

surface area.  The performance increase is much less for the low current versus the high 

current.  As current density increases, concentration polarization begins to impact the 

performance of the fuel cell.  In the non-planar case there is extra surface area for the 

reactions to occur, reducing the impact of concentration polarization.  
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5. Conclusions 
A literature review revealed that microscale surface variation from manufacturing 

can lead to surface area increases greater than 10% at the electrode/electrolyte interface.  

Research was available showing performance increases based on gross macro/mesoscale 

changes to the electrode/electrolyte interface, but no research found had investigated the 

effects of microscale surface variations. 

FLUENT was used to simulate a number of electrode/electrolyte surface interface 

geometries, including a random surface from an SEM image and controlled sine wave 

surfaces.  Regardless of the type of surface variation, they showed the same performance 

increases at the same area increases.  At the microscale level being used in the present 

study the type of surface variation is shown to have no impact on performance variation.  

For the microscale surface variations the performance increase with increasing area was 

linear. 

From the present research it is evident that microscale surface variations at the 

electrode/electrolyte lead to performance increases based on the surface area increase.  

This makes the non-perfect surfaces created as a result of manufacturing variations look 

like a positive factor for fuel cell performance.  But, in the present research, each 

subsequent layer of the fuel cell was assumed to match the adjacent layer perfectly.  In 

reality it would be expected that manufacturing variations on one layer would not 

necessarily match those of the next layer exactly.  This would result in holes between 

subsequent layers where no current is able to flow (depicted in Figure 1.14), leading to 

increased current path resistance and decreased performance. 

If it were possible to control the surfaces of the electrodes and electrolytes to a very 

high level, significant performance increases could be seen without adding volume to the 

fuel cell stack.  It would be necessary for each subsequent fuel cell layer to match the 

adjacent layer perfectly, as was assumed in the present research.  Instead of increasing 

the plan area of the fuel cell stacks (adding to the overall volume) the area increase could 

be achieved by increasing the “waviness” of the electrode/electrolyte interface. 
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