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ABSTRACT 

REFINEMENT OF NUMERICAL MODELS AND PARAMETRIC STUDY OF 
SOFC STACK PERFORMANCE 

 
Andrew C. Burt 

 
The presence of multiple air and fuel channels per fuel cell and the need to combine 
many cells in series result in complex steady-state temperature distributions within Solid 
Oxide Fuel Cell (SOFC) stacks. Flow distribution in these channels, when non-uniform, 
has a significant effect on cell and stack performance. Large SOFC stacks are very 
difficult to model using full 3-D CFD codes because of the resource requirements needed 
to solve for the many scales involved. Studies have shown that implementations based on 
Reduced Order Methods (ROM), if calibrated appropriately, can provide simulations of 
stacks consisting of more than 20 cells with reasonable computational effort. 
 
A pseudo 2-D SOFC stack model capable of studying co-flow and counter-flow cell 
geometries was developed by solving multiple 1-D SOFC single cell models in parallel 
on a Beowulf cluster. In order to study cross-flow geometries a novel Multi-Component 
Multi-Physics (MCMP) scheme was instantiated to produce a Reduced Order 3-D Fuel 
Cell Model. A C++ implementation of the MCMP scheme developed in this study 
utilized geometry, control volume, component, and model structures allowing each 
physical model to be solved only for those components for which it is relevant. Channel 
flow dynamics were solved using a 1-D flow model to reduce computational effort. 
 
A parametric study was conducted to study the influence of mass flow distribution, 
radiation, and stack size on fuel cell stack performance. Using the pseudo 2-D planar 
SOFC stack model with stacks of various sizes from 2 to 40 cells it was shown that, with 
adiabatic wall conditions, the asymmetry of the individual cell can produce a temperature 
distribution where high and low temperatures are found in the top and bottom cells, 
respectively.  Heat transfer mechanisms such as radiation were found to affect the 
reduction of the temperature gradient near the top and bottom cell. Results from the 
reduced order 3-D fuel cell model showed that greater thermal gradients can be observed 
in the cross-flow geometry than in the co-flow geometry. 
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NOMENCLATURE 

 
A1  Area of surface 1 [m2] 
AXS  Cross-sectional area [m2] 
e  Energy per unit mass [J/kg] 
E  Open circuit potential [V] 
E0  Potential at standard state conditions [V] 
Ecor  Corrected potential [V] 
F  Faraday constant of 96439 [C/mol] 
Fij  View factor from surface i to surface j [1] 
Fi,inlet  View factor from surface i to inlet [1] 
Fi,outlet  View factor from surface i to outlet [1] 
F12  Shape factor from surface 1 to 2 [1] 
Fx  Forces in x-(streamwise-)direction [N] 
G  Gibbs free energy [kJ/kmol] 
H  Dimensionless height [1] 

OH2
ΔH   Heat of formation for H2O [kJ/kgmol] 
hc  Convective heat transfer coefficient [W/m2 K] 
iden  Current density [A/m2] 
i0  Exchange current [A/m2] 
k  Thermal conductivity [W/m K] 
lw  Width of control volume [1 m] 
L  Cell length [m] 
m′′   Mass flux per area [kg/m2 s] 

surfm   Net mass flux through surface [kg/s] 
n  Number of participating electrons [1] 
Nu  Nusselt number [1] 
P  Pressure [Pa] 
PP

0  Reference pressure [Pa] 
Pr  Prandtl number [1] 

convQ   Convective heat transfer rate [W] 

genQ   Rate of heat generation [W] 

netQ   Net heat transfer rate [W] 

radQ   Radiative heat transfer rate [W] 
R  Resistance [Ω m2] 
Re  Reynolds number [1] 
Rnet  Net resistance [Ω m2] 
Ru  Universal gas constant 
s  Entropy per mole [kJ/(kmol K)] 
t  Time [s] 
T  Temperature [K] 
Tsurf  Surface temperature [K] 

 x



Tenv  Temperature of the environment [K] 
u  Velocity in x-direction [m/s] 
Δx   Length of control volume in x-direction [m] 
Xk  Mole fraction [1] 
Yk  Mass fraction [1] 
 
Greek 
 
α   Transfer coefficient [1] 
ε   Total emittance [1] 
φ   General scalar variable [has units of the selected variable] 

actη   Activation loss [V] 

concη   Concentration loss [V] 

ohmη   Ohmic loss [V] 

IIη   2nd law efficiency 
ρ   Mixture density [kg/m3] 
σ   Stefan-Boltzmann constant [W/m2 K] 

kω   Rate of formation and destruction of specie k [moles of species k/s m2] 

∀   Volume [m3] 
 
Subscripts and Superscripts 
 
1  Surface 1 
2  Surface 2 
k  kth specie 
e  East face of control volume 
env  Environment 
H2  Hydrogen gas 
H2O  Water vapor 
n  North face of control volume 
O2  Oxygen gas 
s  South face of control volume 
surf  Surface of control volume 
w  West face of control volume 
xs  Cross-sectional area 
 
Abbreviations 
 
1-D  One Dimensional 
2-D  Two Dimensional 
3-D  Three Dimensional 
CFD  Computational Fluid Dynamics 
AFC  Alkaline Fuel Cell 
CTP  Core Technology Program 
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DMFC  Direct Methanol Fuel Cell 
DO  Discrete Ordinate method 
GUI  Graphical User Interface 
HPC  High Performance Computing 
MCFC  Molten-Carbonate Fuel Cell 
MPI  Message Passing Interface 
NETL  National Energy Technology Laboratory 
OCV  Open Circuit Voltage 
PAFC  Phosphoric-Acid Fuel Cell 
PEM  Proton Exchange Membrane 
PEN  Positive electrode, Electrolyte, and Negative electrode assembly 
ROM  Reduced Order Model or Method 
SECA  Solid state Energy Conversion Alliance 
SOFC  Solid Oxide Fuel Cell 
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1.0 INTRODUCTION 

 

During the recent years fuel cell technology has received much attention both in national 

news and in private and public research. Fuel cells themselves have been around for quite 

some time. They were used in the space program to power the space vehicles which 

eventually placed men on the moon. However, recently fuel cells have become more 

popular due to their potential as a clean alternative power source.  

 

What is a fuel cell? A fuel cell is an electrochemical device which converts the chemical 

potential existing between a fuel and oxidizer into electrical power and heat. This is 

accomplished by first identifying an electrolyte material which allows for the conduction 

of ions from the anode to the cathode electrode or vice versa (depending on the type of 

ion which the electrolyte transports) but at the same time does not allow the conduction 

of electrons. This forces electrons to travel through an external circuit (see Figure 1.0.1) 

from the anode to cathode electrode which provides useful electric power. The ions that 

pass through the electrolyte are produced and consumed by half-cell reactions that occur 

at each electrode. These reactions produce heat which when combined with Ohmic 

heating account for the heating of the fuel cell. The whole process is accomplished 

without moving parts and thus creates no noise. Because ionic conduction is controlled 

by the electrolyte there exists more control over the chemical reactions that occur and 

thus most pollution that is traditionally resulting from combustion can be avoided. 
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Fuel and oxidizer must find their way to active sites on the electrolyte known as triple 

phase boundaries where electrode, electrolyte, and gas phase meet. For this reason it is 

desirous to have porous electrodes which allow fuel and oxidizer to permeate to the 

electrolyte surface. Gas channels are also created to allow for transport to the electrodes. 

 

There are several types of fuel cells. They are usually classified by the electrolyte 

material. In this study Solid Oxide Fuel Cell (SOFC) are considered. SOFC utilize a solid 

electrolyte which at higher temperatures allows for the transport of oxygen ions from the 

cathode electrode to the anode electrode. Because of the high temperatures (1073K-

1373K, Larminie and Dicks, 2003) that are required there are many thermal related issues 

that must be addressed when designing a SOFC. 

 

 

Figure 1.0.1. Diagram of operation of typical SOFC (Pakalapati, 2003) 
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The electric potential across a single cell varies during cell operation and is often 

represented using a polarization curve or V-I curve (where cell voltage is ploted vs. 

current, see Figure 1.0.2). The theoretical open circuit voltage (OCV) is determined 

primarily by the fuel being used. The actual voltage observed across a single cell can be 

determined by first calculating the OCV based on the temperature, pressures, and gas 

compositions using the Nernst Equation. The OCV is then reduced by loses that occur 

due to the operation of the fuel cell. The three losses (or overpotentials) of interest are 

Ohmic, concentration, and activation losses. Ohmic loss results from the resistance of the 

materials to electronic or ionic conduction. The activation overpotential is the loss 

required to have the reactions occur. It can be reduced through the proper selection of 

catalyst and is often smaller at higher temperatures. The concentration overpotential is 

the loss resulting from the diffusion of a species not being able to supply the demand for 

that species at higher current densities. This loss is generally what limits the total current 

achievable by a fuel cell. 

 

Figure 1.0.3 is a picture of a 20 cell SOFC stack. Typically a single cell produces less 

than a single volt. Thus stacks of cells are often used in series (just like batteries) to 

produce useful voltages (Figure 1.0.3). The cells in the stack are separated by a 

conductive material which does not allow gas transport. 
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Figure 1.0.2. Typical polarization curve for SOFC. 

 

In this research detailed models were developed to study hydrogen fed planar SOFCs and 

stacks. Currently fuel cells exist in more than just a planar form. For example there are 

tubular SOFC. Planar fuel cells, however, have the advantage of having a more compact 

form. They consist of layers of materials sandwiched together (Figure 1.03). This makes 

assembly fairly easy. Planar fuel cells require edge seals made of appropriate materials 

which can withstand the harsh operating conditions and thermal cycling of the fuel cell. 

Gas channels are normally carved into the interconnect/separator plate material which 

connects and divides the cells in a stack. These channels are typically cut in such a way 

as to have one of three common configurations; co-flow, counter-flow, and cross-flow as 

shown in Figure 1.0.4. 
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Figure 1.0.3. Picture of a SOFC stack (EG&G Technical Services, Inc., 2002) 

 

 

Figure 1.0.4. Common planar fuel cell configurations 

 

 

Large SOFC stacks are very difficult to model using full 3-D CFD codes because of the 

resource requirements needed to solve for the many scales involved. Implementations 
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based on Reduced Order Methods (ROM) if calibrated appropriately, can provide 

simulations of stacks greater than 20 cells with reasonable computational effort. ROMs 

use simplifying assumptions to reduce the order to which some of the models are solved. 

For example the gas channels might be solved using 1-D approximations. This results in 

a loss of detail in the gas dynamics within the channel but allows for the solution of fewer 

or less complex equations and thus faster computational turn around times. 

1.1 Motivation and Objectives 

 

The presence of multiple air and fuel channels per fuel cell and the need to combine 

many cells in series result in complex steady-state temperature distributions within SOFC 

stacks. Flow distribution in these channels, when non-uniform, has a significant effect on 

cell and stack performance. Large SOFC stacks are very difficult to model using full 3-D 

CFD codes because of the resource requirements needed to solve for the many scales 

involved. Therefore there is a need to develop a ROM fuel cell and stack model which 

can be used to simulate stacks of more than 20 cells. This model should be developed 

using a scheme which allows for the solution of governing equations relevant to each 

component in the fuel cell. Thus a multi-component multi-physics (MCMP) scheme 

should be developed which can be implemented in an object oriented programming 

language. The model implemented should take advantage of parallelization techniques 

such as domain decomposition in order to harness the advantages of High Performance 

Computing (HPC). In addition MCMP scheme should be implemented in such a way as 

to allow the user to easily modify or replace the sub-models which make up the fuel cell 

model. 
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The fuel cell model should be robust enough to solve the three common planar fuel cell 

configurations previously described. The need to include radiation effects has not been 

fully addressed in the literature. However, the author believes that radiation heat transfer 

should be included due to the high temperatures at which SOFC operate and part of this 

study will address this impact on cell performance. Fuel cells having multiple air and fuel 

channels are susceptible to performance issues arising from poor distribution of fuel and 

oxidizer. The literature reviewed did not show that the impact of mal-distribution of fuel 

on cell performance was fully understood. This study will show that mal-distribution has 

the largest influence on cell performance variations within a stack. Many authors in the 

literature tried to reduce computational effort by simply solving a single cell and using 

the result multiple times to represent a fuel cell stack. This study will show the impact of 

increasing stack size on individual cell performance. 

1.2 Summary 

 

This study has the following 6 main objectives: 

 

1. Develop a Multi-Component Multi-Physics (MCMP) scheme which defines a 

relationship between geometry, component, and model elements. 

 

2. Implement a robust fuel cell model capable of studying the three common planar 

configurations of co-flow, counter-flow, and cross-flow. 
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3. Improve the existing radiation model that was initially available in the NETL 1-D 

single cell model. 

 

4. Develop fuel cell stack model which benefits from the computational resources 

available from clusters of computers. 

 

5. Perform verification and validation of the developed models. 

 

6. Perform case studies which consider the influence of stack size, flow distribution, and 

radiation on cell-to-cell performance within a fuel cell stack. 
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2.0 LITERATURE REVIEW 

 

2.1 Overview of Solid Oxide Fuel Cells 

 

In recent years, emphasis has been placed on the development of affordable clean power 

sources.  This has caused much speculation about the use of fuel cell technology in 

various endeavors; e.g., automobiles, stationary power generation, portable power 

supplies, etc.  There are many fuel cell types, with the most common ones being: 

phosphoric-acid fuel cells (PAFC), solid-oxide fuel cells (SOFC), molten-carbonate fuel 

cells (MCFC), alkaline fuel cells (AFC), proton exchange membrane (PEM), and direct 

methanol fuel cells (DMFC).  Regardless of the type of cell, stacks of cells (in electric-

series) can be used to generate desired voltage output and power.  The SOFC shows a 

high potential for being an efficient and clean solution for stationary based power 

generation. 

 

At the heart of a solid oxide fuel cell is the solid electrolyte (usually made of stabilized 

zirconia) which at temperatures greater than 600ºC conducts oxygen ions from the porous 

cathode to the porous anode.  At the cathode triple interface where the electrically 

conducting electrode, ionically conducting electrolyte, and cathode gas phase meet, 

oxygen is electrochemically reduced (ionized) and enters the electrolyte to be transported 

across to the anode.  At the anode triple interface where the anode electrode, electrolyte, 
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and anode gas channel meet, the oxygen ions react with hydrogen and carbon monoxide 

to form water and carbon dioxide, respectively.  The electrons released in the charge 

transfer reaction of oxygen enter the anode electrode and can then pass through an 

external load on their way back to the cathode and in the process release useful energy.  

The cathode electrode, electrolyte, and anode electrode together are called PEN.  In 

general, the gas flow through the anode and cathode gas channels results in forced 

convective heat transfer, and presently it is common to see units operating at pressures 

close to atmospheric.  In an ideal situation it is desirable to have all of the cells in a stack 

to perform uniformly.  It has been observed experimentally that usually the cells in a 

stack do not operate uniformly (Gubner, et al., 2003, and Maggio et al., 1996).  The cause 

of the variations is not well understood.  Significant variations among the cells may cause 

long run structural problems and may eventually lead to total failure of the power 

generation unit.  Possible causes are non-uniform fuel/air flow distribution to individual 

cells, non-uniform temperature and/or current distribution within the stack (Costamagna 

et al., 1994), and material non-uniformities.  At the desired high utilization rates of fuel 

(>70%) such flow non-uniformity can be limiting.  However, all of these factors are inter-

related hence a systematic investigation is necessary to better understand the root causes.  

Previous studies by Hirata and Hori (1996), Costamagna and Honegger (1998), 

Achenbach (1994), and Ma (2000) attempted to elucidate some of the factors but some 

questions such as the influence of non-symmetry and non-uniform flow distribution are 

left unanswered. 
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2.2 SECA fuel cells 

 

In order to provide meaningful research in the area of SOFC stacks it is important to 

consider the initiative of the U.S. Department of Energy and its sponsored Solid State 

Energy Conversion Alliance (SECA) Program (Strakey, 2002, and Surdoval, 2002).  The 

goal of the SECA Program is straight forward.  In order to facilitate integration of SOFC 

technology the cost of SOFC units must be economically competitive (less than $400 per 

kW with production of greater then 50,000 units per year) for units capable of producing 

3-10kW.  To achieve this goal the SECA Program will maintain a balance between 

Industry Teams and development of common supporting technology by members of the 

Core Technology Program (CTP). The CTP brings participation from universities, 

National Labs, small and large businesses together to tackle important design issues. The 

six Industrial Teams (Acumentrics, Cummins Power Generation and SOFCo, Delphi 

Automotive Systems and Battelle, FuelCell Energy, General Electric Power Systems, and 

Siemens Westinghouse Power Corporation) are integrating the developed technology into 

different market applications to bring SOFCs to the consumer. 

 

The core technologies that are being focused on can be separated into two main 

categories: SOFC component development, and SOFC modeling. SOFC components 

must be developed both in terms of material properties and manufacturing. SOFC models 

must be developed to model both cells and stacks under transient and steady state 

conditions. Appropriate system models must also be developed.  This overview of the 

SECA program is relevant in that it is important that models developed are applicable to 
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SECA compliant SOFC stacks and therefore an understanding of the objective of the 

program will help keep research relevant. 

 

2.3 Reduced Order Models 

 

Throughout the literature several examples (Murthy and Federov, 2003, Yuan et al., 

2003, Gemmen et al., 2000, Virkar et al., 2000, and Yakabe et al., 2000, Costamagna and 

Honegger, 1998, Ferguson, et al., 1996, Achenbach, 1994) have been found where 

specialized computational models were developed for the simulation of SOFCs. Some of 

these models were developed to facilitate fuel cell studies in as computationally efficient 

manner as possible allowing short simulation times. In order to do this, some assumptions 

were made to reduce the order or complexity for which some governing equations or 

specialized models are solved. These less complex approaches result in what can be 

described as a reduced order method or model (ROM). 

 

The simplest case of a ROM would be lumped models or 0-D models where the fuel cell 

is modeled as a single set of control volumes. One for each component air gas channel, 

fuel gas channel, PEN, interconnect, etc. This hides most of the detail of what occurs 

inside the fuel cell but allows for fast simulation times. Lumped models are appropriate 

for use in system modeling applications where the fuel cell interacts with other devices 

such as heat exchangers, combustors, turbines, etc. This kind of application needs to 

capture the general operating behavior of the fuel cell and requires the computation to be 

done quickly. 
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One-Dimensional (1-D) models result from simplifying the fuel cell such that variations 

are accounted for along a single axial direction. The NETL 1-D single cell model 

(Gemmen et al., 2000) considered the variations in the streamwise direction of the cell. 

Thus variables such as species concentration, temperature, flow velocity, etc., were 

allowed to vary as a function of distance along the channel. 1-D models might also be 

stack models where each cell is modeled in a 0-D manner. 

 

Following the same logic a two-dimensional (2-D) model can be developed by 

considering variations only within a plane thus neglecting changes in the third direction. 

An example of this kind of model is the Psuedo 2-D Fuel Cell Stack Model presented in 

this work and in Burt et al. (2004a, 2004b, 2003a, and 2003b) which was an extension of 

a 1-D single cell model into a stack model hence a two-dimensionality was provided. It 

still referred to as a pseudo 2-D model because the model does not account for 2-D 

variations within individual components. 

2.4 Fuel Cell Stack Modeling 

 

Variation in performance among cells within a stack can result from asymmetry in fuel 

cells.  A natural asymmetry exists in Solid Oxide Fuel Cells (SOFCs) attributed mostly to 

a difference in the flow rates of the air and fuel gas channels.  This asymmetry can cause 

non-uniform temperature distributions.  Koh et al. (2002) found temperature variations in 

the upper and lower regions of a molten carbonate fuel cell stack resulted more from the 

influence of external heating then from the cell reaction.  Such temperature variations, in 
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turn, produce cell-to-cell voltage variations.  Previously this cell-to-cell variation was 

found within a stack of five cells (Burt et al., 2004a, 2004b, 2003a, and 2003b).  

Costamagna et al. (1994) reported differences in voltage output because of non-uniform 

distribution of the feeding gas along the planar fuel cell stack.  Experimental studies 

conducted by Gubner et al. (2003) and Maggio et al. (1996) also revealed that cells in a 

stack do not operate uniformly. 

 

2.5 Radiation modeling 

 

During the course of the earlier stages of this study, it was found that there were 

significant temperature differences within the stack as a result of natural non-symmetry 

that exists in a stack arranged by simply connecting cells in series.  These observations 

lead to the investigation of the role of radiative heat transfer on the eventual temperature 

distribution within the stack.  Solid oxide fuel cells usually operate at high temperatures 

in the range (700-1200ºC) utilizing a variety of fuels (i.e. hydrogen gas, hydrocarbons, 

and carbon monoxide) (Billingham et al., 2000, Yuan et al., 2003, Krotz, 2003).  At these 

elevated temperatures thermal radiation emitted from the solid elements of the fuel cell 

may constitute a noticeable portion of the heat transfer within the stack. 

 

In the literature there are numerous studies (Hirata and Hori, 1996, Costamagna and 

Honegger, 1998, Achenbach, 1994, Ma, 2000, Aguiar et al., 2002, Yakabe et al., 2000) in 

which radiation heat transfer was treated in various ways.  For example the treatment of 

radiation heat transfer was often neglected.  Aquiar et al. (2002) developed a 2-D model 
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for the internal indirect reformer, and coupled it with a 1-D model for the SOFC.  The 

SOFC model combined the porous anode and cathode electrodes with the electrolyte as a 

single solid structure (PEN).  A similar modeling approach was used in the present study.  

Aquiar et al. included radiation between the PEN and reformer using assumption of two 

long concentric cylinders.  An emissivity of 0.9 was used for both surfaces of the solid 

structure and the reformer.  Their results show that radiative heat transfer accounted for 

up to 79% of the total heat transfer between the solid structure and the reformer.  Hirata 

and Hori (1996) consider radiative heat transfer between the PEN and the separator plate 

in a manner similar to the present study but for a MCFC stack.  In their study an 

emmissivity of 0.48 and a view factor of 1 was used.  The gas was considered to be non-

participating.  Costamagna and Honegger (1998) considered a planar cylindrical SOFC 

operating in a co-flow configuration.  In their model they consider the stack to have 

insulated top and bottom plates this is the same as in the present study. 

 

In Costamagna and Honeggar (1998) and Achenbach (1994) radiation was considered 

between the stack and the surrounding shell as part of the boundary condition for the 

stack, but the radiation between individual PEN and separator plate was neglected.  

Yakabe et al. (2000) considered a single SOFC cell in a counter-flow configuration using 

a 3-D model.  However, no radiation model was used, because the temperature was 

considered to be uniform everywhere in the cell. Virkar et al. (2000), like Yakabe et al. 

(2000), also used a uniform temperature in their study which focused on comparison of 

electrolyte vs. electrode supported cell and the impact of composite electrodes.  Ma 

(2000) neglected radiation heat transfer effects because channels were considered to be 
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thin and the cells were considered to be at nearly the same temperature.  The above brief 

literature review show that the importance and the effects of radiation heat transfer have 

yet to be fully realized. 

 

Recent work by Murthy and Fedorov (2003) and VanderSteen and Pharoah (2004) show 

the current state of radiation modeling in single solid oxide fuel cells.  Murthy and 

Fedorov (2003) considered radiation heat transfer in a solid oxide fuel cell with a single 

rectangular fuel and air channel.  They found that a comparison of results with and 

without inclusion of radiation showed a decrease of the temperature and smaller 

temperature gradients in the streamwise direction.  The discrete ordinate (DO) method 

was found to be very accurate but computational costly and memory requirements made 

the method not feasible.  The authors then developed a simplified Rosseland/two-flux 

approximation resulting in a ten-fold reduction of CPU time. Agreement was good 

between both methods except for cases where increased optical thickness of the gas 

channel caused the approximations to fail. 

 

VanderSteen and Pharoah (2004) considered radiation heat transfer with and without 

participating gases in a single anode gas channel.  The Monte Carlo approach was used 

where photons introduced at a source were tracked through multiple interactions with gas 

and surfaces until they lost sufficient energy.  In their study 2 million photon trajectories 

were used.  The Monte Carlo approach allowed for consideration of the participation of 

gases like CO2 and H2O in the anode gas channel.  Their study, however, found that 
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radiation did significantly affect the overall temperature on the gas channel, however the 

participation of the gases did not have any significantly influence. 
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3.0 COMPUTATIONAL APPROACH 

 

In this study steady-state results were obtained for co-flow and counter-flow 

configurations using a Pseudo 2-D SOFC Stack Model (Burt et al., 2004, Gemmen et al., 

2000) which was an extension of the NETL 1-D single cell model.  The computational 

approach models each fuel cell using a simplified transient NETL 1-D single cell model 

where the variations in the stream-wise direction are accounted directly.  The fuel-cell 

stack has been divided into computational domains using domain decomposition with 

each cell being treated as a separate process (see Figure 3.1a) on a distributed memory 

multi-processor system, such as a Beowulf cluster.  Each cell was solved individually and 

in parallel.  Communication between domains or processes was accomplished using the 

Message Passing Interface (MPI) library.  The necessary temperatures, time step, and 

termination bit were communicated using MPI library calls.  Results were obtained on an 

Intel based Beowulf cluster. 
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Figure 3.1a. Domain decomposition for a five cell stack where each cell is treated as 

an individual process on a separate computer processor. 

 

Each cell was further divided into control volumes.  Figure 3.1b depicts the control 

volume approximation used for mass conservation and is similarly defined for the other 

conservation equations.  Figure 3.1c shows a thermal fluxes and source terms relevant for 

a typical electrolyte control volume. This figure is valid for the Psuedo 2-D Stack Model 

and thus the fuel cell stack model where conduction through the west and east faces were 

neglected. The Reduced Order 3-D Fuel Cell Model that was later developed 

incorporated conduction through all faces of the control volume. 

 

 

Figure 3.1b. Gas channel control volume for mass conservation. 
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Figure 3.1c. Electrolyte control volume for energy conservation. 

 

A one dimensional model was implemented where the variations in the streamwise (x-) 

direction are explicitly calculated, those in the vertical (y-) direction are accounted for via 

integral approximations, and those in the transverse (z-) direction are ignored. Later a 

Reduced Order 3-D Fuel Cell Model was developed which allowed for variations in the 

z- direction. This analysis was applied to the fuel cell anode gas channel, electrolyte 

plate, cathode gas channel, and separator plate.  Each control volume of the fuel and air 

gas channels was required to satisfy the governing equations for mass, momentum, and 

energy. 
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3.1 Governing Equations 

 

The following governing equations for mass, momentum, and energy were solved in the 

air and fuel channel: 

 

( ) ( )xs xs surfw e
uA uA mρ ρ

t
ρ∂

∀ + − =
∂

        (3.1.1) 

 

( ) ( ) ( ) ∑=−+
∂

∂
∀ xFρρ

t exswxs uAuuAuuρ        (3.1.2) 

 

( ) ( ) ( )xs xs convw e

d
e uA e uA Q

dt
e

ρ ρ
ρ

∀ + − =        (3.1.3) 

 

where 

 

( ) ( )surf w ws n
m = m Δxl - m Δxl′′ ′′  

 

Specie mass conservation was satisfied using 

 

( ) ( ) ( ) wkexskwxsk
k ΔxlωuAρYuAρY

t
ρY

=−+
∂

∀∂       (3.1.4) 

 

In Eqs. (3.1.1-4) it is assumed that changes in the x-direction are small therefore diffusion 

terms are neglected.  The energy equation (3.1.3) is used to determine the temperature, 
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and the current density is determined by an electrochemical model (Gemmen et al., 2000) 

using a simplified Butler-Volmer relation. Then, the current density and temperature are 

used to calculate appropriate fluxes which are introduced as source (or sink) terms for 

each of the conservation equations.  The molar flux of a given species k is obtained from 

the current density using: 

 

den
k

k

i
n F

ω −
=            (3.1.5) 

 

where n is the number of electrons per mole of reactant k. 

 

The PEN and separator plate are considered to be made of solid material; therefore only 

the energy equation (that essentially reduces to the heat conduction equation) was solved 

in these regions which was simplified from Eq. (3.1.3) to: 

 

( )
gennet QQ

dt
ed

+=∀
ρ           (3.1.6) 

 

The radiative and convective heat flux through the surface of the control volume, and the 

thermal energy transported by mass-flux, are all included in  (see Eq. 3.2.1), and the 

heat source, , is obtained from ohmic heating and heat associated with change of 

entropy resulting in the following expression: 

netQ

genQ
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2

2
gen den HQ i R+TΔsω=                   (3.1.7a) 

 

The total entropy change per mole, sΔ  is obtained from 

 

0 R
u

P

rΔs=Δs +R ln
r

                   (3.1.7b) 

 

where 0sΔ  is the change in entropy per mole of reactant at standard conditions, and rR 

and rP are the reactant and product activities respectively. 

 

Pressure, P, is calculated from the ideal gas law: 

 

TRP uρ=            (3.1.8) 

 

The electrochemistry model is based on the assumption that the overall chemical reaction 

occurring in the fuel cell is: 

 

( ) ( ) ( )gOHgO
2
1gH 222 →+          (3.1.9) 

 

Calculation of the cell potential starts with the Nernst Equation which considers the mole 

fraction of the H2, O2, and H2O species: 
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The pressure is assumed to be the same for both the anode and cathode gas channels.  The 

reversible potential at standard state conditions is obtained from the change in the 

standard Gibbs free energy. 

 

nF
ΔGE

0
0 −=                     (3.1.11) 

 

The corrected cell potential, Ecor, is obtained by subtracting the ohmic ( ), 

concentration ( ), and activation ( ) losses (i.e. overpotentials) from the ideal 

Nernst potential, E: 

ohmη

concη actη

 

cor ohm conc actE =E-η -η -η                    (3.1.12) 

 

The overpotentials are related to the current density.  The activation over-potential is 

defined by an empirical relation represented by a limiting form of the Butler-Volmer 

equation. 

 

ohm den netη =i R                     (3.1.13) 
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A quasi-steady gas option was used whereby the gas flow was determined from empirical 

steady state relations; e.g., a steady state friction coefficient equation.  This allowed large 

time steps to be used with the time marching scheme to reach a steady state solution.  

More details about the mathematical model can be found in previous work (Burt et al., 

2003a, 2003b, 2004a, 2004b, Gemmen et al., 2000). 

 

3.2 Convective and Radiative Heat Transfer 

 

When considering the heat flux from the PEN and separator plate, there are two main 

modes of heat transfer, convective heat transfer between the solid and gas phase (which 

includes the effect of bulk mass transport to/from the electrolyte surface), and radiative 

heat transfer between the solid and the neighboring solid surfaces.  These are both 

included in , the net boundary heat flux through the top and bottom surfaces of the 

computational volume (see Fig1c), in Eq. (3.1.6).  Thus  is obtained from 

netQ

netQ
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( )
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Q = Q +Q +Q

- Q +Q +Q
                    (3.2.1) 
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where is the net heat transfer due to mass transport to/from the electrolyte and 

therefore is zero for the separator plate. 

massQ

 

The convective heat transfer rate is given by 

 

( )envsurfcconv TTAhQ −= 1                     (3.2.2) 

 

For the Psuedo 2-D Stack Model the Nusselt number, Nu, was found dynamically using 

the Re. For laminar flow (Re<1500) the Nu was 3.66. For turbulent flow (Re>2000) the 

following expression was used. 

 

0.8 0.6Nu=0.022Re Pr                      (3.2.3) 

 

A linear average of the two Nu values was calculated for transitional flow 

(1500<Re<2000). 

 

The convective heat transfer coefficient, hc, from 

 

c
Nukh =

L
                      (3.2.4) 
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where L is a characteristic length for the gas channel. For the Reduced Order 3-D Model 

the heat transfer coefficients were considered to be constant and calculated using a 

hydraulic diameter for a characteristic length. The hydraulic diameter, Dh, can be found 

from: 

 

h
4AD =
P

                     (3.2.6) 

 

Using a Nu = 4, kair = 0.0672 W/m-K, and kfuel = 0.255 W/m-K, and Dh = 0.001m the 

convective heat transfer coefficients for air and fuel were found to be 268.8 and 1020 

W/m2-K respectively. The disparity in heat transfer coefficients stems from the difference 

in thermal conductivity of air compared to fuel. The thermal conductivity of the fuel 

mixture was found by taking into consideration the thermal conductivities, = 0.423 

W/m-K and = 0.088 W/m-K (Mills, 1995).  

2Hk

2H Ok

 

In general the radiative heat transfer between two surfaces 1 and 2 can be calculated from 

 

( )4
22

4
11121 TTFAQrad σεσε −=                     (3.2.7) 

 

Initially, when considering the radiative heat transfer several simplifying assumptions 

were made (Mills, 1995).  The width of the gas channels is small (on the order of 1 mm) 

this would result in the product of partial pressure and path length also being small.  

When considering water vapor in the fuel gas channel a total emissivity of much less then 
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0.007 was estimated (see Fig. 17-13 in Siegel and Howell, 1972).  Therefore the gas 

medium between the surfaces is considered to be nonparticipating.  The PEN and 

separator plate are considered to have black surfaces (having an emissivity of 

unity, 1=ε ).  The view factor, F, is assumed to be 1.  Therefore all emitted radiation is 

considered to be absorbed by the surface of the opposite plate.  With these simplifications 

the radiative heat transfer rate, , can be expressed as radQ

 

( )4
2

4
11 TTAQrad −= σ                     (3.2.8) 

 

It is not known what the exact radiative properties are for a generic fuel cell.  Therefore 

in this study the results with and without radiation are compared.  Equation (3.2.8) should 

give a maximum estimate for the heat transfer rate due to radiation.  Considering heat 

absorbed by a participating medium (i.e., gases in the anode and cathode channels) and 

modeling the surfaces of the electrodes and separator plates as grey surfaces would 

reduce the overall influence of the radiative heat transfer. 

 

3.3 Determination of Shape Factor 

 

A simplified radiation model was implemented to determine the radiative heat transfer 

flux between neighboring separator plates and PEN structures.  A boundary element 

method was used to develop a radiation model for the 1-D model.  Boundary element 

method is more appropriate for lower dimensional problems or problems with simple 

geometries.  Since the model of the duct is two dimensional and the geometry is straight, 
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it was decided to use the boundary element method for the purpose of computing 

radiation transfer in this case.  In multidimensional computations it is more appropriate to 

use a Monte Carlo method for radiation transfer (Siegel and Howell, 1972). 

 

The method used is based on computing radiative energy exchange coefficients between 

surfaces of different computational cells.  These coefficients are related to the so-called 

view factors or shape factors [Mills, 1995, Siegel and Howell, 1972].  Determination of 

view factors can be a difficult task for complex geometries but can be done in a relatively 

straightforward manner in the case of a 1-D channel. 

 

Results obtained using the Psuedo 2-D Fuel Cell Stack Model used a view factor of 1, 

when considering heat transfer between opposite faces of the air and fuel channels.  

Radiative heat transfer to neighboring cells and to the inlet and outlet were effectively 

neglected.  This assumption reduces somewhat the computational effort, but introduces 

errors, which can be large in the situations when considerable radiative heat transfer takes 

place due to large temperature gradients. 

 

To compute the view factors one may consider the opposite sides of the duct as long 

parallel plates of equal width [Mills, 1995].  Then the following expression can be used 

to obtain the view factors.  The view factor F12 represents the fraction of energy leaving 

A1 that intersects A2. 

 

1
2 2

12 21 1F F H H⎡ ⎤= = + −⎣ ⎦         (3.3.1) 
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where H is the dimensionless height obtained from 

 

hH
w

=           (3.3.2) 

 

where h is the height of the channel separating the plates and w is the width of the plates.  

This ratio of height to width is a function of the number of control volumes that the fuel 

cell is subdivided into. The geometry described in Tables 4.4.1 and 4.4.2 had air and fuel 

channels which were 1.0E-03 and 3.0E-03 m in height and were 1.0E-1 m in length. The 

channels where divided into 20 control volumes along the streamwise direction. The H 

values were thus found to be 0.2 and 0.6 for the fuel and air channel, respectively.  Using 

Eq. 3.3.1 these H values result in view factors of 0.82 and 0.57 for the fuel and air 

channel.  This suggests that the approximation of one previously used, although 

computationally less expensive, can result in significant error. 

 

The shape factor, F12, from surface 1 to 2 can be determined using Hottel’s “string rule” 

as follows: 

 

[12
1

2 1
]F AD BC AC BD

L
= + − −        (3.3.3) 

 

where L1 is the length of the segment AB and segments AD, BC, AC, and BD are 

identified in Fig. 3.3.1. 
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Figure 3.3.1. Simple diagram for application of Hottel’s “string rule” for shape 

factors of two-dimensional configurations 

 

For 1-D fuel cell model where each control volume is defined by a uniform height and 

width Eq 3.3.1 can be simplified into the following 

 

2
ij ij

ij ij

a b
F

+
= c−          (3.3.4) 

 

( )2 21ija i j H= − + +         (3.3.5) 

 

( )2 21ijb i j H= − − +         (3.3.6) 

 

( )2 2
ijc i j H= − +          (3.3.7) 

 

where the dimensionless height, H, is found from Eq. 3.3.2. 
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A sample control volume is shown in Fig. 3.3.2 where the factors given in Eqs. 3.3.5-7 

are indicated for the view factor F21.  Table 3.3.1 presents the view factors calculated for 

F20 through F24. 

 

 

Figure 3.3.2. Determination of view factor, F21, using Eqs 3.3.2-6 for 5 control 

volumes of equal width and height 

 

Table 3.3.1. View factors for 5 control volumes of equal width and height 

F20 F21 F22 F23 F24 SUM 

0.000208 0.024063 0.951249 0.024063 0.000208 0.999792 

 

Using Eq 3.3.1 for long parallel plates of equal width the same value for F22 was obtained 

as that from Eq. 3.3.4. 

 

Fig. 3.3.3 presents a plot of view factors for 20 control volumes obtained using Eqs. 

3.3.4-7 with H=0.2 corresponding to the fuel channel in the 1-D SOFC model.  As can be 

seen the view factor F44 which is from one side of the channel to the directly opposite 
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side in this case is 0.82.  The view factors are symmetric in this case because each control 

volume has the same width.  Therefore the view factor to the first neighbor control 

volume to the left or right is F43 = F45 = 0.085.  The view factor for the outlet is equal to 

0.5 minus half the view factor to the opposing surface and the sum of all the view factors 

of the neighboring control volumes from the originating control volume to the outlet. A 

similar expression can be written for the view factor of the inlet, resulting in the 

following expressions: 

 

1

,
0

10.5
2

i

i inlet ii ij
j

F F
−

=

= − −∑F         (3.3.8) 

 

,
1

10.5
2

n

i outlet ii ij
j i

F F
= +

= − − ∑ F         (3.3.9) 

 

In Fig 3.3.3 the view factor of the inlet and outlet, F4-1 and F4-20 have slightly higher 

values then the view factors of the opposing surface.  Thus in the plot there is a slight 

upward turn at either end of the plot.  These view factors capture the fraction of energy 

that would hit an opposing surface if the channel were infinitely long.  
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Figure 3.3.3. Semi-log plot of view factor vs. location for source at location 4 (H=0.2) 

 

A radiation model based on a boundary element method was implemented into the single 

cell SOFC model.  The view factors are determined using Hottel’s “string rule” as 

described above.  Once the geometry has been specified the height to width ratio (Eq. 

3.3.2) is determined.  Equations 3.3.4-7 are then used to calculate the view factors 

between each surface of the PEN and interconnect.  The view factors are then stored in a 

two-dimensional array where the indices represent the source and destination surfaces. 

The view factor from the top surface of the ith control volume of the PEN to the inlet or 

outlet is then calculated from Eqs. 3.3.8 and 3.3.9. 

 

In each iteration the radiative heat flux is calculated before solving the energy equation 

for the PEN.  The net radiative heat flux from the top surface of the ith control volume of 

the PEN to the bottom surface of the jth control volume of the interconnect is determined 

from the following expression. 
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( )4 4
ij i ij i jQ A F T Tσ= −                  (3.3.10) 

 

The total radiative heat flux from the top surface of the ith control volume of the PEN is 

then determined by summing the net radiative heat fluxes.  This is expressed in Eq. 

3.3.11 

 

, ,
0

n

i ij i inlet i outlet
j

Q Q Q Q
=

= + +∑                (3.3.11) 

 

For the purposes of calculating the radiative heat flux the inlet and outlet are defined to 

have the same temperature as the first and last control volume of the interconnect, 

respectively.  This represents the interconnect surrounding the manifold which distributes 

and collects the air and fuel to and from the fuel cell.  This procedure is repeated for the 

bottom surface of the PEN.  In order to reduce the computational effort the total radiative 

flux for the interconnect is calculated simultaneously with the PEN, and later used when 

solving the energy equation for the interconnect. 

 

Computational efficiency is of concern because the previous radiation model required 

only the solution of Eq. 3.3.10 with an Fij of 1 which gave a fast approximation of the 

radiative heat flux.  This new approach requires several more calculations to be made per 

iteration. Two approaches for determining T4 were tested. It was found that the “pow” 

function in math.h is on average 23 times slower then simply multiplying T*T*T*T.  By 
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storing the temperature raised to the power 4 in an array the number of calculations was 

reduced from O(n*n) to O(n).  The thermal response time of the solid PEN and 

interconnect is relatively long compared to other response times in the fuel cell system.  

Hence it may be possible to reuse a single solution for several iterations thus greatly 

reducing the computational effort. 

 

 

3.4 Numerical Method 

 

As previously noted the computational domain was divided into control volumes along 

the streamwise direction.  A staggered grid is used where the velocity is stored at the 

control volume east and west face and the pressure is stored at the control volume center.  

The solution was obtained by solving the conservation equations (Eqs. 3.1.1-4, & 6) 

explicitly using a finite volume approach in conjunction with backward Euler method in 

time.  The approach marches in time using a time step determined by a limiting change in 

temperature for the energy equation.  First the boundary conditions are updated by 

simultaneously calculating the quasi-steady gas phase solution and the distribution of 

current density over the cell.  Then the minimum time step is calculated.  The time step, 

heat flux, and surface temperatures are then communicated between neighboring cells in 

the stack.  The transient fuel cell temperature is then analyzed by solving the top plate, 

anode gas channel, cathode gas channel, PEN, and separator plate equations.  Analysis is 

conducted starting from the first control volume and proceeds in the streamwise 

direction. 
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A grid convergence analysis was performed for the Psuedo 2-D Fuel Cell Stack Model on 

a 2 cell stack using 5, 8, 10, 15, and 20 nodes in the streamwise direction.  Beyond 15 

nodes the differences in steady state solutions were negligible.  The results presented 

were obtained using 20 computational cells in the x-direction. 

 

For the Reduced Order 3-D Fuel Cell Model a grid convergence study was not done due 

to limitations of the current implementation. The current model requires each gas channel 

be defined by a single control volume. The gas channels must be separated by a single 

control volume. Thus the grid can not be easily refined without programming changes. 

Eliminating this restriction is included in recommendations for future work. 

 

3.5 Parallelization of the Fuel Cell Model 

 

The simulation approach exploits the modular structure of a fuel-cell stack, which 

enables a straightforward application of the domain decomposition technique for parallel 

implementation of the code. This is done by simulating each cell with a separate process 

in a multi-processor computing environment. Since the processes inside each fuel cell are 

relatively independent from other cells and are coupled only through the well defined 

fluxes (i.e. heat, mass, current), and the given boundary conditions (voltage, temperature, 

pressure, etc.), it is possible to arrange a stable and time accurate parallel iteration 

procedure for a coupled solution of cell properties in the stack without excessive 

communication overhead.  In this implementation, temperature, thermal fluxes 
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(convective and radiative), time step, and termination bit are communicated between 

processes using MPI (Message Passing Interface) to simulate the stack.  This parallel 

solver can be run on a distributed memory computer platform, such as a Beowulf cluster. 

 

A stack of cells can be modeled using several instances of individual cells.  MPI library 

calls are used to communicate variable data between neighboring cells.  Each cell in a 

stack is considered to be in series; therefore, the same total current is maintained by all 

cells.  The smallest time step is used by all cells, because all equations for the stack of 

cells must be solved using the same time stepping. 

 

Because the separator plate is not porous only thermal transfer must be considered 

between neighboring cells.  The temperature of the separator plate of each cell is 

communicated with the neighboring cell below it.  The convective and radiative heat 

fluxes are then calculated using the received temperature from the neighbor.  These 

fluxes are then shared between cells and are used when calculating the temperature of the 

separator plate, anode gas channel, and electrolyte plate at the new time level.  

 

Each cell process is executed independently, therefore it is important for a break signal to 

be communicated to all cells.  In this way if one cell must stop execution all cells will 

also stop.  Through careful communication, it is therefore possible to model a stack of 

cells using individual processes.  The limited number of variables that must be 

communicated makes decomposition of a fuel cell stack a prime candidate for parallel 

programming. 
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3.6. The Pseudo 2-D SOFC Stack Model 

 

As described above, the individual components of the fuel cell are considered using one-

dimensional layers e.g. fuel channel (layer 1), PEN (layer 2), air channel (layer 3) etc.  

Communication of fluxes and current density, between layers (as explained above) allows 

for what may be called a pseudo 2-D solution to be obtained.  This approach used in the 

single cell model is expanded to include multiple cells in a stack with temperature, heat 

flux, and total current communicated between neighboring cells.  Thus, the model has 

effectively become two-dimensional via layering and stacking.  This allowed extracting 

two-dimensional temperature contours (e.g., see Figs. 4.2.2), albeit the numerical grid in 

the transverse direction (y-direction normal to the flow direction) is coarse due to the 

nature of the model. 

 

 

3.7 Extension to Counter-Flow Configuration 

 

The 1-D fuel cell model developed at NETL which was the basis of the Pseudo 2-D 

SOFC Stack Model was extended to be applicable to counter-flow configurations. The 

counter-flow configuration would allow the user to solve stacks where the air and fuel 

flow in opposite directions.  Careful management of indices in the computer code allows 

the solver to remain mostly unchanged.  The approach implemented maintains the same 

numerical approach (upwinding) for solving the flow in the gas channels but 

electrochemistry and heat transfer are handled using a new index which specifies the 
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neighboring control volume of the cathode gas channel.  This approach eliminated the 

problems encountered with “negative” velocities. 

 

The counter-flow configuration was first developed and tested with the original single co-

flow fuel cell model.  Appendix A has some results obtained from simulating a single 

counter-flow fuel cell. These results from the single cell counter-flow model had the 

trends typical of a counter-flow fuel cell.  The counter-flow model was then implemented 

into the parallel stack model and the results are presented in Section 4.1. 

 

The extension to counter-flow configuration marks the pinnacle achievement of the 

Psuedo 2-D SOFC Stack Model. It is now able to solve both co-flow and counter-flow 

stacks of 40 or more cells. It was decided that the extension to cross-flow configuration 

be made as part of the development of a new code, the Reduced Order 3-D Fuel Cell 

Model. This new code will retain several features from the NETL 1-D Single Cell Model 

namely, the Electrochemistry Model and 1-D channel flow. This will be introduced in 

detail in the next section. 
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3.8 Reduced Order 3-D Fuel Cell Model 

 

3.8.1 Governing Equations 

 

A model was developed to consider 3D heat transfer and 1D channel flow within a fuel 

cell which will be applicable to cross-flow fuel cells. The model implementation couples 

a pseudo-steady state incompressible 1-D flow solver with a 3D heat transfer solver. The 

Reduced Order 3-D Fuel Cell Model was based on the 1D fuel cell model developed at 

NETL thus solves the same governing equations described in Section 3.1 and 3.2. 

 

Figures 3.8.1 and 3.8.2 show the class hierarchy and relationship between the elements, 

components, and models defined by the Multi-Component Multi-Physics (MCMP) 

scheme.  The MCMP scheme allows for the domain to be defined geometrically by its 

constituent components. These components are made up of elements. Each element type 

was then associated with a component type and the necessary solvers was simulated 

using models for each relevant physical process. The figure shows how there are two 

main branches to the scheme; the solver/model branch and the element/geometry branch. 

Both of these branches come together at the component level. With this scheme in place, 

individual models were developed for each of the mass, momentum, energy, and species 

conservation equations. The governing equations and the approaches used were the same 

as in the NETL 1-D Single Cell Model. In order to solve cross-flow configurations a 3-D 

energy equation was solved. The details of the numerical methods used to solve the 

system of equations are described in more detail in Appendix B. 
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Figure 3.8.1. Diagram of class hierarchy 

 

 

Figure 3.8.2. Relationship between element, component, and model 
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3.8.2 Implementation 

 

In order to study cross-flow geometries a novel Multi-Component Multi-Physics 

(MCMP) scheme was instantiated to produce a Reduced Order 3-D Fuel Cell Model. A 

C++ implementation of the MCMP scheme developed in this study utilized geometry, 

control volume, component, and model structures allowing each physical model to be 

solved only for components for which it is relevant. Channel flow dynamics were solved 

using a 1-D flow model to reduce computational effort. 

 

The development of the cross-flow model proceeded in the direction of micro and macro-

modeling. A macro-modeling approach serves for a quick analysis of balances in the 

system based on coarse grained subdivision of the domain into control volumes. The 

difference from a traditional control-volume approach in CFD is that each control-

volume can implement different physical model, with different variables and numerical 

solution methods. Thus, a simple engineering approximation for duct fluid flow can be 

used for the air/fuel channel sub-models, and a more sophisticated electro-chemistry 

model can be used for the PEN sub-model. The possibility of introducing different 

empirical models, not necessarily based on PDE, enables a quick solution of a complex 

system on a collection of relatively large control-volumes. 

 

The alternative approach is to perform a traditional discretization of the domain on a 

regular grid, and perform the integration, using standard control-volume, finite-

difference, or finite-element methods. The second approach, referred to as micro-
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modeling, is more accurate but requires longer processing time and is more difficult to 

implement for multi-physics systems. For more details see Appendix C. 

 

3.8.3 Electrochemistry Model 

 

It was decided that the electrochemistry model from the NETL 1-D Single Cell Model 

could be used with some modifications in the Reduced Order 3-D Fuel Cell Model.  The 

basic idea is to adapt the electrochemistry model using a black box approach where 

required input is provided and the solved electrochemistry can then be used to determine 

the state of the fuel cell for the next time level. Table 3.8.1 lists the physical parameters 

that are required by the electrochemistry model. Table 3.8.2 lists the variables that change 

from time level to time level and are required for the solver. Table 3.8.3 lists the variables 

that are returned by the electrochemistry model. The electrochemistry model calculates 

the total current and cell voltage with a fixed load resistance. To be applicable to stacks 

of cells it became necessary to modify the model so that the total current is fixed. 

 

Table 3.8.1. Required configuration parameters for the electrochemistry model 
 PEN Surface Area 

 Cathode Cross-sectional Area 

 Cathode Thickness 

 Anode Thickness 

 Electrolyte Thickness 

 Separator Plate Thickness 
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Table 3.8.2. Required variables for the electrochemistry model 

PEN Temperature 
Separator Plate Temperature 
Air Gas Channel Pressure 
Air Gas Channel Velocity 
Air Gas Channel Density 
Air Gas Channel Oxygen Mole Fraction 
Air Gas Channel Nitrogen Mole Fraction 
Fuel Gas Channel Pressure 
Fuel Gas Channel Hydrogen Mole Fraction 
Fuel Gas Channel Water Mole Fraction 
Separator Temperature 
Load Resistance 

 

Table 3.8.3. Variables returned by the electrochemistry model 
Load Voltage 
Total Current 
Current Density 
Entropy Heat Generation 

 

One goal of the Reduced Order 3-D Fuel Cell Model was to expand the NETL 1-D Single 

Cell Model to make it applicable to cross-flow geometries. In the process the Reduced 

Order 3-D Fuel Cell Model transitioned from a 1-D cell, pseudo 2-D stack model into a 

3-D transient model with 1-D transient gas channel model. Gemmen and Johnson (2004) 

previously expanded the NETL 1-D Single Cell Model to a cross-flow geometry using an 

approach illustrated in Figure 3.8.3. Fluid flow in the air and fuel gas channels is 

indicated with arrows. In their approach the walls of the channel are considered to be 

thin. And are represented in the code trough the use of contact resistances and increased 

interconnect mass. This approach allows the electrolyte to be solved as though the entire 

surface is adjacent to both air and fuel gas channels. Table 3.8.1 shows that it is necessary 
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to input data from neighboring air and fuel gas channels in order for the electrochemistry 

model to have sufficient boundary conditions. 

 

Figure 3.8.4 shows how the cross-flow geometry is subdivided into control volumes in 

the Reduced Order 3-D Fuel Cell Model. The control volumes are separated with solid 

lines. The grid shown is for the non-uniform case where the channels are wider then the 

channel walls. The channel walls are indicated by hashed regions. Double hashed areas 

indicate locations where channel wall intersects channel wall. These intersection areas are 

believed to have the least electrochemistry. Dashed lines are overlaid to show how the 

same approach used by Gemmen and Johnson (2004) might be applied. The dashed lines 

divide the geometry with a coarse grid similar to Figure 3.8.3.  

 

 

 

Figure 3.8.3. Cross-Flow mesh typical utilized by Gemmen and Johnson (2004) 

 

 46



 

Figure 3.8.4. Coarse electrochemistry mesh (dashed lines) overlaid on fine channel 

mesh viewed from top (hash lines depict channel walls) for non-uniform fine grid 

 

It is suggested that the required transient variables listed in Table 3.8.2 be obtained from 

the fine grid air and fuel gas channels. The electrochemistry model can then determine 

the variables listed in Table 3.8.3 for the coarse grid. An algebraic relation can then be 

used to transfer the current density and entropy heat generation to the fine grid. 

 

Assuming that the components of the current in the PEN assembly that are not 

perpendicular to the electrolyte surface can be neglected, then the total current must be 

the same for the electrolyte as it is for the anode and cathode electrodes. The total 

electrolyte current can be found from: 
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,e e e coarseI i A=                    (3.8.1) 

where the total current passing through the electrolyte, eI , is obtained from the current 

density for that control volume, , and the area of the electrolyte on the coarse grid, 

. 

ei

,e coarseA

 

For this study current distribution within the coarse grid is considered to be uniform 

within each coarse grid control volume. Therefore the current is redistributed based on 

area ratio which accounts for the coincidental area that is part of both the fine and coarse 

grid. This is shown for the case of the anode in Figure 3.8.5. 

 

 

Figure 3.8.5. Intersection of fine anode grid and coarse electrolyte grids 

 

In Figure 3.8.5 , ,1 ,a e coarseA A∩ ,2 ,a e coarseA A∩ , ,3 ,a e coarseA A∩ denote the area of the anode 

which intersects with the area of the electrolyte on the coarse grid. An area ratio is then 
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calculated by considering the ratio of this intersected area to the sum of the intersected 

areas. Using this approach the anode current and cathode current can then be found from: 

 

,1 ,
,1

, ,
1
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a n e coarse
n
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                    (3.8.3) 

 

 

Once the current density has been determined then the depletion or creation of species 

due to electrochemistry in the air and fuel gas channels can be calculated from the 

appropriate electrode. 
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4.0 APPLICATION OF PSUEDO 2-D STACK MODEL 

 

4.1 Verification of Fuel Cell Stack Model 

 

Independent 1-D Thermal Stack Model 

 

An independent verification of the Pseudo 2-D Fuel Cell Stack Model was conducted by 

developing an 1-D Thermal Stack Model and studying various temperature profiles that 

exist for a 20 cell stack.  The Pseudo 2-D Fuel Cell Stack Model produced temperature 

profiles near the center line of the stack which had an “S” shape (see Figure 4.2.3b and 

Figure 4.2.3c). By developing a simple model which solved a 1-D energy equation for a 

20 cell stack it was possible to see the influence of the various heat fluxes on the 

temperature of the stack. Results from this study showed that the “S” shape temperature 

profile can be reproduced using an independent model. 

 

The 20 cell stack was discretized such that each unit cell was represented by four control 

volumes (each representing the complete fuel channel, PEN, air channel, and separator). 

Table 4.1.1 gives the dimensions and other model parameters used for all three cases. The 

inlet mass flow rate and heat transfer coefficients for the air and fuel channel are given in 

Table 4.1.2 for the three cases. For this study there was no mass transfer through the 

electrolyte. Thus the outlet mass flow rate was the same as the inlet. Wall heat fluxes 
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were calculated based on the prescribed heat transfer coefficients. Total heat generation 

(representative of both Ohmic heating and from electrochemical reactions) for each cell 

was 350 J/s and was divided between the interconnect/separator plate at a ratio of 0.15.  

 

Table 4.1.1. Fixed model parameters (1-D thermal stack model) 

Width of Stack, Δx [m]  0.09 
Depth of Stack, Δz [m] 1.0 

Fuel Channel Height, Δy [m] 0.001 
PEN Height, Δy [m] 0.001035 

Separator Height, Δy [m] 0.0075 
Air Channel Height, Δy [m] 0.003 

Specific Heat for Fuel [J//kg-K] 14760 
Specific Heat for Air [J/kg-K] 1130 

Specific Heat for PEN [J/kg-K] 800 
Specific Hear for Separator Plate [J/kg-K] 400 
Total Heat Generation for each Cell [J/s] 350 

Heat Generation in Separator Plate/ 
Total Heat Generation 

0.15 

Inlet Temperature of Fuel [K] 1073 
Inlet Temperature of Air [K] 1073 

Initial Temperature of Stack [K] 1200 
 

Table 4.1.2 gives the parameters that were varied between the three cases shown. All 

three cases had the same fuel mass flow rate. For case 2 and 3 the air mass flow rate was 

increased from 3e-3 to 2 kg/s and the heat transfer coefficient was decreased from 50 to 8 

J/s-m2-K for the air channel. The difference between Case 2 and 3 was the decrease in the 

heat transfer coefficient from 300 to 78 J/s-m2-K for the fuel channels. 

 

Table 4.1.2. Parameter that were varied 

 Case 1 Case 2 Case 3 
Fuel Mass Flow Rate [kg/s] 1e-6 1e-6 1e-6 
Air Mass Flow Rate [kg/s] 3e-3 2 2 

Fuel Heat Transfer Coefficient [J/s-m2-K] 300 300 78 
Air Heat Transfer Coefficient [J/s-m2-K] 50 8 8 
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Figures 4.1.1-3 show the temperature profiles obtained with the 1-D Thermal Stack 

Model for a stack of 20 fuel cells for the three cases described in Table 4.1.2.  Figure 

4.1.1 has the “s” shaped curve that was commonly found in the results obtained with the 

Pseudo 2-D Stack Model (see Figure 4.2.3b and Figure 4.2.3c).  
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Figure 4.1.1. Temperature profile for 20 cell stack (case 1) 

 

Figures 4.1.2 and 4.1.3 show the influence of the heat transfer coefficient in the fuel 

channel on the temperature profile. Both Figures 4.1.2 and 4.1.3 show cases where the air 

channel is significantly cooler than the PEN, separator plate, and fuel channel due to the 

increased air mass flow rate of 2 kg/s. The fuel channel can have nearly the same 

temperature as the PEN and separator ( Figure 4.1.2) in cases where the heat transfer 

coefficient is large enough that a high wall heat flux exists when compared to the 

difference in energy transported into and out of the channel control volume. In other 
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words, if the fuel channel mass flow rate is relatively small and the wall heat flux is large 

enough, the mass in the fuel channel control volume can be heated to a temperature close 

to that of the neighboring fuel cell components. 
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Figure 4.1.2. Temperature profile for 20 cell stack (case 2) 
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Figure 4.1.3. Temperature profile for 20 cell stack (case 3) 
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Counter-flow using Pseudo 2-D Fuel Cell Stack Model 

 

The Pseudo 2-D Fuel Cell Stack Model was used to simulate a 5 cell counter-flow anode 

supported SOFC stack. The trends observed in the temperature were found to be 

consistent with results published by Achenbach (1994). Each cell was defined by the 

dimensions listed in Table 4.1.2 and the model parameters are listed in Table 4.1.3. 

 

Table 4.1.2.  Dimensions of anode supported electrolyte fuel cell. 

SOFC Component [m] 
Cell Length 1.0E-01 

Grid Length, Δx 5.0E-02 
Cell Width, Δz 1.0E-00 

Fuel Gas Channel Height, Δy 1.0E-03 
Air Gas Channel Height, Δy 3.0E-03 
Electrolyte Thickness, Δy 1.0E-05 

Anode Electrode Thickness, Δy 1.0E-03 
Cathode Electrode Thickness, Δy 2.5E-05 

Separator Thickness, Δy 7.5E-04 
 

Table 4.1.3.  Material properties and model parameters (counter-flow pseudo 2-D 
FC Stack Model) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 20 
Anode Inlet Temperature [K] 1173 

Anode Inlet Pressure [Pa] 1.01E+05 
H2 Anode Inlet Mole Fraction 9.70E-01 

H2O Anode Inlet Mole Fraction 3.00E-02 
Cathode Inlet Temperature [K] 1173 

Cathode Inlet Pressure [Pa] 1.01E+05 
O2 Cathode Inlet Mole Fraction 2.10E-01 
N2 Cathode Inlet Mole Fraction 7.90E-01 

Contact + Separator Resistance 2Ω/cm⎡ ⎤⎣ ⎦  1.0E-01 

Limiting Current Density [A/m2] 4.0E+03 
Exchange Current Density[A/m2] 5.5E+03 
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Figure 4.1.4 presents the steady state PEN temperature for a 5 cell counter-flow anode 

supported SOFC stack operating at 6666A/m2.  Similar results were presented by 

Achenbach (1994) using a 3D numerical model.  Data points along the centerline of 

temperature contour plot presented by Achenbach for the cross-flow case were plotted in 

Figure 4.1.4 for comparison.  However, direct comparison with the results from 

Achenbach cannot be performed due to many differences between these cases.  

Achenbach’s solution was obtained with internal reforming of methane, and with 

different stoichiometry, total current, and fuel gas compositions, thus lower temperatures 

were observed.  However a qualitative comparison in Figure 4.1.4 shows that the same 

trend can be observed in the temperature profile, with the maximum temperature 

occurring at approximately the same location in both counter-flow examples. 
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Figure 4.1.4. Comparison of steady state PEN temperature profiles for 5 cell anode 

supported counter-flow stack at 6666A/m2 and results from Achenbach (1994). 
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4.2 Influence of Increasing Stack Size 

 

The present computational model was applied to stacks of 5, 10, and 20 cells.  Uniform 

flow distribution was prescribed to both the fuel and air gas channels.  Results were 

obtained with two different inlet temperatures 1073K and 1173K.  For all cases studied, 

the applied current loading was 667 mA/cm2.  Adiabatic boundary conditions were 

imposed at the top and bottom of the stack.  Therefore heat transport to and from the 

stack is limited to convection from the air and fuel gas channels. 

 

Figure 4.2.1 represents the unit cell geometry.  The stream-wise direction is from left to 

right.  The 1-D model assumes a depth of unit length (1m).  The fuel and air gas channels 

extend 0.5cm up and downstream of the active area of the fuel cell.  The cell is divided 

into 20 control volumes of 0.5cm width in the stream-wise direction. 
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Figure 4.2.1. Geometry of unit cell with exploded view of anode supported 

electrolyte and model parameters. 

 

Table 4.2.1 and 4.2.2 list the physical dimensions, material properties and model 

parameters used.  The geometry is defined by the cell length, gas channel heights, and 

component thicknesses. 

 

Table 4.2.1.  Physical dimensions of single fuel cell with anode supported electrolyte. 

SOFC Component [m] 
Cell Length 1.0E-01 

Grid Length, Δx 5.0E-02 
Fuel Gas Channel Height, Δy 1.0E-03 
Air Gas Channel Height, Δy 3.0E-03 
Electrolyte Thickness, Δy 1.0E-05 

Anode Electrode Thickness, Δy 1.0E-03 
Cathode Electrode Thickness, Δy 2.5E-05 

Separator Thickness, Δy 7.5E-04 
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Table 4.2.2.  Material properties and model parameters. (increasing stack size case) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 20 
Anode Inlet Temperature [K] (2 cases) 1073 

1173 
Anode Inlet Pressure [Pa] 1.01E+05 

H2 Anode Inlet Mole Fraction 9.70E-01 
H2O Anode Inlet Mole Fraction 3.00E-02 

Cathode Inlet Temperature [K] (2 cases) 1073 
1173 

Cathode Inlet Pressure [Pa] 1.01E+05 
O2 Cathode Inlet Mole Fraction 2.10E-01 
N2 Cathode Inlet Mole Fraction 7.90E-01 

Contact + Separator Resistance 2Ω/cm⎡ ⎤⎣ ⎦  1.0E-01 

Limiting Current Density [A/m2] 4.0E+03 
Exchange Current Density[A/m2] 5.5E+03 

 

The resistivities of the anode electrode, electrolyte, cathode electrode, and separator plate 

are functions of temperature.  These empirical functions are obtained by curve fitting to 

experimental data and were obtained from Gemmen etal. (2000). 

 

Results are first presented for the cases where a 1073K inlet temperature was prescribed 

for the anode and cathode gas channels.  The influence of stack size on cell voltage and 

temperature is investigated and results are presented in detail.  Tabulated results from 

other cases are presented for brevity. 

 

Figure 4.2.2 depicts the temperature contours observed for a stack of 20 planar solid 

oxide fuel cells.  Predominant features are the cool air channels entering from the left at 
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1073K and exiting to the right at an average temperature of 1300K.  It is observed that 

cell temperatures increase from bottom to top. 

 

 

Fig. 4.2.2. Temperature contours for 20 cell stack, 1073 K inlet for an average 

current density of 667mA/cm2. 

 

Figure 4.2.3a-c depict temperature profiles in the vertical direction near the middle of the 

streamwise direction (at x/L = 0.55, i.e. node 10) for a 5 and 20 cell stack.  Temperature 

profiles are nearly linear for small 5 cell stacks; however, for the larger 20 cell stack, 

interior cells appear to have nearly uniform temperature with cells towards the top and 

bottom being influenced by the top and bottom cells. 
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Figure 4.2.3a. Temperature profile at x/L=0.55 (node 10) within a 5 cell stack for an 

average current density of 667 mA/cm2. 
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Figure 4.2.3b. Temperature profile at x/L=0.55 (node 10) within a 20 cell stack for 

an average current density of 667 mA/cm2. 

 

Figure 4.2.3c shows the steeper temperature gradients at the top and bottom observed 

with the radiation model turned off resulting in a more sharp “S” shaped profile.  This 

observation supports results presented in Section 4.4 which indicated the importance of 

radiative heat transfer for SOFCs. Variations in temperature, like those observed near the 
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top and bottom of the stack in Figure 4.2.3b and 4.2.3c, can cause significant thermal 

stresses. The impact of these variations was considered in a study conducted by Valluru 

(2005). In this case neglecting radiation might greatly over-exaggerate the thermal 

stresses. 
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Fig. 4.2.3c. Temperature profile at x/L=0.55 (node 10) within a 20 cell stack 

neglecting radiation effects for an average current density of 667 mA/cm2. 

 

Figures 4.2.4a and 4.2.4b depict the cell voltage variation for 5 cell and 20 cell stacks.  

Similar trends are observed in the cell voltages as was seen in the temperature profiles.  A 

relatively small cell-to-cell voltage variation of 0.7% and 1.1% was observed for the 5 

cell and 20 cell stacks, respectively.  Of interest, however, is the nearly linear variation 

observed for the 5 cell stack whereas for the larger 20 cell stack an asymmetric profile 

was obtained where the cell voltage was influenced by the top and bottom cells. This 

trend was also observed by Lin et al. (2003). Figure 4.2.4c shows cell voltage variations 

in a 30 cell stack. They also noted similar behavior in 8 and 15 cell stacks. 
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It is normally assumed that interior cells will have nearly uniform performance which is 

an appropriate assumption for this case given the relatively small variation observed in 

cell voltage.  

 

Figure 4.2.5 depicts cell to cell voltage variations observed in a 20 cell stack with non-

uniform fuel flow distribution.  A 7% variation in cell voltage was observed when 20% of 

the fuel flow was taken from the bottom cell (cell 0) and added to the neighboring cell 

(cell 1).  This non-uniform distribution of fuel flow resulted in negligible changes in the 

temperature profile. 
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Fig. 4.2.4a. Cell voltage variation within a 5 cell stack normalized with the highest 

cell voltage of 0.70V for an average current density of 667 mA/cm2. 
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Fig. 4.2.4b. Cell voltage variation within a 20 cell stack normalized with the highest 

cell voltage of 0.70V for an average current density of 667 mA/cm2. 

 

 

Fig. 4.2.4c. Cell voltage variation within a 30 cell stack (Lin et al., 2003). 
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Fig. 4.2.5. Cell voltage variation within a 20 cell stack due to non-uniform fuel 

inflow normalized with the highest cell voltage of 0.71V for an average current 

density of 667 mA/cm2. 

 

Tables 4.2.3 and 4.2.4 show temperature changes observed for cases of different stack 

sizes.  An 1173K inlet temperature was prescribed for both the fuel and air channels.  

Increasing the stack size only contributed to small changes in the temperature 

distribution.  It was observed that as stack size increased the average temperature of the 

PEN decreased slightly.  Also temperature variation in the PEN increases in a non-linear 

manner with stack size.  The results indicate that as stack sizes increase beyond 20 cells, 

more of the center cells will operate near the average cell temperature.  Thus for very 

large stacks it may be possible to represent the majority of the stack using a single cell 

approximation assuming that the flow distribution is uniform. 
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Table 4.2.3. Variation of temperature within the PEN for 5, 10, and 20 cell stacks 
operating at an average current density of 667 mA/cm2 with anode and cathode inlet 

temperatures of 1173K. 

 
/ 0.55PEN x L

T
=

Δ [K] , / 0.55PEN AVE x L
T

=
[K] 

5cell 19.91 1409.52 
10cell 31.20 1407.88 
20cell 33.63 1406.8 

 

Table 4.2.4 presents the maximum difference between the inlet and outlet temperature for 

both the fuel and air gas channel.  The maximum difference was found to be in the top 

cell of the stack.  Thus it was observed that with increasing stack sizes larger temperature 

gradients may be observed in the top cell. However it should be noted that the average 

outlet temperature went down with increasing stack size following the same trend shown 

in Table 4.2.3 for the average PEN temperature.  

 

Table 4.2.4. Variation of temperature within the fuel and air gas channels in the 
streamwise direction for 5, 10, and 20 cell stacks operating at an average current 

density of 667 mA/cm2 with fuel and air inlet temperatures of 1173K. 

 FuelTΔ  [K] AirTΔ  [K] 
5cell 298.16 277.17 
10cell 303.55 282.41 
20cell 305.47 284.05 

 

Table 4.2.5 presents the maximum cell-to-cell voltage variations observed for stacks of 5, 

10, and 20 cells with fuel and air inlet temperatures of 1173K.  A similar trend to what 

was previously shown in Fig. 7a and 7b was observed in these cases.  The cell-to-cell 

variation of less than 1.5% can be considered to be relatively small. 
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Table 4.2.5. Cell-to-cell voltage variation for 5, 10, and 20 cell stacks operating at an 
average current density of 667 mA/cm2 with fuel and air inlet temperatures of 

1173K. 

 Max Cell-to-Cell voltage variation [%] 
5cell 0.79 
10cell 1.31 
20cell 1.45 

 

Significant variations in temperature have been observed in simulations of 5, 10, and 20 

cell stacks.  However, cell-to-cell voltage variations remain fairly small, approximately 

1%.  Except in the case where non-uniform fuel flow distribution was prescribed a 7% 

cell voltage variation was observed.  Increasing stack size resulted in slightly lower 

average temperatures across the cells but slightly larger temperature gradients in the top 

cell along the stream-wise direction. 

 

Efficiency for a cell and a stack 

 

The free-energy (2nd law) efficiencies (Blomen and Mugerwa, 1993) were calculated for 

different size co-flow planar SOFC stacks using: 

 

II
nFVη =
ΔG

 

 

where n is the number of participating electrons, F is the Faraday constant, V is the cell 

voltage, and is the change in Gibbs free energy per kmol of HΔG 2 for the reaction which 

is a function of the inlet temperature, and species concentrations. 
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Table 4.2.6 shows the calculated 2nd law efficiencies for a single cell and for 2 different 

size stacks. It was observed that the efficiency remained approximately the same (around 

60%). An efficiency of approximately 60% is within the range given by Blomen and 

Mugerwa (1993) of 50%-80%. 

Table 4.2.6. Efficiency for Co-flow cell and stack 

 cell 20 cell 40 cell 
Efficiency 58.98% 59.98% 60.36% 

 

 

Scale-up of parallel run times 

 

It is always of interest to see if parallel execution of a solver produces results 

proportional to the number of processors assigned to the job. Table 4.2.6 gives 

approximate times required to run given cases. It was previously noted that the 

parallelization approach used was to solve individual cells on separate processors. Thus 

the number of cells is also the number of processors used. When comparing the 5 cell to 

40 cell run although the run time increased from 4 days to 11 days the size of the problem 

increase by a factor of 8. The cluster was being heavily used by others during these 

executions. Hence, these may not be indicative of actual scale up. 

 

Table 4.2.6. Execution times for various size stacks 

Case Run time 
5 cell stack 4 days 
10 cell stack 4 days 
20 cell stack 6 days 
40 cell stack 11 days 
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It should be mentioned that all of these runs were performed on a University computer 

cluster which although it used a queue system did not guarantee that the nodes did not 

have other jobs sharing the processor time. Loads on the network switches may also have 

varied depending on what was being run by the multiple users of the cluster. 

4.3 Effect of Flow Distribution on Cell-to-Cell Performance 

 

A study of a five-cell stack was performed with various inlet velocities prescribed for the 

anode gas channel.  The geometry of the fuel cell is given in Table 4.3.1. Two types of 

electrolytes were considered. The dimensions for the anode supported electrolyte and 

electrolyte supported electrolyte are given in Tables 4.3.2. and 4.3.3. The model 

parameters are given in Tables 4.3.4. 

 

Table 4.3.1.  Physical dimensions of single fuel cell (effects of flow distribution) 

SOFC Component [m] 
Cell Length 1.0E-01 

Grid Length, Δx 5.0E-02 
Cell Width, Δz 1.0E-00 

Fuel Gas Channel Height, Δy 1.0E-03 
Air Gas Channel Height, Δy 3.0E-03 

 

Table 4.3.2.  Dimensions for anode supported electrolyte 

SOFC Component [m] 
Electrolyte Thickness, Δy 1.0E-05 

Anode Electrode Thickness, Δy 1.0E-03 
Cathode Electrode Thickness, Δy 2.5E-05 

Separator Thickness, Δy 7.5E-03 
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Table 4.3.3.  Dimension for electrolyte supported electrolyte. 

SOFC Component [m] 
Electrolyte Thickness, Δy 1.8E-04 

Anode Electrode Thickness, Δy 5.0E-05 
Cathode Electrode Thickness, Δy 5.0E-05 

Separator Thickness, Δy 2.0E-03 
 

Table 4.3.4.  Material properties and model parameters. (effects of flow 
distribution) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 20 
Anode Inlet Temperature [K] (2 cases) 1073 

1173 
Anode Inlet Pressure [Pa] 1.01E+05 

H2 Anode Inlet Mole Fraction 9.70E-01 
H2O Anode Inlet Mole Fraction 3.00E-02 

Cathode Inlet Temperature [K] (2 cases) 1073 
1173 

Cathode Inlet Pressure [Pa] 1.01E+05 
O2 Cathode Inlet Mole Fraction 2.10E-01 
N2 Cathode Inlet Mole Fraction 7.90E-01 

Contact + Separator Resistance 2Ω/cm⎡ ⎤⎣ ⎦  1.0E-01 

Limiting Current Density [A/m2] 4.0E+03 
Exchange Current Density[A/m2] 5.5E+03 

 

This study consisted of six cases (Cases A-F) having the same total anode flow rate, but 

using different flow rates on individual cells.  Table 4.3.5 presents the prescribed 

velocities (flow rates) for the anode gas channel.  For case A (referred to as the base case) 

uniform flow distribution was prescribed.  Each of the other cases involved redistributing 

20% of the flow in the anode gas channel of the bottom cell to the other cells in the stack.  

Redistribution of the fuel flow increased the variation in cell-to-cell voltage.  The six 

cases were completed for different current demands ranging from 50A to 650A.  The 

study was conducted with electrolyte and anode supported geometries and with high and 
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low oxygen utilizations obtained by specifying inlet mass flow rates of 1.09x10-3 kg/s and 

5.451x10-3 kg/s (Lmdot and Hmdot) for the cathode gas channel. 

 

Table 4.3.5. Prescribed anode inlet velocity [m/s] for the six test cases. 
A B C D E F

4 0.4070 0.4274 0.4070 0.4070 0.4070 0.4884
3 0.4070 0.4274 0.4070 0.4070 0.4884 0.4070
2 0.4070 0.4274 0.4070 0.4884 0.4070 0.4070
1 0.4070 0.4274 0.4884 0.4070 0.4070 0.4070
0 0.4070 0.3256 0.3256 0.3256 0.3256 0.3256

total 2.0350 2.0350 2.0350 2.0350 2.0350 2.0350  

 

The results are presented for the electrolyte supported geometry cases with low and high 

oxygen utilizations first.  Then, the effect of high versus low oxygen utilization with the 

electrolyte supported geometry is discussed.  Finally, the temperature distributions for the 

anode and electrolyte supported cases are compared. 

 

Performance of the SOFC stack was obtained by holding the flow rate constant and 

allowing the utilization to vary.  For reference, the range of overall stack hydrogen and 

oxygen utilization for all cases is shown in Figure 4.3.1. 
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Figure 4.3.1. Utilization at different current densities 

 

Initial results were obtained for the case of an electrolyte supported cell with low oxygen 

utilization. The mass flow rate at the inlet to cathode is prescribed as 

.  The results show that the model is capable of capturing the 

polarization curve for a SOFC. 

-3
airm  = 5.451x10  kg/s
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Figure 4.3.2. Polarization curves for electrolyte supported five-cell stack 

 71



 

Figures 4.3.2 shows how the 5-cell stack model captures the region of the polarization 

curve where the ohmic loss dominates over the activation and concentration losses.  

Figure 4.3.2 contains the stack V-I curves for each of the six cases.  The stack voltage 

data points from the non-uniform cases coincide very closely with the data points from 

the uniform case.  Thus while there exists performance variations within the stack (as 

discussed below), the overall stack V-I performance curve changes very little.  
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Figure 4.3.3. Influence of flow distribution on cell voltage within five-cell stack (with 

average current density = 6666.6A/m2). 
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Figure 4.3.4. Influence of flow distribution on cell voltage within five-cell stack (with 

average current density = 3333.4A/m2). 

 

Hence, the flow distribution did not have a significant impact on the total stack voltage.  

While the highest stack voltage was obtained from a uniform flow distribution, for each 

case the stack voltage differed by no more than 0.85% from the uniform case.  Of greater 

interest, however, is the variation in cell voltage from cell to cell.   

 

The five-cell stack with uniform flow distribution and an average current density of 6667 

A/m2 had cell voltages that varied by 2.8%.  For the case with anode supported 

electrolyte the cell-to-cell voltage variation was found to be 6.6% for an average current 

density of 6667 A/m2. Variations in cell voltages are further increased by changing the 

supply of fuel and oxidizer to the cells in the fuel cell stack.  For the cases with non-

uniform flow distribution in the anode gas channel the cell voltages varied as much as 

12.0% (case F in Figure 4.3.3).  At lower current densities the variation in cell-to-cell 

voltage became smaller, only 3.3% (Compare Figure 4.3.3 with Figure 4.3.4.). 
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Figure 4.3.5. Temperature contours for the base case with average current density = 

6666.6 A/m2. 

 

As mentioned previously, the fuel cell stack geometry is inherently asymmetric.  The 

stack is operating with different cathode and anode mass flow rates causing the heat 

transfer coefficient to vary between gas channels.  The air gas channel has the highest 

mass flow rate and therefore provides the most cooling.  This asymmetry is the dominant 

cause for the asymmetry in the fuel cell stack.  Hence, the top cell does not suffer from 

the presence of a cooling cathode gas channel that a neighboring cell would provide.  

Likewise, the bottom cell does not benefit from the heat that a neighboring cell would 

provide.  The result, as shown in Figure 4.3.5, is that the top cell operates at the highest 

temperature and the bottom cell operates at the lowest temperature.  Each layer (i.e. 

separator plate, cathode gas channel, electrolyte, and anode gas channel) is numbered and 
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for 5 cells results in 21 layers.  (In Figure 4.3.5 each layer is given a uniform thickness 

for presentation.)  The most notable contours are the cool cathode gas channels. 

 

Next case considered an electrolyte supported cell with high oxygen utilization.  For the 

high oxygen utilization case the inlet mass flow rate was .  Similar 

results were obtained with this smaller mass flow rate prescribed at the cathode (see 

Figures 4.3.6 and 4.3.7).  For a current density of 6666.6 A/m

-3
airm =1.09x10  kg/s

2 there was a variation in 

cell voltage of 3.6% between the top cell (cell 4) and the bottom cell (cell 0).  The largest 

cell-to-cell voltage variation was obtained in case C having a 12.0% variation. 
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Figure 4.3.6. Influence of flow distribution on cell voltage within five-cell stack (with 

average current density = 6666.6A/m2). 
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Figure 4.3.7. Influence of flow distribution on cell voltage within five-cell stack (with 

average current density = 3333.4A/m2). 

 

Reducing the current reduced the fuel and oxidizer utilization (see Figure 4.3.1) and 

resulted in smaller voltage variations within the stack.  For the case with average current 

density of 3333.3 A/m2 the largest voltage variation was 3.8% in case F. 

 

Figure 4.3.8 shows the percent change in cell voltage for different current densities due to 

decreasing the air mass flow rate from  to  

resulted in different cell voltages.  The percent change in cell voltage shown was found 

from first normalizing the cell voltage for each case using the highest cell voltage from 

the uniform case. There is a pronounced change at higher current densities.  For the base 

case current density of 6666.6 A/m

-3
airm =5.451x10  kg/s -3

airm =1.09x10  kg/s

2, less than a 5.2% difference in cell voltage resulted.  

Thus it can be shown that the oxygen utilization can have a large influence on the voltage 

variation for cases with high utilization.  Different overall flow rates may result in 

different temperature distributions hence, directly affecting the cell voltage distribution. 
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Figure 4.3.8. Change in cell voltage resulting from increasing Oxygen utilization at 

different current densities. 

 

The operating temperature of the cells in the stack was greatly influenced by ohmic 

heating caused by the resistance of the solid parts of the fuel cell.  Changing the cell 

geometry from electrolyte to anode supported resulted in a change in resistance and thus 

less ohmic heating.  Thus one can see that the cell-to-cell voltage variation is the result of 

a non-linear coupling of flow distribution and cell geometry as well as temperature 

distribution.   
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Figure 4.3.9. Electrolyte temperature for electrolyte and anode supported geometry 

The temperatures observed in this case are unusually high and not typical for a 

SOFC and are referenced here for their value as part of the present case study. 

 

For the electrolyte supported case, the electrolyte temperature varied from 1258K to 

1633K (see Figure 4.3.9).  By changing the model parameters (see Tables 4.2.1&2) to 

simulate an anode supported fuel cell stack, the temperatures were reduced so that a 

maximum of 1567K was obtained.  This was the result of reduced ohmic heating in the 

anode supported geometry. 

 

4.4 Influence of Radiative Heat Transfer on Cell-to-Cell Performance 

 

The stack model was applied to the case of a 5 cell planar SOFC stack.  Figure 4.4.1 

depicts the physical geometry of a single cell (or unit cell) when visualized in a one-
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dimensional sense.  The fuel and oxidizer are introduced to the cell in a coflow 

configuration.  For illustration, in Figure 4.4.1 the stack has been divided in the x-

direction into five computational nodes (denoted by i, and used with finite volume 

analysis to descretize the governing equations) using dashed lines.  The active area of the 

cell is modeled by the computational nodes 1, 2, and 3.  In this study the cell was divided 

in the streamwise direction into 20 computational nodes.  TTop and TBottom are extra 

storage arrays used for communication of temperature between neighboring cells in the 

stack.  In the case of the top and bottom cells these arrays are also used to specify 

ambient temperatures useful for modeling heat transfer to the stack surroundings.  In the 

current study the heat flux from the fuel cell stack to the surroundings is zero, 

representative of a perfectly insulated wall boundary condition on the top and bottom of 

the stack. 

 

The physical geometry of the stack is defined by the length of the cell in the streamwise 

direction, and the thickness of each component.  These dimensions are listed in Table 

4.4.1.  The PEN has a thickness defined by the sum of the thickness of anode electrode, 

electrolyte, and cathode electrode.  In addition to the thickness of electrolyte plate the 

anode and cathode gas channel gap thicknesses must be specified.  For the current study 

an electrolyte supported cell geometry was considered. 
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Figure 4.4.1. Physical geometry of a single cell 

 

Table 4.4.1. Physical dimensions of single fuel cell with Electrolyte support 
(influence of radiative heat transfer) 

SOFC Component [m] 
Cell Length 1.0E-01 

Grid Length, Δx 5.0E-2 
Cell Width, Δz 1.0E00 

Anode Gas Channel Gap, Δy 1.0E-03 
Cathode Gas Channel Gap, Δy 3.0E-03 

Electrolyte Thickness, Δy 1.8E-04 
Anode Electrode Thickness, Δy 5.0E-05 

Cathode Electrode Thickness, Δy 5.0E-05 
Separator Thickness, Δy 2.0E-03 

 

Material properties and model parameters listed in Table 4.4.2 were taken from an earlier 

single cell model (Gemmen, et al., 2000).  The stack is considered to be homogeneous 

with all the cells being constructed with the same physical dimensions and material 

properties.  The inlet and outlet boundary conditions applied to the governing equations 

(continuity, energy conservation, species-mass conservation, and momentum equation) 

and electrochemistry model are specified as model parameters in Table 4.4.2. 
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Table 4.4.2. Material properties and Model Parameters (influence of radiative heat 
transfer) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 20 
Anode Inlet Temperature [K] 1.17E+03 

Anode Inlet Pressure [Pa] 1.01E+05 
Anode Exit Pressure [Pa] 1.01E+05 

H2 Anode Inlet Mole Fraction 9.70E-01 
H2O Anode Inlet Mole Fraction 3.00E-02 
Cathode Inlet Temperature [K] 1.17E+03 

Cathode Inlet Pressure [Pa] 1.01E+05 
Cathode Exit Pressure [Pa] 1.01E+05 

O2 Cathode Inlet Mole Fraction 2.10E-01 
N2 Cathode Inlet Mole Fraction 7.90E-01 

 

A numbering convention was used to identify the cells in a manner similar to levels in a 

building (with cell number increasing in the vertical direction).  The inlet velocities 

prescribed are given in Table 4.4.3.  For the non-uniform case the flow was redistributed 

from cell 0 to cell 1.  These inlet conditions were imposed for both cases with and 

without radiative heat transfer. 

 

Table 4.4.3. Prescribed inlet velocity [m/s] 

 Uniform flow distribution Non-uniform flow dist. 
Cell 

number 
anode Cathode anode Cathode 

4 4.07E-01 1.21E+00 4.07E-01 1.21E+00 
3 4.07E-01 1.21E+00 4.07E-01 1.21E+00 
2 4.07E-01 1.21E+00 4.07E-01 1.21E+00 
1 4.07E-01 1.21E+00 4.88E-01 1.21E+00 
0 4.07E-01 1.21E+00 3.26E-01 1.21E+00 

 

Fuel utilization is of major concern and therefore fuel mass flow rates are generally low 

to insure high H2 utilization. 
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Variations in cell voltage are present as a result of asymmetries in stack geometry and 

flow rate.  In this study steady state solutions are compared for a 5 cell planar SOFC 

stack providing a total current of 600A.  Air was supplied to the cathode gas channel such 

that there was approximately 20% oxygen utilization (Table 4.4.3).  The higher mass 

flow rate resulted in the cathode side of the cell being cooler than the anode side.  This 

resulted in non-uniform temperature distributions throughout the stack (Figure 4.4.2a). 

 

Figures 4.4.2a and 4.4.2b show that the addition of radiative heat transfer improved the 

uniformity of the temperature distribution within the stack (Figure 4.4.2b). Temperature 

is plotted as a function of layer and node. In the vertical direction the temperature is 

known for each layer (component) thus the sharp changes are and artifact of the 

coarseness of the grid. Also it should be noted that the layers actually have different 

heights but in the figure are present with a uniform height. 
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(a) 

 

(b) 

Figure 4.4.2. Temperature contours for uniform flow case (a) without radiative heat 

transfer (b) with radiative heat transfer 

 

The open circuit (or Nernst) voltage and the Ohmic losses are functions of the 

temperature.  Therefore variations in cell voltage are observed when there are 
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temperature variations.  When considering heat transfer only in a purely convective form 

even under uniform flow conditions noticeable variations in cell performance are 

observed (Burt, et al., 2003).  Figure 4.4.3 shows that for the non-radiative case (purely 

convective heat transfer) a variation of 3.6% was obtained.  When radiative heat transfer 

was included the same trend in voltage variation occurred but with a variation of only 

0.4%. 
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Figure 4.4.3. Variation in cell voltage for uniform flow distribution with and without 

radiative heat transfer; In each case the cell voltage is normalized with the highest 

cell voltage. 

 

Even larger variations in cell voltage were observed while performing a parametric study 

on the impact of flow distribution.  It was shown that the greatest voltage variation 

occurred when a 20% of the fuel flow in the bottom cell (cell 0) was directed to the 

neighboring cell (cell 1).  Radiative heat transfer did not decrease the voltage variation 

caused by this non-uniform distribution.  In both this study and the previous study it was 

found that a redistribution of the fuel mass flow rate resulted in up to 12.3% variation in 
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cell voltage (Figure 4.4.4).  This variation mostly results from the mole fraction of H2 in 

Nernst Equation (Eq. 3.1.10).  However the voltage variations resulting from temperature 

distribution were much smaller when radiative heat transfer was included. 
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Figure 4.4.4. Variation in cell voltage for non-uniform flow distribution with and 

without radiative heat transfer; In each case the voltage is normalized with the 

highest voltage. 
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5.0 APPLICATIONS WITH REDUCED ORDER 3-D FC MODEL 

 

5.1 Single Cell Solutions 

 

The Reduced Order 3-D Fuel Cell Model was successfully applied to the three common 

planar fuel cell configurations. The following sections present results from co-flow, 

counter-flow and cross-flow geometries. The case of most interest is the cross-flow 

configuration since this was not previously solvable with the Pseudo 2-D Fuel Cell Stack 

Model. Co-flow and counter-flow results are shown here to demonstrate that the new 

model is still applicable to the completed studies presented in the previous sections. 

 

5.1.1 Co-Flow Results 

 

The first configuration tested with the Reduced Order 3-D Fuel Cell Model was a co-flow 

“button” cell geometry where five fuel channels passed through the fuel cell parallel to 

five air channels. A similar study was previously shown for the Pseudo 2-D Fuel Cell 

Stack Model therefore for brevity only a few figures will be presented here to 

demonstrate the successful operation of the model. 

 

Tables 5.1.1 and 5.1.2 give the dimensions and model parameters used for the co-flow 

case. The grid was uniform in the x- and z- directions, but non-uniform in the vertical y- 

direction. As with the other studies there was a zero heat flux boundary condition applied 
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at all external walls. The cell current was fixed at 0.7A and the voltage and load 

resistance was solved by the electrochemistry model to be 0.475 V and 0.678 Ohms. 

 

Table 5.1.1.  Physical dimensions of “button” cell (co-flow cell) 

SOFC Component [m] 
Cell Length 0.011 
Cell Width  0.011 

Grid Length, Δx 0.001 
Fuel Gas Channel Height, Δy 0.001 
Fuel Gas Channel Width, Δz 0.001 
Air Gas Channel Height, Δy 0.001 
Air Gas Channel Width, Δz 0.001 
Channel Wall Thickness, Δz 0.001 

Electrolyte Thickness, Δy 5.0E-04 
Anode Electrode Thickness, Δy 5.0E-04 

Cathode Electrode Thickness, Δy 5.0E-04 
Separator Thickness, Δy 0.001 

 

 

Table 5.1.2.  Material properties and model parameters (co-flow cell) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 11 
Anode Inlet Temperature [K] 1173 

Anode Inlet Pressure [Pa] 1.01E+05 
H2 Anode Inlet Mass Fraction 9.0E-01 

H2O Anode Inlet Mass Fraction 1.0E-01 
Cathode Inlet Temperature [K] 1150 

Cathode Inlet Pressure [Pa] 1.01E+05 
O2 Cathode Inlet Mole Fraction 0.233 
N2 Cathode Inlet Mole Fraction 0.767 

Contact + Separator Resistance 2Ω/cm⎡ ⎤⎣ ⎦  1.0E-01 

Limiting Current Density [A/m2] 4.0E+03 
Exchange Current Density[A/m2] 5.5E+03 

Heat Transfer Coefficient for Air Channel [W/m2-K] 268.8 
Heat Transfer Coefficient for fuel Channel [W/m2-K] 1020.0 
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Figure 5.1.1 depicts the current density in the PEN along the streamwise direction 

between the center air and fuel gas channels. The square symbols indicate the current 

density calculated using the Electrochemistry Model (ECM). The solid line represents the 

averaged current density used along the anode electrode. This case is different than what 

is later shown for the cross-flow configuration in that the grid which was used by the 

ECM is the same as the grid used by the rest of the fuel cell model. Therefore the current 

densities calculated by the ECM directly correlate to the anode. Whereas for the cross-

flow case a coarse grid was used for the ECM which required the current density be 

redistributed on the fine fuel cell grid. This is shown later in section 5.1.3. 

 

 

Figure 5.1.1. Current density versus streamwise direction calculated by ECM 

(square symbols) and distributed anode current (solid line) 

Figure 5.1.2 shows the calculated temperature contours for the co-flow case. As expected 

the temperature increases relatively uniformly in the streamwise direction which is from 

left to right. The five regions of higher temperature are located between the air and fuel 

channels hence are the regions that correspond to higher thermal activity. 
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Figure 5.1.2. Steady-state temperature contours in PEN of 5 channel co-flow fuel 

cell (flow is from left to right) 

 

5.1.2 Counter-Flow Results 

 

In order to fully demonstrate the versatility of the Reduced Order 3-D Fuel Cell Model it 

is necessary to show a case where a counter-flow configuration is solved. The geometry 

is described in Table 5.1.3. It should be noted that this geometry is different from the co-

flow case in that the gas channels were 0.002 m by 0.002 m. The cell itself was increased 

by 0.005 m to accommodate this increase in channel width. For this study the current was 

fixed at 0.512 A and the voltage and resistance was solved by the electrochemistry model 

to be 0.167 V and 0.326 Ohms. 
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Table 5.1.3.  Physical dimensions of “button” cell (counter-flow cell) 

SOFC Component [m] 
Cell Length 0.016 
Cell Width  0.016 

Grid Length, Δx 0.001 
Fuel Gas Channel Height, Δy 0.002 
Fuel Gas Channel Width, Δz 0.002 
Air Gas Channel Height, Δy 0.002 
Air Gas Channel Width, Δz 0.002 
Channel Wall Thickness, Δz 0.001 

Electrolyte Thickness, Δy 5.0E-04 
Anode Electrode Thickness, Δy 5.0E-04 

Cathode Electrode Thickness, Δy 5.0E-04 
Separator Thickness, Δy 0.001 

 

Table 5.1.4.  Material properties and model parameters (counter-flow cell) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 11 
Anode Inlet Temperature [K] 1150 

Anode Inlet Pressure [Pa] 1.01E+05 
H2 Anode Inlet Mass Fraction 9.0E-01 

H2O Anode Inlet Mass Fraction 1.0E-01 
Cathode Inlet Temperature [K] 1150 

Cathode Inlet Pressure [Pa] 1.01E+05 
O2 Cathode Inlet Mole Fraction 0.233 
N2 Cathode Inlet Mole Fraction 0.767 

Contact + Separator Resistance 2Ω/cm⎡ ⎤⎣ ⎦  1.0E-01 
Limiting Current Density [A/m2] 4.0E+03 
Exchange Current Density[A/m2] 5.5E+03 

Heat Transfer Coefficient for Air Channel [W/m2-K] 268.8 
Heat Transfer Coefficient for fuel Channel [W/m2-K] 1020.0 

 

Figure 5.1.3 depicts the current density in the electrolyte along the center channel of the 5 

channel counter-flow SOFC. For the counter-flow the fuel flows from right to left unlike 

previously shown in the co-flow case. Thus it can be seen that the current density 

decreases in the flow direction from right to left. 
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Figure 5.1.3. Current density versus streamwise direction for along center channel 

of counter-flow case (fuel flow is right to left). 

Figure 5.1.4 shows the variation of the mass fraction of the H2 and H2O species in the 

center fuel channel. The trend follows the typical behavior in that the mass of H2 is 

depleted and H2O produced along direction of flow. 

 

Figure 5.1.4. Variation of H2 (solid line) and H2O (dashed line) mass fraction along 

the center fuel channel for counter-flow case (Fuel flow is right to left) 

 91



Figure 5.1.5 presents the temperature contours for the PEN in the counter-flow case. As 

expected there is a region of highest temperature located about 1/3 of the way along the 

flow. 

 

Figure 5.1.5. PEN temperature contours for counter-flow case (fuel flows right to 

left and air flows from left to right). 

 

 

5.1.3 Cross-Flow Results 

 

Although the inclusion of the radiative heat transfer reduces cell-to-cell voltage 

variations, significant variations are still present due to distribution of fuel and oxidizer 

resulting from flow within the cell or stack. Cross-flow configurations can be preferred 

for simplicity of the air and fuel manifolds. However cross-flow fuel cells exhibit 

complex temperature distributions due to the orientation of the channels and their affect 

on heat convection. 
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The same geometry and model parameters were used for both a higher and lower 

utilization case. Table 5.1.5 gives the dimension of the cell. Note that the geometry was 

the same for the counter-flow case except the air channels were rotated 90 degrees. For 

the cross-flow, lower utilization case the load resistance was fixed at 0.5 Ohms and the 

voltage and current was solved by the electrochemistry model to be 0.272 V and 0.544 A. 

The higher utilization case had a fixed total current of 0.512 A and the voltage and load 

resistance were solved by the electrochemistry to be 0.251 V and 0.490 Ohms. 

 

Table 5.1.5.  Physical dimensions of “button” cell (cross-flow cell) 

SOFC Component [m] 
Cell Length 0.016 
Cell Width  0.016 

Grid Length, Δx for fuel, Δz for air 0.001 
Fuel Gas Channel Height, Δy 0.002 
Fuel Gas Channel Width, Δz 0.002 
Air Gas Channel Height, Δy 0.002 
Air Gas Channel Width, Δx 0.002 
Channel Wall Thickness, Δz 
between fuel, Δz between air 

0.001 

Electrolyte Thickness, Δy 5.0E-04 
Anode Electrode Thickness, Δy 5.0E-04 

Cathode Electrode Thickness, Δy 5.0E-04 
Separator Thickness, Δy 0.001 

 

Table 5.1.6 gives the material properties and model parameters used for the cross-flow 

cases. The lower utilization case used a total inlet mass flow rate of 1x10-5 kg/s for the 

air channels and 1x10-7 kg/s for the fuel channels.  For the higher utilization case the 

inlet mass flow rates were reduced by 1/5. 
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Table 5.1.6.  Material properties and model parameters (cross-flow cell) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 11 
Anode Inlet Temperature [K] 1150 

Anode Inlet Pressure [Pa] 1.01E+05 
H2 Anode Inlet Mass Fraction 9.0E-01 

H2O Anode Inlet Mass Fraction 1.0E-01 
Cathode Inlet Temperature [K] 1150 

Cathode Inlet Pressure [Pa] 1.01E+05 
O2 Cathode Inlet Mole Fraction 0.233 
N2 Cathode Inlet Mole Fraction 0.767 

Contact + Separator Resistance 2Ω/cm⎡ ⎤⎣ ⎦  1.0E-01 

Limiting Current Density [A/m2] 4.0E+03 
Exchange Current Density[A/m2] 5.5E+03 

Heat Transfer Coefficient for Air Channel [W/m2-K] 268.8 
Heat Transfer Coefficient for fuel Channel [W/m2-K] 1020.0 

 

 

Case 1: Lower H2 Utilization 

 

The Reduced Order 3-D Fuel Cell Model was then applied to a 5 channel cross-flow 

electrolyte supported SOFC button cell. The steady state solution is presented in this 

section with discussion. Fuel gas was 0.9 mass fraction hydrogen and 0.1 mass fraction 

water and was introduced at a mass flow rate of 2.0x10-8 kg/s per channel. The air gas 

had an oxygen mass fraction of 0.233 with the remainder being nitrogen and was 

introduced at a mass flow rate of 2.0x10-6 kg/s per channel. The fuel and air inlet 

temperature was 1150.0 K. The total current of 0.544 A resulted in a hydrogen utilization 

of 6.28%. This is very low fuel utilization and resulted in only minor heating of the cell 

(temperatures at the center of the cell increased by 2.25 K). 
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Figures 5.1.6-14 show results obtained with the Modified Lump Model simulating a 5 

channel cross-flow SOFC. The temperature contours observed are compared with 

temperature contours predicted by Achenbach (1994). Results are found to be consistent. 

 

Figure 5.1.6 shows the convergence of the temperature to steady state by considering the 

variation of 3 points located in the center of the fuel cell with time. The three points are 

located in the fuel channel, PEN, and air channel at the center of the 5 cell cross-flow 

cell. The thermal response time of the cell is much longer then the response of other 

phenomena occurring in the cell thus it is used to identify whether the cell has reached 

steady state. 
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Figure 5.1.6. Temperature at 3 points along line passing through center of cell 
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Figure 5.1.7 introduces the current density along the center fuel channel calculate by the 

Electrochemistry Model (ECM) as square symbols and the distributed anode current 

density as a solid line. The ECM was used to determine the electric potential and current 

density at locations where fuel and air channels cross. As expected the current density 

(square symbols) decreases in the streamwise direction attributed mostly to changes 

species concentration as hydrogen is depleted and water introduced. Due to diffusion of 

oxygen ions in the electrolyte and the porosity of the electrodes it is necessary to 

distribute the current along the fuel and air channels. The current density estimated by the 

ECM predicts the total flux of oxygen ions that pass from air to fuel channel across a 

coarse grid which encompasses more then just the PEN control volume located between 

the air and fuel channel. This flux (represented as a current) is therefore distributed based 

area ratios as explained in Section 3.8.3. 

 

 

Figure 5.1.7. Current density calculated by ECM (square symbols) at points where 

channels cross and current density distributed along fuel channel (solid line). 
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Figure 5.1.8 depicts the mass fractions of hydrogen and water in the streamwise direction. 

As a result of the current density predicted in Figure 5.1.7 the hydrogen is consumed and 

water is introduced to the fuel channel. Thus the mass fraction of hydrogen decreases in 

the streamwise direction while the water mass fraction increases. The sum of the mass 

fractions of the species in the fuel channel by definition is unity. This is indeed the case 

in the figure confirming that mass balance is achieved. 

 

Figure 5.1.9 elucidates on the changes in density as a result of the increase in water 

(steam) mass in the fuel channel. It is reasonable given the difference in molecular weight 

of hydrogen versus water that with the introduction of water the density would 

significantly increase and this trend is observed in the figure. 

 

Figure 5.1.10 shows the increase in temperature of the center fuel channel while 

traversing the cell in the direction of fuel flow and the temperature in the neighboring 

PEN. Due to temperature difference between fuel channel and neighboring solid regions 

the fluid temperature increases. This mass is transported by the flow in the channel 

downstream where more heat is added. This process results in the temperature profile 

observed in Figure 5.1.10. The temperature changes in the PEN show a stair case pattern 

as a result of the influence of the neighboring air channel which traverse the cross-flow 

cell perpendicular to the fuel channels. 
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Figure 5.1.8. H2 (solid line) and H2O (dashed line) mass fraction along center fuel 

channel 

 

 

Figure 5.1.9. Density along center fuel channel 
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Figure 5.1.10. Temperature profile along center fuel channel (solid line) with 

temperature of neighboring PEN (dashed line) 

 

Figures 5.1.11 and 5.1.12 show temperature contours for the PEN (Positive electrode 

Electrolyte Negative electrode) assembly obtained with the Modified Lump Model and 

presented by Achenbach (2004). Nonuniform temperature distributions are observed in 

the PEN due to influence of the air and fuel gas channels. The gas channels which flow 

from left to right (fuel) and bottom to top (air) result in thermal gradients where the 

greatest temperatures are observed to be near the outlet of the fuel gas channels. These 

trends have been observed in the literature (Stevenson et al., 2003, Zitney et al., 2004, 

and Cheng et al., 2004). Recknagle et al. (2003) showed that the region of highest 

temperature might appear near the anode inlet or outlet depending on whether a high or 

low fuel flow rate is prescribed. 
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Figure 5.1.11. Temperature contours in the PEN (fuel flows from left to right and 

air flows from bottom to top) 

 

Figure 5.1.12. Temperature contours for cross-flow fuel cell with internal methane 

reforming (Achenbach, 1994) 
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Figures 5.1.13 and 5.1.14 depict temperature contours in the air and fuel gas channels. 

The minimal temperature locations, shown as dark regions on the left or bottom of the 

figure, correspond to the air and fuel inlets. The contour lines show that the air channels 

to have a more significant impact on the cooling of the cell. This was expected since 

excess air is being used to cool the cell. 

 

 

Figure 5.1.13. Temperature contours in a plane passing through the center of the air 

gas channels (air flow from bottom to top) 
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Figure 5.1.14. Temperature contours in a plane passing through the center of the 

fuel gas channels (fuel flow from left to right) 

 

These results demonstrate that the Reduced Order 3-D Fuel Cell Model can successfully 

simulate cross-flow configurations. The predicted results are similar in trend to cross-

flow seen in the literature. 

 

Mass and Energy Balance 

 

Balance checks were performed on the single cell cross-flow case to insure conservation 

of mass and energy in the cell. The difference between the total mass flow rate into the 

cell and the total mass flow rate leaving the cell was found to be 1.67x10-12 kg/s which is 

close to machine accuracy. For the energy balance, because the outer walls of the cell are 

insulated (heat flux of zero) the difference between the total rate of energy entering the 

system and the total rate of energy leaving the system plus the electric work was found to 
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be 3.39x10-4 kJ/s. Although this is not as small as mass it represents an relative error in 

the total rate of energy leaving the system of about 3%. This is a transient run and 

although the case is deemed to be close to steady state this could also represent the small 

change of total energy in the system. 

 

Case 2: Higher H2 Utilization 

 

To simulate a cross-flow cell operating at higher H2 utilization the flow rates used in the 

low utilization case were divided by 5. For this case the total current was fixed at 0.512 A 

which resulted in 29.50% H2 utilization. It should be noted that this is still a relatively 

low H2 utilization case. 

 

Figure 5.1.15 shows the variation of the anode current density along the axial direction of 

the center fuel channel with the current density calculated by the ECM represented by 

square symbols. In this case the mass flow rate was decreased while maintaining the 

same total current and geometry as used in the lower utilization case. Therefore, the 

current density remains the same in Figures 5.1.15 and 5.1.17.  

 

Figure 5.1.16 presents the variation of the mass fraction of H2 and H2O along the center 

fuel channel in the streamwise direction. It can be readily seen that the H2 is consumed 

and H2O is being produced. The mass fractions at the outlet are typical for a fuel cell 

operating under high H2 utilization. 
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Figure 5.1.15. Current density calculated by ECM (square symbols at points where 

channels cross and current density distributed along fuel channel (solid line) for 

higher H2 utilization case. 

 

Figure 5.1.16. Variation of H2 (solid) and H2O (dashed) mass fraction along center 

fuel channel for higher utilization case. 
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Figure 5.1.17 shows the temperature distribution in the PEN for the high utilization case. 

The previous case (Figure 5.1.11) showed that for low utilization (high fuel flow rate 

compared to fuel consumption) the region of highest temperature for the cross-flow 

configuration was located near the outlet of the fuel gas channel. A similar trend was 

observed here.  

 

Recknagle et al. (2003) found that for the case of high utilization (slower fuel flow rate 

relative to fuel consumption) this high temperature region shifts closer to the fuel inlet. 

However in this study the higher utilization (29.50%) was still too low to capture this 

trend. And the results were found to be similar to the lower H2 utilization case.  

 

 

Figure 5.1.17. Temperature contours in the PEN (fuel flows from left to right and 

air flows from bottom to top) for higher utilization case. 
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Comparison of Figures 5.1.18 and 5.1.19 with the same temperature contours observed 

for the lower utilization case show that for the higher utilization case the temperatures are 

higher. This is as expected due to the increased heat generation. All the trends appear to 

be the same. 

 

 

Figure 5.1.18. Temperature contours for fuel channels (fuel flow is left to right) for 

higher utilization case 
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Figure 5.1.19. Temperature contours in air channel (air flow is bottom to top) 

 

Efficiency of Co-Flow, Counter-Flow, and Cross-Flow cells 

 

The co-flow, counter-flow, and cross-flow cases presented here were not chosen for 

direct comparison but to show that the Reduced Order 3-D Fuel Cell Model was capable 

of studying the common planar geometries. Due to differences in the selected cases direct 

comparison of the efficiencies should not be made. 

 

The free-energy efficiencies were calculated in the same manner as described in Section 

4.2 and found to be 41.97%, 10.75%, and 53.88% for the co-flow, counter-flow, and 

cross-flow (low H2 utilization) cases, respectively. The cross-flow efficiency calculated 

was found to be within the range typical for SOFC efficiencies of 50%-80% (Blomen and 

Mugerwa, 1993). However for both the co-flow and counter-flow case the efficiency was 

found to be low.  
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The low efficiency observed for the counter-flow case was the result of having a low cell 

voltage of 0.166826V due to the large concentration overpotential. This resulted in a low 

power production relative to the power potential of the fuel consumed and a relatively 

bad efficiency. 

 

 

5.2 Four-Cell Stack simulation 

 

The Reduced Order 3-D Fuel Cell Stack Model was developed in order to study cross-

flow planar fuel cell stacks and in this section results from a 4 cell stack are presented. 

Previously cross-flow geometries were not solvable with the Psuedo 2-D Fuel Cell Stack 

Model due to the inherent 3-D nature of the cross-flow geometry. Section 5.1 presented 

some single cell solutions based on the “button” cell geometry. This same geometry is 

solved here as part of a 4 cell cross-flow button cell stack. 

 

The exact same procedure was used to parallelize the Reduced Order 3-D Fuel Cell 

Model as was previously demonstrated with the Psuedo 2-D Fuel Cell Stack Model. 

Domain decomposition was used such that each cell was solved separately as an 

individual process. MPI communication was used to pass appropriate boundary 

conditions between cells.  
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The parallel version require significantly more cpu time than the single cell model. 

Typically the single cell run would complete 1000s of simulation in approximately 5 

days. The 4 cell stack required about 18 days to complete. This loss in speed is attributed 

to be due to both extra overhead and inter-process communication required to assign the 

communicated data correctly. 

 

Table 5.2.1 gives the dimensions of the cross-flow geometry. Each cell in the stack was 

identical in geometry, material properties, and model parameters. The inlet mass flow 

rate for each air and fuel channel was 2x10-6 and 2x10-8 kg/s, respectively. This 

corresponds to the lower utilization cross-flow cell presented in the previous section.  

 

Table 5.2.1.  Physical dimensions of “button” cell (4 cell cross-flow stack) 

SOFC Component [m] 
Cell Length 0.016 
Cell Width  0.016 

Grid Length, Δx for fuel, Δz for air 0.001 
Fuel Gas Channel Height, Δy 0.002 
Fuel Gas Channel Width, Δz 0.002 
Air Gas Channel Height, Δy 0.002 
Air Gas Channel Width, Δx 0.002 
Channel Wall Thickness, Δz 
between fuel, Δz between air 

0.001 

Electrolyte Thickness, Δy 5.0E-04 
Anode Electrode Thickness, Δy 5.0E-04 

Cathode Electrode Thickness, Δy 5.0E-04 
Separator Thickness, Δy 0.001 
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Table 5.2.2.  Material properties and model parameters (4 cell cross-flow stack) 

Cell Heat Capacity [J/kg-K] 8.00E+02 
Cell Density [kg/m3] 1.50E+03 

Separator Heat Capacity [J/kg-K] 4.00E+02 
Separator Density [kg/m3] 8.00E+03 

No. Axial Nodes 11 
Anode Inlet Temperature [K] 1150 

Anode Inlet Pressure [Pa] 1.01E+05 
H2 Anode Inlet Mass Fraction 9.0E-01 

H2O Anode Inlet Mass Fraction 1.0E-01 
Cathode Inlet Temperature [K] 1150 

Cathode Inlet Pressure [Pa] 1.01E+05 
O2 Cathode Inlet Mole Fraction 0.233 
N2 Cathode Inlet Mole Fraction 0.767 

Contact + Separator Resistance 2Ω/cm⎡ ⎤⎣ ⎦  1.0E-01 

Limiting Current Density [A/m2] 4.0E+03 
Exchange Current Density[A/m2] 5.5E+03 

Heat Transfer Coefficient for Air Channel [W/m2-K] 268.8 
Heat Transfer Coefficient for fuel Channel [W/m2-K] 1020.0 

 

Table 5.2.3 shows the cell voltage and resistance calculated by the ECM for each cell in 

the 4 cell stack at steady state conditions. The total current was prescribed to be 0.512 A. 

This is a requirement of all cells located in series in a stack and therefore was enforced 

here. From the table it can be seen that the under these conditions the model has the 

highest cell voltage in the bottom cell and the lowest cell voltage was found in the top 

cell. Although these differences in cell voltage are very small. A similar trend was 

observed in the Pseudo 2-D Fuel Cell Stack Model in the case with lower utilizations. 

 

Table 5.2.3. Cell Voltage and Resistance for 4 cell stack at steady state. 

Cell number Cell Voltage [V] Resistance [Ohms] 
3 0.319196 0.623429 
2 0.319242 0.623519 
1 0.319299 0.623631 
0 0.319356 0.623742 
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Figure 5.2.1 shows the convergence of the temperature in the PEN of the top and bottom 

cell of the 4 cell stack. The temperature in all of the solid regions of the cell along the 

center line (perpendicular to the gas channels) was found to be approximately the same. 

Therefore the temperature is shown for just the top and bottom cells. The solid black and 

grey lines in Figure 5.2.1 represent the temperature of the top and bottom cells, 

respectively.  
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Figure 5.2.1. Temperature variation with time for center location of PEN in the top 

and bottom cell 

 

Figure 5.2.2 shows the temperature profile along the vertical center line of the 4 cell 

cross-flow stack. From the figure it can be seen that the temperatures of the different 
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components appear to be behaving approximately the same. This may be the result the 

conduction in the solids which surrounds the channels and radiation from the PEN and 

the sides of the channels to the interconnect which would all help the interconnect to 

reach a temperature closer to that of the PEN. In the previous co-flow stack results 

obtained with the Pseudo 2-D Fuel Cell Stack Model (see Figure 4.2.3a) the temperatures 

of the interconnect, PEN, and fuel gas channels where in relatively close agreement and 

the air channel temperatures had the lowest values. Also in that previous case there was 

an overall increase in cell temperature as you moved from the bottom to top cell. Of 

course these cases are significantly different in that in this case we are simulating a cross-

flow button cell operating at a much lower temperature (around 1152 K) and lower power 

(0.52 W) 
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Figure 5.2.2. Temperature profile along the center of the 4 cell cross-flow stack 

 112



Figure 5.2.3 shows the temperature contours of the PEN for each of the 4 cells in the 

cross-flow stack. It can be seen that there are minor differences in the temperature 

contours. In general there is a slight increase in the overall temperature from the top to 

the bottom cell. Most notable is the increase in area of the region of highest temperature 

located near the outlet of the air and fuel channels. 

 

a) cell 3 (top cell)   b) cell 2 

 

  c) cell 1    d) cell 0 (bottom cell) 
Figure 5.2.3. PEN Temperature counters for each cell in the 4 cell cross-flow stack 

(fuel flows left to right and air flows from bottom to top) 
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6.0 CONCLUSIONS AND FUTURE RECOMMENDATIONS 

6.1 Conclusions 

 

Two reduced order models (ROMs), the Psuedo 2-D Stack Model and the Reduced Order 

3-D Stack Model, were developed in order to study SOFC stacks containing the common 

planar configurations of co-flow, counter-flow, and cross-flow. The Psuedo 2-D Stack 

Model was developed by extending the basic 1-D single SOFC model of Gemmen et al. 

(2000). The Reduced Order 3-D Stack Model was developed to be a more general solver 

capable of handling the cross-flow geometries which the Psuedo 2-D Stack Model could 

not. Further, a parallelization paradigm was developed and implemented in both models 

which used domain decomposition to allow the solution of fuel cell stacks by simulating 

a single cell on an individual processor in a Beowulf computer cluster or multi-processor 

machine. Parallelization reduced the memory space and computational effort required by 

each processor to simulate large fuel-cell stacks. 

 

The influence of stack size on individual cell performance for stacks as large as 40 cells 

was studied. This was the first study to model a 40 cell stack in a reasonable period of 

time (14 days of calculations on a 40 processor heavily shared cluster using a transient 

solver to model 1000 seconds of simulation to reach steady state). A similar sized stack 

would take significantly longer to solve using a full 3-D CFD solver. The FLUENT 

SOFC model takes approximately 3 hours to solve a 32 cell stack (almost a million nodes 
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on a 2.8 GHz Pentium 4) using a steady state solver (Prinkey, 2005). It is believed that a 

1000s transient solution would take significantly longer than 14 days. It was observed 

that as stack size increased the temperature gradients in the stack changed from a linear to 

non-linear profile. This non-linear profile was first published by the author (Burt et al, 

2004a and Burt et al., 2004b) during the process of this study and confirmed by Lin et al. 

(2003). It was found that for uniform flow distributions the cells in the center of the stack 

tend to operate at nearly the same temperatures. 

 

The influence of non-uniform flow distribution on cell-to-cell performance variations 

within a stack was studied and found to be significant. No literature was found where 

non-uniform flow distribution within a fuel cell stack was studied. The stack models 

developed as part of this study allowed for the variation of fuel and air mass flow rates to 

be studied and the impact of mal-distribution determined. The highest cell-to-cell voltage 

variation was observed when fuel was redistributed between the bottom and neighboring 

cell. 

 

As part of this work the influence of radiation between the solid parts of the fuel cell was 

also considered. The literature was unclear on the importance of including this mode of 

heat transfer. Some authors included radiation and others did not. This study was the first 

to include this radiation influence in a SOFC stack model. It was found that the 

temperature gradients at the top and bottom of the cell were reduced when radiation 

effects were included. Thus it is recommended that radiation not be neglected in SOFC 

models.  
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Improved view factors were calculated to increase the accuracy of the existing radiation 

model used in the1-D single SOFC model of Gemmen et al. (2000) which the stack 

models of this study were based. The new view factors were calculated based on Hottel’s 

“string rule” which was originally intended for 2-D geometries. These new view factors 

were included in the Reduced Order 3-D Fuel Cell Model. 

 

A Multi-Component Multi-Physics (MCMP) paradigm and implementation was 

developed as part of this study and was not previously seen in the literature. Many 

engineering problems involve more than one component type in which different models 

must be solved. The MCMP scheme introduces a method/programming structure for 

linking multiple models/solvers to multiple components. This creates a generic platform 

which the user can use to create a domain composed of user defined components and 

solved by user defined models. In this study the Reduced Order 3-D Fuel Cell Model was 

developed based on the MCMP scheme. 

 

The results obtained in this study for the co-flow, counter-flow, and cross-flow cases are 

difficult to validate with experiments. The electrochemistry model itself is based on 

empirical formulation from experiments. And with the lack of detailed measurements of 

the internal workings of an actual SOFC stack it is very difficult to determine the 

accuracy of these results using experimental results. Therefore the cases in this study 

were compared with other numerical results published in the literature and found to have 
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the same trends. Further consistency checks were made to ensure that the overall mass 

and energy balances were satisfied. 

 

 

6.2 Recommendations 

 

The main incentive for developing ROM fuel cell stack models is to reduce 

computational turn around time while retaining reasonable accuracy. This study was 

based solely on 1st order explicit numerical techniques. This resulted in very small time 

steps. For the Reduced Order 3-D Fuel Cell Model a time step of 5e-5s was used in order 

to maintain stability. A future direction would be to solve the system of governing 

equations implicitly thus the solution would not be as sensitive to Courant number and 

could allow for larger time steps. 

 

The Reduced Order 3-D Fuel Cell Model could be further improved to allow for the 

solution on finer grids. The current electrochemistry model was implemented to allow for 

gas channels and channel walls that are only one control volume high and wide with 

multiple control volumes along the direction of flow. Some improvements in the 

implementation can be made to allow for multiple solid control volumes between gas 

channels. 

 

Most applications for fuel cells require repeated start-up and cycling of the fuel cell. 

However, this study focused on steady-state solutions. There are several studies that 
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could be performed to consider transient behaviors. Especially interesting would be 

studies on material fatigue or failures resulting from mismatched thermal expansion 

coefficients. The time required for start-up is very important for design engineers which 

if too long can make SOFC not a viable solution for some applications. Generally, during 

start-up fuel cells are heated using a combustor and once sufficiently high temperatures 

are reached the electrolyte can begin to conduct ions and the normal operation of the fuel 

cell begins. In this study the fuel cell simulations started from a pre-heated state, but 

start-up simulations could be an interesting route of research.  

 

The fuel cell models could be extended to allow for the simulation of more than hydrogen 

fuel. Many models in the literature consider methane and other hydrocarbon fuels. These 

were not considered in this study. The behavior of fuel cells under different types of fuel 

is of great interest to the fuel cell community. There is considerable literature on fuel 

cells with direct or indirect methane reforming. Coal syngas can be challenging due to the 

composition of the fuel which in general can be termed as “dirty.” Impurities can result in 

material degradation and failure. Carbon deposition and sulfur poisoning are challenging 

problems that warrant further investigation. 
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APPENDIX A: Counter-flow single-cell results 

 

Figures A.1 and A.2 depict some results obtained from the single cell counter-flow 

model.  These results were obtained using a coarse grid of 5 computational volumes.  

Nodes 1-3 depict the active area of the fuel cell.  These figures are for t=2s and are not 

considered to be a steady state solution.  For the fuel gas channel (Figure 3.7.1) the gas 

flow is from left to right.  The mass flowrate of H2 in this case was relatively small with 

respect to the specified total current, therefore the H2 utilization is approximately 100% 

and the H2 fuel is immediately consumed as it enters the active region of the fuel cell.  

Figure A.2 shows the concentration of O2 in the cathode gas channel where the flow is 

from right to left.  Here it can be seen that the concentration of O2 remains constant until 

reaching the control volume corresponding to the first volume in the anode gas channel.  

At this point O2 is consumed corresponding to the consumption of H2 in the anode gas 

channel.  This simple case is therefore physically reasonable for the counter-flow 

geometry. 
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Figure A.1. Concentration of H2 in the anode gas channel vs. location for single 

counter-flow cell descritized with 5 computational volumes. 
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Figure A.2. Concentration of O2 in the cathode gas channel vs. location for single 

counter-flow cell descritized with 5 computational volumes. 
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Figure A.3 and A.4 depict concentrations of H2 and O2 obtained from the counter-flow 

model for a case where the H2 utilization is 87%.  It can be seen in Figure A.3 that the H2 

concentration decreases over the entire active region of the fuel cell from computational 

node 1-3 as the gas flows from left to right.  The O2 in Figure A.4 follows a similar trend 

as the gas flows from right to left.  H2 and O2 concentrations remain constant outside of 

the active region where there is no chemical reaction or transport of O-- from the cathode 

gas channel.  Again these results are at t = 2s and do not necessarily depict the steady 

state solution for this case. 
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Figure A.3. Concentration of H2 in the anode gas channel vs. location for single 

counter-flow cell descritized with 5 computational volumes. 
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Figure A.4. Concentration of O2 in the cathode gas channel vs. location for single 

counter-flow cell descritized with 5 computational volumes. 

 

These results predicted concentration profiles that are consistent for a counter-flow 

SOFC.  

 

 128



 

APPENDIX B: Numerical Method used for the Reduced Order 3-D 

Fuel Cell Model 

 

The total internal energy can be found from the energy equation 
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where, after neglecting potential energy, the total internal energy can be found from the 

absolute enthalpy 
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The net heat flux in can be found from a summation of the different fluxes calculated for 

each mode of heat transfer (conduction, convection, etc.). 
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Mass fraction for species s=1..ns-1 can be found from species transport equation 
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the mass fraction for species ns can be found from definition of mass fraction 
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The molar species concentration, X, can be found from 
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The partial pressures for each species can then be found from the mole fraction and total 
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The gas constant for the mixture can be found from 
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The exit velocity can be found from Mass Conservation Equation 
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The pressure drop can be calculated from the Conservation of Momentum Equation 
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APPENDIX C: Cross-Flow Implementation based on MCMP scheme 

 

To accomplish the solution of the cross-flow problem, it's been decided to implement the 

so-called Multi-Component Multi-Physics (MCMP) scheme. In this approach the domain 

is split into control-volumes of variable sizes. Each control volume can implement it's 

own balance equation. This is done by introducing multiple components and associated 

physical models and assigning a model-tag for every control volume. The components are 

implemented in a Component-class, and its sub-classes, where each sub-class implements 

a particular component with a particular model. It is similar to the approach used in 

MulPhys simulation system (see mulphys.com).  

 

Geometry definition 

 

A volume pixel (voxel) approach was used whereby a pixel is used to represent a discrete 

volume and has a specific component type. These voxel are also known as elements. The 

collection of the control volumes (CVs) is contained inside geometry class Geom, which 

in a simplified form can be implemented as:  

 

struct Geom 
{ 
 int ncvs; 
 CV *cvs; 
 Geom(char *filename); 
 ~Geom(); 
}; 
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Where ncvs is the number of CVs and cvs is the array of all the control volumes 

retrieved from the underlying voxel-grid supplied by the GUI. Each control volume 

contains the information on its type, number of faces, array of area vectors for all faces, 

array of all local variables relevant to the model of this type, array of pointers to neighbor 

control volumes, and methods within its class:  

 

class CV 
{ 
 int   type,nfaces; 
 double 
  *areas, //area[i*DIM+j]: j-th component of the area vector 
  // of the i-th face 
  *var;   // array of variables 
  CV **neibs; //pointers to the neighbors 
  CV(int nfaces); 
  ~CV(); 
}; 
 

In an alternative implementation the area vectors can be retrieved from the separately 

stored list of all faces, in which case the Face-class and pointers to the faces should be 

introduced into the CV class. 

 

The extraction of control-volumes from the voxel grid is realized through a special CV-

segmentation algorithm.  

 

 

 

 

 133



Model definition 

 

Model is a combination of variables and methods (algorithms) to update them. Each 

component can have its own set of variables and methods, and is realized as a separate 

sub-class of Component-class. For example, for a planar fuel-cell design, the list of 

components can be given in terms of enumerative variable names:  

 

enum CompTypes 
{ 
 ghost=0, 
 Ambient, 
 TopPlate, 
 BottomPlate, 
 Seal, 
 Inlet, 
 Outlet, 
 Interconnect, 
 AirChannel, 
 FuelChannel, 
 typePEN, 
 maxNoComps 
}; 
 

The component class contains specification of component type, number of control 

volumes ncvs, which belong to this component, and the array of pointers pointing to the 

respective control-volumes, cvs:  

 

class Component 
{ 
 int type, ncvs; 
 CV **cvs;  //array of pointers to control volumes 
 Component(Geom *g, int type); 
 ~Component(); 
}; 
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The constructor of the class requires access to geometry, which is supplied by the GUI in 

form of a control-volume grid. It performs a scan of the CV-grid and constructs the 

pointer array to the control volumes which belong to its type.  

 

Since components, like PEN or air-channel can be represented by different models, each 

particular component is implemented as a child of the Component class, with variable 

names related to its model encapsulated inside the class:  

 

struct PEN:Component 
{ 
 enum 
 { 
  temperature, 
  current, 
  current1, 
  current2, 
  maxvars 
 }; 
 PEN(Geom *geom); 
 ~PEN(); 
 double Update(); 
}; 
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struct AirChannel:Component 
{ 
 enum 
 { 
  temperature, 
  pressure, 
  velocity, 
  velocity1, 
  velicity2, 
  maxvars 
 }; 
 AirChannel(Geom *g); 
 ~AirChannel(); 
 double Update(); 
}; 
 

The Update function realizes the solution procedure, whereby fluxes through the CV 

faces are computed for specific variables and then the balance equation is solved. The 

Update function returns a residual, or the miss-balance, which then can be used in a 

global solution loop.  

 

Here is a simple example of geometry loading, component initializing and solving 

sequence for two components: PEN and AirChannel:  

 

Geom geom("geom.dat"); 
PEN pen(&geom); 
AirChannel air(&geom); 
double error=0.0; 
do 
{ 
 error=pen.Update()+air.Update(); 
}  while (error>minerror); 
 

This approach will enable to run a multi-dimensional control-volume based simulation 

using different physical models in different parts of space. For instance, computation 
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procedures for solving fuel cell electro-chemistry in the PEN region will be adopted from 

the NETL code, while the procedures for solving heat and current transport in the 

interconnect region and flow in air/fuel channels can be solved using simple Poisson 

solvers or channel flow approximations.  

 

A double reference system allows for association of models and components from a 

global and local perspective.  Each component (Interconnect, Gas Channel, PEN, etc.) 

and model (Momentum, Pressure, Energy, etc.) is associated through two pointer arrays. 

The local model array allows for each component to reference the relevant models using 

an component specific index.  The global model array was developed to allow the local 

model index to be determined from the global model “id” without requiring excessive 

looping during execution.  Each local and global model “id” is now cross-referenced to 

decrease the computational effort required. This approach allows for significant 

performance improvements with a small increase in memory requirements. 

 

Psuedo Code of Overall Program Flow 

 

Initialize 
 Setup::Init(); 
Setup Components 
Setup Geometry 
Initialize Components 
Initialize Models 
Set initial variable values 
Read restart if restarting 
 
Determine number of iterations from time, endtime, and dt. 
Begin main loop 
Call Update function for each model passing time argument 
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 Solve energy equation for temperature 
 Solve momentum equation (mass continuity equation) for velocity 
If print condition is true then print selected variable values 
Increment time by dt 
End main loop 
 
Save variable data 
Delete components 
End Program 
 

Psuedo Code for Energy Equation Update Function 

 

Newtime passed as argument 
Assign static Boolean flags for each CV 
 bSolveCV[MAXCELLS], 
bGasCV[MAXCELLS], 
bGasNeibCV[MAXCELLS][MAXNEIGHBRS] 
Begin loop for time<newtime increment by model dt 
Initialize normalized residual to 0.0 
Begin looping through CV 
  If bSolveCV is false skip to next CV 
Retrieve current Temperature, Cp, density, conductivity, CV center location, volume, and 
velocity vector. 
  Initialize total heat flux to 0.0 
  Begin looping through faces 
   Determine type of neighbor 
   Determine area of face 
   If neighbor is “Ghost” cell and current cell is air or fuel gas outlet 
    Add convection to total heat flux 
   Retrieve current variable data for neighbor 
   Determine heat flux due to conduction and add it to total heat flux 
   If CV is gas and neighbor CV is gas then  
Determine convection and add it to total heat flux 
   If CV is solid and neighbor CV is gas then 
    Determine wall heat flux based on heat transfer coefficient 
    Add wall heat flux to total heat flux 
   If CV is gas and neighbor CV is solid then 
    Determine wall heat flux and add it to total heat flux 
  End looping over faces 
  If Interconnect or PEN add appropriate heat source to total heat flux 
  Determine new temperature from current temperature and total heat flux 
Calculate normalized temperature change and save largest as normalized residual 
 End looping over CV 
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End looping for time 
 

Psuedo Code for Momentum Equation Update Function 

 

Newtime passed as argument 
Assign static Boolean flags for each CV 
 bSolveCV[MAXCELLS], 
bGasCV[MAXCELLS], 
bGasNeibCV[MAXCELLS][MAXNEIGHBRS] 
Begin loop for time<newtime increment by model dt 
 Begin looping over CV 
  Retrieve current density, velocity vector 
  Initialize total mass flow out to 0.0 
  Begin looping over faces 
   Determine area of face 
   Determine velocity magnitude 
   If bGasNeibCV true 
    Retrieve neighbor variable data 
    Determine mass flow rate out of the CV and add to total 
   If air or fuel channel and neighbor is PEN 
    Determine appropriate mass source or sink 
  End looping over faces 
  Set new velocity vector 
 End looping over CV 
End looping for time 
 

Calculation of Temperature 

 

The overall heat rate is found from 

 

cond conv wall mass sQ Q Q Q Q Q= + + + +  

 

where  is the net heat flux due to conduction,  is the net heat flux due to 

convection,  is the wall heat flux,  is the heat flux associated with mass 

condQ convQ

wallQ massQ
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transported through the wall, and sQ  is the heat source term. These net heat fluxes are 

found from the following relations. 
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where the mass flow rate is calculated from the velocity and area vectors 
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The temperature at the next time level (j+1) is found from 

 

1j j

p

QdtT T
C ρ

+ = +
∀

 

 

 

 

 140



Calculation of Velocity 

 

Assuming incompressible steady state flow the velocity can be calculated from the mass 

continuity equation.  The flow rate of mass leaving through the wall was derived given a 

constant wall velocity. 

 

wall wall wallm V A ρ=  

 

where Vwall is the velocity of gases leaving the CV. 

 

The mass flow rate of gas leaving the volume is equal to the sum of the mass flow rate 

into the volume (found by looping through the neighbors) minus the mass lost through 

the wall. The normal vector for each surface of the control volume can be found from the 

area vector, . iA
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APPENDIX D: User Guide for Reduced Order 3-D Fuel Cell Model 

 

Outline 

D.1 Introduction 
D.1.2 Overview of file contents 

D.2 Modifying the Code 
D.2.1 Changing model parameters 
D.2.2 Defining new components 
D.2.3 Adding new models 

D.3 Running the model 
D.4 Post-Processing 
 

D.1 Introduction 

 

This guide is provided for the benefit of those who may need to use or modify the 

Reduced Order 3-D Fuel Cell Model for future studies or research. It is anticipated that 

this resource will be used as part of an appendix but for generality will be presented as a 

stand-alone document. For any theoretical or application questions however the user is 

directed to the dissertation by Burt (2005). The Reduced Order 3-D Fuel Cell Model 

implements a novel paradigm presented as the Multi-Component Multi-Physics (MCMP) 

Scheme and was written in C++. Therefore it is assumed that the user has a basic 

operating knowledge of C++. 

 

A brief history of what led to the development of the model is as follows. Originally a 

single cell 1-D fuel cell model was developed at NETL by Dr. Randall Gemmen. The 

code was 1-D and saved computational effort by resolving variable variations in the 
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stream-wise direction. The geometry was defined by four components; interconnect, air 

gas channel, fuel gas channel, and PEN (Positive electrode, Electrolyte, and Negative 

electrode) assembly. All electrochemical reactions were treated as occurring in the PEN 

thus heat generation term resulting from the total change in entropy was added to the 

PEN control volume and not divided and added to each electrode separately. Ohmic 

heating was introduced as a source term in the energy equation for solid components like 

the PEN and interconnects. Conduction however was neglected. This was based on the 

assumption that the heat convection in the gas dominates the solid conduction and 

therefore conduction could be neglected. Individual species equations were solved for the 

mass fraction of hydrogen, oxygen, water, and nitrogen in air and fuel gas channels. The 

governing equations are presented in Gemmen et al. (2000). 

 

The single cell 1-D model was expanded to solve stacks of planar SOFC. The resulting 

code was referred to as the Pseudo 2-D Fuel Stack Model. This was accomplished using 

domain decomposition where each fuel cell unit was solved separately as an individual 

process. Appropriate boundary conditions were passed from process to process to allow 

for coupling of the solutions. This model was considered to be pseudo 2-D because 

although the solution provides some idea of variations that occur within the stack the 

detail is very coarse. Each component represented by a single control volume as the stack 

is traversed. Like the single cell 1-D fuel cell model specific detail is only resolved along 

the stream-wise direction. Each cell in the stack was assumed to have no variation in the 

third axial direction. This proved to be the limitation that required the development of a 

new model. 
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Figure D.1.1 depicts the three common planar fuel cell configurations; which are co-flow, 

counter-flow, and cross-flow. Channels were etched into each interconnect to facilitate 

the flow of fuel and oxidizer to the porous anode and cathode electrodes. These channels 

allowed for the development of three basic configurations. These configurations are given 

names commonly used for heat exchangers. It can be seen in the figure that for the co-

flow case the fuel and air channels flow parallel to each other and in the same direction. 

For the counter-flow case the channels are again parallel to each other but the flow is in 

opposite directions. The cross-flow configuration has fuel and air channels crossing 

perpendicular to one another. The pseudo 2-D stack model was expanded to solve both 

co-flow and counter-flow configurations but lacked the required three dimensionality 

needed to solve a cross-flow geometry. Thus there was a need to develop a Reduced 

Order 3-D Fuel Cell Model to study all three configurations.  

 

 

Figure D.1.1. Three common planar fuel cell configurations. 
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The Reduced Order 3-D Fuel Cell Model solves the same governing equations that were 

previously used in the Pseudo 2-D stack Model. A Multi-Component Multi-Physics 

(MCMP) scheme was used whereby the user is able to easily introduce new components 

and physical models without the need to make many changes. New components can 

easily take advantage of existing models by including them in their constructor. 

The energy equation is solved in 3-D and takes into account fluxes through all faces of 

each control volume. Species transport and channel flow is solved using simplified 1-D 

models. Like the previous models, all the electrochemistry is accounted for in the PEN. 

This reduces model accuracy by not accurately solving the details of the porous anode 

and cathode. 

 

 

D.1.2 Overview of file contents 

Table D.1.2.1. files composing the Reduced Order 3-D Fuel Cell Model. 

Makefile Organizes the compilation and linking process 
Comm.h and Comm.cc Contains the MPI communication functions 

comp.h and comp.cc Contains the component definitions 
ECM.h and ECM.cc Contains the electrochemistry model 
geom.h and geom.cc Contains the geometry  
main.h and main.cc Contains the setup and main execution loop 
math.h and math.cc Contains useful math functions 

model.h and model.cc Contains all models except the electrochemistry 
setup.h and setup.cc Contains some initialization functions 

inpasc.geo Geometry input file 
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D.2 Modifying the Code 

The following sections will discuss three common changes that future users might want 

to make, these are: (1) changing model parameters, (2) Defining new components, and 

(3) adding new models. 

 

 

D.2.1 Changing model parameters 

There are many variables and parameters that users may be interested in changing. The 

following tables, organized by file, list where the user can find some common variables. 

 

 

Table D.2.1.1. lists of variables initialized in main.cc 

nx, ny, nz Number of nodes in each direction. These are used by 
Geom() to create generic geometry. The inpasc.geo file 
eliminates the need for the user to define these variables 

here. [1] 
O2massfrac, H2massfrac Mass fractions of O2 and H2 at the air and fuel gas channel 

inlet. [1] 
airtemp, fueltemp Air and fuel inlet temperature [K] 

MWO2, MWN2, MWH2, 
MWH2O 

Molecular weight of various species. [kg/kmole] 

hcAir, hcFuel Convection heat transfer coefficient for air and fuel gas 
channel. [J/m2-K-s] 

CpAir, CpFuel Specific heat of air and fuel. [kJ/kg-K] 
kAir, kFuel Conductivity of air and fuel. [J/m-K-s] 

airv0, airv1, airv2, fuelv0, 
fuelv1, fuelv2 

Air and fuel channel inlet velocity vector components. [m/s] 
This can also be specified using total mass flowrate using 

massflowrate/(density*Area*number of channels) 
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D.2.2 Defining new components 

This is a slightly tricky procedure but definitely not impossible. Use the following six 

steps and the existing components as a guideline for inserting a new one. 

1) Add an entry to enum Components in main.h. 
2) Add structure for component in comp.h. The structure should have the constructor and 
destructor functions for the component. 
3) Add constructor and destructor to comp.cc. This is where you select the models to be 
solved in the component. 
4) Create an instance in main() located in main.cc 
5) Make sure you unallocated memory by including delete at end of main() in main.cc 
6) Use setVar() to initialize appropriate model variables in main.cc 
 

D.2.3 Adding new models 

Follow a similar procedure to adding a component. 

1) Add the model to enum Models in main.h. 
2) Add an instance to main() in main.cc. 
3) Add structure for model in model.h. Structure should include constructor and 
destructor and necessary function headers. 
4) Add model constructor and destructor with Update() in model.cc 
5) If appropriate add Update() to main() inside main while loop in main.cc. 
6) Use setVar() to initialize model variables in main.cc 

D.3 Running the model 

Compile using makefile. Start the run using the executable. Use mpirun –np <number of 

processors> <executable name> or the mpirun GUI to start a parallel run on a single 

computer to solve a stack of cells. To start a parallel run on a computer cluster will 

require submitting a batch job to the queue system. This procedure is normally explained 

by the system administrator. 
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D.4 Post-Processing 

Total current, voltage, and load resistance for each cell along with other selected 

information is displayed to the standard output interface. Generally it is necessary to 

capture these outputs using the > operator in linux. For example “mpirun –np 4 xfs.exe > 

run.dat” will dump the output messages to a data file named run.dat. A successful run of 

the stack model may result in several data files. These can be variable matrix data or 

point data for monitoring a specific variable and location. These are described below. 

 

Variable data can be written in a matrix format readable by TECPLOT using 

SaveVarMatrix() in main.cc. The third argument contains a user defined identifier string. 

This usually refers to variable being written in that file. After execution this function will 

produce a file with the mat- prefix for matrix and the .dat suffix to denote that it is a data 

file. 

 

Monitoring points can be defined in model.cc. Future development of the code may 

include the construction of a more permanent function for achieving this goal. Until this 

is accomplished the user may upon identifying the appropriate cell open a file and write 

the data. This is currently being done near the end of the EnergyEqu.Update() to monitor 

the changes in temperature at various points along the center of the cell/stack. This data is 

being stored in a file with the prefix mon- to denote that it is monitor data that varies with 

time. The data is concatenated to the output file in data pairs containing the time and 

variable value. These monitor data files can be easily read in Microsoft Excel. 
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